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Laser cooling of CH molecule: Insights from ab initio study*
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The feasibility of laser cooling a CH molecule is investigated theoretically by employing the ab initio method. The
potential energy curves for the five A—S states and eight €2 states of CH are determined by the multi-reference configuration
interaction with the Davidson corrections (MRCIHQ) level of theory. The results agree well with the available experimental
data and other theoretical values. Also, the permanent dipole moments and transition dipole moments of the CH molecule
are calculated at the multi-reference configuration interaction (MRCI) level. We find highly diagonally distributed Franck—
Condon factors (fpo = 0.9950 and 0.9998) and branching ratios (Rggp = 0.983 and 0.993) for the AZA — X% and C22F —
X211 transitions. Moreover, the values of suitable radiative lifetime T of the AZA and C2X ™ states are evaluated to be
9.64x1077 s and 2.02x 1077 s, respectively, for rapid laser cooling. A scheme for laser cooling the CH molecule is
designed. In the proposed cooling scheme, three wavelengths for A2A — X2IT and C2£+ — X211 transitions are used, and
the main pump lasers are Agg = 430.86 nm and 313.45 nm, respectively. The feasibility of laser cooling the CH molecules is
demonstrated for each of these schemes, and this study offers a theoretical basis for experimental research into preparation

of cold CH molecules.
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PACS: 31.15.A—, 37.10.Mn, 87.80.Cc

1. Introduction

The production of ultracold polar molecules can be use-
ful in several emerging fields such as quantum simulation, !
chemical dynamics,’®) and new platforms for quantum
computing,*! as well as in controlling chemistry.!>! Conse-
quently, the interest in potential molecular candidates for laser
cooling has grown in response to the commencement of in-
vestigation and experimental research in this field. As early
as 2004, Di Rosal® conducted a brief survey of candidate
molecules for laser cooling and identified a series of hydrides
and halides, including CaH, AlH, AIF, AICI, etc. However, it
was thought to be difficult to directly laser cool molecules be-
cause of their complex structures until the direct laser cooling
of SrF molecules was first achieved and reported by Shuman et
al. in 2010.1] Since then, successful laser cooling experiments
have been performed for YO, CaF, BH, and BaH.[3-12] Based
on existing investigations, it can be concluded that molecu-
lar candidates for laser cooling must possess highly-diagonal
Franck—Condon factors (FCFs) and short radiative lifetimes.
In practice, highly-diagonal FCFs mean that a limited num-
ber of lasers is required to keep the molecule in a closed-loop
cooling cycle, and short lifetimes can ensure high spontaneous
emission.

Very recently, laser cooling of diatomic polar molecules
and molecular ions has begun to attract the attention of re-
searchers. In published research, it was predicted that some
alkaline-earth-metal hydrides and halides, such as BeH, MgH,
BeCl, could be laser-cooled."3171 These molecules have one
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thing in common: they have no intervening state between the
proposed transition for the laser cooling. Therefore, it is nec-
essary to ensure that if an intervening state exists, there is
nonetheless closed cycling between the upper state and the
ground state of the transition. The A'TT — X'X* and 2311 —
X!Z* transitions of AIF were studied by Wells and Lane, 8]
these two transitions both have highly diagonal FCFs, and the
lifetimes are also extremely short. Fortunately, the emission
rate of a’II state is very small. Soon after this study, laser
cooling of the SiO™ molecular ion was investigated by Nguyen
and Odom!!°! who found that between BZX T and X2t states,
there exits an intervening state, A2Xt, but, due to its short
lifetime, this did not prohibit the possibility of laser cooling.
Following the publication of this study, increasing numbers of
reports [20] of similar molecules, in which there exist interven-
ing states, have provided bases for further research.

