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Experiments and theories for radioactive beams  
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RIB Facilities 
(Operating or Under Construction) 
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Coulomb Dissociation 
Radiative Capture Reactions	 
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Coulomb Excitation	 

  

€ 

VC (r,r') = Zpe
ρ r'( )

| r − r' |∫ d3r'

=
Zpe
r

+
p ⋅ ˆ r 
r3 +

1
2
Qijrirj
r5 +

€ 

p = r'ρ r '( )d3r'∫
Qij = 3r'i r' j −r'

2δij( )∫ ρ r'( )d3r'

(dipole) 

(Quadrupole) 

Semiclassical method: r = r(t) 

Validity:  
  

€ 

η =
distance of closest approach

wavelength
=
Z1Z2e

2

v
>>1

target 

r
’ 

r 

point-like 
projectile 

v 

r’-r 

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



6 

General multipole expansion 	 
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Virtual photon numbers	 

E, B-field of projectile 
divergence free  

photonuclear X-section: 
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impact parameter 
dependence:  
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∇ ⋅E t( ) = 0
∇ ⋅B t( ) = 0
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Comet Shoemaker–Levy 9 
disintegrating as it 
approaches Jupiter in 
July 1994. 
 

1/r2 force	 
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Coulomb dissociation and nuclear astrophysics 
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Applications to radiative capture (n,γ) and (p,γ) reactions in 
nuclear astrophysics.  
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Including nuclear conribution: DWBA 

Distorted: all orders in U 

Born: only first order in V 
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Coulomb  +  Nuclear excitation  
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nice, well known, angel 

bad, not well known, a 
true monster 
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TRK percentage for 
the PDR: 
5% +/-1.5 

Example: Pigmy resonance in 68Ni 
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Solar neutrino problem is 
due to ν-oscillations   

But this reaction needs 
to be known more 
accurately 

- J. Bahcall  

Example: Coulomb breakup of 8B 
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obtained with 
Coulomb dissociation 
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Transfer Reactions	 
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V1A transfer interaction. 
Why not V1b ?? 
POST-PRIOR representation 
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P2n ~ 3 (P1n)2 

P3n ~ P2n P1n 

P4n ~ (P2n)2 

“That is what 
happens when 
theorists do not 
know what to do” 
L. Corradi - Legnaro P1n 

96Zr+40Ca 

Multi-nucleon transfer (Born approximation) 
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Transfer Reactions 
Asymptotic Normalization Coefficients	 
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Spectroscopic factors 

•  What is the amplitude for 12C + n in 13C? 
•  Define overlap function: 
 

Single particle approach: 

And the spectroscopic factor is d3r  |∫  Ij
c (r)|2 = S(j)

Ij
c (r) = S(j)  φ(r) 
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I (r) =<ϕA(ζA)ϕn (ζN ) |ϕB (ζA,ζN ;r) >

An example: (7Ligs + n)2+ ↔ 8Ligs tail is controlled by ANC 

0 6fm
96%
r≤ ≤
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Asymptotic Region – I (neutron) 

•   Single particle overlap function for r > RN 
 

   
  
 
 
•   Model independent definition: 
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Asymptotic Region – II (neutron) 

•   Asymptotic Normalization Coefficient  
 

   
 
•   Typical approach, assume for all r 
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DWBA Again 

•   Cross section for A(d,p)B 

 
   

 
 
 

•   With the single particle approximation  
 
 

   	

 

S is the normalization (i.e. ‘spectroscopic’) factor 
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Transition amplitude: 

Peripheral transfer: 
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M = 〈ψ f
(−)IAn

B V φpnψi
(+)〉
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Use of ANCs 

•   Find a peripheral transfer reaction 
•   Measure angular distribution (abs. c.s.) 
•   DWBA calculation (optical model parameters) 

•   Determine single particle ANCs  
•    
•  Use the information (ANCs)  obtained for the 

wavefunctions to calculate matrix elements of 
astrophysical interest  
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Asymptotic normalization coefficients 
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ANC’s for 7Be + p → 8B 
from mirror reaction 
13C(7Li,8Li)12C 

