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Quantum logic gates are important for quantum computation and quantum information processing in numerous physical systems. Although time-
bin qubits are suitable for quantum communication over optical fiber, many essential quantum logic gates for them have not yet been realized.
Here, we demonstrated a controlled-phase (C-Phase) gate for time-bin qubits that uses a 2 x 2 optical switch based on an electro-optic modulator.
A Hong—Ou-Mandel interference measurement showed that the switch could work as a time-dependent beam splitter with a variable splitting ratio.
We confirmed that two independent time-bin qubits were entangled as a result of C-Phase gate operation with the switch.

© 2018 The Japan Society of Applied Physics

s progress on digital computers has begun to reach its

limits, expectations regarding quantum computation

are rapidly growing. Many physical implementations
of quantum computers have been demonstrated using various
quantum bit (qubit) systems such as superconducting
devices,'™ ion traps,*> and quantum dots.®® An essential
research topic here is building quantum logic gates to im-
plement interactions among qubits to form multipartite
entangled states.” It is difficult to realize such photon inter-
actions using linear optics. Despite this, protocols have been
proposed for realizing universal quantum computers using
only linear optical tools.'*'¥ In fact, quantum logic gates for
photonic qubits have been demonstrated using path'® and
polarization qubits.'>™') Such quantum logic gates are also
useful for quantum communication, in which quantum error
correction using simple quantum logic gates for photonic
qubits enables a quantum repeater system without using
quantum memories based on matter qubits.’)

It is difficult to use these types of photonic qubits in most
of the quantum communication systems studied experimen-
tally to date over optical fiber, because it is difficult to
preserve the relative phase between the modes that compose
the qubits owing to fluctuation in the refractive indices and
birefringence of the optical fibers. Instead, time-bin qubits
have been used in most of the fiber-based quantum com-
munication experiments because of their robustness against
these fluctuations.?'>® However, a problem remains in that
many of the essential quantum logic gates, such as con-
trolled-not (CNOT) or controlled-phase (C-Phase) gates,
have not yet been realized for time-bin qubits.

In this study, we demonstrate an implementation of the
C-Phase gate for time-bin qubits. Our scheme is based on a
two-input, two-output (2 X 2) optical switch used as a time-
dependent beam splitter.”” We show that two time-bin qubits
can be entangled as a result of C-Phase gate operation with
the 2 X 2 switch.

Here, we describe C-Phase gate operation for time-bin
qubits by using a high-speed 2 X 2 optical switch, which is a
Mach—Zehnder (MZ) interferometer that includes an electro-
optic phase modulator (PM)** in one of the optical paths,
as shown in Fig. 1(c). We launch two time-bin qubits as a
control and a target state into ports A and B of the switch,
whose states are given by [w)a = cialti)a + c2ae?|t2)a

and |y)g = c1plt1)p + cope'?®|ty )y, respectively. The indices
A and B are the input ports to Alice and Bob. Here, |),
represents the photon in the time position ¢, € {#1,#,} of the
input port, y € {A, B}, and ¢, is the amplitude of |t,),, which
is a nonnegative real number that satisfies ¢i, + c3, = 1; ¢y is
the phase difference between temporal states #; and #,, which
can be set by adjusting the temperature controller (TC). The
ideal C-Phase gate operates on two input time-bin states,
as follows:

lwin) = [¥)a ® W)
= ciacislti)alti)p + cracope® |t Al12)p

+ caacipe P ) lt1)g + c2acme™ 2P| 12) 4 |12).

1)
By applying a time-varying signal to the PM, the 2 X2
switch can be operated as a time-dependent beam splitter
whose splitting ratio changes with time. The evolution of a
time-bin state with the 2 X 2 switch is described as

0 0
os<(2”‘))|rk>c - sin((;"))lm
sin (@) lt)c + cos (@) [t s (2)

where 6(1;) represents the phase difference between the two
arms of the MZ interferometer at time #;, and the indices C
and D are the output ports to Charlie and David. For C-Phase
gate operation, we set 8(t;) = 0 and 0(f;) = 2cos™ 1 (1/4/3),
which means that the 2 X 2 switch passes the first temporal
mode and works as a one-third beam splitter for the second
mode.

