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Measurement of 17F(d,n)18Ne and the impact on the 17F( p,γ )18Ne reaction rate for astrophysics
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Background: The 17F(p,γ )18Ne reaction is part of the astrophysical “hot CNO” cycles that are important in
astrophysical environments like novas. Its thermal reaction rate is low owing to the relatively high energy of the
resonances and therefore is dominated by direct, nonresonant capture in stellar environments at temperatures
below 0.4 GK.
Purpose: An experimental method is established to extract the proton strength to bound and unbound states in
experiments with radioactive ion beams and to determine the parameters of direct and resonant capture in the
17F(p,γ )18Ne reaction.
Method: The 17F(d,n)18Ne reaction is measured in inverse kinematics using a beam of the short-lived isotope
17F and a compact setup of neutron, proton, γ -ray, and heavy-ion detectors called RESONEUT.
Results: The spectroscopic factors for the lowest l = 0 proton resonances at Ec.m. = 0.60 and 1.17 MeV are
determined, yielding results consistent within 1.4σ of previous proton elastic-scattering measurements. The
asymptotic normalization coefficients of the bound 2+

1 and 2+
2 states in 18Ne are determined and the resulting

direct-capture reaction rates are extracted.
Conclusions: The direct-capture component of the 17F(p,γ )18Ne reaction is determined for the first time from
experimental data on 18Ne.
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I. INTRODUCTION

Steady-state hydrogen burning in stellar environments
can proceed in several reaction sequences, all of which
convert protons to helium nuclei. For main-sequence massive
stars “cold CNO” cycles dominate energy production, which
proceeds in cyclical sequences of (p,γ ), β+ decay, and (p,α)
reactions on the preexisting carbon, nitrogen, and oxygen seed
nuclei. “Hot CNO” cycles become significant at temperatures
typical for nova outbursts, in which hydrogen-rich material
is accreted onto a white dwarf in a close binary system. As
nuclear reactions release energy and increase the temperature,
(p,γ ) reactions become competitive with β+-decay half-lives
and wider reaction cycles open up, which involve short-lived
isotopes and thus help accelerate the energy generation into
a thermonuclear runaway. A review of the nuclear reactions
comprising CNO cycles and their role in astrophysics has been
given in Ref. [1].
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The rate of the 17F(p,γ )18Ne reaction determines the
temperature and density conditions under which the slow 17F
β decay is bypassed, which increases energy generation and
affects the isotopes produced in explosions like novas. At tem-
peratures higher than 0.4 GK, breakout paths to the rp process
become significant, including the reaction 18Ne(α,p)21Na,
which occurs in sequence with the 17F(p,γ )18Ne reaction.
The corresponding reaction rates influence the temperature
conditions and time scale for breakout from the hot CNO
cycles, relevant for environments like x-ray bursts.

The most important information for the determination
of astrophysical (p,γ )-reaction rates is whether there are
resonances in the relevant energy range, at what energies
they are located, and what quantum numbers they possess.
In the case of 17F(p,γ )18Ne, this information was initially
investigated through stable-beam transfer experiments, such
as (3He,n) [2] and (p,t) [3,4]. However, these studies were not
able to identify the most important 3+, l = 0 proton resonance,
which was expected to exist from the excitation spectrum of
the analogous mirror nucleus 18O.

Only when experiments with the radioactive isotope 17F
became possible could the resonance structure of 18Ne be
firmly established, with the 3+ resonance at 599.8-keV c.m.
energy, observed in proton elastic scattering [5,6] and, later,
by measuring the (p,γ ) reaction strength to this resonance
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directly [7]. These measurements established the 599.8-keV
resonance to be the dominant path of resonant proton capture,
with the two other narrow resonances, the 1−, l = 1 resonance
at 597 keV and the 0+, l = 2 resonance at 665 keV, providing
much smaller contributions. Because of their relatively high
excitation energies, none of these resonances contributes
substantially to the overall reaction rate for temperatures below
0.4 GK. In the absence of additional lower-lying resonances,
the reactions at temperatures typical for nova explosions are
dominated by the nonresonant “direct-capture” mechanism for
(p,γ ) reactions.

At this time it is still impossible to measure the associated
direct-capture (p,γ ) cross sections at astrophysical energies
in experiments involving short-lived radioactive isotopes, and
it will remain difficult even with the next generation of
radioactive-beam facilities. As a consequence, there is a need
to develop reliable alternative methods to obtain the relevant
spectroscopic information needed to determine astrophysical
reaction rates. The (d,n) proton-transfer reaction is well suited
to populate the pertinent low-angular-momentum states and
resonances around the proton-binding threshold, owing to
its low-magnitude Q value of −2.2 MeV at the threshold
and the simple transfer mechanism compared to alternative
reactions. However, since significant experimental difficulty is
involved in neutron detection, few attempts have been made to
perform spectroscopy with the (d,n) reaction and radioactive
ion beams.

