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Abstract: BohrA’s Principle of Complementarity of wave and particle aspects of quantum systems has been a cornerstone of quantum mechanics
since its inception. Einstein, SchrAfdinger and deBroglie vehemently disagreed with Bohr for decades, but were unable to point out the error in
BohrA’s arguments. | will report three recent experiments in which Complementarity fails, and argue that the results call for an upgrade of the
Quantum Measurement theory. Finaly, | will introduce the novel concept of Contextual Null Measurement (CNM) and discuss some of its
surprising applications.
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(Drawing by Chas. Addams; © 1940 The New Yorker Magazine, Inc.)
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Quotations on the Wave-Particle duality and Complementarity
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Quotations on the Wave-Particle dualitv and Complementarity
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Photon self-identity problems.
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Quotations on the Wave-Particle duality and Complementarity
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Quotations on the Wave-Particle duality and Complementarity

“The problem of quanta 15 enough to drive me to the madhousel”™ - Albert Einstein in a 1921 letter to Ehrenfest
"Al1 these 50 years of conscious brooding have brought me no nearer to the answer to the question, "What are light quanta?"

Nowadays every Tom, Dick and Harry thinks he kmows if, but he 1s mistaken " — Albert Einstein in 1951. (Stuewer)
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Quotations on the Wave-Particle dualitv and Complementarity

“The problem of quanta 15 enough to drive me to the madhouse!” - Albert Einstein i a 1921 letter to Ehrenfest
"All these 50 years of conscious brooding have brought me no nearer to the answer to the question, "What are light quanta?"

Nowadays every Tom, Dick and Harry thinks he knows if, but he 15 mistaken " — Albert Einstein in 1951. (Stuewer)

“the language of Newton and Mazwell will remain the language of physicists for all time™—Miels Bohr (Peterson)

... we are presented with a choice of either tracing the path of the particle, or observing mterference effects. .

we have to do with a tvpical example of how the complementary phenomena appear under nuitually exclusne
experimental aarangements”— Niels Bohr m 1948 ( Sclulpp)
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Quotations on the Wave-Particle duality and Complementarity

“The problem of quanta 15 enough to drive me to the madhouse!” - Albert Einstein m a 1921 letter to Ehrenfest
"All these 50 years of conscious brooding have brought me no nearer to the answer to the question, "What are light quanta?"

Nowadays every Tom, Dick and Harry thinks he kmows if, but he 15 mistaken " — Albert Einstein in 1951. (Stuewer)

“the language of Newton and Mazwell will remain the language of physicists for all time”™—Miels Bohr (Peterson)

*...we are presented with a choice of either tracing the path of the particle, or observing mterference effects. .

we have to do with a tvpical example of how the complementary phenomena appear under nuitually exclusne
experimental aarangements”— Niels Bohr i 1948 ( Sclulpp)

“Do not keep asking vourself. if vou can possibly avoid it, "But, how can [nature] be hke that?” becaunse
vou will get “down the dramn’. mto a blind allev from which nobody has vet escaped. Nobody knows how
it can be like that "-- Richard Fevnman m 1965, (Feynman)
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Quotations on the Wave-Particle duality and Complementarity

“The problem of quanta 15 enough to drive me to the madhouse!” - Albert Einstein m a 1921 letter to Ehrenfest

"A11 these 50 years of conscious brooding have brought me no nearer to the answer to the question, "What are light quanta?"

Nowadays every Tom, Dick and Harry thinks he knows if, but he 15 mistaken " — Albert Einstein in 1951. (Stuewer)

“the language of Newton and Mazwell will remain the language of physicists for all time”™—Miels Bohr (Peterson)

... we are presented with a choice of either tracing the path of the particle, or observing mterference effects. .

we have to do with a tvpical example of how the complementary phenomena appear under nuittually exclusne
experimental aarangements”— Niels Bohr i 1948 ( Sclulpp)

“Do not keep asking vourself. if vou can possibly avoid it, ‘But, how can [nature] be hike that?” becaunse
vou will get “down the dramn’. mto a blind allev from which nobodyv has vet escaped. Nobodv knows how
it can be hike that "-- Richard Fevnman m 1965 (Feynman)

“But for quantum theorv to sav in one breath ‘throngh which sht” and i another ‘through both™ [for the
same quanta] 1s logically mconsistent ” John A. Wheeler i 1979. (woolf)

"In the two-sht setup, if we discover by anny means whatsoever through which sht

each one of the photons traveled (thus acquiring "which-way™ mformation), we lose

the interference pattern. .. "-- Marlan O. Scully in 1994
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Welcher-IWeg (Which-Way) Experiments

