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Advantages of the frequency-conversion technique in quantum interference
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Hong-Ou-Mandel (HOM) interference is a key phenomenon for understanding quantum interference and
a basic tool for quantum information and metrological applications. By introducing the nonlinear frequency-
conversion (NFC) technique into HOM interferometers, more phenomena could be found and more functions
could be developed. Here, tunable quantum spatial beating is observed in a HOM interferometer based on the
postfilter scheme, where two NFC modules function as tunable band-pass filters. Degenerate IR photon pairs
at 1079.00 nm are generated based on the noncritical phase-matching spontaneous parametric down-conversion
process and are up-converted to the visible band around 633.40 nm by the NFC modules before the detectors.
We show that in addition to the filtering effect, the NFC can also improve the photon detection efficiency based
on silicon avalanched detector, increasing the coherence length, and therefore improving the heralding efficiency
and visibility. Our results demonstrate the advantages of the NFC technique in HOM interference, which could
also be generalized to other quantum interference.
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I. INTRODUCTION

Hong-Ou-Mandel (HOM) interference, discovered in 1987
[1], is not only used in a wide variety of applications in
quantum optics and quantum information [2–6], but is also
used in interferometry; being similar to a single-photon in-
terferometer, the HOM interferometer is a powerful tool for
measurement of optical delays between different paths [7].
However, unlike the single-photon interference, HOM inter-
ference is not affected by the relative phase between the two
photons; therefore, it does not require a complex phase-stable
feedback system. The state-of-the-art HOM interferometer
has achieved few-attosecond (or nanometer path length) scale
resolutions [8]. Besides, HOM interference is also used in
quantum optical coherence tomography [9], automatic can-
cellation of even-order dispersion [10], and characterizing
dispersion and absorption [11–14].

In 1988, using the same optical setup as the HOM in-
terferometer, Ou and Mandel observed a spatial quantum
beating phenomenon by inserting two band-pass filters with a
nonoverlapping center frequency before two detectors [15]. In
2009, Ramelow et al. built a discrete frequency-entanglement
source and the quantum beat note was observed [16]. From
then on, the beat note became a character of the discrete
frequency entanglement [17–20], from which the photon
bandwidth and the frequency spacing can be deduced. Re-
cently, Chen et al. demonstrated that the biphoton beat note
based on the HOM interferometer with discrete frequency
entanglement can be used for measurement and achieve great
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precision, where the precision is determined by the separation
of center frequencies of the state [21]; their work significantly
facilitates the use of the spatial beat note for quantum sensing.
Since the HOM interference of the continuous frequency-
entanglement state with postspectrally selective filtering has
the same phenomenon as that of discrete frequency entan-
glement, it can also be used in the high timing resolution
interferometry; comparing the two schemes, the latter has a
significant advantage that the separation of center frequencies
is tunable based on the tunable temperature of the crystal,
while in the former scheme, the center frequency of a filter
is usually not tunable. However, because the former scheme
has the advantage that the setup for preparing the discrete
frequency-entanglement state is not required, it is also a
candidate scheme in HOM interferometry. Here, we intro-
duce a special tunable filter to realize the postfiltering HOM
scheme and make the frequency spacing tunable; moreover,
the special filter can benefit the interference results from other
aspects.

The tunable filter is played by the nonlinear frequency-
conversion (NFC) module, which is a relatively mature
technique that can change the frequency of an optical quantum
state without changing its nonclassical properties. It is usually
based on the three-wave mixing process based on a second-
order nonlinear crystal, where the sum-frequency generation
(SFG) and the difference-frequency generation (DFG) can
be used in frequency up-conversion and down-conversion,
respectively. The NFC has been used to convert the frequency
of entanglement states for quantum communication [22,23],
NOON states for quantum metrology [24], and single photons
carrying imaging information [25]. For quantum communica-
tion, the NFC is used as a quantum interface to link the fiber
and the quantum memory; for quantum metrology, the NFC
can help to prepare a NOON state with a shorter wavelength
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and therefore improve the resolution; for quantum imaging,
the NFC enables the visible charge-coupled device (CCD)
to detect the IR imaging. In this work, we fully demon-
strate the advantages of the NFC in quantum interference
based on a HOM interferometer and the beat note interference
phenomenon.

