ATCRZANEE . A

v RS %INE T

- J8

1 [E TEVIREHRPE AR ET




AICIZANIE = BC + [R T Y3E

1960




AICIZANIE = BC + [R T Y3E

R F 9 3

e SE (Nobel 1981)

HISENEF (Nobel 1997, 2001)

2F%% (Nobel 2005, 2012, 2022)
sRiZ B IR, PU#P AR (Nobel 2018, 2023)
[BEF5E50 (Nobel ? )

1960




AICIZANIE = BC + [R T Y3E




AICIZANIE = BC + [R T Y3E

S
N
N
&

RF%ETIF
JRF %3
JRF %At
JRF % EEith

2010s

HAELRL SRR
= SRR IR
X542k B B T RIE

e




BFHE o RFRBFHY

14.4 keV: [E1Z5 5857 XFEL

1st excited state

. BT AR A B BT o

14.4 keV

10 keVEEEREREFILFE

Ground state




ETRY oo RTRETHS

MRS S E MR =ML R. Rohlsberger et al., Science 328, 1248 (2010)

B RAIA SERR R. Rohlsberger et al., Nature 482, 199 (2012)

M AFEXSE R - F. Vagizov et al., Nature 508, 80 (2014)

125 K. P. Heeg et al., Phys. Rev. Lett. 114, 203601 (2015)
PIEE IR - J. Haber et al., Nat. Photon. 11, 720 (2017)




JRF#—>— R F iz

—
./
~

1st excited state

229Th

8.4 eV

Ground state

FIRFAAERT RIS HEESR -
E. Peik and C. Tamm, Europhys. Lett. 61, 181 (2003)

B MR R &R &L 7S

Ay ~ 103 s
OF ~ 104 Hz
SE /E~ 1019




JRF#—>— R F iz

MBI REEREF{E S L. von der Wense et al., Nature 533, 47 (2016)

TSR RE ZA T . J. Thielking et al., Nature 556, 321 (2018)

B3Ik - T. Masuda et al., Nature 573, 238 (2019)

AMMZEIEZFESB LIGETES: S. Kraemer et al., Nature 617, 706 (2023)

BHIENLHEA J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)
E. Elwell et al., Phys. Rev. Lett. 133, 013201 (2024)
C. Zhang et al., Nature 633, 63 (2024)




AT YRR 5 B AR

» FRAHAESWHAL . BIZRT %
© ARTFRYBEMFEHEFE, LKIFHERETFZIE
» FEOIE TR F AR AR
JRF iz JRF iz
RFEE BEFEMNE HERLE

AR : AR

i

s 2 BN R A EE N B




R IIEY vs Rz EE”

INEERF (EG AR MTE .
S0y 5, JEAT
(FIHEEST . B Fixy REF)

NEBF B, F A i B2
~1-10 keV
AR -
ZrHhe, X9, &, T
(B RITIHICIR)
B F- Ml 2

HEIERAINE TR A B FIER
HN— R FiZ— IR F=R A%




B SR TFH%EEERAEE

B FERE B & B FRBZE L B FIER RIS BUx &
(NEET) (NEEC) (NEIES)

JRF 1% BT JR T JRF 1%
REGESAFE IR REE R

(BIC) (e)




B 5S5ERFZEEIERERE

B FERE B & B FRBZE L B FIER RIS BUx &
(NEET) (NEEC) (NEIES)

[RF+% BT [RF
RGSHFEIR
(BIC)
A IEIXE] I

RINHEF = ’J""'VC




. §t-229

E;, = 8.338 eV

|15 = 3/27)

I’
U
.
. ~103s
|
\

229Th90+

L. PN level mixing

.0.3018 eV

mixing coefficient
~ 3%

N

(--’-\ﬂ‘\§’-\—"N"‘-"\” <-

| 0.3014 eV :

