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Close-coupling calculations using the R-matrix method have been carried out for the photoionization
cross sections of carbonlike ions: F**, Ne*t, Na’*, Mgt*, AI'*, Sit+, §10F Ar'2* Cal**, and Fe®t,
which are of interest in the calculation of plasma opacities. This is an extension of previous work for ra-
diative data for the C sequence. Detailed results including extensive structures due to autoionizing reso-
nances are presented for the ground states; however, the calculations have also been carried out for a
large number of excited bouud states of each ion and their features are discussed. The partial photoion-
ization cross sections of the ground state into excited states of the residual ion are obtained. The effect
of resonances on the branching ratios of partial cross sections at excited thresholds is discussed. In-
teresting features related to the Z dependence of the ground-state photoionization cross sections of all

ions in the C sequence are discussed.

PACS number(s): 32.80.Fb

I. INTRODUCTION

The calculation of plasma opacities requires a huge
amount of radiative data for the bound-bound and
bound-free transitions for a large number of bound states
in all constituent atoms and ions. In order to determine
accurate astrophysical opacities, under the auspices of
the Opacity Project [1,2], we have carried out extensive
computations for both bound-bound and bound-free tran-
sitions along isoelectronic sequences for Z =1-14, 16, 18,
20, and 26 in the close-coupling (CC) approximation us-
ing the R-matrix method. The results for the photoion-
ization cross sections and oscillator strengths are also
useful for many other plasma applications. As most of
the computed data are of much higher accuracy than
achieved heretofore (i.e., prior to the Opacity Project),
the results may serve as benchmark values for compar-
ison with experiment or other theoretical calculations.
However, because of the extent of the data computed,
only a very small fraction of it can be presented in publi-
cations, and attempts are under way to make it available
in archival form. With particular reference to photoion-
ization cross sections, although these cross sections have
been computed for several hundred bound states of each
atom and ion, at typically 1000 or 2000 energies for each
bound-state cross section, we present only the photoion-
ization cross sections for the ground state and a few
selected excited states that are expected to be of primary
interest in applications, as well as for comparison with
other studies of ions along isoelectronic sequences.

In our previous works [3-5], the photoionization cross
sections and oscillator strengths for C°, N*, and O?>* and
a few other ions have been reported. The present work
completes the C sequence, from F>* up to Fe®™, of ions
that are astrophysically important. In addition, the
present report is a study of the photoionization cross sec-
tions along an isoelectronic sequence. To our knowledge
no previous works have reported such an analysis, in the
CC approximation, for more than two or three ions [6].
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Results are given for the ground-state photoionization
cross sections with emphasis on the following four points:
(i) autoionization structures due to resonances, (ii) partial
cross sections for photoionization into the ground and
various excited states of the residual ion, (iii) effect of res-
onances on the branching ratios at excited threshold en-
ergies of the residual ion, and (iv) the Z scaling of the
cross sections. Particular attention is directed toward
partial cross sections; these are important in the analysis
of emission spectra from plasmas, with a photoionizing
radiation source, as they determine the level populations
under conditions that are not local thermodynamic equi-
librium (non-LTE). The photoionization cross section of
an excited state is given as an example of some of the
features observed for excited states.

II. COMPUTATIONS

The CC approximation involves the wave-function ex-
pansion of the (e +ion) system in terms of the eigenfunc-
tions of the target or the residual “core” ion. With the
exception of C° where a larger configuration-interaction
(CI) basis is needed to represent the C* target states, the
eigenfunction expansion for the remainder of the C se-
quence consists of the eight states 2s522p(2P°),
252p%(*P,’D,2S,%P), and 2p3(*S°, 2D°,%P°) of the n =2
complex. The spectroscopic or principal configurations
that dominate the target states are 2s22p, 2s2p2, and
2s52p3, and the correlation configurations in the CI expan-
sion for the target states are 2s23s, 2s23p, 2523d, 2s2p3s,
2s2p3p, 2s2p3d, 2p?3s, 2p*3p, 2p*3d, and 2s3d>. For the
(e +ion) system, the calculated energies of the target
states are replaced with the observed values for ions from
F** to Si°*, while for ions from S'°* to Fe?®* the ener-
gies are the calculated ones [4], since many of these states
are not observed. In all cases the difference between the
calculated and experimental energies of the target states
does not exceed a few percent [4].

