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Abstract

The effect of autoionizing resonances in atomic systems and processes is reviewed. Theoretical framework for treating
resonances in the coupled channel approximation using the R-matrix method, as well as approximations related to plasma
applications are described. The former entails large-scale atomic computations, and the latter is based on a new method for
including collisional, Stark, thermal, and other broadening mechanisms. We focus particularly on the problem of opacities
calculations in high-energy-density plasmas such as stellar interiors and inertial confinement fusion devices. The treatment is
generally relevant to radiative and collisional processes as the cross sections become energy-temperature-density dependent.
While the computational difficulty increases considerably, the reaction rates are significantly affected. The related issue of the
Boltzmann-Saha equation-of-state and its variants in local thermodynamic equilibrium is also explored as the intermediary

between atomic data on the one hand and plasma environments on the other.
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1. Introduction

Resonant phenomena are ubiquitous in physics and stem
from correlation effects. In Atomic-Molecular-Optical (AMO)
physics autoionizing resonances are due to electron correla-
tion effects among bound and continuum states. They man-
ifest themselves prominently in cross sections of various
atomic and molecular processes in laboratory and astrophys-
ical plasma sources. The shapes, magnitudes, and extent of
resonances determines associated rates for spectral forma-
tion and experimental and observed spectra. The well-known
Fano profile [1-3] is widely used to analyze isolated resonance
structures, with parameters that may be compared with the-
oretical calculations.

On the other hand, overlapping infinite series of autoion-
izing resonances converging on to large numbers of excited
levels are also of great importance. In general, they are not
amenable to analytic formulation and require computation-
ally intensive coupled channel calculations, the most power-
ful of which is the R-matrix (RM) method by P.G. Burke and
collaborators [4].! Whereas the RM method has long been uti-
lized for a variety of atomic processes and applications, I fo-
cus on a large-scale application to plasma opacities that is
of immense importance in astrophysics and nuclear fusion

1Following the original suggestion by U. Fano about the R-matrix
theory of nuclear reactions by A.M. Lane and R.G. Thomas [5], P.G.
Burke introduced it for atomic and molecular processes, as de-
scribed in [4]. Later, M.]. Seaton and collaborators adapted the R-
matrix method for large-scale calculations required for the Opacity
Project [6].
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sources, but where RM atomic calculations including reso-
nant phenomena in an ab initio manner, and taking account
of plasma effects, are exceedingly difficult [7-10].

Opacity determines the light we see or detect. All
radiation-matter interactions need to be considered in order
to determine the opacity of a given plasma source or medium.
Primary physical processes contributing to opacity are

Kije (V) = ZAk ZEZ [k (1,75 v) + kg (i, &3 v)
k Jj

ii

+ K55 (81‘, & V) + Ksc (V)] (1)

The first two are the dominant processes; bb refers to
bound-bound and bf to bound-free transitions or photoion-
ization. The other two, free—free transitions and photon scat-
tering, are generally much smaller and may be treated by
simple approximations ( refs. [6, 11]). In eq. (1), Ax is the
abundance of an element k, its ionization fraction F; at a
given temperature-density, i and i’ are initial bound and final
bound/continuum states, and ¢ represents the free electron
energy.

2. Coupled channel R-matrix method
and atomic-plasma effects

The state-of-the-art RM method provides a powerful com-
putational tool to implement the general coupled-channel
theoretical framework. An atomic systems is represented by
a N-electron core or target ion wavefunction y; coupled with
an (N + 1)th free electron wavefunction 6; in a bound or
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continuum state of the (e + ion) system. The total
(e + ion) wavefunction is then a quantum superposition
expressed as

W(E) =AY (Bt (k) + Y ¢ (E) (2)
i J

When the free electron kinetic energy k? > 0, the first
sum on the RHS of eq. (2) represents a coupled channel sys-
tem for electron-ion scattering or half-scattering photoion-
ization process [3]. Each channel is defined by the spin-orbital
quantum symmetries (S;LiJ;) ¢;si[SL]]. Rydberg series of reso-
nances arise from photoexcitation of bound energy levels
into (e + ion) continua comprising of coupled thresholds of
the core ion. A particular type of resonances due to pho-
toexcitation of core (PEC) or Seaton resonances are due to
strong dipole transitions in the core ion where the contin-
uum electron in a Rydberg level remain a “spectator”. The
Seaton PEC resonances constitute the detailed balance in-
verse of the dielectronic recombination process, wherein an
(photo-)excited core ion undergoes radiative decay by emis-
sion of photons redward of the core transition wavelength.
It is found that the huge Seaton resonances dominate the
bound-free opacity in a plasma.

