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Effect of electron correlation on trielectronic-recombination rate coefficients for Be-like argon
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The merged-beam rate coefficients of dielectronic and trielectronic recombinations (DR and TR) within AN =
0 channels for Be-like Ar'** were measured by Huang et al. [Astrophys. J. Supp. Ser. 235, 2 (2018)] at the
cooler storage ring in Lanzhou, China. Meanwhile, theoretical data were also calculated with AUTOSTRUCTURE
(AS) code for comparison with the measured resonance spectrum. However, the AS calculations significantly
underestimated TR resonance strengths in most cases. In the present work, we find that the electron correlation
between DR and TR resonance states with different captured electron principal quantum numbers (n) for the
captured electrons (multi-n CI) can significantly increase the strength of TR resonances with n = 6 and 7, which
is confirmed through the relativistic distorted-wave (RDW) approximation in the flexible atomic code (FAC) and
the semirelativistic distorted-wave (SRDW) approximation in the AS. The corresponding plasma rate coefficients
show a significant increase and are in better agreement with the experiment, with differences from the experiment
reduced to ~ 10% in both photoionized plasmas (PP) and collisionally ionized plasmas (CP) temperature ranges,
as opposed to the previous theoretical results that exhibited differences of up to ~ 30% over the same temperature
ranges. Taking into account the multi-n CI could account for most of the discrepancy between existing theoretical
calculations and experimental results. Understanding electron correlation and its consequences is important for
obtaining accurate TR rate coefficients that will be useful for modelers assessing its role in describing non-local

thermodynamic equilibrium astrophysical plasma.

DOI: 10.1103/PhysRevA.108.022801

I. INTRODUCTION

Dielectronic recombination (DR) is the dominant electron-
ion recombination process in both photoionized plasmas (PP)
and collisionally ionized plasmas (CP) [1-5]. DR establishes
the ionization balance of elemental charge states in non-local
thermodynamic equilibrium (non-LTE) plasmas. This is a
basic building block for spectroscopic diagnostic modeling.
Furthermore, DR satellite lines themselves can be used as
temperature and density diagnostics for such plasmas [1].

In a single configuration approximation, the DR pro-
cess involves only two interacting electrons. It includes two
steps: a free electron is captured by the target ion while
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simultaneously exciting a single bound electron, and then the
resulting unstable doubly-excited state may radiatively stabi-
lize. When electron correlation effects are taken into account,
higher-order resonance recombination involving more than
two electrons could occur. In the trielectronic recombination
(TR) process, two core electrons are simultaneously excited
during the attachment of a free electron, forming a triply ex-
cited intermediate state, which again may radiatively stabilize.
The TR resonances were observed for the first time compa-
rable in strength to their dielectronic counterparts in Be-like
Cl1'3* [4], where two 2s electrons are simultaneously excited
to a 2p subshell. Subsequently, obvious TR contributions
were also observed in other Be-like ions, such as Ne®* [6,7],
M8t [8], Si'%* [7,9], Ar'*t [10], Ca'®*t [11], Ti'®* [12],
and Fe* [13].

The formation of the triply excited intermediate state in-
volved in the TR process depends sensitively on configuration
interaction (CI), which makes TR a challenge to atomic-
structure calculations [4]. In general, both the state-of-the-art
semirelativistic distorted-wave (SRDW) calculations [14] per-
formed by using the AUTOSTRUCTURE (AS) package [15]
and the relativistic distorted-wave (RDW) calculations [16]

Published by the American Physical Society


https://orcid.org/0000-0003-1935-6907
https://orcid.org/0000-0002-1106-1357
https://orcid.org/0000-0001-6998-1693
https://orcid.org/0000-0002-9083-8477
https://orcid.org/0000-0002-5486-7844
https://orcid.org/0000-0001-5266-3058
https://orcid.org/0000-0001-9831-0565
https://orcid.org/0000-0001-7995-0524
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.108.022801&domain=pdf&date_stamp=2023-08-02
https://doi.org/10.3847/1538-4365/aaa5b3
https://doi.org/10.1103/PhysRevA.108.022801
https://creativecommons.org/licenses/by/4.0/

CHUN YU ZHANG et al.

PHYSICAL REVIEW A 108, 022801 (2023)

performed using the flexible atomic code (FAC) [17] could
reproduce the experimentally derived plasma rate coefficient
in the PP and CP temperature ranges to within ~30% or even
better. However, significant differences could be seen between
the calculated DR/TR rate coefficients and measured merged-
beam recombination rate coefficients, especially for the TR
resonances. For example, the original AS calculation for Be-
like CI'3* [4] increasingly underestimates the TR resonance
strengths towards higher collision energies; the original AS
calculation for Be-like Ar'** [10] also significantly underes-
timates the TR resonance strengths, especially at ~11eV and
~23 eV, and it could not reproduce well the resonances below
0.5eV.

It is well known that an accurate description of low-
energy DR/TR resonances is always a challenging task,
due to the large uncertainty of calculated resonance ener-
gies and strong electron correlation effects between them.
In a recent work [18], we studied the absolute DR rate
coefficients of Na-like Kr®>* measured by employing the
electron-ion merged-beam technique at the heavy-ion storage
ring. Both the AS and FAC calculations could reproduce
very well the experimental results if the electron correla-
tion among the low-energy resonances of the (Ne-like core)
318" and 4l4]” complexes, in particular the CI between
3d8s and 4s4d, was considered. The inclusion of CI among
DR resonances with different principal quantum numbers
n (multi-n CI) for the captured electrons was also found to
improve the agreement between the theoretical and experi-
mental DR results of Ar-like Fe®* in our recent work [19].
Such configuration mixing among the complexes with very
different n-values of the captured electron was generally dis-
carded in the previous FAC and AS DR calculations. Only
CI among the target configurations plus the same captured
electron principal quantum numbers n (single-n CI) was in-
cluded in previous FAC calculations. Only CI among the
target configurations plus the same captured electron prin-
cipal quantum numbers n and angular quantum numbers [
(single-nl CI) was considered in previous AS calculations.
It should also be mentioned that in our FAC calculations,
the positions for the low-energy DR resonances of Na-
like Kr*>* were ab initio calculated using the relativistic
many-body perturbation theory (RMBPT) [20,21], and were
found to be in very good agreement with the measured
ones [18].

