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The*>Ne(a,n)*Mg reaction is an important source of neutrons for the sgBscin massive stars responsi-
ble for the weak component of the s-proce€dje(a,n)**Mg is the dominant source of neutrons, both during
core helium burning and in shell carbon burning. For the nsaamocess component produced in Asymptotic
Giant Branch (AGB) stars, th€C(,n)!°0 reaction is the dominant source of neutrons operatingiduhie
interpulse period, with thé*Ne+a source affecting mainly the s-process branchings duririgeartal pulse.
Rate uncertainties in the competiftNe(e,n)*>Mg and??Ne(a,7)**Mg reactions result in large variations of
s-process nucleosynthesis. Here, we present up-to-ddtstatistically rigorou$?Ne+« reaction rates using
recent experimental results and Monte Carlo sampling. @ur rates are used in post-processing nucleosyn-
thesis calculations both for massive stars and AGB stargddéfeonstrate that the nucleosynthesis uncertainties
arising from the new rates are dramatically reduced in coispa to previously published results, but several
ambiguities in the present data must still be addressedorR@aendations for further study to resolve these
issues are provided.

PACS numbers: 26.20.Kn - 26.20.Fj - 25.55.-e - 24.30.-v

I. INTRODUCTION their estimated?Ne(q,n)?>Mg and22Ne(x,~)?°Mg reaction
rate uncertainties, the relative abundance®bfg and?°Mg

1 1 0,
The s-process is responsible for creating about half of thgredmted by their stellar models can vary by up to 60%.

elements heavier than iron that are observed in the solar sys The weak component of the s-process arises from nuclear
tem [1]. This process involves the slow capture of neutrondurning in massive stars. The core temperature in these star
(slower than the averagedecay rate of unstable nuclei) onto (typically with M = 11M) becomes high enough during
seed material, hence nucleosynthesis follows the nuck#tar v He-burning for thé?Ne(a,n)**Mg reaction to produce a high
ley of stability. By considering the solar system abundanceflux of neutrons shortly before the helium fuel is exhausted.
of s-only nuclei (that is, nuclei that can only be produced inAny remaining*’Ne releases a second flux of neutrons dur-
the s-process) it can be shown that there are two key compdig convective carbon shell burning. The s-process yield in
nents of the s-process: the “main” component and the “weakthese stars is therefore sensitive to the temperature ahwhi
component [2]. The main component produces s-nuclei witithe ?Ne(a,n)**Mg reaction starts to produce an appreciable
masses ofA > 90, while the weak component enriches the flux of neutrons. Theet al. [13] showed that the s-process
s-nuclei abundances dt < 90. during the core He-burning stage in massive stars depends

2 16 17 i
The main component of the s-process arises from neutrofifongly on both thé“Ne+a and the'*O(n)'"O reaction

captures during He-burning i/ < 4M,, Asymptotic Giant ra.tes. '!'hey also fqund that not only are the overall uncer-
Branch (AGB) stars (a detailed discussion of nuclear burn{@inties in the rates important, but also the temperatuperte
ing in AGB stars can be found in Refs. [3] and [4]). In dence of the rates.

low mass (0.8 to 4/) AGB stars of solar metalicity, most ~ The??Ne+« reactions also affect nucleosynthesis in other
neutrons are released through A€ («,n)'0 reaction dur-  astrophysical environments. During type 1l supernova@xpl
ing the inter-pulse period, while th#Ne(a,n)*°Mg reac-  sions, twoy-ray emitting radionuclides’?®Al and °Fe are
tion produces an additional burst of neutrons during thérmaejected, and their abundance ratio provides a sensitive con
pulses. This burst of neutrons affects mainly the branahingstraint on stellar models [14, and references therein]. The
in the s-process path. In intermediate-mass AGB stafs{  species°Fe is mainly produced in massive stars by neutron
4Mg), where the temperatures are expected to be higher, theaptures during convective shell carbon burning [e.g., 5]
22Ne(a,n)**Mg reaction is thought to be the main source of abundance, therefore, depends strongly ortthe+« rates.
neutrons and could explain the enhancement of rubidium se€fhe 2?Ne+« rates also play a role in type la supernovae.
in some metal poor AGB stars [5-9]. In addition to s-processThroughout the “simmering” stage, roughly 1000 years prior
elements, thé>Ne(x,n)*>Mg and?2Ne(a,v)?Mg rates influ-  to the explosion, Piro and Bildsten [16] suggested that neu-
ence the relative production 8tMg and2®Mg, whose abun- trons released by th&Ne(x,n)??Mg reaction affect the car-
dance ratios can be measured to high precision in circumstebon abundance, thus altering the amounf®{i produced

lar (“presolar”) dust grains. Magnesium is also one of the(i.e., the peak luminosity) in the explosion. Timmeisal.

few elements for which the isotopic ratio®¥g/?*Mg and  [17] also found that during the explosion, neutronisatign b
26Mg/?*Mg can be derived from stellar spectra (for example, the??Ne(a,n)*>Mg reaction affects the electron mole fraction,
Refs. [10, 11]). However, Karakas al.[12] showed that with Y, thus influencing the nature of the explosion.



In this work we will evaluate new reaction rates for are given by
ZNe+a . Compared to previous results [12, 18, 19] our new 3/2
rates are S|gn|flcgntly improved because (i) we incorpathte (ov) = (2_7T> K2wryeBr/kT )
the recently obtained data on resonance fluorescence absorp kT
tion, a-particle transfer etc., and (ii) we employ a sophisti- 5,4
cated (Monte Carlo) method to estimate the rates and associ- ) -
ated uncertainties. We have recently presentedfiéde+a 1,y V2rh w/ La(E)YW(E)  _pperyp
rates in Ref. [20], but did not give a detailed account ofrthei (ukT)3/27 o (E—E.)2+T(FE)?/4

calculation. Since the latter results were published, wedo o 3
and could account for, a number of inconsistencies in data pr Where the resonance strengthy is defined by
viously reported in the literature. In addition, new datanfir wy = Wy Iy /T, (4)

Ref. [21] became available, which have been included in the
present work. Thus the rates presented here supersede dr is the resonance enerdy, (E), I';(E), andT'(E) are the
earlier results [20]. energy-dependent entrance channel (particle) partiathwid
The paper will be organised as follows: in Sec. Il a detailedexit channel partial width, and total width, respectiveiyd
discussion of the Monte Carlo method used to calculate rew, the statistical spin factor, is defined by = (27 +
action rates is discussed. This method is described inldetal)/(2Jo + 1)(2J1 + 1), whereJ and J; are the resonance
elsewhere [22] but will be summarised to show its applicabil and particle spins, respectively. The particle partialtiid .,
ity to the specific cases of tHéNe+« reactions. Th8?Ne+«  can be written as the product of an energy-independent re-
rate calculations and comparisons with the literature beéll  duced width;yZ, and an energy-dependent penetration factor,
presented in Sec. Ill. The reaction rates will then be used td(E), as
present new nucIeosynt_hesis yields along with_their uagert T, = 2P.(E)2. )
ties in Sec. VI. Conclusions will be presented in Sec. VII.
For the present case 8fNe+a, the entrance channeh{
particle) reduced widthy?2, is related to thex-particle spec-

Il. REACTION RATE FORMALISM troscopic factorS,, by
2 h2 2
A. Thermonuclear Reaction Rates Vo :Wea (6)
hQ
The reaction rate per particle pair in a plasma of tempera- = %Sang(a) @)

ture, T, is given by
where¢(a) is the single-particle radial wave function at the
8 1 ° _E/ET channel radiusg [see, for example, 25, 26]. The constant
(o) = \ 7 (RT3 /0 Eo(E)e”*/MdE (1) h?/(ua?) is the Wigner Limit (in the notation of Lane and
Thomas [27]). It can be regarded as an upper limit, according
where is the reduced mass of the reacting particless=  to the sum rules in the dispersion theory of nuclear reastion
MoM, /(Mo + My); M; denotes the masses of the particles;i.e.,#2 < 1. Note that it is frequently assumed thgt= S,
k is the Boltzmann constang is the centre-of-mass energy which must be regarded as a crude approximation only. For
of the reacting particles; and E) is the reaction cross section example, in the case of O levels it was shown in Ref. [28]
at energyF. thatS,, exceed#? by at most a factor of 2. We will return to
The strategy for determining reaction rates from Eq. (1) dethese issues in Sec. I C.
pends on the nature of the cross section. In many cases theThe above relationships are useful since they allow for
cross section can be separated into non-resonant and resuot estimation of the important-particle partial widths from
nant parts. Reactions such #&Ne+a proceed through the spectroscopic factors obtaineddrparticle transfer reactions,
compound nucleu¥Mg at relatively high excitation energy as will be discussed later. It is important to note that tHaeva
(Qay = 10614.787(33) keV [23]) and are frequently domi- of S, depends on the parameters of the nuclear potentials as-
nated by resonant capture. The non-resonant part of the crosumed in the transfer data analysis. Similarly, the valug?of
section will, therefore, be neglected in the following disc  depends on the channel radius. However, if, throughout the
sion. The reader is referred to Refs. [24] and [22] for moreanalysis, consistent values of these parameters (sucheas
details. used, their impact on the value B, will be strongly reduced.
The resonant part of the cross-section can be represented
in one of two ways: (i) by narrow resonances, whose par-
tial widths can be assumed to be approximately constant over B.  Monte Carlo Reaction Rates
the resonance width (“narrow resonances”), and (ii) by wide
resonances, for which the resonant cross section must be in-The equations outlined in Sec. Il A provide the tools for
tegrated numerically to account for the energy dependeince @alculating thermonuclear reaction rates given availabte
the partial widths involved. The reaction rates per patiair  mates for the cross section parametéts, (v, etc.). A prob-
for single, isolated narrow and wide resonances, respygtiv lem arises, however, when statistically rigorous unceties



3

of the reaction rates are desired. What is usually presémted etc.). In such a case the central limit theorem predictsrtsat
the literature are recommended rates, together with upgkr a onance strengths or partial widths are lognormally diatsd.
lower “limits”, but the reported values are not derived fram The lognormal probability density for a resonance strength
suitable probability density function. Therefore, theaepd  or a partial width is given by

values have no rigorous statistical meaning. An attempt to

construct a method for analytical uncertainty propagatibn Fla) = 1 le_(lnm_uf/(gg?) ®)
reaction rates was made by Thompson and lliadis [29]. How- o2 T

ever, their method is applicable only in special cases, when

the uncertainties in resonance parameters are relativedit.s  with the lognormal parametersando representing the mean
Thompson and lliadis [29] were also not able to treat the unand standard deviation af x. These quantities are related to
certainty propagation for reaction rates that need to ke int the expectation valudy[z], and varianceV [x], by

grated or for rates that include upper limits on some param-

eters. For these reasons, a Monte Carlo method is used in 1 Via] Va]

the present study to calculate statistically meaningfattien  # = 1H(E[I])—§ In <1 + E[x]2> ; o=4/ln (1 + E[x]g)
rates. ©)

