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Bosonic DM properties

• Dark matter with                   must be bosonic, with 
occupation number > 1 in dense regions 

• DM in form of coherent, classical oscillations of field 
coherence length  
coherence time

m . 100 eV
<latexit sha1_base64="tJ5W6OwxoQC0pA7r3/EGkgR53Do=">AAACAnicbVBNS8NAEN3Ur1q/ot70slgED1ISEay3ghePFUxbaELZbCft0t0k7G6EEgpe/CtePKh49Vd489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w9aKskkBY8mPJGdkCjgLAZPM82hk0ogIuTQDkc3U7/9AFKxJL7X4xQCQQYxixgl2kg9+0hgn4NSignsOg7OfWmUcwytSc+uOjVnBrxM3IJUUYFmz/7y+wnNBMSacqJU13VSHeREakY5TCp+piAldEQG0DU0JgJUkM9+mOBTo/RxlEhTscYz9fdEToRSYxGaTkH0UC16U/E/r5vpqB7kLE4zDTGdL4oyjnWCp4HgPpNANR8bQqhk5lZMh0QSqk1sFROCu/jyMvEuatc19+6y2qgXaZTRMTpBZ8hFV6iBblETeYiiR/SMXtGb9WS9WO/Wx7y1ZBUzh+gPrM8f4LCV6Q==</latexit><latexit sha1_base64="tJ5W6OwxoQC0pA7r3/EGkgR53Do=">AAACAnicbVBNS8NAEN3Ur1q/ot70slgED1ISEay3ghePFUxbaELZbCft0t0k7G6EEgpe/CtePKh49Vd489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w9aKskkBY8mPJGdkCjgLAZPM82hk0ogIuTQDkc3U7/9AFKxJL7X4xQCQQYxixgl2kg9+0hgn4NSignsOg7OfWmUcwytSc+uOjVnBrxM3IJUUYFmz/7y+wnNBMSacqJU13VSHeREakY5TCp+piAldEQG0DU0JgJUkM9+mOBTo/RxlEhTscYz9fdEToRSYxGaTkH0UC16U/E/r5vpqB7kLE4zDTGdL4oyjnWCp4HgPpNANR8bQqhk5lZMh0QSqk1sFROCu/jyMvEuatc19+6y2qgXaZTRMTpBZ8hFV6iBblETeYiiR/SMXtGb9WS9WO/Wx7y1ZBUzh+gPrM8f4LCV6Q==</latexit><latexit sha1_base64="tJ5W6OwxoQC0pA7r3/EGkgR53Do=">AAACAnicbVBNS8NAEN3Ur1q/ot70slgED1ISEay3ghePFUxbaELZbCft0t0k7G6EEgpe/CtePKh49Vd489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w9aKskkBY8mPJGdkCjgLAZPM82hk0ogIuTQDkc3U7/9AFKxJL7X4xQCQQYxixgl2kg9+0hgn4NSignsOg7OfWmUcwytSc+uOjVnBrxM3IJUUYFmz/7y+wnNBMSacqJU13VSHeREakY5TCp+piAldEQG0DU0JgJUkM9+mOBTo/RxlEhTscYz9fdEToRSYxGaTkH0UC16U/E/r5vpqB7kLE4zDTGdL4oyjnWCp4HgPpNANR8bQqhk5lZMh0QSqk1sFROCu/jyMvEuatc19+6y2qgXaZTRMTpBZ8hFV6iBblETeYiiR/SMXtGb9WS9WO/Wx7y1ZBUzh+gPrM8f4LCV6Q==</latexit><latexit sha1_base64="tJ5W6OwxoQC0pA7r3/EGkgR53Do=">AAACAnicbVBNS8NAEN3Ur1q/ot70slgED1ISEay3ghePFUxbaELZbCft0t0k7G6EEgpe/CtePKh49Vd489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w9aKskkBY8mPJGdkCjgLAZPM82hk0ogIuTQDkc3U7/9AFKxJL7X4xQCQQYxixgl2kg9+0hgn4NSignsOg7OfWmUcwytSc+uOjVnBrxM3IJUUYFmz/7y+wnNBMSacqJU13VSHeREakY5TCp+piAldEQG0DU0JgJUkM9+mOBTo/RxlEhTscYz9fdEToRSYxGaTkH0UC16U/E/r5vpqB7kLE4zDTGdL4oyjnWCp4HgPpNANR8bQqhk5lZMh0QSqk1sFROCu/jyMvEuatc19+6y2qgXaZTRMTpBZ8hFV6iBblETeYiiR/SMXtGb9WS9WO/Wx7y1ZBUzh+gPrM8f4LCV6Q==</latexit>

⇠ (vDMm)�1 ⇠ 103m�1
<latexit sha1_base64="iX1mfiVL8cDFOf61WPXbEeNi1cc=">AAACEXicbVBNS8NAEN34WetX1KOXxSK0B0uignqRgh68CBWsLTRt2Gw37dLdJOxuCiXkN3jxr3jxoOLVmzf/jds0B219MPB4b4aZeV7EqFSW9W0sLC4tr6wW1orrG5tb2+bO7oMMY4FJA4csFC0PScJoQBqKKkZakSCIe4w0veHVxG+OiJA0DO7VOCIdjvoB9SlGSkuuWXEk5bA8chNHcHh9m0Je6SZHdgozw7a6J5BngmuWrKqVAc4TOyclkKPuml9OL8QxJ4HCDEnZtq1IdRIkFMWMpEUnliRCeIj6pK1pgDiRnSR7KYWHWulBPxS6AgUz9fdEgriUY+7pTo7UQM56E/E/rx0r/7yT0CCKFQnwdJEfM6hCOMkH9qggWLGxJggLqm+FeIAEwkqnWNQh2LMvz5PGcfWiat+dlmqXeRoFsA8OQBnY4AzUwA2ogwbA4BE8g1fwZjwZL8a78TFtXTDymT3wB8bnD9fUmz0=</latexit><latexit sha1_base64="iX1mfiVL8cDFOf61WPXbEeNi1cc=">AAACEXicbVBNS8NAEN34WetX1KOXxSK0B0uignqRgh68CBWsLTRt2Gw37dLdJOxuCiXkN3jxr3jxoOLVmzf/jds0B219MPB4b4aZeV7EqFSW9W0sLC4tr6wW1orrG5tb2+bO7oMMY4FJA4csFC0PScJoQBqKKkZakSCIe4w0veHVxG+OiJA0DO7VOCIdjvoB9SlGSkuuWXEk5bA8chNHcHh9m0Je6SZHdgozw7a6J5BngmuWrKqVAc4TOyclkKPuml9OL8QxJ4HCDEnZtq1IdRIkFMWMpEUnliRCeIj6pK1pgDiRnSR7KYWHWulBPxS6AgUz9fdEgriUY+7pTo7UQM56E/E/rx0r/7yT0CCKFQnwdJEfM6hCOMkH9qggWLGxJggLqm+FeIAEwkqnWNQh2LMvz5PGcfWiat+dlmqXeRoFsA8OQBnY4AzUwA2ogwbA4BE8g1fwZjwZL8a78TFtXTDymT3wB8bnD9fUmz0=</latexit><latexit sha1_base64="iX1mfiVL8cDFOf61WPXbEeNi1cc=">AAACEXicbVBNS8NAEN34WetX1KOXxSK0B0uignqRgh68CBWsLTRt2Gw37dLdJOxuCiXkN3jxr3jxoOLVmzf/jds0B219MPB4b4aZeV7EqFSW9W0sLC4tr6wW1orrG5tb2+bO7oMMY4FJA4csFC0PScJoQBqKKkZakSCIe4w0veHVxG+OiJA0DO7VOCIdjvoB9SlGSkuuWXEk5bA8chNHcHh9m0Je6SZHdgozw7a6J5BngmuWrKqVAc4TOyclkKPuml9OL8QxJ4HCDEnZtq1IdRIkFMWMpEUnliRCeIj6pK1pgDiRnSR7KYWHWulBPxS6AgUz9fdEgriUY+7pTo7UQM56E/E/rx0r/7yT0CCKFQnwdJEfM6hCOMkH9qggWLGxJggLqm+FeIAEwkqnWNQh2LMvz5PGcfWiat+dlmqXeRoFsA8OQBnY4AzUwA2ogwbA4BE8g1fwZjwZL8a78TFtXTDymT3wB8bnD9fUmz0=</latexit><latexit sha1_base64="iX1mfiVL8cDFOf61WPXbEeNi1cc=">AAACEXicbVBNS8NAEN34WetX1KOXxSK0B0uignqRgh68CBWsLTRt2Gw37dLdJOxuCiXkN3jxr3jxoOLVmzf/jds0B219MPB4b4aZeV7EqFSW9W0sLC4tr6wW1orrG5tb2+bO7oMMY4FJA4csFC0PScJoQBqKKkZakSCIe4w0veHVxG+OiJA0DO7VOCIdjvoB9SlGSkuuWXEk5bA8chNHcHh9m0Je6SZHdgozw7a6J5BngmuWrKqVAc4TOyclkKPuml9OL8QxJ4HCDEnZtq1IdRIkFMWMpEUnliRCeIj6pK1pgDiRnSR7KYWHWulBPxS6AgUz9fdEgriUY+7pTo7UQM56E/E/rx0r/7yT0CCKFQnwdJEfM6hCOMkH9qggWLGxJggLqm+FeIAEwkqnWNQh2LMvz5PGcfWiat+dlmqXeRoFsA8OQBnY4AzUwA2ogwbA4BE8g1fwZjwZL8a78TFtXTDymT3wB8bnD9fUmz0=</latexit>

