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Fluorine abundance in stars is a sensitive indicator of the physical conditions and processes occurring
within their interiors. Recent extrapolated results on the 19Fðp; αγÞ16O fluorine destruction cross section
suggested an increase of the astrophysical factor by several orders of magnitude at astrophysical energies,
with profound implications for our understanding of stellar evolution and nucleosynthesis. We have
indirectly measured the 19Fðp; αγÞ16O cross section using the Trojan horse method, fully covering
astrophysical energies with no need of extrapolations. The strength of the 11 keV resonance was extracted
and a significant reduction of the reaction rate was determined, compared to previous studies. The analysis
of the astrophysical impact suggests that our measurement challenges existing predictions about fluorine
and heavier elements’ abundances, reigniting unresolved questions in the field.

DOI: 10.1103/cq71-jy7s

Stars are the synthesis site of most atomic elements. In
particular, the asymptotic giant branch (AGB) phase of low-
and intermediate-mass stars (M < 8–9 solar masses—M⊙)
is responsible for the production of light elements (carbon,
nitrogen, fluorine) through charged-particle reactions,
and of heavy elements beyond iron up to bismuth via
slow neutron captures (s process [1]). Nucleosynthesis in
AGB stars is complicated by the activation of several
nuclear burning scenarios such as the cool bottom process,
the hot bottom burning, and 4He induced reactions in the
He-rich intershell region. Such scenarios have been studied

throughout the years in several works (see, for instance,
Refs. [2–4]). Massive stars (M > 8–9M⊙) contributed to the
present-day elemental abundances of the Galaxy synthesiz-
ing light, intermediate (e.g., oxygen, magnesium, silicon,
calcium), and iron-peak (e.g., titanium, iron, nickel) ele-
ments through heavy-ion fusions during their lives and their
deaths as core-collapse supernovae [5–7]. The first stellar
objects formed out of the matter emerged from the big bang
(population III stars) were thought to be more massive than
10M⊙ or so, up to ∼1000M⊙. They had a chemical
composition mainly dominated by H and He with few
traces of D, Li, Be, and B [8]. In this context, α-capture
reactions on lithium and boron isotopes could lead to the
production of CNO elements, thus impacting our under-
standing of the cosmological lithium problem. Also, CNO
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breakout may lead to the synthesis of elements heavier than
20Ne (as, for example, calcium) in such pristine stars, now
observed in the most ancient stellar objects in our
Galaxy [9].
Among all the elements of the periodic table, fluorine

(and, specifically, its only stable isotope 19F) is a particularly
important one, as it is produced in all the stellar sites
discussed above [6,7,10–14] and acts as a separation
between the light (Li, Be, B, C, N, O) and intermediate
elements (from Ne up to Ca). However, it is also easily
destroyed, even at low temperatures of the order of tens of
million kelvin (≤ 4 × 107 K). Therefore, its abundance
bears the footprints of the nucleosynthesis scenarios and
can be used as a criterion to constrain astrophysical models.
Despite its importance, fluorine nucleosynthesis is still

largely uncertain (as pointed out, for instance, by the
NuPECC Long Range Plan 2024 [4]). A possible solution
to the fluorine puzzle may arise from advances in exper-
imental nuclear physics. Until the publication of the Nuclear
Astrophysics Compilation of Reaction Rates (NACRE)
[15], the main contributing channels to the 19Fðp; αÞ16O
cross section were believed to involve the ground and first
excited states of 16O. Because of the lack of data, the low-
energy astrophysical S factor SðEÞ ¼ EσðEÞ exp[2πη] [15]
was extrapolated using a nonresonant trend, based on the
results of an unpublished work (see Ref. [15] for a detailed
discussion). The seminal work [16], later corroborated by
Ref. [17], showed that the 19Fðp; αÞ16O reaction, proceeding
through the 16O ground state, is endowed with a rich pattern
of resonances, especially at center-of-mass energies around
100 keV that correspond to the 19Fðp; αÞ16O energies of
astrophysical relevance for the destruction of fluorine in
giant stars [18]. These results triggered the completion of
several new studies, which are summarized in Ref. [19],
including new indirect and direct measurements (especially
underground) and reanalysis of existing data using phe-
nomenological tools such as the R matrix [20].
In particular, recent measurements conducted in the low

