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We propose and demonstrate a high efficiency broadband near infrared single-photon upconversion and detection

with a broadband pump laser based on sum frequency conversion in the PPLN crystal.

By using a pump

laser centered at 1040 nm with a spectral bandwidth of 10nm, the signal single-photons centered at 1562nm
with a broadband bandwidth up to 7.2nm are frequency-converted from the near infrared to the visible regime.
A maximum conversion efficiency of 18.8% is achieved, while the background noise is measured to be only
1.2 x 1072 counts/pulse. The corresponding spectral linewidth of the upconverted photons is 0.2nm. This
scheme of broadband infrared single-photon upconversion and detection provides potential solutions in infrared
laser ranging, broadband infrared imaging and quantum key distribution.

PACS: 42.65.—k, 42.65.Ky, 42.62.Fi

Since the experiment of quantum cryptography
was first performed in 1992,["? quantum commu-
nication and information processing have been de-
veloping rapidly. Furthermore, single photons have
consistently played an indispensable role in mod-
ern quantum networks.[* % Infrared single photons
are exploited as carriers for transmitting quantum
information between nodes in a quantum network
because of the distinctive low loss propagating in
fibers and atmosphere.l” '] However, single pho-
tons in quantum storage are usually used at visible
wavelengths,!'>'7] therefore systems for different ap-
plications are spectrally incompatible. The single-
photon frequency conversion in nonlinear medium
technique bridges photons in infrared wavelength and
visible range, and provides solutions for quantum in-
terfaces between different quantum systems.!'*~!7]

The technique of single-photon frequency upcon-
version is based on the sum frequency generation
(SFG) process, where the signal and converted pho-
tons share exactly the same quantum character-
istics except for the wavelength.l'5:'?] Periodically
poled lithium niobate (PPLN) crystals are commonly
used in frequency upconversion because they have
large second-order nonlinear coefficient compared with
other nonlinear optical devices.’’:?!] For a general
sum frequency generation process, the bandwidth of
the signal is severely restricted due to the limited
PPLN spectral acceptance when using a single line
pump. However, the development of quantum com-
munication and information processing applications
have created a demand for broadband single-photon
frequency upconversion. For example, the bandwidths
of quantum memories should match with those of the
quantum state carriers and also the sources, while
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the common spontaneous parametric downconversion
sources typically yield spectral bandwidth of up to
300 GHz.1%!

Many solutions have been proposed to break
through this problem and achieve broadband infrared
single-photon detection.”? 2] Temperature gradient
controlled nonlinear medium was applied in frequency
upconversion experiment to increase the tolerant sig-
nal bandwidth for quasi-phase matching (QPM),l**>*
the SFG bandwidth up to 2.8nm at 600nm was
achieved in temperature controlled MgO-doped PPLN
crystals. Nonlinear crystals with all kinds of grating
structures have also been applied for broadband fre-
quency conversion. It has been reported that using an
aperiodic poled potassium titanyl phosphate (KTP)
device, frequency conversion over a bandwidth of
140 nm was achieved in communication wavelength.!*’]
Broadband upconversion of light in mid-infrared re-
gion through SFG by use of a linearly chirped ape-
riodic poled ZnO:LiNbO3 waveguide has also been
demonstrated.[’) In addition, there is wide spec-
tral bandwidth of phase matching at the tracing
point of nonlinear crystals, which has been applied
in second harmonic generation and sum frequency
generation.l””?*] However, due to the limit of group-
velocity mismatch, the phase matching at the tracing
point can be only achieved around one specific wave-
length, which depends on the properties of nonlinear
crystals.

Regardless of angle tuning or temperature tuning,
these tuning mechanisms cannot achieve simultane-
ous phase matching over the entire frequency range
for broadband signals. Aperiodic poled PPLN crystals
have a strict requirement for the processing technology
of crystals. Therefore, a broadband near-infrared pho-

*Supported by the National Natural Science Foundation of China under Grant Nos. 11722431, 11674099 and 11621404, and the
Program of Introducing Talents of Discipline to Universities under Grant No. B12024.

**Corresponding author. Email: ewu@phy.ecnu.edu.cn
(© 2020 Chinese Physical Society and IOP Publishing Ltd

034202-1


PACS 2010
PACS

PACS 2010
PACS

PACS 2010
PACS

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

CHIN.PHYS.LETT. Vol. 37, No.3(2020) 034202

ton upconversion scheme based on broadband pump-
ing is proposed here, the related theoretical analysis
is performed and experimental verification is carried
out.

