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Outline

¶ ‘Multineutron’ context :

• why should we care ?

• XX century : σ(An) & backgrounds ...

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• theoretical ‘proofs’ ?

· The RIKEN campaign :

• SHARAQ 2.0 : 4He (8He, αα) 4n

• NEBULA+NeuLAND & MINOS :

→ 8He (p,pα) 4n : 4n without FSI

→ 8He (p,2p) {3H+4n} : any (E,Γ)R
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The (exotic) structure of matter

1 cm3

Iron

I 1 cm3 Iron = 7.9 g
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The (exotic) structure of matter
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I 1 cm3 Iron = 7.9 g

• 85,000,000,000,000,000,000,000 atoms !
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The (exotic) structure of matter

×10,000,000

×10

1 cm3

Iron

atoms

atom : e(-) &
“nucleus”(+) ?

I 1 cm3 Iron = 7.9 g

• 85,000,000,000,000,000,000,000 atoms !

• 99.9999999999% of matter is empty !
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The (exotic) structure of matter

×10,000,000

×10

×10,000
1 cm3

Iron

atoms

atom : e(-) &
“nucleus”(+) ?

nucleus : p(+) & n(0)I 1 cm3 Iron = 7.9 g

• 85,000,000,000,000,000,000,000 atoms !

• 99.9999999999% of matter is empty !

• 1 cm3 of nuclei = 300 million tons !
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The nuclear landscape
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The nuclear landscape
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1) What are the properties of Z +N ?
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Extraterrestrial nuclei on Earth ?

I 19
6C13 → 18C+n experiment @ GANIL :

• add 7n to 12
6C6 ??

A
ZXN ≡ (Z+N)

• study it in less than 49 ms ???
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Extraterrestrial nuclei on Earth ?

I 19
6C13 → 18C+n experiment @ GANIL :

• add 7n to 12
6C6 ??

A
ZXN ≡ (Z+N)

• study it in less than 49 ms ???
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RIKEN : the Radioactive Isotope Beam Factory

Access to very high A/Z !!! ï 22C : 10/h ⇒ 10/s !!!

ï


l¶ intense primary beams

l· strong B fields (A/Z)

ļ high ε(xn) neutron array ...

2013

. SAMURAI

. 2012

2008

2014

. 2014

2007
2009

ļ

l¶

l·
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RIKEN : Superconducting Ring Cyclotron
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!

I Semi-empirical liquid-drop formula :

15.67 av A volume

17.23 − as A
2/3 surface

0.714 − ac Z
2/A1/3 Coulomb

23.29 − aa (N−Z)2/A asymmetry

11.2 ± δ/A1/2 pairing

[MeV]
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Binding energy : a ‘liquid drop’

B(N,Z) = N Mn + Z Mp − M(N,Z)

∼
{

short range force : ρ0 ≈ 2×1014 g/cm3

about 1% of nuclear mass !

↘
{

spontaneous & induced fission !

nuclear energy / “atomic” bomb

↗
{

fusion in stars !

H bomb / ITER !!!

I Semi-empirical liquid-drop formula :

15.67 av A volume

17.23 − as A
2/3 surface

0.714 − ac Z
2/A1/3 Coulomb

23.29 − aa (N−Z)2/A asymmetry

11.2 ± δ/A1/2 pairing

[MeV]

Z =0 ? ⇒ 8 !!!
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Search for what ???
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Multi-neutrons : Tetraneutrons ?

8 4

I Well-established facts :

• N = 2 (8) · · · 1057(4)
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Multi-neutrons : Tetraneutrons ?

8 4
Z=1

Z=2

N=4

I Well-established facts :

• N = 2 (8) · · · 1057(4)

• the ‘multi-neutron anomaly’ :
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I Few fermions bound ?
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• (3He)2 (8) · · · (3He)N (4)
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• (3He)2 (8) · · · (3He)N (4)

• pairing : even neutron numbers !
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• (3He)2 (8) · · · (3He)N (4)

• pairing : even neutron numbers !

I Biggest issues :

production

detection
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1960s : a long quest begins

I Two-step reactions :

• p +W −y→ An + 70Zn → 72Zn (→ 72Ga) !!!

