
P ASE: Realistic Simulator of Gravitational Wave and Dark 
Matter Detection in long-baseline Atom Interferometry
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Introduction
In Hannover is the 10m facility VLBAI (“Very Long Baseline 
Atom Interferometer”). 
• Interferometry with Rubidium (Rb) and Ytterbium (Yb) with a 

free fall time of up to . 
• Designed to do precise UFF (Universality of Free Fall) tests 

with atoms.

2T ≈ 2.6 s

Theory of Quantum Sensing

Motivation
Measuring Gravitational Waves and Dark Matter are two of the most anticipated problems in modern physics. 
Atom Interferometer (AIFs) are highly sensitive measurement devices that can potentially measure both within a single 
(large scale) facility with a baseline .B ≥ 100 m

Optimal Parameters for Resonant GW Detection

What is the optimal configuration to detect a GW of known frequency  in a 
detector with fixed baseline  on Earth? [1] 
The interferometer time  is set by the GW frequency. Having a minimal 
and maximal time of the AIF, one can define the three main free parameters 

, and  . 

Goal: Find the optimal triple  which maximizes the phase 

. 

Numerics: P ASE (right box) is able to simulate GWs with strains of  
even within  interferometers. 

Connection to DM: DM is detected in the exact same AIF geometry — optimized 
in the same manner!
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Δϕres(Q, n, L) = 2QnkeffhL sinc( ωnL
2c ) cos( ω(n − 1)L

2c )
ℏ h ≥ 10−20

B = 10 m

P ASE: Open Source Python Algorithmℏ
• Solves the Schrödinger equation systematically 

using the stationary phase approximation. [2] 

• Includes general relativity (GR) to order . [2] 
• Ray propagation (finite speed of light) and 

intersection with atomic trajectories to ultra high 
precision. 

• Models (static) idealized gravitational backgrounds 
as well as non-trivial ones, such as the measured 
model of the VLBAI. 

• Possibility to include (temporal and spatial) 
gravitational anharmonicities.

𝒪(c−2)

Broadband GW & DM Analysis

Large scale detectors — of course — need to operate in a broadband 
configuration. For this, one sets the AIF time  to a fixed value and tries to 
optimize the broadband configuration. 

P ASE: Is able to simulate such experiments to very high accuracy.  
In the ideal case (no noise) we fully align with the analytical curves.
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DM GW Noise

Phase statistics
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LMT order

<latexit sha1_base64="3MCgw6mtwxIwe5GyB4mvwMICLMk="></latexit>

Diamonds

<latexit sha1_base64="vJrmAtle2Is6elFjLInzQ6pwKYo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWMCeUGyhNlJbzJk9sHMrLAswQ/wqp/gTbz6LX6Bv+Ek2YNJLGgoqrrp7vJiwZW27W9rY3Nre2e3sFfcPzg8Oi6dnLZVlEiGLRaJSHY9qlDwEFuaa4HdWCINPIEdb/Iw8ztPKBWPwqZOY3QDOgq5zxnVRmo0B6WyXbHnIOvEyUkZctQHpZ/+MGJJgKFmgirVc+xYuxmVmjOB02I/URhTNqEj7Bka0gCVm80PnZJLowyJH0lToSZz9e9ERgOl0sAznQHVY7XqzcT/vF6i/Ts342GcaAzZYpGfCKIjMvuaDLlEpkVqCGWSm1sJG1NJmTbZLG2Jx6niTE2LJhlnNYd10r6uONVKtXFTrt3nGRXgHC7gChy4hRo8Qh1awADhBV7hzXq23q0P63PRumHlM2ewBOvrF5K7lds=</latexit>

<latexit sha1_base64="ISZJ5hlbLF6fBbONC5hjptbemtU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNe1Cu2FV7DrJOnJxUIEdjUP7pDyOWBBhqJqhSPceOtZtRqTkTOC31E4UxZRM6wp6hIQ1Qudn80Cm5MMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0ZJJxVnNYJ+2rqlOr1prXlfpdnlERzuAcLsGBG6jDAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv1k3lbc=</latexit>

<latexit sha1_base64="JZizg0TN9MBLVNUBobenQvQMsEw=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRFqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnVrVqVfrD1eVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgfXlhc=</latexit> <latexit sha1_base64="Be8bh9lfeFu2N18iqAD0JTh6OKU=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQq1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbS42VzUK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7YuqU6vWHq4q9ds8oyKcwCmcgwPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BQlxlhg=</latexit>

<latexit sha1_base64="muwHcZi9kLYB2vExDyQWRpvT+JI=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRSqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnauqU6/WH2qVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgsLlhk=</latexit>

<latexit sha1_base64="3GM7BxBmLZAQcbuDFRDcavlPbw4=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxiUm8ogwIZ1yBxo6nabtmEwm7P0At/oJ7oxbf8Mv8DcsMAsBT9Lk5Jx7c09PIDnTxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhRFFo05rHqBkQDZwJahhkOXamARAGHTjC5nfmdJ1CaxeLBpBL8iIwECxklxkqPLSlBYUnMeFCuuFV3DrxOvJxUUI7moPzTH8Y0iUAYyonWPc+Vxs+IMoxymJb6iQZJ6ISMoGepIBFoP5snnuILqwxxGCv7hMFz9e9GRiKt0yiwk5ENp1e9mfif10tMeO1nTMjEgKCLQ2HCsYnx7Pt4yBRQw1NLCFXMZsV0TBShxpa0dEWOU82onpZsM95qD+ukXat69Wr9vlZp3OQdFdEZOkeXyENXqIHuUBO1EEUCvaBX9OY8O+/Oh/O5GC04+c4pWoLz9QuQNZm4</latexit>

Upper path
<latexit sha1_base64="dObEgn47DU9RgMFsiAd0BiTj5L0=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxoULTOQRYUI65Q40dNpJ29FMCHs/wK1+gjvj1t/wC/wNC8xCwJM0OTnn3tzTE8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNbVMFIUGlVyqdkA0cCagYZjh0I4VkCjg0ApG11O/9QhKMynuTRqDH5GBYCGjxFjp4VY+gcIxMcNeseSW3RnwKvEyUkIZ6r3iT7cvaRKBMJQTrTueGxt/TJRhlMOk0E00xISOyAA6lgoSgfbHs8QTfGaVPg6lsk8YPFP/boxJpHUaBXYysuH0sjcV//M6iQkv/TETcWJA0PmhMOHYSDz9Pu4zBdTw1BJCFbNZMR0SRaixJS1ciYepZlRPCrYZb7mHVdKslL1quXpXKdWuso7y6ASdonPkoQtUQzeojhqIIoFe0Ct6c56dd+fD+ZyP5pxs5xgtwPn6BYtCmbU=</latexit>

