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Observation

of frequency-uncorrelated
photon pairs generated
by counter-propagating
spontaneous parametric
down-conversion

Yi-Chen Liu?, Dong-Jie Guo?, Kun-Qian Ren?, RanYang?, Minghao Shang?, Wei Zhou?,
Xinhui Lit, Chang-Wei Sun?, Ping Xu'?, Zhenda Xie!*?, Yan-Xiao Gong'** & Shi-Ning Zhu!

We report the generation of frequency-uncorrelated photon pairs from counter-propagating
spontaneous parametric down-conversion in a periodically-poled KTP waveguide. The joint spectral
intensity of photon pairs is characterized by measuring the corresponding stimulated process, namely,
the difference frequency generation process. The experimental result shows a clear uncorrelated joint
spectrum, where the backward-propagating photon has a narrow bandwidth of 7.46 GHz and the
forward-propagating one has a bandwidth of 0.23 THz like the pump light. The heralded single-photon
purity estimated through Schmidt decomposition is as high as 0.996, showing a perspective for ultra-
purity and narrow-band single-photon generation. Such unique feature results from the backward-
wave quasi-phase-matching condition and does not has a strict limitation on the material and working
wavelength, thus fascinating its application in photonic quantum technologies.

Spontaneous parametric down-conversion (SPDC) in nonlinear crystals has been a successful technique to gen-
erate photon pairs which constitutes a core resource for photonic quantum technologies'. However, due to the
energy-conserving condition, the photon pairs are usually correlated or entangled in frequency, and consequently,
the single-photon state is mixed without frequency information readout or elimination®. This feature may bring
contamination in many applications involving multiple SPDC sources, or pure single photons®.

A straightforward way to eliminate the frequency-correlated information is spectral filtering by a filter with
a much narrower bandwidth than the single photons?, however, it may reduce the source brightness. One pos-
sible solution to this problem is shaping the joint spectrum to produce frequency-uncorrelated photon pairs by
adjusting parameters such as crystal length, crystal material and dispersion, phase-matching frequencies, and
pump bandwidth?. Despite of the fact that several such photon-pair sources have been realized®°, such method
relies on modulating the dispersion relationship between the pump and down-conversion photons, i.e., group
velocity matching (GVM) condition, and thus has limited choices on the working wavelengths and materials.
Another method to produce frequency-uncorrelated photon pairs is to utilize the counter-propagating quasi-
phase-matching (QPM) SPDC process''~'%, where the frequency correlation is eliminated by the narrow-band
backward-wave-type phase-matching spectrum function'>"'%, and hence such method can be applied in a large
range of nonlinear materials and wavelengths. Due to the counter propagation of the signal and idler photons, an
ultra-short poling period in the order of sub-um is required to satisfy the phase matching condition'®. Recently,
narrow-band®® and frequency-uncorrelated* counter-propagating photon pairs generation was demonstrated
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Figure 1. Sketches of photon pair generation and vector diagrams of QPM SPDC processes via conventional
co-propagating phase matching (a), counter-propagating phase-matching (b). Green and blue areas on the
crystal are inverted (—x @) and background positive (4 x @) domains, respectively, with a period of 4. The
purple, red, and oranges arrows represent pump (ky), signal (k;), and idler (k;) wave vectors, respectively, with
the reciprocal wave vector kg denoted by the blue arrow.

with the fifth-order QPM. A narrow-band counter-propagating photonic polarization-entanglement source
based on the third-order QPM was realized in our lab?%.

In this paper, we demonstrate an observation of the frequency-uncorrelated photon pairs using the third-
order QPM counter-propagating SPDC process in a periodically-poled KTP (PPKTP) waveguide. We measure
the joint spectral intensity (JSI) by employing the corresponding stimulated process, namely, the difference
frequency generation (DFG) process®. This method has been demonstrated to be a rapid and efficient way to
characterize the JSI***%’. The high precision JSI result exhibits a heralded single-photon purity of 0.996 estimated
by Schmidt decomposition. The bandwidth of the backward-propagating photon is as narrow as 7.46 GHz, while
the forward-propagating photon has a bandwidth of 0.23 THz similar to the pump light. Such unique feature
shows perspective for frequency-multiplexed heralding single-photon generation® as well as other applications
in photonic technologies.

