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ABSTRACT: In this study, the B 1Π excited state of NaH has been experimentally
studied for the first time. Pulsed laser-induced fluorescence excitation spectroscopy
was used to investigate the B 1Π electronic state of NaH. A total of 48 ro-vibronic
transitions were observed, including within the B−X (0−0) and B−X (0−1) transition
bands. Only one B-state vibrational level was identified, and a series of PQR lines, with
eight e-parity and eight f-parity sublevels (v′ = 0, J′ = 1−8), were assigned. The level
assignment was supported by a comparison of the experimental line positions with the
ab initio calculations, the dispersed laser-induced fluorescence spectrum of the NaH B
1Π → X 1∑+ emission, and the V-type optical−optical double resonance spectra. The
Dunham-type coefficients, the mean internuclear distance, the harmonic vibrational
frequency ω, and the dissociation energies D0 and De of the B 1Π state were
determined.

1. INTRODUCTION

Sodium hydride and sodium deuteride have attracted the
interest of theoretical and experimental research since the
1930s. Because of their hydrogen-like electronic states, which
have been analyzed thoroughly for many years, scientists have
paid an effort to reach their electronic idiosyncrasies. The
combination of a gaseous hydrogen (or its isotope, deuterium)
atom and a gaseous sodium atom will result in various
electronic states, with each presenting different behavior of
potential energy curves based on the different angular
momentums, spin angular momentums, and magnetic spin
quantum number couplings.1 A comprehensive spectroscopic
review of alkali hydride diatomic molecules has been
presented.2 Until now, only a few electronic states have been
experimentally observed and reported: X 1∑+,3,4 A 1∑+,5,6 and
C 1∑+7,8 states. The NaH B 1Π state has been studied
theoretically for decades, and many of the calculated results
indicate that it is a bound state.9−19 However, no experimental
observation of this state has been reported to date. The B 1Π
state is a weakly bound state with a binding energy of less than
300 cm−1;19 this shallow potential energy can sustain only
three (NaH) or four (NaD) rotationless vibrational levels. The
data of a weakly bound state is usually insufficient.20 Due to
the shallow potential well and poor Franck−Condon overlap,1

the rovibrational level of a weakly bound state is hard to be
observed using the laser method. Many theoretical calculations
have been done to estimate the behavior inside a weakly bound
state.19−23 These calculations helped us to predict the
transition of rovibrational levels in laser spectroscopy.
However, some experimental results of weakly bound states
showed a quite large difference compared to the corresponding
theoretical calculation.24−26 Thus, the experimental study of
weakly bound states makes rectification of the difference

between theoretical calculations and experimentally observed
signals.
The electronic states of alkali hydrides (LiH to CsH)

showed similar trends, and the systematic trends in electronic
properties of alkali hydrides had been researched thoroughly,19

in which the B 1Π state of alkali hydrides (LiH to RbH)
presented weakly bound state property. In the aspect of the
experiment, the B 1Π state of LiH and KH had been
observed.26−28 The molecular constants of KH calculated from
experimental data showed a large difference with theoretical
calculations. Figure 1 plots the two lowest 1∑+ states and the
first 1Π state of the NaH molecule; the solid lines denote the
ab initio potential energy curves,19 the open circles and open
triangles represent the Rydberg−Klein−Rees potential energy
curves adopted from the experimental works,3,6 and the dashed
line represents the energy of the Na(3 2P3/2) + H(1 2S1/2)
asymptote. The present study is the first to provide
spectroscopic results for the NaH B 1Π state. This state was
investigated using laser-induced fluorescence (LIF) excitation
spectroscopy. The B 1Π−X 1∑+ band system of sodium
hydride is located in a wavelength region of the second
harmonic generation of a tunable dye laser with the DCM dye.
In this wavelength region, signals of other sodium dimers also
appeared in the LIF spectra, which severely interfered with the
determination of the NaH B state. The deduction of sodium
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dimer signals was also performed. In our investigation, only
one excited-state vibrational level (v = 0) was observed due to
poor Franck−Condon overlap between the higher vibrational
levels of the NaH B state (where v = 1 and v = 2) and the
thermally populated ground state (v″ = 0 and 1). A total of 48
B 1Π← X 1∑+ ro-vibronic transitions were observed, including
eight e-parity and eight f-parity sublevels. The vibrational
progressions were characterized through a comparison of the
experimental data with the ab initio calculations,19 and the
rotational quantum numbers were assigned and verified by the
LIF spectra and V-type optical−optical double resonance
(OODR) spectroscopy results. The Dunham expansion was
used to fit the observed rovibrational levels, and the
dissociation energy of the NaH B state was estimated.

