Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

Stark N FHIREAE T 25, /-1s,  BRIEJLRKHRBT I
A REE FIEE ERA
Theoretical investigation on Stark—induced transition probabilities of hydrogen—like ions

Wan Jian-die  Zhao Xin-Ting  LiJi-Guang  Dong Chen-Zhong

5] H{% & Citation: Acta Physica Sinica, 70, 173201 (2021)  DOI: 10.7498/aps.70.20210181
TELER 2 View online: https://doi.org/10.7498/aps.70.20210181
BN View table of contents: http://wulixb.iphy.ac.cn

BT BRI H A S T

Articles you may be interested in

He " B575d'%6s 78|, 507657 2D BIBRIE IR 31 32 (0% RIS 4045 K HUBLEIF 7
Theoretical investigation on hyperfine structure and isotope shift for 5d'0%s 251 /2*>5d9652 2D5 1 clock transition in Hg*

YIBR2A4R. 2019, 68(4): 043101  https://doi.org/10.7498/aps.68.20182136

Al+B 1352 1S0—3s3p 3,1P1oKIT [ 2 A B4 H BRI AT ST

Theoretical study on the isotope shift factors for the 3s2 1S0 — 3s3p 3,1P1o transitions in Al+ ion
YrH2E 4. 2018, 67(5): 053101  https:/doi.org/10.7498/aps.67.20172261

SR TR SE B2 RGN0 e i e i —REZA R BT BRIT BRI

Influence of Hydrogen—hke impurity and thickness effect on quantum transition of a two—level system in an asymmetric Gaussian

potential quantum dot

Y2, 2018, 67(17): 177801 https://doi.org/10.7498/aps.67.2018034 1

NS B T Ko SR WA LIRS 58 S AR BR R
Radiative and Auger transitions of K—shell excited resonance states in boron—like sulfur ion

YIFIE4. 2019, 68(16): 163101  hitps://doi.org/10.7498/aps.68.20190481

S EURTAZ TR AR A5
Influence of hydrogen—like nucleus mass on electronic state

PyFEEEAR. 2021, 70(7): 070301 https:/doi.org/10.7498/aps.70.20201754

FTRRIT A9 CaH > THOEHE ADEE BT

Theoretical investigation into spectrum of transition for CaH molecule toward laser cooling

YIBR2A4R. 2021, 70(16): 163302 hitps:/doi.org/10.7498/aps.70.20210522


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210181
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20182136
https://doi.org/10.7498/aps.67.20172261
https://doi.org/10.7498/aps.67.20180341
https://doi.org/10.7498/aps.68.20190481
https://doi.org/10.7498/aps.70.20201754
https://doi.org/10.7498/aps.70.20210522

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 17 (2021) 173201

Stark N IFFHLESIEHF 281 /91812
RIEJLRRIE BT

V- Xl

WA

FREN ERWHY

1) (PEACIIE R 23 S TR BE, 221 730070)
2) (ALITn P S AT, LT 100088)
(2021 4E 1 A 25 HIg#H); 2021 4F 4 A 25 B BRI

ST AL BB IE 1§ 5 Stark SN 5 G YR S 25015, BRIT, S T Z= 192 KA TH)
Stark & F KU 25, 015, o BRITJLA, W18 T Stark UM 5 T B IR T 25 )o-1s, o BRITJLRBE T 5 80
AR AL LA S AR X 18 BN X Stark R 7 2 KO S BRAE JLAR RS2 S5 1R, 452 i o ), AR 1
f Stark 175 5 BRI JLASBEAE I 7 780 Z B3GR 800N 55 Ah, RHXE R0 i 1528 208 T /Y Stark 75 S BRITJL

RIF /N, HBIE Z = 92 B SN HE AT IS T LY 55%.

