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Line oscillator strengths in 16 electric dipole-allowed bands of 14N2 in the
93.5–99.5 nm �106 950−100 500 cm−1� region have been measured at an instrumental resolution of
6.5�10−4 nm �0.7 cm−1�. The transitions terminate on vibrational levels of the 3p� 1�u

+, 3p� 1�u,
and 3s� 1�u Rydberg states and of the b� 1�u

+ and b 1�u valence states. The J dependences of band
f values derived from the experimental line f values are reported as polynomials in J��J�+1� and are
extrapolated to J�=0 in order to facilitate comparisons with results of coupled-Schrödinger-equation
calculations that do not take into account rotational interactions. Most bands in this study reveal a
marked J dependence of the f values and/or display anomalous P-, Q- and R-branch intensity
patterns. These patterns should help inform future spectroscopic models that incorporate rotational
effects, and these are critical for the construction of realistic atmospheric radiative transfer models.
Linewidth measurements are reported for four bands. Information provided by the J dependences of
the experimental linewidths should be of use in the development of a more complete understanding
of the predissociation mechanisms in N2. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2134703�
I. INTRODUCTION

Molecular nitrogen figures prominently in the photo-
chemistry of the Earth’s upper atmosphere, where photoex-
citation in the extreme ultraviolet �EUV� spectral region ��
�100 nm� and electron-impact excitation initiate critical
dissociation and ionization processes. Strong airglow emis-
sions in the EUV and the vacuum ultraviolet �VUV� ��
�100 nm� are observed in the terrestrial atmosphere1–3 as
well as in the N2-rich atmospheres of Titan4–6 and Triton,7

and N2 was recently identified in the interstellar medium
through its EUV absorption signature.8 The quantitative in-
terpretation of atmospheric and interstellar observations and
the modeling of upper atmospheric processes require a de-
tailed understanding of the EUV photoabsorption spectrum
of N2. In particular, EUV transmission models through
N2-rich atmospheres9,10 and radiative transfer models for the
interpretation of upper atmospheric airglow observations6 re-
quire a comprehensive and complete database of line posi-
tions, line oscillator strengths, and linewidths. Despite con-
siderable experimental and theoretical efforts, significant
uncertainties and gaps remain in the spectroscopic database,
including the fundamental parameters such as line oscillator
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strengths and line widths. In this paper we report measured
line oscillator strengths in sixteen bands of 14N2 in the
93.5–99.5 nm�106 950–100 500 cm−1� region as well as
measured linewidths in four bands. In the notation used
throughout this paper, these are the transitions between the
ground state X�0� and the vibronic upper states b�0–8�,
b��1,4�, c4��0,1�, c3�0,1�, and o3�0�.

The complex electric dipole-allowed absorption spec-
trum of N2 shortward of 100 nm was first interpreted by
Lefebvre-Brion,11 Dressler,12 and Carroll and Collins13 as
arising from transitions to the strongly perturbed vibrational
progressions of three Rydberg and two valence states. c4�

1�u
+

and c3
1�u are the n=3 lowest members of the np� and np�

Rydberg series converging to the X 2�g
+ ground state of N2

+;
the o3

1�u state is the n=3 lowest member of the ns� series
converging to A 2�u of N2

+; and b 1�u and b� 1�u
+ are valence

states. A comprehensive treatment of the homogeneous
Rydberg-Rydberg and Rydberg-valence interactions by Sta-
hel et al.14 successfully reproduced the strikingly anomalous
absorption strength patterns within the vibrational progres-
sions. Stahel et al.14 used observed vibronic term values and
rotational constants15–17 together with relative dipole
strengths determined from electron-energy-loss spectra18 to

optimize a set of electronic transition moments derived from

© 2005 American Institute of Physics03-1
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electronically coupled diabatic potential curves. Spelsberg
and Meyer19 recently refined the analysis by combining
ab initio calculated potential curves with R-dependent elec-
tronic couplings, producing an impressive agreement not
only with the observed rovibronic energies, but also with the
observed dipole strength distribution.18

Predissociation effects in the N2 EUV absorption spec-
trum vary dramatically from band to band. The clarification
of the underlying mechanisms has been a long-standing un-
resolved problem. Building on earlier works,12,13,20,21 Lewis
et al.22 have developed a quantitative predissociation model
for the b, c3, and o3

1�u states. A coupled-channel
Schrödinger-equation model of their interactions with the C
and C� 3�u states, optimized using the available experimen-
tal database of isotope-dependent line positions and line-
widths, reproduces all but the rotation-dependent line broad-
enings observed in the 14N2, 15N2, and 14N15N 1�u
vibrational levels below 105 350 cm−1. The model calcula-
tion shows that the spin-orbit interaction of the b 1�u and
C 3�u levels along with an electrostatic interaction between
the C state and the continuum of C� 3�u accounts for the
observed line broadening patterns.

Early measurements of N2 band oscillator strengths at
EUV wavelengths were carried out by Carter,23 Gürtler
et al.,24 and Lawrence et al.25 at a relatively low resolution of
�5 cm−1. In principle, optical-absorption measurements pro-
vide a direct determination of oscillator strengths. However,
an insufficient instrumental resolution complicates the analy-
sis of strongly absorbed lines.26–28 The effects associated
with an insufficient instrumental resolution, if not minimized
or properly accounted for, result in a systematic underestima-
tion of integrated photoabsorption cross sections and f val-
ues. Various strategies can be used to minimize instrumental
effects in an absorption measurement. However, there are
unavoidable uncertainties associated with extracting f values
from low-resolution absorption measurements, and these un-
certainties increase with decreasing instrumental resolving
power.

