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Abstract. Herein, we present the state-of-the-art ab initio studies of the lower states of radium 

monohydroxide RaOH radical and its deuterated RaOD isotopologue. The potential energy surfaces 

of the ground and five low-lying excited states are calculated using the Fock-space relativistic 

coupled cluster method. The vibrational energy levels and all the fundamental frequencies are 

calculated for the first time using the potential energy surfaces and taking into account the 

interaction of the modes. Spectroscopic parameters such as electronic term energies, equilibrium 

internuclear distances, transition and permanent dipole moments, Franck–Condon factors, and 

radiative lifetimes are predicted. The probable vibrational laser cooling schemes are also proposed. 
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1. Introduction 

 

During the last decades, the unique properties of ultracold molecules are considered to be 

used for detection of space parity violating (P-odd effects) as well as both space parity and time-

reversal violating (P-, T-odd effects) [1, 2]. The ultralow temperatures of rarefied molecular gases 

can be reached using laser cooling methods, including direct laser cooling [1]. Note that measured 

parameters critically depend on the atomic mass, and thus, for these goals it is preferable to use 

heavy atoms, which often do not have stable isotopes. Conditions for the realization of direct laser 

cooling [3] require an optical cycling center (OCC), which usually includes an alkaline earth metal 

atom and a halide atom (e.g., F) or a pseudohalide functional group (e.g., –OH or –OCH3). 

Recently, the simplest (i.e., diatomic) molecules with OCC, strontium monofluoride SrF [4, 5] and 

calcium monofluoride CaF [6, 7] radicals, were successfully cooled using mentioned method. 

Regarding the search of P-odd and P-, T-odd effects, polyatomic molecules, and linear triatomic 

ones, in particular, have some advantages before diatomics due to the l-doubling effect [8], which is 

expected to improve the sensitivity of future experiments on searching for space parity and time-

reversal violating (for details see recent review [9]). Very recently linear triatomic CaOH [10, 11], 

SrOH [12], and YbOH [13] radicals were successfully laser cooled.  
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Radium-containing compounds with OCC have at least two advantages before other alkaline 

earth metal analogues: the largest mass of the radium atom and the highest degree of diagonality of 

vibronic transitions [14, 15]. Isaev et al. [16] for the first time considered RaOH as a promising 

molecule for direct laser cooling. In contrast to numerous experimental studies of other linear 

alkaline earth metal monohydroxides (CaOH/CaOD [17–26], SrOH [20, 27–33], BaOH/BaOD [20, 

34–40], and similar YbOH [25, 41–46] molecule), to the best of our knowledge, only one 

experimental study has been directly related to radium monohydroxide. Namely, Fan et al. [47] 

applied an all-optical mass spectrometry technique to identify the first controlled synthesis of 

RaOH
+
 ions.  

Isaev et al. [16] predicted the energy of the first excited Ã
2
Π1/2 state of the RaOH, geometric 

parameters of the molecule in the ground   
2
Σ

+
 and first excited states, harmonic frequencies, 

permanent and transition dipole moments (PDMs and TDMs) and estimated the parameters of the 

P-odd and P-, T-odd effects based on the calculations at the MCSCF and FS-RCCSD levels of 

theory. Isaev et al. [16] also evaluated the Franck–Condon factors (FCFs) for the Ã
2
Π1/2 →   

2
Σ

+
 

channel. Note that the latter calculations are based on the model of the RaX diatomic 

quasimolecule, where X is considered as an OH quasiatom [16]. Based on the CCSD level of 

theory, Vasiliu et al. [48] predicted geometric structure, vibrational frequencies (harmonic and 

anharmonic) as well as some energy and thermodynamics characteristics of the strontium, barium, 

and radium monohydroxides. It should be worth mentioning that the anharmonic corrections in Ref. 

[48] were obtained from fits to the near-equilibrium potential energy surfaces, or in other words, 

they do not include the dependence of the bending mode energy levels on the vibrational angular 

momentum quantum number (vide infra). As a result, the anharmonic corrections for the bending 

mode reduce the harmonic frequency to the anharmonic one from 400.6 to 375.3 cm
–1

 for SrOH, 

from 379.9 to 363.7 cm
–1

 for BaOH, and from 378.7 to 366.5 cm
–1

 for RaOH [48]. On the contrary, 

the harmonic frequency of the bending mode (347.6 cm
–1

) for the CaOH radical [49] turns out to be 

lower than the fundamental one (351.9 cm
–1

) if the mentioned dependence is taken into account. 

Gaul and Berger [50] calculated molecular structural parameters and P, T-violating properties for 

the ground state of the Ca, Sr, Ba, Ra, and Yb monohydroxides at the GHF-ZORA (generalized 

Hartree–Fock zeroth-order regular approximation) and GKS-ZORA/B3LYP (generalized Kohn–

Sham) levels of theory. According to their calculations, the equilibrium structure of the mentioned 

radicals is not linear. Up to date, the most accurate calculations of the characteristics of the RaOH 

ground state were performed by Zakharova and Petrov [51] at the CCSD(T) level of theory. 

Zakharova and Petrov [51] calculated the 2D potential energy surface (PES) of the RaOH ground 

state as a function of stretching RaO and bending coordinates, as well as predicted the P, T-odd 

parameters and the fundamental frequencies of the stretching RaO and bending modes. When this 

paper was ready for submission, Zhang et al. [52] published their results on polyatomic linear 

molecules, including CaOH, SrOH, YbOH, and RaOH. Regarding the latter, Zhang et al. [52] 

calculated the ground state PES, vibrational levels of the stretching RaO and bending modes, as 

well as vibrational branching ratios for some transitions for the Ã
2
Π1/2 →   

2
Σ

+
 channel.  

So, previously most theoretical efforts have been focused on the prediction of parameters of 

the P-, T-odd effects and some characteristics of the RaOH ground state. Lately, we performed the 

state-of-the-art FS-RCCSD (Fock-space relativistic coupled cluster singles and doubles) 

calculations to obtain spectroscopic properties of the ground and low-lying excited states of heavy 

metal atom containing diatomics [15, 53–56] including radium monohalides. Herein, we use the 

same level of theory for the systematic analysis of the properties of the lowest vibronic states of the 
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radium monohydroxide molecule expecting to achieve the best results for this triatomic radical. 

