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Abstract. Intensities of 15 intersystem transitions and 5 LS allowed multiplets of neutral nitrogen (NI)
from infrared part of the spectrum were measured by emission spectroscopy method. All allowed as well
as LS-forbidden spectral lines belong to the 3p-3d transition array. The nitrogen spectra were excited in
a wall-stabilized high-current arc ran in helium with small admixture of nitrogen. On the basis of these
line (multiplet) intensity measurements, transition probabilities of 15 intersystem lines were determined
relative to transition probabilities of appropriately chosen allowed multiplets. Finally the relative data for
intersystem transitions were normalized to an absolute scale by applying reference multiplet strength values
recommended by the Atomic Spectroscopy Group of NIST. The determined line strengths are compared
with available calculated and — in the case of 5 transitions — also with experimental data.

PACS. 32.70.Cs Oscillator strengths, lifetimes, transition moments – 32.70.Fw Absolute and relative
intensities – 52.70.Kz Optical (ultraviolet, visible, infrared) measurements

1 Introduction

Spectroscopic data for LS-forbidden spectral lines are very
important e.g. for astrophysical applications. Forbidden
transitions appear in the spectra originating from vari-
ous astronomical objects e.g.: from symbiotic stars, from
different layers of the Sun [1], from planetary nebulae
and from diffuse astrophysical plasmas [2]. Numerous for-
bidden spectral lines are used in spectroscopic diagnos-
tics procedures for determination of temperature, electron
density and abundance of various elements in these light
sources. The accuracy and reliability of radiative transi-
tion probabilities for such spectral lines are thus very im-
portant, not only for testing coupling schemes in atomic
systems, but also for possible applications in plasma di-
agnostics. LS-forbidden lines of neutral nitrogen are ob-
served in spectra originating from high-lying atmospheric
layers (dayglow) [3], from solar spectra [4] as well as
from novae stars [5]. Numerous papers have been pub-
lished in the last 15 years devoted to calculations of line
strength (fine structure components) data of neutral ni-
trogen [6–14]. However, data for LS-forbidden transitions
are reported only in four of them: by Hibbert et al. [6]
(intermediate coupling calculations), Kurucz and Bell [7]
(semiempirical data), and in two recent papers by Tachiev
and Froese Fischer [12] (Breit-Pauli results) and by Tayal
and Zatsarinny [13] (B-spline R-matrix approach). Exper-
imental data for forbidden transitions in NI are reported
by Goldbach and Nollez [15] and by Musielok et al. [16],
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Fig. 1. Partial Grotrian diagram showing all studied 3p-3d
transitions: (broken lines) LS forbidden transitions; (solid
lines) reference LS allowed multiplets.

for spectral lines from the UV and IR spectral region, re-
spectively.

In this work we have studied 15 LS-forbidden spec-
tral lines of NI, belonging to the transition array 3p-3d,
from the wavelength interval 900–1300 nm. Figure 1 shows
the partial Grotrian diagram with all studied intersystem
transitions (dotted lines) and LS allowed multiplets (solid
lines), taken as reference data for relative intensity mea-
surements. Eight intersystem transitions originate from
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Fig. 2. The measured spectrum (after radiance calibration) in
the wavelength interval 990–1008 nm is shown. The numbers
in the vicinity of the fine structure components are the sta-
tistical weights of the lower and upper level of the transition,
respectively. The LS forbidden lines are additionally marked
with stars. The component (2-2) of the multiplet 4D◦ − 4P is
missing in the figure since its wavelength is 988.336 nm. The
intensity of this component is by a factor 0.43 weaker than the
intensity of the line at 993.147 nm (component 4-4).

the upper term 2F, four from 4D, two from 4F and one
from 4P. The studied intersystem transitions do not obey
the LS selection rules ∆S = 0 and ∆L = 0,±1.

