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Direct measurement of the low-energy resonances in 22Ne(α, γ ) 26Mg reaction
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The 22Ne(α, γ ) 26Mg is an important reaction in stellar helium burning environments as it competes directly
with one of the main neutron sources for the s-process, the 22Ne(α, n) 25Mg reaction. The reaction rate of the
22Ne(α, γ ) 26Mg is dominated by the low-energy resonances at E lab

α = 650 and 830 keV, respectively. The
E lab

α = 830-keV resonance has been measured previously, but there are some uncertainties in the previous
measurements. We confirmed the measurement of the E lab

α = 830-keV resonance using implanted 22Ne targets.
We obtained a resonance strength of ωγ = 35 ± 4 μeV and provide a weighted average of the present and
previous measurements of ωγ = 35 ± 2 μeV with reduced uncertainties compared to previous studies. We also
attempted to measure the strength of the predicted resonance at E lab

α = 650 keV directly for the first time and
found an upper limit of ωγ < 0.15 μeV for the strength of this resonance. In addition, we also studied the
E lab

P = 851-keV resonance in 22Ne(p, γ ) 23Na and obtained a resonance strength of ωγ = 9.2 ± 0.7 eV with
significantly lower uncertainties compared to previous measurements.

DOI: 10.1103/PhysRevC.106.025805

I. INTRODUCTION

The slow neutron capture process (s-process) is responsible
for the creation of half the elements beyond iron. It takes place
when the timescale between successive neutron captures is
much larger than their lifetime of β decay [1]. Hence, less
neutron-rich nuclei are produced along the line of β stability.
The s-process can be categorized into two types: the weak
s-process responsible for the creation of elements over the
range 60 < A < 90, and the main s-process which creates
nuclei with A > 90 [2]. The temperature range of interest is
0.2 to 0.6 GK for both scenarios. Both processes require a
sufficiently large neutron flux. However, the source of these
neutrons is still under debate. In asymptotic giant branch
(AGB) stars, the main s-process nucleosynthesis occurs dur-
ing the late stages of stellar evolution when the star has a
degenerate C-O core, a thin radiative He intershell, and an
expanded convective envelope. During the AGB phase, the
star experiences a series of flashes called thermal pulses which
are triggered by the sudden activation of the 3α process at
the base of the He intershell under highly degenerate gas
conditions [2]. In this intershell environment, two important
reactions are activated, 13C(α, n) 16O prior to the thermal
pulse and 22Ne(α, n) 25Mg during the thermal pulse, which
act as the main sources of free neutrons for the s-process. Both
22Ne(α, n) 25Mg and 13C(α, n) 16O provide the neutron flux in
low-mass AGB stars, 13C(α, n) 16O being the dominant con-
tributor. The 13C buildup occurs in a thin zone (the 13C pocket)
via the capture of mixed-in hydrogen on the abundant 12C

via 12C(p, γ ) 13N(β+ν) 13C. 13C(α, n) 16O burns radiatively
for an extended time, releasing a high neutron flux when the
temperature exceeds 0.8 × 108 K [2]. The second dominant
neutron source, 22Ne(α, n) 25Mg, has a negative Q value of
−478 keV and thus requires a sufficiently high temperature.
Such conditions are reached only during the advanced thermal
pulses in low-mass AGB stars and the core helium burning
phase of massive stars.

22Ne(α, n) 25Mg also acts as the main neutron source for
the weak s-process in core helium burning of massive stars [3].
The 22Ne is produced from the large amount of 14N left at
the end of the CNO cycle in the Helium burning core via the
following reaction chain:

14N(α, γ ) 18F(β+, ν) 18O(α, γ ) 22Ne. (1)

However, because of its negative Q value the temperature
during core helium burning is not sufficient to trigger the
ignition of 22Ne(α, n) 25Mg at once. Only towards the end of
the helium burning phase with the stellar core gradually con-
tracting, high temperature and density conditions sufficient for
the above reaction are reached. Hence, the 22Ne(α, n) 25Mg
reaction is operative only during the peak of the helium flash
and at the end of core helium burning.

