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Abstract In stars, the fusion of 22Ne and 4He may produce
either 25Mg, with the emission of a neutron, or 26Mg and a γ

ray. At high temperature, the (α, n) channel dominates, while
at low temperature, it is energetically hampered. The rate
of its competitor, the 22Ne(α,γ )26Mg reaction, and, hence,
the minimum temperature for the (α, n) dominance, are con-
trolled by many nuclear resonances. The strengths of these
resonances have hitherto been studied only indirectly. The
present work aims to directly measure the total strength of the

a e-mail: d.bemmerer@hzdr.de (corresponding author)
b e-mail: caciolli@pd.infn.it

resonance at Er = 334 keV (corresponding to Ex = 10949 keV
in 26Mg). The data reported here have been obtained using
high intensity 4He+ beam from the INFN LUNA 400 kV
underground accelerator, a windowless, recirculating, 99.9%
isotopically enriched 22Ne gas target, and a 4π bismuth ger-
manate summing γ -ray detector. The ultra-low background
rate of less than 0.5 counts/day was determined using 63 days
of no-beam data and 7 days of 4He+ beam on an inert argon
target. The new high-sensitivity setup allowed to determine
the first direct upper limit of 4.0 × 10−11 eV (at 90% confi-
dence level) for the resonance strength. Finally, the sensitivity
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of this setup paves the way to study further 22Ne(α,γ )26Mg
resonances at higher energy.

1 Introduction

The 22Ne + α fusion reactions 22Ne(α,γ )26Mg and
22Ne(α,n)25Mg impact several astrophysical scenarios [1–
3]. Both the (α, n) and the (α, γ ) reaction rates are dom-
inated by a number of resonances, most of which have
hitherto only been investigated via indirect methods. In the
present work, the high sensitivity setup and the analysis
method leading to the first experimental upper limit are
reported for the resonance at 334 keV center-of-mass energy
in the 22Ne(α, γ )26Mg reaction. This introduction reviews
first the astrophysical and then the nuclear aspects of the
22Ne(α, γ )26Mg reaction.

1.1 Astrophysical aspects of 22Ne(α, γ )26Mg

The stable neon isotope 22Ne (with 9.25% isotopic abun-
dance in the Solar System) is synthesized in stars via the
following α-chain:

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

which operates in He-burning regions (both in central cores
and in shells) at typical temperatures above T ≈ 100 MK.
The destruction of 22Ne, instead, occurs mainly via two com-
peting channels [4] with different Q values [5]:

22Ne(α, γ )26Mg Q = 10614.74(4) keV, (2)
22Ne(α, n)25Mg Q = −478.34(5) keV. (3)

At high temperatures (T � 300 MK), the (α, n) reaction (3)
dominates. At lower temperatures (T < 300 MK) instead,
this channel is energetically inhibited because of its negative
Q value, and only the (α, γ ) reaction (2) remains active.
The exact cross-over temperature at which the (α, n) rate
exceeds the (α, γ ) one depends on the details of the reaction
cross sections (2, 3) and represents a crucial parameter for a
number of stellar scenario models [1–3].

In massive stars [6,7, Mi � 10 M�;] the 22Ne(α, n)25Mg
is the predominant neutron source for the slow neutron cap-
ture process, the so-called astrophysical s-process. It occurs
in convective He-burning cores and in the subsequent con-
vective C-burning shells. On the other hand the release of
neutrons through the (α, n) reaction plays a minor role for the
s-process in thermally-pulsing asymptotic giant branch (TP-
AGB) stars of intermediate mass [8–11, Mi � 3 − 8 M�;],
when they undergo He-shell flashes. Moreover, significant
amounts of the neutron-rich isotopes 25,26Mg are produced
by the 22Ne+α reactions during the TP-AGB phase of inter-
mediate mass stars [12–16]. The competition between the

two channels and, hence, the magnesium isotopic ratio
depend critically on temperature at the base of the convective
region induced by the thermal pulse (pulse-driven convective
zone, hereinafter also PDCZ).

In addition the abundances of the magnesium isotopes at
the stellar surface may be significantly affected by both the
third dredge-up and the Hot-Bottom Burning nuclesynthesis
[17, e.g.,].

