New Astronomy 46 (2016) 1-8

journal homepage: www.elsevier.com/locate/newast

'.
Contents lists available at ScienceDirect s \ov-Astronomy
A

O

New Astronomy

Photoionization and electron-ion recombination of Ti I

Sultana N. Nahar*

@ CrossMark

Department of Astronomy, The Ohio State University, Columbus, OH 43210, United States

HIGHLIGHTS

¢ Unified method gives details of electron-ion recombination of Ti I for the first time.
o Presents state-specific recombination rates for over 800 states and total spectrum.
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* Will provide high precision opacity and spectral analysis for cool stars, red giants.
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Study of the inverse processes of photoionization and electron-ion recombination of (Ti [ + hv = Ti Il + e)
using the unified method is reported. The method, based on close coupling (CC) approximation and R-matrix
method, subsumes both the radiative recombination (RR) and dielectronic recombination (DR) in a unified
manner and provides state-specific and total electron-ion recombination rate coefficients which are self-
consistent with the state-specific photoionization cross sections. The present results include state-specific
electron-ion recombination rates (agc(i))and partial photoionization cross sections (o p(i)) leaving the ion
in the ground state of 813 bound states with n < 10 and [ < 9 of Ti I. Various features of state-specific and
total electron-ion recombination with temperature, and the corresponding photoionization cross sections
with energies are discussed with illustrations. Due to closely lying excited states near the ground state of
the core, photoionization cross sections show presence of narrow Rydberg resonances in low energy region
near the ionization threshold. Many excited states also show broad and enhanced Seaton resonances due to
PEC (photo-excitation-of-core) which contribute to the high temperature recombination. The total recom-
bination rate coefficient is found to show a low hump around temperature 280 K and a high dielectronic
recombination peak at temperature 25,000 K. Total spectrum of recombination cross sections and rates with
photoelectron energy are also presented for experimental observation. Calculations were carried out using a
CC wave function expansion of 36 states of the core ion Ti II. The large set of data for recombination rates and
partial photoionization cross sections with resonances should provide a complete and accurate modelings of
plasmas.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

recombination rate coefficients are available for modeling of astro-
physical and laboratory plasmas. Hahn (1991) compiled available RR

The earlier report on Ti [ focused on the features of total pho-
toionization cross sections of the ground and large number of excited
states and benchmarking with experiment (Nahar, 2015). The present
study is on partial photoionization cross sections, leaving the residual
ion in the ground state, of a large number of bound states with n <
10 and [ < 9 and the corresponding state-specific recombination rate
coefficients. Very little data for photoionization cross sections and
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rates and used Z scaled Coulombic representation and DR rates ob-
tained using empirical fit of a number of Ti ions with core electrons
going up to 12. No work on Ti I has been found.

Ti I lines have been used for synthetic spectra as well as for abun-
dances as they are seen in the spectra of the sun (e.g. Bergemann,
2011), red giant stars (RGS) and in cool M stars (e.g. Keenan, 1982;
Valenti et al., 1998). The J-band spectra of RSGs are dominated by
strong and isolated atomic lines of iron, titanium, silicon (Bergemann
et al., 2012). The abundance provides information on flux absorption
distribution of the outer layers. However, analysis requires accurate
data for radiative processes of photoionization and electron-ion re-
combination. In determination of Ti I abundances in the sun and four
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metal poor late type stars with hydrogenic photoionization cross sec-
tion, Bergemann (2011) finds that the NLTE model for Ti I does not
perform well for the metal-poor stars, overestimating NLTE effects in
the atmospheres of dwarfs, but underestimating overionization for
giants.

This work, carried out under the Iron Project (IP) (Hummer et al.,
1993), uses the unified method (Nahar and Pradhan, 1992; 1994) for
the total electron-ion recombination that implements ab initio close
coupling (CC) approximation and R-matrix method developed under
the Opacity Project (OP) (The Opacity Project Team, 1996) and the IP
(Hummer et al., 1993).

2. Theory

The inverse processes of photoionization and electron-ion recom-
bination can be direct as

hy + Xt =e4+ X, (1)

where the recombination is radiative recombination (RR). However,
depending on the energy they also proceed via an intermediate dou-
bly excited state, as

o - a) e+ Xt (Al
e+XT = (XY *{b)hv+x+(DR) 2)

where the state known as the autoionizing state breaks either to au-
toionization (Al) where the electron goes free or to dielectronic re-
combination (DR) where the electron is captured by emission of a
photon (e.g. Pradhan and Nahar, 2011). The inverse of DR is photoion-
ization. An autoionizing state forms naturally when photon energy
matches to that of an autoionizing state of a Rydberg series, (S;L;;)vl
where S;L;7r; is an excited state of the core, the outer electron is in
excited orbital vl where v is the effective quantum number belong-
ing to excited core state. Autoionizing state introduces a resonance
in the process. Such a resonance can form naturally in calculations by
including the core excitations in the wave function, as treated in close
coupling (CC) approximation.

