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Introduction



« clustering above double shell closures

® 2p + 2n + doubly magic nucleus
m 4p + 4n + doubly magic nucleus
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m Two-body cluster model — O + «
E8Be=a+a, Ne=190+gq, ---

m Three-body cluster model — ) + a + «
m 108Xe =1008n + o + «

a-core effective potentials play a crucial role in the two-body and
three-body approaches to a-cluster structures outside double shell
closures.
phenomenological potentials in specific forms
double-folding potentials based on effective nucleon-nucleon
interactions (M3Y, - - -)

Main Goals
m Construct YEFT double-folding potentials for o 4+ doubly magic
nucleus systems
= Study two-body and three-body cluster structures above double
shell closures based on xEFT double-folding potentials



Theoretical Framework



XEFT double-folding potentials

Chiral effective field theory (xEFT) is
widely regarded as the standard model for 2NForce  3NForce 4N Force
nuclear interactions. LO >< {

m Weinberg, van Kolck, Machleidt, )
Entem, MeiBner, Epelbaum, Forssén, rpo >< ’1:“:1:'
Ekstrom, Gezerlis, - - - ; (@Q/A) [Hlll
m EFT for nucleons and pions
obeying chiral symmetry breaking;

NNLO + +| {
= Power-counting scheme AN |><
o Hierarchical structures of 2N, 3N,
4N, - - - interactions; NLO ><+5:?H;?‘5:| P sl
o Systematical improvement; @Q/A)! }j Fi H H>< T

o Uncertainty quantification. RN




In practice, xEFT gives different realizations of chiral potentials,
which are generally non-local in coordinate space.

m dependenceonk = (p+p')/2

m non-local regulator
Local chiral potentials are available up to the next-to-next-to-
leading order (N’LO).

A. Gezerlis et al., Phys. Rev. Lett. 111, 032501 (2013).
A. Gezerlis et al., Phys. Rev. C 90, 054323 (2014).



At the N°LO, local chiral NN potentials are given by

Veniral (r) = Viong(r) {1 - exp[—(r/R0)4]} + Vehort (),

Vieng (r) = Ve (r) + We(r)mi-mo + [Vs(r) + Ws(r)T1-m2] 0102
+ [Vr(r) + Wr(r)T1-72]S12,

Venort () = (Cs + Croy-02) o, (r) — (C1 + Co1-12) Adg, (1)

- Cs 0, 0p, (1
— (C3 + Cym1-12) 01-02A0p, (1) + AL(’)

L-S
2

+ (Cﬁ + C7’7’1'7'2)

oy | OrORy(F : 00
x {(al.r)(@.r) [”Rﬂ(’) — 926k, (r)| — 01.02”;0(’)} ‘
r
Sy () = W exp|—(r/Ro)"] is the regularized delta function,
22/ %)%0
with Ry being the regularization scale in coordinate space.
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The double-folding potential between the « cluster and the core
nucleus is given by

Upr(R) = Up(R) + Ugx(R),

Z /dgra/dgrc oL (re) p/é(rc)7

i,j=p,n
Uex(R Z /d3}"a/d3rc Po(FasFa +8) /47("(77 rc — )
l)/_p)
X exp(lkrel's/Ared)7
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Two-body cluster model

—>.+. > @ +

m Wildermuth condition
0%Be: G=2N+L<4X o2Ne:G<8X o¥Ti:G<12X
0 %2Ti: G < 12, (G, L) = (12,12) X
0 194Te: G < 16, (G, L) = (14,16), (16,16) X
0 212Po: G < 22, (G, L) = (22,20), (22,22) X

m Model space

2s @ 70
47 1d (4) 68
©) 64
0g 8) 58

(10) 50 —— 50
» @ 40
3 (6) 38
—. or ) 32
®) 28
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Three-body cluster model

m Model space

& -2 -:

m Hamiltonian

His = Tsp +/d3r'1 Ve (r1,r1) +/d3r'2 Vee(r2,75) +/d3r/3 Vac(rs, ¥5) + Wss(p),

Vaa(r,rh) = > (F1LM) (LMIP) [Uaar () + Uk, (r1)] 8(r1 — 1) /7T,

LM

Vac(rs, 1) = Y (is|LM) (LMI#) [Uacr (1) + Ugty (r0)18(r — ) /157,

M
Unar(r1) = Use (1) + AaarUse (1),
Uaer(ry) = USE’“'(rb) + /\acLUg:d(rb)~
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’ Aa ‘3

m Stochastic variational method (SVM)

