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(201741 A 27 HYEI; 2017 48 3 A 15 HILEE SR )

B®Y, &2 O MG = EEKIT (B3S, «+ X®%, ) Schumann-Runge (SR) #7[1 L2, SRWRISCH 75 4
HUBR L BH LE SR AN SN A5 D7 TS A OCHE . SRIESIH KOG S 2 T IZE O Ji 1 [ O3 [ T BORIE, 4R TE4H
HEFIT) O2 0 FRIH TABREM L, AR T XX LB I SR N LR, 450l MOLPRO #4F, K &
& Davison 1& IF i UL 46 1 2 2 5 B M B AE ] (icMRCIHQ) 51, X O2 I B3S AR AE th R HE4T T 1
B, RAMZSHEABRECR A S &E s m RS E. Bk, RALNMASHRE S E5A0E, MBS,
A FRAEHE A DY SHEAT T PRI, RILB3S T BATEAE AP, SR (Spectrochimica Acta Part
A: Molecular and Biomolecular Spectroscopy 2014 124 216) H WU B A Z MR IHR Y (root flipping) 1& K
(1, BIB3S L MR R AEZ I EE L8 0.2 nm KBS B R AR I 23 A MR B ASTh T
BTHS  T X AR AR Y. B, SR SE AE M A AL A AR AR B SRR L, @it
SR T 2 ) B OB 2L AR, R 2 BUE LT A ) B A AL T BES T 2SS S B RFAE () B
RED . e, IR 2, HUE I RS M 25 (0] o, SEBUR A S 0 LB A S I B Z 25 43, X B3Sy
BHIBREMLHAT T icMRCIH+-Q 5, 13 BT DA (I ELS v 57 5 S 00 H 58 I AH I 1 34 e ith 28 DL & ok i
WL AR DT AR LA ST R N AT i E 2 2 S BEAE - R I S B A R B TR

HERE SR 1 AT AR SE iR .

KERE: O, 7 THIBPE, &, 22 BHSH AN, HREML, Uik

PACS: 31.15.A—, 31.15.xr, 31.50.Df
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1979 4, Tatewaki 25 ) R4 i o B b ELAEAA A S
AL, B fe HEAZ A EE /N T 0.12 nm B, B3S;
Ao AR, A R T UE R, B LM As.
2001 4E, Muller %5 [0 SR F 22 2 4 2540 EL/E A )
TNEWR T O M B3S, &% AEHR I E T
FEEY RN, KT B3 S, AW AT K
FEBEA W RN I B G, IR S A
TN BAEA#E 5 B3Y, SME R AT SGE, =
AT A BRI 45 . 2014 4F, Liu % MR
F WS 4e 1) 2 228 2L A AR I 7, BE9E 1 22
02 B3 TR, 1R B3S S EA XA, 4
OB BT A S e LA IR L R
e S b IR A WLEE B 5 H B8 BB S5 AL A X N )
g5

2% 30K F AL 7 Davidson 18 1F 120 1 Py it 45 2
2 2% M1 A5 M HAE H (internally contracted multi-
reference configuration interaction including Davi-
son correction, icMRCI+Q) [ 5 i 1314 % B3 -
AR AGEHI LTI . AT 52850
8] A 21K F B 77 16 DRSO G B B T3R5 553
A E SR T B3S XA PSS AL, R
TOCER T B A B AT RE IR A B, RA R
23 M (Al A A5 A BAE A (complete active space
self-consistent field, CASSCF) J7 iK1 1 2n, HL
TH ) BT BB AT A T B3 1 35 fe ith 4 1 2 i)
RJE, KAZEHSPEE T BIEAHE R icM-
RCI+Q 5%, tHE H B3Y & 1A R i £k DL KOk
W S g R A CLHT TR AT 1L AR

4 4 5.

2 B HE
2.1 FHEEHZKAITE

AR MK icMRCTHQ 5 i A W N DR &
%6k H Hartree-Fock (HF) H 3477543 370 141
T8, AR5 3% HA3 - BT A R 1 2 R) 34T CASSCF
TR, 19 2 R EUE A 2 275 AH A 1D R
1T icMRCI+Q H 5. & &8 i &40 v JH B AF
MOLPRO [3:14) sz ).

