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Abstract. Type-II parametric down conversion in nonlinear optical crystals
has turned out to be one of the most powerful methods to generate entangled
photon pairs, and even allowed a large set of experiments on foundations of
quantum mechanics and recent applications in quantum communication. In
this paper, we present an experimental investigation of the emission character-
istics for down-converted photons in order to investigate the possibility of high
brightness sources for correlated photon pairs. Furthermore, we discuss poss-
ible ways to increase the collection efficiency for polarization entangled photon
pairs.

1. Introduction

One of the most successful techniques to generate entangled, distinguishable
particles is the generation of polarization-entangled photons in type-II parametric
down conversion [1]. With such sources, a whole range of recent experiments
demonstrating fundamental concepts in quantum mechanics based on entangle-
ment, like testing Bell inequalities [2, 3] over a long distance and quantum dense
coding [4] was carried out. The process was also used to generate entangled states
of more than two distinguishable particles, and to experimentally demonstrate
entanglement swapping [5], quantum teleportation [6] and the preparation of a
Greenberger-Horne-Zeilinger (GHZ) [7] state of space-like separated particles.
Furthermore, quantum cryptography has been considered [8] and demonstrated
[9, 10] as an application for entangled photon pairs. All of these applications
require a large number of photon pairs, but up to now, large pair generation rates
have been achieved mainly with type-I parametric conversion sources [11-13],
where both of the photons (signal and idler) are emitted with the same polariza-
tion, and thus do not directly form a polarization-entangled state.

Various attempts have been made to increase the available rate of correlated
photons, like focusing the pump beam [14], using cylindrical optics [15] or
resonant enhancement of the pump beam [16]. In this article, we report on an
experimental investigation of type-II parametric fluorescence in Beta-Bariumbo-
rate (BBO) as a nonlinear optical crystal pumped in the UV, where the aim was to
maximize the pair rates emitted in a wavelength interval around the degeneracy
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wavelength in the near-infrared region into the two optical channels used for
detection.

2. Phase matching condition

The basic optical configuration used for type-11 down conversion is shown in
figure 1. A pump beam enters a nonlinear optical crystal as an e-polarized beam,
and is partially converted into pairs of photons, obeying energy and momentum
conservation. For a fixed pump wave vector, for a crystal with dimensions much
larger than the optical wavelength, and for a fixed wavelength A4 of the e-polarized
photon (referred to as the signal here), the emission direction of this photon and
the one of the o-polarized photon (referred to as the idler) are emitted into a one-
dimensional manifold of corresponding directions, where both signal and idler
photons form a cone of wave vectors. To obtain entangled photon pairs from a
monochromatic pump with a wavelength ),, the pump direction is chosen such
that the two cones corresponding to wavelengths Ay = A; = 2}, of signal and idler
overlap for two directions [1].

pump beam

optical .
A =351 nm P Os,i

axis

q)s,i
BBO
crystal
Figure 1.  Geometrical arrangement for type-II parametric down conversion. A

collimated UV pump beam is sent as e-polarization in a nonlinear optical crystal.
Due to parametric conversion, pair photons are generated, which are emitted in a
manifold of two cones for a given wavelength, referred to as the signal and the idler,
where one of the cones is polarized in the e direction, and the other one in the
o direction.
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Figure 2.  Angular width of parametric fluorescence for a given spectral bandwidth A\
of signal and idler light. (a) In the configuration used for entangled photon
generation, phase matching allows for two rings with an angular width of Aa. (b)
For a larger angle between pump beam and optical axis, two circular regions with a
diameter A« are expected.

In a practical experiment, one will allow for a certain bandwidth A\ around the
degeneracy wavelength 2, for both signal and idler light. This causes signal and
idler light to be emitted over a wider set of directions, resulting in an angular width
Aq« of the emission cones (see figure 2 (a)).

