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We propose to investigate the time modulation of radioisotope decays deep underground as a method
to explore axion dark matter. In this work, we focus on the α-decay of heavy isotopes and develop
a theoretical description for the θ-dependence of α-decay half-lives, which enables us to predict
the time variation of α-radioactivity in response to an oscillating axion dark matter background.
To probe this scenario, we have recently constructed and installed a setup deep underground at
the Gran Sasso Laboratory, based on the α-decay of Americium-241. This prototype experiment,
named RadioAxion-α, will allow us to explore a broad range of oscillation’s periods, from a few
micro-seconds up to one year, thus providing competitive limits on the axion decay constant across
13 orders of magnitude in the axion mass, ranging from 10−9 eV to 10−20 eV after one month of
data collection, and down to 10−22 eV after three years.

Introduction. By addressing the strong CP prob-
lem [1–4] and the dark matter puzzle [5–7], the
Quantum Chromodynamics (QCD) axion provides
a compelling pathway beyond the Standard Model
of particle physics. In recent years, there has been
a flourishing of new experimental strategies for ax-
ion detection (for reviews, see e.g. [8–10]). While
traditional approaches to axion searches rely on the
model-dependent axion coupling to photons, a re-
markable prediction of the QCD axion stems from
the model-independent axion coupling to gluons. By
promoting the topological θ-term of QCD (defined
in Eq. (11)) to be a time-varying axion field, one can
test the axion-gluon coupling through the oscillating
electric dipole moment (EDM) of the neutron, in-
duced by the axion dark matter background [11–13].
Alternative approaches to constrain the axion-gluon
coupling have been discussed e.g. in Refs. [14–18].
More recently, the authors of Ref. [19] have pro-

posed to look for the time variation of the decay
rate of certain radioisotopes, focussing on the θ-
dependence of β-decay, previously developed in [20].
This enabled them to set bounds on the axion cou-
pling to gluons from Tritium decay, based on data
taken at the European Commission’s Joint Research
Centre [21].
The search for a time dependence of the nuclear

decay rates started at the birth of radioactivity sci-
ence. As a matter of fact, Madame Curie, in her
Ph.D. thesis [22], reports on the experiment she con-
ducted to determine the radioactivity of Uranium
at midday and midnight, finding no difference be-
tween the two determinations. In recent years, sev-
eral studies have reported a modulation at the per
mille level in the decay constants of various nuclei,
typically over periods of one year, but also spanning
one month or one day (see Ref. [23] and references
therein). Conversely, other researchers have found
no evidence of such an effect [21, 24, 25].
To clarify this intricate scenario, we performed a

few γ-spectroscopy experiments at the underground
Gran Sasso Laboratory [26–29]. The choice of the

underground laboratory is, in our opinion, a key
point. Specifically, the rock overburden suppresses
the muon and neutron flux by six and three orders
of magnitude, respectively. This reduction renders
irrelevant the impact of the annual time variation
of the cosmic ray flux, which has an amplitude of a
few percent [27]. Eventually, we were able to exclude
modulations of the decay constant of radioisotopes
with amplitudes larger than a few parts per 105÷6

in 137Cs [26], 222Rn [27], 232Th [28], 40K and 226Ra
[29], for periods between a few hours and one year.

In this work, we propose to investigate the
time modulation of radioisotope decays deep un-
derground as a method to test axion dark matter.
Unlike the approach of Ref. [19], we focus on the α-
decay of heavy isotopes and employ a setup designed
to explore a much broader range of periods, from a
few micro-seconds to one year. From the theoreti-
cal side, we have developed a framework for the θ-
dependence of α-decay half-lives, allowing us to pre-
dict the time variation of α-radioactivity in response
to an oscillating axion dark matter background. On
the experimental front, we have constructed and
installed a prototype setup (RadioAxion-α) at the
Gran Sasso Laboratory, based on the α-decay of
Americium-241. The choice of 241Am is motivated
by several factors. This isotope has a relatively long
half-life of about 432.2 yr (approximately stable on
the timescale of the measurement) and it predomi-
nantly decays by α-emission, with a γ-ray byprod-
uct, 241Am → 237Np+α+γ(59.5 keV). The resulting
γ-ray can be efficiently detected, using for instance a
NaI crystal. Moreover, 241Am has been produced in
nuclear reactors for decades and is easily accessible,
often used in ionization-type smoke detectors.

