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Scan cavity to search for resonant axion to photon conversion
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Squeezed state receiver reduces measurement backaction 3
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Squeezing increases bandwidth of maximum sensitivity
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Presenter Notes
Presentation Notes
So far we have introduced what’s the quantum limited searches, and squeezing the measurement noise enables 2 times SRE. In the last topic of this talk, I will spend my time in telling you an alternative method, by amplifying the cavity noise and axion signal together but keep measurement noise unamplified, an alternative way to increase the sensitivity bw, we are able to search 6 times faster by the balanced interactions. And by slightly imbalance the interaction rates using the same method, we can accelerate the searches by 8 times compared to quantum-limited case.



Quantum enhanced sensing is now routine in HAYSTAC 5

double the quantum limited scan rate 

A quantum enhanced search for dark matter axions
K.M. Backes, D.A. Palken, et al., Nature 590, 238–242 (2021).

M. J. Jewell et al. (HAYSTAC Collaboration)
Phys. Rev. D 107, 072007 (2023).



Can we do better than 2?
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Amplify signal before encountering measurement port noise
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× 2 × 8.2standard quantum limit

𝐵𝐵𝑤𝑤 

cavity entanglement
“CEASEFIRE” Demo

vacuum

squeezing
HAYSTAC apparatus

Y. Jiang, E.P. Ruddy, K.O. Quinlan, M. Malnou, N.E. Frattini, KWL, PRX Quantum 4, 020302 (2023)

K. Wurtz, Benjamin Brubaker, Y. Jiang, E. Ruddy, Daniel Palken, KWL, PRX Quantum 2, 040350 (2021)
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Presenter Notes
Presentation Notes
So far we have introduced what’s the quantum limited searches, and squeezing the measurement noise enables 2 times SRE. In the last topic of this talk, I will spend my time in telling you an alternative method, by amplifying the cavity noise and axion signal together but keep measurement noise unamplified, an alternative way to increase the sensitivity bw, we are able to search 6 times faster by the balanced interactions. And by slightly imbalance the interaction rates using the same method, we can accelerate the searches by 8 times compared to quantum-limited case.



Dynamically couple axion cavity and readout mode 
by 3-wave mixing
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State swapping (C) interaction swaps states between two modes

3WM
A B
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𝜔𝜔Δ

auxiliary readout 
mode

axion-sensitive 
cavity

�𝑃𝑃 → 𝑔𝑔𝐶𝐶𝑒𝑒−𝑖𝑖𝜔𝜔Δ𝑡𝑡 + c.c.

�H3WM ∝ �̂�𝐴 + �̂�𝐴† �𝐵𝐵 + �𝐵𝐵† �𝑃𝑃 + �𝑃𝑃†

𝜔𝜔Δ = 𝜔𝜔𝐵𝐵 − 𝜔𝜔𝐴𝐴

→ 𝑔𝑔𝐶𝐶 �̂�𝐴 �𝐵𝐵† + �̂�𝐴† �𝐵𝐵 state-swapping

Presenter Notes
Presentation Notes
The first interaction we want to build is the state swapping interaction between two modes, by pump C mode at the diff frequency of A,B mode, we can continuously swap the states of two modes at rate g_C, as represented by the beam splitter Hamiltonian here.
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Two-mode squeezing (G) induces amplification and entanglement
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�𝑃𝑃 → 𝑔𝑔𝐺𝐺𝑒𝑒−𝑖𝑖𝜔𝜔Σ𝑡𝑡 + c.c.

�H3WM ∝ �̂�𝐴 + �̂�𝐴† �𝐵𝐵 + �𝐵𝐵† �𝑃𝑃 + �𝑃𝑃†

𝜔𝜔Σ = 𝜔𝜔𝐵𝐵 + 𝜔𝜔𝐴𝐴

→ 𝑔𝑔𝐺𝐺 �̂�𝐴† �𝐵𝐵† + �̂�𝐴 �𝐵𝐵 two-mode squeezing

Presenter Notes
Presentation Notes
The 2nd type of interaction is the two-mode squeezing interaction, by pumping at the sum frequency of the A, B mode, each mode contains the amplified cavity noise and signal from A mode and amplified meas noise from mode B, as represented by the amplified purple bulb here. Two-mode squeezing interaction allows amplification at rate g_G as shown in Hamiltonian, it also builds up the quadrature correlations between two modes.
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Two-mode squeezing (G) induces amplification and entanglement
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�𝑃𝑃 → 𝑔𝑔𝐺𝐺𝑒𝑒−𝑖𝑖𝜔𝜔Σ𝑡𝑡 + c.c.

�H3WM ∝ �̂�𝐴 + �̂�𝐴† �𝐵𝐵 + �𝐵𝐵† �𝑃𝑃 + �𝑃𝑃†

𝜔𝜔Σ = 𝜔𝜔𝐵𝐵 + 𝜔𝜔𝐴𝐴

→ 𝑔𝑔𝐺𝐺 �̂�𝐴† �𝐵𝐵† + �̂�𝐴 �𝐵𝐵 two-mode squeezing

Presenter Notes
Presentation Notes
The 2nd type of interaction is the two-mode squeezing interaction, by pumping at the sum frequency of the A, B mode, each mode contains the amplified cavity noise and signal from A mode and amplified meas noise from mode B, as represented by the amplified purple bulb here. Two-mode squeezing interaction allows amplification at rate g_G as shown in Hamiltonian, it also builds up the quadrature correlations between two modes.



