
Christina Gao                                        
New methods and ideas at the frontiers of particle physics

Searching for Dark Particles with Light 
(and Quantum Technologies)



Christina Gao | Searching for Dark Particles with Light and Quantum Technologies

Axion talks in this conference

Astrophysical sources: 


• Aggrawal (BH), Balkin (NS), K.Perez (stars), Servant (axion kination)


Dark matter: 


• Buschmann (theory), Nita (ADMX), Ouellet (DMRadio), Schutz (axion decay)


Laboratory:


• Perez & Hod (LUXE), Redigolo (flavour exp), Gao (LSW)


+ many model-independent searches looking for dark sector particles!
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This talk

Laboratory experiment: 


• light-shining-through-walls (LSW)


• Axion-photon coupling 


• Axion mass: eV (GHz)


based on CG & Harnik (JHEP 2021)

≲ 10 μ
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Axion’s Two Photon Vertex

Axion searches usually rely on axion-photon 
conversion in a background magnetic field.
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Constraints on axion-photon coupling
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From The Review of Particle Physics (2020)

Solar

Astro

LabDM
Very narrow 

bandwidth, requires 
scanning

Relies on 
modeling of 
astrophysics

QCD

axion

Brady, CG et al (2022) 

Broadband, 
pretty robust
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From The Review of Particle Physics (2020)

Solar

Astro

LabDM

Relies on 
modeling of 
astrophysics

Broadband, clean, 
can be improved by 
quantum technology!

QCD

axion

Broadband, 
pretty robust

Very narrow 
bandwidth, requires 

scanning



Christina Gao | Searching for Dark Particles with Light and Quantum Technologies

Light-Shining-Through-Walls (LSW)
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Tiny signal rate 


Want large number of photons to source the axion


Want a low noise detector

∝
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Light-Shining-Through-Walls (LSW)
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Tiny signal rate 


Want large number of photons to source the axion


Want a low noise detector

∝

g aE ·B
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Cavity
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The higher the  is, the lower the loss is, and the 
larger the number of photons are stored in a cavity.

Q
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Quality Factor of Cavities

Q ⌘ 2⇡ ⇥ energy stored

energy dissipated per cycle

<latexit sha1_base64="CniDmJpnz8KfAj2tEKjDBntVb14=">AAACNnicbVBNSwJBGJ61L7OvrY5dhiToJLti1FHq0lEhP8BdZHb21QZ3ZqeZWUEW/VnRv+gcRDfr2k9oNQ+pPTDDw/O834GMmDaO82blNja3tnfyu4W9/YPDI/v4pKnjRFFo0DiKVTsgGiImoGGYiaAtFRAeRNAKBnczvzUEpVksHsxIgs9JX7Aeo8RkUteu1T14StgQlz3JPMM4aOz1FKGppzgGAao/mmBtYgXheEkLmdZMEgPhBEtQE0xHNIJx1y46JWcOvE7cBSmiBWpd+9ULY5pwEIZGROuO60jjp0QZNqtX8BINktAB6UMno4JkI/rpfPMxvsiUEPdilT1h8Fz9m5ESrvWIB1kkJ+ZRr3oz8V8v4CudTe/GT5mQiQFBlz0RK04i4H6aZP/sAu7qvuukWS65ldJVvVKs3i5ukUdn6BxdIhddoyq6RzXUQBQ9o3c0RZ/Wi/VhTa2v39Cctcg5RUuwvn8AluSvKA==</latexit>



Christina Gao | Searching for Dark Particles with Light and Quantum Technologies

High quality cavities have   
(depending on the resonant frequencies).

Q ≳ 107 ∼ 1012
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Earth Ionosphere 
Q = 3

ADMX 
 Q ∼ 105

Quality Factor of Cavities

Phys. Rev. Lett. 127 (2021)
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Superconducting Radio-frequency Cavities

Superconducting radio frequency 
(SRF) cavity has a resonance 
frequency around  


, can store  photons 
with a field of peak amplitude

GHz (10μeV)

Q = 1010 1026

12

650 MHz cavities at Fermilab 

Epeak = 80MVm�1
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Superconducting Radio-frequency Cavities
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https://accelconf.web.cern.ch/srf2019/papers/mop031.pdf

Eacc ∼
1
2

Epeark
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Superconducting Radio-frequency Cavities
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Snowmass white paper 

 “Searches for New Particles, Dark Matter, 
and Gravitational Waves with SRF Cavities”
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SRF Cavities - Dark SRF
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10-9 10-8 10-7 10-6 10-5

10-10

10-9

10-8

10-7

10-6

10-5

mA'[eV]

�

DarkSRF - Preliminary

Coulomb

CMB

CROWS

Dark SRF

tint ~ 30 min
Q  ~ 109

f ~ 1.3 GHz
f  ~ 1 Hzδ

A dark photon LSW search at Fermilab using SRF cavities. 
Demonstrated high Q and frequency control.

Dark SRF - A. Grasselino, R. Harnik, S. Posen, Z. Liu, A. Romanenko (to appear).

Receiver

Emitter
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Review of Cavity Axion Searches

16

a quiet cavity + static B


signal  is a cavity mode, enhanced by .


tiny     large B desired, but large B may 
penetrate SRF cavity.

!1
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<latexit sha1_base64="M7AX5x7XsH+4n9eD3jfh15vTsCU=">AAACSXicbVDLS8MwHE43H3O+ph69FIfgQUq6tmw9CEMvHie4B2xlpFk2i01amlQYpX+gePDsXyHepifTWcF1fpDw8T3y+Lmh73EB4ZtSKm9sbm1Xdqq7e/sHh7Wj4x4P4giTLg78IBq4iBPfY6QrPOGTQRgRRF2f9N3Hm8zvP5GIewG7F/OQOBTNmDf1MBJSGtdwMloeMoxmrpNADdrQbJqXUDMgtBqGJHZTUiMdBZTM0FhPrwoNGzag1ZRBCFu2lVWhZUHD/m2gdFyrZ24GdZ3oOamDHJ1x7XU0CXBMCRPYR5wPdRgKJ0GR8LBP0uoo5iRE+BHNyFBShijhTrJ8VaqeS2WiToNILibUpfq3kSDK+Zy6MkmReOBFLxP/9VxauFlMW07isTAWhOFVjwURRT6hThLLPZuAXvzvOuk1NN3UrDuz3r7OZ1EBp+AMXAAdNEEb3IIO6AIMnsE7WIBP5UX5UBbK10+0pOSdE7CCUvkbSeOs6A==</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>



