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Ab initio theory study of laser cooling of barium
monohalides

Rong Yang, & *2 Bin Tang® and XiangYu Han®

The feasibility of laser cooling barium monohalides BaX (X = F, Cl, Br, I) is investigated using ab initio
methods with the inclusion of spin—orbit coupling (SOC) effects. Calculated spectroscopic constants for
BaF, BaCl, BaBr and Bal are in very good agreement with the available experimental measurements. The
results demonstrate that the calculated electronic structure is accurate and can be used to establish the
optical scheme of laser cooling. The highly diagonal Franck—Condon factors (FCFs) (BaF: foo = 0.980, fi1
= 0.939, f5, = 0.894; BaCl: foo = 0.998, fi; = 0.995, fo, = 0.992) between the X231, and ATl ,, states
are determined, which are found to be in good agreement with previous theoretical results. The radiative
lifetimes (BaF: 39.13-41.20 ns; BaCl: 117.99-110.23 ns) of the A2H1/2—X22{/2 transition for the first five
vibrational levels show that the A21'I1/2 is a rather short lifetime state. The current study indicates that BaF
and BaCl are two good choices of molecules for laser cooling. Therefore, Bal and BaBr are not
promising laser-cooling candidates because the FCFs of the Aznl,z—x’-’z;,z transition are off-diagonal.
We further propose the three-laser cooling schemes based on the A%TI,,,—X?S{, transition for BaF and

rsc.li/rsc-advances BaCl.

1. Introduction

The transverse laser cooling of SrF** and YO? has overthrown
the notion that laser-cooling molecules is impracticable. The
criteria to be considered candidates for laser cooling are
a strong transition with highly-diagonal Franck-Condon factors
(FCFs) in a wavelength region accessible to tabletop lasers and
strong optical forces resulting from the short radiative lifetime.
Diagonal FCFs minimize the number of lasers required to keep
the molecule in a closed-loop cooling cycle. Naturally, the
experimental demonstrations have initiated the search for other
molecules which are appropriate for laser cooling. In 2004, Di
Rosa* conducted a brief survey of promising candidates for laser
cooling. SrF and YO did not occur on his study and there clearly
could be others that have not been investigated by theoretical
and experimental studies. In this paper, thus, we focus on the
theoretical studies of the laser cooling of barium monohalides,
though neither have yet been cooled.

In recent years, the interest in laser cooling of diatomic polar
molecules has grown owing to a variety of prospective applica-
tions.® Laser cooling of SrF,"” KRb,* YO* and CaF’ has been
experimentally performed, and polar molecules (such as RaF,*
AlH,® AIF°) have been investigated in previous theoretical
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research. Alkaline-earth metal atoms and molecules are of
persistent interest in the investigation of cold atoms and
molecules. These molecules like monohydrides MH (M = Be,
Mg, Ca, Sr, and Ba)' and some monohalides (such as BeF,"
MgF*?) have been identified as the promising candidates for
laser cooling theoretically. However, the study on laser cooling
of barium monohalides BaX (X = F, Cl, Br, I) is very limited. In
addition to being nominated as laser cooling candidates, BaX (X
= F, C|, Br, I) play an important role in stellar spectroscopy.*
Considering that the A>TT — X’Z" transition of barium mono-
halides has been suggested by Di Rosa* and experiments have
been made for SrF,"* YO® and CaF,” we believe it is possible to
cool barium monohalides with a similar experimental method.

In the current study, we focus on investigating the feasibility
of direct laser cooling of BaX (X = F, Cl, Br, I), then proposing
the scheme to perform laser cooling of BaX (X = F, Cl, Br, I).
Karthikeyan et al.'* have evaluated the FCFs for electronic
transitions A-X of BaF molecule by employing a reliable
numerical integration procedure. The calculated FCF (fy) of
BaF is 0.951, and the laser excitation wavelength is about
857 nm. For BaF, Kang et al.*® also reported results about FCFs
by ab initio. The radiative lifetime obtained for the A”II state of
the BaF molecule is 56.0 & 0.9 ns using laser spectroscopy.'® The
first seven electronic states of the BaCl molecule have been
studied by laser induced fluorescence, combined with high
resolution Fourier spectroscopy.’” The zero pressure radiative
lifetime of BaCl has been measured by laser-induced fluores-
cence in the near-infrared wavelength region.' Husain et al.™
have determined the spectroscopic parameters of the X-state

