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Simultaneous measurement of the proton-transfer 18F(d,n)19Ne and neutron-transfer 18F(d,p)19F reactions
were performed with a 18F radioactive beam at the Holifield Radioactive Ion Beam Facility at Oak Ridge
National Laboratory. The experiments clarify the nuclear structure of 19Ne near the proton threshold, which is
relevant for understanding the rates of proton-induced reactions on 18F in novae. Analogs for several states in the
mirror nucleus 19F have not yet been identified in 19Ne, indicating that the level structure of 19Ne in this region
is incomplete. We observed 15 levels in 19Ne from the 18F(d,n)19Ne measurement and 18 levels in 19F from the
18F(d,p)19F measurement. Angular distributions were extracted for all strongly populated states and compared
to distorted-wave Born approximation calculations. The angular distributions for all the known states in the two
nuclei determined in this work are consistent with their previously assigned spins and parities. The spectroscopic
factors determined for these levels in the two nuclei are reported.
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I. INTRODUCTION

Precise determination of the rates of proton-induced reac-
tions on the long-lived radioisotope 18F is desirable to improve
our understanding of the role that 18F plays in annihilation
γ -ray emission from novae and in possible heavier-element
nucleosynthesis in x-ray bursts. At temperatures in the range of
(1–4)× 108 K, the rates of the 18F(p, α)15O and 18F(p, γ )19Ne
reactions depend critically on individual 19Ne resonances
around the proton threshold of 6411 keV [1]. Several mea-
surements with different experimental techniques using stable
and radioactive beams have been undertaken to search for
excited states of 19Ne and to determine their properties [2–10].
However, there remains considerable uncertainty in the level
structure of 19Ne, where as many as seven levels in the
excitation energy range of interest of 6.4–7.4 MeV appear to
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be missing with respect to analog states of the corresponding
mirror nucleus 19F [9,11–14].

Neutron-transfer measurements to states in 19F were re-
cently used to determine neutron reduced widths, which can
then be related to proton widths in 19Ne via mirror symmetry.
While these studies have contributed significantly to our
understanding of the situation, there remains considerable
uncertainty in the assignment of analog states between 19F
and 19Ne [12,15]. Many of the observed states in 19Ne do
not have measured spins and parities but are assigned based
on their putative analog states in 19F. The properties of these
unobserved states and precise determination of isospin-mirror
symmetry between these two nuclei will influence the 18F + p

reaction rates.
In this paper, we describe simultaneous measurements

of the proton-transfer and neutron-transfer reactions on 18F
to states in 19Ne and 19F, respectively. Transfer reactions
induced by radioactive beams on deuterium targets are a
powerful means for extracting nuclear structure information
[15–19]. The spectroscopic information determined from
these measurements comprises the excitation energies and the
transferred angular momentum required to populate a given
level in 19Ne and 19F. The angular distributions were compared
to distorted-wave Born approximation (DWBA) calculations
to extract spectroscopic factors for all the well-populated
states in the two nuclei. The astrophysical implications of the
18F(d,n) study have been presented in a Rapid Communication
[20]. The present paper describes the simultaneous study
of the 18F(d,n) and 18F(d,p) reactions, including details of
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the analysis, and presents information on observed analog
states in 19Ne and 19F. The present experimental approach
provides direct determination of spectroscopic strength and
new constraints on their spin and parity for the observed
levels in 19Ne near the proton threshold and provides a
multilevel spectroscopic application of the (d,n) reaction with
a radioactive beam.

II. EXPERIMENT DETAILS

The 18F beam was produced at the Oak Ridge National Lab-
oratory’s Holifield Radioactive Ion Beam Facility [21] using
the Isotope Separator On-line (ISOL) technique. The driver
accelerator, the Oak Ridge Isochronous Cyclotron (ORIC),
provides ∼3 μA of 85-MeV α beam to a thick hafnium
dioxide (HfO2) target [22]. Atoms of 18F were produced via the
16O(α,pn)18F reaction. The HfO2 target was in fibrous form
(∼4-μm diameter) and is heated for fast diffusion of 18F atoms
out of the target. The fluorine atoms produced diffuse through
the target material and effuse through a transport line to the
cesium ion source to be negatively ionized. The beam passes
through two stages of mass separation before injection into a
25-MV tandem electrostatic accelerator with excellent beam
quality of �E/E = 1 × 10−4 [21]. In this experiment, the
beam was stripped to charge state q = 9+ before the analyzing
magnet and was therefore isotopically pure.

