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KBS 2 2% HAMEAE R AT OH 4r T RS — MR SRR 2. N3RS Bkl 1)
TR R, fETE SRR P 25 FE Davidson 18 1« b A X 18 RS A% AN AH 26 RRERT B e 08 85 & 38, ST
TR A-S RN Q A I3 R M 28, 6 — 245 m) 8% 52 v 7 FEREAT BU(E SR, 73 3% N TS RDOR SR, 52
WIE W SIS MBI EA R 5. 715 OH & T WK A ARAE . BT . IR 30 BE 2L . Franck-Condon [A T
KAES R, SRR, A2St — XPI T B AT B A 4K 6 Franck-Condon K1 (0.9053) Al (148 5 75
17 (5.8363 x 1077 s), FFAWOLAH A THIZAE. HIE THOLAE OH 2 RIS R, tHHEAFIEOLA )
BRIE AZST — X2 TR 1 = BRI K, e H K N 307.1532 nm, 95 E 2 #OL I K N 344.9163 F1
349.7659 nm. THE LR IEE OH 5+ 1) LI ] 5 32 it B LA ER AR R,

KH2IR): Htil 244, Franck-Condon K1, #&4 Ffr, BOGAH

PACS: 31.15.A—, 37.10.Mn, 87.80.Cc
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2003 4E, AT 5 5 PR Sk i IR R T
H 3 OH ) X2I1 A1 A2S+ (S 45 #% 8] 5 A K 3T
REE. 2005 4F, e 2°) R F % B V2 bR IR 1)
B3LYP J5 5 = R 25 40 BAE B 5 i A v 5
T OH 4y T3 (X21I0) kil £t 2006 47, Z24L
AR IE AN O] H A S & 7% 7 72 CCSD(T) Al
aug-cc-pVTZ IR E W78 7 OH H 34> TR &
(X2I0) 5K R DS (a4, S87) 4 i 5 3Bk i
B, SHT O TIRORE S, 2% 7T 2010
SEFIH 2 2% AL M B AR (MRCT) J7 %15 aug-
cc-pVTZ, aug-ce-pVQZ, ce-pV5Z, 6-311++g(d, p)
PL % 6-311++g(3df, 3pd) AR ZA KT, i
HOH 4 7 34& (X2 M2 — MUK & (A2SH) I
1 BRGSO, 2011 4F, Li%% 281 FH MRCI 5
1945 A aug-ce-pVQZ A iHE T OH 4> 1 X211,
A?2Yt 148 128 MM 5 AN HL T A I3 fE
2. ik UL B, BT RO IR OH 43 ¥ [ R3S A
B—WORES P LLETZ, (HEkZ X OH 4> 1
WA H PR TE. Rk, AR SCHEYH 5 OH 2 1)
e RN ERIE R T, 1) WO A OH (1 H Ak 7
R, NS EOEAE OH 2 T K SE 3w AU S L2 i
KA.

2 HEFE

FIH MOLPRO ) 2 /5 4 v 1) 70 K & MRCT
W5 L4556 aug-ce-pVHZ 24, 115 T OH 4 1
EEMMCERSMARMLE. N TR ERE,
TETHHE SRR 8 S R H Hartree-Fock 77215 OH
Iy T HIFEAS TR B, ARG AL R SO R R, ik
FH 58 235 ME 25 18] H ¥ 3 (CASSCEF) B3 J5 i e #
W RAT AL, 5 Ja DL AL 1 U eR B N 255, X
5y T AT 88 Davidson (2 1E /) 2 2% 2H A M HAE
A (MRCI+Q) 77 ik i+ 5 82331, [Fl Rt 2% F& 2% A
HRAZIE bR 8 AR IR M. =B Douglas-Kroll-
Hess M % i & 1T UL AR BEAEXS BB IE. B THEF
H &5 IR E], OH 43 F 11 Cuo,, BEHIXE AR AE SEBR T
HidFE R H Co, BHRE:, Oy, BERI AN R AT 4R R
(A1,B1, B, Ao) fl Cooy MBEIATT AR R AT
WM FR: Bt =A;, I=B; + By, A=A + Ay,
Y~ = A,. £ CASSCF Ml MRCI+Q it &I, OH 43
T 196 AN B0 BB E TS M AR TE] (daq, 161 F10),
EATA BN O J5 - 1 1s2s2p #UIE F1 H 5 71 1s

HLIE.

