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ABSTRACT

Youngs double slit experiment is one of the most celebrated achievements in quantum and classical optics; 
it provides experimental proof of the wave-particle duality of light. When the paths of the double slit are 
marked with orthogonal polarizations, the path information is revealed and no interference pattern is observed. 
However, the path information can be erased with a complimentary analysis of the polarization. Here we use 
hybrid entanglement between photons carrying orbital angular momentum and polarization to show that, just 
as in Young’s experiment, the paths (OAM) marked with polarization do not lead to interference. However, 
when introducing the eraser (polarizer) which projects the polarization of one of the entangled photons onto 
a complementary polarization basis, the OAM (paths) are allowed to interfere, leading to the formation of 
azimuthal fringes whose frequency is proportional to the OAM content carried by the photon.
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1. INTRODUCTION

The wave-like behavior of photons and matter waves is an interesting feature that has been revealed through a 
myriad of double slit and path interferometric experiments.1, 2, 3, 4, 5 Interestingly, these quantum systems also 
exhibit a contrasting property, a particle like behavior, which cannot be observed simultaneously according to 
the complementarity principle.6 This can be verified through the fringe visibility and path distinguishably of 
photons in the double slit experiment.7, 8, 9, 10 The former indicative of a wave-like and the latter a particle 
like behavior. Exploiting this feature has enabled for quantum eraser experiments to be performed, where path 
information (particle-like) can be erased from a quantum system.11, 12

Significantly, most variations of the quantum eraser have exploited double slits13, 14, 15 and beam split-
ters.16, 17, 18 Entangled photons have also been exploited. For example in ref.13 the particle or wave-like 
behavior of one photon is heralded by another, ultimately enabling for the obtainment and removal of the path 
information in the system. Moreover, delayed choice versions have been reported18, 19, 20 wherein non-locality 
plays a vital role. However most reports of the quantum eraser have limited the experiment to physical path 
interference although in quantum mechanics a path can be any abstract variable.

In this paper, we show that quantum eraser can be extended to the abstract paths of orbital angular mo-
mentum (OAM).21, 22, 23, 24 We use polarization as our OAM equivalent path marker through polarization-OAM 
hybrid entanglement. We engineer the hybrid entanglement from spontaneous parametric down conversion and 
perform a orbit to spin conversion using geometric phase control. We show that through the polarization control 
of one of the entangled photons, the OAM (paths) marked with polarization do not lead to OAM (path) in-
terference (introducing OAM information). We erase the OAM information with a complementary polarization 
projection of the twin photon. We determine whether the OAM is marked or erased by scanning the azimuthal 
distribution of the photons and measuring the fringe visibility. We obtained low (V ≈ 0.04) and high (V ≈ 0.92) 
visibilities showing that we can determine and erase the OAM information in the system.

2. THEORY

2.1 Traditional quantum eraser
The entanglement based version of the quantum eraser can be illustrated by considering the following hybrid 
path-polarization entangled state
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Figure 1. (a) A concept schematic of the quantum eraser with polarized entangled photons. The entangled photons are
spatially separated into the signal (s) and idler (i) arms. The double slit is marked with linear horizontal(H) and vertical
(V) polarizer is used to judiciously obtain and erase the path information in the system. (b) An illustration of the intensity
distribution of OAM eigenmodes and their (c) superposition states.

|Ψ〉s,i =
1√
2

(
|H〉s |a〉i + |V 〉s |b〉i

)
. (1)

Here |H〉s and |V 〉s represent the horizontal and vertical linear polarization states of the signal (s) photon that
mark paths a and b of the idler (i) photon with eigenstates |a〉i and |b〉i, respectively. The system in Equation. (1)
can be generated by allowing the signal photon to interact with a physical double slit just as in ref.13 The eraser
procedure can be carried out as follows: first particle information is introduced into the system by projecting
photon s onto the state |H〉s (|V 〉s) resulting in the obtainment of path information in the system indicating
that the photon traverses path |a〉i (|b〉i) (particle-like behavior). Next the path information can be erased by
projecting the signal photon onto a superposition state, i.e., |±〉 = 1√

2

(
|H〉± |V 〉

)
using a polarizer, resulting in

|Ψ〉s,i →
1√
2
|±〉s

(
|a〉i ± |b〉i

)
, (2)

where the idler photon collapses onto a superposition even though the paths were initially marked, consequently
allowing them to interfere (a wavelike property). Here, the polarizer acts as an eraser; it removes the path
information from the system. Remarkably, the particle and wave like nature are deduced form the interference
fringe visibility V. When the paths are marked V = 1 and once erased V = 0. This is a characteristic of the
complementarity principle which can be quantitatively written as

V2 +D2 ≤ 1 (3)

where D is the path information. The special cases (D=1, V=0) and (D=0, V=1) correspond to maximal path
information obtainment and maximal eraser, respectively.

