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Abstract
The observational F abundance in stellar environments systematically exceeds the predicted one, thus
representing one of the unsolved challenges for stellar modeling. It is therefore clear that further investigation is
needed in this ﬁeld. In this work, we focus our attention on the measurement of the 19F (a, p )22 Ne reaction in the
astrophysical energy range, between 0.2 and 0.8MeV (far below the Coulomb barrier, 3.8 MeV), as it represents
the main destruction channel in He-rich environments. The lowest energy at which this reaction has been studied
with direct measurements is ∼0.66MeV, covering only the upper tail of the Gamow window, causing the reactionrate evaluation to be based on extrapolation. To investigate lower energies, the 19F (a, p )22 Ne reaction has been
studied by means of the Trojan horse method, applied to the quasi-free 6Li (19F, p 22 Ne)2H reaction at
Ebeam=6 MeV. The indirect cross section of the 19F (a, p )22 Ne reaction at energies 1MeV was extracted, fully
covering the astrophysical region of interest and overlappingexisting direct data for normalization. Several
resonances have been detected for the ﬁrst time inside the Gamow window. The reaction rate has been calculated,
showing an increase up to a factor of 4 with respect to the literature at astrophysical temperatures. This might lead
to potential major astrophysical implications.
Key words: nuclear reactions, nucleosynthesis, abundances
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produced by the 13C(a, n )16O or the 22Ne(a, n )25Mg reactions.
If hydrogen is available in sufﬁcient abundance, ﬂuorine may
also be depleted through the very strong 19F( p, a)16O reaction.
Such reactions mainly affect ﬂuorine dredged up to the surface
and exposed to high temperatures and high p abundance in extra
mixing phenomena. Therefore, if the ﬂuorine synthesis mechanism is known, its abundance measured on the stellar surface
may allow us to constrain stellar physical parameters and mixing
scenarios. However, the observed 19F abundances cannot be
explained to date (e.g., Lugaro et al. 2004), and a possible reason
is the large uncertainties in the reaction rates involved in ﬂuorine
production and destruction.
In particular, the reaction rate for the 19F (a, p )22 Ne reactionis
affected by a large uncertainty at helium-burning temperatures
(0.4  T9  0.8) because of the lack of experimental data at
astrophysical energies. Even recent nucleosynthesis models
(Palacios et al. 2005) rely on the very simpliﬁed rate expression
of Caughlan & Fowler (1988), based on an optical model
approximation for estimating the cross section of compound
nuclear reactions with overlapping resonances. This reaction rate
is in reasonable agreement with Hauser–Feshbach estimates
(Thielemann et al. 1986). In the more recent work of Ugalde et al.
(2008), the cross section has been measured, and several
previously unobserved resonances have been found in the energy
range Ec.m. = 0.66–1.6 MeV. An R-matrix ﬁt was performed
and the reaction rate for astrophysical applications computed.
The proposed R-matrix ﬁt accounts for the observed resonances,
while extrapolation of the cross section was performed to deduce

1. Astrophysical Motivation
One of the most relevant open issues in astrophysics is the
origin of the chemical elements. Although a lot has been done
in the last decades to comprehend it, nucleosynthesis is still far
from being fully understood. Even among the A  56
elements, whose production is better understood, there are
important cases where the nucleosynthesis of the elements is
still uncharted. The only stable isotope of ﬂuorine, 19F, is the
least abundant of the elements with 12  A  32, and its
origin is still a matter of debate. Fluorine is an element of
particular interest, as it is extremely sensitive to the physical
conditions within stars, so it could be used as a probe of the
stellar interior if its nucleosynthesis is well understood (Lugaro
et al. 2004).
Three different astrophysical sites are suggested for production of 19F: AGB stars (Jorissen et al. 1992), which are regarded
as the major contributors to the Galactic ﬂuorine abundance;
type II supernovae (Woosley & Haxton 1988); and Wolf–Rayet
stars (Goriely et al. 1989). Nevertheless, the only astrophysical
site where it was clearly observed is in AGB stars (Lucatello
et al. 2011), where ﬂuorine, once produced in the Heintershell
region via the 18O(p, α)15N(a, g )19F reaction chain, can be
destroyed by three main reactions. Because of the high
abundance of 4He in the intershell region, the 19F (a, p )22 Ne is
expected to be a dominant depletion link. Another destruction
process is the 19F(n, g )20F reaction, triggered by neutrons
8
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the low-energy behavior. Nevertheless, the reduced widths Ga of
the involved resonances were roughly estimated,and a more
precise determination would be necessary. Thus an experimental
measurement is needed in the Gamow energy range to better
understand ﬂuorine burning in an AGB environment. Because of
the strong experimental difﬁculties arising withthe
Coulomb barrier, a possible solution, as in other physical cases
discussed in the next section, might be given by indirect methods
and especially the Trojan horse method (THM).