R THRB A EEILE, 8T Level 8.2 5
BOAE SR — 412 17 B E 1 05 FE 45 3 OH 4y T %A
WL T AR e . % 20 A, 4k el 2E U
HEEB AN B TSROEEFE . XT3RS A6
2k, K H A% A] PR Y5 B8 0.03—0.8 nm, KA
0.005 nm. {HN T 7875 118 35 e ith 26 1) K 1%, £
P A% B BE A, R AP KU 0.002 nm. AR
TR 8 T R HUIE R A R 2 R
BORAS 2. e o AR A2 1E J5 1R 34 A il 28 Fn ik
EERAE, i Level 8.2 FiHHAE T OH T
A%t — X2 BRI FCF. 48 5 75 4 (1), BB
B AZST — X2 RERE AT 75 Ot K.

3 #£RET®
3.1 A-SHQISHEREHIZ ML RIE

FIH MRCI+Q 753, 75 OH 4 7 & K A~
B AR O(ID) + H(2S) F1O(PP) + H(2S) XF B[
R (XPID) M2 — RS (A2XT) A g i 28,
Bl 1R, B IR A Re it 26, A Level 8.2 11
HAFRBFERDCEERIIANEL L. N T HHESAE
SCSE T R, S g S PO R L A B i 1 5 4G
B 25=2735] BT 1,

6 - O('D)+H(?s)

O(®P)+H(?S)

I 4L A2yt

1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0
il R/A

1 X2IIAIAZSH s TS A4 (1 A = 0.1 nm)
Fig. 1. Potential energy curves of the X2II and A2X+
states (1 A = 0.1 nm).

1E aug-cc-pV5Z, aug-cc-pCV5Z, aug-cc-pVQZ
F aug-cc-pCVQZ AN A KT, AR 215
TR AL T A A1 BE (R WIRATE (w.) AE1E
PR H (wewe) s e BT (Be)~ BEMERE (De) FIHUK
BE (Te). MR IFTLLE H, o aFh A At 5
73 2 1) bk Hdm A B R 2 S, AT AR XT B ] DL

233101-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 23 (2017) 233101

B, 1 Bh aug-ce-pVSZ 3 2H 15 B 1) wexe M B, bE H:
i BE2H (1) 25 R e SR IR AE. DR, O i s
B 53 AT # 2 3T aug-ce-pVHZ FEZH ). ¥t A5 2
PP A BE R, 5 SRS AE HEAT LA, RILILZSFI
OR 2 BT R TR BEEL B R K TS ae il P9 iR %
1N 0.0722% F10.0790%. Fof T 324 XTI AT A 4
A%, B REE D. N 4.5994 F12.4486 eV, 5 HH {1
4.6503 F12.5469 eV [°! 4.6568 F12.5441 eV 261 R
e, T XTI, were A1 B, FI{E v 84.8381 1
18.8773 cm ™!, 5 SLIG{H 84.881 F118.910 cm ™! J&
AR, JF EURE B R (1 B e i 26,2790,
we MIME N 3753.0041 cm !, 5525641 3737.76 cm !
WM 15.244 cm~! (0.408%). *F kA A2ST,
We, WeTe M Be 5 525G A 72 {H v 123.521, 24.951,
0.0291 cm™'. T, {18 32860.543 cm™' 5 5256 (i
32684.1 cm ' P AR BAWE, AXHE
OGS R SR EMF S M. WHERA

MRCI+Q/aug-cc-pV5Z J5 i3t 47 OH 73 T i1 5 =&
HERR AT SER, W LICNJE 2 OH 43 1 BB AL 3R S ARAIE.

FIEHRYPUER S, BICEENIR OCP) +
H(%S) 243 A PI 25 BB O(PP2) + H(2S1/2) AN
O(*P1) + H(®Sy/2), HEMTHIBEUK fEE 733 A0
F1136.9873 cm~!. O('D) + H(2S) &5 fif Al PR A &
R R XC , X2, MAST ) 1
REHIZk2x T I2h. MRIEER 1, X210 )0, X205,
FLAZST ) B °F 4 1% 18] B R fH 5 A-S & A*ET A
XPITH s 58 4 — B X2y o M1 XPTHg 0 19 D,
We, weTe T Be A5 X211 [ 557N 22 43 51l 79 0.0021,
0.3814, 0.0326, 0.0003 cm™". WA A’D], M we
Hl wee 18 59 1) 4 3302.3238 F1117.8658 cm ™!, t
A-SA A2ET BIME 4 =149 0.0030 F10.0011 cm ™.
X BUR A HAR DG IE HRE, 7> R R RS 1 E
A E—5

