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The precise knowledge of one of two complementary experimental outcomes prevents us from obtaining complete information
about the other one. This formulation of Niels Bohr’s principle of
complementarity when applied to the paradigm of wave-particle
dualism—that is, to Young’s double-slit experiment—implies that
the information about the slit through which a quantum particle
has passed erases interference. In the present paper we report a
double-slit experiment using two photons created by spontaneous
parametric down-conversion where we observe interference in
the signal photon despite the fact that we have located it in one
of the slits due to its entanglement with the idler photon. This surprising aspect of complementarity comes to light by our special
choice of the TEM01 pump mode. According to quantum field theory the signal photon is then in a coherent superposition of two
distinct wave vectors giving rise to interference fringes analogous
to two mechanical slits.

T

he double-slit experiment has served as a source of inspiration
for more than two centuries. Indeed, Thomas Young (1) has
used it to argue in favor of the wave theory of light rather than the
corpuscular one of Isaac Newton (2). In the early days of quantum mechanics it was central to the dialogue (3) between Albert
Einstein and Bohr on epistemological problems in atomic physics. Moreover, it was the starting point of the path integral formulation (4) of quantum mechanics by Richard Feynman.
Today the question of “which-slit” versus “interference” in the
double-slit configuration (5) is as fascinating and relevant (6) as it
was in the early days of quantum mechanics. In particular, the
understanding of the physical origin (7) of the disappearance
of the fringes in the presence of which-slit information has come
a long way. Werner Heisenberg in the context of the uncertainty
relation (8), Bohr in his discussion with Einstein (3) on the recoiling slit, and others (9) have argued in favor of an uncontrollable
momentum transfer (7). However, the Gedanken experiments
of the quantum eraser (10) and the micromaser “welcher Weg”
detector (11) have identified entanglement and the availability of
information as the main culprit. Indeed, the seminal atom interferometer experiment (12) as well as the realization (13) of the
quantum eraser have made a clear decision against momentum
transfer in favor of entanglement. As a result, today the principle
of complementarity (14) is widely accepted (15) in the form (16):
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“If information on one complementary variable is in principle available even if we choose not to ‘know’ it… we will
lose the possibility of knowing the precise value of the
other complementary variable.”
In the present paper we report the results of a double-slit
experiment that brings out an additional layer of this principle.
We employ the entanglement between the signal and the idler
photon created in spontaneous parametric down-conversion
(SPDC) (17) to obtain by a coincidence measurement of the two
photons which-slit information about the signal photon without
ever touching it. Moreover, we observe in a separate coincidence
experiment interference fringes in the signal photon. This result is
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surprising because which-slit information about the signal photon
is “available” and therefore the principle of complementarity
suggests no interference. The explanation of this puzzling experimental observation springs from the transverse mode structure
of the pump with two intensity maxima that creates a superposition of two macroscopically distinguishable wave vectors of the
signal photon. In the case of a Gaussian pump with a single maximum no such superposition arises (18).
Our Experiment
We now briefly describe our experimental setup and then discuss
our results. For a more detailed description of this experiment we
refer to Materials and Methods.
Experimental Setup. In contrast to the standard arrangement of
SPDC in our experiment summarized in Fig. 1 the pump laser was
in the TEM01 mode, which displays two distinct maxima. The resulting two intensity maxima of signal and idler photon at the exit
of the beta barium borate (BBO) crystal are imaged with the help
of a lens and a polarizing beam splitter (PBS) onto the two slits
of a double-slit and onto a single-photon counting detector* D1.
Because the distances from the fiber of D1 to PBS and from the
double-slit to PBS are identical the two light spots of the signal
photons in the two slits are identical to the two spots of the idler
photon on D1. Moreover, the intensity of the pump beam is low
enough to ensure that only one photon pair was created at a measuring time interval.
We have first recorded the intensity distribution shown in Fig. 2
using an electron multiplying charge coupled device (EMCCD)
camera (Ixon 897, Andor) placed at the position of the doubleslit. The individual pixels of size 16 μm × 16 μm are clearly visible in the picture. Moreover, the intensity in the centerline is not
exactly zero, which most likely is due to imperfections of the
imaging.
Which-Slit Information. Next we demonstrate that the entanglement between signal and idler photon provides us with which-slit
information. For this purpose we replace the EMCCD camera
by the double-slit and put another detector D2 on a motorized
translation stage behind the double-slit. With this arrangement
the near-field correlations between the signal and the idler
photons depicted on the lower right of Fig. 3 were obtained as a
function of the vertical and horizontal position of D2. Throughout these measurements the location of D1 was fixed either inside
the upper or lower spot of the TEM01 mode structure as indicated
by the two magnifying glasses on the left side of the figure. The
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Fig. 1. Artist’s view of our experimental setup for the simultaneous observation of which-slit information and interference in Young’s double-slit experiment.
We pump a nonlinear crystal (BBO) with a laser (blue) in a mode (TEM01 ) with two distinct maxima and separate the emerging signal (red) and idler (green)
photons by a polarizing beam splitter (PBS). A lens images the two intensity maxima at the exit of the crystal shown by the magnifying glass on the right onto
the two openings of the double-slit (signal photon) or onto the plane of the detector D1 (idler photon). We observe in coincidence the signal and the idler
photon. The detector D2 is located either just behind, or far away from, the two slits.