In the past our group has used the (d,n) reaction in inverse
kinematics to populate proton resonances of astrophysical
interest, relying on the proton emission from these resonances.
The high sensitivity of this approach was demonstrated in
studies of the low-lying proton resonances of 26Si [8,9]
through the 25Al(d,n)26Si reaction. In a similar approach
the 18F(d,n)19Ne reaction [10] was studied at Oak Ridge
National Laboratory. A more recent application, using the
same experimental setup as in the present work, was described
in a study of the 19Ne(d,n)20Na reaction, which identified
the angular momentum quantum numbers of the resonance
spectrum and, for the first time, quantified a (p,γ ) reaction rate
proceeding from an excited initial state based on experimental
information [11].

The present work describes the first successful experiment
using neutron time-of-flight (tof) spectroscopy with the (d,n)
reaction on a radioactive ion beam. In the following sections
we briefly describe the experimental setup, the design and
performance characteristics of the neutron-detector system,
the analysis techniques for proton-decaying and γ -decaying
excitations of 18Ne, the results obtained, and their impact on the
astrophysical reaction rate of 17F(p,γ )18Ne. A more detailed
description of the experimental setup, with a focus on the
neutron-detector systems, performance characterization, and
calibration procedures, has been given in Ref. [12].

II. EXPERIMENT

A beam of 17F was produced in-flight through the
16O(d,n)17F reaction with a beam of 16O bombarding a gas cell
containing deuterium gas. The beam of 17F reaction residues
was separated by means of the RESOLUT radioactive ion beam
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FIG. 1. Angular kinematics and angular distribution for an l = 0
proton transfer for the 17F(d,n)18Ne∗ reaction in inverse kinematics,
populating a state at 4.5-MeV excitation energy. The primary y

axis and thin-solid-line graph represent the neutron energy, and the
secondary y axis and thick-solid-line graph represent the differential
cross section in the laboratory system, as predicted by a coupled-
reaction-channel (CRC) calculation.

facility [13] at the John D. Fox Accelerator Laboratory of
Florida State University. The 17F beam was focused onto a
deuterated polyethylene (CD2) target foil with a thickness of
520 μg/cm2 located at the center of a compact detector system.
A beam energy of 95.5 MeV, an average beam intensity of
2.8 × 104 17F per second, and a purity of 60% were maintained
throughout the experiment.

The design of the detection system and, in particular,
the neutron detectors was optimized to match the kine-
matic conditions for populating low-lying resonances with
(d,n) reactions in inverse kinematics, i.e., with a heavier
beam bombarding deuterium nuclei. As shown in Fig. 1,
the neutron angular distributions for low-angular-momentum
proton-transfer reactions are predominantly forward peaked in
the center-of-mass (c.m.) system and thus backward peaked in
the laboratory system for inverse-kinematics reactions. These
events also possess low energies, as displayed in Fig. 1. Thus, a
relatively compact setup of neutron detectors placed upstream
from the target and capable of detecting low-energy neutrons
will have a good efficiency for the events of interest. A sketch
of the experimental apparatus is shown in Fig. 2.

A. The resoneut compact neutron detector array

For the kinematics of our experiment, (d,n) neutrons are
emitted at energies between 100 and 600 keV, which requires
the use of neutron detectors with very low energy-detection
thresholds. The parameters of the entire detection system
were investigated through a Monte Carlo simulation of the
particle interactions with the detector and housing materials.
Further details on the instrument design and data acquisition
electronics, as well as the commissioning and performance
characteristics of the neutron-detector systems and the simu-
lation of the detector response, are described in Ref. [12].
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FIG. 2. Schematic of the experimental setup for the 17F(d,n)18Ne
radioactive-beam experiment.

The scintillation material p-terphenyl was chosen for its
high light output as well as its ability to discriminate between
neutron- and γ -induced events. Neutrons are detected through
their elastic scattering with the hydrogen in the scintillator
material, while γ ’s interact with the electrons, leading to
different ionization densities and different scintillation-time
parameters, which can be distinguished through pulse-shape
analysis. The scintillation crystals, fabricated by Cryos-Beta
Ltd. in Ukraine, were coupled to Planacon photomultipliers by
Photonis Inc. These multipliers employ microchannel plates to
produce signals with excellent timing, matched to the very fast
pulses of the p-terphenyl scintillators. The neutron-detector
systems were placed along a plane perpendicular to the beam
axis at a distance 23.1 cm upstream from the target, covering
an angular range of 3◦–10◦ in the c.m. frame. Three crystals
of 1.25-cm thickness were placed closer to the beam axis and
seven crystals of 2.5-cm thickness were placed around them.

The detector pulse shapes are analyzed through a gated-
integration technique, which separates γ - from neutron-
induced events above 50- to 60-keV electron-equivalent ener-
gies, as shown in Fig. 3. In order to characterize the threshold
and detection efficiencies, a series of calibration experiments
with a 252Cf fission source and an in-beam experiment with
the 12C(d,n)13N reaction were performed, employing the same
experimental setup. The region of pulse-shape parameters
to select neutron events, represented in Fig. 3, was drawn
to conserve any neutron signals while suppressing clearly
identified γ rays. While neutron and γ rays cannot be separated
at the lowest energies, relevant events are selected through the
coincident detection of the reaction residue and a proton or
a γ ray, as described in the following sections. We obtained
neutron-detection thresholds between 60 and 100 keV for the
individual detectors and peak intrinsic detection efficiencies
of 55% in the 2.5-cm-thick detectors and 30% in the 1.25-cm-
thick detectors.

