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Mass [A] number of a-bonds

B.E./nucleon vs. mass number
M. Freer, Rep. Prog. Phys. 70, 2149 (2007)

B.E. vs. number of a clusters
L. R. Hafstad, et al., Phys. Rev. 54, 681 (1938)

Ikeda diagram: cluster DOF in neutron-rich nuclei
K. Ikeda, et al., Theor. Phys. Suppl. E 68, 464 (1968)

W. von Oertzen, et al., Phys. Rep. 432, 43 (2006)

[ o clusters are regarded as basic building blocks of the atomic nucleus ]
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Cluster picture in light nuclei

B Zhou, Y Funaki, H Horiuchi, YG Ma, et
al. Nat. Commun. 14, 8206 (2023).
Cluster structure near doubly magic nuclei

Lalc Expt. Lalt. EXpL.

M.A.Souza etal. PLB, 793 8 (2019)

Adapted from Z. H. Yang



Marking its 125th anniversary, Science magazine posed
125 major scientific questions, spanning astronomy,
physics, the life sciences, mathematics and beyond.

44. Are there stable elements with high atomic mass?

Are there stable high-atomic-number elements?
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High-atomic-mass elements (new elements) are identified
through a-cluster decay chains, and their stability is

governed by the a-cluster decay lifetime.
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Encrgy

G. Gamow, Z. Phys. 51, 204 (1928).
R.W. Gurney and E. U. Condon, Nature 122, 439 (1928).

Rs z
P =exp / \/ |Ve(r) — Qg |dr

A=1In Q/T = VSPS

The a particle is not a basic constituent of the atomic nucleus
e a-particle model of the nucleus before the neutron

was discovered
e Light nuclei can exhibit pronounced a clustering

* The Gamow theory carries no nuclear-structure information
¢ Spectroscopic factors / reduced widths
are not observables
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| hin2 In2 Hf(_)(-./i’) ’
L1/ = — - |
I, v | RF.(R)

R. G. Thomas, Prog. Theor. Phys. 12, 253 (1954)

F(R) describes the a-particle formation amplitude inside the nucleus
Yes — it depends on the radius.

F(R) = / ARAE 16U (E)SEDVIRL, 11 Urn(€as s R).

Shell model
H.J. Mang, PR 119, 1069 (1960); |. Tonozuka, A. Arima, NPA 323, 45 (1979).
BCS method

HJ Mang and JO Rasmussen, Mat. Fys. Medd. Dan. Vid. Selsk. (1962)
DS Delion, A. Insolia and RJ Liotta, PRC 46, 884 (1992).
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Effective a-decay models:

2.

3.

The formation a

hree general classes:

Direct solution of the (coupled) radial Schrodinger equation for «

WKB approximation for the tunnelling probability

Phenomenological formulas

BCS Boxt
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chains with Z = 89-93
Systematics of reduced decay widths for Po—Np

L. Ma, Z.Y. Zhang, Z. G. Gan, et al. PRL 125, 032502 (2020)



0% €2 AF pymmpme

SCHOOL OF PHYSICS , NAMJING UNIVERSITY OF SCIENCE&TECHNOLOGY

] L] ] L I = I I Ll
o T F(a) 8 —#——h— =122 isotones -
a gL % % A N=idisotones oz ]
E i —— i b N=126 isolones ]
— A0 E 5Sr ]
= o o 3 1
i L E 4 - |
= | 3l .
Lyzs, o r T
E 2 .
10 3 ;é- 1 L ]
u [ 2 1 ]
100 104 0B 112 M6 120 124 128 132 136 140 144 148 84 86 88 an a9z 94
Mautron numbser
Proton number
[reerpTreeyT — .
ro ?L',‘t? — - 185 l b3z Pz
L {"‘I — L N
i $ é —_— — [ lWaePaz
- N 5w — y 20 | | Iaa-fe
g ; | FaPiz
= l fraPaz
[Z=]
| Fre-fae
| PPz
1wk | Nam-Dan
oo bvuwebuvoelyseaborneloysalorysbonyolierssleryoloeyiloessloasslosasloaselosanloree] {b} T | A hgefes

-80 -v0 50 -50 40 -30 -20 -10 O 10 20 30 40 50 &0 7O BO B0

NN 0.5 -0.4 0.3 -0.2 0.1 0.0
P Monopole matrix element (MeV)
FIG. 3. (a) Systematics of reduced widihs for g.s.-to-g.s. a

decays of even-even 84 < 7 < 94 isotopes as a function of
neutron number. The decay properties are taken from
Refs. [11,12,42,50-53]. The values for 221521801 from this
work are shown by filled circles. The errors of reduced widths are
only determined by half-life uncertainties. (b) Same as (a) but
against N N, for even-even Po to U isotopes. The N, and N,
values are calculated relative to Z =82 and N = 126 closed

FIG. 4. (a) Calculated proton occupation numbers for the
nhg (square), xlfy, (circle), and x0i3/, (triangle) orbits in
N =122, 124, and 126 even-Z isotones of Po-Pu. (b) Monopole
matrix elements of p-n interaction calculated for the Z > 82 and
N < 126 nuclei. The inset in panel (b) shows the single-particle
orbits near the *“Pb doubly closed shells, and the strong
interaction between the 1f;,; protons and 1fs5, neutrons is

shells, respectively, with an exception of }ﬁf‘Fu 5. for which marked.
N, = =20, relative to the closest N = 82 neutrmjlnshell. ZY Zhang, et al- PRL 1261 152502 (2021)
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Odd-even staggering in the alpha
decay energies of isotopes

H. B. Yang et al. Phys. Rev. C 105, L051302 (2022).
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The increase of decay energy comes from the
pairing correlation in the microscopic

corrections

S. Tang, Y. Qian, and Z. Ren, Phys. Rev. C 112, 014308 (2025).
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Table 1 SLRs once existing in Solar System objects; shaded rows indicate SLRs with unconfirmed or uncertain

HISTORYODETHE | INIIVERCE

abundances
Parent Daughter |Estimated initial Solar System
Fractionation® | nuclide | Half-life (Ma)® nuclide abundance Objects found in | Reference(s)
Nebular "Be 53.22 £0.06d Li (61+1.3) x 107 x “Be  |CAIL 27
Nebular 10Be 1.387 £ 0.0012 10 (73+1.7) x 107* x “Be  |CAIs 36; this article
Nebular, 26A] 0.717 + 0.024 2WMg (5.20+ 0.13) x 10~ x 27Al |CAls, chondrules, |44,45
planetary achondrites
Planetary 36Cl | 03013 £0.0015 | 368, 36Ar (1.7-3.0) x 107° x 3°Cl  |CAIs, chondrites |55
Nebular HCa | 0.0994 +0.0015 HEK 4 %1077 x¥Ca CAls 62
Nebular, 33Mn 3.7 404 Scr (7+1) x 107¢ x ¥ Mn CAls, chondrules, |69
planetary carbonates,
achondrites
Nebular, 0Fe 2.62 £ 0.04 60N (LO1 £ 0.27) 3 10~ % 56Fe  |Achondrites, 79
planetary chondrites
Planetary 9INb 34.7 £2.4 927r (1.66 £ 0.10) x 10~° x Nb |Chondrites, 89
mesosiderites
Planetary e 4.21 +0.16 9Mo <1x 107% x Mo Iron meteorites 90
Planetary BT 4203 % Ru <2 x 107 x %Ru Iron meteorites |91
Planetary W07pq 6.5+03 07 Ag (5.9+£22) x 107° x '®Pd  |Iron meteorites, |94
pallasites
Planetary 12650 | 0.230 £ 0.014 12673, <3 x 1070 x '248p Chondrules, 101 The 146 Sm_142Nd Chl‘Ol’lOIIleteI' Often ShOWS
secondary
minerals . . .
Plancrary S| TR E0R | R |G 00 10 < (Choninle, [ Ths i pronounced parent_dau ghter 1sotope fractionation
secon le“y
minerals * * * * °
s e [ e | e | e e o e [ during partial melting — fractionation large enough
Planetary 1468 m 103 + 5¢ H2Nd (8.40 £0.32) x 107 x "MSm |Planetary 114 -, . . .
i to produce isotopic differences among planetary
Planetary TOHE | 8.00 = 0.09 TIW - [(L.018 & 0.043) = 10 T x UL |CALs, planctary  |117 .
differentiates
Planetary 205ppy 17.0 £09 205 (1.8 +£12) x 107 x 2%Pb  [Chondrites 121 reserVOIrS *
Planetary 2py 81.3 0.3 B2Th; fission| (7.7 £0.6) x 107 x 28U [CAls, chondrites  |123
Nebular HCm 15.6 £ 0.5 By (5.6 £03) x 1073 x B¥5U  |CAIs 4,55

