
  

Concept study of a storage ring-based 
gravitational wave observatory
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Storage Rings & Gravitational Waves – mini-brainstorm
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● Variation of circulation time encodes GW 
signature

● Need: Particle on fixed circular trajectory 
in longitudinal free fall

● can circulate for minutes up to hours: 
mHz GW

Idea

a very precise clock
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<latexit sha1_base64="kOBR/T6COjXYjqv0kgVTO3YfcJg="></latexit>

f+
s =

�
cos2 ✓ cos2 �� sin2 �

�
cos 2 

� (cos ✓ sin 2�) sin 2 

Euler angles enter via e.g.:

Effective GW strain includes Earth’s rotation:

Frame of reference
metric for ring with fixed radius (cyl. coords): 

<latexit sha1_base64="R9r9WxuZ+QOFKqY9EnURqHW1rGw="></latexit>

ds2 = �c2dt2 + (1 + h✓� (t,↵))R
2d↵2

See: Rao et al., PRD 102, 122006 (2020) 3

hθφψ(t,α) = h+(t)(f+
 s sin2α + f+

 c cos2α + ... ) + h×(t)(...)
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Particle in a Storage Ring
From geodesic equations:

See: Rao et al., PRD 102, 122006 (2020) 

longitudinal acceleration

4

For fixed radius:

~ relativistic result

Main idea:
● GW strain as classical force 
● Find transformation between ring 

with fixed radius and storage ring 
simulation 

● Find reference to make noise terms 
comparable



  

Particle in a Storage Ring
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For storage ring:

“slip factor”

See: Schmirander et al. PRD 110, 082002  (2024)

<latexit sha1_base64="scdF1il7VbTueaFYEJj7X1qPA8Y=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZJaawWFghuXFewD0lAm00k7dJIJMzdCCf0MNy4UcevXuPNvnD4EnwcuHM65l3vvCRLBNTjOu5VbWl5ZXcuvFzY2t7Z3irt7LS1TRVmTSiFVJyCaCR6zJnAQrJMoRqJAsHYwupr67TumNJfxLYwT5kdkEPOQUwJG8roBA4IvsWOf94olxz4pn9YqVfybuLYzQwkt0OgV37p9SdOIxUAF0dpznQT8jCjgVLBJoZtqlhA6IgPmGRqTiGk/m508wUdG6eNQKlMx4Jn6dSIjkdbjKDCdEYGh/ulNxb88L4Ww5mc8TlJgMZ0vClOBQeLp/7jPFaMgxoYQqri5FdMhUYSCSalgQvj8FP9PWmXbrdrVm0qpfrGII48O0CE6Ri46Q3V0jRqoiSiS6B49oicLrAfr2XqZt+asxcw++gbr9QPNfZBN</latexit>

� = 0.9

<latexit sha1_base64="Ro1XNomW7KdC3auMBI/tJHJpXdo=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPw0yMMQeFgBePUcwCyRB6Oj1Jk+6ZsbsmGIZ8hxcPinj1Y7z5N3YWwfVBweO9Kqrq+bHgGhzn3VpYXFpeWc2sZdc3Nre2czu7dR0lirIajUSkmj7RTPCQ1YCDYM1YMSJ9wRr+4GLiN4ZMaR6FNzCKmSdJL+QBpwSM5F2fuwWnDewOUjnu5PKOfVw4KRdL+DdxbWeKPJqj2sm9tbsRTSQLgQqidct1YvBSooBTwcbZdqJZTOiA9FjL0JBIpr10evQYHxqli4NImQoBT9WvEymRWo+kbzolgb7+6U3Ev7xWAkHZS3kYJ8BCOlsUJAJDhCcJ4C5XjIIYGUKo4uZWTPtEEQomp6wJ4fNT/D+pF2y3ZJeuivnK2TyODNpHB+gIuegUVdAlqqIaougW3aNH9GQNrQfr2XqZtS5Y85k99A3W6weNXZH9</latexit>

