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• Experimental overview of some nuclei, after all the theory

• Theorists…. Please interrupt and explain, if you like

• Rather light nuclei….

• Olivier will cover the heavier nuclei, later

• No equations, but some interesting phenomena…
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three-alpha exists but as unbound excited state
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neutrons are only bound if they are paired
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4Be

4n

αααα

4-proton system doesn’t exist…
proton repulsion and Pauli effects

“Maximally symmetric” alpha-particle
has a particularly high binding energy

π ν

Could a 4-neutron system exist…?
no repulsion but still have Pauli effects
“Tetraneutron”



4n
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5Be

5He

5Li

There is no stable mass A=5 system

5Li and 5He exist as low-lying p-wave resonances

The resonances have asymmetric shapes
due to the changing barrier penetrability as a
function of the relative energy (alpha-nucleon)
AND
The lineshape
depends on the production method ,
e.g. stripping from 6Li or pickup onto 4He



5Li

5Li5He

relative energy
α + p

6Li − n

α + pα + n

50 MeV 7Li beam
4He(7Li,6He)5Li  6°lab

50 MeV 7Li beam
6Li(13C,14C)5Li  5.2°lab

4He(7Li,6Li)5He  6°lab
4He(7Li,6He)5Li  6°lab

Enge split pole spectro
∆Ω = 0.1°H  x  2.5°V
Fit = 3/2− and 1/2− plus
high lying 3/2− and 1/2− different
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6Be

6He

This is unbound, but observable as a low-lying resonance,
and is the Tz = −1 analog of Tz = 1 weakly bound nucleus  6He

Unbound by 1.372 MeV to α + p + p,
Width of 0+ ground state resonance = 92 keV,
(h/2π)/width = (6.578×10−22 MeV.s)/0.092 ~ 10−20 s

Weakly bound, Sn = 1.867 MeV
(Sp = 26.52 MeV)
(β-decays, half-life = 806.7 ms)

Neutron skin, or halo u(r)



6Be

Double-hump from (0p)2 structure,
Sensitivity to model parameters.

Structure of unbound system
revealed by decay kinematics



6He

“cigar” configuration “dineutron”

“dineutron”
microscopic
cluster model

full 
three=body 
model

core halo 
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7Be
7Li

These A=7 nuclei are well described as orbiting clusters of α + 3He/3H

A “few-body model” (here, two-body) works very well, using free-space properties
of the two clusters, after including Pauli approximately with nodal requirements.
(Fully antisymmetrized models also exist, of course, e.g. RGM, Brink model)
(Most cluster models do include full antisymmetrization.)
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8Be

12C

αααα

Although it consists of two α-particles,
8Be itself is not bound

Erel = 92 keV to α + α
Width = 5.57 eV, (h/2π)/width  ~ 0.1 fs
BE/A = 7.06 MeV/A

Three-α cluster state
Is not the ground state
Ex = 7654 keV
Erel = 287.55 keV α+8Be
Width = 8.5 eV (some γ !)
(h/2p)/width  ~ 0.1 fs
BE/A = 7.04 MeV

BE=
7.07 MeV/A

BE=
7.68 MeV/A

In summary, close to threshold we tend to see state s with cluster structure…

(see Ikeda diagram…)



8Be

12C

Ikeda Diagram

K. Ikeda et al.,
Prog. Th. Phys.
(Japan) Suppl.
Extra Number
(1968) p.464



In either the deformed Harmonic Oscillator
or the two centre Harmonic Oscillator ,
The energy of the second 4 nucleons 
drops with deformation
This pushes towards deformation until 
surface tension limits the deformation

8Be

The projection of the matter density
In a DHO or TCHO shows “clusters”

The sum of the 2 Ψ
quartet densities
(one even, one odd
parity) shows a dip
indicating clustering.

An alternative linear
combination of wave
functions Φ highlights
the clustering



Clustering emerges naturally in Antisymmetrised Molecular Dynamics
In which there are independent nucleons with no assumed clustering ,
Here we see the predicted matter density for all beryllium isotopes
shown from 6Be to 14Be
On the left, total intrinsic matter density, then proton density, then neutron density

8Be

Inter-alpha
distance
vs.
mass, A

circled = gs



Ghosts

“Spatial localisation anomaly” in 9Be(p,d)8Be(α)α
E.H. Beckner et al, Phys. Rev. 123 (1961) 255

ground
state

“spatial localisation
anomaly” or “ghost”

8Be

“Excitation energy” spectrum of 8Be  deduced from
energies of deuterons from

9Be(p,d)8Be

2+

state



Ghosts

“Spatial localisation anomaly” in 9Be(p,d)8Be(α)α
E.H. Beckner et al, Phys. Rev. 123 (1961) 255

ground
state

“spatial localisation
anomaly” or “ghost”

8Be

2+

state

Eq. (4) , E > 0



Ghosts12C

Ghost of 7.654 MeV in 12B β-decay Ghost seen as resonance in p + 11B

7.654 MeV 0+ 3α state
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9B

9He

9Be

9B has no bound states
and a key question is
the energy of the 1/2+
state that is predicted
but for which there is a
lot of poor quality data.

9B to 8Be + p 185 keV
9B to α + α + p 278 keV
Width = 0.54 keV, ~ 10−18 s

9Be has a remarkable
“nuclear molecule” structure
based on two α-particles
and a valence neutron

9He is unbound and very neutron rich.
It can be observed as a resonance 

in the  8He + n  system.
(is there level inversion like 11Be?)
(1/2+ below 1/2− ?)



