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High-level Summary
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Oscillating background B-field: heterodyne up-conversion approach decouples input  from ωin Vdet

Search for weakly-coupled signals in a loaded SRF cavity

!sig = !0 ± !in
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Axion Dark Matter
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Axion, ALPs and Axion Electrodynamics
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Axions and Cavities
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New Approach
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Heterodyne Superconducting Radio-Frequency Resonator:
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B0(t)!0
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Decouples axion mass from detector volume
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Q-factor  ≳ 1010

Applications elsewhere,  
e.g. Quantum Computing:


see e.g. quant-ph/2304.09345
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Heterodyne Resonator

7

R
et
ra
ct
ab

le
F
in
s

R

L0L1

!0

ma !1 ⌘ !0 ±ma

E0

E1

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

!1 = !0 + �!

<latexit sha1_base64="9XlwrDNXFyzfWde0qieNulgQ0Aw=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiCEJJpKIboejGZQV7gSaUyeS0HTqZhJmJUEL3bnwVNy4UcesLuPNtnLZZaOsPAx//OYcz5w8SzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0Vp5JCk8Y8lp2AKOBMQFMzzaGTSCBRwKEdjG6m9fYDSMVica/HCfgRGQjWZ5RoY/XsshdHMCA9F1/hHB18ir0QuCa5YVecqjMTXgY3hwrK1ejZX14Y0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdg4JEoPxsdssEHxsnxP1Ymic0nrm/JzISKTWOAtMZET1Ui7Wp+V+tm+r+pZ8xkaQaBJ0v6qcc6xhPg8Ehk0A1HxsgVDLzV0yHRBKqTXwlE4K7ePIytM6qbq16fler1K/zOIroCJXRCXLRBaqjW9RATUTRI3pGr+jNerJerHfrY95asPKZQ/RH1ucPxyKZow==</latexit>

ma ⇠ �!

<latexit sha1_base64="TMpnE3loudae+DyFEQn23hoYlxY=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iViB6DXjxGMA/IhqV3tpMMmdldZmaFsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFaaCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaoegUfAYG4Ybge1UIchQYCsc3k781iMqzZP4wYxS7Erox7zHGRgrBaVjGQD1NZfUj1AY8BOJfQhKZbfiTkGXiTcnZTJHPSh9+VHCMomxYQK07nhuaro5KMOZwHHRzzSmwIbQx46lMUjU3Xx6/pieWSWivUTZig2dqr8ncpBaj2RoOyWYgV70JuJ/XiczvetuzuM0Mxiz2aJeJqhJ6CQLGnGFzIiRJcAUt7dSNgAFzNjEijYEb/HlZdK8qHjVyuV9tVy7mcdRICfklJwTj1yRGrkjddIgjOTkmbySN+fJeXHenY9Z64oznzkif+B8/gDGg5Vi</latexit>



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Heterodyne Resonator

7

axion

ma ⇠ �!

<latexit sha1_base64="TMpnE3loudae+DyFEQn23hoYlxY=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iViB6DXjxGMA/IhqV3tpMMmdldZmaFsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFaaCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaoegUfAYG4Ybge1UIchQYCsc3k781iMqzZP4wYxS7Erox7zHGRgrBaVjGQD1NZfUj1AY8BOJfQhKZbfiTkGXiTcnZTJHPSh9+VHCMomxYQK07nhuaro5KMOZwHHRzzSmwIbQx46lMUjU3Xx6/pieWSWivUTZig2dqr8ncpBaj2RoOyWYgV70JuJ/XiczvetuzuM0Mxiz2aJeJqhJ6CQLGnGFzIiRJcAUt7dSNgAFzNjEijYEb/HlZdK8qHjVyuV9tVy7mcdRICfklJwTj1yRGrkjddIgjOTkmbySN+fJeXHenY9Z64oznzkif+B8/gDGg5Vi</latexit>

R
et
ra
ct
ab

le
F
in
s

R

L0L1

!0

ma !1 ⌘ !0 ±ma

E0

E1

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

!1 = !0 + �!

<latexit sha1_base64="9XlwrDNXFyzfWde0qieNulgQ0Aw=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiCEJJpKIboejGZQV7gSaUyeS0HTqZhJmJUEL3bnwVNy4UcesLuPNtnLZZaOsPAx//OYcz5w8SzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0Vp5JCk8Y8lp2AKOBMQFMzzaGTSCBRwKEdjG6m9fYDSMVica/HCfgRGQjWZ5RoY/XsshdHMCA9F1/hHB18ir0QuCa5YVecqjMTXgY3hwrK1ejZX14Y0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdg4JEoPxsdssEHxsnxP1Ymic0nrm/JzISKTWOAtMZET1Ui7Wp+V+tm+r+pZ8xkaQaBJ0v6qcc6xhPg8Ehk0A1HxsgVDLzV0yHRBKqTXwlE4K7ePIytM6qbq16fler1K/zOIroCJXRCXLRBaqjW9RATUTRI3pGr+jNerJerHfrY95asPKZQ/RH1ucPxyKZow==</latexit>

ma ⇠ �!