6 3 - - - -
Ll T b R PN §~_’ ~N_’ N,_,ﬂ

LT N

Th89+

V. M. Shabaev et al., Phys. Rev. Lett. 128, 043001 (2022)

IR ST

103s —> 10?5




BEMEESNN: §t-229

ZEFIEN: BFRAN=E o BEFZBI=

Th88+: JTtNHM
Th87+: HNHM
lb\Wi_?n

Th86*: JENHM BB, NHMRSUR #5535

Th3*: HNHM




ERetal.: FIREFAFFASIIRIETh3+E FEBEMESER

PHYSICAL REVIEW LETTERS 133, 223001 (2024)

Isomeric Population Transfer of the 2**Th Nucleus via Hyperfine Electronic Bridge

Wu Wang®,' Fen Zou®,' Stephan Fritzsche®,>>*" and Yong Li®"'
'Center for Theoretical Physics & School of Physics and Optoelectronic Engineering, Hainan University,
Haikou 570228, China
*Helmholtz-Institut Jena, Frobelstieg 3, D-07743 Jena, Germany
3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrasse 1, D-64291 Darmstadt, Germany
4Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universitét Jena, Max-Wien-Platz 1, D-07743 Jena, Germany




Th¥* & FBFAE SN

- HEFIH. ESVMEIZ M 4% IBIE
131 nm, E1, |, 5f5/2)+ - |1, 6d3/2)+
Et 148 nm BIM 1% & 1B 1B B & SE S22 N M E LR

o« FEBHELZIREIEE

ElixFRESFWHRM 1%—7%

J. Zhou and X. Wang, under review



Jnp
Y4y
i

Th3+

8.356 eV
|Imi 5f5/2>

QeV

g, 5fs/2)

8.892

|Im, 5f7/2)

0.536
g, 5f7/2)

9.497

|Im: 6d3/2>

1.141
|1;,6d3/,)

10154
|Imr 6dS/Z)

1.798
|Igl 6d5/2)

11.225

|l 751/2)

2.869
|IgJ 751/2)




BEE) Th
11.225
|l 751/2) +
10,154
9.497 s 6lsy2) +
8.892 Im, 6d3/2) +
8.356 eV L, 5f7/2> N
|Imi 5f5/2> +
2.869
|IgJ 731/2) +
1.798
1.141 g, 6ds2),
0.536 |Ig,6d3/2)+
Aoy g, 5f7/2)
g, 5f5/2),




‘ﬁ‘lé% A Th3+
11.225
|Ln, 75
10.154 va)
9.497 s 6ds2)
8.892 I, 6d3,2) + Z
|Im, 5f5/2) + b, = 7.0x1078
by = —2.1x1077
By = —1.2x107°
S = —2.9x10~7
IIgv 751/2)+ '82 B .
1.798 Bz = —8.6x1078
1.141 g 6s/z),
0.536 |lg, 6d3/2)
L |Ig' 5f7/2)+
g, 5fs/2).,
g, 5fss2), =lg.5fsj2)  +billg,5f7/2)  +bally, 6fsa)  +bsllm, Sfspa) + -
|Im1 6dS/Z)_l_ = |Imi 6d3/2) +,31|Iml 6dS/Z) +,BZ|Imt 7dS/Z) +:83|Ig' 6d5/2> o



‘ﬁ‘lé% A Th3+
11.225
|Ln, 75
10.154 va)
9.497 s 6ds2)
8.892 I, 6d3,2) + Z
|Im, 5f5/2) + b, = 7.0x1078
by = —2.1x1077
By = —1.2x107°
S = —2.9x10~7
IIgv 751/2)+ '82 B .
1.798 Bz = —8.6x1078
1.141 g 6s/z),
0.536 |lg, 6d3/2)
L |Ig' 5f7/2)+
g, 5fs/2).,
g, 5fss2), =lg.5fsj2)  +billg,5f7/2)  +bally, 6fsa)  +bs|ly, 5fsp2) + -
|l 6d3/2)Jr = |, 6d3/2) +B11Im, 6d5/2) +B2 |, 7d5/2) +:83|Ig'6d5/2> o



BE) Th
11.225
|Iml 751/2) +
10.154
9.497 |, 6d5/2) +
8.892 I, 6d
8.356 eV L, 5f7/2) I 620« (E1) b; = 1.9%x107°
m» 2J7/ +<Im,6d3/2|M |Iga5f5/2>—|— _g

|Im, 5f5/2) + b, = 7.0x10

~ b (I, 63 /5| ML, 5 0)

