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Clocks based on nuclear isomer transitions promise exceptional stability and precision. The low
transition energy of the Thorium-229 isomer makes it an ideal candidate, as it may be excited by a
vacuum-ultraviolet laser and is highly sensitive to subtle interactions. This enables the development
of powerful tools for probing new forces, which we call quintessometers. In this work, we demonstrate
the potential of nuclear clocks, particularly solid-state variants, to surpass existing limits on scalar
field couplings, exceeding the sensitivity of current fifth-force searches at submicron distances and
significantly improving equivalence-principle tests at kilometer scales and beyond. Additionally, we
highlight the capability of transportable nuclear clocks to detect scalar interactions at distances
beyond 10 km, complementing space-based missions.

I. INTRODUCTION

Nuclear clocks represent a revolutionary advancement
in timekeeping, offering precision and stability that sur-
pass current state-of-the-art clocks [1]. Unlike atomic
clocks, which rely on electronic transitions, nuclear clocks
are based on nuclear isomer transitions, making them
significantly less affected by environmental factors [2, 3].
Owing to their inherent robustness, solid-state nuclear
clocks, where the transitioning nucleus is embedded in a
vacuum ultraviolet (VUV) transparent host crystal, may
be able to reach similar stability as their single ion coun-
terparts [4]. The low-lying 8.3 eV isomer transition of
the Thorium-229 (229Th) nucleus has been identified as
a prime candidate for the realization of such clocks [5, 6].
Over the last years the knowledge of the transition en-
ergy has improved drastically [2, 7, 8], culminating in
the first laser excitation at the beginning of last year [9]
(see also [10]). Since then, the error on the frequency
was drastically decreased with the use of a frequency
comb [11]. At this rapid rate of technological advance-
ment, the realization of the first nuclear clock is expected
very shortly.

Furthermore, the 229Th isomer transition is excep-
tionally sensitive to physics beyond the Standard Model
(SM). Its remarkably low transition energy most likely
arises from a delicate cancellation of multiple contri-
butions, making it highly susceptible to new interac-
tions [12–15]. The precise degree of cancellation remains
unknown and requires a deeper understanding of the
structure of 229Th [14]. This exceptional sensitivity, com-
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bined with the high stability of nuclear clocks, makes
them powerful sensors for detecting variations in funda-
mental constants. Such variations could arise from the
oscillations of a scalar field in models of ultralight dark
matter (ULDM), with nuclear clocks playing a central
role for scalar ULDM searches [16–19]. Beyond this, nu-
clear clocks could also probe QCD-like axion models [20],
detect dark matter (DM) signatures from solar or Earth
subhalos [21–23], and possibly observe transient events
linked to topological structures [24].

In this work, we focus on a minimal scenario where a
scalar field is coupled to ordinary matter, without con-
stituting DM or varying due to topological structures.
The coupling to matter causes the field to vary near
massive objects. These variations could be detected
as equivalence-principle (EP) violating effects between
atomic and nuclear clocks, arising from the same inter-
action [25, 26]. (For cases where these bounds are weak-
ened, see [27, 28].) Moreover, the scalar field, potentially
associated with quintessence [29], induces a fifth-force
that can be probed experimentally, placing strong bounds
on such scenarios [30–45]. Here, we argue that nuclear
clocks serve as highly precise sensors of this type of in-
teraction, which we therefore refer to as quintessometers.
We identify unconstrained regions of parameter space
that can be probed using nuclear clocks, building on the
work of [46] that focused on spaceborne missions. We em-
phasize the potential of transportable clocks to constrain
scalar interactions with ranges greater than O(10 km),
even before reaching space. Furthermore, we demon-
strate that nuclear clocks can surpass existing fifth-force
searches at distances smaller than O(100 nm) . These
proposals take advantage of solid-state nuclear clocks,
where the nucleus is confined to scales of O(0.1− 1 nm) ,
making such measurements impossible using single-ion
clocks with comparable stability.

In Section II, we lay out the formalism used in our
analysis. In Section III, we solve the classical equation
of motion for a linearly coupled scalar in the presence of
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a macroscropic source. In Section IV, we explore general
strategies for probing a light scalar field using nuclear
clocks. We then examine specific detection scenarios at
both large and small distances in Section V and Sec-
tion VI, respectively. Using nuclear clocks, we derive
prospective bounds on the scalar coupling across previ-
ously unconstrained regions of parameter space for vari-
ous length scales, which are shown in Fig. 1. Finally, we
present our conclusions in Section VII.

II. LINEARLY COUPLED SCALAR

Consider a scalar field ϕ interacting with SM fields
through CP-even linear couplings. Its interaction La-
grangian is given by,

Lint =

[
de

16πα
FµνF

µν − dgβ(αs)

4αs
Ga

µνG
aµν − dme

me ēe

−
∑

q=u,d,s

(
dmq + γmqdg

)
mq q̄q

]
ϕ

MPl
, (1)

where Ga
µν and Fµν are the gluon and the photon field-

strengths, respectively, α is the fine structure constant,
αs denotes the QCD coupling, and β(αs) = −(11 −
2nf/3)α

2
s/2π is its one-loop β-function, with nf = 3 light

quark flavors. The electron, along with the up, down and
strange quark fields, are denoted by e and q = u, d, s,
with corresponding masses me and mq, respectively. The
γmq

’s represent the anomalous dimensions of the quark
masses due to QCD interactions.