As a detailed analysis of the phase matching conditions has been given before
[17, 18], we only give a rough sketch of the calculation necessary to obtain the
angular distribution of signal and idler photons as a function of the collected
spectrum, restricted to uniaxial nonlinear crystals such as BBO.

To simplify the calculation, we restrict the wave vectors of pump, signal and
idler waves into the plane containing both the pump wave vector and the optical
axis of the nonlinear (uniaxial) crystal. The conditions for energy and momentum
conservation,

Wp = Ws + wi, (1)
k, = ks +k; (2)
can be combined to one single equation:

2
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Therein, n.; and n,; denote the extraordinary and ordinary refractive index at the
idler frequency wj, and 7, is the ordinary refractive index of the conversion crystal
at the signal frequency ws = w, — wj. The effective refractive index for the pump,
#i,, 1s given by

~ M N,
iy = - 2e,P 0,P2 7 (4)
[n(),p + (ne,p - nO.p)zp]

where n., and n,, are extraordinary and ordinary refractive index at the pump
wavelength. The directions of pump and idler beam are characterized by their
directional cosines 2, = cos (0,) and z; = cos (0;), where @, and O; are the angles
inside the crystal between the optical axis and the propagation of pump and idler,
respectively.

For a given pump orientation @,, pump frequency w, and idler frequency wj,
the refractive indices are given by Sellmeier equations [19], and equation (3) can be
used to determine the directional cosine 2; of the idler. For a proper choice of the
pump direction z,, two real solutions for 2; can be found.

To calculate the emission direction outside a crystal cut with end faces normal
to the pump direction, Snell’s law has to be considered for non-normal emission.
Doing so, we end up with two solutions for the external emission angle 6; (and two
corresponding solutions for the signal emission angle ), measured with respect to
the pump beam. For a pump wavelength of A\; = 351.1 nm, numerical values for
0;(Ap, @p; Ai) as a function of idler wavelength ); are shown in figure 3. Due to
momentum conservation, the corresponding external signal emission angle is given

by 6, = —6;.

692 694 696 698 700 702 704
A (nm)

Figure 3.  Calculated phase matching condition for the idler wave (in the plane
containing the optical axis, i.e. ¢; =0°) for a pump wavelength of A\, = 351.1nm.
For a pump beam orientation of @, = 48.1°, a wavelength interval of 5.5 nm around
the degeneracy wavelength forms a continuous region, where for a larger pump
angle @, two distinct regions corresponding to a cut through the ring pattern are
formed.
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If signal and idler momentum are not restricted to the plane containing the
pump direction and the optical axis, all values of #; between the two solutions of
equation (3) can be taken, forming two rings in a plane perpendicular to the pump
direction, as symbolized in figure 1.

For a pump angle of @, = 48.1°, the idler angle 6; is restricted to negative
values. Therefore, signal and idler light form two non-intersecting rings, while for
an angle of @, = 49.7°, the allowed interval for ; (and thus also for §;) contains
0; = 0°, the rings intersect, and allow for extraction of polarization-entangled
photon pairs.

To obtain the geometrical width Aa of the emission patterns for a given
spectral range for signal and idler as sketched in figure 2, we use the dispersion
relation 6;(X\p, @p; Ai) as shown in figure 3. For an interference filter with a
transmission spectrum centred around the degeneracy wavelength of 702.2 nm
and a width of 5.5nm (FWHM), a pump beam orientation of ©®, = 48.1° leads to
the down-converted light being emitted in two circular areas with diameter of
~ 3°, whereas for the other displayed pump orientation, @, = 49.7°, a ring with a
diameter of &~ 9° and a width of = 0.5° is formed by both signal and idler light.

3. Measurement of the angular distribution

To experimentally investigate the momentum distribution of the down-con-
verted light for different crystal orientations, we observe only single count rates
rather than coincidence events necessary to identify entangled photon pairs.
However, this is sufficient to understand the spectral and spatial behaviour of
the parametric down conversion process for the purpose of maximizing the rate of
available photon pairs in an experiment.

