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Outlineg

I. The neutron dripline :

– Exotic nuclei & physics

– Secondary n-rich beams

– The RIBF at RIKEN

– Knockout experiments

II. SAMURAI Day-1 campaign :

– SAMURAI & NEBULA

– Some (1n) examples : 16,18,20,21B

– The Beryllium ‘puzzle’

III. Beyond two neutrons :

– NEBULA+ (& NeuLAND)

– Towards 28O & 4n

– Next steps around the dripline
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The Limits of Nuclear Existenceg
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−M(N,Z)

The neutron dripline :

access to extreme (N,Z) !!!

limited to ‘very light’ nuclei

few-body correlations : ⃝⃝⃝

how deep is the far side ?
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Climbing up the Neutron Driplineg

1n

1H 2H 3H

3He 4He 6He 8He

6Li 7Li 8Li 9Li 11Li

7Be 9Be 10Be 11Be 12Be 14Be

8B 10B 11B 12B 13B 14B 15B 17B 19B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 29F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

Fundamental questions :

ï where are the limits ?

ï why are there limits ?

ï how do nuclei ‘disappear’ ?
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Climbing up the Neutron Driplineg
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Fundamental questions :

ï where are the limits ?

ï why are there limits ?

ï how do nuclei ‘disappear’ ?

SAMURAI Comm. & Day-1 Campaign

Structure of 18,19B , 21,22C & 25,26O :

haloes,
••
⃝≡⃝⃝⃝ , unbounds, multi-n ...

complete survey of the far side :

12Li←(25)→ 26O in almost 1 shot !
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Climbing up the Neutron Driplineg

1n 4n
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Fundamental questions :

ï where are the limits ?

ï why are there limits ?

ï how do nuclei ‘disappear’ ?

SAMURAI Comm. & Day-1 Campaign

Structure of 18,19B , 21,22C & 25,26O :

haloes,
••
⃝≡⃝⃝⃝ , unbounds, multi-n ...

complete survey of the far side :

12Li←(25)→ 26O in almost 1 shot !

ï PRELIMINARY results on 16,18,20,21B/15,16Be
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RIKEN : the Radioactive Isotope Beam Factoryg

Access to very high A/Z !!!

ï


l¶ intense primary beams

l· strong B fields (A/Z)

ļ high ε(xn) neutron array
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ļ high ε(xn) neutron array

ñ

2013

. SAMURAI

. 2012

2008

2014

. 2014

2007
2009

ļ
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Knockout : a Tool towards the Far Sideg
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Knock out from the dripline :

aaa −
(
−1 n
−1/2 p

)
→

a fragment (*)

a neutron(s)

fragment (γ)+ neutrons→ Erel

direct, fast reactions :

Jπ selectivity → | A⊗ ν⟩ ⊂ a

non-resonant distribution :

event mixing→ N⊗

FMM, PLB 476 (2000) 219

Breakup : wider range of Jπ ...
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Outlineg

I. The neutron dripline :

– Exotic nuclei & physics

– Secondary n-rich beams

– The RIBF at RIKEN

– Knockout experiments

II. SAMURAI Day-1 campaign :

– SAMURAI & NEBULA

– Some (1n) examples : 16,18,20,21B

– The Beryllium ‘puzzle’

III. Beyond two neutrons :

– NEBULA+ (& NeuLAND)

– Towards 28O & 4n

– Next steps around the dripline
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SAMURAI Day-1 Campaigng

The structure of Boron 19 & Carbon 22 :
••
⃝ ≡⃝⃝⃝

{
(18)19B : 17,19B + 19,20C (100/s)
(21)22C : 20,22C + 22,23N (15/s)

(& the search for Oxygen 26 , TITECH)

SRC BigRIPS

DALI2 SAMURAI NEBULA

FD
C/
HO

DF

48Ca
345 MeV/N

19B,22C, etc.
εγ ∼ 20%

ε1n ∼ 35%
ε2n ∼ 7%

n
a

a
n

fragmenta
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Little-Known Isotopes : Boron 16g

10B 11B 12B 13B 14B 15B 17B 19B16B 18B

C C C C C C C C C C C C C

Transfer : Kalpakchieva, EPJA 7 (2000) 451

(17C, 15B+n ) : Lecouey, PLB 672 (2009) 6

Spyrou, PLB 683 (2010) 129

Ground state at 0-100 keV

−1p : no γ detection

Excited states ?

−1p : low statistics/acceptance

transfer : structure at ∼ 2.4 MeV ?

