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F# 2 Be'B T Li JRTIEZSHAR MR SAHXS TR TS RRESR, S298(H (Exp.) &K A T NIST R%HR (B0 a.u.)

Table 2.  Energy levels of the ground state and some low-lying states of Bet ions and Li atoms relative to atomic core. Ex-

perimental values (Exp.) are from the NIST data (in a.u.).

Bet Li
State j
RCICP Expt.* RCICP Expt.!*2
2s 1/2 —0.66924767 —0.66924755 -0.1981419 —0.1981419
2p 1/2 —0.52376962 —0.52376949 -0.1302358 —0.1302358
3/2 —0.52373967 —0.52373953 -0.1302343 -0.1302343
3s 1/2 —0.26719384 -0.26723337 —0.0741684 -0.0741817
3p 1/2 —0.22954214 —0.22958234 -0.0572264 —-0.0572354
3/2 -0.22953331 —0.22957356 —0.0572260 —0.0572354
3d 3/2 —0.22247809 —0.22247805 —0.0556055 —0.0556057
5/2 —0.22247565 —0.22247565 —0.0556051 —0.0556055
4s 1/2 —0.14313397 —-0.14315285 —0.0386096 —-0.0386151
4p 1/2 —0.12811380 —0.12813485 -0.0319693 -0.0319744
3/2 —0.12811009 -0.12813115 —0.0319691 —-0.0319744
4d 3/2 -0.12512357 —0.12512455 —0.0308153 -0.0312735
5/2 —0.12512257 -0.12512345 —0.0308152 -0.0312734
5s 1/2 —0.08905659 —0.08906605 —-0.0236202 —-0.0236365
5p 1/2 —0.08159826 —0.08160960 —0.0203583 -0.0203739
3/2 —0.08159637 —0.08160765 —-0.0203583 —0.0203739
5d 3/2 —0.08006698 —0.08006725 -0.0124153 —-0.0200122
5/2 —0.08006648 —0.08006670 —0.0124152 —-0.0200122
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T Bk, SR AEEA SR o Bo T TRk K. A
%6 prLIEH, i RCICP i A
[ 54 Bet B 1R A MM AL 2 1 DTk 5 AEX S 2
J77k (RMBT)P 45 RG-S ARG, i T i —
AAPAE HETRYTHEAG R, FRATR S MR b 3 2
DUBRIY 25—2p;, 2p;—3d,; BTl NISTH
BRIEH PTG, JFEHHE TR IEE (FRidh RC-
ICPC), F 1% Bl RCICP Ay#E L% 5 RCICPC
B 45 FAVAN AR 22 73 au., XA ZERFETRA T
RHEEN, 105 RCICP &R AL R 0.6%.
PRtk FRATTH RCICP 355 14 B A A0 28 RS B 1%
1E 1% LLA.

3.3.2  Li RF 4 BABMAMAL T Ao AR AL F

F7THH T RCICP 7 B33 Li Ji 13t
A H AR of B v, FIE A KBRS
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Hmas R, W& 7 AT LUE H, BR3Z R Hartree- F4 LiJEFESMIAMICHE K S 2 M BT 1R
Fockl2 f BRI {E A1, fff FH RCICP kit B FHE, “Diff.” %5 F RCICP J7 ik H L M4 5L 5
BB 2 5 AR 11354552 Rzl it NIST AR IR
Table 4.  Oscillator  strengths  of  transitions
%3 Be B TR FITR M & 75 22 [ BRIT 1 3R between the ground state and some low-lying states
. - N f Li atoms. “Diff.” represents the difference in per-
i “Diff.” RCICP 73 fg 43 L ©
¥g§&;t ' i!%/TFH TEHRNERS centage form calculated by RCICP method and
NIST ZRZ 2 A 41t NIST results.
Table 3. Oscillator  strengths  of  transitions
between the ground state and some low-lying states Transitions ~ RCICP  NISTU?  Theor.?  Diff./%

of Be* ions. “Diff.” represents the difference in per-
centage form calculated by RCICP method and
NIST results.