TAVTH B2 O 2 TR ES B AR 1 3P +
D EMBIRERES B3, AR ML, Nk iR
HIR % (root flipping), IR EE 2B FEE — 2B FRAT]

R T 0 2 A5 B3 A& R AR ] HLBE AR
A AT PR 0L SF R AR A /2 Doy,
SEFREE, ZERLEE T, S M A SRR A [F K, i B
BB ER W RS EE ABA,, B3X,, 22A,
23T YA, Horfr AP A BB B R BR R EUR T
3P +3 P, B35, 23A, F123% A AR 2SR 2
AETFH3P +1 D.

2.2 TEHIHE

T 2.1 45 L B B 5 ) 6
W, PRI RO % T AT 4, T2 EORE
O B 15 R, L5 B D (35 e Hh 277 24
B 5 B 99 R AL 228,
BTSN 25, AT LR 8 5
TR (RIFE (1), AR R B, it
JE T Level #2737 [16] 523
R A%y g(R)
2u dR?
=FEy ju,7(R), (1)
TR Rk R AR, o BRI TR, J R
R T V)(R) RERE S TRV (R) 5
st LD o g ay
Bt R L B
8 AR B o 1 1/2 1% TR LA,
R M e, wetrer ey, B

G() = Ey j=0 = we(v + 1/2) + wewe(v + 1/2)?
+ WelYe(v +1/2)% 4+ . 2)

HI1S BN HIRFE B PR v ), RNTTRE (3) 15 2Ll
¥ B,

+ Vi(R)¢o,s(R)

B, = (—h?/2p) (v, J|1/R?*|v, J). (3)
¥ By 15 v + 1/2 305, 19354 B M o, BN
B, =B+ ae(v+1/2)---. (4)
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3.1 B3] SEEGFENSMHEN

6K 5 SR [11]) — 80 5 7 icMRCIH-Q
KA ELBIN T IR ALENABFEE R, FISCHR [11]
— B, 2 D 1S M S (A I BTE 2 R )
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W f T BE PR S MR T LS, B
204,20y, 30g, 30y, 1Ty, 1te, M EE =20 Bt % FH 1Y
S MBWREA BAEAAS TR, RN
B R aug-ce-pV5Z ' 7E icMRCIH-Q it 5 rf %t
APAGB3ST, 23A,, 2800 AT A F R, B
WARMIEY. B (a) Al TR MHRE
2%, PR S PR I 2488 0.07196 Hartree, XM
15793 cm™t, 5 'D %5 M PP A JE 1 B RE 2 2=
15867 e~ A —3. HIE 1 (a) AT, B3S, AEH
WU B LR, 3% 530k [11) o B3R A8 A 3
BRI E RA T . BT UAERAIFER 1 A H T B3,
23 A, A BV 8 % B BE Re, fif 55 68 Do UL IR 3D
WM we, WHIH T SCHR [11] T B3SRBS B
MR REE 3. R 1T WL, A SCTHHE I B3RS 145
FASCHR [11) S — AP g R EA 5, =
R R AR AT E, B3Y,
f) we 18, ASCHIEE RN 710.31 et SCHR [11] FO45
FNT23.60 e~ L. AR 22 S 1 D TR SR [11]
R T S HAMER AR U8 8T 1 s T A
B L) FNAR S RS PO)) SR Be R NAE IE T 45 SR 5
TS E R R DRI, AU
22A, B Re, De, we 145 RFNSTHR [11) 25 —
A 25 REEAR — 3, ATITPRGE SCHR [11] XL
B HEBSE T BSER = 0.2 nm MHER &4 T
MPRG, B2 23A, &Rl b T2, 4]
KA ieMRCI+Q, TR ABA, B3,
T AN A2 X0 22 30 il 5 0 B X 3 e 4 2 4 i g DY A
BHCE, 15211 B3, AR 2k 5 Sk [11] 19
5RO, AMWABYE W 1 (b) R R s
HrR. B 1 (b) P RR L B RIE 1 () I
B3Y, F123A, 4, K1 (b) i 2 b s T 1 1H 1 0%
M. APk BT SCHR [11) T BIST ASA W
SERI R IR .
#1 B3n; HM23A, BT HE

Table 1. molecular constants for B33 and 23A,

states.

