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Atom interferometry in a nutshell

3

• Use cold atoms (BECs at best).


• Coherently split and recombine them 
using light fields.


• Atoms can also undergo internal state 
changes (“Clock Interferometry”).


• Measure the phase difference between 
two parts of the wave function. 


Extremely sensitive to rotations and 
accelerations!

Introduction

<latexit sha1_base64="C0jRNVaNb+6FtKj51R9IpfB+td0=">AAACEHicbZDLSsNAFIZPvNZ6i3XpZrAIrkpSpLosunFZwV6gCWUynbRDJxdnJmIIeQkfwK0+gjtx6xv4BL6G0zYL2/rDgZ//nMM5fF7MmVSW9W2srW9sbm2Xdsq7e/sHh+ZRpSOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673uRm2u8+UiFZFN6rNKZugEch8xnBSkcDs+L4ApPMzjNHPgiV1fN8YFatmjUTWjV2YapQqDUwf5xhRJKAhopwLGXftmLlZlgoRjjNy04iaYzJBI9oX9sQB1S62ez3HJ3pZIj8SOgKFZqlfzcyHEiZBp6eDLAay+XeNPyv10+Uf+VmLIwTRUMyP+QnHKkITUGgIROUKJ5qg4lg+ldExljDUBrXwpV4nEpGZF7WZOxlDqumU6/ZjVrj7qLavC4YleAETuEcbLiEJtxCC9pA4Ale4BXejGfj3fgwPueja0axcwwLMr5+ARH5ncs=</latexit>

1→
2

<latexit sha1_base64="GuHyOz4SWSoapyiPUuNBa2Zo0nQ=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPQi8cEzAOSJcxOepMhsw9mZoVlCX6AV/0Eb+LVb/EL/A0nyR5MYkFDUdVNd5cXC660bX9bG5tb2zu7hb3i/sHh0XHp5LStokQybLFIRLLrUYWCh9jSXAvsxhJp4AnseJP7md95Qql4FD7qNEY3oKOQ+5xRbaRmZVAq21V7DrJOnJyUIUdjUPrpDyOWBBhqJqhSPceOtZtRqTkTOC32E4UxZRM6wp6hIQ1Qudn80Cm5NMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0aJJxVnNYJ+2rqlOr1prX5fpdnlEBzuECKuDADdThARrQAgYIL/AKb9az9W59WJ+L1g0rnzmDJVhfv0xvla8=</latexit>

(
<latexit sha1_base64="GuHyOz4SWSoapyiPUuNBa2Zo0nQ=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPQi8cEzAOSJcxOepMhsw9mZoVlCX6AV/0Eb+LVb/EL/A0nyR5MYkFDUdVNd5cXC660bX9bG5tb2zu7hb3i/sHh0XHp5LStokQybLFIRLLrUYWCh9jSXAvsxhJp4AnseJP7md95Qql4FD7qNEY3oKOQ+5xRbaRmZVAq21V7DrJOnJyUIUdjUPrpDyOWBBhqJqhSPceOtZtRqTkTOC32E4UxZRM6wp6hIQ1Qudn80Cm5NMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0aJJxVnNYJ+2rqlOr1prX5fpdnlEBzuECKuDADdThARrQAgYIL/AKb9az9W59WJ+L1g0rnzmDJVhfv0xvla8=</latexit>

(<latexit sha1_base64="Uafn92xMe5COpoFhkOf+3T2wMWw=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69BIsgCCURqR6LXjy2YGuhDWWznbRLN5uwuxFCKP4Ar/oTvIlXf4u/wL/hts3Btj4YeLw3w8w8P+ZMacf5tgpr6xubW8Xt0s7u3v5B+fCoraJEUmzRiEey4xOFnAlsaaY5dmKJJPQ5Pvrju6n/+IRSsUg86DRGLyRDwQJGiTZS86JfrjhVZwZ7lbg5qUCORr/80xtENAlRaMqJUl3XibWXEakZ5Tgp9RKFMaFjMsSuoYKEqLxsdujEPjPKwA4iaUpoe6b+nchIqFQa+qYzJHqklr2p+J/XTXRw42VMxIlGQeeLgoTbOrKnX9sDJpFqnhpCqGTmVpuOiCRUm2wWtsSjVDGqJiWTjLucwyppX1bdWrXWvKrUb/OMinACp3AOLlxDHe6hAS2ggPACr/BmPVvv1of1OW8tWPnMMSzA+voFUTqVsg==</latexit>

+Spatial Superposition

Use light to split/
recombine the atom
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Atom interferometry in a nutshell

4

• We measure the atomic position with 
respect to the light field.


• From atomic position you can get 
knowledge of gravitational 
acceleration  or the atomic recoil 
velocity.


• For this: Assume that the light field is 
stable.

g

Introduction

<latexit sha1_base64="9oCzo8y+/8xE7Pv0OpRdSrnxWKM=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5id7U2GzD6YmRXWkKsf4FU/wZt49T/8An/DSbIHk1jQUFR1093lJYIrbdvfVmFtfWNzq7hd2tnd2z8oHx61VJxKhk0Wi1h2PKpQ8AibmmuBnUQiDT2BbW90O/XbjygVj6MHnSXohnQQ8YAzqo3U6fkoNCVP/XLFrtozkFXi5KQCORr98k/Pj1kaYqSZoEp1HTvR7phKzZnASamXKkwoG9EBdg2NaIjKHc/unZAzo/gkiKWpSJOZ+ndiTEOlstAznSHVQ7XsTcX/vG6qg2t3zKMk1Rix+aIgFUTHZPo88blEpkVmCGWSm1sJG1JJmTYRLWxJhpniTE1KJhlnOYdV0rqoOrVq7f6yUr/JMyrCCZzCOThwBXW4gwY0gYGAF3iFN+vZerc+rM95a8HKZ45hAdbXL+WOmM0=</latexit>

ωz

Laser Laser

Mirror Mirror



Noise Sources
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Mirror surface
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<latexit sha1_base64="mk4Sr1mcbF9AZ9zdL6C50yYiJoA="></latexit>

zω,1(t)

<latexit sha1_base64="WXJTVSFtaDoA6EP6GnyflkLG6sI="></latexit>

zω,2(t)

<latexit sha1_base64="J+WSV36LZfZSg3S+VvHQDh2RK0c=">AAAB+HicbVBNT8JAEN3iF+IHVY9eGokJXkhrDHokevGIiXwk0DTbZYEN291md6pCwy/x4kFjvPpTvPlvXKAHBV8yyct7M5mZF8acaXDdbyu3tr6xuZXfLuzs7u0X7YPDppaJIrRBJJeqHWJNORO0AQw4bceK4ijktBWObmZ+64EqzaS4h3FM/QgPBOszgsFIgV2cBF2gT5By+Tgtw1lgl9yKO4ezSryMlFCGemB/dXuSJBEVQDjWuuO5MfgpVsAIp9NCN9E0xmSEB7RjqMAR1X46P3zqnBql5/SlMiXAmau/J1IcaT2OQtMZYRjqZW8m/ud1Euhf+SkTcQJUkMWifsIdkM4sBafHFCXAx4Zgopi51SFDrDABk1XBhOAtv7xKmucVr1qp3l2UatdZHHl0jE5QGXnoEtXQLaqjBiIoQc/oFb1ZE+vFerc+Fq05K5s5Qn9gff4AA+KTVQ==</latexit>

zlow(t)

<latexit sha1_base64="pCPJ5p+QDhMF+6wGJ99n27oI3MU=">AAAB9XicbVBNS8NAEN34WetX1aOXYBHqpSQi1WPRi8cK9gPaWDbbSbt0swm7E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjwXX6Djf1tLyyuraem4jv7m1vbNb2Ntv6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x9eTfzmPSjNI3mLoxi8kPYlDzijaKS7p24H4RHTJB6X8KRbKDplZwp7kbgZKZIMtW7hq9OLWBKCRCao1m3XidFLqULOBIzznURDTNmQ9qFtqKQhaC+dXj22j43Ss4NImZJoT9XfEykNtR6FvukMKQ70vDcR//PaCQYXXsplnCBINlsUJMLGyJ5EYPe4AoZiZAhliptbbTagijI0QeVNCO78y4ukcVp2K+XKzVmxepnFkSOH5IiUiEvOSZVckxqpE0YUeSav5M16sF6sd+tj1rpkZTMH5A+szx+74pKt</latexit>

zup(t)

<latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

<latexit sha1_base64="UZu2J5Hz2CJbh+GavQoLByuohy0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB0awX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzUKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM/iYDoTlDObGEMi3srYSNqKYMbTolG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawGAIz/AKb450Xpx352PRWnDymWP4A+fzB/UGjZo=</latexit>

ct

<latexit sha1_base64="dWoeZOi+CJPgI4YcOxtqHMwUemM=">AAAB/HicdVDJSgNBEO1xjXEbzdFLYxA8yDAzWUxuQS8eI5gFkjD0dCpJk56F7p5AGOKvePGgiFc/xJt/Y2cRVPRBweO9Kqrq+TFnUtn2h7G2vrG5tZ3Zye7u7R8cmkfHTRklgkKDRjwSbZ9I4CyEhmKKQzsWQAKfQ8sfX8/91gSEZFF4p6Yx9AIyDNmAUaK05Jm5bhTAkHjOBe5OgKbjmed4Zt62qm7ZLhWwbRVK1aLramK7lUqljB3LXiCPVqh75nu3H9EkgFBRTqTsOHaseikRilEOs2w3kRATOiZD6GgakgBkL10cP8NnWunjQSR0hQov1O8TKQmknAa+7gyIGsnf3lz8y+skalDppSyMEwUhXS4aJByrCM+TwH0mgCo+1YRQwfStmI6IIFTpvLI6hK9P8f+k6VpO2SrfFvO1q1UcGXSCTtE5ctAlqqEbVEcNRNEUPaAn9GzcG4/Gi/G6bF0zVjM59APG2ydKQpSU</latexit>

ω1,εk1

<latexit sha1_base64="We7nZBsG+z7a7JgZ6XihebvtSu4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgQkISbKu7ohuXFWwrtCFMpjft0MmDmUmhhPorblwo4tYPceffOH0IKnrgwuGce7n3niDlTCrb/jAKK6tr6xvFzdLW9s7unrl/0JZJJii0aMITcRcQCZzF0FJMcbhLBZAo4NAJRlczvzMGIVkS36pJCl5EBjELGSVKS75Z7iURDIjvnuLeGGg+mvqub1Zs68K2q46LbcueY0aq1bpTw85SqaAlmr753usnNIsgVpQTKbuOnSovJ0IxymFa6mUSUkJHZABdTWMSgfTy+fFTfKyVPg4ToStWeK5+n8hJJOUkCnRnRNRQ/vZm4l9eN1PhuZezOM0UxHSxKMw4VgmeJYH7TABVfKIJoYLpWzEdEkGo0nmVdAhfn+L/Sdu1nJpVuzmrNC6XcRTRITpCJ8hBddRA16iJWoiiCXpAT+jZuDcejRfjddFaMJYzZfQDxtsnEgOUbQ==</latexit>

ω2,εk2

<latexit sha1_base64="We7nZBsG+z7a7JgZ6XihebvtSu4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgQkISbKu7ohuXFWwrtCFMpjft0MmDmUmhhPorblwo4tYPceffOH0IKnrgwuGce7n3niDlTCrb/jAKK6tr6xvFzdLW9s7unrl/0JZJJii0aMITcRcQCZzF0FJMcbhLBZAo4NAJRlczvzMGIVkS36pJCl5EBjELGSVKS75Z7iURDIjvnuLeGGg+mvqub1Zs68K2q46LbcueY0aq1bpTw85SqaAlmr753usnNIsgVpQTKbuOnSovJ0IxymFa6mUSUkJHZABdTWMSgfTy+fFTfKyVPg4ToStWeK5+n8hJJOUkCnRnRNRQ/vZm4l9eN1PhuZezOM0UxHSxKMw4VgmeJYH7TABVfKIJoYLpWzEdEkGo0nmVdAhfn+L/Sdu1nJpVuzmrNC6XcRTRITpCJ8hBddRA16iJWoiiCXpAT+jZuDcejRfjddFaMJYzZfQDxtsnEgOUbQ==</latexit>

ω2,εk2

Goal: Find interaction times  to high accuracy. 

How accurate? For Gravitational Waves (GWs) we aim for .

tup, tlow

10−37 s

Finite speed of light (FSL)
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<latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

<latexit sha1_base64="UZu2J5Hz2CJbh+GavQoLByuohy0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB0awX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzUKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM/iYDoTlDObGEMi3srYSNqKYMbTolG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawGAIz/AKb450Xpx352PRWnDymWP4A+fzB/UGjZo=</latexit>

ct

Seismic (Mirror) Noise

<latexit sha1_base64="xKqV/0F+IPZCdUHGYsREI0NfcxE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX5Au5RsNtuGZpMlmRXq0p/hxYMiXv013vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxDDBJesBRwE6yaakTgQrBOMb2d+55Fpw5V8gEnC/JgMJY84JWClXj9kAgh+qsL5oFxxa+4ceJV4OamgHM1B+asfKprGTAIVxJie5ybgZ0QDp4JNS/3UsITQMRmynqWSxMz42fzkKT6zSogjpW1JwHP190RGYmMmcWA7YwIjs+zNxP+8XgrRtZ9xmaTAJF0silKBQeHZ/zjkmlEQE0sI1dzeiumIaELBplSyIXjLL6+S9kXNq9fq95eVxk0eRxGdoFNURR66Qg10h5qohShS6Bm9ojcHnBfn3flYtBacfOYY/YHz+QNwsZC4</latexit>

ωz(t)

<latexit sha1_base64="xKqV/0F+IPZCdUHGYsREI0NfcxE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX5Au5RsNtuGZpMlmRXq0p/hxYMiXv013vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxDDBJesBRwE6yaakTgQrBOMb2d+55Fpw5V8gEnC/JgMJY84JWClXj9kAgh+qsL5oFxxa+4ceJV4OamgHM1B+asfKprGTAIVxJie5ybgZ0QDp4JNS/3UsITQMRmynqWSxMz42fzkKT6zSogjpW1JwHP190RGYmMmcWA7YwIjs+zNxP+8XgrRtZ9xmaTAJF0silKBQeHZ/zjkmlEQE0sI1dzeiumIaELBplSyIXjLL6+S9kXNq9fq95eVxk0eRxGdoFNURR66Qg10h5qohShS6Bm9ojcHnBfn3flYtBacfOYY/YHz+QNwsZC4</latexit>

ωz(t)

Mirror displacement noise

„Interaction time noise“

Phase noise

<latexit sha1_base64="FdM3D5TCH7QJHLkmqfGvATHn/Io=">AAACIHicbZDLSsNAFIYn9VbrLerSzdAi1E1JilQ3QtGNywr2Am0pk+mkHTq5MHMixJC9z+EDuNVHcCcu9QV8DadtFrb1h4Gf/5zDOfM5oeAKLOvLyK2tb2xu5bcLO7t7+wfm4VFLBZGkrEkDEciOQxQT3GdN4CBYJ5SMeI5gbWdyM623H5hUPPDvIQ5Z3yMjn7ucEtDRwCz2hkwAwYCvcBX3XElokkWPZThLE5oOzJJVsWbCq8bOTAllagzMn94woJHHfKCCKNW1rRD6CZHAqWBpoRcpFhI6ISPW1dYnHlP9ZPaXFJ/qZIjdQOrnA56lfycS4ikVe47u9AiM1XJtGv5X60bgXvYT7ocRMJ/OF7mRwBDgKRg85JJRELE2hEqub8V0TDQP0PgWtoTjWHGq0oImYy9zWDWtasWuVWp356X6dcYoj05QEZWRjS5QHd2iBmoiip7QC3pFb8az8W58GJ/z1pyRzRyjBRnfv/w4ots=</latexit>

ωt = 2
ωz(t)

c

<latexit sha1_base64="ZYVZsO8J5xl5zoYYWlvHOyEfzI0="></latexit>

ωε = ϑ1ωt = 2ϑ1
ωz(t)

c

<latexit sha1_base64="CTVkc1/3fPbbiyDtq0mSOA67LPI=">AAACBnicbVDLTgJBEJzFF+IL9ehlAjHxRHaNQY9ELx4xETACIbOzvTBhdnYz02tCCHc/wKt+gjfj1d/wC/wNB9iDgJV0UqnqTneXn0hh0HW/ndza+sbmVn67sLO7t39QPDxqmjjVHBo8lrF+8JkBKRQ0UKCEh0QDi3wJLX94M/VbT6CNiNU9jhLoRqyvRCg4Qys9ljoBSGQUS71i2a24M9BV4mWkTDLUe8WfThDzNAKFXDJj2p6bYHfMNAouYVLopAYSxoesD21LFYvAdMeziyf01CoBDWNtSyGdqX8nxiwyZhT5tjNiODDL3lT8z2unGF51x0IlKYLi80VhKinGdPo+DYQGjnJkCeNa2FspHzDNONqQFrYkg5ER3EwKNhlvOYdV0jyveNVK9e6iXLvOMsqTE1IiZ8Qjl6RGbkmdNAgniryQV/LmPDvvzofzOW/NOdnMMVmA8/ULlueZHw==</latexit>

