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Spatial control of spontaneous parametric down-conversion photon pairs
through the use of apertured Bessel-Gauss pump beams
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We demonstrate, both experimentally and theoretically, a method that allows us to modify the spatial properties
of photon pairs produced by the process of spontaneous parametric down-conversion (SPDC) with an apertured,
zeroth-order Bessel-Gauss beam. Concentrating on the use of a half-plane aperture, we show that the phase-
matching conditions for non-paraxial pump beams can be controlled by simply changing the aperture orientation.
Partially blocking the pump beam, leads to a selection of either one of two individual cones that form a dual-cone
SPDC angular spectrum, or a portion of both of them. We can likewise determine the shape and orientation of
the conditional angular spectrum. This control of the SPDC spatial properties could be useful for quantum

information processing protocols.
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I. INTRODUCTION

The generation of custom light fields with structured inten-
sity, polarization, and phase is currently an exciting field of re-
search with multiple applications [1-3]. In particular, spatially
structured light can be employed in the quantum realm, e.g.,
for large-alphabet quantum key distribution [4], microscopy
with superresolution [5], and quantum crystalography [6].

In this work we contribute to the exploration of nonclas-
sical structured light through a careful study, of the spatial
properties of copolarized (type-I) SPDC photon pairs, pro-
duced by a pump in the form of an apertured beam. We focus
our attention on Bessel-Gauss beams since they exhibit some
remarkable properties including (i) propagation invariance
[7], (ii) self-healing [8,9], (iii) resistance to deformation in
transmission through a turbulent medium [10,11], and (iv)
the presence of orbital angular momentum for higher-order
modes. The question of how these properties can play a role
for photon pairs and heralded single photons is an ongoing
research topic. Postselection configurations can be employed
to study entanglement and correlations in photon pairs in
the orbital angular momentum (OAM) degree of freedom by
decomposing the two-photon state using certain families of
modes as basis, such as Laguerre-Gauss [12,13] and Bessel-
Gauss [14]. In this case the pump beam need not be spatially
structured; in particular, it can be in the form of a standard
Gaussian beam. A second approach corresponds to the use
of a shaped pump with a transverse structure that already
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possesses properties such as (i) to (iv) so as to confer similar
properties to the heralded single photons. In our own work,
we demonstrate the transfer of nondiffractive behavior [15],
on the one hand, and OAM [16], on the other hand, from
the pump beam in the SPDC process to heralded single
photons.

A standard zeroth-order Bessel-Gauss (BG) beam is char-
acterized by two parameters: the radius of the angular spec-
trum in transverse wave-vector space k; and its width 8, . Itis
known [16-18] that these structured beams with a sufficiently
large value of k|, i.e., beyond the paraxial approximation and
with k; > 8, , lead to a SPDC angular spectrum formed by
two nonconcentric cones. This contrasts with the opposite
case k| < J,, (including the Gaussian-beam case x; — 0)
for which the angular spectrum consists of a single cone
[17-21]. The location of the two cones is asymmetric, as
mediated by the pump walk-off and the asymmetric distribu-
tion of the wave vectors in the incoming Bessel pump beam
with respect to the optic axis. One cone contains the other in
such a manner that the two meet tangentially [17]. In [22] we
explore how this dual cone structure leads to double transverse
wave-vector correlations.

Here we investigate how the spatial SPDC properties can
be controlled by a binary aperture so as to restrict the pump
angular spectrum, that is, its transverse wave-vector compo-
sition. We show theoretically and through experimental mea-
surements that, placing a half-plane obstruction, it becomes
possible to select the outer (inner) SPDC cone when blocking
the top (bottom) half of the pump angular spectrum. When the
half plane obstruction is configured at any other orientation, a
portion of both cones remains. In this manner, an experimenter
close to the source, can determine through the orientation of
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the obstruction, the resulting angular emission properties of
the photon pairs.