If the first summation on the RHS of eq. (2) is neglected
then the coupling effects in the (e + ion) wavefunction are
excluded, yielding the distorted wave (DW) approximation
that does not include autoionizing resonances in an ab ini-
tio manner as the RM method. Owing to its simplicity, the
DW method has been employed in existing opacity models.
While resonant phenomena are not included in the DW cal-
culations, that contribution may be included perturbatively
by considering autoionizing resonances on par with lines
as bound-bound transitions and employing line broadening
theory for plasma broadening. However, the detailed auotion-
ization shapes over extended energy ranges and their precise
effect on atomic rates is not taken into account in DW mod-
els.

The Opacity Project (OP [6]) was originally developed to
implement the RM method but was computationally in-
tractable for most complex atoms. In particular, it was
found that inner-shell transitions from closed electronic
shells into outer open subshells implies a large number of
channels to be included in eq. (2). In recent years, a re-
newed and extended version of OP has been initiated [12]
and is now in progress for improved opacities with higher
accuracy [7-10].

For opacity calculations, the transition matrix elements are
obtained with dipole operator D = ) ;r;, where the sum is
over all electrons, which gives the generalized line strength
as

2
N
s— <\pf| er|wi> )
j=1

The oscillator strength (fj;), radiative decay rate (A;), photoion-
ization cross section (op;), and mass attenuation coefficient

then can be expressed as follows:
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The Breit-Pauli RM (BPRM) method incorporates relativis-
tic effects using the Breit-Pauli (BP) Hamiltonian for the
(e + ion) system in intermediate coupling, with a pair-
coupling scheme S;L;(J;)l;(K;)si(SLJw), whereby states S;L; is split
into fine-structure levels S;L;jJ;, and SLjr is the total spin-
orbital symmetry. Consequently, the number of channels be-
comes several times larger than the corresponding LS cou-
pling case. A considerable body of work with the BPRM codes
has been carried out under the follow-on project to OP, the
Iron Project [13]. The IP work is based on BPRM codes and
archived in the large amount of radiative and collisional data
in databases NORAD [14] and OP/IP database Topbase [15].

3. Plasma environment and
approximations

The practical limitation of the RM method for plasma appli-
cations is evident from eq. (2). Computational constraints im-
ply that only a finite and usually small number of excited core
ion states and resulting channels may be explicitly included
in the wavefunction expansion. This has implications in high-
energy-density (HED) plasmas such as in stellar interiors or
fusion devices, wherein a large number of excited states ex-
ist and differentially perturbed. The temperature regime may
be in excess of 10° — 107 K, with electron densities up to
10?7 cm~3. Among the largest RM calculations carried out
thus far are the recent ones for Fe ions Fe xvii, Fe xvIi1, and
Fe x1x that constitute ~85% of iron opacity at the boundary
between the solar radiative and convection zones at radius R
= 0.713 & 0.001, where T = 2 x 10° K and electron density N,
= 1022 cm—23 [7]. The number of core levels included in the RM
(e + ion) wavefunction expansion were 218 levels of Fe xvIi1
for the (e + Fe xvii1) — Fe xvIiI bound and continuum states,
276 levels of Fe x1x for the (e 4+ Fe x1x ) — Fe xvIi1, and 99 LS
terms of Fe xx for (e + Fe xx ) — Fe x1x [8].

3.1. Equation-of-state

In addition to the theoretical limit of the RM method, an
obvious limit is imposed by perturbations on atoms by the
plasma environment depending on the specific temperature-
density. That manifests itself via the equation-of-state that
determines the atomic ionization state and level popula-
tions. The generally employed approximation is to assume
local thermodynamic equilibrium, as defined by the Saha-
Boltzmann equations. From an atomic-plasma physics point
of view, a widely employed formulation (such as in OP) is the
Mihalas-Hummer-Ddppen (MHD) equation of state in the so-
called “chemical picture” [16]. It is based on the concept of
occupational probability w of an excited level being occupied at
a given temperature and density such that the level popula-
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where wj; are the occupation probabilities of levels i in ioniza-
tion state j, and Uj is the atomic internal partition function.
The occupation probabilities do not have a sharp cut-off, but
approach zero for high-n as they are dissolved due to plasma
interactions. The partition function is re-defined as

U= Zgijwije(_E“/ “1) (6)

i

Ej; is the excitation energy of level i, g; its statistical weight
and T the temperature. The w;; are obtained by free-energy
minimization, and taking into account Stark ionization due
to plasma microfields [16]. Hence, the exact form of the
equation-of-state numerically determines how many and how
much the excited states of an atom contribute to opacity and
radiation transport.

