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154 2R 1k, X SeH B B WGk w £ S 5%
IS HFIEAR 0. 1987 4F, Stoneman F11 Larson!!7
TERE SR FDGEO 2 H R WSS SeH BITE -, b
T2 T SeH BB MM EE R, & SeH 43+
BL75 1.0038(3) A% W]y R /N 3 iE A4 3 1 5%
SHE B M 7.7289 cm . 1982 4F, Brown £ Facke-
rells SR CO #OCHEILRMEL T SeD il SeH 43
T IIRFE NI, 1530 T SeH 43 T34 X201 1Y F-1f
¥ 18] B o4 1.4640715(25) A. 1987 4, Balasubra-
manian 25 9 >R H B A S EAEH B ETAE T
SeH fil SeH* AR ML F AR A ae il £, JEMR 2T
SeH I SeH* 3k 45 1) F- i #% 8] 5 73 ) K 1.467 A
F11.58 A. 1990 4£, Binning Jr A1 Curtiss2% 3% Fi
Hartree-Fock J7i2: 115575 3] SeH FE 2% i)Vl 1% )
Fk 1.463 A. 2 BTk IE, A L E X SeH B
B B B T S ul ST

AICKAE SOC 7K T WE5E SeH BH B+ 117 5
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Fig. 1. Potential energy curves of the X'Y+ a%Tl, A,
b3¥*, and 2'2* states.
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A 90.8%. Stoneman F11 Larson'” W 2% #| SeH 3%
B A% B B Ry(XIEH) & SeH 4r 7 R,(XI)
1 1.0038 5. Brown A1 Larson!™ il 5 SeH 4> T
JEAS X0 (PATRZIAEE R, M 1.464 A. H9R Huber
H1 HerzbergBs I 82 T SeH 43 T 325 1Y SC B {8 N
1.475 A, (HEEFORUER,. ARSCHITTEMEN 1.4694 A
(F 1), HELSLEAE 18 /N 0.0002 A, HHXTR 22
1 0.01%. ASCHE NS E % B, 5 7.8507 cm!,
FOR /N 3R LA 15 B A SE 50 E 17 K 1.58%.
LA AR SO 2R 5 O A WS AT A R 4
A LS AR AR (w,) FIHARIEIRIIR (wox.) W
T2 19, 4351k 2300.77 Fl 46.10 cm L. [a] i
7E MRCI+Q/AVQZ-DK /KF T4 T SeH H1%
TR AREINE, 7EHR IR % & CV X
RN, BEAS DG H B T35 1, ATLUE
Fg OV LA, EERDGER A (R, B.) A
SEESHAT A I AT

ME 1 LA B e LA HER S, HAb
3N R AR S BAT WU B EE R (R R A 23T,
AT AN 2U5+ 25 19 55 — S BiF o3  L T L AR

20642.90, 21240.75, 51684.73 cm! &b, PR EE 43
W4 0.518, 0.737, 0.205 eV; HEMZ A IE R, 4>
BN 1.4679, 1.4627, 1.6113 A. 7 - £ 4% [a] JE {37
B EEH BT HH (core) 70802903 1 3P,
(core)70280290°3 7k 313" Fl (core)70280°90%3n*, AL
A 91.32%, 91.36% F 88.28%. XIS +—AlIl
XISt — 28R F 2R 3n, — 90 fl 80 —
90 BRI S Y. T a3, AT A 205285 e fH i
FE A 2R H O, A &R SRAE, AT LUHE X
3 AL T AR AT Al H TR B TR NIEL 1L T LA
%X 3B HATE 1.98, 2.04, 2.12 Akb % A= T fig
B AL, AT RN 21525 A 55 — 3B i) 1 A A% 1
R3Sk 2.1787, 2.2780, 4.0808 A. H:# B fiF
39k 0.450, 0.147, 0.135 eV. H TR AR
FEIE BN S IAE AR E D, AR SO T A VI %
ALY B T IS S A, e 2
FILLE B S VI B0 R 5 p 3, KAk
YIRS TS AT R EE. R, 2R 3k, HH:
ALY B B T IS R IR AR W, R PR AR
WeXe FIABFRRE D, ABZHT /).

