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Outline

1. Josephson Travelling wave parametric amplification

3. Two mode squeezing in TWPAs

2. A reversed Kerr TWPA

TWPA

        
A. Ranadive. et al. arXiv:2101.05815 (2021)

M. Esposito et al. arXiv:2111.03696 (2021)

https://arxiv.org/abs/2101.05815
https://arxiv.org/abs/2111.03696
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Josephson TWPA: Wave mixing process

𝒂𝒔

𝒂𝒊

𝒂𝒑Pump

Signal

Idler

4-wave mixing

2𝜔𝑃 = 𝜔𝑖 + 𝜔𝑠

𝑯int = 𝒂𝒊
†𝒂𝒔

†𝒂𝒑𝒂𝒑 + ℎ𝑐

2𝑘𝑃 = 𝑘𝑖 + 𝑘𝑠

Josephson Travelling Wave Parametric Amplification

Phase mismatch problem in TWPAs!
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Josephson Travelling Wave Parametric Amplification

𝑎 = unit cell length

𝐶J

𝐶𝑔

𝐿 =
𝜙0

Τ𝑑𝐼 𝑑𝜙

50 Ω 50 Ω

x

𝑛 ~ 103 𝑐𝑒𝑙𝑙𝑠

𝑎 ~ 10 𝜇𝑚

𝜆 ~ 1𝑚𝑚

𝐼 𝜙 = 𝛼[𝐼0𝜙 + 𝛾𝐼0𝜙
3 + … ]

𝜒(3)

4-wave mixing (Kerr) non linearity

Al

Al2O3

Al

Josephson Junction

𝜙 = න𝑉𝑑𝑡

𝜙(𝑥) ~ 𝜙0 𝑒
𝑖𝑘𝑥

Phase across junction
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Josephson Travelling Wave Parametric Amplification

𝑎 = unit cell length

𝐶J

𝐶𝑔

50 Ω 50 Ω

x

𝑛 ~ 103 𝑐𝑒𝑙𝑙𝑠

𝑎 ~ 10 𝜇𝑚

𝜆 ~ 1𝑚𝑚

4-wave mixing (Kerr) non linearity

𝜒(3)

𝐿 =
𝜙0

Τ𝑑𝐼 𝑑𝜙
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Josephson Travelling Wave Parametric Amplification

Single-junction TWPA

𝚫𝒌𝟎 = 𝑘𝑠 + 𝑘𝑖 − 2𝑘𝑝 > 0 𝜟𝒌𝑲𝒆𝒓𝒓 ∝ 𝛾|𝐴𝑝|
2

𝑘 =
𝜔

𝜔0 1 − 𝜔/𝜔𝐽

Phase mismatch problem:

Power gain (Maximal when 𝚫𝒌 = 𝟎)

𝐺 = | cosh 𝑔𝑁 + ൗ𝑖Δk
2𝑔 sinh(𝑔𝑁)|

2

𝑔 = 𝐾𝑠𝑖 − ΤΔ𝑘2 4

𝑘 =
𝜔

𝜔0 1 − 𝜔/𝜔𝐽 Possible solution: Dispersion engineering 

𝜟𝒌 = 𝜟𝒌𝟎 + 𝜟𝒌𝑲𝒆𝒓𝒓 ≠ 𝟎

dispersion relations
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Josephson Travelling Wave Parametric Amplification

𝜟𝒌𝟎 < 𝟎

𝜟𝒌 = 𝜟𝒌𝟎 + 𝜟𝒌𝑲𝒆𝒓𝒓 → 𝟎

dispersion relations

Dispersion engineering Phase Matching
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Josephson Travelling Wave Parametric Amplification

1. Berkeley/MIT/Lincoln Lab : Resonant Phase matching

Macklin et al. Science 350, 307 (2015)

O’Brien et al. PRL 113, 1 7  1 (2 14)

Planat et al. Physical Review X 10, 021021 (2020)

2. Grenoble: Photonic gap by modulation

Dispersion engineering Phase Matching

Planat et. al. Phys. Rev. Applied 12, 064017 (2019)
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A. Ranadive. et al. arXiv:2101.05815 (2021)

M. Esposito et al. arXiv:2111.03696 (2021)

https://arxiv.org/abs/2101.05815
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Our new solution: Reversed Kerr Phase Matching

SNAIL
(Superconducting Nonlinear Asymmetric Inductive element)

Φext

Frattini et al. Appl. Phys. Lett. 110, 222603 (2017)

4-wave mixing

𝜸 is flux dependent!

        

A Reversed Kerr TWPA
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A Reversed Kerr TWPA

When 𝜸 < 𝟎 → 𝜟𝒌 = 0 is possible!

𝜟𝒌 = 𝜟𝒌𝟎 + 𝜟𝒌𝑲𝒆𝒓𝒓 → 𝟎

𝜟𝒌𝑲𝒆𝒓𝒓 ∝ 𝜸|𝐴𝑝|
2

Our new solution: Reversed Kerr Phase Matching
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A Reversed Kerr TWPA - Fabrication

~ 700 𝑐𝑒𝑙𝑙𝑠

~ 10 𝜇𝑚

Substrate
(Silicon)

JJ composite
chain

Dielectric
(Alumina)

Top ground
(Gold)
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A Reversed Kerr TWPA – Gain performance

BW > 𝟑. 𝟓 GHz
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A Reversed Kerr TWPA – Gain performance

Reduction in gain ripples

Evaluated over 
100 MHz bins

Reversed
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A Reversed Kerr TWPA – Noise performance

𝐍𝐓𝐖𝐏𝐀 ~ 𝟐 SQL
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Not only amplification…..