The autoionization resonances belonging to the thresh-
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olds of excited states of the target ion are resolved in the
same manner as described in detail in Ref. [5], with two
kinds of energy mesh for the tabulation of the photoion-
ization cross sections. For the calculation of accurate
recombination-rate coefficients, the resonances need to be
resolved fully. The low-lying, relatively broad resonances
are resolved with a very fine, constant energy interval and
the higher ones with a constant interval of effective quan-
tum number so as to delineate the narrower resonances
corresponding to the higher members of the Rydberg
series. However, for the partial cross sections, a constant
mesh in effective quantum number is used for the entire
energy range. Photoionization of all the bound states of
C-like ion configurations 2s22p?, 2s2p3, 2s%2pnl, 2s2p>nl,
2s%3snl, 2s*3pnl, and 2p°nl with n=n_, <10 and
=1 . =3, are considered.

ITII. RESULTS

Total photoionization cross sections of the ground and
a large number of excited bound states for the ions of the
C sequence have been calculated. Analogously to experi-
ment, the present method is enable to determine the total
number of bound states of an atom or ion. The energies
of the bound states are the eigenvalues of the Hamiltoni-
an of the (N +1) electron system, where N is the number
of electrons in the residual ion. Table I lists the total
number of bound states considered for each ion. As the
ionic charge increases along the sequence, more of the au-
toionization states become bound because of stronger nu-
clear attraction that moves the resonances down in ener-
gy as Z2. Thus one needs to take into account the photo-
ionization of an increasing number of bound states, along
the isoelectronic sequence, for a given set of n ., and
! ax (as defined above).

A. Ground-state photoionization cross sections

The ground-state photoionization cross sections of the
ions are presented in the lowest panels of Figs. I (a)-1 (),
and values of the threshold cross sections o, of the
ground state are presented in Table I. The results of C°,
N7, and O?* are also presented in the table for complete-
ness. These results are taken from Ref. [5]. In Figs.
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1(a)-1(j), the presence of a large number of autoionizing
resonances can be observed. The near-threshold autoion-
ization resonances can influence the threshold cross sec-
tions o significantly, as can be seen for the cases of
Ne*T, Na’*, Si®*, and Fe®®". Comparison with the oth-
er calculations (e.g., Ref. [7]) shows significant differences
in the threshold cross sections. For example, the values
of o, obtained by Henry [7] are 12.19, 6.65, 3.65, and
1.40 Mb for C°% N*, O*", and Ne*", respectively,
whereas the present values are 18.10, 8.22, 2.59 (taken
from Ref. [5]), and 1.57 Mb for the same ions, respective-
ly. The calculations by Henry were carried out in the
close-coupling approximation; a limited amount of cou-
pling was considered, and no autoionization was taken
into account. The presence of resonances can influence
the background cross sections as well. Although the
background gets smoother with higher energies, the
near-threshold region may show variations as in the cases
for Ne*t, Na’*t, AT, si®t, S10F A2t Ca' and
Fe20+.

Another earlier work on the carbon isoelectronic se-
quence was carried out in the high-energy range by Chen
[8] for the ground configuration 1s22s?2p% Chen em-
ployed a relativistic multiconfiguration Dirac-Fock ap-
proximation considering only the configuration interac-
tion within the n =2 complex. The exchange interaction
between the continuum and bound states was excluded,
and no autoionization was considered in that work. We
cannot compare directly with Chen’s results since the
present CC calculations are in the relatively low-energy
range, whereas the calculation of Chen’s cross sections
starts at energies higher than in this work. However, an
interesting finding of Chen’s results is that the relativistic
effects do not play a significant role in the photoioniza-
tion process, even for very highly charged ions (e.g., less
than 14% for Xe*®*). Therefore the present results for
ions up to Fe?®* should not be affected by the neglect of
relativistic effects, and intermediate coupling is not neces-
sary.