The d’s are dimensionless constants that quantify the
coupling strengths of ϕ to SM fields relative to gravita-
tional interactions, characterized by the reduced Planck
massMPl ≈ 2.4×1018 GeV. The other factors are chosen
so that these constants directly express the dependence
of α, the QCD confinement scale ΛQCD, and the fermion
masses on the dimensionless parameter φ ≡ ϕ/MPl, i.e.,

d logα

dφ
= de ,

d log ΛQCD

dφ
= dg ,

d logme,q

dφ
= dme,q

,

(2)
where the mq’s are evaluated at ΛQCD.
Another commonly used convention for parameterizing

the effect of an ultralight scalar on physical observables
is given by,

Ôi(ϕ) = Ôi

(
1 +

ϕ

Λi

)
, (3)

where i = e, g,me,mq correspond to the observables

Ôi = α,ΛQCD,me,mq, respectively, and the Λi’s repre-
sent the new-physics scales associated with the coupling
of ϕ to SM fields. For example, the photon coupling
in Eq. (3) takes the form ϕFµνFµν/(4e

2Λe). Through-
out this paper, we adopt the normalization in Eq. (1),
but the relationship between di and Λi remains straight-

forward,

Λi =
MPl

di
= 2.4TeV

(
1015

di

)
. (4)

From Eq. (2), the dependence of an atomic mass mA

on the field φ can be expressed as,

d logmA

dφ
=
∑
i

Qidi ≡ Q · d , (5)

where the sum runs over i = e, g,me,mu,md,ms, and
Qe ≡ d logmA/d logα, etc. The coefficients Qi, known
as dilatonic charges, depend on the specific atom under
consideration (see, e.g. [26]). A universal approximation
of Qg ≈ 1 is often valid, as the QCD binding energy over-
whelmingly dominates atomic masses. Similarly, atomic
and nuclear transition frequencies ν follow an analogous
decomposition,

d log ν

dφ
=
∑
i

Kidi ≡ K · d , (6)

where the transition-dependent parameters Ki are com-
monly referred to as sensitivity coefficients.
The coefficients Kg and Ke can be roughly estimated

as follows. The energy difference ∆E ∼ O(10 eV) be-
tween the ground and isomeric states of 229Th is sig-
nificantly smaller than the typical MeV-scale values ob-
served in all other nuclear excitations. This is likely due
to an accidental cancellation between the strong force
and electromagnetic contributions, ∆Enuc and ∆Eem, re-
spectively, to the nuclear binding energy. As a result, any
variation in the strong or electromagnetic contributions
is expected to be largely amplified in the transition fre-
quency ν,

δν

ν
∼ Kg

δ(∆Enuc)

∆Enuc
+Ke

δ(∆Eem)

∆Eem
, (7)

with Kg,e ≡ ∆Enuc,em/∆E ∼ O(105). More detailed
modeling of the Thorium nucleus supports this esti-
mate [12–14]. Although a scenario in which ∆Enuc,em ≪
MeV leads to weaker sensitivity to new physics remains
a possibility, it is considered unlikely [14].

III. FIELD SOLUTION FROM A
MACROSCOPIC PROBE

Given the interaction Lagrangian in Eq. (1), a static
macroscopic probe generates a nonzero ϕ field, which sat-
isfies the time-independent Klein-Gordon equation,(

∇2 −m2
ϕ

)
ϕ(r) =

Q(r) · d
MPl

ρ(r) , (8)

where ρ(r) is the probe’s mass density, mϕ is the mass of
ϕ, and bold symbols denote spatial vectors. The general
solution is,

ϕ(r) =
1

MPl

∫
d3r′ ϕG(r, r

′) Q(r′) · d ρ(r′) , (9)
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where ϕG(r, r
′) ≡ −e−mϕ|r−r′|/(4π|r − r′|) is Green’s

function. For a homogeneous spherical probe of radius R
and mass M , Eq. (9) simplifies outside the sphere to

ϕ (r > R) = −Q · d M

MPl

e−mϕr

4πr
F (mϕR) , (10)

where F (x) ≡ 3 (x coshx− sinhx) /x3. If the probe con-
sists of multiple atomic species, the Q values are mass-
fraction-weighted averages. Inside the sphere, the field
solution is,

ϕ(r ≤ R) = Q · d M

MPl

[
sinh(mϕr)

4πr
f(mϕR)

−(mϕR)
−2 3

4πR

]
,

(11)

where f(x) ≡ 3e−x(1 + x)/x3.
There are two limiting behaviors of interest. First, the

form factor F (mϕR) asymptotes to unity as mϕR → 0,
corresponding to a point-like source, with,

ϕpoint(r) ≈ −Q · d M

MPl

e−mϕr

4πr
. (12)

On the other hand, in the large sphere limitmϕR≫ 1, in
the vicinity of the sphere’s surface at a distance r = R+s
with separation |s| ≪ R, the field solution approximates
that of an infinite plate,

ϕplate(R+ s) ≈ −Q · d ρ

2MPlm2
ϕ

{
e−mϕs , s > 0

2− e−mϕ|s| , s < 0
,

(13)

where ρ ≡ 3M/(4πR3) is the probe’s density, which no
longer depends on R. Note that in both cases, the field
is exponentially suppressed at distances larger than ∼
1/mϕ from the source. In the s/R→ 0 limit, Eq. (13) can
be interpreted as only the material within a distance ∼
1/mϕ sourcing the field. Therefore, any object extending
much further than 1/mϕ may be approximated by this
formula.

