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Oscillator strengths of 23 electric-dipole-allowed bands of 14N2 in the 86.0–89.7 nm
�111 480–116 280 cm−1� region are reported from synchrotron-based photoabsorption
measurements at an instrumental resolution of 6.5�10−4 nm �0.7 cm−1� full width at
half maximum. The absorption spectrum comprises transitions to vibrational levels of the
cn

1�u �n=3,4�, o3
1�u, and cn+1� 1�u

+�n=3,4� Rydberg states as well as 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 zero nuclear rotation in order to facilitate
comparisons with the results of coupled Schrödinger equation calculations. Many bands in this
study are characterized by a strong J dependence of the band f-values and display anomalous P-,
Q-, and R-branch intensity patterns. Predissociation line widths are reported for six bands. The
experimental f-value and line-width patterns inform current efforts to develop comprehensive
spectroscopic models for N2 that incorporate rotational effects and predissociation mechanisms, and
are critical for the construction of realistic atmospheric radiative-transfer models. © 2009 American
Institute of Physics. �doi:10.1063/1.3257690�

I. INTRODUCTION

The excitation of molecular nitrogen and its subsequent
dissociation are important drivers of the chemical dynamics
in the upper atmosphere of the Earth and in other nitrogen-
rich planetary atmospheres. For example, airglow emission
in the extreme-ultraviolet and vacuum-ultraviolet spectral re-
gions, attributable to N2 following photoexcitation or
electron-impact excitation, has been observed terrestrially1,2

and in the atmospheres of Titan3–5 and Triton.6 In all cases,
difficulties remain in the interpretation of the observations
and in the understanding of the resulting chemical and radia-
tive dynamics. More generally, the modeling of many upper-
atmospheric photochemical processes7–11 requires a detailed
understanding of the photoabsorption spectrum of 14N2 and
its isotopic variants.

The onset of the electric-dipole-allowed absorption spec-
trum from the X 1�g

+ ground state of N2 occurs near 100 nm,
with all dipole-accessible excited levels lying above the first
dissociation limit and subject to predissociation. The patterns
of vibronic spacings, line widths and absorption oscillator
strengths for the excited levels of N2 are highly erratic. The
main irregularities of the spectrum were first explained
successfully12–14 by invoking strong interactions between
two valence states, b 1�u and b� 1�u

+, and three Rydberg se-

ries: the np� and np� series converging to the X 2�g
+ ground

state of the ion, and the ns� series converging to the first
excited state A 2�u. In the following, we refer to the Rydberg
states using the traditional labels cn+1� and cn for, respectively,
the � and � components of a p-complex, and on for a core-
excited � state.

The homogeneous interactions between these states,
1�u� 1�u and 1�u

+� 1�u
+, were studied in detail by Stahel

et al.,15 who employed a coupled-channels model con-
strained by an experimental database of vibronic term values,
rotational constants, and relative dipole strengths determined
from electron energy-loss spectra.16 Rotational interactions
between 1�u and 1�u

+ states were not incorporated in this
model. Spelsberg and Meyer17 refined the analysis of Stahel
et al.15 by employing ab initio potential energy curves and
internuclear distance-dependent electronic-coupling param-
eters and transition moments, optimized to reproduce labora-
tory measurements.

A coupled-channels Schrödinger equation �CSE� model
taking into account the interactions between b 1�u, c3

1�u,
and o3

1�u, and the 3�u valence states C and C�, was devel-
oped by Lewis et al.,18 clarifying the predominant indirect
predissociation mechanism affecting the photoabsorption
spectrum. Their model demonstrated that the spin-orbit inter-
action between the b 1�u and C 3�u states, along with an
electrostatic interaction between C 3�u and the continuum ofa�Electronic mail: alan.heays@anu.edu.au.
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C� 3�u, accounts for the line-broadening patterns observed
shortward of 95 nm.19–21 Haverd et al.22 extended the CSE
model of Lewis et al.18 to reproduce the measured rotational
effects20 on line strengths and predissociation line widths for
the lowest-energy 1�u−X 1�g

+ vibrational bands. The recent
inclusion of the F and G 3�u Rydberg states23–25 has enabled
an extension of the CSE model to higher transition
energies.26 The incorporation into the model of heteroge-
neous interactions with the cn�

1�u
+ and b� 1�u

+ states, in-
formed by the laboratory measurements reported herein, is
currently underway. Liu et al.27 and Khakoo et al.28 have
reported applications of the CSE model to the interpretation
of electron-impact excitation spectra.

