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Neutrons & protons in nuclei

» the valley of stability :

> B = Nm, + Zm, — M(N, Z)
> rather a ridge of stability ...

E g [MeV]

10
» where are the drip lines ?
> Eys(N, Z)

25 = min| Y M(n;,z;)| — M(N,Z)

» very light nuclei :

> access to extreme (N, Z) !!!

C
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Neutrons & protons in nuclei

= 10, » the valley of stability :

s | > B = Nm, + Zm, — M(N, Z)
E‘% > rather a ridge of stability ...
10

» where are the drip lines ?
> Eys(N, Z)

25 = min| Y M(n;,z;)| — M(N,Z)

» very light nuclei :

> access to extreme (N, Z) !!!
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The liquid drop picture

» are nuclei liquid drops ?

> constant density

> short-range forces

> saturation

> deformability

> well defined surface (tension)
> mean free path + size...

> yes, but quantum liquid
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The liquid drop picture

» are nuclei liquid drops ?

> constant density

> short-range forces

> saturation

> deformability

> well defined surface (tension)
> mean free path + size...

> yes, but quantum liquid

» semi-empirical mass formula :

M(N,Z) = Nm, + Zm, — B(N, Z)

a, A volume
— ay; A?/3 surface
—a.Z*/AY3 Coulomb
> —a,(N—2)*/A asymmetry
+ 6/A/? pairing

..and so the nucleus “behaves” as if :

> limits were sharp [R ~ 19 A3
> volume was uniform [p(7) ~ po]
> and homogeneous [on = 2 pp)

C
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A complete isotopic chain

A=7

P ORRRRLI

Beryllium

» “normal” size increase : R = rq A'/3 ?
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A complete isotopic chain

A=7 8

Q

Beryllium

Q 95 93 93

L=

» many (all?) extreme configurations :

> clustering

> unbound resonant states
> nuclear molecules

> neutron haloes

> borromean systems

> neutral nuclei ?
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Expansion of the Universe

Big

Bang
T=o0

t=0

neutral star
atoms formation

4,000 K 20-3 K
400,000 yr 10° yr

very light
& neutrons nuclei

10* K 10° K

10*s 3 min

protons

» nucleosynthesis :
> why [and how]| few (N, Z) ?
> do unknown combinations exist ?

> why two steps ?
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Expansion of the Universe

Big

Bang
T=o00

t=0

neutral star
atoms formation

4,000 K 20-3 K
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very light
nuclei

protons
& neutrons
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» nucleosynthesis :
> why [and how]| few (N, Z) ?
> do unknown combinations exist ?

> why two steps ?

» on Earth only “normal” nuclei left :

> study exotic nuclei in laboratory !
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Extraterrestial nuclei on Earth

» 9C — 18C 4+ n experiment @ GANIL :

> add 7n to '2C ?? study it in less than 49 ms ???
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Extraterrestial nuclei on Earth

» 9C — 18C 4+ n experiment @ GANIL :

> add 7n to '2C ?? study it in less than 49 ms ???

° @H 0.4% O 2x10°

5x10°

2x10%

GANIL 5% [ 500
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Nuclei in the nucleus
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Nuclei in the nucleus
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Nuclei in the nucleus
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Nuclei in the nucleus

> IN nucleons = few (correlated) clusters !

> formation of carbon (and A > 12)

> are nuclei sharp/uniform/homogeneous ???
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Exotic exotic nuclei (I)

(I) The Nuclear Halo
(I) Nuclear Molecules
(IIT) Neutron Clusters ?
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Halo : an exaggerated picture ?

» the size of the halo [Be atom] :

1 10 10° 100 10 10°

r [fm]

> still negligible at atomic level ...

> a potentially huge nuclear effect !
[...and theoretical problem!]
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» the geometry of the halo [*'Li] :

> rms distances > binary ranges !

> classically forbidden configurations

> (“) picture : not exaggerated at all !!!



A quantum liquid

» particle-wave duality : » the deuteron [B(n) = 2.2 MeV] :
> wavelength ~ nuclear radius -
Q
» the nucleon wave function : o 14
> | 6L
H|T) = E|T) S o N =
> 28
> W vanishes outside the nucleus - |
1-3
> but |¥|? # 0 for being outside ... ]
15

r [fm]
» the simplest case : £=0 neutron

> no Coulomb barrier [Z /7]
> no centrifugal barrier  [£(£ + 1)/7r?] » very n-rich nuclei ? [B(n) — 0]
> “only” the nuclear potential ...
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The neutron(s) halo

» neutron (£=0) in A=10 nucleus :

V [MeV]

L Il L L L L Il L L L L

o 5 10 15

r [fm]

> very big nuclei !!!