By performing a coincidence measurement between
Charlie and David, we obtain a state given by

(179N

k)8

. 1
ciacislt)clti)p + ClAC2B€l¢B\/;|t1>C|t2>D

. 1 . 1
+ CzAC1B€"/'A\/;|l2>c|l1>D — concope! Pt 3 [22)clt2)p-

(3)
Similarly to the case of previous C-Phase gates realized for
path'? and polarization'>!> qubits, the amplitude imbalance
can be eliminated by applying one-third attenuation only to
the #; mode. Thus, in the coincidence basis between Charlie
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Fig. 1.

Experimental setup. CW Laser: continuous wave laser. IM: intensity modulator. EDFA: erbium-doped fiber amplifier. OVA: optical variable

attenuator. PPLN: periodically poled lithium niobate waveguide. SHG: second harmonic generation. PC: polarization controller. PPKTP: periodically poled
potassium titanyl phosphate waveguide. PBS: polarization beam splitter. Filter: band-pass filter. ATT: amplitude attenuator to the first temporal mode. MZI:
Mach—Zehnder interferometer. TC: temperature controller. PM: electro-optic phase modulator. DL: optical delay line. POL: polarizer. SSPD: superconductor

single-photon detector. TIA: time interval analyzer.

and David, we obtain an output state for C-Phase gate
operation, which is given by

[Wou) = ciacislti)clti)p + cracase®® |t )clt2)p

+ cancipe” | n)clt)p — cancame P | clia)p.
“4)

The experimental setup is shown in Fig. 1. We generate
a 1561 nm pulse train with a 250 MHz repetition rate by
modulating continuous-wave laser light from an external-
cavity diode laser using a lithium niobate intensity modu-
lator. The pulsed light is amplified by an erbium-doped
fiber amplifier. The amplified pulse train is launched into a
periodically poled lithium niobate waveguide to generate a
780.5 nm pulse train via second harmonic generation (SHG).
Then, the SHG light pumps the type-II periodically poled
potassium titanyl phosphate (PPKTP) waveguide to generate
quantum-correlated photon pairs through the process of
spontaneous parametric down-conversion. The band-pass
filter placed after the PPKTP waveguide is used to block the
SHG pump light. By changing the optical variable attenuator,
we adjust the average power of the pump light to set the
average number of correlated photon pairs per pulse to 0.028.
The photon pairs are input into a polarization beam splitter
to separate the signal and idler photons for Alice and Bob.
Then the photons are passed through another band-pass filter
with a central wavelength of 1561 nm and a bandwidth of
1.4nm to reduce the noise, as shown in Fig. 1(a).

Alice and Bob prepare their time-bin states by launching
the signal and idler photons into 1-bit delay interferometers
fabricated using planar light-wave circuit (PLC)* technolo-
gies, as shown in Fig. 1(b). As discussed in the previous sec-
tion, one-third amplitude attenuation should be added to the
first temporal mode. Note that additional one-third polar-
ization-dependent beam splitters were integrated into the gate
in previous experiments,'*!>-!®) whereas we placed the ampli-
tude attenuation in the stage of state preparation by Alice and

092801-2

Bob. This means that the states of the initial time-bin qubits
are given by /3/4(/1/3|t1) + €|t,)). To implement this,
we fabricated PLC interferometers equipped with additional
MZ interferometers in the short arms. With these MZ inter-
ferometers for Alice and Bob, as shown in the inset of
Fig. 1(b), we can apply variable attenuation to the first tem-
poral mode by adjusting the TC individually. Then the time-
bin qubits are launched into the 2 X 2 optical switch, which is
based on a lithium niobate waveguide (EO Space).’* By
adjusting the DC bias and RF modulation signal to the PM in
the switch as shown in Fig. 1(c), the 2 X 2 switch can be
operated as a one-third beam splitter for the #, mode and as
a transparent transmission path for the 7; mode. Because of
the post-selection and amplitude compensation, the success
probability of the C-Phase gate is 1/9 even when there are no
component losses.