At lower temperature the neutron-producing role
of 22Ne(α, n) 25Mg is complicated by the competing
22Ne(α, γ ) 26Mg reaction. The 22Ne(α, γ ) 26Mg reaction
has a positive Q value = 10 614.74 ± 0.03 keV and,
therefore, starts operating at relatively low temperature
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before 22Ne(α, n) 25Mg can kick in. As a consequence, it is
important to investigate the reaction rate of 22Ne(α, γ ) 26Mg
in order to constrain the neutron production for the weak
s-process.

At stellar helium burning temperature, low-energy reso-
nances at E lab

α = 650 and 830 keV lie within the Gamow
window and dominate the 22Ne(α, γ ) 26Mg reaction rate.
22Ne(α, γ ) 26Mg proceeds through the resonant capture reac-
tion mechanism, thus populating natural parity states in the
compound nucleus 26Mg [4]. Above T = 0.3 GK, the rate
is dominated by the E lab

α = 830-keV resonance which has
been observed in both (α, n) and (α, γ ) direct measurement
experiments.

The 22Ne(α, γ ) 26Mg reaction was first measured directly
by Wolke et al. [5] for E lab

α = 0.71 to 2.25 MeV. They found
15 new resonances in the energy range covered, with the
lowest energy resonance at 830 keV. They concluded that
the reaction rate is strongly impacted by the 830-keV reso-
nance, whose resonance strength was measured to be ωγ =
36 ± 4 μeV. For this measurement, they used a differentially
pumped gas target system with neon gas enriched to 99%
in 22Ne. The γ -ray transitions were detected with Ge(Li)
detectors. A recent direct measurement of this resonance was
also performed by Hunt et al. [6] who obtained its resonance
strength to be ωγ = 46 ± 12 μeV. Unlike Wolke et al. [5],
they used implanted 22Ne targets to determine the resonance
strength from the thick target yield curve. They detected the
entire cascade of γ rays using a γ γ -coincidence spectrome-
ter, consisting of a high-purity germanium (HPGe) detector
surrounded by a NaI(Tl) annulus.

Complementary to the direct measurements, Talwar
et al. [4] performed indirect measurements using (6Li, d)
α-transfer and (α, α′) inelastic scattering techniques to pop-
ulate states that are most likely to appear as resonances
in the 22Ne(α, γ ) 26Mg reaction. They observed a strong
transition in both (6Li, d) and (α, α′) measurements at
Ex = 11.167 MeV, which corresponds to a resonance in
the 22Ne +α system at E lab

α = 650 keV. They assigned a
spin-parity of Jπ = (1−, 2+) to this state and obtained a
spectroscopic factor of Sα = 0.36 (corresponding to �α =
0.18 μeV). Based on this, they suggested a resonance
strength of ωγ = 0.54 ± 0.07 μeV. They concluded that
this state completely dominates the 22Ne(α, γ ) 26Mg re-
action rate between T � 0.2 GK and T � 0.4 GK and
would also potentially dominate the 22Ne(α, n) 25Mg re-
action rate below 0.2 GK. Therefore, it is essential to
measure this low-energy resonance in 22Ne(α, γ ) 26Mg in or-
der to accurately predict the total neutron flux for the weak
s-process.

In this work, we present the direct measurements of these
two low-energy resonances at E lab

α = 650 and 830 keV that
play an important role in the reaction rate of 22Ne(α, γ ) 26Mg.
Several resonances are expected below the 650-keV reso-
nance [4]. However, the penetrability rapidly drops with beam
energy and the corresponding α widths are at least 2 or 3
orders of magnitude lower. Hence, the resulting resonance
strength would be well below the sensitivity of this experi-
ment. For this reason, we concentrated on the search for the
650-keV resonance, which would have the largest impact on

FIG. 1. Absolute γ -ray detection efficiency as a function of
energy for the Ge detector used for the determination of target
stoichiometry.

the neutron production for the weak s-process if the predicted
strength is confirmed [4].