<latexit sha1_base64="TMpnE3loudae+DyFEQn23hoYlxY=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iViB6DXjxGMA/IhqV3tpMMmdldZmaFsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFaaCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaoegUfAYG4Ybge1UIchQYCsc3k781iMqzZP4wYxS7Erox7zHGRgrBaVjGQD1NZfUj1AY8BOJfQhKZbfiTkGXiTcnZTJHPSh9+VHCMomxYQK07nhuaro5KMOZwHHRzzSmwIbQx46lMUjU3Xx6/pieWSWivUTZig2dqr8ncpBaj2RoOyWYgV70JuJ/XiczvetuzuM0Mxiz2aJeJqhJ6CQLGnGFzIiRJcAUt7dSNgAFzNjEijYEb/HlZdK8qHjVyuV9tVy7mcdRICfklJwTj1yRGrkjddIgjOTkmbySN+fJeXHenY9Z64oznzkif+B8/gDGg5Vi</latexit>



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Heterodyne Resonator

7

axion

ma ⇠ �!

<latexit sha1_base64="TMpnE3loudae+DyFEQn23hoYlxY=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iViB6DXjxGMA/IhqV3tpMMmdldZmaFsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFaaCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaoegUfAYG4Ybge1UIchQYCsc3k781iMqzZP4wYxS7Erox7zHGRgrBaVjGQD1NZfUj1AY8BOJfQhKZbfiTkGXiTcnZTJHPSh9+VHCMomxYQK07nhuaro5KMOZwHHRzzSmwIbQx46lMUjU3Xx6/pieWSWivUTZig2dqr8ncpBaj2RoOyWYgV70JuJ/XiczvetuzuM0Mxiz2aJeJqhJ6CQLGnGFzIiRJcAUt7dSNgAFzNjEijYEb/HlZdK8qHjVyuV9tVy7mcdRICfklJwTj1yRGrkjddIgjOTkmbySN+fJeXHenY9Z64oznzkif+B8/gDGg5Vi</latexit>

R
et
ra
ct
ab

le
F
in
s

R

L0L1

!0

ma !1 ⌘ !0 ±ma

E0

E1

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

!1 = !0 + �!

<latexit sha1_base64="9XlwrDNXFyzfWde0qieNulgQ0Aw=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiCEJJpKIboejGZQV7gSaUyeS0HTqZhJmJUEL3bnwVNy4UcesLuPNtnLZZaOsPAx//OYcz5w8SzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0Vp5JCk8Y8lp2AKOBMQFMzzaGTSCBRwKEdjG6m9fYDSMVica/HCfgRGQjWZ5RoY/XsshdHMCA9F1/hHB18ir0QuCa5YVecqjMTXgY3hwrK1ejZX14Y0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdg4JEoPxsdssEHxsnxP1Ymic0nrm/JzISKTWOAtMZET1Ui7Wp+V+tm+r+pZ8xkaQaBJ0v6qcc6xhPg8Ehk0A1HxsgVDLzV0yHRBKqTXwlE4K7ePIytM6qbq16fler1K/zOIroCJXRCXLRBaqjW9RATUTRI3pGr+jNerJerHfrY95asPKZQ/RH1ucPxyKZow==</latexit>

ma ⇠ �!

<latexit sha1_base64="TMpnE3loudae+DyFEQn23hoYlxY=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iViB6DXjxGMA/IhqV3tpMMmdldZmaFsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFaaCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOokUwwbLBGJaoegUfAYG4Ybge1UIchQYCsc3k781iMqzZP4wYxS7Erox7zHGRgrBaVjGQD1NZfUj1AY8BOJfQhKZbfiTkGXiTcnZTJHPSh9+VHCMomxYQK07nhuaro5KMOZwHHRzzSmwIbQx46lMUjU3Xx6/pieWSWivUTZig2dqr8ncpBaj2RoOyWYgV70JuJ/XiczvetuzuM0Mxiz2aJeJqhJ6CQLGnGFzIiRJcAUt7dSNgAFzNjEijYEb/HlZdK8qHjVyuV9tVy7mcdRICfklJwTj1yRGrkjddIgjOTkmbySN+fJeXHenY9Z64oznzkif+B8/gDGg5Vi</latexit>

Tunability

deformability:  
~1mm

Courtesy: Marco Oriunno (SLAC)

�! ⌧ GHz

<latexit sha1_base64="8cPoio+H4YkLbtsnJnnc3dz9has=">AAACBHicbVDJSgNBEO2JW4zbqMdcGoPgKcxIRI9BD+YYwSyQCaGnU0ma9Cx014hxyMGLv+LFgyJe/Qhv/o2d5aCJDwoe71VRVc+PpdDoON9WZmV1bX0ju5nb2t7Z3bP3D+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMOlBZReIujGNoB64eiJzhDI3XsvNcFicyLAugz6klJPYR7TK8rD+OOXXCKzhR0mbhzUiBzVDv2l9eNeBJAiFwyrVuuE2M7ZQoFlzDOeYmGmPEh60PL0JAFoNvp9IkxPTZKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQi95E/M9rJdi7aKcijBOEkM8W9RJJMaKTRGhXKOAoR4YwroS5lfIBU4yjyS1nQnAXX14m9dOiWyqe3ZQK5ct5HFmSJ0fkhLjknJRJhVRJjXDySJ7JK3mznqwX6936mLVmrPnMIfkD6/MHr/qYIg==</latexit>