� Detraz, PLB 66 (1977) 33 �

➤ ➤

➤ ➤

➤ ➤

➤

%
70Zn (t,p) 72Zn through Aluminium ...
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1960s : a long quest begins

I Two-step reactions :

• p +W −y→ An + 70Zn → 72Zn (→ 72Ga)

� Detraz, PLB 66 (1977) 33

• 208Pb (π−, π+) 4n
(Pb)−→ 212Pb (→ 212Bi→ 212Po)

� Chultem, NPA 316(1979) 290 �

➤ ➤

➤ ➤

➤ ➤

➤
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1960s : a long quest begins

I Two-step reactions :

• p +W −y→ An + 70Zn → 72Zn (→ 72Ga)

� Detraz, PLB 66 (1977) 33

• 208Pb (π−, π+) 4n
(Pb)−→ 212Pb (→ 212Bi→ 212Po)

� Chultem, NPA 316(1979) 290

I Pion charge-exchange :

• 3H (π−, γ) 3n

� Miller, NPA 343 (1980) 347

• 4He (π−, π+) 4n

� Ungar, PLB 144 (1984) 333 �

➤ ➤

➤ ➤

➤ ➤

➤
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� Detraz, PLB 66 (1977) 33

• 208Pb (π−, π+) 4n
(Pb)−→ 212Pb (→ 212Bi→ 212Po)

� Chultem, NPA 316(1979) 290

I Pion charge-exchange :

• 3H (π−, γ) 3n

� Miller, NPA 343 (1980) 347

• 4He (π−, π+) 4n

� Ungar, PLB 144 (1984) 333

I Multinucleon transfer :

• 7Li + 11B → 14O + 4n

� Belozyorov, NPA 477 (1988) 131

• 7Li + 7Li → 10(11)C + 4(3)n

� Cerny, PLB 53 (1974) 247 �

➤ ➤

➤ ➤

➤ ➤

➤

. ï XX century : cross-sections & backgrounds ...
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1960s : a long quest begins

I Two-step reactions :

• p +W −y→ An + 70Zn → 72Zn (→ 72Ga)

� Detraz, PLB 66 (1977) 33

• 208Pb (π−, π+) 4n
(Pb)−→ 212Pb (→ 212Bi→ 212Po)

� Chultem, NPA 316(1979) 290

I Pion charge-exchange :

• 3H (π−, γ) 3n

� Miller, NPA 343 (1980) 347

• 4He (π−, π+) 4n

� Ungar, PLB 144 (1984) 333

I Multinucleon transfer :

• 7Li + 11B → 14O + 4n

� Belozyorov, NPA 477 (1988) 131

• 7Li + 7Li → 10(11)C + 4(3)n

� Cerny, PLB 53 (1974) 247 �

➤ ➤

➤ ➤

➤ ➤

➤

RIKEN (2016)

GANIL (2002)

. ï XX century : cross-sections & backgrounds ...
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The GANIL+DEMON experiment

I Breakup of n-rich beams :

➤ ➤

➤ ➤

➤ ➤

➤

• 1st step : high cross-section !

• 2nd step : sensitive probe !

 4He+4n〉

 10Be+4n〉

 8Be+6n〉 ?
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➤
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(C )−→ 10Be + 4n :
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The GANIL+DEMON experiment

I Breakup of n-rich beams :
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→X+n

� FMM, PRC 65 (2002) 044006

→ alternative scenarios

{
(4n,p) breakup

ER(
4n) . 2 MeV !

. � FMM, arXiv:nucl-ex/0504009
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“Tetraneutrone” (Focus magazine, 2002)
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From GANIL ... to RIKEN

I The DEMON campaigns :

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

12/14Be
(C)−→ αα + 4/ 6n (’02)

15B
(C)−→ 14Be* → 4n (’05,’06)

. ï experimental program stopped ...
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From GANIL ... to RIKEN

I The DEMON campaigns :

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

12/14Be
(C)−→ αα + 4/ 6n (’02)

15B
(C)−→ 14Be* → 4n (’05,’06)

. ï experimental program stopped ...

