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FEWFSE T SH BIES T AU AEMZL. 1978 4F, Rosmus
F Meyer 7 SR FH % S %800008 20 25 A0 AR HATRE &5
FXHERL (CEPA) B kiR T 58— 17 M 41 W
JR AP A ARt L, AR T
FeiEE AL 1985 4F, Senekowitsch %5 181 SR CEPA
TR T SH TR 1 iy $hne M Ze A A ke pR 4,
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Fig. 1. Potential energy curves for the X'+, 331_[, All,
and 213 states of SH™ anion.
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Table 1. Spectroscopic parameters for the A-S states of SH anion.
T2 R./A we Jem weXe /cm ! B,/em'! D,/eV  T/em'  RMS/cm'!
AL TAE 1.3435 2622.04 46.66 9.5590 3.8793 0 4.4107
IR 1.34—0.02 2700300 9.46—0.32
- SEE (R 2648110 9.39—0.3
B (EN 1.348 2642 52 9.49 3.902 0
BN 1.346 2637 52 9.52
BB (E 1.3440 2682.86 39.2 9.551 4.19
AXLTHE HE—HF 1.3466 2583.61 73.22 9.5148 0.9598  20436.92 0.0604
aSIl  FEIB(EM 1.3746 1936.16 307.503 9.129 1.38  22082.7
AIUTHE B H 2.1021 778.72 133.34 3.9045 0.4356  27816.71 1.1556
AXTAE B 1.3441 2626.59 61.51 9.5511 1.1848  20852.70 0.0474
AT BIS(EM 1.3432 2554.97 44.186 9.561 1.33 222252
AXTHE  HHE 2.2430 424.80 36.810 3.4296 0.1217  30299.28 0.3277
aSTL A AV AS B A BRI A58, A28 50 B TE 2 4

1.89 F11.95 Ak A= s 5. a3 IL I A4S 5 — 3 S~ (2P12) +H(S1)2)

B 4 SF i 4% 8] BE R, 5 Vambhindi #il Nsangou [ - 3r S=(2P3)2) +H(2S12)

i 18 ) BAISE AT A ARG, 1R 2247 3R 2.04% il =

0.07%. A< SCAHE T TR AL (1 A S8 B 1 38 2

PR we | AR IR R wexe FIABHREE D,, 253 “
5T 1. T
% & SOC RN 5, I A& R 44> o .

(a%1l,, a®Tly, @311y, a%Ily:), S(2P) R F 25435 N
S(*P3/5) F1 S(Py ). H QS I HAE M2k a1 2 i
R XIS 2%l a3H1, a®Il,- A1 AT 2 H A A
) B R B S™(°P3 ) + H(%S,0); a®Tlgs, B3E[
LA S BHA TR S (2P, 1) + H(%S, o).

T ST 2P TS50 24EH 505.79 cm ™

10

g /A

& 2 SH BIE 5/ QSR REM £
Fig. 2. Potential energy curves for the Q states of SH™ anion.