A large-scale electron correlation is strongly required for
TR resonances, due to the increase in the number and strength
of radiative decay channels for the triply excited intermediate
states. In this work, we continue to explore strategies to im-
prove the calculated accuracy for low-energy TR resonances
in Be-like Ar'**. The low resonance energies arising from
all possible 1s22/?nl’[n < 7,1’ < (n — 1)] configurations are
calculated with the RMBPT method. Using two different
codes, FAC [22] and AS [23], we investigate the DR and
TR rate coefficients for Be-like Ar'** from the initial ground
state (1s22s> 1Sp). In addition, we analyze in detail how the
multi-n CI between DR and TR resonance states significantly
increases the TR rate coefficients, which is cross-validated
via FAC and AS calculations. The present total FAC and AS
results including the enhanced TR resonances contributions
agree better with the measured spectrum [10] than previous

calculations [10,14,16]. The present FAC and AS plasma rate
coefficients agree with the experimentally deduced ones [10]
within ~ 10%, in both PP and CP temperature ranges. How-
ever, the previous theoretical calculations [10,14,16] are lower
than the measurement by up to ~ 30%.

The remainder of this paper is organized as follows. The
theoretical methods and calculational procedure are outlined
in Sec. II. In Sec. III, we present our FAC and AS results and
compare them with measured values. The effect of multi-n CI
on TR resonance strengths is discussed in detail. A conclusion
is given in Sec. IV.

II. OUTLINE OF THEORY AND CALCULATION
PROCEDURE

A. Distorted-wave approach

In the independent process and isolated resonance approx-
imations, DR resonance strength can be obtained by using the
detailed balance principle
253
i w°h .
=L papr (N

2gim.E;

where i is the initial level of the recombining ion Ar'** in

the resonance capture process, j the resulting unstable doubly
or triply excited intermediate level, and g; and g; are, respec-
tively, statistical weights of i and j levels.

In the above, E;; = E; — E; represents the resonance en-
ergy, and the DR resonance process occurs only when the
kinetic energy of the incident electron equals E;;. The autoion-
ization rate A%, from j to i can be expressed as
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where W; is the autoionizing state, W; the final state which has
one less electron than W;, « the relativistic angular quantum
number of the free electron, and r,, the distance between two
electrons p and g in the N 4 1-electron system.

Finally, the B; indicates the DR radiative branching ratio,
and it is defined as

s 2y
T A A,

where k represents all possible autoionizing channels from j,
f the bound levels in the recombined ion Ar'**, and A all
possible radiative final states, including autoionizing levels
J-So, %, A;h‘z Zf AL+ 3 A% But, wht?n Fhe radiative
decays to autoionizing levels, followed by radiative cascades
(DAC) channels, are included, the B’; can be rewritten as

2y Ay + 2 AT By
DAY+ 2,4,

Here, j' represents lower-lying (j’ < j) autoionizing levels
which then radiatively cascade through levels of the recom-
bined ion Ar'**. The B indicates the DR radiative branching
ratio of state j' and it is defined the same as Eq. (4).

After summing all possible autoionization channels and
averaging over the Maxwellian distribution of the electron

3)

BY = 4)

022801-2



EFFECT OF ELECTRON CORRELATION ON ...

PHYSICAL REVIEW A 108, 022801 (2023)

energy, the plasma rate coefficients for thermal equilibrium
plasmas are given as [24]

a(m:h—SZﬁAq-B’-exp ~ By s
QrmekyT) 7 &= 2g, /") kT,

where 1 and kg represent the Planck and Boltzmann constants,
respectively.

B. FAC and AS

We only give a brief description of FAC here, since more
details have been discussed by Gu [25]. FAC [22], a fully
relativistic program, is used to compute atomic structure
and collision data. The results of atomic structure includ-
ing energy levels, transition rates, and autoionization rates
are obtained using the relativistic configuration interaction
(RCI) method. The basic wave functions are derived from a
local central potential that is self-consistently determined to
represent electronic screening of the nuclear potential. The
continuum processes are treated in an independent processes
RDW approximation. Electron-electron and electron-photon
interactions are treated with first-order perturbation theory in
this code.

We also only outline the main points of AS code, and
the in-depth details can be found in the work from Badnell
et al. [15]. AS [23] is a general code for the description
of a wide variety of bound-state, free-bound electron, and
photon collision processes [26]. We use kappa-averaged rel-
ativistic wave functions and the full Breit interaction in the
Pauli approximation. Similar to FAC, electron-electron and
electron-photon interactions in AS calculations are treated
with first-order perturbation theory. DR calculations are
performed with a multiconfiguration Breit-Pauli (MCBP)
implementation within an independent processes SRDW ap-
proximation.

