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l. Introduction: neutron interferometer & polarimeter
1. Uncertainty relation for error-disturbance

V. Summary




The neutron

Particle

m = 1.674928 (1) x 10-27 kg

s= l h
2
1 =-9.6491783(18) x 10-27 J/T
1 =887(2) s
R=0.7fm

o =12.0 (2.5) x10-4 fm3

u-d-d-quark structure

Feels four-forces

CONNECTION

de Broglie
h

Ag=——

B m.v

Schrodinger
Hy(F b= i h%

&
boundary conditions

m ... mass, s ... spin, p ... magnetic moment,
T ... B-decay lifetime, R ... (magnetic) confine-
ment radius, a ... electric polarizability; all other

measured quantities like electric charge, magnetic

monopole and electric dipole moment are com-
patible with zero

Waye

Ae = o 1.319695 (20) x 10-15m

For thermal neutrons
=2 A, 2000 m/s, 20meV

Ag = 1 =18x 1010 m
m.v
1 8
25k

Ap = V.At = 102 m
Aq = V.t = 1.942(5)x 106 m
0<y <2n (4n)

Ac ... Compton wavelength, Ag ...

deBroglie wavelength, A¢ ...
coherence length, Ay ... packet

two level system length, Aq ... decay length, 8k....

momentum width, At ... chopper
opening time, v ... group velocity, y
...... phase.




Neutrons in quantum mechanics

Particle and wave properties

p=mv=nh/A
(L. De Broglie)

Schroedinger equation

i o¥(r,t)
ot
(E. Schrddinger)

= HP(F 1)

Uncertainity

Ax Ap = h/4An
(W. Heisenberqg)
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Neutron interferometry

Neutrons
m=1.67x 107 kg Sample Phase Shifter
. (6 (x)

s=1h

2 : H-Detector
p=-9.66x10""IT | ===
7=8875S :
R=0.7fm O-Detector
u—d-d quark structure
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Neutron interferometer family
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Two-particle vs. two-space entanglement

2-Particle Bell-State

2-Space Bell-State
|'P) = %2<| T>|®| ‘L>|| t | ‘L>|®| T>II> |\P) = %2{| T>s®| I>p g | ‘L>s®| ”>p}

|, 11 represent 2-Particles

B[\
(Guide Field)

S, p represent 2-Spaces, eg. spin & path

Violation of Bell-like inequality
S'= E'(OH’XJ) + El(a1’X2) - El(a2’X1) + El(az%z)
=2.051 £0.019 >2

Hasegawa et al., Nature2003, NJP2011
Kochen-Specker-like contradiction 1

Magnetic Prism
Incident Polarizer
Neutrons

E,E, =0407 5 E'=(X,Y,-V, X,) = -0.861
Hasegawa et al., PRL2006/2009
Tri-partite entanglement (GHZ-state)

‘TNeutron> - {‘ \PI>®‘T>®‘\P(E0)>
(e w,)) @ (V) ® (" [W(E, +1a,)))|

M yeasureq = 2.998 £ 0.004 >2
Quantum , \ easure
contextuality ”
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Hasegawa et al., PRA2010




W- and GHZ- states in a single neutron system

I I N . —— =

Wstate:  |[U)w = —=- [T} fw) + == [I1 Aw) + == - [T 2hw)

L1
V3

incident
necutrons

phase shifter B, (guide field)

H-detector

Polarizer

spin analyzer

/ neutron DC coil
—r interferometer

RF coil with miniGF in RF coils in box
box with running water with running water

O-detector

D. Erddsi et al. New J. Phys 15 (2013) 023033




Cheshire Cat 1: paradoxical behavior of neutrons




Cheshire Cat 2: neutron(cat) in upper path
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Cheshire Cat: spin(smile) in lower path
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Neutron polarimetry
I v 1 ‘i__,-"'pc=°-93°
;a.s %
DETECTOR 3 ;

o L NG
¥ E 1‘. : l i

X SPIN TURN SPIN TURN IR ALY

DEVICE DEVICE SORNG afd
POLARIZER ,_ g [I '} o ceeel
Pi : ' E L »A | =

ANALYZER ~ ®1i/ 1 i/

. FLIPPER ST

g SPIN ROTATORS R R

NEUTRONS Spin Izihase{a) ;rad]

O|+Y)=—th|+Y) ==  O+2
- E){%zﬂ +Y) + —Y}]} - Non-commutability of o;, PRA (1999)
1 . - Bell-Test, PLA (2010)
X =f2{ﬂ‘]1 +Y) +e | -Y)) - Leggett-Test, NJP (2012)
il - GHZ-entanglement, NJP (1012)
=ﬁ{| +Y) + &P -Y)) - Spin-rotation coupling
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Neutron polarimetry: tri-partite entanglement

