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Introduction: The electronic structure of the HBr molecule was investigated 
with particular attention to the spin–orbit coupling effect, aiming to assess its 
suitability for laser cooling applications.
Methods: Ab initio CASSCF/MRCI+Q calculations were carried out to obtain 
low-lying adiabatic potential energy curves with and without spin–orbit 
coupling taken into consideration. Static and transition dipole moments were 
evaluated, and the DUO and ExoCross programs were employed to simulate 
rovibronic spectra. Franck–Condon factors were calculated for transitions 
between the ground and excited electronic states.
Results: The spectroscopic constants of several electronic states were derived 
and compared with available literature values, showing good agreement. The 
Franck–Condon factor analysis identified a transition as favorable for Doppler 
and Sisyphus laser cooling. Radiative lifetimes, branching ratios, Doppler and 
recoil temperatures, and slowing distances were determined. A four-laser 
cooling scheme in the deep-UV region was proposed. Simulated absorption 
spectra for the P(2) and R(7) transitions in the first-overtone (v = 0–2) band 
reproduced experimental data with reasonable accuracy.
Discussion: These findings confirm HBr as a promising candidate for laser 
cooling, supported by reasonably accurate ab initio potential and dipole 
moment curves. The proposed scheme and agreement with experimental 
spectra strengthen the feasibility of experimental implementation.
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ab initio calculation, spin-orbit effect, dipole moments, Franck-Condon factor, radiative 
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 1 Introduction

Hydride halide molecules have been studied extensively, experimentally, and 
theoretically over several decades [1–6]. Because of its simple structure and rich 
photochemical dynamics, the HBr molecule is helpful in many fields of science; in 
metrology, it is used as a benchmark for numerous spectroscopic studies, and it is 
used to calibrate the spectrometers and tunable laser devices [7–9]. The accurate 
functioning of a high-resolution infrared spectrometer is determined with the HBr
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molecule; it is used as a leading gas in the poly-Si plasma etch for 
the fabrication of integrated circuits. Because it plays a vital role 
in the depletion mechanism, this molecule is essential for studying 
the atmosphere of the Earth, the Sun, and stellar objects [10, 11]; it 
interacts with the ozone molecules, which contribute to the thinning 
of the ozone layer. Care must be taken while using and releasing this 
gas into the atmosphere.

With the Cold and ultracold molecules, new techniques 
have been introduced to probe new states of quantum matter 
with high-precision measurements of both fundamental and 
applied science. These molecules enable quantum simulations 
of condensed matter phenomena with new platforms for 
quantum computing. Bose-Einstein condensate material, 
precise control of molecular dynamics, and nanolithography 
are provided with the cold and ultracold molecules
[12].

Despite the availability of numerous experimental [13, 14] and 
theoretical [15–20] studies in the literature, only a limited number 
provide a thorough and accurate account of the spectroscopic 
characteristics of the low-lying excited states of the HBr molecule, 
particularly when considering both the inclusion and exclusion 
of spin-orbit coupling effects. Furthermore, there is a scarcity of 
detailed information regarding its vibrational manifolds (including 
the vibrational energy levels, vibrational transition calculations, 
Franck-Condon factors, Einstein coefficients, and lifetimes, etc.). 
These aspects are very useful in assessing the potential of the 
HBr molecule as a candidate for laser cooling and presenting a 
laser cooling scheme in the deep ultraviolet region, a concept 
that, to our knowledge, has not yet been explored for the HBr 
molecule. All these gaps serve as the primary motivation for the
present investigation.

