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ABSTRACT

Using the unified method, the inverse processes of photoionization and electron-ion recombination are studied in
detail for neutral chromium, (Cr I + hv <> Cr Il + e), for the ground and excited states. The unified method based on
close-coupling approximation and R-matrix method (i) subsumes both the radiative recombination (RR) and
dielectronic recombination (DR) for the total rate and (ii) provides self-consistent sets of photoionization cross
sections op). and recombination rates arc. The present results show in total photoionization of the ground and excited
states an enhancement in the background at the first excited threshold, 3d*4s °D state of the core. One prominent
phot-excitation-of-core (PEC) resonance due to one dipole allowed transition (°S-°P°) in the core is found in the
photoionization cross sections of most of the valence electron excited states. Structures in the total and partial
photoionization, for ionization into various excited core states and ground state only, respectively, are demonstrated.
Results are presented for the septet and quintet states with n <10 and 1 <9 of Cr I. These states couple to the core
ground state °S and contribute to the recombination rates. State-specific recombination rates are also presented for
these states and their features are illustrated. The total recombination rate shows two DR peaks, one at a relatively
low temperature, at 630 K, and the other around 40,000 K. This can explain existence of neutral Cr in interstellar
medium. Calculations were carried out in LS coupling using a close-coupling wave function expansion of 40 core
states. The results illustrate the features in the radiative processes of Cr | and provide photoionization cross sections
and recombination rates with good approximation for this astrophysically important ion.

1. Introduction

Neutral Chromium, Cr I, has been studied by many investigators largely because of its
presence in astronomical objects. Lines of Cr | has been observed recently in interstellar medium
toward HD 72127AB [1]. Among a number of experiments, low energy photoionization features
of Cr I were observed by Huber et al. [2] while very high energy photo-absorption features were
observed by Cooper et al. [3]. There has been less theoretical study on Cr | compared to various
experiments. Much of the study is concentrated to small energy region and for the ground or very
few excited states. For example, Dolmatov studied [4] using spin-polarized random phase
approximation the two states 'S and °S of the ground configuration and found that °S
photoionization cross section is much higher than that of the ground ’S. The study does not
include resonant structures. In contrast to the number of studies on photo-absorption, no report
on electron—ion recombination process for this atomic system is not available.

The atomic properties for Cr | are strongly perturbed by electron—electron correlations as
the atom is neutral and holds a large number of electrons. This makes it difficult to represent the
atom with an accurate wave function. The present study aims to study in detail with autoionizing
resonances the inverse processes of photoionization and recombination of Cr I for the ground and
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excited states using the ab initio unified method and provide results of good approximation.
2. Theory

Cr 1 is studied using the unified method [5,6] which is based on the close-coupling (CC)
approximation and R-matrix method implemented under the Opacity Project (OP) [7] and the
Iron Project (IP) [8]. A brief outline of the theory relevant to the present calculations is given
below.

In the CC approximation, the atomic system of an ion and an interacting electron is
represented by the ‘target’ or the “‘core’ of N electrons interacting with the (N + 1)th electron.
The (N + 1)th electron may be bound or in the continuum depending on its energy (E) being
negative or positive. The total wavefunction, g, of the (N + 1) electrons system in a symmetry
SLz is expressed by an expansion,

Fele + ion) = A fo(ion)f’f + Z P, W
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where the target ion eigenfunction, y;, is coupled with the (N+ 1)th electron function, 6;. The
sum is over the ground and excited core states. The (N+ 1)th electron with kinetic energy k; is in

a channel labeled as SiLimkzi{’i(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
between the continuum and the bound electron orbitals.

The Hamiltonian of the (N + 1)-electrons system is given by
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where the first sum is the non-relativistic Hamiltonian and the last three terms are relativistic
corrections; the mass correction (H™*), Darwin (H®®) and spin-orbit interaction (H*°),
respectively (e.g. [9]). Present calculations are carried out in LS coupling, that is, no relativistic
correction is considered. Substitution of Yg(e + ion) in the Schrodinger equation

Hy 1P =EW;, (3)

introduces a set of coupled equations that are solved using the R-matrix method. The solution is
a continuum wavefunction, ¥, for an electron with positive energies (E > 0), or a bound state,
Vg, at a negative total energy (E < 0). The complex resonant structures in photoionization or
recombination result from couplings between the continuum channels and bound channels at

electron energies k2i corresponding to autoionizing states of the Rydberg series, S;Lim;vl where v
is the effective quantum number, belonging to excited target or core state S;L;x;.

Transition matrix elements for photoionization, (%g||D||¥r> where D =Zr; is the
dipole operator and the sum is over the number of electrons, are obtained from the bound and
continuum wavefunctions. The transition matrix element is reduced to generalized line strength
as
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where ¥; and ¥ are the initial and final state wavefunctions. The photoionization cross section
(op) is proportional to the generalized line strength

N+1
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where g is the statistical weight factor of the bound state and w is the incident photon energy.
The details of the R-matrix method in the CC approximation for photoionization can be found in
[10,11].

The unified method considers the inverse nature of electron—ion recombination and
photoionization. It obtains recombination cross sections, orc, from partial photoionization cross
section by using the principle of detailed balance or Milne relation
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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 detailed autoionizing
structures in photoionization cross sections are integrated for recombination cross sections
through the Milne relations. Hence the sum corresponds to inclusion of both the radiative
recombination (RR) and dielectronic recombination (DR) in an unified and ab initio manner.
The state-specific recombination rate coefficient of state i is obtained by averaging the
recombination cross sections over the Maxwellian electron
distribution, f{v) = @/ vm)m/2kTy2y2e-* /AT, 5q
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The total recombination rate can be obtained from the sum of these individual rates, that

is, #&(D =329 T) where the sum is over infinite number of recombined states.

