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Abstract. Plasma shielding effects on the energy levels and radiative properties of He-like Ca18+

ion under dense plasma conditions have been studied. For this purpose, the multiconfiguration
Dirac-Fock method has been implemented by incorporating the ion sphere model potential as a
modified interaction potential between the electron and the nucleus. To check the authenticity of our
results, independent calculations have been performed using the modified relativistic configuration
interaction method. It is observed that the transition energies associated with ∆n = 0 transitions
are blue shifted, whereas red shifted for ∆n ̸= 0 transitions. The variation in transition probabilities
and weighted oscillator strengths with plasma densities has also been analyzed. The present results
should be beneficial in the plasma modeling and fusion plasma research applications.
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1. Introduction
During the last few decades, the investigation of structural properties of atomic systems in
strongly coupled plasma environment has been an important area of research due to the
potential applications in astrophysical systems, laser produced plasmas, X-ray lasers, inertial
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confinement fusion, and plasma spectroscopy [1–4]. In such an environment, the interaction
between the atomic nucleus and bound electrons is screened by the neighbouring ions and free
electrons. This modified interaction gives rise to continuum lowering and affects the atomic
structure and transition properties of the ions, when compared with free systems.

The plasma environment can be classified into weakly and strongly coupled plasma
according to the value of the plasma coupling strength (Γ), which is defined as the ratio
of average electrostatic energy to thermal energy. The case Γ < 1 denotes a weakly coupled
plasma, whereas Γ≥ 1 signifies a strongly coupled plasma [5,6]. In the strongly coupled plasma,
the screening of the nuclear Coulomb interaction by the free electrons is described by the
ion sphere model. The ion sphere model assumes that each ion is enclosed in a spherically
symmetric cell containing the exact number of electrons to sustain charge neutrality of the
system.

Extensive theoretical investigations have been carried out in the past to model the
influence of plasma environment on the spectroscopic properties of two-electron system using
ion-sphere model. Sil et al. [7, 8] have analyzed the effect of strongly coupled plasma on
the electronic structure and transition properties of He-like ions within the non-relativistic
and relativistic framework. The exchange energy shifts between the 1s2 → 1s2p (3P1,1 P1)
lines of Al11+ ion immersed in dense plasma environment have been investigated by Li et
al. [9] using the self-consistent field method. Further, Rodriguez et al. [10] have studied
the effect of plasma screening in the atomic magnitudes of non-hydrogenic ions using
the relativistic detailed configuration accounting approach. Bhattacharya et al. [11] have
carried out non-relativistic structure calculations of two-electron ions in a strongly coupled
plasma environment within the framework of Rayleigh-Ritz variation principle in Hylleraas
coordinates. Plasma environment effects on the atomic structure of various ions have been
estimated by Belkhiri et al. [12] using the Flexible Atomic Code (FAC) and Cowan ATomic
Structure (CATS) code. Furthermore, Li et al. [13, 14] have investigated the atomic structure
and transition properties of He-like Al11+ and Ar16+ ions in dense plasma using the modified
general-purpose relativistic atomic structure package (GRASP2K). Recently, Chen et al. [?, 15–
19] have studied the energies and radiative properties of highly charged ions within dense
plasma using both non-relativistic and relativistic methods.

As far as we know, there are no experimental and theoretical results available for He-
like Ca18+ ion immersed in a strongly coupled plasma, therefore in the present work, we
have presented the energy levels and radiative properties of this ion in the isolated condition
as well as within the plasma environment using the ion sphere model. The reason for
choosing Ca18+ ion is due to the fact that the spectroscopic properties of He-like ions have
considerable importance in astrophysical and laboratory plasmas [20]. For this purpose,
we have implemented the extensively used multiconfiguration Dirac-Fock (MCDF) method
incorporating the ion sphere model potential as a modified interaction potential between the
nucleus and the electron. Finally, to assess the accuracy and reliability of our results, parallel
calculations have been performed using the modified relativistic configuration interaction
method implemented within the modified Flexible Atomic Code (FAC).

