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Ignorance governs quantum experiments



CONNECTION

de Broglie

Schrödinger

& 
boundary conditions

      
Hψ(

v 
r ,t) = i h

δδδδψψψψ(
v 
r ,t)

δ  t

Wave PropertiesParticle Properties

m = 1.674928 (1) x 10-27 kg

s = 
1
2

h

µ = - 9.6491783(18 ) x 10-27 J/T

τ = 887(2) s

R = 0.7 fm

α = 12.0 (2 .5) x10-4 fm3

u - d - d - quark structure

 m  ... m ass, s ... spin, µ  ... m agnetic m om ent,                    λc  ... Com pton w avelength, λB  ...  
 τ ... β -decay lifetim e, R  ... (m agnetic) confine-                  deBroglie w avelength, ∆c  ...  
 m ent radius, α  ... electric polarizability; all other  -µB ________________             coherence length, ∆p  ... packet  
 m easured quantities like electric charge, m agnetic      two level system       length, ∆ d ... decay length, δk.…  
 m onopole and electric dipole m om ent are com -                  m om entum  w idth, ∆ t ... chopper 

                  patible w ith zero                                                  µB ________________             opening tim e, v ... group velocity, χ    
                                                                                                                                                                                                … … phase.  

λλλλ c
h

m.c
====  = 1.319695 (20) x 10-15 m

For thermal neutrons
= 1.8 Å, 2200 m/s

      λλλλ B
h

m. v
====

λλλλB
h

m.v
====  = 1.8 x  10-10 m

∆∆∆∆ c
1

2 k
==== ≅≅≅≅

δδδδ
 10-8 m

∆∆∆∆ ∆∆∆∆p v t==== ≅≅≅≅.  10-2 m

∆∆∆∆ d v==== ====. ττττ 1.942(5) x  106 m

0 ≤ χ ≤ 2π (4π)

The NeutronThe Neutron



∫ ⋅⋅⋅⋅∆∆∆∆====⋅⋅⋅⋅∆∆∆∆====λλλλ−−−−≡≡≡≡−−−−========χχχχ

χχχχ++++∝∝∝∝ψψψψ++++ψψψψ∝∝∝∝

effeffceff

2
II

0
I

00

DkkDNbkD)n1(sdk

cosBAI

ρρ

Neutron InterferometryNeutron Interferometry
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Interferometer familyInterferometer family
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State presentationsState presentations

Schrödinger Equation:

t
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η
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Wave Function (Eigenvalue solution in free space):
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Spatial distribution: Momentum distribution:
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and others (Wigner 
function etc.)

Partial 
waves fill 
the whole 

space



Post-selection methodsPost-selection methods



More information by means of position 
sensitive beam imaging

More information by means of time-
resolved experiments

More information by means of 
momentum sensitive beam 

measurement



4 cm

6 
cm

contrast internal phase

Position Post-SelectionPosition Post-Selection

)cos( φχ ++∝ BAI



Verification of 
Schrödinger cat-

like states
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D.L. Jacobson, S.A. Werner, H. Rauch, Phys.Rev A49 (1994) 3196

Momentum 
post-selection

Momentum 
post-selection
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M.Baron, H.Rauch, M.Suda, J.Opt.B5 (2003) S341

Wave Packet StructureWave Packet Structure
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Dephasing - DecoherenceDephasing - Decoherence



� .
/ .

.
0 / .

0 � .

1
23

4

. 5 6. 5 7. 5 8. 5 9. 5 �. 5 /. 5 .

: ; < =

> ? ?

@ ? ?

A ? ?

B ? ?
?

C
D

E
F

G
H

I
JK

L
MN

O

P B ? P Q ? ? Q ? B ?

R S T U

Magnetic noise fieldsMagnetic noise fields



Dephasing at low order
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Magnetic noise fields

M.Baron, H.Rauch, M.Suda, J.Opt.B5 (2003) S244



Dephasing at high order
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Magnetic Noise FieldMagnetic Noise Field
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Dephasing



Inelasticity: on resonance
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B n
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π
21

η
=

02 Br µω =η

H.Weinfurter, G.Badurek, H.Rauch, D.Schwahn, Z.Phys. B72(1988)195

i.e. single photon exchange
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Multi-photon exchange: resultsMulti-photon exchange: results

J. Summhammer, K.A. Hamacher, H. Kaiser, H. Weinfurter, D.L. 
Jacobson, S.A. Werner, Phys.Rev.Lett. 75 (1995) 3206

� = 7534 Hz � �E= 3.24.10-11eV 

<< �Ebeam = 10-4eV



Multi-frequency photon exchange

�1= 1 kHz, B1= 40 G �1= 2 kHz;   �2= 3 kHz;  

B1= 15 G;      B2=  14.2 G

G. Sulyok, H. Lemmel, H. Rauch, Phys.Rev. A85 (2012) 033624

one frequency two frequencies

i.e. a noisy field
interaction does not 
destroy the quantum

state, but makes it more
complicated
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Absorbing phase shifter
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Absorption results

Small a-case:

J.  Summhammer, H. Rauch, D. Tuppinger, Phys.Rev. A 36 
(1987) 4447
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(Greenberger-Englert relation)



