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The 3p�u c1�u−X 1�g
+�2,0� Rydberg and b� 1�u

+−X 1�g
+�7,0� valence transitions of 14N2, 14N15N,

and 15N2 are studied using laser-based 1 extreme ultraviolet �XUV�+1� UV two-photon-ionization
spectroscopy, supplemented by synchrotron-based photoabsorption measurements in the case of
14N2. For each isotopomer, effective rotational interactions between the c�v=2� and b��v=7� levels
are found to cause strong �-doubling in c�v=2� and dramatic P /R-branch intensity anomalies in the
b�−X�7,0� band due to the effects of quantum interference. Local perturbations in energy and
predissociation line width for the c�v=2� Rydberg level are observed and attributed to a spin-orbit
interaction with the crossing, short-lived C 3�u�v=17� valence level. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2883955�

I. INTRODUCTION

The level structure of the nitrogen molecule in the region
of its dipole-allowed absorption spectrum �i.e., above
100 000 cm−1� is one of severe complexity. First, the singlet
states that can be accessed directly in the extreme ultraviolet
�XUV� region via allowed transitions behave seemingly er-
ratically. Numerous investigations have been performed to
unravel these singlet structures. Through the semiempirical
work of Stahel et al.,1 the lowest-energy dipole-allowed
spectrum of N2 has been explained by considering the homo-
geneous electrostatic interactions between the Rydberg and
valence states of 1�u

+ and 1�u symmetries. In particular, the
corresponding calculated vibronic band strengths1 showed
strong quantum-interference effects. Later, a quantitatively
improved model of the N2 spectrum, based on ab initio cal-
culations, was put forward by Spelsberg and Meyer.2

Edwards et al.3 extended the description by incorporating
heterogeneous, rotationally dependent interactions in the
coupling model. Nevertheless, there remain many details in
the structure of the singlet states to be discovered and ex-
plained. The theoretical and experimental study of rotation-
ally dependent perturbations in the Rydberg-valence singlet
manifold of N2 and its isotopomers �15N2 and 14N15N� has
been a topic of recent interest. Strong local perturbations can
give rise, not only to level shifts, but also to changes in
intensities. By analogy with the vibronic case, such pertur-
bations can cause rotational quantum-interference effects,
leading, in some cases, to complete damping of intensity.4

Second, the singlet states show predissociation behavior
that is also erratic. Four decades ago, Carroll and Collins5

noted that, of the vibrational levels of the b 1�u valence

state, only v=1, 5, and 6 could be observed in emission. The
predissociation rates pertaining to the b 1�u�v� levels have
been determined experimentally from line-width studies em-
ploying either synchrotron-radiation6 or narrow-bandwidth
XUV laser-radiation7,8 sources. The XUV laser technique is
especially suitable for the determination of excited-state life-
times with rotational resolution. In addition, complementary
pump-probe experiments employing picosecond lasers have
been carried out to determine lifetimes experimentally.9 Nu-
merous additional investigations have been performed in or-
der to produce a quantitative experimental database for the
predissociation rates of the singlet states of N2, including
translational-spectroscopic studies,10,11 and investigations fo-
cusing specifically on the 15N2 and 14N15N isotopomers.12

Knowledge of the N2 predissociation behavior and mecha-
nism is a prerequisite for a detailed understanding of
radiative-transfer processes, as well as stratospheric chemis-
try, in nitrogen-rich planetary atmospheres such as those of
the Earth and Titan.

Over the years, a large effort has been invested towards
an understanding of the origin of the predissociation in the
lowest-lying electric-dipole-accessible singlet states of N2.13

Since the singlet states couple via homogeneous spin-orbit
interaction to the C 3�u state, which, in turn, is coupled to
the C� 3�u state above its dissociation limit, a detailed un-
derstanding of the predissociation of the singlet states re-
quires consideration of the interactions within the triplet
manifold. A recent study by Lewis et al.,14 based on a
coupled-channel Schrödinger equation �CSE� model for the
interacting 1�u�b ,c ,o� and 3�u�C ,C�� states, has provided a
quantitative explanation for the predissociation mechanism
of the 1�u states in the energy region below 105 000 cm−1.
This model achieves spectroscopic accuracy and builds upon
the information gathered over the years concerning low-lyinga�Electronic mail: wimu@nat.vu.nl.
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vibrational levels of the C 3�u and C� 3�u states, starting
with the benchmark study by Carroll and Mulliken.15 These
triplet data are reviewed in Ref. 14. Additional information
beyond C 3�u�v=5� and C� 3�u�v=2� has been obtained in-
directly by examining the predissociative effect of these
states on the singlet manifold, guided by ab initio potential
curves and an extrapolation from the known lower levels.
The CSE model is capable of explaining the predissociation
rates for b 1�u�v�6�, with rotational resolution, for the
three isotopomers 15N2, 14N15N, and 14N2.16 In particular, the
b 1�u�v=1� level of 14N2 provides a good test for the model.
For low J, the predissociation rate is very small and decay is
mainly radiative, with an exceptionally long lifetime.17 The
predicted predissociation rate increases steeply with J, in
good agreement with experiment.18

In order to extend our understanding of the predissocia-
tion phenomenon in N2 into the excitation region above
105 000 cm−1, significant CSE-model development is neces-
sary, facilitated by new experimental measurements. In par-
ticular, this requires knowledge of the locations of higher
vibrational levels of the C 3�u valence state, together with a
consideration of the other triplet Rydberg states, F 3�u,19 and
G 3�u,20 that play the role of inducing further predissociation
through their interactions with the C 3�u and C� 3�u states
and direct spin-orbit coupling to the 1�u states.21

Electric-dipole transitions from the X 1�g
+ ground state of

N2 to the triplet manifold are spin-forbidden, thus limiting
the information that can be obtained directly on these states
using normal spectroscopic techniques. However, spin-orbit
interactions cause coupling between the singlet and triplet
manifolds, leading to local perturbations in the singlet states
that can be observed using narrow-bandwidth spectroscopic
techniques, providing useful information on the triplet states
indirectly. For example, the C 3�u�v� valence-state levels,
which have low rotational constants, are most likely to cross,
and interact with, levels of the Rydberg states of N2, which
have significantly higher rotational constants. Indeed, spec-
troscopic parameters for the C 3�u�v=14� level of 15N2 have
been reported recently, determined by analyzing its perturba-
tion of c 1�u�v=1� near 106 500 cm−1, including the obser-
vation of a few extra lines due to transitions to the perturbing
level.22,23

The 3p�u c1�u state is a member of the 3p Rydberg
complex of N2,24 which also includes the 3p�u G3�u,
3p�u c�1�u

+, and 3p�u D3�u
+ states. The c and G states ex-

hibit a �small� spin-orbit interaction, while the G and D
states, and the c and c� states, exhibit strong rotational inter-
actions which perturb the rotational constants and contribute
to �-doubling in the �u 3p-complex components, leading to
a good deal of spectral complexity. In the present study, we
investigate the spectroscopy and predissociation characteris-
tics of the c 1�u�v=2� 3p-complex member in the energetic
region of 108 500–109 500 cm−1, for all three N2 isoto-
pomers, using principally 1XUV+1�UV two-photon-
ionization spectroscopy. This level is perturbed by singlet
valence states occurring in this energy region, most notably
b 1�u�v=11� and b� 1�u�v=7�, the latter of which contrib-
utes to observable �-doubling effects and quantum-
interference phenomena. Local perturbations in the c 1�u�v

=2� level, caused by these singlet levels, as well as those due
to C 3�u�v=17�, are studied, together with associated predis-
sociative effects.