II. ANGULAR SPECTRUM

A directly measurable property of SPDC photon pairs is
their angular spectrum (AS). It corresponds to the spatially
resolved, single-photon rate of detection in the transverse
wave-vector domain. It can be calculated as

Ry(kKS) = |ga,,|2/ da)S/dkuF(ks o', ki, of — ),
(1)

where g is an effective coupling constant that incorporates the
x? nonlinearity of the crystal, and «,, is the coherent-state
amplitude of the pump beam [22]. In this equation the joint
amplitude F (kS , ®, k!, @P — *) depends on the structure of
the incident pump beam through its angular spectrum ¥ (k" ),
and can be expressed as

F(KS, o' K|, o — o)
= (k% + k! )sinc(L Ak,/2)exp(—iL Ak;/2).  (2)

This equation takes into account the strong phase matching
conditions kﬁ_ =ki + kil valid for a wide (as compared to
the pump transverse dimensions) nonlinear crystal, as well
as the effect of the much shorter crystal length L; Ak, =
K — k¥ — k; represents the phase mismatch, and the signal
(idler) wave vectors are evaluated at frequencies w* (wP — @®).
For a linearly polarized zeroth-order Bessel-Gauss beam, the
angular spectrum corresponds to a Gaussian function of the
modulus of the transverse component of the wave vector
around a given value «, of width §,,

YD) = e/, (3)

Note that Eq. (3) reduces to the angular spectrum of a
Gaussian beam for k| < §,, . Here we are interested in the op-
posite regime: k| >> §,, . For such a beam, quasi-propagation-
invariance can be taken as guaranteed, while it gives a closer
approximation to realistic beams that can be implemented in
the laboratory, as compared to the ideal Bessel beams for
which §,, = 0. Note, however, that in actual realizations of
Bessel-like beams, the Gaussian structure may be replaced by
other single-peaked distributions.

Frequency-degenerate SPDC (i.e., with ©® = o' = wP/2),
for a BG pump beam, leads to the following expression for the
angular spectrum R (k, ), evaluated at the signal transverse
wave vector k§ = (k}, k}) [17]

Ry(K}) ~ e s

2 oL (dle) si =2
% [ e 2 UdlkLsing,—i) dgﬂp, 4)
0

where the integration variable ¢, represents the azimuthal
angle in the pump beam angular spectrum. In Eq. (4) the
following notation is used

s = (1/2)(nowP /)*[1 — (ne/no)], (5)

oxs = 2(yLe/nowP)?, (6)

& = (0P /c)(ne — no) + (2¢/neaP) (K2, (7)
and
d = Ba; + 2c/n,wP)k; . (8)

These expressions rely on a Gaussian approximation for
the sinc function, sinc(x) ~ exp[—(yx)?] with y = 0.4393.
P represents the pump frequency, n, (n,) is the extraordinary-
ray (ordinary-ray) refractive index at the degenerate SPDC
frequency, while 8 is a measure of the so-called Poynting
vector walk-off; a; represents the projection on the transverse
plane of a unitary vector parallel to the optic axis. Equation (4)
incorporates first-order corrections to the paraxial expression
of the dispersion relations for a light beam that impinges upon
the crystal in the normal direction.

Note that for a negative uniaxial crystal (n. < n,) and for
a paraxial pump beam, i.e., k) < (oP/c)|ne — ny|, (Which
includes Gaussian-beam pumps with k; — 0 as a special
case), the AS is concentrated nearby a cone given by the
condition [23]

kS = (0@ /201 = ne/ng = ras. )

As k| increases, the restriction k ~ ruas is relaxed: the
SPDC spatial structure is the result of the superposition of the
contributions to the two-photon state from individual pump
wave vectors that arrive symmetrically on the crystal front
surface, but are not distributed symmetrically with respect
to the optic axis. This anisotropy produces structures that
are not centered at the origin, but are displaced along the
direction of the optic axis. This displacement is absent for
k1 — 0,e.g., for a Gaussian-beam pump. The AS of a Bessel-
Gauss beam which is outside the paraxial regime involves two
nonhomogenous (i.e., with an azimuthally varying width) and
nonconcentric cones with unequal radii [17]. For a negative
birefringent crystal and for |n,wPBa, /2c| ~ ras > k., the
two cones have a quasicircular transverse structure with larger
(smaller) radii r (r_), and centers defined by the transverse
vectors A a; (A_a,), with

K1
r+ X ras — —<1 +

2

K]
—(1
:':2<+

The two emission cones are nearly tangent to each other
along the direction defined by the wave vector ~(—ras +
k1/2)a; + k.é,. The double conical structure of the AS re-
flects both the asymmetric distribution of the wave vectors
in the incoming Bessel pump beam with respect to the optic
axis and effects proportional to the B term arising in the
extraordinary-ray dispersion relation.