AN o a7 o
04 \ ™ el / :-_-0 ‘.. r&n‘l
fahE= N\ e 17 comman
g 04 1-0 ._' :-:‘!2 1-8 ¥ NI’Z
g "y mm. [T TN e ——— ‘coswan -
= 06 Y. W pert F v Pex g « Pex J
g 04 / ::: s "'“ '.T"m /
5 :: ; : -. .
06 d g}:;ﬂm gm“':‘“aq '.- E)‘w £ c-o.usmﬂ :
w /N =
’ PhaaSh::.u(rod) ’ ’ Phushﬁu{ndl ’ ’ thSh“i:.a[rad} ’ ’ Phasesr::.a(rad) )
o B Y values
ool o) (0;7) (0;) (0:7) 0.9843(10)
c\S) ® o\ (0;7) (m/2:3m/2) (n/2:3n/2) |-0.9839(10)
0‘ S ( ' (n/2:3n/2) (0;7) (n/2:3n/2) |-0.9840(10)
o\ol ) o' | (r/2:3m/2) (r/2:3m/2) (0:7) -0.9837(11)
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M =3.936(2) £ 2

Sponar et al., New J. Phys, 14, 053032 (2012).
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M=4: for perfect circumstances



Uncertainty relation: historical 1

I I I N e .

. In 1927 Heisenberg postulated an uncertainty principle:

Y-ray thought experiment

- plqlzh

with g, (mean error) & p, (discontinuous change)

llllll

Sei ¢, die Genauigkeit, mit

der der Wert ¢ bekannt ist (y, ist etwa der mittlere Fehler von g), also
hier die Wellenlédnge des Lichtes, p, die Genauigkeit, mit der der Wert p
bestimmbar ist. also hier die unstetige Anderung von p beim Compton-
effekt, so stehen nach elementaren Formeln des (‘omptoneffekts p,

und ¢, in der Beziehung
Py ™ ha.




Uncertainty relation: historical 2

. Kennard considered the spread of a wave function y

o(Q)o —, Oy
2 H;,_=::__7fg_ >
o standard deviations —

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

1
o(A) o(8)>_ |(w[[AB]lv)
— dependent on the state but independent of the appartus

Is g(A)n(B)z%M[A,B]M\ generally valid ?




Universally valid uncertainty relation by Ozawa

(An(B) + e(A)r(B) +o(A)n(B) > 5 | |l4. B]| )|

[ &:errorof the first measurmen (A)
s n - disturbance on the second measurement (B)
 o:standard deviations

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

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




Error and disturbance for projective measurement

I I I N e .

® Error:
(A2 =) Ox(x = A
If the O, are r)ﬁutually orthogonal projection operators sum and norm can be exchanged
€(A)? = ||(04 — A)|)||? output operator: O4 =Y A0
different expression for measurement (5 expectation values): !

€(A)* = (WIA®[Y) + (PIOZ1Y) + (¥|0alY) + (Y|AOAALY) — (W|(A + 1)OA(A + I)|1))

. v A o

with 0% = 3722010, (|04 l4") ("1041%")
A

® Disturbance:  7(B)° = Z 1[Ox, Bl|¥)|[?
A

(,Q‘DHI |{B |’(,b’”) (,(‘[)HH|)£LB |,¢,HH>
n(B)? = (| B2y + (Y| XE0) + (| X ) + (| BXpBlv) — (|(B + )X (B + I)|)

with X3 =" 0!B20, , and modified output operator: Xp = ) _ 0l BO,4
g )
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Experimental scheme

M1 M2
A
L Itlf)‘> (++)
W > (+4
|‘I’|ﬂ B _>(+-)
— (- 1)
> (- -)

PREPARATION
SUCCESSIVE MEASUREMENT of A &

. Successively measurement of 2 noncommuting observables
A and B

. Apparatus 1 measures O ,, Apparatus 2 measures B




Theoretical predictions 1

For error and disturbance:
E(A)=2-2(Z-7) |w> |A-0. B
PR g e

For the standard deviations: >
0?(A) = (V| A2 |[¢) — (W] A [4)) o }‘\/
1 ,j/}éll//y
I

0*(B) = (| B> [¥)) — (| B ¢))°

1
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Theoretical predictions 2 F

