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Abstract 

Nucleosynthesis of fluorine in the context of helium burning occurs through the 15N(a, y)19F 
reaction. At temperatures where fluorine formation takes place in most astrophysical models, the 
narrow resonance associated with the 4.378 MeV level of 19F is expected to dominate the reaction 
rate, but its strength is not known. We used a tSN confined gas target to study this level by means 
of the transfer reaction 15N(TLi,t) 19F at 28 MeV. Reaction products were analysed with a split pole 
magnetic spectrometer and the angular distributions for the first 16 levels of 19F were extracted. 
These distributions are fairly well reproduced by FR-DWBA calculations in the framework of 
an a-cluster transfer model with a compound-nucleus contribution obtained by Hauser-Feshbach 
calculations, a-spectroscopic factors were deduced and, for unbound levels, the a-widths were 
determined and compared with the existing direct measurements. The a-width of the level of 
astrophysical interest (Ex = 4.378 MeV) was found to be F,~ = 1.5 × 10 -9 eV, a value 60 times 
smaller than the commonly used one. The astrophysical consequences for 19F production in AGB 
stars are discussed. 
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1. Introduction 

Despite large theoretical and experimental efforts, the nucleosynthetic origin of fluo- 
rine is not clearly understood and several astrophysical sites have been suggested for its 
production [ 1 ]. Explosive hydrogen burning in novae has sometimes been presented as 
a possible site for 19F production [2]. Recent calculations [3,4] indicate that some 19F 
can indeed be produced in such conditions, through the chain 

t60(p, y) 17F(fl+)170(p,y) 18F(p, y) 19Ne(fl+) 19F, 

however, it does not represent a significant contribution to the enrichment of the in- 
terstellar medium (ISM) in 19F. Another scenario predicts that the inelastic scattering 
on ZONe of neutrinos produced in the core of a Type II supernova could be responsi- 
ble for a sizeable fraction of the galactic 19F content [5-7]. The expected level of 
production depends in fact critically on the uncertain high-energy tail of the supernova 
neutrino spectrum. Helium-burning environments have also been identified as promising 
sites for 19F production. A type of Wolf-Rayet stars has been pointed out as substantial 
contributors to the ISM enrichment in 19F [8]. Fluorine can also be produced during 
thermal pulses in asymptotic giant branch (AGB) stars [9], and brought to the sur- 
face by the so-called "third dredge-up". Large overabundances of fluorine (up to 30 
times solar) have indeed been detected in the envelope of AGB stars from the obser- 
vation of infrared rotation-vibration lines of the HF molecule [ 10]. These observations 
suggest that the He-burning shell of AGB stars is an important site of fluorine pro- 
duction [9]. In this context, the reaction 15N(a,y)19F plays a key role. The chain 
laN(a, y) lSF(fl+)180(p,a) 15N(a, T) I9F operating on 14N left over from the former 
operation of the CNO cycles is in fact responsible for the 19F synthesis in He-burning 
environments, with protons coming from (a,n) followed by (n,p) reactions (Section 5). 
The astrophysical 15N(a, Y)19F reaction rate is not well known, in particular in the rel- 
evant temperature range. In their last compilation, Caughlan and Fowler [ 11 ], quoted 
CF88 in the following, used three terms for the reaction rate (Fig. 1), a non-resonant 
term at low temperature, a term for the narrow resonance corresponding to the level at 
4.378 MeV in 19F and a continuum term at high temperature. For temperatures below 
7"9 = 0.5 (with the usual notation Tx = A meaning T = A x 10x), at which 19F formation 
takes place in most models, the resonance at Ex = 4.378 MeV (Fig. 2) has the highest 
contribution. The value used for the resonance in CF88 comes from the crude estimate 
of an a-width equal to 10% of the Wigner limit (02 = 0.1). 

A direct measurement seems unworkable, owing to the very weak cross section. As 
the resonance is narrow, isolated and its y-width is much higher than its a-width [ 12], 
the reaction rate is just proportional to the a-width. As the determination of an a transfer 
spectroscopic factor could allow a better estimate of the a-width, we have studied the 
15N(7Li,t)19F reaction. This reaction has been studied previously [13] at 15 MeV 
and the angular distributions for the low-lying negative parity states were analysed by 
DWBA [ 14] but no spectroscopic factor was given for the weakly populated level of 
astrophysical interest. We measured the angular distributions corresponding to the first 
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Fig. 1. The CF88 reaction rate is divided into 3 parts: the non-resonant part 1 ) ,  the resonant part ( 2 )  
associated with the 4 . 3 7 8  M e V  level  and the cont inuum part ( 3 ) .  The sum o f  these contributions is represented 
by the solid line. T9 is the temperature in billion degrees. 

16 levels of 19F, including the level of astrophysical importance at Ex = 4.378 MeV, 
and analysed them by FR-DWBA to extract a-widths. 

In Section 2 we present the experimental method, data analysis and results for the 
elastic scattering reaction 15N(TLi,7Li)15N cross section and the 15N(TLi,t)19F transfer 
reaction. In Section 3 the results of DWBA analysis are discussed and specifically 
the sensitivity to the parameters. Spectroscopic factors and a-widths are determined 
for many 19F levels. Section 4 presents the new 15N(a,'y)t9F rate and Section 5 the 
astrophysical consequences for 19F production in AGB stars. Details on this experiment 
and subsequent analysis can be found in Ref. [ 15]. 

