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Abstract

Dielectronic recombination (DR) is widely recognized as a fundamental atomic process in

many astrophysical and laboratory plasmas, where it plays a crucial role in determining

ionization balance and level populations over a broad temperature range. Reliable DR

resonance strengths and plasma rate coefficients for such plasma modeling can be computed

using the Jena Atomic Calculator (JAC)—a relativistic code based on the multiconfiguration

Dirac–Hartree–Fock (MCDHF) method. In this work, we investigate the DR of Li-like Ar15+

ions in their ground state (2s), focusing on resonances associated with the fine-structure

core excitations 2s1/2 → 2p1/2,3/2. The resulting fine-structure-resolved DR resonance

strengths and plasma rate coefficients are in good agreement with recent high-resolution

DR measurements of Ar15+ ions performed at the Main Cooler Storage Ring (CSRm) in

Lanzhou, China. These results provide a stringent benchmark for JAC calculations and

support their applicability in plasma modeling.

Keywords: astrophysical plasmas; atomic process; atomic data; dielectronic recombination;

multiconfiguration Dirac–Hartree–Fock method; plasma rate coefficients; lithium-like

argon ions

1. Introduction

Astrophysical plasmas are broadly categorized into two main categories [1]: (i) colli-

sionally ionized plasmas and (ii) photoionized plasmas. Collisionally ionized plasmas [2]

occur in diverse astrophysical environments, such as stellar atmospheres, supernova rem-

nants, galaxies, and the intracluster medium (ICM) of galaxy clusters. Photoionized

plasmas [3], by contrast, are typically observed in planetary nebulae, X-ray binary systems,

and active galactic nuclei (AGN). Atomic physics underpins the interpretation of complex

spectra from both plasma types, and the rapid advancement of observational capabilities

enabled by next-generation telescopes has substantially heightened the demand for accu-

rate, comprehensive, and versatile atomic data [4,5]. Dielectronic recombination (DR) is

a fundamental atomic process that serves as a primary electron–ion recombination mech-
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anism in plasmas and plays a critical role in the reliable modeling of plasma properties,

including ionization balance and radiative characteristics [6].

Building on the seminal work of Burgess [7], who proposed a general empirical formu-

lation for DR, parameterized expressions for DR rate coefficients were initially developed

primarily for hydrogen-like and helium-like ions. Systematic dielectronic recombination

(DR) studies became feasible in the early 1990s with the advent of merged-beam experi-

ments at heavy-ion storage rings, which enabled high-resolution measurements that resolve

fine-structure resonances in DR cross-sections [8]. These experimental advances have re-

vealed the limitations of earlier theoretical data and, together with the steadily improving

resolution of astronomical observations, have imposed stringent accuracy requirements

on the DR rate coefficients employed in plasma modeling [9]. Consequently, the extensive

DR data required today are largely generated by state-of-the-art, level-resolved theoretical

calculations [10], whose reliability must be benchmarked against high-precision labora-

tory measurements [11]. Despite substantial experimental progress over the past three

decades [12–15], the accurate theoretical characterization of low-lying DR resonances and

their associated plasma rate coefficients remains a key challenge in modern atomic theory.

To address these challenges, theoretical methodologies have evolved from nonrelativistic

models to fully relativistic approaches, enabling level-resolved calculations of DR cross-

sections. Accurate theoretical predictions and reliable assignments of well-resolved DR

resonances not only enhance the fidelity of plasma modeling but also provide deeper insight

into recombination mechanisms and fundamental effects, such as electron correlation [16].

To streamline calculations for multiply charged or highly charged ions along isoelectronic

sequences, the Jena Atomic Calculator (JAC) [17]—a versatile atomic-structure code based

on the multiconfiguration Dirac–Hartree–Fock (MCDHF) method—was developed to en-

able rapid and reliable evaluation of DR rate coefficients for plasma modeling [18,19].

Compared with other existing codes, JAC offers significantly simpler handling and con-

trol of different approximations, shell structures, and temperature regimes where doubly

excited resonances must be considered.

Although lithium-like ions possess a relatively simple three-electron structure, their

DR processes exhibit remarkably rich physics. The DR of lithium-like ions has there-

fore been investigated extensively, both experimentally and theoretically; here we briefly

summarize the key findings. Early single-pass merged-beam experiments with limited

energy resolution for Li-like B2+, C3+, N4+, and O5+ ions [20] showed overall agreement

with configuration-averaged distorted-wave calculations, while clearly demonstrating the

importance of intermediate coupling compared with pure LS coupling [21]. Subsequent

high-resolution storage-ring measurements at TSR and CRYRING, employing the merged-

beam technique, achieved energy resolutions sufficient to disentangle ∆n = 0 and ∆n = 1

resonances as well as their fine-structure components, covering ions from C3+ [22,23] up to

Ar15+ [24] and even heavier systems such as Ni25+ [25]. These studies further underscored

the necessity of fully relativistic calculations for accurately reproducing individual reso-

nance positions and widths. Moreover, DR experiments have provided a powerful tool for

probing nuclear effects, including hyperfine splitting in Sc18+ ions [26] and isotopic shifts

in Nd57+ ions [27].

