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We present an inexpensive sodium molecular spectroscopy experiment for use in an advanced

undergraduate laboratory course in physics or chemistry. The molecules were excited predominantly

from the ground X1
R
þ
g (v
00¼ 15) state to the B1

Pu(v
0¼ 6) state using a commercially available 532-

nm broadband diode laser. The laser-induced molecular fluorescence was measured using a miniature

fiber-coupled spectrometer at a resolution of 0.5 nm. The spectral peak assignments were done by

comparing the observed spectrum with the calculated Franck–Condon values. Important molecular

constants such as fundamental frequency, anharmonicity, bond strength, and dissociation energy of

the ground electronic state were determined by using the Birge–Sponer extrapolation method. The

presence of highly visible blue glowing molecules along the green laser beam creates an engaging

laboratory experience. Emphasis is placed on students developing their understanding of the

molecular structure, practicing molecular spectroscopic techniques, and applying knowledge of

light–matter interactions to a physical system. # 2023 Published under an exclusive license by American

Association of Physics Teachers.

https://doi.org/10.1119/5.0123126

I. INTRODUCTION

Atomic spectroscopy is an important part of the physics
advanced laboratory curriculum, but its counterpart, molecular
spectroscopy, often receives scant attention in undergraduate
programs. Nevertheless, the significance of spectroscopic
analysis cannot be overstated, as it represents a highly useful
and versatile tool for scientific research and has a broad range
of applications across diverse disciplines, including chemis-
try, biology, and physics.1–8 Unfortunately, the high cost of
equipment can be a formidable obstacle for many undergrad-
uate programs, impeding students’ access to hands-on train-
ing and practical knowledge in this valuable field. Thus, it is
essential to explore affordable and accessible molecular spec-
troscopy experiments that can provide students with a deeper
understanding of this fundamental discipline.

Due to the rapidly expanding research field in ultracold
molecular physics,9 molecular spectroscopy using diatomic
alkali molecules has been at the forefront of quantum chem-
istry and many-body physics, since it seeks to better under-
stand quantum systems through their interactions with light.
Various types of lasers and techniques have been used to
measure the fluorescence spectrum of sodium molecules and
extract molecular constants with high precision.10–15 In this
work, we present an affordable molecular spectroscopy

experiment to obtain important parameters of the ground
electronic state sodium diatomic molecules.
We used an inexpensive 532-nm broadband diode laser to

induce the electronic transition from the X1
R
þ
g state to the

B1
Pu state in gas-phase sodium diatomic molecules. A laser-

induced fluorescence spectrum was measured using a minia-
ture fiber-coupled spectrometer at moderate resolution
(0.5 nm). The spectral peaks were assigned by comparing
them with the calculated Franck–Condon values. Using the
Birge–Sponer extrapolation method, molecular constants
such as the fundamental frequency, bond strength, anharmo-

nicity, and dissociation energy of the X1
R
þ
g electronic state

were deduced. The relevant potential energy curves16 of
diatomic sodium molecules as well as the excitation and
observed emission scheme are shown in Fig. 1.

II. THEORETICAL BACKGROUND

A diatomic molecule, made of two atoms held together by
a chemical bond, can vibrate and rotate, which gives it addi-
tional degrees of freedom compared to a single atom.
Because of this, diatomic molecules have quantized elec-
tronic, vibrational, and rotational energy levels and exhibit
dense spectra compared to atomic spectra. These special
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features of the molecules make them optimal candidates for
research in molecular physics and quantum chemistry.

A diatomic molecule, consisting of two nuclei and
two valence electrons, can be modeled within the Born–
Oppenheimer approximation, in which the nuclei are consid-
ered stationary during an electronic transition. Hence, the
total energy E of a diatomic molecule is expressed as the
sum of electronic (Ee), vibrational (Ev

), and rotational (EJ)
energies.17 Here, v is the vibrational quantum number, and J
is the rotational quantum number. In spectroscopic studies, it
is customary to define energies in terms of wavenumbers
(cm�1), called term values, by dividing the energies by hc.
Thus, the total energy can be written in terms of term values
as