F1 A-SHOEIEEE

Table 1. Spectroscopic parameters of the A-S states.
A-SZ 3 R./A we/cm™ WeXe/cm ™ B,/em! D,/eV T,/em™!
ACVQZ-DK 1.4694 2300.77 46.10 7.8507 3.487 0
AVQZ-DK 1.4614 2380.32 45.57 7.9326 3.711
Xig+
. 1.4696
SR 7.7289 ©
1.4806 ©
_ Sk 1.4778 2206.52 123.45 7.8428 0.519 20642.90
a’ll AT AR e
BBk 2.1787 839.87 49.66 3.44016 0.450 24549.11
Sk 1.4726 2373.65 127.14 7.8391 0.734 21240.75
ATl ARICTAE e
BBk 2.2780 437.62 44.07 3.0932 0.147 26997.57
b3x+ AT AE repulsive
R 1.6188 1336.45 — 6.1955 0.228 51684.73
215+ A TAE e
a1 4.0808 198.90 9.96 1.0190 0.135 46349.30

TE: Sy SeH 3 HE 25 B - % 6] B 1) S 30 (B R U8 F SCHR[18); Pl SeH 43 FE 2 (V- S A% 1 8 09 S B (I R U1 SCHR [33), 45 SRANHERf;
© RS N AT B S5 B,

2 VI BRSBTS RO R

Table 2. Spectroscopic parameters of the ground state X'+ of the Group VI-hydride anions.

ST Pl R./A we/cm'! WeXe/cm ! B,/em'! D./eV
OH SCHR[14] 0.9645 3722.10 87.93 19.1111 4.9857
SH SCHER[15] 1.3435 2622.04 46.66 9.5590 3.8793
SeH ASCTAE 1.4694 2300.77 46.10 7.8507 3.487
TeH™ SCHR[16] 1.6631 1973.73 36.8272 6.0996 3.0568
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%18 SOC BV J , Se B T 1 2P i F4A 5 4
Py F2Py 0 2. XI5, @%1lp, 2%101, 2®T0y- A
AL ZS X R T Sem (PPyj0) + H(2S, o) B fiff 38 18,
2’Io+ B> S - B*SI X BL T Se (2Py 1) + H(%Sy o)
Bl ASCHN T Se (2P) JEF AR 2w L,
ASO(?P jy — 2Py ) = 2303.77 cm\. 734k, 2' S0, %
T F B AR E Se('Dy) + H (1Sy), H5 &%
PR 8 M 2 T Y AH X RE A 20032.24 em !, R SRR
B B30 K 241.36 em !, AHXFIR 2ZZ R 1.22%, A
SOHEHE S OA SRERT SR, Q ) B
KEINT K 3. £ 3WFEFEATLIE 1% & CV CEk
RUVEIG, 65— B A e IS5 S AU s e bl PR %) A ) g
MOA LI EAT A5 4T

94~ QSR FEMZnE 2 FoR, BritE
TARARRAE, 5 Q BHEIEFEE) T4 4. %}
Fk 2, A XS B ABRERE e XIS E/ I
250.1 eV. NEI 2 i[HH 2, a®I1; | 2Tl a®Tly+,
AL AN 2'S5 A5 B 2 Bk, a®Thods 25—
Wk A, HAE — B RS R T KT RE S

19787.17 cm . a®TL 25 1Y 5 — S B 1 43 2L 0 KR -
ASO(a%Il; —a®Ily) =249.1 cm !, AS0(a*1ly- —a®ll; ) =
1436.25 cm !, ASO(a*Ilp+ — allp-) = 4.60 cm .
M7 aTL A5 Y565 3B ELA SR 40 240 8K, a®Tlor
Fa’To- 28 Z A 248 BGA B T 192.26 cm 1. )\
& 2 7] DL Y 2Tl i AT 7F 2.89 AkbAg .
% 8 SOC XL, DA 2 M B b H
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24 ngdlr
in 2.94 3y
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) N
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Fig. 2. Potential energy curves of nine {2 states.

