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Franson interferometers
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Korea, ?School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST),
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Entanglement, that is, quantum correlations that do not have a classical
counterpart, is a precondition to establishing communication protocols
beyond the existing classical protocols, such as quantum key distribution,
that achieves a higher level of security without computational assumptions. In
this work, we present a proof of demonstration of detecting various entangled
states, prepared by time-bin encoding with photons that are natural resources
for long-distance quantum communication. We generate a maximally
entangled state in time-bin qubits and verify the state in two ways. We first
consider measurements that realize entanglement witnesses for the
verification of entanglement. We then perform a quantum state tomography
for the full characterization. Experimental resources are also discussed.

KEYWORDS

entanglement witness, time-bin qubit, quantum state tomography, fiber-based Franson
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1 Introduction

Entanglement signifies quantum correlations existing in multipartite quantum states
that cannot be prepared by local quantum operations and classical communication only [1].
It has been identified as a key resource that enables quantum information processing to
outperform its counterpart [2]. In particular, entanglement is a precondition for quantum
cryptographic protocols [3, 4], that is, the quantum key distribution, that establishes secure
communication between two legitimate parties with a higher level of security without relying
on computational assumptions [5, 6].

On the one hand, entangled states can be completely verified by quantum state
tomography (QST) [7].
informationally complete measurements, that is, a set of measurements that can

Two parties prepare tomographically complete or
uniquely identify a single state for the given measurement statistics. Instances of
tomographically complete states correspond to mutually unbiased bases [8], such as
observables X, Y, and Z for qubits, and also symmetric and informationally complete
(SIC) states [9]. Once a state is fully characterized, known theoretical methods of
detecting entangled states can be applied. For instance, the partial transpose criteria on
two-qubit states can find whether a given state is entangled or separable [10, 11].
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On the other hand, there are observables that can distinguish
entangled states from separable states, known as entanglement
(EWs) [12-14].
expectation values for all separable states whereas negative

witnesses An EW presents non-negative

values for some entangled states. Conversely, positive
expectation values of EW do not guarantee that the given
states are separable, as some entangled states have positive
expectation values. Therefore, a negative expectation value of
an EW obtained from an experiment can unambiguously
conclude an entangled state. It is worth mentioning that
measurements for EWs can be tomographically incomplete
[15]. Namely, an EW can find a set of entangled states in a
cost-effective manner with a smaller number of measurement
operators.

For instance, Bell inequalities such as the Clauser-Horne-
Shimony-Holt (CHSH) inequality for a two-input and two-
outcome scenario [16, 17] can be derived as EWs. A violation
of Bell inequalities finds a set of entangled states with a
measurement that is tomographically incomplete: yet, a
measurement suffices to detect entangled states. EWs also
contain advantages over quantum state tomography in the
verification of entanglement for multipartite and high-
dimensional quantum systems: while experimental costs for
quantum tomography increase exponentially, a few
measurements suffice to detect genuine multipartite entangled
states.

Extensive experimental efforts have been made to realize and
exploit entangled states for practical quantum information
applications. For instance, quantum teleportation has been
realized with photonic qubits [18], quantum sensing, quantum
computing, and quantum communication [19]. Various degrees
of freedom of photonic systems have been exploited to prepare
entangled states: polarization [20, 21], spatial mode [22, 23],
time-bin [24, 25], and path [26, 27].

For practical purposes, in a realistic quantum communication
scenario, time-bin qubits harbor distinct advantages when
integrated with optical fiber systems. Challenges in optical
fibers, including polarization fluctuations and depolarization
[28], pose complications for the utilization of polarization-
based qubits, while time-bin qubits are not affected. Moreover,
while dispersion is a concern when a pulsed laser is transmitted
through a long optical fiber, the insertion of dispersion
compensation fibers can reduce the pulse-broadening effects
[29, 30]. Due to these practical benefits, time-bin qubits have
been empirically demonstrated and employed in experiments
involving long-distance optical fibers [29, 31, 32].