background environment of the China JinPing Underground
Laboratory [21–23], could reach down to about 70 keV
center-of-mass energy in the 19Fðp; αγÞ16O reaction [21,22],
mostly populating the 16O second excited state (α2 channel)
[20], and about 180 keV in the 19Fðp; γÞ20Ne competing
channel [23]. Such measurements suggested the occurrence
of resonances at low energies, notably, a strong 11 keV
resonance has emerged, which may shift the dominance on
the rate to the 19Fðp; αγÞ16O channel around 5 × 107 K [24],
the temperatures of interest for fluorine burning in giant
stars [18], previously overshadowed by the ground state
channel [19]. This resonance strength, while based on
extrapolations from data taken at significantly higher
energies, leads to a reaction rate for the 19Fðp; αγÞ16O
reaction ∼30 times larger than the previous estimates
[25] at 5 × 107 K, whereas the 19Fðp; γÞ20Ne reaction rate

is reported to be∼13 times larger than in NACRE [23] at the
same temperature. The impact of the occurrence of the
11 keV resonance extends well above 5 × 107 K: sensitivity
studies (see Figs. S1 and S2 in Supplemental Material [26])
show that even at 108 K its presence causes an increase in
the reaction rate by 50% for the 19Fðp; αγÞ16O and by 20%
for the 19Fðp; γÞ20Ne, with possible consequences on
nucleosynthesis in other environments, such as early stars
[23]. This is also apparent by inspecting Fig. 2 of Ref. [23],
where the contribution of the 225 keV resonance is super-
imposed on a dominant contribution from the 11 keV
resonance. Such modifications may significantly impact
astrophysical predictions and our understanding of fluorine
destruction, given the fact that the 19Fðp; αγÞ16O rate is
giving a major contribution to the total rate [20].
The importance of the low energy region, so far not

achieved in direct measurements, has triggered a new
indirect measurement using the Trojan horse method
(THM) [36,37] focusing on the 19Fðp; αγÞ16O channel.
The THM is an indirect technique developed for the
measurement of low-energy nuclear reactions free of the
Coulomb barrier suppression and electron screening [38],
successfully used in the past decades to measure cross
sections of reactions of astrophysical interest (see, e.g.,
Refs. [36,37] and references therein). It uses a three-body
Aðb; cCÞs reaction to deduce the cross section of the
astrophysical Aðx; cÞC process by assuming a b ¼ xþ s
configuration and quasifree reaction conditions. The basic
features of the method and the details on the experiment are
discussed in Supplemental Material [26]. Here, we note that
the experiment was carried out at INFN, Laboratori
Nazionali del Sud, Catania (Italy). A 55 MeV 19F beam
was accelerated by the SMP Tandem accelerator and
delivered onto a CD2 target to induce the reaction
2Hð19F; α16OÞn. Deuteron was used to transfer a proton
to induce the reaction of astrophysical importance, while the
neutron acted as the spectator under quasifree conditions.
The emitted α and 16O nuclei were detected in coincidence
in four silicon position sensitive detectors arranged in a
symmetric configuration with respect to the beam axis. The
two detectors (A, B) placed at the most forward angles, were
equipped with ionization chambers as energy-loss detectors,
for particle identification [39]. The other two (C, D), were
optimized for α particles detection at less forward angles. A
sketch of the experimental setup is presented in Fig. S4 of
Supplemental Material [26].
The first step in the data analysis was the selection of the

