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Motivation
- Current LIGO:
- 1064 nm
- Fused Silica Test Masses

- Silicon:

- Cryogenic Compatible
- Less Mechanical Loss / Thermal Noise

- Opaque at 1064 nm

Adhikari et. al Image credit: LIGO Caltech



https://www.ligo.caltech.edu/page/ligos-ifo
https://arxiv.org/pdf/2001.11173.pdf

Absorption in SiO2
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.033308
https://dcc.ligo.org/LIGO-L2100089
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https://docs.ligo.org/voyager/voyagerwhitepaper/main.pdf

Laser Frequency Noise

- Measure via Phase Noise:

Phase Drift

d
2rf(t) = w(t) = Zcb(f)
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E(t) = Aelwotton(t)

- Phase Forms a Random Walk
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Our Goals

Measure Phase Error via Mach - Zehnder (MZ) Interferometer

!

Correct for Error via Feed Forward

!

Measure Corrected Signal via Second MZ interferometer
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Mach-Zehnder Interferometer

- Interferometer Arms Differ in Time Delay by T

I (t) = % + %sin(wan(t)T + ¢o)




Fiber Stretcher Interferometer
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Stabilized Regime Image credit: Waagner, et. al
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https://dcc.ligo.org/public/0152/T1800238/001/SURFFinalReport_VinnyWagner.pdf
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Locking the Loop
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Calibrating Noise

- Sweep through fringes with
fiber stretcher to correlate

input voltage out of PD with

radians

radian change Tt

- Radian change and

frequency drift related by
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Calibrating the Photodiode (PD)

Calibration
-~ Laser on
- Correspond PD Voltage to Laser Power — Laser off
. - Shot Noise Contribution
- Low Frequencies: = 10-6
I
1/f Intensity Noise Dominates §
. [l D
- High Frequencies: <
1077
Shot Noise Dominates
_ : 160 161 162 163 164 165 166
- Variations in Electron Flow Frequency (Hz)

ASD of Shot Noise in amps/rtHz Given by dngp0 = \/2q|f_|
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Noise Sources

- Moku Input Noise floor

- Shot noise

- Photodiode Dark Noise
- Relative Intensity Noise
- Frequency Noise

- Piezo Controller Noise

- Moku Output Noise

Image credit:

Thorlabs

Photonics
Media

Image credit:
Thorlabs

Image credit:



https://www.photonics.com/Products/MokuPro/pr66405
https://www.photonics.com/Products/MokuPro/pr66405
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.thorlabs.de%2Fthorproduct.cfm%3Fpartnumber%3DDET10D&psig=AOvVaw1J8j3zhyIU_yOKZh9MW2cB&ust=1692861129090000&source=images&cd=vfe&opi=89978449&ved=2ahUKEwjqiKajnfKAAxXEje4BHX5jDv4Qr4kDegQIARBT
https://www.thorlabs.com/thorproduct.cfm?partnumber=MDT694B

LIGO Noise Budget

Theoretical Noise Budget Realistic Noise Budget
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Moku Input Noise Floor

ASD (V/rtHz)
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Noise Budget Before Whitening

Noise Budget
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i{: whitening_filter
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Phase [deg]

Magnitude [Hz/V]

Whitening Filter Transfer Function
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Noise Budget After Whitening

Noise Budget
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Performing the
Feedforward
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https://doi.org/10.1109/JLT.2019.2915637

Block Diagram
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Block Diagram

Whitening
Moku:Pro <« Filter
- CAML 298

v

= P

TEC 0 L A , Photo
Controllers > | ° =~ > Bo/50 1m 50/50 ~ diode
TED200C TW2000R5A2A Fiber TW2000R5A2A  DET10D2

I ? TEC Interferometer

<

24



Block Diagram
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Block Diagram
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Block Diagram
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Locking Both Interferometers
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Demonstration of Noise Reduction
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Successes:

e [wo Interferometers

e Analysis of Noise in

Measurement

e Demonstration of Noise

Reduction

Conclusions

Future Work:

Continue Modeling System
o Analytic Ideal Cancellation
Extend Cancellation Range

Match Electrical & Optical Delay
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Extra Slides
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Shot Noise

- Noise due to the fact that
photocurrent is a discrete
flow of electrons

- There are variations in

electron flow, as governed

by Poisson statistics

16x1077

15x 1077

14x107

13x 1077

11x 1077

Frequency Noise ASD (V/rtHz)
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Shot Noise

12x1077¢

10° 101 102 103 104 10° 108
Frequency (Hz)

- ASD of shot noise in amps/rtHz given by 5nshot — 14/ 2q|I_|

- { : charge of electron

- |I_| absolute value of average current
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Relative Intensity Noise

Fluctuations in intensity of laser output

Measured without interferometer

Convert input wattage
of measured signal into

DC output voltage, 10-3F
divide spectrum by this 10-4}

DC value

RIN (1/rtHz)

RIN

107>
1076 F
1077F
1078 F
10—9 -
10~ 10 F

10° 102 10* 10°
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Photodiode Noise

“Dark noise” from applying
DC bias to diode

Present whether laser is on
or off

Can'’t just measure signal
out of PD since it is below
ADC noise floor

Measured with signal
amplified, then undid the
amplification in our analysis

107°F
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PD Noise
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Frequency Noise

- Measured spectrum while laser was locked

Frequency Noise
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ASD (V/rtHz)
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Loop-Locking Noise
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There is noise associated with outputting a signal on the Moku and from using a

piezo controller to amplify our signal

Measured piezo controller output spectrum with a DC voltage input
Set Moku to output a sine wave with a small amplitude and measured spectrum

of the output

PZT Controller Output, 2V DC in
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Low-pass Filter

Suppress noise
from fiber stretcher
controls at high
frequencies

Use capacitance of
fiber stretcher as

our capacitor

Gain (magnitude)

109
1071
1072
10~3
10-4

103

75 kQ

75 kQ

190 nF

Lowpass Filter Frequency Response

Al

Al

10°

102
Frequency (Hz)

104

16
0




Frequency Noise ASD (Hz/rtHz)

Lowpass Filtering

- —— PZT Controller Noise, after —— PZT Controller Noise, before
: \ —— DAC Output Noise, after —— DAC Output Noise, before
10 T
104
102
10°
102
10° 10! 102 103 10* 10° 106

Frequency (Hz)