S17(0) = 17.6 ± 1.7 eV.b 
 
Mukhamedzahnov, Trible, Cagliardi,  
Texas A&M 
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Transfer Reactions 
Trojan Horse Method	 



26 

a 

A C = A+x 

c 

b 

b 

x 

motionFermiv +x
(before) (after) 

Trojan horse method   

ics)(astrophys  cCxA
x     bawith

Ccb  a A    Measuring

+→+

⇒+=

++→+

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

G.Baur,  PLB 178 (1986) 135 
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Spitaleri, Eur. Phys. J. A 2000 

n),Li(H      with  ),p(Li 727 αααα
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Trojan horse method - examples   

Method extended and applied to several reactions of 
astrophysics interest by Claudio Spitaleri and collaborators 
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Transfer Reactions 
Surrogate Reactions	 
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Surrogate reactions 

e.g., (n,f) from transfer reactions 
Kessedjian, et al., PLB 692 (2010) 297 
 
Fission cross sections not sensitive to 
differences Jπ distributions!!! 
à  Hauser-Feshbach = Ewing-Weisskopf 
à  Surrogate reactions work 

BUT, unfortunately, most often it doesn’t work. 
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Direct Reactions at High Energies	 
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High energy collisions (Elab > 50 MeV/nucleon)  Eikonal Waves 
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Eikonal Waves: Applications 
(sometimes called “Glauber theory”) 

Roy Glauber 
2005 Nobel prize  
(for another “Glauber theory”) 
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S-matrices (“Survival” Amplitudes) 
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Direct Reactions at High Energies 
Supernovae physics	 
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SN-collapse scenario 
•  Gravitational pressure balanced by degenerate e- gas up to  Mch = 1.44  

 
•  Electron capture   e- + (Z,A) à (Z-1, A) + νe 
                                  e- + p à n + νe 

•  loss of energy by neutrino cooling  

•  loss of pressure            collapse at 0.3c 

•  neutrino trapping, decoupling of the core  free fall 

•  storing gravitational energy in neutrinos 

•  core bounce and outgoing shock wave 

•  re-heating shock wave by neutrinos and explosion 

•  successful explosion ONLY if Ye > 0.43 

rates determined by 
GT-strength 
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Neutrinos 

Needs                           for numerous nuclei 

e- + (Z,A) ßà (Z-1, A) + νe 

2
AB στ

∫
∞

⋅⋅=
0

)()()( νννν εσ dEEEEFNN tev

Number	  of	  target	  nuclei	  
Neutrino	  flux	  

Interac4on	  cross	  sec4on	  
Efficiency	  
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Also the case for neutrino induced reactions 

Neutrino detection on Earth difficult 
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−+⇒+ eCoFee
*5656ν

     Samana, Bertulani,  
PRC 78, 024312 (2008) 

Theoretical neutrino-nucleus calculations unreliable  
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Solution with charge-exchange reactions 

One step       Two step 

(meson exchange) 

             Two step 

(nucleon pickup & stripping) 
(a) 

(b)                     

(a) 
(b)                     

π±, ρ±	
 π±, ρ±	
 n p 
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Effective interaction VNN     (phenomenological) 

Antisimetrization: 

small and usually neglected 

Notation: 

K = 0 :   central force      

K = 2 :   tensor force 

40 
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VNN r( ) =VC r( )+VσC r( ) σ1 ⋅σ 2( )+ Vτ
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Love, Franey, NPA 1981, 1985 
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Effective interaction VNN     (phenomenological) 

41 
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Lenske, Wolter, Bohlen, PRL 1989 
12C(12C,12N)12B(1+,gs) 

Two step (proton pickup & neutron-stripping) 

12C+12C 

13N+11B 11C+13C 

12N+12B 

s,p,d 

Bertulani, NPA 1993 

Two step (double π+ρ exchange) 

13C(13N,13C)13N       70 MeV/nuc.    

