Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

Alt BF 3s% 1S — 3s3p 3P BT R E RIS HIRILHIR

RAFW  FEL WEM

Theoretical study on the isotope shift factors for the 3s? 'S, — 3s3p 3 P¢ transitions in Al* ion
Zhang Ting-Xian Li Ji-Guang Liu Jian-Peng

5| F15 |2 Citation: Acta Physica Sinica, 67, 053101 (2018) DOI: 10.7498/aps.20172261

1E 251515 View online:  http://dx.doi.org/10.7498/aps.20172261
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/15

AT RERC B B S &
Articles you may be interested in

ANFI LN S H BT P i YA A2 B0 A RS Y S IR AT 7T

Experimental investigation on aero-optics of supersonic turbulent boundary layers at different light incident
angles

YHE % 4.2017, 66(24): 244201  http://dx.doi.org/10.7498/aps.66.244201

R I HH T 23 A6 IR AT AR AT A% A s R AR 12 1) B

Comparison of polarization property of partially coherent beam between propagating along an uplink path
and a downlink path in atmospheric turbulence

Y22 H%. 2015, 64(22): 224204  http://dx.doi.org/10.7498/aps.64.224204

B e B XS A 3R A0 JRORE 1 B RS PR R 5 1
Influence of aspect ratio on the light scattering properties of spherical aerosol particles
PP A H%.2015, 64(22): 224205  http://dx.doi.org/10.7498/aps.64.224205

FHRALOCH SR B 5 X5

Simulation and experimental investigation of tooth tissue in photothermal radiometry dynamic response
induced by modluated laser

YE = 4.2015, 64(19): 194203  http://dx.doi.org/10.7498/aps.64.194203

RS R T L' e BURR S A% vk f0 52 i
Influence of atmospheric refraction on radiative transfer at visible light band
YH 24,2015, 64(18): 184203  http://dx.doi.org/10.7498/aps.64.184203


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.20172261
http://dx.doi.org/10.7498/aps.20172261
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I5
http://wulixb.iphy.ac.cn/CN/abstract/abstract71257.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65715.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65872.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65361.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65382.shtml

# 32 % R  Acta Phys. Sin. Vol. 67, No. 5 (2018) 053101

AITET3s% 1Sy — 3s3p >'P? BT E R
KRS Ao

RV BV
1) (Abmt R P2 5 AR ST, dbat 100088)

2) (PEALITE R B 5 i 7 TR 22, 220 730070)

3) (EBRH RS C 4, K> 410073 )

(20174 10 A 19 HYZH; 2017 4F 12 A 14 HILEIE SR )

1£ % 4075 Dirac-Hartree-Fock 77251 A1t 51 3s2 1S9 — 3s3p 3 1Py PIMRIT [ Z A K Tk 4t 5
TAEMEAE b, 80 A T R R W T AR E A E (BERIT RE) B B ORBR IS A2, #FF 50 3
AR )[R 26 o1 2 A% TR 1 i P - O DR R WL S 5 e B AR I AL B P - SR IR RIS S 2 TR ROk &R XS
FHOEMF, X F R RIR R 4, B W BT AEGE GBS B T SR B AU si it 2 18] [ 28 P o0 R A .
BRI, TSRS B o AL RIS () e - SR IBR B LR, R DA A 6 14 0% AR BT g 1Y) 13 22 V1A 8] 7 25 1

BT HIAHEL.

KA £ 4 Dirac-Hartree-Fock 7775, HLFREARN, A R W, AlT BF

PACS: 31.30.Gs, 32.10.Fn

1 5 7

FERZEIT b, R R BT R AR (r2) 52
W TR T A% LR (0 E Y S H, WA — iR %S
KO TR AST 2 B 102 A S R Ji A PO R TELAE S R 2
PR, BRI, A ] R 7. 25 245 =42 R ff g AN
AT R AR, T HATEBIRTENNZ
PRREELAE FNTT R Az 4 i B 11 M B Y
FPE MR, S50 R T (B 1) RS 3 O A2 XA
D5 A0 L7 G R P T SR S U T A% 3 T AR
LRI R EZ — Bl 2R A AR
BRI S B EARRITER, Pkl DU 56 %
B R IE R ILL OO BRI KR B2
A A AR AR E R ALK 2. E
FEEHER TR, T R AL E RS R X %
IR 2L P R i, AT BR A BT i DAY