Lower path <latexit sha1_base64="IUZJf3FY5ippoCUaD6Ji+V5AJhI="></latexit>

<latexit sha1_base64="3MCgw6mtwxIwe5GyB4mvwMICLMk="></latexit>

<latexit sha1_base64="Hz9d8fndSAwDV9d1sgiiOqrJQ4Y=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRFWjdC0Y3LFu0D2lAm00k7dDIJMxMhhC78ALf6Ce7ErZ/iF/gbTtssbOuBC4dz7uXee7yIM6Vt+9vKbWxube/kdwt7+weHR8Xjk7YKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMndzO88UalYKB51ElE3wCPBfEawNtJD86YyKJbssj0HWidORkqQoTEo/vSHIYkDKjThWKmeY0faTbHUjHA6LfRjRSNMJnhEe4YKHFDlpvNTp+jCKEPkh9KU0Giu/p1IcaBUEnimM8B6rFa9mfif14u1f+2mTESxpoIsFvkxRzpEs7/RkElKNE8MwUQycysiYywx0SadpS3ROFGMqGnBJOOs5rBO2pWyUy1Xm1el+m2WUR7O4BwuwYEa1OEeGtACAiN4gVd4s56td+vD+ly05qxs5hSWYH39Aooplls=</latexit>

<latexit sha1_base64="h8CgLqahdwnpzAjPbMcVVW9ItCU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmeWmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt1O//USVZlI8mjSmfoSHgoWMYGOlh17WL1fcqjsDWiVeTiqQo9Ev//QGkiQRFYZwrHXXc2PjZ1gZRjidlHqJpjEmYzykXUsFjqj2s9mlE3RmlQEKpbIlDJqpfycyHGmdRoHtjLAZ6WVvKv7ndRMTXvsZE3FiqCDzRWHCkZFo+jYaMEWJ4aklmChmb0VkhBUmxoazsCUepZoRPSnZZLzlHFZJ66Lq1aq1+8tK/SbPqAgncArn4MEV1OEOGtAEAiG8wCu8Oc/Ou/PhfM5bC04+cwwLcL5+AYlqlmg=</latexit>

<latexit sha1_base64="NOGEEzfnlrQP4xgP6PpNQ2VN4og=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovoqiQi1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbSY/N8UK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7cuqU6vWHq4q9ds8oyKcwClcgAPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BfZXlgw=</latexit>

<latexit sha1_base64="xNN7SPCNhKLV3XRAploQU2B0JSg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRSqhuh6MZlRfuANpTJdNIOnUzCzEQIoQs/wK1+gjtx66f4Bf6G0zQL23rgwuGce7n3Hi/iTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I78ztPVCoWikedRNQN8EgwnxGsjfQgrmuDcsWu2hnQKnFyUoEczUH5pz8MSRxQoQnHSvUcO9JuiqVmhNNpqR8rGmEywSPaM1TggCo3zU6dojOjDJEfSlNCo0z9O5HiQKkk8ExngPVYLXsz8T+vF2v/yk2ZiGJNBZkv8mOOdIhmf6Mhk5RonhiCiWTmVkTGWGKiTToLW6JxohhR05JJxlnOYZW0L6pOvVq/r1UaN3lGRTiBUzgHBy6hAXfQhBYQGMELvMKb9Wy9Wx/W57y1YOUzx7AA6+sXu+qWeg==</latexit>

<latexit sha1_base64="KhlVT7Zt8mvK+SrAJU9x5qSlF/0=">AAACEnicbZDLSsNAFIYn9VbrLV52bgaLWBeWpEh1I5S6cVmhN2hDmUwn7dDJJMxMhBjyFj6AW30Ed+LWF/AJfA2nbRa2+sOBn/+cwzl8bsioVJb1ZeRWVtfWN/Kbha3tnd09c/+gLYNIYNLCAQtE10WSMMpJS1HFSDcUBPkuIx13cjvtdx6IkDTgTRWHxPHRiFOPYqR0NDCPmmc3fU8gnFRK/MI+r6cJTgdm0SpbM8G/xs5MEWRqDMzv/jDAkU+4wgxJ2bOtUDkJEopiRtJCP5IkRHiCRqSnLUc+kU4y+z6FpzoZQi8QuriCs/T3RoJ8KWPf1ZM+UmO53JuG//V6kfKunYTyMFKE4/khL2JQBXCKAg6pIFixWBuEBdW/QjxGmoXSwBauhONYUizTgiZjL3P4a9qVsl0tV+8vi7V6xigPjsEJKAEbXIEauAMN0AIYPIJn8AJejSfjzXg3PuajOSPbOQQLMj5/AAYinQo=</latexit>

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="o8epeUxeIhCROsAvTHnirbzpNds=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwISHxUeuu6MZlBduKbSiT6W07dDIJMxMhhOz9ALf6Ce7Erb/hF/gbTh+C9XHgwuGce7n3Hj/iTGnHebdyc/MLi0v55cLK6tr6RnFzq6HCWFKo05CH8sYnCjgTUNdMc7iJJJDA59D0hxcjv3kHUrFQXOskAi8gfcF6jBJtpNv2EHQqDnA/6xRLju1Uzk6OXPybuLYzRglNUesUP9rdkMYBCE05UarlOpH2UiI1oxyyQjtWEBE6JH1oGSpIAMpLxxdneM8oXdwLpSmh8Vj9PpGSQKkk8E1nQPRA/fRG4l9eK9a9ipcyEcUaBJ0s6sUc6xCP3sddJoFqnhhCqGTmVkwHRBKqTUgzW6JBohhVWcEk8/U+/p80Dm23bJevjkvV82lGebSDdtE+ctEpqqJLVEN1RJFAD+gRPVn31rP1Yr1OWnPWdGYbzcB6+wTVQZno</latexit>

|n, g→
<latexit sha1_base64="ZlUJBGB7ypmqBM0xeal1Y7D1FZ0=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwISHxUeuu6MZlBduKbSiT6W07dDIJMxMhhOz9ALf6Ce7Erb/hF/gbTh+C9XHgwuGce7n3Hj/iTGnHebdyc/MLi0v55cLK6tr6RnFzq6HCWFKo05CH8sYnCjgTUNdMc7iJJJDA59D0hxcjv3kHUrFQXOskAi8gfcF6jBJtpNv2EHQqDjBknWLJsZ3K2cmRi38T13bGKKEpap3iR7sb0jgAoSknSrVcJ9JeSqRmlENWaMcKIkKHpA8tQwUJQHnp+OIM7xmli3uhNCU0HqvfJ1ISKJUEvukMiB6on95I/MtrxbpX8VImoliDoJNFvZhjHeLR+7jLJFDNE0MIlczciumASEK1CWlmSzRIFKMqK5hkvt7H/5PGoe2W7fLVcal6Ps0oj3bQLtpHLjpFVXSJaqiOKBLoAT2iJ+veerZerNdJa86azmyjGVhvn9INmeY=</latexit>

|n, e→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→
<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→
<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

