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IPM model > 3535 - #4# ~ 293

(Mayer and Jensen 1963 Nobel Prize)
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U+ Vi (7 =7~ ZU(F)]

~ 40% JE 1K,

G. J. Kramer et al., NPA 553, 297¢(1993).

SRC Pair fraction (%)

“Shells” are not fully occupied due to “correlations”
: LRC (JUAM%75R) + SRC (1fm, np dominated)
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S
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50

O. Hen, et al.., Science 346, 614 (2014)
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) , , Pa)...
E I F K (e,e’p)~ (p,2p)- (d.,p).. (p, p’), Coulomb breakup... (e,e’pn) - (p, 2pn).. (p, pa)
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AdhRp P E TR =00/ OnRAEZ T-H T REEAEFE LT HIH K

B.A. Brown et al., PRC, 65, 061601 (2002)

AS=Sn_S Target A. Gade et al., Phys. Rev. C 77, 044306 (2008)
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knOCkout reaCtionS get ConSiStent O.2_| | T B B ra 1l |n| 1 |p| | | 11 | 1 |
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e
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A. %{ﬂ:’,}i}f’. é'/]’fb %Rs — Gexp/ Oth

1.0
AS=S,-S, Target
12C/*Be
Nucleon ) 0.8
£
---------------- > & 06
Il
Residue o
Beam direction 0.4
0.2+

V' R, BRI TR T-F F R
AS=S,-S, (-p) or S-S, (-n)

DHREB T R LI RRAB T KB £ & (X Bbeyond shell-model :

A. Gade et al., PRL 94, 042501 (2004); PRC77, 044306 (2008)
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I {}iss #BB 4%# Loosely bound
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__245@ Consistent
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A. %{&}i}f’. 2/7/Tb %Rs = Gexp/ Oth

80—-100 MeV/nucleon

RIBLL?2 data
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J. A. Tostevin et al,. PRC 90, 057602 (2014)

19.20C(—n), 240 MeV/nucleon
140 (-p), 305 MeV/nucleon

Y.Z. Sun et al., PRC 106, 034614 (2022)

J. A. Tostevin et al,. PRC 103, 054610 (2021) Y. Z.Sun et al., PRC 104, 014310 (2021)
305—-635 MeV/nucleon

220240 MeV/nucleon: 240 MeV/nucleon
¥Ne(-n) , F(—p) , '°C(—p) , **Ne(—p), **Na(—p),
1.6 GeV/nucleon:

C(p), #C(m), HC(m), and FC(-m) 0 The strong dependence is robust with beam energy
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B. 1kt R #£8 R M
(d, *He) /(p, d) ¥
Many stable beam
facilities

fraction of IPSM limit [%] —

G.J. Kramer et al., NPA 679 (2001) 267-286
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B.P. Kay et al., PRL 111, 042502 (2013)

r o n transfer
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o p transfer

16O 208Pb(p d) 124 nud
[=0-7, SM+DWBA

Stable nuclei: p/n transfer reactions get
consistent results with (e, e’p)
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J.Leectal, PRL 104. 112701 2010) 3 Manfredi et al., PRC 104, 024608 (2021)
:
10~30MeV/u L.600 [J"; T ] 12FJLM+HF * o 3
. CT) . 1 ¥ Hinduced knockout -
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EA/AP/AHF ol e e S
p eV/u ¥ g od — v ~4
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b s L i A - A
0'007‘20 ;10 0 1‘0 2|o
AS(MeV)
HuC/eN(dp) 1 RETTT T
14 [ ’ d L i
[ O(d,t)/(d, 3He) : ] i 0 Weak A4S dependence from
= s SM-+CRC : SM+DWBA ] 0.9 ] .
S Tou 18 - A transfer reaction!
s T § il B ﬁ t o1 os O Robust with reaction models:
& 0F i@ 1+ fr ] — .
o é d ‘40% 1 L 1 03121 even-evin,A= > DWBA/ADWA/CRC
o 04f 1) - [ ]
Ca=00004MeV T e 1 L(ed); SMAADWA
L T A -20 -10 0 10 20  yp Xuetal, PLB 790, 308 (2019)

AS®™ (Mev)
F. Flavigny et al., RPL 110, 122503 (2013) B.P. Kay et al., PRL 129, 152501 (2022)
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200/250/300~450MeV/u

S. Kawase et al., PTEP 2018 (2018)

L. Atar et al., PRL 120, 052501 (2018)

M. Holl et al., PLB 795, 682 (2019)
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H.HI.mc(MC‘,_}SI\I):Z_I\(_Sune‘m/.[25]I SM"‘DWIA 02: AZéz;pTZPSM_FEIkOHaI DWIA : : | ‘uT ), —IAI ,,I I,I,,I o I:
&GSI 0-25 20 415 -0 5 0 5 10 15 20 2 ;30‘ 20 _10 0 10 20 g —20 ~10 0 10 20
AS:S,,-f,; (MeV) . . S-S, [MeV] AS [MeV]
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12f
OASE ______ ii _______ g ______ i_ _______ 10F---- ____}_ B
e [ % @ - } --om_ | L08E_ %i N ¥ H_-__
=00 § $ H 1 Toet Py "i“li?' - 0 Weak AS dependence from (p,pN)
ol SMHQTCE (g o | 04t S S wa) & 1 U Robust with reaction models:
TC: PH L Faddeev-AGS (Diaz Fernandez et al.) .
i b LC v fit (Dirac IPMn‘ol‘s‘zz' %0 (p.2p)) |1 02 o ?(\;V('é("_(newasem; /’M s SM+DWIA DWIA/ElkOl’lal-DWIA/QTC/FadCCV-AGS
02— ————- (‘)LmeaTmP?:M = z‘stp,zg)) o 0'930 20 -10 0 10 2 30
AS (MeV) AS (MeV)
M. Gémez-Ramos et al., PLB 785, 511 (2018) ~ N. Phuc et al., PRC 100, 064604 (2019)
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Q #F FEEKZ %, RELHFEEINRS(HEF ELIE)AH R B 6 ASIR #

