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' Astrophysical Motivation

* Two reactions of the CNO cycle
* They govern the amount of 12C

and 13C in stellar cores
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 The 12C/13C ratio can be obtained from stellar spectra
* Asymptotic Giant Branch (AGB) stars undergo heavy mixing
* A precise 12C/13C ratio in the core can help to constrain the

mixing models
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12C(p,y)13N Reaction

2C(p,y)"°N - Total Capture

12C + p— BN + y (Q = 1.943 MeV)
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13C(p,y)14N Reaction

13C +p— 14N + y (Q = 7.551 MeV)
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aboratory for _'nderground ' uclear / strophysics

» L ocated at LNGS facility under the Gran Sasso
mountain in Abruzzo, Italy

* The cosmic ray flux reduced by six orders of
magnitude
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Experimental Setup

Two different setups were used:
HPGe BGO

* Close geometry (1.4 cm) at 0°
* Far geometry (15 cm) at 55°
* Excellent enerav resolution

* Aimost 41t geometry
*» Segmented in 6 different crystals
* Target check with HPGe at 55°
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' HPGe Measurement

Peak Shape Analysis S
 Shape of the y-peak depends on target thickness and m ,§ . .10* _
cross section ‘ § D u N ,‘ | - — 5
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' BGO Measurement

12C(p,y)13N - Activation Counting

* The produced 13N is B+ unstable (t12 = 9.965 min)
* Counting the 511 keV in opposite BGO crystals

12C(p,Y)'°N @ 150 keV

Target: 4 mm graphite disk
Energies: 80 - 400 keV
Systematic: 8.2%

Method explained in:

J. Skowronski et al. (2023),
J. Phys. G: Nucl. Part.

Phys. 50 045201

12C(p,y)“”N - Total Capture
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' BGO Measurement

13C(p,v)14N - Total Absorption Spectroscopy

* Observing all the y-rays from all the crystals
* High Q-value — sum y-peak in background-less region
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Target: evaporated
Energies: 60 - 400 keV
Systematic: 7.8%
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' R-Matrix Analysis

 R-Matrix fits were performed with AZURE2 + BRICK
 All the data normalisation factors were left free to vary

 Both (p, y) and (p, p) channels were included

12C(p,y) N 13C(p,y)*N

* 5 literature datasets for (p, y) + LUNA * 5 literature datasets for (p, y) + LUNA
* 1 literature dataset for (p, p) * 1 literature dataset for (p, p)

» 1 transition * 6 transitions

» 2 resonances » 2 resonances

* no background poles + ANC from lit * no background poles + ANC from lit

LUNI
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Matrix - 12C(p,y)°N Result

Total Capture Reaction Rate
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R-Matrix - 13C(p,y)14N Result

Total Capture

1.3

Reaction Rate
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' Conclusions

* Both the 12C(p,y)13N and 13C(p,y)14N cross section were measured at LUNA
e Several different techniques and two experimental setups were used

e Systematic uncertainty of 7 - 9 % was reached (stopping power dominated)
A complete R-Matrix analysis was performed with all the literature data

* The new data permitted much more precise extrapolations at stellar energies

C

LUNI

Thank you for attention!
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12G/13C Ratio

12C/13C Ratio

- . Calculated: 3.6 + 0.4
9; 6;— * RGB Metal Poor: 3-6[1]

s * RGB Giants: 8 -14 [1]

* RGB Model (no mixing): 27 [2]

4 * RGB Model (mixing): 10 [2]

’ = Lower predicted ratio

2;_ —— LUNA

~ —— NACRE
15_ — NACRE2 | Lower mixing needed
102 10 [1] M. D. Shetrone (1996), Astron. J., Vol. 112, N. 6

Temperature (GK)  [2] L. Szigeti et al. (2018), MNRAS 474, 4810-4817 LU N n
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' HPGe Measurement

J. Skowronski - 16th Varenna Conference
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* NRRA scans of the targets after the
measurements

Target Profile Check

» The 13C(p,y)14N narrow resonance at 1.747
MeV was used

* The target profiles obtained from the Peak
Shape Analysis were used for the fit
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' Systematic Uncertainty

12C(p,Y)*°N - HPGe

13C(p,v)1“N - HPGe

Source Percentage
Efficiency 2 %
Stopping [56)] 6.4 %
Target 1.2 %
Total 6.8 %

12C(p,y)"*N - BGO

Source Percentage
Efficiency 2.6 %
Stopping [56] 6.4 %
Target 1.7 %
Total 7.1 %

13C(p,y)*N - BGO

Source Percentage
Efficiency 4 %
Stopping [56] 6.4 %
Target 1 %
Beamspot 3 %
Total 8.2 %

J. Skowronski - 16th Varenna Conference

Source Percentage
Efficiency 4 %
Stopping [56] 6.4 %

Target 2—0.5%
Beamspot 1.4 %
Branching 0.5 %

Total 7.8 7.6 %

Proton Capture on Carbon Isotopes

Dominated by the
stopping power
uncertainty

LUNI



' HPGe Efficiency
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' BGO Efficiency
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' R-Matrix Parameters - 12C(p,y)'3N

Source E,. (keV) I, (keV) [T, (eV)

Literature 461 &1 33.0 =1 0.63 4+ 0.07
Frequentist 460.6 0.2 34.5 0.2} 0.46 £ 0.02
. Bayesian  458.9+£ 0.3 33.51+0.2 \0.43 £0.02
 Lower I'y for the first - -
bro ad resonance Table 4.11: The 2365 keV resonance param-

eters for the fit of the *C(p,y)'’N.