KRR Stark 5 FEGE, Stark 00, KEE T, inEXR

PACS: 32.60.+ i, 31.15.xp, 31.15.A—, 31.30.J-

SR RE S A S RN A%, XK
N BEFR A Stark ZLNE. R, AN 2R R
FARZRAYZS (BT, 6 B A W FFR Y
TARERSE, WA BET R BRI I, 53
JFFREIUHIE WARAS BB i 10 i), XAl
H M7 & I BRIEFR R Stark 55 BRIT (Stark-
induced transition, SIT).

Stark P53 ERIT 5 HAW BT 8 38 2 6] 7 4 1 T
B 380 SR PR 55 - BRI W 1 — s A T 7
F-Be, 0 H B UL — LA H A Y i ) B
2. 4, Bucksbaum %5 1 & Drell #1 Commins!?
i Stark 755 BRAE 155 A0 BAE HBRAE Z (A 1Y+

DOI: 10.7498/aps.70.20210181

P T TLEF 62P) o-T2P ) o BRIEAT AR 1 (1 TR
ANSFIERON . Gilbert %5 B 3@ i Stark 75 5151k
S T Cs Ji+ 6S-7S BRiEad F2 H A FRRAN SFHERL
7. Maul % 1 5 55 7 o 0 TR IR AW 54T T
WL, 545 2 T 55 40 BV BRJC. Hunter 55 P
F Lellouch A1 Hunter® 175 ¥ W 2% 3] Sr & T #1
Ca JiiF- Stark 755 BRI 4 i 1 H DU AR BRI 0
ZIEW T8, JefaME T 5s5p 'P-5sd4d 'D ) ERIE
JLFRA 4s4p 'P-4s3d 'D (ERITEJ LK. Wielandy 257
SAE AR ] 4 Stark i S ERGE T W HARFR T
Ba JF 1 6s5d D 75 S HUm).

S2BR b, B E i Stark 175 S B X AR
ZI A T Lamb 07 B UE AT T RS 25 090 &
Fan %5 8 7£ 1967 4F 1 UG 3 2K & Li2t & 1
A 28, o TERHL Y T Stark 8 K B A 2 T

* ERAABIER S (S 11874090, 12075193) . Hlt 4 B AR E3L 4 (LS 20JR10RA084) , H it 44 FERIATF 78 B8 Fif 1400
H (S 20JR5RAB41), Hilf4 A AR S HFERHE TR (S 1506RIYA131) ., PHALIME R 4R hRHIF AR 1 e Tt
TR (HEHES: NWNU-LKQN-10-7) FPGILIiE 2=y 8 5 v 7 T AR 2= BRI 1 A5 H ¥ B e,

t iBIE1E#E . E-mail: wanjj@nwnu.edu.cn
i BIEMEE. E-mail: lijiguang@iapem.ac.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

173201-1


http://doi.org/10.7498/aps.70.20210181
mailto:wanjj@nwnu.edu.cn
mailto:wanjj@nwnu.edu.cn
mailto:li_jiguang@iapcm.ac.cn
mailto:li_jiguang@iapcm.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 17 (2021) 173201

2S5 Fl 2P, )y (W REE 2R Lamb {745, A AR $E 5C
S0 WL 14 F 37 500 EE FIAH LAY 28, o BEZR A0, A1
=B R G Bethe-Lamb 5 i BHiE I HfE H 2R
Li>* B Lamb %, iKE] 5 AT IR E.
Leventhal 1 Murnick® & Murnick % 19 43 51 F
1970 4FA1 1971 4F3d i iz g B 4 K Sc e, FIH —
REZL I R 2 SN S & COF B 111 Lamb i/ #
S/ 1 [ 720115 = = | = W S R R VA SV &S S )
Lamb {3, 1972 4£, Kugel 25 1 158 33 15 3 H1 3%
[ Stark FEKMFFE T A COFE F 1) Lamb (i 5%,
M AAE FH BB — BB AR R 19 & B B X R &
COVE§ 1 Lamb (A HEAT T 140 1Y 73 AT Flistie,
19 38 1 Lamb £ # B A7 447 A 808 F . A 4R,
Leventhal 5% 12 1 Lawrence 5% %3 14 Stark 7
REGAR 435I F FH R A —Re & i Fie A X
SR T2 OB 71 Lamb (%%, iK% 6 (i
RUOBCFROKE FE . 1978 4F, Gould #1 Marrus™ i i3
iz B LRSI, L LA a7 B ) —REZR 5 BT e
ARSI E THRA Ar'™ & F 1) Lamb (5%,
RS IR 2 3 A -