<latexit sha1_base64="mlrIwSm4eZ9v4S1hpLsQCFig/bs=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJs6fYZh00xmSvSC5Yt7FJEssCmRKivlcoYzdmUJIBi1Q7aY/272ART5IwwTVuuWS0HRiqgxnAiapdqQhpGxEB9CyVFIfdCeeXTzBJ1bp4X6gbEmDZ+rPiZj6Wo99z3b61Az1b28q/uW1ItMvd2Iuw8iAZPNF/UhgE+Dp+7jHFTAjxpZQpri9FbMhVZQZG9LSlnA41pzpScom8/0+/p/Uc1m3lC3dFDKVy0VGSXSEjtEpctE5qqBrVEU1xJBEj+gJPTsPzovz6rzNWxPOYuYQLcF5/wJBvZmL</latexit>

<latexit sha1_base64="/jHo6rmpMc0pFqz/vHibhIE82p0=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rGAf2JaSSdM2NJMZkowwDLP3A9zqJ7gTt/6GX+BvmD4EK3rgwuGce7n3Hi/kTGmEPqzMyura+kZ2M7e1vbO7l98/aKogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1xN/dY9lYoF4lbHIe35eCTYkBGsjXTXnVCdFM/gKO3nC8hG5aqDihDZpdI5ciuGVKsVt1iGjo1mKIAF6v38Z3cQkMinQhOOleo4KNS9BEvNCKdprhspGmIywSPaMVRgn6peMrs4hSdGGcBhIE0JDWfqz4kE+0rFvmc6fazH6rc3Ff/yOpEeVnoJE2GkqSDzRcOIQx3A6ftwwCQlmseGYCKZuRWSMZaYaBPS0pZwHCtGVJozyXy/D/8nzaLtuLZ7c1GoXS4yyoIjcAxOgQPKoAauQR00AAECPIIn8Gw9WC/Wq/U2b81Yi5lDsATr/QuBcJm1</latexit>

<latexit sha1_base64="66ljE5HOcYAUVw377WAQFW7LbsE=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22m7K7pxWcG2YltKJk3b0ExmSDLCMMzeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee7yQM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWCSBLaJAEP5K2HFeVM0KZmmtPbUFLse5y2vcnl1G/fU6lYIG50HNKej0eCDRnB2kh33QnVSekMjtJ+voBsVKk5qAiRXS6fI7dqSK1WdYsV6NhohgJYoNHPf3YHAYl8KjThWKmOg0LdS7DUjHCa5rqRoiEmEzyiHUMF9qnqJbOLU3hilAEcBtKU0HCm/pxIsK9U7Hum08d6rH57U/EvrxPpYbWXMBFGmgoyXzSMONQBnL4PB0xSonlsCCaSmVshGWOJiTYhLW0Jx7FiRKU5k8z3+/B/0irajmu716VC/WKRURYcgWNwChxQAXVwBRqgCQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+Eqpm3</latexit>

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

<latexit sha1_base64="mlrIwSm4eZ9v4S1hpLsQCFig/bs=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJs6fYZh00xmSvSC5Yt7FJEssCmRKivlcoYzdmUJIBi1Q7aY/272ART5IwwTVuuWS0HRiqgxnAiapdqQhpGxEB9CyVFIfdCeeXTzBJ1bp4X6gbEmDZ+rPiZj6Wo99z3b61Az1b28q/uW1ItMvd2Iuw8iAZPNF/UhgE+Dp+7jHFTAjxpZQpri9FbMhVZQZG9LSlnA41pzpScom8/0+/p/Uc1m3lC3dFDKVy0VGSXSEjtEpctE5qqBrVEU1xJBEj+gJPTsPzovz6rzNWxPOYuYQLcF5/wJBvZmL</latexit>

<latexit sha1_base64="/jHo6rmpMc0pFqz/vHibhIE82p0=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rGAf2JaSSdM2NJMZkowwDLP3A9zqJ7gTt/6GX+BvmD4EK3rgwuGce7n3Hi/kTGmEPqzMyura+kZ2M7e1vbO7l98/aKogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1xN/dY9lYoF4lbHIe35eCTYkBGsjXTXnVCdFM/gKO3nC8hG5aqDihDZpdI5ciuGVKsVt1iGjo1mKIAF6v38Z3cQkMinQhOOleo4KNS9BEvNCKdprhspGmIywSPaMVRgn6peMrs4hSdGGcBhIE0JDWfqz4kE+0rFvmc6fazH6rc3Ff/yOpEeVnoJE2GkqSDzRcOIQx3A6ftwwCQlmseGYCKZuRWSMZaYaBPS0pZwHCtGVJozyXy/D/8nzaLtuLZ7c1GoXS4yyoIjcAxOgQPKoAauQR00AAECPIIn8Gw9WC/Wq/U2b81Yi5lDsATr/QuBcJm1</latexit>

<latexit sha1_base64="66ljE5HOcYAUVw377WAQFW7LbsE=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22m7K7pxWcG2YltKJk3b0ExmSDLCMMzeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee7yQM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWCSBLaJAEP5K2HFeVM0KZmmtPbUFLse5y2vcnl1G/fU6lYIG50HNKej0eCDRnB2kh33QnVSekMjtJ+voBsVKk5qAiRXS6fI7dqSK1WdYsV6NhohgJYoNHPf3YHAYl8KjThWKmOg0LdS7DUjHCa5rqRoiEmEzyiHUMF9qnqJbOLU3hilAEcBtKU0HCm/pxIsK9U7Hum08d6rH57U/EvrxPpYbWXMBFGmgoyXzSMONQBnL4PB0xSonlsCCaSmVshGWOJiTYhLW0Jx7FiRKU5k8z3+/B/0irajmu716VC/WKRURYcgWNwChxQAXVwBRqgCQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+Eqpm3</latexit>

