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Type-I spontaneous parametric down-conversion with a strongly focused pump
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We experimentally study the spatial properties of the field generated by spontaneous parametric down-
conversion (SPDC) when the pump laser beam is strongly focused in the nonlinear crystal. Special attention is
paid to classical intensity measurements with a CCD camera. We introduce the concept of a classical equivalent
source that replicates all the coherence properties of SPDC light and explains all our experimental results. We
show that, in contrast with experiments with a well-collimated pump, here both the phase-matching conditions
and the position of the focusing plane determine the measured intensity profiles in the image plane of the crystal.
The transition from the near-field regime to the far field is investigated. Measurements of two-photon correlations

under strong focusing are also presented and the special features thereof are discussed.
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I. INTRODUCTION

Spontaneous parametric down-conversion (SPDC) is a
nonlinear optical process in which some photons from a laser
beam can effectively be split into two lower frequency photons
[1-6]. The theoretical model of down-conversion of light
belongs to the domain of quantum optics, which is necessary
to explain the highly nonclassical photon statistics exhibited
by the generated photons. Indeed, if one tries to understand
the SPDC process within the classical optics paradigm, one
will be stumped by the following observation. A completely
coherent laser beam generates, after interacting with a crystal,
a highly incoherent beam which still has a very special spatial
distribution. Figure 1(a) shows a typical measurement of a
far-field intensity profile. The so-called SPDC ring is very
incoherent, but at the same time seems to be a clear signature
of a coherent process. What is then the origin of the resulting
randomness? A solution to this difficulty is to admit that
coherence should be preserved, but in the form of a high-order
coherence. Such a generalization was introduced by Glauber
in his prestigious “quantum theory of optical coherence” [7].
He realized that the classical concept of coherence was no
longer adequate to the needs of various experiments at that
time. In the context of SPDC, one recognizes nowadays the
so-called two-photon field which is endowed with high-order
coherence but lacks low-order coherence, that is, where the
two-photon state is pure while the reduced one-photon state
is mixed. This observation is closely related to the concept of
entanglement [8—12]. Had the modes not been entangled, the
field would be coherent in all orders.

Naturally, there are many different regimes in which one
can produce down-converted light. Both the coherence and
the spatial shape of the emitted field depend on the pump
shape and on the phase-matching conditions. In the most
popular configuration, a well-collimated laser beam is used
to pump the nonlinear crystal. In this regime the emission
is highly incoherent and both the near-field and far-field
intensities have been extensively studied. Figure 1(a) shows
the far-field intensity pattern observed in this regime. Due to
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the small momentum spread in the initial beam, the SPDC ring
at a fixed emission frequency is very narrow, indicating the
conservation of transverse momenta. A near-field image under
the same conditions only reveals the spatial profile of the pump
laser, in this case a Gaussian. Note that these considerations
apply to classical intensity measurements with a CCD camera.
More interesting structures are revealed in the near field for
correlations measured by two scanning detectors [13,14]. For
an excellent review on the quantum aspects of the spatial
correlations in SPDC see Ref. [15].

More recently, the effect of strongly focused pumping
on SPDC has been considered [16-27]. For type-II down-
conversion, focusing has been shown to create an asymmetric
broadening of the far-field rings [19,21]. For type-I SPDC, the
effect is illustrated in Fig. 1(b). We see that a large momentum
spread in the initial beam causes a broadening of the ring
as a larger set of transverse momenta can now be phase
matched. It has also been demonstrated how the coupling of
down-converted photons into optical fibers can be enhanced
by properly focusing the pump beam [17,25-27]. Not much
attention has been paid, however, to the shape of the emission
in the near field (or image plane) of the crystal, which is the
topic of this paper.

In this work we study the spatial structure of type-I down-
converted light generated by a highly focused Gaussian beam.
In particular, we explore the rich structures that appear in the
image plane of the crystal. Surprisingly, in the transition from
plane wave to focused pumping the near-field intensity profiles
reveal an extremely rich and yet unexplored structure. Most of
this work concentrates on the classical intensity patterns that
can be measured by a CCD camera. Contrary to the far field,
where only the phase-matching conditions and the divergence
of the pump determine the intensity patterns, the near-field
patterns strongly depend on the exact focusing plane. The use
of a focused pump is also interesting because in this regime
the down-converted light can be almost coherent. In this way it
will be possible to observe the transition from the near field to
the far field as would be expected from a Fourier relationship.

