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Outline:

-Nuclear Fusion reactions in stars
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-The Luna Experiment: most important results

- On-going measurements and future perspective: the
LUNA-MV project
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RELATIVE PROBABILITY

Nuclear reactions in stars
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Danger in extrapolations!



Sun
Luminosity = 2 -103° MeV/s

Q-value ( H burning) = 26.73 MeV

Reaction rate = 1038 g1

Laboratory
Rlab: Np NT O ¢

N, = number of projectile ions # 10 pps (100 pA g=1*)
N, = number of target atoms = 10° at/cm?
c = cross section = 10-1° barn

e= efficiency # 100% for charged particles
1% for gamma rays

R ® 0.3-30 counts/year



|Qlab > Bbeam induced ¥ Benv + Bcosmic
Bieam induced + Meactions with impurities in the target

reactions on beam collimators/apertures

Benv

B osmic + mainly muons

100

: natural radioactivity mainly from U and Th chains

typical y-ray spectrum at surface lab
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E.<3MeV—passive shielding for
environmental background radiation

underground passive shielding is more
effective since p flux,that create
secondary Y's in the shield, is suppressed




Laboratory for Underground
Nuclear Astrophysics
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LUNA present program

completed!

\ reaction Q-value Gamow Lowest meas. LUNA
(MeV) | energy (keV) Energy (keV) limit
CNO cycle 15N(p,y)1°O 12.13 10-300 130 50
ey | 170(p,7)8F 5.6 35-260 300 65
completed! | Ia0(p.1)F 80|  50-200 143 89
Ne-Na cycle ) 23Na(p,7)?*Mg 11.7 100-200 240 138
In progress 22Ne(p,v)**Na 8.8 50-300 250 68
D(c,y)Li 1.47 50-300| 700(direct 50

BEN { o 50(ir(\dir'ec‘r))

In progress

to be completed presumably by 2014




70O(p,y)'8F measurement

170+p is very important for

hydrogen burning in different Status of the art before the LUNA

. . measurement:
stellar environments: Rolfs et al., 1973, prompt y
. Spc measured at 4 energies in the
- Red giants range E_, = 290-430 keV
- Massive stars Spc® 9 keV b for E,,= 100-500 keV
- AGB
- Novae Fox et al., 2005, prompt y

discovered 183 keV resonance
oy = (1.2£0.2) 106 eV
calculation of DC

Spc = 3.74 + 0.676E - 0.249E?
determination of high energy
resonance influence on S total

Novae Gamow
Window

r DC (Rolfs)

S-factor (MeV b)

Chafa et al., 2007, activation
; oy = (2.2:0.4) 106 eV
_______________ P measured Sy = (8.3+4.0) keV b

T L AN Syc = 6.2 + 1LHIE - 0.169E2
T > o larger than Fox by more than 50%




70O(p,y)'8F measurement

Status of the art before the LUNA measurement:
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Newton et al., 2010, prompt y
Spc measured at 6 energies in the range E,, = 260-470 keV
Calculated Sy (E) = 4.6 keV b (+23%)

Hager et al.(DRAGON), 2012, recoil separator

E., = 250-500 keV

Spc higher than Newton and Fox. No flat dependence. Re-evaluate resonant
contributions



70O(p,y)'8F measurement

183 keV resonance and direct capture component for E=200-370 keV
measured with prompt gammas and activation ->Gamow window for peak
temperatures T=0.1-0.4 GK (Novae region) explored with the highest
precision to-date




70O(p,y)'8F measurement
183 keV resonance: wy=1.67+0.12 neV (weighted average of
prompt and activation)
Several new transitions identified and branching ratios
determined
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70(p,y)'8F results

B present (primary)
20 £ ® present (activation) = _
S Newton et al, 2010 ;F o

O Rolfs, 1973 £
L T Hager etal, 2012 J.
15+ —— present best fit
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...... MWewton
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The best fit includes the contribution from the E=557 and
E=667 broad resonances from literature and a constant
direct capture component

Improvement of a factor of 4 in the reaction rate

uncertainty!
D. Scott et al., Phys Rev Lett 109 (2012) 202501




LUNA MV Project

April 2007: a Letter of Intent (LoI) was presented to the
LNGS Scientific Committee (SC) containing key reactions
of the He burning and neutron sources for the s-process:
12¢( g, v 160

13C(o,n)160

°2Ne(a,h)>>Mg

(a.,y) reactions on 415N and 180

These reactions are relevant at higher temperatures
(larger energies) than reactions belonging to the hydrogen-
burning studied so far at LUNA

|

Higher energy machine-> 3.5 MV single ended positive ion
accelerator



Location at the "B node" of a 3.5 MV single-ended positive
ion accelerator




In a very low
background
environment such as
LNGS, it is mandatory
not to increase the
neutron flux above its
average value

Neutron production rate [1/s]

Maximum neutron
energy (lab): 3.02 MeV

Maximum neutron
energy (lab): 5.6 MeV

Maximum neutron
energy (lab): 0.45 MeV

BCla,n)°0  from “C(a,y)°0
— " Ne(a,n)"Mg
—_— ISC(a, H)IGO

* Max n production rate : 2000 n/s
* Max n energy (lab) : 5.6 MeV

Just-outside the wall the n-
flux is less than 1% of the
LNGS natural flux
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"Progetto Premiale LUNA -MV"

Special Project financed from the Italian Research Ministry
with 2.805 Millions of Euros in 2012

Schedule:

2012-2013 Hall preparation- Tender for the accelerator-
Shielding

2014 Beam lines R&D- Infrastructures

2015 Accelerator installation - Beam lines construction-
Detectors installation

2016 Calibration of the apparatus and first tests

2017 First beam on gas and solid targets

2.1 Millions of Euros still missing...



LUNA

4

The LUNA-MV project aims at measuring
the astrophysical key reactions
‘He(*He,y)"Be,

12(:((1!?)150,

'13(:(Gf_ln)'1a,:)J

ZNe(o,n)*Mg

using a MV machine placed in the Gran
Sasso underground laboratory.

Goal of the workshop is to define the
scientific priorities as well as the
structure and the task sharing of the new
collaboration. A possible timeline of the
project will also be discussed.

Workshop at LNGS 6-8 February 2013, LNGS
“Growing-up the LUNA MV collaboration”

luna-mv.lngs.infn.it
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A complementary approach:
the ERNA experiment

beam ions

gas +recoils Recoil , Particle
target Mass leaky detector

Separator beam ions
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ERNA Measurements:

_ "Be(p,y)eB (2012-2013)
B 1°C(o,y) O (2015-2018)
160(a.,v)?°Ne (2015-2018)
7 335(p.y)34Cl (2013-2014)

14 5N(a,y)819F (2013-2014)

A synergic working group
to study the 2C(a.y) €O
reaction has recently
started between the
ERNA and LUNA
collaborations
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