#1 OHZF A-SHI Q&ML L
Table 1. Spectroscopic parameters for the A-S and €2 states of OH molecule.

ez BT R./A we/cm ™1 WeTe/cm ™1 Be/cm™! De/eV Te/cm™1
X211 0.9704 3753.0041 84.8381 18.8773 4.5994 0
X2, /g 0.9704 3752.6222 84.8052 18.8770 4.6015 0
aug-cc-pV5Z X2M;/9 0.9704 3753.3855 84.8707 18.8776 4.5972 136.9873
A%t 1.0129 3302.3208 117.8647 17.3291 2.4886 32860.5430
A22;r/2 1.0129 3302.3238 117.8658 17.3291 2.4886 32929.3176
X211 0.9704 3752.8293 84.8366 18.8778 4.5988 0
aug-cc-pCV5Z
A2yt 1.0129 3301.8227 117.9126 17.3287 2.4867 32856.7944
X211 0.9709 3749.9743 85.0365 18.8576 4.5837 0
aug-cc-pVQZ
A%t 1.0133 3299.9102 118.0936 17.3142 2.4826 32890.6045
X211 0.9709 3749.9070 85.0698 18.8586 4.5817 0
aug-cc-pCVQZ
A2yt 1.0134 3299.9140 118.3455 17.3121 2.4783 32888.7762
i i 155 X211 0.966 3715.5 65.64 19.1563 4.6503 0
BB H o0
A2yt 1.007 3167.8 84.88 18.9108 2.5469 32646
i 27 X211 0.972 3737.4 92.54 18.4920 4.6568
i
A2yt 1.012 3192.9 107.18 17.0520 2.5441
i ip 4y [20] X211 0.973 3708.2 60.50 18.8000 3.5690
P E [29] X231 0.971 3717.8 79.45 18.8800 4.6280
) X211 0.970 3737.8 84.88 18.9100 0
Sy (23]
A2yt 1.012 3178.8 92.91 17.3580 32684
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X211y /5
T
g 0.94 0.96 0.98 1.00
> 6r O('D2)+H(*S1/2)
=
+ .
ﬂﬂ; AT, O(PP1)+H(3S1/2)
2 aob bbb bdd
T3y O(P2) +H(S1)2)
X2H1/2.3/2
O -
1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0
Bl R/A
2 XPILy o, X?Tly MAPST ) T ERIHAEML
Fig. 2. Potential energy curves of the XQHI/Q, X2H3/2
and AQET/2 states.

3.2 OHZFIRFNEER . K ABIRFEFIKIE
BRE

BT RA ARt 28, &8 Level 82727 A,
THE T A-SHQEMFTA AT REMIIRSh RE R, 25 T 4L
HI T2, THEAT E XI, X2 o Al X250 A5

FIIR SN AE 2 30N 15, APST AP D) & 19 9R 3l fig
RBONS, FeF ARSI BT ESH
B RIEXRIME2, BRI EEHEy = O,
BIRBN AL P BE B KT I B IePE & 7> RAE
(136.9873 em~1), Ak, OH 7> TR MEUEEZ
[ ARRIE R % 18 A2SF — XUTERIT.

K AAB W HEAE B0 5 01 6] B9 AR BLAE FH 20
HOR R EGER BRI AR AR AR X T H 552 R i R A
AT ). B 3R 455 50 OH 43 T 7K A%
AR AR AR AR B A A R BE A2 4. AN 3 A LA
A, FES PRI K AR 2 4E A F,
2 e SRR B B /IME, SR PR I, FE LA
FEikF) 3.5 A (1 A = 0.1 nm) BT, K AMEREZE
BT 0, X EWRAE OH 7)1 I Al 25 B PR 7 fe izt
Ak i s B R SRR AR . B4 T RUK
LAY — XTI R 0 BRI A 00 0 A% ) S 11 3
KK, M PR S 1.84 AW, BT RAEIE
BB ORMA, AT, TR/, &5, 4%
FPEZ) 4 AW, BROEM A &m0, X2 E

O(*P) 2| O('D) H g2 ILERIE.

