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Image: S. Ritter at al., Nature, 2012Image: M. Borghi, et al. J. Opt., 2017

Nonclassical light sources

Single-photons 
Two-photon entangled states 

NOON states 
Cluster sates 

Squeezed states 
…

Quantum communications 
Quantum computing 
Quantum imaging 
Quantum metrology 
…

From small-scale photonic chips … to large-scale quantum networks



Single-photon wave packets

|ψ⟩ = ∫ dνF(ν) |ν⟩

|ν⟩ = a†(ν) |0⟩, ∫ dν |F(ν) |2 = 1

Pure single-photon state  Transform-limited pulse≡



Flying qubits

|ψ⟩ = α |0⟩ + β |1⟩

|1⟩ = |ν1⟩

|0⟩ = |ν0⟩

Polarization qubit Time-bin qubit

Frequency-bin qubit



Single photons on demand 

Spontaneous emission
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Single quantum emitter



Entangled photon pairs 

Spontaneous parametric down-conversion
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Entangled photon pairs 
Heralded single photons

Spontaneous parametric down-conversion
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Spontaneous four-wave mixing
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Entangled photon pairs 
Heralded single photons
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Third-order spontaneous parametric down-conversion
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Entangled photon triples 
Heralded photon pairs
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Basic figures of merit
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N ⇠
p

FpFpFsFi

Input

Through

Microring resonators

High efficiency due to small  
mode volume and high Q 
High FSR due to small size 
Small bandwidth 
CMOS-compatible manufacturing

N ∼ 1/A2
eff



Savanier M, et al. Opt. Express 24 3313 (2016)

~ 100 kHz at ~10    W pumpμ

Reimer C, et al. Opt. Express 22 6535 (2014)

110 MHz bandwidth

Faruque I.I., et al. Opt. Express 26 20379 (2018)

Heralded photons 
from independent sources  

with the purity of 0.92

P = Sp(ρ2)



Coupled microresonators (photonic molecules)

Laser Photonics Rev, 11(2), 1600278 (2017)

Nature Photonics, 13(1), 36 (2019)

Engineering the absorption and 
dispersion properties in the 
transmission spectrum 
Correlation between spectral  
features and spatial configuration 
E-field enhancement 

Coupled resonator optical 
waveguides with controllable 
pulse delay 
High-order optical filters 
Enhanced optical sensors 
Low-threshold lasers 
Optical/microwave interface 
Optical storage
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Pump

Signal

Idler

SFWM

ωi

ωs

The model



The model

Pump coupling
xp

Signal coupling
zs

Idler coupling
zi

Central ring
ypys yi



Input-output relations

Δ = ω0 − ω
m = i, s
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A.B.U’Ren, K. Banaszek, I.A. Walmsley // Quantum Inf. Comp. 3, 480 (2003) 
A.B.U’Ren, C. Silberhorn, et al. // Laser Physics, 15, 146 (2005)  

Pure heralded states
ρ(ωi) = |ψi⟩⟨ψi |F(ωi, ωs) = Fi(ωi)Fs(ωs)



Outline of calculation

yp(ω) = Mp ain;p(ω)

yi(ω) = M*i aout;i(ω) ys(ω) = M*s aout;s(ω)

u(t) =
1

2π ∫ dω e−iωtu(ω)



Purity of the state

Joint Spectral Amplitude in the present model:

Schmidt decomposition:

Schmidt number:

Purity:

(K ≥ 1)

(0 ≤ γ ≤ 1)

K = 1 Factorable JSA          Pure state of heralded photons→ →



Condition I: Broadband pump field

Y. Jeronimo︎-Moreno et al. // Laser Physics, 20, 1221 (2010)

Rp = 0.30 Rp = 0.65 Rp = 0.95

Ri = Rs = const



Condition II: Optimal coupling

γν

κνgν

ν = {i, p, s}



Basic result
κp = κis κp = 10 κis

K = 1.07
γ = 0.94

K = 1.00006
γ = 0.9999

Optimal ratios between coupling constants  
Gaussian pump pulses with optimal spectral width Δω1/2 ≈ κp/2
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The simplest approach: modulation at the output
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ωs + δ

ωs − δ

Single-qubit gate in the frequency domain:  
H.-H. Lu, et al.  Physical Review Letters 120, 030502 (2018)

The heralding efficiency is reduced by insertion losses and 
by less than unit success probability of the gate



Our approach: modulation of the pump field

�(3)

ωp ± δ

ωs ± δ
ωp ± δ

ωp

ωp

ωi ± δ

Single-qubit gate in the frequency domain:  
H.-H. Lu, et al.  Physical Review Letters 120, 030502 (2018)