I MUST collaboration :

8He
(d)−→ 6Li [+ 4n ] (’02,’04)

. . . . . . . . . . . . . . . . . . .
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From GANIL ... to RIKEN

I The DEMON campaigns :

14Be
(C)−→ 10Be + 4n (’01,’02)

8He
(C)−→ 4He + 4n (’02)

12/14Be
(C)−→ αα + 4/ 6n (’02)

15B
(C)−→ 14Be* → 4n (’05,’06)

. ï experimental program stopped ...

I MUST collaboration :

8He
(d)−→ 6Li [+ 4n ] (’02,’04)

. . . . . . . . . . . . . . . . . . .

I Shimoura et al (SHARAQ) :

4He (8He, αα) 4n (’12)
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RIKEN : “Candidate Resonant Tetraneutron”

� Kisamori, Shimoura, PRL 116 (2016) 052501

4He (8He, αα) 4n

Pisa Summer School / Pisa (Italy) / July 24, 2019 “The extremes of neutron richness ” / F.M. MARQUES 11 / 27



RIKEN : “Candidate Resonant Tetraneutron”

� Kisamori, Shimoura, PRL 116 (2016) 052501

4He (8He, αα) 4n

• only 1 event in unphysical region

• 4 events close to threshold !
E(4n) = 0.8 ± 1.3 MeV

Γ(4n) < 2.6 MeV

σ(4n) ∼ 4 nb

→ resonance ? 4

→ bound 4n ? 4
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Theoretical ‘proofs’ ?

I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk
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I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

� Pieper, PRL 90 (2003) 252501

ï proof that 4n does not exist (?)
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Theoretical ‘proofs’ ?

I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

� Pieper, PRL 90 (2003) 252501

ï proof that 4n does not exist (?)

• E(4n)=−500 keV : ‘strongly’ bound !

• Vijk not ab initio nor precise !

• ‘exact’ to 1-2% ... of total E : ∼ MeV !
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Theoretical ‘proofs’ ?

I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

� Pieper, PRL 90 (2003) 252501

ï proof that 4n does not exist (?)

• E(4n)=−500 keV : ‘strongly’ bound !

• Vijk not ab initio nor precise !

• ‘exact’ to 1-2% ... of total E : ∼ MeV !

� Lazauskas, PRC 71 (2005) 044004

� Lazauskas, PRC 72 (2005) 034003

� Hiyama, PRC 93 (2016) 044004

� Shirokov, PRL 117 (2016) 182502

� Gandolfi, PRL 118 (2017) 232501

� Fossez, PRL 119 (2017) 032501


→ bound 4n : 8

→ (wide) res. ? (4)
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‘Superheavy’ multineutrons (I don’t think so) ?

➤ ➤

➤ ➤

➤ ➤

➤

α + 238U −y→ An + 27Al → 28Mg

ï A>1 : but only 6/8n can exist !
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Outline

¶ ‘Multineutron’ context :

• why should we care ?

• XX century : σ(An) & backgrounds ...

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• theoretical ‘proofs’ ?

· The RIKEN campaign :

• SHARAQ 2.0 : 4He (8He, αα) 4n

• NEBULA+NeuLAND & MINOS :

→ 8He (p,pα) 4n : 4n without FSI

→ 8He (p,2p) {3H+4n} : any (E,Γ)R
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Back to RIKEN

“RIKEN RIBF youtube”
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Tetraneutron context @ RIKEN

I Three experiments : same beam (8He) & energy (150–200 MeV/N) ?

reaction initial state final state σ results

(’16) 4He (8He, αα) 4n
� Shimoura, NP1512-SHARAQ10

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

(’17) 8He (p,pα) 4n
� Paschalis, NP1406-SAMURAI19

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

(’17) 8He (p,2p) {3H+4n}
� FMM/Yang, NP1512-SAMURAI34

( )
⇒

( )
︸ ︷︷ ︸⇒ mb Nevt ∼ 10,000 s

4n& 7H : E, Γ, Ω
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Tetraneutron context @ RIKEN

I Three experiments : same beam (8He) & energy (150–200 MeV/N) ?

reaction initial state final state σ results

(’16) 4He (8He, αα) 4n
� Shimoura, NP1512-SHARAQ10

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

(’17) 8He (p,pα) 4n
� Paschalis, NP1406-SAMURAI19

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

(’17) 8He (p,2p) {3H+4n}
� FMM/Yang, NP1512-SAMURAI34

( )
⇒

( )
︸ ︷︷ ︸⇒ mb Nevt ∼ 10,000 s

4n& 7H : E, Γ, Ω

→ a very ‘simple’ formula !