The general strategy of Monte Carlo uncertaingyopa- 1 quantitiesIn(E[z]) and+/V[z] can be associated with
gation is as follows: (i) randomly sample from the probabil-y,o central value and uncertainty, respectively, that ara-c

ity density distribution of each input parameter; (i) adiste o0 reported. Note that a lognormal distribution is only
the reaction rates for each randomly sampled parameter Sgiineq for positive values of. This feature is crucial be-

ona g.rio_l__of temperatures _(us__ing the same set at each tempel se it removes the finite probability of sampling unphafsic
ature); (iif rep_eatugtep_ﬁ (')'(':) _man()j/. t'mbes.(on the g:;ér negative values when Gaussian uncertainties are used. This
5000). Steps (')_.('”) will result in a distribution at eatem- g especially true for partial width measurements, whieh fr
perature grid point that can be interpreted as the prolgbili  enty have uncertainties in the 20-50% range. Note, also,

o_Ien?lty f”ﬂ‘?"g_” Ofbthe. reaqﬁl%n r(;;\_te. Extrgclztmn of ‘;]'_“ﬂ'?“ that a 50% Gaussian uncertainty results in a 3% probabiiity o
ties from this distribution will be discussed later. Whiteout partial width having a value below zero.

parameter sampling is being performed, care must be taken The important problem of estimating reaction rates when

to consider correlations in parameters. For example,—par_uOnIy upper limits of resonance strengths or partial widttes a

cle partial widths depend on the pe.net_ra.\tion factor, whech i available will now be discussed. The standard practise in nu
an energy dependent quantity. The individual energy sasmple

t theref b ted istently th h clear astrophysics [see, for example, 18, 31] is to adopt 10%
must, theretore, be propagated consistently tnfough &8I 0553500 strength upper limit values for the calculatfdhe
energy and partial width estimation in order to fully accoun

: - recommendetbtal rates. “Lower limits” or “upper limits” of
for the correlation of these quantities. The cdrlt esMC ; ; ;
[22] was used to perform th?e Monte Carlo sampling and t rates are then derived by completely excluding or by adgptin

lvse th bability densiti fthe total i i %he full upper limit, respectively, for all resonance styérs.
analyse the probabiiity densities ot the total reactioasa This procedure is questionable for two reasons. First,auith

_ In order to apply Monte Carlo sampling to calculate reac-rther knowledge, it is implicitly assumed that the proibab
tion rate uncertainties, sampling distributions must beseim v, gensity for the resonance strength is a uniform distiéu
for each input parameter. Once a reaction rate (output) diSsytending from zero to the upper limit value. The implicatio
tribution has been computed, an appropriate mathemageal dig that themean valuef the resonance strength amounts to
scription must be found to present the result in a convenient ¢ of its upper limit value. This conclusion contradicts?
manner. Statistical distributions important for reactiate  y5mental nuclear physics, as will be explained below. Sec-
calculations_are degcribed in detail in Refs. [22] and [a8H ond, the derived “upper limit’ and “lower limit” on the total
are summarised briefly below. reaction rate are usually interpreted as sharp bounddlties.
Uncertainties of resonance energies are determined by theynclusion is also unphysical, as will be explained below.
sum of different contributions. In this case, the central Tpe strength of a resonance depends on particle par-
limit theorem of statistics predicts that resonance eesraie  tj| widths, which can be expressed in terms of reduced
Gaussian distributed. Note that there is a finite probatumlit widths,~2, or, alternatively, spectroscopic factofs(see sec-
calculating a negative resonance energy and that this €hoigjgp, IIA). These quantities depend on the overlap between
of probability density natura}lly accounts for the _inclux;iof the incoming channela(+ A) and the compound nucleus
sub-threshold resonances in the above formalism. A resging| state, which in turn depends on a nuclear matrix ele-
nance strength or a partial width, on the other hand, is eXpefnent. If the nuclear matrix element has contributions from
imentally derived from th@roductof measured input quanti- - many different parts of configuration space, and if the signs
ties (e.g., count rates, stopping powers, detection efiteés,  {hese contributions are random, then the central limitrieo
predicts that the probability density of the transition dimp
tude will tend toward a Gaussian distribution centred ap zer
The probability density of the reduced width, representirey
1 Throughout this work, care is taken to refer to the termsertaintyand ~ Squareof the amplitude, is then given by a chi-squared dis-
error correctly. The termerror refers to a quantity that is believed to be tribution with one degree of freedom. These arguments were
incorrect, whereaancertaintyrefers to the spread estimate of a parameter. fjrst presented by Porter and Thomas [32] and this probgbilit
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density is also known as the Porter-Thomas distribution. Fosignificantly larger data set of-particle reduced widths when

a particle channel it can be written as it becomes available in the future.
From the arguments presented above it should also be clear
f(z) = € —07/(26%) (10)  that the Porter-Thomas distribution is not expected toerepr
Vo2 sent the reduced width of all nuclear levels, particuldrthé

) o . ) ) amplitude is dominated by a few large contributions of config
wherecis a norm§12ll_sat|on constartt, is the dimensionlessre- ;ation space. The mostimportant example for the latteasit
duced width, and" is the local mean value of the dimension- (i, areq-cluster states, which are expected to have relatively
less reduced width. The distribution implies that the redlic |514e reduced widths. Indeed, the large reduced width salue
width for a given nucleus and set of quantum numbers varieg, figure 1 that are not described by the Porter-Thomas distri
by several orders of magnitude, with a higher probabiligy th 1, ion (solid line) originate most likely from-cluster states.
smaller the value of the reduced width. The Porter-Thomagearly, the nuciear structure of a level in question must be
distribution emerges naturally from the Gaussian orthaion cqnsidered carefully. For this reason, results fremarticle
ensemble of random matrix theory and is well established exg 4 sfer studies are very important. It can be argued tleseth
perimentally (see Ref. [33] for a recent reviéw) measurements populate preferentialhcluster states, with

The above discussion provides a physically sound methoghqe reduced widths (or spectroscopic factors), whilelev
for randomly sampling reduced widths (or spectroscopie fac ot populated im-transfer have small reduced widths and,
tors) if only an upper limit value is available. Furthermdre  herefore, are more likely statistical in nature (i.e.,alizd
the present work we assume a sharp truncation of the Porteky a Porter-Thomas distribution). This issue will become im
Thomas distribution at the upper limit value for the d'men'portant in later sections.
sionless reduced width, that is, we randomly sample over * once 4 random sampling of all input parameters has been
the probability density performed, an ensemble of reaction rates is obtained. From

C g8ty o ) its probabilit.y densjty one can extract descriptive stigs _
ﬁe if 62 <67, (mean, median, variance etc.). For the rec_ommended reactio

0 if 02 > 02 rate, we adopt the median value. The median is a useful-statis

ul tic because exactly half of the calculated rates lie aboige th

Once dimensionless reduced widths are obtained from sanyalue and half below. Note that we do not use the mean value
pling according to equation (11), samples of particle parti Pecause it is strongly affected by outliers in the reactate r
widths can be found from equation (5). Subsequently, sasnpledistribution. The low and high reaction rates are obtaingd b
of resonance strengths can be determined from equation (4)2Ssuming a 68% coverage probability. There are severatmeth
In order to utilise equation (11) for Monte Carlo sampling 0dS for obtaining these coverage probabilities, such agiind
of a-particle partial widths, the mean value of the dimension-the coverage that minimises the range of the uncertairttes,
less reduced width)2, must be known. To this end we con- °N€ that is centred on the median. In the present work,dtie
sidered 3601-particlog reduced widths in the A=20-40 mass © 84" percentiles of the cumulative reaction rate distribution
region [see 36, and references therein]. The distribution jare used. Wg emphasse an 'mp"”"’.‘”t point regarding reactio
shown in figure 1 as a black histogram. Binning and fit.rate uncertainties: contrary to previous work, our “lowdan
ting the data to equation (10) (solid line) results in a Hist- h'_g_h rates do not represent sharp bound_arles (|.e.,_a-pr0b
value of62 — 0.010. which we adopt in the present work ability density of zero outside the boundaries). As with any
Itis impor(;ant to. recéll the above arguments: the distidout " other continuous probability density function, these ealde-

. . : . Ipend on the assumed coverage probability, i.e., assuming a
of reduced widths for a given nucleus, given orbital angulaI i tinal , f theak
momentum, given channel spin, etc., is expected to follow? JET coverage Wil resu tin a larger uncertainty of thtato

' e ' o reaction rate (this is further illustrated in Figs. 4 and Bihe
a Porter-Thomas distribution. However, because of the re

|.- . . .
atively small sample size of 360 values, we were compelleélmportant point here is that the Monte Carlo sampling result
to fit the entire set by disregarding differences in nucleassn

in “low” and “high” rates for which the coverage probability
number and orbital angular momentum. For this reason, our

can be quantified precisely.
derived mean value of 0.010 must be regarded as prelimina% Although a low, high and median rate are useful quantities,
More reliable estimates @f have to await the analysis of a

f(0) = (11)

ey do not necessarily contain all the information on the ra

probability density. For application of a reaction rate tie-

osynthesis calculations, therefore, it is useful to apipnaxe

the rate probability density by a simple analytical appnwed

, _ N o _ tion. It was shown in [22] that in most (but not all) cases
(chfml'g;lgighbsri‘g;ﬂgrZi“:ly[‘3)2]”:#5“;”ré’f::;:ygfz‘?t’#go&uc’gar the reaction rate probability density is well approximaigd
Data Ense’mble/( = 64—238)in 'Ref. [35] have claimed that the data are a Iognormal distribution (equatlon 8)‘ The Iognormal pagam
not well described by g2 distribution with one degree of freedom & 1, tersp ando can be found from the sampled total rates at each

i.e., a Porter-Thomas distribution). They find, dependinghe data set temperature according to

under consideration, values between= 0.5 andv = 1.2. These new

results are controversial and more studies are neededeléissue can = E[ln(y)], o2 = V[ln(y)] (12)
be settled. Itis not clear at present if this controversydmsimplications

for the compound nucled¥Mg. whereE[In(y)] andV [In(y)] denote the expectation value and
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variance of the natural logarithm of the total rajerespec- tions are both important in s-process neutron production.
tively. A useful measure of the applicability of a lognormal While the ?2Ne(a,n)**Mg reaction produces neutrons, the
approximation to the actual sampled distribution is predid 2Ne(a,v)?*Mg reaction also influences the neutron flux by
by the Anderson-Darling statisficwhich is calculated from  directly competing for availablew-particles. The rates of

T both reactions will therefore be presented here. The centre
i . .
tap = —n — E : (In Fy:) + [l — F(yni1-:)] of-mass energy region of interest to the s-process amoaints t
- " E., = 600 £ 300 keV, corresponding to excitation energies

(13)  of E, = 10900 — 11500 keV in the?**Mg compound nucleus.
wheren is the number of sampleg; are the sampled reaction Note that only states of “natural” parity (i.€.,17, 2", etc.)
rates at a given temperature (arranged in ascending oather), can be populated vi#Ne+« (because both target and pro-
F is the cumulative distribution of a standard normal func-jectile have spin-parities of").

