INFN

Istituto Nazionale di Fisica Nucleare

@LUNn

Underground Nuclear Astrophysics:
Present and future of the LUNA experiment

Carlo Gustavino
INFN Roma

56th International Winter Meeting on Nuclear Physics, 23-27 January 2018, Bormio — Italy



Introduction

DI 1) Nuclear.

10 = o 9 Nuclear reactions are responsible for the synthesis
5 “'t' Q‘, 2t of the elements in the celestial bodies and BBN:
SR 0 ‘5@ High precision data are required
Oignition e =t ane a
Ne-ignition
BN R R Ceignitides & "' Understandlng. the Sun
I_O L Stellar population
~ - OOk =l Evolution and fate of stars
(@)) S Big Bang Nucleosynthesis
O , | | . Isotopic abundances in the cosmos
: e-ignition . : Cosmology
S e ;i - Particle Physics
" gl - ‘ Theoretical nuclear physics
H-ign‘ition '
7 _
‘ 0 2

i 4 6 8 10
|Og (pc)
For a 15 M, star:

Reaction Timescale
Hydrogen burning | 10 million years
§ | Helium burning 1 million years

ABUNDANCE RELATIVE TO SILICON =10°

Carbon burning 300 years
Oxygen burning 200 days

Silicon burning 2 days

e gl S— SR JE— T SR
O 10 20 30 40 S50 60 70 80 90 10O WO 120 130 140 iSO 160 170 180 (90 200 210 220
MASS NUMBER

C.Gustavino Bormio2018 2



Introduction

Why Underground Measurements?

Very low cross sections because of the Coulomb barrier
Underground accelerator to reduce the background induced by Cosmic Rays
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Gran Sasso Laboratory

Gran Sasso National Laboratories

Background reduction with respect to Earth’s surface: w~ 10°
y ~102-10°
neutrons ~10-3
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Gran Sasso Laboratory

Background @ Gran Sasso
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- Passive shielding is more effective underground
~ since the u flux, that create secondary ys, is
suppressed.
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LUNA results

C.Gustavino

Hydrogen [s]¥ggligle

Many rections regulating the Hydrogen
burning in stars have been studied by LUNA:
* pp-chain,

« CNO cycles

 Ne-Na cycle

« Mg-Al cicle

..With outstanding results related to:

-Mixing parameters of solar neutrinos
-Stellar evolution

-Age of Universe
-Isotopic abundances.
-Temperature and metallicity of Sun
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LUNA 50

LUNA 50 kV

1991: Birth of underground Nuclear Astrophysics.
Thanks to E Bellottl C Rolfs and G Fiorentini

3He(®He,2p)*He (solar v)
2H(p,y)*He (BBN)

E eam = 1 —50 keV
| hax = 500 uA protons, *He
Energy spread = 20 eV
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LUNA 50

Solar Neutrinos

In the Sun, 98% of neutrinos are produced by the p-p chain.

— water —>

.6% A% H
D+pP = 2H+ er + pe|—2b% 04% o +e +p—=2H+we I }7Chlor|ne o
I Galium ————>

1.E+12
| PP 1%
85% 15% V2
ﬁ2H+p"3He+V} 1B /_w
1.E+10 -
Be £10%
0.02% = /
3He + 3He — 4He + 2p| {3He +4He > 7Be +y 1.E+09 ¢
BN £ 20% ) p 2.5%
_ 1E+08 / )
|7Be + p — SB + V 99.98% ‘:ll 1 E407 / e £ 200 z
E 150  20% ~
— 8 0,
) = 1.E+06 L 1 a
Be+e = 7Li+ve £ /
1.E+05 =
r 7 L1
"Be £ 10%
8B — 8Be* + e* + ve 1.E+04 | € ° ./
1E+03 / hep £ 15%
I’Li + p = “He + *He
1.E402 | p=
/
|gBe* - 4‘He + 4He| 1.E+01 e &
0.1 1 10
E, [MeV]

p-p chain

Following the Fowler idea, a natural way to explain the observed neutrino deficit was the
existence of a narrow resonance inside the 3He+3He solar gamow peak
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LUNA 50

SHe(°He,2p)*He reaction

 J | |  J l L)  J
13k = R. Bonetti et al.PRL 82, 5205 (1999)
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Shielded nuclei -

