A&A 657, A6l (2022)
https://doi.org/10.1051/0004-6361/202141550
© ESO 2022

tronomy
Astrophysics

Plasma environment effects on K lines of astrophysical interest

V. Universal formulae for ionization potential and K-threshold shifts

P. Palmeri'®, J. Deprince"z, M. A. Bautista®, S. Fritzsche*?, J. A. Garcia®®, T. R. Kallman’,
C. Mendoza®, and P. Quinet!-8

! Physique Atomique et Astrophysique, Université de Mons — UMONS, 7000 Mons, Belgium

e-mail: patrick.palmeri@umons.ac.be

2 Cahill Center for Astronomy and Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA
3 Department of Physics, Western Michigan University, Kalamazoo, MI 49008, USA

4 Helmholtz Institut Jena, 07743 Jena, Germany

5 Theoretisch Physikalisches Institut, Friedrich Schiller Universitit Jena, 07743 Jena, Germany
% Dr. Karl Remeis-Observatory and Erlangen Centre for Astroparticle Physics, Sternwartstr. 7, 96049 Bamberg, Germany
7 NASA Goddard Space Flight Center, Code 662, Greenbelt, MD 20771, USA

8 IPNAS, Université de Liege, Sart Tilman, 4000 Liege, Belgium
Received 15 June 2021 / Accepted 9 October 2021

ABSTRACT

Aims. We calculate the plasma environment effects on the ionization potentials (IPs) and K-thresholds used in the modeling of K lines
for all the ions belonging to the isonuclear sequences of abundant elements apart from oxygen and iron, namely: carbon, silicon,
calcium, chromium, and nickel. These calculations are used to extend the data points for the fits of the universal formulae, first
proposed in our fourth paper of this series, to predict the IP and K-threshold lowerings in any elemental ion.

Methods. We used the fully relativistic multi-configuration Dirac—Fock method and approximated the plasma electron-nucleus and
electron-electron screenings with a time-averaged Debye—Hiickel potential.

Results. We report the modified ionization potentials and K-threshold energies for plasmas characterized by electron temperatures
and densities in the ranges of 10°—107 K and 10'8—10%2 cm~3. In addition, the improved universal fitting formulae are obtained.
Conclusions. We conclude that since explicit calculations of the atomic structures for each ion of each element under different plasma
conditions is impractical, the use of these universal formulae for predicting the IP and K-threshold lowerings in plasma modeling
codes is still recommended. However, their comparatively moderate to low accuracies may affect the predicted opacities with regard
to certain cases under extreme plasma conditions that are characterized by a plasma screening parameter of u > 0.2 a.u., especially for

the K-thresholds.
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1. Introduction

Supersolar abundances have been inferred from K lines of dif-
ferent elements observed in the X-ray spectra of X-ray binaries
(XRB) and active galactic nuclei (AGN) (see e.g., Kallman et al.
2009; Dong et al. 2020; Walton et al. 2020; Fukumura et al.
2021). These absorption and emission features can occur in
the inner regions of the black-hole accretion disks where the
plasma densities are predicted to range from 10" to 10?> cm™3
(Schnittman et al. 2013). The emerging photons can be recorded
with current space observatories such as XMM-Newton, NusS-
TAR, and Chandra. In addition, synthetic spectra can provide
measures of the composition, temperature, and degree of ion-
ization of the plasma (Ross & Fabian 2005; Garcia & Kallman
2010). Nevertheless, the great majority of the atomic parameters
used for spectral modeling that involves K-shell processes do not
take density effects into account and, therefore, their usefulness
is comprised in abundance determinations beyond densities of
10'® cm™3 (Smith & Brickhouse 2014).

In a series of papers dedicated to plasma density effects on
the atomic parameters used to model K lines in ions of astro-
physical interest, the ionization potentials (IPs), K-thresholds,
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transition wavelengths, radiative emission rates, and Auger
widths have been computed with the relativistic multiconfigura-
tion Dirac—Fock (MCDF) method (Grant et al. 1980; McKenzie
et al. 1980; Grant 1988), as implemented in the GRASP92
(Parpia et al. 1996) and RATIP (Fritzsche 2012) atomic structure
packages. The plasma electron—nucleus and electron—electron
screenings are approximated with a time-averaged Debye—
Hiickel (DH) potential. The datasets comprise the following
ionic species: OT — O VII, by Deprince et al. (2019a, hereafter
Paper I); Fe xvII — Fe XXV, by Deprince et al. (2019b, hereafter
Paper II); Feix — FeXxVIl, by Deprince et al. (2020a, here-
after Paper III); and Fe 11 — Fe vIII, by Deprince et al. (2020b,
hereafter Paper IV).

In this fifth paper of the series, the universal fitting formu-
lae for ionization potential (IP) and K-threshold shifts proposed
in Paper IV are improved thanks to subsequent MCDF/RATIP
computations of these above-mentioned parameters in other
representative cosmically abundant elements, namely: carbon
(Z =6), silicon (Z=14), calcium (Z =20), chromium (Z =24),
and nickel (Z=28). These plasma effects are expected to be
the main ones with respect to the potential alteration of the
ionization balance and opacities.
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2. Theoretical method used

In this section, we outline the main changes introduced in the
MCDF formalism to take into account the density effects in a
weakly coupled plasma. Papers I-II and IV contain more details
on this, along with tests of the validity of the method.