This paper is structured as follows: In Section 2, we have briefly outlined the theoretical
procedures adopted in our fully relativistic calculations. Section 3 deals with the discussion of
our results. The implications of the present work are summarized in Section 4.
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2. Theoretical Methods
In this section, we have presented a brief resume of the theoretical approaches adopted to
account for the plasma screening effects on the considered system. The ion sphere model
assumes that the ion is represented by a point-like nucleus having nuclear charge Z, embedded
at the centre of a spherical cavity comprising of sufficient electrons to ensure overall neutrality
of the ion sphere.

The fully relativistic MCDF method, revised by Norrington [21] and formerly developed
by Grant et al. [22] has been employed in our calculations. This method has also been
successfully employed in our previous works [23–25]. In order to consider the influence of
plasma environment on the spectral properties, the Dirac-Coulomb Hamiltonian containing
all the dominant interactions can be written as

ĤDC =
N∑

i=1
Ĥi +

N−1∑
i=1

N∑
j=i+1

1
|r̂ i − r̂ j|

, (1)

where Ĥi is the one-electron Hamiltonian, and is expressed as

Ĥi = cα · p+ (β−1)c2 +VIS(r,R0) . (2)

Here, the first two terms depict the relativistic kinetic energy of a bound electron and the last
term VIS(r,R0) represents the modified potential experienced by the bound electron inside the
ion sphere, which is given by

VIS (r,R0)=−Z
r
+ Z−Nb

2R0

[
3−

(
r

R0

)2]
, (3)

where R0 = [3(Z −Nb)/4πne]1/3 is the ion sphere radius, Nb is the number of bound electrons
which means that (Z−Nb) are the additional and uniformly distributed free plasma electrons
inside the ion sphere and ne is the plasma electron density.

An atomic state function (ASF) is expanded in terms of the linear combination of n
electronic configuration state functions (CSFs)

|ψα(PJM)〉 =
n∑

i=1
Ci(α)|γi(PJM)〉. (4)

In the above equation, the CSFs γi(PJM) are characterized by total angular momentum
J , magnetic quantum number M and parity P , respectively. The expansion mixing coefficients
Ci(α) for each CSF satisfy the relation

(Ci (α))† C j (α)= δi j , (5)

allowing ASFs to satisfy the condition of orthonormality, α stands for the orbital occupation
numbers, coupling, etc. The CSFs are the sum of products of four-component spin-orbitals
having the form

ϕnkm = 1
r

(
Pnk(r) χkm(θ,ϕ,σ)

−iQnk(r) χ−km(θ,ϕ,σ)

)
, (6)

where n denotes the principal quantum number, k is the Dirac angular quantum number,
Pnk(r) and Qnk(r) are large and small components of one-electron radial functions and
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χkm(θ,ϕ) is the the spinor spherical harmonic function. Regarding the electrically neutral
conditions assumed by the ion sphere model, the radial components of the wavefunction satisfy
the normalization condition given by∫ ∞

0
[Pnk

2(r)+Q2
nk(r)]dr = 1 . (7)

For higher values of free electron density, the bound electron wavefunctions may not be equal
to 0 outside the ion sphere.

To elucidate the accuracy of our MCDF results, analogous calculations have been carried
out using the Flexible Atomic Code (FAC). FAC employs a fully relativistic approach in which
the basis wavefunctions are derived from the local central potential [26]. For the N-electron
atom or ion immersed in dense plasma, the relativistic Hamiltonian can be written as

Ĥ =
N∑

i=1
ĤD (i)+

N∑
i< j

1
r i j

, (8)

where the single-electron Dirac-Hamiltonian ĤD(i) is defined as

ĤD(i)= cα · p+ (β−1)c2 +VIS(r,R0). (9)

The approximate ASFs are given by mixing the basis states, ϕv, with same symmetries

Ψ=∑
v

bvϕv , (10)

where diagonalization of the total Hamiltonian yields the mixing coefficients bv.

