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e control over spontaneous parametric down-conversion

X2 .
signal
pump gy x Y IE
AN idler
® cnergy-conservation: Wpump = Wsignal + Widler
e phase-matching: Epump = Ksignal + Kidler

e dispersion engineering for w(k)
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Chosen Structure

e periodic structures great for dispersion engineering

® approaches exist:

signal

- 2D photonic crystal [PC| Fer

nice optic properties

hard to fabricate

[Saravi et al., Phys. Rev. A 92(6):063821, 2015]
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Chosen Structure

e periodic structures great for dispersion engineering

® approaches exist:

signal

- 2D photonic crystal [PC| Fer
nice optic properties

hard to fabricate

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

- 1D periodic waveguide

few parameters for

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

easier to fabricate than 2D PC

coupling offers great control over dispersion v

[Gutman et al., Opt. Express, 2012]
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e chosen:

easier to fabricate than 2D PC

coupling offers great control over dispersion

[Gutman et al., Opt. Express, 2012]
® aim:
- design complicated dispersion

- investigate effects on SPDC

24.03.2017
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Simple Waveguide
e lithium niobate

e gschematic band diagram for a waveguide and one transversal
mode proﬁlew

0 1.BZ

e guided WG modes and continuum of free-space modes
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Structured Waveguide

e schematic band diagram
for a structured waveguide y
==

Z

e band gaps at edge of 1. BZ

o forward [vg = 3¢

Tc > 0] and backward [vg, < 0] prop. modes

<o

e group index: ng = e
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Anti-Crossings

e effect of coupling
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e mode profiles strongly affected at interaction region
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Anti-Crossings

o effect of coupling

w

e mode profiles strongly affected at interaction region

e 1o coupling of modes of opposing symmetry
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Pump Modes

e pump for SPDC [ Wpump = Wsignal + Widler >
kpump = ksignal + kidler]
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Pump Modes

® pump for SPDC [ Wpump = Wsignal + Widler

Y

kpump = ksignal + kidler]

e one suitable pump mode
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Pump Modes

® pump for SPDC [ Wpump = Wsignal + Widler

Y

kpump = ksignal + kidler]

e one suitable pump mode

0.31
— bands
—. 031 —— down-folded bands
E: 0.3 }
2 I | I I
0-20.46 0.47 0.48 049 0.5 Y
k(2]

e pump mode does not see periodicity
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e 1D periodic structure with period a along €,
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Bloch Modes

e 1D periodic structure with period a along €,

e Fourier components of the electric field can be written as:
E(F,w) = &(7, k) etk

- Bloch mode E

- Bloch mode profile € , periodic: é(7) = é(7#+ aé)
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Bloch Modes

e 1D periodic structure with period a along €,

e Fourier components of the electric field can be written as:
. : i 2T il
B(7w) = (k) BT = e (y, 2 k) o0 T el i

n

- Bloch mode E
- Bloch mode profile € , periodic: é(7) = é(7#+ aé)

- Bloch harmonics €
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Bloch Modes

e 1D periodic structure with period a along €,

e Fourier components of the electric field can be written as:
. : i 2T il
B(7w) = (k) BT = e (y, 2 k) o0 T el i

n

- Bloch mode E
- Bloch mode profile € , periodic: é(7) = é(7#+ aé)
- Bloch harmonics €

e generalized phase-matching condition —An

Ak = k® — () _ () 4 [n(p) —nls) _ n(i)] 27
a
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e weak non-linear optical process, undepleted classical pump
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Spontaneous Parametric Down-Conversion
e weak non-linear optical process, undepleted classical pump
e initial state |¥() only vacuum and pump

e lossy modes incorporated in description,
finite length of structure L =: Na
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Spontaneous Parametric Down-Conversion
e weak non-linear optical process, undepleted classical pump
e initial state |¥() only vacuum and pump

e lossy modes incorporated in description,
finite length of structure L =: Na
e result:

