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Abstract The low-energy '*F(p,a)'°O reaction has signif-
icant implications for nuclear astrophysics. The 'F(p, )'°0
reaction occurs via three channels: (p,ao), (p,otz ), and (p,oty, ).
At lower temperatures, below 0.15 GK, the (p,«p) channel is
the dominant contributor of the reaction. The 19F(p,ozo)wO
reaction cross section in the energy range of 400-900 keV
was studied in this work. Recent data in the literature reveals
aroughly 1.4 increase compared to prior findings reported in
the NACRE (Nuclear Astrophysics Compilation of REac-
tions) compilation. Therefore, we present new additional
result of the study published in EPJA [22] employing a sil-
icon strip detector array (LHASA - Large High-resolution
Array of Silicon for Astrophysics). The anguar distributions,
the reaction cross sections and the astrophysical S-factors of
the (p,«p) channel were obtained through this experiment.
Our findings resolve the discrepancies that exist between the
two previously available data sets in the literature.

1 Astrophysical motivation and state of the art

The low-energy '“F(p,a)!®0O reaction serves as a crucial
intersection point between the CNO and NeNa cycles in stars,
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competing with the °F(p,y)*’Ne reaction [33,34]. More-
over, it plays a critical role in hydrogen-rich stellar envi-
ronments as the main fluorine destruction channel, and it
may also contribute to nucleosynthesis in hydrogen-deficient
post-Asymptotic Giant Branch (AGB) stars [35,36]. How-
ever, theoretical models currently predict higher fluorine
abundances in AGB stars than observed [37], which neces-
sitates further investigation of reactions involving fluorine.
The origin of Galactic Fluorine is a topic of ongoing
debate in modern astrophysics. As fluorine is highly sensi-
tive to the physical conditions within stars, it is often used to
probe nucleosynthesis scenarios [1]. However, its nucleosyn-
thetic origin is the least understood of all light elements [2].
Stellar model calculations and observational data have sug-
gested several possible sites for the production of '°F [1,3].
19F production in type II core-collapse supernovae (SNe) by
neutrino spallation on 2’Ne has been also proposed [4]. I°F
overabundances (with respect to solar) were observed in red
giant stars by Jorissen et al. [5], who provided evidence for
19F production during shell He burning in AGB stars [6,7].
He burning in Wolf-Rayet stars was identified by Meynet
and Arnould [8]. In addition, Kobayashi et al. [9] considered
neutrino-process nucleosynthesis as the primary origin of '°F
in metal-deficient stars (Type II and Ia supernovae and hyper-
novae) and AGB stars. The question of how each candidate
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Fig. 1 '°F + p interaction, by forming the compound nucleus 2°Ne,
which will break into 100 and #He. The & reaction channel to the 00
ground state is shown in red, the «; reaction channel to the 16 0 first
excited state is shown in green and the «, reaction channel to the 160
second excited state is shown in blue

site contributes to solar-system and galactic fluorine remains
open, and the knoledge of the precise rate of the '*F(p,a)'°0
reaction is essential in finding the answer.

AGB stars have long been considered the primary source
of galactic fluorine [5]. However, observed fluorine over-
abundances cannot be explained by current AGB mod-
els alone, suggesting the involvement of additional mixing
effects. It is believed that fluorine is produced in the He-rich
intershell and transported to the surface through recurrent
dredge-up episodes [10]. Recent work by Palmerini et al.
[11,31,32] examined the impact of extra mixing and different
rates of the 19F(p,(>z)160 reaction on the surface abundance
of fluorine in AGB stars. Firstly they found that the models
can not account for the observed F abundances. By varying
the reaction rate by a factor of two led to a 50% variation
of the abundance of 1°F in the He intershell (inner stellar
layer). In the stellar surface the difference in the abundances
are smaller. The IQF(p,Ot)mO reaction occurs via three chan-
nels: (p,ao), (p,@x ), and (p,c;, ) (Fig. 1). At low temperatures
around 0.05 GK, the (p,ar) channel contributes less than
10%, while the (p,«)) channel dominates at temperatures
above 0.2 GK. At temperatures around 0.15 GK, the (p,xg)
channel is the dominant contributor (Fig.2) [12,13].

