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Electron screening in plasmas and in experiments 
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    Electron screening (in stars) 

Debye-Hueckel screening (Salpeter 1959) 

(20 % effect) 

More positive ions 

More electrons 

Ion under 
consideration 

RD 
Debye Radius  

σ v
plasma

= f (E) σ v
bare

Veff =
Ze2

r
e−r/RD

n RD
3 >>1

7Be(p,γ )8B (T ~107K) : f (E) ~1.2

€ 

f (E) = eUe / kT , RD ~ kT /ρ ~ 0.218 A
0
(Sun)
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Debyedynamicsvv thermal /,/ 12 ==α

Gamow energy >> thermal energy  (dynamical screening) 

Fluctuations in the Debye sphere 

•  One cannot derive the screening from thermodynamics but 
one has to resort to kinetic equations.  

•  Deviations from Debye-Hueckel can be large. 

n RD
3 ~ 3− 5

Carraro, Schaefer, Koonin, ApJ 1988 
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Electron screening (in the laboratory) 

€ 

ΔE = E '−EAdiabatic model: 

σ lab
fusion ~σ bare(E +ΔE)

~ exp πη(E)ΔE
E

"

#$
%

&'
σ bare(E)
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Amplification of small effects  

Vacuum polarization 

Balantekin, Bertulani, Hussein  
NPA 627, 324 (1997) 

Z1Z2 = 1 

•  Thermal motion, lattice vibrations, 
 beam energy spread 

•  Nuclear breakup channels  
(in weakly-bound nuclei) 

•  Dynamics of tunneling 

all ≤ 1% 
Not a solution! (we need ~ 100%) 
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dx
dESp −=

H + He 

Mainly charge-exchange 

E’ = E – Sp.∆x 

Stopping power 

Golser, Semrad, PRL 1991 
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Bertulani, de Paula, PRC 62, 045802 (2000) 
Bertulani, PLB 585, 35 (2004) 

Elliptic coordinates 
Molecular orbitals  
Hellman-Feynmann relation 
TDSE (for p + He) 

  

Theory for the simplest systems 

p + H 

P + D 

e- 

p + He 

e- 

He+ H+H+ 

Coupled-channels 
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€ 

P = e−Γ Δtcoll cos2 H12 a
2v

% 

& ' 
( 

) * 

Damping of resonant exchange        

Landau-Zener 

H(1s)   ⇔   He(1s2s)  

C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 



10 10 10 10 

Stopping power at very low energies 

Threshold effect 

He:  1s2 à  1s2s:  19.8 eV 

Bertulani, PLB 585, 35 (2004) 

EP ≥
µ 2

4MPme

ΔE ≥ 8 keV
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Nuclear Astrophysics with Radioactive Beams 
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Proton 
drip line 

Stable 
nuclei 

superheavy 
elements 

Neutron drip line 
Weakly-bound systems 

Fission 
limits 

Limits of nuclear stability 

C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 12 



13 13 

Target fragmentation: 
ISOL-facilities 

•  quality beams 

•  limited species, slow extraction 

Projectile fragmentation (~ 100 MeV/nucleon) 

Exotic nuclei production 
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•  beams of modest quallity 

•  short-lived isotopes with 
   T1/2 > 10-6 s 

•  GANIL, GSI, MSU, RIKEN 

Production of radioactive beams 

44 MeV/
nucleon  
48Ca beam 

D. Guillemaud-Mueller et al.  
PRC 41 (1990), 937 
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How the program of radioactive beams began 
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First experiments: (a) nuclear radii, (b) momentum distributions 

Isao Tanihata, PRL, PLB 1985 

σ I = πRI
2
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Tetra-
neutron? 

Borromean halo 
nuclei? 

