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Nuclear Astrophysics: an interdisciplinary field
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The Origin of the Elements
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The Origin of the Elements

Francesca Cavanna                                               INFN To 416/02/2021

Charged-particle induced reactions



Challenges of 
nuclear astrophysics experiments



Relevant energy range
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Low energies small cross sections



Experimental Challenges of Direct Measurement
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~1-5% for gamma rays (HPGe detectors)

10-36 cm2 (often even smaller)

Counting Rate = Np x Nt x cross section x detection efficiency 

1018 atoms/cm2 typical solid state targets

1014 pps (~100 mA q=1+) typical stable beam intensities

C = 4 · 10-3 counts/hour



How to improve the signal-to-noise ratio? 



Laboratory for Underground Nuclear Astrophysics
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Gamma background reduction at LNGS
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LUNA experimental setup
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ACCELERATOR:
• 50 keV < Ep-a < 400 keV
• I ~ 300 mA
• DE = 100 eV

Solid Target

Windowless gas target



Recent achievement



A new paper is out!
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Big Bang Nucleosynthesis

 BBN occurs 3 minutes after Big Bang
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H

He

 After BBN we have mainly H and 4He plus small amounts of D, 3He, 6Li and 7Li



[D/H]OBS = (2.527 ± 0.030) x 10-5

Cooke et al, APJ 855 (2018) 102

The primordial deuterium abundance
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 Observed abundance

Direct astronomical observations

 Predicted abundance (BBN theory):

From BBN theory, knowing the cosmological
parameters and the cross sections of the processes
responsible for D creation and destruction [D/H]BBN

 By comparing [D/H]OBS and [D/H]BBN → the universal barion density WB 
and/or Neff can be derived

[D/H]BBN = (2.587 ± 0.055) x 10-5

 The primordial deuterium abudance [D/H] can be obtained by:

1% accuracy

[D/H]BBN = (2.439 ± 0.052) x 10-5

Planck, A&A 641 (2018) A6

Depending on the adopted
cross sections



The primordial deuterium abundance
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[D/H]OBS

The primordial deuterium abundance is sensitive to the baryon density of the Universe



The primordial deuterium abundance
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The primordial deuterium abundance is also sensitive to the number of 
neutrino species, Neff= 2, 3 and 4



D(p,g)3He: State of the art

 The uncertainty on [D/H]BBN is related to the knowledge of the reactions 
involved in the deuterium production and distruction
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 The uncertainty on [D/H]BBN is dominated by the uncertainty on the 
D(p,g)3He S-factor 

Reaction sD 105

p(n,g)D 0.002

D(p,g)3He 0.062

D(d,n)3He 0.020

D(d,p)3H 0.013



D(p,g)3He: State of the art

 Experimental data: two datasets currently available in the BBN energy 
range with a systematic error of 9-15%

 Ab initio calculations disagree with experimental data
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D(p,g)3He: experimental setup 
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Experimental setup:

 Proton beam

 D2 windowless gas target (P=0.3 mbar)

 HPGe detectors for g-rays

Measurement goal:

 Cross section measurement with ~3% 
accuracy 

 Ecm= 30-300 keV

HPGe

HPGe



D(p,g)3He: experimental setup 

 Windowless gas target setup
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D(p,g)3He: study of systematic uncertainties
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𝜎 𝐸 =
𝑁𝛾(𝐸)

𝑁𝑝 0
𝐿
𝜌 𝑧 𝜀 𝑧, 𝐸𝛾 𝑊 𝑧 𝑑𝑧



D(p,g)3He: spectra 
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 Spectrum obtained @ Ep = 50 keV with D2 gas target (P=0.3 mbar) 

 Spectrum obtained @ Ep = 50 keV with 4He gas target (P=0.4 mbar) 



D(p,g)3He: spectra 
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 Spectrum obtained @ Ep = 395 keV with D2 gas target (P=0.3 mbar) 

 Spectrum obtained @ Ep = 395 keV with 4He gas target (P=0.3 mbar) 



D(p,g)3He: S-factor results 
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The baryon density of the Universe
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 Baryon density obtained with PARTHENOPE code by comparing [D/H]OBS and [D/H]BBN

 Neff = 3.045, fixed

 Comparison with Planck results

Analysis performed by Ofelia Pisanti and Gianpiero Mangano



Evidence of new physics?

