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Abstract

Uncertainties in the thermonuclear rates of the 15O(α, γ)19Ne and 18F(p, α)15O reactions affect model predictions
of light curves from type I X-ray bursts and the amount of the observable radioisotope 18F produced in classical novae,
respectively. To address these uncertainties, we have studied the nuclear structure of 19Ne over Ex = 4.0 − 5.1 MeV
and 6.1 − 7.3 MeV using the 19F(3He,t)19Ne reaction. We find the Jπ values of the 4.14 and 4.20 MeV levels to be
consistent with 9/2− and 7/2− respectively, in contrast to previous assumptions. We confirm the recently observed
triplet of states around 6.4 MeV, and find evidence that the state at 6.29 MeV, just below the proton threshold, is
either broad or a doublet. Our data also suggest that predicted but yet unobserved levels may exist near the 6.86 MeV
state. Higher resolution experiments are urgently needed to further clarify the structure of 19Ne around the proton
threshold before a reliable 18F(p, α)15O rate for nova models can be determined.
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1 Introduction

Explosive thermonuclear burning of fuel accreted from a
companion star onto the surface of a white dwarf or neu-
tron star gives rise to the astrophysical phenomena known as
classical novae and type I X-ray bursts (XRBs), respectively.
Within the galaxy, several hundred novae have been discov-
ered to date along with ≈ 100 systems exhibiting XRBs.
A typical nova explosion ejects ≈ 10−4 − 10−5 M� of ma-
terial into the interstellar medium. Through spectroscopic
analysis the chemical composition of this ejected material
can, in principle, be compared to nova model predictions.
The composition of the ejecta, if any, from XRBs is still
unclear. Nonetheless, XRB models suggest that the energy
released during XRBs as well as the time structure of the
light curves may serve to probe details of these explosions.
In both cases, however, model predictions of observables de-
pend upon various factors, including the assumed accretion
rate, the composition of the accreted material, the mass and
composition of the underlying compact object, and the nu-
clear reaction rates adopted. For reviews, see, e.g., Ref. [1]
for classical novae and Refs. [2–4] for XRBs.

The 18F(p, α)15O and 15O(α, γ)19Ne reaction rates have
significant and demonstrated impact on the predicted abun-
dance of radioactive 18F in novae and the profiles of XRB
light curves, respectively. The former is of interest as the
decay of 18F (t1/2 = 110 min) could provide a detectable,
prompt γ-ray signature of a nova at and below 511 keV
through electron-positron annihilation [5]. The distance at
which this emission may be detected by a suitable instru-
ment aboard a satellite, however, depends upon the amount
of 18F produced during the explosion, and the 18F(p, α)15O
reaction is the principal means of destruction of 18F at tem-
peratures encountered in novae. As to the 15O(α, γ)19Ne
reaction, XRB models have revealed that the adopted rate
has a strong impact not only on the predicted peak luminos-
ity of a burst [6], but also on whether bursting behaviour or
stable burning is predicted [7,8]. For a recent review of the
impact of nuclear physics uncertainties on predicted yields
and light curves from novae and XRBs, see Ref. [9].

Direct measurement of the 18F(p, α)15O and
15O(α, γ)19Ne reactions at all relevant energies above
the proton and alpha particle thresholds in 19Ne (Sp =
6410 keV, Sα = 3528 keV [10]) is not yet possible due to the
lack of sufficiently intense radioactive 18F and 15O beams
(see Ref. [11] for progress with the former case). Indirect
methods must therefore be exploited: nuclear structure
information is required for states within Ex(19Ne) ≈ 6 − 7
MeV and ≈ 4− 5 MeV to estimate the relevant rates of the
18F(p, α)15O and 15O(α, γ)19Ne reactions, respectively. In
particular, excitation energies, Jπ values, total widths, and
proton, alpha particle, and γ-ray partial widths are needed.
Despite considerable experimental and theoretical effort
to better constrain these rates (see, e.g., Refs. [6, 11–18]
and references within), the nuclear physics uncertainties
are still sufficient to affect, for example, predictions of 18F
production in novae by at least a factor of two [16] and
predictions of peak XRB luminosities by a factor of ≈ 2 [6].

