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First generation, or Population III, stars have a different evolution than those of later generations
owing to their initial primordial abundance composition. Most notably, the lack of carbon, oxygen,
and nitrogen, means that primordial massive stars must rely on the less efficient p—p chains, thereby
requiring the star to contract to reach temperatures high enough to eventually trigger 3a-reactions.
Even small amounts of the 2C(«,~)*®O reactions begin feeding the CNO mass range and enable
the CNO cycle to generate energy, but this occurs at higher temperature compared to later stellar
generations. It is currently controversial if the observed enhanced abundances of Ca in the most
metal-poor stars could be a result of the high temperature H-burning conditions in the first massive
stars. The level of this enrichment depends on the hot breakout path from the CNO cycles via the
9% (p, v)?°Ne reaction. In this work, the rates of both the °F(p, v)?°Ne and competing °F(p, a)*®O
reactions are re-evaluated using the phenomenological R-matrix approach, simultaneously consider-
ing several "F(p,v)?°Ne, '"F(p, @)'®0, and *F(p, p)'°F data sets, in order to better characterize
the rate uncertainties. It is found that the rate uncertainty for '°F(p, v)?°Ne reaction is considerably
larger than previously reported. This is the result of undetermined interferences between observed
resonances, a possible threshold state, possible subthreshold states, direct capture, and background
levels. Additional experimental measurements are therefore needed to determine if 19F(p, W)QONe
CNO breakout is responsible for Ca enrichment in metal poor stars. Astrophysically, the breakout
reaction revision makes it less likely that Ca observed in the most Fe-poor stars can originate in hot
CNO breakout H-burning nucleosynthtesis, thereby casting doubt on the prevailing faint supernova

scenario to explain the abundances observed in these stars.

I. INTRODUCTION

A fundamental question in nuclear astrophysics con-
cerns the reaction flow out of the CNO cycles towards
heavier masses in hydrogen burning environments. At
low temperature hydrogen burning, such as in mas-
sive main sequence stars, and even in low tempera-
ture cataclysmic events, such as in classical novae, the
CNO matter remains in the mass range below A ~ 20.
The initial abundance distribution of the CNO isotopes
change depending on the temperature density regime
of the nucleosynthesis event. Only in explosive hydro-
gen at burning temperatures sufficiently in excess of
~0.3 GK, can break-out from the CNO cycles occur via
the 1°O(a, v)'"Ne and ¥Ne(a, p)?*Na reactions, trigger-
ing a thermonuclear runaway via the ap-process. The
required temperatures for break-out are anticipated for
accreting neutron stars, triggering an X-ray burst as an
observable event and are also possible for high tempera-
ture nova events associated with accreting white dwarfs.
A summary of these break-out scenarios has been dis-
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13 cussed before by Wiescher et al. [I] and multiple exper-
3 iments, using a wide range of experimental techniques,
35 have been performed to determine the reaction rates of
s the « induced break-out reactions °O(a,v)"Ne [27]
w and 8Ne(a, p)?!Na [8H12].

5 Little attention has been given to the **F(p,v)?°Ne re-
3 action as a possible link between the CNO cycles, the
w0 Ne-Na cycles, and possibly beyond. In particular, at
s temperatures typical for hydrogen-core or -shell burning
« in massive main-sequence stars, more investigations are
13 needed. In stars with near solar metallicity, the contri-
bution of this reaction to the production of more massive
nuclei is negligible compared to other nuclear production
s mechanisms. However, hot CNO breakout may play a
a7 key role in explaining the observed Ca abundance in the
ss most metal-poor stars that carry the abundance signa-
a0 ture from the first massive stars.

so  The most iron-poor stars we observe in our Milky
si Way’s halo are each believed to display the nucleosyn-
s2 thetic signatures resulting from a single Population III
s3 (Pop III) star [13]. Keller et al. [I4] suggested hot CNO
s« breakout during hydrogen burning as the source of Ca
ss production in the most iron and Ca-poor star known at
s the time, SMSS0313-6708. The Ca abundance was re-
s7 ported as [Ca/H] = -7.2 and -6.94 in analysis done by
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s Nordlander et al. [15] using solar abundances of Asplund
so et al. [16]. Takahashi et al. [I7] also cite hot CNO break-
6 out to produce Ca in SMSS0313-6708, HE 1327-2326 and
st HE 0107-5240. HE 1327-2326 and HE 0107-5240 have
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[Ca/H] values of -5.3 and -5.13, respectively, based on an
analysis provided in Collet et al. [I§], and the same solar
composition as above.

Using a combination of stellar evolution and single-
zone nucleosynthesis calculations, Clarkson and Herwig
[T9] identified the 19F(p,~)?°Ne reaction as the most im-
portant breakout path for hydrogen burning conditions
in massive Pop III stars. Clarkson and Herwig [19] in-
vestigated the conditions for the hot CNO breakout to
produce the observed levels of Ca based on a detailed
survey of Pop III massive star simulations with masses
ranging from 15 to 140 Mg, and a range of commonly
adopted assumptions on stellar mixing to cover the re-
lated systematic uncertainties. They conclude, based on
these simulations, that it is unlikely that large amounts
of Ca can be produced by hot CNO breakout. Even un-
der the most optimistic assumptions of the mixing and
ejection mechanisms, the predicted Ca abundance is be-
tween ~0.8 and nearly 2dex lower than required by ob-
servations of the most metal-poor stars. However, they
also note that if the F(p, v)?°Ne/¥F(p, a)®O reaction
rate ratio were a factor of ~ 10 higher than that reported
in the NACRE compilation [20], the model predictions of
hot H burning may be able to account for the observed
Ca abundances in metal-poor stars.

Based on the presently available nuclear data, the find-
ings of Clarkson and Herwig [I9] are in conflict with the
previous assertions that the observed Ca in the most
metal-poor stars originates in H burning. The question
has far-reaching consequences for how the first stars are
believed to evolve and die. If Ca can be produced from
H burning, then Ca produced in the later Si-burning
phases can fall back into the supernova, which is a key
ingredient in the prevailing faint supernova with efficient
fallback scenario. If Ca cannot be produced in hot H
burning, then a new mechanism is needed. Either the
supernova scenario has to be revised, or an alternative
source must be validated. Other potential sources in-
clude a convective-reactive light Pop III i-process [21] or
Ca synthesis from explosive burning.

As described in Wiescher et al. [I], the possibility
of a break-out from the cold CNO cycles depends on
the feeding of '"F from the equilibrium abundances
of 170 and 'O in the third cycle. Leakage via
the 9F(p,v)?°Ne reaction would cause an irreversible
flow from the CNO to the NeNa range because back-
processing via 22Ne(p, a)!%F is energetically impossible.
The leakage not only depends on the abundance of '°F
but also on the reaction rates of F(p,)?°Ne and the
competing back-processing reaction 1%F(p, a)!0. There-
fore, the ratio of the '"F+4p reactions is also of critical
importance in understanding the production of Ca in the
second generation stars observed today.

The compound nucleus of both reactions, 2°Ne, is char-
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acterized by a pronounced « cluster structure [22], which
favors the a-emission of the F+p resonance states to
160 final states over the decay via y-emission to bound
states in 2°Ne. Traditionally, the F(p, a)'%0O reaction
is estimated to be three to four orders of magnitude
stronger compared to the °F(p, v)?°Ne radiative capture
reaction [23] (see Fig. [1)).

