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The 7O(p,y)'8F and "O(p,a)'*N reactions have a profound influence on hydrogen-burning nucleosynthesis
in a number of stellar sites, including red giants, asymptotic giant branch (AGB) stars, massive stars, and classical
novae. Previously evaluated thermonuclear rates for both reactions carry large uncertainties. We investigated the
proton-capture reaction on 7O in the bombarding energy range of E** = 180540 keV. We observed a previously
undiscovered resonance at E&® =193.2 £ 0.9keV. The resonance strength amounts to (wy),, = (1.2 £ 0.2) x
107% eV. With this value, the uncertainties of the '"O(p,y)'®F reaction rates are reduced by orders of magnitude
in the peak temperature range of classical novae (T = 0.1-0.4 GK). We also report on a reevaluation of the
70(p,y)'®F reaction rates at lower temperatures that are pertinent to red giants, AGB stars, or massive stars.
The present work establishes the 'O(p,y)'8F reaction rates over a temperature range of T =0.01-1.5 GK with
statistical uncertainties of 10-50%. The new recommended reaction rates deviate from the previously accepted

values by an order of magnitude around 7" ~ 0.2 GK and by factors of 2-3 at 7 < 0.1 GK.
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I. INTRODUCTION

The "O(p,y)'®F and '7O(p,a)'*N reactions are parts of the
carbon-nitrogen-oxygen (CNO) cycles. Precise knowledge of
their thermonuclear reaction rates is of paramount importance
for understanding hydrogen-burning nucleosynthesis in a
number of different stellar sites. The stellar temperature ranges
of primary interest amount to 7' =0.03—0.1 GK, e.g., for red
giants, asymptotic giant branch (AGB) stars, or massive stars,
and to T =0.1-0.4GK, e.g., for classical novae. According
to the Nuclear Astrophysics Compilation of Reaction Rates
(NACRE) [1], the thermonuclear rates for both of these
reactions carry large uncertainties. Results for the '’O(p,y)'3F
reaction are shown in Fig. 1. For a better comparison, we
show the reaction rate ratio of the previously accepted upper
(or lower) limit and the recommended rate. It can be seen
that the reaction rates at temperatures important for classical
novae are uncertain by several orders of magnitude. It was
demonstrated recently [2] that such large errors introduce
significant variations in C, N, O, and F isotopic abundances
that are predicted by hydrodynamical nova simulations.
These variations, in turn, have far-reaching implications
for the galactic synthesis of 7O, the stellar production of
the radioisotope '®F, and the predicted oxygen isotopic ratios
in nova ejecta [2].

The errors shown in Fig. 1 are mainly caused by an
unmeasured narrow resonance. An energy level diagram of
8F is displayed in Fig. 2. The resonance corresponds to a
previously observed state at E, =5786keV (J* =27) [3] in
the '8F compound nucleus. The y-ray decay of this state
is also known. Transitions to the levels at E, =937 and
E,=1081keV have been reported, with branching ratios
of 40 and 60%, respectively [3]. The expected location of
the resonance is E}g‘b ~190 keV, as calculated from the
excitation energy and the Q value for the '"O(p,y)'8F
reaction (Q,, =5606.5+0.5keV [4]). We report here on
the measurement of this previously unmeasured resonance in
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the 7O(p,y)'®F reaction. As will be seen, our new results
reduce the uncertainties of the "O(p,y)8F reaction rates
by orders of magnitude in the peak temperature range of
classical novae (T =0.1-0.4 GK). A preliminary account of
the present work has been given elsewhere, and all of our
present results supersede those published earlier [2]. We also
report on a reevaluation of the 'O(p,y)'8F reaction rates at
lower temperatures that are of interest to red giants or AGB
stars. At these lower temperatures, our new reaction rates
differ by factors of 2-3 from those presented by the NACRE
Collaboration [1].

The present work is organized as follows. Section II de-
scribes the experimental equipment used in our measurements.
In Sec. III, we discuss experimental procedures and results.
Thermonuclear reaction rates for the !”O(p,))'®F reaction are
presented in Sec. IV. Conclusions are given in Sec. V. Through-
out this work, £, and Er denote the proton bombarding
energy and the resonance energy, respectively. All quantities
are given in the laboratory system unless mentioned otherwise.

II. EXPERIMENTAL EQUIPMENT

The experiment was carried out at the Laboratory for Exper-
imental Nuclear Astrophysics (LENA), located at the Triangle
Universities Nuclear Laboratory (TUNL). A 1 MV JN Van de
Graaff accelerator supplied proton beams of up to 100 ©A on
target in the energy range of £, = 140-540 ke V. The bombard-
ing energy was calibrated with the well-known '"*O(p,y)"F
resonance at Ex =150.82 £+ 0.09keV [5]. The uncertainty
in absolute energy and the energy spread were 41 and
2.5 keV, respectively. The proton beam entered the target
chamber through a liquid-nitrogen-cooled copper tube that
was biased to —300 V in order to suppress the emission of
secondary electrons from the target and the beam collimator.
The target and chamber formed a Faraday cup for charge
integration. The beam was focused into a profile of ~6 mm
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FIG. 1. Reaction rates for the ’O(p,y)'®F reaction [1] prior to the
present work. The solid lines show the ratios of the upper (or lower)
reaction rate limit to the recommended rates. The area between the
solid lines represents the previous uncertainty in the reaction rate
ratio.

diameter on target. The target was directly water cooled using
deionized water.

