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THE LIMITS OF STABILITY

» Where are the drip lines ?
';' 107
s > Egs(N, Z)
uf® = min| 3> M(ni, )| — M(N, 2)
10

» The neutron dripline :
o5 > access to extreme (NN, Z) !!!
> limited to light nuclei ...

> many interesting phenomena

» In order to probe it :
> intense n-rich beams

> efficient neutron detectors
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EXPERIMENTS WITH N-RICH BEAMS

» OAr — 19C — 8C+n ('94) :

° @S 0.4% O 2x10°
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AROUND THE NEUTRON DRIPLINE
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AROUND THE NEUTRON DRIPLINE
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> O+ @ correlations
> unbound systems
> tetraneutron
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> 6 s @ correlations
> unbound systems

RIKEN+NEBULA > tetraneutron

> Day-One experiments
> short term : 4n
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> 6 s @ correlations
> unbound systems

RIKEN+NEBULA > tetraneutron

> Day-One experiments

> short term : *n

RIKEN + EXPAND
> 280 TH. 46
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GANIL+DEMON
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TWO-NEUTRON HALOES

» Borromean @ systems :
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TWO-NEUTRON HALOES

» Borromean &) systems : » How is it modified ?

> by the n-n distance

> by the n-n interaction

2

:\ o o(q) = Q(q) x / Ya P} (ann) d’r
R B/\f ~ Q(q) X .
1+ q? a,,?
CY
» The neutron-neutron interaction : 600 —— a.=—16.3 m
w M o emtom ]

_E|

i H—H i
counts per channel

m+d n+n+y

> final state modified by V,,,, !
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TWO-NEUTRON HALOES

» Borromean &) systems : » How is it modified ?

> by the n-n distance

> by the n-n interaction

2

:\ o o(q) = (q) X / Ya P} (ann) d’r
R B/\f ~ Q(q) X .
1+ q? a,,?
@
» The neutron-neutron interaction : 600 —— 0.=-16.3 m
| B o emtom ]

_E|

i H—H i
counts per channel

m+d n+n+y

> final state modified by V,,,, !
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THE NEUTRON FEMTOSCOPE
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» The halo of ''Li :
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Q(q) X Con {¥(Tnn)s ann} :

> o(q)

~+ o(q) is measured

~» event mixing provides Q(q) ...
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THE NEUTRON FEMTOSCOPE

6.6+1.5fm
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» The halo of ''Li :
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Q2(q) X Crn {¥(Tnn)s ann} :

~+ o(q) is measured

> o(q)

(30/s @ 30 MeV/N)
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~» event mixing provides (q) ...

a=n

F.M. Marques (¢
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CORRELATION FACTOR & SOURCES

» The neutron-neutron FSI
[Lednicky & Lyuboshits, SJNP 35 (1982) 770] :

C(p1,p2) = 1 + (bo(q,p)) + (bi(g,p))

By=QSS B;=FSI
x = 581 — Ty = (r1,t1) — (r2,t2)
By, = —— (cos(qa:) —— /W(:c) cos(qx) d*x

B = {If(k*)l (9pn (@) + 28] £(6°) (dynpa (@) cos(an/2) | |
— [enrndrndrea w@) {17026y (@) +

DRI () bpsp ()] o (qzr/2) coslao(rs, — vt)/zv]}

t=20
W (z;) = e "8/2r8
W(x) = e~ /4ro®

~"~

U
C(q) ~ 1 —1exp(—q2’r(2))
|fI?
+4r0 <1 o 2\/_7'0)
+72-Fi(qro) — 3L Fa(gro)
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» Different n sources [rI™*] :

T
1 b oo
I 4
N

r., [fm]

> similar n-n sources !

» Borromean @ systems ...

o
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B. LAURENT : TESTING THE CHRONOMETER

» 8He"(C) — ®He+nn @ 15 MeV/N :

> He+n decay energy :

i 3L v2IN
200
| 2
175F < 2
: Q
150 g lr
Liostt 0 s
g 100k 55 60 65
O s (%)
5 6

~+ "He, one state (gs) !