to overcome the Coulomb barrier in the entrance channel of the
A + a  c + C + s reaction, the deduced A + x  c + C
cross section is devoid of Coulomb suppression and, owing to
the large energies involved, of electron screening effects. The
validity of such a participant spectator mechanism has been
extensively veriﬁed (Pizzone et al. 2013).
These considerations are supported by a more advanced
theoretical treatment (Mukhamedzhanov et al. 2008; La
Cognata et al. 2009, 2013, 2015), here discussed in brief.
The TH reaction amplitude describing the transfer of particle x
is given in the post form by

2. Theoretical Framework
The nuclear reaction cross section for charged particles in
astellar plasma, s (Ec.m.), is exponentially damped (e.g., nano/
picobarn) by the penetration of Coulomb and centrifugal
barriers, making it very challenging to precisely measure
s (Ec.m.) at the Gamow energy (EG ) (Rolfs & Kavanagh 1986).
This effect, of course, is much more dramatic for α-induced
reactions, with respect to reactions triggered by protons, due to
the stronger Coulomb suppression. The behavior of the cross
section at EG is usually extrapolated from higher energies
where data are available by using the smoother astrophysical
factor S (Ec.m.).
To avoid extrapolation, a number of experimental solutions
were proposed to enhance the signal-to-noise ratio at EG in
direct measurements, such as underground laboratories like the
LUNA project. Even in those cases whereenergies of
astrophysical interest are attained, measurements in the
laboratory suffer from the effect of electron screening
(Assenbaum et al. 1987). In order to overcome the difﬁculties
affecting direct measurements, the THM has been introduced,
and it has proved to be one of the most powerful tools
for investigating charged-particle-induced reactions at subCoulomb energies (see Tribble et al. 2014; Spitaleri et al. 2016
for reviews of the method). The THM wasdiscussed for the
ﬁrst time in Baur (1986) andSpitaleri (1991). It has been
successfully applied to several fundamental astrophysical
problems, such as primordial nucleosynthesis (Rinollo
et al. 2005; Pizzone et al. 2014; Tumino et al. 2014; Li
et al. 2015), thelithium problem (Pizzone et al. 2005b; Lamia
et al. 2012, 2013), light elementdepletion (Spitaleri et al. 2014;
Lamia et al. 2015), AGB stars (La Cognata et al. 2009;
Palmerini et al. 2013), and novanucleosynthesis (Sergi
et al. 2015). Recently, the method has proven suitable for
measurements involving radioactive ion beams (Cherubini
et al. 2015; Pizzone et al. 2016) and neutrons (Gulino
et al. 2013), thus proving its wide applicability. The idea of
the THM is to extract the cross section of an astrophysically
relevant two-body reaction
A+xc+C

M (P , kaA) = ác(k-sF) F(F-) ∣DVsF∣Y (i +) ñ.

Here, Y (i +) is the exact a+A scattering wave function;F(F-) is
the wave function of the system F = c + C = x + A;, c(k-sF) (rsF )
is the distorted wave of the system s+F;rsF and ksF are the
relative coordinate and relative momentum of particles s and
F;P = {ksF , k cC} is the six-dimensional momentum describing
the three-body system s, c , and C in the ﬁnal
state; DVsF = VsF - UsF ; VsF = Vsc + VsC = Vsx + VsA is the
interaction potential of s and the system F;and UsF is their
optical potential.
Using a shell-model-based R-matrix representation of the
F(F-a) wave function for channel α, a spectral decomposition is
obtained.
This is a key point in the THM theory for resonance
reactions, as the same reduced widths and resonance energies
appear in the THM half-offenergy-shell (HOES) cross section
and in the astrophysical factor. Therefore, the ﬁtting of the
THM cross section yields the resonance parameters of interest
with no need of corrections.
In practical calculations, the exact Mt (ksF , kaA) can be
replaced by the plane wave one. If noninterfering resonances
are also considered, triple differential cross section integration
over WcC is performed, and the dependence on the x−s
momentum distribution is removed; thus the THM cross
section takes the form (Mukhamedzhanov et al. 2008; La
Cognata et al. 2011)
d 2s
= NF
dExA d Ws
´

å (2Ji + 1)
i

k cC
mcC

2P l f (k cC R cC ) Mi ( pxA , RxA) g icC
Di (ExA)

