


... Everything starts from the B2FH review paper of 1957,  
                                                      the basis of the modern nuclear astrophysics 
 
this work has been considered as the greatest gift of astrophysics to modern civilization 
 
 
 
 
 
 
 
 
 
 
 
 
 The elements composing everything from planets to life were forged inside  
  earlier generations of stars! 
 
Nuclear reactions  responsible for both ENERGY PRODUCTION and  
CREATION OF ELEMENTS 



(EXPERIMENTAL)   NUCLEAR  ASTROPHYSICS 

•  What is the origin of the elements? 
•  How do stars/galaxies form and evolve? 
•  What powers the stars?  
•  How old is the universe? 
•  … 

Ø  study energy generation processes in stars 
Ø  study nucleosynthesis of the elements 

NUCLEAR PHYSICS 
 
 

KEY for understanding 

MACRO-COSMOS intimately related to MICRO-COSMOS 



from: M. Wiescher, JINA lectures on Nuclear Astrophysics 

nucleosynthesis processes 

4 

 
1.  H burning à conversion of H to He 
2.  He burning à conversion of He  to C, O  … 
3.  C, O and Ne burning à production of A: 16 to 28 
4.  Si burning à production of A: 28 to 60 
5.  s-, r- and p-processes à production of A>60 
6.  Li,Be, and B from cosmic rays 



interacting nuclei in plasma are in thermal equilibrium at temperature T 
also assume non-degenerate and non-relativistic plasma 
⇒  Maxwell-Boltzmann velocity distribution 
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v = relative velocity 

stellar reaction rate 

need: a) velocity distribution  φ(v) 
   b) cross section  σ(v) 

a) velocity distribution 

example:       Sun   T ~ 15x106 K      ⇒   kT ~ 1 keV 

kT	  ~	  8.6	  x	  10-‐8	  T[K]	  	  keV	  

€ 

〈σv〉 = σ (v)φ(v)vdv∫



charged particles   Coulomb barrier energy available:  from thermal motion  

during static burning:      kT << Ecoul 

    reactions occur through  TUNNEL EFFECT           

tunneling probability    P ∝  exp(-2πη) 

Gamow peak 

tunnelling through 
Coulomb barrier 
∝ exp(-           ) 

Maxwell-Boltzmann 
distribution 
∝ exp(-E/kT) 
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Nuclear reactions between charged particles 

Ekin ~ kT  (keV)   Ecoul ~  Z1Z2  
            (MeV) 

nuclear  
well 

Coulomb potential V 

r r0 

T ~ 15x106 K   (e.g. our Sun)  ⇒  kT ~ 1 keV 

Gamow peak:  energy of astrophysical interest 
where measurements should be carried out 

kT << E0 << Ecoul 

10-18 barn < σ < 10-9 barn 

major experimental challenges 
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CROSS SECTION 

measure σ(E) over as wide a range as possible, then extrapolate down to E0! 

Er	  

DANGER OF EXTRAPOLATION ! 
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challanges 
low cross sections à low yields à poor signal-to-noise ratio  

maximising the yield requires: 
 
 
Ø  improving “signal”  
-  high beam currents       BUT limitations:     charge confinement  - heating effects on target 
- thicker, purer targets    BUT limitations:      exponential drop of cross section high purities 

           difficult + expensive 
Ø  reducing “noise” (i.e. background) 

Ø  combination of both 



C. Casella et al.: Nucl. Phys. A706 (2002) 203-216 

d(p,γ)3He	  

@ lowest energy:  
σ ~ 9 pb à  50 counts/day 

R. Bonetti et al.: Phys. Rev. Lett. 82 (1999) 5205 

3He(3He,2p)4He	  

only two reactions studied directly at Gamow peak 

@ lowest energy:  
σ ~ 20 fb  à  1 count/month 

LUNA – Phase I: 50 kV accelerator (1992-2001) 

investigate reactions in solar pp chain 



S(E) enhancement experimentally found due to the  
Electron Screening  

…but… further problem at astrophysical 
energies                à à à à  

S(E)s= S(E)b exp(πηUe/E)  

3He + 2H à p + 4He 



 

 

 

-  to measure cross sections at never reached energies  (no Coulomb suppression), where the signal 
is below current detection sensitivity  
-  to get independent information on Ue 

-  to overcome difficulties in producing the beam or the target (Radioactive ions, neutrons..) 