B. Other detector systems

The compact charged-particle detection system consisted
of an annular silicon-strip detector telescope and gas ionization
detector. Thin (65-μm) and thick (1000-μm) double-sided
silicon strip detectors covered angles in the laboratory frame
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FIG. 3. Neutron pulse-shape discrimination spectrum for a single
RESONEUT detector, representing γ −2 and neutrons emitted from a
252Cf source. Also drawn is the gate used to select neutron-based
events in the analysis.

from 8◦ to 21◦ for detection of protons. Protons were identified
according to their characteristic energy losses in the silicon
detectors.

The gas ionization detector measures the parameters of
the reaction-residue heavy ions in coincidence with the other
particles and is placed 300 mm downstream from the target
position. The detector consists of nine 4-cm-long cathode-
anode-cathode ionization regions, with the drift directions
along the beam axis. The short distance between each
anode-cathode pairing allows for a short collection time and
improved tolerance for high incident particle rates. The first
two segments are fitted with position-sensitive anode grids
consisting of 32 wires that are spaced 3 mm apart, providing
a position sensitivity in the x and y dimensions, respectively.
The following two sections measure the differential energy loss
(dE) and the final five segments measure the remaining particle
energy. In combination, the position-sensing, energy-loss, and
total energy measurements allow for event-by-event tracking
and Z identification of the beam particles or reaction residues.
Further details on the design of the gas ionization detector will
be given in Ref. [14].

In order to detect γ rays in coincidence, we use an
array of 20 position-sensitive NaI(Tl) detectors arranged in
a barrel formation around the vacuum chamber and the target.
These detectors were originally part of the ATLAS Positron
Experiment (APEX) [15] and were later used in radioactive ion
beam experiments [16]. Owing to the geometric constraints of
our setup the barrel was centered slightly downstream from
the target position, resulting in a reduced angular coverage at
backward angles.

The NaI(Tl) detector efficiency was calibrated using a 60Co
source through the detection of the 1.172- or 1.332-MeV γ
rays. The absolute detection efficiency, for 1.25-MeV γ rays,
was determined to be 12(1)% and this value was used to verify
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FIG. 4. Sample beam composition observed in the gas ionization
chamber, characterized according to the partial energy loss (dE) and
residual energy E detected in the active sectors of the chamber but
excluding the position-resolving sections. This spectrum represents
data taken without the CD2 target. During the experiment the beam
composition was continuously sampled at a 1/1000 downscaled
trigger rate.

a Monte Carlo simulation of the setup using the GEANT4
package, which was used to extrapolate the detection efficiency
to other energies.

C. Event types and trigger conditions

Our experiment employed the 17F(d,n)18Ne reaction in
inverse kinematics to populate excited states in 18Ne and
establish the spectrum of near-threshold states and low-lying
resonances. When 18Ne is produced in a proton-resonant state
and decays by proton emission, both the proton and the
resulting 17F particle are emitted in forward directions, where
they are detected in coincidence with a high efficiency. For
these events, the 1000-μm-thick silicon detector provides the
only required trigger condition.

In cases where an excited 18Ne state decays through γ
emission, the cascade of γ rays can be observed in the
NaI detector barrel in coincidence with the heavy ion in the
zero-degree gas ionization chamber. These events will also be
distinguished through the characteristic energy-loss signals of
the 18Ne reaction residue. To record these events, a coincidence
condition between a neutron detector and a NaI detector was
used as a trigger in addition to the silicon-detector events.
The total integrated 17F beam intensity was determined by a
downscaled trigger from the gas ionization detector, which
also allows the ratio of the incident 17F secondary beam to the
contaminant 16O to be monitored, as shown in Fig. 4.

In addition to the parameters of the detector systems, the
time of the trigger relative to the accelerator radio frequency
(rf) reference was recorded. This timing signal is used to
suppress the contaminant components in the beam, as shown
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FIG. 5. Beam time-of-flight signal, measured between the silicon
time signal and the accelerator RF reference signal. Contaminant 16O
and 1H (proton) beam particles are identified in addition to the 17F
beam of interest. Protons are created in reactions at the production
target, selected at the same rigidity as the beam, and can strike the
inner rings of the silicon detector. The gate on 17F events is shown,
which was used for beam identification in the subsequent analysis.

in Fig. 5, and as a reference for neutron time-of-flight
measurements.

III. SPECTROSCOPY
OF LOW-LYING PROTON RESONANCES

A. Analysis of proton spectra

For excited states of 18Ne at energies high enough above the
proton threshold, proton emission dominates over γ emission
and the decay protons can be used for efficient resonance
spectroscopy. This is the case for all known proton resonances
in 18Ne. Experimentally, the protons are identified through
their stopping power signature, as shown in Fig. 6. Figure 7
displays the spectrum of recoiling heavy ions detected in
coincidence with protons. Although some of the 17F unreacted-
beam particles are present in the spectrum as an effect of
random coincidences, the 17F reaction residues are cleanly
separated by their lower energy.