#3 QBWREMCHR

Table 3. Calculated dissociation relationships of the §2 states.

AN HE R /om !
B fiam I () —
ACVQZ-DK AVQZ-DK S50l
Se (*Pg/5) + H(*Sy2) 2,1,1,0% 0 0 0 0
Se (*Py)5) + H(S; ) 1,0, 0 2303.77 2192.98 —
Se('Dy) + H(1Sy) 0+ 20032.24 19047.45 19790.88
Fd4 QHETERDCREEE
Table 4.  Spectroscopic parameters of the €2 states.
O R,/A we/cm WeXe/cm ! B./em™ D,/eV T,/cm™
xtel, 1.4694 2301.31 47.01 7.8499 3.395 0
- SRk 1.4777 2207.22 122.39 7.8416 0.523 19787.17
a“llg
o 2.1739 861.02 52.10 3.4081 0.454 23751.54
- SRk 1.4759 2232.16 111.70 7.8434 0.560 20036.27
a“11p
55 B 2.1822 818.11 55.64 3.3929 0.386 24301.10
- H—Hf 1.4778 2205.83 124.97 7.8485 0.513 21472.52
a —
0 55 B 2.1986 778.28 73.70 3.4048 0.267 25261.96
- H—Hf 1.4777 2208.03 122.90 7.8422 0.522 21477.12
a
ot o 2.1619 904.15 49.02 3.4355 0.527 25454.22
ALl S—AE 1.4744 2368.50 144.22 7.8262 0.686 21821.04
1 he .
S HeR2s
bIEf SE—H 3.1807 318.89 35.64 1.6988 0.096 28945.41
b 9 R 3.2046 239.13 30.94 1.6662 0.066 29184.63
Lt H—At 1.6190 1332.50 — 6.1895 0.225 51714.58
2z, o )
BBk 4.0800 190.57 8.84 1.0190 0.135 46351.94
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OIS BHEA T 1R BB, FBEEE 5 5
4 0.096 1 0.066 eV, - 4% 8] #4331 & 3.1807
1 3.2046 A, XS EA KR AIEIRIR, 518
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5 RS R HE RS, T alTl Fl b3S+ 43
LW EARK, ATLIE H SOC Zmix} SeH BHES Ty
PRI LMD IS 5 B AR K.

3.2 QESHERKTERIE

& SOC HNF, a°Ilz < X' B, fla’Tlp-
XS5 BRAE AP A, AR T AL < XS],
2’1l ¢ X'Sh, | a®llpr «» XIS0, | AL« a®T Al
AL« a®Tlo+ BRIE M BRIE M AR, 5 A% 1B Y
BREOE R INIE 3 Fis. TR AL < XIS
211y & X', BRITAE 30 2% - B X LA AR KA
SR AR i, 7 P A7 A% (B) BB A 43 )3k 3] T -2.05
Debye (D) fil 1.45 D. {H 15 {E &M &, 2%+ <
XS R LA B R B R, P A% i B A
H-0.15 D. ZETHEHOERH) SeH B & 1Ry f
WIE R 2’ Ty < XS5 BRAE. f T XIS 210
AL SRR R — B8 il i, HOYAZEFER T 6 A
i AL« XISE | @l XSS AT AL < %l
AT 9 BT R A 3 T8 a¥Tlor < XISEL A
AT < a®Tlo+ BRI 76 4% 8] B ¥4 F I8 55 KR T

1.8

1.2
a3 XI5

BRI / Debye

LALIEVON

E3 a%lly < Xlza;, 3Tyt <> X123'+ JALL & x120++,
ATy < 311y il AT < BTl BRAT 09 IRT (A 4

Fig. 3. Transition dipole moments of the a3Il; <+ XlE(;_,
3Tyt <> X123'+, AL X123'+, AT, < 2310y, and

Alll; & aSHOJr transition.

