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Two-photon comb with wavelength conversion and 20-km distribution for quantum communication



Supplementary note 1: Quantum state tomography

As described in the manuscript, we measured two-photon coincidence counts in 16 polarization basis. This follows Ref. [1]
and demands only one waveplate rotation between each measurement, shortening the total measurement time.
Supplementary Figure 1 shows coincidence counts for the Bell states |¥*) and |¥ ), which are realized by installing 45°
slow-axis half-wave plate without yaw angle and 0° slow-axis half-wave plate with a yaw angle. The apparent difference
appears in the counts for n10 (|DD)) and n16 (|RL)): By changing the yaw angle of only one half-wave plate, these counts
visibly increase and decrease. Because of this advantageous nature, we could achieve high fidelity and arbitral relative-phase
adjustment. The counts for |W™) is a slightly low because of the misalignment of the optical path due to larger yaw angle.

Tomographic reconstruction and maximum likelihood method are achieved based on Ref. [2], which is an available program
in Git Hub; thus, there is no room for our conveniences or mistakes in tomography experiment. Furthermore, to depict the
density matrix, QuTiP library in python is used [3]. In this whole processing, fidelity is defined as F =
(Dideat| Preconstruct | Pidear)» Which is a common definition (however, this is not square-root fidelity [4]). For further higher
fidelity, improvement of the basin-like structure, which appears small in n16 count (left side of Supplementary Figure 1), is
required. This is caused by polarization rotating along cavity-round-trip phase shift by passing through crystals or reflection
on dielectric mirror with a few angles; it can be reduced by finely adjusting the crystal position and decreasing the reflection
angle.

Our main effort aiming at high fidelity is to reduce decoherence effect as much as possible. We construct a bow-tie cavity
with a small reflection angle (approximately 2-3 degrees) to decrease senkrecht and parallel polarization dependence. This
angle is limited by finite width of PPLN crystal; the minimum magnitude is proportional to arctangent of the half of the short
arm of bow-tie configuration and the width of PPLN. Long cavity can make reflection angle smaller than ordinal-size cavity,
resulting in decoherence. Also, a PPLN crystal has birefringence, and we adjust the temperature of two PPLNs with a few
milli-kelvin stabilities to reduce total birefringence. Furthermore, the mirrors after the cavity for coupling to the PMF are all
removed, and two photons straightly couple into the PMF. These are only a few examples to realize high fidelity: dephasing

mechanism is very complex in reality.
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Supplementary Figure 1. Two examples of coincidence count in 16 measurements, on the |HH), |HV),|VV),|VH),
|RH), |RV), |DV), |DH), |DR), |DD), |RD), |HD), |VD),|VL), |[HL), |RL) basis. Left (right) is the case of generating Bell state
of |¥*) (J¥~)). Blue represents raw counts and red represents counts within a range of [-200, 200] ns. SPDC pump light is
nearly |D) polarized with a power of 100 uW. Each acquisition time is 15 s, and the total time becomes about 10 min due

to waveplate rotation. The only difference between these two experiments is the yaw angle of the half-wave plates.



Supplementary note 2: Dependence of two-photon coincidences on SPDC pump power

We demonstrated that g;zi)(O) of WC-TPC can overcome that of original TPC (Fig. 4 (b)). In this supplementary note, we

focus on original TPC or telecom two-photon correlation before WC. Supplementary Figure 2 (a) shows two-photon timing
correlation with the conditions of SPDC-pump power of 10 mW, polarization of only |H), SSPD detection efficiency of ~
60%, and bin size corresponding to the resolution of 16 ps. Noise slope can be observed at the right side in this figure, which
continues to plummet which very rapidly reach the zero count. This is natural for the case of high-count range at nearly 10
MHz because coincident detection occurs in the vicinity of zero. Although this noise curve must have continued toward the
left (minus of time axis), it appears flat for some range. This results from the dead time ~ 80 ns of our time-correlated single
photon counting module HydraHarp 400. Without dead time, the whole noise function would become a slope and ggﬁ)(O)
would be different from this data.