𝐵𝐵𝑤𝑤 increase
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Quantum non-demolition interaction yields bandwidth increase

�H3WM = 𝑔𝑔𝐶𝐶�̂�𝐴 �𝐵𝐵† + 𝑔𝑔𝐺𝐺�̂�𝐴† �𝐵𝐵† + c.c.

⁄𝑑𝑑 �𝑌𝑌𝐵𝐵 𝑑𝑑𝑑𝑑 = −2𝑔𝑔 �𝑋𝑋𝐴𝐴 ⁄𝑑𝑑 �𝑋𝑋𝐴𝐴 𝑑𝑑𝑑𝑑 = 0

QNDamplification

QND
 2𝑔𝑔 �𝑋𝑋𝐴𝐴 �𝑋𝑋𝐵𝐵

readout

3WM
A B

P

𝜔𝜔Σ

𝜔𝜔Δ

Chien, T-C., et al. Physical Review A 101.4 (2020): 042336.Metelmann, A. and Clerk, A.A., Physical Review X 5.2 (2015): 021025.

Presenter Notes
Presentation Notes
When these two interactions are applied simultaneously, and at equal interaction rates, this manifests as QND Hamiltonian. We can write down the Hamiltonian in quadrature basis as shown here, where quadrature variables X_A,B are the linear combination of annihilation and creation operators A and B. This Hamiltonian is a quantum non-demolition Hamiltonian as revealed in the Heisenberg equations of motion. EoMs tell that the signal and cavity noise contained in XA will be amplified at YB, while leaving the original quadrature unchanged, representing the QND. As shown in the phase space picture.Now if we readout along the amplified quadrature, we get amplified signal and cavity noise, and unity measurement noise. Through this amplification, we realize the sensitivity bandwidth increase, therefore increase the search rate.



�HJRM = 𝜆𝜆 �𝑃𝑃 + �𝑃𝑃† �̂�𝐴 + �̂�𝐴† �𝐵𝐵 + �𝐵𝐵†

Josephson Ring Modulator for realizing 3-wave mixing
13

Bergeal, N., et al. Nature Physics 6.4 (2010).
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Presenter Notes
Presentation Notes
trilayer: BE, CE, W1The 3WM circuit element we use in experiment is a Josephson ring modulator, which consists of 4 JJs forming a ring. There are three eigenmodes associated with the JRM, two differential modes in blue and red, where the voltage in opposite two node oscillates in anti-phase, these two eigenmodes are coupled to the axion cavity and readout mode, another common mode where the voltage oscillates in anti-phase between pairs is the pump mode, by applying an external flux, we are able to imbalance the JJ inductance and realize the coupling between A and B mode. Therefore realizing the QND interaction.===External flux determines resonance freq, how external flux (DC) + pump (2 GHz) are capable of 3WM.What do we mean by JRM eigenmode, there’s no mode if no capacitors? But 3WM Hamiltonian doesn’t require capacitor?How to write the full JPC Hamiltonian?



Josephson parametric converter for prototype demonstration 14
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Presenter Notes
Presentation Notes
Here is the real device we use in this prototype experiment, I hope to walk you through on how this device corresponds to the two-mode models we discuss earlier. At the center is the JRM for 3WM, which is coupled to cavity mode blue with loss rate kappa_l, and there’s a weakly coupled port attached to it, at coupling rate kappa_a, where we can send fake axion signals in this demonstration experiment. There’s no physical port for axion coupling in the real search apparatus, this port is purely for demonstration purpose where we could send a signal in and characterize its performance.The other side of the JRM is coupled to the readout mode, for readout. The pump drives for inducing QND interaction is sending through a 180 degree hybrid sum port, which will cause the signal at hybrid output to oscillate in phase, thus exciting the common mode. This setup direct corresponds to the model we introduce before.



implementation
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Engineering constraints of the axion cavity 16

resides in large magnetic field
 
 quantum electric circuits must be remote 

has tunable resonance frequency and coupling



Long, lossy cable separates axion cavity from JRM circuit 17
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SC

TL > 0.5 m 3WM

superconducting cable partially in large B-field

 𝑄𝑄cable ≈ 2500 

cable-mode frequency spacing: 200 MHz



Couple axion cavity to JRM through a dark state 18
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𝐶𝐶𝐴𝐴 𝐷𝐷
𝑔𝑔𝑠𝑠 𝑔𝑔𝑠𝑠

𝜔𝜔𝐴𝐴 = 𝜔𝜔𝐷𝐷 = 𝜔𝜔𝐶𝐶�Hint =
𝜔𝜔𝐴𝐴 𝑔𝑔𝑠𝑠 0
𝑔𝑔𝑠𝑠 𝜔𝜔𝐷𝐷 − 𝑖𝑖𝜅𝜅𝐷𝐷/2 𝑔𝑔𝑠𝑠
0 𝑔𝑔𝑠𝑠 𝜔𝜔𝐶𝐶

0 =
1
2

(|𝐴𝐴⟩ − |𝐶𝐶⟩)

± =
1
2 |𝐴𝐴⟩ ± 2 𝐷𝐷 + |𝐶𝐶⟩

19Dark state mediated coupling 
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Presenter Notes
Presentation Notes
Add some words about dark state analogy and why we like |0> eigenmode



Remote entanglement via dark state transfer 
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21Balance cable coupling to axion cavity and chip mode 

− +



Tune transmission line into resonance with cavity 22

What complexity is added by the quantum engineer? 

an additional tunable element… 

microwave trombone: Colby instruments
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