Targets were prepared by anodization of 0.5 mm thick
tantalum backings in !’O- or '80-enriched water. According
to the supplier, the enrichments amounted to 90.0 and 97.3%,
respectively. Note, that different targets (with an 7O enrich-
ment of 83.8%) were used in our preliminary study [2]. Such
targets have been found [6] to be of well-defined stoichiometry
(Ta,Os) with a target thickness that is precisely determined by
the anodizing voltage. Prior to target preparation, the surface
of the tantalum backing was etched [7] in order to remove
some of the impurities that are a source of beam-induced
background radiation. All targets were checked frequently,
and no degradation in yield or target thickness was observed
during the course of the experiment.

Prompt y rays from the "O(p,y)'8F and '8O(p,y)'°F
reactions were detected using a large-volume (582 cm?) HPGe
detector placed at an angle of 0° and a distance of 16 mm
from the target. Accurate energy calibrations were obtained
from radioactive sources, background contributions (*K and
208T1), and well-known decays in the UN(p,y)P0 reaction.
The energy resolution was typically 2.5keV at E,, =1.33 MeV.
Peak efficiency calibrations were established using '>Eu and
%Co sources and the decays from well-known resonances
in the “N(p,y)130, **Mg(p,y)*’Al, and >’ Al(p,y)*8Si re-
actions. The full-energy peak efficiency amounted to ~5%
at a y-ray energy of 1.33MeV. Since the y-ray detector
was placed in very close geometry to the target, coincident
summing corrections [8] had to be considered carefully in
all of our measured spectra. The corrections were performed
numerically according to the matrix formalism described by
Ref. [9]. The required total efficiency values were measured
using 54Mn, B7Cs, and °Co sources. The total efficiency
calibration was extended to a y-ray energy of 12 MeV
by performing Monte Carlo calculations using the code
MCNP. The experimental setup, including detector housing,
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FIG. 2. Relevant parts of the energy level diagram for the '8F
compound nucleus. Most energies and J” values are from Refs. [3,4].
Those for the second excited state above the proton threshold are from
the present work (see Table I). The values in parenthesis represent
proton and «-particle separation energies. Resonance energies are
given in the laboratory system.

contact rod, mounts, shielding, target holder, and chamber,
was included in the simulations. The solid angle attenuation
coefficients needed for angular correlation corrections were
also estimated using MCNP.

III. EXPERIMENTAL PROCEDURES AND RESULTS

A sample excitation function (i.e., y-ray yield versus
bombarding energy) of a previously observed resonance in the
70(p,y)'8F reaction is shown in Fig. 3. The target thickness
amounts to about 9 keV at £, ~ 0.52 MeV, as can be seen from
the full width at half maximum of the excitation function.
The resonance energy is obtained from the location of the
midpoint of the low-energy edge of the excitation function.
The result is Ex =518.9+1.0keV. Our value agrees with
the literature value of Ep =518.9 £ 1.3keV that is obtained
from the excitation energy for the corresponding '8F level
(E,=6096.441.1keV [3]) and the reaction Q value. The
resonance strength is defined by

Q2J+1) r,T,
Qj+1D2j,+1) T
with J, j;, and j, the spin of the resonance, target, and
projectile, respectively; I'y, Iy, and I' denote the partial

widths of the incoming and outgoing reaction channel and
the total width of the resonance. The resonance strength is

(a)y)xy = s (1)
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FIG. 3. Excitation function of the primary R —1121 keV tran-
sition for the previously observed '7O(p,y)'®F resonance at Ex =
519 keV. A total of six excitation functions have been measured
for this resonance during the course of the experiment. All were
consistent in yield height and target thickness. The solid line
represents a numerical simulation showing the expected thick-target
yield when the beam energy resolution and energy straggling in the
target are taken into account.

experimentally obtained from the expression [10]

2 N, )

wy = Ffeﬁ‘N—p» 2
with A the de Broglie wavelength, N,, the number of incident
protons as calculated from the collected charge, and N, the
resonant y-ray intensity that is measured on the plateau of
the thick-target yield curve. The quantity N, was corrected for
peak efficiencies and coincident summing. Angular correlation
effects were estimated but found to be negligible for this
resonance considering the large solid angle covered by our
detector. The effective stopping power for our oxygen targets
is given by Bragg’s rule

N(lﬁO)
€
N(70)

where N; denotes the number densities of atoms. Stop-
ping powers ¢; are obtained from the code SRIM [11].
All quantities in Eq. (2) are given in the center-of-mass
system. Our value for the resonance strength amounts to
(0y)py(Er=519keV) = (1.24£0.3) x 1072eV. The previ-
ously measured results are (a)y)l;;lfs =(2.1£04) x 107%2eV

[12] and (a))/)ieynS =(7+2) x 1073 eV [13]. The former result
was normalized to an erroneous value of the Ex =632keV
resonance strength in the 2’ Al(p,y)?*Si reaction. Renormal-
ization using the correct result (see Table I in Ref. [14])
gives (0y)X9"™=(1.3£0.3) x 107>eV, in agreement with
the present value. Note, that the erroneous value for (2J +
nHr,r,/r is also listed in Table 18.31 of Ref. [3].

