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�E = 10�21eV

Combine unique system with well-performed method to ensure high precision

The neutron
no charge  
low polarizability 
magnetic moment 
nEDM

The method
Resonance Spectroscopy: 

The system
Ultra-cold neutron above a mirror
• no electromagnetic interaction
• low energy
• Energy resolution: 

Neutrons & Gravity
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UCNs in the gravity field

V.I. Luschikov and A.I. Frank, JETP Lett. 28 559 (1978) 
V. Nesvizhevsky et al., Nature, 415 297 (2002)
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UCNs in the gravity field

V.I. Luschikov and A.I. Frank, JETP Lett. 28 559 (1978) 
V. Nesvizhevsky et al., Nature, 415 297 (2002)

high sensitivity to  
modification of potential



• Schrödinger eq. with linearized gravity potential

• bound, discrete states
• Non-equidistant energy levels
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UCNs in the gravity field
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Quantum Bouncer

step: 60 µm



qBounce

measurements at different positions
explicit quantum behaviour
51mm behind 20µm step

unpublished



Rabis method

B magnetA magnet C



Rabis method
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Gravity Resonance 
Spectroscopy
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GRS

⌫13 = 463.74+1.05
�1.10Hz

⌫14 = 648.24+1.46
�1.53Hz

463Hz

648Hz |1i $ |4i

|1i $ |3i

1 1 → 4 ?1

pqω

no decoherence observed!
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Dark universe

Dark Matter

Axions 
• spin-mass coupling
• scalar-pseudoscalar 

coupling
neutron 
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Coriolis force are well below 10−17 eV. In contrast to other
neutral test particles such as atoms, neutrons possess an
extremely small polarizability. Systematic effects due to
van der Waals and Casimir forces are strongly suppressed
to below the 10−28 eV level.
With this remarkable level of control, the present

experimental results allow us to search for any new kind
of hypothetical gravitylike interaction at micron distances.
At this natural length scale of the quantum states, the
experiment is most sensitive (see Fig. 1, left).
First, we address dark energy as a realization of

quintessence theories with direct coupling to matter. A
particularly appealing realization is the so-called chame-
leon scenario [21–24], where a combination of the potential
VðΦ; nÞ of a scalar field Φ and a coupling β to matter
together with model parameter n leads to the existence of
an effective potential Veff for the scalar field quanta, which
depends on the local mass density ρ of the environment

Veff ¼ VðΦ; nÞ þ eβΦ=MPl
0
ρ: (3)

Here, MPl
0 corresponds to the reduced Planck mass. Our

method directly tests the chameleon-matter interaction and
does not rely on the existence of a chameleon-photon-
interaction as other experiments do [25].
The chameleon field potential for our setup is derived in

Ref. [26]. This result was obtained for the case of an ideal
vacuum (ρ ¼ 0) but remains valid at room temperature
and vacuum pressure of 10−4mbar. We calculate bounds
on the coupling constant β by comparing the transition
frequencies with their theoretical values, which are propor-
tional to the matrix elements νkj − νtheokj ∼ βðhkjΦjki−
hjjΦjjiÞ. In the corresponding data analysis, the fit
parameter for Earth’s acceleration was fixed at the local
value g ¼ 9.805 m=s2, while all other parameters were
varied. The extracted confidence intervals for limits on the
parameters β and n are given in Fig. 3. The experiment is
most sensitive at 2 ≤ n ≤ 4 (visible only on a linear scale

of Fig. 3), where a chameleon interaction is excluded for
β > 5.8 × 108 (95% C.L.).
The present limit is 5 orders of magnitude lower than the

upper bound from precision tests of atomic spectra [27].
The parameter space is restricted from both sides, as other
experiments provide a lower bound of β < 10 at n < 2
[27,28]. In the future, an improvement of 7 orders of
magnitude would, thus, be necessary to exclude the full
parameter space for chameleon fields for small n.
Second, we perform a direct search for dark matter. It

relies on the notion that very light bosons could be detected
through the macroscopic forces they mediate. The latter
would manifest themselves through a deviation from
Newton’s law at short distances, exactly in the range of
the experiment. Here, we search for particles that mediate a
spin-dependent force, in particular, axions. An axion would
mediate a CP-violating interaction between the neutron
spin ðℏ=2Þ~σ and a nucleon with mass mM at distance
r ¼ j~rj [7]

Vð~rÞ ¼ ℏ2gsgp
~σ · ~r

8πmMr

!
1

λr
þ 1

r2

"
e−r=λ. (4)

We measure the dependence of the resonance frequencies
on the neutron spin. The experiment is, therefore, slightly
modified: a homogeneous magnetic guide field of 100 μT
preserves the neutron spin throughout the experiment.
The neutron spin polarization is analyzed by our modified
detector described above. A hypothetical spin-dependent
force would change the transition frequencies. This shift is
obtained by reversing the direction of both the applied guide
field as well as the detector field and by measuring the
difference in the count rates at the two steep slopes of
the three-level resonance j1i↔j2i↔j3i. We do not observe
any significant frequency shift. A fit of the strength gsgp
and range λ together with all other parameters leads
(at 95% C.L.) to an upper limit on the axion interaction
strength as shown in Fig. 4. For example, at λ ¼ 20 μm, an
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FIG. 3 (color online). Exclusion plot for chameleon fields
(95% confidence level). Our newly derived limits (solid line)
are 5 orders of magnitude lower than the upper bound from
precision tests of atomic spectra (dot-dashed line) [27]. Pendulum
experiments [28] provide a lower bound (dashed line).
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FIG. 4 (color online). Limits on the pseudoscalar coupling of
axions (95% confidence level). Our limit for a repulsive (attrac-
tive) coupling is shown in a solid (dashed) line marked with
Aþ ðA−Þ. The limits are a factor of 30 more precise than the
previous ones derived from a direct measurement at the micron
length scale [29] derived from our previous experiment with
UCN marked B [13,14].
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Dark Energy

Chameleons 
• mechanism suppresses in 

vicinity of masses
• have screening mechanism

Torsion, vacuum energy

This work

Previous qBounce

Atomic physics

Torsion pendulum

n interferometer
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