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� Ne IV photoionization cross sections are important to study the spectral lines in planetary nebulae, supernova SN1987 etc.
� Present study include relativistic effects not considered earlier and new features are seen.
� Relativistic couplings introduce new and important near threshold resonances that will affect recombination, photoionization rates.
� Photoionization of many excited levels are considered for modeling.
� Fine structure couplings give more and higher resolution resonances with increased accuracy.
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a b s t r a c t

Study of characteristic features in photoionization of a large number of excited levels of Ne IV, (hm + Ne
IV! Ne V + e), using ab initio Breit–Pauli R-matrix (BPRM) method, is presented. This is the second large
atomic system, after Fe XVII, for which BPRM method has been used for a full scale computation of pho-
toionization cross sections for a large number of bound levels (N 6 10). The study include features, such
as, of Seaton resonances due to photo-excitation-of-core and new near threshold resonant features. Cou-
pling of fine structure channels due to relativistic effects is found to introduce low energy resonances
near threshold, not allowed in LS coupling approximation. These resonances play crucial role for low tem-
perature recombination rates. Photoionization cross sections (rPI) for the largest set of levels of Ne IV, a
total of 868, with n 6 10 and l 6 9 are presented. A wave function expansion optimized with 24 config-
urations with orbitals going up to 4p of core Ne V was used. Resonances due to Rydberg series of autoi-
onizing states belonging to various core excited core levels are resolved with fine energy mesh. Details of
resonant structures and enhanced background due to Seaton resonances are elaborated in this first study
of the ion with relativistic effects.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Neon ions are known to exist in many astronomical objects (e.g.
Houck et al., 2004). Being present in the nebular gas, such as in Or-
ion, where new stars are born and in planetary nebulae which is
the end point of a star, lines of Ne IV provides information of the
chronometer of the universe. Lines of the ion in ultra luminous
infrared galaxies (ULIRG) are related to chemical evolution of gal-
axies. However, due to lack of high accuracy atomic data discrep-
ancy remains between the observed and theoretically predicted
values. For example, the diagnostic line ratio 14/24 in lm of Ne
V due to collision is found to be lying below the theoretical low
density limit (Rubin et al., 2001; Rubin, 2004).

Photoionization of Ne IV is investigated under the Iron Project
(Hummer et al., 1993) for high accuracy atomic data for collisional
(Dance et al., 2013) and radiative processes (e.g. for radiative tran-
sitions Nahar, 2013) with inclusion of relativistic effects. Breit–
Pauli R-matrix (BPRM) method was developed under the IP about
two decades ago. However, because of computational challenges
and complexity of spectroscopic identification of fine structure lev-
els, the method has been used for photoionization cross sections of
a very limited number of ions and most of the results are only for a
few low-lying levels. The existing full scale calculations for a large
number of bound levels are available for He- and Li-like ions (e.g.
Nahar, 2013). The only large atomic system for which the BPRM
method was used for photoionization cross sections of levels
n 6 10 is for neon like, Fe XVII, (Nahar et al., 2011). Full scale data
are needed for various astrophysical and laboratory applications.
The present study reports photoionization of Ne IV of a large num-
ber of excited levels with detailed features. Computation with rel-
ativistic effects increases considerably as the number of fine
structure levels increases from LS terms and finer energy mesh is
required for resolution of larger number of Rydberg series of nar-
row resonances by fine structure splitting of core excitations. The
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major complexity arises from spectroscopic designation of the
large number of un-identified fine structure levels that are com-
puted from the Hamiltonian in BPRM method. This has limited
the use of BPRM method largely to photoionization of He- and
Li-like ions (e.g. Nahar, 2013).

The earlier detailed work on Ne IV photoionization cross sec-
tions were obtained under the Opacity Project (1995) by Lennon
et al. (1993). Although the work was not published, the data are
available through OP database TOPbase. They used non-relativistic
R-matrix method and considered lower number of states.