Since the electronic structure of HBr is essential for 
understanding its chemical behavior, the molecular spectra, and 
the interactions with external fields, we investigate the potential 
energy curves of the ground and the low-lying excited electronic 
states, along with the spectroscopic constants Te, Re, ωe, and Be
which are respectively, the transition energy with respect to the 
minimum of the ground state, the equilibrium bond length, the 
harmonic frequency, and the rotational constant. These calculations 
have been done using the ab initio method (CASSCF/MRCI+Q) 
with Davidson correction in the two representations 2S+1Λ+/− and 
Ω(±). With the small difference ΔRe between the ground and some of 
the excited states, one can find that this molecule is a good candidate 
for laser cooling. Accordingly, the Franck-Condon Factors (FCFs), 
the Einstein coefficients, the radiative lifetime, and the branching 
ratio among specific vibrational levels have been calculated with 
the experimental parameters, including the slowing distance, the 
Doppler and the recoil temperatures, and the maximal deceleration 
of the molecules. A laser cooling scheme is presented with four lasers 
in the ultraviolet region. Because of the importance of the infrared 
spectra of hydrogen halides as absolute wavelength standards, its 
observation in the stratosphere, and its need for in situ sensors 
for the semiconductor patterning process, the first-overtone (v = 
0–2) absorption spectra of the P(2) and R(7) transitions of the HBr 
molecule have been investigated and compared with high accuracy 
with those obtained experimentally based on our investigated 
potential energy curve with the dipole moment curve of the
ground state. 

2 Computational approach

The present theoretical study is based on the use of the ab 
initio methods, which are performed by utilizing the state-averaged 
complete active space self-consistent field (CASSCF) followed by 
the multi-reference configuration interaction (MRCI) method with 
Davidson correction (+Q) [21]. This calculation was done using 
the computational chemistry program MOLPRO [22] and taking 
advantage of the graphical interface program GABEDIT [23]. For 
the ground state, we performed the calculation by using the three 
basis sets ECP28MWB [24], Stuttgart RLC [25], and SBKJC_VDZ 
[26] with two different ways of the active space in the C2v symmetry 
group for the Br atom and aug-cc-PV5Z for the hydrogen atom as 
given in Table 1. For the excited electronic states, we adopted the 
quasi-relativistic pseudopotential ECP28MWB [24] for s, p, and d
functions, with 28 electrons to be frozen within the core and seven 
active electrons to be treated, while for the hydrogen atom, the 
augmented correlation-consistent polarized valence quintuple–zeta 
(aug-cc-PV5Z) [27] basis set is used. The active space in the C2v
symmetry group then contains 8σ(Br:4s,4p0,5s,4d0, 4d+2, 5p0, 6s H: 
1s), 3π (Br: 4p±1,4d±1, 5p±1),1δ (Br: 4d-2).

3 Results and discussion

3.1 Potential energy curves and 
spectroscopic constants of HBr molecule

The investigated potential energy curves (PECs) for 14 singlet and 
triplet low-lying electronic states for the molecule HBr without the 
spin-orbit coupling effect are given in Figure 1. Most of these curves are 
bound and deep except the two electronic states (1)1Π and (1)3Σ+ are 
unbound, and the state (1)3Π is shallow. From these (PECs), we noticed 
the small difference between the internuclear distance ΔRe = 0.034 Å 
of the ground and (2)3Π states. This first step for the laser cooling 
of a molecule encouraged us to investigate the spin-orbit coupling 
of the low-lying electronic states of the considered molecule, where 
their potential energy curves are given in Figure 2. One can notice 
some unbound electronic states where the repulsive Coulomb forces 
overcome the attractive forces within the taken range of internuclear 
distance. These potential energy curves of all the investigated electronic 
states are plotted as a function of the internuclear distance R in 
the range of 0.96 Å to 7.96 Å. With the H atom at the origin, the 
investigated permanent dipole moment curves of the lowest electronic 
states with and without spin-orbit coupling of the molecule HBr are 
given in Supplementary Figure S1 in the Supplementary Material. In 
this Figure, some curves smoothly approach zero at large distances, 
where the molecule dissociates into neutral fragments. While other 
states as (2)3Π0, (2)3Π1, (2)3Π2, and (1)3Δ dissociated into ionic 
fragments in the negative region, and the state (2)1Σ+ dissociates 
in the positive region. 