JUETESE S F Lamb 13 B8 A4 5256 W b 77
R W K& Stark 5 T BRE JLER W T/E, H2
Stark 375 5 BRI JLA (000 £ 45 S A e A 4 %, ok
Z RGNS, ASCRETRHELELS, 2 hiES
T T 28 A8 T I AR XS Stark ¥ FIKIT LR
JFCARAXTIEIERL, IF45 0 T AEA XS FAE X 8
Stark 375 FEGE JLR IR T T 4L Z PR G R.

2 Stark % 3 it L&

e 1R, BT E T 2O s
e ", FLI AN AH B P e i i AT m] LR
NH

Hyo=-D-e=eerCY, (1)

z

1 ShA e R

Fig. 1. Schematic diagram of an external electric field.
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Fig. 3. Schematic diagram of hydrogen-like ion levels.
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Table 1.  Energy differences and radial orbital matrix elements for hydrogen-like ions, where a[b] stands for a x 10°.

Energy difference/cm !

Matrix element

AEM AFE, <2P1/2|”“H251/2> <2P3/2HTH251/2> (2pl|r]|2s ) <151/2H7“H2p1/2> <151/2H7'||2p3/2> (1sl|r]2p)
1 3.52868[-2] -3.65221]-1] -5.19604 -5.19611 -5.19615 1.29024 1.29024 1.29027
2 4.68400[-1] -5.84353[0] —-2.59785 -2.59798 -2.59808 0.64509 0.64508 0.64513
3 2.09220[0] —2.95829[1] -1.73170 -1.73191 -1.73205 0.43002 0.43001 0.43009
4 5.99720[0] -9.34965(1] -1.29858 -1.29885 -1.29904 0.32247 0.32247 0.32257
6 2.60840[1] —4.73326[2] —-0.86533 —0.86575 -0.86603 0.21490 0.21489 0.21504
8 7.32500[1] —1.49594[3] -0.64860 -0.64915 -0.64952 0.16109 0.16108 0.16128
10 1.62100[2] —3.65221[3] —-0.51846 -0.51915 -0.51962 0.12879 0.12878 0.12903
12 3.08800[2] —7.57322[3] -0.43163 -0.43246 -0.43301 0.10724 0.10722 0.10752
14 5.30600[2] —1.40303[4] -0.36954 —-0.37051 -0.37115 0.09183 0.09181 0.09216
16 8.46400[2] —2.39351[4] -0.32291 -0.32402 -0.32476 0.08026 0.08024 0.08064
18 1.27570[3] —3.83394[4] —0.28659 —0.28784 —0.28868 0.07125 0.07123 0.07168
20 1.83800[3] —5.84353[4] -0.25749 -0.25888 -0.25981 0.06403 0.06401 0.06451
24 3.45000[3] —1.21171[5] -0.21372 —-0.21539 -0.21651 0.05318 0.05315 0.05376
28 5.86400[3] —2.24485(5] -0.18232 -0.18426 -0.18558 0.04540 0.04537 0.04608
32 9.28800[3] —3.82962[5] —0.15865 —0.16087 -0.16238 0.03954 0.03950 0.04032
36 1.39300[4] -6.13430[5] -0.14013 -0.14263 -0.14434 0.03496 0.03492 0.03584
40 2.00100[4] —9.34965[5] -0.12522 —-0.12799 -0.12990 0.03127 0.03123 0.03226
44 2.78800[4] —1.36888[6] -0.11292 -0.11597 -0.11809 0.02823 0.02819 0.02932
48 3.78200[4] —1.93874[6] -0.10259 —-0.10592 -0.10825 0.02568 0.02563 0.02688
52 5.03100[4] —2.67035[6] -0.09376 -0.09737 -0.09993 0.02351 0.02345 0.02481
56 6.56100[4] —3.59176[6] -0.08612 —0.09001 -0.09279 0.02162 0.02156 0.02304
60 8.45400[4] -4.73326]6] -0.07942 -0.08359 -0.08660 0.01997 0.01991 0.02150
64 1.08200[5] —6.12739[6] —-0.07348 —-0.07793 -0.08119 0.01850 0.01844 0.02016
68 1.37000[5] —7.80892[6] -0.06817 -0.07290 -0.07641 0.01720 0.01713 0.01897
72 1.73900[5] —9.81489[6] -0.06338 —0.06839 -0.07217 0.01601 0.01595 0.01792
76 2.20000(5] —1.21846(7] -0.05902 -0.06432 -0.06837 0.01494 0.01487 0.01698
80 2.79500[5] —1.49594[7] -0.05503 —0.06060 -0.06495 0.01395 0.01388 0.01613
84 3.56700[5] -1.81833[7] -0.05135 -0.05720 -0.06186 0.01304 0.01297 0.01536
88 4.62700[5] —2.19021[7] -0.04793 —0.05406 -0.05905 0.01219 0.01212 0.01466
92 6.07300[5] —2.61642[7] -0.04473 -0.05114 -0.05648 0.01139 0.01133 0.01402
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Fig. 4. Module squares of Stark mixing coefficients between 2s;, and 2py 5, 35 states of hydrogen-like ions (NR and R stand for non-