A. M. Davis, Annu. Rev. Earth Planet. Sci. 72, 339 (2022).

G. Caro, Annu. Rev. Earth
Planet. Sci. 39, 31 (2011).
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A Dynamic early Earth (A) Formation of uniform mantle
Partial mixing of early formed, high and low Sm/Nd chemical domains at ca. 3.9 - 3.7 Ga ( d a I‘k g r een) Wl th hlgh S rI I d
~1548 Hha Ao early in Earth’s history. A global

Uniformly highly depleted global 35 ppm'¥2Nd  Partial remixing of enriched mantle

mantle with uniformly high
y seemtne SM/Nd within ~50 million years

shows that the mantle was
transient but survived locally

Enri
mary

vonasi until at least 3.6 Ga.
excess
B Heterogeneously depleted early Earth
Variable, but early (<70 my) Sm/Nd fractionation R e (B) Early_formed heterogeneous
P e mantle. It will satisfy the '“*Nd
iy e constraints is that two (or more)
il s mantle domains with variable

NARRYER

Sm/Nd formed in the first ~50
Fomion soample” My of Earth history and retained

excess their distinct identities until at
least 3.7 Ga.

V.C.Bennett,A.D.Brandon, and A.P.Nutman, Science 318,1907(2007)
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Measured T, spans

50-103 Ma

T,, enters every rey =19 e Maeley )0 =1n2/Typn

Recent values 92.0 + 2.6 vs
103 + 5 Ma are mutually
inconsistent

146Sm—142Nd age

directly:

_Tip . ro(T1)
loy = 5 In o

Ages scale with T, at
fixed ry/r,,

Motivation: a self-consistent
microscopic T,, with quantified

uncertainty

S. Tang, Y. Qian, et al., in preparation (2026).

Dunlavey 1953

Nurmia 1964
(o activity)

Friedman 1966 /
Meissner 1987

Erg Chech 002
Pb-Pb, Fang 2022

o spectrometry
Chiera 2024

Cryogenic calorimetry
Shollenberger 2026

recent direct

50 Ma counting

84-95 Ma

74 + 15 Ma
l ® l

102 + 9 Ma
——

92.0 + 2.6 Ma
@A

85.8 £ 0.6 Ma
®

40

60 80 100 120
T1/2(146 Sm) (Ma)



F Ny

Randomly select a set of parameters
within given potential ranges.

W.5. (3 shapes)

1. Select the two most commonly used nuclear potentials

'

0d< a <0.95 DFP
02« b <06 08< m < 1.1
001 < A <03 0.3 < < 0.7
110 < Vp < 200 “ :

branch fow ’

main How

Calculate I' of neighboring nuclei to extract and
average P. of them, then assign P2"¢ to 468m.

]

¥
Calculate I of "¥8m and determine
its half-life using above P2,

2. Randomly vary their parameters

3. Constrain them further with neighbouring o emitters

110

100

Fit the line of the radius parameter K in the
W.5. shapes versus o emitters from their QZ°F.

|

O
o

Use above line to calculate Q= and its
neighboring nuclel in the W.S. shapes.

Nao

T1/2 of 146Sm (Ma)
(o0}
o

~
o

r®
Y

)]
o

[The halflife and Q. of 1%6Sm are obtained using ]

statistical methods and uncertainty analysis.

Flowchart of the calculation

E I\103.114.5
[]

} :7/@15 ¢

W-1 W-2  W-3 DFP E-1 E-2 E-3 E-4 E-5

Calculated 146Sm half-life

SL Tang, YB Qian, W Liu, ZZ Ren, PRC 111, Lo52801 (2025)




Years after solar system formation (Ma) (l'mgm){ _ (l'mgm)i exp(—Avas(to — T))
o

0 50 100 150 200 1448m 1445m
T — T T T T
0.0106 Eucrites L4 e o
0.010F \ ° (Moore County ( Nd) _ (ﬂ) .
c ' EET87520 MINd /. \MINd )/,
A i \\\\ Caldera, Binda) 16g \ ¢ s1aagyy St s1arg ¢ . B
E \\ _ typ(t**Sm) = 103 Ma (uagm) (1575111) (1‘1‘1Nd) [1 — e huaello ﬂ
30.008 - 0.0078 =N ro = 0.00828 to t tp
n N 146 -
S R - t1/2( Sm) = 92 Ma Time after start of solar system formation (Ma)
= ro = 0.0087 . - .
Il Planetary body  Sample/Mantle differentiation event — Halflife (Ma) r, = 0.00828-£0.00044 ro = 0.009410006% is
L00006 B . t1/2(1465m) = 85.32 Ma is from Ref.[17] reevaluated in this work
Colar ro = 0.0088 Moon(35]  Six lunar basalts / LMO solidificat 103.144.5 218.14+24.1 237.0152-9
System __ tip(***Sm) = 7174 Ma A 64.2410.1 135.8425.9 147.84322
0.004E A\ rp=0.0092+0.0014 103.144.5 238.1425.7 257.0135°%
' oy I NN TS F R TINSE P Y N N S Y NS S Moon[36] Lunar array / LMO solidification ’ ’ B ’ . 7.295
4600 4550 . 4500 4450 4400 4350 64.2:410.1 148.2428.0 15997347
Time before present (Ma) Mars[7] Enriched shergottites / Solidification 103.1+4.5 232.4+14.9 251.373%3
sk of source 64.2+10.1 144.7424.3 156.47512
. . . . . . . Mars[39] Enri(l:hc(?l, dcplctu.d .a,nd i.ntcrmcdiatu 103.14+4.5 63.2+8.9 82_13%3;,:
Distribution of the 146Sm/*44*Sm isotope ratio against two time shergottites / Sclidification of source 6424101 30.4+82 SIS
. th . . t .t M 'ﬁ: I t Earth[36] Archean array, Isua, Greenland / 103.14+4.5 166.1+10.7 185.0715°2
axes: the upper x-axis is meteorite age (Myr after solar system : Depleted scnnee ottt imaeia 1175s
formation, Ma), and the lower x-axis is solar system formation | =~ Neviesio sesone bt sorthen 1031245 25702307 305.97157
- Quebec, Canada / Enriched sourcell 64.2+10.1 178.6+£37.1 19047557

time (Myr before present).

Impact of different half-lives on early solar-system dating
SL Tang, YB Qian, W Liu, ZZ Ren, PRC 111, Lo52801 (2025)



1896: Becquerel discovers radioactivity

1911: Geiger—Nuttall law

1899-1908: Rutherford identifies a,
B and y rays

Multi-particle radioactivity:
opportunities for exotic nuclei

1p radioactivity 2p radioactivity

/'/7

discovered in 1981 discovered in 2002

3p-5p decay:
L. Nij, et. al., Phys. Lett. B 868, 139660 (2025).