Monax N
Usp :Zf,- [@1:(r1, R1) + @1i(r1, R1)] +Zg_,- [@o)(r2, R2) + Poi(r3, R3)],
i—1 =1

(I>ak(ravRu) = exp(_Aak r3 _Bachzz —2Cu 14 'Ra)a
6ak(rthlaa) - exp(_Aakrs - BakRa:2 + 2Cak Fa -+ Ra)y (d = 17 2)

Here, {4k, Bak, Car} are the nonlinear SVM parameters, {f;, g} are
the linear expansion coefficients, and ® 4 (r,, R,) is the explicitly
correlated Gaussian basis function.

Y. Suzuki and K. Varga, Stochastic Variational Approach to Quantum-
Mechanical Few-Body Problems (Springer, New York, 1998).
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Numerical Results
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Two-body cluster structures in ®Be, - - -, 212Po

Soft local chiral NN potentials
V. Durant, P. Capel, L. Huth, A. B. Balantekin, and A. Schwenk (2018).

m regularization scale
Ro=1.6 fm — soft

mCs,Cp,Cq, -+, Cr
determined by fitting
Nijmegen np phase shifts
in 180, 381, 1P1, 3P0, 3P1,
3P2, and 381-3D1
channels at 1, 5, 10, 25,
50, 100, and 150 MeV.

m deuteron binding energy
E;=2.178 MeV.

VB ex(s) (MeV)
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XEFT double-folding potentials for o + doubly magic nucleus
systems

0 y /f :

g /4 l/
G 7/ — a+a
g 50 /'/ I/ a+160
3 . a+*°Ca
5100 / ~a+*8Ca
) e a+1°0sn

-150p=->" a+2%8pp

0 5 10 15 20
R (fm)
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In two-body cluster model,

o

2Myed

+ U(R)] Unem(R) = Ext¥nim(R),

U(R) = A Upen(R) + Uprc(R).

o Anyz: phenomenological renormalization factor
o Upgn(R): nuclear part of the YEFT double-folding potential
o Upr.c(R): Coulomb part of the YEFT double-folding potential

Anz 1s determined by reproducing exactly experimental energy of
a-cluster state.

m [, > 0.01 MeV — complex scaling method (CSM)

m [, < 0.01 MeV — modified two-potential approach/calculable
R-matrix theory
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8Be = o + «

Nucleus G L™ Ay ree X ryt R,
[MeV] [MeV] [MeV] [fm]
8Be 4 07 1.4340275 (5.57 £0.25)x107% 6.09x107® 9.8x107%  5.33
27 1.402429  1.51340.015 1.72 1.33  2.59+0.31
47 1.46325 ~ 3.5 3.18 44 2.90+0.80¢
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2Ne = a + %0

Nucleus G L™ Aniz ToP TX PAMD PX P! B(E2))exp B(E2))y B(E2))n RY,
[MeV] [MeV] [W.u] [W.u] [fm]
2Ne 8 0 1.1518273 0.70 3.79
2} 1.1370375 0.68 203+1.0  13.0 14.3 3.80
4 1.13190728 0.54 2242 17.1 18.5 3.73
61 1.1172209 (1.1+0.2)x107* 3.64x10™* 0.34 0.30+0.05 0.19+0.04 20+3 15.2 15.2 3.62
8 1.1674842 (3.5+1.0)x107° 1.98x10™* 0.28 0.18 £0.05 0.095 +0.027 9.0+ 1.3 7.0 7.9 3.21
9 17 11919326 (2.8+0.3)x107° 2.72x10° 0.95 1.03+0.11 0.82+0.09 4.78
3; 1.2043384 (8.2+0.3)x107% 7.95x10™ 0.93 1.03+£0.04 0.67+£0.02 5048 416 77.0 4.84
5; 1.2074985  0.145+0.40 0.114 088 127035 0.73+0.20 40.0+9.6i 1269 4.52+0.30i
7; 1202514  0.110£0.010 0314 071 0.35+0.03 0.20 £0.02 27.8+4+10.7i 1549 4.09+0.32;
97 118843 0.225+0.040 0.354 070 0.6440.11 0.38 +0.07 1474651 36.6  3.69 +0.23i

m 17, 35, 55 states almost have pure a-cluster configurations.

m a-formation probabilities extracted by P, = I'a" /T'h are
generally compatible with AMD.

m Enhancement of B(E2 ¢)3; _,17 1s reproduced.



