
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Direct measurements of low-energy resonance strengths of the
23Na(p,)24Mg reaction for astrophysics
Citation for published version:
Boeltzig, A, Best, A, Pantaleo, FR, Imbriani, G, Junker, M, Aliotta, M, Balibrea-Correa, J, Bemmerer, D,
Broggini, C, Bruno, CG, Buompane, R, Caciolli, A, Cavanna, F, Chillery, T, Ciani, GF, Corvisiero, P,
Csedreki, L, Davinson, T, deBoer, RJ, Depalo, R, Di Leva, A, Elekes, Z, Ferraro, F, Fiore, EM, Formicola, A,
Fülöp, Z, Gervino, G, Guglielmetti, A, Gustavino, C, Gyürky, G, Kochanek, I, Lugaro, M, Marigo, P,
Menegazzo, R, Mossa, V, Munnik, F, Paticchio, V, Perrino, R, Piatti, D, Prati, P, Schiavulli, L, Stöckel, K,
Straniero, O, Strieder, F, Szucs, T, Takács, MP, Trezzi, D, Wiescher, M & Zavatarelli, S 2019, 'Direct
measurements of low-energy resonance strengths of the 23Na(p,)24Mg reaction for astrophysics', Physics
Letters B, vol. 795, pp. 122-128. https://doi.org/10.1016/j.physletb.2019.05.044

Digital Object Identifier (DOI):
10.1016/j.physletb.2019.05.044

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Physics Letters B

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 02. Jan. 2020

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Edinburgh Research Explorer

https://core.ac.uk/display/237426691?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.physletb.2019.05.044
https://doi.org/10.1016/j.physletb.2019.05.044
https://www.research.ed.ac.uk/portal/en/publications/direct-measurements-of-lowenergy-resonance-strengths-of-the-23nap24mg-reaction-for-astrophysics(44852eca-6bdc-4da8-8718-797a0fc0e4bd).html


Direct Measurements of Low-Energy Resonance Strengths
of the 23Na(p,γ)24Mg Reaction for Astrophysics

A. Boeltziga,b,c,d,∗, A. Beste,f, F. R. Pantaleog,h, G. Imbrianie,f, M. Junkerd,a, M. Aliottai, J. Balibrea-Correae,f, D.
Bemmererj, C. Brogginil, C. G. Brunoi, R. Buompanef,k, A. Caciollim,l, F. Cavannan, T. Chilleryi, G. F. Ciania,d, P.

Corvisieroo,n, L. Csedrekid,a, T. Davinsoni, R. J. deBoerb,c, R. Depalom,l, A. Di Levae,f, Z. Elekesp, F. Ferraroo,n, E. M.
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kUniversità degli Studi della Campania “L. Vanvitelli”, Dipartimento di Matematica e Fisica, Viale Lincoln 5, 81100 Caserta, Italy

lIstituto Nazionale di Fisica Nucleare, Sezione di Padova, Via F. Marzolo 8, 35131 Padova, Italy
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Abstract

The NeNa and the MgAl cycles play a fundamental role in the nucleosynthesis of asymptotic giant branch stars
undergoing hot bottom burning. The 23Na(p, γ)24Mg reaction links these two cycles and a precise determination of its rate
is required to correctly estimate the contribution of these stars to the chemical evolution of various isotopes of Na, Mg and
Al. At temperatures of 50 . T . 110 MK, narrow resonances at Ep = 140 and 251 keV are the main contributors to the
reaction rate, in addition to the direct capture that dominates in the lower part of the temperature range. We present new
measurements of the strengths of these resonances at the Laboratory for Underground Nuclear Astrophysics (LUNA). We
have used two complementary detection approaches: high efficiency with a 4π BGO detector for the 140 keV resonance,
and high resolution with a HPGe detector for the 251 keV resonance. Thanks to the reduced cosmic ray background of
LUNA, we were able to determine the resonance strength of the 251 keV resonance as ωγ = 482(82)µeV and observed
new gamma ray transitions for the decay of the corresponding state in 24Mg at Ex = 11931 keV. With the highly efficient
BGO detector, we observed a signal for the 140 keV resonance for the first time in a direct measurement, resulting in a
strength of ωγ140 = 1.46+0.58

−0.53 neV (68% CL). Our measurement reduces the uncertainty of the 23Na(p, γ)24Mg reaction

rate in the temperature range from 0.05 to 0.1 GK to at most +50%
−35% at 0.07 GK. Accordingly, our results imply a significant

reduction of the uncertainties in the nucleosynthesis calculations.

