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Neutron Production in Research Reactor

about 3 neutrons per fission
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Quantum

Fission Neutrons: 2 MeV
Thermal Neutrons: 25 meV
Cold Source: 4 meV
Ultra-cold Neutrons: 100 neV
Gravity experiment: 2 peV

10-7

Thermal: 2200 m/s

Cold: 800 m/s

Ultra-cold: < 7 m/s



Neutrons and Turbine

P. Fierlinger Besuchertag 

Reflexion from
mirror

Mirror

Moving mirror



qBOUNCE: Quantum States in the Gravity Potential

Schrödinger Equation

Characteristic length and energy scale

Change of variable

Airy‘s Equation, and general Solution with AiryAi and AiryBi
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The Airy – Funktion:



qBOUNCE: Quantum States in the Gravity Potential

Bound States
Discrete energy levels
Ground state 1.4 peV
Airy-Functions
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H. Rauch et al., 1974
Quantum Interference
as Precision Tool

Study of basic Laws:
4 π Rotation of Spin ½ 



Atominstitut as EPS Historic Site, May 2019



Neutron Interferometer
11. Jan. 1974
Reactor at ATI

4π Rotation 
Rauch
Zeilinger
Badurek
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May 23rd & 24th 2019                 2nd Informal Workshop on Matter-Wave 
Interferometry

Hasegawa et al., Phys. Rev. A 81, 032121 (2010).

Greenberger-Horne-Zeilinger (GHZ) states in Neutron Interferometry

5

max value according to NCHVTs

www.neutroninterferometry.com
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qBOUNCE & ultra-cold neutrons



Energy Eigen States in Gravity Potential

E 10 = 7.71841 peV

E 9 = 7.18129 peV

E 8 = 6.62326 peV

E 7 = 6.04066 peV

E 6 = 5.42846 peV

E 5 = 4.77958 peV

E 4 = 4.08321 peV

E 3 = 3.32144 peV

E 2 = 2.45951 peV

E 1 = 1.40672 peV

E 11 =  8.23746 peV

ψ2m x g x z

E ω∆ = 

|1 | 4→

|1 | 3→

| 2 | 4→

|1 : 70%

| 2 : 30%

| 2 | 5→



State selector: put a neutron in the ground state |1>
Resonant transition |1> → |x>, |2> → |x>, GRS
Two mirror system: tune energy levels
Superposition of quantum states, the phase factor
Investigation of spacetime & cosmology using the techniques of
quantum interference via resonance spectroscopy

Addressing Quantum States



Question: What is the level of sensitivity? 

A neutron as an ideal object to Test Gravity 



08.07.2019



Neutron as an object: 
extreme sensitivity and precision

Energy ∆E = 10-21 eV
Momentum ∆p/p = 10-11

Angle ∆ ϕ = 10-11 rad
Decay rate: 106 /s/m

Neutral
Polarisability extremely small

By a hair‘s breadth

from the geocentre

Hartmut Abele, Technische Universität Wien 27

See review article: 
H.A., The neutron. Its properties and basic interactions, 
Prog. Part. Nucl. Phys. 60 1-81 (2008)

Observables: more than a dozen related to particle
physics and cosmology



Neutron Beta Decay & High Precision Experiments with PERC

Neutron beam
from FRM II

Velocity
selector

ChopperPolariser & ARF 
spin flipper, 5 m

Neutron guide Neutron guide, 8 m Neutron & gamma
beam stop

SolenoidVacuum vessel Warm bore Magnet coils

e/p SeparatorDecay volume Analysing areaNeutron beam preparation
𝑩𝑩𝟐𝟐 = 𝟎𝟎.𝟓𝟓 T𝑩𝑩𝟏𝟏 = 𝟑𝟑 − 𝟔𝟔T𝑩𝑩𝟎𝟎 = 𝟎𝟎.𝟓𝟓 − 𝟏𝟏.𝟓𝟓 T
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Detector
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Spokesperson: B. Maerkisch, TUM

New Frontier Group Prize
G. Konrad

Spokesperson: B. Maerkisch, TU München,Time & Project Manager: E. Jericha, TU Wien



Decay rate

2 unknown parameters: 𝑉𝑉𝑢𝑢𝑢𝑢,    

20 or more observables: τ𝑛𝑛, 𝑎𝑎, 𝑏𝑏,𝐴𝐴,𝐵𝐵,𝐶𝐶,𝐷𝐷, …
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Decay rate

2 unknown parameters: 𝑉𝑉𝑢𝑢𝑢𝑢,    
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Neutron Beta Decay





33

Why ratio λ = gA/ gV from Neutrons?