Source E, (keV) ') (keV)

o H|gher rp for the second Literature 173542 48.3+ 1.9

Frequentist 1737.04+£0.4 49.0+0.9
broad resonance Bayesian  1735.7+ 0.5 48.9+ 0.6

Table 4.13: The 3545 keV resonance param-
eters for the fit of the 2C(p,v)'*N.

Bayesian and frequentist mostly in agreement

Source E, (keV)

Literature 1706 &1
Frequentist 1689.9 4-0.3
Bayesian  1688.6 &= 0.4

') (keV)

46.0 + 3.4
4.2 + 0.9
54.1 £ 0.4

I (eV)

0.35 = 0.08
0.37 £ 0.05
0.36 = 0.02

Table 4.12: The 3502 keV resonance param-
eters for the fit of the *2C(p, v)*N.

Source ANC (fm~1/?)

Literature 1.64 £0.11
Frequentist 1.67 £ 0.04
Bayesian  1.80 & 0.03

Table 4.14: The ANC parameters for the fit
of the *C(p,y)'°N.

LUNI
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R-Matrix Parameters - 13C(p,y)14N

Reference E, (keV) I, (keV) I, (eV)
R —2312keV R — 3948 keV R —4915keV R — 5105 keV R — 5691 keV
Literature 557 + 3 37.2+0.3] 9.09+0.05 | 0.22 +0.04 1.544 £0.009  0.26 =+ 0.01 0.074 +0.008  0.612 = 0.006
Frequentist 557.2+0.2 36.5+0.3| 6.26 +0.32 ] 0.14 + 0.02 1.36 + 0.08 0.26 + 0.02 0.047 £0.004  0.51 +0.03
Bayesian  557.3+0.1 36.7+ 0.2 \6.31 +0.36/ 0.14 =+ 0.01 1.40 + 0.09 0.23 + 0.01 0.050 £ 0.006  0.49 + 0.03
e L I'y for the first '
ower ', or e TIrs Table 4.27: The 8062keV resonance parameters for the fit of the }*C(p,y)“N.

broad resonance Reference

E, (keV)\ T, (keV)

Literature | 1347 460

Frequentist\ 138046 J 500 £ 13
 Second broad resonance Bayesian \1371 8/ 500 6
IS pOO rly con St rain ed Table 4.28: The 8776 keV resonance parameters for the literature fit of the *C(p, v)'*N.
Source ANC (fm~1/2)
DkeV (s=0) OkeV (s=1N 2312keV [ 3948 keV (N=0) 3948 keV (s = 1) 4915keV 5105 keV (s =0) 5105keV (s =1) 5691 keV
Literaturef 1.68 £+0.12 4.03 £0.13 2.98 £0.150 0.98 £0.03 1.39 £+ 0.04 5.744+0.33 0.49£0.02 0.40 £ 0.02 3.21 £0.11
Frequentisty 3.33 £ 0.27 3.03+£0.19 2.82+0.17 2.61 £0.34 1.16 &£ 0.09 4.26 £0.16 0.67£0.12 0+3 3.28+£0.11
Bayesian 2.50 £+ 0.23 2.70 £0.14 2.62 £ 0.13 \0.85 £ 0.39 1.20 £+ 0.06 458 +0.06 0.57£0.07 0.25 £ 0.07 3.34 £0.11

Table 4.29: The ANC parameters for the literature fit of the **C(p,y)**N.

Discrepancies between Bayesian and frequentist

LUNI
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R-Matrix Correlation - 12C(p,y)1SN

B - I t- t
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' R-Matrix Analysis - Bayesian vs Frequentist

12C(p,y)13N ANC Distributions

Bayesian o Frequentist
Pros ) Pros
 Multiple parallel minimisations ‘- * Faster
(with different initial values) ). . More used in the community (?)

e Easy to include prior information 13 14 15 1s 17 1s 13 20

. : : 12C(p,y)13N ANC vs I'y Covariance
 More detailed information on (P.v) Y

Cons
parameter distribution N

* Troublesome uncertainty estimation
» Straightforward uncertainty

- * Can hang on a local minimum
Cons \ » Low covariance
e Slower | * No easy to include prior information

_0'525 L T T T T T T =
1.70 1.75 1.80 1.85 1.90 1.95
cie

J. Skowronski - 16th Varenna Conference Proton Capture on Carbon Isotopes