Wena) = 1%} + [ dwy desy ISA () [1,19))
p - pump, s - signal, 7 - idler and w, = ws +w;

e joint spectral amplitude [JSA]
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Spontaneous Parametric Down-Conversion
e weak non-linear optical process, undepleted classical pump
e initial state |¥() only vacuum and pump
e lossy modes incorporated in description,
finite length of structure L =: Na
e result:
[Wena) = [Wo) + [ deydesy JSA (o) [109,10)

p - pump, s - signal, 7 - idler and w, = ws +w;

e joint spectral amplitude [JSA]

e physical meaning: |J SA|2 is creation probability density

SPDC - 13/22 - 24.03.2017
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e JSA at the end of the structure [z = L] is:

ISA = 1 A® (1, + ;) — /s \/rge @] [ O]
o

. : 27
[[UC d*reg x?ﬁ” elr) eE?S) ) egl) ceTiAn e

. L
el Ak 3 N sinc (Ak‘g)

SPDC _14/22 - 24.03.2017
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e JSA at the end of the structure [z = L] is:

JSA =i AP (w, +w;)

e pump amplitude:

Widler

Wsignal

24.03.2017 W
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e JSA at the end of the structure [z = L] is:
1 .
ISA =i AP (w, +w;) — /s \/ || [ner )|
Co
3. afy (p) (8)* (i)« ‘—iAII 27 o
o tireons? e e o A

. L
el Ak 3 N sinc (Akg)

Widler

Wsignal
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e JSA at the end of the structure [z = L] is:

JSA =i AP (w, + ) (10 Vo Ing | g @]

) : 27
: By ; —-iAnZ g
I g reoxs e e 0 (1A
UuC o '

‘AL L L
el Ak 2 N sinc (Ak ;)

. : strongly mode- and frequency-dependent
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e JSA at the end of the structure [z = L] is:

1 .
JSA =i AP (W +w;) — /wswi \/[rge )] [ @)
Co ) )
. (D) —1i 2m
]]UC d*regxs” el eés) eg) oiAN T

‘AL L L
el Ak 2 N sinc(Ak E)

° : strongly mode- and frequency-dependent
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e JSA at the end of the structure [z = L] is:

ISA = 1 A® (10, + ;) — /s \/Jrige )| e )|
o

. : 2
/]UC d*reg x5 ) 65) ) egl) eTiAnG

. L
el Ak§ N sinc(Akzg)

e allows to calculate JSA from linear optical modes
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e experimental observable: propagation direction

e distinguish —— , —<« and <<« photon-pairs

Bandlet Diagram -15/22 - 24.03.2017
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e experimental observable: propagation direction

e distinguish —— , —<« and <<« photon-pairs

0.31

[

]

2mco

— 0.3
3

0.29 — ‘ :
0.5 0.52 0.54

Re (k) [%F]

e down-folded pump [band §]

Bandlet Diagram - 15/22 - 24.03.2017
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e experimental observable: propagation direction

e distinguish —— , —<« and <<« photon-pairs

031
Sl s
0.3
3

0.29 — ‘ :
0.5 0.52 0.54

Re (k) [5]
e down-folded pump [band §]

o for full JSA all possible combinations

Bandlet Diagram

- 15/22 -
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Single Photon-Pair JSA Parts

e Exemplary depiction of parts of the JSA for bandlets 2 and 3

0.3 s
" 102
0.298 s
5 0296 s
0.294 -
I 10

0.303  0.305

wn[222]

b a
Ngr
[,

0.303  0.305

s [252]

‘832‘

80

1072

0.303  0.305

s [ 252

‘832‘

Single Photon-Pair JSA Parts

16/

2

2 -
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Single Photon-Pair JSA

e Full JSA for bandlets 2 and 3 [A®P) = 1]

0.3
5
0.298 4
i 3
g 0.296
2
294
0.29 1

0.303  0.305
ws [#52]

|JSA832|

Single Photon-Pair JSA -17/22 - 24.03.2017 #



Introduction Linear Optic Design Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion
0000 00000000 [e]e]e} 000e000 o]

