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Abstract. We demonstrate experimentally that acousto-optic diffraction by a shear
acoustic wave propagating in fused silica can transform linear or -circular
polarization states into their orthogonal counterparts. It is also shown that a
corresponding acousto-optic cell with a shear acoustic wave propagating in a
vitreous medium can be used as a NOT or CNOT gate. The advantage of our method
is a possibility for spatial manipulation by qubits via acousto-optic diffraction under
condition of changing frequency of the acoustic wave.
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1. Introduction

Photons are ideal carriers for data bit transfer since they are practically insensitive to interference
and can be transmitted over long distances both in open-space and fibre-optic communication
lines. In the theory of quantum computing, a term ‘qubit’ or ‘quantum bit’ implies a unit of
quantum information, i.e. it is a quantum analogue of bit [1]. A qubit corresponds to a two-level
quantum-mechanical system, e.g., to the polarization of single photon which can be linear (vertical
or horizontal) and circular (left- or right-handed). In quantum mechanics, quantum state of a qubit
can be represented in general by a linear superposition of its two orthonormal basis states (basis
vectors). Using a standard Dirac notation, these vectors are typically denoted as ket vectors in the

Hilbert space:
1 0
|0>=M ; I1>=H : M)

Unlike a traditional logic state, i.e. a bit which can acquire the values 0 and 1, a qubit can
represent any superposition of the two basis states. A linear superposition of these states is a pure
state of the qubit. The wave function of the qubit can be written as a ket vector, which is a linear
combination of |0) and |1):

lw) = al0) + BI1). 2

Here o and f are complex probability amplitudes, the squares of modules of which, |a|* and
|8, determine the probabilities of quantum system to be in the basis states |0) or |1), respectively.
Because the squared amplitudes equate to probabilities, o and f must satisfy the normalization
condition

jaf + B = 1. A3)

Any two-level quantum system can be used as a qubit. In particular, the qubit can be
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implemented physically using a certain state of polarization of a single photon. For example, Jones
vectors of a linearly polarized light can be used as basis vectors. If we choose a laboratory
Cartesian coordinate system so that its z axis coincides with the horizontal direction of light
propagation, the x axis is directed ‘horizontally’ and the y axis is ‘vertical’. Then the electric field
vector E lies in the xy plane, and the polarization of light is described by the projections £, and E,
on the x and y axes, respectively. The horizontal and vertical linear polarizations of light in this
coordinate system are expressed respectively via the Jones vectors Jy and Jy:

1 0
)

while the circular polarizations (left- and right-handed) are given respectively by the Jones vectors

J[ and JR [2]
. \/2 ] ’ R \/2 j .

To implement quantum computing with using of the quantum circuits or quantum computers,
one must be able to control the states of qubits. To do this, quantum logic elements (or quantum
logic gates) are used. They enable mapping the input states of qubits into the output states
according to a certain law. Since the qubit is depicted as a vector in two-dimensional space, the
action of the quantum gate can be represented by a unitary matrix, which is multiplied by a
corresponding vector of state of the input qubit. Then a single-qubit gate is represented by a 2x2
unitary matrix and a gate which acts on n qubits is given by a 2"x2" matrix.

The simplest single-qubit gates can be described as follows [3]. Identity gate is represented
by the identity matrix, usually written as I. It is defined for a single qubit as

1—10 6
lo1]” ©

where I is basis-independent and does not modify the quantum state. The identity gate is most
useful when describing mathematically the results of various gate operations or when discussing
multi-qubit circuits.

The Pauli gates (X, Y, Z) are given by the three Pauli matrices oy, 0, and o.. They act on a
single qubit. Pauli X, Y and Z equate, respectively, to rotations of the Bloch sphere by 7z radians
around the x, y and z axes. The Pauli-X gate is a quantum equivalent of the NOT gate in classical
computers with respect to the standard basis |0) and |1), which distinguishes the z-axis on the
Bloch sphere. It is sometimes called as a bit-flip as it maps |0) to |1) and |1) to |0). This gate is
usually represented as

01
X:(;r:Gl:NOT:[ } (7)
: 10

Similarly, Pauli-Y maps |0) to i{|1) and |1) to —i|0). It is given by

0 —i
Y=0y=c72=[i 0} )

At last, Pauli-Z leaves the basis state |0) unchanged and maps |1) to —|1). Due to its nature, it
is sometimes called as a phase-flip. This gate is represented as

