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Outlineg

¶ Experimental An context :

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

• XXI century : first signals !

→ GANIL : calculations & experiments

→ RIKEN : more candidate events

· Some general issues :

→ unbound neighbors ?

→ theoretical ‘proofs’ ?

→ the green rabbit effect ...

→ the microscope bias

→ ‘too wide’ resonances ?

¸ The future :

• 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

I Well-established facts :

• dineutron is unbound

• neutron stars are bound

• masses of light nuclei :
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I Candidate systems ?

• odd-even staggering : even N

• ideally ‘magic’ numbers (?)

• hard to put many neutrons together !

→ N=4

I Implications ?

• bound multi-neutrons :

→ Big Bang nucleosynthesis

→ neutral (‘dark’) matter ?

• any multi-neutron :

→ n-n interaction

→ few-body (3-4) effects

→ neutron stars ...

→ super-heavy H, He ... ?

ESNT workshop / Saclay (France) / February 2, 2017 1 / 18 “ Exp. constraints on the formation & detection of An ” / F.M. MARQUES



1960s : a long quest beginsg

I If we cannot get several neutrons together ...

→ detect multi-neutron partners ï

→ look for unique multi-neutron trails ï

➤ ➤

➤ ➤

➤ ➤

➤
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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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I Pion charge-exchange :
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I Multinucleon transfer :

• 7Li + 11B → 14O + 4n

� Belozyorov, NPA 477 (1988) 131

• 7Li + 7Li → 10(11)C + 4(3)n
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➤ ➤

➤ ➤

➤ ➤

➤

.ï XX century : cross-sections & backgrounds ...
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➤ ➤

➤ ➤

➤ ➤

➤

RIKEN (2016)

GANIL (2002)

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

I Breakup of n-rich beams :

➤ ➤

➤ ➤

➤ ➤

➤

• 1st step : high cross-section !

→ |14Be⟩ ≡ |10Be+4n⟩ ? ( |8Be+6n⟩ )

• 2nd step : sensitive probe !
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I 14Be
(C )−→ 10Be + 4n :
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I 14Be
(C )−→ 10Be + 4n :
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� FMM, PRC 65 (2002) 044006

→ alternative scenarios

{
(4n,p) breakup

ER(
4n) . 2 MeV !

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

I The DEMON campaigns :

➤

➤

➤➤

14Be →10Be+4n ?
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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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(C)−→ 4He + 4n (’02)
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(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”g

� Kisamori, Shimoura, PRL 116 (2016) 052501

4He (8He, αα) 4n

→ E(4n) = 0.8 ± 1.3 MeV !

→ Γ(4n) < 2.6 MeV

→ σ(4n) ∼ 4 nb
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(1/5) Unbound neighbors ?g

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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→ how could more n-rich systems be bound ?

I In fact 4, 5H are ‘bound’ !

• only B(3H) makes them 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}

ESNT workshop / Saclay (France) / February 2, 2017 5 / 18 “ Exp. constraints on the formation & detection of An ” / F.M. MARQUES



(1/5) Unbound neighbors ?g

I H isotopes with 4N or 4n are unbound :

0

5

4 6 8 10

A

E
gs

 [M
eV

]

0

5

0 2 4 6 8

Z

B
(N

,Z
)/

A

Z=1,2 N=4

→ 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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(2/5) Theoretical ‘proofs’ ?g

I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations
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(2/5) Theoretical ‘proofs’ ?g

I ab initio = “from first principles”

relies on basic and established laws of Nature

without additional assumptions or approximations

� Pieper, PRL 90 (2003) 252501

H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

ï proof that 4n does not exist (?)
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H =


A∑
i

Ti +

A∑
i<j

Vij

 +

A∑
i<j<k

Vijk

ï proof that 4n does not exist (?)

• E(4n)=−500 keV : ‘strongly’ bound !

• Vij a fit of ∼ 60 parameters

• Vijk not ab initio at all !

• needs trial wave function

• ‘exact’ to 1-2% ... of total E : ∼ MeV !
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(3/5) The green rabbit effectg

➤ ➤

➤ ➤

➤ ➤

➤

α + 238U −y→ An + 27Al → 28Mg

ï A>1 : but only 6/8n can exist !
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(3/5) The green rabbit effectg

� 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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(3/5) The green rabbit effectg

� 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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(4/5) The microscope biasg

SAMURAI Day1

I A look to (unbound) 18B :
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→ cocktail of beams (microscopes) ...
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I One microscope ?