II. EXPERIMENTAL METHODS

A. XUV laser spectroscopy

Laser-based 1 XUV+1� UV two-photon-ionization spec-
troscopy is the primary technique employed here to study the
excitation spectrum of N2, in the range �=91.3–92.3 nm.
Details of the experimental method, including a description
of the lasers, vacuum setup, molecular-beam configuration,
time-of-flight �TOF� detection scheme, and calibration pro-
cedures, have been presented previously.25 Briefly, narrow-
bandwidth XUV radiation is produced by frequency tripling
the UV light from a frequency-doubled pulsed dye laser
�PDL� pumped by an injection-seeded Nd: yttrium aluminum
garnet �YAG� laser. Frequency tripling takes place in a free
Xe-jet expansion, where the UV power �25 mJ in 5 ns� is
focused. The frequency in the XUV range is calibrated
against a Doppler-broadened I2 linear-absorption spectrum,26

recorded simultaneously using part of the visible output of
the dye laser. An absolute accuracy of �0.1 cm−1 for fully
resolved line positions is estimated.

A skimmed, pulsed N2 beam is perpendicularly inter-
sected by temporally and spatially overlapping XUV and UV
laser beams. Nitrogen molecules are excited resonantly by
the XUV photons and subsequently ionized by the intense
UV light. N2

+ ions are detected using a TOF mass selector. In
addition to normal N2, isotopically enriched samples of
14N15N and 15N2 are also studied. The TOF technique em-
ployed allows for mass identification of the N2

+ ions, which
can thus be distinguished from ions arising from the back-
ground oil in the vacuum system.

The experimental parameters were established to provide
the highest N2 rotational temperature in the interaction re-
gion. This was achieved by increasing the N2 density ��2
�10−5 mbar� and therefore increasing the population of the
higher rotational levels through collisions between the mo-
lecular beam and the higher-pressure background N2. To
achieve the background pressure required, the nozzle-
skimmer distance was kept to a minimum. We thereby re-
corded spectra associated with two distinct rotational tem-
peratures, one belonging to the supersonic expansion of the
molecular beam ��10 K� and one belonging to the back-
ground gas at ambient temperature ��300 K�. Moreover, by
changing the relative delay between the N2 pulsed-valve trig-
ger and the laser pulse, the rotational temperature in the mo-
lecular beam could be selected to measure independent spec-
tra of “cold” �10–50 K� and “warm” �200–300 K� samples.
These options helped greatly in the assignment of the spec-
tral lines.

The instrumental contribution to the measured line
widths depends on the ambient gas pressure, the settings for
measuring cold or warm spectra, the wavelength range, the
dye used, and the alignment of the PDL.25 In the case of the
high-temperature spectra, an additional Doppler broadening
amounting to �0.25 cm−1 full-width at half-maximum
�FWHM� must be accounted for in the line-width analyses.
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The instrumental width is determined from observed transi-
tions in the c� 1�u

+−X 1�g
+�2,0� band, because of its close

proximity to the c 1�u−X 1�g
+�2,0� transitions that are mea-

sured under virtually the same experimental conditions. The
c��v=2� level is known to be slightly predissociated,9 but not
to the extent that it will induce significant line broadening in
the present experiments. Hence, the instrumental width can
be taken to equal the observed width for these transitions.
The values obtained for the instrumental contribution to the
line width are 0.34	0.04 cm−1 FWHM for 15N2,
0.42	0.04 cm−1 FWHM for 14N15N, and 0.40	0.02 cm−1

FWHM for 14N2. Note that the instrumental width also in-
cludes the Doppler contribution. The differences between
these values are not so much related to the isotopomers, but
rather to the specific experimental conditions employed.

Using this narrow-bandwidth XUV laser system, line po-
sitions, line widths, and relative intensity variations can be
measured with rotational resolution. Information on the pre-
dissociation process can be obtained through several comple-
mentary means. The lifetime 
�s� of the excited level, short-
ened due to predissociation, can be expressed as


 =
1

2�c�
, �1�

where � is the natural �Lorentzian� line width �in cm−1

FWHM�. Under our experimental conditions, Doppler broad-
ening is also present, contributing to the effective instrumen-
tal profile which can be taken to be Gaussian.27 Thus, the
measured line shape has a Voigt profile, with a width of
�
obs FWHM. The Lorentzian line-width component, princi-
pally due to predissociation, can be obtained by deconvolu-
tion of the experimental Voigt profile using the appropriate
Gaussian instrumental profile, of width �
inst FWHM. With
some approximations,28 the following relation is obtained:

� = �
obs −
��
inst�2

�
obs
. �2�

Hence, using Eqs. �1� and �2�, the excited-state lifetime 
 can
be derived straightforwardly from the line-width measure-
ments. In addition, the shortening of the lifetime due to pre-
dissociation will not only cause line broadening, but also a
decrease in signal intensity, since the detected ions result
from the ionization of a decaying excited level. The resulting
ionization signal is proportional to the lifetime of the excited
intermediate state that is ionized.27 Thus, the intensity deple-
tion also provides information on the predissociation behav-
ior of the excited state, in fact, more sensitively, in many
cases, than from direct line-width measurements.

B. XUV synchrotron spectroscopy

Relative ionization signals in the spectra obtained using
the two-photon-ionization spectroscopic technique described
in Sec. II A are influenced, not only by the aforementioned
competition between predissociation and ionization, but also
by the inherent oscillator strengths of the transitions. Thus,
successful interpretation of the ionization spectra will, in
some cases, require a detailed knowledge of the oscillator
strengths, the measurement of which requires a different ex-

perimental technique. Therefore, in the case of the b�
−X�7,0� transition of 14N2, the present ionization spectra are
interpreted using oscillator strengths derived from absolute
XUV photoabsorption spectra obtained at the 2.5 GeV stor-
age ring of the Photon Factory, a synchrotron radiation facil-
ity at the High Energy Accelerator Research Organization in
Tsukuba, Japan. These measurements form part of the exten-
sive experimental campaign of Stark et al.,6,29 who have de-
scribed the apparatus in detail. Briefly, a 6.65 m spectrom-
eter with a 1200 grooves /mm grating �blazed at 550 nm and
used in the sixth order� provides an instrumental resolving
power of �150 000, equivalent to a resolution of �0.7 cm−1

FWHM. The spectrometer tank, filled with N2 of normal
isotopic composition in a flowing configuration, serves as an
absorption cell with a path length of �12.5 m and a tempera-
ture of 295 K. Rotational-line oscillator strengths and
Lorentzian predissociation line-width components are ob-
tained from the experimental photoabsorption cross sections
using a nonlinear least-squares fitting procedure which takes
account of the finite instrumental resolving power. The line
oscillator strengths are converted into equivalent absolute
band oscillator strengths using appropriate Hönl-London and
Boltzmann factors. Predissociation linewidths determined
from these synchrotron-based spectra for the c�v=2� level of
14N2 are also used in Sec. IV C to supplement the present
laser-based results which, for this isotopomer, do not extend
to high-enough J values to access the principal region of
interest, i.e., the crossing region with C�v=17�.