Namely, we present an accurate ab initio characterization of the potential energy surfaces (PESs), 

permanent and transition dipoles, vibrational energy levels, Franck–Condon factors, radiative 

lifetimes and finally evaluate cooling parameters and propose direct laser cooling schemes for the 

RaOH and RaOD molecules.  

 

 

2. Computational details 

 

The PESs of the ground and five lowest excited states of the RaOH radical were calculated 

within the Kramers unrestricted IH-FS-RCCSD (intermediate Hamiltonian Fock-space relativistic 

coupled cluster singles and doubles) [57, 58] method using the DIRAC19 quantum chemical 

package [59]. Nowadays, the FS-RCC approach is one of the most successful tools for predicting 

the electronic structure and properties of the ground and lower excited states of molecular 

compounds containing heavy atoms. It provides the most accurate data on potential energy curves, 

PESs, and other characteristics (e.g., ionization potential and electron affinity) of excited states of 

small molecular systems [60–63]. Its theoretical accuracy for the predicted electronic transition 

energies and/or dissociation energy limits is evaluated to be less than 100 cm
–1

 for alkaline earth 

metal monohalides [15, 57, 64–66] and even better for some alkali metal diatomics [55, 67, 68]. 

However, the problem of intruder states and the lack of convergence for large internuclear distances 

and asymmetric molecular configurations (e.g., bend configurations of a linear molecule) force one 

to use the intermediate Hamiltonian approach and limit the calculations to rather small internuclear 

distances besides the equilibrium molecular configuration. Concerning the alkaline earth metal 

monohalide type molecules, another limitation of the approximation mentioned above rises from 

their particular electronic structure. The lowest molecular terms of an MX radical (where M is an 

alkaline earth metal atom and X is a halide atom or a pseudohalide functional group) have more or 

less ionic character, although the higher terms are non-bonded covalent ones (see e.g., calculated 

potential energy curves and surfaces of the RaCl [69] and SrOH [70] radicals), which strongly 

perturbate the ionic terms at the large internuclear distances. These covalent states cannot be taken 

into account simultaneously with ionic ones in the framework of the (0h, 1p) Fock sector used here. 

For the characteristics of the radium monohalides ground state RCCSD(T) and FS-RCCSD methods 

give very similar results [15, 53, 54], however, for excited states, the effects of orbital relaxation 

due to an electron’s attachment should be also considered [60, 62]. In the framework of the FS-CC 

approach, most of the orbital relaxation effects are taken into account by single-electronic excitation 

amplitudes [60, 63], and the rest part seems to be important rather for the (0h, 2p) and (1h, 1p) Fock 

sectors than for the (0h, 1p) one [60].  

Within the approach mentioned, an effective Hamiltonian is defined in a model space, which 

is constructed from Slaters determinants. A reference zero-order wave function (or vacuum state) is 

a closed-shell determinant, and the operator of the excitation is defined relative to the vacuum state 

and divided into parts according to the number of valence holes and valence electrons. To avoid 

intruder states and convergence difficulties, the intermediate Hamiltonian (IH) formalism [58] was 

also used. In the case of alkaline earth metal monohalide or monohydroxide MX radicals, the 

vacuum state is the closed-shell positively charged ion MX
+
 (or 0 holes and 0 electrons over 

vacuum).  
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Thus, the first step of calculations is a solution of the coupled cluster equations for a closed-

shell reference ion (or (0,0) Fock sector). The final step is adding an electron and solving the 

coupled cluster equations for an open-shell neutral MX molecule in the (0h, 1p) Fock sector 

(0 holes, 1 electron, or 1 particle over vacuum). Calculations were started by generating 

pseudospinors at the HF-SCF level of theory for the closed-shell ground state of the RaOH
+
 ion. 

Then the IH-FS-RCCSD calculations in the (0h, 1p) Fock sector were performed for the RaOH
+
 ion 

for the ground and five lower excited states.  

The Stuttgart ECPDS78MDFSO fully relativistic large effective core potential [71] was used 

for the radium atom. It replaces 78 chemically inactive core electrons with empirical pseudo-

potentials, includes the spin-orbit parameters and takes into account the Breit interaction in the 

computational scheme. The Gaussian all-electron cc-pVTZ [3s2p1d] [72] and cc-pCVTZ 

[6s5p3d1f] [73] basis sets, and cc-pCVTZ-PP [7s6p5d3f] [74] basis set were used for the hydrogen 

and oxygen atoms and the remaining radium electrons, respectively. All ten remaining electrons of 

the radium atom (namely, eight subvalence, or outer core 6s
2
6p

6
 electrons and two valence 7s

2
 

electrons), one 1s electron of the hydrogen atom, and all eight electrons of the oxygen atom 

(1s
2
2s

2
2p

4
) were included in correlation calculations. The virtual energy cutoff has been set to 1000 

Eh. The active space included six Kramers pairs of the lowest spinors arising from the 7s and 6d 

states of Ra
+
 ion. The calculations were performed pointwise for the 1.85–3.35 Å and 0.6–2.00 Å 

internuclear distances by steps of 0.05 Å along the Ra–O (R) and O–H (r) bonds, respectively, and 

by step of 5.0° along the Ra–O–H angle (θ) in the 0.0–65.0° region (the linear configuration of the 

molecule corresponds to θ = 0).  

The vibrational levels for each electronic state were calculated within Yurchenko et al. [75, 

76] method using the TROVE software [75]. The RaOH as a triatomic linear molecule is 

characterized by two stretching modes (RaO stretching ν1 and OH stretching ν3) and a doubly 

degenerate bending mode ν2. The corresponding quantum numbers for vibrational states are 

(     
    ), where vibrational angular momentum quantum number l takes values | |  

           for    even, and | |             for    odd [8]. One-dimensional basis functions 

were numerically generated using the Numerov-Cooley method. The associated Laguerre 

polynomials were used for the bending mode [75, 76]. The PESs were written as polynomial 

expansions like those used by Koput and Peterson [49] for the calcium monohydroxide radical. The 

calculations of the FCFs were performed using the numerical integration of the vibrational 

functions. Since the equilibrium configurations of the ground and excited states almost coincide 

(vide infra), the Duschinsky transformation is not required.  