Nevt ∝ I × σ × ρ × ε


beam intensity

reaction cross-section (probability)

number of target nuclei

detection efficiency
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Building a (relativistic) masterpiece !

18
8O

β ∼ 0.6 c !
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[Be] 8
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18
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1H

4
0n
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Building a (relativistic) masterpiece !

18
8O

β ∼ 0.6 c !

[Be] 8
2He [H] 7

1H

4
0n
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Hydrogen 7 & Tetraneutron : tiny ‘neutron stars’

4
2He

16
8O

24
8O

22
6C

28
8O

2

3

4

5

6
7
8

N/Z

7
1H

4
0n

0

5

2 4 6 8 10

A

E
th

re
sh

ol
d 

[M
eV

]

8He

7H? 0

5

0 2 4 6 8

Z

B
(N

,Z
)/

A

5H

7Li
6He

8Be

4n?

Z=1,2 N=4

Pisa Summer School / Pisa (Italy) / July 24, 2019 “The extremes of neutron richness ” / F.M. MARQUES 17 / 27



Hydrogen 7 & Tetraneutron : tiny ‘neutron stars’

4
2He

16
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2

3

4

5

6
7
8

N/Z

7
1H

4
0n

0

5

2 4 6 8 10

A

E
th

re
sh

ol
d 

[M
eV

]

8He

7H? 0

5
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A

5H

7Li
6He

8Be

4n?

Z=1,2 N=4 I Ambiguous and contradictory signals :

8 low statistics & resolutions

8 backgrounds (targets, binary channels)

8 missing mass : no neutron detection
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Hydrogen 7 & Tetraneutron : tiny ‘neutron stars’

4
2He

16
8O

24
8O

22
6C

28
8O

2

3

4

5

6
7
8

N/Z

7
1H

4
0n

0
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A

E
th

re
sh

ol
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[M
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]

8He

7H? 0

5

0 2 4 6 8

Z

B
(N

,Z
)/

A

5H

7Li
6He

8Be

4n?

Z=1,2 N=4 I Ambiguous and contradictory signals :

8 low statistics & resolutions

8 backgrounds (targets, binary channels)

8 missing mass : no neutron detection

ï 7H & 4n proposal with ε(4n)≫ 0 !

Pisa Summer School / Pisa (Italy) / July 24, 2019 “The extremes of neutron richness ” / F.M. MARQUES 18 / 27



Hydrogen 7 & Tetraneutron : the long jump

7
1H

28
8O

3
1H

24
8O

4
0n

I 8He (p,2p) 7H @ 150 MeV/N :

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� FMM/Yang, NP1512-SAMURAI34

• follow up of � Orr, NP1306-LOI08

→ 28O [Kondo] already done !
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Hydrogen 7 & Tetraneutron : the long jump

7
1H

28
8O

3
1H

24
8O

4
0n

I 8He (p,2p) 7H @ 150 MeV/N :

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� FMM/Yang, NP1512-SAMURAI34

• follow up of � Orr, NP1306-LOI08

→ 28O [Kondo] already done !

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
0

1

2

3

Pisa Summer School / Pisa (Italy) / July 24, 2019 “The extremes of neutron richness ” / F.M. MARQUES 18 / 27



Hydrogen 7 & Tetraneutron : the long jump

7
1H

28
8O

3
1H

24
8O

4
0n

I 8He (p,2p) 7H @ 150 MeV/N :

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� FMM/Yang, NP1512-SAMURAI34

• follow up of � Orr, NP1306-LOI08

→ 28O [Kondo] already done !

• N=6 (νp3/2)
4 sub-shell closure ?