%2 OHAF A-SH QAHIRI AL (B0 cm—)
Table 2. Vibrational levels for the A-S and Q states of OH molecule (in cm™1).

v X211 X211y /5 X2My,, A2yt A?El,
0 1848.7815 1848.7019 1848.8627 1571.8110 1571.8110
1 5414.6902 5414.4465 5414.9361 4568.6627 4568.6620
2 8814.9418 8814.5328 8815.3536 7377.2521 7377.2497
3 12051.5791 12051.0077 12052.1546 9993.7234 9993.7188
4 15125.8300 15125.1056 15126.5598 12406.0561 12406.0478
5 18037.7512 18036.8959 18038.6144 14590.3942 14590.3800
6 20786.1306 20785.1821 20787.0903 16505.1471 16505.1234
7 23367.9029 23366.9232 23368.8982 18085.6614 18085.6242
8 25777.8121 25776.8975 25778.7474 19241.1300 19241.0722
9 28007.8009 28007.0980 28008.5307

10 30046.2903 30046.0183 30046.5959

11 31877.2964 31877.7792 31876.8539

12 33479.4597 33481.1685 33477.7977

13 34825.5128 34829.1090 33477.7977

14 35883.4036 35889.7503 35877.1066

15 36621.3164 36631.3641 36611.3134
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Fig. 3. Permanent dipole moments of the X2II and

A2¥T states.
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Fig. 4. Transition dipole moments of the X2II and
A2%T states.
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N
=
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3.3 EiTMR

FCF X BRI 2 PR AN 4k 2 0% R 401 B2 8 12
FORPIRENAE R Z A BRI R, I A 28 R
RABBIEEFH ML LAY — X2IERE
)RR AW, FRfE ) Level 8.2 1217, iHE 53
AZSt — XPBRITAE A [F 4R 3 e 42 8] Y FCF. 43
TR BN BOLA EI B 5E 77, FERRT FCF
I FALRERE. N T EEAHE H A2YT — X210
BRIE W FCF 430 i, ¥MiR3&E T HAE 09 Z M f
AR~ E R FCF #RETE I 5 H. [FRY, fE1T 5 FCF
M R AR 28] 7 2 W REC A, SRR
N R . R3FIH T 6 MRARIR3IHES
[ 1) 52 RT3 R Ay, FCF MRS A i 7.

M 3T LLE 1, AL HE 5 2 1 OH 4r +
ARtV = 0) — XNV = 0)KIE M FCF N
0.9053. Xt T Uf MIBOL A EE ik 5 7, BT %

XA FCF, IR A 525 10 A EIEHE %
(10°—108 s1) Sk A: B R FRSS 7. DAL, 46 00 4 o
T T AIEWEER. A2ST (1 =0) - X2V =
0) BRIE M2 R 240 A,/ N 1.7134 x 106 571
B4R 5t i 7 9 5.8363 x 1077 s, IX B R A LU~
A RS RIS 77, A3 11 EAT RO RO 0.

FCF

5 (MTIEMH) OH 4 FHIHT 8 MRBIAES T A2St —
X211 #RiE ) FCF kA

Fig. 5. (color online) FCFs of OH for the lowest eight
vibrational levels of the A2X+ — X2II transition.

3.4 OHHNFHHRANE R

SrF AT YO U181 437 526 b e 3y v4 20 (1) it
RUpT, T AR — X280+ v & R IT RE 2%
1M OH 43 T 75 B LA X2 A A2X+ 2 (8] {9 BROE ok 2
SOGFEA TR, ERTEEERERY, OH T
AZYt — XPILERE B A s FEX M40 ) FCF A (1)
BRI A, WL T EOGA A T IUE. 4218 Shu-
man %5 M {177 %, ATHA OH 2 T X2 & MR )
BV =0,1,2 3 KA SHESEL =0, 1
PG T = RO A RN Ra. B 6 B AT
XI5 %, HAh KO A O Btk RN, H KR
SHE R 2R R, I Ao = 307.1532 nm [
WOCIKSIRE A2ST (V = 0) — X2 (V' =0). A
TR A HCER, R T R E I O, B
R, WTEA2ET = 0) — XV = 1)
TR K Ao = 344.9163 nm FE0O6, R3HA
A2V = 1) — X2 = 2) IR K
o1 = 349.7659 nm [¥#0OL. HFEETEEM L, A
H OH 7> T8 H B BOL B KA K /X 8, 544
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SrF MY O 73 7 B M 2L WO A ), EHVE 5 BRI EIREOCA AT KRN, ¥ 5 OH 705
PRAR AP ROCRR ST, BEAL, WR 5 & B e IR IR StF M YO 70 72580, 1 Je e AR IR
TER G RN, OH 7> T2 REH L5 I LE StF A YO Hh T 2 SR A EEOR AT 2P 3l IR SN Bl I 5
T EI%, (HOH 70 72251 B e M & 70 RHH BAREKI 507 HR, AR5 A6 7RI P & 1 R
/N HIRENRE NI RE R, Bl AT LS H e iE i I B RS F AN Gy T R IS B .