Since most of our experiments are classical, it is tempting
to describe the results with a theoretical model that is as
classical as possible. In this context we have developed a
simple model that allows us to compute the coherence function
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FIG. 1. (Color online) Typical far-field intensity profiles for type-
I SPDC measured for (a) collimated pump and (b) strongly focused

pump.

of the down-converted light. More specifically, we obtain the
classical equivalent source, which is sufficient to explain our
measurements. We also show that these predictions agree with
those from the standard SPDC model based on a two-photon
field.

This article is organized as follows. In Sec. II we present
a theoretical formulation of the problem and calculate the
coherence function of the generated field. In Sec. III we
introduce our experimental setup and present results of near-
field intensity measurements. For comparison, we present in
Sec. IV measurements of two-photon correlations and discuss
our experiments in the context of the well-known two-photon
wave function. A summary of our results and conclusions are
presented in Sec. V.

II. CLASSICAL EQUIVALENT SOURCE OF PARAMETRIC
DOWN-CONVERSION

The standard quantum model of spontaneous parametric
down-conversion consists of writing the Hamiltonian of
the interaction of the pump with the nonlinear crystal and
calculating the evolution of the initial state by expanding
the time evolution operator in a power series [1-6]. The
initial state is considered to be the vacuum state plus a
classical coherent pump. The final state will also contain
photon pairs, traditionally called single and idler, whose spatial
and spectral distributions are completely described by the
obtained two-photon wave function. If one is interested not
in two-photon correlations but in the single-photon properties,
one can obtain the reduced one-photon state by a partial trace,
that is, integrating over all possible modes of the other photon.

Many experiments on SPDC do not directly probe the
quantum aspects of two-photon correlations, but instead use
single detectors to measure the spatial and spectral properties
of the emitted field. Is it possible to explain the outcomes
of such measurements without the detour via a two-photon
state? In other words, is there a semiclassical model to explain
those classical results? It is known that SPDC, within the
classical coherence paradigm, can be described as a three-wave
mixing process between the pump beam and quantum vacuum
fluctuations, which is now the only nonclassical element in
the description [28,29]. Specially in this context, where one
interprets the generated field as a parametric amplification
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of noise fluctuations, SPDC is also known as parametric
fluorescence.

The usual route to describe the spatial and spectral pattern
formation in parametric fluorescence consists of writing the
governing differential equations of the field in the nonlinear
medium, including a stochastic term representing the vacuum
noise [30,31]. The problem of the origin of coherence in
parametric fluorescence has been the subject of investigation
and the outcome depends crucially on the experimental
conditions. For a plane-wave pump, it has been argued that
walk-off is the key ingredient for the onset of coherence [32],
while in the focused regime, “spatial mode locking” is the
responsible mechanism [33]. It has also been shown that in
the spatiotemporal domain the emission has a special skewed
structure [34—36]. Many of the theoretical models behind these
phenomena are quite involved and numerical simulations are
usually required to illustrate the underlying physics.

Below we introduce a model that sheds light on the origin of
coherence in SPDC for different focusing and phase-matching
conditions. Although very simple, it provides the exact
working equations in the sense that it equals those obtained via
a partial trace of the complete two-photon field (see Sec. IV).
We will restrict the analysis to describe our measurements
of near-field intensities of frequency-degenerate type-I1 SPDC
generated by a cw pump, but it can, in principle, be extended
to more general cases.

Figure 2 shows the geometry considered in the calculations.
A Gaussian laser beam is initially focused inside a nonlinear
crystal of length L. The Rayleigh range inside the crystal is
p = %kpwlzj, where k), is the pump wave number and w), is
the beam waist. In order to clarify the theoretical description
and simplify the equations we will first assume that the right-
hand side of the crystal, which is our region of interest, is
embedded in a medium with the same refractive index n, but
without nonlinearities. The consequences of refraction for the
real experiment will be discussed later on.