The excitation energies of the p + 17F coincident events
were reconstructed through an invariant mass analysis of
the 18Ne compound system, using the detection angles and
energies of the charged particles. The resulting spectrum of
the c.m. resonance energies is shown in Fig. 8. Two peaks are
observed, at 0.60 and 1.16 MeV, consistent with the previously
identified 3+ resonance at 0.5998 MeV and the previously
identified 2+ resonance at 1.165 MeV. Since these are located
well above the proton separation threshold, it is safe to assume
that they decay exclusively by proton emission in determining
the cross section. We extract total cross sections of 15.3±0.3 stat.

±1.2 syst.

and 2.3±0.35 stat.
±0.29 syst. mb for populating the states at 0.60 and

1.16 MeV, respectively. The systematic errors encompass the
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FIG. 6. Light charged particles identified in the �E − E silicon
detectors according to their characteristic energy losses and selected
by gating on incident 17F beam particles, identified through the time-
of-flight analysis displayed in Fig. 5.

uncertainties of the target thickness, the detector geometry,
and the number of incoming beam particles.

B. Analysis of unobserved-neutron kinematics

In the analysis described so far and in this section, neutrons
from the (d,n) reaction remained unanalyzed, making use

I.C. Residual Energy (MeV)
30 40 50 60 70 80

I.C
. d

E
 (

M
eV

)

0

10

20

30

40

50

F
O

FIG. 7. Heavy-ion particles identified in the gas ionization cham-
ber according to their characteristic energy losses, with the signals
equivalent to those in Fig. 4. Events were selected by gating on
incident 17F beam particles (see Fig. 5) and a coincident proton. A
gate is drawn identifying the 17F reaction products. Note that the peak
around 50-MeV energy corresponds to the strong, 0.6-MeV proton
resonance observed in this experiment.
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of the highly efficient charged-particle detection with silicon
detectors and the gas ionization chamber alone. Since the
complete 17F(d,n)18Ne(p)17F reaction path amounts to the
disintegration of a deuteron, the overall Q value is −2.22 MeV.
This also implies that the sum energy of the detected reaction
products is a direct function of the unobserved neutron
energy, with (E17F) + E(p) = EBeam − E(n) − 2.22 MeV. In
the inverse kinematics of our experiment, the neutron energy
exhibits a rapid kinematic variation as a function of the
emission angle, which has the effect of creating an imprint
of the neutron angular distribution in the summed energies of
the 17F and the proton. This correlation of detected charged-
particle energy and center-of-mass neutron emission angle is
illustrated in Figs. 9(a) and 9(b), which shows the results of a
Monte Carlo simulation for the E(17F) + E(p), as it depends
on the c.m. neutron angles.

The angular distributions are deduced from a coupled-
reaction-channel (CRC) calculation performed with the code
FRESCO [19]. The entrance channel optical potential was
obtained by a Watanabe-type folding of the global parameters
of Koning and Delaroche [20] over a deuteron internal wave
function calculated with the Reid soft-core interaction [21].
Deuteron breakup was explicitly taken into account via the
coupled-discretized-continuum-channels technique [22,23].
The exit channel optical potential was calculated using the
Koning and Delaroche parameters. The proton was bound
to the 17F core in a Woods-Saxon potential well of radius
Ro = 1.25 × A

1
3 fm and diffuseness a = 0.65 fm. The well

depth was adjusted so that the resonances are treated as
being just barely bound at 0.01 MeV and with a spin-orbit
term of the same geometry and a fixed depth of 6.0 MeV.
This “weak-binding” approximation treats these low-lying
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FIG. 9. The 17F + p energy distribution for the state at 4.5 MeV
is fit with the simulated spectrum assuming that the state is populated
by either l = 0 or l = 2 proton transfer.

resonances as being quasibound, a justified approximation
when applied to these relatively sharp resonances.

The experimental summed energies of the charged reaction
products from the population of the 0.60-MeV resonance are
shown in Fig. 9(c). In addition to the experimental data, the
Monte Carlo simulations corresponding to two angular mo-
mentum hypotheses are shown. The experimental resolution
of the correlation between neutron angle and summed energy
is dominated by the ≈ 1-MeV energy resolution of the gas
ionization detector, which was determined from the signals
of the detected 17F beam particles. The simulated distribution

for l = 0 reproduces the data well, while the l = 2 distribution
does not. This analysis provides independent confirmation that
the 0.60-MeV resonance is of l = 0 character and supports the
3+ assignment [5]. While no contrasting l = 2 distribution was
observed in the present experiment, a recent work studying
the 19Ne(d,n)20Na reaction with the same setup and analysis
method observed resonances matching both l = 2 and l = 0
distributions [11].