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

All Noise Sources

8

Retractable Fins

Loading ports

Readout ports

!r

!d

See backup for details on each noise source



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

All Noise Sources

8

Retractable Fins

Loading ports

Readout ports

!r

!dThermal

• Thermal noise: requires cryo

See backup for details on each noise source



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

All Noise Sources

8

Retractable Fins

Loading ports

Readout ports

!r

!dThermal

• Thermal noise: requires cryo

Epke

Field Emission

•Field Emission: careful design 
& limits peak B-field

See backup for details on each noise source



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

All Noise Sources

8

Retractable Fins

Loading ports

Readout ports

!r

!dThermal

• Thermal noise: requires cryo

Epke

Field Emission

•Field Emission: careful design 
& limits peak B-field

!mVibrations

!n !n ± !m

Cm
n

•Vibrations: design to reduce 
microphonics, isolation, cryo

See backup for details on each noise source



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

All Noise Sources

8

Retractable Fins

Loading ports

Readout ports

!r

!dThermal

• Thermal noise: requires cryo

Epke

Field Emission

•Field Emission: careful design 
& limits peak B-field

!mVibrations

!n !n ± !m

Cm
n

•Vibrations: design to reduce 
microphonics, isolation, cryo

E0

E1

Ed

Er✏0r

✏1d

Loading
&

Readout

Oscillator

'(t)

t

t

V0(t)

↵(t)

V0(t)

•Loading/Readout & Phase: 
design to improve coupling to 
pump & signal modes. Low 
phase-noise pump & readout 
electronics

See backup for details on each noise source



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9

SNR ⇠ ⇢DM V

ma !1
(ga�� ⌘10 B0)

2
✓
Qa Qint te

T

◆1/2

Thermal noise dominated:



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9

SNR ⇠ ⇢DM V

ma !1
(ga�� ⌘10 B0)

2
✓
Qa Qint te

T

◆1/2

Thermal noise dominated:

SNR

SNRLC ⇠ !0 ±ma

ma

✓
Qint

QLC

◆1/2 ✓TLC

T

◆1/2 ✓ B0

BLC

◆2

Comparison with LC resonator:



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9

SNR ⇠ ⇢DM V

ma !1
(ga�� ⌘10 B0)

2
✓
Qa Qint te

T

◆1/2

Thermal noise dominated:

SNR

SNRLC ⇠ !0 ±ma

ma

✓
Qint

QLC

◆1/2 ✓TLC

T

◆1/2 ✓ B0

BLC

◆2

Comparison with LC resonator:



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9

SNR ⇠ ⇢DM V

ma !1
(ga�� ⌘10 B0)

2
✓
Qa Qint te

T

◆1/2

Thermal noise dominated:

SNR

SNRLC ⇠ !0 ±ma

ma

✓
Qint

QLC

◆1/2 ✓TLC

T

◆1/2 ✓ B0

BLC

◆2

Comparison with LC resonator:



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Signal to Noise

9

SNR ⇠ ⇢DM V

ma !1
(ga�� ⌘10 B0)

2
✓
Qa Qint te

T

◆1/2

Thermal noise dominated:

SNR

SNRLC ⇠ !0 ±ma

ma

✓
Qint

QLC

◆1/2 ✓TLC

T

◆1/2 ✓ B0

BLC

◆2

Comparison with LC resonator:



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities10

Sensitivity
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S. Tantawi, K. Zhou

PRD 104 (2021) 11, L111701, hep-
ph/2007.15656

A. Berlin, R. T. D’Agnolo, SARE, K. 
Zhou
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10+ e-folds ALP DM

New sensitivity to 
QCD axion
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Current Status

Giaccone et al [hep-ex/2207.11346]

•Single-cell SRF

FNAL CERN

•PBC since ~2021

•QTI since Jan. 2024

SARE contact w/ A.MacP since 2019

SLAC

LDRD led by S. Tantawi

•Copper prototype 

•Input from PBC

See Bianca’s talk
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‣Axion: good DM candidate & can solve strong CP


‣Heterodyne detector enables low-mass searches 
Ongoing efforts at SLAC, SQMS @FNAL & CERN QTI


‣Noise level above Standard Quantum Limit


‣Quantum techniques promise to improve scan rate

Axion Summary

12
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High-Frequency Gravitational Waves
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Cosmological GWs

!g , Torigin

<latexit sha1_base64="KO8Up+edYO3lepZlpeU7CPtaFr0=">AAACEHicbVA9TxtBEN0jJAHnAxNKmhVWBJV1FxmR0oImBQWRMFjyWae99dx55f047c4lsk7+CTT8FZoUIESbMl3+DWtzBdg8aaSn92Y0My8tpHAYhv+DtTfrb9+939hsfPj46fNWc/vLhTOl5dDjRhrbT5kDKTT0UKCEfmGBqVTCZTo5mfuXv8A6YfQ5TgsYKpZrkQnO0EtJcz82CnKW5DQ+hQytyMfIrDW/6XlSxVZR4yWhZ0mzFbbDBegqiWrSIjXOkua/eGR4qUAjl8y5QRQWOKyYRcElzBpx6aBgfMJyGHiqmQI3rBYPzehXr4xoZqwvjXShPp+omHJuqlLfqRiO3bI3F1/zBiVm34eV0EWJoPnToqyUFA2dp0NHwgJHOfWEcSv8rZSPmWUcfYYNH0K0/PIqufjWjjrtw5+dVve4jmOD7JI9ckAickS65Ac5Iz3CyRW5IbfkLrgO/gT3wcNT61pQz+yQFwj+PgJEzp1i</latexit>
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High-Frequency Gravitational Waves
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10�4 eV

