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Photon pairs with large nondegeneracy have recently attracted increasing interest, which gives rise to an urgent de-
mand for revealing their complete and accurate spectral distribution. By thoroughly analyzing parametric down-conversion
(PDC), we put forward a model to directly describe the spatial-spectral distribution of these photon pairs, which is exper-
imentally demonstrated by a 532-nm pumped type-I PDC in a beta barium borate (BBO) crystal. The measured spectral
curves show good agreement with the theoretical predictions over the entire spectral range. We further demonstrate that, as
signal wavelength increases, the photon pairs are initially spectrally distinguishable, then partly indistinguishable, finally
completely indistinguishable with a maximum bandwidth of approximately 500 nm. Utilizing photon-number-resolving
single-photon detectors (SPD), we observe the average photon number decreases significantly more slowly than the spec-
tral intensity as the wavelength deviates from the peak, and the photon numbers follow a quasi-Poisson distribution well for
wavelengths around the peak, but a thermal distribution better describes the statistics near the spectral boundaries. Finally,
we use the signal photons as the trigger to generate heralded Fock states up to 10 photons in near-infrared range, which are
suitable for quantum simulation and quantum key distribution in optical fiber networks.
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1. Introduction
Parametric down-conversion (PDC) plays an important

role in promoting novel quantum technologies and their
applications,[1] such as the generation and distillation of
squeezed states,[2–5] a polarization-entangled photon source
for quantum communication and imaging,[6–10] momentum-
position entangled photons that significantly improve im-
age contrast,[11] and entanglement-enhanced interferometers
based on quantum computing logic unit.[12] To produce high-
quality photon pairs for advanced applications,[13–17] it is in-
deed necessary to completely investigate their spectral proper-
ties.

During the last two decades, a number of reports have
been published on various PDC cases. For example, Grice
et al.[18] obtained the joint spectral intensity of degenerate
type-II down-conversion in beta barium borate (BBO), Kim
and Grice[19] measured the spectral properties of the two-
photon state generated via type-II PDC, Jin et al.[20] generated
spectrally uncorrelated biphoton states, and Kuzucu et al.[21]

performed joint temporal density measurements for the two-
photon state produced by ultrafast type-II PDC using time-
resolved single-photon detection.

In recent years, nondegenerate PDC, especially with

wide nondegeneration, has been attracting increasing in-
terest. For instance, nondegenerate broadband pho-
ton pairs have been used to implement near-infrared
quantum spectrophotometers,[13,16] quantum-optical coher-
ence tomography,[14] quantum imaging with undetected
photons,[15,22] among other applications. These advances mo-
tivate us to conduct a thoroughgoing investigation of their
spectral characteristics and hidden facets. We focus on the
spectral photon-number distribution of widely nondegenerate
photon pairs using photon-number-resolving detection.

2. Principle

The spectral distribution is mainly determined by the
phase-matching conditions in a nonlinear medium. Consider-
ing PDC multimode squeezing[23] in nonlinear crystal BBO as
shown in Fig. 1(a), the phase mismatch (∆ ) will cause band-
width broadening of PDC photons, which can be expressed
by[19,24]

∆
(
λs,λi,θ

′
s
)
= kp

(
λp,Ψ

)
− ks (λs)

√
1− (sinθ ′s/no (λs))

2

−ki (λi)

√
1− (λi sinθ ′s/λsno (λs))

2, (1)
†Corresponding author. E-mail: tcy@mail.ipc.ac.cn
‡Corresponding author. E-mail: zhyli@bjtu.edu.cn
© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074214-1

https://doi.org/10.1088/1674-1056/add904
https://cstr.cn/32038.14.CPB.add904
mailto:tcy@mail.ipc.ac.cn
mailto:zhyli@bjtu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 34, 074214 (2025)

where λ j and k j (j= p,s, i) are the wavelength and wave vector
of the pump, signal, and idler photons, θ ′s and θ ′i are outside
angles of signal and idler photons, and Ψ is the inner angle
between the pump and optical axis. Then the joint spectral
probability distribution can be calculated by[18,19]

S (λs,λi) = sinc2
(

∆λsθ
′
sL

2

)
e
− (ωs+ωi−Ωp)

2

σ2
p , (2)

where σp is the linewidth of the pump laser, L is the length of
the nonlinear crystal, ∆ is the phase mismatch, ωs and ωi are
frequencies of signal and idler photons, and Ωp is the central
frequency of the pump laser.
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Fig. 1. (a) PDC phase matching (OA: optical axis). (b) Signal ring image
of PDC photons.

