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Fig. 1. Potential energy curves of the X227+, A?[], B>+,
322+ and 2?[] states.

# 1 LiCIFIETF A-S BB R
Table 1. Calculated dissociation relationships of
the A-S states of LiCl™ anion.

AE/cm
3 FEA S ARSCTAE SEEER
Li(%,)+C1 (1S,) X2et 0 0
Li(?P,)+ C1 (1S,) AZI B2+ 14903.79  14253.13
Li ('S,)+CI(°P,) 3PLF, 221 23703.61  24594.67

LiCl BHE T 5 AR 4 25 1) 6 i 5 B9 1E 3 2
W IR XSRS AZ TR EE R 2.1352 A, He B

043101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 71, No. 4 (2022)

043101

SZEMH 2U K 0.0112 A, RZE{CH 0.5%, 5 Hcopr
YO 231 #1224% 0.0002 A. M 5R E5E1 KCL T

B, LS B0 i A 1) B L KCT B B 1~ 249/

25% 15, AR SO A TSR AR AAN 5T B 1R/
2.37 cm . BEASAE VAL BE AL A T A
1622023024021 1*5026022n*751803n0, ALH N 74.9%,
HIAI—NEEH THEN 1022023024021 n'502602
2m7698013n0, ALFE N 17.2%. FBAE — MR H
BF, HABFR IR 3] T 1.8556 eV. W 1 /[ LIAE
h ARSCHHA RIS RG0S A SE e (E A
WM AR 55— RS AT 2R R H IR
iFHEN 13431.93 em . HAPAAZ ] HE A 2.1198 A,
L L 25 A0S A% 8] /N 0.0154 AL HAE - A% 1]
PR AL ) 3 B T AN 1022023024021150%6022nt
70980%3n!, KL N 92.03%, A2l « X2+ BRiTIE
H 7o < 3n BRI, B2SH, 32SHf1 221876 F-firiZ[a]

FRARHY F BN 16220230%40211'50%60°
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 74.5%, 80.16% #1 80.16%, 7 LA i B2+ —
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F 70 — 80, 60 — 7o Ml 3n — 7o BRIE. 32201 22[1
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39.08 cm . HEEMHAE(CH 0.00353 eV A10.0112 V.
M 1T HETRL, B PSR AREI L AEL 3.94 A
A L.

IRBhBER IO FHEE
FLFREHERAGEINZ, 53] T J= 0/ 54~ A-S
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5 NS 65, 90, 31, 30 1 31 NMEHIE, BRT
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Table 2. Spectroscopic parameters of the A-S states of LiCl™ anion.
T2 R./A wWe/emt WeXeyom ! B,/em! D,/eV Dy/eV T,/em!
X2+ 2.1352 535.33 5.8173 0.7205 1.8886 1.856 0
SEERE 2.18(4) 0
SEER R 2.123(15) 1.75(2) 0
B fER 2.122 0
O {EP 2.1354 537.7" 6.34" 0.7203" 1.81 0
A1 2.1198 554.65 5.7157 0.7310 1.9902 1.9559 13431.93
B+ 2.0282 652.79 6.1252 0.7985 1.6653 1.6250 17491.75
325 5.8594 30.19 0.8483 0.0963 0.0362 0.0353 38607.64
2211 7.1411 39.08 0.5616 0.0638 0.0136 0.0112 38855.32

R HHF I S B RS R A .

3 XIS, AP, B2, 325 22T1 A i HR s RE RIS ol 4K
Table 3.  Vibrational energy levels, rotational constants of the X?3+, A%[], B2Z*, 3L+ and 22[] states.
X2y AT B2L+ 32+ 2211
v G, B, G, B, G, B, G, B, G, B,
ASCTAE SCHR[23] ASSCTAE SCHR[23] ASCTAE ASCTAE ASCTAE ASCTAE ASCTAE ASCTHE ASCTHE ASCTAE