II. EXPERIMENTAL SETUP

A. Target preparation and characterization

The 22Ne targets were made and tested at the University
of Notre Dame using the 5U St. Ana Pelletron accelerator. Ne
gas enriched in 22Ne to 99% was used to produce a 22Ne beam
with an energy of 200 keV, which was implanted onto thick
Ta backings, 3.8 cm × 3.8 cm in size. Tantalum was used
as a backing, because it has a high concentration of 22Ne at
implantation saturation [7] and beam-induced reactions with
the backing are minimized. The 22Ne beam shape was defined
by slits in front of the target, and the beam was wobbled in
both x and y directions to have uniform implantation of 22Ne
onto Ta. To measure the saturation curve several 20Ne targets
with increasing implantation dosages of 30, 60, 90, 120, 150,
180, 225, 270, and 300 mC were produced. The saturation
was achieved near 300 mC, and hence all the implanted 22Ne
targets used during the experiment had a 300 mC dosage over
a target area of 3 cm2.

The implantation profile of the 22Ne targets was investi-
gated using the 1278-keV resonance in the 22Ne(p, γ ) 23Na
reaction [8]. The efficiency of the emitted γ rays was mea-
sured by using a p-type coaxial germanium detector operating
at +4000 V. The detector was placed at an angle of 55◦ with
respect to the beam direction to minimize angular distribution
effects. The distance of the detector from the target was 20 cm
to reduce the summing effects. Moreover, a 1-mm-thick lead
sheet was attached to the front face of the detector to reduce
the γ -ray flux from inelastic scattering from the Ta backing.
The absolute full-energy peak efficiency was measured us-
ing calibrated radioactive sources like 56Co and 60Co. The
sources were placed exactly at the target position, 20 cm
from the detector to have the same geometry. The efficiency
curve was extended to 10.76 MeV using the well-known
resonance at 992 keV in the 27Al(p, γ ) 28Si reaction [9].
The absolute efficiency curve for the Ge detector is shown
in Fig. 1. It was obtained by normalizing the efficiency at
higher energies, to the efficiency of the 1779-keV γ -ray in the
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FIG. 2. Yield curve for the E lab
P = 1278 keV resonance in the

22Ne(p, γ ) 23Na reaction.

27Al(p, γ ) 28Si resonance, taking into account the well-known
branching ratios and angular distributions [9]. The relative
efficiency was converted into absolute efficiency using the
yield value of (1.08 ± 0.06) × 10−9 γ rays (1779 keV) per
incident proton [9], which corresponds to a resonance strength
of 1.93 ± 0.13 eV [10].

The stoichiometry of the 22Ne targets was deter-
mined using the well-known resonance at 1278 keV in
22Ne(p, γ ) 23Na [8] using the thick-target yield formula [11],

ωγ = 2Y εeff

λ2η
, (2)

where Y is the yield, η is the efficiency, λ is the deBroglie
wavelength of the incident particle, and εeff is the effective
stopping power of protons given by

εeff = MNe

MP + MNe

[
εNe +

( NTa

NNe

)
εTa

]
, (3)

where NTa/NNe is the initial target stoichiometry, MP and MNe

are the masses of the projectile and target nuclei (in atomic
mass units), while εNe and εTa denote the stopping power of
the protons in Ne and Ta, respectively, which were obtained
using SRIM [12]. The quoted uncertainties of these values for
the relevant proton energy are 1.6% and 3% for Ne and Ta,
respectively.

The yield curve of the 1278-keV resonance was measured
with protons from the St. Ana accelerator utilizing the same
target station that was used for the Ne implantation. The
yield curve is shown in Fig. 2, which is obtained after tak-
ing the average of the absolute yield calculated using the
following γ -ray transitions: 2540, 2980, 3914, 6102, 7036,
and 9576 keV. The yield from the individual γ rays was
corrected with the branching ratio obtained from Ref. [13]
and the angular distribution obtained from Ref. [14]. The yield
curve in Fig. 2 depicts the distribution of the implanted 22Ne
in the Ta backing. In order to obtain the stoichiometry of
the implanted target, Eq. (2) was first used to calculate the
effective stopping power of the incident protons, using the

resonance strength of ωγ = 10.8 ± 0.7 eV from Ref. [8]. The
effective stopping power thus obtained was then substituted in
Eq. (3) to compute the stoichiometry of the target at maximum
yield, which turned out to be NTa/NNe = 2.7 ± 0.3. The total
number n of Ne nuclei implanted onto the Ta backing was
thereafter obtained using the following formula [11],

n = 2AY

λ2ωγ
, (4)

where AY is the area under the 22Ne(p, γ ) 23Na resonance
yield curve. AY was obtained by numerical integration of
the excitation curve shown in Fig. 2. The total number of
Ne nuclei implanted, n, was found to be (6.21 ± 0.37) ×
1017 atoms/cm2. The error of the integration and the statistical
errors are small compared to the uncertainty of the resonance
strength. The value obtained for the total number of implanted
Ne nuclei is consistent with the implantation dose within
uncertainty and indicates an implantation efficiency of nearly
100%.