In this paper, we generate entangled time-bin qubits and
demonstrate the detection of entanglement and verification of
shared states. We prepare time-bin entangled states using fiber-
based Franson interferometers and perform tomographically
collect the

outcomes to reconstruct an entangled state that has been

complete measurements. We measurement
designed and also demonstrate that a subset of measurement
data can be used to construct an EW for the verification of
Our

demonstration of an EW for time-bin qubits.

entanglement. results present a proof-of-principle
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2 Theory and methods
2.1 Entanglement witness

A Hermitian operator W is said to be EW if it has non-negative
expectation values for all separable states, p sep? and negative
expectation values for some entangled states, p,,, [10, 12, 13, 33, 34]:

Tr[Wosep] 20 Vosep,Tr[me] <0 3p,,- (1)

Extensive efforts have been made to develop suitable witness
operators. In Refs [35, 36], the authors have developed EW operators
using two orthogonal local observables. To develop EW operators,
let us consider an experimental setup that has been constructed to
prepare the state [¥). In practice, the generated state becomes the
mixed state p, which is in proximity to the state [¥). To test whether
the state p is entangled or not, the authors in Refs [35, 36] proposed a
witness operator in the form

W = COI - z CkSk, (2)
k

where “I” represents the identity operator, the operator Sy stabilizes
the state |¥), that is, S¢|¥) = |¥), and ¢, is the constant. In this
work, two time-bin entangled photons are prepared in one of four
two-qubit Bell states, e.g.,

_ 10031, £]11),,

0 =5 (3)
v, = 20 2100 W

where the subscript i corresponds to the ith photon. For the
aforementioned Bell states, the stabilizing operators are S; =
X1X, and S, = Z,Z,, where {X;,Z;} are Pauli operators acting
on the ith photon. The corresponding witness operators certifying
the Bell states are as follows [35, 36]:

W|¢*> = iI - i (X, X5 + Z12,), (5)
Wiy = 31 + i (X1 X2 = Z12y), (6)
Wy = il - i (XX, = Z12)), )
W), = 31 + i (Xi X + Z,2Zy). €)

The experimentally generated state p ¢y, is said to be entangled if

min

e | ¢t>,|wi>}{Tr [WH’) pexp]} <0. )

In the ideal scenario, Tr [WW> [¥YCY|] = -1/4.

2.2 Experimental setup and method

The experimental setup is shown in Figure 1A. The pump laser is
a picosecond pulsed laser operating at a wavelength of 1552.52 nm.
The repetition rate, spectrum width, and pulse width are 20 MHz,
0.26 nm, and 13.23 ps, respectively. First, this pump pulse is
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FIGURE 1

(A) Experimental setup: EDFA, erbium-doped fiber amplifier; DWDM, dense wavelength division multiplexing; VOA, variable optical attenuator; PC,
polarization controller; DSF, dispersion-shifted fiber; ILP, in-line polarizer; PM, phase modulator; APD, InGaAs avalanche photodiode; TCSPC, time-
correlated single-photon counting. (B) Thermal stabilization setup in the fiber interferometer.

amplified using an erbium-doped fiber amplifier (EDFA), following
which a dense wavelength division multiplexing (DWDM) is utilized
to remove the amplified spontaneous emission from EDFA [37].
Then, the amplified pump pulse is temporally divided into two peaks
with a 3-ns interval by passing through the pump interferometer.
We construct each interferometer with an optical fiber splice and
optical delay lines, each with an optical path length difference of
3 ns. Faraday mirrors and the Michelson interferometer are utilized
to match the polarization of two peaks [38]. Furthermore, we use a
variable optical attenuator (VOA) to correct the optical loss
difference due to the path difference between the short and long
paths in the interferometer. Afterward, a time-bin entangled photon
pair state is generated in the dispersion-shifted fiber (DSF) by
to reduce

spontaneous four-wave mixing (SFWM). Here,
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spontaneous Raman scattering, DSF was immersed in liquid
nitrogen to lower the temperature [37], and an in-line polarizer
(ILP) was used. These are divided into the signal at 1549.32 nm and
idler channels at 1555.75 nm through the DEMUX composed of
DWDM with a 100 GHz bandwidth.