<latexit sha1_base64="sm8Afiz5Qk2eHPxpRkYS3i1kr3Q=">AAAB+3icdVDLSgNBEJz1bXxFPXoZDIIHXWbX9ZGb6MWjgolCEsPspKNDZh/M9Iph2V/x4kERr/6IN//GSYygogUNRVU33V1hqqRBxt6dsfGJyanpmdnS3PzC4lJ5eaVukkwLqIlEJfoy5AaUjKGGEhVcphp4FCq4CHvHA//iFrSRSXyO/RRaEb+OZVcKjlZql1c8dpVvB0Vzq4lwhznUi3a5wly2E+yxKmWuH1T96o4lu8xn+z71XDZEhYxw2i6/NTuJyCKIUShuTMNjKbZyrlEKBUWpmRlIuejxa2hYGvMITCsf3l7QDat0aDfRtmKkQ/X7RM4jY/pRaDsjjjfmtzcQ//IaGXYPWrmM0wwhFp+LupmimNBBELQjNQhUfUu40NLeSsUN11ygjatkQ/j6lP5P6r7rBe7uWVA5PBrFMUPWyDrZJB7ZJ4fkhJySGhHkjtyTR/LkFM6D8+y8fLaOOaOZVfIDzusHebiUHg==</latexit>

10�3 eV

<latexit sha1_base64="fWhLWw+DLjsAJdQkX17V8U75M0U=">AAAB+3icdVDLSgNBEJz1GeMrxqOXwSB40GV2Ex+5iV48KpgoJDHMTjo6OPtgplcMy/6KFw+KePVHvPk3TmIEFS1oKKq66e4KEiUNMvbuTExOTc/MFuaK8wuLS8ullXLTxKkW0BCxivVFwA0oGUEDJSq4SDTwMFBwHtwcDf3zW9BGxtEZDhLohPwqkn0pOFqpWyp77DLbrubtrTbCHWbQzLulCnNZtbbL6pS5fq3u16uW7DCf7fnUc9kIFTLGSbf01u7FIg0hQqG4MS2PJdjJuEYpFOTFdmog4eKGX0HL0oiHYDrZ6PacblilR/uxthUhHanfJzIeGjMIA9sZcrw2v72h+JfXSrG/38lklKQIkfhc1E8VxZgOg6A9qUGgGljChZb2ViquueYCbVxFG8LXp/R/0vRdr+bunNYqB4fjOApkjayTTeKRPXJAjskJaRBB7sg9eSRPTu48OM/Oy2frhDOeWSU/4Lx+AHgolB0=</latexit>

0.3 eV

<latexit sha1_base64="2fdliu52b3G1ynu5fOs9lKmKheU=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8yDLZJMbcgl48KpgoJDHMTjpxyOyDmV41LPkPLx4U8eq/ePNvnMQIKlrQUFR1093lx0oaZOzdmZmdm19YzCxll1dW19ZzG5sNEyVaQF1EKtKXPjegZAh1lKjgMtbAA1/BhT84HvsXN6CNjMJzHMbQDng/lD0pOFrpirnF1n4L4Q5TaIw6uTxzWbF0wKqUuV6p6lWLlpSZxyoeLbhsgjyZ4rSTe2t1I5EEEKJQ3JhmgcXYTrlGKRSMsq3EQMzFgPehaWnIAzDtdHL1iO5apUt7kbYVIp2o3ydSHhgzDHzbGXC8Nr+9sfiX10ywd9hOZRgnCKH4XNRLFMWIjiOgXalBoBpawoWW9lYqrrnmAm1QWRvC16f0f9Lw3ELJLZ+V8rWjaRwZsk12yB4pkAqpkRNySupEEE3uySN5cm6dB+fZeflsnXGmM1vkB5zXDwcNkj4=</latexit>

103 eV

<latexit sha1_base64="zhf0pMt4I1UPQPjwy0hSmS1qERw=">AAAB+nicdVDJSgNBEO1xN25Rj14ag+BBhp5JXHITvXhUMImQxNDTqWiTnoXuGjWM+RQvHhTx6pd482/sLIKKPih4vFdFVb0gUdIgYx/OxOTU9Mzs3HxuYXFpeSW/ulY1caoFVESsYn0RcANKRlBBiQouEg08DBTUgu7xwK/dgDYyjs6xl0Az5FeR7EjB0Uqt/KrHLrNiv7HTQLjDDKr9Vr7AXFYs7bEyZa5fKvvloiW7zGf7PvVcNkSBjHHayr832rFIQ4hQKG5M3WMJNjOuUQoF/VwjNZBw0eVXULc04iGYZjY8vU+3rNKmnVjbipAO1e8TGQ+N6YWB7Qw5Xpvf3kD8y6un2DloZjJKUoRIjBZ1UkUxpoMcaFtqEKh6lnChpb2VimuuuUCbVs6G8PUp/Z9UfdcrubtnpcLh0TiOObJBNsk28cg+OSQn5JRUiCC35IE8kWfn3nl0XpzXUeuEM55ZJz/gvH0CC06T5g==</latexit>