0 266.72 264.07 0.7146 0.7143 276.48 0.7252 325.33 0.7927 14.96 0.0940 6.12 0.0631
1 790.93 791.77 0.7029 0.7023 820.21 0.7136 966.07 0.7811 43.02 0.0893 18.15 0.0618
2 1303.27 1307.01 0.6911 0.6903 1352.13 0.7021 1594.23 0.7697 68.84 0.0857 28.92 0.0572
3 1803.71 1809.92 0.6794  0.6784 1872.34 0.6907 2210.02 0.7584 93.22 0.0826 29.30 0.0095
4 2292.31 2300.65 0.6677  0.6666 2380.97  0.6793 2813.56 0.7471 116.24 0.0796 31.32 0.0112
5 2769.15 2779.34 0.6560  0.6548 2878.13 0.6680 3404.89 0.7359 138.17 0.0765 33.19 0.0125
6 3234.29 3246.11 0.6444  0.6430 3363.87  0.6567 3984.09 0.7247 158.98 0.0725 35.07 0.0140
7 3687.83 3701.10 0.6328 0.6313 3838.29 0.6455 4551.20 0.7135 178.26 0.0678 36.53 0.0310
8 4129.88 4144.45 0.6212 0.6197 4301.42 0.6343 5106.17  0.7023 195.60 0.0626 37.33 0.0257
9 4560.61 4576.29 0.6097  0.6081 4753.37  0.6231 5648.95 0.6911 210.77 0.0571 39.11 0.0188
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RSN RER G, FEL AL B,. 2015 4, ZEH0 45 2
TREARE] T SLiPCL B PR M T8 82 AR
SCH Gy(X2S) BT EES A E A B AR 2
H 1%, FEAS AL SS R 5 B 23 R 2= 1)
T 0.4%. F] WA SCAYTT LS R TSR

3.3 QKB BEMEFNNITEL

Z I8 SOC RN, Li A1 ClLJE T 1Y 2P JR 145
TP TPy F12Py 5. 54 A-S ASHN T4 QF,
5T 54 1/2 F 2 F03/2 25, 43 BIXHRE 5 Al
MBS IR, Q R Z TR B OC 2R UL S B il PR =2
A RER 2251 T3 4 1. Li (°Pyp) + C1 (1Sy), Li
(*Psy2) + CI ('Sp), Li ('Sp) + C1 (*P3) M Li ('S)
+CI(°Py o) S IHARBG MR Li ('Sp)+C1(°Py 1) Z
5] f4) BE 2 22 4351 A 14252.77 em !, 14253.50 cm ™,
23415.41 cm ! F124288.48 cm !, HZIEATE P38
3R 22 50 W R 4.37%, 4.36%, 3.06% F1 2.99%.
BAAF) Li (2P) F1 C1 (2P) H5324ES354 0.26 cm !
1 873.07 cm L, AX b S {H BY /)N 0.075 cm ! Fl
9.28 e ', \\NF& 4 AT LIFE A SCH TR 45 R 558
AEAT A BT

* 4 LiCIBIET Q BRESIHCR
Table 4.  Calculated dissociation relationships of the Q

states of LiCl™ anion.

AE/cm
R3S T Q OARILTHE FEREP
Li(2S, ) +CI (1Sy) 1/2 0 0
Li(2Py o)+ CI(1Sy) 1/2 1425277 14903.62
Li(%Py0)+ CI('Sy)  1/2,3/2 14253.50  14903.96
Li (So)+Cl(*Psp)  1/2,3/2 2341541  24153.49
Li (189)+C1(*P, ) 12 2428848  25035.84

XP8Y o, AP o, A%, BPEY ), 825 ) 2%115
F2°TL p ASHYFAREMZ L HITER 2 h, AT LA

APTL o FL AT S TR A E A Q BAGIE

WRARE T 5. X 2 hERR %R SOC
) A-S SHGREHEOT LA, SOC RNt X220+
ATTHN B2 SR G U LT B R, Q 25F1 A-S
BRETEFBER KR ZEAN L 1%. A2 TSR3
AN, TR R L 2 R 24.3 em !, T
PTISR 2RI, HAREEEAS] T 804 cm .

