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Quantum optics and cQED

Vacuum squeezed states  Single microwave photons Schrodinger Cats
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Can we go beyond the cavity limit?
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Josephson waveguides: faprication
Near quantum limited Traveling Waves Parametric Amplifiers

Vacuum two-mode squeezing in 1VWPAs



Josephson waveguides: challenge

Far from 50 Ohms

6 Exemples of high impedance Josephson waveguides: Kuzmin et al., Nat. Phys. (2019), Puertas-Martinez et al., np| Q. Inf. (2019)



Josephson waveguides: fabrication recipe
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Josephson junction fabrication

I Water thickness: 275 pm



Josephson waveguides: fabrication recipe
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Josephson waveguides: fabrication recipe
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Josephson waveguides: fabrication recipe

\
4

CQ

L

/mm

S
T N

0.1 fF to 40 tF
1kOhms to 50 Ohms

I




Cooling down the circuit

1st amplifier:
Josephson waveguide

2nd amplifier

Tn ~ 107501

Dilution
fridge
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Josephson waveguides: faprication
Near quantum limited Traveling Waves Parametric Amplifiers

Vacuum two-mode squeezing in 1VWPAs
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Use-case: ultra low noise amplification

Probe in

UV VU Very low energy (quantum) systems

,‘M” Probe: few photons

Probe out



Use-case: ultra low noise amplification

N n ~ Probesin n ” H
o—v\/\/\/\/v- Very low energy (quantum) systems

\
y’ Probe: few photons

Quantum “U“ Several guantum systems
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P

robes out

Need high amplification, low noise AND large bandwidth
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Ultra low noise amphﬂcaﬂon apphcatmns
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Parametric amplifiers:
guantum optics point of view
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Resonant parametric amplification

Interaction time &« 1/cavity bandwidth

T
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Resonant parametric amplification

Interaction time &« 1/cavity bandwidth
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Resonant parametric amplification

Interaction time &« 1/cavity bandwidth

T
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Resonant parametric amplification

Interaction time &« 1/cavity bandwidth




21

Traveling wave parametric amplification
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Resonant vs lraveling-wave

N
~—
Nonlinear
Medium

Out

v Low Noise

v Low Noise

@y

X Narrow bandwidth

v Broadbana




Traveling wave parametric amplification
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Lithium triborate crystal
(Source: rp-photonics.com )
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Traveling wave parametric amplification

Josephson Meta-material

M-
VA= g o Amplified Signal
signa MWW—>
Idler
Phase across junction ¢ = det
4) - ¢O eikx
A20s 1(p) = @[l lod? + ylo3
(¢) = allop + Blop= + ylop® + ...]
Josephson Junction l l
)((2) )((3)

First demonstration: B. H. Eom et al., Nat. Phys. (2012), C. Macklin et al. Science (2015)



Traveling Wave Parametric Amplifier vs Resonant Parametric Amplitier
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Traveling Wave Parametric Amplifier: phase matching challenge

Energy conservation Momentum conservation

Ws + Wi = 2wy Ak =2k, —ks—Fki= 0

Wavevector

|
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Quantum limited amplifiers: comparison

Frequency (GHz)

——  Periodic modulation of the impedance
- Non-linearity engineering
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Quantum limited amplifiers: noise performances

Standard Quantum Limit (SQL)

hw
T > =T
N_Qk‘B SQL

C. M. Caves, Phys. Rev. D (1982)
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Quantum limited amplifiers: noise performances

Standard Quantum Limit (SQL)

hw
T > =T
N_QkB SQL

C. M. Caves, Phys. Rev. D (1982)

Noise simulations based on:

—— Std. quantum limit
1 TWPA simulation
—}— TWPA noise

—— System noise
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Houde et al., Phys. Rev. Applied (2019)
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Outline

Josephson waveguides: faprication
Near quantum limited Traveling Waves Parametric Amplifiers

Vacuum two-mode squeezing in 1VWPAs
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Microwave gquantum optics with TWPAS
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Microwave gquantum optics with TWPAS
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Microwave gquantum optics with TWPAS
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Can we generate squeezing in TWPAs 7

Pros

Broadband nature

Taking advantage of the 1D propagation

Cons

Losses In TWPAS

SpuUrious non-linear processes
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Two-mode squeezing: device

~ 250 cells

SOQ

4-wave mixing

Hi,.=v aiajapap + h.c.