It should be noted that the main differences between FAC
and AS are that the former is fully relativistic and the radial
orbitals for the construction of basis states are derived from a
modified self-consistent Dirac-Fock-Slater iteration on a ficti-
tious mean configuration with fractional occupation numbers,
representing the average electron cloud of the configurations
in calculations [25], while the latter is kappa-averaged rela-
tivistic and it uses the Thomas-Fermi-Dirac-Amaldi statistical
gas potential [27]. Like FAC [25], it is a unique potential
and it only depends on the nuclear charge and the number of
electrons, if no radial scaling parameters are used [27].

C. Calculation procedure

Using FAC, we have successfully performed the calcula-
tions of the resonance excitation rate coefficients for Ni-like
Ta®* and Ni-like W*t [28-30], as well as the DR rate
coefficients for Li-like Ca [31], C-like Ca [32], C-like Kr [33],
Na-like Kr [18], Ni-like Au’'* [34], Co-like ions [35-37], and
Ar-like ions [19]. Using AS, a series of DR calculations for
H-like through P-like isoelectronic sequences [5,14,38-51],
Fe isonuclear sequence [52], and W isonuclear sequence
[53-56] have been successfully performed by Badnell et al.
Here also, by using FAC and AS, we carry out ab initio

calculations of the DR and TR rate coefficients for Be-like
Ar'** from the initial ground state 15°2s> 1Sj.

Our FAC and AS calculations are divided into two parts.
The first is for AN =0 (2 — 2) core-excitation channels
that correspond to low-temperature DR or TR. The second
is for AN >0 (2 — 3, 2 —> 4, and 1 — 2) channels that
correspond to high-temperature DR or TR. The autoionization
channels and radiative decay channels involved in the present
calculations can be presented as

1s221%n'1"
oy 1522130'nl"" 1s*2nl"" B
W25 = o [ 7 V122 [T
15213n1""
15221201
1522130'nl""
1220401 [ TV
120830l
(6)

where I < 1,1’ <2,1” <3; n <300 for FAC but n’ < 100
for AS, and " < 12 for the AN = 0 core-excitation channels;
n < 10and !”” < 9 for the AN > 0 core-excitation channels.

In order to analyze in detail the effect of the multi-n CI be-
tween DR and TR resonance states, we perform two different
calculations, which consider different CI scales, single-n(/) CI
and multi-n CI. The multi-n CI effect is cross-checked using
FAC and AS codes. We consider the same CI scale as possible
in FAC and AS calculations as the following:

(1) FAC single-n CI: The CI among 1s*2Inl"”" (1 <1,
n < 10, I’ < 9) but restricted within the same 7 is consid-
ered for the recombining ion Be-like Ar'**, and CI among
1s2in'"nl’ (W < 4,n < 10) and 1520300’ (n < 10) but also
restricted within the same n and »’ is considered for the re-
combined ion B-like Ar'*".

(2) AS single-n/ CI: Similar to FAC single-n CI, but the
CI among the configurations mentioned above is additionally
restricted within the same ["”.

(3) FAC and AS multi-n CI: The CI among all possi-
ble 1s22inl"" (I < 1, n < 10, I < 9) is considered for the
recombining ion Be-like Ar'**, and CI among all possible
1s22[n'1"nl’ (W' < 4,n < 10) and 152°nl’(n < 10) is consid-
ered for the recombined ion B-like Ar'3*.

In the present FAC calculations, the radial wave functions
are optimized on the configurations 1s2/3(I < 1). The cor-
responding orbital occupation numbers are 2, 0.875, 0.875,
and 1.25 for s, 2s, 2py,», and 2p3/, orbitals, respectively.
Optimizing 1s>2/3(I < 1) configurations give results a better
agreement with the experimental results than 15>21%(1 < 1),
the same as with Ref. [57]. Electric-dipole (E1) radiative
rates and autoionization rates involving the n < 300 (I < 12)
levels are explicitly calculated. The contributions of 300 <
n < 1000 (I < 12) resonances for plasma rate coefficients
are included via the level-by-level extrapolation method, as
discussed in Refs. [35,58].

All possible DAC channels with n < 13 autoionizing levels
are taken into account in our FAC calculations. The Breit
interaction and the leading quantum electrodynamics (QED)
corrections are fully considered in the present calculations.
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FIG. 1. Comparison of the present RMBPT + RF (n < 9) (black solid curve), RMBPT + RF (n < 10) (green shaded area), and RCI (n <
10) (pink shaded area) total (DR + TR) rate coefficients. The RMBPT + RF (n < 9) and RMBPT + RF (n < 10) calculations respectively
consider the multi-n CI among n < 9 and n < 10 configurations, and their resonance energies are adjusted based on the RMBPT or RF
results. The RCI (n < 10) calculation also considers the multi-n CI among n < 10 configurations, but the resonance energies are from the RCI

calculations. See the text for details.

In the multi-n AS calculations, excitation energies,
El radiative rates, and autoionization rates involving the n <
10 (I < 9) levels are calculated in the intermediate-coupling
(IC) scheme with the MCBP approximation. The single-nl/
radiative rates and autoionization rates for the high-lying
11 < n < 100 (I < 12) resonances are calculated in the same
fashion but with CI within the Be-like core only. The single-n/
rates for higher n up to 1000 are calculated using a quasi-
logarithmically spaced set of n values, and interpolation is
then used to obtain the remaining #.

All possible DAC channels with n < 10 autoionizing lev-
els are taken into account in our AS calculations. The
Breit interaction and the leading QED corrections are also
considered.

D. Adjustment and convergence monitor

It should be noted that the RCI and MCBP resonance
energies should be used with caution for resonances below
a few tens of electronvolts since the uncertainty of them is
about a few electronvolts [16], thus adjustment according to
more accurate calculations or measured values is necessary.
We have successfully used the RMBPT [20,21] implemented
in the FAC [22] to get the high-precision excitation energies
of nonautoionization levels for a series of highly charged ions
(HCIs) [59-72].