2. EXPERIMENTAL SETUP
Figure 2 illustrates the experimental setup of the present study.
The second harmonic of a pulsed Nd:YAG laser (Continuum
Powerlite 8000) was used as a pump source for pumping a dye
laser (Lambda Physik Scanmate II). The Nd:YAG laser had a
repetition rate of 10 Hz, and its pulse width was 5−7 ns, with
an energy per pulse of approximately 50 mJ. The dye laser was
operated with a methanol solution of DCM dye, and the

linewidth was approximately 0.15 cm−1. A frequency doubling
system (BBO III crystal) was used to generate an ultraviolet
laser beam to investigate the NaH B 1Π state. The frequency-
doubled dye laser was calibrated according to the optogalvanic
spectrum of the Fe−Ne hollow cathode lamp (Hamamatsu
L233-26NU, Hamamatsu, Japan). The absolute energy of neon
atomic lines was obtained from a previous study,29 and the
accuracy of the calibration was approximately 0.1 cm−1.
Sodium hydride vapor was generated using a five-arm

stainless steel heat pipe system that was loaded with a sufficient
amount of sodium metal, prepurged with hydrogen gas, filled
with approximately 1 Torr of argon buffer gas, and heated to
approximately 390 °C. The dye laser beam was aligned along
the longer arms of the heat pipe, and fluorescence measure-
ments were obtained from the perpendicular shorter arms. A
monochromator with a 0.05 nm resolution (Acton Research
Corporation SP-500, Acton) equipped with a photomultiplier
tube (Hamamatsu R928, Hamamatsu, Japan) was used to
detect the signals of the fluorescence excitation spectrum and
LIF spectrum. Filters (Schott KV470) were paired with the
photomultiplier tubes and placed at the opposite sides of the
shorter arms to detect the fluorescence of both the sodium
dimer and sodium hydride.
In the present study, the time sequence of the dye laser was

synchronized with that of the Nd:YAG laser and monitored on
a digital oscilloscope (LeCroy 9361). We used a three-channel
boxcar integrator (Stanford Research Systems SR245, SR250,
and SR280) to simultaneously monitor the signals of the
fluorescence excitation spectra, the filter/photomultiplier
measurements, and the optogalvanic spectra. The outputs of
the boxcars were processed and recorded using a personal
computer.

3. RESULTS AND DISCUSSION
3.1. Spectra and Assignment. We derived the expected

rovibrational levels of the NaH B 1Π state from theoretical
calculations by solving Hamiltonian equations with the
potential energy curve provided by Aymar et al.19 The
calculation results indicated that the NaH B state had only
three bound vibrational levels. The expected PQR line
positions of the NaH B 1Π ← X 1∑+ transitions were
calculated with reference to the works of Huang et al.3 (X 1∑+

state) and Aymar et al.19 (B 1Π state). The calculation results
indicated that the fluorescence excitation spectra should be
experimentally observed in the spectral range of approximately
(a) 31 700−32 200 cm−1 excited from the ground state, where
v″ = 0, and (b) 30 600−31 100 cm−1 excited from the ground
state, where v″ = 1.
The fluorescence excitation spectra of the NaH B 1Π state

were obtained using pulsed LIF excitation spectroscopy.30

Second harmonic pulsed dye laser excitation was applied to
observe the fluorescence of NaH and Na2 molecules with a
photomultiplier through a Schott KV470 filter. To avoid the
interference of Na2 fluorescence, the fluorescence signal of the
NaH B state was recorded through a monochromator at 388 or
403 nm in accordance with the B(0)−X(6) or B(0)−X(7)
vibrational band of NaH, respectively. The detection wave-
length window was selected in accordance with predictions of
the NaH B state LIF bands.
Although the fluorescence excitation spectra could be

observed through different monochromator settings (at 388
or 403 nm; slit width of 1.5−3.0 mm), the acquired spectra
had the same PQR line positions but different intensities.