Keywords: Experimental Nuclear Astrophysics, Underground Nuclear Physics, Hydrogen Burning, Stellar Evolution
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1. Introduction1

Asymptotic Giant Branch (AGB) stars provide a major2

contribution to the synthesis of the elements in the cosmos3

and specifically to the chemical evolution of stellar clusters4

and galaxies. The more massive AGB stars (M & 4M�)5

undergo proton captures at the base of the convective en-6

velope (hot bottom burning, HBB) [1, 2]. When the con-7

vective envelope extends down to the H-burning shell, the8

ashes of the CNO, NeNa and MgAl cycles appear at the9

stellar surface. The coupling between convection and nu-10

clear burning is responsible for the synthesis of various11

isotopes of Na, Mg and Al.12

Combined, the uncertainties of the 23Na(p, γ)24Mg and13

the 22Ne(p, γ)23Na reaction rates account for the major14

nuclear contribution to the uncertainty of predicted 23Na15

and 24Mg yields from these massive AGB stars [3]. The16

23Na(p, γ)24Mg reaction, in particular, is the bridge be-17

tween the NeNa and MgAl cycles. The 22Ne(p, γ)23Na18

reaction has been subject of recent experimental studies19

[4, 5, 6, 7, 8]; prior studies of 23Na(p, γ)24Mg are described20

below.21
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Figure 1: Fractional contributions of the narrow resonances and the
non-resonant cross section to the reaction rate at different stellar
temperatures. The bands result from sampling the resonance pa-
rameters according to the parameters and procedures in [9, 10, 11].

During HBB, the temperatures at the bottom of the22

convective envelopes range between 50 . T . 110 MK,23

increasing with the stellar mass and decreasing with the24

metallicity. The 23Na(p, γ)24Mg reaction rate in this tem-25

perature range is dominated by two resonances at Ep =26

140 and 251 keV, where Ep is the proton beam energy in27

the laboratory system throughout this paper. At lower en-28

ergies, the non-resonant capture contribution dominates29

the reaction rate, whereas another narrow resonance at30

∗Corresponding author
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Ep = 309 keV is the principal component of the reaction31

rate at higher temperatures, up to T = 1 GK. The rela-32

tive importance of each contribution for the reaction rate33

at different temperatures is illustrated in Fig. 1. The reac-34

tion rate calculations shown in this figure use the current35

best upper limit for the strength of the 140 keV resonance36

quoted in the literature [9] and treated as in [10]. Strengths37

of the 251 keV and 309 keV resonances have been measured38

by [12, 13, 14, 15]; and the calculations presented in Fig. 139

use the values as compiled in [16]. Information on the di-40

rect capture cross section was used as obtained indirectly41

in [17]. The nuclear properties of the resonances are sum-42

marized in Table 1.43

Table 1: Nuclear resonance parameters for the 23Na(p, γ)24Mg reac-
tion rate calculation as used in [9] and shown in Fig. 1. The upper
limit for ωγ140 keV corresponds to 95% CL.

140 keV 251 keV 309 keV

Ex (keV) [18, 19], [17] [18, 19] [18, 19]

11827(4), 11931.2(6) 11987.72(10)
11830.7(15)

Ep (keV) [18, 19], [17, 9] [16] [16]

140.2(42), 250.9(2) 308.75(6)

144.0(16)

Γtot (keV) [16, 20] [16, 21]

< 0.02 < 0.002

ωγ (eV) [9] [12, 16] [12, 16]

< 5.17 × 10−9 5.25(175) × 10−4 1.05(19) × 10−1

The upper limit on the strength of the 140 keV resonance44

[9] does not exclude this resonance from being the domi-45

nant contribution to the reaction rate at T ∼ 80− 90 MK.46

In fact, the uncertainty of the 23Na(p, γ)24Mg reaction rate47

in the discussed temperature range, associated with the48

upper limit of the 140 keV resonance strength and the 33%49

relative uncertainty of the 251 keV resonance strength,50

provide a strong motivation for an experimental study of51

these resonances.52

2. Methodology53

2.1. Setup54

The measurements were performed at the Laboratory55

for Underground Nuclear Astrophysics (LUNA), located at56

the Gran Sasso National Laboratory. Proton beams with57

energies of 130 to 400 keV were provided by the LUNA40058

accelerator [22] and used to bombard water-cooled solid59

targets. Typical beam intensities of 100-250µA on target60

were obtained.61

Two complementary setups were used to study the cross62

section: one employed a High-Purity Germanium (HPGe)63

detector, the other a segmented Bismuth Germanium Ox-64

ide (BGO) summing detector. The use of two setups is65

advisable, as the efficiency of the HPGe detector is too66
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low to study the weak 140 keV resonance. The energy res-67