In this work, we present a benchmark study of DR resonance strengths for Li-like Ar15+

associated with the fine-structure 2s1/2 → 2p1/2,3/2 core excitations, using the relativistic

JAC code. The theoretical results are compared with high-resolution experimental data

acquired at the main cooler storage ring (CSRm) of the Heavy Ion Research Facility in

Lanzhou (HIRFL), China. The calculated resonance strengths for the 2p1/2nℓ and 2p3/2nℓ

Rydberg series show very good agreement with the experimental measurements. In

addition, we derive total DR plasma rate coefficients for the ∆n = 0 core excitation of Ar15+
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ions initially in the 1s22s 2S1/2 ground state. The resulting plasma rate coefficients span

temperatures of 103 to 107 K, relevant to both photoionized [3] and collisionally ionized

plasmas [2], and show good agreement with experimentally derived values. This paper

is structured as follows: Section 2 outlines the theoretical framework, experimental setup,

and DR data analysis; Section 3 presents the results and discussion; and Section 4 provides

a concise summary.

2. Theory and Experiment

2.1. Theory

DR is a resonant two-step electron–ion recombination process, which can be described

as follows [1]:

Aq+(i) + e− →
[

A(q−1)+
]∗∗

(d) → A(q−1)+(∗)( f ) + h̄ω. (1)

In the first step, a free electron is resonantly captured by the initial target ion Aq+

while a bound electron is simultaneously excited, forming a doubly excited intermediate

state
[

A(q−1)+
]∗∗

(d). In the second step, this intermediate state is stabilized via radiative

decay, yielding a recombined ion in a bound final state A(q−1)+(∗)( f ) that lies below the

first ionization limit.

Within the independent-resonance approximation (IRA) [28], the partial DR strength

for the transition from an initial state i, via the doubly excited resonance state d, to a final

bound state f is expressed as [18]

S(i → d → f ) =
π2h̄3

2meEd

gd

gi
Aa(d → i)

Ar(d → f )

Γd
, (2)

where Ed is the resonance energy, i.e., the kinetic energy of the incident electron in the

ion rest frame; gi and gd are the statistical weights of the initial and resonance states,

respectively; Aa(d → i) and Ar(d → f ) denote the autoionization and radiative decay

rates. Γd = h̄
(

Γauto
d + Γrad

d

)

is the natural linewidth of the resonance state d, with Γauto
d and

Γrad
d representing the total autoionization and radiative decay rates, respectively; h̄ is the

reduced Planck constant; and me is the electron rest mass. Within the JAC framework [17,18],

calculations start with the construction of the ionic Hamiltonian, where electron–electron

correlations are included via the Dirac–Coulomb interaction. In the present study, the Breit

interaction is fully incorporated. Subsequently, Auger decay rates and radiative transition

rates are computed using lowest-order perturbation theory, with the radiative contribution

limited to electric dipole (E1) transitions between the relevant levels.

In storage-ring merged-beam DR experiments, the final states of recombined ions

are typically unresolved. This approach naturally leads to the definition of the total

resonance strength,

S(i → d) = ∑
f

S(i → d → f ), (3)

which sums over all final states f . This formulation is particularly suitable when the

energy-dependent DR cross-section exhibits a Lorentzian line shape—or a similar distribu-

tion—centered at the resonance energy E ≈ Ed.

σ(E ≈ Ed) = S(i → d)
Γ/2π

(Ed − E)2 + Γ2
d/4

. (4)

This approximation is well-justified when the natural width Γd of the resonance state

d is smaller than or comparable to the energy spread of the incident electron beam.
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Theoretical DR and plasma recombination rate coefficients are calculated by folding

the recombination cross-section σ(v) with the relevant electron velocity distribution,

α =
∫

v σ(v) f (v) d3v, (5)

where f (v) represents the electron velocity distribution. In order to compare with merged-

beam DR measurements, f (v) is modeled by a flattened Maxwellian distribution that char-

acterizes the electron beam and is specified by the longitudinal and transverse temperatures

kBT‖ and kBT⊥, respectively [29]. For comparison with experimentally inferred plasma

recombination rate coefficients, which depend on the plasma temperature, an isotropic

Maxwellian velocity distribution is adopted for f (v) [8]. In the present DR calculations

for Li-like Ar15+ ions, the fine-structure core excitations 2s1/2 → 2p1/2 and 2s1/2 → 2p3/2

were treated as independent recombination channels. Resonances converging to these

thresholds at high principal quantum numbers (n > 25) were described using quantum

defect theory (QDT), which enables efficient treatment of both Auger decay and radiative

stabilization rates [30]. Prior to the evaluation of the final DR cross-sections, the theoretical

excitation energies of the 2p1/2 and 2p3/2 fine-structure core levels were adjusted to their

experimentally established spectroscopic values [18,31]. The applied energy shifts in this

work were −0.13 eV for the 2p1/2 level and −0.28 eV for the 2p3/2 level.

2.2. Experiment

The experiment was performed at the HIRFL-CSRm of the Institute of Modern Physics

(IMP), Chinese Academy of Sciences (CAS), Lanzhou, China. A schematic of the exper-

imental setup is presented in Figure 1. Lithium-like Ar15+ ions were generated directly

by a superconducting electron cyclotron resonance (ECR) ion source, accelerated via the

sector-focused cyclotron (SFC), and subsequently injected into CSRm at a kinetic energy of

8.50 MeV/u. Typical stored beam currents ranged from 150 to 200 µA, corresponding to

approximately (4.0–5.0)× 108 ions.