III. CSE CALCULATIONS

Due to the many interactions associated with levels of
the 3p Rydberg complex, the interpretation of the corre-
sponding spectra is difficult without some recourse to the
theoretical aspects. Therefore, although the present work is,
in principle, an experimental study, some CSE calculations
have been performed in order to supplement the analysis.

The CSE model employed in this work, an extension of
the �1�u+ 3�u� Rydberg-valence model of Lewis et al.14 and
Haverd et al.,16 which includes 1�u

+ Rydberg and valence
states and their mutual electrostatic interactions, together
with 1�u

+� 1�u rotational interactions, is described and ap-
plied in Liu et al.30 and Liang et al.31 Briefly, the coupled-
channel Schrödinger equation is solved for the radial wave
functions of a series of interacting diabatic electronic mo-
lecular states defined by potential-energy curves and off-
diagonal coupling parameters, and the corresponding photo-
dissociation cross section from the ground state is computed,
yielding line positions and oscillator strengths. The formal-
ism of the technique is described, e.g., by van Dishoeck
et al.32 and Lewis et al.33 A major advantage of this method
is that, after optimization to the well-known singlet energy
levels of the 14N2 isotopomer, reliable interpolations and ex-
trapolations may be made to previously unknown 15N2 and
14N15N levels. Additionally, because unbound states are in-
cluded among the coupled channels, predissociation line
widths can be modeled, and so observed line-width pertur-
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bations of singlet states may enable the indirect determina-
tion of potential-energy curves for the triplet manifold as
well as singlet-triplet coupling parameters.

The role of the present CSE modeling is to act as an
intelligent extrapolator to support the positive identification
of C�v=17� as the perturber of c�v=2�. A comparison of
experimental versus CSE-model band origins and rotational
constants for the C 3�u�v�9� levels is given in Lewis et
al.,14 showing excellent agreement. Further confidence in the
rather large extrapolation to v=17 is found in the physically
based ab initio C 3�u potential-energy curve used within the
model, as well as indirect verification of intermediate C�v�
levels through the perturbative effects they produce on al-
lowed singlet transitions.23

IV. RESULTS AND DISCUSSION

A. The c 1�u„v=2… and b� 1�u
+
„v=7… levels

Rotationally resolved spectra of the c 1�u−X 1�g
+�2,0�

and b� 1�u
+−X 1�g

+�7,0� bands in 15N2, 14N15N, and 14N2
were recorded, for a range of rotational temperatures. The
corresponding transition energies and line assignments de-
duced from the spectra are presented in Tables I–VI.

A high-temperature spectrum of the c 1�u−X 1�g
+�2,0�

band in 15N2 is shown in Fig. 1, where, with the aid of the
diamond-shaped symbols, it can be seen that there is a spec-
tacular deviation from a Boltzmann distribution in the
Q-branch rotational intensities. This effect, present in all

branches, made the line assignments somewhat difficult. Fi-
nally, these were established by using combination differ-
ences for the P- and R-branches, the 3:1 ratio between odd-
and even-J� lines associated with 15N2 nuclear-spin statistics,
and the cold and warm spectral recordings. From Fig. 1, it

TABLE I. Observed transition energies �in cm−1� for the c 1�u

−X 1�g
+�2,0� band in 15N2. Wave numbers derived from blended lines are

flagged with an asterisk � *�. Transitions that have not been included in the
singlet-singlet deperturbation analysis are marked with a cross-hatch �#�.

J� R�J�� Q�J�� P�J��

0 108 558.19
1 108 561.52* 108 554.46
2 108 564.14 108 553.81 108 547.07
3 108 566.65 108 552.83 108 542.77
4 108 569.19

#
* 108 551.62 108 538.09

5 108 570.61# 108 549.99* 108 533.09*

6 108 548.10# 108 527.97#

7 108 573.58
#
* 108 545.88# 108 522.37#

8 108 574.19
#
*

9 108 540.72# 108 510.34#

10 108 574.19
#
* 108 537.13# 108 503.29

#
*

11 108 573.58
#
* 108 533.09

#
* 108 496.29#

12 108 571.64# 108 530.30# 108 488.13#

13 108 569.18* 108 524.79# 108 481.02#

14 108 565.94 108 519.35
#
* 108 471.40#

15 108 561.78 108 513.33 108 461.49
16 108 556.52 108 506.54 108 450.91
17 108 549.93* 108 498.81 108 439.30
18 108 541.75 108 489.72# 108 426.73
19 108 531.61# 108 478.67# 108 412.76
20 108 519.35

#
* 108 465.30#

21 108 503.29
#
* 108 448.68#

22 108 483.94# 108 428.08# 108 359.65#

23 108 403.45#

24 108 374.59#

25 108 336.58#

TABLE II. Observed transition energies �in cm−1� for the b� 1�u
+

−X 1�g
+�7,0� band in 15N2. For explanation of the annotations, see caption to

Table I.

J� R�J�� P�J��

0 108 804.36*

1 108 805.48*

2 108 805.48* 108 792.74
3 108 804.36* 108 786.78
4 108 802.03 108 779.44
5 108 798.42 108 770.84
6 108 793.90 108 761.09
7 108 788.14 108 750.07
8 108 781.29
9 108 773.37

10 108 764.46
11 108 754.48
12 108 743.34
13 108 731.13 108 661.67
14 108 717.70
15 108 702.66 108 623.54
16 108 602.64
17 108 580.25

TABLE III. Observed transition energies �in cm−1� for the c 1�u

−X 1�g
+�2,0� band in 14N15N. For explanation of the annotations, see cap-

tion to Table I.

