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» Describe the [strong] force governing the arrangement of protons & neutrons
» What are the limits of atomic nuclei?

» How & Where are the chemical elements formed?

» What are the origins of the regular emergent patterns observed in nuclei?
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= Halo, Borromean nuclei, three body system, intruder states

= New experimental insights on rare nuclei to challenge theoretical predictions.

=4%:. Halo nuclei
“F| ®F 2F 2F »F »F »F »F 2F 2F|»F|%F F

9 2'o==o==o“o==o. 0’
Q oN AN 2N N AN BN
.. ..”c ¢’ ag ¢

= =
IOB ‘ISB ‘IGB | 17B ‘IOB ‘I9B ZOB 21B

"Be' “Be l‘Be “Be

20§ 3L D Halo nucleus

"He Possible Halo nucleus

il . ® () Three-body system

Mass Excess [MeV]
92 -19 54 1.3e2 2e2 i3
Resonance E Ca
Em Ciahlo I InknAum
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BBe IZC 160 ZONe 24Mg ZBSi
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Near-threshold effect the « cluster excess neutrons
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Monte Carlo Shell Model (MCSM)
Otsuka, T., Abe, T., Yoshida, T. et al. Nat
Commun 13, 2234 (2022). 8
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12Be 18] A 75: N=8 41 HY3E K H1H

* XJEN=8 JH<

 Isomeric state: 0,* 331(12) ns 200 i
d . +e_ all‘ Crea'[|0n FrrrirrrrirrrrriiriT
EO decay: ete-p 456
flrrfr i frfirfiiidy
PRI rrriiririiy
' J | J 1[Jknock out 3.673
g.s. (0,+) R e “Be+2r | 368
1 [l charge exchange 2.70 1 UBe+n
1L JYuan 2.10 2+\
[ ]3body(Exc2)
: c 5%0&;&10 Exc) 0.946
. pp- 1 i
isomer (0_+) _ Be+d-p | o
- 12Be
e ' -11.708
12
B
2'S1/2 1 d5/2 1p1/2
+\ _ 2 ) 2 .
0;7) — b1‘0d5/2> + Cz‘0p1/2) (i = 1,2)
J.Chenetal. PLB 781 (2018) 412-416
11 12RA-
Be(d,p)**Be: J. Chen et al. Phys. Rev. C L031302 (2021)

Is there enhanced radius in the excited states?
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Comparison with
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12Be [B] A 75: N=8 LJZ0BYE KL%

10 i g.s.00 (@)} (b)T 2.251: o (c)] TABLE I. Excitation energies E,, transferred orbital angular
. (=0 S 0 . momentum ¥/, spin-parities J", shell-model orbital nfs and
1. e O \ I ] spectroscopic factors S for the low-lying states in 1°Be
§ Lot e T & » ege . observed in the present ''Be (d, p)'*Be reaction.
o1l " 1 2.109: 2 I
: i = . 1 Ey(MeV)) / 1 nls S
0.01 ottt e g s 0 0" 181/2 0.3(3)
N — (d): (e)] (f) | 2.109 2 9 1ds /2 0.45(4)
; ., P 2.251 3 0 1512 0.39(6)
1L Y-, A T ' 2.715 1 1 0p1 /2 0.72(6)
: [ S 3.182(7) 1 0~ (0p1/2) 0.71(7)
0.1 2715:1, + 3.182(7): O, = 4.186(15): (2), 4.186(15) 1 2 2p1 /2 0.08(1)
L = P =1 P =1 1 4.59(2) 2 2 0ds /2 0.02(1)
0.01 g ———————— 4.99(2) (0) 0 (1s1/2) 0.70(20)
100 ()i (h)1--. (i) 5.30 (2) o+ Ods /2
0.1.459(2):2, ° 1 4992):(0) =+ 53(5):(2) -
- (=2 I (=@} i (¢=2) ]
0.01

0 10 20 30 40 O 10 20 30 40 0O 10 20 30 40 50
6. (degree)
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12Be [B] A 75: N=8 LJZ0BYE KL%

. (@ 12Be 0 |(b)  0F
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03¢ 21
g 90
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09F . : :
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03l * 0,+ state: Enhanced radius: Two-neutron halo
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00 0 - 8 e 0O- states: Near-threshold state! Halo-like structure

J. Chen et al., under preparation 1%




2Be [B] A 7S: N=8 ZJZX AV H KL H
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C. R. Hoffman et al. Phys. Rev. C 89, 061305(R) (2014)



Isomeric state 0,+: radius estimation

Halo structure?