2.2 Abstracting path to orbital angular momentum

The path eigenstates in Eq. (1) can be treated as a two level (qubit) system on the projective Hilbert space.
Since the Hilbert space is not restricted to the path DoF, one can replace the notion of path with an alternative
DoF, i.e., the orbital angular momentum (OAM) of photons. The OAM eigenstates can be represented by the
state |±`〉 corresponding to a characteristic azimuthal phase profile ei`φ where each photon carries an angular
momentum of ±`~ with the integer ` representing the topological charge.23

A qubit space can be constructed for OAM modes with opposite topological charges, i.e, H2=span{|`〉 , |−`〉}.
Analogously, each OAM eigenmodes can be treated as an abstract path. The OAM eigenmodes, |`〉 and |−`〉 have
a uniform intensity distribution (see Fig. 1 (b)) while the azimuthal phase profiles are opposite in rotation. The
state |`〉 is right handed while the state |−`〉 is left handed. Moreover, superposition states, |`〉 ± |−`〉, give rise
to azimuthal spatial fringes with a frequency of 2`. This is illustrated in Fig. 1 (c) for |`| = 1, 2, 3 where spatial
fringes are observed in the azimuthal direction. Analogous to the appearance of lateral interference fringes from

Proc. of SPIE Vol. 10409  1040906-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Mar 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



op

-stiD 1,.
Figure 2. (a)Experimental set-up. A periodically-poled-potassium-titanyl-phosphate (PPKTP) crystal was pumped with
a 405 nm laser in a collinear set-up; the entangled photons were produced on axis with the pump. The entangled photons
were split into the signal (s) and idler (i) arm with a 50/50 beam-splitter (BS). We engineered an orbit to spin conversion
in arm s with a q-plate (QP) (q = 0.5). Using a quarter wave-plate (QW) and with a polarizer (P) we marked and erased
the OAM of the idler photon. The down-converted photons were filtered with 10nm bandwidth interference filter (IF).
Single mode fibers (SMF) where coupled to avalanche photo-diodes (APD) and counted the photons in coincidence with
a coincidence counter (C.C).

path interference, we can use the azimuthal fringe visibility to determine whether there is OAM information or
whether it has been erased from the system. Given the above motivation, we can rewrite Eq. (1) as

|ψ〉s,i =
1√
2

(
|H〉s |`〉i + |V 〉s |−`〉i

)
, (4)

where the path eigenstates are replaced by abstract paths of OAM.

3. EXPERIMENT

In Fig. 2.(a), we present the experimental set-up for our quantum eraser. We engineered hybrid entanglement
from spontaneous parametric down conversion (SPDC) and geometric phase control. A PPKTP nonlinear crystal,
cut for type 1 phase matching, was pumped with a 405 nm Coherent Cube laser with a Gaussian profile and
produced 810 nm entangled photon pairs given by the following state

|Ψ〉SPDC =
∑
`

c|`| |`〉s |−`〉i |H〉s |H〉i , (5)

where c|`|2 is the probability of finding the signal and idler photon in the state |±`〉, conserving the orbital
angular monument of the pump photon. The entangled photons were separated with a 50/50 BS. We performed
a orbit-to-spin conversion of the idler photon using a q-plate,25,26,27,28 an optical element that performs spin-
orbit coupling. Noting that |H〉s = (|R〉s+ |L〉s)/

√
2 and subsequently applying the transformation of the q-plate

on the signal photon, Eq. (5) becomes29

|Ψ〉s,i =
1√
2

(
|R〉s |`〉i + |L〉s |−`〉i

)
, (6)

where ` = 1 since q = 0.4 OAM subspaces. Next we rotated from circular to linear polarization using a QW
wave plate, inserted after the q-plate and oriented at 45◦ resulting in the state
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|ψ〉 =
1√
2

(
|H〉s |`〉i + i |V 〉s |−`〉i

)
. (7)

We point out that the OAM “path” was marked by orthogonal linear polarization states. A polarizer was used
to distinguish and eraser the OAM information in the system. The target state is given by

|α〉s = cos(α) |H〉s + sin(α) |V 〉s , (8)