<latexit sha1_base64="3GM7BxBmLZAQcbuDFRDcavlPbw4=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxiUm8ogwIZ1yBxo6nabtmEwm7P0At/oJ7oxbf8Mv8DcsMAsBT9Lk5Jx7c09PIDnTxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhRFFo05rHqBkQDZwJahhkOXamARAGHTjC5nfmdJ1CaxeLBpBL8iIwECxklxkqPLSlBYUnMeFCuuFV3DrxOvJxUUI7moPzTH8Y0iUAYyonWPc+Vxs+IMoxymJb6iQZJ6ISMoGepIBFoP5snnuILqwxxGCv7hMFz9e9GRiKt0yiwk5ENp1e9mfif10tMeO1nTMjEgKCLQ2HCsYnx7Pt4yBRQw1NLCFXMZsV0TBShxpa0dEWOU82onpZsM95qD+ukXat69Wr9vlZp3OQdFdEZOkeXyENXqIHuUBO1EEUCvaBX9OY8O+/Oh/O5GC04+c4pWoLz9QuQNZm4</latexit>

<latexit sha1_base64="dObEgn47DU9RgMFsiAd0BiTj5L0=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxoULTOQRYUI65Q40dNpJ29FMCHs/wK1+gjvj1t/wC/wNC8xCwJM0OTnn3tzTE8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNbVMFIUGlVyqdkA0cCagYZjh0I4VkCjg0ApG11O/9QhKMynuTRqDH5GBYCGjxFjp4VY+gcIxMcNeseSW3RnwKvEyUkIZ6r3iT7cvaRKBMJQTrTueGxt/TJRhlMOk0E00xISOyAA6lgoSgfbHs8QTfGaVPg6lsk8YPFP/boxJpHUaBXYysuH0sjcV//M6iQkv/TETcWJA0PmhMOHYSDz9Pu4zBdTw1BJCFbNZMR0SRaixJS1ciYepZlRPCrYZb7mHVdKslL1quXpXKdWuso7y6ASdonPkoQtUQzeojhqIIoFe0Ct6c56dd+fD+ZyP5pxs5xgtwPn6BYtCmbU=</latexit>

FIG. 2. Schematic depiction of the experimental setup in the laboratory frame (left) and the freely falling frame (right). The setup consists of
two Mach-Zehnder Interferometers (MZIs), each spanning a height difference of ∆h, placed a distance of L apart. The laser is placed at a height
zU and, relevant for the case of LMT enhancement (right), a mirror placed at zL. For the case of n = 1 (left) the AIF scheme consists of 2Q + 1
pulses: One ω/2 pulse at the beginning and the end, as well as 2Q → 1 ω pulses. In the case of n > 1 (right), there are 4Q(n → 1) additional LMT
pulses present. The time interval between LMT pulses is denoted by T ↑ and approximately given by T → 2(n → 1)(zU → zL)/c. A state is denoted
as |n, g/e↓, where n denotes the momentum eigenstate and g/e are the electronic ground and excited state. To enhance visibility, the electronic
ground and excited states are color-coded blue and red in the schematic.

II. RESONANT GW INTERFEROMETRY

The concept of detecting gravitational waves with atom
interferometers was first proposed in its current form by Di-
mopoulos et al. [19] for a spaceborne mission comprising two
satellites, each equipped with a vacuum chamber and intercon-
nected via a laser link to drive atomic transitions. However,
analogous experiments can also be implemented terrestrially in
a more cost-effective manner, albeit with the inherent limitation
of shorter baselines.

An example of such a vertical, earthbound facility is illus-
trated in Fig. 1 for the VLBAI Hannover, which features a base-
line of approximately 10 meters. Two other facilities of similar
scale—the Stanford and Wuhan 10-meter experiments—are
also operational. Additionally, several long-baseline atomic
interferometers are either planned or under construction world-
wide. Notable examples include:

B !




10 m for VLBAI (EU), AION10 (EU), ...
100 m for MAGIS (US), MIGA (EU), ...
1000 m for AION-km (EU), ZAIGA (China), ...

Experiments with baselines of several hundreds of meters are
anticipated to achieve the sensitivity necessary for gravitational
wave detection [20–24].

To model GWs, one typically begins with a linearized field
theory, where the spacetime metric is expressed as

gµε = ϑµε + hµε,
∣∣∣hµε
∣∣∣ ↔ 1 (1)

with the Minkowski metric ϑµε = diag(→1, 1, 1, 1). For the
analysis of GWs propagating along the x-direction, it is com-
mon to use the transverse-traceless (TT) gauge. In this gauge,
the line element can be written as

ds2 = →c2dt2 + dx2 + dy2 + dz2 + h(t)(dy2 → dz2), (2)

where h(t) denotes the time-dependent strain of the gravita-
tional wave. By solving the geodesic equation in this spacetime
for two test particles initially separated by a length L, one finds
that the proper distance between them oscillates as

L(t)
L
= 1 +

h(t)
2
= 1 +

h
2

sin(ϖt + ϱ0), (3)

where h is the amplitude of the GW strain, ϖ its angular fre-
quency, and ϱ0 an initial phase.

For a given GW frequency f = ϖ/2ω, the corresponding
resonance time Tres that leads to resonant signal enhancement
can be determined. This is achieved by applying mirror pulses
that interact with the atomic ensemble at half the GW frequency.
An illustration of this configuration is provided in Fig. 2. While
single-photon transitions are typically used to drive atomic
transitions, two-photon interactions have also been proposed in
the literature [19]. In the following, we focus on single-photon
transitions, which (instantaneously) change the internal state of
the atom from the electronic ground state |n, g↓ to the excited
state |n + 1, e↓ with transition frequency ϖA = ckeff, imparting
an effective momentum of ⊋keff. For the case of Rubidium 87
ϖA corresponds to 6.8 GHz.

B
=

10
m

Dark Matter (scalar ULDM): 
Periodically change the internal state 
energies and therefore the resonance 
frequency of the interaction.

Gravitational Waves: Periodically changes the baseline  
and the corresponding photon flight times.

B

Both effects can be detected with the 
same interferometer setup!
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• Open Source: Each paper comes with its own repository that reproduces all 
numerical results. 