2. Experimental method 

2.1. Experimental set-up and spectra analysis 

Previous experiments have shown that solid targets such as melamine (C3H6N6) 
could not be used due to the large carbon contamination of the spectra preventing the 
measurement of angular distributions. So we used for this experiment a 15N confined 
gas target (enriched to 99%) with a pressure close to 100 mbar. The experiment was 
carried out with a 28 MeV 7Li+++ beam from the Orsay Institut de Physique Nucltaire 
Tandem accelerator. The beam entered and emerged from the cell through thin (0.6/zm, 
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Fig. 2. 19F e n e r g y  level  d i a g r a m .  T h e  16 first levels  w e r e  s tud ied  in this work .  T h e  d o m a i n  o f  a s t rophys ica l  
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= 5 mm) nickel windows and was collected in a Faraday cup positioned behind. 
Energy loss in the entrance window and gas reduced the beam energy to 27.3 MeV. 
The ion currents on the Faraday cup and on the target were continuously monitored 
during the experiment. The particles produced in the target were allowed to exit through 
a mylar window (65 x 10 mm 2 and 3.5 gm thick). The reaction products were analysed 
by a split pole magnetic spectrometer and detected in the focal plane by a position- and 
angle-sensitive, 128 wire drift chamber. Clear identification of the particles was allowed 
by the measurement of energy loss in a proportional counter, and remaining energy with 
a plastic scintillator. A nozzle fixed to the entrance slits of the spectrometer and aimed 
at the cell center was used to define the interaction zone and, together with a suitable 
cell shape, ensures that particles emitted from the nickel windows of the gas cell could 
not enter the spectrometer (see Fig. 3). 

The intensity of the 7Li beam was kept around 30 hA. A Si-detector, I00 g m  thick, 
situated within the reaction chamber was used for monitoring through the intensity of 

Christian Aaen Diget
3.5um Mylar = 3.5um*1.39e6 ug/cm3 = 3.5*139ug/cm2=487ug/cm2
0.6um Nickel = 0.6um*7.81e6 ug/cm3 = 0.6*781ug/cm2=467ug/cm2
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Fig. 3. Confined gas target assembly. (1) Si detector (monitor), (2) nickel window, (3) mylar window, 
(4) optical center, (5) nozzle and (6) magnetic spectrometer entrance. 

the elastically scattered 7Li particles. It was located at 15 ° with respect to beam direction 
and was shielded by an aluminium foil against electrons. 

A Monte Carlo simulation was used to determine the quantity 492 x Ax, i.e. the 
geometric solid angle times the effective target thickness seen by the detection system 
as a function of the observation angle. It was found to range from 10 .2 to 10 .3 sr-cm 
when 0 varies from 10 ° to 60 ° in the laboratory system. (The effective thickness as 
seen by the spectrometer depends on the observation angle and slit apertures but is of 
the order of 2 cm, i.e. 0.3 mg/cm 2 at 100 mbar). Energy straggling in the thin nickel 
foil of the entrance window, in the mylar window for the outgoing particles and in the 
gas limited the resolution to ~ 100 keV (FWHM), depending on the target pressure 
and scattering angle. That was good enough to allow a clear separation of the peak 
of interest (Fig. 4). The energy calibration for the experimental spectra was based on 
known levels of  19F. Corrections were applied for energy losses in the exit window 
(zlE ~ 160 keV, depending on angle) and in the gas ( A E  ~ 450 keV at a pressure of 
100 mbar).  A small gas leakage (,~ 10 mbar per hour) was compensated by a periodic 
inflow of gas. Spectrograph aberrations due to the finite thickness of the gas target 
were software corrected using the angular information from the multiwire drift chamber. 
Angular distributions were obtained from 10 ° to 60* in the lab system (approximately 
12 ° to 80 ° in the center of mass system). Owing to the very clean spectra obtained, 
where all peaks correspond to 19F levels (Fig. 4), the energy calibration, from the 
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Fig. 4. (a) "l~ypical forward angle triton energy spectrum (all these peaks are 19F levels). (b) The level 
of interest, at Ex = 4.378 MeV, has a resolution close to 100 keV (FWHM) which is enough for an easy 
deconvolution. Peaks are labeled with spin and parity taken from [ 16]. 