Here in this research, we report the accurate calculation
of spectroscopic parameters and transition properties for the
CH molecule to ensure its suitability for laser cooling. The
CH radical occurring ubiquitously in interstellar space,!?!! and
high-power laser photochemistry[??! have been the subjects of
numerous theoretical and experimental investigations. The ex-
perimental values of spin—orbit splitting for the X?IT and A%A
states of the CH molecule are 27.95 cm~! and 1.0 cm™!, re-
spectively, which were derived by Huber and Herzberg, [>3! in
1979. In recent years, the spectroscopic constants of the X>I1
and A’A states were calculated by using different theoretical
methods.?*271 Tn 2003, Sun and Freed?¥! used an ab initio
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effective valence shell Hamiltonian method to carry out a the-
oretical investigation of the spin—orbit splitting, and their re-
sults for the energies of these two states are 33.96 cm~! and
1.27 cm™!, respectively. In these previous theoretical and ex-
perimental studies, 242729341 for the A>A — X?I1 transition,
the region of transition energy (7) from the AZA state to the
X211 state was between 23147.884 cm™! and 23565.4 cm™!;
for the C2X* — XZII transition, the region of 7, was from
31802.128 cm~! to 32205.44 cm~!.
of our knowledge, a systematic study of the laser cooling of

However, to the best

CH is unavailable so far. The objective of the present work
is to design a viable scheme to facilitate the laser cooling of
the CH molecule, including computation of permanent dipole
moments (PDMs), transition dipole moments (TDMs), FCFs,
radiative lifetimes, and wavelengths for the A?’A — XIT and
C?x* — X?IT transitions of CH molecule by using a high-level
ab initio method.

The rest of this paper is arranged as follows. In Section 2,
we detail the ab initio method and basis sets chosen in the pre-
sented calculations of the electronic states of CH molecules.
The results of the spectroscopic parameters obtained for the
A-S and Q states and laser cooling for the A-S states of CH
are provided and discussed in Section 3. Finally, some conclu-
sions are given in Section 4.

2. Computational details

By using the MOLPRO 2015 program package,*! all
electronic structures of CH molecules for the X2IT, a*~—, A2A,
B2X~, and C2XL7 states are calculated. In the first step we
used the Post restricted Hartree—Fock (RHF) method to cal-
culate the energy for the ground state. The next step was to
obtain a multi-reference wavefunction by using the complete
active space self-consistent-field (CASSCF) method.3¢-38
The final step was based on the zero-order function, by us-
ing the multi-reference configuration interaction (MRCI) plus
Davidson corrections (MRCI4-Q) to calculate energies for the
CH molecule,**#?1 and taking advantage of the Douglas—
Kroll (DHK) method for correction. 433! The spin—orbit cou-
pling (SOC) effects were also taken into consideration in the
MRCI+Q calculations of the CH molecule.

Due to the limitation of the summary of the MOLPRO
program package, the computations were performed within the
C,, point group symmetry, which has four irreducible repre-
sentations (irreps) (A1, By, By, and Ay). The A irrep yields
the X1 state and a component of A states, By provides the IT
state, and A, yields the X~ state and the other components of A
states. In the CASSCEF calculations, six molecule orbitals are
chosen as the active space, including four A, one B, and one
B,. Five electrons are distributed in the (4110) active space.
The aug-cc-pV5Z basis set is chosen for the hydrogen atom,
and the aug-cc-pCV5Z basis set is for the carbon atom. In all

electronic structure calculations, the aug-cc-pCV5Z (ACV5Z)
basis set is used for the A—S and ( states.

For the bound A-S and Q states, all potential energy
curves (PECs) are calculated with an interval of 0.05 nm over
the distance of 0.04 nm-1.5 nm. To achieve the accurate re-
sults, the interval value is reduced to 0.02 nm, nearly the equi-
librium bond distance. The spectroscopic constants are calcu-
lated by solving the nuclear Schrédinger equation through us-
ing the LEVEL 8.2 program, including the equilibrium bond
length, R., harmonic and an harmonic vibrational constants,
. and @Y., respectively, rotational constant, Be, and adia-
batic relative electronic energy referred to the ground state,
7..1461 With the PECs and TDMs of the different electronic
states, this program can also yield the FCFs and Einstein co-
efficients for all possible discrete transitions allowed by selec-
tion rules. The Einstein coefficient A,s, for the rate of sponta-
neous emission from an initial rovibrational level (v, J) into the
final rovibrational level (/, J') is defined by the expression!47]

