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Outline

» Fundamental question:
e few-neutron systems?
e tetraneutron “signal” !

e resonance / initial correlations?

» Inside the tetraneutron:
e 4n invariant mass !
e |ow-energy structures

e explore full kinematics...

» Back to the future?
e Beryllium 14 & 12
o NP2412-SAMURAI81I ...
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Fundamental question RS

» How do nucleons form nuclei ?

[] collectivity, shells, model spaces...
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» How do nucleons form nuclei ?

(208Pb)

[] collectivity, shells, model spaces...
[] ‘ab initio” Vv between ‘nucleons’?

[] many # models & approximations ...
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Fundamental question

» How do nucleons form nuclei ?

(208Pb)

[] collectivity, shells, model spaces...
[] ‘ab initio” Vv between ‘nucleons’?

[] many # models & approximations ...

[ ] few-neutron systems! o
[] only one constituent ooo
[J no Coulomb (only V,,;,)

] ab initio + exact calculations !!!
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Fundamental question

» How do nucleons form nuclei ?

1960s :

(=1 FMM & Carbonell, EPJA 57 (2021) 105

(25Pb) 20005

[] collectivity, shells, model spaces...
[] ‘ab initio” Vv between ‘nucleons’?

[] many # models & approximations ...

[ ] few-neutron systems! o
[] only one constituent ooo
[J no Coulomb (only V,,;,)

] ab initio + exact calculations !!!
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» How do nucleons form nuclei ?
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(=1 FMM & Carbonell, EPJA 57 (2021) 105
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(***Pb) GANIL (2002): 01?7 Be(C,X)!"Be *n
RIKEN (2016): [1?  ?He(®He, aa) n
RIKEN (2022): [l *He (p, pa) *n

[] collectivity, shells, model spaces...
[] ‘ab initio” Vv between ‘nucleons’?

[] many # models & approximations ...

[ ] few-neutron systems! o
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[J no Coulomb (only V,,;,)
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» How do nucleons form nuclei ?

1960s :

(=1 FMM & Carbonell, EPJA 57 (2021) 105

208
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o . ? 1 8 4
[] collectivity, shells, model spaces... RIKEN (2016): L He ("He, aa) “n
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Confirmation of a 4n “signal” @
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E(*n)~ [-1,+2] MeV (2.50)

( E3FMM, FBS 65 (2024) 37 )

Workshop on Particle Correlations and Femtoscopy / Toulouse (France) / November 6, 2024 “Inside the tetraneutron: correlations within the 4n system” / F.M. MARQUES



U
0

Confirmation of a 4n “signal” L

(

11Be (C,X)!"Be n

s 1 4 8 4
---- background x10 He( He, CVCV) n

e

PID [arb. unitg]

Counts/2MeV
N
L 2

Ep/En ke el o

-20 -10
1 FMM, PRC 65 (2002) 044006
(=1 FMM, arXiv:nucl-ex/0504009

E(*n)~ [-1,+2] MeV (2.50)

E,. [MeV]
(=1 Kisamori, PRL 116 (2016) 052501

E(4n)=0.841.3 MeV (4.90)

( E3FMM, FBS 65 (2024) 37 )

Workshop on Particle Correlations and Femtoscopy / Toulouse (France) / November 6, 2024 “Inside the tetraneutron: correlations within the 4n system” / F.M. MARQUES



)
/

U
0

Confirmation of a 4n “signal” L

(

11Be (C,X)!"Be In

8
o 7h . A4 (8 4
= ---- background x10 He ( He, aa ) n
5 > o - f
o) 8 4
: s | He ( par) n
o @
o =
S
o) ] T — — —
@) [ ® *He(pp*He) i
30* T 4” resonance ol
E / E - -- Continuum &
p n * : | — Background ]
-20 -10 0 10 20 30 40 50 60 | > i )
=1 FMM, PRC 65 (2002) 044006 £ [MeV] N f
=1 FMM, arXiv:nucl-ex/0504009 4n N -
(=1 Kisamori, PRL 116 (2016) 052501 s [ i
4 s | il
ECn)~[FL42) MeV (250)  pogny — 08413 MeV (4.90) & 1of :
Uuw otk i (i e .. .“HI
=20 0 20 40 60
E, [MeV]

