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Quantum theory

. AT - UGS
N. Bohr, W. Heisenberg, W. Pauli

h = 6.6260755(40) 10% Js (M. Planck)
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'E. Schrodinger




Bohr-Einstein debate(2): which-way detector
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Smoky dragon by J.A. Wheeler
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Neutrons in quantum mechanics

' Particle and wave properties ' =
p=mv="h/A
(L. DeBroglie)

Schroedinger equation

. dP(r,t) _
i ot - HWY(r,t)

(E. Schrédinger)

Uncertainity

Ax Ap = h/4n
(W. Heisenberg)

Neutron interferometer
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Neutron interferometer family

Neutron interferometer experiment(1)

4rt-symmetry of spinor wavefunction

Hamiltonian

H=-uB=-ucB
Wave function

W(1) = exp(- Y4 ]-¥(0)
- expl ] ¥(0)

= EX[Z{— io-a/z].lP(O)

Wherea:%/Bdt ‘,M
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H. Rauch et a., PL A54 (1975) 425.
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Neutron interferometer experiment(2)

Gravitationally induced quantum phase

Energy of neutron

gravitational potential

E.= 2? =Tr|:1+mH(a)
and
2
Ak =(k—kp) =~ "M gn g
. 0o
Phase shift o000
m2 <3
A® o, =—27A—5 gA SN *

S
Pldeg |

R. Colellaet a., PRL 34 (1975) 1472; J.L. Staudenmann et al., PR A21 (1980) 1419.

Neutron interferometer experiment (3)

Superposition of spinor wavefunctions
§ General framework of spi n-% system ~
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@) 1"up"  "down"
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COHERENT SUPERPOSITION CLASSICAL MIXTURE|[ \»
9 Superposition 2
i . :i 1 100k 4
s +eéts)) @Lﬂ [ —
IS0 = 8y) =80 = 5y) J. Summhammer et al., PL A27 (1983) 2532.
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Nonlocality in quantum mechanics

“Einstei n-Podol sk_yF\%_oseﬁ (EPR) scheme 4 QndE'Nnﬁger?l;nggd(y
+ +1

| 777--780 (1935).
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Entanglement between two-spaces
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Phase Shift,  (rad)

S =E(oyxy) + Eoux) —Elonx) + Elonx,)
| Anlyzer D =2051 £0.019 >2

O-Delsctor Cf. Max. violaion: S'=2.81>2
(newest value: S'=2.202 + 0.007)

Y. Hasegawa et al., Nature Vol. 425, Sept. 4, 2003
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Publications

| Nature, vol. 425, sept. 4, 2003 |

Violation of a Belldike inequality in
single-neutron interferometry

Yujl Hasegawa', Rudolf Loidl'*, Gerald Badurek', Matthias Baron'~
& Helmut Rauch'

! der O hischen L i fionallec 2, A-1020 Wien,

Austria
“nstitute Lawe Langevin, B P. 156, F-38042 Grenoble Calex 9, France

Non-local correlations between spatially separated systems have
been extensively discussed in the context of the Einstein
Podolsky and Rosen (EPR) paradox' and Bell’s inequalities®
Many s and i designed to test hidden variable

theories and the violation of Bell's inequalities have beerg”
reported®’; usually, these involve correlated photons, althou;
recently an experiment was performed with "Be* ions®
Nevertheless, it is of considerable interest to show that suck

Neutron polarimetry

Natur und Wissenschaft

letters to nature

the spinar par®, that is, different degrees of freedom, The normal-
ized total wavefunction | ¥), can be represented as a Bell state, | ¥) =
j;ﬂ 12I1) + | 1)@L}). Here, | T) and | |} denote the up-spin and
down-spin states, and |1} and |11} denote the two beam paths in the
interferometer.

The expectation value for the joint measurement for the spinor

j;(l 1)+e*| 1)) and the path j;(l{) +&¥|11}) is calculated to be:

Frankuutes Allgrmine Zrilug

Neutron

Ol

e i cpressieno

n seltsamem Zustand |

0 s Gt homars de Thege
e Al

e Bwolioen
s Kl an

B,Bj < AB
N z
z B, ~
: £
S P DETECTOR
y x £
X
o SPIN TURN SPIN TURN i/
DEVICE DEVIGE
POLARIZER _, o, ey S
@ﬁi 1 B (deg)
, FLIPPER ANALYZER
~ SPIN ROTATORS
NEUTRONS s F 5
s : " - N
))L L Ol =Y > A+F
B ? =@{1 Y+ = }
s {00
X 4 .
=—J{eB]+Y) +eif =
B,B, ~ BA X MY +ef-Y))
eP )
= +YY + g 2B
E{l ) 1Y)

- @ ¥t ﬁ:




Aharonov-Bohm (AB) effect

Electron

Y. Aharonov and D. Bohm,
"Significance of Electromagnetic Potentials in Quantum Mechanics,"
Phys.Rev. 115 (1959) 485-491.

Solenoid

Interference
pattern
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Scalar Aharonov-Bohm (AB) effect

VECTOR-AB
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ELECTRON
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n NEUTRON
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Polarizing Fermi

Pulsed Anaiyzing

?
Neutrons

G. Badurek, PRL 71 (1993) 302.
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Non-commutation of Pauli spin matrices

RB=—{o, oo +5.0:5) [0,.0,]=0,0,-0,0,
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Y Hasegawaet al., PLA 234 (1997) 322; PRA 59 (1999) 4614.