ground state up to 5 MeV of excitation energy, was straightforward. 
The triton spectrum is shown in Fig. 4a. Only the state at 2.780 MeV is clearly isolated 

in the 19F spectrum. The level of main interest at Ex = 4.378 MeV is weakly populated 
but can be easily resolved from the group of levels at 4.55 MeV at all angles (Fig. 4b). 
The triplets of  states at 0., 0.110, 0.197 MeV and 1.346, 1.459, 1.554 MeV respectively 
can be unfolded since the energy separation between the peaks is of the order of the 
energy resolution. For the intensity of  the peaks, the error induced by the deconvolution 
procedure is estimated to be less than 20% from considerations of spectra obtained at 
20 ° with the solid target where the peaks are well separated owing to the better energy 
resolution. No attempt was made to extract the individual contributions of the states at 
3.908, 3.999 and 4.033 MeV in view of their too small energy separation and of  the 
weakness of the Ex = 3.908 MeV contribution. Only the sum of their contributions is 
considered here. In the group of peaks corresponding to an excitation energy of about 
4.6 MeV (see Fig. 4b) the states at 4.550 and 4.556 MeV are considered as a single 
level as well as the doublet of levels at 4.648 and 4.683 MeV. It was checked that using 
a two-level or a three-level deconvolution procedure for this group does not influence 
the extracted intensity of the level at 4.378 MeV. In spite of its very weak intensity, it 
was possible to analyse the peak corresponding to the level at 5.107 MeV as it is well 
separated from neighbouring levels. 
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Fig. 5. Elastic scattering cross sections (this work) measured with the 15N gas target (squares) and 15N 
enriched melamine solid target (triangles) are compared with the results (solid line) of Woods et al. 117] 
derived from their absolute experiment. The same global normalization factor has been applied to the data 
points (see text). 

2.2. Absolute normalization 

The elastic scattering of 7Li on 15N was measured from 10 ° to 60 ° (lab.) using the 
same experimental set-up. Our experimental data are shown in Fig. 5, together with the 
result given by the optical potential parameters from Woods et al. [ 17] (solid line). 
They were extracted from an experiment using a solid target and at approximately the 
same energy (28.8 MeV) as ours and they reproduce very well their data. The shapes of 
the angular distributions are found to be in remarkable agreement, proving the validity 
of our procedure concerning the Monte Carlo determination of the evolution of the 
effective target thickness and solid angle with emission angle. 

In order to obtain an absolute value for the cross sections, we performed a normal- 
ization experiment with solid targets of melamine C3H6N6 ( ~  100/zg/cm2), enriched 
to 99% in 15N. We were able to measure the elastic scattering cross section at various 
angles and the transfer reaction 15N(7Li,t)19F cross section at 20 ° in the lab system 
where the contaminant peaks do not obliterate the interesting peaks. The melamine tar- 
gets were deposited onto foils of 30 /zg/cm 2 of carbon. A gold layer (30 /zg/cm 2) 
was also deposited over the melamine to prevent rapid evaporation at beam impact. The 
15N content times beam intensity was monitored by a 1000/zm Si detector positioned 
at 0 = 25 °. The absolute value of the product beam current times 15N content was 
obtained from normalization of the elastic scattering data to the results given by Woods 
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et al. [ 17] (15% estimated uncertainty). This normalization factor was then applied to 
the elastic scattering and transfer reaction data obtained with the gas target. Using this 
procedure, the results obtained in the transfer reaction for the strongly populated levels 
at 4.0 MeV agree well (10%) for solid and gas targets at the angle (20 °) where the 
transfer reaction could be measured with both targets. 

3. Data analysis and discussion 

3.1. D W B A  

Many studies [ 18,19,14,24] have shown the interest of the approximation of the tr- 
cluster model for the stripping reaction (7Li,t). So here we reduce the four-nucleon 
transfer to a three-body problem (15N, ~, t) where both projectile and residual nuclei 
have a cluster structure (TLi= ol q- t, 19F= ol + 15N). This mechanism of direct transfer 
is in competition with the compound-nucleus one (see Section 3.5). The analysis was 
done with the PTOLEMY code [21], but we also used the DWUCK 5 code [22] 
to check the consistency of the results. The calculations were done with the standard 
approximation of the interaction Veff in the post form. The transferred orbital momentum 
(Lt) is one of the parameters of the calculation. In order to calculate the wave functions 
in the a-cluster model, assuming a 0s motion for the four nucleons in the ce (n = l = 0), 
we used the usual relationship: the number N of radial nodes (origin excluded) of the a 
wave function for an orbital angular momentum L is fixed by the relation [23] 2N + L 
= Q = ~--~4_ I (2hi q- li) deduced from the harmonic oscillator shell model using the rule 
that the total number of oscillator quanta Q is conserved. 

Here ni, li are the quantum numbers of the transferred particles in the shell-model 
levels which contribute to the cluster. It is uniquely defined once the distribution of 
the individual nucleons of the cluster in the orbitals of the shell model is specified. 
The program calculates the cross sections for all possible values of transferred orbital 
momentum using the full distorted-wave Born approximation and adds the resulting 
cross sections together with the appropriate coefficients. 

Finally, calculations of the DWBA transfer cross sections involve the combination of 
four elements: 

(i) the bound-state wave function representing the composite projectile nucleus 7Li= 
t~ + t and the associated potential V,~t, 

(ii) the bound-state wave function representing the composite nucleus 19F= a d- 15N 
in the final state, 

(iii) the elastic scattering wave function in the incoming channel 15N(VLi, 7Li)15N and 
(iv) the elastic scattering wave function in the outgoing channel WF(t,t) 19F. 
These elements are discussed in detail below. 