Tðv; JÞ ¼ Te þ Gv þ FvðJÞ; (1)

where G
v
and FvðJÞ are the vibrational and rotational term

values, and Te is the electronic term value, which is the
energy of the minimum of the potential curve. In a diatomic
molecule, the potential energy can be approximated by the
Morse potential,18

VðRÞ ¼ Deð1� e�bðR�ReÞÞ2; (2)

where R is the internuclear distance, Re is the equilibrium
internuclear distance (bond length), De is the dissociation
energy given by the depth of the potential well, and b is

related to the force constant ke (bond strength) as
b ¼ ðke=2DeÞ

1=2
. The dissociation energy De is a measure of

the strength of the chemical bond between the two atoms. It
is the minimum amount of energy required to dissociate the
molecule into its constituent atoms. Since diatomic mole-
cules both rotate and vibrate, it is difficult to solve the three-
dimensional Schr€odinger equation for the Morse potential.
Thus, an approximate solution for the vibrational energy
eigenvalue of the one-dimensional Schr€odinger equation
with the assumption that the rotation does not occur can be
written as18

Gv ¼ xe vþ
1

2

� �

� xeve vþ
1

2

� �2

; (3)

where xe is the fundamental frequency of the vibration, and
xeve is the first-order energy deviation from that of a har-
monic oscillator, called the anharmonicity constant. The
vibrational energy G

v
is still non-zero at the lowest v; this

energy is called zero-point energy. When the vibrational
energy exceeds De, the diatomic molecule is no longer
bound, the bond breaks, and it dissociates into two atoms.
A diatomic molecule can be modeled as a rigid rotator,

which reasonably describes the rotational energy levels of a
molecule. For a rigid rotator, the separation between the
nuclei must be constant. However, in reality, as J gets larger,
the molecule rotates faster, which results in a larger internu-
clear separation and a larger moment of inertia. The energy
of a rotational level within a vibrational level can be
expressed as

FvðJÞ ¼ BvJðJ þ 1Þ � DvJ
2ðJ þ 1Þ2; (4)

where B
v
is the vibrational state dependence of the rotational

constant, which is expressed as Bv ¼ Be þ aeðvþ 1=2Þ, with
Be and ae being the equilibrium rotational and vibrational–
rotational coupling constants, respectively, and D

v
is the cen-

trifugal distortion constant that is responsible for the
decrease in the rotational energy of the rigid rotator as the
molecule stretches for large J. The magnitude of the rota-
tional constant, which varies with different v, is a measure of
the energy spacing between two rotational levels. For
instance, the energy difference between a level J and the
next higher level, Jþ 1, is approximately 2JBv.
In any real molecule, rotation and vibration occur simulta-

neously and thus it exhibits rotational–vibrational (rovibra-
tional) energy levels. Conventionally, the quantum numbers
for the ground electronic state are labeled with a double
prime, whereas those for the upper electronic state are
labeled with a single prime. Thus, total energy change in a
transition between a ground electronic state with v

00; J00 and
an excited electronic state with v

0; J0 can be written as

~� v
0
v
00J0J00 ¼ Tðv0; J0Þ � Tðv00; J00Þ: (5)

In this experiment, the rotational structure cannot be
resolved due to the low resolution of the spectrometer; thus,
a transition between two vibrational levels can be re-written
as

~� v
0
v
00 ¼ ~�el þ ðGv

0 � Gv
00Þ; (6)

where ~�el ¼ T0e � T00e ¼ T0e since T00e ¼ 0 for the ground
electronic state. Since there is no selection rule for the

Fig. 1. The potential energy curves (Ref. 16) of the sodium molecules and

the excitation scheme. The green broadband diode laser at 18 789 cm�1

excites molecules predominantly from the X1
R
þ
g ðv

00 ¼ 15Þ electronic state to
the B1

Puðv
0 ¼ 6Þ electronic state. The fluorescence (blue-shaded area) was

collected with a miniature fiber-coupled spectrometer at a resolution of

about 0.5 nm. Also shown are the dissociation energies D00e ; D
00
o of the ground

state, and the electronic term value T0e. The energy zero is at the minimum of

the ground-state potential (T00).
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vibrational quantum number, any v
0 can be combined with