B. CASPAR accelerator

The measurement of the low-energy resonances in
22Ne(α, γ ) 26Mg was performed at CASPAR (Compact Ac-
celerator System for Performing Astrophysical Research),
located on the 4850-ft level of the Sanford Underground Re-
search Facility in Lead, South Dakota, at the former site of
the Homestake Gold Mine [15,16]. The rock above acts as
an effective shield from the cosmic-ray-induced background,
thus helping to measure the weak resonances that have a low
signal-to-background ratio. The 1-MV JN positive ion accel-
erator at CASPAR was used to deliver protons and α beams
onto the target with intensity ranging from 10 to 100 μA. The
energy calibration of the beam was performed by measuring
the front edges of the resonances in 18O(α, γ ) 22Ne at 750
and 767 keV [17] and scanning the well-known resonances in
27Al(p, γ ) 28Si [18]. The beam energy uncertainty amounted
to ±2 keV. The beam was sent through an analyzing magnet
that bent it by 25◦ before transporting it to the experimental
end station. The beam was defocused and delivered to the
target. The size of the beam spot was nearly 1 cm in di-
ameter. The target was mounted inside the High EffiCiency
TOtal absorption spectrometeR (HECTOR) [19] at the end of
the beamline, as shown in Fig. 3. The setup is identical to
the setup used for the measurement of 27Al(p, γ ) 28Si reso-
nances [20] and the details of the setup are shown in Fig. 2 of
Ref. [20]. The electrically isolated target chamber acted as a
Faraday cup, which was used for the integration of the beam
current. To limit the buildup of carbon on the target, a copper
tube cooled to liquid nitrogen temperature was placed inside
the beamline, extending from the cold trap up to the target
surface. The cold trap was electrically isolated and biased to
−300 V in order to suppress the secondary electrons. The
target was also water cooled in order to reduce the damage
caused by heating due to high beam intensities.

C. γ-summing detector: HECTOR

HECTOR consists of an array of 16 NaI(Tl) crystals with
two photomultiplier tubes attached to each segment. Each
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FIG. 3. Experimental setup showing HECTOR placed at the end
of the beamline at the CASPAR underground laboratory. The target
was placed at the center of the detector cube.

NaI(Tl) crystal is housed in an aluminum casing. The crystals
are arranged in a frame to form a cube 16 × 16 × 16 in. in di-
mension. The center of the detector array consists of a 60-mm
borehole that allows the target to be placed at the center giving
a 4π total coverage for the detection of γ rays. The advantage
of using HECTOR for the 22Ne(α, γ ) 26Mg measurement is
its high detection efficiency. The signal from each photomulti-
plier tube is recorded individually and then gain-matched and
summed off-line to improve the detector resolution. A digital
data acquisition system is used to readout the data from the 16
NaI(Tl) detectors. A detailed description of the HECTOR and
its data acquisition can be found in Ref. [19]. In this work,
known level schemes were used to determine the summing
efficiency of HECTOR for the measured resonances. This
approach was introduced and tested for the 27Al(p, γ ) 28Si
resonances in the recent work of Ref. [20] and was applied
in the analysis of the 18O(α, γ ) 22Ne reaction [21].