Re/nm  De/eV we/cm™!

B3S, (& FHIHH)
SCHR (1] B3Zy M —AN3BE 0.15978 0.8417  723.60
23 A (B FHED)

SCHR [11]  B3S, MIEEZANABE 0.23240 0.0632  186.88

0.16086 0.8824  710.31

0.23257 0.0660 186.98

(a)
—149.90 -
3 u
2 O(*P)+0(iD)
(o]
&
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| L |
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R/nm
(b)

—149.92
(o]
g
T
]
Z
R —149.94

—149.96 : : : ' -

0.1 0.2 0.3 0.4

R/nm

1 KH icMRCI4+Q/aug-cc-pV5Z J7i 43 2 O 1)
ABAy, B3SyT, 28A, 12357 SIHAGEMLL  (a) XY
ANSHATEFHRABNINER; (b) R TE ABA,
B3, AR B3S, SMHGEMLE (HE L)

Fig. 1. The potential energy curves (PES) of A3Ay,
B32y, 23A, and 23%; states of Oz from icM-
RCI+Q/aug-cc-pV5Z: (a) The results from the 4
states average calculation; (b) the PES of B3X; (the
thick dark solid line) when only calculating A’3A, and
B33,

32 B3N APt EMTE
BItE

3 TSR B3 A& I P i i (] BE R A
PRBNH H w. H5SLAE (WK 3) FAEMIRY, ®E
4% 5124 0.00046 nm, 1.21 ecm~!. D.iEZIR K, A
0.12 eV. A AFRATIAATE 3.1 451 ieMRCI4-Q 155
kD EESZAS. 3.1 WHiHES, A
A G M AT, STk [S—10] &RFE 2] 1 3 R 4
b HL B ER A ZS TR AE I OCEEAE . STk [21, 22] 78
KH MRCI iS5 O M IR R S 1)
B3Y &R, ZEABTEE T EMmEETE 2
AN 3, BUE R IS, B CAERATDRS B s i AE o
P 1) 2m, SEPUTE 0N B 58 4 v P 2 () v ok A it
BAEHAZE, K CASSCF 15 1 kB0 A H 2
X B3Y, MAREIM LR 2. AN IR
HJE 20 #B & aug-ce-pVTZ JE 4. THE, NlERR
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PR, PR E DL HCR A T USRS T
THH.

B2 25 7 =B A [ PR3 14 22 1) oF 5 H )
B3, BRIHREML. B2 ()BT, iGN A
AN L EUE R R, B 204, 204, 304, 304, 1T,
I FUBERI R TR 5 ISR 12 A
J& BX LB TR, A o PUTE s ] A R 2
MHT, nPUIE R T HEHPIE, 2 AmE4D
T TR, B3, S B AT 202,
207, 30, 307, 1md, 13, LU 1md, 1md KRR,
w2 2R (a) FTos, S ARt 4 2 HE F
&, WAHRGHBY. XEREAEGMP. BrbaX
TEOLT, WP ) AR AR B e B3S A2 R4
SHIREAR.

IR

x24T 2 (b) MK 2 () 160 TR Re, Do,
we I, 1% H T Minaev 2 1 [f] CASSCF /aug-
ce-pVTZ T S 45 2R, LA KAR BB 70 1 0 20 Y
SLHH.  Minaev 5 5K H % 1 22 18] 1 4 1 3
18 20, 304, 30y, 1Ty, 1Ty, 404, 2T0y, 2T, #4) J. HH
K2, JURE OL I R A6 AN SE 0B AR EL AR AT &
FHRGF. R ECAB O () # (b)), FATRIL, T 0
() MR T EVEAS IR, e b an 74, AR
MR PE A T D . X T we (8, =AFIRTHE M
{ELAN LI AR R AH 22 20 M LA L.

# 2 CASSCF/aug-cc-pVTZ FiEitHARKI B3S, &
I TR

Table 2. The molecular constants for B3Xy state by
CASSCF/ aug-cc-pVTZ.