any v
00; thus, a large number of spectral lines (bands) can be

observed.
The spectroscopic notation for the electronic states of

diatomic molecules is represented by 2Sþ1
K
6

X
, similar to

notation used for atomic states 2Sþ1LJ , where S is the total
spin, J is the total angular momentum, and L is the total
orbital angular momentum quantum numbers. In molecular
spectroscopy, the symbol J designates the rotational quantum
number. The multiplicity is (2Sþ 1), and the values X and K

are the projections of the total angular and orbital momenta
along the internuclear axis, respectively. The quantum num-
ber X is appended with the subscript g as gerade or u as
ungerade to indicate the parity of the molecular state, which
depends on whether the wavefunction remains unchanged
upon reflection through the center of the molecule.19 Thus,
K¼ 0 is called a R state, K¼ 1 is a P state, and so forth. The
superscript 6 defines the symmetry and applies to mole-
cules in R states only. For the 1

R$ 1
R electronic transition

(DK¼ 0), the allowed rotational transitions are DJ¼ 6 1,
and for the 1

R$ 1
P electronic transitions (DK ¼ 6 1), the

allowed rotational transitions are DJ ¼ �1; 0;þ1. These are
referred to as the P, Q, and R branches, respectively. A selec-
tively excited rovibrational level, which consists of triplet
branches in the P state, emits on P! R transitions, either
only Q or only P and R branches, depending on the symme-
try of the rotational levels.20

The intensity of an emission spectrum can be analyzed by
comparing the experimental peaks with the theoretical val-
ues. Relative intensity of a transition between any two vibra-
tional levels is proportional to the square of the vibrational
wave functions’ overlap integral,

I /

�

�

�

�

ð

ðw�
v
0Þðw

v
00ÞdR

�

�

�

�

2

; (7)

which is known as the Franck–Condon factor (FCF).21

Transitions with large overlap between the ground and
excited state wave functions give high intensity peaks in

the spectra.22 To calculate the FCFs for the B1
Puðv

0 ¼ 5Þ
! X1

R
þ
g ðv

00Þ transition, we use a computer program, which is

called LEVEL 8.0.23,24 This program, adaptable to any mole-
cule, solves the radial Schr€odinger equation for bound and
quasi-bound potential levels to calculate the Franck–Condon
factors, energies, and other characteristics. To run the pro-
gram, we created an input text file, which has the information
about the sodium molecule and its experimentally determined

potential energy curves25,26 for the X1
R
þ
g and B1

Pu electronic

states. We then identify the observed spectral band by com-
paring them with the output of the program.

The intensity of a spectral line not only depends on FCF
but also on the number of molecules in the various rovibra-
tional levels of the electronic ground state. Since we observe
emission spectra at thermal equilibrium, it is necessary to
consider the relative population distribution of molecules at
380�C, the operating temperature of the oven. The popula-
tion of any v

00 level, at thermal equilibrium, is proportional to
the Boltzmann factor as Nðv00Þ / expð�Gv

00=ðkBTÞÞ, where
kBT is the thermal energy (in cm�1). The number of mole-
cules in the J00 level of the lowest vibrational level is propor-
tional as follows: NðJ00Þ / gJ expð�FvðJ

00Þ=ðkBTÞÞ, where
gJ¼ 2J00þ1 is the degeneracy. Figure 2 represents graphically
the relative population distribution in various v

00 and J00.

The population, at 380 �C, in v
00¼ 14 relative to v

00¼ 0, is about
3%. The population of the various J00 levels are calculated at
T¼ 380 �C and Be