Theory of frequency correlation in counter-propagating SPDC
The photon-pair state generated from SPDC can be written as*

[¥) =A//dwsdwif(ws,wi)al(ws)uf(wi)lvad, (1)

where |vac) represents the vacuum state, and a' is the creation operator for photons with angular frequency w,
with the subscripts s and i denoting the signal and idler photons, respectively. The coefficient A absorbs all the
constants and slowly varying functions of frequency. The spectral property of the photon pairs is determined by
the joint spectral amplitude (JSA) given by

f(a)$>a)i) = a(a)S)a)i)¢(a)5>a)i)) (2)

where o (ws, w;) represents the pump spectral function and ¢ (ws, @;) = sinc(AkL/2)exp(—iAkL/2)is the phase-
matching function, with L denoting the interaction length. In the conventional co-propagating SPDC process, as
shown in Fig. 1a, the signal (s) and idler (i) photons propagate in the same direction with the pump (p) photon,
where the phase mismatch Ak is written as

Ak = ky — ks — ki — ke, (3)

where the mth-order reciprocal wave vector kg = 2wm/A with A denoting the poling period. While in the
counter-propagating SPDC process, as shown in Fig. 1b, the signal photons travel in the forward direction
along with the pump and the idler photons travel in the opposite direction. Then the phase mismatch is given by

Akc = kp — ks + ki — kg. (4)

We define frequency offsets §; = 2 — wj, with j = p, s, i, where Q; are central frequencies satisfying perfect
phase-matching condition Ak = 0. To analysis the JSA, we expand the phase mismatch to the first order in §;,
having
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Ak = (k, — k)85 + (k, — kD3 (5)

Ak, = (kl'7 — k;)tSS + (kl/, + k)éi, (6)

for co-propagating and counter-propagating SPDC processes, respectively. Note that higher-order dispersion
can be neglected for the backward-wave-type phase matching''*'*. Here ki, (j = p, i, s) are the inverse of group
velocities u; at central frequencies ;, namely,

T dajlg (S

In the approximation made in Eqgs. (5) and (6), the phase-matching function ¢ (ws, ;) is a linear function of
85 and §; with a group-velocity angle 6 with respect to the w;-axis given by

kK — k.
6 =— t u,
arctan k;, — k,/‘ (8)
k/ _ k/
P
05 = — arctan k;)TkZ, (9)

for co-propagating and counter-propagating SPDC, respectively. We can see that the angle is related to the

group velocities of the pump, signal and idler photons, and thus can be engineered in some specific wavelength

ranges*'%. However, for the counter-propagating case, 6, can keep a small value in a large wavelength range.
The angle 6. can be characterized in the temporal domain by introducing the following two characteristic

temporal scales'>!?
L1 1
i=————1,
=il (10)

L/ 1 1
TiZ*(*‘f'*)- (11)
2 up U;

The scale 7, represents the “small” temporal separation between the pump and co-propagating signal waves
induced by the group velocity mismatch. The other scale 7; describes the “large” temporal separation between the
pump and counter-propagating idler waves, which is determined by the traveling time through the waveguide
of the pulse centers. Therefore, the angle 6. given by Eq. (9) can be rewritten as

Ts
0, = — arctan —. (12)

T
In the limit of 6, — 0 the JSA given by Eq. (2) is separable''~'?, but it is not a sufficient condition due to
the role of the pump spectral function. It has been demonstrated'*!* that the JSI approaches a factorized form
provided that the pump pulse duration 7, satisfies the condition of 7; 3> 7, > ;. Note that there is no extra
requirement on the specific spectral shape of pump light. Moreover, this condition merely sets a limitation on
the temporal scales, without any confinement on the material, dispersion, and working wavelength, provided

central frequencies satisfying perfect phase-matching condition of Ak = 0.

Experiment and results

In our experiment, we utilize a 10-mm-long PPKTP waveguide with a poling period of A = 1.3 pm
which can satisfy the third-order QPM condition for type-II counter-propagating SPDC. Fixing the
temperature of waveguide at 70°, we expect to obtain the required frequency nondegenerate SPDC,
H,(784.5nm) — H(1585.5nm) + V;(1553.08 nm), with H and V denoting the horizontal and vertical polari-
zation, respectively. Based on the temperature-dependent Sellmeier equation?, we can obtain the two temporal
scales, 7; = 73 ps and 7, = 0.7 ps, respectively. Here we set the pump pulse duration 7, = 2 ps to satisfy the
condition of T; 3> 7, > T, for frequency-uncorrelated photon pairs generation.