IV. EXPERIMENTAL CONCEPTS

Suppose a probe, as discussed above, is brought near
a nuclear clock, and that their relative distance is var-
ied in a controlled manner, causing the background field
sourced by the probe to change at the position of the nu-
clear clock. This variation δϕ will induce a change in the
fundamental parameters, and thus in the clock frequency,
according to Eq. (6),

δνTh

νTh
= KTh · d δϕ

MPl
. (14)

There are two ways in which an experiment might de-
tect this frequency change [46]. The first way is to com-
pare the nuclear clock with a second clock based on an

electronic transition, at the same location. In the absence
of new physics the frequency ratio νTh/νel is position-
and time-independent. However, in the presence of the
field ϕ, the ratio will change as the two clocks respond
differently to variations in the fundamental parameters.
Hence,

δ(νTh/νel)

νTh/νel
= (KTh −Kel) · d

δϕ

MPl
. (15)

Since, generically, KTh ≫ Kel [47], such comparisons are
not expected to suppress the sensitivity of the nuclear
clock to new CP-even scalars. Alternatively, one might
compare the frequencies of two (identical) nuclear clocks
at different locations via an optical link. In this case, the
frequency change will receive an additional contribution
from time dilation due to the difference in gravitational
potential δΨgrav between the two positions,

δνTh

νTh
= δΨgrav +KTh · d δϕ

MPl
. (16)

We note that in this setup other tests of general relativ-
ity than the one discussed in this work can be carried
out [48]. To keep the discussion simple, we will not ex-
plore this approach further and only consider the compar-
ison of a nuclear clock to one based on an electronic tran-
sition in Section V. All experiments suggested there could
also be conducted using this method with only minor
modifications. The experiments discussed in Section VI
only reach coupling values d ≫ 1 making relativistic ef-
fects negligible and a distinction between the methods
superfluous.
Clearly, the larger the value of δϕ, the higher the sensi-

tivity. One can change the field value by simply varying
the distance between the source and the nuclear clock,
i.e. δϕ = ϕ(r2)− ϕ(r1). There are a few special cases of
particular interest:

• In the point-source limit (mϕR → 0), by taking
r2 ≫ r1 to maximize the field variation, Eq. (10)
gives,

δϕpoint ∝
e−mϕr1

r1
, (17)

which vanishes exponentially for mϕ ≫ r−1
1 , with

sensitivity to the d parameters independent of mϕ

in the limit mϕr1 → 0.

• In contrast, in the infinite-plate limit (mϕR→ ∞),
Eq. (13) gives,

δϕplate ∝ m−2
ϕ

(
e−mϕs1 − e−mϕs2

)
, (18)

where s1,2 ≡ r1,2 −R ≪ R. In this case, three dis-

tinct regimes can be identified. For mϕ ≫ s−1
1,2, δϕ

vanishes exponentially. For mϕ ≪ s−1
1,2, δϕ ∝ m−1

ϕ ,
leading to a sensitivity on d ∝ √

mϕ. In the

intermediate regime where s−1
1 ≪ mϕ ≪ s−1

2 ,

δϕ ∝ m−2
ϕ , and the sensitivity weakens linearly

with increasing mϕ.
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Recent laser excitation of the 229Th nucleus isomeric
transition [9, 10] has significantly improved the accuracy
of its frequency, reaching δ log νTh ∼ O(10−12) [11]. This
breakthrough enhances the expectation that, in the near
future, the isomeric transition could be monitored by a
nuclear clock as stable as current electronic counterparts,
i.e. with δ log ν = O(10−19) [11].

In the following sections, we estimate the reach of such
nuclear clocks to the couplings dg and de of a light scalar
to the QCD and QED sectors, respectively, assuming
Kg,e ∼ O(105). Before delving into the details, it is use-
ful to consider the strongest bound that can be achieved
using Earth as the source of the scalar field ϕ. This
bound can be obtained by comparing the frequency ra-
tio between a nuclear and an electronic clock on Earth’s
surface with a similar comparison conducted at a far dis-
tance. If the range of the force is large compared to
Earth’s radius (mϕ ≲ R−1

⊕ ≈ 3× 10−14 eV), one can im-
pose the constraint,

|dg| ≈ 3×10−8

[
5.5 g/cm3

ρ⊕

]1/2 [
Kg

10−5

]−1/2 [
δν/ν

10−19

]1/2
,

(19)
where ρ⊕ is the average density of the Earth. On the
other hand, if the range is shorter (mϕ ≳ 3× 10−14 eV),
Earth behaves like an infinite plate for a clock on its sur-
face, resulting in a limit that is weaker than the one above
by a factor mϕ/(3 × 10−14 eV). This ultimate reach of
a nuclear clock-based quintessometer at fractional sensi-
tivity of δν/ν = 10−19 is represented by the red dotted
line in Fig. 1.

A comparison with existing bounds from searches for
EP violation and fifth-forces (shown in dark and light
gray in Fig. 1) clearly demonstrates that nuclear clock
searches could be competitive for masses mϕ ≲ 10−9 eV
and mϕ ≳ 1 eV. In the following two sections, we propose
experimental setups capable of probing these regimes
(yellow shaded regions).

