Underground cross section measurements of stellar
reactions at astrophysically relevant energies
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Some astrophysical motivations

<>Solar neutrinos:
3He(a.,y)’Be, "Be(p,y)®B and **N(p,y)** O
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reaction S(0) [keV b] S(0) [keV b] 5"_,
Solar Fusion I Solar Fusion IT &

1998 2010 3

3

p(p.eve)d (4.01 £ 0.02)*1022 (4.01 + 0.04)*1022 2.
3He(3He,2p)*He (5.4 & 0.4)*103 (5.21 = 0.27)*103 g
3He(ay)"Be (0.53 + 0.05) (0.56 = 0.03) g
He(p.e'v.)*He 2.3*1020 (8.6 £ 2.6)*102 S
7Be(p,y)eB 0.019_,,,*0-004 (2.08 = 0.16)*10°2 9353
4N (p y)150 3.5, (+04 1.66 = 0.12 g
Py

2

Neutrino fluxes of ®(*3N) and ®(**O) depend almost linearly on S ,(0)

CNO neutrino flux decreases a factor =~ 2, after LUNA *N(p,y)*O meaurements
(Pefa-Garay and Serenelli arXiv:0811.2424v1)




Some astrophysical motivations

<>Age of Globular Clusters:
14N(p,y) 150
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Globular Cluster age increases of 0.7 — 1 Gyr

<>AGB nucleosynthesis - 170/!80 abundaces, 1°F origin, 26Mg excess....:

13C(a,n)t0, 22Ne(a,n)*>Mg 4C(at,y)*0, 1N(a,y)*8F, 1°N(a,y)*°F, 1*N(p,y)*°O,
>N(p,a)?C, Y70(p,y)*3F(B*)*%0, ¥0(a,y)*’Ne, 80(p,a)**N, 18F(c,p)* Ne,
19F(a,p)?2Ne, 24Mg(p,y)>Al(B*)>Mg, 22Mg(p,y)*°Al(B*)** Mg, 2°Mg(p,y)>’Al...

<>He and advaced burnings (see M.Junker ’s talk):

12C(OL,’Y)16C, 12C(12C’ p)23Na’ 12C(12C’a)20Ne
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EerrimentaI aggroach:

Quiescent burning stages of stellar evolution
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FEATURES  T-~106-108K = E,~100keV << E,, = tunnel effect
= 1018 barn < 6 < 10 barn
—> average interactiontime t~<ocv>1~10%y
unstable species DO NOT play significant role

PROBLEMS 10¥b<o<10°b = poor signal-to-noise ratio
= major experimental challenge
— extrapolation procedure required

REQUIREMENTS poor signal-to-noise ratio = long measurements
= ultra pure targets
= high beam intensities
= high detection efficiency




Background signals

The main problem of direct measurements is determined by the
background signals, which, together with the low cross sections, set a
[imit to the energy range that can be investigated.
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Three are the main sources of background:

environmental radioactivity
cosmic rays
beam-target induced nuclear reactions

Each of these sources produces background of different nature and
energy, so that each reaction to be studied deserves a special care in
suppressing the relevant background component.




v-ray Background

1. Environmental radioactivity (y-rays of low energy):
a) natural radioactive series 226Ra, 214Bi, 214Pb (from 238U) and 2?*Ra, 29%Tl, 212Pb (from 23
b) radon (222Rn -22%Rn) a short-lived gas (from 238U and 232Th respectively);
c) long-lived natural radionuclides such as #°K, 8’Rb, 115In, 133La, 142Ce, etc.

2. Cosmic rays (y-rays of high energy).

1ot F 2087 40K Background
[ 214B;j L [Bi #32Th Y-ray spectrum
1E+03 | Y }
_ 1E+02
_§ : Cosmic rays
E A
£ 1E+01 \
1E+00
I bAhi
0 1000 2000 3000 4000

5000
E, [keV]



counts ‘h'keV

counts ‘hikeV
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LUNA Il 400kV accelerator

UTerminol = 50 — 400kV

| o = 900pA (on target)

AE =0.07keV

Allowed beams: H*, “He, (°He)
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LUNA Il 400kV accelerator
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2 T
17 18 - =
O(p,y)°F reaction at Nova energy 2 s
QL T

—
o E,(keV) ¥ =
Relevant for nucleosynthesis in: <789 4 8
RGB_and AGB stars (H shgll burning), E= 193 keV = §
massive stars (H core burning), ? 9
classical novae (H explosive burning) =
70+p <
3
IS
White Dwarf 3835 1 =
B 3791 =
=— Accretion o
Disk 3358 S
3134 x %
L 4 '9’_
2523 =
2101 %
Determines the abundances of O isotopes 1080 2
(astronomical observations and pre-solar grains) 1001 & =
18 i D
and “°F (nova explosions) 937 0
<

h 4 -
Rolfs et al. Nuc. Phys. A217 29-70 (1973) — 1st investigation of the ’O(p,y)8F reaction 18F

Fox et al. Phys. Rev. C 71, 055801 (2005) — 1st 193 keV res. meas. : wy193= (1.2%£0.2) peV
Chafa et al. Phys. Rev. C 75, 033810 (2007) — Activation meas.:  wy193= (2.21£0.4) peV
Newton et al. Phys. Rev. C 81, 045801 (2010): cross section measurements

Hager et al. Phys Rev. C 85,035803 (2012): cross section measurements




Ta20s targets

Ta20s targets prepared by anodization with enriched water
170 up to 69% (with 5% 180)

Special efforts to minimize F contaminations
Stoichiometry and isotopic composition checked by RBS
and SIMS techniques

Fresh Target

151 keV BO(p,y)'°F resonance scans
performed before each long measurement to
monitor target degradation

Vield (a.u.)

