Energy-time entanglement generation in
optical fibers under CW pumping

Shuai Dong,! Qiang Zhou,! Wei Zhang,'* Yuhao He,” Weijun Zhang,’
Lixing You,” Yidong Huang,' and Jiangde Peng'

YTsinghua National Laboratory for Information Science and Technology, Department of
Electronic Engineering, Tsinghua University, Beijing, 100084, China
2State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of
Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050,
China
*zwei@tsinghua.edu.cn

Abstract:  In this paper, the energy-time entangled photon-pairs at 1.5
um are generated by the spontaneous four wave mixing (SFWM) in optical
fibers under continuous wave (CW) pumping. The energy-time entangle-
ment property is demonstrated experimentally through an experiment of
Franson-type interference. Although the generation rates of the noise pho-
tons are one order of magnitude higher than that of the photon-pairs under
CW pumping, the impact of noise photons can be highly suppressed in the
measurement by a narrow time domain filter supported by superconducting
nanowire single photon detectors with low timing jitters and time correlated
single photon counting (TCSPC) module with high time resolution. The ex-
periment results show that the SFWM in optical fibers under CW pumping
provides a simple and practical way to generate energy-time entanglement
at 1.5 um, which has great potential for long-distance quantum information
applications over optical fibers.
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1. Introduction

As an entanglement resource robust to environment variation, energy-time entanglement of
photons has been used to realize many quantum information applications such as quantum com-
munication [1-4] and quantum clock synchronization [5]. Traditionally, energy-time entangled
photon-pairs are realized via spontaneous parametric down conversion (SPDC) in nonlinear
crystals [1-3] or periodically poled lithium niobate (PPLN) [4]. By this scheme, the properties
of energy-time entanglement have been widely investigated and many applications have been
developed [1-4, 6]. Recently, the development of long distance quantum information applica-
tions over optical fibers requires energy-time entangled photon-pairs at 1.5 pm. A promising
way to realize it is based on the spontaneous four wave mixing (SFWM) process in nonlinear
optical fibers [7—-17]. During the SFWM process in optical fibers, two pump photons are annihi-
lated, while two photons are generated simultaneously. The energy conservation in the SFWM
process ensures that there is energy-time entanglement between the generated two photons.
However, in the experimental realization of this scheme, noise photons without energy-time
entanglement are unavoidable. The noise photons are mainly generated by the spontaneous
Raman scattering when pump light propagates through the optical fiber, if the pump light is
filtered out sufficiently. Previous work has shown that since the generation rate of the entangled
photon-pairs is proportional to the square of the pump power, while, that of the noise photons
is proportional to the pump power, pulsed pump light with high peak power and narrow pulse
width is preferred to realize correlated photon-pairs generation with low noise [12—16]. On the
contrary, continuous wave (CW) pumping scheme is regarded as difficult since the generation
rates of noise photons mainly via spontaneous Raman scattering process would be far higher
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than that of entangled photon-pairs, which would destroy the energy-time entanglement.

Time domain filter is a measurement technique to select the correlated photons in time do-
main [2]. Previous works have shown that it is an effective method to increase the signal to
noise ratio in coincidence count measurement of correlated photon pairs [4, 18]. Since in these
works the entangled photon pairs were generated by SPDC in PPLN with little noise photons,
the narrow time domain filters were used to suppress the impact of dark counts of single photon
detectors. In this paper, time domain filter is used to suppress the impact of high-level noise
photons by the spontaneous Raman scattering process in the experiment of energy-time entan-
gled photon-pairs generation in optical fiber under CW pumping. Theoretical analysis shows
that the time domain filter can select out the contribution of entangled photon-pairs from the
coincidence count under high noise level and improve the signal to noise ratio. In the exper-
iment, superconducting nanowire single photon detectors (SNSPDs) and high resolution time
correlated single photon counting (TCSPC) module are used to measure the coincidence count
of the photons generated. The low timing jitters of the SNSPDs and the high time-resolution of
the TCSPC module ensure that narrow time domain filter can be realized to suppress the noise
photons effectively and make it possible to explore the energy-time entanglement between the
signal and idler photons. The energy-time entanglement is demonstrated by an experiment of
Franson-type interference [19] and a violation of CHSH-Bell inequality [6, 20, 21] is pre-
sented, showing that the SFWM in optical fibers under CW pumping provides a simple way
to realize energy-time entangled photon pairs at 1.5 um, which would have great potential in
long-distance quantum information applications over optical fibers.

