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Scontri tra nuclei atomici
Schema dell'esperimento presso
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— 8He (p,2p) {3H+4n}: any (E,I')r

Pisa Summer School / Pisa (Italy) / July 24, 2019

“The extremes of neutron richness” / F.M. MARQUES




The (exotic) structure of matter

1 (:m3
lron

» 1lcm?lron=79g
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The (exotic) structure of matter

co=nN

x10,000,000

aloms

» 1lcm?lron=79g

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

e 1a)

x10,000,000

atom : e(-) &
“nucleus’ (+) ?

» 1lcm?lron=79g

e §85,000,000,000,000,000,000,000 atoms !
e 09.9999999999% of matter is empty !
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The (exotic) structure of matter

e 1a)

x10,000,000

> 1 cm3 lron = 7.9 g nucleus p(+) & n(O)
e 385,000,000,000,000,000,000,000 atoms !
e 09.9999999999% of matter is empty !

e 1 cm?3 of nuclei = 300 million tons !
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The nuclear landscape

(Iron 56)
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The nuclear landscape
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The nuclear landscape
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The nuclear landscape
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Extraterrestrial nuclei on Earth ?

» 2Ci;3 — BC+n experiment @ GANIL:

e add 7n to 12Cs 77 ’%XN = (Z+N)

e study it in less than 49 ms 777
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Extraterrestrial nuclei on Earth ?

& (@@

» 2Ci;3 — BC+n experiment @ GANIL:

e add 7n to 12Cs 77 éXN = (Z+N)
e study it in less than 49 ms 777

BCy3
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RIKEN : the Radioactive Isotope Beam Factory

Access to very high A/Z Il > #C:10/h = 10/s !l

(@ intense primary beams

) { O strong B fields (A/Z)
| ® high &(xn) neutron array ...

e-RI scattering with SCRIT
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RIKEN : Superconducting Ring Cyclotron
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Binding energy: a ‘liquid drop’
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Binding energy: a ‘liquid drop’
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B(N,Z) = NM,+ ZM, — M(N, %)

{ short range force: py ~ 2x10* g/cm?

about 1% of nuclear mass !
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Binding energy: a ‘liquid drop’
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Binding energy: a ‘liquid drop’
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Binding energy: a ‘liquid drop’
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B(N,Z) = NM,+ ZM, — M(N, %)

{ short range force: py ~ 2x10* g/cm?

about 1% of nuclear mass !

4 . . -
spontaneous & induced fission !

\ nuclear energy / “atomic” bomb

( . .
fusion in stars !

{
4 | H bomb / ITER !l

» Semi-empirical liquid-drop formula:

15.67| a, A volume
1723 — a, A?/3 surface
0714 | —a.Z%*/A/3 Coulomb
2329 | —a,(N—Z)?/A asymmetry
112 | £5/AV/? pairing
[MeV]
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B(N,Z) = NM,+ ZM, — M(N, %)

{ short range force: py ~ 2x10* g/cm?

about 1% of nuclear mass !

4 . . -
spontaneous & induced fission !
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» Semi-empirical liquid-drop formula:

15.67| a, A volume
1723 — a, A?/3 surface
0714 | —a.Z%*/A/3 Coulomb
2329 | —a,(N—Z)?/A asymmetry
112 | £5/AV/? pairing
[MeV]

Z=07 = x!
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Search for what 7??

Eur. Phys. J. A 4, 5-7 (1999) THE EUROPEAN
PHYSICAL JOURNAL A

(c) Springer-Verlag 1999

Short note
Search for a bound trineutron with the *He(7—,7)nnn reaction

J. Grater', P. A. Amaudruz?, R. Bilger', P. Camerini®, J. Clark?, H. Clement', E. Friedman®, L. Felawka?,

S.N. Filippov®, E. Friagiacomo®, Yu. K. Gavrilov®, E. Gibson”, N. Grion®, G.J. Hofman®?, B. Jamieson®,

T.L. Karavicheva®, M. Kermani®?, E.L. Mathie?, R. Meier!, G. Moloney?, D. Ottewell2, J. Piatzold!, O. Patarakin'?,
K. Raywood?, R. Rui®, M. Schepkin!!, M.E. Sevior?, G.R. Smith?, H. Staudenmaier'?, R. Tacik?, G. Tagliente®,
G.J. Wagner!, M. Yeomans”

Abstract. A search for the production of a bound trineutron state has been performed using the reaction
3He(:fr_,:fr_)nn:n at incident pion energies of 65, 75, and 120 MeV. No evidence for the existence of the ®n
was found, and an upper limit for the production cross section of approximately 30 nb/sr (20 confidence
level) was obtained.
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Multi-neutrons: Tetraneutrons ?