The harmonic frequency ωe, the electronic energy with respect 
to the ground state Te, and the rotational constant Be have been 
calculated for the investigated bound electronic states upon fitting 
the corresponding potential energy curve into a polynomial around 
the internuclear distance at equilibrium Re. Table 2 illustrates the 
spectroscopic constants for the lowest singlet and triplet electronic 
states of the HBr molecule with and without spin-orbit coupling, along 
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TABLE 1  Orbitals of active space of the basis sets ECP28MWB, Stuttgart RLC, and SBKJC_VDZ of the Br atom, and aug-cc-PV5Z for the Hydrogen atom.

Molecule Trial label Atom Basis Function Orbitals of active space

HBr

a1
Br ECP28MWB s, p, d

8σ (Br:4s,4p0,5s,4d0, 4d+2, 5p0, 6s H: 1s), 3π (Br: 4p±1,4d±1, 5p±1),1δ (Br: 4d-2)
H aug-cc-PV5Z s

a2
Br Stuttgart RLC s, p, d

8σ (Br:4s,4p0,5s,4d0, 4d+2, 5p0, 6s H: 1s), 3π (Br: 4p±1,4d±1, 5p±1),1δ (Br: 4d-2)
H aug-cc-PV5Z s

a3
Br SBKJC_VDZ s, p, d

8σ (Br:4s,4p0,5s,4d0, 4d+2, 5p0, 6s H: 1s), 3π (Br: 4p±1,4d±1, 5p±1),1δ (Br: 4d-2)
H aug-cc-PV5Z s

a4
Br SBKJC_VDZ s, p, d

11σ (Br:4s,4p0,5s,4d0, 4d+2, 5p0, 6s,4d0, 4d+2; H: 1s, 2s), 5π (Br: 4p±1,4d±1, 5p±1, ,5d0, 
5d+2),2δ (Br: 4d-2, 5d-2)

H aug-cc-PV5Z s

FIGURE 1
Potential energy curves for the molecule HBr without spin-orbit coupling effect.

with the available data in the literature. By analyzing the provided 
information, we confirm that 1Σ+ is the lowest ground electronic state 
of the molecule HBr. The calculation of these constants for this state 
was done using three basis sets for the Br-atom with two different active 
spaces in the C2v symmetry group, as shown in Table 1. This calculation 
shows the influence of these calculations on the values of the harmonic 
frequency ωe, which varies between 3,011.68 cm−1 and 2835.48 cm−1, 
while the influences on Re and Be are limited, as given in Table 2. By 
adopting the basis sets ECP28MWB [24] and aug-cc-PV5Z [27] for the 
Br and H atoms respectively with the 8σ (Br:4s,4p0,5s,4d0, 4d+2, 5p0,
6s H: 1s), 3π (Br: 4p±1,4d±1, 5p±1),1δ (Br: 4d-2 orbitals active space, the 
spectroscopic constants of the ground and the excited states with and 

without spin-orbit coupling are given in Table 2. The comparison of 
our calculated values of Re with those available in the literature for the 
ground state without spin-orbit coupling shows a good agreement with 
the relative difference of 2.9% [19] <ΔRe/Re<6.5% [18]. Comparing our 
value of the rotational constant Be with the only available value in the 
literature [17] shows the acceptable relative difference ΔBe/Be = 8.3%.
Based on the two basis sets ECP28MWB [24] and SBKJC_VDZ [26] 
(basis set a4), the relative differences between our calculated values 
and those available in the literature for the harmonic frequency ωe
without spin-orbit coupling are respectively 5.7% [19] <Δωe/ωe <14.0% 
[17] and 0.5% [19]<Δωe/ωe< 7.3% [17]. These results on ωe show 
excellent agreement with some theoretical data [19] in the literature 

Frontiers in Physics 03 frontiersin.org

https://doi.org/10.3389/fphy.2025.1635859
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Yassine et al. 10.3389/fphy.2025.1635859