These properties of the AS for a BG pump beam have been
corroborated experimentally [22]. An interesting consequence
of the resulting pair of nonhomogenous and nonconcentric
emission cones is the appearance of double transverse wave
vector correlations. In the present paper, we are interested
in the possibility of controlling the dual cone structure by
restricting the transverse intensity of the pump through the
placement of a binary mask in the transverse wave-vector
domain. For BG beams such an aperture limits the possible

nowPBlay]| k1 >, (10)
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FIG. 1. (a) Measured angular spectrum for SPDC with an
unobstructed (i.e., 0 < ¢, < 2m) Bessel-Gauss beam with «; =
0.170 pum~' and wavelength A = 405.5nm. (b) Simulation cor-
responding to the experimental situation in (a). (c¢) and (d) show
simulations similar to that presented in panel (b), with a half-plane
obstruction characterized by 0 < ¢, < 7 and 7 < ¢, < 27, respec-
tively. Note that these simulations assume that only the frequency-
degenerate photon pairs are retained.

values of the azimuthal angle which defines the orientation
of the wave vector ¢,. We are particularly interested in
restricting the pump angular spectra as ¢, < ¢, < ¢F, that
is, corresponding to a circular sector of the transverse plane,
centered on the pump axis. In such a case, the AS is given by

~ . - -2 s )2 2 12
Ry(K5. K53 00, @) & e 1L~k
YF 2 . .
x / e*%(ld\h Sln(ﬁ,ﬁl{)zd(pp_ (12)
%o

Since «, appears in the integrand specifically as x| sing,,
depending on the sign of the sine function in the exponent,
the values of ¥ over which the integral gives rise to significant
values will be either positive (yielding larger values of k; with
respect to ras) or negative (yielding lower values of k; with
respect to ras). From these considerations, we would expect
that restricting the pump angular spectrum as 0 < ¢, < 7
(m < ¢, <2m) would guarantee that the biphoton will be
emitted nearby the external (internal) cone.

This is illustrated in Fig. 1 where panel (a) shows an exper-
imental measurement of the SPDC AS for an unobstructued
pump AS for specific values of «; and §,, (see experimental
section). Figure 1(b) shows a corresponding simulation based
on Eq. (12), making it clear that our numerical simulation
agrees well with the experimental measurement. It is evident
from the figure that the single-photon AS is composed of two
rings, one external and one internal. Figure 1(c) shows the
effect of restricting the pump angular spectrum to the angular
range 0 < ¢, < 7 in our simulation, which corresponds to
blocking the lower half of the pump angular spectrum; it

becomes clear that in this case the resulting SPDC AS is lim-
ited to the external cone of the unobstructed AS. Figure 1(d)
shows the effect of restricting the pump angular spectrum
in our simulation to the angular range 7 < ¢, < 27, which
corresponds to blocking the upper half of the pump angular
spectrum; in this case the resulting SPDC AS is limited to the
internal cone of the unobstructed single-photon AS. We would
expect that for other orientations of the half-plane obstruction,
a portion of each of the internal and external cones would
be visible in the AS. Thus, a fine control over the transverse
wave-vector signal and idler intensity distributions can be
achieved through a simple angular selection of the pump beam
in the transverse wave-vector space.

III. CONDITIONAL ANGULAR SPECTRUM

The conditional angular spectrum R, represents the angular
spectrum of the signal photon conditioned on the detection
of an idler photon with wave vector ki. For zeroth-order BG
pump beams, R, may be expressed as

Rc(ki;klo;a)s, a){))
= g, 2.7 (kS K ) x LK, K ;0" @),  (13)

with

o’ + a)é) = P, (14)

S K g) = [P + k)2 = e Rkl e,
(15)

LK, K| ;0 wh) = sinc*(L Ak, /2). (16)