tion (i.e., a Gaussian centred at zero). An A-D value greater Since the early 1980’s, several direct measurements were
than Unity?ndicatesadeViation from alognormaldistl’ib[lt performed of both reactions close to the energy region of
However, it was found by Longlanet al. [22] that the rate  jnterest [19, 40-44]. All of these measurements, with the
distribution does nOtiSiblydeviate from |Ogn0rma| until A-D exception of Ref. [44]’ were made using gas targets at the
exceed$AD ~ 30. The A-D statistic is presented in Tabs. VI Institut fur Strah'enphysik in Stuttgart’ Germany [ega]
and VII along with the reaction rates at each temperature ||The lowest energy resonance measured in those works is lo-
order to provide a reference to the reader. cated atE'® ~ 830 keV, near the high energy end of the
astrophysically important region. The structure of thslg
compound nucleus near theparticle and neutron thresholds
has been investigated previously via neutron capture [45, 4
scattering [48-50], photoexcitation [51-53], transfet,[84—
56], and photoneutron measurements [57]. In particular, th
Experimental rates usually need to be extrapolated to higiytter study observed the strong population o Mg level
temperatures with the aid of theoretical models because regearg, = 11150 keV, with presumed quantum numbers of
onances are only measured up to some finite endf§i.  Jv — 1~ corresponding to an expected low-energy resonance
If the effective stellar burning energy window [38] extends at E,,, = 450 keV. It was believed to have been observed by
above this energy, the rate calculated using the procediiie 0 protleff et al. [42] and Harmset al. [41] at E/2 = 630 keV,
lined above will become inaccurate. Statistical nucleacte pytthe presumed signal was later shown to be caused by back-
tion models must, therefore, be used to extrapolate therexpeground from the'' B(a,n)!*N reaction. Nevertheless, the an-
imental rates beyond this temperature. The method used hejigipated contribution from this low-energy resonanceses
is described in detail in Ref. [38]. It uses the followingadtr  sitively influenced all past estimates?8Ne-+« reaction rates.
egy: (i) aneffective thermonuclear energy ran€TER) is  For example, it was shown by Thet al. [58] that it has a
defined using the' 50", and 92¢ percentiles of the cumu-  strong impact on s-process nucleosynthesis in massive star
lative distribution of fractional reaction rates (i.e.ettelative  However, recent®Mg(7, v)2°Mg studies by Longlanet al.
contribution of single resonances at temperafitdvided by [59] demonstrated unambiguously that this particularlieae
the total reaction rate &f); (ii) the temperature/mach be-  ynnatural parity {* = 1+ ) and, therefore, cannot be popu-
yond which the total rate must be extrapolated is estimateghted viaq-particle capture o?Ne.
from

C. Extrapolation of Experimental Reaction Rates to Higher
Temperatures

Studies that provide new experimental information relévan
E(Tmateh) + AE(Thater) = Er (14)  to ?*Ne+«, obtained after the NACRE compilation was pub-

h is the width of th lculated f lished [18], are summarised in table I. The goal of the fol-
whereA F (Tmatcy) IS the width of the ETER calculated from ,ing giscussion is to consider all the available experime
the 8" and 929 rate percentiles. We adopt the Hauser-

tal information for states if®Mg of interest to s-process nu-
Feshbach rates of Ref. [39] for temperatures beyBiagen cleosynthesis and to assign these levels to corresponeliag r

normalised to the experimental rat€lataich onances in botB2Ne(a,7)2Mg and 22Ne(a,n)2’Mg. This
allows for an estimation of the partial and total resonance
widths, resulting in more accuratéNe+a reaction rates.
A number of levels in?Mg near thea-particle and neu-
tron thresholds have unknown spin-parities and partiatheid
These levels have been disregarded in all previous reaction
rate estimates. Since it is not known at present if any ofethes

The ?’Ne(,ny’Mg (Quon = —478.296(89) keV)  are natural parity states and, therefore, may be populated i
and **Ne(@,7)*°Mg (Qa, = 10614.787(33) keV) reac-  22Netq, they cannot be easily included in a Monte Carlo re-
- action rate analysis at present. Thus, our strategy is sVl

we will first derive??Ne+a Monte Carlo rates by excluding

3 The Anderson-Darling statistic [37] is more useful thagZstatistic be-  these levels of unknown spin-parities. Subsequently, e wi

cause it does not require binning of the data. The latterlystgsults in a investigate their impact on the total reaction ratesler the

loss of information. extreme assumption that all of these levels possess natural

ll. THE 22NE+o REACTIONS

A. General Aspects



parity. As will be seen below, future measurements of thesénand, the inflated weighted average valueis = 1.4(3) x
states are highly desirable. Throughout the followingaisc 10~ eV. We applied the inflated weighted average method to
sion, energies are presented in the centre of mass framesunleall resonances in the energy regiofi’E= 830 — 1495 keV.
otherwise stated. Above this energy range, we used the (standard) weighted av-
erage because the different data sets are in considerdtdy be
agreement.
B. Resonance Strengths From the measure@Ne(q,n)*>Mg and ?2Ne(x,7)?Mg
strengths of a given resonance, the neutroneiparticle par-
Directly measured resonance strengths in thdial widths can be found if the-ray partial width can be esti-
22Ne(o,7)**Mg reaction in the energy range of mated. This information allows for integrating the resaren
E';?lb = 830 — 2040 keV are adopted from Ref. [40]. cross section numerically, according to equation (3), Wisc
Direct measurements of resonances in thle(,n)*>Mg  more reliable than adopting the narrow resonance apprexima
reaction at energies of ® = 830 — 2040 keV are re- tion, equation (2). Because of Coulomb barrier penetrgbili
ported in Refs. [19, 40, 41, 43, 44]. Note, however, thatarguments, the neutron width is expected to dominate theé tot
the 22Ne(a,n)*Mg resonance strengths from the different width of the resonances important for s-process nucleosyn-
measurements disagree by up to a factor of 5 (i.e., a dewiaticthesis (i.e..', ~ I'). Thus, in most (but not all) cases, the
well outside the quoted uncertainties). Clearly, adopting neutron width exceeds the-particle width for a given state
simple weighted average value would not account for thesubstantially and we can use the following approximations
unknown systematic bias present in the data. To alleviatéo determine thex-particle width from measured resonance
this problem, we adopt the method of Ref. [61], previouslystrengths. For thé*Ne(x,7)**Mg reaction, thea-particle
applied to account for unknown systematic uncertaintiegartial width can be found by assuming a reasonable average
in neutron-lifetime measurements. This method follows avalue for they-ray partial width ofl*, ~ 3 eV [60]. We inves-
similar procedure for characterising unknown systematidigated the effect of this choice on the reaction rates aed th
uncertainties as that presented in Ref. [62]. It assumeds th@xact average value df, was found to be relatively unim-
all the reported strength values of a given resonance have tiportant. Thea-particle partial width can then be found (for
same, unknown, systematic errer,, which can be summed I', ~T’) from
in quadrature with the reported uncertainties. Hence fohea

reported uncertainty of data sgto;, an inflated uncertainty, WYary = WL, r, = S L (18)
o/, is obtained via Pa+T5+Tn w 3eV
. P For the??Ne(a,n)**Mg reaction, thex-particle partial width
0y =10y tO; (15)  can be calculated from:
i i i i Farn an
From the inflated uncertainties, the weighted average of the Yo = r. — wy (19)

“To+T,+T,

_ Zi W'Yi/G;Q — 1
5 = S/ 7= S 107 (16) C. Spectroscopic Factors

The unknown value ofr, is adjusted numerically until the Alpha-particle spectroscopic factors for levels neardhe

resonance strengthssy;, is obtained in the usual manner,

reduced chi-squareg? /v, becomes equal to unity. particle and neutron thresholds #iMg have been obtained
from 22Ne(®Li,d)26Mg transfer studies by Refs. [44] and [56].
2 1 (wyi —w_7)2 The spectroscopic factors derived from t&i(d) transfer
Y n—1 Z o2 A7) data are important because they allow for an estimate of the
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a-particle partial widthI',,, of 2?Ne+a resonances via equa-
wherev is the degree of freedom (i.e.,= n—1, withn equal  tions (6), (7), and (5).
to the number of measurements). Numerous studies have shown thattransfer measure-
Application of this method has two consequences compare@ents are very useful for measuringjative spectroscopic
to calculating the weighted average of the reported resmnan factors, but are not sufficiently accurate for predictatgso-
strength values: (i) the uncertainty of the resonance gthen lute values. For this reason, the measured spectroscopic fac-
7, will be larger, reflecting the fact that the systematic tshif tors are frequently scaled relative to resonances with-well
in the data is of unknown nature; and (ii) strength valuesknown partial widths (note that this is an approximation
with small reported uncertainties will carry less weighanc ~ €quivalent to assuming that = S in Sec. Il). For example,
sider as an examp|e the |Owest-|ying observed resonance @iesemt al. [44] scaled their Spectroscopic factors relative to
the 22Ne(a,n)?Mg reaction, located ab'® = 831 keV. The theE® = 831keV (J™ = 2T ) resonance if*Ne(x,n)*’Mg.
measurements reported in Refs. [19, 41, 43, 44] yield for thé&ur best value for thea(n) resonance strength isy,, =
resonance strength a (standard) weighted averageyot=  1.4(3) x 10~* eV (see Tab. IV). Since for this low-energy
1.2(1) x 10~* eV, with y2/v = 2.9, indicating poor agree- resonance it can be safely assumed that T',,, a spectro-
ment between the individual measurements. On the othescopic factor ofS((f"") = 0.98 is obtained from equations (4)



Reference Reaction Studie@omments
Jaegeetal.[19] 22Ne(e,n)**Mg |Resonances betwedsf®® = 570 keV andE®® = 1450 keV
Koehler [60] "Mg(ny) | B, JT, T, T, for states corresponding #82° = 570 keV to £'* = 1000 keV

Ugaldeet al.[56] 22Ne(Li,d)?*°Mg|J™ andS., for two states below neutron threshold
Longlandet al.[59] 2*Mg(7,7')**Mg | E,, andJ™ for four resonances correspondingf® = 38 keV to E** = 636 keV
DeBoeret al.[21] 2°Mg(7,7')**Mg |T',, for four resonances correspondingi§® = 38 keV to E2* = 636 keV

TABLE I. New information relevant to th&Ne+« reaction rates that has become available since the NACRitation was published [18].

and (5). Surprisingly, this value is a factor of 27 largerntkize = age of these excitation energies is used in the present work.

transfer value extracted by Ref. [44]. ©*% — 0.037. Renor-  TheJ™ = 4T assignment was made by considering the de-

malisation of all measuredl(i,d) spectroscopic factors to the Cay scheme of this state as observed by Ref. [54] and that the

(a,n) spectroscopic factor of thBia® = 831 keV resonance state_ most likely h.as natural parity. Theparticle speptro-

results in the values shown in green in Fig. 1. Itis certaiaty ~SCOPic factor for this state from Ref. [44], after normdiisa,

markable that all levels observed by Ref. [44] should have diiS Sa = 0.059.