Christian Aaen Diget
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3.2. Wave function of  7 Li=a+t and effective interaction 

239 

The a-cluster structure in the 7Li nucleus has been studied extensively. We used 
interaction potentials with the usual Woods-Saxon shape while the Coulomb potential is 
of a uniform charge distribution. Kubo and Hirata [24] have determined a parameter set 
for the effective interaction V,~t between the a-cluster and the tritium core from 3He-aHe 
scattering (see Table 1). Other parameter sets [25,26] were used in this work to check 
the sensitivity of the results to the effective interaction. The depth of each potential is 
adjusted by calculating the wave function so that the known experimental separation 
energy for the a cluster, 2.47 MeV, can be reproduced. 

The a-cluster has been considered to be in a relative p-wave state inside 7Li so that 
N = 1 and L = 1. Another parameter is the a spectroscopic factor in 7Li. It is directly 
related to the F,~ we want to determine. Several values are reported from different 
studies: 0.95 [ 19], 1.0 [ 18], and 1.2 (shell-model value [20] ). The average is close to 
unity and we adopted the value of S,~(7Li) = 1, keeping in mind that the final results 
suffer from the uncertainty in this parameter. 

3.3. Wave functions of  the transferred a-cluster 

In the context of the simple cluster model, the states of 19F nucleus are interpreted 
in terms of a single-particle a cluster and an inert lSN core and are characterized by N 
and L quantum numbers. To each of these states the a spectroscopic factor S,~ (19F) = 
1(19FI15N+a} [z is associated. 

The |9F states at Ex = 0.110 MeV (J~ = 1 / 2 - ) ,  1.346 ( 5 / 2 - ) ,  1.459 ( 3 / 2 - ) ,  3.999 
( 7 / 2 - ) ,  4.033 ( 9 / 2 - )  can be described as a PJ/2 proton hole weakly coupled to the 
0 +, 2 + and 4 + states of 2°Ne. They have been identified with members of the 15N+a 
cluster configuration with Q = 2N + L = 8 [27,14] and their a-spectroscopic factors are 
known to be large; we too adopted this configuration for all negative parity states. 

For the other levels with positive parity the choice of cluster representations is not 
unambiguous and we made the calculations with both 2N + L --- 7 and 9, even though 
we expect that for such low excitation energy they should be populated mainly by the 
2N + L --- 7 cluster transfer [28]. 

We used the a-core potential for fluorine from Kubo and Hirata [24]. It has a Woods- 
Saxon shape with ar = 0.7 fm, rr = 1.3 fm, and the well depth is adjusted to reproduce 
the experimental separation energy of the a. For unbound levels, as usual, we impose a 
binding energy of 0.05 MeV. 

3.4. Distorting potentials 

In a-transfer DWBA calculations, the final result is very dependent on the optical- 
model parameters for the elastic scattering of the incoming particle. As mentioned 
in Section 2.2, this reaction 15N(7Li, 7Li)ISN has already been measured by Woods 
et al. [17] at 28.8 MeV. Our own experiment was run at an effective beam energy 

Jenn
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Table 1 
Optical potential parameter sets 

Potential V rr a a r  W r i  a ai rc a 
(MeV) (fro) (fm) (MeV) (fro) (fm) (fro) 

tr+t b 93.7 1.3 0.7 1.3 
15N+TLi c 284.7 0.84 0.907 8.982 2.416 0.670 1.3 
15Nd 7Li d 246. 0.9 0,907 7.6 2.42 0.7 1.3 
19F+ t e 104.3 1.10 0.77 30.1 1.29 1,06 1.3 

n _1/3 a The relation t~ = rA T gives Rr, Ri and Rc. 
b Ref. [24]. 
c Ref. [17]. 
d This work. 
e Ref. [31]. 

of 27.3 MeV. In Table 1 the corresponding sets of optical potential parameters are 
presented. Both give a very good description of the experimental elastic cross section. 

For the tritium elastic scattering on fluorine, we used the sets of parameters available at 
energies close to ours, resulting from analysis of systematics [29] from a measurement 
at E = 33 MeV [31 ] or from 3He elastic scattering at E = 25 MeV [32]. We chose the 
potential of Ward and Hayes [31 ] as its extraction is the most direct. 

3.5. Analysis of the data 

The extraction of spectroscopic factors from the transfer reaction is based on the 
hypothesis that the reaction is direct. At our beam energy this condition may not be 
absolutely fulfilled, but we can expect that at forward angles the direct part is dominant. 
At larger angles however, compound nuclear contributions can be large. We calculated 
the compound nuclear contribution to the cross section in the framework of the Hauser- 
Feshbach statistical model with a modified version of the program HSFB [33]. Several 
outgoing channels were taken into account and optical potentials were extracted from 
Ref. [29]. This HSFB contribution was added incoherently to the DWBA part of the 
cross section so that the calculated cross section (to be fitted to the experimental one) 
is given by 

DWBA HSFB 

where C is a normalization constant (see Section 3.5) and S is the spectroscopic factor 
and is related to the lithium and fluorine spectroscopic factor by 

