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Outlineg

¶ The An context :

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

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• experimental constraints

• 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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Multi-neutrons : Tetraneutrons ?g
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Multi-neutrons : Tetraneutrons ?g

I Well-established facts :

• N = 2 (8) · · · 1057(4)

• the ‘multi-neutron anomaly’ :
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I Candidate systems ?

• odd-even staggering : even N

• hard to put many neutrons together !

→ N=4
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I Candidate systems ?

• odd-even staggering : even N

• hard to put many neutrons together !

→ N=4

I Biggest issues :

• production of a too n-rich system ...

• detection of a neutral object ...
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I Candidate systems ?

• odd-even staggering : even N

• hard to put many neutrons together !

→ N=4

I Biggest issues :

• production of a too n-rich system ...

• detection of a neutral object ...
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→ XX century : σ(An) & backgrounds ...
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The GANIL+DEMON experimentg
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14Be →10Be+4n ?
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� FMM, PRC 65 (2002) 044006

→ bound 4n : 4

→ ER . 2 MeV ? 4

� FMM, arXiv:nucl-ex/0504009
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From GANIL ... to RIKENg

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 RIKENg

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)

Multiparticle resonances / Hirschegg (Austria) / January 18, 2018 “Tetraneutron : the experimental context ” / F.M. MARQUES 3 / 19



RIKEN : “Candidate Resonant Tetraneutron”g

� 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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Experimental constraintsg

I H isotopes with 4N or 4n are unbound :
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→ how could more n-rich systems be bound ?
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→ how could more n-rich systems be bound ?

I In fact 4, 5H are ‘bound’ !
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I H isotopes with 4N or 4n are unbound :
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→ how could more n-rich systems be bound ?

I In fact 4, 5H are ‘bound’ !

• only B(3H) makes them unbound

I No ‘triton’ in 4n system :

• 1 eV binding would be enough !

• B(4n) < min{S4n}
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Experimental constraintsg

I H isotopes with 4N or 4n are unbound :
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→ how could more n-rich systems be bound ?

I In fact 4, 5H are ‘bound’ !

• only B(3H) makes them unbound

I No ‘triton’ in 4n system :

• 1 eV binding would be enough !

• B(4n) < min{S4n} ∼ 1.5 MeV (19B)

→ 4n would β-decay into 4H
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Theoretical ‘proofs’ ?g

I “ab initio” = “from first principles”

• realistic interactions

• ‘exact’ calculations

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

� Pieper, PRL 90 (2003) 252501
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i

Ti +

A∑
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A∑
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Vijk
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ï proof that 4n does not exist (?)
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• ‘exact’ calculations

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’ ?g

I “ab initio” = “from first principles”

• realistic interactions

• ‘exact’ calculations

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

→ resonance ? (4)
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Outlineg

¶ The An context :

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

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• experimental constraints

• 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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Tetraneutron context @ RIKENg

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

reaction initial state final state σ results

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

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

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

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

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 @ RIKENg

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

reaction initial state final state σ results

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

( )
⇒

( )
︸ ︷︷ ︸⇒ nb Nevt ∼ 10 s

4n : E, Γ

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

( )
⇒ ⇐︸ ︷︷ ︸ ︸︷︷︸⇒ µb Nevt ∼ 1000 s

4n : E, Γ

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

( )
⇒

( )
︸ ︷︷ ︸⇒ mb Nevt ∼ 10,000 s

4n& 7H : E, Γ, Ω

(’16) SHARAQ 2.0 : {DAQ, tracking, calib.} ⇒ stat. & res. ×5

(’17) QFS (p,pα) : θcm . 180◦ ⇒ 4n without FSI

(’17) 4n decay of 7H ⇒ high stat. & res. for any 7H and 4n state

 ⇒ definitive answer !
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Hydrogen 7 : a tiny neutron starg
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Hydrogen 7 : a tiny neutron starg
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Z=1,2 N=4 I Ambiguous and contradictory signals :

• low statistics & resolutions

• backgrounds (targets, binary channels)

• missing mass : no neutron detection
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Japanese Hydrogen 7g

I 8He (p,2p) 7H @ 190 MeV/N :

� Kobayashi, HIMAC Report H12 (2000)
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‘Russian’ Hydrogen 7g

I 8He (p,2p) 7H @ 61 MeV/N :

. � Korsheninnikov, PRL 90 (2003) 082501
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French Hydrogen 7g

. � Caamaño, PRL 99 (2007) 062502

I 8He (12C,13N) 7H @ 15 MeV/N :

“represents an unambiguous proof”

• Egs(
7H) = 0.6 ± 0.3 MeV (Γ∼ 0.1)

. ï


low resolution & statistics

no mass identification for AN

only part of triton branch ...
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Another French Hydrogen 7 ?g

. � Beaumel, PISA Workshop (2008)

. � Fortier, EXON Symposium (2006)

I 8He (d,3He) 7H @ 15 MeV/N :
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Another ‘Russian’ Hydrogen 7 (and a 4n) ?g

. � Nikolskii, PRC 81 (2010) 064606

I 8He (d,3He) 7H @ 42 MeV/N :

“a peculiarity at ∼ 2 MeV” ?