⇠ (v2DMm)�1 ⇠ 106m�1
<latexit sha1_base64="uersfPAN4EnFOYUNc6A6dbbRtWg=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoiCUp4mMjBV24ESoYW2jTMJlO26EzSZiZFErIR7jxV9y4UHHrxp1/4zTtQlsPXDiccy/33uNHjEplWd9GbmFxaXklv1pYW9/Y3DK3dx5kGAtMHByyUDR8JAmjAXEUVYw0IkEQ9xmp+4OrsV8fEiFpGNyrUURcjnoB7VKMlJY886glKYeloZe0BIfXt2m7AvlhOzm2U5hZttU+hTwTPLNola0McJ7YU1IEU9Q886vVCXHMSaAwQ1I2bStSboKEopiRtNCKJYkQHqAeaWoaIE6km2RPpfBAKx3YDYWuQMFM/T2RIC7liPu6kyPVl7PeWPzPa8aqe+4mNIhiRQI8WdSNGVQhHCcEO1QQrNhIE4QF1bdC3EcCYaVzLOgQ7NmX54lTKV+U7buTYvVymkYe7IF9UAI2OANVcANqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8ARqgm+Q=</latexit><latexit sha1_base64="uersfPAN4EnFOYUNc6A6dbbRtWg=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoiCUp4mMjBV24ESoYW2jTMJlO26EzSZiZFErIR7jxV9y4UHHrxp1/4zTtQlsPXDiccy/33uNHjEplWd9GbmFxaXklv1pYW9/Y3DK3dx5kGAtMHByyUDR8JAmjAXEUVYw0IkEQ9xmp+4OrsV8fEiFpGNyrUURcjnoB7VKMlJY886glKYeloZe0BIfXt2m7AvlhOzm2U5hZttU+hTwTPLNola0McJ7YU1IEU9Q886vVCXHMSaAwQ1I2bStSboKEopiRtNCKJYkQHqAeaWoaIE6km2RPpfBAKx3YDYWuQMFM/T2RIC7liPu6kyPVl7PeWPzPa8aqe+4mNIhiRQI8WdSNGVQhHCcEO1QQrNhIE4QF1bdC3EcCYaVzLOgQ7NmX54lTKV+U7buTYvVymkYe7IF9UAI2OANVcANqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8ARqgm+Q=</latexit><latexit sha1_base64="uersfPAN4EnFOYUNc6A6dbbRtWg=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoiCUp4mMjBV24ESoYW2jTMJlO26EzSZiZFErIR7jxV9y4UHHrxp1/4zTtQlsPXDiccy/33uNHjEplWd9GbmFxaXklv1pYW9/Y3DK3dx5kGAtMHByyUDR8JAmjAXEUVYw0IkEQ9xmp+4OrsV8fEiFpGNyrUURcjnoB7VKMlJY886glKYeloZe0BIfXt2m7AvlhOzm2U5hZttU+hTwTPLNola0McJ7YU1IEU9Q886vVCXHMSaAwQ1I2bStSboKEopiRtNCKJYkQHqAeaWoaIE6km2RPpfBAKx3YDYWuQMFM/T2RIC7liPu6kyPVl7PeWPzPa8aqe+4mNIhiRQI8WdSNGVQhHCcEO1QQrNhIE4QF1bdC3EcCYaVzLOgQ7NmX54lTKV+U7buTYvVymkYe7IF9UAI2OANVcANqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8ARqgm+Q=</latexit><latexit sha1_base64="uersfPAN4EnFOYUNc6A6dbbRtWg=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoiCUp4mMjBV24ESoYW2jTMJlO26EzSZiZFErIR7jxV9y4UHHrxp1/4zTtQlsPXDiccy/33uNHjEplWd9GbmFxaXklv1pYW9/Y3DK3dx5kGAtMHByyUDR8JAmjAXEUVYw0IkEQ9xmp+4OrsV8fEiFpGNyrUURcjnoB7VKMlJY886glKYeloZe0BIfXt2m7AvlhOzm2U5hZttU+hTwTPLNola0McJ7YU1IEU9Q886vVCXHMSaAwQ1I2bStSboKEopiRtNCKJYkQHqAeaWoaIE6km2RPpfBAKx3YDYWuQMFM/T2RIC7liPu6kyPVl7PeWPzPa8aqe+4mNIhiRQI8WdSNGVQhHCcEO1QQrNhIE4QF1bdC3EcCYaVzLOgQ7NmX54lTKV+U7buTYvVymkYe7IF9UAI2OANVcANqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8ARqgm+Q=</latexit>

eVpeV10-22eV QCD axion



axions

Axions
• Axion parameter space: 

• Axion DM searches: 

• CASPER 

• ABRACADABRA, DM radio 

• ADMX, HAYSTAC  

• MADMAX 

• … 

• Axion productions: 

• Misalignment 

• String & domain wall

[Borsanyi et al., Nature `16 [1606.0794]]  
[G. Grilli di Cortona, E. Hardy, J. Pardo Vega, G.Villadoro 
[1511.02867]] 



dark photons
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Dark photons

• Dark photon parameter 
space: 

• Dark photon DM searches: 

• DM radio 

• ADMX 

• … 

• Dark photon production: 

• Inflationary production

[P.W. Graham, J. Mardon, S. Rajendran, arXiv:1504.02102]



Dark matter searches
• Dark matter scattering

Xenon



Dark matter searches
• Dark matter scattering 

• Dark matter absorption/conversion

Haystac



Dark matter searches
• Dark matter scattering 

• Dark matter absorption/conversion



Dark matter absorption

• Challenges for dark matter absorption:



Dark matter conversion to photon
• Challenges for dark matter absorption: 

• Position space cancellation

x

Amplitude

Mismatch spatial oscillation

Dark matter: 
oscillate on 1/mv scales 

Photon:  
oscillate on 1/m scales



Dark matter conversion to photon
• Challenges for dark matter absorption: 

• Introduce boundary (Type I)

x

Amplitude

1/m



Dark matter conversion to photon
• Challenges for dark matter absorption: 

• To satisfy energy and momentum conservation, we 
need the absorption target to have the right 
periodicity

Boundary 
of a cavity 
(ADMX)



Dark matter absorption
• Challenges for dark matter absorption: 

• Introduce periodicity (Type II)

x

Amplitude

match spatial oscillation

G



Photonic Crystal 
as a target



Photonic Crystals
• Materials with periodic optical properties

1D 2D 3D

Eli Yablonovitch, EECS, Berkeley



Photon mode
• DM is spatially uniform over the de Broglie wavelength

• Photon modes have period of the Compton wavelength
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E

E
<latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit>

Period

Dark matter de Broglie wavelength



Photon modes
• In infinite periodic material, have photon Bloch modes 
 E(~r) = ei

~k·~ru~k(z)
<latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit>
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Photon modes
• In infinite periodic material, have photon Bloch modes 
 E(~r) = ei

~k·~ru~k(z)
<latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit>
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n1 = 1, n2 = 2
<latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit>



Photon modes
• In infinite periodic material, have photon Bloch modes 
 E(~r) = ei

~k·~ru~k(z)
<latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit><latexit sha1_base64="G8le7c5ZrlHGBIjIUunEZzTOfmM=">AAACIHicbVDLSgMxFM3UV62vqks3wSK0mzIjQl0oFERwWcE+oFNLJr3ThmYeJJlCHeZT3Pgrblwoojv9GtPpLLT1wIWTc+4l9x4n5Ewq0/wyciura+sb+c3C1vbO7l5x/6Alg0hQaNKAB6LjEAmc+dBUTHHohAKI53BoO+Ormd+egJAs8O/UNISeR4Y+cxklSkv9Yu26bE+AxiKp4EsM9zHD6XucYJsOAoUzN8FRP86cpPxQ6RdLZtVMgZeJlZESytDoFz/tQUAjD3xFOZGya5mh6sVEKEY5JAU7khASOiZD6GrqEw9kL04PTPCJVgbYDYQuX+FU/T0RE0/KqefoTo+okVz0ZuJ/XjdS7nkvZn4YKfDp/CM34lgFeJYWHjABVPGpJoQKpnfFdEQEoUpnWtAhWIsnL5PWadUyq9btWal+kcWRR0foGJWRhWqojm5QAzURRY/oGb2iN+PJeDHejY95a87IZg7RHxjfP2TJoyE=</latexit>
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n1 = 1, n2 = 2
<latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit>



Half-wave stack
• For equal phase depths,                  , have no 

bandgaps at k=0: 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• Axion oscillations excite mode 
with non-zero  

