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Nuclear transitions are one possible source of axions but past searches were restricted to specific
transitions. In this manuscript, we propose to extend the search for axions and axionlike particles to a more
complex environment that would result in a number of correlated observables. By including creation
mechanisms that have their origin in the Carbon-Nitrogen-Oxygen (CNO) cycle, we show that the search for
solar axions should not only be restricted to the keV-mass region.We discuss limitations, such as the lifetime
and the mass, that create a challenge for an Earth-bound experiments. We show that it is possible to use the
same creation mechanisms as used in solar axions to search with a comparable rate at nuclear power reactors.
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I. INTRODUCTION

Axions are hypothetical particles that were introduced as
a solution to the strong CP problem [1–3]. Numerous
models, like the Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model [4,5], the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model [6,7], the Peccei-Quinn-
Weinberg-Wilczek (PQWW) model [1], and the Hall-
Watari (HW) model [8], exist. They differ in favored axion
mass—coupling parameter space regions, see Fig. 1. One
suggested creation mechanism of axions is through the
coupling to nucleons. Axions behave as pseudoscalar
particles, which would result in coupling mechanisms
similar to photons with magnetic multipole character.
Therefore, axions may mediate the relaxation of a nuclear
state, that typically decays via a magnetic dipole transition
[9]. If so, nuclear transitions can be regarded as a potential
source of axions. Over the last decade, the search for axions
originating from nuclear processes has focused on two
possible production sources, solar axions with Earth-bound
detectors and axions that are produced within strong
radioactive sources.
Solar axion searches often focus on the production by the

Primakoff effect [11]. Recent data published by the
XENON1T collaboration [12] is interpreted by various
groups as evidence that the Sun emits axions [13–16].
Other authors declare this excess is due to dark matter
[17,18], or at least suggest it to be nonaxionic [19] since the
deduced axion phase space is in conflict with other bounds.

In addition to the Primakoff effect, solar axions can be
generated through a nuclear based production mechanism
from a magnetic dipole transitions. In the Sun, low energy
nuclear states can be thermally excited, though the number
density of candidate isotopes with low-energy magnetic
dipole states is limited within the solar environment. After
excitation within the thermal bath, excited isotopes decay
quickly back to the ground state. In this deexcitation, a
branching between axion and photon emission Γa=Γγ is
possible [9]. Under the assumption that a low-mass axion is
emitted, this mechanism creates a monoenergetic flux of
axions with an intensity comparable to the Primakoff
production mechanism [20]. Over the last decade, this
approach has been used to search for a 14.4-keV solar
axion emitted by 57Fe [21–27] or 83Kr [28]. Using the
same physics, axions should be observable from other
reactions occurring during the solar burning. A focus on
these reactions is motivated by the fact that the concen-
tration of hydrogen and helium are orders of magnitude
higher than for medium mass isotopes like 57Fe or 83Kr.
The parameters needed to estimate the flux, including
isotope yields, isotope distributions, as well as reaction
rates are given by solar neutrino physics and the detailed
solar models. References [29,30] review solar neutrino
production.
Another strong motivation is that the total energy of such

axions is in the MeV range, far away from the low energy
part of measured spectra that are usually heavily contami-
nated by contributions from natural radioactivity. Previous
studies discussed the production of solar axions in the keV
to MeV mass region using the pðd; γÞ3He-reaction [31–35]
as well within the creation of 7Li [32]. While axions within
this mass range are not typically considered as dark matter
candidates, this mass window has not been fully explored,
cf. Fig. 1. However, recent publications [36,37] discussed
the importance of this window as a transition point where
laboratory searches and cosmological sensitivities meet.
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In this manuscript we extend the approach to additional
reactions within the Sun, and in particular we discuss the
possibility of axion emission from transitions within
the carbon-nitrogen-oxygen (CNO) cycle. We then use
the developed methodology to consider transitions in
reactor fission products. As shown in Fig. 1, a number
experiments have excluded certain axion models above the
keV scale [38]; however, alternative models like Ref. [8] or
Ref. [39] show it is possible that such axionlike particles
(ALP) exist and survive the current constraints. Due to their
limited lifetime, the observation of solar axions with mass
greater than 1 MeV is impossible. In Sec. IV we will
discuss this limitation, and will show that this boundary is
in fact even lower. While a number of searches and
theoretical perspectives [40] focus on cosmogenic origin,
the search for axions in magnetic dipole transitions can be
extended to terrestrial sources. Using an Earth-bound
source, short flight paths help to avoid the lifetime con-
straint. A number of light-shine-through-wall experiments
[40] have been performed in the past, mainly focusing on
axion masses (ma) below 1 eV, motivated by dark matter
searches. However, a heavy axion or ALP can act as a
potential mediator to a beyond the standard model sector

and is not yet excluded. Such particles might be emitted
during nuclear decays. Similar to the decays in a solar
environment, a branching between magnetic dipole photon
and axion production is possible when a nucleus relaxes to
a lower energetic state, for example, 65Cu [41], 125mTe [42]
and 139La [43] radioactive source measurements have set
first limits. Due to limitations in source activities these
constraints were not competitive. However, one intriguing
terrestrial environment in which numerous nuclear decays
occur with high rates are nuclear reactors. First studies
looked for axions from only a few selected reactor isotopes
[10,44,45] or only discussed the production of ALPs
without nuclear interactions [46]. In this work, we show
that similar to the solar environment, the approach should
be extended to consider the numerous possible transitions
available within a high power reactor. Since the fission of
uranium creates a varied collection of isotopes, we consider
a spectral analysis instead of focusing on individual peak
signatures.

II. AXIONIC DEEXCITATION
OF NUCLEAR STATES

The branching ratio for an axionic nuclear deexcitation
can be calculated using the photon decay width, Γγ , and the
width for the axion Γa. With the assumption that Γa ≪ Γγ ,
the probability for axionic emission [41] can be written as:

Γa

Γγ
¼ 1

2πα

�
ka
kγ

�
3 1

1þ δ2

�
g0aNNβ þ g1aNN

ðμ0 − 1=2Þβ þ μ1 − η

�
2

: ð1Þ

Here, α denotes the fine-structure constant, 1=137. In the
existing literature, the momenta of axion (ka) and photon
(kγ) are often set to be equal due to the small axion masses
considered. In this work, we account for the axion mass by
using the relativistic mass-energy relation. The mixing ratio
between magnetic dipole (M1) and electric quadrupole
(E2) for a specific transition is represented by the factor δ.
μ0 ¼ μp þ μn ¼ 0.88 and μ1 ¼ μp − μn ¼ 4.71 are the
isoscalar and isovector magnetic moments, respectively
[41]. The parameters β and η are two nuclear structure
dependent values that will be discussed in the next
subsection. The axion nucleon coupling strengths g0aNN
and g1aNN [47,48] are defined as:

g0aNN ¼ −7.8 × 10−8
6.2 × 106

fa=GeV

�
3F −Dþ 2S

3

�
ð2Þ

and

g1aNN ¼ −7.8 × 10−8
6.2 × 106

fa=GeV

�
ðDþ FÞ 1 − z

1þ z

�
: ð3Þ

We follow the relation for the classical QCD-axion for
which this coupling strength and mass are correlated.

