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Transition probabilities of the 252p3 58272522p2 3P1,2 intercombination transitions in NII have been calculated

by using a large-scale multiconfiguration Dirac—Fock method. In the calculation the most important effects of relativity,

correlation, and relaxation are considered. From the calculated transition probabilities, the lifetime of the 2s2p® ®S»

metastable state is derived. The result is in excellent agreement with the latest experimental result. In the meantime

the influence of anomalously strong relaxation effects on probabilities of the 2s2p® Sy—2s22p? 3P112 lines in NII have

been found.
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1. Introduction

Nitrogen is among the most abundant elements
on the earth and stars. Knowledge of the spectrum of
singly ionized nitrogen is essential both for plasma di-
agnostics and for a better understanding of the Earth’s
ionosphere and similar plasmas elsewhere in the so-
lar system. Auroral spectra, for example, excited
by particle bombardment of the upper atmosphere,
show an emission feature near 214nm. This emis-
sion was first identified as belonging to the radical
NO, but was later found to be mainly of the 2s2p>
585-2s22p? 3P172 intercombination transitions of NII.
So the properties of these transitions and the 2s2p®
55, metastable state have attracted considerable in-
terest both in theoretical and experimental fields dur-

ing the previous two decades.!' 9!

On the experiment
side, different devices have been used to measure the
lifetime of the 2s2p® S, state: Knight!! carried out
the early experiment on radio-frequency ion trap and
gave the result of 4.240.6 ms. Using an electrostatic

ion trap, Calamai and Johnson!? obtained the lifetime

of 5.4+0.3 ms. Working with a heavy-ion storage ring,
Trabert et all®! achieved the latest experimental result
so far, 5.884+0.03 ms. There were also many theoret-
ical studies subsequently corroborated experimental
conclusion qualitatively.*=?! Using MCDF method,
Cowan et all® calculated the transition probabilities
of the 2s2p> °S,-2s22p? 3P1’2 lines and obtain the
value of 3.241.6 ms for the lifetime of the ®S, state.
More recently, Hibbert!®! performed an extensive cal-
culation with the CIV3 code, and gave the result of
5.43+0.3 ms. Although the calculated lifetimes helped
reconcile the origin of the 214 nm auroral feature, and
supported the role of this state in the auroral emis-
sion, remarkable discrepancies between them existed
— the earlier calculated lifetimes differed from each
other by as much as 50%, and also had an obvious

deviation from experimental values.

In practical calculations, the accuracy for calcu-
lated lifetimes depends on the accuracy of the relevant
transition probability. To obtain transition probabil-

ity values with a sufficient precision, large wavefunc-
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tion expansions are often needed.'! For ab initio cal-
culations, these wavefunctions must include the most
dominant physical effects of relativity, electron cor-
relations, and relaxation (the rearrangement of the
electron density caused by emitting photons) within a
common framework. The state 2s2p> ®S, is the lowest
excited state above the 2s22p? ground configuration of
NII ion, it mixes with the 3Py, 3Dy and 1D, levels of
the 2s2p® configuration, which opens up the electric-
dipole (E1) intercombination decay channels to the
2522p? 3P; 5 levels and also (weakly) to the 2s?2p?
3Dy, Dy levels.[¥] Accurate calculation on these tran-
sitions is very cumbersome as complex configurations
mixing is important to energy levels, and their tran-
sition probabilities are very sensitive to the influence
of various effects such as, relativity, correlation, and
especially relaxation.''] Although the importance of
relaxation effect is already well established,?! this ef-
fect has so far been included only in a few studies of
transition probabilities. Since, in practice, it requires
the inclusion of a large number of non-vanishing over-
laps of orbital functions of the same symmetry, which
make the calculation very complicated. The previous
work on 2s2p3 ®S,-2522p? 3P172 transitions of NII did
not include these effects particularly, so it could not
treat their influence efficiently.