Figure 4 compares on- and off-resonance spectra measured
in the "O(p,y)'®F reaction at E, =200 (upper spectrum)
and 228 keV (lower spectrum), respectively, i.e., in the
energy region of the previously unmeasured Eg = 190 keV

eerr = €('"O) +

€(Ta), 3)
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FIG. 4. Relevant sections of on-resonance (upper) and off-
resonance (lower) y-ray spectra measured at £, = 200 and 228 keV,
respectively. The two primary y-ray decays of the previously
unmeasured Ez = 193 keV resonance to the '*F levels at 937 and
1081 keV are clearly observed in the on-resonance spectrum.
Shown are the full-energy and single-escape peaks for each of the
primary transitions. The peak at E, &~ 4440 keV is caused by a ''B
contamination in the target.

resonance. The spectrum measured at E, =200keV clearly
shows the full-energy and single-escape peaks for the primary
R —937keV and R — 1081 keV transitions. The correspond-
ing secondary transitions 937 keV—0 and 1081 keV—0 are
also observed in the same spectrum (but are not shown in
Fig. 4). Neither primary nor secondary transitions are observed
in the off-resonance spectrum measured at £, =228 keV. The
excitation function of the primary R — 1081 keV transition
at bombarding energies around ~200 keV is shown in Fig. 5.
No yield is observed below and above the excitation function
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FIG. 5. Excitation function of the primary R — 1081 keV
transition for the newly discovered Ex = 193 keV resonance in
70(p,y)'®F. The solid line represents a numerical simulation
showing the expected thick-target yield when the beam energy
resolution and energy straggling in the target are taken into account.
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(i.e., off-resonance), while the width of the measured yield
curve agrees, after correction for stopping powers, with the
one displayed in Fig. 3. We would like to emphasize that the
data shown in Fig. 5 were obtained by using a different !0
target compared to the results presented in our preliminary
study (Fig. 2 in Ref. [2]). Furthermore, the data shown here
represent a significant improvement in statistical accuracy.

From the measured yield curve, we obtain a resonance
energy of Eg 1 =193.3+ 1.5keV. The energy of the new res-
onance may also be calculated from the y-ray energies of the
primary transitions. For the excitation energy, we obtain values
of E, =5788.1 £ 1.5and E, =5789.6 == 1.4 keV by using the
measured energies of the R —937 keV and R — 1081 keV
transitions, respectively. These values are corrected for the
nuclear recoil energy and for full Doppler shifts. The lat-
ter assumption is supported by the very short mean life-
time of this state [15]. The weighted average amounts to
E, =5788.9+1.0keV. From this value we calculate, by
using the reaction Q value (see earlier), a resonance energy
of Er>=193.2+1.2keV. We adopt the weighted mean of
Er=193.2 £ 0.9keV. The resonance strength is calculated
from the measured y-ray intensities on the plateau of the
thick-target yield curve according to Eqgs. (2) and (3). The
result is (wy),, (Eg =193keV) = (1.2£0.2) x 107%¢eV, in
excellent agreement with our preliminary value [2]. The error
is mainly determined by uncertainties in y-ray intensities,
detection efficiencies, coincident summing corrections, and
stopping powers. Angular correlation effects have been esti-
mated by using the formalism presented in Ref. [16]. For pure
transitions, the theoretical angular correlation functions are
given by

PHYSICAL REVIEW C 71, 055801 (2005)

WS 1 (E2) = 1+ 0.1428 Py(cos 6), (7

with j;=2 or 3 denoting the channel spin. The channel
spin mixing ratios for the primary transitions are not known.
Nevertheless, we can estimate angular correlation effects by
considering the pure transitions as extreme cases. The solid
angle attenuation factor (Sec. II) at the energies of the primary
transitions is about Q, ~0.62. Hence, the magnitude of the
experimental angular correlation, Wey, =1+ a; Q> P,(cos 6),
for the R —937 keV transition becomes negligible compared
to the error of (wy)p,. The situation is not so clear for the
R — 1081 keV transition, which exhibits a large a, coefficient
for the channel spin j; = 2. In this case, we used the measured
intensity of the corresponding secondary 1081 keV — 0
transition, which is isotropic (since Jjog; =0). Remaining
angular correlation effects contribute less than 2% to the total
error in the resonance strength and have been neglected. Our
value of the resonance strength lies a factor of ~330 below the
upper limit reported by Ref. [15].

