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First measurement of the low-energy direct capture in **Ne(p,v)?'Na and improved
energy and strength of the £, = 368 keV resonance
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The zoNe(p, 7)21Na reaction is the slowest in the NeNa cycle and directly affects the abundances
of the Ne and Na isotopes in a variety of astrophysical sites. Here we report the measurement of its
direct capture contribution, for the first time below E.n = 352 keV, and of the contribution from the
FE.,, = 368 keV resonance, which dominates the reaction rate at 7' = 0.03—1.00 GK. The experiment
was performed deep underground at the Laboratory for Underground Nuclear Astrophysics, using a
high-intensity proton beam and a windowless neon gas target. Prompt 7 rays from the reaction were
detected with two high-purity germanium detectors. We obtain a resonance strength wy = (0.112+
0.002stat £ 0.005sys) meV, with an uncertainty a factor of 3 smaller than previous values. Our
revised reaction rate is 20% lower than previously adopted at T' < 0.1 GK and agrees with previous
estimates at temperatures 7' > 0.1 GK. Initial astrophysical implications are presented.

The NeNa cycle converts hydrogen into helium using
neon and sodium isotopes as catalysts through the fol-
lowing reactions:

*'Ne(p,7)*'Na(8*v)*'Ne(p, v)**Na(6*v)
#’Ne(p,7)*Na(p, a)*’Ne.
The ashes of this nucleosynthesis sequence may become

visible when they are carried to the stellar surface as a
consequence of mixing with the stellar interior.

Mixing occurs, for example, in asymptotic giant branch
(AGB) stars of masses M = 5 —9Mg, where the convec-
tive envelope reaches into the H-burning layers, bringing
freshly synthesised material to the stellar surface, a phe-
nomenon known as Hot Bottom Burning (HBB) [1-3].
As a result, the atmosphere of these massive AGB stars
becomes enriched in nitrogen and sodium. Another as-
trophysical object that is affected by the NeNa cycle is
ONe novae.



In particular, the 1275 keV ~v-ray line associated with
the 8% decay of 2?Na, would be essential to confirm a
long-lasting prediction of nova nucleosynthesis models
[4].

The 2°Ne is the most abundant isotope of those partic-
ipating to the NeNa cycle, with the 2°Ne(p,v)?!Na being
the slowest reaction in the cycle and thus affecting the
final abundances of the Ne and Na isotopes. A sensitivity
study on the effect of a variation in the 2°Ne(p,y)*!Na
rate on novae ejecta, suggests a significant impact on iso-
topic abundances of elements with A < 40 [5]. While
other reactions in the cycle are now well constrained fol-
lowing recent measurements of the 22Ne(p,~)?*Na, [6—
9], the 2°Ne(p,v)?'Na and the 2*Na(p, a)?*’Ne reactions,
the first and the last of the NeNa cycle, are still car-
rying the largest uncertainties. Here we focus on the
20Ne(p,v)?'Na reaction. At temperatures T' < 0.1 GK,
relevant for HBB, the 2°Ne(p, v)?!Na reaction (Q-value =
2431.9 keV) is dominated by the high energy tail of a sub-
threshold state at E¢y = —6.7 keV (I'y = 0.31£0.07 eV
[11]), corresponding to the Fy = 2425 keV excited level in
2INa [10]. At temperatures T = 0.1 — 1.0 GK, including
those relevant to novae, the rate is governed, instead, by a
narrow resonance at E,,, ~ 366 keV [11], corresponding
to an excited state at F, = 2799 keV in 2'Na (Fig. 1a),
and by direct capture contributions to the ground-, first-
, and second excited states in ?'Na at F, = 332 and
2425 keV, respectively. The strength of the narrow reso-
nance at E., ~ 366 keV was measured for the first time
by Rolfs et al. [11] to be wy = (0.11 £0.02) meV and by
a recent study (Cooper, PhD thesis, [12]), which instead
reports a strength of wy = (0.0722 £ 0.0068) meV.