2

,
(4 )

where NF is a normalization factor, Pl f isthe penetration factor
in l f –wave (which is the relative orbital angular momentum of
outgoing particles c and C), RxA and RcCarethe channel radii,
Mi ( pxA, RxA)isthe transfer amplitude for the a + A  F + s
reaction, and Di (ExA) is the R-matrix denominator (see
Mukhamedzhanov 2011for details).
In Equation (4), it is apparent that the on-energy-shell (OES)
and the HOES Sfactors have the same structure, except for the
presence of the Coulomb and centrifugal barrier penetrability in
the OES S(Ec.m.) factor that is missing in the entrance channel
of the HOES one. Therefore,by ﬁtting the HOES cross section,
which is devoid of electron screening effects butis smeared by
energy resolution, the OES one can be obtained, which can be
compared with direct data after normalization, since in Plane

(1 )

at low energies from a suitably chosen quasi-free (QF) threebody reaction:
A + a  c + C + s,

(3 )

(2 )

where particle a has a strong x Å s cluster structure. Under QF
kinematicconditions, s acts as a spectator to the A+x
interaction, and the cross section of the A + x  c + C
process can be deduced with the help of direct reaction theory.
In the present case, we will take advantage of the well-known
6Li = a Å d structure with α acting as a participant and d as a
spectator. If the bombarding energy EA is chosen high enough
2
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Wave Impulse Approximation (PWIA) no absolute units are
accessible. Normalization is obtained by scaling the strength of
the THM measured resonances to those of direct data in the
overlap region.
In this work, we will apply the THM to the QF reaction 6Li
19
( F, p 22 Ne)2H in order to retrieve information on the 19F
(a, p)22Ne reaction cross section at astrophysical energies.
3. Experimental Setup and Data Analysis
A preliminary indirect measurement of the 19F(a, p )22 Ne
cross section was performed at Florida State University, using
the 6Li(19F, p22Ne)2H reaction, ﬁring a 19F beam at 14 MeV
onto a pure 6Li target. A dominant contribution from a state in
24
Na (sequential decay mechanism) did not allow usto
disentangle the QF contribution and apply the THM formulas
to extract the 19F(a, p )22 Ne cross section.
The reaction was then studied using the Trojan horse
nucleus, 6Li, as projectile and selecting kinematic conditions
where the sequential mechanisms were expected to be minimal.
The 19F(6Li, p 22 Ne)2H experiment was performed at the Ruder
Bošković Institute (Zagreb, Croatia) using a 6 MeV 6Li beam
impinging on a 150 μg cm−2 7LiF target. Following the THM
prescriptions, the beam energy was chosen to measure the 19F
(α, p)22Ne cross section in the energy region of interest for
astrophysics. The detection apparatus was composed oftwo
DE - E telescopes, made witha thin silicon detector (9 μm)
and a thick position-sensitive detector (PSD;500 μm)placed at
12°. 3±7° and 32°. 3±7° for deuterium detection, and with
three more PSDs for proton detection (centered at 37°. 3, 81°,
and 119°. 9on the opposite side with respect to the beam axis,
respectively, covering about 10° each). The trigger of the
acquisition system was the logic AND between one of the
detectors placed at one side of the beam and one on the other
side. The angular resolution of each PSD turned out to be
around 0°. 25 and is crucial for such measurements.
Detectors were calibrated by means of standard αsources,
by scattering of protons offtheAu target, and by means of the
αʼs arising from the 6Li(12C, α)14N* reactionpopulating many
14
N excited states. Equally spaced grids, placed in front of each
PSD, were used for angular calibration.
Outgoing particles were identiﬁed by means of the standard
DE - E technique. Thus, once wereconstructed the angle of
emission and kinetic energy of the undetected particle, under
the hypothesis it was 22Ne, the experimental Qvalue was
deduced for the selected events. A distribution peaked at 0.18
was retrieved, in good agreement with the theoretical Qvalue
(0.199 MeV). Additionally, the comparison between the
experimental proton–deuteron kinematic locus and the simulated one makes us conﬁdent of ourgood reaction channel
selection and detector calibration. The technique described in
Costanzo et al. (1990) was applied to determine the mass of the
undetected particle and estimate the presence of background
reactions having p and d in the exit channel. A background
level lower than 5% was found. Eventually, only events
belonging to the 6Li(19F, p22Ne)2H channel were used for
further analysis.
Then, it was checked whether the reaction proceeds via a QF
process. Compelling evidence for the occurrence of such
amechanism is provided by the observed agreement between
the experimental momentum distribution of the deuterium inside
6
Li and the theoretical one given by the square of the Hänckel
wave function in momentum space (Pizzone et al. 2005a). In the

