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The Neutron

Particle Properties Wave Properties
A =" = 1319695(20) x 10-15 m
m = 1.674928(1) x 10-27 kg m.c
g= 1 A For thermal neutrons
2 CONNECTION =1.8 A, 2200 m/s
i = - 9.6491783(18) x 10-27 JIT . h
de Broglie Ag = — =18x10-10m
t=887(2 s h m.v
Ag=—-
R=0.7fm 5 v Ae = —— = 108m
. 1 26k
o = 12.0 (2.5) x10-4 fm3 Schrodinger 0
e WD Ap = V.At = 102m
u-d-d- quark structure DSBS
2 Aq = V.t = 1.942(5) x 106 m
boundary conditions 0<y <2n (4rn)
m ... mass, s ... spin, p ... magnetic moment, Ac ... Compton wavelength, Apg ...
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 [] two level system length, Aq ... decay length, 8k....
monopole and electric dipole moment are com- momentum width, At ... chopper
patible with zero uB

opening time, v ... group velocity, %



Neutron Interferometry
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Interferometer family
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High order interferences
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State presentations

Schrodinger Equation:

. artial
—Zh—mA\p(?,t)+V(?,t)\y(?,t) = iha“’T('tr’t‘AlaveS fill
the whole

Wave Function (Eigenvalue solution in free space): space

YY) = r) 32y telKT-ot g3k

/ \— = = p and others (Wigner

function etc.)
Spatial distribution: Momentum distribution:

h 9
) = i) ok = ol

Coherence Function:
Stationary situation: (t=0):

I(&) =<y(0) w(A)>=(m* 2fo(k)e " d%



Wave-Packet
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SPATIAL VERSUS MOMENTUM MODULATION I

Spatial distribution
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WIGNER FUNCTION
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o Spatial A=onm
Definition: distribution Momentum
. A A : distribution
- * H
W(k,x)=_je'kA\|; X+— |y| X—— |[dA j | /
A1t 2 2 .

Properties:  [W(k,x)dk = \W(X]2

o

[ 2 095 5
[ Wik, x)ix = py(k)
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Interferometric Gaussian packets:

distribution
1/4
\|II A (X) — (471:8X2)7 exp[— X2/28X2+iXko] 2

y(x)=y'(x)+ ' (x+Ag) -1
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POSITION POSTSELECTION

Post-selection
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Position Post-Selection
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Wave Packet Structure

[
S
E
®L
(e
an
&
=
an
2
T
£
e 0.0 — [ | ' i
12.70 o722 1 274
0 200 w4Rfength (AP0 800
A, IA]

M.Baron, H.Rauch, M.Suda, J.Opt.B5 (2003) S341
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EPR-Photon Experiment
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Wave — Lattice Interaction



Quantum potential

y(r,t) = R(,1eS/7
, 3
oR _( 2vsj
——+V|R —| = 0
ot m
88+ : (§S)Z+V n* VR = 0
ot 2m 2m R
5 = n V°R
~ 2m R
o(T,t) = R2(T, 1) = [y (T, 1)° mv(r,t) = VS(T,t)

Bohm D. (1952a) Phys. Rev. 85, 166

Bohm D. (1952b) Phys. Rev. 89, 180



Quantum potential and trajectories
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Weak

‘Measurements
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Incident neutrons

Counts

Event by event simulation
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Double Loop Visibility
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Stimulated Coherence
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Active neutron-apparatus
Interaction



Dynamic Spin-Superposition
(One photon exchange)
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On-resonance— single photon
exchange
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Noise field and dephasing
(Multi photon exchange)
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Mono- and multi-mode noise

B(x)
N
., oy(T,1) . h°k® . .
17 =Hy(r,t) = + uo B(r,t r,t
Bo at W()(Zmﬂ()l//()
I I II
' 7
0 L X B
B(F,t) =[B, + B(t).(O(x) —O(x - L)) ]2
oscillating
® magnetic v ohase shifte oy
overall guide field B(t) } \j ei :'L\VIH Yrte "Wy

feld Bg W/I@\UH \ / B(t) = i B, cos(a;t +¢;)

v "f Y1 o
o yyte Vi




21,2

— Hy(F1) = (Z:ﬂ 4 yé‘B(F,t)jw(F,t)

i oy(r,t) |
) Formalism
B(F,t) =[B, + B(t).(O(x) - ©(x — L)) |2 N -
lo(x) = 2., ()e™"
B(t) = i B, cos(wit + ¢.) e