• Includes GGN noise [4] 

 

 

with  and other models.

VGGN(z, t) = − 2πGρ0 ∑
a

ξa
cH

qωa ( 1 + s2

1 − s2 )
× [(1 + q/s) exp(−ωaz /cH) − 2 exp(−qωaz /cH)] cos(ωat + θ̃a)

ρ0 = 1800 kg/m3, s = 0.36, q = 0.88, cH = 205 m/s

From Peterson’s model [3]

Uniformly random

Gravitational Waves (GWs): Can be detected in the highly anticipated mid-frequency band between space borne 
experiments (LISA) and terrestrial laser interferometers (LIGO/VIRGO/KAGRA).
Dark Matter (DM): A plethora of different DM theories are currently under investigation. ULDM is, however, in its scalar 
and axionic form proposed for large scale AIFs to be detectable.
All proposed theoretical models are, so far, mostly algebraic and treat imperfections and noise in a simplified manner. We 
now propose a numerical simulator and an optimal parameter analysis for such large scale AIF experiments.
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QuantumFrontiers Grants No. 390837967), through CRC 1227 (DQ-mat) within Project No. A05. MW and NG acknowledge funding by the AGAPES 
project - grant No, 530096754 within the ANR-DFG 2023 Programme.
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<latexit sha1_base64="J3Y936VMMKlOo7MbcyMbEThlpB4=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvHDsblCt21Z4BrRInJxXI0RyUf/rDkMQBFZpwrFTPsSPtplhqRjjNSv1Y0QiTCR7RnqECB1S56ezeDJ0ZZYj8UJoSGs3UvxMpDpRKAs90BliP1bI3Ff/zerH2r92UiSjWVJD5Ij/mSIdo+jwaMkmJ5okhmEhmbkVkjCUm2kS0sCUaJ4oRlZVMMs5yDqukfVl16tX6fa3SuMkzKsIJnMI5OHAFDbiDJrSAAIcXeIU369l6tz6sz3lrwcpnjmEB1tcvt0uYEg==</latexit>

10→10

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

10→9

<latexit sha1_base64="4x6tf+/5zj5A3H12J5pL2tBhaNc=">AAACE3icbVBLTsMwFHT4lvIrIFZsLCokVlXSRWFZ0Q3LIuhHaqPKcV9aq44T2Q5SFPUYHIAtHIEdYssBOAHXwGmDRFtGsjSaec9jjxdxprRtf1lr6xubW9uFneLu3v7BYenouK3CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8SSPzO48gFQvFg04icAMyEsxnlGgjDUqnjTGRhGqQJotRfK8lYUYv2xV7BrxKnJyUUY7moPTdH4Y0DkBoyolSPceOtJsSae7kMC32YwURoRMygp6hggSg3HT2/Cm+MMoQ+6E0R2g8U/9upCRQKgk8MxkQPVbLXib+5/Vi7V+7KRNRrEHQeZAfc6xDnHWBh0wC1TwxhFDJsv/T3zoWU6JxohhV06JpxlnuYZW0qxWnVqndVcv1m7yjAjpD5+gSOegK1dEtaqIWoihFz+gFvVpP1pv1bn3MR9esfOcELcD6/AHjM564</latexit> C
h
ar
ac
te
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S
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n

<latexit sha1_base64="txLpHbqf2E9SuRZbSEbC4/Ztpv8=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcuK9gFtKJPppBk6mYSZiRBCF36AW/0Ed+LWT/EL/A0nbRa29cCFwzn3cu89XsyZ0rb9bZXW1jc2t8rblZ3dvf2D6uFRR0WJJLRNIh7JnocV5UzQtmaa014sKQ49Trve5Db3u09UKhaJR53G1A3xWDCfEayN9BAMybBas+v2DGiVOAWpQYHWsPozGEUkCanQhGOl+o4dazfDUjPC6bQySBSNMZngMe0bKnBIlZvNTp2iM6OMkB9JU0Kjmfp3IsOhUmnomc4Q60Ate7n4n9dPtH/tZkzEiaaCzBf5CUc6QvnfaMQkJZqnhmAimbkVkQBLTLRJZ2FLHKSKETWtmGSc5RxWSeei7jTqjfvLWvOmyKgMJ3AK5+DAFTThDlrQBgJjeIFXeLOerXfrw/qct5asYuYYFmB9/QIz4pbF</latexit> h
c

<latexit sha1_base64="MXzPjcuPe54rxwLUDB/PAkMW1w0=">AAACE3icbVDLSsNAFJ3UV62vqLhyM1gEF1IS0epGKLpxWaEvaEKZTCft0JkkzEyEEPIZfoBb/QR34tYP8Av8DSdtFrb1wIXDOfdyD8eLGJXKsr6N0srq2vpGebOytb2zu2fuH3RkGAtM2jhkoeh5SBJGA9JWVDHSiwRB3GOk603uc7/7RISkYdBSSURcjkYB9SlGSksD86gFb6FVu4LOOXQ4UmPBU5kNzKpVs6aAy8QuSBUUaA7MH2cY4piTQGGGpOzbVqTcFAlFMSNZxYkliRCeoBHpaxogTqSbTuNn8FQrQ+iHQk+g4FT9e5EiLmXCPb2ZJ5SLXi7+5/Vj5d+4KQ2iWJEAzx75MYMqhHkXcEgFwYolmiAsqM4K8RgJhJVubO5LNE4kxTKr6GbsxR6WSeeiZtdr9cfLauOu6KgMjsEJOAM2uAYN8ACaoA0wSMELeAVvxrPxbnwYn7PVklHcHII5GF+//Nmc/A==</latexit>

T = 0.5 s
<latexit sha1_base64="csio9thDuadm7xteR5BZ0e4NxfU=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRiqxuh6MZli/YBbSiT6aQdOpmEmYkQQhd+gFv9BHfi1k/xC/wNp20WtvXAhcM593LvPV7EmdK2/W3l1tY3Nrfy24Wd3b39g+LhUUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu6refqFQsFI86iagb4KFgPiNYG+mhcVPpF0t22Z4BrRInIyXIUO8Xf3qDkMQBFZpwrFTXsSPtplhqRjidFHqxohEmYzykXUMFDqhy09mpE3RmlAHyQ2lKaDRT/06kOFAqCTzTGWA9UsveVPzP68bav3ZTJqJYU0Hmi/yYIx2i6d9owCQlmieGYCKZuRWREZaYaJPOwpZolChG1KRgknGWc1glrYuyUy1XG5el2m2WUR5O4BTOwYErqME91KEJBIbwAq/wZj1b79aH9TlvzVnZzDEswPr6BY70ll4=</latexit>