C/Be ¥ & fit X &k KA 445

LI L T | L LS 23002202|N 150 120 G 180170 ZWN 210230

o[ e, 0.61 — 0.016 AS (10) 1.2 F :
1.0 O S i cé 46 r - L T T
og 14}
&S]
0y 12F
o 0.8 ;
e 10F----p--m___ Mg T ]
o 1 BelTcam IR LI Mg 1 T o oA~ . kw0 T Ty I I WS T S~ te=-ea
I? 0.6 \ Lo8f__ %f } % ]
» el o Vv i T %-- st
e oA d'” 06f 1 YOIy Y- E
L H, E
0.4+ N G e
Ngpof Ne| i
gt o35k O 0.4 m DWIA (this worl k) i % .
e n-removal: AS=S,-S, P f?eg > v Eikonal DWIA (Holl et al.)
e p-removal: AS=S -S 3% Qw:"Ar B T 0.2[ A Faddeev-AGS (Diaz Fernandez et al.)
02p ° " "‘ : " IIIIIIIIIIIIIIIIIIII Ca "] 0.0 L Lo o b v by v by oy 1y ® DWIA (Kawase etal.)
=30 20 -10 0 10 20 o _ 0.0 ---TC (Qémez»Ramps/Moro) : ¢ ;
AS (MeV) 20 1 0 effo 1 0 20 -30 -20 -10 0 10 20 30
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d We do not have a consistent picture for unstable nuclei...... &of
Which picture is correct? :E)
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©. Jensen et al., PRL 107, 032501 (2011) S. Paschalis et al. PLB 800,135110 (2020)

1
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o L g - I
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. 08F 14 E % 08¢
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. E 75}
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06F  + SEWforAS=S,-S, 3 £ 0 Weak dependence due to SRC fraction
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00 2 O 1 0 O‘ 1 0‘ 2 OI 3
A. Cipollone et al., PRC 92, 014306 (2015) R NS '
100
L SCGF
sof * *° 29
=3 SR 0 Weak AS/p-n asymmetry dependence from ab initio theories
S 0 Weak AS/p-n asymmetry dependence from a recent phenomenological analysis
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Q #F FEEKZ %, RELHFEEINRS(HEF ELIE)AH R B 6 ASIR #

C/Be ¥ Zfk R 3t & AL 45 45 b Hae kA b
. T —T —T - “g 1o oo g 24106
9 1 .2 _I T ] T 1 17T | 1 17T I | F N T § I L I T |_ 230 220 2|N 150 120 120 180170 21N 210 230
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14} T |
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d We do not have a consistent picture for unstable nuclei...... ('3 =
\‘-\

Which picture 1s correct?
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J. A. Tostevin et al., Nuclear Physics A682 320c(2001).
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Beam direction

*Be(’B, Be+X)Y S 4°;— + g - o,
Fast Projectile Y == g% 5 ~0]-?MeV  theo.
Gamma ray 2 06 |1 hemecompon £ w0
E’ 04 1 é 252’ b osp-11Mey
58 T a9 L (E> 50 MeV/nucleon), AN S 2 ')c Mg
}i}.‘_‘z ‘:P j" N 7}:2 zl‘l/ﬁf « %’X)L_‘%”- - 15 Sp~1.3 MeV %
Q éé%‘l@ 1&—{2{ : :@@Z\}@Tg} /gl[z%; " 5;0 600 650 700 | ot R 15 l
D E éi i&_’fl;( . l’%]— /fb j)%i% %E F$i‘l‘%t Energy Sum (MeV) Sp [MeV]

D. Bazin et al., PRL 102, 232501 (2009) K. Wimmer et al., PRC 90, 064615 (2014)

et & LR MEMR KF Bl keEHEss s TR 2023498718 15



Eikonal#Z A 2k #4689 — 25 45] 5

g - 6 1]
| ' Nk é (d) ' e
z | "o (-1p) : : : oL ~Ju 4
> i S| "O(1n) A 1 N
g | SpAoMeV I{I 14 2| sn-23mev/ J|: Jdio
2 ; 1 5 / C ]
2000 iy I T % f AE
; 0 8 ¥ ¥ E ; 2 1%
- 4 'II = ‘z: 3 7. 7]
5 152 156 , | ’I,,yg—;ﬁ:.;i]fz—h! o N ]
W 500 45 T PR o T -1 TR L R 0 T h‘L\\I‘~J N 7] 0.0
o Ar(0.532) A 3600 3800 4000 4200 3600 3800 4000 4200
' P, (MeV/c) P, (MeV/c)
F. Flavigny et al., PRL. 108, 252501 (2012).
g \
i \
| N | ! 4O+Be@53MeV/u
. ; N | | :
0
154 156 15.8 16 16.2 i ~ > 2E 2 (13 ”»
Parallel Momentum [GeV/c] N 2920 ZOg(Wi] " \12/2]4 06 9 %‘ “_I_:-E‘ o]‘a /)t %l] % a‘.ﬁ K RE -:-_5 /f'? %‘ Xﬂ_‘ %‘
N=28  46Ar (-1n) @70MeV/iu N = - AL 2E —h 2 e ks
CIn@ SN (-1m@73MeV/u 2> Eikonal 3t fMlik R s s E T & P
A. Gade et al., PRC 71,051301(R)(2005) ° 9
K. L.Yurkewicz et al., PR C 74,024304 (2006) =