”ωt”
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Seismic Acceleration ASD
<latexit sha1_base64="r8lT01cnygqRF13Nce1Su+ETz4g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lu9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80un5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITM3iZ9rpAZMbaEMsXtrYQNqaLM2HBKNgR/+eVV0rxw/apbvb+s1G7yOIpwAqdwDj5cQQ3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+j8jPg=</latexit>

1.
<latexit sha1_base64="Juf0las+Vxc0cI9OFGzhMUeOSug="></latexit> a S

ei
sm

ic
(
f
)
[m

/s
2
/→

H
z
]

<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]

<latexit sha1_base64="n6uCWOyRk8pqCfoiPNu/e4AUN40=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEq8eiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTS/YXbK1c815uD/CV+TiqQo94rf3b7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JilT6JEm1LIZmrPycmNDZmHIe2M6Y4NMveTPzP62QYXQUTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85Zf/kuaZ61fd6t15pXadx1GEIziGU/DhEmpwC3VoAIMInuAFXp2R8+y8Oe+L1oKTzxzCLzgf3+8QjPw=</latexit>

5. Create noise model
Sample uniformly random:

<latexit sha1_base64="2sOluupeTnFzoyzASE2VaZMNBAQ="></latexit>

ωz(t) = →
∑

i

aSeismic(fi)√
(2εfi)3

· sin(2εfit+ !i)

<latexit sha1_base64="dsrn8cq/uBnwejQj7eOUAWu+kQM="></latexit>

ω!(t) =
∑

j

√
2εfj!PSD(fj) · sin(2εfjt+ !j)

<latexit sha1_base64="a8hlkTXnndkNznUzHs6/C8LvuH4="></latexit>

ωg(t) =
∑

k

aGravity(fk) ·
√

2εfk · sin(2εfkt+ !k)

<latexit sha1_base64="uEJwYaQBIJd//SldHV3ZUdf8ulI=">AAACJXicbVDLSgNBEJyNrxhfUY9eBoMYD4ZdkehFCHrxGMU8IBuW2dlJMmR2d5jpFULIJ/gdfoBX/QRvInjy6G84SfZgEgsaiqpuurt8KbgG2/6yMkvLK6tr2fXcxubW9k5+d6+u40RRVqOxiFXTJ5oJHrEacBCsKRUjoS9Yw+/fjP3GI1Oax9EDDCRrh6Qb8Q6nBIzk5Y/dgAkg2JU9XoQTfIVP8b3nxlIkGqde1xhevmCX7AnwInFSUkApql7+xw1imoQsAiqI1i3HltAeEgWcCjbKuYlmktA+6bKWoREJmW4PJw+N8JFRAtyJlakI8ET9OzEkodaD0DedIYGenvfG4n9eK4HOZXvII5kAi+h0UScRGGI8TgcHXDEKYmAIoYqbWzHtEUUomAxntsjeQHOqRzmTjDOfwyKpn5Wccql8d16oXKcZZdEBOkRF5KALVEG3qIpqiKIn9IJe0Zv1bL1bH9bntDVjpTP7aAbW9y9oGaP4</latexit>

ωε(t) = →R→ωg(t)

<latexit sha1_base64="MQxwC9YA7QcI9hcupDqNuQpXfTk=">AAACInicbVDLSgMxFM3UV62vqks3wSoolDJTpLosunFZwT6gM5RMmmljM5mQZIRh6A/4HX6AW/0Ed+JKcO9vmLazsK0Hwj2ccy/35viCUaVt+8vKrayurW/kNwtb2zu7e8X9g5aKYolJE0cskh0fKcIoJ01NNSMdIQkKfUba/uhm4rcfiVQ04vc6EcQL0YDTgGKkjdQrnriNIe3RMpzWh6yOoEs57NplWHUFPe8VS3bFngIuEycjJZCh0Sv+uP0IxyHhGjOkVNexhfZSJDXFjIwLbqyIQHiEBqRrKEchUV46/c0YnhqlD4NImsc1nKp/J1IUKpWEvukMkR6qRW8i/ud1Yx1ceSnlItaE49miIGZQR3ASDexTSbBmiSEIS2puhXiIJMLaBDi3RQwTRbEaF0wyzmIOy6RVrTi1Su3uolS/zjLKgyNwDM6AAy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1pyVzRyCOVjfv2rWolo=</latexit>

!i,!j ,!k → [0, 2ω)

Discretize data

<latexit sha1_base64="9fsEKvvQrs9r61vBjEFFvvNLWNY=">AAACIHicbVDLSsNAFJ34rPUVdelmsAguakmKtC6LbrqsYB/QxDCZTtqhk0mYmQg19FPc+CtuXCiiO/0aJ20W2nrgwuGce7n3Hj9mVCrL+jJWVtfWNzYLW8Xtnd29ffPgsCOjRGDSxhGLRM9HkjDKSVtRxUgvFgSFPiNdf3yd+d17IiSN+K2axMQN0ZDTgGKktOSZ9cCj0KEc9m3rLj2vTqFThk6I1EiEafNhWoaZviS7nlmyKtYMcJnYOSmBHC3P/HQGEU5CwhVmSEq9L1ZuioSimJFp0UkkiREeoyHpa8pRSKSbzh6cwlOtDGAQCV1cwZn6eyJFoZST0Ned2Y1y0cvE/7x+ooJLN6U8ThTheL4oSBhUEczSggMqCFZsognCgupbIR4hgbDSmRZ1CPbiy8ukU63YtUrt5qLUuMrjKIBjcALOgA3qoAGaoAXaAINH8AxewZvxZLwY78bHvHXFyGeOwB8Y3z9YaaFO</latexit>

fi → [10
→2

Hz, 102 Hz]

<latexit sha1_base64="xLsv44aUuiom4wnjnUuA6Q/l9m0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilh0u3V654rjcHWSV+TiqQo94rf3X7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JmlT6JEm1LIZmrvycmNDZmHIe2M6Y4NMveTPzP62QYXQcTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85ZdXSfPC9atu9f6yUrvJ4yjCCZzCOfhwBTW4gzo0gEEEz/AKb87IeXHenY9Fa8HJZ47hD5zPH+2LjPs=</latexit>

4.

<latexit sha1_base64="ZlETleJEjw+pSHvAzErTpu8NaxY=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0VwUWoi0rosuumygn1AE8NkOmnHTiZhZiLUkM/wO/wAt/oJLgRx299w+ljY1gMXDufcy733+DGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT94e3Ebz8RIWnE79UoJm6I+pwGFCOlJc+8CLxH6FAOuzZ0StAJkRqIMK0/ZyVoWw/VJdH1zKJVtqaAq8SekyKYo+GZY6cX4SQkXGGGpOzaVqzcFAlFMSNZwUkkiREeoj7paspRSKSbTh/L4JlWejCIhC6u4FT9O5GiUMpR6OvOyY1y2ZuI/3ndRAXXbkp5nCjC8WxRkDCoIjhJCfaoIFixkSYIC6pvhXiABMJKZ7mwJR6MJMUyK+hk7OUcVknrsmxXypW7q2LtZp5RHpyAU3AObFAFNVAHDdAEGLyAN/AOPoxX49P4Nn5mrTljPnMMFmCMfwGA9qcf</latexit>

fj → [1Hz, 107 Hz]
<latexit sha1_base64="JuUebdt5rQkNQ45cXyItXb+cjVg=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZDZmeWmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvp367SeqNJPi0aQx9SM8FCxkBBsrPYT9cb9ccavuDGiVeDmpQI5Gv/zTG0iSRFQYwrHWXc+NjZ9hZRjhdFLqJZrGmIzxkHYtFTii2s9mp07QmVUGKJTKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zEiaGCzBeFCUdGounfaMAUJYanlmCimL0VkRFWmBibzsKWeJRqRvSkZJPxlnNYJa2Lqler1u4vK/WbPKMinMApnIMHV1CHO2hAEwgM4QVe4c15dt6dD+dz3lpw8pljWIDz9Qs9dJbL</latexit>

fk
<latexit sha1_base64="9fsEKvvQrs9r61vBjEFFvvNLWNY=">AAACIHicbVDLSsNAFJ34rPUVdelmsAguakmKtC6LbrqsYB/QxDCZTtqhk0mYmQg19FPc+CtuXCiiO/0aJ20W2nrgwuGce7n3Hj9mVCrL+jJWVtfWNzYLW8Xtnd29ffPgsCOjRGDSxhGLRM9HkjDKSVtRxUgvFgSFPiNdf3yd+d17IiSN+K2axMQN0ZDTgGKktOSZ9cCj0KEc9m3rLj2vTqFThk6I1EiEafNhWoaZviS7nlmyKtYMcJnYOSmBHC3P/HQGEU5CwhVmSEq9L1ZuioSimJFp0UkkiREeoyHpa8pRSKSbzh6cwlOtDGAQCV1cwZn6eyJFoZST0Ned2Y1y0cvE/7x+ooJLN6U8ThTheL4oSBhUEczSggMqCFZsognCgupbIR4hgbDSmRZ1CPbiy8ukU63YtUrt5qLUuMrjKIBjcALOgA3qoAGaoAXaAINH8AxewZvxZLwY78bHvHXFyGeOwB8Y3z9YaaFO</latexit>