The experimental confirmation of the predicted reac-
tion rates for both reaction channels was troubled for
the longest time by a lack or insufficiency of experimen-
tal data. Despite several efforts to measure the cross
sections, remarkably little has been published. The re-
actions F(p, a)'°0 and F(p, a(2,3,.4))'°O have been
measured extensively in the low energy range by Lorenz-
Wirzba [24] between E,, = 0.140.90 MeV (with data pub-
lished by Herndl et al. [25]) and by Ott [26] between
E, =0.201.64 MeV, but the majority of these experimen-
tal results are not published in peer reviewed articles.

More recently, Dababneh et al. [27], Spyrou et al. [28],
Spyrou et al. [29], and Couture et al. [30] have made
additional measurements of the F(p, a(273,4))160 reac-
tions, largely confirming previous results but significantly
improving measurement precision. However, recent di-
rect measurements by Lombardo et al. [31), B2] and via
the Trojan Horse method (THM) by LaCognata et al.
[33, B4] and Indelicato et al. [35], have observed an en-
hancement in the low energy °F(p, ag)*®O cross section.
Strikingly, there have been no modern measurements of
the 19F(p, a1 )00 reaction at low energies.

Experimental information is sparse about the compet-
ing F(p, v)?°Ne reaction which would trigger the break-
out from the CNO cycles. The measurements are dif-
ficult because of the enormous background count rate
from the "F(p, a(,3.4))'°0 reaction. The presently tab-
ulated reaction rate is rather outdated and carries sub-
stantial uncertainties [20]. The rate is based primarily on
a low-energy study of the F(p, v)?°Ne reaction by Sub-
oti et al. [30] in the energy range between 0.30 1.20 MeV.
However, it should be noted that significantly different
resonance strengths were found in many cases between
Suboti et al. [36] and the previous measurements by Far-
ney et al. [37], Keszthelyi et al. [38] and Berkes et al.
[39]. A recent measurement using the @-value gating
technique measured the dominant (p, ;1) branch of the
cross section between 200 and 760 keV [30]. While the
low energy resonance at E..,, = 213 keV was not ob-
served, an upper limit of wy = 60 meV was established.
The resonance strengths for the other resonances were
generally smaller than those previously reported, and the
net interference effect at low energies was seen to be de-
structive.

There is also very limited experimental information
available regarding threshold states, subthreshold states,
and direct capture strengths. Betts et al. [40] reported
a 17 state near threshold via the 1F(*He, d)?°Ne reac-
tion. Kious [4I] then made a more targeted study, with
the 19F(p, a)'%0 reaction specifically in mind. They ob-
served the same state found by Betts et al. [40], but a
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FIG. 1. Level diagram of the *°Ne system, in the vicinity of the proton separation energy, showing the level properties relevant
for the present R-matrix analysis of **F+p reactions. Separation energies are indicated by the red dashed horizontal lines, while
levels in 2°Ne by black horizontal lines. Note that the lower part of the level diagram, below the real level at E, = 12.40 MeV,

is not to scale.

17 more precise determination of the energy was obtained.
Detailed R-matrix calculations were also performed by
Kious [4I] in order to demonstrate possible interference
between the near threshold resonance (at E, = 11.5 keV)
and other higher lying resonances for the 19F(p, )0
reaction. No peer reviewed results have been published

however.

175
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177
178
179

180

This paper seeks to combine these past experimental
182 results into a more cohesive multichannel R-matrix anal-
183 ysis [42] that includes all available 1F+p data. This work
18+ begins with a review of the past literature that reports
15 cross section measurements for the °F4p reactions in
s Sec. [[Il The data are then subjected to an R-matrix anal-
167 ysis as described in Sec. [[T]} and systematic uncertainties
168 are found to dominate. Sec. [[V] comprises discussions on
189 several features of the data and the analysis. Based on
100 these considerations, a revised reaction rate with uncer-
10 tainty estimates is presented in Sec. [V] The implications

181

102 for the Ca production in Pop IIT stars are discussed in
103 Sec. [VI| while Sec. [VI]] provides a summary.

II. REVIEW OF DATA FROM THE

LITERATURE

194
195

For a comprehensive R-matrix analysis of the
OF(p, @)t®0 and F(p,~)?°Ne reactions, ideally, data
for all reactions that populate the 2°Ne compound sys-
tem over the excitation energy range of interest should be
included. In this work, previous analyses are improved
on by including the *F(p, 04(0,1’27374))160, 9F (p, po)F,
and 1°F(p,71)?°Ne reactions in a simultaneous R-
matrix analysis. Unfortunately no 19F(p,p(1’2))19F or
YF(p,v)?°Ne data to other final states are available.
Measurements of these reactions are experimentally pos-
sible and are recommended to improve this type of global
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analysis in the future. Because of the complexity of sev-
eral open channels and high level density, the analysis
has be limited to E, < 0.8 MeV, which allows for an
accurate calculation of the reaction rate up to ~ 1 GK.

As noted in Sec. [} reactions proceeding through the
JT = 0" 160+a(071) channels (see Fig. are limited
to natural parity states, while those going through the
other channels can populate all states in the compound
nucleus. This has the practical consequence that the
YF(p, )80 and ¥F(p, 1)'00 cross sections exhibit a
nearly completely different set of resonances and underly-
ing states then those populated in the °F(p, a(2’3’4))160
and F(p,v(0,1))*"Ne reactions. In addition, it is im-
portant to note that the first excited state to ground
state decay in 'O can not proceed via y-ray emission
(07 — 0% transition) and instead decays primarily via
pair-production. Therefore, only the "F(p, a(s3.4))'°0
reactions can be observed through secondary ~-ray emis-
sion. Note that the y-ray decays of the excited states in
160 do so with nearly 100% probability directly to the
ground state [43], simplifying secondary vy-ray measure-
ments.

Its important to note some alternative notations that
have been used in some previous literature. The most
prolific is the notation 19F(p, ay)1¢0, which refers to the
19F (p, a(2’3,4))160 reactions, emphasizing their detection
via secondary y-ray emission. A similar alternative no-
tation, 1F(p, ar )10, is often used for the °F(p, a1)1¢0
reaction in order to emphasize its primary decay mode
of pair production. It should also be noted that some
early works refer to the F, = 6.13 MeV transition as
the F(p, a;)'%0 reaction (see, e.g., the level diagram in
Berkes et al. [39]), as it is the first to decay via secondary
~-ray emission. Since this work primarily uses R-matrix
to analyze each of the reactions individually, the nota-
tion using the individual number of the final state will
be used for clarity.

The above nuclear properties rather naturally allow for
the analysis of these different groups of reactions to be
broken up into separate calculations. This was the strat-
egy largely followed in past works, including the recent
work of Lombardo et al. [44], where the focus was on the
analysis of the 19F(p, )0 and °F(p, a1 )00 reactions
over a much broader energy range than that investigated
in this work.

A. 19F(p7 01(0,1))160

Lombardo et al. [44] performed a comprehensive analy-
sis of the 12F(p, a(o’l))QONe reactions from near threshold
up to B, ~ 10 MeV and reviews of the relevant litera-
ture covering measurements up to those energies can be
found there. As this work focuses on the low energy
range below E, < 0.8 MeV, the data are limited to those
of Refs. [24] 25| [31], 35, 45-49] for the °F(p, ag)?°Ne re-
action and Refs. [49, [50] for the 19F(p, a1)?°Ne reaction.
The data from Ott [26] are also examined but, because
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FIG. 2. Differential S-factors of the **F(p,a)*®O data [24,
(25, 5, [48].

of large experimental effect corrections, the majority of
the data are not included in the present analysis. Data
for the YF(p, ov(0,1))*°Ne reactions considered in the R-
matrix fit are shown in Figs. and

As discussed recently in Lombardo et al. [44], there is
rather significant inconsistency between the low energy
data of Lombardo et al. [32] and that of Lorenz-Wirzba
[24] below E. . =~ 0.5 MeV. In this analysis, the data
of Lorenz-Wirzba [24] are fit at low energy to purposely
investigate another fit solution in order to better gauge
the uncertainty in the low energy S-factor. This choice
does not represent a preference of one data set over an-
other. Additional measurements are needed to resolve
this discrepancy.