Here α defines the angle of the polarizer. The azimuthal distribution of the photons can be analyzed by encoding
a binary phase step (0 and π) corresponding to the state |θ〉B =

(
|`〉B + ei2θ |−`〉B

)
with an orientation

proportional to the relative phase, (θ), between the orthogonal |`〉 and |−`〉 OAM states.30,31,32,33 The phase
step was encoded onto the SLM, in the signal arm, and served as a pattern sensitive scanner.34,35 A Holoeye
PLUTO phase only SLM was used to encode the binary phase mask using the digitally controlled display enabling
us to scan the azimuthal spatial distribution of the photon in the idler arm. A gating time of 25 ns was used as
a window within which coincidence events between the idler and signal were collected from the APDs.

The theoretical probability of detection is given by29

P (α, θ) ∝ | 〈θ|B 〈α|A |ψ〉AB |
2

=
1

2
(1 + sin(2α) cos(2θ + δ)). (9)

where δ = π
2 . The visibility of the interference fringes is proportional to | sin(2α)| by Eq. (9). We varied the

angle of the polarizer from 0 to 45◦ subsequently scanning of the azimuthal photon distribution to determine the
fringe visibility.

4. RESULTS

Figure 3. Experimental coincidence counts and visibility measurements. The purple points represent the experimental
results and dashed lines represent the theoretical plot. (a) and (b) are coincidence counts when α = 0 (OAM information
is obtained) and α = 45◦ (erased) with low and high visibilities, receptively The visibility measurements with a variation
of the polarizer are presented in (c) showing minimal visibility when the OAM is marked and maximal visibility when it
is erased.

We present the experimental results. The OAM information of the idler photon was obtained by projecting the
polarization of the signal photon onto the state |H〉 corresponding to α = 0◦. The angular mask was encoded
on the SLM and rotated while the signal and idler photons where detected in coincidence. The results are
presented in Fig. 3(a) where there are minimal fringes observed. The small oscillations are due to imperfections
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in the polarization filtering of the signal photon. Our results are in accordance with Eq. (9) which predicts
P (θ) = constant for α = 0 indicating that there is OAM information in the system. Furthermore, the measured
visibility of the spatial fringes is 0.04±0.01 indicating that there is no OAM interference, analogous to identifying
the path of a photon in the double slit experiment.

Next, we erased the OAM information with a judicious choice of the polarizer angle by setting it to α = −45◦

thus selecting the |−〉 polarization state. The coincidence counts obtained from the azimuthal scanning are
presented in Fig. 3 (b) where interference fringes with a visibility of 0.92± 0.01 were measured indicating that
the OAM information is erased. The oscillating counts is consistent with Eq. (9).

Lastly, we measured the visibility against α in the range α = [0◦, 45◦] increments of 5◦. The results are
presented in Fig. 3 (c). The interference fringes are minimal at α = 0 and maximal when α = 45◦. Furthermore,
visibility of the fringes is proportional to | sin(2α)|, as predicted by the theory (Eq. (9)).This indicates that
a reduction in the OAM information increases the visibility indicating a complementarity between the OAM
information and the azimuthal spatial fringe visibility.

5. DISCUSSION AND CONCLUSION

We have shown that the OAM of a photon can be erased through polarization control in a hybrid entangled
system and our results are in agreement with the theory. Our results indicate that marking the OAM of a photon
with polarization of its entangled twin does not lead to azimuthal fringes while a complimentary measurement
of the polarization lead to highly visible interference fringes (wave-like) and in other words erases the OAM
information.

Here the role o f hybrid entanglement has a vital role which allowed us to abstract the concept of path to OAM
and exploit entanglement between polarization and OAM reminiscent to path polarization hybrid entanglement.
We have also reported an extension of these results, where we performed the eraser procedure in a delayed
measure scheme.29 Furthermore, this new way of looking at the quantum eraser has proven to be invaluable for
quantum communication; we have recently shown that our scheme capable of revealing the amount of disturbance
present in a quantum channel36 relevant for the quantum communication with spatial modes of light.37,38,39 We
point out that any other DoF could have been used and chose orbital angular momentum due to the recent
interest in applications for quantum information and communication.

In conclusion we have demonstrated the advantage of using OAM as an abstract path. This does not require
any complicated interferometers and enabled us to perform the eraser procedure with ease. We showed that the
fringe visibility and OAM information acquisition are complimentary.
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