In this work, the RMBPT is used to study the excita-
tion energies of autoionization levels for B-like Ar'**. In
our RMBPT calculations, all possible 1s22/°nl’'(n < 7,1’ <
6) configurations are contained in the M space, and all pos-
sible configurations that are generated from single or double
excitations of the M space are involved in the N space. The

maximum principal quantum numbers are, respectively, 150
and 70 for single and double excitations, and the maximum
orbital quantum number is 20 in our RMBPT calculations.

The high-n resonance energies can be estimated by a
Rydberg formula (RF) which treats the Rydberg electron hy-
drogenically,

2
Z
Ey = Eexe — R( ) ’ (7)
n—w

where E,; is resonance energy for a given nl state, Eeyc iS
core-excitation energy of the recombining ion, z is the charge
state of the recombining ion, R represents the Rydberg energy,
and p; is named as the quantum defect that is obtained by the
quantum defect theory (QDT).

The present n > § resonance energies are shifted for an
entire series according to the accurately measured core-
excitation energies [73], which are compiled in the atomic
spectra database (ASD) of the NIST [74]. However, the core-
excitation energy of 1s?2p? 'D, is not provided in NIST,
then we get it from our recent calculation [67], which is
85.4889 eV. The ionization limitation of Ar'>T, referred to in
Ref. [75], is —755.1639(46)eV.

To monitor the convergence of the present calculations
of total (DR + TR) rate coefficients, we enlarge the elec-
tron correlation among all possible 1s22(n'1"nl’ (n’ < 4) and
1520300’ for Ar'** by increasing n from 7 to 10 step by
step. Figure 1 shows the present FAC multi-n CI rate coeffi-
cients that are obtained by multiplying the resonance strengths
with the electron-ion collision relative velocity and convolved
with the Gauss distribution. The rate coefficients from n <
9 calculations [labeled RMBPT + RF (n < 9)] and n < 10
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TABLE I. Comparison of the present RF, RCI, MCBP, and RMBPT resonance energies (E;;, in eV), as well as FAC and AS multi-n CI

resonance strengths (S;;,

in 107'® cm? eV) with the peak fits of the experiment [10] below 0.5 eV resonance energies.

This work
Experiment E;; Sij
E;; Sij Level RF RCI MCBP RMBPT FAC AS

0.08269(84) 10.57(15) 2p°CP)6d *Fy 0.1475 0.7189 0.5639 0.0782 5.70 7.87
2p*CCP)6p *Ds), 0.1100 0.6109 0.5051 0.0934 0.18 0.07

2p*(CP)6s *Ps 0.1558 0.6443 0.5534 0.0936 0.87 2.37

(6.75) (10.3)

2s2p("PY1p2Si ) 0.3209 1.4132 1.3869 0.1251 3.40 5.50

252p('P)Tp 2Py 0.2854 1.3754 1.2900 0.1255 4.40 9.38

0.14436(88) 13.32(15) 2p7CP)6p 83 0.1887 0.6980 0.6289 0.1577 7.58 4.52
(15.4) (19.4)

2s2p("PY1p 2Dy 0.3691 1.5478 1.6257 0.2006 2.37 4.52

0.23232(94) 17.78(17) 2s2p('PYTp>Ds 0.3431 0.8993 0.7863 0.2100 5.36 7.15
2s2p(‘PY1p 2P 0.4843 1.5884 1.6363 0.2720 2.27 2.61

(10.0) (14.3)

0.3173(14) 8.25(17) 2p?(CP)6d *Fs ) 0.3240 1.3859 1.3365 0.3030 4.36 5.73
2p°CP)6p P 0.4414 0.7350 0.8811 0.3354 1.93 0.01

2p*(CP)6p 2Dy 0.4487 0.9787 0.9481 0.4126 0.33 0.03
(6.62) (5.77)

calculations [labeled RMBPT + RF (n < 10)] are compared
in Fig. 1. Their resonance energies for n < 7 levels are ad-
justed based on the RMBPT results, and NIST core-excitation
energies are used to adjust the 8 < n < 300 levels via the
RF. Most of the differences between RMBPT + RF (n < 9)
and RMBPT + RF (n < 10) results are within 1%. Good
convergence is achieved when 7 is up to 10.

III. RESULTS AND DISCUSSION

A. Resonance energies

The RCI (n < 10) and RMBPT + RF (n < 10) results are
also compared in Fig. 1. The former indicates the resonance
energies from RCI calculations, and the latter represents that
the RCI resonance energies are corrected by the RMBPT
results or the NIST core-excitation energies. The two cal-
culations consider the same CI scale, multi-n CI (n < 10),
which can be seen in Sec. IIC. It can be obviously seen
that the RCI resonance energies are generally higher than the
adjusted results, RMBPT + RF, about 1-2 eV in most cases.
As we can see from the inserted figure in Fig. 1, the spectra
features between RCI and RMBPT + RF results are signifi-
cantly different when the resonance energy is lower than SeV.
Therefore, the adjustment for RCI resonance energies accord-
ing to the RMBPT results or NIST core-excitation energies
via the RF is necessary.

As is well known, the RF is convenient and quick to
estimate the resonance energies of higher-n levels when the
outermost-shell electron can be treated as a spectator electron.
However, it should be used with caution for the lower-n val-
ues. In Table I we compare the resonance energies from the
present RF, RCI, MCBP, and RMBPT calculations with the
peak fits of the experimental [10] ones for resonances below
0.5eV. There are three calculated levels that are associated

with each peak fitted in the experiment. The experimental
value is listed on the same line as the one of the three with
the largest calculated resonance strength.