B. Excited-state photoionization cross sections

As mentioned earlier, because of the large volume of
data, photoionization cross sections for the excited states

TABLE 1. Ionization energy Ep (Ry), threshold cross section o, (Mb) into the ground state 2P°, and total number M, the theoreti-
cally determined number of bound states of C-like ions corresponding to configurations 2s22p?, 2s2p3, 2p*, 2s?2pnl, 2s2p*nl, and
2p3nl, with n <10 and / <3. Photoionization cross sections are obtained for all these individual states. “Calc.” represents the calcu-
lated value of Ep and “Expt.” represents the observed value from Ref. [9]. An asterisk next to o, indicates presence of a resonance

at the threshold. The notation a [ ] for a value means a X 10°.

Ep Ep
Ion Calc. Expt. g, M Ion Calc. Expt. o, M
c’ 0.845 0.828 1.81[1] 159 Al 20.91 20.96 6.28[—1] 369
N* 2.18 2.18 8.22 171 Sié+ 25.79 25.87 1.14* 389
o2t 4.04 4.04 2.59* 194 sto+ 37.05 2.67[—1] 469
F* 6.40 6.41 2.56 231 AZ* 50.32 4.10[—1] 524
Ne** 9.27 9.29 1.57* 256 Cat 65.59 2.06[—1] 574
Na’* 12.65 12.67 4.05* 311 Fe?* 123.40 1.07[—1]* 656
Mgtt 16.53 16.57 7.51[—1] 343
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FIG. 1. (a) Total (bottom panel) and partial (panels above) photoionization cross section of ground state 25221;2 3P of F**. The
partial cross sections correspond to leaving the residual ion in states 2s22p(2Po), 2s2p*(*P,2D,%S,?P), and 2p*(*S*>"D°). (b) Same as
(a) except for ion Ne**. (c) same as (a) except for ion Na’*. (d) Same as (a) except for ion Mg®*. (e) Same as (a) except for ion Al'*.

(f) Same as (a) except for ion Si®*. (g) Same as (a) except for ion

ion Ca!**. (j) Same as (a) except for ion Fe?*.
P

. (h) Same as (a) except for ion Ar

12+

. (i) Same as (a) except for
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FIG. 1. (Continued).

(except one example) are not presented here. However,
all of the results will be used to obtain recombination-rate
coefficients for excited states and for total (e +ion)
recombination in subsequent work [5]. There are three
important features of excited-state cross sections that we
should like to mention: (1) indirect photoionization
through autoionizing states alone, (2) strong resonances
due to dipole transitons between core states of the residu-
al ion or photoexcitation of core (PEC), and (3) nonhy-
drogenic behavior.

By “indirect photoionization” we mean photoioniza-
tion of equivalent electron excited states, e.g., photoion-
ization of 1s22p*(*P), in the energy range where direct
photoionization of the optical 2p electron is not accessi-
ble by the incident photon, i.e., below the
1s22p 3(45°,2D°,2P°) states of the residual ion and above
the ionization threshold 2s?2p (*P°). In this region the
photoionization proceeds only through autoionizing
states converging onto the 1s?2p? states and there is no
“background” cross section as usual. The photoioniza-
tion is thus the result of coupling among residual ion
states, but it is forbidden in approximations that neglect
such coupling. However, the effective cross sections may
be very large as a result of the autoionizing resonances.
Examples are given in Refs. [3] ad [5].