olution of the HPGe detector, however, significantly facili-68

tates the study the gamma-ray branchings of the stronger69

resonances at 251 keV and 309 keV. Both setups benefit70

from the underground location of LUNA at the Gran Sasso71

National Laboratory, and target and detectors were sur-72

rounded by a massive lead shielding to reduce background73

from environmental radiation [23, 24, 25].74

2.2. BGO Detector Phase: 140 keV Resonance75

The segmented BGO summing detector was used to76

search for the 140 keV resonance with a large detection77

efficiency, utilizing a digital data acquisition system to ac-78

quire independent spectra of the six individual crystals79

and generating a sum energy spectrum offline [25, 26,80

and references therein]. The response of the BGO de-81

tector was estimated through a Monte Carlo simulation82

using Geant4 [27, 26], which was validated with calibra-83

tion measurements. The efficiency for the detection of84

the full gamma-ray energy depends on the gamma-ray85

branching ratios and the low-energy threshold of the in-86

dividual crystal segment. In the case of the 309 keV reso-87

nance, for example, the detection efficiency above 10 MeV88

is about 50% [25]; the efficiency of this detector is fur-89

ther discussed in subsection 3.2. In the search for the90

Ep = 140 keV resonance, measurements were taken at91

beam energies around 130, 140, 145 and 147 keV, in view of92

the uncertainty of the resonance energy (see Table 1). Due93

to a narrow resonance in 18O(p, γ)19F (Q = 7994 keV) at94

Ep = 151 keV, the background from random coincidence95

summing (pile-up) of gamma rays from this reaction pro-96

hibited the 23Na(p, γ)24Mg resonance search for beam en-97

ergies above 151 keV. At energies of 140 keV and below98

we observed yields compatible with zero within the sta-99

tistical uncertainty. For the runs at 147 keV (147 keV .100

Ep . 149 keV) we observe a statistically significant excess101

of counts over the beam-induced background. This beam102

energy is compatible with the resonance energy in litera-103

ture, and we analyzed this data set considering these runs104

as on-resonance, taking into account the target thickness105

(described in sec. 2.4).106

2.3. HPGe Detector Phase: 251 keV and 309 keV Reso-107

nances108

The HPGe detector was employed in close geometry109

at an angle of 55◦ to study the resonance strengths and110

gamma-ray branchings of the resonances at 251 keV and111

309 keV (cf. [28, and references therein]). The efficiency112

calibration was based on radioactive sources (137Cs, 60Co)113

and gamma rays from narrow resonances at Ep = 326 keV114

in 27Al(p, γ)28Si and at Ep = 278 keV in 14N(p, γ)15O. An115

empirical calibration curve was fitted to the total and full116

energy peak efficiency, using the parametrization in [29].117

Summing effects that arise from the coincident detection of118

multiple gamma rays of the same cascade (enhanced by the119

close detector geometry) were taken into account, based120

on the parametrized efficiency curve; angular correlations121

were neglected for the calculation of the summing effects.122

The parameters of the efficiency model were determined in123

a global maximum likelihood fit. We considered an uncer-124

tainty of 8% for the efficiency calibration curve, taking into125

account the scatter of the calibration data points, the re-126

peatability of the (p, γ) calibration measurements, and the127

few available sources to calibrate the efficiency at gamma128

energies above 8 MeV.129

2.4. Targets130

All targets were produced by evaporation of sodium131

compounds onto a high purity tantalum backing at the132

Institute for Nuclear Research, Hungarian Academy of Sci-133

ences (MTA Atomki). The backing was chemically cleaned134

and heated in vacuum before the evaporation. We tested135