S = sa(TLi) Sa(19F) = Sa(19F), (2) 

since S,~(7Li) = 1. 
Experimental results are presented in Fig. 6-9, together with the results of our calcu- 

lations. They show that the cross sections fall rapidly, down to 10/xb/sr, with increasing 
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angles as expected from a direct process. The angular distributions are rather structure- 
less, due to the fact that several values of the transferred angular momenta Lt are mixed 
in the cross section. These different contributions are presented in Fig. 8 (top) for the 
2.780 MeV level. Maxima and minima from different Lt values build up together to 
give a smooth curve peaked at small angles. The solid lines are the sum of the direct 
part (point-dashed lines) and the HSFB contribution (dotted lines). The values of the 
spectroscopic factor S, defined by the relation (1),  are shown in the figures. The cal- 
culated HSFB contribution has been renormalized by a factor C = 0.3 (see Eq. (1))  
in order to obtain a compound-nucleus cross section similar to the data at large angles 
for the weakly populated level at Ex = 5.107 MeV (see Fig. 7) as it displays one of 
the less forward peaked structure. The same factor was then successfully applied to the 
HSFB contributions of the other levels. The very good overall agreement with the data 
shows that the reaction proceeds through a direct c~-cluster transfer mechanism added to 
a small part of compound-nucleus contribution (for the level of astrophysical interest, 
see Fig. 9). 

3.6. Stability of  the results 

3.6.1. Stability of  the spectroscopic factors 
We carefully studied the stability of the results with respect to the various parameters 

entering into the calculations [ 15]. No significant difference was found between the 
results obtained with the codes PTOLEMY and DWUCK 5. Only slight shape alterations 
were found when using the different incoming distorting potentials from Table 1. A small 
difference in the shape is observed when changing significantly the outgoing distorting 
potential. However, the normalization, and hence the spectroscopic factors, are little 
affected (~10%) since the differences affect mostly the largest angles. The same is 
true when using the 'prior' instead of the 'post' scheme in DWBA analysis ( ~  20% 
difference). 

Uncertainties arise from the choice of the 7Li = a ÷ t potential. Calculations for these 
different potentials are compared in Fig. 8b for the Ex = 1.346 MeV level. Potentials 
from Refs. [25,26] gave smaller values for the spectroscopic factors: for the 4.378 MeV 
level the fluorine spectroscopic factor S, (19F) was found smaller by a factor 0.6 (with 
the same value of S,~(TLi) = 1.). These two are very general potentials and are not 
particularly adapted to this nucleus. The Kubo and Hirata [24] potential was used in 
this work since it gives the best overall shape fitting to the data. Table 1 displays the 
sets of potential parameters chosen for this work. 

The influence of the a-core potential in fluorine was found to be important for the 
spectroscopic factors. For instance, when a variation of 5:0.1 fm for ar and ±0.5 fm for 
Rr a r e  applied to the a -~N potential, the spectroscopic factors show important variations 
(up to a factor of 2). 

3.6.2. Stability of  the a reduced width 
The a-reduced width is given [30] by the relation 
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h2r R 12 ~,~ = ~ ~ L ( , )  , ( 3 )  

where R, is the interaction radius,/-ca is the reduced mass of the 15N + a system, 7"~L 
is the radial part of the a-cluster wave function ( f o  R~ r2dr = 1) which is related to 
the model wave function used in the distorted-wave calculations by 

RL(R t )  = V/-~ Tc°LW (RI ) .  (4) 

At a given value of Rl, the final results are not as sensitive as the spectroscopic 
factors to the a-core potential. For example, the effect of a factor of two change in 
the spectroscopic factor of the 0.110 MeV level, result only in a change of 15% in the 
a-reduced width. In return, the reduced width y]  was found to be highly sensitive to 
the interaction radius Rt but due to the penetration factor, the a-width F,~ is much less 
sensitive (a factor of two between RI = 5 and RI = 6 fm however). We finally adopted 
Rt = 5  fm. 

Further uncertainties come from the configuration for positive parity levels. Since the 
choice is not unambiguous, in the following, we present both the results for the 2N + L 
= 7 and 9 configuration but we will adopt as final result the value corresponding to the 
lowest configuration. 

From the above discussion of the uncertainties in the parameters, we estimate that 
the corresponding overall error on the a-widths is of a factor of 2. This estimated error 
is further supported by the comparison between the present results and the a-widths 
obtained by direct measurements (see Table 3). 

3. 7. Results 

In a first step fluorine spectroscopic factors S,~ are extracted from experimental data 
using Eq. (1) and the corresponding values are presented in Table 2 for the various 
2N + L configurations. In a second step, the reduced a-widths y]  are calculated with 
Eq. (3) at RI = 5 fm. For comparison with other studies, we introduce the associated 
dimensionless a-reduced width 0~: 

02 = y~(Rt)  
T2w( RI) , (5) 

where yZw(Rt), the Wigner limit, is equal to 0.793 MeV. For unbound levels, the a-width 
/',~ can be calculated [30] by 

F~ = 2yZ (RI)PL(Q~,R1) , (6) 

where the effect of the Coulomb barrier is taken into account by using the a-penetrability 
factor PL (Q, ,  RI) for an a-decay energy Q,~. All these factors are presented in Table 2. 
In Table 2, we observe that the low-lying negative parity states in 19F have high spec- 
troscopic factors. They are described as arising from the coupling of a Pl/2 hole to the 



E de Oliveira et al,/Nuclear Physics A 597 (1996) 231-252 

Table 2 
Results 

Ex jTr 2N + L Sa 02a a y2 a Fa 
(MeV) xlO -2 xlO -2 (keV) (eV) 

l + 7 12. 5.3 42. g,s. 
9 8. 5.0 40. 