fi → [10
→2

Hz, 102 Hz]

for indices          . 
<latexit sha1_base64="jIpgntlzzo5h1Vy3XeO4osljaSU=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgopREpLosunFZwT6gDWUynbRjJ5MwMxFC6NYPcKuf4E7c+h9+gb/hpM3Cth64cDjnXu69x4s4U9q2v63C2vrG5lZxu7Szu7d/UD48aqswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm9xmfueJSsVC8aCTiLoBHgnmM4K1kbqsih6raIIG5Ypds2dAq8TJSQVyNAfln/4wJHFAhSYcK9Vz7Ei7KZaaEU6npX6saITJBI9oz1CBA6rcdHbvFJ0ZZYj8UJoSGs3UvxMpDpRKAs90BliP1bKXif95vVj7127KRBRrKsh8kR9zpEOUPY+GTFKieWIIJpKZWxEZY4mJNhEtbInGiWJETUsmGWc5h1XSvqg59Vr9/rLSuMkzKsIJnMI5OHAFDbiDJrSAAIcXeIU369l6tz6sz3lrwcpnjmEB1tcvOSCXww==</latexit>

i, j, k

Choose frequencies 
linearly in the respective 
intervals

Re
pe

at
 

 ti
m

es
N S

<latexit sha1_base64="dEy3RFuuYx+Wb+MDLXbdFyK/Gyg=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgKiQi0WXRjcsq9gFtKJPppB06mYSZiRBCwQ9wq5/gTtz6K36Bv+G0zcK2HrhwOOde7r0nSDhT2nG+rdLa+sbmVnm7srO7t39QPTxqqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY30799hOVisXiUWcJ9SM8FCxkBGsjPXh2v1pzbGcGtErcgtSgQKNf/ekNYpJGVGjCsVJd10m0n2OpGeF0UumliiaYjPGQdg0VOKLKz2eXTtCZUQYojKUpodFM/TuR40ipLApMZ4T1SC17U/E/r5vq8NrPmUhSTQWZLwpTjnSMpm+jAZOUaJ4Zgolk5lZERlhiok04C1uSUaYYUZOKScZdzmGVtC5s17O9+8ta/abIqAwncArn4MIV1OEOGtAEAiG8wCu8Wc/Wu/Vhfc5bS1YxcwwLsL5+AdF6lfU=</latexit>

6.

Sample the phase  of an 
interferometer with  atoms with given 
spreads in the initial conditions .

ΔΦ
NI

z0, v0

Phase sampling

<latexit sha1_base64="uAvx2XfD4egUgfU1HwXWm2aFIp4=">AAACQ3icbVDJSgNBEO2JW4xb1KOXxiAkIGFGJHoMLuAxglkgM4SeTidp0rPQXSPEIV/kd/gBHtUP8OBNvAp2JnPI4oOGV+9VUdXPDQVXYJpvRmZldW19I7uZ29re2d3L7x80VBBJyuo0EIFsuUQxwX1WBw6CtULJiOcK1nSH1xO/+cik4oH/AKOQOR7p+7zHKQEtdfK39g0TQLBdG/Ci3U34UxFKpzgtEmOm7s+ZYWKWOvmCWTYT4GVipaSAUtQ6+U+7G9DIYz5QQZRqW2YITkwkcCrYOGdHioWEDkmftTX1iceUEyffHeMTrXRxL5D6+YATdXYiJp5SI8/VnR6BgVr0JuJ/XjuC3qUTcz+MgPl0uqgXCQwBnmSHu1wyCmKkCaGS61sxHRBJKOiE57aEg5HiVI1zOhlrMYdl0jgrW5Vy5f68UL1KM8qiI3SMishCF6iK7lAN1RFFz+gVvaMP48X4Mr6Nn2lrxkhnDtEcjN8/A0eunw==</latexit>

!”(ωz(t), ω”(t), ωg(t), ωε(t))

Calculate and save the average phase. 

Gravity Noise 
<latexit sha1_base64="LBGP4+69C9Nxvd977Ak40qcGbiY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hUqseiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTS/bnbK1c815uD/CV+TiqQo94rf3b7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JilT6JEm1LIZmrPycmNDZmHIe2M6Y4NMveTPzP62QYXQUTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85Zf/kuaZ61fd6t1FpXadx1GEIziGU/DhEmpwC3VoAIMInuAFXp2R8+y8Oe+L1oKTzxzCLzgf3+wGjPo=</latexit>

3.

<latexit sha1_base64="2o6yzWkALruiNjSnBmIXTmm16bc="></latexit> a G
ra
v
it
y
(
f
)
[m

/s
2
/→

H
z
]

<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]

Noise or Signal

<latexit sha1_base64="05/7hF+lLqijlPdWCTAfBodvcRg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4CkmR6rHoxWMV+wFtKJvtpl262YTdiVBK/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQ8Xtlcqe681BVomfkzLkqPdKX91+wrKYK2SSGtPxvRSDCdUomOTTYjczPKVsRAe8Y6miMTfBZH7plJxbpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZvU36QnOGcmwJZVrYWwkbUk0Z2nCKNgR/+eVV0qy4ftWt3l+Wazd5HAU4hTO4AB+uoAZ3UIcGMIjgGV7hzRk5L86787FoXXPymRP4A+fzB+qBjPk=</latexit>

2. Laser Phase Noise PSD

<latexit sha1_base64="NtnYaJK5HM0Ge+Z2ckst6sfUD3Y="></latexit> !
P
S
D
(
f
)
[r
a
d
2
/H

z
]

<latexit sha1_base64="02suqHrpikgwoKKwh9m8lo2R2vQ=">AAACAHicbVDLSsNAFL3xWeur6tLNYBFclUSkdVl047KCfUAby2Q6aYZOJmFmIoTQjR/gVj/Bnbj1T/wCf8NJm4VtPXDhcM693HuPF3OmtG1/W2vrG5tb26Wd8u7e/sFh5ei4o6JEEtomEY9kz8OKciZoWzPNaS+WFIcep11vcpv73ScqFYvEg05j6oZ4LJjPCNa55NiPjWGlatfsGdAqcQpShQKtYeVnMIpIElKhCcdK9R071m6GpWaE02l5kCgaYzLBY9o3VOCQKjeb3TpF50YZIT+SpoRGM/XvRIZDpdLQM50h1oFa9nLxP6+faP/azZiIE00FmS/yE450hPLH0YhJSjRPDcFEMnMrIgGWmGgTz8KWOEgVI2paNsk4yzmsks5lzanX6vdX1eZNkVEJTuEMLsCBBjThDlrQBgIBvMArvFnP1rv1YX3OW9esYuYEFmB9/QIF7Zab</latexit>

107<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]
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Phase statistics
• Get full phase shift 

statistics for various noise 
sources.


• Obtain mean value and 
standard deviation.


• Use Python “Dask” as a 
CPU parallelizer and make 
it open source.