FIGURE 2
Potential energy curves for the molecule HBr with spin-orbit coupling effect.

and are barely acceptable with other theoretical results [17]. There is 
no comparison of the spectroscopic constants of the free spin excited 
states with other results since they are given here for the first time. 
By adopting the basis set ECP28MWB [24] ((a1) of Table 1), the 
comparison of our calculated values of the spectroscopic constants 
of the spin-orbit coupling electronic states X1Σ0+, (2)3Π2, (2)3Π1, 
(2)3Π0+, and (2)1Π1 with those available in the literature (Table 2) 
shows very good agreement for Te and Re with the relative differences 
0.5% [20] <ΔTe/Te< 6.3% [18] and 1.8% [13, 16] <ΔRe/Re< 6.5% [18] 
respectively. For the electronic state, (2)1Π1, our calculated value of 
ωe is in good agreement with the experimental values of [13, 14] with 
the same relative differences of 4.7%. For the two states, X1Σ0+, (2)3Π, 
our calculated value of ωe is larger than those given in the literature, 
with an average relative difference of 12.6%. One can notice that our 
calculated values of the spectroscopic constants better agree with the 
recent work of Alekseyev et al. [16]. The spin-orbit coupling splitting 
energy is calculated and plotted in Figure 2 for the electronic state 
(2)3Π where the maximum splitting energy is 2456 cm−1. 

3.2 Laser cooling study of the HBr 
molecule

From the investigated values of the spectroscopic constants of 
Table 2, we noticed the small difference in the internuclear distance 
ΔRe = 0.035Å between the ground X1Σ0+ and the (2)3Π0+ states, 
which is the first step for the study of the suitability of a molecule 
for laser cooling. The main criterion for laser cooling this molecule 
with a closed-cycle loop is a diagonal Franck-Condon factor (FCF) 
without intervening states influencing the cycling between the two 
considered states. Between the two electronic states X1Σ0+ and the 

(2)3Π0+ states, one can notice the existence of the four intervening 
electronic states (1)3Π0+, (1)3Π1, (1)3Π2, and (1)1Π1. Two of these 
states, (1)3Π1 and (1)3Π2, are unbound, so it is impossible to give 
spontaneous emission life and FCFs of the transitions (2)3Π0+-
(1)3Π1 and (2)3Π0+-(1)3Π2 [28]. While the two others are very 
shallow bound states. Figures 3b,c show the non-diagonality of the 
FCF of transitions (2)3Π0+ - (1)3Π0+, and (2)3Π0+ - (1)1Π1 among 
the vibrational levels v' = v = 0 (calculated by using the LEVEL 11 
program [29]). For the vibrational levels v' = v = 0, the FCF of the 
transition (2)3Π0+ - X1Σ0+ is highly diagonal (Figure 3a), which is 
the first condition for a direct laser cooling of the molecule HBr. 
The second condition is the non-influence of the intermediate states 
(1)3Π0+ and (1)1Π1 on the cycling loop between X1Σ0+ and (2)3Π0+
states. This second condition is verified by the non-diagonality of 
the FCF of the two transitions (2)3Π0+ - (1)3Π0+, and (2)3Π0+ - 
(1)1Π1 given in Figures 3b,c. The third criterion for a successful laser 
cooling process which maximizes the cooling rate and produces a 
strong Doppler force for the electronic transition (2)3Π0+ - X1Σ0+ is 
a short radiative lifetime, which is given by τv′  = 1/ΣvAv′v, where the 
Einstein coefficient Av’v is formulated as in Equation 1 [30]

Av′v =
(3.1361891)(10−7)(ΔE)3(ψν′|M(r)|ψν)

2

2
(1)

By using LEVEL 11 program [29], the energy difference between 
the two electronic states X1Σ0+ and (2)3Π0+ is ΔE and the computed 
value of the electronic transition dipole moment M(R) between 
these two states (in Debye) is plotted in Figure 4. Because of the 
non-influence of the intermediate states (1)3Π0+, (1)3Π1, (1)3Π2, 
and (1)1Π1 on the cycling loop of the transition (2)3Π0+ - X1Σ0+
the calculated values of the vibrational branching ratio for six 
vibrational levels of this transition (which is given by given by 
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TABLE 2  Spectroscopic constants of the molecule HBr with and without spin-orbit coupling.

