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Optical detectors with single-photon sensitivity and large dynamic range would facilitate a variety of applications.
Specifically, the capability of extending operation wavelengths into the mid-infrared region is highly attractive.
Here we implement a mid-infrared frequency upconversion detector for counting and resolving photons at 3 μm.
Thanks to the spectrotemporal engineering of the involved optical fields, the mid-infrared photons could be
spectrally translated into the visible band with a conversion efficiency of 80%. In combination with a silicon
avalanche photodiode, we obtained unprecedented performance with a high overall detection efficiency of
37% and a low noise equivalent power of 1.8 × 10−17 W∕Hz1∕2. Furthermore, photon-number-resolving detec-
tion at mid-infrared wavelengths was demonstrated, for the first time to our knowledge, with a multipixel photon
counter. The implemented upconversion detector exhibited a maximal resolving photon number up to 9 with a
noise probability per pulse of 0.14% at the peak detection efficiency. The achieved photon counting and resolving
performance might open up new possibilities in trace molecule spectroscopy, sensitive biochemical sensing, and
free-space communications, among others. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.410302

1. INTRODUCTION

The mid-infrared (MIR) wavelength region is of great interest
for a variety of applications as wide-ranging as environmental
monitoring, molecular spectroscopy, biomedical sensing, and
free-space communication [1,2]. In these envisioned scenarios,
sensitive MIR detection is highly demanded to access dramati-
cally improved performance in terms of detection sensitivity,
working distance, or imaging functionality [3]. So far, tremen-
dous progress has been witnessed in developing MIR detectors
based on either conventional semiconductors of indium anti-
monide (InSb) and mercury cadmium telluride (MCT), or
emerging materials of colloidal quantum dots [4], graphene
plasmons [5], and black phosphorus [6]. However, the noise-
equivalent power (NEP) is typically limited to about
pW∕Hz1∕2, far below the level of single-photon detection. The
attainable sensitivity could be improved with cryogenic oper-
ation for suppressing the intrinsic blackbody radiation and dark
current. Notably, MIR single-photon detection has been ac-
cessed by superconducting nanowire detectors [7], albeit with
additional complexity of a bulky cooling system. Very recently,

a broadband response window from 1.55 to 5.07 μm was
achieved with an optimized width of MoSi-based nanowire
[8]. Nowadays, continuous endeavors have still been dedicated
to approaching efficient direct detection for MIR photons,
especially at room temperature.

Indeed, the performance of currently existing MIR detectors
is in marked contrast to the visible and near-infrared regions, in
which highly efficient and low-noise photon counting is avail-
able by commercial avalanche photodiodes (APDs) [9].
Especially, photon-number-resolving (PNR) capability has also
been readily achieved using a silicon-based multipixel photon
counter (Si-MPPC). The resulting single-photon sensitivity
and large dynamic range could not only support accurate and
rapid characterization of nonrepetitive optical signal at low-
light levels, but also facilitate quantum-optics experiments to
investigate multiphoton quantum states [10,11], measure high-
order correlation functions [12], and characterize Wigner
functions [13]. Moreover, photon-number identification also
constitutes a key enabler in promising protocols in quantum
information science, such as thresholded laser ranging [14],
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loss-tolerant optical communication [15], and high-capacity or
long-distance quantum key distribution [16,17].

In view of the attractive features of Si-based detectors, fre-
quency upconversion strategy by spectrally translating the
MIR signals into shorter wavelengths has been recognized as
a simple yet effective way to capture MIR photons. Recently,
such an indirectMIR approach has been investigated by utilizing
optical nonlinearities based on crystals [18–21], waveguides
[22,23], nanowires [24], as well as fluorophore [25]. A similar
spirit was also manifested inMIR detection based on nondegen-
erate two-photon absorption in wide-bandgap semiconductors
[26]. Current advances in frequency upconversion detectors
have even led to demonstrating sensitive MIR imaging by
high-definition Si-based CCD cameras [27,28], with great po-
tential to extend the working wavelength into the far-infrared
regime [29]. However, to date, the conversion efficiency
achieved for MIR single-photon upconverters is typically below
35% [19,21,27]. These limited values contrast with the near-
infrared counterparts with nearly complete conversion
[30–33].Moreover, stringent filtering stages are typically needed
to suppress the severe pump-induced parametric fluorescence
noise, which ultimately results in an MIR detection efficiency
of several percentage points [34]. Consequently, PNR detection
at MIR has not yet been reported due to the limited efficiency
and accompanying background noise, although the desirable
feature was demonstrated a decade ago at 1.56 μm [35] and
1.04 μm [36]. Nowadays, there is a significant impulse to move
quantum optics to theMIR [20,37,38], thus urgently calling for
enabling techniques to yield efficient single-photon counting
and photon-number resolution.

