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It is proven that in molecular interferometry a which-path information can be recorded using detection of
spontaneously emitted photons of long wavelengths in the optical near field of the apertures. This does not,
however, contradict Heisenberg’s uncertainty principle: It is shown that even if the momentum transfer in this
experiment is negligible, the entanglement between the detector molecule and photon is responsible for the loss
of coherence.
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I. WAVE PARTICLE DUALITY AND ENTANGLEMENT

Wave particle duality �1–4� is considered being at the
heart of quantum mechanics and has been discussed by
prominent physicists since the early time of Einstein, Bohr,
and Heisenberg, to the best of our knowledge. On the basis
of Bohr’s principle of complementarity �5�, it is indeed uni-
versally accepted that the observation of two properties, such
as the position and momentum, requires mutually exclusive
experimental arrangements. However, the origin of such a
property is still being debated. This is well illustrated in the
canonical situation which is referred in the literature as the
double apertures interferometer of Young: One says that the
determination of the density of probability in the aperture
plane and in the interference plane cannot be obtained by
using the same particles. The justification usually presented
is based on Heisenberg’s uncertainty principle �6,7� and in-
volves an irremediable exchange of momentum between the
analyzed object and the measuring apparatus.

Over the past decades the primacy of such recoil argu-
ment has been, however, contested in favor of a more general
entangling process by which one means the quantum corre-
lation between the quantum system and its environment
�8–14�. While Heisenberg emphasized the perturbation of the
object, many decoherence theorists would now emphasize
that the information transfer from the quantum system to the
environment is the key to understanding the loss of fringe
visibility in a quantum interference experiment. And in that
sense the decoherence theory may also be regarded as a
mathematical formulation of Bohr’s complementarity. It has
been, in particular, emphasized �15� that an atom, after emit-
ting a long wavelength photon in a cavity, located close to
one of the two Young’s aperture, can generate a recordable
which-path information without transfer of a significant mo-
mentum. This stirred-up considerable controversy and a de-
bate on the genuine meaning of “momentum transfer” for
which-path experiments �16–40�.

In counterpart one can imagine the so-called Heisenberg
microscope which-path experiment in which a spontaneously
emitted photon allows us to define the hole crossed by the
atom during is motion. In this configuration, constituting a

perfect application of Heisenberg’s recoil mechanism, the
path determination is only possible if the wavelength �� of
the photon is smaller than the separation d between the two
pinholes A and B.

Considering this example one can wonder if there is
something to add to Heisenberg’s explanation.

In the present paper we answer this question positively
and we discuss a related Gedanken-experiment in the context
of a molecule or an atom interferometry �11,13,22,41–45�
using near-field nanooptics. We analyze the required ideal-
ized experimental arrangement for obtaining unambiguous
path information in Young’s double-slit experiment, when
near-field optical microscopy is used to detect the emitted
photons close to the apertures. The Gedanken experiment is
based on two ideas: First, the photon wavelength would be
chosen to be much larger than the separation of the two
pinholes ����d�, to guarantee that any recoil and backaction
can be safely neglected. Second, we consider the use of a
near-field scanning optical microscope �NSOM� �46–48�
which is known to achieve a position resolution even down
to �� /20. This would then certainly allow us to resolve the
position of the molecules inside the double-slit arrangement.
And we will discuss in the following how these two basic
ideas relate to the concepts of recoil, complementarity, and
entanglement.

In the following after a discussion of decoherence by pho-
ton emission detected in the optical far field �Secs. II and
III A� we are going to discuss the implications of near-field
optics for the fringe visibility in molecule interferometry
�Sec. III B� in order to prove that a recoil-free which-path
determination is possible in the vacuum using long wave-
length photons.

II. DECOHERENCE AND SPONTANEOUS EMISSION

In order to simplify we suppose an ideal two level mol-
ecule crossing the plane z=0 containing the screen with two
narrow pinholes of width negligible compared to d. Before
the screen �z�0� the motion of the molecule is described by
a wave train infinitely extended in the x ,y direction imping-
ing normally on the aperture �see Fig. 1�. In the absence of
any photon emission, the molecular state behind the holes
immediately evolves into a sum of two diffracted waves:
��r , t�=�A�r , t�+�B�r , t�, where we neglect any further*Electronic address: aurelien.drezet@uni-graz.at
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phase shifts, such as, for instance, due to the van der Waals
interaction with the grating walls. We write