III. EXPERIMENTAL PROCEDURE AND ANALYSIS

The low-energy resonances at E lab
α = 650 and 830 keV

in the 22Ne(α, γ ) 26Mg reaction were measured using the
implanted 22Ne targets (as discussed in Sec. II A) at CAS-
PAR [15]. The stability of the implanted 22Ne targets was
monitored throughout the course of the experiment using the
well-known resonances at E lab

p = 479 keV and 851 keV in
the 22Ne(p, γ ) 23Na reaction [8]; the 1278-keV resonance of
this reaction is not accessible with the CASPAR accelerator.
Figure 4 shows the yield curve for the 479-keV resonance
of 22Ne(p, γ ) 23Na for one of the 22Ne targets. The yield

FIG. 4. Yield curve for the E lab
P = 479-keV resonance in the

22Ne(p, γ ) 23Na reaction. The yield curve is obtained from the sum
peak in HECTOR [19]. The solid-circle (blue) and open-circle (or-
ange) data points show the difference in yield at the beginning and
at end of the experiment. The statistical error in the data is � 1%,
which is why the error bars are not visible.

is obtained using the sum peak in HECTOR [19] at E� =
ECM + Q = 9252.27 keV (where ECM is the center-of-mass
energy of the projectile target system and Q is the reaction
Q value). The solid circle (blue) and open circle (orange) data
points show the difference in the yield at the beginning and the
end of the experiment, after accumulating a charge of nearly
4 C. The targets were fairly stable and the yield decreased only
by 5% at the end of the experiment, as shown in Fig. 4. No
heat damage or blistering was caused by the high intensity of
the beam current. As a consequence, we changed each target
after it has been exposed to an accumulated charge of around
4 C.

To optimize the experimental yield of the narrow reso-
nance at 830 keV in 22Ne(α, γ ) 26Mg, it has to be measured
at the maximum of the 22Ne distribution. For this purpose,
the energy loss of protons from the resonance energy of
479 keV till the maximum of the 22Ne distribution (as shown
in Fig. 4) in 22Ne(p, γ ) 23Na was converted to the energy
loss of α particles in 22Ne(α, γ ) 26Mg using the relative
stopping powers from SRIM [12]. This implies that the max-
imum of the 22Ne distribution for the α-particle beam would
correspond to an α energy of 910 keV for the E lab

α = 830-
keV resonance. The 22Ne concentration is constant to 10%
within ±30 keV of this energy. To confirm the position of
the top of the thick-target yield curve/plateau, a scan of the
E lab

α = 830-keV resonance was performed using large energy
steps. Thus data were acquired at the top of the plateau,
i.e., at E lab

α = 910 keV, with a total accumulated charge of
Q = 2.94 C on the 22Ne target. The beam-induced back-
ground was measured using an implanted 20Ne target at
the same α-particle energy. The sum peak spectrum for the
830-keV resonance is shown in Fig. 5(a). The solid (blue)
histogram shows the on-resonance spectrum taken with a
22Ne target, where the sum peak is located at an energy of
E� = 11.3 MeV. The dashed (orange) histogram shows the
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FIG. 5. (a) Sum spectra for the E lab
α = 830-keV resonance.

The solid (blue) histogram shows the sum spectrum from the
22Ne(α, γ ) 26Mg reaction and the sum peak is located at E� =
ECM + Q = 11.3 MeV. The dashed (orange) histogram shows the
beam-induced background using the 20Ne target. The dash-dotted
(brown) histogram shows the simulated spectrum obtained from
GEANT4 [22]. The thick solid (green) line shows the Gaussian plus a
linear function fit to the sum peak. (b) The dashed (orange) histogram
is the sum of beam-induced background and simulation. It shows
excellent agreement with the experimental spectrum shown in solid
(blue).

background spectrum obtained using a 20Ne target. The sum
peak from the background 20Ne(α, γ ) 24Mg reaction is lo-
cated at E� = 10.02 MeV, which is well separated from the
sum peak of 22Ne(α, γ ) 26Mg.

Computation of the strength of the 830-keV resonance
requires the experimental yield (discussed above) as well as
the efficiency of the sum peak, as evident from Eq. (2). The
efficiency of the 830-keV resonance sum peak was obtained
using GEANT4 [22] simulations. The level scheme and the
branching ratio for the reaction were taken from the previous
measurements performed in Refs. [5,6]. The entire γ cascade
was simulated and the resultant simulated spectrum is shown
in Fig. 5(a), as the dash-dotted (brown) histogram. Adding the
beam-induced background to the simulation shows excellent
agreement with the 22Ne(α, γ ) 26Mg experimental spectrum
as shown in Fig. 5(b).

