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Table 1. Parameters for involved electronic states of
CaH.

&= T./em! we/em' wexe/cm' 1o /A 7/ns
X221/2 0 1298.34 » 19.1 2 2.0025 P

A%11,,, 144130 1333 ° 20 1.9740 " 33.2 ¢

“Ref. [55]; "Ref. [56]; ‘Ref. [49].
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Table 2. Calculated Franck-Condon factors of CaH

by the closed-form approximation method, the Morse

potential method and the RKR inversion method.

Tk Joo Jou Joo fu fis
MIAIERL 09846  0.0152  0.0001  0.9545 0.00035
LURHI 0.9850  0.0146  0.0004 0.9560 0.0014
RKRJZH  0.99542 0.00454 0.00004 0.98631 0.00012
Ref. [50]  0.961  0.038  0.002 0.885  0.005

Kl 1 CaH 207 REX ML F-C 56 M
Fig. 1. Highly diagonalized F-C factor matrix of CaH.
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Table 3. Comparison between the calculated and
experimental results of the transition wavelengths
between X221/2 and A2H1/2 states of CaH. Num-
bers in parentheses indicate the uncertainty (stand-

ard deviation) in the last figures.

BRI K /nm AR SFIRMEBY  Ref. [50]
Ago 692.996 (4) 693.0 675.4
o 759.303 (8) 759.3 738.0
Aoy 755.229 (20) 732.0
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X232
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Fig. 2. Proposed scheme to create a quasi-closed cycling
transition for laser cooling of CaH. Blue solid lines indicate
the laser-driven transitions at the wavelengths A/, while
green dotted lines indicate the spontaneous decays from the
AT, /2 state along with the corresponding F-C factors
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S O -
2H Ref. [59] 2| 1 g3 \\\ 01 5767 MH
(=N 1 .
B, /MHz 126772.935 < ! .’ N Fe1
v 7
D, /MHz 5.546 N=1(-) oy . 1858.4778 MHz
ant _ _ F=0
v /MHz 1305.755 S L=l } 532603 bz
<t = ~ —
by /MHz 155.785 QX2 (v=0) F=1
& J=1/2 .~ F=1
cv /MHz 4.74 N=0(+) - 157.3650 MHz

Se—— =0
AT BRI R R TR 4 i B i 3
HRCRVRR A0 2508 8, R AT A58 28 T 1
THE T X258 o R RS A Re . WAl 3 PR,
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BTFHRAHEF=N+S+1, (B4 HT
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T =3/2, F =2). K34 A 2l A= pRak £ 0,
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=1, )2, M s— A~ £ P
BRI IE R . 40CaH 7E X251 /2 (v = 0) 25 1R 41
BRAE BE LA S 5 A Y Lh B H e 3R 5, N, T
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PR S LA BRI (Ve FREIRE, vey,
FORSLIRIH), X UEHIAR SO A A R R Y. |

CaH % ) Al JURUE N 40 AE 90 A0 BE 28 43 2L LA K e
P BRI FF. *E%Faz?mu B |A, v =0, =1/2, >
|X,0v=0,N=1,—-) BT (B EIL) HAMWH Ligdn
ST HRAR N N = 1 RS

Fig. 3. Energy splitting between different rotational hyper-
fine levels and the closure of the rotational structures for
CaH. Due to selection rules, driving the |A,v' =0,J" =
1/2,4) + |X,v =0,N = 1,—) transition (green solid up-
ward lines) will allow a spontaneous decay (green dotted

downward line) that goes back to N = 1 state.

