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	  	  Principle	  of	  experiment,	  S/N,	  Detectability	  
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	  	  Linear	  amplifiers	  are	  subject	  to	  the	  Standard	  Quantum	  Limit	  
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	  	  History,	  Mo0va0on	  &	  Philosophy	  
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•  Concept born at Sikivie festschrift in 2010 

•  Serves both as Data Pathfinder & Innovation Test-
bed in the 10-50 µeV mass range 

•  Develop new cavity & amplifier technologies in the 
3-12 GHz range 

•  Small, agile platform that can be quickly 
reconfigured to try new things 

•  Work with the greatest degree of informality; no 
formal project management, etc. 



	  The	  Team	  (current	  plus	  alumni)	  
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	  	  The	  Hardware	  
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Microwave Cavity (copper) 

3He/4He Dilution 
Refrigerator 9.4 Tesla, 10 Liter Magnet 

Josephson Parametric Amplifier 



	  	  Microwave	  Cavi0es	  
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•  Annular	  cavity,	  cam-‐tuned,	  annealed	  Cu	  on	  S.S. 
•  Tunable	  over	  3.6	  –	  5.8	  GHz	  
•  Abocube	  for	  rotary	  mo0on,	  stepping	  motors	  for	  linear 



	  	  Quantum	  Limited	  Josephson	  Parametric	  Amplifiers	  
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•  20	  dB	  gain,	  quantum	  limited 

•  Tunable	  over	  4.4	  –	  6.5	  GHz	  
•  Persistent	  coils	  field	  cancella0on 



	  	  A	  major	  challenge	  –	  magne0c	  shielding	  of	  the	  JPA	  
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	  	  What	  the	  data	  look	  like	  
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• TSYS~ 3 x TSQL for first run; ‘hot rod’ implicated, thermal link improved 
 
• TSYS~ 2 x TSQL  for second run recently published 

 



	  Results	  from	  Phase	  I	  Opera0on	  (2016-‐17)	  
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B.	  Brubaker	  et	  al.,	  Phys.	  Rev.	  Leb.	  118	  (2017)	  061302	  
L.	  Zhong	  et	  al.,	  Phys.	  Rev.	  D	  97	  (2018)	  092001 
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	  	  Phase	  II:	  	  Squeezing	  –	  Circumvent	  vacuum	  fluctua0ons	  to	  scan	  faster 
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JPA	  
JILA	  mock	  haloscope	  for	  R&D	  for	  squeezing	  studies	  with	  7	  GHz	  Nb	  cavity	  
Actual	  system	  to	  deploy	  July	  2018	  in	  HAYSTAC	  	  	  



Accelerating dark-matter axion searches with quantum information technology  
Zheng et al., arXiv:1607.02529v1 
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  Results from the mock haloscope with squeezing 
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The vacuum variance has been reduced by 4 dB 
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 Overcouple & squeeze: search many bare cavity linewidths simultaneously 
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Enhancement  
scan rate 

Overcoupling κc/κl   

SNR:  Paxion / Pnoise Squeezing 

Detuning:  |ωaxion– ωcav| /κl 

κc=κl  
κc=9κl  

10 dB squeezing 
and κc=9κl 

(These calculations include a realistic 32% power loss)  

We	  are	  projec:ng	  an	  ini:al	  ×2.3	  speed	  up	  for	  our	  Phase	  II	  run	  



	  Summary	  comments	  
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•  Aker	  the	  inaugural	  squeezed-‐vacuum	  state	  run,	  we	  will	  go	  to	  
higher	  frequencies	  

•  A	  large	  volume	  6	  -‐	  12	  GHz	  (25	  -‐	  50	  µeV)	  cavity	  with	  high	  quality	  
factor	  and	  form	  factor	  is	  being	  readied	  for	  late	  2018	  

•  R&D	  on	  tunable	  Photonic	  Band	  Gap	  resonators	  is	  ongoing	  to	  
eliminate	  the	  forest	  of	  TE	  modes	  &	  thus	  mode-‐crossings	  

•  R&D	  is	  beginning	  for	  single-‐quantum	  detec0on,	  both	  qubit-‐	  and	  
Rydberg-‐atom	  based	  

	  

•  HAYSTAC	  has	  proven	  to	  be	  a	  nimble	  &	  effec0ve	  plamorm	  



Backup	  Slides	  
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	  The	  microwave	  cavity	  experiment	  
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Photonic Band Gap Resonators 
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Photonic Band Gap Structures 
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Disallowed regions 

Disallowed region 

•  Periodic lattice of rods 

•  ‘Band gaps’ of modes 
which cannot propagate 



Photonic Band Gap Structures 
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•  Resonator: defect in 
lattice confines 
disallowed modes 

•  All other modes 
propagate out 

•  Can have very high Q 



Motivation 
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•  TE modes don’t tune, causing mode crossings 

•  PBG would confine TM modes while TE modes leak out 

Cavity TM010 mode 



Prototype Design 
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Lattice parameters 
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•  Made from 7075 
aluminum 

•  10 cm length 

•  Quarter inch rods 
(3.175 mm) 

•  a/b = 0.43 

•  With tuning rod, 
tunes from 7.5 to 
9.5 GHz 
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Tuning mechanism 
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•  First test: single off-axis tuning rod 

•  Alumina axles 



 Fixed frequency results 

28 