In so far, as the excitation of the stretching OH mode is not expected to be strongly coupled to 

either the stretching RaO mode or bending mode [44], we have limited ourselves to the 

consideration of the following models for each electronic state: 

1) 1D + 1D + 1D model, or Model I, which is a system of three non-interacting anharmonic 

oscillators (stretching RaO, bending, and stretching OH modes). In this case, PESs are just 

cross-sections of the complete PESs along the corresponding coordinates;  

2) 2D + 1D model, or Model II, within which 2D PESs were calculated for interacting 

stretching RaO and stretching OH modes. The 2D PESs were completed by cross-sections 

of the complete PESs along the bending mode; 

3) another 2D + 1D model, or Model III, within which 2D PESs were calculated for 

interacting stretching RaO and bending modes. The 2D PESs were completed by cross-

sections of the complete PESs along the stretching OH mode.  
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Based on these models we can evaluate the actual mode coupling and their mutual influence. 

Since the calculation of the complete 3D PESs usually is a very laborious and costly task, we also 

can define the most rational way to solve similar problems.  

The direct evaluation of electric permanent and transition dipole moments is not implemented 

in the FS-RCC method. Therefore, these calculations were performed at the COSCI/cc-pCVTZ 

(complete open shell configuration interaction [77]) level of theory with the same set of the active 

orbitals using the DIRAC19 quantum chemical package [59]. 

 

 

3. Results and discussion 

 

Some calculated molecular parameters of the lowest PESs of the RaOH radical are listed and 

compared with previous theoretical studies in Table 1. There are no experimental data for radium 

monohydroxide molecule. Nevertheless, our earlier calculations [15] within the same approach for 

the RaF molecule demonstrated agreement with the available experimental data [14, 78] and the 

adequacy of the chosen calculation model.  

 

Table 1. Calculated molecular parameters for the RaOH molecule. 

State Te, cm
–1

 Re (Ra–O), Å θ, deg re (O–H), Å D, a.u. 

  
2
Σ

+
 0.0 2.297 

a)
 

2.38 
b)

 

2.30 
c, d)

 

2.306 
e)

 

2.315 
f)
 

2.289 
g)

 

2.33 
h)

 

2.274 
i)
 

0.0 
a, b, c, d, e, h, i)

 

 

 

 

0.07 
f, g)

 

0.951 
a)

 

0.94 
b)

 

 

0.957 
e)

 

0.935 
f)
 

0.956 
g)

 

0.969 
h)

 

0.952 
i)
 

0.46 
a)

 

0.82 
b)

 

Ã
2
Π1/2 12 711.3 

a)
 

12 000 
b)

 

13 800 
c)

 

12 600 
d)

 

2.289 
a)

 

2.35 
b)

 

2.29 
c, d)

 

0.0 
a, b, c, d)

 0.951 
a)

 

0.94 
b)

 

1.01 
a)

 

0.67 
b)

 

Ã
2
Π3/2 14 625.5 

a)
 2.284 

a)
 0.0 

a)
 0.951 

a)
 0.99 

a)
 

  
2
Δ3/2 15 239.8 

a)
 2.304 

a)
 0.0 

a)
 0.950 

a)
 2.21 

a)
 

  
2
Σ

+
 15 616.0 

a)
 2.297 

a)
 0.0 

a)
 0.951 

a)
 1.98 

a)
 

  
2
Δ5/2 15 847.0 

a)
 2.300 

a)
 0.0 

a)
 0.950 

a)
 2.21 

a)
 

Notes: 
a)

 this study; 
b)

 [16], ARECP/MCSCF; 
c)

 [16], SF/FS-RCCSD; 
d)

 [16], DC/FS-RCCSD; 
e)

 [48], CCSD(T)/aug-cc-pwCVTZ; 
f)
 [50], ZORA/cGHF; 

g)
 [50], ZORA/cGKS/B3LYP; 

h)
 [51], CCSD(T)/GRECP/cc-pVTZ; 

i)
 [52], SFX2C-1e-EOMEA-CCSD/ANO-RCC/cc-pVTZ. 
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Since RaF is isoelectronic with RaOH, it can be assumed that their electronic states will be 

similar. A comparison of the electronic states of both molecules is given in Fig. 1. The calculations 

were performed at the FS-RCCSD/cc-pCVTZ (RaF [15]) and IH-FS-RCCSD/cc-pCVTZ (RaOH) 

levels of theory. The main differences between the two systems of states are the positions of the 

B
2
Δ3/2 (  

2
Δ3/2) and C

2
Σ

+
 (  

2
Σ

+
) terms. For the RaF radical, the B

2
Δ3/2 term lies between components 

of the A
2
Π state and the C

2
Σ

+
 is over the B

2
Δ5/2 term. For the RaOH radical the   

2
Δ3/2 term is over 

the Ã
2
Π3/2 state and the   

2
Σ

+
 lies between components of the   

2
Δ term. The spin-orbit splitting of 

the A
2
Π (Ã

2
Π) state for both molecules is similar: 2067/2034 cm

–1
 (RaF, experimental 

[14]/theoretical [15]) and 1914 cm
–1

 (RaOH), and agrees with the spin-orbit splitting of the first 

excited 
2
D state of the Ra

+
 ion (1659 cm

–1
 [79]). The spin-orbit splitting of the B

2
Δ (  

2
Δ) term is 

762 cm
–1

 (RaF [15]) and 607 cm
–1

 (RaOH).  

 

 
Fig. 1. A comparison of the electronic states of isoelectronic RaF (experimental [14]/theoretical at 

the FS-RCCSD/cc-pCVTZ level of theory [15]) and RaOH (theoretical at the IH-FS-RCCSD/cc-

pCVTZ level of theory) molecules. 

 

Calculated 1D and 2D PESs are shown in Figs 2 and 3. Calculations confirmed the linearity 

of the molecule not only in the ground state, but also in the lower excited electronic states, as well 

as the pronounced ionic character of the Ra–OH bonding. It also follows from the structure of 

molecular orbitals shown in Fig. 4, which demonstrates the concentration of the electronic density 

mainly on the radium atom in the highest occupied and lowest unoccupied orbitals. The molecular 

orbitals were generated at the HF level of theory and visualized using the Avogadro software [80]. 