(=1 Duer, Nature 606 (2022) 678

E(4n)=2.440.6 MeV (>>50)

( E3FMM, FBS 65 (2024) 37 )

Workshop on Particle Correlations and Femtoscopy / Toulouse (France) / November 6, 2024 “Inside the tetraneutron : correlations within the 4n system” / F.M. MARQUES



: s e __° ” ‘
Confirmation of a 4n “signal N
14 10R . 4
- Be (C,X)""Be “n
w = -
E ! ---- background x10 4He (8He, (878% ) 4n
- 3 T -
2 8 4
E = s ] He (p, pa) *n
| B 4+ ® _
o E
Q LT T I i T ]
O 2} | e *He(p p*He) ]
1r 30 e 1y JTE 4” i‘ﬂ'%}Oll(lﬂCﬂ g 1|
E,/E, oLl (A Al SO ?
-20 -10 O 10 20 30 40 50 60 | = G . 3 =
(=1 FMM, PRC 65 (2002) 044006 E. [MeV] g T E
(=1 FMM, arXiv:nucl-ex/0504009 4an S :
=1 Kisamori, PRL 116 (2016) 052501 2 [ .
E(*n)~[-1,42] MeV (2.50 =) 1
()~ ] (250) E(4n)=0.84+1.3 MeV (4.90)  CS'°@ a
Ofbbbbids : JU
-20 0 20 10 60
E, [MeV]

(=1 Duer, Nature 606 (2022) 678

E(4n)=2.440.6 MeV (>>50)

(=1 Lazauskas, PRL 130 (2023) 102501

( I FMM, FBS 65 (2024) 37 ) (nn)-(nn) correlations in SHe?

Workshop on Particle Correlations and Femtoscopy / Toulouse (France) / November 6, 2024 “Inside the tetraneutron: correlations within the 4n system” / F.M. MARQUES



5

Confirmation of a 4n “signal” LPC

- 11Be (C,X)1Be *n
rz- r A 4 8 4
c ---- background x10 He ( He, (878% ) n
> > 6 : ]
- 8 4
5 s f He (p, par)
| B 4+ ® _
o g 3l
| ) R T — —— —]
5 L L O 2r | | | e *He(p p*He) ]
1 L } 307 = 4” resonance -l
------- - -- Continuum s
Ep / En 0= : ‘ [~ — Background 7
I S -20 -10 0 10 20 30 40 50 60 | > A & 7]
1 FMM, PRC 65 (2002) 044006 g z Total |
: E, [MeV] 201~ =
(=1 FMM, arXiv:nucl-ex/0504009 4an o .
Kisamori, PRL 116 (2016) 052501 2 [ i
E(*n)~ [-1,+2] MeV (2.50 8 .ol .
()~ ] (250) E(4n)=0.841.3 MeV (4.90) o 10 "
Ofbbbbids : JU
=20 0 20 40 60
E, [MeV]

(=1 Duer, Nature 606 (2022) 678

E(4n)=2.440.6 MeV (>>50)

(=1 Lazauskas, PRL 130 (2023) 102501

( I FMM, FBS 65 (2024) 37 ) (nn)-(nn) correlations in SHe?

Workshop on Particle Correlations and Femtoscopy / Toulouse (France) / November 6, 2024 “Inside the tetraneutron: correlations within the 4n system” / F.M. MARQUES



“Nontrivial phenomenon”

Low-energy structures in nuclear
reactions with 4n in the final state
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— fast core removal : without resonance !
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Low-energy structures in nuclear
reactions with 4n in the final state
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— fast core removal : without resonance !