From Table I, we can see that the RCI and MCBP reso-
nance energies are higher than the experimental peak fits by
up to ~1eV. It can also be found that the present RMBPT
resonance energies are in good agreement with the experi-
mental values within 0.02 eV. The RF resonance energies are
in much better agreement with RMBPT than RCI and MCBP,
but they depart from the experimental peak fits for the levels
2p*(PP)6d *F3), and 2s2p(' P)Tp ?Ds ), by up to 0.06 eV and
0.1 eV, respectively, which can sensitively result in a dramatic
uncertainty of DR and TR rate coefficients. Thus, the RF is
not suitable for accurately predicting the resonance energies
of lower-n levels, such as the n = 6 and 7 levels.

Additionally, the comparison of all of the 2/%nl’(n <
7, < 6) resonance energies from the present RCI,
MCBP, RF, and RMBPT calculations can be seen in the
Supplemental Material [76]. The average difference £ stan-
dard deviation of the present RCI, MCBP, and RF resonance
energies from RMBPT results are found to be 0.87eV =+
0.40eV, 0.78eV £+ 0.39eV, and 0.03eV £+ 0.04eV,
respectively.

B. DR and TR rate coefficients

In Table I, as noted above, there are three calculated levels
corresponding to each peak fitted in the experiment, and they
are listed at each block. The sum of these three resonance
strengths corresponding to each peak fitted in the experiment
is listed in brackets at the bottom of each block, which is
the final result from the present calculations corresponding
to each observed resonance strength. As shown in Table I,
the present FAC and AS multi-n total resonance strengths
S;; deviate from the measurement by ~40 %. This may be
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FIG. 2. Comparison of the present FAC total (DR + TR) rate coefficients (red solid curve) with the previous AS calculations [10] (blue
dash-dot curve) and measured recombination spectrum [10] (black data points). The present DR and TR parts are shown by the yellow-shaded
areas and the cyan-shaded areas, respectively. The strong DR (TR) resonance peaks are labeled by the doubly (triply) excited intermediate

states based on the present FAC calculations.

because the resonance strengths near the ionization thresh-
old are extremely sensitive to the resonance positions, even
though our RMBPT results have already greatly improved
them. Determining the resonance positions accurately enough
near the ionization threshold is still a challenge.

In Fig. 2, the present FAC multi-n CI rate coefficients are
compared with the previous AS calculations and the measured
spectrum [10]. The present rate coefficients are obtained by
convoluting the product of resonance strengths and electron-
ion collision relative velocity with the experimental energy
distribution [10]. A flattened Maxwellian electron energy dis-
tribution is used as described in Ref. [5], where the parallel
and perpendicular temperatures are 2.40 meV and 11.91 meV,
respectively.

The strong resonance peaks are labeled based on the
present FAC calculation, and the core electrons 1s are omit-
ted. The DR and TR parts shown in Fig. 2 are separated
according to doubly and triply excited states, respectively.

The DR resonance process for Ar'** recombining to Ar
can be represented by

13+

15225%[1So] + e~ — 152252p[*Py. 103! Pl (8)

which is associated with the doubly excited states
252p(Py.1.2)nl and 2s2p(' Py)nl and gives rise to two sets of
strong peaks at lower energies. The regular Rydberg series of
2s2p(*Py)nl dominates at higher energies and converges to
the limit at 56.063 eV [74], giving rise to the characteristic
Rydberg peak.

The TR resonance process for Ar
can be represented by

14+ 13+

recombining to Ar

15°25°['Sol + ¢~ — 1s°2p*[Po1.2: 'Da: 'Solnl, (9)
which is associated with the triply excited states
2p*CPy12; 'Dy; 'So)nl. The corresponding TR rate
coefficients are comparable with their DR counterparts at
resonance energies lower than 32 eV in the spectrum.

We note that this definition of DR and TR is based upon
the configuration labels associated with each resonance. But
configuration is not a good quantum number. Indeed, as we
observe, autoionizing configurations are highly mixed. Thus,
two different calculations, even with the same code, but
which use different atomic structures (distorted-wave poten-
tial, Hamiltonian operators, etc.) can label a resonance as DR
in one calculation and TR in another, and vice versa. At the
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FIG. 3. Comparison of the present FAC rate coefficients (red solid curve) with the AS calculations where the FAC potential is directly read
in AS procedure (green dash curve) and based on the Thomas-Fermi potential (blue dash-dot curve). The measured recombination spectrum
[10] (black data points) is also presented. For the characteristic Rydberg peak, the hard cutoff n.,.x = 74 (orange solid curve), soft cutoff
Newoft = 74 (TOF = 1 x 1077 s, purple solid curve), and soft cutoff neyoir = 74 (TOF = 2.9 x 1077 s, cyan solid curve) results are shown

as well.

end of the day, the only meaningful quantity is the sum of
the two.

In the previous AS calculations [10], only the 252, 252p,
and 2p? configurations were considered for Be-like Ar'** and
2522p, 2s2p?, and 2p* configurations for B-like Ar'**, and
only the single-n! CI the same as that discussed in Sec. IIC
was considered. It can be found from Fig. 2 that some TR
resonance strengths from the previous AS calculations [10]
are significantly weaker than the measurement, such as those
at ~ 1.62eV, ~11.2eV, and ~ 23.4eV positions. In the
present calculations, not only single-n(/) CI but also multi-n
CI are considered. From Fig. 2, we can see that the present
FAC rate coefficients are in better agreement with the experi-
mental values [10] than previous AS results [10] at ~ 1.62¢eV,
~ 11.2eV, and ~ 23.4eV positions. These significant en-
hancements are attributed to the multi-n CI effect, see the
detailed discussion in Sec. IIT C.