In our experiment, we modify the original experiment in
Ref. [15] and the narrow-band filters are replaced by two
SFG modules. The photons are prepared by the degenerate
spontaneous parametric down-conversion (SPDC) process in
a potassium titanyl phosphate (KTP) crystal with a type-
II noncritical phase matching [26]. Because of no periodic
poling and no walk-off effect, the crystal with noncritical
phase matching can have a larger dimension compared to the
crystals with angle phase matching or quasi–phase matching;
therefore, it has relatively high efficiency and is a promis-
ing candidate for experiments of correlated imaging [27].
However, the disadvantage of noncritical phase matching is
that the wavelength cannot be designed flexibly compared to
quasi–phase matching. The first advantage of the NFC is to
convert the prepared photons to any wave band for a certain
reason; for example, in our previous work, we prepared a
NOON state with a shorter wavelength than the wavelength
of the pump photons [28]. In this experiment, we focus on
the other two advantages of the NFC: On the one hand, the
SFG module plays the role of a tunable narrow-band filter;
on the other hand, it can convert the infrared photons into
the visible band. Usually, the quantum efficiency of visible
detectors is much higher than infrared detectors such as an
AsGaIn avalanched single-photon detector and the latter also
suffer from low speed, high cost, high readout noise, and
more rigorous cooling attachment requirements. Moreover,
the detection efficiency of a silicon avalanched single-photon
detector is below 2%, around 1079 nm. A visible detector with
the aid of high-efficiency SFG can significantly improve the
efficiency of infrared detection, around 1079 nm, and there-
fore improve the heralding efficiency. In addition, the filtering
effect can increase the coherence length and optimize the su-
perposition of the photons’ spectra; therefore, the interference
visibility can also be improved significantly. In a common
HOM interferometer, one should try to reduce the coherence
length to obtain a high sensitivity limit [8]; however, in the
spatial beating experiment, the sensitivity is not limited by
the coherence length [21] and one could still increase the
coherence length to obtain a large measurement range.

II. METHODS

A flow chart of the experimental setup is shown in Fig. 1.
Except for the SPDC process, three SFG modules are in-
cluded: SFG0 provides the pump beam for the SPDC, SFG1
and SFG2 are used to implement frequency up-conversion,
and the systems are linked by single-mode fibers. The width of
the signal and idler photons’ spectra are much wider than the
acceptance bandwidth of SFG1 and SFG2. Therefore, SFG1
and SFG2 also act as narrow-band filters and we assume
that their center frequencies are ω1 and ω2, respectively. In
the case that ω1 = ω2, the interference phenomenon is the
same as the HOM interference with narrow-band photons.
In the case that ω1 �= ω2, as shown in Fig. 1, the inter-

FIG. 1. A flow chart of the experimental setup. SPDC: spon-
taneous parametric down-conversion; BS: beam splitter; SFG:
sum-frequency generation; D: single-photon detector; C. C.: coin-
cidence count.

ference is equivalent to the HOM interference of a discrete
frequency-entanglement state (|ω1〉|ω2〉+|ω2〉|ω1〉)/

√
2 be-

cause the occurrence of a coincidence count indicates two
indistinguishable cases where one of the signal and idler
photon is filtered by SFG1 and the other is filtered by SFG2
or vice versa. In the actual experiment, the SFG2 (or SFG1)
module is not necessary to observe the beat note because once
the signal or idler photon is filtered, the spectrum of the other
photon is naturally selected by the coincidence measurement.
Assuming the acceptance spectrum of the SFG1 and SFG2
has a Gaussian profile (the actual filtering profile is the sinc2

function, which can be approximated as a Gaussian function),
the coincidence detection probability is given by [15,21]

P = 1
2 − 1

2 exp(−2σ 2τ 2) cos [(ω1 − ω2)τ ], (1)

where τ represents the time difference between signal and
idler paths; σ represents the root mean square acceptance
bandwidth of the two SFG systems.