In the following, we present the theoretical frame-
work for the θ-dependence of α-decay and describe
the experimental setup that we have installed at the
Gran Sasso Laboratory. We conclude with a sensi-
tivity estimate of RadioAxion-α on the axion pa-
rameter space and discuss future prospects.
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Microscopic theory of α-decay. We consider a
theory of α-decay of a heavy isotope, A

ZX → A−4
Z−2X+

α, obtained by computing the tunnelling probabil-
ity of the α-particle within a WKB framework that
employs a microscopic α–daughter-nucleus potential
[30–32]. In the semi-classical approximation, the
half-life is calculated as [33, 34]1

T1/2 =
ln 2

ν0
exp(K) , (1)

where

K =
2

ℏ

∫ r2

r1

dr
√
2µ[Vtot(r)−Qα] (2)

is the WKB integral, with µ = MαMd/(Mα+Md) ≈
Mα the reduced mass of the α–daughter-nucleus
system, Qα = M(A,Z) − Md − Mα is the en-
ergy of the emitted α-particle and r1,2 the turning
points of the potential, defined by the conditions
Vtot(r1) = Vtot(r2) = Qα. In Eq. (1), ν0 denotes the
assault frequency, i.e. the frequency at which the
α-particle collides against the wall of the potential,
which is given by (see e.g. [32])

ν0 =
1

2µ

[∫ r1

0

dr√
2µ|Qα − Vtot(r)|

]−1

. (3)

In the limit of a square potential well of dept −V0

this reads ν0 = v/(2r1), with v =
√
2(Qα + V0)/µ,

which can be interpreted as the frequency at which
the α-particle strikes the barrier [35].
The central potential among the α-particle and

daughter nucleus is the sum of the nuclear potential,
the Coulomb potential and the rotational term, i.e.

Vtot(R⃗) = VN (R⃗) + VC(R⃗) +
ℓ(ℓ+ 1)

2µR2
, (4)

where ℓ denotes the angular momentum of the nu-
clear transition and R = |R⃗|. The nuclear potential
is obtained by double-folding the densities of the α
and daughter nucleus [36]

VN (R⃗) =

∫ ∫
d3rαd

3rd ρα(r⃗α)ρd(r⃗d)

× ṽ(r⃗ = r⃗d − r⃗α + R⃗, ρα(r⃗α), ρd(r⃗d)) , (5)

where ṽ(r⃗, ρα, ρd) = v(r⃗) g(ρα, ρd) is the single-
nucleon effective potential with a density-dependent
correction. Since for the α-decay process only the
iso-scalar component of the potential contributes,
we take as an input the iso-scalar term of the so-
called M3Y effective potential, supplemented by a
zero-range potential for the single-nucleon exchange
[36–39]

vM3Y(r⃗) =
[
− 2134

exp(−2.5r)

2.5r
+ 7999

exp(−4r)

4r

− 276 δ(r⃗)
]
MeV , (6)

1 See Ref. [35] for a critical assessment of the WKB formula.

with r = |r⃗| in units of 1 fm ≈ 1/(198MeV). Dif-
ferent choices of the nuclear potential, such as the
so-called Paris version of the M3Y potential [40],
have a minor impact, with differences at the per
mille level in the final result of Eq. (22). For the
density-dependent term, we consider [30]

g(ρα, ρd) = (1− βρ2/3α )(1− βρ
2/3
d ) , (7)

with β = 1.6 fm2. Following Ref. [36], the density
distribution for the α particle has been taken to have
the Gaussian form

ρα(r⃗) = 0.4229 exp(−0.7024r2) fm−3 , (8)

whose volume integral is equal to its mass number
Aα = 4. The matter distribution of the daughter
nucleus can be instead described by a spherically
symmetric Fermi function [30]

ρ(r⃗) =
ρ0

1 + exp
(
r−cd
a

) , (9)

with cd = rd(1 − π2a2/(3r2d)), rd = 1.13A
1/3
d fm,

a = 0.54 fm, while ρ0 is a normalization constant,
taken so that the volume integral is equal to the
mass number of the daughter particle, Ad = A− 4.
Finally, the Coulomb potential is given by

VC(R⃗) =


ZαZdαQED

2Rc

[
3−

(
R
Rc

)2
]

for R < Rc ,

ZαZdαQED

R for R > Rc ,

(10)
where Rc = cα + cd, with cα = rα(1 − π2a2/(3r2α))

and rα = 1.13A
1/3
α fm.

