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Abstract. The aim of this work is to provide energy level calculations among the lowest 71 levels arising out of
1s 2 and 1snl (n ≤ 6, l ≤ (n − 1)) configurations of He-like lithium. The calculations are carried out through the
relativistic configuration interaction approach and the second-order many-body perturbation theory implemented
in the flexible atomic code. We provide accurate calculations of energy levels, lifetimes, wavelengths, weighted
oscillator strengths and radiative rates for the allowed (E1) transitions of He-like lithium. We have also considered
relativistic effects by incorporating quantum electrodynamics and Breit corrections. The radiative lifetimes are
reported for all the calculated levels. The present results are in good agreement with the previous results in
literature (theoretical and experimental data). Several new energy levels and wavelengths were found out where no
other theoretical or experimental results are available. We expect that our extensive calculations will be useful to
experimentalists for identifying the fine-structure levels.
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many-body perturbation theory.
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1. Introduction
New and accurate atomic data for energy levels, lifetimes, wavelengths, oscillator strengths and radiative
rates are required for the modelling of plasmas, such as
in astrophysical media and nuclear fusion [1,2]. Importantly, transition data of low Z atoms can be used in
the determination of element abundances and plasma
diagnostics [3,4]. For instance, with the ongoing International Thermonuclear Experimental Reactor (ITER)
project [5,6], there is a need for more accurate atomic
data for a wide range of ions. Low Z He-like ions have
been attractive subjects of theoretical and experimental investigations. Even though they are the simplest
few-body systems, He-like ions are the most important
atomic species in high-temperature astrophysical and

laboratory sources. Emission lines of He-like ions have
been widely observed in astrophysical and laboratory
plasma environments [7]. Previously, Dere et al [8] provided a list of many detected He-like ion lines in solar
plasmas at X-ray wavelengths region (1–50 Å).
Several studies targeting Li II, the second member
of the helium isoelectronic sequence, have been performed. Indeed, the choice of this ion (Li II) is not
random. In fact, one of the main challenges of ITER [9]
is to produce tritium, as raw material for fusion, from
a lithium source. Lithium is one of the most promising
candidates for the fusion reaction [10].
Experimentally, Cantu et al [11] have detected many
lines of Li II in the 160–215 Å range in laboratory plasmas. Energy levels, wavelengths and transition
probabilities have been compiled and published in the
NIST database [12].
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Diehl et al [13] have measured the angle-resolved
energy dependence of the electrons emitted over the
energy range of the triply excited 2s 2 2 p 2 P lithium resonance using synchrotron radiation. In the theoretical
side, Drake [14] has presented oscillator strengths for
some dominant transitions of He and He-like ions using
the Hylleraas–Scherr–Knight variation-perturbation
method. Zhou and Manson [15] have performed Rmatrix calculations of the photoionisation of the coreexcited 1s2s2 p 4 P o state of atomic lithium. Głowacki
Leszek [16] has calculated the excitation energy and the
oscillator strength values for the 1s 2 –1s2 p, 1s2s–1s2 p,
1s2s–1s3 p transitions in the He isoelectronic sequence
(Z = 2 through Z = 116). Wijngaarden and Jian [17]
have employed novel spectroscopic techniques to precisely measure the fine and hyperfine structure splittings
as well as the isotope shifts for several transitions at
optical frequencies for the stable 6,7 Li and radioactive
isotopes 8,9,11 Li.
Sow et al [18] have calculated the energy levels of
atoms and ions with 2 ≤ Z ≤ 15 using a Hyllerass
approximation. The most recent calculation for these
ions has been done by Aggarwal et al [19]. They
have calculated energy levels, lifetimes, wavelengths,
weighted oscillator strengths and transition rates of Helike Li up to n = 5. Our target is to extend the calculation
and present a complete and accurate data for this ion.
We expect that our extensive calculations will be useful
to experimentalists to identify fine-structure levels.
In fact, we extend the calculations up to the n = 6
complex using the flexible atomic code (FAC) [20], for
the determination of atomic parameters such as energy
levels, wavelengths, oscillator strengths, radiative rates
and lifetimes. This work focusses on the lowest 71 finestructure levels and the allowed transitions (E1), arising
out of (n ≤ 6, l ≤ (n − 1)) configurations of He-like
lithium. Other relativistic corrections deriving from the
Breit interaction and quantum electrodynamics (QED)
effects (vacuum polarisation and Lamb shift) are also
included.
For this purpose, we employed three approaches
implementing in the FAC code of Gu [20] namely, FAC,
relativistic configuration interaction (RCI) and manybody perturbation theory (MBPT). In order to reach
higher accuracy, both RCI and MBPT calculations were
performed using an extended atomic basis including
levels belonging to complexes till n = 20 complexes.
The present results are then compared with the available
experimental [12] and theoretical results [17].
First, we review the theoretical background used by
the FAC code. Second, the computational details of the
calculation of the 1s 2 , 1s2l, 1s3l, 1s4l, 1s5l and 1s6l
configurations of He-like Li which give rise to the lowest 71 fine-structure levels, are presented. The number of
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levels of the fine structure which we considered is larger
than any other theoretical calculations. Then, our set of
data composed of energy of lowest 71 levels in cm−1 and
their corresponding lifetimes τ (s), wavelengths λ (Å),
weighted oscillator strengths gi f i j (dimensionless) and
radiative rates Ai j ( s−1 ), for 462 allowed E1 transitions
and obtained by each method, are presented. Finally, a
discussion of our results and comparisons with the available theoretical and experimental data are presented.

