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Bohr's principle of complementarity predicts that in a welcher wegwhich-way®)

experiment, obtaining fully visible interference patern should lead to the
destruction of the path knowledge. Here we report dailure for this prediction in

an optical interferometry experiment. Coherent lase light is passed through a
dual pinhole and allowed to go through a convergindens, which forms well-
resolved images of the respective pinholes, provitdj complete path knowledge. A
series of thin wires are then placed at previouslgneasured positions corresponding
to the dark fringes of the interference pattern upgream of the lens. No reduction
in the resolution and total radiant flux of either image is found in direct

disagreement with the predictions of the principleof complementarity.



1. Inroduction

The wave-particle duality has been at the headuaintum mechanics since its
inception. The celebrated Bohr-Einstein debate lvedbaround this issue and was the
starting point for many experiments conducted dutime past few decades. Einstein
believed that one could confirm both wave-like gadiicle-like behaviours in the same
interferometry experiment. Using a movable doulikeasrangement, he argued that it
should be possible to obtaimelcher-Wegor which-way information (WWI) for an
electron landing on a bright fringe of an interfare pattern (IP) 2to decide through
which of the two slits the electron had passed? Mihough Einstein ultimately failed
to achieve this goal, his logical consistency argoir(LCA) was the initial motivation
behind Bohr's Principle of Complementarity (PC).[The general formulation of LCA,

in the context of the double-slit experiment, cowddd as follows:

() Perfectly visible IP implies that the quanturasped througboth slits (sharp

wave-like behaviour).

(I Complete WWI implies that the quantum passeugh onlyone of the slits

(sharp particle-like behaviour).

(1) Satisfaction of both (I) and (ll) in aingle experimental setup is a logical

impossibility, since (I) and (Il) are mutually exsive logical inferences.

Bohr famously avoided the logical impasse mentiomed(lll) by applying
Heisenberg's uncertainty principle to the experitaésetup [2], showing that under any
particular experimental configuration one can only achieveo(lYll), andneverboth.

In Bohr's own words: 2%we are presented with a adwofeithertracing the path of the
particle, or observing interference effects¥zwe have to do wattypical example of

how the complementary phenomena appear unagually exclusiveexperimental



arrangements® [1]. Several recent experiments [$i@®vever, suggest independence of
the interferometric complementarity from the unagrty principle; hence, we shall only

discuss the limitations of PC in this Letter.

A quantitative formulation for which-way detectidvas been developed on the
basis of theoretical [10-15] and experimental [8,1B] investigations of PC during the
past two decades, leading to a wave-particle queditation covering both sharp and

intermediate stages expressed as:

VZ+K?EL 1)

where the two complementary measurements ar&/0 1, the visibility or contrast of
the IP, and 0 K 1 the which-way knowledge corresponding to WWIe Misibility is
given by

Vv :(Imax' Imin)/(lmax+|min) y (2)

where 'max is the maximum intensity of a bright fringe ardn is the minimum
intensity of the adjacent dark fringe, so tRatl when the fringes are perfectly visible
(sharp wave-like behaviour), aMi=0 when there is no discernible IP. By analogy, f
the which-way knowledgeX =1 when the WWI is fully obtained (sharp partitile

behaviour), and&k =0 when the origin of the quantum cannot be distished.

It is noteworthy to mention that quantum mechamioss not forbid the presence of
non-complementarywave and particle behaviours in the same expetaheatup. What

is forbidden is the presencesifarp complementamave and particle behaviours in the
same experiment. Such complementary observablestharge whose projection

operatorsio not commutg0].



In this Letter we shall only investigate sharp ctenmgemtary wave and particle
behaviours explicitly forbidden by PC in the sampeariment. Therefore, intermediate
conditions, where 0 ¥ < 1, and 0 K < 1 shall not be covered. We assume full validity
for quantum mechanical formalism, and make use¢ tof test the predictions of PC as a
particular interpretation of quantum mechanicsalyn although in our experiments we
have not used a coheresingle-photonsource, it is expected that exactly the same

results would be obtained if such a source is used.

