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Forbidden transition properties of fine-structure
2p3 4S3/2–2p3 2D3/2,5/2 for nitrogen-like ions*
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Based on relativistic wave functions from multiconfiguration Dirac–Hartree–Fock and configuration interaction cal-
culations, E2 and M1 transition probabilities of 2p3 4S3/2–2p3 2D3/2,5/2 are investigated in the nitrogen-like sequence with
7≤ Z ≤ 16. The contributions of the electron correlations, Breit interaction, and the quantum electrodynamic (QED) effects
on the transition properties are analyzed. The present results can be used for diagnosing plasma. In addition, several N-like
ions can also be recommended as a promising candidate for a highly charged ion (HCI) clock with a quality factor (Q) of
transition as high as 1020.
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1. Introduction
Optical frequency standard has truly made impressive ad-

vances over the past decade. Presently lattice clocks have
demonstrated a stability at the 10−18 level (Yb,[1] Sr[2]). Such
a high precision has a profound influence on testing the spa-
tiotemporal variation of fundamental constants and searching
for dark matter. It is also expected to replace the cesium foun-
tain clock to define the international unit “second”. However,
an optical clock is very sensitive to environmental perturba-
tions and the blackbody radiation (BBR), electric quadrupole
frequency shift, Zeeman shifts in a magnetic field, ac-Stark
shifts induced by laser, etc., all of which will contribute to the
uncertainty of the “Clock”. Fortunately, the new generation of
nucleus clocks and highly charged ion (HCI) clocks are much
less affected by these factors. 229Th nuclear clock utilizing
the environment-resistant neutron transition in nucleus is esti-
mated to have a fractional accuracy at the 10−19 level.[3] Since
the neutron is tightly wrapped in the nucleus, the transition is
hardly affected by external factors. Like the nuclear clock, the
electron cloud of HCIs has a shrunken size, which causes a
small frequency uncertainty with an accuracy below 10−19.[4]

The breakthrough of quantum-logic spectroscopy, sympathetic
laser cooling, and ion crystal trapping techniques[5] has pro-
vided a possibility to realize this kind of new ultra-precise
optical frequency standard. It has become an urgent task to
find candidates that are easy to realize experimentally and
have high quality factors and low uncertainty. Yudin[6] es-
timated the magnetic-dipole (M1) transitions in HCIs with
a single s-valence electron, a single p-valence electron, and
two p-valence shell electrons, which can be considered as
high-accuracy candidates for HCIs clocks. Yu[7] have investi-

gated M1 transitions in the Al-like 51 V10+, 53Cr11+, 55Mn12+,
57Fe13+, 59Co14+, 61Ni15+, and 63Cu16+ ions as possible clock
frequency standards. Liu[8] recommended Cu10+ and Zn11+ as
candidates for HCI clocks. In this paper, we propose that HCI
with three p-valence shell electrons (nitrogen-like sequence)
be the candidate. In addition, the transition spectrum also has
an important application in plasma diagnosis. Some transi-
tions for the N-like ions falling in the UV spectral range have
been observed by the SOHO/SUMER instrument in the solar
spectrum, which plays an important role in the study of solar
internal activity.[9]

Owing to the importance in astrophysics and plasma
physics, a lot of theoretical and experimental researches on the
nitrogen-like sequence have been performed in recent years.
Edlén[10,11] observed the transition spectra among the con-
figurations 2s22p3, 2s2p4, and 2p5 of the nitrogen-like se-
quence in tokamak plasma, and he derived and recommended
the level values for ions in a range of Z = 10–36 by com-
paring with the corresponding theoretical values from the ta-
bles of Cheng.[12] Recently, the transitions of 2s22p3–2s2p4

in nitrogen-like tungsten ion have been measured by electron
beam ion traps (EBITs).[13] Träbertet[14,15] measured the life-
time of the 2s22p3 2P1/2,3/2 levels of S X in a heavy-ion stor-
age ring, while the lifetime of highly ionized silicon was mea-
sured by using beam-foil spectroscopy.