The highly excited states lie close to each other and the resonances become narrower
while the background is low. The unified method divides the infinite number of recombined
states into two groups: group (A) states with n < n,, and group (B) states with n, < n < oo, where
no ~ 10. The recombination rates coefficients of group (A) states are obtained from the
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 while the background
recombination, that is, RR is negligibly small. Bell and Seaton [12] developed a treatment of the
DR process based on quantum defect theory and close-coupling approximation and obtained an

expression for the averaged DR probability, <PSnLn(DR) ) ,where n denotes the entrance
channel. The work was extended by Nahar and Pradhan [6] for DR calculations. The DR
probability is given by [12],

Po(DR) = (1 = &}, Peelps (8)



where e is the electron scattering matrix including radiation damping. In the energy region of
these states below each target state, the electron-electron scattering matrix is partitioned into
submatrices, Yoo, Xoc: Xcos Xcc, Where ‘0’ denotes the open and ‘c’ denotes the closed channels. X
is diagonalized as 7« = N'x«N where N is complex. With N, we define Ze = N'Xeo Zoc = ZocN. .
Bell and Seaton obtained [12]
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where Gv) = g(v)’ — 1, 8(v) = exp(rv’A, /z%)is the sum of the radiative decay probabilities for the
available decay routes from a given excited state of the target ion, v is the effective quantum
number associated with the resonance series, z is the ion charge, and the summations go over the
closed channels yy’ contributing to DR.

For computational purposes, (P,(DR)) needs further expansion, as was carried out by
Nahar and Pradhan [6]. Using some algebra, the expression can be reduced to direct and
interference terms as [6]
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where the summation over i goes through all the closed channels. The DR probability from the
general scattering matrix, which includes the radiation damping, can also be used for detailed
structures. However, the general expression given by Bell and Seaton causes numerical
instability. Using the diagonalizing matrix, N, a numerical stable form can be obtained. Starting
from the unitarity condition of the general scattering matrix, P, can be written in terms of the
matrix elements as [6]
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This is a precise treatment for the DR process for its an ab initio nature and inclusion of
interference of channels compared to other existing methods, such as, isolated resonance
approximation or Burgess formula.

The DR collision strengths, Q(DR), is obtained as

QDR =Y % (2S + 1)2L + 1)P;"(DR).
Sim n

Calculations for Q(DR) are carried out in the CC approximation using the same
wavefunction expansion used for photoionization cross sections. The recombination cross
section ogc is related to Q(DR) as,

(12)
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Q(DR) is summed over all contributing symmetries SLz. 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-type ‘background’ contributions from the high-n group
(B) states, n, < n < oo, to the total recombination rate are included in hydrogenic approximation
[13]. These contributions are usually negligible except at very low temperatures where electron
energies are not high enough for core excitations.

Experimental set-ups are able to measure recombination spectra for rates with electron
energy. Such spectra can be produced from unified total recombination cross sections

otr(E) = voge(E), (14)

where v is the photoelectron energy. ar(E), being proportional directly to arc(E), reveals
detailed resonant features in electron—ion recombination spectrum and is of considerable interest
to experimental facilities.

3. Computations

Computations for photoionization and electron-ion recombination are carried out in a
number of steps. The initial step is to obtain the target or core wave functions from atomic
structure calculations. The code SUPERSTRUCTURE [14], which employs Thomas-Fermi-
Dirac potential to generate one-electron orbitals, was used to obtain wave function of core Cr Il
by optimizing a set of 14 configurations listed in Table 1. The lowest 40 states of Cr II, given in
Table 1, were selected for the wave function expansion of Cr I. For accurate resonance positions,
observed energies from NIST compilation [15] were used. The fine structure energies in NIST
table were averaged statistically to obtain the LS term energies in Table 1.

The computations for photoionization cross sections of Cr | were carried out using the R-
matrix suite of codes from the OP and IP [11,16,17]. The first stage, STG1, starts with target or
core wave function which forms the first term of the ion wave function %Y. R-matrix basis set
contained 14 terms for each continuum orbital. The second sum in the wavefunction expansion,
Eq. (1), includes 56 possible (N+ 1)-electron configurations with range of mininum and
maximum occupancies as listed within parentheses of the orbitals: 3s(0 - 2), 3p(4 - 6), 3d(3 - 8),
4s(0 - 2), 4p(0 - 3), and 4d(0 - 2) of Cr I. All SLz symmetries of the (e + ion) system formed
from the 40 target states coupled with an interacting electron with partial waves 0 <1< 12 are
included.

The Hamiltonian and dipole matrices are computed by STGH and bound states are
computed by STGB. The energy eigenvalues are obtained by searching the poles in the
Hamiltonian. The bound states of Cr | were identified using quantum defect analysis and
percentage of channel contributions to the states.

For higher resolution of resonances in photoionization and recombination, op; in the near
threshold energy region was resolved with a finer energy mesh, 4000 energy points up to 0.4 Ry
above the ionization threshold. op, at higher photoelectron energies, beyond the highest target
threshold, are extrapolated as explained in [6] and were processed by the code ELEVID [13].