origin of the y axis is not halfway between the two slits but is determined by the scale of the translation stage.
The evaluation of the experimental data yields a contrast ratio
of about 1% cross correlation photons. Thus, from all the
photons measured behind the slit in coincidence with the reference detector, at least 99% were passing through the related slit
(upper-upper or lower-lower), and only 1% in maximum passed
through the other slit (upper-lower or lower-upper) as a result of
measurement errors. This experimental result confirms that
photons measured in coincidence with the two selected positions
of a reference detector are passing with at least 99% probability
just through the one selected slit.

dard double-slit far-field intensity formula discussed in Materials
and Methods.
First-Order Single-Photon Interference. Finally, we have taken pictures of the interference pattern formed by the signal photons
in the far field of the double-slit with the EMCCD camera.
We emphasize that in this case we do not measure in coincidence
with the idler photons; that is, we collect all signal photons with-
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Interference and Which-Slit Information. Next we have performed
the which-slit and interference correlation experiment outlined
in Fig. 4. We have moved the detector D2 into the far field of
the double-slit and have measured as a function of its vertical
position the signal photons in coincidence with the idler photons
recorded on D1 positioned in this experiment at the lower spot
corresponding to the bottom part of Fig. 3. In the lower part of
Fig. 4 we show the results of this coincidence measurement. We
emphasize that the interference fringes of the signal photons in
the far field of the double-slit are clearly visible while from the
measurement of the idler photon probing the near field we also
obtain the related which-slit information. Indeed, because in this
case D1 was placed onto the lower spot the signal photon must
have gone through the lower slit. We note that our results are in
good agreement with the prediction (solid line) based on the stan-

Fig. 2. Intensity of the signal photons on an EMCCD camera at the position
of the double-slit. Because measurements with the EMCCD camera and the
double-slit at the same position are mutually exclusive we can only infer the
approximate location of the slits indicated by the shaded area relative to the
TEM01 mode. The height and width of this figure correspond to 624 μm and
496 μm, respectively (39 × 31 pixel).
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Fig. 3. Which-slit information in Young’s double-slit experiment obtained
via the entanglement between the signal and idler photon. The detector
D2 is scanned in the x-y plane of the near field behind the two slits as indicated by the box on the top. Due to the entanglement of the two photons
an idler photon measured on the detector D1 that is positioned in the upper
or lower intensity maximum as indicated by the two magnifying glasses on
the left implies that the signal photon has gone through the upper or lower
slit as confirmed by the coincidence measurements on the right.
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brings out most clearly that they are not in contradiction with
quantum theory.
Superposition of Two Wave Vectors. In Materials and Methods we
present a model for SPDC motivated by ref. 20 consisting of a
gas of stationary three-level atoms of constant density and obtain
the quantum state jΨi of the two-photon field. The main difference to the expression in ref. 20 is the sum over the positions R of
all atoms weighted by the mode function u and the fact that in our
experiment we separate idler and signal photons with the help of
their different polarizations. When we take these two differences
into account we find the joint probability amplitude
ðsÞ

