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Quantum Sensing Quantum Simulation
<latexit sha1_base64="UMFJwMW3z3i8ZtfTFc4l7EKNUpY=">AAAB/HicbVBNS8NAFNzUr1q/oj16WSyCp5KIoseilx4r2FpoQnnZbtqlm03Y3Qgh1L/ixYMiXv0h3vw3btoctHVgYZh5jzc7QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Cop+JUEtolMY9lPwBFORO0q5nmtJ9IClHA6UMwvS38h0cqFYvFvc4S6kcwFixkBLSRhnbdm4DGuReBnhDguD2r1YZ2w2k6c+BV4pakgUp0hvaXN4pJGlGhCQelBq6TaD8HqRnhdFbzUkUTIFMY04GhAiKq/HwefoZPjTLCYSzNExrP1d8bOURKZVFgJouQatkrxP+8QarDaz9nIkk1FWRxKEw51jEumsAjJinRPDMEiGQmKyYTkEC06asowV3+8irpnTfdy6Zzd9Fo3ZR1VNExOkFnyEVXqIXaqIO6iKAMPaNX9GY9WS/Wu/WxGK1Y5U4d/YH1+QMxsJPQ</latexit>

Ĥ
<latexit sha1_base64="GtsKHwkUdpwyPI7FG2mdeJSWB/4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNnJbDJmHsvMrBCW/IMXD4p49X+8+TfOJnvQxIKGoqqb7q4o4cxY3//2VlbX1jc2S1vl7Z3dvf3KwWHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vc7/9RLVhSj7YSUJDgYeSxYxg66RWbxRhXe5Xqn7NnwEtk6AgVSjQ6Fe+egNFUkGlJRwb0w38xIYZ1pYRTqflXmpogskYD2nXUYkFNWE2u3aKTp0yQLHSrqRFM/X3RIaFMRMRuU6B7cgsern4n9dNbXwdZkwmqaWSzBfFKUdWofx1NGCaEssnjmCimbsVkRHWmFgXUB5CsPjyMmmd14LLWnB/Ua3fFHGU4BhO4AwCuII63EEDmkDg EZ7hFd485b14797HvHXFK2aO4A+8zx/9WI6/</latexit>

~

Superconducting circuits



What it looks like



Devices we make

SQUID Mechanics

Quantum RF

Tuneable Qubit Couplers

Ultracoherent 
mK Mechanics



Quantum Simulation



If can’t calculate it, make it?

<latexit sha1_base64="UMFJwMW3z3i8ZtfTFc4l7EKNUpY=">AAAB/HicbVBNS8NAFNzUr1q/oj16WSyCp5KIoseilx4r2FpoQnnZbtqlm03Y3Qgh1L/ixYMiXv0h3vw3btoctHVgYZh5jzc7QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Cop+JUEtolMY9lPwBFORO0q5nmtJ9IClHA6UMwvS38h0cqFYvFvc4S6kcwFixkBLSRhnbdm4DGuReBnhDguD2r1YZ2w2k6c+BV4pakgUp0hvaXN4pJGlGhCQelBq6TaD8HqRnhdFbzUkUTIFMY04GhAiKq/HwefoZPjTLCYSzNExrP1d8bOURKZVFgJouQatkrxP+8QarDaz9nIkk1FWRxKEw51jEumsAjJinRPDMEiGQmKyYTkEC06asowV3+8irpnTfdy6Zzd9Fo3ZR1VNExOkFnyEVXqIXaqIO6iKAMPaNX9GY9WS/Wu/WxGK1Y5U4d/YH1+QMxsJPQ</latexit>

Ĥ
Resonate at a frequency:

(more magic: strong nonlinearity from 
Josephson relations...)

(even more magic: exponentially small 
losses due to superconducting gap 

suppressing tunneling of non-
superconducting electrons...)

Problem to solve Hardware you have



If can’t calculate it, make it?