Christina Gao | Searching for Dark Particles with Light and Quantum Technologies17

static B    active cavity mode 


signal   2nd cavity mode


frequency matching: 


new DM axion search strategies

→ !0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

=

Sikivie (2010), Berlin et. al (2019)

g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

!1 = !0 ± !a

<latexit sha1_base64="kQC2w/7ANFF2p6HuwjSvbDqtpxQ="></latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

Detector

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

Review of Cavity Axion Searches

!1 = !0 ± !a

<latexit sha1_base64="1nVqpzX34l8sZtD3darivHt9jzQ=">AAACK3icbZDLSsNAFIYn9VbrLerSTbAILiRMakPbhVAUwWUFe4EmhMl0GkMzkzAzEUrIE4nPIuLK6tb3MKlZ2NYDM3z8//nnctwo8IWE8EMpra1vbG6Vtys7u3v7B+rhUU+EMceki8Mg5AMXCRL4jHSlLwMyiDhB1A1I353c5H7/iXDhh+xBTiNiU+Qxf+xjJDPJUW+tkBIPOcZVAdCKaGLNDx5yz7UTqLdgDZqNC6hD2GyZ9RxME1620iKCUket5m5e2ioYBVRBUR1HfbVGIY4pYRIHSIihASNpJ4hLHwckrVixIBHCE+SRYYYMUSLsZP6qVDvLlJE2Dnm2mNTm6t9EgqgQU+pmnRTJR7Hs5eK/nkuXbpbjpp34LIolYXjRYyGnKCDUTuJszydgLP93FXo13ajr5n292r4uZlEGJ+AUnAMDNEAb3IEO6AIMnsEbmIFP5UV5V2bK129rSSkyx2ChlO8fau+lfQ==</latexit>
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Our proposal

18



Christina Gao | Searching for Dark Particles with Light and Quantum Technologies

LSW Axion Searches with SRF Cavities

19

2 active cavity modes to source axion in the emitter.


3rd active mode in the receiver, satisfying frequency matching. 

g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

Receiver Emitter

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

!1 = !0 ± !a

<latexit sha1_base64="kQC2w/7ANFF2p6HuwjSvbDqtpxQ="></latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

!a = !0 ± !1

<latexit sha1_base64="qy2DrwbrbkJ3DCV/ZW6M2Be5Btw=">AAACK3icbZDLSsNAFIYn9VbrLerSTbAILiRMakPbhVAUwWUFe4EmhMl0GkMzkzAzEUrIE4nPIuLK6tb3MKlZ2NYDM3z8//nnctwo8IWE8EMpra1vbG6Vtys7u3v7B+rhUU+EMceki8Mg5AMXCRL4jHSlLwMyiDhB1A1I353c5H7/iXDhh+xBTiNiU+Qxf+xjJDPJUW8Ta37IkHuunUC9BWvQbFxAHcJmy6znYJrwspVaISUeclB6VRC0Ilqg4ajVPJGXtgpGAVVQVMdRX61RiGNKmMQBEmJowEjaCeLSxwFJK1YsSITwBHlkmCFDlAg7mb801c4yZaSNQ54tJrW5+jeRICrElLpZJ0XyUSx7ufiv59Klm+W4aSc+i2JJGF70WMgpCgi1kzjb02wCxvJ/V6FX0426bt7Xq+3rYhZlcAJOwTkwQAO0wR3ogC7A4Bm8gRn4VF6Ud2WmfP22lpQicwwWSvn+ASXEpX0=</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>
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g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

Receiver Emitter

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

Signal Power

E1?

<latexit sha1_base64="eSBFb71mA5XykeiTcEv6TS1QZp4=">AAACE3icbZDLSsNAFIYn9VbrLerSTbAILjRM2tRmZ1EElxXsBdoQJtNpDZ2ZhJmJUEKeQnwYcVfdimvfxjR2Yas/zPDx/+fM5fgRDaSC8EsrrKyurW8UN0tb2zu7e/r+QVuGscCkhUMaiq6PJKEBJy0VKEq6kSCI+ZR0/PH1LO88EiGDkN+rSURchkY8GAYYqczy9POknx/SEyPfTaBZqThVxz6Dpg2rF7CegQPrNcdObzzrMvX0MjRhLuMvWHMog7manv7ZH4Q4ZoQrTJGUPQtGyk2QUAGmJC31Y0kihMdoRHoZcsSIdJP8RalxkjkDYxiKbHFl5O7vjgQxKSfMzyoZUg9yOZuZ/2Y+W7pZDR03CXgUK8LxYsZDwRAlzE3ibJ9NwFr+719oV0zLNmt3drlxNZ9FERyBY3AKLFAHDXALmqAFMHgCL2AK3rRn7VWbau8/pQVt3nMIFqR9fAPbVJsl</latexit>

Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

a ⇠ gV E2
peak⌘01/d

<latexit sha1_base64="XbOWWSTsVEzLZO2qTjCGm/yrm4c=">AAACCHicbVBNS8NAEJ3Ur1q/oh69hBbBU01KRY9FETxWsB/QxLDZTuvS3U3IboQSchd/jHirXv0Dnv03prUHW30ww+O9eQwzQcSZ0rb9ZRRWVtfWN4qbpa3tnd09c/+grcIkptiiIQ/jbkAUciaxpZnm2I1iJCLg2AlGV1O/84ixYqG80+MIPUGGkg0YJTqXfLNMXMWENWxf+6kbCytCMsrua5aLmvip7WSnfd+s2FV7BusvceakAnM0ffPT7Yc0ESg15USpnmNH2ktJrBnlmJXcRGFE6IgMsZdTSQQqL53dklnHudK3BmGcl9TWTP2dSIlQaiyCfFIQ/aCWvan4rxeIpc16cOGlTEaJRkkXPRnGgnAUXprkPcs/4Czf+5e0a1WnXj27rVcal/NfFOEIynACDpxDA26gCS2g8AQvMIE349l4NSbG+89owZhnDmEBxsc3ELyaMA==</latexit>

quality factor

volume of cavity 

geometric factor 
            field amplitude

Q =
V =
η01 =

=

<latexit sha1_base64="FGAeDxZ4fkPhBIW5dqhmU0iZpSw="></latexit>

Psig =
energy

time
=

1

⌧1

Z

V
|E1|2 /

QV 3g4⌘401E
6
peak

d2 Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

d
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Backgrounds

1. Thermal background, constant over frequency domain:

21

Not to 
scale

P (!)