> two phases : (core)+halo ...
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» interaction cross-sections [oc wR?] :

R [fm]

> 1Lji =4Ca ... but: 2n = 208pp 111

» when two neutrons in the halo :

> first seen as core-dineutron

> but core-n-n @ correlations ...



The structure of the neutron cloud

» nucleons at p#pp !!!

> a laboratory for V-1V interaction
» how do they “move” [@] ?

@ 9O O

> a step inside the halo ...

» more subtle experiments (o |) :

> halo transfer [°He + ]
> proton capture [*He + p]

> or more subtle techniques ...
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The structure of the neutron cloud

» nucleons at p#pp !!!

> a laboratory for V-1V interaction

» how do they “move” [@] ?

@ 9O O

> a step inside the halo ...

» more subtle experiments (o |) :
> halo transfer [°He + ]
> proton capture [*He + p]

> or more subtle techniques ...
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» halo transfer : o (°He, o) ®He

> dineutron configuration ! (?)
> assumption : one-step process...



Radiative capture

» proton capture on clusters: °He (p,~v) X

(5%10°/s
@ 40 MeV/N)

> a reference: capture on “He

> several quasi-free captures !!!

> no [2n (p,~) t] and [t (p, ) ] events...

> dominant a-n-n configuration !
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The n-n interaction

» low energy IN-IN interaction :

oi8(k)
47T . 2 k—0 2
os(FE) = .z Sin 0 = 4dmayg
—1 ) -1
kcotd = — +1/2dok*+ -+ |——
ag a(k)

» neutron-neutron “collisions’” ?
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The n-n interaction

» low energy N-N interaction : » how is it modified ?
5(k) > by the n-n distance
fs(k) = € sin & (k) > by the n-n interaction
k
47 k—0 9
os(E) = —sin®’é "= 4w a,’ .
B = i o(q) = Q(q) x / Ya Ph(ann) dor
k cot & _1+£U2d k* + [_1] 1
CO = — 0 e o o -
~ () X
a5 a(k) (@) % 1

» neutron-neutron “collisions” ?
- Q Qo
—F] i
Q |
m+d n+n+y

> final state modified by V,,,, !

C
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The neutron femtoscope

7100 150
d., [MeV/c]

L 510‘ L

O«

» the halo of 11 :

z
~~
o
=
Q
®
®
L
S
)

Q(q) X Cnn {Qpb('rnn)a ann} .

~+ o(q) is measured

> o(q)

~» event mixing provides Q(q) ...
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The neutron femtoscope

O«

,,,,,,,,,,,,,,

100 150

‘510“

» the halo of 11 :

. K

5 10 15

s ! s !
™ N

[wi] y

L
(ce] o < (q\]

[wy] NN

z
~~
o
=
Q
®
®
L
S
)

Q(q) X Cnn {Qpb('rnn)a ann} .

~+ o(q) is measured

> o(q)

~» event mixing provides Q(q) ...
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Three-body models

» few-nucleon dilute halo :

> correlations overwhelm mean field...

L o

v W (2n)
V(2n) = Veu(1) + Ven(2) + Vin
H,,¥(2n) = Ey,¥(2n)

Vn: Z€ro range...
V.n: “Woods-Saxon”...

> expand on core-n basis :
M . .
W = Zz’j Cij |0e, ® L) s0am
> Lagrange mesh :

= XN Fi(r/P) Yi(Q) [ Fil;) o< 0]
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» more complex formalisms :

> Jacobi coordinates (x, y)

o

> Hyperspherical Harmonics :
\IIJMT&' —

lml
P2 3 XK, (P) |VEL () ® Xs) amn

p =/ x?+ y? hyperradius

K=1+1,+2n hypermoment

K+3/2)(K+5/2 m
[ dp2+(+/;(+/) 2h2E f(p):O

~~

7

effective HH barrier !

> asymptotics from “3 — 3" scattering

> still inert core and V,...



More-body models

» Generator Coordinate Method [°H] :

H = Z?Ti‘FZKjViJ
Do vpvy (R, Ry ) = A{)" 972072}

n Ry (fm)

j@
W -
jae]

Rs (fm)

0

\IJJMW — Z f,;]l7;;2y3 (I)JMW (Rla R29 a)

v1vovs
RiRyx
vivavg

> core excited states !
> a priori clustering
> HO [same b] wave functions...