quasifree contribution to the total reaction yield following
the procedure in Ref. [40]. Then, a consistency check
between the A, C and B, D coincidence pairs (covering
almost the same phase-space regions) was performed.
Given the perfect agreement, data were summed out and
integrated over the experimental angular distributions. The
deduced quasifree 2Hð19F;α16OÞn cross section for the
population of 16O at 6.130 MeV (α2 channel) is shown in
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Fig. 1. This is the channel giving the dominant contribu-
tion to the 19Fðp; αγÞ16O reaction at astrophysical energies
[20]. In the figure, error bars include statistical and angular
distribution integration errors. It is important to highlight
the role of angular distributions in the data analysis: thanks
to the large difference in spin parities of 16O first (0þ) and
second (3−) excited states, the relative contributions of the
two channels could be assessed and separated (Table I in
Supplemental Material [26]) even if the energy separation
of about 80 keV, is below the experimental resolution.
Furthermore, the spin parities of the observed resonances
in the 19Fðp; αγÞ16O reaction were either confirmed or
determined for the first time. An extensive discussion of
data reduction is provided in Supplemental Material [26].
Using the THM narrow resonance approximation [40],

given a constant energy resolution as confirmed by a
dedicated Monte Carlo simulation (∼100 keV full width
at half maximum) including all the experimental effects, the
THM resonance strengths Ni equals the areas subtended by
the peaks (see Sec. II of Supplemental Material [26] and
Ref. [40] for details). According to the procedure in
Ref. [40], to extract these values the quasifree cross section
was fitted using a sum of Gaussian functions and a linear
background (whose contribution was found to be negli-
gible), where the Gaussian centroids are set to the energies
reported in the literature [24] and the widths to the
simulated energy resolution. The fitting function is dis-
played as a red line in Fig. 1 (χ2=n of degrees of freedom
¼ 2.0, mostly due to the points above 0.95 MeV), along
with the contribution of the single peaks (dotted lines)
marked with an arrow and labeled with the resonance
energies (see column two in Table I).
The most notable result of the present Letter is the

observation of the 11 keV resonance, previously only
hypothesized based on an unpublished Ph.D thesis [41]
and a transfer reaction [42], whose identification is

uncertain due to the large mismatch in the resonance energy.
Thanks to the application of the THM, it has been possible
to confirm its occurrence and determine its strength. Other
resonances, clearly showing up in the cross section, are
those at 323.31 keV (used in Refs. [21,22] for normaliza-
tion) and at 828.17 keV. Given also the accuracy with which
their strengths are measured (about 4%), we used them for
normalization of the THM resonance strengths [40]. By
using two resonances for the normalization, it is possible to
reduce the systematic error (as discussed, for instance, in
Ref. [43] and references therein). To obtain the resonance
strengths in absolute units the THM strengths were cor-
rected to include the Coulomb barrier penetration [40]:

ðωγÞi ¼
1

2π
ωiNi

Γðp19FÞi
dσð19Fþd→nþ20Ne�

i
Þ

dΩn

; ð1Þ

where ωi is the statistical factor for the ith resonance
ð2Ji þ 1Þ=½ð2Jp þ 1Þð2J19F þ 1Þ�, Jx the spin of nucleus
x, Ji the spin of the ith resonance, Ni the TH resonance
strength, and the ratio is calculated in single-particle
approximation, so no spectroscopic factors enter the
calculation. For the determination of Γðp19FÞi and
dσð19Fþd→nþ20Ne�i Þ=dΩn, a standard Woods-Saxon potential
was used to describe the nuclear potential well, varying the
parameters to assess the systematic error arising from the
model dependence, and the plane-wave impulse approxi-
mation to describe the proton stripping. It is well known,
indeed, that the plane-wave impulse approximation pro-
vides a reliable description of the trend of the stripping
cross sections but fails to reproduce the absolute values
[44]. This is not a problem in our case, since Eq. (1)
supplies resonance strengths in arbitrary units. Absolute
units have been deduced by scaling the strength of the ith
resonance to those of the ν ¼ 3 and ν ¼ 8 ones, according
to column 1 of Table I, and taking the weighted average of
the two resulting set of strengths.
The present-Letter resonance strengths and total errors

