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Local discrimination of orbital angular momentum in entangled states
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In this paper, we address the use of a calcite crystal-based local detector for the discrimination of the orbital
angular momentum of quantum radiation produced by parametric down-conversion, using only a portion of
the beam. Specifically, we propose and experimentally demonstrate that discrimination can be achieved by
exploiting the introduction of a precise and controlled spatial shift between two replicas of the state within
the crystals. This approach utilizes a robust and intrinsically stable monolithic configuration, obviating the need
for feedback mechanisms or thermal drift compensation. Our method offers a promising avenue for enhancing
the reliability and efficiency of quantum communication systems, and we believe that this technology could
significantly advance the development of quantum communication techniques, where information encoding is
based on orbital angular momentum, or spatially distributed orbital angular momentum detection.
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I. INTRODUCTION

Radiation with orbital angular momentum (OAM) [1] has
given rise to many applications to overcome the diffraction
limit in imaging methods [2], in astronomical and astro-
physical observations [3,4], to finely control and manipulate
nanoparticles [5], detection of the gravitational waves [6], and
in the field of telecommunications [7-9]. OAM beams exhibit
twisting helical wavefronts with a phase singularity at the
center. The helical wavefronts are characterized by an integer
number /, known as the topological charge, which describes
the number of 27 phase shifts around the optical axis. The
topological charge is also associated to the quantized orbital
angular momentum / /2 of a single photon [10]. In particular
over the past years, considerable attention has been paid to
the conservation of orbital angular momentum in spontaneous
parametric down-conversion (SPDC) [10-13] which finds
potential applications in experimental quantum information
science. The detection of OAM states is of utmost impor-
tance for the full exploitation of OAM-based systems. To this
aim, different interferometric [14-16], diffractive [17], and
refractive [18,19] techniques have been proposed, leading to
efficient sorters of OAM states [20,21] capable of fast (single-
shot) performances [22]. Notwithstanding the availability of
accurate and well-established OAM detection techniques,
even current state-of-the-art methods require collecting a sub-
stantial portion or the entire wavefront of the OAM beam, and
in many cases the singularity should also be intercepted by
the detector surface. In some applications, the OAM beam
can become larger than the detector size due to the natural
photon beam divergence, particularly for higher topological
charges [, posing serious limitations to OAM states decoding.
In this view, we have recently investigated and experimentally
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proven the possibility of measuring the topological charge,
thus of detecting OAM states, by using only a small portion of
the propagating beam [23-27]. In this paper, we propose and
experimentally demonstrate an effective approach to detect
OAM entangled states generated by SPDC with a monolithic
interferometer based on two birefringent crystals. As such, the
proposed scheme is intrinsically stable and does not require
any feedback or thermal drift compensation.

II. THE BASIC IDEA

In general, a Laguerre-Gauss (LG) mode ¥, ;(x,y) de-
pends on a radial index p and an angular index [. Here, we
set p = 0, since this corresponds to our actual experimental
configuration, as we will discuss below, so that the (non-
normalized) LG mode can be written as

You(x,y) =e Wl emile, (1)

where r = /x% + y? and ¢ = atan2(y, x), (x, y) are the Carte-
sian coordinates, and w is the beam waist. Note atan2 is the
two-argument arctangent. Notice that we neglect the Guoy
phase for the reasons explained below. The helical phase
front of the mode is exploited in the proposed technique to
discriminate between OAM states. Basically, the LG mode is
sent through a suitable interferometer, where it is split into two
different paths that experience different longitudinal phase
shifts, thus acquiring a relative phase shift ¢. The two paths
are then superimposed with an additional transverse shift, here
only along the y axis for simplicity, of an amount Ay, so
that the complex amplitude of the total radiation leaving the
interferometer is given by

o (. y1 Ay) = 00 (x, ¥) + Yo (x, y — Ay)e®.

Notice that in the operational conditions of our application,
the Rayleigh range of the input beam is much larger than
the beams’ separation in the interferometer. Consequently, the
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Guoy phase of the two beams is essentially the same, and
when they interfere it serves as a common factor that does
not impact the intensity pattern. For this reason, we neglect
it in Eq. (1). If the amplitude wéf’lm)(x, y) is associated with a
single photon, as in the case we are going to consider, then the
probability of detecting it at a given point, say for simplicity
(x0,0), 1s

P(@, 1) = ¢ (xo, y; Ay)|* = €% + 2B cos (¢ + L po),
®)

where ¢y = arctan(Ay, xp), « = exp (—x3/w?)|xo|l, B =
exp [— (x5 + Ay)/w?lg + Ay, and £ = o® + B
Equation (2) shows that interference fringes form with
a phase shift /¢y, so properly measuring P(p,!l) allows
retrieving information about the angular index /, which is the
idea behind the local detection of OAM with our technique.