. by = —2.1x10~7
+ 53<Igv6d5/2‘M( V)‘Iga5f5/2>

f; =—1.2x107°>
2.869

— -7
. 750m) B, = —2.9x10

1.798 Bz = —8.6x1078
1.141 g, 6ds2),
0.536 |lg, 6d32)

L |l,,5f5)
gr2J7/2
g, 5fs/2) ’

E1l

g, 5Fss2), =g,5fs2)  +billg,5f7/2)  +ballg, 6fsj2)  +bsllm,5fs2) + -

|, 6d3/2), = |l 6d3s2)  +Billm, 6dss2)  +Ballm, Tdss2)  +Bsllg, 6ds2)



BEE ) Th3*
11.225
|Im,7S1/2)+
10.154
9.497 s 6d3/2) +
8.892 |, 6d3/2)
8.356€V_ |I,,5f) 4
N
\Im, 5f5/2) +
1 E1l
122 nm
2.869
Ml, EZ IIgl 781/2) +
148 nm ——
1.141 lo:6ds2),
0ev 0.536 ;. 6d3,5), AR -
e :
Ly, oSl [+ (FIIMD]6)-4 2
S 5Fara). Pexe(t) ~ o

3(2F; + 1)
+ (I, 6d3 2] |E1]| 15, 5f5/2)+ = 6.22 x 107° a.u.

(I, 552||M1||I4,5f5/2) + = 3.73 x 1077 a.u. B R AN BB IR T




i

il

1.36x1

N

Th3*

8.356 eV

|Im' 5f5/2) +

A\ 4

OeV

g, 5fs/2),

1.798

1.141 Iy, 6ds2),
0536 |l 6dsp),
g, 5F7/2),
=T, + AT

[, = 1.36x107% s 1

11.225
|Im,781/2)+
10.154
9.497 s 6s/2) +
8.892 [Im, 6d3/2) +
|1m15f7/2)+
TMINNWE LR A BE->-EIRFRESE

2.869
IIg: 751/2) +

B(M1) = 0.0076 W. u.




BRI & ST AR

[, =1.36x10"% s}

37.7 GHZ _ Al = 3.5)(10_6 S_1
= AT /Ty = 2.6%
6.6 GHz AT = 1.43%x1076s71
8.356 eV =4 AT /Ty = 1.1%
m, 5fsy2) + 243GHz . . AT =87x1076 51
AT /Ty = 6.4%
-53.9 GHz _ Al' = 9.5)(10_6 S_1
= AT /Ty = 7%

A EIREBEHEE R F A E

J. Zhou and X. Wang, under review




BEMEASN: $5-205

205Pb82+ 205Pb77+
R K= F
IFe = 1)+ 1:?;%£k7&§%ﬁi .
1/27 2329V .~ | :
T ! ' 15 min 2 32 ms
: | |Fe = 0)+|
I | I
1 = | ” [ ”
8 E I, E NI s . N s ~
N LR ER A BRSNS
i : : HEVEKIT LR E2 - M1
! L F=3).y
v |
5/2- eV e v
|F, = 2)+

W. Wang and X. Wang, Phys. Rev. Lett. 133, 032501 (2024)




SINEREFET R RS

229Th90+

R

229Th89%+
KEET

|15 = 3/2%)

229Th90+

Eis = 8.338 eV

'~ "N

o

S

~103s

g =520y &

PPN N

|F =1)

05162eV  } )

o -0.3018 eV -
. VA

~1072%s "\, ,‘:‘ (‘

229Th89+ :: :} (,\
_ (7

IF =3 T53012ev Y
-04299eV {4 ¢

|F = 2;down)




R F %8 & R

10° :160'/; ———————————————————— - '—"—"i'——"—':l" :::=‘ ~10%
L) ATV s e ok R
1071 |=- Th®* | F=1) | LT

e Th L =372) |

oA ThS EMEES M AR EAE

—h

S,
ry
o

Excitation probability
=)

)

S
4
3

o| —
o o | o ~—
..... V'-VW = o o
! I I
- = =
10" o .