There have been many methods and works on

atomic structure calculations in recent years.[!3:14]

[15]  accounts

The newly revised program REOS99
for all of these effects systematically for the compu-
tation of Einstein coefficient. It applies relativistic
wavefunctions from the GRASP92 package, 16! which
need subsequently be expanded into determinant ba-
sis. With this code, transition probabilities for the
2s52p® ®S,-2522p? 3P 5 electric-dipole (E1) intercom-
bination transitions in NII have been calculated to
obtain the lifetime of the 2s2p® S, metastable state.
The result is in excellent agreement with the latest
experimental data.

In the meantime, the influence of anomalously
strong relaxation effects on probabilities of the 2s2p>
55,-2s22p? 3P1,2 intercombination transitions have

been found.
2.Computing method

To calculate the level energies and transition
probabilities, wavefunctions have been generated by
the GRASP92 structure code which is an implemen-

tation of the multi-configuration Dirac-Fock (MCDF)
method. In MCDF model, an atomic state wavefunc-
tion (ASF) with total angular momentum J and parity
P is written as a linear combination of the configura-

tion state wavefunctions (CSF's) of the same symmetry

Zc

where n. is the number of CSF, it reflects the extent

|a(PJM)) ) I(PJM)), (1)

to which electron correlations are taken into account,
and C,.(«) is the configuration mixing coefficient cor-
responding to each single CSF |I.(PJM)). These
CSF's are further expressed by all possible Slater de-
terminants in each corresponding configuration

\[.(PJM)) Z B,p| ¥,) (2)

where B,, is the expansion coefficient, and |¥,) is
the N-particle Slater determinant, which can be con-
structed from an orthonormal set of single-electron
orbitals ..

electron—electron interactions are added by diagonal-

Further relativistic corrections to the

izing the Dirac—Coulomb—Breit Hamiltonian matrix.
The dominant quantum electrodynamic contributions,
i.e. self-energy and vacuum polarization effect, also
have been included in the computations of the total
energy as a perturbation.

In calculations, we categorized the levels con-
cerned, according to their symmetry JP, into three
groups — one for 2s 2p3 ®S, (JP = 27), the sec-
ond for 2s% 2p? 3P, (J? = 17), and the third for 2s?
2p? 3Py (JP = 2F). We choose {2s2p® + 2s?2p3s +
2522p3d + 2s2p23p} and {2s?2p? + 2s%2p3p + 2p? +
252p23s} as reference configurations for the odd par-
ity levels and even parity levels respectively, so as to
carry out a separate optimization procedure using an
extended optimal level (EOL) model of GRASP92. In
order to include CSFs in the expansion of the wave-
functions as many as possible, namely to take into
account the correlation effects more effectively, the
active space method, which was presented at first in
quantum chemistry, was used to generate the configu-
ration state list , and then the systematically enlarged
MCDF method was adopted to extend the CSFs grad-
ually and carry out a many-step optimization until
achieving the levels and wavefunctions with sufficient

accuracy.



No. 3

Influence of relaxation effects on probabilities of ... 273

The Einstein spontaneous emission probability for
transition from upper state (8 to lower state a can be

given by

2 (L)|2
Age = — YOS MR, 3
B 2_7,8 1 - | a‘ ()

o

where jg is the total angular momentum of the state
B, and Mg, is the transition matrix. The latter can

be calculated by
L
Mz =((PaaMa)| O |8(Ps s Mp))

=" Co(a)Co(B){ T (PadoMa)| 0P|
x T'y(P3JsMg)), (4)

where O(F) is the tensor operator of radiation electro-
magnetic field with rank L.

When considering relaxation effect , two sets of
electron orbital from the initial and final atomic states
are no longer strictly orthogonal. In this paper, a new
program REOS99 has been adopted to account for this
effect systematically.