As a final experimental test, we measured the resonance
strength of the well-known Eg=151keV resonance in
180(p,)'°F. We obtain a value of (wy)py(Eg=151keV) =
(9.3+£1.0) x 107*eV, in agreement with the previously
reported results of (wy),,(Er=151keV)=(1.0£0.1) x
1073eV [17] and (9.2 £ 0.6) x 10~*eV [18]. All of our
measured energies and resonance strengths are summarized
in Table I together with values reported in the literature.

IV. REACTION RATES

The total thermonuclear rate for the 7O( p,y)lSF reaction
3 s~ mole~! is given by the expression [19]

e ¢}
x / o(E)Ee” " PF/PIE, ®)
0

WiT2(E1) = 1+ 0.1Py(cos 0), (4) ~ inunitsof cm
- Na(ov) = 3.7318 x 100, ~121,7/*
WIJQ‘;937(E1) =1—0.0285P,(cos0), (®)]
W20 (E2) = 1 — 0.5 Py(cos 6), (6)
TABLE I. Summary of measured resonance energies and strengths in the (p,y) reactions
on 70 and '#0.
ReaCthl’l ER a (a))/ )];l’;!ienlb (wy );;]r;vious
(keV) V) V)
70(p,y)'®F 5189+1.0 (1.240.3)x1072 (2.1£0.4)x1072¢
(7£2)x10734

70(p, y)'®F 193.2+0.9° (1.240.2)x107¢ <4x1074f
BO(p, ¥)F 150.82 £ 0.09¢ (9.3+1.0)x107* (9.24+0.6)x107*"

(1.0£0.1)x 1073

“From present work unless noted otherwise.
®From measured thick-target yield.

‘Based on erroneous normalization (Sec.IIl); properly renormalized value is wy =

(1.3£0.3)x1072 eV.

4Based on unpublished stopping power values.

“Weighted average of directly measured resonance energy and value deduced from measured

y-ray energies of primary transitions (see text).

fFrom Ref. [15].
2Calibration value; from Ref. [5].
"From Ref. [17].
iFrom Ref. [18].
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with E the center of mass energy in MeV, u the reduced mass,
and Ty the temperature in GK. The total cross section o (in
barns) is determined by resonant and nonresonant contribu-
tions to the nuclear reaction mechanism. The contribution of
isolated and narrow resonances to the total reaction rate is
given by [19]

Na(ov), =1.540 x 10" (uTp) > Y “(wy)ie " 0F/ T,

' ©)

with the center of mass energies E; and strengths (wy); of the
resonances in MeV. Nonresonant cross sections vary smoothly
with (center of mass) bombarding energy E and are usually
converted into the astrophysical S factor, defined by

S(E) = o(E)Ee*™, (10)

with 1 denoting the Sommerfeld parameter. If the S factor can
be approximated by a polynomial

S(E) = S(0) + ES'(0) + 1 E25"(0), (11)

then the nonresonant reaction rates are obtained by using the
relations [19]

1
N o =4339 x 10872 ——— ¢ " Soir, 12
Alov) x 10°t szzte ff (12)
5 S(0) 35
Seit = SOO)| 1 + — Eo+ —kT
off ()|: +121+S(0)<0+36 )
18O ( ., 89
— E? + —EokT )|, 13
+2S(O)<0+360 )} (13)

with Z, and Z; the charges of the projectile and target,
respectively, EO=0.122(Z§ZZZMT92)1/3 the location of the
Gamow peak in MeV, k the Boltzmann constant, Sy the
effective S factor in (MeV b), and © =4.249(Z12,Z,2M/T9)1/3.
The various resonant and nonresonant contributions to the

total rate are discussed in more detail below.

A. Narrow resonances

All experimentally observed '"O(p,y)'®F resonances in
the energy range Ex =70-1346 keV have been considered
for the sum in Eq. (9). Resonance energies were calculated
from the excitation energies compiled in Ref. [3] by using
0,y =5606.5+0.5keV [4], except for thenew Er =193 keV
resonance for which the value listed in Table I is adopted. Mea-
sured strengths of resonances at Eg > 531 keV are obtained
from Refs. [12,13]. We renormalized the (wy),, values of
Ref. [12] by using the correct resonance strength for Ex =
632 keV in *’Al(p,y)?*Si (see Sec. II). The (wy),, values
presented in Ref. [13] are adopted without changes since they
were normalized relative to the (correct) resonance strength
for Ex =655 keV in 2’Al(p,y)*8Si. Weighted averages of
both sets of (wy),, values are adopted in the present work.
For the resonances at Egx =193 and 519 keV, our measured
(wy)py values are used (Table I).