relativistic and relativistic cases, respectively).
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0.22%, 1M 3ps o WA ASHY Stark G XF 25 jo-1sy o,
HL 3715 TR LR B BRI B 3T 0.01%, P12, 3/
(n > 3) MK Stark AR 25 j-1s, o T
SR LA B ST 2 55N, XS 25, 0 H5 &
2D /o Fl 239 WY Stark JR-A 25 HY.

FRAE 1545 21 14 AR AR X 18 FAR X 1 BR AT J B

JC, Al A — i ORI R i N A T
281971819 e Z [A] 1Y) Stark i SRTE LK. £ 3
FIE 5 45 A Li2 B 1M Ar'™ 31 2s BB
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FEAR IR SRR A IS T AR A A b 2 A 245 2
4, R I P A Ak A A S B ORI 52 25 11 R YR
—, T LA ER B B R A S 0 DU 4 SR A L
b,

Kl 6 J7n T R B 4350 104, 109, 108 A1
101 V/m i, KA B T 25 j0-1s ) BE P Z [H] 1Y
Stark 753 BKIT LR U ARXHE S HAEAXTS 5 B
T LR LU B R T R4 Z AR fb ka3, =P {Y
25 Model 1T RS R, nTLIE W, BEE IR )7
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£ 2 KEAHT 250 1s o Z M ERIE P KA
1 V/m BT Stark FFEGE LR, Hri ofb] %
7N a x 10°
Table 2.