�A,B�r,t� = eim�r − rA,B�2/�2�t�/t3/2, �1�

where rA,B= ± x̂d /2 are the holes positions on the x axis, and
m the molecule mass. If the incoming wave possesses a suf-
ficiently long spatial coherence length �z��dB ��dB is the de
Broglie wavelength for the matter wave� we expect to find
molecular interference fringes in a distance from the hole
with a visibility V0= �Imax− Imin� / �Imax+ Imin� close to 1.
When we include the possibility of photon emission, while
the molecule is still in the vicinity of the double pinhole, one
has to write down a joint wave function for both the mol-
ecule and the photon. Assuming �49–52� the nonrelativistic
approximation �see Appendix A� and that the de-excitation
occurs sufficiently fast behind the pinhole this joint wave
function will actually be an entangled state which carries the
position ambiguity of the molecule over to an ambiguity of
the photon state:

��J� � � d3r	
k,	

�
r +
�kt

m
,t�


gk,	
e−i�t

� − �� + i�/2
· e−ik·r�k,	,r� . �2�

Here we used the transition energy ��� and the life time of
the excited state �−1
 t. Photon states are expanded in the
plane wave basis using the notation of �53� and gk,	 is a
coupling constant �53�. Inserting �A,B into Eq. �1� and ne-
glecting terms in k2 leads to

��J� � � d3r��A�r,t���A�t�� + �B�r,t���B�t����r� , �3�

where

��A,B�t�� = 	
k,	

gk,	
e−i�t

� − �� + i�/2
e−ik·rA,B�k,	� �4�

represents the photon which is produced by a pointlike radi-
ating dipole ��t�=�gee

−i��te−�t/2 located in A or B if �ge is
the transition dipole. The molecular intensity collected at the

screen being proportional to G�1��r , t�=Tr��̂�r��r�� �with the
density operator �̂= ��J���J�� we deduce

G�1��r,t� � 1 + V�k�d�cos�mxd/��t�� , �5�

where the fringe visibility

�V�k�d�� = �Gmax
1 − Gmin

1 �/�Gmax
1 + Gmin

1 � �6�

is defined by

V�k�d� =
F�k�d�
F�0�

, �7�

with

F�k�d� =� eik·dd3k
���ge�2 − ��ge · k�2/k2�

�� − ���2 + �2/4
. �8�

If instead of a pure state we consider an average on the
orientation of the transition dipole we have

F�k�d� = 
� eik·dd3k
���ge�2 − ��ge · k�2/k2�

�� − ���2 + �2/4
� . �9�

For an isotropic distribution of transition dipoles we deduce

�V� = �sin�k�d�/�k�d��e−�d/�2c� � �sin�k�d�/�k�d�� . �10�

This equation �54� formalizes the also intuitive fact that pho-
tons of shorter wavelengths provide a better path resolution
inside the interference device: For k�d�1, i.e., for the case
of a short photon wavelength the quantum interference van-
ishes and reciprocally �V��1 for k�d�1.

This result is in agreement with the complementarity prin-
ciple since the fringe visibility depends on the amount of
information that is, in principle, available to an outside ob-
server. It is consistent with Heisenberg’s back-action argu-
ment, since those photons that provide a better path informa-
tion also impart a stronger recoil. And finally it is derived by
the decoherence theory, which means it is based on the en-
tanglement between the molecule and the emitted photon.
Equation �10� has indeed been experimentally well con-
firmed in several interferometry experiments both with atoms
�11,44,45� and with large molecules �41,43�.

It can be observed that in Eq. �3� the spatial wave func-
tions �A,B�r , t� associated with the center of mass are not
affected since they factorize from the photon states �this fac-
torization is a very good approximation in the nonrelativistic
regime� one can then wonder if there is effectively a momen-
tum transfer in this analysis. The answer is naturally yes and
this can be seen by expanding the photon states in the basis
�k ,	�

��A,B� = 	
k,	

�k,	
A,B�k,	� . �11�

Equation �3� is then equivalent to

��J� � � d3r	
k,	

��A�r,t��k,	
A + �B�r,t��k,	

B ��k,	,r� .

�12�

The first order signal G�1��r , t�=Tr��̂�r��r�� is consequently

FIG. 1. Sketch of Young’s double-hole experiment for molecule
emitting spontaneously one photon in the vicinity of the apertures A
or B.
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G�1��r,t� � 	
k,	

���k,	
A �2 + ��k,	

B �2 + �k,	
B,*�k,	

A eimr/�t·d + c.c.� .

�13�

If we consider now the result GFF
�1��r , t� expected for the

Heisenberg �far-field� experiment we find

GFF
�1��r,t� � 	

k,	
��k,	

�0� �2�1 + cos
mr

�t
· d + k · d�� , �14�

where ��k,	
�0� �2 is there to find a photon with wave vector k and

polarization 	 �44,55�. The momentum transferred to the
photon by the atom or molecule affects the coherence of the
recorded signal. This is clearly visible from the fact that GFF

�1�

is the sum of patterns with unit visibility shifted by an
amount k ·d. Each individual pattern is unable to erase the
fringes but the sum of all these patterns can do it. However
this transfer of momentum is not visible on the single aper-
ture pattern which is not broadened significantly. The conse-
quence of this analysis is the following: In the far-field ex-
periment the x component of the photon wave vector can
vary in the interval �kx�2� /d �since we consider the regime
���d�. For this reason the fringes wash out and this is ex-
actly Heisenberg’s argumentation �5–7�.