A 716 μg/cm2 CD2 target was bombarded for ∼117 h with
a 150-MeV 18F beam with an intensity of ∼2.2 × 106/s. The
thickness of the target was determined from the technique of
energy loss in the target by known energy of an α particle
from an α source. The beam energy of Ec.m. = 14.9 MeV
was chosen because the reaction is well described by DWBA
calculations at this energy and the heavier reaction products are
kinematically focused forward in the laboratory with energies
appropriate for particle identification with E-�E Si detectors.
In this case, the neutrons (or protons) from the (d,n) [or (d,p)]
reaction are predominantly emitted at backward angles while
the 19Ne (or 19F) are limited to a narrow cone at forward angles.
The 19Ne ions of interest are highly excited and promptly decay
into α + 15O nuclei. The same holds true for states in 19F,
which decay into α + 15N. These decay products were detected
in coincidence in position-sensitive E-�E telescopes. The
detection system (shown in Fig. 1) was made up of six
telescopes and each consisted of a �E detector followed by an
E detector, both of which are 5 × 5 cm. The �E detectors have
16 strips and are position sensitive while the rear detectors were
pads that simply measured energy. The use of these detectors
allowed for energy measurement as well as both position
determination and particle identification. Two of the telescopes
(“inner” with �E detectors of ∼62-μm thickness) covered
laboratory angles of 2.5◦–8.5◦ on either side of the beam
axis (nominally 1.75–6.75 cm horizontal distance from the
beam axis) and were optimized to measure heavier particles.
The remaining four telescopes (“outer” with �E detectors of
∼144-μm thickness) covered laboratory angles of 10.5◦–16.5◦
on either side of the beam axis (nominally 8.35–13.35 cm
horizontal distance from the beam axis). They were optimized
to detect the α particles.
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FIG. 1. (Color online) Schematic diagram of the six 5 × 5-cm
E-�E detector telescopes employed for the measurement. The beam
axis passes through the midpoint between the two inner telescopes.

Several additional measurements were undertaken to study
backgrounds and for calibration purposes. The 150-MeV 18F
beam was also used to bombard a 630 μg/cm2 CH2 target
to study the possibility of background reactions coming from
hydrogen in the target (e.g., from water vapor or imperfect
enrichment), as the (p,α) reaction on 18F also yields α + 15O
coincidences. The 150-MeV 18F beam was also used to
bombard a 1 mg/cm2 12C foil to assess the possible role of
background reactions coming from reactions on the carbon in
the target. For calibration purposes we measured the elastic
scattering of a 115-MeV 16O beam from a 410 μg/cm2 CD2

target and the elastic scattering of 20-, 30- and 40-MeV α

particles from a 500 μg/cm2 gold target.

III. ANALYSIS AND RESULTS

A. Kinematics

Consider a three-body final state reaction which started
with a beam particle B hitting a target T , resulting in the
production of an excited or resonant particle A∗ and a recoil
particle 3 described as

B + T → A∗ + 3 → (1 + 2) + 3. (1)

Particle A∗ sequentially decays into particles 1 and 2. The
breakup energy of the intermediate state is given by the relative
energy between particles 1 and 2 and is given to a good
approximation by

Erel = E1E2 + m1E2 + m2E1

m1 + m2

−
cos θ12

√
E2

1 + 2m1E1

√
E2

2 + 2m2E2

m1 + m2
, (2)

where E1, m1 and E2, m2 are the kinetic energies and rest
masses of the decay products and θ12 is the laboratory angle
between them.

By detecting the energy and position of the charged
particles, their momenta and hence the excitation energy of
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the decaying state in 19Ne (or 19F) relative to the α + 15O (or
α + 15N) threshold (“relative energy”) can be calculated using

Ex = Eth + Erel, (3)

where Eth is the threshold energy for the decay process. For
19Ne → α + 15O, Eth = 3529 keV, and for 19F → α + 15N,
Eth = 4014 keV. The total energy of the reaction process is
calculated from

Etot = E1 + E2 + E3, (4)

where E3 is the energy of the undetected recoil particle
determined from conservation of momentum. Thus, the three-
body reaction Q value can be obtained using

Q = E1 + E2 + E3 − Eb, (5)

where Eb is the beam energy.

B. Background reactions and analysis of Q values

Particle identification plots are shown in Fig. 2. Complete
isotopic separation is observed for H and He while there
is complete Z separation and partial isotopic separation for
the heavier nuclei. The α + 15O (or α + 15N) coincidence
requirement was very effective for reducing backgrounds in
this experiment. However, in order to eliminate backgrounds
that give true α + 15O (or α + 15N) coincidences, we have
found it useful to calculate two Q values for each event, with
one of them being the reaction of interest, and plotting them
as a two-dimensional histogram.

For α + 15O coincidences, we have calculated Q0 assuming
the reaction of interest 2H(18F, α + 15O)n and Q1 assuming
a two-body final-state reaction 1H(18F, α)15O. The resulting
two-dimensional Q1 versus Q0 histogram is shown in Fig. 3(a).
This spectrum is useful for both identifying the reaction
of interest and determining which background reactions are
present. A projection to the Q0 axis reveals two peaks,
as shown in Fig. 3(b). Peak 1 was measured at Q0 =
0.665(14) MeV and it corresponds to true α + 15O events of
interest, which is in agreement with the calculated Q value
of 0.654 MeV for the 2H(18F, α + 15O)n reaction. Peak 2 was
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FIG. 2. (Color online) The Etot-�E spectrum from the experi-
ment for the inner detector (a) and the outer detector (b). The loci of
nuclei detected by the detectors are indicated. There was complete
isotopic separation for H and He and complete Z separation but partial
isotopic separation for heavier nuclei.
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FIG. 3. (Color online) (a) The two-dimensional Q-value spec-
trum for α + 15O. Q0 assumes 2H(18F, α + 15O)n while Q1 assumes
1H(18F, α)15O. (b) The projection of the two-dimensional plot to the
Q0 axis.

measured at Q0 = −5.141(20) MeV and it corresponds to
events due to reactions leading to bound excited states of 15O
with Q0 reduced by the energy equivalent to the energy of the
photon emitted by 15O∗ to go to the ground state. More details
about this technique are available in Ref. [23].