Y. Jin, et. al., Phys. Rev. Lett. 127, 262502 (2021).
S. M. Wang, et. al., Phys. Rev. Lett. 131, 172501 (2023).

1928: quantum mechanics for a decay

Region of the nuclide chart where a decay
occurs

= Simultaneous emission of two o

Q‘ 6\“ particles?

Attracting strong interest from major international facilities (since

2022):
1. CERN (Europe)
2. Michigan State University / MSU (USA)

3. FRS ion catcher (Germany)
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Energy density functional (EDF)

"’I“ l
S(L) = \/ZMLH (s)[Ves(s) — Eglds

Fin

dqj

ZM” ds d

ra(x:ﬁ‘

b
taa (Qua) = |:1 + exp (2fdr fozoz(Qozoz)):| P= exp {—%

Semi-phenomenological
(UMADAC)

V(Qaa) - 52 - taa (Qaa)

—1

L. Heitz, Ph.D. dlssertatlon, Université Paris-Saclay, 2025.

Summary of Double Alpha decay Models

Liquid-drop-like model
(MGLDM)

In2

In2 2
T = _ =
1/2 ( A ) (vPCP

l’?f?Lll

)

Rin

V2B(r)E(r) — E(sphere)]dr}

Existing theoretical

predictions differ

First Author Config. BR Considered nuch considerably Year

D. Poenaru, et al., J. Physique Lett. 46, 591 (1985). ‘Be-like 10717107126 Ac, Th isotopes/ Mim T values for 2 and *Be decay. 1985
V. L Tretyak, Nucl. Phys. At. Energy 22. 121 (2021). “Be-like — / Pheno. Very long ﬁzltfnl:::;&j e>.< 10=yr for ='Pa); | .
el PR INPORPPI [N [
K_P. Santhosh e al., Phys. Rev. C 104, 064604 (2021). | Belike | 12x10°-33 %10~ | Ra. Ruisotopes (in particular) | =" S“SpiCi"“Slyio;:lﬁ;:’r “Bi; similar Tfor| )
V. Denisov, Phys. Lett. B 835, 137569 (2022). 180° ~ 1022 Rn.Ra isotopes (in particular) Pheno. High BR foﬁi;‘ypamwlm' for *'Ra, 2022

D. Pathak_ Eur. Phys. J. Plus 137. 1115 (2022) Belike |10 lower than Santhosh|  **Ra. ¢ 2%Rn (in particular) | ToenO- 1077 lower than [419] for =**Raand |,

216*220Rn

2a decay theory should respect three-body dynamics
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Obtaining p through the
hyperspherical transformation:

1.2

'k _ 2 _ 2
"’—2 =55, mM= Zm_,;mksik.
p i<k . .
Jacobi coordinates (Faddeev)
n*(K +3/2)(K +5/2
Interaction potential including the o—a angle: V(p,0) =Vn(p,8)+Vc(p,0)+ ( 2/ )(2 /2
mp
Simultaneous 2« decay Sequential o decay

Solving the radial Schrodinger eq.
|

n* d*
_EE + V(p, 9) [pn.{j(p, 9) = Qﬂ’ﬂ"ﬁnfj(ﬁ; 9)3
Calculating decay width:

n*k, | @utj (om: )]

Mp Fi (Wpa kppm)2 + GI(’?pa kppm)2

rﬂ’ﬂ'(g) -
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Nuclear
potential:

Vi (p,0) =Y -

Coulomb potential:

1 +exp | (psi(0) — Rix) /aik ]

Integrating the angular distribution function:

ra'a' - f do w(ﬂ) raa(ﬂ)a

2072

w(#) = N exp (—M)

Branching ratio:

rﬂ’{}’
BR =1 —_—
0g10( T

Resulting two-a decay half-
life: filn2
P{]raa

Taa -

Note: PO = Pal-Pa2 from CFM

D. Deng, et al., J. Phys. G: Nucl. Part. Phys. 42, 075106 (2015).

D. Deng, et al., Rev. C 93, 044326 (2016).

f dow(6) = 1.

i<k

INPUT PARAMETERS
Para-ay: Qq1, G}
Para-ay: Qa2, Gr

Para-aa: Qqa

Z:Zre* 1 Z: Zpe®
Vel(p, 6) = = —
c(p.9) Z rik(6) P ;

sik(6) ‘

Large-scale Random Sampling Loop

lrRamdomly sample WS parameters with)
| 120<V <220and 03 <a <0.7. |

Y
( Calculate sequential a decay width Fa1

using Para-aq, Para-a;. Extract radius
| parameter R’ from sequential channel.

¥

(Calculate simultaneous decay width
' o using Para- @ @ and extracted R’,
and then compute BR and T, .

~

-

STATISTICAL ANALYSIS:
Final values and Yes . No
uncertainties of BR and i >5,000?
T o o from 5,000 samples.
During the calculation the nuclear-potential

parameters are randomly sampled to cover a
sufficiently large statistical error range.
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Several experimental facilities are
searching for two-a decay

98 L @ This work ¥ EDF [25] ® CPPM [27]
B PCM [29] ¢ UMADAC 26) A MGLDM [28]
241 ASAFM [22]
—~ 20 F
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<16} E E
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N 12} i E E I
S 8t E M
g ° i v
— 4 - '
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_4 i f 1 [l L 1 1 1 1

IUSXB 213Ra '2.2413“ 222U 215Rn 22UTh 22I.IRa 213Rn
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The predicted lifetimes of promising two-o emitters fall within the N—BQEUHHHHHUHUHHDF ——ts _@f~~ ~
observable range. B ‘@] g
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~ —asf The two-a decay width also appears to
Ei _ED_' 53036 follow a Geiger—Nuttall-like law, and its
S -80f o= ratio to the single-o. width obeys the
= 100l same law
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1. Coordinate transformation: Zik _ 2 a7 _ Z mimps?,.

bk O T L8 ity - o)
particle and the daughter nucleus:
3. Total Hamiltonian: Hygial = T + Viore—ay (T1) + Vcore—ag (T2) + Vg —as (T12) + Vabody-
4. Effective Hamiltonian:

HT = —%2% + Vert(0), Vert(8) = Vinin + ?TEE (1 + g) == const + % (;—z) 5%
5. Schrodinger equation: [—5% + %ktﬁg} (d) = EV(9).
6. Solution (standard form):  ¥(8) ocexp (—%) . also: w(f) = |¥|?

0 — )2
7.Let o=o00/V2 gives: W(9)=Nexp(——( 20’;))
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| 3. Cluster structure in heavy nuclei '
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Non-natural-parity states of >'?Po from the

208Ph(*20, *C) experiment

A. Astier, et al., PRL 104, 042701 (2010)

212Pg levels from 2C(*°*Pb, #'?Po)®*Be and shell-model results

A. Fernandez, et al., PRC 104, 054316 (2021)

SCHOOL OF PHYSICS | NAMNJING UNIVERSITY OF SCIENCERTECHNOLOGY
3253
73158
1 212 3000 G 304
[Non-natural-parlty states of ?!2Po ] zz - T . g
0 ,
1716 by I RS sz 232
= 2497
e 2421
) 2303 2327
354 7 w L= &
3
e 08" s, 22 z]ns | v Positive-parity
//2883 14t 2864 7\ 2860 5(+) 1679 25" T 3 953 | 1460 | 873 | 1620
L% E “ i
& ree 183 = 137 780% o T o U RTINS 1250 States
2700 12 2667 5 22
260 490% s |
75 7% 952 | 1079 | 14s8 | 1600 | 2273
2409 11~ 2374 AR Yy 4oy dovd
868 1680
359
17 2103 5) 574
- 5 ? -+
16| 6 | | T 0 l
899 315 358 EELON L
1832 0+ 1020 _ ™ T T T T T T T T
|| 1787 6 | 566 30 . 135
748 | —— = - —
661% - - -
357 on o — T e R
* 1537 [ 3 / \
1475 + “ 814% 25°F - « o g
e 120 ) ' 612% | & P \ Vi, V&oniyin X mhy, /./ —— - \ 130
[ —— e - / — > H
= 405 = = f i - = .
223 | X i ~ s, T os s
132 AV 4* 810 - S < =T A= T Vinahise
T o S aN e S R 125 Shell-model
(] e = ! et -
405 S 15F . - - g — 1thy),i .
’ - -=  zhypyf; o 211372 l l
) = ol ot ol multiplet
727 2* o = dE % = =*
10 S V&oplisn |
i . =
II dl
721 05+ 15
T =F == b
212 [ V8op? (a) ( )
0 ot PO 00~ | . A L RN | B 1 " i 2 i " MR
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
spin (h) spin (h)



.....