This journal is © The Royal Society of Chemistry 2020
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and low lying excited states of BaBr, and calculated the FCFs
using a simplified Morse oscillator model following Tuckett*
(A-X: fyo = 0.6903). The A’TI state of BaBr has been analyzed by
Ernst et al.** Miliordos et al.*> have been examined the elec-
tronic structure of Bal by ab initio multi-reference configuration
interaction (MRCI) and coupled cluster (RCCSD(T)) methods. As
mentioned above, BaX (X = F, Cl, Br, I) has been investigated
extensively in the past. However, there is a lack of systematic
studies of laser cooling of BaX (X = F, Cl, Br, I) up to now.

The paper is organized as follows. The theoretical methods
and the basis sets used in the ab initio calculations for the
included electronic states of BaX (X = F, Cl, Br, I) are briefly
described in Section 2. We present the results and data
discussions, and propose the laser cooling schemes for BaX (X
=F, Cl, Br, I) in Section 3. In Section 4, the conclusions of this
work are given.

2. Computational details

To investigate the feasibility of direct laser cooling of barium
monohalides, we first calculate the electronic structure for the
two lowest doublet electronic states (A’TI and X’="), then
determine the radiative properties including radiative lifetimes,
FCFs and diode laser excitation wavelengths of the A>TT — X°3"
transitions. All the present ab initio calculations are carried out
in the C,, point group using the MOLPRO* package. The
spectroscopic constants, including equilibrium bond distance
(Re), harmonic frequency (w.), anharmonic vibrational
frequency (wexe), rotational constant (B.) and electronic tran-
sition energy (T.) for the A’TT and X*=" states of BaX (X = F, Cl,
Br, I) are evaluated by solving the nuclear Schrédinger equation
by Le Roy's LEVEL 8.0 program.** With the potential energy
curves (PECs) and transition dipole moments of different elec-
tronic states, this program can also obtain the FCFs and radi-
ative lifetimes of the various vibrational levels. The FC factor is
one of the parameters which controls the intensity distribution
in the emission of molecular bands. The square of the overlap
integral is termed as FC factor (f,,),>

fou = wa} (1)

where y,» and y, are the vibrational wave functions for the upper
and lower states, respectively. The radiative lifetime 7, is
calculated by the following formula,

1

TS @)

Ty

where A,, is the Einstein A coefficient for the rate of sponta-
neous emission from initial rovibrational level (¢, J') into final
rovibrational level (v, J),**

S
Ay = 3.1361891 x 107520 x <‘Ifw|M(r)|‘1’w>7 (3)

in the above formula, S(/')J) is the Honl-London rotational
intensity factor, M(r) is the transition dipole function, ¥,/ and
¥, are normalized radial wave functions.
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The complete active space self-consistent field (CASSCF)**>°
and MRCI plus Davidson correction (MRCI + Q)**** methods
have been performed for the ab initio electronic structure
calculations of BaX (X = F, Cl, Br, I). Scalar relativistic effects are
accounted for using the Douglas-Kroll-Hess (DHK)**** trans-
formation of the relativistic Hamiltonian. For the heavier Ba
atom, the spin-orbit coupling (SOC) effects are important for
the electronic structure. In this work, SOC effects are evaluated
with one- and two-electrons Breit-Pauli operators® at the MRCI
level of theory. It is worth noting, we can neglect the rotational
degrees of freedom in the first approximation, since we focus on
investigating the vibrational cooling.