Stark et al.29 reported oscillator strengths for seven N2

bands between 95.8 and 99.4 nm from absorption spectra
recorded with an instrumental resolution of �0.7 cm−1, a
sevenfold improvement over previous measurements. To
minimize instrumental resolution effects, these measure-
ments were limited to peak optical depths of 	0.3, and cor-
rections based on the analyses of synthetic absorption spectra
convolved with the estimated instrumental line shape were
applied to the measured band-integrated cross sections. Be-
cause of the continued interest in the detailed spectroscopy
of the strong c4��0�−X�0� transition at
95.9 nm �104 270 cm−1�, Stark et al.30 remeasured the
band’s absorption spectrum, focusing on the determination of
individual line f values. A least-squares line-profile fitting
technique was used to account for instrumental resolution
effects.

N2 band f values have also been derived from electron-
scattering measurements. Geiger and Schröder18 reported
relative intensities in the N2 energy-loss spectrum of 25 keV
electrons at a resolution of 10 meV��80 cm−1�; after correc-

tion for the scattering geometry, these intensities can be con-
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verted to relative band oscillator strengths.14 Chan et al.31

determined absolute N2 band f values from energy-loss spec-
tra of 8 keV electrons at a resolution of 48 meV
��400 cm−1�. Ajello et al.32 reported a c4��0�−X�0� band f
value derived from electron-impact studies of the emission-
excitation cross section for the c4��0� level.

Evidence for predissociation line broadening in a num-
ber of b�v�1�u−X�0� bands was described by Carroll and
Collins13 in their photographic survey of the N2 EUV absorp-
tion spectrum. The first quantitative estimates of N2 line-
widths were reported by Leoni and Dressler20 from photo-
electric absorption measurements and by Oertel et al.33 from
fluorescent decay following synchrotron-radiation excitation.
This earlier work has been supplanted by an extensive pro-
gram of laser-based linewidth and lifetime measurements by
Ubachs and co-workers.34–41

The strong Rydberg-Rydberg, Rydberg-valence, and
valence-valence interactions among the singlet and triplet
states also produce conspicuous rotation-dependent effects
on line strengths and linewidths. Carroll and Collins13 iden-
tified a number of anomalous line-strength patterns in b�v�
−X�0� bands. J-dependent line oscillator strengths were re-
ported for the c4��0�−X�0� band by Stark et al.30 Walter
et al.42 reported extreme departures from normal rovibra-
tional intensity patterns in photofragment signals following
laser excitation of the c4��3,4�, c3�3,4�, and b��10,13� levels.
Rotation-dependent linewidths were reported for the c4��4�,
c3�4�, and b��13� levels,43 and rotation-dependent lifetimes
were reported for the c4��0� and c4��2� levels.38 Ajello et al.,44

Shemansky et al.,45 and Liu et al.46 derived J-dependent pre-
dissociation yields in the c4��0,3 ,4� levels from emission in-
tensities following electron-impact excitation. Heteroge-
neous interactions must be included in models to account for
many of the rotation-dependent effects. Edwards et al.47 ex-
tended the study of Stahel et al.14 by including the effects of
rotation, and they discussed the consequences of the hetero-
geneous mixing of Rydberg- and valence-state rovibronic
levels on the intensity distribution in emission spectra. Ref-
erences 32, 38, 42, and 43 used similar methods to interpret
the observed J dependences of lifetimes, linewidths, and pre-
dissociation yields.

Given the strength and complexity of the interactions
involving singlet and triplet states of N2, J-dependent effects
such as those already reported can be expected to be wide-
spread throughout the near-threshold region of N2. A more
complete database of J-dependent effects will inform the
continued modeling of the N2 rovibronic structure. The J
dependences of the line oscillator strengths and linewidths
reported in this paper have, where possible, been extrapo-
lated to J�=0; these extrapolated values can be directly com-
pared with f values and linewidths predicted by coupled-
Schrödinger-equation molecular models14,19,22 that do not
account for rotational effects. The accompanying paper by
Haverd et al.48 presents a refined coupled-Schrödinger-
equation model of the low-lying 1�u and 3�u states of N2

that accounts for many of the rotational effects reported here.
Nevertheless, the extent of the J dependence of N2 oscillator
strengths and linewidths in the EUV region remains to be

fully investigated and explained.
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II. EXPERIMENTAL PROCEDURE

The photoabsorption measurements reported here were
part of a three-year effort to record high-resolution, room-
temperature spectra of all dipole-allowed N2 transitions in
the 86–100 nm �116 300−100 000 cm−1� region. All f val-
ues and linewidths were derived from measurements made at
the 2.5 GeV storage ring of the Photon Factory, a
synchrotron-radiation facility at the High Energy Accelerator
Research Organization in Tsukuba, Japan. A 6.65 m spec-
trometer with a focal plane scanner49,50 was used to provide
high spectral resolution. The bandpass of the continuum ra-
diation entering the spectrometer was reduced to about 3 nm
by a zero-dispersion order sorter. A 1200 groove mm−1 grat-
ing, blazed at 550 nm, was used in the sixth order to give a
reciprocal dispersion of �0.02 nm mm−1. Spectrometer en-
trance and exit slits of �10 
m resulted in an instrumental
resolution of about 6.5�10−4 nm�0.70 cm−1�. The determi-
nation of the instrument profile is discussed in Sec. III.

