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I 2 A EAR 7, A 5T RS SRS, R AR (w4, TH5E T Nag 2 70
JS2f AR 9 MR PR 36 > T A RO RE 2. 2 T THSRIS RS S RE I 4L, UG48 T AR RO i W 4L,
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ERS TAE 3 BT Nad TR 2 LR 2730
JrEERN e i e Dol ok T B A Y 2 T
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A #% 4 F Nag WS 8T & IR 9 A 7 25 PR 1 36 4
AR T & (XSS 928, ,, 1210, 6%11,,,
12A, 032 Ag ) A RE IR AT HEFE, X F Na i
T, BRAVHE T 5p B, W, R ECPACE
Nalf FHn = 1, 2582, 5N DU
- FRE BT E RS TRASNHA
BE M2, FRAFAH R (19 6 1 i (A RIOR BE T, P4
WA EE Ro~ WP B o~ ARV H B we X Fe BN H
B Bo R -FERA A T B o SR BE D) LA IR -2 RE
WAEHE R (REGEE B, . B ORAEEHD,
PARIRBNEES G,). BEAL, T 45 ST HIAT I B AT
FE IFD R B PE 11 BT 25 2 8] PR AH LA F D250,
WHIH T 2 X A E

2 AT E AT

TEAR B 5 Nag 2 1 % FR 1 43 91
NN, g, g 36 BUIG AL 7 35 % fE
ith 2 k47 7 W 5T, 3o 25 B8 B Na i+ 1) 5p 1L
. T4 M R A Molpro 2012 1617)
K 5E L. Nag 40 F 0 BR8N Do, iH5H1E
Doon W1 F 8 Do, FEAT.  © A Do, 1 Doy, 2 [H]
AT LR IR IR LR RN B —A,, B —Bug,
Y. —Au, XF-Biu, Ay — Biyt+Ay, Ag—BigtAg,
I1,—Boy+Bsu, Hg—B3g+Bo. fETHE PECs i, %
Wo— R 50 %5 A B B o pe & 0H 5, vF Rk R B

WHE R = 2.0-100.0 J& 7B A7 (a.n), THHIP K
AR = 0.1 Bohr. NaJi¥n =1, 2875 EHE T
KA 20t # ECP10SDF 121 # 4%, 43 515 H 16,
17, 12, 114s, p, d, fAEYC4E = 0 3k o6 H 4 iR 1
M7 AT Dy, s B v 7 R BR BUHR 0oy o
1893.997558, 631.332519, 210.444173, 70.148058,
23.382686, 7.794229, 2.598076, 0.866025, 0.288675,
0.096225, 0.032075, 0.010692, 0.003564, 0.001188,
0.000396, 0.000132; p %Y K& o5 0 1 48 20 0l
1312.200000, 437.400000, 145.800000, 48.600000,
16.200000, 5.400000, 1.800000, 0.600000, 0.200000,
0.066667, 0.022222, 0.007407, 0.002469, 0.000823,
0.000274, 0.000091, 0.000030; d # = 37 3k & K 1 7
By 7N 12.626650, 4.208883, 1.402961, 0.467654,
0.155885, 0.051962, 0.017321, 0.005774, 0.001925,
0.000642, 0.000214, 0.000071; f 7 = 375 B B 16
43 ) 4 2.430000, 0.810000, 0.270000, 0.090000,
0.030000, 0.010000, 0.003333, 0.001111, 0.000370,
0.000123, 0.000041. & - BT~ 1 I I A% K FH 85
WA IR, Na (8578 E AR I 0.9947 a.u.,
BT bR B 5 B S BN 0.9182 102 (RS
IR T REF AR ZH| TR 1. B, N A Hartree-
Fock (HF) H A% 77300 4 7 HI W] 46 B Bl
J&, fEHF-SCF ¥ 4 fhig S aih H 3T Z HEH
W77 (multi-configuration self-consistent field
method, MCSCF) 5191 4151 7 94258 25, 64
Mg M3 2A, A K RE M 2, L7364
F&.

1 WMERST Naf BURHET A GBI N R (FBSFRAL R LL eV B4

Table 1. Dissociation limit relationships of low-lying electronic states of alkali cation dimer Naj (the

asymptotic dissociation limits are in eV).