The case of the Ex =70 keV resonance, corresponding
to the '8F level at E, =5673 keV (J™=1"), deserves
special attention. For this level, three important quantities
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are known. (i) The resonance strength in the "O(p,a)"*N
reaction has been measured by Ref. [20]; we use a value
of (wy)pa =(4.71+0.8)x 10~ eV, which is slightly different
from the one reported in Ref. [20] because we take into
account the results from an independent reanalysis [21] of the
original data. (i) The resonance strength in the “N(«, y)'8F
reaction has been measured; the average value of the results re-
ported by Refs. [22-25] amounts to (@) )e, =0.44 £0.02 eV.
(iii) The « partial width was deduced from an R-matrix analysis
of "“N(o, @) scattering data [26], with the result of Iy, = 130 £
5 eV. From these three quantities we can calculate the strength
of the (p,y) resonance. The result is (wy),, =(1.6+£0.3)x
107" eV. A significantly larger value, (wy),, =5.9717 x
10" eV, was used by the NACRE Collaboration [1]. Their
result is based on the value of I'), =1.4£0.3 eV [26], which
was calculated from the measured I, value [26] and a “strength
of (wy)ey =1.371£0.19 eV” from Ref. [24]. However, the
latter value represents the quantity (2J + 1)I',I',, /T" instead of
(w¥)ay [Eq. (1)]. Since the 14N target spin was disregarded in
the previous analysis, both the value of I', quoted above and
the (wy ), value adopted by Ref. [1] are erroneous. As will be
seen below, the proper inclusion of the spin factor decreases
the total reaction rates by a factor of ~3 at stellar temperatures
of T = 0.03—0.09 GK.

Random errors for Ex and wy are explicitly taken into ac-
count in the calculation of the narrow resonance reaction rates.
Statistical uncertainties in N {ov), are estimated following
the formalism presented in Ref. [27], to which the reader is
referred for details.

B. Direct capture

The total direct capture (DC) cross section is given by an
incoherent sum over (i) all orbital angular momenta of the
initial scattering state (¢;) and the final state (£,) and (ii) all
final states j

T = D > C?S;(Lp)olt (L Ly), (14)

Jo ity

with S(£7) and C denoting the single-particle spectroscopic
factor and the isospin Clebsch-Gordan coefficient (C2 =1/2
for 70 4+ p — '8F), respectively. For the spectroscopic factors,
we adopted the average of the experimental values reported
by Refs. [28,29]. The theoretical direct capture cross section
agﬁ is calculated by using a single-particle potential model.
The cross section for a transition to a specific final state is
determined by the overlap of the scattering wave function in
the entrance channel, the bound state wave function in the exit
channel, and the electromagnetic multipole transition operator.
The radial wave function for the final bound state is generated
by using a Woods-Saxon potential with radius parameter
ro=1.25 fm and diffuseness ¢ =0.65 fm (i.e., the same
values that were used in the transfer studies of Refs. [28,29]).
The well depth is chosen to reproduce the binding
energy of the final state. A hard-sphere potential of radius
R =1.25(17)!/3 = 3.2 fm is used for calculating the scattering
state radial wave function. Only E1 y-ray transitions are taken
into account since calculations performed for other multipoles
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FIG. 6. Previous [12] and present total direct capture (DC)
S-factor extrapolations are displayed as dotted and dashed lines,
respectively. The incoherent sum of the S factors from the broad
resonances at Ex = 589 keV (E4™ =557 keV, J™ =3%) and
Er =716 keV (ER™ =677 keV, J™ =2%) is also shown as a
dashed line. The solid line represents the sum of the present direct
capture S-factor and resonance tail contributions. The data points at
E ~ 0.3—0.4 MeV are from Fig. 17 of Ref. [12].

indicate that their contributions are negligible. In total, direct
capture transitions into 21 final bound states in '8F are taken
into account. For energies below £ =1 MeV, we find for the
total direct capture S factor (with £ in MeV and S(E) in
MeV b),

S(E) = 0.00374 4 0.000676 E — 0.000249E>. (15)

This result is displayed in Fig. 6 as a dashed curve. We
assumed random errors of 50% in the experimental C2S
values. This uncertainty is explicitly taken into account for the
calculation of the total reaction rate errors (see Ref. [27] for
details).

The method outlined above for estimating the direct capture
contribution has been applied to numerous calculations of
thermonuclear reaction rates and is well established (see,
for example, Ref. [14]). Furthermore, a recent systematic
study [30] has shed some light on the role of scattering
and bound state potential parameters for calculating GchlCc' It
is important to emphasize that previous estimates [1,29,31]
of direct capture S factors for O+ p employed a different
method. These authors adopted the S factor of Ref. [12] that
was obtained by extrapolating the total cross section measured
at higher energies (E,~ 1.6 MeV according to Table II of
Ref. [12]) down to stellar energies “via the direct-capture
model.” Their result exceeds the present estimate by a factor
of 2.5 (see dotted line in Fig. 6). We have reservations about
their procedure for two main reasons described next.

