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We report on an experiment in which orbital-angular-momentum (OAM)-entangled photon pairs gen-
erated by the spontaneous parametric down-conversion process can be engineered to have particular
symmetry properties. Our method is based on the use of a Dove-prism pair in conjunction with Hong-Ou-
Mandel (HOM) interferometry resolved in transverse position and OAM. The latter allows us to engineer
the postselected two-photon state to exhibit a specific type of symmetry. By selecting particular topo-
logical charge values for the pump and for the postselected two-photon state, we can transition from a
symmetric two-photon state and a HOM dip to an antisymmetric state and a HOM peak. Spatial resolution
allows us to obtain the HOM interferogram both at the single-pixel level and globally by summing over
all sensor pixels. Furthermore, through spatially selective OAM projection of the detected photon pairs,
we can define multiple transverse regions with different symmetry properties, as verified by our spatially
resolved HOM apparatus. Although we used two transverse regions for this proof-of-concept demonstra-
tion, this method could in principle be scaled to a larger number of regions, leading to a new technique to

be added to the existing toolbox for quantum technologies in the photonic domain.
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I. INTRODUCTION

In the past few decades, much progress has been made
in studying quantum optical effects from the perspective
of the interplay of different photonic degrees of free-
dom, such as frequency and time, transverse position,
and orbital angular momentum (OAM). Among different
photonic degrees of freedom, OAM has attracted signif-
icant attention on account of the very broad range of
related applications that have been demonstrated, includ-
ing in optical trapping [1-3], optical manipulation [4], and
communications [5]. Specifically, in the context of quan-
tum technology implementations based on photons, OAM
has emerged as a photonic degree of freedom with great
promise because it leads to discrete Hilbert spaces which,
unlike polarization, permits a scalable effective dimension-
ality [6]. Indeed, for photon-pair sources based on the pro-
cess of spontaneous parametric down-conversion (SPDC),
it becomes possible to tailor the spiral bandwidth, i.e., the
range of topological charge values available in the photon-
pair state [7,8], leading to the possibility of encoding
more than one bit of information per photon. The resulting
high-dimensional OAM-entangled photon pairs produced
by SPDC can lead to a number of applications [6,9], for
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example in the context of quantum cryptography [10].
Furthermore, the possibility of transmitting such high-
dimensional entanglement [11] enhances its applicability
to the development of future communication networks.

In addition to the scalability in the Hilbert-space dimen-
sion for OAM-entangled photon pairs described above,
numerous recent studies have explored the properties of
spatially entangled photon pairs as revealed by Hong-
Ou-Mandel (HOM) interferometry, for example involv-
ing hyperentangled states [12], high-dimensional spatial
modes [13], and spin-orbit entangled photons [14]. Fur-
thermore, the possibility of controlling the degree of coher-
ence of photons was demonstrated in a recent study [15],
and a quantum imaging technique exploiting twisted pho-
tons has also been developed [16]. Nevertheless, an inter-
esting avenue of research involves the ability to achieve
qualitative control over the OAM-entangled state, specifi-
cally through its symmetry properties. When described in
terms of the Laguerre-Gaussian modes, the SPDC OAM-
entangled two-photon state can be written as a superpo-
sition of the |¥*) symmetric Bell states [17], for which
the symmetry of the state implies invariance under pho-
ton permutation. Interestingly, in Ref. [18], it was shown
that it is possible to apply a symmetry transformation
to the SPDC two-photon state to convert the symmetric
|WT) state to the antisymmetric | ™) Bell state through
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the use of a Dove-prism pair. Such symmetry control has
enabled the development of several applications, including
high-dimensional quantum gates [19,20] and symmetry-
selective ghost imaging [21,22].

It is well known that the bunching and/or antibunch-
ing behavior in HOM interference in a beam splitter is
intimately tied to the symmetry properties of the incom-
ing photon pairs. It is therefore no surprise that a HOM
interferometer may be used specifically in the context of
OAM-entangled photon pairs to probe the effects of sym-
metry transformations executed with a Dove-prism pair.
In this paper, we extend previous work showing that a
Dove-prism pair can be used to control photon-pair sym-
metry and the resulting HOM interference. While HOM
interference is traditionally visualized as being dependent
on the temporal delay between the signal and idler pho-
tons, we report here on a HOM interferometer device in
which the interference is resolved not only in delay but
also in transverse position and OAM topological charge
(through postinterference selective OAM projection). We
detect one of the two photons in each pair with a time-
gated intensified coupled charge device (ICCD), which
exhibits single-photon sensitivity at each pixel, enabling us
to observe HOM interference either at the individual-pixel
level or “globally” by summing up all ICCD pixel read-
outs. On the one hand, we show that extending the HOM
apparatus to include OAM resolution allows us, in a spe-
cific configuration, to alternate between an interference dip
and peak as the projected topological charge ¢ is increased.
On the other hand, we demonstrate that projecting OAM
in a transversely spatially selective manner allows us to
engineer the postselected state to exhibit transverse regions
with different types of symmetry, as evidenced by our
spatially resolved HOM apparatus. Although the photon
pairs in our proof-of-concept demonstration exhibit up
to two such regions, this could in principle be scaled to
a larger number of regions, paving the way for extend-
ing the information content of photon pairs for quantum
communication protocols.