Phase Matching Positions

e Positions of optimal phase-matching for the designed

structure: ., _

0.31 r

0.308 4 \ F
0.306 - F

Nﬁ\ .
034+

<
o

\Y%
0.302 + L

Widier [222]

0.298 + signal idler I
0.296 + < < L

L
+ + + + t
0.296  0.298 0.3 0.302 0304 0.306 0.308  0.31 0.312

Wsignal [252]

Phase Matching Positions - 18 /22 - 24.03.2017
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[e]

Complete Calculated JSA

e propagation-direction and frequency resolved results: —-—

— 0.305 10?
=S
g 10!
el
3 03
100
0.295
107!

0.295 0.3 0.305 0.31
27mey

wsignal[ a ]

Complete Calculated JSA - 19 /22 -
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Complete Calculated JSA

e propagation-direction and frequency resolved results: —<«

— 0.305 10?
EE
z 10"
=)
5 0.3
10°
0.295
H
107! -
0.295 0.3 0.305 0.31
Wsignal [%]
Complete Calculated JSA -19/22 - 24.03.2017
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Complete Calculated JSA

e propagation-direction and frequency resolved results: <<«

— 0.305 10?
=S
2 10!
o
Z 03
10°
0.295
HE B2
il =
10

0.295 0.3 0.305 0.31

Wsignal [ % ]

Complete Calculated JSA 24.03.2017 W
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Length Dependence

e integrated probabilities for photon-pairs resolved by

propagation-direction: AP =1

1072
B B R et —————
s | |
]
g2
= | i
o))
=
W1 .
=
0 1 d":':u-wnﬁ"
100 108 102 10®  10*  10°
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Length Dependence

e integrated probabilities for photon-pairs resolved by

propagation-direction: AP =1
1072
s | |
<
32
= | |
wn
=
W1 .
=
0L u-’:': . m.nr---“"""'""H;"*'.'j."'
100 10t 102 108 10t 10°
L[a]

e phase-matching becomes more important for longer structures

24.03.2017

Length Dependence -20/22 -
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Tuning the Pump

e pump shifted in frequency by +0.010 2’?% 5@ 0.31
z L

2
0 8.46 0.48 0.5

0.31 27
30 FL]
= 0.305 \
gs h
sl 20
s 03
3
10
0.295
0
0.295 0.3 20.?;05 0.31 A =1
wsignal [ 5] L=100a
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Tuning the Pump

e pump shifted in frequency by +0.009 2’?% o 0.31
z L

2
0 8.46 0.48 0.5

0.31 k2]
30 ‘
— 0.305 \
gl
Sl 20
03
3
10
0.295
0
0.295 0.3 20.?)05 0.31 AP =1
wsignal [ 5] L=100a
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Tuning the Pump

e pump shifted in frequency by +0.008 2’?% 5

3
2
0 8.46 0.48 0.5
0.31 25 k2]
— 0.305 \ 20
gl
sl 15
< 03
3 10
0.295 o
0
0.295 0.3 2O.‘T305 0.31 AP =1
Wsignal [ ¢ 2] L=100a
24.03.2017 #
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Tuning the Pump

e pump shifted in frequency by +0.007 2’?% Ej 0.31
0T >
031 15 ' 8.46 0.48 0.5
' k%]
5 0.305
. \ 10
03
3
5
0.295
0
0295 0.3 0305 0.31 () -
27mco A =1
wsignal [ 7] L=100a
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Tuning the Pump

e pump shifted in frequency by +0.006 2’?% gi 0.31
102 3 0
8 02816 043 05
0.31 k[Q—”]
6
— 0.305 \
=S
‘_a' 4
= 0.3
3
2
0.295
0
0.295 0.3 20.?)05 0.31 A(p) -1
Wsignal [ 7] L=100a
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Tuning the Pump

e pump shifted in frequency by +0.005 2’?% o 0.31
3 0.2
' 8.46 0.48 0.5
0.31 5 k:[Ql]
4
= 0.305
=S
al | 3
=
3 0.3 9
0.295 !
0
0295 0.3 0305 0.31 () —
27mco A =1
wsignal [ 5] L=100a
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[e]