2. Photon-pairs generation in optical fibers under CW pumping

In the photon-pairs generated by the SFWM process in optical fibers, the photon with a fre-
quency higher than that of the pump light is named as signal photon, while, the other photon is
named as idler photon, with a frequency lower than that of the pump light. The frequencies of
the pump light, signal photon and idler photon, denoted by ®,, o, and ; respectively, satisfy
the relation of @y + @; = 2w, which is determined by the energy conservation in the SFWM
process. On the other hand, noise photons are also generated at both signal and idler sides
mainly due to the spontaneous Raman scattering. In experiments, the photons at both sides are
filtered out and detected by single photon detectors, respectively. The count rates at signal and
idler sides (denoted by C; and C;, respectively) can be expressed as [14, 15]

G = nsR+nSRs + Dy (1)
C = MR+NR+D; 2

where, R is the generation rate of the entangled photon-pairs, Ry and R; are generation rates of
the noise photons, 7, and 7); are the collection and detection efficiencies of photons, Dy and D;
are dark count rates of the single photon detectors at signal and idler sides, respectively.

The measurement of TCSPC is an effective way to demonstrate the energy-time entangled
photon-pairs generation under CW pumping. In this measurement, the output of one detector
(e.g. signal side detector) is used as the trigger to start the timer in TCSPC to record the relative
time of the output of the other detector (e.g. the idler side detector). After a period of time,
the recorded start-stop events are classified on the discrete time space (time bins) according to
the time between the two photons and the number of events at each time bin is recorded. For
most of the time bins, the photons at signal side and idler side are independent with each other,
hence, the count rates for these time bins are named as accidental coincidence count and can be
expressed as

Ca = CsCiT (3)
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where 7 is the width of the time bin. However, there is a special time bin with significantly
higher count, in which the photon pairs generated by the SFWM in optical fibers are recorded.
The count rate for this time bin is called coincidence count rate and can be expressed as

C = nsniR""Ca (4)

In the case of SFWM process in optical fibers under CW pumping, usually R and R; is far
higher than R and D;, D;. Hence, accidental coincidence count Eq. (3) can be simplified under
high noise level,

C, =~ nsniRsRiT"’nsniR(Rs"_Ri)T (5)

It can be seen that most terms in Eq. (5) are related to the time bin width T while the coinci-
dence count rate caused by photon-pairs generated via SFWM is not. The coincidence count to
accidental coincidence count ratio (CAR) can be expressed as

C, R

CAR = —= +1 6
C, [RSR,'-FR(RS +Ri)]T ©)

It can be seen that even with high noise level, a high CAR can be achieved if the time bin
is sufficiently narrow. The specific time bin acts as a time domain filter to reduce the impact
of the noise photons based on the generation simultaneity of the two photons in a photon-pair
via SFWM. It provides a simple way to realize high performance energy-time entanglement
measurement under high noise level.

It is worth to note that in the experiment, the coincidence count may spread to many time bins
due to the coherence time of the photons, the timing jitters of the single photon detectors, and
time resolution of the TCSPC module. Contributions of all these bins should take into account,
equivalent to apply a time domain filter with a width equal to the total of these bins. Hence,
the width of the time domain filter is limited by the time-correlated properties of the photon
pairs and measurement system. In the experiment shown in this paper, the time domain filter
width is mainly decided by the timing jitters of the single photon detectors. The timing jitters of
SNSPDs are far smaller than that of traditional single photon detectors based on InP/InGaAsP
avalanche photodiodes (APDs) at 1.5 um [22, 23], hence, they could support a narrower time
domain filter to reduce the impact of noise photons. In the following, SNSPDs are used to
demonstrate energy-time entanglement generation via the SFWM process in optical fibers under
CW pumping experimentally.

mf""-l‘,m,’. ------- Start

)
FPC1  SNSPD1

| - TCSPC |

fy) " """" Stop
FPC2

SNSPD2

CW Pump laser EDFA  VOA

in liquid
DWDM  nitrogen DWDM

Fig. 1. Experiment setup. A CW laser was used as the pump light source; EDFA: erbium
doped fiber amplifier; VOA: variable optical attenuator; DWDM: dense wavelength di-

vision multiplexing device; FPC: fiber polarization controller; SNSPD: superconducting
nanowire single photon detector; TCSPC: time correlated single photon counting module.