<latexit sha1_base64="wD/WqBloV1WmbIirqvM2S0v7+Q4=">AAAB7XicbVDJTgJBEK3GDXFDPXqZSEzwQmYMRI9ELx4xkcXAhPQ0BXboZTLdY0ImfIXxhl79HM/+jQPOQcCXVOXlvarUEoSCG+u63yS3sbm1vZPfLeztHxweFY9PWkbHEcMm00JHnYAaFFxh03IrsBNGSGUgsB2M7+Z++wUjw7V6tJMQfUlHig85ozaVnhrlnpY4opf9YsmtuAs468TLSAkyNPrFr95As1iiskxQY7qeG1o/oZHlTOC00IsNhpSN6Qi7KVVUovGTxcJT5yJVBs5QR2ko6yzUvx0JlcZMZJBWSmqfzao3F//1Arky2Q5v/ISrMLao2LKndCSpQOkncZqn6Qe81XvXSeuq4lUrtYdqqX6b/SIPZ3AOZfDgGupwDw1oAgMJrzCDd6LJG5mRj9/SHMl6TmEJ5PMHpsOP/w==</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

Pbkg
th

Pbkg
th = TΔω1

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>
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Backgrounds

1. Thermal background, constant over frequency domain:


2. Potential leakage background from a large number of spectating photons 
in the receiver.  It can be suppressed, because                               

22

|!0 � !1| � �!0,1

<latexit sha1_base64="KYZmE+/3htMI5iVDS2LOOOzorGk=">AAACD3icbZDLSsNAFIYn9VbrLerSTbAICloSqeiyqAuXFewFmhAm09M4dC4hMxFK2mcQH0bcVbeuXPs2pjUL2/rDDB//fw6Hc4KIUaVt+9soLC2vrK4V10sbm1vbO+buXlPJJCbQIJLJuB1gBYwKaGiqGbSjGDAPGLSC/s0kbz1BrKgUD3oQgcdxKGiPEqwzyzdPhq7kEGLfPsvBGbphaLm3wDTOrdQ+dUa+WbYr9lTWIjg5lFGuum9+uV1JEg5CE4aV6jh2pL0Ux5oSBqOSmyiIMOnjEDoZCsxBeel0pZF1lDldqyfj7AltTd2/HSnmSg14kFVyrB/VfDYx/80CPjdZ9668lIoo0SDIbCZkzDED7qVJ9k8u4MzvuwjN84pTrVzcV8u16/wWRXSADtExctAlqqE7VEcNRNAzekVj9G68GG/G2Pj4LS0Yec8+mpHx+QPFt51R</latexit>

Not to 
scale

O(GHz)

<latexit sha1_base64="01Bp1afb9ifrfpaqBv6Hr8l4UGU=">AAAB4HicbU9NS8NAFHxbv2r9igpevASLUC8lkYoeix7szQr2A5pQNtttXbq7CbsbocbcvYlXj1715q/x35jWHLQ68GCYeY83E0ScaeM4n6iwsLi0vFJcLa2tb2xuWds7bR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC8cXU79xRpVkob8wkor7AI8mGjGCTSX1rzxPY3BLM7Su7knhK2JeN+/Sob5WdqjOD/Ze4OSlDjmbf+vAGIYkFlYZwrHXPdSLjJ1gZRjhNS16saYTJGI9oL6MSC6r9ZJY/tQ8zZWAPQ5WNNPZM/XmRYKH1RATZ5jStnvem4r9eIOY+m+GZnzAZxYZKkmYt3flOf0n7uOrWqifXtXL9PO9bhH04gAq4cAp1aEATWkDgAV7hDd5RgB7RE3r+Xi2g/GYXfgG9fAFxoIk5</latexit>

}<latexit sha1_base64="sPAlXICpr2seH/Xp5LqkIzy4o3M=">AAAB5nicbVDJSgNBEK2JW4xb1KOXwSB4CjMS0WPQi8coZoFkCD2dmqRJL0N3jxCG/IF4i179I8/+jZM4B5P4oIrHe1XUEsacGet5305hY3Nre6e4W9rbPzg8Kh+ftIxKNMUmVVzpTkgMciaxaZnl2Ik1EhFybIfj+7nffkFtmJLPdhJjIMhQsohRYjPpqTftlyte1VvAXSd+TiqQo9Evf/UGiiYCpaWcGNP1vdgGKdGWUY7TUi8xGBM6JkPsZlQSgSZIF5tO3YtMGbiR0llI6y7Uvx0pEcZMRJhVCmJHZtWbi/96oViZbKPbIGUyTixKuuxJpQXhKII0yfL8A/7qveukdVX1a9Xrx1qlfpf/oghncA6X4MMN1OEBGtAEChG8wgzenZHz5sycj9/SgpP3nMISnM8fUtqNjA==</latexit>

P (!)

<latexit sha1_base64="wD/WqBloV1WmbIirqvM2S0v7+Q4=">AAAB7XicbVDJTgJBEK3GDXFDPXqZSEzwQmYMRI9ELx4xkcXAhPQ0BXboZTLdY0ImfIXxhl79HM/+jQPOQcCXVOXlvarUEoSCG+u63yS3sbm1vZPfLeztHxweFY9PWkbHEcMm00JHnYAaFFxh03IrsBNGSGUgsB2M7+Z++wUjw7V6tJMQfUlHig85ozaVnhrlnpY4opf9YsmtuAs468TLSAkyNPrFr95As1iiskxQY7qeG1o/oZHlTOC00IsNhpSN6Qi7KVVUovGTxcJT5yJVBs5QR2ko6yzUvx0JlcZMZJBWSmqfzao3F//1Arky2Q5v/ISrMLao2LKndCSpQOkncZqn6Qe81XvXSeuq4lUrtYdqqX6b/SIPZ3AOZfDgGupwDw1oAgMJrzCDd6LJG5mRj9/SHMl6TmEJ5PMHpsOP/w==</latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