The essence of nonlinear optical phenomena is the coupling
of two waves yielding a response at a different frequency. We
are interested in down-converted light at a frequency w for a
pump frequency w, = 2w. Our model consists of assuming
that each point inside the crystal emits down-converted light
driven by the source term E,(r')&*(r’), which describes the
coupling of the pump field to the quantum noise fluctuations
at position r’. The observed field A(r) is just the sum of all
contributions propagated to the observation point r, namely,

A= [ dr EEeGE -
crystal

The propagator G(r — r’) is, in our case, the Green function
of the paraxial wave equation, which assumes the form [37]

keik(zfz’) |:ik|p _ p/|2]
. ex 9
2wi(z — 7') 2z — 7))

where we express the position r = (p,z) in polar coordinates
and k = n(w)w/c is the wave number at the desired frequency
w.

The coherence properties of the generated field can be
obtained by an ensemble average and is described by the
coherence function W(r,r;) = (A*(r,)A(r,)). The signal (or
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FIG. 2. (Color online) Geometry considered in our calculations
and measurements. (a) A Gaussian beam is strongly focused in the
center of a nonlinear crystal. (b) Pump focused inside the crystal. A
crystal displacement A Z; corresponds to a focus displacement n A Z,
with respect to the center of the crystal (we show the extreme case).
(c) Pump focused outside the crystal. An extra crystal displacement
AZ, beyond the point where the pump focus is located at the back
facets brings the pump focus the same distance A Z, behind this facet.
In the theoretical description we assume that the output of the crystal
is embedded in a medium of refractive index n, so that the pump
focus is always located at a distance z = nZ from the center of the
crystal, as shown with the dashed (blue) lines.

idler) mode is initially in the vacuum state |0). One can show
that the expected value of the coherence in the vacuum state is
given by

(E(MET)) =G — 1. 3)

This crucial result is a consequence of the unequal-
time commutation relation of the electric field operator
[E(r,t),ET(r',t)] = G(r,r';t — '), where G is the time-
dependent Green function. It is proven, for instance, in
Ref. [38] and implies that (0| EE'|0) = G. By expressing the
Green function in the frequency domain via a Fourier transform
[39,40], we can select the desired spectral component of G and
obtain Eq. (3). With those ingredients, it is easy to show that
the coherence of the SPDC field is given by

W(ry,ry) = // dr'dr” Wi(r' . "G (ry — rG@r, — "),
crystal
4)
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where
W(r',r’) = E;‘,(r’)Ep(r”)g(r’ —r). 5)

We can interpret these equations as follows. Equation (4)
is nothing more than the coherence between the points r
and r, due to a volumetric source of partially coherent light.
The source field W; is propagated to the observation points
using two Green functions G. The exact shape of the source
is given by Eq. (5), which we consider as the classical
equivalent source of SPDC. It means that a volumetric element
with the dimensions of the crystal, emitting light with a
initial coherence described by Eq. (5), replicates all classical
properties of the SPDC light. The appearance of the term
G(@r' —r"), instead of §(r" — r”) as one would expect from a
pure fluorescent source, is a consequence of the coupling of
the pump to the vacuum fluctuations. It is this term that makes
parametric fluorescence different.

In order to measure the z dependence of the field, we
will translate the crystal longitudinally. Figure 2 shows
how refractive effects affect the results. We call Z the
physical displacement of the crystal. In Fig. 2(b) we see
that while the pump is still focused inside the crystal a
displacement AZ; of the crystal corresponds to a displace-
ment nAZ; of the focus with respect to the center of
the crystal. The reason is that, upon entering a dielectric
medium, a paraxial Gaussian beam retains its waist but is
stretched in the longitudinal direction by a factor n. On the
other hand, when the pump is focused outside the crystal [as
in Fig. 2(c)] an extra crystal displacement AZ, correspond
now to a focus displacement of also AZ,. In our simplified
model, in which the output of the crystal is embedded in
a medium of refractive index n, the pump focus is always
located at a distance z = nZ from the center of the crystal.
Experimentally, the field at the plane z, which contains the
beam waist, is imaged with a lens onto a CCD camera. By
moving the nonlinear crystal we change the relative position
of the focus with respect to the center of the crystal, in effect
probing the longitudinal dependence of the field. It is important
to remark that whether the pump is focused inside the crystal
or outside the lens will always image the pump focus. In
other words, we always have a “sharp” image of the focus
plane independent of the position of the crystal. This holds
both for the real experiment and for our simplified theoretical
description. The effect of such an imaging scheme can be
mathematically described in our model by propagating the
source field to the plane nZ. Considering the explicit form of
the pump beam