2. Theory and computations

Photoionization occurs directly,

hmþ Xþ ! eþ Xþþ; ð1Þ

as well as through an intermediate doubly excited autoionization
state

eþ Xþþ�ðXþÞ��� ðaÞ eþ XþþðAIÞ
ðbÞ hmþ XþðDRÞ

(
ð2Þ

where the intermediate doubly excited autoionizing state leads
either to autoionization (AI) where the electron goes free or to
dielectronic recombination (DR) where the electron is captured by
emission of a photon. An autoionizing state introduce a resonance
which can be obtained theoretically by including the core excita-
tions in the wave function, as considered in close coupling (CC)
approximation. The CC approximation the atomic system is repre-
sented by a ‘target’ or the ‘core’ ion of N-electrons system interact-
ing with the (N + 1)th electron. The (N + 1)th electron is bound or in
the continuum depending on its negative or positive energy (E). The
total wave function, WE, of the (N + 1) electrons system in a symme-
try SLp is represented by an expansion as

WEðeþ ionÞ ¼ A
X

i

viðionÞhi þ
X

j

cj Uj; ð3Þ

where the target ion eigenfunction, vi, is coupled with the (N + 1)th
electron function, hi. The sum is over the ground and excited core
states. The (N + 1)th electron with kinetic energy k2

i is in a channel
labeled as SiLipik

2
i ‘i ðSLpÞ. In the second sum, the Ujs are bound

channel functions of the (N + 1)-electrons system that account for
short range correlation and the orthogonality between the contin-
uum and the bound electron orbitals. Substitution of WE ðeþ ionÞ
in the Schrodinger equation

HNþ1WE ¼ EWE ð4Þ

introduces a set of coupled equations that are solved using the R-
matrix approach.

The details of the R-matrix method in the CC approximation can
be found in, e.g. Burke and Robb (1975), Seaton (1987), Berrington
et al. (1987), Berrington et al. (1995) and Pradhan and Nahar
(2011). The relativistic effects are included through Breit–Pauli
approximation (e.g. Pradhan and Nahar, 2011). The Hamiltonian of
the (N + 1)-electrons system in the Breit–Pauli R-matrix (BPRM)
method is given by Hummer et al. (1993) and Pradhan and Nahar
(2011)
z
HBP

Nþ1 ¼
XNþ1

i¼1

�r2
i �

2Z
ri
þ
XNþ1

j>i

2
rij

( )
þ Hmass

Nþ1 þ HDar
Nþ1 þ Hso

Nþ1; ð5Þ

where Rydberg unit (1/2 of Hartree) has been used. The additional
terms are relativistic one-body correction terms, the mass correc-

tion, Hmass ¼ � a2

4

P
ip

4
i , Darwin, HDar ¼ Za2

4

P
ir2 1

ri

� �
, and the spin–

orbit interaction, Hso ¼ Za2P
i

1
r3

i
li � si. BPRM includes these and part

of two-body interaction terms, such as the ones without the
momentum operators (Pradhan and Nahar, 2011). In BPRM method.
the set of SLp is recoupled for Jp levels of (e + ion) system which is
followed by diagonalization of the Hamiltonian. The solution is a
continuum wave function, WF , for an electron with positive energies
(E > 0), or a bound state, WB, at a negative total energy (E 6 0). The
complex resonant structures in photoionization result from channel

couplings between continuum channels that are open (k2
i > 0), and

ones that are closed (k2
i < 0), at electron energies k2

i corresponding
to autoionizing states of the Rydberg series, SiLiJipim‘ where m is the
effective quantum number, converging to the target thresholds.

Transition matrix elements for photoionization, < WBjjDjjWF >

where D ¼
P

iri is the dipole operator and the sum is over the
number of electrons, are obtained from the bound and continuum
wave functions. The transition matrix element can be reduced to
generalized line strength as

S ¼ j < WjjjDLjjWi > j2 ¼ wf j
XNþ1

j¼1

rj j wi

* +�����
�����

2

; ð6Þ

where Wi and Wf are the initial and final state wave functions. The
photoionization cross section (rPI) is proportional to the general-
ized line strength as,

rPI ¼
4p2

3c
1
gi

xS; ð7Þ

where gi is the statistical weight factor of the bound state and x is
the incident photon energy. Although radiation damping of the res-
onances is included (Zhang et al., 1999), it is not important for this
ion.