The same procedure was utilized to analyze the α + 15N
coincidences. Here for Q0 the reaction of interest is assumed
to be 2H(18F, α + 15N)p and for Q1 the possibility of the
18F breakup reaction 12C(18F, α + 14N)12C is assumed. The
measured Q value of 4.325(22) MeV, which corresponds to
true α + 15N events of interest, compares reasonably with the
calculated Q value of 4.194 MeV for the reaction.

By utilizing a two-dimensional gate on the reaction of
interest, the background in the relative energy spectra was
found to be greatly reduced. The solid curve in Fig. 3(a) shows
the gate used to select 2H(18F, α + 15O)n events for subsequent
analysis. A band of events is seen to curve into the “good” Q0

range for low values of Q1. The events inside these bands and
with correct Q0 are from the decay of 19Ne with large θc.m..
The angular range of interest is θc.m. � 50 ◦, suggesting that
the events with large θc.m. are from the background. For this
reason, the gate efficiency is essentially 100%.
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FIG. 4. (Color online) The two-dimensional plots of neutron θc.m. vs α + 15O (a) and proton θc.m. vs α + 15N (b) relative energy revealing
observed states in 19Ne and 19F, respectively. As an example, the closed line in (a) is the gate used to extract the angular distribution for that
state.

C. Relative energy and angular distribution

The momentum vector of the undetected neutron or proton
was deduced via momentum conservation, which allows the
angular distribution of a given final state to be reconstructed.
Figure 4(a) shows two-dimensional plots of neutron angle
θc.m. versus α + 15O relative energy (in MeV), revealing states
populated in 19Ne. A similar plot is shown in Fig. 4(b) for
proton angle θc.m. against α + 15N relative energy, showing
states populated in 19F.

1. Relative energy

The reconstructed relative energy spectra of α + 15N and
α + 15O coincidences obtained using the same position and
energy calibrations after Q-value gating are shown in Fig. 5.
The relative energies were fitted with the MINUIT [24] package
using the method of χ2 minimization for the sum of Gaussian
functions:

yc =
∑

i

Ai√
2πw2

i

exp

(
− (Erel − [Er ]i)2

2w2
i

)
. (6)

Equation (6) represents the sum over i peaks, where yc is
the number of counts as a function of relative energy, and the
variables A, Er , and w represent the area, resonance energy,
and width of each peak, respectively. Normally, these are all
free parameters. However, in the case of unresolved peaks,
the variable w was constrained to be the same for all peaks.
The excitation energies were determined using Eq. (3) with
the appropriate threshold energy.

2. States in 19F

The observed excitation energies of 19F are labeled in
Fig. 5(a) and listed in Table I along with the results from
the 18F(d,p) experiments of Kozub et al. [12] and de Sèrèville
et al. [25,26].

The experiment of Kozub et al. was performed at a some-
what lower energy than the present one (Ec.m. = 10.88 MeV
versus 14.94 MeV). We see all of the states reported by Kozub
et al. for Ex > 6 MeV. The non observation of the low-lying
states is expected as the present experiment is only capable of
measuring states with Erel > 1.5 MeV (Ex > 5.5 MeV). It is
interesting to note that both experiments see high-lying states
at Ex = 9.58 and 10.54 MeV. It is somewhat surprising that
Kozub et al. did not see the level we observe at Ex = 6.33 MeV.
There is a structure visible in their proton singles spectrum at
an energy corresponding to this state; perhaps the 15N particles
from the decay of that state did not receive a large enough kick
to be efficiently detected by the forward annular silicon strip
detector used in that experiment.

In their 18F(d,p) experiment, de Serèville et al. [25,26]
observed particle groups corresponding to levels in 19F at
Ex = 6.1, 6.3, 6.5, 6.8, and 7.3 MeV, which are also seen
in the present experiment.

3. States in 19Ne

Excitation energies of levels in 19Ne from the present work
are labeled in Fig. 5(b) and listed in Table II along with those
taken from the compilations of Nesaraja et al. [13] and Tilley
et al. [27]. Our results for levels below Ex < 7.834 agree well
with previous studies. Above this energy, the states become
more broad and breakup into the 18F + p channel becomes
stronger. The result is that centroid extraction becomes more
difficult above this energy, and it is difficult to establish a
correspondence with known levels.

4. Angular distributions

To extract angular distributions for a populated level, gates
have been drawn [an example of which is shown in Fig. 4(a)]
on events within a given relative energy range. The number of
counts in an angular bin was then extracted for each level. Each
bin was 1◦ wide, except for the 0◦ bin, which is 0.5◦ wide. In
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TABLE I. Observed excitation energies in 19F and spectroscopic strengths for the strongly populated states compared with some previous
work. The numbers in parentheses are the statistical uncertainties.

