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The Neutron

Particle Properties Wave Properties
h
Ao =—— =1.319695(20) x 1015 m
m = 1.674928 (1) x 10-27 kg m.c
g = 1 For thermal neutrons
2 CONNECTION = 1.8 A, 2200 m/s
1 =-9.6491783(18 ) x 1027 J/T . h
de Broglie Ap = — =18x1010m
T=8872)s h m.v
Ap=—1
R =0.7 fm B v AC=%E 108 m
v 1: 20k
o =12.0(2.5) x10-4 fm3 Schrédinger ,
v, dy(hY A, = v.At = 10 m
u-d -d - quark structure shidy= St
Ag = v.T = 1.942(5)x 106 m
&
boundary conditions 0<y<2m (4n)
m ... mass, s ... spin, L ... magnetic moment, Ac ... Compton wavelength, Ap ...
T ... B-decay lifetime, R ... (magnetic) confine- deBroglie wavelength, A ...
ment radius, o ... electric polarizability; all other -uB coherence length, Ap ... packet
measured quantities like electric charge, magnetic H two level system length, Aq ... decay length, dk....
monopole and electric dipole moment are com- momentum width, At ... chopper
patible with zero uB

opening time, v ... group velocity,
...... phase.



Neutron Interferometry
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Interferometer family

lp = c| trr + rrt |2
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Wave-Packet
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State presentations

Schrodinger Equation:

—Partial
‘waves fill

—the whole

‘space

2

‘n—A\If(l(‘ﬁ,t)+V(1@,t)\|;(1@,t) = in—
2m

Wave Function (Eigenvalue solution in free sp

v = o2 jykodFovad
/ \“ == == ) and others (Wigner
function etc.)

Spatial distribution: Momentum distribution:

Q) o 2
P =y gkt = [pkt)
Coherence Function: '
Stationary situation: (1=0): T=t—t
Kopog,

ITA) =<y(0)wA)>= 2> gle™ dk



Post-selection methods
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Position Post-Selection

contrast internal phase
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Wave Packet Structure
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D.L. Jacobson, B.E. Allman, M.

Zawisky, S.A. Werner, H. Rauch

(1996) J.Jap.Phys.Soc. A65, 94
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Dephasing - Decoherence



Magnetic noise fields
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Dephasing at low order

Magnetic noise fields
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Dephasing at high order
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B [G]
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Inelasticity: on resonance
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Off-resonance
(Multi photon exchange)
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Multi-photon exchange: results
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Multi-frequency photo’i exchange

transition amplitude
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Event by event simulation
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Double Loop Visibility
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Stimulated Coherence
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Berry-topological phase 1

w ‘n(l%’(t))> .... eigenstates of the instantaneous
y@) = e™|n(r() Hamiltonian
D) ... generalized phase
W(R(T)) =|w(ROY) H(R|n(R()) = E, (0] n(R(t))

for a closed path:

Bk 1) >=m21¥ D>

O(T) = arg<yDly(0)> = —%j<w(t)IHIw(t)>dt+i_[<¢)(t)|%l¢(t)>dt

= jEn(Igj(t))dt +i§d£< n(R)1Vp n(R) >= 5+ y

*///////// \\\\\\\$

dynamical phase geometric phase

COS o .
2 iHy/ —iuB1
¢ sin %] lw () >=e MIy0)>=e M Iy0)>

for a constant magnetic fieT:
= 4mr-symmetry of spinors

|y >= cos2 > +sin & 1=
2 2



Geometric Phases

Berry Phase (adiabatic & cyclic evolution)

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

() = e %e%|n(R(1)))
] I
ult) = 7 ), E)
-10 (for 2-level systems)
by = _EQ

Non-adiabatic & non-cyclic evolution
[Samuel & Bhandari, PRL 60, 2339 (1988)]

Non-adiabatic evolution
[Aharonov & Anandan, PRL 58, 1593 (1987)

)




Ultra-cold neutrons at ILL
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Spin echo to cancel dynamical phase
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Compensation of the dynamical phase

O, for different U, i. e. x-offset fields
(0 =2r/7 ~30 rads ! =T =200 ms, w; = 1832 rads ! =B = 10 uT):

(B)

(A)

g /2

2 5m/2
) [rad]

—5n/4

Fid 3r/2




Compensation in the case of noise fields

Spin-Echo Setup:

X One cycle: (1) = €' t0%)y(0)

X Spin Echo: ¢y =0 (spin first in the positive and then in negative eigenstate
of the magnetic field Hamiltonian).

X Geometric phase (4(21) = 204(T)



Predicted by:

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

X ¢9=2.58rads™', B=10 4T (1832 rad/s)

Rubustness of the geometric phase

X noise rms op =2 uT(366 rad/s), bandwidth I' =100 rad/s

X ¢,: averaged over 300 cycles
X State tomography (6 cycles)

X measure degree of polarisation
relative to 2noise—free evolution

i3 _ 2

Wi =8 804)3/(5 805

X (hg) — 2 =0.0(1) rad

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

[rad?]
o
[

.07 .035

®/m

| Wi
k\i\o 50 100 150 200 250ms
‘ T @
50 100 150 200 250
T [ms]



Unavoidable
Quantum
Losses



Phase echo
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REVERSIBILITY-IRREVERSIBILITY
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Barrier Reflectivity
T+R=1

> T<1

Ry, = (V/2E)25k2L2 > 0




Parasitic (unavoidable) reflections
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What means ignorance?

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.









Compton frequency

as G;I un‘er'nal
clock ?

initiated by: H. Muller, A. Peters, S. Chu, Nature 463 (2010) 926



Larmor interferometry

static: time dependent:
2uB,
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F. Mezei, Z. Physik 255 (1972) 146
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R. Gahler, Golub, J.Phys. France 49 (1988) 1195



COW-Experiment
(Colella, Overhauser, Werner)

2.2
E = 1 ko—n2k2+m H(o)
O ' 2m  2m &

E,=20 meV; mgH -~ 1.003 neV

ngH .
Ak = (k-kj) = - 5 sin o
A=1419 A - n-k,
| Aq)COW = CI)II—CI)I = AkS
m2 ,
AD = —2n}»—2gAOsmoc

h

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



Use of Compton Frequency

A =h/mc —_

3He Detectors

Phase Rotator \

CE s
Beam from

Double—-Crystal
Monochromator

Collela R., Overhauser A.W., Werner
S.A. Phys.Rev.Lett. 34 (1975) 1053

2
mc
W, = ~10% Hz

n

*Laser pulse * J
W.Wn,
M.Mn‘qu'l -"m

Tlme

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

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



Gravity phase shift

classical motion Schwarzschild metric for motion
GMm
L, = GMm —mgz+lm&
e
=GMIr? and r=r.+z
g=GM/r. and r=ry+z & ® ©

t=7,(01+ AU /mc?)

¢=§k-ds (AU =-mgH)
n2k2 _nZkg 1
me> AU mgH L m’

_ Muller 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






Dephasing - Decoherence

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

0.2 0.4
T [ms]

Variance of geometric phase (c42) tends to 0 for
increasing time of evolution in a magnetic field.



Relative Contrast

Rubustness of the geometric phase

dynamic

AB[Gauss)]

— strength AVAT

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



Visualisation of the robustness of
geometric phases

- Stereographic plots of sample noise realizations (simulation):

X effective frequency changes

X less fluctuations in enclosed
area for longer T

X less dispersion of ¢,