3. Results and Discussion
In the present work, the fully relativistic MCDF method has been modified by incorporating the
ion sphere model potential to study the effect of dense plasma background. For the calculation
of the wavefunctions and energy levels, we have considered the configurations, namely, 1s2,
1s2s, 1s2p, 1s3s, 1s3p, 1s3d, 1s4s, 1s4p, 1s4d, 2s2, 2s2p, 2p2, 2s3s, 2s3p, 2s3d, 2s4s,
2s4p and 2s4d which give rise to a total of 57 fine structure energy levels. The configuration
interaction (CI) has been taken into account among the aforementioned 18 configurations
and the option of extended average level (EAL) has been used to optimize the trace of the
Hamiltonian. The contributions from the Breit interaction (BI) and quantum electrodynamics
(QED) corrections are fully taken into consideration.

Table 1 presents the binding energies at different electron densities ranging from 1.0×1022

to 1.0×1024 cm−3 for Ca18+ ion using MCDF and FAC methods. It can be seen that results
from both the theoretical methods are in good agreement with each other within 0.02%.
The variation of electron binding energy with respect to free electron density is plotted in
Figure 1. It is evident from the figure that the binding energy is decreasing monotonically
with increase in electron density. This trend is an outcome of the increase in the number of
free electrons inside the ion sphere with increasing electron densities, thus strengthening the
effect of screening on the nucleus by the free electrons.
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Figure 1. Variation of binding energy for Ca18+ ion with the free electron density

Table 1. Variation of binding energy (in Ryd) at different electron densities (ne in cm−3) for Ca18+ ion

ne Binding energy Relative difference (%)

MCDF FAC MCDF vs FAC

0 778.7846 778.8947 0.0141

1.0×1022 771.2137 771.3239 0.0143

5.0×1022 765.8388 765.9490 0.0144

1.0×1023 762.4743 762.5845 0.0145

5.0×1023 750.8972 751.0078 0.0147

1.0×1024 743.6519 743.7623 0.0148

The energy levels (with respect to the ground state) belonging to the configurations 1snl
(n = 2,3) of He-like Ca18+ ion at different electron densities are given in Table 2 using the
MCDF and FAC methods. As one can observe, our MCDF results agree well with the FAC ones
which affirms the accuracy and reliability of our results. For comparison purposes, the results
for the unscreened case are also tabulated along with the National Institute of Standards
and Technology (NIST) [27] recommended values. One can see that there is good agreement
between the present theoretical results and the observed values from the NIST database. It can
be noticed that when dense plasma effects are taken into account, the excitation energies
decrease rapidly with increase in free electron density. Further, our presented results indicate
that the effect of plasma screening on the excitation energies is very small at a lower electron
density, whereas it is more pronounced at a higher electron density. For example, the effect
of dense plasma on the excitation energies calculated using MCDF method is about 0.01 and
0.47 eV, while about 0.62 and 4.52 eV for 1snp 3Po

1 (n = 2,3) levels at the electron densities
ne = 1.0×1022 and 1.0×1024 cm−3, respectively.
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Table 2. Transition energies (in Ryd) at different electron densities (ne in cm−3) for the He-like Ca18+