The Debye—Hiickel (DH) screened Dirac—Coulomb
Hamiltonian (Saha & Fritzsche 2006) is expressed as:

Z 1

HRE = 3 cap-pi+ Bic? = Ze 4 Y —e (1)

i Fi i>j rij

J

where r;; =|r; — r;| and the plasma screening parameter y is the

inverse of the Debye shielding length Ap. The screening param-

eter can be given in atomic units (a.u.) in terms of the plasma
electron density, n., and temperature, T, as

1 4nne

= — = . 2
Ap kT, @

u

For the typical plasma conditions in black-hole accretion disks,
T. ~ 10°-107 K and n. ~ 10'-10?> cm™3 (Schnittman et al.
2013), the screening parameter u falls in the interval: 0.0 < u <
0.24 a.u. The DH screening theory is only valid for a weakly
coupled plasma where its thermal energy dominates its electro-
static energy. This can be parameterized by the plasma coupling
parameter I', defined as:

Z*Z 62
=, (3)
dregdkT,
where Z* is the average plasma ionic charge or ionization:
7Tl
A Zl,X 7,X z,X’ (4)

Zi,X nix

with n; x as the number density of an ion, i, of an element, X,
bearing a positive charge, z;x, and d as a measurement of the
interparticle distance:

3 1/3
d=|—7—] . 5
(4” 2ix Mix ) ®
The plasma neutrality implies:
Z %ixMix = Ne, (6)
iX
and therefore Egs. (4) and (5) can be rewritten as:
sk Ne
AR , 7
2ix Nix )
3z7\'?
dz( ) . ®)
4rtn,

For a fully ionized hydrogen plasma with Z* =1, the plasma
coupling parameter, considering typical conditions in accretion
disks, is well below 1 falling in the interval 0.0003 < T < 0.3
which is characteristic of a weakly coupled plasma. Furthermore,
for a more realistic cosmological plasma with a mixture of 90%
hydrogen and 10% of helium by number (both fully ionized), the
average plasma ionization would be Z*=0.9 + 2x0.1=1.1.
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Hence, the above interval limits on the plasma coupling param-
eter would have to be multiplied by a factor Z*>/* ~ 1.07 and
would still agree with a weakly coupled plasma (see our Paper IV
for further details).

In the present study, the active space (AS) method was used
in order to obtain the MCDF multiconfigurational expansions for
all the ionization stages of the isonuclear sequences of C, Si, Ca,
Cr, and Ni, analogously to those of O and Fe in the recent past
(see Papers I-1V). This method consists of exciting the electrons
from the reference configurations to a given active set of orbitals.
For almost all the ions studied in this work, the AS was built
by considering all the single and double excitations from some
reference configurations (always including the ground ones) up
to the n=3 orbitals (when only K- and L-shell electrons are
involved in the ground configuration) or up to the n=3 and 4s
orbitals (when K-, L-, and M-shell electrons are involved in the
ground configuration). The reference configurations were taken
as the ground one along with those obtained by considering sin-
gle electron excitations leaving a single hole in the 1s, 2p, and
3p orbitals (when involved in the ground configuration). In some
cases, namely for the ions close to the neutral end (i.e., for Nil
—Ni1v, Cr1-Cr1, Cal — Cali, SiI — Sill), only single exci-
tations from the reference configurations were considered. In
Table 1, we report for each ion grouped by number of electrons,
N, the reference configurations, the active orbital sets and the
final numbers of configuration state functions (CSF), ®, gener-
ated to build the atomic state functions (ASF), ¥, in the MCDF
expansions as:

Ncsr

Y= Z Ck (I)k, (9)
k=1

where ¢ are the mixing coefficients.

The computations were carried out with the extended average
level (EAL) option, optimizing a weighted trace of the Hamilto-
nian using level weights proportional to 2J + 1, and they were
completed with the inclusion of the relativistic two-body Breit
interaction and the quantum electrodynamic corrections (QED)
due to self-energy and vacuum polarization. The MCDF ionic
bound states generated by the GRASP92 code were then used in
the RATIP program to compute the atomic structures diagonal-
izing the DH screened Dirac—Coulomb Hamiltonian (Eq. (1)),
from which were then obtained the ionization potential and the
K-shell threshold energies. Plasma environment effects are com-
puted for a Debye screening parameter in the range 0 < u <
0.25a.u.

3. Results and discussion
3.1. lonization potentials and IP shifts

In Tables A.1-A.5, the MCDF/RATIP ionization potentials (IPs)
are reported for plasma screening parameters u = 0.0 a.u., that is,
in the isolated atom case, u=0.1a.u., and u=0.25a.u., along
with the corresponding values recommended by the National
Institute of Standards and Technology (Kramida et al. 2020,
NIST), respectively, for carbon, silicon, calcium, chromium,
and nickel. The differences between our theoretical values for
p=0 au. and the NIST IPs are on average within ~+3 eV. In
terms of relative differences, they can span from less than a few%
for the highly-charged ions, that is, with Z.g=Z - N +1 > 10
where Z.g is the effective charge and N is the number of bound
electrons, up to 22% in Nil and 38% in Cr1. The latter is the
result of numerical difficulties in computing the complex atomic
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Table 1. Reference configurations and active orbital sets used to build up the MCDF active space by single and double electron excitations to the
corresponding active orbital sets along with the number of configuration state functions (CSFs), N¢sr, generated for the MCDF expansions in
carbon, silicon, calcium, chromium, and nickel ions with N =2-28 electrons.