The isosurface cutoff value was 2×10
–7

. As a result, the equilibrium length of the Ra–O bond is 

almost the same in the ground state (2.297 Å) and lower excited Ã
2
Π1/2 (2.289 Å) and Ã

2
Π3/2 

(2.284 Å) states.  

Radium has no stable isotopes; the longest-lived isotope of radium is 
226

Ra with a half-life of 

about 1600 years. Oxygen has three stable isotopes (
16

O, 
17

O, and 
18

O) with abundances of 99.8 %, 

< 0.1 %, and 0.2 %, respectively. We calculated the vibrational energies for the radium 

monohydroxide radicals (
226

Ra
16

OH and 
226

Ra
16

OD), which include the most stable isotope of 

radium (mRa = 226.0254 Da), the most abundance isotope of oxygen (mO = 15.99491 Da) as well as 

protium (mH = 1.007825 Da) and deuterium (mD = 2.014102 Da), for six low-lying electronic states 
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and then obtained the harmonic vibrational frequencies and other molecular spectroscopic 

parameters for these states. Calculated vibrational energies and zero point energies (ZPE) for all 

models under consideration are given in Tables 2–4 and S1–S3 (see Supplementary Material).  

 

 
Fig. 2. Cross-sections of the PESs of the RaOH molecule  

along Ra–O (a) bond, Ra–O–H angle (b), and O–H bond (c).  

 

 
Fig. 3. 2D PESs of the RaOH molecule as functions of (R, r) (a) and (R, θ) (b).  
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Fig. 4. Isosurfaces of the highest occupied (a)  

and two lowest unoccupied (b, c) orbitals of the RaOH molecule.  

 

Table 2. Calculated vibrational energies (cm
–1

) for the ground   
2
Σ

+
 state. 

    
    

226
Ra

16
OH RaOH 

a)
 

[52] 

226
Ra

16
OD 

Model I Model II Model III Model I Model II Model III 

00
0
0 0 0 0 0 0 0 0 

10
0
0 468 468 478 475 458 459 471 

20
0
0 934 934 953 947 913 914 938 

30
0
0 1396 1396 1425 — 1366 1363 1399 

01
1
0 331 331 326 337 231 231 232 

02
0
0 640 641 632 646 434 434 440 

02
2
0 671 671 663 678 470 470 476 

03
1
0 950 950 948 — 655 655 661 

03
3
0 1017 1017 1009 — 716 716 732 

00
0
1 3824 3820 3824 — 2821 2817 2822 

00
0
2 7488 7481 7487 — 5555 5548 5558 

ZPE 2538 2537 2539 — 1904 1903 1911 

Note:  
a)

 unknown isotopes. 

 

Table 3. Calculated vibrational energies (cm
–1

) for the first excited Ã
2
Π1/2 state. 

    
    

226
Ra

16
OH 

226
Ra

16
OD 

Model I Model II Model III Model I Model II Model III 

00
0
0 0 0 0 0 0 0 

10
0
0 476 476 483 451 452 464 

20
0
0 948 948 963 900 900 925 

30
0
0 1417 1417 1440 1346 1345 1383 

01
1
0 350 350 348 233 233 234 

02
0
0 679 679 676 431 431 437 

02
2
0 709 709 707 467 467 472 

03
1
0 1004 1003 1016 632 633 643 

03
3
0 1073 1073 1078 698 698 713 

00
0
1 3833 3826 3836 2828 2821 2829 

00
0
2 7501 7492 7511 5567 5556 5569 

ZPE 2566 2561 2568 1916 1910 1923 
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Table 4. Calculated vibrational energies (cm
–1

) for the second excited Ã
2
Π3/2 state. 

    
    

226
Ra

16
OH 

226
Ra

16
OD 

Model I Model II Model III Model I Model II Model III 

00
0
0 0 0 0 0 0 0 

10
0
0 473 475 483 460 461 475 

20
0
0 942 945 960 917 919 946 

30
0
0 1407 1410 1431 1372 1374 1415 

01
1
0 342 342 344 227 227 229 

02
0
0 662 662 669 422 422 432 

02
2
0 692 692 700 455 455 464 

03
1
0 977 977 1005 617 618 640 

03
3
0 1047 1047 1067 680 681 703 

00
0
1 3832 3828 3832 2826 2821 2826 

00
0
2 7504 7498 7505 5567 5557 5568 

ZPE 2554 2553 2564 1910 1908 1917 

 

These results show that the coupling of stretching modes is actually very weak (Model II). For 

the ground state in fact, it just reduces the levels of the stretching OH mode by 0.1 % (or 4 cm
–1

 for 

the (00
0
1) state) and does not affect the levels of the stretching RaO one. The same trend is 

observed for the excited Ã
2
Π1/2 state. For the other excited states, the coupling between stretching 

modes manifests in weak increasing or decreasing of the states of the stretching RaO mode.  

In contrast, within the Model III the coupling between the stretching RaO and bending modes 

is observed. It results in increasing the states of the stretching RaO mode by 2 % and decreasing (as 

a rule) the states of the bending mode by 1–2 %.  

Calculated harmonic and fundamental frequencies as well as anharmonic constants for the 

lowest states of the RaOH and RaOD molecules are listed and compared with previous theoretical 

studies in Tables 5 and S4–S6. Vibrational parameters were obtained using the equation  

 (          )    (   
 

 
)     (   

 

 
)
 

   (    )     (    )      
  

   (   
 

 
)     (   

 

 
)
 

 

    (    

 
)(    )     (    

 
)(    

 
)     (    )(    

 
), 

where x12 = x13 = x23 = 0 for the Model I, x12 = x23 = 0 for the Model II, and x13 = x23 = 0 for the 

Model III. The values of the harmonic frequencies for the bending mode were determined using the 

lowest vibrational fundamental, overtone, and combinational levels including ones with l ≠ 0.  

Taking into account the interaction between the stretching RaO and bending modes 

redistributes the anharmonicity between the    (    )  and     
  terms (see Tables S5 and S6). 