27¼ 0.1547 cm�1 (the vibrational state
dependence of the rotational constant Bv � Be is neglected).
Homonuclear molecules like Na2 have no permanent

dipole moment; thus, they do not absorb or emit radiation on
transitions within the same electronic state. The Na2 mole-
cule consists of two 23Na atoms having half-odd-integer spin
(I¼ 3/2) each. Thus, the sodium nuclei are fermions and
obey Pauli Exclusion principle, which requires that the total
wave function of the molecule must be antisymmetric. There
are a total of (2Iþ 1)2¼ 16 ways to combine the spins on the
two sodium nuclei. The possible values of the total nuclear
spin combinations (I¼ 3, 2, 1, and 0) give ten antisymmetric
nuclear-spin wavefunctions, which form ortho-states (I¼ 1,
3; nuclear spin weight gN¼ 10), and six symmetric nuclear-
spin wavefunctions, which form para-states (I¼ 2, 0; nuclear
spin weight gN¼ 6). Hence, for the total wavefunction to be
antisymmetric, the antisymmetric rotational levels (odd-J) of
the ground electronic state will combine with the ortho
nuclear spin configurations, while symmetric rotational lev-
els (even-J) of the ground electronic state will combine with
the para nuclear spin states.19,28–31 The symmetry of the total
molecular wave function remains constant with respect to
nuclear exchange. It is for this reason that when the mole-
cules are formed in the heat-pipe oven, a mixture of odd-J
and even-J configurations are formed, and thus all J levels of
the ground electronic state are populated as shown in Fig. 2.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3. The heat-pipe
oven32–36 consists of an air-tight stainless steel tube, which
has a length of one meter, and four arms for the beam
entrance and exit windows and the observation and detection
windows. Optical cell designs are also used to create gas-
phase alkali molecules.37,38 The sodium metal is placed in
the center of this oven. After evacuating the oven until the
background pressure is 15 mTorr using a mechanical pump,
argon is introduced into the oven as a buffer gas. The gas
valve is closed to keep a fixed amount of argon gas at
150 mTorr at room temperature inside the oven. The heat-
pipe oven is then heated by four pairs of non-magnetic

Fig. 2. Relative population distribution of sodium molecules in the vibra-

tional and rotational levels of the X1
R
þ
g ground electronic state at 380 �C,

and Be
27¼ 0.1547 cm�1.
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ceramic heaters to a sufficient temperature, at least 300 �C.
The oven is covered with a ceramic fiber blanket and alumi-
num foil to maintain a homogenous temperature inside the
oven. At the same time, cold water is run through copper
coils wrapped near the windows of the arms so that the stain-
less steel mesh lining at the arms of the oven walls acts as a
wick to return the liquid metal back to the central region of
the oven to prevent condensation onto the windows. At about
380 �C estimated atomic and molecular number densities are
on the order of 1014 and 1012 cm�3, respectively.39

We used a broadband diode laser (BBDL)40 operating at
532 nm with 20 mW power and 60GHz (2 cm�1) bandwidth
to excite sodium molecules from the X1

R
þ
g ðv

00 ¼ 15Þ state to
the B1

Puðv
0 ¼ 6Þ state. The excited molecules relax to a

range of vibrational levels in the ground state, yielding a
laser-induced fluorescence (LIF) spectrum spanning
470–560 nm range. Thus, the blue glowing molecules can be
readily observed by the naked eye from the observation win-
dow of the oven, as seen in Fig. 3.

The LIF spectrum was collected perpendicular to the
laser’s propagation direction using a miniature fiber-coupled
spectrometer41 with moderate resolution (0.5 nm). The spec-
trum was recorded at 20 s integration time with background
correction. From the spectral analysis, we extracted the
important molecular constants for the ground electronic state
of sodium molecules. For comparison of the results, we
repeated the experiment using a narrowband diode laser
(NBDL)40 operating at 532 nm with a bandwidth of 5MHz.
The power of the NBDL was kept at 20 mW to match the
BBDL’s power, and molecular fluorescence was captured
using the same spectrometer for a better comparison. To
ensure that the wavelengths of the measured spectrum are
correctly labeled and aligned with the correct intensity val-
ues, we calibrated the spectrum using He light source.42

Comparing the measured spectrum with the He spectral lines
at 447.15 and 587.56 nm, we found 0.44 and 0.76 nm devia-
tions, respectively. A linear fit to the deviations against
the measured wavelengths gives a calibration function. We
used this function to correct the measured wavelengths.
Additionally, we used a Coherent wavemeter, which has an

internal calibration system based on precisely known wave-
lengths of neon spectral lines, to measure the wavelengths of
the lasers. The wavelength of the BBDL is measured as
18 789 cm�1 (532.24 nm). Then, we compared this value
with the wavelength of the laser line in the corrected spec-
trum and found 0.07 nm difference. The NBDL wavelength
is measured using a wavemeter, which is 18 791 cm�1

(532.17 nm), and the difference between this value and the
corrected NBDL spectrum is 0.35 nm.