N Ions Reference configurations () Active orbital set Nesr
2 Cv,Sixii, Caxix, Crxxil, Ni xxvir — 1s2, 1s2s, 1s2p {1s, 2s,2p, 3s, 3p, 3d} 98
3 Criv, Sixi, Caxvi, Crxxi, NixXxvi  1s22s, 1s?2p, 1522, 1s2s2p, 1s2p? {1s,2s,2p, 3s, 3p, 3d} 515
4 Cii, Six1, Caxvil, Cr XXI, Ni XXV 152252, 15%2s2p, 1s22p?, 1s2s%2p, 1s2s2p?, 1s2p? {1s,2s,2p, 3s, 3p, 3d} 1847
5 Ci1,Six, Caxvi, CrxX, Ni XX1v 1522522p, 152252p2, 1522p3, 152522p2, 15252p3, 152p4 {1s, 2s,2p, 3s, 3p, 3d} 4107
6 C1,SiIx, Caxv, CrxIx, Ni XXIII 1522522p?, 15%2s2p3, 1s22p*, 1s2s%2p3, 1s2s2p*, 152p° {1s,2s,2p, 3s, 3p, 3d} 6730
7 Sivil, Caxiv, CrXVIll, Ni XXII 1522s%2p3, 1s22s2p*, 1522p°, 152s22p*, 152s2p°, 1s2p® {1s,2s,2p, 3s, 3p, 3d} 7389
8  Sivil, Caxiil, Cr XVII, Ni XXI 1522522p4, 152252p5, 1522p6, 152522p5, lsZsZp6 {1s, 2s,2p, 3s, 3p, 3d} 6013
9  Sivr, Caxi, Crxvr, Ni xXx 1522522p°, 15%2s2p°®, 1525%2p°® {1s,2s,2p, 3s, 3p, 3d} 2638
10 Siv, Caxi, Crxv, NiXIX 1522s%2p°, 1522522p33s, 1522s22p33p, 152s22p°3s, 1s2s22p®3p  {ls, 2s, 2p, 3s, 3p, 3d} 12564
11 Si1v, CaX, CrXIv, Ni XVIII 3s, [2p]352, [2p]3s3p, [1s]3s2, [1s]3s3p {1s,2s,2p, 3s, 3p, 3d, 4s} 25914
12 Simi, Caix, Crxii1, Ni X VIl 3s2, [2p]3s?3p, [1s]3s%3p {1s,2s,2p, 3s, 3p, 3d, 4s} 16 853
13 Sin 3p, [2p13p?, [1s]3p? {1s,2s,2p,3s,3p,3d,4s} 35109 ®
13 Cavi, CrXI1, Ni XVI 3p, [2p]3p2, [ls]3p2 {1s, 2s,2p, 3s, 3p, 3d, 4s} 35109
14 Sit 3p2, [2p13p°, [1s13p° (1s,2s,2p,3s,3p,3d,4s} 46771 ®
14 Cavil, CrxI, Ni XV 3p%, [2p13p°, [1s13p? {1s,2s,2p, 3s, 3p, 3d, 4s} 46771
15 Cavl, CrX, NiXI1v 3p3, [2p]3p4, [ls]S'p4 {1s,2s,2p, 3s, 3p, 3d, 4s} 37967
16 Cav, Crix, NixiI 3p*, [2p13p°, [1s13p° {1s,2s,2p, 3s, 3p, 3d, 4s} 12981
17 Cariv, Crviil, Ni XI1 3p3, [2p13p°, [1s13p® {1s,2s,2p, 3s, 3p, 3d, 4s} 6312
18  Cau, Crvir, NixI 3pS, [3p13d, [2p]3d, [1s]3d {1s,2s,2p, 3s, 3p, 3d, 4s} 20009
19 Canu 4s, [3pl4s?, [2pl4s?, [1s]4s? (1s,2s,2p, 3s,3p,3d, 4s} 43271
19 CrvI, Nix 3d, [3p]3d2, [2p]3d2, [1s]3d? {1s, 2s,2p, 3s, 3p, 3d, 4s} 43271
20 Car 452, [3p]3d4s?, [2p]3d4s?, [15]3d4s? {1s,2s,2p,3s,3p,3d, 45} 71135®
20 Crv,NiIx 3d2, [3p13d3, [2p13d3, [1s13d3 {1s,2s,2p, 3s, 3p, 3d, 4s} 71135
21 Criv, Nivi 3d3, [3p]3d4, [2p]3d4, [1s]3d* {1s,2s,2p, 3s, 3p, 3d, 4s} 85798
22 Crui Nivi 3d4, [3p13d°, [2p13d°, [1s]3d° {1s,2s,2p, 3s, 3p, 3d, 4s} 81237
23 Cri 3d5, [3p]3d°, [2p]3d®, [1s]3d° {1s,2s,2p,3s,3p,3d,4s} 2681 ®
23 NivI 3d5, [3p]3d®, [2p]3d®, [1s]3d° {1s,2s,2p, 3s, 3p, 3d, 4s} 57189
24 Cri 3d%4s, [3p]3d®ds, [2p]3d®ds, [1s]3d%4s {1s,2s,2p,3s,3p,3d,4s}) 8660 )
24 Niv 3d®, [3p]3d7, [2p13d’, [1s]3d’ {1s,2s,2p, 3s, 3p, 3d, 4s} 8660
25 Nilv 3d7, [3p]3d8, [2p]3d8, [1s]3d® {1s,2s,2p, 3s, 3p, 3d, 4s} 2200 ®
26 Nim 3d8, [3p]3d°, [2p]3d°, [1s]3d° {1s,2s,2p, 3, 3p, 3d, 4s} 700
27 Nil 3d°, [3p]3d'°, [2p]3d1P, [15]3d0 {1s,2s,2p, 3s, 3p, 3d, 4s} 144 )
28 Nil 3d¥4s2, [3p]3d94S2, [2p]3d94sz, [1s]3d%4s? {1s,2s,2p, 3s, 3p, 3d, 4s} 88
Notes. [nf] means a hole in the n¢ subshell. ’Only single excitations were considered.
structures involving half-filled 3d subshell and in neutral ends of
isonuclear sequences in iron group elements such as chromium ay °© K= g [lat”'] ] o
and nickel, where the three lower even-parity configurations 3d™, X Z —02 ;Eauu : -
3d¥~'4s, and 3d%24s2 overlap and are highly mixed. 31 % NisT swewn®d
Figure 1 shows the IP, Ey in eV, in logarithmic scale as func- 3 gaet® g 8B
tion of Z.g, for ions belonging to nickel isonuclear sequence Ez- apt g8
chosen as an example. The MCDF/RATIP IPs calculated in this % g 0 °
work for g =0, 0.1 and 0.25 a.u. are plotted along with the cor- 8 % -
responding recommended values of NIST (Kramida et al. 2020). g o
The latter are to be compared with our calculations in the iso- s
lated atom case, namely, for 4 =0 a.u. The NIST error bars are 0 z T 7 % %
too small to be seen in the figure. We can observe that all four Zerr