In the large mass regime, carefully designed source
masses will be used instead of the entire Earth. How-
ever, since the densities of solids on Earth are at most a
few times the average density, the rough bound derived
above remains applicable. Furthermore, when probing
the coupling de, all bounds are weaker by a factor of√
Qe ∼ O(10−1 − 10−2) due to the smaller charge Qe

of the source body. Fifth-force bounds are further sup-
pressed by another factor of

√
Qe, as the coupling to the

test mass is also reduced. Notably, the charge difference
∆Qe between two test masses in an EP violation search
is not necessarily smaller than ∆Qg. This suppression
enhances the reach of nuclear clock searches compared
to conventional fifth-force experiments in the large-mass
regime. A similar effect occurs when considering the cou-
pling to quark masses, dmq

.
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FIG. 1. Projected sensitivities of nuclear clock-based quintes-
someters on the scalar couplings dg (top) and de (bottom).
The gray-shaded regions represent the parameter space ex-
cluded by fifth-force experiments [30–45] (lighter gray) and
EP tests [49–51] (darker gray). The yellow-shaded regions in-
dicate the unexplored parameter space that could be explored
by quintessometers with a sensitivity of δν/ν ∼ 10−19, and as-
suming Kg,e = 105. See Fig. 2 and Fig. 3 for zoomed-in views
of the large- and short-distance regions, respectively. The
red dotted line represents the ultimate quintessometer’s sen-
sitivity to scalar fields sourced by the Earth at this frequency
uncertainty. The dashed blue line denotes the sensitivity of
the isotope comparison discussed in Section VIB, achievable
once nuclear effects are properly accounted for.

V. SEARCHES AT LARGE DISTANCES

A. Space-based nuclear clock

Consider a satellite mission carrying a nuclear and an
atomic clock on board on an elliptic orbit around the
Earth, with the maximum and minimum altitudes de-
noted by smax and smin ≪ smax, respectively. Assuming
smin is comparable to or larger than the Earth’s radius
R⊕ ≈ 6400 km, it is possible to probe scalars with masses
mϕ ≲ s−1

min using only data from this nuclear-to-atomic
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clock comparison, as the satellite experiences different
values of the ϕ field along its orbit. In this mass range,
the Earth can be approximated as a point source, and
Eq. (12) applies. The largest field variation is given by
δϕ ∝ s−1

min − s−1
max ≃ s−1

min, which allows probing coupling
values as small as the one given in Eq. (19) only reduced

by a factor
√
R⊕/smin . In Fig. 2 we show the resulting

sensitivity as a thick orange line assuming smin = 2R⊕
In this case, the sensitivity is determined by the stabil-
ity of the clock-comparison test, as the data collected on
board is only compared to itself. As in this setup there
is no clock on the ground, the sensitivity drops exponen-
tially for masses mϕ > 1/R⊕ rather than linearly as in
the ultimate bound.

With a more ambitious setup, where the frequency ra-
tio is measured with an accuracy comparable to the sys-
tem’s stability, this ultimate bound may be reached. To
achieve this, any systematic shift not common to both
the space-based and ground-based measurements must
be eliminated. In this case, the frequency ratio mea-
sured onboard can be compared to results obtained on
the ground. For masses mϕ ≳ R−1

⊕ , the field is expo-
nentially suppressed on the satellite, but ground-based
measurements will still be influenced. In this way, the
linear scaling is recovered, as shown by the thin orange
line in Figs. 1 and 2, which saturates the ultimate reach.
With an accuracy of δν/ν ∼ 10−19, this experiment could
probe dg coupling values approximately two orders of
magnitude below the current bounds from EP tests [49–
52].

B. Transportable nuclear clock on the ground

Since realizing an atomic–or even more so, a nuclear–
clock in space presents multiple technological challenges,
one may consider a ground-based transportable version,
similar to the setup in [53], accompanied by another opti-
cal clock for comparison. Such a system could be moved
around at various altitudes on the ground to probe dif-
ferent values of the field ϕ sourced by the Earth. For
instance, one might compare the clock frequency ratio at
sea level (smin = 0) with that at a high-altitude moun-
tain (smax = h), or alternatively at the bottom of a mine.
In the point-source regime (mϕ ≪ R−1

⊕ ), where potential
difference is independent of mass, the sensitivity remains
constant, and we have,

|dg| ≈ 2× 10−6

[
1 km

h

]1/2 [
5.5 g/cm

3

ρ⊕

]1/2 [
δν/ν

10−19

]1/2
.

(20)
In the infinite-plate limit (mϕ ≫ R−1

⊕ ), where Eq. (13)
applies, the scaling |dg| ∝ mϕ (|dg| ∝

√
mϕ) is recovered

for mϕ ≫ h−1 (mϕ ≪ h−1).
For illustration, Figs. 1 and 2 show the expected sensi-

tivities for dg,e from a ground-based experiment compar-
ing the nuclear-to-optical clock-frequency ratio between
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FIG. 2. Zoomed-in view of the large-distance region of Fig. 1,
illustrating the reach of the proposed nuclear clock-based
quintessometers (yellow) compared to existing bounds from
relative acceleration (dark gray). A nuclear clock operating
on earth for one year covers the region enclosed by the red
line, due to the Earth’s eccentric orbit around the Sun. Sim-
ilarly, a satellite clock with high orbital eccentricity extents
the reach to the area enclosed by the thick orange line. If the
satellite clock is both stable and accurate to the quoted level,
the reach further extends to the thin orange line. An Earth-
based transportable experiment, where the height of the clock
is varied from sea level to a 4 km altitude, is shown in purple.