Figure 2 shows the experimental setup. In the first SFG0
module, a type-0 periodically poled KTP crystal is used to
generate the pump beam of SPDC that has a wavelength
of 539.50 nm and maximum output power of 80 mW. In
the experiment, the pump power is fixed at 38 mW. The
827.52 and 1549.92 nm pump beams are from a Ti:sapphire
laser and an erbium-doped fiber amplifier, respectively. In
the second system, a KTP crystal is used to implement the
SPDC process. The a-cut KTP crystal can satisfy the type-II
noncritical phase-matching condition around 1079 nm [29].
The degenerate temperature is 38 ◦C in our experiment. A
polarizing beam splitter (PBS) is used to separate the signal
and idler photons and the beam splitter (BS) in Fig. 1 is in
fact realized using a fiber BS that is a 2 × 2 fiber coupler
with a coupling ratio of nearly 50%/50%. The wave plates
are used to translate the photons into the same polarization
to satisfy the indistinguishability of the degree of freedom of
polarization. SFG1 in Fig. 2(c) is a frequency up-conversion
system where a type-0 MgO:PPLN crystal is used as the
nonlinear crystal. The center frequency of the SFG acceptance
spectrum can be tuned by adjusting the temperature of the
crystal. The 1533.76 nm pump beam is from a diode laser
and is amplified via another erbium-doped fiber amplifier that
has a maximum output power of 10 W. The wavelength of
the photons is converted to 633.40 nm. Another frequency
up-conversion module SFG2 is cascaded together with SFG1.
The pump beam in SFG2 is directly from SFG1; therefore,
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FIG. 2. Experimental setup. (a) SFG system preparing the pump beam of SPDC. PPKTP: periodically poled KTP crystal that has a poling
period of 10.02 μm and a size of 20 mm (length) × 2 mm (width) × 1 mm (height); DM: dichroic mirror; F1: 520–40 nm band-pass filter;
FC: fiber collimator. (b) SPDC system preparing photon pairs. WP: Wave plates including a quarter-wave plate and a half-wave plate; KTP:
potassium titanyl phosphate crystal that has a size of 8 mm × 5 mm ×5 mm; PBS: polarizing beam splitter; F2: 750 nm long-pass filter;
FBS: fiber beam spliter. (c,d) SFG systems realizing frequency up-conversion detection. PPLN:MgO-doped periodically poled lithium niobate
crystal. The two PPLN crystals are identical that have five periodically poled gratings and each poled grating has a size of 40 mm × 1 mm ×
0.5 mm. The period we used is 11.70 μm. F3: 635–10 nm band-pass filter; F4: 1400 nm long-pass filter. APD: Silicon avalanche photodiode
(Excelitas, SPCM-AQRH-14-FC).

the pump power is lower than that in SFG1 because of the
transmission loss of the optical elements. Except for the pump,
the setup in SFG2 is identical to that in SFG1.

In SFG1 and SFG2, the pump beam and the photons from
SPDC are focused by the lens group and have the focus size of
the order of 50 and 40 μm, respectively. Figure 3(a) shows the
net quantum conversion efficiency (QCE) data where the loss
of the optical elements is excluded and the curves are fitted
using the approximate linear function η = kP and the function
η = sin2(

√
π2P/4Pmax) [30] where P and Pmax are the pump

power and the power that maximizes the net QCE; Pmax 1 ≈
33W and Pmax 2 ≈ 34W; k represents the approximate linear
efficiency: k1 ≈ k2 ≈ 6.2%/W. Under our pump condition,
the net QCEs of the two SFG systems are 56% and 50%,
respectively. Given the loss of the optical elements and fiber
coupling, the system QCEs are 25% and 20%, respectively.
Figure 3(b) shows the acceptance spectra of the two SFG sys-
tems, which are fitted using the Gaussian function and the full
width at half maximum (FWHM) acceptance bandwidths are
both 0.2 nm. The center wavelength is dependent on the tem-
perature. The temperatures corresponding to the two curves
in Fig. 3(b) are 114.9 ◦C and 133.9 ◦C. Figure 3(c) shows the
wavelength-temperature tuning curve of the two SFG mod-
ules. The proportional relations are 0.173 and 0.182 nm/◦C
for SFG1 and SFG2, respectively. The difference between
the two curves is probably caused by the difference of the
two thermistors in the temperature control systems. Although
the same type of thermistor is used, they may have different
nonlinear properties in the high-temperature range. Neverthe-
less, the tuning curves are measured, which provide an actual

