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# 1 CaSH 73 TS 3 MERESM A S H-F A2t 1

Table 1.  Equilibrium structures of the ground state and three low-lying excited states of the CaSH molecule.

State n (Ca-S)/A n (S—H)/A 6 (Ca—S—H)/(°) Method Ref.
2.557 1.338 91.0 EA-EOM-CCSD This work
2.614 1.346 100.0 Calc.23

MP2

<n 2.607 1.339 97.1 Calc.?
2.647 1.347 93.1 CCSD(T) Calc.24
2.560 1.346 96.6 Expt.22
2.564 1.357 91.0 Expt.[20
2.528 1.343 86.0 EA-EOM-CCSD This work

A2A’ 2.513 1.346 94.6 Expt.
2.517 1.357 89.1 Expt. 20

2 2.554 1.338 91.0 EA-EOM-CCSD This work
2.550 1.357 89.1 Expt. 20

faa 2.525 1.345 86.0 EA-EOM-CCSD This work
2.562 1.357 91.0 Expt. 20l

#* 2 CaSH HZ55 3 MIRRELGM A S WA BERIXT HL

Table 2.  Comparison of excitation energies from the ground state to three low-lying excited states of the CaSH.

X2A" — A2A’ X2A’ — B2A X2A! — C2A/
1.945 2.000 2.093 3
VEE @ 1.915 1.966 2.016 4
EA-EOM-CCSD
1.898 1.945 1.966 Basis set limit
AEE P 1.894 1.944 1.961 Basis set limit
VEE 1.884 1.937 2.216 3
SA-CASSCF
1o 0.2628 0.2589 0.1621
1.907 1.966 1.993 Ref. [26]
Expt.
1.905 1.960 1.987 Ref. [21]
1.860 1.930 2.110 Ref. [23]
Calc.
VEE @ 2.000 2.060 2.330 Ref. [43]

E: o T EMURRE; VAP AE; © IMIRBRER TR

5L LU, R i D R A 2 SR T A
5. Sheridan 55 3 3@ 1 AT i sl e B, i8R
LY =R o Fi IRy FAS 2) T CaSH Mk
E5EK) 28, 1 4, Sheridan 5545 H A2AY 2519 CaS
RO 2,517 A, OIS HER IR T 0.047 AL AT
AL Y AZAY 25 CaS 8Kl 2.528 A, AHXT T
B CaSHK AW BA R, e immahin. Hik,
Sheridan 4 28] S84k FLERHH B2A” AHXTHEAS CaS
BER40 0.007 A, BEETTE R B2A” [ CaS 4
KL SR K 4655 T 0.003 A, BIAZ5iEE T
6. PR, AL R C2A’ 1Y CaS B AR T
RN T WL AR, iX 5 Sheridan 45 28 )55
KA A —5. WL 1 b CaSH Bk S 8Ef, 1
W A2A 5 C2A A R 86.0°, HLEEDS

HEAA 91.09/8 5°, VLB F IR BX PSS HI B T
BKMIEAE. Sheridan 55 P8 FE 5307 C2A! 45 F4 If
[ T CaSH # i &y 91.0°, fIf LAXF C2A’ /b CaS
R AT AT REAN RS, BeJa, BEUSTHEA T 3
WORA ) SH B 5 M2 51/ F 0.01 A, Bt
WIS 50 [ SH B R A T CaSH UL B 45 S
BIA —E G ERE. 858 53R TS CaSH
T ESTR S S ISEL, B2AY SHAE X2A
JUfrr gk de il