In the paraxial regime the spatial structure of the
photon pairs is directly inherited from the pump beam
[15,17,19,20,24]. The use of a pump beam with a restricted
BG structure in the azimuthal angle, ¢y < ¢, < ¢ + 7,
which corresponds to a half-plane obstruction, yields a CAS
that for an idler photon with transverse wave vector ki,
results in signal photons with transverse wave vectors within
a semicircle centered at —kil. Nevertheless, for a nonparaxial
pump beam, the azimuthal asymmetry observed in the AS has
a bearing on the observed CAS. Specifically, because the CAS
is the result of multiplying the pump AS . (k% , k' ) by the
function £ (k% , k' ;; @, wj)) it becomes possible, particularly
for large values of «, or long crystals [25], for the later
function to act as a filter obscuring parts of the former.
This can result in the CAS revealing only part of the full
pump AS. This behavior depends on the selection of k', and
exhibits a high sensitivity to small displacements of the fixed
idler detector, as illustrated with specific simulations in the
Appendix. In the Appendix we likewise illustrate the effect
of the function .Z(k$ ,kilo;ws, wio), for several half-plane
obstruction orientations ¢, in terms of limiting the extent of
the CAS with respect the full pump AS. Individual plots of the
functions . (k% , k' ;) and Z(k% , k! ;; 0°, @), as well as of
their product, clarify this behavior.
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FIG. 2. Experimental setup. (a) Structured beam generation.
(b) Optical delay and detection.

Note that while the equations presented above assume that
the SPDC photons are ideally monochromatic, the extension
to a nonzero SPDC bandwidth is straightforward [26]. Such
a nonzero emission bandwidth can have a significant effect
on the spatial properties of the measured photon pairs, par-
ticularly on the AS and CAS functions. Since, in practice,
an interference filter is used, the filter bandwidth represents
an additional degree of freedom which can be used to shape
the photon pair characteristics. In particular, summing over
a range of SPDC frequencies leads to the tendency to sup-
press sharp features in the AS, resulting in regions of near-
uniformity. In the following section we present experimental
results along with numerical simulations based on a version
of our theory which does take into account a non-zero SPDC
bandwidth.

IV. EXPERIMENT

Our setup is depicted in Fig. 2. The SPDC source is based
on a B barium borate (BBO) crystal, pumped by an apertured
Bessel-Gauss beam.

This structured pump is prepared as follows [see Fig. 2(a)].
The beam from a diode laser (DL), at A, = 405.5nm with
output power of 100mW is transmitted through a telescope
built from lenses L1 and L2 with focal lengths f; = 5cm and
fo=15cm.

The resulting magnified beam, with diameter ~0.32 cm,
illuminates an axicon, with apex angle of 1°. Our BG beam is,
in principle, propagation invariant over a distance of 18 cm.
A plane 4 cm ahead of the axicon tip is selected because it
exhibits a high-quality BG intensity pattern, and is imaged
onto the plane of the crystal through a 4f optical system,
composed of lenses L3 and L4 with f3 =20cm and f; =
30 cm as shown in Fig. 2(a).

With this configuration, at the crystal plane, the zeroth-
order BG beam is composed of concentric rings with an inten-
sity maximum at the center; our corresponding experimental
measurement is shown in Fig. 3(a). In Fig. 3(b) we show the
experimentally measured transverse intensity on the Fourier
plane (labelled k). The observed intensity pattern represents
the angular spectrum composed of an annulus with radius,
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FIG. 3. Experimental measurements. (a) Transverse intensity of
the unobstructed zeroth-order Bessel-Gauss pump beam. (b) Angular
spectrum of the beam. (c) and (d) are similar to (a) and (b) for the
specific case of the obstruction oriented at ¢, = 135°.

in transverse momentum space, of KE and width §, | ; in our
specific case, k! =0.170 um~' and §,, = 0.0008 um~", as
determined by a measurement with a CCD camera on plane k
in Fig. 2(a).

The apertured BG beam is obtained using a binary mask
in the form of a half plane (OB) which can be rotated on the
transverse plane, so that its edge coincides at all times with
the center of the pump angular spectrum annulus. For illus-
tration purposes, Fig. 3(c) shows the experimentally obtained
apertured pump beam on the crystal plane for an orientation
¢, = 135°; it results in an angular spectrum in the form of the
half-annulus shown in Fig. 3(d).