The sum peak was fitted with a Gaussian plus a linear
function, shown as a thick solid (green) line in Fig. 5, and
was integrated within the E� − 3σ to E� + 3σ range to get
the total number of events under the peak. The simulated sum
peak was fitted using the same procedure. The efficiency is
given by the ratio of the number of counts in the simulated
sum peak to that of the total simulated cascade events.

The strength of the 830-keV resonance in 22Ne(α, γ ) 26Mg
was determined relative to the well-known 479-keV resonance

FIG. 6. Sum spectra for the E lab
α = 650-keV resonance. The solid

(blue) histogram depicts the sum spectrum from the 22Ne(α, γ ) 26Mg
reaction, whereas the dashed (orange) histogram shows the beam-
induced background using the 20Ne target. The two solid vertical
lines show the region of integration for the sum peak. The back-
ground (orange) histogram was normalized to the same accumulated
charge.

in 22Ne(p, γ ) 23Na [8] using the expression for the maximum
yield of an infinitely thick target [11],

ωγ1

ωγ2
=

(
εr,1

εr,2

)(
λ2

r,2

λ2
r,1

)(Y1

Y2

)(
η2

η1

)
, (5)

where the subscripts 1 and 2 correspond to the resonance
of interest and the standard resonance. In this approach,
only relative values of the stopping powers and efficien-
cies are needed. The efficiency of the 479-keV resonance in
22Ne(p, γ ) 23Na (η2) was obtained in the same way as the
830-keV resonance, using the level scheme and branching
ratio from Ref. [23]. The error in the resonance strength ωγ1

depends on the accuracy of ωγ2, and the uncertainties of the
ratios of stopping powers, efficiencies, and yields. Using this
relative approach, we obtained ωγ = 35 ± 4 μeV for this
resonance. The uncertainty in the resonance strength is domi-
nated by the uncertainty of ωγ2 (E lab

P = 479-keV resonance),
which is 6.4%, and the relative stopping power of α’s and
protons in Ta. The uncertainty in the stopping power for α’s
in Ta is 6% and for protons in Ta the uncertainty is 3.4%. The
statistical uncertainty associated with the sum peak integral is
3.5% for the 830-keV resonance and 1.4% for the 479-keV
resonance. The error of the relative efficiency is 5%, mainly
resulting from the uncertainty in the branching ratio of the
830-keV resonance in 22Ne(α, γ ) 26Mg.

The other low-energy resonance in 22Ne(α, γ ) 26Mg at
E lab

α = 650 keV was measured in the same way as the E lab
α =

830-keV resonance. Data were collected at E lab
α = 711 keV,

with a total accumulated charge of Q = 22.9 C on top of the
resonance. To determine the beam-induced background, data
were taken with a 20Ne target at the same α-particle energy,
with a total accumulated charge of Q = 6.52 C. The sum
spectrum for the E lab

α = 650-keV resonance is shown in Fig. 6.
The solid (blue) histogram shows the on resonance spectrum
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taken with a 22Ne target, where the sum peak is located at an
energy of E� = 11.16 MeV. The dashed (orange) histogram
shows the background spectrum that was taken with the 20Ne
target. The width of the region of integration was taken to
be the same as that of the 830-keV resonance sum peak,
shifting only by the center-of-mass energy of the incident
α-particle beam. The two vertical lines show the region of
integration for the 650-keV-resonance sum peak. The back-
ground on the low-energy side of the peak is arising mainly
from neutrons, generated by (α, n) reactions induced by α-
particle decay from the uranium and thorium present in the
surrounding rock. The other possible source of background
of high-energy γ rays is from the 11B(α, γ ) 15N reaction [24]
which has a Q value of Q = 10 991.18 keV. 11B is usually
present in the Ta backing as a contaminant. A narrow res-
onance in the 11B(α, γ ) 15N reaction [24] is known at an
energy of 606 keV, which corresponds to an excitation energy
of 11.44 MeV.