0.110 ! -  8 34. 18.7 148. 
0.197 52+ 7 12. 3.9 31. 

9 7. 3.7 29. 
5 - 8 20. 10.6 84. 1.346 

1.459 3 - 8 20. 10.8 86. 
1.554 32-+ 7 21. 10.4 82. 

2 
9 14. 9,1 72. 

2.780 9+ 7 16. 3.2 25.4 2 
9 7.5 3. l 24.6 

3.908 3+ 7 ~<9. ~<5. ~<40 2 
9 ~<7. ~<4.5 ~<36 

3.999 b 7 -  8 29. 13.5 109. 2 
4.033 b 2 -  8 29. 13.5 109. 
4.378 2+ 7 1.2 0.56 4.44 1.5 x 10 - 9  

9 0.75 0.47 3.73 1.25 X 10 -9 
4.550 c 5_+ 7 9. 4.2 33. 1.6x10 -5 2 

9 5.5 3.5 27.5 1.3x10 -5 
4.683 ~ 5_- 8 3.8 2.4 18.7  3.0x10 -3 
5.107 2+ 7 0.7 0.33 2.6 3.3x10 -2 

9 0.4 0.25 1.98 2.5 x 10 -2 

245 

a Calculated with RI = 5 fm. 
b Assuming the same internal structure and hence the same S~ for the levels at 3.999 and 4.033 MeV. 
c Neglecting the contribution of Ex = 4.556 MeV, j~r = 3 -  level. 
J Neglecting the contribution of Ex = 4.648 MeV, jTr = 9 +  level. 

four-par t ic le  states o f  the ground-s ta te  rotational band in 2°Ne. Hence  a strong excita-  
t ion o f  these levels  in the (TLi,t) reaction is expected and was indeed clearly observed 
in Ref .  [ 13].  Iden t i fy ing  these states wi th  members  o f  the ~SN + a cluster  band with 
2 N + L  = 8, Kubo  et al. [ 14],  using the Middle ton  exper iment  data [ 13], have extracted 
a mean spec t roscopic  factor  value  o f  0.24 for these levels.  For  posi t ive  parity levels,  dif-  
ferences  be tween  the 2 N + L  = 7 and 9 configurat ions seem large (a  factor o f  1.5) when 
compar ing  spect roscopic  factors.  However ,  when the physical  parameters y2 are calcu- 
lated, the discrepancy is reduced to less than 25%. This  will  come  out  as an addit ional  
source  o f  uncertainty on the astrophysical  rate but o f  acceptable magni tude.  For  the rest 
o f  the study we will  use the 2 N  + L = 7 results. For  unbound levels,  some a -wid th s  
were  already measured.  It is especial ly  interest ing to compare  direct  measurements  with 
our  results  (see  Table 3 ) ,  as it provides  a test for the indirect  method  of  extract ing 
a -wid ths .  The  a - w i d t h  o f  the 4.683 M e V  level is known to be ( 2 . 1 5 : 0 . 7 ) x l 0  -3  eV 
[34]  which  is in good  agreement  wi th  our  value o f  3 .0×  10 -3  eV. Magnus  [35]  gave 
F,~ = (3 .2  :t: 0 . 7 ) x  10 -5  eV and F,~ < 5 x 10 -6  eV for the levels at Ex = 4 .550 M e V  
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Table 3 
Comparison between direct and indirect measurements 

Ex (MeV) jrr Fa (eV) 

direct This work 

5+ 4.550 ~ (3.2zk0.7) X 10 -5 a 
3 -  4.556 ~ < 5×10_ 6 a 

4.683 _5- (2.1:t:0.7) ×10 -3 b 
5.107 25-+ > 2.X10_ 2 c 2 

1.6x 10-5 d 

3.0×10-3 e 
3.3X10 -2 

a Re£ [35]. 
b ReE [34]. 
c ReE [36]. 
d Neglecting the contribution of E x =  4.556MeV level. 
e Neglecting the contribution of E x =  4.648MeV level. 

and 4.556 MeV respectively. Neglecting the direct contribution of the 4.556 MeV in our 
measurement as indicated by the results of Ref. [35], we obtain Fa = 1.6×10 -5 eV 
for the level at 4.550 MeV in reasonable agreement with the direct measurement of 
Magnus. For the 5.107 MeV level, a limit F,~ > 2.x 10 -2 eV is extracted from [36,37] 
in agreement with our value of 3.3x 10 -2 eV. The a-width of the level of astrophysical 
interest has been determined to be F~ = (1 ~+1.5~ • -'-0.8J x 10 -9 eV. The error (a factor of two) 
has been estimated from the analysis of the stability of results and from the comparison 
between direct and indirect measurements presented above. 