mensionless reducedparticle widths far larger in value than ~ Ex = 10806 keV (EP* =226 keV; J* =17). This

the Porter-Thomas prediction. Additionally, several cfgh  State was seen previously i?*Ne(Li,d)**Mg measure-

levels exhibit dimensionless reduced widths near or exceednents by Ugaldeet al. [56] at E,=10808 (20) keV, and in

ing the Wigner limit, even if one accounts for the difference>*Mg(n:,7)**Mg measurements (thermal neutron capture) by

betweenS,, andf? (Sec. Il A). Walkiewiczet al.[63] at E,=10805.9 (4) keV. A recent exper-
However, there is no compelling reason why tAE> = iment assigned a spin-parity df* = 1~ [59]. The adopted

831 keV resonance should be singled out for the normalisatio§Xcitation energy is the weighted average of these resitts.

procedure, other than it being the lowest-lying observed re @-particle spectroscopic factor from Ref. [56], after nofima

onance. For example, one may consider another well-knowation, amounts t6,, = 0.048.

resonance, located &2 = 1434 keV (J™ = 21 ). From its Ey = 10943 keV (E* =388 keV; J™ = (57 —7")).

measured?2Ne(a,n)>°Mg resonance strength, anparticle  An excited state at this energy has been observed by Glatz

spectroscopic factor a§{™ = 0.27 is obtained. Ther- €t al. [54]. The observed decay scheme restricts the quan-

particle transfer value for the corresponding levels, mess UM nunlbers,_ u3|ng2;2the d!polgor-EZ rule of Ref. [64], to
by Ref. [44], amounts tcﬂgu’d) = 0.11. These two values JT = (5% —77). A *NeCLid)*"Mg transfgr measurement
differ by a fa;:tor of 2.5, and thus are much closer in agreemerEOpUIated a state atE10953 (25) keV, but dlq not obt.am the
than the results for th&2 — 831 keV resonance. Normali- uantulm nl_JmFE()eé]s O.T.T]er thanbt_o r:japort that it mos; likely had
X oo - natural parity . The combined gquantum number assign-
tsr?:c()o? r?)f 2:;;‘:frizlégepdiJ?;it;\(;%"gﬂ)hgﬂﬁcgolsfgfEef\"’/‘crtgsr(s)_to mentis thereforg™ = (5~ —7 ). This state is treated here as
’ T part of a doublet with thé”,, = 10949 keV state. Note that in

nance results in th.e values shown In blueinFig. 1. Itis evide .the reaction rate calculations of Karaletsal. [12], this state
that these normalised values are in far better agreemeimt wit, oo incorrectly assigned spin-parity values/of— 2+, 3~

the Porter-Thomas distribution than the results obtainieelnw .
: : : b E, = 10949 keV (ER® =395 keV; J* =1-). This
scaling spectroscopic factors relative to tHg® = 831 keV state has been observed previousi¥iMg(p,¢)2Mg mea-

resonance. In addition, by using t##?® = 1434 keV res- "
onance normalisation, all of the resulting dimensionless r surements by Moss [49] atmEi 109.50(3) kev. The ®.p
measurements suggestya = 1~ assignment, which agrees

duced widths now have values less than the Wigner limit, . 2% 5%
making them more believable. Since we feel it is more rea-wIth thle M?\(th) UMgk;;SUIlt 05f6Lonngancbé 3'1 [59t].t It
sonable to scale thél(i,d) spectroscopic factors using the IS unciear whether ~Jga al. [56] observed this state or

E'# — 1434 keV resonance instead of tHé®® = 831 keV the one at E=10943 keV. There_fore, in the presen; analy-
resonance, we adopt the reduced widths shown in blue iR the_normallsed. spectroscopmfactoSof_: 7 x 107 re-
Fig. 1 for calculating thé2Ne+« rates. Note that theelative ported in Ref. [56] is treated as an upper limit for both state
spectroscopic factors obtained by Ref. [44] have been used glE. = 10943 keV andE, = 10949 keV.

_ lab __ .
face value by Refs. [12, 60] in their reaction rate calcolagi  Ex = 11112keV (E =587 keV; J™ = 27 ). The state
Clearly, this issue needs to be resolved in future work. is located above the neutron threshold. It has been observed

previously in a2>Mg(n,y)?Mg experiment [47, 60] and was
assigned a spin-parity of" = 2T .

Eyx = 11154 keV (EP* = 637 keV; J* =17 ). A state
at this energy has been observed by Fagg [48], Weigmann
et al.[47], Crawleyet al.[52], Yasueet al.[55], Koehler [60],

E, = 10693 keV (E =92 keV; J™ =4%). An ex- Tamii et al. [50], and Schwengneat al. [53]. Additionally,
cited state near this energy has been observed by &lalz  an excited state at this energy was strongly populated by the
[54] at E;,=10695(2) keV, Gieseat al.[44] at E,=10694(20) photoneutron experiment of Bermatal.[57], who predicted
keV, and Moss [49] at =10689(3) keV. A weighted aver- aJ™ = 1~ assignment. As a result of this prediction, sev-

IV. INFORMATION ON SPECIFIC 2°MG LEVELS
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FIG. 1. (Colour online) Dimensionless reducegbarticle widths of unbound states from Ref. [36], and refees therein [see also, 22]. Also
plotted is the Porter-Thomas distribution that best fits¢éhgata at small values. It is apparent from the figure thegssteith largen-particle
spectroscopic factors are not represented by the Portama distribution. These levels most likely havecaparticle cluster structure and
would be populated preferentially in transfer measuresenich as the’Li,d) measurements of Refs. [44] and [56]. Also shown in greed
blue are the normalised spectroscopic factors measure@by42]. The values normalised using thE° = 1434 keV resonance are shown
in blue, while those normalised to tH&?® = 831 keV resonance are shown in green. Clearly, the normalisatice vastly different, and the
spectroscopic factors obtained using i = 831 keV resonance as a normalisation reference appear to béginoals shown in the figure
inset, which displays the same information but on an expdsdale. See text for more detail.

eral studies have searched for a resonance correspondingkeV in 22Ne(a,v)?Mg, because the implied value bf, =

this energy [19, 41-44, 56]. Of these studies, a presumed reg6 eV would be far larger than the averageray partial
onance was reported by Refs. [41, 42], but later proven to baidth (I, = 3 eV) in this energy range. However, this
caused by beam induced background [43]. Recently, howeverpnclusion is questionable considering the large unceytai

a 2Mg(7,v)**Mg experiment [59] showed unambiguously T, = 76(53) eV, when they-ray partial width is derived from
that the spin-parity of this state amounts.t® = 1* and, the measured values ofy,, wyan, andl'. Clearly, the de-
therefore, cannot contribute to t#éNe+« reactions rates. viation from the average in this energy range amounts to only
A more detailed discussion of this state is presented in sed-4c.

tion 1 A. : : . .
. Since it cannot be decided at present if then) and ¢, )
- } b _ _ ) ’
. Ex'111§3 11326 keV (° = 648 — 840 keV). Excita esonances correspond to the séfiddg level or not, the par-
tion energies were taken as weighted averages of Moss [49;a| widths cannot be derived unambiguously from the mea-
Glatzet al. [54], af.‘d erhler [60]. Quantum numbers, NeU- sured resonance strengths and total width. Thus we assumed
tron andy-ray pgrtlal W'd.ths were all adopted from Ref. [60]. that the ¢,n) and ¢, ) resonances are “narrow”, i.e., we em-
Since noa-particle p_art_|al widths h:_;lve bgen measured for loyed equation (2) instead of equation (3) in our rate cal-
these states, upper limits were derived either frqm the dat lations. The strength reported by Ref. [40] is used for the
presented by Ref. [40], or adopted from the maximum theo22Ne(ow)%Mg resonance, while the inflated weighted aver-
retically allowed valuesl,,bdependmg on whlcthas smaller. age (see section Il B) is adopted for fiéle(a,n)?*Mg reso-
— ab __ . T __ )
Ey = 11318 ke\( (E.° = 831 keV; J™ = 27 ). Koehler nance, resulting in a strengthofy(, ) = 1.4(3) x 10~* eV.
[60] argued that this state cannot correspond to both the res '
onance observed by Jaegaral. [19] at E.=832 (2) keV in Ex=11328-11425 keV (B° = 843 — 957 keV). Excita-
22Ne(a,n)*°Mg and by Wolkeet al. [40] at E2® = 828(5)  tion energies, quantum numbers, neutron, afgy widths
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for these levels are adopted from Refs. [47], and [60].dNo  that, at temperatures most relevant to the s-process, reso-
particle widths have been measured for these states, asd thonances including and below thgl2® = 831 keV resonance
upper limits have been adopted from either the data pregentare the most important. Future experimental efforts should
by Refs. [40] and [19], or from the maximum theoretically therefore, be concentrated on studying resonances in tie ex
allowed values, depending on which was smaller. tation energy region near the neutron threshold.

Ex > 11441 keV (E® > 976 keV). Resonances corre-  For the22Ne(x,7)2Mg reaction, the present rates deviate
sponding to excited states abalg = 11441 keV have been significantly from the results of Ref. [18], by factors of AL
measured directly [19, 40—44]. In order to take the widths ofThe differences are caused by: (i) a different treatmentof p
wide resonances into account, the neutron andy partial  tial widths; in Ref. [18] the rates were found from numerical
widths (and quantum numbers) measured by Refs. [47] anghtegration by assuming upper limit valuds£ 4 — 10 keV)

[60] have been used when available. The inflated weighte¢br the total widths, whereas in the present work total wsdth
average method (see section 111 B) is used to combine the difhave been adopted from measured values; (i) our improved
ferent?2Ne(a,n)*>Mg strengths for resonances beld@f® =  treatment of upper limits for reducegparticle widths (i.e.,
1434 keV, while standard weighted averages are used abovsampling over a Porter-Thomas distribution; see sectiBiy; ||
this energy. Since th&Ne(a,7)?°Mg resonances measured and (jii) the fact that new nuclear data became availableesin
in Ref. [40] cannot be assigned unambiguously to correspondi 999 (see Tab. 1). The combined effect of these improvements
ing 2?Ne(a,n)**Mg resonances, all of these resonances wereesults in a factor of 5 reduction in reaction rate uncetigin
treated as independent and narrow. The quantum numbers pfthe He-burning temperature region.
?2Ne(,n)**Mg resonances located abof® = 1530 keV As already noted in section IlIA, a number of excited
are adopted from Ref. [40] when not available otherwise.  states near the-particle and neutron thresholds3#Mg have
been observed by additional inelastic proton scatteriqgex
iments [49, 50, 52]. However, their spins and parities have
V. REACTION RATES FOR *?NE+a not been determined. In particular, it is not known at présen
if these levels possess natural parity and thereby may be pop