B. IQF(I% 04(2,3,4))160

One of the main focuses of this work is the analysis
of the 19F(p, a(27374))20Ne reaction channels, which were
not investigated in Lombardo et al. [44]. As the corre-
sponding excited states in 6O decay with nearly 100%
probability to the ground state via y-ray emission, these
reactions are often studied through the detection of sec-
ondary 7-rays. Refs. [24] 29] [30, 38|, 89, (1L 2] all include
cross section data for these reactions determined using -
ray detection. The data of Devons et al. [51] and Spyrou
et al. [29] report the sum over all three of these transi-
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FIG. 3. Low energy angular distributions for the *F(p, ao)'®O reaction [24, 25| [32] [35] [46H49].
10°F T ‘ T ] 27 tions. The only particle detection experiment is that re-
i : Bjrvaoc'goel‘oa; (3119(5149)7 " 1 s ported in Ott [26], where a thin gas target was utilized.
I : ] 20 The other data sets from Ott [26] are compared with the
T 200 fit, but are not included in it, due to the large experimen-
§ - 201 tal effects corrections needed for the thick TaF; targets
S 22 that were employed. Data for the 6.13 MeV transition
= 10'F 203 are shown in Figs. [6] and [0} the 6.92 MeV transition in
g [ 200 Fig. and the 7.12 MeV transition in Fig. Fig.
» | 205 shows data for the sum of all three transitions and Figs.[7]
- 26 and [§] show secondary v-ray angular distributions.
4
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FIG. 4. Lowest energy angle integrated °F(p,a1)'°0 data
of Devons et al. [50] and Caracciolo et al. [49]. The data of
Devons et al. [50] has been renormalized as suggested in Lom-
bardo et al. [44]. The R-matrix cross section (red line) has
been convoluted with the energy resolution of the experiment.

207 C. 19F(p,p0)19F

xs  Following Lombardo et al. [44], the *F(p, po)'°F data
200 of Caracciolo et al. [49] are included. The current analysis
s00 is expanded to also include the data of Webb et al. [53],
sn where simulation of experimental effects were necessary.
2 The data are shown in Fig.
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303 D.

“F(p,7)*’Ne

s Data for the 19F(p,~)?°Ne reaction are very limited.
s0s The only cross section data are those of Couture et al. [30]
ss and only for the F(p,v;)?°Ne transition. Thick target
s07 yield studies of the narrow levels in this region report only
ss small branchings to the ground state as summarized in
s00 Table 20.24 of the compilation [54]. The data of Couture
a0 et al. [30] are shown in Fig.

E. Other Reaction Channels

311

Ideally, this work would also include a full analysis
of the 10O+« reactions over the overlapping excitation
energy range. °O(a, ag)10 cross sections over this ex-
citation energy range are reported by Caskey [55] and
Mehta et al. [56]. However, because of the large difference
s in the a-particle (S, = 4.730 MeV) and proton separa-
a8 tion (S, = 12.844 MeV) energies in 2°Ne, the excitation
s10 energy range for low energy '“F+p induced reactions cor-
20 Tesponds to a high energy range for 1°0+a induced reac-
s tions. It is thus possible to excite a large number of high
2 spin states in the %O(a, a)'%0 reaction, complicating
the R-matrix analysis of these reactions.

Additionally, no previous R-matrix analyses of the
160+a reactions have extended up high enough in en-
ergy to exceed S,. Currently, the low energy range has
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FIG. 6. The R-matrix fit to the '°F(p, a2)'®O secondary y-ray
data of Lorenz-Wirzba [24] and Couture et al. [30] is shown
by the red solid line. Additional data from Ott [26], which
used substantially thicker targets, was not included in the fit,
but calculations are shown (red dashed lines) comparing the
R-matrix fit from this work convoluted with the experimental
resolution.

w2 been analyzed using R-matrix by Costantini et al. [57],
»s focusing on the O(a,v)?°Ne reaction. At higher en-
o ergies, Berthoumieux et al. [58] analyzed %O(a, )90
a0 data from E, = 3.0 to 3.4 MeV and more recently Nau-
sn ruzbayev et al. [59] and Hao et al. [60] have performed
33 fits to limited sets of data up to E, = 6.25 MeV and
313 By = 9.0 MeV respectively. However, these higher energy
33 analyses were limited to backward angle data and still
335 do not exceed the proton threshold which corresponds to
336 By, = 10.14 MeV.

s As discussed in Lombardo et al. [44], of particular in-
s terest are the 10(a, a1)'%0 data of Laymon et al. [61].
s0 In that work, a strong 2% resonance was identified at
s By = 10.45 MeV (E, = 13.09 MeV), which would cor-
s respond to E, &~ 260 keV for the 9F(p, ;)10 reaction.
sz The general trend of the data can be reproduced with
us a broad 21 state, but it is clear that the angular dis-
e tribution is distorted from that of an isolated resonance,
us indicating contributions from other weaker nearby levels.
us This is shown by the partial wave analysis in Fig. 4 of
s Laymon et al. [61]. Additional measurements are highly
us desirable for this reaction.

us A significant amount of data is also available for the (-
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action, as all others have been made by measuring secondary

y-rays.

delayed « decay spectrum of 2°Na(Ba)®O [62] [63]. The
decay has been observed to proceed strongly through sev-
eral 27 states via allowed transitions. While the cutoff
energy is at E, = 13.89 MeV, extending above the pro-
ton separation energy in 2°Ne, even the high statistics
measurement of Laursen et al. [62] only observes decays
up to E, ~ 11.9 MeV. Therefore, while these data could
prove quite useful in a global fitting at lower energies,
levels in the present region of interest have not yet been
observed.

F. Transfer Reactions

While transfer reaction data is not included directly
in the R-matrix analysis, the level information for near
threshold levels is of vital importance in the extrapola-
tion of the cross section to the astrophysically relevant en-
ergy region. In this case, a strong 11 near-threshold level
has been identified using the 19F(®He, d)?°Ne reaction by
Betts et al. [40] and Kious [41] at E., = 11 keV. This
resonance has the potential to strongly affect both the
19F(p,a(27374))160 and "F(p,v)?°Ne reactions. In addi-
tion, Kious [41] reports a subthreshold level at F. ., = -
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R-matrix cross section (red line) has been convoluted with
the energy resolution of the experiment.

448 keV. A dedicated study seems past due in order to
determine the proton ANCs of the bound state levels in
20Ne to evaluate possible subthreshold resonance contri-
butions and interference in the low energy cross section.

III. R-MATRIX ANALYSIS

Based on the discussions presented in Sec. [I]
the present R-matrix analysis includes the reactions
19F(P» 01(0,1,2,3,4))16(), 19F(p7p0)19Fa and 19F(p7 ’71)20N€~
There are no cross section data available to constrain
the branchings to the YF(p,pq 2))"F, F(p,~0)*Ne,
or other higher lying ~v-ray decay channels. Tilley et al.
[54] and Lombardo et al. [44] do report some significant
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branchings to the 19F(p,p(1,2))19F channels for the high-
est lying resonance considered in this analysis (see Ta-
ble , therefore the p; channel is included for this res-
onance and a background state. It should also be noted
that the present analysis stops just below the multi-
particle breakup threshold, ?C+2c«, at E, = 13.79 MeV.