S(E) [MeV-b]

Gamow
Peak
2

'l l L 'l L
100 500

E [keV]

-First measurement below the Gamow peak

-2 events/month @ E_,=16,5 keV->s(16,5 keV)=20£10 fb

-No evidence for a narrow resonance - SSM validation

-LUNA measurement “triggered” the second generation of solar neutrino experiment
(Borexino, Kamland, SNO), focused on the measurement of v's mixing parameters
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LUNA 400 kV

Still the word’s only underground accelerator

14N(p,y)'50 (CNO-I cycle)
3He(*He,y)’Be  (Sun, BBN)
25Mg(p,y)2eAl (Mg-Al Cycle)
15N(p,y)'60 (CNO-II Cycle)
170(p,y)'8F (CNO-III Cycle)
2H(4He,y)5Li (BBN)
22Ne(p,y)*Na (Ne-Na Cycle)
2H(p,y)3He (BBN)
13C(a,n)180 (s-process)
1213C(p,y)'>"“N  (2C/'3C ratio)
22Ne(a,y)?Na  (s-process)

E team = 50 — 400 keV
| ax = 300 uA protons,*He
Energy spread = 70 eV
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LUNA 400-Hydrogen burning

Hydrogen burning cycles

L
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LUNA 400-Hydrogen burning

70O(p,y)'8F and 7O(p,a)*N reactions

high-intensity proton beam onto Ta,O4
targets

HPGe detector in close geometry

for prompt y-ray measurement

targets prepared by anodization
of Ta backing in "7O-enriched water

Caciolli et al. EPJA 48 (2012) 144

Teflon structure ; ;
- oz |

cooling in
cooling out
stainless )
steel base Spring

tantalum backing

Cooling water inlet

55°
.. Ta,0g Target

Proton-Beam ==

Rubber

LN, cooled O-ring

Cu Tube

Cooling water outlet
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70O(p,y)'8F and 7O(p,a)*N reactions

Detectors

Bruno et al EJPA 51 (2015) 94

* protective aluminized Mylar foils (2.4 um) before each detector

* expected alpha particle energy E ~ 200 keV (from 70 keV resonance)

C.Gustavino




LUNA 400-Hydrogen burning

70O(p,y)'8F and 7O(p,a)*N reactions
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First measurement within Novae Gamow LUNA rate is a factor of 2 higher than the rate
window previously adopted, compatible with the
hypothesis of oxygen enriched pre-solar grains
in group |l produced by massive AGB stars
Di Leva et al., PRC 89 (1) (2014) 015803 Bruno et al., PRL 117, 142502 (2016)
Scott et al., PRL 109 (20) (2012) 202501 Lugaro et al., Nature Astronomy 1, 0027 (2017)
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LUNA 400-BBN

n > p+e*+v,
p+n > D+y
D+p > 3He+y
D+D -> 3He+n
D+D -> 3H+p
3H+D - %He+n
3H+%He > “Li+y
3He+n > 3H+p

NOULRWNE

C.Gustavino

Big Bang Cleosynthesis

3He+D > “He+p

. 3He+*He > "Be+y

. “Li+p = *He+*He

. ’Be+n 2 Li+p

. “H+D - SLi+y

. SLi+p > 3He+%He

. ’Be+n > *He+*He

. 'Be+D > p+*He+*He

BBN is the result of the competition between the
relevant nuclear processes and the expansion
rate of the early universe:

8
H? = %Gp

. 7 4\3
p=r 145 (51) Qe

| Calculation of primordial abundances only

depends on:

-Baryon density Q,

-Particle Physics (N, c..)