Early optical measurements29,30 of N2 band oscillator
strengths suffered from saturation effects associated with in-
sufficient spectral resolution.31 Electron-scattering measure-
ments are not subject to saturation effects but, due to their
inferior spectral resolution, require the deconvolution of
highly blended features in the extraction of band f-values.
Geiger and Schröder16 reported relative intensities in the N2

energy-loss spectrum of 25 keV electrons at a resolution of
10 meV full width at half maximum �FWHM� and Chan
et al.32 determined N2 band f-values from energy-loss spec-
tra of 8 keV electrons at a resolution of 48 meV FWHM.

Predissociation line broadening is generally less pro-
nounced in the absorption bands shortward of 90 nm than in
those reported previously at longer wavelengths.20,21,33–35

While there is no comprehensive line-width database, there
have been laser-based measurements of a few selected bands
in this region36–38 as well as photofragment studies39–42 that
reveal predissociation yields and dissociation product
branching ratios.

The strong homogeneous and rotational interactions
among the singlet and triplet states of N2 can produce strik-
ing rotation-dependent effects on line strengths and widths.
Within the spectral region studied in this report, Helm et al.36

reported the rotational dependence of line widths in the c4��4�
and c3�4�−X�0� bands, and Helm and Cosby39 and Walter et
al.40–42 reported departures from normal rovibrational inten-
sity patterns in photofragment signals following laser excita-
tion of the c4��4�, c3�4�, c5��0�, and c4�0� levels, as well as a
number of b��v� levels. Heterogeneous interactions are re-
sponsible for many of the rotation-dependent effects. In their
interpretation of the photofragment signals, Helm and
Cosby39 applied a local deperturbation analysis to six
coupled vibronic levels, while Helm et al.36 and Walter
et al.42 extended the coupled-channels treatment of Stahel
et al.15 by including the effects of rotation to interpret the
observed J-dependences of photofragment intensities and
predissociation yields.

The present work is a continuation of our measurement
program20,21 to survey at high resolution the dipole-allowed
photoabsorption spectrum of 14N2 from its onset to the first
ionization limit at 79.6 nm. We report line oscillator strength
and predissociation line-width measurements for 23 vibronic
bands of N2 in the 86.0–89.7 nm �111 480–116 280 cm−1�
region. The bands studied include transitions between the

ground state X�0� and the vibronic upper states
b�15–20,22–23�, b��12–18�, c3�4–5�, o3�4–5�, c4�0�,
c4��4–5�, and c5��0�.

II. EXPERIMENTAL PROCEDURE AND ANALYSIS

Detailed descriptions of the experiment, analysis proce-
dure, and sources of uncertainty have been given
previously,20,21 and are summarized here. Measurements
were undertaken at the Photon Factory synchrotron
radiation facility in Tsukuba, Japan. A 6.65 m grating
spectrometer provided an instrumental resolution of
�6�10−4 nm ��0.7 cm−1� FWHM and served as an ab-
sorption cell with a path length of 12.5 m. Room temperature
photoabsorption spectra were recorded at N2 column densi-
ties ranging from 4.1�1013 to 4.9�1015 cm−2 with a signal-
to-noise ratio of �250.

Absorption features were fitted numerically using a
least-squares program. Each line was represented by a Voigt
profile, with a fixed Doppler component and free parameters
representing transition energy, strength, and natural line
width. The instrument function was represented by a Gauss-
ian of width 0.65 cm−1 FWHM, determined by fitting the
narrowest measured lines assuming negligible natural line
width.

A database of N2 transition energies,43 compiled from
photographic absorption experiments, provides a basis for
wavelength calibration. The present work has enabled, in
some cases, an improved energy assignment of blended or
perturbed lines. Wholly new rotational assignments have
been made for the bands b�20�−, c3�5�−, c4��5�−, and o3�5�
−X�0�.

Line f-values, determined from the fitting procedure,
were converted into band f-values using standard Hönl–
London factors for 1�− 1� and 1�− 1� transitions.44 Most
bands in this study display anomalous P-, Q-, and R-branch
intensity patterns and are characterized by a marked rota-
tional dependence of band f-values. It is the upper-state
wave function that is primarily responsible for these varia-
tions and, accordingly, the band f-values measured here are
indexed by J�, the upper-state angular-momentum quantum
number.

The J�-dependences of the measured band f-values and
predissociation line widths are modeled as simple polynomi-
als and extrapolated to zero nuclear rotation, allowing direct
comparison with CSE molecular models15,17,18 that do not
account for rotational effects.