In the CC approximation the atomic system of the core and in-
teracting electrons is represented by (N+1) electron system where
the ‘core’ of N-electrons is interacting with the (N+1)th electron. The
(N+1)th electron is bound if the energy E is negative and in the con-
tinuum if it is positive. The total wave function, W, in a symmetry
SLr is represented by an expansion as

We(e+ion) =AY xi(ion)f; + > c;®;, 3)
i J

where the first term contains core ion eigenfunction, y; coupled with
the (N+1)th electron function, #; and the sum is over the ground
and excited states of the core. The (N+1)th electron with kinetic en-
ergy ki2 is in a channel labeled as SiL,-nilcl.ze,»(SLn). In the second sum,
the ®;s are bound channel functions of the (N+1)-electrons system
that account for short range correlation and the orthogonality be-
tween the continuum and the bound electron orbitals. Substitution
of Wg (e + ion) expansion in the Schrodinger equation

Hy, 1Y = EYg (4)

leads to a set of coupled equations that are solved using the R-matrix
method. The solution is a continuum wave function, W, for an elec-
tron with positive energies (E > 0), or a bound state, W, at a negative
total energy (E < 0). The details of the R-matrix method in the CC ap-
proximation can be found in, e.g. Burke and Robb, 1975; Seaton, 1987;
Berrington et al., 1987; Pradhan and Nahar, 2011. Present calculations
are carried out in LS coupling approximation, as in the earlier work
(Nahar, 2015) where the Hamiltonian of the (N+1)-electrons system

is given by
N+1 N+1
27 2
HN-H:Z —V,'Z_Ti'f‘Za ) (5)
i=1 j>i

Transition matrix elements for photoionization and electron-ion
recombination, Tgr =< Wp||D||Wr > where D= Y;r; is the dipole
operator and the sum is over the number of electrons, can be cal-
culated using the bound and continuum wave functions. Taking the
modulus squared, Tgr is reduced to generalized line strength as

2
N+1

S=|<W|IDI|W; > > = (¥ |> 1| )| . (6)
i

where W; and W, are the initial and final state wave functions. The
photoionization cross section (o py) is proportional to the generalized
line strength (e.g. Pradhan and Nahar, 2011),

4m? 1
3c g

where g; is the statistical weight factor of the bound state and w is
the incident photon energy. The complex resonant structures in pho-
toionization cross sections result from couplings between the con-
tinuum channels and bound channels in transition matrix at electron
energies kl.2 corresponding to autoionizing states of the Rydberg se-
ries, S,‘L,‘T[,‘V@.

Recombination cross sections, o gc, can be obtained from detailed
partial photoionization cross section using the Milne relation (e.g.
Pradhan and Nahar, 2011),

g ha?
gj 4m?m2cv?’

Op] = COS, (7)

ORc = Op| (8)
where g; is the statistical weight factor of the recombined state and
v is the photoelectron velocity. The recombining ion is assumed to be
in the ground state. The state-specific recombination rate coefficient
of state i is obtained by averaging the recombination cross sections as

on(iT) = [ vf@)owc(iyav. ()
where f(v) is the Maxwellian electron distribution function,

4 m 3/2 2
fw) = ﬁ(m) vte 2t (10)

The detailed autoionizing structures in op; are integrated through
o gc and hence corresponds to inclusion of both the RR and DR in an
unified and ab initio manner. The total recombination rate can be ob-
tained from sum of these individual rates, thatis, ag(T) = >"; ag (i, T)
where the sum is over infinite number of recombined states.

The unified method divides the infinite recombined states into
two groups: group (A) states with n < n,, and group (B) states with n,
< n < oo, with 1, ~ 10. The recombination rates coefficients of group
(A) states are obtained from detailed photoionization cross sections
as described above. Recombination into group (B) states, which are in
a small energy range, is dominated by DR via high-n resonances be-
longing to various excited core thresholds while the background re-
combination, that is, RR is negligibly small. The precise DR theory by
Bell and Seaton (1985) was extended by Nahar and Pradhan (1992);
1994) for DR collision strengths, 2(DR), as

Q(DR) = 23 225+ 1) (2L + DB (DR). (1)
Sle n

where P37 (DR) = (1 — SeTeSee)n is the DR probability in entrance
channel n. See is the electron scattering matrix including radiation
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damping. Calculations for 2(DR) are carried out in the CC approxi-
mation using the same wave function expansion used for photoion-
ization cross sections and hence are self-consistent with o p;. The re-
combination cross section is then obtained as (e.g. Pradhan and Na-
har, 2011),

orc(DR) = 5 Q(DR)GZ, (12)
8i

Q(DR) is summed over all contributing symmetries SLir. The total DR
contributions of n > 10 states is usually much smaller than that for
n < 10 states except at the DR peak where it can still be smaller but
of the same order. The RR ‘background’ contributions from the high-n
group (B) states n, < n < oo, obtained in hydrogenic approximation
(Nahar, 1996), to the total recombination rate are typically negligible
except at very low temperatures where electron energies are not high
enough for core excitations.

Total electron-ion recombination spectrum with photoelectron
energy is of considerable interest as it reveals resonant features and is
observable experimentally. The unified total recombination rate coef-
ficients with photoelectron energy, ag(E), can be obtained as

ag(E) = vopc(E), (13)

where v is the photoelectron energy and o gc(E) summed cross sec-
tions of all symmetries.

3. Computation

The partial photoionization cross sections of Ti I were computed
using the same wave function expansion of 36 states of core ion Ti II
as by Nahar (2015). Details of the R-matrix calculation are also similar
to those as described by Nahar (2015) except partial cross sections
leaving the residual ion in the ground state are computed.