Neutron dripline in light nuclei 

N=8 
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Proton drip line 
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Momentum distributions of fragments 

Goldhaber model,  
PLB 53, 306 (1974) 
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σ 2 = pi
i=1

F

∑
"

#
$

%

&
'

2

= AF pi
2 + AF (AF −1) pi ⋅p j = 0

pi
i=1

F

∑
"

#
$

%

&
'

2

= A pi
2 + A(A−1) pi ⋅p j = 0

σ 2 =
AF (A− AF )

A−1
pi
2

pi
2 =

3pF
2

5

nucleon fermi 
momentum 
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Momentum distributions of fragments (stable projectiles) 

Well described by Goldhaber formula,  
Goldhaber, PLB 53, 306 (1974) 22

1
)(

N
FF p

A
AAA

−

−
=σ
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Momentum distributions (unstable projectiles) 

Tanihata,  
Bevalac,  Berkeley, 1985  
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σ 2 =
AF (A− AF )

A−1
pN
2

pN
2

Small σ 2

Small 
Large    R 
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Momentum distributions (unstable projectiles) 

Size due to binding, not Fermi motion Goldhaber model with two fluids 
 
Valence nucleons + core nucleons 
Bertulani, K.  McVoy,  PRC 48, 2534 (1993) 
 
Two fluids:  valence (1) + core (2) + interaction or binding (K)  
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large size due to loose binding 

Coulomb breakup of 11Li has huge cross sections (1 - 5 barns!): 
 
Baur, Bertulani and Rebel, Nucl. Phys. A458 (1986) 188 
Bertulani and Baur, NPA 480 (1988) 615 
Hansen and Jonson, Europhys. Lett. 4, 409 (1987) ß “halo” nuclei” nomenclature 
 
3-body calculations à “Borromean nuclei” 
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      Il collegio fu costruito su un'area di case e terreni in parte già 
appartenenti alla famiglia Borromeo su progetto dell'architetto 
Pellegrino Pellegrini figlio di Tibaldo (1527-1596); la fama della 
costruzione di questo "palazzo per la Sapienza" inizia con il 
Vasari nella seconda edizione delle Vite del 1568. 

Origin of Borromean rings 
                       

Borromean nuclei are a  
laboratory for 3-body  
physics. Ex: Efimov effect 
 
Theoretical description: 
-  Fadeev equations 
-  Hyperspherical harmonics 
-  etc. 

n

n9Li 
11Li 
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Charismatic names à explosion of publications 
 
(Halo, exotic, borromean, rare isotopes, …) 

In the 80‘s and 90‘s 11Li became the center of attention 
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Future: electron-ion scattering    
   skins, halos, soft multipole vibrations 

(A) Trojan horse   

(B) Asymptotic normalization coefficients 

Present: 

Astrophysics program of rare nuclear isotopes 

(C) Coulomb dissociation 

(D) Charge Exchange  

(E) Knockout reactions  

e- + (Z,A) à (Z-1, A) + νe 
(p,n)  (n,p)  (d,2He)  (Z, Z±1) 

€ 

B στ A
2

€ 

Ψ p( )
2
; C2S
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The future: electron scattering 
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  Kinematics of electron scattering 

2/sin21
'

2
2 θ

Mc
E
pp

+
≈

E −E ' ≈ E 2

Mc2
2sin2θ / 2

1+ 2E
Mc2

sin2θ / 2

2/sin21

2/sin2
2

2 θ

θ

Mc
E
pq

+
≈

electron final momentum 

nucleus kinetic energy 

momentum transfer 
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  Spinless electron 
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  Electron with spin 
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spin average 

PWBA 

28 



29 29 29 C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 

  Elastic Scattering 

( ) ( )qr rqrq Ferde i
chi

Z
i

i
k ≡=ΦΦ ⋅⋅ ∫∑ ρ3

1

charge form-factor 

M

Mc
E

Ze
d
d

σ
θθ

θσ
≡

+
⎟⎟
⎠

⎞
⎜⎜
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1
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E2 2
2

4

222

Mott cross section 

( ) ( ) ( )∫= rqrrdr
q

qF chρ
π sin4

spherical nuclei 

( ) ( ) 22 qF
Zd

d M θσσ
=

Ω

( ) ( ) ( ) ( ) ( )∫∫ −+−= '''''' rrrrrrrr dfdfr EnnEppch ρρρ
Nuclear  
physics 

< 10% effect, large q’s fEp = charge dist. in proton 

fEn = charge dist. in neutron 
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12C  

Hofstadter, 1953  

PWBA 

  DWBA corrections 

•  electron wavefunction 
attracted to the nucleus 

•  a measured q probes a larger 
q = qeff  in  F(q) 