2. Conventional measurements of complementary obseables

2.1 A modern version of the principle of completauéty

We can take advantage of the recent developmeriteidebate over the PC to update
the definition of interferometric complementariBased on Eq. (1) modernversion of
the orthodox PC-the contemporary principle of commaetarity (CPC)-can be

formulated as follows:

In anyparticular experimental arrangement,

(i) If V=1, thenK=0.

(i) If K=1, thenv=0.

It is clear from CPC (i) that in anyelcher wegexperiment, obtaining full visibility for

the IP should lead to a complete loss of the WWilie quanta.

2.2 Destructive measurement of IP visibility

In the first experiment, we test the validity of €@ in a conventionalmanner.

As shown in Fig. 1(a), coherent and highly stabket light of wavelength = 650 nm



impinges upon aual pinhole with a center-to-center distance af=2000 mm and
pinhole diameters df = 250mm. Two diffracted beams represented by wave funstio

Y1 and Y2 emerge. The overlapping diffraction patterns & beams caused by the
corresponding pinholes are apodized (see Appengdikypassing the light through an
aperture stop (AS) permitting only the maximal Adisks of radius = 10.4 mm to

pass, thus eliminating higher order diffractionggn A photosensitive surface is placed

at planes: at a distancé= 400 cm from the dual pinhole, and a fully visibtie(v=1),
with peak-to-peak distance af= 1.4 mm for the consecutive fringes, is observed a

shown in Fig. 1(b).

Assuming thatY: and Y. are theapodizedwave functions, the probability

density, or its classical equivalent, the irradgnfor thecoherentsuperposition state

Y12 =Y1tY2 s given by
R I 2 e 2 ed 3)

whereG=y1*¥2+¥1¥2" is the usual interference term. It is clear tHagesving the IP

in this configuration leads to a complete loss ofWV because the photosensitive

surface atSi destructivelyabsorbs all of the incoming light and no furthealgsis can
take place, hencek=0. Here, in conformity with Eq. 1 the complementary

measurements ak&=1, andK=0.

For comparison, the red curve shown in Fig. 1(Ipicts the theoretical irradiance

profile for the cas&=0, where
|~12 =|y1|2 "'l,V2|2 4)

is the irradiance for théecoherenstate, which clearly lacks any interference fringe



2.3 Destructive measurement of WWI

The application of a converging lens for which-wdstection has a long history
and is already implicit in the classic 2Heisenbsrgiicroscope® proof of the uncertainty
principle, where the spatial resolution of the 1Bns enters directly into the uncertainty
relationDp,.Dx~h [2 21,22]. Wheeler [23] has used the lens explidior which-way
detection in a proposedelcher wegexperiment, such that photons registered at each
image of the two slits are assumed to have passedgh the corresponding slit, thus

providing WWI.

In our second experiment, as shown in Fig. 2(a),remove the photosensitive
surface atS:, and allow the light to pass through a suitableveoging lens (L), here,
with a focal lengttf = 100 cm and effective diameteraf 30 mm, placed at a distance
p = 420 cm from the pinholes, which then forms twellwesolved images (1A and 2A)
of the corresponding pinholes (1 and 2) at the gnplgne S at a distance off = 138
cm from the lens. The image data collectedais shown in Fig. 2(b) in black. The
theoretical spatial resolution of the lens in #xperiment is » 30 mm, which matches
well with the observation. Less than®léf the peak value irradiance from either image
is found to enter the other channel, essentialbywiging K=1. For comparison, the red
curve in Fig. 2(b) shows the theoretical irradiapecefile for aK=0 case (no WWI,)
where a single unresolved peak instead of the twd separated peaks would be

observed.

Again in this experiment, the photons are destvatti detected af-, and no
further analysis can take plaa#erwards However, Eq. 1 in conjunction with LCA(III)

predicts a visibility olV=0 for the IP in this experiment, which entailsexoherent state

for the two wave functiong: andY . atS:1with a correspondingecoherentrradiance



distributionrlz:|J’1|2+LV2|2 as shown in Fig. 1(b). In contrast lto , in this case the

resulting irradiancel12 lacks the interference ter@

In this experiment, the decoherence of the wavetfons prior to entering the
lens is a counter-intuitive conclusion dictated Pg, as it implies that the potential
future act of obtaining WWI (the detection of thalmwle images ai: ) leads to the loss
of the IP at arearlier stage (af1) in a non-local manner. As Feynman puts it, this
situation 2has in it the heart of quantum mech&ngcgl 2contains the only mystery® of

the theory [24].
3. Measurement revisited
3.1 Critique of the orthodox concept of 2measurethen