et & LR MEMR KT Rl RsEMEASFE TS5 202349878 16



R
]
TC and IAV # A
Q 3548 R 83800, RFre-ah=FIE
0.08 , T .
© - | — IAV EBU { . i
> | IAV NEB |
) 006 = = TC EBU £ 1 0 1 | ]
= | |- TCNEB i 1 ~
S 0,04} W
E” I
= i 1 0.05
% 0.02 - —
o) L. i
-o SR - | = —
05— - oy : 0" s
3800 4000 4200 4000 4200
Snpy i Gi g1Av arc C2S  ouik Oexp Ry
40(-n) 2312 1p3p 1774 315
TOT  13.72 (6.86) 12.65 54(0.26) 14 0.3 (0.65)
EBU 355 2.37
NEB 1017 10.28
140(-p)  4.63 1p12 420 1.55
TOT 3391 30.5 55(1.05) 58 110
EBU 1250 10.3
NEB 2141 20.2

6 T | T T
3 5. “o(-p) i
>
% 4_ — 1AV |
< |--TC
- - ° ]
8 | "o(-n)
P n_§2* l .
BRI S |
2 AL \ ]
0L Lo s L opee |

3400 3600 3800 4000 4200

14O+°Be@53MeV/u

J. Lei and A. Bonaccorso PLB 813, 136032 (2021)

Fhvt & LR MEMKR KT

Rl K RA S 5 LA % 20234977 8

17



DWIA # % (p, pN)

Energy-momentum Glauber-like
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NP1512-SAMURAI31: 4O(p, pN)
at 100 MeV/nucleon
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v [mm/ns] v [mm/ns]

¥ F % %] AE-Bp-TOF & AE-v
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i 3/2- 16.7(24)
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< 40t < a0} N
o = MOz A A
= = B. S. Cai, C. X. Yuan (# .13 X %)
S 2} 5 20f B.A. Brown(x H & @ AR = X )
—g —8 L
Ry : LY, 0 -n—'. ——-’.’/ P
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800
P, [MeVic] P, [MeVi/c]
14 130 14 130 — " .
\OAQ/’ \C{Q/ Q &4 A£100MeV e X WAL 3] 2% 49 (p, d) 4545 mx 4!
(n T (. Q30% #645 + A & v 3k (DWIA)
PP p d
/b p /b\ 94MeV/u 3mb: qR 2 1~2 i @ Odeg
i S R b F i 300MeV/u 0.2mb: gqR = 3~5 & (@ Odeg
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% A5 RAH T L E T8 Yok

® DWIA w/ Inelastic & Transfer
B QTC w/ Inelastic

}w/o Inelastic & Transter

| HI induced knockout + Eikonal
QT 0 0 2

AS [MeV]
R T E R T

4O + H > BN/BO + X

O R e JE i i A+ 3545 R 4
> HICE F R R T ok @ R

O %k JE s & + 345 R 2 -0.003~-0.0046
> BALE F A A RS T % k@ R AR

O 2%-#7 & it R C/Be¥e 5t 104, & B,
WEZZREBRBA. HBFIHGTHR

T. Pohl, YLS* et al., PRL 130, 172501 (2023)
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5 W

1. BF-4F x5
2. $HTFHBRA TR
3. ~100MeV/u (p, pN) ¥4 FH# 49 % T Huk] OQ4O(p, pN)BN/BO

4. (p, pN)& B 8 # b R #9 — 2 3 47 i R ~ 100 MeV/u
Q5234Ca(p, 2p)’13K
3°2:34Ca(p, pn)>!-3Ca
‘ Q''Li(p, pn)'°Li 250 MeV/u
5. ‘é «\i’ﬁ‘?/%%f El“Li(p, 2p)10He

et & LR MEMR KT Rl kFmBEAS S LRSI 202349878 26



(p, pN) /& B & 3L

Beam-at-rest frame

Projectile P

p

Pfrag

Target
£=0.6c

Pt Pfrag

Pfrag =-1 >l<Pp

Note: Beam ~250 MeV/nucleon
Sp=19MeV/20MeV for 32Ca/>*Ca

ﬁ > IBF =0.27c¢

“Sudden approximation”

Ebeam > 10* Sn or Sp

Momentum of the residue = Momentum of the knocked out nucleon = angular momentum

281

g

-2 0 2 4 6 8
Y([fm]

Fhvt & LR MEMKR KT

8

-8 -6 -4

1d3/2

-2 0 2 4 6 8

* Transformation

0.005r

s
d

0.004f

0.003}

Arbitury

—

Fourier

0.002f

0.001}

| ST EFAFETArE ATRTATEr R
—400 =300 —200 —100 0

T
300 400

baeleesalyy
100 200

Y[fm]