For the RaOH radical the contribution of the “pure” vibrational anharmonicity constant x22 reduces 

from 3.35 cm
–1

 (Model I) to 2.68 cm
–1

 (Model III) while the contribution of the “angular” 

anharmonicity constant g increases from 7.53 cm
–1

 (Model I) to 7.70 cm
–1

 (Model III).  

Our predicted fundamental frequencies for the ground state are 478 cm
–1

 (stretching RaO 

mode), 326 cm
–1

 (bending mode), and 3821 cm
–1

 (stretching OH mode). The first two of them are 

comparable with Zhang et al. [52] data (475 and 337 cm
–1

).  
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Table 5. Calculated harmonic and fundamental frequencies (cm
–1

) of the 
226

Ra
16

OH molecule. 

State Stretching ν1 mode Bending ν2 mode Stretching ν3 mode 

Harmonic 

frequency 

Fundamental 

frequency 

Harmonic 

frequency 

Fundamental 

frequency 

Harmonic 

frequency 

Fundamental 

frequency 

  
2
Σ

+
 

472 
a)

 

472 
b)

 

486 
c)

 

437 
d)

 

461.5 
e)

 

469 
f)
 

468 
a)

 

468 
b)

 

478 
c)

 

 

451.6 
e)

 

 

475 
g)

 

334 
a)

 

334 
b)

 

329 
c)

 

366 
d)

 

378.7 
e)

 

363 
f)
 

331 
a)

 

331 
b)

 

326 
c)

 

 

366.5 
e)

 

 

337 
g)

 

3985 
a)

 

3983 
b)

 

3985 
c)

 

4243 
d)

 

3903.7 
e)

 

 

3824 
a)

 

3821 
b)

 

3824 
c)

 

 

3733.7 
e)

 

 

Ã
2
Π1/2 

479 
a)

 

479 
b)

 

492 
c)

 

461 
d)

 

476 
a)

 

476 
b)

 

483 
c)

 

353 
a)

 

353 
b)

 

349 
c)

 

383 
d)

 

350 
a)

 

350 
b)

 

348 
c)

 

3998 
a)

 

3987 
b)

 

3997 
c)

 

4248 
d)

 

3833 
a)

 

3826 
b)

 

3836 
c)

 

Ã
2
Π3/2 

477 
a)

 

480 
b)

 

495 
c)

 

473 
a)

 

475 
b)

 

483 
c)

 

343 
a)

 

343 
b)

 

346 
c)

 

342 
a)

 

342 
b)

 

344 
c)

 

3991 
a)

 

3986 
b)

 

3992 
c)

 

3832 
a)

 

3828 
b)

 

3832 
c)

 

  
2
Δ3/2 

468 
a)

 

465 
b)

 

490 
c)

 

466 
a)

 

463 
b)

 

482 
c)

 

325 
a)

 

325 
b)

 

322 
c)

 

317 
a)

 

318 
b)

 

317 
c)

 

3992 
a)

 

3964 
b)

 

3991 
c)

 

3831 
a)

 

3828 
b)

 

3830 
c)

 

  
2
Σ

+
 

476 
a)

 

476 
b)

 

489 
c)

 

473 
a)

 

468 
b)

 

474 
c)

 

392 
a)

 

392 
b)

 

385 
c)

 

363 
a)

 

363 
b)

 

360 
c)

 

3980 
a)

 

3980 
b)

 

3981 
c)

 

3816 
a)

 

3814 
b)

 

3817 
c)

 

  
2
Δ5/2 

468 
a)

 

468 
b)

 

484 
c)

 

465 
a)

 

464 
b)

 

475 
c)

 

324 
a)

 

324 
b)

 

320 
c)

 

316 
a)

 

316 
b)

 

313 
c)

 

3991 
a)

 

3987 
b)

 

3991 
c)

 

3830 
a)

 

3826 
b)

 

3830 
c)

 

Notes: 
a)

 this study, Model I; 
b)

 this study, Model II; 
c)

 this study, Model III; 
d)

 [16], ARECP/MCSCF; 
e)

 [48], CCSD(T)/aug-cc-pwCVTZ; 
f)
 [51], CCSD(T)/GRECP/cc-pVTZ; 

g)
 [52], SFX2C-1e-EOMEA-CCSD/ANO-RCC/cc-pVTZ. 

 

The accuracy of our predicted frequency of the stretching RaO mode can be evaluated 

according to Kinsey-Nielsen et al. [34] assumption. Considering linear alkaline earth metal 

monohydroxides (CaOH, SrOH, and BaOH), Kinsey-Nielsen et al. [34] noted that as the mass of 

the metal (M) increases the MO stretching frequency decreases. Treating the hydroxyl group as a 

single mass, the observed MO frequency (609.0 cm
–1

 for CaOH [19], 527.0 cm
–1

 for SrOH [30], 

and 492.4 cm
–1

 for BaOH [34]) linearly depends on the square root of the reciprocal of the metal–

hydroxyl reduced mass [34]. Extrapolation of this dependence on the RaOH molecule results in the 

frequency of the RaO mode of 475.7 cm
–1

, which is consistent with both of our predicted values 

(468 cm
–1

 for the Model II and 478 cm
–1

 for the Model III). Zakharova and Petrov [51] and Zhang 

et al. [52] predict 469 and 475 cm
–1

 for the stretching RaO mode, respectively.  
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Regarding the bending mode, the splitting between the (02
2
0) and (02

0
0) levels for the RaOH 

is predicted to be equal 31 cm
–1

, which agrees with the experimental data for CaOH (24.4 cm
–1

 

[19]) and SrOH (30.2 cm
–1

 [30]) radicals, and predicted value for similar molecule YbOH (24 cm
–1

 

[44]). The vibrational constant g22 for the ground state is predicted to be 7.7 cm
–1

 for the RaOH 

radical that also agrees with the data obtained for the CaOH (7.53 cm
–1

 [22]), CaOD (4.37 cm
–1

 

[22]), SrOH (7.56 cm
–1

 [28]), and YbOH (5 cm
–1

 [44]) molecules.  