2. Theoretical method
FAC is a highly efficient fully relativistic code created
by Ming Feng Gu [20] which enables the user to carry
out large-scale computations and allows finding various atomic parameters. We employed the version 1.1.4
of FAC to perform three different calculations namely,
FAC, RCI and MBPT.
2.1 FAC
The relativistic Hamiltonian (H) for an atomic ion with
N electrons (in atomic units) is [21,22]
H=

N


HD (i) +

i=1

N

1
,
ri j

(1)

i< j

where HD (i) is the single-electron Dirac Hamiltonian
due to nuclear charge potential. The approximate atomic
state functions are given by mixing the basis states v
with the same symmetries:

bv v ,
(2)
ψ=
v

where bv are the mixing coefficients obtained from diagonalising the total Hamiltonian [21]. We can write ϕnkm
as


1 i Pnk (r )χkm (θ, φ, σ )
ϕnkm =
,
(3)
r Q nk (r )χkm (θ, φ, σ )
where k is the magnetic quantum momentum which is
equal to (l − j)(2 j + 1), m is the magnetic quantum
number, n is the principal quantum number, Pnκ (r ) and
Q nκ (r ) are the large and small components, respectively
and χκm (r ) is the spin angular function.
2.2 RCI
The many-electron Dirac Hamiltonian commonly used
in RCI calculations [23] is


h 0 (i) +
(4)
HDirac =
[VC (i j) + VB (i j)] ,
i

i> j
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where h 0 = cα · p + (β − 1)c2 + Vnuc (r ) is the Dirac
Hamiltonian of an electron, VC (i j) = 1/ri j is the
Coulomb interaction between the electrons, VB (i j) =
Bi j is the frequency-independent Breit interaction given
by [24]


N

(αi · ri j )(α j · ri j )
1
Bi j = −
αi · α j +
. (5)
2ri j
ri2j
i< j
2.3 MBPT
The MBPT method has been included within the FAC
code and successfully used in calculating atomic parameters of high accuracy. In the MBPT calculation, the
no-pair Dirac–Coulomb–Breit (DCB) Hamiltonian for
an N-electron ionic system is given by [25]
 