» Well-established facts:

o N=2(X) --- 105(V)

@ Q)
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Multi-neutrons: Tetraneutrons ?

@ Q)

» Well-established facts:

o N=2(X) --- 105(V)

e the ‘multi-neutron anomaly’:

N=4
= | ®Be
D 6
S He 77 ;
H_O*
30
@* °H
; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
L
2 4 6 8 10 0 2 4 6 8
A Z
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Multi-neutrons: Tetraneutrons ?

4
» Few fermions bound ?
200 200
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Multi-neutrons: Tetraneutrons ?

e g
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Multi-neutrons: Tetraneutrons ?

> e o)
» Few fermions bound ?
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1960s: a long quest begins I

» Two-step reactions:

e p+W —J= An+7Zn = Zn (-7ca) I c

(= Detraz, PLB 66 (1977) 33 <1 c

Q

C

Q

10° |
834 O

| 6299 (95.6%)
" (25.2%) 2507. 8
2 (12 7%)
b &%) | (7.9%)

102 U

10 1

. ‘ ‘ [ , , , | W

0 1000 2000 3000

Ch'onnel

X Zn(t,p) ®Zn through Aluminium ...
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1960s: a long quest begins

» Two-step reactions:

e p+W —I—> An + 0Zn — Zn (»7Ga) c .
(= Detraz, PLB 66 (1977) 33 c : o
208 — 1\ 4 <Pb) 212 -
o “°Pb(r ,m")*n —5 <'“Pb (-22Bi—22po) e :
(=1 Chultem, NPA 316(1979) 290 ‘1 \
N« 530 7Po
1501 1
100
876 “°Po
f
j
5oL 606775; |
! I
‘ I
’ ="772"Po:l
i T
0 Jio - [ loa
50 100 150 200 Nk
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1960s: a long quest begins

» Two-step reactions:

e p+W —I—> An + 0Zn — Zn (»7Ga) c .
(=1 Detraz, PLB 66 (1977) 33 e : Q
208 ~ _ya (Pb) oy - :
o “°Pb(r ,m")*n —5 <'“Pb (-22Bi—22po) e :
(=1 Chultem, NPA 316(1979) 290 \
» Pion charge-exchange : 100
e 3H(w,~)3n - %
S
(=1 Miller, NPA 343 (1980) 347 S
»g % }
o ‘He(r,7")4n 83
(=1 Ungar, PLB 144 (1984) 333 <1 S osof % }_
—
Dn.-
:é B Bound State
%E Region
a % % r[')
t
0 1 ILI § _é é } é
210 220 230 240 250

Pion Momentum (MeV/c)
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1960s: a long quest begins

» Two-step reactions:

o p+W —f= #n+7Zn — ™Zn (-76a)
(=1 Detraz, PLB 66 (1977) 33

Pb
o 208Ph (7= ") *n (D) 210py, (—212Bi—22Po)
(=1 Chultem, NPA 316(1979) 290

» Pion charge-exchange :
e 3H(w,~)3n
(=1 Miller, NPA 343 (1980) 347

e ‘He(m,7")4n

(=1 Ungar, PLB 144 (1984) 333

» Multinucleon transfer :
o 'Li+ "B — MO +4n
(=1 Belozyorov, NPA 477 (1988) 131
o "Li+ "Li — °0UC + 4(3)n
=1 Cerny, PLB 53 (1974) 247 <&l

Pisa Summer School / Pisa (Italy) / July 24, 2019
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2 . 5
o 20+ Possible region
& 5-body j_ for bound 4n
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oL space } !
o
0 M—lann nn Maan o
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) XX century: cross-sections & backgrounds ...
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The GANIL4+DEMON experiment

» Breakup of n-rich beams :

C
C

Q

G

e 1st step : high cross-section !

O

e 2nd step : sensitive probe !

m fHe+*nO
A

100,

[{°Be+*nO

80@%,;:

N [counts]

E,[MeV]/E, [MeVIN]
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The GANIL4+DEMON experiment

» Breakup of n-rich beams :

C
C

Q

G

e 1st step : high cross-section !