Concerning the stretching OH mode, it is worth mentioning that in fact there is only one 

measurement of this mode for all alkaline earth metal monohydroxides family. Usually due to high 

frequency, the OH mode is not likely to be populated under the conditions of the experiment 

(namely, laser induced fluorescence) [35, 36] and is not observed. Pereira and Levy [23] report its 

frequency is 3778/2790 cm
–1

 in CaOH/CaOD. Note that Jarman and Bernath [17] also give values 

of 3847 ± 10 cm
–1

 for CaOH and 3766 ± 10 cm
–1

 for SrOH, however, they refer to the unpublished 

results. The most accurately calculated values based on PES model are 3793/2800 cm
–1

 for 

CaOH/CaOD [49], 3851/2846 cm
–1

 for MgOH/MgOD [81] and 3865/2855 cm
–1

 for BeOH/BeOD 

[82]. So, our predicted frequency of 3821/2817 cm
–1

 (RaOH/RaOD) does not contradict the 

mentioned data and evaluations.  

The experiment on direct laser cooling of a linear triatomic molecule (SrOH [12], CaOH [10], 

and YbOH [13]) usually includes vibrational levels (00
0
0), (10

0
0), (20

0
0), (01

1
0), (02

0
0), and (02

2
0) 

of the ground   
2
Σ

+
 state and the lowest vibrational levels of the first excited Ã

2
Π1/2 (SrOH [12], 

CaOH [10], and YbOH [13]) and   
2
Σ

+
 (SrOH [12] and CaOH [10]) states to provide cooling, 

cleaning-up and detection of molecules. So, we focused on radiative properties of the lowest 

vibrational levels of the Ã
2
Π1/2 and Ã

2
Π3/2 states of the RaOH and RaOD molecules. Based on the 

calculated PESs and vibrational energies, we predicted the Franck–Condon factors and vibrational 

branching ratios (VBRs), which, in contrast to FCFs, can be directly measured in a spectroscopic 

experiment. The VBRs were evaluated by the following equation: 

       
      (       )

 

∑      (     ) 
  

where v' and v'' are numbers of upper and lower vibrational levels; fv'v'', and ΔEv'v'' are the FCF and 

the energy difference between v' and v'' states, respectively.  

Calculated FCFs for the stretching modes, bending mode and total FCFs are given in Tables 

6, 7, S7, and S8. The FCFs for the stretching modes include factor for the OH mode. Our predicted 

FCF for the Ã
2
Π1/2(00

0
0) →   

2
Σ

+
(00

0
0) is 0.998611 (Model III) that significantly exceeds Isaev et 

al. [16] values (0.9050/MCSCF, 0.9470/FS-RCCSD/RCC-ANO basis, and 0.9566/FS-

RCCSD/Dyall’s basis) based on the RaX (where X = OH) pseudomolecule model. Our calculated 

VBRs for the   
 ,   

 ,   
 , and   

  transitions (99.882, 0.007, 0.002, and 0.113 %) consistent with 

Zhang et al. [52] predicted values (98.972, 0.863, 0.012, and 0.138 %). 

Transition dipole moments (TDMs) for the Ã
2
Π1/2 →   

2
Σ

+
 and Ã

2
Π3/2 →   

2
Σ

+
 transitions are 

predicted to be 1.988 and 1.901 a.u., respectively. Based on the calculated TDMs, FCFs, and 

vibrational levels, the lifetimes τv' (in seconds) of vibrational levels v' were estimated according to 

the following equation:  

    
 

   
 

         

|   | ∑          (       ) 
  

where Av' is the Einstein coefficient for spontaneous emission.  

The predicted radiative lifetimes of the (00
0
0), (10

0
0), (20

0
0), (01

1
0), (02

0
0), and (02

2
0) levels 

of the excited Ã
2
Π1/2 and Ã

2
Π3/2 states are about 60 and 43 ns, respectively. The corresponding 
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Einstein coefficients are 1.66·10
7
 and 2.30·10

7
 1/s, respectively. The calculated lifetimes are 

consistent with our predicted ones for the radium monohalides [15, 53, 54, 56] and the upper 

experimental limit (≤ 50 ns) for the A
2
П1/2 (v = 0) state of the radium monofluoride [14]. Isaev et al. 

[16] report τ0 ≈ 40 ns for the Ã
2
Π1/2(00

0
0) state of the RaOH molecule.  
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Table 6. Calculated FCFs and VBRs for the Ã
2
Π1/2(    

   )   ̃   (    
   ) band of the 

226
Ra

16
OH molecule. 

Upper 

state 

Lower 

state 

Model I Model II Model III 

FCF 

VBR 

FCF 

VBR 

FCF 

VBR Stretching 

modes 
a)

 

Bending 

mode 
Total 

Stretching 

modes 
b)

 

Bending 

mode 
Total 

Stretching 

modes 
c)

 

Bending 

mode 
Total 

00
0
0 00

0
0 0.999972 0.999210 0.999182 0.999305 0.999973 0.999210 0.999183 0.999306 0.999891 0.998720 0.998611 0.998820 

00
0
0 10

0
0 <10

–6
 0.999210 <10

–6
 <10

–6
 <10

–6
 0.999210 <10

–6
 <10

–6
 0.000077 0.998720 0.000077 0.000069 

00
0
0 20

0
0 0.000026 0.999210 0.000026 0.000021 0.000025 0.999210 0.000025 0.000020 0.000030 0.998720 0.000030 0.000023 

10
0
0 00

0
0 <10

–6
 0.999210 <10

–6
 <10

–6
 <10

–6
 0.999210 <10

–6
 <10

–6
 0.000076 0.998720 0.000076 0.000085 

10
0
0 10

0
0 0.999917 0.999210 0.999127 0.999996 0.999919 0.999210 0.999130 0.999996 0.999700 0.998720 0.998420 0.999795 

10
0
0 20

0
0 0.000004 0.999210 0.000004 0.000004 0.000004 0.999210 0.000004 0.000003 0.000134 0.998720 0.000134 0.000120 

20
0
0 00

0
0 0.000026 0.999210 0.000026 0.000032 0.000025 0.999210 0.000025 0.000031 0.000031 0.998720 0.000031 0.000038 