~ Cr = Ono QZJW (B)-nndy (By )e™™ cos ¥
|:> lPIII (X,t) = ZJnl (ﬂl) ........ J o (ﬂN )e—ﬁﬁeiknxe—ia}nt Zi:nieven
n 1 M l T
(o) =y 2o ®) zﬂloai)dt
W; =@, +N@ E;:kj ZT BO+2—m*c?)
h l Ty N
=+ ol +7 B =2a sin @i a _MB L C:T— J-COSKZIBi (a)it + & )]dt
2 Vv m 0 i=1

o (xt) = %\‘P. (x,t)+e"¥, (x.t)\2 =1+ Re{ei’f DIR IR “7’0}

with & =, — 2%

0



Multi-frequency photon exchange
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Five-mode case

B=4G
w 1.0 0-4 0.4
countsf : : ] ¥
0.8 Nho T4hoe
P W D R WA Y R R Ofang f f
K i 1 Iy f 'Eu_;i‘ 1 i 1‘! | i 0.2 0.2
| (2) 'l"__d" #.ﬁ uhl‘_ ” f"-ﬁ- I'llf 4 HI‘JI iv‘ !| ;4 il“,qj 1:#"'- _:0.4
3000 o I RN = 0.0 < 100 0.0
s measured § || | T 1 g o4 0.4 0.4
2000+ T counts | TI-J |.u+ f k2 *6hog *10ho¢ 14 hoy
] I/I’l
S 0.0 0.0 0.0
504 0.4 0.4
| iZOf]O)f i‘24ha)f i'34fl(1)f
v, 0.2 0.2 0.2
.‘ i 0.0 0.0 0.0 Im
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 0 5 10 15 0 5 10 15
time[msec] magnetic field amplitude B1 [Gauss]
B=11G

f,= 3kHz, f,=5kHz, f;=7kHz,
f,=11kHz, f:=13kHz

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



ephasing at low order

Magnetic noise fields
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Neutron Fizeau effect
nk) = Re \/12mVO(JIZ)
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INTENSITY

Neutron Fizeau effect measurements
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Fizeau-Wheel
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R. Montgomery, Commun. Math. Phys. 128, 565 (1990).

Yuji Hasegawa

Quantum Contextuality and
Kochen-Specker phenomenon

A falling cat always lands on its feet.



Triply entangled states
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Mermin's Inequality: Measurements
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Y. Hasegawa, R.

v=0

Y=m/2

y=n

Loidl, G. Badurek S. Sponar, H. Rauch, Phys.Rev.Lett. 103 (2009) 040403

v=31/2




Compton frequency

C  mc?
et T

as an internal clock ?

Initiated by: H. Mller, A. Peters, S. Chu, Nature 463 (2010) 926



Larmor interferometry

static: time dependent:
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w\

field free regions
Bo ® b Bo @
D
‘;

polarized incident beam field reversal —0 @ | 23 @ @
B, = B,
DD
L, N

T
l
~

Rl

1 1

— Bg B, 2B,
_@ & & |

I_ flipper T - flipper
T 2
2—turn

4P

I .
5 flipper

white spectrum

T ot
il

NEUTRON COUNTS

. ]
s 40

120

60

8 4

F. Mezei, Z. Physik 255 (1972) 146

0

R. Gahler, Golub, J.Phys. France 49 (1988) 1195



COW-Experiment
(Colella, Overhauser, Werner)

L hzkg_h2k2+m @)
O 2m  2m ghila
o
0 E,= 20 meV; mgH -~ 1.003 neV

Beam from
Double-Crystal
Monochromator

: 2
H .
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AD = -2 xm—z A, sin
%0 32 24 16 8 0 8 16 24 32 40 cow T h2 9Rg Siha
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R. Colella, A.W. Overhauser, S.A. Werner, Phys.Rev.Lett. 34 (1974) 1472



Use of Compton Frequency

Ac =h/mc —

(qu G, 3He Detectors
Phase Rotator \
: = D

s 5

Beam from
Double—-Crystal
Monochromator

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

2
0, = % ~10% Hz

‘Laser pulsev * ‘
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) ,
%fwﬁ\wwwwvwﬂmmm .
/M !
} } }
B

Time

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

g=GM/r; and r=r,+z2

L, =—-Mmc’ +%—mgz+1mz2 +@(12)
GMm 2 C

1 r
= - —mgz +=mz? ®
Il 2

g=GM/r; and r=r +z

r =7,(L+ AU /mc?)