FIG. 1. Current limits on axion-photon and axion-electron
coupling [10]. The expectation values for the KSVZ model
[4], the DFSZ model [6], the PQWW model [1], and HW model
[8] are shown in black and gray.
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The axion coupling strength fa can be defined relative to
properties of the pion, as well as the up-down quark mass-
ratio z, and the mass of the axion itself.

fa ¼
ffiffiffi
z

p
1þ z

fπmπ

ma
ð4Þ

The parameter z describes the up and down quarkmass ratio.
The parametersD andF are the invariant matrix elements of
the axial current. S is the flavor-singlet axial vector matrix
element. For ALP this relation need not hold up and
calculations allow fa and ma to be independent. Here, we
keep these two parameters coupled, so that the axion-mass
remains the only free variable, which corresponds to the
classic DFSZ model [6]. Similarly, a correlation between
both quantities can be also found in the KSVZ model for
MeV-mass scale axions [1]. Relaxing this relationship opens
a new window of phase space. However, as one can see in
Fig. 1 an analysis with coupled parameters is still valuable,
since the experimental limits are still above the coupling-
mass limit for certain mass ranges. Using the factors
S ¼ 0.68, z ¼ mup=mdown ¼ 0.56, D ¼ 0.77, F ¼ 0.48
[6,20], mπ ¼ 139 MeV, and fπ ¼ 93 MeV, Eqs. (2)–(4)
can be written as proposed in Ref. [49]:

g0aNN ¼ −7.8 × 10−8 ×ma=eV × 0.67; ð5Þ

g1aNN ¼ −7.8 × 10−8 ×ma=eV × 0.35 ð6Þ

and

fa=GeV ¼ 6.2 × 106

ma=eV
: ð7Þ

Restrictions on the parameter g1aNN are given from kaon
decays [50,51]. In the calculations presented here, we follow
the limits proposed in Ref. [39]. Under the assumption that
the momentum of the transition is completely carried away
by an axion with mass ma, the branching can be written as:

Γa

Γγ
¼ 1

2πα

0
B@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
γ −m2

a

q
Eγ

1
CA

3

1

1þ δ2

×

�
−7.8 × 10−8 ×ma=eVð0.67β þ 0.35Þ

0.38β þ 4.71 − η

�
2

: ð8Þ

Nuclear recoil is a negligible effect for the energies con-
sidered here. As shown in Eq. (8), the branching increases
with axionmass, has a maximum just below to the transition
energy Eγ, and vanishes for ma ∼ Eγ. While the mass of the
emitted axions can range from almost zero to energy of the
nuclear transition, the best observation range with this
approach is in the keV toMeV mass range. Figure 2 shows
the distribution of the branching ratio as a function of axion

mass calculated for an 1.115-MeV transition in 65Cu. For
this plot aMonte-Carlo calculationwas performedwhere the
parameters η, β, and δ were distributed as discussed in the
Sec. II A.

A. Nuclear parameters

To estimate axion emission from a specific transition in a
single isotope, the parameters η and β have to be known.
One technique to estimate these uses a shell-model
approach as done in Ref. [41]. For magnetic dipole
transitions between excited nuclear states in short lived
isotopes as present in the CNO-cycle or reactors, the lack of
detailed knowledge is a complication. Without detailed
theoretical calculations we present a method of estimating
branching using a Monte-Carlo approach. Table I gives an
overview of values used in the existing axion literature. For
odd nuclei near closed shells, one can approximate that the

FIG. 2. Axion-to-photon branching for a 1.115-MeV magnetic
dipole transition in 65Cu [41] as a function of axion mass
calculated using Eq. (8). For illustration, the nuclear parameters
are randomized in each mass bin. The probability functions are
normalized for each individual axion-mass bin. The cross marks
the branching calculated in Ref. [41].

TABLE I. Tabulated values for the nuclear parameters η and β.
For 125mTe, Eq. 2 of Ref. [42] was used and the parameters
determined by comparing it to the general relation given in
Eq. (1) of this manuscript.

Isotope Transition η β Reference
3He Dðp; γÞ3He 0 0 [32]
7Li 478 keV to g.s. 0.5 1 [32]
23Na 440 keV to g.s. −1.2 0.88 [49]
55Mn 126 keV to g.s. −3.74 0.79 [49]
57Fe 14 keV to g.s. 0.8 −1.19 [49]
65Cu 1155 keV to g.s −6.59 1.81 [41]
83Kr 9.4 keV to g.s. 0.5 −1 [28]
125mTe 35 keV to g.s. 0.5 −1 [42]
139La 166 keV to g.s. 0.5 1 [43]
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unpaired nucleon leads to β ¼ �1 and η ¼ 1
2
[28,43].

However, for nonground state transitions this assumption
might not be valid, and the detailed calculation in Ref. [41]
shows that for off-shell nuclei the parameters can fluctuate
over a wide range. We assumed input flat distributions of
parameters to provide an estimate for the possible range of
the photon-to-axion branching. The parameter β was varied
between −2 and þ2, the parameter η between −7 and þ2.
The range for both distributions were chosen so that the
maximum literature values were within the distributions.
The result for one specific transition can be seen in Fig. 2.
The majority of realizations fluctuate within one order of
magnitude for the Γa=Γγ branching. Outliers resulting in
very low branching ratios are possible and are associated
with values of β ∼ −0.52 for which the numerator in Eq. (8)
approaches zero. We tested Gaussian distribution for η and
β and only small shifts in the average value of Γa=Γγ were
found. These shifts were within the one-σ uncertainty of the
flat distribution values. Therefore, the flat distribution was
used for all our calculations. Repeating the calculation for
an 1.115-MeV transition for 65Cu we found a branching of
about 10−5.2�0.9 for an axion with mass of ma ¼ 150 keV,
see Fig. 2. This estimate is in good agreement with the
value of 2 × 10−5 [41] and shows that the Monte-Carlo
approach has large uncertainties but reasonable predictive
power. A scan over wider ranges of the two parameters is
shown in Fig. 3. That chosen parameter range avoid of large
branching which is caused by the diminishing denominator
in Eq. (8). Therefore, the results of this study can be seen as
a lower limit.
Another uncertain parameter for a number of transitions

is the M1/E2 mixing ratio δ. For most stable nuclei, it is
determined experimentally for low-energetic ground-state
transitions. However, most of the transitions used in this
study are between excited states in unstable nuclei. The
majority of these have no determined M1/E2 mixing in the
Evaluated Nuclear Structure Data File (ENSDF)-database.
Therefore, we applied the following approach. Values were
read out from the compiled data within the RADWARE
package [52] which uses the ENSDF data base. If a δ
parameter is listed, we used it with the given uncertainty. If
no uncertainty for the dipole-quadrupole mixing is avail-
able, we apply a 10% uncertainty which corresponds to the
order of uncertainty when given. For transitions with
unknown δ but noted as dominantly M1, we used a
Lorentzian distribution with δ̄ ¼ 0.1 and Γδ ¼ 0.3. This
curve was derived by fitting the distribution of the listed δ
values of the known M1 transitions (∼104), see Fig. 4.

III. CALCULATION OF THE AXION FLUX

The axion flux at a certain location can be expressed as:

Φa ¼
_N

4πR2
· pdecay · pstate · pbranch · pa=γ · ptravel ð9Þ

Here, _N describes the axion source strength, in the case of
the solar calculation the number of isotopes created per
time unit by solar fusion. Similarly, _N describes in the
reactor environment the number of short lived isotopes
created in the fusion process. For the solid angle factor
1=4πR2 we assume a pointlike isotropic emission of axions,
where R is the distance between axion source and detector.
The p factors describe various probabilities for the

creation of states that can create axions, the axion emission,
as well as the geometric probability and are illustrated in
Fig. 5. The factor pdecay describes the probability for an
isotope to be created and undergo a certain decay. This
factor is equal to one for most decays for the solar
environment since only one decay is possible. In the
reactor calculation it describes the probability for an
isotope to be created by a uranium fission as well as the

FIG. 3. Photon-axion branching as function of β and η for a
150-keV axion in 65Cu. The shaded area marks the parameter
range covered in this work, the stars mark existing calculations,
see Table I. Values of β ∼ −0.52 minimizes the branching (gray-
white area), while values along η ∼ 0.38β þ 4.71 maximize it
(dark red).