Critical Stability 2014 / Santos (Brazil) / October 14 6 / 18 “The Far Side of the Neutron Dripline at RIKEN” / F.M. MARQUES



Little-Known Isotopes : Boron 16g

10B 11B 12B 13B 14B 15B 17B 19B16B 18B

C C C C C C C C C C C C C

Transfer : Kalpakchieva, EPJA 7 (2000) 451

(17B, 15B+n ) :

RIKEN+NEBULA : ∼ 90k evts !

global cross-check of analyses 0

200

400

600

800

1000

1200

1400

0 1 2 3 4 5

Erel [MeV]
N

 [c
ou

nt
s]

(17B,15B+n)

Critical Stability 2014 / Santos (Brazil) / October 14 6 / 18 “The Far Side of the Neutron Dripline at RIKEN” / F.M. MARQUES



Little-Known Isotopes : Boron 16g

10B 11B 12B 13B 14B 15B 17B 19B16B 18B

C C C C C C C C C C C C C

Transfer : Kalpakchieva, EPJA 7 (2000) 451

(17B, 15B+n ) :

RIKEN+NEBULA : ∼ 90k evts !

global cross-check of analyses

event mixing provides N⊗
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Little-Known Isotopes : Boron 16g
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Transfer : Kalpakchieva, EPJA 7 (2000) 451

(17B, 15B+n ) :

RIKEN+NEBULA : ∼ 90k evts !

global cross-check of analyses

event mixing provides N⊗
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Boron 16 : Mass & Spectroscopy [S. Leblond]g
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Kondo, PRC 71 (2005) 044611

↓ 1.41

↓ 1.33

15B

significant 15B* to 1st/2nd state !

Erel vs Eγ correlations ?

DALI2 {15B+n+γ } events :
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Boron 16 : Mass & Spectroscopy [S. Leblond]g
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↓ 1.41

↓ 1.33

15B

M(16B) ∼ (M15+mn)+ 40±20 keV !

16B* ≡ |15B*⊗ ν⟩ excited states ...

1st at ∼ (1.1+1.3) MeV Kalpakchieva ?
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Little-Known Isotopes : Boron 18g

10B 11B 12B 13B 14B 15B 17B 19B16B 18B

C C C C C C C C C C C C C

(19C, 17B+n ) : Spyrou, PLB 683 (2010) 129

Virtual state with as< −50 fm :

arbitrary background

small acceptance

no γ detection
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also other channels (& structures)

threshold state(s) . 150 keV !

very clear excited states ...
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Little-Known Isotopes : Boron 18g
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also other channels (& structures)

threshold state(s) . 150 keV !

very clear excited states ...
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Boron 18 : Mass & Spectroscopy [S. Leblond]g
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Kondo, PRC 71 (2005) 044611
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some 17B* to 1st excited state !

Erel vs Eγ correlations ?

DALI2 {17B+n+γ } events :
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Boron 18 : Mass & Spectroscopy [S. Leblond]g
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Kondo, PRC 71 (2005) 044611
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17B

precise characterization of g.s. !

18B* ≡ |17B*⊗ ν⟩ excited states ...
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Into the Unknown : Boron 20 (& 21)g

19B18B

19C 20C 21C 22C

20N 21N 22N 23N

21O 22O 23O 24O 25O

➤ ➤

{ 19B+n } events : ̸= structures ...

22N (–2p) : peak(s) ?

22C (–1pn) : plateau ...

→ 3-body 19B+n (+n) decay ?

Fit = (ER,ΓR) 20/21 + K N⊗

minimize χ2 for {E,Γ,K} ...
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Into the Unknown : Boron 20 (& 21)g

19B18B

19C 20C 21C 22C

20N 21N 22N 23N

21O 22O 23O 24O 25O

➤ ➤

{ 19B+n } events : ̸= structures ...

22N (–2p) : peak(s) ?

22C (–1pn) : plateau ...

→ 3-body 19B+n (+n) decay ?

Fit = (ER,ΓR) 20/21 + K N⊗

minimize χ2 for {E,Γ,K} ...

PRELIMINARY ï
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20B Egs ∼ 2.4 MeV & E*∼ 4.8 MeV

21B Egs . 2.5 MeV (19B+n+n ...)
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The Beryllium ‘Puzzle’ : A=15,16g

d/C (14Be, 14Be+n ) :

Snyder, PRC88 (2013) 031303R

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

d/C (14Be, 14Be+n ) :

Snyder, PRC88 (2013) 031303R

arbitrary background(s) !

(17B, 14Be+n+n ) :

Spyrou, PRL 108 (2012) 102501

“dineutron emission” claim !

no low-lying 15Be (Sn< 0) ?

ñ

no n-n FSI :

FMM, PRL 109 (2012) 239201
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The Beryllium ‘Puzzle’ : A=15,16g

d/C (14Be, 14Be+n ) :

Snyder, PRC88 (2013) 031303R

arbitrary background(s) !

(17B, 14Be+n+n ) :

Spyrou, PRL 108 (2012) 102501

“dineutron emission” claim !

no low-lying 15Be (Sn< 0) ?