First, the direct capture model calculations in Ref. [12]
are performed by using a square-well potential with radius
parameter of ro=1.36 fm for generating the bound state
radial wave function. It has been shown previously [30,32]
that direct capture cross sections obtained from square-well
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FIG. 7. Calculated '"O+ p direct capture S factors for the
transitions DC — 937 keV and DC — 1121 keV. The dashed and
solid lines are obtained by using a square-well and a Woods-Saxon
potential, respectively, for calculating the bound state radial wave
function. For each transition, the dashed and solid lines are normalized
to the same cross section at £, ~ 1.6 MeV.

potentials differ by factors of up to &3 from those generated
by using more realistic Woods-Saxon potentials. The use of
square-well potentials does not only change the magnitude
of the cross section, but changes the energy dependence
of 02C as well. This is demonstrated in Fig. 7, showing
direct capture S factors for two sample transitions (DC —
937 keV and DC — 1121 keV, representing £; =1 — £;=0
and ¢; =1— £, =2 transitions, respectively). The dashed
and solid lines are obtained by using a square-well and
a Woods-Saxon potential, respectively, for calculating the
bound state radial wave function. For the former potential,
we employ the same parameters that were used in the original
study of Ref. [12]. For each transition, the dashed and solid
lines are normalized to the same cross section at E, ~
1.6 MeV, i.e., the bombarding energy at which the experimental
direct capture cross sections for the different transitions have
been measured (see Table II in Ref. [12]). It is obvious that
the choice of bound state potential has a large influence on the
extrapolation of the S factor to low energies. We find that the
S factors at E =0 for the two transitions shown are smaller
by 40 and 45%, respectively, when a realistic Woods-Saxon
potential is used. Similar results are expected for other direct
capture transitions in 7O + p. It is also interesting to note
that we find no evidence of the upturn of the S factor at low
energies that was reported by Ref. [12] (see our Fig. 6 or Fig. 17
of Ref. [12]), by using either a square-well or a Woods-Saxon
potential.

Second, in view of the arguments presented above, it is
surprising that the extrapolated S factor of Ref. [12] agrees
with the four data points shown in Fig. 17 of Ref. [12]
(also displayed in our Fig. 6). These data points presumably
represent measured direct capture cross sections. On the
contrary, we have reasons to assume that these “direct capture
cross section data points” are influenced by the tails of higher
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lying broad resonances. This is demonstrated in Fig. 6 showing
the incoherent sum of the S factors from the broad resonances
at Ex =589 keV (J*=3", =14 keV) and Ex =716 keV
(JT=2",I'=10 keV) as a dashed line, and the sum of
present resonant and direct capture S factors as the solid line.
The calculation of broad-resonance tails will be described in
Sec. IV C. Clearly, the two higher lying data points (£ ~
0.4 MeV) are entirely explained by the incoherent sum of the
present direct capture S factor and the broad-resonance tails.
In fact, the disturbing presence of these two broad resonances
is mentioned by Ref. [12] as a reason for studying the 'O +p
direct capture transitions in detail only at energies of E, >
900 keV. Therefore, it is not clear at all how (and if) the
four “direct capture cross section data points” at E ~0.3—
0.4 MeV shown in Fig. 17 of Ref. [12] have been corrected
for resonance tail contributions. It should be emphasized that
interference effects between direct capture and the two broad
resonances mentioned above are expected to be negligible
for the total cross section since these processes proceed
via different orbital angular momenta (£; =1 and £z =0,
respectively).

These considerations are important since it will be shown
below that the direct capture process dominates the total
reaction rates in the temperature regions of 7 <0.03 and
T=0.09-0.4 GK.

C. Broad resonances

The reaction rate contribution of high-energy tails from
subthreshold resonances is estimated by describing the §
factor according to the Breit-Wigner formula with energy-
dependent partial widths and the Thomas approximation
[33] as
T I'p(E)IY(E)

E)=E 2y 0
Ssr(E) e k2 (E—-E)?+ %[F(E)]Z’

(16)

with k the wave number and E, the center-of-mass resonance
energy. The proton and y -ray partial widths are given by

2

h

T,(E)= ZWP(E)CZSGSZP, (17)
E _ E, O\ 2Lt

T,(E)=T,(E,)B, (%> , (1)
E, + Qm/ —Ey

with R=1.25(17"3 +1)=4.5 fm the channel radius, P(E)
the penetration factor, Gszp the (observed) dimensionless single-
particle reduced width [34], B,, the primary y-ray branching
ratio to the final state at E ¢, and L the multipolarity of the y -ray
transition under consideration. Values of C2 S are adopted from
Refs. [28,29] while those for I', (E, ) are calculated either from
measured lifetimes 7, [3] or from measured strengths (wy )q,
[22-25] and w«-particle widths ', [26]. The largest S-factor
contributions arise from the levels at E, =3839 (£,=0),
5603 (£, =2), and 5605 (£, =1) keV. However, their total
contribution to the reaction rates is found to be negligible
compared to those from narrow resonances and direct capture
at all temperatures.
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The narrow-resonance reaction rate formalism [Eq. (9)]
neglects the energy dependence of the Maxwell-Boltzmann
distribution and, therefore, takes only the reaction rate contri-
bution at the resonance energy E, into account. Hence, it is
important to estimate the contributions from low-energy tails
of resonances, especially those with measured total widths.
The S factor can be expressed in terms of resonance strengths
and total widths as
wh? yen P(E) <E +0-E; >2L+‘

Spr(E) = —é?
) = o pE B —0—E,

(@Y)py T(E,)
(E, — E)* + {[T(E)]?