3 : 2 L2
F 43R SR
CHOOL OF PHYSICS | NAMJING UNIVERSITY OF SCIENCERTECHNOLOGY

)

[ Coupled-channel with core excitation ]

Physical picture of the
coupled-channel method

Total H=T+Hc+V

(Yrog|H | Ys)

= E] 81811 + Z (=D!HHEPLL
1=2.3

x (1010110 (LOL'O[I0YW (ILJL'; 'L)B..,.
with
Ej, = (XIJL|TL + V0|XEIL) +Ar=E(L) +A;
Blir = (kr /A7) xi 1 [Vi| x1)-

E(L) determined from the previous two-body cluster model
Al—— A0, A3 p—— P2, B3

Electromagnetic transition multipole operators:

(W |7 Y ()] [ W)

’ 1 ~ L
=Y s (=D, Clvay Eﬂfﬁﬂ

rr IL

% W (ILJ'7: JL Y(LOL'OA0) i, |7 1),



[Levels of 2'?Po and ?'°Rn }

351 212Po | 35p22pg 6t 21Rn —30° —29
1 —28" S
TN 05 p— i ]
> =y —0 27— 12° I o 2 —25
v 3.0t o N o —I12" T4 _13_) N 2 —24" 93
2 — o=l ., —w &2 =1 =3 s 2 @ —yy
>, ) 7 - & > + 8" At 70 —35 > 4 (20" +
22 —s0 T g 22 @) =82 50 g% —20 19 —o
= s —3 . = 2.0 10 —. %2 = — 18" —18" :
Q 9 —10 —F o — 2 10" O . —I17 —7
= + I = — 2+ O = - . +
= — ST =T | = —270 S oaf IO o —i1s 5
— g | _ 15p —20 —§% —30 —3 —14" —14 _ :
= 3 6 = g* 2 = +  —13 —13
S —3 40 g’ = 6" P S —1t 12 )
= 2.0 ) 5+ =, g — & = — 4" 6 = —10" —11
.‘g —0@) —r g Y § 1.0 S -g 2 —19+ —8" —9
= I+ —3" —8 _g: = —2 2t = — 8 6" 7
PR R _ — ot — -
= $ SEN = | _2+ 5
- 4 —3
Z 7 I o _0+ _2+ 2+
1 £ 00 0 of —ot  —0° |
0.0 —
Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.
Non-natural-parity levels Natural-parity levels Parity doublet
Yy
212P0 (a _|_ 208Pb) 216Rn (8Be _|_ 208Pb)

[Reproduction of the level structure confirms the reliability of the coupled-channel method ]

Tao Wan, Yibin Qian, PRC 112, 034336 (2025)
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[ E1/E2 transitions in 2'?Po and ?'°*Rn ]

Calculated B(E2) values of ?'?Po

Calculated B(E1) values

Jr— JF B(E2)expt. B(E2)cae.  B(E2);
2F ot 2.57+03% 33.07 4.51
4t ot 9.40%1-30 7.33 0.27
6+ — 4T  13.207299/3.90*1-10 3.98 2.40
8t — 6% 4561012 /2.3010-09 2.93 4.67
10" — 8* 2.2070-50 1.98 5.60
25 > 0f 0.3970-00 2.06

2F —of 0.32+0%% 1.07

2F > ot 0271007 1.03

2F - 2f 3.90*3-10 0.87

212P0 216Rn
JT  B(El)cale. B(El)expt. JT  B(El)caie. B(El)n
27 1.748 1= 2516505  150.831
2, 0.010 37 107216 142.212
AT 1.751 25104 5T 327.638  129.284
47 0.079 (o 4.751 9.912
47 0.035 9~ 4.385 24.564
6, 0.123 75007 11— 4.235 1.034
6, 0.001 13- 1.486 0.047
63 0.001 15~ 0.305 64.642
87 0.060 26.073%° 17~ 0.014 112.046
85 0.002 19~ 0.025 0.147
85 0.0004 14+ 0.367 0.362

M. von Tresckow, et al., PLB 821, 136624 (2021)

Y. Suzuki, et al., PRC 82, 041303(R) (2010)
M. E. Debray, et al., PRC 73, 024314 (2006)

These results further suggest the presence of
cluster structure in heavy nuclei and confirm the

reliability of the coupled-channel method

B. D. C. Kimene Kaya, et al., PRC 105, 034327 (2022)
B(E1)/B(E2) ratio of 2'°Rn

JI Expt. Present Ref
15~ 0.70(10) 1.75 213.00
16T 0.13(3) 0.10 213.00
17~ 0.60(10) 0.09 383.00
19~ 0.05(2) 0.18 0.66

B. D. C. Kimene Kaya, et al., PRC 105, 034327 (2022)

Tao Wan, Yibin Qian, PRC 112, 034336 (2025)



[Octupole deformation in the Ra isotope chain J
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Pear-shaped nucleus

Fermi-surface nucleons occupy orbitals of opposite parity with Al = Aj

= 3h, giving strong octupole correlations

37 phonon

fm

10

octupole
deformed

2000 -
226Rq
[ JR=
224Ra
1500 + 220Rn I 2307 23
I e SR o] § 20
< »
< 1000 A
e e ¢
Q
= []
=
500 - .
=
1e
0 ] L] ] : T N L v T Y 1 1 '
208 212 216 220 224 228 232

A
E2 and E3 intrinsic moments QA

P.A. Butler, et al., Nat. Commun. 10, 2473 (2019)

P. A. Butler, J. Phys. G 43, 073002 (2016).

3000
2500

42000

1500

1000

500

Q, (efm?)

Signatures: octupole magic numbers, pear-shaped asymmetry, alternating parities, enhanced E1/E3 strengths

Theory: breaking of spatial-reflection symmetry, very large model spaces required, and an ambiguous separation between

static and dynamic octupole deformation

Experiment: target nuclides are extremely hard to produce (too short-lived) and E3 decay branchings are very low
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Reduced E2/E3 matrix elements

[Octupole deformation in the Ra isotope chain J

222Ra (efm?) 224Ra (efm?)