Measurement can be defined asphysical process by which quantitative
knowledge is obtained about a particular properfytiee entity under the studivost
orthodox measurements of quantum systems involeenteraction of a microscopic
quantum particle with a macroscopic classical meaguapparatus, which inevitably
leads to anrreversibleanddestructivechange in the property we want to measure. For
instance, the energy of a particle can be meashyedbringing it to a halt in a
scintillator. This process irreversibly 2destroyb® particle's energy, i.e. the particle no
longer carries the initial energy after the measignet process. Although in the so-
called quantum nondemolition measurements we casepre a particular property after
successive measurements, this is achieved at thenss of introducingrreversible
perturbation to the particle's other physical pmigs. What these types of destructive
measurements have in common is that they are pesfbrat the level of &ingle
particle andlead to an irreversible change in the final quantstate of the detectott

is indeedimpossibleto obtain quantitative knowledge about a particyshysical



property of a single particle in a non-destructisad non-perturbative manner.
Unfortunately, in his reasoning for the necessitythe principle of complementarity,
Bohr erroneously applies destructive measuremedrgrses for establishing the wave-
like behaviour of photons inwwelcher wegexperiment, as discussed in section 2.2 [1].
However, as we shall demonstrate in the next sedtie measurement of raulti-

particle or ensemblgropertyneed not be destructive

3.2 Coherence and wave-like behaviour

Formation of an IP is aptly considered as evidefurecoherent wave-like
behaviour of quantum particles. However, whereaglassical electromagnetism a
continuousIP would be formed no matter how weak the souircesontrast quantum
mechanics disallows such a state due to the fattupon arriving at the observation
plane each quantum produces only a single dot.ré€sg@(a-c) show the theoretical
buildup of an IP from a coherent single-photon seuover progressively extended
periods of time, with 30, 300, and 3000 photonsisteged respectively. For
comparison, Fig.s 3(d-f) show the decoherent phdisinibution of the same number of
photons respectively. It is impossible from theadat Fig.s 3(a) and 3(d), with only 30
photons registered, to discern which of the twonshacoherent distribution (i.e. an IP)
or a decoherent one. It is only as larger and tangenbers of photons arrive that one
can recognize the lack or presence of an IP. larotlords, evidence for coherent wave-
like behaviour isnot a single-particle property, but an ensemblenarlti-particle
property. In contrast to single-particle propersesh as the arrival of a single photon at
a particular pinhole image, which immediately pdas WWI as discussed in section
2.3, evidence for coherence involves multiple measents. The other important
feature of coherent behaviour is that there exigrbidden® regions in space
corresponding to the dark fringes, where no photamsbe found. This avoidance of the

dark fringe region is essential for the definitimiian IP and its visibility.



3.3 Nondestructive measurement of IP visibility

The conventional method of obtaining the visibilifiyan IP involves two separate

measurements:

1. Destructive measurement of the maximum radiant 8t bright fringe

in order to obtaifmax .

2. Destructive measurement of the minimum radiant #txa dark fringe in

order to obtaifmin .

By substituting the values fofmaxand lminin EQ. (2),V = mac o) /(e + i)

the visibility is calculated.

The above process is necessarw4fl, however, if the IP is perfectly visible
(V=1), then step 1 would be entirely superfluoussTilibecause in a perfectly visible

Imax o
IP,1mn= 0, and under such a condition, Eq. (2) is reduoe}ﬁ:m 1 regardless of

the actual value ofmax . Therefore, as long as the total radiant flux of thal pinhole
output is nonzero (thus ensuridga* 0), all we need to establish perfect visibilityds t

determine! ., =0.

We can obtain.,» = 0 in two different ways: (i) by directly measugithe flux by
placing a very thin detector array at the darkgeinmaking sure it does not obstruct the
bright fringes, or (ii) by placing an opaque obktesuch as a thin wire at the middle of
a dark fringe and comparing the total radiant th@fore and after the obstacle. Due to

the technical impracticality of method (i), in aexperiment, we opt for method (ii).