With the development of the theoretical methods in
atomic physics and the capacity of computers, nitrogen-
like sequences have been widely studied. Zeippen,[16,17]

Becker,[18] and Godefroid[19] successively gave the comput-
ing results using the multiconfiguration Hartree–Fock method
with relativistic corrections in the Breit–Pauli approximation
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(MCHF-BP). Merkelis[20] used second-order many-body per-
turbation theory (MBPT) with relativistic corrections in the
Breit-Pauli approximation to calculate the transitions of ions
in a range of Z = 10–30. Using relativistic multi-reference
Møller–Plesset perturbation theory (MRMP), Vilkas[21] cal-
culated the energy levels and transition probabilities of some
nitrogen-like ion sequences. Froese Fischer and Tachiev[22,23]

published their analysis of fine structure splitting and transi-
tion rates for the ground configuration in the nitrogen-like se-
quence up to Zn XXIV using the multiconfiguration Hartree–
Fock with relativistic corrections in the Breit-Pauli approxi-
mation (MCHF-BP), which has become an authoritative refer-
ence for others. Wang[24] used the multiconfiguration Dirac–
Hartree–Fock self-consistent field method and the relativistic
configuration interaction method (MCDHF + RCI) with quan-
tum electrodynamics corrections to calculate the fine-structure
energy levels of the ground-state configuration up to Z = 22.
The influence of Breit interaction together with the quantum
electrodynamic (QED) effects for level splittings was also an-
alyzed in the work. With the same method, Rynkun[25] eval-
uated E1, M1, E2, and M2 transition rates, weighted oscilla-
tor strengths, and lifetimes for the states of the 2s22p3, 2s2p4,
and 2p5 configurations in all nitrogen-like ions between F3+

and Kr30+ but did not present the forbidden transition rates
2p3 4S3/2–2p3 2D3/2,5/2. Focusing on the scaling law, Han[26]

calculated transition probabilities in 2p3 configuration of a
nitrogen-like sequence with 7 ≤ Z ≤ 79. Neither the high
order correlation effect or the QED effect in the calculation
was taken into account. In the database of NIST, most of
forbidden transition rates 2p3 4S3/2–2p3 2D3/2,5/2 are theoret-
ical data cited from Zeippen,[17] Merkelis,[20] Froese Fischer
and Tachiev.[22,23] The data of Ne4+ were given by Garstang
in 1960,[27] while F3+ and P9+ data were cited from Naqvi’
working in 1951.[28]

In this paper, based on relativistic wave functions from
multiconfiguration Dirac–Hartree–Fock and configuration in-
teraction calculations, E2 and M1 transition probabilities of
2p3 4S3/2–2p3 2D3/2,5/2 are investigated in the nitrogen-like
sequence with 7 ≤ Z ≤ 16. The contributions of the elec-
tron correlations, Breit interaction, and the quantum electro-
dynamic effect are analyzed. The calculation results show the
Q factor goes up to 1020, and we recommend F2+, Ne3+, and
Na4+ as the candidates for the HCI clocks.

2. Theory and computational details
2.1. MCDHF method, RCI method, and transition param-

eters

The multiconfiguration Dirac–Hartree–Fock method was
used in the present work. The Dirac–Coulomb Hamiltonian
has the form as

HDC =
N

∑
i=1

(
cαi · pi +(βi −1)c2 +V N

i
)
+

N

∑
i> j

1
ri j

, (1)

where V N
i is the monopole part of the electron–nucleus

Coulomb interaction,α and β are the 4×4 Dirac matrices, and
c is the speed of light.

The atomic state function (ASF) was obtained as a linear
combination of symmetry adapted configuration state func-
tions (CSFs) with the same parity P, the total angular momen-
tum J, and its projection along the z direction MJ , which is
written as

Ψ (γPJMJ) =
NCSFs

∑
j=1

c jΦ (γ jPJMJ). (2)

Here, NCSFs is the number of CSFs, c j is the mixing coef-
ficient of the corresponding CSF, and γ j is the additional ap-
propriate labeling of the state j. CSFs are formed by products
of one-electron Dirac orbitals. Based on a weighted energy
average of several states, the so-called extended optimal level
(EOL) scheme, both the radial parts of the Dirac orbitals and
the expansion coefficients were optimized to be self-consistent
in the relativistic self-consistent field (SCF) procedure.

In subsequent relativistic configuration interaction (RCI)
calculations, the transverse photon interaction (Breit interac-
tion) was included in the Hamiltonian, while c j could be opti-
mized. The Breit interaction in the low-frequency approxima-
tion (ωi j → 0) is taken into account in the procedure, which
has the following form:

HBreit=− 1
2ri j

[
𝛼i ·𝛼 j+

(𝛼i ·𝑟i j)(𝛼 j ·𝑟i j)

r2
i j

]
. (3)

The leading quantum electrodynamics (QED) corrections, the
self-energy, and the vacuum polarization, are also included in
the diagonal elements of the Hamiltonian (details can be found
in Ref. [29]). Using the self-energy in a hydrogenlike system,
a rough estimate of the self-energy in GRASP is obtained by
setting

HSE
rr =

nw

∑
a=1

qr (a)ESE
naκa ,

ESE
naκa =

(
Zeff

a
)4

πc3n3


Fnaκa

(
Zeff

a /c
)
, for 1s, 2s, 2p1/2, and 2p3/2 orbotals,

F2κa

(
Zeff

a /c
)
, for ns,np1/2, and np3/2 orbotals,

0, otherwise.