» How to disentangle both hypothesis?
core (1) = E(4n)~0 <:{ *n-core
(nn)

[ ] new observables (invariant mass)

» Spatial (nn)-(nn) correlations:

r(nn-nn) [fm]
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[ ] link to (exp) momentum space ?
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Sculpting beams @ RIKEN : Boron 21 & Leblond, PRL 121 (2018) 262502 @
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Sculpting beams @ RIKEN : Boron 21 & Leblond, PRL 121 (2018) 262502
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Missing & Invariant mass: Helium 8 @
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Missing & Invariant mass: Helium 8 LPC

SAMURAI Magnet

NEBULA_

'.“I ' I] g\ I“‘r

DALI2 ppci
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Missing & Invariant mass: Helium 8 LPC

SAMURAI Magnet

NEBULA

@ missing.mass : spectroscopy

n invariant mass : decay, correlations ...
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Experimental acces to 4n correlations \LP/C

» 2016/17 “tetraneutron campaign” © RIKEN : & Shimoura, NP News 33/3 (2023) 15
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Experimental acces to 4n correlations \LP/C

» 2016/17 “tetraneutron campaign” © RIKEN : & Shimoura, NP News 33/3 (2023) 15
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SAMURAI34: VERY PRELIMINARY results! Nt

*He (p,p’) *He+4n @ 150 MeV/N :
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Preliminary 4n correlation observables @
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Back to the future

» How to probe resonant character?
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Back to the future \"'f

» How to probe resonant character?
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[ ] Alternative ‘mounts’!

Sen [MeV]
beam | 4n  6n | I [pps| | source
*He 3.1 314 10° 180

2Be | 12.1 417 | 10° 180
MBe | 49 134 | 10° 180
YB | 15 52| 102 e
22C | 36 85| 102 e
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Back to the future \"'f

» How to probe resonant character? : :
— best compromise: Beryllium !

T | T T T ‘ T T T
e “He(p p'He)

= 4H resonance
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4an

(2.4,1.8) MeV ?

&
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[ ] Alternative ‘mounts’!

Sen [MeV]
beam | 4n  6n | I [pps| | source
*He 3.1 314 10° 180

2Be | 121 417 | 10° 180
“UBe | 49 134| 10° 180
YB | 15 52| 102 e
22C | 36 85| 102 e
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Back to the future wPC

» How to probe resonant character? : :
— best compromise: Beryllium !

n RN VRN VR [N PRRE ]
- et ! — neutron molecular structures:

307 = 4“ resonance .|
- -- Continuum =
| — Background i
E L — Total g
= r i
Z 10f- -
(ulllllillllllll}_l e AV ) Jlﬂ

=20 0 20 40 60

E,, [MeV]
(E.T) = (2.4,1.8) MeV?

[ ] Alternative ‘mounts’!

Sen [MeV]
beam | 4n  6n | I [pps| | source
*He 3.1 314 10° 180
2Be | 12.1 417 10° 180
“Be | 49 134| 10° 50
YB | 15 52| 10 | *Ca
2C | 36 85| 100 | *Ca
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Back to the future

» How to probe resonant character?

— best compromise: Beryllium !

EEARAEL ] — neutron molecular structures:
3()* = 4” i‘f%ﬂﬂ(lﬂCC i
1= ?
%zo; - -
2l j
(}ﬁ“.“i“.“l“}-. N llﬁ
= e ey " [] Invariant mass? (E,I') = (2,1) MeV:
(E,F):(2.471.8)MeV? 7\\\‘\\\‘\\\‘\\\7 :\\\‘\\\‘\\\‘\\\: 257\\\‘\\\‘\\\‘\\\7
100~ 2B p)®Betan 1 1P ¥Be(p,p)°Beran “Be(p,p)°Bet+6n -
i 1150 - - 20r 7
[ ] Alternative ‘mounts’! 750 1 sk E
2" L= f
S, [MeV] 3% 17 E ]
beam | 4n  6n | I [pps| | source i GBI
SHe | 3.1 314 10° | 80 R S 1 g 1 Fs ]
2Be | 12.1 417 | 10° e N R TR R I L T BN = R BTN
14 5 | 18 o 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Be | 49 134 10 O E(4n) [MeV] E(4n) [MeV] E(6n) [MeV]
B | 15 52| 10* | *Ca
2C | 36 85| 102 8Ca e NEBULA/HIME+ : £(4n)~ 1% & &(6n) =~ 0.05%
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Multineutron pr [ LRC
ultineutro proposa Nl
[ ] Resonance veto: .
" S
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=1 Shumpei Koyama, SAMURAI08
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Multineutron proposal

[ ] Resonance veto:

14Be® — 10Be 4+ 4p
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Multineutron proposal

[ ] Resonance veto:

S

IGC
X @target
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for Za
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Multineutron proposal

[ ] Resonance veto:

9Be" +3n — 2o + 4n

— 10Be + 4p
8Be(*)—i— 6n — 2o+ °n
9Be" +5n — 2a + 6n

— signal + ?Be* : initial correlations

— signal +°Be*) : tetra/hexaneutron !