Supplementary Figure 2 (b) is a log scaled version of Fig. 4 (b), which is obtained by only changing SPDC pump power
(all the other parameters are the same as above). TPC without WC can be observed more clearly with higher ggi.) (0) inlower
power range. This is because the photon-pair number inside a cavity becomes lower and the noise caused in the crystal
approaches zero. This function must converge to 1 at very low pump power because no pump would cause only dark counts;
however, we have never observed this point because our SSPD has excellent-low noise count (in the order of 10 cps). In the
low power range, the gradient in the logarithmic graph shows almost -1 resulting in inversely proportional change to the pump

power.
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Supplementary Figure 2. Two-photon coincidences focused on SPDC pump power. (a) Coincidence counts of 1514 nm two
photons. SPDC pump power is 10 mW, and the detection efficiency of superconducting single photon detector (SSPD) is
adjusted as ~ 60% to not reach the maximum rate per channel. (b) Normalized correlation coefficient ggi.)(O) versus SPDC
pump power (same as Fig. 4 (b) in main article). The blue circles connected by a line represents 1514 nm two photon data
(without WC), and the orange squares represent WC-TPC. Although SSPD and silicon avalanche photodiode (SiAPD) have
almost the same efficiency of 60% because of regulation of the applied current, the timing jitters differ greatly: ~40 ps for

SSPD and ~300 ps for SiAPD.



Supplementary note 3: Estimation of bandwidth of TPC spectrum

In general, spectrometer or optical grating is widely used to analyze a spectrum. However, these “bandpass method” has a
little difficulty of high optical loss. Further, when measuring both two photons, two frequency-correlated setups are required
because two photons satisfy energy conservation. Then, we suggest another new method to estimate two-photon spectrum
with lower loss and relatively easy setup.

We utilize 10 km single-mode fiber and observe dispersion of TPC. In general, optical fiber has birefringence and the
optical path length could change depending on the fiber condition. When only the influence of dispersion is required, a
correlation of two photons dispersed in the same fiber is suitable under the approximation that the fiber remains almost
unchanged within the coherence time. Supplementary Figure 3 shows dispersed two-photon correlation after 10 km fiber
with an SPDC pump power of 10 puW. These results are obtained due to a long time interval caused by our long cavity. To

estimate the timing width, we used the following equations:

Gs(,zi) (1) = ¢ x e 2™rwamltl x Comb(7) + noise,

N-1
Comb(7) = 2 exp [—4(1n 2) (

T— ntFSR)Z]
n=—(N-1)

TFWHM

where c¢ is a coefficient corresponding to peak counts; fryyy represents full width at half maximum (FWHM) of one
frequency peak, i.e., linewidth; N is related to the number of timing combs; tpsgr denotes the time interval expressed as a
reciprocal of free spectral range (FSR); Trywuy 1s the FWHM of one timing peak which is approximated by a Gaussian-
shape peak. Although a Voigt function should be used for the strict estimation of the spectrum, we used a Gaussian function
to reduce complexity. The red line corresponds to this function; although it appears smaller than raw data, the insets show that
it has some variance around the peak counts. From this figure, despite passing through the 10 km fiber, frequency linewidth
frwum 1s almost the same as that of ~1.35 MHz that corresponds to 95% reflectivity of cavity output coupler. Teyppy 1S
2.0 £ 0.2 ns ns from (a) and 4.0 + 0.3 ns from (b) among 10 peaks. The timing jitter of our measurement system is ~0.1
ns, and has ignorable influence on these values. The dispersion value around 1514 nm can be calculated using the dispersion
equation as ~+15 ps-nm-km!; then, we estimate the TPC frequency bandwidth of ~13 nm.

Such a very long timing can be compensated using a special fiber having an opposite sign of dispersion value. If this
compensation can be considered as one of the re-modulations of wave packet, it can recover the quantum coherence as well

[6]. Moreover, using band-pass effects such as WC, we can eliminate this broadening (Fig. 4 (c) in main text).
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Supplementary Figure 3. Two-photon coincidence counts with dispersion after passing through the 10 km optical fiber: (a)
only one photon and (b) two photons. Blue represents raw data point and red represents the fitted function (only 10 pieces of

gaussians are pictured). Insets are the enlargements of the regions around the center T = 0.



Supplementary note 4: The efficiency and noise of wavelength converter

The main characteristics of a wavelength converter are the quantum efficiency of conversion and the counts of noise. Quantum

efficiency is calculated as follows [7]:

_ Nconverted _ Pconvered/hvconverted = sin?(L P
- - = sin ( v nor pump)v

Ntelecom Ptelecom/hvtelecom

where N, P, v, L, Nyor, and Py represent the number of photons, power of light, frequency of light, length of
wavelength-conversion crystal, normalized power efficiency in the low-gain limit, and pump power, respectively. We used a
48 mm PPLN waveguide with a cross section of 9.9 um X 11.5 pm to realize higher efficiency than bulk.