Figure 1. HOES 19F(a, p )22 Ne cross section extracted via the THM as a
function of Ec.m.. The experimental cross section (black circles) was ﬁtted using
the modiﬁed R-matrix formulas. The error bars account only for the statistical
errors. The resulting best ﬁt is shown as a solid line, while the band enclosed by
the short-dashed lines represents the uncertainty in the R-matrix ﬁt.

ps  55MeV c−1 region, a good agreement is found, soonly
events satisfying such aconstraint were considered in the
extraction of the QF cross section d 3s /dEc.m.dWc.m.dWd of the
6
Li(19F, p22Ne)2H reaction, since this is a necessary condition for
the QF mechanism being present and dominant (Shapiro
et al. 1965). It was also veriﬁed that the measured full width of
the momentum distribution (∼50 MeV c−1) agrees with what is
expected on the basis of the Pizzone et al. (2005a) work,
predicting the momentum distribution FWHM as a function of
the transferred momentum.

4. Results
The HOES cross section for the binary 19F(a, p )22 Ne
reaction was extracted after dividing the measured
d 3s /dEc.m.dWc.m.dWd cross section by the kinematicfactor and
by the momentum distribution of the a –d relative motion
inside 6Li, as discussed in the previous sections. The
experimental HOES cross section as a function of
Ec.m. = EcC - Q2b (with EcC the relative energy of the ejectiles
and Q2b the Qvalue of the 19F(a, p )22 Ne reaction according to
the postcollision prescription) is shown in Figure 1 as black
solid circles. The experimental data clearly show the presence
of several resonances (some of them partially overlapped)
corresponding to states in the compound 23Na nucleus. In fact,
taking into account beam straggling in the target, the beam spot
size (which was minimized to a1 mm radius), and the
straggling into the layers traversed by the emitted particles,
the energy resolution of the present measurement was
calculated by means of standard error propagation. A FWHM
energy uncertainty DEc.m.» 60 keV was so determined, which
was accounted for in the following data analysis.
Four resonance groups can be recognized, corresponding to
23
Na states centered at around 10.6, 10.8, 11, and11.2 MeV.
To understand which 23Na levels contribute to the HOES cross
section, angular distributions were deduced and analyzed. The
whole yield was divided into three energy intervals, in order to
have enough statistics to perform a signiﬁcant study. The
center-of-mass angle of the proton (for the two-body reaction
19
F(a, p )22 Ne) was calculated using Equation (19) of La
Cognata et al. (2015). The resulting angular distributions are
shown as solid circles in Figure 2, where statistical errors only
are displayed.
3
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Table 1
Properties of the Investigated Resonances
ER
(MeV)

Ec.m.
(MeV)

10.477
10.616
10.823
10.907
10.972
10.994
11.038
11.109
11.273
11.280
11.303

0.01
0.149
0.356
0.44
0.505
0.527
0.571
0.642
0.806
0.812
0.836

Jp
3
5
3
5
5
3
3
5
3
3
3

2+
2+
2+
2+
2+
2+
2+
2+
2+
2+
2+

ga
(MeV1 2)

gp
(MeV1 2 )

g ¢p
(MeV1 2 )

0.001
0.005
0.007
0.001
0.009
0.005
0.003
0.012
0.003*
0.003*
0.003*

0.124
0.087
0.131
0.054
0.044
0.011
0.049
0.016
0.045
0.127
0.105

0.342
0.327
0.417
0.350
0.184
0.079
0.179
0.096
0.279
0.320
0.148

Notes.Excitation energies,Ec.m., J p , gp ,and g ¢p taken from Keyworth et al.
(1968), while ga is ﬁtted to the present experimental data. Values ofga  marked
with an asterisk are taken from Ugalde et al. (2008)and used as ﬁxed
parameters for the R-matrix ﬁt.