Z
dV E

<latexit sha1_base64="NpPIoE7oAhxFV2tYBuo5rEMsb5s=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAsXBRFcVrC10g4lk8m0oXkMSUYoQ7/CjQtF3Po57vwb03YW2nogcDjnXnLuiVLOjPX9b6+0srq2vlHerGxt7+zuVfcP2kZlmtAWUVzpToQN5UzSlmWW006qKRYRpw/R6HrqPzxRbZiS93ac0lDggWQJI9g66bHHpEVxG930qzW/7s+AlklQkBoUaParX71YkUxQaQnHxnQDP7VhjrVlhNNJpZcZmmIywgPadVRiQU2YzwJP0IlTYpQo7Z4LMFN/b+RYGDMWkZsU2A7NojcV//O6mU0uw5zJNLNUkvlHScaRVWh6PYqZpsTysSOYaOayIjLEGhPrOqq4EoLFk5dJ+6we+PXg7rzWuCrqKMMRHMMpBHABDbiFJrSAgIBneIU3T3sv3rv3MR8tecXOIfyB9/kDx9WPtA==</latexit><latexit sha1_base64="NpPIoE7oAhxFV2tYBuo5rEMsb5s=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAsXBRFcVrC10g4lk8m0oXkMSUYoQ7/CjQtF3Po57vwb03YW2nogcDjnXnLuiVLOjPX9b6+0srq2vlHerGxt7+zuVfcP2kZlmtAWUVzpToQN5UzSlmWW006qKRYRpw/R6HrqPzxRbZiS93ac0lDggWQJI9g66bHHpEVxG930qzW/7s+AlklQkBoUaParX71YkUxQaQnHxnQDP7VhjrVlhNNJpZcZmmIywgPadVRiQU2YzwJP0IlTYpQo7Z4LMFN/b+RYGDMWkZsU2A7NojcV//O6mU0uw5zJNLNUkvlHScaRVWh6PYqZpsTysSOYaOayIjLEGhPrOqq4EoLFk5dJ+6we+PXg7rzWuCrqKMMRHMMpBHABDbiFJrSAgIBneIU3T3sv3rv3MR8tecXOIfyB9/kDx9WPtA==</latexit><latexit sha1_base64="NpPIoE7oAhxFV2tYBuo5rEMsb5s=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAsXBRFcVrC10g4lk8m0oXkMSUYoQ7/CjQtF3Po57vwb03YW2nogcDjnXnLuiVLOjPX9b6+0srq2vlHerGxt7+zuVfcP2kZlmtAWUVzpToQN5UzSlmWW006qKRYRpw/R6HrqPzxRbZiS93ac0lDggWQJI9g66bHHpEVxG930qzW/7s+AlklQkBoUaParX71YkUxQaQnHxnQDP7VhjrVlhNNJpZcZmmIywgPadVRiQU2YzwJP0IlTYpQo7Z4LMFN/b+RYGDMWkZsU2A7NojcV//O6mU0uw5zJNLNUkvlHScaRVWh6PYqZpsTysSOYaOayIjLEGhPrOqq4EoLFk5dJ+6we+PXg7rzWuCrqKMMRHMMpBHABDbiFJrSAgIBneIU3T3sv3rv3MR8tecXOIfyB9/kDx9WPtA==</latexit><latexit sha1_base64="NpPIoE7oAhxFV2tYBuo5rEMsb5s=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAsXBRFcVrC10g4lk8m0oXkMSUYoQ7/CjQtF3Po57vwb03YW2nogcDjnXnLuiVLOjPX9b6+0srq2vlHerGxt7+zuVfcP2kZlmtAWUVzpToQN5UzSlmWW006qKRYRpw/R6HrqPzxRbZiS93ac0lDggWQJI9g66bHHpEVxG930qzW/7s+AlklQkBoUaParX71YkUxQaQnHxnQDP7VhjrVlhNNJpZcZmmIywgPadVRiQU2YzwJP0IlTYpQo7Z4LMFN/b+RYGDMWkZsU2A7NojcV//O6mU0uw5zJNLNUkvlHScaRVWh6PYqZpsTysSOYaOayIjLEGhPrOqq4EoLFk5dJ+6we+PXg7rzWuCrqKMMRHMMpBHABDbiFJrSAgIBneIU3T3sv3rv3MR8tecXOIfyB9/kDx9WPtA==</latexit>

n1d1 = n2d2
<latexit sha1_base64="pw/DavnhIsr9EjRceH3v4Z0RuUY=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSIuhCoeDGZQV7gTaEyWTSDp1MwsxEKbGP4saFIm59Ene+jdM2C2394cDHf85hzvxBypnSjvNtldbWNza3ytuVnd29/QO7ethRSSYJbZOEJ7IXYEU5E7Stmea0l0qK44DTbjC+mfW7D1Qqloh7PUmpF+OhYBEjWBvLt6vCd1Fo6hoJv2Go4ds1p+7MhVbBLaAGhVq+/TUIE5LFVGjCsVJ910m1l2OpGeF0WhlkiqaYjPGQ9g0KHFPl5fPTp+jUOCGKEmlKaDR3f2/kOFZqEgdmMsZ6pJZ7M/O/Xj/T0aWXM5FmmgqyeCjKONIJmuWAQiYp0XxiABPJzK2IjLDERJu0KiYEd/nLq9Bp1F2n7t6d15pXRRxlOIYTOAMXLqAJt9CCNhB4hGd4hTfryXqx3q2PxWjJKnaO4I+szx8jZJHy</latexit><latexit sha1_base64="pw/DavnhIsr9EjRceH3v4Z0RuUY=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSIuhCoeDGZQV7gTaEyWTSDp1MwsxEKbGP4saFIm59Ene+jdM2C2394cDHf85hzvxBypnSjvNtldbWNza3ytuVnd29/QO7ethRSSYJbZOEJ7IXYEU5E7Stmea0l0qK44DTbjC+mfW7D1Qqloh7PUmpF+OhYBEjWBvLt6vCd1Fo6hoJv2Go4ds1p+7MhVbBLaAGhVq+/TUIE5LFVGjCsVJ910m1l2OpGeF0WhlkiqaYjPGQ9g0KHFPl5fPTp+jUOCGKEmlKaDR3f2/kOFZqEgdmMsZ6pJZ7M/O/Xj/T0aWXM5FmmgqyeCjKONIJmuWAQiYp0XxiABPJzK2IjLDERJu0KiYEd/nLq9Bp1F2n7t6d15pXRRxlOIYTOAMXLqAJt9CCNhB4hGd4hTfryXqx3q2PxWjJKnaO4I+szx8jZJHy</latexit><latexit sha1_base64="pw/DavnhIsr9EjRceH3v4Z0RuUY=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSIuhCoeDGZQV7gTaEyWTSDp1MwsxEKbGP4saFIm59Ene+jdM2C2394cDHf85hzvxBypnSjvNtldbWNza3ytuVnd29/QO7ethRSSYJbZOEJ7IXYEU5E7Stmea0l0qK44DTbjC+mfW7D1Qqloh7PUmpF+OhYBEjWBvLt6vCd1Fo6hoJv2Go4ds1p+7MhVbBLaAGhVq+/TUIE5LFVGjCsVJ910m1l2OpGeF0WhlkiqaYjPGQ9g0KHFPl5fPTp+jUOCGKEmlKaDR3f2/kOFZqEgdmMsZ6pJZ7M/O/Xj/T0aWXM5FmmgqyeCjKONIJmuWAQiYp0XxiABPJzK2IjLDERJu0KiYEd/nLq9Bp1F2n7t6d15pXRRxlOIYTOAMXLqAJt9CCNhB4hGd4hTfryXqx3q2PxWjJKnaO4I+szx8jZJHy</latexit><latexit sha1_base64="pw/DavnhIsr9EjRceH3v4Z0RuUY=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSIuhCoeDGZQV7gTaEyWTSDp1MwsxEKbGP4saFIm59Ene+jdM2C2394cDHf85hzvxBypnSjvNtldbWNza3ytuVnd29/QO7ethRSSYJbZOEJ7IXYEU5E7Stmea0l0qK44DTbjC+mfW7D1Qqloh7PUmpF+OhYBEjWBvLt6vCd1Fo6hoJv2Go4ds1p+7MhVbBLaAGhVq+/TUIE5LFVGjCsVJ910m1l2OpGeF0WhlkiqaYjPGQ9g0KHFPl5fPTp+jUOCGKEmlKaDR3f2/kOFZqEgdmMsZ6pJZ7M/O/Xj/T0aWXM5FmmgqyeCjKONIJmuWAQiYp0XxiABPJzK2IjLDERJu0KiYEd/nLq9Bp1F2n7t6d15pXRRxlOIYTOAMXLqAJt9CCNhB4hGd4hTfryXqx3q2PxWjJKnaO4I+szx8jZJHy</latexit>

n1 = 1, n2 = 2
<latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit><latexit sha1_base64="1ov+kqt2swzbIUToKOX9viJW1Sc=">AAAB+XicbZDLSgMxFIbPeK31NurSTbAILqRMiqALhYIblxXsBdphyKSZNjSTGZJMoQx9EzcuFHHrm7jzbUzbWWjrD4GP/5zDOfnDVHBtPO/bWVvf2NzaLu2Ud/f2Dw7do+OWTjJFWZMmIlGdkGgmuGRNw41gnVQxEoeCtcPR/azeHjOleSKfzCRlfkwGkkecEmOtwHVlgNEdwpdIBjULtcCteFVvLrQKuIAKFGoE7levn9AsZtJQQbTuYi81fk6U4VSwabmXaZYSOiID1rUoScy0n88vn6Jz6/RRlCj7pEFz9/dETmKtJ3FoO2Nihnq5NjP/q3UzE934OZdpZpiki0VRJpBJ0CwG1OeKUSMmFghV3N6K6JAoQo0Nq2xDwMtfXoVWrYq9Kn68qtRvizhKcApncAEYrqEOD9CAJlAYwzO8wpuTOy/Ou/OxaF1zipkT+CPn8wd2R5Dr</latexit>