The experiment setup is shown in Fig. 1. CW pump light with a wavelength of 1552.16
nm (close to the center wavelength of ITU C31 channel, 1552.52 nm) was generated by a
tunable laser (Agilent 81980A) and amplified by an erbium doped fiber amplifier (EDFA). The
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linewidth of the tunable laser is 100 kHz. Cascaded DWDM devices were used as the pump
filter to suppress the ASE noise of the EDFA. Then the pump light was injected into a piece
of commercial dispersion shifted fiber (DSF). The length of the DSF was 500 meters and the
zero dispersion wavelength was Ay = 1549 nm. The noise photons generated by spontaneous
Raman scattering in the DSF were suppressed by cooling the fiber with liquid nitrogen bath
[14]. At the output end of the DSF, a filter system made up of commercial DWDM devices
was used to separate generated signal photons, idler photons and residual pump light. The
residual pump light was used to monitor the pump power (not shown in Fig. 1 for simplicity).
The center wavelengths of the signal photons and idler photons were 1555.75 nm (ITU C27
channel) and 1549.32 nm (ITU C35 channel), respectively, with a full width at half maximum
(FWHM) of 139 GHz for idler photons and 118 GHz for signal photons. The total loss of
the filtering system are about 3 dB at both sides. After the filter system, the signal and idler
photons were directed to two NbN SNSPDs operated at 2.2 K in Gifford-Mcmahon cryocooler.
The detection efficiencies and timing jitters of SNSPD1 and SNSPD2 are 4%, 40 ps and 2%,
20 ps respectively. The dark count rates were 30 Hz for both of them. Since the efficiencies
of SNSPDs were polarization dependent, two fiber polarization controllers (FPCs) were used
to adjust the polarization of photons before the two SNSPDs. A TCSPC module (picoharp300,
picoQuant GmbH) was used to record the arrival time of photons at signal and idler sides and
realize single side photon counting and coincidence count measurement. Its minimum time bin
width is 4 ps and electrical time resolution is < 12 ps rms.
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Fig. 2. Single side photon count rates. Squares and circles were results of signal and idler
photons, respectively. The curve-fitting results are shown in the figure.

Figure 2 shows the experiment results of the single side photon count rates. The squares
and circles are results of signal and idler photons, respectively. The dashed and solid lines are
their fitting curves by the quadratic polynomials Cs; = as,,'P2 + by ;P + Cos ;. The fitting results
are shown in Fig. 2. It can be seen that the count rates rise almost linearly under increasing
pump levels at both sides, indicating that the noise photons generated by spontaneous Raman
scattering are dominant at both sides.

The coincidence count results are shown in Fig. 3. In the measurement, the outputs of
SNSPD1 and SNSPD2 were connected to the trigger and signal ports of the TCSPC module,
respectively. Figure 3(a) shows the measured histogram of the coincidence count with a pump
power of 2.92 mW. The histogram was the accumulation of coincidence events in 20 seconds.
The time bin width of the TCSPC module was set to 4 ps. It can be seen that on the histogram,
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Fig. 3. Measurement results of coincidence count. (a) Typical experimental result of the
coincidence count when the pump power is 2.92 mW. (b) Coincidence count rates and
accidental coincidence count rates under different pump levels.

there is a coincidence peak on the background of accidental coincidence count because of the
generation simultaneity of the two photons in a photon-pair via SFWM. The full width at half
maximum (FWHM) of the coincidence peak is about 65 ps, which is decided by the timing
jitters of the two SNSPDs, the time-resolution of the TCSPC module, and the filter bandwidth
for signal and idler photons. The total coincidence count is calculated by the sum of the contri-
butions of 31 time bins covering the coincidence peak, while the accidental coincidence count
is estimated by the sum of 31 time bins outside the coincidence peak. Hence, the width of the
equivalent time domain filter is 124 ps, the total time of 31 time bins. Figure 3(b) shows the
measured C,. and C, under different pump levels. It can be seen that the coincidence count rates
are much larger than the accidental coincidence count rates for the sake of time domain filter,
indicating that the impact of noise photons is effectively suppressed.
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Fig. 4. Calculated results of R, Ry and R; under different pump levels. (a) R under different
pump levels: squares are calculated results, the red line is the fitting curve of R = 5.38 x
103P2. (b) R, and R; under different pump levels. Squares and circles are calculated results,
blue solid and red dashed lines are fitting curves of Ry = 1.38 x 107P, R; = 2.00 x 107P.