As mentioned in Sec. II B, the radial potentials generated
from FAC [23] and AS [22] are different. To remove the
difference caused by the radial potential, we perform an AS
calculation where the potential obtained from FAC is directly
read in the AS procedure, which is labeled as AS (Readin FAC

potential) in Fig. 3. One can see that the AS (Readin FAC
potential) result is in excellent agreement with the FAC result
except for the rate coefficients at ~1.1 eV, where the autoion-
ization rates are quite sensitive since the 2s2p7d and 2p*6p
configurations are strongly mixed. Using the Thomas-Fermi
potential, we get another AS result labeled AS (Thomas-Fermi
potential) in Fig. 3. The differences between our FAC and
AS (Thomas-Fermi potential) results shown in Fig. 3 are
mainly from the different potentials used in FAC and AS
rather than relativistic effects. Like our FAC results, it also
shows that the multi-n CI significantly enhances the present
AS rate coefficients at ~ 1.62eV, ~ 11.2¢eV, and ~23.4eV
positions.

For the characteristic Rydberg peak at the limit position
56.063eV [74] in Fig. 3, the calculated FAC (to n = 300)
and AS (to n = 1000) rate coefficients are much larger than
the experiment. This is due to the field ionization of weakly
bound high-n Rydberg states which occurs primarily due to
the charge-separating dipole magnet. The estimated (hard)
cutoff quantum number is n¢yoir = 74 in the experiment [10].
It is clear from Fig. 3 that the use of this hard cutoff underes-
timates the experiment significantly here.
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FIG. 4. Comparison of TR rate coefficients from the present FAC single-n CI (blue dash-dot line) and multi-n CI (red solid line)
calculations. The strong TR resonance peaks are labeled by the triply excited intermediate states based on the present FAC calculations,
and the ones in brackets are the doubly excited intermediate states that mix strongly with the corresponding triply ones.

We can model the characteristic Rydberg peak of the ex-
periment [10] much better by considering the time-of-flight
(TOF) of the recombined ions from the cooler to analyzer
magnet. This allows states with n > 74 to radiatively de-
cay to n’ < 74 before reaching the magnet—this is known
as a soft cutoff [5,77]. From Fig. 3, it can be seen that a
TOF of 1 x 1077 s fits the experiment best. But, using the
expected experimental TOF of 2.9 x 1077 s leads to a result
that is somewhat larger. Nevertheless, the soft cutoff is much
improved over the hard cutoff result but clearly still does
not fully model the survival of the recombined ions to the
detector.

C. The effect of multi-n CI

We compare the TR rate coefficients from the present
single-n CI and multi-n CI calculations in Fig. 4 so as to
demonstrate the importance of the multi-n CI for TR rate
coefficients.

As we noted above, the rate coefficients labeled TR are
artificially distinguished from DR ones according to their con-
figuration labels, which are not good quantum numbers. This
labeling changes for some sensitive resonance states which
mixed strongly in different calculations, such as the present

FAC and AS calculations. Therefore, only the present FAC
results are shown in Fig. 4. It can be clearly found that the
multi-n CI significantly enhances the TR rate coefficients at
~1.62eV, ~11.2eV, and ~23.4 eV positions.

We present the level energies of DR and TR resonance
states with different principal quantum numbers n for cap-
tured electrons in Fig. 5. It can be seen that the resonance
energies of the TR states 2p*6! lie close to those of the DR
states 2s2p71 at 0.2eV and 1.62eV; to 2s2p8[ at 10.8 eV and
11.2eV;and to 2s2p10/ at 2.1 eV and 29.5 eV. The resonance
energies of the TR states 2p>7! lie close to those of the DR
states 2s2p9l at 23.4eV. Strong level mixing occurs at these
resonance positions as evidenced by our multi-n DR + TR
results.

In Table II, we take the TR resonance strengths around
11.2eV as an example to compare the FAC single-n CI and
multi-n CI calculations. The autoionization rates A% from j to
k, the total radiative decay rates ), A"y, from j to all possible
lower levels £, and the radiative branching ratios B’; are listed
as well. It is only possible for j around 11.2 eV to autoionize
to the ground level 15°2s% 1S, since the core-excitation energy
of the first excited level 2s2p 3Py in Ar'** is 28.353(4)eV
[74]. In this case, A?k is equivalent to A?i, i.e., both k and i
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FIG. 5. Resonance energies of DR resonance states (black line)
and TR resonance states (red line) as a function of complex n are
presented. They are labeled by the core-excited configurations.

are the ground state 15>2s? 1Sy. In our single-n CI calculation,
the great majority of A%, around 11.2eV are far less than the
corresponding > A f'. When further adding the multi-n CI
into our multi-n CI calculation, most of the Ajk are increased
by about an order of magnitude or more, while the ) y A; ¢ are
hardly affected by the additional multi-n CI—the changes are
within 5 %. This leads to a significant net increase in the TR
resonance strengths in the multi-n CI case over those in the
single-n CI case.

We take the TR resonance state 2p>('D)6f 2Hi, /2 listed
in Table II as an example, the A9, from 2p7('DY6f *Hyip
to 25> 'Sy increased by a factor of 19.5 (from 2.56 x
10'0 s~! to 4.99 x 10" s7'), due to the multi-n CL. And
the corresponding B; of 2p?('D)6f 2H\, 2 state in multi-n
CI calculations is declined by a factor of 3.48 compared
to that calculated in single-n CI mode (from 0.87 to 0.25).
Combining A;?k and B§ of the 2p2(1D)6f 2H, 1,2 state in multi-
n CI calculations, based on Eq. (1), the resonance strength
S;; of this state is enhanced by a factor of 5.55 compared
to the single-n CI results (from 5.93 x 1072 cm”eV to
3.29 x 107" cm?eV).

