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Everything is a
feedback loop.



The one idea

Everything is a feedback loop.
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itself itself x sets force draw on purpose SP=Q

The same feedback structure in five different systems. Commissioning is populating, closing, and
budgeting these loops.



Loops all the way down

DARM — the gravitational-wave readout loop h
the interferometer is this one loop: differential arm length,
sensed at the dark port, fed back to the test masses
(ts plant is four more length loops, running in parallel
common arm length Michelson power recycling signal recycling
( and the plant of every one of those is built from loops A
[Q PRCJ [Q SRCJ [ Q arm cavities J [Q susj [ Q ISI J
\K optical optical optical suspension damping seismic isolatioryj
Q every box on this slide is itself a closed feedback loop j



What it’s for

Two black holes merge a billion light-years away

and ring spacetime. A well-commissioned
detector turns that ripple into this —

GW150914 — the first detection. Everything this week serves one goal: a
detector quiet enough to hear the next one.
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What you will do this week

(

\

01

Tune up damping
Knock down high-Q suspension resonances —

and keep the loop stable.

03

Design control loops
Gain, phase, stability, loop shaping.

\

02

Understand ISC-loop noise
Read where a sensor’s noise enters and what it

COsts you.

04

Build noise budgets
Enumerate, propagate through S/T, sum, find

the limiting term.

Four operations on one feedback loop: damp it - design it - account for its noise - budget it.
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The commissioning method

the method: model — measure — compare — localize — prioritize — repeat

Model

predict what it should do

and go again

discrepancy

Prioritize Measure
fix what matters most , non-destructively

the gap tells
you where to look

Localize Compare

which part? update your prior

The whole toolkit serves this cycle: the adjacency matrix is the model, S/T is the non-
destructive measurement, the noise budget is the triage.



What’s wrong with this diagram?

the detector = nested cavities, read out at the dark port

BE=—— ETMY

Y arm cavity

B ITMY
PRM

power recycling X arm cavity

- | m

ITMX ETMX

SRM

signal recycling ==

GW signal (dark port)

output PD

The beamsplitter was at the wrong angle. Rotated 90°, it splits the laser into both arms
and sends the recombined signal to the dark port.



It decomposes

The detector is not a monolith. It is a hierarchy you can hold in your head.

Interferometer

Seismic Isolation Optical Cavities Sensing & Control

Y

HAM-ISI HSTS (triple) QUAD Arm cavity IMC LSC (length) ASC (angular)
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And it repeats

Every sub-system is the same loop — plant - sensor - controller - actuator, with
noise coming in. Only the plant, sensor, and actuator change.

disturbance

|

inverting servo — the sign lives here

reference

sensor noise

10



One loop, two inputs

X = S

——
on disturbance

d +

T

——
Oon Sensor noise

n
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One loop, two inputs

x=Sd+Tn, S=;, Tzi
1-G 1-G

The mirror motion X is the disturbance d filtered by S, plus the sensor noise n filtered by T'. Push
S down where you fight the world; you pay in T where the sensor is noisy.

m— S| =|1/(1 —G)| (disturbance) === |T|=|G/(1—-G)| (sensor noise)
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DARM — the loop the wave arrives on

two arm cavities one effective cavity — and the SRC/SEC around it B [
IT™M ETM -~ ny /ny, pairs \

[I] [I] SRM e ' ;

X P 1 :
L_ - ! :

Ly —— m i :

d| I ~ | i
L, SRC/SEC effective arm cavity ity ’

each HR coating is a
distributed Bragg reflector:
alternating \/4 high/low-index layers

differential arm length a cavity inside a cavity

L =L,—L,

the gravitational wave enters this loop as a disturbance — nearly, but not quite, like a mirror displacement

h — gravitational-wave strain
the small disturbance

displacement noise l
seismic, thermal, i o
radiation pressure
the large disturbance

> dark-port signal

plant: cavities + test masses

<
) «<

loop filter — actuator
detecting a gravitational wave is sensing a small disturbance in the presence of a large one — at the same port

Coating design: Venugopalan, Salces-Carcoba, Arai & Adhikari, Opt. Express 32, 11751 (2024). - Displacement-noise-free: Gefen,
Tarafder, Adhikari & Chen, Phys. Rev. Leit. 132, 020801 (2024).
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System identification (M1)

Nobody hands you the transfer function of the hardware. You measure it: drive an input, record the
output, and estimate H(f) — this is system identification, and you do it before you touch
anything. There are several methods (swept sine, broadband noise + CSD, chirps, and more); the

one thing they share is a trust metric, the coherence 7/2 — near 1, believe the point.

100_ _—__\N
—— odel |P]

« measured Pyy/Pxx

Pl

frequency [Hz]

The measured |P| tracks the model until the plant rolls off; then readout noise wins and the
coherence drops there first. This is “"measure gently” — build it in M1, reuse it all week.
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Same loop, different hardware

local damping length control (PDH) alignment (WFS)
plant plant plant

/M\ /m\ optic angle

_ servo OSEM : Servo _ _ servo
coil-magnet = mirror push < photodiode coil-magnet = quadrant PD
shadow sensor \ ‘ y }

sensor sensor
actuator sensor actuator actuator

every subsystem is the same feedback loop — only the hardware changes

Same loop, three physical systems — suspension + OSEM + coil - cavity + PDH + mirror -
optic + WFS + coil. Each is plant - sensor - actuator.
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One loop, three physical systems

Suspension damping

Plant pendulum
Sensor OSEM
Actuator coil
Controller damping filter

Noise in OSEM readout

One loop structure; only the plant, sensor and actuator change. The week fills in one column

per day.

Cavity lock
optical cavity
PDH photodiode
mirror [ PZT
length servo

shot noise

Alignment (ASC)
optic angle

WEFS / QPD

coil

ASC servo

WFS shot noise
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How the pre-work feeds the week

PRE-WORK — the notebook ladder WORKSHOP WEEK — five days
D1 D2 D3 D4 D5
Framework & Mechanical Optical Noise & ASC | Assembly
f
MO get set up eeds ()
M1 the language - TF, Bode, poles, measurement o
N M2 feedback loops - S, T, phase margin o
o 9
<D0 : o
2 S g M2b loop-analysis plots - Bode/Nyquist/Nichols o
O .=
< €S o
E f e M3 resonances - @, complex poles, ringdown ®
£ O
==
M4 everything is linear - the adjacency matrix ()
M8 noise & spectra o o o
M9 how commissioners think - the method o o
o 2 §‘ M5 suspensions @)
2K
< E % M6 Gaussian beams & ABCD O
= 2
» 2y M7 cavities @

@ Strand-A module feeds this day O Strand-B module feeds this day



