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Gravitational Waves

Number of regenerated photons:

Goal:  
• 14 photons total for 5-sigma detection. Assumes:  

• No background beyond shot noise (< 2 x 10-25 W)  
• Signal phase is constant or can be tracked (∂ß < 0.1 rad) 
• 2nd demodulation done at 18 different phases (every 5 deg or 0.09 rad)

NPC =
PPCt

h⌫

<latexit sha1_base64="Oasc4Bq6PFAVGVAhttrn4k3BKKM=">AAACB3icbVDLSsNAFL3xWeur6lKQwSK4KokU7EYoduNKKtgHNKFMppN26GQSZiZCCdm58VfcuFDErb/gzr9x2mahrQcunDnnXube48ecKW3b39bK6tr6xmZhq7i9s7u3Xzo4bKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHHzemfueBSsUica8nMfVCPBQsYARrI/VLJ7f9tNnI0BVyA4lJ2pw/dZaOXJFk/VLZrtgzoGXi5KQMOZr90pc7iEgSUqEJx0r1HDvWXoqlZoTTrOgmisaYjPGQ9gwVOKTKS2d3ZOjMKAMURNKU0Gim/p5IcajUJPRNZ4j1SC16U/E/r5fooOalTMSJpoLMPwoSjnSEpqGgAZOUaD4xBBPJzK6IjLDJQ5voiiYEZ/HkZdK+qDjVSu2uWq5f53EU4BhO4RwcuIQ63EATWkDgEZ7hFd6sJ+vFerc+5q0rVj5zBH9gff4APd+Y9A==</latexit>

with:

ga��(1 s) = 8⇥ 10�10GeV�1

<latexit sha1_base64="EQWDMQwmk4EEDufrw1KPqriVwtc="></latexit>

ga��(25 d) = 2⇥ 10�11GeV�1

<latexit sha1_base64="7BHlQp1P/SST683CIepAtiz1DBc="></latexit>

⌘ = 0.9

<latexit sha1_base64="nEL/FBID66p/di/9eE1rMEy6UcQ=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKwHgQgl48RjAPTEKYnfQmQ2Znl5leISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuLj+WwqDrfju5tfWNza38dmFnd2//oHh41DRRojk0eCQj3faZASkUNFCghHasgYW+hJY/vp35rSfQRkTqAScx9EI2VCIQnKGVHruAjF5Tt3zVL5bcsjsHXSVeRkokQ71f/OoOIp6EoJBLZkzHc2PspUyj4BKmhW5iIGZ8zIbQsVSxEEwvnV88pWdWGdAg0rYU0rn6eyJloTGT0LedIcORWfZm4n9eJ8Gg2kuFihMExReLgkRSjOjsfToQGjjKiSWMa2FvpXzENONoQyrYELzll1dJ86LsVcrV+0qpdpPFkScn5JScE49ckhq5I3XSIJwo8kxeyZtjnBfn3flYtOacbOaY/IHz+QOYfo+T</latexit>



Gravitational Waves

Number of regenerated photons:

Requirements (needs some consolidation):  
• PC internal power: 150 kW (8 x 1023 Ph/s) 
• RC build up: 10,000  (Finesse of π x 10,000) 
• Cavity mismatch: Length / Frequency: 1.2 pm (rms)  or  2.4 Hz (rms)  -> 1.5% loss 

•  Goal: < 1 Hz Frequency knowledge (Set by PLLs)
• Goal: < 0.01 rad (rms) residual phase noise in PLL1 
• Goal: < 1 pm (rms noise) residual PC length noise in PLL2 

• Cavity alignment: Angular / lateral:  14 µrad (no lateral mentioned) -> 6% loss 
• Goal: Monitor misalignment on COB: 5µrad / 600 µm -> 2% loss   

• Scattered light: 2x10-25W in indistinguishable scattered light photons

NPC =
PPCt

h⌫

<latexit sha1_base64="Oasc4Bq6PFAVGVAhttrn4k3BKKM=">AAACB3icbVDLSsNAFL3xWeur6lKQwSK4KokU7EYoduNKKtgHNKFMppN26GQSZiZCCdm58VfcuFDErb/gzr9x2mahrQcunDnnXube48ecKW3b39bK6tr6xmZhq7i9s7u3Xzo4bKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHHzemfueBSsUica8nMfVCPBQsYARrI/VLJ7f9tNnI0BVyA4lJ2pw/dZaOXJFk/VLZrtgzoGXi5KQMOZr90pc7iEgSUqEJx0r1HDvWXoqlZoTTrOgmisaYjPGQ9gwVOKTKS2d3ZOjMKAMURNKU0Gim/p5IcajUJPRNZ4j1SC16U/E/r5fooOalTMSJpoLMPwoSjnSEpqGgAZOUaD4xBBPJzK6IjLDJQ5voiiYEZ/HkZdK+qDjVSu2uWq5f53EU4BhO4RwcuIQ63EATWkDgEZ7hFd6sJ+vFerc+5q0rVj5zBH9gff4APd+Y9A==</latexit>

with:

1� ⌘2 = loss

<latexit sha1_base64="PEWH0Y3CE8ZJ+I/XvFhPYN1G6zc=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBi2EmBMxFCHrxGMEskBlDT6cnadLL0N0jxCH4K148KOLV//Dm39hZDpr4oODxXhVV9aKEUW0879vJrayurW/kNwtb2zu7e+7+QVPLVGHSwJJJ1Y6QJowK0jDUMNJOFEE8YqQVDa8nfuuBKE2luDOjhIQc9QWNKUbGSl33yD8PiEH3ZXgJA8UzJrUed92iV/KmgMvEn5MimKPedb+CnsQpJ8JghrTu+F5iwgwpQzEj40KQapIgPER90rFUIE50mE2vH8NTq/RgLJUtYeBU/T2RIa71iEe2kyMz0IveRPzP66QmroYZFUlqiMCzRXHKoJFwEgXsUUWwYSNLEFbU3grxACmEjQ2sYEPwF19eJs1yya+UqreVYu1qHkceHIMTcAZ8cAFq4AbUQQNg8AiewSt4c56cF+fd+Zi15pz5zCH4A+fzBzE7lHM=</latexit>
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COB alignment (see alignment procedure): 
• Alignment of Cavity flats: < 5 µrad 
• PC-transmitted light aligned with axion field at RC 

• Refraction offsets below 5 µrad and 300 µm (TBC) 

Verification of axion to RC coupling: 
• Frequency matching 
• Alignment stability 
• Impedance of RC from COB
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Start:  
• LO locked and aligned to RC 
• HPL locked and aligned to PC 
• RC and PC aligned using Position Sensors 
• Know refraction through optics between substrates (or upper limit) 
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Inject RL (Phase locked to LO via fiber link at Ω1):  
• Initial alignment: Via targets on COB (to be designed) 
• Overlap with respect to RC transmitted light  

• Optimize using PLL1 and WFS1 signals 
• Transfer PLL to PLL1 and alignment control to WFS1 
• Measure/minimize alignment offsets (Goal < 2%) 
• Align PD57 & WFS3 with respect to RL (center) 

•  Use as position sensor for RL  
• Change PLL to  ΩSig and scan 

•  Use Veto and HET signal to optimize ΩSig 
•  Goal: < 1Hz 
•  Measure T_cav / R_cav (~1:10 expected on resonance) 

•  Compare with 20:1 ratio for signal photons 



8

PC-side 
• Align PLL2/WFS2 detectors to RL 
• PLL HPL to RL via fiber 
• Lock PC to HPL 

• Measure WFS2 and PLL2 signals 
• Phase noise in PLL2 signal is a measure of required  

gain (assuming fiber is quieter than PC) 
• WFS 2 signals are a measure of misalignment  

• determined by initial COB alignment  
• changes indicate issues with maintaining 

alignment through installation process 

• Potential mitigation 
 If we believe that open shutter provides good 
alignment measure, we could realign MZ and QPD1
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Next: Close all loops. QPD1 for PC, QPD2 for RC, PLL: RL to RC, PC to RL, WFS1 for RL alignment 

Open shutter: Measure/calibrate PD57, Veto signal and HET signal. Power ratios ~107/10/1 for PC transmitted light. 

Measure phases of beat signals over a few days to see drifts between PD57 and PLL2: unaccounted phase noise??
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Measure and calibrate WFS signals:  
WFS2 and WFS3 monitor alignment of RL and PC with respect to RC.  
Close shutter: Measure stray light. If needed, open tank again and find the sources. 
Need: WFS with < 0.01 rad sensitivity in each d.o.f.  and PLLs with < 0.01 rad sensing noise 
(and the actuators to take advantage of it)
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Summary: 
• HET system has stray light and alignment verification signals 

• PD57: 10 million to 1 ratio for stray light compared to HET detector (s-pol, 105:1 for p-pol) 
• 1 photon per second on PD57 should be low enough background for HET detector  

• Commissioning does (hopefully) not depend on very long data runs to measure/minimize scatter 
• Veto signal: 10:1 ratio for stray light compared to HET signal 
• HET signal: 20:1 ratio for real signal compared to Veto signal 

• Useful for subtraction in post processing.  
• WFS 2 monitors PC-RL alignment (out of loop) 
• WFS 3 as position sensor monitors alignment changes between optical tables and vacuum tank 

• Open shutter allows to measure phase drifts between different components/parts/signals 
• Confidence in demodulation phase if drifts are low 
• Not sure yet if we can use that to correct for phase drifts  

•  We look into low amplitude SB on RL resonant in RC to maybe calibrate the drift (risk reduction)