(4)
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Here, Zeff
a is the effective charge of an electron in orbit a. Di-

agonal contribution from these vacuum polarization potentials
has the form as follows:

HVP
rr =

nw

∑
a=1

qr (a)
∫

∞

0
drV VP (r)

(
P2

naκa (r)+Q2
naκa (r)

)
. (5)

The transition probabilities Ai j between the upper state
Ψi (γPJM) and the lower state Ψj (γ

′P′J′M) can be expressed
as

Ai j =
2ω

c
1

(2L+1)(2J+1)

×
∣∣〈Ψj

(
γ
′P′J′M

)∣∣ÕL∣∣Ψi (γPJM)
〉∣∣2 , (6)

where ÕL is an electromagnetic miltipole transition operator
of the order L, ω represents the transition frequency, and c
is the light speed in atomic units. For electric dipole and
quadrupole (E1 and E2) transitions, there are two forms of the
transition operator, i.e., the length (Babushkin) gauge and ve-
locity (Coulomb) gauge. The probability of electric multipole
moment transition calculated using a velocity gauge depends
mainly on the short range area of the orbital wave function,
while the other one depends on the long range area. When
using the Racah algebra to obtain the reduced matrix element,
the assumption was made that ASFs were built from the same
orthonormal radial orbital basis. Since the states of the transi-
tions are always optimized separately to obtain more accurate
results, this constraint is severe. This issue can be overcome
by transforming the ASFs of the two states of the transitions
into biorthonormal terms.[30] The line strength Si j can be de-
fined as

SE2
i j =

(2Ji +1)λ 5
i j

1.11995×1018 AE2
i j , (7)

SM1
i j =

(2Ji +1)λ 3
i j

2.69735×1013 AM1
i j , (8)

where λi j is the transition wavelength in units of Å.

Furthermore, the lifetime τ of the upper state i can be de-
termined by

τi =
1

∑ j,o Ao
i j
, (9)

where the notation “o” represents the transition channel from
the state i to the state j, and j represents all the states below
the state i.

All calculations were performed with the GRASP2K
code, provided by Jönsson, Froese Fischer, and Grant et al.[31]

The GRASP2K package is based on the multiconfiguration
Dirac–Hartree–Fock (MCDHF) method. The package con-
sists of a number of application programs and tools to compute
approximate relativistic wave functions, energy levels, hyper-
fine structures (HFS), isotope shifts (IS), Landé gJ-factors, in-
teractions with external fields, angular couplings for labelling
purposes, and transition energies and probabilities for many-
electron atomic systems.

2.2. Computational model

As shown in Fig. 1, we used several steps to obtain wave
functions used in the calculation of transition probabilities. In
order to consider the electron correlations sufficiently, the ac-
tive space approach was used to build the ASFs.[32] According
to the perturbation theory, the dominant reference configura-
tion state should be included in the zero-order correlation wave
function in Step 1. The set of the first-order ASFs contains all
the CSFs obtained by the single and double (SD) substitution
of electrons from the occupied orbitals to the virtual orbitals
in Step 2, which can be classified according to the substitution
of the specific electron pairs.[33] Furthermore, the higher-order
set contains the correlations of triple, quadruple or more exci-
tations in Step 3. After considering the Breit interaction and
the leading QED effects in MR RCI, the final result of transi-
tion probabilities can be calculated using the wave functions
in Step 4.

Step 1 Step 2 Step 3 Step 4 

result

MR RCI DHF

+BQ

zero order correlation first order correlation higher order correlation

MCDHF/RCI

Fig. 1. Calculation steps and corresponding computational methods.

To describe effectively the important zero-order correla-
tions in the first step, we calculated the contributions of the in-
dividual electron pairs separately in the DHF. All occupied or-
bitals were optimized, but kept frozen in the subsequent steps.
In this work, {1s22s22p3} was chosen as the reference state
for the three concerned 2p3 4S3/2, 2p3 2D3/2,5/2 states.