The uncertainties in individual line f-values from all
sources, including statistical uncertainties of the fitted pa-
rameters �typically 10%� and systematic uncertainty in the
spectrometer column density ��10%�, are estimated to range
from 10% to 30% �1 standard error�. Line width uncertain-
ties are �15% and vary widely.

III. RESULTS AND DISCUSSION

Summaries of our f-value and line-width measurements
are presented in Tables I and II, respectively. A detailed list-
ing of experimental f-values and widths for individual rota-
tional lines can be accessed through the EPAPS data deposi-
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tory of the AIP.45 Table III lists the newly determined
extrapolated, rotationless, band f-values. Also listed are ro-
tationless band f-values derived from CSE calculations15,17

as well as room temperature band f-values determined by
electron energy-loss spectroscopy.16,32 Comparison with the
latter is only appropriate for bands free from significant ro-
tational perturbations.

Overall, there is reasonable agreement between our rota-
tionless band f-values and the normalized f-values of Geiger
and Schröder.16 The current measurements of the b�16�
−X�0� and b��13�−X�0� bands suggest �3� larger f-values
than determined by Geiger and Schröder16 and the interven-
ing c4��4�−X�0� and c3�4�−X�0� are much weaker. This may
be due to an incorrect partition of the total cross-section
across these four bands which are overlapped in the low-
resolution spectra of Geiger and Schröder.16 Also, the
f-values of these bands have a strong J� dependence, ham-
pering the comparison of rotationless f-values with a low-
resolution experiment. Excluding these four bands, the
f-values of Geiger and Schröder16 are, on average, 18%
larger than those determined from the current experiment.

The f-values deduced by Chan et al.32 from their elec-
tron energy-loss spectra are consistently higher than our re-
sults, by a factor of 1.3–2.7. Our previous publications20,21

show a similar discrepancy for the N2 bands at longer wave-
lengths and provide further discussion. However, no conclu-
sive explanation has been found for the systematic differ-

TABLE I. Summary of band f-values �in units of 10−3�. Uncertainties in units of the last significant digit are
given in parentheses.

Band T0
a �cm−1� f0

b f�J�� c 0�J��Jmax� No. linesd Obs. J�
e Jmax� f

b�15�−X�0� 111 872 	1 1.9 4 15–20
b��12� 112 238 16�2� 16−4.6�10−3x 38 0–21
b�16� 112 509 1.1�2� 1.1 6 2–9
c4��4� 112 768 18�2� 18+6.0�10−2x−1.1�10−4x2 35 1–23
c3�4� 112 851 	0.3 P ,R :0+4.1�10−3x+2.2�10−3x2 15 3–15 8
b��13� 112 908 10�1� 10.0−1.3�10−1x+4.2�10−4x2 22 1–19 13
b�17� 113 127 0.51�5� 0.51 18 1–9 and 17–18 9
o3�4� 113 307 2.5�3� Q :2.5 32 1–22

P :2.5+1.1�10−2x+1.62�10−5x2 15
b��14� 113 540 18�2� P :18.0−9.1�10−3x 40 0–24 15

R :18.0−2.5�10−3x 15
b�18� 113 707 0.51�6� 0.51 7 4–11
b��15� 114 169 24�3� 24−1.0�10−2x 41 1–22
b�19� 114 255 0.36�6� 0.36 2 2,8
b�20� 114 746g P :5.8−3.6�10−2x 6 2–9
b��16� 114 754 34�4� 34−2.5�10−2x 40 0–24
c3�5� 114 825g 	0.5 P :0+2.1�10−2x 8 3, 7–13, and 17 13

R :0+7.7�10−3x 17
c4��5� 114 833g 0.18 P :0+1.6�10−2x 15 5–25 17

R :0+2.7�10−2x 18
o3�5� 115 259g 0.71�8� Q :0.71 21 3–17

P :0.71–8.1�10−3x+2.1�10−4x2 14
b��17� 115 369 16�2� 16 38 0–23 13
c4�0� 115 566 8.7�9� Q :8.7 38 1–22

P ,R :8.7 8
b�22� 115 663 	0.5 1 9
c5��0� 115 850 5.2�6� P :5.2+3.7�10−2x 27 5–22 15

R :5.2+1.5�10−2x 15
b�23� 116 029 0.08�2� 4 4–8
b��18� 116 206 2.4�3� 2.4−1.2�10−2x 25 0–23 14

aBand origin taken from the Harvard CfA N2 database �Ref. 43�.
bPresent band f-values extrapolated to zero nuclear rotation.
cBest fit to band f-values given as a polynomial in x=J��J�+1�.
dTotal number of observed lines for which reliable f-values could be determined.
eThe range of J� for which reliable f-values could be determined.
fWhere the f-value polynomial form is not valid for all measured lines it is restricted to �Jmax� .
gDeduced from this work.