!0

Q

<latexit sha1_base64="HJ56tpWGOZw5NyH7qEfgblXFraA=">AAAB+HicbVDLSsNAFJ3UV62vWJduikVwVRKp6LLoxmUL9gFNCJPpTR06jzAzEWvIr4i76tYfce3fmNYsbOuBezmccy/3EcaMauM431ZpY3Nre6e8W9nbPzg8so+rPS0TRaBLJJNqEGINjAroGmoYDGIFmIcM+uHkbu73n0BpKsWDmcbgczwWNKIEm1wK7KoXKUxST3IY48DJ0k4W2HWn4SxQWyduQeqoQDuwv7yRJAkHYQjDWg9dJzZ+ipWhhEFW8RINMSYTPIZhTgXmoP10sXtWO8+VUS2SKg9hagv1b0eKudZTHuaVHJtHverNxX+9kK9MNtGNn1IRJwYEWfaEVBwz4H6a5Hn+AXf13nXSu2y4zcZVp1lv3Ra/KKNTdIYukIuuUQvdozbqIoKe0SuaoXfrxXqzZtbHb2nJKnpO0BKszx/bVZSx</latexit>

Pbkg
th

Pbkg
th = TΔω1
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Fundamental frequency: 650 
MHz


Quality factor 


 (or 0.26 
Tesla) for all active modes

Q = 1010

Epeak = 80 MVm−1

Setup

23

Ongoing work at Fermilab SQMS center. R. Janish et al 19
Z. Bogorad et al 19

1.4K
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10°7 10°6 10°5
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24

Sensitivity of the LSW Axion Search

SNR =
Psig

Pbkg
tintΔω1 > 5

 
  

Q = 1010

Epeak = 80 MVm−1

tint = 1 year
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Sensitivity of the LSW Axion Search

tint = 1 year

 
  

Q = 1010

Epeak = 80 MVm−1

re-make from CG & Harnik (JHEP 2021)
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Sensitivity of the LSW Axion Search

 
  

Q = 1012

Epeak = 120 MVm−1

 
  

Q = 1010

Epeak = 80 MVm−1

tint = 1 year
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Psig / QV 3g4E6
peak

<latexit sha1_base64="7+hVmAbwSGeeBZCgJaz6ZTUyuSM=">AAAB+XicbU/LSsNAFJ3UV62vqEs3g0VwVROtj2VRBJct2Ac0aZhMp3Vo5sHMRCghn+EHuBO3XbrVj/BvTNsstPXAhcN5cDmhjKg2jvNtFVZW19Y3ipulre2d3T17/6ClRawwaWIRCdUJkSYR5aRpqIlIRyqCWBiRdji6m/rtZ6I0FfzRjCXxGRpyOqAYmUwK7LN6kHiKQU2HKYSeVEIaARuw1buAw14V3s9tSdAo7V1BGNhlp+LMAJeJm5MyyFEP7InXFzhmhBscIa27riONnyBlKI5IWvJiTSTCIzQk3YxyxIj2k9mwFJ5kSh8OhMqOGzhTfzcSxLQeszBLMmSe9KI3Ff/1Qrbw2Qxu/IRyGRvCcZqtdBc3LZPWecWtVi4b1XLtNt9bBEfgGJwCF1yDGngAddAEGLyAD/AJvqzEerXerPd5tGDlnUPwB9bkB6JkkmM=</latexit>

tint = 1 year

re-make from CG & Harnik (JHEP 2021)
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microring resonator Luo+ (2019) 650 MHz cavity at Fermilab 

SRF Cavity: μeV

 
can be mass produced

Q ∼ 107  
can store  photons 

Q ∼ 1010

1026

Optical Cavity: eV

Axion Searches at Optical Frequency
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Summary

650 MHz cavity at Fermilab 

SRF cavities  dark particles .


Axion LSW is broadband  can cover a large 
axion mass range with a single experiment. 


Exciting time to apply quantum technology to 
new physics searches.

⇒ ≲ 10 μeV

⇒

Thank you!
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Backup Slides

29
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Backup: Axion at Optical Frequency

30

10−12 10−11 10−10 10−9 10−8 10−7 10−6 10−5 10−4

10−16

10−14

10−12

10−10

10−8

10−6

650 MHz Cavity
signal mode

TE011

TE012

TE014

TE018

May explain 
the XENON1T excess 
CG et al, PRL (2020)

May explain 
the XENON1T excess 
CG et al, PRL (2020)
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Backup: Axion Searches at Optical Frequency

• Through birefringence

ma =
2⇡

�

✓
1

n1
� 1

n2

◆

<latexit sha1_base64="8DOYfBUpYz7Asbz6Ax0Mr9pDWYk=">AAACDnicbU/LSsNAFJ3UV62vqEs3g0WoC0tSKroRirpwWcE+oAlhMp20Q2cmYWYilJB/8DvcCu7ErUu39WtM2yxq64EL555zD5fjR4wqbVkTo7C2vrG5Vdwu7ezu7R+Yh0dtFcYSkxYOWSi7PlKEUUFammpGupEkiPuMdPzR3dTvPBOpaCie9DgiLkcDQQOKkc4kz7znHoI30AkkwknNiWiaOCyL91HqMBLoytyx00R4dgov4MJeSx1JB0N97pllq2rNAFeJnZMyyNH0zDenH+KYE6ExQ0r1bCvSboKkppiRtOTEikQIj9CA9DIqECfKTWZtU3iWKX0YhDIboeFMXUwkiCs15n52yZEeqmVvKv7r+Xzpsw6u3YSKKNZE4DRraS93WiXtWtWuVy8f6+XGbd63CE7AKagAG1yBBngATdACGLyCbzABP8aL8W58GJ/z04KRZ47BHxhfv8XgnLc=</latexit>