The spectrometer tank, at a temperature of 295 K, served
as an absorption cell with a path length of �12.5 m; the
exact value depends on the grating position and was calcu-
lated for each absorption band. N2 was used in natural iso-
topic abundance �14N2,99.3% ; 14N15N,0.7% �. The strengths
of the 16 measured 14N2 bands vary widely, requiring a cor-
respondingly wide range of column densities. Absorption
spectra were recorded at tank pressures ranging from 7.9
�10−7 to 1.5�10−4 torr, corresponding to N2 column densi-
ties ranging from 3.3�1013 to 6.2�1015 cm−2. At the lower
pressures, outgassing from the tank walls would have con-
taminated a static gas sample over the time of a full scan.
Consequently, a flowing configuration was used. The spec-
trometer tank was continuously pumped by a 1500 liters/ s
turbomolecular pump, while N2 entered the tank through a
needle valve. At the pressures used, molecular flow condi-
tions prevailed, ruling out the occurrence of pressure differ-
entials that could have adversely affected the measurements.

The spectrometer tank pressure was monitored with an
ionization gauge. The limiting pressure in the tank was
�2.0�10−7 torr; the composition of the residual gas was
unknown, but the tank contents at this limiting pressure
showed no signs of absorption in the wavelength region stud-
ied. For pressures greater than 2�10−6 torr, the ionization
gauge was calibrated by volumetric expansion of N2; a small
volume, representing a measured fraction of the spectrometer
tank volume and filled to pressures that could be measured
with a capacitance manometer, was expanded into the main
tank. For the small fraction of scans taken at pressures below
2�10−6 torr, volumetric expansion becomes unreliable be-
cause of increasing uncertainties in the capacitance manom-
eter readings and because of the increasing importance of
spectrometer tank outgassing. The column density calibra-
tion in this pressure region is described in Ref. 30.

Bands with sharp rotational features were scanned at
speeds ranging from 0.0025 nm min−1 to 0.006 nm min−1;
signal integration times of about 1 s then resulted in one data
point for each 4.4�10−5–1.06�10−4 nm interval of the
spectrum. For the b�3�−X�0� band, the diffuseness of the

rotational lines allowed the detector scanning speed to be
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increased to 0.015 nm min−1. Most bands were scanned in
two or three overlapping portions, typically of width 0.1 nm.
Signal rates from the detector, a windowless solar-blind pho-
tomultiplier tube with a CsI-coated photocathode, were about
50 000 s−1 for the background continuum; the detector dark-
count rate was less than 2 s−1. To define the background
continuum level, the wavelength limits of each individual
scan were chosen to include regions of negligible N2 absorp-
tion. Typically, a signal-to-noise ratio of about 250 was
achieved for the continuum level.

III. ANALYSES

A total of 81 absorption scans were recorded, at a variety
of N2 column densities, of the 16 bands analyzed in this
paper. The absorption spectra were first converted to mea-
sured absorption cross sections through application of the
Beer-Lambert law,

�exp��� =
1

N
ln� I0���

I��� � , �1�

where �exp���, the experimental absorption cross section, in-
cludes the effects of the finite instrument resolution; N is the
column density of N2 molecules; I0��� is the background
continuum level; and I��� is the transmitted intensity. A cor-
rection for scattered light in the spectrometer, known to be
less than 3% of I0���,50 was not applied to the data. To illus-
trate the general quality of the data, a measured absorption
cross section of the bandhead region of the b�5�−X�0� band
is shown in Fig. 1.

For each unblended line within a band, a least-squares
fitting routine that accounts for the effects of the finite instru-
mental resolution was used to determine a value for the cor-
rected integrated cross section. The background continuum
level was established by sampling regions of negligible ab-
sorption between lines. Any variations in I0��� across indi-
vidual lines were modeled in the fits by linear interpolation.

FIG. 1. Representative measured photoabsorption cross section of the
b�5�−X�0� bandhead region at 295 K. Because of instrumental distortion of
the lines, the measured peak cross sections are lower limits to the correct
values �see text�.
All rotational lines were modeled with Voigt profiles. The
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Gaussian component is the room-temperature Doppler width
of 0.24 cm−1 full width at half maximum �FWHM�. For
bands with appreciably broadened lines �Lorentzian
component�0.10 cm−1 FWHM�, the Lorentzian component
of each rotational line profile was determined from the least-
squares fit �the strongly broadened b�3�−X�0� band was ana-
lyzed differently; see Sec. IV�. For all other bands, the rela-
tively narrow Lorentzian component could not be
unambiguously determined from our data. In these cases, the
published values of Ubachs,36 Ubachs et al.37,38 and
Sprengers et al.39–41 were used to fix the Lorentzian compo-
nent in the fitting routine.

The instrument function was also represented by a Voigt
profile. Its parameters were determined by least-squares fits
to the unblended lines of the b�1�−X�0� and c4��0�−X�0�
bands. The upper levels of these two bands show minimal
broadening due to predissociation, and with Lorentzian line-
widths of 0.002 and 0.007 cm−1,38,39 respectively, the line
shapes are almost pure Gaussians. As the analyzed absorp-
tion scans were recorded over a three-year period, the instru-
ment function was checked periodically to account for pos-
sible drifts in the optical alignment and in the slit widths of
the spectrometer. Two instrument profiles were adopted for
the data sets in this paper: one was constructed from a
Gaussian width of 0.56 cm−1 and a Lorentzian width of
0.25 cm−1, producing an instrumental FWHM of 0.71 cm−1;
the other was constructed from widths of 0.62 and
0.21 cm−1, producing a FWHM of 0.73 cm−1. From the dis-
tribution of fitting results, we estimate that the Gaussian and
Lorentzian components of the adopted instrument Voigt pro-
files have uncertainties of about ±0.04 and ±0.09 cm−1, re-
spectively. The uncertainties are correlated such that the in-
strument Voigt functions have total uncertainties of
±0.05 cm−1.