4 AL X2 PR AT Hy B 40 S

B FAG 4 Call 4 TEACTL 3 (J -1 +) .
X5, (N = 1, ) BEAE R B RS ARBRAE 5 1, 52
T R A S B PR LR A B, T
SEE XN, o SRR (b) FHO J R4, TR
HENT (12) =00 (13) =K 160

1 1
‘F:Ni,M>:l'i‘J:N+§,F:N,M>+yi‘J:N_§7F:N7M>7 (12)

1 1

o+ <J:N+§,F:N,M’H‘J:N7§,F:N,M>

= _ 13)
> 1 1 ) (

y <J:N+§,F:N,M‘H‘J:N+§,F:N,M>—ENi

K5 CaH4rF A%y 5 X254 o HERSAIBRIT AR (AT = 0 FI 1, AF = + 1 F10).

Table 5. Calculated frequencies for hyperfine transitions A2H1/2 — X221/2 (AJ=0and 1, AF= 4 1 and 0) for CaH.
N — N’ J—=J F— F' Vea/MHz Vexp"/MHz Veal™ Vexp/ MHz
0—1 1/2—1/2 1—1 252163.0907 252163.082 0.0087
1—0 252216.3510 252216.347 0.004
0—1 252320.4557 252320.467 -0.0113
1/2—3/2 1—1 254074.8288 254074.834 -0.0052
1—2 254176.4055 254176.415 -0.0095
0—1 254232.1938 254232.179 0.0148
aRef. [59]
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Table 6.
mixing for the |X, N = 1, —) state of CaH molecules.
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Nominal labels and actual labels due to J
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Spectroscopy of Diatomic Molecules 55757 (Equ-
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Table 7.  Calculated hyperfine branching ratios for
decays from |A,J' =1/2,+) to |X,N=1,—) for

CaH molecules.

F'=0 Fr=1

J F Mg
M{=0 M,=-1 M/=0 M=1
3/2 -2 0.000000  0.166667  0.000000  0.000000
-1 0.000000 0.083333  0.083333  0.000000
0 0.000000  0.027778  0.111111 0.027778
1 0.000000  0.000000  0.083333 0.083333
2 0.000000  0.000000  0.000000 0.166667
3/2 -1 0.099024  0.034202  0.034202  0.000000
0 0.099024  0.034202  0.000000 0.034202
1 0.099024  0.000000  0.034202  0.034202
1/2 -1 0234309 0215798  0.215798  0.000000
0 0.234309  0.215798  0.000000 0.215798
10234309  0.000000  0.215798  0.215798
1/2 0 0000000 0222222 0222222 0.222222

WHEE. HRERA TR T, (4,0 =1/2,+)
A 0 VY RS 20 B RE R F R BRIE B | X, N =
1, —) SR 12 RS 4G W RE SR (L MbRali A« 7
FRAL), RIYE—FIHERRIA—ILH.

J+Q S N F
AN, 8, J) = ZZ V2N +1( 54 _Q)|A,S,2,9,J,F>, (14)
|A%, J, M, +) = 7 (| A%,8, 2, 0,02, M)+ (—1)"5|=4°,8, -5, J,—02,M)), (15)

mij = ({| T (d) )

p=-1

"M F’ 1 F ’ J F I
= > 1° MF(_M; p My ><1>F”*’*1¢<2F'+1><2F+1>{ o 1}

- q

1 !
xS (—1)J'9'( JoLJ )\/(2J’+1)(2J+1)x(A’,S,E’Tq(l) (d) |4, 5, 5). (16)

g=-1

R T P A BRI R BR 7 B[R B AR
| X,0=0,N=1,-)&F WHAFRELL, PUA AR
S AR X 58 BE XS B F R 7 A, 0=0,R=0,J =
12 AREHNENT =1/2, F =05, |J=1/2,F =

DV |J=3/2,F = 1)EHM|J =3/2,F = 2)Z5HH
XA, A5 2T AH N G A HRT A 25 A8 FNERIE 332
FoJm, B mT DLt P i 5 2800 3208 206 W] ) 33