In fiber optics, the phase of the fiber interferometer changes with
temperature. Therefore, thermal stabilization is required. The
scheme for thermal stabilization is shown in Figure 1B. This
stabilization setup is included in the red dotted line in Figure 1A.
For feedback, a continuous wave (CW) laser in a range different
(1529.7 nm) from the wavelength of the pump was used [39].
Feedback is more stable when the tracking point is minimum.
The minimum detector power of the bias controller is —30 dBm,
and the minimum optical power of interference used in the CW laser
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FIGURE 2

Output power before and after stabilization.

is less than —30 dBm. Therefore, another CW laser for offset is used.
Output power before and after stabilization is shown in Figure 2. In
addition, we placed the interferometer inside the styrofoam for
thermal stabilization.

Phase modulators (PMs), equipped with a 3-dB bandwidth of
10 GHz, are utilized to alter the phase of the signal and idler
photons’ second peak (late peak). We apply rectangular voltage
pulses to the PMs using an arbitrary pulse generator. Each voltage
pulse possesses a rise time less than the 3-ns interval between the
first and second pulses and is applied at the second peak time.
Notably, the pulse heights are controlled from one pulse to
another, leading to alterations in the phase of the second peak
of the signal and idler photons, denoted by ¢, and ¢;, respectively.
When these time-bin qubits pass through the interferometer, they
are temporally separated into three peaks with an interval of 3 ns.

1.0 T T T T T

e Signal
Fitting curve

0.8 |-

0.6 |

04

Coincidence Counts / 600sec >»

0.0 : L L L L
Voltage (V)

FIGURE 3
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Then, the state of the center peak becomes the superposed state as
follows:

1 .
— i(9p=9)
710+ 7). (10)
where ¢ is the phase of the signal or the idler changed by PM. In the
interference between the center peak of the signal and the center
peak of the idler, the coincidence count rate is given by

R. ~ 1+cos(g, + ¢, —29,), (11

where ¢, is the phase of the pump changed by the pump’s PM,
and in our experiment, ¢,, = 0. In order to know the phase change
for voltage applied to PM, we measured the coincidence between the
center peaks of the signal and idler by changing the voltage applied
to the PM of the signal (idler), while the voltage of the PM of the idler
(signal) is fixed. The results are shown in Figure 3. From the fitting
curves, we obtain V_;, (Vy,) and V_%ﬂ (V%n) of the signal and idler,
respectively. The difference in the voltage values of the signal and
idler is due to an error in the PM itself. Finally, we performed
projection measurement by using PMs and time-correlated single-
photon counting (TCSPC) and adjusting the gate delay of the single-
photon detector based on the InGaAs avalanche photodiode (APD).
The gate width and quantum efficiency of the two APDs are 1 ns and
20%, respectively. The gate frequency of APDs is synchronized with
the repetition rate of the pump pulse laser through the pulse
generator.

3 Results
3.1 Quantum state tomography
First, we checked whether the Bell state |¢*) was properly

generated by performing QST [40, 41] before the measurement of
EW. In order to proceed with QST, we used [0),|1), |R),| — ) for

1.0 T T T T T

Idler
Fitting curve

0.8 |

0.6 -

0.4 |

Coincidence Counts / 600sec @

0.0 1 1 1 ! 1

Voltage (V)

Coincidence count for the applied voltage of PM. (A) PM of the signal interferometer at Vo, of the idler's PM; (B) PM of the idler interferometer atV_s .

of the signal’'s PM.
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TABLE 1 Coincidence counts of projection measurements for QST.