3. Computation

BPRM calculations are initiated with the wave function of the
core as the input. These core wave functions are typically obtained
from optimized atomic structure calculations. The wave function of
core Ne V was obtained by optimization of the ground and 24
excited configurations as listed in Table 1 using the later version
(Nahar et al., 2003) of atomic structure code SUPERSTRUCTURE
(SS) (Eissner et al., 1974). SS which uses Thomas–Fermi approxi-
mation includes relativistic contributions in Breit–Pauli approxi-
mation in the later version. Table 1 presents the Thomas–Fermi
scaling parameters for the orbitals. Twenty fine structure levels
of Ne V of configurations 1s22s22p2; 1s22s2p3; 1s22p4, listed in
Table 1, were considered in the R-matrix calculations. Both the
calculated and observed (NIST) level energies are given in Table 1.
Comparison shows that except for the 1s22s22p2ð1DÞ and
1s22s2p3ð5So

2Þ levels, the calculated energies agree very well with
the observed values listed in compiled table at NIST.1 No observed
values are available for levels 1s22p4ð1DÞ and 1s22p4ð1SÞ. Except for
these two levels. the observed energies were used in the calculations
as they provide more accurate resonance positions.

The interacting electron partial wave expansion are specified
for 0 6 ‘ 6 14, with a R-matrix basis set of 15 continuum functions.
The R-matrix boundary was chosen to be large enough, 9 ao, to
accommodate the bound orbitals. The second term of the wave
function in Eq. (3), which represents the bound state correlation
functions, includes 76 (N + 1)-particle configurations with orbital
occupancies from minimum to a maximum number as given with-
in parentheses of the orbitals 1s(2-2), 2s(0-2), 2p(0-5), 3s(0-2),
3p(0-3), 3d(0-2), 4s(0-2), 4p(0-2). Computations are carried out
for all angular momenta, 0 6 L 6 12; 1=2 6 J 6 21=2.

Photoionization cross sections are obtained with consideration
of radiation damping for all bound levels using the BPRM R-matrix

http://physics.nist.gov/PhysRefData/ASD/levelsform.html


Table 1
Levels and energies (Et) of target (core ion) Ne V in wave function expansion of Ne IV.
They were optimized using a set of 24 spectroscopic configurations: 2s22p2(1),
2s2p3(2), 2s22p3s(3), 2p4(4), 2s22p3p(5), 2s22p3d(6), 2s22p4s(7), 2s22p4p(8),
2s2p23s(9), 2s2p23p(10), 2s2p23d(11), 2s23s2(12), 2s23p2(13), 2s23d2(14), 2s24s2(15),
2s24p2(16), 2s23s3p(17), 2s23s3d(18), 2s23s4s(19), 2s23s4p(20), 2s23p3d(21),
2p33s(22), 2p33p(23), 2p33d(24) with filled 1s orbital. The Thomas–Fermi scaling
parameters for the orbitals are 1.47637(1s), 1.47637(2s), 1.27184(2p), 1.47637(3s),
1.27184(3p), 1.19306(3d), 1.47637(4s), 1.27184(4p). The present calculated energies
(SS) are compared with the observed energies listed in the NIST table of compilation.

Level Jt Et(Ry) Et(Ry)
NIST SS

1 1s22s22p2ð3PÞ 0 0.0 0.
2 1s22s22p2ð3PÞ 1 0.003758 0.0030391
3 1s22s22p2ð3PÞ 2 0.010116 0.011366
4 1s22s22p2ð1DÞ 2 0.276036 0.30391
5 1s22s22p2ð1SÞ 2 0.582424 0.57413
6 1s22s2p3ð5SoÞ 2 0.8052 0.71604
7 1s22s2p3ð3DoÞ 3 1.60232 1.62957
8 1s22s2p3ð3DoÞ 2 1.60296 1.62932
9 1s22s2p3ð3DoÞ 1 1.60316 1.62929
10 1s22s2p3ð3PoÞ 2 1.89687 1.92363
11 1s22s2p3ð3PoÞ 1 1.89687 1.92340
12 1s22s2p3ð3PoÞ 0 1.89719 1.92328
13 1s22s2p3ð1DoÞ 2 2.46556 2.59326
14 1s22s2p3ð3SoÞ 1 2.54576 2.64956
15 1s22s2p3ð1PoÞ 1 2.76854 2.88988
16 1s22p4ð3PÞ 2 3.76063 3.86076
17 1s22p4ð3PÞ 1 3.76778 3.86807
18 1s22p4ð3PÞ 0 3.77085 3.87155
19 1s22p4ð1DÞ 2 4.13816
20 1s22p4ð1SÞ 0 4.74472
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Fig. 1. Photoionization cross sections rPI of the ground level 1s22s22p3ð4So
3=2Þ of Ne