State Values without spin-orbit coupling

Te (cm-1) ΔTe/Te% Re (Å) ΔRe/Re% ωe (cm-1) Δωe/ωe % Be (cm-1) ΔBe/Be%

X1Σ+

0a1 1.360a1

1.407b1

1.402b2

1.41b3

1.41443c

1.4195 d

1.455e

1.4005f1

1.4079f2

1.4127f3

1.411g

3.3
3.0
3.5
3.8
4.2
6.5
2.9
3.4
3.7
3.6

3011.68a1

2788b1

2770b2

2679b3

2648.975c

2642.68d

2645e

2849f1

2751f2

2705f3

2659g

8.0
8.7

12.4
13.7
14.0
13.9
5.7
9.5

11.3
13.3

9.162a1

8.40417 d 8.3

0 1.376a2 2978.59a2 8.949a2

0 1.371a3 2991.88a3 9.005a3

0 1.364a4 2835.48a4 9.086a4

(2)3Π 66781.87a1 1.394a1 2958.39a1 8.713a1

(2)1Π 69765.97a1 1.431a1 2887.94a1 8.270a1

(3)1Π 81440.22a1 1.386a1 2856.43a1 8.824a1

(1)3Δ 81436.87a1 1.406a1 2692.15a1 8.570a1

(2)3Δ 81440.53a1 1.406a1 2690.38a1 8.571a1

(1)3Σ- 83930.73a1 1.412a1 2643.13a1 8.501a1

(1)1Δ 83182.98a1 1.4127a1 2638.76a1 8.490a1

(2)1Δ 83186.06a1 1.413a1 2632.24a1 8.488a1

(1)1Σ- 83884.58a1 1.413a1 2627.24a1 8.487noa1

State Values with spin-orbit coupling

Te(cm-1) ΔTe/Te% Re(Å) ΔRe/Re% ωe(cm-1) Δωe/ωe% Be (cm-1)

X1Σ0+ 0a1 1.360a1

1.41443c

1.4195d

1.455e

1.411g

3.8
4.2
6.5
3.6

3,008.33a1

2649.975c

2642.68d

2645e

2659g

13.5
13.8
13.7
13.1

9.158a1

(2)3Π2 68036a1

69008c

72646e

68998g

1.4
6.3
1.4

1.395a1

1.437c

1.470e

[1.455]g

2.9
5.1
4.1

2935.59a1

2535c

2518e

[2452]g

15.8
19.7
19.7

8.711a1

(2)3Π1 66408a1

67209c

70276e

67180g

1.2
5.5
1.1

1.399a1

1.443c

1.489e

1.442g

3.0
6.0
3.0

2916.00a1

2524c

2496e

[2444.2]g

15.5
16.8
19.3

8.658a1

(2)3Π0+ 65580a1

66495c

67862e

-

1.4
3.4
-

1.395a1

1.437c

1.488e

[1.473]g

2.9
6.3
5.3

2963.09a1

2533c

2445e

-

17.0
21.2

-

8.713a1

(Continued on the following page)
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TABLE 2  (Continued) Spectroscopic constants of the molecule HBr with and without spin-orbit coupling.