Ay, =3.1361891 x 10~

!
SV B3 (v M )
)]
where M (r) is the function of transition dipole in units of D,
v is the emission frequency, y,,y and y;; are the normal-
ized radial wavefunctions, the energy difference AE,/, is in
units of cm ™!, and S(J', J) is the Hénl-London rotational in-

(48491 Using the Einstein coefficient for sponta-

tensity factor.
neous emission, the radiative lifetime can be calculated from

the following formula:
T=1/) Au. )

3. Results and discussion
3.1. PECs and spectroscopic constants of A-S states

To determine whether the CH molecule is suitable for
laser cooling, we must calculate the PECs and spectroscopic
constants. At the MRCI+Q level, the CH molecule for
the lowest two dissociation channels, C (*P) + H (*S) and
C('D) +H(?S), and the X?I1, a*£~, A’A, B®X ", and C?L*
states are obtained. Figure 1 shows the PECs for the A-S states
of the CH molecule. The associated sets of calculated spectro-

al29-34 and

scopic parameters with available experimental dat
theoretical results>*-27! of CH are summarized in Table 1 for
comparison.

As for the ground state XTI, the equilibrium bond dis-
tance and the vibrational frequency are calculated to be R, =
1.1181 A and . = 2859.4759 cm™!, and their correspond-
ing differences from experimental values are only 0.0019 A

29301 the percentage errors are

and 1.3241 cm™!, respectively:!
only 0.17% and 0.05%, respectively. Compared with other

theoretical values2*271 of @, Xe and B, our constants @, Y. =

103101-2
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62.3206 cm~! and B, = 14.5084 cm™! are in good accordance
with the experimental data of 64.4 cm~! and 14.457 cm™!.
Our computed value for D, is 3.669 eV, while the experi-
mental value is 3.472 eV, and the percentage error is 5.67%.
For the second singlet excited state B2Y~, in the case of
the spectroscopic constants R., and T, our data, 1.1624 A,
26007.57 cm™!, respectively, are in better agreement with the
experimental data (1.164 A, 26059.517 cm 1) than those of
other published calculations.3>331 The value of @, that we
computed for the B?X™ state is larger than the experimental
measurement, giving a percentage error of 20.67%, but is in
good agreement with other theoretical values, and the corre-
sponding percentage error, between our theoretical value and
others in the literature, for the BZX ™~ state is 0.05% (Ref. [24])

< S/ w. < 1.85% (Ref. [25]).

C('Dg)+H(*S)

C(*Pg)+H(*S,)

R/A

Fig. 1. (color online) PECs for the five A-S states of CH molecule.

Table 1. Spectroscopic constants for A—S states of CH molecule at MRCI+-Q level.

Re/A we/cm™! a)e)(e/cm’l Belem™! To/em™! Dc/eV
Present 1.1181 2859.48 62.32 14.5084 0 3.669
Ref. [27] 1.122 2882.50 54.70 14.4 - 3.399
I Ref. [24] 1.12 2851.00 62.20 - - 3.447
Ref. [25] 1.123 2863.10 73.10 - - 3.413
Ref. [26] 1.124 2851.90 66.60 - - -
Expt.[29-30] 1.120 2860.80 64.40 14.457 0 3.472
Present 1.0872 3200.59 90.82 15.3343 6245.28 2.894
Ref. [27] 1.091 3158.50 71.40 15.2 - 2.688
. Ref. [24] 1.090 3090.90 102.20 - 6024.902 2.676
Ref. [25] 1.093 3085.10 68.00 - 5847.462 2.680
Ref. [26] 1.091 3117.30 80.60 - 5778.7 -
Expt.[?] 1.085 3145.00 72.00 15.4 5844 -
Present 1.1032 2967.23 105.61 14.9166 23280.16 2.024
Ref. [24] 1.106 2911.10 91.99 - 23395.07 1.801
A%A Ref. [25] 1.109 2888.80 82.80 - 23510.83 1.760
Ref. [26] 1.107 2926.90 103.80 - 23565.4 -
Expt.[30:311 1.103 2914.10 96.65 14.934 23147.88 1.836
Present 1.1624 2166.01 161.11 13.5087 26007.57 0.438
By Ref. [24] 1.175 2167.10 173.70 - 26140.17 0.244
Ref. [25] 1.181 2126.70 198.60 - 26204.69 0.209
Expt.3%31 1.164 1794.90 225.70 12.645 26059.52 0.305
Present 1.1155 2867.18 128.26 14.626 31961.97 0.930
Ref. [24] 1.116 2837.30 87.760 - 32124.75 0.738
ezt Ref. [25] 1.122 2781.50 115.20 - 32205.40 0.738
Ref. [26] 1.118 2853.30 133.00 - 32184.7 0.749
Expt.[2934] 1.114 2840.20 126.00 14.603 31802.13 0.769