J� R�J�� Q�J�� P�J��

0 108 628.39*

1 108 631.61 108 624.43
2 108 634.53 108 623.72 108 616.82
3 108 637.04* 108 622.81* 108 012.77*

4 108 639.39* 108 621.52 108 607.62
5 108 641.37 108 619.89 108 602.54*

6 108 642.83* 108 617.94 108 597.11
7 108 643.76* 108 615.57* 108 591.29
8 108 644.64* 108 612.77* 108 585.15
9 108 644.64* 108 609.76 108 578.56

10 108 644.64* 108 606.42* 108 571.67
11 108 643.76* 108 602.54* 108 564.14
12 108 642.83* 108 598.23 108 556.05
13 108 639.39* 108 593.62 108 547.59
14 108 637.04* 108 588.44 108 538.33
15 108 632.75 108 582.63* 108 528.65
16 108 628.39

#
* 108 576.32 108 517.77

17 108 622.81
#
* 108 569.16# 108 506.18

18 108 615.57#
* 108 561.40# 108 493.40#

19 108 606.42#
* 108 551.90# 108 480.93#

20 108 595.48# 108 540.56#

21 108 582.63#
* 108 526.83#

22 108 566.99# 108 509.86#

23 108 489.18#

24 108 524.41#

25 108 504.47#
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can be seen that there is a significant intensity decrease be-
tween Q�6� and Q�13�, with the Q�8� line too weak to be
observed. Transitions terminating on levels between J=5 and
J=13 also show a marked intensity decrease in the P- and
R-branches. As will be seen below, this intensity depletion is
attributed to the effects of the crossing of c�v=2� by the
predissociated v=17 level of the triplet state C 3�u. In the
case of 14N15N, small intensity deviations are observed for
transitions to both e- and f-parity levels of c�v=2� with J
=17 and 18. No unusual intensity behavior is observed in the
case of 14N2, where J=19 is the highest rotational level of
the excited state probed experimentally.

The overall singlet structure in the region of the v=2
level of the 3p Rydberg complex of N2 is summarized in Fig.
2 for the e-parity levels of each isotopomer. The plotted
points represent a combination of measurements taken using
the present apparatus and data from the Harvard-Smithsonian
molecular database.34 This structure is completely analogous
to that reported and discussed in detail by Sprengers et al.12

for the v=1 level of the same Rydberg complex in 15N2,
where the interacting valence states are b�v=8� and b��v
=4�. In the present case, the diabatic c 1�u�v=2� and the
lower-lying c� 1�u

+�v=2� levels exhibit the first-order hetero-
geneous L-uncoupling interaction characteristic of
p-complex members,24 providing the root cause of the
J-dependent �-doubling in c�v=2�. In addition, the higher-
lying valence levels, b 1�u�v=11� and b� 1�u

+�v=7�, with
lower rotational constants, interact homogeneously with the

TABLE IV. Observed transition energies �in cm−1� for the b� 1�u
+

−X 1�g
+�7,0� band in 14N15N. For explanation of the annotations, see cap-

tion to Table I.

J� R�J�� P�J��

0 108 880.90*

1 108 882.06* 108 874.20
2 108 882.06* 108 869.13
3 108 880.90* 108 862.74
4 108 878.69 108 855.17
5 108 875.29* 108 846.41
6 108 870.74 108 836.40
7 108 864.94 108 825.39
8 108 858.15 108 812.91
9 108 850.34 108 799.44

10 108 841.55
11 108 831.80 108 769.05
12 108 821.08 108 753.21
13 108 809.49
14 108 797.10
15 108 783.71 108 698.09
16 108 678.06
17 108 656.94

TABLE V. Observed transition energies �in cm−1� for the c 1�u

−X 1�g
+�2,0� band in 14N2. For explanation of the annotations, see caption to

Table I.

J� R�J�� Q�J�� P�J��

0 108 698.17*

1 108 701.57 108 694.06
2 108 704.51 108 693.35 108 686.60
3 108 707.06* 108 692.27 108 681.91*

4 108 709.54* 108 690.87 108 676.68
5 108 711.55 108 689.15 108 671.31*

6 108 713.09 108 687.04 108 665.79
7 108 714.16* 108 684.68 108 659.69
8 108 714.69* 108 681.91* 108 653.30
9 108 714.69* 108 678.71 108 646.52

10 108 714.69* 108 675.12 108 639.14
11 108 714.16* 108 671.31* 108 631.45
12 108 712.03 108 666.88 108 623.10
13 108 709.54* 108 662.02 108 614.28
14 108 707.06* 108 656.84 108 604.74
15 108 702.84 108 651.00 108 594.55
16 108 698.17* 108 644.69 108 583.56
17 108 637.56 108 571.84
18 108 629.70# 108 559.03
19 108 620.80#

TABLE VI. Observed transition energies �in cm−1� for the b� 1�u
+

−X 1�g
+�7,0� band in 14N2. For explanation of the annotations, see caption to

Table I. The information derived from shoulders in the spectra is marked
with an s.

J� R�J�� P�J��

0 108 954.80
1 108 956.40* 108 948.19
2 108 956.40* 108 942.84
3 108 955.38 108 936.35
4 108 953.17 108 928.52
5 108 949.72 108 919.67
6 108 945.00 108 909.34
7 108 939.26 108 897.80
8 108 932.43 108 885.20
9 108 924.61 108 871.63s

10 108 915.91 108 856.94
11 108 906.24
12 108 895.50
13 108 884.08
14 108 872.15s
15 108 859.21
16 108 845.84

FIG. 1. 1 XUV+1� UV ionization spectrum and line assignments for the
c 1�u−X 1�g

+�2,0� band of 15N2. The diamond-shaped symbols act as a
guide to indicate the perturbed intensity pattern in the Q branch, where the
3:1 ratio between odd- and even-J� transition lines, arising from nuclear-
spin statistics, has been taken into account.
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c 1�u�v=2� and c� 1�u
+�v=2� Rydberg levels, respectively,

more strongly as J increases. In the case of the f-parity lev-
els, c 1�u�v=2��b 1�u�v=11� is the only operative interac-
tion. In reality, in the case of the e levels, the four singlet
states form a Rydberg-valence complex, with mutual effec-
tive interactions arising from the basis couplings just de-
tailed. For example, b��v=7� and c�v=2�, the principal lev-
els studied here, exhibit an effective rotational interaction
which culminates in an avoided crossing at intermediate J
values, providing a further dimension to the J-dependence of
the c�v=2� �-doubling. The observed �-doublings for the
c�v=2� levels of the three isotopomers �shown in Fig. 3� are
seen to exhibit qualitatively similar behavior. In the case of
15N2, the �-doubling is very similar to that reported for the
c�v=1� p-complex member of the same isotopomer by
Sprengers et al.12 At low J, the effective c��v=2� contribu-
tion to the �-doubling is a little more important, with the e

levels higher in energy. As J increases, b��v=7� approaches
from above more closely and its contribution dominates,
with the e levels now much lower in energy.

Also shown in Fig. 2 is the indicative rotational structure
of the C 3�u�v=17� valence level that is responsible for the
local-intensity perturbation of c�v=2�, computed using the
CSE model. As can be seen from the figure, C 3�u�v=17�
crosses c 1�u�v=2� at significantly different J values for
each isotopomer. The model crossing points agree with the
observed positions of maximum intensity perturbation for
both 15N2 and 14N15N. However, for 14N2, the C 3�u�v
=17� state is predicted to cross c 1�u�v=2� at J�23, too
high to be accessible with the current experimental setup.