TABLE II. Summary of predissociation line widths 
 �cm−1 FWHM�. Un-
certainties in units of the last significant digit are given in parentheses.

Level 
0
a 
�J�� b Obs. J�

c

b��14� 0.19�5� Constant �24
b��15� 0.17�3� 0.17–2.8�10−4J��J�+1� �16
c3�5� 0.4�1� See text 3–13
c4��5� See text 7, 9, and 13–19
o3�5� See text 11–15
b��17� 0.23�2� See text �15

aLine widths extrapolated to zero nuclear rotation.
bRotational dependence of line widths.
cThe range of J� for which line widths have been measured.
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ences between the two sets of results. There is a particularly
large disagreement between the band f-values of Chan
et al.32 and this experiment for c3�4�−X�0�, most likely due
to the same resolution effects discussed above regarding the
results of Geiger and Schröder.16

There is good agreement between the band f-values de-
termined by the current experiment and the coupled-channels
modeling of Stahel et al.15 and Spelsberg and Meyer.17 The
present measurements are consistently �20% lower than
modeled by Stahel et al.15 and �25% below the results of
Spelsberg and Meyer.17 These differences are consistent
with the level of agreement found in our previous
experiments.20,21 Unusual disagreement exists for the bands
b�17�−X�0� and o3�4�−X�0�, the current measurements
yielding only 45% and 26%, respectively, of the oscillator
strength modeled by Stahel et al.15 but demonstrating the
usual agreement with Spelsberg and Meyer.17 Similarly, our
b�18�−X�0� f-value is twice as large as Stahel et al.15 have
predicted. As shown previously,18 an incorrect relative sign
was adopted by Stahel et al.15 for the o−X and b−X diabatic
electronic transition moments leading to incorrect CSE
model f-values for the o−X transitions and their perturbation
partners.

Also included in the accompanying data archive45 are
f-value measurements for the b��3�−X�0� band. This is in
the interest of completeness regarding a previous
publication20 in this series of reports.

The following paragraphs provide a band-by-band sum-
mary of our observations. Unless noted otherwise, it can be
assumed that the relevant predissociation line widths are
�0.1 cm−1 FWHM, the minimum detectable line width.

A. b„15…−X„0…
Multiple lines from this band are visible for J��10 but

are all weak or blended and only an upper limit on the rota-
tionless band f-value could be determined. However, a few
higher-rotation lines �J�=15–20� with greater strength ap-
pear among the lines of the b��11�−X�0� band. The f-values
of these lines have been measured and show no discernible
branch dependence.

B. b�„12…−X„0…
Rotational lines have been observed up to J�=16 in the

P branch and J�=21 in the R branch. A weak linear J� de-
pendence of band f-values is observed with no detectable
difference between the two branches.

C. b„16…−X„0…
This weak band appears amid the high-rotational lines of

c4��4�−X�0�. The f-values of six lines between J�=2 and 9
have been measured and additional weak lines are identifi-
able. The quality of the data does not permit the identifica-
tion of any J� dependence for the band f-values and a
weighted mean of all measurements has been assumed as the
best rotationless estimate.

D. c4�„4…−X„0…
This strong band shows a 60% increase in band f-value

between J�=0 and 15, falling off thereafter, with measurable
transitions being observed as far as J�=23. The initial in-

TABLE III. Comparison of experimental band f-values �in units of 10−3, extrapolated to zero nuclear rotation�
with previous experiments and theoretical calculations. Uncertainties in units of the last significant digit are
given in parentheses.