In the present work we have measured the

19F(3He,t)19Ne reaction to address several outstand-
ing issues regarding the nuclear physics input used in
current estimates of the 18F(p, α)15O and 15O(α, γ)19Ne
rates in classical novae and XRBs, respectively. These
include (a) measuring, for the first time, the Jπ values of
the Ex(19Ne) = 4.14 and 4.20 MeV levels, as well as of
several other levels above the 15O+α threshold [6, 18, 19];
(b) searching for several predicted [12], but yet unobserved
levels near the 18F+p threshold; and, (c) investigating the
triplet at 6.4 MeV, as well as a possible doublet at 6.3 MeV,
through a measurement with better energy resolution than
our previous study [16], in which these issues were first
identified. We conclude by briefly discussing additional
measurements needed to improve estimates of these two
rates.

2 Experiment

The 19F(3He,t)19Ne reaction was measured at the Maier-
Leibnitz-Laboratorium (MLL) in Garching, Germany us-
ing a 25-MeV 3He2+ beam (I = 200 − 500 nA) and
a quadrupole-dipole-dipole-dipole magnetic spectrograph.
More details on the method and equipment may be found
in Refs. [16, 20] and references within. Targets included 10
µg/cm2 MgF2 and 50 µg/cm2 CaF2, each deposited upon a
10 µg/cm2 foil of enriched 12C (99.99%). As well, thin 12C
and MgO targets were used to characterize any background.
Spectrograph apertures of either dΩ = 7.8 or 13.9 msr were
used, and measurements were made at laboratory angles θlab
between 10◦ and 50◦. Tritons were identified and selected
through energy loss and residual energy information from
the detection system at the focal plane of the spectrograph,
and triton spectra of focal-plane positions were then pro-
duced for further analysis. Several different magnetic field
settings were employed since associated 19Ne levels spanning
only ≈ 1 MeV of excitation energy were observed at any one
time due to the momentum bite of the spectrograph. Tri-
tons from (3He,t) reactions on target contaminants such as
12C, 16O, 24Mg and 40Ca were excluded from the focal-plane
detector at all settings because of the significantly different
Q-values involved.

3 Results

Figure 1(a) shows a triton position spectrum measured with
the CaF2 target over Ex = 4.0 − 5.1 MeV at θlab = 10◦

and dΩ = 13.9 msr. The labeled excitation energies are
from Refs. [6, 18] and were not determined in the present
work. Figure 1(b) shows a triton spectrum measured with
the MgF2 target over Ex = 6.1 − 7.3 MeV at θlab = 15◦

and dΩ = 7.8 msr. The labeled excitation energies are from
Refs. [12, 16], except for the peaks designated “6282/6294”
and “6851/6864”, which are discussed below. These spectra
were analyzed using least-squares fits of multiple exponen-
tially modified Gaussian functions (as well as Voigt func-
tions, for broad states) with a constant or linearly-varying
background. The energy resolution was determined to be
≈ 15 keV (panel a) and ≈ 10 keV (panel b) FWHM from
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the widths of fits to isolated narrow peaks in these spectra.
The resolution of the latter spectrum improves upon that
from Ref. [16] by a factor of ≈ 1.5 by virtue of the thin-
ner target employed here, as well as, to a lesser extent, the
narrower spectrograph aperture.
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Figure 1: Focal-plane position spectra of tritons from the
19F(3He,t)19Ne reaction at 25 MeV. The spectra were mea-
sured at θlab = 10◦ using the 50 µg/cm2 CaF2 target (panel
a), and θlab = 15◦ using the 10 µg/cm2 MgF2 target (panel
b). Peaks are labeled by the corresponding 19Ne excitation
energies in keV.

Figure 2 shows enlarged views of the spectrum in Fig.
1(b). As shown in Fig. 2(a), the observed structure around
6.4 MeV is best fit with a triplet of states (solid line, two-
tailed p-value = 0.48) as opposed to a doublet (dashed line,
p < 0.0001) when widths from isolated narrow states (e.g.,
at 6132, 6742, 7173, or 7238 keV) are adopted. Similarly for
the structure at 6.29 MeV, a doublet of states is strongly
preferred (solid lines, p = 0.59) over a single narrow state
(dashed line, p < 0.0001), as shown in Fig. 2(a). This struc-
ture may be a single broad state, in which case assuming a
state with a width of ≈ 16 keV provides an acceptable fit (p
= 0.23). Indeed, the lack of any obvious angular distribu-
tion effects indicating the contribution of two components
supports the identification of this peak as a single state, al-
though the contributing levels may simply have similar spin
and parity. Finally, the structure at 6.86 MeV is poorly fit
with a single narrow state due to the excess of counts at low
excitation energies (dashed line, p < 0.0001). Assuming two
or three contributing narrow states or a single, broad state
does not significantly improve the fit, giving p-values of less
than 0.03. A reasonable fit is obtained using a single narrow
state together with a broad state of width ≈ 40 keV (solid
lines, p = 0.21). If we use the energies from Refs. [12, 16]
for the levels at 6.13, 6.70, 6.74, 7.08, 7.17, and 7.24 MeV
and internally calibrate this spectrum, we obtain energies
that are consistent with those reported in Ref. [16] for the

