
 Institute of Radiation Physics | www.hzdr.de 

Nuclear fusion reaction measurements at LUNA  

Marcell P. Takács 



Member of the Helmholtz Association Page  2 
Marcell P. Takacs | Institute of Radiation Physics | www.hzdr.de 



Member of the Helmholtz Association Page  3 
Marcell P. Takacs | Institute of Radiation Physics | www.hzdr.de 

Luna 

Laboratory for Underground 
Nuclear Astrophysics 

Gran Sasso National Laboratory (INFN) 



Member of the Helmholtz Association Page  4 
Marcell P. Takacs | Institute of Radiation Physics | www.hzdr.de 

LUNA-II 400 kV 
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gas target beamline 

solid target beamline 
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Definition of the  
astrophysical S-factor S(E): 

 

 

Nuclear reaction cross section σ for low-energy 
charged particles 

Typical Coulomb barrier height : ~ MeV 
 
Typical stellar temperature kB * T ~ keV 
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Uniquely low no-beam background at LUNA 

Eur. Phys. J. A (2012) 48: 8 Page 5 of 8

Fig. 5. (Color online) Background in one and the same Clover HPGe detector: Earth’s surface, without (black dotted line) and
with active muon veto (black dot-dot-dashed line). Shallow underground, without (red dashed line) and with active muon veto
(red dot-dashed line). Deep underground [10] (limited to 0–8 MeV), without (blue solid line) and with active muon veto (blue
short dashed line).

pression of the muon flux. Deep underground, an addi-
tional factor of 3×104 suppression is expected for the di-
rect effects of muons, bringing this source of background to
a negligible level. Instead, as discussed above, again depth-
independent neutrons emitted from the walls of the labo-
ratory due to (α,n) reactions dominate the counting rate.
These neutrons are not affected by the escape-suppression
shield, so the deep-underground counting rate with and
without muon veto is the same in this energy region [10].

As a result, for 5.3MeV ≤ Eγ ≤ 8.0MeV the counting
rate in one and the same detector deep underground is
only a factor 2.4±0.3 lower than shallow underground, if
an active muon veto is used. Due to the dynamic range
of the deep-underground data for this particular detector,
no direct comparison is possible for 8.0 MeV < Eγ , but
the trend can be estimated from the LaBr3 data, which
extend to higher energies.

6 Implications for the feasibility of
accelerator-based experiments

In order to gauge the feasibility of accelerator-based exper-
iments on radiative capture reactions, some real or hypo-
thetical setup has to be assumed. Depending on whether
the γ-rays to be detected lie outside the range of nat-
ural radionuclides (Eγ > 2.615MeV) or inside it (Eγ

≤ 2.615MeV), different shielding scenarios are optimal,
therefore for those two γ-energy ranges two different se-
tups called setup A and B, respectively, are assumed.
Setup A: For reactions with emitted γ-rays of Eγ >
2.615MeV, as discussed above γ-lines from environmen-
tal radionuclides do not play a role, and a lead shield
around the detector or around the whole counting room
as in the MK2 case cannot be expected to further improve

the background. Therefore, for these reactions a setup
used previously for in-beam γ-spectroscopy experiments
at LUNA [16,10,17] is selected for the feasibility discus-
sion. Setup A consists of the present Clover HPGe detec-
tor (sect. 5), with its endcap at 9.5 cm distance from the
target and the present active BGO veto. For this setup,
a typical random veto rate of 1% due to background hit-
ting the BGO has been found [10]. For γ-rays emitted in
cascade, a typical peak suppression of 5% has been ob-
served due to the second γ-ray of a cascade hitting the
BGO shield [16,17]. The latter effect vanishes for a single
emitted γ-ray, as in capture to the ground state of the
compound nucleus.