10
Z=0'z=c73={0 _J. 9)
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Note that the Pauli matrices are involutory, thus meaning that the square of any Pauli matrix
is the identity matrix:
X’ =Y?=7>=—iXYZ=I. (10)
Controlled gates act on two or more qubits, where at least one qubit acts as a control for some
operation. For example, a controlled NOT gate (denoted often as CNOT or CX) acts on two qubits.
It performs NOT operation over the second qubit only when the first qubit is |1) and leaves it
unchanged otherwise. In the basis

1 0 0 0
0 1 0 0
100)=| | loD=[q|> MO)=|{|> 1D=| |- (11)
0 0 0 1
the gate is represented by the matrix
1000
|01 00
CNOT=|( ¢ o | (12)
0010

The value of the second (controlled) qubit after the action of CNOT coincides with the result
of action of a classical logical operation XOR (exclusive disjunction). The CNOT gate can be

described as a gate that maps the basis states |a,b) — |a, a®b), where ® is XOR. Unlike the classic

logic gate, which has a unit output, CNOT has two outputs, which preserves reversibility of the
computations. CNOT can be used to untangle the Bell states (i.e., to remove quantum
entanglement). In general, any quantum circuit included in a quantum computer can be simulated
with a combination of only CNOT elements and rotations of individual qubits. In some important
cases, quantum computing allows one to speed up significantly the calculations and so solve many
problems that cannot be solved by means of classical computers. Therefore, development of the
physical systems that enable implementation of the basic elements of quantum computing is an
important task.

The CNOT gate can be based on different physical principles. For instance, the qubits can be
constructed using nuclear spins in an NMR processor [4, 5], cold trapped ions and atoms [6—8],
biomolecular systems [9], superconducting circuits [10, 11], etc. All of these principles reveal both
advantages and shortcomings. In particular, the cold trapped atoms and ions, similarly to the
superconducting circuits, need low-temperature keeping of their working elements, while the
biomolecular systems are not stable with respect to temperature changes. From this point of view,
photons which are insensitive to external influences seem to be one of the best carriers for
quantum computing. Moreover, photons possess both spin and orbital angular momentums, which
can form entangled intra-system and inter-system states [12, 13].

A CNOT gate utilizing photons as carriers has been offered in Ref. [14]. In this work, a half-
wave plate and a polarization beam splitter have been used in order to implement this gate. In Ref.
[15], a new design of quantum optical gate for manipulating by two-qubit entanglement has been
suggested. A first experimental realization of the CNOT gate with no interferometry has been
demonstrated in the work [16]. These works deal with bulk optical elements such as half-wave
plates or polarization beam splitters, which need precise alignment. These disadvantages can be
eliminated when using an integrated optic technology [17-20]. An integrated optical quantum-
logic element has been suggested in the study [21]. Unfortunately, this scheme needs optically
birefringent waveguides and keeping the coefficients of branching with high accuracy, which
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requires complex high-technological equipment when fabricating the integrated optical quantum
gates. Moreover, all of the optical schemes mentioned above do not allow operating the direction
of light propagation, although the latter would make possible spatial manipulation of qubits, e.g.
their multiplexing or addressing.

From this viewpoint, acousto-optic (AO) Bragg diffraction is probably the best method for light-
beam scanning. Here one can change the angle of diffraction when changing the frequency of an
acoustic wave (AW). In the present work, we describe a new technique for implementing an optical
quantum gate and controlling polarization-encoded qubits, which is based on the AO interactions. The
method [22] can be implemented using either volume optical or integrated optical devices.

2. Fundamentals of the method
Let the electric field vector of the incident light wave lie in the xy plane and its polarization be
defined by the complex 2x1 Jones vector J;,:

J [E?] (13)
E}
where E;“ and E;“ are the complex Cartesian amplitudes of the electric field.
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Fig. 1. Schematic view of AO Bragg diffraction in a vitreous medium and a laboratory coordinate system xyz.