The analysis described above provides a sensitive method
with which to analyze angular momentum properties of the
transfer reaction from unobserved neutron energies. A similar
approach has been described by Adekola et al. in Ref. [10],
where the unobserved neutron angle in the 18F(d,n)19Ne was
reconstructed from the charged particle residues, which was
possible because of the high beam quality available at the
HRIBF facility. By contrast, the RESOLUT in-flight facility
delivers beams with poor transverse emittance, which does
not allow analysis of the heavy-ion scattering angles, but a
sufficiently defined beam energy, which allows for analysis of
the missing-energy spectra. Note that the analysis presented
above was limited by the ion-chamber energy resolution, not
the beam energy definition.

The results from the analysis of the proton-based events are
summarized in Table I. Spectroscopic factors are obtained as
scaling factors of the measured cross sections relative to the
CRC-calculated cross sections. For the dominant 3+ resonance
a spectroscopic factor of 0.78±0.02 stat.

±0.06 syst. is extracted, which
compares to the value of 1.01 measured in the mirror reaction
17O(d,p)18O in Ref. [17]. The other observed resonance, at
1.165 MeV, is identified with a 2+ state, consistent with the
assignment in Ref. [6] and consistent with the respective
spectroscopic factor obtained in the mirror reaction [17].
This agreement also excludes the assignment of 3− to this
state, as a mirror to the 18O state at 5.090 MeV, which
would be energetically possible but would lead to a much
smaller spectroscopic factor and a cross section too small
to be observed in our experiment. The systematic errors
quoted for spectroscopic factors are based on the cross-section
determination; no error was added for the uncertainties of the
CRC calculation parameters.

The extracted spectroscopic factors were also used to
calculate the proton-width parameters for the observed res-
onances. To this effect, the single-particle proton widths were
calculated as a barrier penetration probability in a Woods-
Saxon potential of the same geometry as that used in the
CRC calculation. The resonance proton widths were then

TABLE I. Summary of the known 17F + p resonances, up to ER
c.m. = 1.2 MeV, in 18Ne. Spectroscopic factors extracted in this experiment

are compared with the spectroscopic factors obtained from the mirror reaction [17]. The proton widths deduced from our experiment are
compared with results from proton elastic scattering experiments [2,5,18].

Adopted values This work Previous work

Ex (MeV) Ec.m.
R (keV) J π σ stat.

syst. (mb) C2Sstat.
syst. �p

stat.
syst. (keV) Mirror C2S [17] �p (keV) [2,5,18] �γ (meV) [2,7]

4.519 597 1− – – – 0.03 9 ± 6 15 ± 3
4.523 599.8 3+ 15.3±0.3

±1.2 0.78±0.02
±0.06 14.2±0.3

±1.1 1.01 18 ± 2 56 ± 38
4.590 665 0+ – – – 0.16 4 ± 4 1.0 ± 2
5.09 1165 2+ 2.3±0.35

±0.29 0.20±0.03
±0.03 50±8

±8 0.35 42 ± 4 –
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discrimination through the pulse-shape analysis.

obtained by multiplying the single-particle decay width with
the spectroscopic factors listed in Table I. The deduced widths
differ by only slightly more than 1σ compared with the proton
widths determined experimentally in proton elastic scattering
experiments [5,6].

C. Analysis of neutron spectra

The neutron-spectroscopy component of the present ex-
periment can provide additional information, in particular, on
bound states and on potential lower-lying resonances, which
may decay by γ emission. We start by analyzing the neutrons
detected in coincidence with a proton emitted from a populated
resonance. This type of event was used to develop the(tof spec-
troscopy analysis, both from the present 17F(d,n)18Ne(p)17F
reaction and from a series of test experiments with the
stable beam reaction 12C(d,n)13N(p)12C, which is discussed
in Ref. [12] in more detail. The neutron tof is analyzed through
the time difference between the accelerator-rf reference and the
neutron-detector time signal. The values of this parameter are
independent of the trigger condition and thus can be applied
to all events involving neutrons. The zero point of the tof
spectra was determined through γ -ray signals detected in the
p-terphenyl detectors. The spectrum location of this reference
was evaluated for individual data runs recorded throughout the
experiment in order to correct for shifts of up to 1.5 ns in the
17F arrival times.

The resulting time-of-flight spectrum is displayed in
Fig. 10. The dashed-line histogram shows the tof parameter
for all events triggered by a silicon detector, showing γ
detection events around 0.6 ns, the expected γ tof. The
solid-line histogram shows the effect of gating on proton-recoil
coincidences and the neutron pulse shapes. A peak is observed
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FIG. 11. Energy loss and residual energy detected in segments of
the gas ionization chamber, equivalent to those displayed in Fig. 4
and Fig. 7, selected for neutron-γ coincidence events (blue symbols)
and neutron-proton coincidence events (red symbols). A separation
between Z = 9 and Z = 10 regions is obtained in the reaction
residues marked by the dashed-line regions. Separated at higher
energies, the spectrum also contains background events from random
coincidences with beam particles of 17F and 16O and beam-particle
pileup events.

in the tof spectrum at approximately 37 ns, which is the time of
flight expected for populating the resonance at 598-keV c.m.
energy.

The reconstructed excitation energy spectrum based on
the neutron-tof signals and the associated resonance energy
is displayed in Fig. 12(a), with the spectrum dominated
by the 3+ state at 598-keV c.m. resonance energy, with a
resolution of 150-keV FWHM (c.m.). The observed cross
section for the 598-keV resonance is 41±5 stat.