State-specific recombination rate coefficients for all bound states with n <10 are
obtained from code RECOMB [13] and are added together for the total. The contributions of
high-n states below the target thresholds are obtained from the resonance averaged DR collision



strength Q(DR) using code STGFDR [6]. 2(DR) was calculated using the radiative decay rate

Table 1
Terms and energies of target Cr 11 in the eigenfunction expansion of Cr I.

Config. Term E (Ry) Config. Term E (Ry)
! 3d° ats 0.000000 21 3t os BC 0.351193
2 3d" Dy ) 0.111884 by, 3d'(a Gds &6 0.362337
: 3d'(PDMs a' 0180686 23 3 ¥ 0.362859
4 3d° a'G 0.186950 24 3" (' 1yds i1 0366459
5 3 a'p 0.198868 25 34" (' 5445 Py 0368289
6 3 ) 0228178 26 3 PDjis D 0391238
7 3d'(*Pyds n'e 0278180 77 34 s 0.403756
& 3’ &l 0274718 28 3d'('Djas D 0416505
g 3d"(*Hyds a'H 0275971 29 3 Dip B 0.431548
10 3d'(*F)ds a'f 0.283983 30 WP & 0431591
1 34 alD 0286348 31 3d'iESUl4p Apt 0.442268
12 34 atF 0.295814 32 3d":5m4p Ap 0.449377
13 3d b'E 0.299333 33 3d"FDp £ 0452263
14 3d'(*Gyds e 0.306084 34 3d' Fys & 0.461794
15 3d'(*Hyds a*H 0316485 35 3d4EEU)4p P o 0.471936
16 3d" (3 Pyds a‘p 0.320071 35 3 & 0476690
17 34" Fyds biE 0324330 37 3d 45t oF 0.488048
18 3d° b*H 0.324988 8 3d' Cpidp A 0.497945
19 3d° a‘G 0329847 39 30" 2 F s 4&F 0.500076
20 3d"(F Dids D 0349147 40 3 (s ap 0.503464

The optimized set of configurations for the target is, 33‘13}1“%;, 352311"'31:!"4,\‘. 1"23317“311"4;7, 3523p03a°4s®, 3523p03d14d, 3523pT3d°, 3s23p13d7,
3523p93d dp?, 3s3p93d°4s, 363p93d 4p, 3s3pP3d 4s?, 3p03d7, 3523p03d Asdp, 3523p°3d  4sad, with filled 1522572p". The first four configurations are
spectroscopic while the rest are correlation.

(A-value), 6.418886e-09 s, for the dipole allowed transition to the core ground state,
3d*4p(®P°) - 3d°(°S). The A-value was obtained from using the atomic structure code
SUPERSTUCTURE. The contributions from all n < oo were added for the total unified orc(E),
ar(E) and ar(T) using programs RECXS and PRCOMG.

4. Results and discussions

Results from detailed study of inverse processes of photoionization and electron-ion
recombination of neutral Cr in LS coupling are presented. Only the septet and quintet states,
relevant to total recombination, of Cr | are considered. The aim of the present work is to study
general features and provide results for photoionization and electron-ion recombination of the
atom with good approximation. These represent first detailed theoretical study for the state-
specific and total recombination for this atom.

Due to strong electron-electron correlations it is difficult to represent this neutral atom
accurately. Present calculations considers a wave function expansion which includes the %round
and lowest 39 excited states, all lying within about 0.5 Ry, of Cr I1. The set includes one °P°
state for a single dipole transition of the ground state, 3d> ®S - 2d*4p ®P° which can introduce a
phot-excitation-of-core (PEC) resonance in photoionization cross sections. The wave function
expansion, as described in the Computation section, has considerable number of configurations
and hence is expected to provide good approximations for photoionization cross sections and
electron-ion recombination rates in LS coupling.



Following subsections discuss energies, photoionization cross sections and recombination
rates in separately.

4.1. LS term energies

A total of 134 septet and quintet bound states of Cr | are obtained. The energies of the
states are compared in Table 2 with those obtained from statistical averaging of fine structure
levels listed in the NIST [15] compiled table (source references are listed in the website). Very
good agreement is found between the calculated and measured values for the ground and many
excited states. However, some large differences are also noted. The largest one being 16% for
3d°“G) 4s a°G state.

Table 2
Comparison of calculated LS term energies, E., of Cr | with the term energies, E,, obtained from statistical
averaging of observed fine structure level energies [15].