triplet at 6.4 MeV, an assumed single state at 6.86 MeV,
and an assumed broad state at 6.29 MeV. If we assume the
structures at 6.29 and 6.86 MeV are doublets, we find the
constituent levels to have energies of 6282(2) and 6295(2)
keV, and 6851(4) and 6864(1) keV, respectively. For the
18F(p, α) reaction, these would correspond to resonances at
Ec.m. = −128,−115, 441, and 454 keV. Results consistent
with the above discussion were obtained at all angles mea-
sured in the present work.
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Figure 2: (Color online) Expanded views of Fig. 1(b). Over-
all best fits (solid red), constituent peaks (blue) and alter-
native, poorer fits (dashed red) are shown for levels within
Ex(19Ne) = 6.2 − 6.9 MeV. See text for details.

Figure 3 shows measured angular distributions for states
in 19Ne populated through the 19F(3He,t) reaction. These
differential cross sections have been fit using theoretical cal-
culations from the finite-range, coupled-channels reaction
code FRESCO [21] as discussed in Refs. [16,22]. Acceptable
fits (p > 0.05) were obtained for theoretical calculations cor-
responding to Jπ values of observed states with well-known,
measured Jπ values [12,19], giving confidence in the predic-
tive power of the angular distributions. For example, fitting
the 3/2+ theoretical curve to the distributions for the 4034
and 7076 keV levels, both 3/2+, yielded p-values of 0.39 and
0.69, respectively. No other theoretical curve provided an
acceptable fit to the 7076 keV state, while the 3/2− curve
gave the only other reasonable fit (p = 0.19) to the 4034 keV
state. We discuss levels with previously unmeasured Jπ val-
ues [12, 19] below. Angular distributions for levels between
6.1 and 6.9 MeV (assuming the 6.29 and 6.86 MeV states
to be single levels) were consistent with those reported in
Ref. [16] and are not repeated here.

The 4.14 MeV and 4.20 MeV levels have been tentatively
assigned either (9/2)− and (7/2)− [19] or (7/2)− and (9/2)−

[18], respectively. The former is best fit by the 9/2− (p =
0.99) and 7/2+ (p = 0.34) curves. The 7/2− curve is a poor
fit to the data (p < 0.01) especially at low angles. For the
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Figure 3: Triton angular distributions measured with the
19F(3He,t)19Ne reaction at 25 MeV. Theoretical curves cal-
culated with FRESCO [21] have been fit to the data. Best
fit curves are plotted here, along with curves corresponding
to previous, tentative assignments. Excitation energies (in
keV) corresponding to the data and Jπ values corresponding
to each curve are indicated. See text for full details.

latter level, 7/2− and 9/2+ both provide reasonable fits (p
= 0.85−0.99). The 9/2− curve gives a significantly worse fit
to the data (p = 0.09), again at the lowest measured angles.
Given the established parity of these states, we assign 9/2−

and 7/2− to the 4.14 and 4.20 MeV levels.
The 4.55, 4.60 and 4.71 MeV levels have tentative assign-

ments of (1/2, 3/2)−, (5/2+), and (5/2−), respectively [19].
The first of these is best fit by the 3/2− (p = 0.56) and 3/2+

(p = 0.75) curves, with the 1/2− curve being a poor fit (p <
0.0001). As the parity is known to be negative, we assign
3/2− to this level. The only acceptable fits to the 4.60 MeV
level are from the 3/2− (p = 0.09) and 5/2+ (p = 0.05)
curves. As to the 4.71 MeV level, the best fit is provided
by the 5/2− curve (p = 0.97), although 7/2− (p = 0.47)
is also reasonable. In light of our results and the previous
tentative assignments, we assign 5/2+ and 5/2− to the 4.60
and 4.71 MeV levels, respectively.

The 7.17 MeV level is equally well fit by the 11/2+ and
11/2− curves (p = 0.97). This level was previously assumed
to be (11/2−) [12] simply based on the level scheme of the
19F mirror nucleus. We retain both of our possibilities here
and constrain this level to be J = 11/2.