> very effective Van ...
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» Antisymmetrized Molecular Dynamics :
A
H =) T+, Vit 2ici< Vi
Pamp (X, V) = A{d1, P2, -+, Pa}

WINT = 5, ¢ SR (X))

[11—19B]
> A wave packets ! [Gaussian]
> NO assumptions... (???)
> Vnn as effective as in GCM
> Vijk < 0(ri—r;) 0(ri—rk) ...
> “valence” neutrons :
{0} = {dLton. = Pap — Ea



Formation of unbound nuclei

10

6

-\
2

2 &
A
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» how to dive into the sea ?

5 » how to find a “nucleus” ?

s & > look for energy levels ...

> strip nucleons from a beam !



Formation of unbound nuclei
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» how to dive into the sea ?

5 » how to find a “nucleus” ?

s & > look for energy levels ...

> strip nucleons from a beam !



Formation of unbound nuclei

» how to dive into the sea ?

> strip nucleons from a beam !

» how to find a “nucleus” ?

> look for energy levels ...

30,

N [counts]
T B —T—

s
N [counts]

5 10 0 2 4 6 ‘8”‘];0
ECH) [MeV] ECHe) [MeV]
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Exotic exotic nuclei (II)

(I) The Nuclear Halo
(I) Nuclear Molecules
(IIT) Neutron Clusters ?
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Molecules and nuclei
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Molecules and nuclei

» scattering resonances :

L Ee—

12C +160

16O+l6o

> E* vs J(J+1) systematics
> very sharp : ~100 keV

> orbiting : molecule-like properties !
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Molecules and nuclei

» scattering resonances :

— 00

12C+160

16,16
> E* vs J(J+1) systematics
> very sharp : ~100 keV

> orbiting : molecule-like properties !
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» covalent molecules ?

H3 *Be
Q - 0 Qo0
p-e-p a-n-a

» two-center potential ['°Be] :

\ /
\ @ / 2s1d

o 1p

> two-center orbits !

> binding from nucleon exchange !!



Atomic orbitals

» the hydrogen (and -like) atom :

— _1g2_ Z
H = ZV -
_ zZ?
En — _2n2

» the helium atom :

22

_,”" ’

10\:" ///
AN /

/7
Q

H=—[Vi+V]]-2-24 1
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Atomic orbitals

» the hydrogen (and -like) atom :

— _1g2_ Z
H = -1v?_~2
_ zZ?
En — _2n2

> atomic orbitals : |¢|?

» the helium atom :

52
_,”" ’
10\:" ///
S //

/7
Q

1 2 2 2 2 1
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» neglect electron “correlation” :

H = -}[v?+vi-Z_Z

U = ¢u(l) ou(2)

~ E=Ey(1) + Eg(2) +38%
s (U|H|T) +5%
- ®(Z'): Z'=2—-5 +2%

> electrons screen each other ...

» more complex atoms :

N
H = —%ZiV?—Zi %+Zi<j%j
U = )Y ou(i)

~ NN one-electron [Z’] problems !



“True” molecules

Why do they form at all (and how) ?
Melvin W. Hanna (1965)

» the simplest molecule : H

> Born-Oppenheimer : fix nuclei...
> variational principle : LCAO

U, = (¢pa=x oB)
Ei = (pa|Ha|pa) + (¢B|HB|PB)

+ {5 — 2palL16a) | F ($alH|dn)

+Coulomb —exchange terms !
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“True” molecules

\/Vny ado U’Léy Jorm at albl ((lﬂ(l I’LO’U)) 2

Melvin W. Hanna (1965)

» the simplest molecule : H

> Born-Oppenheimer : fix nuclei...
> variational principle : LCAO

U, = (¢pa=x oB)
Ei = (pa|Ha|lpa) + (¢B|HB|PB)

_|_{ L 2<¢A|éI¢A>} F (Pa|H|dB)

Rup

+Coulomb —exchange terms !
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» next : the H, molecule

a2
LN
O RN
A B
_ + + 1 1
H = Hf + Hf — ;1 — 1

T =¢"(1)97(2)
> different ¥ ;0 approximations :

~ ¢{AB—|—BA} + ¢{A+B——|—A—B+} —1—6.4%

~> Q{AB+BA} +4.9%
e ¢{AB+BA} ‘|‘ A ¢{A+B_—|—A—B+} +4.7%
~ {1s + A2p}iaB+Ba} +4.2%

The best Junction has 50 variational terms.
UTLIOT’C’(LTLCIIQLy , Ll tuttive concepts dissapear.
IT 1S Still an open question whether accurate
calculations will solve junaamemab pT oblems...