The electron beam was generated by a hot-cathode electron gun and underwent

adiabatic expansion as it propagated from a magnetic field of 125 mT in the gun region

to 39 mT in the cooling section. This expansion yielded a low-temperature electron beam,

facilitating high-resolution DR measurements. After injection, continuous interaction with

the velocity-matched electron beam (ve = vion) established a dynamic balance between

electron cooling and intrabeam scattering, reducing the relative ion-beam momentum

spread to ∆p/p ∼ 2 × 10−4. To scan the relative collision energy, a detuning voltage Ud

was applied to the main high-voltage terminal of the electron cooler, shifting the electron

energy away from the cooling condition and establishing a well-defined electron–ion

relative energy.

Recombined ions generated in the interaction region propagated along the beamline

and entered a downstream triplet dipole magnet. Due to their altered charge states, these

recombined ions were spatially separated from the circulating primary beam and detected

by a scintillation detector (YAP:Ce coupled to a photomultiplier tube, PMT), as illustrated

in Figure 1. The overall detection efficiency was close to 100%. The absolute electron–

ion recombination rate coefficient as a function of the electron–ion collision energy was

extracted from the background-subtracted Ar14+ count rate R [32–34] according to

αexp(E) =
R C

Ni ne (1 − βeβi) L
, (6)

where Ni denotes the number of stored ions and ne is the electron beam density. The quan-

tities βe = ve/c and βi = vion/c represent the laboratory-frame velocities of the electron
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and ion beams, respectively. The parameters L = 4.0 m and C = 161.0 m correspond

to the effective interaction length and the circumference of the storage ring. The overall

uncertainty of the experimentally determined recombination rate coefficient is estimated

to be approximately 30% [15,35]. The dominant sources of uncertainty arise from the

electron density profile, the electron and ion beam current determinations, the effective

interaction length, and the ion-beam alignment, while the contribution from statistical

counting uncertainties is comparatively small; see Ref. [15].

The DR contribution was isolated by subtracting the radiative recombination (RR)

component from the measured total recombination rate coefficient:

αDR(E) = αexp(E)− αRR(E). (7)

It is important to note that, during the experiment, recombined ions pass through the

CSRm dipole magnets after exiting the electron cooler and are exposed to dynamic electric

fields. These fields can ionize recombined ions in high-n Rydberg states. Consequently,

recombined ions with a principal quantum number n exceeding a critical cutoff value

ncut are field-ionized and thus undetected. The cutoff quantum number is estimated

classically [23]:

ncut ≈

(

6.2 × 108 V/cm
Q3

viB

)1/4

, (8)

where Q denotes the charge state of the ion, vi the ion velocity, and B the magnetic field

strength, yielding ncut ≈ 115 for the present experiment [36].

Figure 1. The DR experimental setup at HIRFL-CSRm. The lithium-like argon ions, produced from

an ECR ion source, were accelerated by the SFC and then injected into the CSRm with a beam energy

of 8.50 MeV/u. The electron cooler EC-35 was employed to cool the ion beam and was also used as a

free-electron target in the DR measurements. The recombined ions, formed in the straight section

of the electron cooler, were then separated from the primary ion beam in the first dipole magnet

downstream of the electron cooler and detected by the particle detectors (YAP: Ce+ PMT).
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3. Results and Discussion

3.1. Merged-Beam DR Rate Coefficients

The DR channels associated with ∆n = 0 core excitations for Li-like Ar15+ ions are

described as

Ar15+
[

2s 2S1/2

]

+ e− =⇒







Ar14+
[

2p 2P1/2 (31.8668 eV)
]

(nℓ),

Ar14+
[

2p 2P3/2 (35.0377 eV)
]

(nℓ),

=⇒ · · · =⇒ Ar14+
[

2s2 1S0

]

+ γ,

(9)

where n = 10, 11, . . . denotes the principal quantum number of the captured electron. These

processes are schematically depicted in Figure 2.

Figure 2. Dielectronic recombination of Li-like argon ions proceeds from the ground state 1s22s, with

a free electron captured into a doubly excited state, 1s22p1/2,3/2nℓ. The principal quantum number of

the outer electron must satisfy n ≥ 10 to ensure that the energy of the doubly excited state exceeds

the first ionization threshold. The figure is schematic and not to scale.

Figure 3 presents the experimentally measured DR rate coefficients for Li-like Ar15+

ions, alongside theoretical results computed using JAC. The theoretical rate coefficients

were computed by convolving the DR resonance cross-sections with the electron-beam ve-

locity distribution, as detailed in Section 2. In Figure 3, the positions of Rydberg resonances

associated with the doubly excited intermediate states 2p1/2,3/2nℓ are indicated by vertical

bars. These resonance energies can be approximated via the Rydberg formula:

Ed = Eexc − IH

(

Z

n

)2

, (10)

where IH = 13.605693 eV is the Rydberg constant, Eexc is the energy of the core electronic

transition, Z = 15 is the ionic charge, and n denotes the principal quantum number of the

captured electron.