ðiÞ

ðsÞ

ðiÞ

ðsÞ

ðiÞ

wðk T ; k T Þ ¼ αu0 ½δxðkx þ kx Þu1 ½δyðky þ ky Þ
ðsÞ

ðsÞ

[1]

ðsÞ

to observe the transverse wave vectors k T ≡ ðkx ; ky Þ of the sigðiÞ
kT

Fig. 4. Coincidence measurements between the signal photon (red) in the
far field of the double-slit indicated by the box on the top and the idler
photon detected in the lower intensity maximum. Despite this which-slit information (lower slit) the signal photon displays interference fringes shown
on the lower part when we scan D2 along the y axis in the far field. The solid
line is a fit to the data based on the standard double-slit intensity formula
discussed in the materials and methods section.

out retaining the which-slit information. Therefore, the principle
of complementarity predicts interference of the signal photons,
which is confirmed by the right picture of Fig. 5. Here we display
the familiar ring structure originating from a vertical cut through
the light cone of the signal photons emerging from SPDC. However, we note five interference fringes at the top and the bottom
of the ring. On the right and left sides of the ring an averaging of
the fringes in the vertical direction takes place. But if one slit is
closed the fringes disappear and the diffraction of the signal
photon from the single slit gives rise to a broadening of the ring
structure on the top and the bottom as shown on the left of Fig. 5.

ðiÞ

ðiÞ

≡ ðkx ; ky Þ of
nal photon given the transverse wave vector
the idler photon. Here α is a constant, and u0 and u1 denote
the two lowest Hermite–Gaussian modes shown in Fig. 6.
Because u0 ≡ u0 ðξÞ has a single maximum at ξ ¼ 0 the x
components of the wave vectors of the signal and idler photon
are preferentially anticorrelated as shown in the left column of
ðsÞ
ðiÞ
Fig. 6—that is, kx ≅ −kx with a spread δkx ≡ 1∕δx. However,
due to the fact that u1 has maxima at ξ ¼ 1 we find from
ðsÞ
ðiÞ
Eq. 1 two preferentially selected wave vectors ky ¼ −ky  δky
separated by 2δky ≡ 2∕δy as suggested by the right column of
Fig. 6. These two wave vectors lead to the interference of the
signal photons despite the which-slit information.
This analysis shows that the interference fringes in Fig. 4 are a
consequence of the TEM01 mode. Therefore, one might wonder
if the mechanical double-slit is even necessary, especially because
the one of the two slits is matched to the separation of the two
intensity maxima of the mode. Moreover, our theoretical analysis
does not contain the slits and we still obtain the fringes. Therefore, interference may be observable even without the double-slit
but a substantial loss in contrast may occur.
Sorting Atoms by Coincidences. Our experiments measure the firstorder and the second-order correlation function (19)

Theoretical Analysis
In the present section we use the tools of quantum field theory
(19) and, in particular, quantum optics (20) to explain the experimental results reported in the preceding section. This discussion

Fig. 6.

ðsÞ

ðsÞ

Transverse wave vector components kx and ky of the signal photon
ðiÞ
kx

ðiÞ
ky

determined from the measured values
and
(vertical arrows) of the
transverse wave vector of the idler photon together with the lowest HerðsÞ