2 Experimental and plasma diagnostics

The experimental setup applied in this work was the same
as described in our previous papers devoted to the study
of CI [17] and NI [18] spectra. Therefore we restrict the
description of the experimental part of this work to some
details concerning the registration of the NI infrared spec-
tra and the plasma diagnostic procedure. The high-current
wall-stabilized arc, described in detail in [19] was oper-
ated at 40 amps. at atmospheric pressure in helium with
some admixture of nitrogen. This admixture was kept at
a rather small amount in order to assure optical thin
conditions for all studied NI spectral lines. The spectra
were recorded applying a charge-coupled device (CCD)
sensitive up to 1700 nm. Applying a tungsten strip ra-
diation standard source, calibrated at National Institute
of Standards and Technology, the radiance calibration of
the whole measuring system, including the CCD detec-
tor, has been performed. In order to check for possible
self-absorption of radiation along the arc column (end-on
observation) the procedure described in [17] was used.

The electron density of the plasma was obtained from
measured full width at half maximum (FWHM) of the
violet HeI transition (2p 3P◦ − 5d 3D) at 402.636 nm.
The broadening of this line is dominated by the Stark ef-
fect caused by interactions of charged particles (electrons
and ions) with helium atoms. In order to determine the
plasma electron density the broadening parameters (elec-
tron impact width and asymmetry parameter) reported

by Griem [20] were used. In this way, for our arc dis-
charge conditions we obtained an electron density of Ne =
(3.0 ± 0.6) × 1015 cm−3 corresponding to the arc axis. At
this Ne value the assumption of statistical (Boltzmann)
distribution among upper energy levels belonging to the
configuration 3d, from which the studied NI spectral lines
originate (see Fig. 1), is well fulfilled. According to the
criterion given by Drawin [21,22], for establishing pLTE
conditions at temperatures of our arc plasma in the range
12600–15400 K (uncertainty limits of our measurements)
electron densities of about 3.7 × 1013 cm−3 are sufficient
for establishing Boltzmann-like distribution among the en-
ergy levels under consideration. This estimated Ne value is
almost two orders of magnitude smaller than the electron
density in our excitation source.

The temperature of the arc plasma (excitation temper-
ature) was determined from the Boltzmann plot method,
applying the measured intensity ratio of two NI multi-
plets: 3p 2S◦ − 3d 2P and 3s′ 2D − 3p′ 2D◦. The energy
gap between the upper energy terms amounts 0.73 eV. For
evaluation of the temperature the corresponding transi-
tion probability data of Wiese et al. [23] were used. In this
way we obtained a temperature value of 14000 ± 1400 K.

3 Evaluation of the spectra

We recorded the radiation of the arc, originat-
ing from plasma layers around the arc axis only,
in the following wavelength intervals: 990–1008 nm;
1060.1–1077.8 nm; 1217.0–1234.3 nm; 1227.8–1245.2 nm;
and 1265.1–1282.3 nm. The wavelength interval (about
18 nm) is determined by the dimension of the detector
(20 mm) and the linear dispersion at the exit focal plane
of the spectrometer. For each wavelength interval at least
15 to 20 independent recordings have been performed. The
spectral ranges were chosen in such a way, that simulta-
neously the studied NI intersystem line (lines) and the
strongest (if possible all) fine structure components of ap-
propriate allowed multiplets, belonging to the 3p-3d tran-
sition array, could be recorded.

As an example in Figure 2 the spectrum in the wave-
length range 990–1008 nm (after radiance calibration)
is shown. The fine structure components of the allowed
(3p 4D◦−3d 4P) and forbidden multiplets (3p 4D◦−3d 2F),
are indicated by respective statistical weights of their
lower and upper levels. The forbidden transitions 4D◦−2F
are additionally marked with stars. One fine structure
component of the allowed multiplet 3p 4D◦ − 3d 4P is
missing in the figure, namely the transition (2-2) at λ =
988.336 nm, which could not be detected simultaneously
with all other components. However, the contribution of
this line to the total multiplet intensity has been taken
into account by evaluating the neighbor spectrum (to-
wards shorter wavelength), and assuming stability con-
ditions for the plasma source. Its intensity is by a factor
0.43 weaker than the intensity of the (4-4) transition at
λ = 993.147 nm shown in the figure.

The shapes of individual spectral lines were fitted with
Voigt profiles. For the fitting within a given wavelength
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interval a fixed Gaussian width was used, which corre-
sponds to the Doppler and instrumental broadening. Also
the Lorentzian component (width) was kept fixed within
each allowed multiplet and the respective forbidden lines.
The Lorentzian width for each multiplet was determined
by accurate fitting of a selected, strong and well-isolated
fine structure component. Such procedure decrease sub-
stantially possible errors, which may originate from fitting
of weak or slightly disturbed fine structure components.