We would like to emphasize that this discussion was only
centered on the process of decoherence by photon emission
and that the quantum state given by Eq. �3� is actually inde-
pendent of any particular which-path detector. This seems to
be a logical way of treating the problem since in the words of
R. P. Feynman “Nature does not know what you are looking
at, and she behaves the way she is going to behave whether
you bother to take down the data or not” �7�. However N.
Bohr pointed out already that we cannot ignore the physical
presence of the detector in the analysis since “As regards the
specification of the conditions for any well-defined applica-
tion of the formalism, it is moreover essential that the whole
experimental arrangement be taken into account” �5�. In or-
der to discuss complementarity we must now actually take
down the data and see what happens.

III. INTERFEROMETRY WITH CORRELATED PHOTON
DETECTION

A. Which-path experiment in the optical far field
of the molecules

As we explained, Eq. �10� would also suggest that the
emission of photons of the long wavelength does not influ-
ence the molecular interference in any detrimental way, no
matter whether one cares to correlate the molecular and pho-
tonic degrees of freedom. In order to control if this is indeed
true one should, as proposed by Heisenberg, introduce an
optical instrument such as a microscope detecting the photon
in coincidence with the molecule arrival. In other terms we
should consider a two-particle �second order� instead of a
single-particle �first order� interferometry experiment. Be-
cause the detector is sensible to the electric field intensity it
is convenient to introduce the �vectorial� probability ampli-

tude for finding the photon in the space-time point P
= �t ,r��, conditioned by the probability amplitude for regis-
tering the molecule at position M = �t ,rm�

A�M,P� � �A�M�EA�P� + �B�M�EB�P� , �15�

where EA,B�P� denotes the electric field at the detector,
which is caused by the photon originating in A or B. If we
register the emitted photon at a given location �r� , t�, the
photon electric field �53,56� can be written as EA,B�r� , t�
= �0�Ê�+��r����A,B�, where Ê�+� is the positive frequency part
of the electric field operator. In agreement with the definition

of the photoelectric effect G�2��M , P�= �A�M , P��2=Tr��̂Ê�−�


�r��Ê�+��r���rm��rm�� is proportional to the molecular inten-
sity collected on the screen in M when the photon is re-
corded in coincidence in P by an isotropic detector. In the
present case EA,B�r� , t� is also given by a classical expression
�57� for a pointlike dipole. Using Eq. �4� one indeed obtains
�58�

EA,B�r�,t� = −
1

c2

�2�A,B�r�,t�
�t2 + �„� · �A,B�r�,t�… . �16�

�A,B�r� , t�=��t−RA,B /c� /RA,B, with RA,B= �r�−rA,B� is the
Hertz vector associated with the electric dipole �57�. This
field can equivalently be written as

EA,B�x�,t� = ��
2
RA,B

RA,B

 �A,B�x�,t��RA,B

RA,B

+ �3
RA,B

RA,B

RA,B

RA,B
· �A,B�x�,t�� − �A,B�x�,t��



 1

RA,B
2 −

i��

RA,B
� , �17�

where ��= ���− i� /2� /c. This expression shows characteris-
tic dependencies in 1/R3 �near field�, 1 /R2 �intermediate
field�, and 1/R �far field�.

In this coincidence measurement the recorded intensity
can be expressed as

G�2��M,P� = ��A�M�EA�P��2 + ��B�M�EB�P��2

+ �B
*�M��A�M�EB

*�P�EA�P� + c.c.. �18�

Using Eq. �1� the fringe visibility of the molecular pattern
which is defined as

VCond�P� = �Gmax,P
�2� − Gmin,P

�2� �/�Gmax,P
�2� + Gmin,P

�2� � �19�

becomes

VCond�P� =
2�EA�P� · EB

*�P��
�EA�P��2 + �EB�P��2

. �20�

It should be noted that the photon, which is moving much
quicker than the molecule, will be absorbed a long time be-
fore the molecule even leaves the aperture region. However,
Eq. �36� is valid even if the two events P and M are not
simultaneous since the absorption of the photon transfers the
entanglement of the system photon and/or molecule to the
system detector and/or molecule. With Heisenberg’s micro-
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scope the optical collection system would operate in the op-
tical far field and would be focused on the double pinhole. If
we then place a pointlike photon detector at the maximum of
the optical diffraction pattern which is associated with the
image of the hole A or B we obtain

VFF = 2�f�k�d��/�1 + f�k�d�2� . �21�

The imaging function taking into account diffraction �57� by
the objective is

f�k�d� = 2J1�k�dNA�/�k�dNA� , �22�

where NA is the numerical aperture of the lens �57�. This
function is proportional to the electric field of the source
observed in the image plane as given by classical optics. It
can be observed that the time of the detection can be factor-
ized from the field and that the visibility is consequently
independent of the detection time. The important conclusion
is that again one finds the result of Eq. �10� which leads to
VFF�1��V� for k�d
1. This only confirms once again the
mutual exclusion of which-path information and fringe vis-
ibility.

