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We report first results from RadioAxion, an underground experiment searching for axion dark matter
through periodic modulations of radioisotope decays. We monitor the α decay of 241Am via its 59.5 keV γ
line using a NaI detector installed at the Gran Sasso Laboratory, where cosmic-ray-induced systematics are
strongly suppressed. We present the measured spectra and the corresponding time-series analysis. No
evidence for a periodic modulation is observed. From these data, we derive constraints on the axion decay
constant in the axion mass range from 10−21 to 10−9 eV.
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I. INTRODUCTION

The search for time variations in radioisotope decay rates
has a long history, dating back to the birth of radioactivity
science. Already in her Ph.D. thesis, Marie Curie reported
on an experiment comparing the radioactivity of uranium at
midday and midnight, finding no statistically significant
difference [1]. In modern times, this subject has reemerged:
several studies have reported per-mille modulations in the
decay constants of various nuclei, typically with annual
periods but occasionally also monthly or daily ones (see
Ref. [2] and references therein). Conversely, other dedicated
investigations found no evidence for such effects [3–5]. In
particular, underground γ-spectroscopy measurements at
the Gran Sasso Laboratory excluded modulations in several
isotopes with amplitudes above a few parts in 105 over
periods ranging from a few hours to one year [6–9]. A
central difficulty is that any genuine signal must be
disentangled from environmental systematics, especially
those associated with the cosmic-ray flux and its seasonal
variation at the few-percent level. This makes underground
operation crucial: the rock overburden suppresses muon-
and neutron-induced backgrounds by several orders of
magnitude, strongly reducing both cosmogenic rates and
their seasonal modulations.

A well-motivated particle-physics origin for a genuine
periodic modulation is axion dark matter. The QCD axion
provides a compelling pathway beyond the Standard Model,
simultaneously solving the strong CP problem [10–13] and
offering a well-motivated dark-matter candidate [14–16].
This possibility remains theoretically well motivated and
phenomenologically viable, although the axion parameter
space depends on the cosmological history and is increas-
ingly constrained by astrophysical, cosmological, and
laboratory searches. In the standard misalignment mecha-
nism, the axion field is initially displaced from the mini-
mum of its potential. When the Hubble expansion rate
drops below the axion mass, the field begins to oscillate
coherently around the minimum; for nonrelativistic axion
dark matter this corresponds to a classical background field,
aðtÞ ≃ a0 cosðmatÞ, up to corrections due to the small axion
velocity dispersion. The oscillation frequency is therefore
set by the axion Compton frequency, ωa ≃ma, or νa ¼
ma=ð2πÞ in natural units. The oscillating axion field can
therefore induce small, periodic shifts of low-energy
hadronic and nuclear quantities. In particular, the model-
independent axion coupling to gluons promotes the QCD
topological angle to a time-dependent quantity, θ → θðtÞ,
implying oscillatory hadronic observables such as the
neutron electric dipole moment [17–19], with complemen-
tary detection strategies discussed, e.g., in [20–22]. The
same mechanism can also lead to a time modulation of
nuclear decay rates, through the θ dependence of nuclear
properties, relevant for β and α decays.
Recently, the authors of Ref. [23] proposed to search for

time variations in radioisotope decay rates by exploiting the
θ dependence of β decay developed in Ref. [24] and used
tritium data from the European Commission’s Joint Research
Centre [4] to set bounds on the axion-gluon coupling.
Complementarily, in Ref. [25], we developed a theoretical
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framework for the θ dependence of α-decay half-lives,
showing that an oscillating axion background can induce
a periodic modulation of α radioactivity. This provides the
conceptual foundation for RadioAxion, an experiment dedi-
cated to monitoring the α decay of 241Am through its
characteristic radiative channel, 241Am → 237Npþ αþ
γð59.5 keVÞ, so that the 59.5 keV γ line can be continuously
recorded as a proxy for the decay rate. Similarly, in Ref. [26],
we investigated the time modulation of weak nuclear decays
(electron capture and β decay) as a probe of axion dark
matter. By developing a dedicated framework for the θ
dependence of weak nuclear decays and recasting under-
ground Gran Sasso data on 40K [9] and 137Cs [6], we derived
constraints on the axion decay constant in the axion-mass
window from a few 10−23 eV up to 10−19 eV.
In this work, we report results from the first data-taking