The experimental setup is shown in Fig. 2. A femtosecond laser from Ti: Sapphire oscillator with a center
wavelength of 784.5 nm first passes a combination of half-wave plate (HWP) and a polarization beam splitter
(PBS) to adjust the power, and then is filtered to 2-ps pulses by two band-pass filters. After a dichroic mirror
(DM) it is coupled into the waveguide. The forward-propagating signal photon is coupled into a superconducting
nanowire single photon detector (SNSPD1) through port a with a long-pass filter (LPF) filtering the pump light.
The backward-propagating idler photon is coupled into SNSPD2 after reflected at the DM. The time-to-digital
converter (TDC) is used for two-photon coincidence measurement. When the pump power coupled into the
waveguide is 11.3 mw, a coincidence counting rate of 870 Hz is measured. Taking into account waveguide-to-fiber
coupling efficiency, the transmission loss in the fiber connection from the source to detectors, and the detector
efficiency, the total coupling efficiency for signal or idler photon is estimated to be 6%, so we can estimate an
intrinsic photon pair generation rate to be about 2.1 x 10* Hz/mw.

Scientific Reports |

(2021) 11:12628 | https://doi.org/10.1038/s41598-021-92141-y nature portfolio



www.nature.com/scientificreports/

DM |

a

LPF HWP

\ E= DM
cwLaser g A:ﬁ‘l \ 1dd 45 B ‘ ‘ ‘ fs Laser
' ) i ‘A & —#—
T Idler seed 3 ° “r ML RARRRRRRRRE v
BPF PBS
<

Signal Ldler

“SNSPD T T D C° - SNSPD
? 4 2

Figure 2. Experimental setup. HWP half-wave plate, PBS polarizing beam splitter, DM dichroic mirror, BPF
band-pass filter, LPF long pass filter, SNSPD nanowire superconducting detector, TDC time-to-digital converter,
OSA optical spectrum analyzer, A femtosecond (fs) laser from Ti: Sapphire oscillator serves as the pump light
for the SPDC in the PPKTP waveguide (WG). The generated signal photons are coupled into SNSPD 1 by
connecting ports a and o, and the idler photons are coupled into SNSPD 2, with the coincidence counts given by
TDC. For the DFG process, by connecting ports b and o, a continuous-wave (cw) laser (Santec-550) is used as
the idler seed injected together with the fs laser. The signal light is coupled into OSA to measure the spectrum
against the wavelength of the cw laser.

To demonstrate the frequency uncorrelation feature of the photon pairs, we measure the JSI?, namely, the
mode square of the JSA given by Eq. (2). A traditional and direct way to measure the JSI is spectrally resolved
single photon coincidence measurements. This method is time consuming and has a low resolution, due to
the low generation rate of photon pairs. Here we employ the method of “stimulated emission tomography”*
to characterize the JSI, which relies on the relationship between the spontaneous process and its correspond-
ing stimulated process, and is possible with classical detectors, enabling rapid measurement of the JSI and an
improved signal-to-noise ratio®*-*’. Here for the SPDC the corresponding process is the DFG process, in which
a seed signal or idler pulse is injected together with a pump pulse. As illustrated in Fig. 2, a wavelength-tunable
continuous-wave laser (Santec-550) within the idler bandwidth is used as the idler seed to stimulate the emis-
sion of signal photons. After a DM it is coupled into the waveguide through port b in the opposite direction of
the original pump laser for SPDC. The signal photon is coupled into fiber through port b and then directed into
optical spectrum analyzer (OSA) after reflected by the DM. By tuning the idler seed wavelength from 1552.2 to
1554 nm with a step spacing 0.01 nm, we capture the spectrum of signal light by using the OSA with a spectral
accuracy of 0.065 nm. The experimental result is shown in Fig. 3a, with a particular example shown in Fig. 3b
in the case of the seed wavelength setted as 1553.08 nm.

From the JSI distribution shown in Fig. 3a, we can see that the JSI behaves as an approximate ellipse with its
principal axes aligned along As and /;. The bandwidth of idler photons is about 0.06 nm, namely, 7.46 GHz, which
is consistent with the phase-matching bandwidth. On the other hand, the bandwidth of signal photons is about 2
nm, corresponding to 0.23 THz, which matches well with the pump light bandwidth. The result indicates that the
JSI is factorable, with the signal and idler spectrum governed by energy and momentum conservation function,
respectively. Our result is in well agreement with the theoretical prediction by Gatti et al.'>'*. To further evaluate
the spectral uncorrelation, we perform the Schmidt decomposition® on the JSI, from which we can estimate the
heralded single-photon purity to be 0.996.