Supplementary Figure 4 (a) shows a quantum efficiency 7. We used telecom laser to directly measure the external
efficiency, which is the conversion efficiency, including waveguide-coupling efficiency and transmission loss, but removed
the influence of the auxiliary laser. Further, we obtained the telecom-laser coupling rate by turning the WC pump laser off, to
estimate the internal efficiency. The maximum external efficiency we could measure was 56.0%; however, it appears to
increase slightly at higher pump power range. The coupling rates at 1514 nm and 1010 nm are 59.4% and 60.5%, respectively;
then, we can estimate the internal efficiency. Our crystal is designed to have an efficiency of nearly 1, and the measured
maximum value was 94.3%.

Noise count is obtained as shown in Supplementary Figure 4 (b). In this measurement, only WC pump laser is used, and
the filters consist of two dichroic mirrors and one bandpass filter. The dotted curve represents quadratic-function fitting and
the measured data set are almost positioned on fitting. This indicates that noise is mainly caused by second-order nonlinear
optical process in this setup. Then, we analyze the component noise spectrum using a spectrometer. The result indicates one
peak, which is centered on 606 nm and a FWHM of ~ 25 GHz (not shown). We then try to adjust the number of filters or
optical depth by adopting other bandpass filters or filtering crystals.

In Supplementary Figure 5, we defined the wavelength-conversion function n* as the ratio of external efficiency and
noise rate at kilo counts per second. In this process, the approximated function 7 and the quadratic noise function are used.
This function has no meaning in absolute value because of strange unit (% divided by kilo counts), but indicates the pump-
dependent signal-to-noise ratio. This calculation is similar to reference [8]. The maximum point is positioned at 7.97 mW
pump power in our condition of dark counts of ~0.32 kHz; on using lower dark counts, this point shifts toward the left.
Although this pump power was the best to obtain high SNR, we chose a higher power of 50 mW to obtain shorter experimental
time for accurate comparison of gg,zi) (0) (Supplementary Figure 2 (b)). As one of the indices, noise equivalent power (NEP)
is often adopted [9], and the optimum pump power of that shows 46.8 mW. The actual comparison of the two-photon

coincidences is shown in the next supplementary note.
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Supplementary Figure 4. Specifications of wavelength converter. (a) Conversion efficiency, defined as the ratio of the
number of photons before and after WC. (b) Raw noise counts obtained by inputting only 1010 nm auxiliary laser and

installing two dichroic mirrors and one bandpass filter.
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Supplementary Figure 5. Noise-normalized conversion efficiency n*, which we defined as the external efficiency curve
divided by the noise count curve of kilo counts per second. The peak can be realized at the SFG pump power of 7.97 mW.

This value is strongly influenced by the dark count rate.



Supplementary note 5: Dependence of WC-TPC on auxiliary laser power

This note is related to wavelength conversion efficiency and noise count. In the previous section, we demonstrated that a
trade-off exists between them, and we had to search for a balanced pump power of WC. Supplementary Figure 6 shows
@
L

pump-power dependent G. 5’ (0) of WC-TPC with SPDC pump power of 5 mW. The values in the figure correspond to

s,
external conversion efficiency and noise level (raw count rate, i.e., SPD detection rate after passing filters and coupled to
single-mode fiber without beam splitter). Because the heights of peak are arranged to almost same among the figures, the
noise floors correspond to normalized correlation functions ggi) (0). These three functions indicate that lower pump power
corresponds to better SNR. In our setup, telecom two photons, whose counts are stabilized within 10% of the accumulating
time, are transmitted through a polarization-maintaining fiber; therefore, converted photons must be of almost the same
number. Further, the main reason is the increase in noise count with the increasing pump power.

We compare Supplementary Figure 7 (a) and (b) to perform WC-TPC with lower pump power: (a) is the case of very
weak SPDC pump of 100 pW and WC pump of 10 mW, whereas (b) has the same SPDC pump but a WC pump of 50 mW.