Present work 18F(d,p)19Fa 18F(d,p)19Fb 2J π c

Ex � (2J + 1)Sn Ex Sn Ex Sn

(keV) 2s1/2 1p1/2 1d5/2 (keV) 2s1/2 1p1/2 1d5/2 (keV) 2s1/2 1p1/2 1d5/2

5503(9)
5780(30)
6091(3) 2 0.88(2) 6.1d

6331(2) 2 1.95(3) 6.3e

6523(2) 0,2 0.64(2) 0.55(3) 6497(10) 0.11(4) 0.12(2) 6497/6528 0.2 0.2 3+

6851(7) 1 0.37(2) 6794(11) 0.05(1) 3−

7259(4) 7262 3+

7358(7) 0,2 0.67(2) 0.06(1) 7306(10)f 0.16(3) 0.065(65) 7364 1+

7669(40)
8052(4)g 0,2 0.75(3) 0.41(2) 8040/8100 0.32(6) 0.15(3) 5+,1+

8236(26)
8573(7)
8878(8)
9182(10)
9566(6) 2 0.11(3) 9580(20)
10174(32)
10480(8) 2 0.41(2) 10540(20)
11062(22)

aReferences [12,15].
bReferences [25,28].
cTaken from Refs. [12,15].
dThis consists of 6070- and 6088-keV states.
eThis consists of 6255-, 6282-, and 6330-keV states.
fThis is composed of known but unresolved states at 7262 and 7364 keV with J π = 3/2+ and 1/2+, respectively.
gThis consists of known states at 8014 and 8138 keV.

order to correct the angular distribution for the gate efficiency,
the distributions were renormalized such that the total number
of counts in each distribution is equal to the number of counts
determined for that state in the relative energy spectrum.
The angular distributions were then converted to experimental
differential cross sections according to the following equation:

dσ

d

= N (E)

In�
(θc.m.)ε(θc.m.)
, (7)

where N (E) is the number of α particles detected in coin-
cidence with 15O (or 15N) for each resonance state in 19Ne
(or 19F), I is the number of 18F ions incident on the target,
n is the number of deuterium atoms per unit area, �
(θc.m.)
is the solid angle per bin of the differential cross section, and
ε(θc.m.) is the coincidence efficiency calculated as a function
of center-of-mass angle for each excitation energy with our
Monte Carlo simulation assuming that the decay is isotropic in
the center-of-mass system. Each set of simulations has events
generated with neutrons (or protons) emitted on a cone of
constant θ . These simulations allow us to check the resolution
in the reconstructed neutron (or proton) θc.m.. The width of the
distribution (FWHM) varied from 2.5◦ near θc.m = 0 ◦ up to 8◦
near θc.m. = 40◦. The theoretical angular distributions shown
below have been convolved with this experimental angular
resolution.

5. Monte Carlo simulations

The experimental setup was originally designed with the aid
of a Monte Carlo program which took into account the reaction
kinematics as well as energy loss, energy and angle straggling,
estimates for detector energy and position resolutions, and
a finite beam spot. After the experiment, the program was
updated with the measured parameters of the experiment, i.e.,
the target thickness, the detector geometry, and position and
energy resolutions of the detectors. The simulations, in which
center-of-mass isotropy for the breakup of 19Ne (or 19F) into
α + 15O (or α + 15N) particles was assumed, have been very
useful for checking various steps in the analysis and are also
necessary to determine the efficiency, which is in turn needed
to extract the cross sections. The resulting α + 15O coincidence
efficiency, integrated over the acceptance of our experiment,
is shown as a function of Erel in Fig. 6. The shape of the
angular distribution was assumed to be given by an �p = 0
DWBA calculation. The efficiency peaks near Erel = 3 MeV
as a result of the optimization of the geometry for observing
states near the proton threshold in 19Ne. This efficiency curve
also explains qualitatively the observed low-energy and high-
energy fall-offs in the measured relative energy spectra (see
Fig. 5).

Figure 7 shows the calculated FWHM resolution of the
reconstructed Erel as a function of Erel. Additionally, the
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measured experimental resolution of strongly populated and
isolated states from this study is shown in Fig. 7. The calculated
resolution is seen to be in reasonably good agreement with
the measured experimental resolution. Note that the measured
width can exceed the experimental resolution if the intrinsic
width of the state is large, or if the peak consists of two or
more unresolved states.

D. DWBA calculations

In order to deduce the orbital angular momentum of the
transferred proton (or neutron) and to extract spectroscopic
factors, a DWBA analysis of the neutron (or proton) angular
distributions was performed with the code DWUCK4 [29].
We performed a similar analysis on the angular distributions
extracted for the bound states using the code FRESCO [30]. The
calculated differential cross sections and radial form factors
obtained using FRESCO and DWUCK4 are in good agreement
even though the calculations are performed using a finite- and
zero-range interaction, respectively. The optical potentials for
the incoming and outgoing channels presented in Table III
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FIG. 5. (Color online) The relative energy spectra for α + 15N
(a) and α + 15O (b) coincidences leading to excited states in 19F and
19Ne, respectively. The dots are experimental data and the red curves
are the MINUIT fit. The corresponding excitation energies (in units of
MeV) are written against the peaks.

TABLE II. Observed excitation energies in 19Ne and spectro-
scopic strengths for the strongly populated states. The numbers in
parentheses are the statistical uncertainties.