FIG. 4. Distribution of the M1/E2 mixing ratios for the
magnetic dipole transitions available in the ENSDF entries of
the RADWARE package. The red curve shows a fit with a
Lorentzian curve. Random values using this fit were applied to
transitions with unmeasured values.
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branching of a (β)-decay, a (β, n)-decay or a other decay
processes through which the short lived isotopes decay. The
factor pstate indicates the probability that a specific excited
state is populated in the daughter nucleus following a
radioactive decay. As shown in the middle of Fig. 5, the
number pbranch takes into account the decay branching of
the individual excited states. Often the states created
deexcite through a cascade of γ rays. The axion-to-photon
probability pa=γ ¼ Γa

Γγ
describes for one of these individual

transitions how probable it is for an axion to be created. As
discussed in Sec. II, it can be expressed as the ratio of the
two widths. Finally, the last factor, ptravel takes into account
that axions can decay while traveling from the source to the
detector. This factor will be discussed in the next section.

IV. AXION LIFETIME

The decay of solar axions in flight can significantly
reduce the sensitivity of Earth-bound searches. The decay
width of keV-MeV mass axions consists of two major
channels, the decay into photons, Γa→γγ and the decay into
an electron-positron pair, Γa→eþe− . The latter only occurs if
the mass of the axion is larger than 1.022 MeV. Therefore,
every Earth-bound detector is expected to see only a part of
the total flux. Similar corrections were applied in previous
studies [53]. We follow the description of the axion decay
widths as given in Ref. [44].

Γða → γγÞ ¼ z−1
�
ma

mπ

�
5

Γðπ0 → 2γÞ ð10Þ

Γða → eþe−Þ ¼ me

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a − 4m2
e

p
8πf2ax2

ð11Þ

τ ¼ 1

Γtotal
¼ 1

Γða → γγÞ þ Γða → eþe−Þ ð12Þ

The decay width into two photons is proportional to the
pion decay width Γðπ0 → 2γÞ, given as 7.82 eV [54]. The
second decay channel not only depends on the electron
mass but also includes the vacuum expectation value x of
the two Higgs-doublet [9] to which the electron is coupled.
This value is usually estimated to be one [44]. Figure 6
shows the effect of the life time for different values
of x.
As shown in Fig. 6 the lifetime for the QCD axion

greatly decreases for masses above the threshold for pair
production. This makes an observation of higher mass
axions from the Sun impossible since the travel time to
Earth is at least 8.3 minutes. Time dilating effects are
included and extend the observable mass range by around a

FIG. 5. Schematic illustration of Eq. (9) for the case of an isotope that could undergo a β-decay or a β, n-decay. The different factors
are highlighted in red. For each of the five steps, the red highlighted part depicts the factor above.

FIG. 6. Lifetime for a 5.5-MeV axion as created in the solar
burning process. The lifetime of the standard QCD axion (black,
different values of x) decreases at 1.022 MeV where the electron-
positron pair production channel opens up. The flight time to
Earth (red) prevents the observation of high-mass axions at the
Earth, even when relativistic effects are included. In addition, the
flight times for a reactor based experiment using a 10-m long
flight path is shown as well (blue).
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factor 2. The probability to see an axion can be
calculated as:

ptravel ¼ eð−
t
τÞ; ð13Þ

where t is the travel time for a certain distance. The velocity
of the axion can be calculated since the total energy
corresponds to the energy of the transition Eγ . As Fig. 6
shows, even experiments with an axion source near the
detector suffer lifetime constraints and create an exper-
imental challenge for the direct detection of heavy axions.

V. SOLAR AXIONS REVISITED

The Sun produces energy by a number of processes, in
particular fusion of hydrogen and helium, as well as several
proton capture reactions. For capture reactions, the number,
energy, and multipole character of photon emission varies
from reaction to reaction. The cross section can be split into
two parts, a direct capture process, and a capture into
resonant states, which can lay below or above the separa-
tion threshold. In the direct capture process, e.g., X þ p →
X0 þ γ where X is the target nucleus, p is the incoming
proton, X0 is the new formed nucleus and γ is the outgoing
photon, mostly the ground state of the newly formed
nucleus is populated and the photon is emitted with an
energy given by the total reaction energy, Eγ ¼ Sp þ Ep

where Sp is the sum of the proton separation energy of the
nucleus X0 and Ep is the incoming proton energy. In some
cases the population of the first excited state of X0 is
possible and the energy of the photon is reduced by this
amount Eγ ¼ Sp þ Ep − E1.
For resonant capture, the peak energy is Ex ¼ Sp þ Ep.

These resonances have a certain width and can extend
above or below the separation threshold. This can cause a
subthreshold resonance significantly contributing to the
total cross section in which the decay cascades of the
excited states are included. Several of these patterns contain
magnetic dipole transitions.
Experimental data at solar energies for direct capture is

sparse due to the low rates in Earth-bound laboratories.
A number of resonances have been studied at higher proton
energies and their contribution in a solar energy regime can
be extrapolated. In general, we follow the discussion and
data given in Refs. [55,56] to estimate the contributions of
the individual parts. For specific reactions, we also cite the
individual literature containing specific information.

(i) 3He production
Low-background underground detectors looking

for neutrinoless double beta decay or dark matter can
be used to search for such a signal. This reaction as
an axion source has been studied before by several
groups [31–33,35]. The probability to emit a photon
with magnetic dipole properties lies at around 43%
and there is no mixture of an electric quadruple

assumed [32]. The transition energy is very high at
5.5 MeV which has advantages since most back-
ground from natural radioactivity occurs at lower
energies than the expected signal.

(ii) 7Be-production
The production of short-lived 7Be proceeds

through two channels. For the resonant capture,
the proton energy Ep needs to be high enough to
populate higher excited states. The first available
state is at 6.73 MeV and requires a minimum
1.1 MeV kinetic energy of the proton. For the
kinetic energies of the protons in the Sun’s core
we assume a Boltzman distribution with a temper-
ature of 1.3 keV (corresponding to the core temper-
ature 1.5 × 107 K). Therefore, this reaction is highly
suppressed (pstate ∼ 0). The direct capture channel
results in the population of effectively two states, the
ground state and the first excited state in 7Be [55].
Photons produced in this direct capture have
energies of 5.1 and 5.5 MeV and are dominantly
E1-nature, for which we assume a negligible M1
contribution (pbranch ≪ 1). However, when pro-
duced the first excited state of 7Be decays via an
M1-transition to the ground state for which we can
calculate an axion mixture. In order to calculate the
rate, we assume nearly all created excited state
beryllium atoms decay to the ground state and then
undergo β-decay. Hence, we use this rate given by
neutrino flux calculations.

(iii) 7Be-decay
Isotopes of 7Be decay to 7Li via electron capture to

an excited state at 471 keV 10% of the time [57].
This state’s deexcitation is dominated by a magnetic
dipole transition. This reaction rate can be
directly connected to the reaction rate calculated
by Bahcall [58].

(iv) 8B-production
The proton-separation energy Sp of 8B is only

137 keV. The first excited state that could decay via
an M1-transition is located at 774 keV. Again, the
temperature of the Sun completely suppresses the
resonant capture to the first excited state and we set
pstate to zero. Instead a direct capture process takes
place that populates the ground-state of 8B while
emitting a γ-ray with energy Eγ ¼ Sp þ Ep ∼ Sp. In
the case of 8B, only one subthreshold state exists. For
available proton energies s-wave proton capture is
assumed to dominate the reaction rate, resulting in a
dominant E1-nature of the emitted photon [59,60].
From these references, we used pbranch < 10−3 as an
upper limit for the M1-contribution.

(v) 13N-production
The CNO-cycle contributes a few percent of the

stellar energy production [61] and burns about 1% of
the solar hydrogen [62]. The first reaction that we
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discuss in this cycle is the proton capture on carbon.
Again the reaction can proceed through direct and
resonant capture. Resonant reactions have promising
magnetic dipole transitions, e.g., at 2.3 MeV, and
contribute to about 70% to the cross section [55].
The direct reaction channel is dominated by E1-
transitions [63] and for the calculation we estimate
that the M1 contribution is in the range of the
contributions discussed for the 8B-production. The
reaction rate for this capture can be estimated by
using the well-calculated neutrino rate of the follow-
ing decay under the assumption that all produced
13N undergo decay and are not consumed by other
reaction channels. The decay itself is a pure electron-
capture process that has no M1-deexcitations.