ðiÞ

ðsÞ

ðiÞ

mite–Gauss mode functions u0 ½δxðkx þ kx Þ and u1 ½δyðky þ ky Þ. In the
case of u0 (left column) the values of
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Fig. 5. First-order intensity measurements of the signal photons with an
EMCCD camera in the far-field region of the double-slit with both slits open
(right) or the upper one closed (left). The signal photon displays interference
fringes only when both slits are open, but when one is closed the fringes
disappear as suggested by the principle of complementarity.
9316 ∣
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ðsÞ
kx

are distributed according to the

initial Gaussian around −kx with a single maximum and a spread 1∕δx. HowðsÞ

ever for u1 (right column) we find that the distribution of values of ky has
two maxima separated from each other by 2∕δy and located symmetrically
ðiÞ

around −ky . The resulting two dominant wave vectors of the signal photon
are the origin of the interference.
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[2]

and
^ ð−Þ ðx ðsÞ ÞE
^ ð−Þ ðx ðiÞ ÞE
^ ðþÞ ðx ðsÞ ÞE
^ ðþÞ ðx ðiÞ Þ
G ð2Þ ðx ðsÞ ; x ðiÞ Þ ¼ Tr½ρ^ E
[3]
where ρ^ denotes the density operator of the radiation field. We
assume the detection of a signal and an idler photon on D2 and
D1 located at the positions r ðsÞ and r ðiÞ at the times t ðsÞ and t ðiÞ ,
abbreviated by the space-time points x ðsÞ ≡ ðct ðsÞ ; r ðsÞ Þ and x ðiÞ ≡
ðct ðiÞ ; r ðiÞ Þ, respectively, and c is the speed of light.
Moreover, we expand the positive and negative frequency
components
^ ðþÞ ðct; rÞ ≡
E

E a^ e −iðjqjct−q·rÞ
∑ q q

[4]

E a^ † e iðjqjct−q·rÞ
∑ q q

[5]

q

and
^ ð−Þ ðct; rÞ ≡
E

q

^ ≡E
^ ðþÞ þ E
^ ð−Þ into plane waves of
of the electric field operator E
wave vector q and frequency ω ≡ cjqj. Here Eq , a^ q† , and a^ q are the
vacuum electric field and the creation and annihilation operators
of the plane wave mode characterized by q, respectively.
Following the technique introduced in ref. 20 we can derive
analytical expressions for G ð1Þ and G ð2Þ . Because the formulas
are rather complex we do not present them here but rather emphasize that they reflect three basic facts: (i) The idler and the
signal photons are emitted simultaneously. (ii) The emitting
atoms leading to clicks at the two detectors for a fixed time delay
Δt ≡ t ðsÞ − t ðiÞ lie on a hyperboloid. (iii) The atoms radiating are
located on the cross section between the pump mode and the
hyperboloid.
These features ensure that in a single scattering event different
atoms contribute to the near-field and the far-field coincidences.
Indeed, the latter arise from the double-hump structure of the
TEM01 mode, which excites two different domains of the atomic
hyperboloid. The radiation emitted from these two distinct
groups of atoms interferes as predicted by the theoretical analysis
in ref. 10 and realized by the experiment of ref. 21 based on two
ions stored in a Paul trap. This mechanism explains the surprising
interference in the far-field coincidence counts.
In the near-field configuration the only atoms satisfying the
coincidence condition are half-in-between the detectors and
therefore sit on the node of the pump mode. Because the only
atoms that could cause the appropriate clicks are not excited perfect correlations between signal and idler photon on the upperupper and lower-lower slits emerge.
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Noncommuting Operators. We conclude by noting that the principle of complementarity is often interpreted as a consequence
of the noncommutativity of quantum mechanical operators. It
is therefore an interesting problem to identify the noncommuting
operators ruling our experiment. Unfortunately this question
goes beyond the scope of the present article, but it suffices to say
that in the context of the delayed-choice experiment (22) based
on a Mach–Zehnder interferometer operators corresponding
to properties such as “which-path” and interference have been
given. It is interesting that the recent experiment (23) also analyzes such operators.

Comparison to Related Work
Under standard conditions of SPDC (17) no interferences appear
in the first order correlation function G ð1Þ . However, interferences do emerge (24) in the second-order function G ð2Þ .
Menzel et al.