A representative fit to three rotational lines in the b�4�
−X�0� band is shown in Fig. 2 along with an indication of

FIG. 2. Open circles: measured photoabsorption cross sections of the Q�13�,
P�11�, and R�16� lines in the b�4�−X�0� band. Solid line: modeled cross
sections from a least-squares fit. The instrument resolution �FWHM� is also
indicated.
the FWHM of the assumed instrument profile. The integrated
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cross sections of individual rotational lines, determined from
the fitting procedure, were converted into line oscillator
strengths according to51

fJ�,J� = �4�0mec
2

e2 	
����d�

�2�J�

= �1.1296 � 103�

����d�

�2�J�
, �2�

where ���� and � are measured in units of 10−16 cm2 and
nanometers, respectively, and �J� is the fractional population
of N2 molecules in the J� rotational level as determined from
a normalized Boltzmann factor based on N2 ground-state
term values52 and taking into account the 2:1 statistical
weights of even- and odd-numbered levels due to nuclear
spin. All final line f values and linewidths are weighted av-
erages of results determined from absorption measurements
of at least two different N2 column densities. To minimize
errors associated with uncertainties in the adopted instrument
profile, only absorption features with measured peak optical
depths �0.5 were included in the weighted averages.

The uncertainties in the N2 column densities, the
adopted instrument profile of the spectrometer, and the pa-
rameters extracted from the least-squares fitting routine all
contribute to the estimated uncertainties in individual line f
values and widths. In addition, the uncertainties in the
adopted linewidths for features with Lorentzian components
less than 0.1 cm−1 FWHM, taken from literature,36–41 con-
tribute to line f value uncertainties in a subset of the bands.
Column density uncertainties are estimated to range from
about 5% for the highest-pressure scans to about 15% for the
lowest-pressure scans, where outgassing effects become sig-
nificant and pressure calibrations are more susceptible to sys-
tematic error. The uncertainties in the adopted instrument
profiles, discussed above, produce f-value uncertainties that
range from �5% for the weakest measured lines to about
10% for the strongest lines, and produce linewidth uncertain-
ties that are roughly equivalent to the instrument profile un-
certainty ��0.05 cm−1�. For narrow features, the uncertain-
ties in the literature values of the linewidths produce very
small uncertainties in our measured f values, typically less
than 1%. The total uncertainties in individual line f values
from all sources, including statistical uncertainties of the fit-
ting parameters �typically �10%�, are estimated to range
from 10% to 30%. For any one line in a given band, the f
values derived from separate absorption scans were generally
found to scatter within narrower limits. Linewidth uncertain-
ties for the five bands with measurably broadened features
vary quite widely, depending on the quality of the data and
the relative widths of the lines; these uncertainties are dis-
cussed separately for each band.

The relative vibronic band strengths of the �b ,c3 ,o3�1�u
and �b� ,c4� ,c5��

1�u
+ states calculated by Stahel et al.14 and by

Spelsberg and Meyer19 are derived from models that do not
account for rotational interactions. Comparisons of experi-
mental results with the predictions of these spectroscopic
models are strictly valid only for rotationless transitions. For
some of the bands measured in this study, the rotational line

f values follow the simple patterns associated with unper-
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turbed transitions. In particular, for unperturbed 1�− 1� and
1�− 1� transitions, the band oscillator strength f is related to
rotational line oscillator strengths fJ�,J� by51

1� − 1�: f =
�2J� + 1�fJ�,J�

SJ�,J�
, �3�

1� − 1�: f =
2�2J� + 1�fJ�,J�

SJ�,J�
, �4�

where the SJ�,J� are the Hönl-London factors. For unper-
turbed bands, the band f values derived from the application
of Eqs. �3� and �4� to measured line f values are independent
of the rotational quantum number J and can be directly com-
pared with theoretical results that neglect all rotational inter-
actions.

Most bands in this study display anomalous P-, Q-, and
R-branch intensity patterns and are characterized by a
marked J dependence of band f values derived from Eqs. �3�
and �4�. The detailed f-value patterns associated with specific
bands are presented in Sec. IV. For transitions from the
ground state of N2, it has to be the upper-state wave function
that is responsible for all departures from the standard line-
strength formulas.

Accordingly, the band f values derived from Eqs. �3� and
�4� are considered as functions of J�. To facilitate compari-
sons with calculated band strengths, we represent the derived
band f�J�� values as simple polynomials in J��J�+1� that are
to be used for extrapolation to J�=0. For simplicity, we will
refer to the band f values extrapolated to J�=0 as “rotation-
less” band f values. Four bands display a J dependence of
their linewidths and/or different widths associated with the e-
and f-parity levels in the upper state. The J dependences of
these linewidths are also represented as simple polynomials
in J��J�+1�.

The least-squares fitting routine was not applied to partly
blended pairs or groups of lines because of its sensitivity to
the exact positions and relative strengths of the lines. To
check the overall consistency of our f-value and linewidth
results and the validity of interpolations and extrapolations
of those results within each band, synthetic room-
temperature absorption spectra were generated and compared
with our measurements.

IV. RESULTS AND DISCUSSION

A band-by-band summary of our measurements and
analyses is presented in Table I. With the exceptions of the
very weak transitions to v=0, 2, and 3 of the b� state, all
electric dipole-allowed N2 transitions between 93.5 and
99.5 nm are covered in the current survey. For completeness,
the table includes the corresponding data for the c4��0�
−X�0� band, for which line oscillator strengths were pub-
lished separately by Stark et al.30 A detailed listing of mea-
sured f values and widths for individual rotational lines can
be accessed through the EPAPS data depository of AIP.53 Our
determinations of line parameters within specific bands, and
the rotational dependences of those parameters, will be dis-
cussed later in this section.
Table II compares the rotationless band f values of the
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second column with our earlier measurements of selected
bands,29,30 as well as with band f values derived from
electron-energy-loss measurements,18,31 electron-impact
studies of emission-excitation cross sections,32 and calcula-
tions based on sets of electronically coupled diabatic poten-
tial curves.14,19 Except for the present work and the calcu-
lated f values in the last two columns, all other data in the
table are strictly valid only for a room-temperature distribu-
tion of rotational populations. Earlier optical-absorption sur-
veys of Carter,23 Gürtler et al.,24 and Lawrence et al.25 are
not included in the table. These studies suffer from inad-
equate spectral resolution and, thus, systematically underes-
timate the band f values.