There is a clear difference in ggi) (0), but the coincidence rate of (a) is very low at ~0.1 cts/sec (3000 cts/30000 sec).
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Supplementary Figure 6. WC-TPC at various WC pump powers of 25 mW, 100 mW, and 200 mW. These all are used 5-

mW SPDC pump power. The values shown inside the plots are external quantum efficiency (top) (%) and noise count rate
(bottom) (kHz).
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Supplementary Figure 7. (a) WC-TPC with relatively weak lasers. SPDC pump is 100 pW and WC pump is 10 mW. At

higher WC pump power, this structure cannot be realized because of noise. (b) Same SPDC pump as in (a) but WC pump of
50 mW.



Supplementary note 6: Comparison with previous studies on narrow-linewidth photon sources

It must be beneficial to compare with previous researches. We would like to emphasize that there is no demonstration of
telecom narrow-linewidth entanglement source. Supplementary Table 1 lists some excellent photon sources with narrow
linewidth. Although it requires spectral brightness to evaluate the photon source, a more important index is the operational
photon-generation rate, which can be enhanced by increasing the pump power up to the parametric threshold. Ref. [15]
performed multi-mode polarization-entanglement state tomography; however, it indicates approximately 10% worse fidelity
than the single-mode case. This shows a possibility that our photon source can realize higher fidelity with a fewer number of
modes. Furthermore, narrower linewidth corresponds to longer coherence time; thus, realizing high fidelity becomes difficult
because a wider timing window is required, resulting in decreased fidelity in accordance with the imperfection of experiment
like instability or accidental coincidences [6]. The TPC setup is suitable to overcome degradation of quality caused by

experimental imperfections and long time passing, for instance, maintaining a sufficiently narrow linewidth and realizing high

fidelity.

[10] J. Fekete (2013) One wavelength aims at direct 1436 606 1.7,2.9 -

absorption of Pr":YSO
[11] Z. -Y. Zhou (2014) Telecom 1560 8 - Multi
[12] K. Liao (2014) Four wave mixing using **Rb with 780 795 0.8 95.2 1

magneto-optical trap

[13] L. Tian (2016) Single Mode (Degenerate SPDC) 795 15 95.2+0.8 1

[14] M. Rambach (2016) Flip-trick technique to realize very 795 0.67* - Multi

narrow linewidth

[15]J. Wang (2018) Alignment using optical wedges 935 880 9,9.5 89.6 1

(~80) (Multi)

Telecom narrow linewidth and

This work entanglement with frequency 1514 0.95 96.1 Multi

multimode

Supplementary Table 1. List of photon sources. Although numerous photon sources have been developed to date [16], only
a few examples were given from the standpoint of outstanding value. * this value indicates the cavity damping rate, although

they assert that the actual linewidth of photon (or 1 mode) must be 0.64 times smaller than the damping rate.



Supplementary note 7: Atomic frequency comb quantum memory

This note supplies the outline of atomic frequency comb (AFC) quantum memory scheme using Pr3*:YSO [17]. Pr3* is the

dopant of YSO crystal and the concentration corresponds to replacement percentage of Y atom with Pr3* ion. Then individual
Pr* ion possesses specific absorption line around ~ 494.7 THz or 606 nm because of surrounding environment or crystal field.
As a whole ensemble, this crystal looks having wide-broadened absorption line, as named, inhomogeneous broadening (see
Supplementary Figure 8 right). Inhomogeneous broadening has a width of the order of from GHz to hundred GHz depending
on dopant concentration. AFC structure is tailored into inhomogeneous broadening within a range of < 4 MHz, the width of
< 100 kHz, and the comb separation of ~ 100 kHz (this separation is directly related to rephasing time or photon echo time).
For instance, the width of (36+£3) kHz and comb separation of approximately 137 kHz are used [18]. This comb structure can
be established thanks to hyperfine structure (see Supplementary Figure 8 left) and the long lifetime of that. Because AFC
structure is some-order narrower than inhomogeneous width, we can tailor many AFC structure [19][20] with separation of ~
120 MHz, which corresponds to the FSR of present two-photon spectrum (Supplementary Figure 9). Our wavelength
converter has bandwidth of 25 GHz and it just fits to inhomogeneous width of 1-100 GHz. On the other hand, our (telecom)
TPC has ~1-THz overall bandwidth and if it becomes necessary to use more than 25 GHz for more frequency multiplexing,

wider bandwidth wavelength converter is required.
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