Band This work Ref. 16a Ref. 32b Ref. 15a Ref. 17a

b�15�−X�0� 	1 0.52 0.85 1.6
b��12� 16�2� 18 30.3 18 19
b�16� 1.1�2� 0.45 1.1 1.3
c4��4� 18�2� 34 49.6 20 22
c3�4� 	0.3 3.1 2.10 0 0.025
b��13� 10�1� 2.6 11 12
b�17� 0.51�5� 2.3 0.83
o3�4� 2.5�3� 2.9 6.20 5.8 3.3
b��14� 18�2� 25 34.1 23 24
b�18� 0.51�6� 0.27 0.67
b��15� 24�3� 29 40.9 28 29
b�19� 0.36�6� 0.4 0.50
b��16� 34�4� 62.6 38 41
c3�5� 	0.5
c4��5� 0.18 0.6 0.4 0.15
o3�5� 0.71�8� 1.55
b��17� 16�2� 21 31.8 20 21
c4�0� 8.7�9� 12
b�22� 	0.5
c5��0� 5.2�6� 5.2 6.5 7.6
b�23� 0.08�2�
b��18� 2.4�3� 1.9 3.26 3.6 2.9

aNormalized to f =0.043 for b�3�−X�0� �Ref. 20�.
bAbsolute uncertainties �10%.
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crease in band f-value explains why the J�=0 value mea-
sured in this experiment is less than the band-averaged
f-value of Geiger and Schröder.16

The three excited levels c4��4�, c3�4�, and b��13� are
strongly coupled, forming a complex of bands which has
been studied previously by Yoshino et al.46 and Walter
et al.42 Figure 2 of Ref. 42 shows the term values of the
coupled upper states of the complex and our band f-value
measurements are reproduced in Fig. 1. All three term series
clearly deviate from the straight lines characteristic of unper-
turbed bands when plotted against J��J�+1�, and the band
f-values are highly J�-dependent.

The intensity patterns of these bands have no straightfor-
ward explanation, due to the complexity of the upper-state
interactions. The photofragment intensities measured by
Walter et al.,42 following excitation from the a� 1�g

+ meta-
stable state, are not directly comparable to f-values of tran-
sitions from the ground state but show a similar degree of
rotational variation.

Helm et al.36 measured rotationally resolved line widths
for c4��4�, which increase from 0.016 cm−1 FWHM at J�
=1 to 0.17 cm−1 FWHM at J�=19. No line broadening was
observed in the current experiment even though the greatest
line widths of Helm et al.36 should be detectable.

E. c3„4…−X„0…
Yoshino et al.46 assigned the rotational series of c3�4�

and b��13� so that they cross near J�=9 whereas Walter
et al.42 adopted an adiabatic assignment of term values as is
done here. The P- and R-branch lines are easily observed,
while the Q branch is entirely absent. Evidently, the P and R
lines borrow their intensity from transitions to the surround-
ing 1�u

+ states. Therefore, this band has insufficient intrinsic
strength to be detected by the present experiment and ap-
pears purely because it is perturbed by the e-parity levels of
the 1�u

+ states for J��0. For this reason, no rotationless
f-value could be determined directly and only an upper limit
is listed in Tables I and III.

The P- and R-branch f-values increase quadratically
with J��J�+1� as far as J�=8. Following the avoided cross-
ing with b��13� at J��9, the transitions to c3�4� rapidly de-

crease in strength and are observed up to J�=15. The c3�4�
line widths determined by Helm et al.,36 extending to J�
=13, are all 	0.1 cm−1 FWHM and below the minimum
detectable line width of our experiment.

F. b�„13…−X„0…
R-branch lines were observed up to J�=19 and P-branch

lines up to J�=10. Because of increasing rotational mixing
with c3�4�, the band f-values of b��13�−X�0� decrease rap-
idly up to J�=8 and then increase again. The experimental
band f-values of Geiger and Schröder16 are not comparable
to our extrapolated rotationless f-values because of this J�
dependence. No line broadening of b��13� was detected,
which is consistent with the experimental line widths
determined by Helm et al.36 of �0.07 cm−1 FWHM for
J�=3–5.

G. b„17…−X„0…
Twenty-one unblended lines, all for J��9, were mea-

sured. These lines show no J� or branch dependence and a
weighted mean of all band f-values is taken as the estimated
rotationless f-value, 0.51�10−3. Additionally, high-
rotational R-branch lines are visible among the lines of the
stronger b��13�−X�0� band, two of which �J�=18,19� have
been fitted and show much larger band f-values, 7.1�10−3

and 5.9�10−3, respectively. This perturbation likely points
to a level crossing and rotational mixing with b��13� at
J��18.

H. o3„4…−X„0…
Transitions up to J�=22 were observed in both the

e- and f-parity levels. An energy level perturbation, and re-
sultant line strength sharing with b��14�−X�0�, indicates a
level crossing in the term series of o3�4� and b��14� between
J=17 and 18 �see also the section on b��14�−X�0��. The
current assignments45 of e-parity levels for J�=20 and 21
differ from previous values47 with two blended lines at
132 380 cm−1 newly distinguishable because of an asym-
metrical combined line shape.