7 R, I 2r, _ [{Jf|IM(EN)|J:)|  Expt.  Cale. I Cale. II Expt.  Cale. I Calc. II
I —30° —30° N — 30" 30" 0| M(E2)|2F)] 211460 172 174 199+3 173 175
— 6 —29 29 —_ — 9 _
= —28 28 | Bsl—es— o 2 |(2F|M(E2)||4T)|  298+15 368 372 31546 370 375
S 5t —26: 2 s a5 ] =} —@eh—2 26 :g?}_zs_ z; [(at||M(E2)||61)|  357+18 555 561 405415 559 565
2 4 —2‘2‘ ;: 3 a3 | gef—@H W o ——2 —o5 ] [(67||M(E2)||8T)| 415423 739 747 500460 744 753
5 R —2 2| B —gﬁizié 3(2) e —21 — 21 [(17||M(E2)||37)| 235+22 269 272 230+11 271 274
Mt G — 1 — g —(o) 1 RO de—1 s — 90— 9] |(3-|IM(E2)||5~)| 310440 450 453 410460 459 463
2 i —(1e)— s, —1e —_ £, — (e — 16 — 16 :Hg:}; . [(0F|[M(E3)||37)] 1130490 1045 1064 940430 1026 1045
g ':ﬁgi;: P _gﬁ-}:ﬁ- 5] 3§ :&2:;: 12 b —an— o [(2F||M(E3)|[17)] 8504240 783 798 13704140 767 782
i 1.:52;; —y ¢ =0 —y —g | & it = —¢ s | —9 —9 [(2F||M(E3)|[37)] 9004500 1206 1228 <4000 1184 1206
— _gf 8: 5%51 =5 =i :%: zgf L =9 =Fr —¢ [(2+||M(E3)||57)| 17904200 1995 2030 14104190 1964 1999
0.:0+ =0 + - T 1 - 4 0F =1 =0 0" 1 -1 1~ A
Expt. Calc.1 Cale. Il Expt. Cale.l Cale. 1l Expt. Calc.1 Calc.1l Expt. Cale.1 Cale. 11 N
226Ra (efm™) 228Ra (efm?)
6
226R 4 6l 225Rq [{J¢|IM(EXN)||J;)| Expt.  Cale. I Calc. 11 Expt.  Cale. I Calc. II
_30+ +
= st . ;: —w o e [(OT[[M(E2)|2"Y] 226£1 175 177 242450 177 180
ﬁ —26" 26" —27 27 § 5 — gt 28" —200 — 29 [{2t||M(E2)|[4T)| 37012 374 379 387419 381 387
= . , —25 a5 | & — 26" — 26" —2r —27 |(4T||M(E2)||67)| 48378 565 572 511426 577 585
—24 24 B} i} — 5 - =7
:;a o o :i > %34 P —an |(6+||M(E2)|87)| 54177, 754 763 589429 770 781
LRl — 20" 20 o ol £ e N [(1||M(E2)||37)| 36675, 272 275 380450 269 271
I s A S A U T B R I A :{{g:}g, ha [(3-||M(E2)||57)| 40973, 461 465 39075 453 457
ST — e —is T 1T By TaaTle e — 9 —1s s [Co+||M(E3)|13-)| 1080430 1001 1019 8704150 939 955
2= — B —i | 8 _Eéo%— 2 —If :}[{,-1%}_1_?— it |2+ || M(B3)|1-)] 1190130 749 764 13604230 714 697
F— 10 —gd 9 —9 9 1 —@®) — 19 F— ) — 9 9 —
T s I ¥ =7 =1 —7T S et —& {g; =0 = % P [(2+]|M(E3)|]37)| 11504160 1156 1178 607160 1087 1105
4. 3 + =3 — 3 - [ TR T — 3 + -
ol =2 =¢ =% = =] i =é+ 2T © = [(2+||M(E3)||5=)| 2000470 2064 1656 17104230 1765 1796
Expt. Calc.1 Cale. I Expt.  Cale.1 Cale. 1T Expt. Cale.I Cale. Il Expt.  Calc.1 Calc. IT
2Ry (MC + 25Pb) 24Rq (15C + 295Pb) L. P. Gaffney, ej[ al., Nature 497, 199 (2013)
H. J. Wollersheim, et al., NPA 556, 261 (1993
226 18 208 228 20 208 ’ ’ ’
Ra ("*C +>*Pb) Ra (**C + **°Pb) P. A. Butler, et al., PRL 124, 042503 (2020)

Calc. I: 0%, octupole 3~ state Calc. II: 07, octupole 3- state, quadrupole 2* state

Tao Wan, Yibin Qian, PRC 113, 034313 (2026)
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[Octupole deformation in the Ra isotope chain J

Intrinsic Q;, =
: N _ V@I + D24 + 1)/167 (J£01.01J;)
Reduced matrix elements of the E1 transition moments:
—~ 1000 — : : :
222Ra (efm™) 224Ra (efm™) E 200k /{ ]

[{J¢||M(EXN)| ;)| Expt Calc. T  Calc. 11 Expt Cale. T Calc. 1T L
[(OF[[M(EL)|17)]  0.082+0.007 0017  0.018 < 0.018 0011 0.012 £ 600F } . - .
[(2F||M(EL)||37)|  0.26 £0.05 0.045 0.047 0.026 £0.005  0.029 0.030 1 400} i
[(atIM(ED|57Y 0187994 0073 0.076 0.030 4 0.010  0.046  0.048 . —=— Expt.
(5= ||M(EL)|[6+)] 0.277+£0.011 0087  0.091 0.055  0.057 Q 200 e Caleld y
(7=|IM(ED)|8*)| 031740018 0.114  0.119 0.073  0.076 S A Cale. I . . .
|<8+||M(E1)| 97)]  048+0.04 0127  0.133 0.081  0.085 o ; ; - -
2+ M(ED|17Y 011470925 o024 0.025 <0.03 0.015  0.016 £ 4000l ]
[(4F|[M(ED)||37)] 027+0.26 0052  0.054 0.033  0.034 2

Z3000p B ]

= ﬁ

226Ra (efm™) 228Ra (efm™) ,T 2000 —=—Expt.
[T [M (BN Expt Cale. T Calc. 11 Expt Cale. T Cale. 11 C 1000  —e—Cale.1 -
[(0F|[M(EL)|[1=)] 0.050£0.009 0.039  0.040 0.043F0032 0,064  0.066 S L _acCale I ; . :
|(2F|M(ED)[|37)|  0.0614£0.007 0.101  0.105 0.09+0.04 0167  0.172 = ; ; : '
[(4T||M(E1)[|57)| 0.093+0.007  0.163 0.169 0.134+0.06  0.264 0.273 < 0.2} .
[(5=||M(E1)||61) 0.195  0.202 0.074T9013  0.317  0.328 =
(T-||M(ED)|8*Y|  021£0.08 0256  0.266 0.137010" 5410 0.426 o 01f Iv’_% ]
[(8t|IM(ED||97)  024+002 028  0.297 0207920 0450  0.469 T 0.0} :_Ex . ]
|2+ || M(ED)|[17)| 0.055  0.056 0.051700%%  0.091  0.093 = ol _._Cafc‘l
|(4F||M(E1)[[37)| 0117 0.121 0.08010-03  0.194  0.200 S ‘0'2 e Calo I
L. P. Gaftney, et al., Nature 497, 199 (2013) 222 224 226 228
H. J. Wollersheim, et al., NPA 556, 261 (1993) Mass number

P. A. Butler, et al., PRL 124, 042503 (2020) Tao Wan, Yibin Qian, PRC 113, 034313 (2026)
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- lin is v rs pairwise: low com ional efficien
[G'IBM theoretical frameWOI’k} a-like bosons: stable, with zero spin and zero isospin Coupling basis vectors pa se: low computational efficiency

Example: 2°Ra — 2°Pb + o + o + o [L(hB) Lo, ILM) = Z Z e CL o tsms | [1ima) [ lama) | I3ms)
Limy,bma,lsms \ M
(I3, ms) Uncoupled basis vectors: direct-product representation (M-scheme)
(I, my)
|LM> = Z Cf1m1,fzm2,f3m3|llm1)|12m2>|l3m3>

Lymy,bmy,lsms3
H=2A,H, +A2L* + 2500 - O + 1000 - O

Hsp: single-particle energy (a—core coupling, from the BCM);