DPG SAMOP 2026Michael Werner 10

Phase statistics

<latexit sha1_base64="0HsAAL6wJYbov7IEzaY/UWOiBYc=">AAAB/XicbZBLTwIxFIU7+EJ8jY+dm0YwcUVmWKBLohvdYSKPBCakUzpMQ6czae+YACH+FTcuNMat/8Od/8YCs1DwJE2+nHNv2h4/EVyD43xbubX1jc2t/HZhZ3dv/8A+PGrqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8oc3s7z1yJTmsXyAUcK8iAwkDzglYKyefXInOXAicMj4IARcGvecUs8uOmVnLrwKbgZFlKnes7+6/ZimEZNABdG64zoJeBOigFPBpoVuqllC6JAMWMegJBHT3mT++ik+N04fB7EyRwKeu783JiTSehT5ZjIiEOrlbGb+l3VSCK68CZdJCkzSxUVBKjDEeFYF7nPFKIiRAUKVqYFiGhJFKJjCCqYEd/nLq9CslN1quXpfKdauszry6BSdoQvkoktUQ7eojhqIojF6Rq/ozXqyXqx362MxmrOynWP0R9bnDwo/lFA=</latexit>

Initial height z0

<latexit sha1_base64="81buELhcgzUpmkcNuRa1x8so7Ow=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUm6qC6LunAZwT6gCWUynTRDJw9mboQSiht/xY0LRdz6Fe78G6dtFtp6YOBwzj3cucdPBVdgWd/Gyura+sZmaau8vbO7t28eHLZVkknKWjQRiez6RDHBY9YCDoJ1U8lI5AvW8UfXU7/zwKTiSXwP45R5ERnGPOCUgJb65rET6jRWIQ8AV90bJoBg1wl5tW9WrJo1A14mdkEqqIDTN7/cQUKziMVABVGqZ1speDmRwKlgk7KbKZYSOiJD1tM0JhFTXj47YYLPtDLAQSL1iwHP1N+JnERKjSNfT0YEQrXoTcX/vF4GwaWX8zjNgMV0vijIBIYET/vAAy4ZBTHWhFDJ9V8xDYkkFHRrZV2CvXjyMmnXa3aj1rirV5pXRR0ldIJO0Tmy0QVqolvkoBai6BE9o1f0ZjwZL8a78TEfXTGKzBH6A+PzB2bqlig=</latexit>

Ph
as
e s
hi
ft
!
”

<latexit sha1_base64="TH/eHQKXUDx8itdKy2BMKJ94cHY=">AAAB+XicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrspomUwjZVEMA9IljA7mU2GzGOZRyAs+RMbC0Vs/RM7/8ZJsoUmHrhwOOde7r0nThnVJgi+vcLW9s7uXnG/dHB4dHzin561tbQKkxaWTKpujDRhVJCWoYaRbqoI4jEjnXjSWPidKVGaSvFkZimJOBoJmlCMjJMGvv9geUwUlAlsSCuMHvjloBIsATdJmJMyyNEc+F/9ocSWE2EwQ1r3wiA1UYaUoZiRealvNUkRnqAR6TkqECc6ypaXz+GVU4YwkcqVMHCp/p7IENd6xmPXyZEZ63VvIf7n9axJbqOMitQaIvBqUWIZNBIuYoBDqgg2bOYIwoq6WyEeI4WwcWGVXAjh+subpF2thLVK7bFart/lcRTBBbgE1yAEN6AO7kETtAAGU/AMXsGbl3kv3rv3sWotePnMOfgD7/MHEKmTTg==</latexit> N
u
m
b
er

of
C
ou

nt
s

<latexit sha1_base64="jLLJqQ+cLi3HYN3mn6KEbP7cD1Y=">AAACFHicbVDLSsNAFJ3UV62vqODGzWARXJVEpLos6sJlBfuAJpTJdNIMnUzCzEQIMb/hB7jVT3Anbt37Bf6GkzYL23rgwuGce7iX48WMSmVZ30ZlZXVtfaO6Wdva3tndM/cPujJKBCYdHLFI9D0kCaOcdBRVjPRjQVDoMdLzJjeF33skQtKIP6g0Jm6Ixpz6FCOlpaF55ETaLtKZc0uYQtBpBzQfmnWrYU0Bl4ldkjoo0R6aP84owklIuMIMSTmwrVi5GRKKYkbympNIEiM8QWMy0JSjkEg3m/6fw1OtjKAfCT1cwan6N5GhUMo09PRmiFQgF71C/M8bJMq/cjPK40QRjmeH/IRBFcGiDDiigmDFUk0QFlT/CnGABMJKVzZ3JQ5SSbHMa7oZe7GHZdI9b9jNRvP+ot66LjuqgmNwAs6ADS5BC9yBNugADJ7AC3gFb8az8W58GJ+z1YpRZg7BHIyvX679nyU=</latexit>

!”

<latexit sha1_base64="11jd8Erjf0+Nt5KoRoaKvRACGMI=">AAACFHicbVDLSsNAFJ34rPUVFdy4GS2Cq5KIVJdFXbisYB/QhDCZTpqhM0mYmQgh5jf8ALf6Ce7ErXu/wN9w2mZhWw9cOJxzL+dy/IRRqSzr21haXlldW69sVDe3tnd2zb39joxTgUkbxywWPR9JwmhE2ooqRnqJIIj7jHT90c3Y7z4SIWkcPagsIS5Hw4gGFCOlJc88dCQdcuTlzrFzS5hC0GmFtPDMmlW3JoCLxC5JDZRoeeaPM4hxykmkMENS9m0rUW6OhKKYkaLqpJIkCI/QkPQ1jRAn0s0n/xfwVCsDGMRCT6TgRP17kSMuZcZ9vcmRCuW8Nxb/8/qpCq7cnEZJqkiEp0FByqCK4bgMOKCCYMUyTRAWVP8KcYgEwkpXNpOShJmkWBZV3Yw938Mi6ZzX7Ua9cX9Ra16XHVXAETgBZ8AGl6AJ7kALtAEGT+AFvII349l4Nz6Mz+nqklHeHIAZGF+/6rqerg==</latexit>ω!”

<latexit sha1_base64="8BstQu7RDO/RFf7GYXDdUflaXXk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1ISkeqy6MZlBfuAJpTJdNIOnUnCzESooV/ixoUibv0Ud/6NkzYLbT0wcDjnXu6ZEyScKe0431ZpbX1jc6u8XdnZ3duv2geHHRWnktA2iXksewFWlLOItjXTnPYSSbEIOO0Gk9vc7z5SqVgcPehpQn2BRxELGcHaSAO76iLvHHkC67EUmZgN7JpTd+ZAq8QtSA0KtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZxUsVTTCZ4BHtGxphQZWfzYPP0KlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbriqmBHf5y6ukc1F3G/XG/WWteVPUUYZjOIEzcOEKmnAHLWgDgRSe4RXerCfrxXq3PhajJavYOYI/sD5/AMkvko8=</latexit>

1m

<latexit sha1_base64="bb1hqeLHJzugYUC65z5FMafDxZQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkpSpLosunFZwT6gCWUynbRDZ5IwMxFq6Je4caGIWz/FnX/jpM1CWw8MHM65l3vmBAlnSjvOt7W2vrG5tV3aKe/u7R9U7MOjjopTSWibxDyWvQAryllE25ppTnuJpFgEnHaDyW3udx+pVCyOHvQ0ob7Ao4iFjGBtpIFdqSPvAnkC67EUmZgN7KpTc+ZAq8QtSBUKtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZ2UsVTTCZ4BHtGxphQZWfzYPP0JlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbrsqmBHf5y6ukU6+5jVrj/rLavCnqKMEJnMI5uHAFTbiDFrSBQArP8Apv1pP1Yr1bH4vRNavYOYY/sD5/AMrBkpA=</latexit>

2m

<latexit sha1_base64="7ojldBeE7CkCL44t+eIAOGMQfjI=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkqiUl0W3bisYB/QhDKZTtqhM0mYmQg19EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n21pZXVvf2Cxtlbd3dvcq9v5BW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Db3O49UKhZHD3qSUF/gYcRCRrA2Ut+uXCDvDHkC65EUmZj27apTc2ZAy8QtSBUKNPv2lzeISSpopAnHSvVcJ9F+hqVmhNNp2UsVTTAZ4yHtGRphQZWfzYJP0YlRBiiMpXmRRjP190aGhVITEZjJPKFa9HLxP6+X6vDaz1iUpJpGZH4oTDnSMcpbQAMmKdF8YggmkpmsiIywxESbrsqmBHfxy8ukfV5z67X6/WW1cVPUUYIjOIZTcOEKGnAHTWgBgRSe4RXerCfrxXq3PuajK1axcwh/YH3+AMxTkpE=</latexit>

3m

<latexit sha1_base64="huF/gtEuc5lSlJ5IyohPsk/yzWQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoipbosunFZwT6gCWUynbRDZ5IwMxFq6Je4caGIWz/FnX/jpM1CWw8MHM65l3vmBAlnSjvOt7W2vrG5tV3aKe/u7R9U7MOjjopTSWibxDyWvQAryllE25ppTnuJpFgEnHaDyW3udx+pVCyOHvQ0ob7Ao4iFjGBtpIFdqSPvAnkC67EUmZgN7KpTc+ZAq8QtSBUKtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZ2UsVTTCZ4BHtGxphQZWfzYPP0JlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbrsqmBHf5y6ukc1lzG7XGfb3avCnqKMEJnMI5uHAFTbiDFrSBQArP8Apv1pP1Yr1bH4vRNavYOYY/sD5/AM3lkpI=</latexit>