IV. RESULTS AND DISCUSSION

A. Spectral peak assignment

Figure 4 shows the LIF spectra, recorded using both
NBDL and BBDL, and the calculated Franck–Condon fac-
tors. The vibrational progression of the B1

Pu electronic state
was observed in both spectra. To identify correct excitation
pathways for both spectra, we calculated FCFs for the com-
binations of all transitions between B1

Pu(v
0; J0¼ J00; J006 1)

and X1
R
þ
g (v
00; J00) states, where v

00¼ 0–16, v
0¼ 0–16, and

J00¼ 19–42, and compared the results with the observed
spectra. The intensities of the observed spectral peaks
labelled as “laser line” are artificially enhanced from the
Rayleigh scattering; thus, their FCFs are smaller than the
spectra suggest.
For the 5MHz bandwidth of the NBDL laser operating at

532.17 nm (18 791 cm�1), we identified a single excitation
pathway: P(39) line of the B1

Pu(v
0¼ 5)  X1

R
þ
g (v
00¼ 14)

transition. The relative intensity pattern of the observed
spectrum is strongly correlated with the B1

Pu(v
0¼ 5) relaxa-

tion if the spectral peaks are compared with the computed
FCFs in Table I. For the 60GHz bandwidth of the BBDL
laser operating at 532.24 nm (18 789 cm�1), we identified
three excitation pathways:43 Q(33) and Q(34) lines of the
B1

Pu(v
0¼ 6)  X1

R
þ
g (v
00¼ 15) transition, and P(39) line of

the B1
Pu(v

0¼ 5) X1
R
þ
g (v
00¼ 14) transition. The agreement

between the observed intensity pattern and the computed
FCFs is more favorable for the relaxation of the
B1

Pu(v
0¼ 6) state than that of the B1

Pu(v
0¼ 5) state when

comparing with the tabulated FCFs in Table II. For example,
the assignment of the peaks v00¼ 3, 5, 7, 9, 10, 11, and 12–16
in the observed spectrum shows strong agreement with the
B1

Pu(v
0¼ 6) relaxation. This is further supported by the

absence of the peak at 477.06 nm from the B1
Pu(v

0¼ 5)
relaxation. However, the BBDL spectrum is likely a mix of
emissions from the B1

Pu(v
0¼ 6) and B1

Pu(v
0¼ 5) relaxa-

tions following excitation from both the X1
R
þ
g (v
00¼ 14) and

X1
R
þ
g (v
00¼ 15) states. For example, in the BBDL spectrum,

the spectral peaks v00¼ 2, 4, and 6 are enhanced as a result of
the contribution from the peaks v

00¼ 1, 3, and 5 of the
B1

Pu(v
0¼ 5) relaxation. The enhancement of the peak

v
00¼ 17 is unlikely from the B 1

Pu(v
0¼ 5) relaxation due to

the low FCF. Therefore, the peak v
00¼ 17 is excluded from

the spectral analysis. The spectral assignment of the peaks
corresponding to v

00¼ 18, 19, and 20, proved elusive, and as
a result, these peaks were excluded from the analysis.
The FCFs for the B1

Pu(v
0¼ 0–10) ! X1

R
þ
g (v
00¼ 0–23)

transitions for J¼ 0 are reported.11 Our calculated FCFs are
consistent with the reported values. Since rotational lines are
not resolved in the observed spectra, we averaged FCFs and
corresponding wavelengths for each vibrational peak of the
B1

Pu(v
0¼ 6) ! X1

R
þ
g (v
00¼ 15) for Q(33) and Q(34) transi-

tions. This allows us to make a more realistic comparison

Fig. 3. Schematic of the experimental setup is shown. The sodium molecular

vapor is formed inside the heat-pipe oven at 380 �C with 150 mTorr argon

buffer gas. Molecules are excited to the B1
Pu state by the green broadband

diode laser operating at 20 mW. LIF is collected at right angles to the laser’s

propagation direction using a fiber-coupled miniature spectrometer. The

inset shows a photograph of the blue glowing molecules along the laser

beam through the observation window, taken with a cell phone camera.