R = 120m
<latexit sha1_base64="TCNQhglDYqnZuL5I9ucit4G1v4U=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwFZNaYxcKBTduhAr2AW0Mk8m0HTrJhJmJUEPxV9y4UMSt/+HOv3H6EHweuHA4517uvSdIGJXKtt+Nmdm5+YXF3FJ+eWV1bd3c2KxLngpMapgzLpoBkoTRmNQUVYw0E0FQFDDSCPpnI79xQ4SkPL5Sg4R4EerGtEMxUlryze3Iz5yD4vDUsa9deOG3eciVbxZs67B4VC658DdxLHuMApii6ptv7ZDjNCKxwgxJ2XLsRHkZEopiRob5dipJgnAfdUlL0xhFRHrZ+Poh3NNKCDtc6IoVHKtfJzIUSTmIAt0ZIdWTP72R+JfXSlWn7GU0TlJFYjxZ1EkZVByOooAhFQQrNtAEYUH1rRD3kEBY6cDyOoTPT+H/pF60HNdyL0uFysk0jhzYAbtgHzjgGFTAOaiCGsDgFtyDR/Bk3BkPxrPxMmmdMaYzW+AbjNcPz6CUMg==</latexit>

m1/2 = 106M�

Inspiral @

on order of 0.1 fs!!!
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Particle tracking I

See: e.g. Wiedemann: Part. Acc. Physics, Springer (2015)
6

Green’s function approach:

radial EOM:

First-order EOM particle tracking:

Include longitudinal force
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Particle tracking II

GW force
7

<latexit sha1_base64="Ah9GC8B10eUvNcXFy3BDuKoxQk4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYRCswp1ItLAI2FhGMB+QHGFvby9Zs7d77M4FQsh/sLFQxNb/Y+e/cZNcoYkPBh7vzTAzL0wFN+h5387a+sbm1nZhp7i7t39wWDo6bhqVacoaVAml2yExTHDJGshRsHaqGUlCwVrh8G7mt0ZMG67kI45TFiSkL3nMKUErNbujSKHplcpexZvDXSV+TsqQo94rfXUjRbOESaSCGNPxvRSDCdHIqWDTYjczLCV0SPqsY6kkCTPBZH7t1D23SuTGStuS6M7V3xMTkhgzTkLbmRAcmGVvJv7ndTKMb4IJl2mGTNLFojgTLip39robcc0oirElhGpub3XpgGhC0QZUtCH4yy+vkuZlxa9Wqg9X5dptHkcBTuEMLsCHa6jBPdShARSe4Ble4c1Rzovz7nwsWtecfOYE/sD5/AHNM49H</latexit>...

See: e.g. Wiedemann: Part. Acc. Physics, Springer (2015)
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“FODO” cell

<latexit sha1_base64="KsHDC9fL6Pq07Maqom7gBAl7HPs=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQyCp7BrNHpQCCjiQUgE84AkhNnJJBky+2CmVwzL3rz4K148KOLVX/Dm3zhJ9qCJBQ1FVTfdXU4guALL+jZSc/MLi0vp5czK6tr6hrm5VVV+KCmrUF/4su4QxQT3WAU4CFYPJCOuI1jNGVyM/No9k4r73h0MA9ZySc/jXU4JaKlt7t60m8AeILoqXZZifI7tfD53PJGwG7fNrJWzxsCzxE5IFiUot82vZsenocs8oIIo1bCtAFoRkcCpYHGmGSoWEDogPdbQ1CMuU61o/EeM97XSwV1f6vIAj9XfExFxlRq6ju50CfTVtDcS//MaIXRPWxH3ghCYRyeLuqHA4ONRKLjDJaMghpoQKrm+FdM+kYSCji6jQ7CnX54l1cOcXcgVbo+yxbMkjjTaQXvoANnoBBXRNSqjCqLoET2jV/RmPBkvxrvxMWlNGcnMNvoD4/MHpZmX5Q==</latexit>