In this Letter, we have achieved infrared signal
frequency upconversion at single-photon level by a
broadband pumping based on the type-0 quasi-phase
matching in a bulk PPLN crystal. Using a strong
pump centered at 1040nm with a broadband spec-
trum up to 10nm, and accurately controlling the
temperature of nonlinear medium to satisfy phase-
matching, a maximum detection efficiency of 18.8%
is achieved with a background noise about 1.2 x 1073
counts/pulse for the infrared single-photon signal cen-
tered at 1562 nm with a 7.2 nm bandwidth. The band-
width of the converted photons is 0.2 nm, correspond-
ing to a spectral compression ratio of 36 via frequency
upconversion.

In the process of SFG, conservation of energy and
momentum are strictly required. The condition of
conservation of energy is satisfied by

‘= hs b, (1)

h
>\SFG )\s )\p

where # is the reduced Planck constant, c is velocity
of light, Asrq, As and A, are the wavelengths of the
SFG, signal and pump in vacuum, respectively.
Conservation of momentum is achieved by the
quasi-phase matching technique when the PPLN is
used as the nonlinear medium. The mismatch between
interacting waves influences conversion efficiency of
the signal to a large extent, and is expressed asl*"]

A

SFG

where ngrg, ns and ny, are the refractive indices of the
SFG, signal and pump in the PPLN crystal, respec-
tively, and A is the poling period of the PPLN crystal.
Equation (2) applies the plane wave approximation.

The normalized photon conversion efficiency can
be expressed as

o) =sind? (255 3)

where L is the PPLN length. Under the condition of
Ak = 0, the conversion efficiency of single photon will
reach the theoretical maximum of 100%.

According to Egs. (1) and (2), when Ak = 0, we
have obtained the function of signal wavelength on
pump wavelength as

(nspa —ng) A
s = ) 4
A (np — nspg)/l + )\p P ( )

then the bandwidth of signal photons which can be up-
converted is dependent on the bandwidth of the pump

light as
[nsra — np| A2
A), — [ISFG 7Tl As &y 5
Ingpa —ns| X277 ©)

Obviously, Eq. (5) indicates that at a given pump laser
central wavelength, a wider signal band can be con-
verted when the bandwidth of the pump is wider. In
the process of calculation, we have considered the re-
fractive index of interacting waves as constant to sim-
plify the operation process. However, due to the exis-
tence of dispersion in the propagation process in the
PPLN crystal for broadband signal and pump, the re-
fractive indices of each wave change at different wave-
lengths, which may lead to deviations for the simula-

tion results.
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Fig. 1. Schematic of the experimental setup. EDFL: Er-
doped fiber laser, YDFL: Yb-doped fiber laser, EDFA:
Er-doped fiber amplifier, YDFA: Yb-doped fiber ampli-
fier, PC: polarization controller, Coly 2 3,4,5: collimators,
LP: long-pass filter cutting off at 1000 nm, HWP1 2: half
wave plates, GP1 2: Glan prisms, VA: variable attenua-
tor, Atten: fixed attenuator, DM: dichroic mirror, L1 2 3:
lenses, FM: flip mirror, PPLN: periodically poled lithium
niobate, M: mirror with high reflectivity at 622 4+ 10 nm,
NF: notch filter, OSA: optical spectrum analyzer, SPCM:
single-photon counting module, PM: power meter.

We built a synchronously pumped SFG system to
achieve broadband infrared single-photon frequency
upconversion and detection. The scheme of the ex-
perimental setup is illustrated in Fig.1. The setup
consisted of the laser sources part, the frequency con-
version part and the detection part. The signal and
the pump sources were composed of two master-slave
synchronized fiber lasers. The signal beam was pro-
duced by an Er-doped fiber laser (EDFL) based on
nonlinear polarization rotation (NPR) mode locking
with a repetition rate of 20.2 MHz. The spectrum of
the EDFL output beam was centered at 1562.2 nm
with a 9.1nm full width at half maximum (FWHM)
measured by an optical spectrum analyzer (Yokogawa
AQ6370), as shown in Fig.2(a), and the pulse dura-
tion was measured to be 0.8 ps. The output beam was
separated into two beams by a 1:9 coupler. The weak
beam was used as the signal of frequency upconversion
system. The other beam was amplified by an Er-doped
fiber amplification and then injected into an Yb-doped
fiber laser (YDFL) to realize a master-slave synchro-
nization in repetition rate between the two lasers. The
YDFL was constructed based on NPR mode locking
in a full positive dispersion cavity. After being am-
plified by an Yb-doped fiber amplifier (YDFA), the
average power of the output reached 65mW which
fulfilled the requirements of the strong pump in fre-
quency upconversion process. The spectrum of the
pump beam centered at 1040 nm with the FWHM of
10 nm as shown in Fig. 2(b). The pulse duration of the
pump beam was engineered to be 22.7 ps to guarantee
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an optimized time domain overlap between the signal
and pump pulses to achieve high conversion efficiency.
A delay installation composed of collimators and lin-
ear translation stage was employed in optical path of
the signal to obtain the coincidence between the signal
pulses and the pump pulses in time domain.
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Fig. 2. (a) Spectrum of the signal produced by the EDFL.
(b) Spectrum of the amplified pump laser produced by the
YDFL and the YDFA.