1018 Am. J. Phys., Vol. 91, No. 12, December 2023 Kashem et al. 1018

 2
1
 N

o
v
e
m

b
e
r 2

0
2
3
 1

7
:5

0
:2

0



between the experimentally obtained BBDL spectrum and
the theoretically predicted FCF spectrum. Thus, Table II
shows the average values of the Q(33) and Q(34) lines of
each vibrational band. To estimate the wavelengths of the
spectral peaks in the observed spectrum, we isolated the

Fig. 4. LIF spectrum using NBDL and calculated FCF spectrum for the P(39) line of the B1
Pu(v

0¼ 5) ! X1
R
þ
g (v
00) transition (left), and LIF spectrum using

BBDL and calculated FCF spectrum, averaged for the Q(33) and Q(34) lines of the B1
Pu(v

0¼ 6)! X1
R
þ
g (v
00) transition (right). In both spectra, recorded using

a miniature fiber-coupled spectrometer at a resolution of 0.5 nm, vibrational progressions from the laser lines to v
00¼ 0 are observed.

Table I. Spectral peak wavelengths for the NBDL spectrum and the calcu-

lated FCFs for the P(39) line of the B1
Pu(v

0¼ 5)! X1
R
þ
g (v
00) transition.

v
0

v
00

~� v
0
v
00 (cm�1)

Theory FCF

k (nm)

Theory

k6 0:7 (nm)

NBDL

5 17 18 393 4.21�10�4 543.68 –

5 16 18 524 2.97�10�3 539.84 539.98

5 15 18 657 1.47�10�2 536.01 536.66

5 14 18 791 5.04�10�2 532.17 532.52

5 13 18 927 1.15�10�1 528.35 528.79

5 12 19 065 1.59�10�1 524.53 525.05

5 11 19 204 1.02�10�1 520.73 521.31

5 10 19 345 5.62�10�3 516.94 517.17

5 9 19 487 4.34�10�2 513.15 513.80

5 8 19 631 8.93�10�2 509.39 509.96

5 7 19 777 6.28�10�3 505.63 506.07

5 6 19 924 5.37�10�2 501.90 502.30

5 5 20 073 5.33�10�2 498.18 498.74

5 4 20 224 1.49�10�2 494.47 495.02

5 3 20 375 8.03�10�2 490.79 491.43

5 2 20 529 9.08�10�3 487.12 487.19

5 1 20 683 1.01�10�1 483.48 484.02

5 0 20 840 9.81�10�2 479.85 480.44

Table II. Spectral peak wavelengths for the BBDL spectrum, and the aver-

age values of the calculated FCFs for the Q(33) and Q(34) lines of the

B1
Pu(v

0¼ 6) ! X1
R
þ
g (v
00) transition. The observed spectral peaks corre-

sponding to wavelengths marked with (*), not anticipated to appear, and

with (†), unexpectedly large, are excluded from the analysis.

v
0

v
00

~� v
0
v
00 (cm�1)

Theory FCF

k (nm)

Theory

k6 0:8 (nm)

BBDL

6 20 18 140 8.87�10�6 551.28 549.56*

6 19 18 266 1.18�10�4 547.48 545.83*

6 18 18 393 1.065�10�3 543.68 542.56*

6 17 18 523 6.54�10�3 539.87 539.26 †

6 16 18 654 2.79�10�2 536.07 535.73

6 15 18 787 7.99�10�2 532.27 532.31

6 14 18 922 1.45�10�1 528.48 528.58

6 13 19 059 1.41�10�1 524.70 524.84

6 12 19 197 4.11�10�2 520.93 520.85

6 11 19 336 7.39�10�3 517.16 517.59

6 10 19 478 8.34�10�2 513.41 513.74

6 9 19 621 4.15�10�2 509.67 509.83

6 8 19 765 1.14�10�2 505.94 506.44

6 7 19 911 7.56�10�2 502.23 502.48

6 6 20 059 2.39�10�3 498.53 498.84

6 5 20 208 6.63�10�2 494.85 495.08

6 4 20 359 1.35�10�2 491.19 491.77

6 3 20 511 6.95�10�2 487.54 487.81

6 2 20 665 7.78�10�3 483.92 484.73

6 1 20 820 1.22�10�1 480.31 480.61

6 0 20 977 5.71�10�2 476.72 477.06
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individual peak and determined the center of its base-width.
The measurement error in the wavelength estimation is about
6 0.7 nm.
A systematic effect may arise from the fact that the hot