Quantum Microwave Photonics

TWPA

Two mode squeezing in TWPAs - Motivations
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Not only amplification…..

Quantum Microwave Photonics

TWPA

Microwave frequencies: Single-mode and Two-mode squeezing in JPAs

➢ B.  H.  Schneider et al. .Phys.Rev. Lett., 124:140503 (2020) Dynamical Casimir Effect 
in transmission lines

➢ E. Flurin. Et al. Phys. Rev. Lett., 114(090503):1–5 (2015)

➢ C. Eichler et al. Physical Review Letters, 107(11):1–5 (2011)

➢ L Zhong et al. New Journal of Physics, 15(12):125013 (2013)

Narrow-band 
Resonant JPAs 

1

➢ C. M. Wilson et al. Nature 479, 376, (2011)

Two mode squeezing in TWPAs - Motivations
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Not only amplification…..

Quantum Microwave Photonics

TWPA

1

Quantum enhanced detection 

Microwave frequencies:

2021

Single-mode and Two-mode squeezing in JPAs

Two mode squeezing in TWPAs - Motivations
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Not only amplification…..

Quantum Microwave Photonics

TWPA

Can we generate squeezing in TWPAs ?Microwave frequencies:

Advantages:

• Broadband nature
• Customization and flux tunability of the non-linearities

Difficulties:

• Losses in TWPAs 
• Spurious non-linear processes

Two mode squeezing in TWPAs - Motivations
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𝑯int = 𝜸 𝒂𝒔
†𝒂𝒊

†𝒂𝒑𝒂𝒑 + h. c.

Two mode squeezing in TWPAs - Device

~ 250 𝑐𝑒𝑙𝑙𝑠

        

4-wave mixing
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Two-mode squeezing

𝜉 = 𝑟 𝑒𝑖 𝜙 Squeezing parameter

GTWPA = cosh2(𝑟)

𝐒(𝝃) = exp
𝟏

𝟐
𝝃𝒂𝒊

†𝒂𝒔
† − 𝝃∗𝒂𝒊𝒂𝒔

ۧ|Sq = 𝐒 ۧ|0 𝑠 ۧ|0 𝑖 =
1

cosh 𝑟


𝑛

(tanh 𝑟)𝑛 ۧ|𝑛 𝑠 ۧ|𝑛 𝑖

Two-mode squeezing in TWPAs

4-wave mixing

𝑯int = 𝜸 𝑨𝒑
𝟐
𝒂𝒔
†𝒂𝒊

† + h. c.
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Two-mode squeezing in TWPAs

𝑹 = ො𝑥𝑠 , Ƹ𝑝𝑠 , ො𝑥𝑖 , Ƹ𝑝𝑖

ො𝑥𝑠,𝑖 =
1

2
መ𝐴𝑠,𝑖 + መ𝐴𝑠,𝑖

† Ƹ𝑝𝑠,𝑖 =
1

2𝑖
መ𝐴𝑠,𝑖 − መ𝐴𝑠,𝑖

†

        

    

   

     

            

   

   

   
    

 
           

    

 

4-wave mixing

𝑯int = 𝜸 𝑨𝒑
𝟐
𝒂𝒔
†𝒂𝒊

† + h. c.



Martina Esposito DARTWARS Collaboration Meeting December 1st, 2021

Phase- space histogram distribution

Two-mode squeezing in TWPAs
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Covariance Matrix reconstruction

• Entanglement : Logarithmic negativity 𝐸𝑁

• Squeezing of the collective quadrature

𝑥+ = (𝑥𝑠 + 𝑥𝑖)

Sq = 10 𝑙𝑜𝑔
𝑥+

2

0.5

Two-mode squeezing in TWPAs
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Sq = 10 𝑙𝑜𝑔
𝑥+

2

0.5

Demonstration of two-mode squeezing in TWPAs

Two-mode squeezing in TWPAs
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Broadband squeezing

Two-mode squeezing in TWPAs
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Perspectives: Pump power dependence study 

• Detailed study of role of spurious wave-mixing  processes
i.e.: harmonics generation, up and down conversions…

Similar Results for a 3WM Two-mode squeezing

M. Perelshtein et al. https://arxiv.org/abs/2111.06145 (2021)
Aalto University / VTT Finland

https://arxiv.org/abs/2111.06145
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Summary and Conclusions

A. Ranadive. et al. arXiv:2101.05815 (2021) M. Esposito et al. arXiv:2111.03696 (2021)

Reversed Kerr amplification Two-mode squeezing generation 

https://arxiv.org/abs/2101.05815
https://arxiv.org/abs/2111.03696
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Summary and Conclusions Thank you!

A. Ranadive. et al. arXiv:2101.05815 (2021) M. Esposito et al. arXiv:2111.03696 (2021)

Reversed Kerr amplification Two-mode squeezing generation 

https://arxiv.org/abs/2101.05815
https://arxiv.org/abs/2111.03696