S(g.s.)=0.30(3) 32 "L .
S(0,+)= 0.39(6) " g -
31F n =
Their matter radius can be estimated with: 3.0 I
. 14Be =
— - - 17
Ru? = ((A—2)/A)(R2 +2R,%/A) E 29} 8 ]
o !
R2= 10/12(Rygge2+2R,2/12) z 281 " “Be(0 +) y
R105.=2.40 fm S y
- ’ZBe(g.s.). s -
0,+ = 19% (s)+ 24%(p)+ 57%(d); S,=3.17 MeV _ -
02+ =23% (S)+ 59%(p)+ 18%(d), Sn=093 MeV 25 M S SR T SV B S, SRR
00 05 10 15 20 25 30 35 40
Therefore, Ry;,= 2.56 fm experimental: 2.57(10) fm S

Rp2.= 2.79 fm

NN2024, Jie Chen 11
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3ssi 3_ B34Sl sesi | 0si | w0si | arsi 424 1 51 /2 G. Burgunder, et al, Phy Rev. Lett. 112, 042502 (2014)

33Cl

A. Mutschler, et al, Nature Physics13, 155 (2016)

s2al | ssai | ssar | ssai | sear | a7ar | ssa | asal | oA | a1ar | 42a B. P. Kay, et al, Phy. Rev. Lett. 119, 182502 (2017).
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{5 F SOLARIS | & 32Si(d, p)33Si

do/dQ (mb/sr)
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How about weak beams?
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(1K*0.5K) 4w S{K [E] Bf 2 IR 9K A TS S 2E

SOLARIS

AsAd boards ;cﬁsgrol:;ncas High-voltage
\. v feedthrough 1000 pm
DSSD 1500 pm
300 pm SSD

4 CsI(T1)
detectors

/////

Field cage

Beam duct

BER AR M T KFFRIB: AT-TPC

J. Bradt et al., Nucl. Instrum. and Methods
in Phys. Res. A 875, 65 (2017)
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ATLAS beam with HELIOS -- Deducing deformation length using two experiments approaches
Beam: 1°C at 7.1 MeV/u
10000f \ | ' A '(a Life time of the 5/2+ state Inelastic scattering on deuterons
1000 elastic’ giq M?
= é P + ) — &2 p
2 100} “o Schiffer ] B (E2, Ji =0 ) ¢ 2J; + 1 (da/dQ)ewp = 5621 (do/dQY) pw B a
£ g ¢ ] 4
g < ZANN = 5
S T A Parov e \ J
0.1 ( ot ,_-_ |
0.01 i " | " :I I'. t_: ; ..: (5,5; . 1 + (bg/bg) (Mn/Mp)
10¢ nelastic  (v) 4 5, 1+ (bF/bF)(N/Z
scattering: 5/2i P (bi/b7) (N/2)
2 -“ (M,/M,)/(N/2)
3 3.6 (4) 2.4 (3)
5 O 170 2.63(4) 0.42 2.34(5)
oo ] J. Chen et al.,Phy. Rev. C 106, 064312 (2022)
0 25 50 75 100
0 (degree)
cm A. M. Bernstein, V. R. Brown, and V. A. Madsen,Comments Nucl. Part. Phys. 11, %83(1983).
A. M. Bernstein, V. R. Brown, and V. A. Madsen, Phys. Rev. Lett. 42, 425 (1979)
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(a)ch 24 (b) == Hh F 4% () Fa % Isoscalar-dipole excitation
o) o e operator :
F< A >V r< 7A S >V
e
Vo B i
2 hFR
f= e
p \ > SR ESE M RE YR
P 7 9%
g st 7 oo EAHR Giant dipole resonance > FB%Fisovector dipole
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8 . N . o R XU
N > BRAKIPEER isoscalar-
) dipole excitation 5 /& £ K
> WA FRER LIRS
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» Theoretically, soft dipole excitation in ®He can be explained as an isoscalar compressional dipole
resonance.

 In order to clarify isoscalar resonance character in ®He, it is necessary to study the soft dipole
resonance via (d,d’) or (a,a’) reactions, which was suggested by L. V. Chulkov.

« There is yet no evidence of isoscalar soft dipole resonance of °He.

L. V. Chulkov et al., Eur. Phys. J.A 51, 97 (2015)



AR IEEEIA ST H eFN(BR IR

AP RS AR IR ZEMATE D B 42MeV/ulE & 1 HCHe SRR -5 o MBE 5~ AR SN BSUR e N SR A J=5CHe ) R 45 50K
& AL IR

T1: TOF1
CoHy, (100 pm)
i e —
‘_‘\\“ Si
D N [ — 'f Pc- ---------- Plastic
'%' |I scintillators

\ T2: PPACX2, 5x5 cm? h | 6He _sensitive_region
M T | : TOF2 §  -oooooooeoooooooooooooo ? , D}
: | 1™ | CoHy (100 pm) —— Kapton I|:| Diamond
: - Mylar .
51, 300 pm, golli; Wihd OWRREEEEEE) SRR |I GAGG

He+
CO5%) e — m—

T PR R AR 23 A S AR T AR R R =
% MATEX: 4% J5 4 783200 Torr 1Y 57 T 5 FHe+CO, 1R &S AR
& EEFHRIN ST E beam—1ike recoil



PLEgF I TR TRIRLE

WM EFES) HEB TAT-TPCER S HUE 24T
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