P//[MeV/c]

Bl KRFmBEFSF 5 TAF R 202349A7R

DWIA calculation
(distortion...)
(K. Ogata, K. Yoshida,
Y. Chazono)
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MINOS (nuclear Maglc Numbers Off Stability) 3 &

fR RS B RS TR R IR BARAK Y B X
Amplification stage:PhOton ISEsSeeEs W D /? l’f;’( %ﬁgii% % Q}E ’I‘«‘I_ <5—10’f-g‘>
M|cromegas

. QR 5N EARIE S PFF
\‘ / L Air
Lig.H, pipes

Vacuum
Beam 56 mm Beam residue N
._H _________________ _—
38 mml || Lig. H, \ Target cell Decay neutron(s) 40 mm N
Vacuum — .‘ Y
—) | Gas, P=1 atm. e R
e P ; '_:__.:: C
<DrTt direction_’\e; | Lieel
4 \ : AT I
Beam pipe \Recoil proton RO
150 mm ~1M Euro
300 mm

A. Obertelli
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SEASTAR (Shell Evolution And Search for Two-plus energies At RIBF) — 3 campaign

1st SEASTAR: 2014 April 30 — May 10
2nd SEASTAR: 2015 April 27 — May 6
3rd SEASTAR: 2017 May 6 — May 14

110
Zr

&
N’

— Observed
®m Stable

® New 2|, (4))
©® New 4]
e M Even-Odd
30 40 50 60 70

Neutron Number N

Atomic Number Z
('e]
S

(\®]
-

P. Doornenbal A. Obertelli

DALI2 : 186 Nal (2010-2016); 226 Nal (2017 -)
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SEASTAR (Shell Evolution And Search for Two-plus energies At RIBF) — 3 campaigns

56,58Ca: PLB, 843:138025 (2023)
52Ca: PRL, 129:262501 (2022)

55K, 55,57Ca PLB, 827:136953 (2022)
54Ca: PRL 126:252501 (2021)

51Ar: PLB 814:136108 (2021)
51,53K: PLB 802:135215 (2020)

62Ti: PLB 800:135071 (2020)

78Ni: Nature 569, 53—58 (2019)

=

Atomic Number Z
('S

— Observed 54Ca: PRL, 123:142501 (2019)

20 = Sable 52Ar: PRL 122:072502 (2019)
i 65,67Mn: PLB 784:392 (2018)

B Evenea 79Cu: PRL 119:192501 (2017)
020 50 6 70 110Zr: PRL 118:032501 (2017)

81-84Zn: PLB 773:492 (2017)
98,100Kr: PRL 118:242501 (2017)
66Cr, 70,72Fe: PRL 115:192501 (2015)

Neutron Number N

et & LR MEMR KT Rl RsEMEASFE TS5 202349878 30



52353% & - SEASTAR3

707Zn beam
345 MeV/u
200~250 pnA
IRC SR
Superconducting Ring Cyclotron
18 ___&m
o BigRIPS g cktail secondary beam

PR

Secondary target
150mm LH2

Rl RF M A% 5 TA2% 1% 2023459878 31



Experimental Setup@ SAMURAI

MINOS+DALI2+

et & LR MEMR KT Rl RsEMEASFE TS5 202349878 32



SEASTARS3 Partical identification

Atomic number Z

Projectile PID at BigRIPS

[\

Atomic number Z
—_— Do
=) S

[—
o0

[S—
~]

=l

Y 27 28

Mass-to-charge ratio A/Q

10*

10°

107

10

Rl K RA S 5 LA % 20234977 8
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Monopole shift in odd-K isotopes

Relation between shell model and magic numbers

1g—(:

2p———< /

g

19, 8

i F-F F S5

Rl K RA S 5 LA % 20234977 8
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Monopole shift in odd-K isotopes

3000 28 /s
[ 39 ,
= Ke K(Z=1 9) 1fin?
£ 20001
E; <{ 251 _
N .
= 1000 150l
o J<
Q
L;J/ 0 n 1%
47K
‘ \' | spin-tensor decomposition

C | | |
18 20 22 24 26 28 30

Neutron Number Interaction Component i o
3/2J7/2 S12J7/72
pn __y/bn Central —1.51 —1.21
AE cnx(V,, il Vi nf /2) SDPF-U Vector +0.09 +0.07
.. . Tensor —0.28 0.00
>Deviation from linear change, Total _170 114

quadruple and paring interaction
J. Papuga et al. PRC, 90. 034321 (2014).

v' Filling of vlf;, gradually decreases the gap between mlds,, and mls, ), (d5, more bound than s;,,)
v" Inversion happens at “’K (1= 1/2, E(1/2%)-E(3/2") = -360 keV)

et & LR MEMR KT Rl RsEMEASFE TS5 202349878 35



Monopole shift in odd-K isotopes

] 3000
J> 4
—88—— 2ppl —899e— 2pnt = A
seeeeses k! , 00000009 ! 8
J< < jo00F >IK
2511 —— { ldy| — 9@@— U.-]
ldy| -9 90— 251 —oo— f(: PK
J< = 0 g