Figure 4a shows fits to the first four resonance peaks at relative collision energies

<1.4 eV using a flattened Maxwellian distribution [29]. From these fits, longitudinal and

transverse electron temperatures of kBT‖ = 0.25(2) meV and kBT⊥ = 30.11(4) meV were

obtained, respectively.

https://doi.org/10.3390/atoms14020013
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Figure 3. Experimental DR rate coefficients (black filled symbols) for Li-like Ar15+ are presented

across the electron–ion collision energy range of 0–37 eV. DR series associated with 2s1/2 → 2p1/2

and 2s1/2 → 2p3/2 core excitations (∆n = 0) are observed, with their resonance positions estimated

by the Rydberg formula [Equation (10)] and indicated by short colored bars. Theoretical DR rate

coefficients from the JAC codes are depicted by the blue solid and dashed lines. These theoretical

curves account for recombination into Rydberg states, with principal quantum numbers extending

up to ntheo = 300 ≫ ncut ≈ 115—representing the field-ionization-free recombination rate coefficient.
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Figure 4. (a) Fit of the first 4 experimental resonance peaks at relative energies below 1.4 eV, as

described in the reference by [36]. The experimental DR rate coefficient and peak fitting are shown by

the black filled symbols and the solid magenta line. The individual fitted peaks are shown by dash

blue lines. The fit resulted in kBT‖ = 0.25(2) meV and kBT⊥ = 30.11(4) meV. (b) Energy resolution of

the DR experiments at storage ring CSRm as a function of electron–ion collision energies between

0.6 and 37 eV.
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In heavy-ion storage-ring DR experiments, the experimental energy resolution is

primarily determined by the electron-beam temperature and the longitudinal momentum

spread of the ion beam. The energy resolution ∆E is given by [8,29]

∆E =
√

[ln(2) · kT⊥]2 + [16ln(2) · Erel · kT‖]
2. (11)

According to Equation (11), the energy resolution is governed by both the longitudinal

and transverse electron temperatures. This behavior is reflected in Figure 4b, in which the

dominance of the transverse term at low Erel leads to an almost constant energy resolution,

whereas with increasing collision energy the longitudinal contribution grows as a function

of Erel and thereby causes a pronounced broadening of the spread.

Within the present experimental energy resolution, some fine-structure components of

the 2p1/210ℓ DR resonances are partially resolvable, as shown in Figure 3 and Table 1. Com-

pared with earlier measurements [37,38], the present experiment resolves an additional

DR resonance at a relative energy of Erel = 0.902 eV, which was not reported in previous

studies. Based on the agreement between theoretical predictions and the experimental data,

this resonance is assigned to the doubly excited state (2p1/210p1/2)J=0. This resonance

is weak and narrow, and its visibility is therefore sensitive to the collision-energy resolu-

tion and the statistical quality of the experiment. The two resonances associated with the

2p1/210p3/2 configuration, having total angular momenta J = 1 and J = 2, are separated by

an energy difference smaller than the experimental resolution and thus appear as a single

feature centered at Erel = 0.988 eV. A shoulder is observed at Erel = 1.183 eV, which is inter-

preted as an unresolved superposition of four closely spaced resonances: (2p1/210d3/2)J=2,

(2p1/210d5/2)J=2, (2p1/210d5/2)J=3, and (2p1/210d3/2)J=1. For states with higher orbital

angular momentum (ℓ > 2), the calculated resonance energies lie above 1.200 eV, collec-

tively contributing to the experimentally observed DR peak at Erel = 1.252 eV. It is worth

noting that the 2p3/210ℓ DR resonances are also partially resolved. A detailed comparison

of calculated resonance energies with fitted experimental values for both 2p1/210ℓ and

2p3/210ℓ DR resonances is provided in Table 1. Within the ±30% systematic uncertainty

of the measurements, the JAC results show overall good agreement with the experiment.

However, localized deviations of about 42% and 54% are observed near 1.2 eV and 4.4 eV,

respectively, where a dense manifold of high-ℓ DR resonances strongly overlap, making

an accurate theoretical description particularly challenging. These deviations are confined

to a few isolated resonance features and do not reflect a systematic discrepancy over the

entire energy range. For Li-like Ar15+ ions, the discrepancies between the JAC calculations

and the high-resolution DR measurements therefore reach up to approximately 50% at

certain resonances, which is comparable to the experimental uncertainty of about 30%.

These localized deviations do not constitute order-of-magnitude differences and are thus

not expected to have a significant impact on the resulting plasma rate coefficients. Similar

resonance-specific discrepancies have been reported in recent benchmark studies of Na-like

Fe15+ ions [35].

For captured electrons with principal quantum numbers n = 10–15, the experiment

clearly resolves the 2s1/2 → 2p1/2 and 2s1/2 → 2p3/2 transitions. With increasing free-

electron energy, however, the high-n resonances can no longer be resolved. For 2p1/2 nℓ

and 2p3/2 nℓ resonances with (n > 15), the peaks are closely spaced and the energy

broadening increases rapidly. Near the series limits of the 2p1/2 nℓ and 2p3/2 nℓ lines

(n → ∞), numerous DR resonances overlap, forming two distinct envelope structures.