Both the signal and pump beams were manipu-
lated to be vertical linear polarized by the wave plates
and Glan prisms to meet the requirement of type-0
quasi-phase matching in the process of frequency up-
conversion. A long pass filter cutting off at 1000 nm
was inserted in the path of the pump beam to elimi-
nate the stray beams from the LD pump of the YDFL
and the YDFA at 980nm. The infrared signal beam
and the pump beam were combined by a dichroic mir-
ror (DM) and focused into the axial center of the
MgO:PPLN bulk crystal (HC Photonics Corp.) by
an achromatic lens with a focal length of 50nm. The
PPLN bulk crystal was 50 mm-long with a poled pe-
riod of 11 um, and the front and rear facades were
coated for anti-reflection at 1.04 ym and 1.56 pm. The
PPLN crystal was held in a temperature-controlled
oven that was fixed on a three-dimensional displace-
ment platform, and the elevation angle and azimuth
angle of the oven can be adjusted to make sure that
beams propagated parallel to the channel of the PPLN
crystal precisely. The operation temperature of the
oven as well as the PPLN crystal can be tuned from
20°C to 200°C with a fluctuation less than 0.1°C. The
SFG beam would generate efficiently when the signal
and pump pulses were precisely overlapped spatially
and temporally.

A flip mirror (FM) was installed to lead the output
beams to different measurement devices. The OSA
was employed to monitor the spectrum of SFG and
unconverted signal beams with the help of a notch fil-
ter centered at 1040nm to block the intensive pump
laser. A collimator was used to couple the SFG beam
or the unconverted signal beam into the OSA. The
SFG beam can also be sent to a power meter or a Si-
APD single-photon counting module (SPCM) to mea-
sure the intensity. The SFG beam was steered to pass
through a series of spectral filters before arriving at
the SPCM or the optical power meter to block the
miscellaneous beam from the LD pump laser, the un-
converted signal beams, the second harmonic genera-

tion of the pump laser and the optical parametric flu-
orescence induced by the strong nonlinear interaction
in the PPLN crystal. The filters include a short-pass
filter with a cut-off wavelength at 850 nm, a notch fil-
ter at 1040 nm, a pinhole and a bandpass filter with
central wavelength at 622 nm and bandwidth of 10 nm.
After testing, the total transmittance of the filters and
mirrors before SPCM for the SFG photons was 68.0%.

The average power of the signal beam and the
pump beam were fixed at 26 pW and 65 mW, respec-
tively. The SFG beam intensities were recorded by
a power meter as the temperature of the PPLN was
tuned from 85°C to 185°C by step of 2°C, the result
is depicted in Fig.3(a). The maximum SFG inten-
sity emerged at the temperature of 116°C, correspond-
ing to a conversion efficiency of 18.6% taking account
of the SFG beam transmittance in filters and lens.
The curve of the SFG beam intensity showed a flat
peak while the PPLN operation temperature chang-
ing from 112°C to 136°C, indicating that the phase
matching condition was fulfilled in a broader wave-
length range for interacting waves in our upconversion
detector (UCD) system. As the temperature tuning
from 112°C to 136°C, most of the signal spectral com-
ponents address their phase matching pumping part-
ners.
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Fig. 3. (a) Intensity of the SFG as a function of tempera-
ture of the PPLN crystal when the power of incident signal
was 26 pW. (b) Delay time (navy blue balls) between sig-
nal pulses and pump pulses under different temperature
of the PPLN crystal and fitting line (gray solid line).

For the wide-spectrum signal, the refractive indices
at different wavelengths are affected by the tempera-
ture of the PPLN crystal to a variable extent, and is
the same for the broadband pump. As a result, the rel-
ative delay between the signal and the pump should
be changed with the temperature to keep the phase
velocity of interacting frequency component identical.
The relative delay was optimized to achieve the max-
imum conversion efficiency whenever we changed the
temperature of the PPLN crystal. The results were
recorded as shown in Fig.3(b), which shows a linear
dependence between the relative delay of beams and
the temperature of the PPLN crystal with a fitting
slope of —0.24 ps/°C.