5 ’
| T IR kzo9) i

|

_ | | | | | | |
100({8 20 22 24 26 28 30 32 34 36

7ld;), and 72s,, reinvert at 31K Neutron Number

> SIK (N =32),1=3/2, excited state unknown

» 3K (N = 34), no information

» Guide further theory development sd @ higher ps,, and p, ),

> Identify the 1/2+ and 3/2+ states in >*>*K and measure their energy difference.
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Monopole shift in odd-K isotopes

3000 —@- Experimental data
i 39K - k- SDPF-NR
— -m-  SDPF-U
t> -¥-  SDPF-MU
.-QM) 2000 Ab initio (shifted)
~— )
a
(@)
< 1000
—~ i
L%
= 0
8
- K(Z=19)
. | | | | | | | L
10098 20 22 24 26 28 30 32 34 36
Neutron Number
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>1,33K Doppler corrected y-spectrum

Counts/[50 keV]

500

400

300

200

100

32Ca: ~4.4pps
S2Ca(p,2p) 9K 102 .
" % .

F\ 10
[ B R
— 0 1000 2000 3000 4000 5000
| o O\ S e S ;::::C-i&/' s

54Ca: ~7.3pps F
| SCa(p,2p) K 10% £

l “\| | I |
0 500 1000 1500 2000 2500
E,[keV]

S, = 4860(15)

— 4281(47)

2249(25)
1950(16)

737(5)

0

SIK

S, = 3230(120)

Eexp (keV) Jr Oexp (mMDb) osp (mb) SF
SIK 0 3/2+ 5.2(4) 173 3.0(2)

737(5) 12+ 1.7(2) 1.88 0.9(1)
53K 0 3/2+ 3.8(3) 1.49 2.6(2)

837(5) i 1.5(2) 1.64 0.9(1)

SF = oy,/ 0y,

0y: DWIA calculation

(K. Ogata, K. Yoshida, Y. Chazono)

Degeneracy: 2J+1
dyy 24, 51,22

—>Extract angular momentum using
Parallel momentum distribution (PMD)

Fhvt & LR MEMKR KT

Rl K RA S 5 LA % 20234977 8
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5L, 33K Parallel momentum distribution

71% g.s. 100% g.s.
1K (737 keV) SIK (inc. — 737 keV) S3K (837 keV) S3K (inc. — 837 keV)
= r A 0.008}
L oo0sk + -7 7 Sloosf ¢ 3 | * 0015}
> d
9 ' \ 0.006 }
& 0006 0.02f 001}
£ 0004f |
= ool 001F ) 0.005
2
'_8 0 A L A 0 1 1 1 0 1 N 1 N ‘ O L L L
=400 -200 0 200 400 400 —200 O 200 400 —400 —200 O 200 400  —400 —200 0 200 400
P//[MCV/C]

0 Comparison with DWIA calculation after folding with experimental resolution,

clear s/d-wave assignments:
> S1K Ist excited state is s-wave, J* = 1/2+, ground state is d-wave, J* = 3/2+

> 3K Ist excited state is s-wave, J* = 1/2+, ground state is d-wave, J* = 3/2+

2Ca Sp ~ 19 MeV
>4Ca Sp ~ 20MeV

Fhet & LR AL E AR KF RlikkFHEasd s TSR 202349871 39



1/27 - 3/27 energy splitting in odd-K isotopes

YLS etal., PLB 802 (2020) 135215

if'

It sv.»awmxx%‘

BEIHANGUNI ERSITY

)[MeV]

+

)-EG/2]

+

1

E(1/2

Mass Number

337 39 41 43 45 47 49 51 53 55
l l l l | | | |
B ———— SDPF-NR i
———— SDPF-U
2N |
- WAL -
\
1F o\ Pin
‘\\\\\\
B \Q\E\ i
p3/y/\ L
O /
//o
® Data, literature \/
| | ® Data, this work |
| | | | | | | |

—]

18 20 22 24 26 28 30 32 34
Neutron Number

36

2pinl
2p3pT

1f701 J

ld3p]|
2s1p
‘ T
pn pn o
ldz/22p3/9” V251/22p3/2 = 207 keV
pn pn _
V1d5/221171/2 - V2$1/22p1/2 = 50keV

» Reinversion continues from >'K(N=32) to K (N=34).
» Determine the monopole matrix elements differences.

1

E(1/27) - E(3/2")[MeV]

39 41 43

Mass Number
47 49 51 53 55 57 59 61

|

\ |

— — SDPF-U
— —  SDPF-Umod
SDPF-MU
SDPF-MUr
SDPF-MUs

L
——— NNLO,,
— NN+3N(nl)

® Data, literature
® Data, this work

| l |

20 22 24

[ |
28 30 32 34 36 38 40 42
Neutron Number

SDPF-U & SDPF-Umod: F. Nowacki and A. Poves
SDPF-MU&-MUr&-MUs: T. Otsuka, Y. Utsono
GGF with NNLO,/NN+3N(Inl):

C. Barbieri, T. Duguet, F. Raimondi, V. Soma

Fhvt & LR MEMKR KT

Rl K RA S 5 LA % 20234977 8
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Ca(p, pn)>*Ca & *Ca(p,pn)’'Ca