1
Z
HDCB =
h d (i) −
+
(6)
+ Bi j ,
ri
ri j
i

i< j

where h d is the free-electron Dirac Hamiltonian, ri is
the radial coordinate of the electron i, ri j is the distance
between the electrons i and j and Z is the nuclear charge
number.
The HDCB Hamiltonian is split into H0 as a model
Hamiltonian and V as a perturbation [26]

H0 =
= [h d (i) + U (ri )],
(7)
i

V =−

 z
i

 
z
+ U (ri ) +
+ Bi j ,
ri
ri

(8)

i

where U (r ) is a model potential including the screening effects of all electrons, which is approximated by a
local central potential derived from Dirac–Fock–Slater
self-consistent field calculation. It should be chosen
appropriately to make the perturbation potential V as
small as possible.
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potential is derived by a modified self-consistent Dirac–
Fock–Slater iteration. Then, the derived local central
potential is used to derive radial orbitals for the construction of basis states. Through the diagonalisation of
the relativistic Hamiltonian, a procedural correction is
applied to reduce errors in energy levels. For an ion with
N electrons, relativistic Hamiltonian is constructed by
summing over the single electron Dirac Hamiltonian due
to contributions of the nuclear charge potential and the
electron–electron interaction potential.
The main idea of the MBPT approach is to divide
the Hilbert space of the full Hamiltonian into two
orthogonal spaces, M and N . In such a model, the
M space represents a model space which contains
the non-Hermitian effective Hamiltonian while N is a
model space with perturbation expansion. The eigenvalues of this effective Hamiltonian yield energy levels
of the full Hamiltonian. Once applied, the multi configuration interaction effects within the model space are
exactly accounted, then the interaction between the M
and N model spaces is calculated by the perturbation
method. In our case, the model space M contains all
the configurations we are interested in, i.e. all possible
configurations of 1snl (n =1–6, l = 0–5). The orthogonal space N contains all configurations that are formed
by single and double excitations from the M space. In
our case, the space N contains configurations of 1snl
(n = 7–20, 0 ≤ l ≤ n − 1). In addition, we have performed the RCI calculations using the same code FAC
to assess the improvement of MBPT corrections. In RCI
calculation, the electron correlations among the configurations included in the M model space of the above
MBPT calculation are taken into account. In addition, in
our present MBPT and RCI calculations, we also include
several small corrections to the Hamiltonian HDBC of eq.
(6), such as the finite nuclear size (by using the nuclear
potential for a finite hard sphere), vacuum polarisation
(VP) (by including the Uehling potential), nuclear recoil
(by adding the corresponding matrix elements to the
Hamiltonian HDBC ) and the electron self-energy (SE)
are calculated with a screened hydrogenic formula.

3. Computational details
As mentioned above, we employed FAC code to perform
three different calculations: FAC, RCI and MBPT. We
have performed a series of calculations up to n = 6,
which generate 71 levels arising out of 1s 2 and 1snl
(n ≤ 6, l ≤ (n − 1)) configurations of He-like Li.
For the first calculation, the code proceeds to the
diagonalisation of the Hamiltonian (H) with no account
to any configuration interaction among different complex n. For the RCI method, the configuration mixing
approximation is used to calculate the bond states system with a specific mixing scheme. The local central