4m

<latexit sha1_base64="AQYtCHqzIF/1tHDrnL3iiI4ImnY=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiWl0W3bisYB/QhDKZTtqhM0mYmQg19EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n21pZXVvf2Cxtlbd3dvcq9v5BW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Db3O49UKhZHD3qSUF/gYcRCRrA2Ut+uXCLvDHkC65EUmZj27apTc2ZAy8QtSBUKNPv2lzeISSpopAnHSvVcJ9F+hqVmhNNp2UsVTTAZ4yHtGRphQZWfzYJP0YlRBiiMpXmRRjP190aGhVITEZjJPKFa9HLxP6+X6vDaz1iUpJpGZH4oTDnSMcpbQAMmKdF8YggmkpmsiIywxESbrsqmBHfxy8ukfV5z67X6/UW1cVPUUYIjOIZTcOEKGnAHTWgBgRSe4RXerCfrxXq3PuajK1axcwh/YH3+AM93kpM=</latexit>

5m

<latexit sha1_base64="rsBFIj8q1KmrSod2Y0jV4yR+Pb0=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiRSqhuh6MaVVLQPaUOZTCft0JkkzEyEELr2A9zqJ7gTt36HX+BvOG2zsK0HLhzOuZd77/EizpS27W8rt7K6tr6R3yxsbe/s7hX3D5oqjCWhDRLyULY9rChnAW1opjltR5Ji4XHa8kbXE7/1RKViYfCgk4i6Ag8C5jOCtZEeb3v36BJVbLtXLNllewq0TJyMlCBDvVf86fZDEgsaaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DA2woMpNpweP0YlR+sgPpalAo6n6dyLFQqlEeKZTYD1Ui95E/M/rxNq/cFMWRLGmAZkt8mOOdIgm36M+k5RonhiCiWTmVkSGWGKiTUZzW6JhohhR44JJxlnMYZk0z8pOtVy9q5RqV1lGeTiCYzgFB86hBjdQhwYQEPACr/BmPVvv1of1OWvNWdnMIczB+voFi3OX6A==</latexit>

NS = 400
<latexit sha1_base64="0neSizeek/thM3zX0oSc34YRFsI=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiRFqhuh6MaVVLQPbEOZTCft0MkkzEyEELr3A9zqJ7gTt/6GX+BvOG2zsK0HLhzOuZd77/EizpS27W8rt7K6tr6R3yxsbe/s7hX3D5oqjCWhDRLyULY9rChngjY005y2I0lx4HHa8kbXE7/1RKVioXjQSUTdAA8E8xnB2kiPt717dIkqVdvuFUt22Z4CLRMnIyXIUO8Vf7r9kMQBFZpwrFTHsSPtplhqRjgdF7qxohEmIzygHUMFDqhy0+nFY3RilD7yQ2lKaDRV/06kOFAqCTzTGWA9VIveRPzP68Tav3BTJqJYU0Fmi/yYIx2iyfuozyQlmieGYCKZuRWRIZaYaBPS3JZomChG1LhgknEWc1gmzUrZqZard2el2lWWUR6O4BhOwYFzqMEN1KEBBAS8wCu8Wc/Wu/Vhfc5ac1Y2cwhzsL5+AQW2mCY=</latexit>

NS = 2600
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Example: VLBAI Hannover

<latexit sha1_base64="rurLkpLt7rqirruuln+owS9Igcg="></latexit>

g(z)� gref [µm/s2]

<latexit sha1_base64="RaknjJskVqlbgSADKMpTFDgyDss="></latexit>

600
<latexit sha1_base64="t9GpE3v9FIAlWql4fvGyqRZoeC0="></latexit>

610
<latexit sha1_base64="gvN/E9JAMzFhj9hS9PlpIIIVcps="></latexit>

605
<latexit sha1_base64="AXnd9yUUwVuKgCIyZQH+4j0CrTI="></latexit>

615

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="ypnYo5ZQcUgKaVYPI9LAsJNaAVg="></latexit>

7
<latexit sha1_base64="Xi0z7L7xycqS4W1qlbCFxZ4t90Y="></latexit>

6
<latexit sha1_base64="6p0Z5QpUn24a+Buej9+n4SfIUks="></latexit>

5

<latexit sha1_base64="KO9JfWYnBIU1mmCwIHIOq2K66pM="></latexit>

1

<latexit sha1_base64="GTuF30uFVEdGRunGChZE+V916GY="></latexit>

2

<latexit sha1_base64="HWmIDzHgyrQ5FxeiOPSv/4Hn4E4="></latexit>

3

<latexit sha1_base64="KaAdyBB/My27qxz2K5CUbsRQKmQ="></latexit>

4

<latexit sha1_base64="uvZPUu8JbyP0/6FyJzdTsqzikc0="></latexit>�2.9
<latexit sha1_base64="4qktGars0Y2njX8Z8QTUroKYTAg="></latexit>�2.8

<latexit sha1_base64="smA/I+P8gzRsr4eShWBtBAG6lUg="></latexit>�2.7
<latexit sha1_base64="sdH+6cI/tLUyVhjuSXxB3PQUXtY="></latexit>�2.6

<latexit sha1_base64="tZ+DIYFRvMrLHeHBJTl6XFr6KoE="></latexit> z
[m

]

<latexit sha1_base64="AVBp9wKNV/3ChuYzAwFGdYl9Hlc="></latexit>

region of interest (ROI)

<latexit sha1_base64="xpiPfhfZmS97w2RalkQH38iUtxg="></latexit>

groundfloor

<latexit sha1_base64="6gfKGiJXmAVqvKs85NXorcmXMOQ="></latexit>

basement

<latexit sha1_base64="fAy1HUDUOgbat39pv24xxjEOc5Y="></latexit>

�(z) [103 E]
z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

Gravitational Acceleration Gravitational Curvature

From: Lezeik et al. - “Understanding the gravitational and magnetic environment of a very long baseline atom interferometer”



Where shall I operate an 
interferometer?
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Stability Analysis: CGI

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h

<latexit sha1_base64="lqHYUn2+8/uI6ZA4cApMd+N+j50=">AAACJXicbVDLSsNAFJ34rPVVdelmsIgupCQi1WVRFy4r2AckodxMp+3QmSTMTIQS8gl+hx/gVj/BnQiuXPobTtoubOuBC4dz7uXee4KYM6Vt+8taWl5ZXVsvbBQ3t7Z3dkt7+00VJZLQBol4JNsBKMpZSBuaaU7bsaQgAk5bwfAm91uPVCoWhQ96FFNfQD9kPUZAG6lTOvEU6wvopN4t5RqwVx+wDHtn2PUE6IEUqZDQzfxOqWxX7DHwInGmpIymqHdKP143IomgoSYclHIdO9Z+ClIzwmlW9BJFYyBD6FPX0BAEVX46fijDx0bp4l4kTYUaj9W/EykIpUYiMJ35lWrey8X/PDfRvSs/ZWGcaBqSyaJewrGOcJ4O7jJJieYjQ4BIZm7FZAASiDYZzmyJByPFiMqKJhlnPodF0jyvONVK9f6iXLueZlRAh+gInSIHXaIaukN11EAEPaEX9IrerGfr3fqwPietS9Z05gDNwPr+BYtYpdw=</latexit> ω
!
”
[m

ra
d
]

CGI = Measure Γ(z)
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Stability Analysis: MZI

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h

PRELIMINARY

<latexit sha1_base64="lqHYUn2+8/uI6ZA4cApMd+N+j50=">AAACJXicbVDLSsNAFJ34rPVVdelmsIgupCQi1WVRFy4r2AckodxMp+3QmSTMTIQS8gl+hx/gVj/BnQiuXPobTtoubOuBC4dz7uXee4KYM6Vt+8taWl5ZXVsvbBQ3t7Z3dkt7+00VJZLQBol4JNsBKMpZSBuaaU7bsaQgAk5bwfAm91uPVCoWhQ96FFNfQD9kPUZAG6lTOvEU6wvopN4t5RqwVx+wDHtn2PUE6IEUqZDQzfxOqWxX7DHwInGmpIymqHdKP143IomgoSYclHIdO9Z+ClIzwmlW9BJFYyBD6FPX0BAEVX46fijDx0bp4l4kTYUaj9W/EykIpUYiMJ35lWrey8X/PDfRvSs/ZWGcaBqSyaJewrGOcJ4O7jJJieYjQ4BIZm7FZAASiDYZzmyJByPFiMqKJhlnPodF0jyvONVK9f6iXLueZlRAh+gInSIHXaIaukN11EAEPaEX9IrerGfr3fqwPietS9Z05gDNwPr+BYtYpdw=</latexit> ω
!
”
[m

ra
d
]

More data needed!MZI = Measure g(z)
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• Include Gravitational Wave (GW) and Dark Matter (DM) simulations.


• Optimize experiments for GW/DM searches including noise.


• Model Gravity Gradient Noise (GGN) numerically.


• Go from 1D to 3D (+ Coriolis effect, + Eötvös effect, + Wave front aberrations, …).