5 3
I : ®N=30
AL ®5Ca  EMN=32|  Nature 502, 207-210 (2013)
3 -
oF : :
- Q 2+ systematics=> new magic numberss N = 32 & 34
1T O Neutron occupy p-shell instread of f~shell?
22 26 30 34 18 22 26 30 34
N 2
Protons  Neutrons s/ 34 5/2
VP1/p i e
_———00 - 2‘5/_2 YP1/2 - VP12
YPas P32 YPas
28
ﬂfw? ,,,,,, S e s .?f.?,/2 ”f7/2 e T ”f7/2 v R e e ,,sz/z ”f7/2 s s e ,,_mi_.[/z
60Fe (Z = 26) 58Cr (Z = 24) 56Tj (Z = 22) 54Ca (Z = 20)

Fhvt & LR MEMKR KT

Bl RFHEAAFE RS 202349878 41


https://www.nature.com/

Ca(p, pn)>*Ca & *Ca(p,pn)’'Ca

“Ca(p, pn)”Cay. 15.9mb 19.1mb 1.0mb
0.1 :_(b) g.s. . ” o vf;, 24 . vf;, " .) vf,,
0.08}- f— 32 ¢ P 2 ) P 3, o VP»
0 06-_ TOSE VP3/» ...' VP, e 0000 VP;,
L 28 28 28
0.04 0000000 Vf7/2 SOCCEeee Vf7/2 00000000 Vf7/z
0.02f 3Ca (g.s.) 1/2- 3Ca (g.s.) 3/2- (2.2MeV)  3Ca(g.s.) 5/2- (1.7 MeV)
e SRS SR o S. Chen... YLS ...PRL 123, 142501 (2019)
2Ca(p, pn)°!Ca,
g o5 2.8 v p— —oo00000—— 1f,, —o00000—— 1f;, —o00000—— 1f;,
é o4 MeV ! N=32 = N=32 = 2p1/2 N=32 *e 2p1/2
S . o s i 2
g 15 o000 o000 p3/2 — o800 —— pa/z
o ! ——00000000—— ——esssssec— 1f,, —esssssse— 1f,,
3 °- ey S1Ca (g.s.) 3/2- *!Ca 7/2- (3.4 MeV) S1Ca (1/2-) (1.7 MeV)
0 200 4
Momentum P, (MeV/c) M. Enciu...YLS...PRL 129, 262501 (2022)
et & LR MEMR KT Rl RsEMEASFE TS5 202349878 42



5 W

1. BF-4F x5
2. $HTFHBRA TR
3. ~100MeV/u (p, pN) ¥4 FH# 49 % T Huk] OQ4O(p, pN)BN/BO

4. (p, pN)& B 8 # b R #9 — 2 3 47 i R ~ 100 MeV/u
Q5254Ca(p, 2p)’-53K
Q5254Ca(p, pn)’53Ca
‘ Q'"'Li(p, pn)'°Li 250 MeV/u
5. "é‘ /\i"ﬁ‘?}%gf DHLi(p, 2p)10He
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5235 3% B - SAMURAIL-018

REBFHFNE: D e
¥ TR T RAFHET .
TP Fegm & WINDS | FDC1 ® Dipole magnet

; NEBULA

SBT BDC )
®)
Bk c o

N

1] j/14Be/17B..... = @E@ :

RPD

MINOS (LH2 target)+DALI

1.0 m

1y ; 8
Li(p, 2p)°He+2n YLS under preparation

. . I e
Li(p, pn)’Li+n Y. Kubota.... YLS... RPL 125, 252501 (2020)
14Be(p, pn)'2Be-+n A. Corsi...YLS... PLB 797 (2019) 134843
"B(p, pn)!SB+n  ZH.Yang...YLS...PRL 126,082501 (2021)

Fhvt & LR MEMKR KT Rl XFHhEMFE5ITRFIR 202349871 fQ



ok SRR TR 2k

Knocked-out
neutron  p’,

Missing-momentum

k=p:,+p;,—pp.

Target nucleus

....

Recoil proton
’

k

Proton beam -
Missing momentum

Invariant-mass

2
O OLi* & n+9Li M = (ZE,) - Zﬁ
O \ Edecay =M — ZMi

l

\
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r=1,J=0

A | § dineutron
unbound %
a,,=-18.7 fm
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HLi(p, pn)°’Li+n

Y. Kubota ...YLS...et al., RPL 125, 252501 (2020)

8

| 40 < Erei(*°Li) < 0.5 MeV(@)
/S \© 3
300 o i 20F Q -
¢ Li+n e . O 2n configuration of 'Li
S, ] ' = (25)%: 35(4)%
=2 (Ip)*: 59(1)%
= I = 1d)%: 6(4)%
O 13 (1 6(4)%
=2
e """‘I o100 | Q
—hg g _
Relative energy E , [MeV] S
Y
Q
g
05 &
Q
<
0
Mlssmg momentum £ [fm~ l]
vt & AR MEMR KF Rl kFHhEA$ 5 TRFRE 202349878 47



HLi(p, pn)°’Li+n

Surface

Inner Part

e de 0% %%
ZRRLERKS
ZRRKLLRKR

k: momentum of nl

K’: momentum of n2 relative to 9Li

0. angle between k and K’

6,,. angle between n1&n2 in coordinate space

) 2 = 4] 15 B = 9]
N /
an~1800 - 012

H. Simon et al., Phys. Rev. Lett. 83, 496 (1999).

O 1 O.IS 1 1 1 1 1 1 1.15 1 1 1 1 .
Missing momentum & (fm™) 103-4(2- 1)
et & LR EMRR K

Rl K RA S 5 LA % 20234977 8
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1y : o :
Li(p, pn)’Litn Y. Kubota ... YLS...et al., RPL 125, 252501 (2020)