several sodium compounds (NaCl, Na2SiO3, Na2WO4),136

and obtained the best results (i. e., reproducible target137

properties and stability under beam) with Na2WO4 (as138

in [9]). In a test evaporation of Na2WO4 onto a carbon139

backing we observed no major deviations in the stoichiom-140

etry of the sodium compound with respect to the nominal141

composition in a Rutherford backscattering measurement.142

Materials supplied by different vendors were tested in an143

effort to reduce beam-induced backgrounds from light con-144

taminants, and the cleanest material was chosen for target145

production.146

Typical target thicknesses for the Na2WO4 targets were147

50µg/cm
2

(beam energy loss of about 14 keV at 150 keV148

proton energy). Between experimental runs we regularly149

performed measurements of the target thickness by means150

of nuclear resonance analysis, scanning over the 309 keV151

resonance in 23Na(p, γ)24Mg. Targets were replaced when152

the target thickness (width of the plateau in a 309 keV153

resonance scan) had decreased strongly, or a drop in on-154

resonance yield was observed. An example for the devel-155

opment of the target scan under bombardment is shown156

in Fig. 2. Typical accumulated charges on a single target157

ranged between 10 and 30 C.158

Elastic Recoil Detection Analysis (ERDA) was per-159

formed on selected targets at the Ion Beam Center at the160

Helmholtz-Center Dresden-Rossendorf, using a 43 MeV161

Cl7+ beam and detecting the recoils at an angle of 31◦162

(cf. [30] for a description of the setup). Analysis of the163

data with the program NDF [31] resulted in depth pro-164

file information and allowed for the study of the chemi-165

cal composition of various targets during the initial target166

development phase. Furthermore, two targets were pro-167

duced under identical conditions: one was used to measure168

the 251 keV and 309 keV resonances with the HPGe detec-169

tor setup at LUNA, the other was not bombarded. Both170

of these targets were also analyzed with ERDA to study171

the chemical composition for the analysis of the HPGe172

measurements. Depth profiles were obtained and the sto-173

ichiometry of Na, W, O and H in the main target layer174

resulted in effective stopping powers that were on the or-175

der of 10% larger compared to the nominal composition176
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Figure 2: Yield curves showing scans of the narrow resonance at
309 keV for the same target after different amounts of charge accu-
mulated on this target.

of pure Na2WO4. Traces of carbon were detected in the177

bulk of the samples, but the amount was irrelevant in the178

context of our measurement.179

3. Analysis and Results180

3.1. HPGe Detector Phase: 251 keV and 309 keV Reso-181

nances182

With the effective stopping power of the material at the183

resonance energy, εeff, the absolute strength ωγ of the nar-184

row resonances can be determined through the well-known185

relation Y = λ2

2
ωγ
εeff

[32], where Y is the reaction yield186

(number of reactions per incident projectile), and λ the187

de Broglie wavelength of the projectile. Stopping power188

tables were generated using SRIM 2013.00 [33].189

Branching ratios and resonance strengths were de-190

termined solving the system of equations: Ni =191 ∑
j (Bij · Pj) · Y · Qqp , where the vector elements Ni are192

the number of counts in the primary gamma-ray peaks,193

and the matrix elements Bij correspond to the probability194

that a decay through the primary branch i is registered195

in the primary peak j (including detection efficiency and196

summing effects). The vector elements Pi are the primary197

branching ratios that fulfill the normalization condition198 ∑
Pi = 1 and Q and qp are the accumulated charge on199