II. THEORY

A. OAM state engineering

The state produced by SPDC can be expressed as a
superposition of symmetric Bell states, entangled in the
OAM degree of freedom, as follows:

W) =D acl¥, ), (1)
l
where

1
W o) = 75 (10516 = 0, + 16, = O),16);), ()

in which ¢,, £, = ¢, and ¢; = £, — £ are the values of
the topological charge for the pump (p), signal (s), and
idler (i) photons, respectively. Note that because only
the azimuthal mode index is controlled in our experi-
ment, if expanded in the Laguerre-Gauss basis, a |£) state
represents, in fact, a superposition of the various radial
modes [17].

When a Laguerre-Gaussian mode |€) with topological
charge ¢ is transmitted through a sequence of two Dove
prisms with a relative angle ¢ between them, it is trans-
formed as |[€) — |£)e’>*?. It may be shown that this implies
that upon transmission of the signal photon through the
Dove prisms, the SPDC state becomes [18]

W) =Y ar (cos(2¢ — £,)9) 1W7, )
14

+isin(@L= ) T, L)), )

where the state is expressed in terms of the sym-
metric (indicated with +) and antisymmetric (indi-
cated with —) |W*) Bell states, given by |\Ilz'jzp7[> =

%5 (16, 1€, =€), £ 16, — £),1£);).

In an experimental situation, it is possible to directly
control the topological charge of the pump £, (in our par-
ticular experiment, see below, we use £, = 0). In addition,
one of the SPDC photons can be projected to a certain
topological charge value £ before detection. In effect, this
limits the sum in Egs. (1) and (3) to a single ¢ value
through postselection. In this manner, both £, and £ may be
considered as experimental variables that may be selected
freely.

From Eq. (3), it becomes evident that we can control the
relative weights of the symmetric and antisymmetric state
components through the interprism angle ¢, along with
the selected values of the pump and SPDC photon topo-
logical charges ¢, and £. For example, by setting ¢ = 0°,
the output state becomes purely symmetric, regardless of
the values of £ and ¢,. Conversely, setting £, = 0 and
¢ = 0 produces a purely symmetric state irrespective of the
angle ¢.

In general, the question arises of how the choice of
the three parameters £, ¢, and ¢ translates into specific
weights for the symmetric and antisymmetric state com-
ponents. With this purpose in mind, we have prepared the
diagrams in Fig. 1, in which we first fix the value of £,
[to 0 and 1 in panels (a) and (b), respectively]. The value
selected for £ (with £ > 1; the case £ = 0 is considered sep-
arately) then defines the radius of a circumference along
which we use the coefficients for the states WZ@,; _¢) and
W, - ¢) to define a point in such a manner that if it lies on
the horizontal (vertical) axis, the resulting state is purely

symmetric (antisymmetric). We can then plot the resulting
points for a given fixed angle ¢, for all possible £ values (in
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Polar diagrams showing the properties of the postselected SPDC state for (a) £, = 0 and (b) £, = 1. The radius of the polar

diagram (indicated in the horizontal axis) represents the SPDC topological charge projection value £. Along a circumference for a
specific £, the symmetric and antisymmetric coefficients define a point, and if this lies on the horizontal (vertical) axis, the postselected
state is purely symmetric (antisymmetric). Points defined by the same interprism angle ¢ are joined together smoothly to form the

spiral shapes shown.

this case with 1 > £ > 4). Using a certain marker symbol
and color for each angle ¢ (green diamonds for ¢ = 30°,
red pentagons for ¢ = 45°, orange triangled for ¢ = 60°,
and inverted yellow triangles for ¢ = 90°), and including
lines to smoothly connect like markers, we obtain the spi-
ral shapes shown in the diagrams. Note that the special
case £, = £ = 0 leads to a trajectory coinciding with the
(positive) horizontal axis.

Let us discuss a few specific cases of interest stemming
from Fig. 1. First, as already addressed in Ref. [18], for
a pump beam with £, = 0 (Gaussian beam) and ¢ = 45°
[red pentagons in Fig. 1(a)], each even (odd) £ index gen-
erates a symmetric (antisymmetric) state. For £, = 1 and
¢ = 90° [yellow triangles in Fig. 1(a)], the output state is
antisymmetric for all £-index values. Finally, for £, =1
and ¢ = 45° [red pentagons in Fig. 1(a)], the resulting
symmetric and antisymmetric contributions are equal for
all £ values.