Direct capture contributions at F.,, > 352 keV, as well
as contributions from higher-energy resonances, have also
been reported in previous works [10, 11, 13-17]. Specif-
ically, a non-resonant component was first investigated
in Ref. [13] at beam energies E¢y, = 600 keV and Fp,
= 1050 keV, using the activation method, i.e., exploiting
the ST -decay of ?'Na (half-life ¢/, = 22.4 s [18]) into
2INe. The subsequent comprehensive study by Rolfs et
al. [11] investigated the direct component and several res-
onances at proton beam energies E.,, = 352 — 2000 keV.
The direct capture into the 2425 keV state was found to
be dominant [11]. More recently, the 2°Ne(p,v)?!Na re-
action was studied indirectly using the 2°Ne(®He, d)?!Na
reaction [16]. The partial width of the sub-threshold
state and the direct capture spectroscopic factors were
calculated using the asymptotic normalization coefficient
(ANC) formalism [16]. The results are in good agree-
ment with previous data [11] for the direct capture to the
2425 keV sub-threshold state, while a discrepancy of 65%
was found for the direct capture into the ground state.
New direct capture data were also recently reported by
Lyons et al. [10] at energies E.,, = 477 — 1905 keV, and
by Karpesky (PhD thesis) [19] at energies E}, < 400 keV.
In the latter study, the direct capture and resonant com-

ponents could not be clearly distinguished, while the re-
sults for the direct capture to the ground state were found
to be ~ 40% lower than those by Rolfs et al.. [11]. As
low energy data on the direct capture are either lacking or
carrying high uncertainties and given that the two avail-
able data sets [11, 12] on the E,, ~ 366 keV strengths
are in disagreement, improved measurements are needed
to better constrain the 2°Ne(p,v)?'Na reaction rate.

Here, we report on the measurements performed at
the Laboratory for Underground Nuclear Astrophysics
(LUNA) [20] exploiting the low environmental back-
ground level [21, 22] of the Gran Sasso National Lab-
oratories (LNGS), Italy. The setup used was similar to
that adopted for the study of the 22Ne(p, v)?*Na reaction
[6, 23]. A schematic view is shown in Fig. 1. Briefly, an
intense (~ 300 pA) proton beam from the LUNA 400 kV
accelerator [24] was delivered onto a windowless cham-
ber filled with neon gas of natural composition (90.48%
20Ne, 0.27% 2'Ne, 9.25% 2?Ne). The gas was maintained
within the windowless chamber by a differential pump-
ing system, through three apertures of different diam-
eters (see [25] for details). The beam entered the tar-
get chamber through aperture AP1 (4 cm in length and
7 mm in diameter) and was stopped on a calorimeter
for beam current measurement [26]. The prompt ~ rays
from the 2°Ne(p, 7)?'Na reaction were detected with two
high purity germanium detectors of 90% (HPGe90) and
130% (HPGel30) relative efficiency, with faces centered
at two different positions corresponding to a distance,
respectively, of 5.6 cm and 13.4 cm from AP1 along the
beam axis (Fig. 1). The HPGel30 was surrounded by a
4 cm thick copper shielding and the entire setup (gas tar-
get and both detectors) was surrounded by 20 — 30 cm
thick lead bricks (not shown in the figure) to suppress
the laboratory environmental background. The entire
lead castle was finally enclosed in a Plexiglas anti-radon
box filled with an over-pressure of Ns to avoid radon gas
inside the lead shielding. Unlike the setup adopted in
Ref. [6], neither HPGe detector was collimated in the
present study. As a result, detection efficiencies were
maximized at different positions inside the target cham-
ber as shown in the bottom panel of Fig. 1 (right y-axis).
The pre-amplified signal from each detector was sent to
an amplifier (ORTEC Spectroscopy Amplifier 672) and
then acquired by an MCA-ADC (EtherNIM analog mul-
tichannel analyzer). The dead-time for each detector was
~ 1% during all data taking. The ~-ray detection effi-
ciency was measured at several positions along the beam
axis (in 5 mm steps) using point-like radioactive sources
(13Ba, 1¥7Cs and ®°Co), with activities calibrated by
the Physikalisch-Technische Bundesanstalt (PTB [27]) to
1% accuracy. Efficiency measurements were extended to
higher energies (up to 6.8 MeV) using the well-known
MN(p,y)'50 resonance at Eqy, = 259 keV [28]. The ex-
perimental setup (Fig. 1) was implemented in the LUNA
GEANT code [25]. The geometry of the code was fine-
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FIG. 1. a): Level scheme of !Na. The transitions from the E.,, ~ 366 keV resonance are shown in red while the blue arrow
indicates the direct capture energy range explored in this work. b): Gas density profile (black data points) along the beam line
through apertures AP2 and AP1 and into the gas chamber. Blue and magenta dash-dotted lines show the detection efficiencies
(right y-axis) for detectors HPGe90 and HPGel30, respectively, along the beam axis, as a function of distance z from AP2. The
efficiency curves refer to the 373 keV « ray emitted by the 2°Ne(p, v)*>'Na reaction. c¢): Simplified sketch of the experimental
setup used for the study of the *°Ne(p, v)*'Na reaction at LUNA. The beam enters the chamber from the left through the last