One of the main aims of the present work is to examine
the character of the local perturbation of c�v=2� by C�v
=17�. In order to facilitate this in the case of the e-parity
levels, we attempt to first remove the effects of the stronger
perturbation by b��v=7� by performing a two-level depertur-
bation analysis. In the case of the f-parity levels, this proce-
dure is not necessary, the avoided crossing between b�v
=11� and c�v=2� occurring only at high-J levels, beyond the
range of interest for the C�v=17� crossing.

Effective two-level-deperturbed spectroscopic param-
eters have been determined from the experimental transition
energies for the c−X�2,0� and b�−X�7,0� bands, using a
nonlinear least-squares fitting procedure, and omitting the J
=5−13 and J=17−18 c�v=2�-state levels, for 15N2 and
14N15N, respectively, that correspond to the regions of ob-
served intensity perturbation. For 14N2, no unusual intensity
behavior is observed, so all levels have been included in the
analysis. The terms of the ground state X 1�g

+ are represented
by

F�J�� = B�J��J� + 1�� − D�J��J� + 1��2 + H�J��J� + 1��3,

�3�

where J� labels the rotational levels of the ground state, B is
the rotational constant, and D and H are centrifugal distor-
tion parameters. The spectroscopic parameters of Bendtsen35

and Trickl et al.36 are used for the X 1�g
+ states of 15N2,

14N15N, and 14N2. The terms for the excited c 1�u state,
where, for simplicity, we denote the rotational quantum num-
ber by J, rather than J� �and the same holds for v and v��, are
taken to have the following form:

Tf�J� = 
0 + B�J�J + 1� − 1� − D�J�J + 1� − 1�2, �4�

for the f-parity24 levels, where 
0 is the band origin, and

Te�J� = Tf�J� + q�J�J + 1� − 1� , �5�

for the e-parity levels, where q is the �-doubling parameter.
The terms for b��v=7�, which has only e-parity levels,

are represented by

T�J� = 
0 + B�J�J + 1�� − D�J�J + 1��2. �6�

As already noted, the interaction between the b��v=7� levels,
of 1�u

+ symmetry, and c�v=2� levels, of 1�u symmetry, is of
a heterogeneous nature ���=1, L-uncoupling� and only in-
volves the e-parity levels of the c�v=2� state. For the
e-parity manifold, a two-state deperturbation analysis was

FIG. 2. Rotational term values for b 1�u�v=11�, b� 1�u
+�v=7�, c 1�u�v=2�,

and c� 1�u
+�v=2�, for the three isotopomers of N2. For clarity, only the

e-parity levels are displayed. The symbols in gray represent data from the
Harvard-Smithsonian molecular database �Ref. 34�. Indicative C 3�u�v
=17� energy levels �lines� were obtained using the CSE model. The missing
rotational levels for C �v=17� were difficult to determine due to excessive
predissociation and additional perturbation by the F 3�u�v=2� level.

FIG. 3. Observed �-doubling ��Te−f =Te�J�−Tf�J�� for the c 1�u�v=2� Ry-
dberg levels of isotopic N2. The symbols in gray represent data from the
Harvard-Smithsonian molecular database �Ref. 34�.
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performed for each J value by diagonalizing the matrix

� Tb��7� Hb��7�c�2��J�J + 1�

Hb��7�c�2��J�J + 1� Tc�2�
	 , �7�

where the diagonal elements are the term energies of b��v
=7� and c�v=2�, given by Eqs. �6� and �5�, respectively. The
off-diagonal elements represent the effective heterogeneous
interaction between the c�v=2� e-parity and b��v=7� levels.
In the weighted fitting procedure, the nominal uncertainty in
the absolute transition energy for fully resolved lines of rea-
sonable strength was taken to be 0.1 cm−1. In the case of
weak or blended lines, the uncertainty was set to an esti-
mated value in the range of 0.15–0.30 cm−1. For all three
isotopomers, the quality of the obtained fit was reasonable.
The results of the two-level deperturbation analysis for the
three isotopomers are given in Table VII.

It should be noted that the two-level deperturbation per-
formed here is only an approximation, and that, conse-
quently, the spectroscopic parameters in Table VII have lim-
ited physical significance. For example, from molecular-
orbital configurational arguments, and experimentation with
the CSE model, the direct heterogeneous electronic coupling
between the b� 1�u

+ and c 1�u states is likely to be very
small, so it is principally the indirect mechanism involving
both the homogeneous b��c� and the heterogeneous c��c
electronic couplings that is responsible for the complexity of
the observed c�v=2�-level �-doubling in Fig. 3 and the
anomalous D values for b��v=7� in Table VII. Consequently,
for large J, the effective deperturbation parameter Hb��7�c�2�
will not be well represented as J-independent if c��v=2� is
not also explicitly deperturbed concurrently. However, addi-
tional possible perturbation partners could not be followed
up to sufficiently high J, and an attempted three state analy-
sis �b�v=11�, b��v=7�, and c�v=2�� gave inconclusive re-
sults, as did the further inclusion of c��v=2�. Thus, only the
two-state analysis is presented and the higher-J levels for
which the model does not apply are left out of the fit. This
limitation does not affect our main aim of studying the addi-
tional local perturbation of c�v=2� by C�v=17�.

B. P /R intensity anomalies in the b�−X„7,0… band

The effective heterogeneous interaction between c�v
=2� and b��v=7� not only produces energy shifts, but also
affects the intensities of transitions accessing the correspond-
ing e-parity levels. In particular, the b�−X�7,0� ionization
spectra for each isotopomer display significant P /R-branch
intensity anomalies, behavior characteristic of transitions
into states of mixed � and � character, where each compo-
nent of the transition is dipole-allowed.

P /R anomalies and their causative quantum-interference
mechanism have been described in detail by Lefebvre-Brion
and Field.24 Briefly, in the case of a transition from a 1�
initial state to a nominal 1� level which is perturbed by a
lower-lying 1� level, thus corresponding to the present situ-
ation, the J dependence of the perturbed R-branch intensity is
given by

IR�J� = J − 1� � JcJ
2�


2 + �J + 1��1 − cJ
2���

2

	 2cJ
�J�J + 1��1 − cJ

2��
��, �8�

while the P-branch dependence is given by

IP�J� = J + 1� � �J + 1�cJ
2�


2 + J�1 − cJ
2���

2

� 2cJ
�J�J + 1��1 − cJ

2��
��, �9�

where �
 and �� are the unperturbed 1�− 1� and 1�− 1�
vibronic transition moments, respectively, and cJ�0 is the
J-dependent mixing coefficient corresponding to the amount
of 1� character in the perturbed 1� wave function. In Eqs.
�8� and �9�, the upper signs apply when the ��� vibronic
interaction matrix element H���0, the lower when H��

�0. The sense of the quantum-interference effect, corre-
sponding to the overall signs of the cross terms in Eqs. �8�
and �9�, depends on the sign of the product �
��H��. In the
present case, where the P-branch of the b�−X�7,0� transition
is observed to decrease in intensity as a result of the inter-
ference effect, evidently, �b�X�7,0��cX�2,0�Hb��7�c�2��0. Note
that, as this is an excited-state interaction, we have chosen to
express the intensity of the R and P branches in terms of the
excited state rotational quantum number J.