For the R-matrix fits, the code AZURE2 [64], [65] has
been used. As is standard for the code, the alternative
R-matrix formalism of Brune [66] is used to work directly
with physical widths and resonance energies. In addition,
a modified version of the code was created that included
the formalism for secondary v-ray angular distributions
as reported in Brune and deBoer [67] and the ability
to sum the cross sections for multiple reactions (for the
9F (p, a(2’3’4)7)20Ne reaction data of Devons et al. [51]
and Spyrou et al. [29]). The masses, separation energies,
and channel radii used for the R-matrix fit are given in
Table[l] The fit to the data is shown in Figs. [ Bl 6L
[ [8 B} and [I4] and the best fit parameters
are given in Table

In general, the R-matrix fit was able to reproduce the
YF4p data described in Sec. For the F(p, ap)'%0
data, both the energy and angular dependence of the
low energy cross section was well described as demon-
strated in Figs.[2]and [3] The lowest energy region, below
E. . = 0.65 MeV, is smoothly varying in energy and the
data could be described using only broad background res-
onances of J™ = 0% and 17. In fact, it was possible to
eliminate all of the higher energy levels used in the high
energy fit of Lombardo et al. [44], above E, = 13.7 MeV,
and replace their contributions with one or two back-
ground states (see Table , for each J7, to simplify the
fitting procedure of the low energy region. The narrow
resonances that are observed in the F(p, a)'%0 data,
above F. ., = 0.65 MeV, were reproduced in a similar
manner as Lombardo et al. [32]. Tt is observed that the
angular distribution data of Lorenz-Wirzba [24] seem to
be systematically above other measurements at backward
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TABLE I. Atomic masses (M), particle separation (S), and
channel radii (a) used in the R-matrix calculation. Atomic
masses are in atomic mass units, separation energies in MeV,
and channel radii in fm. Atomic masses and separation ener-
gies are taken from Audi et al. [6§].

Parameter Value
Sp 12.844 MeV
Sa 4.73 MeV
Say 10.779 MeV
Sas 10.86 MeV
Sa 11.65 MeV
Say 11.85 MeV
M, 1.0078 u
Mo, 4.0026 u
M('°0) 15.9949 u
M(YF) 18.9984 u
M (**Ne) 19.9924 u
po,1,2) 5.136 fm
Aa(g,1,2,3,4) 5.75 fm

angles. There are weak fluctuations at low energy in the
YF(p, )90 data that may be the result of additional
weak resonance contributions, but they are of a similar
magnitude as the error bars of the experimental data in
that region. As discussed in Sec. the data of [32]
are not included in the fit, as well as the two very low
energy resonances reported in the THM study of LaCog-
nata et al. [33], as they were not needed to reproduce the
data that were considered. Further discussions can be
found in Sec. [V Al

The limited amount of low energy *F(p,a;)%0
data [49] 50] could be described by the same resonances
observed over this energy region in the %F(p,a)!®O
data (see Figs. [ and[f]), although there are discrepancies
between the data and fit in some off-resonance interfer-
ence regions. The exception is the lowest energy reso-
nance at F. . = 0.63 MeV (E, = 13.48 MeV) observed
in the data of Devons et al. [50]. It is possible that this
resonance corresponds to the 1~ level that is reported
in the literature at E, = 13.48 MeV (I' = 24(8) keV),
but the resonance appears to be narrower, with a width
of <10 keV. Since no angular distribution information
is available in this low energy region, this resonance has
been fit using an arbitrary J™ assignment.

Almost none of the natural parity states that con-
tribute strongly to the 19F(p,a(071))160 reactions con-
tribute strongly to the *F(p, o2 3.4))'®O reactions or the
9F (p, v1)?°Ne reaction, which are instead dominated by
a shared set of resonances that correspond to unnatural
parity states in the 2°Ne system. In particular, the cross
section is dominated by contributions from only J™ = 1T
and 27 levels. The exceptions are the 27 level that is ob-
served as a weak resonance at E, = 13.585 MeV in all
the 19F(p, a(0’1,27374))160 reactions and the F(p, po)°F
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reaction, and the 3~ level that is observed only in the
9F (p, a(2’3’4))160 sum data of Spyrou et al. [29] (see Ta-
ble .

Two sets of experimental data dominate the fit for the
YF(p, a(2,3,4)7)'°0 reactions (see Figs. E and , the
partial cross sections of Couture et al. [30] and t 'y ray
sum data of Spyrou et al. [29]. While Couture et al. [30]
used a multilevel Breit-Wigner analysis to fit their cross
section data, it was found that their parameters resulted
in a very good starting point for the R-matrix fit for this
reaction.

The data of Spyrou et al. [29] were found to be gener-
ally consistent with other data sets, especially the higher
energy portion of their data. The two other lower energy
data sets required a shift of ~6 keV up in energy, even
after corrections for target energy loss. However, the
shifted data then also agree with the resonance energies
quoted in Table 1 of that work. The low energy Spyrou
et al. [29] data were made with a thin target at these
low energies, allowing for the resolution of a new narrow
resonance at F..,. = 225 keV, which corresponds to a
37 level at E, = 13.07 MeV that is just above the pre-
viously measured stronger resonance at E., = 214 keV
corresponding to the 27 state at £, = 13.06 MeV.

In addition, the thesis data of Lorenz-Wirzba [24],
which were published in [25], were also included in the
fit. The secondary v-ray angular distribution formalism
of Brune and deBoer [67] was used to fit these differen-
tial cross section measurements at 0,, = 45°. The data
include very low energy, thin target, differential cross sec-
tion measurements for the '9F (p, a5 4))*°O reactions (see
Figs. |§| and. While the R-matrix fit was able to accu-
rately reproduce the °F(p, a2)®O differential cross sec-
tion data of Lorenz-Wirzba [24] over the majority of the
energy range, larger discrepancies do occur around the
low energy resonance at £, = 225 keV. The increase ob-
served in the low energy cross section data may indicate
additional structure at these low energies (see Sec. .

There are also measurements of the **F(p, a(2,3’4))160
and YF(p,v1)?°Ne reactions given in the unpublished
thesis of Ott [26]. The majority of these data sets use
thick TaF5 targets repeating energy ranges already cov-
ered by thinner target measurements. The exception to
this are the thin gas target differential cross section mea-
surements of the YF(p, a2)'%0 reaction made through
direct a-particle detection. These data are included in
the fit and are found to be in good agreement with the
other thin target data sets. See further discussion in
Sec. VDI

There are only two sets of low energy °F(p,po)°F
data available in the literature [49, 53] and unfortunately
F(p, p1,2))*?F measurements. The spin assignments
of Lombardo et al. [44] are adopted and a reasonably
consistent fit is obtained. The data of Webb et al. [53]
required corrections for target resolution and energy loss,
which is why they were not used previously in the analysis
of Lombardo et al. [44].

The experimental 12F(p, v)?°Ne data of Couture et al.
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TABLE II. R-matrix parameters from the best fit to the *F+p data considered in this work. Levels marked as “BG” are
background levels, and do not correspond to individual levels in the compound system. When two values are given for a partial
width, they correspond to either I's /T's41 or ' /T'¢41, where s and £ correspond to the lowest channel spin or orbital angular
momentum respectively.