» NP2412-SAMURAI81
e nature of 4(6)n signals ?
L] (E,T): resonance(s)

[[] invariant mass: correlations

[ ] resonance veto: confirmation

— 1214Be(p, p’) on LHy target (142 days) ...
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Summary RS
» Fundamental question: Wl :
e few-neutron systems? S :
e tetraneutron “signal” ! S0 o .
e resonance / initial correlations? R
» Inside the tetraneutron: -0

. O O

e 4n invariant mass ! / . \

O o

e low-energy structures *

e explore full kinematics...

-0~

» Back to the future?
e Beryllium 14 & 12
e NP2412-SAMURAIS8L ...
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SAMURAI34 collaboration (part) G
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RIKEN : SAMURAI (& MINOS-DALI-NeuLAND/NEBULA)
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EXPAND project (French ANR) LPC

» Expand NEBULA multineutron capabilities:

e France: LPC, IRFU, IPNO
e Japan: TlTech, RIKEN
e +90 bars: Commissioning & Day-1 in 2024 !
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. . AN
“Complicated things” (& Sharov & Grigorenko, JETP Lett 110 (2019) 5 @c

Pauli-principle driven correlations in four-neutron nuclear decays

“The valence neutrons are pushed to the symmetry-allowed configurations in the 4n-precursor structure ...
It should be noted that much more correlation information characterizing core+4n decay in principle exist.
However ... at the moment we find too premature to discuss such complicated things”

(a) By PR (b) n, cn-nn
o e
o
e &
% -

cm

core ' Ony core .

Fig.3. Schemes of kinematical variables describing 5-

cos(0,

body decays, which are used in constructing correlated
two-dimensional energy {cik,cnm} and angular {#;k, 6, }
distributions of fragments. Examples (a) of “connected”

nnn and (b) of “disconnected” cn-nn topologies. The re-
lated energy distribution parameters are defined as ¢;, =

P?;@/(Qﬁ-ikET)

"H : [p3/5)o = Cas2s[ps alo + Coras[s] op3/0)o.  (12)

P it U . YT T P T |

280 : [d5 /3]0 — Clsasldsjzlo + Coras[s? 53 3]0 10 —02 06 02 06 —02 06 02 06 —02 06

+ Cotas [5?/2])3/2}0. (13) cos(@cnl) cos(Bml) cos(Gcnl) cos(eﬂlnz) cos(Bnlnz)

Fig. 9. Correlated distributions for core+4n decays in Cpios [s?ﬂp%ﬂ]o + Coia1 [S%/QP%/Q]D
configuration mixing. The following cases are illustrated: Cpi21 = 1,0.48, —0.48, and 0.
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Multineutron probes ?

two step
@—— 0
() —I s (x)

[1 charged-particle detection
[1 only bound states
[] insensitive to energy

] infer lower limit of A

[J contaminant # (@) and/or
uncontrolled 1st-step background

iB‘ ?;!:.

8 experiments

(=1 Détraz, PL 66B (1977) 333
[1— [1(1980)
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=1 FMM & Carbonell, EPJA 57 (2021) 105 LPC

neutron detection
(@) ) > X
@—I— () — A®

[] unambiguous detection

[] breakup or resonant decay
[] neutron correlations

[ extremely low efficiency

-1 e
"R A

4 experiments

=1 FMM, PRC 65 (2002) 044006
()
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missing mass
@—— O
@—L— (*n)

[1 charged-particle detection

[ ] bound & resonant states
[ ] mass number well defined
[ ] insensitive to internal structure

[] cross-section of protons into (0)

[1 beam /target # (@)/(©)

25 experiments

1 Kisamori, PRL 116 (2016) 052501 [ ] (?)
(=1 Duer, Nature 606 (2022) 678 [