#3 ALt o XKW EENHRE A, v, FCF [,/ FEESFfr T
Table 3. Emission rates A,/ , FCF f,/,, and radiative lifetime 7 of the A2+ — XZ2II transition.

v 0 1 2 3 4 5
Ay [s71 1.7134x 108 1.1836x10* 8.7758 x 101 8.3403x10° 2.8668x1072  2.2023x10~4
v =0 Foror 0.9053 0.0916 0.0031 0 0 0
T/s 5.8363x1077  8.4488x1075  1.1395x1072  1.1990x10~! 3.4882x 101 4.5407x103
Ay [s71 5.3305x 105 1.0455x 106 1.6053x 10% 4.2400x 10 4.7530x 10" 1.9838x 1071
V=1 Foror 0.0867 0.7118 0.1896 0.0117 0.0003 0
T/s 1.8760x1076  9.5648x10~7 = 6.2294x107°  2.3585x107%  2.1039x10~2 5.0408 x 10°
Ay [s™1 1.0818x10° 7.9217x10° 5.6907x 10° 1.4145x10%* 1.2804x 103 1.6580x 102
v =2 Foror 0.0073 0.1683 0.5094 0.2849 0.0291 0.0010
T/s 9.2439x10~6 1.2624x1076 1.7573x1076  7.0696x107°  7.8101x10~*  6.0314x1073
Ay [s™1 1.9964 x 10% 2.7405x10°% 8.1599x 105 2.6286x10° 8.9706x 103 3.0410x103
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Fig. 6. (color online) Proposed laser cooling scheme using the A2X+ — X21T transition (solid

red lines) and spontaneous decay (dotted lines) with calculated f,/, .
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Abstract

Ultracold molecules have wonderfully potential applications in quantum system, precision measurement, and chem-
ical dynamics, and so on. Thus, people have a strong desire for investigating the potential cooling candidates. Feasibility
of laser cooled OH molecules is investigated by ab initio quantum chemistry. Potential energy curves for the ground
state X2II and low-lying excited state A2X" of OH molecules are calculated by multi-reference configuration interaction
method to develop an applicable cooling transition. In order to obtain more accurate results, the calculations involve
Davidson corrections, scalar relativistic corrections, core-valence correlation, and spin—orbit coupling effects. Based
on the obtained potential energy curves of A-S and 2 states, spectroscopic parameters are determined by solving the
one-dimensional radial Schrédinger equation, which are in good agreement with available theoretical and experimental
values. The permanent dipole moments, transition dipole moments, vibrational levels, Franck-Condon factors and ra-
diative lifetimes of OH molecules are also calculated. The results indicate that the OH molecule has a highly diagonally
distributed Franck-Condon factor (foo = 0.9053) for the A?XT (v/ = 0) —X2II (v" = 0) transition and short radiative
lifetime (700 = 5.8363 x 1077 s) for the A?~* state. It means that the OH molecule meets the criteria as a promising
candidate for direct laser cooling, which can ensure rapid and efficient laser cooling. Finally, a specific scheme for laser
cooling of OH molecules is proposed, and the scheme for the A2 — X211 transition requires three laser wavelengths,
i.e., main pump laser with Ago = 307.1532 nm, two repumping lasers, with Ao = 344.9163 nm and A2; = 349.7659 nm,
respectively. The data imply the probability of laser cooling OH molecules with three electronic levels. In addition,
the calculated results also indicate that spin-orbit splitting of X?II is much less than vibrational level, which leads to
the conclusion that spin-orbit coupling has no effect on laser cooling scheme of OH molecules. The results above will

provide an important theoretical basis for preparing ultracold OH molecule.
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