From such a Heisenberg experiment and similar others,
one could propose, as an hypothesis, the so-called Heisen-
berg mechanism: It is impossible to determine through which
hole A or B a molecule passes without exchanging with the
measuring device a minimal transverse momentum �h /d,
sufficient to disturb mechanically the molecule and to erase
completely the interference pattern. In other terms, to para-
phrase R. Feynman �7�, “there is no way to go around the
Heisenberg principle.” Such an archetypal explanation has
been, however, criticized by Scully et al. �15� who argued
that the uncertainty relation does not always enforces recoils
kicks sufficient to wash out the fringes. Since that point has
stirred up considerable controversy in the literature �16–40�
we are not going to discuss this problem here. We will only
remark that both the Heisenberg and the Scully et al. experi-
ment can be understood by considering only the photon
emission process. The observer is in both cases unnecessary
since the fringes are destroyed even if we do not actually
detect the photon.

We are now going to consider an experiment in which
oppositely the presence of the observer is necessary to inter-
pret the data and extract the which-path information.

B. Which-path experiment in the optical near field
of the molecules

From the precedent discussion concerning Heisenberg’s
microscope we could deduce that Rayleigh’s and Abbé’s
theory of optical microscopy would certainly deny the pos-
sibility that the molecular path could be resolved under the
circumstances ���d. But it is well known that near-field
scanning optical microscopy can circumvent this diffraction
limit �see, for example, �47,48�, and references therein�. It
could be then expected that with a NSOM the formulas �21�
or �10� are not the end of the story. The essential element in
a NSOM is a metal coated tapered optical fiber tip with a
subwavelength aperture located at the fiber apex. It collects
light only from a very small volume around the aperture

�59–63�. Nowadays, detectors with down to 50 nm resolu-
tion can be routinely obtained this way. Since the electric
near field of the emitted photon given by Eq. �9� is of dipolar
character it decreases strongly with the distance R from the
emitting molecule,

EA,B�r�� � 3RA,B�RA,B · ��/�RA,B�5 − �/�RA,B�3, �23�

where we have omitted all time dependence. As before, the
molecular interference visibility conditioned on the detection
of a near-field photon is given by a formula as Eq. �20�.
However, the NSOM is not an isotropic but a vectorial de-
tector behaving essentially as a point dipole aligned along
the direction e �61,64–68�. This is equivalent to consider
instead of a NSOM tip an ideal point detector, located in the
near field of the molecule. Theories �60,61� show that the
optical tip acts like an induced electric point dipole whose
polarizability reads as �a3 where a is the radius of the
NSOM aperture. It should be noted that in the regime of very
small NSOM aperture this polarizability is �like in Mie’s
theory �57,60�� completely independent of the photon wave-
length. It can be added that we can, in principle, similarly
define an induced magnetic point dipole associated with the
tip �59,67�. However since in the optical near field the mag-
netic field emitted by the molecule is typically smaller than
the electric field by a factor �d /�� �60� we will without any
losses in generality neglect this term in the following. Addi-
tionally, it can be observed that the possibility of identifying
the detector to a point dipole shows that the present analysis
is not limited to a NSOM detector. It is indeed a character-
istic of nano objects much smaller than ��. The same analy-
sis can be, for example, used to describe the principle of a
which-path detection by a second molecule or the scattering
by a metal nanoparticle �69–71� located close to one of the
apertures A and B.

The visibility conditioned on the photon detection reads
now

VCond�P� =
2�e · EA�P�e* · EB

*�P��
�e · EA�P��2 + �e · EB�P��2

. �24�

This visibility is in the near-field limit independent of the
photon wavelength. However it is strongly dependent on the
position of the detector as well as on the direction of the
molecular dipole and on the nature of the detector �scalar or
vectorial�.