sea level and a high-altitude point, such as the Mont
Blanc peak in France. The Vallot observatory on Mont
Blanc at h ≈ 4 km could be a potential location for such
an experiment. An accuracy of δν/ν ∼ 10−19 would al-
low reaching approximately one order of magnitude be-
yond the current bounds from EP tests for scalar masses
around mϕ ∼ 10−11 eV.
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VI. SEARCHES AT SHORT DISTANCES

A. Rotating holed disk

Consider a large source (R≫ m−1
ϕ ) brought to a short

distance s1 ≪ R from a nuclear clock, such that the
field solution follows Eq. (13). The ticking of this clock
can be compared to that of an identical clock placed fur-
ther away (s2 → ∞), thereby maximizing δϕ. For scalar
masses in the range R−1 ≪ mϕ ≪ s−1

1 , the field variation

decays δϕ ∝ m−2
ϕ , such that the sensitivity to d couplings

degrades only linearly with increasing mϕ, while it drops

exponentially for mϕ ≳ s−1
1 . Consequently, reducing the

separation s1 extends the mass range over which the sen-
sitivity follows this linear scaling. Assuming sources as
dense as platinum, with ρPt ≈ 21.5 g/cm3, the sensitivity
could reach couplings as small as,

|dg| ≈ 107
[ mϕ

20 eV

] [ρPt

ρ

]1/2 [
δν/ν

10−19

]1/2
, (21)

for mϕ ≲ s−1
1 ∼ 20 eV corresponding to s1 = 10nm.

A separation of 30 nm, along with surface roughness of
∼ 1 nm, have already been achieved in a similar experi-
mental context [43]. Fig. 1 and Fig. 3 illustrate the ex-
pected sensitivities over a wide range of mϕ (green lines).
For mϕ ∼ 10 eV, the reach could extend about two or-
ders of magnitude beyond current bounds from Casimir
force experiments [54]. Although the reach increases for
smaller masses and correspondingly larger separations,
it remains dominated by existing fifth-force searches for
masses smaller than approximately ∼ 1 eV.

This setup could be practically implemented by fab-
ricating a disk of thickness R ≫ m−1

ϕ , with regularly
spaced perforations along a circular path, where the
hole diameters and spacing are much larger than s1.
Rapidly rotating this disk near the nuclear clock would
create a periodic modulation of the frequency, leading
to sidebands separated by multiples of the modulation
frequency νmod, corresponding to the rate at which the
holes pass by the doped crystal.

We now outline an interrogation scheme based on side-
bands and provide a rough sensitivity estimate. The pe-
riodic influence of the dense sections of the rotating disk
modulates the isomeric transition frequency in a thin
surface layer of the crystal at a frequency νmod. Con-
sequently, 229Th nuclei within this layer can be excited
by a laser whose frequency is detuned by ±νmod from
the unperturbed transition frequency in the absence of
the disk. The excitation rate at this detuned frequency
is suppressed by a factor of R1 = |J1(α)|2R compared
to the rate R in the absence of modulation, where J1
is the order-one Bessel function of the first kind, and
α = δν/νmod is the modulation index. To ensure that
only these modulated nuclei are excited, the modula-
tion frequency must be much larger than the transition
linewidth in the crystal, i.e., Γ ≪ νmod. For CaF2,
the linewidth is dominated by random dipole interac-

tions with neighboring nuclei and it estimated to be
Γ ∼ 200Hz [9]. For small α, we use the approxima-
tion |J1(α)|2 = α2/4. Since we are interested in small
frequency variations, and thus small α, we consider the
regime where the excitation rate R1 is much smaller than
the decay rate in the crystal, γ ≃ 1/630 s. After illumi-
nating the crystal for a duration of approximately 1/γ, an
equilibrium is reached where a fraction of ∼ R1/γ of the
nuclei experiencing the scalar field ϕ are excited. Assum-
ing the crystal has a cylindrical shape with a front area
A aligned with the disk, the number of affected 229Th
nuclei is approximately ∼ nThA/mϕ, under the assump-
tion that 1/mϕ ≳ s1, where nTh is the thorium dopant
density. The total number of excited nuclei is then given
by

Nexc ∼ nTh
A

mϕ

α2

4

R

γ
. (22)

After the laser is turned off, these excited nuclei emit
a signal photon within a time of order 1/γ, which can
be detected with probability psig, leading to a total sig-
nal count of Nsig = psigNexc. To detect the effect, the

signal count must be large enough, i.e., Nsig ≳
√
Nbkg,

where the background count Nbkg is primarily due to ra-
dioluminescence from the α-decays of 229Th, which has
a half-life of τα ∼ 8000 yr. Conservatively assuming that
this background originates from the whole volume of the
crystal, the count rate is given by

Nbkg ∼ pbkgnTh
Ad

ταγ
, (23)

where d is the thickness of the crystal and pbkg is the
probability that a photon emitted after an α-decay is
misidentified as a signal photon. Combining these ex-
pressions, the sensitivity to fractional frequency shifts is,

δν

ν
=

2νmod

ν

(
pbkg
p2sig

m2
ϕd

nThA

γ

R2τα

)1/4

. (24)