ñ

no n-n FSI :

FMM, PRL 109 (2012) 239201
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significant low-lying strength !
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The Beryllium ‘Puzzle’ : A=15,16g

d/C (14Be, 14Be+n ) :

Snyder, PRC88 (2013) 031303R

arbitrary background(s) !

(17B, 14Be+n+n ) :

Spyrou, PRL 108 (2012) 102501

“dineutron emission” claim !

no low-lying 15Be (Sn< 0) ?

ñ

no n-n FSI :

FMM, PRL 109 (2012) 239201

(17B, 14Be+n ) :
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(19C,14Be+n)

(18C,14Be+n) (×2)

significant low-lying strength !

present in other channels, N>1 ...

influence of 16Be decay ?

∼ 1k {14Be+n+n}, analysis ongoing ...
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Outlineg

I. The neutron dripline :

– Exotic nuclei & physics

– Secondary n-rich beams

– The RIBF at RIKEN

– Knockout experiments

II. SAMURAI Day-1 campaign :

– SAMURAI & NEBULA

– Some (1n) examples : 16,18,20,21B

– The Beryllium ‘puzzle’

III. Beyond two neutrons :

– NEBULA+ (& NeuLAND)

– Towards 28O & 4n

– Next steps around the dripline
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Beyond 2 Neutrons : NEBULA+g

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne
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Beyond 2 Neutrons : NEBULA+g

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

NEBULA+

240 neutron modules

48 veto modules

2+2 walls : 28O , 7H , 4,6n !

ï ANR funding request ...
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NEBULA+ : French ANR Fundingg

Expand NEBULA multi-n capabilities :

France : LPC, IRFU, IPNO

Japan : TITECH, RIKEN
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NEBULA+ : French ANR Fundingg

Expand NEBULA multi-n capabilities :

France : LPC, IRFU, IPNO

Japan : TITECH, RIKEN

+90 bars, comm. & 1st exps. 2017

suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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Short-Term Alternative : NeuLAND from GSIg
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Oxygen 28 & the Tetraneutrong

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

The “Oxygen anomaly” :

Sakurai, PLB 448 (1999) 180
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Oxygen 28 & the Tetraneutrong

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

The “Oxygen anomaly” :

29F beam at 25/s

MINOS Hydrogen target

(p,2p) about 1 mb

10 days ∼ 150 24O+4n !

heaviest⃝⃝⃝ : 29,31F !!!
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Tetraneutron : Past, Present & Futureg

1960s-2000s :

➤ ➤

➤ ➤

➤ ➤

➤

ï all binary or two-step reactions

GANIL+DEMON :
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Tetraneutron : Past, Present & Futureg

Trigger of calculations :

(4n,p) scattering ?

Bertulani, PRC 69 (2004) 027601

bound, resonance (or nothing) ?

Pieper, PRL 90 (2003) 252501

ï compatible with ER(
4n) . 2 MeV !

FMMM, arXiv:nucl-ex/0504009

➤

➤
➤➤

14Be →10Be+4n ?
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FMM, PRC 65 (2002) 044006

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

8He
(α)−→ 8Be [+ 4n ] (’12)

ñ

19B
(C)−→ 15B + 4n (’12)

ñ

29F
(p)−→ 24O + 4n (’15)

ñ
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Next Steps around the Driplineg

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

complete 16,18,20,21B analysis

‘dineutron puzzle’ from (15)16Be

••
⃝ ≡⃝⃝⃝ properties of (18)19B

••
⃝ ≡⃝⃝⃝ properties of (21)22C

properties of 21,22,23,24N
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Next Steps around the Driplineg

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

8B 10B 11B 12B 13B 14B 15B 17B 19B16B 18B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O 25O 26O 27O 28O

17F 18F 19F 20F 21F 22F 23F 24F 25F 26F 27F 28F 29F 30F 31F

17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

complete 16,18,20,21B analysis

‘dineutron puzzle’ from (15)16Be

••
⃝ ≡⃝⃝⃝ properties of (18)19B

••
⃝ ≡⃝⃝⃝ properties of (21)22C

properties of 21,22,23,24N

proposal/LOI

(NEBULA+)



28O, 4n & heavy F/Ne

23C & 24,25N

7H & 4n, high statistics

39Mg ...
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Summaryg

I. The neutron dripline :

– Exotic nuclei & physics

– Secondary n-rich beams

– The RIBF at RIKEN

– Knockout experiments

II. SAMURAI Day-1 campaign :

– SAMURAI & NEBULA

– Some (1n) examples : 16,18,20,21B

– The Beryllium ‘puzzle’

III. Beyond two neutrons :

– NEBULA+ (& NeuLAND)

– Towards 28O & 4n

– Next steps around the dripline
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ANIME : a Simulation of the Neutron Responseg

GEANT4 / MENATE ...

A simple ‘toy’ alternative ?

NEBULA geometry

MENATE R interaction probabilities

σ(E, θ) from QFS + p recoil ...

check with 7Li(p,n)7Be data :
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