• Include imperfect Atom-Light interactions.

Outlook & Next steps



Any questions?

Gaaloul group (T-SQUAD), Sep. 2025

And a big thanks to these people! 
Funding by AGAPES project of ANR & DFG.
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<latexit sha1_base64="WwsWD8bVZd/ez262iBBum2Fcz70=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3HfkwvatmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXty6pTr9bva5XGTZ5REU7gFM7BgStowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFSJyX2w==</latexit>

10→4

<latexit sha1_base64="s3OyxF2ySw/cU/1PIs48VTk59Eg=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3Hfkwv6tmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXty6pTr9bva5XGTZ5REU7gFM7BgStowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFS9CX3Q==</latexit>

10→6

<latexit sha1_base64="J953gL71RMv96ldd4uVVez9HvMg=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpKI1C6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3Hfkwv6tmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7Vfd1MmolhTQeaL/JgjHaLp72jIJCWaJ4ZgIpm5FZExlphok9DClmicKEZUVjLJOMs5rJL2ZdWpVWv3V5XGTZ5REU7gFM7BgWtowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFTwSX3w==</latexit>

10→8

<latexit sha1_base64="J3Y936VMMKlOo7MbcyMbEThlpB4=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvHDsblCt21Z4BrRInJxXI0RyUf/rDkMQBFZpwrFTPsSPtplhqRjjNSv1Y0QiTCR7RnqECB1S56ezeDJ0ZZYj8UJoSGs3UvxMpDpRKAs90BliP1bI3Ff/zerH2r92UiSjWVJD5Ij/mSIdo+jwaMkmJ5okhmEhmbkVkjCUm2kS0sCUaJ4oRlZVMMs5yDqukfVl16tX6fa3SuMkzKsIJnMI5OHAFDbiDJrSAAIcXeIU369l6tz6sz3lrwcpnjmEB1tcvt0uYEg==</latexit>

10→10

<latexit sha1_base64="LYxl/ydzdZ6BGt9TtoaKOjOoyAY=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnFo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJu1Z16tX6/WWlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fun+YFA==</latexit>

10→12

<latexit sha1_base64="8dS0fWWgNbRTj2dJkxYc6kO5RKQ=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnFo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kv1+1qlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fvbOYFg==</latexit>

10→14

<latexit sha1_base64="39QC1NQo3LH8YJ+jpk+xN/ov/0A=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKI1C6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLt192UiSjWVJD5Ij/mSIdo+jwaMkmJ5okhmEhmbkVkjCUm2kS0sCUaJ4oRlZVMMs5yDqukfVl1atXa/VWlcZNnVIQTOIVzcOAaGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fxBuYGg==</latexit>

10→18

<latexit sha1_base64="rQRb5YrKO2c9L26aP2WAGb+QSRM=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kv1+1qlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fwOeYGA==</latexit>

10→16

<latexit sha1_base64="oQtR/6chT5H2LqUklPdPrZ2GLSY=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpKItC6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3Hfkwv6tmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXty6pTq9buryqNmzyjIpzAKZyDA3VowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFTWqX3g==</latexit>

10→7
<latexit sha1_base64="/GOWchvJAoGMzMOxWpUE62015aI=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpKIVN0V3bisYB/QxjKZTtqhk0mYmQghZOkHuNVPcCdu/RC/wN9w2mZhWw9cOJxzL/fe40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtjW8nfvuJSsVC8aCTiLoBHgrmM4K1kdqO/ZieXWf9csWu2lOgZeLkpAI5Gv3yT28QkjigQhOOleo6dqTdFEvNCKdZqRcrGmEyxkPaNVTggCo3nZ6boROjDJAfSlNCo6n6dyLFgVJJ4JnOAOuRWvQm4n9eN9b+lZsyEcWaCjJb5Mcc6RBNfkcDJinRPDEEE8nMrYiMsMREm4TmtkSjRDGispJJxlnMYZm0zqtOrVq7v6jUb/KMinAEx3AKDlxCHe6gAU0gMIYXeIU369l6tz6sz1lrwcpnDmEO1tcvUJ6X4A==</latexit>

10→9
<latexit sha1_base64="l+xB85ZUCiNXS+Rnu+Uxk7PjtAU=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBC8GHZEosegF48RzAOSNcxOZpMhs7PLzKywLLn6AV71E7yJV//DL/A3nCR7MIkFDUVVN91dfiy4Nq777aysrq1vbBa2its7u3v7pYPDpo4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX80e3Ebz0xpXkkH0waMy8kA8kDTomxUhu7j9k5xuNeqexW3CnQMsE5KUOOeq/00+1HNAmZNFQQrTvYjY2XEWU4FWxc7CaaxYSOyIB1LJUkZNrLpveO0alV+iiIlC1p0FT9O5GRUOs09G1nSMxQL3oT8T+vk5jg2su4jBPDJJ0tChKBTIQmz6M+V4wakVpCqOL2VkSHRBFqbERzW+JhqjnV46JNBi/msEyaFxVcrVTvL8u1mzyjAhzDCZwBhiuowR3UoQEUBLzAK7w5z8678+F8zlpXnHzmCObgfP0CuOWYEw==</latexit>

10→11
<latexit sha1_base64="93kFaTRjBmQ6uuvFSWJjOFqi+TE=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKoVJdFNy4r2Ae0sUymk3boZBJmJkII2foBbvUT3Ilb/8Mv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpI5jP6ZnzkXWL1fsqj0FWiZOTiqQo9Ev//QGIYkDKjThWKmuY0faTbHUjHCalXqxohEmYzykXUMFDqhy0+m9GToxygD5oTQlNJqqfydSHCiVBJ7pDLAeqUVvIv7ndWPtX7spE1GsqSCzRX7MkQ7R5Hk0YJISzRNDMJHM3IrICEtMtIlobks0ShQjKiuZZJzFHJZJ67zq1Kq1+8tK/SbPqAhHcAyn4MAV1OEOGtAEAhxe4BXerGfr3fqwPmetBSufOYQ5WF+/vBmYFQ==</latexit>

10→13
<latexit sha1_base64="5rVtDGqWryHTUrNLSHY4eWtc4/A=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKIVpdFNy4r2Ae0sUymk3boZBJmJkII2foBbvUT3Ilb/8Mv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpI5jP6ZnzmXWL1fsqj0FWiZOTiqQo9Ev//QGIYkDKjThWKmuY0faTbHUjHCalXqxohEmYzykXUMFDqhy0+m9GToxygD5oTQlNJqqfydSHCiVBJ7pDLAeqUVvIv7ndWPtX7spE1GsqSCzRX7MkQ7R5Hk0YJISzRNDMJHM3IrICEtMtIlobks0ShQjKiuZZJzFHJZJ67zq1Kq1+4tK/SbPqAhHcAyn4MAV1OEOGtAEAhxe4BXerGfr3fqwPmetBSufOYQ5WF+/v02YFw==</latexit>

10→15
<latexit sha1_base64="L1VZltUZ/hUI23//tiRvV4cU2EI=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKItC6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kq1+6tK4ybPqAgncArn4EAdGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fwoGYGQ==</latexit>

10→17
<latexit sha1_base64="uITNXh7Rdn9nTvWCPdQ2uc2Y4AA=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKIVN0V3bisYB/QxjKZTtqhk0mYmQghZOsHuNVPcCdu/Q+/wN9w2mZhWw9cOJxzL/fe40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtjW8nfvuJSsVC8aCTiLoBHgrmM4K1kTqO/ZieOddZv1yxq/YUaJk4OalAjka//NMbhCQOqNCEY6W6jh1pN8VSM8JpVurFikaYjPGQdg0VOKDKTaf3ZujEKAPkh9KU0Giq/p1IcaBUEnimM8B6pBa9ifif1421f+WmTESxpoLMFvkxRzpEk+fRgElKNE8MwUQycysiIywx0SaiuS3RKFGMqKxkknEWc1gmrfOqU6vW7i8q9Zs8oyIcwTGcggOXUIc7aEATCHB4gVd4s56td+vD+py1Fqx85hDmYH39AsW1mBs=</latexit>