Tuning the Pump

e pump shifted in frequency by +0.004 2’?%

0.31
= 0.305
gl
T 03
3

0.295

0.295 0.3 0.305 0.31
LUsignal [27;(;0 ]

2
8 0 8.46 0.48 0.5
k(%)

a

AP =1
L=100a

Tuning the Pump -21/22-
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Tuning the Pump

e pump shifted in frequency by +0.003 2’?% o 0.31
3 0.2
031 5 ' 8.46 0.48 0.5
' k%]
4
o 0.305
§° 3
.’39 0.3 )
0.295 !
0
0295 0.3 0305 0.31 () —
27mco A =1
wsignal [ 5] L=100a
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Tuning the Pump

e pump shifted in frequency by +0.002 2’?% Ej 0.31
0T >
031 19 ’ 8.46 0.48 0.5
' k%]
10
5 0.305
gs 8
g 6
g 0.3
3
4
0.295 2
0
0295 0.3 0305 0.31 () —
27mco A =1
wsignal [ 7] L=100a
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Tuning the Pump

e pump shifted in frequency by 0.000 2’?%

0.31
- 0.305
gl
= 03
3

0.295

0.295 0.3
wsignal[

0.305
]

27mco

102

]

27mceo
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60

40

20
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2
02046 048 0.5
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Tuning the Pump
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Tuning the Pump

e pump shifted in frequency by —0.002 2’?%
102

0.31
o 0.305

0.3

Widler [

0.295

0.31

0.295 0.3 0.305

Wsignal [2‘“—;0 ]

60

40
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2
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Tuning the Pump

e pump shifted in frequency by —0.003 2’?% gi 0.31
102 3 0 p
’ 8.46 0.48 0.5
0.31 k[Q—”]
60 ‘
= 0.305
=S
R 40
T 03
3
20
0.295
0
0.295 0.3 0305 0.31 (») —
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Tuning the Pump

e pump shifted in frequency by —-0.004 2’?%

102

0.31
= 0.305
gl
T 03
3

0.295

0.295 0.3 0.305 0.31
LUsignal [27;(;0 ]

40

20

2
02046 048 0.5
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a

AP =1
L=100a
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Tuning the Pump

e pump shifted in frequency by —0.005 2’?%

0.31
- 0.305
gl
= 03
3

0.295

0.295 0.3
wsignal[

0.305
]

27mco

20

10

2
0 8.46 0.48 0.5

k[2]
AP =1
L=100a

Tuning the Pump
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Tuning the Pump

e pump shifted in frequency by —0.007 2’?% g 0.31
3 0.2
031 ' 8.46 0.48 0.5
' 8 k(2]
5 0.305
E|s 0
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3
2
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0
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27mco A =1
wsignal [ 5] L=100a

Tuning the Pump -21/22- 24.03.2017 ¥



Anal. Descr. of SPDC Non-Linear Optical Properties Conclusion

Introduction Linear Optic Design
000000e [e]

0000 00000000 [e]e]e}

Tuning the Pump

e pump shifted in frequency by —0.008 2’?% g 0.31
3 0.2
0.31 ' 8.46 0.48 0.5
' 3 kL%
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Tuning the Pump

e pump shifted in frequency by —0.009 2’?% g 0.31
102 3 0
2 028 16043 05
0.31 kL2
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5 0.3
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0
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Tuning the Pump

e pump shifted in frequency by —0.010 2’?%

]

21y
a

Widler [

0.3

0.295

0.31

—
=i

3
15

0.5

0.31

2
02046 048 0.5
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a
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L=100a