Signal Idler Coincidence count (600 s)
10> 10> 508
[0} 1) 13
1) 1) 476
11> 0> 0
IR 0> 252
IR 1) 235
[=> 1> 259
[=> 0> 232
|- ILy 271
= [+ 7
IR [+ 206
0> [+ 267
1) [+ 203
11> L) 265
10> IL) 245
IR L) 434

the signal and [0}, [1), |L), | + ) for the idler, and the coincidence
counts for these combinations are shown in Table 1. In addition,
since only one detector is connected at the output of each
interferometer in our setup, a 50% intrinsic loss occurs in

time basis measurement. Therefore, for the project
measurement including one-time basis and the project
measurement including two-time basis, the coincidence

measurement time was doubled and quadrupled, respectively

0.50

0.40

0.30

0.20

0.10

0.00

-0.10

FIGURE 4
Density matrix obtained by QST. (A) Real part of the density matrix. (B) Imaginary part of the density matrix.
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[37]. The coincidence counts were corrected by subtracting
the accidental coincidence count, as shown in Table 1. As a
result of QST performed using these coincidence counts, the

),

(12)

obtained density matrix is given by

Pexp (

and is shown in Figure 4. The state p.., has a fidelity of
96.31% + 1.61% with the ideal state |¢"). The concurrence of
the state p.cp is 0.94 £ 0.03. The aforementioned parameters

0.498 —0.0064 +10.0098 —0.0158 +i0.0048  0.48 —i0.0041
—0.0064 - i0.0098 0.0139 0.0029 +i0.0015 —0.0093 —i0.0241
—0.0158 - 0.0048 0.0029 —i0.0015 0.0013 -0.0181 - 0.0073

0.48 +10.0041  -0.0093 +i0.0241 -0.0181 + 0.0073 0.486

confirm that the prepared state p.., is an entangled and Bell
state, |$*).

3.2 Entanglement witness

3.2.1 Experimental results

Since we generated the | ¢*) state, we need to use the witness of
Eq. 5. In addition, the measurement of Z;Z, and X;X, can be
expressed, respectively, as follows:

(Z:Z5) =|€00[gy|” —|<01]gp[ — [<10]¢p| +[<11|gd|",  (13)
(X1 X2y = ~4< = +[g)[ +2< - 0|pd[* +2|< — 1|9’
+ 2L+ |8 2]<0 + )" - [<00[g>|* - [¢o1]g>[
—|<10gy| - [<11|gy .
(14)

Using coincidence count in Table 2, these can be calculated as
follows:

00— Nop — Ny + Ny

N
(Z,2,) = =097 + 0.01,  (15)

N total

0.50

0.40

0.30

0.20

0.10

0.00

-0.10

o
&
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TABLE 2 Coincidence counts of projection measurements for EW.

Signal dler Coincidence count (600 s)

10> 0) 508
[0} 1) 13
1) 1> 476
1 10> 0

[=> 1> 259
[=> 10> 232
I=> [+ 7

10> [+ 267
11 [+ 203

(XX, = —4N_, +2N_¢+2N_; + 2N, + 2Ny, =N — Ngy = Njp— Ny

Ntoml
=091 + 0.09,
(16)

where Nj; is the coincidence count of the signal photon in the state
|i) and the idler photon in the state |j), and these are provided in
Table 2.

The result of the witness measurement is given by

1

<W|¢+>> = — ({1 Xo) +{Z1Z,)) = —0.22 £ 0.09<0. (17)

1
4 4

Therefore, since the measurement result is less than zero, we have
experimentally shown that the prepared state is an entangled state.

3.2.2 Theoretical results from the density matrix
obtained by QST

From the density matrix p,,, of Eq. 12 obtained by QST, we
have theoretically calculated the expectation value of Wgry:

Tr[WW> pexp] = i— i(Tr[p eprIXZ] + Tr[pepolZz])
=-0.23 £ 0.01<0, (18)

where Tr[p.xp (Z125)] = 0.97 £0.01 and Tr[pexp (X1X5)] = 0.94
+0.03. As a result, the experimentally obtained value of (W 4y )
agrees with the value Tr[W|¢+>pgxp] obtained by QST.

4 Conclusion

We have experimentally prepared a two-photon time-bin
entangled state using an interferometer with fiber-based active
feedback for thermal stabilization and SFWM. The entanglement
of the prepared state has been verified by measuring the EW
operator. This EW operator has been constructed with two local
measurements on individual photons. Additionally, the
entanglement was also verified by QST. Both EW and QST

Frontiers in Physics
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methods confirmed that the |¢*) state has been generated
with high fidelity with the ideal state. Our experimental setup
can generate any Bell state.
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