For the following discussion we refer to the setup shown
in Fig. 2(b). Photon pairs are produced through the process
of SPDC in a BBO crystal of length 1 mm, cut at an angle
of 6, = 29.3° for type I phasematching (both signal and idler
photons are horizontally polarized ordinary waves, while the
pump is an extraordinary wave). A filter (F1) which transmits
wavelengths A > 630 nm is placed following the crystal, for
pump suppression. A lens (L5) with fs = 5cm, yields a
Fourier plane labeled k1 on which the angular spectrum of the
generated photons may be observed. The angular spectrum is
measured with an intensified CDD camera (ICCD) placed on
plane k7, which is equivalent to plane k1, as shown in Fig. 1(a)
along with their corresponding simulation in Fig. 1(b). The
observed angular spectrum is consistent with previous studies
of SPDC utilizing a BG pump beam, and it reveals the
expected two asymmetrically placed rings, one contained by
the other. The space between the two rings also presents
nonvanishing counts.

A beam splitter (BS) is placed prior to k1, resulting in a
Fourier plane k1’ in the reflected arm (which is equivalent
to k1). The photon pairs are split nondeterministically by the
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BS with a 50% probability. Following transmission through
a 810 = 5nm bandpass filter (F2) for further pump and/or
spurious photon suppression, we place on k1’ the tip of a
multimode fiber (MMF) with core radius 50 um to collect the
idler photon. The fiber tip is mounted on a two-dimensional
motor with a minimum step of 50 nm, as a consequence it
can be set with high precision at an arbitrary location of
the transverse plane, allowing a detailed characterization of
the SPDC angular spectrum. This fiber leads to an avalanche
photodiode (APD) that detects an idler photon on k1’ and
heralds the presence of a signal-mode single photon which
reaches k1.

The ICCD camera can be triggered by the electronic pulse
produced upon detection of an idler photon by the APD.
However, the electronic pulse is produced by the APD with
a delay of 20ns with respect to the time of photodetection,
which is added to the insertion delay in the ICCD camera, of
19.9 ns. To compensate for the total optical and electronic de-
lay and thus balance the signal and idler channel transit times,
including the effects of the optical fiber and cable lengths, the
signal photon is made to traverse an image-preserving optical
delay line with total length of 18 m.

Proceeding with the delay line, at a distance of 40 cm
from k1 we placed lens L6 (fs = 40cm), generating the
plane p1 which constitutes an image of the crystal plane. Our
optical delay was designed in a double-pass geometry. For this
purpose, we set a polarizing beam splitter (PBS) at a distance
of 40 cm from L6, through which the horizontally polarized,
single-mode signal photon is deterministically transmitted
in the forward direction. Following reflection at mirror M1,
placed following the PBS, the signal-mode single photon is
transmitted through a series of 5 f-f optical systems, based
on lenses L7-L11, with reflections at mirrors M2-M5. The
first two lenses (L7 and L8) have focal lengths of 75cm,
while the remaining lenses (L9-L11) have focal lengths fo =
fio = f11 = 100cm. Before the last mirror (M6) a quarter
wave plate (QWP) is oriented so that in two passes the single-
photon polarization flips from horizontal to vertical. The
signal-mode single photon then traverses the 5 f-f optical
systems once more in the backwards direction, reaching PBS
again at which the now vertically polarized signal photon is
deterministically reflected.

Note that mirrors M2-M6 correspond, in an alternating
fashion, to the transverse momentum and transverse posi-
tion spaces. A label k2(k6) next to M2 denotes that in the
forward direction, the plane of this mirror corresponds to
the second transverse momentum-coordinate plane (k) and
in the backwards direction to the sixth. The label p;(ps)
similarly indicates the second (fifth) coordinate-space plane
in the forward (backward) direction. In the setup figure, red-
colored or blue-colored squares indicate transverse position or
momentum planes.

In the backward-propagating direction the signal photon
reaches plane pl, also labeled p6. Following reflection by
PBS, the signal photon is transmitted through lens L12 with
f12 = 40cm placed one focal length distance from plane p6,
and through an 810 % 5 nm bandpass filter (F3), for additional
pump and/or spurious photon suppression. The ICCD camera
is finally placed at a distance of fj, from lens L12; the plane
of the camera is labeled as k7 in Fig. 2(b).