¢ ={kds (AU = ma)
LY ik 1 2
om Mo, ¢=%§mc dr=o,fdr

m? A me2-AU mgH L o
(0——27M—gAOS|na s meE T s v h —ngsma

Mduller 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



Vd

Resume

/ Advanced post-selection makes quantum \
experiments better understandable and less mystic.
Quantum physics gives more correlations,

entanglements an contextual effects than classical
physics.

For the interpretation one should keep in mind that
the initial or boundary conditions are also based on
statistical measurements of an equally prepared
ensemble and, therefore, it does not seem so
surprising that only statistical predictions about the
outcome of an experiment can be made.

« Thus, we do not know everything at the beginning
\so we also do not know everything at the end. /




Thank You



Geometrical
Phases




Geometric
Phase

Berry Phase (adiabatic & cyclic evolution)
[ Berry; Proc.R.S.Lond. A 392, 45 (1984)]

() = e e n(R(r)))

1 I
t) = — | di'E, (1
o) = [ AE)
1 (for 2-level systems)

q)g:—i

Non-adiabatic evolution Non-adiabatic & non-cyclic evolution
[Aharonov & Anandan, PRL 58, 1593 (1987) [Samuel & Bhandari, PRL 60, 2339 (1988)]




Non-adiabatic & Non-cyclic
Phase

 J

|4) p)

ReSuIts:

e it Ay [(1=VT
b =arg\y, ) = — arctan |tan — I ——
AT 2 [ P (wwr

D, =D Dy =D

Cancelling dynamical phase, if

_XH—TXz_O
- 14+T

S. Filipp, Y. Hasegawa, R. Loidl and H. Rauch, Phys.Rev. A72 (2005) 021602



Dephasing -
Decoherencing

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 (o4?) tends to O for
Increasing time of evolution in a magnetic field.



Fizeau-Wheel

AD = -

Fizeau

x=L({t)=D,v t/D=vttge; D, =27/Nb.A

AD(H) = viga( 2V, AN YA, t
v, | mvitgla o1 Vul0a " v (v, v tga)
Vn
QIAD(D) _ qiABL/h AE = fip = Vonzv ~V ﬁ

Al: V,=5.415x108 eV; v,=1000m/s; v,,=10m/s
— AE =5.4x101%eV = 5.4 peV



Ultra-cold
neutrons

X polarized Ultra Cold Neutrons (UCN's)
X low velocity ~ 5m/s (107" eV, ~ mK)

X reflection at material wall - potential barrier (=~ 10~7e}")

X neutron bottle

X wrap coils around for magnetic field



Ultra-cold neutrons
at ILL

11. Mu-Metal ---eeeol
10. Helmholtz coils

9. storage vessel

8. Shutter ---------soommm R
B
- o o Y 3
7. gradient field T S
0T (7711 ——— »\;%77
6. Plexiglass tube . _—
with Cu-foil [
5. Polarization foil -7 f j
4. Switch ---ceeee- J [
3. Shutter
A
S m——

1. Stainless steel
neutron guides: =stsmssesssatnttaiis =

2. He3 detector ----- -U




Experimental
set-up

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



Compensation of the
dynamical phase

¢, for different 0, i. e. x-offset fields
(0 =2r/T ~30 rads ' =T =200 ms, w; = 1832 rads" ! =B = 10 uT):

(B)

(A)
i —n/2 |

—37/4 [

¢ [rad]

=T

—S5n/4

m 3n/2 2n Sn/2

Q) [rad]




Compensation in the case of
noise fields

Spin-Echo Setup:

X One cycle: y(t) = ¢/(% %)y (0)

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

X Geometric phase §g(2T) = 204(T)



Rubustness or the
geometric phase

X ¢ =2.58 rads™', B=10 4T (1832 rad/s)
X noise rms 6p =2 uT (366 rad/s), bandwidth T'= 100 rad/s

X ¢,: averaged over 300 cycles

.07
X State tomography (6 cycles)
03
X measure degree of polarisation
relative to 2noise-fr2ee evolution N?é 0.2
—8c: —80;, =
Viel =€ ¢>g/e £0 “'bg 06 50 100 150 200 250 ms
— 0.1
0__
X (Og) — g =0.0(1) rad
0 L | L L I
0 50 100 150 200 250

T [ms]

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




Stability calculations

Dynamical Phase 1jdt ):

Geometric Phase (J- dQO ):

e




Wave-Latice Interaction
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