Here we demonstrate a high-performance MIR frequency
upconversion detector based on the coincidence pumping
configuration. Thanks to the spectrotemporal optimization
for the passively synchronized pulses, the intrinsic conversion
efficiency for the MIR photons at 3 μm reached 80%.
Correspondingly, the overall detection efficiency of about 37%
could be achieved due to the effective filtering system. The
resultant noise equivalent power (NEP) was as low as
1.8 × 10−17 W∕Hz1∕2, thus representing the highest sensitivity
among reported MIR detectors. Furthermore, we demonstrated
for the first time, to the best of our knowledge, the ability to
resolve the number of photons within an MIR pulse. The ob-
tained MIR photon counting and resolving performances
would pave the way toward implementing advanced protocols,
which require an ultimate sensitivity at the single-photon level
and a large dynamic range with linear response to incident
photon numbers.

2. PRINCIPLE OF COHERENT FREQUENCY
CONVERSION

Coherent frequency upconverters enable the translation of the
frequency of signal photons into a higher targeted one while
preserving the optical coherences or quantum characteristics
[39]. The involved nonlinear process is usually realized by the
second-order sum-frequency generation (SFG) under the non-
depleted pump approximation. The energy conservation leads
to ω1 � ω2 � ω3, where 1, 2, 3 denote the signal, pump, and
SFG modes, respectively. Under the perfectly phase-matching

condition, the relevant Hamiltonian for the three-wave mixing
is given as

Ĥ � iℏgα�â1â†3 −H:c:�, (1)

where α is the electric amplitude of the classical pump field, g is
the coupling constant determined by the nonlinear susceptibil-
ity of the medium, and H:c: represents the Hermitian conju-
gate. â1 and â3 denote the annihilation operators for the signal
and converted photons, respectively. Using this Hamiltonian,
the state evolution after an interaction length L can be de-
scribed by the coupled-mode equations as

â3�L� � sin�jgαjL�â1�0� � cos�jgαjL�â3�0�: (2)

A complete conversion, â3�L� � â1�0�, can be obtained if
jgαjL � π∕2. In this case, the signal photon is annihilated at
the creation of the SFG photon. The one-to-one correspon-
dence ensures a noiseless conversion, which forms the basis
for many applications such as single-photon detection and op-
tical quantum interface [39]. Generally, the conversion effi-
ciency can be defined by

η � N 3�L�∕N 1�0� � ηm sin2�jgαjL�
� ηm sin2�π∕2

ffiffiffiffiffiffiffiffiffiffiffiffi
P∕Pm

p
�, (3)

where N i � hâ†i âii denotes the average photon number, P is
the pump power, and ηm is the maximum conversion efficiency
under a pump power of Pm.

Similarly, the inverse process acting as a coherent down-
converter (CDC) is possible by noticing the Hermitian conju-
gated term in Eq. (1). In this scenario, the signal photon with
the higher frequency ω3 could be completely converted to a
photon with a lower frequency ω1 [40]. Therefore, an identical
solution for the quantum state evolution could be expected,
and the conversion efficiency shows the same dependence
on the pump power as given by Eq. (3). A CDC was used
in our experiment to prepare the MIR signal from the near-
infrared coherent light. Specifically, the linear response of
the downconverter provides a solution for precisely calibrating
the MIR power, especially at the single-photon level. Indeed,
measuring MIR light at low powers is typically challenging due
to limited power-meter sensitivity and ambient thermal dis-
turbance. To this end, well-calibrated attenuators were inserted
in the near-infrared light path, which could result in the same
attenuation for the MIR output. In the following, we will turn
to the experimental realization of the aforementioned coherent
converters.

3. EXPERIMENTAL SETUP

As discussed above, two complementary nonlinear optical proc-
esses, i.e., coherent frequency down- and upconversion, were
used in our experiment. Figure 1(a) illustrates the related en-
ergy transition diagram based on three-wave mixing.
Specifically, the CDC enables the preparation of the MIR
source from a weak near-infrared light at 1030 nm under
pumping at 1550 nm. In principle, the MIR signal would pre-
serve quantum and coherent properties of the near-infrared
states [41], which thus provides an effective way to prepare
quantum states at MIR, such as squeezed states and entangled
states. The prepared MIR source here should be in a coherent
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state, which will be verified later by the photon-number distri-
bution measured by a PNR detector. Another desirable feature
for the CDC was the possibility of calibrating the MIR power,
particularly at the single-photon level by adding attenuators
for the near-infrared light. Indeed, the attenuation for near-
infrared wavelengths could be better calibrated due to more
sensitive optical detectors. As for the coherent upconverter
(CUD), it can spectrally translate the MIR signal into the vis-
ible band under pumping at 1030 nm, which enables MIR
single-photon counting and PNR detection.