For typical experimental parameters, i.e., νmod = 1kHz,
pbkg = psig = 1% [9], mϕ = 1/10 nm, d = 1µm, A =
1mm2, nTh = 1019 cm−3 and R = 10γ (corresponding to
a laser intensity of I ∼ 20mW/cm2 [4]) we find,

δν

ν
= 4× 10−17 . (25)

Alternatively, one may consider a setup where the dis-
tance to the source mass is slowly varied, and the result-
ing shift in the transition frequency is measured. With
the same geometrical parameters as above, only about
1% of the nuclei are influenced by the field, which sup-
presses the peak shift averaged over the whole crystal by
the same factor. If the averaged peak position can be
monitored with a precision of δν/ν ∼ 10−19 [4], this ap-
proach would achieve a sensitivity comparable to that of
the fast-rotating method based on sidebands. Further-
more, the fast-rotating method possesses the advantage
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of pushing the signal to a higher frequency at which slow
drifts in clock frequency will not hinder the effect.

Several nuclear physics effects could introduce a fre-
quency shift when the sourcing body is brought close
to the crystal. Our setup is closely related to the one
discussed in [55], which explores the use of Mössbauer
spectroscopy to detect such a frequency shift. In that
work, various systematic sources of error are analyzed,
with the dominant contribution arising from the electric
field associated with the Casimir effect. This field can
displace the electrons surrounding the thorium nucleus,
leading to a field shift.

The Casimir force originates from vacuum fluctuations
of the electromagnetic field under specific boundary con-
ditions [56]. As a boundary-dependent phenomenon, it is
primarily influenced by the surface electronic properties
of the materials used. Its impact can be mitigated using
the iso-electronic technique [57], which involves compar-
ing two dissimilar source masses coated with the same
surface material. By applying a uniform gold coating of
thickness 135 nm, the differential Casimir force between
gold and germanium can be suppressed by six orders of
magnitude [57, 58]. This suppression technique can be
seamlessly incorporated into our proposed experiment.
Instead of using a perforated disk, one could employ a
disk composed of alternating segments made of materi-
als with significantly different densities (to maximize the
difference in δϕ), while covering the entire surface with
a thin layer of gold [43]. This approach would effectively
reduce the influence of the Casimir effect while preserving
the desired modulation of the nuclear clock frenquency.

B. Host crystals that differ by isotope

For scalar masses larger than mϕ ∼ 1 eV, traditional
fifth-force bounds weaken significantly, opening up op-
portunities to probe smaller couplings with novel ap-
proaches. A natural lower bound on the interaction
range is set by the lattice spacing of nuclei in crystals,
which typically falls within the 0.1–1 nm range. Re-
cent advancements in the study of isomeric transition in
229Th have leveraged solid-state environments, embed-
ding thorium nuclei into specific host crystals such as
LiSrAlF6 [10] and CaF2 [9], with other potential candi-
dates under consideration [59]. This technique enables
thorium doping densities as high as 1019 nuclei/cm3, sig-
nificantly enhancing fluorescence rates and facilitating
precise frequency measurements of the isomeric transi-
tion. It also presents a unique opportunity to investigate
new forces at sub-nm length scales.

In such a setup, the crystal-embedded thorium nucleus
experiences a field ϕ sourced by the surrounding nuclei
within the host material. This allows for a comparison
of the isomeric transition frequency in hosts of different
material densities. One possible approach involves com-
paring the frequency difference between CaF2 and MgF2

crystals. These materials share similar structures, but

since calcium is roughly twice as heavy as magnesium,
the resulting contrast maximizes δϕ. However, dispar-
ities in electric field gradients and electronic densities,
arising from the different nuclear charges, could introduce
deviations at the O(1) level in the quadrupole splitting
and field shift, which are ≲ 1GHz [60, 61]. This limi-
tation constrains effective sensitivities to approximately
δν/ν ∼ 10−6.
A more refined approach involves comparing two CaF2

crystals that differ only in their calcium isotopes. Specif-
ically, 40Ca or 48Ca provide an ideal test case, as both
calcium isotopes are doubly magic, and their charge radii
differ by just ∼ 10−4 [62]. This minimizes the nuclear-
induced systematic effects, though effects stemming from
the mass difference must still be considered.
The primary contributor to δϕ in this case is the dif-

ference in isotope mass. In thorium-doped CaF2 crys-
tals, Th4+ ions replace Ca2+ ions, which occupy body-
centered cubic lattice sites with a lattice constant of ap-
proximately a ≈ 0.57 nm [63]. For scalar masses with
Compton wavelengths much larger than the lattice spac-
ing, the thorium nucleus interacts with a large number of
surrounding atoms. As a result, the material can be ap-
proximated as a homogeneous medium of density ρ, with
the thorium nucleus positioned at the center of a spher-
ical cavity of radius a. Using the field solutions from
Sec. Section III, the scalar field influencing the thorium
nucleus can be expressed as,

ϕ = −Q · d ρ

MPlm2
ϕ

(1 +mϕa) e
−mϕa . (26)

For mϕa ≳ 1, deviations from this approximation may
arise due to the discrete and inhomogeneous distribu-
tion of neighboring isotopes, which depends on factors
such as charge compensation mechanisms for the thorium
dopant [60]. Nevertheless, the exponential suppression
remains the dominant effect at higher masses mϕa ≳ 1,
justifying the use of this result across the relevant mass
range. A measurement of the isomer frequency difference
between 48CaF2 and 40CaF2 hosts would be sensitive to,

|dg| ≈ 7× 1012
[

8

∆A

]1/2 [ mϕ

100 eV

] [ δν/ν
10−10

]1/2
, (27)

for scalar masses mϕ ≲ 200 eV. In deriving this estimate,
we have assumed a frequency sensitivity limited by indis-
tinguishable nuclear effects at the level of δν/ν ∼ 10−10