50000
2
40000 7 2Ty
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Fig. 2. Potential energy curves of the €2 states.
# 5 LiCIBIE T Q &8RO %

Table 5. Spectroscopic parameters of the () states
of LiCl™ anion at icMRCI+Q level.

O RJ/A w/em'wy, /em ! B,/em ' D,/eV T,/cm'’

XQEIL/Q 2.1352 535.32  5.8172  0.7205 1.8886 0
A2H1/2 2.1196 554.87  5.7153  0.7311 2.0094 13419.77

A2H3/2 2.1200 554.41  5.7160  0.7308 2.0059 13444.07

B2ET/2 2.0282 652.79  6.1253  0.7985 1.6679 17491.75

ASCHE T HFEZ A SO FHiFFIT, i H
K/NKFIM SOC A BEAEF 55, % 6 Hal T
it BB FAZ A HE R 16 4~ SO HilEsT, Hp
(A| HES [B) 7R A T B 25 Z [0 SO 4[5 JC. SO
I e i A% A0 B 8 b 1Y) i Ze 22 i ZE 1 3 rh. SO,
H1 SO, Frn X2EHHT A2TT P AN 43 Z (A1) SO
FERETT, MO K/ IMBSE, [FIFE SO; = SOy, SO5 =

# 6 LiCl BB FI A lE-PLB MG

Table 6. Notation of spin-orbit matrix element.

SOKERFIT

SOy = —i (X?>SH| AB |A%IL,) SO, = (X2x+| ISP |A%IL,)
8Os = —i (325t | HEY |A%TL,) SO = (325F| ALY |A%L,)

8Os = —i (B2SF| HEY [A%D,) SO4 = (B2x+| A8 |A%IL,)
SO7 = —i(X?%+| ABY |2211,)  SOs = (X?%F| ALY |2%11,)

SOg = —i (B2ST| ABY [2211,)  SO10 = (B2u+| ABY |2211,)  SO11 = —i (325+| ASY |2211,)  SO12 = (325+| AEY [2211,)

SO13 = i (A%, | HBY |A%IT,)  SO14 =i (2211, | HEY |A%IL,)

SO15 = i (2211, | 8P |A%IL,)  SO1¢ = i (2211, | HEY |2211,)
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SO, SO, = SOg, SOy = SO, SO;; = SOy, SO, =
SOys. [ 3 th AT LIFE S, 22TTH P20 i 2 1] DL %
22[15 3*S+Z [ ByH R ICikE] 7 300 cm ™!, SOC
RO 22 TT AR B M K, AR SO HiF4oTdk
W/, VAEH SOC R X} X28+, A2[T, B2YHL 7745
S AR /N, FEASTT L2 . PR AR SCE TG 6
TR T LiCl B &5+ A R P o S ot 40
T BT

60

30 |

0F

—30-
975 | SO1s, 8045505 506

SO11, SO12
SO16
—300

2 4 6 8 10
LALIEVEN

- HUERS ST/ B8

K3 LiCl & 7/ A IE-BLE R T, SO, BYFRR LK 5
Fig. 3. Spin-orbit matrix elements of the of the LiCl™ anion.
The explanations of the SO; symbols are presented in Ta-
ble 6.

3.4 BRI, REBRE, BAR-RER
¥, ZEHTIE R

X2xt, A2[T, B2S+, 3250HF0 221 A% 19 H AE R 4
DA 8 e 765 ) 5 285 R AT 1 RO B R A% (1] B A
TG Hh 2R 5 B 2 T & 4(a) AN 4(b) H. 23S
X255V iy 1% 1] B A (%) A AR SR B T 2.268 awu,
Eb StF 7+ F (1.378 a.u) M KCIFHE T (1.212 a.u)
BRAR Z, B DL AR 5. U0 B OB R A
LiCl BH &+ e 1l &2 F R B K B 45 1F. B T3
SRR AT, SO A F A A
FETCTF AL A 2, K 4(a) AT LA, 2S4[0
PR R 4 AR, A H AR 4 it A% 1) B ) 258 J A i 2
PEHGRAICR. T X28F, A2TIAI B2S+ SRR T
Li + CL', St =0y i A [ A8 f i
32 22TTARIET Li + Cl, S A2 1) FL AH
W T 5 — PR