For some reference multiplets not all fine structure
components were measured. In such cases the contribu-
tion to the multiplet intensity from the “missing” compo-
nent was calculated applying the results of our previous
measurements reported in [18].

After radiance calibration of the recorded spectra, the
intensity ratios If/Ia = If/

∑
i Ii

a have been determined,
involving each selected forbidden line (If ) and all fine
structure components (Ii

a) of the allowed multiplet, taken
as reference quantity. Since all studied spectral transitions
(allowed and forbidden) within a given wavelength inter-
val are measured at the same time, possible long term
instabilities (drifts) of the arc emission do not influence
our relative line intensity measurements. Then the corre-
sponding transition probability ratios Af/Aa have been
evaluated according to the formula (subscripts f and a in-
dicate the forbidden line and the allowed multiplet as a
whole):

Af

Aa
=

If

Ia

gaλf

gfλa
exp

(
Ef − Ea

kT

)

, (1)

where:
λ the wavelength of the forbidden line (mean value for

the allowed multiplet),
g the statistical weight of the upper level (term),
E the energy of the respective upper level (term),
k the Boltzmann constant,
T the temperature of the plasma.
The ratios (If/Ia) were calculated for each exposition
of the CCD detector (each measured spectrum) indepen-
dently. The final value was obtained by averaging 15–20 in-
dividual ratios. At our plasma temperature the Boltzmann
factor in (1) is for all pairs (forbidden line, allowed mul-
tiplet) very close to one, because of the very small exci-
tation energy gap between the respective excited levels.
Since the largest energy gap among our pairs amounts
only 171 cm−1, the impact of the error in temperature
(±1400 K) on evaluated transition probability ratios is
negligible. The largest contribution to the uncertainty of
the measured ratios (10%) arises from systematical errors
of the fitting procedure, since the lines appear as very
narrow spectral features. The contribution arising from
determination of the multiplet intensity (based on directly
measured components and — in some cases — calculated
from data reported in [18]) we estimate to be not larger
than 10%. Other possible error sources are: possible self-
absorption, and radiance calibration. The first factor we
estimate to be not larger than 1.5%, the second — because
of small wavelength intervals — about 1%. The standard
deviation of the ratios (Af/Aa) from the mean value was
about 2%.

4 Results and discussion

In Table 1 our experimental transition probability ratios
evaluated according to formula (1) are compared with
results of CIV3 calculations of Hibbert et al. [6], with
semiempirical data of Kurucz and Bell [7], with the re-
cent calculations of Tachiev and Froese Fischer [12] and
with experimental ratios (5 values) reported by Musielok
et al. [16]. (The paper by Tayal and Zatsarinny [13] does
not provide data for forbidden transitions studied in our
work). In column 1 the LS-allowed reference transitions
are listed, in column 2 and 3 the studied forbidden tran-
sitions and their respective wavelengths. In the next five
columns our measured ratios and the data evaluated from
literature are listed. The theoretical data [6,7] differ sub-
stantially from each other. Only in two cases the ratios
are in good mutual agreement (the ratios quoted in the
4th and 5th rows of Tab. 1). The ratios listed in the 5th
row agree also well with our measured value. Our results
agree very well with all 5 arc emission measurements of
Musielok et al. — the discrepancies are well within the er-
ror limits of both experiments. Our measured ratios agree
well with the results of recent calculations by Tachiev and
Froese Fischer [12]: nine measured ratios agree with these
calculations within the uncertainty limits of our exper-
iment and three of them only slightly exceed the error
bars (rows 4, 6 and 14 in Tab. 1). Only in three cases the
differences are significant, but not exceeding 45% of the
measured value (7th row in Tab. 1).

The determined transition probability ratios listed in
Table 1 have been subsequently converted to line strengths
ratios according to the formula:

Sf/Sa = (gf/ga) (λf/λa)3 (Af/Aa) , (2)

where gf and ga are the statistical weights of the upper
level and upper multiplet respectively.