(keV) (MeV) (eV)
Eem. E. JT FPD Fm Fao Fal Foéz FOéB I‘044 F’h
214.9 13.0589 27 0.012 1.1x10° 6.3 1.4 o.oeﬂ
227.9 13.0719 3” 8.7x1073 87
323.9 13.1679 1+ 35.8 2.2x10° 7.0 62 0.12
459.9 13.3039 1+ 12.1°] 610 18 -200 0.21
562.7 13.4067 2” 54 34x10% -1.9 2240 -1.0x1073
634.6 13.4786 1t 6.5x10° -88 2.7 21 1.5
639.9 13.4836 1~ 0.14/-6.8 -87x10%  -12x10*  12x10?
641.2 13.4852 H 0.66 4.4x10°
681.0 13.5250 1- 0.88 420 3.6x10° 150
709.0 13.5530 2+ -16/-0.41 39x10*  -8.9x10® -16x10° 2.9x10°
742.4 13.5864 2" 0.032/0.50 5.2x10? -8.4 18 195
806.5 13.6505 ot 13x10° 7.6x10° -66 110 0.58
13.6752 (BG) 2~ 390/390 780 2.98x10°
13.7300 (BG) 17 5.7x10%/7.0x10° 12 870 780  -1.7/-3.8
13.8877 (BG)Y| 1~ 590/-590 730x103
13.9118 (BG)YY| ot -1.4x10° 390%10°
14.0000 (BG4 2~ 120x 103 -7.5x10?
20.9409 (BG)Y| 17 1.3x10%/7.8x10° 8.5x10%  1.7x10°

& Fixed to the value given in Couture et al. [30].

b Spin-parity undetermined.

¢ Fixed to the value given in Lombardo et al. [44].
4 Fixed

[30] are described well by the levels reported in the lit-
erature [54], and are the same as those populated in the
YF(p, a(a,3,4))'%0 reactions. As in Couture et al. [30],
a background 17 level was needed to modify the off-
resonance interference shape produced by only the levels
in the experimentally observed region. Since the data
could be reproduced without lower energy resonance or
direct capture contributions, these components were not
included in the fit. However, their effects on the extrapo-
lation of the cross section to lower energies are discussed
in Sec. [VGl The R-matrix fit to the capture data of
Couture et al. [30] is shown in Fig.

IV. DISCUSSION

A. Inconsistencies between different *F(p, ao)'®O
and THM measurements

While most of the 9F(p, ag)?°Ne data from the lit-
erature are in good general agreement [69], a signifi-
cant discrepancy has been observed between the data
of Lorenz-Wirzba [24] and Lombardo et al. [32]. The
data are in reasonable agreement at higher energies above

em. ~ 0.5 MeV but increasingly diverge at lower en-
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ergies, where the data of Lombardo et al. [32] are sig-
nificantly higher in cross section than that of Lorenz-
Wirzba [24]. Additionally, the THM measurements of
LaCognata et al. [33] report two resonances at low en-
ergy, which should just overlap the lowest energy data
of Lorenz-Wirzba [24]. However, the widths given by
LaCognata et al. [33] produce a cross section that does
not appear to be consistent with the experimental data
of Lorenz-Wirzba [24]. Therefore, the main low energy
uncertainty in the 19F(p, ag)?°Ne S-factor results from
the systematic differences in these data sets. The data
of Lorenz-Wirzba [24] set a lower limit, while the data
of LaCognata et al. [33] and Lombardo et al. [32] give
an upper limit as shown in Fig. These discrepancies
are considered when determining the uncertainty in the
reaction rate as discussed further in Sec. [Vl

B. The 11 keV threshold resonance

Transfer measurements using the °F(*He,d)?°Ne reac-
tion data [40} [4I] have observed a near threshold level at
E, =11.5keV (E; = 12.855 MeV) [41]. As the level is a
17 state, it can only contribute to the F(p, 04(2,374))160
and F(p,v)?°Ne reactions, although it will likely only
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FIG. 15. Illustration of the inconsistencies between the low
energy data of Lorenz-Wirzba [24], the data of Lombardo
et al. [32] and the THM measurements of LaCognata et al.
133].

make a significant contribution to the total cross section
if its total width is dominated by I'y,. The resonance is
low enough in energy that it may not contribute to the
rate at temperatures of interest, unless its total width is
large enough to create significant interference with other
higher lying resonances. The total width is highly un-
certain [29] [41], both Kious [41] and Spyrou et al. [29)]
have estimated upper limits for the total width based on
the proton width determined from the transfer reaction
and the resonance’s interference with the higher energy
off-resonance cross section data. Spyrou et al. [29] have
estimated an upper limit of 120 eV using a Breit-Wigner
analysis, but the present analysis, using a full multilevel
R-matrix analysis, found that larger values are possible.
The R-matrix analysis reveals that this upper limit is dif-
ficult to constrain because the off-resonance cross section
over the region of the data could have additional contri-
butions from higher lying resonances and/or subthresh-
old resonances. The upper limit from the experimental
resolution of the transfer measurements is ~1 keV [41],
which is consistent with the upper limit estimate from the
present R-matrix analysis. In addition, the °F(p, a3)1¢0O
data of Lorenz-Wirzba [24] extend to even lower energies
than that of Spyrou et al. [29] and give a larger cross sec-
tion than is expected from the R-matrix fit to the higher
energy data, even with interference with the near thresh-
old resonance. This may be an indication of other low
energy contributions to the cross section.

As shown in Fig. [I6] if the near threshold state does
have a I'y, of =1 keV it can result in a low energy cross
section that is comparable to that of the 19F(p, ag)®O
cross section, which has been assumed previously to dom-
inate over these low energies [20]. This will also be con-
sidered as another source of uncertainty in the reaction
rate estimate of Sec. [V] as it has a significant effect on
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the upper limit.

While it has not been investigated in previous work,
given the branching ratios of other nearby states, it is
likely that the near-threshold state also has a significant
decay branch through ~-ray emission to the first excited
state of 2°Ne. Fig. [17] shows example interference solu-
tions for the upper limit width estimate (I'y, = 1 keV) of
the near threshold state. As will be discussed further in
Sec. [V] the interference solutions have a significant effect
on the (p,7) reaction rate, due to their large modifica-
tions to the low energy cross section.

C. 37 state observed in Spyrou et al. [29]

Spyrou et al. [29] observed a narrow low energy reso-
nance at £, = 237 keV on the high energy side of the
lowest energy resonance observed at F, = 225 keV in
their sum data (see Fig. . Due to the close proximity
of the two resonances, the only other experiment with
similar resolution is that of Lorenz-Wirzba [24]. In that
measurement, only data for the 19F(p, as)'%0 cross sec-
tion extends low enough in energy to possibly observe
the resonance, but the data in this region do not have
the sensitivity in yield.

D. Unpublished thesis results

There is a large body of experimental measurements
available from experiments at the Universitdt Stuttgart,
which are collected in the thesis of Ott [26]. The majority
of these measurements use TaF5 targets, which are signif-
icantly thicker than other measurements. Even when the
R-matrix cross section is corrected for target resolution,
these measurements deviate somewhat from thin target
measurements. This may be the result of the approxi-
mations used to convert these data to angle integrated
cross sections [26], or could be the result of an insuffi-
ciently accurate convolution function given the large cor-
rections necessary. For these reasons, these data were
not included directly in the fitting. A comparison of the
R-matrix fit with these data, approximately convoluted
with the experimental target thickness, is shown in Fig. [6]

The exception to this are the thin target data taken
with a gas target system where the differential cross sec-
tion of the p(1°F, a3)10 reaction was determined in in-
verse kinematics through a-particle detection. This is
a unique set of data as nearly all measurements of the
P (p, 2)180 cross section have been made instead by
observation of the secondary +-rays. Further, the excel-
lent agreement of the R-matrix fit with the differential
data, as shown in Fig. [9] gives added confidence in the
spin-parity assignments of the levels that are populated
in this reaction.