We assume (Yg|t1) = (pr|ei) = 0 for each set
of orbitals but (g|¢;) = dpq(kl) for the cross overlap
products with (1 |@r) & 1. In this approximation, the
total overlap of two determinants corresponding to ini-
tial and final states of the transition are expressed by

D, (kl) = (¥,|®,) = det{d,q(kl)} Then the matrix

element in Eq.(4) can be further expressed as
<FT(PaJaMa)|O(L)|FS(PﬁJ,3Mﬁ)>

:ZZBT’;DBsq<¢k||O(L)||‘Pl>D;Dq(kl)’ (5)

P.q k,l

where the reduced transition matrix elements

(Y ||OWP)]|¢1) are calculated by

(il |0 1)

. 1/2
_ <(2]l+1)w> (—1)7=1/2 .
(6)
Here M, is the radial integral, which has different
expressions for various types of transitions (E1, M1,
E2, M?2). For E1 transition, it is usually calculated in

Babushkin and Coulomb gauges, corresponding to the

e

e L 3
0

1
2

length and velocity forms respectively, and the agree-
ment between different gauges can be used as a test

of the quality of the wavefunctions.

3. Results and discussion

The influence of relaxation effect plays a cru-
cial role in the calculation of transition probabili-
ties , especially for intercombination transitions of
low-ionized ions.[* In order to show in details the in-
fluence of relaxation effects on the transition probabili-
ties concerned. Table 1 list the calculated wavelengths
and probabilities of the 2s2p? ®S;-2s22p? *P4 5 F1 in-
tercombination transitions, where the transition prob-
abilities are presented in length and velocity gauges
separately. For each transition, two different cases,
namely with and with out relaxation approximations
have been considered. To exclude the influence of the
theoretical energy levels on the transition probabili-
ties, the corresponding experimental wavelengths are
used in the calculations. Since the 2s2p3 5S,-2s22p?
3Py transitions are very weak lines, the values of
their probabilities are very small and sensitive to var-
ious factors. As is seen from Table 1, the influence of
relaxation effects on them are very remarkable: in the
case of without relaxation, the result are almost incor-
rect, and furthermore, the agreement between length
and velocity gauges is also quite poor, their discrep-
ancy are of 1-2 orders of magnitude. Such a large
error is mainly due to the obvious difference between
the orbitals of the final state with stable closed shell
252, open shell 2p? and the initial state with open
shell 2s2p2, which influences the transition probabili-
ties seriously. When the relaxation effects have been
taken into account, a great improvement is achieved,
the calculated and observed wavelengths agree within
0.02%, and the probabilities in length and velocity
gauges agree with each other to 2%. There are no the-
oretical and experimental data available on transition
probabilities so far to confirm the accuracy achieved
in our calculations, Table 2 displays the calculated
lifetimel!” of the 2s2p® ®S, state that is mainly de-
rived from the 2s2p® 5S,-2s?2p? Py 5 transition prob-
abilities. For comparison, the measured and previous
calculated results available are also listed. As shown in
Table 2, the present result is preferable, the calculated
lifetime (5.84 ms) agrees with the latest experimental
result [l to 1%.
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Table 1. Wavelengths (in nm) and transition probabilities A (in s~1) of the 2s2p>
59,-2522p2 3P172 lines in NII.

With relaxation Without relaxation
Transition Acal /\e,[;;]
A A, A Ay
alb] a[b] alb] alb]
55,-3P; 214.015 214.0 4.89015(1) 4.79260(1) 3.27070(5) 3.78468(6)
53,-3P, 214.432 214.4 1.22166(2) 1.23388(2) 5.62947(6) 1.11469(8)

a(b) denotes a x 10°

A; denotes the transition probabilities in length gauge, A, denotes transition probabilities in velocity gauge.

Table 2. Lifetime value for the 2s2p? 5S3 level, compared

with previous computations and experimental results.

T /ms Ref. In conclusion, we have calculated the transition
Theory probabilities of the 2s2p® ®S,—2s?2p? *P; 5 intercom-
6.4 (4] bination transitions in NII and found the influence of
5.8 5 . .-
39416 H unusually strong relaxation effects on the probabili-
6.45 7] ties in this paper. The calculation shown in this paper
5.43+0.3 [8,9] might be used to test the different theoretical methods
584 This work of atomic structure. On the other hand, useful refer-
Experiment . . .
42406 1] ence data are provided for studies of other forbidden
5.440.3 2] transitions like the solar coronal lines, and for further
5.88+0.03 3] astrophysical investigations.
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