25152p12 0.24915  0.24899  0.2490 0.06
251/52p3;,  0.49832  0.49797  0.4981 0.07
2s1/53p12  0.00157 0.00157  0.0016 0.00
28153p3;2  0.00313  0.00314  0.0032 0.32
2p15 3512 0.11058 0.11050  0.1106 0.07
2p30 3812 0.11059  0.11050  0.1106 0.08
2pp—ds;p 001285 0.01283  0.0128 0.16
2pyp—4ss  0.01285  0.01283  0.0128 0.16
2p15—3d3,  0.63876  0.63858  0.6386 0.03
2p3j;—3dg,  0.06388  0.06386  0.0639 0.03
2p35—3ds;n  0.57489  0.57472  0.5747 0.03
3s1/573p12 040512 0.4051 0.405 0.00
3s1/5"3p32  0.81027  0.8100 0.810 0.03
3p1p—3ds,  0.07397  0.0733 0.0744 0.91
3psp—3ds  0.00740  0.00736  0.0074 0.54
3p3j2—3ds2  0.06657  0.0663 0.0669 0.41
3pipdsy, 022325 02230 0.2232 0.11
3pgp—dsys 022325 02230 0.2232 0.11

Transitions ~RCICP NISTI  Theor.?”  Diff./%

281/972p12  0.16624  0.16596  0.1661 0.17
2s1/52p3;s  0.33258  0.33198  0.3322 0.18
2s1/53p1js  0.02760 0.02768  0.0277 0.29
251/53p3;s 0.05517  0.05540  0.0553 0.42
2p1p—3s1s 0.06434  0.06438  0.0644 0.06
2p353s12  0.06436  0.06438  0.0644 0.03
2p1p—4si s 0.01022  0.01039  0.0102 1.64
2p3p—4s1s  0.01022  0.01039  0.0102 1.64
2p15—3ds,  0.6320  0.6320  0.6319 0.00
2p3p—3d3,  0.0632  0.0632  0.0632 0.00
2p3j5—3ds,  0.5689  0.5689 0.5688 0.00
3s153p12  0.2768  0.2767  0.2767 0.04
3s15—3p32  0.5538  0.5535  0.5535 0.05
3p1p—3ds,  0.08069 0.08113  0.0811 0.54

3pyy—3ds,  0.08059 008103 0081 0.54
3dy )y 01453 0.014 05 2.04
3ps—3ds, 007256 0.07294 0073 0.52 o742 001433 001497 0.015 9
3dy>4psys  0.00290 0.00209  0.003 3.0l
3pigdsy 01346 01347 01346 0.07
3pgpdsy; 01346 01347 01346 0.07 3ds/=Apyn  0.01743 001796 0018 2.9

K5 Be B THEENRMBMALE of MM o, “Diff.” Fx H RCICP Jrik it 5 i v, 5 H & BIE B 2 W) 2251
BT 2L, 55 NI ER R AN E

Table 5. Electric-dipole polarizability and hyperpolarizability of the ground state of Be' ions. “Diff.” represents the differ-
ence of v, in percentage form calculated by RCICP and other theoretical method. The values in parentheses indicate the un-

certainties.
Method af Ja. Yo/au. Diff./%
RCICP 24.504(32) 11529.971(84)
Coulomb approximation!*! 24.77
Variation-perturbation Hylleraas CIM*! 24.5
Hylleraas/*! 24.489
Asymptotic correct wave function/ 24.91
Variation-perturbation FCCIH6:47 24.495
Hartree-Fock plus core polarization/2? 24.493 -11511 0.16
Hylleraas'?? 24.4966(1) 11521.30(3) 0.08
Relativistic many-body calculation/®! 24.483(4) —-11496(6) 0.29
The finite field method/® 24.5661 -11702.31 1.49
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%6 PIIAH BetB T REAAH LA Tk, ROICPC #R 25—2p,, 2p,—3d, BRI 12 LA FEE ) NIST! 45 fRcHe
ZJEHE MR, 75 NAERR RCICP MM T RCICPC BUARHIERE (A4 au.)
Table 6. Contributions to the hyperpolarizability of the ground state of Bet ions. RCICP® represents that the reduced

matrix elements of the 2s—2p;, 2p;—3d; transitions are replaced by NIST" results. The values in parentheses indicate the

uncertainties of RCICP relative to RCICPC (in a.u.).

Contr. RCICP RCICPC RMBT

175 T (5 Puy2: 3 P1p2) 34.34(2) 34.32 32.605(53)

—18 T (5, Pijos 8, Do) 68.68(5) 68.63 68.886(92)

—15 T (5, Py/2 8, P1jo) 68.68(5) 68.63 68.886(92)
15 T (5 Pyjz: 3, Dyp2) 137.35(10) 137.25 137.669(109)
T'(s,pjr,8,pjrr) 308.04(12) 308.83 308.046(178)
75 T (5 P1j2s dyjo, py2) 202.75(16) 202.59 202.031(121)

v L (5 Prjz: dyja: Py) 40.55(4) 40.51 40.403(18)

T5vio L (5 Pyy2: dyjo: Prp) 40.55(4) 10.51 40.403(18)

750 T (8. Paja: daa, D) 8.11(1) 8.10 8.080(3)
35 T (5 aj2: dsyo, Pyjo) 437.85(40) 437.45 438.434(148)
T'(s,pjr,dj,pj) 729.79(43) 729.17 729.351(192)
abBo 1999.67(6.95) 1992.72 1995.743(382)

(2 s) 11529(84) 11456 ~11496(6)

KT LTI HRBRAR AL R of UL 1o , 165 WIMERRATIER (07 a.u.)