ARICEHUARIE T SH BB T QS BDOLIE AL,
e 2 g, ATLAE ) SOC B XA 34 X s+

2 SHBPIB T QAEREIE 5
Table 2. Spectroscopic parameters for the € states of SH anion.
Q state R/A we Jem™ weXe /em ™ B,/em! D,/eV T,/em! RMS/cm™
XlZa'Jr 1.3435 2618.53 44.58 9.5589 3.8575 0 4.0232
311 R 1.3466 2584.13 72.08 9.5151 0.9607 20247.58 0.0257
a“ll2 y
e 2.1011 779.62 136.27 3.9082 0.4429 27639.82 1.1521
311 R 1.3463 2588.54 69.87 9.5196 0.9665 20363.64 0.0537
a“lly y
S HE 2.1005 773.93 135.45 3.9105 0.4173 27802.87 1.0389
BT — B 1.3466 2583.83 70.94 9.5149 0.9589 20624.88 0.0203
o” B HBE 2.1036 776.84 132.77 3.8990 0.398 27989.31 1.1617
— B 1.3466 2583.89 70.92 9.5149 0.9594 20625.01 0.0195
a3H +
0 B HBE 2.1012 780.04 136.69 3.9079 0.4536 27999.08 1.3153
AL BB 1.3444 2621.70 61.52 9.5464 1.2006 20924.71 0.0392
1 -
o 2.2449 422.69 37.82 3.4237 0.1026 30306.30 0.2834
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AL B GG H BGE AR /. 45 31 F OH B
B WA R T Q3T Y 4 R E AL ASO:
ASO(231; — a3lly) = 116.06 cm™!, ASO(a31l,- —
a®ll;) = 261.24 cm ! DL J& ASO(@%Ils — 2310y-) =
0.13 cm L. 1] OH PHE F 12 ASO(Q311; —a’lly) =
58.41 cm ! I ASO(a3Mly —a%Ml; ) = 78.21 cm . X
FEM S 8 7 a3 A 1Y 23 2B AT LUE Y, SOC &4
XF SHBH B 1 520 2 5K

T VA A-S F QA F e 2 005 B 6,
A g RMSHE, SIFER 1R 2. ik K
RMS fHAYA 4.4107 cm . 0] LA HASCHTT545
FIEFTRER).

3.2 ERiE(ERE

M2 SOC RN, AR R 1B 430 D) w] T,
Il <> X'EF, 2Pl - XS, BREAg AR A
SO T AL o XIS, 2% < XIS,
XISE, AL+ a®Tlos FIAMIL - 2311 BRGE R ERGE
R, 255 anl&l 3 P,

TR 5 FHERIE P AL & XS, BT A HRE
iR, PRV A ) R Ak B BRE A  A-1.3636 D.
{EAFEREMIE 2’10 < XS, BT A P # A% ] B A
A B AR FE R 0.5269 D, b2 Aifs 2 A OH B
B IE 2 R 55— T SH BB ¥ 311 1Y 2
HIKITHE N 20363.64 cmt, b OH BAES T a1y
3 H BRAT fiE 18664.98 cm 102 K. Hy ki B SH A
BT o811, 4 XUS R ET £ 9B PR 07 B 4 55 3ok R 1
OH FIEF K. TEMEHOGRH SH Bl TR %
I 70 2% 1 a®L < XS0 BRAT . (A5 1 B 2
aSllp+ < XIE0,, AL« 23Tlo+ FTAML 5 2311 BR
T 1) BRI 88 0 R A - A8 A% ] B A 42 0 2 1 X
3 FERIE 5 FEARAIR.

a3H1 <~

3.3 SHIEBEFHIMSA

SRR ER (A, ), 3522 - FEE A
T (foror) FUERS Ff (7) DB TIIAR R RIE &
WOV A, M8 BRI BN AT 0, 2% i SOC &b f&
HA 220 XUSE, Rlabyr < XIS, BRAE B fuiF.
A 3R Al LEVELS.0 2 )7 31 5% AML « X'S1L,
I+ ¢ X0, 2% « XISLEK iF 1 A, Fl
forpry FHAREN T 2310, AN A 23100 25 1 45 5t 77
i, FrAEdE R 3 frs).

5 ot (a)
oL & I, = XZ3-
5 —0.15F
£ AL, — Xl
&
B 030}
et
H
oo
—0.45}
7060 1 1 1 1
0 2 4 6 8 10
LALTENIN
0.08
(b)
adll; — AL,
. 0.04
=]
&
~
&
B 0
=
H
E§ —0.04| 33H0+"X12?}—+
—0.08}
" 1 " 1 " 1 " 1 "
2 4 6 8 10
Kl /A