The transfer reaction measurements presented in the
thesis of Kious [41] provide much of the information avail-
able for the near and subthreshold levels that likely play
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FIG. 16. Calculations of the *F(p, a2)'®O S-factor given different interference scenarios and partial width limits for the near-
threshold state at 11 keV. These should be compared with the blue dashed line, which corresponds to the nearly constant

9F (p, ) '°0O S-factor.

an important role in the low energy cross section of the
YF(p, a(2,3,4))'°0 and F(p, 7)*Ne reactions. This has
already been highlighted for the 19F(p,04(2,374))160 in
Spyrou et al. [29]. The importance of the near threshold
state, possible subthreshold contributions, and the lim-
ited previous measurements, provide solid motivations
for new transfer studies.

Finally, the data presented in Lorenz-Wirzba [24] are
published in Herndl et al. [25], but this work largely
concentrates on comparisons of the data with zero-range
distorted-wave Born approximation calculations and does
not go into any details regarding the measurement of the
experimental data.

E. Absolute normalization

The absolute normalization of the 9F(p, )90 cross
section has proven to be challenging as is evidenced by
the discrepancies in absolute cross sections reported in
different works, which deviate from each other by signif-
icantly more than their stated uncertainties. One likely
reason is that fluorine targets often experience significant
degradation after only a fraction of a Coulomb of beam
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bombardment with moderate beam intensities (10’s of
uA). Easily made, evaporated LiF targets are too unsta-
ble for the large beam intensities required for low energy
measurements, so CaFy or TaF5 targets have been uti-
lized instead. Even with these more stable targets, large
discrepancies have been reported.

For the absolute normalization of  the
19F (p, a(273’4))160 measurements, all other data have
been normalized to those of Couture et al. [30], which
were in turn found to be consistent with the strength
measurement of Becker et al. [70] for the E, = 324 keV
resonance (see Sec. m For the YF(p, 1)'°0 data,
the normalization of Lombardo et al. [44] has been
adopted. This particular normalization was adopted
because the experiments of Becker et al. [70] were specif-
ically focused on measuring absolute normalizations.
This is reflected in the small uncertainty reported in
their measurement of the FE, = 340 keV resonances
strength (see Table [[V]).
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F. Comparisons with strength measurements

This work improves on the narrow resonances formal-
ism used by past works as the rate is obtained by nu-
merical integration of the R-matrix cross section. This
method allows for the simultaneous and consistent inclu-
sion of both resonance and off-resonance contributions in
the reaction rate calculation. Therefore, to compare with
previous works, resonance strengths have been calculated
based on the partial widths determined by the R-matrix
analysis and are given in Tables [[T]] and [[V]

While the strengths for the ¥F(p, a(2,374))160 reac-
tions are generally consistent, those for the F(p,v)?“Ne
reaction are quite discrepant. Except for the resonance
at By cm. = 0.634 MeV, the strength measurements for
the other resonances typically differ by more than 2c.
It should be noted that in the NACRE compilation [20]
average values were adopted for these strengths, despite
the large discrepancies.

G. Direct Capture and Subthreshold States

Over the energy region that has been accessed by ex-
perimental measurement, the **F(p, v)2°Ne cross section,
at least to the most intense first excited state transition,
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is dominated by resonance transitions through unnatu-
ral parity states. However, in Couture et al. [30], it was
shown that there may be a deep interference minimum
at lower energies (F.m. < 200 keV). The shape of this
interference region is highly dependent on assumptions
made about background components from the low en-
ergy tails of higher lying resonances, direct capture, and
subthreshold state contributions. In particular, direct
capture and subthreshold state contributions have seen
little experimental investigation.

Only Kious [41] has investigated a possible subthresh-
old state contribution from a 17 level they observed
at B, = 12.396 MeV (S, = 12.844 MeV) and only
for the (p,as) cross section. An example calculation is
shown in Fig. where the subthreshold level is given a
Ta, = 100 eV (6% = 1) and a proton ANC of 1 fm~'/2
(62 = 1x1072). Here #? is the dimensionless reduced
width (see, e.g., [20]) at the channel radii specified in
Table[l] These resonance parameters were chosen as they
were a combination that gave the maximum value for the
F (p, a)190 S-factor at low energy, but still produced a
higher energy cross section that was consistent with data.
It can be seen that the subthreshold state can have a sig-
nificant impact on the cross section. For example, for a
nominal temperature of interest of 0.1 GK, the Gamow
energy is 120 keV. At this energy, the variation in the
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S-factor extrapolations, as shown in Fig. is a factor
of 17.

V. REACTION RATES

In this section, the rates, and their correspond-
ing upper and lower limits, for the °F(p,~v)?*°Ne and
9% (p, )80 reactions are calculated based on the R-
matrix extrapolations of the S-factors presented in
Sec. The rate for the total 9F(p,a)'%0 reac-
tion is somewhat complicated as it is the sum of the
19F(p,a(07172,374))160 reactions.  However, the situa-
tion is somewhat simplified because the °F(p, a(o’g))lﬁo
reactions dominate. Similarly, it is possible for the
19F (p, v)?°Ne reaction to proceed through several differ-
ent final states, but experimentally the °F(p,~;)?°Ne
transition has been shown to dominate.

Ideally the uncertainty of the reaction rates could be
calculated through a detailed Bayesian analysis, but, as
highlighted throughout Sec. [V} many of the important
level parameters for the near and subthreshold states are
either very poorly or completely unknown. Thus, with
such incomplete knowledge of the priors, this type of de-
tailed uncertainty analysis does not seem appropriate.
Thus the uncertainties that are quoted here should be
treated as classical limits, representing estimates of the
extreme upper and lower bounds. Therefore, when these
rates are utilized in astrophysics calculations that uti-
lize Bayesian uncertainty estimation, it is suggested that
the upper and lower limits given here be treated either
as the limits of a uniform distribution, or the 3¢ values
of a normal distribution. The gaps in the experimental
data highlighted in this work should serve as motivation
for new experimental studies, making a more detailed
Bayesian uncertainty analysis of this reaction on the hori-
zon.

The individual reaction rates and the upper and lower
limits for the dominate components are given in Table [V}
The total reaction rates are then presented in Table
The following sections give further details on how each
of the reaction rate components were calculated.

A. 'YF(p,a0)'®O rate

There have been several recent investigations of the
OF(p, a)*®O component of the reaction rate. Measure-
ments of the F(p, )80 cross section via THM re-
sulted in updated rates as reported in LaCognata et al.
[33]. The rate was then revised in LaCognata et al. [34]
based on the new direct measurements of Lombardo et al.
[32]. New measurements were then made by Indelicato
et al. [35] reporting the most recent version of the rate
based on THM data. Most recently, Lombardo et al.
[44] has reported a revised rate for the PF(p,ap)®O
and "F(p,a1)'®O components based on a comprehen-
sive R-matrix analysis that extends to high energies.
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Both the new THM measurements [33, [35] and the direct
measurements of Lombardo et al. [32] indicate a larger
YF (p, ap)1%0 reaction rate than that of older works (in
particular of Lorenz-Wirzba [24]), based on the obser-
vation of new resonances in the low energy region. In
the present work, previous literature data have been re-
investigated, which show only a flat low energy cross
section without resonant enhancement. This generally
agrees with the previous results of Angulo et al. [20],
which considered mainly the same data sets.

Therefore, the uncertainty range for this component
of the reaction rate takes the F(p, )60 rate from
Lombardo et al. [44] as an upper limit and takes the rate
of the present analysis as a lower limit. Uncertainties due
to the overall normalization of experimental data, which
are interpreted to be constant in energy, are also included

(see Sec. [IV EJ).