Within such a framework we are able to reproduce
the α-decay half-lives of heavy isotopes at the order
of magnitude level, in accordance with the results
of Refs. [30–32]. Note that the α-decay process is
exponentially sensitive to the WKB integral, so that
the lifetimes span several orders of magnitudes when
varying the Qα value for different nuclei.

θ-dependence of α-decay. The θ-term of QCD is
defined by the operator

Lθ =
g2sθ

32π2
Ga

µνG̃
aµν , (11)

where |θ| ≲ 10−10 from the non-observation of
the neutron EDM [41]. The smallness of θ consti-
tutes the so-called strong CP problem, which can be
solved by promoting the θ-term to be a dynamical
field, θ → a(x)/fa, where a(x) is the axion and fa a
mass scale known as the axion decay constant. The
axion field acquires a potential in the background
of QCD instantons and relaxes dynamically to zero,
thus explaining the absence of CP violation in strong
interactions [1–4].

In the following, we will be interested in the θ-
dependence of nuclear quantities, anticipating the
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fact that we will interpret θ(t) as a time-varying
background axion field, related to the dark matter of
the universe [5–7]. The consequences of a non-zero θ
in nuclear physics have been previously investigated
in Refs. [20, 42], also in connection with the idea of
establishing an anthropic bound on θ.
There are various ways in which the θ-dependence

can manifest in nuclear physics, the most prominent
is through the pion mass [43, 44]

M2
π(θ) = M2

π cos
θ

2

√
1 + ε2 tan2

θ

2
, (12)

with Mπ = 139.57 MeV and ε = (md −mu)/(md +
mu). The θ-dependence of other low-lying res-
onances, including σ(550), ρ(770) and ω(783) –
which, along with the pion, are responsible for
the mediation of nuclear forces in the one-boson-
exchange (OBE) approximation – has been deter-
mined based on ππ scattering data in Ref. [45].
A key role for the binding energy of heavy nuclei

is played by the σ and ω channels, via the contact
interactions [46]

H = GS(NN)(NN) +GV (NγµN)(NγµN) , (13)

which control, respectively, the scalar (attractive)
and vector (repulsive) part of the nucleon-nucleon
interaction [47, 48]. To describe their θ-dependence
we employ the following parametrization

ηS =
GS(θ)

GS(θ = 0)
, ηV =

GV (θ)

GV (θ = 0)
. (14)

In Ref. [49] it was found that the pion mass depen-
dence of ω exchange leads to subleading corrections
compared to the effects related to the M2

π sensitivity
of the scalar channel. Hence, to a good approxima-
tion, we can take ηV = 1 and consider only the
leading θ-dependence in the scalar channel, which is
described by the following fit [42] to Fig. 2 in [48]

ηS(θ) = 1.4− 0.4
M2

π(θ)

M2
π

. (15)

Moreover, based on the relativistic mean-field simu-
lations of [46] for two specific nuclei, Ref. [48] finds
that the variation of the binding energy (BE) for a
nucleus of mass number A can be written as (keep-
ing only the variation due to ηS(θ))

BE(θ) = BE(θ = 0)

+ (120A− 97A2/3)(ηS(θ)− 1)MeV , (16)

where the terms proportional to A and A2/3 repre-
sent a volume and surface contribution, in analogy
to the semi-empirical mass formula [50].
Hence, substituting the expressions of the BEs

above in the definition of Qα = BE(A− 4, Z − 2) +
BE(4, 2)− BE(A,Z), we find

Qα(θ) = Qα(θ = 0)− 97 MeV (ηS(θ)− 1)

× ((A− 4)2/3 + 42/3 −A2/3) . (17)

It turns out that Qα(θ) provides, by far, the leading
effect in order to assess the θ-dependence of α-decay.
Another possible dependence from θ arises from the
M3Y nuclear potential. This can be implemented by
interpreting the exponential terms in Eq. (6) as aris-
ing from σ (attractive) and ω (repulsive) exchange in
the OBE approximation. Focussing on the leading
θ-dependence from σ exchange, we can rescale the
pre-exponential and exponential factors respectively
via g2σNN (θ) and M2

σ(θ). The θ-dependence of the σ
mass is taken from [20, 45], while the σ coupling can
be expressed in terms of GS(θ) = −g2σNN (θ)/M2

σ(θ).
We find that the θ-dependence arising from the nu-
clear potential remains always subleading with re-
spect to that from Qα(θ), basically below the per-
cent level in the final result of Eq. (22). The predom-
inance of the θ-dependence of Qα(θ) with respect to
that of Vtot(θ) in Eq. (2) can be understood by the
fact that the WKB integral is defined across the po-
tential barrier, and the latter is dominated by the
Coulomb potential that is not affected by θ.