~» very narrow, I'=0.16 MeV

~ very easy to identify !

~ long-lived — he/T'= 1250 fm/c ...

ESNT/2013/“Around the neutron dripline” (7/27) F.M. Marqués @



B. LAURENT : TESTING THE CHRONOMETER

. > SHe+nn coincidences :
» ®He (C) — %He+nn @ 15 MeV/N :

60
> ®He+n decay energy : 7 | 100
:_’405
r 2N § i 50,. ‘
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2 2

mnn mcn

~+ "He, one state (gs) !

~~ VEry narrow, I'=0.16 MeV ~» both nn and 7He Signals !

~ very easy to identify ! ~+ direct/sequential models ...

~ long-lived — he/T'= 1250 fm/c ...
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B. LAURENT : TESTING THE CHRONOMETER

» 8He"(C) — ®He+nn @ 15 MeV/N :

@

_— "

3

> direct/sequential ratio from ®He +n

[30%] = °He +nn  [® Cpn(ro)]

[70%] = "He +n
J/ (TO) [® C’nn(’rOa TO)]
He +n

~ vary (rg, 7o) and check x? surface
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B. LAURENT : TESTING THE CHRONOMETER

» 8He"(C) — ®He+nn @ 15 MeV/N :

@

_— "

3

> direct/sequential ratio from ®He +n

[30%] = %He + nn [® C’rm(TO)]

[70%] = "He +n
\L (TO) [® Cnn(’rOa TO)]
He +n

~ vary (rg, 7o) and check x? surface
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= 7.3 £0.6 fm
= 1400 £ 400 fm/c

= 1250 fm/c!
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B. LAURENT : TESTING THE CHRONOMETER

» 8He"(C) — ®He+nn @ 15 MeV/N :

@

3

> direct/sequential ratio from ®He +n

[30%] = °He +nn  [® Cpn(ro)]

[70%] = "He +n
J« (TO) [® Cnn('rm TO)]
‘He + n

~ vary (rg, 7o) and check x? surface
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7o = 1400 £ 400 fm/c

7("He) = 1250 fm/c !
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A. LEPRINCE : SIZE OF EXCITED STATES ...

I 0 5 1 2 2
D = m mnn mcn
nn
e 20
8 i
S |
Z L
10
0

E,(“Be+n+n) [MeV]

> very clean spectrum :
~+ 27 plus broad structure (no bhck) !

~ some n-n FSI ...
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A. LEPRINCE : SIZE OF EXCITED STATES ...

» PB(C) = "Be"— 2Be+nn @ 35 MeV/N :

30 -

N
o
L

N [countg]

=
o
T ‘ T T T

0 2 4 6
E (“Be+n+n) [MeV]

> very clean spectrum :

~+ 27 plus broad structure (no bhck) !

~+ almost no n-n FSI for the 21 !

(] ]
~ (O “contraction” beyond ... ?
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FORMATION OF UNBOUND NUCLEI

10 » how to dive into the sea ?

> strip nucleons from a beam !

,
6 » how to find a “nucleus” ?
>
§
3 &

2 &
7y
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FORMATION OF UNBOUND NUCLEI

10 » how to dive into the sea ?

> strip nucleons from a beam !

» how to find a “nucleus” ?

2 > look for energy levels ...

S
S

I

w

S > better than “missing mass” ?
2 /\/@

o————————————
_ “HetC |
2 2 St+n+n | £ 2
> 3 > >
g | 3 3
=z 1O 1z z
%% 5 10 0 2 4 6 8 1 01 2 3 4 5
E(’H) [MeV] EC’He) [MeV] E(*B) [MeV]
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ACROSS THE DRIPLINE

» Ingredients of @:

@ (0)

% NS ‘He “Li "“Be 2B B¢ 4N 0o |
;; of olngu.
@R
*ﬁﬂ _2; B
4 % 2
-6 % a
[ 1/2*
8F ]
ok N=T7 ]
i 1p1/2—281/2 inversion
121" [Chen, PLB 510 (2001) 24] 172
-14 - ! | | | | | L
2 3 4 5 6 7 8