To improve the accuracy of potential energy curve calcula-
tions, the effects of the core-valence correction and the rela-
tivistic correlation are taken into account. This was done by
adopting the small-core scalar relativistic effective core poten-
tial (ECP) ECP10MWB,** ECP10MDF,*” ECP28MDF,*®* and
ECP46MDF* together with the corresponding valence basis sets
for Cl, Br, I and Ba, respectively, and, the AVQZ** all-electron
basis sets for the F atom. Within the C,, point group
symmetry, all molecular orbitals were labeled by their symmetry
(@1, b1, by, @5). In our calculations of BaF molecule, eight
molecular orbitals are selected as active spaces, which corre-
spond to the 2s2p shells of the F atom and 5p6s shells of the Ba
atom. That is to say, ten electrons are distributed in a (4, 2, 2, 0)
active space for BaF molecule. For BaCl, BaBr and Bal, these
active spaces are also (4, 2, 2, 0). The 3s3p shells of the Cl atom,
4s4p shells of the Br atom and 5s5p shells of the Br atom are put
in the active space, respectively.

3. Results and discussions

3.1 Potential energy curves (PECs) and spectroscopic
constants

Because the A’TI — X*3" transition has been suggested by
experiments for SrF, YO and CaF, we only carry out ab initio
calculations to the two states (A’IT and X*>="). The PECs of A*TI
and X*=" states of BaX (X = F, Cl, Br, I) are presented in Fig. 1(a)
and (b). Fig. 1 shows that the PECs of A*IT and X>Z" states look
surprisingly similar. It implies that highly diagonal FCFs for the
A’TI — X*Z* transition are possible.

For the heavier Ba atom, SOC effects are important for the
electronic structure. Concerning the effects of SOC on the
electronic structure of BaX (X = F, Cl, Br, I), the A”II state splits
into A®II;;, and A’II3,. Our present calculated spectroscopic
constants of A’TI,, and X’3], with available experimental
values are tabulated in Table 1. The reasons why we focus on
A’T1,,, and X*Z), are explained as follows. Many experimental
studies provided some accurate and important spectroscopic
data for A’Il,, and X?3], states. Earlier theoretical
researches'*** reported BaF has highly diagonal FCFs between
A’T1,), and X>37 5.

For the X*37,, state of BaF, the corresponding percentage
errors in R, w. and wcx. are 1.16%, 1.85% and 2.72% with
respect to experiment,**> respectively. It is also encouraging
to see that our calculated T, R., W, and wex. of the A’TI, ), state
are in good agreement with experiment*** and the relative
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Fig.1 (Color online) Potential energy curves of X°S* (a) and A%II (b) of BaX (X = F, CL, Br, I) at MRCI + Q/ECP46MDF(Ba), AVQZ(F), ECP1IOMWB(CL),

ECP10MDF(Br), ECP28MDF(l).

Table 1 Spectroscopic constants of X2=7, and A%Il;,, states of BaX (X = F, Cl, Br, I) calculated at MRCI + Q/ECP46MDF(Ba), AVQZ(F),
ECP10MWB(Cl), ECP1OMDEF(Br), ECP28MDF(I). T is the adiabatic relative electronic energy referred to the ground state, R. is the equilibrium
internuclear distance, we and weye are the harmonic and anharmonic vibrational frequency, Be is the rotational constant

Molecule States Te (em™! R (&) we (em™) WeXe (cm™) B (em™) Ref.
BaF XS, 0 2.186 460.72 1.79 0.2114 This work
0 2.161° 469.417 1.847 — Expt. (*Ref. 41; "Ref. 42)
ATy, 11 893 2.199 436.58 1.72 0.2089 This work
11647° 2.183° 435.50° 1.68° — Expt. (°Ref. 41; “Ref. 43)
BaCl X221, 0 2.728 267.38 0.79 0.0814 This work
0 — 279.89 0.81 0.0840 Expt. (Ref. 17)
AL, 10 657 2.683 261.33 0.80 0.0810 This work
10 679 — 257.30 0.81 0.0811 Expt. (Ref. 17)
BaBr X225, 0 2.927 175.14 0.39 0.0390 This work
0 2.847 192.30 0.41 — Expt. (Ref. 19)
ATy, 10171 2.911 169.98 0.40 — This work
— 2.899 177.13 0.40 — Expt. (Ref. 19)
Bal X315, 0 3.126 149.92 0.27 0.0262 This work
0 3.088 152.16 0.27 — Expt. (Ref. 44-46)
ATy, 9753 3.167 140.47 0.27 0.0255 This work
9605 3.139 141.75 0.28 — Expt. (Ref. 45 and 46)