The F(p,a)'0 reaction is crucial for understanding the
nucleosynthesis of fluorine in astrophysical environments.
However, the S-factors and branching ratios for the reac-
tion’s outgoing channels are still uncertain at astrophysical
energies, highlighting the need for better measurements [13].
In the past, the Nuclear Astrophysics Compilation of Reac-
tion Rates (NACRE) extrapolated the S-factor from direct
data available in the literature in the Ecy = 0.46 — 2.54
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Fig. 2 The contribution of each channel to the total reaction rate. The
total reaction rate, normalized to unity is shown in black. The con-
tribution of 19F(p,ozo)mO to the total reaction rate is shown in red, the
contribution of 19F(p,a{,., Y190 to the total reaction rate is shown in green,
and the contribution of 19F(p,oty)lf’o to the total reaction rate is shown
in blue
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Fig. 3 S-factor of the 19F(p,ozo)IGO reaction available in literature (see
text for details). Figure from [22]

MeV energy domain [15]. Recently, two experimental stud-
ies have been reported: the first one is a direct measurement
inthe energy range Ecy = 0.2—1MeV [16], and the second
one uses the Trojan Horse Method (THM) to explore the low
energy region [12,17,30]. The latter technique allowed the
authors to excite several states of 2°Ne, leading to a signif-
icant increase in the reaction rate at astrophysical energies.
A summary of the S-factors from available literature data for
the '°F(p,a)'®0 reaction is shown in Fig. 3, indicating a large
discrepancy between the most recent data and the previous
ones in the peaks centered at 681 and 738 keV in the center
of mass system [12, 16, 18-22].

In the present paper, we offer a complete and compre-
hensive report of the 19F(p,oao)mO reaction, discussed in the
previous paper of Guardo et al. [22]. Our study focuses on
the energy range of Ecy = 400 — 900 keV, and we have
derived the astrophysical S-factors based on the measure-
ment reported in the present article. This paper discusses the
experimental details such as beam, target and detection setup.
It also describes how the angular distribution are deduced and
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integrated in order to extract the reaction cross section and
S-factor.

2 Experimental details

The experiment was performed at INFN Laboratori Nazion-
ali del Sud, Catania (Italy), using the 15 MV Tandem Van
de Graaff accelerator to produce a '° F beam with an energy
range of 9.0 to 18.5 MeV and a 1 mm diameter spot size on
the target. Thin self-supported polyethylene targets (CHy)
of approximately 100 pg/cm? were placed at a 90° angle
with respect to the beam direction and changed frequently
(every 5—6h) to avoid degradation. The detection setup, illus-
trated in Fig. 4, consisted of six annular single sided silicon
strip detectors that were mounted in a lamp-shade configura-
tion to form the Large High-resolution Array of Silicon for
Astrophysic (LHASA). LHASA was optimized to detect «
particles in a wide angular range (from 10° to 32°) and was
positioned 10 cm from the target. To suppress strong fluorine
and carbon scattering, a 15 pum thick aluminum shield was
placed in front of the LHASA detector array, introducing a
threshold of 4 MeV in « detection and an energy straggling
of less than 2%. However, this did not pose a problem for
the experiment as detailed kinematical calculations showed
that « particles originating from the proton-fluorine interac-
tion were expected with a minimum energy of 7 MeV. The
trigger of the data acquisition was the total OR of all the
strips from the detectors. The signals processed using charge
preamplifiers, programmable amplifiers and analog to digi-
tal converters (ADCs) were read by an acquisition system for
online visualization and data storage for offline analysis.

2.1 Beam and target

The beam energy, target thickness, charge state of the beam
and the beam time used for each energy are shown in Table 1,
while the center of mass energy is available in Table 2. The
center of mass energy is calculated considering that the reac-
tion takes place in the center of the target.

During the experiment, we employed an on-line moni-
toring system for the target. A tightly collimated detector
with an area of 3 mm? was placed at 45° with respect to the
beam direction to detect forward recoiling protons. To cal-
ibrate the monitor detector, a standard 2*! Am-23°Pu-2#Cm
a-source, was positioned in front of it at a distance of 70 cm,
within the vacuum chamber. In Fig.5, a spectrum obtained
with this silicon detector at 15 MeV '°F beam on C H, target
is shown. The first peak represents the protons coming from
19F4p elastic scattering, and the second peak represents the
carbon from '?F+!12C elastic scattering.