State-specific recombination rate coefficients for all bound states
with n < 10 of group (A) are computed using the code RECOMB
(Nahar, 1996) and are added together for the total. The contributions
of high-n states below the target thresholds of group (B) are obtained
from total DR collision strength €2(DR) using code STGFDR (Nahar and
Pradhan, 1994). The A-values or radiative decay rates for transitions
from dipole allowed states to the ground state 3d24s(*F) of the core
needed for 2(DR) (see Nahar and Pradhan, 1994) were obtained using
the atomic structure code SUPERSTUCTURE (Nahar et al., 2003). The
set of 36 core states (Nahar, 2015) of Ti I wave function has six pos-
sible dipole allowed transitions. These transitions, along with their
A-values and energy positions relative to the ground state, are given
in Table 1.

The background (non-resonant) RR contribution from the high-n
states (10 < n < oo) is included as the “top-up” part (Nahar, 1996).
The total unified recombination rate coefficients, agc(E), cross sec-
tions o gc with photoelectron energy, and rate coefficients o gc(T) with
temperature were obtained by adding contributions from all n < co
using program RECXS (e.g. Nahar, 2008).

4. Results and discussions

The partial photoionization cross sections leaving the residual ion
in the ground state and electron-ion recombination cross sections

Table 1

Radiative decay rates, Aj;, for dipole allowed transitions from various excited f
states to the ground state 3d?4s(*F) of core Ti IL E is the energy position of the
excited state relative to the ground state.

Core Ag E(Ry) Target A E(Ry)
State:f (sh State:f (s 1

3d24p(4G°)  2.09(+8) 02728  3d24p(*D°)  2.98(+6)  0.3701
3d24p(*F°)  230(+8) 02835  3ddsdp(*D°)  2.97(+8)  0.4798
3d24p(*D°)  254(+8) 02979  3d4sdp(*F°)  823(+8)  0.4806

and rate coefficients of Ti I are discussed in separate sections below.
The choice of a large wave function expansion for Ti | was based on
the dipole allowed excitations at high energies of the core ground
state as these introduce broad resonances and enhanced background
that can have significant contributions to electron-ion recombina-
tion.

Ti I has large number of bound states, a total of 813 with n <
10, 0 < I < 9 that couple to the core ground state, 3d24s(*F), and
hence contribute to the electron-ion recombination. This number is
smaller than 908 bound states with same n and [ as reported by Nahar
(2015). These additional states are singlets which do not couple to
core ground state and hence are not relevant here. Photoionization
cross sections and state-specific recombination rate coefficients of all
813 state are presented.

4.1. Partial photoionization cross sections

Electron-ion recombination rate coefficients require partial pho-
toionization cross sections o p;(g, nLS) where the core ion is left in the
ground state. Important features in o p(nLS) that affect the recombi-
nation cross sections are illustrated below.

States of the atom play different roles in photoionization and
electron-ion recombination rates because of the difference in energy
positions of resonances and structure of the background cross sec-
tion with energies. Fig. 1 presents partial o p; of (a) ground 3d24s%(3F)
and (b) excited 3d24s2F4p(y3F°) states of Ti I illustrating their dom-
inance. The low energy region of each state is filled with strong and
dense resonances belonging to various closely lying core states near

[T T T T [T T T T [T T T T[T T T T[T 1711
100 - Til+hv->Till +e _
= a) Ground State: 3d*4s” °F 3
10" = —=
10" = —=
10" &
: B '
S 5 6 7 8 9 1
& o I I T L LR B
b) Excited State: 3d°4s’F4p y'F°
10° £ —
10' E 3
100 & _

10-15..I....I....I....I....I.?

Photon Energy (Ry)

Fig. 1. Partial photoionization cross sections, o p;, of the (a) ground 3d24s2(3F) and (b)
excited 3d%4s2FAp(y> F°) states of Ti I illustrating positions of prominent resonances in
the low energy region and background structures that will determine the contributions
to the state-specific recombination rate coefficients.
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Fig. 2. Partial photoionization cross sections, o p;, of single outer electron excited states
of Ti I: (a) 3d24s*F4p(z3G°), (b) 3d?4s*F5s(b°F) demonstrating huge rise in background
due to prominent Seaton or PEC (photo-excitation-of-core) resonances (energy posi-
tions pointed by arrows). It may be noted that PEC positions do not change energy
positions with the ionization energy of the state.

the ground state and hence contribute considerably to recombination
rates. In contrast to the ground states, the excited 3d24s2F4p(y3F°)
state will continue to contribute considerably in the high tempera-

Table 2

0
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Fig. 3. State-specific recombination rate coefficients ag(nLS), which include contribu-
tions of both RR and DR, of ground (a) and a number of excited states (b-g) of Ti [ featur-
ing dominance of recombination with temperatures which varies with the states. The
variation is due to the positions of strong resonances and enhancements in background
cross sections in photoionization.

ture recombination because of the slow decay of the background pho-
toionization cross sections.

Excited states with single outer electron usually have the charac-
teristic broad and enhanced Seaton or PEC (photo-excitation-of-core)

States and state-specific recombination rate coefficients age (cm3sec=! of Ti I, in order of their contributions to the total recombi-
nation rates at temperatures 300, 2500, 104, and 10° K. Contrary to the usual assumption, the table shows that the ground state,
3d?4s%(3F), is not the most dominant contributor at these temperatures.