campaign of the RadioAxion experiment at the under-
ground Gran Sasso Laboratory. Data were collected in two
configurations: 266 one-day runs targeting oscillation
frequencies from 1 Hz to 0.5 MHz, and a single continuous
run of 69 days sensitive to frequencies from 6.6 × 10−7 Hz
up to 0.5 Hz (periods from 2 s to 18 days), enabling us to set
constraints on the axion-gluon coupling (or, equivalently,
on the axion decay constant) over a broad axion-mass
range, between 10−21 and 10−9 eV.
The paper is organized as follows. In Sec. II, we describe

the experimental apparatus and the data acquisition. In

Sec. III, we present the dataset and the analysis strategy.
The physical interpretation in terms of constraints on axion
dark matter is discussed in Sec. IV. Future developments
are outlined in Sec. V, and we conclude in Sec. VI.

II. SETUP AND DATA ACQUISITION

The RadioAxion experiment operates underground at the
Gran Sasso Laboratory. The rock overburden ∼1400 m
suppresses the muon and neutron fluxes by about 6 and
3 orders of magnitude, respectively, relative to the surface
values. In particular, the residual muon flux is reduced to
roughly one muon per square meter per hour. This strong
shielding is a key ingredient of the experiment, as it renders
seasonal variations of the cosmic-ray flux (with an ampli-
tude of a few percent over the year) negligible for the
dataset considered here.
The apparatus, shown in Fig. 1, is installed inside the

ISP8 box (surface area ∼10 m2) along the corridor con-
necting Hall B to the access tunnel. The temperature inside
the box remains stable throughout the year, with an average
of approximately 14 °C and a seasonal excursion of
approximately 2 °C between summer and winter.
A 300 × 300 NaI crystal is used to detect γ rays from

α decay, in particular the 59.5 keV line, as well as x-rays
from the deexcitation of 237Np (half-life 432.2 y). The
241Am source, with an activity below 1 μCi (37 kBq),

FIG. 1. Schematic (not to scale) of the RadioAxion setup installed at the Gran Sasso Laboratory. A 300 × 300 NaI crystal views the
241Am source mounted in front of the detector; the scintillation light is read out by a PMT coupled to an ORTEC digiBASE unit. The
detector assembly is enclosed in a polyethylene housing and surrounded by passive shielding consisting of 5 cm oxygen-free high-
conductivity copper and 15 cm lead. Events above threshold are recorded in list mode and sent to the acquisition PC, while timing is
stabilized by injecting a 1 Hz reference derived from a rubidium frequency standard (Rb) into the digiBASE.
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is mounted directly in front of the NaI detector. The
α particles are fully absorbed before entering the NaI crystal.
The NaI detector sees only the γ rays and x-rays originating
from the 241Am decay.
The photomultiplier (PMT) signal is read out by an

ORTEC digiBASE, a 14-pin PMT base directly coupled to
the tube and integrating the high-voltage supply, preampli-
fier, multichannel analyzer, and digital signal processor. A
polyethylene parallelepiped (10 cm × 10 cm × 40 cm) is
shaped around the detector assembly (digiBASE, PMT,
crystal, and source). The parallelepiped is then surrounded
by passive shielding consisting of 5 cm of oxygen-free
high-conductivity copper and 15 cm of lead.
Data are acquired in list mode: each event above a 5 keV

threshold is digitized and transmitted to the acquisition PC
together with its timestamp. Timing is provided by the
digiBASE quartz oscillator with 1 μs resolution. To mit-
igate frequency drifts and long-term aging of the quartz
clock, each second a reference pulse derived from a
rubidium frequency standard (FS725, 10 MHz) is injected
into the digiBASE. The rubidium standard has a fractional
frequency stability better than 5 × 10−11 and an aging rate
below 5 × 10−9 over 20 years.
In Fig. 2, we show the energy spectrum accumulated

over 24 hours, with and without the 241Am source. The
dominant contribution comes from the 59.5 keV γ, pro-
ducing a peak with 11% FWHM energy resolution. We
point out that our acquisition is optimized for the acquis-
ition rate, due to the great number of events, not for the

energy resolution (shaping time is kept at the minimum
value of 0.75 μs).
With the source in place, the total counting rate is about