FIG. 3. (a) Net quantum conversion efficiency. (b) Acceptance
spectra of the frequency up-conversion system SFG1 and SFG2.
Corresponding temperatures are 114.9 ◦C and 133.9 ◦C, respectively.
(c) Wavelength-temperature tuning curve of the two SFG systems.
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TABLE I. Comparison between detections with and without SFG.

Type Without SFGa With SFGb

Signal and idler count Nc 60 kHz ± 3 kHz 75 kHz ± 4 kHz
Coincidence count Nc 200 Hz ± 20 Hz 2600 Hz ± 80 Hz
Heralding efficiency ηc = Nc/N 0.33 ± 0.05% 3.47 ± 0.28%
Photons full bandwidth �νd 0.75 THz (2.8 nm) 0.11 THz (0.4 nm)
Detector efficiency ηd

e < 2% (1079 nm) 68% (633 nm)

aFC3 and FC4 are linked with APD1 and APD2 using single-mode fiber, respectively.
bFC3 and FC4 are linked with FC5 and FC6 using single-mode fiber, respectively.
cTo simplify the estimation, N represents the mean single-channel count of signal and idler photons N = √

NsNi.
dThe bandwidths without SFG are deduced from the fitting results in Fig. 4(a), while the bandwidth with SFG can be obtained from the results
in Fig. 3(b) or 4(b).
eFrom the SPCM-AQRH data sheet [31].

temperature-wavelength mapping relation; therefore, the tem-
perature difference shown in the following data can be directly
transformed into the difference of the center acceptance wave-
length.

III. RESULTS

To estimate the improvement of detection efficiency from
frequency up-conversion, we measured the heralding effi-
ciency with and without SFG systems and the experimental
data are shown in Table I. Assuming subscripts 1 and 2
represent “without SFG” and “with SFG,” the improvement
of detection efficiency is given by κ = ηc2/ηc1 ≈ 10.5. The
enhancement factor can also be approximately obtained from
the single-channel count: κ ′ = N2�ν1/N1�ν2 ≈ 8.5 where
the filter effect of SFG should be considered. The smaller
photon bandwidth after SFG makes the improvement of signal
and idler count not as evident as the coincidence count. Con-
sidering the mean conversion efficiency η = 22%, one can
deduce the detector efficiency ηd1 = ηηd2/κ ≈ 1.5%.

Although two SFG modules are included in Fig. 1, it is
possible to observe the beat note with only one SFG module
in one path and the photons in the other path are detected
without SFG. Figure 4(a) shows the HOM interference result
without SFG and Figs. 4(b)–4(e) show the results with single-
path SFG where SFG1 is connected and SFG2 is skipped.
Because the spectra of the signal and idler photon are the sinc2

function, therefore the HOM-interference pattern should be a
reversed triangle, while after being up-converted, the spectra
of the photon pair will change from the sinc2 function to the
quasi-Gaussian function, and it will be well approximated
by the Gaussian function [28]. Therefore, the envelopes of
the data in Figs. 4(b)–4(e) are Gaussian forms and the data
are fitted using Eq. (1). The coherence length of signal or
idler photons is 0.4 mm which is obtained from the fitting
result in Fig. 4(a) and the bandwidth can be calculated as
0.75 THz. The frequency differences obtained by fitting are
(c) 0.176 THz; (d) 0.360 THz; (e) 0.530 THz. The predictive
frequency differences are (c) 0.183 THz; (d) 0.366 THz; (e)
0.549 THz. The errors are from measurement errors, fitting
errors, and the instability of the crystal temperature. Assum-
ing C represents the count in the noninterference region and
Cmin represents the minimum count, the visibility is given
by V = (C − Cmin)/C. The visibilities from (a) to (e) are