Config. Term E, (Ry) E. (Ry) Config. Term E, (Ry) E- (Ry)
3d7(%5)4s a’§: 1 0.497330 0.4933077 347 (°S)ds a5 1 0428136 04230145
452 aiD: ] 0.423607 0.3744548 3" ('Gas aG: ] 0.310325 0.2680178
3d°("pyas a’P: 1 0.298251 0.2724371 3&‘51"554]? ZPP a1 0283955 0.3059220
3d° ("Dyds bn-2 0.275963 0.2407274 3d" (G Dydsapp® 201 0265572 0.2361097
347 (95y4p 2P 0253171 0.2768377 34" DyAsapiPY 01 0245757 02140152
30" Dyasap? P ¥ -2 0.243562 0.2213843 351&5]4'\-4‘”1;:" yip:2 0.227012 0.2001276
34 DsAp T 0214198 0.1827097 3d%(Fyas S 0211423 01709271
3d"("D)asapi 200 0.190646 0.1581317 34t Spi3 0.173848 01427154
3d°(5)55 752 0161111 0.1574860 3875555 &5:2 0152112 0.1482581
3d'|t5m454p’l" VL2 0.122010 0.0919476 30'4(5“)45413”1‘! T i | 0.123705 01161119
3d"(*Dydsdp' P ¥z 0.118533 0.1021285 39{"'!;.”4;4,,'!11‘ DH™ 0.112776 0.0853737
3d°(55)5p XTP° .3 0.112235 0.1122970 3d”(5S5)4d e’D: 1 0112248 01034247
3(15{15,4];, B 0.109375 0.0929636 W pyap 25701 0.104347 0101653
38 (55144 D4 0.095752 0.0909252 3d°(Ss)5p WP - 4 0.094472 0.0872249
3dMatPpasapt P WP 6 0.087765 0.0538745 3d7(5S)65 75.3 0.081397 0.0800004
3d°(°5)65 i f°5:3 0.078440 0.0768789 3d' (@ Fidsdp?P” {p\ﬁ D43 0.074829 0.0754354
304555 o2 0.071371 0.0677150 35 Piap W5 0.069609 0.0600586
3d"("Dyas5pP P e ol | 0.063215 0.0628533 3d°(“5)6p Wi - 4 0.062561 0.0623821
38 (%5)5d g'D:3 0.062611 0.0588846 3 Gp 1F4 0.060097 0.0532960
3d" 4555 'o-s 0.053778 0.0546972 3d"(65)75 g75: 4 0.049189 0.0485077
345 (95y75 £55:4 0.047879 0.0470848 3% Dyap BT 0.044016 0.0431958
3d’("Dyap s°FY .6 0.040201 0.040077 3d°(“s)7p iP5 0.039949 0.0398247
3d*('ydp w4 0.036106 0.0311653 3d7(5 585 W55 0.032259 0.0317895
3d*(°S)8p TP 6 0.027734 0.0276486 3d*“s9p ipe LT 0020364 0.0203233
3d°(“s)10p TP 0.015659 0.0155783 3d"(* Dydsap P ik e B | 0.013397 0.011522
34" 454d G 6 0.010507 0.0100052 3d"4s4d D8 0.010585 0.012018

The number next to a LS state symmetry refers its position in the calculated energies of the symmetry.
*Means incomplete set of observed levels for the state.

Spectroscopic identification of some calculated LS terms may have uncertainty since
these states do not follow any well defined pattern for effective quantum numbers of a Rydberg
series of states. The quantum defects of these states are perturbed by the electron—electron
interactions.

Although a large set of configurations was considered to include all possible electron—
electron correlations for all bound states, some high lying observed bound states listed in the
NIST table are missing in the computated set. For example, 3d*(a>P)4s4p 3P°(x°D°) state at
energy 0.1087Ry was not found. Computations were repeated to find these missing states by
searching the poles in the Hamiltonian with finer energy meshes and lowering the effective



quantum numbers. A future computation with better optimized wave functions may result in
finding these states. These indicate that a much more elaborate calculations will be needed to

study this ion.

4.2. Total and partial photoionization cross sections of Cr |

The total photoionization cross sections op;(NLS), which include contributions from all
channels for ionization into various excited core states and partial cross sections for ionization
into the core ground state are presented for all septet and quintet bound states of Cr 1.

Fig. 1 presents the total photoionization cross sections op; of the ground 3d°4s ’S and
excited 3d°4s °F states of the ground configuration. These states show existence of extensive
high-peak resonances near the first ionization threshold. These represent high probabilities of
both photoionization and recombination of the atom in the low energy region. The energy region
has almost zero background until the background cross section is enhanced at the first excited
core threshold, 3d*4s ®D, which is 0.11 Ry from the ionization threshold.

Among the earlier works, Huber et al. [2] made the first measurement of resonant
features of Cr | photoionization in a very small energy range, 181.9-179.3nm (0.5-0.508 Ry)
using interferometer hook method. They assigned the features belonging to the ground state.
However, the measured energy range overlaps three states of Cr 1, 3d°4s(’S), 3d°4s(°S), and
3d*4s?(°D) which have closely lying ionization energies at 0.497, 0.428 and 0.424 Ry,
respectively. Therefore isolating these states in the experimental beam would be difficult. The
present results, shown in Fig. 2, indicate that the observed features belong mainly to two excited
states °S and °D instead of the ground state which does not show any resonance in this energy
region. In the figure, the calculated cross sections were shifted slightly to match the exact
ionization energies. The resonances in the cross sections can be identified through their effective