Axion dark matter time modulation. Assum-
ing an oscillating axion dark matter field from mis-
alignment [5–7], the time dependence of the θ angle
can be approximated as θ(t) = θ0 cos(mat), with

θ0 =

√
2ρDM

mafa
, (18)

in terms of ρDM ≈ 0.45GeV/cm
3
. For a standard

QCD axion, one has

mafa =

√
mumd

mu +md
mπfπ = (76 MeV)2 , (19)

corresponding to θ0 = 5.5× 10−19. In the following,
we will treat ma and fa as independent parameters
and discuss the sensitivity of α-decay observables in
the (ma, 1/fa) plane.

Following Ref. [19], we introduce the observable

I(t) ≡
T−1
1/2(θ(t))− ⟨T−1

1/2⟩
⟨T−1

1/2⟩
, (20)

where ⟨T−1
1/2⟩ denotes a time average. Given that

the main θ-dependence in Eq. (15) arises through
the pion mass, we expect that T1/2(θ) is analytic in
θ2 and admits the Taylor expansion2

T1/2(θ) ≈ T1/2(0) + T̊1/2(0)θ
2 , (21)

where we introduced the derivative symbol, f̊ ≡
df/dθ2. Since θ2 ≪ 1, Eq. (21) does provide an
excellent approximation to the full θ-dependence,
which is anyway taken into account in our numerical

2 This is also verified a posteriori by a numerical fit of the
half-life as a function of θ.
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analysis. Using ⟨cos2(mat)⟩ = 1/2 and expanding at
the first non-trivial order in θ0, we find

I(t) ≈ −1

2

T̊1/2(0)

T1/2(0)
θ20 cos(2mat)

= −4.3× 10−6 cos(2mat)

(
ρDM

0.45GeV/cm3

)
×
(
10−16 eV

ma

)2 (
108 GeV

fa

)2

, (22)

where T̊1/2(0)/T1/2(0) ≈ 125 has been obtained by
fitting the numerical result of T1/2(θ) at small θ val-
ues. In Eq. (22) we also used Qα(θ = 0) = 5.486
MeV, corresponding to the dominant α-decay tran-
sition of 241Am, and substituted θ0 from Eq. (18).
Note that the large theoretical uncertainty in the

prediction of T1/2(0), stemming from its exponential
dependence from the WKB integral K, is washed
out thanks to the normalization of Eq. (20). In fact,
neglecting the small θ-dependence arising from ν0 in
Eq. (3), amounting to an effect below the per mille
level in Eq. (22), we have T̊1/2(0)/T1/2(0) ≈ K̊(0).

Experimental setup. To study the time modula-
tion of the α-decay of 241Am, we built a prototype
setup (RadioAxion-α) which we installed deep un-
derground at the Gran Sasso Laboratory, in a ded-
icated container. A 3”× 3” NaI crystal detects the
γ-rays due to the α-decay of 241Am, primarily (85%
of the time) at 59.5 keV, and the X-rays from 237Np
atomic transitions. The signal from the photomul-
tiplier is processed by an Ortec digiBASE, a 14-pin
photomultiplier tube base that is directly connected
to the photomultiplier. The digiBASE, the photo-
multiplier, the crystal and the source, kept in a fixed
position in front of the crystal, are closed inside
a parallelepiped made of polyethylene, completely
surrounded by a passive shielding of 5 cm of copper
and 10 cm of lead, in order to suppress the labora-
tory γ-ray background. Data acquisition operates in
list mode, i.e. each signal above the 10 keV threshold
is converted to a digital value which is transmitted
to the computer along with the time of the event.
The time resolution is 1 µs. To mitigate the impact
of the digiBASE’s quartz aging, we also acquire a
signal every second, generated by an FS725 10 MHz
Rb Frequency Standard which has a 20 year aging
factor of less than 5 × 10−9.
In Fig. 1 we show the energy spectrum of the

events collected in 24 hours, with and without the
241Am source. With the 241Am source we have a
rate (counts per second) of about 4 kHz, to be com-
pared to a background of 0.2 Hz. The background,
i.e. the counts in the absence of the source, is es-
sentially due to the inner radioactivity of the NaI
crystal, while the background due to the cosmic ray
flux is safely negligible.