20
0
0 10

0
0 0.000004 0.999210 0.000004 0.000004 0.000004 0.999210 0.000004 0.000004 0.000130 0.998720 0.000130 0.000145 

20
0
0 20

0
0 0.999804 0.999210 0.999014 0.999964 0.999809 0.999210 0.999019 0.999965 0.999494 0.998720 0.998215 0.999816 

00
0
0 02

0
0 0.999972 0.000787 0.000787 0.000674 0.999973 0.000787 0.000787 0.000674 0.999891 0.001278 0.001278 0.001132 

01
1
0 01

1
0 0.999972 0.998388 0.998360 0.998360 0.999973 0.998388 0.998361 0.998361 0.999891 0.997594 0.997485 0.997485 

02
0
0 00

0
0 0.999972 0.000789 0.000789 0.000916 0.999973 0.000789 0.000789 0.000875 0.999891 0.001317 0.001317 0.001452 

02
0
0 02

0
0 0.999972 0.996343 0.996315 0.999060 0.999973 0.996343 0.996316 0.999101 0.999891 0.994338 0.994230 0.998522 

02
2
0 02

2
0 0.999972 0.996960 0.996932 0.996932 0.999973 0.996960 0.996934 0.996934 0.999891 0.994564 0.994456 0.994456 

Notes: 
a)

 FCFs include the FCF = 0.999999 for the stretching OH mode; 
b)

 FCFs include the FCF = 1.000000 for the stretching OH mode; 
c)

 FCFs include the FCF = 0.999999 for the stretching OH mode. 
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Table 7. Calculated FCFs and VBRs for the Ã
2
Π3/2(    

   )   ̃   (    
   ) band of the 

226
Ra

16
OH molecule. 

Upper 

state 

Lower 

state 

Model I Model II Model III 

FCF 

VBR 

FCF 

VBR 

FCF 

VBR Stretching 

modes 
a)

 

Bending 

mode 
Total 

Stretching 

modes 
b)

 

Bending 

mode 
Total 

Stretching 

modes 
c)

 

Bending 

mode 
Total 

00
0
0 00

0
0 0.999975 0.999765 0.999740 0.999776 0.999974 0.999765 0.999739 0.999777 0.999815 0.999182 0.998997 0.999131 

00
0
0 10

0
0 0.000009 0.999765 0.000009 0.000008 <10

–6
 0.999765 <10

–6
 <10

–6
 0.000148 0.999182 0.000148 0.000134 

00
0
0 20

0
0 0.000013 0.999765 0.000013 0.000011 0.000022 0.999765 0.000022 0.000018 0.000034 0.999182 0.000034 0.000027 

10
0
0 00

0
0 0.000009 0.999765 0.000009 0.000010 <10

–6
 0.999765 <10

–6
 <10

–6
 0.000145 0.999182 0.000145 0.000160 

10
0
0 10

0
0 0.999875 0.999765 0.999640 0.999922 0.999931 0.999765 0.999696 0.999993 0.999361 0.999182 0.998544 0.999470 

10
0
0 20

0
0 0.000075 0.999765 0.000075 0.000068 0.000008 0.999765 0.000008 0.000007 0.000409 0.999182 0.000409 0.000370 

20
0
0 00

0
0 0.000013 0.999765 0.000013 0.000016 0.000022 0.999765 0.000022 0.000026 0.000036 0.999182 0.000036 0.000044 

20
0
0 10

0
0 0.000073 0.999765 0.000073 0.000080 0.000008 0.999765 0.000008 0.000008 0.000394 0.999182 0.000394 0.000434 

20
0
0 20

0
0 0.999580 0.999765 0.999345 0.999904 0.999805 0.999765 0.999570 0.999966 0.998590 0.999182 0.997773 0.999522 

00
0
0 02

0
0 0.999975 0.000234 0.000234 0.000205 0.999974 0.000234 0.000234 0.000205 0.999815 0.000816 0.000816 0.000696 

01
1
0 01

1
0 0.999975 0.999520 0.999495 0.999495 0.999974 0.999520 0.999494 0.999494 0.999815 0.998489 0.998304 0.998304 

02
0
0 00

0
0 0.999975 0.000234 0.000234 0.000266 0.999974 0.000234 0.000234 0.000267 0.999815 0.000788 0.000788 0.000897 

02
0
0 02

0
0 0.999975 0.999069 0.999044 0.999721 0.999974 0.999069 0.999042 0.999713 0.999815 0.996442 0.996258 0.999025 

02
2
0 02

2
0 0.999975 0.999406 0.999381 0.999381 0.999974 0.999406 0.999380 0.999380 0.999815 0.996358 0.996174 0.996174 

Notes: 
a)

 FCFs include the FCF = 0.999999 for the stretching OH mode; 
b)

 FCFs include the FCF = 0.999998 for the stretching OH mode; 
c)

 FCFs include the FCF = 0.999999 for the stretching OH mode. 
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According to our calculations, the total FCF for the Ã
2
Π1/2(00

0
0) →   

2
Σ

+
(00

0
0) transition 

(0.998611, Model III) for the RaOH molecule can provide only about 720 scattering photons, which 

is not enough for the realization of the closed optical scheme for direct laser cooling. The inclusion 

of additional (00
0
0) → (02

0
0) (FCF = 0.001278), (00

0
0) → (10

0
0) (FCF = 0.000077), and (00

0
0) → 

(20
0
0) (FCF = 0.000030) cooling channels increases the number of scattered photons up to 250 000. 

It could provide the complete probability for the molecule being cooled to remain in the cooling 

loop close to unity (the sum of total FCFs is 0.999996) and realize a quasi-closed optical four-

colour laser scheme. The Ã
2
Π3/2(00

0
0) →   

2
Σ

+(    
  ) channel also requires four lasers to provide 

the number of scattered photons up to 200 000.  

For the RaOD isotopologue the total FCF for the Ã
2
Π1/2(00

0
0) →   

2
Σ

+
(00

0
0) channel equals 

to 0.998957 that can provide about 960 absorption/emission cycles. The additional (00
0
0) → (02

0
0) 

(FCF = 0.000120) and (00
0
0) → (10

0
0) (FCF = 0.000918) channels increase the number of scattered 

photons to the required order (200 000). The Ã
2
Π3/2(00

0
0) →   

2
Σ

+(    
  ) transition allows 

scattering about 110 000 photons using a three-colour laser scheme.  