ikpz ik 2
e—' exp [L] . (6)
z—nZ—iz, 2z—nZ —izp)
the SPDC near-field intensity I(r) = W(r,r) can be cal-
culated using Egs. (2)—(6). After integrating the Gaussian

functions and performing some additional manipulations,
we find

L/2—nZ L/2—nZ e~ 1 AKGE =)
1(p,Z) oc/ dz// d7 ———— —
—L/2-nZ —Lp2—nz  Zp(Z —2")—2i7'z
—2kp*(Z —Z") ]
Zp(Z, _ Z//) _ 2iZ’Z”

Ep(P’Z) (08

X exp [ (7N
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where Ak =k, — 2k is the on-axis wave vector mismatch.
I(p,Z) is the intensity that we measure with a CCD camera
when the crystal is at position Z. In order to interpret Eq. (7),
it is useful to rewrite it in a different form. One can show that

+00
1(p,Z2) x / dp'|V(p — p,Z)2e 0tr /2w, (8)

o0

with

L/2—nZ eibkZ
V(p.Z) = / d7 ——e* /%, 9)
—L/2—nZ <

From Eq. (8) we see that for a tightly focused pump the
intensity 7(p) — |V(2p,Z)|>. Equation (8) is expressed as a
convolution where the Gaussian profile of the pump beam
acts as a smoother. As we will show in Sec. IV, Egs. (8) and
(9) are identical to the equations obtained via the standard
approach based on the two-photon field. Here we have shown
that the same results can be obtained without such a detour.
We will also demonstrate that Eq. (9) is simply the Fourier
transform of a propagated sinc-type phase-matching function.
It is interesting to notice that for a well collimated pump
beam the far-field profile is well described by a “sinc”. For
a strongly focused pump beam it is the near-field intensity that
can be describe by (the Fourier transform of) the sinc. In the
next section we will present measurements performed in the
strongly focused regime.

III. NEAR-FIELD INTENSITY MEASUREMENTS

The purpose of our experiments is to explore the near-field
intensity profiles of light generated by SPDC under strong
focusing and observe the transition between near and far field
in the regime of almost coherent emission.

Figure 3 shows the experimental setup. A L = 20-mm
long periodically polled KTiOPOj crystal (PPKTP) is pumped
by a 50 mW krypton-ion laser beam operating at 413.1 nm,
generating SPDC light. A f; = 100 mm lens is used to focus
the pump laser to a w, = 11 pm spot size. These experimental
parameters satisfy the paraxial wave approximation assumed
in the theoretical description. The crystal is mounted on a
translation stage that allows it to be moved longitudinally along
the focal region. The distance between the center of the crystal
and the beam is depicted in Fig. 2. A second lens f, = 59 mm
is used to make a 10x magnified image of the plane where the
pump beam is focused onto a CCD camera (Apogee Alta Ul).
A narrow band spectral filter (AXA = 5nm at A = 826.2 nm) is
used to select light close to frequency degeneracy.

We first investigate the near-field intensity patterns for
different phase-matching conditions and different longitudinal
positions Z of the nonlinear crystal. For our type-1 PPKTP, the
on-axis phase mismatch ¢ = %AkL depends approximately
linearly on the crystal temperature and can therefore be con-
veniently adjusted. The derivative dp/dT = (4.0 £0.3) K~!
has been experimentally obtained. For our measurements we
choose a certain phase mismatch ¢ and scan the longitudinal
position of the crystal. For each position we take a picture
with the CCD camera. The results shown next are built by
taking a horizontal (x) cross section of each of these figures
and positioning them next to each other. In other words, we
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pump filter

CCD camera

FIG. 3. (Color online) Experimental setup used to generate SPDC
light and to measure the intensity pattern in the image plane of the
crystal. Lens f; = 100 mm focuses the pump to a w, = 11 um spot
size and lens f, = 59 mm makes a 10x magnified image of the pump
focus plane onto a CCD camera. The crystal can be longitudinally
translated. The inset shows a modified detection scheme used to
measure two-photon correlations, as discussed in Sec. IV.

show the dependence of the infensity cross sections 1(x,Z)
versus the Z position of the crystal. Owning to the rotational
symmetry of the images measured by the CCD, we are in effect
fully characterizing the near-field intensity 1(p, Z).