A/<_ =48

I
I
|

® Error: e(A -Heisenberg’s relation

2 0
y 20
10 1.5
i 1.0
0.5
0

2 Dlsturbance.'r](B) _ _
2 - New uncertainty relation
z

z
14
1.2
1.0
.“"h-.
108
‘\ 1106
0.4
Yy
0.2
X : 0

6.0
5.0
1140
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2.0
1.0
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Experimental setup

IS’y M2

1Sind 12> M1: A

\

- MEASUREMENT 1:A: oy

( OA o4 =cos® O+ sin ¢ Gy)

" PREPARATION

. L & - B




Experimental setup

I N N N e
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EX

perimental data

1 I |
0.75 |+IZ> I-IZ> |+xp [+ | +2)
— o5 [I#=0 ; A= ‘
z €T |
< 0.25
—_ 0 — O'y
E‘- FHE R GHE S I ) ) D))
g 1 . : : ;
[+z)> |-z [4+x) [-+y) e
© 0.75
= ¢=40°
; Oozi . r I_ z)
o, . ] Oa =0y = 0gzsing + 0, cos ¢
D) (D) () () () ) ERE) R () (D) () )
< 1 - | - - (I—H-_'_I-l——) - (I—++I——) o (¢|OA|¢)
é 0.75 l+2) |- z) 4+ [+y) I..+1_ . 4+1, +1 _ ’ ’
o oo
Z. os[t=2 Lyt o) =t ) 1)
0.25 L dmprtidgem ot e R
0
(0 () () () D) (4 (=) 0 ) (4) () FDE) () ) [vi) = |+ 2), | —2), |z), |y)
Combined Outcomes of M1 and M2
2
€(A)” = 2+ (+2|op|+2) + (—z|op|—2) — (z]|op|T)
n(B)? =2+ (+2|Xp| + 2) + (—2|X 5| — 2) — (y| XBly)
- - Ay T el
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Results: error-disturbance trade-off

S
N

%

[a—

//

o

n

Pi) = |42

Ox
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O = 64 = cos(¢)by + sin(p) 5,

SN

My

Ty
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Error of the measurement of A: ¢(A)

&(A)” = (w|A°|w)+ (w|Ox|w)+(w|Ou|w)
+{Ap|0,| Ay) = ((A+ Dy |0, |(A+ 1)y)

[am—

o

n

Disturbance of the measurement of B: 1(B)

N

n
8

=

T T
8 4
Detuning angle ¢ [rad]

0

I
2

(V) = [+2)
|By) = |—=)
(B + D)) = |+y)

V) = [+2)
|AY) = |—2)
(A + D)) = |+x)




Results: new/old uncertainty relation v

2.5

gs

=3

e

\{<\

1.5 -
_e(A)o(B)+o(Ahn(B)+e[A)n(B)
| Y R AR
I e
-e(AM(B)
O
0 T n n
3 ] 3
0 [rad]
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|

I
X |
|
|

g .errorof the first measurmen (A)
n - disturbance on the second measurement (B)
o-standard deviations

standard deviations:

o(B)=0.9999(1)
o(A)= 0.9994(3)

Heisenberg product




Results 1: incident spin-state (|s>=|0,¢>)

I I N . —— =

7
6 AT 12
‘g\ ] // \\
5 / \ Y )
5, / \ |
< /»’\V/ N\ TN
> | 4 AN
oI N
0 IE 12; 3;: T 5_15 31I: 7T1r. 2% |S>=|¢9=0,¢=0>
Detunmg Angle ¢ [rad]
— €(A)n(B)
— e(A)n(B)+&(A)o(B)+o(A)n(B) G. Sulyok et al.,

-== Heisenberg lower limit PRA. 88, 022110 (2013)
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Results 2: polar angle of O, [06(0,)] ¥

I I (N NN . i ~f ) —
- - g -
- <

0(0,) = n/12 6(0,) = n/3
7 7
6 6
.‘g‘ 5 _E\ 5 //\
g e e g 4 / N
§ 3 § 3 / T
> | 0 S |
0 0
0 n I 31: T 51: 31: 71: 2R 0 n_ % 11 T 5: 3: 71: pX
Detunmg Angle :p [rad] Detumng Angle ¢ [rad]
New sum is always above border! G. Sulyok etal.,

——— 1022110 (2013)