722 iR T HENe R L S 4 ROk BE, DL S
5o oh th R BRAERE AU X L. AT LR 2 F i, CaSH
NS 3 MWL S R I UK BE (vertical
excitation energy, VEE) FIZi # & BE (adiabatic
excitation energy, AEE) 2 A% 0.005 eV. H:H
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B2A" A1) 3 B 5 4 Uk BEAUA 22 0.001 eV, X
W T B2AY M TR LS AL i/ IEAh,
5 RGEREAR L, A SRS CaSH (93 FL
R BEMIRZETE 0.03 eV Z N, Bk, FigEE
W % GEAH L T Sheridan 258 28 45 4 1 52 56 BR AT fig
T A2A BARALE T 0.009 eV, X FHAL T A5
BHEAL T 0.021 eV Fi1 0.027 eV, {H 1575 i 21 % 149]
TS FORS BE B 5. IAER 2 I8 T LA H, 30 Fl 48
GO BEA A R LG b BE U g, B R
X T CaSH XL FE5 R 2210 F, SN
1) LA B BR X R B Y R BB AR .
bh, WK BERTE , CaSH 3 TS S 3 ML
RAAKIIRELR ARG, /M CaSH RYF A, 3L
5 3 MMEASHHREIBA M, 3 MEASHE
PR, H SRR T e R i XA B
R SR T | e R A W 0 A1 T B R S =L 4
R ELR .

CaSH 70 T3S XA L TN (1 - 14) o
(1 —4)a”15a", 3N AES A%A’, B2A” fll C?A’ 43
)3E A TS 1527 B LAY I A F] 1627, 5a” il
17’ 135, 8 1 45T CaSH LA 3 MK A &
FHOCHBTLR 20 F 8. 150/ il 5k Ca i
T 4s B]UIE, IRA T /0VF CaS #7111 Ca 4p
558 3s 4 Y S BEILIE A2, 53 1507 B D 1)
Ca Jii+5 CaS BAHX Y —il1. 162" & T CaSH
TR Ca 4p M 3d BUZH AL BLIE, ba”’ &3
BT THF Ca 4p+3d ZefbBiE, 17a' il CaS
R A Ca 4p+3d Z2 LB L. M 162’ Fil 1727
HUBETLIE N, FHET 152 Bl F1E Ca 5
S JEF R B b R, S BOBUL A AZA A

(a) . (b)

-

Bl 1 CaSH4rFHiZ#hiEl  (a) 15a’; (b) 16a’; (c) 5a’/;
(d) 172’

Fig. 1. Frontier orbital diagram of the CaSH molecule:
(a) 15a’; (b) 16a’; (c) 5a”; (d) 17a" .

C2A’ 1) CaS AN L TS0 4.

SEF RO AT, 7 F i FARKEEIA
[l PR 800 52, EBHAF G AIE IR | FRARHIA R I
BN ZE. CaSH 43 T4 3 MR, BRI CaS Hfh
4, CaSH 25 i fi SH AR 4. iP5 A Rl 9k 81 43
SXF CaSH il RCR B, 1158 T CaS 4 i 45
Fil CaSH & HIPRSNTRIFH T2 3 . T SH fi
B PR P, HSH B4 45 A 2600 cm !
DAL, SHGEIEER AN, BT LA A 51 .

# 3 CaSH/»T Ca—S #H45 1 CaSH 25 fhi ik

BRI (cm )Y

Table 3.  Frequencies of the Ca—S stretching and

CaSH bending vibrational modes of the CaSH mo-
lecule (cm™) 2.

X2A! A2A/ B2A” c2A’
(0,1, 0) 316 (326) ™ 315 (318) ¥ 331 (320) ™ 326 (312) V)
(0,0,1) 357 396 384 411
(0,2,0) 634 632 661 653
0,1, 1) 681 724 722 742
(0,0,2) 704 785 760 808
(0,3,0) 953 949 990 981
(0,2,1) 1007 1051 1058 1074
(0,1, 2) 1034 1122 1102 1145
(0,0,3) 1039 1167 1130 1188
(0,4,0) 1271 1266 1318 1308
(0, 1, 0)CaS MZEIRSIEL, (0, 0, 1)CaSHEESA 2 Hifik
B ) FEB N (E A SR