3.2. Broadening of autoionizing resonances

Unlike line broadening intrinsic autoionization (Al) decay
rates are much larger relative to radiative rates. Therefore,
one expects resonances to broaden, smear out, and dissolve
into the continuum much more than lines when subjected to
extrinsic HED plasma environments. Also, unlike line broad-
ening for which theoretical formulations are well developed
and long employed, there is no ab initio and general treat-
ment for Al broadening. Even for line broadening the most
elaborate methods are are precise only for hydrogenic and
simple atomic systems and several approximations are nec-
essary to apply those to complex atoms in realistic sources
[6].

Recently, a general theoretical and computational for-
malism has been introduced for Al resonance broadening
[9]. Analogous to line broadening, the physical mechanisms
considered are: electron collisions (pressure broadening),
ion microfields (Stark broadening), Doppler effect (thermal
broadening), and free—free transitions. It has been shown
that extrinsic plasma effects redistribute and shift resonance
strengths, even as the broad intrinsic asymmetries of reso-
nance profiles is discernible as in Fano profiles. Furthermore,
while the shapes, magnitudes and extent of resonances is
affected, the total integrated resonance oscillator strengths
are conserved, independent of temperature and density. The
energy-temperature-density dependent cross sections would
elicit and introduce physical features in resonant processes
in photoionization, (e + ion) excitation and recombination.
The method should be generally applicable to atomic species
in HED sources such as fusion plasmas and stellar interiors.

Whereas the main broadening mechanisms in Al broaden-
ing are physically similar to line broadening, their theoreti-
cal and computational treatment is quite different. Superim-
posed on intrinsic Al broadening in atomic cross sections the
extent of resonances owing to extrinsic plasma effects ren-
ders much of the line broadening theory inapplicable, par-
ticularly for multi-electron systems. The unbroadened Al res-
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onances themselves vary by orders of magnitude in width,
shapes and heights, and incorporate two types: large features
due to PEC below thresholds corresponding to dipole core
transitions [17], and infinite Rydberg series of resonances con-
verging on to each excited core level of the (e + ion) system.
The generally employed Voigt line profiles obtained by con-
volution of a Lorentzian function for radiative and collisional
broadening, and a Gaussian function for Doppler or thermal
broadening, are found to be practically inapplicable for Al
broadening. Numerically, the Voigt kernel is ill-conditioned
since the collisional-to-Doppler width ratio I'. [T’ varies over
a far wider range for resonances than lines and therefore un-
constrained a priori.

The physical processes for broadening of Al resonances
differ from lines qualitatively and quantitatively. However,
line broadening processes and formulae may be generalized
to develop a theoretical treatment and computational algo-
rithm outlined herein (details to be presented elsewhere). The
convolved bound-free photoionization cross section of level i
may be written as:

oi(w) = /6 (a)/) ¢ (a)/, a)) do’ (7)

where o and ¢ are the cross sections with plasma-broadened
and unbroadened AI resonance structures, » is the photon
energy (Rydberg atomic units are used throughout), and ¢(«’,
w) is the normalized Lorentzian profile factor in terms of the
total width I' due to all Al broadening processes included:

/ [ (w)/7
¢ (0, 0) = 22 (8)
where x = w — o'. The crucial difference with line broaden-
ing is that Al resonances in the (e + ion) system correspond
to and are due to quantum mechanical interference between
discretized continua defined by excited core ion levels in a
multitude of channels. The coupled channel (CC) approxima-
tion, such as implemented by the RM method (refs. [4, 6, 11]),
accounts for Al resonances in an (e + ion) system with gener-
ally asymmetric profiles (unlike line profiles that are usually
symmetric). Given N core ion levels corresponding to reso-
nance structures,

N

=3 fo [ o] ’