Figure 1. Ground state and first excited singlet state and the target
state B 1Π of the NaH molecule (solid blue and red lines denote
values from Aymar et al.,19 open circles denote values from Huang et
al.,3 and open triangles denote values from Pesl et al.6). The black
dashed line represents the Na(3 2P3/2) + H (1 2S1/2) asymptote.

Figure 2. Block diagram of the experimental setup. SHG, second
harmonic generation; M, mirror; HP, heat pipe oven; A, aperture;
PMT, photomultiplier tube; HCL, hollow cathode lamp; PC, personal
computer.
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Figure 3 illustrates the fluorescence excitation spectrum of the
NaH B state excited from X (v″ = 0, J″) along with its

assignments. Only one vibrational level was found in this study,
possibly due to the lack of Franck−Condon overlap, which
would have been used to experimentally observe the higher
vibrational levels. The vibrational quantum number v of the
observed ground-state vibrational level was assigned to a value
of 0 on the basis of a comparison between the experimentally
observed data and the calculation results.19 The left two
columns of Table 1 list the term values of the 24 discernible
transitions that were identified (see the Supporting Informa-
tion). The rotational quantum number J was assigned on the
basis of a comparison between the experimental ro-vibronic
line positions and the calculation results,19 and the LIF
spectrum of each B ← X transition was individually recorded
to confirm that the calculated LIF spectral bands matched the
observed fluorescence peaks (see Section 3.2).
The B (0, J) ← X (1, J″) transitions were estimated quite

accurately from the term values of the NaH B state, which were
determined according to the B (0, J) ← X (0, J″) transitions
(see the left two columns of Table 1). The same method
mentioned in the last paragraph was employed to observe the
fluorescence excitation spectrum of the NaH B state excited
from X (1, J″). However, the excitation fluorescence of the
sodium dimer could not be avoided in the scanning range of
30 600−30 925 cm−1, even when the monochromator was set
to different wavelength windows (see Figure 4b). Fortunately,
difference spectral analysis eliminated the interference of the
sodium dimer. The excitation fluorescence spectrum of the

Figure 3. Experimentally recorded dispersed laser-induced fluores-
cence excitation spectrum of the X(0)−B(0) vibrational band of NaH
(lower graph) and the assignment of PQR lines (upper graph).

Table 1. Observed Term Values of the NaH B State for the Vibrational Quantum Number v = 0: (a) e Sublevels of P and R
Lines and (b) f Sublevels of Q Linesa

(a) e-parity sublevels (P and R lines)

B (0, ″J) ← X (0, J″) term value/cm−1 J term value/cm−1 B (0, ″J) ← X (1, J″)
R(0) 32616.1402 1 32615.3421 R(0)
P(2) 32616.1969 1 32616.5091 P(2)
R(1) 32623.4392 2 32623.6884 R(1)
P(3) 32624.7708 2 32624.6513 P(3)
R(2) 32635.8763 3 32635.5019 R(2)
P(4) 32635.9333 3 32636.2709 P(4)
R(3) 32652.1092 4 32651.5376 R(3)
P(5) 32651.9308 4 32651.4599 P(5)
R(4) 32671.6159 5 32671.4976 R(4)
P(6) 32671.4307 5 32671.6338 P(6)
R(5) 32694.3873 6 32694.4162 R(5)
P(7) 32694.2261 6 32694.0364 P(7)
R(6) 32721.0257 7 32721.0425 R(6)
P(8) 32720.9205 7 32721.0235 P(8)
R(7) 32749.4817 8 32749.2758 R(7)
P(9) 32749.4894 8 32749.1039 P(9)

(b) f-parity sublevels (Q lines)

B (0, ″J) ← X (0, J″) term value/cm−1 J term value/cm−1 B (0, ″J) ← X (1, J″)
Q(1) 32616.1560 1 32616.7154 Q(1)
Q(2) 32624.7012 2 32623.7599 Q(2)
Q(3) 32636.1305 3 32636.0866 Q(3)
Q(4) 32652.0777 4 32652.2557 Q(4)
Q(5) 32671.5121 5 32671.6877 Q(5)
Q(6) 32694.0196 6 32693.6158 Q(6)
Q(7) 32720.9158 7 32721.2529 Q(7)
Q(8) 32749.3492 8 32748.9102 Q(8)