Photon mode
• DM is spatially uniform over the de Broglie wavelength

• Photon modes have period of the Compton wavelength

• Half wave stack

n1
<latexit sha1_base64="OyWDA7L+TJu7i5M5eE1TYnvuBHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiHpgVcb1Btu052D/CVeSRpQoj2of/aHMUsV18gktbbnuQkGGTUomOSzWj+1PKFsQke8l1NNFbdBNr91Rk5yZUii2OSlkczVnxMZVdZOVZh3Kopju+wV4n9eL8XoMsiETlLkmi0WRakkGJPicTIUhjOU05xQZkR+K2FjaijDPJ4iBG/55b/EP2teNb2780brukyjCkdwDKfgwQW04Bba4AODMTzBC7w6ynl23pz3RWvFKWcO4Recj2+fRo1+</latexit><latexit sha1_base64="OyWDA7L+TJu7i5M5eE1TYnvuBHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiHpgVcb1Btu052D/CVeSRpQoj2of/aHMUsV18gktbbnuQkGGTUomOSzWj+1PKFsQke8l1NNFbdBNr91Rk5yZUii2OSlkczVnxMZVdZOVZh3Kopju+wV4n9eL8XoMsiETlLkmi0WRakkGJPicTIUhjOU05xQZkR+K2FjaijDPJ4iBG/55b/EP2teNb2780brukyjCkdwDKfgwQW04Bba4AODMTzBC7w6ynl23pz3RWvFKWcO4Recj2+fRo1+</latexit><latexit sha1_base64="OyWDA7L+TJu7i5M5eE1TYnvuBHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiHpgVcb1Btu052D/CVeSRpQoj2of/aHMUsV18gktbbnuQkGGTUomOSzWj+1PKFsQke8l1NNFbdBNr91Rk5yZUii2OSlkczVnxMZVdZOVZh3Kopju+wV4n9eL8XoMsiETlLkmi0WRakkGJPicTIUhjOU05xQZkR+K2FjaijDPJ4iBG/55b/EP2teNb2780brukyjCkdwDKfgwQW04Bba4AODMTzBC7w6ynl23pz3RWvFKWcO4Recj2+fRo1+</latexit><latexit sha1_base64="OyWDA7L+TJu7i5M5eE1TYnvuBHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiHpgVcb1Btu052D/CVeSRpQoj2of/aHMUsV18gktbbnuQkGGTUomOSzWj+1PKFsQke8l1NNFbdBNr91Rk5yZUii2OSlkczVnxMZVdZOVZh3Kopju+wV4n9eL8XoMsiETlLkmi0WRakkGJPicTIUhjOU05xQZkR+K2FjaijDPJ4iBG/55b/EP2teNb2780brukyjCkdwDKfgwQW04Bba4AODMTzBC7w6ynl23pz3RWvFKWcO4Recj2+fRo1+</latexit>

n2
<latexit sha1_base64="MZszMbhGrX/KMxunxeDsV76fwcI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXuZa/eq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxK/Xrmre3Xm1cV2kUYJjOIEz8OACGnALTfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8fa8aNaw==</latexit><latexit sha1_base64="MZszMbhGrX/KMxunxeDsV76fwcI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXuZa/eq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxK/Xrmre3Xm1cV2kUYJjOIEz8OACGnALTfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8fa8aNaw==</latexit><latexit sha1_base64="MZszMbhGrX/KMxunxeDsV76fwcI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXuZa/eq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxK/Xrmre3Xm1cV2kUYJjOIEz8OACGnALTfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8fa8aNaw==</latexit><latexit sha1_base64="MZszMbhGrX/KMxunxeDsV76fwcI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXuZa/eq1TdmjsDWSZeQapQoNmrfHX7CctilIYJqnXHc1MT5FQZzgROyt1MY0rZiA6wY6mkMeogn506IadW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZsemUbQje4svLxK/Xrmre3Xm1cV2kUYJjOIEz8OACGnALTfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8fa8aNaw==</latexit>

E

E
<latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit><latexit sha1_base64="s+08c1pwGxG5pA98dFtpzeAz8VQ=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FETy2YGyhDWWznbZrN5uwuxFK6C/w4kHFq3/Jm//GbZuDtj4YeLw3w8y8MBFcG9f9dgorq2vrG8XN0tb2zu5eef/gQcepYuizWMSqFVKNgkv0DTcCW4lCGoUCm+HoZuo3n1BpHst7M04wiOhA8j5n1FipcdstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTohJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBhmXSWpQsvmifiqIicn0a9LjCpkRY0soU9zeStiQKsqMzaZkQ/AWX14m/ln1quo1ziu16zyNIhzBMZyCBxdQgzuogw8MEJ7hFd6cR+fFeXc+5q0FJ585hD9wPn8AB4aMnQ==</latexit>
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• For stack of     periods, with area    , converted power from DM at half-

wave frequency is  

• For “open cavity”,

• Frequency coverage: 
 
 
 
 
 
 

• Higher peak power compensated for by reduced bandwidth: frequency-
averaged conversion power / N

<latexit sha1_base64="zKqgWH/MllHh3aXf9OkElBDCQdE=">AAAB8HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaGERsLGSCCZGkiXMTmaTIfNiZlYIIV9hY6GIrZ9j5984SbbQxAMDh3PuZe45iebMujD8Dgorq2vrG8XN0tb2zu5eef+gaVVmCG0QxZVpJdhSziRtOOY4bWlDsUg4fUiG11P/4Ykay5S8dyNNY4H7kqWMYOelx442SjuFbrvlSlgNZ0DLJMpJBXLUu+WvTk+RTFDpCMfWtqNQu3iMjWOE00mpk1mqMRniPm17KrGgNh7PDp6gE6/0UKqMf9Khmfp7Y4yFtSOR+EmB3cAuelPxP6+dufQyHjOpM0clmX+UZhz5iNP0qMcMJY6PPMHEMH8rIgNsMHG+o5IvIVqMvEyaZ9UorEZ355XaVV5HEY7gGE4hgguowQ3UoQEEBDzDK7wFJngJ3oOP+WghyHcO4Q+Czx+X1pA8</latexit><latexit sha1_base64="zKqgWH/MllHh3aXf9OkElBDCQdE=">AAAB8HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaGERsLGSCCZGkiXMTmaTIfNiZlYIIV9hY6GIrZ9j5984SbbQxAMDh3PuZe45iebMujD8Dgorq2vrG8XN0tb2zu5eef+gaVVmCG0QxZVpJdhSziRtOOY4bWlDsUg4fUiG11P/4Ykay5S8dyNNY4H7kqWMYOelx442SjuFbrvlSlgNZ0DLJMpJBXLUu+WvTk+RTFDpCMfWtqNQu3iMjWOE00mpk1mqMRniPm17KrGgNh7PDp6gE6/0UKqMf9Khmfp7Y4yFtSOR+EmB3cAuelPxP6+dufQyHjOpM0clmX+UZhz5iNP0qMcMJY6PPMHEMH8rIgNsMHG+o5IvIVqMvEyaZ9UorEZ355XaVV5HEY7gGE4hgguowQ3UoQEEBDzDK7wFJngJ3oOP+WghyHcO4Q+Czx+X1pA8</latexit><latexit sha1_base64="zKqgWH/MllHh3aXf9OkElBDCQdE=">AAAB8HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaGERsLGSCCZGkiXMTmaTIfNiZlYIIV9hY6GIrZ9j5984SbbQxAMDh3PuZe45iebMujD8Dgorq2vrG8XN0tb2zu5eef+gaVVmCG0QxZVpJdhSziRtOOY4bWlDsUg4fUiG11P/4Ykay5S8dyNNY4H7kqWMYOelx442SjuFbrvlSlgNZ0DLJMpJBXLUu+WvTk+RTFDpCMfWtqNQu3iMjWOE00mpk1mqMRniPm17KrGgNh7PDp6gE6/0UKqMf9Khmfp7Y4yFtSOR+EmB3cAuelPxP6+dufQyHjOpM0clmX+UZhz5iNP0qMcMJY6PPMHEMH8rIgNsMHG+o5IvIVqMvEyaZ9UorEZ355XaVV5HEY7gGE4hgguowQ3UoQEEBDzDK7wFJngJ3oOP+WghyHcO4Q+Czx+X1pA8</latexit><latexit sha1_base64="zKqgWH/MllHh3aXf9OkElBDCQdE=">AAAB8HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaGERsLGSCCZGkiXMTmaTIfNiZlYIIV9hY6GIrZ9j5984SbbQxAMDh3PuZe45iebMujD8Dgorq2vrG8XN0tb2zu5eef+gaVVmCG0QxZVpJdhSziRtOOY4bWlDsUg4fUiG11P/4Ykay5S8dyNNY4H7kqWMYOelx442SjuFbrvlSlgNZ0DLJMpJBXLUu+WvTk+RTFDpCMfWtqNQu3iMjWOE00mpk1mqMRniPm17KrGgNh7PDp6gE6/0UKqMf9Khmfp7Y4yFtSOR+EmB3cAuelPxP6+dufQyHjOpM0clmX+UZhz5iNP0qMcMJY6PPMHEMH8rIgNsMHG+o5IvIVqMvEyaZ9UorEZ355XaVV5HEY7gGE4hgguowQ3UoQEEBDzDK7wFJngJ3oOP+WghyHcO4Q+Czx+X1pA8</latexit>