The nuclear reactions (2) and (3), active in the PDCZ, can
impact the chemical enrichment of the two magnesium iso-
topes 25,26Mg, both in the form of gas ejecta [3,13,18] or
trapped into silicate-type dust grains [19,20]. Therefore the
magnesium isotopic abundances in the stellar ejecta is rele-
vant for various astrophysical questions, from the interpreta-
tion of the meteoritic pre-solar dust grains [21] and spectral
analyses of cool stars in the Galaxy [22,23], to the possibility
of placing constraints and characterizing the first-generation
stellar polluters responsible for the chemical Mg-Al anticor-
relation and Mg isotopic ratios measured in stars of globu-
lar clusters [12,24–27], and, in general, of constraining the
chemical enrichment of galaxies [24,28].

1.2 Nuclear physics of 22Ne(α, γ )26Mg

The nuclear aspects of the 22Ne + α reactions have been
studied by a number of different methods [1,29, and refer-
ences therein]. The center-of-mass energies E for the sce-
narios discussed above are in the 250 ≤ E ≤ 900 keV
range, roughly corresponding to 26Mg excitation energies
10865 ≤ Ex ≤ 11515 keV. There, for the 22Ne(α, γ )26Mg,
and in a smaller range due to the neutron threshold Sn =
11093.08(4) keV [5] for the 22Ne(α, n)25Mg reaction both
reaction rates are dominated by a number of nuclear res-
onances. Most of them are known by spectroscopic study
results. The only exception is the Ex = 11319(2) keV (E =
704(2) keV) resonance [30], which has been studied directly
both in the (α, n) [30] and (α, γ ) [31,32] channels, but with
only limited precision. The precise excitation energies and
spin-parity assignments of many additional excited states in
the 26Mg compound nucleus in the relevant energy range are
still under debate. These additional levels that may strongly
contribute to the 22Ne(α, γ )26Mg reaction rate include the
E = 334.4(8), 469(1), and 556.33(5) keV resonances corre-
sponding to excited levels Ex (spin parity Jπ ) = 10949.1(1)
keV (1−), 11084(1) keV (2+), and 11171.07(4)keV (2+),
respectively.1 The last resonance lies above the neutron
threshold and thus affects both 22Ne+α reactions. The lower-
lying resonances affect only the 22Ne(α, γ )26Mg reaction
rate, but they are quite uncertain, as illustrated by data from
two recent independent studies using the 22Ne(6Li, d)26Mg
reaction. For the 469 keV resonance strength, [33] report

1 We adopted the Ex and Jπ values suggested in a recent review [29].
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an upper limit of ≤ 2.95 × 10−11 eV, while [34] provide a
value of (2.8 ± 0.8) × 10−10 eV. For the 556 keV strength
instead, [33] report a value of (5.4 ± 0.7) × 10−7 eV and a
natural spin parity of 1−, while [34] give an upper limit of
≤ 6.5×10−11 eV and Jπ = 2+. Considering also that for a dif-
ferent system in the same mass range, i.e. the 22Ne(p,γ )23Na
reaction, direct experiments provided interesting and rele-
vant data [35–37], re-investigating the 22Ne(α, γ )26Mg case
with the direct methods seems desirable.

The aim of this work is to present a first step of just
such a re-investigation, starting with the E = 334 keV res-
onance that corresponds to the 26Mg excited level at Ex =
10949.1(8) keV [45]. Due to its relatively isolated location
in the level scheme, this resonance dominates the total reac-
tion rate NA〈σv〉 at 100-200 MK temperature.

The contribution NA〈σv〉i of an isolated, narrow reso-
nance i with center of mass energy Ei and strength ωγi to
the thermonuclear reaction rate at temperature T is directly
proportional to ωγi and given by [46]:

NA〈σv〉i = NA

(
2π

μkBT

) 3
2

h̄2 ωγi exp

[
− Ei

kBT

]
, (4)

with μ = m1m2/(m1 +m2) the reduced mass of nucleim1,2,
kB the Boltzmann constant and h̄ reduced Planck’s constant.
The strength ωγi , in turn, is defined as

ωγi = (2Ji + 1)

(2Jα + 1)(2JNe−22 + 1)

ΓαΓγ

Γα + Γγ

(5)

= (2Ji + 1)
ΓαΓγ

Γα + Γγ

, (6)

with Ji , Jα , and JNe−22 the spins of resonance i , α beam and
target nucleus, respectively. Γα,γ are the α and γ widths of
the corresponding excited state, respectively. For the case of
the E = 334 keV resonance, the excitation energy and Jπ =
1− have been obtained using polarized photons [41], and the
γ decay branchings of the level have been established with
the (γ, γ ′) method [41] and they are now adopted in [45].
Its γ -width of Γγ = 1.87(30) eV has been determined in a
(γ, γ ′) study [47], while Γα was found to be (3±1)×10−14

eV assuming a spin-parity of 1− in a recent (6Li,d) spec-
troscopic factor measurement [34]. The literature data are
reviewed in Table 1.