Present work

Ex (keV) � (2J + 1)Sp Ex (keV)a

2s1/2 1p1/2 1d5/2

5092(3) 2 0.47(3) 5092(6)
5351(9) 0,2 0.02(4) 0.03(7) 5351(10)
5492(5) 2 0.38(2) 5463(20)
6089(2) 2 2.36(3) 6092(8)
6289(2) 0,2 0.92(3) 0.52(3) 6288(7)
6421(6) 1 0.50(2) 6419(6)
6747(5) 1 0.56(2) 6741(6)
7089(5) 0 1.46(5) 7076(16)
7431(8) 7420(14)
7834(6)
8081(10)
8405(16)
9046(9)
9437(11)
9788(13)

aReferences [13,27].

are taken from Barrows et al. [31] and Perey and Perey [32],
respectively. The potentials for the bound state was chosen to
be Woods-Saxon in shape with the same radius and diffuseness
as those of outgoing channels. This allows for the calculation
of the proton width for a pure single-particle state �sp using
the technique of Vincent and Fortune [33], which has been
incorporated into the DWUCK4 code. This quantity is needed to
estimate the proton partial width �p for states in 19Ne above
the proton threshold.

The theoretical differential cross section extracted from
DWUCK4 is defined as(

dσ

d


)
theory

= N
(2J + 1)

2Ji + 1

1

2j + 1

(
dσ

d


)
DWK

, (8)

where Ji and J are the spin of 18F and the final states,
respectively, j = � ± 1/2 is the spin of the transferred nucleon,
� is the angular momentum transfer, the last quantity in Eq. (8)
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FIG. 6. The calculated coincidence efficiency for our geometry.
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TABLE III. Optical potential parameters used in the DWBA analysis for the 18F(d,n)19Ne and 18F(d,p)19F reactions (with depths in MeV
and lengths in femtometers).

Channel V0 r0 a0 W rW aW 4WD rD aD Vs.o. rs.o. as.o.

18F + d entrance 109.0 1.35 0.70 − − − 58.8 1.39 0.60 − − −
19Ne + n exit 54.90 1.17 0.75 0.27 1.26 0.58 46.19 1.26 0.58 6.2 1.01 0.75
19F + p exit 53.95 1.17 0.75 − − − 41.39 1.32 0.55 6.2 1.01 0.75

is the calculated value from the code DWUCK4, and N = 1.55
for the (d,n) and (d,p) reactions [29].

In the Monte Carlo simulation it is assumed that the
breakup of 19Ne and 19F are isotropic in the center-of-mass
system. Angular correlations for 18F(d,n)19Ne → 15O + α

and 18F(d,p)19F → 15N + α have been calculated from scat-
tering amplitudes produced with the code FRESCO [30]. The
details of this procedure are given in the Appendix. We find
for the important cases of pure �p and �n = 0 transfer that
the correlations vanish identically and the breakup is exactly
isotropic. Correlations also vanish exactly for the breakup of
J = 1/2 states in 19Ne and 19F. For the remaining cases,
the correlations are found to be nonzero but are generally
small (<20% deviation from isotropy). In a few cases larger
deviations are seen for certain breakup angles (for example, for
an �p = 2 transfer to a Jπ = 5/2+ state), but after averaging
over the detector acceptance we find these effects to be <15%
for all cases.

E. Spectroscopic factors

Determination of the spectroscopic factors provides quanti-
tative information about the single-particle structure of nuclei
in the shell model. Knowledge of spectroscopic factors is
also essential in estimating proton widths and asymptotic
normalization coefficients, which are used in estimating
astrophysical proton-capture rates. Spectroscopic factors were
extracted by comparison of experimental angular distributions
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FIG. 7. (Color online) The calculated FWHM resolution for
the reconstructed relative energy (solid curve) using our Monte
Carlo simulations assuming α + 15O. Some observed experimental
resolutions are indicated for α + 15O (squares) and α + 15N (circles).

with the results of DWBA calculations using(
dσ

d


)
exp

=
∑

i

Si

[(
dσ

d


)
i

]
theory

. (9)

The coupling of j = 1/2 for the transferred proton or
neutron with the ground-state spin of 18F(Jπ = 1+) allowed
for more than one angular momentum transfer for a given final
state in 19Ne (or 19F). For instance, the final-state wave function
for proton capture by 18F(Jπ

i = 1+) to the 19Ne(Jπ = 3/2+)
state can be described by

ψ3/2+ = β[18Fg.s ⊗ π2s1/2 ] + γ [18Fg.s ⊗ π1d5/2 ] + . . . ,

(10)

where β and γ are the spectroscopic amplitudes of the
s-wave and d-wave components, respectively. The shapes
of the measured angular distributions strongly depend on
the �-transfer values. Determination of � for the observed
states in 19Ne (or 19F) requires a DWBA calculation with
different values of �, and then a comparison with the
experimental angular distribution. In certain situations, the
observed angular distribution cannot be described by a single
angular momentum transfer and mixing must be considered,
as indicated in Eq. (10). The transferred angular momentum
was determined for all states where the statistics allowed a
reasonable comparison with the results of the calculations.