The resonance strength of the E lab
α = 650-keV resonance

in 22Ne(α, γ ) 26Mg was determined relative to the E lab
α =

830-keV resonance using Eq. (5). The efficiency of the
sum peak for the E lab

α = 650-keV resonance was first calcu-
lated taking the same decay scheme as the E lab

α = 830-keV
resonance, because the decay scheme is unknown for this
resonance. Using this relative approach, we obtained an upper
limit of ωγ < 0.11 μeV for the E lab

α = 650-keV resonance.
However, to calculate the influence of the choice of the in-
volved γ cascades on the upper limit, we simulated various
cascades with different γ -ray multiplicities and γ energies.
These resulted in an upper limit of 0.15 μeV independent of
the actual branching ratio of this resonance.

During the course of the experiment, we repeatedly mea-
sured the E lab

P = 851-keV resonance in 22Ne(p, γ ) 23Na. This
resonance was used to monitor the target stability during
the experiment, primarily because it is one of the strongest
low-energy resonances in 22Ne(p, γ ) 23Na [25]. However,
the strength of the resonance is poorly known (±36%).
For this reason, we determined its resonance strength rela-
tive to the known E lab

P = 479-keV resonance (ωγ = 0.594 ±
0.038 eV) [8] using Eq. (5). The level scheme and branching
ratio to calculate the efficiency of the 851-keV-resonance sum
peak were taken from Ref. [13]. We obtained a resonance
strength of ωγ = 9.2 ± 0.7 eV for this resonance. This value
is in agreement with the previously reported value of ωγ =
7.0 ± 2.5 eV [25] but with significantly lower uncertainty.
With this improved accuracy this strong low-energy resonance
can now be used to trace Ne implanted in various materials
with high sensitivity without the need for proton energies past
1 MeV.

IV. DISCUSSION

The present resonance strength for the 830-keV resonance
is compared with the results of previous measurements in
Table I. Wolke et al. [5] used one passively shielded Ge
detector, whereas Jaeger [26] used one passively and actively
shielded Ge detector. Both of these measurements used a win-
dowless gas cell target with enriched 22Ne gas. Hunt et al. [6]
also used one passively and actively shielded detector and the

TABLE I. Comparison of the previous literature resonance
strength values with the present work for the E lab

α = 830-keV
resonance.

Work ωγ (μeV)

Wolke et al. [5] 36 ± 4
Jaeger (Thesis) [26] 33 ± 4
Hunt et al. [6] 46 ± 12
This work 35 ± 4

Weighted average a 35 ± 2

aCommon uncertainties of the individual values are negligible (for
details see text).

target was produced by implantation of 22Ne onto titanium.
In contrast to the previous measurements, our present exper-
iment utilized a γ -summing detector that was located on the
4850-ft level of the Sanford Underground Research Facility in
Lead, South Dakota [15], which reduced cosmic-ray-induced
background significantly. Here, the targets consisted of 22Ne
implanted onto Ta sheets. A common uncertainty of these
experiments is the α stopping power obtained from SRIM [12].
The uncertainty in the α stopping power for pure 22Ne gas is
2%, which is small compared to the total error of 10% of the
two gas target experiments [5,26]. Titanium backings were
used by Hunt et al. [6] that accounted for an uncertainty of
5% for the α stopping power, which is small compared to the
total error of 26%. The present experiment uses Ta backings
that have an uncertainty of 5% for the α stopping power.
Our present measurement is relative to the 22Ne(p, γ ) 23Na
479-keV resonance and we never make use of the absolute
value of the stopping power. Only the ratio of α to proton
stopping power is required. For these reasons common uncer-
tainties of the individual experimental values are negligible.
This leads to a weighted average of the previous and present
measurements of ωγ = 35 ± 2 μeV.

While we confirm the previous studies of the resonance
strength for the 830-keV resonance in 22Ne(α, γ ) 26Mg,
the strength of the corresponding resonance in the
22Ne(α, n) 25Mg still carries large uncertainties. Previous
direct studies of this resonance in 22Ne(α, n) 25Mg [26–28]
suggests values for its resonance strength which differ
substantially (up to a factor of 4) amongst each other.
These measurements also differ from the prediction of the
coincidence studies of the decay of this level using the
22Ne(6Li, dγ ) and 22Ne(6Li, dn) reactions [29]. Unlike
the direct measurements the coincidence studies suggest a
comparable strength between the (α, n) and (α, γ ) decay
modes. Further studies of the (α, n) reactions are needed to
constrain the resonance strengths.