2⇡

�
= !ini, i = 1, 2

<latexit sha1_base64="BT+PKHHr1AFux8g/5fKoFyGOqQM=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSK4qCUpFd0Uim5cVrAPaEKYTCZ16MwkzkyEEvIV4seIu+pWXPs3TmsWtnrgXg7n3MPl3iChRCrb/jJKK6tr6xvlzcrW9s7unrl/0JNxKhDuopjGYhBAiSnhuKuIoniQCAxZQHE/GF/P/P4jFpLE/E5NEuwxOOIkIggqLfnmmRsJiLKGm5A8c6kOhjBvuTHDI+gTi/uk5j6kMLRIy6k1fLNq1+05rL/EKUgVFOj45qcbxihlmCtEoZRDx06Ul0GhCKI4r7ipxAlEYzjCQ005ZFh62fys3DrRSmhFsdDFlTVXfycyyKScsEBPMqju5bI3E//1Ara0WUWXXkZ4kirM0aLHY8EgxczLUt1z/QFn+d6/pNeoO836+W2z2r4qflEGR+AYnAIHXIA2uAEd0AUIPIEXMAVvxrPxakyN95/RklFkDsECjI9vz7ae5g==</latexit>

n1

<latexit sha1_base64="R5tWhNwl/ir4NJP19vXVmm4EBlA=">AAAB53icbVDJTgJBEK3GDXFDPXqZSEw8kRmD0SPRi0eMIiQwIT1NgR16mXT3mJAJn2C8oVe/yLN/44BzEPAlVXl5ryq1RLHg1vn+NymsrW9sbhW3Szu7e/sH5cOjJ6sTw7DJtNCmHVGLgitsOu4EtmODVEYCW9Hodua3XtBYrtWjG8cYSjpUfMAZdZn0oHpBr1zxq/4c3ioJclKBHI1e+avb1yyRqBwT1NpO4McuTKlxnAmclLqJxZiyER1iJ6OKSrRhOl914p1lSt8baJOFct5c/duRUmntWEZZpaTu2S57M/FfL5JLk93gOky5ihOHii16ShtJBcowTbI8yT4QLN+7Sp4uqkGtenlfq9Rv8l8U4QRO4RwCuII63EEDmsBgCK8whXfCyRuZko/f0gLJe45hAeTzB7BBjbs=</latexit>

n2

<latexit sha1_base64="BHhqeaD3TWvtL+jqALSz1AmOpTw=">AAAB53icbVDLTsJAFL2DL8QX6tJNIzFxRVqC0SXRjUuM8kigIdPhghNmpk1nakKafoJxh279Itf+jQN2IeBJ7s3JOffmPoJIcG1c95sUNja3tneKu6W9/YPDo/LxSVuHScywxUIRxt2AahRcYctwI7AbxUhlILATTO7mfucFY81D9WSmEfqSjhUfcUaNlR7VoDYoV9yqu4CzTrycVCBHc1D+6g9DlkhUhgmqdc9zI+OnNDacCcxK/URjRNmEjrFnqaIStZ8uVs2cC6sMnVEY21DGWah/O1IqtZ7KwFZKap71qjcX//UCuTLZjG78lKsoMajYsqfCWFKB0k8TmzP7AW/13nXSrlW9evXqoV5p3Oa/KMIZnMMleHANDbiHJrSAwRheYQbvhJM3MiMfv6UFkvecwhLI5w+xwo28</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

<latexit sha1_base64="vIoM8+ZvdRMIhNb2vEbB6g8uH3I=">AAACCnicbVDLTgIxFO3gC8cX6tLNRGLiiswYoi6JblxiIo8EJuRO6UClj0nbMSET/sCFW/0Md8atP+FX+AsWmIWAJ2lzcs69t7cnShjVxve/ncLa+sbmVnHb3dnd2z8oHR41tUwVJg0smVTtCDRhVJCGoYaRdqII8IiRVjS6nfqtJ6I0leLBjBMSchgIGlMMxkrN7gA4h16p7Ff8GbxVEuSkjHLUe6Wfbl/ilBNhMAOtO4GfmDADZShmZOJ2U00SwCMYkI6lAjjRYTbbduKdWaXvxVLZI4w3U/92ZMC1HvPIVnIwQ73sTcX/vE5q4uswoyJJDRF4/lCcMs9Ib/p1r08VwYaNLQGsqN3Vw0NQgI0NaGGSkIoDIzzMUntPXNcmFCznsUqaF5XgslK9r5ZrN3lWRXSCTtE5CtAVqqE7VEcNhNEjekGv6M15dt6dD+dzXlpw8p5jtADn6xdH3JsT</latexit>�
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Backup: Searching for Other Dark Particles

32

  optical cavities, 
,  

Qload = 106, ℱ = 103, Pin = 0.2W, 106

Γdark count = 10−6sec−1 tint = 1 month

Pin

<latexit sha1_base64="OSRMfZKWdbHA5hDxEMgqbAZvC5k=">AAAB0nicbU/LSgNBEOyJrxhfUY9eFoPgKexKgh6DXjxGyAuTJcxOOnHIzOwyMyvEZQ/i1aNX/Qm/xr9xE/egiQUNRVU13RVEghvrul+ksLa+sblV3C7t7O7tH5QPjzomjDXDNgtFqHsBNSi4wrblVmAv0khlILAbTG/mfvcRteGhatlZhL6kE8XHnFGbSffNYTLQ0uEqHZYrbtVdwFklXk4qkKM5LH8ORiGLJSrLBDWm77mR9ROqLWcC09IgNhhRNqUT7GdUUYnGTxYfp85ZpoyccaizUdZZqL83EiqNmckgS0pqH8yyNxf/9QK5dNmOr/yEqyi2qNi8pbfcaZV0LqperVq/q1Ua13nfIpzAKZyDB5fQgFtoQhsYKHiDd/ggLfJEnsnLT7RA8p1j+APy+g38/4T3</latexit>

::::

<latexit sha1_base64="ZXTgduBUKqy2ImlI29FYkMnJcZE=">AAAB/HicbVDLSsNAFL3xWesrKrhxUyyCq5BIxS6LblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8ba+sbm1vbhZ3i7t7+waF5dNxUQRxRbNCAB1HbJwo5k9jQTHNshxES4XNs+aO7md8aY6RYIB/1JERPkIFkfUaJzqSueerGT2SMiTtUIaGY2FaVijTtmmXbsucorRInJ2XIUe+aX24voLFAqSknSnUcO9ReQiLNKMe06MYKswEjMsBORiURqLxkvn9ausiUXqkfRFlIXZqrfzsSIpSaCD+rFEQP1bI3E//1fLE0WferXsJkGGuUdNGTQSQIR+ElcZZnH3CW710lzSvLqVjXD5Vy7Tb/RQHO4BwuwYEbqME91KEBFJ7hFabwbrwYb8bU+PgtXTPynhNYgPH5A81/llY=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