\

| X,v=0,N=1,-) SR PUFREL. X} T CaH
F, R I'=1/7 = 21 x 4.794 MHz, Wit A
Hesik Iy = mhel'/(303) = 1.88 mW /cm?. 2 Rij g
T Z W CaF 77 7 HA B /N L 8 75 fir
(19.2 ns) FIH M 31 (606 nm)P2. K LA T
CaF [ 4.87 mW /em? B4R FI DG 5%, A SCHTF 5T A9
CaH BYFRFIGHR B /N, H TR NS s 221
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Fig. 4. Proposed sideband modulation scheme to simultan-
eously cover all hyperfine transitions originating from the
|X,N =1,—) state of CaH. The black solid line in the
middle indicates the fundamental laser frequency, while the
blue solid line corresponds to the central frequency of the
hyperfine transitions. The black dash line and the red solid
line represent the sidebands of two EOMs respectively with
the modulating frequencies f,,q; = 994.25 MHz and f .40 =
941.25 MHz. All the hyperfine levels are well addressed for

detuning within 31" of the respective hyperfine transition.
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Fig. 5. Zeeman structures for the |X,N =1,—) state of

CaH. The red and blue lines indicate the energy levels for

|J=3/2, F=2) and |J =3/2, F = 1) states, while the

black lines represent the energy levels for |J =1/2, F =0)

and |J =1/2, F = 1) states, respectively.
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&g W1
Table 8. The g factors for the X221/2 (v=0,
N = 1) state of CaH molecules.

& g (BARJIRE) g (HIRE)
|J=3/2, F=2) 0.50 0.50
|J=3/2, F=1) 0.83 0.865
|J=1/2, F=1) -0.33 -0.365
|J=1/2, F=0) 0.00 0.000
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Abstract

Laser cooling and trapping of neutral molecules has made substantial progress in the past few years. On
one hand, molecules have more complex energy level structures than atoms, thus bringing great challenges to
direct laser cooling and trapping; on the other hand, cold molecules show great advantages in cold molecular
collisions and cold chemistry, as well as the applications in many-body interactions and fundamental physics
such as searching for fundamental symmetry violations. In recent years, polar diatomic molecules such as SrF,
YO, and CaF have been demonstrated experimentally in direct laser cooling techniques and magneto-optic traps
(MOTs), all of which require a comprehensive understanding of their molecular internal level structures. Other
suitable candidates have also been proposed, such as YbF, MgF, BaF, HgF or even SrOH and YbOH, some of
which are already found to play important roles in searching for variations of fundamental constants and the
measurement of the electron’s Electric Dipole Moment (eEDM). As early as 2004, the CaH molecule was
selected as a good candidate for laser cooling and magneto-optical trapping. In this article, we first theoretically
investigate the Franck-Condon factors of CaH in the A2H1/2 <—X221/2 transition by the Morse potential
method, the closed-form approximation method and the Rydberg-Klein-Rees method separately, and prove that
Franck-Condon factor matrix between X2 2 state and A2, s2state is highly diagonalized, and indicate that
sum of fyo, fo; and fyy for each molecule is greater than 0.9999 and almost 1 x 10* photons can be scattered to
slow the molecules with merely three lasers. The molecular hyperfine structures of X235, as well as the
transitions and associated hyperfine branching ratios in the A®ILy/s (J =1/2,+) < X?%;,» (N =1,—) transition
of CaH, are examined via the effective Hamiltonian approach. According to these results, in order to fully cover
the hyperfine manifold originating from |X, N =1,—), we propose the sideband modulation scheme that at least
two electro-optic modulators (EOMs) should be required for CaH when detuning within 3I" of the respective
hyperfine transition. In the end, we analyze the Zeeman structures and magnetic g factors with and without J
mixing of the | X, N =1, —) state to undercover more information about the magneto-optical trapping. Our work
here not only demonstrates the feasibility of laser cooling and trapping of CaH, but also illuminates the studies
related to spectral analysis in astrophysics, ultracold molecular collisions and fundamental physics such as

exploring the fundamental symmetry violations.
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