Determination of the spin for the final states in 19Ne (or 19F)
is still somewhat ambiguous. For instance, an � = 0 transfer
would lead to assignment of spin-parity 1/2+ or 3/2+ to the
final state in 19Ne (or 19F). Similarly, for � = 1 or 2 transfers,
it is difficult to differentiate between � + 1/2 and � − 1/2
transitions. For this reason, the spin of the observed final states
could not be determined solely from this work.

F. Error analysis

We have estimated systematic uncertainties on relative en-
ergies, differential cross sections, and the spectroscopic factors
reported in this paper. Some sources of uncertainties and
their associated contribution to these quantities are presented
in Table IV. A systematic error of ±10 keV is estimated
on the relative energies. The main sources of error come from
the energy and position calibrations and those associated
with the detectors’ distances. The systematic error associated
with the experimental differential cross section has been
estimated to be 12%. The sources and percentage contributions
to this error are listed in Table IV. In addition, the procedure for
the extraction of angular distribution as described in Sec. III C
4, introduced a varied systematic error of 0–4%, depending on
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TABLE IV. Systematic errors on some important quantities in this
work.

Sources of error Error

Relative energy ±10 keV

Differential cross section
Number of deuterium nuclei in target 10.0%
Total number of 18F ions on target 6.0%
Efficiency of Monte Carlo simulation and fit 2.0%
Beam spot size 1.8%
Beam spot position 0.5%

Differential cross section overall error 12.0%

Spectroscopic factor (DWBA)
Differential cross section 12.0%
DWUCK and FRESCO difference 3.0%
Deuterium optical potential 15.0%
Proton/neutron optical potential 5.0%
Bound state potential 12.0%
Model 18.0%

Spectroscopic factor (DWBA) 30.0%

whether or not the state is isolated. The systematic uncertainty
in spectroscopic factor is estimated to be 30%. The largest
contribution to this error is essentially associated with the
optical potentials. The sources and percentage contributions
to this error are listed in Table IV.

IV. DISCUSSION

A. 18F(d, p)19F

The proton angular distributions for the (d,p) transfer to
various states in 19F are shown in Fig. 8. Additionally, the re-
sults of DWBA calculations using DWUCK4 are shown in Fig. 8.
The � transfer determined for all the levels in 19F are presented
in Table I. They were found to be consistent with the previously
determined spins and parities. The spectroscopic factors were
determined for states where the statistics allowed a reasonable
comparison with DWBA calculations. Neutron spectroscopic
factors extracted for these states are summarized in Table I,
along with the results from the 18F(d,p) experiments of Kozub
et al. [12] and de Sèrèville et al. [25,26]. The spectroscopic
factors are in reasonable agreement with previous studies.

B. 18F(d,n)19Ne

The neutron angular distributions for the (d,n) transfer
to various states in 19Ne are shown in Fig. 9. We extracted
spectroscopic factors for levels at Ex = 6089, 6289, 6419,
6747, and 7089 keV where the statistics allowed a reasonable
comparison with the results of DWBA calculations. The �

transfer determined for these levels and their corresponding
spectroscopic factors are presented in Table II. The estimated
partial proton widths of the states above the proton threshold
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FIG. 8. (Color online) The differential cross section for the
18F(d,p)19F reaction to various final states. The curves were obtained
from DWBA calculations with the set of optical potentials in Table III.
The calculations have been scaled to the data with the spectroscopic
factors determined in this work. All excitation energies are shown
in keV.

presented in Table V were obtained using the relation [34]

�p = Sp�sp, (11)

where �sp is the calculated proton width for a pure single-
particle state and Sp is the spectroscopic factor.

1. 5091-, 5351-, and 5485-keV levels

The angular momentum transfer determined for levels at
Ex = 5091, 5351, and 5485 keV are consistent with their
known spin and parity.

2. 6741- and 7076-keV levels

The angular momentum transfer of 1 and 0, determined
for levels at Ex = 6741 and 7076 keV, respectively, support
their known spin and parity assignments. Proton widths
of 7.3(6) eV and 13.5(7) keV were determined for the
6741-keV and 7076-keV states, respectively. The result for the
7076-keV state agrees well with the previously determined �p

of 15.2(1.0) keV [35]. For the 6741-keV state, our result is
significantly larger than the previously determined value of
2.22(69) eV [11]. We note that the experimental uncertainty
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FIG. 9. (Color online) The differential cross section for the
18F(d,n)19Ne reaction to various final states. The curves were
obtained from DWBA calculations with the set of optical potentials
in Table III. The calculations have been scaled to the data with the
spectroscopic factors determined in this work. All excitation energies
are shown in keV.

was large in the previous result and contributions from nearby
levels cannot be ruled out in the present work.

3. 6419- and 6449-keV levels

In the calculation of the 18F(p,α)15O reaction rate, the levels
at Ex = 6419 and 6449 keV (corresponding to resonance
energies of Er = 8 and 38 keV, respectively) are believed to be
relevant. We observed the 6419-keV level but see no evidence
of the 6449-keV level in our data. The angular distribution
of the 6419-keV level indicates that the state is populated
via transfer to the 1p orbital, in contrast to the value of � = 0
assumed previously [13] for the state. The Jπ value of this state
could be 1/2− or 3/2−. The �p value determined for this state
is 2.54(8) × 10−38 or 1.27(4) × 10−38 keV for a Jπ = 1/2−
or 3/2− assignment, respectively. This measurements also
allow us to set an upper limit on �p of the 38-keV resonance.
Considering the fact that the 6419- and 6449-keV levels are
30 keV apart, we cannot completely eliminate the possibility
of the 6449-keV level in our data. Instead of using one
Gaussian function, we have used two Gaussian functions in the
relevant energy region, as shown in Fig. 10, but constrained
the peak centroids to take their corresponding relative energies.