Our experimental set-up is shown in figure 4. A collimated UV pump beam
from an Ar ion laser (A = 351.1 nm) with a beam waist of w, = 510um and a pump
power of 100mW is entering a BBO crystal of thickness d =2mm. As the
dimensions of the interaction volume between pump and down-converted waves

BBO
crystal M ) AJ_ B _4
LJV pump S Ly interference APD
eam f=25mm filter
| 50 mm | 50 mm
pump )
beam Ly Flc;unrtlaer xy translation
separator f=50 mm P stage

Figure 4. Experimental set-up to investigate the angular intensity distribution 1(6, ¢) of
down-converted photons. After a pump beam separator M (a dielectric mirror
reflecting off UV light) the angular distribution of the down-converted light is
transformed into a spatial distribution with a lens L of focal length f = 50 mm. The
intensity distribution for a spectral range defined by an interference filter in that
plane is probed with a passively quenched avalanche photodiode (APD). A relay
lens L, is used to match the desired spatial resolution in the Fourier plane to the
sensitive area of the APD.
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exceed the optical wavelengths in the crystal by far, momentum uncertainty due to
the finite crystal size should be negligible. The angular distribution of the
Gaussian pump beam corresponds to @p = 0.03° FWHM, and thus the pump
can be treated as a plane wave with good approximation [20]. The crystal is cut to
have an angle of @g)) = 49.2° with the surface normal, closely corresponding to the
angle for degenerate collinear down conversion. A subsequent dielectric mirror M
is reflecting out the residual pump beam, and transmitting light from parametric
down conversion. A Fourier transform lens L with a focal length of f = 50mm
converts the angular distribution of the down-converted light being emitted in a
range of 20° x 20° to a spatial distribution of roughly 17 x 17mm?, which is probed
with a silicon avalanche photodiode (APD). In order to obtain a sufficient angular
resolution, we used an imaging lens L, with a focal length of f = 25 mm to enlarge
a probe area in the Fourier plane from 200 pum to the active diameter of 500 um of
the APD. The relay lens, the avalanche diode, and an auxiliary aperture of
diameter <1 mm to minimize stray light impinging on the APD were mounted
on a 2D linear translation stage with motorized micrometer screws. To define the
spectral bandwidth of the down-converted light collected with this set-up, we
inserted an interference filter with a bandwidth of 5.5nm FWHM around the
degeneracy wavelength of 702.2nm into the optical path. The filter was located
outside the Fourier plane to minimize the effect of fluorescence from residual UV
light.

With this set-up, we determined the intensity distribution (6, ¢) for different
orientations of the conversion crystal relative to the pump beam. We denote the
orientations by their deviation A@ = @, — @g)) of the pump direction inside the
crystal from the normal of the end faces; the value was obtained by correcting
the external tilt angle of the BBO crystal by the refractive index for the pump.
The corresponding intensity distributions are shown in figure 5. For A@ < 0°, the
two emission cones of signal and idler manifold are separated. At an angle of
A = —0.88°, the rings collapse into two circular blobs. The width of these
emission areas can be extracted from a vertical cut (¢ = 0°) as shown in the left part
of figure 6 to be = 3°. This is in good agreement with what is expected from the
phase matching curve obtained for a pump beam orientation of @, = 48.1° in
figure 3. For A® = 0°, the two rings of signal and idler touch at # = 0°, whereas for
AO > 0°, two intersecting rings are observed. With increasing angle A@, the
diameter of the signal and idler rings increase further, while their widths decrease.
For A® = +0.44°, the observed width of &~ 0.5° of a ring (see right part of figure 6)
corresponds to the calculated width of the second trace in figure 3, reflecting the
shallower slope of 0;()\;) at larger opening angles.