We chose the temperature corresponding to the
maximum of the signal conversion efficiency to ex-
plore the spectrum and bandwidth of converted signal
and the SFG. The temperature of the PPLN crys-
tal was set to be 116°C, and the spectrum of the un-
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converted signal beam is shown in Fig.4(a) by gray
line with comparison to the original infrared signal
beam spectrum shown by the red line. The enclosed
area between the incident signal beam spectrum and
the unconverted beam spectrum can be considered as
the spectral components converted into visible region.
The bandwidth of converted signal was about 7.2nm
with the central wavelength at 1562 nm. The SFG was
centered at 623nm with a spectrum linewidth mea-
sured to be 0.2nm as shown in Fig.4(b). In a com-
parison of the two spectra before and after frequency
conversion, the phase-matching process in the PPLN
functioned as a spectrum compressor in the UCD sys-
tem. The spectrum compression factor from signal to
SFG was measured to be 36. According to the spec-
trum range of the SFG and the converted signal, the
spectrum of the pump that participating the frequency
conversion process was calculated to be from 1035 nm
to 1038 nm with a bandwidth of 3nm, meaning that
not all the pump laser spectral components partici-
pated in the SFG. Then the simulated bandwidth of
the converted signal was 7.4nm according to Eq. (5),
which is very similar to the experimental result.
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Fig.4. (a) Spectrum of the signal (solid red line) and
unconverted signal (solid gray line). (b) Spectrum of the
SFG.
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Fig. 5. Simulation of the signal conversion efficiency curve
when the signal and pump at different wavelengths linked
to the PPLN crystal.

Meanwhile, we have directly simulated the rele-
vance between the wavelengths of the signal and the
pump taking part in frequency conversion when the
PPLN crystal was at 116°C. We calculated the refrac-
tive index of the extraordinary light of the signal and
the pump by the Sellmeier equation, and simulated
the signal conversion efficiency when the single and
the pump was at different wavelengths according to

Egs. (2) and (3), while L was 50mm and A equaled
11 pm, the simulation result is shown in Fig. 5. As can
be seen from Fig.5, the wavelength of the signal has
linear relationship with the wavelength of the pump,
and the maximum bandwidth that can be converted is
about 10nm when the pump bandwidth is 3nm. Be-
cause of the group velocity mismatch between the sig-
nal and the pump, the bandwidth of them is severely
restricted.[*!] Therefore, only the spectral components
from 1035 nm to 1038 nm contributed in the SFG, and
the signal spectrum which could participate in this
broadband SFG was limited. The group velocity mis-
match between the signal and the SFG leads to the
compression of the spectral bandwidth.[*?]
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Fig. 6. (a) The curves of conversion efficiency of the signal
as a function of the pump power. Wine balls and red di-
amonds are on behalf of conversion efficiency at different
pump power measured by PM and SPCM, respectively,
and solid lines are the corresponding fitting curves. (b)
The curve of background noise to the pump power. Blue
balls show background noise at different pump power when
the signal is blocked. Solid blue line is the fitting curve.

The conversion efficiency of broadband signal as
a function of the pump power was measured while
temperature of the PPLN crystal was fixed at 116°C.
When the average power of the signal beam was
26 uW, a power meter was used to evaluate the SFG
beam intensity. The conversion efficiency as a function
of the pump power was plotted by red diamonds as
shown in Fig.6(a). A maximum conversion efficiency
of 18.8% was achieved at a 62mW pump power. The
highest conversion efficiency can be reached notionally
to be 18.3%. Even with a perfect overlap of pump and
signal beams, conversion efficiency cannot reach 100%
because of the Gaussian nature of the beams. Focus
effects play probably an important role here as the
crystal is long and the focal length of the focusing lens
is short. Moreover, temporal fluctuations of the pump
and signal due to the multi-longitudinal properties of
the lasers play a role in the conversion efficiency so
that the total conversion efficiency of the signal was
severely limited.

To test the single-photon counting capability of our
UCD system, the intensity of the signal beam was
attenuated to 8.6 x 10~ W, corresponding to 0.35
photons per pulse. The specific operation and calcu-
lation for the attenuation followed Ref. [15]. Then the
measurement was carried out at single-photon level
by using the Si-APD single photon counting mod-
ule (SPCM) (SPCM-AQ-RH-14, Excelitas Technolo-

034202-4


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 37, No.3(2020) 034202

gies Corp.) to count the SFG photons. The result of
measurement is shown in Fig.6(a) by wine balls. A
maximum conversion efficiency of 18.8% was achieved
at pump power 63 mW. The fitting curve is shown as
the wine line in Fig. 6(a), which is in good agreement
with the curve fitted by the data from the power meter
measurement.

In conclusion, we have presented a UCD system
to convert and detect broadband infrared single pho-
tons. By optimizing the spectral bandwidth and
pulse durations of pump beam, and accurately con-
trolling the temperature of nonlinear medium to sat-
isfy quasi-phase matching, a maximum conversion ef-
ficiency of 18.8% is achieved with a background noise
of 1.2 x 10~2 counts/pulse. The spectral bandwidth of
the corresponding signal beam participating in the fre-
quency conversion is as broad as 7.2nm. This scheme
of broadband infrared single-photon upconversion and
detection provides potential solution in infrared laser
ranging, broadband infrared imaging and quantum
key distribution.
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