— €(A) 1(B)+ £(A) o(B) + o(A)7(B)
2-=-Heisenberg lower limit




Results 3: polar angle of B [6(B)] >

I S B SN x e"l" ,,B —
% | /
6(B) = /6 oB)=mn/4| * "’
7 7
6 6
-E 5 s .E 5 yZ st
g 4 / g 4 f/ \\
L 5 14 \\ W 3 5/ \\\
g 2 . T N 8 5 ~.._>/ /./' T ™~
D 1 - D T /,/ \““i\._
0 ol 7
0 n zc 3: T 5: 3:: 71: 2n 0 g ;; 31 T 5:: 3:: 7:: 2%
Detumng Angle ¢ [rad] Detumng Angle ¢ [rad]
Asymmetry appears! G. Sulyok etal.,

——— 1022110 (2013)

— €(A) 1(B)+ £(A) o(B) + o(A)7(B)
2 -=-Heisenberg lower limit




Results 4: azimuthal angle of B [¢(B)]

I I I N e .

®(B) = 2n/3
7
.‘E‘z /'Vﬂ\\ :E‘
£ A\ £
S 3 7 N g
=) /
- ? / \{/,/ -~ P
0 n;_ T §E. " st 31: 71: 2x

2 4

Detunmg Angle ¢ [rad]

Sum touches the border!

— £(A)n(B)
— &(A) n(B)+ £(A)o(B)+o{A)n(B)

-=-=Heisenberg lower limit

O = N W A WU Oy

®»(B) = 5n/6 / |

A TN
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il 2x
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Detunmg Angle ¢ [rad]
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G. Sulyok et al.,
PRA. 88, 022110 (2013)




Publications by other groups
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week ending

PRL 109, 100404 (2012) PHYSICAL REVIEW LETTERS 7 SEPTEMBER 2012

£

Violation of Heisenberg’s Measurement-Disturbance Relationship by Weak Measurements

Lee A. Rozema, Ardavan Darabl Dylan H. Mah]cr Al(.x Hayat Yasaman Soudagar, and Acphralm M. Steinberg

C1€ il 3 I rid il Pl rad Fal - Faw i Famal hl Fal
week ending
PRL 110, 220402 (2013) PHYSICAL REVIEW LETTERS 31 MAY 2013
Experimental Test of Universal Complementarity Relations
(a) Morgan M. Weston, Michael J. W. Hall, Matthew S. Palsson, Howard M. Wiseman, and | ArXjv; 1304.2071

Centre for Quantumy .. . . :
for Q How well can one jointly measure two incompatible observables on a given quantum state?”

(Reeg Cyril Branciard SCIENTIFIC ‘W?f\\ (jsg
(b) Conl Centre for Engineered Quantum Systems and Scho) R E P?RTS s ,f Lmp. /-\ {r

The University of Queensiand, St Lucia, N
measuiy (Dated: April 9, 2013 e
Princip Heisenberg’s uncertainty principle is one of the main tenets of . : : .
| mg an fundamental importance for our understanding of quantum foun OPEN Experl mental violation and reformulation

interpretation: although Heisenberg’s first argument was that the of the Heisenberg's error-disturbance

ph()t()nl . X h B SUBIECT AREAS:
. state necessarily disturbs another incompatible observable, stand] cuemmueces uncerfointy relation
mnacely indeterminacy of the outcomes when either one or the other obsef o™
. ; .. .. . . . UMINFORMATION 55 Young Baek'*, Fumihiro Kaneda', Masanos Craawa? & Keiic Edomatiy
precisely Heisenberg’s intuition. Even if two incompatible obses QUANTIM OFICS
DOI: 1 still approximate their joint measurement. at the price of intro Sy il Rl o Yl ey, AW Iyt ke Sl d e
measurement of each of them. We present a new. tight relation e 012
= Accepted The uancertainty principle formulated by elsenberg In 1927 describe a trade.offbetween the ceror of a
the error on one observable versus the error on the other. As 21y 113 sbsery
. . R Publshed Ihluurlunlll-:ulllb( ol “|l:uh.;"|'|h( |I1III.|';:I1|"\.| lans l. I.;:.m“'“! Ht::l\.rr (\:\:’a in l:tstl: vM\i a
characterize the disturbance of an observable induced by the appr bt ot L ,"a,_‘;‘,,,'"l‘,j;;,"; o ,,:I‘;,‘, Hsmeml g s st m_,’,‘,‘lj" ‘v‘;;“;"; I ot
derive a stronger error-disturbance relation for this scenario. e e i e i
c 4 realizes an indirect meode that breaks 's relation thruughout the range o »n ur
parameter and yet validates Ozawa's relation.
i
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Concluding remarks

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

Universally valid uncertainty-relation by Ozawa
IS experimentally tested.

- 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!




Neutron Quantum Optics
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