Processes with the same Feynman-Diagram

Courtesy of D. Dubbers







How can we generalize Ramsey‘s method? 

Hartmut Abele, TU Wien 36

|2 > 2.46 peV

|4 > 4.09 peV

qBounce:
Vibrating mirror

2 395 Hz
E ω

ω π
∆ =

= ×




qBOUNCE

Back to gravitational quantum states &
Gravity Resonance Spectroscopy

08.07.2019



?
/ 2π / 2π

Ramsey‘s Method for Neutrons  

2 state system (gravity potential) coupled to a resonator

v v

30 cm

|2 > 2.46 peV

|4 > 4.09 peV



Cycle no 183
|1 : 52% | 2 : 37% | 3 :11% | 4 : 0%



Cycle no 183
|1 : 52% | 2 : 37% | 3 :11% | 4 : 0%



Cycle no 183, Proof of Principle: Ramsey @ GRS
|1 : 52% | 2 : 37% | 3 :11% | 4 : 0%



A neutron 
- is neutral

- has small polarizability

- probes small distances on the nm … µm – scale

- gives access to all gravity-parameters: 
- mass, distance, energy momentum, … 

- couples to scalar fields (if there is a coupling)

- allows constraints on any possible new  
interaction at the level of sensitivity 

- Examples for hypothetical gravity-like forces or 
- Dark Matter / Dark Energy fields

- has a spin
- Axions-exchange? Chameleons? Symmetrons?

A neutron as an ideal object for Dark Matter Searches

Axion

Hypothetical New Interaction



qBOUNCE: Quantum States and the Dark Sector

Schrödinger Equation

Characteristic length and energy scale

Change of variable

Airy‘s Equation, and general Solution with AiryAi and AiryBi
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qBOUNCE and Lorentz Violation (LV), mgSME

Schrödinger Equation
2 2
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qBOUNCE and Lorentz Violation (LV), mgSME

Ivanov



qBOUNCE and Lorentz Violation, the CANONICAL SUN–CENTERED FRAME

Ivanov



qBOUNCE and Lorentz Violation, the CANONICAL SUN–CENTERED FRAME

Ivanov



qBOUNCE and Lorentz Violation, the CANONICAL SUN–CENTERED FRAME

For the transition of unpolarized UCN

Transition of polarized UCN

Example of numerical analysis:



qBOUNCE and Lorentz Violation, the CANONICAL SUN–CENTERED FRAME

For the current sensitivity of qBOUNCE we get

With we get

Neutron Sector:



GRS & Rabi Spectroscopy



qBounce – Rabi- Gravity Resonance Spectroscopy

|1> ↔ |3>   :  462 Hz
|1> ↔ |4>   :  647 Hz

|1> ↔ |2>   :  266 Hz
|1> ↔ |3>   :  563 Hz
|2> ↔ |3>   :  296 Hz
|2> ↔ |4>   :  701 Hz

|1> ↔ |3>   :  462 Hz
|1> ↔ |4>   :  647 Hz

T. Jenke et al. NP 2011

T. Jenke et al. PRL 2014

C. Cronenberg et al. NP 2018

J. Bosina, J. Micko, R. Sedmik

|2> ↔ |3>   :  208 Hz
|2> ↔ |4>   :  392 Hz
|2> ↔ |5>   :  560Hz

Cronenberg et al., Nature Physics 14, 1022–1026 (2018)



It could well be that the universe is not in a vacuum state at all and has 
a dynamical evolution
Scalar field φ as a Perfect fluid

Dark Energy Quintessence Theories





Symmetrons (M. Pitschmann, P. Brax)



Symmetron Field

Mass M vs Range µ

λ vs Mass M

Cronenberg et al., NP 2018



Gravity tests with quantum objects
- T. Jenke, G. Cronenberg, J. Bosina, R. Sedmik, J. Micko, H. Filter, P. 

Geltenbort (ILL), M. Heumesser, H. LemmelM. Thalhammer, T. 
Rechberger, P. Schmidt, J. Herzinger, M. Pitschmann, 
Collaboration P. Geltenbort, U. Schmidt

The Team at Atominstitut & ILL



qBounce - Quantum Bouncing Ball: 
- Mathematical description with Airy-Functions

Measurements of Airy-Wave-Functions in the gravity
potential of the Earth 
- Fall height: 30µm

- Mirror, polished glass

Gravity Resonance Spectroscopy: Proof of Principle
- Aim: ∆E = 10-21 eV

Test of Equivalence Principle
Test Newton‘s Law at short distances
- Search for hypothetical gravity-like forces, LV, effects of string

theories, higher dimensional field theories etc.

free fall at short distances
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