N

2
L angular-momentum-squared term, rotational band L(L+1);

3
L*=) L7+2) L;-L;
1=1

i<j
3
Diagonal: (my,my, ms|L¥|my, my, ms) = Zl Li(li +1) +2 ; MM
1= i< g
Off-diagonal: ~ (my + 1,mge — 1,m3|L; Lo, _|mi, ma, ms)

(I, my) = \/[31(11 + 1) — mi(m1 + 1)] [l2(l2 4+ 1) — ma(ma — 1)]
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[a—IBM framework ]

0-Q :quac
Q-0=- QQZQ2y (I)Qz,—ﬂ (2)
R T IURERF: Q,, =), ()

[ 2 1
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: quadrupole interaction — ellipsoidal deformation;

O-( :breaks spatial-inversion symmetry, driving the system
towards a pear-shaped deformation
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[Structural evolution in the a-IBM framework ]

Preliminary Results
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* Cluster effects inside heavy nuclei: a decay and cluster
structure

* « and 2a decay of nuclei

* Possible cluster structure in heavy nuclei

v'Parity doublets in even-even nuclei
v'Spin—orbit coupling in odd-A nuclei a-boson framework for cluster structure

v'Coupling between cluster states and intrinsic degrees of freedom
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The nuclear and Coulomb potentials between the cluster and
the daughter nucleus are constructed in the double-folding
model:

Vnc(R, B) = ff drydry py(r)v(s = [R — 1y — 12]) p2(12)

The total potential of the a-core system is the sum of
the attractive nuclear part and the repulsive Coulomb

part:
_ PPk ¢(F) 12
bE [t [Gf[kf“}]

T, =hln2/PT

V(R, p)=AVy(R, B)+V (R, 5)
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YB Qian and ZZ Ren, PLB 777, 298 (2018); JPG 45, 035103 (2018)
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N\ Core + cluster
Nucleus .
Two-body configuration
cluster model | | ’ 20Ne %Ok o
‘ Clustgf “Ti YCalt a
2Tj BCalt+ a
Schrodinger equation of the two-bodyv system 60Zn SONi [+ a
2 94 90
[—2—v2 +V(r)]|n,l,m>=Eni|n,l,m> Mo Zrit o
)7,
136 132
V(r) = V(r) + Vy(r) Te Sn|+ a
Classic nuclear potentials: Woods—Saxon (level inversion), double-folding (level 212Ppg 28Pphl+
compression)
Nuclear potential used here: (1 + Gaussian)(W.S. + W.S.3) Existing literature: Doubly/semi-magic nuclei
2 . 1. Nuclear-potential parameters vary with the nucleus
b 1-b
Vi(@)==V,| 1+ Aexp| —— 4 : .
o’ l+exp[(r—R)/a] {1 +exp|:(r—R)/3a]} (universal?)

2. The calculation lacks error analysis (stable?)
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[ Bootstrap sampling strategy }

Step 1:
Resample with
replacement

Step 2:

Fit the parameter
set

Step 3:
Calculate the
residuals

The Monte Carlo bootstrap tool (the three-step bootstrap method)

Learning dataset: {E;} ke[l, A] Cluster model:

BCM

éotstrap sarrp% Gotstrap samp% Gotstrap samp%
Parameters Parameters Parameters

Vs s, a,b) )\ WV, 4, 0,,a,,b) J\ (Vs A 0a,b) 7
6culated ene@ 6culated ene@ 6culated ene%

Three-step bootstrap
sampling flowchart

ootstrap Samp

R e\p

/“\

(V, s Ayys Oy @

MM

@

Parameters

D
)
)

Calcul ated en

/“\

@

1. Take the A experimental energy levels of
all nuclei as the learning set {£,}; each time,
resample with replacement to form a
bootstrap sample set, the i-th sample being
denoted {£},

2. The bootstrap sample sets are used to fit
the parameters of the nuclear potential

) Z?:l (El?é:’,ca,l o E;ic’,exp)Q

yielding one optimal parameter set;

3. Insert the optimal solution into the level
calculation to obtain a set of level results.
Repeating the procedure sufficiently many
times gives the level distribution.
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Negative-parity levels in heavy nuclei hint at cluster structure o
Tao Wan, Yinbin Qian, PRC 110, 014318 (2024)
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[ Cluster structure of odd-A nuclei from spin—orbit coupling

2
105§ @ —-—170(an}:Best+131’_3(5{,}/}:Best+13 ——VZ +V(r) |n,I3m> —_ En.’ |?’l,f, m)
j :: i:g::;i :Zx :::Z ;(.25(? 2};11:7:)?: ;r;;t:enew rate (case2): 2“1
103 : The level structure of ?'Ne near the )
5 1] o-particle threshold governs the B hel(l+1)
- mzi cross section and effective flux of V(r) = Vy(r)+ Ve(r) + V(r) + 2u P2
S the stellar s-process "O(a, n)
8 1”‘ - \  reaction Vso(r): spin—orbit coupling potential
vy s ,
10—1; 3 g h 1 dVN(r)
Tm e % . e w ® Vio(r) = =V (—) —|—— |-
z myc/ r dr
F. Hammache, et al., PRL 132, 182701 (2024)
10° = fUll model
—— no inj. .:
o 10° _ —— inj. (std) The resonant states of '°F near the o Target nuclei
£ 108 Y, e inj. (/2) threshold govern the cross section I9F, 21Ne, “3Sc, 5°Cu, Mo
< o T (x2) of the stellar '*N(a, y) radiative-
8 SR - Three-nucleon cluster “*H or *He (o)
g capture reaction — the key to
o unravelling the origin of cosmic + core”
© 10° fluorine abundance.
1071 a cluster “a + core (c)”

"30 40 S0 60 7o 80
z
J. Frost-Schenk, et al., Mon. Not. R. Astron. Soc. 514, 2650 (2022)



0% €2 AF pymmpme

Cluster structure of odd-A nuclei from spin—orbit coupling
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Tao Wan, Yibin Qian, Chin. Phys. C 49, 124103 (2025)
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[ Cluster structure of odd-A nuclei from spin—orbit coupling }

B(E2) values of °F and *'Ne

B(E2) values of “*Sc and *Cu

Nuclei (Cluster) Transition B(E2)cac. B(E2)exp:. B(E2):
YF () 5/27 — 1/27  19.53  21.60 £+ 0.40 20.00
YR(a)  9/27 —5/2° 2636  28.00 £ 6.00 22.51
YF () 13/27 — 9/2~ 23,56 19.00 + 2.00
YF(«) 11/27 —» 7/27  23.80 810+ 2.00 23.88
YF(t) 5/2% — 1/2% 536  6.95 + 0.08 6.95
19R(f) 9/2* = 5/2% 621 820+ 0.90 8.09
YE(t) 13/2t —9/2% 393 320+ 040 5.27

%Ne(a)  7/2% —5/2°  14.62  11.00 £ 4.00
ANe(*He)  5/2 — 3/2+ 2058 24.30 £ 2.00 24.16
2Ne(*He)  7/2% — 3/2¢  7.04  9.30 £ 0.80 10.08
ANe(*He)  7/2F — 5/2¢ 1054 11.00 + 4.00 15.10
“Ne(*He) 9/2% — 5/2%  10.90 15.70 £ 2.20 15.10
“Ne(*He) 9/2% — 7/2% 794  9.00 + 5.00 9.87
ANe(*He) 11/2° — 9/2+ 285  6.00 £ 4.00 6.91