In order to show the strong dependence of the molecular-
fringes visibility with the position of the near-field detector
we calculate it when the detector is on the x axis. We find the
orientation of the molecule dipole

VNF = 2RA
3RB

3/�RA
6 + RB

6� . �25�

If the detector is located in the middle between both holes
the visibility is maximal. This can be immediately seen both
from Eq. �25� �VNF=1 for RB=RA�, and from the simple rea-
soning that the symmetry of the arrangement does not allow
us to extract any path information. If, however �see Fig. 1�,
one shifts the detecting tip closer to one of the holes, 	
=RB
RA�d, the conditional interference contrast can be
strongly suppressed VNF�2�	 /d�3
1. The position distin-
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guishing capability of the detector can be evaluated by con-
sidering the probability to record an event at the detector as
a function of the molecule’s position in the plane of the
double pinhole. The probability for a detected photon to
originate from hole B instead of hole A is given by

PB = �EB
2 �/�EA

2 + EB
2� � 1 − 	6/d6 � PA � 	6/d6. �26�

The distinguishability can be defined �1� both in the far-field
and the near-field detection to be

D = �PA − PB� = �EA
2 − EB

2 �/�EA
2 + EB

2� . �27�

In the near field this yields

DNF = �RA
6 − RB

6 �/�RA
6 + RB

6� � 1 − 2	6/d6 � 1, �28�

which is in marked contrast to the far-field expression

DFF = �1 − f�k�d�2�/�1 + f�k�d�2� � 1 − f�k�d�2 � 0.

�29�

To illustrate these equations, let us take the example of two
holes which are sufficiently narrow, say smaller than 50 nm
and separated by d=500 nm. We further assume that the
molecule emits light at a wavelength of ��=5 �m, i.e., at a
wavelength exceeding the pinhole separation by a factor of
10.

The classical microscope shall be in a sufficient distance
to fulfill the far-field criterion �see Fig. 2�, whereas the
NSOM tip is assumed to be placed in a distance 	=50 nm to
the right of the right hole, corresponding to a separation of
550 nm from the left hole �Fig. 3�. We can then compute
both the expected molecular fringe visibility V and molecular
position distinguishability D for both detector arrangements.
For the optical far-field setup we find—as expected—a high
fringe contrast of VFF=0.9988 combined with a very low
distinguishability DFF=0.049. In contrast to that, we com-
pute an almost vanishing visibility of VNF=0.0044 and a very
high distinguishability of DNF=0.999 99 for the case of a
near-field detection of the emitted photons. The near-field
detector would thus be able to distinguish the particle’s po-
sition with very high certainty in the domain d��� /2, where
any far-field microscope would fail. In this context it can be
observed that the same experiment but with the detector in
the far field �where EA,B�1/RA,B� would give a visibility

close to 1 and then no distinguishability. Secondly we can
remark that for the chosen ratio d /��=10−1, the intensity of
the photon magnetic field at the tip location is 100 times
smaller than the intensity of the photon electric field at the
same location. This justifies our approximation of neglecting
such magnetic contributions.

In our treatment a specific formulation of the complemen-
tarity principle �1,2�, namely,

V2 + D2 = 1 �30�

is respected both for the far field and the near field. However,
in the NSOM case we consider the limit ���d and we de-
duce then from Eq. �14� that the experiment is essentially
recoil free It is, therefore, wrong to believe that a which-path
experiment using the spontaneous emission of long wave-
length photons in vacuum is impossible.

It is important to remark that the duality relation Eq. �30�
is valid only for a pure quantum state �1�. For a mixture of
oriented molecular dipoles and a scalar detector we find

V = 2��EA · EB��/��EA
2� + �EB

2�� ,

D = ��EA
2� − �EB

2��/��EA
2� + �EB

2�� , �31�

and

D2 + V2 � 1, �32�

where �� �� denotes the average of molecular dipole orienta-
tions. Similarly with the vectorial NS detector the visibility
and distinguishability reads as

V =
2��e · EAe* · EB

*��
��e · EA�2� + ��e · EB�2�

,

D =
���e · EA�2� − ���e · EB�2���
��e · EA�2� + ���e · EB�2��

, �33�

which leads once again to Eq. �32�. In particular, Eqs.
�25�–�28� are always true in whatever the distribution con-
sidered. We calculated, for the case of an isotropic distribu-
tion, the visibility VNF as a function of the detector position
in the plane x, z. Figures 4–7 show the result of such calcu-

FIG. 2. Young’s double-hole which-path experiment with far-
field detection of the emitted photon using a microscope objective
focalized on the apertures A and B.

FIG. 3. Principle of the near-field Heisenberg microscope. The
photon emitted by the molecule in the aperture A or B can be
recorded by the NSOM tip in P and can be correlated with the
molecule arrival in M.
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lations for, respectively, a scalar detector, a vectorial detector
oriented in the x, y or z direction. In every case the visibility
takes its minimum close to the apertures A and B and tend to
V=1 far away from them. Finally we can observe that even if
the present paper focalizes only on the double-pinhole ex-
periment we can make the same reasoning for a double-slit
experiment. In that case we consider the problem with 2D
dipoles and the visibility given by Eq. �19� becomes VNF
=2RA

2RB
2 / �RA

4 +RB
4�.