Surface Inner Part
105 B L] 1 1 1 I 1 L] L] L] I ] L] 1 1 I ] 1 1 1
929.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.¢
s 929.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.¢.
9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.
kY BCRRILHRKHRRHKHRRKHRRKHRRHKKRKKRKRKHRA 0. .~180° — O
~ 100 - 4 ' nf 12
> "IN O™
5 e N /T 6
% ™ ~ ~ _1
< o5k o ; n, < 6;, >~80degat k~0.25fm
2 [ k
2 N
S O)ffececcce Qe maamman=
= C 3 l U Dineutron is localized on
= 85 . & : : the surface of °Li core
q) _ .
= - | —#— This work * 1073 < ﬂ < 102
8 [ | == Quasifree model Po
80 [ C-induced knockout
[ 1 1 1 1 I L L L '] I 1 L 1 1 I 1 1 1 1
0 0.5 1 15

Missing momentum k (fm™)
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A A He ¥ F 4 4 691'He

8B 10g | 118 |12B | 138 | 14B | 15B [4He ([ 6 h 2
Be ‘Be 1°Be.‘28e13Be14Be \)@ Q@ o
SLi | 7Li | 8Li | °Li |1OLi MLi 1 D

3He |4He |5He |°He |7He |8He |°He 1°He 1P L P \806‘7(15) ms J{ 119.0(15) ms )

1H ZD 3T 4H 5H

Green’s function Monte Carlo Lo 3z 7}% Z= 29 N=38
n T —TT —TT —TT —TT —TT — ~ =2 >
ol (e, 4 Hepen 2. =BG E#a+4n+2n?
One-neutron 3 ¥ “He, Proton
—~ K [ utr n* . . . .
halo % s e b T Density matrix renormalization group
=102 ' =
(\Lx O SHe, Neulron_, (DMRG) .
Borromean g \ The almost identical energies and partial-wave occupations
] 107 of the ground states of *He and '’He support the *He + 2n
c +4 cluster picture of '°He in which an extended dineutron struc-
ore+4n . 074’_ ture is present atop the four-neutron halo in ®He. In other
0 12 words, 'He is predicted to be on the brink of forming a
r (fm) nuclear double-halo structure (*He + 4n + 2n) if not for a few
Unbound tens of keV, similar to the known 3He “He, trimer [80].
Z-T. Lu et al, Rev. Mod. Phys. 85, 1383(2013) K. Fossez et al., PRC 98,061302(R) (2018)
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1Li(p, 2p)*He+2n

2000
. . 14 13 _
0wl Pz 4B Vs B 0> 0, §,=23.1MeV
3 i
453 Jﬁ + (c) 0 (-1n)
2 1000 (- P = 60[.... DWIA
2 ; S —
: A &% ; — - Transfer <55/ )
° 500 [— 3 “ Q - Sum
e *: 2 ol
-’-..,.$f t:z‘- gl
maapatte I 1 e 1 - 1 ey
—400 200 0 200 400 =
P// [MeVic] =
5 20}
2000 B
e
Px
= 1500 |— 0 = —_———— | Spewereee
3 f N 5000 5200 5400 5600 5800
S 1000 - {3 % P, [MeV/c]
'2:‘ ++’ ¢+
§ +: t+
500 [— b -
+y *t+
L o | Px/Pz, calculation by M.Gomez
00 S 400 - Removal of a p-wave proton

Li > %He, S, = 15.25 MeV
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8He+2n R & it %

1.8
i . |
1‘6__ I g This work ) Black — core+2n efficiency of Land
A A Johansson et al.(GSI) .
1.4 $ th[ . - Red — This measurement x 16.7
i g N #{ I ) Korsheninnikov et al. 0.8
— 1.2 # l+ %ﬂ ] i
E -} I ol
ER R b Iy | 0.6
T Vet **”’IM‘% 5
< o6t KA w% ! 0.4
i !
0.4_3 §§§§§§§’§ Jﬁ %I T : : 1 %I
L 4ee g L A 0.2
0.2 . ”““:’%Q"ﬁ!o’?{d.o%.pl i [1] LandYuliya Aksyutina, dissertation 2009
| ! | | | ! | ) | ! | ! L
0() 1 2 3 4 5 6 7 0 /. , L | . L L
E , [MeV] 0 1 2 3 4 5 6
O Shoulder below 1MeV a[MeV]

» consistent with Korsheninikov et al. (1994), but not with Johansson et al. (2010).
(due to enhanced sensivity at low energy?)
U > 2MeV, much better data quality
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ﬁéj 'f b é’f] S'lei ‘i‘}‘;“?,’: Calculation by Yuma Kikuchi

n
8He
Y, ly
c.m. X, lx
p,lp
n

Modified figure from P. G. Sharov et al., PRC 90, 024610 (2014)

IOHC

117 ; : o1 /8 .
- _Liwave function "Li(Hetp) + 2n: Y. Kikuchi et al., PRC 87, 034606 (2013)
> 2n: 47%[0p,,]* + 44%][ s, ,]* + others Y. Kubota et al., PRL 125, 252501 (2020)

» reproduce the S,,, matter radius, charge radius and (p, pn) data

O Quasifree knockout of a p-wave proton from °Li core = 8He ground state [0s;,]>[0p;,2]*
. Y. Kikuchi ef al., PTEP 2016 (2016)
O ACCC calculation for the '’He states (*He + n + n)