+

Atomic states This work Expt. (21] Error® Molecular states
Na (3s, 28) 0 0 X2xf, 12af

Na (3p, 2P°) 2.10168455 2.103718435 —0.00203 2251, 12T

Na (4s, 28) 3.18959539 3.1913530 —0.00176 3258,

Na (3d, 2D) 3.61545569 3.61697318 —0.00152 255, 22 4, 12Ag 4
Na (4p, 2P°) 3.75163926 3.75309 —0.00145 5251, 32T u

Na (5s, 28) 4.11635903 4.1163586 4.3 x 1077 62578,

Na (4d, 2D) 4.28729727 4.28349802 0.0038 725F , 42Tg , 220
Na (4f, 2F°) 4.28836711 4.288231 1.3611 x 1074 8251, 521g 4, 32Agu
Na (5p, 2P°) 4.34344751 4.344657 —0.00121 925t 62105,y
IPb) 5.1360472060 5.1390767(2)

¥E: a) The error is the deviation of our computed values from the experimental ones (217, b) The

ionization energy in eV.
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Fig. 3. PECs of 2II, states of Na;'.

3p, 4s, 3d, 4p, Bs, 4d, 4f, 5p)+Na't (U &kt v
KAENKL). NTIHEWHSPFESETEDN
PECs M7 (L F#E 528 X, AR BRI A 28],
2yE, 20, 210, 2A,, A, FJH -T2 PECs 73 7l 4
THE1—E o6, IR RS S S5 (R,
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FIF#2 —Fadh, mR AN, AR TRE
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+Nat, O WEEE XIS 10 W B 2 i &
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WL —, 5 C0F KA LA (120.80 cm ™1,
121.05 em ™) T FF 6. X TP, A s
KB M 6.80 au., F =AM H e EL
TX—HE, HNEERITEESKT AR
SIS A, Hoh 2z — PO 850K 200 em ™Y A SCH
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HE LR 2 T, 128 SR MRS T S —
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RN T2 em™t, FIZ BTELS (47 1015] R 45 51 70—
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EHS5HESE I+ 5 — 5, T 0 ZEEEEN
35—125 cm™ (AH X iR % 4 0.44%—1.60%). 7
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2211, 4%11,, 12A,, 22A, %, Berriche 1 Magnier
FEHIH R4 RAFAEAR K2 5, Berriche A NIX 67
FE AR, T Magnier 50 EATZHEF K. RIE
Fo—FKA, AXEREIRXEARR RN, i
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23.620 a.u., BFNAFA 152 MR ENAS, Hk A 2
T 3257425 ] 43 TE 16.6 F137.7 au. AL FI A8
Go 58 3 R (RN, 3P A 3 e A8 AR 3 B
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%2 Nab 4 PRI 253, (b T4t 88

Table 2. Spectroscopic constants of the low-lying 22;,1 electronic states of Na; .