(vi) 14N-production
Similar to the production of 13N, the resonant

capture dominates the capture process cross section
for solar energies. The tails of the first resonant state
contribute to the S-factor at solar energies by about
70% [55,64]. The majority of this contribution is
coming from the second resonance above the proton
threshold, and not from the very narrow first
resonance [65]. The nature of the direct capture is
similar to the previous cases assumed to be electric
dipole with only negligible contributions by other
multipoles.

(vii) 15O-production
In a solar environment, this reaction is the slowest

process within the CNO cycle. Several resonances
add up to the total cross section while the direct
capture to the ground state only contributes only
about 15% [66]. This direct capture is dominantly of
E1 nature. The resonant capture populates a number
of states, of which only the 6859-keV state consists
of a M1-transition. As shown in Ref. [66] this
resonance does not contribute to the cross section
at the energy range of interest. The neutrino flux of
the following decay is very well studied [58]. The
expected neutrino flux on Earth is slightly lower
than the rate of the initial 13N decay and the
geometrical factor, due to the opacity of the Sun.
We assume that the axions are not affected, and use
the solar reaction rate.

(viii) 16O-production
This first CNO-breakout reaction [67] is respon-

sible for the creation of the oxygen content of the
Sun since 15O has a short half-life. The reaction rate
of this production can be estimated based on the
neutrino flux of the follow-up production and
decay of 17F. Here, we assume that at least as much
oxygen is produced as is consumed in the production
of fluorine (17F). The reaction cross section is a sum
of contributions by the first few resonances above
the proton binding energy and a direct capture

component. As discussed in Ref. [68], about 60%
of the contribution to the S-factor, which is the factor
separating out the Coulomb interaction (barrier)
energy term from the cross section, at solar energies
are due to direct capture.

(ix) 17F-production
The 17F nucleus has a relatively low proton

separation threshold of only 600 keV. The produc-
tion process is dominated by direct capture to the
first excited state which has a small magnetic dipole
contribution [55,69]. The extended CNO cycle is
closed by the 17Oðp; αÞ14N reaction. The produced
fluorine is either consumed by this reaction or the
decay to oxygen. Neither contains a magnetic dipole
transition. But studied within the solar neutrino
problem, the decay rate can be used for the pro-
duction rate assuming 17F production and decay are
in, or close to, equilibrium.

A. Discussion

Figure 7 shows that the dominating contribution to a
solar axion flux using Eq. (9) would come from the proton-
deuterium reaction. The figure also shows that the sensi-
tivity increases with increasing axion mass. When the axion
mass approaches the transition energy, a sharp turn-off can
be observed, due to the E2

γ −m2
a factor in Eq. (8). The solar

maximum of the emitted flux is atma ¼ 3.5 MeV, however
the maximum energy when arriving at Earth is expected to
be between 45 and 50 keV. As discussed, the axion lifetime
plays a significant role. Along the long flight path from the
Sun to the Earth massive axions will decay. This effect
limits the observation of massive solar axions and requires
alternative research approaches. The uncertainties of the
total flux due to unknown nuclear parameters are small

FIG. 7. Expected axion flux from the Sun by an axionic
component within magnetic dipole transitions. The dashed lines
show which spectrum would be visible by the individual
contributors in the solar environment without decay-in-flight.
The red solid line represents the sum and takes into account that
axions decay on the way to the Earth.
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since the parameters for the strongest contributor are
known, as shown in Table II. Figure 8 shows the expected
axion-energy spectrum for different axion mass values. The
sensitive axion mass is restricted to be less than 100 keV
due to the decay in flight. However, the total observable
energy in a detector can be higher since it corresponds to
the energy of the original transition. As shown, a number of
these are higher than the natural background radiation
coming e.g., from 208Tl decays. In contrast to previous

searches, this approach predicts a spectrum of correlated
peaks that arises from various contributors. The search for
multiple correlated peaks should improve the overall
sensitivity, and can serve as internal cross-check.

VI. AXIONS FROM NUCLEAR REACTORS

A number of isotopes contribute to the power production
of a reactor. For this study we focus on the 235Uwhich is the
dominant source of creating fission isotopes. On average,
the neutron-induced fission of one nucleus 235U releases
about 200 MeVof energy [70]. Additional isotopes can be
created when fissioning other uranium or even plutonium
isotopes. Therefore, the calculation presented here can be
seen as a lower limit. According to ENDF/B-VII [71] about
190 MeV of the total energy is contained inside a reactor,
the remaining being carried away by neutrinos. It can be
estimated that a 85-MWthermal reactor like HFIR (High Flux
Isotope Reactor) which is highly enriched in 235U under-
goes about 2.8 × 1018 fissions per second [72]. Detailed
simulations [73,74] show neutron production rates of
>1018 neutrons per second in the core, which is in
agreement with the estimate given that one fission process
creates multiple neutrons.
An overview on calculations and measurements of

isotopes created in the fission process is given in
Ref. [75]. Following the same approach as for the solar

FIG. 8. Total flux of the solar axions for different axion masses.
For an axion mass of ∼45 keV the flux, shown in Fig. 7, reaches
its maximum for a detector situated at the Earth radius distance.

TABLE II. Parameters for the calculation of the individual axion-branching and flux contributions. For transitions with unknown
nuclear parameters (n:a:) distributions of parameters were applied as discussed in Sec. II A.

Reaction Eγ (keV) _N (s−1) pdecay pstate pbranch δ β η Comment

pðd; γÞ3He 5439 1.6 × 1038 1 1 0.43 0 0 1
6Liðp; γÞ7Be (direct) 5605 1.3 × 1037 1 0.7 <10−3 0 n.a. n.a.
6Liðp; γÞ7Be� (direct) 5176 1.3 × 1037 1 0.3 <10−3 0 n.a. n.a. To 1st excited state
6Liðp; γÞ7Be (resonant) 429 1.3 × 1037 1 <10−4 1 0 n.a. n.a.
7Be� → 7Be 429 1.3 × 1037 1 0.3 1 0 n.a. n.a. Decay of the 1st excited state
7Be → 7Liþ νþ γ 477 1.3 × 1037 1 1 0.1 1 0.5 0.2
7Beðp; γÞ8B (direct) 137 1.5 × 1034 1 1 <10−3 0 n.a. n.a.
7Beðp; γÞ8B (resonant) 774 1.5 × 1034 1 <10−4 1 0 n.a. n.a.
CNO reactions
12Cðp; γÞ13N (direct) 1943 1.3 × 1036 1 0.3 <10−3 0 n.a. n.a.
12Cðp; γÞ13N (resonant) 2364 1.3 × 1036 1 0.7 0 0 n.a. n.a. To 1st resonance above Sp
12Cðp; γÞ13N (resonant) 3502 1.3 × 1036 1 <10−4 1 0 n.a. n.a. To 2nd resonance above Sp
13Cðp; γÞ14N (direct) 7550 1.3 × 1036 1 0.3 <10−3 0 n.a. n.a.
13Cðp; γÞ14N� (resonant) 3948 1.3 × 1036 1 0.7 0.005 2.8 n.a. n.a. Decay of the 7966-keV state
13Cðp; γÞ14N� (resonant) 3148 1.3 × 1036 1 0.7 0.018 0 n.a. n.a. Decay of the 7966-keV state
13Cðp; γÞ14N� (resonant) 2956 1.3 × 1036 1 0.7 0.003 0 n.a. n.a. Decay of the 7966-keV state
13Cðp; γÞ14N� (resonant) 2371 1.3 × 1036 1 0.7 0.035 0 n.a. n.a. Decay of the 7966-keV state
13Cðp; γÞ14N� (resonant) 2312 1.3 × 1036 1 0.7 0.159 0 n.a. n.a. Decay of the 7966-keV state
13Cðp; γÞ14N� (resonant) 1635 1.3 × 1036 1 0.7 0.121 0 n.a. n.a. Decay of the 7966-keV state
14Nðp; γÞ15O (direct) 7296 1.3 × 1036 1 0.15 <10−3 0 n.a. n.a.
Extended CNO
15Nðp; γÞ16O (direct) 12127 1.5 × 1034 1 0.6 <10−3 0 n.a. n.a.
16Oðp; γÞ17F (direct) 105 1.5 × 1034 1 1 <10−3 0 n.a. n.a. To 1st excited state
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TABLE III. Parameters for the calculation of the individual
axion-branching and flux contributions. For transitions with
unknown nuclear parameters (n:a.) distributions of parameters
were applied as discussed in Sec. II A. The quantity pdecay refers
to the values given in Ref. [75], while p�

decay includes feeding of
daughter decays as well and branching of decays into β and βn-
decays. The factors pstate and pbranch are combined to one factor
which is calculated using the absolute intensity per decay as given
in the ENSDF database. Isotopes which do not contribute by itself
but feed another decay that contains a magnetic dipole transition
are listed as well in this table.

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

89Rb—β-decay 1473 0.91 0.91 3.84×10−3 0.75
466 0.91 0.91 7.55×10−4 0.18

1940 0.91 0.91 3.59×10−3 0.45
2007 0.91 0.91 2.58×10−2 −0.8
1419 0.91 0.91 1.01×10−3 −0.6
2451 0.91 0.91 5.66×10−4 0.18

90Rb—β-decay 1060 0.61 0.61 9.54×10−2 0.5
90Rbm—β-decay 1060 1.60 1.60 7.61×10−2 0.5
91Rb—β-decay 948 2.90 2.90 1.17×10−2 n.a.

1042 2.90 2.90 2.20×10−2 n.a.
1137 2.90 2.90 3.89×10−2 n.a.

93 2.90 2.90 3.38×10−1 3.3
92Rb—β-decay 386 5.70 5.70 2.43×10−4 n.a.

393 5.70 5.70 1.22×10−3 n.a.
570 5.70 5.70 5.44×10−3 0.21
756 5.70 5.70 1.09×10−3 −0.09
963 5.70 5.70 1.47×10−3 1.7

1239 5.70 5.70 3.52×10−4 −3.3
1325 5.70 5.70 1.34×10−3 −0.27

92Rb—βn-decay 0 5.70 0 0 n.a.
93Rb—βn-decay 393 3.30 0.04 1.93×10−4 n.a.

570 3.30 0.04 4.28×10−4 0.21
963 3.30 0.04 2.35×10−4 1.7

93Rb—β-decay 213 3.30 3.26 7.76×10−2 2.4
219 3.30 3.26 3.19×10−2 n.a.
432 3.30 3.26 2.02×10−1 n.a.

93Sr—β-decay 590 2.10 5.42 6.80×10−1 n.a.
94Rb—βn-decay 219 1.17 0.07 7.14×10−3 n.a.

432 1.17 0.07 4.20×10−2 n.a.
94Rb—β-decay 503 1.17 1.10 1.22×10−2 −0.35

677 1.17 1.10 2.56×10−2 −0.54
1089 1.17 1.10 1.20×10−1 0.02
1577 1.17 1.10 2.23×10−1 −0.02

94Sr—β-decay 0 4.60 5.76 0 n.a.
95Rb—βn-decay 0 0.69 0.06 0 n.a.
95Rb—β-decay 256 0.69 0.63 9.80×10−4 n.a.

328 0.69 0.63 9.31×10−2 n.a.
331 0.69 0.63 1.57×10−2 n.a.
352 0.69 0.63 4.90×10−1 n.a.
660 0.69 0.63 4.12×10−2 n.a.
680 0.69 0.63 1.48×10−1 n.a.
682 0.69 0.63 1.57×10−2 n.a.

(Table continued)

TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

95Sr—β-decay 0 5.30 5.93 0 n.a.
96Sr—β-decay 122 2.50 2.50 1.00 n.a.

652 2.50 2.50 1.00 −0.11
213 2.50 2.50 1.06×10−2 n.a.
279.4 2.50 2.50 1.15×10−1 −0.05

96Ym—β-decay 174 0.94 0.94 2.11×10−2 n.a.
289 0.94 0.94 8.80×10−3 −0.4
475 0.94 0.94 3.08×10−2 −0.09

96Y—β-decay 475 0 2.50 1.88×10−3 −0.09
918 0 2.50 7.52×10−4 n.a.

97Sr—βn-decay 0 0.81 0 0 n.a.
97Sr—β-decay 307 0.81 0.81 1.00×10−1 n.a.
97Y—β-decay 0 1.40 2.21 0 n.a.
97Ym—β-decay 0 2.00 2.00 0 n.a.
97Zr—β-decay 254 0 4.24 1.15×10−2 −0.04

355 0 4.24 2.09×10−2 −0.04
602 0 4.24 1.38×10−2 0.11
703 0 4.24 1.01×10−2 0.19

1148 0 4.24 2.61×10−2 0.5
97Nb—β-decay 657 0 4.24 9.82×10−1 −0.05
98Y—βn-decay 0 1.40 0 0 n.a.
98Y—β-decay 0 1.40 1.40 0 n.a.
98Ym—βn-decay 0 0.80 0.03 0 n.a.
98Ym—β-decay 521 0.80 0.77 1.26×10−2 0.2
98Zr—β-decay 0 0 2.18 0 n.a.
98Nb—β-decay 0 0 2.18 0 n.a.
99Y—βn-decay 0 1.20 0.01 0 n.a.
99Y—β-decay 46 1.20 1.19 4.23×10−4 n.a.

53.3 1.20 1.19 1.13×10−2 n.a.
66.6 1.20 1.19 2.59×10−3 n.a.
82.2 1.20 1.19 3.62×10−3 n.a.
90.4 1.20 1.19 5.50×10−3 n.a.

121.7 1.20 1.19 4.70×10−1 n.a.
127.6 1.20 1.19 2.07×10−3 n.a.
149 1.20 1.19 1.60×10−3 n.a.
186 1.20 1.19 3.90×10−3 n.a.
189 1.20 1.19 2.54×10−3 n.a.
192 1.20 1.19 1.93×10−2 n.a.

99Zr—β-decay 28.4 3.30 4.49 2.15×10−3 n.a.
55.9 3.30 4.49 2.15×10−2 n.a.
81.8 3.30 4.49 3.03×10−2 n.a.
86.7 3.30 4.49 3.85×10−4 n.a.

178.9 3.30 4.49 5.39×10−2 n.a.
347.5 3.30 4.49 4.40×10−4 n.a.
387.4 3.30 4.49 7.98×10−2 n.a.
429.3 3.30 4.49 1.09×10−1 n.a.
461.8 3.30 4.49 5.50×10−1 n.a.

(Table continued)
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TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

99Nbm—β-decay 138 5.00 9.49 8.10×10−1 n.a.
197 5.00 9.49 9.72×10−4 n.a.
208 5.00 9.49 4.05×10−4 n.a.
251 5.00 9.49 1.30×10−3 n.a.
253 5.00 9.49 3.32×10−3 n.a.
264 5.00 9.49 3.89×10−3 n.a.
277 5.00 9.49 4.05×10−4 n.a.
408 5.00 9.49 4.05×10−4 n.a.
451 5.00 9.49 7.61×10−3 n.a.
462 5.00 9.49 2.43×10−3 n.a.
518 5.00 9.49 8.91×10−4 n.a.
527.9 5.00 9.49 6.48×10−4 n.a.
548 5.00 9.49 2.19×10−3 n.a.
600 5.00 9.49 1.15×10−2 n.a.
631 5.00 9.49 4.05×10−4 n.a.
671 5.00 9.49 4.05×10−4 n.a.
727 5.00 9.49 9.72×10−4 n.a.
767 5.00 9.49 4.05×10−4 n.a.
768 5.00 9.49 1.30×10−2 n.a.
907 5.00 9.49 1.11×10−2 n.a.