errors are only 2.11%, 0.73%, 0.25% and 2.38%, respectively.
In the case of the X*>3],, state of BaCl, our present results
compare very well with the experimental data' (w,
~12.51 cm ™', wexe ~0.02 cm™ ', B ~0.0026 cm ™~ '). And for the
A’I1,, of BaCl, our spectroscopic constants calculated at MRCI
level are also in reasonable agreement with experiment'” (T,
~22 cm Y we ~4.03 cm ™Y, Wexe ~0.01 cm ™!, B, ~0.0001 cm ).
Concerning the X>Z},, of BaBr, the difference of R., w. and
WeXe values in the experiment'® and present work is not sign-
ficant, and the relative errors are 2.81%, 8.92% and 4.88%,
respectively. While for the A®TI,;, of BaBr, Table 1 shows that
our present results accord with experiment (R. ~0.012 A, we
~7.15em ™", Wexe ~0.00 cm ™). For Bal, present values of R., W
and wex. for the X*S},, state are 3.126 A, 140.47 cm~ ! and
0.27 cm™ ', which are very close to the experimental data.***
Miliordos et al.** provided a even larger R, (3.251 A) and a even
smaller w.x. (0.24 cm ') compared to the experimental
data***® by MRCI method. As for the A’T1,,, of Bal, the calcu-
lated R, and T, results are only 0.028 A and 148 cm ™! larger,
while the w. and wex. results are only 1.28 cm™ " and 0.01 cm ™!

20780 | RSC Adv, 2020, 10, 20778-20783

smaller than the observed experimental data.*>*¢ The differ-
ences between the previous theoretical value** and experi-
mental data*®*® are bigger (T. ~1536 cm ™!, R, ~0.194 A, w,
~12.75 em™ ', Wexe ~0.31 ecm™'). In summary, the results
demonstrate that the electronic structure of BaX (X =F, Cl, Br,
I) calculated at MRCI + Q/ECP46MDF(Ba), AVQZ(F),
ECP10MWB(Cl), ECP10MDF(Br), ECP28MDF(I) level is accu-
rate and can be used to establish the optical scheme of laser
cooling.

3.2 FCFs

The first criterion to be nominated as candidates for laser
cooling is highly diagonal FCFs. As listed in the literature, most
FCFs fyo of experimental cooling molecules are greater than 0.9.
For example, the FCF f,, of SrF reaches 0.98. A larger FCF has
significant benefits for limiting the number of lasers required to
keep the molecule in a closed-loop cooling cycle. Of course,
some cooling schemes for molecules with smaller FCFs have
also been proposed.*” The FCF values for the A-X transitions of
BaX are tabulated in Table 2 and 3. Our computed FCF values of

This journal is © The Royal Society of Chemistry 2020
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Table 2 The calculated FCFs f,, of BaF and BaCl for A%IL;,(v') — X2Si5(») transitions at MRCI + Q/ECP46MDF(Ba), AVQZ(F), ECP1OMWB(CI)
(numbers in bold — published FCF values). Numbers in parentheses indicate the power of 10

Molecules V=0 1 2 3
BaF y=0 0.9802 0.0197 0.7824(—4) 0.9904(—6)
Ref. 14 (*Ref. 15) 0.9510, 0.9810% 0.0490, 0.0189" 0.0000, 0.3960(—3)* 0.0000%
1 0.0194 0.9389 0.0414 0.0030(—1)
Ref. 14 (*Ref. 15) 0.0480 0.8540, 0.9400" 0.0960 0.0030
2 0.0041(—1) 0.0401 0.8937 0.0650
Ref. 14 (*Ref. 15) 0.0020 0.0930 0.7580, 0.8960" 0.1410
3 0.3362(—5) 0.0013 0.0620 0.8452
Ref. 14 0.0000 0.0050 0.1350 0.6660
BacCl r=0 0.9982 0.0017 0.4883(—4) 0.1043(—6)
1 0.0023 0.9949 0.0032 0.1440(—3)
2 0.8568(—4) 0.0031 0.9920 0.0045
3 0.2042(—5) 0.2423(—3) 0.0042 0.9894