TABLE V. Proton partial widths (in keV) for states above the
proton threshold in 19Ne from our measurement and comparison with
some previous work. The numbers in parentheses are the statistical
errors.

Ex (keV) J π Present work Ref. [13]

3/2− 1.27(4) × 10−38 2.2(4) × 10−37a
6419 1/2− 2.54(4) × 10−38 −
6449 3/2+ �2.35(4) × 10−15 4.0(4.0) × 10−15

6741 3/2− 7.3(6) × 10−3 2.22(68) × 10−3

7076 3/2+ 13.5(7) 15.2(1.0)

aThis value is from previous works that assumed J π = 3/2+.

Allowing for a second Gaussian in the fitting with a centroid
fixed at the known value, we find the following upper limits
for the 6449-keV state: Sp � 0.028, corresponding to �p �
2.35 × 10−15 keV for a Jπ = 3/2+ assignment.

4. 6289-keV level

The angular distribution of the subthreshold 19Ne
(6289-keV) state is well reproduced by � = 0 transfer with
a small � = 2 admixture. The significant � = 0 strength in this
state makes it relevant for the 18F + p system. Two possible
Jπ values for the final state in 19Ne (6289 keV) are 1/2+ (via
proton transferred to the 2s1/2 or/and 1d3/2) or 3/2+ (via proton
transferred to the 2s1/2 or/and 1d5/2 or/and 1d3/2), making it
a likely mirror candidate for one of the three states in 19F
at Ex = 6255 keV (1/2+), 6497 keV (3/2+), and 6528 keV
(3/2+). The discovery of �p = 0 for the subthreshold state
in this measurement is consistent with the recent theoretical
prediction of an s-wave state below the proton separation
energy [36].

For bound states, the asymptotic normalization coefficient
Cp is related to the spectroscopic factor via

C2
p = SpC2

sp, (12)
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FIG. 10. (Color online) Relative energy spectrum for α + 15O
around Ex = 6289 keV, showing the fit for the 6419- and 6449-keV
states in 19Ne used to constrain the width of the 6449-keV state.
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TABLE VI. The asymptotic normalization coefficients for 18F +
p → 19Ne populating the subthreshold 6829-keV state. The numbers
in parentheses are the statistical errors.

19F 19Ne (6289 keV)

Ex (keV) J π C2
p (fm−1)

6497 3/2+ 3479(92)6528
6255 1/2+ 6972(183)

where Csp is the asymptotic normalization coefficient for the
single-particle wave function. For the 6289-keV state, we
find C2

sp = 1.53 × 104 fm−1. The asymptotic normalization
coefficients for the subthreshold 6289-keV state using the spins
of its likely mirror states are shown in Table VI.

A 20% uncertainty is estimated for the proton width and
asymptotic normalization coefficient. This systematic uncer-
tainty has very little contribution from the binding potential,
which affects both the calculated spectroscopic factor and
single-particle width, but in opposite directions, with the result
that proton width shows very little sensitivity to the details of
the binding potential. The same is true for the asymptotic
normalization coefficient. The overall systematic error in
the proton width and asymptotic normalization coefficient
essentially comes from the other optical potentials in the
calculation.

C. Suggested isospin mirror levels in 19F and 19Ne

The assignment of spin and parity for some of the levels
in 19Ne important for the 18F(p,α) reaction are taken from
their putative mirror states in 19F. The validity of estimating
19Ne widths using mirror symmetry and widths from 19F is
not very certain. A comparison of the (d,n) and (d,p) data
has provided considerable insight into the 19F-19Ne mirror
symmetry for some of the levels observed in our experiment.
The suggested pairs of states are listed in Table VII based on
the 18F(d,p)19F and 18F(d,n)19Ne spectra in Figs. 8 and 9 and
the DWBA analysis of the angular distribution extracted for
the states in 19F and 19Ne.

The 19F (6331) ⇔ 19Ne (6089) states are suggested as a
possible mirror pair; both are populated via transfer to the
1d5/2 orbital in the same proportion with their mirror reaction
and their angular distributions are identical. It is difficult to

TABLE VII. Orbital momentum transfer and spectroscopic factor
of the suggested mirror levels in 19F and 19Ne. The numbers in
parentheses are the statistical errors.