1015 1016 1017 1018 1019 1020 1021 1022 1023
Laser intensity (W/cm?)

H. Zhang, T. Li, and X. Wang, Phys. Rev. Lett. 133, 152503 (2024)




BT R F R ERIE B =R 15 75 F0 Fr] 7D Bk o

Th89+
0 :
_ | | 102"W/cm? - 102°W/cm?
5L | o 019chm ————— 10"®W/cm?

|
jap

P e B RS
ETRESREREKIT

15K 1E PR ERIEE R

.............

............................

?"ﬂi

-----------------------------
-------------

log,,[P(®)] (arb. units)

SR e e — -

13 17 21 25 29 33
Harmonic order

H. Zhang, T. Li, and X. Wang, Phys. Rev. Lett. 133, 152503 (2024)




© Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo:

Clément Morin Clément Morin Clément Morin
Pierre Agostini Ferenc Krausz Anne L'Huillier
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2023 was awarded to
Pierre Agostini, Ferenc Krausz and Anne L'Huillier
"for experimental methods that generate
attosecond pulses of light for the study of electron
dynamics in matter"




BBMRAHR: B HIEANE

BT

JRF %

B FIRRIE Stz S
KRR AERESITIBRER T




BIBMEAHEL: AN NS

i REBET

B F IR RIE R %A S
KRR AERESITIBRER T




B A% BB KO A0 & AR

10° - 1
. 229 89+ _3 g 5 1020 WI 2
. g_zzsigsm: % HE 8 em 60%
R 10°F  [5-229Th% |1, £ : 0.5 1
.‘E:w'” 2 ol |
s 3 1f :
S1gts S _§ 3x10%' W/em? 90%
% ':===__====EEE§EE=====. s E‘ 0.5
k=l
10255 ) . . . . . % ?
15 16 17 18 19 20 21 22
1 0 1c.laser ::?tensit;?chmL‘)) ° 1 a | 6x10%! wiem? - 70%
1053 nm, 100 fs '
0| . . . . .
0 50 100 150 200 250
s = B3 |-I-| time (fs)
B [EFiZE FiRE?
H. Zhang, T. Li, and X. Wang, Phys. Rev. C 111, 044614 (2025)




Fil B R R 5229 Thesr

(a) New Phenomena in Nuclear Control
©® Nuclear Magnetic Moment Rotation
® Periodic Radiation Enhancement

|F =1)
i3
|F = 2;up)
hyperfine mixing
|F =3)
ity
|F = 2;down) Amp=0,+1
x
’39'/4 i~
ép b

LP vortex laser y

log,o[R(w)](arb. units)

Non-vortex Laser

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

IIlllAIIllll!lIlllllllllllllllllIlllllllllllllllllIllllllllllllllllllllllllllllllllll