<latexit sha1_base64="UMFJwMW3z3i8ZtfTFc4l7EKNUpY=">AAAB/HicbVBNS8NAFNzUr1q/oj16WSyCp5KIoseilx4r2FpoQnnZbtqlm03Y3Qgh1L/ixYMiXv0h3vw3btoctHVgYZh5jzc7QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Cop+JUEtolMY9lPwBFORO0q5nmtJ9IClHA6UMwvS38h0cqFYvFvc4S6kcwFixkBLSRhnbdm4DGuReBnhDguD2r1YZ2w2k6c+BV4pakgUp0hvaXN4pJGlGhCQelBq6TaD8HqRnhdFbzUkUTIFMY04GhAiKq/HwefoZPjTLCYSzNExrP1d8bOURKZVFgJouQatkrxP+8QarDaz9nIkk1FWRxKEw51jEumsAjJinRPDMEiGQmKyYTkEC06asowV3+8irpnTfdy6Zzd9Fo3ZR1VNExOkFnyEVXqIXaqIO6iKAMPaNX9GY9WS/Wu/WxGK1Y5U4d/YH1+QMxsJPQ</latexit>

Ĥ
Resonate at a frequency:

(more magic: strong nonlinearity from 
Josephson relations...)

(even more magic: exponentially small 
losses due to superconducting gap 

suppressing tunneling of non-
superconducting electrons...)

Problem to solve Hardware you have

Digital Simulation

Encode in gates
Approx

im
ate
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If can’t calculate it, make it?

<latexit sha1_base64="UMFJwMW3z3i8ZtfTFc4l7EKNUpY=">AAAB/HicbVBNS8NAFNzUr1q/oj16WSyCp5KIoseilx4r2FpoQnnZbtqlm03Y3Qgh1L/ixYMiXv0h3vw3btoctHVgYZh5jzc7QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Cop+JUEtolMY9lPwBFORO0q5nmtJ9IClHA6UMwvS38h0cqFYvFvc4S6kcwFixkBLSRhnbdm4DGuReBnhDguD2r1YZ2w2k6c+BV4pakgUp0hvaXN4pJGlGhCQelBq6TaD8HqRnhdFbzUkUTIFMY04GhAiKq/HwefoZPjTLCYSzNExrP1d8bOURKZVFgJouQatkrxP+8QarDaz9nIkk1FWRxKEw51jEumsAjJinRPDMEiGQmKyYTkEC06asowV3+8irpnTfdy6Zzd9Fo3ZR1VNExOkFnyEVXqIXaqIO6iKAMPaNX9GY9WS/Wu/WxGK1Y5U4d/YH1+QMxsJPQ</latexit>

Ĥ
Resonate at a frequency:

(more magic: strong nonlinearity from 
Josephson relations...)

(even more magic: exponentially small 
losses due to superconducting gap 

suppressing tunneling of non-
superconducting electrons...)

Problem to solve Hardware you have

Digital Simulation

Encode in gates
Approx

im
ate

 as
 qub

it

Analog Simulation

Try to build 

    in hardware

<latexit sha1_base64="mUHovZokxgt4PDLEWfW24EM0miI=">AAAB/HicdVDLSgMxFM3UVx1f1S7dBIvgasiMfS2LbrqsYB/QGUomzbShmQdJRihD/RU3LhRx64e482/MtBVU9EDgcM693JPjJ5xJhdCHUdjY3NreKe6ae/sHh0el45OejFNBaJfEPBYDH0vKWUS7iilOB4mgOPQ57fuz69zv31EhWRzdqnlCvRBPIhYwgpWWRqWyO8UKZm6I1ZRgDtsL0xyVKsiynZqDLiGy6jWnWm9oguym03CgbaElKmCNzqj07o5jkoY0UoRjKYc2SpSXYaEY4XRhuqmkCSYzPKFDTSMcUully/ALeK6VMQxioV+k4FL9vpHhUMp56OvJPKT87eXiX94wVUHTy1iUpIpGZHUoSDlUMcybgGMmKFF8rgkmgumskEyxwETpvvISvn4K/yc9x7JrFrqpVlpX6zqK4BScgQtggwZogTbogC4gYA4ewBN4Nu6NR+PFeF2NFoz1Thn8gPH2CYyOlA8=</latexit>

Ĥ



Quantum Sensing
What is it and why would I want it? 