IV. DISCUSSION CONCERNING COMPLEMENTARITY
AND QUANTUM ERAZING

We stated above that we could detect which-path informa-
tion without significantly perturbing the molecular motion if
one was able to record long wavelength radiation with opti-
cal near-field methods. But even in a Gedanken experiment
one has to consider the inherent limitations of such a detec-
tion scheme. These are the finite size, finite momentum, and
the low efficiency of any such detector, which are imposed
by the working principle itself rather than by technical con-
straints.

It is a fundamental requirement for a good NSOM tip to
have a very small aperture typically of s=2a�50–100 nm

diameter. Photon transmission through such a narrow con-
striction is described by Bethe-Bouwkamp’s diffraction
theory �61� and one finds that the transmission scales with
T��k�s�4. And it will generally �47,48,65–67� range be-
tween T=10−3–10−5. In addition to that the finite detector
size implies that it would cover only a finite solid angle
d� /��0.1. Most molecules arriving at the interference
screen will thus not have given any information to the pho-
ton detector. However, as long as the experiment exploits the
observed correlations only, the finite transmission may in-
crease the run-time of the experiment but it will not degrade
the quality of the expected experimental result. We should
then remark that the possibility of extracting a finite signal
G�2��M , P��0 with a NSOM detector imposes necessarily
�V��1. For consistency an ideal which-path experiment with
VNF=0 requires that the probability of detecting a photon is
always smaller or equal to M=1− �V�. In the present ex-
ample M�0.06�T and there is no problem.

In this context, one might also argue that it is not impor-
tant at all that the photon is really detected by a counter or
even a human observer. The standard decoherence �8� argu-
ment only requires that the emitted photon takes the environ-
ment into a superposition of two distinguishable states. So
even if the transmission is low and the detector does not fire,
we might have to consider what happens upon absorption or

FIG. 4. �Color online� Visibility VNF calculated as a function of
the detector position in the plane x ,z for an isotropic distribution of
dipoles in the case of a scalar point detector. The aperture plane
�z=0� is represented by white lines.

FIG. 5. �Color online� Visibility VNF calculated as a function of
the detector position in the plane x ,z for an isotropic distribution of
dipoles in the case of a vectorial detector oriented along x.

FIG. 6. �Color online� Visibility VNF calculated as a function of
the detector position in the plane x ,z for an isotropic distribution of
dipoles in the case of a vectorial detector oriented along y.

FIG. 7. �Color online� Visibility VNF calculated as a function of
the detector position in the plane x ,z for an isotropic distribution of
dipoles in the case of a vectorial detector oriented along z.
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reflection of a photon by the NSOM tip. However, it turns
out that generally also these processes are not relevant, as
one can see from a simple argument based on the position-
momentum uncertainty with respect to the state of the
NSOM tip: In order to make any which-path statement we
require the tip position to be localized within �xtip
d,
which immediately imposes a momentum uncertainty on it
of the order of �ptip�� /�xtip. This has to be compared to
the recoil which an absorbed or reflected photon would im-
part on the tip, which is �p�,a=h /�� and �p�,r=2h /��, re-
spectively. We thus see that if the wavelength �� is much
larger than the maximum path separation d, the momentum
of the absorbed photon will not even suffice to carry the
detector’s momentum state beyond its own intrinsic uncer-
tainty �p���ptip. Absorption or reflection on the NSOM
tip, therefore, intrinsically do not allow us to correlate the
emitted photon with the molecular signal: the effect of the
photon on the environment is just too small.

One might finally argue that there could be a back action
of the NSOM tip on the evanescent field. The additional
potentials imposed by the presence of nearby walls will, of
course, also shift and distort the molecular interference pat-
tern. But none of the phase shifts caused by the tip will lead
to decoherence since they are static and it is assumed that
they are independent of the internal molecular state. Further-
more, the reflected field of the dipole image in the metallic
tip contains the same photon momentum characteristic as the
field emitted by the molecule. Although the spectral emission
probability of the molecule will be changed �72,73�, the mo-
lecular center-of-mass motion is not expected to be affected.
On the other hand, if we wanted to get a detector “click”
with certainty for every passing molecule, the molecules
would have to emit such a huge number of infrared photons
that momentum diffusion would again be a valid explanation
for the disappearance of the molecular fringe contrast.

These points are essential in understanding the particular-
ity of the NSOM experiment proposed here. At the difference
of all the previous proposed which-path experiments exploit-
ing the entanglement between a molecule and a photon the
coincidence measurement is here crucial. Indeed, in the ex-
periment by Scully et al., as well as in the Heisenberg’s
far-field experiment, the which-path information is already
present in the photon state and the fringes wash out even if
the photon is not recorded. Here oppositely the which-path
information is not visible without considering the two-
particle correlation.