Event by event simulation

•

H. De Raedt, F. Jin, K. Michielsen, Quantum Matter 1 (2012) 20



Double Loop Visibility
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M. Suda, H. Rauch, M. Peev, 
J.Opt.B:Quantum Semiclass.Opt. 6(2004)345
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Stimulated Coherence
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Berry-topological phase 1
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for a closed path:

for a constant magnetic field:

� �����-symmetry of spinors

dynamical phase geometric phase
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Berry Phase (adiabatic & cyclic evolution)

Non-adiabatic evolution
Non-adiabatic & non-cyclic evolution

[ Berry; Proc.R.S.Lond. A 392, 45 (1984)]

[Samuel & Bhandari, PRL 60, 2339 (1988)]
[Aharonov & Anandan, PRL 58, 1593 (1987)

(for 2-level systems)
�

Geometric PhasesGeometric Phases



Ultra-cold neutrons at ILLUltra-cold neutrons at ILL



Spin echo to cancel dynamical phase

constant B-field strenght, but reverse path direction

+dynamic             -dynamic
+geometric          +geometric

=  2x geometric phase

Ramsey experiment measures both geometric + dynamical phase

= dynamic +  geometric phase



Compensation of the dynamical phaseCompensation of the dynamical phase



Compensation in the case of noise fieldsCompensation in the case of noise fields



F. Filipp, J. Klepp, Y. Hasegawa, Ch. Plonka, P. Geltenbort, U. Schmidt, H. Rauch, Phys.Rev.Lett.102 (2009) 030404

Rubustness of the geometric phaseRubustness of the geometric phase
Predicted by:
G. De Chiara and G.M. Palma, PRL 91, 090404 (2003)
R.S. Whitney, Y. Gefer, Phys.Rev.Lett. 90(2003)190402
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Clothier R., Kaiser H., Werner S.A., Rauch H., Woelwitsch H., Phys.Rev.A44 (1991)5357

Phase echoPhase echo
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0ψ

1rψ

2rψ

3rψ

1tψ

2tψ

3tψ

0ψ

0ψ

and many other combinations…



Barrier Reflectivity

�E T < 1

T + R = 1

RMin = (V/2E)2�k2L2 > 0



Overall phase shift 
(overall thickness, potential height)

Parasitic (unavoidable) reflectionsParasitic (unavoidable) reflections

D2 –D20 weak 
measurement 

channels

D1 quantum input 
state



• There are no quantum complete experiments.

• Plane wave components of wave packets are 
arbitrary non-local.

• Loss of interference must not be a loss of 
coherence.

• Topological phases are less sensitive to 
disturbances than dynamic ones.

• Quantum losses in any interaction are 
unavoidable.

What means ignorance?
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initiated by: H. Müller, A. Peters, S. Chu, Nature 463 (2010) 926
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static: time dependent:

F. Mezei, Z. Physik 255 (1972) 146
R. Gähler, Golub, J.Phys. France 49 (1988) 1195

MHz
B

L 1
2 0 ≈=

η

µ
ω

Larmor interferometryLarmor interferometry



COW-Experiment 
(Colella, Overhauser, Werner)

Eo
ko
m

k
m

mgH= = +
η η

2 2

2

2 2

2
( )α

∆k k ko
m gH

ko
= − ≅ −( ) sin

2

2η
α

∆Φ Φ Φ ∆cow II I k S= − = ⋅
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2πλ αsin

R. Colella, A.W. Overhauser, S.A. Werner, Phys.Rev.Lett. 34 (1974) 1472

E0= 20 meV;   mgH   ~ 1.003 neV



mchC =λ

Peters A., Chung K.Y., Chu S. Nature 
400 (1999) 849

Müller H., Peters A., Chu S. Nature 463 
(2010) 926

Collela R., Overhauser A.W., Werner 
S.A. Phys.Rev.Lett. 34 (1975) 1053
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Use of Compton FrequencyUse of Compton Frequency



Gravity phase shift
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Schwarzschild metric for motion
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classical motion

Müller H., Peters A., Chu S. Nature 463 (2010) 926

debate with: Wolf P., Blanchhet L., Borde C.J., Raynaud S., Salomon C., Cohen-Tannoudji, 

Class.Quantum Grav. 28 (2011) 145017
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Wave – Lattice InteractionWave – Lattice Interaction

� = 3�/2



Variance of geometric phase (σσσσg
2222) tends to 0 for 

increasing time of evolution in a magnetic field.

G. De Chiara and G.M. Palma, PRL 91, 090404 (2003)
R.S. Whitney, Y. Gefer, Phys.Rev.Lett. 90(2003)190402

Dephasing - DecoherenceDephasing - Decoherence



F. Filipp, J. Klepp, Y. Hasegawa, Ch. Plonka, P. Geltenbort, U. Schmidt, H. Rauch, Phys.Rev.Lett.102 (2009) 030404

Rubustness of the geometric phaseRubustness of the geometric phase

� strength �V��

� strength �V��

dynamic

geometric



Visualisation of the robustness of 
geometric phases

Visualisation of the robustness of 
geometric phases


