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|. The neutron dripline :

— Exotic nuclei & physics
— Secondary n-rich beams

— The RIBF at RIKEN

— Knockout experiments

[I. SAMURAI Day-1 campaign :

10
— SAMURAI & NEBULA ol ;
— Some (1n) examples : 10:18:20.21p o ,
_ The Beryllium ‘puzzle 3 ! 2 1and i

i

[[l. Beyond two neutrons : '§ 7
— NEBULA+ (& NeuLAND) E o e s &
— Towards 280 & *n ] Nucleon Neutron M{

Sea Reef *ﬂ

— Next steps around the dripline
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The Limits of Nuclear Existence

Ey(N, Z) = min[ZM(ni,zi)} — M(N, 2)

@ The neutron dripline :

5 E, (MeVic?)

@ access to extreme (IV, Z) !l
——————————————— @ limited to ‘very light’ nuclei
o few-body correlations : @

25
@ how deep is the far side ?
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Climbing up the Neutron Dripline
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@ Fundamental questions :

) where are the limits ?
) why are there limits ?

) how do nuclei ‘disappear’ ?
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Climbing up the Neutron Dripline
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) where are the limits ?
) why are there limits ?

) how do nuclei ‘disappear’ ?




Climbing up the Neutron Dripline
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@ Fundamental questions :
) where are the limits ?
) why are there limits ?

) how do nuclei ‘disappear’ ?
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Climbing up the Neutron Dripline
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@ Fundamental questions :

) where are the limits ?
) why are there limits ?

) how do nuclei ‘disappear’ ?

XYYl Comm. & Day-1 Campaign

@ Structure of 18198 21.22C g, 25.26Q .

@ haloes, () = @ unbounds, multi-n ...

@ complete survey of the far side :

121 i <—(25)— 200 in almost 1 shot !



Climbing up the Neutron Dripline
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XYYl Comm. & Day-1 Campaign
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@ Structure of 18198 21.22C g, 25.26Q .

n é - 4n oo
- @ haloes, () = @ unbounds, multi-n ...
@ Fundamental questions : @ complete survey of the far side :
L where are the limits ? 121 i+ (25)— 20 in almost 1 shot !

) why are there limits ?
> PRELIMINARY results on ikt WA 15

) how do nuclei ‘disappear’ ?



RIKEN : the Radioactive Isotope Beam Factory

(@ intense

RILACII |
RI poduction ) ‘_- il .,IIJ

oy
=
D

| Space i = —

Multi-RI Production ~Return BT ——
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RIKEN : the Radioactive Isotope Beam Factory

Access to very high A/Z Il

( @ intense primary beams
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Knockout : a Tool towards the Far Side

@ Knock out from the dripline :
1 f t (
® () (@
—1/2p neutron(s)

o fragment (7) + neutrons — Eq

10

N(neutrons) /\/Q @ direct, fast reactions :

J™ selectivity — |[AQv) C @
178 (@15B—n—n) ;

© @ non-resonant distribution :

> I

é - 40| event mixing — Ng

S % 7 E FMM, PLB 476 (2000) 219
QL 20

(o zZ I

>

2 o T @ Breakup : wider range of J™ ...
§ %% 1 162 3 4 5

Gl E(B) MeV]
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TQutline R

|. The neutron dripline :

— Exotic nuclei & physics
— Secondary n-rich beams

— The RIBF at RIKEN

— Knockout experiments

II. SAMURAI Day-1 campaign :

10
— SAMURAI & NEBULA ol ;
— Some (1n) examples : 10:18,20.218 ]

r— 67 B —
— The Beryllium ‘puzzle’ g ’ |s?533 ’
o)
[e]
[Il. Beyond two neutrons : T 2
E L
— NEBULA+ (& NeuLAND) = o et SUSIEE A
28 4 Nucl
— Towards “°0 & “n ] o N%Ueté?“ *HM(

— Next steps around the dripline
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SAMURAI Day-1 Campaign dpc

“ (18)19g . 17,198 4 19.20C (100/s)
Q@ The structure of Boron 19 & Carbon 22 : O = @ { en2c . 22c L 22N (15/s)
(& the search for Oxygen 26, TITECH)

DALI2 SAMURAI NEBULA
SRC BigRIPS

-

198 22(C etc.

48(:a
345 MeV//N
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SAMURAI Day-1 Campaign dpc

(18)19g . 17,198 4 19.20C (100/s)

@ The structure of Boron 19 & Carbon 22 : 6 = @ { (1)22¢ . 20,22¢ 4 22,23\ (15/s)
. 9 I S

(& the search for Oxygen 26, TITECH)

DALI2 SAMURAI NEBULA
SRC BigRIPS

-

*Ca 19R 22
345 MeV/N B,%C, etc. e ~ 20%
fragment .
E1n ° 35 A)
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Transfer :

Little-Known Isotopes :

Boron 16
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@ Excited states ?