The first-order correlation is considered in the MCDHF
procedure usually. We devoted to finding a simplified calcula-
tion by RCI. In the present work, valence, core–valence, and
core–core correlation effects were included. To monitor the
convergences of the calculated energies and transition param-
eters, the active sets were increased in a systematic way by
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adding the layers of correlation orbitals. The configuration
expansions for the states belonging to {1s22s22p3} were ob-
tained by single-double (SD) excitations to active sets with
principal quantum numbers n ≤ 9 and angular symmetries
l ≤ 6. The amount of computation of MCDHF is quite large if
SD excitations including valence, core–valence, and core–core
correlation effects go through all the shells. By comparing the
MCDHF models of SD excitations including different shells
with RCI models containing a diverse combination of wave
function and configuration, the important correlation effects in
the optimization of orbitals can be differentiated. The amount
of computation can be greatly reduced later using appropri-

ate RCI models to obtain the best result. As shown in Fig. 2,

ground state energy and transition probabilities of Na4+ were

calculated. The RCI model 1SCV + CC and the RCI model

1S2SCV + CC can fit the MCDHF model CCCVVV quite well

in the calculation of both energy and transition probabilities,

which means that the valence and core–valence correlation ef-

fects are by far the most important and the core–core effects

also come into play at the highest level of accuracy. In consid-

eration of a large computation for model 1S2SCV + CC, we

chose the RCI model 1SCV + CC as the optimal substitution

calculating the first-order correlations.
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(b)
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Fig. 2. (a) Ground state energy; (b) transition probabilities of E2 in Babushkin gauge; (c) transition probabilities of E2 in Coulomb gauge; (d)
transition probabilities of M1. MCDHF models: VV (valence in 2p), 1SCVVV (valence correlation in 2p and core–valence correlation between 1s and
2p), 2SCVVV (valence correlation in 2p and core–valence correlation between 2s and 2p), 1S2SCVVV (valence correlation in 2p and core–valence
correlation between 1s/2s and 2p), CCCVVV (valence correlation in 2p and core–valence correlation between 1s/2s and 2p, core–core correlation
between 1s and 2s). RCI models: 1SCV + CC (wave functions from 1SCVVV and configuration from CCCVVV), 2SCV + CC (wave functions from
2SCVVV and configuration from CCCVVV), 1S2SCV + CC (wave functions from 1S2SCVVV and configuration from CCCVVV). Breit interaction
and QED effects are out of consideration in the calculation.

The higher-order correlation contains the correlations of

triple, quadruple or more excitations. We use the SD excita-

tions of a multireference (MR) approach to involve the impor-

tant higher-order correlations into the RCI procedure. Then

{1s22p5, 1s22s2p33d, 1s22 22p3d2} will be selected as the

multireference set. The number of configurations expands up

to 6.9× 105 from 3.0× 105 in first-order correlations consid-

ering a valence correlation for MR. This model is labeled as

MR RCI.

Finally, the Breit interaction and the leading QED ef-
fects were considered by MR RCI computation, which are la-
beled as “+B” and “+Q”, respectively. E2 and M1 transition
probabilities of 2p3 4S3/2–2p3 2D3/2,5/2 were computed in the
nitrogen-like sequence with 7 ≤ Z ≤ 16.

3. Results and discussion

In order to verify the validity of the computational model,
we show the calculated forbidden transition probabilities and
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excitation energy of Na V of diverse computational models
in Table 1, the results of MCDHF and RCI with different
principal quantum numbers are also given. With configura-
tion expansion, the calculation difference in excitation energy
decreases from 7.45% obtained by DHF to 0.37% obtained
by MR RCI, compared with the results obtained from the
database of NIST. The final difference from MR RCI + BQ
reaches 0.18%, which is in good agreement with that from
NIST. The E2 transition probability in the Babushkin gauge
is not sensitive to configuration expansion, and the difference
between results from DHF and MR RCI is just 4.7%, while
the value comes to 65% in the Coulomb gauge. By contrast,
Breit interaction exerts an obvious influence on both excita-

tion and transition probabilities, especially for M1 transition

probabilities. The value with the Breit interaction is at least

4 times bigger than that without M1, and about 15% smaller

for E2 in the Babushkin gauge and 25% or so smaller for E2

in the Coulomb gauge. Excitation energy with adding Breit

interaction is obviously smaller than without adding Breit in-

teraction, which is in better agreement with NIST. QED effects

come into play at the highest level of accuracy, the value with

the QED effect is slightly bigger than without the QED effect

for M1 and E2 in the Babushkin gauge, while smaller for E2

in the Coulomb gauge. As for excitation energy, there is no

obvious difference.