1

With x = o' — w, the summation is over all excited thresh-
olds E; included in the N-level CC or RM wavefunction expan-
sion, and corresponding to total damping width I'; due to all
broadening processes. The profile ¢(o’, w) is centered at each
continuum energy o, convolved over the variable ' and rel-
ative to each excited core ion threshold i. In the present for-
mulation we associate the energy to the effective quantum
number relative to each threshold o' — v; to write the total
width as:

[ (w, v, T,Ne) = T (i, v, ve) + Tg (vi, vs*)
+Ta (A, @) +Tf (f = fivivf) (10)
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Table 1. Plasma parameters along isotherms 10>° K and 2 x 10° K, and electron
densities N. = 102° ~ 23/cc for the (e + Fe x1x ) — Fe xviIiI system w.r.t Fig. 1.

T(K) Ne(cc) (v = 10) Ry I'¢(10) Ry I's(10) Ry v VD
10° 10%0 5.98(—2) 7.56(—3) 5.23(—2) 14.6 43.2
10° 10%! 3.18(—1) 7.56(—2) 2.43(—2) 10.8 24.3
106 10%2 1.88(0) 7.56(—1) 1.13(0) 7.93 13.7
10° 10%3 1.28(1) 7.56(0) 5.22(0) 5.83 7.68
2 x 108 1020 5.97(—2) 7.45(—3) 5.23(—2) 14.6 51.4
2 x 10° 10%! 3.17(—1) 7.45(—2) 2.43(—1) 10.8 28.9
2 x 108 10%? 1.87(0) 7.45(—1) 1.13(0) 7.93 16.2
2 x 100 10%3 1.27(1) 7.45(0) 5.23(0) 5.83 9.13

Note: Total Al resonance widths are shown at v ~ 10, with corresponding collisional widths I'; (10) and Stark
width T (10). Effective quantum number v; refers to Stark ionization, and vp corresponds to the Debye
radius. Al broadening widths are very weakly dependent on temperature and thermal Doppler widths are

negligible in comparison with I'c and I's.

pertaining to collisional I'¢, Stark I's, Doppler I'4, and free-
free transition I'y widths, respectively, with additional param-
eters as defined below. Without loss of generality we assume a
Lorentizan profile factor that describes collisional-ion broad-
ening which dominates in HED plasmas. We assume this ap-
proximation to be valid since collisional profile wings extend
much wider as x~2, compared to the shorter range exp(— x2)
for thermal Doppler, and x> for Stark broadening. In eval-
uating eq. (10) from eq. (9) the limits Foo are replaced by
TI/+/8; 8 is chosen to ensure the Lorentzian profile energy
range for accurate normalization (see eq. (15)). Convolution
by evaluation of egs. (7) and (9) is carried out for each energy o
throughout the tabulated mesh of energies used to delineate
all Al resonance structures, for each cross section, and each
core ion threshold. We employ the following expressions for
computations:

T

1/2
Te(i,v) = 5(ﬁ) @BN,G (T, z, vy) (vi/22) (11)

where T, Ne, z, and A are the temperature, electron density,
ion charge and atomic weight, respectively, and v; is the ef-
fective quantum number relative to each core ion threshold
i:w=E =E; — v?/z* is a continuous variable. The Gaunt fac-
tor G(T, z, v;) = /3/m [1/2 + In (vikT/z)]. A factor (ny/ng)* is in-
troduced for I'c to allow for doubly excited Al levels with
excited core levels n, relative to the ground configuration
ng (e.g. for Fe xviin, = 3, 4 relative to the ground config-
uration n, = 2). A treatment of the Stark effect for com-
plex systems entails two approaches, one where both elec-
tron and ion perturbations are combined (ref. [18]), or sep-
arately (refs. [6, 9]) employed herein. Excited Rydberg lev-
els are nearly hydrogenic and ion perturbations are the
main broadening effect, though collisional broadening com-
petes significantly increasing with density as well as v} eq.
(5). The total Stark width of a given n-complex is ~(3F/z)n2,
where F is the plasma electric microfield. Assuming the
dominant ion perturbers to be protons and density equal
to electrons, Ne = N,, we take F = [(4/3) 7 a3 Ne)]z/s, as em-
ployed in the Mihalas-Hummer-Didppen equation-of-state

formulation [16].
Con¥) 3 2/3 2
T (v, v7) = [(4/3) maiNe ]y (12)