2Ti = o +*Ca

Nucleus L™

ANL B(E2Uexp B(szlz)x B(EQUWS2 R?rcel

[W.u] [W.u.] W]  [fm]

2Ti 0] 0.9656424 4.20
27 0.9564093 75794 7.1 9.4 4.20

4F 09497204 95714 9.6 123 4.16

67 09550252 8.7106 8.8 11.6  4.05

87 0.9584199 0.76 +£0.09 7.1 9.5 3.93

107 0.95336506 5.0 6.6 3.80
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212p — o + 208pp

Nucleus G L™ AL Ps e [iprefined ree B(E20)m B(E2)exp V/(R%),,
[MeV] [MeV] [MeV] [W.u] [W.u] [fm]
212po 22 0f 1.0459895 0.094 1.62x107'* 1.53x107% (1.53 +0.01)x 10~ *® 6.26
27 1.0376702 0.099 4.18x107** 4.12x 107 6.3 6.29
4F 1.031552 0.095 8.13x1073 7.72x107** 8.8 6.27
67 1.02607 0.085 3.19x107** 2.72x107**  (1.8532)x107* 9.1 39+1.1  6.22
8 1.020155 0.072 3.97x107'* 2.85x107*° (1.950:3) x107*° 87 230£0.09 6.15
107 1.010274 0.059 7.28x107'° 4.30x107'6 7.9 22+06  6.09
127 0.993857 0.048 5.57x107'% 2.69x 1076 7.1 6.03
147 0.982049 0.033 1.34x107'® 4.40x107*8 5.8 5.96
187 095507 0.0034 3.01x10*' 1.01x107%* (1.017092) x10~% 5.81

m P, (07) = 0.094, consistent with P, (0]) = 0.1045 given by
quartetting wave function approach

m P, (187) = 0.0034 — shell-model state



Three-body cluster structures in **Xe

8
6 f
UreP < 4 !
aaL(r 1) g 2 :"
__ysTep rep 2\ = !
—Taal exp(_ﬂaaLrl) té o
&-20 | | Widermuth
4 i — Repulsive Gaussian Potential
rep
UacL(r b)
__1/Tep rep 2
—"acL eXp(_Machb)
h — 5.2 MeV VO
th  _ !
Ty)3,o=13.4ns e
Q;xp _ 5'1(2) MeV _5 \.‘;' ".‘;'_ R‘épulﬁi)fe Gaussian Potential
Tf}‘g < 18 ns 0 2 4 6 8 10 12
r (fm) 23



SVM calculations

m without W3 (p)

1241
122
2 1J2+J3
s 12.0 \
m \
K118
1.6 e 142403
11.5866 MeV
14260 200 600 800 1000 1200
Basis dimension
m with W35(p)

We take W = —4.85 MeV and p3g = 9 fm. The three-body energy is
found to be E3g = 9.605 MeV, well consistent with the experimental
value ~ 9.70 MeV.
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Density distributions of valence « clusters

10,
14
(a) (b)
8 (5.99, 6.00) 12 @
B -
£ . E 8
& ! & (8.55, 4.25)
4 i
i
2 i
% 2 4 6 g8 10 % 24 6 8 10 12 14
ry (fm) ry (fm)

V) = 6.159 fim, \/(R2) = 6.155 fm, 1/(r2) = 8.555 fm, 1/(RZ) = 4.432 fm

. . (r3)+(R3) —(rT)
The relative angle between rp and R: is found to be 62 = arccos S
= 88 degree ~ 90 degree. 20