TABLE II. Comparison of the resonance strengths (S;;,

DR (multi-n CI)
O— TR (single-n CI)
: —@— TR (multi-n CI) 7§
: — — DR+TR (AN=0)
: DR+TR (AN>0)
! Total
o~ i -
2 : '
=) : : !
L : —\o‘\ S
2 10"F a R AR E
5 -— ’v\o ' RN
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3} i Photoionized | O, Q\ N A\,
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5 ) : : ENRSE N N
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o H | N ) N X
Q o \. NEERAN
§ \O \. \\
108 F -— \:; \. N 4
Collisionally \O \. A
ionized \O \._
A
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FIG. 6. The DR (green diamond), TR (pink solid circle), and
total (red solid line) plasma rate coefficients from the present FAC
multi-n CI calculations are presented. The TR ones calculated in FAC
single-n CI case are shown by the pink hollow circle for compari-
son. The contributions from AN = 0 channels (blue dash line) and
AN > 0 channels (yellow plus) are presented as well.

The same case also occurs in the TR resonance states
Jj around 23.4eV as shown in Table III. When additionally
considering the multi-n CI, most of A% increase signifi-
cantly, while ZfA;.f are almost unchanged. For instance,
additionally including multi-» CI causes an increase in the
A?k from 2p*CP)7f 4611/2 to 25> 'Sy by a factor of 550
(from 3.00 x 10® s7! to 1.65 x 10'" s~1). And the B’ of the
2p*(CP)Tf *Gyy 2 state in multi-n CI calculations is declined
by a factor of 2.50 (from 1.00 to 0.40), compared to that
calculated in single-n CI mode. Combining A%, and Bj of the
2p2(3P)7 f 4Gy /2 state, the resonance strength §;; of this state
is enhanced by a factor of 211 (from 4.00 x 10722 cm?eV to
8.42 x 1072° cm?eV) due to the multi-n CI effect.

D. Plasma rate coefficients

The DR, TR, and total (DR + TR) plasma rate coefficients
for Ar'** from the present FAC multi-n CI calculations are
presented in Fig. 6. The TR ones from FAC single-n CI

in 1072° cm?eV) of the TR resonance states j around 11.2eV from the present

FAC single-n CI and multi-n CI calculations. The resonance energies (E;;, in eV), the autoionization rates Ay (in 10'° s~ from j to k, the total
radiative decay rates ), A%y, (in 10" s~1) from j to h (h represents all possible lower levels of the transitions from j), and the corresponding

radiative branching ratios B/ are listed as well.

Single-n CI Multi-n CI

E,‘j ] level A?k Zh A;h B; S,‘j Aéjl-k Zh A;h B'/ Sij

11.201 2p*('D)6f 2Ho 2 2.60 17.7 0.87 5.01 49.6 16.5 0.25 27.3
11.210 2p*('D)6f 2Hii 2 2.56 17.7 0.87 5.93 499 16.5 0.25 32.9
11.274 2p2('DY6h 2113, 3.17 6.63 0.68 6.59 23.6 6.32 0.21 153
11.277 2p*('D)6h 2K 52 3.17 6.62 0.68 7.52 23.6 6.32 0.21 17.5
11.302 2p*('D)6g 2112 5.25 9.87 0.65 9.00 54.6 9.33 0.15 20.9
11.308 2p*('D)6g 21132 5.25 9.87 0.65 10.5 54.7 9.33 0.15 24.4
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TABLE III. Same as Table II but for the TR resonance states j around 23.4¢eV.

Single-n CI Multi-n CI

Eij j level A?k Zh A;h B; S,'j Al}k Zh A;'h B; S,‘j

23.335 20°CP)Tf G 0.03 12.1 1.00 0.04 16.5 11.4 0.40 8.42
23.364 2p*CCPY1f 2Go)a 0.02 11.9 1.00 0.03 16.7 11.1 0.40 7.01
23.416 2p*CPYIf 4Fy 0.72 12.0 0.94 0.57 11.6 11.7 0.50 491
23.433 2p*CPYIf *Fopn 0.01 11.6 1.00 0.01 5.31 11.1 0.67 3.78
23.461 2p*CPYIf 4Fsp 0.05 11.4 0.95 0.03 329 122 0.26 5.46
23.476 2p*CCPYTh*Ls) 0.07 4.86 0.98 0.12 19.3 4.67 0.18 5.79
23.485 2p*CP)7i 2Kis)2 0.02 3.71 0.98 0.04 5.39 3.59 0.37 3.34
23.487 2p*(P)7i *K172 0.02 3.71 0.98 0.04 5.45 3.58 0.37 3.78

calculations are also shown in Fig. 6 for comparison. The
vertical dash bars denote the boundaries of the PP and CP
temperature ranges, defined to be where the fractional abun-
dance of this ion is 10 % of its maximum [78,79]. The TR
contribution to the total plasma rate coefficients in the PP and
CP temperature ranges is ~ 30% and ~ 10%, respectively. It
is found that TR plasma rate coefficients from single-n CI
calculations are increased by about 60 % by the multi-n CI
effect in the PP and CP temperature ranges.