III. THEORY

In this section, we calculate the states generated via SPDC
in terms of LG modes, and we resume the main elements
necessary to describe the local discrimination of OAM states.

Let us focus on a SPDC in collinear configuration. The
state generated in this condition can be written as [28]

[¥)ppc = / d*r Apump (1)a (1)a} (1)]0), 3)

where r = (x,y), Apump(r) is the complex amplitude
of the pump in the spatial domain, and a?z(r) =
f d’kexp (—ik - r) a?z(k) are the creation operators of the
photon at the point r, with k = (ks, k,). Introducing the
single-mode state

e,y = / &y, (ma’ (0)]0),

where v, ; are the LG modes with radial index p and an-
gular index [/, and by means of the completeness relation
> p1 1VL6)p1 i (Yicl = 1, Eq. (3) becomes

Wene = Y D Cpt.prr1V1LG) pal VLG s

pl p.l

where ¢1 0 = [ d*r Apump(0)¥ (195, (r). Since  for
postselection we only detect states with p = p’ = 0, we focus
on the coefficients ¢, := cp .0, For a Gaussian laser pump
profile Apump(r) o< exp (—r?/ w,z,) with a waist w), as in our
case, the equation for OAM conservation holds,

-2 _p , -
cLy O(/rdre “'%e_ﬁr‘”*”‘/dqﬁe’(lﬂ % ()

which vanishes for [+ /1" # 0. Defining |I) = [YLg)os =
[ d®r ¢ (r)a’ (r)|0), we clearly see that our PDC state is en-
tangled in OAM:

[Wepe = D e alD1=D). )
!

After the two entangled photons of the state of Eq. (5) are
separated, for example, by using a beam splitter, the detection
of the modes with different OAM [ can be performed locally
as described above.

Local
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Coincidence )

counter
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Alag n = 14
Ul U Uess™ || U

FIG. 1. Scheme of the experimental setup. Laser: laser diode; L;:
lenses; PH: pinhole; HWP;: half-wave plates; BBO: BBO crystal;
D;: dichroic mirrors; F: long-pass filter; BS: beam splitter; HOLO:
hologram; 0, £1: OAM modes separated by the hologram.

IV. EXPERIMENTAL IMPLEMENTATION

The idea for OAM detection described in the section above
has been experimentally implemented and demonstrated using
the setup depicted in Fig. 1. Pump radiation is provided by
a 407.5-nm wavelength laser diode, spatially filtered with
the lenses L; and L, in a confocal configuration, together
with a pinhole (PH) placed in their common focal point.
Power adjustment is performed with an amplitude modula-
tor formed by a half-wave plate (HWP;) and a polarizing
beam splitter (PBS). Another half-wave plate (HWP;) sets
the right polarization for the SPDC process. A telescopic
system L3 and L4, and the lens Ls guarantee a size of the
spot in the SPDC crystal of 40 um. Type-I SPDC is obtained
by means of a 1-mm-long beta barium borate (BBO) crystal.
Two dichroic mirrors D; and D,, together with a long-pass
filter F, remove the residual pump radiation. Collimation of
the PDC photons is achieved using the lens Lg with a focal
length 100 mm, then a 50 : 50 beam splitter (BS) separates
the two entangled photons, making their separation effec-
tive only in 50% of cases. The reflection of BS goes to a
computer-generated fork hologram made on a polyester film
with groove density of ~30lines/mm, that separates / = 0,
[ = 1,and [ = —1 modes, which are successively sent to three
corresponding single-mode fiber couplers, each connected to
different avalanche photodiodes. This specific hologram limits
the application of our technique only to the modes with [ =
=+1, but other hologram configurations could be used in order
to study different OAMs, for example, generated by non-null
pump OAM. Furthermore, fiber couplers automatically define
the modes’ dimension of the other entangled photon, since
they transmit only collimated photons in the mode LG, and
with a diameter of 2.38 mm. The transmission of BS goes to
the local detector, described in the next section, where an-
other in-fiber avalanche photodiode allows photon counting,
An ad hoc electronic device and a computer (PC) allow the
simultaneous coincidence photon counts between the output
of the interferometer and the / = %1 outputs of the hologram.
Notice that, due to OAM conservation, a coincidence with the
I = %1 output of the holograms implies that a [ = F1 state
exits the interferometer.
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FIG. 2. Scheme of the local detector from above. IN: input beam;
HWP;: half-wave plates; C;: calcite crystals; POL: polarizer; IRIS:
iris; FIL: spectral filter. The effect of C, rotation around the sketched
axis is clear in the three-dimensional (3D) view, consisting in a
vertical separation Ay of the two replica of the beam.