4. Results and discussion
4.1 Energy levels
In table S1 (given as the supplementary material), we
summarise the energy levels of the lowest 71 levels of
the He-like Li, obtained from FAC, RCI and MBPT calculations. Within the same table, we also compare them
with experimental energies compiled by NIST [12] as
well as theoretical calculations carried out by Aggarwal
et al [19].
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According to table S1, our values of energy levels
obtained using the three methods are generally in good
agreement against each other. Majority of values of
energy levels obtained with FAC are consistently larger
than the experimental ones by approximately 8000
cm−1 . The use of the RCI method allows improvement
of the energy level determination. Indeed, the majority
of values of energy levels are decreased by approximately 5000 cm−1 . The use of the MBPT approach
significantly improves the value of the energy levels.
As a result, the differences with the experimental values
considerably decrease. The maximum difference relative to the NIST data becomes 651 cm−1 .
To compare our three calculations, we plot figure 1,
in which we represent the calculated energy levels by
the two methods FAC and RCI as a function of energy
levels calculated by MBPT for 71 lowest levels arising
out of n ≤ 6, l ≤ (n − 1) configurations of He-like
Li. To compare the data, we add to figure 1, the first
bisector, i.e. x = y, as well as two lines presenting
±2% with respect to the first bisector. The values of
energy levels calculated by RCI (open square) are more
aligned than those calculated by FAC (star). The relative
deviation obtained is around 0.1% for the RCI method
and 1% for the FAC calculation method. However, our
two computational methods RCI and MBPT yield higher
energy values than the values calculated by FAC method.
To further confirm the reliability of our results, we
plotted in figure 2, the relative deviation of our energy
levels obtained by the three different methods (FAC, RCI
and MBPT) and energy levels obtained by Aggarwal et
al as a function of the level index. All the relative deviations are calculated relatively to the experimental energy
data extracted from the NIST database [12]. We present
the relative deviation between our different methods and
the experimental data by the following equation:
[(E theory − E NIST )/E NIST ] × 100.
The average relative deviation difference does not
exceed ±0.1% for all the three methods compared to
the NIST results. We obtained by the method FAC,
1.3 ± 0.24%. With the same method, Aggarwal et al
[19] obtained data with discrepancy of 1.48 ± 0.32%.
The use of the RCI method allows improvement of the
energy level determination. Indeed, the average relative
deviation is decreased in the range of 0.46±0.11% with
the MBPT method. The use of the MBPT approach significantly improves the value of the energy levels. As a
result, the differences with the experimental values considerably decrease. The average relative deviation to the
NIST data becomes 0.04 ± 0.06%. It is important to
mention that the energy level calculations performed by
the MBPT method are the closest to the NIST data [12].
It should be noted that we have improved the existing
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Figure 1. Energy levels calculated by the two methods (FAC
and RCI) as a function of energy levels calculated by MBPT
for the 71 lowest levels arising out of n ≤ 6, l ≤ (n − 1)
configurations of He-like Li. The dashed lines lines present
±2% compared to the first bisector x = y.

Figure 2. Relative deviations of the energy levels calculated
by three different methods (FAC, RCI and MBPT) compared
to the experimental values extracted from NIST [12], for
the 71 lowest levels generated by the configurations n ≤ 6,
l ≤ (n − 1) of He-like Li as a function of the level index. The
data published in [19] by Aggarwal et al are also reported. The
dotted lines present ±0.1% compared to the NIST results.

data for energy levels (n = 5) and the energy levels of the n = 6 complex are published for the first
time.
4.2 Wavelengths
We start by presenting the wavelength values for electric dipole transitions (E1) values arising from n ≤ 6,
l ≤ (n − 1) configurations of He-like Li, that we have
calculated using the three methods mentioned above. We
compare our computed 462 values of wavelengths with
those provided by the NIST database (table S2, given as
the supplementary material).
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Table 1. Wavelengths in Å of a set of allowed (E1) transitions chosen arbitrarily, arising from n ≤ 6, l ≤ (n − 1)
configurations of He-like Li and calculated by FAC, RCI and MBPT methods. Experimental data extracted from
NIST database [12] as well as theoretical data calculated by Aggarwal et al [19] and ref. [27] are also presented.
i

j

λFAC (Å)

λRCI (Å)

λMBPT (Å)

λAggarwal etal (Å)

λNIST (Å) [12]

Others (Å) [27]

1s2s 3 S1
1s2 p 3 P2o
1s2 p 1 P1o
1s3s 3 S1
1s3 p 3 P2
1s2s 3 S1
1s2s 3 S1
1s2 p 3 P22
1s2s 3 S1
1s2s 3 S1
1s2 p 3 P0o
1s2 p 3 P1o
1s3 p 3 P1o
1s3d 3 D1
1s2s 1 S0
1s2 p 3 P1o
1s2s 3 P1o
1s2s 3 P2o
1s2 p 3 P1o
1s2 p 3 P2o