Table 7.  Electric-dipole polarizability and hyperpolarizability of the ground state of Li atoms. The values in parentheses

indicate the uncertainties (in a.u.).

1

%0 7o
164.05(8) 1920(3264)
The coupled cluster (all single, double and triple substitution)!!l 164.19 2880
Finite-field quadratic configuration interaction!! 164.32 1020
Hylleraasl®! 164.112(1) 3060(40)
The relativistic coupled-cluster method**! 164.23
Relativistic variation perturbation!? 164.084
Relativistic all-order methods®} 164.16(5)
Variation perturbation/?? 164.10 3000
Semiempirical pseudopotentials! 164.08 65000
Frozen core Hamiltonian with a semiempirical polarization potential®! 164.21
Finite-field fourth-order many-body perturbation theory!*! 164.5 4300
Configuration interaction/*’) 164.9 37000
Relativistic ab initio methods/*!! 164.0(1)
The restricted Hartree-Fock* 170.1 -55000
The Rydberg-Klein-Rees inversion method with the quantum defect theory 164.14 3390
164(3)
164.2(11)

{5 P57 ERAT B AHARAF, AH2E2 0.6%, I HL 2234
TESCIR I BLL 9 BRI ERE . (U2, 15 Bet5e4
TRV, A5 FHARS o) BA8 7 SR Li ST
ORI AR A3 R, B0 RCICP Y255 LA
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AN IS S/N 960 a.u., 298 33%, b Hyll-
eraasB! FyZE /N 1140 au., 294 37%, {H RCICP
25 R L BB A A S A BEAE R 0 it |
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8 P Li IS BRI R BT, RCICPC R 2s—2p;, 2p;—3d, T LY LAE T NIST ! S5 58
JEFE R ZE R, “Diff.” /8 RCICP 5 RCICPC Z [B1 22 5| B H 4 L, 55 P AIE R /R RCICP A%F T RCICPC AY A

,,,,,

ERE

Table 8.  Contributions to the hyperpolarizability of the ground state of Li atoms. RCICPC represents that the reduced

matrix elements of 2s—2p;, 2p,;—3d; transitions are replaced by NISTH results. “Diff.” represents the difference in percent-
age form between RCICP method and RCICPC. The values in parentheses indicate the uncertainties of RCICP relative to

RCICPC.
Contr. RCICP/a.u. RCICPC/a.u. Diff. /%
1 )
15 T (5, P1j2, 8, P1ja) 8314(2) 8312 0.03
1
—15 T'(5, P12, 5, P3po) 16629(5) 16624 0.03
1
—1s8 1 (5 P3j2: 5, P12) 16629(5) 16624 0.03
1 .
15 (5, Pyj2: S, Psj2) 33259(11) 33248 0.03
T(s,pj,8,Pjr) 74833(13) 74809 0.02
1
18 T (5, P12, d3j2, P1j2) 33812(13) 33799 0.04
1
T5vio ¢ (5 Pij2s dyys Pay2) 6762(3) 6759 0.04
1 .
1810 T (s, P3/2, d3/2= P1/2) 6762(3) 6759 0.04
1 .
180 1 (8, Paja; daj2, P3ja) 1352(0) 1352 0.00
1 .
30 1 (5, P32, dsj2, Pajo) 73033(40) 72993 0.05
T(s,pjs,d;,pjrr) 121723(42) 121661 0.03
o 196396(268) 196128 0.14
Y0(2 s) 1920(3264) 4109 170

TEAE R Z ). L2 1 k407 PO S B AE
F B9 F15Z B Hartree-Fock 2 [R5 5 H HE #ig T
B EE AR — M EE L.