This paper is organized as follows: the experimental setup
and procedures are described in Sect. 2. Section 3 deals with
the data analysis and experimental results. In Sect. 4, the
experimental sensitivity for other resonances is discussed.
The summary and conclusion are given in Sect. 5.

2 Experiment

The experiment was performed at the Laboratory for Under-
ground Nuclear Astrophysics (LUNA) 400 kV accelerator

[48–50], located in the deep underground INFN Laboratori
Nazionali del Gran Sasso. Its location below the Gran Sasso
massif reduces the natural background by three orders of
magnitude in the 10-12 MeV γ -ray energy region of inter-
est, enabling high-sensitivity studies [51,52].

2.1 Experimental setup and procedures

The 4He+ beam [53] of Eα = 399.9±0.3 keV (error smaller
than 60 eV [53]) laboratory energy and 200-250 μA intensity
was magnetically analyzed, collimated and drifted to a win-
dowless gas target chamber [54] filled with 1.0 mbar 99.9%
isotopically enriched 22Ne gas of 99.995% chemical purity
(Figure 1).

The chamber consisted of a 475 mm long stainless steel
cylinder of 54 mm diameter. The central 100 mm of the cylin-
der formed the main target chamber. There, a constant pres-
sure of 1.0 mbar was maintained by an MKS 248A solenoid
valve controlled by an active feedback using a MKS Bara-
tron 626 pressure gauge with 0.25% precision [54]. Before
reaching the main target chamber, the beam passed a 40 mm
long, 7 mm diameter water-cooled collimator that ensured
a pressure drop to the 10−2 mbar range, obviating the need
for a gas-tight entrance window. The pressure and temper-
ature profiles have been precisely measured previously, so
that the gas density inside the target chamber is known to
1.3% precision [54]. Since the target chamber is window-
less the precious enriched 22Ne gas was flushed from the
collimator, collected and guided through a recirculation sys-
tem by the vacuum pumping system. A noble-gas purifier
(Monotorr PS4-MT3-R-2 with a PS4-C3-R-2 heated getter)
removed possible nitrogen, oxygen and carbohydrates con-
taminations. The purified gas was re-used and entered the
target chamber through a gas inlet. The gas purity over time
was proved with the same setup in [54]

After passing the main target chamber, the beam was
absorbed on a thick copper sheet that functions as the hot
side of a beam calorimeter used for the beam intensity deter-
mination, with 1.5% uncertainty [54].

The target chamber was surrounded by a 4π bismuth ger-
manate (BGO) borehole detector of 20 cm outer and 6 cm
inner diameter and 28 cm length [54]. This detector was opti-
cally divided into six segments, each of them read out by a
dedicated photomultiplier tube (PMT). Each of the six signals
was pre-amplified in an Ortec 113 preamplifier and digitized
in a CAEN V1724 100 Ms/s 14 bit digitizer with a trape-
zoidal filter algorithm. Each channel was self-triggered. For
the dead time determination, a pulser signal was connected
to the test input of each preamplifier and also to a dedicated
seventh acquisition chain, showing always less than 1% dead
time.
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Table 1 Literature data for the E = 334 keV resonance in the
22Ne(α,γ )26Mg reaction: excitation energy Ex, spin-parity Jπ , and
resonance strength ωγ . For those works that determined a value of

ωγ , the last column denotes the method adopted: Measurement of the
α-spectroscopic factor (Sα)

Reference Ex [keV] E [keV] Jπ ωγ [eV] ωγ method

[38] 10949 ± 25 3− 1.7 × 10−13 Sα from 22Ne(6Li,d)