500
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Two-mode sgueezing generation

——————————————————————————————————————————————————————————————————

DAC

DAC

FPGA

RFSoC module

ADC [<

ADC [«

Reconstruction/tomography technigue: Bozyigit et al.,

Nat. Phys. (2010), Da Silva et al., Phys. Rev. A (2010)



Two-mode sgueezing generation

e pump
idler A signal
<< A >»
DAC ADC [* T T >
DAC e ADC [ f
RFSoC module
E.... ....................... g 4—Wave mixing
— Xs,DPs»Xi,Di > -
1 1 RT HlntZYIAp‘ asai + h.c.
X\S»i = 5 (AS,i + A;r,i) ﬁs,i — 2_l (As,i — Ai,i) /{

36 Reconstruction/tomography technique: Bozyigit et al., Nat. Phys. (2010), Da Silva et al., Phys. Rev. A (2010)
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Two-mode sgueezing generation

Phase-space histogram distribution

0.002

0.001

0.000

counts on - counts off [%]

—0.002

Reconstruction/tomography technique: Bozyigit et al., Nat. Phys. (2010), Da Silva et al., Phys. Rev. A (2010)
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Demonstration of two-mode squeezing in TWPAS
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See also: Perelshtein et al., Phys. Rev. Applied (2022), Qiu et al., Nat. Phys. (2023)



Demonstration of two-mode squeezing in TWPAS
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39 See also: Perelshtein et al., Phys. Rev. Applied (2022), Qiu et al., Nat. Phys. (2023)



40

Conclusion & Perspectives

Josephson Traveling Wave Parametric Amplifiers: tfabrication
L. Planat et al. Phys. Rev. Applied (2019) Patent n° FR1901767

Josephson TWPA: phase matching
L. Planat et al. PRX (2020)  A. Ranadive, et al. Nat. Commun. (2022)

Two-mode vacuum squeezing
M. Esposito, et al. PRL (2022)

Josephson TWPA: perspectives
M. Esposito, et al. APL (2021)
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Bringing quantum technologies to market
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Non-reciprocal Josephson TWPA

Multi-mode entanglement in Josephson waveguides
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Use-case 1: qubit read-out

l |
Rdt:14.0dB; t_read:900ns Fr:7.3685Ghz

F_post:70.8% F:70.7% F_gaus(d):71.2%
==== Threshold

Prepulse g-state

Prepulse e-state
{ | = Read g-state
TVV PA O F F 1 | === Read e-state
Fit g-state
Fit e-state
. ' Fit g-state second
FOVerlap NN\ 7 1 % | Fit e-state second

Fit g-state DoubleGauss

Fit e-state DoubleGauss

Counts

100 -
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Foverlap ™ 98%
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TWPA ON

Counts

102+

Use-case 1: qubit read-out

| |

Rdt:14.0dB; t_read:900ns Fr:7.3685Ghz

F_post:90.4% F:90.3% F_gaus(d):97.9%

= Threshold

Prepulse g-state
Prepulse e-state

Read g-state

Read e-state

Fit g-state

Fit e-state

Fit g-state second

Fit e-state second

Fit g-state DoubleGauss

Fit e-state DoubleGauss
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Use-case 2: ultra-low power measurements

0.006
twpa bypass

— 1twpa on

0.005 -
. 0.004 -
Photon in

0.003 -

0.002 -

Quantum

I(w) |a.u.]

0.001 A

0.000

Photons out —0.001 -

—0.002
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