quantum number v with respective to the target (core) states as
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Fig. 1. Total photoionization cross sections op; of the ground 3d°4s ’S and excited 3d°4s °F states of Cr I. The
ionization is enhanced at the first excited threshold 3d*4s°D state of the core (pointed by an arrow). The existence of
the high-peak resonances at and near the first ionization threshold indicate high probabilities of both photoionization
and recombination of the atom.
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Fig. 2. Photoionization cross sections ap, of the three lowest states of Cr I, (a) ground state 3d°(’S), excited (b)
3d°4s(®S) and (c) 3d*4s*(°D) states, in a small energy region below the first excited core state 3d*4s(°D).
Experiment carried out in this energy region showed combined features of the states [2]. While the ground state, 'S,
has featureless background, the excited states exhibit resonances indicating resonant features observed in the
experiment belong to the excited states. (See text for identification of resonances.)
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where z is the charge of residual ion (1 for Cr I), E, and E. are the energies of the resonance and
of the respective excited core state. The middle panel, Fig. 2(b), shows photoionization cross
section of 3d°4s(°S) state and hence all resonances have the symmetry >P°. Effective quantum
number of the three resonances (denoted by numbers in the figure) with respect to the first
excited core state 3d*4s(°D) are 4.95(1), 5.01(2) and 5.50(3), respectively. Hence the possible
spectroscopic identification for the first two resonances are 3d* °D4s5f *F°(°P°) and 3d* *D4s5f
1F°(°P°) with about zero quantum defect (i = n - v) for the 5f electron, and for the third
resonance is 3d*4s6p(°P°), which was observed in the experiment, with about 0.5 quantum
defect for the 6p electron. Fig. 2(c) presents photoionization cross section of 3d*4s(°D) and
hence the resonances belong to three different symmetries °P°,°D°,°F° formed from probable
configuration 3d*4snp. For the five resonances in the panel the effective quantum numbers with
respect to the first excited core state 3d*4s(°D) are 5.01(1), 5.10(2), 5.50(3), 5.69(4), and
6.07(5). They indicate that the third and fourth resonances are from 3d*4s6p, and that p of the
first, second, and fifth resonances are significantly perturbed. These may also belong to 3d*4s’nf
since the list of core configurations includes the configuration 3d>4s?. The third and fourth
resonances were observed by Huber et al. The present resonances are broaddue to LS coupling
approximation while a fine structure calculations could have shown narrower resonances as
observed in the experiment.



The compiled energy table by the NIST [15] lists one septet and several quintet
autoionizing states which can appear as resonances in photoionization cross sections. To
illustrate these resonances, Fig. 3 presents photoionization cross sections of 3d*4p®'F state in
panel (a) and of 3d°4p(°P°) state in panel (b). The identified resonances (pointed by arrows in
the figure) correspond to autoionizing state 3d*4p® ’F in ap of 'F° state in panel (a) and
3d*4s5s°D, 3d*4s5s°P states in op; of °P° state in panel (b). The observed energy position of 'F
state is 0.0712 Ry above the ionization threshold while the calculated energy position is 0.0734
Ry (0.1352 Ry photon energy). The observed energies of the autoionizing states °D and °P are at
0.0037 and 0.0652 Ry above the ionization threshold while the calculated positions are at 0.0032
and 0.0677 Ry. (The fine structure levels in the NIST table were averaged statistically to obtain
their LS term energies.)

The excited states with a valence electron exhibit characteristic features in
photoionization cross sections. These are illustrated in Fig. 4 presenting total photoionization
cross sections of five excited states of Cr I: 3523p°®3d°np('P°), with 5 <n < 9. All these states
show, similar to the ground state, in the background cross sections an enhancement at an energy
0.11 Ry above the ionization threshold corresponding to the first excited state, 3523p°®3d*4s(°D)
of the core Cr Il. The enhancement becomes less noticeable with higher excited states.

The most prominent feature in Fig. 4 is the presence of a wide and high-peak PEC
resonance at the photon energy, 0.44 Ry, the core excitation energy for the dipole allowed
transition, 3523p°3d°(°S) - 3s°3p°®3d*4p(°P°). The PEC resonance spanning over a large energy
range has enhanced the background considerably. This explains that the correlations of channels
with excited core states contribute considerably to photoionization contradicting the usual
assumption of weaker couplings for excited states. PEC resonances were first explained and
named by Seaton in [18]. A PEC resonance is formed
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9, of Cr I. At 0.44 Ry photon energy is the prominent PEC resonance (pointed by arrow) formed due to dipole
allowed transition by the core ground state to excited (°S-°P°) state at 0.44 Ry.
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background is lower as these cross sections do not include contributions for ionization into excited core states.
3d*4s4p "F° is a dominant contributor to total recombination rate due to resonances at the threshold.

when the ion absorbs a photon for a dipole allowed core excitation from the ground state during
which the outer electron remains temporarily attached to a highly excited level and autoionizes
as the core ultimately drops to the ground state. The process is inverse to dielectronic
recombination and is manifested in a large resonance at the excitation threshold energy.

Compared to the total, partial photoionization cross sections, opi(g, NLS), for ionization
into the ground 3s23p®3d°(°S) state of the residual ion Cr 11, have lower background. Since
partial photoionization does not include contributions for ionization into excited core states, the
background is lower and lacks the corresponding resonances. Fig. 5 presents partial cross
sections for the ground state and one excited state, 3d*4s4p "F°, of Cr I. The partial cross
sections are needed to calculate the recombination rates of the ion. Comparing the total and
partial cross sections of the ground state, in the top panel of Figs. 1 and 5, respectively, a clear
difference can be seen. The enhanced background of the total (Fig. 1) is about 5Mb while of the
partial is about 0.1Mb (Fig. 5). The bottom panel of Fig. 5 shows cross sections of excited state
3d*4s4p "F°. It is one of the dominant contributor to the total recombination rate because of
high-peak resonances right at the ionization threshold and existence of a large resonance,
belonging to3d*4p(°P°)vl Rydberg series, around 0.32 Ry.

4.3. Total and state-specific recombination rate coefficients

Structures of both total and state-specific recombination rate coefficients of Cr | are



studied. The state-specific recombination rates ar(nLS) for 134 bound states withn <10 and 0 <
| <9 are obtained for the first time.

