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Nuclear Astrophysics overview

1N ~ Why Nuclear
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For a 15 Mg, star:

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

| Carbon burning | 300years |
Oxygen burning | 200 days
Silicon burning | 2 days
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i W‘-@ Nuclear reactions are responsible for the synthesis

N of the elements in the celestial bodies and BBN:
‘5{9 High precision data are required

Understanding the Sun

Stellar population

Evolution and fate of stars

Big Bang Nucleosynthesis

Isotopic abundances in the cosmos
Cosmology

Particle Physics

Theoretical nuclear physics




Nuclear Astrophysics overview

Why Underground Measurements?

Very low cross sections because of the Coulomb barrier
Underground accelerator to reduce the background induced by Cosmic Rays
—>Direct measurements inside the energy region of interest
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Gran Sasso Laboratory

Gran Sasso National Laboratories

Background reduction with respect to Earth’s surface: p~ 10°
vy~ 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 p flux, that create secondary ys, is
suppressed.
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LUNA 50: Solar Neutrinos

LUNA 50 kV

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

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

E beam ® 1 — 50 keV
| ox & 500 uA protons, 3He
Energy spread ~ 20 eV
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LUNA 50: Solar Neutrinos

Solar Neutrinos

In the Sun, 98% of neutrinos are produced by the p-p chain.
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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(3He,2p)*He reaction

18 - i

16 =
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solar
Gamow
Peak

2

R. Bonetti et al.PRL 82, 5205 (1999) _

Bare nuclei h
Shielded nuclei -

100
E [keV]

-First measurement below the Gamow peak
-2 events/month @ E_,=16,5 keV->5s(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

C.Gustavino
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LUNA 400: experiment overview

E poum ~ 50 — 400 keV

| ax = 300 pA protons,*He
Energy spread ~ 70 eV

C.Gustavino
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“N(p,y)™*O  (Sun,CNO-I cycle)
3He(*He,y)’Be (Sun, BBN)
25Mg(p,y)?°Al  (Mg-Al Cycle)
BN(p,y)'®O  (CNO-Il Cycle)
70O(p,y)'8F (CNO-III Cycle)
2H(*He,y)SLi  (BBN)
22Ne(p,y)**Na (Ne-Na Cycle)

*H(p,y)’He  (BBN)

13C(a,n)'®O  (s-process)
12’13C(p,y)13’14N (12C/13C ratio)
22Ne(a,y)*®Na (s-process)



LUNA 400-Hydrogen burning

ng

C.Gustavino

Hydrogen [s181§allgle

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

RICAP 2018 10



Hydrogen burning cycles

by
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LUNA 400-Hydrogen burning

“N(p,y)'~O reaction
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LUNA 400-Hydrogen burning

17O(p,y)'8F and 7O(p,a)'*N reactions

Cooling water inlet

high-intensity proton beam onto Ta,O5 550

targets N
HPGe detector in close geometry protoi e e © Sl
for prompt y-ray measurement " co;ed Ru;ber o
targets prepared by anodization Cutube

of Ta backing in 7O-enriched water

Cooling water outlet

Caciolli et al. EPJA 48 (2012) 144

anode

Teflon structure

. cooling in

cooling out

stainless

steel base SPrng

T h ‘ - 1’5_?’&'
tantalum backing k
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17O(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)
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17O(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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Big Bang Nucleosynthesis overview

n=> ptet+y,
p+n > D+y
D+p > 3Hety
D+D -2 *He+n
D+D - 3H+p
3H+D > “He+n
3H+%He > TLity
3He+n > 3H+p

R R L R R

C.Gustavino

Big Bang N[Eicleosynthesis

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

-
H? = —Gp

3

. i 4 4/3
T3 8 (11) @

P = Py
. 3He+D - *He+p
. 3He+*He > 7Be#y
. 7Li+p = “He+%He
. 'Be+n 2 Li+p :
Db 1 Calculation of primordial abundances only
. SLi+p e+‘He
. 7Be+n > “He+*He depends on:
. 'Be+D > p+‘He+‘He Il -Baryon density Q,

RICAP 2018

-Particle Physics (Ngg, a..)
-Nuclear Astrohysics, i.e. Cross sections of
relevant processes at BBN energies

