Direct measurement of the 13C(a,n)°0 reaction in
the Gamow window of the s-process nucleosynthesis
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ASTROPHYSICAL MOTIVATION

13C(a,n)e0 neutron source for s process

e 13C(a,n)1®0 (Q=2.215 MeV) is the main neutron source feeding s-process in low (1-3
Mo) mass TP-AGB stars, responsible for nucleosynthesis of half of nuclides heavier than
iron

* Average temperature 108 K 2 Gamow window 140-250 keV
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Pioneering works
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ABSTRACT

Following the exhaustion of hydrogen in the cores of certain massive stars, it appears that the cores
contract and the envelopes expand, the stars becoming red giants. When the central temperature and
density have increased sufficiently, thermonuclear reactions involving the helium in the core can take
place with the nuclei which have taken part in the carbon cycle. The rate of the C'3(a, #)O reaction is
calculated; it is found to produce neutrons rapidly at a temperature of 108 ° K and a density of 5 X 104
gm/cm3, These neutrons are slowed down until they reach thermal equilibrium with their surroundings
(neutron energies of about 10 kev) and are then captured by the surrounding nuclei in proportion to their
cosmic abundances and neutron-capture cross-sections. The latter quantities are estimated for neutron
energies of 10 kev as a function of the mass number of the capturing nucleus. The heavier nuclei each
appear to capture many neutrons (about 35 neutrons at mass number 100). Nuclei with closed shells of
50, 82, and 126 neutrons have much smaller cross-sections and become concentrated by the neutron-
capture processes. With the assumption of a moderate amount of mixing between core and envelope of
the star, it is thus found that the distinctive features of S-type and Ba 11-type spectra can be explained.
The further evolution of the star should then lead to the production of excess carbon by the Salpeter
reactions, and the spectrum should gradually turn into that of type R or N.

The first stellar neutron source was proposed by
Greenstein (Gr54) and by Cameron (Ca54, Cals),
namely the exothermic reaction:

CB(a,7)0%+42.20 Mev.



Importance of the threshold state
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This case of a near-threshold cluster resonance in the 13C(a, n) 160 reaction is an example of
the impact of cluster configurations in nuclear astrophysics
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INDIRECT MEASUREMENTS

Trippella (red band) et al.(2017) and La Cognata (green band) et al. (2013) with the THM

ANC: Avila (violet band) et al (2015)
Cyan band is NACRE Il compilation

Trippella O. & La Cognata M., ApJ, 837, 41 (2017) R.I Deboer PRC 101 837, 045802 (2020)
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CROSS SECTION [barn]

STATE OF THE ART
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A direct meauserement of

the 13C(a,n)1®0 (230-330keV)
approaching the Gamow window
with a 20% uncertainty.
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DIRECT MEASUREMENTS

Lowest point at E.,, = 280 keV by Drotleff et al.
Most recent meas + R Matrix at low energies:
Heil (2008)

High systematic uncertainty from target control
(degradation, C build up)

Figure from Heil et al,PRC 78, 025803
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LUNA 400kV accelerator

* Uterminal = 50 — 400kV
U, = 50-400kV
L = 7004 * |, =220mA (on target)
AE,,, = 0.07 keV
allowed beams - ® |+ Allowed beams: H*, “He,

(*He)
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16 .On
Experimental setup of the 3C(a,n)*®0 reacti

400.0 mm

——200.0 mm

Ion Beam
600.0 mm

Ton Beam

—

Target

12 3He steel counters 40 cm long .
6 3He steel counters 25 cm long

Nuclear Inst. and Methods in Physics Research, A 994 (2021) 165081
Contents lists available at ScienceDirect
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BACKGROUND REDUCTION

ENVIRONMENTAL: neutron flux reduction of a factor 1000 in Underground Laboratory

INTRINSIC: o particles source of intrinsic
background from U and Th impurities in the
counters’ case

10 atm pressurised 3He counters with a stainless
steel case with low intrinsic background
Background (n+a.): (2.93+-0.09) counts/h in the ROI
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POST Processing PULSE SHAPE
DISCRIMINATION*

(rejects 90% alpha and 10% neutrons)
Background rate (ROI) for the entire 3He
setup:
~ (1.05+-0.06) counts/hour