• it may reveal incomplete picture ...

• or even no picture at all !
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(5/5) ‘Too wide’ resonances ?g

� Lazauskas, Carbonell, PRC 71 (2005) 044004 (3n)

� Lazauskas, Carbonell, PRC 72 (2005) 034003 (4n)

• bind 4n with V4n = −Wρe−ρ/ρ0

• follow resonances when W→ 0

→ 3rd quadrant (ℜ(E)< 0, ℑ(E)< 0)

→ ΓR = −2ℑ(E) ∼ 15 MeV ...
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(5/5) ‘Too wide’ resonances ?g

� Lazauskas, Carbonell, PRC 71 (2005) 044004 (3n)

� Lazauskas, Carbonell, PRC 72 (2005) 034003 (4n)

• bind 4n with V4n = −Wρe−ρ/ρ0

• follow resonances when W→ 0

→ 3rd quadrant (ℜ(E)< 0, ℑ(E)< 0)

→ ΓR = −2ℑ(E) ∼ 15 MeV ...

� Hiyama, PRC 93 (2016) 044004 (4n, 3n)

V3N(T ) =
∑
i=1,2

Wi(T ) e
−ρ2/b2i
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V3N(T ) =
∑
i=1,2

Wi(T ) e
−ρ2/b2i

➤ ➤

➤ ➤

➤ ➤

➤

→ ε(4n)> 0
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Outlineg

¶ Experimental An context :

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

• XXI century : first signals !

→ GANIL : calculations & experiments

→ RIKEN : more candidate events

· Some general issues :

→ unbound neighbors ?

→ theoretical ‘proofs’ ?

→ the green rabbit effect ...

→ the microscope bias

→ ‘too wide’ resonances ?

¸ The future :

• SHARAQ 2.0 : 4He (8He, αα) 4n

• NEBULA+NeuLAND & MINOS :

→ 8He (p,pα) 4n : 4n without FSI
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Tetraneutron context @ RIKENg

. [Kisamori]

I ‘Microscope’ cross-section ∼ nb ï µb ï mb
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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 2018

• suggested configuration :

ï ε(4n) enhanced ∼ ×16 !
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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”

� Kisamori & FMM, RIBF NP1512-SAMURAI34

• follow up of � Orr, RIBF NP1306-LOI08

→ 28O [Kondo] already done !
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• direct 4n decay ?

→ 3H+ 4n : 4n detection

→ angular correlations : ER !

ESNT workshop / Saclay (France) / February 2, 2017 13 / 18 “ Exp. constraints on the formation & detection of An ” / F.M. MARQUES
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search for superheavy Hydrogen 7

and its Tetraneutron decay”

� Kisamori & FMM, RIBF NP1512-SAMURAI34
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→ 28O [Kondo] already done !

• N=6 (νp3/2)
4 sub-shell closure ?
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• direct 4n decay ?

→ 3H+ 4n : 4n detection

→ angular correlations : ER !

• low-lying 7H/ 4n : bound 8
ΛH/ 5

Λn ?

� Hiyama, PRC 89 (2014) 061302(R)
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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)

• CATANA CsI 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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Expected statistics & resolution (4 days)g

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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Expected statistics & resolution (4 days)g

NEBULA
NeuLAND

� Caamaño, PRL 99 (2007) 062502
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Direct 4n-decay : sensitivityg

I Angular correlations :

(a)

5-body PS

(b)

t- 4n PS

• very sensitive to ER(
4n) !
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Direct 4n-decay : sensitivityg

I Angular correlations :

(a)

5-body PS

(b)

t- 4n PS

• very sensitive to ER(
4n) !

. � FMM, arXiv:nucl-ex/0504009

. � Kisamori, PRL 116 (2016) 052501
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Summaryg

¶ Experimental An context :

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

• XXI century : first signals !

→ GANIL : calculations & experiments

→ RIKEN : more candidate events

· Some general issues :

→ unbound neighbors ?

→ theoretical ‘proofs’ ?

→ the green rabbit effect ...

→ the microscope bias

→ ‘too wide’ resonances ?

¸ The future :

• 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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