Bolhr-Emstem Debate, 1927
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Welcher-IWeg (Which-Way) Experiments

Bolhr-Emstem Debate, 1927
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Fevnman treats “the only mvstery in quantum mechanics.™
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Fevnman treats “the only mvstery in quantum mechanics.™

Interterence Pattern
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Fevnman treats “the only mvstery in quantum mechanics.”
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Interference Pattern Which-Wayv Information
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Fevnman treats “the only mvstery in quantum mechanics.™
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Origin of t Sonsial
complementarity probed by
a ‘which-way’ experiment
in an atom interferometer
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Scullv, Englert and Walther suggested a test of the ongin of Complementantv m 1991
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Complementarity 1s not alwavs enforced bv the Uncertainty Principle
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Complementarity 1s not alwavs enforced bv the Uncertaintv Principle
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Complementarity: Full WW mformation must lead to full decoherence.
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Complementarity: Full WW mformation must lead to full decoherence.
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Complementarty: Full WW mformation must lead to full decoherence.
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Wheeler's Delaved-Choice Experiment
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Complementarity: Full WW mformation must lead to full decoherence.

D

Wheeler's Delaved-Choice Experiment
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No Wire Gnid

Pir{ll 05110034 3rvard Exp. March 2004
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With Wire Grid (6 Wires)
Only 2 Open

-ﬁ

—

b et
=
=

=

D

Pir: 051100%@ E@ March 7004 Page 29/99




With Wire Grid (6 Wires)
Only 2 Open
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With Wire Grid (6 Wires)
Both Open

1D
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If Complementarity 1s correct. then we expect to observe
when the Wire Grid is present and Both Pinholes are Qpen

With WG (6 Wires)
Only 2 Open
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If Complementarity 1s correct. then we expect to observe
when the Wire Grid is present and Both Pinholes are Qpen

With WG (6 Wires)
Only 2 Open
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If Complementarity 1s correct. then we expect to observe
when the Wire Grid is present and Both Pinholes are Qpen

But we observe

With WG (6 Wires) With WG (6 Wires)
Both Open Only 2 Open
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If Complementarity 1s correct. then we expect to observe
when the Wire Grid is present and Both Pinholes are Qpen

But we observe And 1deally

With WG (6 Wires) No WG (Control) With WG (6 Wires)
Both Open Only 2 Open
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f J Py dad Throughput Ratio

relafive to Control
1010643 100.1% + 0.5%
Wires at mmima, both open
1009851 100%
Control
942724 93.4% +0.5%
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Wires at minima, one open




Pirsa: 05110024 Page 37/99




One Closed. then Both Open. Wire at Central Maximum




One Closed. then Both Open. Wire at Central Maximum




One Closed. then Both Open. Wire at Central Maximum




One Closed. then Both Open, Wire at Central Maximum




Both Open, Wire Moving from Central Minimum to Maximum




Both Open, Wire Moving from Central Minimum to Maximum




Both Open, Wire Moving from Central Minimum to Maximum




Both Open, Wire Moving from Central Minimum to Maximum




Both Open, Wire Moving from Central Minimum to Maximum




Both Open, then One Open, Wire at Central Minimum




Both Open, then One Open, Wire at Central Minimum




Both Open, then One Open, Wire at Central Minimum




Experiment without the imaging lens.
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Rowan Exp May 2005
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Quantitative Definition of Complementarity mn “Which-Wayv™ Experiments.

In the past 25 vears a quantitatrve version of the PC has emerged. m wiich the Visibility of the mterference pattern (77)
and reliabihity of Which-Way Information ( £ ) has the following form:

Vi+EI=1 (1)

e —
R —
| —
e e
where e
| ——

V= -I. Y _+L.) (2)

e —

and
E-U-LVUEL) (3)
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Quantitative Definition of Complementarity mn “Which-Wayv™ Experiments.

In the past 25 years a quanfitatrve version of the PC has emerged. m which the Visibihity of the mterference pattern (77
and reliability of Which-Way Information ( £ ) has the followmg form:
e E=l (1)

R —
e —
- N —
| —

V=( _-I_ Y@ +I_) (2)

and
K, =t -LYyWUu,t1L) (

3) g
1
Itisclearthat 0 = = 1 and 0 = ¥ = 1 cannot both be equal to 1. and theiwr relationship
1s exactly that of the Sm and Cos of anangle 0 = o = /2 -
As we can see, there are mtermediate condifions allowed by PC e g a=m'4 ﬂ
So, to be safe, we nmst choose the extreme casesi1e =0 and a =7n/2. 0
1

K
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In the case of decoherence, (1n orthogonal states), where WW mformation 15 known 100%, we have:

Pz

A= |#i3
P=|#ld
Pp=P+h,

f fpndxdm f f (P, +Py) diedit

A= |l
= |dal’
, Pu’=|ta+¥ | =P +P +2V A P Cosd,
T'=2YV P P Cosd,
L PR ER P
[ [redsde= [ [+ 4D

In the Inferference plane we have:

Pz

Remarksbly, although  F12 # Pz,

however, due to the boundary conditions we have:

f ( Py’ dixelit =f f Prodixdt

Which can be generalized for the 2D case of our experiment to: e

fffPu’(fx dydt= fffpu dxdy dt i
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Where did Bohr go wrong?: Measurement without a “measurement™

The measurement theory of ensemble properties (e g coherence) needs an upgrade!
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Ditference Between Coherent and “Decoherent™ porb. distributions.
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Ditference Between Coherent and “Decoherent™ porb. distributions.

(b) (c)
T 1T
4] > 4] | .
-S_ L a [’ _s 'X -5 i g * o 5 > X
(d) (e)
it FT
J:I- I:I_ ‘__.-"-* -!
Ty - > | O |
\\-\ S \‘\
"‘\ Y
— \‘M.__' - \\H‘"—— -
5 ' Q u 5 X 5 L O = u 5 X
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Introducing: Contextual Null Measurement (CNM)

The nulls of a wavefuntion can be verified non-perturbatively.

L.€.: The unitary evolution of the wavefucntions continues as though there were no detector in its path.
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Introducing: Contextual Null Measurement (CNM)

The nulls of a wavefuntion can be verified non-perturbatively.

1.€.: The unitary evolution of the wavefucntions continues as though there were no detector in its path.

AS
l :

DIF =T =0=05=|pfa=o
X

2) pu)] =0 pu)=0

Pirsa: 051100% ) Il//i X, ¥ lI“ >0AW(u,v)=0=w(u,v) =y, (1v) +W(u,v)=0 Page 62/99




QED analvsis of the lens with coherent radiation.
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QED analvsis of the lens with coherent radiation.




Some Results from Original Experiment at IRIMS

Wires at mmima, both open

Control

Pirsa: 05110024 i
Wires at mimma. one open
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Using a Lens as a Position (Which-Wayv) Detector

L In the Uncertamnty relation
Ay. A p,= A
Light source,

wavel ength 3 A y 15 the optical resolution linut:

Ay=7i/Sin®=id/l

Ay

—

| |

Heisenberg's Microscope
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Using a Lens as a Position (Which-Wayv) Detector

L In the Uncertamnty relation
Ay Ap, = 7

Light source, | , o
wavel ength % A y 1s the optical resolution lmmt:

Ayp=7i/Sin®=id/l

s

e so €viman’s QED Sum Over Paths (Phasors) Treatment of a Lens
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Application of CNM

Can we read/copy binary optical data without causing any loss m mtensity, dephasing or
any other contammation m the signal?
Now we can!

|I I|'
100011010 | |
III—; ND F]]I €I
100011010

-

12

LILLIILL 100011010 | |

Interrogator Beam

| 1 i
| |
Pirsa: 05110024
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What does it mean?

-Falsification of Bohr’s Principle of Complementarity?

-Falsification of Copenhagen Interpretation (phyvsical reality
of unmeasured properties)?

-Falsification of the Manv World Interpretation?

-New theorv of measurement?

-Possible new technologv (nonperturbative measurement of
quantum flux)...

What next?

Theoretical expansion of CNM.

Analogue experiment with electrons.

Expermmental probe of the wavetunction collapse process.
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Quantitative Definition of Complementarity in “Which-Wayv™ Experiments.

In the past 25 vears a quanfitatrve version of the PC has emerged. m wiich the Visibihity of the mterference pattern (77 )
and reliabihity of Whach-Way Information ( £ ) has the following form:
iy Eic] (1)

R —
e —
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V=([ -L Y@ +I_) (2

and
K= -Lyu, L) (

3) g
1
Itisclearthat 0 = V= 1 and 0 = ¥ = 1 cannot both be equal to 1. and thewr relationship
1s exactly that of the Sin and Cos of anangle 0 = . = /2 -
As we can see, there are mtermediate condiions allowed by PC e g a=m'4 ﬂ
So, to be safe, we mmst choose the extreme casesi1e =0 and a =n/2. 0
1

K
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Experiment without the imaging lens.
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Rowan Exp. May 2005
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Experiment without the imaging lens.
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Experiment without the imaging lens.
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Rowan Exp May 2005
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Why have previous experiments failed?
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Why have previous expermments failed?
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