The chemical bond

» MO theory and LCAO :

> Wy, :0,m0 ...
> (2N) a0 = (N+N*)mo — stability !

» proportions [HO] : » geometries [sp> — 109°...] :

i i

?47";‘)
RS

SRS

(‘e‘?-e
e

23
1‘
= X

%

2p,t1sy 2s+2p
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Molecular orbitals

» deformed harmonic oscillator :

v
E

» 3Be

mwy?r?/2 — (wi,w.)
hwo(N4+3/2) — (ngn,)

o+l

10—

density
(63}

Cwpfw, =2
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Molecular orbitals

» deformed harmonic oscillator :

V = mwi’r?/2 — (w,w.)
E = hwy(N+3/2) — (ngn,)

» °Be [a+a] : wi/w,=2

10 T T T T T T

P11 = (Yoo+1o01)/ V2
VY2 = (Yoo —Po1)/ V2

(1,2|Ya) = 0.9 !
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Molecular orbitals

» deformed harmonic oscillator :

V = mwi’r?/2 — (w,w.)
E hwo(N4+3/2) — (ngn,)

» °Be [a+a] : wi/w,=2

10—

1 = (Yoo+o1)/V2
VY2 = (Yoo —Po1)/ V2

(1,2|Ya) = 0.9 !
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» adding neutrons to 3Be :
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Molecular orbitals

» deformed harmonic oscillator :

V = mwi’r?/2 — (w,w.)
E hwo(N4+3/2) — (ngn,)

» °Be [a+a] : wi/w,=2

10—

1 = (Yoo+o1)/V2
VY2 = (Yoo —Po1)/ V2

(1,2|Ya) = 0.9 !
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» adding neutrons to 3Be :

(0,0%0,2)*




Molecular orbitals

» deformed harmonic oscillator :

V = mwi’r?/2 — (w,w.)
E hwo(N4+3/2) — (ngn,)

» °Be [a+a] : wi/w,=2

10 T T T T T T

P11 = (Yoo+1o01)/ V2
VY2 = (Yoo —Po1)/ V2

(1,2|Ya) = 0.9 !
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» adding neutrons to 3Be

5
(0,0(0,2)*
3
+—. 0
P
(1,00%0,2)°
"5’10 -5 0 5 10

Z [fm]

> LCNO : o, # MO ! [**Be : 0% ©*..]



Molecular orbitals

» deformed harmonic oscillator :

V = mwi’r?/2 — (w,w.)
E hwo (N+3/2) — (ng,n,)

» °Be [a+a] : wi/w,=2

10 T T T T T T

Z [fm]

P11 = (Yoo+1o01)/ V2
P2 = (YPoo—o1)/ V2

(1,2|Ya) = 0.9 !
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» adding neutrons to 3Be :

5
- (0,0)%0,1)*
=3
“— 0
Y
* (1,00%0,2)°
'510 -5 0 5 10

Z [fm]

> LCNO : o, # MO ! ["°Be : o* 7*..]

» AMD calculations ['Be] :

05 [7?]




Deformation and clustering

» deformed HO level scheme :

E = hwg([ne+ny+n.]+3/2)
— hwi (ny+1) + hw, (n,+1/2)

> new magic numbers !
> 8Be, 2°Ne, 2Mg, 12C*/*. .
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Deformation and clustering

» deformed HO level scheme : > not only |2p2n)r—¢ [
> spherical degeneracies repeated !

E = hwg([ne+ny+n.]+3/2)
— hwi (ny+1) + hw, (n,+1/2)

> new magic numbers !
> 8Be, 2°Ne, 2Mg, 12C*/*. .
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Deformation and clustering

» deformed HO level scheme : » not only [2p2n)r—o [a]:

> spherical degeneracies repeated !

» two-center HO :

> fission

E = hwo ([ng+n,+mn.] + 3/2) > fusion
— hw(ni+1) + hw, (n.+1/2)

Energy (i)

> new magic numbers !
> 8Be, 2°Ne, 2Mg, 12C*/*. .
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C

10—

10 o 10
Z [fm]

C
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C

10—

0= T 10
Z [fm]
Y
- (0,0%0,2)%0,2)*

‘s
=, Of -
<

-5
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C

10—

="
Z [fm]
5——m
- (0,0%0,2)%0,2)*
‘s
=. 0 :
X
L (1’0)4(0,3)2 |
N 10 o 10

Z [fm]
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C

10—

210 0 10

Z [fm]
S
- (0,0%0,2)%(0,2)*
‘s
=, Of -
<
* (1,1)*(1,0%0,3)* |
N 10 o 10
Z [fm]

C
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C » beyond ?C : o* 7*..