Imagine that a transverse AW propagates almost perpendicular to the z axis and close to the x
axis. Let its polarization be vertical, i.e. the displacement vector is oriented along the y axis. When
this AW propagates in a solid material medium, the refractive index of the material is modulated due
to elasto-optic effect. The change in the refractive index is determined by the amplitude of AW and
the components of elasto-optic tensor P. In case of isotropic materials like glass (or cubic crystals

described by the point symmetry groups 432, 4 3m and m3m), the mentioned tensor has the form

_Pn Popr, 00 0
P PyPr 0 0 0

_| P2 PPy 0 0 0
P_000p4400' (14)

00 0 0 p, O
(0 0 0 0 0 p,

In the case of anisotropic AO Bragg diffraction by a transverse (i.e., shear) AW, the
polarization of the diffracted optical wave differs from that of the light beam incident on the AO
cell [23]. In the case of isotropic diffraction in vitreous medium, the change in the light
polarization can take place, too. Let us choose the laboratory Cartesian coordinate system xyz so
that the input light beam propagates along the z axis (see Fig. 1). The relation for the electric field
of the diffracted optical wave can be written as
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E/ =AB,D) = Pes6Ds' s Pes = Paa - (15)
where DJ' is the electrical induction of the incident optical wave, p,, the effective elasto-optic
coefficient, and ¢, the strain-tensor component caused by the transverse AW propagating along
the x axis. For the incident optical wave polarized parallel to the x axis we have
E{ =AB, D" = p,,e,D" . As seen from Eq.(15), the polarization of the diffracted wave is

orthogonal to the polarization of the incident wave even in the isotropic medium.

In the above geometry of AO interaction in a glass medium, the diffraction efficiency is
defined by the effective elasto-optic constant p,,, whereas the polarization of the diffracted wave
in general differs from that of the input optical wave. When the polarization of the incident wave is
linear and is oriented along the vertical direction, the diffracted wave has the horizontal
polarization, and vice versa:

) [ LN [ B (16)

When the input light has the left circular polarization, then the diffracted light reveals the
right circular polarization, and vice versa:

b R E S (17)

These polarization transformations occurring under AO diffraction can be described by the
unitary transformation matrix, i.e. the Jones matrix T of the type

oot 18
=10l (18)

Note that this matrix is equivalent to the Jones matrix of a half-wave plate oriented in a so-
called ‘diagonal’ position (i.e., at the angle z/4 with respect to the x axis). Such a half-wave plate
converts any incoming polarization ellipse, with the azimuth ¢ of its major axis and the ellipticity
e, into the output ellipse described by the azimuth (7/2 — ¢) and the ellipticity (—e). This means that
only the polarizations located at a ‘big circle’ HRVL (Horizontal linear — Right circular — Vertical
linear — Left circular) of the Poincare sphere, i.e. the polarizations having the orientations of their
major axes along either x or y axes (in other terms, having the azimuths ¢ =0 or ¢ =/2) are
mapped onto their orthogonal polarization states. For example, the polarization ellipse with the
horizontal major axis (¢ = 0) and the ellipticity e is converted into the ‘vertical’ ellipse (¢ = 7/2)
with the opposite ellipticity (—e). As a result, the pairs of the orthogonal states of photon
polarization referred to as ‘horizontal-vertical linear polarizations’ or ‘left-right circular
polarizations’ can be chosen as the basis states of the qubit.

To verify a practical performance of such an AO cell, we have conducted the experiments
described below.

3. Experimental procedures and the main results

We have studied the behaviour of light polarization in the course of AO diffraction of polarized light
in fused silica. A shear AW propagates along the horizontal direction that coincides with the x axis of
our laboratory coordinate system. The displacement vector (i.e., the polarization) of the AW is
oriented vertically, i.e. along the y axis. A lithium niobate transducer with the dimensions 5%3 mm?
and the resonant frequency 50 MHz is used to excite a transverse ultrasonic AW. The incident light
beam of a He-Ne laser with the wavelength 633 nm is directed normally to the AW in the horizontal
plane, i.e. along the z axis.

The polarization of probing light has been prepared by means of a linear polarizer followed
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by a quarter-wave plate. Such a polarization generator is able to implement any polarized state.
The polarization states of the diffracted beams with the orders 0 and —1 have been analyzed by
means of a rotating-analyzer technique. To determine the parameters of the output polarization
ellipse (i.e., the ellipticity angle ¢ and the azimuthal angle 8 of the major axis, which is counted
counter-clockwise beginning from the x axis), we have used experimental dependences of the light
intensity / recorded with photodetector on the analyzer azimuth a. These dependences can be fitted
with a standard function

I=1Iy{1 + cos2ecos[2(a — 0)]}/2, (19)
where [ denotes the intensity of the light incident on the analyzer. In this manner, the orientation
and the ellipticity of the polarization ellipse have been determined.

