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Today

• Moving to higher frequencies in axion haloscopes
• The HAYSTAC experiment: A quantum-enhanced search for axion dark 

matter
• Next steps
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Fridge

The Haloscope Technique
• Magnetic Field (8T)
• High Q-Cavity (~50k) 
• Tunable Frequency (~5 GHz)          
• Low Noise Amplifier
• Cryogenic (100 mK)
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Figure of Merit
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Haloscope Landscape
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Solutions for High Frequencies
• Volume: Scales inversely with frequency

! Higher order modes (less conversion power)

• Q: Resistive loses in cavity walls
! Superconducting Cavities (hard with B-Field)

• B-Field: Largest payoff ... but $$$
! B~9T close to current limit for reasonable price  

6

+,
+-

.
0 %1 2 &

' #
&

+,
+-

. , ' (%) *

Sl
id

e 
Cr

ed
it:

  M
ic

ha
el

 Je
w

el
l 

4/6/23 IQ PITT PACC Meeting, Pittsburgh:  HAYSTAC



The HAYSTAC Collaboration
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The HAYSTAC Experiment

• Yale Wright Laboratory
• Copper Microwave Cavity 

! Q: ~45k
! V: 1.5L
! ! ! : 4-6GHz

• 8T Superconducting Solenoid
• Dilution Fridge 61mK
• Josephson Parametric Amplifier !"#$%
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Josephson Parametric Amplifier (JPA)
• Tunable LC Resonator

! Flux tuning 

• Parametric Gain
! Non-Linear Inductance from SQUIDs

• Modulation at twice resonant frequency
• Near Quantum Limited Noise
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The Standard Quantum Limit for Haloscopes

10

AMP

!"

'𝑋, '𝑌 =
𝑖
2.𝐻 =

ℎ𝜈(
2 ( '𝑋# + '𝑌#)Cavity Hamiltonian:

𝑁) ≥
1
2ℎ𝜈(Vacuum Fluctuations:

)*(+*(),-./*( 012/*(3.- *(45($6(&!&78&!9:5(#&:!$'

;*(<*(;,=/(,>?(@*(<*(+=AA.>*(012/*(3.-*5(&$!($"%78$"&95(4.B(&:6$*

𝑁* ≥
1
2ℎ𝜈(

Linear Amplifier:

𝑁+,+!- ≥ ℎ𝜈(Total SQL:

Sl
id

e 
Cr

ed
it:

  M
ic

ha
el

 Je
w

el
l 

4/6/23 IQ PITT PACC Meeting, Pittsburgh:  HAYSTAC



Benefits of JPAs
• JPAs achieve near SQL when Phase-Insensitive
• JPAs are Phase-Sensitive Amplifiers
• Each Phase alone is not limited by SQL
• Can produce “Squeezed” States

! Dump all uncertainty/noise into a single quadrature 
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Squeezed State Receiver Model
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https://arxiv.org/abs/2301.09721


Bandwidth Enhancement
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Bandwidth Enhancement
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Installing the Squeezed State Receiver
• Phase-I (2012-2018)

! Single Phase-Insensitive JPA
! Scanned 5.6-5.8GHz
! !"#$%&'()%&*97 (2018) 9, 092001

• SSR installed into HAYSTAC in 
2018
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Tuning the SSR
• Five parameter optimization
• JPAs tuned to match Cavity 

Resonance
! -#$: Squeezer Flux Bias
! -%&' : Amplifier Flux Bias

• Amplifiers share same Pump 
Source

! . ' : Amplifier Gain
! A: Squeezer Gain
! +: Phase difference
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HAYSTAC Experimental Layout
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HAYSTAC Results
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!"#$%&!"#$%&'() @#'.9$;01AB0C0;60203?@;
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https://arxiv.org/abs/2301.09721
https://www.nature.com/


HAYSTAC Timeline
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HAYSTAC Timeline
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Conclusions
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