Fig. 4(a) shows the schematics of method (ii) whbeswire is shown as a small

dark disk in the cross-section view, add and S: are parallel planes immediately
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before and after the wire. Assuming a coherent Yiehg, if we denote the distance
between the centres of the pinholesathe diameter of the pinholes asthe distance

between the dual pinholes aid asl, and the wavelength of the laser/ashen the IP

is bounded within an Airy disk of radius

s=3.833 //b, (5)

and the distance between the peaks of each neighbdaright fringe within the disk is

u=I//a. (6)

Thecoherentirradiance is given by

2
o =a| = [2 cosa Ju(b)Ib)?, (7)
a=pxl, (8)
b=1.22 px/s, %)

andJi(b) is the Bessel function of first order and firshdi[25]. For clarity, we have
selected an IP with three bright fringes as shawhig. 4(b). Here we assume that the
thickness of the wire is = u/10 and is placed at the positigr= u/2, in the middle of
the right centremost dark fringe shown as an ateim Fig. 4(c) depicting the
irradiance £ at S:immediately after the wire. It is clear that foetboherent case, the
wire does not reduce the transmitted light applagjasince it receives virtually no

incident light such that

l, dx= 1§ dx +d, (10)
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: (11)

wherex; = (U - €)/2 andx, = (U + €)/2.

S

|2dx= | dx

-_— 2_
Therefore, denotingF W=V for the total radiant flux (see A.4) we can

S -S

rewrite Eq. (9) as

Fo=F&+ad, (12)

In contrast, the situation fordecoherentistribution, where/=0 is quite different. As

shown in Fig. 4(d), the decoherent irradiance
lo=2 [3, ()5 (13)
also bound within the same Airy disk as the cohestaie [25], suffers a reduction in

total radiant flux of

(14)

Therefore,

';12 :Eﬂ§+f-;12 (15)
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Clearly dis a significant fraction of the initial decoherdatal radiant flux as shown

in Fig. 4(e).

We know that

S S

[2cosa J;(b)/ b]? dx=2[J;(b)/ b]? dx
: (16)

-S -S

and using Eq.s (5-16), the relationship betweerctierent and decoherent states, can

be expressed as
FlZZF&:EfQ'*du. a7)

Eq. (17) simply restates the fact that for twherentstate, the presence of the
wire makes no significant difference in the totaldiant flux entering the lens

(F12=F%&), and that it is thsameas in the case when there is no wire present. This

leads to the conclusion that the total radiant @itithe pinhole images and 2¢ are not

affected by the presence of the wire, if the lighin acoherentstate atS:. In contrast,

the same cannot be said about the decoherent state,in this case the presence of the

wire leads to a loss 0k =%=d2/2 in the total radiant flux of each image.

3.4 Impossibility of interaction/attenuation-frefiaction by an opaque obstacle

In the discussion of diffraction, textbooks ofteail fto mention that the initial
wave function isalways attenuated after interaction with the opaque adbstavhich
produces the diffraction pattern in the transmittexve function. An opaque obstacle is
an impenetrable barrier which has a cross seaior/. The interaction of a wave

function with such an obstacle is a completelyal process governed by Schr!dinger
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equation, for which aon-zercamplitude must be present at the surface of tistaole.
Figures 5(a-c) depict the quantum mechanical sitimmeof a Gaussian wave packet
directly hitting an obstacle (here = 30/) and consequently being partly reflected
backwards, and partly diffracted in the directidrinitial motion. In our simulation, the
obstacle satisfies the Dirichlet boundary conditiowl is assumed to be a perfect mirror,
reflecting the incident wave function without angndping [26]. It is clear that the
transmitted part of the wave function is greatljembated and contains the telltale
diffraction @lobes®, enclosed within the dashedpsie in Fig. 5(c).

In contrast, Fig.s 5(d-f) show the same initial waguacket nearly missing the
obstacle. In this scenario, the wave function axtes with only the lower surface of the
obstacle, and therefore the reflected and diffchgtertions of the wave function are
dramatically reduced.