1044 5.00 9.49 3.16×10−3 n.a.
1107 5.00 9.49 1.22×10−2 n.a.
1228 5.00 9.49 5.67×10−4 n.a.

99Mo—β-decay 41 0 9.49 1.04×10−2 0.008
140 0 9.49 3.05×10−5 0.129
366 0 9.49 1.20×10−2 n.a.
380 0 9.49 1.05×10−4 1.3
410 0 9.49 1.95×10−5 0.5
457 0 9.49 8.17×10−5 n.a.
529 0 9.49 5.32×10−4 n.a.

100Y—β-decay 665 0.24 0.24 1.04×10−1 n.a.
100Zr—β-decay 33 4.10 4.34 2.60×10−3 n.a.

104 4.10 4.34 9.10×10−3 n.a.
101Zr—β-decay 108 2.80 1.00 1.22×10−3 n.a.

119 2.80 1.00 1.10×10−1 0.33
136 2.80 1.00 1.04×10−2 1.05
140 2.80 1.00 1.89×10−2 0.25
186 2.80 1.00 3.05×10−3 n.a.
205 2.80 1.00 6.10×10−2 n.a.

101Nb—β-decay 13.5 0 2.80 2.10×10−1 0.03
43.5 0 2.80 2.10×10−1 1.06

114 0 2.80 4.20×10−3 n.a.
118 0 2.80 2.94×10−2 n.a.
157 0 2.80 6.72×10−2 n.a.

101Mo—β-decay 6 0 2.80 5.43×10−3 0.01
9 0 2.80 2.11×10−2 0.015

80 0 2.80 3.73×10−2 n.a.

(Table continued)

TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

102Zr—β-decay 64 3.90 3.90 8.60×10−2 n.a.
73 3.90 3.90 1.17×10−2 n.a.
85 3.90 3.90 7.00×10−3 n.a.
96 3.90 3.90 1.10×10−2 n.a.

102 3.90 3.90 1.37×10−2 n.a.
136 3.90 3.90 1.40×10−2 n.a.
156 3.90 3.90 3.40×10−2 n.a.

102Nb—β-decay
102Mo—β-decay

0 0 3.90 0 n.a.
43 0 3.90 2.47×10−4 n.a.
93 0 3.90 1.03×10−3 n.a.
13 0 3.90 2.32×10−3 n.a.

148 0 3.90 3.76×10−2 n.a.
211 0 3.90 3.80×10−2 n.a.
223 0 3.90 1.44×10−2 n.a.

102Tc—β-decay 0 0 3.90 0 n.a.
136I—β-decay 344 1.20 1.20 2.40×10−2 n.a.

1321 1.20 1.20 2.48×10−1 n.a.
136Im—β-decay 369 1.07 1.07 1.75×10−1 n.a.

482 1.07 1.07 1.75×10−2 n.a.
140Cs—β-decay 672 2.60 2.60 1.15×10−2 0.13

820 2.60 2.60 2.49×10−3 n.a.
908 2.60 2.60 8.62×10−2 −0.6

1008 2.60 2.60 8.25×10−3 −4.5
1129 2.60 2.60 1.22×10−2 1.7
1391 2.60 2.60 1.86×10−2 0.18
1634 2.60 2.60 2.53×10−2 n.a.
2101 2.60 2.60 3.03×10−2 −0.09
2268 2.60 2.60 1.20×10−2 −0.19

140Ba—β-decay 13.8 0 2.60 1.22×10−2 0.01
30 0 2.60 1.41×10−1 0.009
63 0 2.60 2.93×10−7 n.a.

113 0 2.60 1.46×10−4 n.a.
119 0 2.60 6.10×10−4 n.a.
132 0 2.60 2.02×10−3 n.a.
162 0 2.60 6.22×10−2 0.08
304 0 2.60 4.29×10−2 0.1
423 0 2.60 3.10×10−2 n.a.
437 0 2.60 1.93×10−2 n.a.
537 0 2.60 2.44×10−1 n.a.

(Table continued)
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TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

140La—β-decay 64 0 2.60 1.43×10−4 n.a.
69 0 2.60 7.54×10−4 n.a.

109 0 2.60 2.19×10−3 0.26
131 0 2.60 4.67×10−3 −0.13
175 0 2.60 1.27×10−3 n.a.
242 0 2.60 4.10×10−3 −0.6
266 0 2.60 4.67×10−3 −0.14
328 0 2.60 2.03×10−1 −0.049
432 0 2.60 2.90×10−2 −0.04
751 0 2.60 4.33×10−2 0.38
816 0 2.60 2.33×10−1 −0.03
867 0 2.60 5.50×10−2 n.a.
925 0 2.60 6.90×10−2 −0.22
951 0 2.60 5.19×10−3 0.01
2.547 0 2.60 1.01×10−3 n.a.

141Cs—βn-decay 0 4.30 0 0 n.a.
141Cs—β-decay 6.5 4.30 4.30 1.62×10−3 n.a.

48.5 4.30 4.30 7.90×10−2 0.36
141Ba—β-decay 113 1.70 6.00 1.00×10−2 n.a.

114 1.70 6.00 1.05×10−3 n.a.
163 1.70 6.00 2.91×10−3 n.a.
181 1.70 6.00 5.10×10−3 n.a.

1000 1.70 6.00 8.65×10−2 n.a.
277 1.70 6.00 2.32×10−1 n.a.
304 1.70 6.00 2.52×10−1 1.8
458 1.70 6.00 4.96×10−2 n.a.

141La—β-decay 0 0 6.00 0 n.a.
141Ce—β-decay 145 0 6.00 4.84×10−1 0.069
142Cs—βn-decay 0 2.20 0 0 n.a.
142Cs—β-decay 1064 2.20 2.20 8.91×10−3 10
142Ba—β-decay 64 3.70 5.92 9.06×10−4 n.a.

68 3.70 5.92 7.83×10−4 n.a.
70 3.70 5.92 2.64×10−3 n.a.
77 3.70 5.92 9.52×10−2 n.a.

123 3.70 5.92 9.27×10−3 n.a.
231 3.70 5.92 1.22×10−1 −0.16
255 3.70 5.92 2.06×10−1 −0.26
269 3.70 5.92 9.27×10−3 n.a.
286 3.70 5.92 1.11×10−2 n.a.
309 3.70 5.92 2.60×10−2 −0.74
364 3.70 5.92 4.74×10−2 −0.77
425 3.70 5.92 5.75×10−2 0.31
457 3.70 5.92 3.75×10−3 n.a.
604 3.70 5.92 4.20×10−3 n.a.

142La—β-decay 861.6 0 5.92 7.21×10−4 0.03
895 0 5.92 3.63×10−3 −0.63
962 0 5.92 1.65×10−4 −0.56

1130 0 5.92 2.06×10−4 −6
1363 0 5.92 9.27×10−4 0.16

143Cs—βn-decay 0 1.30 0.02 0 n.a.

(Table continued)

TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

143Cs—β-decay 146 1.30 1.28 4.03×10−3 n.a.
160 1.30 1.28 4.41×10−3 n.a.
195 1.30 1.28 1.26×10−1 n.a.
229 1.30 1.28 2.52×10−2 0.6
232 1.30 1.28 8.32×10−2 n.a.
263 1.30 1.28 3.65×10−2 n.a.
273 1.30 1.28 4.28×10−2 n.a.
306 1.30 1.28 6.80×10−2 n.a.