10→19

<latexit sha1_base64="MfNTjZZf2UyNHRojnkOtTAF75nk=">AAACGHicbVDLSsNAFJ3UV62vqDvdDBbBVUlEqsuiC11WtA9oS5lMJ83QySTM3IglBPwOP8CtfoI7cevOL/A3nD4WtvXAhcM593LvPV4suAbH+bZyS8srq2v59cLG5tb2jr27V9dRoiir0UhEqukRzQSXrAYcBGvGipHQE6zhDa5GfuOBKc0jeQ/DmHVC0pfc55SAkbr2QRvYI6R3oAiXOMNBdyJcN7KuXXRKzhh4kbhTUkRTVLv2T7sX0SRkEqggWrdcJ4ZOShRwKlhWaCeaxYQOSJ+1DJUkZLqTjn/I8LFRetiPlCkJeKz+nUhJqPUw9ExnSCDQ895I/M9rJeBfdFIu4wSYpJNFfiIwRHgUCO5xxSiIoSGEKm5uxTQgilAwsc1siYOh5lRnBZOMO5/DIqmfltxyqXx7VqxcTjPKo0N0hE6Qi85RBd2gKqohip7QC3pFb9az9W59WJ+T1pw1ndlHM7C+fgEWsKD6</latexit>

Strain hGW

<latexit sha1_base64="Ke7bQhV6uF/+SLmA8WI0qFpQpEk=">AAACIXicbVBLSgNBFOzxG+Mv6tJNYxBchZksorgKBsSNECE/SELo6bwkTXp6hu43whByAM/hAdzqEdyJO/EAXsPOZ2ESCxqKqnq8fuVHUhh03S9nbX1jc2s7tZPe3ds/OMwcHddMGGsOVR7KUDd8ZkAKBVUUKKERaWCBL6HuD0sTv/4I2ohQVTCJoB2wvhI9wRlaqZPJlkJl/T4oDrQCBq+p59J7QND0lnEhBSY25ebcKegq8eYkS+YodzI/rW7I4wAUcsmMaXpuhO0R0yi4hHG6FRuIGB+yPjQtVSwA0x5NjxnTc6t0aS/U9imkU/XvxIgFxiSBb5MBw4FZ9ibif14zxt5VeyRUFKO9draoF0uKIZ00Q7tCA0eZWMK4FvavlA+YZtx2sbglGiRGcDNO22a85R5WSS2f8wq5wkM+W7yZd5Qip+SMXBCPXJIiuSNlUiWcPJEX8krenGfn3flwPmfRNWc+c0IW4Hz/Aglxo2Y=</latexit>

Convergence Test: 10 Meter Facility

<latexit sha1_base64="TGZD8EJNXrJMsFnVHekDQ8jcOdc=">AAACHHicbVDJSgNBEO1xjXGLehSkMQgeJMyIRC9C0IM5RjALZIbQ0+lJmvQsdNeI4zA3v8MP8Kqf4E28Cn6Bv2FnOZjEBwWP96qoqudGgiswzW9jYXFpeWU1t5Zf39jc2i7s7DZUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXQ795z6TiYXAHScQcn/QC7nFKQEudwoHXsYE9QHrTzPAltrB9gm2fQF/6afUx6xSKZskcAc8Ta0KKaIJap/Bjd0Ma+ywAKohSbcuMwEmJBE4Fy/J2rFhE6ID0WFvTgPhMOenojwwfaaWLvVDqCgCP1L8TKfGVSnxXdw5PVLPeUPzPa8fgXTgpD6IYWEDHi7xYYAjxMBTc5ZJREIkmhEqub8W0TyShoKOb2hL1E8WpyvI6GWs2h3nSOC1Z5VL59qxYuZpklEP76BAdIwudowqqohqqI4qe0At6RW/Gs/FufBif49YFYzKzh6ZgfP0CNd2haw==</latexit>

fGW = 1Hz

<latexit sha1_base64="E85++8eOSkKb+fAC1yjHqgc8AnA=">AAACHHicbVDJSgNBEO2JW4zbqEdBGoPgQcJMkOhFCHowxwhmgUwIPZ2epEnPQneNGIe5+R1+gFf9BG/iVfAL/A07y8EkPih4vFdFVT03ElyBZX0bmaXlldW17HpuY3Nre8fc3aurMJaU1WgoQtl0iWKCB6wGHARrRpIR3xWs4Q6uR37jnknFw+AOhhFr+6QXcI9TAlrqmIdexwH2AMlNI8WXuIidU+z4BPrSTyqPacfMWwVrDLxI7CnJoymqHfPH6YY09lkAVBClWrYVQTshEjgVLM05sWIRoQPSYy1NA+Iz1U7Gf6T4WCtd7IVSVwB4rP6dSIiv1NB3defoRDXvjcT/vFYM3kU74UEUAwvoZJEXCwwhHoWCu1wyCmKoCaGS61sx7RNJKOjoZrZE/aHiVKU5nYw9n8MiqRcLdqlQuj3Ll6+mGWXRATpCJ8hG56iMKqiKaoiiJ/SCXtGb8Wy8Gx/G56Q1Y0xn9tEMjK9fN4WhbA==</latexit>

fGW = 2Hz

<latexit sha1_base64="AAaHJqe+hAMhlt72/diRHuxYb/M=">AAACHHicbVDJSgNBEO2JW4zbqEdBGoPgQcKMhOhFCHowxwhmgUwIPZ2epEnPQneNGIe5+R1+gFf9BG/iVfAL/A07y8EkPih4vFdFVT03ElyBZX0bmaXlldW17HpuY3Nre8fc3aurMJaU1WgoQtl0iWKCB6wGHARrRpIR3xWs4Q6uR37jnknFw+AOhhFr+6QXcI9TAlrqmIdexwH2AMlNI8WXuIidU+z4BPrSTyqPacfMWwVrDLxI7CnJoymqHfPH6YY09lkAVBClWrYVQTshEjgVLM05sWIRoQPSYy1NA+Iz1U7Gf6T4WCtd7IVSVwB4rP6dSIiv1NB3defoRDXvjcT/vFYM3kU74UEUAwvoZJEXCwwhHoWCu1wyCmKoCaGS61sx7RNJKOjoZrZE/aHiVKU5nYw9n8MiqZ8V7FKhdFvMl6+mGWXRATpCJ8hG56iMKqiKaoiiJ/SCXtGb8Wy8Gx/G56Q1Y0xn9tEMjK9fOtWhbg==</latexit>

fGW = 4Hz

<latexit sha1_base64="vNbWjXUSn/qPQciP0AM0+DiE0i0=">AAACHHicbVDJSgNBEO1xjXGLehSkMQgeJMyIRC9C0IM5RjALZIbQ0+lJmvQsdNeI4zA3v8MP8Kqf4E28Cn6Bv2FnOZjEBwWP96qoqudGgiswzW9jYXFpeWU1t5Zf39jc2i7s7DZUGEvK6jQUoWy5RDHBA1YHDoK1IsmI7wrWdAfXQ795z6TiYXAHScQcn/QC7nFKQEudwoHXsYE9QHrTzPAlLmP7BNs+gb700+pj1ikUzZI5Ap4n1oQU0QS1TuHH7oY09lkAVBCl2pYZgZMSCZwKluXtWLGI0AHpsbamAfGZctLRHxk+0koXe6HUFQAeqX8nUuIrlfiu7hyeqGa9ofif147Bu3BSHkQxsICOF3mxwBDiYSi4yyWjIBJNCJVc34ppn0hCQUc3tSXqJ4pTleV1MtZsDvOkcVqyyqXy7VmxcjXJKIf20SE6RhY6RxVURTVURxQ9oRf0it6MZ+Pd+DA+x60LxmRmD03B+PoFPiWhcA==</latexit>

fGW = 6Hz

<latexit sha1_base64="VHX0+goLG13ddaIQ8REsYlsY5TM=">AAACHHicbVDJSgNBEO2JW4zbqEdBGoPgQcKMSMxFCHowxwhmgUwIPZ2epEnPQneNGIe5+R1+gFf9BG/iVfAL/A07y8EkPih4vFdFVT03ElyBZX0bmaXlldW17HpuY3Nre8fc3aurMJaU1WgoQtl0iWKCB6wGHARrRpIR3xWs4Q6uR37jnknFw+AOhhFr+6QXcI9TAlrqmIdexwH2AMlNI8WXuISdU+z4BPrSTyqPacfMWwVrDLxI7CnJoymqHfPH6YY09lkAVBClWrYVQTshEjgVLM05sWIRoQPSYy1NA+Iz1U7Gf6T4WCtd7IVSVwB4rP6dSIiv1NB3defoRDXvjcT/vFYMXqmd8CCKgQV0ssiLBYYQj0LBXS4ZBTHUhFDJ9a2Y9okkFHR0M1ui/lBxqtKcTsaez2GR1M8KdrFQvD3Pl6+mGWXRATpCJ8hGF6iMKqiKaoiiJ/SCXtGb8Wy8Gx/G56Q1Y0xn9tEMjK9fQXWhcg==</latexit>

fGW = 8Hz

<latexit sha1_base64="LN2+5pYmpBW+T4VQeLe+YKTOopA="></latexit> !
”

re
s(
10

m
,Q

o
p
t,
2ω

f G
W
)
→
!
”

0
[r
ad

]