19)

Experimental values of (wy),, and I' for resonances
at Ex=519-1239 keV are adopted from Refs. [12,13]
(Sec. IVA) and Ref. [35], respectively. At energies be-
low E = 0.23 MeV, we obtain for the total S factor from
tails of broad resonances [with E in MeV and S(E)
in MeV b]

S(E) = 0.000464 + 0.000917E + 0.00963E%.  (20)

The largest contributions arise from the resonances at Eg =
557 and 677 keV (Sec. IV B and Fig. 6).

We also integrated the reaction rate contributions of
the two lowest-lying resonances at Ex =70 and 193 keV
numerically [according to Eq. (8)] in order to investigate the
influence of their low-energy tails. We find indeed that these
tails provide reaction rate contributions at low temperatures,
T < 0.04 GK, far in excess of those calculated according to
the narrow-resonance formalism [Eq. (9)]. Nevertheless, the
tail contributions of the Ex = 70 and 193 keV resonances
are negligible compared to the direct capture process at all
temperatures.

D. Total reaction rates

The total reaction rates, given by an incoherent sum of
the individual contributions discussed above, are listed in
Table II for temperatures of 7 = 0.01—1.5 GK. Upper and
lower limits of the total rates are also given. These represent
statistical uncertainties corresponding to a 65—68% confidence
belt [27]. The total reaction rates are also displayed in
Fig. 8. The significant improvement in accuracy compared to
Fig. 1 is evident. For example, at 7 = 0.2 GK the uncertainty
in the 7O(p,y)'®F reaction rates is reduced from orders
of magnitude to ~30%. Note that at temperatures below
T = 0.03 GK, where the direct capture process dominates
(see below), the errors in the present rates (*50%) are in fact
larger than those presented previously (*20% according to
Ref. [1]). In view of the discussion presented in Sec. IV B, we
regard a value of only 20% for the direct capture reaction rate
error as being unrealistic.

Individual rate contributions are displayed in Fig. 9 as
fractions relative to the total recommended rates listed in
Table II. Below T = 0.03 GK, the direct capture process domi-
nates the total rates, with the contribution from low-energy tails
of broad resonances amounting to about 10%. At T = 0.03—
0.09 GK, the E = 70 keV resonance contributes up to 80%
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TABLE II. Total thermonuclear reaction rates for 7O(p,y)'8F.

T (GK) Lower limit Recommended Upper limit
0.01 1.97x107% 3.03x107% 4.76x107%
0.011 2.10x107% 3.22x107% 5.06x1072
0.012 1.70x10~% 2.60x107% 4.09x107%
0.013 1.10x 1072 1.69x 10~2 2.65x107%
0.014 5.94x107% 9.10x 102 1.43x1072!
0.015 2.75x1072! 421x107% 6.61x1072!
0.016 1.11x107% 1.71x10720 2.68x107%0
0.018 1.33x107%° 2.03x107% 3.19x107Y
0.02 1.14x10718 1.73x10718 2.70x 10718
0.025 1.10x 10716 1.55x 10716 2.22x10716
0.03 5.68x1071 7.32x10715 9.49x107
0.04 1.57x10712 1.96x 10712 2.46x10712
0.05 5.12x 107! 6.31x107!" 7.78x 107!
0.06 5.33x1071° 6.49x10°10 7.91x1071°
0.07 2.93x107° 3.56x107° 4.33x107°
0.08 1.11x1078 1.37x1078 1.69x 1078
0.09 3.37x10°8 4.29x1078 5.50x1078
0.1 9.13x1078 1.20x 1077 1.60x 1077
0.11 2.34x1077 3.16x 1077 431x1077
0.12 5.77x1077 7.84x1077 1.08x107°
0.13 1.36x107° 1.84x107¢ 2.52x107¢
0.14 3.03x10°° 4.07x107° 5.52x107°
0.15 6.36x10°° 8.45x107¢ 1.13x1073
0.16 1.25x1073 1.65x 1073 2.18x1073
0.18 4.06x107° 5.27x1073 6.90x107°
0.2 1.08x10~* 1.40x10~* 1.82x107*
0.25 6.06x10~* 8.16x10~* 1.10x 1073
0.3 2.47x1073 3.35x1073 4.53x1073
0.35 1.02x 1072 1.31x1072 1.67x1072
0.4 4.63x1072 5.46x1072 6.45x1072
0.45 1.84x107! 2.09x 107! 2.37x107!
0.5 5.95x107! 6.67x107! 7.48x107!
0.6 3.62x10° 4.04x10° 4.51x10°
0.7 1.32x 10! 1.48x10! 1.65x10!
0.8 3.48x10! 3.87x10! 4.30x10!
0.9 7.29x 10! 8.10x 10! 9.00x 10!
1.0 1.31x10? 1.45%10? 1.61x10?
1.25 3.62x10? 4.00x10? 4.42x10?
1.5 6.90x 107 7.60x10? 8.37x 107

to the total rate. Between 7 = 0.09 and 0.35 GK, the direct
capture process again provides the largest contribution to the
total rates, while the Er = 193 keV resonance contributes at
most a fraction of ~40% (around 7 = 0.2 GK). This result
is surprising in the sense that for most other reactions, the
total rates are dominated by resonances if they are located in
the Gamow window. However, for the !7O(p,y)'®F reaction,
the Er = 193 keV resonance is relatively weak and it is the
only resonance located between Ex = 70 and 519 keV. Above
T = 0.35 GK, higher lying resonances with Eg > 519 keV
dominate the total reaction rates.