The discrepancies between experiment and theory observed near the 2p1/2,3/2 nℓ series

limits at approximately 32 and 34 eV are attributed to field-ionization effects inherent to the

storage-ring DR measurements. In the CSRm experiment, electrons captured into high-n

https://doi.org/10.3390/atoms14020013
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Rydberg states with principal quantum numbers exceeding a critical value of ncut ≈ 115 are

field-ionized by the magnetic fields present in the storage ring, as discussed in Section 2.

To derive the field-ionzation-free plasma rate coefficients that are not affected by field

ionization, theoretical DR rate coefficients calculated with JAC (ntheo = 300) were used

in the energy interval from 30 to 36 eV, where experimental data are influenced by field-

ionization losses. The plasma rate coefficients were found to be insensitive to additional

contributions from Rydberg states with n > ntheo, indicating that such contributions can be

safely neglected.

Table 1. Comparison of calculated and measured resonance energies (Ed) and strengths (Sd) for

2p1/210ℓ and 2p3/210ℓ. The quoted uncertainties are fitting errors only.

Resonance a
Ed (eV) Sd (10−19 eV cm2)

Experiment b JAC c Experiment b JAC

2p1/210s1/2 0.675 ± 0.005 0.672 17.8 ± 0.2 22.5
(2p1/210p1/2)J=1 0.910 ± 0.001 0.902 18.5 ± 0.3 23.2
2p1/210p3/2 0.988 ± 0.003 0.976 49.8 ± 0.3 22.6
(2p1/210p1/2)J=0 1.098 ± 0.006 1.040 24.5 ± 0.4 11.5
blend: 2p1/210d3/2, 10d5/2 1.183 ± 0.003 1.168 125.9 ± 0.5 176.3
blend: 2p1/210ℓ (ℓ > d) 1.252 ± 0.002 1.246 408.6 ± 0.5 696.1

2p3/210s 3.874 ± 0.008 3.841 1.0 ± 0.1 0.8
2p3/210p 4.146 ± 0.003 4.144 3.0 ± 0.1 5.3
blend: 2p3/210ℓ (ℓ > p) 4.477 ± 0.006 4.400 33.2 ± 0.3 48.9

a Dominant configurations with the largest mixing coefficients in intermediate coupling. b 1σ statistical uncer-

tainties from the fit only; systematic uncertainties from the absolute measurement (about 30%) are not included.
c Weighted energy defined as E = ∑ EdSd/ ∑ Sd.

3.2. Plasma Rate Coefficients

For applications in plasma modeling, recombination data obtained from merged-

beam experiments must be converted into rate coefficients appropriate for a thermal

electron population. In such models, electrons are assumed to follow an isotropic Maxwell–

Boltzmann distribution characterized by the plasma temperature Te. The experimentally

measured, energy-resolved recombination rate coefficients therefore require averaging

over the electron kinetic energy distribution (isotropic Maxwell–Boltzmann distribution)

in order to yield a plasma rate coefficient. For electron–ion energies E ≪ kBTe, σ(E)

can be approximated as α(E)/v, with α(E) denoting the measured merged-beam rate

coefficient [39].

Figure 5a and 5b compare the experimentally derived plasma rate coefficients with

the present theoretical results obtained using the JAC code and with previously published

theoretical data from the literature, respectively. As shown in Figure 5a, the plasma rate

coefficients calculated with JAC are in good agreement with the experimental results

within the experimental uncertainties over a wide temperature range, covering both the

photoionized plasma regime (4.9 × 104–5.6 × 105 K) and the collisionally ionized plasma

regime (6.2 × 106–6.9 × 106 K). Furthermore, the plasma rate coefficients are found to

be insensitive to additional contributions from Rydberg states with principal quantum

numbers n > ncut.

Figure 5b compares the experimentally derived plasma rate coefficients with the

present theoretical results obtained using JAC, as well as with previously published data

by Colgan et al. [40]. The data of Colgan et al. [40] include calculations considering only

∆n = 0 transitions, as well as those including both ∆n = 0 and ∆n = 1 transitions. Their

plasma rate coefficients associated solely with ∆n = 0 transitions are in good agreement

with both the current JAC results and the experimental data within the experimental

https://doi.org/10.3390/atoms14020013
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Table 2. The fitted parameters for the DR plasma rate coefficients of Li-like Ar15+ forming Ar14+ are

presented. The units of coefficients ci and Ei are cm3 s−1K3/2 and K, respectively. Values enclosed in

square brackets denote powers of 10. The experimental results correspond to the field-ionized free

DR plasma rate coefficients as elaborated in the text. The JAC results are obtained with a maximum

principal quantum number nmax = 300. The fourth column is derived from the recommended results

reported by Colgan et al. [40].