Because of intensity sharing with b��14�−X�0�, the ex-
perimental band f-values cannot be wholly constrained by a
polynomial form in Table I and are plotted in Fig. 2. The
Q-branch band f-values are unaffected by this perturbation
and are clearly J� independent. The lowest-J� lines of the
P and R branches converge to the same band f-value as the
Q branch. The P-branch band f-values do, however, show a
quadratic increase with J��J�+1� as far as J�=18. The
R branch is blended for 2�J��12 and band f-values for
J�=13 and 14 are weaker than the Q-branch f-values, while
the P branch is somewhat stronger. Stronger R-branch lines
were also measured for J�=20–22.

I. b�„14…−X„0…
This band has been followed as far as J�=19 in the P

branch and J�=24 in the R branch. The measured band
f-values �plotted in Fig. 2� are constant for low J�. However,
the P branch loses strength for J�=17–18 and the R branch

0 5 10 15 20 25
J′

0

10

20

30

B
an

d
f-

va
lu

e
(1

0-3
)

FIG. 1. Band f-values for the transitions c4��4�−X�0� �squares�, c3�4�
−X�0� �diamonds�, and b��13�−X�0� �circles�. P-branch f-values are shown
as open symbols and R-branch values as closed.
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shows weakened lines for J�=18–19. There is a rapid
change in the relative strengths of the P and R branches at
the crossing point with o3�4�−X�0� �between J�=18 and 19�
and the approximately inverse behavior is shown by the
f-values of o3�4�−X�0�. This is indicative of the sharing of
intensity between transitions of types �−� and �−�.48,49

The highest P- and R-branch lines are seen to be reverting to
their unperturbed f-values.

It was possible to measure the widths of many b��14�
−X�0� lines. These were found to be independent of J�, with
a mean value of 0.19
0.05 cm−1 FWHM.

J. b„18…−X„0…
Many lines from all three branches are visible in our

spectra, though only a subset of these, J�=4–11 in the Q
branch and J�=7 in the P branch, are unblended and strong
enough to be analyzed. No J� dependence in the band
f-values was detected.

K. b�„15…−X„0…
Strong P and R branches are followed to J�=21 and 22,

respectively, with f-values gradually decreasing. We also
tentatively suggest that the R branch is slightly stronger than
the P branch for high J�. Measured line widths are found to
decrease approximately linearly with J��J�+1� from
0.17
0.03 cm−1 at J�=0 to below the measurable limit of
�0.1 cm−1 by J�=16.

L. b„19…−X„0…
This weak band appears at the tail end of the b��16�

−X�0� spectrum. Many lines are visible but only two of
them, J�=2 and 8 in the Q branch, could be quantified. The
mean of these two lines is taken as the best estimate of the
rotationless band f-value.

M. b„20…−X„0…
Weak lines appearing amid the strong b��16�−X�0� band

have been assigned to b�20�−X�0�. Sixteen lines in the P and

R branches have been identified, with line energies and
e-parity term values listed in the EPAPS data archive.45 Mo-
lecular parameters were calculated from these term values,
giving T0=114745.76
0.5, B=1.07
0.02, D= �7
2�
�10−4, and H= �10
5��10−7 cm−1.

Band f-values of P-branch lines for J�=2–4 and 7–9 are
found to scatter widely, apparently decreasing with increas-
ing J�. We have not determined a rotationless f-value from
these measurements, the P-branch f-values very likely being
influenced by an interaction with b��16�.

Many of the lines attributed to this band have been pre-
viously noted but not assigned.43 The b�20�−X�0� lines are
interspersed with higher-rotational lines of c4��5�−X�0� and
c3�5�−X�0�, which are also newly assigned. It has been pos-
sible to partition the observed features between these three
bands by requiring continuity of the analyzed band f-values.

N. b�„16…−X„0…
This is the strongest band in the spectral region covered

by this publication with 40 lines measured, progressing up to
J�=24. These exhibit a gradual decrease in band f-value with
no apparent divergence of the P and R branches.

O. c3„5…−X„0…
This band has been assigned rotationally for the first

time,45 but many of the lines attributed to it have been de-
tected previously.43 It is overlapped by c4��5�−X�0�, and both
bands appear weakly in the windows of b��16�−X�0� for
high J�.