collimator (AP1) and stops onto a copper calorimeter.

tuned through a detailed comparison with experimen-
tal data obtained from the radioactive sources and the
HN(p,7)0 reaction. For the study of the resonant cap-
ture contribution, experimental yields were measured in
the range E¢, = 366 — 380 keV in 1 —2 keV steps. Yield
profiles for both detectors are shown in Fig. 2 for the
strongest transition at £, = 2425 keV. The energy of
the resonance F, was determined by taking into account
the energy loss of the beam in the gas target, as:

Fmax dF
ES =F., — (/ d p(z)dz) , (1)
o ¢ Z0 d<pz) cm

where E5 is the resonance energy in the center-of-mass
system, F.p, is the energy corresponding to the maximum
of the yield profile, as obtained by a fit to experimental
data; % is the stopping power of protons in neon gas,
given by SRIM [29]; zp= 0 corresponds to the entrance
position of the beam in the first pumping stage (Fig. 1);
and zpyayx 18 the position at which the detection efficiency
reaches its maximum, for a given detector. The density
profile, p(z), which affects the target thickness and there-
fore the resonance energy determination, has been cor-
rected for the beam heating effect following the prescrip-
tion in Ref. [23], where an identical setup was used. The
energy of the resonance was calculated using Eq. 1 for
each detector separately, leading to a weighted average of
E., = (368.01+0.5) keV, consistent with the value E.,, =
(366£5) keV reported by Rolfs et al. [11]. The overall un-
certainty on the resonance energy, 10 times smaller than
the literature value, is obtained from error propagation of
uncertainties on: beam energy (0.3 keV [24]), proton en-
ergy loss in the neon gas target (1.7% [29]), proton energy
corresponding to the maximum of the fitted yield profile
(< 0.2 keV), and beam heating correction (1.6%). For
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FIG. 2. Top panel: Experimental yields for the E, =

2425 keV as obtained with the HPGel30 (magenta) and
HPGe90 (dark-blue) detectors as a function of proton beam
energy. Bottom panel: Resonance strength determined from
experimental yields at each beam energy studied (see text for
details).

each beam energy, we also determined the branching ra-
tios of all transitions de-exciting the E¢,, = 368 keV reso-
nance to the 2!Na ground-, the first-, and second excited
states (R — GS, R — 332 keV, R — 2425 keV, respec-
tively). The branching ratios were obtained as the ratio
between the efficiency-corrected yield of a single transi-
tion and the sum of all observed transitions. Weighted
average values are given in Table I, together with litera-
ture values [11].

Under the assumption of a thick-target yield condition
[30], the resonance strength can be obtained directly from



TABLE I. Branching ratios for transitions from the Fcm =
368.0 keV resonance for the present work (LUNA) and the
literature [11]. Uncertainties in the LUNA branching ratios
include statistical and systematic contributions.