curves follow the same trend with the curves for u=0.1 a.u. and
1 =0.25 a.u., systematically downshifted with respect to both the
NIST and the isolated-atom case ones. Also, two big jumps are
seen between Z.g =26 and Z.g =27 and between Z.4 = 18 and
Ze = 19. These correspond to respectively the transition from
the closure of the K-shell and the starting of the filling of the L-
shell, and the transition from the closure of the L-shell and the
starting of the filling of the M-shell. These features are similar
to the ones observed in the oxygen (Paper I) and iron isonuclear
sequences (Papers II-1V).

Fig. 1. Ionization potential, Ej in eV, in logarithmic scale as a function
of the effective charge, Z.¢, in ions belonging to the nickel isonuclear
sequence. The NIST error bars are too small to appear in the figure.

In Fig. 2, the MCDF/RATIP IP shift, AEy=Ey(u) —
Eo(u=0) in eV, with respect to the isolated atom plasma con-
dition (1« =0 a.u.) is plotted as function of the effective charge in
the same example (NiI-Ni XX VII) for plasma screening parame-
ters of 0.1 a.u. and 0.25 a.u. It can be seen that this quantity varies
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Fig. 2. Ionization potential shift, AE, in eV, as a function of the effective
charge, Z.¢, in ions belonging to the nickel isonuclear sequence. Circles:
MCDF/RATIP method for ¢t =0.1 a.u. Squares: MCDF/RATIP method
for u=0.25 a.u. Solid line: Debye—Hiickel limit for ¢ = 0.1 a.u. Dashed
line: Debye—Hiickel limit for u=0.25 a.u.
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Fig. 4. MCDF/RATIP K-threshold energy, Ex in eV, as a function of
the effective charge, Z.¢, in ions belonging to the nickel isonuclear
sequence.
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Fig. 3. MCDF/RATIP ionization potential shift, AE, in eV, as a function
of the plasma screening parameter y in a.u., in some ions belonging to
the nickel isonuclear sequence.

Fig. 5. MCDF/RATIP K-threshold energy shift, AEy in eV, as a function
of the effective charge, Z.¢, in ions belonging to the nickel isonuclear
sequence.

linearly with Z.¢ with steeper slope for larger u. Moreover, it has ° ° o

also a linear trend with the plasma screening parameter as dis- =25 s

played for the nickel ions in Fig. 3. This is in agreement with the _50 N ‘

corresponding Debye-Hiickel (DH) limit (Stewart & Pyatt 1966; :

Crowley 2014). This is also shown in Fig. 2 as solid and dashed 3 ~7° ’

lines as given below: §-1001 © Nill .

o NiV

AEDM = -27.2116 u Z.g, (10) -125] 4 NiX N
1sol 7 Nixv

where AEJH is in eV and u in a.u. Besides, closed-shell effects ; :: iiv .

are clearly marked in Fig. 2 for 4 =0.25 a.u. with small depar- -175

tures from the DH limit at Z.s = 18 and 26. 0.00 0.05 0.10 p [2"31_5] 020 025 0.30

3.2. K-threshold energies and shifts

The K-threshold energies, Ex in eV, computed in this work using
the MCDF/RATIP method are reported in Tables B.1-B.5 for
plasma screening parameters ¢ = 0 a.u. (isolated atomic system),
p=0.1au., and =0.25 a.u. for respectively the carbon, silicon,
calcium, chromium, and nickel isonuclear sequences. These val-
ues are plotted as function of the effective charge in Fig. 4 for
our example of the nickel ions Ni I-Ni XX VII. As for the IPs, all
the three curves follow the same trend with systematic lowerings
with respect to the isolated atom systems («=0 a.u.). A gradi-
ent change is also seen at Z.g = 19 corresponding to the closure
of the L-shell and opening of the M-shell. In addition, as shown
in Figs. 5-6 for the nickel isonuclear sequence, the K-threshold
energy shift, AEx = Ex(u) — Ex(u=0) in eV, with respect to the
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Fig. 6. MCDF/RATIP K-threshold shift, AEx in eV, as a function of
the plasma screening parameter, u in a.u., in some ions belonging to the
nickel isonuclear sequence.

isolated atom condition (u = 0 a.u.) displays a linear dependence
on both the effective charge and the plasma screening parame-
ter, in agreement with our results in oxygen (Paper I) and iron
(Papers II-1V) ions.

4. Universal fitting formulae for IP and K-threshold
shifts

The aim of the present work is to refine the universal formulae
first provided in our Paper I'V. In order to do so, we have extended
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Fig. 7. Top: ionization potential lowering, AE, in eV, as a function
of the effective charge, Z.4, in several abundant ions. Solid line: fit-
ting formula (11) for x=0.1 a.u. Dashed line: fitting formula (11) for
#=0.25 a.u. Colored symbols: MCDF/RATIP method. Bottom: differ-
ences between universal formula’s ionization potential lowerings and
MCDF/RATIP values, (AEy(formula) — AEo((MCDF/RATIP)) in eV,
as a function of the effective charge, Z.s, in several abundant ions.
Dashed line: straightline of equality. Dotdashed lines: straight lines of
+1 eV differences.

the number of different isonuclear sequences used in the fitting
of the coefficients multiplying the u Z.¢ factor by including the
MCDEF/RATIP IP and K-threshold shifts reported in the previous
section for C1-C v, SiI-Si X111, Ca I-Ca X1X, Cr I-Cr XXIII and
Ni I-Ni xXVII. The resulting fitting formulae for the IP and K-
threshold lowerings, AEy and AEk, respectively, in eV, are given
below:

AEy= (-26.29 +0.04) u Z.g, (11)
and
AEg = (-27.27£0.05) u Zg, (12)

which are close to the Debye—Hiickel limit (Stewart & Pyatt
1966; Crowley 2014), as shown in Eq. (10) and as was already
the case in Paper IV. The coefficients that appear in Egs. (11),
(12) are more constrained by the fits reducing the standard devi-
ation by a factor of ~2 with respect to those of Paper IV, where
only the iron and oxygen isonuclear sequences were consid-
ered in the adjustments. Here, it has to be emphasized that the
standard deviations of the fitting parameters are obtained by con-
sidering equal weights for the data points used in the fits, i.e., the
calculated MCDF/RATIP values are supposed to be exact. The
idea is to provide formulae that reproduce our MCDF/RATIP
models almost exactly, at least at the resolution of present and
future instruments.

In Figs. 7 and 8, we display the resulting fits to the
MCDEF/RATIP IP lowerings computed in this work and in
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Fig. 8. Top: ionization potential lowering, AE, in eV, as a function of
the plasma screening parameter, g in a.u., in several abundant ions.
Colored lines: Fitting formula (11). Colored symbols: MCDF/RATIP
method. Bottom: differences between universal formula’s ioniza-
tion potential lowerings and MCDF/RATIP values, (AEy(formula) —
AEy(MCDF/RATIP)) in eV, as a function of the plasma screening
parameter, u, in several abundant ions. Dashed line: straightline of
equality. Dotdashed lines: straight lines of +1 eV differences.

Papers I-IV, respectively, as a function of the effective charge
and of the plasma screening parameter. In Fig. 8, we restrict
the plot to a sample of effective charges for the sake of clarity.
Figures 9 and 10 are the equivalents for the K-threshold energy
shifts. In Figs. 11 and 12, comparisons between computed and
fitted values are presented for AE, and AFE¥, respectively. The
latter all show a sound reliability, although some minor scatter
appears especially for ¢ =0.25 a.u. In order to investigate fur-
ther, the differences between the predicted values given by the
formulae (11) and (12) and the MCDF/RATIP values are plotted
versus the effective charge, the plasma screening parameter and
the MCDF/RATIP value in the bottom panels of, respectively,
Figs. 7 and 9 as well as Figs. 8 and 10 as well as Figs. 11 and 12,
for the IP and K-threshold lowerings, respectively. As we see, the
differences range from up to 5 eV to less than 1 eV in the bottom
panel of Fig. 7 and from up to 9 eV to less than 1 eV in the bot-
tom panel of Fig. 9 with bigger differences for u=0.25 a.u. and
with agreements within ~2 eV for ¢ =0.1 a.u. The average of
the absolute differences are 1.2+ 1.2 eV and 1.1 + 1.6 eV respec-
tively for the IP and K-threshold lowerings. Moreover, these
average differences drop to 0.6 + 0.5 eV and 0.3 + 0.3 eV, respec-
tively, when only the values for u=0.1 a.u are considered and
increase up to 1.8 + 1.3 eV and 2.0 + 1.9 eV, respectively, when
only the values for ¢ =0.25 eV are retained this time. All the
figures are to be compared to the resolve energy scale of the
microcalorimeter onboard the future XRISM mission, that is,
2 eV with a goal of 1 eV (Miller et al. 2020). In that respect, the
IP and K-threshold lowering differences for ;£ =0.1 a.u shown in
the bottom panels of Figs. 7-12 are all within =~2 eV, which
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Fig. 9. Top: K-threshold lowering, AEy in eV, as a function of the effec-
tive charge, Z.4, in several abundant ions. Solid line: Fitting formula
(12) for £ =0.1 a.u. Dashed line: fitting formula (12) for g =0.25 a.u.
Colored symbols: MCDF/RATIP method. Bottom: differences between
universal formula’s K-threshold energy lowerings and MCDF/RATIP
values, (AEx(formula) — AEx(MCDF/RATIP)) in eV, as a function
of the effective charge, Z.g, in several abundant ions. Dashed line:
straight line of equality. Dotted-dashed lines: Straight lines of +1 eV
differences.

is comparable to the XRISM resolve energy scale. In contrast, a
large number of the values for = 0.25 a.u are greater than this
scale, as notably seen in the bottom panels of Figs. 8 and 10.

In trying to reproduce the direct MCDF/RATIP calculations
more accurately with the fitted formulae, we used a differ-
ent fitted formula for each shell filling, namely: K-shell ions
(Cv, Ovi, Sixiil, Caxix, Crxxii, Fexxv, and NiXXVII),
L-shell ions (CI-C1v, O1-Ov, Siv-SixiI, CaXIi-CaXVIII,
Cr Xxv—Cr xX11, Fe X viI-Fe XX1Vv, and Ni XI1X-Ni XXVI), and M-
shell ions (Si1-Si1v, CaIil—-CaX, Cri1-Crx1v, Fell-Fe XVI,
and NiI-Nixviir). The resulting fitted formulae are the
following:

AEJ" = (-27.01 +0.03) u Zeg, (13)
and

AEP = (-27.01 +£0.03) p Zegr, (14)
for the K-shell ions;

AE) = (~26.50 +0.03) p Zegr, (15)
and

AEY = (=27.07 £0.01) p Zeg, (16)
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differences.

for the L-shell ions;