Although we do not give the results here, we might
note that, as in the case of the first three elements of the
sequence [5], the photoionization cross sections of each
C-like ion in the present work show PEC resonances for
the photoionization of excited bound states of a Rydberg
series. The PEC resonances occur at incident photon en-

ergies that correspond to the energy differences between
states of the target ion related by a dipole transition, e.g.,
at energies corresponding to transitions
2s22p (2P°)——>2s2p 2(2D,25,%P) in the boronlike residual
ions.
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FIG. 2. Photoionization cross section of excited 2s2p24s 3P
state of Ne**.
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Excited states that are apparently hydrogenic may be
affected by resonances and show large variations in the
background cross sections. Figure 2 shows such an ex-
ample for the excited state 252p24s 3P of Ne*". Excited-
state cross sections may also be very much larger than
the ground-state cross sections and in general are found
to have considerably enhanced cross sections compared
with the hydrogenic or other simpler approximations
such as the central-field model.

C. Partial cross sections

The CC approximation readily enables one to calculate
the partial cross sections for photoionization into various
states of the residual ion. The partial photoionization
cross sections of the *P ground state of C-like ions into
various states of the residual B-like ions are obtained and
presented in Figs. 1(a)-1(j). The states of the residual
ion (i.e., the eigenstates in the CC expansion) are
2s%2p (2P°), 2s2p*(*P,®D,?S,?P), and 2p3(*S°,2D°,%P°).
In Figs. 1(a)-1(j), each panel, except the lowest one,
shows partial cross section corresponding to a particular
target state as specified, and the arrows point to the
threshold energies of the target states with respect to the
ground state. In these figures the small differences in res-
onance profiles near threshold between the total ground-
state cross section (lowest panel) and the partial cross sec-
tion into the 2P° state (the second lowest panel) region of
the ions arise because of the difference in mesh sizes used
to resolve the resonances for the total and partial cross
sections.

Figures 1(a)-1(j) show that the background cross sec-
tion for the photoionization into an excited state of the
target is in general much smaller compared with that into
the target ground state, yet it may show the presence of
large number of resonances. Resonances can enhance the
background significantly for photoionization into certain
excited states of the residual ion. This can be observed
particularly for photoionization into the 2D state of the
target for all the ions from F** to Fe?®*. As the 2D state
also corresponds to the resonance transition in boronlike
systems, we expect that the intensity of the uv transition
2D-2P° may be enhanced. Resonance structures in the
partial cross sections are also of special interest since they
might affect the branching ratios considerably (discussed
in Sec. III D). In general, they are of crucial importance
in the precise determination of level populations under
conditions of non-LTE in laboratory and astrophysical
plasmas; the latter includes the modeling of astronomical
sources such as planetary nabulae, active galactic nuclei,
and stellar atmospheres. As we have considered a num-
ber of excited states of the photoionized B-like ions, it
should help construct fairly complete and accurate non-
LTE models of the emergent spectra, including some cas-
cading effects.

The partial photoionization into the *P and 2D states is
of particular interest since lines from these levels are
prominently observed in the ultraviolet spectra of plasma
sources [10,11]. The intensity ratio of the resonance to
the intercombination lines, R =I(?D —2P°)/I(*P—?P"),
is valuable in the temperature and density diagnostics
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since the D level corresponds to the resonance transition
and the *P is the metastable state. In optically thin plas-
mas, these lines are excited by a collision due to electron
impact; however, in the presence of a radiation source,
the photoionization process is a prime contributor. The
range of wavelengths in B-like ions for the dipole-allowed
transition 2D —2P®, is from 654.6 A for F** to 173.5 A
for Fe?0™ and, for the intercombination
transition*P —2P°, is from 1158 A for F3* t0 316.7 A for
Fe?®". Thus, together with the related work on
electron-impact excitation of B-like ions [11], the results
reported here should be helpful in the analysis of observa-
tions in the extreme uv, in the range specified, according
to the ionization stage under consideration.