The resonance properties used to calculate the rates for botlated in the*’Ne+a reactions. In order to investigate the
the22Ne(a,y)2Mg and the*2Ne(a,n)?>Mg reactions are pre- Maximum impact of these states with unknowhvalues on
sented in Tabs. Il — V. For more detailed information on levelthe *?Ne(a,7)**Mg reaction rate, we performed a test by as-
properties, see Ref. [30]. Separate tables are used tedist r Suming that all of these levels possess natural parity and by

nances with measured partial widths and those which possedgopting upper limitv-particle spectroscopic factors from that
only an upper limit for thex-particle width but have known data of Refs. [44] and [56]. The results show that thesesstate

neutron andy-ray widths. can increase th&Ne(q,v)*°Mg reaction rate by up to a factor
The matching temperaturelmacn (See Sec. I1C) for of 30 at temperatures between F 0.1 and0.2 GK.
both the22Ne(x,7)2°Mg and 22Ne(a,n)**Mg reactions, be- For the?2Ne(a,n)*>Mg reaction there is better agreement

yond which the rates are estimated by normalising Hauseletween previous and new rates. The present rates areyslight
Feshbach predictions to experimental rates, amourifsto  higher (up to a factor of 2) than those calculated by Ref..[19]
1.33 GK i.e., well above the temperatures relevant for the s-The two main reasons for the difference are: (i) we used in-
process during He-burnin@(= 0.01 — 0.3 GK). flated weighted averages of the reported resonance steength
Monte Carlo reaction rates for th&Ne(a,7)2°Mg and  from different measurements (see section 111 B); and (i) ex
22Ne(a,n)2’Mg reactions are presented in Tabs. VI andcluded the contribution of a presuméf® = 630 keV reso-
VII, respectively. The median, low, and high rates arenhance, because the levelfdt = 11154 keV has been shown
shown alongside the lognormal parameters and the Andersoff2 Possess unnatural parity [59].
Darling statistic described in Sec. || B. The Monte Carlacrea We would like to emphasise that the observechf and
tion rate probability density functions are displayed igsi2  (c,7) resonances ned# = 830 keV introduce another sys-
and 3 as red histograms. The solid black lines indicate e lo tematic uncertainty that we have not accounted for. Recall
normal approximation, calculated with the lognormal param that we treated these two resonances as independent and nar-
eters,; ando, listed in columns 5, 6, 10, and 11 of Tabs. VI row (section IV). On the other hand, if they correspond to the
and VII. same level irf®Mg, the partial widths could be derived from
In order to emphasise that our low and high rates, obtainethe measured resonance strengths. In that case, the resonan
for a coverage probability of 68% (see section IIB), mmt  turns out to be relatively broad, resulting in a significaon-c
represent sharp boundaries, we show thg) and @,n) re-  tribution of the resonance tail to the total reaction ratest$
action rates, normalised to the respective recommended (mghow that the resulting reaction rates n€ax 0.3 GK could
dian) values, as colour contours in Figs. 4 and 5. The thickncrease by roughly a factor of 5.
and thin solid lines represent coverage probabilities 8668  The ratio of 22Ne(x,n)**Mg to 22Ne(a,y)?°Mg reaction
and 95%, respectively. The three dashed lines show the preates is shown in figure 6. Note that these rates are not in-
viously reported rates (Angulet al.[18] for 22Ne(o,7)*Mg  dependent since, for example, the same valuas-pérticle
and Jaegeet al.[19] for 22Ne(a,n)*>Mg), normalised to our  partial widths enter in both rate calculations if &n +) and
recommended rate. Our calculations of the relative resman (a, n) resonance corresponds to the satdg level. Thus
contributions to the total«,y) and ,n) reaction rates show the uncertainties shown in Fig. 6 are somewhat overestinmate
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FIG. 2. (Colour online) Reaction rate probability densitfer the*?Ne(a,v)?°Mg reaction at various stellar temperatures. In each pémel,
red histogram represents the Monte Carlo results, whilesdkid line shows the lognormal approximation. Note thatgbkd line isnot a fit
to the histogram, but was calculated from the lognormalmatearsy ando (table V1), which in turn were determined from equation (12)
is apparent that the lognormal approximation to the reaaties holds in the temperature range of the s-process@rge@K).
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Partial Widths (eV)

E. (keV) E? (keV) Je wy (eV) Ia r,° Iy r Int
10693 93 (2) 47 .- 3.5(18)x10~*° 3.0 (15) - 3.0(15)
11315 828 (5) 2+ 3.6(4)x107° ---- ---- ---- ----
11441 976.39 (23) 4" 4.3(11)x107%" 3.0 (15) 1.47 (8x10°® 1.47 (8)x10®
11465 1005.23(25) 5~ 5.0(15)x107% % 3.0 (15) 6.55 (9x10° 6.55 (9)x10°
11508 1055.9 (11) 1~ 1.2(2)x107*? 3.0 (15) 1.27 (25x10* 1.27 (25)10*
11526 1075.5(18) 1~ 4.3(11)x107** 3.0(15) 1.8(9x10®> 1.8 (9)x10?
11630 1202.3(17) 1~ 2.4(5)x107%® 3.0 (15) 1.35 (17X 10* 1.35 (17)10*
11748 1345 (7) 1~ 2.0(3)x1072% 3.0(15) 6.4 (9x10* 6.4 (9)x10*
11787 1386 (3) 1~ -- 8(3)x1072 ® 3.0 (15) 2.45 (24%10* 2.45 (24)10*
11828 1433.7(12) 2% 2.5(3)x107*| 1.8(10)x10™* 3.0 (15) 1.10 (25x10® 1.10 (25)x10°

11895 1513 (5) 1~ 2.0
11912  1533(3) 17,27 34
11953 1582 (3) 27,37,4% 3.4

(3)

(2) -- < 3000
(4)

(4)

12051 1698 (3) 21,37 6.0(7)x107%| 1.1

(2)

(2)

(1)

(7)

)
)
)
)
)
)
)
Yx10T° 3.0 (15) 5 (2x10° 5 (2)x 103
Yx107" 3.0 (15) 2 (1x10® 2 (1)x103
yx107" 3.0 (15) 4 (1x10° 4 (1)x10®
Y)x10T% 3.0(15) 15(2x10®  15(2)x10®
yx10T!  3.0(15) 33 (5x10° 33 (5)x10°
Yyx10T2  3.0(15) 73 (9x10® 73 (9)x10°
yx10™2 3.0(15) 35(5x10°  35(5)x10°

12140  1802(3) 1= 1.0
12184 1855(8) () 1.1
12273 1960(8) ) 8.9
12343  2043(5) 0"

R NN N NENENENEN

2 Average value from Ref. [60]
b From22Ne(o,n)?5Mg measurements (see equation (19))
¢ Detailed discussion on quantum number assignments caruhd fo section 111 B.

TABLE II. Resonances of>Ne(a,v)?°Mg with known a-particle partial widths or resonance strengths. Totakhgichre from Ref. [40] for
resonances abovB?® = 1533 keV. For lower-lying resonances, total widths are adoptechfRef. [19] and Ref. [60]. Ambiguous spin-
parities (i.e., those not based on strong arguments) acegla parentheses, according to the guidelines in Ref [8#8.last column, labelled
“Int” indicates those resonances for which sufficient infation is available in order to integrate their reactio® i@intribution numerically,
according to equation (3).

Nevertheless, it is instructive to compare the presenbsati rates will be correlated, it is difficult to account for thessw-

shown in black, to those from previous work [18, 19], dis-relations since thé2Ne(x,v)?°Mg rate includes resonances

played in red. It can be seen that the present ratio is sigaelow the neutron threshold and since sdiiidg levels con-

nificantly larger than previous results and, consequentty, tribute more to one reaction channel than the other. Foethes

predict that more neutrons will be produced per captured reasons, we have chosen in the present study to explore con-

particle. servatively the impact of the largest reaction rate vasti
These nucleosynthesis calculations are performed separat
for massive stars and AGB stars.

VI. ASTROPHYSICAL IMPLICATIONS

A. Models 1. Massive Star Models

In order to explore how the currerfNe+a reaction A single zone temperature-density profile has been used
rates affect s-process nucleosynthesis, two kind of calcul to study the effects of thé>Ne+« reaction rates on nu-
tions are presented here. The first compares final abundanckosynthesis during the core helium burning stage in mas-
yields from post-processing models upon changingrédte  sive stars. The temperature-density profile and initialnabu
ommended?Ne+a reaction rates from previously published dances used in the present study are f@5a/. star and
results to those presented in this paper. The second calculhave been used previously in Refs. [24, 58]. The most abun-
tion estimates the variations in s-process nucleosyrslagis-  dant isotopes at the onset of helium burning are (in mass frac
ing from uncertaintiesin the present?Ne+« reaction rates. tions, X): *He (X, = 0.982), N (Xuy = 0.0122), 2°Ne
These can then be compared with abundance variations arigXzone = 0.0016), and®°Fe (Xcoge = 0.00117). During most
ing from the literature rates. of the core helium burning phase, the temperature and gensit

In order to take the uncertainties into account, three setél’ ~ 100 — 250 MK and p ~ 1000 — 2000 g/cm?, respec-
of calculations were performed: (i) recommended rates fotively) are not high enough for th&Ne(x,n)*>Mg neutron
both 22Ne(e,n)**Mg and ?2Ne(a,v)?*Mg reactions, (ii) low source to produce a significant number of neutrons. How-
22Ne(a,n)**Mg rate and highi*>Ne(a,v)?°Mg rate, and (iii)  ever, towards the end of this phase the temperatures become
high 22Ne(,n)**Mg rate and low??Ne(a,7)?°Mg rate. Al-  high enough for efficient neutron production. The exact time
though in reality the?’Ne(a,7)?Mg and 22Ne(a,n)*®Mg  at which the??Ne(a,n)**Mg reaction starts to occur not only
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Partial Widths (eV)

E. (keV) E? (keV) F wyoL (€V)| Sauw CouL r, I r Int
10806 2259(5) 1° ---- |4.8x1077 32x10"*% 0.72(18)  ---- 0.72(18)
10943  388(2) (5~ —77) o ---- 7x107* 1.5x107' 3.0(15)  ---- 3.0(15)
10949 395.15(18) 1~ 7x107* 2.9x107%  1.9(3) 1.9(3)
11112 587.90(10) 2  3.7x107%| 1.00 7.7x107° 1.73(3) 2578(240)) 2580(240)| v
11163 647.93(11) 27  4.3x107°7| 1.00 8.7x107°® 4.56(29) 4640(100) 4650(100)| v’
11171 657.53(19) (2%) 6.2x107°7| 1.00 1.3x107°7 3.0(15) 1.44(16)  4.4(15)
11183 671.70(21) (17) 1.0x107°| 1.00 2.1x107°7 3.0(15) 0.54(9)  3.5(15)
11243 742.81(12) 207 47x107°| 0.44 9.5x107°7 7.4(6) 4510(110) 4520(110)|v
11274 779.32(14) (2)T  4.9x107°| 0.15 1.0x107°¢ 3.2(4) 540(50)  540(50) |v
11280 786.17 (13) 47 82x107°7| 1.00 9.2x107% 0.59(24) 1510(30) 1510(30) | v/
11286 792.90 (15) 1~ 5.0x107%| 0.05 1.7x107% 0.8(5) 1260(100) 1260(100)| v
11286 793.83(14) (2%) 5.0x107°| 0.11 1.0x107°¢ 4.3(6) 12.8(6) 17.1(60) |v
11289 797.10(29) (27) 5.1x107°| 0.10 1.0x107° 3.0(15)  1.5(5) 4.5(16)
11296 805.19 (16) (37) 5.1x107°| 0.39 7.4x107°7 3.3(7) 8060(120) 8060(120)| v
11311 8226(4) (17) 52x107°| 0.02 1.8x107% 3.0(15) 1.1(4) 4.1(16)
11326 840.8(6) (17) 5.4x107°| 0.01 1.8x107° 3.0(15) 0.6(3) 3.6(15)
11328 843.24 (17) 1~ 54x107%|  0.01 1.8x107% 3.6(5) 420(90)  420(90) |v
11329 844.4(6) (17) 54x107°| 0.01 1.8x107% 3.0(15) 2.8(10)  5.8(18)
11337 853.6(7) (17) 54x107°| 0.01 1.8x107% 3.0(15)  1.4(6) 4.4(18)
11344 861.86(18) (2%) 5.5x107°| 0.02 1.1x107° 1.18(27) 150(40)  150(40
: (
(