The experimental realization is presented in Fig. 1(b), in-
cluding the three parts of the initial source preparation,
MIR signal generation, and single-photon detection. All the
light sources originated from a passively synchronized fiber laser
system, which consisted of two Er- and Yb-doped fiber lasers
(EDFL and YDFL). The two fiber lasers were arranged in a
shared-cavity configuration. Cross-phase modulation between
the dual-color pulses within a common section of single-mode
fiber could result in synchronous mode-locking at 14.6 MHz.
More details about the all-optical synchronization may be
found in Ref. [42]. The YDFL output at 1029.8 nm was di-
vided into two portions, which served as the seed and pump for
the CDC and CUC modules, respectively. The power of the
pump could be amplified to the watt level based on photonic
crystal gain fiber. Thanks to the large mode diameter, a narrow
spectrum was maintained during the amplification, resulting in
a 0.12-nm full width at half-maximum (FWHM), as shown in
Fig. 2(a). The corresponding pulse duration was inferred to be
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Fig. 1. (a) Energy transition diagram for coherent down- and upconverters based on a second-order nonlinear process. The downconverter is used
to prepare an MIR source with a well-calibrated power, which is essential in characterizing the detection performances for the MIR upconverter.
(b) Experimental setup for MIR upconversion detection system based on passively synchronized fiber lasers. Initial source preparation for subsequent
nonlinear conversion was realized by two Er- and Yb-doped fiber lasers (EDFL and YDFL) and multistage fiber amplifiers. The resultant amplified
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(a) and (c) are the measured optical spectra for the output pulses from
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actual pulse duration with the assumption of a Gaussian profile.
(e) Optical spectrum for the MIR signal source; (f ) cross-correlation
trace between signal and pump pulses.

Research Article Vol. 9, No. 2 / February 2021 / Photonics Research 261



32 ps from the measured autocorrelation trace in Fig. 2(b).
Note that a scaling factor of

ffiffiffi
2

p
was used under the assumption

of a Gaussian profile. Similarly, the power of the EDFL output
was boosted to about 200 mW by using cascaded fiber ampli-
fiers. The corresponding optical spectrum is shown in Fig. 2(c),
which indicated a center wavelength at 1549.7 nm and an
FWHM of 0.1 nm. The inferred pulse duration was 34 ps,
as given in Fig. 2(d).

The dual-color pulses at 1 and 1.55 μm were then spatially
combined with a wavelength division multiplexer (WDM).
The mixed light was collimated into the free space before being
focused into a periodically poled lithium niobate (PPLN) crys-
tal. A quasi-phase-matching condition was optimized at an op-
eration temperature of 40.7°C and a polling period of 30.3 μm,
leading to efficient generation of MIR light at 3069 nm. The
resultant narrow spectral bandwidth of 0.9 nm, as shown in
Fig. 2(e), would favor efficient nonlinear conversion within
the phase-matching window. To generate the MIR signal,
the pump power at 1.55 μm was arbitrarily set around
120 mW, corresponding to a downconversion efficiency of
40%. The linear relationship between the powers at 1 and
3 μm was verified by inserting calibrated neutral density filters
(NDFs) within the delay line (Delay1). Therefore, the MIR
power could be precisely controlled by choosing a proper com-
bination of NDFs at the near-infrared. The attenuated MIR
light will serve as the signal source for the subsequent CUC
module.

To implement the frequency upconversion detector, the sig-
nal and pump sources were spatially combined by a dichroic con-
cave mirror and temporally overlapped with a translational stage
(Delay2). Another PPLN crystal was used to perform the SFG,
which has a length of 25 mm. The resultant phase-matching
window for the nonlinear crystal was about 5 nm in the case
of narrowband pumping [27], which was much larger than
the spectral bandwidth of the MIR signal. As shown in the inset
of Fig. 3, the phase-matching temperature was about 54.6°C for
the chosen poling period of 20.9 μm. The resulting SFG signal at
771 nm was then sent into filtering stages before being registered
by Si-based detectors. Based on SFG configuration, a cross-cor-
relation trace was measured with an FWHM of 42 ps, as shown

in Fig. 2(f ). In the weak conversion regime, the cross-
correlation bandwidth depends on the convolution between
the signal and pump pulses, which indicated a pulse duration
of 27 ps for the MIR signal. In this case, the MIR photons would
be temporally confined within the pump envelope, thus ensuring
a high total conversion efficiency [32].