±5 syst. mb/sr at 6◦
in the c.m. system. From this value and the CRC calculation
a spectroscopic factor of 0.84±0.1 stat.

±0.1 syst. is extracted, consistent

with the value 0.78±0.02 stat.
±0.06 syst. extracted from the proton-decay

cross section. This result is an independent verification of the
applied analysis methods. The neutron yield expected from
the 2+ resonance at 1.17 MeV was below the sensitivity of the
experiment.

The above-described reconstruction of excitation energies
from neutron times of flight also allows us to study the bound-
state spectrum using the same analysis methods. However,
lean identification of the 17F(d,n)18Ne + γ events over the
background of environmental radiation is more difficult here,
since the final-state particles are neutral with the exception of
the 18Ne reaction residue. In addition, clean identification of
18Ne particles in the gas ionization chamber was affected by
the significant background of pileup events, from the high rate
of incident Z = 9 beam particles. A sufficient reduction in this
background was achieved by suppression of events with more
than one ionization locus or inconsistent values in the three �E
signals. The resulting �E − E spectrum observed in the gas
ionization chamber, separated for γ -gated and proton-gated
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FIG. 12. Excitation energies of states populated by the (d,n)
reaction reconstructed using the neutron time-of-flight measurement
(see text). (a) Events detected in coincidence with a proton and a
17F reaction residue. (b) Events detected in coincidence with a γ -ray
and a 18Ne reaction residue. The dashed line in (b) represents an
upper-limit estimate for events from uncorrelated background in the
time spectra.

events, is displayed in Fig. 11. The spectrum shows a clearly
separated region of Z = 10 neon reaction residues, which in
turn were selected to produce the neutron time-of-flight spectra
for the γ -decaying 18Ne states.

The resulting excitation-energy spectrum is displayed in
Fig. 12(b). A clear separation of the γ -coincidence events
from the proton-coincidence events [displayed in Fig. 12(a)]
is achieved. For these events, an energy-dependent background
estimate is also displayed, derived from the rate of uncorre-
lated, random events. The observed events show signals of
bound-state population but no evidence of γ decays from
unbound states.

An expanded view of the same spectrum from γ -coincident
events is shown in Fig. 13. We observe peaks corresponding to
the 2+

1 state at 1.9 MeV and a doublet of the 2+
2 and 4+

1 states
around ≈ 3.5 MeV. A third state located around that energy, the
l = 2 0+

2 state, is expected to be populated much more weakly
than the 4+

1 and was thus omitted from our analysis. Although
the 4+

1 state dominates the total transfer-reaction cross section
through its substantial l = 2 transfer, the detector angles
of RESONEUT create a strong detection bias for peripheral
reactions and l = 0 transfers, which enhances the 2+

2 state, with
its strong l = 0 component, over the 4+

1 . This is advantageous
for determining the astrophysical reaction rate since direct
capture to the 4+

1 state is suppressed due to the low penetrability
of l = 2 protons at low energy. The spectrum was fit using the
Monte Carlo simulation of the setup, including effects of the
peak shape and detection efficiency.

The efficiency of coincident γ and neutron detection was
determined using the Monte Carlo simulation, based on
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FIG. 13. The observed spectrum compared with three peaks at
the locations of 18Ne bound states 2+

1 , 4+
1 , and 2+

2 . Peak areas
are consistent with expectations from the simulation based on
spectroscopic factors from the mirror reaction [17].

information from the literature [24] for the corresponding
γ -ray energies and branching ratios. Cascade transitions such
as 3.616 → 1.887 → 0 and 3.376 → 1.887 → 0 are also
modeled, resulting in an increase in the detection efficiency
for the 4+

1 and 2+
2 states over the 2+

1 state.
The resulting cross sections for the bound states, along with

the 598-keV resonance, are listed in Table II. The extracted
spectroscopic factors are consistent with those from the mirror
reaction 17O(d,p)18O [17]. However, because of the low
statistics and the small angular coverage of the neutron de-
tectors, it was not possible to independently obtain the relative
contributions of l = 0 and l = 2 components to the 2+ states.

Since our experiment’s detection efficiency only varies
slowly with the excitation energy, the observed spectrum also
allows us to establish upper limits for the spectroscopic factors
of potential additional low-lying resonances. We estimate an
upper limit of C2S � 0.10.

D. Extraction of asymptotic normalization coefficients

The difficulty in measuring the small cross section as-
sociated with direct-capture (p,γ ) reactions on radioactive
isotopes is discussed in Sec. I. As an alternative method, the
asymptotic normalization coefficients (ANCs) associated with
the bound states of the final nucleus have been analyzed to de-
rive the direct-capture cross sections relevant to astrophysical
processes, a method that has seen increasing application. A
review of this method and related approaches by Tribble et al.
was recently published [26].