Moreover, the contributions from AN =0 and AN > 0
core-excitation channels, based on our FAC multi-n CI re-
sults, are also separately shown in Fig. 6. As we can see,
AN = 0 core-excitation channels dominate in the PP tem-
perature range. As the temperature increases, the DR and
TR plasma rate coefficients associated with 2s — 3/ core-
excitation channels start to contribute and account for about
30% — 50% of the total plasma rate coefficients in the
CP temperature range. As the temperature increases further,
the 2s — 4/ and 1s — 2/ core-excitation channels start to

Y¢  Experiment
—X— AS (Colgan)
o b —O- FAC (Gu)
10 ; ; — — FAC (present, AN=0) 3
; AS (present, Total)
z H ——FAC (present, Total) ]
‘v H ) '
o H H
§ vk e N 3
~ | E
2 : : : :
g : : : :
2 ! ' B '
2 : ! N !
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FIG. 7. Comparison of different theoretical calculations with the
derived plasma rate coefficients from the measurement [10]. The
present AN =0 FAC, total (AN =0+ AN > 0) FAC, and total
AS results are plotted by the blue dash line, red solid line, and
green dash-dot line, respectively. The FAC results from Gu [16] are
shown by the green square. The AS results from Colgan et al. [14]
were updated on the website of Atomic and Molecular Diagnostic
Processes in Plasmas [80], which are shown by the purple cross.

contribute as well, and they account for ~ 30% of the total
plasma rate coefficients by 10000 eV. In total, the contribu-
tion from these AN > 0 core-excitations is ~ 70% of the total
plasma rate coefficients by 10000 eV.

It should be mentioned also that the contribution of DAC
channels to the total plasma rate coefficients is found to be
less than 2 %.

Furthermore, we compare the present FAC AN = 0 plasma
rate coefficients with results derived from the measurement
[10] in Fig. 7. Also shown are the present (AN = 0 + AN >
0) FAC and AS results, the AS results from Colgan et al.
[14], and the FAC results from Gu [16]. We find that the
present FAC and AS results are in good agreement with
the measurement, to within ~ 10% in both the PP and CP
temperature ranges. However, the previous theoretical results
[10,14,16] are smaller than the experiment, by up to ~ 30%
over the same temperature ranges. The improved agreement
of the present results is mainly attributed to the multi-n CI
effect. This kind of electron correlation was neglected by these
previous calculations.

In order to make it convenient to use the present FAC and
AS multi-n CI results in plasma modeling, the present plasma
rate coefficients are fitted by

N\ 3/2 .
o(T,) = Zc,(%) exp(—%).

l

(10)

The fit parameters of ¢; and E; are listed in Table IV for AN =
0 channels and AN > 0 channels, and they can reproduce the
present results within 2 %.

IV. CONCLUSION

The present DR and TR rate coefficients of Ar'** form-
ing Ar'3* are calculated with the RDW approximation
implemented in the FAC and the SRDW approximation im-
plemented in the AS. We adopted two strategies to handle
the existing challenges to theory, viz. the need to improve the
accuracy of the position of low-energy resonances (DR + TR)
and the size of TR resonance strengths themselves. Firstly,
the low-energy resonance positions for the n < 7 levels have
been calculated using the RMBPT method. Secondly, by ad-
ditionally considering multi-n CI, the present TR resonance
strengths are significantly increased, which is cross-validated
by the results from our FAC and AS calculations. The TR
plasma rate coefficients from single-n CI calculations are
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TABLEIV. The fitted coefficients ¢; (in 107'° cm® s~!) and E; (in
eV) for the present FAC and AS multi-n CI plasma rate coefficients of
AN = 0 channels and AN > 0 channels in Be-like Ar'**. Numbers
in the squared brackets are powers of 10.

No. AN =0 AN >0

i Ci Ei Ci E,'
FAC:

1 3.253[1] 1.436[-1] 3.647[-2] 1.723[2]
2 2.616[1] 1.500[-1] 4.602[-2] 2.933[2]
3 8.464[0] 6.201[-1] 4.817[-2] 4.580[2]
4 2.004[1] 1.704[0] 8.470[-2] 4.580[2]
5 3.487[0] 4.351[0] 2.660[-3] 1.688[3]
6 1.840[0] 1.471[1] 5.070[-3] 2.889[3]
7 1.218]0] 4.844[1] 4.459[3] 6.869[9]
AS:

1 3.398[1] 1.531[-1] 3.559[-2] 1.714[2]
2 2.7581] 1.626[-1] 5.839[-2] 3.062[2]
3 9.878[0] 6.780[-1] 5.672[-2] 4.593[2]
4 2.247[1] 1.652[0] 9.325[-2] 4.644[2]
5 3.803[0] 4.468[0] 3.033[-5] 9.946[3]
6 1.840[0] 1.612[1] 2.320[-5] 1.197[8]
7 1.201[0] 4.956[1] 1.193[2] 6.869[9]

increased by about 60 % by multi-n CI in both the PP and
CP temperature ranges, which leads to the total plasma rate
coefficients being increased by up to ~ 30% over the PP tem-

perature range. The present FAC and AS AN = 0 plasma rate
coefficients agree with experimentally derived values within
~ 10% in both the PP and CP temperature ranges. How-
ever, the multi-n CI was ignored in the previous calculations
[10,14,16], which were lower than the experiment by up to
~ 30% over the same temperature ranges.

Additionally, the present DR and TR rate coefficients from
0.2eV to 0.4 eV are still obviously lower than the experimen-
tal values, as shown in Fig. 2. This underestimation will be
further investigated.

The present improved quantification of TR rate coefficients
for Ar'** will be useful for modelers assessing its role in
describing non-LTE astrophysical plasma. It is expected that
the effect of multi-n CI should also widely exist in other ions,
and it needs to be systematically studied. We will present the
relevant results and discussion for other ions in our future
works.
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