16



Blg Bang Nucleosynthesis overview
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Big Bang Nucleosynthesis overview

RS observations

Isotope BBN Theory Observations
Yp 0.2477110.00014 0.2541+0.003
D/H (2.41%0.05)x10° (2.53%0.03)x10°
1. n=> p+et+y, 3 s 5
2. p+n > D+y : He/H (1.00£0.01)x10 (0.91+1.3)x10
3. D+p > *He#y , 7Li/H (4.6810.67)x1010  (1.23 *068  _)x1010
4. D+D - 3He+n -
5. D+D - 3H4p 3 5Li/7Li (1.5%0.3)x10° <~102
6. 3H+D—)4He+n H H 10 T T T T T T T T T
7. 3H+*He > TLisy Losb AL M * Cyburt 2016
8. 3He+n > 3H+p Sosb A1 I ¥
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. 3He+D > *He+p 1o fF
. *He+%He > "Be+y - 0.8 [
. 7Li+p > “He+*He Sosf
. 7Be+n = "Li+p Soal
. “H+D > SLi+y "oz
. SLi+p > 3He+%He o.o;

8 9 10 11 12 1 2 3 4 5 6 7

7 4 4
. 'Be+n > “He+'He 108x3He /H 1019x7Li /H

. 'Be+D 2 p+°He+%He

“He, D, 3He abundances measurements are (broadly)
consistent with expectations.

’Li: Long standing “Lithium problem”

6Li: “Second Lithium problem”?
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Big Bang Nucleosynthesis at LUNA

SHe(a,y)"Be reaction

y ' - - - " +—&— Weizmann Inst. 2004

Isotope BBN Theory Observations ” GustavinoZ8g — é%%ﬁ%%%%mm

A P |—’_ - |

—E— Madrid 2012
Yp 0.2477110.00014 0.254+0.003 -(-.. f E?g%?(ang&%mg
o ) —— | K
D/H (2.41£0.05)x10°5 (2.53£0.03)x10° —— *“ .
e N Adelberger et al. 2011

3He/H {1.00£0.01)x105 (0.9+1.3)x105 . l'--;._* > = = NSt

ok o -1
Li/H (4.68£0.67)x10°10 (1.23 #0682  _ )x10-10 3 £

4]
SLi/7Li (1.5£0.3)x105 <~102 < \_
o

04 |
1. n=> p+e*+v, 7
2. p+n > D+y Be
3. D+p > 3He+y 12
4. D+D = 3He+n

3 03
5. D+D = 3H+p BBN
6. 3H+D =2 *He+n 10 6Ll 7|_|
7. 3H+*He = "Li+y 15//16 . A RS _ S
8. 3He+n > 3H+p 14 0.01 0.1 1
13 = E [MeV]

3 3 (4
He He 7 -LUNA data well inside the BBN energy region

s|ly & " -Low uncertainty (4%)
-Simultaneous measurement of prompt and delayed ys
- Consolidation of “Lithium Problem”

12. 7Be+n =2 “Li+p

13. “H+D - SLi+y

1 14. SLi+p - 3He+*He
15. 7Be+n = *He+%He
16. 7Be+D = p+*He+‘He

p > D > 3H

C.Gustavino RICAP 2018




Big Bang Nucleosynthesis at LUNA

D(a,y)8Li reaction

Isotope BBN Theory Observations 1,0E-02

Yp 0.24771:0.00014 0.254:0.003 — G Anders2014

—GSIEl Trezzi2016
D/H {(2.41+0.05)x10> (2.53+0.03)x10> GstE2
1,0E-03 o ¢
3He/H {(1.00£0.01)x10- (0.9£1.3)x10> ! © MOHR 94 g + /
® ROBERTSON 81 +

Li/H (4.68+0.67)x1010 (1.23 068 )x10-10 ? .’;

6Li/7Li (1.5£0.3)x10° <~102 =
E 1,0E-04 BBN A

1 0> prere, - 3 /4

2. p+n > D+y € /_/'
3. D+p 2> 3He+y 12 .
4. D+D > 3He+n / e 2F /"—h\\
5. D+D = 3H+p

6. 3H+D = *He+n 10 6Lj 7Li

7. 3H+*He 2 "Li+y 15//16 =—1!