AE(()M) = (=25.41+0.06) u Z.z, 1n
and
AEEW) = (-27.92+0.11) u Zg, (18)

for the M-shell ions. The corresponding differences with respect
to the MCDF/RATIP values are all within 1 eV for formu-
lae (13) and (14) for the K-shell ions. For the L-shell ions, they
are also all within ~1 eV for K-threshold lowerings given by
formula (16) but they scatter more, namely, within ~3 eV for
the IP lowerings (Eq. (15), essentially due to the y=0.25 a.u.
values in C1I-C1v, O1v-0 VI, and Si XI-Si XII. Regarding the
M-shell ions, formulae (17) and (18) predict values that dif-
fer from the MCDF/RATIP calculations by up to ~7.5 eV (in
Cr1 under conditions parametrized by p=0.25 a.u.) for the K-
threshold lowerings and up to ~3 eV (in SiIv under conditions
parametrized by u = 0.25 a.u.) for the IP lowerings. These do not
therefore solve the problem of better accuracy compared to the
resolve energy scale attained by future x-ray space telescopes. In
conclusion, the universal formulae (11) and (12) are of equivalent
accuracy then the shell specific formulae (13—18) but of more of
practical use for the astrophysical plasma modeling codes such
as XSTAR (Bautista & Kallman 2001; Kallman & Bautista 2001;
Kallman et al. 2021; Mendoza et al. 2021).
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Finally, we used the MCDF/RATIP values calculated in the
oxygen isonuclear sequence for ¢=0.2 a.u. in Paper IV for
comparison with the predictions given by the fitting formulae,
namely, Egs. (11), (12), and we find a good agreement, as can
be seen in Fig. 13. Here, the absolute differences range from
~0.1 eV (in O1) to ~1.6 eV (in O vI) for the IP lowerings and
from ~0.05 eV (in O 111) to ~0.9 eV (in O1) for the K-threshold
lowerings. At this point, we can conclude that our fitted formulae
reproduce our MCDHF/RATIP models with an accuracy com-
parable to the XRISM resolve energy scale for plasma screening
parameter values u < 0.2 a.u.

5. Summary and conclusions

We first proposed universal formulae applicable to all relevant
elements in order to predict IP and K-threshold lowerings that
are due to the screening effect on atomic systems embedded
in plasmas (our Paper IV). In an attempt to improve them,
MCDF/RATIP calculations of IP and K-threshold energies have
been carried out in the carbon, silicon, calcium, chromium,
and nickel isonuclear sequences in order to increase the num-
ber of data points that can be used in the fits. The theoretical
models used are based on the multiconfiguration Dirac—Fock
method that includes a Debye—Hiickel model potential to take
into account the effects of the plasma screening on atomic struc-
tures. In each sequence, the MCDF/RATIP IP and K-threshold
downshifts show similar linear trends on both the ion effective
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Fig. 12. Top: comparison between the K-threshold energy shifts
obtained by the fitting formula (12) and the MCDF/RATIP values
computed in this work. Dashed line: straight line of equality. Bottom:
differences between universal formula’s K-threshold energy lowerings
and MCDF/RATIP values, (AEx(formula) — AEx(MCDF/RATIP)) in
eV, as a function of AEx(MCDF/RATIP) in several abundant ions.
Dashed line: Straight line of equality. Dotted-dashed lines: straight lines
of +1 eV differences.

charge and the plasma screening parameter as the ones pre-
viously reported in oxygen and iron isonuclear sequences in,
respectively, our Paper I and our Papers II-IV.

Concerning the improved universal formulae, namely those
of Egs. (11) and (12), the coefficients of proportionality closed
to the Debye—Hiickel limit are more constrained by the fits,
reducing the standard deviations by a factor two with respect to
those determined in Paper IV. Nonetheless, differences with the
MCDF/RATIP values are still found to be sizable compared to
the XRISM resolve energy scale (2 eV) in certain ions near the
neutral end of isonuclear sequences or in atomic structures close
to closed-shell atoms and for extreme plasma conditions, that is,
for ;1 =0.25 a.u. Actually, discontinuities appear in the different
trends and increase with y, reflecting the shell structure of the
different atomic systems. Considering these discontinuities by
using different fitting curves for each shell filling does not solve
this issue of accuracy.

In conclusion, as explicit calculations of the atomic struc-
tures for each ion of each element under different plasma
conditions is impractical, we still recommend the use of uni-
versal formulae, namely, Eqgs. (11-12) for predicting the IP and
K-threshold lowerings in plasma modeling codes such as XSTAR
(Bautista & Kallman 2001; Kallman & Bautista 2001; Kallman
et al. 2021; Mendoza et al. 2021), although their compara-
tively moderate to low accuracies in certain cases under extreme
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Fig. 13. Top: differences between universal formula’s ionization
potential lowerings and MCDF/RATIP values, (AEo(formula) —
AEy(MCDF/RATIP)) in eV, as a function of the effective charge,
Z.s, in the oxygen isonuclear sequence for u=0.2 a.u. Dashed
line: straight line of equality. Dotted-dashed lines: Straight lines
of +1 eV differences. Bottom: differences between universal for-
mula’s K-threshold energy lowerings and MCDF/RATIP values,
(AEx(formula) — AEx(MCDF/RATIP)) in eV, as a function of the
effective charge, Z.¢, the oxygen isonuclear sequence for u=0.2 a.u.
Dashed line: straight line of equality. Dotted-dashed lines: straight lines
of +1 eV differences.

plasma conditions characterized by u > 0.2 a.u. (especially for
the K-thresholds) may affect the predicted opacities.
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Appendix A: Computed ionization potentials for Table A.3. Computed ionization potentials for Ca1-Ca XIX as a func-
different p|asma screening parameter values and tion of the plasma screening parameter u (a.u.). Spectroscopic values
. . (NIST) are also listed for comparison.
comparison with the NIST recommended values