N = 30
<latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit>

N = 100
<latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit>

Q / N
<latexit sha1_base64="nx0hCuuZJ/alMkroq4OXwV/uf38=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY0racE+YDqUTJppQzNJSO4IZehnuHGhiFu/xp1/Y9rOQqsHAodz7iX3nFgLbsH3v7zS2vrG5lZ5u7Kzu7d/UD086liVGcraVAllejGxTHDJ2sBBsJ42jKSxYN14cjv3u4/MWK7kA0w1i1IykjzhlICTwhbua6M0KHw/qNb8ur8A/kuCgtRQgeag+tkfKpqlTAIVxNow8DVEOTHAqWCzSj+zTBM6ISMWOipJymyUL06e4TOnDHGijHsS8EL9uZGT1NppGrvJlMDYrnpz8T8vzCC5jnIudQZM0uVHSSawizjPj4fcMApi6gihhrtbMR0TQyi4liquhGA18l/SuagHfj1oXdYaN0UdZXSCTtE5CtAVaqA71ERtRJFCT+gFvXrgPXtv3vtytOQVO8foF7yPb5FdkME=</latexit><latexit sha1_base64="nx0hCuuZJ/alMkroq4OXwV/uf38=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY0racE+YDqUTJppQzNJSO4IZehnuHGhiFu/xp1/Y9rOQqsHAodz7iX3nFgLbsH3v7zS2vrG5lZ5u7Kzu7d/UD086liVGcraVAllejGxTHDJ2sBBsJ42jKSxYN14cjv3u4/MWK7kA0w1i1IykjzhlICTwhbua6M0KHw/qNb8ur8A/kuCgtRQgeag+tkfKpqlTAIVxNow8DVEOTHAqWCzSj+zTBM6ISMWOipJymyUL06e4TOnDHGijHsS8EL9uZGT1NppGrvJlMDYrnpz8T8vzCC5jnIudQZM0uVHSSawizjPj4fcMApi6gihhrtbMR0TQyi4liquhGA18l/SuagHfj1oXdYaN0UdZXSCTtE5CtAVaqA71ERtRJFCT+gFvXrgPXtv3vtytOQVO8foF7yPb5FdkME=</latexit><latexit sha1_base64="nx0hCuuZJ/alMkroq4OXwV/uf38=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY0racE+YDqUTJppQzNJSO4IZehnuHGhiFu/xp1/Y9rOQqsHAodz7iX3nFgLbsH3v7zS2vrG5lZ5u7Kzu7d/UD086liVGcraVAllejGxTHDJ2sBBsJ42jKSxYN14cjv3u4/MWK7kA0w1i1IykjzhlICTwhbua6M0KHw/qNb8ur8A/kuCgtRQgeag+tkfKpqlTAIVxNow8DVEOTHAqWCzSj+zTBM6ISMWOipJymyUL06e4TOnDHGijHsS8EL9uZGT1NppGrvJlMDYrnpz8T8vzCC5jnIudQZM0uVHSSawizjPj4fcMApi6gihhrtbMR0TQyi4liquhGA18l/SuagHfj1oXdYaN0UdZXSCTtE5CtAVaqA71ERtRJFCT+gFvXrgPXtv3vtytOQVO8foF7yPb5FdkME=</latexit><latexit sha1_base64="nx0hCuuZJ/alMkroq4OXwV/uf38=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY0racE+YDqUTJppQzNJSO4IZehnuHGhiFu/xp1/Y9rOQqsHAodz7iX3nFgLbsH3v7zS2vrG5lZ5u7Kzu7d/UD086liVGcraVAllejGxTHDJ2sBBsJ42jKSxYN14cjv3u4/MWK7kA0w1i1IykjzhlICTwhbua6M0KHw/qNb8ur8A/kuCgtRQgeag+tkfKpqlTAIVxNow8DVEOTHAqWCzSj+zTBM6ISMWOipJymyUL06e4TOnDHGijHsS8EL9uZGT1NppGrvJlMDYrnpz8T8vzCC5jnIudQZM0uVHSSawizjPj4fcMApi6gihhrtbMR0TQyi4liquhGA18l/SuagHfj1oXdYaN0UdZXSCTtE5CtAVaqA71ERtRJFCT+gFvXrgPXtv3vtytOQVO8foF7yPb5FdkME=</latexit>

N
<latexit sha1_base64="bezQlKzCj1ZfX3HwFe8yZhJMxxk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGMlCZgPSI6wt5lL1uztHbt7QjjyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O/PYTKs1j+WAmCfoRHUoeckaNlRr3/XLFrbpzkFXi5aQCOer98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mhU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2ddkwBUyIyaWUKa4vZWwEVWUGZtNyYbgLb+8SloXVc+teo3LSu0mj6MIJ3AK5+DBFdTgDurQBAYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6TDjMw=</latexit><latexit sha1_base64="bezQlKzCj1ZfX3HwFe8yZhJMxxk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGMlCZgPSI6wt5lL1uztHbt7QjjyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O/PYTKs1j+WAmCfoRHUoeckaNlRr3/XLFrbpzkFXi5aQCOer98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mhU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2ddkwBUyIyaWUKa4vZWwEVWUGZtNyYbgLb+8SloXVc+teo3LSu0mj6MIJ3AK5+DBFdTgDurQBAYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6TDjMw=</latexit><latexit sha1_base64="bezQlKzCj1ZfX3HwFe8yZhJMxxk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGMlCZgPSI6wt5lL1uztHbt7QjjyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O/PYTKs1j+WAmCfoRHUoeckaNlRr3/XLFrbpzkFXi5aQCOer98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mhU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2ddkwBUyIyaWUKa4vZWwEVWUGZtNyYbgLb+8SloXVc+teo3LSu0mj6MIJ3AK5+DBFdTgDurQBAYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6TDjMw=</latexit><latexit sha1_base64="bezQlKzCj1ZfX3HwFe8yZhJMxxk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGMlCZgPSI6wt5lL1uztHbt7QjjyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O/PYTKs1j+WAmCfoRHUoeckaNlRr3/XLFrbpzkFXi5aQCOer98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mhU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2ddkwBUyIyaWUKa4vZWwEVWUGZtNyYbgLb+8SloXVc+teo3LSu0mj6MIJ3AK5+DBFdTgDurQBAYIz/AKb86j8+K8Ox+L1oKTzxzDHzifP6TDjMw=</latexit>

A
<latexit sha1_base64="G4TwIUaSjMs8j5OfmQ26XxD7jqI=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYmOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHbL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A5EPjL8=</latexit><latexit sha1_base64="G4TwIUaSjMs8j5OfmQ26XxD7jqI=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYmOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHbL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A5EPjL8=</latexit><latexit sha1_base64="G4TwIUaSjMs8j5OfmQ26XxD7jqI=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYmOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHbL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A5EPjL8=</latexit><latexit sha1_base64="G4TwIUaSjMs8j5OfmQ26XxD7jqI=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYmOZgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWD2aSoB/RoeQhZ9RYqXHbL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoQ5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A5EPjL8=</latexit>
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Experimental setup
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• Photons are emitted 
collimated to the surface

• Photons can be focussed 
down to area ⇠ 10�6A

<latexit sha1_base64="xmwpEGmkVSS00gmnJV8BNqQIBFs=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4seyK+HGrevFYwbWFdluyabYNTbJLklXK0v/hxYOKV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777SwsLi2vrBbWiusbm1vbpZ3dBx2nilCfxDxWjRBrypmkvmGG00aiKBYhp/VwcDP2649UaRbLezNMaCBwT7KIEWys1G5pJpDntrPjsxG66pTKbsWdAM0TLydlyFHrlL5a3ZikgkpDONa66bmJCTKsDCOcjoqtVNMEkwHu0aalEguqg2xy9QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vGZqoosgYzJJDZVkuihKOTIxGkeAukxRYvjQEkwUs7ci0scKE2ODKtoQvNmX54l/UrmseHen5ep1nkYB9uEAjsCDc6jCLdTABwIKnuEV3pwn58V5dz6mrQtOPrMHf+B8/gAKapEa</latexit><latexit sha1_base64="xmwpEGmkVSS00gmnJV8BNqQIBFs=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4seyK+HGrevFYwbWFdluyabYNTbJLklXK0v/hxYOKV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777SwsLi2vrBbWiusbm1vbpZ3dBx2nilCfxDxWjRBrypmkvmGG00aiKBYhp/VwcDP2649UaRbLezNMaCBwT7KIEWys1G5pJpDntrPjsxG66pTKbsWdAM0TLydlyFHrlL5a3ZikgkpDONa66bmJCTKsDCOcjoqtVNMEkwHu0aalEguqg2xy9QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vGZqoosgYzJJDZVkuihKOTIxGkeAukxRYvjQEkwUs7ci0scKE2ODKtoQvNmX54l/UrmseHen5ep1nkYB9uEAjsCDc6jCLdTABwIKnuEV3pwn58V5dz6mrQtOPrMHf+B8/gAKapEa</latexit><latexit sha1_base64="xmwpEGmkVSS00gmnJV8BNqQIBFs=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4seyK+HGrevFYwbWFdluyabYNTbJLklXK0v/hxYOKV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777SwsLi2vrBbWiusbm1vbpZ3dBx2nilCfxDxWjRBrypmkvmGG00aiKBYhp/VwcDP2649UaRbLezNMaCBwT7KIEWys1G5pJpDntrPjsxG66pTKbsWdAM0TLydlyFHrlL5a3ZikgkpDONa66bmJCTKsDCOcjoqtVNMEkwHu0aalEguqg2xy9QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vGZqoosgYzJJDZVkuihKOTIxGkeAukxRYvjQEkwUs7ci0scKE2ODKtoQvNmX54l/UrmseHen5ep1nkYB9uEAjsCDc6jCLdTABwIKnuEV3pwn58V5dz6mrQtOPrMHf+B8/gAKapEa</latexit><latexit sha1_base64="xmwpEGmkVSS00gmnJV8BNqQIBFs=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4seyK+HGrevFYwbWFdluyabYNTbJLklXK0v/hxYOKV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777SwsLi2vrBbWiusbm1vbpZ3dBx2nilCfxDxWjRBrypmkvmGG00aiKBYhp/VwcDP2649UaRbLezNMaCBwT7KIEWys1G5pJpDntrPjsxG66pTKbsWdAM0TLydlyFHrlL5a3ZikgkpDONa66bmJCTKsDCOcjoqtVNMEkwHu0aalEguqg2xy9QgdWqWLoljZkgZN1N8TGRZaD0VoOwU2fT3rjcX/vGZqoosgYzJJDZVkuihKOTIxGkeAukxRYvjQEkwUs7ci0scKE2ODKtoQvNmX54l/UrmseHen5ep1nkYB9uEAjsCDc6jCLdTABwIKnuEV3pwn58V5dz6mrQtOPrMHf+B8/gAKapEa</latexit>
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focused into a sensitive 
photon detector 

