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χ2 signal

idler
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Chosen Structure

• periodic structures great for dispersion engineering

• approaches exist:

- 2D photonic crystal [PC]

nice optic properties

hard to fabricate [5]
[Saravi et al., Phys. Rev. A 92(6):063821, 2015]

- 1D periodic waveguide

x

y

z

few parameters for

dispersion engineering [4]
[Quintero-Bermudez et al., in The Eur. Conf. on Lasers and Electro-Optics, 2015]
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• chosen:

x

y
z

easier to fabricate than 2D PC

coupling offers great control over dispersion [2]
[Gutman et al., Opt. Express, 2012]

• aim:

- design complicated dispersion

- investigate effects on SPDC
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• lithium niobate

• schematic band diagram for a waveguide and one transversal
mode profile

• guided WG modes and continuum of free-space modes
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Structured Waveguide
• schematic band diagram

for a structured waveguide

1. BZ
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• band gaps at edge of 1. BZ

• forward [vgr = dω
dk > 0] and backward [vgr < 0] prop. modes

• group index: ngr = c0
vgr
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Full Structure

• full structure — uncoupled
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Anti-Crossings
• effect of coupling
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• mode profiles strongly affected at interaction region

• no coupling of modes of opposing symmetry
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• decreasing distance of WGs - increase coupling
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• breaking the y-symmetry - shifting the holes of one outer WG
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•mode profiles vary strongly over one band at anti-crossings

0.46 0.47 0.48 0.49 0.50.29

0.3

0.3

0.31

0.31

k [2π
a ]

ω
[2π

c 0 a
]

−1
2

1
2

x [a]

−1
2

1
2

−4

−2

0

2

4

x [a]

y
[a

]

−1
2

1
2

x [a]

−1
2

1
2

x [a]
−1

2
1
2

x [a]

−1
2

1
2

x [a]

Mode Profiles at Anti-Crossings - 10 / 22 - 24.03.2017



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Pump Modes

• pump for SPDC [ ωpump = ωsignal + ωidler ,
kpump = ksignal + kidler]

• one suitable pump mode
• pump mode does not see periodicity

Pump Modes - 11 / 22 - 24.03.2017



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Pump Modes

• pump for SPDC [ ωpump = ωsignal + ωidler ,
kpump = ksignal + kidler]

• one suitable pump mode

0.46 0.47 0.48 0.49 0.50.29

0.3

0.3

0.31

0.31

k [2π
a ]

ω
[2π

c 0 a
]

bands
down-folded bands

y
x

• pump mode does not see periodicity
Pump Modes - 11 / 22 - 24.03.2017



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Pump Modes

• pump for SPDC [ ωpump = ωsignal + ωidler ,
kpump = ksignal + kidler]

• one suitable pump mode

0.46 0.47 0.48 0.49 0.50.29

0.3

0.3

0.31

0.31

k [2π
a ]

ω
[2π

c 0 a
]

bands
down-folded bands

y
x

• pump mode does not see periodicity
Pump Modes - 11 / 22 - 24.03.2017



Analytic Description of SPDC



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Bloch Modes

• 1D periodic structure with period a along e⃗x

• Fourier components of the electric field can be written as:

E⃗(r⃗, ω) = e⃗(r⃗, k) eik x

=∑
n

ε⃗n(y, z, k) ein2π
a x eik x

- Bloch mode E⃗

- Bloch mode profile e⃗ , periodic: e⃗(r⃗) = e⃗(r⃗ + a e⃗x)

- Bloch harmonics ε⃗

• generalized phase-matching condition

∆k ∶= k(p) − k(s) − k(i) +

=∶∆n
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
[n(p) − n(s) − n(i)] 2π

a
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Spontaneous Parametric Down-Conversion

• weak non-linear optical process, undepleted classical pump

• initial state ∣Ψ0⟩ only vacuum and pump

• lossy modes incorporated in description,
finite length of structure L =∶ Na

• result:

∣Ψend⟩ = ∣Ψ0⟩ + ∫ dωs dωi JSA(ωp, ωs, ωi) ∣1(s),1(i)⟩

p - pump, s - signal, i - idler and ωp = ωs + ωi

• joint spectral amplitude [JSA]

• physical meaning: ∣JSA∣2 is creation probability density
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• JSA at the end of the structure [x = L] is:

JSA = i A(p)(ωs + ωi)
1
c0

√
ωsωi

√
∣ngr(s)∣ ∣ngr(i)∣

∭UC
d3r ε0 χ

αβγ
2 e(p)α e

(s)∗
β e(i)∗γ e− i ∆n 2π

a x

⋅ ei ∆k L
2 N sinc(∆k L

2
)
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• pump amplitude:

ωsignal

ω
id

le
r
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• JSA at the end of the structure [x = L] is:
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• PM :

ωsignal

ω
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r

SPDC - 14 / 22 - 24.03.2017



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

• JSA at the end of the structure [x = L] is:

JSA = iA(p)(ωs + ωi)
1
c0

√
ωsωi

√
∣ngr(s)∣ ∣ngr(i)∣

⋅∭UC
d3r ε0 χ

αβγ
2 e(p)α e

(s)∗
β e(i)∗γ e− i ∆n 2π

a x

⋅ ei ∆k L
2 N sinc(∆k L

2
)