(40 ) |V
11345 862.91 (19) 4(- 55%x107%| 0.87 6.2x107% 1.8(4) 4130(190) 4130(190)| v
(19 ) | v

11393 919.34(19) 5 1.6x107°| 1.00 1.5x107°7 3.0(15) 290(19)  290(19

TABLE lIl. Properties of Unobserved Resonance$’Ne(a,v)?°Mg . For these resonances, only upper limits of the resonstneegth and/or
the a-particle spectroscopic factor are available at presene~Fray and neutron partial widths are taken from the R-mattigffRef. [60].
Quantum numbers for states beldy = 11163 keV are discussed in Sec. IV. All other quantum numbers aoptad from Ref. [60]. When
a range of quantum numbers is allowed, the upper limit ofdhegarticle width is calculated assuming the lowest possiohétal angular
momentum transfer. The upper linaitparticle spectroscopic factors adoptétd (y1.) are also listed for completeness.

affects the number of neutrons produced during core heliutmodel, the base of the envelope reaches peak temperatures
burning, but also the amount éfNe remaining that can be of 98 MK, easily hot enough for activation of the NeNe and
processed later during the carbon shell burning phase. AMgAI proton-burning chains. The main results were reduc-
though not studied here, the s-process is also expected to kiens in the envelopé*Mg and 2>Mg abundances, and in-
active during shell carbon burning. creases irtMg, 26Al, and ?"Al. This means that the He-
The nucleosynthesis study was performed with a 583 nuintershell preceding a pulse contains a non-solar Mg isotop
cleus s-process network that extends up to molybdenum. Reomposition that is enriched #{Mg.
action rates (other than tRéNe+« rates) were adopted from  The post-processing nucleosynthesis used for the AGB star
thestarli b library [65]. Thestarli b library incorpo- models has previously been described in detail by Ref.,[e.g.
rates a compilation of recently evaluated experimentaltédon 66]. This code needs as input from the stellar evolution code
Carlo reaction rates in tabular format on a grid of 60 tempervariables such as temperature, density, and convectivedsou
atures from 1 MK to 10 GK. Tabulated are the temperaturearies as a function of time and mass fraction. The code then
the reaction rate, and the factor uncertainty, which isetjos traces the abundance changes as a function of mass and time
related to the lognormal parameter,in Ref. [22]. using a nuclear network containing 172 species (from neu-
trons to sulphur, and then from iron to molybdenum) and
assuming time-dependent diffusive mixing for all conwesti
2. AGB Star Models zones [67]. Although this network does not contain species
of the main s-process abovesA 100, their production is es-
The AGB nucleosynthesis tests are performed on a/,5 timated by the inclusion of an extra isotope (the “g particle
Z = 0.0001 model star, detailed in Ref. [66]. This model counting neutron captures beyond our network). The reac-
was chosen because it experiences many thermal pulses (77tign rates used in the nuclear network are mostly taken from
total) during the AGB phase, where 69 of those He-shell inthe JINAr eacl i b database [68], with the exception of the
stabilities reach peak temperatures of 0.30 GK or higheth(wi **Ne+a rates adopted from the present work. Some modifica-
temperatures of 0.35 GK for 50 thermal pulses). One comtions were made to the JINAeacl i b library including the
plication arises from disentangling the effects of tAide+o removal of the’SZr decay rate (since this is an essentially sta-
rates and those of proton-capture nucleosynthesis at & bable isotope with a half-life of, , > 10'? years), and the in-
of the convective envelope (hot bottom burning, HBB). In ourclusion of the ground and isomeric state$iKr. This is done
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E. (keV) E? (keV) Fe w (eV) .t r,c n? r Int
11318  830.8 (13) 2+ 1.4(3)x107* ——-- .- ——-- 2.5 (17 10?
11441  976.39 (23) 4+t 3. 9(10)><10 5| 4.3(11)x107% 3.0(15) 1.47(8x10® 1.47 (8x10° | v
11465 1005.23(25) 5~ ( 7)x107% | 5.0(15)x107% 3.0(15) 6.55(9%10° 6.55 (9x10° | v/
11508  1055.9 (11) 1~ 3.5(6)x107* | 1.17(20)x10™* 3.0 (15) 1.27 (25x10* 1.27 (25Kx10* | v
11525  1075.5 (18) 1~ 1.3(3)x107% | 4.3(11)x10™* 3.0(15) 1.8 (9x10®* 1.8 (9x10* | v
11632  1202.3 (17) 1~ 7. 1(15)><10 31 24(5)x107™* 3.0(15) 1.35(17x10* 1.35(17x10* | v
11752 1345 (7) 1~ 5 9(8)x1072 | 2.0(3)x1072 3.0(15) 6.4 (9x10* 6.4 (9x10* | v
11788 1386 (3) 1- 2.5(9)x 1072 8(2)x10™* 3.0 (15) 2.45 (24x10* 2.45 (24} 10" | v
11828  1433.7 (12) 2+t 8.5(14)x 1071 1.7(3)x10™" 3.0(15) 1.10(25%x10° 1.10 (25)x10° | v
11863 1475 (3) 1- 5(3)x1072 | 1.5(10)x1072 3.0 (15) 2.45(34x10" 2.45 (34}10" | v
11880 1495 (3) 1- (19)><10 .

11890  1507.9 (16) 1- 4.1(4)x107*
11910  1530.9 (15) 1-,2% 1. 40(10)x10+0 - - - - -
11951  1579.4 (15) 2,37 ,4" 160( 3)x10%°
12050  1696.7 (15) 2%,3~ 4.7(3)x10%° - - - - -
12111  1768.2 (18) 1- 7.1(6)x107!
12141  1803.5 (15) 1- 2.4(2)x10%° .- .- .- .-
12184 1855 (6) a) 90(11)><10 L
12270 1956 (6) () 2.1(2)x10™? e - S -
12345  2044.8 (18) Ok 1. 57(10)x10+2 - - - - -
12435 2152 (10) 1- 2.8(7)x10"!
12551 2289 (15) 1~ 1.2(5)x10+2 - - - - -

2 A detailed discussion of quantum number assignment canurelfim the text.

b Calculated using equation (19).
¢ Average value from Ref. [60].

d Assumingl" is dominated by, (see section Il A).

TABLE V. Resonances if*Ne(x,n)?* Mg with known a-particle partial widths or resonance strengths. When gaaf quantum numbers is
present, the one used for calculating the reaction rategsepted in bold.

because 50% of the neutron flux from- 34Kr proceeds to the 1

Massive Stars

ground state of°Kr (¢, = 3934.4 days) and the other 50%
goes to the isomeric state & 4.480 hours). The inclusion of
both 8°Kr states is essential for Rb abundance predictions in The recommended®Ne(x,n)**Mg reaction rate has not

AGB nucleosynthesis models [see discussion in 8, 69].

B. Results

changed significantly in the present analysis. Conseqyentl
we do not expect the find?Mg abundance to change. The fi-
nal 2Mg abundance, on the other hand, changes significantly
by roughly a factor of three. The abundance changes in nu-
clei heavier than iron are smaller, with the largest abundan
increases occurring neétNi. The increased destruction of
isotopes already present in the star is also apparent fg-the
nuclides™Se, "8Kr, 84Sr, and**Nb. These results indicate
that with the reduceé?Ne(a,v)?°Mg rate, more neutrons are
produced per?Ne+a reaction. Rather than extending the

The effects of our new rates on the nucleosynthesis in conreach of the weak s-process component (i.e., synthesism@ mo

parison to using the results obtained in the literature laoaa

massive nuclei), this flux increase affects branchingseérsth

in Fig. 7. The improvements in abundance predictions foprocess path close to the iron peak. A wider range of inter-
the two stellar environments are shown in Fig. 8. The mostediate mass nuclei are therefore produced. Fig. 7 als illu

up-to-date previously published rates for tH&e(x,v)?Mg

trates that thé?Ne+-« rates not only affect the abundances

and 22Ne(o,n)?>Mg reactions are from Refs. [18] and [19], of traditional s-process nuclides, but also the abundaotes

respectively. The effects are markedly different for the &

nuclei below the iron peak that act as poisons. An example is

process environments, hence they will be discussed separat 2°Mg, which produce$®Mg through the?>Mg(n,y)*°Mg re-

in the following.

action. With a higher flux of available neutrons, this nentro
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Partial Widths (eV)
E. (keV) E®(keV) F wyuL (€V)] S CouL I r, r Int
11112 587.90 (10)27 5.8x10°°| 1.00 7.%10 ° 2580(240) 1.73(3) 2580(240)| v
11163 647.93 (11)2% 1.9x1077 | 0.44  3.8<107® 4640(100) 4.56(29) 4650(100)| v’
11171 657.53 (19Y2") 7.5x107% | 0.12  1.5<107® 1.44(16) 3.0(15) 4.4(15)
11183 671.70 (21(17) 7.7x107° | 1.00 2.x1077 0.54(9) 3.0(15) 3.5(15)
11243 742.81 (12R(7) 1.2x1077 | 0.01  2.4<107% 4510(110) 7.4(6) 4520(110)|v
11274  779.33 (14)Y2)" 1.1x1077 |3.5x107% 2.2x107% 540(50) 3.2(4) 540(50) | v
11280 786.17 (13%(7) 1.3x1077 | 0.16  1.4107% 1510(30) 0.59(24) 1510(30) | v’
11286 792.90 (15)1~ 7.7x1078 |7.3x10™* 2.6x107% 1260(100) 0.8(5) 1260(100)|v
11286 793.83 (14)2") 7.7x1078 [1.6x1072 1.5x10™% 13(6)  4.3(6)  17(6) |V
11289 797.10 (29)27) 7.7x1078 [1.5x1072 1.5x107% 1.5(5) 3.0(15) 4.5(16)
11296 805.19 (16)37) 1.0x1077 |7.7x1072 1.4x107% 8060(120) 3.3(7) 8060(120)|v
11311  822.6 (4) (17) 1.6x1078 |7.5x107° 5.8x107° 1.1(4) 3.0(15) 4.1(16
11326  840.8 (6) (17) 1.2x1077 |3.6x10™* 4.5x10™® 0.6(3) 3.0(15) 3.6(15
11328 843.24 (17)1~ 5.0x1077 |1.3x107% 1.7x1077 420(90) 3.6(5)  430(90) | v
11329 844.4(6) (17) 1.2x1077 |3.3x107* 4.5x10™® 2.8(10) 3.0(15) 5.8(18)
11337  853.6 (7) (17) 1.3x1077 [2.7x107* 4.6x107% 1.4(6) 3.0(15) 4.4(18)
11344 861.86 (18)2") 2.0x1077 |7.2x107* 4.0x10™% 150(40) 1.18(27) 150(40) |v
11345 862.91 (1947 4.2x107% |7.2x107* 5.1x107° 4130(190) 1.8(4) 4130(190)|v
11393 919.34 (196" 3.7x107% [2.4x1072 3.7x107° 290(19) 3.0(15) 293(19) |V