On the basis of respective line strength values for the
allowed multiplets taken from Wiese et al. [23] the ab-
solute scale for the forbidden transitions have been es-
tablished. The results (in atomic units) are listed in Ta-
ble 2. The structure of this table is similar as in Table 1
— only the second column is added containing the cor-
responding absolute multiplet strengths for allowed tran-
sitions, together with estimated accuracy indicated by a
code letter used in NIST-tables. The uncertainties quoted
in column 5 include the measurement errors and the ac-
curacy of the reference multiplet strengths. In addition, in
Figure 3, our results are compared graphically with theo-
retical ones. The Figure illustrates a significant improve-
ment of the quality of calculated line strengths achieved
recently. Nearly all line strength ratios obtained from cal-
culated data reported by Tachiev and Froese Fischer agree
with our measurements within ±50%, while the scatter
of ratios based on older calculations [6,7] is much larger.
Particularly, this notable improvement of the quality of
calculated data is visible in the case of the two strongest
measured intersystem transitions (results presented on the
right hand side of Fig. 3). These 2 ratios are normal-
ized to the allowed multiplet 4S◦ − 4P. In Figure 4 we
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Table 1. Comparison of transition probability ratios (Af/Aa) measured in this work with data taken from literature. In the
first column the multiplet transitions are given applied as reference quantities for the forbidden spectral lines listed in column 2.

Allowed Forbidden Wavelength Af/Aa

transition transition (nm) This work Hibbert Kurucz Tachiev and Musielok

(3p-3d) (3p-3d) et al. [6] and Bell [7] Froese Fischer [12] et al. [16]

(1) (2) (3) (4) (5) (6) (7) (8)

4D◦ − 4P 4D◦
5/2 − 2F7/2 994.707 0.27±0.05 0.16 0.29 0.24 0.25

4D◦
3/2 − 2F5/2 998.042 0.20±0.04 0.16 0.27 0.20 0.19

4D◦
7/2 − 2F7/2 999.773 0.22±0.04 0.12 1.0 0.20 0.21

4D◦
5/2 − 2F5/2 1001.78 0.55±0.10 0.12 0.12 0.43 0.52

4P◦ − 4P 4P◦
5/2 − 2F7/2 1069.32 0.032±0.009 0.027 0.032 0.035 —

4P◦
3/2 − 2F5/2 1073.05 0.15±0.03 0.012 0.14 0.11 0.14

4P◦
5/2 − 2F5/2 1077.50 0.049±0.013 — 0.034 0.027 —

2D◦ − 2D 4S◦
3/2 − 4D5/2 1210.66 0.20±0.04 0.30 0.014 0.17 —

4S◦
3/2 − 4D3/2 1212.46 0.25±0.05 0.47 0.019 0.21 —

4S◦
3/2 − 4D1/2 1214.22 0.11±0.02 0.39 0.010 0.11 —

4S◦ − 4P 2D◦
5/2 − 4D7/2 1226.13 0.040±0.008 0.032 0.28 0.035 —

4S◦
3/2 − 2F5/2 1240.43 0.21±0.04 0.022 0.0054 0.14 —

2D◦
3/2 − 4P5/2 1243.84 0.34±0.07 0.031 0.0032 0.24 —

2D◦ − 2P 2D◦
3/2 − 4F5/2 1266.22 0.20±0.04 0.14 0.74 0.15 —

2D◦
5/2 − 4F7/2 1273.07 0.17±0.05 0.13 0.87 0.13 —

Table 2. Comparison of determined NI line strengths (in atomic units) for LS-forbidden transitions (column 5) with other
available data (columns 6–9). In the first column the allowed transitions are listed applied as reference quantities. In the second
column the respective multiplet strengths, used for establishing the absolute line strength scale, are given.