Adet~(100 μm)2

Alayer~(10 cm)2



dielectric 
layers

mirror

lens

detector

Experimental setup
• Signal photons can be 

focused into a sensitive 
photon detector  
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Background
(Not a detour)



Thermal backgrounds
• Blackbody photons: if detector’s field of view (                           ) is 

at temperature    , number of blackbody photons hitting detector is  
 
 
 

T
<latexit sha1_base64="E9axecgT/BSbsFvhtOpdbRgoEe0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZQL4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcj/3O0+oNI9l00wT9CM6kjzkjBorNZqDcsWtuguQdeLlpAI56oPyV38YszRCaZigWvc8NzF+RpXhTOCs1E81JpRN6Ah7lkoaofazxaEzcmGVIQljZUsaslB/T2Q00noaBbYzomasV725+J/XS01462dcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616jetK7S6PowhncA6X4MEN1OAB6tACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/rduM0g==</latexit><latexit sha1_base64="E9axecgT/BSbsFvhtOpdbRgoEe0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZQL4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcj/3O0+oNI9l00wT9CM6kjzkjBorNZqDcsWtuguQdeLlpAI56oPyV38YszRCaZigWvc8NzF+RpXhTOCs1E81JpRN6Ah7lkoaofazxaEzcmGVIQljZUsaslB/T2Q00noaBbYzomasV725+J/XS01462dcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616jetK7S6PowhncA6X4MEN1OAB6tACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/rduM0g==</latexit><latexit sha1_base64="E9axecgT/BSbsFvhtOpdbRgoEe0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZQL4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcj/3O0+oNI9l00wT9CM6kjzkjBorNZqDcsWtuguQdeLlpAI56oPyV38YszRCaZigWvc8NzF+RpXhTOCs1E81JpRN6Ah7lkoaofazxaEzcmGVIQljZUsaslB/T2Q00noaBbYzomasV725+J/XS01462dcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616jetK7S6PowhncA6X4MEN1OAB6tACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/rduM0g==</latexit><latexit sha1_base64="E9axecgT/BSbsFvhtOpdbRgoEe0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiYGOZQL4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcj/3O0+oNI9l00wT9CM6kjzkjBorNZqDcsWtuguQdeLlpAI56oPyV38YszRCaZigWvc8NzF+RpXhTOCs1E81JpRN6Ah7lkoaofazxaEzcmGVIQljZUsaslB/T2Q00noaBbYzomasV725+J/XS01462dcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616jetK7S6PowhncA6X4MEN1OAB6tACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/rduM0g==</latexit>

�BB ⇠ �! !2

4⇡2
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<latexit sha1_base64="BX7O8OUxLeLoNtamSxiu5U3uSEY="></latexit><latexit sha1_base64="BX7O8OUxLeLoNtamSxiu5U3uSEY="></latexit><latexit sha1_base64="BX7O8OUxLeLoNtamSxiu5U3uSEY="></latexit><latexit sha1_base64="BX7O8OUxLeLoNtamSxiu5U3uSEY="></latexit>

�BB ⇠ 10
�5

Hz
<latexit sha1_base64="ViW62wnSoqKznhlChiJduZOm1cA=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEgdoEoQCAaGqgx0LBJ9SE2IHNdtrdpJZDtIJcovsPArLAwgxMrGxt/gphmg5UhXOjrnXt17jx8xKpVlfRsLi0vLK6uFteL6xubWtrmz25JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2P7qa+O17IiQNg1s1jojL0SCgfYqR0pJnlp1rxDnyEkdwWKul0JGUQ9u6S47PUpipzhGsP6SeWbIqVgY4T+yclECOhmd+Ob0Qx5wECjMkZde2IuUmSCiKGUmLTixJhPAIDUhX0wBxIt0k+yiFh1rpwX4odAUKZurviQRxKcfc150cqaGc9Sbif143Vv0LN6FBFCsS4OmifsygCuEkHtijgmDFxpogLKi+FeIhEggrHWJRh2DPvjxPWicV26rYN6el6mUeRwHsgwNQBjY4B1VQBw3QBBg8gmfwCt6MJ+PFeDc+pq0LRj6zB/7A+PwBiCWbhQ==</latexit><latexit sha1_base64="ViW62wnSoqKznhlChiJduZOm1cA=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEgdoEoQCAaGqgx0LBJ9SE2IHNdtrdpJZDtIJcovsPArLAwgxMrGxt/gphmg5UhXOjrnXt17jx8xKpVlfRsLi0vLK6uFteL6xubWtrmz25JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2P7qa+O17IiQNg1s1jojL0SCgfYqR0pJnlp1rxDnyEkdwWKul0JGUQ9u6S47PUpipzhGsP6SeWbIqVgY4T+yclECOhmd+Ob0Qx5wECjMkZde2IuUmSCiKGUmLTixJhPAIDUhX0wBxIt0k+yiFh1rpwX4odAUKZurviQRxKcfc150cqaGc9Sbif143Vv0LN6FBFCsS4OmifsygCuEkHtijgmDFxpogLKi+FeIhEggrHWJRh2DPvjxPWicV26rYN6el6mUeRwHsgwNQBjY4B1VQBw3QBBg8gmfwCt6MJ+PFeDc+pq0LRj6zB/7A+PwBiCWbhQ==</latexit><latexit sha1_base64="ViW62wnSoqKznhlChiJduZOm1cA=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEgdoEoQCAaGqgx0LBJ9SE2IHNdtrdpJZDtIJcovsPArLAwgxMrGxt/gphmg5UhXOjrnXt17jx8xKpVlfRsLi0vLK6uFteL6xubWtrmz25JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2P7qa+O17IiQNg1s1jojL0SCgfYqR0pJnlp1rxDnyEkdwWKul0JGUQ9u6S47PUpipzhGsP6SeWbIqVgY4T+yclECOhmd+Ob0Qx5wECjMkZde2IuUmSCiKGUmLTixJhPAIDUhX0wBxIt0k+yiFh1rpwX4odAUKZurviQRxKcfc150cqaGc9Sbif143Vv0LN6FBFCsS4OmifsygCuEkHtijgmDFxpogLKi+FeIhEggrHWJRh2DPvjxPWicV26rYN6el6mUeRwHsgwNQBjY4B1VQBw3QBBg8gmfwCt6MJ+PFeDc+pq0LRj6zB/7A+PwBiCWbhQ==</latexit><latexit sha1_base64="ViW62wnSoqKznhlChiJduZOm1cA=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEgdoEoQCAaGqgx0LBJ9SE2IHNdtrdpJZDtIJcovsPArLAwgxMrGxt/gphmg5UhXOjrnXt17jx8xKpVlfRsLi0vLK6uFteL6xubWtrmz25JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2P7qa+O17IiQNg1s1jojL0SCgfYqR0pJnlp1rxDnyEkdwWKul0JGUQ9u6S47PUpipzhGsP6SeWbIqVgY4T+yclECOhmd+Ob0Qx5wECjMkZde2IuUmSCiKGUmLTixJhPAIDUhX0wBxIt0k+yiFh1rpwX4odAUKZurviQRxKcfc150cqaGc9Sbif143Vv0LN6FBFCsS4OmifsygCuEkHtijgmDFxpogLKi+FeIhEggrHWJRh2DPvjxPWicV26rYN6el6mUeRwHsgwNQBjY4B1VQBw3QBBg8gmfwCt6MJ+PFeDc+pq0LRj6zB/7A+PwBiCWbhQ==</latexit>
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T = 300K
<latexit sha1_base64="U0FqvjfSDxfSniQIj9+d+C8ODNo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQkpGBV0oFNwIbir0BZ2hZNK0DU0yQ5IRyzC/4saFIm79EXf+jWk7C209cOFwzr3ce08Yc6YNQt9OYWV1bX2juFna2t7Z3XP3yy0dJYrQJol4pDoh1pQzSZuGGU47saJYhJy2w/Ht1G8/UqVZJBtmEtNA4KFkA0awsVLPLTfgDTxHCKa+EtA/hfdZz62gKpoBLhMvJxWQo95zv/x+RBJBpSEca931UGyCFCvDCKdZyU80jTEZ4yHtWiqxoDpIZ7dn8NgqfTiIlC1p4Ez9PZFiofVEhLZTYDPSi95U/M/rJmZwFaRMxomhkswXDRIOTQSnQcA+U5QYPrEEE8XsrZCMsMLE2LhKNgRv8eVl0jqreqjqPVxUatd5HEVwCI7ACfDAJaiBO1AHTUDAE3gGr+DNyZwX5935mLcWnHzmAPyB8/kDgpuSIw==</latexit><latexit sha1_base64="U0FqvjfSDxfSniQIj9+d+C8ODNo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQkpGBV0oFNwIbir0BZ2hZNK0DU0yQ5IRyzC/4saFIm79EXf+jWk7C209cOFwzr3ce08Yc6YNQt9OYWV1bX2juFna2t7Z3XP3yy0dJYrQJol4pDoh1pQzSZuGGU47saJYhJy2w/Ht1G8/UqVZJBtmEtNA4KFkA0awsVLPLTfgDTxHCKa+EtA/hfdZz62gKpoBLhMvJxWQo95zv/x+RBJBpSEca931UGyCFCvDCKdZyU80jTEZ4yHtWiqxoDpIZ7dn8NgqfTiIlC1p4Ez9PZFiofVEhLZTYDPSi95U/M/rJmZwFaRMxomhkswXDRIOTQSnQcA+U5QYPrEEE8XsrZCMsMLE2LhKNgRv8eVl0jqreqjqPVxUatd5HEVwCI7ACfDAJaiBO1AHTUDAE3gGr+DNyZwX5935mLcWnHzmAPyB8/kDgpuSIw==</latexit><latexit sha1_base64="U0FqvjfSDxfSniQIj9+d+C8ODNo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQkpGBV0oFNwIbir0BZ2hZNK0DU0yQ5IRyzC/4saFIm79EXf+jWk7C209cOFwzr3ce08Yc6YNQt9OYWV1bX2juFna2t7Z3XP3yy0dJYrQJol4pDoh1pQzSZuGGU47saJYhJy2w/Ht1G8/UqVZJBtmEtNA4KFkA0awsVLPLTfgDTxHCKa+EtA/hfdZz62gKpoBLhMvJxWQo95zv/x+RBJBpSEca931UGyCFCvDCKdZyU80jTEZ4yHtWiqxoDpIZ7dn8NgqfTiIlC1p4Ez9PZFiofVEhLZTYDPSi95U/M/rJmZwFaRMxomhkswXDRIOTQSnQcA+U5QYPrEEE8XsrZCMsMLE2LhKNgRv8eVl0jqreqjqPVxUatd5HEVwCI7ACfDAJaiBO1AHTUDAE3gGr+DNyZwX5935mLcWnHzmAPyB8/kDgpuSIw==</latexit><latexit sha1_base64="U0FqvjfSDxfSniQIj9+d+C8ODNo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQkpGBV0oFNwIbir0BZ2hZNK0DU0yQ5IRyzC/4saFIm79EXf+jWk7C209cOFwzr3ce08Yc6YNQt9OYWV1bX2juFna2t7Z3XP3yy0dJYrQJol4pDoh1pQzSZuGGU47saJYhJy2w/Ht1G8/UqVZJBtmEtNA4KFkA0awsVLPLTfgDTxHCKa+EtA/hfdZz62gKpoBLhMvJxWQo95zv/x+RBJBpSEca931UGyCFCvDCKdZyU80jTEZ4yHtWiqxoDpIZ7dn8NgqfTiIlC1p4Ez9PZFiofVEhLZTYDPSi95U/M/rJmZwFaRMxomhkswXDRIOTQSnQcA+U5QYPrEEE8XsrZCMsMLE2LhKNgRv8eVl0jqreqjqPVxUatd5HEVwCI7ACfDAJaiBO1AHTUDAE3gGr+DNyZwX5935mLcWnHzmAPyB8/kDgpuSIw==</latexit>