are given in Table I, columns 6 and 7, respectively. Total
errors include the contribution of the statistical error (at most
4%), the error propagated from the integration of the angular
distributions (3% maximum), the normalization error (3%),
and the systematic uncertainty due to the model depend-
ence, reaching at most 13%. The latter has been evaluated
for each resonance by changing the potential parameters by
10% and propagating the errors. Normalization error is a
minor source of uncertainty in the present Letter since the
strengths of the resonances used for normalization are
known with a ∼4% accuracy from direct measurements
(Table I). Finally, when taking the weighted average of the
resonance strengths deduced for the two different normal-
izations, it has been considered that only the normalization
errors are uncorrelated. The inspection of Table I shows that
the 225 keV resonance [23] was not observed in the present
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FIG. 1. Experimental cross section and best-fit curve. Quasifree
2Hð19F; α16OÞn cross section (solid circles) for the population of
16O at 6.130 MeV, that is, the α2 channel. The red line is a best-fit
curve as described in the text, and the dotted lines are the
individual contributions. The observed resonances are marked by
an arrow.
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Letter, due to its small strength and the effect of the energy
resolution [45]. Besides the 11 keV resonance, the analysis
was extended to all resonances below 1 MeV to conduct a
validity test of our method in the present case (the method
has been extensively tested in various systems, see Ref. [43]
and references therein). The comparison between the
strengths in the literature [15,24] (columns 4 and 5 in
Table I) and those deduced from our experiment (columns 6
and 7 in Table I) exhibits a very good agreement for all
resonances with the exception of the 11 keV one, with a
maximum deviation of 1.8σ.
Focusing on the 11 keV resonance, we confirm the 1þ

spin parity attribution based on our experimental analysis of
angular distributions (see Supplemental Material [26] for
more details). Our measured strength is 5.8 times smaller
than the extrapolated values [15,24], though the correspond-
ing astrophysical factor, renormalized to match the mea-
sured resonance strength, is in good agreement with
available experimental data, denoting a poor constraint
set by direct experimental data taken at energies far from
the region of interest. In detail, Fig. 2 shows the comparison
between the S factor calculated using the present-Letter
strengths of the 11 keV resonance for the 19Fðp; α2Þ16O
[panel (a)] and 19Fðp; γÞ20Ne [panel (b)] channels (red line),
with the results in Refs. [21–23] (black line for the R-matrix
fit, black circles for the experimental data). A very good
agreement is generally present, and the deviations in panel
(a) are attributed to the lack of details on the R-matrix
analysis in Refs. [21,22].
Using the experimental-data-based astrophysical factor

from the present experiment, we calculated the reaction rate
using the standard formula [Eq. (2) of Ref. [22] and
Ref. [46] ], inserting the S factors in Fig. 2. By fixing
the resonance energies to the ones in the literature, the
propagated uncertainty on the reaction rate due to the

accuracy in the energy determination is the same as in
the literature [22]. The 19Fðp; α2Þ16O reaction rate from
the present Letter is compared with the one in Ref. [22] in
Fig. 3(a), where both rates are divided by the one in Ref. [25]
for reference. The THM rate (red band) is generally lower
than the one in Ref. [22] (green band) due to the reduced
strength of the 11 keV resonance, and its accuracy is
significantly improved thanks to the direct observation of
the latter. Above about 8 × 107 K, the two rates almost
coincide. The comparison with SP00 [25] shows that the role
of the 11 keV resonance can be relevant even at higher
temperatures, of the order of 108 K, since the main differ-
ence between Refs. [21,22] and [25] is mostly attributable to
the influence of such threshold resonance (see Figs. S1 and
S2 in Supplemental Material [26] for a quantitative deter-
mination). A similar reduction in the reaction rate is found
for the 19Fðp; γÞ20Ne, as it is apparent from the inspection of
the S factors in Fig. 2. Figure 3(b) shows the comparison
between the present-Letter reaction rate (red band) and the
ones in Ref. [23], both divided by the NACRE one [15]. An
apparent reduction in the median rate is present, while the
uncertainty is significantly reduced at temperatures below
108 K thanks to the THM accurate measurement of the
11 keV resonance strength. Since the 19Fðp; α0Þ16O and
19Fðp; απÞ16O channels (populating 16O ground and first
excited state, respectively) are unaffected by the present
Letter and provide the largest contribution to the rate