Allowed Sa Forbidden Wavelength Sf

transition Ref. transition (nm) This work Hibbert Kurucz Tachiev and Musielok

(3p-3d) [23] (3p-3d) et al. [6] and Bell [7] Froese Fischer [12] et al. [16]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

4D◦ − 4P 25.6 4D◦
5/2 − 2F7/2 994.707 4.6±1.2 2.05 2.02 2.37 4.20

(C+) 4D◦
3/2 − 2F5/2 998.042 2.6±0.7 1.63 1.40 1.43 2.39

4D◦
7/2 − 2F7/2 999.773 3.8±1.0 1.63 7.36 1.91 3.63

4D◦
5/2 − 2F5/2 1001.78 7.1±1.9 1.25 0.658 3.17 6.73

4P◦ − 4P 52.2 4P◦
5/2 − 2F7/2 1069.32 1.1±0.3 1.72 1.94 1.98 —

(B) 4P◦
3/2 − 2F5/2 1073.05 3.9±0.9 0.586 6.28 4.72 3.77

4P◦
5/2 − 2F5/2 1077.50 1.3±0.4 — 1.56 1.17 —

2D◦ − 2D 52.1 4S◦
3/2 − 4D5/2 1210.66 6.3±1.3 8.82 4.47 5.46 —

(B) 4S◦
3/2 − 4D3/2 1212.46 5.3±1.2 9.16 4.08 4.61 —

4S◦
3/2 − 4D1/2 1214.22 1.2±0.3 3.80 1.08 1.18 —

4S◦ − 4P 144 2D◦
5/2 − 4D7/2 1226.13 3.8±1.0 2.55 23.8 3.13 —

(C+) 4S◦
3/2 − 2F5/2 1240.43 15.3±3.8 1.38 0.355 9.75 —

2D◦
3/2 − 4P5/2 1243.84 25.0±6.6 1.95 0.210 16.6 —

2D◦ − 2P 18.2 2D◦
3/2 − 4F5/2 1266.22 3.5±0.8 2.45 2.45 3.11 —

(B) 2D◦
5/2 − 4F7/2 1273.07 4.0±1.2 2.99 3.91 3.68 —
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Fig. 3. Comparison of available calculated line strengths with
results of our measurements. The ratios Scalc./Sexpt. are plot-
ted versus the measured line strengths (in atomic units). The
figure illustrates e.g. the improvement of theoretical methods
for line strength calculations.

Fig. 4. The measured spectrum (after radiance calibration)
in the wavelength interval 1228–1245 nm is shown. The insert
presents the two overlapping lines (the stronger component
belongs to the reference multiplet), taken at a better spectral
resolution. For details see the text.

show the measured spectrum in the wavelength interval
1228–1245 nm, where the two above mentioned intersys-
tem lines at λλ 1240.43 nm and 1243.84 nm appear, ex-
hibiting the largest deviations from the older calculations.
The spectrum embraces also the fine structure compo-
nents of the multiplet applied as reference for establishing
the absolute line strength scale. One of the fine structure
components of the 4S◦ − 4P transition is blended with a
line belonging to the 3p 4P◦ − 4s 4P transition. As shown
in the insert of Figure 4, the lines could be separated if the
spectra were taken with a better resolution. The spectrum
shown in this figure is very convincing — our measured
intensities confirm the results obtained in the recent paper
of Tachiev and Froese Fischer.

5 Conclusions

In the infrared part of the NI spectrum relative strong
intersystem lines appear belonging to the 3p-3d transi-
tion array. The observed forbidden line strengths are of
the same order of magnitude (sometimes even signifi-
cantly stronger) than the allowed transitions in this wave-
length interval, indicating strong violence of the LS cou-
pling scheme. Five our measurements are in an excellent
agreement with all results reported in a previous experi-
mental study [16]. Comparison with available theoretical
data shows a considerable improvement of calculated data
achieved in the last few years. Recently performed calcu-
lations by Tachiev and Froese Fischer [12] are significantly
more reliable than the older calculations of Hibbert et al.
[6] and the semiempirical data of Kurucz and Bell [7].
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Pol. A 96, 333 (1999)
20. H.R. Griem, Spectral line broadening by plasmas

(Academic Press, New York, 1974)
21. R. Rompe, M. Steenbeck, Progress in Plasmas and Gas

Electronics (Akademie-Verlag, Berlin 1975), Vol. 1
22. H.W. Drawin, Z. Phys. 228, 99 (1969)
23. W.L. Wiese, J.R. Fuhr, T.M. Deters, Atomic transition

probabilities of carbon, nitrogen and oxygen: a critical data
compilation (J. Phys. Chem. Ref. Data, Monograph 7,
1996)