To study this phenomenon experimentally, it is necessary
to extract information on the intensity of the transitions mea-
sured in the ionization spectra. Generally, it is risky to rely
on intensities in a 1 XUV+1� UV experiment. However, if
one assumes that the ionization cross section and XUV in-
tensity are constant during the measurement, some semi-
quantitative information can be extracted from the experi-
mental results.

Relative rotational intensities in well-behaved, unper-
turbed vibronic transitions of N2 are given by

I � gJ�
i SJJ��2J� + 1�e−B��J��J�+1��/kT, �10�

where gJ�
i is the nuclear spin-statistics factor responsible for

the well-known rotational-intensity alternation in the homo-
nuclear isotopomers, SJJ� is the Hönl-London factor, B� is the
rotational constant of the ground state, k is the Boltzmann
constant, and T is the absolute rotational temperature. In de-
riving Eq. �10�, it is assumed that the ground state has a
Boltzmann population distribution. From Eq. �10�, by plot-

TABLE VII. Two-level-deperturbed molecular parameters for the c 1�u�v
=2� and b� 1�u

+�v=7� levels of 14N2, 14N15N, and 15N2. All values are in
cm−1. Statistical uncertainties �1��, resulting from the fit, are shown in pa-
rentheses, in units of the last significant figure. Additional systematic uncer-
tainties of order 0.05 cm−1 apply to the band origins 
0.

Species 14N2
14N15N 15N2

c 1�u�v=2�
B 1.821�1� 1.764�1� 1.720�3�
D�106 60�4� 74�5� 151�9�
q�103 38�2� 38�2� 17�3�

0 108 696.32�5� 108 626.57�4� 108 556.38�5�

b� 1�u
+�v=7�

B 1.327�2� 1.278�1� 1.243�2�
D�106 −110�7� −64�6� −11�9�

0 108 952.02�5� 108 877.89�5� 108 801.35�7�
Hb��7�c�2� 2.84�4� 2.76�5� 2.07�8�
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ting −ln�I / �gJ�
i SJJ���2J�+1�� against J��J�+1�, the

molecular-beam temperature may be determined from the
slope of B� / �kT�.

In many cases, Eq. �10� will not apply and the measured
ionization signal will be influenced additionally, not only by
genuine intensity interference effects, e.g., the P /R anomaly
discussed above, but also by J-dependent competition be-
tween predissociation and ionization. In order to study these
effects, it is instructive to consider the “reduced intensity,”
i.e., the actual intensity divided by that implied by Eq. �10�,
where it is assumed that there is an independent estimate of
the molecular-beam temperature�s� available, e.g., from a
separate scan over a well-behaved band, taken under similar
experimental conditions. The reduced intensity thus serves to
highlight any strongly J-dependent interference or predisso-
ciation effects, with subsequent analysis required to decide
between these two possibilities.

In Fig. 4, the reduced intensities �circles� obtained with
our 1 XUV+1� UV setup for the P and R branches of the
b�−X�7,0� bands in 15N2 and 14N15N are shown as a func-
tion of J, normalized against the corresponding absorption
oscillator strengths predicted by our CSE model �curves�.
The molecular-beam temperature used to determine the re-
duced intensities was obtained from c−X�2,0� Q-branch
lines, measured under virtually the same conditions. For both
isotopomers, Fig. 4 shows a remarkable difference in the
behavior of the P- and R-branch reduced intensities, with the
P-branch intensities exhibiting deep minima at intermediate
J values, in good agreement with the CSE-model oscillator
strengths. This is a classic example of a P /R intensity
anomaly due to the quantum-interference effect described by
Eqs. �8� and �9�. However, we note that attempts to fit the
experimental results in detail using these equations were of
limited success, due to the inherently multilevel nature of the
N2 spectrum in this region, which is embodied in the CSE
results.

In Fig. 5, the reduced intensities �circles� obtained with

our 1 XUV+1� UV setup in the case of 14N2 are shown,
normalized against CSE-model calculations �curves�, and
compared with absolute band oscillator strengths obtained
from our synchrotron-based experiments.37 As for the other
isotopomers, once again there is a strong P /R intensity
anomaly. It is also of note that the excellent relative agree-
ment between the reduced ionization intensities and the ab-
solute optical oscillator strengths implies that J-dependent
predissociation effects are not a factor for b��v=7�, at least
for J�15.

The quantum-interference effect also influences the
e-levels of c�v=2�. A pair of equations complementary to
Eqs. �8� and �9� can be written to describe the R- and
P-branch intensities in the transition to the lower-lying 1�
level. In the present case, the R branch of the c−X�2,0� band
will suffer the intensity decrease and the P-branch intensity
will be enhanced by the interference effect. However, this
phenomenon is barely visible in our reduced intensities,
since it is both masked by the strong intensity perturbations
due to the crossing of c�v=2� by C�v=17�, discussed in Sec.
IV C, and less prominent due to the much greater oscillator
strength of the c−X�2,0� transition.

C. The c 1�u„v=2…ÈC 3�u„v=17… interaction

Transitions from the X 1�g
+ ground state to the 3�u mani-

fold of N2 are forbidden by the �S=0 selection rule. How-
ever, as mentioned in Sec. I, the 3�u states may spin-orbit
couple to the 1�u states. As a result, transitions to the 3�u
states may become directly observable through their intensity
borrowing from dipole-allowed transitions, and/or the 3�u
states may make their presence felt through energy-,
intensity-, or line-width-perturbation of the 1�u states. In the
present case, based on CSE-model predictions, we propose
that it is the C 3�u�v=17� level which is responsible for the
energy perturbations observed here in the c�v=2� levels of
15N2 and 14N15N. Furthermore, since the C 3�u state couples
electrostatically to the dissociative C� 3�u state, leading to

FIG. 4. P /R-branch intensity anomalies in the b� 1�u
+−X 1�g

+�7,0� bands of
15N2 and 14N15N. Solid circles: Reduced R-branch intensities �from experi-
mental ionization spectra, see text�. Open circles: Reduced P-branch inten-
sities. Solid curve: P-branch band oscillator strengths from CSE-model cal-
culations. Dashed curve: R-branch band oscillator strengths. The
experimental reduced intensities have been normalized to the CSE results.