1s3 p 3 P1o
1s3d 3 D3
1s4s 1 S0
1s4 p 3 P2
1s4d 3 D2
1s6 p 3 P1o
1s5 p 3 P2o
1s5s 3 S1
1s5 p 3 P0o
1s4 p 3 P1o
1s4d 3 D1
1s6d 3 D2
1s6d 3 S1
1s6 f 3 F2o
1s5 p 1 P1o
1s5d 3 D2
1s5d 3 D1
1s5d 3 D3
1s5s 3 S1
1s5s 3 S1

1215.07
1516.86
1347.61
3735.42
4380.19
836.66
876.08
1061.88
876.08
960.03
1160.75
992.03
2728.07
992.05
2861.81
1045.72
1045.71
1045.73
1061.86
1061.88

1202.12
1511.57
1341.50
3769.57
4393.93
830.80
869.58
1057.87
869.57
952.06
1157.66
989.77
2727.11
989.78
2861.81
1043.20
1043.20
1043.22
1057.86
1057.87

1198.44
1465.35
1248.47
3632.04
4309.30
821.86
860.99
1019.30
861.00
944.42
1116.13
953.85
2653.78
953.90
2732.40
1005.30
1005.31
1005.36
1019.23
1019.30

1867.00
1511.00
1261.00
3691.00
4366.00
–
864.60
1040.00
861.00
948.30
1143.00
–
–
–
–
1025.00
1027.00
1142.00
1040.00
1040.00

1198.09
1492.97
1253.8
3684.32
4325.47
820.00
861.00
1032.00
864.60
945.00
1132.10
965.00
2657.29
965.00
2728.32
1018.00
1018.00
1018.00
1032.00
1032.00

–
–
1253.5
–
–
820.00
861.00
1032.00
–
–
1132.00
965.00
–
–
–
–
–
–
–
–

i and j are the lower and upper levels of transition, respectively.

In table 1, we have only considered some of the
allowed (E1) transition wavelengths calculated by the
three proposed methods mentioned previously. In this
table, the third column shows the wavelength values calculated by FAC, while the fourth and fifth columns are
from RCI and MBPT, respectively. The last two columns
are devoted to the experimental values extracted from
the NIST database [12], and other references [27].
According to the values presented in table 1, it is clear
that, our results are in good agreement with NIST determination [12] and Aggarwal et al [19].
For in-depth study, we present in figure 3, the relative
deviation of wavelengths calculated by different methods (FAC, RCI and MBPT) as a function of NIST data
[12].
We observe that the relative deviation does not exceed
±5% for the three calculations, except for six transitions, which are labelled in figure 3. We obtain for
transitions 1s2 p 1 P3 –1s5d 1 D2 , 1s2s 1 S0 –1s3 p 1 P1o ,
1s3d 3 D3 –1s4 p 3 P2o , 1s2 p 1 P1o –1s3d 1 D2 , 1s2 p 1 P1o –
1s3s 1 S0 , 1s2s 3 S1 –1s2 p 3 Po0 , relative deviations racing
±8%. By comparing the relative deviations for the three
sets of calculation, we note that the MBPT calculation
is the more accurate calculation. Indeed, the average

Figure 3. Relative deviations for wavelengths of the allowed
(E1) transitions, arising from n ≤ 6, l ≤ (n − 1) configurations of He-like Li and calculated by different methods (FAC,
RCI and MBPT). The relative deviations are plotted as a function of results obtained by NIST [12].

relative deviation of MBPT method is −0.47 ± 0.9%,
while averages of relative deviations for RCI and FAC
calculations are 2.62 ± 1.73% and 3.13 ± 1.66%,
respectively.