The rates of recombination into various individual states vary with temperature
depending on the positions of resonances and background features in the photoionization cross
sections. lllustrative examples of ar(nLS) are given in Fig. 6 for a number of states. Except the
ground state, other states in the figure are dominant contributors to the total recombination rate at
various temperatures. Rates for these states are tabulated in Table 3. As can be seen, ground state
is not the most dominant contributor to the total recombination because of its low background
near threshold and relatively low-peak resonances in the higher energy region. Although low
energy high-peak resonances exist in photoionization cross sections, they are not right at the
ionization threshold and contributions from high energy resonances are damped out by the
exponential factor, exp(-E/KT), in the recombination rate integral. Compared to the ground state,
3d°4p(’P°) state is an important contributor above 11,000 K because of its high DR peak. Most
of the states show one high temperature DR peak. ar(nLS) are needed for determination of level
populations and formation of cascade matrices.

The features of the total unified recombination rate coefficients, ag(T), for Cr I are
presented in Fig. 7 and the numerical values are presented in Table 4. The present ar(T) shows a
characteristic rapid rise with decreasing temperature caused by very low energy recombination to
the infinite number of high-n states, mainly via RR, which is followed by one low temperature
DR peak at about 630 K, and one at higher temperature, 40,000 K, after which the rate decays
smoothly. Cr I lines, in abundance of 30 times more than the determined value of its abundance
toward ¢ Oph, found in low temperature (< 900 K) interstellar medium toward HD72127AB [1].
Present total rate at low temperature support the findings of Welty et al. [1].
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Table 3
State-specific recombination rate coefficients agr(nSLx) of the ground and several dominant excited states of Cr I.

logiy I o(nSEr) (em?/s)

374578 3 4p7 P’ 3d"4s4p71" 3d" ds4p7 F 3d°4p " 3d" 4s4pD" 3d" 4s4p7
BE(Ry) = -4.93E-01 -3 .0GE-01 -2.14E-01 -2 36E-01 -2 77E-01 -1.58E-01 -1.83E-01
1.0 113k 14 338E 12 759E--13 1.75E 13 2.16E 12 223E 14 212E 14
11 1.01E 14 301E 12 6.76E 13 1.56E 13 1.93E 12 1.98E 14 1.89E 14
1.2 BY6E 15 2.68E 12 6.02E 13 140E 13 1.72E 12 1.76E 14 1.69E 14
1.3 7H6E 15 2.39E 12 536E 13 1.25E 13 1.53E 12 1.56E 14 1.52E 14
1.4 TO7E-15 2.13E 12 478E 13 1.IZE 13 137E 12 1.38E 14 1.36E 14
1.5 B27E 15 1.90E 12 4.26E 13 1.00E 13 1.22E 12 1.22E 14 1.23E 14
1.6 5.55E 15 1.6Y9E- 12 3.79E 13 9.03E 14 1.09E 12 1.07E 14 L11E 14
1.7 491E 15 151E 12 3.37E 13 B.ISE 14 9.72E 13 9.38E 15 1.01E 14
1.8 433E 15 1.34E 12 3.00E 13 739E 14 B.69E 13 821E 15 924E 15
1.9 380E 15 120E 12 268E 13 6.84E 14 7.77E 13 7I7E 15 B.76E 15
20 333E 15 1.07E 12 239E 13 7.04E 14 GO7E 13 G30E 15 987E 15
21 291E 15 948E 13 207E 13 1.02E 13 626E 13 584E 15 1.73E 14
22 253E-15 844E 13 208E 13 2.10E 13 5.62E 13 G.58E 15 4.13E 14
23 2Z18E 15 753E 13 2.24E 13 449k 13 505E 13 1.02E 14 933E 14
2.4 1L.87E 15 6.74E 13 2.71E 13 8.29E 13 4.52E 13 1.88E 14 1.76E 13
25 1.60E 15 G.06E- 13 342E 13 1.29E 12 4.03E 13 3.40E 14 2977E 13
26 1.35E 15 2.48E 13 4.18E 13 1.72E 12 359E 13 5.62E 14 3. 75E-]3
27 1.12E-15 497E- 13 478E 13 2.02E 12 3.19E- 13 834E- 14 447E 13

28 9.36E 16 451E 13 5.06E 13 2.15E 12 2.83E 13 1L.11E 13 4.81E 13



Table 3 (continued)

logy T sp(nSLz) fcm? /s)