DOTI: 10.7498/aps.67.20172261

Z WL TR FR IV ORGSR AT HER DA

TR, N AR 28 () KA T S R, A
[ 7 2 o B A B8 DX 1 (037 T o 2 A 7% DAL - R
TR BT A A% R 1) AR AT REBE LT OGBS SO 12
X PN R WS C AR et R &R A
Carette 1 Godefroid X} C 41 C~ BT W N
B, 92 HA T e i, B8 & T 3h 2 18] oGk
LB N, CJE 71 2p? 3P A e B AL (H AR
TR BT A DR 20 sk /), JF I B 1 G &R
FEVE BN A [ RN — 1 S S R B RIS
LN, R IR I F2 DR T OR, e AN R
B, —F BSOS R SR IE A M R R X
SR C R 1) 2p? 3P 25 1 i B AR AR FRR 2K J5t
B A PR 7 B F T DG TG RO ) WA S0 R T AL R
PR Bl SRS BB AE S~ B . CLE T, C1™
BRI L R, AT CHE RS ik Cu () 4s
®S1/2 — 4p ?P§ o BRIE B TC AR ORI, 28T

* [E R E RS (IHES: 11404025, 91536106) I Ff [H L 5 REF 4 (HLHES: 2014M560061) % B HIE.

T EEVEH. BE-mail: li jiguang@iapcm.ac.cn
© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

053101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20172261
http://wulixb.iphy.ac.cn

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 5 (2018) 053101

{1 57 =M #% DR 1 5 BRI RE B H - R BRI Sl 2
I AEAE ARG &R, IF HAR AR AT T AR T,
THEL BT AR ¥ 0T 5 O A% TR 7 1) R 22 5 BR AT R RSB
Zh IR A AR 22 — 8 M ORIK O BRt, Liu % [7)
FEBT AR FIFER I T ARA A OC R, T H
AR M OG F O TE B G SR AN E B AT T VT A,
FLVPAl 45 5 5 38 0 VP Al 7 S IR RS PR i S
Breit AH FL/E I P A3 AN 58 BERE AR — 35 (H2, 3 H
AT A 1k, VA X 3K S 2 1 O R 0 3 i I (1 4
FiH, TR A R, AR SRS R R, 45 H
BRAT R (1 45 R AN 25 5 — 28 4 SR A1 36w A% K]
T 5 BT RE USSRV SEAF AR R PE DR R, 1K b
SR BT X4 5 B o B AN 8 BE IR PP

A CAEZ FI X ALY BT 352 1Sy — 3s3p H1PY
AN BRI ) [R5 38 TR 7K Al o B A0 R il b, gk
— DM BO IS T R R A% T BE A T ORHK
AR SOS AR, KIAE R TS [ 2R A% ]
TS AR AR AT RE A WSRO R A AE 2R G AR
BE—21, BAT SR F e e 06 R A 1T L4
RL A E FE.

2 B H®
2.1 MCDHF 53:FRCI 53k

Z 4 3 Dirac-Hartree-Fock J7v%, fij#k MCDHF
JiEE HEGMETRP. BRAshE T UL TH
2 I A& My AT RS Mgd &RR
JRFA R v, B

Ncsw
W(IPIMy) = Y a®(vPIM;), (1)

i=1
Xrfe ZRERE, v 2WBRASH RE O T H
HRBTFHNG —trid. AEW RO NEHH
F Dirac PUIE B R B R LA 5. Hig b
(1) T 225 U R 2 D (1 B 1% 2 To B I A R
RV ES R F AP R . (B2, fEbritfd A
REIBHUA PR 2 N R o, Rl AU R 2
D I/ H UL B3 A& A )t v 58 36 5 BT R IR 1)
AR, £ MCDHF Jjik, 21227 JR 2, 18
o VA TE A R AR AR A 5 BOR UE I ek
JRFARREEIL B RS, ARSI R TIERESE,
Al DLdE I — A R A A A, R AR S A
HAEH (RCT) W77 40 25 56 2 1) L 1~ 5B, {H it
FLL TR I R B [ E 1, AR S R BT DA

Az, ok, EARMSHE LT B Breit AH TAFH]
A AE RCL h g4 1)
Bijj=——|a; a5+ (o rij)Q(aj Tiy) . (2)

274 3

2.2 RN ERE®

FLSR SR T A2 e o A R R R AT —
SE R M A PR TR R, HAZ A oA i R T
L 27 AR A, PO AS [ [ AL 3K i 4R
AN, FT EAAS [ [ A7 2R AT AN TR (4 5 B M A% Fa A
g, TSR T 2 RS, X — A% K
ZNFRRLEWAZ (IS). MR, K [F ALK Wi t2 7
T SRR AT R R S HE 1 5 A2 (MS) A
H TR A AR SR I i # (FS) 1o,
XA RS 2y, IR o (m/M) B, BEM
X AR JE 7 A A o 208 L P i 8 i 4 1K) s 00 B
n(3)3X, e EL AR SRRE AN P AR SREARE 20 Tl Xt I 3 IR R
J5 B A% (NMLS) FIVRS i i % (SMS) 12191,