The output photons from ports C and D of the switch are
sent to the 1-bit delay interferometers owned by Charlie and
David, respectively. The photons output from the interfer-
ometers are detected by two superconducting single-photon
detectors (SSPDs). The signals are used as a time interval
analyzer, and the coincidences are counted by a conventional
computer. The detection efficiencies of the SSPDs for Charlie
and David are 57 and 62%, respectively, and the dark counts
for both detectors are less than 40 cps. In order to erase the
polarization distinguishability of the photon pairs, polariza-
tion controllers are located in front of each 1-bit delay inter-
ferometer and at the input ports of the 2 X 2 switch, and the
polarizers are placed after the outputs of the 2 X 2 switch.
The insertion losses of the interferometers and switch are
approximately 2.0 and 7.7 dB, respectively.

First, we confirmed that the 2 X 2 switch worked as a time-
dependent beam splitter by making a Hong—Ou—Mandel
(HOM) interference measurement for time-bin qubits.?®
We removed the 1-bit delay interferometers at Charlie’s
and David’s ports and measured the coincidence counts. We

© 2018 The Japan Society of Applied Physics
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Fig. 2. Experimental results of HOM interference measurement. By ad-

justing the DC bias and modulating the RF signal to the PM, the 2 X 2 switch
can be operated as a one-half (circles) and one-third (triangles) beam splitter
for the second temporal mode. The visibilities are 0.937 + 0.002 and 0.783 +
0.022, which are close to the theoretically obtained visibilities of 1.0 and 0.8,
respectively. The result for the first temporal mode (crosses) did not show a
dip, implying that the switch did not work as a beam splitter for the #; mode.

adjusted the arrival times of the two time-bin qubits at the
switch by changing the optical delay line placed at Bob.
Here, we operated the 2 X 2 switch as a one-half and one-
third beam splitter at the second temporal mode, whereas it
simply passed the first temporal mode, |#;)c|t;)p. The results
are shown in Fig. 2. In the coincidence counts for the second
temporal mode, |1,)c|t;)p, we observed clear dips in the visi-
bilities of 0.937 + 0.002 and 0.783 + 0.022 for one-half and
one-third beam splitter operation, respectively. These results
agreed well with the corresponding theoretical visibilities,
1.0 and 0.8 for one-half and one-third beam splitters,
respectively. In addition, we did not observe any dip in the
result for the first temporal mode. Overall, these results
confirmed that the switch could work as a time-dependent
variable beam splitter, as we expected. The coincidence count
rate was 3 Hz outside the HOM dip, and each measurement
took 40s. We did not subtract accidental coincidences in
any of the experiments reported in this paper.

Next, we inserted Charlie’s and David’s interferometers
after the 2 x 2 switch and performed a C-Phase gate experi-
ment. If we could implement an ideal C-Phase gate operator
(CP) on Alice’s and Bob’s prepared photons, [+) =1/
V2(It1) + |12)) with ¢pa=¢p=0 and cja =cip = coa =
cop=1/ /2, Charlie and David would observe a maximally
time-bin entangled state given by

—~ 1
CP|++)ap = 5(|tm> + |ti2) + |2t1) = |212))ep

-
V2

Thus, the density matrix of the obtained state after C-Phase
gate operation is given by

(It1+) + [2=))cp- (5)

11 11 1 1 1 =1

{11 1 ce 111 1 1 =1

! et

401 1 1 1 411 1 1 -1
111 1], -1 =1 =1 1 Jq

(6)
To confirm generation of an entangled state as a result of
C-Phase gate operation, we performed quantum state tomog-
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Fig. 3. (a) Real and (b) imaginary parts of experimental density matrix
determined by performing QST measurement after C-Phase gate operation.
In this measurement, Alice and Bob input the |[++) state by setting the phase
¢a = ¢ = 0. The values of the elements of the density matrix correspond to
the color bar, and the positive and negative terms are illustrated in red and
blue, respectively.