What is quantum sensing?
A working definition:

“sensing with something quantum”

What is “quantum”?

Atoms are quantum
Photons are (probably) quantum?

Is light quantum?

Maybe a better question:

Am I quantum?

Is “quantum” useful for sensing?

Is it better than “classical”?



Example “Sensing with Quantum Stuff”

Atomic-scale imaging of a 27-nuclear-spin cluster using a quantum sensor 
	 M. H. Abobeih, …, T. H. Taminiau, Nature  576, 411–415 (2019)



But: is there a sensing 
“quantum advantage”?



Sensing better than classical?

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p

Particle in 1D



Sensing better than classical?

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p

<latexit sha1_base64="rDY+tTJVhK3lqWa607o+ia7emKE=">AAACAnicbZDLSsNAFIYnXmu8RV2Jm8EiuCqJKLos6sJlBXuBJpTJ9KQdOpmEmYlYSnHjq7hxoYhbn8Kdb+OkzUJbfxj4+M85nDl/mHKmtOt+WwuLS8srq6U1e31jc2vb2dltqCSTFOo04YlshUQBZwLqmmkOrVQCiUMOzXBwldeb9yAVS8SdHqYQxKQnWMQo0cbqOPv+NXBN8AMuIMV+D7Br2x2n7FbcifA8eAWUUaFax/nyuwnNYhCacqJU23NTHYyI1IxyGNt+piAldEB60DYoSAwqGE1OGOMj43RxlEjzhMYT9/fEiMRKDePQdMZE99VsLTf/q7UzHV0EIybSTIOg00VRxrFOcJ4H7jIJVPOhAUIlM3/FtE8kodqklofgzZ48D42TindWcW9Py9XLIo4SOkCH6Bh56BxV0Q2qoTqi6BE9o1f0Zj1ZL9a79TFtXbCKmT30R9bnD+XclSk=</latexit>

�x�p � 0

Classical:
<latexit sha1_base64="GvVfa7IueONztaTFBkyGT4ru51M=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVzUpii6LunBZwV6gCWUyPWmHTiZhZiKW0JUbX8WNC0Xc+gzufBunbRba+sPAx3/O4cz5g4QzpR3n21pYXFpeWS2sFdc3Nre27Z3dhopTSaFOYx7LVkAUcCagrpnm0EokkCjg0AwGV+N68x6kYrG408ME/Ij0BAsZJdpYHfvAuwauCX7AOSTY6wH2+gGRJ5WOXXLKzkR4HtwcSihXrWN/ed2YphEITTlRqu06ifYzIjWjHEZFL1WQEDogPWgbFCQC5WeTM0b4yDhdHMbSPKHxxP09kZFIqWEUmM6I6L6arY3N/2rtVIcXfsZEkmoQdLooTDnWMR5ngrtMAtV8aIBQycxfMe0TSag2yRVNCO7syfPQqJTds7Jze1qqXuZxFNA+OkTHyEXnqIpuUA3VEUWP6Bm9ojfryXqx3q2PaeuClc/soT+yPn8AyLyXZw==</latexit>

�x�p � ~/2

Quantum:

<latexit sha1_base64="G9uFq8cZB6S8uyccn2Bj4ke2I/Q=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokoeizqwWMF+wFtKJvtpF262cTdjVhC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4PfGbj6g0j+W9GSXoR7QvecgZNVZqdW5QGEqeuqWyW3GnIIvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nAcbGTakwoG9I+ti2VNELtZ9N7x+TYKj0SxsqWNGSq/p7IaKT1KApsZ0TNQM97E/E/r52a8NLPuExSg5LNFoWpICYmk+dJjytkRowsoUxxeythA6ooMzaiog3Bm395kTROK955xb07K1ev8jgKcAhHcAIeXEAVbqEGdWAg4Ble4c15cF6cd+dj1rrk5DMH8AfO5w+W14+s</latexit>

�x

<latexit sha1_base64="eekqB3L29vTTPuSIipLU3tJs0s4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1gOOE+xEdKBEKRtFK7e4tl0hJ0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx274ScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaikg3BW3x5mTTPqt5F1b0/r9Su8ziKcATHcAoeXEIN7qAODWAg4Rle4c15dF6cd+dj3lpw8plD+APn8weKt4+k</latexit>

�p



Sensing better than classical?