heat-pipe oven is a non-equilibrium system. The thermal
energy kBT of the system is about 454 cm�1, which is a few
vibrational separations, e.g., v

00¼ 14–13 (see Table I) is
about 136 cm�1. Thus, collision-induced transitions with Na,
Na2, and buffer gas may populate other rovibrational energy
levels, which then emit fluorescence and contribute addi-
tional spectral features to the spectrum.

B. Analysis of spectra

The vibrational term value in Eq. (3) can be used to
extract spectroscopic constants of the Na2 X

1
R
þ
g ground elec-

tronic state by using the Birge–Sponer method.44,45 The

Birge–Sponer approach requires the subtraction of the ener-
gies for transitions originating from the same excited vibra-
tional level of the B1

Puðv
0 ¼ 5Þ state into the ground state of

successive vibrational levels v00. Thus, the vibrational energy
spacing between consecutive vibrational levels in the ground
state can be written as

D~�v
00 ¼ Gv

00þ1 � Gv
00 ¼ xe � 2xeveðv

00 þ 1Þ; (8)

where D~�v
00 ¼ ~�v

0
v
00 � ~�v

0
v
00þ1. This result suggests that the

energy spacings decrease linearly. Thus, the Birge–Sponer
extrapolation method uses a plot of D~�v

00 ¼ DGv
00 against

ðv00 þ 1Þ. Then, a linear fit to the data finds the intercept (xe)
and slope (�2xeve). To find D00o with respect to the zero-
point level, the area under the linear plot in the v

00 ¼ 0 and
v
00
max interval is estimated. Table III shows the values of Gv

00

for each vibrational quantum number and its corresponding
DGv

00 .
The Birge–Sponer plots for NBDL and BBDL are shown

in Fig. 5. From the linear fit to the data, we found
xe¼ 1586 6 and xeve¼ 0.866 0.32 cm�1 for the NBDL
and xe¼ 1616 6 and xeve¼ 1.056 0.30 cm�1 for the
BBDL. These values agree with the literature values27 for
xe¼ 159.18 and xeve¼ 0.76 cm�1 within the error limits.
The result of regression analysis are shown on the plots. The
effective force constant (bond strength) can be calculated
from the relation ke ¼ lð2pcxeÞ

2
, where c is the speed of

light in cm/s units and the reduced mass of the Na2 molecule
is l¼ 190.879� 10�28kg (11.495 amu). Therefore, the force
constant is determined to be ke ¼ 16:96 1:3 N/m for NBDL
and ke ¼ 17:66 1:4 N/m for BBDL.
Given the known vibrational spacing as depicted in Fig. 5,

one can estimate the value of D00o by calculating the sum of
all vibrational spacings from v

00 ¼ 0 to v
00
max. This calculation

can be represented by finding the area under the red linear
curve. Thus, the area of the triangle yields

D00o ¼
x2

e

4xeve
: (9)

Combining Eq. (9) with Eq. (3), the dissociation energy D00e
relative to the equilibrium point can be estimated. Thus, the
dissociation energy of the ground electronic state can be
approximated as

Table III. From Tables I and II, the spectral peak wavelengths for NBDL

and BBDL are converted to wavenumbers, labelled as ~� v
0
v
00 . The differences

DGv
00 between all adjacent vibrational energy levels v

00 and v
00 þ 1 are tabu-

lated. The column ~� v
0
v
00 has uncertainties within6 30 cm�1, and the column

DGv
00 has uncertainties within6 43 cm�1.

v
00

v
00þ1

~� v
0
v
00 (cm�1)

(NBDL)