Atomic Number Z
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ACROSS THE DRIPLINE

» Ingredients of @i » Experimental technique :

v foggn V'C;/@ RN > 14B knockout or fragmentation :
Q Q ~ fragment-n states & continuum
@ ; © Ve 500 13 10y ¢ | 13p
1 250 | e
o0 ¥ kil
. . . 7)) t 200 4 ++
» Evolution across the dripline : .0l h . +++ "
= 150 —
~ T T T T T T T 5 200 — +++ 100 L + +++++
% i He M™Li "Be 2B Bc MN Y0 | ++++¢ +++++
S . ] 100 1~ ‘g 50 |- +*++w
C [ ool ] ot oo
P 0 I e I \ | & e
U.J i 0 2 4 6 0 2 4 6
g 2 a ] Ed (MeV)
4 % a
ol ] > fit fragment+n data with :
: 1/2%
8L ] ~» resonances (E,,T,)
b V=T . . ] ~ virtual states (£=0, a,)
- 1p1/2-2s1 /2 Inversion ] ¢ o
12 f (Chen, PLB 510 (2001) 24] 172 ~» fragment+n event mixing
-l4F | | | | | ! ]

> "He : cross-check !

2 3 4 5 6 7 8
Atomic Number Z

ESNT/2013/“Around the neutron dripline” (12/27) F.M. Marqués @



G. RANDISI : LITHIUM 10

» !1Be p-knockout : A =~ 0

> access to vsi 2 (1°Be ® v2sy/2)

» 4B fragmentation : Af #£ 0

> access to vsy 2, VP1/2

N
9]
T

[\
T T

—
L L

E(’Li+n) (MeV)

I (V1py) (V1py))
[| VIPyp) (v1p,),) (v1p,,)
0.5 H
[ (v1ip,),)
L P | (V2s,),) (v2s,,,) (v2s,,,)
(v2s,,,) ’ o7 (V2sy,,)  (V2s,,,)
0L oYY //// . A L
a<-20 fm a<-10fm a=-14fm a=-30fm a=-23fm
[Boh97] [Zin97] [Tho99] [Cag99] [Che00] [AF07] [Sim07] [Aks0S]
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G. RANDISI : LITHIUM 10

» !!1Be p-knockout : A =~ 0

> access to vsi 2 (1°Be ® v2sy/2)

» 4B fragmentation : Af #£ 0

> access to vsy 2, VP1/2

>
W

[\

E(’Li+n) (MeV)

e
W

(| (V1pyp)

(Vip,,)

(Vip,),)

(V1p,))
(V1p,,)

[ (VIp,))

[Boh97]

(v2s,,,)

(v2s,),)

7

(v2s,),)
(v2s,,,) e
oYY
a<-20 fm

(V2s;))

(v2s,),)
Ay Sl

a<-10fm a=-14fm a=-30fm a=-23fm

[Zin97]

[Tho99] [Cag99] [Che00] [AF07]

ESNT/2013/“Around the neutron dripline” (13/27)

[Sim07] [Aks08]

300 |
200 |

100 |

- (E,, ') = (0.55, 0.35) MeV

V1p1/2—1/281/2

inversion confirmed !
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G. RANDISI : BERYLLIUM 13

» 4B p-knockout : Al ~ 0 @
(13B ® 1/281/2 —|— 13B ® I/2d5/2) §

o=

)

> access to v2sy /3, Vv1ds)o

300 - (E, Ty =(0.70, 1.65) MeV
i - (E, Iy = (2.40, 0.60) MeV

35 F
I 1/2)
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éﬂ 25 F — (5/2%)
I 52
S S e S22 em) N
2
: 12 12 et A T
+ 15 -
L o 33 tm o 54 0 1 2 3 4 5 6
aQ s 172) 172 Ed (MCV)
= [ 1/2)
0.5 i
: 12 . ) )
ot ,/(//; % Ly % N =9 y1d5/2—1/231 o8 inversion !
- a<-10 fm a=-20fm