1. Hong Ou Mandel interferometry as a symmetry filter

It is well known that HOM interference can act as a
symmetry filter [18] because while symmetric states pro-
duce the characteristic HOM dip due to photon bunching,
antisymmetric states produce a HOM peak due to anti-
bunching. The visibility of the HOM interferometer can
be defined as follows [23]:

_ Pc(0) = pc(00)
p = Pl 7 Pel0)

4
Pe(00) @

where p.(0) is the coincidence probability at zero path
difference 7 = 0 and p.(co0) = 0.5 is the long-delay coin-
cidence probability (for |t| — o0). The fact that the state
|‘IJZ£P _,) leads to an interference dip (with a null in coin-
cidences at t = 0) and the state ¥, 0 ;) leads to an
interference peak (with unit coincidence probability at T =
0), can be used to derive the following expression for the
HOM visibility as a function of the parameters £,, £, and
¢ (see the Appendix for its derivation):

v =2sin® (2¢ — £,)¢) — 1. (5)

Note that we are using a sign convention such that when
using Eq. (5), a positive (negative) value for v indi-
cates an overall state asymmetry (symmetry) leading to an
interference peak (dip).

III. EXPERIMENT

Our experimental setup is shown in Fig. 2. The pump
beam (PB) is a narrowband laser at 405 nm with 70 mW
power. This is spatially filtered by coupling into a single-
mode fiber (SMF;) with an 8-mm-focal-length aspheric
lens (AL;), thus retaining only the £, = 0 component.
It is subsequently outcoupled back to free space with
another 8-mm aspheric lens (AL;). The resulting beam,
to be used as a pump for the SPDC process, is then
spectrally filtered by a colored filter (BG39 from Schott;
DF) to suppress background photons, and it is focused
with the help of a 1000-mm-focal-distance lens (L) to
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FIG. 2. Experimental setup. OAM-entangled photon pairs are generated by the SPDC process. The signal photon is transmitted
through a Dove-prism pair (DP; and DP,) to manipulate the properties of the resulting photon pair, and the photon pairs interfere in
a beam splitter (BS). While one of the photons emerging from the BS is spatially resolved upon detection by an ICCD camera, upon
transmission through the image-preserving optical delay line (DL), the other photon is projected to a user-selected topological charge

value prior to detection by an avalanche photodiode (APD).

a waist of ~120-um radius at the crystal plane. In addi-
tion, the polarization is controlled by a half-wave plate
(HWP) to maximize the SPDC generation rate. A beta bar-
ium borate (BBO) crystal of 2-mm thickness is illuminated
by the pump beam to produce noncollinear, frequency-
degenerate photon pairs through type-I SPDC. The
bandwidth of the signal and idler photons is restricted
by transmission through a 810 £ 5-nm bandpass filter
(FBH810-10 from Thorlabs; BPF) with a rectangular trans-
mission window.

The noncollinear trajectories of the SPDC photon pairs
(at £1.5° emission angles with respect to the pump axis)
are further separated by a triangular mirror. The signal
and idler photons produced at the crystal are separately
imaged, using a 4/ system acting on each of the two pho-
tons, to the plane of the beam splitter (BS), labeled as
the image plane IP;, where HOM interference takes place.
The signal-photon 4/ system consists of lenses L, (focal
length f;, = 150 mm) and L3 (focal length f; = 500 mm),
so that the BBO-L,, L,-L3, and L3-BS separations are f;,
f2 + /3, and f3, respectively. Likewise, the idler-photon 4 f
system consists of lenses L, (focal length f, = 150 mm)
and L4 (focal length f4 = 500 mm), so that the BBO-L,;,
Ly-L4, and L4-BS separations are f>, f> + fa, and fa, respec-
tively. Before reaching the BS, while the signal photon
is transmitted through two Dove prisms (DP;,) with an
interprism angle ¢, the idler photon is reflected from two
mirrors (Mg and M;) mounted on a translatable computer-
controlled stage (with 25 mm travel and 100 nm minimum
step) to introduce a controllable temporal delay t between
the signal and idler photons, as is required for HOM
interferometry.

An important feature of our experimental design is that
the HOM interference is resolved in three distinct exper-
imental variables: (i) spatially on the transverse plane,
(i1) in the OAM topological charge, and (iii) in the signal-
idler temporal delay. For this purpose (see below), while
the photon exiting the beam splitter through output port 1
is subjected to postinterference OAM projection, the pho-
ton exiting through output port 2 is detected in a spatially
resolved manner.