Conclusion

We demonstrate the generation of a frequency-uncorrelated photon pairs using counter-propagating SPDC in a
PPKTP waveguide with a poling period on the order of interaction wavelength. By characterizing the correspond-
ing DFG process, we obtain a high-precision JSI image with a heralded single-photon purity of 0.996 estimated
by Schmidt decomposition. The underlying physics of our method is the spectral property of the backward-type
SPDC phase-matching, and thus this method is not strictly limited by the material, dispersion, and working
wavelength. Moreover, here we use the QPM technique to realize the SPDC source, and hence our source is flex-
ible in wavelength choice, provided advanced fabrication techniques®.. In particular, the backward-propagating
idler photon has a narrow bandwidth of 7.46 GHz determined by phase-matching, while the forward-propagating
signal photon has a broad bandwidth of 0.23 THz similar to the pump light. The energy-time entanglement
between GHz and THz photon pairs may have some unique applications, for instance, the frequency-multiplexed
heralding single-photon generation?. We hope our approach can stimulate more such investigations.

Scientific Reports |

(2021) 11:12628 | https://doi.org/10.1038/s41598-021-92141-y nature portfolio



www.nature.com/scientificreports/

1587 1.000
o870 Hor 2;=1553.08nm
0.7500 2;-
1586 Z 081
,E 0.6250 I3
s 0.5000 _’i 06
@ D
Q 0.3750 . E
1585 S 041
02500 E
o
0.1250 Z 02r
0.000 0.0 M il
15524 1552.8 1553.2 1553.6 1554.0 1582 1583 1584 1585 1586 1587 1588 1589
4; (nm) As (nm)
(a) (b)
Figure 3. Experimetanl result of the JSI measurement. (a) JSI obtained by combining signal spectra measured
at 180 idler seed wavelengths. The horizontal resolution depends on the seed linewidth and sweep step, and the
step size is set as 0.01 nm. The vertical resolution is 0.065 nm that is determined by the resolution of the optical
spectrum analyzer. (b) Spectral profile of the signal light measured when the idler seed wavelength is set as
1553.08 nm. The black dots represent the data obtained from the spectrometer and the red solid curve is fitted
with a Gaussian function.
Received: 22 April 2021; Accepted: 7 June 2021
Published online: 16 June 2021
References
1. O’Brien, J. L. & Furusawa, A. & Vuckovi¢, J. Photonic quantum technologies. Nat. Photonics 3, 687-695 (2009).
2. Jeft Ou, Z.-Y. Multi-Photon Quantum Interference (Springer, 2007).
3. Kok, P. et al. Linear optical quantum computing with photonic qubits. Rev. Mod. Phys. 79, 135 (2007).
4. Grice, W. P, U'Ren, A. B. & Walmsley, I. A. Eliminating frequency and space-time correlations in multiphoton states. Phys. Rev.
A 64, 063815 (2001).
5. Mosley, P. et al. Heralded generation of ultrafast single photons in pure quantum states. Phys. Rev. Lett. 100, 133601 (2008).
6. Levine, Z. H,, Fan, J., Chen, J,, Ling, A. & Migdall, A. Heralded, pure-state single-photon source based on a potassium titanyl
phosphate waveguide. Opt. Express 18, 3708 (2010).
7. Evans, P. G, Bennink, R. S., Grice, W. P, Humble, T. S. & Schaake, J. Bright source of spectrally uncorrelated polarization-entangled
photons with nearly single-mode emission. Phys. Rev. Lett. 105, 253601 (2010).
8. Eckstein, A., Christ, A., Mosley, P. ]. & Silberhorn, C. Highly efficient single-pass source of pulsed single-mode twin beams of light.
Phys. Rev. Lett. 106, 013603 (2011).
9. Kaneda, E, Garay-Palmett, K., U'Ren, A. B. & Kwiat, P. G. Heralded single-photon source utilizing highly nondegenerate, spectrally
factorable spontaneous parametric downconversion. Opt. Express 24, 10733-10747 (2016).
10. Meyer-Scott, E. et al. High-performance source of spectrally pure, polarization entangled photon pairs based on hybrid integrated-
bulk optics. Opt. Express 26, 32475-32490 (2018).
11. Christ, A., Eckstein, A., Mosley, P. ]. & Silberhorn, C. Pure single photon generation by type-I PDC with backward-wave amplifica-
tion. Opt. Express 17, 3441-3446 (2009).
12. Gatti, A., Corti, T. & Brambilla, E. Temporal coherence and correlation of counterpropagating twin photons. Phys. Rev. A 92,
053809 (2015).
13. Gatti, A. & Brambilla, E. Heralding pure single photons: A comparison between counterpropagating and copropagating twin
photons. Phys. Rev. A 97, 013838 (2018).
14. Cai, W.-H., Wei, B., Wang, S. & Jin, R.-B. Counter-propagating spectrally uncorrelated biphotons at 1550 nm generated from
periodically poled MTiOXO4 (M= K, Rb, Cs; X= P, As). . Opt. Soc. Am. B 37, 3048-3054 (2020).
15. Harris, S. E. Proposed backward wave oscillation in the infrared. Appl. Phys. Lett. 9, 114-116 (1966).
16. Booth, M. C. et al. Counterpropagating entangled photons from a waveguide with periodic nonlinearity. Phys. Rev. A 66, 023815
(2002).
17. Gong, Y.-X. et al. Compact source of narrow-band counterpropagating polarization-entangled photon pairs using a single dual-
periodically-poled crystal. Phys. Rev. A 84, 053825 (2011).
18. Corti, T., Brambilla, E. & Gatti, A. Critical behavior of coherence and correlation of counterpropagating twin beams. Phys. Rev. A
93, 023837 (2016).
19. Canalias, C. & Pasiskevicius, V. Mirrorless optical parametric oscillator. Nat. Photonics 1, 459-462 (2007).
20. Latypov, L. Z., Shukhin, A. A., Akatev, D. O., Shkalikov, A. V. & Kalachev, A. A. Backward-wave spontaneous parametric down-
conversion in a periodically poled KTP waveguide. Quantum Electron. 47, 827-830 (2017).
21. Luo, K.-H. et al. Counter-propagating photon pair generation in a nonlinear waveguide. Opt. Express 28, 3215-3225 (2020).
22. Liu, Y.-C. et al. Narrow-band photonic quantum entanglement with counterpropagating domain engineering. http://arXiv.org/
1905.13395.
23. Liscidini, M. & Sipe, ]. Stimulated emission tomography. Phys. Rev. Lett. 111, 193602 (2013).
24. Eckstein, A. et al. High-resolution spectral characterization of two photon states via classical measurements. Laser Photon. Rev.
8, L76-180 (2014).
25. Fang, B., Cohen, O., Liscidini, M., Sipe, J. E. & Lorenz, V. O. Fast and highly resolved capture of the joint spectral density of photon
pairs. Optica 1, 281-284 (2014).
Scientific Reports|  (2021) 11:12628 | https://doi.org/10.1038/s41598-021-92141-y nature portfolio