108 eV

<latexit sha1_base64="u8u3V7olmL0GLw7QsTdJLxTjoxM=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8yDK7Jsbcgl48KpgoJDHMTjo6OPtgplcNaz7FiwdFvPol3vwbJzGCihY0FFXddHcFiZIGGXt3Jianpmdmc3P5+YXFpeXCymrDxKkWUBexivVZwA0oGUEdJSo4SzTwMFBwGlwdDP3Ta9BGxtEJ9hNoh/wikj0pOFqpU1jx2Hm2N2httxBuMYPGoFMoMpftlHZZlTLXL1X96o4lZeazik89l41QJGMcdQpvrW4s0hAiFIob0/RYgu2Ma5RCwSDfSg0kXFzxC2haGvEQTDsbnT6gm1bp0l6sbUVIR+r3iYyHxvTDwHaGHC/Nb28o/uU1U+zttTMZJSlCJD4X9VJFMabDHGhXahCo+pZwoaW9lYpLrrlAm1behvD1Kf2fNHzXK7nl41Kxtj+OI0fWyQbZIh6pkBo5JEekTgS5IffkkTw5d86D8+y8fLZOOOOZNfIDzusHEx6T6w==</latexit>

1011 eV

<latexit sha1_base64="m+iiXPVtDCgVtl+X0WJNUYgML6s=">AAAB+3icdVDLSgNBEJz1GeMrxqOXwSB4kGV2TYy5iV48KpgoJDHMTjo6OPtgplcMy/6KFw+KePVHvPk3TmIEFS1oKKq66e4KEiUNMvbuTE3PzM7NFxaKi0vLK6ultXLLxKkW0BSxivVFwA0oGUETJSq4SDTwMFBwHtwcjfzzW9BGxtEZDhPohvwqkgMpOFqpVyp77DLzvLyz00G4wwxaea9UYS7bre6xBmWuX234jV1LasxndZ96LhujQiY46ZXeOv1YpCFEKBQ3pu2xBLsZ1yiFgrzYSQ0kXNzwK2hbGvEQTDcb357TLav06SDWtiKkY/X7RMZDY4ZhYDtDjtfmtzcS//LaKQ72u5mMkhQhEp+LBqmiGNNRELQvNQhUQ0u40NLeSsU111ygjatoQ/j6lP5PWr7rVd3aabVycDiJo0A2yCbZJh6pkwNyTE5IkwhyR+7JI3lycufBeXZePlunnMnMOvkB5/UDe0yUHw==</latexit>

1021 eV

<latexit sha1_base64="3RWrdZdiT9fL0CP07yQTV6Ipkt8=">AAAB+3icdVDLSgNBEJz1GeMrxqOXwSB4kGV2TYy5iV48KpgoJDHMTjo6OPtgplcMy/6KFw+KePVHvPk3TmIEFS1oKKq66e4KEiUNMvbuTE3PzM7NFxaKi0vLK6ultXLLxKkW0BSxivVFwA0oGUETJSq4SDTwMFBwHtwcjfzzW9BGxtEZDhPohvwqkgMpOFqpVyp77DLzvbyz00G4wwxaea9UYS7bre6xBmWuX234jV1LasxndZ96LhujQiY46ZXeOv1YpCFEKBQ3pu2xBLsZ1yiFgrzYSQ0kXNzwK2hbGvEQTDcb357TLav06SDWtiKkY/X7RMZDY4ZhYDtDjtfmtzcS//LaKQ72u5mMkhQhEp+LBqmiGNNRELQvNQhUQ0u40NLeSsU111ygjatoQ/j6lP5PWr7rVd3aabVycDiJo0A2yCbZJh6pkwNyTE5IkwhyR+7JI3lycufBeXZePlunnMnMOvkB5/UDfN2UIA==</latexit>

GWs}

<latexit sha1_base64="fL/UWgtOs9GOODRc9m6LQvuzVI4=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgaZndbIy5Bb14jGJiIFnC7GQ2GTL7YGZWCCF/4MWDIl79I2/+jZOHoKIFDUVVN91dQSq40hh/WLmV1bX1jfxmYWt7Z3evuH/QUkkmKWvSRCSyHRDFBI9ZU3MtWDuVjESBYHfB6HLm390zqXgS3+pxyvyIDGIeckq0kW66016xhG1c9s5wDWHb9WpurWxIBbu46iLHxnOUYIlGr/je7Sc0i1isqSBKdRycan9CpOZUsGmhmymWEjoiA9YxNCYRU/5kfukUnRilj8JEmoo1mqvfJyYkUmocBaYzInqofnsz8S+vk+nw3J/wOM00i+liUZgJpBM0exv1uWRUi7EhhEpubkV0SCSh2oRTMCF8fYr+Jy3Xdjy7cu2V6hfLOPJwBMdwCg5UoQ5X0IAmUAjhAZ7g2RpZj9aL9bpozVnLmUP4AevtEwJFjbI=</latexit>

Cosmological GWs

!g , Torigin

<latexit sha1_base64="KO8Up+edYO3lepZlpeU7CPtaFr0=">AAACEHicbVA9TxtBEN0jJAHnAxNKmhVWBJV1FxmR0oImBQWRMFjyWae99dx55f047c4lsk7+CTT8FZoUIESbMl3+DWtzBdg8aaSn92Y0My8tpHAYhv+DtTfrb9+939hsfPj46fNWc/vLhTOl5dDjRhrbT5kDKTT0UKCEfmGBqVTCZTo5mfuXv8A6YfQ5TgsYKpZrkQnO0EtJcz82CnKW5DQ+hQytyMfIrDW/6XlSxVZR4yWhZ0mzFbbDBegqiWrSIjXOkua/eGR4qUAjl8y5QRQWOKyYRcElzBpx6aBgfMJyGHiqmQI3rBYPzehXr4xoZqwvjXShPp+omHJuqlLfqRiO3bI3F1/zBiVm34eV0EWJoPnToqyUFA2dp0NHwgJHOfWEcSv8rZSPmWUcfYYNH0K0/PIqufjWjjrtw5+dVve4jmOD7JI9ckAickS65Ac5Iz3CyRW5IbfkLrgO/gT3wcNT61pQz+yQFwj+PgJEzp1i</latexit>