The ratio of present and previous [1] total recommended
reaction rates for '’O(p,y)'3F is displayed in Fig. 10. Above
T = 0.5 GK, both results are in agreement. At 7 = 0.09—
0.5 GK, our rates are smaller than the previous values by up to
a factor of 10 because of the much reduced contribution from
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102 —rrrr
§17 18

O(p.y) F

present

= 1015—

102 A | A |

0.01 0.1 1
Temperature (GK)

FIG. 8. Same as Fig. 1, but with "O(p,y)'®F reaction rates from
present work. Comparison to Fig. 1 reveals the dramatic reduction in
reaction rate uncertainties due to the observation of the Er = 193 keV
resonance.

the Ex = 193 keV resonance (see also Fig. 9) which has been
measured in the present work. Between 7 = 0.03 and 0.09 GK,
the total rates are decreased by a factor of &3 because
the spin factor was erroneously disregarded in the previous
analysis [1] (see Sec. IV A). Below T = 0.03 GK, our total
rates are smaller than the previous results by a factor of ~2.5
because we assumed a reduced direct capture contribution (see
Sec. IV B).

We have discussed so far only reaction rate uncertainties
caused by statistical errors in experimental values for reso-
nance energies Eg, resonance strengths @y, and spectroscopic
factors C2S. We will briefly comment on potential systematic
errors in 'O(p,y)'8F reaction rates. Recall that the strength

[ 70 keV ]
o8l 17N ]
5 0 1\ 519-826 keV 1
A ]
) ]
V. 06 _
%_ 193 keV ]
0.4 4
>
\9 e
< ]
Z o2 ]
0 a o A AP W rer
0.01 0.1 1

Temperature (GK)

FIG. 9. Ratios of individual reaction rate contributions and the
total recommended rate that is listed in Table II. The two dashed lines
show the components arising from the two lowest-lying resonances.
Contributions from direct capture and the low-energy tails of broad
resonances are denoted by DC and TBR, respectively. All resonance
energies correspond to laboratory values.
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107}
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Temperature (GK)

FIG. 10. Ratio of present and previous [1] total recommended
reaction rates for "O(p,y)'*F.

(wy)py of the Ex =70 keV resonance was not measured
directly but was inferred from measured values of (wy),q,
(@Y )ay, and Iy (Sec. IV A). Although a direct measurement
of this resonance in the ( p, 3 ) channels seems at present beyond
experimental capabilities, we nevertheless regard the derived
resonance strength as sufficiently reliable. The situation is not
as clear for the direct capture contribution. It must again be
emphasized that the direct capture S factor was measured
only at higher energies and had to be extrapolated to the
low-energy range for calculating the reaction rates. Our direct
capture S factor deviates significantly from the results of an
earlier analysis [12] as discussed in Sec. IV B. Although quite
a challenging task, reanalyzing existing data for 7O(p,y),

PHYSICAL REVIEW C 71, 055801 (2005)

(p, @), and (p, p) and for "“N(«, ¥) and («, ) by using an
R-matrix formalism, may prove worthwhile. Such an analysis
is beyond the scope of the present work but may provide an
estimate of interference effects between various cross-section
contributions.

V. SUMMARY AND CONCLUSIONS

We reported on a measurement of the !7O(p,y)'8F reaction
in the energy range of £, = 180-540 keV. A previously undis-
covered resonance is observed at Ep = 193.2 4= 0.9 keV. The
resonance strength amounts to (@), = (1.2 £0.2)x 10~ ° eV.
With this value, previous uncertainties in the '7O(p,y)'8F
reaction rates are reduced by orders of magnitude at tem-
peratures of 7 = 0.1—0.5 GK (i.e., the range of nova peak
temperatures). At these temperatures, our total rates are smaller
by up to a factor of 10 compared to results reported by
the NACRE Collaboration. The present reaction rates differ
also significantly from the previous results (by factors of
~2—3) at the lower temperatures of interest to the study of
red giants, AGB stars, and massive stars. These differences
are mainly caused by unreliable previous assumptions for the
Er =70 keV resonance strength and the extrapolated direct
capture S factor at low energies. The present work establishes
the '7O(p,y)'®F reaction rates over a temperature range of
T = 0.01—1.5 GK with statistical uncertainties of 10-50%.
Several effects that may give rise to systematic uncertainties
in the reaction rates have also been discussed.
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