Generally, we can obtain the spectral distribution of sig-
nal or idler photons only by numerical calculation according
to Eqs. (1) and (2). However, considering most cases of PDC
pumped by a narrow-linewidth laser, we can derive an ana-
lytic expression to describe the marginal spectral distribution
of photon pairs as

S (λs,Ψ) = ξp sinc2(πL)

×

[
δnis

λs
+

δnpi

λp
+

sin2
θ ′s(λsno (λs)+λpδnis)

2λ s(λs−λ p)n2
o (λs)

]
. (3)

Here, δnis = no (λi)− no (λs), δnpi = neff
(
λp,Ψ

)
− no (λi),

neff denotes the effective refractive index, and ξp = 1− (ωp−
Ωp)

2/σ2
p describes the effect due to pump laser linewidth. To

obtain the spectral distribution of idler photons, we just need
to simply exchange the two subscripts “s” and “i” in Eq. (3).

When the pump is quasi-monochromatic, PDC photons
obey the thermal distribution approximately. However, practi-
cal pump lasers have certain bandwidths; together with limited
acquisition speed of single-photon detectors (SPD), counted
photons are usually in different modes, especially under a
strong pump, which results in a multi-mode distribution.[23]

In this case, the probability distribution of n photons is given
by[25]

P(n) =
(n+m−1)!

n!(m−1)!
(

1+ 〈n〉m

)n(
1+ m

〈n〉

)m , (4)

where m is the number of temporal modes and 〈n〉 is the mean
photon number.

According to Eqs. (3) and (4), the spectral distribution of
photon pairs exhibits a peak counting rate in the middle of their
spectrum, while it gradually decreases and reaches a minimum
at both ends. Thus, for a practical PDC system with a narrow-
linewidth pump, due to weak photon generation at the spectral
edges, the SPD can register a single temporal mode with one
click so that the PDC photons agree well with the thermal dis-
tribution. When the wavelength approaches the peak, the PDC
becomes stronger and stronger, and the SPD will count differ-
ent temporal modes, leading to a multi-thermal distribution.
At the peak wavelength, the PDC is so powerful that its pho-
tons follow a distribution close to a quasi-Poisson distribution.

3. Spectral photon-number distribution mea-
surement

To prove their validity, we establish the experimental
setup shown in Fig. 2. First of all, we carefully select a narrow-
linewidth continuous-wave (CW) pump laser (Nd:YVO4, λ =

532 nm, σp < 5 MHz, Coherent Inc.), and employ a high-
speed acousto-optic modulator (AOM) to generate a pulsed
pump laser, whose trigger gates the detectors to reduce most
of the dark counts. In order to obtain a pure 532-nm laser
beam, in addition to a band-pass filter, we use a dispersion
prism to further remove unwanted background fluorescence.
With a rotatable half-wave plate (HWP) to adjust the polariza-
tion state, the pump laser is focused through a plano-convex
lens ( f = 300 mm) onto the β -BBO crystal (5× 5× 1 mm3,
θ = 19.8◦, ϕ = 0◦, CASTECH Inc.) mounted on a rotation
stage. By finely tuning the internal angle between the β -BBO
crystal optical axis and the pump, we can change the center
wavelengths of the output entangled photon pairs.
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Fig. 2. Experimental configuration for measuring spectral photon-number
distribution of entangled photons in widely nondegenerate PDC. (BPF:
band-pass filter; M1 and M2: mirror; L1, L2, and L3: plano-convex
lenses; LPF: long-pass filter; DM: dichroic mirror; CC: coincidence
counting module; PC: personal computer).
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After blocking the remnant pump light by a high-
performance long-pass interference filter (FELH0700, Thor-
labs Inc.), the photon pairs are separated using a dichroic
mirror (short-pass, λcutoff ∼ 1000 nm) into two parts (sig-
nal and idler), both of which are collimated by plano-convex
lenses ( f = 200 mm). Then the signal (λs < 1000 nm) and
idler photons (λi > 1000 nm) first pass through an iris to en-
sure that the collected photons are collinear. Subsequently
they are filtered by corresponding monochromators, then de-
tected by a homemade photon-number-resolving (PNR) pho-
tomultiplier tube (PMT) (H7422P-50 Hamamatsu) and near-
infrared avalanche photodiode (NIR-APD) SPDs, respectively.
Scanning the transmission wavelength of the monochromators
while recording the counts of two detectors in coincidence
mode, we obtain the spectral distribution of photon pairs ac-
curately.

