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Quantum interference: 
sensitivity to fifth forces 
coming from extra dimensions 
string theories 
(higher dimensional field theories) 
or axion fields
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qBOUNCE
the dynamics of ultra‐cold neutrons  in the gravity potential

the free Fall

Theory: 
Kajari et al., Inertial and gravitational mass in quantum mechanics,
Appl. Phys. B 100, 43 (2010)
Julio Gea‐Banacloche, Am. J. Phys.(1999)
H.A. et al., PRD (2010)
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qBOUNCE
the dynamics of ultra‐cold neutrons in the gravity potential
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Neutron Production
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Quantum Bounce ?
Cold‐Source at 40 K

Hydrogen Atom
‐ Electron bound in proton

potential

‐ Bohr radius <r> = 1 A

‐ Ground state energy of 13 eV

‐ 3 dim.

‐ Schrödinger Equ.

‐ Legrendre Polynomials

System Neutron & Earth
‐ Neutron bound in the gravity

potential of the earth

‐ <r> = 6 µm

‐ Ground state energy of 1.4 peV

‐ 1 dim.

‐ Schrödinger Equ.

‐ Airy Functions



Bound States
Discrete energy levels
Ground state 1.4 pico‐eV
Airy‐Functions

First Demonstration of Quantum States in 
the Gravity Potential

Demonstration of Quantum States
in the Gravity Potential of the Earth
Nesvizhevsky, H.A. et al.
Nature 2002



Resonance Spectroscopy

9

hE 

• atomic clocks
• nuclear magnetic resonance spectroscopy
• spin echo technique
• quantum metrology
• gamma resonance spectroscopy
• fluorescence spectroscopy in biology

This talk: Gravity Resonance Spectroscopy

nEDM
Sensitivity: 
energy shift
E = 10-23 eV

|1 > 1.4 peV

|3 > 3.32 peV
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Trapping UCN‘s in the 
earth‘s gravitational field
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Schrödinger equation:

0)0( n
boundary conditions:
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with 2nd mirror at height l

scales: energies:
length:

peV
m

solutions: Airy-functions

En En

1st state 1.41peV 1.41peV
2nd state 2.46peV 2.56peV
3rd state 3.32peV 3.97peV

neutron mirror
V [peV]



scatterer

neutron mirror

UCN

On the way towards a 
Resonance Spectroscopy Technique

• First Idea: „Standard“ Rabi Experiment

neutron mirror

scatterer

neutron mirror

scatterer

neutron mirror

UCN counter

counter

• Better Idea: Simplified Setup, „Rabi Flopping with Damping“

pq

1 31  ?1

• proof of technique possible
• simple (well-known) setup 
• avoids „steps“
• better transmission (short)
• perfectly PF2-compatible

• in principle (probably) limited by knowledge
of gap height l (can be removed by
measuring > 1 resonance )

pq

pq

T. Jenke, PhD Thesis, 2011



scatterer

neutron mirror
counter

Rabi flopping with damping
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Gravity Resonance Spectroscopy and Excitation
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|1 > 1.4 peV

|3 > 4.2 peV

T. Jenke et al., Nature Physics 2011



14



Gravity Resonance 2010
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Neutrons test Newton

Strength 
Range 
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Hypothetical Gravity Like Forces



Limits on Axions/CP-Violation

SM: 0 < 
EDM neutron→  < 10‐10

Axion: Spin‐Mass coupling gsgp/ħc: 



Science week TU Munich 08, Georg Raffelt:

2  c
mc

2 cm  0.2 µm 

A. Westphal, H.A. et al. 2007



PDG Exclusion Ranges

19Hartmut Abele, Vienna University of Technology

2 cm 

0.2 µm 

←

←



2007: Best Limits on axionlike‐coupling strength
from neutrons and quantum states in axion window

20Hartmut Abele, Vienna University of Technology

H.A. et al., PRD 81, 065019 (2010) [arXiv:0907.5447 



PRELIMINARY
Experimental Data (2010/2011)

• Repeat expt with
Polarized Neutrons

• Spin up: red
• Spin down: black
• Limit on 
• Spin-Mass-Coupling|1>  |2>   : 266 Hz

|1>  |3>   : 563 Hz
|2>  |3>   : 296 Hz
|2>  |4>   : 701 Hz

Observed Transitions

Axion Limits for
Axion masses between
1µeV < m < 10eV



qBounce‐Limits on axionlike‐coupling strength

22Hartmut Abele, Vienna University of Technology

Blue line: our previous limit from ultra-cold neutrons
Red line and star: our new limit from gravity spectroscopy
Red line 1a, 1b: expected sensitivity from gravity spectroscopy



The Future: Ramsey‐Method

Hartmut Abele, Vienna University of  Technology 23

3 213 10 , 6 10 eVE     



Limits on hypothetical gravity‐like forces

24Hartmut Abele, Vienna University of Technology

So far best limits from AFM
‐ False effects from Casimir or

Van der Waals forces

Neutrons:
‐ Polarizability extremely

small
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Since the Standard Model value for qn requires extreme fine 
tuning, the smallness of this value may be considered as a hint for 
GUTs, where qn is equal to zero.
Improve limits by one to two orders of magnitude

Charge quantization and the electric neutrality of the neutron.



Gravity tests with quantum objects
‐ M. Adam, G. Cronenberg, T. Jenke, H. Saul, T. Lins, D. Stadler, 
P. Geltenbort (ILL), H. Lemmel, U. Schmidt (Heidelberg), 
Thorsten Lauer (Mainz),H.A.

Vienna University of Technology
University of Heidelberg
University of Mainz

The Team at Atominstitut
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Progress Report with Galileo in Quantum Land
‐ qBounce: first demonstration of the quantum bouncing ball

‐ Dynamics: time evolution of coherent superposition of Airy‐
eigenfunctions

‐ Realization of Gravity Resonance Spectroscopy:
‐ Coherent Rabi‐Transitions, 
‐ |1> |2>
‐ |1> |3>, see Nature Physics, 1 June 2011
‐ |2>  |3>, |2>  |4>

‐ New Tool for
‐ A Search for a deviation from Newton‘s Law at short distances, where
polarizability effects are extremely small , 
see H.A. et al., PRD 81, 065019 (2010) [arXiv:0907.5447 

‐ A quantum test of the equivalence principle

‐ Direct limits on axion coupling at short distances,  

qBOUNCE Summary

27Hartmut Abele, Vienna University of Technology see arXiv:hep-ph/0703108