4 kHz, to be compared with a background rate of ∼0.2 Hz.
The background measured without the source is dominated
by the intrinsic radioactivity of the NaI crystal, while any
contribution from the external γ rays and from the residual
cosmic-ray flux are negligible.

III. DATA ANALYSIS

The dataset presented in this work was acquired in two
configurations, enabling two complementary timescale
analyses. For the short-period analysis, targeting oscillation
frequencies from 1 Hz to 0.5 MHz, we collected 266 runs,
each of one-day duration. For the long-period analysis,
covering frequencies from 6.6 × 10−7 Hz to 0.5 Hz
(periods from 2 s up to 18 days), we acquired a single
continuous run lasting 69 days.
For the short-period analysis, events in the energy window

[7, 130] keV (about 9 × 1010 events in total) are grouped into
consecutive 1 s intervals, where the second is defined by the
rubidium 1-second pulse. Within each interval, timestamps
recorded by the digiBASE quartz clock are corrected by
linear interpolation between the rubidium timestamps mark-
ing the start and end of the interval. Slow drifts of the energy
scale are corrected by tracking the position of the 59.5 keV
peak and applying a linear correction to the lower and upper
edges of the analysis window.
After these corrections, events are binned into 106 bins of

width 1 μs using the fractional part of the corrected timestamp
(in seconds). This yields a 106-bin histogram with approx-
imately 9 × 104 entries per bin. We then perform a Fourier
transform to search for oscillations in the 1 Hz–0.5 MHz
range, restricting to integer frequencies (a total of 5 × 105

modes with 1 Hz spacing) to ensure the correct behaviour at
the boundaries. No excess above the expected level from
statistical fluctuations is found. Figure 3 (left) shows the
differential and cumulative distributions of the normalized
Fourier amplitudes. In the absence of a modulation signal,
the accumulated statistics imply a 95% C.L. limit excluding
amplitudes larger than 6 × 10−6 over the 1 Hz–0.5 MHz
frequency range.
The long-period analysis follows an analogous procedure.

Events in the accepted energy window (about 2.5 × 1010

in total) are binned into 1 s intervals using the rubidium
clock pulse, with ∼4.1 × 103 events per bin, for a total of
6,043,566 bins. The Fourier analysis is performed at
frequencies that are integer multiples of the inverse of
the total corrected time duration of the measurement,
again to enforce proper boundary conditions, starting from
6.6 × 10−7 Hz (corresponding to a period of 18 days). In
practice, robust sensitivity at long periods requires that the
longest probed period does not exceed roughly one third of
the total data-taking time. Again, no significant excess
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FIG. 2. γ spectrum (counts per second per keV) of the 241Am
source (upper curve) compared to the background (lower curve).
The dominant contribution arises from the γ at 59.5 keV. The
peaks at lower energies are due to iodine escape peak (30 keV),
237Np γ ray (26.3 keV), and x-rays (17.7 and 20.7 keV). The
features beyond the 59.5 keV line arise from the coincidence of
the 59 keV γ with 237Np x-rays (yielding a peak around 75 keV),
and the 237Np γ lines at 99, 103, 123, and 125 keV. The
asymmetry of the 59.5 keV peak is due to the energy loss inside
the end cap of the crystal (aluminum, 0.5 mm thick).
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arises. Figure 3 (right) shows the differential and cumula-
tive distributions of the normalized Fourier amplitudes. We
exclude amplitudes larger than 1.1 × 10−5 at the 95% con-
fidence level in the frequency range 6.6 × 10−7 Hz to
about 0.5 Hz.
To better illustrate the sensitivity of the method we

injected a 10 kHz signal with 5 × 10−5 amplitude. Figure 4
shows the results of the Fourier transform in the frequency
range 9–11 kHz for the data alone (black) and for the data
plus the input signal (red).