Adet = (100µm)2
<latexit sha1_base64="Q8B9bkF+/7nlATGf5jQwSioXH4g=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICUpgi4UKm5cVrAPaGKYTKbt0JkkzEyEEvIDbvwVNy4UcevenX/jNM1CqwcuHM65l3vv8WNGpbKsL6O0sLi0vFJeraytb2xumds7HRklApM2jlgkej6ShNGQtBVVjPRiQRD3Gen646up370nQtIovFWTmLgcDUM6oBgpLXnmwaWXOoLDgKgMXsCabVkwF5xj6PAE8uzoruGZVatu5YB/iV2QKijQ8sxPJ4hwwkmoMENS9m0rVm6KhKKYkaziJJLECI/RkPQ1DREn0k3zbzJ4qJUADiKhK1QwV39OpIhLOeG+7uRIjeS8NxX/8/qJGpy5KQ3jRJEQzxYNEgZVBKfRwIAKghWbaIKwoPpWiEdIIKx0gBUdgj3/8l/SadRtq27fnFSb50UcZbAH9kEN2OAUNME1aIE2wOABPIEX8Go8Gs/Gm/E+ay0Zxcwu+AXj4xszzpkS</latexit><latexit sha1_base64="Q8B9bkF+/7nlATGf5jQwSioXH4g=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICUpgi4UKm5cVrAPaGKYTKbt0JkkzEyEEvIDbvwVNy4UcevenX/jNM1CqwcuHM65l3vv8WNGpbKsL6O0sLi0vFJeraytb2xumds7HRklApM2jlgkej6ShNGQtBVVjPRiQRD3Gen646up370nQtIovFWTmLgcDUM6oBgpLXnmwaWXOoLDgKgMXsCabVkwF5xj6PAE8uzoruGZVatu5YB/iV2QKijQ8sxPJ4hwwkmoMENS9m0rVm6KhKKYkaziJJLECI/RkPQ1DREn0k3zbzJ4qJUADiKhK1QwV39OpIhLOeG+7uRIjeS8NxX/8/qJGpy5KQ3jRJEQzxYNEgZVBKfRwIAKghWbaIKwoPpWiEdIIKx0gBUdgj3/8l/SadRtq27fnFSb50UcZbAH9kEN2OAUNME1aIE2wOABPIEX8Go8Gs/Gm/E+ay0Zxcwu+AXj4xszzpkS</latexit><latexit sha1_base64="Q8B9bkF+/7nlATGf5jQwSioXH4g=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICUpgi4UKm5cVrAPaGKYTKbt0JkkzEyEEvIDbvwVNy4UcevenX/jNM1CqwcuHM65l3vv8WNGpbKsL6O0sLi0vFJeraytb2xumds7HRklApM2jlgkej6ShNGQtBVVjPRiQRD3Gen646up370nQtIovFWTmLgcDUM6oBgpLXnmwaWXOoLDgKgMXsCabVkwF5xj6PAE8uzoruGZVatu5YB/iV2QKijQ8sxPJ4hwwkmoMENS9m0rVm6KhKKYkaziJJLECI/RkPQ1DREn0k3zbzJ4qJUADiKhK1QwV39OpIhLOeG+7uRIjeS8NxX/8/qJGpy5KQ3jRJEQzxYNEgZVBKfRwIAKghWbaIKwoPpWiEdIIKx0gBUdgj3/8l/SadRtq27fnFSb50UcZbAH9kEN2OAUNME1aIE2wOABPIEX8Go8Gs/Gm/E+ay0Zxcwu+AXj4xszzpkS</latexit><latexit sha1_base64="Q8B9bkF+/7nlATGf5jQwSioXH4g=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICUpgi4UKm5cVrAPaGKYTKbt0JkkzEyEEvIDbvwVNy4UcevenX/jNM1CqwcuHM65l3vv8WNGpbKsL6O0sLi0vFJeraytb2xumds7HRklApM2jlgkej6ShNGQtBVVjPRiQRD3Gen646up370nQtIovFWTmLgcDUM6oBgpLXnmwaWXOoLDgKgMXsCabVkwF5xj6PAE8uzoruGZVatu5YB/iV2QKijQ8sxPJ4hwwkmoMENS9m0rVm6KhKKYkaziJJLECI/RkPQ1DREn0k3zbzJ4qJUADiKhK1QwV39OpIhLOeG+7uRIjeS8NxX/8/qJGpy5KQ3jRJEQzxYNEgZVBKfRwIAKghWbaIKwoPpWiEdIIKx0gBUdgj3/8l/SadRtq27fnFSb50UcZbAH9kEN2OAUNME1aIE2wOABPIEX8Go8Gs/Gm/E+ay0Zxcwu+AXj4xszzpkS</latexit>

�BB down
<latexit sha1_base64="L9De/JtvpY7M8vxsB2sglnL8990=">AAACBXicdVC7SgNBFJ31GeMraqnFYBCsltloNAEL0UJLBZMI2RBmJ5NkyDyWmVk1LGls/BUbC0Vs/Qc7/8ZJjKCiBy4czrmXe++JYs6MRejdm5icmp6Zzcxl5xcWl5ZzK6tVoxJNaIUorvRlhA3lTNKKZZbTy1hTLCJOa1HveOjXrqg2TMkL249pQ+COZG1GsHVSM7cRnmAhcDMNtYBHRwMYikjdpLClruWgmcsjv1AuoZ0yRP5uYadYGJK9InIaDHw0Qh6McdbMvYUtRRJBpSUcG1MPUGwbKdaWEU4H2TAxNMakhzu07qjEgppGOvpiALec0oJtpV1JC0fq94kUC2P6InKdAtuu+e0Nxb+8emLbpUbKZJxYKsnnonbCoVVwGAlsMU2J5X1HMNHM3QpJF2tMrAsu60L4+hT+T6oFP0B+cL6bPzwYx5EB62ATbIMA7INDcArOQAUQcAvuwSN48u68B+/Ze/lsnfDGM2vgB7zXD2+DmIg=</latexit><latexit sha1_base64="L9De/JtvpY7M8vxsB2sglnL8990=">AAACBXicdVC7SgNBFJ31GeMraqnFYBCsltloNAEL0UJLBZMI2RBmJ5NkyDyWmVk1LGls/BUbC0Vs/Qc7/8ZJjKCiBy4czrmXe++JYs6MRejdm5icmp6Zzcxl5xcWl5ZzK6tVoxJNaIUorvRlhA3lTNKKZZbTy1hTLCJOa1HveOjXrqg2TMkL249pQ+COZG1GsHVSM7cRnmAhcDMNtYBHRwMYikjdpLClruWgmcsjv1AuoZ0yRP5uYadYGJK9InIaDHw0Qh6McdbMvYUtRRJBpSUcG1MPUGwbKdaWEU4H2TAxNMakhzu07qjEgppGOvpiALec0oJtpV1JC0fq94kUC2P6InKdAtuu+e0Nxb+8emLbpUbKZJxYKsnnonbCoVVwGAlsMU2J5X1HMNHM3QpJF2tMrAsu60L4+hT+T6oFP0B+cL6bPzwYx5EB62ATbIMA7INDcArOQAUQcAvuwSN48u68B+/Ze/lsnfDGM2vgB7zXD2+DmIg=</latexit><latexit sha1_base64="L9De/JtvpY7M8vxsB2sglnL8990=">AAACBXicdVC7SgNBFJ31GeMraqnFYBCsltloNAEL0UJLBZMI2RBmJ5NkyDyWmVk1LGls/BUbC0Vs/Qc7/8ZJjKCiBy4czrmXe++JYs6MRejdm5icmp6Zzcxl5xcWl5ZzK6tVoxJNaIUorvRlhA3lTNKKZZbTy1hTLCJOa1HveOjXrqg2TMkL249pQ+COZG1GsHVSM7cRnmAhcDMNtYBHRwMYikjdpLClruWgmcsjv1AuoZ0yRP5uYadYGJK9InIaDHw0Qh6McdbMvYUtRRJBpSUcG1MPUGwbKdaWEU4H2TAxNMakhzu07qjEgppGOvpiALec0oJtpV1JC0fq94kUC2P6InKdAtuu+e0Nxb+8emLbpUbKZJxYKsnnonbCoVVwGAlsMU2J5X1HMNHM3QpJF2tMrAsu60L4+hT+T6oFP0B+cL6bPzwYx5EB62ATbIMA7INDcArOQAUQcAvuwSN48u68B+/Ze/lsnfDGM2vgB7zXD2+DmIg=</latexit><latexit sha1_base64="L9De/JtvpY7M8vxsB2sglnL8990=">AAACBXicdVC7SgNBFJ31GeMraqnFYBCsltloNAEL0UJLBZMI2RBmJ5NkyDyWmVk1LGls/BUbC0Vs/Qc7/8ZJjKCiBy4czrmXe++JYs6MRejdm5icmp6Zzcxl5xcWl5ZzK6tVoxJNaIUorvRlhA3lTNKKZZbTy1hTLCJOa1HveOjXrqg2TMkL249pQ+COZG1GsHVSM7cRnmAhcDMNtYBHRwMYikjdpLClruWgmcsjv1AuoZ0yRP5uYadYGJK9InIaDHw0Qh6McdbMvYUtRRJBpSUcG1MPUGwbKdaWEU4H2TAxNMakhzu07qjEgppGOvpiALec0oJtpV1JC0fq94kUC2P6InKdAtuu+e0Nxb+8emLbpUbKZJxYKsnnonbCoVVwGAlsMU2J5X1HMNHM3QpJF2tMrAsu60L4+hT+T6oFP0B+cL6bPzwYx5EB62ATbIMA7INDcArOQAUQcAvuwSN48u68B+/Ze/lsnfDGM2vgB7zXD2+DmIg=</latexit>
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e!/T � 1