Transition LUNA Rolfs et al. [11]
R —2425 57£2 56 £ 4
R — 332 4.0=£0.2 11+4
R —+ GS 39+2 33+4

the experimental total yields Y (i.e., summed over all
transitions), as:

2% M o)
Wy = —5 €& ——,
TN T M

where A, is the de-Broglie wavelength at the resonance
energy (in the center of mass system) and €. M/(m+ M)
is the effective stopping power in the center of mass sys-
tem (with projectile and target masses m and M, respec-
tively).

Since the resonance width (I' ~ 5 meV) is much
smaller compared to the beam energy loss in the target
(AE ~ 15—20 keV), the thick-target condition is satisfied
at all beam energies investigated here, and the resonance
is populated at different positions in the gas target, de-
pending on beam energy. However, despite the narrow
width of the resonance, the distribution of the emitted
~ rays along the z-axis is not point-like. When the en-
ergetically narrow beam (AEpeam ~ 0.1 keV [24]) goes
through the gas target, its energy distribution widens
because of the straggling effect and the resonance con-
dition is reached over a broader target region. At the
center of the target, the energy broadening of the beam
is of the order of 1.5 keV. This effect has to be com-
bined with the detection efficiency, as discussed in Ref.
[31]. To correct experimental yields for different com-
binations of efficiency and beam straggling, simulations
were performed using the LUNA GEANT code for each
point of the yield curve and for each detector. Corrected
yields were then used in Eq. 2 to arrive at individual
w~y values as shown in Fig. 2 (bottom panel). Reso-
nance strength values were found to agree within 1o of
each other at all beam energies (i.e., at all positions in
the target chamber), and led to a weighted average of
wy = (0.112 £ 0.002¢a¢ £ 0.0054y5) meV. The systematic
uncertainty is obtained from the combined contributions
of uncertainties in: energy loss in the neon gas (1.7% the
uncertainty in our proton energy range), beam heating
correction (1.6%), energy straggling effect (1%), and ef-
ficiency (4%). Our resonance strength is in agreement
with the previous value [11] but has an overall uncer-
tainty reduced by a factor of 3 (from 18% to 5%).

Finally, the direct capture component was measured
for the first time below the E., = 368.0 keV resonance,
at Een = 247.6, 250.5, 252.4, 284.9, 294.8, 303.7, 313.8,
and 362.1 keV using natural neon gas at a pressure of

2 mbar, and at F., = 380.9 keV using a pressure of
0.5 mbar (the latter pressure was chosen to avoid pop-
ulating the F¢;, = 368.0 keV resonance). For all beam
energies investigated, the DC — 2425 keV transition oc-
curred in a region of the spectrum affected by the labora-
tory background and thus with a low signal/noise ratio.
Hence, we used the secondary transition (2425 keV —
GS) instead, exploiting the fact that the two ~ rays (pri-
mary and secondary) occur in cascade (i.e., one-to-one
correspondence). The corresponding v-ray line was ob-
served with a statistical uncertainty between ~ 3% at
Ecn = 294.8 keV and ~ 30% at Fep = 252.4 keV.

The direct capture energy region explored was affected
by beam-induced background caused by "N and '°F con-
taminants which reduce the signal /noise ratio. Therefore
the weakest transitions (DC — GS and DC — 332 keV)
were observed only at E.,, = 247.6 keV and 294.8 keV
where the contribution of the beam-induced background
did not limit the signal/noise ratio. In an extended gas
target, fusion reactions take place in the entire target
chamber. Therefore, the S-factor is determined by the
following relationship:

Zcal e—27rn(E(z))
[ s
where Y (F) is the experimental yield for each beam en-
ergy, 1(z) is the efficiency as a function of the position
in the chamber, z., is the position of the calorimeter
surface, and E(z) is the center-of-mass energy along the
target path. Extracted S-factor values for all transitions
are shown in Fig. 3 together with literature datal.