ANCs are a measure of the exterior of the nuclear wave
function as sampled through the cross sections of peripheral
transfer reactions. The formalism has also been shown to
be largely independent of specifics of the chosen optical
potentials. Prior investigations of the direct proton capture
rate in 17F(p,γ )18Ne have relied on the extracted ANCs from
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TABLE II. Summary of the known bound states in 18Ne. Spectroscopic factors extracted from the analysis of observed neutron events
are compared with the spectroscopic factors obtained from the mirror reaction [17]. Asymptotic normalization coefficients are extracted in a
manner similar to the spectroscopic factors and compared with the ANCs obtained indirectly from Ref. [25], which were extracted by applying
mirror symmetry.

Adopted values This work Previous work

Ex J π nlj dσ
d	

stat.

syst.
θc.m. C2Sstat. a

syst. ANCstat.
syst. ANCstat.

syst. Mirror ANC C2
lj

(MeV) ( mb
sr

) (deg) C2
lj (fm−1)a C2

lj (fm−1)b C2S [17] [25] (fm−1)

0 0+ 1d5/2 – – – 1.22 12.2 ± 1.2

1.888 2+ 2s1/2 13.2±6.3
±1.7 11 0.22±0.11

±0.03 16.0±7.7
±2.1 22±10

±3 0.21 14.9 ± 2.1

1d5/2 0.88±0.42
±0.11 2.6±1.2

±0.3 – 0.83 2.85 ± 0.32

3.376 4+ 1d5/2 16.7±5.6
±2.3 8 1.42±0.5

±0.2 2.8±0.9
±0.4 2.8±0.9

±0.4 1.57 2.73 ± 0.35

3.576 0+ 1d5/2 – – – – 0.28 –

3.616 2+ 2s1/2 25.9±9.0
±3.9 8 0.41±0.14

±0.06 148±52
±22 188±66

±28 0.35 117 ± 20

1d5/2 0.76±0.26
±0.11 3.1±1.1

±0.5 – 0.66 2.46 ± 0.33

4.523 3+ 2s1/2 41±5
±5 6 0.84±0.10

±0.10 – – 1.01 –

aAssuming the same mixing between l = 0 and l = 2 as in the mirror reaction.
bAssuming pure l = 0 for the 2+ states and no mixing.

mirror systems, most recently determined by Al-Abdullah
et al. [25]. In that work, the 17O(13C,12C)18O reaction
was measured and ANCs for the 18O bound states were
extracted and then applied to the direct capture into the mirror
system 18Ne. Here, we apply a similar ANC analysis to
the 18Ne states without the need for a transformation to the
mirror. The asymptotic normalization coefficients C2

J,π are
extracted by matching the experimental cross section with the
expression

σ =
(

C2
s1/2(18Ne)

b2
s1/2(18Ne)

σ CRC
s1/2 + C2

d5/2(18Ne)

b2
d5/2(18Ne)

σ CRC
d5/2

)
. (1)

Here, the “single-particle” ANCs bnlj are determined
through the ratio of the single-particle-normalized, bound-
state wave function of a given orbital and the corresponding
Whittaker function at radii greater than 5 fm. Thus, the values
of C2 measure the overlap of the bound nuclear state with the
single-particle unbound wave function outside of the nucleus.
As a model for the reaction and its angular distribution we
use the CRC description from the previous paragraphs, which
also includes the effect of the deuteron wave function. The
extracted ANC C2 values are listed in Table II. Our results
are consistent with those obtained by Al-Abdullah et al. [25],
which are also listed.

Our results show that the 2+
2 state contributes by far the

largest ANC, owing to its being the highest excited l = 0 bound
state. Since our experiment could not separate spectroscopic
information for s and d orbits to the 2+ states, we applied
the relative contributions observed in the mirror reaction as
determined in Ref. [17]. In a separate calculation, listed in
Table II, we also extract the ANCs assuming that the 2+
states were populated purely through l = 0 transfers. This
assumption results in a difference between the extracted ANCs
of less than 30%.

IV. IMPACT ON THERMAL REACTION RATES

The location and strength of the s-wave resonance at
ER = 599.8 keV were previously determined [5–7], and this
resonance contribution dominates the 17F(p,γ )18Ne astro-
physical rate above T = 0.5 GK. The results of our experiment
regarding the main l = 0 resonance are consistent with those
results within 1.4σ .

For typical nova temperatures below 0.4 GK the resonant
contribution to the reaction rate from the 3+ state at ER =
599.8 keV is small compared to the direct-capture contribution.
While there are no concrete expectations for a lower-energy
resonance, our experiment confirms this assumption by setting
upper limits on the observation of additional low-lying, strong
resonances in the Gamow window.

Given the absence of additional resonances, the reaction
rate for energies below 0.4 GK is dominated by the direct,
bound-state capture process. This process was first analyzed
by Garcia et al. [2], relying on spectroscopic factors from
the 17O(p,γ )18F reaction. Subsequent works, such as that by
Chipps et al. [7], relied on these determinations as well. The
more recent determination of asymptotic normalization coeffi-
cients by Al-Abdullah et al. [25] also allowed for the extraction
of the direct-capture rates but, again, relied on the isospin sym-
metry to infer the capture properties to the bound states of 18Ne.