The energies and strengths of rotational lines arising
from the transitions cn�v�−X�0� and cn+1� �v�−X�0� may be
analyzed according to the formalism of a p-complex. How-
ever, for n=3 and v=5, interactions with the valence states
b 1�u and b� 1�u

+ cause significant perturbations and, here,
the c3�5�−X�0� and c4��5�−X�0� bands are treated separately.

The c3�5�−X�0� band f-values, shown in Fig. 3, are
strongly J�-dependent. The measured R-branch f-values
show a large increase between J�=9 and 13, and the
P-branch f-values show a tenfold increase between J�=3 and
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FIG. 2. Band f-values for the transitions o3�4�−X�0� �circles� and b��14�
−X�0� �squares�. P-branch f-values are shown as open symbols joined by
dotted lines, the R-branch values as closed symbols joined by solid lines,
and the Q-branch values as hashed symbols joined by dashed lines.
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FIG. 3. Band f-values of the transitions c4��5�−X�0� �circles� and c3�5�
−X�0� �squares�. P-branch f-values are shown as open symbols joined by
dotted lines, the R-branch values as closed symbols joined by solid lines.
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13 and are �2 times stronger than the R branch. No
Q-branch lines could be definitively assigned in the spec-
trum.

Term values were determined for 15 e-parity levels be-
tween J�=3 and 19; they are reproduced by the parameters
T0=114 825
2, B=1.42
0.05, D= �−9
2��10−4, and
H= �−1.1
0.5��10−6 cm−1, with an accuracy of 0.5 cm−1.

The mean measured line width for J�=3 and 7 is
0.4
0.1 cm−1 FWHM, and is the best estimate of a rota-
tionless value. The line width decreases to a mean value of
0.20
0.05 cm−1 FWHM for J�=9,11 and 13.

P. c4�„5…−X„0…
Carroll et al.50 report the molecular parameters T0

=114 830.2 and B=1.8 cm−1 for c4��5� but it appears that no
rotational assignments have been published. The spectra
analyzed here have resulted in new assignments for 14
R-branch lines �J�=11–24� and seven P-branch lines
�J�=6–10,18,20�. Line positions and the resultant term val-
ues are listed in the EPAPS data archive45 and experimental
band f-values are plotted in Fig. 3.

Because the lowest-rotation experimental term value has
J�=5, and c4��5� is very near to the c3�5� perturber, it is not
possible to determine the band origin with much accuracy.
Molecular parameters were determined employing term
values with J��18, giving T0=114 833
2, B=1.66
0.04,
D= �−5
3��10−4, and H= �−8
5��10−7 cm−1. Higher-J�
term values are not included, J�=21 being pushed down-
wards by �8 cm−1 and J�=22 being pushed upwards by
�3 cm−1. The cause of this is likely to be a level crossing
with b�21�, although no extra lines could be unambiguously
assigned to a b�21�−X�0� transition.

An incomplete series of band f-values was measured
between J�=5 and 25 showing a rapid increase as far as J�
=18. There is a decrease for J�=21, with regained strength
for J�=23 and 25, which is consistent with the occurrence of
intensity sharing with b�21�−X�0�. The mean of the lowest-
J� f-values was adopted as a rotationless value.

The c4��5� line widths were determined to be significant
and variable, increasing from 0.22
0.09 to
0.91
0.06 cm−1 FWHM between J�=5 and 7. Very likely
P�J�=9� is even broader but could not be measured. There is
a gap in the measurements for J��13, after which the line
widths decrease substantially and fall below the measurable
limit of 0.1 cm−1 FWHM by J�=20.

Q. o3„5…−X„0…
It has been possible to make the first assignments of

heavily-mixed members of the o3�5�−X�0� Q branch �J�
=3–12�, as well as higher-rotational lines of the P and R
branches �J�=8–17�, with transition energies and term val-
ues listed in the EPAPS data archive.45

From f-parity levels the following parameters have
been derived: T0=115 258.8
1, B=1.01
0.01 and
D= �−2.5
0.1��10−3 cm−1. The very low B and large
negative D values result from a crossing at low J� of the
Rydberg o3�5� level by the higher-lying valence level b�21�.
Thus, the lowest observed adiabatic levels have principally

b�21� character, reverting to o3�5� at higher J�. The Q-branch
band f-values show a large degree of scatter because they are
close to the noise level of the measurement and no variation
with J� is discernible despite the expected interaction with
b�21�. No lines from the complementary adiabatic transition
�b�21�−X�0� at higher J�� have been positively identified
although there are a few weak lines remaining unassigned in
the spectrum.