The new LUNA S-factor values for the different transi-
tions are given in the Supplemental Materials. Available
S-factor data, including the present work, were analyzed
using the R-matrix formalism with the AZURE2 code
to extrapolate down to astrophysical energies [32]. Fit-
ting parameters (channel radius, excited states proper-
ties, etc.) for the R-matrix analysis were taken from Ref.
[10], except the ANC coefficients, which were taken from
Ref. [16] (see details in Supplemental Materials [33]).
The stated systematic uncertainty of 10% was used for
the data of Lyons et al. [10], while a conservative sys-
tematic uncertainty of 20% was assumed for the data of
Rolfs et al. [11] since no detailed description of the er-
ror budget is given in Ref. [11]. For the LUNA S-factor
data, we adopted systematic uncertainty of < 6.6%, ob-
tained from the same source of uncertainties reported for
the resonant contribution. The largest value (6.6%) of
systematic uncertainties is due to the fluctuation in the
beam current. The resulting R-matrix fit is shown in
Fig. 3 and the normalization coefficients for direct tran-
sitions to the second- (2425 keV), first- (332 keV), and

Y(E) = p(2)i(z)dz,  (3)

I The total S-factor from Ref. [10] has been obtained using the
angular coefficient reported in [10]
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FIG. 3. (From top to bottom): LUNA S-factor values (red
data points) for direct transitions to the second- (2425 keV),
first- (332 keV), and ground states in *'Na. Note that the
DC — 2425 keV transition was analyzed using the secondary
v rays (2425 keV — GS) (see text for details). Error bars for
the LUNA data include statistical and systematic uncertain-
ties. The red curve shows our global R-matrix fit to the total
S-factors, and includes data by Rolfs et al. [11] (black data
points) and by Lyons et al. [10] (blue data points).

ground states in 2'Na are 1.038, 0.989 and 1.053, respec-
tively.

Our new data mainly constrain the S-factor extrap-
olations at low energies. The fit was performed in the
Bayesian framework using the BRICK package [34]. We
have used a continuous uniform distribution as a prior
distribution for all the parameters when no foreknowl-
edge is assumed. Instead, for the ANCs, measured with
indirect methods, we considered a Gaussian distribution.

Finally, we calculated an updated thermonuclear reac-
tion rate for the 2°Ne(p, v)?!Na reaction using the results
reported in this work. The DC component was taken
from the R-matrix fit, whereas the resonant contribu-
tions were added following the narrow resonance formal-
ism [30]. For the latter, our new values of resonance
energy and strength were used. The E_, = 397 keV,
1247 keV, 1430 keV, 1862 keV resonances reported in
Ref. [35] and E. = 1113 keV resonance from Ref. [17]
were also included.

The new reaction rate is shown in Fig. 4, relative to
the standard NACRE rate [37]. The new rate is generally
lower than previous rates [10, 36, 37], except for temper-
atures T' = 0.2 — 1.0 GK, where it is dominated by the
E,,, = 368.0 keV resonance and by the tail of the £, =
1113 keV resonance. At these temperatures, the LUNA
rate is about 3% higher compared to Ref. [10] (blue), and
about 5% lower compared to Ref. [36] (green).
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FIG. 4. LUNA thermonuclear reaction rate for the

20Ne(p,v)*'Na reaction (red) compared with NACRE [37]
(grey), liadis et al. [36] (green), and Lyons et al. [10] (blue)
rates. The shaded area shows the lo-uncertainty. The rates
are normalized to NACRE. The top x-axis shows the Gamow
energy for the given temperature range.

For T < 0.1 GK (corresponding to E <200 keV), the
present data points are unique and show that the rate is
20% lower than NACRE (Fig. 4).

The new rate can affect mainly two astrophysical sce-
narios: AGB stars and their HBB phase and classical
novae. In the following, we describe the nucleosynthetic
impact for both cases.