IV. AXION DARK MATTER TIME MODULATION

We now turn to the translation of the above limits on the
modulation amplitudes into constraints on axion dark
matter. To this end, we briefly recall the relevant formal-
ism from Ref. [25].
Assuming an oscillating axion dark matter field from

misalignment [14–16], the time dependence of the θ angle
can be approximated as θðtÞ ¼ θ0 cosðmatÞ, with θ0 ¼ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=ðmafaÞ, in terms of the local dark matter energy

density, ρDM ≈ 0.45 GeV=cm3. For a standard QCD axion,

one has mafa ¼
ffiffiffiffiffiffiffiffiffi
mumd

p
muþmd

mπfπ ≈ ð76 MeVÞ2, corresponding
to θ0 ≈ 5.5 × 10−19. In the following, we will treat ma and
fa as independent parameters and discuss the limits from α-
decay in the ðma; 1=faÞ plane. QCD axion models that
modify the standardma–fa relation (in particular, scenarios
in which the axion mass is parametrically suppressed at
fixed fa by a symmetry principle) are discussed, e.g.,
in [27–31].

Following Ref. [25], we introduce the observable,

IðtÞ≡ T−1
1=2ðθðtÞÞ − hT−1

1=2i
hT−1

1=2i
; ð1Þ

where T−1
1=2ðθðtÞÞ denotes the inverse half-life of 241Am as a

function of θðtÞ, and hT−1
1=2i is its time average. Given that

the θ dependence of T1=2ðθÞ is analytic in θ2 [25], it admits

the Taylor expansion T1=2ðθÞ ≈ T1=2ð0Þ þ T̊1=2ð0Þθ2, where
we introduced the quadratic slope, f̊ ≡ df=dθ2. Since
θ2 ≪ 1, the truncated small-θ expansion provides an excel-
lent approximation to the full θ dependence. Using
hcos2ðmatÞi ¼ 1=2 and expanding at the first nontrivial
order in θ0, one finds

IðtÞ ≈ −
1

2

T̊1=2ð0Þ
T1=2ð0Þ

θ20 cosð2matÞ

¼ −4.3 × 10−6 cosð2matÞ
�

ρDM
0.45 GeV=cm3

�

×

�
10−16 eV

ma

�
2
�
108 GeV

fa

�
2

; ð2Þ

where T̊1=2ð0Þ=T1=2ð0Þ ≈ 125 for 241Am [25].
The theoretical prediction in Eq. (2) can be compared with

the experimental estimator IexpðtÞ≡ ðNðtÞ − hNiÞ=hNi,
where NðtÞ is the observed number of events in a given
time interval and hNi its expected value. Note that Iexp
corresponds to the variable on the x axis of Fig. 3.

FIG. 3. Left panel: Differential (green) ad integral (black) distributions of the normalized Fourier amplitudes for short periods (< 1 s).
The frequency range is from 1 Hz to 0.5 MHz. The two red horizontal lines are the 68% and 95% confidence levels. Differential
amplitudes are in arbitrary units, integral amplitudes are in percent. The yellow curve shows the Rayleigh distribution expected for the
modulus of the complex Fourier amplitude in the absence of an oscillatory signal, since the sine and cosine projections (with random
phase) are Gaussian-distributed. Right panel: Same as the left panel, but for long periods (> 1 s), corresponding to frequencies in the
range 6.6 × 10−7 Hz–0.5 Hz.
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Potential sources of systematic errors include the detec-
tion of γ rays and their time stamping. The former is
mitigated by operating the NaI detector 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.1 Hence, we
expect our uncertainties to be statistically dominated in the
current setup, with the number of events being the limiting
factor, i.e., the 241Am source activity.
An important remark concerns the coherence time of the