Highest possible heralding efficiency
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JSA: two-frequency pump field
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Heralding frequency window
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|ψs⟩ = Ae−iϕa |a⟩ + Be−iϕb |b⟩

|a⟩ = ∫ dωsM−
s (ωs)y†

out,s(ωs) |0⟩

|b⟩ = ∫ dωsM+
s (ωs)y†

out,s(ωs) |0⟩
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|ψs⟩ = Ae−iϕa |a⟩ + Be−iϕb |b⟩

|a⟩ = ∫ dωsM−
s (ωs)y†

out,s(ωs) |0⟩

|b⟩ = ∫ dωsM+
s (ωs)y†

out,s(ωs) |0⟩

The resulting state does not depend on 
the resonator mode frequency, which 

allows one to take advantage of scalable 
frequency multiplexing schemes 



Implementation issues



Silicon Nitride (Si3N4) ring resonators 

Losses ~ 0.01 dB/cm at 1.5 um 
Q > , R = 230 , F ~ 30001 ⋅ 107 μm

M.H.P. Pfeiffer, et al, Optica 5, 884 (2018)



Silicon Nitride (Si3N4) ring resonators 

P. Imany, et al. Opt. Express 26, 1825 (2018)

~ 40 entangled modes with frequency interval ~ 50 GHz 
Q ~ 106, R = 500 μm



Group velocity dispersion: non-degenerate SFWM 

= 0

D = 0 ! ng = n0
g

ωp ωp + Δωp − Δ
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Waveguide design

I.N. Chuprina, et al. // Quantum Electronics, 47, 887 (2017)



Experimental results

R = 63.73 μm

by G.N. Gol’tsman et al., Moscow State Pedagogical University

W = 1.84 μm H = 450 nm
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Third-order spontaneous parametric down-conversion
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TOSPDC in crystals
A.A. Hnilo. PRA 71, 033820 (2005)  
M.V. Chekhova, et al. PRA 72, 023818 (2005)  
K. Bencheikh, et al. C.R. Phys. 8, 206220 (2007) 
A. Dot, et al. PRA 85, 023809 (2012) 
N.A. Borshchevskaya, et al. Laser Phys. Lett. 12, 115404 (2015)

Cavity enhancement of TOSPDC in bulk crystals
A.A. Kalachev, Y.Z. Fattakhova. Quant. Electron. 37, 1087 (2007) 
N.A. Borshchevskaya, et al. Laser Phys. Lett. 12, 115404 (2015)

TOSPDC in fibers
M. Corona, et al. PRA 84, 033823 (2011)   
M. Corona, et al. Opt. Lett. 36, 190192 (2011) 
S. Richard, et al. Opt. Lett. 36, 3000 (2011) 



emitted flux ~ 2 s-1  
for MNF of 10 cm length 
and 100 mW pump

emitted flux ~ 0.0001 s-1  
for Calcite of 0.1 mm length 
and 10 W pump

TOSPDC in crystals
A.A. Hnilo. PRA 71, 033820 (2005)  
M.V. Chekhova, et al. PRA 72, 023818 (2005)  
K. Bencheikh, et al. C.R. Phys. 8, 206220 (2007) 
A. Dot, et al. PRA 85, 023809 (2012) 
N.A. Borshchevskaya, et al. Laser Phys. Lett. 12, 115404 (2015)

Cavity enhancement of TOSPDC in bulk crystals
A.A. Kalachev, Y.Z. Fattakhova. Quant. Electron. 37, 1087 (2007) 
N.A. Borshchevskaya, et al. Laser Phys. Lett. 12, 115404 (2015)

TOSPDC in fibers
M. Corona, et al. PRA 84, 033823 (2011)   
M. Corona, et al. Opt. Lett. 36, 190192 (2011) 
S. Richard, et al. Opt. Lett. 36, 3000 (2011) 

Bandwidth ~ 10 nm →  
Low spectral brightness



Pump

Reference

Signal & Idler

The model

Resonant coupling allows one 
to avoid overcoupling for the 
triphoton field and implement 

frequency demultiplexing
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Heralded photon pair source with spatial multiplexing
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I. Dispersion

( ) ( ) ( ) ( ) ( ) ( )0 0 0 0 0 0, /p s i r n cDb = b w -b w -b w -b w = b w = w w
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pw
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Dispersion: phase matching conditions

To achieve phase matching with such a large frequency difference,  
different spatial modes for the pump and triphoton fields can be used

= 0



Group velocity dispersion: non-degenerate TOSPDC 

= 0

D = 0 ! ng = n0
g



P = 100 mW

Silicon Nitride (Si3N4) ring resonators 

emitted flux ~ 

Bandwidth ~ 1 GHz →  
Spectral brightness is 104 times 
larger than for MNF case



First experiment in a superconducting parametric cavity

C.W.S. Chang et al. // Phys. Rev. X, 10, 011011 (2019)
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Photonic molecules provide wide possibilities for engineering the absorption 
and dispersion properties in the transmission spectrum, which is useful for 
improving properties of heralded single-photon sources  

It is shown that microring resonators are promising systems for observing 
third order SPDC and developing heralded sources of photon pairs 

Optimal coupling parameters that provide maximum purity  
of the heralded photons for a given pump linewidth are determined. 

A scheme of heralded source of frequency-bin qubits  
is developed such that highest possible heralding efficiency 
can be achieved and frequency multiplexing  
is naturally involved

Conclusion

I.N. Chuprina, et al. // Laser Phys. Lett. 15, 105104 (2018)

I.N. Chuprina, A.K. // Phys. Rev. A, 100, 043843 (2019)

M. Akbari, A.K.. // Laser Phys. Lett. 13, 115204 (2016)