For the lowest-energy resonance at E lab
α = 650 keV, the

observed yield only provides an upper limit for the resonance
strength (ωγ < 0.15 μeV). This limit is a factor of 4
lower than suggested by Ref. [4] on the basis of a Jπ = 1−
assignment obtained from the angular distribution analysis of
the 22Ne(6Li, d ) 26Mg and 26Mg(α, α′) 26Mg studies. Low-
energy studies of the 22Ne(6Li, d ) 26Mg and 22Ne(7Li, t ) 26Mg
reactions [30] on the other hand observed the
Ex = 11.3-MeV (E lab

α = 830-keV) state but did not
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populate the state at Ex = 11.17 MeV (E lab
α = 650 keV).

The measurement performed by Talwar et al. [4] was at
about twice the center-of-mass energy of Ota et al. [29],
whereas Jayatissa et al. [30] did the measurement at
sub-Coulomb energies. For this reason it could be possible
that Talwar et al. [4] observed a high-spin state while this
is unlikely for the low-energy experiments performed by
Ota et al. [29] and Jayatissa et al. [30]. This might suggest
that the state at Ex = 11.17 MeV (E lab

α = 650 keV) is a
high-spin state, e.g., Jπ = 4+, which cannot be excluded
from angular distributions [4]. The single-particle width
(�sp = 5 × 10−10 eV) is 3 orders of magnitude lower than
that of a Jπ = 1− state (�sp = 5 × 10−7 eV), predicted in
Ref. [4]. Several states have been observed in this excitation
range of 26Mg, which cannot be resolved in the transfer and
scattering studies discussed here, so it cannot be excluded
that the α elastic scattering populates a different state than
the α-transfer reactions. The α-capture data discussed here
indicate that the state at Ex = 11.17 MeV is a high-spin
state and for this reason should have a resonance strength
distinctively smaller than that predicted in Ref. [4] based on a
1− assignment.

If the resonance at E lab
α = 650 keV would indeed corre-

spond to a high-spin state, 4+, then its contribution to the
22Ne(α, γ ) 26Mg reaction rate would be reduced by 2 orders
of magnitude because of the reduction of the penetrability.
In this case its contribution to the total (α, γ ) reaction rate
would be less significant and would only play an important
role in the temperature range around 0.2 GK (see, e.g., Fig. 8
of Ref. [4]). At higher temperatures the reaction rate would
be mostly dominated by the resonance at E lab

α = 830 keV and
towards lower temperatures by resonances corresponding to
neutron bound states in 26Mg. As a consequence, the depletion
of 22Ne during the lower-temperature burning phases between
helium flashes in the AGB phase and the cooler phases of core
helium burning would be reduced. This in turn would translate
into an enhanced production of s-process elements that would
be increased compared to the network calculation of Talwar
et al. [4] (see, e.g., Figs. 14 and 17 of Ref. [4]).

V. SUMMARY

In summary, we measured the two low-energy resonances
in 22Ne(α, γ ) 26Mg, which dominate the reaction rate at stellar
helium burning temperatures around 0.3 GK. The measure-
ment of the E lab

α = 830-keV resonance confirms the previous
results with considerably smaller uncertainties. Based on our
present measurement we provide a new weighted average
value of the resonance strength, which is 35 ± 2 μeV. We
performed the first direct measurement of the lowest-energy
resonance at E lab

α = 650 keV. We provided an upper limit
for the resonance strength which is considerably lower than
suggested by Ref. [4]. For future measurements, either an
extended gas target could be used in an underground environ-
ment, which would improve the yield substantially compared
to using the implanted 22Ne target or an experiment could
be performed using inverse kinematics and a recoil separa-
tor. However, considering the discussion of the properties of
this resonance, a direct measurement might not be able to
observe this resonance if it is indeed a high-spin state. In
addition, we also measured the E lab

P = 851-keV resonance in
22Ne(p, γ ) 23Na and obtained a resonance strength of ωγ =
9.2 ± 0.7 eV, with significantly lower uncertainties compared
to previous measurements.
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