To measure the beam current, we utilized a Faraday cup
placed downstream of the target and reduced secondary elec-

Fig. 4 LHASA - the experimental set-up used for the study of
19F(p,)1°0 reaction cross section. The beam is coming from the right
side of the picture. The target is placed in the target ladder shown in the
middle of the picture and the detection system is shown in the left part
of the picture. The detectors were shielded with 15 pm thick aluminum
foil

Table 1 Beam and target details

E Ejoss Target Charge Time
(MeV) (MeV) (ug/cm?) state (h)
9.0 0.84 120 3 48
13.0 0.84 115 3 36
14.0 0.36 50 3 24
14.5 1.22 120 3 24
15.0 0.84 100 3 36
16.0 0.74 105 4 18
18.5 0.58 80 4 18
Table 2 Center of mass energy

E Center of mass energy
(MeV) (keV)

9.0 408

13.0 608

14.0 682

14.5 689

15.0 708

16.0 763

18.5 896

tron effects by applying a suppression voltage of —300 V. The
reaction chamber was maintained under high vacuum condi-
tions, with a pressure better than 2 x 10~° mbar.

We used the on-line visualization of the monitor detector
spectra to supervise the degradation of the target. The degra-
dation of the target is mainly due to sputtering effects of
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Fig. 5 Monitor detector spectrum obtained at 15 MeV '°F beam on
C H, target. The first peak represents the protons coming from 'F+p
elastic scattering, and the second peak represents the carbon from
9F412C elastic scattering
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Fig. 6 Target degradation - proton to carbon ratio over time. Figure
taken from Ref. [22]

thermal evaporation [38]. Specifically, we checked the pro-
ton to carbon ratio as a function of time. As shown in Fig. 6,
the target needed to be changed every 6—7h.

The monitor detector was used also for the normalization
procedure. By knowing the '°F + p elastic cross section [20],
the solid angle of the monitor detector (A£2,,) and the mea-
sured number of recoiled protons (N prorons) coming from
19F beam on CH, target, the following value was extracted:

Nprolons (1)

n= NbeamNtarget =
ORuth AS2p

This value was further used for calculating the cross sec-
tion of interest, taking into account the detected number of
particles and the solid angle of each strip in the array (N,
and AS2;):

Ny Ny A2,

o = =
l’lA-Qs Nprotons AQS

ORuth @
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Fig. 7 12 MeV ®Li beam on '2C target, each bin represents the same
strip from all 6 detectors

The error of this procedure will depend on the uncertainty
in the solid angles of monitor and strips and marginally the
statistics.

2.2 Set-up

The YY1 silicon-strip detector from Micron Semiconductor
[23] is a circular sector detector consisting of 16 front strips,
3mm in width each, with an inner diameter of the active
area of 100.0 mm and an outer diameter of the active area
of 259.8 mm. Running at a full depletion bias of 90 V, this
300 pm thick detector has a resolution better than 1% for 5.5
MeV « particles. For this experiment, the LHASA detector
array consisted of 6 YY1 silicon strip detectors arranged in
a lamp-shade configuration. It had 96 channels of associated
electronics and it was chosen due to its angular coverage (10°
to 32°) and good energy resolution. Each of YY1 detector
of the LHASA setup was oriented at 46.1° relative to the
beam direction. Solid angles were determined using the sim-
ulations, to an accuracy of better than 0.5%. Each bin from
Fig. 7 represents the elastic scattering of 12 MeV °Li beam
on '2C target. From Fig.7 it is clear that the detectors were
aligned between themselves.

The system was fixed inside the vacuum chamber with
high-precision screws, with the center of the array aligned
with the beam line. Figure 8 shows a drawing of the setup.
This alignment is crucial, as it ensures knowledge of the
angle with respect to the target for each strip at a given target-
detector distance.