Three kinds of probing light beams have been used in our experiments. First, we utilize a
linearly polarized light. In this configuration, the quarter-wave plate is removed from the
polarization generator. Six azimuthal positions of the input polarizer have been used: 0°, 45°, 90°,
135°, 30° and 60°. The parameters of the polarization ellipse of the light outgoing from the sample
(namely, the azimuth 6, the ellipticity angle & and the ellipticity e = tan(e)) have been determined
under the following experimental conditions: (a) no ultrasound signal is applied (i.e., no AO
diffraction occurs), (b) a zero-order beam under ultrasound signal applied, and (c) a diffracted
beam of the order —1 under ultrasound signal applied. The results obtained for the case of linearly
polarized incident light are collected in Table 1 and Fig. 2.

Table 1. Polarization parameters of AO-diffracted optical beams, as measured for the case of
linearly polarized input light.
Output polarization

Azimuth p of input . AP
N polarization, deg A;“g:gth Elllptglc:itzgangle Ellipticity e
1| p=0
no diffraction 0.47+0.16 6.2x107* 1.1x107°
0 order 0.68+0.05 1.55 0.027
—1 order 90.38+0.10 5.57 0.097
2| p=90
no diffraction 90.44+0.05 1.6x107* 2.7%x10°°
0 order 90.35+0.03 3.8x107 6.6x1077
—1 order 0.50+0.13 4.45 6.6x1077
3| p=45
no diffraction 45.49+0.04 0.83 0.015
0 order 45.45+0.03 1.2x107* 2.1x10°°
—1 order 44.74+0.06 2.09 0.037
4| p=135
no diffraction 135.46+0.04 1.17 0.020
0order  135.48+0.05 1.01 0.018
~1order  134.61+0.13 3.55 0.062
3| p=30
no diffraction 31.15+0.38 2.2x107* 3.9x10°°
0 order 30.24+0.15 1.2x107* 2.1x10°
—1 order 60.09+0.20 3.60 0.063
4| p=60
no diffraction 60.78+0.27 0.33 5.8x107°
0 order 60.61+0.19 0.21 3.7x107*
—1 order 30.57+0.35 2.78 0.049
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Fig. 2. Changes in the polarization of linearly polarized light occurring in the course of AO diffraction: panels (a),
(c), (e), (9), (i) and (k) correspond to incident light polarization, and panels (b), (d), (), (h), (j) and (1) to diffracted

light polarization.

After that, a circularly polarized probing light has been used. To provide a circular polarization,
the quarter-wave plate has been inserted after the polarizer and in front of the material sample. The fast
axis of the quarter-wave plate has been oriented in the azimuthal position ¢=0°. The circularly
polarized probing beams with the two alternative (left or right) handednesses have been prepared via
setting the polarizer into the azimuthal positions p = 45° or p = 135°, respectively. The parameters 6, &
and e of the polarization ellipse have been determined under the same experimental conditions. The
results obtained for the case of circularly polarized incident light are gathered in Table 2 and Fig. 3.

Table 2. Polarization parameters of AO-diffracted optical beams, as measured for the case of
circularly polarized input light.

Output polarization
Ne Input polarization : PRy
putp A;,“:;:gth Elllpg’c:itgfgangle Ellipticity e
1 |Left-handed circular
no diffraction  2.927+0.558 43.753 0.9574
Oorder 1.216£1.912 43.574 0.9514
—1 order 46.507+3.852 —44.143 -0.9705
2 |Right-handed circular
no diffraction  1.683+1.436 —44.146 —-0.9706
0 order  2.174+1.878 —43.872 -0.9614
—1 order 38.331+3.177 44,527 0.9836
204
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X X X X

N N Y DY
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Fig. 3. Changes in the polarization of circularly polarized light occurring in the course of AO diffraction: panels

(a) and (c) correspond to incident light polarization, and panels (b) and (d) to diffracted light polarization.
Finally, the elliptically polarized probing light has been used. Then the fast axis of the
quarter-wave plate remains in the azimuthal position ¢ =0°. The elliptically polarized probing
light with the two azimuths, 0° and 90°, has been prepared via setting the polarizer into the
azimuthal positions p = 25° and p = 65°, respectively. Then the parameters &, ¢ and e under interest

have been determined. The results obtained for the case of elliptically polarized incident light are
reported in Table 3 and Fig. 4.

Table 3. Polarization parameters of AO-diffracted optical beams, as measured for the case of
elliptically polarized input light.