1s3s 3 S1
1s3 p 3 P1o
1s3 p 3 P2o
1s3 p 3 P0o
1s3d 3 D2
1s3d 3 D2
1s3d 3 D3
1s3d 3 D1
1s3d 3 D1
1s3d 3 D1
1s3d 1 D2
1s3 p 1 P1o
1s4d 3 D2
1s4d 3 D2
1s4d 3 D3
1s4d 3 D1
1s4d 3 D1
1s4d 3 D1
1s5d 3D2
1s6d 3 D2

1s2 p 3 P2o
1s2s 3 S1
1s2s 3 S1
1s2s 3 S1
1s2 p 3 P1o
1s2 p 3 P2o
1s2 p 3 P2o
1s2 p 3 P1o
1s2 p 3 P2o
1s2 p 3 P0o
1s2 p 1 P1o
1s2s 1 S0
1s2 p 3 P1o
1s2 p 3 P2o
1s2 p 3 P2o
1s2 p 3 P1o
1s2 p 3 P2o
1s2 p 3 P0o
1s2 p 3 P2o
1s2 p 3 P2o

1.59E−01
2.68E−01
4.47E−01
1.20E−01
1,59E+00
5.31E−01
2.97E+00
5.31E−01
3.54E−02
7.08E−01
1.77E+00
2.14E−01
2.83E−01
9.43E−02
5.28E−01
9.43E−02
6.28E−03
1.26E−01
3.46E−02
1.69E−02

gf

A

(s−1 )

1.21E+08
4.05E+08
4.05E+08
2.89E+07
9,24E+08
3.08E+08
1.23E+09
5.14E+08
3.42E+07
6.85E+08
7.17E+08
2.04E+08
2.80E+08
9.35E+07
3.74E+08
1.56E+08
1.04E+07
2.08E+08
4.23E+07
2.30E+07

FAC

1.54E−01
1.49E−01
2.48E−01
1.11E−01
1,31E+00
4.36E−01
2.44E+00
4.36E−01
2.91E−02
5.82E−01
2.14E+00
2.65E−01
2.60E−01
8.66E−02
4.84E−01
8.65E−02
5.77E−03
1.15E−01
3.14E−02
1.41E−02

gf

A

(s−1 )

1.19E+08
2.29E+08
2.29E+08
2.84E+07
7,65E+08
2.55E+08
1.02E+09
4.25E+08
2.83E+07
5.67E+08
8.74E+08
2.55E+08
2.59E+08
8.63E+07
3.45E+08
1.44E+08
9.58E+06
1.92E+08
3.86E+07
1.92E+07

RCI

1.63E−01
1.80E−01
3.00E−01
1.01E−01
1,42E+00
4.74E−01
2.65E+00
4.74E−01
3.16E−02
6.31E−01
2.24E+00
2.60E−01
2.74E−01
9.13E−02
5.11E−01
9.13E−02
6.09E−03
1.22E−01
3.32E−02
1.52E−02

gf

A

(s−1 )

1.36E+08
2.79E+08
2.79E+08
1.96E+07
8,84E+08
2.95E+08
1.18E+09
4.91E+08
3.27E+07
6.55E+08
1.06E+09
2.99E+08
2.94E+08
9.79E+07
3.92E+08
1.63E+08
1.09E+07
2.18E+08
4.39E+07
2.23E+07

MBPT

1.82E−01
1.09E−01
3.82E−01
1.87E−02
4.73E−01
9.47E−02
2.65E+00
4.73E−01
3.16E−02
8.12E−02
7.40E−01
1.03E+00
4.53E−01
9.07E−02
3.05E−01
1.51E−01
1.21E−03
2.56E+00
3.15E−02
–

gf
2.51E+07
2.58E+07
2.51E+07
2.58E+08
8.29E+08
2.76E+08
1.11E+09
4.61E+08
3.07E+07
4.35E+04
1.01E+09
3.44E+08
2.78E+08
9.26E+07
3.71E+08
1.54E+08
1.03E+07
5.97E+07
3.98E+07
–