According to the single side count measurement results in Fig. 2 and the coincidence count
results in Fig. 3(b), the generation rates of photon-pairs and noise photons at signal side and
idler side, i.e. R, Ry and R;, can be calculated by solving the equation group of Egs. (1),(2),(3),
and (4), under different pump levels. In the calculation, the collection and detection efficiencies
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are 1My = 2% and 1n; = 1%, the dark count rates of the two SNSPDs are Dy = D; = 30 Hz
according to the performances of the SNSPDs. The calculation results are shown in Fig 4.
Figure 4(a) shows the results of R under different pump levels, in which the squares are the
calculation results and the line is the fitting curve using R = aP> and a = 5.38 x 10°. It shows
that R rises quadratically with increasing pump power. Figure 4(b) is the results of Ry and R;, in
which the squares and the circles are the calculated results, respectively, and the lines are their
fitting curves using R, ; = by ;P and by = 1.38 x 107, b; = 2.00 x 107, respectively. It shows
that both R, and R; rise linearly with increasing pump power. These results agree well with the
theoretical analysis of photon-pairs generated by SFWM in optical fibers [7, 13]. Comparing
the results shown in Fig. 4, it can be seen that Ry and R; are at least one order of magnitude
higher than R under most pump levels in the experiment, showing the high noise property in
the experiment of photon-pairs generation in optical fibers under CW pumping.

25 T T T T T T T

CAR

0.0 0.5 1.0 15 2.0 25 3.0 35
Pump power (mW)

Fig. 5. CARs under different pump levels. The red squares are measured results. The blue
line is the calculated result according to Eq. (6) utilizing the fitting curves shown in Fig. 4.

Although the noise level is very high, by the coincidence measurement and time domain
filter, the impact of noise photons is suppressed effectively as shown in Fig. 3(b), in which
C. is far higher than C, under different pump levels. The noise property of the energy-time
entanglement can be presented directly by the CARs under different pump levels [13], which
are shown in Fig. 5. The squares are the measurement results according to CAR = C./C, and
the blue line is the calculated results according to Eq. (6) and the fitting curves in Fig. 4. It
can be seen that CARs rise with decreasing pump at high pump levels, while, reduce rapidly
when the pump levels are low. The maximum CAR is up to 15.8 under a pump level of 0.5
mW, indicating the impact of noise photons has been suppressed effectively in the energy-time
entanglement measurement via time domain filtering.

3. Experiments of quantum interference and the violation of CHSH-Bell inequality

To demonstrate the energy-time entanglement in the photon-pairs generated via SFWM in op-
tical fibers under CW pumping, experiments of the Franson-type interference [19] were per-
formed based on this energy-time entanglement source and two unbalanced Mach-Zehnder
interferometers (UMZIs), and a violation of CHSH-Bell inequality [6, 20, 21] was presented.
The experimental setup is shown in Fig. 6(a). The entangled photon-pairs were generated
by the scheme in section 2. A commercial 10 GHz differential quadrature phase shift keying
(DQPSK) demodulator (Optoplex Corp., DI-CAKFASO15-R1) was used as two independent
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Fig. 6. Quantum interference of energy-time entanglement generated in the optical fiber un-
der CW pumping. (a)Experimental setup. Photon pairs are generated in optical fibers under
CW pumping, two UMZIs are realized utilizing a commercial 10 GHz DQPSK demodula-
tor. o and 3 are the additional phases in the long arms of the two UMZI, respectively. An
additional filter system for the signal and idler photons is used to get rid of the impact of the
beam splitter (BS1) combining the two UMZIs in the DQPSK. (b) A typical result of the
coincidence measurement and the applied time domain filter. (c) The measured interference
fringes of the coincidence counts when changing & under § = 3.41 rad and 8 = 4.83 rad.

UMZIs. One more filter system made up of DWDM devices for the signal and idler photons
is used to get rid of the impact of the beam splitter (BS1) combining the two UMZIs in the
DQPSK. The optical path difference between the two arms of the UMZI was Ar = 100 ps. It
is much less than the coherence time of the pump light (7, ~ 10 ps, estimated by the linewidth
of the pump light) and larger than that of single photons at each side (~ 7 ps, estimated by the
filter bandwidth for the signal and idler photons). The additional phases in long arms of the two
UMZISs are denoted by o and 8, which can be adjusted by the applied voltages independently.
The relations of the additional phases and the applied voltages of the two UMZISs are collimated
before the experiment. The generated signal and idler photons were injected into the two UMZIs
respectively, then they were detected by the SNSPDs and the coincidence count measurement
was carried out.