(see discussion below). Due to this limitation the ex-
pected reach stays two orders of magnitude behind the
bounds from neutron scattering experiments [64] when
considering the coupling dg and one order of magnitude
for de.
As previously discussed, differences in the charge ra-

dius between calcium isotopes may lead to variations in
the field shift if they affect the electron density at the tho-
rium nucleus. Additionally, isotope composition directly
influences the mechanical properties of the crystal, in-
cluding the lattice spacing and the velocity at which the
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emitting nuclei oscillate around the minimum of the lat-
tice potential. These effects are expected to become a
dominant systematic background to the new physics sig-
nal described above.

One such background effect is the second-order
Doppler shift, which arises from changes in the veloc-
ity of the emitting nuclei. In a Debye solid made from
a single element where the emitter has a mass difference
δm relative to the bulk nuclei (which have mass m), the
frequency shift is given by [65, 66],

δν

ν
= 3.4× 10−3 δm

m

θD
m
, (28)

where θD is the Debye temperature. While the case of
CaF2 doped with thorium is more complex, since the
bulk consists of different atomic species and thorium is
an impurity in both 40CaF2 and 48CaF2, this formula
provides a rough estimate of the magnitude of the effect.
Using θD ≃ 510K [67], δm/m ≃ 0.2 for the relative mass
difference between 40Ca and 48Ca, and setting m to the
thorium mass, we estimate a shift of δν/ν ≃ 1.4× 10−16.
The isotope composition of crystals also influences the

lattice constant a. According to [68], for materials with
similar binding force, the dependence of the unit cell vol-
ume V (or equivalently, the lattice constant a) on the
reduced mass µ follows an approximate linear relation,

δV

V
= 3

δa

a
≃ C

δµ

µ
, (29)

where C = 3× 10−2 for ionic crystals and C = 8× 10−3

for metals. Estimating δµ/µ ≃ δm/m ≈ 0.2, we obtain
δa/a ≈ 2× 10−3.
A change in the lattice constant affects the quadrupole

splitting. The electric field gradient responsible for this
splitting originates from the two fluoride ions that com-
pensate for the additional charge of Th4+ replacing a
Ca2+, or alternatively from a calcium vacancy [60]. Mod-
eling this gradient as originating from a single point
charge at a distance proportional to the lattice constant
a, we obtain the relation,

δVzz
Vzz

= −3
δa

a
, (30)

where Vzz is the second derivative of the electro-
magnetic potential along the z-axis. Given that
quadrupole splitting is proportional to Vzz and is of or-
der O(100MHz) [11, 60], the expected shift is O(1MHz),
corresponding to δν/ν = O(10−9 − 10−10). However, by
averaging over the multiple transition frequencies result-
ing from the quadrupole splitting, it is possible to correct
for this effect [11]. Alternatively, one could consider a
crystal with a high symmetry and a 4+ charged ion that
the thorium could replace, ensuring that the thorium nu-
cleus experiences no gradient of the electric field.

Changes in the lattice constant also modify the elec-
tron density at the thorium nucleus, affecting the energy
required for nuclear charge rearrangement and thereby

inducing a field shift between isotopically distinct crys-
tals. This shift is primarily driven by s-electrons, which
have the largest nuclear overlap. The valence electron
distribution, which is most sensitive to lattice spacing,
is expected to be the dominant contributor [69]. To
estimate the size of this effect, we note that a change
in the ionization state of thorium induces a shift of
δν/ν = O(10−7) [61]. Ionization corresponds to a com-
plete removal of the valence electrons, leading to a rela-
tive density change of O(1). Assuming that, in a crys-
tal, the valence electron density scales as 1/V , a change
in lattice constant would suppress the effect by δV/V ,
yielding an estimated shift of δν/ν = O(10−9 − 10−10).
In Appendix A, we apply a similar estimate to the 93 keV
isomer transition in 67Zn and find that the predicted
shift exceeds experimental limits by an order of mag-
nitude. This suggests that our rough estimate may serve
as an upper bound on the actual shift. Notably, in both
ZnO and Th:CaF2, the outer s-electrons of the isomeric
atom are bound to anions. Since these outer s-electrons
strongly overlap with the nuclear core and are highly
environment-sensitive, this may explain the discrepancy
between our estimate and empirical observations.

While these systematic effects may limit the sensitiv-
ity of this method, they also present interesting avenues
for further study. The field shift and quadrupole split-
ting primarily affect the electric component of the isomer
transition energy. Their relative significance is enhanced
due to the cancellation between electric and nuclear con-
tributions, similar to the mechanism that enhances sen-
sitivity to new physics. To date, isotope-induced fre-
quency shifts in solid-state environments have not been
observed in conventional Mössbauer spectroscopy. In-
vestigating such effects could therefore be an interesting
scientific target in its own right. Given that the absolute
frequency shifts in both quadrupole splitting and field
shift could reach δν = O(0.1−1MHz), they may already
be detectable with existing experimental setups [11].