For the first singlet excited state A%A of the higher dis-
sociation channel C ('D) + H (*S), shown in Fig. 1, the cal-
culated 7, from the X2IT state is located at 23280.16 cm !,
Our result of @, = 2967.2279 cm™! is a little overestimated
with respect to the experimental and other theoretical re-
sults, the percentage error is 1.36% (Ref. [26]) < d@e/ e <
2.71% (Ref. [25]). Our value of R, is 1.1032 A which is
0.0002 A larger than the experimental value. The value of
T from experimentsm’m is 23147.884 cm™!, in other the-

oretical results it is 23395.072 cm 1,241 23510.830 cm~1,[%]
23565.4 cm~!,12%] as reported by Kalemos et al., Kleinschmidt
et al., and Hettema and Yarkony, respectively. Obviously, our
value of T is much closer to the experimental value than the
other theoretical ones, the corresponding error relative to the
experimental value is only 0.57%. For the third excited sin-
glet C23+ state, our values of Re, . Xe» Be, and T are much
closer to the experimental data than theoretical ones reported
by Richards ez al.!*! and Herzberg et al.*¥ Specifically, the
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differences between the experimental value and our value are
only 0.0015 A for R, and 0.023 cm™! for B., respectively.
We also notice that the error for the present result of C2X+
is a little larger than the experimental data. For example,
our results for Re, We)e, Be are 1.1155 A, 128.2555 cm™ !,
and 14.626 cm™!, and the experimental values are 1.114 A,
126 cm™!, and 14.603 cm™!, respectively. Obviously, the
differences are very small; the percentage errors are 0.13%,
1.79%, and 0.16%, respectively. Concerning the quartet state,
both previous studies and our present one obtain spectroscopic
parameters for the a*~ " state of the CH molecule. Compared
with the theoretical data,[?*27! our results for the a*Y~ state
are in good agreement. For instance, our value of @w. =
3200.5941 cm™! is a little larger than the theoretical values in
the literature, with a percentage error being 2.67%-3.74% for
this difference; our result of R, is 1.0872 A, and the percentage
error for this value is 0.26% (Ref. [24]) < 8R./R. < 0.53%

(Ref. [25]).

In conclusion, our spectroscopic parameter results agree
with those of the experimental data and theoretical results in
terms of the X2I1, a*X~, A%A, B2X~, and C2X states of CH.

3.2. PECs and spectroscopic constants of Q2 states

For the CH molecule, the spin—orbit coupling (SOC) ef-
fect makes the five A—S states split into eight €2 states, i.e. four
Q = 1/2 states, three = 3/2 states, and one Q = 5/2 state.
Four new dissociation limits,C (3P0) +H (281/2),C (3P1) +
H(S;/). C(*°P2) +H (S ). and C ('D2) + H(?S; ) are
generated from the original C (*°P) + H (*S) and C('D) +
H (ZS) limits. The PECs for X2H1/2, X2H3/2, a421_/2, a4Z3_/2,
A?As), A%As), BZZI’/Z, and CZET/2 states are plotted in
Fig. 2, and the corresponding spectroscopic parameters for the
eight Q states are listed in Table 2.

Table 2. Spectroscopic constants of various bound Q states of CH molecule.