We performed nucleosynthesis calculations for the TP-
AGB phase of stars with an initial mass of 3 Mg, 4 Mg
and b M and low metallicity, Z = 0.0002. In the deepest
layers of the convective envelope, where the Ne-Na cy-
cle operates, the 5 Mg model experiences a strong HBB,
reaching temperatures up to ~ 0.1 GK. To estimate the
effect of the 2°Ne(p, v)?!Na rate in the adopted models,
for each of them we perform the calculations using the
LUNA rate, the NACRE [37] rate as a reference, and also
the Tliadis et al. [36] rate.

For the 5 Mg model experiencing powerful HBB, our
rate reduces the surface abundance of 2! Ne by about 26%
with respect to NACRE[37]. 23Na and 2?Ne are reduced
by 10% and 5%, respectively. The starting isotope 2°Ne
is abundant, and our new rate has no effect on its sur-
face abundance, as expected. Regarding the other TP-
AGB models with initial masses of 3 My and 4 M, the
temperature at the base of their convective envelopes re-



mains well below 0.1 GK; hence, the new rate has only
a slight effect on the NeNa cycle. The uncertainty in the
nuclear reaction rate is now much smaller compared to
other theoretical uncertainties, specifically those related
to convective instabilities. As a result, future measure-
ments of element abundance in the atmospheres of AGB
stars will better constrain stellar convection theory.

Subsequently, we have performed 12 dedicated hy-
drodynamic simulations of oxygen-neon (ONe) novae.
We used the spherically-symmetric (1D), implicit, La-
grangian, hydrodynamic SHIVA code, extensively used
in the modeling of stellar explosions [4, 38].

We adopted a representative case, with an ONe white
dwarf accreting solar composition material from a com-
panion, main sequence star, at a rate of 2x10719 My, per
year. The accreted material is assumed to mix with ma-
terial from the outer layers of the underlying white dwarf
to a characteristic level of 50%. The white dwarf initially
has a luminosity of 0.01 times the solar value. Three
different values for the white dwarf mass (i.e., 1.15Mg,
1.25Mg, and 1.35M ) have been adopted to evaluate the
impact of the new rate for different thermal histories.
For each mass, we have computed 4 hydrodynamic mod-
els, identical to one another, except for the prescription
adopted for the 2°Ne(p, v)*!Na rate: First, we compared
our rate with NACRE, to estimate the impact of the
changed rate on nova ejecta. Afterwards, we also used
the upper and lower limits of our rate to quantify the
remaining uncertainties contributed by our new rate to
predicted nova yields.

When using our rate, we find a reduction of up to 23%
in ejected radioactive 2Na. This isotope is important
because the direct detection of its decay in space-based
~-ray spectrometers such as INTEGRAL or the future
COSI would present a “smoking gun” for nova nucleosyn-
thesis [39]. Other isotopes affected by our rate include
2L22Ne (30% reduction, important for neon isotopic ra-
tios in grains of possible nova origin [40, 41]), and **Na,
24.25.26\[g, and 26:27Al (10-20% reduction depending on
isotope). The comparison of the yields obtained with
our upper and lower limits shows a variation of just 1-
10% for key species in the Ne-Si group, meaning our rate
provides a firmer basis to characterize nova yields with
unprecedented precision.

In summary, we reported a new determination of the
energy of the F¢, = (368.0 £ 0.5) keV resonance in
20Ne(p,v)?'Na, its strength and branching ratios and,
for the first time, of the direct capture component at
FEen < 352 keV. Our resonance strength value has a
factor-of-3 lower uncertainty compared to the literature.
The resonance energy is slightly higher than previously
reported, albeit still in agreement within uncertainties.
The direct capture cross-section data below 352 keV were
measured with improved systematic (< 7%) and sta-
tistical uncertainties (3% — 30%). Our new data put
a stronger constraint on the extrapolated S-factor and

on the contribution of the sub-threshold resonance, as
reflected in our improved thermonuclear reaction rate.
Based on dedicated nucleosynthesis calculations, we find
that the production of key neon, sodium, and aluminum
isotopes is reduced by 5-40% both in AGB stars and
in ONe novae, in particular 20-23% reduction in nova-
produced ?2Na.
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