TABLE I. List of the measured strengths and comparison with
the literature. Progressive number, resonance energies [15,24],
NACRE [15] strengths and their errors, and the present work’s
strengths and their uncertainties are listed, respectively.

ν ER
i (keV) Jπ ωγ (eV)a δωγ (eV)a ωγ (eV)b δωγ (eV)b

(1) 11 1þ 7.5 × 10−29 3 × 10−29 1.3 × 10−29 1.6 × 10−30

(2) 212.71 2− 2.2 × 10−2 4 × 10−3 2.3 × 10−2 2.7 × 10−3

(3) 323.31 1þ 23.1 0.9 24.5 1.8
(4) 459.53 1þ 9.5 0.7 11.4 1.3
(5) 564.42 2− 50 6 43.7 4.1
(6) 635.31 1þ 88 10 103.4 11.4
(7) 790.53 2þc 27 6 23.7 2.7
(8) 828.17 2− 785 32 664.2 59.0
(9) 887.14 1þ 452 31 567.1 63.2

aStrengths as reported in NACRE [15].
bPresent-Letter strengths.
cBased on the present-Letter angular distributions, we

determined a 2þ spin-parity value.

FIG. 2. Astrophysical factors for the 19Fðp; α2Þ16O and
19Fðp; γÞ20Ne reactions. (a) Experimental data from Refs. [21,22]
and corresponding R-matrix best fit curve [21], displayed using
black circles and a black line, respectively. The astrophysical
factor including the present-work 11 keV state resonance strength
is shown as a red line. Panel (b) is the same as panel (a), where
experimental data and fitting curve are taken from Ref. [23].

PHYSICAL REVIEW LETTERS 135, 182701 (2025)

182701-4



between ∼5 × 107 and ∼1.2 × 108 K [24], a lower ratio of
the 19Fðp; γÞ20Ne rate to the total 19Fðp; αÞ16O rate (summed
over all the exit channels) is obtained. If the NACRE rate
[15] is taken as reference, following the same procedure as in
Ref. [23], our Letter recommends an enhancement factor of
∼10 at 5 × 107 K (to be compared with over 13 in Ref. [23])
and of 4.6–6.4 at 108 K (to be compared with a factor of
5.4–7.4 in Ref. [23]). While this latter enhancement factor
partially overlaps within uncertainties, our measurement-
based reaction rate points to a lower ratio even at CNO
breakout temperatures. This is because the 11 keV resonance
is very strong so it influences the reaction rate even at higher
energies.
The recent works [21,22] suggested a significantly

higher fluorine destruction rate, approximately 30 times
greater than that reported in Ref. [25] at 5 × 107 K. In
contrast, the present measurement significantly reduces the
contribution of the 19Fðp; αγÞ16O channel to the total
19Fðp; αÞ16O rate, resulting in a total rate closer to the
NACRE value [15]. Similarly, the revised rate for the
19Fðp; γÞ20Ne reaction is lower than recent findings, but
still exceeds the NACRE results. This leads to a
ðp; γÞ=ðp; αÞ reaction rate ratio that is lower than the
recent works but higher than NACRE below 3 × 108 K.
Therefore, the findings of this Letter have significant
implications for astrophysics.