State ORe State QRe State ORe State ORe
T=300K 2500 T=10*K 10°

3d24s2Fe4p3Fo 5.94E-13  3d24s2Fe4p3Fo 1.03E-13  3d34Fe4p3Go 4.93E-14  3d34Fe4s5Fe 3.96E-14
3d24s4Fe4p3Fo 3.06E-13  3d24s4Fe4p3Fo 9.33E-14  3d24s2Fe4p3Fo 3.48E-14  3d24s4Fe9g5le 3.11E-14
3d24s4Fe4p3Go 1.85E-13 3d34Fe4s5Fe 8.00E-14  3d34Fe4s5Fe 3.35E-14  3d24s4Fe6g5le 2.55E-14
3d34Fe4p3Do 1.82E-13  3d34Fe4p3Go 6.69E-14  3d24s4Fedp5Go  2.93E-14  3d24s4Fe5f5lo 2.41E-14
3d24s23Fe 1.08E-13  3d32He4s3He 6.11E-14 3d24s4Fe4p5Fo 2.83E-14  3d24p4Fo4f5Ge  2.13E-14
3d34Fe4p3Fo 9.32E-14 3d32He4s3He 6.11E-14 3d24s4Fe5s5Fe 2.67E-14 3d24s4Fe9g5He 1.95E-14
3d24s2Fe4p3Go  8.17E-14  3d34Fe4p3Do 5.24E-14  3d24s2Dedp3Fo  2.61E-14  3d24s4Fe7g5le 1.85E-14
3d24s2De4p3Fo  6.54E-14  3d32Ge4s3Ge 5.04E-14  3d24p4Fo4f5Ge  2.58E-14  3d32He4s3He 1.73E-14
3d24s4Fe4p3Do 6.38E-14 3d24s23Fe 4.40E-14 3d24s4Fe6g5le 2.48E-14 3d32He4s3He 1.73E-14
3d34Fe4p3Go 4.89E-14  3d24s4Fed4p3Go  4.19E-14 3d32He4s3He 2.36E-14  3d24s4Fe7gSHe  1.71E-14
3d24s4Fe4p5Go  4.72E-14  3d24s4Fed4p5Go  3.80E-14  3d32He4s3He 2.36E-14  3d24s4Fe4f5lo 1.70E-14
3d34Fe4p5Go 432E-14  3d24s4Fe4p5Fo 3.52E-14  3d24s4Fe5p5Go  2.20E-14  3d24s4Fed4p5Go  1.67E-14
3d24s4Fe4p5Fo 3.85E-14  3d34Fe4p3Fo 3.47E-14  3d24s4Fe4f5lo 2.03E-14  3d24s4Fe7h5Ko  1.62E-14
3d34Fe4p5Fo 3.62E-14  3d24s4Fe4d5Fe 3.18E-14 3d24s4Fedp3Fo 197E-14  3d24s4Fe5f5Ho 1.60E-14
3d32He5s3He 3.59E-14  3d24s23Pe 2.88E-14  3d32Ge4s3Ge 1.94E-14  3d24s4Fe5f5Go 1.56E-14
3d32He4s3He 3.46E-14  3d24s4Fe4p3Do  2.82E-14  3d24s4Fe4f5Go 1.90E-14  3d24s4Fe7h3Ko 1.53E-14
3d32He4s3He 346E-14  3d24s2Fe4p3Go  2.81E-14  3d24s2Fed4p3Go  1.79E-14  3d24s4Fe8f5Ho 1.49E-14
3d24s4Fedp5Do  3.43E-14  3d24s2De4p3Fo  2.76E-14  3d34Fe4p3Fo 1.78E-14  3d32Ge4s3Ge 1.48E-14
3d34Fe4s3Fe 2.81E-14 3d32De4s3De 2.46E-14 3d24s23Fe 1.77E-14 3d24s4Fe7g5Ge 1.34E-14
3d24s4Pe4p5Do  2.55E-14  3d24s2De4s3De  2.30E-14  3d24s4Fe9g5le 1.71E-14  3d24s4Fe4f5Go 1.33E-14
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Table 3
State-specific recombination rate coefficients, agc (cm>sec") of a number of states that contribute dominantly at various tem-
peratures to the total rate of (e + Ti Il — Ti I). BE is the binding energy in Ry of the state

logT  age(cm3sec1)
3Fe: 1 3Fo: 2 3Fo: 1 3Go: 1 3Go: 2 3He: 1 5Fe: 1 5le: 3
BE= —5.07E-01 —3.00E-01 —3.33E-01 —3.14E-01 —2.82E-01 —3.71E-01 —5.01E-01 —2.78E-02