143Ba—β-decay 177 3.40 4.68 1.21×10−2 n.a.
178 3.40 4.68 3.03×10−2 n.a.
182 3.40 4.68 7.65×10−3 n.a.
208 3.40 4.68 1.08×10−2 n.a.
211 3.40 4.68 2.50×10−1 0.07
254 3.40 4.68 2.43×10−2 n.a.
261 3.40 4.68 1.68×10−2 n.a.
291 3.40 4.68 8.13×10−2 0.99
398 3.40 4.68 1.46×10−1 n.a.
431 3.40 4.68 2.78×10−2 n.a.

143La—β-decay 0 2.90 7.58 0 n.a.
143Ce—β-decay 57 0 7.58 1.17×10−1 0.039

231 0 7.58 2.05×10−2 n.a.
293 0 7.58 4.28×10−1 0.77
371 0 7.58 2.48×10−4 n.a.
389 0 7.58 3.64×10−4 n.a.
433 0 7.58 1.59×10−3 n.a.
446 0 7.58 1.50×10−4 n.a.
490 0 7.58 2.16×10−2 n.a.
559 0 7.58 3.17×10−4 n.a.
587 0 7.58 2.67×10−3 n.a.
664 0 7.58 5.69×10−2 n.a.
722 0 7.58 5.39×10−2 n.a.
806 0 7.58 2.87×10−4 n.a.
880 0 7.58 1.03×10−2 n.a.

1002 0 7.58 7.53×10−4 n.a.
1031 0 7.58 2.01×10−4 n.a.
1046 0 7.58 1.20×10−4 n.a.
1060 0 7.58 3.64×10−4 n.a.
1103 0 7.58 4.15×10−3 n.a.

143Pr—β-decay 0 0 7.58 0 n.a.
144Ba—β-decay 16 4.00 4.00 5.34×10−3 n.a.

42 4.00 4.00 1.37×10−2 n.a.
69 4.00 4.00 2.75×10−2 n.a.
82 4.00 4.00 5.98×10−2 n.a.

104 4.00 4.00 2.31×10−1 n.a.
111 4.00 4.00 5.50×10−2 n.a.
115 4.00 4.00 2.68×10−2 1.09
173 4.00 4.00 1.52×10−1 n.a.
182 4.00 4.00 1.04×10−2 n.a.
228 4.00 4.00 1.31×10−2 1.1
295 4.00 4.00 9.24×10−3 n.a.

(Table continued)
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TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

144La—β-decay 453 0.40 4.40 1.89×10−2 −0.45
890 0.40 4.40 1.26×10−2 0.68
969 0.40 4.40 3.31×10−2 0.5
978 0.40 4.40 1.90×10−2 −0.32

1082 0.40 4.40 5.47×10−3 −5.6
1092 0.40 4.40 1.01×10−2 5
1102 0.40 4.40 1.25×10−2 −0.63
1347 0.40 4.40 1.50×10−2 −0.09
1358 0.40 4.40 2.83×10−3 n.a.
1422 0.40 4.40 1.13×10−2 −3.5
1524 0.40 4.40 3.48×10−2 n.a.
1624 0.40 4.40 6.98×10−3 0.13
1632 0.40 4.40 1.04×10−2 0.53
1714 0.40 4.40 9.81×10−3 n.a.
1755 0.40 4.40 1.06×10−2 n.a.
1942 0.40 4.40 1.40×10−2 0.07
2352 0.40 4.40 4.72×10−3 n.a.

144Ce—β-decay 33 0 4.40 2.00×10−3 n.a.
41 0 4.40 2.57×10−3 0.042
53 0 4.40 9.98×10−4 n.a.
80 0 4.40 1.36×10−2 n.a.

133 0 4.40 1.11×10−1 n.a.
144Pr—β-decay 864 0 4.40 2.42×10−5 −0.75
145Ba—β-decay 66 1.80 1.80 5.27×10−2 n.a.

92 1.80 1.80 7.31×10−2 n.a.
97 1.80 1.80 1.70×10−1 n.a.

123 1.80 1.80 1.19×10−2 n.a.
162 1.80 1.80 3.74×10−2 n.a.
186 1.80 1.80 1.87×10−2 n.a.

145La—β-decay 48 3.80 5.60 1.44×10−2 n.a.
70 3.80 5.60 1.08×10−1 n.a.

118 3.80 5.60 3.61×10−2 n.a.
164 3.80 5.60 2.70×10−2 n.a.
170 3.80 5.60 3.19×10−2 n.a.

145Ce—β-decay 62 0 5.60 1.33×10−1 n.a.
126 0 5.60 4.90×10−3 n.a.
208 0 5.60 1.09×10−2 n.a.
284 0 5.60 8.14×10−2 n.a.
351 0 5.60 2.54×10−2 n.a.
423 0 5.60 3.84×10−2 n.a.

145Pr—β-decay 72 0 5.60 2.61×10−3 n.a.
146La—β-decay 0 1.30 1.30 0 n.a.
146Ce—β-decay 12 0 1.30 1.71×10−3 n.a.

23 0 1.30 7.74×10−3 n.a.
35 0 1.30 1.11×10−2 0.87
52 0 1.30 1.02×10−2 n.a.
87 0 1.30 6.86×10−3 n.a.
98 0 1.30 3.82×10−2 n.a.

106 0 1.30 6.14×10−3 n.a.
134 0 1.30 8.23×10−2 n.a.
141 0 1.30 3.40×10−2 0.6
251 0 1.30 2.72×10−2 n.a.

(Table continued)

TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

146Pr—β-decay 191 0 1.30 1.48×10−4 n.a.
508 0 1.30 4.44×10−3 n.a.
736 0 1.30 7.22×10−2 −0.07
849 0 1.30 7.59×10−4 n.a.

1017 0 1.30 1.19×10−2 −13
1323 0 1.30 5.37×10−3 4.6
1333 0 1.30 6.67×10−3 1.4
1452 0 1.30 2.20×10−2 0.68
1524 0 1.30 1.50×10−1 0.03
1690 0 1.30 5.97×10−3 n.a.
2149 0 1.30 2.32×10−4 n.a.

147La—βn-decay 0 1.60 0 0 n.a.
147La—β-decay 59 1.60 1.60 5.28×10−3 n.a.

69 1.60 1.60 6.69×10−3 n.a.
118 1.60 1.60 1.76×10−1 n.a.
215 1.60 1.60 4.05×10−2 n.a.
235 1.60 1.60 3.63×10−2 n.a.

147Ce—β-decay 93 0 1.60 6.42×10−2 n.a.
178 0 1.60 3.96×10−3 n.a.
198 0 1.60 2.96×10−2 n.a.
219 0 1.60 2.24×10−2 0.57
247 0 1.60 7.57×10−3 0.4
254 0 1.60 1.02×10−2 n.a.
289 0 1.60 1.88×10−2 n.a.
292 0 1.60 6.07×10−3 n.a.
802 0 1.60 1.01×10−2 n.a.

147Pr—β-decay 49.9 0 1.60 4.19×10−2 0.42
78 0 1.60 9.91×10−2 0.48

100 0 1.60 5.21×10−3 n.a.
128 0 1.60 7.23×10−2 0.4
141 0 1.60 1.32×10−2 n.a.
148 0 1.60 6.43×10−4 n.a.
168 0 1.60 4.34×10−4 n.a.
202 0 1.60 2.96×10−3 n.a.
249 0 1.60 1.37×10−2 0.9
335 0 1.60 4.54×10−2 3.6
389 0 1.60 1.41×10−2 0.82
463 0 1.60 1.45×10−4 n.a.
467 0 1.60 1.87×10−2 n.a.
503 0 1.60 3.62×10−3 n.a.
516 0 1.60 1.69×10−2 n.a.
581 0 1.60 2.68×10−3 n.a.
631 0 1.60 6.15×10−3 n.a.

1112 0 1.60 1.23×10−3 n.a.