8. *He+n > *H+p 14 1,0E-06

21 10 1000 10000
9 Ecm (kEV)
3He——f{*He .
T \e 1 First direct measurement in the BBN energy
| , 9. 3He+D - “He+p region
2 5 3 10. 3He+%He > "Be+y .
P ' D > 3H 11, 7Li+p > He+He —->LUNA data exclude a nuclear solution for the
8 . purported SLi problem...
1
n 15. 7Be+n =2 “He+%He
16. 7Be+D = p+*He+‘He
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Big Bang Nucleosynthesis at LUNA

D(p,y)*He reaction

Isotope BBN Theory Observations 10
Yp 0.24771+0.00014 0.254+0.003 . el
© LUNA 2002
D/H (2.41+0.05)x10° (2.53+0.03)x10°5 .
® SCHMID 97
3He/H (1.00£0.01)x10°5 (0.9+1.3)x10°5
o e MA97
Li/H (4.68+0.67)x1010 (1.23+068 . )x1010 E s
SLi/7Li (1.50.3)x10°5 <~102 %
=1
> 5
1. +e*
n pte’+v, 7Be <
- - N\
3. D+p > *He+y / - @ 4
. il ¢
LUNA 400
5. D+D > 3H+p $+¢8¢ €—>
6. 3H+D = “He+n 10 6Ll 7|_|
7. 3H+%He > TLi+y 15//16 LUNA 50
8. 3He+n > 3H+ BBN
" - B4 0,1 \l J
1 10 100 1000
)
3He——1{4He .
Ecm (keV)
slls N e Reduction of (D/H)gg\ error of a factor
9. 3He+D = *He+p .
P D H 11. 7Li+p > *He+*He

12. 7Be+n =2 “Li+p

13. “H+D - SLi+y

1 14. SLi+p - 3He+*He
15. 7Be+n = *He+%He
16. 7Be+D = p+*He+‘He

C.Gustavino RICAP 2018



The D(p,y)3He reaction at LUNA

D(p,y)*He reaction @ LUNA400

Reaction |Rate Symbol|o2y /y - 10° 1° — b
p(n,~)°H R +0.002 - f
d(p,~v)’He Ro +0.062 " semper |
d(d,n)’He R +0.020 o
d(d,p)’H R4 +0.013

S-FACTOR (eV*barn)
(=1

(Di Valentino, C.G. et al. 2014)
-The error budget of computed abundance of

deuterium is mainly due to the D(p,y)3He reaction o ' LunA400
; iw Y —>

-measurements (9% error) NOT in agreement with

recent "Ab-Initio” calculations. BBN

0,1
1 10 100 1000

Ecm (keV)

Measurement goal: Physics:
-Cosmology: measurement of Q).

-Cross section measurement at

30<E.(keV)<260 with ~ 3% accuracy -Neutrino physics: measurement of N .
-Differential cross section measurement -Nuclear physics: comparison of data with
at 100<E,,<260 “ab initio” predictions.
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D(p,y)*He reaction @ LUNA400

-BBN provides a precise estimate of Baryon density =
Q, , through the comparison of (D/H)ggy and (D/H),,.:

Dpy data fit

10
vy : N2 ?-
1009, ;h?(BBN)=2.20+0.04+0.02 (Cooke2013) [ T
1009, ,h?(BBN)=2.16+0.01+0.02 (Cooke2016) i Observations | ‘
(| 10
Dpy "ab-initio” x e e
D/H observations 10-10 10-9
From CMB data: o | ! |
1009, ;h?(CMB)=2.237+0.015 (PLANCK2018) BT
1.8+ PIanck+WP+BBN+BAO(7.‘\CDM+._\",“:.I:.) Il
Di Valentino, C.G. et al. PRD 2(314
-Deuterium abundance also depends on the density of il ,,,;/’—’/\:A“\\

relativistic particles, (photons and 3 neutrinos in SM).
Therefore it is a tool to constrain “dark radiation”.

Assuming literature data for the D(p,y)3He reaction:
No¢ (BBN) = 3.571£0.18 (Cooke&Pettini 2013)

N (CMB) = 3.36+£0.34 (PLANCK 2013)

Nei (SM) = 3.046

D(p,y)*He reaction rate A.U.