O

e 2nd step : sensitive probe !

m fHe+*n0
[1%Be+"n0] o

&@Beﬁnﬂ 7
|

N [counts]

S S E—
E,[MeV]/E, [MeVIN]
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» 1“Be (—)> 10Be + 4n :
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The GANIL4+DEMON experiment

» Breakup of n-rich beams : > “Be <C_)> 10Be + 4n -

C
C

“Be(C) | E,=11-18 MeVIN |
- X+n

Q

G

e 1st step : high cross-section !

O

e 2nd step : sensitive probe !

m fHe+*nO
A

100, 1 2 d63 o

[{°Be+*nO

SDM':

=1 FMM, PRC 65 (2002) 044006

N [counts]

(*n,p) breakup
Er(*n) < 2 MeV !

— alternative scenarios

E,[MeV]/E, [MeVIN]

=1 FMM, arXiv:nucl-ex/0504009
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“Tetraneutrone” (Focus magazine, 2002)

Come si produce I'elemento zero

particolarita di essere

awvolto da una coppia di

neutroni), e lo si fa

| scontrare con un _

. bersaglio di carbonio. In | | 4 neutroni, registrati da | insieme, come se fos-
seguito all'impatto, i

¢co come funziona

I'esperimento. Si
accelera un fascio di
nuclei di berillio-14, un
isotopo dell’elemento
berillic (che ha la

Nucleo di

Ietranputrone

berillio-14 .& .

5.
4. 4
Bersaglio
Ratonl e e
esterni
Fascio di uscita

Rivelatori di neutroni

.~ flash luminosi, dovreb-
. bero sparpagliarsi in piu
direzioni. Per 6 volte,
perd, sono arrivati tutti

‘ nuclei di berillio-14 si

| spezzano in nuclei di

' berillio-10 e 4 neutroni.
B Tutti insieme

rivelatori che producono | sero una sola particella.

—

Flash piu lufninoso dovuto
a un gruppo di 4 neutroni

-

g |
"é‘:'“,\ SRR
” f{ﬁ\:ﬁf:. ‘?gzjl‘-\ ~ u
Nucleo di i
f | NP

berillio-10

5

Flash dovuti al passaggio
di singoli neutroni

Scontri tra nuclei atomici
Schema dell'esperimento presso
l'acceleratore Ganil di Caen (Francia).
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From GANIL ... to RIKEN

» The DEMON campaigns:

¢co come funziona particolarita di essere ‘ nuclei di berillio-14 si fiash luminosi, dovreb-

I'esperimento. Si awolto da una coppiadi | spezzano in nuclei di bero sparpagliarsi in pit
accelera un fascio di neutroni), e lo si fa | berillio-10 e 4 neutroni. | direzioni. Per € volte,
nuclei di berillio-14, un scontrare con un B Tutti insieme pero, sono arrivati tutti

isotopo dell’elemento bersaglio di carbonio. In ‘ 1 4 neutroni, registrati da | insieme, come se fos-
berillio (che ha la seguito all'impatto, i rivelatori che producono | sero una sola particella.

Flash pils lufninoso dovute

Tetraneutrone
> a un gruppo di 4 neutroni

Nucleo di
berillio-14

ﬁ,

Neutroni
esterni

&

Bersaglio
di carbonio

Fascio di uscita

Flash dovuti al passaggio
di singoli neutroni
Scontri tra nuclei atomici
Schema dell’'esperimento presso
l'acceleratore Ganil di Caen (Francia).

.,[ % Rivelatori di neutroni

14Be Q> 10Be + “n

8He Q) “*He 4+ “n

(

; (
12/148¢ &y +46n  ('02)

(

15 Q) 14Be* — 4p

L) experimental program stopped
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From GANIL ... to RIKEN

» The DEMON campaigns: » MUST collaboration:

Come si produce I'elemento zero
€co come funziona particolarita di essere ‘ nuclei di berillio-14 si flash luminosi, dovreb- 8 H ( ) 6 |_ ! 02 ! O 4
I'esperimento. Si awolto da una coppia di | spezzano in nuclei di bero sparpagliarsi in piu e | n y
accelera un fascio di neutroni), e lo si fa | berillio-10 e 4 neutroni. | direzioni. Per 6 volte,
nuclei di berillio-14, un scontrare con un B Tutti insieme pero, sono arrivati tutti
isotopo dell’elemento bersaglio di carbonio. In | |4 neutroni, registrati da | insieme, come se fos-
berillio (che ha la seguito all'impatto, i ‘ rwetalon che producono | sero una sola particella. 80
~ ey
Tetraneutrone - Py Flash pils lufninoso dovute
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Fasciodi 0___| Flash dovuti al passaggio
ingresso / » di singoli neutroni
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‘l L Rivelatori di neutroni l'acceleratore Ganil di Caen (Francia).
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From GANIL ... to RIKEN