Finally, we note that a more detailed investigation
of the systematic errors and technical challenges asso-
ciated with the two methods discussed for short-distance
searches may reveal that a combination of both yields
optimal results. For instance, laser excitation of the tho-
rium isomer transition has recently been demonstrated
in ThFl4 films with thicknesses of O(10 nm) on various
substrates [70]. This setup could serve as a static alterna-
tive to the spinning disk, enabling searches at comparable
distances, as differences in the substrate would induce an
EP-violating shift.

VII. CONCLUSIONS

We demonstrate that nuclear clocks, particularly solid-
state variants, can serve as quintessometers, namely
quantum sensors with unprecedented sensitivity to fifth-
forces. We show how nuclear clocks can probe new scalar
force mediators at submicron scales, unveiling uncharted
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FIG. 3. Zoomed-in view of the small-distance region of Fig. 1,
illustrating the expected sensitivities from placing a rotating
disk at a distance of 10 nm from a nuclear clock (green), and
from CaF2 crystals made of different Ca isotopes doped with
229Th. The cyan area represents the bound derived from the
non-observation of a Mössbauer shift in ZnO due to enrich-
ment (see Appendix A). The light gray region is constrained
by fifth-force searches [35–37, 43] and neutron scattering ex-
periments [64].

regions of coupling and mass, while also significantly en-
hancing equivalence-principle tests at kilometer scales
and beyond. Furthermore, we highlight the potential of
transportable nuclear clocks to detect scalar interactions
over distances exceeding 10 km, complementing space-
based missions. Finally, we discuss how nuclear effects
in lattices with different isotopes can be detected, lever-
aging the high level of degeneracy between the excited
isomeric state of 229Th and its ground state.
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Appendix A: Mössbauer spectroscopy

In this section, we derive a bound from the results
of [71]. The experimental setup discussed in Section VIB
involves a laser locked to the isomer transition of tho-
rium in a host crystal. The laser frequency is then com-
pared to that of the isomeer transition in a crystal with a
different isotope composition (the Mössbauer absorber).
Here, however, we consider conventional Möessbauer
spectroscopy, where the light source is not a locked laser
but rather spontaneous emission from nuclei in a crys-
tal (the Mössbauer emitter). Similar setups have been
proposed for new physics searches in [55, 72].
Ref. [71] reports high-resolution Mössbauer spec-

troscopy measurements using a ZnO mono-crystal as the
emitter and ZnO powder as the absorber. To enhance the
count rate, the concentration of 67Zn in the powder was
increased from its natural abundance of 4.0% to 85.2%.
The most abundant Zn isotopes are 64Zn (49.2%), 66Zn
(27.7%) and 68Zn (18.5%). Even under the conservative
assumption that the relative abundance of these isotopes
remains unchanged in the powder, the absorber material
is still slightly heavier (by approximately 1.5%), poten-
tially inducing frequency shifts described in Section VIB.
The highest-resolution scans revealed a relative fre-

quency shift of (92 ± 1) × 10−18. Similar shifts, ap-
proximately half this magnitude, were observed in [73]
when comparing a monocrystal and a non-enriched pow-
der. Since the powder in [73] was obtained by grinding
a monocrystal that exhibited no significant shift when
compared to the emitting monocrystal, one may argue
that all observed shifts are likely due to deformations
caused by the grinding process rather than isotope en-
richment. The authors of [73] therefore suggest that
a Möessbauer experiment comparing two monocrystals,
one of which is enriched, is necessary to conclusively mea-
sure the shift due to isotope effects alone. To establish a
bound, we conservatively assume that shifts larger than
δν/ν = 10−16 are excluded. Using the sensitivity co-
efficients for Zn from [13], Ke = −0.37, and assuming
Kg ∼ 1, we present the excluded region in Fig. 3 in light
blue. However, this bound remains weaker than existing
constraints from neutron scattering.
As with the thorium-doped CaF2, it is useful to exam-

ine the size of nuclear effects. The second-order Doppler
shift due to isotope changes in ZnO was estimated in [65]
to be of order δν/ν ∼ 2× 10−17.
The quadrupole splitting was measured in [71] to be

approximately ∆ν/ν ∼ 10−13. Following the relation
from [68], the volume change of the unit cell due to den-
sity variation is estimated as δV/V ∼ 5×10−4. Assuming
the quadrupole splitting scales as ∆ν ∝ 1/V , we estimate
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a frequency shift of δν/ν ∼ 5 × 10−17 between the en-
riched and non-enriched samples.

The field-shift effect due to lattice constant variations
can be estimated as [69, 74]

δν

ν
=

(4π)2Zα

10ν
S′(Z)δψ2(0)δR2 , (A1)

where Z = 30 is the nuclear charge number, α ≈ 1/137 is
the fine-structure constant, and S′(Z) ≈ 1.4 is a relativis-
tic correction factor from [69]. The charge radius change

in the isomer transition is δR2 ≈ 0.018 fm2 [13]. The
electron density at the nucleus is estimated as ψ2(0) ∼
2 × 1031 m−3 for nuclei with similar charge Z [69], and
we assume it varies as δψ2(0)/ψ2(0) ∼ −δV/V . This
leads to an estimated shift of δν/ν ∼ 2×10−15. Notably,
this estimate predicts a shift about an order of magni-
tude larger than the observed value. This discrepancy
suggests that more detailed modeling is needed to accu-
rately predict the effect’s size.
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