probability between 2s,/,-1s;/, of hydrogen-like ions

Transition wavelength and Stark-induced

in electric field of 1 V/m, where a[b] stands for a x

10°.
Transition probability /s
Z A\/nm Model I Model 1T
AST (NR)  AST(R)  AST (NR) A7 (R)
1121.50287 2.7510[-1] 2.7508[-1] 2.8023[-1] 2.8022[-1]
2 30.37572 6.2450[ 3] 6.2430[ 3] 6.3253[ 3] 6.3242[ 3]
3 13.50032 7.0428[-4] 7.0399[4] 7.1133[-4] 7.1104[ 4]
4 7.59393 1.5238] 4] 1.5227[ 4] 1.5364[ 4] 1.5353[ 4]
6 3.37508 1.8124[ 5] 1.8095[ 5] 1.8234[ 5] 1.8205[ 5]
8 1.80848 4.0858[ 6] 4.0740[ 6] 4.1054[ 6] 4.0936[ 6]
10 1.21503 1.3036[-6] 1.2078[-6] 1.3087[-6] 1.3029[-6]
12 0.84377 5.1727[-7) 5.1392[ 7] 5.1899[ 7] 5.1564[ 7]
14 0.61991 2.3847[-7) 2.3637[-7] 2.3915[-7] 2.3705[-7)
16 0.47462 1.2240[-7] 1.2099[-7] 1.2271[-7] 1.2130[-7]
18 0.37501 6.8196[-8] 6.7198[-8] 6.8347[-8] 6.7348[ 8]
20 0.30376 4.0558] 8] 3.9825[-8] 4.0638[-8] 3.9904[ 8]
24 0.21004 1.6577[-8] 1.6143]-8] 1.6603[-8] 1.6169] -]
28 0.15498 7.8098[-9] 7.5301[-9] 7.8204[9] 7.5406[ 9]
32 0.11866 4.0660[-9] 3.8747[-9] 4.0708[-9] 3.8794[
36 0.09375 2.2878] ] 2.2901[-9] 2.1530[
[ [

9]
9] 2.1507[-9
40 0.07594 1.3688[-9] 1.2668-9] 1.3700[-9] 1.2680
44 0.06276 8.5316[-10] 7.7563[-10] 8.5387[-10] 7.7630[~10]
48 0.05274 5.5176[-10] 4.9160[-10] 5.5218[-10] 4.9199[-10]
52 0.04493 3.6594[-10] 3.1869[-10] 3.6620[~10] 3.1894[-10]
56 0.03874 2.4954[-10] 2.1184[-10] 2.4971[~10] 2.1199[-10]
60 0.03375 1.7254[-10] 1.4233[-10] 1.7265[-10] 1.4243[-10]
64 0.02966 1.1984[-10] 9.5735[-11] 1.1992[-10] 9.5802(-11]
68 0.02628 8.4389[-11] 6.5035[-11] 8.4441[-11] 6.5081[-11]
] [ [ ]
] [ [ ]
] [ [ ]
] [ [ ]
] [ [ ]
] [ [ ]

9]
9]
9]

72 0.02344 5.8719[-11] 4.3471[-11] 5.8755[-11] 4.3503[-11
76 0.02104 4.0878[-11] 2.8934[-11] 4.0905[-11] 2.8956[~11
80 0.01898 2.8062[-11] 1.8889[-11] 2.8082[-11] 1.8905[-11
84 0.01722 1.8996[ 11] 1.2085[11] 1.9011[-11] 1.2096[ 11
88 0.01569 1.2390[-11] 7.3978[-12] 1.2401[-11] 7.4061[-12
92 0.01436 7.8610[-12] 4.3696[-12] 7.8695[-12] 4.3757[-12

KT 26115, BRI Stark V5 FHRLIL
RO/, @ FIPE Z, T Starkifs SR
LR 5 i3 B 15 JAE L, BRI H 3 i
VBB LR, THEAE R R, FiE 00
JERII R, X TP MR E B TR R, H
AHEAE HR 5 T i AR 4% Z 18 ) Coulomb

* 3 REALPE T AT E T 2s BRI AEXT
& Stark 15 T BRE F v, HH a(b)[d F& a(b) x
10, b A2 IRt AN A B

Table 3.
time for 2s level of hydrogen-like Li** and Ar'™ ions,
where a(b)[c] stands for a(b) x 10° and b is the ex-

perimental uncertainty.

Relativistic Stark-induced transition life-

1T /ns
Z  ¢/(Vm?)
Exp Model I ~ Model II
3 7.425(2)[5] 2.629(21)8 2.58 2.55
9.173(2)[5] 1. 764(35) 1.69 1.67
18 5.93[7] 3. 86(3) 4.23 4.22
7.14[7) 2.80(6) (M 2.92 2.91
8.06[7] 2. 28(2) 2.29 2.29
8.60[7] 2.00(2) (4 2.01 2.01
3.0
2.8 Z=3 (@)
—— This work
2.6 Expls
2.4
n
2 2.2
~
=
* 20¢F
1.8F
1.6 F
7.0 7.5 8.0 8.5 9.0 9.5
Electric field/(10° V-m~1)
0 b
5 Z =18 (b)
—— This work
ni Expl4l
2
= af
%
2 -
5 6 7 8 9 10