With some exceptions, our rotationless band f values are
consistent with the normalized f values of Geiger and
Schröder.18 Notable differences are found for c4��1�−X�0�
and c3�1�−X�0�; the discrepancies arise from the difficulties
of resolving the two transitions in the relatively low-
resolution electron-energy-loss spectrum. A significant dis-
agreement is also seen in the oscillator strengths of the very
weak o3�0�−X�0� band, where the Geiger and Schröder18

result exceeds by almost a factor of three the f value reported
by us, probably the consequence of the exceptionally strong
J dependence of the line strengths �see Table I� characteriz-
ing this band.

The f values proposed by Chan et al.31 are consistently
higher than our results. Again, the low resolution of the elec-
tron scattering spectra ��400 cm−1� may explain some of the
discrepancies. For example, the extraction of f values for the
three overlapping transitions c3�0�−X�0�, c4��0�−X�0�, and
b�5�−X�0� requires the deconvolution of three totally
blended peaks of the electron scattering spectrum �see Fig. 4
of Ref. 31�. A similar resolution problem exists for the over-
lapping c3�1�−X�0�, c4��1�−X�0�, and b�7�−X�0� bands.

Our rotationless band f values can be directly compared
with the calculations of Stahel et al.14 and of Spelsberg and
Meyer,19 neither of which accounts for rotational interac-
tions. Table II and Figs. 3�a� and 3�b� show the agreement to
be very satisfactory. Clear inconsistencies appear for only
two bands, b�8�−X�0� and o3�0�−X�0�, which are among the
weakest features in the 93.5–99.5 nm spectral region. As the
relative vibronic transition moments of Stahel et al.14 were
optimized by fitting the squared moments to the electron-
energy-loss spectra of Geiger and Schröder,18 and since the
latter represent measurements over room-temperature rota-
tional populations, some departures from measured rotation-
less f values might be expected.

The current study provides information on the J depen-
dences of band oscillator strengths derived from individual
line f values. It also reports the J dependences of linewidths
within individual bands. While the f values and linewidths of
some bands show a nearly unperturbed behavior, others ex-
hibit extreme departures from the unperturbed patterns. The
rather high density of vibronic levels at energies approaching
the threshold region and the strength of the Rydberg-
Rydberg, Rydberg-valence, and valence-valence interactions
make it unlikely that the observations can be fully explained
by two- or three-state interactions. A more global modeling

22
approach is needed, such as that undertaken by Lewis et al.
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in their recent description of N2 predissociation mechanisms.
The J dependences found in the present work should help
inform future models that include rotational interactions. The
following paragraphs provide a band-by-band summary and
a discussion of our observations in the 93.5–99.5 nm region.

�1� b�0�−X�0� and b�1�−X�0�. Within the limited range of
J values measured, no rotational dependence is seen in
the band f values extracted from measured line f values
in these two bands. This is consistent with the relatively
isolated positions of b�0� and b�1� and the fact that
their wave functions are of nearly pure-b-state
character.47 The Lorentzian contribution to the line-
widths in the b�1�−X�0� band, whose upper state is
known to fluoresce,54 is far too narrow to be observed
with our apparatus. We see some evidence of broaden-
ing of the b�0�−X�0� lines in our measurements, but
the fitting uncertainties are unacceptably large; lifetime
measurements41 were used to fix the Lorentzian width
at 0.17 cm−1 in our analysis.

�2� b�2�−X�0�. A weak J dependence is observed in the
band f values derived from line oscillator strengths.

TABLE I. Summary of measured f values and linewidths for EUV transition
decimal place. The measured oscillator strengths are reported in terms of a “r
the rotational dependence of band f values f�J�� derived from line f value
components �FWHM� of the measured linewidths. 
lit refers to data taken f

Band
T

�cm−1� Lines
Observed
J� range

f�J�=0�
��103�

b�0�−X�0� 100 817 9 5–13 2.4�2�
b�1� 101 452 8 9–16 8.1�10�
b�2� 102 152 27 5–23 21�2�
b�3�a 102 864
b�4� 103 549 45 3–26 68�7�
c3�0� 104 139 56 2–27 47�5�

P: 47.2−0
R: 47.2+0

c4��0�b 104 323 48 0–25 138�14�

b��1�c 104 419 16 1–11 0.45�9�
b�5� 104 700 45 1–22 2.8�3� Q:

P:
R:

b�6� 105 346 26 1–14 4.0�4�

o3�0� 105 683 12 2–20 0.13�2�
b�7� 106 111 45 3–21 17�2�
c4��1� 106 370 10 2–13 5.2�6�
c3�1�d 106 528 22 3–20 36�4�
b��4� 106 647 13 0–10 1.8�2�

R: 1.
b�8�h 106 933 11 4–26 0.44�10�
aLine broadening precludes fits to individual lines �see Sec. IV�.
bData taken from Ref. 30; polynomial fits are valid for J	10 �see Sec. IV�
cIntensities increase dramatically for J�7 owing to the interaction with c4��
dAnomalous Q-branch intensities for J�13 �see Sec. IV�.
eQ lines broaden significantly for J�10, reaching a maximum width of �1
fLow-J levels only �see Ref. 62 and Sec. IV�.
gAnomalous linewidth pattern �see Sec. IV�.
hAnomalous intensity distribution. Polynomial fit is valid for J�9 �see Sec
More significantly, the Lorentzian component of the
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linewidth in all branches is found to vary dramatically,
decreasing from �0.58 cm−1 for J�=0 to about
0.10 cm−1 at J�=22. The linewidth data are displayed
in Fig. 4. Ubachs et al.34 reported a Lorentzian width of
0.53 cm−1 for R�12�, marginally consistent with
0.41 cm−1 for J�=13 from a linear fit to our measure-
ments. Lewis et al.22 performed a coupled-Schrödinger-
equation calculation �1�u and 3�u states only� for non-
zero J values that qualitatively reproduces the
J-dependent level broadening pattern for the b�2� state.
As pointed out by Stevens et al.,5,6 the strongly predis-
sociating b�2�−X�0� band plays an important role in
multiple-scattering models of terrestrial and planetary
airglows because of its overlap with the c4��0�→X�1�
emission. Line profiles in b�2�−X�0� influence the loss
of airglow photons through reabsorption by N2; includ-
ing the strong J dependence of the line profiles should
improve the reliability of multiple-scattering models.

�3� b�3�−X�0�. The b�3� upper state is marked by very
strong predissociation, resulting in unusually diffuse ro-
tational features. Most lines in the band are at least

X�0� of 14N2. Uncertainties �in parentheses� are in units of the last-quoted
nless” band f value f�J�=0� and a polynomial in x=J��J�+1� that represents
alogous parameters, 
�J�=0� and 
�J��, are used to report the Lorentzian
iterature �Refs. 36–41�.

f�J�� ��103�

�J�=0�
�cm−1�


�J��
�cm−1�


lit

�cm−1�

2.4�2� 0.17
8.1�10� 0.020

20.9−0.0084x 0.60�7� 0.60−0.0010x

67.7−0.034x 0.30�5� 0.30�5�
Q: 47.2+0.024x 0.080
+ �9.0�10−4�x2− �8.7�10−7�x3

�5.7�10−4�x2+ �83.8�10−7�x3

138+ �6.7�10−2�x 0.0072
138− �2.6�10−1�x
.45+ �8�10−3�x 0.0086

+0.018x+ �3.0�10−5�x2 0.023
+0.045x+ �2.2�10−4�x2

0.0015x+ �4.0�10−5�x2

: 4.00−0.0062x 0.016
P: 4.00−0.012x
: 4.00−0.0022x
: 0.129+0.026x 0.022
16.5−0.016x 0.0096

5.2− �1.6�10−2�x 0.016
36�4� e 0.034f

1.8+ �3.6�10−3�x g

.8�10−2�x+ �1.7�10−4�x2

0.44−0.003x 0.056

lynomial fit is valid for J�5.

−1 for J=18 �see Sec. IV�.
s from
otatio
s. An
rom l

.25x
.28x−

P:
R:

0
2.80
2.80

2.80−
Q

R
Q

P:

P:
8− �2

.
0�; po

.1 cm

. IV�.
partially blended, and there is a significant overlap be-
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tween lines in the P and Q branches. Consequently, our
fitting procedure for individual spectral lines was not
applied, and no oscillator strengths or widths of indi-
vidual lines have been evaluated. From an integration
over the entire band, the room temperature band f value
is determined to be 0.043�6�, somewhat lower than our
earlier reported value of 0.051�5�.29 Lewis et al.22 at-
tribute the large width of b�3� to a spin-orbit interaction
with the nearly degenerate C 3�u��=9� level, which, in
turn, strongly predissociates into the continuum of
C� 3�u. The accompanying paper by Haverd et al.48

applies refinements of the coupled-Schrödinger-
equation model of Lewis et al.22 to a detailed analysis
of b�3�−X�0� that includes the rotational dependence of
the linewidths and line strengths.

�4� b�4�−X�0�. Band f values derived from line f values
appear to decrease with increasing rotational quantum
number. There is also some indication that the P /R
ratio of line f values is consistently lower, by about
20%, than what is expected for an unperturbed line-
strength distribution. The rotational linewidths are sig-
nificant but vary minimally with J and are comparable
for lines terminating on the e- and f-parity levels of
b�4�. The width of 0.30�6� cm−1, valid for all rotational
lines, is in very good agreement with the value reported
by Ubachs et al.37 �0.29 cm−1� for low-J lines. The
coupled-Schrödinger-equation model of Lewis et al.22

correctly reproduces the minimal J dependence of the
linewidths. The R�17� and P�19� lines of b�4�−X�0�
are displaced by �1.4 cm−1 from their expected posi-

TABLE II. Comparison of band oscillator strength
parentheses� are in units of the last quoted decimal pl
the exception of the value for b�3�−X�0�; the latter
room temperature only.

Band This work
Stark

et al.a,b Ref. 18c

b�0�−X�0� 2.4�2� 2.2�2� 1.8
b�1� 8.1�10� 9.6�10� 11
b�2� 21�2� 22�2� 23
b�3� 43�6�e 51�5� 43
b�4� 68�7� 61�6� 68
c3�0� 47�5� 56�8� 49
c4��0� 138�14� 145�28�,a

136�20�b
159

b��1� 0.45�9�
b�5� 2.8�3� 3.5
b�6� 4.0�4� 3.0
o3�0� 0.13�2� 0.35
b�7� 17�2� 18
c4��1� 5.2�6� 1.5
c3�1� 36�4� 50
b��4� 1.8�2�
b�8� 0.44�10� 0.35

aReference 29.
bReference 30.
cf-values normalized to f =0.043 for b�3�−X�0�.
dUncertainties �10%.
eRoom-temperature f value.
tions to lower energies, and two extra lines are ob-
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served symmetrically displaced to higher energies.
About 40% of the expected strength of the affected
lines has shifted to the extra lines, a clear indication
that the e-parity J=18 levels of b�4� is perturbed. The
Q�18� line is not affected. This perturbation was also
noted by Sprengers et al.55 in 14N2 and at J=15 of 15N2.
A clear identification of the perturber state has not been
made.