H T A2ITA B2S4s H A ) RE 19 B A FR
AT « XZEHH B2St & XPUHERIE TR E BETC
FF AR A F Li 528, $1%P, MR, EATHER

T R ARG R e A % ) B ) 15 KO8 T[] —{H 2.561 a.u.
TEVMAZRIFE AL, A’T] « X22HHI B2E+ « X285+
BRAT A AR K A BRAT AR A, 43038 3 T 2.393 a.u
1712 au, 22[1 & X2DTH1 325+ & XU ERIT
e AT < X22HAI B2Rt < X2SHRRGE 1Y KT 5k
EFRZ.

15  (a)

10

| 32m+

HLRIARIE /a.u.

Za—— 2211

X2x+
0k A2l
M
1 1 1 1

2 4 6 8 10
GALITEVRN
2.8
Al & X285+
(b)
21r B2y + « X232+
g
£ 14t
L2
R
2
o 0.7r
=
0F 221« X2%+
328+ o X2ut
—0.7 L L L L
3 6 9 12 15
il A

K4 (a) A-SSRIHEMAR; (b) A-S A M BRI MR
Fig. 4. (a) The permanent dipole moments of the A-states;

(b) the transition dipole moments of the A-states.

AIHET Al & X2 B2t & X258
BRAT Y 36 22 SE-BR B f,,0, 2 T R A A
KRG, PR RILE 7. Al « XPSHERE
ELAT 6 AR AT 1 I B 5 - BB IR 1T B2R <
XX HERAE XA 43 1A 3 B - B TR EL 30N
P ERIEARA R ) 2 T R4, S v = 0 B,
i BR AT G Y 2 PR DT 3 R 4000 i R 2.821 x 107 s
F12.858 x 107 571, A2[THI B2+ K A & 485 4
4y B4 35.45 ns M 34.99 ns. 4 v/ = 1 B}, FFp
PR B 2 RT3 R 050 2.823 x 107 s Al
3.03 x 107 s'', [ &5 H FF A5 A 35.43 ns il
33.0 ns.

043101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 71, No. 4 (2022)

043101

£ 7T ANl & XM Bt o X2UHERIE AN IR
TR T £, BB A, 1 &S
F4i (PR ns)

Table 7.

coefficients A
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XZET 00102 09686  0.0209  0.0004

269660 27336600 607335 12332 35.43

0.5908  0.2909  0.0894  0.0225
BN+ s 18316800 7658290 2038730 452210 34.99
XY 03266 0.1286  0.2888  0.1671

12279600 4261780 7988480 3979390 33.00

3.5 #4SE LiCI BB FRIF T4

X230+, A2TTHN BS54 g ith S e A 3¢ SOFkE
B 28 S, SOC ZE R Xt 2 3 A2 Y A BE il £ Fn R AT
PR R R B 5, AR SORAE A T K T )
OB LiCl BB 11yl fg .

AT & XESHERIE A9 3 B s -BRB B fop =
0.9898, H; STF 43T CaH 43T £ BEK [f0(STF) =
0.9811, fio(CaH) = 0.98589), 4 [ [ = #% KCI ]
BT fio KIRZ (fyo = 0.8816)081 B LR

A1

/
e AN
% g

=744.10 nm
Roo = 0.9893

Aoo

HLiC B B A R RN f. 5—Jrm, A1
SHH KRS FHar RA 35.45 ns, 2 LIPUHE YO

B LiCl FHE T
Pzl 533 R, bt £, 8 B IIUES B4 AR 96
W k. PR3 R, AT DAFRIR N
Ao @)