IV: (a) rPI from present BPRM calculations, (b) rPI from the TOPbase TOPbase by
Lennon and Burke. The cross sections look similar except the resonant structure at
the threshold.
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codes (Berrington et al., 1995; Nahar and Pradhan, 1994; Zhang
et al., 1999). The narrow resonances of photoioniation were delin-
eated at a very fine energy mesh.

4. Results and discussions

Photoionization of Ne IV (Ne IV + hm! Ne V + e) is studied with
detailed resonant features for a large number of bound levels. Pres-
ent work reports cross sections rPI of 868 fine structure levels with
n 6 10 and l 6 9 of Ne IV. Important characteristics in rPI are illus-
trated below.

The earlier study on photoionization for Ne IV was carried out
by Lennon et al. (1993) using R-matrix method in non-relativistic
LS coupling approximation and present results for 234 LS states.
Results were not published, but the data are available through
OP database TOPbase. They considered a close coupling wave func-
tion expansion of 10 LS states of core Ne V which is equivalent to
the present 20 fine structures levels.

Fig. 1 presents the photoionization cross sections of the ground
1s22s22p3ð4So

3=2Þ level of Ne IV and compares with the earlier total
rPI obtained by Lennon and Burke (TOPbase). The cross section
shows relatively smooth background in both panels, typical for a
ground ground level, with Rydberg series of resonances. The earlier
rPI , Fig. 1(b), is similar to those in relativistic BPRM calculations ex-
cept for higher resolution and additional narrow resonances due to
fine structure in the present work. For a light and low ionization
stage of ion, like Ne IV, relativistic effects are not expected to be
Photon Energy (Ry)
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Fig. 2. Photoionization cross sections rPI of the ground level 1s22s22p3ð4So
3=2Þ of Ne

IV in the very low energy region, (a) present BPRM and (b) TOPbase. Resonances in
(a) are due to coupling of fine structure channels, not allowed in LS coupling (b).
These resonances belong to the Rydberg series of autoionizing states of core levels
1s22s22p2ð3P1Þ and 1s22s22p2ð3P2Þ. These will have important enhancement effect
in the Photoionization as well as recombination rates of Ne IV at very low
temperature.
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important in general. However, a significant difference in resonant
structure is observed at the threshold energy region. The coupling
of relativistic fine structure channels has introduced the reso-
nances not allowed in LS coupling.