Table 1. Excitation energies (∆E in unit of cm−1), M1 transition probabilities (AM1 in unit of s−1), and E2 transition probabilities (AE2 B and AE2
C in unit of s−1) of Na V 4S3/2–2D5/2 with diverse computational models. Notations “C” and “B” represent results of AE2 in the Coulomb and
Babushkin gauges, respectively. A number in a square bracket represents the power of 10. ∆ represents the difference between AE2 B and AE2 C.

∆E AM1 AE2 B AE2 C ∆Aa
E2

DHF 51948 6.79[–5] 1.33[–3] 3.76[–3] 64.6%

DHF + B 51870 3.68[–4] 1.12[–3] 3.74[–3] 70.1%

DHF + Q 51948 6.90[–5] 1.34[–3] 3.76[–3] 64.4%

DHF + BQ 51870 3.70[–4] 1.13[–3] 3.74[–3] 69.7%

MCDHF 7 48713 9.60[–5] 1.17[–3] 1.14[–3] 2.5%

MCDHF 7 + B 48624 3.93[–4] 9.96[–4] 8.91[–4] 10.5%

MCDHF 7 + Q 48713 9.73[–5] 1.18[–3] 1.14[–3] 3.4%

MCDHF 7 + BQ 48624 3.95[–4] 1.00[–3] 8.89[–4] 7.1%

MCDHF 9 48656 9.63[–5] 1.17[–3] 1.09[–3] 6.8%

MCDHF 9 + B 48568 3.93[–4] 9.91[–4] 8.46[–4] 14.6%

MCDHF 9 + Q 48657 9.76[–5] 1.17[–3] 1.08[–3] 7.7%

MCDHF9 + BQ 48568 3.96[–4] 9.96[–4] 8.43[–4] 15.6%

RCI7 48590 1.10[–4] 1.28[–3] 1.37[–3] 6.5%

RCI 7 + B 48499 4.46[–4] 10.77[–4] 10.50[–4] 2.5%

RCI 7 + Q 48590 1.12[–4] 1.29[–3] 1.36[–3] 5.15

RCI 7 + BQ 48499 4.49[–4] 10.82[–4] 10.48[–4] 3.1%

RCI 9 48537 1.11[–4] 1.27[–3] 1.29[–3] 1.5%

RCI 9 + B 48445 4.47[–4] 10.72[–4] 9.90[–4] 7.6%

RCI 9 + Q 48537 1.13[–3] 1.28[–3] 1.29[–3] 7.6%

RCI 9 + BQ 48445 4.50[–4] 10.77[–4] 9.87[–4] 8.3%

MR RCI 48523 1.11[–4] 1.27[–3] 1.30[–3] 2.3%

MR RCI + B 48431 4.47[–4] 10.70[–4] 9.89[–4] 7.6%

MR RCI + Q 48523 1.13[–4] 1.28[–3] 1.29[–3] 0.7%

MR RCI + BQ 48431 4.50[–4] 10.75[–4] 9.87[–4] 8.2%

Nistb 48343 7.43[–4] 9.82[–4]

Han[25] 4.39[–4] 10.50[–4]

a∆AE2 = |AE2 (B)−AE2 (C)|/max(AE2 (B) ,AE2 (C))
bThe number in NIST given by Merkelis[19] and Froese Fischer.[21]

The results for the excitation energies and the forbidden
transition probabilities of the 2p3 4S3/2–2p3 2D3/2,5/2 transi-
tion in the N-like ions with 7≤ Z ≤ 16 are presented in Ta-
bles 2, 3, and 4. The results of other theoretical calculations
are also listed there. The excitation energy and the transition
rates AM1 and AE2 are also consistent with other calculations.
What is worth paying attention to is that there is a very big dif-

ference in transition rate AM1 between a relativistic framework
and a non-relativistic framework. Taking transition probabili-
ties of the 2p3 4S3/2–2p3 2D5/2NaV for example, the methods
of MCHF-BP,[18] MBPT,[19]and MCHF-BP[21] are not in the
frame of relativity, which gave relatively large results. Results
in this paper are consistent with other calculations in a rela-
tivistic framework.
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Table 2. Excitation energies (∆E) of the 2p3 4S3/2–2p3 2D3/2,5/2 transition in N-like ions with 7 ≤ Z ≤ 16. Label denotes 4S3/2−2D5/2 as A, and
4S3/2–2D3/2 as B.