A. Caciolli et al., Eur. Phys. J. A, 48, 144 (2012)



YO(p,y)BF - prompt y-ray spectroscopy
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L0O(p,y)*8F - activation measurements

18F decays B* with T2 = 110 min

activity measured at the STELLA Laboratory at LNGS

5% efficiency for 511 keV y-rays, background ~0.5 counts/h

6 h irradiation and 6 h counting performed on every run
resonance strength measured by using 6 runs on 3 different targets

counts/channel

counts/channel
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YO(p,y)*F - Off resonance S-factor

S(E) [keV b]

. LUMNA activation
m [ UNA primary
& Newton et al.
©  Hageretal
.............. KDI‘ItEI-S Et EI|.
ggssess global fit
LUMA only fit {3

20

®y193 = (1.67 £ 0.12) peV

10

. Global fit to available data

. high energy resonance parameters
- fom Kontos et al.

PRC 86, 55801 (2012)

11 1 | | I - | I -] L Ll | 11 8 | I L1 1 1 | L1 1 1 | L1 1 | 11 1 | I 11
o0 005 01 015 02 025 03 035 04 045
E.. [MeV]

Novae models computed with the SHIVA code: maximum variations of 0 and
18F of the order of 10%.

D. A. Scott et al., Phys. Rev. Lett. 109, 202501 (2012)
A. Di Leva et al., Phys. Rev. C 89, 015803 (2013)
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2H(a,y)8Li motivation

1. nop+e +V . . .
2. p+n- 2H +;’ ’Be Nuclear reactions involved during the BBN era

H+p- 3He+y P " 12

‘H+ ?H - *He+n ;

2H+ 2H - *H + p

“hh AW

H+4%H - *He +n

IS

" 7 B3H+“*He- "Li+y

2 . - 8 SHe+n-3H+p
"""" d ‘H g “H 9. 3He+ H - *He +p

10. 3He + *He » "Be +y

1o, 2 11. "Li+p - *He + *He
[ 12. "Be+n - "Li+p
n 13 *He+?H - SLi+vy

14. Li+ p - 3He + *He

The amount of 6Li predicted by the BBN is about 3 orders of magnitude lower than the
observed as absorption lines in metal-poor stars’ electromagnetic Spectra.

The difference between observed and calculated © Li/7 Li ratios may reflect
unknown post-primordial processes or physics beyond the Standard Model .




Anti-Radon Box

¢ (N, flushing)

’H(a,y)SLi

Experimental setup:

Lead Shield

windowless D gas target 0.3mbar

HPGe detector at 90° —in close geometry ...

l | i
Pump ‘ t | ‘ |
Beam Induced Background : ?H(d,n)*He
10° T T T T T T T T 200.03a —
L ?1mGe QOTPD E-BFe SEOU EBCU 65{?[1 lab background
198 570 847 1116 1327 1482

10° Fe 8cu fFe Scu ]

1238 1547 1811 2011
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Bcu 208pp 771
450 538 cu @
I | | D+alpha ROl at E,,,=400 keV |
10" 0 400 600 800 1000 1200 1400 1600 1800 2000
E, [keV]

M.Anders et al.Eur. Phys. J. A 49 (2013) 28

Pressure
Sensor

Deuterium
Inlet
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?H(at,y)eLi reaction- prompt y-ray spectroscopy

1000 1 Ey :Q+E ocm -I-AEdoppIer-l-E

recoil

500 |

Q=1473.48keV

o

R Ea=400keV filled grey histograms

Lw Ea=280keV empty red histograms

Run 1 and Run 2 are two subsamples
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2000 | acquired in two different periods
1500 -
1000 | | e i The collected charge is at each energy,
500 ROI280 ROI400 - I.e. about 550 C.
?.500 - 15I50 - 16IOO - 16I50 - 1700
200 @ 4 F T A @
wl 1 L. = ~_ 1 The dashed line represents the expected
NI Nt § | S8 L1 y-ray line shape based on the
wol] Loroeso U1 b rowo U1 Mukhamedzhanov theoretical
1500 1560 1580 1600 1580 1600 1620 1640 description of the angular distribution

Ey kel for the D(a,y)6Li reaction




Astrophysical S-factor of the 2H(a.,y)8Li reaction

107 a3

Cecil et al., Phys.
Rev. C
53, 1967 (1996).

-

\2

S,, [keV barn]
[EY
S,
N

[EEY
oI
a1

R.G. H.

Robertson et al.,
Phys. Rev. Lett.

47,1867
(1981).

P. Mohr et al., Phys. Rev. C 50,
1543 (1994)./\25

E [MeV]

Using the new cross section and the previous LUNA data a BBN lithium
abundance ratio of 5Li/’Li = (1.5+0.3)x1075 is obtained, firmly ruling out standard
BBN production as a possible explanation for the reported °Li detections

M.Anders et al. Phys.Rev.Lett.113, 042501 (2014)
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Summary & Outlook

% Optimization of peak to background is crucial.
High intensity beams, underground passive shielding

% Low energy measurements are necessary to remove
or reduce cross section extrapolation uncertainties

< 180(p,a) °F data taking in conclusion-
22Ne(p,y) 2Na BGO phase in progress
23Na(p,y) #*Mg in progress

% 22Ne(p,y) 2Na cross section measurements
(see F.Cavanna’s talk)

s Perspectives LUNA 400kV- LUNA MV in LNGS
(see M.Junker’s talk)
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