The peak intensity of the measured angular distribution of down-converted
light changed only slightly with the different pump angles; this is in agreement
with expressions for a linear dependence of the fluorescence intensities from the

effective nonlinear susceptibility Xf]f,f [21, 22]. Assuming pump, signal and idler

beams being collinear, Xf]f,f is expected to vary with cos? 0, [23], which would
correspond to a variation of only 6.5% over the investigated range of pump angles
©,. However, we observe for all angles @, an intensity difference for the signal and
idler ring of about 20%, probably due to the different transmission of the pump

beam separator M for s- and p-polarized light.
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Figure 5. Measured intensity distribution of down-converted light for different
conversion crystal orientations; A® = 0° corresponds to normal incidence on the
crystal faces, corresponding to a configuration where the signal and the idler
component approximately co-propagate with the pump beam (corresponding to an
angle ¢ =60 =0°). In the first row, the cones for signal and idler light never
intersect, while for the last two distributions, there are two intersection directions
for # = 0°, allowing one to collect polarization-entangled photon pairs.

125k A® =-0.88" 125k A® =+0.44°
8 100k & 100k
3
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Figure 6. Intensity distribution for two particular crystal orientations. For the two-
blob-case corresponding to A® = —0.88°, the angular intensity is only slightly

larger than for the intersecting-ring case, corresponding to A@ = +0.44°.
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4. Collection efficiencies

In order to discuss the strategy for optimizing photon collection, it is useful to
first interpret our measurements in terms of the brightness B of the the parametric
down-conversion source. This quantity describes the number of fluorescence
photons emitted per time, source area and solid angle, and may be regarded as a
measure for an optical phase space density. Here, we use the formalism only in a
qualitative way; tools for a more rigorous treatment can be found in [24]. We
restrict ourselves to only one partner of the photon pair, e.g. the idler, so there
should be no spatial coherence in the source other than the limits for the
momentum distribution defined by the phase matching condition and the spectral
bandwidth of the collected light. Furthermore, we simplify the spatial origin of the
fluorescence light as a plane defined by the pump beam crossing a thin crystal. We
then assume that the phase space density or brightness B(0, ¢; x,v) of the emitted
light separates in source coordinates x,y and emission angles 6, ¢, and obtain
1(0, ¢) e,

—L exp(—272/w§). (5)

B(0, ¢;x,y) = )

In this expression, I(#,$) is the observed or calculated angular distribution of
light, Q. is the acceptance solid angle of our detector (fixed by the de-magnified
detector diameter and the focal length of the Fourier lens L.; to a numerical value
of Q. =1.26 x 1073 sr1), w,, denotes the waist of the Gaussian pump beam and
r = (x? —|—y2)1/2 is the radial position in the source plane. Expression (5) implies
that the observed photon count rate I(6, ¢) is a direct measure for the brightness
B(0,¢;x,y). As pointed out, this varies only slightly with the pump orientation
A@. An apparently higher intensity of the rings with smaller diameters, as
observed in photographic exposures of type-II parametric conversion [25], is
not equivalent to a higher brightness.

Let us now consider a case where photon pairs are to be collected into single
spatial modes, as e.g. defined by single mode optical fibres, or in images thereof.
The acceptance area in phase space for such modes (assumed to be Gaussian) is
limited to Gaussian distributions with a fixed product of spatial extent and
divergence angle, manifested in the relation

A
0o = P (6)
between the divergence fp and the minimum waist 2y of a beam. In order to
optimize the number of photons collected per time, the source brightness has to be
tailored to have a maximal overlap with an acceptance function (6, ¢; x,y) of the
Gaussian mode. As the angular distribution of the brightness B(6, ¢;x,y) is fixed
by the phase matching condition for a given spectral bandwidth of the light to be
collected, the only free parameter to optimize this overlap is the pump waist. We
shall illustrate this for the important example of collecting entangled photon pairs
in the figure-of-eight configuration as in [1].