Q = 5
<latexit sha1_base64="QFQWH+A1uGpQ/IlfG8RnQ5zqy3k=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEY0TwgWcLsZDYZMjuzzMwKy5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFcScaeO6387K6tr6xmZhq7i9s7u3Xzo4bGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9uJ33qiSjMpHk0aUz/CA8FCRrCx0oO49nqlsltxp0DLxMtJGXLUe6Wfbl+SJKLCEI617nhubPwMK8MIp+NiN9E0xmSEB7RjqcAR1X42PXWMTq3SR6FUtoRBU/XvRIYjrdMosJ0RNkO96E3E/7xOYsIrP2MiTgwVZLYoTDgyEk3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2xMNUM6LHRZuMt5jDMmmeV7xqpXp/Ua7d5BkV4BhO4Aw8uIQa3EEdGkBgAC/wCm/Os/PufDifs9YVJ585gjk4X7+3H5Z3</latexit>

n = 1

<latexit sha1_base64="fbsFWijxC1oBhdROgaj+NV7bVSo=">AAACEnicbVDLTgIxFL2DL8QXPnZuGomJKzLDAl0S3bgyGAVJYEI6pQMNbWfSdkxGwl/4AW71E9wZt/6AX+BvWGAWAp6kyek595UTxJxp47rfTm5ldW19I79Z2Nre2d0r7h80dZQoQhsk4pFqBVhTziRtGGY4bcWKYhFw+hAMryb+wyNVmkXy3qQx9QXuSxYygo2VusWjm0RQZb8c3TGR8EwuuWV3CrRMvIyUIEO9W/zp9CJiJ0lDONa67bmx8UdYGUY4HRc6iaYxJkPcp21LJRZU+6Pp9WN0apUeCiNlnzRoqv7tGGGhdSoCWymwGehFbyL+57UTE174IybjxFBJZovChCMToUkUqMcUJYanlmCimL0VkQFWmBgb2NyWeJBqRvS4YJPxFnNYJs1K2auWq7eVUu0yyygPx3ACZ+DBOdTgGurQAAJP8AKv8OY8O+/Oh/M5K805Wc8hzMH5+gUt/Z5Z</latexit>

Numerical Simulation

<latexit sha1_base64="vfZ1CICm62DatdNuRLKtLHW97E8=">AAACI3icbVC5TgMxEPVyhnAFKGksQiSqaJciUEYgQcogkUNKVtGsM5tYeA9sb6QlyhfwHXwALXwCHaKhoOY3cI6CEJ5k6c17MxrP82LBlbbtT2tpeWV1bT2zkd3c2t7Zze3t11WUSIY1FolINj1QKHiINc21wGYsEQJPYMO7uxz7jQFKxaPwVqcxugH0Qu5zBtpInVzhWsKA60kFgjZggPRK4n2CIUvpsX9MW5UHt5PL20V7ArpInBnJkxmqndx3uxuxJMBQMwFKtRw71u4QpOZM4CjbThTGwO6ghy1DQwhQucPJOSNaMEqX+pE0L9R0ov6eGEKgVBp4pjMA3Vd/vbH4n9dKtH/uDnkYJ9qcN13kJ4LqiI6zoV0ukWmRGgJMcvNXyvoggWmT4NyWuJ8qztQoa5Jx/uawSOqnRadULN2c5ssXs4wy5JAckRPikDNSJhVSJTXCyCN5Ji/k1Xqy3qx362PaumTNZg7IHKyvH+xwpGA=</latexit>

Gravitational Wave Frequency f [Hz]

Figure 3

FIG. 3. Comparison between numerical and analytical simulations for a 100-meter 87Sr atom-interferometer GW detector. Using an interrogation
time of T = 0.5 s, this geometry is resonant for GWs with frequency f = 2ωε = 1 Hz. Numerical results for the characteristic strain are obtained
using our Python algorithm. The solid lines correspond to the analytical characteristic strains derived from the GW phase response in Eq. (4) for
a specific choice of initial GW phase (orange) and the optimal choice of GW phase (red). This plot assumed a minimum phase of ∆ϑmin = 1µrad.
Note that the zeros in the orange curve are not necessarily physical, since a change in initial GW phase would resolve some of them—zeros in
the red curve are however physical and one would need to tune the interferometer time T to a different value in order to get a signal. The red
curve therefore corresponds to the case indicated in [26].

B. Off-Resonant Case

However, the goal of a large-scale AIF GW detector is to
search for signals in a broadband configuration rather than on
resonance. To this end, one tunes the AIF interrogation time T
to be resonant with the center of the observable frequency band
of interest. The phase response of the AIF scheme in Fig. 2 to

a GW of angular frequency ε is

∆Φ = ∆ϑ(ε, h) cos
(
εt0 + ϑ0 + QεT +

εL
2c

)
+ ∆ϑFSL, (3)

where εt0+ϑ0 is the GW phase at the start of the AIF sequence.
The phase response magnitude is given by

∆ϑ(ε, h) = nkeffhL
sin(εQT )

cos
(
εT
2

) sinc
(εnL

2c

)
sin
(
εT
2
→ ε(n → 1)L

2c

)
. (4)

Compared to Ref. [26], we find an additional factor in the phase
of the GW signal Eq. (3), which does not modify the overall
GW sensitivity, however it does change the optimal initial
conditions for the GW. Additionally, we identify a constant
FSL-related phase shift ∆ϑFSL that is absent in space-based
implementations and arises only in ground-based experiments,
due to the nontrivial atomic motion relative to the light fields.
For more information on this see Appendix B. Note that, in
contrast to Ref. [26], we defined keff = εa/c and not subsumed
the LMT into the definition of the effective k-vector, s.t. there
is an additional LMT factor of n appearing. A detailed proof
of this formula can be found in Appendix C. It should be noted
how important a numerical simulation is, when one includes
non-trivial noise models. Noise models have, so far, only been
analyzed in semi-analytical and simplified manners and need
to be extended to more sophisticated models, once one reaches

the accuracy needed to detect GWs [17, 27].
The quantity of interest for future GW detection facilities is

the minimal strain hmin, that is able to result in a phase response
exceeding a certain minimal phase threshold ∆ϑmin, i.e.