R./A we/cm™! ooe)(e/cm’1 Be/em™! To/em™! D./eV
X2H1/2 1.1179 2856.39 61.56 14.5088 0 3.654
X2H3/2 1.1179 2856.63 61.58 14.5093 26.81 3.652
a“):]’/2 1.0875 3196.06 90.46 15.3356 6168.91 2.890
a4):3‘/2 1.0875 3196.06 90.46 15.3356 6168.95 2.891
A2A3/2 1.1040 2935.27 138.61 15.0553 23358.32 1.999
A2A5/2 1.1040 3121.79 109.32 149152 23361.23 1.985
BZZI’/2 1.1850 2166.83 182.62 13.3591 26189.11 0.403
CZZT/2 1.1141 2858.66 121.07 14.6380 31961.73 0.932

1.09 111 1.12

1.10

E/10* cm—!

4 -
100
2r 75 \_/
50 XZH:;/z
25 \_/
0 X2y /o
or ) ) L llo 12 14
1 2 3 4 5 6

R/A
Fig. 2. (color online) PECs for eight 2 states for the CH molecule.

As we can see from Table 2, the effects of SOC are weak
on the spectroscopic constants for X211, a*y—, B2X, and
C2x+ states, but the effect of SOC is great for the A?A state.
For the B221_/2
cellent agreement with the corresponding values without con-
sidering the SOC effect; the differences are only 0.8286 cm™!

and 0.1496 cm~! for @, and B., respectively. Our calcu-

state, the spectroscopic parameters are in ex-

lated spectroscopic parameters for the C2):1+/2 state are R, =
1.1141 A, @, = 2858.6584 cm™!, w.x. = 121.0729 cm™!,

B. = 14.6380 cm™!, and T, = 31961.73 cm™~!, which differ
from the corresponding values computed without considering
the SOC effect by only 0.001 A, 8.5189 cm~!, 7.1826 cm ',
and 0.24 cm ™!, respectively.

Owing to the SOC effect, the A-S X211 state splits into
two X°IT, /2 and X115 /2 states. For the two £ states, the en-
ergy sequence from low to high is 1/2, 3/2, and the small
difference of T, between the states is 26.81 cm~!. By compar-
ing the X*IT state and the X°TI, 5, X*IT;, states in Table 1
and Table 2, it can be seen that the spectroscopic parameters
of the states XTI, /2 and X114 /2 are similar to those of the
X211 state. For example, the differences between the values of
@, in the & states of X*T1; /, and X*I1;, and that of the X*TI
state are only 3.0881 cm™! and 2.8474 cm~'. The values of
W X for the X2l'[]/2 and X2H3/2 states are only 0.7577 cm™!
and 0.7456 cm~! smaller than the value for the X2IT state, re-
spectively. For the a*2~ state, which splits into two £ states
@'Z)),.
are almost the same as the constants of the A-S state, and the

3425 /2), the spectroscopic data for the two 2 states

difference in T, between the two Q states is 0.04 cm~!. As
for .. and B, of the two (2 states, the largest differences of
the a*X~ state are 0.3602 cm™! and 0.0013 cm ™! respectively.
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The difference in T, between A*As; and A%As 5 is 2.91 cm ™.
However, we also notice that the SOC effect is very large for
the A2A state. As Table 2 shows, the two £ states have the
values of both @, and @, )., which are quite different, the per-
centage differences are 5% and 21%, respectively. In addition,

between these two 2 states, the difference in T is 2.91 cm~ L

3.3. PDMs and TDMs

PDMs for the X2I1, a*Y~, A%A, B2X~, and C2Xt states
are plotted in Fig. 3. As we can see from Fig. 3, the max-
imum PDM exhibited by the X?IT state is much larger than
the others, which is due to the deepest potential well of the
ground state. For the ground state, the value reaches a max-
imum of about 0.7421 a.u. (the unit a.u. is short for atomic
unit), and then drops to a minimum at 2.28 A. Furthermore,
the PDMs increase linearly up to approximately 2.34 A. As
for the C2Xt state, a maximum and a minimum also exist of
the PDM at 1.4 A and 2.12 A, respectively. It can be clearly
seen from Fig. 3 that the PDMs for the a*~~, A%A, and B2X~
states each have a similar trend, their maximum values be-
ing 0.3591, 0.4379, and 0.5466 a.u., respectively. Then, the
PDMs of these states then all drop to zero when moving to
approximately 4.8 A. The PDM functions of the X°IT, a*X~,
A’A,B?L7, and C2L7 states at R are 0.4981, 0.2408, 0.2825,
0.5089, and 0.3505 a.u., respectively.