B. “F(p,a:1)'°0 rate

A revised rate for the 19F(p, a1)'®0O reaction has been
presented in Lombardo et al. [44], where an enhancement
has been indicated due to the presence of a broad 2T res-
onance. The rate presented in Lombardo et al. [44] is
consistent with that found in the present analysis. While
there is significant enhancement, the contribution is still
less than the F(p, )10 rate contribution at all tem-
peratures. This revised rate has been adopted here.

C. YF(p, 04(2,3,4))160 rates

One of the main focuses of this work has been a re-
evaluation of the 19F(p,oz(2’374))160 components of the
reaction rate. The data shown that F(p, a2)'%0 reac-
tion dominates over the entire low energy range for these
three reaction components. One of the main results of
this work is the demonstration that interference with the
1% threshold state and subthreshold state can produce
a significant enhancement in the °F(p, a2)*®O cross sec-
tion below the lowest energy observed resonance. With
this enhancement the °F(p, a5)'%0 reaction component
could even overshadow the 9F(p, ag)'®O reaction com-
ponent in the low temperature range where it has tradi-
tionally been assumed to dominate.

D. "“F(p,a)'0 total rate

The total YF(p,a)'®O rate is dominated by the
YF(p, a0)*0 and F(p, a2)10 reactions. For the cen-
tral value of the rate, the threshold and subthreshold
states are not included in the 19F(p, a2)'®O component.
This fit is nearly identical to that presented in Couture
et al. [30] and is also equivalent over the temperature
range under investigation to the narrow width (I' = 2 V)
solution shown in Fig. Fig. shows the fractional
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TABLE VI. Recommended rates (rec) for the total *°F(p, )'®O and °F(p,v)?*°Ne reactions as well as lower limit (low) and
upper limits (upper) See text for details.

T (p, ) (rec) (p, @) (low) (p, @) (upper) (p,7) (rec) (p,7) (low) (p,7) (upper)
(GK) (cm®mole™!s™1)

0.01 1.77 x10~% 1.33 x10~% 5.90 x10723 1.10 x10~28 1.89 x10730 6.18 x10727
0.02 3.78 x107Y7 2.84 x10717 3.40 x10716 2.38 x10~ % 4.13 x10723 3.53 x1072°
0.03 1.34 x107 %8 1.01 x1071*3 7.07 x10713 8.44 x10718 1.47 x107%° 7.04 x10717
0.04 2.30 x10~ 1 1.73 x10~ 1! 8.99 x10~ 11 1.44 x1071'° 2.51 x107Y7 8.70 x10715
0.05 8.87 x10710 6.65 x1071° 2.87 x107° 5.57 x10714 9.64 x10716 3.43 x10713
0.06 1.43 x1078 1.07 x1078 4.12 x1078 8.98 x10713 1.54 x10~ 5.67 x10712
0.07 1.31 x1077 9.79 x1078 3.53 x1077 8.25 x10712 1.44 x10713 5.36 x10~ 1!
0.08 8.13 x10~” 6.10 x10~7 2.07 x107° 5.15 x107 ! 1.11 x10~12 3.44 x1071°
0.09 3.91 x107¢ 2.93 x107° 9.24 x10~°¢ 2.46 x1071° 1.06 x10~1* 1.67 x107°
0.1 1.62 x107° 1.22 x107° 3.42 x107° 9.93 x1071° 1.03 x1071° 6.58 x107°
0.15 5.58 x1073 5.24 x1073 8.73 x1073 3.36 x10~7 2.41 x1077 1.43 x1076
0.2 4.95 x107! 3.95 x107! 6.58 x107! 2.78 x107° 2.60 x107° 1.31 x107*
0.3 9.73 x10* 7.30 x10* 1.22 x102 5.63 x1073 5.56 x1073 2.80 x1072
0.4 1.39 x10° 1.04 x103 1.74 x10° 8.99 x1072 8.92 x107? 4.11 x107!
0.5 6.58 x10° 4.93 x10° 8.22 x10° 6.04 x107! 6.01 x107! 2.32 x10°
0.6 1.81 x10* 1.36 x10* 2.26 x10* 2.90 x10° 2.89 x10° 8.43 x10°
0.7 3.70 x10* 2.77 x10* 4.62 x10* 1.04 x10* 1.04 x10! 2.36 x10!
0.8 6.39 x10% 4.79 x10* 7.99 x10% 2.88 x10* 2.87 x10! 5.56 x10!
0.9 9.96 x10* 7.47 x10* 1.25 x10° 6.41 x10! 6.39 x10! 1.14 x10?

1 1.41 x10° 1.09 x10° 1.82 x10° 1.21 x102 1.21 x10? 2.10 %102
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reaction rate. Here the *F(p, a)'®O rate dominates around
T = 0.1 GK, as found in previous works (e.g. NACRE [20]).

FIG. 20. Ratio of the present reaction ?F(p,a)'®O reac-
tion rate to that of the NACRE compilation [20] (red solid
line). The upper and lower uncertainty limits are indicated
by the red dashed lines (this work) and the black dashed lines
(NACRE [20)).
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FIG. 19. Fractional contributions of the different final state
contributions to the upper limit calculation of *F(p, a)'®O
reaction rate. In this case the interference of the threshold
state and subthreshold resonances enhance the °F(p, a2)*®0O
reaction, making it dominant at all temperatures.

s2 contribution to the total rate of the different reaction
s33 channels for the central value rate.

g« For the upper limit, the interference solution shown
s35 by the black line in Fig. is used, where both a broad
a3 width is taken for the threshold level (I' = 1 keV) and
ss7 & subthreshold contribution is included. This enhanced
s 19F(p, a2)%0 cross section is now larger than even the
s30 resonance enhanced rates of the F(p, )90 cross sec-
ss0 tion reported in recent works [35] [44] (as discussed in
s Sec. [V A). The fraction of the total rate stemming from
sz the different reactions is given in Fig. The rate and
a3 the recommended uncertainty range are shown in Fig.

844 E. 'YF(p,v)*°Ne reaction rate

as  One of the other main results of this work has been a
sis Te-analysis of the F(p,v)?°Ne reaction rate. Here the
sar previous experimental results of Kious [41], Spyrou et al.
ss [29], and Couture et al. [30] are combined in a global
a9 R-matrix analysis to gain more insight into the extrap-
o olation of the low energy cross section. In Angulo et al.
et [20], a 50% uncertainty was adopted for the low tem-
s perature range for the 9F(p,~)?°Ne reaction. Here it
ss3 has been shown that, through previously neglected in-
sse terference, the near threshold state and direct capture
g5 can result in considerably larger uncertainties, becoming
sse about an order of magnitude at T' = 0.1 GK and larger
ss7 than three orders of magnitude at very low temperatures
s (see Sec. and Fig. . The effects of this larger un-
ss0 certainty range are investigated in Sec. [V}

860 VI. ASTROPHYSICAL IMPACT

s1  The details of the suggested CNO breakout in massive
sz Pop III stars are discussed in Clarkson and Herwig [19].
s3 Here we will repeat the most salient points and refer the
a4 reader to that work for further details.

ss  Pop III stars begin their lives with primordial com-
ss position and begin hydrogen burning via p — p chains
s7 and contract until central temperatures are high enough
ses (= 108 K) to ignite the 3a-process. This bridges the mass
so b and mass 8 gaps, such that a small amount of CNO cat-
ero alyst is formed [75], X12¢c ~ 1079, which kickstarts the
en CNO cycle. In Clarkson and Herwig [19], 1D stellar evo-
s lution simulations showed that hot CNO cycling takes
a3 place at peak core H-burning temperatures although this
s phase lasts for ~ 1% of the total main-sequence lifetime.
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Hot CNO cycles can be activated for a short period of
time at the end of hydrogen shell burning in these stars
as well. Single-zone nucleosynthesis calculations revealed
that small amounts of Ca (X¢, &~ 107!2) are produced
through breakout reactions passing through '°F.