No. Experiment (∆n = 0) JAC (∆n = 0) Colgan (∆n = 0, 1)

c1 9.667 [−2] 4.441 [−3] 2.929 [−2]
c2 7.835 [−3] 1.635 [−2] 1.507 [−1]
c3 7.040 [−4] 2.180 [−3] 1.049 [−1]
c4 3.035 [−5] 7.235 [−5] 1.086 [−1]
c5 5.410 [−5] 7.709 [−4] 7.082 [−2]
c6 7.186 [−6] – –

E1 3.753 [5] 1.439 [5] 2.446 [5]
E2 1.902 [4] 3.471 [5] 4.506 [6]
E3 2.120 [3] 5.367 [4] 2.958 [7]
E4 1.257 [8] 9.258 [4] 2.958 [7]
E5 3.187 [8] 1.405 [4] 2.958 [7]
E6 3.523 [6] – –

4. Summary

We have conducted a benchmark study of DR for Li-like Ar15+ ions for the fine-

structure core excitations 2s1/2 → 2p1/2,3/2 using the JAC code. The level-resolved

resonance strengths for the 2p1/2nℓ and 2p3/2nℓ Rydberg series in the energy range of

0–37 eV show good agreement with high-resolution measurements at the CSRm. This

agreement is particularly pronounced at low electron–ion collision energies of 0–5 eV,

where fine-structure-resolved DR resonances of the 2p1/2nℓj series have been partially

resolved experimentally.

For plasma modeling, we have derived DR plasma rate coefficients for the ∆n = 0 core

excitation of Ar15+ ions in the 1s22s 2S1/2 ground state. These coefficients cover a temper-

ature range from 103 to 107 K, which is relevant to both photoionized and collisionally

ionized plasmas. The resulting plasma rate coefficients are in good agreement with ex-

perimentally derived values, confirming the reliability of the present theoretical approach

using the JAC code for plasma modeling applications. In future work, we plan to integrate

electron–ion resonant processes with other key atomic processes (e.g., electron-impact exci-

tation and ionization [41,42]) into a unified framework to more comprehensively simulate

the radiative properties of plasmas.

Author Contributions: Conceptualization, H.H.; writing—original draft, H.H. and Y.Y.; writing—

review and editing, Z.H., Y.Y., H.W., Z.M., C.L., W.W., L.Z., X.M. and S.F.; supervision, Z.H. and S.F.

All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Strategic Priority Research Program of the Chinese

Academy of Sciences (Grant No. XDB34020000) and the National Natural Science Foundation of

China (No. 12393824), as well as the National Key Research and Development Project of China

(No. 2022YFA1602500).

Data Availability Statement: This manuscript has associated data in a data repository. The

data that support the findings of this study are available from the corresponding author upon

reasonable request.

Acknowledgments: Houke Huang acknowledges the support of the GET-INvolved Programme of

GSI GmbH, Darmstadt, Germany, during his stay in Jena.

https://doi.org/10.3390/atoms14020013



Atoms 2026, 14, 13 12 of 13

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Müller, A. Electron–Ion Collisions: Fundamental Processes in the Focus of Applied Research. Adv. At. Mol. Opt. Phys. 2008,

55, 293–417. [CrossRef]

2. Bryans, P.; Kreckel, H.; Roueff, E.; Wakelam, V.; Savin, D. Molecular Cloud Chemistry and the Importance of Dielectronic

Recombination. Astrophys. J. 2009, 694, 286–293. [CrossRef]

3. Kallman, T.; Bautista, M. Photoionization and High-Density Gas. Astrophys. J. Suppl. Ser. 2001, 133, 221. [CrossRef]

4. Aharonian, F.; Akamatsu, H.; Akimoto, F.; Allen, S.; Angelini, L.; Audard, M.; Awaki, H.; Axelsson, M.; Bamba, A.; Bautz, M.;

et al. Hitomi Observation of Radio Galaxy NGC 1275: The First X-ray Microcalorimeter Spectroscopy of Fe-kα Line Emission

from an Active Galactic Nucleus. Publ. Astron. Soc. Jpn. 2018, 70, 13. [CrossRef]

5. Del, G.; Dere, K.P.; Young, P.R.; Landi, E. CHIANTI—an Atomic Database for Emission Lines. XVI. Version 10, Further Extensions.

Astrophys. J. 2021, 909, 38. [CrossRef]

6. Kallman, T.; Palmeri, P. Atomic Data for X-Ray Astrophysics. Rev. Mod. Phys. 2007, 79, 79–133. [CrossRef]

7. Burgess, A. Delectronic Recombination and the Temperature of the Solar Corona. Astrophys. J. 1964, 139, 776. [CrossRef]

8. Kilgus, G.; Habs, D.; Schwalm, D.; Wolf, A.; Badnell, N.; Muller, A. High-Resolution Measurement of Dielectronic Recombination

of Lithium-like Cu26+. Phys. Rev. A 1992, 46, 5730–5740. [CrossRef]

9. Savin, D.W. Can Heavy Ion Storage Rings Contribute to Our Understanding of the Charge State Distributions in Cosmic Atomic

Plasmas? J. Phys. Conf. Ser. 2007, 88, 12071. [CrossRef]

10. Badnell, N.; O’Mullane, M.; Summers, H.; Altun, Z.; Bautista, M.; Colgan, J.; Gorczyca, T.; Mitnik, D.; Pindzola, M.; Zatsarinny,

O. Dielectronic Recombination Data for Dynamic Finite-Density Plasmas—I. Goals and Methodology. Astron. Astrophys. 2003,

406, 1151–1165. [CrossRef]

11. Schippers, S.; Lestinsky, M.; Müller, A.; Savin, D.W.; Schmidt, E.W.; Wolf, A. Dielectronic Recombination Data for Astrophysical

Applications: Plasma Rate-Coefficients for Feq+ (q = 7-10, 13-22) and Ni25+ Ions from Storage-Ring Experiments. arXiv 2024.