Nuclei (Cluster) J7(ESPY)  JF(EP™) B(E2)caie.  B(E2)ept.
533c(a) 5/2+(0.881) 3/2+(0.152) 23.08  13.00 + 5.00
$33¢(a) 3/2+(1.159) 1/2+(0.856)  13.56 < 180.00
33¢(a) 3/2+(1.159) 5/2+(0.881)  34.80 < 180.00
533¢(a) 7/24(1.338) 3/27(0.152)  9.56  20.00 % 9.00
133¢(a) 7/27(1.338) 5/2+(0.881) 1442  46.00 + 24.00
BSe(a) 9/2*(1.933) 5/2%(0.881)  13.79  15.00 + 4.00
133¢(a) 0/2+(1.933) 7/2+(1.338)  9.00  3.30 + 1.60
BSc(a)  11/2+(2.554) 7/24(1.338)  16.17  20.00 + 3.00
138(1) 7/27(1.408) 3/27(0.473) 262 24.00 £ 9.00
135 (¢) 5/27(1.963) 3/27(0.473)  6.30  4.40 + 2.50
3Se(t) 11/27(2.635) 7/27(1.408)  4.09  43.00 + 16.00
Cut) 1/2-(0.492)  3/27(0) 4.83 < 300.00
WCu(t) 5/27(0.914)  3/27(0) 0.66 <2.90
9 Cut) 7/27(1.399)  3/27(0) 298  17.00 + 8.00
9 Cu(t) 7/2-(1.399) 5/2-(0.914) 034  1.30 = 0.80

F. Ajzenberg-Selove, Nucl. Phys. A 392, 1 (1983)
R. Firestone, Nucl. Data Sheets 127, 1 (2015)
G. Lévai, Phys. Rev. C 44, 166 (1991)

B. Singh, Nucl. Data Sheets 126, 1 (2015)

M. Shamsuzzoha Basunia, Nucl. Data Sheets 151, 1 (2018)
C.M. Baglin, Nucl. Data Sheets 112, 1163 (2011)

Tao Wan, Yibin Qian, Chin. Phys. C 49, 124103 (2025)
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|8 Selected for a Viewpoint in Physics e
PRL 104, 042701 (2010) PHYSICAL REVIEW LETTERS 29 JANUARY 2010

£

Novel Manifestation of a-Clustering Structures: New “a + 2Ph” States
in 2'2Po Revealed by Their Enhanced E1 Decays

A. Astier,' P. Petkov,'* M.-G. Porquet,' D.S. Delio ) 212 P
PR ; R SRR B SIS 74 3155 9 3210
CSNSM, IN2P3-CNRS and Université Paris-Sud, 914
“Institute for Nuclear Research and Nuclear Energy, Bulgarian Acaden N @ "
*Horia Hulubei National Institute of Physics and Nuclear Engineering 407 50 2860 7 2864 2867
*Academy of Romanian Scientists, 54 Splaiul Independentei, 0 5i+) 2667\ \ 781

SIPN, IN2P3-CNRS and Université Paris-Sud, 9140 490 397 =) B
(Received 15 September 2009; published 25 Ja 757 ‘ \ N2470 9 - 2465 10
o 7 ‘ = a4y 200 N 2374 7
Excited states in 2'*Po were populated by « transfer using the ? )
deexcitation y rays were studied with the Euroball array. Several level L2103 5 673 2016 6 B
E1 transition (E, < 1 MeV) populating the yrast state with the sam N - 1946 4
measured by the Doppler-shift attenuation method. The values, found i 10 1792 1751 8- fJ 1787 6 1744 4~
enhanced transitions, B(E1) =2 X 10721 X 1077 W.u. These resu (=) s 661
KRR : 2 3 1537 3 g+ 276 432
a-cluster structure which gives rise to states with non-natural-parity v 208 Pb + a R — 14757y I ‘ 81461 >
system cannot rotate collectively, as expected in the “a + *®Pb" case 6T 7955 B
motion of the a-core distance are observed for the first time. 4 4432 g

o+ 727 208 P b + QL

DOIL: 10.1103/PhysRevLett.104.042701 PACS numbers: 2!

ot 0

shell model
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PHYSICAL REVIEW C 104, 054316 (2021)

Reinterpretation of excited states in 2*Po: Shell-model multiplets rather than a-cluster states

2

A. Fernindez,' A. ]ungclaus,]'* P. Golubev,- D. Rud{:lpnh,1 L.
A. Gadea,® E. Nicher,! A. Perea,! K. fhn"r"immﬂr,.J E. Clément,’
A. Lemasson,’ H.J.Li.” I. Ljungvall,” L. Ménager,? R. M. Pe
A. Samark-Roth,? G. S. Simpson.® C. Spitaels,” M. Zielinska,
N. Lalovi¢,” Ch. Lorenz.” B. Quintana,” G. Rainovski,'

B. Birkenbach,'® A. J. Boston,'” H. C. Boston,!” A. ]

C. Domingo-Pardo.” J. Eberth,'® V. Gonzilez.”™” L. J. Harknes:
A. Maj."" R. Menegazzqu,?f D. MEHgEI‘ILzlE C. Mﬂi_-.l:helagnt

Joog e 2073 04
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FIG. 10. Partial excitation scheme of *'*Po. Newly identified y rays and excited states are shown in green. Following the color code
introduced in Ref. [3], the negative-parity states discussed in the text are highlighted in pink, blue, and orange. Note that in the present work,
the negative parity of the UPD shown in pink is questioned. The isomeric 8" state at 1476 keV (T, = 14.6(3) ns [25]) is shown as thick gray
line. When available, the transition and level energies as well as spin assignments were adopted from Ref. [5].
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Wy = E CiiVirim,
1L

Uipr = o(@)dr(POYYL(F)] s xi, (1),

Wrppam HIWieim) A
= El Sipdep + Y (DR /er+ner+1n

=2.3

x (101'01€0)(LOL'O|€0YU(1€J L' I'L)B},,.,

Cluster

Core

with
Ef. = (xiL|Te + Vo|xi) + .
Biry = /AT x| Ve | xiL)



Theoretical treatment on o decay of 14°Sm @ g at

a-core interaction potential of the cluster model:

r2 €T 1—=x

Vi(r) == Vo[l + /\EXP(_(I‘ )1 { 1 + exp|(r /(1] 1+ exp[(r — R)/3al? } (1)

A new technique for calculating decay width:

Unem (1) 2 A(Gy(kr) +iFp(kr)) — Aexp(ikx + 0) (2)
LT (3)
7
_ 242 A2
A% = r-lgfalc |L11n3m(:-“}|2 = A% _{1_ jg (4)
As for the half-life:

Ty/, = hln2/P,T (5)
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(3) Z=1E8 Monte Carlo (SMMC)
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f. np BEXIFHE: iSRS KE

Current theoretical status & key references

-

%Eﬁiblb <V |:| x (2020s)

« T=1 np BcXY (J=0): FEMTRN, 1EA T=1 @ hE=E7 Tz=0 iR — E1E N=Z Z+FiHA
« T=0 np Eext (J=1): FZESEENFKEL, (B357 Cooper XEEEAGIHEARRT YD
« ERMA: T=0 EEXIBEERY"ThHZEXEL " TIE " FFSEER"—3 N=Z &4 HEE BEIE R REETR
« DEA: TERFEZIX (pf 75 N=2Z) BJ8EfF1E T=0 FuitR — FE SR

-

e300

* Goodman, Adv. Nucl. Phys. 11, 263 (1979)
— T=0/T=1 EeX = F AL HLRA
* Dean & Hjorth-densen, RMP 75, 607 (2003)
— FEBIHRIYECRY: T=0 vs T=1
* Frauendorf & Macchiavelli, PPNP 78, 24 (2014)
— T=0 BeXI4RA: IHES R
» Sagawa, Tanimura, Hagino, PRC 87, 034310 (2013)
— N=Z 1z T=0 BeXIAIRIEERBIRET

o

~

-

FrEIeE)

(D) T=0 X EFERAURBHSCIMEE2MHA?

(2 W{aJ7E HFB/DFT FEAEE T=0 Eixd?