This experiment is also somewhat different from earlier
experimental realization, where the photon correlation was
used for the restoration instead of the destruction of interfer-
ence fringes �15,74,75�. Indeed in the so-called quantum
eraser presented originally by Scully and Drühl �74� it is, in
principle, possible to wipe out the which-path information
gained with the detector and to recover the interference. This
in turn shows definitely the superiority of the entangling ar-
gument over a semiclassical recoil explanation for the loss of
coherence. In this sense we can say with Scully et al. �15�
that there is a way around the position-momentum uncer-
tainty obstacle: In the quantum eraser it is the correlation
between molecular and photonic events which is responsible
for the restoration of the interference erased by the which-

path detector. In comparison, our new proposal using a
NSOM can be seen like the counterpart of the quantum
eraser experiment since here the which-path information is
revealed only after that data for the detection of molecules
and photons are compared. It is, however, important to ob-
serve that the symmetry between these two experiments is
not total. Indeed, in the quantum eraser experiment almost all
pairs of particles can participate in the experiment but here
�as we already said before� only a small fraction of the
photon-molecule pair can be involved. The inefficiency of
the photon detector is then here a necessity for the success of
the NSOM experiment. It must, however, be noted that count
rate limitations will render the described “minimally inva-
sive” NSOM path measurement; an almost impossible enter-
prize with large molecules, and still very difficult to render
these measurements, with even the best available atomic
beams �see, however; �76��.

One could observe concerning the last remarks, that if
restoring fringes by selecting half of the events, like in the
Scully and Drühl proposal, might be somewhat paradoxical,
destroying fringes with a very small efficiency would be a far
less astonishing result. However, such an argumentation
would miss the central point since the destruction of the
fringes is associated here with a physical which-path infor-
mation �complementary of the interference information�
which is hidden before the quantum correlation �in the same
sense that in the quantum eraser experiment the interference
information is hidden�. This is then not comparable to a
dephasing process in which the information is lost in the
environment.

In this context it is worth mentioning that one could al-
ways exploit the freedom offered to the experimentalist to
erase the which-path information gained previously by using
a quantum eraser protocol. Such a quantum eraser could be
implemented, in principle, using two NSOM tips like those
in Fig. 8. The light coming from the two detectors can be
collected using optical fibers and the contributions of each
fiber mixed using a beam splitter �BS� �77,78�. Oscillation
fringes can be recovered from the correlation photon mol-
ecule depending on the difference of path lengths in this
interferometer. Let us suppose that the beam splitter is sym-
metric and characterized by its reflectivity R= i /�2 and trans-
missivity T=1/�2. Let � be an additional phase shift in one

FIG. 8. Quantum eraser experiment using two NSOM
detectors.
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of the two arms. The probability amplitude for finding the
photon in D1 or D2 conditioned to the probability amplitude
for registering the molecule at position M is given by

GD1�M� = ��e · EA��A�M� + �e · EB��B�M��
iei�

�2

+ ��e� · E�A��A�M� + �e� · E�B��B�M��
1
�2

,

GD2�M� = ��e · EA��A�M� + �e · EB��B�M��
ei�

�2

+ ��e� · E�A��A�M� + �e� · E�B��B�M��
i

�2
.

�34�

Here e and e� characterize the dipoles orientation of the two
NSOM tips. Similarly EA,B and E�A,B denote the photon field
associated with the photon coming from A and B and de-
tected by the dipoles e and e�. Clearly the fringes visibility
depends strongly on the tips positions. To simplify we sup-
pose the symmetric situation where we can write �e ·EA,B�
= �e� ·E�B,A�. The molecular fringes visibility conditioned on
photodetection in D1 or D2 read

VD1 =
2��A� · ��B�

��A�2 + ��B�2
,

VD2 =
2��A� � · ��B� �

��A�2 + ��B�2
, �35�

where

�A = �e · EA�iei� + �e · EB� ,

�B = �e · EB�iei� + �e · EA� ,

�A� = − �e · EA�iei� + �e · EB� ,

�B� = − �e · EB�iei� + �e · EA� . �36�

In the particular case where iei�=1 we deduce VD1,D2=1 and
we obtain

GD1�M� =
1
�2

��A + �B���A�M� + �B�M�� ,

GD2�M� =
i

�2
��A − �B���B�M� − �A�M�� , �37�

associated with, respectively unit-visibility fringes and anti-
fringes patterns. By either removing or not removing the
beam splitter one can then, in principle, select which comple-
mentary information to observe and this even a long time
after the molecules were detected �75�. This once again
shows that it is the entanglement and information which are
the central issues here and not a hypothetical semiclassical
stochastic mechanism based on random photon kicks. It is

important to remark that with two NSOM tips the presence
of the double pinholes is even not necessary. Since we work
in the coincidence regime the two tips play the role of two
molecular virtuals sources �this is is reminiscent of the Karl
Popper experiment �79��.