aThe first and fourth columns list values within the X(0)−B(0) and X(1)−B(0) transition bands, respectively; J″ is the rotational quantum number
of the ground state and is used for the notation of P(J″), Q(J″), and R(J″) lines. The second and third columns are the term values of the
rovibrational state B (0, J) with different values for the rotational quantum number J.
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sodium dimer was recorded with a filter/photomultiplier
combination (see Figure 4c) that also contained sodium
hydride’s relatively weak fluorescence signal. Figure 4a shows
the difference spectrum, which contained clear fluorescence
signals of the NaH B state. The term values are listed in the
right two columns of Table 1, and the transition energies of the
X(0)−B(0) and X(1)−B(0) transition bands are presented in
the Supporting Information.
Figure 5 plots the term values T(v, J) versus [J(J + 1) − 1]

of three vibrational levels of the NaH B state. The black
horizontal and red vertical dashes represent the experimental
rovibrational levels where v = 0, including the e and f sublevels.
According to ref 1, the magnitude of Λ-type doubling amounts
to only a few cm−1, close to that of our experimental
resolution; therefore, the Λ doubling splitting was ambiguous
and could not be distinguished, as illustrated in Figure 5.
The blue open circles in Figure 5 represent the rovibrational

levels derived from solving Hamiltonian equations using the ab
initio potential energy curve.19 The calculated levels derived
from the ab initio potential curve were offset to agree with the
experimental levels, and the trends are in good agreement with
each other. The energy of the asymptote, Na(3p) + H(1s) =
32 785(6) cm−1, was estimated using the dissociation energy
De(X) = 15 812(6) cm−1 for the NaH ground state4 and the
atomic energy difference ΔE[Na(3 2P3/2) − Na(3 2S1/2)] =
16973.366 19(5) cm−1.31 The predicted rovibrational level B
1Π (v′ = 0, J′ = 9) [also B (0, 9), as used in the rest of this
article], which is slightly higher than the dissociation limit, was
estimated using the extrapolation method (see the blue triangle
in Figure 5), and the two vibrational states (v = 1 and 2) were
predicted to exist in the NaH B state due to the ab initio
potential energy curve. However, we observed no distinguish-
able signals after carefully surveying the predicted frequency
range of these transitions.
For estimating the rovibrational levels of the NaD B 1Π

state, we used the reduced mass of NaD to solve the

Hamiltonian equations with the NaH potential energy curve
provided by Aymar et al.19 We ignored the isotope shift in our
calculations. The expected PQR line positions of the NaD B
1Π ← X 1∑+ transitions were calculated with reference to the
works of Chu et al.4 (X 1∑+ state) and Aymar et al.19 (B 1Π
state). However, no significant signals were obtained. The
results of the Franck−Condon calculations indicated that the
Franck−Condon factors (FCFs) for transitions between the
NaD B 1Π state and the thermally populated ground state (v″
= 0 and 1) were too small (see the Supporting Information for
details); therefore, the excitation signals were too weak for our
experiments to detect.

3.2. Dispersed LIF and OODR Spectra. The assignment
of the rotational quantum number J to the PQR lines of the
NaH B state excitation spectrum was verified by the LIF
spectra and OODR results. In laser spectroscopy, laser-induced
fluorescence physically means the red shift of the original laser
light source. Here, we used the originally recorded wavelength
in the x-axis to draw the figures. The monochromator was
scanned with a fixed-wavelength pump laser to record the LIF
spectra. Figure 6 presents the excited state B (0, 5) LIF spectra
of the R4 (middle panel, excited from X (0, 4)) and P6 (upper
panel, excited from X (0, 6)) lines, and the lower panel
presents the calculated LIF line positions with relevant Hönl−
London rotational line strength factors (HLFs), which
consisted of a series of PR pairs from the excited state B (0,
5) to the ground state X (v″, 4/6). The insets of Figure 6
(upper and middle panels) indicate that some parts of the LIF
spectra had less interference from Na2 fluorescence, and a
lower scanning rate of 0.05 nm/step was used for these parts.
These observations of LIF emission bands clearly matched the
calculated LIF line positions as well as the HLFs.
Figure 7 shows the excited state B (0, 5) LIF spectrum of the

Q5 line [upper panel, excited from X (0, 5)], and the lower
panel presents the calculated LIF line positions with relevant
HLFs multiplied by FCFs, which consisted of a series of
emissions from the excited state B (0, 5) back to the ground

Figure 4. Lower half: (a) difference spectrum of the X(1)−B(0)
vibrational band of NaH, (b) experimentally recorded dispersed laser-
induced fluorescence excitation spectrum of Na2 and NaH, and (c)
excitation spectrum of Na2. Upper half: assignment of PQR lines of
the X(1)−B(0) vibrational band.