[39] – 338.4 ± 1.7 3− ≤ 1.4 × 10−13 Evaluation

[40] 10953 ± 25 5−, 6+, 7−

[41] 10949.1 ± 0.8 1−

[42,43] – 334.31 ± 0.1 1 ≤ 3.6 × 10−9 Evaluationa

[1] 10949 334.30 ± 0.15 1− ≤ 8.7 × 10−15 Evaluation

[33] 10951 ± 21 336 1− (2 ± 1) × 10−13 Sα from 22Ne(6Li,d)

[44] 334 1− 8.69 × 10−14 Sα from previous works

[34] 10950 ± 20 (9.0 ± 2.4) × 10−14 ANC from 22Ne(6Li,d)

[29] 10949.1 ± 0.1 334.4 ± 0.8 1− ≤ 8.7 × 10−15 Evaluation

Present work ≤ 4.0 × 10−11 Direct measurement

aHere, the much lower and more recent value in Ref. [1] by many of the same authors is used, see subsequent line

Fig. 1 Schematic view of the experimental setup. Top panel: Scattering
chamber. Bottom panel: the product of target density and efficiency
profiles, n × η, with x = 0 mm corresponding to the entrance of the
chamber and x = 50 mm the center. The top x-axis indicate the 4He+
beam energy at selected positions x , indicated by the dark-grey dashed
vertical lines. The highest efficiency is obtained for Eα = 397-389 keV

The γ -ray detection efficiency η was calculated with a
simulation of the present setup using the GEANT4 toolkit
[55], using the known γ -decay of the Ex = 10949 keV level
[45]:

– Eγ = 6615.6 keV, E f
x = 4332.52 keV, (10.81 ± 1.03)%

– Eγ = 7359.4 keV, E f
x = 3588.56 keV, (4.69 ± 0.74)%

– Eγ = 8009.4 keV, E f
x = 2938.33 keV, (13.56 ± 1.32)%

– Eγ = 9138.7 keV, E f
x = 1808.74 keV, (57.21 ± 3.43)%

– Eγ = 10946.6 keV, E f
x = 0 keV, (13.73 ± 2.29)%

Further decays were taken from [45]. The simulation was
validated comparing experimental and simulated efficiencies
measured with γ calibration standard sources and the well
known E = 278 keV resonance of the 14N(p,γ )15O reaction
[56], the uncertainty is Δη/η = 4% [54]. The beam energy
and the target pressure were selected in order to maximize
the target density and the efficiency, according to the accel-
erator energetic range. At the beam energy corresponding to
the resonance the reaction takes place effectively in a narrow
interval around x = 26 mm, as obtained by energy loss cal-
culation, slightly off the center of the target chamber. As a
result, ∼40% efficiency was obtained for Eα = 389–397 keV
(= 329–336 keV in the center of mass system), corresponding
to Ex = 10944–10951 keV excitation energy and, thus, cov-
ering most of the proposed resonance energies, see Table 1.
For Eα = 397–400 keV, the efficiency was somewhat lower,
10-35%, as expected due to the additional passive layers of
the collimator and because of the increased distance between
the γ -ray and detector interaction point with respect to the
photomultiplier location.

2.2 Data taking campaign I

The data taking was performed in two subsequent campaigns,
I and II (Table 2). In Campaign I, the BGO detector was used
without external shielding. During the experiment, for the
22Ne+4He+ data taking, typically 12/24 h long runs with set
beam energy Eα = 399.9 keV were performed. Subsequently,
the no-beam background was determined in dedicated runs.
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Table 2 Experimental campaigns I and II: Running time t in days,
accumulated charge Q, Nb, namely the number of beam particles that
impinged on target, and counts NROI in the region of interest for the
on-resonance runs (4He++22Ne), for the no-beam background, and for
the 4He++Ar in-beam background run

Campaign and run type t [d] Q [C] Nb [4He+] NROI

I 22Ne+4He+ 16.2 312.5 2.0×1021 26

I no-beam background 23.1 33

II 22Ne+4He+ 23.8 430.5 2.7×1021 8

II 4He++Ar 7.2 75.6 4.7×1020 2

II no-beam background 40.1 18

The initial analysis of Campaign I gave a 0.4σ excess in
the net counting rate, 0.18+0.40

−0.18 counts/day. Given the result
obtained in Campaign I, details are reported in Section 3,
the shielding and background determination were improved
for the subsequent Campaign II.

