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Stable sources of entangled photons are important requirements for quantum communications. In recent years,
cascaded down-conversion has been demonstrated as an effective method of directly producing three-photon
entanglement. However, to produce polarization entanglement these sources have until now relied on intricate
active phase stabilization schemes, thus limiting their robustness and usability. In this paper, we present a
completely phase-stable source of three-photon entanglement in the polarization degree of freedom. With this
source, which is based on a cascade of two pair sources based on Sagnac configurations, we produce states
with over 96% fidelity with an ideal Greenberger-Horne-Zeilinger state. Moreover, we demonstrate the stability
of the source over several days without any ongoing optimization. We expect this source to be a useful tool
for applications requiring multiphoton entanglement, such as quantum secret sharing and producing heralded

entangled photon pairs.
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I. INTRODUCTION

Multiphoton entanglement is an important resource for
a wide range of quantum information applications [1].
Three-photon Greenberger-Horn-Zeilinger (GHZ) states in
particular are known to be useful for tasks such as quantum
secret sharing [2], quantum anonymous transfer [3], and opti-
cal quantum computing [4]. Currently, multiphoton entangled
states are most often produced by combining two or more
entangled photon pairs from spontaneous parametric down-
conversion (SPDC) and using postselection to project onto
the desired states [5—16]. In this approach, postselection is
fundamental to the state creation process, as photons must first
be detected in order to produce the desired entangled state.

An alternative approach to produce three-photon states,
without relying on these postselection methods, is to instead
cascade two SPDC sources (C-SPDC) to directly create the
desired state [17]. This novel approach has already been suc-
cessfully employed to produce photon triplets using separate
sources [18,19] as well as with a cascade within a single
integrated device [20].

C-SDPC has also been used to produce polarization
entanglement and to herald Bell states [21]. However, demon-
strations of polarization entanglement using C-SPDC have,
until now, used Mach-Zehnder interferometer configurations.
This type of configuration has the advantage of only using
the crystals in a single direction, which allows for the use of
waveguided crystals pigtailed with single-mode fibers opti-
mized for the pump at the entrance and the down-converted
signal at the output. However, it also has the significant draw-
back of requiring active stabilization of the phase between
the crystals in each arm, which adds significant complexity
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to the setup and reduces its robustness in real-world applica-
tions. An alternative to the Mach-Zehnder configuration is to
instead employ a Sagnac interferometer, removing the need
for active stabilization but losing the advantage of optimized
single-mode fibers.

In this paper, we present a phase-stable source of
polarization-entangled photon triplets based on C-SPDC. By
cascading two sources built using a Sagnac interferometer
[22,23], which are inherently phase stable, we construct a
source which can display high state fidelity with GHZ states
without active stabilization.

II. EXPERIMENTAL SETUP

The state we aim to produce through C-SPDC is the three-
photon GHZ state, given by

L
V2

where |HHH ) represents three photons with horizontal polar-
ization, while |[VV'V) represents vertical polarization.

We start by creating two independent SPDC sources, as
seen in Fig. 1(a). In the first source, a periodically poled
potassium triphosphate (PPKTP) crystal is placed in a Sagnac
interferometer. This source uses a type-II SPDC process to
create states of the form

|WE) = cos@ |[HV) + € sinb |VH) , )

|IGHZ) = —=(|HHH) + [VVV)), (D

where 6 and ¢ are determined by the polarization of the
pump. These two parameters are controlled by turning a half-
wave plate (HWP) and tilting a quarter-wave plate (QWP),
respectively.
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FIG. 1. Experimental setup used to create and measure entangled photon pairs (A) or triplets (B). In the first source, a 405-nm grating-
stabilized laser diode (Toptica Topmode) pumps a PPKTP crystal (Raicol), which is heated at 48.0 °C to produce photons at 777 and 846 nm.
The PPKTP crystal is placed inside a Sagnac interferometer, along with superachromatic half-wave plates (Thorlabs SAHWP05M-700).
After filtering out the pump with dichroic mirrors, the resulting state is that of Eq. (2). The 846-nm photon is sent to polarization analyzers,
whereas the 777-nm photon is coupled into a single-mode fiber by collimator O and is either measured directly (A) or sent to the second
source after passing through a manual polarization controller (B). In the second source, a PPLN waveguide is pumped either directly by a
wavelength-tunable grating-stabilized laser diode (Sacher Lynx TEC 150, Littrow Series) to produce the state in Eq. (3) (A), or by 777-nm
single photons from the first source to produce Eq. (4) (B). The PPLN waveguide is heated at 50.0 °C to produce photon pairs at approximately
1530 and 1570 nm. The fast and slow axes of the collimator P1 (in orange) are swapped to mimic the effects of a half-wave plate at 45°. All
photons are detected using superconducting nanowire single-photon detectors (SNSPDs, Photon Spot).