Figure 5. Plot of the term values T(v, J) versus [J(J + 1) − 1]. The
black horizontal dashes represent the e sublevels, and the red vertical
dashes represent the f sublevels. The hollow blue circles represent
eigenvalues from Aymar et al.19 The hollow blue triangle denotes a
predicted level that was not observed in this work. The dashed green
line represents the dissociation limit.
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state X (v″, 5). The upper inset of Figure 7 presents the
difference spectrum that was observed after subtraction of the
fluorescence spectrum of the sodium dimer (see the lower
inset of Figure 7), which was obtained from setting the pump
laser wavelength at an off-resonance position for the NaH
molecule. The difference spectrum reveals clear LIF emission
bands matching the calculated LIF line positions and reveals
the trend of the HLFs multiplied by the FCFs.
The interference of Na2 fluorescence had a substantial effect

on the investigation of the NaH B 1Π state. As illustrated in

Figures 6 and 7, strong fluorescence signals were observed in
the spectral ranges of 315−370 and 420−455 nm that
originated from the Na2 4 3Πg → a 3∑u

+ emission32−34 and
the Na2 violet diffuse bands,35−39 respectively. To avoid the
interference of Na2 fluorescence, a color filter was not used to
obtain the laser-induced excitation spectrum of the NaH B
state; instead, a monochromator−photomultiplier combination
was used in the wavelength range of 380−410 nm. The
monochromator was set to 388 or 403 nm for detecting the
fluorescence of the B 1Π → X 1∑+ transitions, with slit widths
of 1.5−3.0 mm. This approach was favorable for the pump
laser frequencies of 31 700−32 200 cm−1 that corresponded to
the B (0, J) ← X (0, J″) transitions (see Figure 3). However,
among the B (0, J) ← X (1, J″) transitions with pump laser
frequencies of 30 600−31 100 cm−1, the LIF spectrum had
stronger Na2 fluorescence interference in the wavelength range
of 380−410 nm (see the Supporting Information for details).
This meant that Na2 fluorescence interference could not be
prevented in the excitation spectrum. One method of solving
this problem is performing difference spectral analysis (see
Figure 4), the results of which indicate whether spectroscopy
analysis should be performed.
Supporting evidence for our assignment of the rotational

quantum number J can also be provided by OODR
spectroscopy because this advantageous technique has rigorous
state selectivity. The experimental setup for OODR spectros-
copy has been described in detail elsewhere.3,4,7,8 The V-type
OODR was used to confirm our J assignment. Figure 8

illustrates the V-type OODR fluorescence depletion spectra
with a common lower-level X (0, 5). A pump laser was used for
selective excitation of the NaH B state Q5 transition B (0, 5)
← X (0, 5), and a selective LIF emission B (0, 5) → X (6, 5)
was monitored with a combined monochromator and
photomultiplier. The probe laser was tuned for the spectral
range of interest, which included the NaH A 1∑+ state P5 and
R5 transitions at the vibrational level v′ = 8 (the term energies
and assignments of the A state were taken from another
study6). Some peaks enhanced by fluorescence due to NaH A

Figure 6. Upper panel: LIF spectrum of the P6 transition in the NaH
B state. Middle panel: LIF spectrum of the R4 transition in the NaH B
state. Lower panel: predicted fluorescence peak positions of the B (0,
5)→ X (v″, 4/6) transitions. The relative peak intensities indicate the
Hönl−London line strength factors for the P6 and R4 transitions.
Insets: spectra obtained at a lower scanning rate of 0.05 nm/step.

Figure 7. Upper panel: LIF spectrum of the NaH B state’s Q5
transition. Lower panel: predicted fluorescence peak positions of the
B (0, 5) → X (v″, 5) transitions. The relative peak intensities
represent the Franck−Condon factors multiplied by the Hönl−
London factors in the Q5 transition. Upper inset: difference spectrum
after elimination of the interference signal of Na2. Lower inset: LIF
spectrum of the off-resonance NaH B state excitation.