( ) ( )22 eff
M qF
Zd

d θσσ
=

Ω

Still valid.   But with 
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Δrnp 

Neutron skins & neutron stars    
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Tolman-Oppenheimer-Volkoff 

•  need equation of state 

          P х ρ K = 200 – 300 MeV 
(curvature at minimum)  
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Symmetry energy    
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Pure neutron matter ≈ symmetric matter + symmetry energy 
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Neutron skins 

A. Trzcinska, PRL 2001 
experimentally: 

( ) fm)15.001.1(03.004.0 δ±+±−=Δ npr

MeV6.46MeV,28 == SV SS

1
3/13/11 fm535.0174.3 −

⎥⎦

⎤
⎢⎣

⎡ −≅
AA

q δ
1q

)exp( 22aq−

Bertulani, PLB 624, 203 (2005) 

In electron-ion scattering: 
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11Li 

nuclear halos  

Skyrme 
HF + BCS  

Bertulani, JPG 34 (2007) 315 

Neutron halos 
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Magnetic interaction 
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Inelastic electron scattering 
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•  averages over initial and sum over final spins 

( ) ( ) ( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ ++=⎟
⎠

⎞
⎜
⎝

⎛
Ω ∑∑

λ
λ

λ
λ θ

θσσ 222

2 2/tan
2
1

effEeffC
M

inel

qFqF
Zd

d

DWBAinel d
d

d
d

⎟
⎠

⎞
⎜
⎝

⎛
Ω

≅⎟
⎠

⎞
⎜
⎝

⎛
Ω

σσ

( ) ( ) ( )∫∝ rqrjrdrqF ifC δρλλ
2

( ) ( ) ( ) ( )[ ]
( ) ifrJ

qrjrJrdrqF

if
if

if
E

1'1,

11,
2 1,

λλλλ

λλλλ λλ

YJ ⋅=

−+∝

+

++∫

36 



37 37 37 

1
1,

<<

<<<<

qR
EEx θ

( ) ( )qF
q

EqF E
x

C λλ λ
λ 1/ +

≅


Electron-ion  collider mode 
Siegert’s theorem 

( ) ( )∑ Ω
=

Ω λ
γ

λ
γ

γ

γ
λ

γ

σ
θσ E

dEd
EEdN

dEd
d E

E
)(

)( ,,

( ) ( )
∫ Ω

=
m

EE

EE

dEd
EEdN

dE
EEdN θ

γ

γ
λ

γ

γ
λ

γ

θ
/

)()( ,,,

( ) ( )

( ) ( )∫∝

∝

rrrdr
dE
EdB

dE
EdBE

if
x

x

E

δρ
λ

λ
σ

λ

γ
λ

γ

2

)(

response function 

virtual photon spectrum 

C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 37 



38 38 38 C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 

comparison with Coulomb 
excitation  

GeV1=E

nGeV/nucleo1=E

Bertulani, PLB 624, 203 (2005) 

Electron-ion  collider mode 
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Ex: EM reponse in exotic nuclei 

Collective response or  
Direct breakup? 

Electron-ion scattering: Response in exotic nuclei 
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Direct breakup 
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Direct breakup in the 3-body model 
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Halo nuclei: very strong dependence on  
effective range expansion parameters, al, rl 
 
Bertulani, PLB 624, 203 (2005) 

 

Dependence on bind. energy and FSI 
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Hydrodynamical model for collective vibrations 
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Transition densities for pygmy resonances 
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Collective response in light neutron rich nuclei 
N. Teruya et al,  

PRC 43 (1991) 2049 1991 

RPA + 2np-2nh excitations 
dineutron 

RPA 

Is there a soft dipole ? 

Only in light nuclei ? 
“core” with p and n  

excess neutrons  

11Li 
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Nucleosynthesis: (γ,n) or (n,γ) cross sections in the r-process 
Importance of the “pygmy” states 

Red: empirical 

Blue: no pygmy 

Green: with pygmy 

It is important to have reliable measurements and model predictions 

S. Goriely, PLB 2000  

Relevance for nuclear astrophysics (medium A) 
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End of part II 