A

(s−1 )

Aggarwal et al

1.95E−01
1.87E−01
3.12E−01
1.03E−01
1.40E+00
4.68E−01
2.62E+00
4.68E−01
3.12E−02
6.25E−01
2.13E+00
2.57E−01
2.77E−01
9.24E−02
5.18E−01
9.24E−02
6.16E−03
1.23E−01
3.51E−02
1.75E−02

gf

A (s−1 )
1.58E+08
2.90E+08
2.90E+08
2.27E+07
8,41E+08
2.80E+08
1.12E+09
4.67E+08
3.12E+07
6.23E+08
1.01E+09
2.83E+08
2.89E+08
9.62E+07
3.85E+08
1.60E+08
1.07E+07
2.14E+08
4.52E+07
2.50E+07

NIST
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l ≤ (n − 1) configurations of He-like Li, calculated by FAC, RCI and MBPT. Experimental data from the NIST database [12] as well as results extracted from the
theoretical reference works [19] are also represented. i and j are the lower and upper levels of the transition.

j

i

Table 2. Weighted oscillator strengths (dimensionless) and transition rates (in s−1 ) for a selection of allowed (E1) transitions chosen arbitrarily, arising from n ≤ 6.
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4.3 Weighted oscillator strengths and transition rates
The weighted oscillator strengths gi f i j (dimensionless)
are related to the transition rates A ji (s−1 ) and the wavelengths λ ji for a transition from j to i by the following
expression [28]:
mc 2
λ g j A ji = 1.49×10−16 λ2ji g j A ji , (9)
gi f i j =
8π 2 e2 ji
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the wavelength in
Å, gi and g j are the statistical weights of the lower (i)
and upper ( j) levels, respectively.
Table S3 (given as the supplementary material) summarises weighted oscillator strengths and transition
rate values calculated by our different methods for
the allowed (E1) transitions resulting from n ≤ 6,
l ≤ (n −1) configurations. In table S3, we also found for
comparison, results of weighted oscillator strengths and
transition rate values published in previous theoretical
[19] and experimental [12] works.
In table 2, we have selected some values extracted
from table S3. According to the values presented in table
2, one can easily confirm that our calculations are in
good agreement. Referring to this set of data, our results
are closer to the experimental results of NIST than the
other theoretical results. Indeed, our values are much
closer to the experiment than the values published by
Aggarwal et al [19].
For an in-depth study, we present, in figure 4, the values of the weighted oscillator strengths for the allowed
E1 transitions, calculated by FAC, RCI and MBPT as
a function of the weighted oscillator strength values
obtained by NIST. The values published in the NIST
database have been weighted by gi values of the lower
levels of the transition. According to figure 4, all relative
deviations do not exceed 3% (presented in figure 3 by
y = x ± 3% lines) for the three methods compared to
the results from NIST database [12], except four transitions which are mentioned in figure 4: 1s4d 3 D3 –1s3 p
3 P o , 1s6d 3 D –1s5 p 3 P o , 1s5d 3 D –1s4 p 3 P o and
3
3
2
2
2
1s6 p 1 P1o –1s6s 1 S0 . Indeed, by comparing distances of
the cloud of points for each method to the line y = x,
we can state that relative deviation of MBPT’s g f values to those extracted from the NIST database, are the
smallest.
For low weighted oscillator strengths (g f < 0.7), the
values are in good agreement, and the overall agreement
among our results and the results of ref. [12] is good. The
average deviations are within 1% for the MBPT calculation. The values obtained by RCI and FAC calculations
are not very good compared to the MBPT values where
the relative deviations reach 7.35% and 7.64% respectively. For g f > 0.7, the dispersion with respect to the

Figure 4. Values of weighted oscillator strengths of the
allowed transitions, arising from n ≤ 6, l ≤ (n − 1) configurations of He-like Li, calculated by FAC, RCI and MBPT
as a function of the values obtained by NIST database. The
two dashed lines present ± 3% deviations compared to the
first bisector.