Output polarization
Ne Input polarization : Py
putp A;:I(I;:gth Elllptglfiltzrgangle Ellipticity e
1 [p=25°c=0°(0=0°e=0.466)
no diffraction  0.46+0.11 25.16+0.09 0.470
0 order  0.87+0.32 25.51+0.27 0.477
—1 order 91.93+0.14 -25.34+0.11 -0.474
2 [p=65°c=0°(0=90° ¢e=-0.466)
no diffraction  90.55+0.16 -24.51+0.12 -0.456
0 order 90.79+0.29 -24.62+0.29 —0.458
—1 order  1.88+0.17 25.16+0.17 0.470
Y Y Y Y

A

N

1N
N—]
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(©)

—
—

X

(d)

Fig. 4. Changes in the polarization of elliptically polarized light occurring in the course of AO diffraction: panels
(a) and (c) correspond to incident light polarization, and panels (b) and (d) to diffracted light polarization.

4. Discussion

Having analyzed the data presented in Table 1, one can conclude that, in case of the AO diffraction
in fused silica, the linearly polarized incident light with the horizontal polarization (6= 0°) is
mapped into the vertical polarization (6 = 0°), and vice versa. The ‘diagonal’ linear polarizations
given by 8=45° or #=135° do not change their polarizations under the AO interaction. The
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analysis of the transformations of circularly polarized incident light at the AO diffraction gathered
in Table 2 draws the conclusion that the polarizations of the diffracted beams remain circular, but
their handednesses are inverted, i.e. the sign of the ellipticity e changes from +1 to —1, and vice
versa. Finally, as seen from Table 3, the AO diffraction converts the polarization ellipses with the
horizontal (the azimuth 8 = 0°) or vertical (6 = 90°) directions of their major axes into the ellipses
with the opposite signs of ellipticity and the orthogonal major axes.

In other words, the experimental results obtained in this work confirm that the AO cell with
the shear AWs in vitreous media acts on the light polarization like a half-wave plate in a diagonal
position, i.e. it is described by the Jones matrix (18). It is obvious that the Jones matrix T given by
Eq. (18) is identical to the matrix of the quantum NOT gate (the Pauli-X gate — see Eq. (7)).
Therefore, the AO cell with the shear AW propagating in a vitreous medium can be used as a
quantum NOT gate for the polarization-encoded qubits. Finally, in the absence of ultrasonic AW,
the light polarization does not change, whereas application of the acoustic signal converts the light
polarization into its orthogonal counterpart, so that we obtain a controlled NOT gate denoted as a
CNOT gate.

5. Conclusion

In the present work, we have shown experimentally that the AO diffraction by the shear AW
propagating in fused silica changes the linear and circular polarization states to the orthogonal
polarizations. In the course of Bragg diffraction, the elliptical polarization states with the
‘horizontal’ and ‘vertical’ azimuths are converted into the elliptical polarization states with the
opposite signs of ellipticity and the orthogonal directions of their major axes. As a result, the AO
cell with the shear AW propagating in a vitreous medium can be used as the quantum NOT gate
for the polarization-encoded qubits. Moreover, one can easily obtain the CNOT gate since the light
polarization does not change in the absence of ultrasonic wave and the polarization is converted
into its orthogonal counterpart whenever the acoustic signal is applied. The advantage of our
method consists in a ready possibility for spatial manipulation by the qubits via the AO diffraction
occurring with changing frequency of the AW.
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Anomauin. Excnepumenmanbno npooemoncmpog8ano, wo aKyCmoonmuyHa Ou@paxyis Ha 3Cy68Hill
aKyCMuyHIll X6uni, sIKa NOUUPIOEMbCS 8 NIAGIEHOMY Keapyi, Modice nepemeopumu RiHiuHI abo
KpYeosi noaapuzayiiuni cmauu Ha ixui opmoeonanvi anaiozu. Takodc noxazamo, wo 8ionogiony
aKycmoonmuyHy KOMIPKY 3 3CY8HOK AKYCHUYHOI XGUJLEI0, SIKA NOWUPIOEMbCA Y CKIONOOIOHOMY
cepedoguuyi, mModxcua eukopucmosysamu sax xeanmosi eenmuni NOT ab6o CNOT. Ilepesacoio
HAW020 Memoody € MONCIUBICHb NPOCMOPOBO2O KepYSaHHs Kybimamu 3a O0NOMO20H0
aKkycmoonmuunoi ouppaxyii 3a ymosu 3minu 4acmomu aKycmuiHoi Xeui.
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