axion dark matter signal, τc ≈ 2π=ðmav2Þ, with v ≈ 10−3,
the virial velocity in natural units. As discussed in Ref. [33],
if the measurement time Texp is much shorter than τc, the
experiment does not sample the full stochastic distribution
of axion field amplitudes. In this regime, it is therefore not
appropriate to infer limits assuming a fixed value of θ0
determined solely by the averaged local dark matter
density. Following Ref. [33], for Texp ≲ τc, we account
for this effect by rescaling the deterministic 2σ bound
as ð1=faÞstoch2σ ≈ 3.0ð1=faÞdet2σ .
For the short-period dataset, we take Tð1Þ

exp ≈ 2.3 × 107 s;
therefore, the stochastic correction applies for axion masses

smaller than 2π × 106=Tð1Þ
exp ≈ 1.8 × 10−16 eV, or equiva-

lently, for frequencies ≲0.044 Hz. Since we report short-
period bounds only for frequencies above 1 Hz, this
correction does not enter the short-period analysis. For

the long-period dataset, Tð2Þ
exp ≈ 6.0 × 106 s, which implies

that the correction applies to axion masses smaller than

2π × 106=Tð2Þ
exp ≈ 6.9 × 10−16 eV, or equivalently, for fre-

quencies ≲0.17 Hz. In this case, the correction is relevant
over most of the frequency interval probed by the long-
period analysis.
The exclusion limits derived in this work are shown by

the yellow region in Fig. 5. The small step around 0.5 Hz
marks the transition between the two datasets. Note that the
upper x axis indicates the Compton frequency associated
with the axion mass, ma=ð2πÞ, which is half the expected
signal frequency [see Eq. (2)]. The other step, at 0.17 Hz,
arises from the stochasticity correction discussed above.
The projected sensitivity of a future three-year Radio-
Axion data-taking period (with improved setup described
in Sec. V) is indicated by the orange region in the same
figure, with the step at 0.01 Hz denoting the stochasticity
correction. Previous limits from the time-modulation of
radioisotope decays of 40K [26] (corrected by the stochas-
ticity factor) and Tritium [23] decay are indicated in red.
For comparison, we also display laboratory limits from

EDM searches [35–38], radio-frequency atomic transitions
[32], and molecular clocks [39], as well the model-inde-
pendent SN 1987A bound [40,41], finite-density-induced
bounds from the solar core and white dwarfs [42,43],
neutron stars cooling [44,45], gravitational waves [42,46],
black hole superradiance [47–51], and other cosmological
probes [52,53].
As is apparent from Fig. 5, the present RadioAxion limits

are weaker than the leading existing constraints over most

FIG. 4. Fourier spectrum in the frequency range 9–11 kHz, shown in parts per million. The black curve corresponds to the data alone,
while the red curve shows the result after injecting a sinusoidal signal at 10 kHz with amplitude 5 × 10−5. The injected signal produces a
narrow and clearly visible peak at the expected frequency, illustrating the sensitivity of the analysis method.

1The axion dark matter background also induces a fractional
shift of the Rb hyperfine reference frequency, ðδf=fÞRb ≈ 4 ×
10−10ð10−16 eV=maÞ2ð108 GeV=faÞ2 through the θ dependence
of the proton mass and of nuclear g factors [32]. In the mass/
coupling range relevant for our bounds this corresponds to an
absolute shift of order δf ∼ 1 Hz for the standard Rb frequency
fRb ≈ 6.8 GHz. Equivalently, the induced timing error over an
interval of length t is δt ≈ tðδf=fÞRb ∼ 10−10t, so that for t ¼ 1 s,
one finds δt ∼ 10−10 s. This is far below the level relevant for our
analysis, which is sensitive to much larger modulations in the
event-time distribution (at most at the 10−6 level). Therefore,
axion-induced shifts of the Rb reference do not affect, nor can
they cancel, the signal we search for.
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of the parameter space. They should therefore be viewed
primarily as a proof of principle for a complementary
laboratory strategy based on continuous, underground
monitoring of nuclear decay rates. As discussed in
Sec. V, the sensitivity can be improved with larger statistics,
higher source rate, and longer exposure. The ultimate reach
is expected to be limited mainly by the achievable counting
statistics and by the fact that decay-rate modulations arise
from θ2 effects, unlike EDM searches which are linear in θ.
A distinctive feature of the method is its access to high
oscillation frequencies, including the kHz range and above,
which are challenging for other laboratory techniques,
although this region is already disfavoured by astrophysical
bounds.