-  NOTE: Measurements require careful validation.  Data analysis needs nuclear reaction models 
 

   
v  Coulomb dissociation 

 

v Asymptotic Normalization Coefficients (ANC)  

 

 

v  Trojan Horse Method (THM)  …to determine the S(E) factor of a charged 
particle reaction A+xàc+C selecting the Quasi 
Free contribution of an appropriate  A+a(x+s)à c
+C+s reaction 

…to determine the absolute S(E) factor of a 
radiative capture reaction  A+x à B+γ  studying the 
reversing photodisintegration process B+γ → A+x  

… to determine the S(0) factor of 
the radiative capture reaction, A+x 
à B+γ studying a per iphera l 
transfer reaction into a bound state 
of the B nucleus  



LUNA	  	  	  	  
Reactions measured so far at or near Gamow region: 
 
 3He(3He,2p)4He    1H(p,g)3He    14,15N(p,g)15O    3He(4He,g)7Be  25Mg(p,g)26Al       
 
  2H(4He,g)6Li   17O(p,g)18F    17O(p,a)14N  … 

Many critical reactions for astrophysics BEYOND current capabilities 
 
Some of the poorly known nuclear reactions with stable and photon beams 
 
Heavy ion reactions: 12C+12C, 16O+16O, 12C+16O  
Neutron sources: 13C(a,n)16O, 22Ne(a,n)25Mg, 17O(a,n)20Ne  
Capture reactions:  3He(a,γ)7Be , 12C(a,γ)16O  
 
 
Most of these reactions are resonant:   
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rate entirely determined by “resonance strength” ωγ and energy of the resonance ER  
NOTE 
exponential dependence on energy means: 
Ø  small uncertainties in ER (even a few keV) imply large uncertainties in reaction rate 



abundances of Ne, Na, Mg, Al, … in AGB stars and nova ejecta 
affected by many (p,γ) and (p,a) reactions 

shaded areas indicate order of magnitude(s) uncertainties 

Iliadis et al. ApJ S134 (2001) 151; S142 (2002) 105; Izzard et al A&A (2007) 

Other	  examples	  



Both	  reacJons	  involved	  in	  the	  explosive	  hydrogen	  burning	  that	  powers	  classical	  
novae	  and	  in	  the	  nucleosynthesis	  path	  of	  18F,	  of	  special	  interest	  in	  novae	  
observaJons	  in	  the	  γ-‐	  ray	  wavelengths.	  	  
	  	  
In	  explosive	  condiJons,	  the	  reacJon	  rate	  is	  dominated	  by	  contribuJons	  from	  
narrow	  resonances	  	  at	  Ec.m.=65	  and	  183keV	  

17O(p,γ)18F	  

17O(p,α)14N	  

Reaction rate about 20% smaller than the most recent value reported in literature 
 
The abundance of key isotopes such as 18F,	  18O,	  19F,	  15N	  evaluated through nova models 
calculations, are now obtained with a precision of 10%  
	  

 

M.L.	  Sergi	  et	  al.	  PRC	  (R)	  (2010)	  

A. DI LEVA et al. PHYSICAL REVIEW C 89, 015803 (2014)

TABLE VI. Summary of the fit parameters for the two analyses
and resulting S-factor values at Ec.m. = 0 and 400 keV.

Parameter Systematic Analysis

uncertaintya LUNA All
(%) only data sets

!γ ,557 (eV) 12.8 (13.4)b 0.679 0.588
DC parameterc 1.128 1.196
cact (activity data) 2.9 1.013 1.012
cprim (primary data) 4.1 0.962 0.964
ccom (LUNA common) 6.4 (7.6) 0.976 0.973
cNewton ([18]) 8.1 (9.0) 1.085
cHager ([19]) 9d 0.959
cstop (stopping power) 4.0 1.000e 1.008
S(0) (keV b) 4.8 ± 0.4 5.0 ± 0.3
S(400) (keV b) 10.4 ± 0.9 10.0 ± 0.8

aValue used to constrain the χ 2 fit.
bValue in parentheses includes stopping power uncertainty.
cScaling parameter with respect to Eq. (15) in Ref. [16].
dDue to the different nature of the experiment an estimate of the
common systematic uncertainties is difficult [40], so a similar value
as in the other studies was assumed here.
eNo sensitivity to this parameter (see text for details).

not included in this global analysis since no information on
their systematic uncertainty is available. In order to avoid a
correlation between the resonance parameters and the low-
energy data points of Kontos et al. [20], the latter were also
excluded from the fit. In any case, due to their large statistical
uncertainties, these data would only marginally constrain the
fit. The details of Ref. [18] are available from Ref. [41],
where the quoted 9% systematic uncertainty for all the data
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FIG. 8. (Color online) The total S factor of 17O(p,γ )18F at
astrophysical energies. The best fit of LUNA only (global) analysis
including the 68% confidence limit is shown as solid (dashed) line
and shaded (hashed) area, respectively. For comparison the dotted
line shows the best fit of the R-matrix analysis of Kontos et al. [20]
and the red (gray) bar at low energies indicates the total uncertainty
of their extrapolation to S(0).

points includes stopping power, detection efficiency, and
target thickness. The systematic uncertainty3 was subtracted
quadratically from the uncertainty of the data points quoted
in Ref. [18], separating the statistical uncertainties for the fit
procedure.