D. Branching among excited thresholds

As the partial photoionization cross sections have been
obtained for a number of excited thresholds of the residu-
al ion, the branching ratios for photoionization into these
states, o /0y, may be calculated in detail. These are
often of interest in the analysis of experiments or observa-
tions where the rates of populating excited states, relative
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FIG. 3. Photoionization cross sections (in Mb), scaled with
the ionic charge z (=Z —6), of the P ground state of the C
isoelectronic sequence from Z =9 to 26. Except for the top-
most panel, upper limits of the panels are not given. The pho-
ton energy (in Ry) is scaled by the ionization potential. For
each panel the energy range goes from 1.0, that is, from the
binding energy of the ion, to a little over the photon energy cor-
responding to the highest target threshold. The highest energy
is printed on the right side of each panel.
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to the ground state, are needed. Of particular impor-
tance are the metastable states, which might contain a
significantly large population following photoionization
at photon frequencies where the metastable state is acces-
sible. However, the partial cross sections, as given in Fig.
1, show extensive resonance structures, which may intro-
duce considerable variations in the branching ratios.
With reference to photoionization into the ground state
2P° versus the metastable state *P, while one may readily
discern the general trend that the 2P° cross sections de-
creases more rapidly for all ions in the sequence, a precise
calculation of branching ratios at a given energy needs
great care. In fact, since the resonances dominate most
of the near-threshold energy ranges, it is advisable to
specify the energy range where the branching ratio might
be needed in a particular case, e.g., an experimental
beamwidth or the ionizing radiation field with plasma
linewidth, such that an energy average may be carried
out. Otherwise, in the vicinity of a resonance, the ratio
may be highly uncertain.

E. Z dependence of the cross sections

While simpler methods such as the hydrogenic or
central-field model employ a straightforward Z-
dependence of the photoionization cross sections at the
threshold, the more detailed cross sections in the CC ap-
proximation, which contain extensive autoionization
structures, are expected to show a more complicated be-
havior along an isoelectronic sequence. It can be noted
that the threshold cross sections o, from C° to Fe?*" in
Table I cannot be formulated to fit a simple Z-scaled
form because of variations introduced by the coupling of
states and autoionizing resonances. In the table an aster-
isk next to a o value indicates the presence of a reso-
nance at the threshold.

However, the average background cross section may
show more consistent behavior. In Fig. 3 we study the
Z-scaled pattern of the ground-state photoionization
cross sections, along the sequence, for Z =9-26. We
plot log,o[z%0(*°P;E)] versus E /Ep, where z is the ionic
charge, E is the photon energy, and Ep is the ionization
potential (presented in Table I). The energy range for
each panel goes from E/E;;=1.0 to E,,./Ep, is the
photon energy corresponding to energy of the highest
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threshold of the residual ion. We find that, although the
cross sections are rich in resonance structures (as we have
seen earlier), the Z-scaled values of the cross section and
photon energy are relatively smoothly varying across the
resonances; (i.e., the background photoionization cross
sections show remarkably small variations.

The following numerical values are obtained for the Z-
scaled background cross sections for the photoionization
of the ground state of the C-sequence ions:
log,o(z%0)~1.6 for Z=7-18,~1.3 for Z =6, and 1.8
for Z =20,26. Furthermore, for the entire range of pho-
ton energies considered, the values of log,,[z20(E)] lie
between 1.3-1.8 for all ions. The apparently small varia-
tions in the Z-scaled cross sections are nonetheless
significant and may be attributed to coupling effects that
manifest themselves differently for each ion.

IV. CONCLUSION

Photoionization cross sections of highly charged ions
of the carbon isoelectronic sequence have been calculated
in the close-coupling approximation. Detailed cross sec-
tions for a large number of bound states are obtained for
each ion; results are given for the photoionization of the
ground state, except for one excited state as an example.
Owing to the presence of extensive autoionizing reso-
nances in the cross sections, it is not possible to obtain a
simple Z-scaling or extrapolation formula for the thresh-
old cross sections, although one may discern a relatively
slow variation in the background cross sections. For the
same reason, the branching ratios of partial cross sections
are state dependent and do not follow any given pattern.
The present results should be useful in the diagnostics
and modeling of far-uv plasma sources under non-LTE
conditions.
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