K3 SHPIEFHBEMEE (2) A'Th « XIS A
a3l < X123'+ch£; (b) 23T+ ¢ X123'+ , AT > 23Tl ¢
FAMUT > @311 KT

Fig. 3. Transition dipole moments of SH anion: (a) The
AL, (—)XlE(;_ and aSIl; HXIZSF+ transitions; (b) the
adllys xlz(;, AL ¢ a8Tlp4+ and Al <> 2310

transitions.
3.3.1 AT AYH A
BTN 2211 < XUS], i A RE Gl T
BOGRH SHPTE FRATRerE. 3R 3 AT LUE
a®Tly « XS0 BRI B A i % 20 A5 fore, BRI
foo = 0.9990. H. fyo, for, foo ZHFEALETF 1, AT LA
PRIFILIEA IR & B T HAT SRR A £,
WO H B 0 W5 2 B AR IR PR s 6 (10°—
108 1) R Y [ A& 4R 3T A, 3R 3 LU F
a’Il; < XIS, BRIFAE A AAmSTHRE A = 6.79 x
10° 57, B KRG AR 1.472 ps. AR 2R
OH BB F 2L, «» X'E, BRIF I A A R R G5
1y 7 A5 12 AHLIL T OH BRES F, OGR4 SH T
TR . I GaF 2 20, T3 £y
R, RS — ) FHOLERIKS) 2% « XIS,
BRAT, PP BOGI K Moo = 492.27 nm. H HAEEE
T &%« XSS, ATERHARERITE X SH BB 117
WA AN, BHITT A 4 Fi.
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3 SH PR TROARGTHIR (PO s 1) | i 22 me-FOB R 7R F A B  Fv i (FRALN )

Emission rates A,/ (unit of s'!), Franck-Condon factors f,,» and spontaneous radiative lifetimes 7 (unit of s)

Table 3.

of SH anion.

Ay Ao Apa Aps Ay
. Joo Jou Jo Jos T =1/4,
Transition
Ay Ay A Ay
Jio fu fi2 fis
677122 2184.69 25.3676 2.8984 679335
0.9990 0.0009 3.38 x 10° 3.46 x 106 1.472 x 106
%Iy < X1oh,
0 15577.8 561038 4025.17 35.1337
0.0010 0.9931 0.0054 0.0004
5310820 33.9404 30.5746 0.1736 5310885
0.9999 0.0001 2.18 x 10°° 1.07 x 10°8 1.883 x 107
AL & Xzt
0 2970.05 5262790 1089.41 217.62
0.0006 0.9992 0.0002 4.13 x 107
2229.24 98.3384 0.2456 0.0126 2327.84
0.9989 0.0011 3.82 x 107 3.53 x 106 4.295 x 104
a®llyy <> X1DT,
0 102.87 2852.21 284.48 3.3484
0.0317 0.8795 0.0877 0.0010

X atlor < X'ST, BGE, BAREA IR &I
X530 31 25 e -FEE T (fyo = 0.9989), RETH 2
WAE PRI HER &, HLE A R SR ST 5 Ay KN,
HA 2229.24 71, ANl R BOCR A0+ B X6 R
HOR Y EER.

3.34%X10°5 .-

fo2

+
Xy =

B4 RH T oX s BRIEIETHOES 5 SH B8 T 19
Ti %, SRR R WO, RN AR R 3k 22 TR
A1

Fig. 4. Proposed laser cooling scheme for the a®Ili X'S},

transition (solid line) and spontaneous decay.
3.3.2 =W TRZMICLAY
M 3Rl LIE ), M T 2% < XTSE, BR
i, AL & XESE BRI HAT T 0 A 20 B o 22
TE-FEE T (fiy = 0.9999) FH KA H K 48 5
H(Ay =531 x 10°s 1), AL ASHY A ARG A5 4
7(v' =0) =0.188 ps.

A3IL,

Xz iy

5 RMAUL « XS BGT I T#O0S 50 SH BB T
(77 58, Hoh S B s WO, LN A A HR N I 9 22 v
R AT

Fig. 5. Proposed laser cooling scheme for the A'll; >

X1t 23-‘*' transition (solid line) and spontaneous decay.