∆E/cm−1 N O F Ne Na Mg Al Si P S

This work
A 19389 26934 34203 41350 48431 55479 62510 69545 76610 83728

B 19398 26954 34236 41395 48476 55497 62444 69299 76028 82584

Nist
A 19224 26811 34087 41234 48343 55356 62369 69420 76481 83594

B 19233 26830 34123 41279 48379 55373 62313 69168 75896 82442

Edlén B[11]a A 34087 41237 55358 62384 69420 83595

B 34123 41282 55375 62328 69168 82443

Cheng[12] A 37841 45025 52142 59219 66277 73336 80419 87554

B 37870 45064 52177 59217 66176 73032 79748 86271

Merkelis[20] A 40406 47572 54695 61799 68907 76042 83234

B 40451 47618 54713 61734 68664 75471 82111

Vilkas[21] A 19022 26698 34030 41212 48315 55378 62422 69461 83656

B 19029 26718 34062 41256 48361 55398 62362 69226 82540

Fischer[22] A 19224b 26811b 34342 41532 48656 55750

B 19233b 26830b 34375 41575 48697 55758

Wang[24] A 19350 26923 34207 41382 48489 55592 62643

B 19347 26917 34197 41357 48434 55474 62409

Rynkun[25] A 34329 41490 48574 55592 62610 69662 76723 83839

B 34297 41446 48530 55577 62540 69410 76136 82688

a: Results from experiments.
b: Adjusted data.

Table 3. M1 transition probabilities (AM1 in unit of s−1 ) and E2 transition probabilities (AE2 B and AE2 C of 2p3 4S3/2–2p3 2D5/2 in unit of
s−1). Notations “C” and “B” represent results of AE2 in Coulomb and Babushkin gauges, respectively. A number in square brackets represents
the power of 10.

Transition probabilities A N O F Ne Na Mg Al Si P S

This work
M1 4.08[–7] 3.08[–6] 1.83[–5] 9.50[–5] 4.50[–4] 1.04[–3] 4.96[–3] 2.03[–2] 7.36[–2] 2.40[–1]

E2(B) 8.59[–6] 4.03[–5] 1.44[–4] 4.23[–4] 10.75[–4] 2.46[–3] 5.14[–3] 10.01[–3] 1.85[–2] 3.25[–2]

E2(C) 8.93[–6] 3.86[–5] 1.33[–4] 3.88[–4] 9.87[–4] 2.30[–3] 4.81[–3] 9.41[–3] 1.84[–2] 3.22[–2]

Garstang[27] M1 1.8[–4]

E2 4.1[–4]

Zeippen[16] M1 1.94[–7] 1.83[–6] 1.30[–5] 7.76[–5] 4.05[–4] 1.86[–3] 7.57[–3] 2.78[–2] 9.29[–2] 2.86[–1]

E2 7.08[–6] 3.64[–5] 1.35[–4] 4.06[–4] 10.50[–4] 2.41[–3] 5.06[–3] 9.90[–3] 1.83[–2] 3.24[–2]

Godefroid[19] M1 9.122[–7] 3.766[–5] 1.545[–4] 7.164[–4] 2.745[–3] 3.312[–2]

E2 5.518[–6] 1.118[–4] 2.865[–4] 9.026[–4] 2.102[–3] 8.823[–3]

Becker[18] M1 1.45[–5] 7.97[–5] 3.92[–4] 1.65[–3] 6.72[–3] 2.54[–2] 8.80[–2] 2.79[–1]

E2 1.25[–4] 3.78[–4] 9.93[–4] 2.29[–3] 4.83[–3] 9.49[–3] 1.76[–2] 3.12[–2]

Merkelis[20] M1 1.69[–4] 7.16[–4] 2.79[–3] 1.01[–2] 3.41[–2] 1.07[–1] 3.17[–1]

E2 3.74[–4] 9.82[–4] 2.28[–3] 4.84[–3] 9.54[–3] 1.77[–2] 3.15[–2]

Vilkas[21] M1 2.27[–7] 1.92[–6] 1.244[–5] 6.926[–5] 3.478[–4] 1.575[–3] 2.375[–2]

E2 2.269[–5]

Fischer[22] M1 9.71[–7] 7.416[–6] 4.07[–5] 1.880[–4] 7.862[–4] 3.044[–3]

E2 6.595[–6] 3.382[–5] 1.305[–4] 3.395[–4] 10.19[–4] 2.353[–3]

Han[26] M1 3.93[–7] 3.02[–6] 1.75[–5] 9.19[–5] 4.39[–4] 1.91[–3] 7.57[–3] 2.73[–2] 9.12[–2] 2.81[–1]

E2(C) 8.79[–6] 3.94[–5] 1.40[–4] 4.11[–4] 10.5[–4] 2.37[–3] 4.99[–3] 9.74[–3] 1.80[–2] 3.17[–2]
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Table 4. M1 transition probabilities (AM1 in unit of s−1) and E2 transition probabilities (AE2 B and AE2 C of 2p3 4S3/2–2p3 2D3/2 in unit of s−1).
Notations “C” and “B” represent results of AE2 in Coulomb and Babushkin gauges, respectively. A number in square brackets represents the power of
10.