Figure 4 shows the experimental and theoretical results
for four different values of the phase mismatch ¢. Different
acquisition times were used for these pictures in order
to compensate for the change in total power with phase
matching. The overall photon flux F(¢) relative to its ¢ = 0
valueis given by F(p)/F(0) = 1 + (2/7)[psinc’p — Si 2¢)],
where Si(x) = fox sincx’ dx’ is the sine integral function.
This dependence has been checked experimentally. A curve
fitting of F(gp) revealed to be a very reliable method to
determine the temperature Ty = (60.76 £ 0.02)°C for perfect
phase matching and the aforementioned derivative do/dT.
The dashed white lines in the theoretical plots show the
positions Z = +L/2n, where the pump focus coincides with
the crystal facets.

Figures 4(a) and 4(e) correspond to ¢ = —7.0 being
associated with open far-field SPDC rings and more efficient
conversion. Figures 4(b) and 4(f) correspond to perfect phase
matching, that is, ¢ = 0. Figures 4(c) and 4(g) for ¢ = 1.0
and Figs. 4(d) and 4(h) for ¢ = 2.6 are associated with closed
far-field SPDC rings and inefficient emission.

We can interpret the results as follows. While the pump
beam is focused in a plane inside the crystal, the intensity
profiles are bounded to a limited range |x| < 40 pwm. The
dashed lines indicate the facets of the crystal which are spaced
by AZ = L/n = 11.6 mm. As predicted by Egs. (8) and (9),
the results are symmetric with respect to the Z = 0 plane. The
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FIG. 4. (Color online) Measured (upper row) and calculated (lower row) cross sections of the near-field SPDC intensity patterns as a
function of the longitudinal position Z of the crystal. Results for four different values of the phase mismatch are shown, namely, (a, e)
¢ =—1.0, (b, f) ¢ = 0.0, (c, g) ¢ = 1.0, and (d, h) ¢ = 2.6. The dashed white lines in the theoretical plots show the positions Z = £L/2n,

where the pump focus coincides with the crystal facets.

profiles are thus identical if one focuses the pump on either
side of the crystal. For ¢ < 0 the width of the distribution
is approximately constant and depends only slightly on Z.
The curves are narrower for more negative values of ¢. For
¢ > 0 there is a more noticeable position dependence. When
the beam waist coincides with either facets of the crystal, the
near-field intensity has a very pronounced central peak. All
other focusing planes lead to a broader intensity distribution.
Figure 4(d) shows, for instance, that when the beam is focused
in the center of the crystal, three small but wide peaks are
observable. This redistribution of energy is such that the total
power P = f 1(p,Z)2mp dp is conserved. The reason is that
the total SPDC yield depends only on the divergence of the
pump beam, which is constant throughout the experiment.
All structures observed in Fig. 4 are a consequence of the
diffraction integrals which can be quite interesting [as in
Fig. 4(d)]. The transition of an axial valley to an axial peak in
near-field imaging also appears, for instance, in the context of
Fresnel diffraction. By changing the initial phase structure of
the field, many different diffraction patterns can be observed.
Here the phase-matching conditions strongly determine this
phase structure.

Figure 5 shows the measured cross sections of intensity
patterns taken for Z values corresponding to the transition
from the near to the far field. For clarity, the square root of the
measured intensities is shown. The four figures correspond to
(@) ¢ = —15.0, (b) ¢ = =7.0, (¢) ¢ = 3.0, and (d) ¢ = 9.0.
We made the horizontal axis of Figs. 5(a) and 5(b) different
from Figs. 5(c) and 5(d) because for ¢ < 0 the transition from
the near field to the far field occurs for Z ~ 6 mm ~ L/2n,
while for ¢ > 0 the far field begins for Z ~ 8§ mm > L/2n.