» The DEMON campaigns: » MUST collaboration:

Come si produce I'elemento zero

14ge )y 10Be 1 4y ('01,'02) » Shimoura et al (SHARAQ):
JICN “He + *n ('02)

12/14Be Q> aa + 4 0n ('02)
5B Q) 1“Be* — %n  ('05,06)

L) experimental program stopped
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"He (®He, aa) *n  ('12)
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accelera un fascio di neutroni), e lo si fa | berillio-10 e 4 neutroni. | direzioni. Per € volte,
nuclei di berillio-14, un scontrare con un B Tutti insieme pero, sono arrivati tutti
isotopo dell’elemento bersaglio di carbonio. In | |4 neutroni, registrati da | insieme, come se fos-
berillio (che ha la seguito all'impatto, i ‘ rivelatori che producono | sero una sola particella. 80
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g 8 20
e .
P 10
A 1l oI
2 o =
A \f{ 0 il |k LY ﬂumﬂﬂﬁﬂ fln ]
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RIKEN : “Candidate Resonant Tetraneutron”

=1 Kisamori, Shimoura, PRL 116 (2016) 052501

*He (®He, ar) *n
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4 § B s
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g-Beamline 8He o i :
beam N -
0.5 h
liquid He B ]
target - ;
- E
SHARAQ AT AN AT A i
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CRDCS .......................................
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RIKEN : “Candidate Resonant Tetraneutron”

=1 Kisamori, Shimoura, PRL 116 (2016) 052501
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T B background x 10 .
10 wave packet g
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s L resonance & "4 direct decay i
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> 61 g ]
5 T Y v i
]
O 4r .
L 3 i

-20 -10 0 10 20 30 40 50 60
E4n (MeV)

e only 1 event in unphysical region

e 4 events close to threshold !
BigRIPS

( E(*n) = 0.8 /1.3 MeV
{ ['(*n) < 2.6 MeV

|||||l'|||||'

High-Resolution

-Beamline i
- 4
liquid He ] L o(*n) ~ 4 nb
target ]
SHARAQ AT AT AR — resonance ? ¢/
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Theoretical ‘proofs’ ? N\ S

» ELNNA] = “from first principles”

relies on basic and established laws of Nature
without additional assumptions or approximations

A A A
H=3)> Ti+) Vi + > Vi

1<j 1<j<k
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Theoretical ‘proofs’ ?

» ELNNA] = “from first principles”

relies on basic and established laws of Nature
without additional assumptions or approximations

A A A
H=3)> Ti+) Vi + > Vi

1<j 1<j<k

=1 Pieper, PRL 90 (2003) 252501

T
(8]

= o
||||||||||
=
l\-)+
e
\\Ij
9 e
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| ]

4 4
3H H 5 J
s -20f H .
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‘He  SHe

-50

B 6He °Li
[ 'S,2n!S-AVIJAVI8  Exp

L) proof that *n does not exist (?)
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Theoretical ‘proofs’ ?

» ELNNA] = “from first principles” e E(*n)=—500 keV: ‘strongly’ bound !

relies on basic and established laws of Nature e Vijr not ab initio nor precise !

without additional assumptions or approximations o ‘exact’ to 1-2% . of total E: o MeV. |

A A A
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L) proof that *n does not exist (?)
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Theoretical ‘proofs’ ?

» ELRNOA] = “from first principles” e E(*n)=—500 keV: ‘strongly’ bound !
relies on basic and established laws of Nature e Vijr not ab initio nor precise !

without additional assumptions or approximations o ‘exact’ to 1-2%  of total E: o MeV |
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Theoretical ‘proofs’ ?

» ELRNOA] = “from first principles” e E(*n)=—500 keV: ‘strongly’ bound !
relies on basic and established laws of Nature e Vijr not ab initio nor precise !

without additional assumptions or approximations o ‘exact’ to 1-2%  of total E: o MeV |

A A A
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. . S 2+ AV18+IL2+externaI% _
i 1<J 1<j<k | -
0 .