Hgrwms = Hryvs + Hrsus (3)

1 5  az (ai-ri)ri}
—2Mzi:{pi - [aﬂr — p;

7

+ L 1y - o+ <ai-ri>n} |
ong 2\ PP T r? by
1£]

TR LA ) ¥ IE R E R R T Krnwms FUREIR
RS T Krgms & SN 10
Krnmvs = M (P |Hrnws| ), (5)
Krsms = M(¥|Hrsms|¥). (6)
XF—ABRIEM S, FALER AR A Z 8] )i
W HE T AKrms AFGEH L (0) T (1) Bed [A]
R EAmAS R T2 U7 B

AKgrms = Ky rus — KiRMs- (7)

3 ITEHEA

W IEE I T RORS FE 3 TR L OB Y
FIAFERE . £ 2 474 Dirac-Hartree-Fock P £ HE 22
N, BRATR I B0 2 8] 0 V240 3R OB AR,
I 2 A B A R 2 T B OB BT (E . AE AR LI
TR HA A RS2 NS 25 A 1 SOSUROR B
AR, fER 1R 2 PEH T8 MR

053101-2


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

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 5 (2018) 053101

ZEHSHEA. N T KRG e, R
TR ER 10K L DR IR R 23 S — B SR IR A v B O BEK,
Hodt— i B 5 S B %R FH A B 2 2 A 3 B BUEOT
RS R, K 1s, 2s, 2p BLE B AE 15
i (C), 3s M 3p HUEFMEMPUIE (V), FHNH, —
B FL - SRR AT DA 23 9 B TR S B (VV R
1), Yri+ 551730 B 2 A R B (CV R L),
DA 538 HL - 2 (A B R B (CC ORER). e —Fr ok
BB 7850 Ja, B — B SRR AL A A5 (A R A EE R Y
HEMASHHSRA, N ZSEHEREAN R
RO TE B 2H 25 25 1) IR = B F - SRR AR
M S22 A P BB A 24 T N 225 24
A B BRI 0 = DBOKR, i H AT B 1 A
BHRMASIMASHHERH, LR mesE T
U I B L ORER AR, BT DALEAT R ) v 45 5%
PR RKREES TibEME. A6, AT HERHR
25 A B PR U8 BR K, v AR rhORT A3 R 1) 38 R
OB HEAT AR, VRGN T BB RL A 2w T A 1)
AR, T TS A T B,

B, G E R RIS T VVAICY
KL X HE PSS HN RS % H A (B 352
1 3s3p 73 MAE N T8 F RIS 5 AU Z) IR §IE
UK B H OSSN E (R BUE ) 74 B )35 3 7 TR
FEAR S T R, AR B R 1 BR il 2% 4 9 iR

OHUE F 2 2H AT R UK B CEIE.
H V&7 F I 52 F Dirac-Hartree-Fock 7L
WOGIEEIE (SHREIE), LR S TS O
SE. N T RS E WA R T Re s AR e WS, gk 1
K2R, RPEEZZZ AR, 1 H AR R
MACEB I BE. 2 RTEA R AT B R, FRAT
RIS 43 = FA B B B OCERBLIE, W07, Th, 8g FFEEL
T8, 0[R2 A R B s AR N, PR T 4
THERE, KEIE A S A . A4
IR FARRE R AR L N CrsVonl, Hdrn FIL 435
AR BOH NN B R BRBIUIE I d5 K £ &2 T HOhE
AETHL

Y EE U ER S RS G, KT
T8 U R B e, gk — P i KA A A A £E RCT
TF 5 A A 4 R R Y ORBR AR, B S8 7E RCT
T B HE 02 25 FI 2p B TE 19 HE 7 0BG, R
M A PRI NS H A 2s, 2pHL
T8 SO B 5 K& s 2 1A R s 41 3. M

