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Abstract. The ground state of particle-unbound nuclei is observed @s@nance. According to
the Heisenberg's uncertainty principle, the shorter islitetime of the state the broader is the
resonance. The Breit-Wigner formalism describes pesfé¢led shape of the resonance when energy-
dependent partial-widths are used. In the low energy tai gfround state resonance near the
particle-emission threshold, the partial-width for theigsion of a charged particle through the
Coulomb barrier is drastically reduced. The fact that thetgr decay is strongly hindered seems to
be equivalent to the assertion that the decay of the protsinaagly delayed. In this interpretation
and as an example, possible consequences are discussarbphgsical context. Two reactions
150(p,81)180 and™®O(p,y) (B+)160 are proposed as new pathways to bypas&¥Bavaiting point.
Cross-sections were calculated after precise measursraéphergies and widths of the proton-
unbound'®F low lying states, obtained using the’D,p)t>0 reaction. These measurements were
performed at SPIRAL - GANIL facility using atPO post-accelerated radioactive beam.

INTRODUCTION

The proton-unbound nucled® probably play an important role in X-ray bursts. These
astronomical events are known to happen in close binargsystwhere accretion takes
place from an extended companion star on the surface of aomestar (type | X-ray
bursts). The accreted matter is compressed until it reastfigiently high pressure
conditions to trigger a thermonuclear runaway. In theséosiye events!“N nuclei are
mainly transformed inté°0 by proton captures][f] 2]. Then, the pathway for new proton
captures is hindered by the proton-unbound nucl€Bs This leads to an equilibrium
between formation and decay of this proton-unbound nuclBues reaction flux and the
energy generation are then limited by the relatively spivdecay of'°O (t12=122 ),



which create a waiting point. From time to time before thetgmas emitted 15F can
capture another proton thus producing thie particle stable isotope. This two-proton
capture process was calculated by Goerres df al. [3] antbhatérigorenko in[[#], and it
was found to be significant for extreme densities (largen tt@! g/cn?). In this study,
B*-decay of!®F to 10 is proposed as an alternative channel. The calculatiohisf t
150(p, )10 reaction requires the knowledge of the properties of thelying states
in 18F. Here it is reported on an accurate experiment about thitens. Alternative
reaction channels are discussed hereatfter.

SPECTROSCOPY OF 16F

A beam of radioactivé®O nuclei was produced at the SPIRAL-GANIL facility through
the projectile fragmentation of a 95 A.Me¥O primary beam on a thick carbon target.
Mean intensities of 10pps at an energy of 1.2 A.MeV were obtained after post accel-
eration. A beam contamination of less than 1 % was achieved in the analysis line
of LISE spectrometef]5] where the measurements were madesible beams?N
and N, were also used in similar experimental conditions foitrations. The exci-
tation function for the elastic scattering at these low gigsr can be described by the
Rutherford scattering formula, but shows "anomalies",vagious resonances that are
related to discrete states in the compound nucleus. Theipleof the measurement is
described in[[6[]7] and references therein. A 31(f) thick polyethylene (Ch), target
was used, thick enough to stop the beam inside. The scafievtmhs were detected by
a silicon detector, placed at forward angles (1B0the center of mass frame) within an
angular acceptance of 2Protons were identified using their energy and time-ofiflig
The energy resolution was 4 keV in the center of mass (c.ramdr Fig. 1 shows the
excitation function for the HPO,p)1°0 reaction measured from4b0 MeV to 1.1 MeV.
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FIGURE 1. Excitation function for the HEO,p)'°0 reaction at 180in c.m.. The line is a result of an
R-matrix calculation using parameters from Table I.

The measured cross section was reproduced by an R-matcal@]lation using the



code ANARKI [@] which is seen to be in a good agreement with dlaéa. A value
of S, = -5636 + 5 keV was obtained for the proton separation energy in ageaem
with the recommended valug J10]. The R-matrix analysis was ased to extract the
properties of the first three statesF, given in Table I. A significant difference was
found between the present and the recommended value of thle for the first excited
state [I]L]. This width is an important parameter used in #teutations presented in the
next section.

TABLE 1. Measured properties for the low-lying states .

Recommended values [11] This work
I Ec(keV) Tp(keV) | Ecm (keV) Ex(keV) Tp(keV)
0~ 0 40+ 20 534+ 5 0 25+ 10

732+10 198+10 70+5
958+ 2 4254+ 2 6+3

1= 193+6 <40
2= 424+5 40+ 30

CALCULATION OF 150(P,3+)0 AND 50(P, y)(8+)160

Calculation of the*®O(p,31)1%0 reaction cross section was performed using the Breit
Wigner formalism and properties 8fF determined in this experiment. The cross section
of this reaction was found to be extremely small as it is showfigure 2, always lower
than 101° barns.
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FIGURE 2. Calculated cross sections for theO(p,37)'%0 and the'>O(p, y)(B8+)®0 reaction (see
text).

A similar but alternative reactiot?O(p, y)(8)60 is proposed. The calculation of
this reaction was performed sequentially, a schematiesgmtation of this reaction is
shown in Fig. 3. Proton capture reaction to the first excitatesof1F is considered,
followed by ay decay to the g.s. resonance, from whicBadecay branching ratio is
taken into account.
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FIGURE 3. Schematic representation of thgO(p,y)(B%)'%0 reaction (see text). Two cases are
represented. In reg-transitions populate th¥F g.s. at the resonance energy. In that c&¥e mainly
decays by proton emission. In blue, high eneyglyansitions populate the low energy wing of the g.s.
resonance. In that cag®; -decay dominates.