Tuning the Pump
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Conclusion
o designed structure with complicated dispersion [on substrate]
e implemented JSA numerically [with losses]

e 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 %, the structure has to have a mirror-symmetry in the same

direction.
label of possible symmetries of the solutions
the mode ET(Fvw) Ey(F7w) EZ(’Faw) HZ(F’W) Hy(’Fvw) HZ(/Fvw)
Teven even(z) | odd(z) odd(z) odd(x) even(r) even(r)
Todd odd(z) | even(z) | even(z) | even(z) odd(z) odd(z)
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
Ao 1500 nm 750 nm
Nair 1
ngio, [3] 1.445 1.454
2213 0 0 2262 0 0
ALiINDO, [6] 0 2213 0 0 2262 0
0 0 2139 0 0 2182

) 0 0 0 0 30 -3
dLinbos [1] -3 3 0 30 0 0|
-5 =530 0 0 0

Material Properties _ii/xi - 24.03.2017 ¥
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e single waveguide:

Zeven Yodd
Zodd Yeven
) 0.28 O L
=0 | J
)
-2

3
5 0.5 1 ‘ ‘

—4-20 2 4 0.46 047 048 049 0.5
yla] k(2]

~dii/xi - 24.03.2017 W
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‘Waveguide Coupling
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Additional JSA Info

e two waveguides:

S0
X
-2

-4-20 2 4

Zeven Yeven
= Zeven Yodd
Zodd Yeven
Zodd Yodd

0.28 T

| L L | L
0.46 0.47 0.48 0.49 0.5

K[Z]

a

24.03.2017 W

Literature



Mirror-Symmetry Material Properties ‘Waveguide Coupling Additional JSA Info Literature
o] o] [e]e] o] 000

[e]

« shift of the lowest two bands for two coupled WGs over the
distance between those two WGs:

.19—2‘ -
5 h - - simulations |
_ '. ——  theory
Sls |0 |
< 10
00 | O.‘5 1 1%5 ) 2
da]
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Zeven Yeven
= Zeven Yodd
Zodd Yeven
Zodd Yodd

e three waveguides:

3 >
- 05 2

-4-20 2 4 0.46 0.47 0.48 0.49 0.5
yla] k(2]

a
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Lossy Bandlets

e Approximatively calculated lossy bandlets assuming
Im (e,) = 0.001:

031
gls '
03
3

0.29

| |
05 052 054
Re (k) [%]

Lossy Bandlets

~vii/xi - 24.03.2017
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Literature

Lossy Group Indices
e TIrom the lossy bandlets calculated group indices ng, = ¢y %

0.31 [6 3 3030 [

J

T

s 5 3028 |- B
<, 031 | | | |
3 I ] 3026 | g
9 LT ! L [

0.29 -20 -10 O 10 -10 -9 -8 -7
sign (Re (”gr)) |ngr| sign (Re (”gr)) |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].

Lossy Group Indices - wviil /xi -
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Complete Calculated JSA - linear

e propagation-direction and frequency resolved results: —-—

-102
‘ 20
0.31
15
— 0.305
=S
al,
. 10
5
2 03
0.295

0.295 0.3 0.305 0.31

21y

wsignal[ a ]

Complete Calculated JSA - linear -ix /xi - 24.03.2017 W
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Complete Calculated JSA - linear

e propagation-direction and frequency resolved results: —<«

-102
0.31
30
— 0.305
&= 20
z
2 03
10
0.295

21y ]

Wsignal [ a

Complete Calculated JSA - linear 24.03.2017 W



Mirror-Symmetry Material Properties Waveguide Coupling Additional JSA Info Literature
o o 0000 ooe o

Complete Calculated JSA - linear

e propagation-direction and frequency resolved results: <<«

102
0.31 12
10
— 0.305
g 8
R
2 6
=
£ 0.3
4
0.295 2
] | .
Wsignal [27:0]

Complete Calculated JSA - linear -ix /xi - 24.03.2017 W
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