The photon exiting the beam splitter through output
port 1 is imaged to the input plane (IP;) of an OAM
projection module using a 4f system comprising lenses
Ls and L¢ (both with focal length f5 = fg = 250 mm),
so that the BS-Ls, Ls-Lg, and Lg-spatial light modulator
(SLM) separations are fs, f5s + fs, and fs, respectively. The
OAM projection module consists of an SLM followed by
three consecutive demagnifying 4 f telescopes with total
magnification x0.0015, which couples the photon into a
single-mode fiber (SMF,). The magnifications are: x0.4
formed by lenses with focal lengths of 250 and 100 mm,
% 0.24 formed by lenses with focal lengths 250 and 60 mm,
and x0.016 formed by a lens with focal length 500 mm
combined with an aspheric lens (AL3;) with focal length
8 mmy; this succession of three telescopes is indicated in
Fig. 2 by the box labeled DM. The purpose of the SLM
is to selectively convert, through the use of an appropri-
ate fork-shaped hologram displayed on the SLM screen,
the portion of the incoming light that is characterized by
a topological charge ¢ to a Gaussian mode (with £ = 0)
that can couple well to a single-mode fiber, thus effectively
suppressing other incoming ¢ values. The end result is the
projection of the mode exiting the BS through output port 1
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to a specific desired topological charge £ prior to detection
at an avalanche photodiode (APD) module.

The photon exiting the BS through output port 2 is spa-
tially resolved upon detection by an ICCD camera with a
resolution of 1024 x 1024 pixels. This leads to the ability
to visualize the HOM interference resolved on the trans-
verse plane as the signal-idler delay is varied. For this
purpose, the photon exiting the BS through output port 2 is
first imaged to the input plane IP; of an image-preserving
optical DL, which is about 28 m long (approximately 90
ns) and is designed to overcompensate for the insertion
delay time of the ICCD camera. This allows us to obtain
the full portion of interest from the HOM interferogram.
The photon on plane IP; is then relayed to plane IPg4,
which corresponds with the ICCD sensor. Each detection
event at the APD produces an electronic pulse, which is
discriminated and electronically adjusted with a nuclear
instrumentation module (NIM) discriminator to define a
~5-ns detection window at the ICCD camera, enabling us
to acquire spatially resolved coincidence counts. By scan-
ning the signal-idler delay t, we are then able to obtain the
spatially- and OAM-resolved HOM interferogram.

Note that while the interprism angle ¢ can be chosen
freely, for the experimental results shown here, we have
used the value ¢ = 45°. As has already been discussed
in the context of Fig. 1(a), for a Gaussian pump (with
£, = 0), this value of ¢ allows us to alternate between a

(@) nz=-S6umaz=-42um Az=-22pm Az=0pm Az =+26 ym Az = +44 um Az = +60 ym

10 000
# #* * ® ¥ 6000
2000
b)

fully symmetric state for £ = 0,2,4 (and similarly for all
even values) and a fully asymmetric state for £ = 1,3 (and
similarly for all odd values).

A. Symmetric behavior

An initial experiment with a purely symmetric state
involves the use of a Gaussian pump (£, = 0) and an
SPDC photon projection £ = 0. As mentioned above, for
this choice of £, and ¢, the state is symmetric irrespec-
tive of the interprism angle ¢, leading to an in-principle
unit-visibility HOM dip.

In Fig. 3, we present our experimental results for
this configuration. Figure 3(b) shows the HOM interfer-
ogram for temporal delay t values ranging from —200 fs
(—60 wm) to 4200 fs (460 wm). While the red dots cor-
respond to the interferogram obtained by summing over
all ICCD pixels, the black dots correspond to the interfer-
ogram obtained for a single pixel (see below). Note that
the shape of the HOM interferogram is defined by the
Fourier transform of the photon-pair spectral distribution
interfering at the beam splitter (BS element). In our case,
the photon pairs are spectrally shaped by the BPF element
(FBH810-10 from Thorlabs), which presents a spectral
transmission function with a nearly rectangular shape.
Considering the Fourier-transform properties of rectangu-
lar functions, this suggests that an excellent candidate for

14 000

Coincidences/30 s

( Ar (fs)

-200 -133  -67 0 67 133 200 (c)
" 7 . ' . .° 80
S 1x10 0 g
3 N L a0
8 8x108° " 160 3
g 05
2 6x108 0S E
3 = £ =
® 4x1063 30 §
g g 209
= Full area . ]
E 2x106 ‘ Single Pixel} o 100

-60 -40 -20 0 20 40 60 x (mm)

Az (um)

FIG. 3.