(3 ImE N=Z &L2EH T=0 EeiI%EE?

(® T=0 BEXITE o EERIZRERERITA(ER?

& T—HEItERESE (HIAF, FRIB) BEE
AR E M SCISIEE?

\_
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Pauli [RIEEYIECYhEERITELIR

L+S+T = 2751 — BPLE (L,S,T) BSERIFRY?

P FECXEER] Pauli SBIFIEDH
BXHE L S T L+S+T foif? J BFAE &

'So(T=1) 0 0 1 1(E) v 0 ppnnnp EFERS|, ESEX]
*81+°D; (T=0)0+2 1 0 1(&F) v 1 Xnp T, 55T'S,
Pe(T=0) 1 1 0 2(fB) X — — Pauli 2!
Pi(T=1) 1 1 1 3F) v 1 ppnnnp Py HERFE — XY
'P,(T=0) 1 0 0 1&F) v 1 {Xnp FBE5,FEES

D, (T=1) 2 0 1 3(&) v 2 pp.nnnp SHEIMNE XE

D, (T=0) 2 1 0 3(&) v 2 {Xnp SKEIHES
XHEES:

O T=1 Bexd: 'S, (J=0) BR(EIFE — KRS | — BhHEZEE

(2) T=0 Egyd: °S,+°D; (J=1) RRIRARIFE — IK5%55 — X N=Z X

3 EEXERIATENE J B Pauli [RIE2 + NN HHE(FRAHERIRE - RE2R2 J=0!
(@ *P, (T=1) & Pauli RIHEZIHERE — BAIEES Pauli URFSEE
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f. np BEHUEEFENFE: [RREGE

* T=0 FASNIEER — #ZEEHPRI— Mz OFF R R

FERIzZU

T=1 np EEXS ('S, J=0) {FARRIIE=ER Tz=0 BR — FEMELFK
{8 T=0 np EoXJ (°S,1+°Dy, J=1) BRERMEHS Cooper IJFEER?

AT AZER—1EERIRRR?

1. T=0 &RY S, IX5(|55F 'S, — XIBERRAIBEN/INTITCI EFZAEEER

2. T=0 EoxHX A FRFFIPFEERERZAR (N=2) A 8]8E — A eREE
3. SLIRESABEM: TSR T=1 ECXIR0EHT I 8Es 55

4. IS A ARSI EEEARZE S (RIREE vs DFT vs SMMC)
5. Bhie-EEE (°P1 #FF) — AJREHDH T=0 BcxIrySEiE:

FIERZLATAEE): T=0 BCXIRIKIAR "FHSEEER "R R "N NFXKEL"?
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7~ o SSRIZRENNFHRRIRIKEX A B

Pairing as the microscopic driver of a-cluster formation

/ﬁﬂi‘j —EER]: EARHNE

1. BCS XJKEX — HiEENE ERYZTXS

2. FREBCXIIEE — (N ERE XX K &S
(FZREPZER, Pauli EHEDSIEINT)

3. PU#ZF3K<EX (Quarteting) — 2p+2n iR

4. o-like HSERHEBABR — £ a &£H

5. EFFFEF — a =L (Gamow FEiR)

: XIXBRR R RN T

,/

A\ = A )
SO(8) & B84 T=0+T=1 BCXIEHF
BEXIRBR — PUEFZEERRBR

G (W758E) vs Kq (NEFDEE)

G =5 — BCS %82 (EBiitE)
Kq 5 — a-like TUEFHFER
HE - B SERHESES

\ — T=0 np ECXIET 8L R IEEFRMRIRAY

T ———

Hi& RIKERLIE o SR

THSR (B=FEE) MREAESRSHEALN

GCM (4EBAtR) 1852 BCS & — WKEHEAEES | £dkir = £EHEEE

RGM (&iRE¥) FEREESES — REEXIXKE | Pauli RiFHIER-ZIBEE)
| a MIFEEFEZSESF Bose 5
AMD+BCS REFRDFohNF + BCS XXkBX | iRE#A + ERAFMINE

K it MARMEEHRE Y AER—ERRRR BN KRS E B HE

AN
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75, Hoyle 755 o 582 : Eoxd-£EEIXIBIEAIEH

2C Hoyle state — the paradigm of a condensation & pairing-cluster duality

12C 1§ Hoyle 7 (7.654 MeV, 0+5)

1954 Hoyle IS HFE — HREESH 20—"2C i triple-a 1372
£589: 31 o RIF{ELLE Os #i& E — Bose-Einstein £t58 (BEC)
- THSR JEEREL (2001): |W) o [dR exp(-Rz/B?) [Pay (R)Da(R)Das(R)]

Y4 N

BexItifaAY Hoyle 35 HEI: No SRS

« B a BIF = 2 4 T=1 Cooper X « 1°0: 4a #EZHY Hoyle-like &7

* Hoyle & = 6 NMECXIIZFHIETZS « 2Ne, Mg: o EFEX4E?

 XJXKEX — MUZFKREX — o B * Na 8 — KRB EZYRRIFE

- BEXTBERS = a IR FEE  XPKREAREI — o EBEREEL

K%Wi Hoyle & < 3THRIBERA / K”F'?EP\J%)% XTHEER — o B ? /
4 )

AN =1

XIS REXFD o EEFAFZ A RE—IRISAIRAMUE: BoXd 2" R A (ZFES), a BERE" =Wk (EEIES).
\ﬁ%ﬂ’ﬂéﬁ—%@‘éﬂiﬂi@ﬂ’ﬂikﬁﬁ, B EEBRIMZITE (triple-a, o ITF8) BIKH, y
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7~ HAFEENG: MWXEXS o B

Pairing—a cluster connection: current frontiers

=

BIEAE (D: T=0 BXIREt

* N=Z 1% np XM

- I T=1/T=0 8ER RG>
- B BEHAIXIKEXES

o v BRIEPRIECXSEEFETT

- $3£5: HIAF, FRIB, FAIR

\

=

BIEHRME @): o FAZEEASER

* M3LE (ab initio): CC, IMSRG
— TSHT RRIET

- 7#&% Monte Carlo (SMMC)
— BIRIEE o TR

» ZFZF XS RERHIRI TS
— PUZF IS8 (°Li, d) &

\

-

BIiEHE (3: XiFZidizE

* Triple-o [RMIZR + BEXYHUNL
- o I9F2 (ap, an A)

- B FERNTE: BiR—5Eg
* 1% pasta tHPHEIXIREX

« X FHEEFH o DEEE

\_
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SCHOO!

a-preformation amplitude
Fa(R) = (®(A-4) x @a | P(A))

» ®(A-4): daughter-nucleus wave function
* @a: intrinsic a-particle wave function (0s)*
* Y(A): parent-nucleus wave function

How does pairing enhance Fa?

(D BCS pairing — nucleon pairs spread around the Fermi surface
— enhanced four-nucleon correlations in the surface region
(2) Surface projection of pair condensation — larger y?/y> W
(reduced width / Wigner limit)
(3 Mang (1960): shell model + pairing
— o formation amplitude enhanced by a factor of 2-5
@ Delion et al. (1992): BCS approach
Systematically large y? for N > 126 — evidence for pair condensation

Key relations

a-decay width:
Fa=y*R) x P(R)

* v3(R): reduced width (preformation probability)
* P(R): penetration factor (Gamow)

Effect of pairing:
Pa « |Fa(R)|? « pairing strength

Temperature dependence:
* Tc = 0.57 A (BCS critical temperature)
* T > Tc: the pairing gap vanishes

— a preformation probability changes

— temperature dependence of a decay from excited
states

Isospin window:

*T=1pp+T=1nn— T=0 (a)

e Can T = 0 np pairs accelerate preformation?
— open question!
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