Figure 8. (a−c) V-type OODR fluorescence depletion spectra
obtained from multiple measurements. (d) To obtain the OODR
spectrum, three duplicate measurements were combined. Inset:
experimental scheme for the OODR fluorescence depletion
technique.
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1∑+ → X 1∑+ emission were observed. The inset of Figure 8
illustrates the three lower-lying electronic states of NaH (X, A,
and B states), including the experimental scheme we used. To
emphasize the depletion signals, three duplicate results were
combined, as illustrated in Figure 8d. Unambiguous assign-
ments of the A (8, 4/6) ← X (0, 5) transitions from previous
work demonstrated that our J assignment was correct.
3.3. Molecular Constants. The observed rovibrational

levels of the NaH B 1Π state contained eight e-parity and eight
f-parity sublevels (v = 0, J = 1−8), including a total of 48
transitions (see Table 1 and the Supporting Information).
Three Dunham-type coefficients were used to fit the observed
term values, and the Dunham expansion is as follows1,40

= + [ + − ] + [ + − ]T J Y Y J J Y J J(0, ) ( 1) 1 ( 1) 100 01 02
2

(1)

Table 2 contains a summary of the fitting results with
standard deviations in parentheses, including the NaH B 1Π+,
B 1Π−, and B 1Π (fitting both e and f sublevels) states of v = 0
with their standard deviations of 0.39, 0.45, and 0.41 cm−1,
respectively. Details of the fitting results are included in the
Supporting Information.
The mean internuclear distance (⟨R⟩) was calculated

according to the relation R = (2μBv)
−1/2, where the rotational

constant Bv = Y01. Using the derived coefficient Y01 and the
reduced mass μ = 0.9654995 amu41 of NaH, we determined
that the ⟨R⟩ values were 2.927(8), 2.937(13), and 2.930(7) Å
for the B 1Π+, B 1Π−, and B 1Π states, respectively. Table 2
contains a summary of the ⟨R⟩ values and the theoretical
equilibrium internuclear distance Re obtained from the
literature.13,17−19

Using the centrifugal distortion relation D = 4B3/ω2 for
estimating the value of the vibrational frequency ω, under the
assumption that B = Y01 and D = Y02, we calculated the ω
values to be 137.36(19), 139.64(30), and 138.09(16) cm−1 for
the B 1Π+, B 1Π−, and B 1Π states, respectively. Table 2
presents these values and theoretical ωe values of 182.42 cm−1

reported by Yang et al.17 and 214 cm−1 reported by Aymar et
al.19

Using the term energies of T (0, 1)e = 32615.916 cm−1, T (0,
1)f = 32616.253 cm−1, and T (0, 1) = 32616.028 cm−1 and the
asymptotic energy Na(3 2P3/2) + H(1 2S1/2) = 32 785(6) cm−1,
we determined that the dissociation energy D0 had the same
value of 169(6) cm−1 for the B 1Π+, B 1Π−, and B 1Π states.
However, the zero-point energy (ZPE), where ZPE = ω/2 −
ωx/4,42 could be estimated if it is assumed to be approximately
ω/2; using this knowledge, the dissociation energies De, in
which De = D0 + ZPE, were then estimated to be 238(6),
239(7), and 238(6) cm−1 for the B 1Π+, B 1Π−, and B 1Π

states, respectively. Table 2 summarizes the dissociation
energies together with other studies’ reported theoretical De
values of 120.98,13 226.23,17 1081.77,18 and 282 cm−1.19

4. CONCLUSIONS
The NaH B 1Π state was observed for the first time using
pulsed LIF excitation spectroscopy. Because of poor Franck−
Condon overlap, only one vibrational level was observed in this
study. A total of 24 B (0, J) ← X (0, J″) and 24 B (0, J) ← X
(1, J″) transitions were observed, including eight e-parity and
eight f-parity sublevels of a series of PQR lines. The
eigenvalues we obtained by solving Hamiltonian equations
with the ab initio potential curve19 were shifted by a constant
to match the observed rovibrational levels and were in
excellent agreement with the experimental results. Thus, the
observed vibrational level was assigned to be v = 0. The
assignment of the rotational quantum number J was supported
and verified by (a) comparison to the ab initio calculations, (b)
the LIF spectrum, and (c) the results of OODR spectroscopy,
which has rigorous state selectivity. Values were proposed for
the Dunham-type coefficients, mean internuclear distance
(⟨R⟩) for v = 0, the vibrational frequency ω, and dissociation
energies D0 and De.
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