Detection of OAM states is performed with a local detec-
tor, which exploits the principle described at the end of the
theoretical section [see Eq. (2)]. This detector is based on two
identical 40-mm-long calcite crystals, schematized in Fig. 2.
The input polarization of the photons from PDC is horizon-
tal, and it is rotated to 45° with a half-wave plate (HWP3).
The first calcite crystal C; is oriented in a direction such
that vertical and horizontal polarizations encounter ordinary
and extraordinary paths, respectively. In this last case, the
walk-off is D = 4.18 mm at the end of the crystal. Another
half-wave plate (HWP,) rotates the polarization of each path
such that they result inverted in the second calcite crystal C,.
After passing through C,, the two paths intersect and allows
interference, which can be seen after a 45° polarizer (POL).
Finally, an iris (IRIS), and a 10-nm-FWHM spectral filter
(FIL) perform a spatial and spectral selection, respectively.
Looking at Eq. (2), the phase shift ¢ between the two paths
is set by slightly rotating C; around the vertical axis by means
of a stepper motor connected to the crystal mount, and con-
trolled by a computer. The other parameter Ay is controlled
by rotating C, around the longitudinal axis, as schematized
in Fig. 2. More specifically, rotating C, of a small angle y
causes the overlap of parts of the mode that were shifted
of Ay =Dsiny =~ D y. A horizontal shift occurs too, but it
is negligible, since Ax = D(1 — cos y) ~ 0. The presence of
the iris makes the detection local, since its aperture is always
smaller than the beam size. In our case, the minimum diameter
of the iris has been chosen in order to have a reasonable
coincidence photon counts rate (in our case ~500 min~!), and
corresponds to 1.5mm, so that only a fraction of the beam
power is collected (in our case from 45% to 30%, correspond-
ing to iris horizontal shifts from O to 0.8 mm, respectively).
Measuring coincidences between hologram outputs and inter-
ferometer output for different ¢ allows the reconstruction of
the probability P(¢, 1), and thus the synchronous detection
of | = +1 states. A final brief examination should be devoted
to the impact of the finite radius of curvature R of the input
beam. Specifically, this curvature induces interference fringes
in the vertical direction (aligned with the shift introduced
by the interferometer), thereby diminishing visibility. The
requisite condition for preventing this effect is expressed as
R > d;Ay/A, with d; the iris diameter. Notice that in the

following calculations we included the effect of a finite value
of R, to ensure a complete analysis. Owing to its design, this
interferometer results to be very robust and stable, both for
the shift Ay and the phase shift ¢, providing a very important
tool, especially for long-term measurements, as in our case.

V. NUMERICAL CALCULATIONS
AND EXPERIMENTAL RESULTS

Our experimental setup allows the measurement of co-
incidence counts relative to the OAM [ = +1 and [ = —1,
thus in this section, we will show the expected results rela-
tive to these cases, in particular as a function of the vertical
shift Ay, the iris dimension, and the iris horizontal shift x,
together with the experimental results. Before delving into
the calculations, it is important to highlight the effects of
the angular correlations between the entangled photons, and
the mode divergence. As far as the angular correlations are
concerned, the projection onto an LG mode can be non-null
also for non-perfectly-collinear modes. For example, let us
consider the LGgp mode. The position of the coupler 0, after
the hologram, fixes the dimensions of the mode coupled to
the calcite crystal, since only an LGy with a diameter of
2.38 mm enters the fiber and can be detected. Actually, the
hologram does not transform an LGy, into an ideal LGy, and,
in turn, it results in coupling a mode generated from a LGy,
with a dimension w = 0.85 mm. Propagating back to the BBO
crystal, this corresponds to a 31 um beam. The coupler 0 also
fixes the direction of the photon on the BS reflection, thus the
direction of the entangled photon on the BS transmission has
an angular spectrum that depends on the pump dimensions.
Equation (4) becomes for LGy modes

2

_a? 22
T GO rCosd o~k

<

co0(0) = /rdr dpe ,
where k = 20 /A, and W= w;z + 2w 2. Here, 6 is the
exit angle of the photon propagating to the local detector with
respect to the condition of perfect collinearity, while w,, is
the pump beam radius (40 um), and w is the radius of the
beam collected by the fiber couplers (31 um). In these con-
ditions, the angular spectrum dppc = A/ is comparable to
the diffraction of the same mode 84 = A /7w, thus the effect
is non-negligible, and it must be considered by incoherently
summing the contributions relative to all the angular spectra,
weighted on the corresponding amplitudes. The same holds
for LGg; modes, and we have