Setup B: For reactions with emitted γ-rays of Eγ <
2.615MeV, a lead shield is necessary to suppress envi-
ronmental γ-lines. For studying these cases, the present
LaBr3 and HPGe data (sect. 4 and 5) cannot be used due
to the lack of proper lead shielding. It would have been
prohibitively difficult to transport not only the detectors,
but also one and the same full lead shield to the above
discussed three sites. For the cases with Eγ < 2.615MeV,
instead the previous background data from well-shielded
setups (sect. 2) are used, rescaled for their relative effi-
ciencies as stated above (fig. 1). The same detector-target
distance as in setup A is assumed. This hypothetical setup
is called setup B.

A typical target of 6·1017 active target atoms/cm2

is assumed, with the composition given in table 1. The
S-factor or resonance strength and branching ratio are
adopted from the given reference (table 1). A beam inten-
sity of 250 particle-µA is assumed.

For the cases considered here, one or more γ-rays are
emitted per reaction. However, in many cases including
most of the examples given here, capture to the ground
state dominates at the energies under study, or is even
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Thermonuclear reaction rate 

■  Nuclear reaction represent the main energy source of stars 
  0 + 1   2 + 3   (Q-value) 

■  Total energy released ~ rate of nuclear reaction 

■  In the stellar plasma the relative velocity of nuclei 0 and 1 is not 
constant, but follows Maxwell-Boltzmann distribution 

■  Reaction rate per particle pair 
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At which energies do the reactions take place in a plasma? 

Scenario Reaction EG[keV] σ [barn] Detected events/
hour 

Sun (16 MK) 3He(α,γ)7Be 23 10-17 10-9 

14N(p,γ)15O 28 10-19 10-11 

AGB stars (80 MK) 14N(p,γ)15O 81 10-12 10-4 

Big bang (300 MK) 3He(α,γ)7Be 160 10-9 10-1 

2H(α,γ)6Li 96 10-11 10-3 

Assuming  1016 s-1 beam 
 1018 at/cm2 target 
 10-2 detection efficiency 

 

Too low, even for LUNA 
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■  For isolated, narrow resonances the cross section is given by the 
Breit-Wigner formula 

   
 

 

λ : de Broglie wavelength	
ji .: spin of nuclei 0 and 1  
J : spin of the resonance (compound nucleus) 
Γi : partial width of the entrance (a) and exit (b) channel 
Γ : total width of the resonance 	
 

σ BW =
λ 2

4π
(2J +1)

(2 j0 +1)(2 j1 +1)
(1+δ01)

ΓaΓb

(Er −E)
2 +

Γ2

4

ω =
(2J +1)

(2 j0 +1)(2 j1 +1)
(1+δ01)

λ =
2π!
2m01E
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■  For narrow resonance the partial width (Γa, Γb ) and the Maxwell-
Boltzmann factor approx. constant over the resonance width  Γ  

■  Resonance strength:  
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Experimental determination of ωγ	

■  In nuclear physics experiments the measured quantity is often the 
yield: 

 

■  Yield and cross section 

  
 

Y = total number of reactions
total number of incident particles

=
NR

Nb

ε(E) = − 1
nt

dE
dx

nt =
Nt

V

Y = σ ini
i
∑ Δxi

Y = σ (x)n(x)dx
target
∫ = σ (x)n(x) dE

dx
dx
dEtarget

∫

Y = σ (E)
ε(E)

dE
Ep−ΔE

Ep

∫
Stopping power: 
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■  Assuming Breit-Wigner cross section the integral can be solved 
analytically  

 
■  The maximum yield is achieved if 

■  For charged particle induced capture reactions -  for example: (p,γ)   
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Γ p << Γγ Γ = Γ p +Γγ ≈ Γγ ≈  (1 meV - 1 eV)
ΔE ≈  (10 keV)
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■  “Real” experimental yield calculation 

■  Final formula for the experimental resonance strength 

  
 

Y = NR

Nb

=
Npeak

NbBηeffW (ϑ )

branching ratio detector efficiency 

angular correction 

ωγ =
2
λr
2 εr

Npeak

NbBηeffW (ϑ )
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22Ne(p,γ)23Na 
■  Importance 