HOM interference behavior for £, = £ = 0 and ¢ = 45°. Panel (a) shows the spatially resolved HOM interferograms for

a selection of seven different signal-idler t values, with the case T = 0 corresponding to the central plot; the green dot in this plot
indicates the pixel used for the single-pixel interferogram, as described in the main text. (b) Single-pixel HOM interferogram (black
dots), along with the global interferogram obtained by summing over all ICCD pixel readouts (red dots), for temporal delay t values
ranging from —200 fs (—60 pm) to +-200 fs (460 pm). The curves are fits to sinc-squared functions for comparison purposes only,
as detailed in the main text. (¢) Transverse intensity of the two portions of the SPDC ring (for each of the signal and idler photons)
clipped by the triangular mirror, one of which is rotated by the Dove-prism pair. The image shown was taken on the plane of the BS
(IP;) and has dimensions of 1.5 mm x 1.4 mm (119 x 110 pixels of the ICCD sensor).
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fitting the HOM dip profile is a sinc-squared function.
The black (red) curve represents such a fit for the single
pixel (full-area) cases [24]. It is interesting to note that
the interferograms for the single-pixel and summed-pixel
cases are essentially identical, with visibilities —81.6% and
—80.9%, respectively, i.e., manifesting a clearly symmet-
ric behavior in both cases. The inset of Fig. 3(b) shows
the spatially resolved HOM visibility, revealing a consid-
erable transverse area with visibilities very similar to those
obtained by adding up all pixels. Note that the visibil-
ity becomes essentially zero—as one would expect—in
areas where the state amplitude is negligible. The ability
to obtain the local visibility in the spatially resolved HOM
interference, suggests the possibility of defining areas with
different symmetry properties to encode more information
per photon; this idea is developed in a later section of this
paper.

Note also that the visibility is somewhat lower than the
ideal unity value on account of the difficulty of aligning
the two halves of the type-1 SPDC ring (for the signal and
idler photons) defined by the reflection from the two faces
of the triangular mirror. Upon reflection, the signal-mode
half-ring intensity distribution is rotated on the transverse
plane by a pair of Dove prisms before overlapping with

the unrotated idler-mode half-ring intensity distribution
at the BS. In Fig. 3(c), we show the far-field transverse
intensity distribution of the two overlapping ring halves,
as measured with a CCD camera on the BS plane IP;.

Figure 3(a) shows the spatially resolved coincidence
count rate for a selection of seven specific delay values;
note that the spatial structure for nonzero delay values cor-
responds well with a Gaussian £ = (0 mode, as would be
expected. Note that in the case of zero delay [Az = 0;
central plot in Fig. 3(a)], the green pixel represents that
selected (with the criterion of being near the intensity
maximum) for the single-pixel interferogram [displayed as
black dots in Fig. 3(b)].

B. Antisymmetric behavior

Following the red curve marked with red pentagons in
Fig. 1(a), which corresponds to an interprism angle of ¢ =
45°, it is clear that for £ = 1 (and £, = 0), antisymmetric
behavior with a HOM peak is expected. Our experimen-
tal data for this case is shown in Fig. 4, which has a
similar structure to Fig. 3, as discussed above for the sym-
metric case. In Fig. 4(b), we show the summed-pixel and
individual-pixel HOM interferograms for temporal delay
7 values ranging from —200 fs (—60 pm) to +200 fs

(@) az=-56um Az =-42um Az=-22um Az=0um Az = +26 ym Az = +44 pm Az = +58 pm 16000§
.§

(b) AT (fs)

-200 -133 -67 0 67 133 200

12x107 [ ; 7180
72} Full area 0 :
2 1.1x107 Bingle Pixel o 1 160 @
Q : : : o
(2] 2 ™
® 1x107 3 140 @
5 : :
S 9x106. 120 §
e S
5 8x10° 100 &
© o)
8 7x10° 80 2
= o
? X
< 6x108 , . 60 &
I T I
5 X 106 : il il i [ [ : 40
-60 -40 -20 0 20 40 60

Z (um)

FIG. 4. HOM interference behavior for £, =0, £ = 1, and ¢ = 45°. Panel (a) shows the spatially resolved HOM interferograms
for a selection of seven different signal-idler T values, with the case t = 0 corresponding to the central plot; the green dot in this plot
indicates the pixel used for the single-pixel interferogram, as described in the main text. (b) Single-pixel HOM interferogram (black
dots), along with the global interferogram obtained by summing over all ICCD pixel readouts (red dots), for temporal delay t values
ranging from —200 fs (—60 pwm) to 4200 fs (+60 wm). The curves are fits to sinc-squared functions for comparison purposes only.
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FIG. 5.

HOM interference behavior for £, = 0 and £ = 0,1,2,3,4 and ¢ = 45°. Panel (a) shows the spatially resolved HOM inter-

ferograms at a delay value corresponding to Az = —56 um (7 = —186 fs) outside of the dip/peak area for each value of £. Panel (b)
shows the HOM interferograms for £ = 0, 1,2, 3,4, demonstrating an alternation between dips (for £ = 0, 2,4) and peaks (for £ = 1, 3).