�5� c4��0�−X�0� and c3�0�−X�0�. The c4��0�1�u
+ and

c3�0�1�u levels form part of the lowest 3p complex of
N2, and the respective transitions from X�0� account for
two of the strongest features in the EUV spectrum. The
absorption signatures of both bands were recently iden-
tified in the interstellar medium.8 The c4��0� level plays
a central role in atmospheric emission studies and has
been thoroughly investigated by a number of
authors.30,38,45–47,56,57 The line f values for 48 lines in
the c4��0�−X�0� band were reported by Stark et al.30

The P /R ratios of the f values were found to be con-
sistently larger, by about 20%, than the ratios predicted
from simple Hönl-London factors, in qualitative agree-
ment with the description of c4��0� as the upper compo-
nent of a Rydberg p complex.58,59 Our new results for
the R and P branches of the c3�0�−X�0� band show a
complementary behavior for the lower component of
the p complex �see Fig. 5�. Any quantitative analysis of
the line-strength patterns in the two bands will have to
take into account the strong mixing of c3�0� with the
b 1�u valence state, particularly with b�4� and b�5�.14,47

Further complications arise from the avoided crossing

03� for EUV transitions of 14N2. Uncertainties �in
he band f values of column 2 are “rotationless” with
f values in columns 3–6 are strictly appropriate for

Ref. 31d Ref. 32 Ref. 14c Ref. 19c

2.5 2.0 2.3
11 9.1 9.6
27 23 23
53 43 43
86 59 65
64 44 49

195 156 143 140

0.49 0.48
6.1 2.5 3.0
5.0 3.8 5.5

0.99 0.46
24 21 20
1.5 3.8 8.3 6.4
64 35 36

2.1 2.0
1.5 0.9
s ��1
ace. T
and
of c4��0� with b��1� at J�11 �Refs. 56 and 57� and from
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the long-range interference of c4��0� with the entire
b��v� progression �see Ref. 30�.

�6� A linear fit of c3�0�−X�0� band f values, derived from
Q-branch line f values, to J��J�+1� yields a rotation-
less band f value of 0.047�5�. In subsequent fits of the
P- and R-branch f values, the rotationless band oscilla-
tor strength was held fixed at this value. Cubic fits were
required to reproduce the P- and R-branch f-value pat-
terns, reflecting the rapid onset of the J-dependent in-
teraction with the c4��0� level. These higher-order poly-
nomial fits should not be extrapolated beyond the range
of J values presented in our data compilation. Line
broadening effects in the c3�0�−X�0� band could not be
directly observed in our spectra; the Lorentzian compo-
nent of all linewidths was held fixed at 0.08 cm−1, as
determined from recent laser-based linewidth
measurements.41 Our rotationless band f value, along
with the J dependence of the line f values in the P, Q,
and R branches, leads to a room-temperature band f
value of 0.052, quite consistent with our earlier result

29

FIG. 3. Comparisons between our experimental rotationless band f values
�solid circles with uncertainties� and calculated f values �Stahel et al. �Ref.
14�-solid circles; Spelsberg and Meyer �Ref. 19�-open diamonds� for �a�
1�u←X 1�g

+ bands and �b� 1�u
+←X 1�g

+ bands. The calculated f values have
been normalized to f =0.043 for the b�3�−X�0� band.
of 0.056�8�.
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�7� b��1�−X�0�. The rotationless f value of the weak
b��1�−X�0� band was determined from a linear fit of
measured f values vs J��J�+1� for J��5. Beyond these
lowest rotational levels, the onset of the interaction be-
tween b��1� and c4��0�56,57 very quickly results in the
b��1�−X�0� lines gaining significant strength. Six rota-
tional line f values, with J��7, were reported earlier;30

they were not included in the rotationless f-value deter-
mination.

�8� b�5�−X�0�. Line f-value patterns in this band deviate
significantly from those predicted by 1�− 1� Hönl-
London factors �see Fig. 6�. The most striking features
are the rapidly increasing strength of the P-branch lines
with increasing rotational quantum number and the
relative weakness of the R-branch lines. At low J val-
ues, the band f values derived from lines within the P,
Q, or R branches converge to a common rotationless

FIG. 4. Experimentally determined Lorentzian component of linewidths
�FWHM� in the b�2�−X�0� band �open circles� and linear fit to J��J�+1�.

FIG. 5. c3�0�−X�0� band f values determined from rotational line f values
and Hönl-London factors �P branch-open squares, Q branch-solid circles,
and R branch-open diamonds�. The J dependence of the Q-branch f values is
adequately represented by a linear fit to J��J�+1�; P-branch and R-branch f
values are fit to higher-order polynomials with a common rotationless

intercept.
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value of 0.002 8�3�. For J��10, P-line f values are
larger than the corresponding Q-line f values, and band
f values derived from the highest-J P lines are as much
as a factor of 20 times larger than the rotationless band
f value. The b�5� level is strongly mixed with the 3p�
c3�0� level and to a lesser extent with o3,47 enabling the
e-parity levels of b�5� to assume a c4� 3p� character that
grows quickly with J �see Fig. 2 of Edwards et al.47�.
The increased intensity of the P branch is borrowed
from the c4��0�−X�0� transition, and the large discrep-
ancies between R- and P-branch intensities mirrors the
l-uncoupling interaction within the 3p complex.