4. RESULTS AND DISCUSSIONS

Now we turn to characterize the performance of the imple-
mented upconversion detector. Conversion efficiency is a cru-
cial parameter that defines the possibility for an MIR photon to
be converted. Practically, the conversion efficiency η could be
measured by evaluating the power ratio between the signal and
upconverted light as η � �Pup∕Ps� × �λup∕λs�. Figure 3 shows
the deduced conversion efficiency as varying the pump power,
which was fitted by Eq. (3) with ηm � 80% and
Pm � 312 mW. As expected, excessive pumping power re-
sulted in the decrease of the conversion efficiency due to the
complementary downconversion process [30]. To further val-
idate the achieved efficiency, we also measured the so-called
undepletion rate R � 1 − η � Pres∕P0, where P0 and Pres

are the input and residual MIR signal power, respectively.
The advantages of the proposed method lie in the avoidance
to calibrate power measurement devices for different wave-
lengths, and the independence from losses including propaga-
tion transmission and filtering efficiency. The measured
undepletion rate shown in Fig. 3 was modeled quite well with
the previously obtained parameters. The high conversion effi-
ciency was due to the careful optimization of optical pulses in
spectral and temporal domains [43]. First, the spectrum of the
MIR signal was made to be narrow for approaching the efficient
phase-matching window. Second, the pulse duration of the
MIR signal was set to be smaller than that of the pump, which
ensured a sufficiently intensive pump field for signal photons.
Third, the relative timing jitter of the synchronized signal and
pump pulses was negligible relative to the pulse duration, thus
permitting a stable and efficient nonlinear interaction.

In principle, the unitary conversion efficiency was possible
in the case of a perfectly phase-matching condition and suffi-
cient pump intensity [39]. To go beyond the achieved conver-
sion efficiency, we could resort to a better temporal matching of
the signal and pump pulses [32]. Rigorously, the total conver-
sion efficiency η̄ should depend on the pulse overlapping as

η̄ �
R�∞
−∞ sin2�π∕2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I p�t�∕Ip�0�
p � × I s�t�dtR�∞
−∞ I s�t�dt

, (4)

where I p�t� and I s�t� denote the intensity profiles for the pump
and signal pulses, respectively. In our experiment, the 32-ps
pump and 27-ps signal pulses would result in a conversion ef-
ficiency of about 90%. Another limiting factor might be as-
cribed to the spatial-mode mismatching for the focused
pump and signal beams within the nonlinear crystal.

In the following, we proceed to investigate the photon-
counting performance for the MIR upconversion detector.
To emulate the single-photon source, the MIR signal was in-
tensively attenuated to contain 0.127 photons per pulse. As
discussed above, the attenuation was determined by adding
a series of properly calibrated NDFs into the near-infrared light
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path. The SFG signal was sent through a short-pass filter with a
cutoff wavelength of 900 nm and two bandpass filters with a
bandwidth of 10 nm. The total transmission of the filters ηf
was about 92%, with a noise rejection of 130 dB at the pump
wavelength. The filtered light was then coupled into a single-
mode fiber with a coupling efficiency ηc of 87%, which could
act as an effective spatial filtering for upconverted parametric
fluorescences [44]. The resulting background noise Nb at
the peak conversion efficiency was about 5.4 kHz, as shown
in the inset of Fig. 4. Finally, the upconverted photons were
registered by a fiber-coupled single-photon counting module
(SPCM) with a detection efficiency ηSPCM of 58% at
771 nm and a dark noise of about 100 Hz. The overall detec-
tion efficiency could be evaluated by dividing the recored count
rate by the input MIR photon flux of 1.854 MHz. Specifically,
the maximum count rate of 687 kHz was recorded at the peak
conversion efficiency, which indicated a detection efficiency ηd
of 37%, as shown in Fig. 4. After correction for the total loss
given by ηf × ηc × ηSPCM � 46%, the conversion efficiency for
MIR single photons was calculated to be 80%, which was iden-
tical to that obtained in the weak signal regime. Furthermore,
sensitivity of the upconversion detector was evaluated with the
NEP defined by NEP = ℏω

ffiffiffiffiffiffiffiffiffi
2Nb

p
∕ηd , where ℏω is the MIR

photon energy [30]. As shown in Fig. 4, a low NEP of
1.8 × 10−17 W=Hz1∕2 was realized at the maximum detection
efficiency. The demonstrated sensitivity down to the single-
photon level was at least 4 orders of magnitude better than con-
ventional detectors based on PbS, PbSe, and HgCdTe [34].
Moreover, the NEP for the MIR upconversion detector was
more than 10 times lower than that for the state-of-the-art
superconducting nanowire single-photon detector with a detec-
tion efficiency about 4% at 3 μm and a dark count rate over
10 kHz [7].