(Table continued)
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production we analyzed where magnetic dipole transitions
occur in the decay scheme by using the ENSDF database.
Only transitions for which the database has assigned a
magnetic dipole type were taken into account. By including
the decay chains of fission products, we found 390magnetic
dipole candidate transitions for the isotopes given by
Ref. [75]. This number can be seen as a lower limit since
data for the short lived isotopes are sparse and the multi-
polarities are often not determined. However, strong
transitions were likely already identified, measured, and
are therefore, listed in the database. So it is safe to assume
that potential contributions from unknown transitions
are small.

A. Discussion

As Table III shows, hundreds of possible magnetic
dipole transition will contribute to a possible axion flux
from an active reactor. Most of these occur between excited
states in short lived isotopes. The parameters β and η are not
calculated yet for the majority of these transitions. As
described, we used a Monte-Carlo approach and calculated
10000 possible combinations of nuclear parameters for
each isotope. Figure 9 shows the mean value of each
isotope contribution. In contrast to the solar flux, no
dominant contribution by transition can be found. The
maximum sensitivity is given for an axion mass of about
450 keV. This is slightly lower than for the solar axion
spectrum at emission. However, due to the short flight path
of the axions, a reactor-based experiment does not suffer as
heavily from in-flight decays. Therefore, it can be sensitive

to axion masses up to 1 MeV, cf. Fig. 6. For a detector
placed 10-meters from the HFIR core (85 MWth), the axion
flux would be within an order of magnitude of that from the
Sun for light axions. Figure 10 shows the energy spectrum
at a reactor. Comparing the results from Fig. 8 with the
reactor spectrum the following points can be made. While
the solar spectrum is dominated by a few individual
transitions, the reactor spectrum is a compilation of
numerous transitions over a broad range of energies. The
reactor spectrum has a lower endpoint than the solar
spectrum. As Fig. 10 indicates, the spectrum can have a
lower endpoint for particular axion masses. If Eγ < ma no
axion can be produced, hence a minimum transition energy
is necessary to create an axion with a certain mass.
Therefore, the existence or nonexistence of a lower

TABLE III. (Continued)

Reaction
Eγ

(keV)
pdecay

[%]
p�
decay

[%] pbranch δ

147Nd—β-decay 81 0 1.60 9.09×10−6 n.a.
91 0 1.60 2.81×10−1 0.094

120 0 1.60 3.76×10−3 0.05
149 0 1.60 3.88×10−5 n.a.
155 0 1.60 4.14×10−5 n.a.
191 0 1.60 3.74×10−5 n.a.
196 0 1.60 1.90×10−3 −0.2
272 0 1.60 1.32×10−4 0.1
275 0 1.60 9.10×10−3 0.107
319 0 1.60 2.13×10−2 −0.37
398 0 1.60 9.09×10−3 0.3
408 0 1.60 1.87×10−4 0.57
440 0 1.60 1.28×10−2 0.62
489 0 1.60 1.55×10−3 1.2
531 0 1.60 1.34×10−1 −0.4
589 0 1.60 3.88×10−4 n.a.
594 0 1.60 2.83×10−3 0.55
680 0 1.60 2.94×10−4 n.a.
686 0 1.60 8.86×10−3 −0.95 s

FIG. 9. Expected axion flux from HFIR (85 MWth) at a 10-
meter distance due to a possible mixing of an axionic component
into the deexcitation of magnetic dipole transitions. The red solid
line represents the sum of the individual contributions (colored).
The dashed lines enclose the area between the worst and best case
of all Monte-Carlo realizations. The short half-lives of heavy
axions limit the observable masses to less than 1.022 MeV.

FIG. 10. Total energy spectrum of the reactor axions for
different axion masses. The same experimental condition as in
Fig. 9 are used for this spectrum. For an axion mass of the
∼450 keV the flux reaches its maximum.
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endpoint can help to restrict the axion mass further. This
feature cannot be observed in the solar axion flux since the
in-flight decay restricts the observable axion mass range to
masses below the lowest transition energy. As Fig. 11
shows that the expected flux at reactor-based experiments is
at least comparable to the solar axion flux.

VII. DETECTION OF AXIONS

The detection of axions is assumed to use two dominant
process [10,33,41]. The Primakoff and the Compton con-
version coupling are considered here. An axion flux, Φa,
would create a count-rate S as,

SCompton ¼ ΦaZnσCϵ ð14Þ

SPrimakoff ¼ ΦanσPϵ: ð15Þ

Here, n represents the number of atoms per unit detector
mass, Z stands for the number of electrons per atom in the
Compton process. The detection efficiency ϵ of the created
electron or photon is assumed to be unity for this study. The
two cross sections σC and σP are used as defined in
Ref. [41] with the coupling constants defined as in
Ref. [33]:

σC ¼ g2aee
α

8m2
eka

�
2m2

eðme þ EaÞð2meEa þm2
aÞ

ðm2
e þ ð2meEa þm2

aÞÞ2

þ 4meðm4
a þ 2m2

am2
e − 4m2

eE2
aÞ

ð2meEa þm2
aÞðm2

e þ ð2meEa þm2
aÞÞ

3

þ 4m2
ek2a þm4

a

kað2meEa þm2
aÞ
ln
me þ Ea þ ka
me þ Ea − ka

�
ð16Þ

FIG. 11. Total axion flux from different sources. For reactor
based searches, we choose conditions as possible at HFIR, or a
power reactor [44]. The expected axion flux from Ref. [41] is
calculated using the branching from Fig. 2, a 10.9 kCi-strong
65Cu source, and a detector at 20 inches distance.

FIG. 12. Cross section for Primakoff- (red), and Compton-
conversion (black) as a function for axion mass for a 1.115-MeV
transition as in Fig. 2. For both cross sections the coupling
constants gaγγ and gaee are set to 10−6. The cross marks the
prediction from Ref. [9].

FIG. 13. Expected integral count rate for the axion spectra
shown in Figs. 8 and 10 for one kilogram of germanium or
carbon-based scintillation detector. The flux value means are
given for solar axions on the Earth (top figure) and a HFIR-
reactor based experiment (bottom), cf. Figs. 7 and 9. Count rates
were calculated with the gaγγ and gaeee ¼ 10−6 as input.
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σP ¼ g2aγγ
Z2α

2βk

�
1þ β2k
2βk

ln
1þ βk
1 − βk

− 1

�
: ð17Þ

The factor βk is given as the ratio of ka and the kγ. For a
1.115-MeV transition the cross section in Germanium is
shown in Fig. 12. For this calculation the current best limits
for the two coupling constants in the high-keV axion mass
range as given in Ref. [10] are used. For two different
detector types, a Ge detector and a carbon-based scintilla-
tion detector, the expected count rates are shown in Fig. 13.
The high flux of axions at a reactor results in up to 105

counts/(kg yr) over a broad energy range. Current results of
the TEXONO collaboration [10] achieved competitive
backgrounds in a reactor environment, cf. Fig. 14. The
figure also shows that a spectral search has an advantage

over the search for individual signatures since individual
lines can be suppressed.

VIII. SUMMARY

In this manuscript we show that the search for axions or
axionlike particles should be extended from a peak-above
background search to a spectral analysis. This extension
uses the same model and physics as peak based searches in
a complex environment. In contrast to single peak searches,
we expect that the search for a spectral excess opens the
axion field beyond ultra low-background, low-threshold
detectors. We showed that the basic approach assuming that
axions are produced in magnetic dipole transitions can be
extended from the Sun as the axion source. Nuclear
reactors, in particular research reactors allow a search over
a wider mass range. The decay of the axion remains an
experimental challenge for masses greater than 1 MeV that
cannot be solved easily. Using the current limits on the
coupling factors for ALPs in the keV to MeV range, we
estimated that data from current low-background experi-
ments should be sufficient to improve the limits. Under the
assumption that the background rates of next generation
experiments can be improved, reactor-based experiments
should be able to compete with limits from astrophysical
observations and models.
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