Finally, Fig.s 5(g-h) depict the same initial wayacket, this time completely
missing the obstacle. It is clear that the wavection continues to movendisturbed
and no diffraction takes place. This is essentiallynitary time development during
which the norm of the wave function remains uncleahd herefore, we can make the
following statementif a wave function is not attenuated after passangggion within
which a fully opaque obstacle is placed, it is diffracted by the obstacle, and vice-

versa: attenuatio® diffraction.

3.5 Formal proof of interference

Now we shall formally discuss the condition in white incident wave function

has a large enough lateral extent alongxth&is to cover the obstacle, yet after passing
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the obstacle, it is not attenuated (see Fig. 6.xWmv thatthe lack of attenuation of the
transmitted wave function is a necessary and seifficcondition for the existence of

destructive interference at the position of thetatle.

Theorem 1. Suppose arapodizedwave functiony (x.z4) localized along thex-axis
within -s X s (see Appendix A) is immediately incident on apaqueobstacle of

thicknesse>>/ placed at positiork=u, s u s. Immediately after the obstacle, the

transmitted wave functiosr x.zt;) continues to move along theaxis. The following

relation holds:

x2

I =l g 00 o= pfa=o 8)

’
X1

wherex; = (U - €)/2 andx; = (U + €)/2.

Proof. We know that| ||2 = ‘ﬂz t 0  therefore
Fi=F$>0 (19)

But according to Eq. (11) we haVei =F %+, >0  Therefore, we have

x2
d= J[dx=0 (20)
X1

Theorem 2.For any wave functioan(X) , and a given value=u the following holds:

bW =00 yu=0, (21)
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Proof. Since ¥ is a complex wave function, we have for any givenpwithin the

wavefunction a complex vector () =A€7 whereA is the modulus of the complex
numbew (U) . Since |J’(U)|2 = A* =0 thereforeA=0, which necessarily leads to(W) =0

Therefore W[ =00 y (W) =0

Theorem 3. For any wave function(xy), and a given value=u, and y=v, the

following holds:
b x|’ >00y @ =0 yuv) =y, +y =0 (22)
Proof. The wave function has a nonzero norm, and thecpé&at complex vector for a

point within the wave function is given Bgu.v) = Ae'? =0 A can be written as

A=yB®+C?,B=B,+B,=0gnd C=C,+C, =0, B,UC,* 0 We can thus construct at least

two complex numbep&(UV) =yB’+C €71 0y (uv) =B, +C,7¢ =- B +C€71 0 |t

is clear that the sum of these two nonzero complegtors can be written as
yuv)=y,(uv) +y,uv)=0 which is the superposition of two complex vectwith a

phase difference dd.

4. Experimental test of PC

4.1 Experimental verification of a nondestructiveasurement
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Figure 7(a) depicts the essential parts of a cardigpon that can test the validity
of PC. In this experiment, we use the non-arriigblwotons at the dark fringes (due to
total destructive interference), as opposed ta teival at bright fringes (due to total
constructive interference), as an equally validdexce for the coherent wave-like
behaviour. In order to magnify the shadowing effefdhe wire, we place a series of six
equidistant, parallel thin wires (shown as blacksdo the cross-section view of the
setup) of thicknese = 127 nm» 0.1u» 200/ in front L, at positions depicted by the
asterisks in Fig. 1(b), corresponding to the minwhshe six most central dark fringes.
Each wire is independently placed at the middleghef selected dark fringe with an
alignment and positional accuracy of "0.h#1. These wires can be considered as a
wire grating (WG) with the same periodicity as tRe Fig. 7(b) shows the irradiance
profile of the images & , while the WG is present. A comparison with théada Fig.
2(b) immediately demonstrates that the presendbeo?WG has not affected either the

resolution or the total radiant flux of the images.

The placement of the CCD directly<at, leads to relatively large errors in the
total radiant flux measurement. This is becausedithmeter of each pinhole image is
very small and few CCD elements receive the indidight, leading to saturation and
contamination of nearby elements. In order to iaseethe accuracy, we used the
configuration shown in Fig.s 8(a-c), where mirrplaced at the image plafe, further
separate the incident beams from each pinhole amdtdhem into different high
resolution CCDs 1m away from the image. This re#ldclight is distributed over a
larger number of CCD elements, reducing the locediance and thus avoiding

saturation-related inaccuracies.
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Fig. 8(a) depicts the control run, where no WGrisspnt and both pinholes are

open. The total radiant fluxc of this run for image 2A is used to normalize the

measurements in the next two experiments.