1) 5-body (t+n+n+n+n) PS

2) 3-body (t+2n+2n) PS
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Another ‘Russian’ Hydrogen 7 (and a 4n) ?g

. � Nikolskii, PRC 81 (2010) 064606

I 8He (d,3He) 7H @ 42 MeV/N :

“a peculiarity at ∼ 2 MeV” ?

1) 5-body (t+n+n+n+n) PS

2) 3-body (t+2n+2n) PS

3) 2-body (t+ 4n ) PS !

ï “extreme, unrealistic case” !!!
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Hydrogen 7 : a tiny neutron starg
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Z=1,2 N=4 I Ambiguous and contradictory signals :

• low statistics & resolutions

• backgrounds (targets, binary channels)

• missing mass : no neutron detection

ï 7H & 4n proposal with ε(4n)≫ 0 !
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EXPAND : French ANR fundingg

I Expand NEBULA multi-n capabilities :

• France : LPC, IRFU, IPNO

• Japan : TITech, RIKEN
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EXPAND : French ANR fundingg

I Expand NEBULA multi-n capabilities :

• France : LPC, IRFU, IPNO

• Japan : TITech, RIKEN

• +90 bars : Comm. & Day-1 in 2019

• suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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- - - NeuLAND+NEBULA
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Hydrogen 7 & Tetraneutrong

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

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� Yang & FMM, RIBF NP1512-SAMURAI34

• follow up of � Orr, RIBF NP1306-LOI08

→ 28O [Kondo] already done !
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I 8He (p,2p) 7H @ 150 MeV/N :

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� Yang & FMM, RIBF NP1512-SAMURAI34

• follow up of � Orr, RIBF NP1306-LOI08

→ 28O [Kondo] already done !

• N=6 (νp3/2)
4 sub-shell closure ?
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Hydrogen 7 & Tetraneutrong

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

“Many-neutron systems:

search for superheavy Hydrogen 7

and its Tetraneutron decay”

� Yang & FMM, RIBF NP1512-SAMURAI34

• follow up of � Orr, RIBF 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 : complete kinematicsg

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

−→ =⇒


=⇒

{
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Hydrogen 7 & Tetraneutron : complete kinematicsg

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

−→ =⇒


=⇒

{

→ detection of the 7-body final state !

• 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)

. FWHM ∼


5 MeV (2p)

150 keV (2p+t+3n)

100 keV (t+4n) !!!
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RIKEN : SAMURAIg
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SAMURAI S34 collaboration (part)g
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Expected statistics & resolution (MC simulation)g

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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Expected statistics & resolution (MC simulation)g

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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First online ‘results’ ...g

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’ ...g

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

→ complete events : ≈ 8×104 !!!

→ promising results in 1-2 years ...
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Summary & Outlookg

¶ The An context :

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

• XXI century : first signals !

→ GANIL : theory & experiments

→ RIKEN : more candidate events

• experimental constraints

• 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 !

• 12,14Be (p,p2α) 4,6n (’18)
� Beaumel, NP1206-SAMURAI12

→ theory : reliable 4n and beyond ...

→ hexaneutron ? 8He (p,2p)1H ...

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

→ core+xn systems/thresholds ?
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“Strong neutron pairing in core+4n nuclei” [A. Revel]g

I R3B collaboration (LAND @ GSI) :

• N=12 isotones ( 18C & 20O) above S2n

� Revel, submitted to PRL (2018)
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1960s : a long quest beginsg

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 beginsg

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 beginsg

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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1960s : a long quest beginsg

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 �

➤ ➤

➤ ➤

➤ ➤

➤

.ï XX century : cross-sections & backgrounds ...
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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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‘Superheavy’ multineutrons (or most likely nothing) ?g

➤ ➤

➤ ➤

➤ ➤

➤

α + 238U −y→ An + 27Al → 28Mg

ï A>1 : but only 6/8n can exist !
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