In addition, in employing eq. (6) a Stark ionization param-
eter v = 1.2 x 10°N, */*23/5 is introduced such that Al reso-
nances may be considered fully dissolved into the continuum
for v; > v{ (analogous to the Inglis-Teller series limit [16, 19]).
Calculations are carried out with and without v} as shown
later in Table 1. The Doppler width is:

g (A, T, w) = 4.2858 x 10~7,/(T/A) (13)

where o is not the usual line center but taken to be each Al
resonance energy. The last term I'yin eq. (5) accounts for free—
free transitions among autoionizing levels with v;, v/ such
that

Xi + e (B, vi) — X{ +¢ (E}, 1)) (14)

The large number of free-free transition probabilities for
+ve energy Al levels E;, E{ > 0 may be computed using RM or
atomic structure codes.

Whereas eq. (9) has an analytical solution in terms of
tan~'(x/T")/T" evaluated at limiting values of x — FI'/+/3, its
evaluation for practical applications entails piece-wise inte-
gration across multiple energy ranges spanning many ex-
cited thresholds and different boundary conditions. For ex-
ample, the total width I' is very large at high densities and
the Lorentzian profile may be incomplete above the ioniza-
tion threshold and therefore not properly normalized. We
obtain the necessary redward left-wing correction for partial
re-normalization as

+I /45
lim w, )do = | = — ————2772 15
Jm ] ¢ (v, o) 2 - (15)

where a is the lower energy range up to the ionization thresh-
old, reaching the maximum value —I"/2+/5.
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Fig. 1. Plasma broadened photoionization cross sections for #hw + Fexviii — e + Fexix of the bound level
2522p* [P¢] 5s(*Py12) (ionization energy 13.79 Ry), along the isotherm T = 2 x 10°K and electron densities Ne = 102% 21 22 23cc:
black—unbroadened, red—broadened, blue—broadened with Stark ionization cut-off v (Table 1). Rydberg series of Al reso-
nance complexes with v; < 10 belonging to 276 excited Fe xix levels broaden and shift with increasing density, also resulting
in continuum raising and threshold lowering. The two large features around 68 RY and 85 Ry are combinations of Seaton
photoexcitation of core and Rydberg series of resonances.
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4. Results and discussion

All atomic cross sections with resonant phenomena are
modified by the plasma environment. An exemplar from
large-scale opacity calculations [7-10] is presented in Fig. 1.
The complexity and magnitude of computations is demon-
strated for the (e + Fe Xx1x) —> Fe XVvIII system in an highly
excited level 2s22p* [3P$] 5s(*Py/2) with ionization energy =
13.79 Ry, compared to the ground level 2s%2p° ZP{’/Z) = 98.9

Ry. We utilize new results from an extensive BPRM calcula-
tion with 276-levels dominated by n = 2, 3, 4 levels of the
core ion Fe xIx [8], resulting in 1601 bound levels of Fe xvIi1
with configurations up ton < 10, £ < 9, ] < 12. Rydberg se-
ries of Al resonances correspond to (S;LiJ;)n¢,n < 10, £ < 9,
with effective quantum number defined as a continuous vari-
able v; = z/,/(E; — E) (E > 0), up to the highest 276th Fe xix
core level. Al resonances are resolved for all cross sections at
~45 000 photon energies [8, 10].

Figure 1 displays detailed results for plasma broadened and
unbroadened photoionization cross section of one particu-

lar excited level 2s22p° [ZPg /2] 4d ('Fy) (ionization energy =
17.626 Ry) of Fe xviI at four densities. The main features
are as follows: (i) orders of magnitude variation in resonance

Can. J. Phys. 00: 1-7 (2024) | dx.doi.org/10.1139/cjp-2023-0228

80 90 100 110 120

heights and extent. (ii) For N. > 10%°/cc Al resonances be-
gin to exhibit broadening and smearing of overlapping Ryd-
berg series. Ne = 10?'cc. The narrower high-n 1 resonances dis-
solve into the continua but stronger low-n I resonance retain
their characteristic asymmetric shapes. With increasing den-
sity N. = 102! = 2% cc, resonance structures not only broaden
but their strengths shift and redistributed over a wide range
determined by the total width I'(w, v;, T, Ne) at each photon
energy hw (eq. (9)). (iii) The averaged step-wise structure due
to Stark ionization cut-off (Table 1) represents complete dis-
solution into continua. (iv) It is numerically ascertained that
total Al resonance strengths are conserved, and integrated
values generally do not deviate by more than 1%-2%. This is
also an important accuracy check on numerical integration
and the computational algorithm, as well as the choice of the
parameter § that determines the energy range of the Lorenti-
zan profile at each T and N.. In the present § = 0.01 for all N,
=102~ 23/cc.