For the second source, a type-0 periodically poled lithium
niobate (PPLN) crystal waveguide, pigtailed at each end with
polarization maintaining fibers, is placed in a Sagnac interfer-
ometer. Since the crystal is pumped from both directions, it is
not possible to use fibers optimized for the pump wavelength.

Instead, we employ polarization-maintaining fibers which
are single mode for the down-converted photons [24], with
angled physical contact ferrule connectors to avoid back re-
flections. The state we aim to produce has the form

|®%) = cos O |HH) + ¢ sin6’ |VV), (3)

where again the weighing of the terms 6’ and phase ¢’ can be
set respectively by turning a HWP and tilting a QWP, although
in this source the phase is set by acting on the down-converted
photons rather than on the pump.

The two sources are combined by using one of the photons
from the PPKTP source as a pump for the PPLN source, as
seen in Fig. 1(b). A photon in the state |H) is down-converted
into the state |VV) while the mode |V') is down-converted to
|HH). The resulting state that we obtain is of the form

|GHZ) o = cos O [HHH) + ¢ ®®?)sin0 [VVV).  (4)

III. STATE PREPARATION

To prepare the desired state, we start with separated sources
as shown in Fig. 1(a). This allows us to first optimize each pair
source separately.

The two sources are then connected, as shown in Fig. 1(b),
to form the cascaded source. The manual polarization
controller is adjusted so that the horizontal and vertical po-
larizations are conserved between collimators O and I.

The angle of the HWP 6 is set to produce |HHH) and
[VVV) with equal probability. This angle is calculated to
compensate for any imbalance in coupling efficiency be-
tween photons traveling clockwise and counterclockwise in
the Sagnac loops, as measured from photon pairs.

With the balance set, we can focus on controlling the phase
of the state. We start by performing a o, ® o, ® o, measure-
ment on the photon triplets, where o, is the Pauli X matrix,
while varying the phase ¢. These results are given in Fig. 2. As
expected, we find a sinusoidal dependence for (o, ® o, ® 0y),
with the fit having a visibility of 0.92 £ 0.06.

IV. RESULTS

We first characterize the pair sources independently. Us-
ing maximum-likelihood quantum state tomography [25], we
reconstruct the density matrices of the two entangled photon
pairs from both sources. Photons in each output mode are
projected onto one of three mutually unbiased polarization
bases, (horizontal and vertical, circular right and circular left,
diagonal right and diagonal left) for a total of six different po-
larization measurements per output mode. For pairs, this leads
to 36 measurement combinations. The measured coincidence
counts are shown in Tables I and II while the results of the
tomography are shown in Fig. 3.

Detector dark counts, determined by turning off the pump
lasers, average approximately five counts per second on each
detector channel. These are not subtracted for any mea-
surement presented in this paper. The twofold coincidences
measured at the detectors from the PPKTP source number
Rpairs = 3 X 10° per second with a pump power of 9.4 mW
at the entrance of the interferometer. From the tomography,
we find the source produces a |W™) state with a fidelity
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FIG. 2. Determination of the phase necessary to create the de-
sired GHZ state. By tilting the QWP we can change the relative
phase of our state. This is reflected in (b) the measured value of the
expectation value of the Pauli X triplet measurement. The black line
is a weighted sinusoidal fit, where the phase and amplitude are left as
fitting parameters. The fit has an amplitude of 0.92 £ 0.06. The total
length of each measurement is displayed in the legend. The error bars
are one standard deviation and calculated by assuming Poissonian
count rates. The obtained triplet coincidence rates are normalized per
hour and displayed in (b). The values contributing positively to the
o, measurement are in cyan, while the negative contributions are in
magenta. From these rates, we determine that the triplet coincidences
are detected at a rate of 8.3 4= 0.5 per hour.