State Ref. Re/a.u. we/cm™!  weme/cm~1! ae/cm~1 Be/cm~™!  T,/cm~™! D¢/cm~!
A3 6.778 120.86 0.41 0.000627 0.1140 0 7996
S (22 6.80 120.80 797542
sy (231 121.05
i 4 6.82 119.78 0.41 7962
i [15] 6.83 119.94 0.77 0.112198 0 7872
i (7] 6.74 120.00 7973
xX2xh mip 24 6.80 124.00 7951
g [10] 6.80 120.70 0.43 0.113 7959
#ig 11 6.79 121.00 7983
i 9] 7653
i [10] 7.032 7589
i [25] 6.78 119.00 7984
#ip [26] 6.80 7730
' 19.972 7.67 0.23 0.000471 0.0131 7925 71
i (4] 20.01 7.66 0.23 7890 72
122 w5l 20.00 7.68 0.13 0.013094 7800 72
i [16] 20.02 7.50 70
Mg 11 20.01 7.70 71
A 13.995 43.70 0.09 0.000034 0.0267 21507 3442
i (4] 14.04 44.33 0.10 21309 3457
225 gl 14.09 43.48 0.10 0.026367 21442 3373
i (7] 13.98 44.80 3459
i (1] 14.00 44.00 3412
A 26.991 8.20 0.10 0.000107 0.0072 24758 191
i (4] 16.21 8.07 0.10 24575 191
225t g (1] 27.07 7.99 0.07 0.007148 24624 190
i (7] 27.19 7.42 119
' 23.620 24.50 0.5 0.000014 0.0094 31656 2069
2t i ] 22.87 27.47 0.09 31614 1931
& g 19] 23.53 24.83 0.05 0.009462 31510 2104
i 7] 23.57 24.64 1331
sext A 39.87 4.61 0.6 0.000046 0.0033 33629 96
i (4] 40.86 4.05 0.06 33463 83
A 31.49 11.64 0.4 —0.000021  0.0053 35691 1451
a2sf  mp el 3130 11.10 0.01 0.005346 35565 1457
i (7] 30.55 12.37 59
st zti_ 43.434 5.47 0.03 0.000023 0.0028 36883 258
i 15] 39.08 5.28 0.02 0.002799 36764 257
ert 21:2_ 42.005 6.27 0.2 0.000013 0.0030 37969 278
i 5] 42.37 6.52 0.02 0.002818 37826 294
soxt j:i_ 61.756 1.81 0.3 0.000031 0.0014 38218 37
i [15] 64.46 1.82 0.16 0.001259 38072 48
2t 2&1_ 49.435 9.60 0.01 —0.000015  0.0021 40149 1024
& pip 19] 49.12 10.09 0.01 0.002171 40006 1054
o 21:1_ 68.221 2.81 0.02 —0.000002  0.0011 41098 98
i [15] 69.00 40955 95
- ZISY_ 39.412 1.11 —0.05 0.000064 0.0004 41570 88
g e 19] 40.98 8.77 0.45 0.003118 41438 967
nt Atiy 71.169 1.72 0.1 0.000004 0.0003 42133 172
i [15] 84.42 4.50 0.02 0.001175 42314 24
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Table 3. Spectroscopic constants of the low-lying 2Hg7u electronic states of alkali cation dimer Na; at the MCSCF level.

%3 Naf S FRIRIIFRMN 210 o HEF IR

State Ref. Re/a.u. we/em™t weze/cmT! ae/ecm ™t Be/cm™! T,/ em™!  Dg/ecm™!
A 9.059 51.17 0.25 0.000480 0.0638 22819 2159
ey (22 9.08 1950
ey (23] 9.15 2164
- i 4 9.11 50.49 0.22 22596 2170
#ig [15] 9.08 50.23 0.53 0.063533 1975
®ig [ 9.06 50.10 2146
i 24 9.09 49.50 2143
#ig (1] 9.02 51.00 1998
AL Repulsive
1211, i (4] Repulsive
#ip (151 Repulsive
A3 19.782 31.14 —0.15 0.000292 0.0133 34600 2549
2211, Fip [19] 20.04 24.88 0.05 0.013046 34436 2585
#ig 7] 19.94 25.13 1727
2211, A 37.496 6.9 0.4 0.000019 0.0037 36901 248
g [15] 37.44 6.37 0.22 0.003736 36758 263
5211, AL Repulsive
i (15] Repulsive
3 QHg AL Repulsive
i (15] Repulsive
2, A3 41.047 5.10 0.1 0.000011 0.0009 40898 1463
i [15] Repulsive
e, AL 62.733 3.92 —0.01 —0.000005 0.0013 42105 254
i (15] Repulsive
5211, AL Repulsive
5211, AL Repulsive
6211, AL Repulsive
6211, AL Repulsive
R4 Nab B TEICHIXIFRIERN 2Ag, o BT B0 H %
Table 4. Spectroscopic constants of 2Ag y states of alkali cation dimer Naj at the MCSCF level.
Ref. Re/a.u. u.}e/cn’F1 u.}ea:e/cm’1 oze/cm’1 Be/cm*1 Te/ cm~ ! De/cm’1
12, AL Repulsive
i [15] 18.46 15.05 0.34 0.015372 36874 149
A, A 18.046 12.49 0.06 0.000246 0.0161 37013 225
g (18] Repulsive
2, A 58.246 21.61 1.72 0.000008 0.000704 42263 209
i (1] 33.09 11.28 0.33 0.004784 42502 901
22 A4 A3 31.857 4.43 0.1 —0.000110 0.0014 41703 769
32A, Ny Repulsive
324, i (1] 55.66 3.45 0.25 0.001696 42197 208
AL Repulsive
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5 APFERIREGAE XA AH LI e 2 ) B
Table 5. The existing avoided crossing points and cor-

responding energy separations.