Fig. 8(b) shows the configuration and data for siraulation of adecoherent

distribution of light at1. One of the pinholes is closed and therefore thereld be
incident photons on the WG, which attenuates arftiadis the transmitted light
gathered by detector,DUsing Eqg.s (14) and (15), the normalized reduciiothe total

radiant flux of image of pinhole 2 for tllecoherentase is given by
R=100%/Fc . (23)

The loss of the radiant flux due to the WG in tése is theoretically calculated

to be 55=S6 d, =S5 d,/2 = 6.5% ofF c . The normalized radiant flux blocked by the
wires is found to beR= (6.6" 0.2)% by the analysis of the data, whichtchas the
above theoretical value very well. Also, as expecteis evident from the density plot
of the » output that theresolution of image 2¢ has been significantlyeducedin

comparison to that of the control case.
4.2 Test of PC

In similar fashion to Eq. (24), using Eq.s (11d4h2), the normalized reduction

in the total radiant flux of image of pinhole 2 tbecoherentcase is given by

F"Coherent =100%/ F C . (24)

Fig. 8(c) shows the configuration in which bothimles are open, and the WG
is present. The data show that the attenuatiormeftiansmitted light in this case is

negligible, R = (-0.1" 0.2)% indicating that the WG has not altmmt or reflected a
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measurable amount of light within the margin oberthus establishing the presence of
dark fringes atS:, so thatv=1. It is also evident that the loss of the resoiubf the
image compared to the decoherent case is neglidilblere is a very good agreement
between the theoretical value Ofconeen=0 and the observed valuR. This is
compelling evidence for the presence of a perfegiible IP {/=1) just upstream of

WG.
5. Discussion and Conclusion

We have introduced a novel nondestructive measemenprocess for the
visibility of the IP. In the last experiment showm Fig. 8(c), no attenuation of the
transmitted light, or significant reduction in thesolution of the image of pinhole 2 is
found, although the WG is present in the path ef light. It is concluded therefore,
that the coherent superposition state<atpersists (V=1) regardless of the fact that the

WWI is obtained afz in the same experiment (K=1).

One might be tempted to argue that the reliabdityhe WWI is lost due to the
presence of the WG. However, as discussed at léngtbctions 3.4 and 3.5, since the
diffraction by WG could be the only reason for teeuction ofK, we have established
no such diffraction takes place, since no attepnnati the transmitted light is observed.
This simply means there was no light incident o& wires in the WG to diffract.
Therefore, since no diffraction takes place, nouction in K is possible. Thus it is
established that in theame experiment, sharp complementary wave and particle

behaviours can coexist so that* K =2>1 violating Eq. (1) and the PC.

Using Eq. (24) and the observed valueRpwe can define a new parameter:

h=——
R 0£hEL (25)
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If PC is correct, then in any experiment, waistfind 7=0since the observed
value forR must be that of the decoherent caéedue to the fact that we find no
reduction in the resolution of the images as shamvriFig. 7(b), so thaK=1. The
presence of a perfect IP, would result ifR<0, and therefore would lead to an ideal
result of7=1. Bearing in mind the margins of error in our measents, in this
experiment we find that097€/£11 again confirming a clear violation of PC. It is
expected that this result can be improved uporebycing the thicknessof the wires
in the WG, yet maintaining the condition for opgciie>>/), and increasing the

resolution and sensitivity of the CCDs.

It is worth mentioning that since the so-called laged-choice® class of
experiments [23] rely primarily on the validity P@e results of this experiment
demonstrate that there is really no @choice® tonmede, as the coherent superposition

state remains intact although WWI is obtained.