:
:
:
:

<latexit sha1_base64="ZXTgduBUKqy2ImlI29FYkMnJcZE=">AAAB/HicbVDLSsNAFL3xWesrKrhxUyyCq5BIxS6LblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8ba+sbm1vbhZ3i7t7+waF5dNxUQRxRbNCAB1HbJwo5k9jQTHNshxES4XNs+aO7md8aY6RYIB/1JERPkIFkfUaJzqSueerGT2SMiTtUIaGY2FaVijTtmmXbsucorRInJ2XIUe+aX24voLFAqSknSnUcO9ReQiLNKMe06MYKswEjMsBORiURqLxkvn9ausiUXqkfRFlIXZqrfzsSIpSaCD+rFEQP1bI3E//1fLE0WferXsJkGGuUdNGTQSQIR+ElcZZnH3CW710lzSvLqVjXD5Vy7Tb/RQHO4BwuwYEbqME91KEBFJ7hFabwbrwYb8bU+PgtXTPynhNYgPH5A81/llY=</latexit>

�(2)

<latexit sha1_base64="Hd9MZp1+MHGwTf/LADEdejcwitU=">AAAB7nicbVDLTsJAFL2DL8QX6tJNIzHBDWkJRpdENy4xkUeESqbDBSbMTJvO1IQ0/IVxh279G9f+jaV2IeBJ7s3JOffmPrxAcG1s+5vkNja3tnfyu4W9/YPDo+LxSUv7UciwyXzhhx2PahRcYdNwI7AThEilJ7DtTe4WfvsFQ8199WimAbqSjhQfckZNIj312Jg/x+Xq5axfLNkVO4W1TpyMlCBDo1/86g18FklUhgmqddexA+PGNDScCZwVepHGgLIJHWE3oYpK1G6cbjyzLhJlYA39MAllrFT92xFTqfVUekmlpGasV72F+K/nyZXJZnjjxlwFkUHFlj3lh5IKlG4cJXnxAWf13nXSqlacWuXqoVaq32a/yMMZnEMZHLiGOtxDA5rAQMErzOGdBOSNzMnHb2mOZD2nsATy+QNlEpBs</latexit>

✏

<latexit sha1_base64="dHTLB4uxYuIJVcQgQB6ZgDwMY+Q=">AAAB+3icjU/LSsNAFL2pr1pfUZdugkVwIWFSWqu7ohuXFewDmlAm02kdOjMJmYlQQr7DD3An7sSlW/0G/8Y0ZqFFwQMXDufc1/FDzpRG6MMoLS2vrK6V1ysbm1vbO+buXlcFcURohwQ8iPo+VpQzSTuaaU77YUSx8Dnt+dPLud+7o5FigbzRs5B6Ak8kGzOCdSYNTSdx8yWDaOJ7CbLPUa1Wq58gG+WYk0bjtIlSl4aK8UCmQ7PqFK71N6lCgfbQfHZHAYkFlZpwrNTAQaH2EhxpRjhNK26saIjJFE/oIKMSC6q8JP8qtY4yZWSNgygrqa1c/T6RYKHUTPhZp8D6Vi16c/FXzxcLl/X4zEuYDGNNJflnym7Ndup247pebV0UectwAIdwDA40oQVX0IYOELiHV3iDdyM1HoxH4+mrtWQUM/vwA8bLJ49mkYg=</latexit>

⇥

<latexit sha1_base64="bt9D9ynlqcsHhVNE0pk8vlJ8tMU=">AAAB+XicjU/LSsNAFL2pr1ofjbp0EyyCC4mT0FrdFd24rGAf0IQymU7r0MwkZCZCCfkMP8CduO3SrX6Ef2Mas9Ci4IELh3PuvedeL/SZVAh9aKWV1bX1jfJmZWt7Z7eq7+13ZRBHhHZI4AdR38OS+kzQjmLKp/0woph7Pu150+uF33ugkWSBuFOzkLocTwQbM4JVJg31s8TJlwyiiecmyLxEtm3XT5GJcixIo3HeRKmjGKcyHeo1q/CMv0kNCrSH+twZBSTmVCjiYykHFgqVm+BIMeLTtOLEkoaYTPGEDjIqcJbiJvlNqXGcKSNjHERZCWXk6veJBHMpZ9zLOjlW93LZW4i/eh5fSlbjCzdhIowVFeSfX3Zt06qbjdt6rXVV/FuGQziCE7CgCS24gTZ0gMAjvMIbvGuJ9qQ9ay9frSWtmDmAH9Dmn/uykJw=</latexit>

A′￼

mA0 =
2⇡

�

✓
1

n1
� 1

n2

◆

<latexit sha1_base64="L5jrhUIrX6tpbNe1JJws7alBcNk=">AAACEXicbU/LSsNAFJ3UV62vqEs3g0WsC0tSKroRqi50WcE+oAlhMp20Q2cmITMRSpiv8DtcuXInbl26EvRfTB+L2nrgwrnn3AfHjxiVyrK+jNzS8srqWn69sLG5tb1j7u41ZZjEmDRwyMK47SNJGBWkoahipB3FBHGfkZY/uBn5rUcSSxqKBzWMiMtRT9CAYqQyyTNvuZdeHWt4CZ0gRjitOBHVqcOyC12kHUYCVZo4tk6FZ2t4Cmf6inZi2uurE88sWmVrDLhI7CkpginqnvnidEOccCIUZkjKjm1Fyk1RrChmRBecRJII4QHqkU5GBeJEuuk4sIZHmdKFQRhnJRQcq7MbKeJSDrmfTXKk+nLeG4n/ej6f+6yCCzelIkoUEVhnKe35TIukWSnb1fLZfbVYu57mzYMDcAhKwAbnoAbuQB00AAbP4BN8gx/jyXg13oz3yWjOmO7sgz8wPn4B3xqd1A==</latexit>