Likewise, in the quantum eraser (10, 11) the which-path information stored in the internal state of the atom (10) or in the state
of one of two cavities (11) destroys the interference pattern of
first order. However, when we erase this information the field
fringes reappear in the correlation function of second order.
Hence, G ð1Þ consists of the incoherent sum of two intensity
patterns whose identical modulations are shifted with respect to
each other by π∕2 as to create a distribution without modulation.
The joint measurement expressed by G ð2Þ selects one of these
modulated patterns.
In contrast, our experiment displays oscillations already in
G ð1Þ . Because in this case G ð1Þ is the incoherent sum of the interference patterns G ð2Þ corresponding to the signal photons in the
far field conditioned on the idler photon on the upper and the
lower intensity spots G ð2Þ also shows oscillations.
Although this phenomenon is at the very heart of our experiment it is not the central point of our article. Instead, we emphasize the use of the additional information contained in the nearfield correlations of G ð2Þ together with the corresponding farfield interference fringes emerging in G ð2Þ , which brings to light
the apparent violation of the naive interpretation of the principle
of complementarity. We observe second order interferences by
sorting the interfering signal photons according to their which-slit
information stored in the idler photon.
Moreover, it is interesting to compare and contrast our experiment to ones (25, 26) that realize Einstein–Podolsky–Rosen
(EPR) correlations (27) between the position and momentum
variables of two particles by the quadrature operators of two entangled light fields. In contrast to these experiments we not only
rely on the correlations between the field operators but also need
the space dependence of the mode functions. This additional ingredient that constitutes the main difference between the quantum mechanics of two particles and the quantum theory of a field
(28) stands out most clearly in the expressions Eqs. 2 and 3 for the
correlation functions. Here not only the annihilation and creation
^ ðþÞ and E
^ ð−Þ given by Eqs. 4
operators a^ q and a^ q† appear through E
and 5 but also the plane wave mode functions. In particular, the
space dependence of the far-field interference pattern is not given by the momentum-like field variable as in two-particle quantum mechanics but by an interplay between the field operators
and the mode functions.
Conclusions
Quantum theory is built on the celebrated wave-particle dualism.
However, its consequences are often hidden behind an opaque
curtain of formalism and emerge in the process of the measurement of a quantum system. Indeed, it is the click of a photo detector and the observation of a photo electron that determines
the particle nature while the mode, in which this photon was
prepared, governs its wave properties. In our experiment the
simultaneous observation of the two physical entities “wave” and
“particle” is possible due to the use not of a single photon but a
correlated photon pair. Indeed we have used the detection of the
idler photon in either the upper or the lower spot of the pump
mode and the entanglement between the idler and the signal
photon due to the process of their creation by SPDC to obtain
information about the position of the signal photon without ever
touching it. In this way we have been able to localize it within one
of the spots of the double-hump structure of the TEM01 mode.
Nevertheless, the complete mode function, including the second
“unoccupied” hump, is still imprinted on the signal photon in
form of a superposition of two distinct wave vectors giving rise
to interference. This interpretation arises from our theoretical
analysis within quantum theory.
However, we emphasize that even in our experiment the measurements of the which-slit information and interference still require mutually exclusive experimental arrangements. In order to
observe the near-field coincidences shown in Fig. 3 the detector
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^ ð−Þ ðx ðsÞ ÞE
^ ðþÞ ðx ðsÞ Þ;
G ð1Þ ðx ðsÞ Þ ¼ Tr½ρ^ E

D2 has to be just behind one of the slits, whereas the interference
fringes of Fig. 4 emerge only when we move D2 far away from the
slits. Nevertheless, we obtain with the help of the entanglement
of the photons from the first measurement complete which-slit
information and recall this knowledge when we record in the
second experiment the interference fringes. However, the EPR
discussion (3) or the delayed-choice experiment (22) have taught
us that quantum objects do not have a reality independent of a
measurement as summarized (29) by the phrase “one cannot consider quantum properties as being ’real,’ in the sense of ’objective
reality.’”
John A. Wheeler (3), paraphrasing Bohr, expressed this fact
most vividly by saying “No elementary quantum phenomenon is
a phenomenon until it is a recorded phenomenon brought to a
close by an irreversible act of amplification.”
In this sense our experiment can also be interpreted as another
confirmation of the nonobjectifiability of quantum mechanics or,
as stated by Torny Segerstedt, “Reality is theory.”
Materials and Methods
In this section we first provide more information about the fit of the interference fringes of Fig. 4 and the experimental setup of Fig. 1. We then propose a model explaining the experimental results.
Modeling the Interference Fringes. We fit the interference fringes shown in
Fig. 1 using the function