E A,U/,U//
,U//

A < XEEABGERIXT SIS 2 Ry T Ry,
4354 0.9893 Fl 0.9685, JEX £ 1 43 %7 L4351 A
Ry, = 0.0106, Ry = 1.36 x 1074, Ry3 = 1.58 x 106,
Ry, = 0.0096, Ry, = 0.0215, R;3 = 4.37 x 104,
AT LATS 3 Ry, Ry 1 Ry B AR 3638 1, 140
AMI(V) « X22H(0") BRiEJe — A HETE A KT fig
WRY. HBHEAIWA 5. dALFREREOCH
WO N\gg A 744.10 nm, N TR R EIRL
HIN T MR s O, LR A =
774.30 nm Ml Ay = 772.42 nm. #OEAH LiCl B
BT IOt RKE N H KCL IS TR ae i
08 JEZR R R N ATT A & 5R 5 28 4R 20 4
T, Ry IR v = 3WIFTA S 2 M, it
EARE] Rys, < 1.60 x 106, G | 2 /DAERST
6 x 10° T BOTLME A2 TI (V) « X2EH(0")
HEF G RE R R A TIOR3 LiC B+

AR BPSHAI H R RS a2 g/, BT
B2t & XEUHRRAT A 3R 22 5a- BB TR/, frp =
0.5908, WA % B B*St « X2 HRIE AT
HOEAH Licl I+

R’U”U” =

V=1

Sy
R
/s

s im
ic 1%
| )
io 1o
is 12
FRC 3
H . K
H .”0. [‘6‘ 3
H A B
d H RN
R\
' V>3
P W A

K5 BK3I AN - XESHERIT HEAT HOLYe 20 m i

Fig. 5. Proposed laser cooling scheme via A?[] < X227 transition.
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Spectroscopic and transition properties of LiCl~ anion®
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Abstract

The electronic structure of the X2X+, A’II, B2X+, 32X+, and 221 state of LiCl anion are performed at an
MRCI+4Q level. Davison correction, core-valence correction and spin-orbit coupling effect are also considered.
The ground state X*X* of LiCl anion correlates with the lowest dissociation channel Li(*S,) + CI ('S,); the
A?T] state and B2X* state correlate with the second dissociation channel Li(*P,) + CI ('S,); the 3*X* state and
2711 state correlate with the third dissociation channel Li (*S,) + CI (*P,,).

Spectroscopic parameters are calculated by solving the radial Schroedinger equation. The equilibrium
internuclear distance R, of the ground state X2¥* is 2.1352 A, which is a little bigger than the experimental
datum, with an error being 0.5%. It is a deep potential well, and the dissociation energy D, is 1.886 e¢V. These
values are in good agreement with experimental data. The A?[] state is at 13431.93 cm ! above the X2X* state.
The R, is 2.1198 A, which is only 0.0154 A smaller than that of the X22+ state. The values of energy level G,
and rotational constant B, of five A-S states are also calculated. The values are in good agreement with
available theoretical ones. The electronic structures of the excited states are also reported. The SOC effect

A°TLy 5, A’Il3), and B’Y],, state. From the

weakly influences the spectroscopic parameters for the X227 172

1/27
analysis of the SO matrix, it can be seen that the SOC effect plays a little role in realizing the A2l « X2XF
transition, so, it can be ignored.

The scheme of laser cooling of LiCl™ anion has constructed at a spin — free level. The A2 JI(v') + X2X+(0")
transition has a highly diagonally distributed Franck-Condon factor fy, = 0.9898, the calculated branching ratio
of the diagonal term Ry, is 0.9893, and spontaneous radiative lifetime of A2[] is 35.45 ns. A main pump laser
and two repumping lasers for driving the A2[1(¢') < X2X+(v”) transitions are required. The laser wavelengths
are 744.10, 774.30 and 772.42 nm, respectively. Owing to the summation of Ry, Ry, and Ry, being closer to 1,
the A2JT(v') < X2X+(0") transition is a quasicycling transition. These results imply that the LiCl anion is a

candidate for laser cooling.

Keywords: spin-orbit coupling effects, spectroscopic parameters, molecular parameters, laser cooling
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