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m = 1.674928 (1) x 10-27 kg

s = 1
2


 = - 9.6491783(18) x 10-27 J/T 

 = 887(2) s
R = 0.7 fm

 = 12.0 (2 .5) x10-4 fm3

u - d - d - quark structure

 m  ... m ass, s ... spin,   ... m agnetic m om ent,                    c  ... C om pton w avelength, B  ...  
  ...  -decay lifetim e, R  ... (m agnetic) confine-                  deBroglie w avelength, c  ...  
 m ent radius,   ... electric polarizability; all other  -B ________________             coherence length, p  ... packet  
 m easured quantities like electric charge, m agnetic      tw o level system       length,  d ... decay length, k.…  
 m onopole and electric dipole m om ent are com -                  m om entum  w idth,  t ... chopper 

                  patible w ith zero                                                  B ________________             opening tim e, v ... group velocity,     
                                                                                                                                                                                                … … phase.  
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For thermal neutrons
= 2 Å, 2000 m/s, 20meV

 c
h

m.c
  = 1.319695 (20) x 10-15 m

B
h

m.v
  = 1.8 x 10-10 m

 c
1

2 k
 


 10-8 m

 p v t .  10-2 m
 d v .  1.942(5) x  106 m

0    2 (4)

ParticleParticle WaveWaveFeels four-forces

The neutronThe neutron
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Particle and wave propertiesParticle and wave properties

p = mv = h/λ

(L. De Broglie)

UncertainityUncertainity
Δx Δp ≥ h/4π

(W. Heisenberg)

SchroedingerSchroedinger equationequation

(E. Schrödinger)

),(),( trH
t

tri 


 




M.C.Escher, 1938

NeutronNeutrons in quantum mechanicss in quantum mechanics
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Neutron interferometry Neutron interferometry 

H-Detector

O-Detector

Sample
o

Phase Shifter


I

II

I = I + ei  o  II
2

Neutrons
  m = 1.67 10–27 kg

s = 1
2

h

 = – 9.66 10–27 J/T
 = 887 s
R = 0.7 fm

u–d–d quark structure
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Neutron Neutron interferometer familyinterferometer family
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TwoTwo--particle vs. twoparticle vs. two--space entanglementspace entanglement
 

2-Particle Bell-State 
 
 = 1

2
 I  II +  I  II  

I, II represent 2-Particles 
 
 

2-Space Bell-State 

 = 1

2
 s I p +  s II p  

s, p represent 2-Spaces, e.g., spin & path 
 

Violation of Bell-like inequality 
S'  E' 1,1 + E' 1,2 – E' 2,1 + E' 2,2

= 2.051  0.019 > 2
 

 

Kochen-Specker-like contradiction 1 
63%

1 2 1 2
ˆ ˆ ˆ ˆ0.407 ' X Y Y X 0.861x yE E E        

 
 

Tri-partite entanglement (GHZ-state) 

Hasegawa et al., Nature2003, NJP2011

Hasegawa et al., PRA2010

Hasegawa et al., PRL2006/2009


     

I 0

II 0

Neutron ( )

( )i i i
r

E

e e e E   

    

      

 



2.558 0.004 2MeasuredM   Quantum 
contextuality
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WW-- and GHZand GHZ-- states in a single neutron systemstates in a single neutron system

W‐state:

GHZ‐state:

D. Erdösi et al. New J. Phys. 15 (2013) 023033
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Cheshire Cat 1: Cheshire Cat 1: paradoxical behavior of neutronsparadoxical behavior of neutrons

T. Denkmayr et al., to be published

 1 -x I + +x II
2

 1 -x I + II
2
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Cheshire Cat 2: Cheshire Cat 2: neutron(catneutron(cat) in upper path) in upper path

T=1                   T=0.8                  T=0.6
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IH

IO

IO

IO IO: with spin-analysis

Cheshire Cat: Cheshire Cat: spin(smilespin(smile) in lower path) in lower path

IH

IH
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Neutron Neutron polarimetrypolarimetry