@ transfer :
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Energy (MeV)

@ Ground state at 0-100 keV

no < detection

low statistics/acceptance

structure at ~ 2.4 MeV ?
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Little-Known Isotopes : Boron 16
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Little-Known Isotopes : Boron 16
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@ event mixing provides Ng E,,[MeV]

0 Eg('°B) ~ (40 =+ few) keV ?

@ very clear excited states ...



Little-Known Isotopes : Boron 16
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Boron 16 : Mass & Spectroscopy [S. Leblond]

N [counts]
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o significant 3B* to 1st/2nd state !

@ Eyel vs E4 correlations 7

DALI2 {1*B+n+~} events :

1000

N [counts]
(o)
3




Boron 16 : Mass & Spectroscopy [S. Leblond]

1400 |
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| Kondo, PRC 71 (2005) 044611 . 133

o M(*®B) ~ (Mys+my,)+ 40420 keV !
o 1°B* = |15B*® 1) excited states ...

o Istat ~ (1.1+1.3) MeV [ Kalpakchieva 7
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Little-Known Isotopes : Boron 18

16 3
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@ Virtual state with a;, < —50 fm :

@ arbitrary background
@ small acceptance

@ no -y detection



Little-Known Isotopes : Boron 18

16B
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@ small acceptance

@ no -y detection
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@ also other channels (& structures)
o threshold state(s) < 150 keV !

@ very clear excited states ...



Little-Known Isotopes : Boron 18
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Boron 18 : Mass & Spectroscopy [S. Leblond]
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@ some YB* to 1st excited state !

@ Eyel vs E, correlations ?



: Mass & Spectroscopy [S. Leblond]

300

250

200

150

N [counts]

100

50

0 0.5 1 15 2 25 3
E,, [MeV]

d 107

[ Kondo, PRC 71 (2005) 044611 75

@ precise characterization of g.s. !

o 18B* = |1"TB*® v) excited states ...
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Into the Unknown :

@ {1¥B+4n} events: # structures ...

o 22N (-2p) : peak(s) ?

o 22C(-1pn) : plateau ...
— 3-body 9B+n (+n) decay ?

Q@ Fit = (ERarR)20/21 + K'Ng

@ minimize x? for {E, T, K} ...

Boron 20 (& 21)
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Into the Unknown : Boron 20 (& 21)

N 21N 22N 23N

&J
N
3
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N N\
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@ {19B+n} events : £ structures ...
o 22N (-2p) : peak(s) ?

o 22C(-1pn) : plateau ...
— 3-body ®B+n (+n) decay ?

Q@ Fit = (ER,FR)20/21 + K'Ng
@ minimize x? for {E, T, K} ...

PRELIMINARY =)
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Egs ~ 2.4 MeV & E*~ 4.8 MeV
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Egs < 25 MeV (¥B+n+n ...)
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The Beryllium ‘Puzzle’ : A=15,16

d/C (Be, ¥Be+n ) :
[ Snyder, PRC88 (2013) 031303R

| r
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@ arbitrary background(s) !
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The Beryllium ‘Puzzle’ : A=15,16

d/C (Be, ¥Be+n ) :
[ Snyder, PRC88 (2013) 031303R
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Counts / 100 keV

—_ s

0 05 10 15 20 25 30 35 40 45
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@ arbitrary background(s) !

(17B, 14Be+n+n ) :
[& Spyrou, PRL 108 (2012) 102501

@ ‘“dineutron emission” claim |
no low-lying °Be (S, < 0) ? <3
no n-n FSI :
B FMM, PRL 109 (2012) 239201
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The Beryllium ‘Puzzle’ : A=15,16

d/C(14Be, ¥Be+n ) :

(1B, ¥Be+n ) :
[ Snyder, PRC88 (2013) 031303R

60 B 350 [ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
i i +
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P c 200
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8 3
= 150
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@ arbitrary background(s) !
0
(17B, ¥Be+ntn ) :
[ Spyrou, PRL 108 (2012) 102501 @ significant low-lying strength !