Plasma effects on Al features Fig. 1 show a redward shift
of low-n resonances and dissolution of high-n resonances. In
addition, the background continuum is raised owing to re-
distribution of resonance strengths, which merge into one
across high lying and overlapping thresholds. The shifts in
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Al resonance strengths, akin to line shifts but much more
pronouned, is particularly important since cross sections are
integrated over plasma particle distributions in order to
obtain rates for atomic proceses. Also noteworthy is the
height and extent of prominent resonances features domi-
nated by Seaton PEC resonances. cross sections may range
up to 10 orders magnitude in height and hundreds of eV in
energy.

Table 1 gives plasma parameters corresponding to Fe XvIII
at along two plasma isotherms and varying densities. The
maximum width 'y corresponding to v; = 10 in eqs. (10)—
(12) corresponding to the v-mesh at which the unbroadened
Al resonance profiles are delineated up to v < 10; an averag-
ing procedure is employed up to 10 < v < co using quantum
defect (QD) theory (refs. [6, 11]). I'¢(10) and I'(10) are the max-
imum collisional and Stark width components. The thermal
Doppler width I'q is much smaller, as may be inferred from
the fact that the total width I" (10) ~ I'c + I's. However, in
lower density plasmas N, < 10%°/cc, I'q may be comparable to
I'cor .

In Table 1, the v} and vp are effective quantum numbers
corresponding to Stark ionization cut-off and the Debye ra-
dius, respectively. For HED plasmas with N, > 10?3, one needs
to examine if the bound orbitals are penetrated by the free
electrons as the Debye length increases, and plasma screen-
ing effects may need to be considered. We therefore cal-
culate the corresponding effective quantum number vp =
[%nzz)\%,]u‘l, where the Debye length Ap = (kT/87N.)"2. It is
seen in Table 1 that vp > v} for all T, N. considered, justifying
neglect of plasma screening effects herein, but which may
need to be accounted for at even higher densities.

Al broadening in a plasma environment affects each level
cross section differently, and hence its contribution to opaci-
ties or rate equations for atomic processes in general. A crit-
ical (T, N. ) range can therefore be numerically ascertained
where redistributed resonance phenomena would be signifi-
cant and cross sections should be modified.

5. Conclusion

Atomic cross sections and rates in HED plasma sources
at sufficiently high densities may be significantly affected
by attenuation and broadening of Al resonant features. Pre-
cise evaluation of equation-of-state of the plasma determines
the number of levels in predicting macroscopic properties
such as opacity and radiation transport. A computationally
viable theoretical tratment taking account of plasma effects
is reviewed. The method generalizes the description of Al
phenomena of isolated Fano profiles in plasmas. Analogous
to line shapes, atomic cross sections with resonant features
become energy-temperature-density dependent, leading to
broadening, shifting, and dissolving into myriad (e + ion) con-
tinua. However, unlike symmetric line profiles, the intrinsi-
cally asymmetric Al resonance shapes are attenuated over ex-
tended energy ranges. The predicted energy shifts of Al res-
onances as the plasma density increases should be experi-
mentally verifiable. Redistribution of Al resonance strengths
should manifest itself in rate coefficients for (e + ion) ex-

citation, (e + ion) recombination, photoionization, opaci-
ties and radiation transport in HED plasma models, using
temperature-dependent Maxwellian, Planck, or other parti-
cle distribution functions. The computational algorithm and
a general-purpose program has been developed for large-scale
computations.

Acknowledgment

I would like to thank Sultana Nahar for atomic data for Fe
ions used in plasma Al broadening calculations.

Article information

History dates

Received: 21 August 2023

Accepted: 29 January 2024

Accepted manuscript online: 7 June 2024
Version of record online: 3 July 2024

Notes
This paper is part of a special issue entitled Bound States and
Quantum Correlations — in honour of A. Ravi P. Rau.