[CrossRef]

12. Brandau, C.; Kozhuharov, C.; Lestinsky, M.; Müller, A.; Schippers, S.; Stöhlker, T. Storage-Ring Experiments on Dielectronic

Recombination at the Interface of Atomic and Nuclear Physics. Phys. Scr. 2015, 2015, 14022. [CrossRef]

13. Schippers, S. Electron-Ion Merged-Beam Experiments at Heavy-Ion Storage Rings. Nucl. Instrum. Methods Phys. Res. Sect. B 2015,

350, 61–65. [CrossRef]

14. Schuch, R.; Böhm, S. Atomic Physics with Ions Stored in the Round. J. Phys. Conf. Ser. 2007, 88, 12002. [CrossRef]

15. Huang, Z.; Wang, S.; Wen, W.; Wang, H.; Ma, W.; Chen, C.; Zhang, C.; Chen, D.; Huang, H.; Shao, L.; et al. Absolute Dielectronic

Recombination Rate Coefficients of Highly Charged Ions at the Storage Ring CSRm and CSRe. Chin. Phys. B 2023, 32, 73401.

[CrossRef]

16. Bernhardt, D.; Brandau, C.; Harman, Z.; Kozhuharov, C.; Böhm, S.; Bosch, F.; Fritzsche, S.; Jacobi, J.; Kieslich, S.; Knopp, H.; et al.

Spectroscopy of Berylliumlike Xenon Ions Using Dielectronic Recombination. J. Phys. B At. Mol. Opt. Phys. 2015, 48, 144008.

[CrossRef]

17. Fritzsche, S. A Fresh Computational Approach to Atomic Structures, Processes and Cascades. Comput. Phys. Commun. 2019,

240, 1–14. [CrossRef]

18. Fritzsche, S. Dielectronic Recombination Strengths and Plasma Rate Coefficients of Multiply Charged Ions. Astron. Astrophys.

2021, 656, A163. [CrossRef]

19. Fritzsche, S.; Huang, H.K.; Huang, Z.K.; Schippers, S.; Wen, W.Q.; Wu, Z.W. Dielectronic Recombination into High-n Rydberg

Shells. Eur. Phys. J. D 2025, 79, 22. [CrossRef]

20. Dittner, P.F.; Datz, S.; Miller, P.D.; Pepmiller, P.L.; Fou, C.M. Dielectronic Recombination Measurements for the Li-like Ions: B2+,

C3+, N4+, and O5+. Phys. Rev. A 1987, 35, 3668–3673. [CrossRef]

21. Griffin, D.C.; Pindzola, M.S.; Bottcher, C. Distorted-Wave Calculations of Dielectronic Recombination Cross Sections in the Li

Isoelectronic Sequence. Phys. Rev. A 1985, 31, 568–575. [CrossRef]

22. Mannervik, S.; DeWitt, D.; Engström, L.; Lidberg, J.; Lindroth, E.; Schuch, R.; Zong, W. Strong Relativistic Effects and Natural

Linewidths Observed in Dielectronic Recombination of Lithiumlike Carbon. Phys. Rev. Lett. 1998, 81, 313–316. [CrossRef]

23. Schippers, S.; Müller, A.; Gwinner, G.; Linkemann, J.; Saghiri, A.; Wolf, A. Storage Ring Measurement of the CIV Recombination

Rate Coefficient. Astrophys. J. 2001, 555, 1027–1037. [CrossRef]

24. Zong, W.; Schuch, R.; Lindroth, E.; Gao, H.; DeWitt, D.R.; Asp, S.; Danared, H. Accurate Determination of Dielectronic

Recombination Resonances with Lithiumlike Argon. Phys. Rev. A 1997, 56, 386–394. [CrossRef]

25. Schippers, S.; Bartsch, T.; Brandau, C.; Müller, A.; Gwinner, G.; Wissler, G.; Beutelspacher, M.; Grieser, M.; Wolf, A.; Phaneuf,

R.A. Dielectronic Recombination of Lithiumlike Ni+25 Ions: High-Resolution Rate Coefficients and Influence of External Crossed

Electric and Magnetic Fields. Phys. Rev. A 2000, 62, 22708. [CrossRef]

https://doi.org/10.3390/atoms14020013



Atoms 2026, 14, 13 13 of 13

26. Lestinsky, M.; Lindroth, E.; Orlov, D.A.; Schmidt, E.W.; Schippers, S.; Böhm, S.; Brandau, C.; Sprenger, F.; Terekhov, A.S.; Müller,

A.; et al. Screened Radiative Corrections from Hyperfine-Split Dielectronic Resonances in Lithiumlike Scandium. Phys. Rev. Lett.

2008, 100, 33001. [CrossRef] [PubMed]

27. Brandau, C.; Kozhuharov, C.; Harman, Z.; Müller, A.; Schippers, S.; Kozhedub, Y.S.; Bernhardt, D.; Böhm, S.; Jacobi, J.; Schmidt,

E.W.; et al. Isotope Shift in the Dielectronic Recombination of Three-Electron ANd57+. Phys. Rev. Lett. 2008, 100, 73201. [CrossRef]

[PubMed]

28. Pindzola, M.S.; Badnell, N.R.; Griffin, D.C. Validity of the Independent-Processes and Isolated-Resonance Approximations for

Electron-Ion Recombination. Phys. Rev. A 1992, 46, 5725–5729. [CrossRef]

29. Danared, H.; Andler, G.; Bagge, L.; Herrlander, C.J.; Hilke, J.; Jeansson, J.; Källberg, A.; Nilsson, A.; Paál, A.; Rensfelt, K.G.; et al.