4 Discussion

The spin-parity assignments from the present work are in
general consistent with previous, tentative values. With re-
gard to estimates of the 15O(α, γ)19Ne rate in XRBs, the as-
sumptions of Ref. [6] for Jπ values of levels between 4.0 and

5.1 MeV are all in agreement with our experimental results.
The assumptions of Ref. [18] differ in the interchange of the
assignments to the 4.14 and 4.20 MeV levels; as discussed in
Ref. [6], there had been compelling reasons for either choice.
We note that the quality of the best fits to the 4.60 MeV
level has negligible impact on the rate as the α decay branch-
ing ratio and mean lifetime have been measured by several
groups (see, e.g., Ref. [6]). With our results, we favor the
15O(α, γ)19Ne rate reported in Ref. [6] over that in Ref. [18].
The difference between the two recommended rates at the
most relevant temperatures of ≈ 0.4−0.7 GK [23], however,
is only ≈ 30%, placing the rate of Ref. [18] well within the
rate uncertainty bounds of Ref. [6].

We find evidence that the 6.29 MeV state may be ei-
ther a broad state or a doublet. This is of interest for the
18F(p, α)15O rate as if one member of this possible doublet is
Jπ = 3/2+, it will interfere as a subthreshold resonance with
other 3/2+ resonances near the proton threshold, leading
to additional uncertainties in the rate due to the unknown
sign of the interference [16,24]. If the state is broad, on the
other hand, its measured angular distribution seems incon-
sistent with 3/2+ [16]. The lack of any indication of two
components from the angular distribution of this structure
seems to support the latter option: a broad state that is
not 3/2+. This is in accord with results from Ref. [24], in
which a single, 3/2+ level at 6.29 MeV would be expected
to have a width ≈ 30× smaller than our measured width,
based on candidate levels in the mirror nucleus 19F. We also
note that the good agreement in Fig. 3(a) of the measured
angular distributions of the 4034 and 7076 keV states with
the theoretical 3/2+ calculation supports the conclusions in
Ref. [16] that none of the members of the triplet of states
around 6.4 MeV appears to be 3/2+, while two subthreshold
states around 6.1 MeV may be 3/2+.

Finally, our data suggest that one or more new lev-
els may exist near the 6.86 MeV state. This would not
be unexpected given that three as yet unobserved levels
within Ex(19Ne) = 6.8−7.1 MeV have been predicted based
upon comparison with the 19F mirror nucleus, including two
broad states, with widths of 22 and 96 keV [12]. As well, the
non-selective nature of the (3He,t) reaction at these beam
energies makes this an ideal mechanism by which new states
may be observed. High resolution studies are needed to bet-
ter determine the nature of the states at 6.29 and 6.86 MeV.
As to the 18F(p, α)15O rate, the current uncertainties in the
structure of 19Ne around the proton threshold make esti-
mates below Ec.m. = 250 keV (the lowest energy at which
direct measurements exist [11]) unreliable, with uncertain-
ties that are difficult to quantify.

5 Conclusions

To improve estimates of the thermonuclear rates of the
18F(p, α)15O and 15O(α, γ)19Ne reactions at temperatures
encountered in classical novae and type I X-ray bursts, re-
spectively, we have measured the 19F(3He,t)19Ne reaction
at 25 MeV using a high-resolution magnetic spectrograph.
We find the levels at Ex(19Ne) = 4.14 and 4.20 MeV to
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be consistent with 9/2− and 7/2− respectively. This is in
agreement with the tentative assignments in the compilation
by Ref. [19] and the values assumed for the 15O(α, γ)19Ne
rate estimate by Ref. [6], but not with the values assumed
in the rate estimate by Ref. [18]. We have also measured
the Jπ values of four other levels at 4.55, 4.60, 4.71, and
7.17 MeV and we find them to be consistent with previous,
tentative assignments [12,19]. A new measurement to both
confirm the α decay branching ratios reported in Ref. [25],
as well as to determine the α decay branching ratios of the
4.14 and 4.20 MeV levels separately, would help to improve
new estimates of the 15O(α, γ)19Ne rate.

Our data also indicate the presence of several of the
predicted 19Ne levels near the 18F+p threshold [12]. We
confirm the triplet of states recently observed around 6.4
MeV [16], propose that the subthreshold 6.29 MeV state is
either a doublet or a broad state, and suggest that the region
around the 6.86 MeV state be a target for future high reso-
lution studies to possibly identify additional states. Indeed,
in the absence of suitably intense 18F beams to extend direct
18F(p, α)15O measurements [11,13,26,27] to lower energies,
we strongly encourage new indirect studies near the 18F+p
threshold to confirm or measure the number of states, their
Jπ values [16], and their proton decay branching ratios [28].
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