sin ζ 2 1
a
½1 þ C cos 2 ζ þ φ :
IðζÞ ¼ A þ B
ζ
2
b
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Detailed Description of Experimental Setup. In our experiment a single frequency diode laser from Toptica (Bluemode 405) in cw-operation with central
wavelength 405 nm, output power 55 mW, and a diffraction limited beam
quality served as the pump beam. The beam diameter was increased up to
5 mm using a telescope with lenses of focal lengths 25 mm and 200 mm, respectively. The TEM01 mode structure was generated using a spatial light
modulator (SLM) as diffractive mirror. The SLM device from Holoeye was a
phase-only modulator based on reflective liquid crystal on silicon micro
display with 1;920 × 1;080 pixel resolution. The reflectivity of the SLM at a
wavelength of 405 nm was about 50%.
After the SLM, a polarizer redefined the polarization direction of the
pump light and a subsequent telescope formed by lenses of focal lengths
400 mm and 75 mm focused the beam into a BBO crystal cut for collinear
phase matching of type II at 800 nm and thickness 2 mm. Inside the crystal
the pump beam of 20 mW had a 1∕e 2 width and height of about 0.11 mm
and 0.2 mm, respectively. Behind the crystal a mirror (antireflection coated at
810 nm, high-reflection coated at 405 nm) takes out the pump but lets the
signal and idler photons pass. Moreover, filters were applied and a spectral
bandwidth of 2 nm was realized at a peak wavelength of 810 nm.
The exit surface of the crystal was imaged on the double-slit with a photographical lens of focal length 50 mm and aperture 1.8. The horizontally arranged double-slit had a width of 60 μm and a slit separation of 240 μm. Thus
at the slit the two spots of the TEM01 -mode structure were arranged vertically so that each of them illuminated just one of the slits. With a polarizing
beam splitter the idler photon was coupled out and measured with the reference detector D1 at a distance from the crystal identical to that of the doubleslit. With another single-photon counting detector D2 we either measure the
near-field or the far-field region behind the double-slit. In the first case D2
behind the double-slit. In the second case we use a lens with focal length
75 mm in the f -f position between the double-slit and D2.
Wave Vector Correlations. In order to gain insight into the counterintuitive
results of our experiments we next develop a model consisting of many
three-level atoms being distributed homogeneously over space and being

www.pnas.org/cgi/doi/10.1073/pnas.1201271109

jΨi ¼ N

uðRÞ
c ðiÞ ðsÞ ðRÞjf1gq ðiÞ ; f1gq ðsÞ i
∑
∑ q ;q
R

[7]

q ðiÞ ;q ðsÞ

of the radiation field. Here jf1gk i denotes the photon number state of a single photon in the mode characterized by the wave vector k, and all other
modes are in the vacuum. Moreover, N is a factor that combines all constants
relevant to the problem.
The coefficient cq ðiÞ ;q ðsÞ reflects the entanglement of the two photons in
the modes q ðiÞ and q ðsÞ and contains (20), apart from a product of two
coupled Lorentzians ensuring energy conservation of the two transitions, the
position R of the atom through the mode function exp½−iðq ðiÞ þ q ðsÞ Þ · R
representing an outgoing plane wave. It is this factor that is crucial for
the explanation of our experiment.
Indeed, the probability amplitude Ψ ¼ Ψðk ðsÞ ; k ðiÞ Þ to obtain the signal
photon with wave vector k ðsÞ given we have found the idler photon with
k ðiÞ follows from jΨi defined by Eq. 7 as a discrete Fourier transform