depart from the experimental data. Moreover, the average of the
ga valuesmeasured by Ugalde et al. (2008) are consistent with
l=2 predominance in the entrance channel. As a consequence
of this study, we proceeded with the analysis of the HOES cross
section in the modiﬁed R-matrix approach (La Cognata
et al. 2011; Spitaleri et al. 2016)to deduce the reduced widths
and correct for HOES effects and energy resolution. A weighted
ﬁt of the cross section in arbitrary units was performed by means
of the modiﬁed R-matrix one-level, two-channelformula (La
Cognata et al. 2011), assuming l=2 for the entrance channel in
the calculations. We used the above approach because of the
large error bars affecting the data, making it unnecessary to resort
to a more sophisticated calculation that includesinterference.
Moreover, theenergy resolution smears out eventual interference
effects. In the calculations, we considered the l=2 levels
reported in Table 1 of Keyworth et al. (1968), ﬁxing the
resonance energies and the p and p¢ reduced widths (namely, the
23Na  22Ne + p decays leaving 22Ne in the ground and ﬁrst
excited states, respectively) to those given in Keyworth et al.
(1968).The α reduced widths ga were ﬁxed to those adopted by
Ugalde et al. (2008) above a 23Na excitation energy of
ER  11.15 MeV and ﬁtted to the THM HOES cross section
below. The resonance parameters used in the modiﬁed R-matrix
calculation are listed in Table 1. The R-matrix ﬁt (c 2 = 0.04)
was performed assuming the proton channel as the dominant one,
as pointed out in previous works (Ugalde et al. 2008). This is
done also for normalization purposes. The ﬁt was also used to
evaluate the resonance contribution to the OES 19F(a, p )22 Ne
astrophysical factor, according to standard R-matrix formulae.
The OES S(Ec.m.)factor, extracted from the HOES one after
taking into account the Coulomb barrier penetration, was
determined with the R-matrix parameters reported in
Table 1andis shown in Figure 3 as a black solid line. The
green band (representing the total error) arises from the
uncertainties in the resonance parameters andfrom uncertainties
in our measurementand takes into accountthe statistical one as
well asthe normalization to direct data from Ugalde et al.
(2008),the statistical one beingthe dominant source of errors.
The red line represents the available data in the literature (Ugalde

Figure 2. Experimental angular distributions (solid circles) for three center-ofmass energy windows reported in the ﬁgure. Here, qc.m. is the proton emission
angle in the 19F(a, p )22 Ne centerofmass. The solid black lines represent a ﬁt
to the experimental data with a linear combination of J p = 3 2+ and
J p = 5 2+ angular distributions calculated using the equations given in Blatt
& Biedenharn (1952) and La Cognata et al. (2015). The weights of the two
+
+
contributions, a3 2 and a5 2 , are given in the ﬁgure. For comparison, the red
line represents a ﬁt with the J p = 3 2- angular distribution (normalization
constant being a3 2 ) and the green curve a ﬁt with the J p = 1 2+ one
(coincident with the angular distribution with J p = 1 2- (blue line), thus
multiplied by 2 to separate them).

The experimental data were ﬁtted by means of a linear
combination of J p = 3 2+ and J p = 5 2+ angular distributions,
calculated using angular distribution equations for resonant
reactions given in Blatt & Biedenharn (1952) andLa Cognata
et al. (2015). These angular distributions, shown as black lines,
agree quite well within the statistical uncertainty with the
experimental data, pointing to a dominance of thedwave in the
population of resonances lying at Ec.m.  0.9 MeV. Indeed, if
angular distributions for pand swaves are computed, a poor
comparison with experimental data is retrieved. In detail, p-wave
angular distributions are given as red lines in Figure 2 for
compound nucleus spin-parity equal to 3 2- and as blue lines for
J p = 1 2-. In the case of the swave, ﬁnally, corresponding to a
compound spin-parity of1 2+, the angular distributions are
marked by a green line. Clearly, these distributions signiﬁcantly
4

The Astrophysical Journal, 836:57 (6pp), 2017 February 10

Pizzone et al.

Figure 3. Experimental Sfactor for the 19F(α, p)22Ne reaction (black circles)
as a function of Ec.m. ﬁtted with the R-matrix parameterization (solid black
line). See text for details.

et al. 2008), smeared to our experimental resolution (using
theprocedure described in La Cognata et al. 2010).
The blue band represents the total error reported in Ugalde
et al. (2008), while the orange band takes into account the
average uncertainties in the extrapolation at lower energies
performed by Ugalde et al. (2008). Thus, for the ﬁrst time, the
Sfactor of the 19F(α, p)22Ne reaction is measured in the
Gamow energy window, and the contribution of several
resonances in the energy range important for astrophysics is
outlined.

Figure 4. Upper panel: reaction rate for the 19F(α, p)22Ne reactions calculated
from the present results (red solid line) compared with those from Ugalde et al.
(2008) (black line). Lower panel: ratio of the present reaction rate to the one
calculated in Ugalde et al. (2008). The estimated uncertainties of the present
data are reported as a green band.

5. Reaction Rate and Conclusion
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