> 8He + n folding potential ]
> Av18 nn potential —>8He + nA8 ZAF A 69 R

et & LR MEMR KT Rl RsEMEASFE TS5 202349878 53



8He + n 48 Z4F A 8§ R A 2 %

Reaction Jr ag note Ref.
Double 9Be(m-, m+) 1/2- X K. K. Seth et al., PRL 58, 1930 (1987)
dEE 9Be(13C, 130) 12-  x H. G. Bohlen et al., ZPA 330, 227 (1988)
exchange
‘Be(*4C, 1Y0) 1/2- A W. von Oertzen, NPA 588, c129 (1995)
Knockout Be(!'Be,®He+n) 12+ <=-10fm Strong L. Chen et al., Phys. Lett. B 505, 21 (2001)
C(1B, He+n) 12+ -3fm~0 Weak  H. Al Falou et al., JPC 312, 092012 (2011)
C(''Be, 3He+n)
H(!'Li, ®He+n) 12+  —3.17(66) fm  Weak H. T. Johansson et al., NPA 842, 15 (2010)
Be(!'Be, 3He+n) 12+  -2.0(6)(2)fm Weak D. Votaw, et al., PRC 102, 014325 (2020)
-6.8(12)(7) fm
Transfer 8He(d, p) 12k >-20 fm M. S. Golovkov et al., PRC 76, 021605(R) (2007)
8He(d, p) 17250 Fx S. Fortier et al., AIP Conf. Proc. 912, 3 (2007)
8He(d, p) (12468 12k 3 fm Strong T. Al Kalanee et al., PRC 88, 034301 (2013)
Elastic SHe(p, p’) 1/2+ -1.7fm ~ 0 Weak E. Uberseder et al., PLB 754 323-327(2016)
scattering Grigory Rogachev provate communication
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1.8 This work
1.6 Johansson et al.(GSI)
’ Korsheninnikov ez al.
14 Sum
[81/2]22
12 p, ] -1.7fm <a, <0
=] others
< E. Uberseder et al., PLB 754 323-327(2016)
% 038 Grigory Rogachev provate communication
= 06
04 a,=-2.0(6)(2) fm
02 a, = -6.8(12)(7) fm
0 7 D. Votaw, et al., PRC 102, 014325 (2020)

O 8He-n interaction based on current '’He spectrum
» s-wave scattering length -3.45 fm (close to recent *He results)

O Calculation reproduce the data below 2 MeV, underestimates
strength above
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1.8 This work

L [
16— T Johansson et al.(GSI) S-wave
L [ Korsheninnikov et al.
14— % —_ Sum2
B T [51/2]2
— 1.2 - - [p,,]
2 N . others
=1
3 08—
B B
= 0.6
0.4 core
0.2 3-body virtual state
e—r—-%
OO

Calculation by Yuma Kikuchi

O Calculation reproduce the data below 2 MeV, underestimates strength above.
O Co-existing of two 0+ with [s;,]> and [p,,]* configurations.
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Jacobi T
Jacobi T JacobiY —
— =)
k, 8
nZG 0 ny g%
S
2
k, 2 0.
J’@ 1 N
E_;: OMeV-1MeV
Jacobi Y
. =12
€1
o core =08
2 06
g 04
302
kx J ky = 01
e=E,/Er, cos(by)= S 0.
ky k % 95
’ % T ©
® - €

“pure [s]? configuration produce a
featureless “phase-volume” energy distribution”

dj/dE, ~ JE.(Er — E,). L.V.Grigorenko et al., PRC 80, 034602 (2009)

do/dedcos(0) (arb.)
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0-—1MeV, [sip]? E £ F, A E=ZHRREVs. A RBE=ZARKET

T-cos(0) |
(b) T-cos(8) | 0.6
- .
M
=04
_ lon B
:5. 0.2 E‘L
S ]
& | 0o @
3 (d) Y-cos®) |og 3
9 S
-0.6 6
o
.o, e | 04
0.5 L]
R ey -0.2
...................... phase-volume 7
O 1 | 1 O
-1 —0.5 0 0.5 1
cos(0)
Calculation by Yuma Kikuchi
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O SAMURAI31: “O(p, pN)PO/PN @ ~100MeV/u, 32T BAZ T # B om Ao f| 2430 2 57 o
vV B e BOp A LA AR RRIBUR AT 35 R AR T R #k40-50%, (p, D)EB IR R T TH
PRk £930%; E R AEFRIM A HBFIH G, B YLE FRBEFIRETA4S,

O SEASTAR3: RIBF + MINOS + SAMURAI @~ 250 MeV/u, /£ Z=20 F+ FX & 7](p, pN) B o
v\ 3234Ca(p, 2p) K, B Fe k] KA A 5, BT TR TS0, dip e P F A EN
v’ 3234Ca(p, pn)’Ca, Bl Fo fl RAZF 0 A, BORIEFE TN = 32, 34 X 7 AT 47 4

Q SAMURAIO18 : RIBF + MINOS + SAMURAI @~ 250 MeV/u

v ULi(p, pn)''Li, & dAesk k3l =5, 32T LIS AP FHE; KA F FELARGLER.

v "Li(p, 2p)'°He, #7489 & &t ''He F 2 &1 ; @i AKX BT A I Het) A ST 2 — /=
RS IR R 7S o
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