1 9 17 25 33 41 49 57 65 73 81
Harmonic order

(b) y/10—6

50+

9.55T,
9.50T, 0

1
J

=501

10710

10

10

-15

-20

"'fliﬂtvlm”u
F { d
i

L]
15 9 13

Vortex Laser

e
kg L

YT,

Harmonic order

17 21 25 29 33 37 41 45 49

Illllllllllllll

(d) y/10—6

50+ | °

9.52T,

F. 9.55T,

TR BESCS F B R F XA RE hied%

SRS EEZHESYE  Z-W. Lu et al., arXiv: 2503.12812




JRF %k

Rl

| /‘! ._ N K IR D

**\ _}“* ~ 116 E RIS R BT
polarized nuclel 19 TR R IR BT

tE. =YY%, EFEEFa




JRF %k

MBRIE:
.ﬁ' =N optical pumping
\ N N spin-exchange collision

' s

polarized nuclei

RENHTEZ
IR FZHK




At S SN B FHEIEREIRRICER T

205Pb82+ 205Pb81+

] F= _—— ——— E—— ——— —— — S——
0.922 eV

F=2

ETS 1sE8F m=-2 -1 0 1 2
[=5/2 J=1/2

F=23




At S SN B FHEIEREIRRICER T

205Pb82+ 205Pb81+

] F= _—— ——— E—— ——— —— — S——
0.922 eV

F=2

ETS 1sE8F m=-2 -1 0 1 2
[=5/2 J=1/2

F=23




At S SN B FHEIEREIRRICER T

205Pb82+ 205Pb81+

o F =3
0.922 eV \\\\\
F =2 - O0- O- 0 O
ETS 1sE8F m=-2 -1 0 1 2

I =5/2 J=1/2

F=23




Tz
-2 -1
——  ——
A
Vi
—1

\
\
m=—2

m= —3

0.922 eV

1/2
F=23

1sHF

J

205Pb81+
..

s
HE
-
=R
.
)
HE
N
oy
=
_,._J
i
A/.|.H

=)

205Pb82+
AT
[=5/2

SRS




Bt S SN B FHE(ERBRELERT#Z

205Pb82+ 205Pb81+

] F= _—— ——— E—— ——— —— — S——
0.922 eV

F=2 @ O -0 o o
TS 1sHF m=-2 -1 0 1 2
I =5/2 J=1/2
F=23 i P | =l




Bt S SN B FHE(ERBRELERT#Z

205Pb82+ 205Pb81+

o F=3 —_—
F=2 ¥- = = = —=
ZES 1sHF m=-2 -1 0 1 2
[=5/2 J=1/2
L m T
F=23 R 7;:|Zmp




Bt S SN B FHE(ERBRELERT#Z

205p 82+ 205p 81+
m=-3 —2 -1 0 1 2 3
I NN
0.922 eV \Q‘IVKAN‘IVKAN‘;'K‘)\u* \31 ~50 ms
F=2 @ O & o o
R ETS 1sE8F m=-2 -1 0 1 2
[=5/2 J=1/2
N m
F=23 WLE P = | 2o D




Bt S SN B FHE(ERBRELERT#Z

205Pb82+ 205Pb81+

] F= _—— ——— E—— ——— —— — S——
0.922 eV

F=2 '.' 9 o —— —
RETS 1sHF m=-2 -1 0 1 2
I =5/2 J=1/2
F=23 i P | =l




$H-205: B4 kAR E

@) o3 _
7t = 12%
- PP = 0%
S02I8m mwm B mE =
I
AL >
100fs| { & 4
—~150fs| | &
1
- = = 0
10" 107 10" 107 2 1 0 1 2
laser intensity (W /cm?) my

H. Zhang, T. Li, and X. Wang, under review



$H-205: BHL& B ORIRILE
SINEISS A n SRR

@) o3 _
7t = 12%
c P = 0%
S02I8m mwm B mE =
I
>
S0.1
S 0.
!
- = = 0
10" 107 10" 107 2 1 0 1 2
laser intensity (W /cm?) my

H. Zhang, T. Li, and X. Wang, under review




$5-205: AL vshioh N

30 BKkHEHRILE
(©)100 - ()
80 | 205ppSi+ WPsE =97%
S mPLF = 0%
o
ﬁ 40

1111

mi

0 10 20 30 40 50 -2
number of pulses

H. Zhang, T. Li, and X. Wang, under review




§1-229: f AL E vsBk AP

304& B EIRILIE

(a)100 o
__80¢ 229}, 89+ 1 mPrSE =99%)| |
X 60 EPL = 0%

-

HEN)
0O 10 20 30 40 50 -1 1 2

0
number of pulses my

H. Zhang, T. Li, and X. Wang, under review




* *IL

L F=F &%

JSEEN

» EUCHRYE: STHEDCICIRER R AR
+ HIA—IRTI%—E
| EBfERHEEE

L R FREMHMEL, ~100%%H%&
2. [RFREmBIRIL, ~100%4% K1




» SNSERT + KHR:

BT
GSI B PHELIX 288 (ZI9M@EE+iETRIF)

FLASH-EBITEE & (XFEL+EBIT) %‘1‘

HILITEERE (ZI9h 5 E+Penning¥) BT

ENELRUKE




AR R A

, ‘ T g
BB

5
" i ", :A s ;

- -

1K
L)
-

ROMEEER. TR AR R B 258 !