Table 3 The calculated FCFs f,, of Bal and BaBr for AL ,(0) —
X?3150) transitions at MRCl + Q/ECP46MDF(Ba), ECP10MDF(Br),
ECP28MDF(l). Numbers in bold — published FCF values (°Ref. 19)

Joo fo1 foz fos
Molecules Jfiofi1 fiz fis
Bal 0.779 0.197 0.023 0.002
0.192 0.436 0.307 0.059
BaBr 0.791(0.690) 0.189(0.216)" 0.020 0.001

0.188(0.260)* 0.440(0.272)° 0.302 0.061

BaF are in good agreement with the recent results.*** For BaBr,
the present results at the MRCI level are a little bigger than the
values reported by Husain et al.* Husain et al.™ calculated the
FCFs using a simplified Morse oscillator model following
Tuckett. From Table 2, it could be clearly seen that the Av =
0 bands of BaX have the strongest transition probability. That is
to say, the highly diagonal FCFs f;, (BaF: 0.980 and BaCl: 0.998)
for the A-X transition are determined. To visually demonstrate
the overlap of the vibrational wave functions for A-X transition,
we have plotted the FCFs of spontaneous radiative transitions in
Fig. 2. Fig. 2 also shows that BaF and BaCl have large diagonal
FCFs.

However for the A-X transition of Bal, the diagonal term
f11(0.436) is calculated, and the off-diagonal term f;,(0.192),
f12(0.307), f15(0.059) are also obtained (see Table 3). These
results show that the A-X transition of Bal does not have highly
diagonal FCFs. The calculated f,, of 0.779 for Bal is not large
enough to be potentially viable for direct laser cooling. The
relative probabilities from A’II,,(v' = 0) to X*Z],(v) are gov-
erned by the FCFs which are about 78% for » =0, 20% forv =1,
2.3% for v = 2, 0.2% for v = 3, 0.007% for v = 4, and negligibly
small for all » > 4. Five cooling lasers are required for limiting
the inefficiency or loss of Bal molecule in the cooling cycle.
Cycling transitions requiring one or two repump lasers are
common in atomic systems, experimentally. For the A-X tran-
sition of Bal, the number of lasers required is not practical. The
case of BaBr is similar to the case of Bal (see Table 3). So Bal and

This journal is © The Royal Society of Chemistry 2020

BaBr are not good candidate molecules for direct laser cooling.
Thus we do not need to discuss Bal and BaBr molecules in the
following section.

3.3 Spontaneous radiative lifetime and radiative width

Aside from the large diagonal FCFs, sufficiently short lifetime is
desirable for rapid laser cooling. A shorter lifetime of the tran-
sition could produce a strong Doppler force, which will produce
a significant rate of optical cycling. To produce larger sponta-
neous scattering forces, the rate of optical cycling (10°-10% s7)
is suitable. From eqn (1), the radiative lifetime of vibrational
level v for a given state is given by the inverse of the total Ein-
stein coefficient. The radiative width (I) is related to the lifetime
of the state by I' = 1/(2mct). The computed radiative lifetimes
and radiative width of BaF and BaCl are listed in Table 4 for the
first five vibrational levels (¥ = 0-5). As shown in Table 4,
radiative lifetimes increase with increasing »/, and radiative
widths decrease with increasing »'. We found that our radiative
lifetimes for v’ = 0 agree well with the experimental results (BaF:
(56.0 £ 0.9) ns;' BaCl: (107 + 4) ns'®). The radiative lifetimes
(BaF: 39.13-41.20 ns; BaCl: 117.99-110.23 ns) of the A-X tran-
sition for the first five vibrational levels show that the A’II,,, is
a rather short lifetime state. Thus, BaF and BaCl meet the
second criterion for direct laser cooling.