V. FUTURE DEVELOPMENTS

The second phase of the RadioAxion experiment will run
for three years, with the goal of improving statistics
and extending the sensitivity to longer oscillation periods
through an upgraded setup.
A 100 × 100 CeBr3 crystal will be used to detect the γ rays

associated with α decays. CeBr3 was chosen for its much
shorter scintillation decay time and its reduced susceptibil-
ity to radiation damage compared to NaI. The readout
electronics will be upgraded from the digiBASE to the
digiBASE-E, providing a timing resolution of 160 ns.

In addition, ten 241Am sources, each with an activity below
1 μCi, will be mounted in a plastic holder surrounding the
CeBr3 crystal, increasing the event rate by about 1 order of
magnitude, up to 40 kHz.
To improve long-term stability, two heating tapes will be

used to regulate the temperature of the electronics directly
attached to the photomultiplier, keeping it constant within
0.1 °C. We verified that temperature changes at the level
of 2 °C, as observed inside the ISP8 box between summer
and winter, are sufficient to induce sizable variations in
the shaping-time constant of the digiBASE amplifier by
affecting the capacitor and resistance values. This in turn
would modulate the dead time value generating a fake
periodic signal.
Finally, the fully shielded detector assembly, including

the copper and lead layers, will be enclosed in a Plexiglass
box to further isolate it from the environment. In particular,
this would protect the experiment from the radon inside the
laboratory, whose amount fluctuates in time as a function of
pressure and temperature. If necessary, it will be possible to
keep a small overpressure inside the box by feeding it with
pure nitrogen gas.
The apparatus is now ready for commissioning, and we

plan to start data taking in spring 2026. We expect to reach
a 2σ error of 2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10 × 4000=s × 3 year

p
≈ 1 × 10−6 on Iexp

after three years of operation. Requiring the observation of
at least three full oscillations, we can test periods up to one

FIG. 5. Constraints on the axion decay constant as a function of the axion mass. The exclusion limits derived in this work are shown in
the yellow region, together with the projected sensitivity of a 3-year data taking (orange area). The result is displayed as a continuous
band for readability, although the analysis is performed at a discrete set of frequencies, as described in Sec. III. Limits from other
laboratory experiments and astrophysics/cosmology are shown as well for comparison (see text for details). Figure adapted from [34].
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year. The corresponding sensitivity in the axion parameter
space is shown by the orange area in Fig. 5.

VI. CONCLUSIONS

RadioAxion is an underground experiment that searches
for axion dark matter through periodic modulations of
radioactive decays. In this work we presented results from
the first RadioAxion dataset, based on monitoring the α
decay of 241Am via the 59.5 keV γ line with a NaI detector
installed at the Gran Sasso Laboratory, where cosmic-ray-
induced systematics are strongly suppressed.
We reported the measured energy spectra and performed a

time-series analysis in two complementary frequency inter-
vals, using 266 one-day runs to probe 1 Hz–0.5 MHz and a
continuous 69-day run to probe 6.6 × 10−7 Hz–0.5 Hz. No
evidence for a periodic modulation was observed. We
therefore set 2σ upper limits on the modulation amplitude
at the level of 6 × 10−6 at short periods and 1.1 × 10−5 at
long periods.
Using the θ-dependent α-decay framework of Ref. [25],

these bounds translate into new exclusion limits on the
axion decay constant over axion masses spanning 10−21

to 10−9 eV, as shown in Fig. 5. Although these first limits
are weaker than the leading existing constraints, they

establish the sensitivity of an independent laboratory ap-
proach based on nuclear decay-rate modulation. Finally,
we outlined the upgraded three-year phase of RadioAxion,
which will increase the event rate and improve timing and
thermal stability, with the projected sensitivity also reported
in Fig. 5.
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