[Ost92] [Kor95] [Bel98] [Tho00] [Lec04] [Sim07] [Cri08] [Konl0]
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BEYOND THE DRIPLINE

» Neutral nuclei & the liquid drop :

Z=12 N=4
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BEYOND THE DRIPLINE

» Neutral nuclei & the liquid drop :

B/A
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BEYOND THE DRIPLINE

» Neutral nuclei & the liquid drop :

B/A
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BEYOND THE DRIPLINE

» Neutral nuclei & the liquid drop : » 1960s-2000s :

z=12 N=4 C

l< s RS e O
Z |
T O :

““““ ~+ binary or two-step reactions

Q

a = 28-33/A"®

B/A
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BEYOND THE DRIPLINE

» Neutral nuclei & the liquid drop :

Z=12 N=4

a = 28-33/A"®

B/A
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» 1960s-2000s :

C
C

Q

G

Q

~+ binary or two-step reactions

» GANIL -+ :

N [counts]
S

~
a1
————

N
(631
——————

(@]

E,[MeV]/E, [MeV/N]
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THE TETRANEUTRON

B

i
)

vy]
d

charged fragment

14Be (—C)> VBe +4n  ('01,’02)

SHe (—C)> ‘He +“*n  ('02)

2uge ) 90 4 o (02)
SHe % 4He + d [+*n] (04)

15B (—C)> 14Be* — 4n  ('06)
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THE TETRANEUTRON

B

i
)

vy]
d

charged fragment

14Be (—C)> VBe +4n  ('01,’02)

SHe (—C)> ‘He +“*n  ('02)
2uge ) 90 4 o (02)
SHe % 4He + d [+*n] (04)

15B (—C)> 14Be* — 4n  ('06)
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» transfer [Beaumel] :

SHe Y SLi[4*n] ('02,04)

4 I T T T T | T T T T | T T T T | T T T T I T T T T T
7 AVI8 +1IL2 + external W%
0
P / _
>
& -
S . i
i _'
-10 —
_ i 1 1 1 | + 1 1 1 1 | 1 | 1 1 | 1 1 1 1 I 1 1 | 1 1 |
12 -5 -4 -3 -2 -1 0
Vy (MeV)

» “modern’” calculations :

> (*n, p) scattering [Bertulani]

> bound/resonance ? [Pieper, Carbonell]
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d

charged fragment

14Be (—C)> VBe +4n  ('01,’02)

SHe (—C)> ‘He +“*n  ('02)

2uge ) 90 4 o (02)
SHe % 4He + d [+*n] (04)

15B (—C)> 14Be* — 4n  ('06)
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THE TETRANEUTRON

» P,,, due to “n resonance :

o, %0
n(Er)
40}
— |
o
—, 30r
CLzo}
)
10t o o
S 'y
N R R
E(=I) [MeV]
> P, X 10!

> 4-n phase space : lower limit ...
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> 6 s @ correlations
> unbound systems

RIKEN+NEBULA > tetraneutron

> Day-One experiments
> short term : 4n
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RIKEN RIBF

> variety of very exotic beams with world’s highest intensity !

> projectile fragmentation & in-flight fission

~ phase I : light nuclei @ 135 MeV/N e-RI scattering with SCRIT
(construction)

~» phase 11 : up to U @ 350 MeV/N
28GHzECRIS
(construction)
RILACII
(construction) 7
w RI poduction |
Biology |
RILAC |
GARIS . |
GARIS SLOWRI— ZDS P
— F (cons rucHon) (R&D) e B |
- 0 ) -
= INT >
My 57" e ' i T are Rl rin
o — ~ Y : (R&D)
IRC = S igRI |
Space SHARAQ
Multi-RI Production Return BT 0 50 m (construction)

(design) —ttt—t
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SAMURAI+NEBULA
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S. LEBLOND : DAY-ONE EXPERIMENTS

24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 3

QOO o e
Q- == -BE @ @
80

“ F
@@ f63_1 18 E0)E0)E0)Eo)E)Eo)l 5] o

(@)
o) BB > 48Ca+BigRIPS = 50/15 pps !
0 . 5=@
7
@% EOIY .. 17,198 & 19C

(21)22C ~s 20,220 0 22N

10° DALI2 FDél
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e 3 1
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S. LEBLOND : DAY-ONE EXPERIMENTS

Structure of 1B/ 22C

> 48Ca+BigRIPS = 50/15 pps !