Electron Cooling with an Ultracold Electron Beam. Phys. Rev. Lett. 1994, 72, 3775–3778. [CrossRef]

30. Dou, L.; Xie, L.; Zhang, D.; Dong, C.; Wen, W.; Huang, Z.; Ma, X. Theoretical Study of the Dielectronic Recombination Process of

Li-like Xe51+ Ions. Eur. Phys. J. D 2017, 71, 128. [CrossRef]

31. Kramida, A.; Ralchenko, Y.; Reader, J.; NIST ASD Team. NIST Atomic Spectra Database (ver. 5.11); National Institute of Standards

and Technology, Gaithersburg, MD, USA, 2023. Available online: https://physics.nist.gov/asd (accessed on 2 October 2024).

32. Lestinsky, M.; Badnell, N.; Bernhardt, D.; Grieser, M.; Hoffmann, J.; Lukic, D.; Müller, A.; Orlov, D.; Repnow, R.; Savin, D.;

et al. Electron-Ion Recombination of Fe X Forming Fe IX and of Fe XI Forming Fe X: Laboratory Measurements and Theoretical

Calculations. Astrophys. J. 2009, 698, 648–659. [CrossRef]

33. Hahn, M.; Badnell, N.R.; Grieser, M.; Krantz, C.; Lestinsky, M.; Müller, A.; Novotný, O.; Repnow, R.; Schippers, S.; Wolf, A.; et al.

Electron-Ion Recombination of Fe12+ Forming Fe11+: Laboratory Measurements and Theoretical Calculations. Astrophys. J. 2014,

788, 46. [CrossRef]

34. Wang, S.X.; Brandau, C.; Fritzsche, S.; Fuchs, S.; Harman, Z.; Kozhuharov, C.; Müller, A.; Steck, M.; Schippers, S. Breit Interaction

in Dielectronic Recombination of Hydrogenlike Xenon Ions: Storage-Ring Experiment and Theory. Eur. Phys. J. D 2024, 78, 122.

[CrossRef]

35. Huang, H.K.; Wen, W.Q.; Huang, Z.K.; Yuan, Y.; Zhang, C.Y.; Si, R.; Wu, S.J.; Chen, C.Y.; Fritzsche, S.; Schippers, S.; et al. Absolute

Rate Coefficients for Dielectronic Recombination of Sodium-like Iron Ions: Experiment and Theory. Astrophys. J. Suppl. Ser. 2025,

278, 44. [CrossRef]

36. Huang, Z.K.; Wen, W.Q.; Xu, X.; Mahmood, S.; Wang, S.X.; Wang, H.B.; Dou, L.J.; Khan, N.; Badnell, N.R.; Preval, S.P.; et al.

Dielectronic and Trielectronic Recombination Rate Coefficients of Be-like Ar14+. Astrophys. J. Suppl. Ser. 2018, 235, 2. [CrossRef]

37. Huang, Z.; Wen, W.; Wang, H.; Xu, X.; Zhu, L.; Chuai, X.; Yuan, Y.; Zhu, X.; Han, X.; Mao, L.; et al. Study of Dielectronic

Recombination at the CSRm Using Lithium-like Ar15+ Ions. Phys. Scr. 2015, 2015, 014023. [CrossRef]

38. Huang, Z.K.; Wen, W.Q.; Xu, X.; Wang, H.B.; Dou, L.J.; Chuai, X.Y.; Zhu, X.L.; Zhao, D.M.; Li, J.; Ma, X.M.; et al. Dielectronic

Recombination Experiments at the Storage Rings: From the Present CSR to the Future HIAF. Nucl. Instrum. Methods Phys. Res. B

Beam Interact. Mater. At. 2017, 408, 135–139. [CrossRef]

39. Müller, A. Plasma Rate Coefficients for Highly Charged Ion–Electron Collisions: New Experimental Access via Ion Storage Rings.

Int. J. Mass Spectrom. 1999, 192, 9–22. [CrossRef]

40. Colgan, J.; Pindzola, M.S.; Whiteford, A.D.; Badnell, N.R. Dielectronic Recombination Data for Dynamic Finite-Density Plasmas -

III. The Beryllium Isoelectronic Sequence. Astron. Astrophys. 2003, 412, 597–601. [CrossRef]

41. Fritzsche, S.; Jiao, L.G.; Wang, Y.C.; Sienkiewicz, J.E.; Fritzsche, S.; Jiao, L.G.; Wang, Y.C.; Sienkiewicz, J.E. Collision Strengths of

Astrophysical Interest for Multiply Charged Ions. Atoms 2023, 11, 80. [CrossRef]

42. Fritzsche, S.; Sahoo, A.K.; Sharma, L.; Wu, Z.W.; Schippers, S. Merits of Atomic Cascade Computations. Eur. Phys. J. D 2024,

78, 75. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/atoms14020013