Electric field/(107 V-m~1)
K5 ZEE L2 1M Art™ B 1 25, BRI Stark 5%
Fig. 5. Stark-induced lifetime of 2s,/, levels for hydrogen-

like Li>* and Ar'™* ions.
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BIRFPEL Z BRI A 28 51 Ok O Xl
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= 0.992 (2p||r||28) FFETHRES. 2427 = 92 I, AXS
1© Stark 7% T BRIE JLRAUUZIE A XS Stark i
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Model 11 : ASIT fl(INR) (Z) % 55_1. (26) Hﬂ?%ﬁ*ﬁﬁf‘(az% Xj‘ﬁ%ﬁﬁ?ﬁﬁﬁ?%@i

2s1s 7 AL, A

R (Z) = 0.1566 + 0.12496Z — 0.0031722 + 3.23122 x 10423
—1.38174 x 107°Z* + 3.53579 x 1077 Z° — 5.66538 x 107926
4 5.46049 x 10711 Z7 — 2.93855 x 107132% 4 6.88431 x 1071627, (27)
(N0 (Z) = 0.16174 +0.12496Z — 0.0031722 + 3.23122 x 10423
—1.38174 x 107°Z* 4 3.53579 x 107" Z° — 5.66538 x 107°2°

+5.46049 x 10727 — 2.93855 x 107 137% 4 6.88431 x 10710 2°. (28)
\
. N [ N 2
SR, H%?*ﬁﬁl’tﬁ?ﬂﬁéfﬁﬁﬂﬁﬁ’ﬂﬁfﬂ%ﬁ, ACH Model I : A%Lls _ fI(R) (Z) x %S—l; (29)
25 TRUAZR, THRAEIEAIRR I U FR 2 DG R
1A KE BT 99, -1 Bl = q o 2
¥ (=] H?Tjt%h%? Sl/f Sl‘/Q He ﬁZI:{E/JiHXT‘lb Model 11 : Ag?—ﬂs _ fI(IR) (Z) < i":765717 (30)
Stark 175 FERIT LA PIPREE G FR, I 2 s z
FHERFE, AHXTIE Stark 5 FERIT LA AR LA T AEAL. Horr:
\
F®(Z) = 0.15819 4 0.12364Z — 0.0028727 + 2.86138 x 10~* 2>
—1.20409 x 107°Z* 4 2.93685 x 10~ 7 Z° — 4.48008 x 10~22°
+4.05953 x 1071127 — 2.00189 x 1071328 + 4.21183 x 1071629, (31)
(R (7)) = 0.16332 + 0.12364Z — 0.0028722 + 2.86138 x 1074 2*
—1.20409 x 107°2* +2.93685 x 10772 — 4.48008 x 107225
+4.05953 x 1071127 —2.00189 x 1071328 4 4.21183 x 1071629, (32)
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Abstract

Based on the nondegenerate perturbation theory, the Stark-induced transitions are studied for hydrogen-
like isoelectronic sequences (Z = 1-92). The Stark-induced mixing coefficients and transition probabilities
between the 2s;/-1s;/; levels of hydrogen-like ions are reported. The trend of Stark-induced transition
probabilities varying with atomic number Z between 2s; ,-1s; /5 levels of hydrogen-like ions and the relativistic
effect on the Stark-induced mixing coefficients and transition probabilities are discussed. The scaling relations of
the nonrelativistic and relativistic Stark-induced transition probabilities with atomic number Z are obtained.
The results show that the Stark-induced transition probabilities of hydrogen-like ions decrease monotonically
along the isoelectronic sequence with the increase of atomic number Z. In addition, the relativistic effect reduces
the Stark-induced transition probabilities of hydrogen-like ions, for example, by about 55% at Z = 92.
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