While AGB stars are often considered the primary source
of galactic fluorine [10], recent studies [6,11,12,47] have
demonstrated that rotating massive stars could have sig-
nificantly contributed to fluorine production in the early
Universe. Rotation induces entanglement between hydro-
gen- and helium-rich regions, providing the necessary
ingredients ðn; p; 4He; 14NÞ for fluorine production within
the convective He-burning shell. However, the typical
temperatures within this shell ð∼3 × 108 KÞ are likely
too high for the revised 19Fþ p reaction rates to signifi-
cantly impact fluorine production in these stars. Other
potential production sites include core-collapse supernovae
(SNeII) via neutrino spallation, Wolf-Rayet stars, and white
dwarf mergers ([13], and references therein). However,
AGB stars remain the only observationally confirmed
source of fluorine [13]. A comprehensive investigation of
the impact of these findings on all potential production sites
is beyond the scope of this Letter and will be addressed in
future studies.
Here, we focus on evaluating the impact of the revised 19F

destruction rate on the interpretation of observed 40Ca
abundance in the oldest ultra-iron-poor stars. This abun-
dance is attributed to hydrostatic burning in population III
stars through the CNO breakout mechanism [9,20]. The
19Fðp; γÞ20Ne reaction may lead to a leakage of material
toward the NeNa mass region, facilitating calcium produc-
tion and potentially accounting for the observed Ca abun-
dances in the most metal-poor stars known, such as
SMSS0313-6708 [9]. Recent studies [23,48] have proposed
that CNO breakout, particularly in cases of hydrogen
ingestion during the hydrostatic evolution of massive stars,
can indeed reproduce observed elemental calcium abun-
dances. However, our findings indicate that the increased
19Fðp; γÞ20Ne=19Fðp; αÞ16O ratio compared to NACRE is
insufficient to explain the observed Ca abundance in stars

FIG. 3. Present-Letter reaction rates and comparison with the
literature. (a) Ratio of the rate from Ref. [22] and the one in
Ref. [25] (SP00) used as reference value (green band), compared
with the one based on the THM astrophysical factor, also divided
by SP00 (red band). The bands highlight the uncertainty range.
The temperature is expressed in billion kelvin (T9 ¼ T=109 K).
(b) Same as panel (a), where the rate from Ref. [23] (green band)
and the rate from the present Letter (red band) are divided to the
NACRE one [15].

FIG. 4. Impact of present-Letter reaction rate on Pop III stellar
models and comparison with SMSS0313-6708. Comparison
between stellar yields and SMSS0313-6708 [Ca/Mg] [49] abun-
dance, evaluated at different mass coordinates, to simulate a faint
supernova: the base of the hydrogen (H) rich envelope, and the
base of the helium (He) shell. The different colors represent
yields calculated by means of a different choice for the 19F
destruction rates (NACRE for [15], THM for present Letter, and
Zhangþ 22 for [22,23]). The horizontal dotted line represents the
observed ½Ca=Mg� ¼ −2.9 in SMSS0313-6708 from [9].
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like SMSS0313-6708, as shown in Fig. 4. This conclusion
holds true for both 20 (diamonds) and 25 (circles) solar
mass models. The 20 solar mass model experiences no
hydrogen ingestion, limiting Ca production to higher
temperatures ð1.9 × 108 KÞ. The 25 solar mass model
experiences the hydrogen ingestion event, causing a merger
between the helium and hydrogen convective zones and
triggering proton-induced nucleosynthesis in a broader
temperature range ð∼0.6–1.9 × 108 KÞ. Even including
such an ingestion event, the Ca abundance observed in
SMSS0313-6708 (dotted line in Fig. 4) is about 2 orders of
magnitude higher than the computed models.
In conclusion, the present measurement of the

19Fðp; αγÞ16O cross section at astrophysical energies, result-
ing in a diminished channel contribution to the total
19Fðp; αÞ16O rate, along with the use of a full astrophysical
model, challenges the conclusions drawn in Ref. [23]
regarding the Ca production in population III stars.
Moreover, it is expected to further reduce the impact of
fluorine destruction in AGB stars with respect to what is
shown in Ref. [24], leaving the fluorine abundance problem
unresolved.
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