*). Balibrea-Correa et al., NIM A 906,103-109, (2018)
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NEUTRON DETECTION EFFICIENCY
13C(a,n)1%0 = E,=2.2-2.6 MeV emission

* Geant4 simulations validated by
experimental measurements

~ 601 - 60
51V(p,n)51Cr gc N Total n
* 5 MV Van dee Graaff at Atomki, Hungary | < 50 =Sl —50
Q Raan ]
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Efficiency interpolated (red diamond) in the L. Csedreki et al. NIM A 994 (2021)

ROI: (38 + 3)%




TARGET CHARACTERIZATION by 3C(p,y)'*N

15t phase at MTA Atomki

» 99 % enriched 13C powder evaporated on Tantalum
backing using the electron gun technique

» Thickness measured at 2 MV Tandetron (<I> 500 nA) using
the scan of the resonance E, =1747.6 keV (I'r =122 eV)
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2"d phase: 13C(p,y)'*“N GAMMA SHAPE ANALYSIS at
LUNA

» No resonance in the energy range for online an target degradation study
» Yield mimic the cross section and stopping power dependence vs the proton energy in the y-
spectrum
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Yield reduction as consequence of target
stoichioemtry modification

Gamma Shape Analysis performed periodically at Ep=310 keV
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S(E) factor towards the Gamow window
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Data taking in 4 campaigns of 3 months each in about 2 years (more than 100 targets used)
Statistical uncertainty lower than 10% for the whole dataset (E.,, 230-305 keV)

Lowest energy data ever achieved and at the Gamow window edge of low mass AGB.
Reaction rate uncertainty reduced to about 10%
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VARIATION OF ®°Fe

The %Fe is produced when the neutron density
is high enough to allow neutron captures at
the >°Fe branching point (half-life 44.5d).
Therefore, its final abundance is enhanced in 59C0 62Co 63Co
case of the activation of the second 150M 27.48
(convective) neutron burst.

(- 100.00% [ 100.00%

Main radiative neutron event : low EX 60Fe \(EIS 62Fe
flux, high exposure ( 80-100 MK) RO Y | s

20.00% [~ 100.00% (i~ 100.00%
Second convective neutron burst:

high flux, low exposure (200 MK) sufin gl

0.28 S 709 MS

(- 100.00% (- 100.00% (- 100.00%

We find that the new low-energy E6CT 57Cr 60Cr
) ) 5.94 M 2118 492 MS
cross-section measurements imply
(- 100.00% [~ 100.00% (i~ 100.00%

sizeable variations of the ¢°Fe, 152Gd
and 295Pb yields
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107 51 G(

S factor (MeVb)

S-factor of 13C(a,n)1€0

Courtesy by Xiaodong Tang. JUNA Collaboration

0.19 MeV

$ Drotleff ¢ Heil

¢ LUNA A Harissopulos
¢ JUNA i scu

— LUNA best fit — low LUNA
— JUNA fit

Cover almost the entire Gamow window for i-processs (0.2-0.3 GK)

Extrapolation needed for s4rocess (0.1 GK)




Deep Underground Laboratories
World-wide

Boulby Underground
Laboratory, UK

Laboratoire Souterrain
de Modane, France

Laboratori Nazionali

el Gran Su?july

SNOLAB,
Canada

‘Laboratorio Subterrdneo
de Canfranc, Spain

Sandford Underground
Research Facility, USA

fi Kamioka Observatory,
Japan
g;,Yungyung Underground
Q/ ~#Laboratory, Korea
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Soudan Underground
Laboratory, USA

China JinPing Undergro !
Laboratory, China
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OUTLOOK

With the installation (2021-2022) of the \
LNGS facility V (TV max=3.5 MV) a new
measurement of the 13C(a,n)1%0 at
higher energies will allow to have a
unique dataset in a wide energy range

IH* (TV: 0.3 — 0.5 MV): 500 | pA

IH* (TV: 0.5 — 3.5 MV): 1000 pA
*He* (TV: 0.3 + 0.5 MV): 300 pA
( *He* (TV: 0.5 + 3.5 MV): 500 pA

: 12C* (TV: 0.3 — 0.5 MV): 100 pA
12C* (TV: 0.5 — 3.5 MV): 150 pA
‘ 12¢+ (TV: 0.5 — 3.5 MV): 100 pA
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