0 S RRRCER EETLPPRPPLERY
| - (0,0%(0,1)%(0,2)"

o 1
Z [fm]
S
- (0,0)%(0,1)*(0,2)*
=
w=, Of -
<
* (1,1)*(1,0)%(0,3)* -
N 10 o 10
Z [fm]

C
European Summer University/Strasbourg ’09/“Clusters and Halos in Nuclei” F.M. Marqués (24) %%



Binding more complex molecules

» three centers [w;/w,=3] : 1?C » beyond ?C : o* 7*..

| - (0,0%(0,1)%(0,2)"

—
1

10 o0 10

(1,1)*(1,0)%(0,3)* -
10 o 10
Z [fm]

C
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Binding more complex molecules

» three centers [w;/w,=3] : 1?C

10—

S
- (0,0%0,2)%(0,2)*
‘s
=, Of -
<
* (1,1)*(1,0%0,3)* |
N 10 o 10
Z [fm]
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» beyond ?2C : o* 7*..

Coogea

—
1

“(1.2)0.4) |

10 0
Z [fm]

10

» heavier molecules ? ['?Be]

e

000



A halo around another halo

» inelastic excitation of 12Be :
40
(a)

(6
(6)

“ (b)
1 40

120

T . 0
27.0 7.0 17.0 27.0

7.0 170 2
Excitation Energy (MeV)

> just breakup or ?Be” — %He + SHe ?

> are they associated to a-4n-a ?
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A halo around another halo

» inelastic excitation of 2Be :

40

“ (b)

140

120

. [ Mt 18] . 0
7.0 17.0 ~ 270 7.0 17.0 27.0
Excitation Energy (MeV)

25.0

20.0

15.0

10.0

> just breakup or ?Be” — %He + SHe ?

Excitation Energy (MeV)

> are they associated to a-4n-a ?

5.0

12 Be

40.0 60.0 ‘ 80.0
J @ +1)

C
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A halo around another halo

» inelastic excitation of 2Be :

40

@

(6)

(6

220
S “ (b)
{40
120
7.0 e 17‘.0 270 70 17‘.0 27.8
Excitation Energy (MeV)
25.0
20.0
3
élS.O
5
o
- 12Ra* _, 6 6 e ? g 100
> just breakup or ‘“Be” — "He + "He * E
©
> are they associated to a-4n-« ? g 50
12 Be
%% ov 260 460 | 660 80.0
» missing mass |?Be(!3C,1C)!'Be” 10+
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Exotic exotic nuclei (I1I)

(I) The Nuclear Halo
(I) Nuclear Molecules
(IIT) Neutron Clusters ?
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More than 2 neutrons

ORaE )
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More than 2 neutrons

@ (0% waw
10
0
- » neutron-rich beams :

- N > 22?2?

N &ﬂ;“ -
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Neutron stars : from few to 1

057

» a huge liquid, neutral drop :

3 2
B/A = (ay—ay) + > G A2/3
53 To

> (Amin)B>0 depends on a, !!!

a, [MeV]| A R[km] M/M,
23 4.-10°° 3.4 0.04

28— 375 | 1077 10 1

> roughly a neutron star...
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Neutron stars : from few to 1027

» a huge liquid, neutral drop :

3 2
B/A = (ay—ay) + > G A2/3
53 To

> (Amin)B>0 depends on a, !!!

a, [MeV]| A R[km] M/M,
23 4.-10°° 3.4 0.04

28— 375 | 1077 10 1

> roughly a neutron star...
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» Fermi gas model :

%6Fe + 26~ — 561 + 26 1,

> Fermi pressure vs gravity :
(Brin/N) o< (N/R?)*?

3 Nm?
E, ./ N) = ——G n
(Bypot/N) = == G~

d
T (E/N) =0

> for M = 1.5 M, :
~ R =12 km

» p can be higher : A, quarks ...



Neutron stars : from 1027 to few ?

118
» the °°Fe — 56n collapse : K

p [g/cm?] stage
10° p capture e~

10%-10%1 n-rich nuclei
10! n drip
1012 superfluid n pairs

2.1014 nuclei dissolve
> 4.10'* | superfluid n + ?