As a conclusion we insist once again on the fact that the
near-field which-path experiment proposed here can be
called “essentially recoil free” in analogy to �15�, because the
detected photon wavelength is larger than the slit separation.
It is actually the entanglement between the molecular center-
of-mass state and the photon and the information one has
obtained about the photon state which produce the path mea-
surement and which destroys the interference fringes; if we
only register those molecules for which we also get a photon
click. The present work represents, to the best of our knowl-
edge, the first description of a which-path experiment in the
optical near-field regime. This paper is just a discussion and
constitutes only a small exploration into the subject of quan-
tum optics in the near-field regime. More work has to be
done to understand this domain which is for, the major part,
terra incognita �80,81�.
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APPENDIX A: SPONTANEOUS EMISSION BY A MOVING
WAVE PACKET

We consider the total hamiltonian associated with a two-
levels atom, e.g.,

Ĥ =
��P�2

2m
+ Ee�e��e� + Eg�g��g� + 	

�

���â�
† â�

− 	
�

�2������ge · E��x��e��g�â� + ��ge · E��x��*


�g��e�â�
†� , �A1�

where Ee=Eg+����Eg, �ge= �g��̂�e�, and � is a orthogonal
basis for the transverse photon field. Here we use the plane
wave basis for a photon of momentum �k and of polarization
�k,i �i=1,2�: E��x�=�k,ie

ik·x /�V �Box normalization�.
The spontaneous emission process �beginning at t=0�

supposes an initial state of the form

� d3p ��p�e−ip2t/�2m���p�e−iEet/��0��e� , �A2�

where p is the momentum basis of the molecule and �0� the
photon vacuum state.

� d3p ��p�e−ip2t/�2m���p� =� d3x��x,t��x�

is the spatial wave function of the atom or molecule in ab-
sence of spontaneous emission. The method of Weisskopf
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and Wigner defines the evolution of such a state in time and
we find for t�0

���t�� = �E�t�� + �G�t�� . �A3�

The state �E�t�� equals

� d3p ��p�e−ip2t/�2m���p��0��e�e−iEet/�e−�t/2 �A4�

and describes the exponential decay with the probability e−�t

to remain in the exited state. The state �G�t�� expresses the
entanglement matter field and can be written

	
k,i
� d3p ��p�e−ip2t/�2m���k,i�t�

�P − �k��k,i�e−iEgt/��g� , �A5�

with

�k,i�t� = gk,i
e−i��−k·p/m+�k2/�2m��t − e−i��te−�t/2

� − �� − k · p/m + �k2/�2m� + i�/2
, �A6�

and gk,i=−�2��� /V�	i ·�ge� /�.
We suppose now p /m ·k
� and �k2 / �2m�
� for ��

�� in the denominator. Such an approximation is justified in
the nonrelativistic approximation and when we can neglect
the Doppler effect. We can similarly neglect �k2 / �2m�
� in
the numerator. However we do not omit the term eip/m·kt in
the second exponential because it is of the same order of
magnitude of eix·k; appearing when we express the quantum
state in the x representation. This leads effectively to

�G�t�� =� d3x�x��G�x,t�e−iEgt/��g� �A7�

with

�G�x,t� = ��x,t�	
k,i

− gk,i
e−i��te−�t/2

� − �� + i�/2
e−ik·x�k,i�

+ 	
k,i

�
x +
�kt

m
,t�gk,i

e−i�t

� − �� + i�/2
e−ik·x�k,i� .

�A8�

APPENDIX B: DIPOLE-FIELD AND SPONTANEOUS
EMISSION BY A TWO LEVEL MOLECULE

The electric field defined by EA,B�x� , t�= �0�Ê�+�


�x�� ��A,B�t� is calculated using the operator expansion

Ê�+��x�� = 	
k,i

�2���

V
	k,iâk,ie

ik·x� �B1�

and leads after the summation on the polarization states to

EA,B�x�,t� =� d3k

�2��2�
�ge −
��ge · k�k

k2 �

 eik�x�−xA,B�e

−i��te−�t/2 − e−i�t

� − �� + i�/2
. �B2�

This can written using the dyadic notation as

EA,B�x�,t� = �− �J�2 + ����geS�x� − xA,B,t� , �B3�

where the integral

S�x� − x,t� =� �d3keik�x�−x�

�2��2k2

e−i��te−�t/2 − e−i�t

� − �� + i�/2
�B4�

can be calculated in the complex plane and equals

S�x� − x,t� = ��t − R/c�e−��t−R/c�/2e−i���t−R/c�/R �B5�

with R= �x�−x�. This formula for the electric field is equiva-
lently written using the Hertz potential notation as in Eq.
�16�.
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