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p
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Quantum Sensing is always fundamentally  
worse than classical sensing!



Sensing better than classical?
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Quantum Sensing is always fundamentally  
worse than classical sensing!

But sensing at the quantum limit is already  
challenging and can be exciting!



Example: Optomechanics

Image: Favero Group

Light as a quantum sensor



Standard Quantum Limit



Standard Quantum Limit



Standard Quantum Limit



Standard Quantum Limit



Standard Quantum Limit



Superconducting 
Circuits 101

Building Photons, Atoms, and Quantum Amplifiers 

on a chip



Photons

“Quantum” if:
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~! � kT 1 GHz  => 40 mK



What our photons look like

Coplanar Waveguide



Atoms

How do we get nonlinearity in our circuit? 



Nonlinear Circuits? 

Need STRONG nonlinearity with VERY LOW loss!



Josephson Junctions





Lossless nonlinear inductor



Quantum Amplifiers
Josephson Junction: quantum pendulum Swing your legs? 



Quantum Interference

Image: Wikipedia

Quantum 
Interference

of supercurrent

Critical current 
oscillates due to 
Arahanov-Bohm
phase acquired 

around loop



High flux sensitivity
Ic

Magnetic 
field

1 flux quantum 10x10 micron loop:  1 flux quantum = 20 uT!

Oil prospecting Magnetic fields from your brain

JESSY DEEP



Swinging quantum legs

S. Yanai, G. Steele, https://arxiv.org/abs/1911.07119

Ic(�) ! LJ(�) ! !c(�)
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From GHz to MHz
RQU: 

RF Quantum

Up converter


RF => Microwave

(See end of talk for  
related “Photon Pressure” 

devices)

Abstract: J60.00003 : Electromagnetic sensing below the Standard Quantum Limit: 3 kHz to 300 MHz*


https://irwinlab.sites.stanford.edu/

Nicholas M. Rapidis


Abstract: J60.00004 : Precision Metrology with Radiofrequency Quantum Upconverters*


Abstract: J60.00006 : Radio-frequency quantum upconverters for spin metrology*
 Elizabeth van Assendelft


Jyotirmai Singh  




Quantum Sensing 
from my group

Massive objects, RF Photons, and RF currents



Quantum sensing 
with massive objects



Sensing quantum gravity?



Macroscopic membranes

Create a superposition of space time? 

20 ng 
mass



Quantum Sensing: 

RF Photons

Science 363, 1072 (2019)
Mario F. Gely, Marios Kounalakis, Christian Dickel, Jacob Dalle, Rémy Vatré, 

Brian Baker, Mark D. Jenkins, Gary A. Steele

Hear more: https://youtu.be/860y52bFWdM



Sensing RF Photons

couplingatom photons

GHz MHz
Why would I want quantum RF photons?

Spin Ensembles kT > ~!
<latexit sha1_base64="3S2bXVDwgdZ3+RSll4T6aj1ZWUo=">AAAB+nicbVBNSwMxEJ31s9avrR69BIvgqeyqoCcpevFYoV/QXUo2TdvQJLskWaWs/SlePCji1V/izX9j2u5BWx8MPN6bYWZelHCmjed9Oyura+sbm4Wt4vbO7t6+Wzpo6jhVhDZIzGPVjrCmnEnaMMxw2k4UxSLitBWNbqd+64EqzWJZN+OEhgIPJOszgo2Vum5pVEfXKBhGWKEgFnSAu27Zq3gzoGXi56QMOWpd9yvoxSQVVBrCsdYd30tMmGFlGOF0UgxSTRNMRnhAO5ZKLKgOs9npE3RilR7qx8qWNGim/p7IsNB6LCLbKbAZ6kVvKv7ndVLTvwozJpPUUEnmi/opRyZG0xxQjylKDB9bgoli9lZEhlhhYmxaRRuCv/jyMmmeVfzzind/Ua7e5HEU4AiO4RR8uIQq3EENGkDgEZ7hFd6cJ+fFeXc+5q0rTj5zCH/gfP4A0pWTEg==</latexit>

Observe “real” 
thermal photons?Drums



Why is this hard?