4. The new lSN(a, ~/)I9F reaction rate 

For astrophysical calculations, we provide the expression for the reaction rate in the 
formulation of Fowler et al. For a narrow and isolated resonance the reaction rate could 
be written as [38] 

Na(o'v) = C8T9 ~ exp - ~ 9  (7) 

with Cs = 1.53986 x 105/z-3/2toy, C9 = 11.605 ER, where w 7 is the strength of 
the resonance in eV, /~ the reduced mass in atomic mass units, ER the resonance 
energy in MeV, T9 the temperature in billions of degrees and Na (o'v/ is expressed in 
cm 3 s -  1 mole - i. 

The strength is given by 

2JR + 1 F ~ F  r o~y = - - ,  (8) 
( 2Jr + l ) ( 2Jp + l ) Fr  

where J~, J r  and Jp are the intrinsic angular momenta of the resonance level, target and 
projectile respectively and F,,, Fy and Fr are the a,  y and total width respectively. The 
last term can be simplified in this case since Fr ~ F,~ << Fy, so that F r F , , / F r  = F,,. 
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Table 4 
Isolated resonance parameters 

247 

Ex (MeV) Er (MeV) toy (eV) C8 

4.378 0.364 (6.+_6~.) x 10 -9  a 1.645 x 10 -4  
4.550 0.536 (9.7-t-2.0) × 10 -5  b 2.66 
4.683 0.669 (6.04-1 .) X 10 -3  c 1.645X102 

a This work. 
Ref. 1351. 

c Ref. 134]. 

From the new value of F~ for the 4.378 MeV level, we deduced wy = (6.+6'.) × 10 -9 eV. 
Two other levels have been considered, for the calculation of the reaction rate: the 
4.550 MeV and 4.683 MeV levels for which we used the toy values from Ref. [35] 
and [34] that are displayed in Table 4. With l = 7, the Ex = 4.648 MeV level is strongly 
inhibited and has never been seen in 15N(a, 3')19E The continuum term for the highest 
temperatures has also been modified relative to CF88. This is the result of the fit of 
the sum of the contributions from the ~ 60 resonances from 5 MeV to 10 MeV whose 
strengths are tabulated in [ 16]. 

In CF88, the low temperature continuum only represents the tail of the broad Ex = 
5.50 MeV level. In addition, we calculated the contributions of direct capture for the 
six first 19F levels as with the RACAP code [39] and of the sub-threshold (l = 1) Ex = 
3.908 MeV level. (The contributions of the (l = 4) near-threshold levels Ex = 3.999 
and 4.033 MeV are negligible.) The total contributes significantly to the rate only below 
T9 = 0.07, i.e. for vanishing values of the reaction rate. 

Finally, the new reaction rate is 

Na(o-v) = 1.0 X 1011 T92/3 exp ( -36.215 T91 /3 -  (T9/0.6) 2) 

+1.645 x lO-4T93/2exp(-4.223/T9) x (0.5-2.) 

+2.66T93/2 exp(-6.220/T9) 

+1.645 x 102T93/2 exp(-7.764/T9) 

+3.92 x 1 0 4 T 9  1/3 e x p ( -  14.522/T9). (9) 

The ratio of the new reaction rate to the CF88 one is presented in Fig. 10. The 
modification brought by our measurement is very important for temperatures lower 
than T9 = 0.2, since the reaction rate is found lower by a factor of about 60. For 
0.4 < T9 < 0.8, the reaction rate is higher by a factor of ~ 10. This effect is due to the 
contribution of the levels at 4.55 MeV and 4.683 MeV, neglected in CF88. 
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Fig. 10. The new rate. The upper panel displays the new rate (solid line) together with the contributions of 
the isolated resonances (dashed lines) and high temperature continuum (dotted line). The lower panel shows 
the ratio of the new rate to the CF88 one. The important decrease in the rate below T9 = 0.3 is due to the 
reduced Ex = 4 .378  M e V  strength while the increase around T9 = 0.5 is due to the effect of the levels at 
Ex = 4 . 5 5 0  and  4 .683 MeV. 

5. Effect of the 15N(a, ~/)I9F rate on the synthesis of 19F in thermal pulses 

As indicated in Section 1, 15N(o~, T) 19F plays an important role in the 19F production 
during thermal pulses in AGB stars [9]. This section illustrates the impact of the 
15N( re, "Z)19F reaction rate on the 19F synthesis by comparing the abundances resulting 
from thermal pulses of a 3M® star (with an initial solar composition), when use is 
made of the CF88 or of the new rate given in Section 4 (referred to as ORSAY in the 
following). Details concerning the stellar evolution code can be found in Ref. [41]. 
Complete evolutionary sequences incorporating the new 15N(a, 3/)19F ORSAY rate and 
a detailed discussion of the results are presented elsewhere [40]. 

The AGB stars are made of a carbon-oxygen core, helium- and hydrogen-burning 
shells separated by an intershell He zone, and a convective envelope extending up to the 
surface. Their evolution is characterized by a sequence of thermal runaways (thermal 
pulses), originating in the He-burning shell and triggering a convective He-burning zone 
growing rapidly in the intershell region. This is illustrated in Fig. 11 which presents the 
evolution of two successive thermal pulses of our 3M® star. After a pulse, the convective 
envelope may penetrate the intershell region, thus bringing to the surface the ashes of 
He-burning from the pulse (third dredge-up, not represented in Fig. 11). 