3 Data analysis
3.1 Calibration procedure and simulations

To calibrate the detector in energy, we conducted 6Li elastic
and inelastic scattering irradiation in the energy range of 12—
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Fig. 8 LHASA drawing of the the experimental set-up used for the
study of 'F(p,a)'%0 reaction cross section. The beam is coming from
the right side of the image. The target is shown as a red disk in the right
part of the image and the the detection system is shown in the middle
of the image. The Faraday cup was placed behind the detection system
and it is shown in the left part of the image. The monitor detector was
placed at 45° with respect to beam direction and it is shown in the upper
part of the image
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Fig. 9 Energy calibration of YY1 detectors. The peaks are coming
from Li elastic and inelastic scattering in the energy range 12-20 MeV
through the interaction with a gold and carbon target and from a 228Th
a-source

20 MeV. These experiments involved interactions with a gold
and carbon target, as well as the use of a >?8Th a-source.
Figure 9 displays all of the peaks observed during calibration
procedure.

To accurately associate the observed peaks with their cor-
responding energy values, it was necessary to account for the
energy lost by particles inside the target and in the dead layer
of the detectors. This was achieved by utilizing simulation
codes for two-body reactions, which considered the energy
loss of both the incoming and outgoing particles. The emis-
sion angles were also taken into account, as different detec-
tion angles result in varying path lengths and energy losses
for each particle. We employed the LISE++ [24] software to
perform these calculations.

To verify the quality of the calibration, we conducted
independent simulations using the open-source Monte Carlo
(MC) simulation GROOT [25], which is based on GEANT4

E (MeV)

0, e o Y ISP AP PSRRI i i
18 20 2%) 24 26 28 30 32
9

Fig. 10 Agreement between the simulated data (reported with black
dots) and the calibrated experimental points for a beam energy of 18.5
MeV

tracking libraries and the n-body event generator of ROOT.
Figure 10 illustrates the excellent agreement between the
simulated and calibrated experimental data for the
19F(p,(>z())160 channel. This confirms the reliability of the
detector calibration. GROOT also allowed us to import CAD
files of the detector geometry, which enabled us to evaluate
the circular symmetry of the mounted LHASA setup. Our
analysis revealed a shift from the symmetrical position less
than 5 mm.

In order to account for the lamp-shade configuration of
LHASA detector, the experimental data was scaled to a spher-
ical configuration. The average angle and the solid angle
associated with it was obtained using GROOT MC simu-
lation environment.

3.2 Angular distributions

After selecting the ' F(p, a9)'®O channel and verifying
the coherence of the geometrical placement of the LHASA
detector, we extracted the experimental angular distributions
and compared them with theoretical calculations for each
energy. Our results exhibit slopes that are consistent with
those reported in Ref. [16]. The primary difference arises
from the symmetry of our angular distributions, which exper-
imentally cover only forward angles, leading us to assume
that the angular distributions are symmetric with respect to
90°. We anticipate that a stronger forward-backward asym-
metry of the angular distribution would be evident in the non-
resonant region or in the area with overlapping resonances.
This phenomenon may be attributed to interference effects
between opposite parity close-lying resonances [12]. The red
points from Fig. 12 represent the experimental data, while the
black and green lines are the theoretical Legendre polynomi-
als. The green line represents the Legendre polynomial taken
from Ref. [16] and it was used as a comparison of our result
with the already published data in the literature. Figure 12
demonstrate that our findings are in good agreement with
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Fig. 11 Red dots represent experimental points, while and black line
represents the Legendre polynomial with the best fit to experimental
data for the following Ecj: a 608 keV; b 682 keV; ¢ 689 keV; d 708

Table 3 Legendre polynomials coefficients

keV; e 763 keV and f 896 keV. Uncertainty in the energy values where
evaluated at amaximum of 5 keV The green line represents the Legendre
polynomial used by Ref [16]

Ecy (keV) Ao Ay Ar A3 Ay

608 0.0210540.00526 0.0 -0.00627+0.00015 0.0 -0.01052+0.00262
682 0.0702440.00562 0.0 0.13085+£0.01047 0.0 0.09818+0.00785
689 0.0812240.00649 0.0 0.15182+0.01214 0.0 0.15069+0.01205
708 0.0963540.00674 0.0 0.25984+0.01751 0.0 0.15433+0.01080
763 0.0799640.00752 0.0 0.09878+£0.00942 0.0 0.02895+0.00241
896 0.08603 -0.03239 -0.01721 0.01984 -0.01053
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previous data from the literature [16], with discrepancies of
approximately 5% between our measurement and the data
in Ref. [16] for plots (a), (b), (¢), (d), (e). For plot (f) we
could not assume symmetry of the angular distributions, so
the the experimental points were overlapped with the Legen-
dre polynomial found in Ref [16].