M 3 ATLIE ), BESTHA LS R34S XA
) CaS BP 48 I 3 3L 45k 316 em !, HLSCHG A /N
10 em L. HAY 344, A2A7, B2A” Al C2A’ 1Y CaS
o 45 TR B B A5 20 )l 315, 331 F1 326 cm t, 5
SLE A IR 25 TE 15 em L Z . FZEF] Ca
S IR FHEARE, BT g S A . I
Ah, T SCAr T 25/ ] LA, CaSHAY I & 75
AZA T C2A! W T G5 AR R TS0 B T 1
i) CaSH #AAZ5h, RIMCA M 2% 5025 ik S
WOE S HMERIE K, AT REXHZ T ROCIER =
M) Xt i AR S AR A T8 A A S B S 6 41 HR 8
AT CaSH 45 i ARSI, S TTHHZ5 R
WIR, X2A'A CaSH & il ¥k 8l L4 357 cm !,
b CaSHEMZE IR SN 2 40 em!, 3P WA DS
CaSH 25 {1 % 3 B FEA45 1 25 T AR A CaS B 4
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CaSH 1 %5 B ¥ 43T CaOHUL, StOHE
2 I O A, XA R etk T,
FOMORS A%, o F1 B2S+ 25T LA, CaSH
FARLMES T, CadrF 3s 3 3p+4d ZALHE K
WOR A 3R T I R S A2AY, B2A A
C2A’ . DXTFRIEREE WA, JE8 3] 3 ML SR
AR CVFIY. AR 2 AT, CaSH 437564
3| 3N kA AZAY, B2AY HI C2AY 4B A BR T %
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Table 4. The Frank-Condon factor of the excited

states A2A’ | B2A” and C2A’ transition to ground
state X?A’ of the CaSH molecule.
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Fig. 2. Schematic diagram of optical cycle of laser cooling of
CaSH, solid lines represent the excitation light, dash lines

are spontaneous emission channels.
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Abstract

The CaSH molecule is an important target in the field of laser cooling non-linear polyatomic molecules.
Successful cooling of such molecules marks a breakthrough of the technical limitations of laser cooling diatomic
and linear triatomic molecules. To identify the possible optical cycle in cooling CaSH, precise geometries of the
CaSH ground state and the three lowest excited states, along with their excitation energy, are determined by
utilizing the EA-EOM-CCSD (electron attachment equation-of-motion coupled cluster singles and doubles)
method, in combination with energy extrapolation using cc-pVXZ/cc-pCVXZ (X = T, Q ) serial basis sets.
Geometric parameters of the ground state X?A’ are found to be Rc,g= 2.564 A, Rgy= 1.357 A, and 2 CaSH=
91.0°. Additionally, the equilibrium geometries of three excited states are also obtained. The B?A” state has a
similar equilibrium structure to the ground state, while the A2A’ and C2A’ states exhibit significant conformer
distortions. Specifically, the CaS bond of the A?A’ state and C?A’ state tend to contract, and the CaSH angel
bends by 5° relative to the ground state. The vertical excitation energy from the ground state to A?A’, B?A”
and C2?A’ are of 1.898, 1.945 and 1.966 eV, respectively, which are in good agreement with the previous
experimental results. Moreover, the potential energy surfaces of the four lowest electronic states of CaSH are
calculated by EA-EOM-CCSD with 3( level of basis sets. The nuclear equations of motion are solved to obtain
the vibrational frequencies of the CaS bond stretching and CaSH bending. The vibrational frequencies of the
(0,1,0) mode and the CaS stretching frequency of four states are 316 cm !, 315 cm !, 331 cm ! and 325 cm !,
which are in close agreement with the available experimental results. The frequencies of the CaSH bending
mode are presented for the first time, with the values of 357 cm™, 396 cm™, 384 cm™, 411 cm™ for the X?A’,
A%A’, B2A” and C2?A’ states, respectively. Theoretical calculations give the Frank-Condon factors of 0.9268,
0.9958 and 0.9248 for the X2®A’(0,0,0) to A%A’(0,0,0), B?A”(0,0,0) and C2?A’(0,0,0) transitions. All three
excited states are the bright states with considerable oscillator strength relative to the ground state. Based on
the Frank-Condon factor and lifetime of excited states, the X2A’(0,0,0) — I§2A/’(O,O, 0) transition is regarded as
the main cooling cycle for the CaSH molecule. The corresponding pump light wavelength is 678 nm. By exciting
the vibrational excited states (0,1,0) and (0,0,1) of the X?A’ state to A2A’(0,0,0) using lasers at 666 nm and
668 nm, respectively, the optical cooling branch ratio of CaSH is expected to exceed 0.9998.

Keywords: laser cooling, excited state, Franck-Condon factor, optical cycle
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