Transition probabilities A N O F Ne Na Mg Al Si P S

This work
M1 1.70[–5] 1.49[–4] 9.66[–4] 5.31[–3] 2.58[–2] 8.60[–2] 3.66[–1] 1.37[0] 4.58[0] 1.38[+1]

E2(B) 5.69[–6] 2.64[–5] 9.44[–5] 2.77[–4] 7.03[–4] 1.60[–3] 3.31[–3] 6.39[–3] 1.16[–2] 1.98[–2]
E2(C) 5.90[–6] 2.54[–5] 8.74[–5] 2.54[–4] 6.45[–4] 1.49[–3] 3.11[–3] 6.01[–3] 1.15[–2] 1.96[–2]

Garstang
M1 5.3[–3]
E2 2.7[–4]

Zeippen
M1 1.56[–5] 1.41[–4] 9.36[–4] 5.28[–3] 2.62[–2] 1.16[–1] 4.56[–1] 1.62[0] 5.19[0] 1.51[+1]
E2 4.59[–6] 2.36[–5] 8.77[–5] 2.64[–4] 6.80[–4] 1.56[–3] 3.25[–3] 6.28[–3] 1.14[–2] 1.95[–2]

Godefroid
M1 1.484[–5] 8.563[–4] 4.744[–3] 2.343[–2] 1.030[–1] 1.462[0]
E2 3.365[–6] 7.269[–5] 2.238[–4] 5.867[–4] 1.363[–3] 5.617[–3]

Becker
M1 1.04[–3] 5.52[–3] 2.64[–2] 1.09[–1] 4.29[–1] 1.54[0] 5.04[0] 1.50[+1]
E2 8.13[–5] 2.46[–4] 6.45[–4] 1.48[–3] 3.10[–3] 6.02[–3] 1.10[–2] 1.89[–2]

Merkelis
M1 4.73[–3] 2.37[–2] 1.06[–1] 4.20[–1] 1.51[0] 4.87[0] 1.43[+1]
E2 2.42[–4] 6.34[–4] 1.47[–3] 3.09[–3] 6.01[–3] 1.09[–2] 1.89[–2]

Vilkas
M1 1.246[–5] 1.226[–4] 8.673[–4] 5.02[–3] 2.534[–2] 1.13[–1] 1.597[0]
E2 3.486[–5]

Fischer
M1 1.595[–5] 1.414[–4] 9.391[–4] 5.247[–3] 2.595[–2] 1.148[–1]
E2 4.341[–6] 2.209[–5] 8.506[–5] 2.562[–4] 6.624[–4] 1.525[–3]

Han
M1 1.71[–5] 1.50[–4] 9.65[–4] 5.29[–3] 2.57[–2] 1.12[–1] 4.40[–1] 1.56[0] 5.03[0] 1.48[+1]

E2(C) 5.82[–6] 2.59[–5] 9.16[–5] 2.69[–4] 6.81[–4] 1.55[–3] 3.23[–3] 6.24[–3] 1.13[–2] 1.94[–2]

Table 5. Excitation energies (∆E in unit of cm−1), the transition wavelengths λ in unit of nm, total transition probabilities (A in unit of s−1), quality
factor Q of the forbidden transition probabilities of the 2p3 4S3/2–2p3 2D3/2,5/2 transition in N-like ions with 7 ≤ Z ≤ 16, line strengths (SE2, SM1 for E2
and M1), line intensity ratios (A (4S3/2–2D5/2)/A (4S3/2–2D3/2)). A number in square brackets represents the power of 10. (Label denotes 4S3/2–2D5/2
as A and 4S3/2–2D3/2 as B).