LFODO = 133.5 m
<latexit sha1_base64="t2v8S9RVNkbWFIGA9+JqBabHDLc="></latexit>

200 · LFODO

= 26.7 km

= LLHC

<latexit sha1_base64="zfuwQPga+mkoDQ8TBRm7a/dORw8=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMpukerBQ8GLxwpuW2jXkk2zbWg2G5KsUJb+CC8eFPHq7/HmvzFt96CtDwYe780wMy+UnGnjut9OYW19Y3OruF3a2d3bPygfHrV0kipCfZLwRHVCrClngvqGGU47UlEch5y2w/HtzG8/UaVZIh7MRNIgxkPBIkawsVLb79ces4tpv1xxq+4caJV4OalAjma//NUbJCSNqTCEY627nitNkGFlGOF0WuqlmkpMxnhIu5YKHFMdZPNzp+jMKgMUJcqWMGiu/p7IcKz1JA5tZ4zNSC97M/E/r5ua6DrImJCpoYIsFkUpRyZBs9/RgClKDJ9Ygoli9lZERlhhYmxCJRuCt/zyKmnVql69Wr+/rDRu8jiKcAKncA4eXEED7qAJPhAYwzO8wpsjnRfn3flYtBacfOYY/sD5/AG6x48s</latexit>

U+
2e.g. for         :

@ 
<latexit sha1_base64="KzEyuHkKjb37uKXPO2h2loVhMxw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgadmNEj0oBLx4jGAekF3C7KQ3GTL7YGZWCCG/4cWDIl79GW/+jZNkD5pY0FBUddPdFaSCK+0431ZhbX1jc6u4XdrZ3ds/KB8etVSSSYZNlohEdgKqUPAYm5prgZ1UIo0Cge1gdDfz208oFU/iRz1O0Y/oIOYhZ1QbyfMC1JTcEse+qPbKFcd25iCrxM1JBXI0euUvr5+wLMJYM0GV6rpOqv0JlZozgdOSlylMKRvRAXYNjWmEyp/Mb56SM6P0SZhIU7Emc/X3xIRGSo2jwHRGVA/VsjcT//O6mQ6v/QmP00xjzBaLwkwQnZBZAKTPJTItxoZQJrm5lbAhlZRpE1PJhOAuv7xKWlXbrdm1h8tK/SaPowgncArn4MIV1OEeGtAEBik8wyu8WZn1Yr1bH4vWgpXPHMMfWJ8/vr2QLw==</latexit>

� = 0.32
<latexit sha1_base64="vcQgCn5lsuZ3Ly3l1vU/QAT+S4s=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRg8eAh70GME8IFnD7KQ3GTL7YKZXDUv+w4sHRbz6L978GyfJHjSxoKGo6qa7y4ul0Gjb31ZuaXlldS2/XtjY3NreKe7uNXSUKA51HslItTymQYoQ6ihQQitWwAJPQtMbXk385gMoLaLwDkcxuAHrh8IXnKGR7p0zu4PwhCm9hsa4WyzZZXsKukicjJRIhlq3+NXpRTwJIEQumdZtx47RTZlCwSWMC51EQ8z4kPWhbWjIAtBuOr16TI+M0qN+pEyFSKfq74mUBVqPAs90BgwHet6biP957QT9CzcVYZwghHy2yE8kxYhOIqA9oYCjHBnCuBLmVsoHTDGOJqiCCcGZf3mRNE7KTqVcuT0tVS+zOPLkgBySY+KQc1IlN6RG6oQTRZ7JK3mzHq0X6936mLXmrGxmn/yB9fkDfFGR3A==</latexit>

150 GeV

Particle tracking II

GW force
8

<latexit sha1_base64="Ah9GC8B10eUvNcXFy3BDuKoxQk4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYRCswp1ItLAI2FhGMB+QHGFvby9Zs7d77M4FQsh/sLFQxNb/Y+e/cZNcoYkPBh7vzTAzL0wFN+h5387a+sbm1nZhp7i7t39wWDo6bhqVacoaVAml2yExTHDJGshRsHaqGUlCwVrh8G7mt0ZMG67kI45TFiSkL3nMKUErNbujSKHplcpexZvDXSV+TsqQo94rfXUjRbOESaSCGNPxvRSDCdHIqWDTYjczLCV0SPqsY6kkCTPBZH7t1D23SuTGStuS6M7V3xMTkhgzTkLbmRAcmGVvJv7ndTKMb4IJl2mGTNLFojgTLip39robcc0oirElhGpub3XpgGhC0QZUtCH4yy+vkuZlxa9Wqg9X5dptHkcBTuEMLsCHa6jBPdShARSe4Ble4c1Rzovz7nwsWtecfOYE/sD5/AHNM49H</latexit>...