=1 Pieper, PRL 90 (2003) 252501

s
Q
[ A ] = .
0?—@4{7% 0 —1] g 7]
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‘Superheavy’ multineutrons (I don’t think so) ?
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Light nuclear-stable multineutrons among products of the fission of ***U nuclei that is induced by 62-MeV
alpha particles have been searched by the activation method with a *Al sample. These multineutrons have
been detected by characteristic gamma rays emitted by the nuclei from the beta-decay chain Mg —

2Al— 2%Si. The **Mg parent nucleus can be formed in the ’Al+ “#— 2¥Mg + p(x — 2)n process. The
gamma-ray spectra of the irradiated sample exhibit lines of 1342- and 1779-keV photons accompanying the
beta decay of the Mg and **Al nuclei, respectively. The decrease in the activity corresponds within the mea-
surement accuracy with the half-life 7;, ~ 21 h of*®Mg, which certainly indicates the detection of nuclear-

) A>1: butonly 6/8n can exist !

stable multineutrons *n with x = 6.

1. INTRODUCTION

The problem of stability of nuclei consisting of
neutrons only has long been actively studied both
experimentally and theoretically. Interest in this prob-
lem is quite understandable, since the discovery of
neutron nuclei would be refvolutionarily important for
nuclear physics and would radically change our repre-
sentations on the nucleon—nucleon interaction with
far-reaching consequences not only for nuclear phys-
ics but also for other fields of science, in particular,
astrophysics. This discovery would be applied with the
appearance of the possibility of the accumulation of
neutron matter.

It is well known that two neutrons do not form a
bound nuclear system. The overwhelming majority of
experimental investigations indicate that the systems
of three and four neutrons are also unstable.

Thus, the negative result of numerous searches for
In—*n nuclei [5-9] does not exclude the existence of
heavier neutron clusters.
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2. DESCRIPTION OF THE EXPERIMENT

The primary target (a 2°U foil 160 ym thick)
placed at the center of a scattering chamber was bom-
barded with a beam of 62-MeV alpha particles accel-
erated at the cyclotron of the Kurchatov Institute.

An aluminum sample with a mass of 2.8 g was
placed in a hermetically sealed container installed in a
vacuum scattering chamber at an angle of 20° with
respect to an incident alpha-particle beam. An
additional beryllium filter 1 mm thick was placed
upstream of the aluminum sample in order to
suppress the background of scattered alpha particles,
tritons from the 2*U(a.7) reaction, and other charged
particles. In view of a high activity in the room, the
irradiated samples were transported and processed half
an hour after irradiation.

In this case, the intense 1368- and 2754-keV
gamma lines of the *Na isotope from the YAl (n, a)
2Na (0 =3.13 MeV) reaction and the corresponding
Compton background are the only factors hindering
the reliable identification of gamma rays from the
chain of nuclei Mg — 28A] — 28§

4. CONCLUSIONS

To conclude, nuclear-stable multineutrons among
products of the ternary fission of 2*U nuclei that is
induced by 62-MeV alpha particles have been sought
by the activation method.

The reported measurements confirm the results of
our previous work [10], where the possible emission of
multineutrons from the temary fission of U was
established by characteristic 1384-keV gamma rays
from the %¥Sr + n — (x — 4)n + 2Sr — “Y process in
the activated strontium sample. Comparison showed
that the yield of Mg in the case of the interaction of
multineutrons with /Al is an order of magnitude
higher than the yield of *St.

The results of two independent experiments indi-
cate that nuclear-stable multineutrons (most likely, °7)
are emitted from the alpha-particle-induced temary
fission of 2%U. In the future, we are going to improve
the statistics of the measurements by increasing the
intensity of the beam and irradiation time of sample.
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Outline

€ ‘Multineutron’ context:

e why should we care 7
e XX century: o(*n) & backgrounds ...
o XXl century: first signals !

—  GANIL : theory & experiments

— RIKEN : more candidate events

e theoretical ‘proofs’ ?