Itis assumed that the cross sectmys (Ep) for the (o,y)(B™) reaction at the energy
E, is an integration of the differential cross section overmpalésible energies of the
transition (since the g.s. has a large width):

Ty (Ep) = / Opy(Ep, Ey)P/(Ey)P3(Ep, Ey)dE, (1)

whereopy (Ep, Ey) is the cross section to capture the proton at the eneggynt to emit a
y-ray with an energy 5 P,(Ey)dE, is the strength function, that is the probability for the
y-ray to have an energy betwegp andE,+dE,, andPg(Ep, Ey) is the branching ratio

function for the'®F nucleus to decay bg*-ray emission. The different terms of this
formula are detailed i [12]. Naively, one might have expeddp obtain a small cross
section for thep, y)(B™) reaction, similar to thép, 1) one, since/- andB-widths are
much smaller than proton-widths. Contrary to naive exgsta, the(p,y)(B™) cross
section is about 1§ times larger than thép, 3*) cross section, as shown in Fig. 2.
The large ratio can be explained in the following way. Thererily one p,3") reaction
for 107 (p, p) reactions (at the resonance energy). In(thg/)(B+) case, ong-ray is
emitted for 18 (p, p) reactions (from the ratio of the widths) and about grteansition
over 1¢ populates the low energy wing of the g.s. resonance (lesslfhi#eV above the
proton-emission threshold) where it is almost always fe#id by a3+ -decay (B =1).

This implies that one captured proton overtiQp,p) reactions induces @, y)(8™")
reaction, that is a factor 2Gimes larger than in thép, ) reaction. This is the main
explanation of the large factor between tfey)(B") and the(p, 3") reaction cross
sections.



DISCUSSION

Particle-unbound states in nuclei are observed as resesafccording to the Heisen-
berg’s uncertainty principle, the shorter is the lifetimfetloe state the broader is the
resonance. The Breit-Wigner formalism describes pesfebe shape of the resonance
when the energy dependence of the partial-widths is takeractount. This formalism
is commonly used in astrophysics to calculate cross sectbmesonant reactions at
very low energies. In light unbound nuclei in the protorfargide of the nuclear chart,
in 1°F for example, even the ground state is unbound and it is wbders a broad res-
onance. In the low energy tail of the ground state resonagee the proton-emission
threshold, the partial-width for the emission of the protiorough the Coulomb barrier
is drastically reduced. This is due to the fact that the prdtas to tunnel through the
large Coulomb potential barrier of the cot€D nucleus in the previous example. The
fact that the proton decay is strongly hindered seems tolngadgnt to the assertion that
the decay of the proton is strongly delayed. In other wordseéms that the proton is
trapped inside the nucleus. To our knowledge this cruced iolas never been discussed.
In astrophysics, this assertion is implicitly used in thiegkation of the reactions rates
involving unbound nuclei. The triple alpha reaction invswthe unboun@Be nucleus.
In the study of Nomoto et al[ T3], the formalism used to chltmithe rate of the reaction
use implicitly this assertion, and in the NACRE compilatimfireaction rateq]14] it is
written about this calculation "...the rate assumeSBeground state has been formed
at an energy E different from resonance energy, and thabausd".

In this study, two reactions channéfO(p,3+)%0 and'®O(p,y)(B1)°0 are studied.
Both reactions eventually proceed through fe-decay of the intermediate unbound
18F g.s., which is fed directly by a proton capture or indingttirough a proton capture
to the first excited state followed byyaemission. To calculate the cross section of these
reactions, it is used the assertion that the low energy tdif® is quasi-bound. In the
following, several aspects of this idea are discussed:

1. Validity of equ. (1). The validity of equ. (1) to calculate the,¢/)(B) cross section
is questionable. This equation is equivalent to the assettiat the p,y)(B")
reaction is a pure sequential process. The triple alphdiosais a similar kind
of reaction, that involves an intermediate unbound nuc(€Bs). Implicitly, the
calculation of this reaction is performed using the sameréiss as used in our
study, that is the alpha are captured sequentiflly [15].€ffeet of the assumption
made in equ. (1) could be evaluated by using a three-bodydism, as proposed
for example by L. V. Grigorenkd]4] to calculate th2O(2p, y)1'Ne reaction.

2. Validity of the strength function. The strength function that describes &
ground state resonance when populated by gamma transgionsknown, here it
is used a standard Breit-Wigner shape with energy-depé¢nddths. The validity
of this description remains to be confirmed theoreticallg axperimentally. In
any case, the feeding of the low energy tail of #fiE ground state resonance by
y-transitions will remain larger than its feeding by direobjon captures.

3. Will 18F survivealongtime ? In quantum mechanics, decay probability and life-
time are equivalent quantities. Because time-reversariamce holds for electro-
magnetic and nuclear forces, the partial width is indepetakthe direction of the
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process. The partial width for the formation of the componundleus*®F through
an entrance chann&lO+p at an energy E is identical with the partial width for the
decay of the'SF nucleus produced at the same energy. The partial widtthor t
formation of15F being reduced at low energy by the Coulomb barrier, theoprot
decay width is reduced as well. Implicitly, a Breit-Wigndrape with no energy
dependance for the widths and with no threshold limits méaaisthe state decays
according to an exponential lav J16]. Here, the energy déeece of the widths
is used, the state is broad and it is located close to the pratdssion threshold,
these are conditions that strongly restrict the validityhed exponential law. The
change of the decay law would cause a delayed proton emiSdienstudy of this
peculiar aspect is strongly required. Does that m&&nwill survive a long time
when populated in the low energy tail of the ground state & tiong enough that
the beta-decay can compete with the proton emission ? Tinigins to be observed
experimentally.
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