In order to demonstrate the PNR capability, the SPCM was
replaced by a Si-MPPC. The MPPC (Hamamatsu Photonics
S13362-3050DG) comprised 60 × 60 pixels on an effective ac-
tive area of 9 mm2. The underlying mechanism for the PNR
detection was based on the spatial multiplexing, where incident
photons would randomly hit different pixels. The breakdown
voltage was optimized at 53 V for approaching a trade-off
among quantum efficiency, dark noise, and photon-number

resolution. The detection efficiency ηMPPC was about 8% at
771 nm, with a dark noise of about 15 kHz. The electronics
for readout and processing were optimized for a high repetition-
rate operation at 14.6 MHz, which was much higher than pre-
viously reported values below several megahertz [35,36].
Figure 5(a) shows the typical waveforms recorded by a digital
oscilloscope at the persistence display mode. The sampling rate
was set at 20 GHz, which was sufficient to identify the photon
clicks within a temporal duration about 4 ns. The exhibiting
discrete amplitudes correspond to various detected photon
numbers. Figure 5(b) gives the histogram of the voltage ampli-
tude for the acquired 500,000 MPPC waveforms. Different
photon-number states could be differentiated by the peaks
in the histogram, leading a maximum resolved photon number
up to 9. These peaks were then fitted by a series of Gaussian
functions. The area under each peak after being normalized to
the total one represents the photon-number probability. The
reconstructed photon-number distribution is given in Fig. 5(c).

Generally, the measured probability Q�n� for n photons in
the pulse is related to the incoming distribution S�m� by the
relation: Q�n� � P

m≥n P�njm� × S�m�, where P�njm� is the
conditional probability that n photons are detected at the pres-
ence of m incident photons. In our proof-of-principle experi-
ment, the MIR signal was in a coherent state, thus following the
Poissonian nature for the photon-number statistics. In this case,
the detected state after losses was still a coherent state, but with
a smaller average photon number scaled by the overall detection
efficiency. As shown in Fig. 5(c), the photon-number distribu-
tion was close to a Poissonian Q�n� � μn exp�−μ�∕n!, with a
detected average photon number of μ � 2.55. The linear
scaling between the detected and input average photon
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numbers per pulse is manifested in Fig. 5(d), which shows a
large dynamic range for the incident MIR power. The slope
of the linear fitting line indicates a total detection efficiency
of 4.8%, which includes the conversion efficiency, filtering
transmission, and detection efficiency of the MPPC. The de-
tection efficiency could be further increased by choosing an
MPPC with higher responsivity optimized at the SFG wave-
length [36]. Thanks to the low-noise upconversion system
and high-speed repetition rate, the achieved noise probability
was as low as 1.4 × 10−3, which would impose negligible effect
on the PNR performance. In our experiment, the background
noise for the upconversion PNR detector was mainly limited by
the dark noise from the detector itself. The intrinsic thermal
noise could be minimized by using Peltier cooling [36].

5. SUMMARY

To conclude, we have demonstrated MIR photon counting and
resolving performance based on efficient nonlinear frequency
upconversion. The employed pulsed pumping scheme lever-
aged the high peak power and ultrashort excitation window,
which helps to increase the conversion efficiency and reduce
the background noise. Thanks to the spectrotemporal engineer-
ing and tight passive synchronization of the involved light
pulses, the quantum conversion efficiency was optimized up
to 80%. In combination of effective filtering stage and high-
performance Si-SPCM, a record-high overall detection effi-
ciency of 37% was obtained with a corresponding NEP as
low as 1.8 × 10−17 W=Hz1∕2. The presented upconversion de-
tector was thus featured with ultrahigh sensitivity at the
room-temperature operation. Furthermore, the upconversion
detector was extended with a Si-MPPC to demonstrate a here-
tofore uninvestigated PNR capability at MIR. The maximum
resolved photon number reached 9, which enabled the imple-
mentation of a faithful reconstruction of Poissonian statistics
for MIR coherent states. The achieved MIR photon recording
and resolving capabilities promise to facilitate subsequent
classical and quantum applications requiring single-photon sen-
sitivity and large dynamic range, such as high-precision remote
positioning [45], ultrasensitive gas sensing [46], photon-
number-thresholded lidar [14,47], and quantum communica-
tion through a complex scattering channel [48].
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