n2

<latexit sha1_base64="BHhqeaD3TWvtL+jqALSz1AmOpTw=">AAAB53icbVDLTsJAFL2DL8QX6tJNIzFxRVqC0SXRjUuM8kigIdPhghNmpk1nakKafoJxh279Itf+jQN2IeBJ7s3JOffmPoJIcG1c95sUNja3tneKu6W9/YPDo/LxSVuHScywxUIRxt2AahRcYctwI7AbxUhlILATTO7mfucFY81D9WSmEfqSjhUfcUaNlR7VoDYoV9yqu4CzTrycVCBHc1D+6g9DlkhUhgmqdc9zI+OnNDacCcxK/URjRNmEjrFnqaIStZ8uVs2cC6sMnVEY21DGWah/O1IqtZ7KwFZKap71qjcX//UCuTLZjG78lKsoMajYsqfCWFKB0k8TmzP7AW/13nXSrlW9evXqoV5p3Oa/KMIZnMMleHANDbiHJrSAwRheYQbvhJM3MiMfv6UFkvecwhLI5w+xwo28</latexit>

n1

<latexit sha1_base64="R5tWhNwl/ir4NJP19vXVmm4EBlA=">AAAB53icbVDJTgJBEK3GDXFDPXqZSEw8kRmD0SPRi0eMIiQwIT1NgR16mXT3mJAJn2C8oVe/yLN/44BzEPAlVXl5ryq1RLHg1vn+NymsrW9sbhW3Szu7e/sH5cOjJ6sTw7DJtNCmHVGLgitsOu4EtmODVEYCW9Hodua3XtBYrtWjG8cYSjpUfMAZdZn0oHpBr1zxq/4c3ioJclKBHI1e+avb1yyRqBwT1NpO4McuTKlxnAmclLqJxZiyER1iJ6OKSrRhOl914p1lSt8baJOFct5c/duRUmntWEZZpaTu2S57M/FfL5JLk93gOky5ihOHii16ShtJBcowTbI8yT4QLN+7Sp4uqkGtenlfq9Rv8l8U4QRO4RwCuII63EEDmsBgCK8whXfCyRuZko/f0gLJe45hAeTzB7BBjbs=</latexit>

LAMPOST

Solar

��-� ��-� ��-� ���
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-�

Preliminary

✏F 0
µ⌫F

µ⌫

<latexit sha1_base64="uegmgnBu4teI72f3Fafh3dCjStE=">AAACFHicbY9NS8MwHMbT+TbnW9Wjl+IQPUhpy+b0NhSGeJrgXmCtJc2yGZakpUmFUfo1/ByCV2/i1aPgST+KbZ2imw8EfjzP/0ny9wJKhDSMN6UwN7+wuFRcLq2srq1vqJtbbeFHIcIt5FM/7HpQYEo4bkkiKe4GIYbMo7jjjc6yvHOLQ0F8fiXHAXYYHHIyIAjK1HLVi9jOL+mFQ8+JDf3EsCyrcmjoRq4MqtWjmpHYOBCE+lxLGvtubLNIs3mUaI3rH3bV8ndNmwVzAmUwUdNVH+y+jyKGuUQUCtEzjUA6MQwlQRQnJTsSOIBoBIe4lyKHDAsnzr+baHup09cGfpgeLrXc/d2IIRNizLx0kkF5I6azzPw389jUy3Jw7MSEB5HEHGVbmtM7zULb0s2KXr2slOunk32LYAfsggNgghqog3PQBC2AwD14Be/gQ7lTHpUn5flrtKBMOtvgj5SXT1xCm1k=</latexit>

3 photon interaction in LiNbO3
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Backup: Example of Cavity Modes

33
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Backup: Production of Axion from a Cylindrical Cavity

34

With  ,  :TM0mℓ TE0m′￼ℓ′￼
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• separation between emitter and receiver


• quality factor for signal mode 


•  will be produced on resonance

d =

Q1 = ω1

ω1 = ωa ± ω0

⇒

Ẽsig(ω) ∼
E0g
d

ωω1

ω2 − ω2
1 − iωω1/Q1

δ(ω ± ω0 − ωa) × Spatial interference 
btwn , spec, sig 

modes
a

Backup: Signal Field
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Backup: Signal Power

 
Psig =
ω1

Q1 ∫VRe

⟨ | ⃗E sig( ⃗x , t) |2 ⟩

=
ω1

Q1 ∫VRe

⃗E 1( ⃗x )
2

× ∫
ω1+Δω1/2

ω1−Δω1/2

dω
(2π)2

⟨ẽ*1 ẽ1(ω)⟩

 ⃗E sig = ∫
dω
2π

eiωtẼsig(ω) = ⃗E 1( ⃗x )e1(t)

⏟
Spatial interference 
btwn , spec, sig 

modes
a �������

ω1

We are in control 
of !Δω1ω1

Q1

⏟
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Backup: Signal Power

Assume that the two modes in the emitter and the spectating mode 
in the receiver have the same :


 

Epeak

Psig ∼
Q1

8ω1
V3g4E6

peakω
2
a

η4
01

(4πd)2

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!±t

<latexit sha1_base64="fRMoHFs/bl5e98IpEW3DnFnLvfo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7Crc58xLBAxI4KUC60lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8AW5CUEg==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!1t

<latexit sha1_base64="hYjQJj6wvrnmr73JTwcBdkvwUjQ=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MdmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3P8kvY=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

~E0 · ~B1 6= 0

<latexit sha1_base64="z6ycKE+l0HRNCdgTQtqse5uZWjU=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclRmp6LJUBJcV7AM6w5BJb9vQTDIkmUIpXbnxV9y4UMSt3+DOvzF9LLT1wIWTc+4l95445Uwbz/t2VlbX1jc2c1v57Z3dvX334LCuZaYo1KjkUjVjooEzATXDDIdmqoAkMYdG3L+Z+I0BKM2keDDDFMKEdAXrMEqMlSL3JBgAxbeRhwPalgZPn5XIx4EA7EVuwSt6U+Bl4s9JAc1RjdyvoC1ploAwlBOtW76XmnBElGGUwzgfZBpSQvukCy1LBUlAh6PpGWN8ZpU27khlSxg8VX9PjEii9TCJbWdCTE8vehPxP6+Vmc51OGIizQwIOvuok3FsJJ5kgttMATV8aAmhitldMe0RRaixyeVtCP7iycukflH0S8XL+1KhXJnHkUPH6BSdIx9doTK6Q1VUQxQ9omf0it6cJ+fFeXc+Zq0rznzmCP2B8/kD34iW1A==</latexit>

Emitter:

<latexit sha1_base64="EQDNnPxJOiTFSyCFktKWnAdOpt0=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTEInsKuRBRPQRE8RjAPSJYwO5kkQ+axzPSKccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3RTFnBnz/28mtrK6tb+Q3C1vbO7tFd2+/YVSiCa0TxZVuRdhQziStAwNOW7GmWEScNqPR9dRvPlBtmJL3MI5pKPBAsj4jGKzUdYsdEanH9EYwAKovJ1235Jf9GbxlEmSkhDLUuu5Xp6dIIqgEwrEx7cCPIUyxBkY4nRQ6iaExJiM8oG1LJRbUhOns8Il3bJWe11falgRvpv6eSLEwZiwi2ykwDM2iNxX/89oJ9C/ClMk4ASrJfFE/4R4ob5qC12OaEuBjSzDRzN7qkSHWmNgQTMGGECy+vEwap+WgUj67q5SqV1kceXSIjtAJCtA5qqJbVEN1RFCCntErenOenBfn3fmYt+acbOYA/YHz+QMg65Nn</latexit>

axion

<latexit sha1_base64="8hnZrmkO3++MmL3dBq5ZSl6SfoY=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozouiy6MZlBXuBzlAyadqG5jIkGWkZ+hpuXCji1pdx59uYtrPQ1h8CH/85h3Pyxwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTaNSTWiDKK50O8aGciZpwzLLaTvRFIuY01Y8upvVW09UG6bko50kNBJ4IFmfEWydFYYiVuMMjx1Pu+WKX/XnQqsQ5FCBXPVu+SvsKZIKKi3h2JhO4Cc2yrC2jHA6LYWpoQkmIzygHYcSC2qibH7zFJ05p4f6SrsnLZq7vycyLIyZiNh1CmyHZrk2M/+rdVLbv4kyJpPUUkkWi/opR1ahWQCoxzQllk8cYKKZuxWRIdaYWBdTyYUQLH95FZoX1eCyevVwWand5nEU4QRO4RwCuIYa3EMdGkAggWd4hTcv9V68d+9j0Vrw8plj+CPv8we3bJIj</latexit>

Reciever:

<latexit sha1_base64="/mULe+qLavZvqqBoZAEsKsUski4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEUVwV3bisYh/QDiWT3mlDM8mQZIpl6J+4caGIW//EnX9j2s5CWw8EDuecy705YcKZNp737RRWVtfWN4qbpa3tnd09d/+goWWqKNSp5FK1QqKBMwF1wwyHVqKAxCGHZji8nfrNESjNpHg04wSCmPQFixglxkpd1+3EoXzKHoAysLnrSdctexVvBrxM/JyUUY5a1/3q9CRNYxCGcqJ12/cSE2REGUY5TEqdVENC6JD0oW2pIDHoIJtdPsEnVunhSCr7hMEz9fdERmKtx3FokzExA73oTcX/vHZqoqsgYyJJDQg6XxSlHBuJpzXgHlNADR9bQqhi9lZMB0QRamxZJVuCv/jlZdI4q/jnlYv783L1Jq+jiI7QMTpFPrpEVXSHaqiOKBqhZ/SK3pzMeXHenY95tODkM4foD5zPH9Xck8w=</latexit>

signal mode

<latexit sha1_base64="3i+zY1FUPKO+uT7VoTMCLIA6yIg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFtKJPJpB06jzAzkZaQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nTBjVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WqYKkzaWTKpeiDRhVJC2oYaRXqII4iEj3XByN/e7T0RpKsWjmSUk4GgkaEwxMlYautUBD+U003QkEINcRiQfujWv7i0A14lfkBoo0Bq6X4NI4pQTYTBDWvd9LzFBhpShmJG8Mkg1SRCeoBHpWyoQJzrIFrfn8NwqEYylsiUMXKi/JzLEtZ7x0HZyZMZ61ZuL/3n91MQ3QUZFkhoi8HJRnDJoJJwHASOqCDZsZgnCitpbIR4jhbCxcVVsCP7qy+ukc1n3G/Wrh0ateVvEUQan4AxcAB9cgya4By3QBhhMwTN4BW9O7rw4787HsrXkFDMn4A+czx9vbJS0</latexit>

at !1

<latexit sha1_base64="0X+7QhbKPsn82qCthp4qOBn/1Sc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFNCJPppB06jzAzkZbQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nThnVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8N/e7T0RpKsWjmaYk5GgoaEIxMlaK3GrAYznJkYGzQHIyRJEfuTWv7i0A14lfkBoo0Ircr2AgccaJMJghrfu+l5owR8pQzMisEmSapAiP0ZD0LRWIEx3mi9tn8NwqA5hIZUsYuFB/T+SIaz3lse3kyIz0qjcX//P6mUluwpyKNDNE4OWiJGPQSDgPAg6oItiwqSUIK2pvhXiEFMLGxlWxIfirL6+TzmXdb9SvHhq15m0RRxmcgjNwAXxwDZrgHrRAG2AwAc/gFbw5M+fFeXc+lq0lp5g5AX/gfP4A50aUWw==</latexit>

0 < η01 < 1

separation between emitter and receiver

quality factor for 





d =
Q1 = ω1

a ∼ gVEmE0 ⋅ B1/r
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Backup: Signal Power

38

200 sig photons  
after 1 year!

g = 5 × 10−11GeV−1

ωa = ω1 ± ω0

ωα+

ωα-

Psig ∼
Q1

8ω1
V3g4E6

peakω
2
a

η4
01

(4πd)2
Pbkg

th = TΔω1, Δω1 = t−1
int
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Backup: Sensitivity with High Cavity Modes
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require SNR ∼
Psig

Pbkg
tintΔω1 ∼

Psigtint

T
> 5, Pbkg

th = TΔω1, Δω1 = t−1
int , tint = 1year
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Backup: LSW w. Resonant Optical Cavities

• Laser frequency matches a cavity mode


• High finesse cavity  resonant production of  photons


• Realized by ALPS Collaboration, who obtained


 for  


• ALPS II projection:


  for 

⇒ ∼ 1019

g < 7 × 10−8 GeV−1 ma < meV

g < 2 × 10−11 GeV−1 ma < meV

40

 K. Ehret et al. [ALPS collaboration] 09,10

CAST (solar axion):   g < 6.6 × 10−11 GeV−1
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Backup: SRF cavity proposals looking for axions
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R. Janish et al 19

Z. Bogorad et al 19