hmin(ε) = min
h

{
h
∣∣∣∆ϑ(ε, h) ↑ ∆ϑmin

}
. (5)

From this one can define the characteristic strain hc that scales
hmin with the dimensionless square root of the frequency

hc(ε) = hmin(ε)
↓
ε↓
Hz
. (6)

Fig. 3 shows a numerical comparison between the strain sen-
sitivity obtained from our Python algorithm and Eq. (4), high-
lighting a very good agreement between theory and simulation.
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<latexit sha1_base64="Ipxl46gTvGVsjBqJ9S2SZEkkwwg="></latexit>

10→1
<latexit sha1_base64="MF7V2q5UZvXQAZjQFdatMi8cykc="></latexit>

100
<latexit sha1_base64="q8aP5MGm5GBnf7aWGkQD6lacNJg="></latexit>

101
<latexit sha1_base64="6xq3KDoqEnn55y3pns2vfu2fpjk="></latexit>

0

<latexit sha1_base64="+cHPXRIe2aonDBtl9OSxg5FhAaQ="></latexit>

25

<latexit sha1_base64="36xm2ZZthGp7c1A4ao7EiTpuW64="></latexit>

75

<latexit sha1_base64="Fxr3FtMU/AC/aP1dlq4YXpgb0Uc="></latexit>

100

<latexit sha1_base64="CIXwOI6+Vb7WCYIlsvLVYnzWv+w="></latexit>

50

<latexit sha1_base64="EY8MFftD9djECEYRs7uy1Dvxykc="></latexit>

10

<latexit sha1_base64="9qJI6M9i4vLLee065JhW3XSD5IU="></latexit>

(a)

<latexit sha1_base64="BE2fDvvJ/WUOqPGvUiDl5sDjwUk="></latexit>

B = 10m

<latexit sha1_base64="nFKfK0IofjGb/Y7132Zyt3J70hk="></latexit>

B = 25m

<latexit sha1_base64="T8s3CMCMORkksvBE25KDP92FGs0="></latexit>

B = 50m

<latexit sha1_base64="5xpD0SE3mgvc0c+wEUV5Rl9bOgE="></latexit>

B = 75m

<latexit sha1_base64="Xub4uORzOQNFn1+aByUNczaM8Mo="></latexit>

B = 100m

<latexit sha1_base64="SFRuL5q60WRJXQ7x+3dnXJluCtQ=">AAACCHicbVDLSsNAFJ3UV62vqks3wSK4KolIdVl047IF2wpNKJPppB06mQwzN2II+QE/wK1+gjtx61/4Bf6G0zYL23rgwuGcezmXE0jONDjOt1VaW9/Y3CpvV3Z29/YPqodHXR0nitAOiXmsHgKsKWeCdoABpw9SURwFnPaCye3U7z1SpVks7iGV1I/wSLCQEQxG8toDD+gTZLGEfFCtOXVnBnuVuAWpoQKtQfXHG8YkiagAwrHWfdeR4GdYASOc5hUv0VRiMsEj2jdU4IhqP5v9nNtnRhnaYazMCLBn6t+LDEdap1FgNiMMY73sTcX/vH4C4bWfMSEToILMg8KE2xDb0wLsIVOUAE8NwUQx86tNxlhhAqamhRQ5TjUjOq+YZtzlHlZJ96LuNuqN9mWteVN0VEYn6BSdIxddoSa6Qy3UQQRJ9IJe0Zv1bL1bH9bnfLVkFTfHaAHW1y/oXJsR</latexit> Q
o
p
t

<latexit sha1_base64="mUVWnCTR+UfPc4dKp5D0/OUH5P8=">AAAB/XicbVDLSsNAFL3xWeur6tJNsAiuSlKkuiy6cdmCfUAbymR60w6dTMLMRAih+AFu9RPciVu/xS/wN5y2WdjWAxcO59zLvff4MWdKO863tbG5tb2zW9gr7h8cHh2XTk7bKkokxRaNeCS7PlHImcCWZppjN5ZIQp9jx5/cz/zOE0rFIvGo0xi9kIwECxgl2kjN6qBUdirOHPY6cXNShhyNQemnP4xoEqLQlBOleq4Tay8jUjPKcVrsJwpjQidkhD1DBQlRedn80Kl9aZShHUTSlND2XP07kZFQqTT0TWdI9FitejPxP6+X6ODWy5iIE42CLhYFCbd1ZM++todMItU8NYRQycytNh0TSag22SxticepYlRNiyYZdzWHddKuVtxapda8Ltfv8owKcA4XcAUu3EAdHqABLaCA8AKv8GY9W+/Wh/W5aN2w8pkzWIL19QtcaZW5</latexit>

2
<latexit sha1_base64="pB7MRAOs6Ndu5+Ve9voAmZtxoxE=">AAAB+XicbVDLSgNBEOyNrxhf0auXwSB4Crsi6jHoxWME84BkCbOT3mTI7OwyMyssS/ADvOonePPqx/gF/oaTZA8msaChqOqmuytIBNfGdb+d0sbm1vZOebeyt39weFStHLd1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmf+Z1nVJrH8slkCfoRHUkeckaNlR6vBtWaW3fnIOvEK0gNCjQH1Z/+MGZphNIwQbXueW5i/Jwqw5nAaaWfakwom9AR9iyVNELt5/NDp+TcKkMSxsqWNGSu/p3IaaR1FgW2M6JmrFe9mfif10tNeOvnXCapQckWi8JUEBOT2ddkyBUyIzJLKFPc3krYmCrKjM1maUsyzjRnelqxyXirOayT9mXdu65f1xp3RUJlOIUzuAAPbqABD9CEFjBAeIU3eHdenA/nc9FYcoqJE1iC8/ULzvOUfA==</latexit>

4
<latexit sha1_base64="b8kMVVhXCr+V34YgkgBWAT1e8vs=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2kjN2qBcsav2HGSdODmpQI7GoPzTH0YsCTDUTFCleo4dazejUnMmcFrqJwpjyiZ0hD1DQxqgcrP5oVNyYZQh8SNpKtRkrv6dyGigVBp4pjOgeqxWvZn4n9dLtH/rZjyME40hWyzyE0F0RGZfkyGXyLRIDaFMcnMrYWMqKdMmm6Ut8ThVnKlpySTjrOawTtpXVadWrTWvK/W7PKMinME5XIIDN1CHB2hACxggvMArvFnP1rv1YX0uWgtWPnMKS7C+fgFizZW9</latexit>