■  Second to the slowest reaction in the Ne-Na cycle of hydrogen burning 
■  Strong effect on the abundances of 22Ne and 23Na 
■  22Ne is important for neutron-capture driven nucleosynthesis: 22Ne(α,n)25Mg 
■  Large uncertainties regarding its reaction rate 

■  Astrophysical sites 
■  AGB stars 
■  Novae 
■  Supernovae 

20Ne 

21Na 

21Ne 22Na 

22Ne 

23Na 

(p,γ)  

β+	

(p,γ)  

β+, EC 

(p,γ)  

(p,α)  (p,γ)  (p,γ)  

19F 24Mg 
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Experiment at LUNA 
■  Differentially pumped gas target system 

■  Windowless system 
■  3 pumping stages 
■  Gas recirculation with purifier 

■  HPGe-based first phase 
■  2 ultra low background (ULB) detectors 
■  Placement: 55° (137% rel. eff.) and 90° (90% rel. eff.) 
■  Study of selected low energy resonances (Ep < 400 keV) 
■  Limit uncertainty by angular distribution 

     

decrease the magnesium abundance [14]. In parallel, oxy-
gen is depleted by the oxygen-nitrogen (ON) cycle. The
interpretation of the observed abundance patterns thus
requires a precise knowledge of nucleosynthesis in the
NeNa and MgAl chains and in the ON cycle. The MgAl
chain [15] and ON cycle [16] have recently been addressed
in low-energy experiments. The present work reports on a
high-luminosity experiment on the most uncertain reaction
of the NeNa cycle, 22Neðp; γÞ23Na.
In addition to the AGB star scenario and the HBB

process, hydrogen burning of 22Ne also plays a role in
explosive nucleosynthesis scenarios. In classical novae
(0.15 < T < 0.45 GK, 150 < Ep < 300 keV [20]), the
ejected material carries the products of the hot CNO cycle
and of the NeNa [21] and MgAl chains. For an oxygen-
neon nova, the uncertainty on the 22Neðp; γÞ23Na reaction
rate leads to 6 orders of magnitude uncertainty on the 22Ne
yield [22]. For a carbon-oxygen nova, 22Neðp; γÞ23Na was
found to affect the abundances of elements between neon
and aluminum [22]. As a consequence, there is a call for a
more precise 22Neðp; γÞ23Na thermonuclear reaction rate
[23]. In type Ia supernovae, during preexplosion hydrogen
burning (T < 0.6 GK, Ep < 400 keV) on the surface of the
white dwarf star, the 22Neðp; γÞ23Na reaction may deplete
22Ne, hence changing the electron fraction and all the
subsequent nucleosynthesis [24]. In core collapse super-
nova precursors, proton capture on 22Ne competes with the
neutron source reaction 22Neðα; nÞ25Mg, thus affecting
neutron capture nucleosynthesis [25]. Summarizing, new
22Neðp; γÞ23Na data are needed for several highly topical
astrophysical scenarios ranging from AGB stars to
supernovae.

22Neðp; γÞ23Na resonances with resonance energy Eres
p >

400 keV affect the thermonuclear reaction rate for high
temperatures T > 0.5 GK, see Ref. [26] for recent new
data. For lower temperatures T < 0.5 GK relevant to most
of the scenarios discussed above [6,9,10,14,20,22–25], the
strengths of resonances with Eres

p < 400 keV must be
known. Only one direct experiment is reported in the
literature [27], and it shows only upper limits for the
resonance strengths. Indirect data are also available
[28–30], but their interpretation relies on spin parity
assignments or spectroscopic factor normalizations, which
are often uncertain. As a result, the mere existence of the
resonances at Eres

p ¼ 71, 105, and 215 keV is still under
debate [28,29].
In 1999, NACRE Collaboration [31] derived the