2.3 Data taking campaign II

In Campaign II, a 10 cm thick shield surrounded the BGO.
It consisted of borated (5%) polyethylene (PE-HMW 500
BOR5 by Profilan Kunstoffwerk) added outside the BGO.
In the Eγ = 6-18 MeV region, the background in the BGO
detector deep underground at LUNA was mainly given by
neutron-induced effects that are believed to originate in (α, n)
neutrons caused by α-decays in the natural decay chains in
the rock [51,52,57]. The shielding reduced the background
counting rate in the region of interest by a factor of 3.4 ± 1.1
(Table 2). Note that Campaign II shows a lower signal in all
parts of the spectrum despite the longer running times (Fig.
2).

In Campaign II, the 22Ne+4He+ runs were performed in a
similar manner as in Campaign I. The no-beam background
was determined for almost double the running time of the
in-beam runs. In addition, for Campaign II also the in-beam
background was determined by irradiating inert argon gas
with the same 4He+ beam as with neon gas. The argon was set
to a pressure of 0.5 mbar, to reproduce, within 6%, the same
energy loss and angular beam straggling as in the 22Ne+4He+
case. Due to beam time constraints, only limited statistics was
gained in the 4He++Ar run.

3 Data analysis and results

3.1 Calibration and summing of γ -ray spectra

The strong temperature dependence of the BGO scintillation
efficiency causes resolution loss [58], which was avoided
in the present case by self-calibrating the time stamped list

mode data, namely counts stored sequentially as time pro-
gresses, of each BGO segment (single mode) for each 12/24-
hour run. The linear calibration was performed using the
lines at 1461 and 2615 keV, that are due to the 40K and 208Tl
decays in the room background, observable in each run. An
additional problem arose due to the large dynamic range cov-
ered by the signals, up to 12 MeV and beyond, where some
non-linearity was observed in the photomultiplier gain. These
effects were corrected based on spectra taken in the previous
study of the 22Ne(p,γ )23Na reaction [37,54], that just pre-
ceded the present study. There, the same detector, chamber,
and room temperature were used as in the current work. From
these data [37,54], known high-energy γ lines from beam
induced background reactions, namely the 11B(p,γ )12C reac-
tion (Eγ = 4.4, 11.7, 16.1 MeV), the 13C(p,γ )14N reaction
(Eγ = 7.9 MeV) and the 14N(p,γ )15O reaction (Eγ = 6.13
MeV) and from the 22Ne(p,γ )23Na reaction (9.0 MeV) were
available, bracketing the present region of interest in energy.
The resultant non-linearity correction was 0.24 ± 0.08 MeV
at Eγ = 10.95 MeV, corresponding to a 2.2% effect.

Next, for each run, the data from the six segments were
combined offline. In each crystal, the pulser signal was gated
out by requiring anticoincidence with a seventh channel only
measuring the pulser. The time coincidence window was set
at 3.5 μs [52] both for gating out the pulser and to produce
the add-back spectra corresponding to a virtual large detector
[52,59]. In order to check whether the count rates of single
runs of a given run type (4He++22Ne, 4He++Ar, or no beam)
were mutually consistent and can, in fact, be added, a χ2 test
[60] was performed for each campaign data set. For this test,
the counting rate in the (n,γ )-dominated 6-20 MeV energy
region was used. There, a comparatively high counting rate of
39.3 ± 1.3 counts/day (Campaign I) or 13.8 ± 0.6 counts/day
(Campaign II) ensured the applicability of the test. It showed
a normal, non-skewed distribution for all five groups of runs
studied, with χ2/ν values ranging from 0.7-1.1. The summed
spectra for each run type and campaign are shown in Figure
2.