 Likelihood analysis in wich both Wbh2 and Neff were left as free 
parameters

 D+CMB case with (D/H)obs and (D/H)BBN, combined with the CMB baryon 
density from Planck

 D+Yp case with observed and predicted values of both the deuterium 
abundance and the 4He mass fraction, Yp
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𝑁𝑒𝑓𝑓 = 2.95−0.57
+0.61

𝑁𝑒𝑓𝑓 = 2.86−0.67
+0.75

Our largest value of Neff

deviates by at most 20% 
from Neff = 3.045



The future



LUNA MV: A 3.5 MV accelerator
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1H+ (TV: 0.3 – 3.5 MV): 500-1000   μA

12C+ (TV: 0.3 – 3.5 MV): 150  μA
12C++ (TV: 0.5 – 3.5 MV): 100  μA

4He+ (TV: 0.3 – 3.5 MV): 300-500 μA



LUNA MV: scientific program (first five years)


14N(p,g)15O reaction: commisioning measurement

 Already studied at LUNA

 High scientific interest: Solar Standard Model prediction for the solar 
composition → a measurement in a wide energy range is needed 

 Neutron sources for the weak and main s-process: 13C(a,n)16O and 
22Ne(a,n)25Mg


13C(a,n)16O: for a better extrapolation at low energies a measurement in 
a wide energy range is needed


22Ne(a,n)25Mg: in the energy region of interest 570 keV < Ea < 800 keV 
no direct experimental data are available


12C + 12C: of crucial importance for C burning. It influences the 

chemical composition of the Universe
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Conclusions

The LUNA result settles the most uncertain nuclear physics input to BBN
calculations and substantially improve the reliability of using primordial
abundances as probes of the physics of the early Universe
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Extra slides
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The baryon density of the Universe
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 Baryon density obtained by comparing [D/H]OBS and [D/H]BBN

 Neff = 3.045, fixed

 Comparison with Planck results

Analysis performed by 
Ofelia Pisanti and 

Gianpiero Mangano



Evidence of new physics?

 Likelihood analysis in wich both Wbh2 and Neff were left as free 
parameters

 D+CMB case with (D/H)obs and (D/H)BBN, combined with the CMB baryon 
density from Planck

 D+Yp case with observed and predicted values of both the deuterium 
abundance and the 4He mass fraction, Yp
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𝑁𝑒𝑓𝑓 = 2.95−0.57
+0.61

𝑁𝑒𝑓𝑓 = 2.86−0.67
+0.75



D(p,g)3He: systematic uncertainties

 Goal: 3% accuracy on the D(p,g)3He cross section (Q= 5.5 MeV) 

 𝜎 𝐸 =
𝑁𝛾(𝐸)

𝑁𝑝 0
𝐿
𝜌 𝑧 𝜀 𝑧,𝐸𝛾 𝑊 𝑧 𝑑𝑧
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D(p,g)3He: systematic uncertainties

 Goal: 3% accuracy on the D(p,g)3He cross section (Q= 5.5 MeV) 

 𝜎 𝐸 =
𝑁𝛾(𝐸)

𝑁𝑝 0
𝐿
𝜌 𝑧 𝜀 𝑧,𝐸𝛾 𝑊 𝑧 𝑑𝑧
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Interation chamberColl.Connecting tube



D(p,g)3He: systematic uncertainties

𝜎 𝐸 =
𝑁𝛾(𝐸)

𝑁𝑝 0
𝐿
𝜌 𝑧 𝜀 𝑧, 𝐸𝛾 𝑊 𝑧 𝑑𝑧
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Ge1

Ge2

Eg= 5.5-5.8 MeV → efficiency calibration:

 radioactive sources

 ER = 260 keV resonance of 14N(p,g)15O



D(p,g)3He: systematic uncertainties

 Goal: 3% accuracy on the D(p,g)3He cross section (Q= 5.5 MeV) 

 𝜎 𝐸 =
𝑁𝛾(𝐸)

𝑁𝑝 0
𝐿
𝜌 𝑧 𝜀 𝑧,𝐸𝛾 𝑊 𝑧 𝑑𝑧
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Primordial deuterium abundance

 Deuterium abundance:
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 Chi2:



Baryon density of the Universe
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D/HBBN = (2.52 ± 0.03 ± 0.06) 10-5



Before and after LUNA measurement
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Cosmological parameters and D/H abundance
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