— isosceles right triangle in the ground state of 1"*Xe



Reduced width amplitudes

N
(€]}

@(R) (MeV'?)
3

©a0(R2) Z\@Rz/dszSo(kz)/dgf’z Gaco(r2)/raYoo(72) Vs

©Be0(R1) :Rl/diﬁYSO(Rl)/d3V1¢aao(rl)/l’zyoo(?l)‘l’m
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Decay properties of 1%Xe

MeV)

<

Fi2,a

10—26

10-1 (c) 1%Xe » a +'%Te (d) "%Xe -»°®Be +'sn
< 10728
é’ 30
_ 2 10"

10 17 g

10732
1020 = 40-
-36

100 105 110 115 120 197 gs 88 90 92 94

a (fm) a (fm)

The a-decay half-life of 198Xe — a + 1%4Te is found to be T{h/Q ~ 43 us, in
good agreement with the experimental value Tfjg = 587196 us. The
8Be-emission half-life is about 2 x 109 s, larger than the a-decay half-life

Tth

1)2 by thirteen orders of magnitude.
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Summary
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m We study two-body and three-body «-cluster structures above
double shell closures via yEFT double-folding potentials.

m ®Be, 2°Ne, 4452Ti, 104Te, and 2!?Po are studied within two-body
cluster models to justify YEFT double-folding potentials.

m The heaviest self-conjugate nucleus '°®Xe is studied within the
three-body cluster model. The a-decay half-life is found to be

T {1}2 ~ 43 us, in good agreement with the experimental value
T f’/(g = 58739% yis. A novel isosceles right triangular structure

made of the two valence « clusters and 1°°Sn is found in the
ground state of 1% Xe.
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The End
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XEFT double-folding potentials

Proton density distributions of « particle, 160, 4%48Ca, and 2°8Pb are

realistic sums of Gaussians determined in elastic electron scattering

experiments, to which neutron density distributions are proportional.
H. De Vries, C. W. De Jager, and C. De Vries (1987).

For 190Sn, Sao Paulo distributions are taken

"
P (r) = s
1+exp ( ””)
with R, = 1.81Z!/3 — 1.12 fm, R, = 1.49N/3 — 0.79 fm,
a, = 0.47 — 0.00083Z fm, and @, = 0.47 + 0.00046N fm.

o charge radius = 4.58 fm, consistent with 4.525 ~ 4.707 fm
from ab initio SCGF + N?LOgy chiral potentials.

L. C. Chamon et al., Phys. Rev. C 66, 014610 (2002).
P. Arthuis, C. Barbieri, M. Vorabbi, and P. Finelli, arXiv:2002.02214.
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)]J n

ooy (Fa(c)s Ta(c) £ ) are density matrix elements and can be
estlmated by realistic localization approximation.

D. T. Khoa, W. von Oertzen, and H. G. Bohlen (1994).

is the VN interaction in the direct (exchange) channel.

For o + doubly magic nucleus, only the central parts of local
chiral NN potentials make contributions.
1
=7 (VO (s) £3V1(s)]

1

=3 [£V%0s) + VOl (s) + 3V10(s) £ 3V (s)]
with V57 (s) = (SMsTMr|V(s)|SMsTM7) being the spin-isospin
projection of the central parts of local chiral NN potentials.
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“Ti = o 4 %Ca

Nucleus G L™ Anr  B(E2))x B(E2{)exp RX,
[W.u] W]  [fm]

“Ti 12 0 1.1019607 4.32
27 1.0915923 9.9 13+4 433

47 1.0853305 13.4 30+5 4.28

67 1.08476  12.7 17.0+2.4 4.18

85 1.078867  10.5 4.06

10 1.0990893 6.7 3.85

127 1.1338819 3.0 3.63

13 1; 1.1232387 4.86

35 1.116978  20.0 4.83

5; 1.1053947  22.1 4.78

7, 1.0972716  20.7 4.67
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Benchmark of the SVM code

Positronium negative ion Ps™ = e~ + e~ + et
~0.261980——
1
~0.261985{ 1
) !
€ -0.261990 \
3 \J2+J3
E -0.261995 \
= \
"=-0.262000
& S J1+J2+J3
-0.262005
~0.262005
~0.262010; 200 400 600 800

Basis dimension
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Channel-radius dependence
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(b) "*Te > a + 'sn
- Wildermuth
— Repulsive Gaussian Potential
0 95 100 105 11.0 115 12.0
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