3.2 Interpretation of the experimental spectra

The experimental spectra were compared with a Monte Carlo
spectrum simulated using the highest upper limit for the
resonance strength that is available in the literature, ωγ ≤
3.6×10−9 eV [42,43]. The known decay scheme of the 10.95
MeV level goes mainly to the first excited state at 1.81 MeV
[45], but due to the summing effect of the 4π BGO detector
the dominant peak in the simulated add-back spectrum is at
10.95 MeV. For the analysis, a region of interest (ROI) of
Eγ ∈ [10.08; 11.50]MeV was adopted (Fig. 2). This was
obtained by both using simulation shown with a black line
in Fig. 2 and a devoted study on BGO resolution. The ROI
also included the uncertainty due to the gain non-linearity.
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Fig. 2 γ -ray spectra, add-back mode. Left, campaign I (t = 16.2 d, Q
= 312.5 C); Right, campaign II (t = 23.8 d, Q = 430.5 C). Red line:
4He+ + 22Ne run. Blue line: no-beam background (rescaled for equal
time). The reduction of the background in 6-12 MeV region between
campaign I and II is due to the shielding introduction. Orange line:

4He+ + Ar beam induced background run (rescaled for equal time).
Black line: Monte Carlo simulation for ωγ = 3.6 × 10−9 eV, just to
show the region of interest (ROI). The ROI is shown by vertical dashed
lines. The inserts focuses on the ROI, in linear scale

In the experimental 22Ne+4He+ spectra, no peak is
observable in the region of interest (ROI). The net counts,
obtained subtracting the background counts from both the
no-beam and 22Ne+4He spectra, were always below the crit-
ical limits for Campaign I and II respectively, i.e. the level
needed for a 95% confidence level detection [61].

These conclusions may, however, depend on the choice of
the ROI. In order to study this possible effect, the analysis
was repeated several times, shifting, in turn, both the lower
and upper ROI limits in several steps by up to 550 keV, i.e.
the full width at half maximum of a single γ -ray detected at
these energies. For all these cases, the number of net counts
in both campaigns remained below the 95% confidence level
critical limit for detection of a signal. For campaign I, the test
analyses with ROI shifted to lower energies reproduced the
non-significant, 0.4σ excess described above for the final rec-
ommended ROI (Sect. 2.2) but the analyses with ROI shifted
to higher energies showed no excess.

Therefore, to completely exclude any resonance detection,
the shielding was introduced and the run time increased for
Campaign II.

As an additional final check, both campaign single crystal
spectra were checked when gating on add-back signals in the
ROI [54]. The pattern expected from the Monte Carlo sim-
ulation for detection of the resonance in the single crystals,
in particular the 9.14 MeV γ ray due to the decay to the first
excited state of 26Mg, was not found.

3.3 Upper limit for the resonance strength under study

The 334 keV resonance is isolated and narrow, meaning its
total width Γ = Γα + Γγ , which is in the present case of
the order of 5 eV [34,41], is much smaller than the differ-
ence ΔE to the nearest resonance, Γα + Γγ 
 ΔE , and
also than the target thickness when expressed in energy units
of ΔEtarg ∼ 8 keV, thus Γα + Γγ 
 ΔEtarg. Therefore,
in principle the resonance strength ωγ and the experimental
yieldY = NROI/ηNb as a function of background-subtracted
counts NROI, efficiency η, and impinging beam particles Nb,
are connected by the so-called thick-target yield formula
[46].

However, in the present case the energetically narrow,
ΔEbeam ∼ 0.1 keV, beam from the accelerator significantly
widens in energy due to beam energy straggling in the
extended gas target [36], up to ΔEstrag ∼ 1.4 keV at the
end of the target. The angular straggling has only a much
smaller effect, ≤0.1 cm in lateral straggling over the entire
target length. In addition the efficiency-corrected density
profile n × η (Fig. 1) deviates from an ideal box shape.
The convolution of the beam energy distribution and the
efficiency-corrected density profile produces a correction
factor C = (0.93 ± 0.02) that modifies the ideal thick-target
yield formula. The calculated correction takes into account
the reduction of the yield due to the finite beam energy width
and the target density profile [36].
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Fig. 3 Probability density functions of the resonance strength ωγ for
campaign I (blue) and campaign II (red). Upper limits at 90% confidence
level are denoted by arrows

The modified thick-target yield formula is then given by:

NROI

ηNb
= Y = C

λ2
res

2

1
dE

dx

∣∣∣∣
eff

ωγ (7)

where λ2
res/2 = 3.64×10−24 cm2 is the de Broglie wavelength

at the resonance energy for 22Ne+α in the center-of-mass
system and dE

dx

∣∣
eff = 32.5 × 10−15 eV cm2 is the effective

stopping power at the resonance energy, as given by the SRIM
software package [62], again in the center-of-mass system.
The sought-after resonance strength ωγ is then obtained by
solving Eq. (7).