94.13 ± 1.25%, 94.38 ± 1.42%, 97.47 ± 1.71%, 96.67 ±
2.27%, and 88.34 ± 3.29%, respectively. When we calculate
the visibilities, the accidental coincidence counts are reduced.
The data shown in Fig. 4(f) are the sum of the corresponding
data in Figs. 4(b)–4(e). In principle, the sum of beat note
data of all the entanglement frequency components should be
equivalent to the HOM dip data in Fig. 4(a) because the HOM
interference result is contributed by all the discrete frequency-
entanglement components. The side peaks in Fig. 4(f) are
caused by the inadequate summation where only four groups
of data are summed. If more and denser data groups are mea-
sured and summed, the side peaks can vanish. The coherence
length obtained by fitting the data in Fig. 4(f) is 0.48 mm.
The error and imperfect dip are caused by the insufficient
data.

Figures 4(g)–4(j) show the beat notes with double-path
SFG, where (g) shows the HOM dip without frequency differ-
ence, and in other figures, the frequency differences obtained
by fitting are (h) 0.192 THz; (i) 0.372 THz; (j) 0.553 THz;
the predictive frequency differences are (h) 0.188 THz; (i)
0.376 THz; (j) 0. 564 THz. The bandwidth of the dip in
Fig. 4(g) is slightly wider than that in Fig. 4(b). Two rea-
sons contribute to this phenomenon: First, the spectral width
of the double filter is naturally shorter than one filter [28]
(the FWHM of function sinc4 is slightly shorter than that of
sinc2); second, the imperfect superposition of the acceptance
spectrum in Fig. 3(b) reduces the bandwidth of detectable
frequency-entanglement photons. The advantage of two-path
SFG is that the coincidence count can be significantly im-
proved and the imperfect superposition of the two acceptance
spectra is equivalent to a narrower bandwidth in a single-path
SFG case, which can broaden the width of the beat note. The
improvement of detection efficiency can also be reflected by
the improvement of coincidence counts compared to those in
the cases of single-path SFG or no SFG. These two points also
improve the visibilities in the two-path SFG cases, even if the
accidental coincidence counts are not reduced in these cases;
the visibilities from (g) to (j) are 99.62 ± 0.12%, 99.21 ±
0.14%, 98.23 ± 0.18%, and 90.76 ± 1.10%, respectively. The
visibility decreases with decreasing coincidence count and the
decreasing count is due to the filtered spectrum shifting from
the center to the boundary of the original photon spectrum of
the SPDC.
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FIG. 4. HOM interference coincidence counts in 10 s (a) without SFG, (b)–(e) with single-path SFG, and (g)–(j) with two-path SFG. (f)
The sum of the corresponding data in (b)–(e). Error bars are evaluated assuming the photon detection process obeys Poisson statistics. (a), (b),
(g) are the HOM dip without frequency difference. In other panels, the frequency differences obtained by fitting are (c) 0.176 ± 0.002 THz
(0.681 ± 0.007 nm); (d) 0.360 ± 0.004 THz (1.40 ± 0.014 nm); (e) 0.530 ± 0.011 THz (2.060 ± 0.041 nm); (h) 0.192 ± 0.003 THz (0.743±
0.012 nm); (i) 0.372 ± 0.002 THz (1.444± 0.008 nm); (j) 0.553 ± 0.004 THz (2.148 ± 0.015 nm). The predictive frequency differences are (c)
0.183 ± 0.005 THz (0.692 ± 0.017 nm); (d) 0.366 ± 0.005 THz (1.384 ± 0.017 nm); (e) 0.549 ± 0.005 THz (2.076 ± 0.017 nm); (h) 0.188±
0.009 THz (0.710 ± 0.036 nm); (i) 0.376± 0.009 THz (1.420 ± 0.036 nm); (j) 0. 564± 0.009 THz (2.130 ± 0.036 nm). The uncertainties are
from fitting and the instability of temperature.