1.0 1.19E-12 2.19E-14 9.74E-14 4.79E-13 5.02E-13 1.38E-13 8.12E-14 3.19E-14
11 9.82E-13 1.96E-14 8.58E-14 4.19E-13 4.30E-13 1.26E-13 7.15E-14 2.81E-14
12 8.04E-13 1.92E-14 7.61E-14 3.67E-13 3.66E-13 113E-13 6.31E-14 2.49E-14
13 6.56E-13 2.45E-14 6.85E-14 3.22E-13 3.11E-13 9.87E-14 5.57E-14 2.20E-14
14 5.35E-13 4.56E-14 6.32E-14 2.85E-13 2.63E-13 8.43E-14 4.93E-14 1.95E-14
15 4.36E-13 9.64E-14 6.07E-14 2.56E-13 2.25E-13 7.05E-14 4.36E-14 1.73E-14
1.6 3.56E-13 1.84E-13 6.06E-14 2.36E-13 1.97E-13 5.79E-14 3.86E-14 1.53E-14
17 291E-13 3.02E-13 6.28E-14 2.22E-13 1.79E-13 4.70E-14 3.42E-14 1.36E-14
1.8 2.39E-13 4.29E-13 6.81E-14 2.13E-13 1.68E-13 3.84E-14 3.03E-14 1.20E-14
19 1.99E-13 5.43E-13 7.91E-14 2.07E-13 1.60E-13 3.25E-14 2.68E-14 1.06E-14
2.0 1.69E-13 6.29E-13 9.96E-14 2.02E-13 1.50E-13 2.97E-14 2.38E-14 9.40E-15
21 1.48E-13 6.79E-13 1.33E-13 1.99E-13 1.38E-13 2.95E-14 2.11E-14 8.30E-15
2.2 1.34E-13 6.95E-13 1.78E-13 1.97E-13 1.24E-13 3.10E-14 1.87E-14 7.32E-15
2.3 1.24E-13 6.80E-13 2.30E-13 1.95E-13 1.08E-13 3.29E-14 1.68E-14 6.44E-15
2.4 1.15E-13 6.40E-13 2.79E-13 1.91E-13 9.29E-14 3.44E-14 1.55E-14 5.65E-15
2.5 1.06E-13 5.81E-13 3.14E-13 1.83E-13 7.87E-14 3.47E-14 1.53E-14 4.94E-15
2.6 9.62E-14 5.12E-13 3.29E-13 1.71E-13 6.61E-14 3.42E-14 1.69E-14 4.30E-15
2.7 8.55E-14 4.37E-13 3.24E-13 1.55E-13 5.52E-14 3.40E-14 2.14E-14 3.73E-15
2.8 7.49E-14 3.63E-13 3.00E-13 1.36E-13 4.59E-14 3.57E-14 2.94E-14 3.21E-15
2.9 6.57E-14 2.95E-13 2.66E-13 1.16E-13 3.81E-14 4.03E-14 4.08E-14 2.75E-15
3.0 5.86E-14 2.36E-13 2.26E-13 9.69E-14 3.22E-14 4.74E-14 5.41E-14 2.34E-15
31 5.35E-14 1.87E-13 1.86E-13 7.94E-14 2.84E-14 5.48E-14 6.67E-14 1.97E-15
3.2 5.00E-14 1.50E-13 1.50E-13 6.42E-14 2.70E-14 6.04E-14 7.62E-14 1.65E-15
33 4.70E-14 1.23E-13 1.19E-13 5.17E-14 2.72E-14 6.26E-14 8.07E-14 1.36E-15
3.4 4.40E-14 1.03E-13 9.29E-14 4.17E-14 2.82E-14 6.11E-14 8.00E-14 1.12E-15
35 4.03E-14 8.74E-14 7.22E-14 3.38E-14 2.88E-14 5.65E-14 7.50E-14 9.38E-16
3.6 3.59E-14 7.46E-14 5.58E-14 2.76E-14 2.84E-14 5.00E-14 6.72E-14 1.01E-15
3.7 3.12E-14 6.32E-14 4.29E-14 2.26E-14 2.68E-14 4.28E-14 5.82E-14 2.04E-15
3.8 2.64E-14 5.27E-14 3.30E-14 1.87E-14 2.43E-14 3.56E-14 4.90E-14 5.53E-15
3.9 2.18E-14 4.32E-14 2.54E-14 1.56E-14 2.12E-14 2.91E-14 4.06E-14 1.31E-14
4.0 1.77E-14 3.48E-14 1.97E-14 1.32E-14 1.79E-14 2.36E-14 3.35E-14 2.48E-14
41 141E-14 2.75E-14 1.56E-14 1.14E-14 1.47E-14 191E-14 2.78E-14 3.88E-14
4.2 1.11E-14 2.15E-14 1.27E-14 9.93E-15 1.19E-14 1.57E-14 2.37E-14 5.16E-14
4.3 8.68E-15 1.67E-14 1.07E-14 8.82E-15 9.57E-15 1.34E-14 2.16E-14 6.03E-14
4.4 6.78E-15 1.28E-14 9.36E-15 7.94E-15 7.63E-15 1.21E-14 2.16E-14 6.36E-14
4.5 5.30E-15 9.88E-15 8.49E-15 7.24E-15 6.08E-15 1.20E-14 2.39E-14 6.19E-14