target and the charge of a single projectile (proton), re-200

spectively.201

When calculating the summing effects, gamma-ray202

branching ratios for secondary transitions were taken from203

literature [18]. The uncertainties of Y and the Pi were de-204

termined by a Monte Carlo approach, repeating the analy-205

sis after varying the Ni within the respective experimental206

uncertainties and the secondary branching ratios within207

their uncertainties given in literature. The uncertainty of208

εeff, derived from the uncertainty of the chemical compo-209

sition of the target as determined with ERDA, typically210

amounted to 15% and was the dominant contribution to211

the resonance strength uncertainty. A systematic uncer-212

tainty of 3% was assumed for the measurement of the ac-213

cumulated charge on target.214

Among the 23Na(p, γ)24Mg resonances in Table 1, the215

strength of that at Ep = 309 keV is the best known in216

literature [16]. To verify our results, we redetermined the217

resonance strength and gamma-ray branching ratios as de-218

scribed above. The branching ratios of the 12 primary219

transitions in literature [18] were found to be in agreement220

with our measurement within the experimental uncertain-221

ties. The height of the plateau of two resonance scans on222

target and the composition of the not bombarded target223

as determined by ERDA resulted in a resonance strength224

of ωγ309 = 108(19) meV, in good agreement with the lit-225

erature value of 105(19) meV [16].226

The strength of the resonance at Ep = 251 keV is known227

with a larger uncertainty of about 33% (Table 1). Addi-228

tionally, the gamma-ray branchings of the corresponding229

level in 24Mg are not given in current compilations (such230

as [19]), and the only publication of these branching ratios231

known to the authors indicates only two strong transi-232

tions from this level [34]. A scan of the 251 keV resonance,233

followed by a long run (Q ≈ 11 C) at an energy on the234

resonance, was used to determine the strength of this res-235

onance and the gamma-ray branching ratios of the corre-236

sponding level in 24Mg. The most intense transitions are237

marked in the spectrum in Fig. 3 and the resulting branch-238

ing ratios are given in Table 2. In addition to the two239

major transitions described in [34], we identified multiple240

minor transitions and determined their branching ratios.241

The intensities of several minor peaks in the spectrum,242

most prominently the transition to the ground state of243

24Mg, were consistent with the expectation from true co-244

incidence summing (summing-in) alone and are thus not245

included in Table 2.246

Table 2: Branching ratios (in percent) for the state at Ex =
11931 keV in 24Mg, populated through 23Na(p, γ)24Mg at Ep =
251 keV, to the levels Ef .

Ef (keV) 9300 8864 7812 7349 6011 5235 4238 4123 1369

[34] – – – – – – – 11 89

this 0.14 0.25 1.05 1.21 3.21 0.95 0.38 18.2 74.6

work ± 0.05 0.05 0.12 0.14 0.34 0.16 0.14 1.8 7.5

With the yield of the long run on the resonance plateau247

and using the same target stoichiometry as in the analy-248

sis of the 309 keV resonance, we determined a resonance249

strength of ωγ251 =482(82)µeV, in agreement with the lit-250

erature value but with an improved relative uncertainty of251

17% (previously 33% [16]) that is now comparable to that252

of the 309 keV resonance.253

3.2. BGO Detector Phase: 140 keV Resonance254

During the search for the 140 keV resonance with the255

BGO detector, the 309 keV resonance was used as a ref-256

erence to account for the influence of target composition257
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Figure 3: HPGe spectrum acquired at Ep = 255 keV, Q = 11.4 C,
indicating the major primary transitions from the 11931 keV state
in 24Mg. Dotted lines mark gamma rays and escape peaks from
secondary transitions. The line at an energy corresponding to the
ground state transition has been identified as caused purely by
summing-in (see text for details).