State Values with spin-orbit coupling

Te(cm-1) ΔTe/Te% Re(Å) ΔRe/Re% ωe(cm-1) Δωe/ωe% Be (cm-1)

(2)1Π1 70165a1

70624c

73963e

70493i

70573g

-

0.6
5.1
0.5
0.6

1.434a1

1.460c

1.51e

1.478i

1.46g

1.465h

1.8
5.0
3.0
1.8
2.1

2673.10a1

2576c

2512e

-
2552g

2552h

3.8
6.4
-

4.7
4.7

8.234a1

(a1,a2,a3,a4) present work, for a1, a2, a3, a4, see Table 1, (b1,b2,b3) Ref. [15], c Ref. [16], d Ref. [17], e Ref. [18], (f1,f2,f3) Ref. [19], g Ref. [13], h Ref. [14], and i Ref. [20]. The Re values given in square 
brackets correspond to B0 and those of ωe to ΔG(1/2). Experimental values are indicated in bold.

FIGURE 3
Franck-Condon factor for electronic states of the molecule HBr with spin-orbit coupling effect. (a) For the transition:(2)3p0+- X1S0. (b) For the 
transition:(2)3p0+ - (1)3P. (c) For the transition:(2)3p0+ - (1)1P.

FIGURE 4
Transition dipole moment between the two electronic states X1Σ0+ - (2)3Π0+ of the molecule HBr.
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TABLE 3  The radiative lifetimes τ, and the Einstein coefficients and branching ratios of the vibrational transitions between the electronic states
X1Σ0+ - (2)3Π0+ of the molecule HBr.

HBr (2)3Π0+ - X1Σ0+

Vibrational 
level

Einstein 
coefficent 
/ 
branching 
ratio

ν′((2)3Π0+) 
= 0

1 2 3 4 5 6

ν (X1Σ0+) = 0
Aνν' 153401720.9 14859528 458611.7183 867.82723 1117.6421 9.0889037 687.6186

Rνν' 0.84495788 0.04704088 0.00152094 0.00000300 0.00000402 0.00000003 0.00000577

ν = 1
Aνν' 28124572.96 248048872 28878006.33 1959255.6 55188.97 510.01354 947.1969

Rνν' 0.15491404 0.78524951 0.09577115 0.00678382 0.00019874 0.00000191 0.00000795

ν = 2
Aνν' 16654.5898 52959374 197337125.3 40384326 4521567.3 293213.33 3122.5335

Rνν' 0.00009174 0.16765375 0.65444975 0.13982853 0.01628239 0.00109781 0.00002621

ν = 3
Aνν' 887.674449 1988.4074 74824764.79 152532213 48628917 8025627.8 862433.86

Rνν' 0.00000489 0.00000629 0.24814920 0.52813448 0.17511516 0.03004841 0.00723883

ν = 4
Aνν' 4,326.942122 2712.4192 10857.04015 93825390 113576543 53480049 12151083

Rνν' 0.00002383 0.00000859 0.00003601 0.32486530 0.40899480 0.20023234 0.10199004

ν = 5
Aνν' 1327.200081 9588.7128 3,975.363037 109361.72 110482030 80128733 54655063

Rνν' 0.00000731 0.00003036 0.00001318 0.00037866 0.39785131 0.30000653 0.45874691

ν = 6
Aνν' 56.58022391 3,356.6945 18020.72956 1793.8398 431424.49 125161823 51466567

Rνν' 0.00000031 0.00001063 0.00005976 0.00000621 0.00155358 0.46861297 0.43198429

Sum(s-1) = 
Aν’ν

181549546.8 315885420 301531361.3 288813208 277696789 267089965 119139905

τ:(s) =/Aν’ν 5.50814E-09 3.166E-09 3.3164E-09 3.462E-09 3.601E-09 3.744E-09 8.393E-09