This can also be seen in Fig. 4. Since the pump beam is focused
outside the crystal, the horizontal axis which represents the
crystal displacement is now equal to the displacement of the

200
150
100
50

7.5 85 95 105 65 75 85 9.5 105
Z (mm

=

10 12 14 16 18
Z (mm)

FIG. 5. (Color online) Measured cross sections of the intensity
patterns in the transition region between the near field and the
far field. The square root of the measured intensity is shown in a
false color scale. The figures correspond to the following phase-
mismatch parameters: (a) ¢ = —15.0, (b) ¢ = —7.0,(c) ¢ = 3.0, and
(d) ¢ =9.0.
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pump focus from the back facet plus L/2n (see remarks in
Sec. II).

We see that all transverse intensity profiles in Fig. 5 are
clearly a function of angle only, expanding under propagation
without gaining new structures. Figures 5(a) and 5(b) corre-
spond to open far-field SPDC rings (¢ < 0); the radius of the
ring is proportional to /[¢]. Figures 5(c) and 5(d) correspond
to closed rings (¢ > 0), but the typical patterns of nonphase
matched SPDC can still be recognized.

The theoretical predictions, calculated with the formalism
of Sec. II, agree very well with the experimental results.
Those results are the measurements of Eq. (8) in the intensity
patterns of SPDC. This function has only been measured in the
correlations between the two photons [14] in a weak focusing
geometry. We have shown now that by using a strongly
focused pump these patterns can also be detected with a CCD
camera.

It might come as a surprise that we are able to observe
detailed spatial structures both in the near-field images (Fig. 4)
and in the far-field type images obtained after sufficient
propagation (Fig. 5). This is possible only because our source
is not completely incoherent, but instead still contains a
considerable degree of coherence. The number of generated
modes at perfect phase matching (¢ = 0) and with the pump
focused at the center of the crystal (Z = 0) depends on a
single, dimensionless parameter bo = ,/L/2z,. In both limits
bo — 0 and bo > 1 the number of generated modes is very
large and the emission is almost incoherent [9]. When bo ~ 1
the number of modes is close to unity and the field is almost
coherent. For our experiments, bo = 2.5, meaning that some
coherent effects at the single-photon level can still be observed,
like the approximate Fourier relation between the near and
far field. This can be physically understood as follows. The
patterns measured in Fig. 4 are described by the Fourier
transform F of a sinc function, propagated and convoluted
with a narrow Gaussian. The narrower the pump, the more the
profiles approach F(sinc). On the other hand, the far-field
patterns shown in Fig. 5 are qualitatively described by a
sinc function. The rings are somewhat thicker, though, due
to the divergence of the pump beam. The less divergent the
pump is, the more the far-field resembles a sinc. Only in the
intermediate, almost-coherent regime (bo ~ 1, corresponding
to a “narrow, but not too divergent” beam) one will be able to
observe the approximate Fourier relation between near and far
fields.

IV. NEAR-FIELD TWO-PHOTON CORRELATIONS

The results presented so far can be explained by the
semiclassical model of Sec. II. In this section we will show how
our measurements can equally well be understood in terms of
the well-know entangled two-photon field model of parametric
down-conversion. Furthermore, we will present experimental
evidence of entanglement migration between the amplitude
and the phase of the field.

The so-called rwo-photon field A(q;,q>) is a complex
valued function that gives the probability amplitude of finding
one photon with transverse momentum ¢ ; and the other photon
with transverse momentum ¢. In the absence of walk-off, this
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function has a special form factorizing in two functions of the
sum and difference momenta as [15]

5 3 _ L
A(q1.92) = E,(q1 — g2) sinc (EMI —qa* + w) ,
P

(10)

where E p 1s the angular spectrum of the pump beam with wave
number &, L is the crystal thickness and ¢ is the on-axis phase
mismatch, as defined in Sec. II.

In order to describe measurements in the near field, that is,
in the image plane of the crystal, the wave function should be
written in spatial coordinates, which is obtained by combining
a Fourier transform from momenta ¢ to positions p with a
propagation to the desired z plane. One can show that the
spatial representation of the two-photon field also factorizes
as

p1+ p2

A(p1,p2;2) = E) ( ,z> Vip1 —p2.2). (1D

The function V is exactly the same as the one defined by
Eq. (9) and E, is the spatial profile of the pump beam. The
coincidence rate measured by two detectors at positions p;
and p is Rec o |A|?. The “classical” intensity measured by
one single detector can be obtained by a partial trace, that is,
integrating over all possible positions of the other detector such
that 1(p,z) « [ |A(p,p2;2)|*dp>. We now recover Eq. (8)
that describes our experimental results. Again an extremely
focused pump would act as a “delta function”, making the
measured intensity 1(p,Z) o |V(2p,2Z)|%.