Neutrons in quantum mechanics

' Particle and wave properties '
p=mv="h/A

(L. DeBroglie)

Schroedinger equation

i oW (r ,t)
ot
(E. Schrédinger)

=H¥Y(r,t)

Uncertainity

Ax Ap = h/4n
(W. Heisenberg)
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Uncertainty relation: historical 1

L

. In 1927 Heisenberg postulated an uncertainty pri_nci ple

XA

y-ray thought experiment

<>
QP ~h Y

—

— in modern treatment for commuting observables:

[Qn(P) 2

e:erorof thefirst measurmen(Q)
7n: disturbanceon the second measurement (P)
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Uncertainty relation: historical 2

. Kennard considered the spread of awave function y
- IIL,

§

o(Qo(P)> 5

o: standard deviations

x-1

g A

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

o(A) o(8)= (v |[AB])
— dependent on the state but independent of the appartus
Is e(A)7(B) > %‘(w\[A, B|y)| generally valid?
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Definition of error & disturbance

- Error is defined as the root-mean-square (rms):
2
(A=W U'(leMU-ABI | |y ®&)"

- Disturbance is defined in the same manner:
n(B)=(y ®&[UT(B®IU-B®I | [y ®&)"”

Definition: (K. £, U, M) is a measuring process
K: a Hilbert space,

L1 a unit vector in K,
- M. Ozawa,

[7: a unitary operator on H @ I,

AM: a self-adjoint operator on K. Ann. PhyS 311, 350 (2004)
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Universally valid uncertainty relation by Ozawa 1

Joint measurement of A and B in state Y.

. Mout = Ain + N(A)
. Bout = Bin + D(A)

We obtain the following commutation relation for noise and
disturbance operator with [M°", B°“]=0

[N(A), D(B)] + [N(A), B"] + [A™,D(B)] = —[A™, B"]
applying the triangular ineguality

([N (A), D(B))| + [(IN(A), B"]) + ([A™, D(B)))| > [Tr(|A, Blp)|
M. Ozawa, Phys. Rev. A 67, 042105 (2003).
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Universally valid uncertainty relation by Ozawa 2

e(An(B) + e(A)a(B) +o(A)n(B) = % (v [[4, Bl )]

e:errorof the first measurmen(A)
7 - disturbanceon the second measurement (B)
ostandarddeviations

First term: error of the first measuremt, disturbance on the second
measurement

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

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

IS 12> (Bx=0)

I (B-m/2)-%)

|-z (Bm)-%)

Experimental setup

Detector it
p & Analyzer 2

W

“ MEASUREMENT 1:A : oy

(Op i =cosd gy +sind o)
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Polarizer
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Adjustment

Unitary transformation: U=e'® 972 Wit

Determination of U(=% 1) &>

- Scanning of the current £ | E
. . . w 1
in x-direction - /’ \\
: by by
Determination of U(%£ 7 /2) g 03
- Position scanning =025
Z oL 2>
g = F 0 I =

ROTATION ANGLE [rad]
Contrast of each DC coil adjustement: ~98%

Contrast of the whole system: ~96%

Experimental determination

where |, and | _represent the positive and negative projections

2
P2(57) = (67) — (63 = 1= (o) — (o2 =1 — (1)
Projection operator: P := (/|5 )

Error of A (proj ective measurment)'
e(A)? = (v |42 v)+ |0 | )+ (2 [Oa] V) +{AV [Oa] AV)—((A + 1) [O4] (A + D))
1
s+ 1)U+ 1)
NI
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Results: error-disturbance trade-off
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Results 1: incident spin-state (|s>=(0,¢0>)

e(A)a(B)
a(Am(B)
e(AM(B)
s AM(Byra(A)a(B)to(Amn(B)

uncertainty
[ R Y R o |

Results 3: polar angle of O, [0(0,4)]

8(0,) = /12

68(0,) = /3

=

]

uncertainty
n in
uncertainty

L el e RS
O = W

T

¢lrad]

$lrad]

New sum is always above border!

e(A)a(B)
alAm(B)
s Am(B)
e AMIBYre(A)o{Byra(A(B)

A [ &
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Results 4: azimuthal angle of B [0(B)] __

o(B) = 2n/3 o(B) = 5n/6

> =

h

uncertainty

= I L - |
uncertainty

S = W

Asymmetry appear s! o(Am®

e(Am(B)

Touch the border! E(AM(BIE(A)(BYa(A)(B)
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Concluding remarks: universally valid uncertain-relation

Universally valid uncertainty-relation by Ozawa
Isexperimentally tested!

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

- Error & disturbance are determined from data.
Projective measurements are exploited.

- New sum isalways above the limit!
Helsenberg product is often below the limit!
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Neutron experiments in future

o Interferometry & Polarimetry @ILL, ATI
B Entanglements, phase space tomography, decoherence
H Berry/topologica phases, phasesin a moving frame
B new aspects of wave-particle duality

o Ultra Cold Neutrons (UCNs) @IL L
M Berry/topologica phases
B Phase space transformer

Bl Measurements of nuclear-nuclear interactions in extreme situations

o Spin Echo Spectrometer @I1SIS
B Gravitationally induced phase, Compton frequency(?)
M Topological phases

o Phase Contrast Imagings @I L L (in cooperation with RIKEN)
B Applicationsof neutron’s matter-wave interference to imagings
Fundamental/applied studies with neutron’s matter -wave!
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