Astrophysical GWs

!g , ⇤origin

<latexit sha1_base64="m4cHLZtJK8z1R7JUA/rOuIWae+s=">AAACFnicbVA9bxNBEN0zhAQTwISSZoWFlCbWHQpKyog0KVIkEk4s+azT3HruvPJ+nHbngqyTfwVN/kqaFESIFqXj37B2XEDMk1Z6+97M7M7LKyU9xfHvqPXk6cazza3n7RfbL1+97rzZufC2dgL7wirrBjl4VNJgnyQpHFQOQecKL/Pp8cK/vELnpTVfaFbhSENpZCEFUJCyzl5qNZaQlTw9xYKcLCcEztmv4R6mjCFrUqe5DYY086zTjXvxEnydJCvSZSucZZ37dGxFrdGQUOD9MIkrGjXgSAqF83Zae6xATKHEYaAGNPpRs1xrzj8EZcwL68IxxJfq3x0NaO9nOg+VGmjiH3sL8X/esKbicNRIU9WERjw8VNSKk+WLjPhYOhSkZoGAcDL8lYsJOBAUkmyHEJLHK6+Ti4+9ZL/36Xy/e/R5FccWe8fes12WsAN2xE7YGeszwb6xG/ad3UXX0W30I/r5UNqKVj1v2T+Ifv0B+pSf5w==</latexit>
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16

! ⇠ GHz

<latexit sha1_base64="uyIqUBBoyHXeJTDAN2u0dFn1bRY="></latexit>

E0

<latexit sha1_base64="jMyHraqPPxssNa3HWFcNHC+pHa4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtze+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w+/A410</latexit>

E1

<latexit sha1_base64="tZv7XalW7Z3iPmpmszeviCmNF6o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvzeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w/Ah411</latexit>

R

<latexit sha1_base64="eDn/26BRHLRCKL3LQ8v1SYAZxgQ="></latexit>
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16

! ⇠ GHz

<latexit sha1_base64="uyIqUBBoyHXeJTDAN2u0dFn1bRY="></latexit>

!s ⇠ GHz��!

<latexit sha1_base64="hQDb2WiZkEyCuXBOsmX6yCVAAa4="></latexit>

!a ⇠ GHz +�!

<latexit sha1_base64="IGEvndZ1+lTE5s5/MtgYKEsHuaQ="></latexit>

�! ⇠ (a/R)3

<latexit sha1_base64="SQnTfjfceVYQ16bfgVOeQKPA+cg="></latexit>

E0

<latexit sha1_base64="jMyHraqPPxssNa3HWFcNHC+pHa4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtze+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w+/A410</latexit>

E1

<latexit sha1_base64="tZv7XalW7Z3iPmpmszeviCmNF6o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvzeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w/Ah411</latexit>

a

<latexit sha1_base64="uizzTa+Cvp7uqzRN0dRtCgygptY="></latexit>

E0

E1

R



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities
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16

! ⇠ GHz

<latexit sha1_base64="uyIqUBBoyHXeJTDAN2u0dFn1bRY="></latexit>

!s ⇠ GHz��!

<latexit sha1_base64="hQDb2WiZkEyCuXBOsmX6yCVAAa4="></latexit>

!a ⇠ GHz +�!

<latexit sha1_base64="IGEvndZ1+lTE5s5/MtgYKEsHuaQ="></latexit>

�! ⇠ (a/R)3

<latexit sha1_base64="SQnTfjfceVYQ16bfgVOeQKPA+cg="></latexit>

E0

<latexit sha1_base64="jMyHraqPPxssNa3HWFcNHC+pHa4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtze+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w+/A410</latexit>

E1

<latexit sha1_base64="tZv7XalW7Z3iPmpmszeviCmNF6o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvzeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w/Ah411</latexit>

a

<latexit sha1_base64="uizzTa+Cvp7uqzRN0dRtCgygptY="></latexit>

E0

E1

R !g

<latexit sha1_base64="AV8hsAWeDSeLtrkfloDWrmN3+BE="></latexit>

GW
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! ⇠ GHz

<latexit sha1_base64="uyIqUBBoyHXeJTDAN2u0dFn1bRY="></latexit>

!s ⇠ GHz��!

<latexit sha1_base64="hQDb2WiZkEyCuXBOsmX6yCVAAa4="></latexit>

!a ⇠ GHz +�!

<latexit sha1_base64="IGEvndZ1+lTE5s5/MtgYKEsHuaQ="></latexit>

�! ⇠ (a/R)3

<latexit sha1_base64="SQnTfjfceVYQ16bfgVOeQKPA+cg="></latexit>

E0

<latexit sha1_base64="jMyHraqPPxssNa3HWFcNHC+pHa4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtze+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w+/A410</latexit>

E1

<latexit sha1_base64="tZv7XalW7Z3iPmpmszeviCmNF6o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvzeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w/Ah411</latexit>

a

<latexit sha1_base64="uizzTa+Cvp7uqzRN0dRtCgygptY="></latexit>

E0

E1

R !g

<latexit sha1_base64="AV8hsAWeDSeLtrkfloDWrmN3+BE="></latexit>

GW

tuneable
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! ⇠ GHz

<latexit sha1_base64="uyIqUBBoyHXeJTDAN2u0dFn1bRY="></latexit>

!s ⇠ GHz��!