Copyright
©2024 The Author(s). Permission for reuse (free in most
cases) can be obtained from copyright.com.

Data availability
There are no data associated with this review. However, the
papers [7-10] refer to data from opacities calculations.

Author information

Author ORCIDs
Anil Pradhan https://orcid.org/0000-0001-8775-3643

Author contributions
Conceptualization: AP

Formal analysis: AP
Methodology: AP

Writing - original draft: AP
Writing - review & editing: AP

Competing interests
The author declares there are no competing interests.

References

1. U. Fano, Phys. Rev. 124, 1866 (1961). doi:10.1103/PhysRev.124.1866.

2. AR.P. Rau, Phys. Scr. 69, C10 (2004). doi:10.1238/Physica.Regular.
069a00C10.

3. U. Fano, and A.R.P. Rau, Atomic collisions and spectra. Academic
Press, New York. 1986.

4. P.G. Burke, R-Matrix theory of atomic collisions. Springer, Heidel-
berg, Germany. 2011. doi:10.1007/978-3-642-15931-2.

5. AM. Lane, and R.G. Thomas, Rev. Mod. Phys. 30, 257 (1958). doi:10.
1103/RevModPhys.30.257.

6. The Opacity Project Team. Vol. 1. Institute of Physics Publishing, Lon-
don and Bristol. (1995).

Can. J. Phys. 00: 1-7 (2024) | dx.doi.org/10.1139/cjp-2023-0228



http://dx.doi.org/10.1139/cjp-2023-0228
https://marketplace.copyright.com/rs-ui-web/mp
https://orcid.org/0000-0001-8775-3643
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1238/Physica.Regular.069a00C10
http://dx.doi.org/10.1007/978-3-642-15931-2
http://dx.doi.org/10.1103/RevModPhys.30.257

Can. J. Phys. Downloaded from cdnsciencepub.com by OHIO STATE UNIVERSITY on 07/05/24
For personal usé only.

12.

. AK. Pradhan, S.N. Nahar, and W. Eissner, ]. Phys. B, 57, 125001

(2024).

. S.N. Nahar, L. Zhao, W. Eissner, and A.K. Pradhan, ]. Phys. B, 57,

125002 (2024).

. AK. Pradhan, J. Phys. B, 57, 1250003 (2024).
10.
11.

L. Zhao, S.N. Nahar, and A.K. Pradhan, ]J. Phys. B, 57, 125004 (2024).
AXK. Pradhan, and S.N. Nahar, Atomic astrophysics and spec-
troscopy. Cambridge University Press, Cambridge. 2011. doi:10.1017/
CB09780511975349.

S.N. Nahar, and AXK. Pradhan, Phys. Rev. Lett. 116,
235003 (2016); Phys. Rev. Lett. 117, 249502. doi:10.1103/PhysRevlett.
116.235003.

Can. J. Phys. 00: 1-7 (2024) | dx.doi.org/10.1139/cjp-2023-0228

13.

14.

15.

16.

17.

18.
19.

‘Canadian Science Publishing

D.G. Hummer, K.A. Berrington, W. Eissner, A.K. Pradhan, H.E. Saraph,
and J.A. Tully, Astron. Astrophys. 279, 298 (1993).

S.N. Nahar, Atoms, 8, 68 (2020), (NORAD https://norad.astronomy.os
u.edu/). doi:10.3390/atoms8040068.

TOPbase. Available from http://cdsweb.u-strasbg.fr/topbase/topbase.
html.

D. Mihalas, D.G. Hummer, and W. Dédppen, Astrophys. J. 331, 815
(1988). doi:10.1086/166601.

Y. Yu, and M.].J. Seaton, Phys. B, 20, 6409 (1987).

M.S. Dimitrijevic, and N. Konjevic, Astron. Astrophys. 172, 345 (1987).
D.R. Inglis, and E. Teller, Astrophys. J. 90, 439 (1939). doi:10.1086/
144118.


http://dx.doi.org/10.1139/cjp-2023-0228
http://dx.doi.org/10.1017/CBO9780511975349
http://dx.doi.org/10.1103/PhysRevLett.116.235003
https://norad.astronomy.osu.edu/
http://dx.doi.org/10.3390/atoms8040068
http://cdsweb.u-strasbg.fr/topbase/topbase.html
http://dx.doi.org/10.1086/166601
http://dx.doi.org/10.1086/144118


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