-Nuclear Astrohysics, i.e. Cross sections of
relevant processes at BBN energies
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LUNA 400-BBN

3He(a,y)’Be reaction

Gusta\llin02I01é ' " o Weizmann Inst. 2004
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LUNA 400-BBN

D(a.,y)8Li reaction

Isotope BBN Theory Observations 1,0E-02
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LUNA 400-BBN

D(p,y)3He reaction

Isotope BBN Theory Observations 10
——Theo
Yp 0.24771+0.00014 0.254+0.003 " CEigEllE 20—
O LUNA 2002
D/H (2.41£0.05)x10° (2.53+0.03)x10° .
® SCHMID 97
3He/H (1.00£0.01)x10° (0.9%1.3)x10° e
Li/H (4.68+0.67)x10-10 (1.23 +068 )x10-10 E . curmses
6Li/7Li (1.5%0.3)x10° <~102 >
=1
> g
1. n +et+v
h a N
3. D+p = 3Hety / 12 o 15
. )
5. D+D > 3H+p % suge P T LUNA400
6. 3H+D > *He+n 10 6 7 6 <>
7. 3H+*He > “Li+y 15//16 LUNA 50
8. 3He+n > 3H+ e BBN
. i - S T 0,1 \. J
. o [, 1 10 100 1000
He >*He B Ecm (keV)
3T4 G o licsns e Reduction of (D/H)gg) error of a
2 5 |3 10. 3He+*He > 7Be+y factor 3 with LUNA 50 kV
P 1 D > °H 11. 7Li+p > *He+*He
12. 7Be+n > Li+p

13. “H+D - SLi+y

1 14. SLi+p - 3He+*He

15. 7Be+n > *He+*He
16. 'Be+D = p+*He+*He

C.Gustavino Bormio2018



LUNA 400-BBN

D(p,y)*He reaction @ LUNA400

Reaction |Rate Symbol|o2y /y - 10°
p(n,v)°H Ry +0.002
d(p,v)’He Rs +0.062 |
d(d,n)”He Rs +0.020
d(d,p)’H Ry +0.013

(Di Valentino, C.G. et al. 2014)

-The error budget of computed abundance of
deuterium is mainly due to the D(p,y)*He reaction
-measurements (9% error) NOT in agreement with

recent "Ab-Initio” calculations.

Measurement goal:

-Cross section measurement at
30<E.,<260 with ~ 3% accuracy
-Differential cross section

measurement at 100<E_, <260

10

—Theory Casella 2002 $
O LUNA 2002
¢ SCHMID 97

© MA97

© GRIFFITHS 62

S-FACTOR (eV*barn)
[=Y

¥’ LuNA4oo
EW W e—>

BBN

0,1
1 10 100 1000

Ecm (keV)
Physics:
-Cosmology: measurement of Q,.
-Neutrino physics: measurement of N
-Nuclear physics: comparison of data with

“ab initio” predictions.
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D(p,y)*He reaction: Q, and N

-BBN provides a precise estimate of Baryon density T
Q, , through the comparison of (D/H)ggy and (D/H),.: A
Dpy data fit 104, :
1002, ,h?(BBN)=2.20+0.04+0.02 (Cooke2013) i *
1002, ,h?(BBN)=2.16+0.01+0.02 :
(O 105 -
Dpy “ab-initio" : J L
D/H observations 10-10 | 1o
From CMB data: o | o |
1002, ,h?(CMB)=2.22+0.02 (PLANCK2015) penecarsac)
- 1.8t Planck+WP+BBN+BAO(ACDM+N, ;) |
< Di Valentino, C.G. et al. 2014 .
-Deuterium adundance also depends on the density of £ PN
relativistic particles, (photons and 3 neutrinos in SM). = | 7 ::\,
Therefore it is a tool to constrain “dark radiation”. R < /
Assuming literature data for the D(p,g)3He reaction: £ "
T /4
N i (BBN) = 3.57+0.18 (Cooke&Pettini 2013) § v / /
N+ (CMB) = 3.36+0.34 (PLANCK 2013) Lol {
N« (SM) = 3.046 i

4.2 4.8
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LUNA 400-BBN

D(p,y)*He reaction: setup
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Next: LUNA MV

Funded by the Italian Research Ministry as a “premium project”.
First run scheduled in june 2019.

Starting program:

14N(p,y)1°0 (CNO I Cycle)
12C+12C (Carbon burning)
13C(a,n)180 (s-process)

22Ne(a,,n)*>Mg  (s-process)

Terminal Voltage = 0.2 — 3.5 MeV
| ax = 100-1000 uA protons,*He,?C*,12C**
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LUNA MV
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LUNA MV

S-Process

3C(o,n)'0  >LUNA 400 and LUNA-MV
22Ne(a,nMg  SLUNA-MV
"l spgeras gm0l 10l mNewnrvg B
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