• ngr : strongly mode- and frequency-dependent
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• MO : strongly mode- and frequency-dependent
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• JSA at the end of the structure [x = L] is:

JSA = i A(p)(ωs + ωi)
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√
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√
∣ngr(s)∣ ∣ngr(i)∣

∭UC
d3r ε0 χ

αβγ
2 e(p)α e

(s)∗
β e(i)∗γ e− i ∆n 2π
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2 N sinc(∆k L
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• allows to calculate JSA from linear optical modes
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• experimental observable: propagation direction

• distinguish →→ , →← and ←← photon-pairs
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• down-folded pump [band 8]

• for full JSA all possible combinations
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Single Photon-Pair JSA Parts

• Exemplary depiction of parts of the JSA for bandlets 2 and 3
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Single Photon-Pair JSA

• Full JSA for bandlets 2 and 3 [A(p) ≡ 1]
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Phase Matching Positions
• Positions of optimal phase-matching for the designed

structure:
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Complete Calculated JSA

• propagation-direction and frequency resolved results: →→
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Length Dependence

• integrated probabilities for photon-pairs resolved by
propagation-direction: A(p) ≡ 1
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• phase-matching becomes more important for longer structures
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Tuning the Pump
• pump shifted in frequency by +0.010 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.009 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.008 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.007 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.006 2πc0
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Tuning the Pump
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Tuning the Pump
• pump shifted in frequency by +0.004 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.003 2πc0
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Tuning the Pump
• pump shifted in frequency by +0.002 2πc0

a

0.295 0.3 0.305 0.31

0.295

0.3

0.305

0.31

ωsignal [2πc0
a ]

ω
id

le
r[

2π
c 0 a
]

0

2

4

6

8

10

12

⋅102

0.46 0.48 0.50.29

0.31

k [ 2π
a
]

ω
[2π

c
0

a
]

A(p) ≡ 1
L = 100a

Tuning the Pump - 21 / 22 - 24.03.2017



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Tuning the Pump
• pump shifted in frequency by 0.000 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.002 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.003 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.004 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.005 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.006 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.007 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.008 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.009 2πc0
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Tuning the Pump
• pump shifted in frequency by −0.010 2πc0
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Conclusion

• designed structure with complicated dispersion [on substrate]

• implemented JSA numerically [with losses]

• a huge variety of effects shown

Conclusion - 22 / 22 - 24.03.2017
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Mirror Symmetries
For the modes of a structure to be able to be called even or odd
in xα, the structure has to have a mirror-symmetry in the same
direction.

label of
the mode

possible symmetries of the solutions

Ex(r⃗, ω) Ey(r⃗, ω) Ez(r⃗, ω) Hx(r⃗, ω) Hy(r⃗, ω) Hz(r⃗, ω)
xeven even(x) odd(x) odd(x) odd(x) even(x) even(x)
xodd odd(x) even(x) even(x) even(x) odd(x) odd(x)
yodd odd(y) even(y) odd(y) even(y) odd(y) even(y)
yeven even(y) odd(y) even(y) odd(y) even(y) odd(y)
zeven odd(z) odd(z) even(z) even(z) even(z) odd(z)
zodd even(z) even(z) odd(z) odd(z) odd(z) even(z)

Combinations of symmetries are possible.

Mirror Symmetries - i / xi - 24.03.2017
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Material Properties
signal/idler pump

λ0 1500 nm 750 nm

nair 1

nSiO2 [3] 1.445 1.454

n̂LiNbO3 [6]
⎛
⎜
⎝

2.213 0 0
0 2.213 0
0 0 2.139

⎞
⎟
⎠

⎛
⎜
⎝

2.262 0 0
0 2.262 0
0 0 2.182

⎞
⎟
⎠

d̂LiNbO3 [1]
⎛
⎜
⎝

0 0 0 0 30 −3
−3 3 0 30 0 0
−5 −5 30 0 0 0

⎞
⎟
⎠

pm
V

Material Properties - ii / xi - 24.03.2017
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•single waveguide:
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•two waveguides:
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•shift of the lowest two bands for two coupled WGs over the
distance between those two WGs:

0 0.5 1 1.5 20

1

2

⋅10−2

d [a]

κ
[2π a

]
simulations

theory
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•three waveguides:
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Lossy Bandlets

• Approximatively calculated lossy bandlets assuming
Im (εr) = 0.001:
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Lossy Group Indices

• From the lossy bandlets calculated group indices ngr = c0
dk
dω

8
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3
45

6
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−20 −10 0 100.29
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sign (Re (ngr)) ∣ngr∣

ω
[2π

c 0 a
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5

−10 −9 −8 −7

.3026

.3028

.3030

sign (Re (ngr)) ∣ngr∣

Zoomed in excerpt on the right, to show the extrema of the
bandlets 3 and 5 at anti-crossings [all bandlets show this
behavior].
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Complete Calculated JSA - linear

• propagation-direction and frequency resolved results: →→
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Complete Calculated JSA - linear

• propagation-direction and frequency resolved results: →←
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Complete Calculated JSA - linear

• propagation-direction and frequency resolved results: ←←
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