22Neðp; γÞ23Na reaction rate from resonance strengths
[27,32,33] and a small direct capture component [32]. A
similar evaluation was performed by Hale et al. in 2001
[29], updated by Iliadis et al. in 2010 [34,35] and again in
2013 by the STARLIB group [36], including new indirect
data [29]. Iliadis et al. used much lower upper limits than
NACRE Collaboration in several cases and excluded some

debated resonances from consideration [34–36]. As a
result, there is up to a factor of 1000 difference in the
total reaction rate between NACRE Collaboration and the
STARLIB group [31,36]. The aim of the present work is to
address this unsatisfactory situation with high-statistics,
direct experimental data.
The measurements were carried out at the Laboratory for

Underground Nuclear Astrophysics (LUNA) in the under-
ground facility of the Italian National Institute for Nuclear
Physics Gran Sasso National Laboratory, which offers an
unprecedented sensitivity thanks to its low-background
environment [37,38]. Several nuclear reactions of astro-
physical importance have been studied at very low energies
at LUNA in recent years [16,39,40]. The experimental
setup (Refs. [17–19] and Fig. 1) consists of a windowless
gas target chamber filled with 1.5 mbar 22Ne gas (isotopic
enrichment 99.9%, recirculated through a Monotorr II PS4-
MT3-R-2 chemical getter) and two large high-purity
germanium detectors, respectively, at a 55° (Ge55) and
at a 90° angle (Ge90) to the beam axis. Possible gas
impurities by in-leaking air were periodically checked by
the strong Eres

p ¼ 278 keV 14Nðp; γÞ15O resonance and
were always below 0.1%.
The 70–300 keV proton beam from the LUNA 400 kV

accelerator [41] (beam current 100–250 μA) is collimated
through a series of long, narrow apertures, then enters the
target chamber, and is finally stopped on a copper beam
calorimeter with a constant temperature gradient. Ge90 and
Ge55 are surrounded by a 4π lead shield of 22–30 cm
thickness, and a 4 cm inner copper liner for Ge55. The γ-ray
detection efficiency was measured (478 ≤ Eγ ≤ 1836 keV)
with calibrated radioactive sources (7Be, 60Co, 88Y, 137Cs)

FIG. 1 (color online). Target chamber, germanium detectors
(Ge55 and Ge90), and copper (orange) and lead (gray) shielding.
The external lead wall on the right-hand side covers the shielding
gap where the calorimeter is inserted [17–19].

PRL 115, 252501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

18 DECEMBER 2015

252501-2
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ωγ = (6.89 ± 0.16) x 10−6 eV 	

ωγ = (1.87 ± 0.06) x 10−6 eV 

ωγ = (1.48 ± 0.10) x 10−7 eV 

ωγ ≤ 7.6 x 10−9 eV 

ωγ ≤ 1.5 x 10−9 eV 
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Experiment at LUNA 

■  BGO-based second phase 
■  4π bismuth germanate summing crystal 
■  6 sectors with separate PMTs 
■  Positioned around the gas target chamber 
■  Lowest energy resonances (Ep < 200 keV) 
■  Study of direct capture reaction 

BGO 

BGO 

PMT 

PMT 

Calorimeter 

Gas inlet 

Beam 

Pressure gauge 

1	

4	
3	

2	6	
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105 keV 
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Ep  
[keV] 

Upper limit LUNA-BGO 
ωγ 
[eV] 

Upper limit LUNA-HPGe 
ωγ 
[eV] 

 

67 ≤ 5.4 × 10-11 

≤ 1.5 × 10-9 
69 ≤ 3.1 × 10-11 

71 ≤ 2.5 × 10-11 

75 ≤ 8.1 × 10-11 

100 ≤ 6.0 × 10-11 

≤ 7.6 × 10-9 105 ≤ 4.9 × 10-11 

110 ≤ 4.1 × 10-11 

Numbers based on unbound / bound profile likelihood method (90% CL) 
W. Rolke et al., NIM A 551 (2005) 493 

Results  – Resonant capture 
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(F. Cavanna et al., PRL 115, 252501, 2015) 
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1.  Reduce the background! 
2.  Measure nuclear reaction at (or near) the relevant energies! 
3.  Use high beam intensity! 
4.  Have great patience! 

Creed of LUNA 