4.6 4.17E-15 7.58E-15 7.53E-15 6.45E-15 4.84E-15 1.24E-14 2.71E-14 5.64E-14
4.7 3.32E-15 5.85E-15 6.89E-15 5.84E-15 3.90E-15 1.37E-14 3.17E-14 4.88E-14
4.8 2.69E-15 4.53E-15 6.08E-15 5.15E-15 3.15E-15 1.50E-14 3.57E-14 4.05E-14
4.9 2.21E-15 3.53E-15 5.39E-15 4.54E-15 2.58E-15 1.64E-14 3.86E-14 3.26E-14
5.0 1.85E-15 2.76E-15 4.71E-15 3.95E-15 2.13E-15 1.73E-14 3.96E-14 2.55E-14
5.1 1.56E-15 2.15E-15 3.93E-15 3.32E-15 1.74E-15 1.75E-14 3.83E-14 1.96E-14
52 1.33E-15 1.67E-15 3.24E-15 2.76E-15 1.43E-15 1.70E-14 3.53E-14 1.48E-14
53 112E-15 1.30E-15 2.67E-15 2.30E-15 1.17E-15 1.61E-14 3.13E-14 1.10E-14
5.4 9.44E-16 1.01E-15 2.14E-15 1.87E-15 9.47E-16 1.47E-14 2.67E-14 8.10E-15
55 7.83E-16 7.83E-16 1.73E-15 1.52E-15 7.65E-16 1.31E-14 2.22E-14 5.92E-15
5.6 6.39E-16 5.96E-16 1.32E-15 1.19E-15 6.05E-16 113E-14 1.79E-14 4.30E-15
5.7 5.14E-16 4.59E-16 1.04E-15 9.51E-16 4.80E-16 9.63E-15 142E-14 3.11E-15
5.8 4.08E-16 3.52E-16 8.22E-16 7.57E-16 3.79E-16 8.05E-15 1.11E-14 2.24E-15
59 3.16E-16 2.59E-16 5.60E-16 5.50E-16 2.87E-16 6.54E-15 8.41E-15 1.61E-15
6.0 2.45E-16 1.96E-16 4.32E-16 4.29E-16 2.23E-16 5.30E-15 6.43E-15 1.15E-15
6.1 1.88E-16 1.49E-16 3.32E-16 3.34E-16 1.72E-16 4.25E-15 4.87E-15 8.21E-16
6.2 1.42E-16 1.11E-16 2.47E-16 2.54E-16 1.32E-16 3.37E-15 3.66E-15 5.85E-16
6.3 1.07E-16 8.38E-17 1.88E-16 1.95E-16 1.01E-16 2.65E-15 2.74E-15 4.17E-16
6.4 8.02E-17 6.29E-17 1.43E-16 1.50E-16 7.65E-17 2.07E-15 2.04E-15 2.96E-16
6.5 5.97E-17 4.71E-17 1.08E-16 1.14E-16 5.80E-17 1.60E-15 1.52E-15 2.11E-16
6.6 4.43E-17 3.53E-17 8.18E-17 8.67E-17 4.38E-17 1.24E-15 1.12E-15 1.50E-16
6.7 3.27E-17 2.63E-17 6.18E-17 6.58E-17 3.30E-17 9.46E-16 8.32E-16 1.06E-16
6.8 2.41E-17 1.96E-17 4.66E-17 4.98E-17 2.48E-17 7.21E-16 6.14E-16 7.54E-17
6.9 1.77E-17 1.46E-17 3.52E-17 3.76E-17 1.86E-17 5.48E-16 4.52E-16 5.35E-17
7.0 1.30E-17 1.09E-17 2.66E-17 2.84E-17 1.39E-17 4.14E-16 3.33E-16 3.79E-17
71 9.50E-18 8.08E-18 2.01E-17 2.14E-17 1.04E-17 3.12E-16 2.45E-16 2.69E-17
7.2 6.95E-18 6.01E-18 1.53E-17 1.61E-17 7.76E-18 2.35E-16 1.80E-16 1.91E-17
73 5.08E-18 4.47E-18 1.16E-17 1.21E-17 5.78E-18 1.76E-16 1.33E-16 1.35E-17
74 3.71E-18 3.32E-18 8.84E-18 9.16E-18 4.31E-18 1.31E-16 9.76E-17 9.59E-18
7.5 2.71E-18 2.47E-18 6.78E-18 6.92E-18 3.21E-18 9.81E-17 7.19E-17 6.80E-18
7.6 1.98E-18 1.84E-18 5.22E-18 5.25E-18 2.39E-18 7.30E-17 5.30E-17 4.82E-18
7.7 1.44E-18 1.38E-18 4.05E-18 3.99E-18 1.78E-18 5.43E-17 3.91E-17 3.41E-18
7.8 1.05E-18 1.03E-18 3.16E-18 3.04E-18 1.33E-18 4.03E-17 2.90E-17 2.42E-18
7.9 7.72E-19 7.75E-19 2.49E-18 2.33E-18 9.97E-19 3.00E-17 2.15E-17 1.72E-18
8.0 5.65E-19 5.85E-19 1.97E-18 1.80E-18 7.48E-19 2.22E-17 1.60E-17 1.22E-18