F T BRI BRI TR R Li A3
B ALRZRR IR, 2 8 5l T AFE HH s
XF Li JRF IS AR A TTEk. TR 8 R LI
B, 55— T(s,pjrss,pi) 5 55 385> T(s,pyrs
d;, py ) FIN 196556 a.u., [EFFE I, XAME
A =343 od Bo B 196396 a.w. i BIUAH 4. AR 4
(21) 20, 56— o 55 A RS agfo I {E #2
PR T, HZE AU 160 a.u., X AMEAL LS =
4 g Bo ) 0.08%. R T IFAG LT 45 iR 2
5 Bet TR, # 25—2p; Fl 2p—3d; BRIT 14
W43 s ol NISTUH) BRITAEMETT. 3 8 vhif
IR, B2 5, S—53 T(s,pj,8p50) 55—
43 T(s,pjr, dj, pyr ) U FIA 196470 a.u., XMES
RCICP MZERAF G H 47, AR 86 a.u.,
2524 0.04%, 5 = H53 aoBo {E Ky 196128 a.u., 5
RCICP HIZE A2 268 a.u., 298 0.14%. XFTix =
whar, R4 RCICPC Y45 R 5 RCICP HY45 R AH 2
AN, (B2, RTPRERAY 2 A5 58 =30 o Bo Y 22
FAE N 342 aau., XA RCICP W45 160 a.u.

[ 2.14 1%, AR RCICPC [ LR K 4109 a.u.,
HAf 2 RCICP 1 2.14 1%, Ht RCICP py315
A ERE RSB T 170%. 25 LRrd, & R A #s
D3RR L SR A Ak A 25 B R SR R
TR 43 B R 5 55 =30 43 g Bo T LA 4, Hi22 M
BOR TR R 22, BRIEH /T 0.1% AR
FER S GBI AL R =4 100% LA _ERIAHRE .

4 %

A SCH AT RCICP 5, 15 T Bet& 1 il
Li B0 pR %k iR L RO, 153 T Bet
B Li B SRS Y (AR Ak RN A AR
JFSHEHES USRS Rt T T, HE—20 05
W TN b ) S S AL R BTHR. X T Bet
B, RCICP J7i%& 15 0 v AR il Ak 2 A AR 1k
FHH M IR NSRS A0 o, X
e fb % 5Tk Fe K 2 o Bo. ¥FF Li T, RCICP
D7 TR R AR AR AR 5 e e T TR
FRBHE DL RS BT S AR AR A, BRI
7k g AL R A 22 4% K, RCICP kit
BB AL R IE Hylleraas HYZ5 R FIFE S 75 ) 45
ZIE). R TR e 2= B RN, FRATIEA 34 1
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AN R ) SR AR AL R B T RK, A BT (s, pj7 8, p507)
5 T(s,pjr, dj, pjor) ZFIX AR AL 19 TR 5 0980
XA AR B BT RRI AR A5, 2 (EOR T353R
2%, BRITFEFETT/N T 0.1% HYANHE BRSOk
B354 100% LA BRI E BE. I, £ FA TR
BT R I S R A B B = LA
2252

SR DU B S e W5 BT B R I IS 5 e R
IT LT RITHE AT ).
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Abstract

The wave functions, energy levels, and oscillator strengths of Be' ions and Li atoms are calculated by using
a relativistic potential model, which is named the relativistic configuration interaction plus core polarization
method (RCICP). The calculated energy levels in this work are in good agreement with experimental levels
tabulated in NIST Atomic Spectra Database, and the difference appears in the sixth digit after the decimal
point. The present oscillator strengths are in good agreement with the existing theoretical and experimental
results. By means of these energy levels and oscillator strengths, the electric-dipole static polarizabilities and
hyperpolarizabilities of the ground states are determined. The contributions of different intermediate states to
the hyperpolarizabilities of the ground state are further discussed. For Be' ions, the present electric-dipole
polarizability and hyperpolarizability are in good agreement with the results calculated by Hartree-Fock plus
core polarization method, the finite field method and relativistic many-body method. The largest contribution
to the hyperpolarizability is the term of o)Bo. For Li atoms, the present electric-dipole polarizability is in good
agreement with the available theoretical and experimental results. However, the present hyperpolarizability is
different from the other theoretical results significantly. Moreover, the hyperpolarizabilities calculated by
different theoretical methods are quite different. The biggest difference is more than one order of magnitude. In
order to explain the reason for these differences, we analyze the contributions of different intermediate states to
the hyperpolarizability in detail. It is found that the sum of the contributions of the 2s—np;(n >3) and
np;/—~nd;(n > 3) to hyperpolarizability is approximately equal to that term of abfo. The total
hyperpolarizability, which is the difference between the sum of the contributions of the 2s—np;(n > 3) and
np;—~nd;(n > 3) to hyperpolarizability and ayfo, is relatively small. Consequently, this difference magnifies the
calculated error. If the uncertainties of the transition matrix elements are less than 0.1%, the uncertainty of
hyperpolarizability is more than 100%. Therefore, the differences of hyperpolarizabilities for the ground state of

Li atoms, calculated by various theoretical methods, are more than 100% or one order of magnitude.

Keywords: electric-dipole polarizability, hyperpolarizability, Be® ions, Li atoms, the relativistic model
potential method
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