TABLE V. Properties of Unobserved Resonance&iNe(a,n)**Mg . For these resonances, only upper limits of the resonsinesgth and/or
the a-particle spectroscopic factor can be derived. Quantumbeugyy-ray and neutron partial widths are taken from the R-mattiaffRef.
[60]. Resonance energies represent a weighted averagkies\adopted from Refs. [47, 49, 54, 60].

poison reaction occurs more frequently, effectively lagsg  the neutron/Fe seed ratio is much higher meaning that there
the impact of the increased neutron flux on s-process nuclas a higher production of higher atomic mass nuclei (e.@, se
osynthesis. discussion in Refs. [9, 70]). Nuclei towards the upper end of
Uncertainties in s-process nucleosynthesis in massive staour network are produced up to a factor of 2 more than before,
arising from uncertainties in th&Ne+a reaction rates are Wwith the ‘g’ particle representing nuclei beyond our netiwor
shown in Fig. 8, where the thin (red) bars show uncertaintiesapturing over 70% more neutrons. In low metallicity AGB
arising from the old rates, and thicker (black) bars shove¢ho stars, therefore, th&Ne+« reactions can be expected to pro-
from the new rates. In particular, large reductions areceeti duce more high-mass s-process elements, while leaving the
able for?6Mg, where the current yield uncertainty amounts tolow-mass s-process belad~ 80 largely unaffected.
around 50% in contrast to the previous factor of 5. Uncettain

ties in weak s-process nucleosynthesis have also undergoneyncertainties in s-process nucleosynthesis have been, as i
significant improvements, especially for species that @iy 0 assjve stars, dramatically improved with our new rateg Th
be destroyed, but not created, by neutron captures. An eXevious abundance uncertainties were approximately-a fac
ample of this is the nucleuSNi whose yield uncertainty has o of 10, while the present uncertainties amount to less tha
been reduced from a factor of five to just 50%. Itis importanty t5ctor of 2. The present uncertainties in the rates affext t
to note here that, although the Monte-Carlo reaction rates djgwer masses from 425 to A~35 more than the s-process
take into account systematic uncertainties, it is diffit@lac-  5pndances. The ratio 8tMg and?>Mg is still uncertain by
count for ambiguities in the data, for example, the open queSypproximately 20%, whereas it was previously around 80%
tion of whether or not theZ;®® = 830 keV resonance is a (note that Ref. [12] found®Mg/*Mg ratio uncertainties of
doublet. Clearly, more measurements are needed. 60%). Rubidium and zirconium isotopes have undergone
yield uncertainty improvements by a factor of about two. For
the s-nuclide’®Mo, the uncertainty has been reduced from a

2. AGB Stars factor of 4 to a factor of 2 with our present results.

Nucleosynthesis yields from our low metallicity AGB star  The new?2 Ne+« reaction rates presented here should also
models show a very different pattern to those of the massivee tested with low-mass AGB star modeld (< 3My). In
star study. For AGB stars, the effect on lighter elements idower mass AGB stars, while tHéC(a,n)'0 reaction is the
reduced in comparison to massive stars, with higher mass saain neutron source active between thermal pulses, aotivat
process elements revealing the largest changes. This teiglof the 22Ne+a reactions during a convective thermal pulse
ing toward higher mass s-process elements is caused by ocan have a significant effect on branchings in the s-process
choice of using a low metallicity model. At low metallicity, path.



T (GK) Low rate Median rate High rate| lognormaly  lognormalo
0.010 |[ 1.05x10°77 2.14x10 7" 4.52x10° "7 | -1.765<107°% 7.42x10 °T
0.011 || 3.99x10°™* 7.28x10°7* 1.34x10° "3 | -1.684x10"°? 6.15x10° !
0.012 || 3.69x10°" 6.34x10°7' 1.07x10°7° | -1.617x10"°? 5.34x10° !
0.013 || 1.15x10°%® 1.90x10°% 3.09x10°%® | -1.559x10"°% 4.92x10~**
0.014 || 1.55x10°%¢ 2.52<107% 4.04x10°% | -1.511x10°% 4.80x10~ !
0.015 || 1.06x10°%* 1.73x10°%* 2.79x10°%* | -1.468<10"°% 4.90x10~ !
0.016 || 4.11x10°% 6.96x10°% 1.14x107%? | -1.431x10"°? 5.13x10° "
0.018 || 1.80x10°%° 3.26x107%° 5.63x10°%° | -1.370x10"°2 5.75x10° %!
0.020 || 2.24x107°% 4.34x107°® 8.04x10°°® | -1.321x10"°% 6.43x10° !
0.025 || 1.54x107°* 3.14x107°* 6.30x10°°* | -1.232x10"°2 7.13x10°**
0.030 || 2.82x107°° 3.35x107%° 1.30x10°*® | -1.121x10"°2 1.87x10"°
0.040 || 1.81x107*? 2.31x10°* 8.91x10°* | -9.413<10"°! 2.14x 10+
0.050 || 8.51x1073® 1.08x1073% 4.17x10°3% | -8.338<10"°! 2.15x10"°
0.060 || 1.05x1073* 1.34x1072® 5.14x10°33 | -7.624x<10°! 2.08x10"°
0.070 || 1.95x10732 2.12x1073' 8.04x10°3' | -7.104<10"°! 1.79x10+°°
0.080 || 2.76x1073° 1.14x1072° 3.67x10°%° | -6.679x10"°! 1.33x10"°
0.090 || 1.76x10°2® 6.30x10°2® 1.35x10°27 | -6.289x101°! 1.15x10"°°
0.100 || 4.79x107°27 2.28<1072% 6.55x10 2% | -5.931x10"°! 1.35x10"°
0.110 || 8.17x107°2¢ 5.95x10°2° 1.86x10 2* | -5.616<10"°! 1.55x10"°°
0.120 || 1.11x10°2* 9.63x1072* 3.07x10 23 | -5.343x10"°! 1.64x10"°
0.130 || 1.23x10°2% 1.03x1072? 3.28x10 22 | -5.102<10"°! 1.57x10"°
0.140 || 1.38x10°22 8.23x1072?2 2.50x10 %' | -4.883x10"°! 1.36x10"°
0.150 || 1.53x10°2! 557x1072' 1.51x10°%° | -4.679x10t°! 1.10x10"°
0.160 || 1.41x107°2° 3.79x10°2° 8.10x10°%° | -4.484<10"°! 8.63x10° !
0.180 || 8.05x107 ! 1.54x107'® 2.84x107'® | -4.102<10"°! 6.29x10° !
0.200 || 3.41x10°'" 5.43x10°'" 9.60x10°'7 | -3.740x10"°! 5.19x10° !
0.250 || 5.88x10°* 7.56x10°'* 1.00x10°'3 | -3.019x10"°! 2.78x10° !
0.300 || 9.32x10'2 1.13x10°'' 1.38x10°'! | -2.520x10"°! 1.96x10° !
0.350 || 3.46x10°° 4.08<10°'° 4.86x10°'° | -2.162<10"°! 1.69x10° !
0.400 || 5.11x107%° 5.95x10°%° 6.98x10°%° | -1.894x10"°! 1.56x10° !
0.450 || 4.09x107%% 4.72x107°® 5.50x10 % | -1.686<x10"°! 1.47x10° %!
0.500 || 2.13x107%7 2.44x107°7 2.82x107°7 | -1.522x10"°! 1.41x10° '
0.600 || 2.47x107%¢ 2.79x107% 3.20x107% | -1.278<10"°! 1.32x10° %!
0.700 || 1.39x10°%° 1.57x10°%° 1.78<10°% | -1.106x10"°! 1.25x10° %!
0.800 || 5.15x10°%° 5.77x10°%° 6.51x107% | -9.758<10v%° 1.18x10~ !
0.900 || 1.48x107%* 1.66x107°* 1.88x10°°%* | -8.701x10%° 1.19x10~ !
1.000 || 3.65x107%* 4.11x107%* 4.73x107%* | -7.788<10"%° 1.35x10° !
1.250 || 2.33x107%% 2.77x107% 3.43x107%% | -5.867x 10"%° 2.02x10~ %!
1.500 |[(1.45x107°2) (1.79x107°2) (2.21x 107 92)|(-4.024x107%%) (2.12x107°%)
1.750 ||(7.64x107°2) (9.45x107°2) (1.17x 10 °%)[(-2.360x107%%) (2.12x107°%)
2.000 ||(3.00x107%%) (3.70x107°1) (4.58x107%1)|(-9.932<107°%) (2.12x10°)
2.500 ||(2.55x1079%) (3.15x10%%%) (3.89x10"%9)| (1.147x10"%°) (2.12x10°)
3.000 ||(1.24x107%%) (1.53x10%°1) (1.89x10"°1)| (2.729¢101%°) (2.12x107°%)
3.500 ||(4.18x107%%) (5.17x10%°1) (6.39x10"°1)| (3.945¢101%°) (2.12x10°)
4.000 ||(1.10x10"92) (1.36x10792) (1.68x10"°?)| (4.913x107%%) (2.12x10°°%)
5.000 ||(4.71x10792) (5.82x10%°2) (7.19x10"2)| (6.366x10"%%) (2.12x10°°)
6.000 ||(1.33x107%%) (1.64x10%%%) (2.03x10"%%)| (7.405¢10"%°) (2.12x10°)
7.000 ||(2.91x107%%) (3.59x10%%3) (4.44x10"%%)| (8.186x10"%°%) (2.12x10°)
8.000 ||(5.35x107%%) (6.62x10%°3) (8.18x10"%%)| (8.798x10"%) (2.12x10 %)
9.000 ||(8.68x107%%) (1.07x10%%4) (1.33x10"%4)| (9.281x10"%°) (2.12x10°)
10.000(| (1.30x10%4) (1.60x10"%4) (1.98x107%4)| (9.681x10"%°) (2.12x107°%)
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TABLE VI. Monte Carlo reaction rates for tHéNe(«,v)?°Mg reaction. Shown are the low, median, and high rates, sporeding to the 16th,
50th, and 84th percentiles of the Monte Carlo probabilitpgiy distributions. Also shown are the parametersaid o) of the lognormal

approximation to the actual Monte Carlo probability densiSee Ref. [22] for details. The rate values shown in paesgs indicate the
temperaturesq{ > Tmaich = 1.33 GK) for which Hauser-Feshbach rates, normalised to experiat results, are adopted (see section 11 C).