raphy (QST)*”?® for time-bin qubits so that we could obtain
the density matrix of the output state, as shown in Fig. 3.
The negative terms in the density matrix of Eq. (6) are
clearly visible in Fig. 3(a). The fidelity to the target entangled
state was 62 + 7.8%. We also calculated a von Neumann
entropy of 0.817, linear entropy of 0.505, and concurrence
of 0.551.272%

However, according to Peres,?”) two states are inseparable
if the eigenvalues of the partial transposition of the density
matrix have a negative value. The eigenvalues of the partial
transposition of our density matrix were —0.204, 0.18, 0.403,
and 0.621 after C-Phase gate operation. The negative eigen-
value confirms that the time-bin qubits prepared by Alice and
Bob were entangled as a result of the C-Phase gate operation
implemented by the switch.

There are several factors that may have decreased the
fidelity of the entangled state generated by the C-Phase gate.
The fluctuation of the splitting ratio of the 2 X 2 switch,
which arises from the DC bias drift of the lithium niobate
waveguide modulator, would have been the main source of
the errors in the generated state.'" Moreover, because of
the large loss induced by the interferometers and the optical
switch, the present experiment required a long measurement
time, which increased the fluctuation of the setup further. We
believe that we can obtain better fidelity by overcoming these
issues.>” In addition, the use of integrated photonics tech-
nologies will enable significant compactification of the gate
function, which will lead to better stability. For example, we
can integrate the function of amplitude compensation into
additional intensity modulators placed in front of the 2 X 2
switch fabricated in a lithium niobate waveguide.

Although we demonstrated that the C-Phase gate success-
fully worked for a specific input state, the present experiment
does not constitute a full characterization of the quantum
gate. Quantum process tomography (QPT)*" is now widely
used for this purpose. Using QPT to analyze the gate opera-
tions requires 16 different input states, which increases the
measurement time significantly. Because of the low coinci-
dence rate caused by the relatively large component losses
and the limited stability of the 2 x 2 switch described above,
it is difficult to perform QPT with our C-Phase gate in the
current setup. Therefore, it is important to reduce the com-
ponent losses and improve the stability of the setup so that we
can undertake QPT for more comprehensive characterization
of the gate operation.

© 2018 The Japan Society of Applied Physics
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As with previous C-Phase gates based on post-selec-
tion,'>! the limited success probability will limit the appli-
cation of these gates to systems with a relatively small number
of qubits. For example, such probabilistic quantum gates
could be useful for demonstrating a quantum communication
system based on quantum error correction.?”)

We would like to note that a CNOT gate can be operated
by applying a Hadamard transform to the target time-bin
qubit before and after the C-Phase gate.'® In addition, we can
tune the magnitude of the phase shift given to the time-bin
qubits by changing the amplitude of the modulation signal to
the switch.’”

When we use the proposed gate in a quantum network over
optical fiber, precise adjustment of the path lengths in front of
the 2 X 2 switch is not a trivial issue. However, such path-
length matching in a fiber network has been successfully
demonstrated in several long-distance quantum teleportation
experiments,32’33) in which active feedback control based on
HOM interference measurement was implemented, together
with sharing of the time reference between nodes, which was
enabled by the use of classical channels. These techniques can
be applied to deploy our quantum gate in a real fiber network.

In summary, we demonstrated a C-Phase gate for time-bin
qubits by using a 2 X 2 switch as a beam splitter. By adjust-
ing the DC and RF signal, the optical switch can be operated
as a time-dependent beam splitter with different splitting
ratios for different temporal modes. Here, the 2 X 2 switch
was operated as a one-third beam splitter of the #, mode that
passes the #; mode. A HOM experiment showed that the
visibility was 0.78 + 0.02 for the 7, mode and that there was
no dip for the #; mode. An examination of the density matrix
obtained by QST showed that the C-Phase gate successfully

)

. . - 25)

entangled the time-bin states prepared by Alice and Bob, and 26)

the fidelity was 62 + 7.8%. 27)
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