The upper limits for the cooling parameters were evaluated using the following equations 

   
    

      
(  

 

  
 

   

  
),            

    
  

    
,             

  

     
, 

where TD is the Doppler temperature, or the minimum temperature, which can be achieved by the 

Doppler cooling; h is the Planck’s constant; Γ is a natural linewidth, which is related to a radiative 

lifetime (Γ =1/τ); kB is the Boltzmann’s constant; Δ is a detuning parameter; I is an intensity of laser 

beam; Is = πhcΓ/(3λ
3
) is the saturation intensity; c is the speed of light; λ is the laser wavelength; 

  
    is the minimal Doppler temperature, or the Doppler limit, under the conditions Δ = –Γ/2 and 

I << Is; Tr is the recoil temperature, or sub-Doppler cooling temperature, which can be reached by 

using, for example, the Sisyphus method; M is the mass of a molecule. 

The Doppler limit   
    for the Ã

2
Π1/2(00

0
0) →   

2
Σ

+
(00

0
0) transition for the RaOH radical is 

estimated as 64 μK. If the detuning parameter Δ = –Γ/2 and the intensity of laser beam I = 33 

mW/cm
2
 (see, for example, experiment on CaOH laser cooling [11]), the Doppler temperature TD is 

evaluated as 1.9 mK. The Doppler temperature TD strongly depends on the detuning parameter Δ 

and reaches a minimum at Δ ≈ –1.5Γ. The optimal choice of the detuning parameter Δ reduces this 

temperature up to 1.2 mK. The recoil temperature Tr is evaluated as 128 nK. All the mentioned 

cooling parameters are consistent with our previously predicted ones for radium monohalides [15, 

53, 54, 56]. For the Ã
2
Π3/2(00

0
0) →   

2
Σ

+
(00

0
0) channel the cooling parameters are of the same 

order:   
       μK, TD = 1.5 mK,   

        mK, Tr = 169 nK. Due to the small differences in 

masses and energy levels, for the RaOD isotopologue the cooling parameters are almost the same.  

Figure 5 shows the vibrational cooling scheme for the RaOH molecule, in which all pumping 

and repumping transitions are driven through the Ã
2
Π1/2(00

0
0) state. According to our calculations, 

the scheme provides the required number of scattered photons using one pumping and three 

repumping lasers with wavelengths that fall into the peak power output (750–850 nm) of the tunable 

Ti:sapphire laser [83].  

The last remarks deal with the evaluation of the Renner–Teller effect and l-doubling in the 

RaOH radical. Considering the dimensionless harmonic Renner–Teller parameter ϵ as a quantitative 

measure of the coupling of the electronic orbital angular momentum and the vibrational angular 

momentum, which is associated with the degenerate bending mode, Presunka and Coxon [29] as 

well as Beardah and Ellis [31] note that for SrOH molecule this parameter is small (ϵ = –0.0791 

[29]). For alkaline earth metal monohydroxides, the unpaired electron is located on an orbital of the 
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metal atom while the bending mode may be considered mainly as a displacement of the hydrogen 

atom due to the relatively large mass of the metal atom. Therefore, the unpaired electron is not 

strongly coupled to the dipole moment induced by the bending mode [29, 31]. According to Li and 

Coxon [22], for the lightest CaOH/CaOD molecule the parameter ϵ is equal to –0.0973/–0.0954. 

Presunka and Coxon [29] expect |ϵ| < 0.0791 for the BaOH. Fernando et al. [35] note that the 

Renner–Teller effect complicates the vibronic structure of BaOH spectra, but it has not yet been 

clearly observed either in the BaOH [36–40] or YbOH [41–46] spectra. So, we assume that for the 

heavier RaOH/RaOD molecule the Renner–Teller effect should be quite weak. The parameter qv, 

which defines the l-doubling of the   
2
Σ

+
(01

1
0) state, depends on the rotational constant, the 

fundamental frequencies of the MO stretching and bending modes as well as the Coriolis coefficient 

[8] and includes the harmonic and Coriolis terms. For the CaOH, SrOH, and BaOH molecules this 

parameter equals to 21.6492, 11.8546, and 9.4932 MHz, respectively [20]. For the RaOH, 

Zakharova and Petrov [51] predict the value of 7.2335 MHz for the complete parameter qv that 

allows one to evaluate its harmonic term (5.6879 MHz) and the Coriolis coefficient (0.2132). Our 

predicted value for the harmonic term (6.6800 MHz) slightly overestimates the Zakharova and 

Petrov [51] data. Based on the value of the Coriolis coefficient, our calculated complete parameter 

qv is 7.7365 MHz. Generally, this quantity critically depends on the accuracy of calculations of the 

structure and fundamental frequencies of a molecule.  

 

 
Fig. 5. The vibrational cooling scheme for the RaOH molecule. 

 

 

4. Conclusion 

 

Based on state-of-the-art quantum chemical calculations at the high level of theory (FS-

RCCSD), the detailed molecular spectroscopic parameters of the ground and five lowest excited 

states of the radium monohydroxide RaOH radical and its deuterated RaOD isotopologue are 

predicted. The vibrational energy levels and all the fundamental frequencies were calculated for the 

first time using the potential energy surfaces and taking into account the interaction of the modes. It 
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was shown that the stretching OH mode is weak coupling with the stretching RaO one and can be 

considered as a separate non-interacting motion. The FCF for this mode is highly close to unity, 

however taking into account possible inaccuracies of the calculations, this factor should be 

considered when the total probability of the laser cooling channels is predicted. The possibilities for 

the realization of optical cycling schemes for the direct laser cooling involving ground   
2
Σ

+
 and 

first excited Ã
2
Π1/2 and Ã

2
Π3/2 states are also considered. The preliminary buffer gas cooling and the 

use of four-colour laser schemes allow to ensure the fulfillment of the conditions for direct laser 

cooling and realize a quasi-closed optical cycle for effective cooling of the rarefied radium 

monohydroxide gas medium. 
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