Measuring Berry Phase of Entangled Photons
Related to Orbital Angular Momentum
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Abstract: We demonstrate experimentally and theoretically that two-photon
coincidence “ghost” imaging detection can reveal a generalized version of
Berry phase related to orbital angular momentum. The round featureless
signal light beam is generated by the spontaneous parametric down
conversion and entangled to its counterpart while the Berry phase is added
to the signal beam by varying its propagation vector to form a closed circuit.
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1. Introduction

Entanglement is at the heart of quantum mechanics since its early development. Recently, the
entanglement of photons generated by the spontaneous parametric down
conversion(SPDC)[1-5] has been applied to quantum coincidence “ghost” imaging and
suggested to many applications[6-8]. On the other hand, Berry phase[9], the geometric phase
acquired by a system after following a closed circuit in Hamiltonian parameter space, plays a
major role in many experiments related to quantum interference, one of the most known as the
Aharonov-Bohm effect[10] of the electrons. First pointed out by Berry, this geometric phase
can also be acquired by other particles. Later this idea was extended by Chiao[11] to include
photons, whose spin state can be +1 or -1 with the Hamiltonian parameter space being
replaced by the propagation vector k space. Following this track, Segev generalized Berry’s
geometric phase as the rotation of an image bearing light beam[12], whose angle of rotation
about its propagation axis depends on the geometric phase determined by the solid angle
subtended by the propagation vector k of the beam to go along a closed circuit[13].

Photons can catry not only spins but also orbital angular momentums(OAM) of multiple
7i . Mostly, the OAM is represented by the mode number /¢ in the Laguerre-Gaussian (LG)
mode, manifested in the helicity of the wave function of the light. If the total phase to go
around a light beam about its center is 2/ 7 , the photon is carrying OAM of (7 . According to

Berry's principle extended by Chiao, if the change (Ak) of the propagation vector k of the
light beam on its propagation path forms a closed circuit and encircles certain amount solid
angle Q, the photon will obtain a geometric phase of —/Q). Because the total phase going
around the singular center of an ¢ mode is 2/m, obtaining a phase —¢Q for such mode is
equivalent to a rotation of angle QO about its singular center. Therefore, the light beam
composed of many different / modes, though different / modes obtain different amount of
Berry phase, the entire beam will rotate about its axis by 2. However, if the light beam is
round, featureless, and unpolarized, a direct measurement cannot distinguish if there is a
rotation of the light beam. In this Letter, we demonstrate experimentally and theoretically that
the two-photon coincident detection can reveal the rotation related to the generalized Berry
phase of such light beam.

2. Experiment

In the setup shown in Fig. 1, the argon ion laser beam, removed unwanted fluorescence by a
prism, is pumped into a beta barium borate (BBO) crystal cut for type-II collinear degenerate
spontaneous parametric down conversion (SPDC). The orthogonally polarized, entangled,
signal and idler photons, at central wavelength A; = A; = 2, = 702.2 nm, are separated from
the pump by a dispersion prism. A polarization beam splitter (PBS) reflects the idler while
transmits signal photons. The signal then passes through a double slit (a = 0.16 mm and d =
0.5 mm). The signal and idler are to be detected by the single photon detector modules D, and



D, , respectively. Each module contains a small square aperture (D;=0.16 mm?*, D,=0.09 mm?),
a filter centered at 700.6 nm with a 10 nm FWHM and a collecting lens. The distances from
BBO to the double slit and from the double slit to D; are 24.5 cm and 80 cm, respectively.
The idler propagates freely a distance of 103 cm from PBS to D,. We perform the coincident
detection by fixing D, in position and scanning D, for the two transverse dimensions (X, and
Y>) in an area of 7.5 mm by 7.5 mm with a scanning step of 0.3 mm. The outputs of D, and D,
are connected to a coincidence counter with a time window of 5 nsec. Figure 2. (B) shows the
coincident intensity. The period of the observed coincident interference pattern is consistent

with the theoretical value 2.0 mm.
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Fig.1. Left: Experimental setup. A mirror set is placed at position I to rotate the featureless
signal beam, or at position II to rotate the pattern-bearing beam. For direct signal measurement,
D, is scanned. For coincident measurement, D is fixed while D, is scanned. Right: Sending
information by featureless signal and idler light beams. The signal is rotated by some angle
about its propagation axis and sent with the idler to the receiver. On the receiver side, an
aperture shapes the signal. The receiver can obtain the rotation angle set by the sender.
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Fig. 2. (A), (C), and (E) show the interference patterns of the He-Ne laser beam, overlapped
with the signal, to distinguish the orientation. (B), (D), and (F) show the coincident detection.
Without the rotating mirrors, (A) and (B) have the same orientation. With the rotating mirrors
at position I, the direct measurement (C) cannot reveal the rotation, while the coincident
measurement (D) can. With the rotating mirrors at position II, the direct measurement (E)
reveals such rotation, but the coincident measurement (F) cannot.