Singles Counts unts Simulation

Coin

(arb. u

0.75

0.50

0.25

k, (um™)

FIG. 4. Columns 1 to 3 correspond to measurements of (i) the
pump AS, (ii) the resulting single-photon AS, and (iii) the resulting
CAS with the idler detector. Column 4 presents the simulation of
the SPDC single-photon AS and the CAS, for the same experimental
situation as in columns 2 and 3. The four rows correspond to ¢, = 0°,
180°, 90°, and 270°, respectively.

V. RESULTS AND DISCUSSION

Our experimental data are illustrated in Figs. 4 and 5. These
results are organized as follows: each row corresponds to a
particular orientation ¢, of the pump half-annulus angular

Pump AS Coinc. Counts Simulation

Singles Counts

um’')

~

Ky (um)

FIG. 5. This figure is presented in the same format as Fig. 4.
In this case, the four rows correspond to the orientations ¢, = 45°,
225°, 135°, and 315°.
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spectrum. Values ¢, = 0°, 1807, 90°, 270° are included in
Fig. 4, while ¢, = 45°,225°,135°,315° appear in Fig. 5.
Additional orientations ¢, are presented in the Supplemental
Material [27]. In each of these two figures, the color bar
indicates the relative intensity and the white dot represents
the (MMF) fiber tip position, not to scale. The diameter of the
fiber-tip with respect to the AS is indicated by the black dot
near the left-bottom corner. The first column (i) corresponds
to a measurement of the pump angular spectrum. The second
column (ii) shows the measured SPDC signal-photon angular
spectrum (AS). The third column (iii) shows the conditional
angular spectrum (CAS) of the signal-mode single photon and
the fourth column (iv) is a simulation corresponding to the
experimental parameters in the second and third columns. In
(ii1), the detected coincident events between the APD in the
idler channel and the triggered ICCD in the signal channel
are shown. As in the second column, the fixed position of the
idler-mode detector is indicated by a white dot. Coincidences
were obtained by summing over 3600 accumulations, each
with an exposure time of 1s. Note that the idler detector
position (white dot) and center of the measured CAS fulfill
transverse momentum conservation. Note also that a “halo”
which corresponds in shape and position with the AS shown
in the second column is visible; this halo is only observed
when filter (F2) is removed and is composed of accidental
coincident events, which, however, are useful for placement
of the CAS with respect to the SPDC AS. The white dot at
the location with highest counts indicates the chosen position
for the idler-photon detector. Note the excellent agreement
between the simulations and the measurements.

It is instructive to compare the resulting AS and CAS of
the SPDC photon pairs for the two cases ¢, = 0° and ¢, =
180°, which correspond to the top half and bottom half of

0.62

K, (um)
0

-0.62

-0.62 0 0.62

K, (pm™)

k,, (nm™)
0.04 0.32 0.49 0.04 0.32 0.49 0.04 0.32 0.49

K, (um)

k,, (pm™)

the unobstructed pump AS. It becomes clear that whereas the
single-photon AS for the unobstructed pump is composed of
two asymmetrically placed rings, the obstruction with ¢, = 0°
results in the SPDC AS largely only retaining the outer ring,
while the obstruction with ¢, = 180° results in the SPDC AS
largely only retaining the inner ring. Note that this asymmetry
in the vertical direction of the pump AS is governed by
the pump walk-off parameter § and the orientation of the
optic axis which for our source occurs along the vertical
direction. For other obstruction orientations, the SPDC AS
exhibits portions of both, the external and internal rings.
The relative weight of these portions are balanced for the
cases ¢, = 90° and ¢, = 270°, and are less balanced for the
remaining diagonal orientations, presented in the succeeding
figure.

Our results highlight the possibility of controlling the
SPDC emission characteristics through the type of obstruc-
tion applied to a BG beam pump. In particular, choosing
to obstruct the bottom(top) half of the pump AS results in
a wider(narrower) SPDC emission cone. Note that the two
rings, which appear simultaneously in the unobstructed pump
case, meet tangentially at the bottom of each of the two rings.
Let us concentrate on the emission characteristics along the
vertical direction, and label the lower portion of the AS where
the two rings meet the idler mode, and the upper portion
where the two rings differ angularly the signal mode. We
could configure our source so that the external-ring portion
of the signal mode reaches a distant observer O, while the
internal-ring portion reaches a different distant observer O,.
An experimenter stationed at the source could then deter-
mine, according to the choice of obstruction of the pump
AS, whether a single-mode signal photon heralded by the
detection of an idler photon reaches O; or O,, or whether
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FIG. 6. (a): Simulated SPDC AS for ¢, = 135°. (b)—(j): Array of nine panels shows plots of functions .7 (k* , kim), AU k‘m; w*, w{)),
and .7 (K , kilo)f (K5, kim; w®, wé)) for the three idler detector positions A, B, C identified in panel (a).
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it can reach either of the two observers with controllable
probabilities.