Ion IP (eV)
NIST* wu=00 wu=01 u=025
Cal 6.11315547(25) 7.06 4.72 2.46
Call 11.871719(4) 13.38 8.60 3.44
Calnl 50.91316(25) 44.39 36.23 24.46
Calv 67.2732(21) 66.99 56.36 41.67
Table A.1. Computed ionization potentials for CI-C Vv as a function of Cav 84.34(8) 86.65 73.48 55.33
the plasma screening parameter u (a.u.). Spectroscopic values (NIST) Ca Vi 108.78(25) 105.11 89.32 67.98
are also listed for comparison. Cavil 12721(25)  123.62  105.25 80.23
Caviil 147.24(12) 143.56 122.60 94.10
fon IP (V) Cax 2@ 203 1843 14963
ax . . . .
NIST® p=00 wp=01 p=025 Caxl 591.60(12)  583.58 55400  S5ILIS
Ci 11.2602880(11) 9.40 6.84 3.61 Caxil 658.2(9)  656.77  624.52 577.82
Cu 24.383154(16) 21.64 16.55 10.13 CaXIII 728.6(1.1) 72759  692.67 642.07
Cin 47.88773(25) 45.34 37.63 27.69 Caxiv 817.2(6) 816.38 778.76 724.25
Civ 64.49352(19) 62.15 51.92 38.80 Caxv 894.0(4) 893.69 853.40 794.94
Cv  392.090518(25) 390.04  376.60 357.05 CaXVI 973.7(3) 972.00 929.00 866.64
) Caxvil 1086.8(4) 1085.69  1040.13 974.32
Notes: ’Kramida et al. (2020). CaXVlII 1157.726(7) 115572 110748  1037.88
Ca X1X 5128.8578(5)  5131.55 5080.04  5003.48

Notes: “Kramida et al. (2020).

Table A.4. Computed ionization potentials for Cr I-Cr XXIII as a func-
tion of the plasma screening parameter u (a.u.). Spectroscopic values
(NIST) are also listed for comparison.

Ton IP (eV)
NIST* =00 u=0.1 =025
Cri1 6.76651(4) 9.36 7.62 3.13
Cri 16.486305(15) 20.6 16.48 8.83
Table A.2. Computed ionization potentials for Si1-Si XIII as a function Crin 30.959(25) 34.16 26.75 15.33
of the plasma screening parameter u (a.u.). Spectroscopic values (NIST) Criv 49.16(5) 52.93 42.12 27.66
are also listed for comparison. Crv 69.46(4) 65.43 52.23 33.20
Crvi 90.6349(7) 86.71 70.73 48.32
Ton IP (V) Crvil 160.29(6) 156.73 138.12 112.10
Cr Vit 184.76(15) 185.46 164.28 134.98
NIST* p#=00 p=01 p=025 Crix 209.5(3) 21253 18878  155.98
Si1 8.15168(3) 7.27 4.57 0.91 Crx 244.5(5) 240.10 213.69 177.11
Sin 16.34585(4) 15.11 9.98 3.52 CrX1 270.8(5) 266.81 237.76 197.53
Si1n 33.493(9) 33.05 25.48 16.29 CrX1 296.7(6) 294.57 262.91 219.03
Si1v 45.14179(7) 43.62 33.63 21.67 Cr X111 354.7(3) 355.38 321.20 274.28
Siv 166.767(3) 158.12 144.76 125.77 Crxiv 384.163(6) 383.55 346.80 296.37
Sivi 205.279(5)  202.80 186.75 163.89 Crxv 1011.6(5) 1004.16 963.74 904.82
Sivit 246.57(5) 245.09  226.39 199.78 CrXxvI 1097.2(1.4)  1096.29  1053.19 990.39
Si vt 303.59(5) 302.35  280.98 250.49 Crxvii 1188.0(2.1)  1187.57  1141.80  1075.06
Siix 351.28(6) 349.44 32540 291.10 CrXVIII 1294.8(1.6) 1294.09 1245.62 1174.95
Six 401.38(4)  398.96 372.27 334.13 CrXIx 1394.5(7) 1395.68 1344.52  1269.85
Si X1 476.273(19) 47422 44493 403.37 Crxx 1495.1(7)  1494.11  1440.25 1361.65
Sixu 523.415(7) 521.10 489.18 443.93 CrXX1 1634.1(5) 1633.70  1577.27  1495.22
Sixin  2437.65815(20) 2437.18 2401.89  2349.89 Cr XXII 1721.183(7)  1719.53  1660.41 1574.54

Cr XX111 7481.8628(7)  7488.10 7425771  7332.83

Notes: “Kramida et al. (2020).
Notes: “Kramida et al. (2020).
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Table A.5. Computed ionization potentials for Ni I-Ni XX V1l as a func-  Table B.2. Computed K-thresholds for Si1-Si XIII as a function of the
tion of the plasma screening parameter u (a.u.). Spectroscopic values  plasma screening parameter y (a.u.).
(NIST) are also listed for comparison.

Ion Ex (eV)
Ton : I_P (V) - - u=00 =01 u=025

' NIST!  p=00 p=01 p=025 it 182126  1817.92  1813.59
Ni1 7.639878(17) 9.29 6.99 3.56 Sim  1838.08 1832.20  1821.90
N} 11 18.168838(25) 20.92 15.45 8.75 SiII 1858.17 1849.79 1836.43
N} 11 35.187(19) 31.86 23.78 13.66 Si1v 1874.94 1864.04 1847.64
Nl v 54.92(25) 59.20 48.49 3491 Siv 1894.25 1880.62 1860.04
Niv 76.06(6) 73.19 6007 42.32 Sivi 195325 1936.89  1912.31
Ni VI 108(1) 117.94 102.11 77.83 .