Claoaol| AL TS
(a): 20420,30,30,1m,1m, Re/nm De/eV we/cm’l
(b): 20420430530y 1m,1ng2m, "
—149.45F \ (0): 20,20,30,30,1n,1n,d0,40,2m, &5 (b) 0.1610 0.5026 751.0
8 5L (c) 0.1600 1.1649 747.9
S 14050 itk [23] 0.1596 733.6
5 (a) S { (2) 0.1604 1.007 709.1
—149.55 (b)
— . R el
() 3.3 B3~ W icMRCI+QHIItE
—149.60
| . | . : A s
0.2 0.3 0.4 322 (o) 1HM TS T B TTH
R/nm

2 AFREEZEE T H CASSCF /aug-ce-pVTZ J7i:4%
M B3Sy A MBI

Fig. 2. Potential energy curves for B33, state by
CASSCF /aug-cc-pVTZ with different complete active

spaces.

Bl 2 (b) A2 210, HIN B3 P4 23 18], DT ¥ 14
7 E) AL PUIE 204, 204, 304, 304, 1Ty, 1T, 210y, 19
FHB3E, AR Ret L (B2t b)) AT
WA R, 22 70 i R B, PR Bh AR
B KKHSZIMAS IS, 10, REMAHS
1y, Imy, 2m) BB BE R A48 KT /D, 72 AT
THAE B A BE B FE I A (0.12 nm< R <0.42 nm),
WHER KRN = gz —. B2, BEAASHmAR
E T B3Y, SRS RHE. BEAHSHEEL
ANTT R ).

Bl 2 (c) &FEIERER DT 21, B3 T3UIE 4o,
A 4oy, W B3 1 23 Ta) HR ok, AT I 1 S ) £
T THUE: 20,4, 20y, 304, 304, 1Ty, 1T, 40y,

40,21y, 13 F0 103 A8 M 28 (B 2 i i 2% (o)) 3 B

) CASSCR HF 53578 BS1— 251 D, (A2 3.1 45
) 2 R AF B, we IR ZEIRIRK, 42 T RMG
S LA {1 4145 ) CASSCF 038 50 5 (3.2 19 2 ()
TE) NS AR, #17icMRCI+Q i 5, X
R34 N aug-ce-pVTZ. KT-FHf &, KH
NS FHHE. BRI B3S, &M FH a4
T 3 o RN 2R .

1E B 3, 9 bR 8, JATH B A 7 VR 3R
3R B3S, HRe Ml BN o IR e AT 1 i
fEF# B F—feEE WK IR, BT
icMRCI+Q 77 v vh i ek B b 88 m 7 AR A &,
THE S5 B (B3 ok (1) R R 26) A T 3.2 715 1
B2 () TBEOLIIEE R (B 3 SR (i R R 2k, BE 4%
LT 9256 M RKR A Ae il 2k (K 3 vhar fasgg) 1O,
B K 338 A BLFE H, JRATHY 45 2R 2200 T Saxon Al
Liu 7y 25 5 (B3 b B 1 K iR 28), JR IR AE T+
Saxon Ml Liu >k F i) 2E 20 3% F § 80k B, T
ANBE IR A BB R AIE, BE sk = BARA A
R TTHR.
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3 REKIER B3S, S8 TH M

Table 3. Molecular constants for B33y of Og from different work.

Re/nm De/eV we/cm ™1 WeTe/cm ™1 Be/cm™1! ae/cm™ 1
icMRCI + Q 0.16133 0.9914 706.30 9.965 0.8092 0.01513
Saxon 7] 0.1627 1.136 724.9 7.04 0.791 0.0077
A (2] 0.1604 1.007 709.1 10.61 0.819 0.0119
X S N L L 1(C) — I, BPY, SRR R 23 A BRI
| T et Bl -, A A T AT S8 o T IR AR
ool b Rt IR, P, T A RIER TG R, KA A
£ | T8 T 25 8] 1) CASSCF /aug-cepV'TZ J7 4 2K 11 5 35
ER =-=r=s Al M1 2, RIS 2, BUIE P T 1 L 0L
S _1a0.07 |- - XFB3S AW WA KRR e EEH. &5,
I I K 27, BUIE N B 3E A A ] A, AT AH 5 Y
ool BEMHASMARSHEHES T, X B3X BMH e
0.1 0.2 0.3 0.4 i 2 AT T ieMRCI+Q /aug-ce-pVTZ it 5, 13 %]
R/nm

K3 (MHEM) RRRIER O 1 B3Z, &AL
IR

Fig. 3. (color online) The comparison of the poten-
tial energy curves for B3Xy state of Oz from different

sources.