τ:(ns) 5.51 3.17 3.32 3.46 3.60 3.74 8.93

Rv″v = Av″v
∑vAv″v

 [31–34], along with the radiative lifetime, are given 
in Table 3. For this transition and for a short radiative lifetime 
of 5.51 ns > τ > 8.93 ns, the molecule HBr is a good candidate 
for direct laser cooling for the transition (2)3Π0+ - X1Σ0+. Our 
proposed laser cooling scheme for a direct laser cooling of the 
molecule HBr is given in Figure 5, where the red lines represent the 
cycling pumping lasers. The wavelength of the main pumping laser 
is λ0″ 0 = 152.2 nm, and three other pumping lasers of wavelengths 
λ0″1 = 159.2 nm, λ0″2 = 167.3 nm, and λ0″3 = 174.4 nm close the 
leaks from the higher vibrational level, while the dotted green lines 
represent the spontaneous decay. Since these lasers are in the deep 
ultraviolet range, recent advances in solid-state laser technology 
have proven the obtention of laser beams in the ultraviolet regime 
possible. However, the lowest obtained corresponding wavelength 
until now is about 170 nm [35–37]. According to our scheme, the 
laser cooling of the HBr molecule will probably need to wait until 
new technology leads to lowering this threshold limit to values 

as low as 150 nm. The calculated values of the vibrational FCF 
(fv″v) and the branching ratio Rv″v of the considered transition (2)3

Π0+ - X1Σ0+ are given in Figure 5. The total number N of cycles for 
photon absorption/emission which is the reciprocal of the total loss 
is given by

N = 1/(1− η) = 5525

with η = R0″0 + R0″1 + R0″2 + R0″3 [38–40]. The calculated values of 
the needed experimental parameters are given in Equations 2–6 [41]:

Vrms =
hN

mλ00
= 180.8m/s (2)

Tini =
mV2

2kB
= 159.0K (3)

amax =
hNe

Ntotmλ00τ
= 1.62x106 m/s2 (4)
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FIGURE 5
Laser cooling scheme of the transition X1Σ0+ - (2)3Π0+ of the molecule HBr.

Lmin =
kBTini

mamax
= 1.02cm (5)

TD= h/(4 × π× τ× kB) = 944.8 μKandTr = h2/(m × λ2
00 × kB)

= 10.4 μK (6)

Where m, Tini, and amax are, respectively, the mass, the initial 
temperature, and the maximum acceleration of the molecule, Vrms
is the rms velocity, Lmin is the minimum slowing distance, and Tr
and Td are the recoil and the Doppler temperatures respectively. 

3.3 Absorption spectra of the P(2) and R(7) 
transitions in the HBr first-overtone band

To further assess the accuracy of our theoretical spectroscopic model 
and laser cooling study, we computed the line lists of the HBr molecule 
based on our ab initio calculations. These line lists were generated 
using the DUO [42], a general nuclear motion program developed by 
the ExoMol group at University College London, which can compute 

rotational, rovibrational, and rovibronic spectra of diatomic molecules. 
However, the potential energy curve and the permanent dipole moment 
curve of the X1Σ+ ground state were used as DUO inputs to generate 
rovibrational energy levels of the X1Σ+ state and the line lists of 
the X1Σ+ − X1Σ+ transition for the HBr. The primary approach 
employed by DUO to solve the radial equation is the sinc DVR (discrete 
variable representation) method. This technique typically ensures rapid 
convergence (faster than polynomial) of the computed energies and 
wavefunctions concerning the number of grid points, Np. In our DUO 
calculations, a grid-based sinc DVR basis with 501 points, covering a 
range from 1.0 to 8 Å, is used to establish the vibrational basis functions. 
This study considers vibrational states up to v ≤ 2 and rotational states up 
to J ≤ 50, as our primary focus is on the lowest vibrational energy levels 
to investigate the first-overtone (v = 0–2) band of HBr. The line lists in 
this work follow the basic ExoMol format [43]. This format consists 
of an energy file (.states) (Supplementary Table S1) containing 
all the necessary information to describe each energy level and a 
transition file (.trans) (Supplementary Table S2), which provides the 
Einstein A coefficients for each transition. All data are available in the 
Supplementary Material. Subsequently, the absorption spectra of the 
P(2) and R(7) in the first-overtone band of the HBr molecule in the 

Frontiers in Physics 08 frontiersin.org

https://doi.org/10.3389/fphy.2025.1635859
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Yassine et al. 10.3389/fphy.2025.1635859

FIGURE 6
The simulated absorption spectrum of the P(2) transition in the first-overtone band of the HBr molecule using the Gaussian line profile at T = 294 K and 
a pressure of 100 mTorr.