First, the orientation of the pump beam is fixed such that the two rings of signal
and idler intersect perpendicularly (i.e. d¢s/00; = —0¢;/ 905 = £1 for the intersec-
tion directions). For a BBO crystal pumped with A = 351.1 nm, this corresponds to
a pump angle of , = 49.7°. Then, the angular width corresponding to the desired
spectral width A\ is calculated by linearizing the phase matching ratio around the
degeneracy wavelength 2),. For the given example, we obtain |df;/d\]| =
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0.55°nm~!. For a Gaussian spectral distribution, this results in a Gaussian
distribution of emission angles around the ring defined by the degeneracy
wavelength. This is also the case for the other photon, and as the rings intersect
perpendicularly, the angular region to be collected is a Gaussian distribution
with rotational symmetry around the intersection direction of the degenerate
wavelength, with a divergence given by #;. This divergence fixes the divergence
0p of the Gaussian target mode and therefore its waist 2. T'o obtain the maxi-
mal brightness from the (incoherently) fluorescing source associated with the
parametric conversion process, the pump light can be restricted to a source area
corresponding to the minimal cross-section of the Gaussian mode. With this
technique, coincidence count rates of 360000s~! polarization-entangled photon
pairs have been observed at a pump power of P =460 mW impinging on a 2 mm
thick BBO crystal [26].

Another interesting optimization problem is posed by the attempt of collecting
all the light produced by parametric down conversion. Such a configuration would
be a convenient source of correlated photon pairs, where each of the photons is
emitted in a distinct polarization, in contrast to efficient photon pair sources using
type-I parametric down conversion [11-13]. It seems natural to consider the two-
blob configuration for that purpose, as observed experimentally for A@ = —0.88°
in figure 5, because there the angular distribution of the light is close to a Gaussian
distribution, and one could hope for a large coupling efficiency into a single
Gaussian mode. However, the highly dispersive phase matching condition leads to
a large angular spread for a bandwidth of 5nm. This implies that only photons
originating from a very narrow source area can be collected into that mode. This
implies that the pump has to be focused to a very small beam waist, eventually
causing problems with the damage threshold of the nonlinear crystal. Also, the
phase matching condition is getting more complicated, since a tightly focused
pump beam cannot be treated as a plane wave any more [14, 20].

The situation is different if the light can be collected into multi-mode fibres.
For example, for a standard multi-mode fibre with a numerical aperture of
NA = 0.22 and a core diameter of D = 50 um, the source brightness B(0, ¢;x, )
could extend over a mode acceptance function (6, ¢; x,y) in phase space, which is
given by

1, x2+y2<D2/4}{1, 92+¢2<arctan2(NA/2)}

(0, ¢;x,v) ={
0

otherwise 0, otherwise

) )

This corresponds to a phase space volume V of
v=[dodo| avarc(o.0v) = Thpnr,

or a ‘transverse mode capacity’ of V/()\2/4-) =~ 600 (single) modes at a wavelength
of 702.2nm. In order to maximize the overlap between source brightness and
acceptance function, the constraints to the source area are much more relaxed, so
this method may successfully be implemented to obtain a strong source for
correlated (but not polarization-entangled) photons.
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5. Summary

We presented an experimental investigation of the fluorescence brightness in
type-11 parametric conversion for different orientations of the pump beam relative
to the optical axis of a BBO nonlinear optical crystal. We found good agreement
between our experiments and the angular distributions calculated from the phase
matching conditions. We conclude that collection of correlated photon pairs can be
optimized by observing the source brightness function B(0, ¢; x,y), and adjusting
the free parameters therein to the acceptance region of a target mode in phase
space. For collecting polarization-entangled photon pairs, this has been demon-
strated successfully [26]. Optimizing collection of all the light form type-II
parametric down conversion for crystal orientations leading to well-separated
emission directions of signal and idler light can result in high efficiencies when
coupling into multi-mode fibres, but may be difficult if the light should be
collected into single spatial modes. Whereas just for the creation of photon pairs
other recently developed techniques could be favourable [12, 13], up to now non-
collinear type-II phase matching seems still to be the best source for polarization-
entangled photons.
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