We then place a set of mirrors at position I in Fig. 1 that reflect the light a few times. The
light that leaves the mirror set has the same propagation vector as it enters the mirror set. The

change (Ak ) of the propagation vector k of the light beam on its propagation path therefore
forms a closed circuit and encircles certain amount solid angle Q. This is equivalent to adding
Berry phase to the signal photons. Because of the large divergence of the round and
featureless SPDC[ 1], we cannot observe the rotation caused by the added Berry phase directly.
We therefore overlap a He-Ne laser beam with the signal beam and observe it by a CCD
camera at the place of the detector module to discern the rotation. The interference pattern of
the He-Ne laser beam is not rotated at all since it makes no difference to rotate a round



featureless light beam [cf. Figs. 2(A) and (C)]. It means the added Berry phase cannot be
revealed by the direct observation. We then conduct the coincident measurement for the
SPDC light beams. The coincident interference pattern indeed rotate about 90° [cf. Figs. 2 (B)
and (D)], i.e., the added Berry phase to the signal photons can be revealed by the “ghost”
imaging.

On the other hand when the mirror set is at position II, the orientation of the interference
pattern of the overlapping He-Ne laser beam [cf. Figs. 2(A) and (E)] is rotated about 90° as
demonstrated by Segev[12]. Nevertheless, the coincident counting image reveals no rotation
at all[cf. Figs. 2(B) and (F)].

2. Theory

The quantum state[14, 15] of the entangled photons is |¥) J‘dXCD* X)a; (%)& (x)|0),]0),.

CD;(‘) is the profile of the pump, X the transverse coordinates, and & ;, the creation

s(i)

operator for the signal (idler). For a thorough analysis that can be applied to particles other

than photons, in stead of a simpler geometric approach used to explain the original “ghost”

imaging experiment [1], we detail the theory in the LG expansion [16]. In the complete LG
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the conservation of angular momentum.
For generality, we assume the signal and idler, respectively, are divided and transmitted

through different linear systems with impulse response functions h,(X,,X) and h (X,,%),
where X, and X, are transverse coordinates on the output planes of the two systems,
respectively. Berry’s geometric phase, —/C, obtained by each LG mode can be expressed [18,
19] as 'I:|€, p> = exp(—ifQ)M, p> , where Q is the solid angle subtended by the propagation

vector k of the beam to go along a closed circuit. With T at position II, the operators[15] at
the detection planes of D, and D, , respectively, are
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p
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|£ ’,p> to |€, p> by the impulse response functions h, ( h, ). Then the probability of

coincidence of photons at the position X, and X, is
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The coincidence rate, when we fix D, and scan D, , is then
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where P, is the area of the aperture in front of D,, located at the center of the signal beam and

h (X,,X) =1, referred to vacuum, meaning v,;), =8, 8, , has been applied. When  the
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rotation is added before h, or T is at position IR
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As we compare the results of Eq. (2) and Eq. (3), the Berry phase term disappears when T is

at position II and appears when T is at position I. This is indeed what we observe in the
experiment for the coincident detection.

4. Ghost Image Carrying Berry Phase

We also conduct the two-photon imaging[20] experiment with Berry phase added to the signal.
We change the scheme and insert one lens after the PBS and place a image plate containing a
triangular transparent area closely before the detecting module D;, which already has a
collecting lens. We scan transversely D; and obtain the direct image of the triangle [Fig. 3(A)].
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Fig. 3. Results of the imaging experiment: (A) and (C) show the images taken directly by
scanning D;. (B) and (D) show the coincident image. Without the rotating mirrors, (A) the
direct and (B) the coincident measurements show an upside-down mirror inversion. With the
rotating mirrors at position I, (C) the direct image shows no rotation, while (D) the coincident
image shows a rotation.

We then scan D, and fix D;, whose small aperture is removed to make it a bucket detector,
and obtain the coincident image [Fig. 3(B)], of which the triangle is inverted upside down




because the image mapped by one lens[20] is rotated by 180° and the reflection by the PBS
for the idler makes a left-to-right mirror inversion. We then insert a four-mirror set[13],
without introducing mirror inversion, to rotate the featureless signal light beam at position I.
The direct measurement of the signal beams reveals no rotation [cf. Fig. 3 (A) and (C)].
However, the coincident image[cf. Figs. 3(B) and (D)] reveals a roughly 90° rotation. With
this setup, by comparing the direct imaging and the coincident imaging, we can measure the
rotation angle O of the featureless signal beam and deduce that a signal photon of orbital

angular momentum state ¢ has acquired a Berry phase —(0 .
5. Conclusion and Discussion

One can transmit information as the rotation angle by round featureless signal and idler light
beams as shown in the right part of Fig. 1. Or, one can remove the image mask and at the
same time replace D; and D, by single photon detector arrays. When a coincident event is
detected by the two arrays, one can retrieve the angle information transmitted by the sender by
comparing the positions of the detectors on each array which register the incident of the
photons. This way, with a single pair of entangled photons, one can transmit multi-bit
information coded in the rotation angle set by the sender.

Recent researches demonstrated chaotic light[21-23] can be used as the light source for
the two-photon coincident ghost imaging. With a careful theoretical examination, we find that
similar results obtained here can be applied to the setup with chaotic light source because the
degree of the mutual intensity coherence are both non-unity for the entangled photons and the
chaotic light source. Therefore with similar setup, we can measure the rotation angle of a
featureless chaotic light beam about its propagation axis and transmit information by the
rotation angle of featureless chaotic light beams.

It is noticed that the spatial cross-correlation of cold fermionic atoms[24] and cold
bosonic atoms[25] has already been measured by HBT type experiment. One might also
extend the approach here to measure the Berry phase acquired by cold fermionic or bosonic
atoms if a vector potential is present by realizing that the propagation vector and the magnetic
field play the similar role in Berry’s theory[9, 11].
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