VI. CONCLUSION

We study, from both theoretical and experimental perspec-
tives, the spatial properties of photon pairs produced by the
process of spontaneous parametric down-conversion (SPDC)
with an apertured, zeroth-order Bessel-Gauss pump beam.
We concentrate on frequency-degenerate, copolarized (i.e.,
type-I) SPDC with a binary aperture applied to the the pump
angular spectrum in the form of a half-plane with its edge
tangent to the pump axis. Using such an aperture we are
able to control the resulting SPDC spatial properties in the
following sense: while the SPDC angular spectrum for an
unobstructed zeroth-order BG beam is in the form of two
nonconcentric cones asymmetrically placed on the transverse
plane, the obstruction allows us to select either one of the
cones in the dual-cone SPDC angular spectrum, or a portion
of both depending on the angular orientation of the binary
obstruction. From this selection we can also control the prop-
erties of the conditional angular spectrum.

A key advantage of the method proposed and demonstrated
here, is that despite any complexity in setting up the structured
pump beam (for example, involving the use of an axicon, as
in this work, or active elements such as spatial light mod-
ulators), the resulting properties of the SPDC photon pairs
can be effectively modified through easily implemented pump
obstructions. Importantly, such modifications can be applied
efficiently and in real time as needed since the placement
and displacement or rotation of obstructions does not lead
to the need for realigning the setup. While we believe that
this type of straightforward control of the SPDC emission
properties could prove particularly well-suited for setting up
large alphabets for quantum communications, it could be
useful as a general tool for quantum information processing
protocols.
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APPENDIX

The purpose of this Appendix is to present some additional
details regarding the behavior of the conditional angular spec-
trum (CAS). We wish first to illustrate the high degree of
sensitivity of the CAS to the location of the idler detector. For
the specific case of the half-plane aperture oriented at ¢, =
135°, Fig. 6 shows the effect of a slight radial displacement
of the position of the idler detector. Figure 6(a) shows a
simulation of the SDPC angular spectrum with three white
dots, labeled A, B, and C, each indicating a particular position
of the idler detector; note that location B is identical to the
situation shown in the third row of Fig. 5. The array of nine
panels (b—j) on the right is organized as follows: while the
three rows correspond to the the three locations for the fixed
idler detector A, B, and C, the three columns correspond to
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FIG. 7. Plots of the functions .7 (k%, ki), Z(k%, ki ;; 0, @),
and .7 (K ,kim).,? (kS ,klo;ws, w})), in each of the three columns,
respectively, for the following obstruction orientations: ¢, =
0°,45°,90°, 135°, 180°, in each of the five rows, respectively.

plots of functions . (k% , k' ), -Z(KS, K| o; @*, w}) and the
product of the latter two, respectively. Note, that the CAS
differs appreciably amongst the three situations shown. While
in all cases parts of the pump AS are concealed in the resulting
CAS, the extent and type of this concealment is different in the
three cases: A shows more concealment as compared to B, and
C shows fragmentation, in addition to concealment.

In Fig. 7 we show the behavior of the CAS and its
constituent functions .#(k%, k! ;) and Z(kS, ki ;0®, o))
in response to the variation of the orientation of the
half-plane obstruction, ¢,. The figure is organized as fol-
lows: the five rows correspond to the following obstruc-
tion orientations ¢, = 0°, ¢, = 45°, ¢, =90°, ¢, = 135°,
and ¢, = 180°, respectively. The three columns correspond
to plots of the functions .7 (k® ,kﬂ_o), Z(KS ,kﬂ_o;a)s, a)f)),
and .7 (K%, K ()-Z (K, K| ; @°, o). Note that the degree of
concealment of the pump AS in the resulting CAS depends
on ¢,; for example, ¢, = 90° exhibits considerably more
concealment than ¢, = 0°.
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