> rotation period ~ ms !!!
> magnetic field ~ 10 G !'!! _
> “4n in inner crust ? superfluid neutrons

» models explore Van(IN > Z) :
> R, (**®*Pb) < Ry ...
> better explore V,,,,(Z=0) !!!
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The landscape in 2001

» known masses & asymmetry :
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The landscape in 2001

» known masses & asymmetry :
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The landscape in 2001

» known masses & asymmetry :

N=4
e 2
N
,,,,,,,,,,,,,,,,,, é P
4 m 0;" 777777777777777777777777777777 ]
4 6 8 10 0 2 4 6 8
A Z
5,
07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
"\ a =28-33A"°
5f ]
<
@ 0
-15}
-20'#
10 20 30
A
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The landscape in 2001

» few fermions bound ?
» known masses & asymmetry :

201
N=4 I
T T T T _ 107
] 5 ”n é I
< N > 9
| N ,
,,,,,,,,,,,,,,,,,, é —: -10
N m 0;" 777777777777777777777777777777 N
4 6 8 10 0 2 4 6 8
A Z

a, = 28-33A"°

B/A
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The landscape in 2001

» known masses & asymmetry :

N=4

,$5j

N
,,,,,,,,,,,,,,,,,, éi:

,mo;: """""""""""""""
8 10 0 2 4 6 ¢
A Z
5,

B/A
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a = 28-33/A"°

» few fermions bound ?

20

VK]

200 ——

m fHe+*n0

1°Be+*n0O
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1960s-2000s : a long, unsuccessful quest

c
C

» two-step reactions :

Q

Al :
>p+ WA —|—7OZn—>722n[(tp)] ;
0sPh c ' Q
> 208ph (7=, ) 4n ') 212ph 4 ~
» pion charge exchange : 50 "Li(7Li%) an E7,; = 79.6 MeV

9|0b= 7.4° H 22,|OOP-C

> 3H (7w, ~) 3n 40
> 34 He (7=, 1) {3,4}n

SLigs.

301
g 13 gs.
_ 320k Possible region
» multinucleon transfer : ¢ 5-body | for bound 4n
phase lr E
. |0 space |
> "Li 4+ 1B — 40 4+ 4n N
714 Al {10,11} 0 5! MMlnop nn oo o
> ‘Li+ "L — C+ {4,3}n 45 50 55 60 65 70

Energy (MeV)

~ bcks + cross-sections ...
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The principle ...

a|lBe + 4n) + ---

> |1“Be)

(130/s @ 35 MeV/N)

> effective + clean
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The principle ...

a|lBe + 4n) + ---

> |'“Be)

\

/////—/y

i

e
.ﬂ/‘\

sy

i)

E,[MeV]/E, [MeV/N]

> effective + clean + sensitive !!!

(130/s @ 35 MeV/N)

> saturation (sensitive to low E,) ...
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... and the results

14Be ©, 'Be +4n  ('01,’02)
SHe ©, ‘He +“*n  ('02)

12/14Be ©) 2a0 +*%n  (°02)

SHe % 4He + d [+*n] (04)

15B (_C)> 14Be* — 4n (’06)

C
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... and the results

charged fragment

0Be +4n  (°01,’02)
SHe —5 “He+“*n  ('02)

2iuge O 90 4 48y (02)
SHe % 4He + d [+*n] (04)

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

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



... and the results

,_\
o

W .
o

o

charged fragment

14Be ©, 'Be +4n  ('01,’02)
SHe ©, ‘He +“*n  ('02)

—  2a+*%n  (02)
SHe % 4He + d [+*n] (04)

15B - 14Be* — 4n (’06)

» transfer [Beaumel] :

(d)

He —> °Li [+"n] ('02,’04)

» “modern’” calculations :

> (*n, p) scattering [Bertulani]

> bound/resonance ? [Pieper, Carbonell]
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Summary & Conclusion

European Summer University/Strasbourg '09/“Clusters and Halos in Nuclei”

» understanding of cluster correlations [3«]
» very dilute matter: laboratory for NIV interaction
» experimental input to three-body forces [V;;]

» where are the limits of the halo?

» completely different scales, concepts...
» completely analog molecular orbitals !
» deformation — WF nodes — clustering...

» how far can we push the analogy?

» many arguments are against...
» many hopes are for !
» neutron-rich beams provide new oportunities

» first “hints”: new experiments and calculations...