The expanded fine resolution of these near threshold reso-
nances of the ground level can be seen in Fig. 2. These resonances
belong to the Rydberg series of autoionizing states of core levels
1s22s22p2ð3P1Þ and 1s22s22p2ð3P2Þ of the ground configuration.
The ground state 1s22s22p3ð4SoÞ can photoionization to 4P where
the state can form from 1s22s22p2ð3PÞ�sð4PÞ or 1s22s22p2ð3PÞ
�dð4PÞ. In LS coupling 1s22s22p2ð3PÞ is the single ground state and
hence has no Rydberg series of resonances. However, in fine struc-
ture jj coupling, the state has three levels, where 3Po is the ground
level, 3P1 and 3P2 are the excited levels. Each excited level has ser-
ies of autoionizing levels, such as, 1s22s22p2ð3P1Þml and
1s22s22p2ð3P2Þml where m is the effective quantum number and l
can be s or d. The background jump at 3P1 and 3P2 thresholds at
energies 0.0037581 and 0.010116 Ry, respectively beyond the ion-
ization energy 7.23 Ry can be seen clearly. These fine structure res-
onances will make important contribution to recombination rate
coefficient aRC at temperatures 100–1500 K. aRC , which is the Max-
wellian average of photoionization, contains the factor expð�E=kTÞ
where E is photoelectron energy and hence has maximum contri-
bution when energy is zero or almsot zero at and near the ioniza-
tion threshold. Presence of resonances at and near threshold will
increase aRC considerably. This in turn will increase line emissivity
and decrease the abundance of the ion (description on the relation
can be found, for example in Pradhan and Nahar (2011)).
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Fig. 3. Photoionization cross sections rPI of an excited level of Ne IV, 2s2p4ð2PÞ, (a)
present BPRM and (b) LS coupling from Lennon and Burke (TOPbase), Distinct
resonance at the threshold in (a) is due to relativistic fine structure effect, not
allowed in LS coupling.
Relativistic fine structure effect in the low energy region can
also be seen in excited states. Fig. 3 illustrates and compares pho-
toionization cross sections of an excited state of Ne IV,
1s22s2p4ð2PÞ. Although similarities are seen between the present
BPRM and earlier LS coupling cross sections. there are additional
narrow resonances in fine structure. However, the important dif-
ference is the presence of the near threshold resonant structure
due to fine structure not formed in LS coupling cross section. The
structure from relativistic effects will affect quantities in the low
temperature plasmas, such as, photoionization rate C of an ion
Xiþ. C is given by,

Cðs�1Þ ¼ 4p
Z Emax

Eo

FðEÞrEdE; ð8Þ

where rE is the total photoionization cross section in cm2, FðEÞ is
the photoionizing radiation field, and Eo is the ionization potential
of Xiþ. Near the ground state threshold, as Fig. 2 shows, the LS cou-
pling rPI lies below 10 Mb while the resonances due to fine struc-
ture couplings peak at 10 Mb and above. Hence the rate may
enhance by 20–30% at temperature near the ionization threshold.

The other distinct feature in photoionization is the relatively
wider Seaton resonances embedded in narrow Rydberg reso-
nances. Seaton resonances, which form due to photo-excitation-
of-core (PEC) (Yu and Seaton, 1987), are seen in photoionization
of excited levels with single valence electron Fig. 4 presents rPI

of two such excited levels, (a) 1s22s22p23pð4Do
5=2Þ, and (b)

1s22s22p24f ð4Go
5=2Þ of Ne IV. In the figures, the prominent and wider

resonant structures, pointed out by arrows at various energy posi-
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Fig. 4. Photoionization cross sections rPI of excited levels, (a)
1s22s22p2ð3PÞ3pð4Do

5=2Þ and (b) 1s22s22p2ð3PÞ4f ð4Go
5=2Þ of Ne IV. Prominent Seaton

resonances due to core excitation to various electric dipole allowed levels are
indicated by the arrows. These resonances also enhance the background cross
section.



Table 2
Photon energies for Seaton resonances in photoionization of excited levels of Ne IV
due to core excitation of type Jp ¼ 0e ! Jp ¼ 1o from the ground level 1s22s22p2ð3P0Þ.
The configuration number given within parentheses next to each core excited level
corresponds to that specified in Table 1.

Level J E(Ry) Level J E(Ry)