IV. DISCUSSION

In summary, we have shown three main advantages of NFC
in quantum interference based on the HOM interferometer and
the quantum spatial beating phenomenon. In the following, we
further discuss these advantages.

Firstly, we look at preparing quantum states in different
wave bands. Frequency conversion is always the main func-
tion of the NFC technique. Although the NFC has been used
to prepare a short-wavelength quantum state in our previous
work [28], here, we demonstrate this advantage from another
aspect. The photon pair can be prepared using the noncritical
phase-matching crystal, where the photon source could benefit
from the large dimension of the crystal. Though the wave-
length of the photons is limited to around 1079 nm, the NFC

technique allows the photon pairs to be converted to any wave
band without changing the correlation properties. In addition
to the short wave, the 1079 nm photon can also be converted
to the mid-IR band based on the DFG, which can extend the
application scenarios of HOM interferometry.

Secondly, we note the improvement of the detection qual-
ity. In some application scenarios, the HOM interferometers
should work in the IR band, for example, measurement of
the refractive index, absorption, and dispersion of fibers or
glasses in the IR band. Then, the visible detector with the aid
of a high-efficiency SFG module can significantly improve the
quality of infrared detection. Especially at present, there have
been few reports of single-photon detectors in 2.3–5 μm with
high quality and low cost, while in this wave band the NFC
based on a PPLN crystal can still work. We demonstrate the
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improvement of detection efficiency using the same silicon
avalanche photodiode (APD) and SFG modules. Although
the photon detectors based on AsGaIn and superconductivity
have relatively high efficiency, they both require complex
and costly cooling systems to reduce the noise. In our ex-
periment, the net QCE is limited by the pump power, and
the linear losses of some elements are not optimized; thus,
total system QCE can be further optimized in the practical
application scenarios. Besides, the PPLN waveguide may be
a good candidate for NFC because of high QCE and low
losses. Moreover, in our experiment the SFG modules do not
introduce additional noise because the pump laser has a longer
wavelength, the noise caused by scattering is far away from
the detection band, and the noise caused by second- or high-
harmonic generation can be easily filtered by the interference
filters.

Finally, there is the filtering effect. We demonstrate that
a NFC module can be used as a tunable narrow-band filter
in a HOM interferometer, where the acceptance bandwidth
is dependent on the length of the crystal. In our experiment,
to tune the center frequency of the acceptance spectrum, the
temperature of the crystal is adjusted, although adjustment of
the pump wavelength is more convenient and fast. Compared
with the common tunable filters that are based on gratings
or prisms, the nonlinear filter cannot change the light path,
which is a more stable system. Similar to a common narrow-
band filter, the NFC can increase the coherence length and
interference visibility. Besides, the NFC can also be used as
an ideal polarizer; for example, the type-0 phase-matching
condition can only work for the vertical polarization, which is

also an important factor that can ensure the distinguishability
of the polarization and improve the HOM interference visi-
bility. The adjustability of the center frequency can not only
help to optimize the sensitivity limits of the HOM interfer-
ometers [21] but can also be used as a spectrum analyzer.
Based on this spectrum analyzer, we demonstrate that the
HOM interference is the combined result of interference of
all the frequency-entanglement components and the HOM dip
is the combined result of all the corresponding beat notes. In
other words, the results show that the beat notes are the fine
structures of the HOM dip. In Fig. 1, the two filters played by
the SFG modules after the BS are equivalent to two double
filters before the BS. In this sense, the HOM interference with
beat note phenomenon can be considered as a two-photon
frequency-domain double-slit interference; the function of the
HOM dip that is the envelope of the beat note is an analogy to
the result of single-slit diffraction; the bandwidth of the filter
is an analogy to the width of the slit.

Our results demonstrate the NFC could be a multifunc-
tional auxiliary tool in the experiments of HOM interference.
Moreover, these advantages can also be generalized to other
quantum interference.
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