3H 4H 5H 6H 7H
0

1

2

3

• direct 4n decay ? ER(4n) !

(2-body PS) (5-body PS)
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Hydrogen 7 & Tetraneutron ‘emission’ ?

18
8O

8
2He
7
1H4

0n

(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !
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Hydrogen 7 & Tetraneutron ‘emission’ ?

18
8O

8
2He
7
1H4

0n

(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV

� Kobayashi, HIMAC Report H12 (2000)

� Korsheninnikov, PRL 90 (2003) 082501

� Fortier, EXON Symposium (2006)
� Nikolskii, PRC 81 (2010) 064606

� Caamaño, PRL 99 (2007) 062502
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Hydrogen 7 & Tetraneutron ‘emission’ ?

18
8O

8
2He
7
1H4

0n

(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

• MINOS liquid H target :

→ high luminosity (statistics)

→ proton angles (resolution)

• DALI NaI crystals :

→ proton energies (efficiency)

• SAMURAI :

→ triton momentum

(resolution & correlations)

• NEBULA+NeuLAND :

→ 3/4 neutron momenta

(efficiency, resolution & correlations)
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Hydrogen 7 & Tetraneutron ‘emission’ ?

18
8O

8
2He
7
1H4

0n

(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

→ (2p+t+3n) ∼ 150 keV !

• MINOS liquid H target :

→ high luminosity (statistics)

→ proton angles (resolution)

• DALI NaI crystals :

→ proton energies (efficiency)

• SAMURAI :

→ triton momentum

(resolution & correlations)

• NEBULA+NeuLAND :

→ 3/4 neutron momenta

(efficiency, resolution & correlations)

angular correlations → E(4n) !

(2-body PS) (5-body PS)
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Monte-Carlo simulations

I EXPAND project (French ANR) :

• expand NEBULA multi-n capabilities !

→ France : LPC, IRFU, IPNO

→ Japan : TITech, RIKEN
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28O

Ed [MeV]  (24+xO→24O + xn)

ε xn
 [%

]

( εxn<εxn due to neutron cross-talk) � FMM, NIM A 450 (2000) 109
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Monte-Carlo simulations

I EXPAND project (French ANR) :

• expand NEBULA multi-n capabilities !

→ France : LPC, IRFU, IPNO

→ Japan : TITech, RIKEN

→ +90 bars : Comm. & Day-1 2019/20

→ suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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Monte-Carlo simulations

I EXPAND project (French ANR) :

• expand NEBULA multi-n capabilities !

→ France : LPC, IRFU, IPNO

→ Japan : TITech, RIKEN

→ +90 bars : Comm. & Day-1 2019/20

→ suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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- - - NeuLAND+NEBULA
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SAMURAI S34 collaboration (part)
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RIKEN : SAMURAI (& MINOS-DALI-NeuLAND/NEBULA)
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RIKEN : SAMURAI (& MINOS-DALI-NeuLAND/NEBULA)
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MINOS+DALI simulations [C. Lenain]

8He (p,2p ) 3H+4n
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MINOS+DALI simulations [C. Lenain]

8He (p,2p ) 3H+4n
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Expected results (MC simulations)

18
8O

8
2He
7
1H

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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Expected results (MC simulations)

18
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8
2He
7
1H

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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First online ‘results’ [A. Revel]

18
8O

8
2He
7
1H4

0n

NEBULA
NeuLAND

I Online analysis : 8He (p,2p) 3H+4n

4 8He on target

4 2p detected

4 3H detected

→ > 4 bars ???
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First online ‘results’ [A. Revel]

18
8O

8
2He
7
1H4

0n

NEBULA
NeuLAND

I Online analysis : 8He (p,2p) 3H+4n

4 8He on target

4 2p detected

4 3H detected

→ > 4 bars ???

10 3

10 4

0 1 2 3 4 5 6 7 8 9 10

Multiplicity

C
o

u
n

ts

detectors
clusters

neutrons

run# 677-700-701

→ total events : ∼ 50k !!!

→ still 1–2 years : calibrations ...
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Neutron stars : the huge neutral nuclei !