See: e.g. Wiedemann: Part. Acc. Physics, Springer (2015)
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<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

Synchrotron Radiation

9
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<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

● Is given by a “simple” shift:
● Heavy ions!
● Need distribution for angles and momenta

Synchrotron Radiation

10



  
<latexit sha1_base64="lvl694U4wsz6QJRAQ94neXv6CaE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQoZSJSHXhoiCIywr2AWkIk+mkHTqZhJmJWEJ/xY0LRdz6I+78G6dtFtp64MLhnHu5954g4UxphL6twtr6xuZWcbu0s7u3f2AfljsqTiWhbRLzWPYCrChngrY105z2EklxFHDaDcY3M7/7SKVisXjQk4R6ER4KFjKCtZF8uxz6DPaZgC6q3VZRDZ15vl1BdTQHXCVOTiogR8u3v/qDmKQRFZpwrJTroER7GZaaEU6npX6qaILJGA+pa6jAEVVeNr99Ck+NMoBhLE0JDefq74kMR0pNosB0RliP1LI3E//z3FSHV17GRJJqKshiUZhyqGM4CwIOmKRE84khmEhmboVkhCUm2sRVMiE4yy+vks553WnUG/cXleZ1HkcRHIMTUAUOuARNcAdaoA0IeALP4BW8WVPrxXq3PhatBSufOQJ/YH3+AKSokjw=</latexit>

fi 2 [0, F (0, 0)]

1.

3.

2. stratification
<latexit sha1_base64="aMN/hs+F7sOylqIpkV87Y8fYbuc=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwITUpUl24KLhxWcE+oAlhMp22QyeTMHMjlNDPcOOvuHGhiNvu/BsnbRfaemDgnHPv5c49YSK4Bsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqKGvSWMSqExLNBJesCRwE6ySKkSgUrB2O7vJ6+4kpzWP5COOE+REZSN7nlICxAvvSyzwYMiABv/CSIQ+4N8Eel7jrGM197AGPmM5lNdeBXXYqzgx4lbgLUkYLNAJ76vVimkZMAhVE667rJOBnRAGngk1KXqpZQuiIDFjXUEnMNj+bHTbBZ8bp4X6szJOAZ+7viYxEWo+j0HRGBIZ6uZab/9W6KfRv/IzLJAUm6XxRPxUYYpynhHtcMQpibAihipu/YjokilAwWZZMCO7yyaukVa24tUrt4apcv13EUUQn6BSdIxddozq6Rw3URBQ9o1f0jj6sF+vN+rS+5q0FazFzjP7Amv4AzTqe9g==</latexit>

{✓i,�i} 2 [0,⇡]⇥ [0, 2⇡]
Thorben Schmirander
10.02.2025

Sampling of Synchrotron Photons

<latexit sha1_base64="0mU/iei/k5l1qlNLlTI+0bVZl5I=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqgeFghePFewHpKFstpt26WY37E6EEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgV3IDnfTultfWNza3ydmVnd2//oHp41DYq05S1qBJKdyNimOCStYCDYN1UM5JEgnWi8d3M7zwxbbiSjzBJWZiQoeQxpwSsFPQiBgTfYs/1+9Wa53pz4FXiF6SGCjT71a/eQNEsYRKoIMYEvpdCmBMNnAo2rfQyw1JCx2TIAkslSZgJ8/nJU3xmlQGOlbYlAc/V3xM5SYyZJJHtTAiMzLI3E//zggzi6zDnMs2ASbpYFGcCg8Kz//GAa0ZBTCwhVHN7K6YjogkFm1LFhuAvv7xK2heuX3frD5e1xk0RRxmdoFN0jnx0hRroHjVRC1Gk0DN6RW8OOC/Ou/OxaC05xcwx+gPn8wdH74/x</latexit>

� = 0.1

<latexit sha1_base64="+LM1Vlnsa0U1h2aVqwuQ3GoHN6g="></latexit>

F (✓,�) =
(1� � cos ✓)2 � (1� �2) sin2 ✓ cos2 �

(1� � cos ✓)5

“rejection sampling”
See: Arvo et al. SIGGRAPH (2004)

front:

propagation 
direction

side:

11



  
<latexit sha1_base64="lvl694U4wsz6QJRAQ94neXv6CaE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQoZSJSHXhoiCIywr2AWkIk+mkHTqZhJmJWEJ/xY0LRdz6I+78G6dtFtp64MLhnHu5954g4UxphL6twtr6xuZWcbu0s7u3f2AfljsqTiWhbRLzWPYCrChngrY105z2EklxFHDaDcY3M7/7SKVisXjQk4R6ER4KFjKCtZF8uxz6DPaZgC6q3VZRDZ15vl1BdTQHXCVOTiogR8u3v/qDmKQRFZpwrJTroER7GZaaEU6npX6qaILJGA+pa6jAEVVeNr99Ck+NMoBhLE0JDefq74kMR0pNosB0RliP1LI3E//z3FSHV17GRJJqKshiUZhyqGM4CwIOmKRE84khmEhmboVkhCUm2sRVMiE4yy+vks553WnUG/cXleZ1HkcRHIMTUAUOuARNcAdaoA0IeALP4BW8WVPrxXq3PhatBSufOQJ/YH3+AKSokjw=</latexit>

fi 2 [0, F (0, 0)]

1.

3.

2. stratification
<latexit sha1_base64="aMN/hs+F7sOylqIpkV87Y8fYbuc=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwITUpUl24KLhxWcE+oAlhMp22QyeTMHMjlNDPcOOvuHGhiNvu/BsnbRfaemDgnHPv5c49YSK4Bsf5tgpr6xubW8Xt0s7u3v6BfXjU0nGqKGvSWMSqExLNBJesCRwE6ySKkSgUrB2O7vJ6+4kpzWP5COOE+REZSN7nlICxAvvSyzwYMiABv/CSIQ+4N8Eel7jrGM197AGPmM5lNdeBXXYqzgx4lbgLUkYLNAJ76vVimkZMAhVE667rJOBnRAGngk1KXqpZQuiIDFjXUEnMNj+bHTbBZ8bp4X6szJOAZ+7viYxEWo+j0HRGBIZ6uZab/9W6KfRv/IzLJAUm6XxRPxUYYpynhHtcMQpibAihipu/YjokilAwWZZMCO7yyaukVa24tUrt4apcv13EUUQn6BSdIxddozq6Rw3URBQ9o1f0jj6sF+vN+rS+5q0FazFzjP7Amv4AzTqe9g==</latexit>

{✓i,�i} 2 [0,⇡]⇥ [0, 2⇡]
Thorben Schmirander
10.02.2025

Sampling of Synchrotron Photons

<latexit sha1_base64="0mU/iei/k5l1qlNLlTI+0bVZl5I=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqgeFghePFewHpKFstpt26WY37E6EEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgV3IDnfTultfWNza3ydmVnd2//oHp41DYq05S1qBJKdyNimOCStYCDYN1UM5JEgnWi8d3M7zwxbbiSjzBJWZiQoeQxpwSsFPQiBgTfYs/1+9Wa53pz4FXiF6SGCjT71a/eQNEsYRKoIMYEvpdCmBMNnAo2rfQyw1JCx2TIAkslSZgJ8/nJU3xmlQGOlbYlAc/V3xM5SYyZJJHtTAiMzLI3E//zggzi6zDnMs2ASbpYFGcCg8Kz//GAa0ZBTCwhVHN7K6YjogkFm1LFhuAvv7xK2heuX3frD5e1xk0RRxmdoFN0jnx0hRroHjVRC1Gk0DN6RW8OOC/Ou/OxaC05xcwx+gPn8wdH74/x</latexit>

� = 0.1 <latexit sha1_base64="lbNKDPfHuwhcgUGIMIF5gjXCtzA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEag8KBS8eK1hbSEPZbDft0s1u2J0IJfRnePGgiFd/jTf/jds2B219MPB4b4aZeVEquAHP+3ZKa+sbm1vl7crO7t7+QfXw6NGoTFPWpkoo3Y2IYYJL1gYOgnVTzUgSCdaJxrczv/PEtOFKPsAkZWFChpLHnBKwUtCLGBB8gz230a/WPNebA68SvyA1VKDVr371BopmCZNABTEm8L0Uwpxo4FSwaaWXGZYSOiZDFlgqScJMmM9PnuIzqwxwrLQtCXiu/p7ISWLMJIlsZ0JgZJa9mfifF2QQN8KcyzQDJuliUZwJDArP/scDrhkFMbGEUM3trZiOiCYUbEoVG4K//PIqebxw/bpbv7+sNa+LOMroBJ2ic+SjK9REd6iF2ogihZ7RK3pzwHlx3p2PRWvJKWaO0R84nz9Si4/4</latexit>