. Sivil 2010.49 1991.46  1963.00
Ni vII 132(2) 122.09 103.20 80.05 SiVII 207035 2048.64 201625
Ni vIII 162.0(2.1) 167.48 146.22 116.63 Si 24072 211591 2079.60
NiIx 193.2(5) 19033 16630  132.35 1IX : : :

Ni X 224.7(5) 221.07 194.41 156.74 Six 2214.64 218754 2147.29
Ni X1 319.5(7) 31729 28803  246.89 Sixim 236041 232790  2279.73
Ni XII 351.6(3)  353.03 32128  276.68 Sixmr 243718  2401.89  2349.89
Ni X111 384.5(5) 388.19 35372 305.50
Ni XIV 429.3(8)  423.63 38649  334.40 _
NixV 462.8(1.1) 459.54 41975 363.90 ;12;??;3;652221;:;& rII(I-ettlfljrresh((;lds)for Ca1-CaXIX as a function of the
Ni XVI 495.4(1.7)  495.37 45294 39335 ! plat.).
Ni XVII 571.07(12) 571.44 52647  463.75
Ni XVIII 607.000(19) 606.71 559.14 492.81 Ton Ek (eV)
Ni XIX 1541.0(8)  1534.10  1482.83  1407.77 - — -
Ni XX 1646(3) 164527 159132 1512.34 p=00 p=01 p=025
Ni XXI 1758(4) 175828  1701.64  1618.71 Cal 402591 402224  4009.91
Ni XXII 1880(5)  1880.06  1820.73  1733.83 Call 4031.96 4025.96  4011.17
Ni XXIII 2008.1(1.3) 2011.26 1949.22 1858.31 Calil 4041.12  4031.87 4014.35
Ni XXIV 2130.5(9) 213033 2065.61  1970.74 Car1v 4069.19 405748  4037.11
Ni XXV 2295.6(2.1)  2296.14  2228.82  2130.51 Cav 4094.19 4079.97 4056.54
Ni XXVI 2399.259(7)  2398.12  2328.14  2225.96 Ca Vi 411698 410025 4073.38
Nixxvil  10288.8862(14) 10300.17  10226.89  10117.68 CaVvIl 4148.39 4128.98  4098.60
Cavil  4182.66 4160.66  4126.84
Notes: @Kramida et al. (2020). Caix 4220.38 4195.80 4158.58
Cax 4252.66 4225.46 4184.74
CaxI 4288.88 4258.97 4214.21
CaxI 4386.01 4353.41 4304.73
Appendix B: Computed K-threshold energies for CaxIiln  4480.87 444557  4392.93
different plasma screening parameter values Caxiv 457838 4540.38  4483.77
Caxv 4688.52  4647.82 4587.21
Table B.1. Computed K-thresholds for CI-C Vv as a function of the Caxvi 4802.13  4758.71  4694.13
plasma screening parameter u (a.u.). Caxvil 492117 4875.07 4806.49
Caxviin  5019.81 4970.98 4898.49
Ion Ex (eV) CaXIx 5131.55 5080.04 5003.48

u=00 wu=01 pu=025
C1 289.75  287.04 282.90
Cn 309.54  304.15 296.20
Cur 33477  326.65 314.67
Civ 35945  348.68 332.95
Cv 390.04  376.60 357.05
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Table B.4. Computed K-thresholds for CrI1-Cr XXIII as a function of

P. Palmeri et al.: Universal formulae for ionization potential and K-threshold shifts

the plasma screening parameter y (a.u.).

Ion Eg (eV)

u=00 wu=01 wu=025
Cri 5986.24 5983.20 5971.52
Crir 5990.75 5984.40 5969.91
Cr1r 5998.42 5989.74  5971.51
Criv 6027.68 601591 5995.02
Crv 6045.78 6031.43  6006.19
CrvI 6074.89 605775 6029.14
Crvil 6106.54 6086.76  6054.57
Crvia 6144.53 612220 6086.79
Crix 6180.81 6155.91 6117.14
Crx 6215.57 6188.01 6145.49
Crxi 6258.95 6228.77  6182.67
Cr X11 6305.00 627221 6222.51
Cr X111 6354.70  6319.28 6266.03
Crxiv 6397.39 6359.34 6302.44
Crxv 644478 6404.00 6343.07
Crxvi 6566.86 6523.40 6458.53
Crxvil 6686.93 6640.77 6571.93
Crxviil 6809.69 6760.82 6687.98
Cr X1xX 694712 6895.54  6818.68
Crxx 7086.53 7032.24  6951.38
Cr xx1 723277  7175.79  7090.93
Crxxir  7353.27 7293.00 7204.11
Crxximn  7488.10 7425.71  7332.83

Table B.S5. Computed K-thresholds for Ni1-Ni XXVII as a function of

the plasma screening parameter y (a.u.).

ITon Eg (eV)

u=0.0 pu=01 u=025
Nil 8338.93 833597  8329.38
Ni1I 8352.17 8346.55 8336.12
Ni 111 8366.25 8357.58  8342.02
Ni1v 8385.24 8373.79  8354.62
Niv 8394.95 8380.81 8357.85
Ni VI 8442.32 8425.37  8398.20
Ni vII 8460.52  8440.43  8409.02
Ni viln 8507.20 8484.81  8448.98
NiIx 8538.17 8513.01 8472.91
Ni X 8579.88 8552.08 8508.25
Ni X1 8624.03 8593.57 8546.01
Ni XII 8673.09  8640.03 8589.06
Ni X111 8720.91 8685.25 8630.76
Ni X1V 8767.56 8729.22  8670.97
Nixv 8823.07 8782.09  8720.06
Ni XV1 8880.92 8837.29  8771.57
Ni XVII 8942.78 8896.51 8827.13
Ni XVIII 9002.30 8953.40 8880.34
Ni X1X 9054.58 9002.95 8925.80
Ni XX 9201.61 914728  9066.18
Ni XX1 9347.19 9290.16  9205.06
Ni XXI11I 9495.75 9436.01  9346.90
Ni XXIII 9660.58 9598.12  9504.99
Ni XX1V 9825.48 9760.33  9663.18
Ni XXV 9999.35 9931.48  9830.32
Nixxvi 10140.77 10070.20 9964.99
Nixxvil 10300.17 10226.89 10117.68
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