@ The RIKEN campaign:

e SHARAQ 2.0: *He (®He, ac’) *n
e NEBULA-+NeuLAND & MINOS:
— SHe (p,par) *n: 4n without FSI

— 8He (p,2p) {*H+*n}: any (E, )R
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Come si produce I'elemento zero

cco come funziona particolarita di essere | nuclei di berillio-14 si | flash luminosi, dovreb-
I'esperimento. Si awvolto da una coppia di | spezzano in nuclei di | bero sparpagliarsi in pil
accelera un fascio di neutroni), e lo si fa | berillio-10 e 4 neutroni. direzioni. Per 6 volte,
nuclei di berillio-14, un scontrare con un M Tutti insieme perd, sono arrivati tutti
isotopo dell’'elemento ' bersaglio di carbonio. In ‘ | 4 neutroni, registrati da | insieme, come se fos-
berillio (che ha la seguito all'impatto, i rivelatori che producono | sero una sola particella.
a— —
e Tetraneutrone _ Flash pils lufinoso dovute
ucle —>_a un gruppo di 4 neutroni
berillio-14 ; .
== &<

Neutroni
esterni

|~ S
s
5. p ATl et ]
g Nucleo di Sy | ST )
berillio-10 g X
Bersaglio & < ‘
di carbonio SdSey g

AT : Flash dovuti al passaggio
ingresso - / % di singoli neutroni
X Scontri tra nuclei atomici
Schema dell'esperimento presso
l'acceleratore Ganil di Caen (Francia).

."- i Rivelatori di neutroni
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Back to RIKEN {
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Tetraneutron context @ RIKEN (YO S

» Three experiments: same beam (®*He) & energy (150-200 MeV/N) ?

reaction initial state final state o results
('16) “*He (®He, acr) *n ( ) ( )
€1 Shimoura, NP1512-SHARAQL0 % = 8 @ A %Jﬁ nb ‘I‘\Ine\-ltE ;05
('17) ®He (p.pa) *n ( )
(=1 Paschalis, NP1406-SAMURAIL9 % = Q <:8 8 \o,./:> b L\Ine‘_’tE ;OOOS
('17) ®He(p.2p) {*H+"n} ((B >:> o 00 ( 8):> B 10000
=1 FMMYang, NP1512-SAMURAI34 > s 4neV8t47H- E il
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Tetraneutron context @ RIKEN (YO S

» Three experiments: same beam (®*He) & energy (150-200 MeV/N) ?

reaction initial state final state o results
('16) “*He (®He, acr) *n ( ) ( )
1 Shimoura, NP1512-SHARAQL0 % - 8 @ \%%J: nb L\Ine\./tE ;OS
('17) ®He (p.pa) *n ( )
(=1 Paschalis, NP1406-SAMURAIL9 % = Q <:8 8 \o,./:> b L\Ine‘_’tE ;OOOS
('17) ®He(p.2p) {*H+"n} ((B >:> o 00 ( 8):> B 10000
=1 FMM/Yang, NP1512-SAMURAI34 N | 4nev8t47H- E il

— a very ‘simple’ formula !
beam intensity
reaction cross-section (probability)

Newti x I X o X p X € [ _
number of target nuclei

detection efficiency
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Building a (relativistic) masterpiece !

B~ 06¢c!
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Building a (relativistic) masterpiece !

B~ 06¢c!
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Building a (relativistic) masterpiece !

coE=n)

B~ 06¢c!
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Building a (relativistic) masterpiece !
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Hydrogen 7 & Tetraneutron: tiny ‘neutron stars’

> e o)

220 3
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Hydrogen 7 & Tetraneutron: tiny ‘neutron stars’

> e o)

28 3
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N/Z
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8

| 0
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» Ambiguous and contradictory signals:

X low statistics & resolutions

X backgrounds (targets, binary channels)

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

> e o)

28 3
8
4
N/Z
5
6
7
8

| 0
. J

» Ambiguous and contradictory signals:

X low statistics & resolutions

X backgrounds (targets, binary channels)

X missing mass: no neutron detection

> 'H& *n proposal with £(4n)>0 !
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Hydrogen 7 & Tetraneutron: the long jump

28
8

e g

0)

i
s

» SHe(p,2p) 'H @ 150 MeV/N:

“Many-neutron systems:
search for superheavy Hydrogen 7
and its Tetraneutron decay”

=1 FMM/Yang, NP1512-SAMURAI34

e follow up of 10, NP1306-LOI08

— 280 [Kondo] already done !
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Hydrogen 7 & Tetraneutron: the long jump

@ Q)

| ‘ e N=6 (vpsp)* sub-shell closure ?
| .E (to %30
N B

H

3 |
. 2 I
3H ™
1 1
_‘gn-- 1
() ——
3 4 5 6 I
» 8He(p,2p) 'H @ 150 MeV/N: H "H °"H °H 'H