� = 0.8

<latexit sha1_base64="+LM1Vlnsa0U1h2aVqwuQ3GoHN6g="></latexit>

F (✓,�) =
(1� � cos ✓)2 � (1� �2) sin2 ✓ cos2 �

(1� � cos ✓)5

“rejection sampling”
See: Arvo et al. SIGGRAPH (2004)

front:

propagation 
direction

side:

12
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Concept Experiment Setup

1: operate under stable conditions 
for many rounds 

2: synchrotron radiation emitted in 
sector magnets 

3: measure timing relative to 
external ticking (from e.g. atomic 
clock) 

● all particle subject to same GW force + individual SR emission
● expected positions (dashed lines) incl. average SR emission

13
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Results 

● chain of 100 U2
+ ions

● dumped after t=103 s
●

●

<latexit sha1_base64="7Thzyqw9+srODjf/gPT84/IMNV4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadmtUj0oFLx4rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAHP+3YKa+sbm1vF7dLO7t7+QfnwqGVUpilrUiWU7kTEMMElawIHwTqpZiSJBGtHo7uZ335i2nAlH2GcsjAhA8ljTglYKehGDAi+9dyLaq9c8VxvDrxK/JxUUI5Gr/zV7SuaJUwCFcSYwPdSCCdEA6eCTUvdzLCU0BEZsMBSSRJmwsn85Ck+s0ofx0rbkoDn6u+JCUmMGSeR7UwIDM2yNxP/84IM4utwwmWaAZN0sSjOBAaFZ//jPteMghhbQqjm9lZMh0QTCjalkg3BX355lbSqrl9zaw+XlfpNHkcRnaBTdI58dIXq6B41UBNRpNAzekVvDjgvzrvzsWgtOPnMMfoD5/MHZnCQBQ==</latexit>

� = 0.32
<latexit sha1_base64="Pt+ced8GLbMot271S0rQMUWtfcQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4CkmR1oNCwYsHDxXsB7ShbLabdulmE3YnxRL6T7x4UMSr/8Sb/8Ztm4O2Phh4vDfDzLwgEVyD635ba+sbm1vbhZ3i7t7+waF9dNzUcaooa9BYxKodEM0El6wBHARrJ4qRKBCsFYxuZ35rzJTmsXyEScL8iAwkDzklYKSebd/flCtOtQvsCTI8iqY9u+Q67hx4lXg5KaEc9Z791e3HNI2YBCqI1h3PTcDPiAJOBZsWu6lmCaEjMmAdQyWJmPaz+eVTfG6UPg5jZUoCnqu/JzISaT2JAtMZERjqZW8m/ud1Ugiv/IzLJAUm6WJRmAoMMZ7FgPtcMQpiYgihiptbMR0SRSiYsIomBG/55VXSLDtexak8XJZq13kcBXSKztAF8lAV1dAdqqMGomiMntErerMy68V6tz4WrWtWPnOC/sD6/AEoHpK3</latexit>

L = 26.7 km

See: Schmirander et al. PRD 110, 082002  (2024)14

error of mean arrival time only due to synch. rad. emission power fluctuations
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Characteristic Noise Strain

See: Schmirander et al. PRD 110, 082002  (2024)15

only due to synch. rad. emission power fluctuations , no other noise (read-out, etc.)
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Characteristic Noise Strain

See: Schmirander et al. PRD 110, 082002  (2024)

<latexit sha1_base64="ijcqTTj/bqcMhGwoXAKX6ePUTOA=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLCUpqDAwVGJhLII+pCZUjuu0Vh0n2A5SFWVh4VdYGECIlX9g429w2wzQcqQrHZ1zr+69x4sYlcqyvo3cwuLS8kp+tbC2vrG5ZW7vNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDS/HfuuBCElDfqtGEXED1OfUpxgpLXXNfUfeC5X48KbLS/5RCh1JA+jfJSfHlbRrFq2yNQGcJ3ZGiiBDvWt+Ob0QxwHhCjMkZce2IuUmSCiKGUkLTixJhPAQ9UlHU44CIt1k8kUKD7XSg34odHEFJ+rviQQFUo4CT3cGSA3krDcW//M6sfLP3YTyKFaE4+kiP2ZQhXAcCexRQbBiI00QFlTfCvEACYSVDq6gQ7BnX54nzUrZrpar16fF2kUWRx7sgQNQAjY4AzVwBeqgATB4BM/gFbwZT8aL8W58TFtzRjazC/7A+PwBy3OXeA==</latexit>p
fSn(f) ⇠ f3/2