To determine the impact of the presented revisions of
the 19F(p, @)%0 and F(p,v)?°Ne reaction rates, we
have run single-zone simulations with the same condi-
tions as those adopted in Clarkson and Herwig [19], which
use a constant temperature, 7 = 1.19 x 108 K, and den-
sity, p = 39.8 gem™3, based on their 80 My, Pop III
stellar evolution model. Initial abundances are those
attributed to the Big Bang abundances [76]. We use
the NuGrid collaboration’s PPN code [77] with charged-
particle reactions from the JINA reaclib V0.5 [7§]
and F +p reactions taken from the NACRE compila-
tion [20], with symmetric uncertainties of 50% as pro-
vided. The abundances presented here are measured at
the time step where the mass fraction of hydrogen is
10=2. Other single zone calculations using slightly dif-
ferent temperature and density conditions presented in
Clarkson and Herwig [19] were also tested with the up-
dated reaction rates but no notable differences in the
findings presented below were found.

These simulations show that the new recommended
values for these rates decrease the abundances of species
with Z > 9 (Fig. 22)). Mass fractions for these species
are quite small in both simulations, with *°Ca being the
most abundant, followed by 32S and 28Si. All other mass
fractions are < 10715. The updated reaction rates lead
to a change of &~ 70% in these species. Similarly, Fig.
shows the change in abundance evolution in our single
zone simulations.

Fig. 24 shows the mass fractions of Ca, and the sum of
all isotopes with Z > 9 in these simulations. The change
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in abundance is due almost entirely to the revision of the
9F (p, v)?°Ne reaction rate. The larger uncertainty stems
from the investigation of additional uncharacterized reac-
tion contributions to the low energy cross section, namely
direct capture, a near threshold state, and subthreshold
states (see Secs. and . In the NACRE com-
pilation [20], a non-resonant component was considered,
where an estimated uncertainty of 50% was adopted. The
total mass fraction of Ca is 2x107!3 with the rates pre-
sented in this work, and 6.5x10713 using the NACRE
rates [20]. Clarkson and Herwig [19] found Ca mass frac-
tions of ~ 107!2 in 1D stellar evolution models, some-
what more than what is found in single zone calculations.
The difference here is due to the fact that 1D models take
into account the continued convective mixing and supply
of additional seed CNO material, which is not included
in the one-zone simulation. Therefore, the one-zone sim-
ulations must be interpreted in a differential sense i.e.,
the numbers presented here are not intended to be com-
pared with stellar observations directly, but rather show
the magnitude of the impact.

As explained in the introduction, Clarkson and Her-
wig [I9] found that model predictions of Ca from H
burning sources are ~ 0.8 to 2dex too low to account
for the observed Ca abundances in the most Fe-poor
stars. Repeating the same analysis with the updated
reaction rates presented here would increase this ten-
sion as the predicted Ca range from H burning decreases
by ~ 0.5dex. With the updated rates, the models and
methods of Clarkson and Herwig [I9] would predict H-
burning Ca abundances lower by 1.3 to 2.5 dex compared
to observations. However, within the range of nuclear
uncertainty the predicted Ca abundance approaches the
observed Ca abundance within 0.5dex. More accurate
nuclear data is needed to determine the origin of Ca in
Pop III stars and thereby distinguish between the faint
supernova model and alternative models, such as the light
i-process model proposed by Clarkson et al. [2I], or ex-
plosive burning [79].

~
~

To summarize, in order to estimate the upper limit
of Ca production in the most Fe-poor stars a faint-
supernova model has been suggested that requires the
fall-back of Ca produced from Si burning, i.e., the Ca pro-
duced in these models is not produced during the explo-
sion, and comes from the star’s outermost layers. Based
on their stellar evolution simulations Clarkson and Her-
wig [19] find, under these assumptions, an upper limit
[Ca/H] = -7.7, about 0.8 dex below the measured value
for the Keller star. The new °F rates presented here
lower the predicted Ca abundance by ~ 70% at the tem-
peratures present in Pop III H burning (100-150 MK).
However, because the uncertainty in the '°F reactions
rates is found to be much larger than previously esti-
mated, the updated calculations remain consistent with
previous results, clearly indicating the need for additional
nuclear data.
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FIG. 23. Abundance evolution showing simulations with rates
from this work (solid lines) and using rates from the NACRE
compilation [20] for '*F+p reactions (dotted lines). Abun-
dances are plotted as a function of the decreasing amount
of H in the single-zone network simulation. Therefore time
proceeds from left to right.
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using either the '*F-+p reaction rates of this work (red) or
those from the NACRE compilation [20] (blue). Bars indicate
the variation of these abundances within the uncertainties.

VII. SUMMARY

969

A comprehensive R-matrix analysis has been per-
on formed that includes the majority of the low energy
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cross section data for 19F+p reactions using the phe- 1007
nomenological R-matrix approach. The simultaneous s
fit was able to satisfactorily reproduce the available o0
cross section data for the 19F(p, )10, F(p,7)?°, and 1w
YE(p,p)!F data. As several recent works have fo- o,
cused on the 19F(p, 04(0,1))160 reaction, the present work
centers on the F(p, o (254))'°0 and ¥F(p,7)?" reac-
tions. In general, a similar range of uncertainty is found 101
for the YF(p,a)'0 reaction rate, but it is found that
the 19F(p, a)'%0 cross section may be comparable in 1o
strength with the 19F(p, a)®O cross section, even at low 107

1013

1015

o3 energies where traditionally the F(p, a)'®O cross sec-
tion has been thought to dominate the total cross section.
It is also found that the uncertainty in the low energy
cross section of the 19F(p,~)?° reaction is considerably
larger than previously estimated (e.g. NACRE [20]).
These results indicate that further measurements are
needed. Of prime importance, proton transfer studies
should be made in order to determine the proton ANCs
of proton bound states. These are needed both to con-
strain contributions from subthreshold states and to de-
o3 termine the magnitude of the direct capture contribu-
o tions for the capture reaction. Measurement of the as-
o5 width of the near threshold state is also also critical.
o6 Low energy measurements of the 19F(p,p(1’2))19F reac-
o7 tions are also highly desirable in order to better constrain
ws the multichannel R-matrix analysis. As pointed out in
oo Couture et al. [30], *F(p, v1)?°Ne cross section should be
1000 measured to higher energies in order to better constrain
won high energy resonances contributions. Finally, but likely
w2 the most difficult, the 12F(p, a2) %0 and F(p, v)?° cross
1003 section measurements need to be extended to lower ener-
w04 gies, in particular, in their off-resonance regions, in order
005 to limit the many different interference solutions that are
w06 currently possible. In particular, if measurements and

984

985

986

987

988

989

990

991

992

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

23

uncertainties for the bound state and near threshold lev-
els can be made, a more rigorous uncertainty analysis will
then be appropriate, leading to more statistically mean-
ingful reaction rate uncertainties.

The larger uncertainty found for the *F(p,v)?°Ne re-
action only goes to further emphasize the resulting uncer-
tainty in nucleosynthesis calculations where these rates
are needed. The new recommended F(p, v)?°Ne rate of
this work reduces the mass fractions for elements with Z
> 9 during hydrogen burning in massive Population III
stars, thus increasing the difficulty in creating Ca solely
within hydrogen burning conditions in the first stars.
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