Fluorine is produced in the pulse convective zones by the reaction chain 
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Fig. 11. Structure of  the ninth and tenth thermal pulses in a 3M® AGB star as a function of time. The ordinate 
represents the mass (in solar mass units) enclosed in a sphere of given radius within the star (i.e. M = 0 at 
the center and M = 3M® at the surface). The hatched areas correspond to convective regions. Each computed 
model is represented by a vertical line in the convective zones (horizontal lines have no special meaning). 
The short-dashed lines indicate the location of maximum energy production by H burning (upper line) or He 
burning (lower line). Regions a and b referred to in the text are also indicated. 

14N(oz, 3/) 18F(fl+)180(p,a)15N(a, y)19F. The necessary protons are produced mainly 
by 14N(n,p)14C and 26Al(n,p)26Mg, the neutrons coming from 13C(a,n)160. The seed 
nuclei 13C, 14N and 26A1 involved in the 19F production are supplied by the ashes of the 
former H-burning located in the layers labelled a in Fig. 11. These seeds are engulfed 
in the convective zone during the thermal pulse. With the CF88 rate, ~SN is totally 
converted into 19F in the convective region during the thermal pulse. With the lower 
ORSAY rate, however, the amount of 15N synthesized in the pulse is only partially 
converted into 19F. This is clearly seen in Fig. 12, which displays the 19F abundance 
profiles at the time of disappearance of the convective zone associated with the ninth 
pulse calculated with either the CF88 or the ORSAY rate. 

Due to the recurrent nature of the pulses, some fraction of the 19F produced in a 
given pulse is incorporated into the next one, depending on the overlap between the two 
successive pulses (region b of Fig. 11). The evolution of the 19F intershell abundance, 
i.e. of the 19F abundance in the region located between the H- and He-burning shells, is 
thus determined on the one hand by the amount of fluorine produced within the pulses, 
and on the other hand by the pulse overlaps. This evolution predicted with the ORSAY 
rate is displayed in Fig. 13b. With the CF88 rate, 15N is totally converted into 19F 

even in the early pulses with low base temperatures (Fig. 13c). As a consequence, the 
resulting 19F intershell abundance is larger than the one predicted with the ORSAY rate. 
However, the difference decreases with increasing pulse number as lSN is inevitably 
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Fig. 12. The 15N (dashed line) and 19F (solid line) mass fractions as a function of the stellar mass coordinate 
(see Fig. 11 ) at the end of the ninth pulse in a 3M® AGB star. The thick line corresponds to the 19F profile 
obtained with the CF88 15N(a, y)19F rate, whereas thin lines relate to the ORSAY rate. Note that the 15N 
profile corresponding to the CF88 rate falls below the lower boundary of the figure, as 15N is totally converted 
into 19F in the convective region associated with the pulse. 

transformed into 19F with the ORSAY rate when the pulse temperatures get high enough 
(Fig. 13c). 

The extent to which the ORSAY 15N(a, y)I9F rate modifies the predictions of the 
19F surface abundance of AGB stars can be evaluated from Fig. 13a. The I9F surface 
abundance has been estimated by assuming that, after each pulse, the convective envelope 
of mass Me = 2.4M@ dredges up AM = 5 × 10-3M® of material from the region 
previously processed by the thermal pulse (this simplistic assumption is made necessary 
by the fact that our models, like most of the current ones, are unable to account for the 
dredge-ups in a self-consistent way). Fig. 13a shows that the surface 19F overabundance 
(with respect to the solar system value) achieved after a given number of pulses is 
smaller with the ORSAY rate than with the CF88 one. The displayed difference can 
be considered as a maximum, since it is assumed that the third dredge-up occurs from 
the first pulse on, when the difference between the ORSAY and CF88 intershell 19F 
abundances is maximum. If  the dredge-up were to start occurring at a later pulse, the 
difference in the 19F surface abundances resulting from the ORSAY and CF88 rates 
would be much smaller. 

In conclusion, the new ORSAY 15N(a, y)19F rate tends to delay the onset of 19F over- 
abundances at the surface of AGB stars. The 15N(a, y)19F rate presented in this paper 
will definitely put the predictions of stellar 19F production on firmer grounds, though 
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Fig. 13. Evolution of various quantities from the first to the twelfth pulse in the 3M® AGB star already 
considered in Fig. 11. (a) Surface 19F overabundance with respect to solar if, after each pulse, 5 x 10-3M® 
of material formerly processed by the thermal pulse is dredged up into the convective envelope (of mass 
Me = 2.4M® ). The filled squares give the surface overabundances predicted with the ORSAY rate, while 
the filled triangles correspond to the situation encountered with the CF88 rate, where all the available 15N 
is converted into 19F in the pulse (see (b). (b) Mass fractions of 1917 in the intershell zone at the end of 
each pulse. The filled squares and triangles indicate the predictions obtained with the ORSAY and CF88 rates, 
respectively. (c) Maximum temperature at the base of the convective shell. 

these predictions are still hampered by uncertainties in the modelling of convective 
processes like the third dredge-up. 
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