According to our calculation, when the 1-mm β -BBO
crystal is pumped by a 532-nm laser with 21.0◦ <Ψ < 22.8◦,
nondegenerate PDC photons can be generated at the collinear
position. When Ψ = 22.8◦, degenerate 1064-nm photons are
emitted collinearly. For Ψ ≥ 23◦, collinear PDC photons dis-
appear completely, only non-collinear PDC photons can be ob-
served. To verify this, we use an electron-multiplying charge-
coupled device (EMCCD) camera to measure the PDC signal
photons in this regime. For exposure time of 15 s, we obtain
the image shown in Fig. 1(b), where one can see a clear hollow
ring indicating that the probability of collinear PDC photons
is too low to be observed compared with non-collinear ones.

Next we focus on the spectral distribution of widely non-
degenerate PDC photons. Our analysis results show the PDC
process is highly sensitive to angle Ψ , and a variation of just
one tenth of a degree can produce very different spectral dis-
tribution. To demonstrate this, we consider two typical cases
(Ψ = 22.20◦,22.45◦) in the range of collinear phase match-
ing. According to Eq. (3) we calculate the spatial distribution
of the PDC photons and their joint spectrum. The results are
illustrated in Fig. 3, from which we find that, for Ψ = 22.20◦

the peak wavelengths of the photon pairs are λs = 820 nm and
λi = 1515 nm, while their bandwidths are ∆λs = 120 nm and
∆λi = 370 nm. However, when Ψ = 22.45◦, the peak wave-
lengths are λs = 870 nm and λi = 1370 nm, and their band-
widths are ∆λs ' 195 nm and ∆λi ' 465 nm, which differ sig-
nificantly from the previous case although Ψ increases only
0.25◦.

To achieve spectral distributions of signal and idler pho-
tons separately, we first calculate both of their spectral curves
based on Eq. (3). The calculated results are plotted in Fig. 4 as
dash lines, which are smooth curves with obvious peaks. Then
we perform the measurements using the experimental setup in
Fig. 2, where for the signal arm, the average dark counts are
around 10 counts per second (cps); while for the idler arm, the

NIR-APD has an average dark count of 500 cps. We record
the counts of signal photons every 6 nm from 765 nm to
885 nm, and for the idler photons the counts are recorded ev-
ery 10 nm from 1310 nm to 1660 nm, resulting in the spectral
distribution curves as shown in Fig. 4 by solid lines. Experi-
mental results show that, for Ψ = 22.20◦, the maximum signal
counts are 340 cps around 825 nm and the measured band-
width ∆λs ' 116 nm, which are close to the theoretical values
of 820 nm and 120 nm; for idler photons, the maximum count
is 2200 cps at 1520 nm near the theoretical value of 1515 nm.
Due to the spectral response curve of the NIR-APD, the mea-
sured bandwidth ∆λi ' 340 nm is slightly lower than the theo-
retical value 370 nm. When Ψ = 22.45◦, the peak wavelengths
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corresponding to the maximum counts are λs = 880 nm and
λi = 1390 nm, and the bandwidths are ∆λs ' 148 nm and
∆λi ' 410 nm, respectively.

Considering the quantum efficiency of the SPD varies
slightly over such a broad spectral range of more than 100 nm
and even up to 400 nm, it is reasonable that the measured
bandwidths are somewhat narrower than theoretical values.
Moreover, for Ψ = 22.20◦ or 22.45◦, the experimental spec-
tral curves agree well with the calculated ones in terms of peak
position, shape, and trend, which confirms that the theoretical
model is validly describes the complete spectral distribution of
photon pairs generated in widely nondegenerate PDC.
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Fig. 4. Spectral distributions of (a) signal and (b) idler photons for
Ψ = 22.20◦ and 22.45◦. Dashed line: theoretical result. Solid line: ex-
perimental result.

To reveal more interesting features, we calculate the PDC
photon bandwidths at different peak wavelengths based on
Eq. (3). Taking the signal photons as an example, theoreti-
cal results show that as the wavelength increases, the band-
width gradually increases, which is clearly illustrated by the
red dashed line in Fig. 5(a). The peak wavelengths range from
715–915 nm, covering a span of 200 nm, while the angle Ψ

only changes from 21.4◦ to 22.6◦.
Then we measure the bandwidths at these peak wave-

lengths one by one, and obtain the experimental results plotted
as the solid line in Fig. 5(a). Comparing the calculated and
measured data, one can find that they agree well with each
other at shorter wavelengths. For longer wavelengths with
wider bandwidth, due to the faster decrease of the SPD quan-
tum efficiency, the measured bandwidths become narrower
than the theoretical ones.