State R/a.u.® Energy separation/cm ™!

REDINaNED My 16.6 3512

37.7 2628
425f-5257 56.9 1188
525625 10.0 994

51.5 2086
62xf -2 17.9 1897

36.7 780

72.8 831
7?yf-82ns 28.2 1043
525 t-625 17.8 1533
(RN Lo ony 46.2 573
2211,-32T1, 18.8 1649
42T1,-5°11, 25.4 796
5211,-6211, 33.1 517
2211,-3211, 8.7 2609
4211,-5211, 24.4 395
5211,-6211, 17.9 576
22A-32A, 12.0 379
22A,-32A, 26.0 114

¥F: a) The accuracy of R around the avoided crossing

point is within 0.1 a.u..

£ Re = 39.412 a.w. TR T — N RAEH WAMRE)
BHABE. WE 3L 3 A, 12857281 &HH
AE M 2 #R A R e T IR A B, BB A T Az X
20—70 a.u., HAE 2 FIZ 5 AT LLE H, 525 F-62F
720 H-82%F 43 HIAE 17.8 F146.2 a.u. 1776 AW &
) 3t e A UL

WRAE B3 BamEs, 120, 9%, , &
i, HUF 1210, 22T, 4210, R, & 3 7]
WL, 26— BOR A NRAA 1210, A7 9.060 a.u. &,
AT 68 MRBNAS, AR RE T, 2159 em™—1,
B ROEE Z S e E R S A AR B A A 1S
RGF. 5z P22 H A, A SO E Y Re, we,
D, iR 2 {5 B N 0.091—0.021 a.u., 0.73—0.92,
5209 cm~l; 5 EL g BTILI2AE A L A ST
12, & M) Re, we, Te, DoAH ) 2 18 35 Hl 5 5l
N <0.05 an., <1.0, 223 (F X 259 <1%),
11184 ecm™'; B, fH 5 ¥ & [5IE + 4 B2, X
#20.0003 cm™t (X ZMH <1%); AF 188 P W £
Weo 5 Bewicz 2 11 [ 45 L8 9230 (FAXS ZEMEH /N T
0.03 e~ 1), X T 2210, &, K13 Re, Be, T, Do

{8 5 Berriche ') {1 5 45 77 & B4, M 2%
JEREION: 0.15%—1.29%(R.), 0.96%—1.95%(B.),
0.39%—0.48%(T%), 1.39%—5.70%(D,). H K 3F1
5L, 42T1,-52T1, A 52T1,-62T1, 43 Jl 7F 25.4 A
33.1 a.u. A7 (E A8 X, T A 4211, A5 75 4 1% FE
59 62.733 a.u. AAELE—NEYN 133 MRS 1) 5 H
AR, WA N254 em ™, we = 3.92 cm ™.
25 M & 4 7] 50, 4211,-5210, 2 A 7E 24.4 a.u. AL 77
1E B B 8 G 58 X, A 45 4211, 7 41.047 a.uw &b JE
FR— AR 1463 cm~ ! BEZE 40 400 R B A A B
we = 5.10 em™1. 4R, Berriche 15140 A 4211, ,,
MRS, SAERARRNER.

RAEE S B 6 MR ATTHL, 124, 3% Ay u &
T, RSO EOR 124,220, FT22A, &R AR,
B4 AL T 18.046, 31.857, 58.246 a.u. &b, Bif
Ay 5N 225, 769, 209 cm . IEANFE 5 A1 6 AT
IR, 220-32A, 1 12.0 a.u. A AFTEBEGAS X, 22A,-
32A, 1E 26.0 a.u. AAAFERE G 2SS, SR, ASCEE 1R
Al Berriche U] (0 A SAEAE 0 5, AT N 124,
F32A, &2 HEF I, 1 Berriche f8 H X P45 42
23 BB T 18.46 A1 55.66 a.u. &b [ F5 ASI A 149 Al
208 e~ IRAEES; FEH, AR ER1ZA, £
R4, T Berriche WA ZHE R, LidZE Rl
BB K FH BE 2H I AN [) DL R A A 34 2 0 1) 22 St 1 51
FEC IR DRI T He FH 4 F 1 25 R BB 0244 R ()G A
Ji - T A E A FH R A B2 [ 3 75 B S AN
R A — P I0E.