0.8
é ) } 0.6
0.6F B2n-
L 0.4 A2A
= -
i 4) aly
g0
EUJ Qe+
A i 1.0 1.2 14 16 1.8 20
Q-‘ 0.2 K
17 A=
—0.2 L L L L L
0 0 1 2 3 4 5 6

R/A

Fig. 3. (color online) PDMs for five A-S states of CH molecule.

The TDMs for the A?A — X?I1, B’X~ — X?I1, and
C2X* — X211 transitions as a function of the internuclear dis-
tance at the MRCI+Q level for the CH molecule are plotted
in Fig. 4. There are intermediate states in A?A — X?II and
C?x* — X711 transitions. So it is necessary to study the in-
fluence of the intermediate state. For AZA — X211, the inter-
mediate state a*X~ has no effect on the transition, because the
AA — a*X transition is spin—orbit forbidden. Between the
X211 and C2X ™, the intermediate states are a*Y~, AZA, and
B2%~. However, the transition of C?X* — a*X~ is spin—orbit
forbidden. The TDMs for C?X — A2A transition are about
zero due to being orbit-forbidden and for the C2L+ — B2L~

transition they are about zero because the Xt — X~ is for-
bidden, which shows that the two transitions are unfeasible.
So neither the a*~~ nor A2A, nor B2X~ has an effect on the
C?2t — XI1. Figure 4 shows that the TDMs for these three
transitions fall to minima, after which these transitions rise,
approaching zero with bond length increasing. In addition,
the minimum of C2X+ — X211 transition is —0.03 A, which
is smaller than the other two transitions. The TDMs for the
A’A, B?X7, and C?X7 states at R, are 0.2102, 0.2364, and
0.2803 a.u., respectively. TDMs of the states are related to the
Einstein coefficients and radiative lifetimes.

0.5
0.4}
0.04 . ‘
A2A—X2I1

5 0.3 0.02 B25- X1
3 0
g —0.02 25+ X201
A 0.2F —0.04
[ 15 20 25 30 35 40

0.1}

(0} \§/
1 1 1 1 1
0 1 2 3 4 5 6

R/A
Fig. 4. (color online) TDMs for A?A — X2II, B2X~ — X211, and

C2x+ — X211 transitions of CH molecule.

3.4. Laser cooling of CH

As mentioned in Section 1, one of the criteria for laser
cooling is that the molecule must possess highly diagonal
FCFs, which can be used to describe the transition by the
degree of overlap of the vibrational wave functions. The
splitting constants for X?IT and A’A are small for CH, i.e.
ASO(X?I1, ), and X?I13,) = 26.81 cm™ !, ASO(A?A, ), and
A?A3),) =291 ecm™!. So the SOC effect for laser cooling
the CH molecule can be ignored. The influences of intermedi-
ate states are also considered. Fortunately, these intermediate
states have no effect on the A2A — X211 transition nor on the
C2yt+ — X211 transition as mentioned in the TDM part. Here,
the possibility of laser cooling on the A?A — X?IT transition
and C2X ™ — XZIT transition are considered. As can be seen
in Table 3, the diagonal FCFs are fyo = 0.9950 for the A2A —
X211 transition and foo = 0.9998 for the C2X " — X?IT transi-
tion, which can greatly limit the number of lasers required to
keep the molecule in a closed-loop cooling cycle. Other cal-
culated diagonal FCFs for A2A — X?IT such as fi; (0.989),
fo2 (0.991), f33 (0.991), and for the C>X*+ — X?IT transition
like f11 (0.997), f22 (0.970), f33 (0.777) are smaller than fyo
but remain considerably large compared with the small off-
diagonal terms. In addition, to demonstrate the distributions
of FCFs for the different vibrational states of A2A — XTI
and C2Xt — X211 transitions, all possible transitions between
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0<v<3and 0 <V <1 are displayed in Table 3. Be-
sides the large diagonal FCFs, another critical criterion for
laser cooling a molecule is a suitable rate of optical cycling.
This means that for the rapid laser cooling implementation,
short spontaneous radiative lifetimes 7 (1078 s—1077 s) are re-
quired. The values of corresponding computed spontaneous
radiative lifetime 7 are collected in Table 3. As illustrated in
the table, the values of spontaneous radiative lifetime 7 of the
A?A — XTI and C?X* — XPII transitions are 9.64 x 1077 s
and 2.02 x 1077 s, respectively, which are suitable for laser
cooling the CH molecule.