(continued on next page)
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logT

BE=

ape(cm3sec™)
3Fe: 1
—5.07E-01

3Fo: 2
—3.00E-01

3Fo: 1
—3.33E-01

3Go: 1
—3.14E-01

3Go: 2
—2.82E-01

3He: 1

—3.71E-01

5Fe: 1
—5.01E-01

5le: 3
—2.78E-02

8.1
8.2
83

4.14E-19
3.04E-19
2.24E-19
1.65E-19
1.23E-19
9.09E-20
6.81E-20
5.19E-20
3.96E-20
3.04E-20

4.44E-19
3.39E-19
2.60E-19
2.02E-19
1.58E-19
1.24E-19
9.86E-20
7.92E-20
6.43E-20
5.30E-20

1.58E-18
1.28E-18
1.04E-18
8.60E-19
7.14E-19

5.99E-19
5.06E-19
4.31E-19
3.71E-19
3.20E-19

1.40E-18
1.09E-18
8.62E-19
6.85E-19
5.49E-19
4.45E-19
3.66E-19
3.03E-19
2.54E-19
2.12E-19

5.63E-19
4.26E-19
3.24E-19
2.47E-19
1.90E-19
1.48E-19
1.15E-19

9.07E-20
7.21E-20
5.85E-20

1.65E-17
1.22E-17
9.09E-18
6.76E-18
5.03E-18
3.76E-18
2.81E-18
2.12E-18
1.60E-18
1.22E-18

1.20E-17
8.99E-18
6.80E-18
5.18E-18
3.97E-18
3.07E-18
2.40E-18
1.93E-18
1.52E-18
1.23E-18

8.62E-19
6.11E-19
4.33E-19
3.07E-19
2.17E-19
1.54E-19
1.09E-19
7.74E-20
5.49E-20
3.89E-20

resonances (Yu and Seaton, 1987; Pradhan and Nahar, 2011), that can
make important contributions, particularly at high temperature re-
combination. Fig. 2 presents partial photoionization cross sections
of two such excited states, (a) 3d*4s2F4p(z3G°), (b) 3d?4s*F5s(b°F).
A Seaton resonance is formed when the core ion absorbs the pho-
ton matching the transition energy for the ground state excitation
to a dipole allowed one during which the outer electron remains
as a spectator. The excitation leads to ionization as the core drops
down to the ground state. The phenomenon is inverse to DR, and
manifests in a resonance, often wider, at the excited core threshold.
Table of 36 core states (Nahar, 2015) indicates, as presented in Table 1
here, six possible dipole allowed transitions and hence six possi-
ble PEC resonances around energies of 0.28, 0.37 and 0.48 Ry. The
Seaton or PEC resonances at these positions are pointed by arrows
in Fig. 2. These resonances form at the core excitation thresholds re-
gardless of the ionization energy of the state. The figure shows that
the first three PEC positions are below the ionization energy of state
3d*4s2F4p(z3G°) (panel a) and hence Seaton resonances of only the
higher ones are seen in its o p. However the first three core excita-
tions have introduced a huge Seaton resonance with background en-
hanced by orders of magnitude in o PI of b°F (panel b). The next three
Seaton resonances are weaker relative to the first three.

4.2. Total and state-specific recombination rate coefficients

State specific recombination rate coefficients of all 813 bound
states of Ti I presented here can be treated as the total rate for each
individual state since for each one, the contributions of both the RR
and DR are included by the unified method.

Fig. 3 shows illustrative examples of characteristic features of
state-specific recombination rate coefficients of the ground state
(a) 3d2%4s2(a3F), and a number of excited states, (b) 3d>4F4p(y3D°),
(c) 3d%4s2Fap(y3F°), (d) 3d%4s*FAp(Z3F°), (e) 3d%4s*F4p(Z3G°). (f)
3d%4s%FAp(y3G°), (g) 3d34s(a®H) of Ti I. These states dominate
electron-ion recombination at different temperatures. Some states
show multiple bumps below the temperature of a million degree.
The differences in them arise from positions of strong resonances and
background structure of photoionization cross sections of the states
as explained above. While resonances cause the DR bumps, the back-
ground cross sections affects the way recombination rate decays with
temperature.

It is often assumed that the ground state of an ion contribute the
most to electron-ion recombination. However, the contribution of an
excited state may exceed to that of the ground state depending on
temperature region. Table 2 lists dominant states, in order of their
contributions to the total rate, at four different temperatures. As the
table shows, different sets of states dominant the recombination at
temperatures of 300, 2500, 104, and 10° K.

While all state-specific rate coefficients are available on-line,
Table 3 presents agc(nlLS, T) in the temperature range of 10-10° K
of a number of most dominant contributing states as needed for

10"
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Fig. 4. Total unified recombination rate coefficients of (e + Ti Il — Ti I) showing typical
features of high recombination at low temperature and DR bump at T = 25,000 K. It
also shows a small hump at a lower temperature around 280 K due to dominance of
low energy resonances in photoionization cross sections.

population modeling. The present state specific rates should be accu-
rate for most of the temperature range except at lower temperature
where uncertainty may be introduced from resolution and positions
of the resonances. The resolution becomes less significant at higher
temperature since they are damped out by the exponential factor in
the ap(nLS) integral. Based on the accuracy of the R-matrix method,
energy comparison, and inclusion of interference effects, these rates
are expected to be accurate within 15% -30%.