http://arxiv.org/abs/1905.13395
http://arxiv.org/abs/1905.13395

www.nature.com/scientificreports/

26. Rozema, L. A. et al. Characterizing an entangled-photon source with classical detectors and measurements. Optica 2, 430-433
(2015).

27. Zielnicki, K. et al. Joint spectral characterization of photon-pair sources. J. Mod. Opt. 65, 1141-1160 (2018).

28. Joshi, C., Farsi, A., Clemmen, S., Ramelow, S. & Gaeta, A. L. Frequency multiplexing for quasi-deterministic heralded single-photon
sources. Nat. Commun. 9, 847 (2018).

29. Kato, K. & Takaoka, E. Sellmeier and thermo-optic dispersion formulas for KTP. Appl. Opt. 41, 5040-5044 (2002).

30. Law, C. K., Walmsley, I. A. & Eberly, J. H. Continuous frequency entanglement: Effective finite hilbert space and entropy control.
Phys. Rev. Lett. 84, 5304-5307 (2000).

31. Hum, D. S. & Fejer, M. M. Quasi-phase matching. C. R. Phys. 8, 180-198 (2007).

Acknowledgements

This work was supported by the National Key R&D Program of China (No. 2019YFA0705000), Key R&D Pro-
gram of Guangdong Province (No. 2018B030329001), Leading-edge technology Program of Jiangsu Natural
Science Foundation (No. BK20192001), National Natural Science Foundation of China (51890861, 11690031,
11674169, 11974178).

Author contributions
Y.-C.L. and D.-].G. designed and performed the experiments. K.-Q.R., M.S. and R.Y. carried out the data analysis.
Y.-X.G., Z.X. and S.-N.Z. supervised the project. All authors discussed the results and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.X. or Y.-X.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12628 | https://doi.org/10.1038/s41598-021-92141-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Observation of frequency-uncorrelated photon pairs generated by counter-propagating spontaneous parametric down-conversion
	Theory of frequency correlation in counter-propagating SPDC
	Experiment and results
	Conclusion
	References
	Acknowledgements