Comparing the relevant FCFs is a simple method of de-
termining the cooling cycle, but it is not sufficient alone.
The reason is that the relation between the relative strengths
of the vibrational branching ratios and that between pho-
ton loss pathways are more direct than FCFs in the cooling

[50-521 Thys, the cooling cycle with branching ratio R,,,

cycle.
which can be calculated by using the ratio of Einstein coeffi-

cients A/, for each vibronic transition, is expressed as R/, =

Ay, /Y, A, The calculated values of Einstein coefficient
Ay, and vibrational branching ratio R, of the AA — XTI
and C2X* — X2I1 transitions are listed in Table 4. For the
A?A — X211 transition, branching ratios of the diagonal terms
Roo = 0.983 and R; = 0.968 are obtained; branching ratios of
the off-diagonal terms Ry = 1.65 x 1072, Rpp = 4.27 x 1074,
Rpz = 1.05x 107>, Rjp = 5.39 x 1074, Rj» = 2.97 x 1072,
and Ry3 = 1.37 x 1073 are also calculated. The branching ra-
tios to the v > 3 states of the CH molecule for the A2A — X211
transition are R34 < 3 X 1077, s0 a cyclic system with three
lasers involving v =0, 1, 2, 3 of the X211 state and v/ = 0
and 1 levels of the A%A state is proposed, based on the calcu-
lated R,/,. For the C2X* — X?I1 transition, the diagonal terms
Rpo (0.993) and Ry (0.979) are a little smaller than fyo (0.999)
and f11 (0.997). The value of Ry3 is 3.73 x 10~°, which is
larger than fj3(4.04 x 10~7). However, the value of Ry3 is
small enough to make the C2X* — X?I1 transition used as a
quasi-cycling transition.

Table 3. Calculated values of FCF f,/,,, wavelength A,/,, and spontaneous radiative lifetime 7.

Transition Joo Jor Joo Jos Aoo o1 A2 T/s
fio S fi2 f13
AZA — X1 : 4. 1073 2. 1074 2. 10-°
- 0990 7610 70107 S0TT 43086 48820 48478 9.64x 1077
491x10 0.9888 5.22 % 10 1.00x 10
2zt - X1 0.9998 1.22x 1076 2.00x 1074 4.04 x 1077 313.45 342.73 342.61 2.02x 1077
2.08x107° 0.9967 1.94%x 1073 1.31x 1073

Table 4. Calculated values of Einstein coefficient A/, and vibrational branching ratio R/, of A2A — X?IT and C>X+ — XI1 transitions.

v=20 v=1 v=2 v=3
Av’v RV’V Av’v Rv’v A\’/V RV’V Av’v Rv/‘,
A2A L XOTT V=0 1.04x10° 9.83x 107! 1.74 x 10*  1.65x 1072 450x 10> 4.27x107* L11x 10" 1.05x1073
V=1 519x10%2 539x107* 9.31x10° 9.68x 10! 2.86x 10*  2.97x 1072 132x10° 137x1073
Cryt X V=0 4.94x10% 9.93x107! 3.38x 10*  6.79x 1073 9.23x 10> 1.85x107* 1.86x 10! 3.73x107°
V=1 516x10* 1.17x1072 432x10% 9.79x 107! 3.98x10% 9.01x1073 2.79%x10° 6.32x 1074
A2A v=1 . In Figs. 5 and 6, the two schemes show the arranged
¢ i \ : it i
7 NG a laser-driven transitions (solid red) and spontaneous decay
Y, : 2\ .
AN % \ (dotted line) for CH. As can be seen, the A’A(V =0) —
ST S R X2 (v =0) or C2£*+ (' = 0) — X?[1(v = 0) transiti
A ek 8 A% v=20) or V= v = 0) transitions are
D4 H . . ..
pic o “ = V% the main pumps for cooling the CH molecule, requiring a
! i NP v\ .
& \e i S N laser with wavelength Agg = 430.86 nm or A9y = 313.45 nm,
Ao Ya D . .
A 0”74 \'fo;x ‘\“f‘ respectively. To augment the cooling effect, two cycles are
% i RN .
R G NN added with A2A (v/ = 0) — XTI (v = 1) and C2£T (v/ = 0) —
N \ Ol N .. . . .
L 2 “C Y v=3 X°TI(v = 1) transitions, which are the first vibrational pump,
/ =/ Aye= and the A2A(V =1) — X2[I(v=2) and C2E+(v/ = 1) —
/ v=1},,=484.78 nm 5 . o
X2AI_| 4 »v=0 X3, =488.20 nmn X-TI(v = 2) transitions are the second vibrational pump. Fur-