Since the arguments presented in this Letteralid for all quantum particles, it
is plausible that equivalent experiments could keefgugmed involving electrons or

neutrons with identical results to this experiment.
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Appendix A

The total probability of finding a photon with wa¥enctionY (x.y.zt) somewhere in

space is given by

¥ ¥ ¥
rovzof= Jreoyzt)dxdydz

S¥-¥.¥

(A.1)

In this Letter, we use thene-dimensionahotation” (¥ for simplicity of argument
without any loss of generality and use the equivedeof the classical notion of

irradiance and quantum mechanical probability iistion such that we have

¥ ¥

Flrodl = [roof’ax= 109 o A2)

-¥ -¥

where F is the total radiant flux, anidx) is the classical irradiance at position

Due to the practical impossibility of scanning #ire space, we employ apodization

in our experiment for the wave functiofs and > so that only the maximal Airy disks

are allowed to go through the aperture stop AS #mad resulting apodized wave
functions V1 and . emerge. These wave functions are bounded withir s, wheres

= 3.833l //b, | is the distance of plané: from the dual pinhole, aralis the diameter of

each pinhole [25]. Therefore, we have

0, forx>s
yix)=q Yi(¥) fors x s (A.3)
0, forx<-s,

wherei=1,2.
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Bearing in mind that both and the irradiancé are functions ok, for apodized wave

functions, the total radiant flux in (A.2) is redutto

S

hdx (A.4)

S

S
ol bl
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Figure 1 (a) Laser light impinges upon a dual pinhole amad diffracted beamd”: and
Y, emerge. The beams are apodized by an apertureASogb) The interference
pattern 12 is observed at plarfe . HereV=1, andK=0. The irradiance is measured in
arbitrary units a.u. corresponding to grey-levéémsity ranging from 0 to 255. The red

curve shows the theoretical decoherent irradiancfie 12 .

Figure 2 (a) A converging Lens L placed in front &k produced two well resolved
images of the pinholes. (b) The irradiance prasfiehe images 1A and 2A. The photons
landing in 1A originate in pinhole 1, and thoseitamin 2A originate in pinhole 2. Here,

V=0, andK=1. The red curve shows a theoretical irradianoéilprfor aK=0 case.

Figure 3 Visibility of an interference pattern is a muliupicle property. The

interference pattern produced by a single-photarrcsowith (a) 30, (b) 300, and (c)
3000 photons registered. In contrast, the decoheistibution of (d) 30, (e) 300, and
(f) 3000 photons lacks the dark fringes.

Figure 4 The effect of an opaque obstacle placed at thie filizige of an interference
pattern. (a) The plane$o and S: are located immediately before and after the chesta
which is a wire shown as the small black disk. Frediance profile 12 of the coherent
superposition sta%12> , at (b) plan€o, and (c) plané:. The irradiance profi|é~12 of

a decoherent state, at (d) pléie and (e) plané:.

Figure 5 Theoretical simulation of the quantum-mechanicieat of an opaque
obstacle on the evolution of a Gaussian wave pdckeahree different positions of the
obstacle. (a-c) The wave packet directly hits thHestacle, producing significant
attenuation and diffraction in the transmitted tigld-f) The wave packet interacts with

only the lower surface of the obstacle. (g-i) Thevevpacket nearly misses the obstacle.

Figure 6 Apodized wave functior¥ moving along the-axis impinges upon an opaque

obstacle placed atu. The transmitted wave functiot ¢ would have the same norm as
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Y, if and only if there is a destructive interfereratx=u, establishing the presence of

an interference pattern.

Figure 7 (a) The configuration testing the effect of theesiin the wire grating (WG).

(b) Data representing the images of pinholes 12arido reduction in the resolution of
the images is found at the image pléne This implies that no diffraction is produced
by the WG and thus WWI is still complete so tKatl. For comparison, the red curve

shows an irradiance profile for a case wher€.

Figure 8 Test of Complementarity (a) Control configuratiavith both pinholes open
and no WG in place. The light from image 2A isctie to detector P (b) Simulation
of decoherent state &t:is achieved by closing pinhole 1, and placing th& W the
path of V- . The total radiant flux is reduced ES/: (6.6" 0.2)%. Compared to control
data the loss of resolution of the image due tyadifion caused by the WG is clear. (c)
Both pinholes are open and WG is placed at the fianies of the IP. The attenuation
of the radiant flux of 2A is found to Be= (-0.1" 0.2)%, which is negligible . Also the
resolution of the image is only slightly reducednpared to control, since no diffraction
takes place by WG. Here in violation of PG51, andK=1, in the same experimental

configuration.
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