FE T AN SR A 1 (] B i 20 B2 2 v ) 2%
3Ty Al a®Tlo+ Y AATERT AL« XIS T, RRGIEMT &
PERYSZ IR, T DLGE o R 30 3 S % Lok o B Hi 2
”[EJ- yﬁ@ﬁi:}ﬁ% Hﬁﬁfw\%ﬂ?j{]: m = '71/725‘2
N2 = v2/vs, Hyi, v s SHEOR AL + 211,
AL+ a®To+ R AL < XISE BRGE R B A KRR
SHEZ. AL > 2311 FLAL > a3+ 7E 36 22 73 -
SR DX S5l ) R AR B 2. 55 35K P b R
TS A RS N 1.85 x 102 F17.24 x
103 571 1 AMI < XS, BRIE YL R fa gt R
M 531 x 106 st HE] p <5 x 1072 Fl 7y < 2 x
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1072, pfHIZ/NT YO S FRISEIRE (4.0 x 103)8),
Ui B H 8] 25 @311, F a3 100+ B FETE RHEOE R HI 5
Wi o] DL ZIEANT T

H T fio B K, HFHZE R ERHOCRIKS
Al + Xlzg}ﬁﬂ‘, Hk K Ao = 478.57 nm.
H LA EE T — R URAE XT SH B & T iE 171
JERHN, BT R NE 5 B,

333 ZEHBEARVERL
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Abstract

The potential energy curves, dipole moments, and transition dipole moments for the X'S1, a3Il, and A'II
electronic state of sulfur hydride anion (SH ) are calculated by using the multi-reference configuration
interaction method plus Davidson corrections (MRCI4 @) with all-electron basis set. The scalar relativistic
corrections and core-valence correlations are also considered. In the CASSCF calculations, H(1s) and S(3s3p4s)
shells are chosen as active space, and the rest orbitals S(1s2s2p) as closed-shell. In the MRCI+ @ calculations,
the S(1s2s2p) shells are used for the core-valence correlation. Spectroscopic parameters, Einstein spontaneous
emission coefficient, Franck-Condon factors, and spontaneous radiative lifetimes are obtained by using Le Roy’s
LEVELS.0 program. The calculated spectroscopic parameters are in good agreement with available experimental
data and theoretical values. Spin-orbit coupling (SOC) effects are evaluated with Breit-Pauli operators at the
MRCI+ Q level. Transition dipole moments (TDMs) for the ATl <+ XlE(')"+, a3+ XlZa'Jr, a’ll; < X123'+,
ATl +» @®Tlgp+ and A'Ily <+ a®Il; transitions are also calculated. The strength for the A'Ily » X'S[, is the
strongest in these five transitions, the value of TDM at R, is —1.3636 D. We find that the value of TDM for the
adTly « XIEar+ transition at R, is 0.5269 D. Therefore, this transition must be taken into account to build
the scheme of laser-cooled SH  anion. Highly diagonally distributed Franck-Condon factor f, for the
a®Il; (v = 0) <» X'TF, (v =0) transition is 0.9990 and the value for the AMI;(v' =0) > X'Sf, (v =0)
transition is 0.9999. Spontaneous radiative lifetimes of T(a3H1) =1.472 ps and T(Alﬂl) = (0.188 us are
obtained, which can ensure that laser cools SH™ anion rapidly. To drive the a%II; <> X! ES; and ATl « X! ES;
transitions, just one laser wavelength is required. The wavelengths are 492.27 nm and 478.57 nm for two
transitions, respectively. Notably, the influences of the intervening states a®Il; and a3Ily+ on the
ATl & X 12@ transition are small enough to implement a laser cooling project. A spin-forbidden transition
and a three-electronic-level transition optical scheme of laser-cooled SH anion are constructed, respectively. In
addition, the Doppler temperatures and recoil temperatures for the a3Il; <—>X123'+ and A'Il; <—>X123'+

transitions of laser-cooled SH anion are also obtained, respectively.

Keywords: spin-orbit coupling, Franck-Condon factors, spontaneous radiative lifetimes, laser cooling
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