variations on the yield. The yields Y and the strengths258

ωγ of the two resonances are related through ωγ140
ωγ309

=259

Y140

Y309
· λ

2
309

λ2
140

· εeff,140εeff,309
. Whilst the effective stopping power260

can vary considerably with changes in stoichiometry, the261

ratio of effective stopping powers at the two resonance en-262

ergies is much more robust (with < 1% variation in this263

case).264

We found two beam-induced backgrounds that were265

critical for the observation of the 140 keV resonance in266

our measurements: 7Li(p,γ)8Be with Q = 17.25 MeV,267

and 11B(p,γ)12C with Q = 15.96 MeV. With the Q-268

values of both background reactions larger than that of269

23Na(p, γ)24Mg (Q = 11.69 MeV), these reactions can con-270

tribute to the 23Na(p, γ)24Mg region of interest (ROI) in271

the sum energy spectrum. The contribution of these back-272

grounds has been modeled as shown in Fig. 4. To illustrate273

the potential influence of these impurities, we compare274

the expected yields: for a proton beam with an energy275

of 147 keV impinging on a 60µg/cm2 Na2WO4 target, the276

yield of a narrow 23Na(p, γ)24Mg resonance with an ωγ277

at the current upper limit [9] is 15 reactions/C. The same278

reaction yield is obtained for 11B(p, γ)12C by a contami-279

nation of about 2500 ppm of boron, or for 7Li(p,γ)8Be by280

about 700 ppm of lithium.281

Before and after each run in search of the 140 keV res-282

onance, we scanned the 309 keV resonance to obtain a283

target profile and used the known gamma rays of the284

23Na(p, γ)24Mg reaction to constrain the energy calibra-285

tion of the individual detector segments. Slightly non-286

linear energy responses from the detector segments (espe-287

cially at the higher gamma ray energies produced by the288

beam-induced backgrounds) were allowed by introducing289

a quadratic term in the energy calibration function. Us-290

ing the energy calibrations of the individual crystals, we291

created the sum spectrum.292
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Figure 4: Comparison of sum energy spectra for a target made from
unfavorable raw material (large beam-induced background, blue) and
an example of an analyzed spectrum taken with a cleaner target (red,
147 keV, 9.0 C). The modeled background contributions are shown
to demonstrate the influence of 7Li(p,γ)8Be and 11B(p,γ)12C on
the 23Na(p, γ)24Mg ROI. The inset shows the result (best fit) of
a sum energy spectrum for one of the possible branching ratios of
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See text for details.

Using the sum spectrum at energies above the to-293

tal gamma-ray energy expected for the 23Na(p, γ)24Mg294

reaction, we obtained constraints on the background-295

contributions from 7Li and 11B to the 23Na(p, γ)24Mg ROI.296

A Bayesian approach using Poisson-likelihood for the bin297

contents in this energy region (1 MeV wide bins between298

10 MeV and 18 MeV) and uniform prior distributions for299

the yields of the background reactions results in a pos-300

terior probability distribution for the resonance strength,301

based on the excess of the number of counts in the ROI302

for the 23Na(p, γ)24Mg reaction over the contribution from303

the two beam-induced backgrounds (cf. inset of Fig. 4).304

The Bayesian Analysis Toolkit (BAT) [35] was used to cal-305

culate the posterior probability density function.306

The relation between an excess over background in the307

23Na(p, γ)24Mg reaction ROI and the 23Na(p, γ)24Mg re-308

action resonance strength requires knowledge of the detec-309

tion efficiency, i. e., the probability of an 23Na(p, γ)24Mg310

event to cause a detected energy deposition in the cor-311

responding ROI. This efficiency depends on the gamma-312

ray branchings, and spin and parity of the resonant level,313

which are unknown. We considered levels in 24Mg with314

known branching ratios and Ex above 9 MeV, and simu-315

lated the corresponding detection efficiencies in the ROI316

around the respective Ex. This procedure corresponds to317

the approach in [9], except that all levels above 9 MeV were318

considered in this work, covering a wider range of possible319

branching ratios than the states selected in [9] and result-320

ing in a larger detection efficiency uncertainty by compari-321

son. Random sampling from the efficiencies corresponding322

to the branching ratios of different states was applied to323

include the effect of this uncertainty on the results for the324

resonance strength.325

Different runs were performed within each chosen beam326
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energy group. The posterior distributions for the reso-327

nance strength of the individual runs were combined to328

obtain a final posterior distribution. The posterior distri-329

bution obtained in the analysis for runs with 147 keV .330

Ep . 149 keV is shown in Fig. 5. The posterior distri-331

bution has a mode at 1.46 neV, and the shortest interval332

to contain 68 % probability ranges from 0.94 and 2.05 neV333

(95 % interval from 0.51 to 2.74 neV).334
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Figure 5: Posterior probability density function for the strength of
the 140 keV resonance.

Table 3: Resonance strengths for 23Na(p, γ)24Mg (in eV) of this
work, compared to previous literature values. All uncertainties are
given at 68% CL.

140 keV 251 keV 309 keV

[9] [12, 16] [12, 16]

2.15(129) × 10−9 ∗ 5.25(175) × 10−4 1.05(19) × 10−1

this work this work this work

1.46+0.58
−0.53 × 10−9 4.82(82) × 10−4 1.08(19) × 10−1

∗ when interpreting result of [9] as a positive detection;

corresponds to an upper limit of < 5.17 neV at 95% CL

otherwise.