∆E/cm−1 λ /nm A Q SE2 B SE2 C SM1 Ratio

N
A 19388.9 515.76 9.00[–6] 4.06[20] 1.68[–4] 1.75[–5] 1.24[–8]

3.97[–1]
B 19397.8 515.52 2.27[–5] 1.61[20] 7.40[–5] 7.67[–5] 3.46[–7]

O
A 26933.7 371.28 4.34[–5] 1.17[20] 1.52[–4] 1.46[–4] 3.50[–8]

2.47[–1]
B 26953.8 371.01 1.75[–4] 2.89[19] 6.64[–5] 6.37[–5] 1.13[–6]

F
A 34203.1 292.37 1.62[–4] 3.97[19] 1.65[–4] 1.53[–4] 1.01[–7]

1.53[–1]
B 34236.6 292.09 1.06[–3] 6.08[18] 7.16[–5] 6.64[–5] 3.57[–6]

Ne
A 41349.8 241.84 5.18[–4] 1.50[19] 1.87[–4] 1.72[–4] 2.99[–7]

9.27[–2]
B 41394.7 241.58 5.59[–3] 1.40[18] 8.14[–5] 7.47[–5] 1.11[–5]

Na
A 48431.4 206.48 1.53[–3] 5.98[18] 2.16[–4] 1.98[–4] 8.81[–7]

5.75[–2]
B 48476.3 206.29 2.65[–2] 3.45[17] 9.38[–5] 8.61[–5] 3.36[–5]

Mg
A 55478.6 180.25 3.50[–3] 2.99[18] 2.51[–4] 2.34[–4] 1.35[–6]

4.00[–2]
B 55496.5 180.19 8.76[–2] 1.19[17] 1.09[–4] 1.01[–4] 7.46[–5]

Al
A 62509.8 159.97 1.01[–2] 1.17[18] 2.88[–4] 2.70[–4] 4.52[–6]

2.73[–2]
B 62443.7 160.14 3.69[–1] 3.18[16] 1.25[–4] 1.17[–4] 2.22[–4]

Si
A 69545.7 143.79 3.03[–2] 4.32[17] 3.30[–4] 3.10[–4] 1.35[–5]

2.20[–2]
B 69298.8 144.30 1.38[0] 9.48[15] 1.43[–4] 1.34[–4] 6.10[–4]

P
A 76609.8 130.53 9.21[–2] 1.57[17] 3.75[–4] 3.73[–4] 3.65[–5]

2.01[–2]
B 76028.3 131.53 4.59[0] 3.12[15] 1.63[–4] 1.62[–4] 1.55[–3]

S
A 83728.5 119.43 2.73[–1] 5.79[16] 4.23[–4] 4.19[–4] 9.11[–5]

1.97[–2]
B 82584.2 121.09 1.38[1] 1.13[15] 1.84[–4] 1.82[–4] 3.63[–3]

The transition probabilities for the ions are summarized
in Table 5. Here, the linewidth Γ = 1/(2πτ), Q = ν/Γ , and ν

is the transition frequency. Line strengths for E2 and M1 are
denoted as SE2 B, SE2 C, and SM1, and the line intensity ratio
A(4S3/2–2D5/2)/A(4S3/2–2D3/2) for the plasma diagnostic pro-
cess is also given there. According to the definition of Q, we
calculate the value and found that it decreases slowly along the

sequence. Q values of all ions are larger than 1015. To ensure
a shrunken electron cloud size, ions need to be highly charged.
So neither N nor O+ can be selected. Simultaneously, one can
see that the line strength increases along the HCI sequence,
and choosing a higher line strength is beneficial to the exper-
iment. For a promising candidate of HCI clock, it would be
better that the clock transition is located in the optical regime
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with high Q value. The transition wavelength should be be-
yond 200 nm to build appropriate lasers for experiments eas-
ily, so the Mg5+, Al6+, Si7+, P8+, and S9+ are out of consid-
eration. Considering the manipulation process of the atomic
clock experiments, the longer lifetime of the upper state of the
clock transition is preferable usually. As for this system, some
of the lifetimes of the upper states are quite long, which means
that linewidths are too narrow to suit the experiments. As the
practical and balanced choice, F2+, Ne3+, and Na4+ are rec-
ommended. The transitions of all three ions are in the visible
light region and lifetimes are suitable for experiments.

4. Conclusions
Out of the interest of the plasma diagnostic process and

the candidates of the HCIs clocks, we have investigated the M1
and E2 forbidden transition properties of the fine-structure in
2p3 4S3/2–2p3 2D3/2,5/2 state for the N-like ions for 7≤ Z ≤ 16
with the MCDHF method and configuration interaction cal-
culations. The results of the excitation energies are in good
agreement with NIST data. The contributions of the electron
correlations, Breit interaction, and the leading QED effects are
analyzed. It is shown that the good treatment of electron cor-
relation and inclusion of the Breit interaction are essential for
reliably predicting the transition properties for these ions. In
choosing candidates for HCI clocks from the N-like ions in
7≤ Z ≤ 16, F2+, Ne3+, and Na4+are recommended out of the
overall consideration of the Q factor, the lifetime of the clock
state, and the wavelength and linewidth of the lasers for exper-
iments.
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