�9� b�6�−X�0�. The band f values derived from the
branches of this sharp band converge to a common ro-
tationless f value and were fit separately to linear func-
tions of J��J�+1�. The P /R ratios of the line f values
deviate somewhat from predictions based on Hönl-
London factors, though not dramatically. The line f val-
ues for P and R transitions from a common J� level add
up to the f value for the corresponding Q line.

�10� o3�0�−X�0�. This was the weakest band measured in
our survey, and only a limited number of rotational
lines were analyzed. A linear fit of the f values of nine
lines in the Q branch vs J��J�+1� yields a rotationless
band f value of 0.000 13�2� and shows the band f value
to increase with J. Only fragmentary information on P-
and R-branch f values is obtained, and it is not evident
that these data are consistent with the Q-branch results.
Yoshino et al.60 describe two perturbations of the o3�0�
level, a heterogeneous interaction with b��3� and a ho-
mogeneous interaction with b�7� at high J values. Our
data are not complete enough to observe any corre-
sponding effects on line strengths.

�11� b�7�−X�0�. The rotational structure of this band allows
for a fairly complete set of line f-value measurements
in all three branches; a total of 45 line f values were

FIG. 6. b�5�−X�0� band f values determined from rotational line f values
and Hönl-London factors �P branch-open squares, Q branch-solid circles,
and R branch-open diamonds�. The J dependences of the f values in the
three branches are fit to quadratics �solid lines� with a common rotationless
intercept.
determined. All band f values determined from line f
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values follow the same linearly decreasing function of
J��J�+1�. The homogeneous interaction of b�7� with
the ower energy o3�0� level13,60 which has a larger-B
value, qualitatively explains the diminishing strength
with increasing J of the b�7�−X�0� lines in all three
branches. The absence of noticeable �-type doubling13

indicates the weakness of any heterogeneous interac-
tions and is consistent with the fact that the P /R ratios
of the line f values are governed by simple Hönl-
London factors.

�12� c4��1�−X�0�. This band is overlapped by the stronger
c3�1�−X�0� band, and only ten P-line f values could be
measured. The band f values derived from these mea-
surements were fit to a linearly decreasing function of
J��J�+1�. R-branch lines are either blended with
c3�1�−X�0� features or too weak to be measured. How-
ever, comparisons of a synthetic band model with our
measured spectra indicate that the R lines may be stron-
ger than predicted by Hönl-London factors. Yoshino
et al.61 and Ubachs et al.38 discuss the spectroscopy of
c4��1� and identify a strong homogeneous interaction
with b��4�. Figure 6 of Ref. 38 shows that for J�16,
c4��1� has nearly 50% b� �mainly b��4�� fractional vi-
bronic character. The decrease in line strength with in-
creasing rotation can be qualitatively explained by this
growing interaction, the b��4�−X�0� transition being
significantly weaker than c4��1�−X�0�. A complemen-
tary trend is observed for b��4�−X�0�.

�13� c3�1�−X�0�. For J��14, the band f values derived
from P, Q, and R lines are all very similar and J inde-
pendent. For higher J, the Q-branch lines, which could
be followed to J=20, display a clear intensity anomaly,
with peak strengths at J�=17–18 that exceed by a fac-
tor of two the line strengths observed for low rotational
quantum numbers. The anomaly in the Q branch is ac-
companied by significant line broadening. Below J�
=11, no broadening is observed with our apparatus.
The Q lines, from Q�11� through Q�20�, are noticeably
broader, the linewidths peaking at �1.1 cm−1 for J
=17–18 and dropping to �0.8 cm−1 for J=20. Line-
widths for rotational levels up to Jf =16 and Je=13
were previously reported by Kawamoto et al.62

in a near-infrared diode laser study of the
c3

1�u−a� 1�g
+1-0 band; the Q-branch linewidths were

found to increase approximately linearly with
J��J�+1�, and they agree, in the region of overlap, with
our own measurements. The same authors also report
broadening in the R and P branches, an observation
which we cannot confirm. Measurements of Sprengers
et al.40 indicate a shortening of the radiative lifetime in
the c3�1� level with increasing J. Although individual
lines could not be resolved, their observations are
broadly consistent with the results of Kawamoto et al.62

and with our results.
�14� b��4�−X�0�. This band is characterized by a strong P

branch and a much weaker R branch. With increasing
J�, the P branch grows in intensity faster than expected
on the basis of Hönl-London factors. The band f values

derived from the P lines were first fit to a linear func-
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tion of J��J�+1� to yield the rotationless band f value.
The corresponding R-branch data were then fit to a qua-
dratic function with the J�=0 intercept held fixed at the
rotationless band f value. Line broadening is seen in
both branches beginning at J��5; the broadening
peaks with a width of �0.8 cm−1 for J��7.

�15� b�8�−X�0�. The unusual line-strength anomaly in this
band was first reported by Carroll and Collins.13 The
line intensities in all three branches drop precipitously
for J��10: they are indiscernible, in our scans, for J�
=12 and 13, and reappear with significant strength in
all three branches for higher J values. A related inten-
sity pattern is observed in 15N2 at lower J values,54 the
pattern being ascribed to a destructive interference be-
tween Rydberg and valence 1�u transition amplitudes.
Five low-J Q-line f values are used to determine the
rotationless band f value.

As part of this work, a photographic plate of the room-
temperature absorption through a high column density of N2

�Ref. 63� was used to extend the b�8�−X�0� analysis of Car-
roll and Collins13 to lines beyond the region of destructive
interference. The measured wavelengths, upper-state term
values, and derived molecular parameters for b�8� are sum-
marized in Tables XVI and XVII of the data archive sent to
the EPAPS depository of AIP.53 The f values of four high-J
Q lines lying within the adjacent b��4�−X�0� band were
measured; they confirm the sharp increase in line strengths
above the region of destructive interference predicted by the
model of Haverd et al.48
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