<latexit sha1_base64="79Gy9ssJDoWKGzaX9WeLqyZrweM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLCWpUGFgqMTCWAR9SE2IHNdprTpOsB2kKsrCwq+wMIAQK//Axt/gthmgcKQrHZ1zr+69x48ZlcqyvozCwuLS8kpxtbS2vrG5ZW7vtGWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjjy4mfueeCEkjfqPGMXFDNOA0oBgpLXnmviPvhEoDeO3xSnCUQUfSEAa3qX1cyzyzbFWtKeBfYuekDHI0PfPT6Uc4CQlXmCEpe7YVKzdFQlHMSFZyEklihEdoQHqachQS6abTLzJ4qJU+DCKhiys4VX9OpCiUchz6ujNEaijnvYn4n9dLVHDmppTHiSIczxYFCYMqgpNIYJ8KghUba4KwoPpWiIdIIKx0cCUdgj3/8l/SrlXterV+dVJunOdxFMEeOAAVYINT0ACXoAlaAIMH8ARewKvxaDwbb8b7rLVg5DO74BeMj2/IZZd2</latexit>p
fSn(f) ⇠ f1/2

<latexit sha1_base64="GWUe5aFT3/W8eIj+Rx2vg1l00SQ=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFe5EokWKgBaWEYwJXI6wt5lLluzdHrtzQgj5GTYWitj6a+z8N26SKzTxwcDjvRlm5oWpFAZd99sprK1vbG4Vt0s7u3v7B+XDo0ejMs2hxZVUuhMyA1Ik0EKBEjqpBhaHEtrh6Gbmt59AG6GSBxynEMRskIhIcIZW8qM67d6CREaxV664VXcOukq8nFRIjmav/NXtK57FkCCXzBjfc1MMJkyj4BKmpW5mIGV8xAbgW5qwGEwwmZ88pWdW6dNIaVsJ0rn6e2LCYmPGcWg7Y4ZDs+zNxP88P8PoOpiIJM0QEr5YFGWSoqKz/2lfaOAox5YwroW9lfIh04yjTalkQ/CWX14ljxdVr1at3V9WGvU8jiI5IafknHjkijTIHWmSFuFEkWfySt4cdF6cd+dj0Vpw8plj8gfO5w8tU5CJ</latexit>

f < �t

<latexit sha1_base64="w9zvGnA8UekgEaBi2jSHEp6GruU=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqgeRgh48VrAfkIay2W7apZts2J0IpfRnePGgiFd/jTf/jds2B60+GHi8N8PMvDCVwqDrfjmFldW19Y3iZmlre2d3r7x/0DIq04w3mZJKd0JquBQJb6JAyTup5jQOJW+Ho5uZ337k2giVPOA45UFMB4mIBKNoJT+6Jt1bLpES7JUrbtWdg/wlXk4qkKPRK392+4plMU+QSWqM77kpBhOqUTDJp6VuZnhK2YgOuG9pQmNugsn85Ck5sUqfRErbSpDM1Z8TExobM45D2xlTHJplbyb+5/kZRpfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQplWwI3vLLf0nrrOrVqrX780r9Ko+jCEdwDKfgwQXU4Q4a0AQGCp7gBV4ddJ6dN+d90Vpw8plD+AXn4xswbZCL</latexit>

f > �t

16

only due to synch. rad. emission power fluctuations , no other noise (read-out, etc.)
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Still open design specifics: 

17

+ Seismic 
Vibrations!