I Neutron stars (M∼ 1.5M⊙) :

K Supernova : gravitational collapse

56
26Fe +26 e− → 56

0n +26 νe

a huge liquid, neutral drop ?
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Neutron stars : the huge neutral nuclei !

I Neutron stars (M∼ 1.5M⊙) :

K Supernova : gravitational collapse

56
26Fe +26 e− → 56

0n +26 νe

a huge liquid, neutral drop ?

B/A ≈ (av − aa) +
3

5
G

m2
n

r0
A2/3

→ Amin(B> 0) depends on aa !

aa [MeV] Amin R [km] M/M⊙
23 4×1055 3.4 0.04

28−33/A1/3
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Neutron stars : the huge neutral nuclei !

I Neutron stars (M∼ 1.5M⊙) :

K Supernova : gravitational collapse

56
26Fe +26 e− → 56

0n +26 νe

a huge liquid, neutral drop ?

B/A ≈ (av − aa) +
3

5
G

m2
n

r0
A2/3

→ Amin(B> 0) depends on aa !

aa [MeV] Amin R [km] M/M⊙
23 4×1055 3.4 0.04

28−33/A1/3 1057 10 1

→ roughly a neutron star ?
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Neutron stars : the huge neutral nuclei !

I Neutron stars (M∼ 1.5M⊙) :

K Supernova : gravitational collapse

56
26Fe +26 e− → 56

0n +26 νe

a huge liquid, neutral drop ?

B/A ≈ (av − aa) +
3

5
G

m2
n

r0
A2/3

→ Amin(B> 0) depends on aa !

aa [MeV] Amin R [km] M/M⊙
23 4×1055 3.4 0.04

28−33/A1/3 1057 10 1

→ roughly a neutron star ?

56
26Fe & e−

p + e−

n-rich nuclei

n drip

superfluid n-n

nuclei dissolve

?

y

[g/cm3]

109

1010

1011

1013

2×1014

>4×1014
rotation period : ∼ ms !

magnetic field : ∼ 1014 G !

gravity : v↓ (1m) ∼ 7,000,000 km/h !

density : humankind ∼ 0.7 cm3 !

Pisa Summer School / Pisa (Italy) / July 24, 2019 “The extremes of neutron richness ” / F.M. MARQUES 25 / 27



Neutron stars : the huge neutral nuclei !

I Neutron stars (M∼ 1.5M⊙) :

K Supernova : gravitational collapse

56
26Fe +26 e− → 56

0n +26 νe

a huge liquid, neutral drop ?

B/A ≈ (av − aa) +
3

5
G

m2
n

r0
A2/3

→ Amin(B> 0) depends on aa !

aa [MeV] Amin R [km] M/M⊙
23 4×1055 3.4 0.04

28−33/A1/3 1057 10 1

→ roughly a neutron star ?

56
26Fe & e−

p + e−

n-rich nuclei

n drip

superfluid n-n

nuclei dissolve

?

y

[g/cm3]

109

1010

1011

1013

2×1014

>4×1014
rotation period : ∼ ms !

magnetic field : ∼ 1014 G !

gravity : v↓ (1m) ∼ 7,000,000 km/h !

density : humankind ∼ 0.7 cm3 !

I Neutron star ‘collision’ !!!

GW170817

� Abbott, AJL 848 (2017) L12

� Abbott, PRL 119 (2017) 161101
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Summary & Outlook

¶ ‘Multineutron’ context :

• why should we care ?

• XX century : σ(An) & backgrounds ...

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• theoretical ‘proofs’ ?

· The RIKEN campaign :

• SHARAQ 2.0 : 4He (8He, αα) 4n

• NEBULA+NeuLAND & MINOS :

→ 8He (p,pα) 4n : 4n without FSI

→ 8He (p,2p) {3H+4n} : any (E,Γ)R

¸ Short/Mid-term future :

• confirm (refute) 4n signals !

→ theory : reliable 4n and beyond ?

→ 8He (p,3p) 6n ? 10He→ α+6n ?

→ An emission ? Qβ6n(
19B) ∼ 8 MeV ...

→ core+xn systems/thresholds ?
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