Regarding their spectral distinguishability, our analysis
results show that when the peak wavelength of signal pho-
tons λs < 915 nm (Ψ < 22.6◦), signal and idler photons are
spectrally distinguishable as shown in Fig. 5(b). However, if
λs continues to increase, they become partly spectrally indis-
tinguishable (Fig. 5(c)), and it is no longer possible to clearly
determine the bandwidths of signal or idler photons anymore.

When λs = λi = 1064 nm, they are completely spectrally in-
distinguishable (Fig. 5(d)), and their bandwidths reach a max-
imum of approximately ∆λs = ∆λi ' 500 nm.

Finally, we analyze the photon number distribution during
the whole spectrum range, and prepare heralded Fock states
for near-infrared quantum key distribution. Using a PNR-SPD
with a resolution of at least 10 photons (Fig. 6(a)), we measure
in detail the photon number distributions at different wave-
lengths, calculate the average photons number, and compare
it with the spectral distribution. The results are partially plot-
ted in Fig. 6(b), from which we can observe that the average
number of signal photons (red line) decreases similarly to the
spectral distribution (blue line) on both sides of the peak wave-
length. However, the average number of photons decreases
slower than the spectral intensity measured by photon count-
ing.
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4. Generation of heralded Fock states
Since the signal photons are entangled with the idler pho-

tons, we can use the signal photons as triggers to herald the
near-infrared idler photons.[26] In the experiment, we add a
multichannel analyzer after the PNR-SPD to select the re-
quired Fock states with photon numbers from 0 to 10. To
increase the PDC efficiency, we choose another BBO crys-
tal with a length three times longer than that of the former
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one. Setting the pump laser power at 400 mW, we measure the
generated Fock states and obtain their distribution as shown
in Fig. 7, where one can find that the 5-photon Fock state has
the maximum probability. After statistical analysis, we ob-
tain the accurate distribution and illustrate it in Fig. 8, which
shows that 5-photon Fock state has a probability close to 20%.
The whole distribution deviates from a standard Poisson curve
and approximately follows a quasi-Poisson distribution. Since
the produced Fock states are carried by near-infrared photons
in the fiber optical communication waveband, they can be di-
rectly applied to quantum key distribution in an optical fiber
network.
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Fig. 7. Experimental results of heralded Fock states with 0 to 10 photons
for near-infrared optical quantum communication.

To further determine the type of photon number distribu-
tion across the entire spectral range, we count and record the
photon number by the PNR-SPD. For wavelengths at 770 nm,
790 nm, 810 nm, 835 nm, and 865 nm, the measured count
rates we obtain are 60 cps, 150 cps, 330 cps, 150 cps, and
60 cps, respectively, while the dark counts are approximately
10 cps. After data processing based on Eq. (4), we obtain the
photon number distributions shown in Fig. 9. Further analysis
verifies that, for a wavelength of 810 nm near the peak, pho-
ton numbers obey nearly a quasi-Poisson distribution, while
for wavelengths of 790 nm and 835 nm in the middle range,
a multi-thermal distribution is the best. However, for 770 nm
and 865 nm far away from the peak, a thermal distribution is
better than others.
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Fig. 9. Photon number distributions at different spectral wavelengths: (a) 770 nm, (b) 790 nm, (c) 810 nm, (d) 835 nm, and (e) 865 nm.

5. Conclusion

In summary, a convenient model is presented to describe
the spatial-spectral distribution of PDC photon pairs, and suc-
cessfully demonstrated experimentally by a 532-nm pumped
PDC in a BBO crystal. Measured spectral curves of both sig-
nal and idler photons agree well with the theoretical results
over the whole spectrum range. We further reveal the spectral
distinguishability and bandwidth features, in our experiment,
when the signal peak wavelength is less than 915 nm (Ψ <

22.6◦), the photon pairs are spectrally distinguishable and their

bandwidths can be determined accurately. When signal wave-
length increases further, they become partly spectrally indis-
tinguishable and no clear bandwidths can be obtained. Espe-
cially, when the signal wavelength reaches 1064 nm, they are
completely spectrally indistinguishable with maximum band-
widths of approximately 500 nm. As signal wavelength in-
creases, the idler bandwidth also broadens along with the sig-
nal’s although its wavelength becomes shorter.

By employing PNR-SPDs, we demonstrate that the aver-
age photon number decreases much more slowly than the spec-
tral intensity as the wavelength moves away from the peak, and
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the photon numbers obey nearly a quasi-Poisson distribution
around the peak, then multi-thermal distribution in the mid-
dle, finally the thermal distribution near the spectrum bound-
aries. Eventually, we use the signal photons as triggers to pre-
pare heralded Fock states in near-infrared idler photons, and
achieve Fock states with up to 10 photons.
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