2
_2_2? 0 o
01,71(9)=/rdrd¢e W (ﬂ) G EOrcosd

Wy

Since the angular deviation is converted into a shift by the
collimation lens Lg, dppc is converted into a transverse shift
by L¢ Sppc- The aforementioned incoherent sum is performed
over all the incoherent contributions relative to different trans-
lations both on x and y directions, with a Gaussian weight
G(r) = exp (—2r2/wf), where w. = 0.93 mm is the shift cor-
responding to Jdppc. It is crucial to note that this effect
highlights the importance of using the collimating lens L,
since, without it, paths with different & would experience
different shifts in the interferometer, leading to a significant
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FIG. 3. (a) Calculation of the shift A¢ as a function of the
horizontal position of the iris x;, with (solid) and without (dashed)
considering the angular correlations between the entangled photons,
for different iris diameters d;. Here, Ay = 0.5 mm, corresponding to
y =~ 7°. (b) Calculation of the shift A¢ as a function of the rotation
y of the crystal C,, for different beam radii of curvature. Here,
x; = 0.7mm and y; = 0.

reduction in fringe visibility. The other aforementioned effect
concerns the divergence of the beams, that is important due
to the small dimensions of the beams we use. In particular,
we observed that radii of curvature shorter than 3 m lead to
vertical fringes in the interferometer, resulting in a decreased
visibility due to the vertical shift. On the other hand, this
effect can also lead to an increase in the phase shift between
the two paths in the interferometer, as will be clear from the
calculations below. Notice that the reduction in visibility may
differ between the [ = +1 and [ = —1 beams, since their radii
of curvature are generally not exactly equal.

Figure 3(a) shows the calculations of the phase shift A¢
between the probabilities P(¢,l) of / =+1and/ = —1asa
function of the horizontal shift x of the iris, and for different
iris diameters [d; = O (point), 0.2, 1.0, and 2.0 mm]. In these
calculations, we set Ay = 0.5 mm, corresponding to y ~ 7°.
We considered the cases with and without angular correla-
tions, corresponding to solid and dashed lines, respectively.
It is clear that the total effect of the angular correlations is
to reduce A¢, even if it remains relevant for our purpose.
Notice that the curves tend to the point case as the iris aperture
decreases, as one would expect. In Fig. 3(b) we report the
phase shift between [ = +1 and [ = —1 cases as a function
of the rotation y of the crystal C,, for different radii of
curvature of the two beams. The position of the iris in this
case is x; = 0.7 mm and y; = 0. We notice that the phase shift
increases as the radius of curvature decreases.

Exploiting the setup described above, we simultaneously
measured coincidence photon counts between the output of
the interferometer and the / = &1 outputs of the hologram, as
a function of ¢, and in different configurations. Precisely, for
each value of ¢, coincidence counts have been sent to a PC,
allowing the reconstruction of the probabilities P(p, £1), as
reported in Fig. 4, left columns (points). Every experimental
point is the average of 25 acquisitions, each of 40 s. Each data
set has been fitted with the function y = A 4+ Bcos(¢ + C)
(lines), from which the respective phase shifts A¢ have been
calculated, and it is reported in the right column of Fig. 4
(blue points), together with the theoretical trends (lines), cal-
culated for different radii of curvature. After verifying that
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FIG. 4. On the left, we show the acquired sinusoids of Eq. (2)
for different iris positions x; (—0.8, —0.4, and 0.0 mm), with their
respective fits. The resulting shift A¢ is plotted in the corresponding
graphs on the right, comparing the results with theoretical trends
(lines). Each row corresponds to different iris diameters d; and crystal
rotation angles y.

A¢ is null for Ay =0, we acquired data for different iris
positions x;, iris diameters d;, and rotation angles y of the
crystal C,. The comparison between experimental points and
theoretical trends shows that the method is robust and fits
well with a radius of curvature of the beams of around 1.5 m.
This confirms that our approach is really local, in the sense
explained above, and our technique can be effectively used
to distinguish between different OAMs. Owing to the local
nature of the measurement, this technique could be used also
for the discrimination of spatially distributed OAMs.

VI. CONCLUSIONS

In this paper, we have demonstrated the use of a mono-
lithic interferometer utilizing two birefringent calcite crystals
to effectively discriminate the topological charge of quantum
radiation carrying orbital angular momentum. This inter-
ferometer is intrinsically stable and does not require any
feedback or thermal drift compensation. Our experimental
setup, which employs a two-photon entangled state generated
by spontaneous parametric down-conversion, has confirmed
the efficacy of the proposed method, showing strong agree-
ment with theoretical predictions. As the interferometer
requires only a portion of the beam to be detected, it ensures
local discrimination of the OAM of entangled states.
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