So far we have studied intensity measurements. In the
regime we are operating, however, special features also
appear in the two-photon correlations. We will now discuss
one particular interesting result. In order to measure those
correlations we use the modified setup shown in the inset of
Fig. 3. The ICCD camera is removed and the image plane
is now re-imaged with objectives onto the input tips of two
single-mode optical fibers which are then connected to photon
counting modules. A beam splitter is used to separate the two
photons; coincidences counts are post selected by an electronic
circuit.

Figure 6 shows the measured coincidence rate when both
detectors are scanned horizontally at a phase mismatch ¢ =
3.2. Due to the rotational symmetry of Eq. (11) we are
basically mapping the function |A(x;,x»; Zo)|?, where x; and
X, are transverse positions of detectors 1 and 2, respectively.
The crystal is placed at two different longitudinal positions
(a) Zop =0, in which the pump is focused at center of the
crystal, and (b) Zy = L/2n, in which the focus coincides with
the crystal facet.

In Fig. 6(a) the two-photon field is clearly nonseparable,
that is, A(xy,x2) # f(x1)g(x2). Two distinct patterns can
be observed in the sum x; = x, and difference coordinates
x1 = —x. Those diagonals cross sections are also plotted on
the right side of Fig. 6. When x; = x, we measure the pump
profile which is nonlocally transferred to the correlations in the
term E,. When x; = —x; we observe the function V which
characterizes the phase-matching conditions. In the regime
of strong focusing, the coincidences are very compact in
the diagonal x; = x; and extended in the diagonal x; = —x;.
Note that these combinations are opposite to those observed in
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FIG. 6. (Color online) Coincidences rate as measured by two
scanning detectors with transverse positions x; and x,. The phase
mismatch parameter is set to ¢ = 3.2 and the pump beam is focused
(a) at the center of the crystal and (b) at the crystal facet. Diagonal
scans for x; = x, and x; = —x, are also shown.

the weak focusing regime. As we have argued, measurements
with a CCD camera show nothing more than a horizontal
projection of this pattern.

Observing Fig. 6(b), where the pump is focused at the
crystal facet, one might erroneously conclude that the two-
photon field is separable, that is, nonentangled. The pattern
is almost circular and the cross sections in the sum and
difference coordinates have approximately the same width.
However, when the pump is focused at the facet the amount of
entanglement, as measured by the Schmidt number K [9], is
actually predicted to be higher. The dependence of the number
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of entangled modes with the focusing plane is nontrivial and
has not yet been extensive studied. By following a procedure
similar to the one proposed in [9,41] we can verify, however,
that K increases when the pump is focused at the crystal facet.
The reason of this apparent discrepancy is that correlations
exist not only between the amplitude of the two photons, but
also between their phases. When the amplitude correlations
are minimal, all the entanglement has migrated to the phase
of the field [42]. This illustrates the importance of phase
entanglement.

V. CONCLUSION

In this work we have experimentally studied how strongly
focusing of the pump beam shapes the field generated by
spontaneous parametric down-conversion. Special attention
was paid to yet unexplored near-field intensity measurements.
We have shown that the collinear phase mismatch and the
pump focusing plane are the most important variables in
determining the measured intensity profiles. We developed a
semiclassical model that can explain our measurements via the
parametric amplification of vacuum fluctuations. In this way
we obtained a classical equivalent source that is able to mimic
all the coherence properties of SPDC light. The equations are
in agreement with those obtained via the standard quantum
model of SPDC. We have experimentally studied the transition
of the intensity distributions from the near field to the far field.
The near-field regime extends to a range of the length of the
nonlinear crystal, from this point on the SPDC rings start to
acquire shape. Finally, we have presented measurements of
two-photon correlations under strong focusing. Signatures of
amplitude and phase entanglement were discussed. Our results
provide new insights into the nature of SPDC emission under
strong focusing and have potential applications in experiments
where spatial aspects of down-conversion are relevant.
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