S HE, SR B T B Y B COos i, 2 Uk, AT
BT B CCrs KBRS — B B SC B 2 B 3
s FEfE, B2 kB h RE KT
0.05, 0.02, 0.01 LA I S % 4153 H B\ Ik
BAY KRHAZ A0, NS 1 2s, 2p3LiE Al
3s, 3pHLIE Z 8] 1 i By QR RN K X A 1
TR AR bR AE A MRy, MRo, MRs.  7E MRy
R A {2522p63s?; 2522pf3p? ) il {25%2p83s3p;
2s?2p3p3d} 7 HfE AT FIR S H AL, X H
IRERPEVIR R B E RN, B2 ZEA N
g5 RIR Bk, £F MRy B R iR 45 R IiUE,
4 {2s22p13s24p?; 2522p?3s23d?; 2522p°3s3p3d}
{2522p53s5p; 2522p83sdp; 2s22p83d5p} 43 A
W FERASHHSEA S, M8 MR, B A
2 HBIEH [F B, MRy R R it 55
g RS, B {25%2p*3s23pdp; 25%2p?3s?3d4d;
252p°3s24sdp; 2s22p*3s24p5p} Al {25%2p?3s3pdp?;
2522p*3s3p4d?} INAZH AR, B MRs. &5,
M RCLTHE VAL T Breit /E X AT 857 1 R 2 %
T # R 7 DTk, IR AR Dy it B85 SR A e
JE I — 3B 4. AR ST Grasp2K 72 5 £, 1921
TERL.

T I BT R4S B 5 T A I R B i 5
FER IR 2 gy th 1 & B T A 35 U ok 2
MN(NCSF) PA R B AEAA (BRAL: em™t). RIS
FE R 1R IR T AR SCHIT S S A BR O 1 BRI fE
(B em™1) FHHLFORERMIAR L. MR 1R 2
'S0, *P§ AP =R e B AL (H B 2 25725 18]
FIWCSRT AR Y, e — 19 B B e B AR A B

T RL
560 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T
2 NIST
S =+ 3P — 15,
~ 1po 1
= ] - P;’— 18, |
¥ 55T NigT
CHN N
o
.g 3.5
Z 3.0
& - ' ' '
a 53 7S TS EEZEE SL£4
I IR &)
P G
> > > >
CLOLDOLLZZEZP
Models

1 ALt BT 3s3p 3P — 352 1S WGE BRI RE (41
fir: em™1) BEHF RIS (L

Fig. 1. Transition energies (in cm™!) of the 3s3p
3’1P(1’ — 3s2 1S, transitions in Alt ion as a function

of the computational models.
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Table 1. The reference configurations, the active orbitals (AO), the number of CSFs (NCSF) and the energy (in cm™1)

for the 3s2 1S state in various correlation models.

%, BRI, S 15 380 10 J5L 7 25 0 R 205 TSI 1O
i, BAER 1 ETHE R 3s3p 1P — 3s? 1S

Model Reference configurations AO NCSF Energy/cm ™!
DF {2s22pf3s?} 1 —53141183
CVyg-4f 4s, 3p, 3d, 4f 61 —53151934
CVis-5g 5s, 4p, 4d, 5f, 5g 254 —53154412
CV1s-6h 6s, 5p, 5d, 6f, 6g, 6h 616 —53155163
CV1s-Tg 7s, 6p, 6d, 7f, 7g, 6h 1098 —53155440
CVis-8f 8s, 7p, 7d, 8f, 7g, 6h 1603 —53155543
CV14-9f 9s, 8p, 8d, 9f, 7g, 6h 2211 —53155592
CV1s-10f 10s, 9p, 9d, 10f, 7g, 6h 2922 —53155614
CVis-11d 11s, 10p, 10d, 10f, 7g, 6h 3509 —53155624
CVis-12d 12s, 11p, 11d, 10f, 7g, 6h 4163 —53155630
CVis-13d 13s, 12p, 12d, 10f, 7g, 6h 4884 —53155632
CCas 13s, 12p, 12d, 10f, 7g, 6h 14988 —53224021
MR; +{2s22p83p2} 8s, 8p, 7d, 8f, Tg, 6h 23358 —53226127
MRs +{2572p%3524p%; 25%2p135%3d%; 6s, 7p, 6d, 6f, 6g, 6h 229659 53226927
2522p®3s3p3d}
MR3 +{252p%3523pdp; 2522p"35%3dAd; 5s, 6p, 5d, 4f, 5g 357223 —53227237

2s2p®3s24sdp; 2s22p*3s24p5p}

#2 BAEMERT 3s3p 3P BMSHAUBIEL, HIHIE (AO), HBWRHMNE (NCSF) LUK AERAMEM (H4A2: cm™1)
Table 2. The reference configurations, the active orbitals (AO), the number of CSFs (NCSF), and the energy (in cm™1) for

the 3s3p 3’1P‘1’ states in various correlation models.