Terrestrial 
Gravity Noise
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References
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Conclusion

19

● Particle in a storage ring: time delay encodes GW signature
● Include GW force & Synchrotron radiation (numerics)
● Concept of experimental setup
● Characteristic noise strain of radiation fluctuation
● open experiment setup questions/ noise sources

Thorben.Schmirander@uni-hamburg.de
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Terrestrial Gravity Noise

21



  

Chirp mass (red-shift corrected)

Frequency

Luminosity distance

Thorben Schmirander
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Signal Modeling

<latexit sha1_base64="JFkGNJpHv9V4aAOXO+TVDwVqW1k="></latexit>

M =
(1 + z)(m1m2)3/5

(m1 +m2)1/5
<latexit sha1_base64="W9gZxbdDhiflXcbLB67+QuXEkrE="></latexit>

f =
1

1 + z

p
G(m1 +m2)

⇡r3/2

<latexit sha1_base64="F1Z6rXXrlhxFIqkvvKTMB7d7RFw="></latexit>

h⇥ =
4

dL

✓
GM
c2

◆5/3 ✓⇡f

c

◆2/3

cos (i) sin (2⇡ft+ �0)

<latexit sha1_base64="ZcdwUWnPJssXI2WhQVyy1FyX/VM="></latexit>

h+ =
4

dL

✓
GM
c2

◆5/3 ✓⇡f

c

◆2/3 1 + cos2 (i)

2
cos (2⇡ft+ �0)

<latexit sha1_base64="lYoG+3hz8ANWPe1DvVBUyeuATYc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YOHghcPHirYD2xD2Ww27dLNJuxOxBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzDw/EVyj43xbhZXVtfWN4mZpa3tnd6+8f9DScaooa9JYxKrjE80El6yJHAXrJIqRyBes7Y+up377kSnNY3mP44R5ERlIHnJK0EgPQb+H7Amz20m/XHGqzgz2MnFzUoEcjX75qxfENI2YRCqI1l3XSdDLiEJOBZuUeqlmCaEjMmBdQyWJmPay2cUT+8QogR3GypREe6b+nshIpPU48k1nRHCoF72p+J/XTTG89DIukxSZpPNFYSpsjO3p+3bAFaMoxoYQqri51aZDoghFE1LJhOAuvrxMWmdVt1at3Z1X6ld5HEU4gmM4BRcuoA430IAmUJDwDK/wZmnrxXq3PuatBSufOYQ/sD5/AN2hkQs=</latexit>

dL inclination angle
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Sampling of Synchrotron Photons I

See: Schmirander et al. PRD 110, 082002  (2024)23
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Sampling of Synchrotron Photons II
classically 
emitted power:

Universal Synchrotron spectrum:

classically 
emitted power:

rate of photons:

Probability distribution:

24



  

Analytical Noise Models

25

For many photons (      ) the difference 
becomes zero, if emitted at average     !effectively “quadratic”

 “quadratic”
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Analytics vs. Numerics
<latexit sha1_base64="7Thzyqw9+srODjf/gPT84/IMNV4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadmtUj0oFLx4rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAHP+3YKa+sbm1vF7dLO7t7+QfnwqGVUpilrUiWU7kTEMMElawIHwTqpZiSJBGtHo7uZ335i2nAlH2GcsjAhA8ljTglYKehGDAi+9dyLaq9c8VxvDrxK/JxUUI5Gr/zV7SuaJUwCFcSYwPdSCCdEA6eCTUvdzLCU0BEZsMBSSRJmwsn85Ck+s0ofx0rbkoDn6u+JCUmMGSeR7UwIDM2yNxP/84IM4utwwmWaAZN0sSjOBAaFZ//jPteMghhbQqjm9lZMh0QTCjalkg3BX355lbSqrl9zaw+XlfpNHkcRnaBTdI58dIXq6B41UBNRpNAzekVvDjgvzrvzsWgtOPnMMfoD5/MHZnCQBQ==</latexit>

� = 0.32

See: Schmirander et al. PRD 110, 082002  (2024)26



  

Geodesic Equations

<latexit sha1_base64="kJ9qKGmnyAdtHrhvf66usDysHNE="></latexit>

h✓� (t,↵) = h+(t)
�
f+
s sin2 ↵+ f+

c cos2 ↵+ f+
sc sin 2↵

�

+ h⇥(t)
�
f⇥
s sin2 ↵+ f⇥

c cos2 ↵+ f⇥
sc sin 2↵

�

See: Rao et al., PRD 102, 122006 (2020) 27
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