Figure 5. Values of radiative rates of the allowed transitions,
arising from n ≤ 6, l ≤ (n − 1) configurations of He-like Li,
calculated by FAC, RCI and MBPT as a function of the values
obtained by NIST (log–log scale). The dashed lines present
± 5% deviations compared to the first bisector.

first bisector is more pronounced. The relative deviation
for RCI and FAC calculations reaches 14%, while the
relative difference of MBPT remains constant around
1%. In some cases, where transition is weak (g f < 0.7),
this agreement may disappear, such as the 1s6 p 1 P1o –
1s6s 1 S0 and 1s4d 3 D3 –1s3 p 3 P2o transitions.
We plot in figure 5, transition rates Ai j for the allowed
(E1) transitions, calculated by different methods, as a
function of experimental values [12]. The figure shows
that the relative deviation of the majority of transitions
does not exceed 5% except for five transitions which
are 1s6d 3 D3 –1s2 p 3 P2o , 1s5 p 1 P1o –1s 2 1 S0 , 1s3d
1 D –1s2 p 1 P o , 1s3 p 1 P o –1s 2 1 S and 1s4 p 1 P o –1s 2
2
0
1
1
1
1S .
0
For low values of transition rate, A < 108 (s−1 ),
our results remain in good agreement. Indeed, relative
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deviation of the MBPT method agrees within 2.06%
compared to the data from the NIST database. Values calculated by RCI and FAC approaches are not
very good and their relative deviations reach 2.17% and
5.35%, respectively.
As the transition rates increase (i.e. A > 108 s−1 ), the
dispersion with respect to the first bisector is more pronounced. The relative deviation reaches 7.71% for RCI
method and 9.7% for FAC method, while the relative
deviation of MBPT remains almost constant at 2.13%.

obtained with the MBPT method for the different calculated atomic parameters. The average relative deviations
of energy levels and wavelengths obtained are around
0.46 ± 0.11% and −0.47 ± 0.9% respectively, while
the average relative deviations of weighted oscillator
strengths and transition rates are around 1% and 2.06%
respectively. Our results are useful for many applications such as thermonuclear fusion, laser and plasma
physics as well as astrophysics.

4.4 Lifetimes
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We are interested to calculate lifetimes of the 71 fine
levels, arising from n ≤ 6, l ≤ (n − 1) configurations
of He-like Li by FAC, RCI and MBPT methods.
The lifetime τ for a level j is defined as follows [29]:
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τj =

1
.
i A ji

(10)

According to table S4 (given as the supplementary
material), it is important to notify that our calculations are in good agreement with each other. Indeed,
we also compare our values with values published by
Aggarwal et al [19]. We find that our results are in
excellent agreement with the theoretical data. It should
be mentioned that the ground state does not have lifetime. The last column of the table presents experimental
determinations of lifetimes from refs [17,30]. It is
clear that our calculations are in good agreement with
those experimental determinations. We found lifetimes
of 1s2s 3 S1 and 1s2s 1 S0 worth 10+1 and 10+5 respectively, which are both metastable states of He-like Li.

5. Conclusion
In this work, we have presented our results obtained
by the application of the FAC code using three different methods in order to generate a complete and
accurate atomic data of the 71 energy levels of the
n ≤ 6, l ≤ (n − 1) configurations of He-like Li. Using
these energy levels, we calculated all the atomic data
(wavelengths, oscillator strengths, radiative rates and
lifetimes). The self-consistent field approximation and
the Hamiltonian effects of the Breit interaction as well as
the QED effects were included in the different calculation methods. Several allowed transitions are calculated
for the first time. Those transitions have been compared
with other works such as experimental data published
by NIST [12] and others [17,30], as well as theoretical
data from Aggarwal et al [19]. A very good agreement
obtained in most cases. In general, the best results are
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