T (GK) Low rate Median rate High rate| lognormaly  lognormale
0.010 0.0 0.0 0.0 - -

0.011 0.0 0.0 0.0 S a---

0.012 0.0 0.0 0.0 S -

0.013 0.0 0.0 0.0 S a---

0.014 0.0 0.0 0.0 S a---

0.015 0.0 0.0 0.0 S -

0.016 0.0 0.0 0.0 S a---

0.018 0.0 0.0 0.0 S -

0.020 0.0 0.0 0.0 S a---

0.025 0.0 0.0 0.0 S -

0.030 || 5.12x1078 5.08x10°%" 2.25x107%% |-1.991x10t°2 1.90x10"%°
0.040 || 1.46x10°%7 1.49x107% 6.64x107%° | -1.519x101°2 1.94x10"%°
0.050 || 2.99x107°° 3.05x107°* 1.36x107°% |-1.236x101°2 1.95x10"%°
0.060 || 4.92x107%7 4.87x107%0 2.17x107%° | -1.047x101t°2 1.92x101%°
0.070 || 3.70x107*! 3.48x10°%° 1.55x1073% |-9.117x10t°! 1.84x101%°
0.080 || 1.03x1073¢ 8.44x1073% 3.73x1073° |-8.101x101°! 1.74x107%°
0.090 || 3.23x1073% 2.19x1073? 9.43x10732 | -7.309x101°! 1.62x107%°
0.100 || 2.17x1073° 1.20x1072° 4.92x10°?° | -6.673x10t°! 1.50x107%°
0.110 || 4.65x1072% 2.12x1072" 8.22x10°?" | -6.151x10"°! 1.39x10"%°
0.120 || 4.24x1072¢ 1.62x10°%° 5.82x10°2?° | -5.714x10t°! 1.29x10"%°
0.130 || 1.94x107%* 6.61x1072* 2.14x10°23 | -5.342<10t°! 1.19x107%°
0.140 || 5.27x1072 1.64x1072%> 4.81x10" 22 | -5.020x10"°! 1.08x10"%°
0.150 || 9.94x10722 2.74x10°%' 7.18x10°2! | -4.737x10t°! 9.62x10° %
0.160 || 1.43x1072° 3.39x10°2° 7.89x10°2° | -4.484x<10"°! 8.29x10° %
0.180 || 1.61x10°*® 2.74x10°'® 5.01x107'® | -4.040x10"°! 5.53x10°%
0.200 || 9.14x10°'7 1.24x107'® 1.79x10716 | -3.660x101°! 3.43x10° %
0.250 || 1.68x10° '3 2.06x10°'® 2.53x107'% |-2.921x10t°! 2.06x10"%*
0.300 || 2.74x10°** 3.36x10° ' 4.15x107'! |-2.411x10t°! 2.06x10°%*
0.350 || 1.05x107%° 1.29x107%° 1.59x107%° |-2.046<10"t°! 2.05x10"%*
0.400 || 1.64x107%% 2.00x107%® 2.45x107%8 |-1.773x10t°! 1.99x10" %
0.450 || 1.42x107°7 1.71x107°7 2.07x107°7 |-1.558<10"°! 1.88x10" %!
0.500 || 8.51x107°7 1.00x107% 1.19x107°% |-1.381x10"°! 1.68x10° %!
0.600 || 1.74x107%° 1.92x107%° 2.15x107%° |-1.085<10"°! 1.07x10~%*
0.700 || 2.36x107%* 2.51x107%* 2.69x10°%* |-8.287x10t%° 6.70x1092
0.800 || 2.15x107%9% 2.27x107% 2.42x107%% | -6.084x101t%° 5.79x1092
0.900 || 1.36x10792 1.43x107°? 1.51x107°2 | -4.246<10t°° 5.33x10792
1.000 || 6.34x107%? 6.64x107°2 6.98x107°% | -2.711x107%° 4.82x10°°2
1.250 || 1.18x107%° 1.22x10t%° 1.27x10+% | 1.998<10° %' 3.88x10°°2
1.500 |[[(1.09x10%%1) (1.14x107%%) (1.18x101°1)|(2.431x107%%) (3.89x107°2)
1.750 ||(6.79x10%%) (7.06x107%%) (7.34x10101)|(4.257x 1079%) (3.89x107°2)
2.000 {|(2.92x10%%?) (3.04x10"°%) (3.16x107°%)|(5.717x10"%°) (3.89x10°°2)
2.500 ||(2.74x10%%3) (2.85x10"%%) (2.96x107%3)|(7.953x10"%°) (3.89x10°°2)
3.000 |[(1.41x1079%) (1.46x10%%%) (1.52x107%4)|(9.590x10"%°) (3.89x 10 °%)
3.500 |[(4.96x1079%) (5.16x10"%%) (5.37x107°%)|(1.085¢10"°!) (3.89x 10~ %)
4.000 |[(1.36x1079%) (1.41x10%%%) (1.47x107°%)|(1.186x10"°!) (3.89x 10~ %)
5.000 ||(6.10x10%%) (6.34x10"%%) (6.59x107%%)|(1.336x10"°1) (3.89x10°92)
6.000 ||(1.80x10"%) (1.88x10"%6) (1.95x10"7%%)|(1.444x10"°1) (3.89x10°92)
7.000 ||(4.07x10%%) (4.23x10"%6) (4.40x10"7%%)|(1.526x10"°1) (3.89x10°92)
8.000 ||(7.70x10%%) (8.01x10"%6) (8.32x10"7%%)|(1.590x10"°1) (3.89x10°2)
9.000 {|(1.28x10%°7) (1.33x10M°7) (1.39x10"7°7)|(1.640x10"°1) (3.89x 10 92)
10.000(|(1.97x10%°7) (2.04x107°7) (2.12x10%°7)|(1.683<107°!) (3.89x10~°?)
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TABLE VII. Monte Carlo reaction rates for tHéNe(x,n)*> Mg reaction. Shown are the low, median, and high rates, sporeding to the 16th,
50th, and 84th percentiles of the Monte Carlo probabilitpgiy distributions. Also shown are the parametersa(id o) of the lognormal

approximation to the actual Monte Carlo probability densiSee Ref. [22] for details. The rate values shown in paesgs indicate the
temperaturesq{ > Tmaich = 1.33 GK) for which Hauser-Feshbach rates, normalised to expeiat results, are adopted (see section 11 C).
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FIG. 4. (Colour online) The uncertainty bands for fHé&e(a,v)**Mg reaction. The uncertainties are the result of upper li@sonance

contributions and of resonance strength uncertainties.cblour-densities represent the present reaction rabapility densities normalised
to our recommended rate. The thick and thin black lines ssriethe 68% and 95% uncertainties, respectively. The ddgbe lines represent
the literature rates from Ref. [18], with the thick and thimels denoting the recommended rate and rate limits, rasplgtinormalised to our

recommended rate. Values below unity (dotted line) indidhtat the rates are lower than the present recommended Ta.relevant

temperatures for helium- and carbon shell-burning have béded as red bars with the labels “He” and “C”, respectively

VIl. CONCLUSIONS by applying a sophisticated rate computational method.[22]
Subsequently, we explored the astrophysical consequéarces

Both the?2Ne(a,n)2’Mg and the’>Ne(a,7)?Mg reactions ~ massive stars and for AGB stars.
influence the neutron flux available to the s-process in mas- In massive stars, simple one zone models of core helium-
sive stars and AGB stars. Uncertainties in the rates, therdsurning were utilised to determine the influence of the new
fore, lead to large uncertainties in s-process nucleoggigh rates on the weak component of the s-process. The most im-
In this paper, we have estimated greatly improvéNe+« portant result of our study is a significant reduction of redcl
reaction rates, based on newly available experimentaf-info osynthesis uncertainties. The yield uncertainty has been r
mation published since the works of Refs. [19] and [18], andduced by between a factor of 5 and 10 across the s-process
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FIG. 5. (Colour online) The probability densities for theNe(x,n)*> Mg reaction in comparison to those presented by Ref. [19%. @@tion
of Fig. 4 for an explanation.

mass region considered here €A 100). For example, the marginally. However, s-process nucleosynthesis is mone co
yields of key isotopes?®Mg and"°Zn, have uncertainty re- centrated around the iron peak when using the new reaction
duction factors of about 5 and 10, respectively. When comrates. This relative insensitivity to changes in neutror #u
paring abundances obtained from our new recommended rateartially caused by captures on the neutron poigé@s 60,

with those derived from previous recommended rates, the fiand?®Mg, which are present in large quantities.

nal yield of **Mg is found to have been reduced by roughly |n our AGB star models, the final abundance uncertainties
a factor of three, while s-process isotopes were affectéd on have also been improved significantly with the new rates) wit
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FIG. 6. (Colour online) Uncertainty bands of the reactiote natio, Na(ov)a,n)/Na(ov)a,4). The solid (black) lines represent the
present reaction rate ratio, while the dashed (blue) lirgsessent the ratio of rates from Ref. [19] fdiNe(a,n)**Mg, and Ref. [18], for
22Ne(a,7)?°Mg. The recommended ratio (the center line in each set) wiasilated by dividing the recommendédNe(a,n)**Mg reac-
tion rate by that of thé*Ne(a,v)?°Mg reaction at each temperature. To obtain the uncertaiands for the rate ratio, the high rate for
22Ne(a,7)?Mg was divided by the low rate fo¥Ne(a,n)**Mg, and vice versa. Values greater than unity indicate thaemeutrons (and
25Mg) are produced tham-rays (andf®Mg) per a-particle capture. The temperatures relevant in heliurd-ambon shell-burning are repre-
sented by red bars and are marked with “He” and “C”, respelgtiv

reductions by up to an order of magnitude. The key rubidiumat the end of our network, yielding an increase of over 70%.
and zirconium isotopes, for example, have undergone yiel@urther calculations should be performed to study the effec
uncertainty improvements of roughly a factor of two. We haveour new rates on lower mass AGB stars, while paying special
also found that s-process nucleosynthesis is more actie@wh attention to their effects on branchings in the s-procetis pa
including the new??Ne+« reaction rates. While only small
changes are found in the low-mass s-process patk (80), The Monte-Carlo method used in the present study to cal-
at higher masses production increases by up to a factor of 2ulate the*Ne+« reaction rates has the distinct advantage of
This is especially evident by counting the number of cature calculating the uncertainties in a robust and statisticedum
ingful manner. Although our rates include some of the sys-
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FIG. 7. (Colour online) Ratio of final abundances resultiranf the new recommendédNe(a,v)**Mg and ?2Ne(a,n)**Mg rates to those
obtained from the old recommended rates. Points above (neitlyline) represent a net increase in abundance. (a) Atritiekcore He-
burning in a25M¢, star, the most significant abundances affected by the nes sae those dt®Mg and the p-nuclei*Se, ”®Kr, and®*Sr.
(b) For AGB stars, higher mass nuclei are produced in largantities, as evidenced by the ‘g’ particle that monitorstren captures above
molybdenum.

tematic uncertainties in the nuclear data, there are gi#ho VIIl. ACKNOWLEDGEMENTS
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