<latexit sha1_base64="hQDb2WiZkEyCuXBOsmX6yCVAAa4="></latexit>

!a ⇠ GHz +�!

<latexit sha1_base64="IGEvndZ1+lTE5s5/MtgYKEsHuaQ="></latexit>

�! ⇠ (a/R)3

<latexit sha1_base64="SQnTfjfceVYQ16bfgVOeQKPA+cg="></latexit>

E0

<latexit sha1_base64="jMyHraqPPxssNa3HWFcNHC+pHa4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNtze+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w+/A410</latexit>

E1

<latexit sha1_base64="tZv7XalW7Z3iPmpmszeviCmNF6o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvzeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w/Ah411</latexit>

a

<latexit sha1_base64="uizzTa+Cvp7uqzRN0dRtCgygptY="></latexit>

E0

E1

R !g

<latexit sha1_base64="AV8hsAWeDSeLtrkfloDWrmN3+BE="></latexit>

GW

tuneable

2. Resonant with beat frequency  ✅
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Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

!g

<latexit sha1_base64="WDOxnPdcmWG1ubeB3mifx1Z5EmE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzG6GzGOdmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNaJMornQnwoZyJmnTMstpJ9UUi4jTdjS6nfntJ6oNU/LBjlMaCpxIFjOCrZM6PSVogvtJv1zxq/4caJUEOalAjka//NUbKJIJKi3h2Jhu4Kc2nGBtGeF0WuplhqaYjHBCu45KLKgJJ/N7p+jMKQMUK+1KWjRXf09MsDBmLCLXKbAdmmVvJv7ndTMbX4cTJtPMUkkWi+KMI6vQ7Hk0YJoSy8eOYKKZuxWRIdaYWBdRyYUQLL+8SloX1aBWvbyvVeo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QMOBo/9</latexit>
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E(mech)
sig ⇠ Qem hTT E0 min

⇣
1 ,

!g Lcav

cs

⌘2

<latexit sha1_base64="yanGS+FPIRFzUopYkTV9FGCN2Rw="></latexit>

Mechanical signal: !g

<latexit sha1_base64="acyNx0s0exolf4zTgGjG2dQ25LM="></latexit>

⌘gmech

<latexit sha1_base64="viZ04jVlZAtYbNxlWRGNa/VmRyI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7KoHmtwPgtyTAgugw0lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8ASYqUBw==</latexit>

!p

<latexit sha1_base64="55Bql7T1CgdCAQYb2SOS6EfRdEc=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPYSYkmGPQi8cIZoFkCD2dmqRJL2N3jxCG/IQXD4p49Xe8+Td2FsH1QcHjvSqq6kUJZ8b6/ru3srq2vrGZ28pv7+zu7RcODltGpZpCkyqudCciBjiT0LTMcugkGoiIOLSj8eXMb9+BNkzJGztJIBRkKFnMKLFO6vSUgCHpJ/1C0S/V/HJQqeLfJCj5cxTREo1+4a03UDQVIC3lxJhu4Cc2zIi2jHKY5nupgYTQMRlC11FJBJgwm987xadOGeBYaVfS4rn6dSIjwpiJiFynIHZkfnoz8S+vm9q4FmZMJqkFSReL4pRjq/DseTxgGqjlE0cI1czdiumIaEKtiyjvQvj8FP9PWuVSUClVryvF+sUyjhw6RifoDAXoHNXRFWqgJqKIo3v0iJ68W+/Be/ZeFq0r3nLmCH2D9/oBcoaQQg==</latexit>

!0

⌘EM
mech

<latexit sha1_base64="rml6t0Kkaj5zcEQXTgukxhuyMd0="></latexit>

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

!g

<latexit sha1_base64="WDOxnPdcmWG1ubeB3mifx1Z5EmE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzG6GzGOdmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNaJMornQnwoZyJmnTMstpJ9UUi4jTdjS6nfntJ6oNU/LBjlMaCpxIFjOCrZM6PSVogvtJv1zxq/4caJUEOalAjka//NUbKJIJKi3h2Jhu4Kc2nGBtGeF0WuplhqaYjHBCu45KLKgJJ/N7p+jMKQMUK+1KWjRXf09MsDBmLCLXKbAdmmVvJv7ndTMbX4cTJtPMUkkWi+KMI6vQ7Hk0YJoSy8eOYKKZuxWRIdaYWBdRyYUQLL+8SloX1aBWvbyvVeo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QMOBo/9</latexit>
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Enhanced by  (!)1/c2
s ≫ 1

E(mech)
sig ⇠ Qem hTT E0 min

⇣
1 ,

!g Lcav

cs

⌘2

<latexit sha1_base64="yanGS+FPIRFzUopYkTV9FGCN2Rw="></latexit>

Mechanical signal: !g

<latexit sha1_base64="acyNx0s0exolf4zTgGjG2dQ25LM="></latexit>

⌘gmech

<latexit sha1_base64="viZ04jVlZAtYbNxlWRGNa/VmRyI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7KoHmtwPgtyTAgugw0lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8ASYqUBw==</latexit>