>0 =&

EOIERY .. 17,195 & 19C
(21)22C ~s 20,220 0 22N

W

HOD ID vs QAveCal & n & NEBxB & 19B

300

250

200

150

100

50

300(-)-3200 i 198 — 14,1zBe_|_ Xn
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S. LEBLOND : DAY-ONE EXPERIMENTS

Structure of 1B/ 22C

> 48Ca+BigRIPS = 50/15 pps !

>0 =&

EOIERY .. 17,195 & 19C
(21)22C ~s 20,220 0 22N

W

HOD ID vs QAveCal 22C + n & NEBxB

70

1 22C — 19,17,15B_|_ Xn
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S. LEBLOND : DAY-ONE EXPERIMENTS

27Ne

28Ne 29

)

%

?

#

9\

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 I
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Structure of 1B/ 22C

> 48Ca+BigRIPS = 50/15 pps !
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S. LEBLOND : DAY-ONE EXPERIMENTS

27Ne 28Ne 29

o Structure of 1B/ 22C
o)

% > 4Ca+BigRIPS = 50/15 pps !

- ®

EOIERY .. 17,195 & 19C
(21)22C ~s 20,220 0 22N

s~ -----xz/ndf 75. 75/64
70 E_ pﬂ 34 014256
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MULTI-NEUTRONS AT RIKEN

> Shimoura et al- (201 2) : Breit-Wigner resonance @ 2MeV (I' =1 MeV) + 50 % non-resonant BG
3007 T T T T
> 4He (SHC, SBe) 4Il i Entries 2000 ]
250; Mean 5774
» Beaumel et al. (2014) : 200 RMS 4940 -

g f
> *MBe (p,pa) a*’n 2150 E
100~ ]
beam direction 50; N
B o -I 1|_ _____ 0: Tl b b e
-5 0 5 10 15 20

Reconstructed energy (MeV)

He

ACTIVE target \\
» Aumann et al. (?) : ‘

> 8He (p,p ) *n

7
/4

/ proton
alpha
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> 6 s @ correlations
> unbound systems

RIKEN+NEBULA > tetraneutron

> Day-One experiments

> short term : *n

RIKEN + EXPAND
> 280 TH. 46
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EXPAND : NEBULA +

NEBULA +
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> 48 veto modules
> 2+2 walls : 220, "H, 4%n !
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» EXPAND : ANR (800 k€)
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MONTE-CARLO SIMULATIONS
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OXYGEN 28
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» The “Oxygen anomaly”
[Otsuka, PRL 105 (2010) 032501] :
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OXYGEN 28
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» The “Oxygen anomaly”
[Otsuka, PRL 105 (2010) 032501] :

> 29F beam at 25/s
> MINOS Hydrogen target
> (p,2p) about 1 mb

~+ 10 days = 150 24O +4n !
~ heaviest @) : 2931F 111
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HYDROGEN 7 & MULTI-NEUTRONS
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» Tiny “neutron stars” :
> 8He/YLi beams on C

~+ 7 days = 30,000 3H+4n !
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HYDROGEN 7 & MULTI-NEUTRONS
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AROUND THE NEUTRON DRIPLINE

GANIL+DEMON

> 6 s @ correlations
> unbound systems

RIKEN+NEBULA > tetraneutron

> Day-One experiments

> short term : *n

RIKEN + EXPAND
> 280 TH. 46
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B. LAURENT : TESTING THE CHRONOMETER
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