Features of the total recombination rate coefficients with temper-
ature, ag(T), of Ti I are presented in Fig. 4 and numerical values are
presented in Table 4. As expected, starting with a high rate at very
low temperature due to dominance of RR, ag(T) decreases with in-
creasing temperature. However, it slows down some forming a small
hump around 280 K due to low energy near threshold resonances
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Table 4
Total recombination rate coefficients, oge (cm3sec™!) wuth tempera-
ture for (e + Till - Ti ).

logT  ag logT  ar logT  ag

(K) (cm3sec™')  (K) (cm3sec™')  (K) (cm3sec!)
1.0 2.89E-11 3.7 1.52E-12 6.4 1.94E-13
11 2.47E-11 3.8 2.15E-12 6.5 1.39E-13
1.2 2.11E-11 3.9 3.95E-12 6.6 9.94E-14
13 1.81E-11 4.0 7.39E-12 6.7 7.10E-14
14 1.55E-11 41 1.23E-11 6.8 5.07E-14
15 1.33E-11 4.2 1.77E-11 6.9 3.62E-14
1.6 1.15E-11 43 2.24E-11 7.0 2.59E-14
1.7 1.01E-11 4.4 2.56E-11 7.1 1.85E-14
1.8 8.91E-12 45 2.66E-11 72 1.32E-14
19 7.95E-12 4.6 2.58E-11 73 9.41E-15
2.0 713E-12 4.7 2.35E-11 74 6.72E-15
21 6.44E-12 4.8 2.05E-11 7.5 4.80E-15
2.2 5.84E-12 49 1.71E-11 7.6 3.43E-15
23 5.33E-12 5.0 1.38E-11 7.7 2.45E-15
24 4.86E-12 51 1.09E-11 78 1.75E-15
2.5 4.42E-12 5.2 8.44E-12 7.9 1.25E-15
2.6 3.99E-12 53 6.42E-12 8.0 8.98E-16
2.7 3.56E-12 5.4 4.82E-12 8.1 6.45E-16
2.8 3.16E-12 5.5 3.58E-12 8.2 4.63E-16
29 2.78E-12 5.6 2.63E-12 8.3 3.33E-16
3.0 2.46E-12 5.7 1.92E-12 8.4 2.41E-16
31 2.20E-12 5.8 1.40E-12 8.5 1.74E-16
3.2 1.99E-12 5.9 1.01E-12 8.6 1.27E-16
33 1.83E-12 6.0 7.31E-13 8.7 9.25E-17
34 1.68E-12 6.1 5.26E-13 8.8 6.79E-17
35 1.55E-12 6.2 3.78E-13 8.9 5.01E-17
3.6 1.46E-12 6.3 2.71E-13 9.0 3.74E-17
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Fig. 5. Unified total recombination cross sections o (top panel a) and rate coeffi-

cients ag (lower panel b) of (e + Ti Il — Ti I) with photoelectron energy. Arrows points
converging threshold 4(GFD)° where DR peaks and then drops almost to zero.

in the photoionization cross sections. It continues to decrease until
about 6300 K before rising again to form a broad structure due to
dominance by DR which reaches the peak at 25,000 K beyond which
it decays down fast. Being an neutral atom, fine structure effects is
not expected to be significant for Ti I. One advantage of the unified
method over the separate computation of RR and DR rates and adding
them for the total is consideration of interference between RR and DR.
The effect becomes more important when agc goes through the mini-
mum, such as arid 6300 K for Ti I, where unified method provides the
natural curve of interference instead of sharp distinction of RR and
DR rates obtained separately.

Total recombination rate coefficient with photoelectron energy,
or(E), of (e + Ti Il — Ti I) can reveal detailed resonant structures
in recombination process and the resonant part can be observed
in storage rings. Fig. 5 presents total unified ag(E) of Ti I with en-
ergy. Panel (a) presents the summed contributions of all triplets
and quintets states of Ti I to the total recombination cross section,
and panel (b) presents the total recombination rates with photoelec-
tron energy. The resonant DR structures at the very low energy are
formed by the low energy resonances in photoionization. The arrows
in Fig. 5 points the core thresholds such as, 3d24p(*GFD°), where
resonances converged forming DR peaks. Immediately beyond a DR
peak, recombination drops almost to zero as the trapped photons are
released.

5. Conclusion

Electron-ion recombination and photoionization of (hv + Ti [ <
e + Ti II) are studied in detail. Unified method has provided self-
consistent sets of photoionization cross sections and recombination
rates. Photoionization shows extensive low energy Rydberg reso-
nances and wide Seaton resonances, and variations in the background
cross sections. Unified method subsumes both RR and DR and their
interference for the total state-specific and cumulative total recom-
bination rates by including these resonances. Due to resonance posi-
tions and background features in photoionization, the state-specific
recombination rate coefficients shows noticeable one or multiple DR
bumps. We find that the dominant contributor states depend on tem-
perature and ground state is not the most dominant state. The to-
tal recombination rate coefficient shows a hump around 280 K and a
high DR peak at around 25,000 K. Total recombination cross section
and rate coefficient with photoelectron energy are also presented for
future experiment. The state-specific and total recombination rate co-
efficients ag(T), are reported for the first time. State specific recom-
bination rate coefficients and partial photoionization cross sections
are presented for 813 bound states with n < 10 and [ < 9 of Ti L.
The present cross sections and recombination rates are expected to
be of high accuracy of about 15% -30% based on (i) inclusion of large
number of core excitations, (ii) higher resolution for resonances, (ii)
consideration of large number configurations, and good agreement
of energies with those listed at NIST and photoionization cross sec-
tions with experiment (Nahar, 2015). These should provide a more
complete modeling of astrophysical and laboratory applications, par-
ticularly for low temperature plasmas, where Ti I exist in various cool
stars and in determination of abundance of Ti in these objects.

The complete sets of photoionization cross sections and recom-
bination rate coefficients of Ti I are available on-line at NORAD-
Atomic-Data (NaharOSURadiativeAtomicData) website at: http://
norad.astronomy.ohio-state.edu
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