(+60 wm) with red and black dots, respectively, yielding
corresponding visibilities of 74.7% and 72.5%. As was the
case for the symmetric state, these two interferograms are
essentially identical; again, the black (red) lines are fits
to sinc-squared peak-profile functions for the single-pixel
(full-area) cases. The inset of Fig. 4(b) shows the spatially
resolved visibility, exhibiting a broad transverse area for
which the visibility is similar to that corresponding to the
summed-up pixels.

Figure 4(a) shows the spatially resolved coincidence
counts for a selection of seven temporal-delay values,
showing good correspondence with the expected structure
for an |£) mode with £ = 1 topological charge (particularly
exhibiting a phase singularity). Note that the central plot
exhibits a higher count rate compared to its neighbors, as
one would expect from the fact that a coincidence peak is
observed. Note also that the specific pixel colored green in
the central plot of the top panel is the one that was selected
for the single-pixel HOM interference (with the criterion
of being near the midway point through the width of the
intensity ring, in its lower portion) in Fig. 4(b).

C. HOM interference for higher £ values

As has already been pointed out, an experimental con-
figuration with £, = 0 and interprism angle ¢ = 45° leads

for each even (odd) ¢ index to the generation of a
symmetric (antisymmetric) state, as indicated by the red
pentagons in Fig. 1(a), that translates into the alternation
between dips and peaks of the expected HOM interfer-
ogram. While the cases £ =0 and ¢ =1 have already
been explored in the last two subsections, in Fig. 5, we
present experimental data for the five cases £ = 0, 1,2, 3, 4,
in which we directly show this alternation between dips
and peaks, which is controlled by the projected single-
photon topological charge £. In Fig. 5(b) we present the
measured HOM interferogram, as displayed with black
circles, squares, and triangles for ¢ = 0,2,4 (which lead
to dips), respectively, and with red squares and trian-
gles for £ =1,3 (which lead to peaks), respectively.
Note that while these measurements correspond to sum-
ming up all pixels on the ICCD sensor, a measurement
taken on a single pixel, as displayed in Figs. 3 and 4,
would exhibit a similar structure, as was also the case
in the earlier figures. The black and red curves are fits
to sinc-squared dip/peak profile functions, and we indi-
cate the interference visibility attained from each of the
five interferograms. In Fig. 5(a) we show, for a delay
value corresponding to v = —186 fs (Az = —56 um),
which lies outside of the dip/peak area, spatially resolved
HOM interferograms for each of the cases ¢ = 0,1,2,3,4.
Note that while the case £ =0 is consistent with a
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(b)
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(a) The red dots indicate the observed visibility for the HOM interferograms from the previous figure, while the curve

indicates the best fit to the relationship in Eq. (6), yielding an interprism angle of ¢ = 47.9°. (b) Spiral polar diagram plotted for

£, =0and ¢ =47.9°

Gaussian transverse structure, the cases ¢ =1,2,3,4
present a “doughnut” shape that is consistent with a phase
singularity and the presence of OAM, as expected. Note
further that the radius of the intensity distribution grows
with £, as is expected for an |£) mode (which corresponds
to a radial superposition of Laguerre-Gaussian modes).
From an analysis of Fig. 5, it becomes evident that
the visibility obtained in the experiment decreases with
increasing ¢. This is in contrast with the expectation
derived from the curve marked with red pentagons in
Fig. 1(a), in which the observed perfect symmetry (anti-
symmetry) should lead to ideal positive (negative) visibili-
ties. It turns out that this discrepancy is due to a slight error
with respect to the intended value of ¢ = 45° in the actual
value of the interprism angle ¢. To clarify this, in Fig. 6(a),
we plot the visibilities v as a function of £ as percentages,
along with a best fit to
v =vp(2sin’ ((2¢ — £,)$) — 1), (6)
where £, = 0 and v represents a scaling factor. Note that
while of course £ only takes integer values, it becomes con-
venient to plot this fit as a function of a real-valued £. From
such a fit, we obtain an estimate of the actual interprism
angle ¢ in the experiment as ¢ = 47.9°, i.e., exhibiting
a 2.9° experimental error. Interestingly, the fitted curve
shows an excellent overlap with each of the five visibilities
for ¢ =0,1,2,3,4. In Fig. 6(b), we present a polar spiral
diagram for this adjusted ¢ value, similar to those shown
in Fig. 1, further clarifying how the slight error in ¢ leads

to discrepancies with the expected perfect-state symmetry
or antisymmetry.