ion in plasmas

Level NIST [27] Free ion 1.0×1022 5.0×1022 1.0×1023 5.0×1023 1.0×1024

1s2s 3S1 283.7882 283.6124a 283.6118a 283.6092a 283.6061a 283.5809a 283.5494a

283.6979b 283.6973b 283.6948b 283.6917b 283.6667b 283.6393b

1s2p 3Po
0 285.3436 285.1593a 285.1589a 285.1571a 285.1548a 285.1367a 285.1140a

285.2376b 285.2371b 285.2353b 285.2331b 285.2154b 285.1955b

1s2p 3Po
1 285.4185 285.2289a 285.2284a 285.2266a 285.2243a 285.2062a 285.1834a

285.3084b 285.3079b 285.3062b 285.3039b 285.2861b 285.2664b

1s2s 1S0 285.4858 285.4339a 285.4333a 285.4308a 285.4276a 285.4024a 285.3709a

285.3754b 285.3747b 285.3722b 285.3689b 285.3430b 285.3133b

1s2p 3Po
2 285.7404 285.5524a 285.5519a 285.5501a 285.5478a 285.5294a 285.5064a

285.6338b 285.6333b 285.6315b 285.6293b 285.6113b 285.5913b

1s2p 1Po
1 286.8105 286.6848a 286.6843a 286.6825a 286.6801a 286.6616a 286.6384a

286.7295b 286.7290b 286.7272b 286.7249b 286.7064b 286.6869b

1s3s 3S1 335.9927 335.7865a 335.7831a 335.7696a 335.7527a 335.6174a 335.4469a

335.8717b 335.8683b 335.8549b 335.8380b 335.7031b 335.5337b

1s3p 3Po
0 336.4222 336.2198a 336.2168a 336.2048a 336.1899a 336.0702a 335.9254a

336.3044b 336.3014b 336.2895b 336.2746b 336.1552b 336.0049b

1s3s 1S0 336.4392 336.2405a 336.2685a 336.2547a 336.2107a 336.0993a 335.9194a

336.3326b 336.3292b 336.3155b 336.2983b 336.1603b 335.9873b

1s3p 3Po
1 336.4422 336.2719a 336.2376a 336.2256a 336.2375a 336.0908a 335.9398a

336.3257b 336.3227b 336.3108b 336.2959b 336.1764b 336.0260b

1s3p 3Po
2 336.5387 336.3367a 336.3337a 336.3217a 336.3067a 336.1862a 336.0344a

336.4225b 336.4195b 336.4076b 336.3926b 336.2725b 336.1213b

1s3d 3D1 336.5709a 336.5688a 336.5603a 336.5497a 336.4649a 336.3581a

336.6625b 336.6604b 336.6519b 336.6414b 336.5570b 336.4501b

1s3d 3D2 336.5701a 336.5680a 336.5595a 336.5489a 336.4641a 336.3573a

336.6617b 336.6596b 336.6511b 336.6406b 336.5562b 336.4493b

1s3d 3D3 336.6085a 336.6064a 336.5979a 336.5873a 336.5022a 336.3951a

336.7002b 336.6981b 336.6897b 336.6791b 336.5944b 336.4873b

1s3d 1D2 336.6222a 336.6201a 336.6116a 336.6010a 336.5158a 336.4086a

336.7135b 336.7114b 336.7030b 336.6924b 336.6076b 336.5004b

1s3p 1Po
1 336.8306 336.6507a 336.6477a 336.6355a 336.6203a 336.4980a 336.3441a

336.7213b 336.7183b 336.7061b 336.6909b 336.5689b 336.4152b

aPresent MCDF. bPresent FAC.

Figures 2 and 3 display the variation of transition energies of the 1s2s 3S1 → 1s2p 3Po
0

and 1s3s 3S1 → 1s3d 3D2 transitions of He-like Ca18+ ion for different electron densities using
MCDF method. As can be seen, the transition energies associated with the ∆n = 0 transitions
are blue shifted i.e. increasing rapidly with increasing free electron densities. Moreover, the
variation of the transition energies of the 1s2 1S0 → 1snp 1Po

1 (n = 2,3) transitions as a function
of electron density is shown in Figures 4 and 5. It can be inferred that the transition energies
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associated with the ∆n ̸= 0 transitions are red shifted i.e. decreasing rapidly with increase in
free electron density.
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Figure 2. Variation of transition energy of the
1s2s 3S1 → 1s2p 3Po

0 transition with the free
electron density
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Figure 3. Variation of transition energy of the
1s3s 3S1 → 1s3d 3D2 transition with the free
electron density
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The transition probabilities (A) and weighted oscillator strengths (gf) of the
intercombination 1s2 1S0 → 1snp 3Po