Energy/cm™1!
NCSF gy/

Model Reference configurations AO

SP(I) IP(1>
DF {2s22p83s3p} 2 —53111869 —53079345
CVqg-4f 4s, 4p, 3d, 4f 600 —53114653 —53089871
CV1s-5g 5s, 5p, 4d, 5f, 5g 2326 —53117018 —53094133
CV1s-6h 6s, 6p, 5d, 6f, 6g, 6h 5573 —53117958 —53095104
CVis-Tg 7s, Tp, 6d, 7f, Tg, 6h 9860 —53118256 —53095425
CVs-8f 8s, 8p, 7d, 8f, 7g, 6h 14292 —53118331 —53095553
CV14-9f 9s, 9p, 8d, 9f, 7g, 6h 19594 —53118377 —53095619
CV1s-10f 10s, 10p, 9d, 10f, 7g, 6h 25766 —53118399 —53095643
CVys-11d 11s, 11p, 10d, 10f, 7g, 6h 30696 —53118405 —53095660
CVis-12d 12s, 12p, 11d, 10f, 7g, 6h 36146 —53118411 —53095667
CVi,-13d 13s, 13p, 12d, 10f, 7g, 6h 42116 —53118413 —53095670
CCays 13s, 13p, 12d, 10f, 7g, 6h 223468 —53188733 —53163561
MR, +{2s22p®3p3d} 8s, 8p, 8d, 8f, 7g, 6h 352702 —53189063 —53165717
MRs +{2s522p83s5p; 5s, Tp, 5d, 5f, 5g 400690 —53189141 —53165917
2522p%3s3p;
2s22p83d5p}
MR3 +{2s22p*3s3p4p?; 4s, 6p, 5d, 4f 1327012 —53189741 —53166574
2s22p*3s3p4d?}
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Fig. 2. The convergency of the NMS and SMS factor(in GHz-u) of the states 3s2 (1Sg) and 3s3p (L3P?)

versus the eigenvalue energy (in cm~1).
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Fig. 3. Convergency of the NMS and SMS factor (in GHz-u) of the states 3s2 (1Sg) and 3s3p (}3P9) versus

the eigenvalue energy (in cmfl) with the adjacent steps.
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Fig. 4. Convergency of the NMS and SMS factor (in GHz-u) of the transitions 3s? 1Sy — 3s3p 3P versus

the transition energy (in cm™!) with the adjacent steps.
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Table 3. Comparing of the uncertainties which are evaluated by the different method, the “line”

means the results evaluated using the linearity in this work, the “correlation” means the uncertainties

in our previous work.

3s2 1S9 — 3s3p 3P

3s2 1S9 — 3s3p 1P¢
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Abstract

The accurate calculation of the isotope shift factors is helpful in extracting the mean-square charge radius of the
nucleus, which is an important nuclear parameter to investigate the nuclear properties and improve nuclear structure
theories. However, for atomic systems with many electrons the uncertainties of the calculated isotope shift factors are
difficult to evaluate accurately, since high sensitivity of the isotope shift factor to the electron correlation and limitation of
the computational resource. Based on the calculations of the isotope shift factors of the 3s? 'Sg — 3s3p *!P¢ transitions
in AlT by using the multi-configuration Dirac-Hartree-Fock method, the convergences of these physical quantities with
the expansion of the configuration space are investigated in detail. In our calculation, the electron correlations are divided
into the first-order correlation and the higher-order correlations according to the perturbation theory, and captured by
using the active space approach. The effect of the first-order correlation are considered by including configuration state
functions (CSFs) that are generated by the single and double substitutions from the occupied orbitals in the single
reference configuration set. After the first-order correlation effect are taken into account adequately, the reference
configuration sets are augumented by adding the dominant CSFs from the first-order correlation configuration space, in
order to consider the higher-order correlation effect. We find that the convergence of the mass shift factors (including the
normal shift factor and the specific mass shift factor) is linearly correlated with the convergence of the level energies in
our computational model. For the transitions, the linear correlation of the convergence between the mass shift factors and
the transition energies is not so good as that for the levels involved in the transitions due to the limited computational
resource, but it can be improved with the expansion by including more higher-order correlation related 2s and 2p core
electrons. Furthermore, we made use of the linear correlation to estimate the uncertainties of our isotope shift factors,
and obtain the reasonable value of error. The authors hope that the linear correlation between the convergence of the
mass shift factors and the level or transition energies can be proved and explained in more atomic systems, and the
linear correlation can be used to evaluate accurately the uncertainties of the mass shift factors for the atoms and ions

with many electrons in the near future.
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