FIG. 5. P /R-branch intensity anomalies in the b� 1�u
+−X 1�g

+�7,0� band of
14N2. Solid circles: Reduced R-branch intensities �from experimental ioniza-
tion spectra, see text�. Open circles: Reduced P-branch intensities. Solid
curve: P-branch band oscillator strengths from CSE-model calculations.
Dashed curve: R-branch band oscillator strengths from CSE-model calcula-
tions. Solid squares: R-branch band oscillator strengths from synchrotron-
based experiments. Open squares: P-branch band oscillator strengths from
synchrotron-based experiments. The experimental reduced intensities have
been normalized to the CSE results.
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strong predissociation,14 it is likely that the local perturbation
of c�v=2� by C�v=17� is also responsible for the intensity
anomalies observed in the corresponding ionization spectra,
through accidental predissociation effects. Due to the com-
plexity of the N2 structure, however, these conclusions are by
no means obvious from an examination of the experimental
spectra alone. We attempt to justify them below.

After the perturbations in the singlet manifold have been
roughly accounted for and removed, as in Sec. IV A, the
residual local energy shifts can be examined. In Fig. 6�a�, the
reduced term values of the c�v=2� rotational levels are
shown for 15N2. Both e- and f-parity reduced terms exhibit a
similar pattern, with local perturbations evident between J
=7 and 9, and, more clearly, between J=11 and 12. In Fig.
6�b�, the fitted Lorentzian line-width components �symbols�
for isolated rotational transitions in the c−X�2,0� band of the
ionization spectrum of 15N2 are presented, with only minor
differences observed between the line-width patterns for
transitions into the e- and f-parity levels of the c�v=2� state.
Considerable predissociation of the c�v=2�-state levels is
observed in the region of the local perturbations, with level-
width maxima near J=8 and 12. In the case of blended lines,
term values could be extracted from the experimental spec-
tra, but neither line-width nor intensity information could be
obtained reliably. Also shown in Fig. 6�b� are the results of
our preliminary CSE-model calculations �lines�, which are in
good overall agreement with the observed predissociation
pattern, but with some discrepancy in the region of the
higher-J crossing. Finally, in Fig. 6�c�, the reduced intensities
for transitions to the e- and f-parity levels of c�v=2� in 15N2
are shown. For J�14, these reduced intensities are essen-

tially J-independent. However, at lower J, significant inten-
sity depletion is observed, with deep intensity minima near
J=8 and 12. In the case of the missing J=8f level, for ex-
ample, the associated Q�8� line was too weak to be observed.
As stated in Sec. IV B, there is no clear evidence of P /R
intensity anomalies in the c−X�2,0� spectrum, so the dra-
matic behavior of the reduced intensities in Fig. 6�c� is likely
another signature of predissociation. It is notable that the
positions of the intensity minima occur for the same values
of J where the line widths and term values also show unusual
behavior.

The patterns in Fig. 6, containing only two distinct re-
gions of perturbation, are not directly suggestive of pertur-
bation by a triplet level, despite the CSE model indicating
that C 3�u�v=17� is primarily responsible. There are two
reasons for this.

First, only C�=1�v=17� can interact by spin-orbit cou-
pling ���=0� directly with c�=1�v=2�. However, as the
J-dependent S-uncoupling mechanism ���= 	1� induces
mixing between C�=1�v=17� and both C�=0�v=17� and
C�=2�v=17�, the latter substates may also interact indirectly
with c�v=2�. For the limiting case of a slowly rotating mol-
ecule, the �=1 component of the triplet perturber will
strongly spin-orbit couple to the c�v=2� state, while the �
=0,2 components will couple only weakly, corresponding to
the Hund’s case �a� limit. On the other hand, at high J values,
the Hund’s case �b� limit is approached, where the �=0,2
components interact strongly with c�v=2�, but the �=1
component is only weakly coupled.39 The local perturbation
culminating near J=8 coincides with the CSE-predicted
crossing by C�=1�v=17�, indicated by the solid line in Fig.
6�a�, while that at J=11–12 is due to the �=0 crossing,38

indicated by the dashed line. The C�−2�v=17� sublevel
would be expected to cross c�v=2� in the region of J=5, but
no evidence for a perturbation associated with this crossing
is visible in Fig. 6�a�. Part of the reason for this relates to the
low J value for the crossing, suggesting that the Hund’s case
�a� limit will be approached, therefore implying only a weak
indirect coupling between C�=2�v=17� and c�=1�v=2�. This
phenomenon was also observed in the k 3� state of CO,
which is spin-orbit coupled to the E 1� state, causing predis-
sociation in the same manner as in the present study �see Fig.
12 of Ref. 40�.

Second, the characteristics of local perturbations in en-
ergy depend also on the predissociation width of the perturb-
ing level. For example, perturbation by a long-lived level
results in a perturbation with a rapid J-dependence and a
maximum shift at the crossing, while perturbation by a short-
lived level may result in a barely noticeable perturbation
with a slow J-dependence and zero shift at the crossing. In
the case of crossing by a triplet level, the visibility and char-
acter of the associated perturbations will also depend on the
relative predissociation widths of the triplet sublevels. In the
present case, the CSE model predicts that the lowest C�v
=17� sublevel ��=2� is very strongly predissociated, with
the level widths, also strongly J-dependent, decreasing sig-
nificantly for �=1, and �=0, respectively. Thus, primarily
due to the large width of C�=2�v=17� relative to the spin-
splitting of the triplet state, only the highest two of the ex-

FIG. 6. �a� Reduced terms �T for the c 1�u�v=2� level of 15N2. Solid
circles: f-parity levels. Open circles: e-parity levels. Solid line: CSE predic-
tion for crossing by �=1 sublevel of C 3�u�v=17�. Dashed line: CSE pre-
diction for crossing by �=0 sublevel. �b� Predissociation widths for
c 1�u�v=2� in 15N2. Solid circles: f-parity levels, from fitting Q-branch line
profiles in c−X�2,0� ionization spectra. Open circles: e-parity levels,
weighted average of fits to P- and R-branch line profiles. Solid line: CSE-
model widths for f levels. Dashed line: CSE-model widths for e levels. �c�
Reduced intensities �see text�, taking into account the high- �202 K� and
low- �25 K� temperature components of the molecular beam. Solid circles:
f-parity levels, from integrated Q-branch intensities in c−X�2,0� ionization
spectra. Open circles: e-parity levels, weighted average of P- and R-branch
reduced intensities.
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pected three energy perturbations in the c�v=2� level are
visible in Fig. 6�a�.

For the same reasons, only two clear peaks are visible in
the c�v=2� predissociation pattern in Fig. 6�b�, and two
minima in the associated intensity-depletion pattern in Fig.
6�c�. In particular, the higher-J crossing, corresponding to the
better defined local perturbation in Fig. 6�a�, is seen in Fig.
6�b� to be associated with the most rapid variation in the
computed predissociation line width which is borrowed by
c�v=2� from the C�v=17� perturber. It is notable that, while
the energy perturbations in the c�v=2� level of 15N2 caused
by the crossing with the short-lived C�v=17� level are small,
the corresponding indirect predissociations and intensity
depletions are dramatic, despite the weak spin-orbit cou-
pling, because of the otherwise long inherent lifetime of
c�v=2�.