K3k — LB T ETESM A LM
B3y, B0 TR, ME 3B —8, AWML
R 5 SLIOH AL, Ak, IATHE R AL
BRI B — BB RS R (R 1) I, we
b5 52 56 4B 16 i 25 A SCHR [11] B9 14.5 em ™~ R [% I
2.8 e, R AR D 15 5 — AL A B 715 2R
Ko, 59256 E 1% 2 M 0.1653 eV % 2
0.0156 eV. X B ZH HA & B AS
XK H ieMRCI+Q 5 i HEfTF H B3 S &5 & b

.

4 % #®

KSR AL E Davison (2 IE N IRAE 1 2 5%
HABMEAEH (IceMRCI+Q) B, X O, I B3S,
BHAT T, % A3 RAUE R 56 408 25 8]
A EAE R A3 800, Bk, RS0k [11)
—RERIE, UM AR S HEAHRE, R aug-cc-
pVSZ AL, T A B3S A% R4 A R (6 PO A 25
BT, KILB3S, S AFERABEEEH.
SCHR XU R A 7= A T AR IR G I &, RITESE

BT DAE B e vH 55 5 SE I {E SN 1 95 e
2 ARG H B AT BB A 1 STk
R NN T4 2 2 WM AR 2
FH ARSI T A R HERA BE IR M 1T LA S Y
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Abstract

The B®Y; state of O molecule is an upper state of the most strongly allowed triplet-triplet (BBE; — X3Eg)
absorption, the Schumann-Runge (SR) transition, which plays a crucial role in protecting the earth from suffering UV
radiation. Photo-dissociation of Oz molecule in the SR transition is the major source of odd oxygen (O and Ogs) in
the stratosphere. Comprehensive knowledge of the electronic states, especially their potential energy curves (PECs),
is necessary to understand those phenomena. In this paper, we calculate the PEC of B®Y state of Oz by using the
internally contracted multi-reference configuration interaction including Davison correction method, which is denoted by
icMRCI+Q, and utilize the complete active space self-consistent field (CASSCF) function as a reference function. The
calculation is implemented in the MOLPRO suite of codes. Firstly, we carry out the state-averaged (SA) calculation
on the four lowest states, A*A,, B33y, 2°A, and 23X, states, which are in the same irreducible representation of
symmetric group. The active space of CASSCF consists of full valence space. The augmented correlation-consistent
aug-cc-pV5Z basis set is used. The results show that the PEC of B3Z state does not displays double well structure,
which is contradictory to Liu’s result (Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2014
124 216). By analyzing the PEC structure, we find that the double well of Liu’s result comes from the “root flipping”,
that is, the PEC interchange from B3%; state into 23A, state. In our case the “root flipping” is avoided by the SA
calculation. Secondly, in order to ensure that the most important configurations are included in the reference function,
we calculate the PEC of B*Yy state of Oz molecule at CASSCF/aug-cc-pVTZ level by changing the active space. We
find that the bound well of the PEC will not appear unless the active space includes 27, orbital which is beyond the
full valence space. That means that the Rydberg configurations including 27, orbital play a crucial role in forming the
bound well. And the result is further improved by adding into the active space another two orbitals 406, and 46, whose
orbital energies are both less than 2m,. Finally, we add the Rydberg configurations into the multi-reference configuration
function by putting 27, 40, 40y into the active space and then carry out the calculation at an icMRCI4+Q/aug-cc-pVTZ
level. The obtained B*L state PEC and its spectroscopic constants are in good agreement with the experimental data
compared with previous results. Moreover, the process we determine the reference configurations is useful for making

accurate calculation at an MRCI level on other species.

Keywords: B*Y state of Oy, internally contracted multi-reference configuration interaction, potential

energy curve, spectroscopic constants
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