3474578 3d°4pTp! 3d 454700 3d' 4547 3d4p5p" 3" 4545 " 3d"4s4p°F"
BE(RY) = -4.93E-01 -3.06E-01 -2.14E-01 -2.36E-01 =2.77E-01 -1.58E-01 -1.83E-01
29 7.84E 16 407E 13 5.00E 13 210E 12 250E 13 1.34E 13 478E 13
3.0 721E 16 366E 13 465E 13 193E 12 222E-13 1.49E 13 446E 13
31 8.47E 16 326E 13 413E 13 1.68E 12 1.96E 13 1.52E 12 3.96E 13
32 1.29E 15 289E 13 B.53E-13 141E 12 1773E+ 13 146E 13 341E 13
33 213E 15 255E- 12 294E 13 1.15E 12 1.54E 13 134E 13 2.88E 13
34 334 15 224E 13 240E 13 9.16E 13 1.36E 13 1.19E 13 243E 13
3.5 4.73E 15 197E 13 1.95E 13 T27E-13 1.21E 13 1.O3E 13 2.05E 13
36 6.04E 15 1.74E 13 1.58E 13 578E 13 1.07E - 13 893E 14 1.74E 13
3.7 7.02E 15 1.54E 13 1.29E 13 4.65E 13 9.54E 14 7.69E 14 1.48E 13
38 ¥ 5D 2 139E 13 1.05E 13 3T77E 13 846E 14 6.58E 14 124E 13
3.9 ZAJE- 15 1.26E - 13 8.58E 14 3.08E 13 749E 14 559 14 1.03E 13
40 TA1E 15 1.14E 13 G.96E 14 248E 13 6.61E 14 468E 14 B49E 14
4.1 G47E 15 1.04E 13 5.59E 14 1.99E 13 581E 14 3.86E 14 6.85E 14
42 5.74E 15 940F 14 444 14 1.58E 13 509E 14 3.14E 14 9.43E 14
43 502E 15 8A47E 14 349E 14 124E 13 4.46E 14 252E 14 425F 14
44 438E 15 7.62E 14 271E 14 956E 14 390E 14 2.02E 14 329E 14
45 384K 15 6.84E 14 2.08E 14 7.29E 14 343E 14 1.63E 14 2.53E 14
4.6 337E-13 6.07E 14 1.59E 14 550E 14 299 14 132E 14 1.94E 14
4.7 3.00E 15 540E 14 1.20E 14 4.11E 14 261E 14 1.0BE 14 1.48E 14
48 269E 15 4.76E 14 B98E 15 3.05E 14 22TE- 14 897E 15 1.13E 14
49 240E 15 410E 14 6.68E 15 225E 14 193E 14 7.32E 15 8.56E 15
3.0 214E 15 351E 14 493E 15 1.64E 14 1.63E 14 599E 15 6.49E 15
51 1.89E 15 294E 14 362E 15 120E 14 1.34E 14 4.79E 15 4.88E 15
52 1.66E 15 243E 14 2.64E 15 8.69E 15 1.09E 14 3.78E 15 3.65E 15
53 1.44E 15 200E 14 1.92E-15 6.28E 15 874E 15 296E 15 272E 13
5.4 1.23E- 15 1.62E 14 1.39E 15 452E 15 6.89E 15 22TE- 15 2.01E 15
5.5 1.05E 15 1.31E 14 1.00E 15 325E- 15 S541E 15 1.74E 15 148E 15
56 8.62E 16 1.04E 14 7.22E 16 233E 15 412E 15 1.28E 15 1.07E 15
"7 7.07E 16 827E-15 5.19E 16 1.6GE 15 317E- 15 958E 16 7.85E 16
5.8 571E 16 6.59E 15 3.72E 16 1.18E- 15 243E 15 7.53E 16 573E 16
5.9 444 16 5.03E 15 2.66E 16 845E 16 1.75E 15 483K 16 400E 16
6.0 3.48E 16 396E 15 1.90E 16 6.02E 16 132E+~15 3.51E 16 287E 16
6.1 270E 16 31E 15 136E 16 428E 16 993E 16 255E 16 2.07E 16
62 2.06E 16 242E 15 9.73E 17 3.04E 16 736E 16 1.83E 16 1.48E 16
6.3 1.57E 16 1.88E 15 6.95E 17 2.16E 16 5.50E 16 1.31E 16 1.06E 16
6.4 1LI9E 16 146E 15 497E 17 1.54E 16 4.08E 16 947E 17 758E 17
6.5 8.90E 17 1.12E 15 3.55E 17 1.09E 16 3.03E 16 6.84E 17 544E 17
6.6 6.65E 17 8.64E 16 2.53E 17 T.75E 17 2.25E 16 494E 17 3.90E 17
6.7 4.94E 17 6.61E 16 1.81E 17 550E 17 1.67E 16 357E 17 2.80E 17
6.8 3.67E 17 504E 16 1.29E 17 390E 17 1.24E 16 259 17 2.01E 17
6.9 271E-17 3.83E 16 922E 18 2T7E-17 9.14E 17 1.88E 17 1.44E 17
70 200E 17 290E 16 6.58E 18 197E 17 B.77E 17 1.37E 17 1.04E 17
71 1.48E 17 2.19E 16 470E 18 140E 17 5.02E 17 1.01E 17 7.52E 18
72 1.09E 17 1.65E 16 336E 18 994k 18 372E 17 745E 18 547E 18
73 7.99E 18 1.25E 16 240E 18 7T07E 18 2.76E 17 5.52E 18 3.96E 18
T4 5.88E- 18 9.36E 17 1.71E- 18 2.03E 18 2.05E 17 4.17E 18 292E 18
75 432E 18 703E 17 1.23E 18 358E 18 1.53E 17 3.15E 18 2.14E 18
76 318 18 5.28E 17 877E 19 256E 18 115K 17 240E 18 1.56E 18
Tq 234E 18 3.96E 17 628E 19 1.83E 18 861E 18 1.85E 18 1.15E 18
78 1.73E 18 297E-17 450E 19 131E 18 6.50E 18 145E 18 8.80E 19
79 1.2BE 18 2.23E 17 3.23E 19 937E 19 494E 18 1.15E 18 B6.65E 19
8.0 948E 19 1.68E 17 2.32E 19 6.74E 19 3.78E 18 9.26E 19 5.12E 19
8.1 7.05E- 19 1.27E 17 1.67E 19 486E 19 291K 18 762E 19 411E 19
8.2 526E 19 961E 18 1.21E 19 352E 19 2.26E 1B 6.6E 19 3.09E 19
83 395E 19 731E 18 8.75E 20 257E 19 1.77E 18 5. 4E 19 251E 19
B.4 298E 19 5.58E 18 6.36E 20 1.8BE 19 1.40E 18 432E 19 1.99E 19
85 227E- 19 479K 18 4.64E 20 1349E 19 1.12E 18 367E 19 1.62E 19
86 1.74E 19 3.32E 18 3.40E 20 1.03E 19 9.04E 19 3.04E 19 1.34E 19
8.7 1.34E 19 2.59F - 18 2.51E-20 TI6E 20 7.39E - 19 271E- 19 1.1Z2E- 19
8.8 1.03E- 19 2.04E 18 1.87E 20 5.89E 20 610E 19 235E 19 947E 20
8.9 B824E 20 1.61E 18 140E 20 452E 20 5.08E 19 2.05E 19 8.06E 20

9.0 6.56E 20 1.29E 18 1.06E 20 351E 20 427E 19 1.79E 19 691E 20
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Fig. 7. Total (RR + DR) electron-ion recombination rate coefficients agc(T) of Cr I.