Se B 11 2P3/2 A 2P1/2 BRIE. W HERIE SR AR
/N, BRI KT 8 AJg a®lly+ <> X' ST F1 AL
a T+ BRI A BRI AH AR 4 e T

3.3 RS ZEE RESLS A SeH FAEFH
AT gE

FEFRE 00 A A RE I 28 AR AR AR, AR
TAUL XISl 2L« XS e’ « XS,
BRI 1 39 2% v -FEE A foron BT A KBRS R AL
Ao HTHEWOCR HE IR 2 TPOLF 0k B4
F AR 3 B 5 R 3 70 S HE Roror B HLEE SRR BT 4R
oS Rl IR R

Rv"u" = AU’U"/ZAU’U”y (1>

Hr, Apor FoR AT & XIS @8 < XESE Al
2l X'E0 BRIFAY A RGBS REL K550 T
PLb 3 FhERAE Y 96 22 - B . A R SR ST R AL
FIR 3143 3 . AR S0 BsHe 11 e PHAS Fi B2 R
T 2 FiB IR TIOEA 3 SeH B ES T Ay T REME.
3.3.1  Amrikit

a®Il (V') > XSl (v7), @®g+ (V) > XIS (v)
RELZS B #1515 % A8 4340 1 5 2 S- B L1 oo,
23500 0.9949 1 0.9922, F I HIIR 14> 2 H Ry,
3514 0.99996 i1 0.9484. EXF MG foo Fl Ryg
fi SeH BH B T 2 T 306 2000 1 22540 W] B
AR ST T PR RAT B EXT PR 243 3 E. X
FWIFRIE, Ry, Ry Al Ry BYICECRIAR #4230 1,
] DA UEFE 06 H1 SeH B B 1 72 Hh 14 4
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FFfi LA A% 1 22 A5 Y U Y LiRb 43 10 4 5
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FIUERR S AE IR RE R B9V A0 SeH BHE T

2Ty (v') > X S (0") BT EA 3E 3 K R 30
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8 B e PR A 1, RO E FEE N Ny, =
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Table 5.  Emission rates A,,~, Franck-Condon Factors f,s,, branching ratios R,/ .~ of the a3II; <—>X128r+,

a3H0+ > X128L+ ,and ATl < X128r+ transitions.

3 3 1
Index a {Ilﬁ a 1_{0++<—> A 11_11+<—>
Xish, xtad, xist,
foo 0.9949 0.9922 0.9974
for 0.0047 0.0072 0.0025
fo 0.0004 0.0006 0.0001
f’U/’L)”
fio 0.0051 0.0079 0.0026
fin 0.9541 0.9324 0.9792
fio 0.0337 0.0486 0.0159
Ago 5.02x10° 8.02x10* 1.36x107
Ay 1.88x 102 4.28x10° 1.87x10*
Ago 2.81x10! 7.48%x10! 2.00x10°
Au’v” /S _
Ay 1.10x10° 6.50x10? 5.79x10*
Ay 4.13x10° 9.13x10* 1.32x107
Ay 1.32x 104 1.57x10* 1.45%10°
Ry 0.99996 0.9484 0.9985
Ry, 3.7x10° 0.0506 0.0014
Ry 5.6x10°¢ 0.0009 0.0001
RU/U//
Ry 0.02592 0.0060 0.0043
Ry 0.9707 0.8394 0.9836
Ry, 0.0031 0.1446 0.0108
(b)
.’.”"g allly+— v : O
T K W
iw 3¢ g g o
NI VO AliF E
is B 2
id e S|ie
4 ", i
5
; 3 o
RN, W HE
V' =3 <
-y
v =2
v =1
X12++ PR B
0 v'=0

4 WL EN SeH BT THTE  (a)ah & XIST BT (b) a%Tlp+ « XIET, BRIT

Fig. 4. Proposed laser cooling scheme: (a) Using the a31l; < XlZ)E]"+ transition; (b) using the a3Ilj; < XIES:r transition.