@ ‘“dineutron emission” claim |
no low-lying °Be (S, < 0) ? <3
no n-n FSI :
B FMM, PRL 109 (2012) 239201



The Beryllium ‘Puzzle’ : A=15,16

d/C(Be, MBe+tn ) :
[ Snyder, PRC88 (2013) 031303R

Counts / 100 keV

(178,

60

arbitrary background(s) !

nts / 500 keV
=
o [=]
S o
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k=]

Coul

—_ s

Decay Energy (MeV)

14Betn+n ) :
[& Spyrou, PRL 108 (2012) 102501

05 10 15 20 25 30 35 40 45

@ ‘“dineutron emission” claim !

no low-lying 1°Be (S, < 0) ? <3
no n-n FSI :

HFMM, PRL 109 (2012) 239201

(1B, ¥Be+n ) :
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@ influence of 19Be decay ?

9 significant low-lying strength !

@ present in other channels, NV >1 ...

~ 1k {¥*Be+4-n+n}, analysis ongoing ...




TQutline R

|. The neutron dripline :

— Exotic nuclei & physics
— Secondary n-rich beams

— The RIBF at RIKEN

— Knockout experiments

[I. SAMURAI Day-1 campaign :

10
— SAMURAI & NEBULA 8i ]
— Some (1n) examples : 10:18:20.21p ]
— 67 B _
— The Beryllium ‘puzzle’ g ’ |s?£33 ’
o
[e]
[I1. Beyond two neutrons : T 2
E L
— NEBULA+ (& NeuLAND) T el S e e
28 4 Nucl
— Towards “°0 & “*n _ o Neutron *HM(

— Next steps around the dripline
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Beyond 2 Neutrons : NEBULA+
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Beyond 2 Neutrons : NEBULA+
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@ 240 neutron modules
@ 48 veto modules

o 2+2 walls: 280, TH, %6q |

> ANR funding request ...



NEBULA4 : French ANR Funding PO

Q@ Expand NEBULA multi-n capabilities :

@ France : LPC, IRFU, IPNO
@ Japan: TITECH, RIKEN
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NEBULA+ : French ANR Funding PC

Q@ Expand NEBULA multi-n capabilities :

@ France : LPC, IRFU, IPNO
@ Japan : TITECH, RIKEN
@ +90 bars, comm. & 1st exps. 2017

9 suggested configuration :
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Short-Term Alternative : NeuLAND from GSI
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Oxygen 28 & the Tetraneutron (

@ The “Oxygen anomaly”
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Oxygen 28 & the Tetraneutron
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@ The “Oxygen anomaly”

29F beam at 25/s
o MINQOS Hydrogen target
o (p,2p) about 1 mb
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Tetraneutron : Past, Present & Future

@ 1960s-2000s :

c
C

o

||

= Y

: N, )

- .

u .

- .
Y
.

Q

charged fragment

G

) all binary or two-step reactions

§3
o GANIL-PTEVLY - ﬁ o
Be - "Bet+'n?
A
- L% 545 10 i FMM, PRC 65 (2002) 044006

N [counts]
S o

N
ol

E,[MeV]/E, [MeV/N]



Tetraneutron : Past, Present & Future

Q@ Trigger of calculations :

o (*n,p) scattering ?
[ Bertulani, PRC 69 (2004) 027601

@ bound, resonance (or nothing) 7

4 I 1 1 1 I T T 1 I 1 1T 1 [ LN R B | [ LI I I | I
- ‘_4
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(H) (MeV)

1 I 1 I | I 1 | 1 ] |

i __. L1 1.~ + | I T T I L1 1 1 [ 11 1 1 l L1 1 1
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V, (MeV)

[ Pieper, PRL 90 (2003) 252501

> compatible with Eg(*n) <2 MeV !

EFMMM, arXiv:nucl-ex/0504009

charged fragment
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Next Steps around the Dripline

NI ENe 2Ne BNe Ne ZNe 2Ne 2Ne *°Ne @32Ne

‘ 22 \(23 \(24r (250 \(26 (27 fst 30F
7 "‘ﬂ: ""'7188\”’ 194 (204 (214 (22 (23 (244 2250 26 |27 |28
\14“ 20\ (21 (22 (23 E
@@ DO Q. Q
an 140 JllSan . @ complete 16:18:20.21B 5p5|ysis

S1Errenna

@ ‘dineutron puzzle’ from (1916Be

= @ properties of (18198

Qo (5 = @ properties of (21)22C

£21,22,23,24

[N
mrrrrrnn g T
N

@ properties o




Next Steps around the Dripline
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|. The neutron dripline :

— Exotic nuclei & physics
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ANIME : a Simulation of the Neutron Response

GEANT4 / MENATE ...

Q@ A simple ‘toy’ alternative ?
o NEBULA geometry |

@ MENATE_R interaction probabilities

o o(E,0) from QFS + p recolil ...

check with “Li(p,n)"Be data :
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