DGv
00 (cm�1)

(NBDL)

~� v
0
v
00 (cm�1)

(BBDL)

DGv
00 (cm�1)

(BBDL)

16 17 18 519 � � � 18 666 122

15 16 18 634 115 18 786 120

14 15 18 779 145 18 919 133

13 14 18 911 133 19 053 135

12 13 19 046 135 19 199 146

11 12 19 182 137 19 320 121

10 11 19 336 154 19 465 145

9 10 19 463 127 19 614 149

8 9 19 609 147 19 746 131

7 8 19 760 151 19 901 156

6 7 19 908 148 20 047 145

5 6 20 051 142 20 199 152

4 5 20 201 151 20 335 136

3 4 20 349 148 20 500 165

2 3 20 526 177 20 630 130

1 2 20 660 134 20 807 177

0 1 20 814 154 20 962 155

Fig. 5. Birge–Sponer extrapolation to deduce the molecular constants for the ground electronic state of Na2 for the NBDL (left) and BBDL (right) spectra. All

measured differences DGv
00 vs v

00þ1 are plotted, and the dissociation energy, which is the area under the triangle between the lowest v00¼ 0 and highest v0 0max

bound level, is estimated by linear extrapolation.

1020 Am. J. Phys., Vol. 91, No. 12, December 2023 Kashem et al. 1020

 2
1
 N

o
v
e
m

b
e
r 2

0
2
3
 1

7
:5

0
:2

0



D00e ¼ D00o þ
1

2
xe �

1

4
xeve: (10)

Using Eqs. (9) and (10), we found D00o ¼ 73006 2700 and
D00e ¼ 73006 2700 cm�1 for the NBDL, and D00o ¼ 6200
6 1800 and D00e ¼ 63006 1800 cm�1 for the BBDL. Here,
the level of precision ends at the hundreds place. The value
of D00e remains poorly determined, since even the v

00¼ 17
level is less than halfway to the dissociation limit. As a result
of the limited number of measurable peaks in this type of
experiment and the necessary linear approximation, the dis-
sociation energy calculated using this method is often an
overestimation of the actual value obtained through direct
measurement.46 The literature values26,27 for D00o and D00e are
5944 and 5988 cm�1, respectively. All molecular parameters
deduced from the observed spectrum and their literature val-
ues are summarized in Table IV.

V. CONCLUSION

We presented a molecular sodium spectroscopy experi-
ment, which can be easily replicated using affordable equip-
ment, provides students with valuable knowledge and
understanding of molecular physics and applications, as well
as important spectroscopic techniques. The green laser beam
creates strikingly vivid blue glowing molecules that enhance
the laboratory experience, capturing students’ interest and
inspiring them to explore molecular quantum systems
through their interactions with electromagnetic radiation.

This study investigated the spectroscopy of molecular
sodium in gas phase using an inexpensive 532-nm broadband
diode laser, which predominantly excites the B1

Pu(v
0¼ 6)

electronic state, and a miniature fiber-coupled spectrometer
for detecting the LIF spectrum for the B1

Pu(v
0¼ 6) !

X1
R
þ
g (v
00¼ 15) transition. The molecular constants of the

ground electronic state of Na2, deduced from the spectrum
using a broadband diode laser, were compared to those uti-
lizing a narrow-band diode laser. Although the narrow-band
diode laser provided a cleaner spectrum, results indicated
that the affordable equipment provided accurate values
within error limits, comparable to those obtained with more
expensive options. This provides opportunities for advanced
laboratory classes in chemistry and physics, which are poten-
tially limited by a lack of resource availability. In many lab-
oratory classes, experiments are limited to working with I2
because it is easier to work with. While these experiments
can provide insights into the molecular structure, the use of
other compounds has the potential to enable students to com-
pare and contrast the structures of diverse molecules, thus

facilitating a deeper comprehension of light–matter
interactions.
Furthermore, analyzing the LIF spectrum and extracting

the molecular properties of the electronic state of diatomic
molecules can enable students to construct a potential energy
curve using the Rydberg–Klein–Rees (RKR) method,47–51

which could serve as a future experiment in a larger project
such as an undergraduate thesis.
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