To obtain an upper limit for the resonance strength ωγ , a
Monte Carlo sampling technique modeled on that described
by [63] was used for both campaign data. The background
and the signal, observed in the same ROI but in background
and 22Ne +α spectra respectively, were assumed to follow
a Poisson distribution, and for each of the two campaigns
separately, 106 samples were taken from the 22Ne+4He+ and
no-beam count rates.

For Campaign I, the resultant probability density func-
tion for the net counts actually shows a maximum slightly
in excess of zero, but only at 0.4σ confidence level (Fig. 3).
Campaign II shows no maximum above zero. For the Fig-
ure, the counts were converted to ωγ values by Eq. 7. Some
samples (38% and 79% of samples for campaigns I and II,
respectively) resulted in unphysical negative net counts; they
were forced to zero and included in the plot and upper limit
determination.

From the probability density functions, considering the
already mentionedC correction factor (Eq. 7), upper limits at
90% confidence level of ≤ 1.5×10−10 eV and ≤ 4.0×10−11

eV are obtained for Campaigns I and II, respectively.
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LUNA detection limit

Fig. 4 Sensitivity of the present setup for the direct detection of
22Ne(α, γ )26Mg resonances, as a function of laboratory resonance
energy Eα , see text for details. Previous indirect data and upper limits
(indicated by arrows) from [33] ( in green), [34] (in black) and [29] (in
blue) are shown, as well as the present experimental upper limit,in red

4 Estimated sensitivity for higher-energy resonances

The present experiment used the highest beam energy avail-
able at the present LUNA 400 kV accelerator, meaning no
higher-energy 22Ne(α, γ )26Mg resonances could be studied.
Experiments at higher energies can instead be conducted at
the new LUNA-MV 3.5 MV accelerator deep underground in
the Gran Sasso laboratory [64–66] or at other underground
accelerators. Therefore, the sensitivity of the present setup
and approach for the study of higher-energy resonances in
22Ne(α, γ )26Mg is discussed in the following.

Using the measured background in Campaign II (Table 2),
an average 4He+ beam current of 300μA [66], and a running
time of 40 days per data point, the sensitivity of the present
setup to positively detect a resonance with 90% confidence
level [61] has been calculated for a number of higher-energy
resonances (Fig. 4).

In relation to the other two possible resonances discussed
in the introduction: For the E = 469 keV (Ex = 11084 keV)
resonance, the indirect positive value of (2.8 ± 0.8)× 10−10

eV [34] would be detectable in the present setup, while for
the indirect upper limit of ≤ 2.95 × 10−11 eV [33], a direct
upper limit of similar size would be possible. For the E =
556 keV (Ex = 11171 keV) resonance, the indirect value
of (5.4 ± 0.7) × 10−7 eV [33] would be detectable, and the
indirect upper limit of ≤ 6×10−11 eV [34] again within reach
of a direct experiment (Fig. 4). For resonances that are well
above the Eα = 565 keV threshold for the 22Ne(α, n)25Mg
reaction, the present sensitivities are only applicable if the
neutron partial width Γn of the corresponding level [67] is
smaller than the γ width, Γn < Γγ . The present sensitivities
(Fig. 4) may also be relevant to other underground facilities,
depending on the background situation [68–70].
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5 Summary and conclusions

The 22Ne(α, γ )26Mg resonance at E = 334 keV in the center-
of-mass system (Ex = 10949 keV excitation energy in 26Mg)
has been studied in a direct experiment. Using the LUNA 400
kV accelerator deep underground in the Gran Sasso labora-
tory, a windowless, isotopically enriched 22Ne gas target and
a 4π BGO summing detector, an experimental upper limit
of 4.0×10−11 eV (90% confidence level) has been derived
for the strength of this resonance. The new limit is higher
than most of the previous limits obtained by indirect meth-
ods [1,29,33,34,39], but it is the first direct result.

The present approach may be extended to higher ener-
gies at the upcoming LUNA-MV 3.5 MV accelerator deep
underground in the Gran Sasso laboratory [64–66].

After the final version of the present manuscript was com-
pleted, the authors became aware of a very recent, new direct
experiment [71] showing a new value for the Eα = 830 keV
resonance strength and a new upper limit for the 653 keV res-
onance. These new literature data have been added to Fig. 4.
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