~
Ψðk ðsÞ ; k ðiÞ Þ ¼ N

[6]

Here the free parameters A, B, C, and φ denoting the offset, the maximal
interference signal, the spatial coherence and the phase shift, respectively,
have been chosen as A ¼ 5, B ¼ 35, C ¼ 0.6, and φ ≡ 1.3π. The dimensionless
variable ζ ≡ βy is given by the product of the y coordinate and the scaling
parameter β ≡ bπ∕ðλf Þ consisting of the width b of the slits, the wave length
λ of the light, and the focal length f of the lens. In our experiment these
parameters take on the values b ¼ 60 μm, λ ¼ 0.81 μm, and f ¼ 75;000 μm.
Moreover, a ¼ 240 μm is the separation of the two slits.
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excited from their ground states by light in a given mode function
u ¼ uðRÞ. In this description we neglect for the sake of clarity the polarization
degree of the electromagnetic field and assume that the excitation is weak so
that there is only one atom excited at a time.
The atom decays from its excited to the ground state through a cascade—
that is, by emitting the idler and signal photons of wave vectors q ðiÞ and q ðsÞ ,
respectively. When the decay time of the intermediate state is short compared to the one of the excited state the two photons are entangled as expressed by the quantum state

∑

uðRÞe −iðk

ðsÞ þk ðiÞ Þ·R

[8]

R

of the mode function u where N~ is the product of N and the Lorentzians
in cq ðiÞ ;q ðsÞ .
We emphasize that the sum over the position R arises from the fact that
we have a superposition of excitation paths. Indeed, every atom can be excited, but due to the weak excitation it is only one atom at a time. This feature is very much in the spirit of the model analyzed in ref. 10 where the
diffraction of light from a double-slit has been replaced by the scattering
from two atoms with internal structure. Moreover, the summation over R
is also responsible (30) for the fact that the light spontaneously emitted from
a gas of atoms propagates in the same direction as the excitation. However,
in contrast to earlier work our interference effect arises from the mode
function.
In order to connect this analysis with our experiment we consider the specific mode function
ðpÞ

uðx; y; zÞ ¼ uT ðx; yÞe ikz

z

[9]
ðpÞ

representing a propagation along the z axis with wave vector kz and transverse mode function uT . We take the continuous limit of the distribution of
atoms, which yields

Z
Z
ðsÞ
ðiÞ
Ψðk ðsÞ ; k ðiÞ Þ ¼ N dx dyuT ðx; yÞe −iðk þk Þ·RT
Z
ðpÞ
ðsÞ
ðiÞ
× dze iðkz −kz −kz Þz

[10]

with the transverse vector RT ≡ ðx; yÞ.
Whereas the integration over z essentially ensures the conservation of the
z components of the three wave vectors the Fourier transform of the transverse part uT is responsible for the observed interference effect. Indeed, the
ðsÞ

ðiÞ

probability amplitude wðkT ; kT Þ to observe the transverse wave vector

ðsÞ
kT
ðiÞ
kT

≡

ðsÞ
ðsÞ
ðkx ; ky Þ
ðiÞ
ðiÞ
ðkx ; ky Þ

of the signal photon given the transverse wave vector

≡
of the idler photon follows from the Fourier transform u~ T
of the transverse mode function uT ¼ uT ðRT Þ with RT ≡ ðx; yÞ and reads
ðsÞ

ðiÞ

ðsÞ

ðiÞ

wðk T ; k T Þ ¼ α~ u~ T ðk T þ k T Þ

[11]

where α~ is a constant.
We can represent the TEM01 mode of our pump beam of width δx and δy
in the two transverse spacial dimensions by the product
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uT ðx; yÞ ¼ u0

   
x
y
u
δx 1 δy

[12]

of Hermite–Gauss functions

When we recall that the Fourier transform u~ n of un is again given by un
Eq. 11 leads us to Eq. 1.

[13]

of dimensionless argument ξ and normalization constants N0 and N1 .
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