4. Reaction Rate and Astrophysical Implications335

To summarize our results, the obtained strengths for336

the 309, 251 and 140 keV resonances are shown in Table 3.337

The value for ωγ309 is in good agreement with the current338

literature value and has a comparable uncertainty. The339

ωγ251 has a reduced relative uncertainty of 17 % (previ-340

ously: 33 % [16]). Moreover, we have found previously341

unobserved decay branches for the corresponding state in342

24Mg. We have directly observed the 140 keV resonance343

with an excess over zero of more than 2σ for the first time.344

The new experimentally determined value for the strength345

of the 140 keV resonance is compatible with the the re-346

sult of [9] when interpreted as a positive detection, but we347

established it as a value different from zero with a much348

larger statistical significance and a relative uncertainty of349

38 %.350

With these results we calculated the 23Na(p, γ)24Mg re-351

action rate and determined its uncertainty by a Monte352

Carlo approach. Resonance strengths for ωγ309 and ωγ251353

were sampled from Gaussian distributions, ωγ140 was sam-354

pled from the posterior distribution obtained in this mea-355

surement as discussed above. The direct capture strength356

and resonance energies were sampled as described in357

[11, 10]. The resulting reaction rate, compared to the rates358

in [9], is shown in Fig. 6. The different treatment of the359

uncertainty of ωγ140 in this work and the upper limit in360

[9] should be noted for this comparison.361
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Figure 6: Reaction rate and uncertainty (68% CL) based on the re-
sults presented in this work, compared to the reaction rate in [9].
Refer to the text for details on the different treatment of the uncer-
tainty of the 140 keV resonance.

The relative uncertainty of the reaction rate is decreased362

in the temperature window T = 0.05 − 0.1 GK, thanks363

to the improved knowledge on the 140 keV resonance and364

the 251 keV resonance, with uncertainties between +50%
−35% at365

0.07 GK and +17%
−14% at 0.1 GK. At T = 0.06 − 0.09 GK the366

reaction rate based on the results of this work is slightly367

higher than previously determined, because of the larger368

median value of ωγ140. Below T = 0.05 GK and above369

T = 0.2 GK, the reaction rate is dominated by the di-370

rect capture contribution and the 309 keV resonance (plus371

higher resonances), respectively, and is therefore unaf-372

fected by this work.373

The main limiting factors for the determination of ωγ140374

were the beam-induced backgrounds from traces of 7Li and375

11B, the uncertainty of the resonance energy, and the miss-376

ing branching ratios for the resonant level.377
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Figure 7: Network calculations to follow 20Ne, 23Na and 24Mg mass
fractions, using the reaction rates of [9] (top) and this work (bottom)
at T = 80 MK. See text for details.

To understand the potential impact of our results, we378

performed a network calculation for a constant T = 80 MK379

and ρ = 10 g/cm3. The outcome of this calculation is380

shown in Fig. 7. The network includes all the isotopes of381

the NeNa cycle plus 24Mg. The H and He mass fractions382

are kept constant, at X(H) = 0.5 and X(4He) = 0.499,383

to simulate continuous replenishment via convection. The384

initial mass fractions of Ne and Na isotopes are scaled to385

solar abundances, with X(Ne) + X(Na) = 0.001, and ini-386

tially X(24Mg) = 0. The calculations cover 3 × 103 yr,387

the typical time elapsed between two subsequent ther-388

mal pulses (instabilities of the He-burning shell) in an389

AGB star with initial mass M = 7M�. Except for390

22Ne(p, γ)23Na, reaction rates were taken from StarLib391

(version 6) [36], which includes the 23Na(p, γ)24Mg rates392

of [9]. For 22Ne(p, γ)23Na we used the most recent reac-393

tion rate from [8] (which is similar to the rate of [7]). The394

results of these calculations are shown in the upper panel395

of Fig. 7. The lower panel shows the results of the same396

calculation when using the 23Na(p, γ)24Mg rate based on397

this work.398

The Ne and Na isotopes almost instantaneously reach399

their equilibrium abundances, and their abundance ratios,400

e. g. the 23Na/20Ne ratio, remain constant as they only401

depend on the temperature and the choice of the reaction402

rates. The continuous depletion of the total abundance403

of the Ne and Na isotopes is driven by the leakage of the404

23Na(p, γ)24Mg reaction. As a consequence the 24Mg piles405

up. The shaded areas in Fig. 7 represent the influence of406

the 23Na(p, γ)24Mg reaction rate on the three most abun-407

dant Ne, Na, and Mg isotopes during this nucleosynthesis408

episode. The reduction of the uncertainties when pass-409

ing from the previous [9] and the new rate is evident. This410

result will improve future calculations of the yields of mas-411

sive AGB stars, providing, in particular, a more accurate412

understanding of the evolution of the Na and Mg isotopes413

in galaxies and stellar clusters..414
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