Our spin and parity assignments for all measured ener-
gies agree with existing data in the literature. To obtain the
total cross section, o (E), angular distributions were inte-
grated over 4. For energies outside the range explored in
this experiment, we assumed the angular distribution trend to
be the best-fit to experimental angular distributions in terms
of 4" order Legendre polynomials. At these low energies,
only p and d partial waves are expected to contribute. The
coefficients of the Legendre polynomials are presented in
Table 3.

After the '°F beam interacts with the protons from the
CH, target, 20Ne is formed in excited state. The increase
of the A4 term in the energy range of 0.65—0.75 MeV can
be attributed to the excitation of the broad 2+ state in 2’Ne.
Similarly, the increase of the A2 term in the same energy
range can be attributed to the excitation of the broad 1- state
in 2°Ne.

4 Results

Figure 13 shows (a) the S-factor of the 19F(p,oto)mo reac-
tion, already published in Ref. [22] and (b) the cross section
of the "F(p,a)'O reaction. In the upper part (a) of Fig-
ure 13 it is shown the data taken from our work presented by
black closed circles, and previous measurements presented
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as follows: red continuous line represents the data of Ref.
[12], blue closed circles the data of Ref. [18], light brown
closed circles the data of Ref. [20], light blue closed circles
show the data of Ref. [19], light red closed circles represents
the data of Ref. [16] and red closed circles show the data of
Ref. [21]. In the lower part of Figure 13 (b) it is shown the
data taken from our work presented by red closed circles,
and previous measurements presented as follows: light blue
closed circles represents the data of Ref. [21] and blue closed
circles show the data of Ref. [16].

The error bars of the present data take into account statis-
tical errors, overall systematic errors (including energy cali-
bration and angular integration errors), and uncertainties due
to beam and target particle measurement. The number of par-
ticles in the beam and target was calculated using the elastic
cross section, measured by the monitor detector which was
recording the forward scattered protons and carbons from
the target. The total error of this measurement accounts for
0.5% for the center of mass energy, while the horizontal bars
address the total error of 7-8%. The overall cross section
error comes from the statistical and systematical error.

5 Conclusions

In an attempt to solve the discrepancy between the new avail-
able data in the 19F(p,oz)lf’O literature and the previous data
reported in the NACRE compilation, for the 19F(p,oz)mO
reaction cross section, the new measurements we already dis-
cussed in Ref [22] is in-deep discussed here. This measure-
ment has the aim of reducing the uncertainties in the nuclear
reaction rates in the energy region from 0.4 MeV up to 0.9
MeV in the center-of-mass system. The results are in agree-
ment with previous assignments of spin-parity of the reso-
nances situated at 681 and 738 keV in the center-of-mass sys-
tem, which is due to the population of the 13.529 and 13.586
MeV excited levels of 2°Ne. Moreover, the resulting cross
section confirms the previous data of Lombardo etal. [16] and
Breuer et al. [18], solving the discrepancy between the latest
measurements and the previous data reported in the NACRE
compilation in the energy region of interest(0.4—0.9 MeV),
with potential consequences for the astrophysical reaction
rate and stellar models calculations.

The "F(p,a)'%0 reaction occurs via three channels:
(p,a0), (p,ay), (p, az). The (p, ay) channel provides less
than 10% contribution at low temperatures approximately
0.05 GK; the (p,ay) channel dominates at temperatures
above 0.2 GK. Despite its importance, the S-factors of the
(p,ax) and (p, ay,) outgoing channels in the 19F(p,oz)mO
reaction are still largely uncertain at astrophysical energies,
pointing out the need for better measurements. This exper-
iment gives us confidence to propose a new experimental
campaign aimed at measuring a wider angular range (adding

@ Springer

LHASA with the Extreme Light Infrastructure - Nuclear
Physics Sillicon Strip Array (ELISSA) detector [26]) and
a lower energy range. In addition, the good identification of
the channel confirmed by our simulation code strongly push
for a measurement focused on the critical 19F(p,o;,,)mO and
19F(p,ozy)mO channel reactions [27-29].
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