Table 4
Total recombination rate coefficients, ar(T) for (e + Cr Il — Cr I).

log T (K) s (em?s 1) log T (K) ap fem?s 1) log 1 (K) e (cmis 1)
1.0 3.22E:-11 &7 2.26E 12 6.4 4.47E 14
3l 2.B1E-11 38 1.96E 12 6.5 320E 14
1.2 2.44E 11 39 1.72E 12 6.6 2.29E 14
15 213E-11 40 1L.GOE 12 6.7 1.64E 14
1.4 1L.BSE 11 4.1 1.69E 12 6.8 LI7E 14
15 1L6IE 11 4.2 2.04E 12 6.9 8.35E 15
L6 140E 11 43 262612 7.0 5.96E 15
) 121E 11 4.4 327E 12 7.1 4.26E 15
18 105E 11 45 3.78E 12 72 3.04E 15
1.9 9.07E 12 46 4.03E 12 73 2.17E 15
20 B.O0OE 12 47 4.00E 12 74 1.55E 15
2.1 ZO6E-T2 4.8 371E 12 7.5 L11E 15
22 637E 12 49 327E 12 7.6 T92E 16
23 6.03E 12 50 277E 12 77 5.66E 16
24 6.02E 12 &:1 226E 12 78 406E 16
25 628E 12 52 1.79E - 12 7.9 291E 16
26 6.63E 12 53 139E 12 8.0 2.09E 16
2.7 689E 12 54 1.O6E 12 8.1 1.50E 16
28 6.94E 12 55 796E 13 8.2 LOBE- 16
29 GHZE=12 56 591E 13 8.3 7858 17
3.0 627E 12 57 4.35E 13 8.4 5.70E 17
31 5.66E 12 58 319E 13 85 416E 17
32 4.95E 12 59 231E 13 8.6 3.05E 17
33 425k 12 6.0 LG7E 13 87 225E 17
34 361E 12 6.1 1.21E 13 8.8 1L.67E 17
35 3 07TH-12 62 8.68E 14 89 1.25E 17

36 2.62E 12 63 65.24E 14 90 948E 18




The present state-specific and total recombination rates of Cr | should be accurate for
most of the temperature range except at very low and very high temperatures. Low temperature
rates are sensitive to resolution of resonances and their positions at and very near to the
ionization threshold. A slight shift in one resonance position can introduce a significant change
in the rates. At higher temperature detailed features are damped out by the exponential factor in
the ar(nLS) integral and hence some shift in resonant positions do not affect the rates. The
present calculations do not include core
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Fig. 8. Unified total (a) recombination cross section o.(E) and (b) recombination rate coefficients arc(E) with
photoelectron energy for (e + Cr Il — Cr ). Arrow in (b) points converging threshold 3d*4p(°P°) where DR rate
peaks and then drops to zero due to core excitation.

excitations to very high lying states, and hence resonant contributions due to these excitations are
not included. The high temperature rates are probably underestimated. Based on the accuracy of
the R-matrix method, energy comparison, and inclusion of interference effects, these rates are
expected to be accurate within 50% for most of the temperature range.

Total recombination rate coefficient with photoelectron energy, ar(E), of (¢ + Cr Il — Cr
I) can reveal detailed resonant structures in recombination spectra. These structures can be
measured in storage rings. Fig. 8 presents unified ar(E) going up to 3d*4p(°P°) threshold of Cr
I1. Panel (a) presents the total recombination cross sections (oxc(E) and (b) presents the total
recombination rate with photoelectron energy. The arrow in Fig. 8b points the excited core
threshold 3d*4p(°P°) where DR peaks as autoionizing resonances becomes narrower and denser
and then drops almost to zero due to core excitation.



5. Conclusion

Photoionization and electron-ion recombination of (hv + Cr | <> e + Cr Il) are studied in
detail with features. Prominent resonant feature due to a PEC resonance, manifested by the core
excitation, at the photon energy 0.44 Ry is seen for the first time. Resonant structures and other
features in state-specific and total recombination rates for Cr | have been obtained. The results
should provide sufficiently accurate values for various modelings and understanding the
radiative processes of this species.

The present computations have been carried out in LS coupling, but using a large wave
function expansion. Efforts have been made to incorporate sufficient configuration interactions.
However, some high lying states have not been found. Quantum defects of states are perturbed.
For high precision features, these processes should be studied with inclusion of relativistic
effects, with a larger wave function expansion, and more configurations. The core, Cr I, has
many closely lying energy levels which will require a computationally challenging large scale
relativistic calculations.

Files for photoionization cross sections, and total and state-specific recombination rates
are available electronically from NORAD website at: www.astronomy.ohio-
state.edu/~nahar/nahar_radiativeatomicdata
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