)\0() =430.86 nm

Fig. 5. (color online) Proposed laser cooling scheme for CH using
A2A(V') — X*TI(v) transition (solid red) and spontaneous decay (dot-
ted line) with calculated values of R,,. Here A4, is the wavelength of
A2A (V') — X2I1(v) transition.

thermore, the wavelengths of the two additional lasers for
the A2A — X211 transition are Ag; = 488.20 nm and A, =
484.78 nm; for the C2y+ — X211 transition their wavelengths
are Ag; = 342.73 nm and Ay, = 342.61 nm.
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Fig. 6. (color online) Proposed laser cooling scheme for CH using the
C2x* (v') — X2T1(v) transition (solid red) and spontaneous decay (dot-
ted line) with calculated values of R,/,. Here A/, is the wavelength of
the C22* (v') — XTI (v) transition.

4. Conclusions

The PECs for the A-S states X°TI, a*L~, A%A, B2L",
and C2X 1, and the Q states X2H1/2, X2H3/2, a42;/2, a425/2,
ANz, A%As), BZZI_/z, and CZZ;’/2 of the CH molecule
have been investigated at the MRCI+Q level with the aug-
cc-pCV5Z basis set. Using the Level 8.2 program to solve
the nuclear Schrodinger equation, the results of spectroscopic
constants for these A—S and €2 states are obtained. Further-
more, the results agree well with previous experimental and
other theoretical values.

In Subsection 3.3, our computed PDMs, for the X211,
a*Y ™, AZA, B2Y, and C2Xt states, and TDMs, for the
spin-allowed transitions A?A — X°II, B2~ — X?II, and
C?x*t — XII, are discussed. Based on PECs and TDMs
that we obtained, the FCFs are calculated. The results in-
dicate that the A2A — X*IT and C?L* — X?II transitions
have highly diagonal FCFs (foo = 0.9950 and 0.9998) and
branching ratios (Roop = 0.983 and 0.993). Suitable radia-
tive lifetimes, 7 = 9.64 x 1077 s for the AZA — X211 tran-
sition and 7 = 2.02 x 1077 s for the C2X* — X>II transi-
tion, for ensuring the rapid and efficient laser cooling of the
CH molecule are also obtained. The a*~X~ — X?II tran-
sition is prohibitive to laser cooling because it is forbid-
den by selection rules. An optical scheme consisting of
three laser cycles with the A?A — X°IT and C2X+ — X°TI
transitions to create ultra cold CH molecules is proposed.
The main cycling laser wavelengths for the A?A (V' = 0) —
XTI (v = 0) and C2X* (v/ = 0) — X?I1 (v = 0) transitions are
Aoo = 430.86 nm and 313.45 nm, respectively. To enhance
the cooling effect, two additional lasers with ;9 = 488.20 nm
and Ay = 484.78 nm are required for the A2A(V =0) —
XTI (v=1) and A’A(v' = 1) — X?II (v = 2) transitions and
Ao = 342.73 nm, Ay; = 324.61 nm for C?X* (v =0) —
X (v=1), C2x* (v =1) — X?II(v=2) transitions, re-
spectively. The results indicate that laser cooling of the CH
molecule is viable, and a reliable theoretical reference is pro-
vided for further theoretical and experimental research.
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