The P and R branches appear much more strongly than
the Q branch because of a level crossing with b��17� be-
tween J�=15 and 16. Intensity borrowing from the much
stronger b��17�−X�0� band results in rapidly varying band
f-values for both bands, plotted in Fig. 4. The o3�5�−X�0� P
branch appears more strongly than the R branch for J� below
the crossing point and the reverse is true for higher J�. A
similar P /R intensity interference effect resulting from a ro-
tational perturbation is discussed in the section concerning
b��14�−X�0�.

The J�-dependent broadening of the e-levels reaches a
maximum of 0.57
0.12 cm−1 FWHM at J�=12 and de-
creases for higher J�.

R. b�„17…−X„0…
This strong band was analyzed as far as J�=21 and 23 in

the P and R branches, respectively, and for J��13 the mea-
sured band f-values �plotted in Fig. 4� are unperturbed, ex-
cept for the P being slightly weaker than the R branch. The
J�=14 P-branch f-value is reduced due to the crossing with
o3�5� discussed in the previous section and the same is ob-
served for J�=15 in the R branch.

This band is broadened by predissociation. The average
width of lines having J��5 is 0.23
0.05 cm−1 FWHM.
The width decreases to 0.1 cm−1 FWHM for J�=9 and in-
creases again for 13 to 15.

S. c4„0…−X„0…
The upper level of this band is strongly rotationally

coupled to c5��0�, as well as being weakly perturbed by b�22�
with an observed level crossing between J�=8 and 9. This
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FIG. 4. Band f-values of the transitions o3�5�−X�0� �circles� and b��17�
−X�0� �diamonds�. P-branch f-values are shown as open symbols joined by
dotted lines, the R-branch as closed symbols joined by solid lines, and the
Q-branch as hashed symbols joined by dashed lines.
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complex of three bands has been studied previously by
Yoshino and Freeman51 and Helm and Cosby39 and the be-
havior of the band f-values determined here is in agreement
with the mutual perturbations discussed by these authors.

The Q branch of this band is free from the e-level per-
turbation by c5��0� and has been observed up to J�=22, with
a constant band f-value. The perturbation by b�22� is re-
vealed by energy shifts in the J�=8 and 9 term values.

There is significant c4�0� �-doubling with e-parity levels
30 cm−1 below the f-parity levels at J=20 because of the
higher-lying perturber c5��0�. A dip in both P- and R-branch
band f-values at J�=9 is observed, resulting from the pertur-
bation by b�22�. Extra lines attributable to b�22�−X�0� ap-
pear in the spectrum. Otherwise, for J��14 the P- and
R-branch band f-values mirror the Q-branch values, but there
is a clear increase in R-branch line strength and decrease in
the P-branch for J��14. The reverse P /R line strength pat-
tern is observed in the c5��0�−X�0� band f-values.

T. b„22…−X„0…
This band appears in our experimental spectra but is too

weak to be analyzed reliably, except for the J�=9 P- and
R-branch lines which borrow significant strength because of
a level crossing with c4�0�. These two lines are identifiable
by a reliable combination difference.51 The R-branch line is
blended, but the P-branch line has been measured to have a
strength comparable to that lost by the corresponding c4�0�
−X�0� line. Only an upper limit can be placed on the rota-
tionless band f-value, based on the noise level of the spectra
in the region where the b�22�−X�0� band head is located.

U. c5�„0…−X„0…
Lines have been measured for 5�J��21. The band

f-values of both branches increase up to J��16, at which
point the P-branch f-values are twice as large as the
R-branch values. At higher J�, the P-branch f-values remain
constant and the R-branch values decrease.

V. b„23…−X„0…
Only a few lines of this band are discernible above the

background noise, and in some cases these are overlapped
with lines of b��18�−X�0�, their presence being suggested by
the resultant blends which are too strong to be attributed
purely to b��18�−X�0�. The measured band f-values are too
few and too widely scattered for conclusions to be drawn
concerning the relative strengths of the P, Q, and R branches
of b�23�−X�0� and possible J�-dependencies. The mean
band f-value for the four measured lines is given in Table I.

W. b�„18…−X„0…
In this strong band, f-values rapidly decrease with J� in

both the P and R branches, which disappear altogether in our
spectra by J�=15. There is a resurrection of line strength
after this, with measurable R-branch lines for J�=19–22 and
additional R- and P-branch lines clearly visible but too weak

to be parameterized. This analysis has resulted in some new
high-rotational assignments listed in the accompanying data
archive.45
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