In this work, the direct-capture cross sections and the
resulting astrophysical S factors for each bound state were ex-
tracted using the code RADCAP [27], relying on the asymptotic
normalization coefficients from this work. We obtain a value of
S(0) = 2.44 ± 0.97 keV · b. The corresponding direct-capture
contribution to the reaction rate is listed in Table III, and
displayed in Fig. 14. The upper and lower error limits on the
direct capture are dominated by the statistical uncertainty in
the measured ANC of the second excited 2+ state at a level of
35%. In addition, due to the requirement of measuring γ -ray
coincidences, the ground state of 18Ne was not measured in
this work. However, the contribution of an l = 2 capture to this
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TABLE III. Direct-capture contribution to the rate of the 17F(p,γ )18Ne reaction.

Temperature NA〈σν〉 (cm3 mol−1 s−1)

(GK) Directa Lower limita Upper limita Resonantb Total

0.04 4.39 × 10−15 2.65 × 10−15 6.13 × 10−15 2.31 × 10−70 4.39 × 10−15

0.06 2.63 × 10−12 1.59 × 10−12 3.67 × 10−12 1.86 × 10−45 2.63 × 10−12

0.08 1.46 × 10−10 8.84 × 10−11 2.04 × 10−10 4.66 × 10−33 1.46 × 10−10

0.1 2.53 × 10−9 1.50 × 10−9 3.58 × 10−9 1.19 × 10−25 2.53 × 10−9

0.2 4.82 × 10−6 2.85 × 10−6 6.81 × 10−6 5.37 × 10−11 4.82 × 10−6

0.3 1.81 × 10−4 1.07 × 10−4 2.56 × 10−4 3.17 × 10−6 1.85 × 10−4

0.4 1.75 × 10−3 1.04 × 10−3 2.48 × 10−3 6.79 × 10−4 2.44 × 10−3

0.5 8.75 × 10−3 5.17 × 10−3 1.24 × 10−2 1.58 × 10−2 2.46 × 10−2

0.6 2.96 × 10−2 1.75 × 10−2 4.18 × 10−2 1.22 × 10−1 1.52 × 10−1

0.7 7.79 × 10−2 4.60 × 10−2 1.10 × 10−1 5.07 × 10−1 5.87 × 10−1

0.8 1.73 × 10−1 1.02 × 10−1 2.44 × 10−1 1.44 × 100 1.61 × 100

0.9 3.37 × 10−1 1.99 × 10−1 4.76 × 10−1 3.18 × 100 3.52 × 100

aFrom the current work.
bFrom Refs. [2] and [7].

state is expected to be small and therefore an additional, albeit
nearly negligible, systematic uncertainty of 3% was included
in the determination of the upper limit of the direct-capture
rate. Our results for the S factor and reaction rate are slightly
lower than those obtained in the calculations performed by
Garcia et al. [2] and slightly higher than those obtained by
Al-Abdullah et al. [25], but within errors consistent with both.

V. SUMMARY

We performed an experiment with the 17F(d,n)18Ne reac-
tion in inverse kinematics, using a beam of the radioactive
isotope 17F at 5.62 A MeV, produced with the RESOLUT

radioactive-ion-beam facility at the John D. Fox Accelerator
Laboratory of Florida State University. The experiment with
the compact RESONEUT detector system allowed for the
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FIG. 14. Direct-capture reaction rate calculated using the ANCs
measured in this work and the calculated astrophysical S factors.

coincident detection of neutrons, protons, γ rays, and heavy
ions. Spectroscopy of protons emitted after the population of
18Ne resonances was used to determine the total population
cross section for the main l = 0 resonances, the 3+ at 0.598-
MeV c.m. resonance energy and the 2+ at 1.17 MeV. Through
comparison with a CRC calculation of the total transfer cross
section, the spectroscopic factors for the 3+ and 2+ resonances
were extracted and the proton widths were deduced. Both ex-
tracted spectroscopic factors are consistent with those obtained
from 17O(d,p)18O experiments. In addition, the deduced pro-
ton widths differ only slightly from the proton widths measured
in the proton elastic scattering experiments. These results
shows that the analysis of (d,n) transfer reactions can be used
to obtain quantitative results about astrophysical reaction rates.

The experimental setup with a compact system of 10
neutron detectors also allowed for neutron time-of-flight
spectroscopy, the first time this technique has been successfully
implemented in a (d,n) reaction and a radioactive ion beam
experiment. The neutron spectrum showed the population of
the l = 0 (3+) resonance at ER = 0.60 MeV, as well as the
population of the 2+

1 , 4+
1 , and 2+

2 bound states in 18Ne. We ex-
tracted asymptotic normalization coefficients for these bound
states, which were analyzed to extract the astrophysical S
factor associated with direct capture, the dominant mechanism
for the astrophysical 17F(p,γ )18Ne reaction at temperatures
below 0.4 GK. The results of our experiment are consistent
with prior analyses, which used a theoretical translation of
experimental information obtained in isospin-mirror systems.
This experiment for the first time determines the direct-capture
component of the 17F(p,γ )18Ne reaction from experimental
information on 18Ne.
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