Blackbody radiation



Radioactivity / cosmic rays
• Materials of target, shielding, detector etc will contain some 

radioactive isotopes; unpurified materials could result in          
                     in random directions 

• Cosmic ray muons: flux                       , each deposits 
energy                   in target⇠ 1� 100 keV

<latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit>

⇠ 1/(10 cm2 sec)
<latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit>

Radioactivity

Cosmic ray



Radioactivity / cosmic rays
• Materials of target, shielding, detector etc will contain some 

radioactive isotopes; unpurified materials could result in          
                      in random directions 

• Cosmic ray muons: flux                       , each deposits 
energy                    in target 

• About 10-6 of these background photon will end up in the 
detector (               ). 

• All of these events much more energetic than signal 
photons, and usually leads to particle showers that can be 
vetoed

⇠ 1� 100 keV
<latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit><latexit sha1_base64="epVtRilQIlJ8WNzKRGg5cpkU64w=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1oSEXThouDGZQX7gM5QMmmmDU0yQ5IRylDc+CtuXCji1q9w59+YPhbaeuDC4Zx7ufeeKBXcWIS+vcLS8srqWnG9tLG5tb3j7+41TJJpyuo0EYluRcQwwRWrW24Fa6WaERkJ1owGN2O/+cC04Ym6t8OUhZL0FI85JdZJHf8gMFxCDM8gRgjmgZYwOIUD1hh1/DKqoAngIsEzUgYz1Dr+V9BNaCaZslQQY9oYpTbMibacCjYqBZlhKaED0mNtRxWRzIT55IURPHZKF8aJdqUsnKi/J3IijRnKyHVKYvtm3huL/3ntzMZXYc5Vmlmm6HRRnAloEzjOA3a5ZtSKoSOEau5uhbRPNKHWpVZyIeD5lxdJ47yCUQXfXZSr17M4iuAQHIETgMElqIJbUAN1QMEjeAav4M178l68d+9j2lrwZjP74A+8zx9e/pTU</latexit>

⇠ 1/(10 cm2 sec)
<latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit><latexit sha1_base64="yfmh8pv+Nyt7avrByZ35i1XA3ZU=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQeqkCLpwUXDjsoJ9QGcsmTTTBpOZIckIZZhvcOOvuHGhiFtX7vwb03YQbT1w4eSce8m9x485U9pxvqzC0vLK6lpxvbSxubW9Y+/utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tj311O/M49lYpF4Y0ex9QTeBiygBGsjdS3q65iAiJ4AivIgakrBXSPIRHZbR3+PBUlWbVvl52aMwVcJCgnZZCj2bc/3UFEEkFDTThWqoecWHsplpoRTrOSmygaY3KHh7RnaIgFVV46PSmDR0YZwCCSpkINp+rviRQLpcbCN50C65Ga9ybif14v0cG5l7IwTjQNyeyjIOFQR3CSDxwwSYnmY0MwkczsCskIS0y0SbFkQkDzJy+Sdr2GnBq6Pi03LvI4iuAAHIIKQOAMNMAVaIIWIOABPIEX8Go9Ws/Wm/U+ay1Y+cw++APr4xuYcZpH</latexit>



How to not see DM?
• Blackbody (Thermal)

• Cosmic ray and Radioactivity

• Background reduction by focusing

• Active veto of particle shower

• Detector dark count

• CCD: mHz

• SCTJ, TES, MKIDs: O(1)/day

Background rate of 
10-5 Hz at eV energies

Running time/stack
(weeks?)



Scanning

• For half-wave stack,  
but bandwidth 

• Increasing conversion rate 
requires more layers, but this 
decreases the mass range 
covered by a given stack

3.0 3.1 3.2 3.3

2000

4000

6000

8000

10000

12000

N = 30
<latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit><latexit sha1_base64="00i/TN3ii9L00mfftnYWTihdRfQ=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6aOfYBCwY0rqWAf0A4lk2ba2MxkSDJCGfoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rCWlldW19ZzG/nNre2d3cLefkuJRBLaJIIL2fGxopxFtKmZ5rQTS4pDn9O2P77M/PY9lYqJ6FZPYuqFeBixgBGsjdS6hhfwFPULRWSXaq7jVCGyXadWRhkpuxV0VoOOjWYoggUa/cJ7byBIEtJIE46V6joo1l6KpWaE02m+lygaYzLGQ9o1NMIhVV46u3YKj40ygIGQpiINZ+r3iRSHSk1C33SGWI/Uby8T//K6iQ6qXsqiONE0IvNFQcKhFjB7HQ6YpETziSGYSGZuhWSEJSbaBJQ3IXx9Cv8nrZLtINu5cYv180UcOXAIjsAJcEAF1MEVaIAmIOAOPIAn8GwJ69F6sV7nrUvWYuYA/ID19gktdo4y</latexit>

N = 100
<latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit><latexit sha1_base64="ILqN5pzj1EMSm8Nb2b1nNlOYKTs=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDRlpaQsKBTeupIJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPRAyOGce7n3niARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2ML6a+e17pjSP5Z2ZJMyPyFDykFNirNS+QZfIw7hfKGK3Wqrgcg1ht1wq41rVEs9+uIQ8F89RhCUa/cJ7bxDTNGLSUEG07no4MX5GlOFUsGm+l2qWEDomQ9a1VJKIaT+brztFp1YZoDBW9kmD5ur3joxEWk+iwFZGxIz0b28m/uV1UxNW/YzLJDVM0sWgMBXIxGh2OxpwxagRE0sIVdzuiuiIKEKNTShvQ/i6FP1PWuc2Fte7LRXrF8s4cnAMJ3AGHlSgDtfQgCZQGMMDPMGzkziPzovzuihdcZY9R/ADztsnnL6ObA==</latexit>

Pabs / N2
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Taking advantage of the small background rate

How to get a wide coverage without sacrificing power?



Chirped stack
• Possibilities: 

• Combining stacks of 
different periodicities 

•  Chirped stack

Gd 1.2d
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In progress



Prototype (MIT/NIST)
Experimental figure by Jeff Chiles 6 layers With Karl 

Berggren (MIT), 
Jeff Chiles and 
Saewoo Nam 

(NIST)



Prototype (MIT/NIST)
Experimental figure by Jeff Chiles 6 layers



Si/SiO2 halfwave stack@1550nm, 6 layers each
Detector efficiency = 20%

DCR = 5x10-5Hz
Stack diameter 2 inch (3 inch)

Run time day (week)
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already can cut into new 
parameter space with one 

day of run time

Experimental figure by Jeff Chiles

Preliminary

Prototype (MIT/NIST)



Projection (MIT/NIST) 



Projection (UCSB) 

With Ben Mazin, 
Nathaniel Craig, 
Miguel Daal and 

David Weld 
(UCSB)



Pathfinder

Phase I
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Pathfinder

Phase I

Phase II
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Requires
 detector

 study



Axion DM

• Axion-photon coupling 
                 requires 
background magnetic 
field

• Existing constraints 
stronger; need larger 
target / better detectors

ga��aE ·B
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Conclusions

• Photonic crystals can be used to convert non-
relativistic axion and dark photon dark matter to 
photon

• The converted photon can be focused onto very 
small photon counters

• Improved axion and dark photon dark matter reach 
in the optical range

• Experimental design & set up underway
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Thank you!