4.2 4.8
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The D(p,y)3He reaction at LUNA

D(p,y)3He reaction: setup

Gas inlet B

- -

r—! ]] S rIJ:IiJIJ I 4“:[[

ﬁ%": Calorimeter High efficiency (~60%, ~4m acceptance)
BGO

Pressure gauge _\j
BGO detector
Proton beam |—_'—| . . .
— D, gas targel )I High energy resolution (~10 keV @ 6 MeV)
Ge

Ge(Li) detector
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The D(p,y)3He reaction at LUNA

D(p,y)3He reaction: setup

C.Gustavino



The D(p,y)3He reaction at LUNA

Preliminary results

=
(=1
=]

I;: - - BIB
. = 900 i
Gas inlet M P - . . Deuterium
§ 500: BG O p rel Imina ry — Subtracted spectrum
BGO o -
_ | wE,.. =150 keV
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]—I rﬂ:l_]_l Calorimeter 600:
Beam T il 500 sl ]
Dil : = | ‘lﬁl
BGO 3 f
300— . :
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100: ..... ; @ 3
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600 \ : T T
experimental data
MonteCarlo "ab initio”
500 | MonteCarlo ISOI:I’OpIC
Proton beam  —— 100 | Ge(Li) preliminary
(— D, gas target E =250 keV
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= 300 r 5
Ge E |
200 -
100 -
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LUNA MV

Next: LUNA MV

LU N n HIGH VOLTAGE ENGINEERING EUROPA B.V.
Amskerdamsewer 63,38 12 RR Amersfoart, P.O. Box 99,3800 AB Amersfoort. The Netherlands
" Phone: -31-33461974 1. Fax 31334615291 Trade register Amersfoori nr. 3 10 14544

(b E-mail infolhighvohene com— Web: www highvolteng.com

Q
J FACTORY ASSEMBLY PROTOCOL

0‘
3.5 MV Singletron accelerator system

N
S,

(b\ End-User/Consignee: Labomtory Nazionale del Gran Sasso, Assergi, ltaly

Contract number: CIG No. 62076380EF and CUP No. 154G14000140005
CIG No. 62076380EF Amdt. No. |

HVEE ref.: B9051

Delivery at LNGS: january 2019
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LUNA MV

Next: LUNA MV
LUNN 2

LUNA MV Accelerator room

(AR)
LUNA MV Control room (CR)

Overall dimensions 42 x 12,40 m?
N

Starting program:
“N(p,y)1°O (CNO I Cycle)

# XENON Ex 12C+12C (Carbon burning)

7 YENON WT 13C(a,n)'®0 (s-process)

22Ne(a,n)?®Mg (s-process)

12C(at,y)1°0 (Helium burning)

First run: june 2019.

Terminal Voltage ~ 0.2 — 3.5 MV
|ax ® 100-1000 pA protons,*He,?C*12C**

C.Gustavino RICAP 2018




LUNA MV

o1 olels M ={Vnallgle R type |a supernovae

Hydrogen 12¢7 + 120y _y 16() 32 iHe
Helium fusion, Nonburning 20 nr 4
fusion \ , envelope —_ Ne +* He

, (hydrogen) 5 P p+
- BMg+n

o X 2 ) .
fusion _ : — Mg+

Carbon
fusion _

Neon * Critical mass for the fate of a star
e 1 * Population of WD, novae, SN1a, SN, NS and BH.
fusion

) Duration of quiescent carbon burning
Tan = o » Complex chains involving C=Si nuclei
Affects s-process

Strongly affects the abundance of elements
* Type la supernovae outcomes

[

Iron ash

Massive star

1 OIB r T T T T  J— T T T T T LA R R | E
r 12 12 ]
i [ R
107 F E
C Tl ]
1 0'6 = e Patterson et al. (1969) =
E = Mazarakis & Steph. (1973) 3
— E ¢ High & Cujec (1977) S
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A
Zr Beyond Iron: s-process .
Y - Quiescent stages of stellar
Sr evolution (AGB and massive stars) >
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LUNA MV

Neutron sources: 3C(a,n)'®O and %°Ne(a,n)*°Mg

13C(a,n)160 >LUNA 400 and LUNA-MV
22Ne(a,n)2’Mg ~ >LUNA-MV
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