“Many-neutron systems:
search for superheavy Hydrogen 7
and its Tetraneutron decay”

=1 FMM/Yang, NP1512-SAMURAI34

e follow up of 10, NP1306-LOI08

— 280 [Kondo] already done !
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Hydrogen 7 & Tetraneutron: the long jump

IE (& 20
|
"Hn |

» SHe(p,2p) 'H @ 150 MeV/N:

“Many-neutron systems:
search for superheavy Hydrogen 7
and its Tetraneutron decay”

=1 FMM/Yang, NP1512-SAMURAI34

e follow up of '&10r, NP1306-LOI08

— 280 [Kondo] already done !

e N=6 (vpsp)* sub-shell closure ?
3 I
2
1
0
SH “H "H °H 'H
e direct *n decay ? Eg(4n) !
(2-body PS) (5-body PS)
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Hydrogen 7 & Tetraneutron ‘emission’ ?

@ Q)

0| ~{098)

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

p(*He,2pJH
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sHe e
- 7H | +—! —‘ i 1 1 1 ' N () 10 20
- 1= @ 20 @ 2] Korsheninnikov, PRL 90 (2003) 082501
0 Kobayashi, HIMAC Report H12 (2000)
5
8 7 2
He (p,2p) ‘H @ 150 MeV/N: € 3
02
o oL i T T e
- 10 15 20 25 30
oo 25 (=1 Caamafio, PRL 99 (2007) 062502

e o — < — oo 12}

5 . 107

\ : 5 E st

. g 7 of

— 7-body final state! 8 I

3 4]

10 |

— FWHM ~ few MeV 2}

2 1 0 1 2 3 45 6| l[L0L .. .
(=1 Fortier, EXON Symposium (2006) -4 0 4 8 12 16 20
| =1 Nikolskii, PRC 81 (2010) 064606 |
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Hydrogen 7 & Tetraneutron ‘emission’ ?

e g

e MINOS liquid H target:
— high luminosity (statistics)

— proton angles (resolution)

e DALI Nal crystals:

— proton energies (efficiency)

e SAMURAI:

— triton momentum

(resolution & correlations)

e NEBULA + NeuLAND:

— 3/4 neutron momenta

\

— 7-body final state!

— Q) = 9

— FWHM ~ few MeV — 100 keV !

“The extremes of neutron richness” / F.M. MARQUES 19 /27

Pisa Summer School / Pisa (Italy) / July 24, 2019




Hydrogen 7 & Tetraneutron ‘emission’ ?

e g

e MINOS liquid H target:
— high luminosity (statistics)

— proton angles (resolution)

e DALI Nal crystals:

— proton energies (efficiency)

e SAMURAI:

— triton momentum

(resolution & correlations)

e NEBULA + NeuLAND:

— 3/4 neutron momenta

oo (efficiency, resolution & correlations)
- { Q9 }

o angular correlations — E(4n) !
\

— 7-body final state!
— FWHM ~ few MeV — 100 keV !

— (2p+t+3n) ~ 150 keV !

— Q) = 9

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

» EXPAND project (French ANR):

e expand NEBULA multi-n capabilities !

— France: LPC, IRFU, IPNO
— Japan: TlTech, RIKEN
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E,[MeV] (***0-%0+xn)

(ezn<e. due to neutron cross-talk) [&1FMM, NIM A 450 (2000) 109
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Monte-Carlo simulations

» EXPAND project (French ANR):

e expand NEBULA multi-n capabilities !

— France: LPC, IRFU, IPNO

— Japan: TlTech, RIKEN

— 490 bars: Comm. & Day-1 2019/20
%

suggested configuration:

) £(4n) enhanced ~ x16 !
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24+X 24

E,[MeV] (OO +xn)

o

(ezn<e. due to neutron cross-talk) [&1FMM, NIM A 450 (2000) 109
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Monte-Carlo simulations

» EXPAND project (French ANR):

e expand NEBULA multi-n capabilities !