19F 19Ne

Ex (keV) � (2J + 1)Sn Ex (MeV) � (2J + 1)Sp

6331 2 1.95(3) 6089 2 2.36(3)
6255/6497/6528 0 0.64(2) 6289 0 0.92(3)
6787 1 0.37(2) 6741 1 0.50(2)
7262/7364 0 0.67(2) 7076 0 1.47(5)

establish the mirror pair between the 19Ne (6289) and the
three likely mirror states in 19F. This is partly due to two
possible Jπ values (1/2+ or 3/2+) the state can have. Any of
the three likely mirror states is a good candidate. In addition,
the 19F (6787) ⇔ 19Ne (6741) states are also suggested as a
possible mirror pair. This analog connection is made as a result
of both states being populated via a pure � = 1 transfer in
the same proportion. Their extracted angular distributions are
essentially identical. Utku et al. [37] also suggested the same
mirror correspondence for the 1/2− states. The analog of 19Ne
(7076 keV) is believed to be located in 19F near 7300 keV [13].
The 7300-keV group in 19F is composed of two unresolved
states at 7262 and 7364 keV observed in this experiment. It is
not very clear from our measurement which of the two levels
is the analog state for 19Ne (7076).

V. SUMMARY

The present study reports the proton-transfer and neutron-
transfer reaction measurements on 18F with radioactive beams.
The technique of reconstructing the relative energy and light
ejectile neutron (or proton) angle from the detected breakup
products appears promising for future radioactive ion beam
measurements. The quality of the spectroscopic data obtained
can rival stable beam measurements and provide the precision
necessary for astrophysical and nuclear structure applications
away from stability.

The levels observed in 19F appear to correspond to pre-
viously known states, and DWBA analysis of their angular
distributions are consistent with known Jπ assignments.
The spectroscopic factors determined for these states agree
reasonably well with the results of previous measurements.

The angular distributions extracted for levels in 19Ne at
Ex = 6741 and 7076 keV support their known Jπ = 3/2− and
3/2+ assignments, respectively. The present measurements
provide direct determination of the spectroscopic strengths
of the controversial 8- and 38-keV resonances and provide
constraints on the spin and parity values of these resonances.
In this work, it is also shown that the � = 0 strength in
19Ne around the proton threshold, previously thought to be
concentrated in a state above the proton threshold, appears
to be concentrated in the proton-bound 6289-keV state. The
impact of these new result on the 18F(p,α)15O reaction rate
calculation and astrophysical consequences are presented in
Ref. [20].
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APPENDIX

The nature of the particle emission resulting from the decay
B → C + c following the reaction A(a, b)B is discussed in
Sec. 10.7.4 of Satchler [38]. The double differential cross
section for detecting b and c is given by Satchler, Eq. (10.126):

d2σ

d
bd
c

= dσ

d
b

W

4π
, (A1)

where the branching-ratio factor �c/� has been suppressed.
The angular correlation function W is given by Satchler
Eqs. (10.127) and (10.130) as

W =
∑
kq

tkq(IB) Rk C∗
kq, (A2)

where IB and tkq(IB) are the spin and polarization tensor of
the nucleus B, Rk are the real radiation parameters, and Ckq

are related to the spherical harmonics by

Ckq =
[

4π

2k + 1

]1/2

Ykq. (A3)

Following the convention used by FRESCO [30], we choose the
z axis to be along the incident beam. We then have tkq(IB) =
tkq(θB) and Ckq = Ckq(θc, φc), where θB = π − θb and θc are
the usual polar angles in the c.m. system and φc is the azimuthal
angle between particles b and c.

The particle radiation parameters Rk are discussed in
Sec. 10.7.4.2 of Satchler. Assuming that B → C + c occurs
with a single orbital angular momentum L and channel spin
S, we have

Rk = (2IB + 1)1/2(2L + 1)(−1)k+S−IB 〈LL00|k0〉
×W (LLIBIB ; kS), (A4)

where 〈LL00|k0〉 is a Clebsch-Gordon coefficient and
W (LLIBIB ; kS) is a Racah coefficient. Parity conservation
implies that k must be even. For the case of 19Ne∗ →
15O(1/2−) + α(0+) S = 1

2 and L are uniquely determined for
a given Jπ state in 19Ne. For the general case, relative partial
width amplitudes for the decay B → C + c must be specified.

The polarization tensor tkq(IB) describes the polarization
of the final nucleus B; the precise definition is given in
Secs. 10.3.2 and 10.3.3 of Satchler. The polarization tensors
can be calculated with FRESCO by noting that the FRESCO

scattering amplitudes fm′M ′:mM are equivalent to Satchler’s
transition matrix elements Tβα defined by his Eq. (9.2).
Satchler’s Eq. (10.32) reads

tkq(IB) = tr[T T †τkq(IB)]

tr[T T †]
. (A5)

In the notation of Thompson (analogous to Eq. (3.33) of
Ref. [30]) this formula becomes

tkq(IB) = tr[ f f †τkq(IB)]

tr[ f f †]
= √

2k + 1

∑
m′M ′mM fm′M ′:mM (θ )∗fm′M ′′:mM (θ )〈IBM ′kq|IBM ′′〉∑

m′M ′mM |fm′M ′:mM (θ )|2 , (A6)

where M ′′ = M ′ + q is required for the Clebcsh-Gordon coefficient to be nonzero. Also note that the differential cross section
is given by

dσ

d
b

= 1

(2IA + 1)(2Ia + 1)

∑
m′M ′mM

|fm′M ′:mM (θ )|2. (A7)

The above equations can be used to calculate the angular correlation using the scattering amplitudes output by FRESCO.
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