Sensitivity estimate. The theoretical prediction
in Eq. (22) can be compared with Iexp(t) ≡ (N(t)−
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FIG. 1. γ-spectrum (counts per second per keV) of
the 241Am source (upper curve) compared to the back-
ground (lower curve). The dominant contribution arises
from the γ at 59.5 keV.

⟨N⟩)/⟨N⟩, where N(t) is the observed number of
events in a given interval of time and ⟨N⟩ its ex-
pected value, according to the exponential decay
law. Potential sources of systematic errors include
the detection of γ-rays and their time-stamping.
The former is mitigated by operating the NaI de-
tector well-below the radiation damage threshold
and by the reduced background in the underground
environment. The latter is handled thanks to the
precision of a Rb atomic clock. Hence, we expect
our uncertainties to be statistically dominated in the
current setup.

We started data taking at the beginning of May
2024. With a rate of about 4 kHz events, we expect
to reach a 2σ error of 2/

√
4000/s× π × 107s ≈ 6×

10−6 on Iexp after one year of data taking. Given
the 1 µs time resolution of our setup and referring to
the oscillation period as ∆t, we consider two realistic
benchmarks corresponding to distinct experimental
phases: i) Phase 1: 3µs < ∆t < 10 days and Iexp =
2 × 10−5 at 2σ with one month of data taking and
ii) Phase 2: 3µs < ∆t < 1 yr and Iexp = 4 × 10−6

at 2σ with three years of data taking.

The sensitivity of the present experiment is ulti-
mately limited by the number of detected events due
to the 241Am source. By increasing the source activ-
ity by a factor of 10, it would be possible to improve
the sensitivity by a factor of 3. Further improve-
ments would require, in addition to a more powerful
241Am source, a faster detector, for instance a plas-
tic scintillator, and a significantly upgraded data ac-
quisition system. All in all, an improvement of up
to two orders of magnitude in the sensitivity could
be possible with a set-up similar to ours but with
more cutting-edge technologies.

The results of our sensitivity estimate for the two
experimental phases of RadioAxion-α are shown in
Fig. 2. For comparison, we also display laboratory
limits from EDM searches [15–17], radio-frequency
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FIG. 2. Constraints on the axion dark matter coupling to gluons. The projected sensitivities of RadioAxion-α are
displayed for two experimental phases (yellow-shaded areas). Limits from laboratory experiments (red-shaded areas)
and from SN 1987A (green) are shown as well for comparison. Figure adapted from [51].

atomic transitions [18], and Tritium decay [19], as
well the SN 1987A bound stemming from the in-
duced axion-nucleon EDM coupling [11, 52]. The
latter limit is the only one that does not depend
on the hypothesis of axion dark matter, but for
1/fa ≳ 3.3 × 10−4 GeV−1 (indicated by a dashed
line in Fig. 2) axions enter the trapping regime and
the cooling bound does not apply [52]. The yellow,
QCD axion line stems from the relation in Eq. (19).
There are, however, QCD axion models (still ad-
dressing the strong CP problem) that can deviate
sizeably from the canonical QCD axion line, partic-
ularly by featuring a lighter axion than in the usual
case [53–56].

Conclusions. Our investigation into the time mod-
ulation of radioisotope decays deep underground at
the Gran Sasso Laboratory has successfully estab-
lished the RadioAxion-α experiment. This setup,
centered on the α-decay of 241Am, will allow us to
cover a wide range of oscillation periods from mi-
croseconds to a year. Based on realistic projected
sensitivities, we will provide with just few years of
data competitive constraints on the axion decay con-
stant, spanning 13 orders of magnitude in axion
mass, from from 10−9 eV to 10−22 eV.
This work not only marks an additional step in

axion dark matter research but also lays the ground-
work for a broader project aimed at optimizing the
study of the θ-dependence on radioactivity. Future
efforts will focus on identifying the most effective de-
cay types and isotopes to fully leverage the unique
underground environment for axion detection.
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[24] S. Pommé et al., Metrologia 54, 1 (2016).
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