— France: LPC, IRFU, IPNO

— Japan: TlTech, RIKEN

— 490 bars: Comm. & Day-1 2019/20
%

suggested configuration:

) £(4n) enhanced ~ x16 !
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--- NeuLAND+NEBULA

(ezn<e. due to neutron cross-talk) [&1FMM, NIM A 450 (2000) 109
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MINQOS+DALI simulations [C. Lenain]
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MINOS+DALI simulations [C. Lenain]

DALI

“The extremes of neutron richness”

/ F.M. MARQUES
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(=1 Caamafio, PRL 99 (2007) 062502
Excitation Energy (MeV)
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8He (p,2p) 3H+%n

/ F.M. MARQUES

>4 bars 777

%

» Online analysis:
¢ 8He on target
v/ 2p detected
v 3H detected
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First online ‘results’ [A. Revel]

NeuLAND
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[

NEBULA

Counts

“The extremes of neutron richness”

» Online analysis: ®He (p,2p) *H-+*n

¢ 8He on target
v/ 2p detected
v 3H detected

— | =>4 bars 777

T T

run# 677-700-701 |

104/ .

clusters |
neutrons -

10 :

7\

0 1 2 3 4 5 6 7 8 9 10

Multiplicity

— total events: ~ 50k !l

— still 1-2 years : calibrations ...
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Neutron stars: the huge neutral nuclei !

» Neutron stars (M ~1.5M):

5 Supernova: gravitational collapse

°n + 260,

°Fe +26¢ —

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

@ Q)

» Neutron stars (M ~1.5M):

5 Supernova: gravitational collapse

°n + 260,

°Fe +26¢ —

@ 2 huge liquid, neutral drop ?

3 2
B/A ~ (av—aa)—k—G%AQ/?’
5 To

— Anin(B>0) depends on a, !

aq [MeV] Anin R[km] M/Mg
23 4x10° 34 0.04
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Neutron stars: the huge neutral nuclei !

@ Q)

» Neutron stars (M ~1.5M):

5 Supernova: gravitational collapse

°n + 260,

°Fe +26¢ —

@ 2 huge liquid, neutral drop ?

3 2
B/A ~ (av—aa)—k—G%AQ/?’
5 To

— Anin(B>0) depends on a, !

a, [MeV] | A., RI[km] M/Mg
23 4x10>® 3.4 0.04
28—33/AY3 | 10°7 10 1

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

» Neutron stars (M ~ 1.5 Mg): nFe & e | [g/em’]
p+e” 10°
¥ Supernova: gravitational collapse n-rich nuclei 1010
n drip 10!
nuclei dissolve| 2x 10
14
@ 2 huge liquid, neutral drop ? i L >4x10

B/A ~ (a,— a,) —I—éGm—%AQ/?’ ( rotation period : ~ ms |
> T magnetic field : ~ 104 G |
— Aqin(B>0) depends on a, ! ) gravity : vl (1m) ~ 7,000,000 km/h !
| density : humankind ~ 0.7 cm® !

a, [MeV] | A., RI[km] M/Mg
23 4x10>® 3.4 0.04
28—33/AY3 | 10°7 10 1

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

» Neutron stars (M ~ 1.5 Mg): nFe & e | [g/em’]
p+e” 10°
¥ Supernova: gravitational collapse n-rich nuclei 1010
n drip 10!
nuclei dissolve| 2x 10
14
@ 2 huge liquid, neutral drop ? i L >4x10

B/A ~ (a,— a,) —I—éGm—%AQ/?’ ( rotation period : ~ ms |
> T magnetic field : ~ 104 G |
— Aqin(B>0) depends on a, ! ) gravity : vl (1m) ~ 7,000,000 km/h !
| density : humankind ~ 0.7 cm® !

a, [MeV] Anin R [km] M /Mg,
55
23 4x10 3.4 0.04 » Neutron star ‘collision’ !l
28—33/AY3 | 10°7 10 1

GW170817

(=1 Abbott, AJL 848 (2017) L12 §
— roughly a neutron star ? (=1 Abbott, PRL 119 (2017) 161101

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



Summary & Outlook I\

€ ‘Multineutron’ context:

e why should we care ?
o XX century: o(*n) & backgrounds ...
o XXl century: first signals !

—  GANIL : theory & experiments

— RIKEN : more candidate events

e theoretical ‘proofs’ ?

® Short/Mid-term future:
@ The RIKEN campaign:

e confirm (refute) *n signals !

e SHARAQ 2.0: *He (®He, ac’) *n

— theory: reliable *n and beyond ?
e NEBULA-+NeuLAND & MINOS:
He (p,3p)®n ? %He — a+°n ?
— SHe (p,par) *n: 4n without FSI
An emission 7 Qgen(**B) ~8 MeV ...
— 8He (p,2p) {*H+*n}: any (E,T)r

Lol

core+xn systems/thresholds ?
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