σ2nd   ∼   10-4 × σ1st  

←p 
n→ 

n→ 
←p 
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DBWA again! 

eikonal + few pages of algebra 
Bertulani, NPA 554, 493 (1993) 

STRUCTURE INPUT 
beautifully factorized 
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S b( ) ~1

•  If 

p ~ q
•                 but largest value of  1)( ≠bS bBaAT →                occurs when   

( )qbJ0 ( )pbJ…oscillates in phase with  
⇒ qp ~

( ) ( ) ( ) ( ) ( ) ( )∫∫ ××=→
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Forward scattering: 0~q
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d
d SS τστσθ
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aA Sτσ well known. E.g. (a,A) = (n,p) then  
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Ωd
d

Bertulani, NPA 554, 493 (1993) 
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TaA→bB k ',k( ) = … db b S b( ) J0 qb( )∫


∑
…

∑ dp p J… pb( ) ρ
…

aA∫ p( ) ρ
…

bB p( )

Charge exchange at forward angles 
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Charge exchange at forward angles - Example 

45 
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Direct Reactions at High Energies 
Knockout Reactions	 



47 47 47 

Applications of Eikonal WFs: elastic breakup 

bn 
bC 

Fixed: 
adiabatic 

Interaction 
region 

z 

Elastic:  

including breakup effects 

Survival amplitude 

for projectile at impact 
parameter b 

Survival amplitudes 

for particles C and n at impact 
parameters bC and bn 

(Dynamics) 

Best possible wfs: 

(Spectroscopy) 

Ψeik r( ) = SC (bC )Sn (bn ) eik⋅rϕ0

Selast (b) = ϕ0 SC (bC )Sn (bn ) ϕ0
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48 Probing nuclear densities  

(from nn scattering) € 

χAB
(N )(b) =

1
knn

dqq
0

∞

∫ ˜ ρ A (q) ˜ ρ B (q) fnn (q)J0(qb)
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4π

σ nn i +αnn( )e−β nn q
2

solid curves: Glauber 

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



49 49 49 

Stripping 

bn 
bC 

z 

C survives, n absorbed 

(d) Composite particles: 

SC (bC )
2 1− Sn (bn )

2( )

σ strip(b) = db∫ ϕ0 SC
2 1− Sn

2( ) ϕ0
2

Sdif .dis. (b) = ϕ8 Sα (bα ) Si (bi )
i=1

4

∏ ϕ8

Sj (b j )
2

j survive
∏

k absorbed
∏ 1− Sk (bk )

2( )
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Momentum distributions 

C scatters elastically and C+n breaks up: 

c 
b n 

n is absorbed: 

n
C

C
n

nC

n
C

C
n

m
m

m
m

m
m

m
m

kkk,kkK

rRr,rRr

−=−=

−=+=

ϕContinuum (r) SC (bC )ϕl0 ,m0
(r)

2

1− Sn (bn )
2

dσ strip

d3kC
=

1
2π( )3

1
2l0 +1( )

d 2bn 1− Sn bn( )
2"

#$
%
&'∫ d3r e−ikC ⋅r SC bC( )ϕl0 ,m0

r( )∫
2

m0

∑

ϕContinuum (r) ~ e
ik.r
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Longitudinal Momentum Dist. - Example 

Tails & asymmetry: 
higher order corrections 

 

One needs continuum-
continuum couplings 

9Be 11Be , 10Be+γ( )X

One neutron-removal 

60 MeV/nucleon 

1s½ neutron, Sn = 0.503 MeV 
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Example: Astrophysical Capture on Excited States  

Plastic 

34Ar 

33Ar 
excited 

32Cl* + p à 33Ar* à 33Ar + γ 
Enhancement through capture on  
89 keV state in 32Cl 

temperature (GK) 

x10000 uncertainty 

shell model only 

re
ac

tio
n 

ra
te

 (c
m

3 /s
/m

ol
e)

 

x 3 uncertainty 

better stellar reaction rate 

Clement,  et al, PRL 2005 

Capture on excited state of   
32Cl  4 times larger!  

Better resolution of 33Ar 
states + theory 

C.A. Bertulani                                                               Escuela Andina "Física Nuclear en el siglo 21" (26-30 November 2012) 52 



53 53 53 53 

Nuclear structure calculations have 
absolutely zero value if one does not 
have a good understanding of nuclear 
reactions. 

 

There is still lots of problems with 
reaction theory and consequently with 
experiments. 
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End of part III 