Phys. Rev. A 98, 053808 (2018)

RWA 
(Koch et al. )

Jaynes-Cummings

ωr /ω a

  /
ω

a
χ a

r

g2/ |∆ |

0.1 1 10

10-4

10-6

10-8

Month 2 of PhD: 

Include counter-rotating 
terms at very large 

detuning


Analytically derives that 
his project will not work


Unless…?

https://link.aps.org/doi/10.1103/PhysRevA.98.053808


Is there a solution?



Spin-off: QuCAT
QUantum Circuit Analyzer Tool  https://qucat.org/

Python 
Open Source



Out-of-box circuit idea

11 pF28 nH 41 nH

40 fF <1 fF?

4.75 GHz 24 GHz

“atom”“photons”

HUGE capacitor



ULTRA strong coupling!

11 pF28 nH 41 nH

40 fF <1 fF?

4.75 GHz 24 GHz

g ⇡
p
!r!q

2
⇡ 5.3 GHz

<latexit sha1_base64="Ne7+pczOMKHE3n2eWbF2WYAoEBg="></latexit>

99% of theoretical limit!

Bare modes

With coupling170 MHz 5.9 GHz

Bare coupling:

“atom”“photons”



Making it

200 µm

measured
device

E
input line

2 mm

D



BIG capacitor!

11 pF a-Si



Spiral Inductor

500 nm width Sputter Al1%Si a-Si crossovers “Patch” with ion milling  to 
connect different layers



Low critical current inductor

20 µm

F Needed for high 
inductance

Encapsulated in 
amorphous silicon: 

Protection during Cl 
dry etching of the 

spiral inductor



Spiral Inductor

Capacitor Junction (SQUID)

Feedline



Observing quantisation of RF Fields

5.9 GHz qubit170 MHz photons

Building on our understanding of ultra-strong coupling



Primary Thermometry

Area under peaks: 

Direct measure of thermal 
photon distribution

Photons cold, qubit hot? 

(Consistent with recent 
results from Yale noise 

filtering)

Cool!  
But what if we don’t want 

MHz thermal photons?



Cooling

Pump

En
er

gy
 (a

.u
.)

“Entropy Vacuum Cleaner”

Ground state with 
82% fidelity!

Drive + Dissipation = 



Multitone cooling

Suppress 
Instability 

Better 
Cooling



Flip arrows: Stabilize Fock states!



Quantum Sensing 
with SQUIDs

Hear more: https://youtu.be/860y52bFWdM

I. C. Rodrigues Coupling microwave photons to a mechanical resonator using quantum interference
I. C. Rodrigues, D. Bothner, G. A. Steele

Nature Communications 10, 5359 (2019)

Photon-Pressure Strong-Coupling between two Superconducting Circuits
D.Bothner, I.C.Rodrigues, G.A.Steele

Nature Physics 17, 85 (2021) 

Photon-pressure coupling with a hot radio-frequency circuit in the quantum regime
I.C. Rodrigues, D. Bothner, G.A. Steele

https://arxiv.org/abs/2010.07975

D. Bothner

https://www.nature.com/articles/s41467-019-12964-2
https://www.nature.com/articles/s41567-020-0987-5
https://arxiv.org/abs/2010.07975


Sensing with SQUID Cavities

Steep slope + High Q:

Sensing down to  
quantum level



A quantum galvanometer

Nature Physics 17, 85 (2021)

Sensing quantum fluctuations of current



New device: Ground State!

https://arxiv.org/abs/2010.07975

Cooling RF currents to their quantum ground state

New data: Quantum limited 
sensing of RF fields using!



Summary
Quantum Sensing RF Quantum Photonics

Push sensing to quantum limit Sensing with Quantum Things

Force sensing, Transduction,

Quantum Spacetime?

Observing quantum mechanics in 

new regimes



T

http://steelelab.tudelft.nl