1 (n = 2,3) and resonance 1s2 1S0 → 1snp 1Po
1 (n = 2,3)

transitions of He-like Ca18+ ion are provided in Tables 3 and 4 using MCDF method. Emphasis
has been placed on the above mentioned transitions as they are especially useful for plasma
diagnostics. In Figure 6, we show the variation of transition probabilities of these transitions
with respect to free electron densities. Inspection of this Figure shows that the transition
probabilities for all these transitions decrease with increasing plasma densities. Moreover, a
similar trend has been observed for the weighted oscillator strengths.
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Table 3. Transition probabilities (A in s−1) and weighted oscillator strengths (gf) at different electron
densities (ne in cm−3) for the intercombination 1s2 1S0 → 1snp 3Po

1 (n = 2,3) transitions of Ca18+ ion

ne 1s2 1S0 → 1s2p 3Po
1 1s2 1S0 → 1s3p 3Po

1
A (×1012) gf (×10−2) A (×1012) gf (×10−3)

0 4.5814 2.1032 1.4421 4.7640
1.0×1022 4.5813 2.1032 1.4419 4.7633
5.0×1022 4.5810 2.1031 1.4410 4.7607
1.0×1023 4.5806 2.1029 1.4399 4.7575
5.0×1023 4.5775 2.1017 1.4309 4.7311
1.0×1024 4.5735 2.1002 1.4196 4.6979

Table 4. Transition probabilities (A in s−1) and weighted oscillator strengths (gf) at different electron
densities (ne in cm−3) for the resonance 1s2 1S0 → 1snp 1Po

1 (n = 2,3) transitions of Ca18+ ion

ne 1s2 1S0 → 1s2p 1Po
1 1s2 1S0 → 1s3p 1Po

1
A (×1014) gf (×10−1) A (×1013) gf (×10−1)

0 1.7132 7.7852 4.9876 1.6436
1.0×1022 1.7132 7.7852 4.9870 1.6435
5.0×1022 1.7132 7.7852 4.9847 1.6428
1.0×1023 1.7131 7.7852 4.9817 1.6420
5.0×1023 1.7129 7.7852 4.9581 1.6354
1.0×1024 1.7127 7.7857 4.9293 1.6274
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Figure 6. Variation of the transition probabilities (A) for the intercombination 1s2 1S0 → 1snp 3Po
1

(n = 2,3) and the resonance 1s2 1S0 → 1snp 1Po
1 (n = 2,3) transitions with the free electron density
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To assess the accuracy of radiative parameters, the gf Babushkin/Coulomb gauge ratios
of the above transitions are plotted in Figure 7. As shown, the ratios are very close to unity
which implies that our MCDF results are in better agreement in the two different gauges. Our
presented results can satisfy the demand for precision in consideration of influence of plasma
screening on the atomic structure and radiative properties of the concerned ion.
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Figure 7. The Babushkin/Coulomb ratios of oscillator strengths for He-like Ca18+ ion in dense plasma

4. Conclusion
In the present study, the MCDF method has been implemented by incorporating the ion sphere
model potential to study the effect of dense plasma environment on the energy levels and
radiative properties of He-like Ca18+ ion. For comparison purposes, independent calculations
have been performed using modified FAC. We found a good agreement between our MCDF
and FAC results which affirms the accuracy and reliability of our results. Also, our unscreened
results for this ion match well with the observed values of NIST. Our present calculations show
that the influence of plasma screening reduces the excitation energies over the whole electron
density range considered. Moreover, the transition energies associated with ∆n = 0 transitions
are blue shifted whereas red shifted for ∆n ̸= 0 transitions. It is observed that the presence of
dense plasma environment has a significant effect on the transition probabilities and weighted
oscillator strengths of He-like Ca18+ ion embedded in plasma. To the best of our knowledge, the
present study is the first effort to analyze the influence of plasma screening on the considered
ion. We believe that the present results should be advantageous in the plasma modeling and
fusion plasma research applications.
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