T O K R 501.01 nm. T 2T+ (V)
XISE (") R AR 314 e Ry RAT 0.9484, ik
FE— R O A 3 T s ROk AR
WEEBRIFIE A AE A & P, 3 E 80T
PLKE] 2.5 x 108 4. i iy BRI KA Ay =
467.59 nm, B BOLHEA 08 Ay = 521.91 F
Agp = 526.15 nm. HIR AT R4 T 4(a)FE 4(b)

W R R SR FROR IR SO B K RN A
KA.
3.3.2 =gt

AR EARF AL (V) « XSS (07) BRIE
foo AT Ryo 4390128 0.9974 F1 0.9985, [al ke H H AT 1R
R HEZRETRE, 0 1.36 x 107 s, Kk AL
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Fig. 5. Proposed laser cooling scheme by using the ATy < XlEOJZr transition.
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(n) RIPAS . sl o R LL T LA RoR

n="/7s, (2)
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PRI TR (< 4 x 1042, g5 5L rp i) &
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DA — o T30k 0K 3 AL < XTS5 BRE R
IS E RO TR 600 4. HEHEOEIK A
459.52 nm. A T &= AR, BN T WA iz
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Spectroscopic and transition properties of SeH™ anion
including spin-orbit coupling”
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Abstract

Potential energy curves (PECs), permanent dipole moments (PDMs) and transition dipole moments
(TMDs) of five A-S states of SeH™ anion are calculated by the MRCI 4+ @ method with ACVQZ-DK basis set.
The core-valence corrections, Davidson corrections, scalar relativistic corrections, and spin-orbit coupling (SOC)
effects are also considered. In the CASSCF step, Se(1s2s2p3s3p) shells are put into the frozen orbitals, which
are not optimized. Six molecular orbitals are chosen as active space, including H(1s) and Se(4s4p5s) shells, and
eight electrons are distributed in a (4, 1, 1, 0) active space, which is referred to as CAS (8, 6), and the Se(3d)
shell is selected as a closed-shell, which keeps doubly occupation. In the MRCI step, the remaining Se(3d) shell
is used for core-valence calculations of SeH- anion. The SOC effects are taken into account in the one- and two-
electron Breit-Pauli operators.

The bX* state is a repulsive state. Other excited states are bound, and all states possess two potential
wells. The b*$! and b*Sf both turn into bound states when the SOC effect is considered. All spectroscopic
parameters of A-S states and ) states are reported for the first time. The TDMs of the A'Il; <—>X1X3§+,
2’ < X'SF, a’Tlg+ < X'S},, A'IL > 2’1, and A'II; > a®Tly+ transitions are also calculated. The TDMs
of the A'Il; « X'S/, and &’ «+ X'/, transitions are large in the Franck-Condon region, which are about
~2.05 Debye (D) and 1.45 D at R,. Notably, the TDMs of the a®Ty+ <« X120++ transition cannot be ignored. The
value of TDM at R, equals —0.15 D.

Based on the accurately PECs and PDMs, the values of Franck-Condon factor f,, , vibrational branching
ratio R,,» and radiative coefficient of the a’II, +» X'SF, | 2’y <> X'SF, , and A'IL «» X'S}, transitions are
also calculated. Highly diagonally distributed Franck-Condon factor fy, and the values of vibrational branching
ratio Ryy of the a’IIi(v') +» X'S}, (v"), a’Tp+ (V) +» X'SF, (v"), and A'TL (V) « X'SY, (v”) transitions are
obtained, respectively. Spontaneous radiation lifetimes of the a®II;, a®Ty+, and A'Il; excited states are all short
for rapid laser cooling. The influences of intervening states of the A'Ili(v') +» X'SF, (v”) transition can be
ignored. The proposed cooling wavelengths using the a’IIi(v) +» X'}, (v"), a’Tgs (V') < X'Sf, (v”), and

AT (V') > X'ST, (v") transitions are all in the visible region.

Keywords: spin-orbit coupling effects, vibrational branching ratios, spontaneous radiative lifetimes, laser

cooling
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