!p

<latexit sha1_base64="55Bql7T1CgdCAQYb2SOS6EfRdEc=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPYSYkmGPQi8cIZoFkCD2dmqRJL2N3jxCG/IQXD4p49Xe8+Td2FsH1QcHjvSqq6kUJZ8b6/ru3srq2vrGZ28pv7+zu7RcODltGpZpCkyqudCciBjiT0LTMcugkGoiIOLSj8eXMb9+BNkzJGztJIBRkKFnMKLFO6vSUgCHpJ/1C0S/V/HJQqeLfJCj5cxTREo1+4a03UDQVIC3lxJhu4Cc2zIi2jHKY5nupgYTQMRlC11FJBJgwm987xadOGeBYaVfS4rn6dSIjwpiJiFynIHZkfnoz8S+vm9q4FmZMJqkFSReL4pRjq/DseTxgGqjlE0cI1czdiumIaEKtiyjvQvj8FP9PWuVSUClVryvF+sUyjhw6RifoDAXoHNXRFWqgJqKIo3v0iJ68W+/Be/ZeFq0r3nLmCH2D9/oBcoaQQg==</latexit>

!0

⌘EM
mech

<latexit sha1_base64="rml6t0Kkaj5zcEQXTgukxhuyMd0="></latexit>

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

!g

<latexit sha1_base64="WDOxnPdcmWG1ubeB3mifx1Z5EmE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzG6GzGOdmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNaJMornQnwoZyJmnTMstpJ9UUi4jTdjS6nfntJ6oNU/LBjlMaCpxIFjOCrZM6PSVogvtJv1zxq/4caJUEOalAjka//NUbKJIJKi3h2Jhu4Kc2nGBtGeF0WuplhqaYjHBCu45KLKgJJ/N7p+jMKQMUK+1KWjRXf09MsDBmLCLXKbAdmmVvJv7ndTMbX4cTJtPMUkkWi+KMI6vQ7Hk0YJoSy8eOYKKZuxWRIdaYWBdRyYUQLL+8SloX1aBWvbyvVeo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QMOBo/9</latexit>
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Enhanced by  (!)1/c2
s ≫ 1

Mechanical modes less “rigid” than EM modes 

E(mech)
sig ⇠ Qem hTT E0 min

⇣
1 ,

!g Lcav

cs

⌘2

<latexit sha1_base64="yanGS+FPIRFzUopYkTV9FGCN2Rw="></latexit>

Mechanical signal: !g

<latexit sha1_base64="acyNx0s0exolf4zTgGjG2dQ25LM="></latexit>

⌘gmech

<latexit sha1_base64="viZ04jVlZAtYbNxlWRGNa/VmRyI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7KoHmtwPgtyTAgugw0lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8ASYqUBw==</latexit>
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Noise in MAGO 2.0
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Noise in MAGO 2.0
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Noise in MAGO 2.0
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‣HFGWs provide insight into early universe/BSM


‣Reaching anticipated stochastic sources difficult


‣Broadband sensitivity of MAGO 2.0:  
ongoing collaboration w/ DESY & SQMS @FNAL


‣Improve scan rate for resonant searches w/ Quantum 
techniques

Gravitational Waves

19

See Bianca’s talk
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Axion Dark Matter BACKUP

21
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Comparison of approaches
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Axion Signal
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Axion Signal

24

Signal Power (resonant):

Psig ' 1

4
(ga�� ⌘10 B0)

2 ⇢DM V ⇥
(
Q1/!1

ma
Qa

⌧ !1
Q1

⇡Qa/ma
ma
Qa

� !1
Q1

,

Ssig(!) =
!1

Q1
(ga�� ⌘10 B0)

2 V
!2

(!2 � !2
1)

2 + (! !1/Q1)2

Z
d!0

(2⇡)2
(!0 � !)2 Sb0(!

0)Sa(! � !0)

Signal Power Spectral Density (PSD):



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Standard Noise Sources: Thermal Noise
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Non-standard Noise Sources: Phase Noise
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Non-standard Noise Sources: Vibrations
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Non-standard Noise Sources: Vibrations
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Non-standard Noise Sources: Vibrations mixing
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Non-standard Noise Sources: Field Emission

30
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Technology Requirements

32

arXiv: 1810.03703 Romanenko et al.

Q~4x1011 @ B~0.1T

Q-factor & B-field: Phase noise: e.g. BN865-M

In total need ~ -240 dB/Hz @ GHz to 
reach thermal noise floor
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Technology Requirements

33

Mode rejection:

gr-qc/0502054   Ballantini, …, Calatroni et al
 achievedϵ = 10−7 physics/0004031   Bernard, Gemme, Parodi, Picasso
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Technology Requirements

33

Mode rejection:

gr-qc/0502054   Ballantini, …, Calatroni et al
 achievedϵ = 10−7 physics/0004031   Bernard, Gemme, Parodi, Picasso

Original MAGO col laboration



London, 22 March, 2024Sebastian A. R. Ellis — Heterodyne Detection of Axions & GWs in SRF Cavities

Technology Requirements

33

Mode rejection:

gr-qc/0502054   Ballantini, …, Calatroni et al
 achievedϵ = 10−7 physics/0004031   Bernard, Gemme, Parodi, Picasso

Low-frequency 
seismic noise:

Scientific Reports 8, 15324 (2018)   Rosat & Hinderer

�!/! ⇠ � ⇠ 10�10

DarkSRF (2020)

Original MAGO col laboration

https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf
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Thermal noise limited

✏1d = 10�7

Qint = 1012

�x = 0.1 nm

B = 0.2 T,   T = 2K,   ω0 = 1 GHz
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Resonant parameter variations: Q-factor

35
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