D. Symmetry-enhanced quantum imaging

In this paper, we have demonstrated the ability to
experimentally determine the HOM interferogram for each
individual pixel of the ICCD sensor array, leading to
the possibility of comparing its behavior to that of the
global interferogram obtained by summing over all pix-
els. Note that in the experimental configurations presented
so far, each single-pixel interferogram is essentially iden-
tical to the corresponding global interferogram; however,
it becomes possible to envision a class of experiments
in which the postselected state is explicitly engineered to
exhibit different types of symmetry in distinct regions of
the transverse plane. This would in turn translate into a
single-pixel HOM interferogram that can reveal structural
differences in traversing from one region to another. In this
case, we would now generally expect a mismatch between
the single-pixel and global interferograms.

In our experimental situation, a postselected state with
differing symmetry properties across a number of regions
on the transverse plane can be attained through the use of
a phase mask that projects to different ¢ values depending
on the transverse region. We have developed a proof-of-
concept demonstration of this idea based on a bimodal
phase mask defined with two regions: (i) within and
(i) outside of a chosen circumference, with an inter-
prism angle ¢ = 45° and a Gaussian pump mode (£, = 0).
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FIG. 7.

HOM interference behavior for £, = 0 and an SPDC topological charge projected in a spatially selective manner to £ = 1

within a circumference on the SLM plane and to £ = 0 outside of this circumference [see inset of panel (a)]. We show the spatially
resolved HOM interferograms for two values of temporal delay, corresponding to (a) Az = 60 wm (z = 200 fs) and (b) Az =0 um
(r = 0 fs). The resulting HOM visibility is shown in panel (c), with positive (negative) values in the internal (external) region. In panel
(d), we show the interferograms resulting from adding up the pixels in the two regions denoted by green boxes in panel (c), showing a

peak for the internal region and a dip for the external region.

In region (i), we project to £ = 1, leading to an antisym-
metric state; however, in region (ii), we project to £ =
0, leading to a symmetric state. The actual phase mask
employed in this proof-of-principle test is displayed in the
inset of Fig. 7(a).

Figure 7 shows an experimental characterization of our
bimodal phase mask and the resulting position-dependent
symmetric or antisymmetric state. Figures 7(a) and 7(b)
show the spatially resolved interferograms at two distinct
temporal delay values: Az = 60 um (7 = 200 fs), i.e., out-
side of the interference area, and Az = 0 (r = 200 fs) at
the point of maximum interference, respectively. In going
from panel (a) to panel (b), HOM interference has the effect
of visibly reducing the count rate in the external region
(null in coincidences, as expected for a symmetric state),

while enhancing the count rate in the internal region (peak
in coincidences, as expected for an antisymmetric state).
From these internal and external coincidence-count values,
one may compute the position-dependent visibility accord-
ing to Eq. (6), as shown in Fig. 7(c). Note that on this
last plot, the two regions become easily distinguished with
positive (negative) visibilities in the internal (external)
regions. The fact that the dynamic range for the visibility
spans —1 to 1—as compared to the normalized count rate
which spans the range 0 to 1—leads to an enhanced con-
trast when comparing the two regions; this could be useful
as part of a quantum imaging method. To further illustrate
this photon-pair symmetry engineering protocol, we have
chosen two square areas containing 3 x 3 pixels in the
internal and external regions, as indicated by green squares
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in panel Fig. 7(c). Figure 7(d) shows the HOM interfero-
grams resulting from adding the count rate in all nine pixels
within each of the two indicated squares, further clarifying
that while the internal region leads to local-state antisym-
metry and a peak in coincidences, the external region leads
to local-state symmetry and a null in coincidences. Note
that we experimentally verified that if a single pixel were
to be used, the same structure is obtained for the interfer-
ograms (data not shown here), albeit naturally with more
noise.

In this experimental work, we have thus demonstrated
the ability to engineer the postselected two-photon state to
exhibit different types of symmetry, leading to a position-
dependent interference dip or peak across different trans-
verse regions. Interestingly, while the photon-pair state
remains the same across the different experimental vari-
ations reported in this paper, postselection in the form
of OAM projection—and particularly position-dependent
OAM projection—effectively engineers the portion of the
state that participates in the measured HOM interference.
Although we have employed two regions in this proof-
of-principle demonstration, it is theoretically possible to
scale this approach to a larger number of regions. This
could play a role in quantum communication or quantum
key distribution protocols, in which the position-dependent
symmetry could be used as a means to encode information
on the transverse plane.

IV. CONCLUSIONS

We have reported on an experiment based on pho-
ton pairs entangled in OAM, produced by the process of
SPDC. The signal photon from each pair is transmitted
through a sequence of two Dove prisms with a certain
angle ¢ between them. This has the effect of exerting a
symmetry transformation on the photon pair, for example,
the conversion of a symmetric Bell state |¥™) to an anti-
symmetric state | ™). The two photons are then allowed
to interfere at a beam splitter in a HOM arrangement, with
a controllable temporal delay. While the photon emanating
from one of the output ports of the beam splitter is spatially
resolved at an ICCD, the photon emanating from the other
output port is projected to a particular topological charge ¢
through a spatial light modulator that selectively converts
light traveling with topological charge ¢ to a Gaussian
mode ¢ = 0, which then couples well to a single-mode
fiber.