6
<latexit sha1_base64="zjXyA+iCiJ+9CMVtcbI1vN3VXE0=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV2RmGPQi8cEzAOSJcxOepMhsw9mZoVlCX6AV/0Eb+LVb/EL/A0nyR5MYkFDUdVNd5cXC660bX9bG5tb2zu7hb3i/sHh0XHp5LStokQybLFIRLLrUYWCh9jSXAvsxhJp4AnseJP7md95Qql4FD7qNEY3oKOQ+5xRbaRmbVAq2xV7DrJOnJyUIUdjUPrpDyOWBBhqJqhSPceOtZtRqTkTOC32E4UxZRM6wp6hIQ1Qudn80Cm5NMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2q+5GQ/jRGPIFov8RBAdkdnXZMglMi1SQyiT3NxK2JhKyrTJZmlLPE4VZ2paNMk4qzmsk/Z1xalWqs2bcv0uz6gA53ABV+DALdThARrQAgYIL/AKb9az9W59WJ+L1g0rnzmDJVhfv2X/lb8=</latexit>

8
<latexit sha1_base64="KKpVPsvQaItLGjRZRqvh8cQfcJw=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmaXmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTsY30799hNVmkXy0aQx9QUeShYygo2VHjy3X664VXcGtEq8nFQgR6Nf/ukNIpIIKg3hWOuu58bGz7AyjHA6KfUSTWNMxnhIu5ZKLKj2s9mlE3RmlQEKI2VLGjRT/05kWGidisB2CmxGetmbiv953cSE137GZJwYKsl8UZhwZCI0fRsNmKLE8NQSTBSztyIywgoTY8NZ2BKPUs2InpRsMt5yDqukdVH1atXa/WWlfpNnVIQTOIVz8OAK6nAHDWgCgRBe4BXenGfn3flwPuetBSefOYYFOF+/zKqV8g==</latexit>

10
<latexit sha1_base64="ISZJ5hlbLF6fBbONC5hjptbemtU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNe1Cu2FV7DrJOnJxUIEdjUP7pDyOWBBhqJqhSPceOtZtRqTkTOC31E4UxZRM6wp6hIQ1Qudn80Cm5MMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0ZJJxVnNYJ+2rqlOr1prXlfpdnlERzuAcLsGBG6jDAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv1k3lbc=</latexit>

0

<latexit sha1_base64="EY8MFftD9djECEYRs7uy1Dvxykc="></latexit>

10

<latexit sha1_base64="CIXwOI6+Vb7WCYIlsvLVYnzWv+w="></latexit>

50

<latexit sha1_base64="ISZJ5hlbLF6fBbONC5hjptbemtU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNe1Cu2FV7DrJOnJxUIEdjUP7pDyOWBBhqJqhSPceOtZtRqTkTOC31E4UxZRM6wp6hIQ1Qudn80Cm5MMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0ZJJxVnNYJ+2rqlOr1prXlfpdnlERzuAcLsGBG6jDAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv1k3lbc=</latexit>
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FIG. 4. Numerical analysis of the optimal ensemble separation and number of diamonds for fixed n = 1. (a) Ensemble separation L from
Eq. (10) corresponding to the optimal diamond number Q, determined according to Eq. (13), shown as a function of GW frequency f for five
different baseline lengths B. The normalized separation L/B asymptotically approaches a plateau value of 2/3 at high frequencies. (b) The
corresponding optimal number of diamonds Qopt as a function of f .

III. OPTIMAL LAUNCH PARAMETERS FOR RESONANT
EARTHBOUND AIFS

Determining the optimal launch parameters for earthbound
experiments is a non-trivial task because it is not possible to
simply position each atomic ensemble at the maximal separa-
tion given by the baseline B in every setup. In a launch-mode
configuration, placing one ensemble at the uppermost position
would leave no space for further upward propagation, while
in a free-fall configuration there would be insufficient space
below for downward motion of the ensemble. Thus, careful
consideration of both configurations is required to ensure that
both atomic ensembles have adequate propagation space within
the experimental apparatus.

We first consider an experiment with a baseline B, which
determines the maximal theoretical interrogation time for
the atom interferometer. This time can be approximated by
Tmax !

√
2B/g, where g denotes the local gravitational acceler-

ation [28]. Consequently, the total interferometer sequence has
a maximal evolution time of 2Tmax, corresponding to a minimal
detectable gravitational wave frequency of fmin = (2Tmax)→1.
Additionally, we impose a lower bound on the interrogation
time, denoted as Tmin, since the electronic and optical compo-
nents of the experiment cannot produce arbitrarily short laser
pulses with arbitrarily fast repetition rates. In the following,
we assume Tmin = 50 ms for each experiment under considera-
tion, which yields a maximal gravitational wave frequency of
fmax = (2Tmin)→1 of 10 Hz.

It should also be noted that there exists an additional time
scale related to large momentum transfer (LMT) pulses, de-
noted as T ↑. This parameter characterizes the free-fall time
interval between successive LMT acceleration and deceleration

pulses, and can be approximated by T ↑ ↓ T→2(n→1)(zU→zL)/c,
where n is the number of LMT pulses, and zU and zL are the
positions of the upper and lower optical elements, respectively.

To analyze the resonant GW detection scheme, we begin
by considering a GW with frequency f . This frequency de-
termines the resonance time of the atom interferometer (AIF),
given by

Tres =




ω
ε =

1
2 f , fmin < f < fmax

0, else
(7)

where the resonance time Tres is set to zero if it would result in
time segments longer than Tmax or shorter than Tmin. Based on
this, the maximum number of diamonds Qmax and the maximal
LMT order nmax can be calculated as

Qmax =

⌊
Tmax

Tres

⌋
, nmax =

⌊
Tres

2Tmin

⌋
(8)

for Tres " 0. Having a number of Q ↔ N diamonds results
in a total evolution time of Tfull = 2QTres. To make optimal
use of the available baseline, it is necessary to choose the ini-
tial launch velocity v0 such that the atoms reach their apex at
Tfull/2. This condition is met for v0 = gTfull/2 = gQTres. The
total atomic height gain at the apex, ∆h, can then be decom-
posed into two contributions—a gravitational component and a
LMT-induced (kick) component: ∆zKick + ∆zGrav, where ∆zKick
accounts for the height gained via momentum kicks from the
applied diamonds and LMT pulses, and ∆zGrav is the height
gained due to the initial upwards velocity against gravity [29].
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