Figure 6(b) shows a typical measured histogram. It can be seen that three coincidence peaks
appear. The two lower peaks are contributions of coincidence counts that one photon passed
through the long arm of one UMZI, while the other photon passed through the short arm of the
other UMZI. The center peak is the contributions of coincidence counts that both photons pass
through the long arms or the short arms of their corresponding UMZIs. The two-photon state
of the signal and idler photons contributing to the center coincidence counts can be expressed
as [24]

_ b
V2

where, “short” and “long” represent the short and long arms through which the two photons
passed. The former and latter terms in (7) are indistinguishable, hence, two-photon interference

|D) [|short)|short); + exp (i(o + B))[long)s|long);] 7
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fringes can be observed when o or B changes. As the coherence time of pump laser is much
greater than the path difference, T, > At, the visibility of the fringes should be close to 1 since
the two-photon state can be looked as an entangled state in infinity-dimension Hilbert space
[25].

Figure 6(c) shows the experiment results of the quantum interference, in which a time domain
filter of 60 ps (15 time bins) is applied to filter out the count in the center peak. The circles and
squares are measured interference fringes of the coincidence counts when increasing o under
fixed B of 3.41 or 4.83 rad, respectively, in which the accidental coincidence counts have been
subtracted. The values of o and B are obtained according to the applied voltages on the two
UMZIs. It can be seen that sinusoidal interference fringes appear when increasing ¢ under the
two fixed 8 values. The blue solid and red dashed lines are their fitting curves using sinusoidal
functions. The visibilities of the two fringes are 92.3 + 1.20% and 92.9 +0.76%, respectively,
without subtracting the accidental coincidence count. On the other hand, the single side count
rates are almost unchanged during the measurement at both sides, showing that the fringes are
the results of the quantum interference due to the energy-time entanglement.

Utilizing the measurement results shown in Fig. 6(c), a violation of Bell inequality [6, 20,
21] for the energy-time entanglement can be demonstrated. The Bell-inequality of the Clauser-
Horne-Shimony-Holt (CHSH) form [6, 21] can be expressed as

S=|E(a1,p1) +E(ar,p) +E(a,p1) —E(a, )| <2 ®)

where E (o, B;), (i,j = 1,2) is the correlation coefficient and o, 8 are the values of additional
phases in the long arms of the two UMZIs. The interference fringes in Fig. 6(c) indicates that
the coincidence count has a sinusoidal pattern depending on the total phase shifts @ + 3, hence
the correlation coefficient can be expressed as

E(a,B) =Vcos(a+p) )

where V is the interference visibility.

According to the visibilities of the interference fringes shown in Fig. 6(c), the maximum
value of CHSH-Bell inequality is Smax = 2v/2V = 2.61 £0.034, a violation of Bell inequality
of up to 18 standard deviations (o) of the measurement uncertainty is presented, demonstrating
the characteristics of energy-time entanglement in the photon-pairs generated in optical fibers
via SFWM process under CW pumping.

4. Conclusion

In this paper, it is demonstrated that the photon-pairs generated by the SFWM in optical fibers
under CW pumping can be used as the sources of energy-time entangled photon-pairs at 1.5
um band, if the contributions of noise photons in coincidence counts is suppressed sufficiently
by narrow time domain filter. In the experiment, the narrow time domain filter is realized by
SNSPDs with low timing jitters and high time-resolution TCSPC module. Utilizing a time
domain filter of 124 ps, experiment results show that although the generation rates of the
noise photons at both sides are one order of magnitude higher than that of photon-pairs via
SFWM, the coincidence count rates are always far higher than the accidental coincidence count
rates with a maximum CAR of 15.8. The energy-time entanglement is demonstrated by an
experiment of Franson-type interference. The interference visibilities under f = 3.41 rad and
B = 4.83 rad are 92.3 +1.20% and 92.9 +0.76% (without subtracting the accidental coinci-
dence count), respectively, in which the impact of accidental coincidence count is subtracted.
These results indicate a violation of CHSH-Bell inequality of 18 standard deviations (o) of the
measurement uncertainty, presenting the energy-time entanglement property in the generated
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photon-pairs. It shows that the SFWM in optical fibers under CW pumping provides a simple
way to generate energy-time entangled photon-pairs at 1.5 um, which would play an increas-
ingly important role in long-distance quantum information applications over optical fibers.
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