The study of Hager et al. [19] was conducted in inverse
kinematics and therefore relies on different stopping power
values. As a consequence this data set, with an estimated
systematic uncertainty of 9%, is completely independent from
the other data.

The global fit of these four data sets leads to a best fit with
χ2 = 29.1 for 30 data points and eight fit parameters; again
only one parameter effectively reduces the number of degrees
of freedom. This global fit (see Table VI and Fig. 8) leads
to a lower value for the γ width of the 557-keV resonance,
!γ ,557 = 0.588 eV, but still in agreement with the recent result
from Ref. [20]. This parameter is mainly constrained by the two
data points around E = 470 keV which have a comparatively
high statistical precision. Note that for both analyses, i.e., the
global fit and LUNA only, the stopping power was also coupled
to an additional scaling parameter, but since only the data of
Hager et al. [19] are independent from this parameter, there is
basically no sensitivity to a variation of the stopping power and
the parameter remained unchanged (see Table VI). However,
the stopping power uncertainty correlates the S-factor values
to !γ ,557 and, thus, affects the determination of the total
uncertainty.

The uncertainty of the total S factor in the present analysis
was obtained from a Monte Carlo procedure: A large number of
pseudodata sets were generated from the original data points,
i.e., Gaussian distributed with the original value and the quoted
uncertainty as mean and standard deviation, respectively.
Similarly, a scaling factor was assigned to each data set from
the corresponding systematic uncertainty through a Gaussian
distribution with mean value equal to unity. Subsequently, a
least squares fit was performed on each pseudodata set. The
S factor at each energy, obtained in this procedure, is well
described by a Gaussian distribution and the uncertainty was
determined from a symmetric 68% confidence interval. In this
procedure only the treatment of the two broad resonances
was slightly modified: The critical parameters, !γ ,557 and
!γ ,677, were also generated from a Gaussian distribution with
a mean as obtained in the present analysis (see Table VI)
and the literature uncertainty as standard deviation, e.g.,
taken from Ref. [20]. The γ -width values obtained in this
randomization were kept fixed and were not varied as free
parameter in the fit. The resulting uncertainty band for
both analysis types, global and LUNA only, are shown in
Fig. 8.

In the novae energy range, the difference between the results
of the two analyses is rather small and the uncertainty bands
are largely overlapping (Fig. 8). The best fit of the LUNA-only
analysis results in a larger value for !γ ,557 than the global

3As in the present study we assume a 4% stopping power uncertainty
for the data of Ref. [18]. Since this quantity is treated independently, it
was subtracted quadratically from the quoted systematic uncertainty,
resulting in a value of 8%.

015803-10

 (ωγ)183keV =1.67±0.12 µeV	  

 (ωγ)65keV =	  

A. Di Leva et al. Phys. Rev. C (2014) 	  



13C + α → n + 16O:  recent THM experiment 

Neutron source for the main component 
of the s-process, responsible for the 
production of most nuclei in the mass range 
90<A<204 
 
Active in He-burning shell in AGB from 
140 to 230 keV à importance of the  
higher energy tail of the -3 keV resonance 
 
its new partial width 
and ANC  
	  

Reaction rate increases by a factor 3 in 
at T9=0.01:  
à30% variation in the abundance of 
 
 
due to the increased neutron density! 	  

M.	  La	  Cognata	  et	  al.,	  APJ	  109	  (2014)	  232701	  



22Ne(α,n)25Mg	  
importance:   s-process in AGB stars 
astrophysical energies:  400 - 700 keV  
minimum measured E:  ~800 keV 

Neutron	  sources	  for	  heavy	  elements	  

current status 

suggestion for improvements of measurements:  high intensity stable beams 
                                                             inverse kinematics, indirect Methods 

 



12C+12C	  
importance:         evolution of massive stars 
astrophysical energy:  1 – 3 MeV  
minimum measured E:    2.1 MeV (by γ-ray spectroscopy) 

Late	  stages	  of	  stellar	  evoluJon	  
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 Jiang et al.
 Gasques et al.
 Caughlan and Fowler
 PA
 KNS

Strieder, J. Phys. G35 (2008) 14009 

extrapolations differ by 
3 orders of magnitude 

large uncertainties 
in astrophysical models  

of stellar evolution 
and nucleosynthesis 

options for improvements of measurements: high intensity stable beams, 
                         indirect methods 

           



	  12C(12C,α)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method applied to the 
12C(14N,α20Ne)2H and 12C(14N,p23Na)2H three-body processes 
                            2H from the 14N  as  spectator s 
 
Observation of 12C cluster transfer in the 12C(14N,d)24Mg* reaction       (R.H. Zurmȗhle et al. PRC 49(1994) 5) 

d 

α/p 
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14N 

20Ne/23Na 

Direct break-up 

12C 

2-body reaction 

E14N = 30 MeV  

12C+	  12C	  relaJve	  energy	  Ecm	  for	  a	  deuteron	  
momentum	  ≤	  60	  MeV/c	  
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To be continued…. 