of 96.45+0.01%. The PPLN source produces 1.5 x 10*
twofold coincidences per second with a pump power of ap-
proximately 1 uW at the entrance of the crystal. From the
tomography we find that the source produces a |®*) state with
a fidelity of 95.06 = 0.05%. From the ratio of single-photon
detections to twofold coincidence detections, the averages
of the combined coupling and detection efficiencies are de-
termined to be ng4s = 0.30+0.02, 11530 = 0.16+0.01, and
N1s570 = 0.13+0.01 for the 84-, 1530-, and 1570-nm photons,
respectively. Coupling efficiencies from collimator I to col-
limators P1 and P2 are measured at n; = 0.30+0.02 from
single-photon detection rates. The rate of photons produced
by the cascaded sources is given by [18]

Ruipess = PPPLNRpairsnIn1530771570’ 5)

Np777

where np777 = 0.79 £ 0.03 is the estimated detection effi-
ciency of the SNSPD measuring the 777-nm photons during

TABLE 1. Measured coincidence counts for the tomography of
the PPKTP source.

H Vv D A R L
H 6725 574095 314314 268339 250258 330138
V. 629929 8511 277541 347720 349167 282803
D 294404 311773 12154 598738 237235 332825
A 361676 273644 603285 18103 378080 289123
R 370125 238506 358322 238276 31821 601607
L 275723 339252 288303 327764 577284 10753

TABLE II. Measured coincidence counts for the tomography of
the PPLN source.

H Vv D A R L
H 39844 722 18622 21781 15142 22592
Vv 698 41173 29202 22077 26405 19971
D 25240 18458 43314 1286 22575 18666
A 14471 27632 2345 41895 22724 18586
R 14698 28463 20857 23851 1651 42149
L 21296 19245 18476 20873 41682 1399

the measurement of Rpairs, and Pppry is the down-conversion
probability of the PPLN crystal. Here, PpprN includes the
coupling loss from the pigtailed optical fiber into the PPLN
crystal as well as any losses caused by the narrow wavelength
acceptance of the PPLN waveguide (7;, and ncw in Ref. [18],
respectively).

During the measurements described in Sec. III, we obtain
triplet coincidence rates of 8.3 & 0.5 per hour. From these
values, the effective down-conversion efficiency of the sec-
ond crystal during the experiment is found to be Pppin =
(1£0.1) x 107°.

With a three-qubit tomography requiring measurements
from 27 different bases, obtaining the counts for a recon-
struction of the density matrix is not feasible in a reasonable
amount of time, especially if we want to quantify the stability
of the source. Instead we employ a GHZ witness [27] which

(b)

FIG. 3. Density matrix describing the state of polarization of
both sources of entangled photon pairs. For the PPKTP source, the
(a) real part and the (b) imaginary part of the density matrix. With
a coincidence window of 0.5 ns, the resulting state has a [V ™)
fidelity of 96.45 £ 0.01%, a purity of 95.61 & 0.03% and a tangle
[26] of 91.47 £ 0.05%. For the PPLN source, we have the (c) real
and (d) imaginary part of the density matrix, which was measured
with a coincidence window of 0.3 ns. The resulting state has a |®)
fidelity of 95.06 £ 0.05%, a purity of 93.7 & 0.1%, and a tangle of
86.6 £ 0.2%.
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FIG. 4. Measured triple coincidence counts for the witness cal-
culated in Table III. There are (a) 58 threefold coincidences in the o,
basis and (b) 44 in the o, basis for a total of 102 coincidences in 16 h.
Error bars are one standard deviation and calculated by assuming
Poissonian count rates.

requires a measurement in just two bases and gives a lower
bound on the fidelity of our state [28]. The witness is used for
the GHZ state given in Eq. (1), and is given by

3
%mzzﬁf—@®m®m

1
—5(]1®az®az+az®1®GZ+GZ®JZ®]1),
(6)

where the o represent their respective Pauli matrices. The
lower bound of the fidelity between our experimental state and
the GHZ state is given by

1 — Wonz
—

This witness is convenient as it only requires measurements in
two measurement bases to obtain a lower bound on the fidelity
of our state.