3.2 IREhEERLEM

I A AR A A A R 2 AR R — YRR 1
T2, RIS THIRNL IR BN Re 5 0. RO6FIKRT o
A T EATET 21 (v = 0—20) AR Bh 2 BE K
G, FUKH L (4% 5% e vk W B (e s E 8B, &
OB AEERD,). BT ar e 00l M HE T
X2uf 52, 1711y, 2211, K HAK 21 MRBIRE
R, A TR LR, 3R 8 FIH T A B IR B e
IR E. 28 Al J, X2 —32%) IR A4 lul
b 5 e PUME R S 18R 47, P II4aXHR % (mean
absolute deviation, MAD) {{_A 0.43%—0.87%; XI
To2uf A, Hip U R T 14 MRENAS, AT
AT 14 MRS RE S AIBE MAD £1°8 3.68%; 1211, 5
H 1) 45 AR S 1350, MAD N4.14%; RF
2211, e O E AR RO,
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tween the low-lying 2II, states and the ground state.
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Abstract

In this paper, high-level ab initio calculations by using multi-configuration self-consistent field method with atomic
effective core potential, polarization potential, and uncontracted Gaussian basis function, are performed to compute the
potential energy curves of a total of 36 low-lying A-S states with X u, ITgu, Ag,u symmetries of NaJ cation associated with
the lowest 9 dissociation limits Na (3s, 3p, 4s, 3d, 4p, 5s, 4d, 4f, 5p)+Na™. On the basis of the potential energy curves, the
spectroscopic constants (Te, Re, We, WeXe, Be, e, De) of the bound states are determined, which are in good agreement
with the existing available experimental and theoretical values. Our results indicate that 52237722g, RED IR ) Iagl
2211, 4°TI,, 1°A, and 22A, states are repulsive, which supports Berriche’s results, and we report 10 electron states
for the first time, that is, 822}:{“7922251,, E)Ql_lg,lﬁ72flg,u and 32Ag,u. The vibrational-rotational spectroscopic constants
and lowest vibrational-rotational energy levels (v = 0-20) of the bound states are also presented. Moreover, in order to
illustrate the strong state interactions of adjacent states with same symmetry, the information about the avoided crossing
points is shown in detail. Finally, the transition dipole moments from a few low-lying excited states (12Hu732Hu) to the
ground state XQE;' are computed. Therefore, it is expected that our computational results in the present calculations

are significant for the molecular spectroscopy, ion-atom interaction and molecular cold collision fields.
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PACS: 31.15.A—, 31.15.vn, 31.50.Bc, 31.50.Df DOI: 10.7498/aps.67.20181690

* Project supported by the Talent Introduction Foundation of Qiannan Normal University of Nationalities, China (Grant No.
qnsyrc201619), the Natural Science Foundation of Guizhou Provincial Education Department for Young Talents, China
(Grant No. Qian Education Contract KY[2017]339), the Natural Science Foundation of Guizhou Provincial Education
Department for Young Talents, China (Grant No. Qian Education Contract KY[2016]315), the University Innovation Team
of Guizhou, China (Grant No. Qian Education Contract [2013]29), and the National Natural Science Foundation of China
(Grant No. 11574114).

t Corresponding author. E-mail: yanbing@jlu.edu.cn

1 Corresponding author. E-mail: weicll1@163.com

243101-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181690

	1引    言
	2方法和计算细节
	Table 1

	3结果与讨论
	3.1 分子势能曲线和光谱参数
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Table 2
	Table 3
	Table 4
	Table 5

	3.2 振动能级结构
	Table 6
	Table 7
	Table 8

	3.3 跃迁偶极矩
	Fig 7


	4结    论
	References
	Abstract