- Non-commutability of j, PRA (1999)
- Bell-Test, PLA (2010)
- Leggett-Test, NJP (2012)
- GHZ-entanglement, NJP (1012)
- Spin-rotation coupling 
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Neutron Neutron polarimetrypolarimetry:: tritri--partite entanglementpartite entanglement

M=4: for perfect circumstances
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• In 1927 Heisenberg postulated an uncertainty principle:

γ-ray thought experiment

→

with q1 (mean error) & p1 (discontinuous change)

• → in modern treatment for commuting observables:

Uncertainty relation: historical 1Uncertainty relation: historical 1

:errorof the first measurmen ( )
: disturbanceon the second measurement (P)

Q





1 1p q h

( ) ( )
2

Q P  

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• Kennard considered the spread of a wave function ψ

: standard deviations

• Robertson generalized the relation to arbitrary pairs of 
observables in any states ψ

→ dependent on the state but independent of the appartus

Uncertainty relation: historical 2Uncertainty relation: historical 2

 1( ) ( ) , ?
2

Is A B A B generally valid   

 1( ) ( ) ,
2

A B A B   
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First term: error of the first measuremt, disturbance on the second 
measurement

second and third terms: crosstalks between spreads of 
wavefunctions and error/disturbance

Universally valid uncertainty relation by OzawaUniversally valid uncertainty relation by Ozawa

M. Ozawa, Phys. Rev. A 67, 042105 (2003). 

:error of the first measurmen ( )
: disturbanceon the second measurement ( )
:standarddeviations

A
B










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Error and disturbance for projective measurementError and disturbance for projective measurement
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• Successively measurement of 2 noncommuting observables 
A and B

• Apparatus 1 measures OA, Apparatus 2 measures B

Experimental schemeExperimental scheme
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Theoretical predictions 1Theoretical predictions 1

For error and disturbance:

For the standard deviations:
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Theoretical predictions 2Theoretical predictions 2

-Heisenberg’s relation

- new uncertainty relation
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Experimental setupExperimental setup
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Experimental setupExperimental setup
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Experimental dataExperimental data
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Results: errorResults: error--disturbance tradedisturbance trade--offoff

2 2 2( )

( ) ( )
A A

A A

A A O O

A O A A I O A I

      

   

  

   
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New uncertainty principle

Heisenberg product

Results: new/old uncertainty relationResults: new/old uncertainty relation

:errorof the first measurmen ( )
: disturbanceon the second measurement ( )
:standarddeviations

A
B











J. Erhart et al., Nature Phys. 8, 185-189 (2012) 
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Results 1: incident spinResults 1: incident spin--state (|s>=|state (|s>=|>)>)

0, 0s    

G. Sulyok et al., 
PRA. 88, 022110 (2013) 
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Results 2: polar angle of OResults 2: polar angle of OAA [[OOAA]]

New sum is always above border!

θ(OA) = /12 θ(OA) = /3

G. Sulyok et al., 
PRA. 88, 022110 (2013) 
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Results 3: polar angle of B [Results 3: polar angle of B [BB]]

Asymmetry appears!

(B) = /6 (B) = /4

G. Sulyok et al., 
PRA. 88, 022110 (2013) 
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Results 4: Results 4: azimuthalazimuthal angle of B [angle of B [BB]]

Sum touches the border!

(B) = 2/3 (B) = 5/6

G. Sulyok et al., 
PRA. 88, 022110 (2013) 
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Publications by other groupsPublications by other groups

ArXiv; 1304.2071
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Concluding remarksConcluding remarks

Neutron interferometer and polarimeter are effective
tools for investigations of quantum mechanics. 

- Neutron’s spin measurement confirmed
the new error-disturbance uncertainty relation.

- New sum is always above the limit!
Heisenberg product is often below the limit!

Universally valid uncertainty-relation by Ozawa 
is experimentally tested.
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