9Be

page 204

orbitals

nuclear states



A favourite of Alex Brown , but in fact it proves the existence of nuclear cluster states…

9Be

6He

10Be

10Be*

… this turns out to be a successful prediction for 10Be (see later)



9He

H. Al Falou, N.A. Orr, et al.

CHARISSA+DEMON at GANIL

Reconstruct Erel( 8He + n ) from
measured angles and energies

Some evidence for persistence of
1s1/2 and 0p 1/2 level inversion
as seen in 11Be and 10Li



9B
Ground state is 3/2−

The 1/2+ state can be
compared to the 9Be mirror
(Thomas-Ehrman shift)
(both are unbound for A=9)

Controversial…
• identity
• energy
• seems to be “too low”

Tamara Baldwin, Surrey, PhD 2007
TD Baldwin, WN Catford etal., submitted

d

αααα
αααα

p

n

8Be
6Li 60 MeV 6Li

reconstructed
6Li (6Li,d) 10B (n) 9B* (p) 8Be (αααα) αααα
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10Be

10C

10Be shows molecular structure,
but mostly in the excited states.

10C is the analog of 10Be,
with two protons replacing two valence
neutrons – do the same structures exist ?

Lifetime = 19.3 s
One bound excited 2+ state



10Be

valence
neutrons
occupy
genuine
molecular
orbitals



10Be

3/2− 1/2− 1/2+

Microscopic cluster model (as for 6He earlier)

x

x x

x
x

x

x x

9Be results

Coexistence of two
configurations

Necessary, to explain
high binding of 1/2+



10Be

x

x
x

x
x

x

x
x

x

x

x x

x

x x

g.s. 0+ excited 0 +

10Be results

Coexistence of THREE
configurations

Necessary, to explain
covalent molecular 0+



10C

Super- Borromean… “Brunnian”



10C

Super- Borromean… “Brunnian”

10C @ 10.7 MeV/A on 9Be Texas A&M

10C @ 33.3 MeV/A on 12C GANIL
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11Be

Weakly bound
Sn = 0.xx MeV
Halo nucleus 

This is a classic single-neutron halo nucleus,
where the weak binding automatically leads to a halo

Both the intruder 1/2+ ground state and the low 1/2− state
have a halo – despite the centrifugal barrier for the p1/2 state.

The halo is not pure, however, and there is a component of
the ground state in which the deformed core is excited to 2+

and a d-wave neutron is coupled to give spin 1/2.



11Be

Weakly bound
Sn = 0.xx MeV
Halo nucleus 



11Be



11Be
Measuring 11Be structure as superposition of
10Be(0+)+ν(s1/2)    and    10Be(2+)+ν(d5/2)

Removal of last neutron via (p,d) transfer



Focal plane spectrum from SPEG magnetic spectrometer

coincidence

singles

carbon background removed

gamma-ray
broadening



Separation Energy form factor Vibrational form factor

α2

0.49

β2

0+ 2+

0.51

• poor form factor
• no core coupling
• no 11Be/d breakup

0.84 0.16

0.74 0.19

• vibrational model
• core-excited model
• realistic form factor

Shell model
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12Be

14C

14C is magic –
p3/2 protons closed
p1/2 neutrons closed
N=8 closure is good

Sp = 20.832 MeV
Sn = 8.177 MeV
Sα = 12.012 MeV

12Be sees a total collapse
of magicity.. just by the…

…removal of two protons
but keeping N=8

Excited states in 12Be
seem to show 6He+6He
clustering behaviour.

(see next slide)



14C

14C is magic –
p3/2 protons closed
p1/2 neutrons closed
N=8 closure is good

Sp = 20.832 MeV

Sn = 8.177 MeV

Sα = 12.012 MeV



12Be



Occupancy
Percent

0.44
30%

0.48
32%

0.56
38%



12Be

C

pall

all

31.5 (±0.8) MeV/A    2 x 104 pps

50.0 (±0.5) MeV/A    1 x 105 pps

But note :

Ground state – a more normal deformation,
Excited band – 2:1 6He+6He cluster configuration
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13Be
10Li

Both 13Be and 10Li are unbound sub-systems
of bound halo systems (14Be and 11Li)

If we remove a single neutron from the bound halo system
And then observe the other neutron and the core nucleus,
And then reconstruct the relative momentum…

Do we measure the neutron-core interaction in an accurate manner,
or do we observe some vestige of the structure in the original halo…?



13Be
10Li

PRC 37 (1998) 1366

How well do reconstructed resonances in the sub-system resemble the
actual sub-system and how much are they a remnant of the initial state?
Are standard resonance line-shapes expected? …. (YES)

Calculated reaction
products compared 
with resonances

For several structure models, comparison of 
relative peak strengths in reaction with 
relative strengths in the initial wavefunction
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14Be

4n

Borromean halo nucleus
S2n = 1.12 MeV

12Be Sn = 3.17 MeV

10Be

There may be a component of the
ground state that has this structure,
which may account for the observation
of the “tetraneutron” events
(possible 4n resonance?)

(see next slide)



12Be

n n

14Be

4n

Borromean halo nucleus
S2n = 1.12 MeV

12Be Sn = 3.17 MeV

10Be
rms separations for core and
neutrons in few-body 11Li model,
compared to ranges of potentials



14Be

rms separations for core and
neutrons in few-body 11Li model,
compared to ranges of potentials

Interferometry between the two neutrons at GANIL/DEMON
measures their rms separation in the 14Be source

The interaction radius from total cross section
measurements is clearly larger for halo nuclei
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