The measurements for the witness were taken over 16 h,
with 8 h for each basis. Fifty-eight threefold coincidences
were measured in the o, basis and 44 in the o, basis for
a total of 102 coincidences in 16 h. This gives an average
of 6.4+ 0.6 triplets per hour. The measured triplet coin-
cidence counts of this measurement are shown in Fig. 4
while the results of the witness are shown in Table III. The

(7

Fonz 2

TABLE III. Calculated witness results. The calculated errors are
one standard deviation, calculated by assuming Poissonian noise on
the triplet count rate.

Measurement Value Error
o, ® 0, Q 0y 0.95 0.05
1®0, o, 0.97 0.03
0,1 R®o0, 1.00 0.04
0, ®0,®1 0.97 0.03
Wz —0.92 0.10
Lower bound of Fgyz 0.96 0.05
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FIG. 5. Calculated lower bounds of fidelity over time. No ad-
justments were made to the source once the measurements began.
Each of the two Pauli measurements lasted 8 h, followed by an 8-h
downtime. The lower bound of the state fidelity begins at a maximum
of 96 &+ 5%. Over the entire 7-day period, the average fidelity is
84 £+ 8%.

entanglement witness is violated convincingly with a value
of Wgnz = —0.92 £ 0.10, confirming the entanglement of the
state. This gives a minimum fidelity with the targeted GHZ
state of Fgaz = 0.96 & 0.05.

Based on preliminary measurements, the phase of this
source tends to drift over time. We believe this is most likely
due to the instability of optical elements found outside of the
interferometers, as reoptimizing the phase through the QWP
¢ brings the fidelity back to a maximum value. In order to
characterize the stability of the source without these correc-
tions, the entanglement witness was measured repeatedly over
a period of several days. During this time, no adjustments
were made to the source. As shown in Fig. 5, while the fidelity
of the state does display variations, we find that the fidelity
stays above 72% during the entire week-long measurement,
with an average fidelity of 84 4 8%, indicating that the source
has the potential for passive long-term stability.

V. DISCUSSION

In terms of source quality, the short-term fidelity of 96%
is excellent. Further improvement efforts should therefore be
primarily focused on improving stability and production rates.

While further investigation is required to precisely isolate
the source of instability, it is likely that the fibers at each end
of the PPLN waveguide are partially responsible, due to the
wavelength mismatch with the 77-nm photons. It is there-
fore likely that the wavelength instability could be improved
through better thermal stabilization of this portion of the
setup, or perhaps by pigtailing the PPLN waveguide with end-
lessly single-mode photonic crystal fibers [29], which would
allow for single-mode operation at both 777 and 1550 nm.

As for the production rates, while the rates for C-SPDC
are expected to be low, the experiment had additional lim-
iting factors affecting the rates which are not inherent to
the scheme. Indeed, previous experiments demonstrated en-
tangled production rates of up to two orders of magnitude
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higher than this work [21]. The difference is partially due to
an additional coupling factor from I to P1 and P2 in Fig. 1,
which lowers the expected triplet count rates by a factor of
three. This loss could eventually be avoided by replacing the
fiber from O to I with free space. A lower pump power in
the first source, required to prevent damage to the superachro-
matic half-wave plates, accounts for a further factor of two. A
novel approach to the Sagnac interferometer [30], removing
the need for achromatic optics, could allow for higher pump
intensities. The remaining difference in count rates is due to
different coupling efficiencies to detectors 5—-8. Importantly,
none of these additional losses are fundamental to the current
scheme, and could therefore be addressed with appropriate
improvements to the setup. Alternatively, count rates could
also be improved through the use of nonlinear crystals with
higher conversion efficiencies [31].

With these further improvements to triplet production rates
and stability, we expect this source to be of significant useful-
ness for applications requiring high-fidelity entangled photon
triplets. In contrast to previous experiments creating three-
photon polarization entanglement, our implementation does
not rely on postselection, nor does it require active stabiliza-
tion, thereby greatly reducing the complexity of the setup and
making it attractive for applications requiring robust high-
quality entanglement.
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