FIGURE 7
The simulated absorption spectrum of the R(7) transition in the first-overtone band of the HBr molecule using the Gaussian line profile at T = 294 K and 
a pressure of 100 mTorr.
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form of cross-sections were simulated using the generated line lists 
of the X1Σ+ − X1Σ+ transition. All spectra simulations were performed 
using ExoCross [44], a Fortran code for generating absorption/emission 
spectra at different temperatures and pressures. In our ExoCross 
calculations, we adopted the temperature at 294 K and the pressure at 
100 mTorr (1.33 ×  10−4 bar) to align with the experimental conditions. 
To compare our simulated spectra with the available experimental data 
work [45], the aim is to evaluate the absorption strength “absorbance” 
and present the absorption spectra of P(2) and R(7) in terms of 
absorbance values. According to the Beer-Lambert law, absorbance is 
related to the cross-section by A = σNL where σ denotes the molecular 
absorption cross-section (in cm2/molecule), N represents the number 
density of the absorbing molecules (in molecules/cm3), and L is the path 
length (in cm) through which the absorber is present. In the experiment 
[45], the path length was given as 73 cm, and the number density N can 
be determined using the relation: N = P/kBT; where P is the pressure (in 
dyne/cm3), kB is the Boltzmann constant (1.38 ×  10−16 erg/K), and T is 
the temperature (in Kelvin). An overview of the absorption spectra of the 
P(2) and R(7) transitions in the first-overtone band of the HBr molecule 
is illustrated in Figures 6, 7, respectively, where it is compared with the 
experimentally determined transitions by Chou et al. [45]. As shown in 
Figures 6, 7, the line positions for the P(2) and R(7) transitions of the 
HBr first overtone band are presented in terms of relative frequency 
(relative frequency = absolute frequency - the central frequency) for 
better comparison. In this study, the calculated central frequencies for 
P(2) and R(7) are 5,686.55 cm−1 and 5,838.36 cm−1, respectively, while 
the experimentally reported values are 4,993.02 cm-1 and 5,126.9 cm−1. 
Therefore, the theoretical and experimental frequencies show good 
agreement, with a relative percentage difference of 12%. Furthermore, 
our calculated absorbance values for the P(2) and R(7) transitions agree 
well with the previous measurement recorded by Chou et al. [45], as 
presented in Figures 6, 7, demonstrating the reliability of our results. 

4 Conclusion

In the present work, an ab initio calculation has been done for 13 
free spin electronic states and nine electronic states, including the spin-
orbit coupling effect of the molecule HBr. With the CASSCF/MRCI 
method, the potential energy curves and spectroscopic constants Te, 
ωe , Be, Re have been calculated for the investigated electronic states, 
along with the static and transition dipole moments. The calculated 
values of the Franck-Condon factor, the Einstein coefficients Avv′ , 
and the spontaneous radiative lifetime of the molecule HBr for the 
transition X1Σ0+ - (2)3Π0+ shows its candidacy for direct laser cooling. 
Accordingly, the vibrational branching ratios, the number of cycles 
(N) for photon absorption/emission, the experimental parameters 
of this cooling, and the recoil and Doppler temperatures have been 
calculated. With four pumping and repumping lasers in the deep 
ultraviolet region, a laser cooling scheme is presented. By analyzing 
the potential energy and dipole moment curves and utilizing the 
DUO and ExoCross programs, we have investigated the absorption 
spectra of the P(2) and R(7) transitions in the first overtone (v = 0–2) 
band of the HBr molecule. The results demonstrate high accuracy 
when compared with experimental data, highlighting the reliability of 
our theoretical approach. 
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