3.4 Laser cooling scheme

As shown in Fig. 3 (a), we have suggested a three-laser cooling
scheme for the BaF molecule. The main cycling laser can drive

Table 4 The calculated radiative lifetimes (ns) and radiative width
(cm™) (in bold) for the A’II, state at MRCI + Q/ECP46MDF(Ba),
AVQZ(F), ECP1OMWB(CI)

Molecule State v =0 1 2 3 4

BaF A2H1/2 49.13 49.63 50.15 50.66 51.20
1.08(—4) 1.07(—4) 1.06(—4) 1.05(—4) 1.04(—4)

BaCl AZH1/2 117.99 115.95 113.99 112.09 110.23
4.49(-5) 4.57(—5) 4.64(—5) 4.73(—5) 4.81(-5)

RSC Adv, 2020, 10, 20778-20783 | 20781
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Fig.2 (Color online) The calculated FCFs of (a) BaF and (b) BaCl for the lowest vibrational levels of the cooling transition A1y, — X233, at MRCI

+ Q/ECP46MDF(Ba), AVQZ(F), ECPIOMWB(CI).
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Fig. 3 (Color online) Proposed laser cooling schemes for (a) BaF and (b) BaCl using the A%IL;,, (/) — X?21,,(v) (solid red) transition. The decay

pathways with calculated f,/, are shown as dotted line.

the X*=1,(v = 0) = ATL, (v’ = 0) transition at wavelength Ay =
841.8 nm. Our computed wavelength A, agrees well with the
result (822.0 nm) given by Kang et al.*> However, the decays to
the X>Z],(v = 1) state, to the X*3],(v = 2) state, and the
X*3]),(v = 3) state from the A®TI,, state occur with probability
Jo1 (= 2%), for (= 0.008%) and f5;(<10~°), respectively. To enhance
the cooling effect, using the X*Z;,(v = 1) — A’ (Y = 0)
transition as the first vibrational pump and the X’} ,(v = 2) —
A’TIL (¥ = 1) transition for the second pump are required. With
this scheme, a BaF molecule can scatter about Nyeqc = 1/foz > 10°
photons before decaying into the higher vibrational levels (v = 3)
in X®27,. Therefore, two repumping lasers with 1;, = 812.2 nm
and A,; = 814.0 nm are needed. The required cooling wavelengths
of g0 = 841.8 nm, 4, = 812.2 nm and A,; = 814.0 nm are located
in the near-infrared range, where the continuous wavelength laser
radiation can be easily generated. One problem with the above
laser cooling scheme is the presence of a metastable state A’*A
between the X}, and A’II,,.*" It is notable that the decay rate
v o d*w’. Here the transition dipole moment of A-X (d,x) is much
larger than that of the A-A’ (dax): dax/daa = 68;* the frequency of
A-X (wax) is much larger than that of the A-A" (Wan): Wax/Wan =
12. Thus yax/van = 10°. So the presence of the intervening A’?A
state leak is unlikely to limit the laser cooling transition A-X

20782 | RSC Adv, 2020, 10, 20778-20783

significantly. The laser cooling of BaCl is similar to that of BaF. In
order to avoid or reduce cumbersome problems, here we only
show the proposed laser-driven transitions (solid red) and spon-
taneous decay (dotted line) with calculated f,/, for BaCl in Fig. 3(b).

4. Conclusions

In the present work, accurate ab initio calculations including
the SOC effects are performed on barium monohalides at the
MRCI + Q level of theory. The AVQZ basis set (F), pseudopo-
tentials ECPnMDF (n = 46, 10, 28) (Ba, Br, I), ECP10MWB(CI)
and corresponding basis sets are used in the present calcula-
tions. The PECs for the A>T and X*=" states of BaX (X = F, Cl, Br,
I) are presented and analyzed. Our calculated spectroscopic
constants (Re, We, WeXes Be, Te) Of the X*37/, and ATI,, states are
in good agreement with available experimental data. Using the
PECs and transition dipole moments, we also obtain the FCFs
and radiative lifetimes for the X*=}, — A’II,,, transition. The
results indicate that BaF and BaCl both have highly-diagonal
FCFs and short radiative lifetime. Thus BaF and BaCl are
promising candidates. The three-laser cooling schemes that
drive the A’TI,,, — X3/, transitions have been proposed for
BaF and BaCl. However for Bal and BaBr, the A-X transitions do

This journal is © The Royal Society of Chemistry 2020
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not have highly diagonal FCFs, and the calculated f,, (Bal:
0.779; BaBr: 0.791) is not large enough to be potentially viable
for direct laser cooling. Bal and BaBr are not identified as very
promising laser-cooling candidates.
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