In our experimental design, both the type of symmetry
in the photon pairs and the resulting HOM interference
are determined by three user-controlled parameters: the
selected topological charges of the pump and SPDC pho-
tons, ¢ and {,, and the interprism angle ¢. We have
developed a polar spiral diagram, which is drawn for a
given £, and elucidates the relative weights of the symmet-
ric and antisymmetric state components, as dependent on £

and ¢ (see Fig. 1). For a given experimental configuration,
as determined by £,, £, and ¢, we can obtain the HOM
interferogram for a single ICCD pixel or obtain the global
interferogram by summing over all pixels. Note that since
the HOM interference is resolved in OAM, we can freely
project onto a specific £ in a postinterference manner.

For our measurements, we selected an interprism angle
¢ =45° and a Gaussian pump (£, = 0). We first pre-
sented data showing coincident single-pixel and global
HOM interferograms for £ = 0 (leading to a symmetric
state and an interference dip) and for £ = 1 (leading to
an antisymmetric postselected state and an interference
peak). We also presented global HOM interferograms for
all £ values in the range 0 < ¢ < 4, showing the alterna-
tion between dips (for £ = 0,2, 4) and peaks (for £ = 1, 3).
Finally, we explored a case in which we project to OAM in
a spatially selective manner: to £ = 1 within a certain cir-
cumference on the SLM plane, and to £ = 0 outside of this
circumference. We selected two 3 x 3-pixel areas, one in
the internal region and another in the external region, and
added up all pixel readout values to obtain a separate inter-
ferogram for each of these regions, obtaining as expected a
peak (indicating antisymmetry) for the internal region and
a dip (indicating symmetry) for the external region. We
have thus demonstrated the ability to experimentally define
two transverse regions with different symmetry properties.
Note that while we have defined two regions in this work,
in principle, this could be scaled to a larger number of
regions. We hope that the method demonstrated here for
engineering the photon-pair symmetry in a spatially selec-
tive manner will be of use for future quantum technologies
in the photonic domain.
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APPENDIX: VISIBILITY OF INTERFERING
SYMMETRIC AND ANTISYMMETRIC
OAM-ENTANGLED TWO PHOTON STATES

We are interested in obtaining an expression for the
HOM interference visibility that properly takes into
account the symmetric and antisymmetric state com-
ponents of the SPDC photon-pair state resulting from
transmission through a Dove-prism pair. Let us start this
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derivation from the two-photon state prior to reaching the
beam splitter, where interference occurs [18]:

W) = Zae (cos((Zﬂ —£,)9) |‘I’Zepfz>
¢

+ isin((2¢ — £,)¢) |\IJ[,£p4)> , (AD)
in which ¢, £, = ¢, and ¢; = £, — £ are the values of the
topological charge for the pump (p), signal (s), and idler
(i) photons and where |lIJZ - ;) and W, 0 () are symmet-
ric and antisymmetric Bell-state components, respectively.

HOM interference at a beam splitter (BS) acts as sym-
metry filter in the sense that, after the BS, the symmet-
ric part of the SPDC state Eq. (A1) does not contribute
to the coincidence rate when the photons are tempo-
rally overlapped (r = 0 fs). Specifically, the symmetric

SymmetryFilt . . .
part |‘IJZL7P ) A 0, while the antisymmetric part

. _ SymmetryFilter _
remains unaltered |‘l—’[’£p _0) |‘Ijz,zp _¢)- There-

fore, upon application of the symmetry filter, the SPDC
two-photon state retains only the antisymmetric compo-
nent and can be written as [25]

(W) = D acisin[2€ — £,)¢11¥;, ). (A2)
l

The coincidence count probability for temporally coin-
cident photons (t = 0) can be calculated as the projection
of the resulting normalized state over a given antisymmet-
ric component. This is obtained when selecting a specific
£ component with the SLM and is given by

p(x=0) =" anE, —O¥7), (A3)

obtaining

p(0) = sin’[(2] — 1,)¢]. (Ad)

From the definition of the HOM visibility, we obtain

 p(0) — p(c0)
y = PO —p(0)

, A5
p(00) (A5)

which, considering that p(t — o0o0) = 0.5 [26,27], is the
statistical coincidence count probability for temporally dis-
tinguishable photons. This finally gives the desired result

) _ —
p o SQIZ )OI =05 _ 5 G2r0r— pyg) — 1.

0.5
(A6)

Note that while negative values indicate a dip, positive
values indicate a peak.
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