1 3Doð2Þ 1 1.60 2 3Poð2Þ 1 1.90
3 3Soð2Þ 1 2.55 4 1Poð2Þ 1 2.77
5 3Poð3Þ 1 5.35 6 3Doð6Þ 1 6.29
7 3Poð6Þ 1 6.32 8 1Poð6Þ 2 6.41
9 5Doð10Þ 1 6.63 10 5Poð10Þ 1 6.67
11 3Doð10Þ 1 6.82 12 3Poð7Þ 1 6.90
13 3Poð10Þ 1 7.36 14 1Poð7Þ 1 7.40
15 3Doð10Þ 1 7.56 16 1Poð10Þ 1 7.60
17 3Poð10Þ 1 7.65 18 1Poð10Þ 1 8.00
19 3Doð10Þ 1 8.16 20 3Poð10Þ 1 8.22
21 3Soð10Þ 1 8.24 22 1Poð10Þ 1 8.50
23 3Soð22Þ 1 8.70 24 3Doð22Þ 1 8.87
25 5Doð24Þ 1 9.17 26 3Poð22Þ 1 9.28
27 3Doð24Þ 1 9.30 28 3Doð24Þ 1 9.30
29 1Poð22Þ 1 9.40 30 3Doð24Þ 1 9.69
31 1Poð24Þ 1 9.71 32 3Poð24Þ 1 9.74
– – – – – 1Poð20Þ 1 14.18
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tions, superimposed on the narrow Rydberg resonances are the
illustrative Seaton resonances. These resonances are manifested
as the core ground state goes through electric dipole transitions
with matching photon energies to these excitations. During excita-
tions the outer electron remains a ‘spectator’ in a doubly-excited
resonant state which decays via autoionization into the ground le-
vel of the core and ionization. Hence resonances appear at the core
excitation threshold energies for dipole allowed transitions,
pointed out by the arrows of some thresholds and listed in Table 2.
For example, the core ground level 2s22p2ð3P0Þ can be excited to
2s2p3ð3Do

1Þ at 1.60 Ry and form Seaton resonance at 3Do
1 threshold,

as seen in rPI for level 2s22p2ð3PÞ4f ð4Go
5=2Þ Fig. 4(b). It may be noted

that, as exemplified in the figure, the positions of these resonance
remain at the same energies regardless of the state of the ion.
There may be slight variations in positions due to interferences
of resonances and one or more resonances may be less distinct
or one may not show up in rPI of low lying excited states. For
example, Seaton resonance at threshold 2s22p3sð3Po

1Þ at about
5.35 Ry is not visible for level 1s22s22p2ð3PÞ3pð4Do

5=2Þ Fig.4(a). How-
ever, Seaton resonances become more distinct in photoionization
of higher excited levels.

The present BPRM calculations included 20 levels of Ne V which,
following Table 1, can have four dipole transition from the ground
level Jp ¼ 0e to Jp ¼ 1o at energies 1.60316 Ry (3Do

1), 1.89687
(3Po

1), 2.54576 (3So
1), and 2.76854 Ry (1PoÞ1) if the ionization thresh-

old lies below them, such as, for 1s22s22p2ð3PÞ4f ð4Go
5=2Þ Fig. 4(b).

However, there are much more Seaton resonances in the high en-
ergy region as seen for both levels in Fig. 4. They are generated
due to core excitations to higher lying levels. Although 20 levels
have been used, the R-matrix code computed all core excitations
from the set of 24 configurations given in Table 1 and Seaton reso-
nances were introduced. Positions and strengths of these reso-
nances can be predicted from atomic structure calculations. For
the present work, it is found from SS run that these resonances
can continue to form up to 14.18 Ry from the 24 configurations. Ta-
ble 2 lists part of them, about 33 photon energy positions for these
resonances. Resonances from closely lying excitations overlap
which can further widen the structure and enhance the back-
ground. The strength or impact of each resonance will depend on
the radiative decay rate of the core excitation.
5. Conclusions

Relativistic BPRM method has been employed, for a complete
set of photoiozation for all practical astrophysical and laboratory
applications, for one large atomic system of Ne IV. rPI of a large
number of bound levels of Ne IV with n 6 10 have been presented.
The resonances have been delineated at fine energy mesh. Relativ-
istic fine structure has introduced important resonances at very
low energy region, not allowed in LS coupling. This will change
the photoionization and recombination rates at temperatures exist
in plasmas in planetary nebulae and infra-red galaxies. This will in
turn affect the abundance of neon in these objects. Relativistic ef-
fects have also introduced denser resonances over the energy
range considered in the present work. The present work finds en-
hanced background cross sections of excited levels of Ne IV by
the Seaton resonances formed during dipole allowed core excita-
tions. The present cross sections are expected to be of high accu-
racy of about 10–15% based on (i) inclusion of relativistic, (ii)
higher resolution for resonances, and (iii) consideration of large
number configurations.

All photoionization data are available electronically from NOR-
AD-Atomic-Data (NaharOSURadiativeAtomicData) website:
<www.astronomy.ohio-state.edu/nahar/nahar_radiativeatomicdata>.
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