Finally, we emphasize that caution is necessary when
trying to infer detailed information on the perturbing C�v
=17� level from the experimental spectra, with simplistic
level deperturbations of little use. Detailed examination of
the CSE model indicates that the 3�u manifold in this energy
region is of great complexity, with the F 3�u and G 3�u
Rydberg states also having an active influence on the char-
acter of the c�v=2��C�v=17� perturbation. In fact, the very
strongly predissociated F�v=2� level, which also contains a
significant G-state admixture,21 crosses C�v=17� in the re-
gion of the latter level’s crossing with c�v=2�, for all isoto-
pomers, leading, e.g., to the irregularities in the computed
nominal C�v=17�-level energies for 14N2 displayed in Fig. 2.
In addition, electrostatic interactions within the 3�u manifold
lead to strong J- and �-dependences in the C�v=17� predis-
sociation line widths, as mentioned above, which further
complicate interpretation of the data. In particular, the deter-
mination of C�v=17� sublevel rotational terms becomes im-
possible when the corresponding predissociation line widths
are comparable to, or larger than, the spin splitting.

The results for 14N15N �summarized in Fig. 7� are more
equivocal. For this isotopomer, the crossing of c�v=2� by
C�v=17� is predicted by the CSE model to occur in the
region of J=17. In Fig. 7�a�, no significant term-value shifts
can be observed for the f-parity levels, but there is evidence
of a weak local perturbation between J=17 and 18 in the
e-parity levels. Overall, the fitted Lorentzian line widths in
Fig. 7�b� �symbols� are not conclusive, because of large error
bars in the crossing region, but are not inconsistent with the
computed CSE-model widths �lines�, which predict a predis-
sociation maximum in the J=17–18 region. The reduced in-
tensities in Fig. 7�c�, however, show fairly clear depletion,
displaying a single minimum near J=18, which is shaded
towards lower J-values, behavior consistent with that ex-
pected from the computed line widths. Taken together, the
experimental results are consistent with the perturbation of
c�v=2� by C�v=17� in the J=17–18 region, but imply such
a strong predissociation of the C�v=17� sublevels that �1� the
associated energy shifts are only small, and �2� the predisso-
ciation signatures collapse into a single broad feature. This is
supported by the CSE results, which suggest that it is the
�=0 sublevel of C�v=17�, indicated by the dashed line in
Fig. 7�a�, that has the lowest predissociation width and is

responsible for the only local perturbation evident in the
c�v=2� terms, with the other sublevels so broad that no cor-
responding shifts occur.

As stated in Sec. IV A, for 14N2, the CSE model predicts
the crossing between c�v=2� and C�v=17� to take place in
the region of J=23 �see Fig. 2�. Since, under our experimen-
tal conditions, such high-rotational levels cannot be accessed
with the laser-based system, the fact that no energy-level
shifts or intensity anomalies have been observed in the
present data for this isotopomer is hardly surprising. Never-
theless �in Fig. 8�, we are able to compare the synchrotron-
based predissociation widths for the c�v=2� level of 14N2
�circles�37 with the CSE-model values �lines�. The CSE re-
sults indicate a marginally double-peaked structure, with pre-

FIG. 7. �a� Reduced terms �T for the c 1�u�v=2� level of 14N15N. Solid
circles: f-parity levels. Open circles: e-parity levels. Dashed line: CSE pre-
diction for crossing by �=0 sublevel. �b� Predissociation widths for
c 1�u�v=2� in 14N15N. Solid circles: f-parity levels, from fitting Q-branch
line profiles in c−X�2,0� ionization spectra. Open circles: e-parity levels,
weighted average of fits to P- and R-branch line profiles. Solid line: CSE-
model widths for f levels. Dashed line: CSE-model widths for e levels. �c�
Reduced intensities �see text�, taking into account the high- �275 K� and
low- �72 K� temperature components of the molecular beam: Solid circles:
f-parity levels, from integrated Q-branch intensities in c−X�2,0� ionization
spectra. Open circles: e-parity levels, weighted average of P- and R-branch
reduced intensities.

FIG. 8. Comparison between experimental predissociation line widths for
the c 1�u�v=2� level of 14N2, derived from synchrotron-based photoabsorp-
tion spectroscopy of the c−X�2,0� band �Ref. 29�, and CSE-model calcula-
tions. Solid circles: Experimental values from fits to Q-branch transitions.
Open circles: Weighted average of experimental values from P- and
R-branch transitions. Solid line: CSE widths for f-parity levels. Dashed line:
CSE widths for e-parity levels.
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dissociation maxima near J=20–21 and 23–24, in excellent
agreement with the measurements. Once again, the short life-
time of the C�v=17� perturber, together with the complex
interactions at play, combine to severely modify the expected
triplet pattern of predissociation. For this isotopomer, it is the
�=2 sublevel of C�v=17� which has the lowest predissocia-
tion width and is responsible for the first c�v=2� predisso-
ciation maximum in Fig. 8, while the broader �=1,0 sub-
levels contribute to the second maximum, with the �=1
contribution likely to be smaller because of the case-�b� na-
ture of this high-J crossing.

V. SUMMARY AND CONCLUSIONS

The 3p�u c1�u−X 1�g
+�2,0� Rydberg and b� 1�u

+

−X 1�g
+�7,0� valence transitions of 14N2, 14N15N, and 15N2

have been studied using laser-based 1 XUV+1� UV two-
photon-ionization spectroscopy, supplemented by
synchrotron-based XUV spectroscopy in the case of 14N2.
Due to the inherent complexity and multilevel nature of the
N2 structure and spectrum in this energy region, few-level
deperturbation techniques were found to be of limited use
and interpretation of the results by means of coupled-channel
Schrödinger-equation techniques was found necessary.

For each isotopomer, effective rotational interactions be-
tween the c�v=2� and b��v=7� levels were found to cause
strong �-doubling in c�v=2�, together with dramatic
P /R-branch intensity anomalies in the b�−X�7,0� band due
to the effects of quantum interference. The P /R intensity
anomalies for all isotopomers, together with the synchrotron-
based oscillator strengths for 14N2, were found to be well
described by the present CSE calculations.

Local perturbations in energy and predissociation line
width for the c�v=2� Rydberg level were observed and at-
tributed primarily to a spin-orbit interaction with the cross-
ing, short-lived C 3�u�v=17� valence level. However, the
CSE calculations suggest that this is a complex interaction,
also involving the even shorter-lived F�v=2� Rydberg level
in the same energy region. The characterization of these in-
teractions should further help to elucidate the predissociation
mechanism for the 1�u states of N2,14 extending the applica-
bility of the corresponding CSE code towards higher ener-
gies.
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