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Michelson Interferometer

* Measures differential arm length change

e .."'
-
.

> ¢ Beam
Laser source ' splitter

Photodiode

F, # A N . Y
# /’ A

Interference

Movable mirror



Michelson Interferometer

* Measures differential arm length change
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Feedback

Interferometer Control

» Control mirror positions to “lock” the fringe
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Feedback

Linear System

« Control makes the system linear
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Feedback

Noises and Sensitivity

* Noises in the loop limits the sensitivity
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Things You Will Learn (over the years)
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Laser Beam

* Electro-magnetic waves

Electric Speed of light: ¢

field: E

Magnetic

Y field wavelength )\
 Electric field can be written as
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E = E()€ W= ——
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| / angular Phase 97T shase at
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Photodiodes

* Photodiodes (PDs)
Convert photons into electrons
Detects light power (square of amplitude)

P« |E]” = Ej
We can only detect power (E'b
change .

Phase change cannot be
detected directly
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Transimpedance Amplifier

 Power change signal will be converted into voltage
change signal

Photon energy
) Pop = N SC - \%\
={3/s] + ED — 77 Transimpedance gain
— (Resistance) [q]

® N Photons [1/s]
c 7 Vour = IR

Quantum efficiency R V]
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Electrons I S

‘ Current
I = eNe \V/

[A]=[C/s]

Photoelectric effect




Beam Splitter

« Split beam in two
» Half in power, 1/~2 in amplitude
 Sign flip in back reflection
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Output of Michelson Interferometer
 What is the power detected at the photodiode?
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Output of Michelson Interferometer

 What is the power detected at the photodiode?
From Y-am From X-arm
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Output of Michelson Interferometer

* Power changes with differential arm length change
(interference)

1 A _
Pppy Prp = §P0 (1 — COS 7T >

Bright fringe in every
half wavelength change
in differential arm length
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Output of Michelson Interferometer

« Ratio between power change and length change

OPpp 27F, . 4wL_
= sin

Ppp OL_ A A

--------------------------------------- Laser

Differential arm length
change can be detected
from “linear” power
change at the photodiode
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Linear System

« System that has linear input and output relations

Input

L_(t)
al_(t)

| Linear System

Output

Homogeneity
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Ppp (1)
CLPPD (t)

L_ + Lseis (t) Additivity PPD (t) + Pseis (t)
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Fourier Transform

« Handy to think in frequency domain

Input |Linear System | Output
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Power Spectrum Density

« Handy to think in frequency domain

Input |Linear System | Output
(1) [m] y(t) W]
X (w) Y (w)
Sa: W)[mz/ Hz] ;?evcvt?urm Density Sy(w) [W2/Hz]

V Sz (W Amplitude . /Q_
X ( [m//Hz] Spectrum Density Sy ((U) [W//Hz]
Fourier transform of
S(w) = lim Xr(w ‘ B wr(t) = {x(t) t] < T/2
T'—o0 T 0 H<T/3,




Displacement [m/vHz]

Power Spectrum Density

Sensitivity

Summation of known noises
Type-A control noise
Type-B control noise
Type-Bp control noise
MICH coupling

PRCL coupling

DAC noise

10—13

—— Acoustic noise
Mirror thermal noise
—— Suspension thermal noise
Shot noise
——- Radiation pressure noise -
Laser frequency noise
—— Laser intensity noise
OMC PD dark noise
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Frequency [Hz]




Transfer Function

« Ratio of input and output

Input |Linear System | Output
o(t) o L) | y(t)
X(w) Y(w)
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Transfer Function of Interferometer

« Constant if fringe is fixed

P 2mF, 4l _
Hipo(w) = 22t) _ 2100 g A7
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Transfer Function of Actuator

« Equation of motion of a suspended mirror
mg

mr = —YT T+ f LLlLiLeLss
* Transfer furj}c;ji(on)from 1iorce to displlacement
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Feedback

A Hyp(w)

control

Feedback Control Loop

 Now we can analyze the loop in frequency domain

>

Actuator

(Mirror) HA(w)
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Y (w)

€V9< Gravitational
waves L (Cd)

Y

/

Sensor

(Interferometer) HIFO (w)

We will design
this filter later
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Feedback Control Loop

* Open loop transfer function G(w) is important
Y(w) = Hr(w)Hiro(w) (L—(w) — Ha(w)Y (w))
_ HF(LU)HIFQ(LU)L_(LU)

1 + G(w)\G(w) I

« GW signal can be estimated from Y(w) (feedback
signal) if G(w) >>1

I (w) = = (C;()“’)HA(W)Y(M)

~ Hy(w)Y (w) 2




Feedback Control Loop
* Open loop transfer function G(w) is important
Y(w) = Hr(w)Hiro(w) (L—(w) — Ha(w)Y (w))

_ HF(CU)HIFQ((U)L_(W)
1+ G(w)

/ \G(w) — HpHypoHy

Loop can “oscillate” if G(w)=-1
— Nyquist stability criterion

Control filter is designed to meet this criterion 27



Unstable Loop

* G(w)=-1 at unity gain frequency
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Stable Loop

* Phase margin at unity gain frequency
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Force Noise and Sensing Noise

* Loop calculation gives noise contributions

Force ‘g Actuator Y = HF (HIFO (L— - HA(Y + 5Frad)) + 5Pshot)
E : GIL_
noise 0frad (Mirror) T Ha(1+G)
r—> ' G G
C;XV — €v9<_ GWs T H—G(SFrad N HiroHa(1+ G) Fra
W
(w) L ()
A L’ Sensing
Sensor Force noise noise
(Interferometer) | contribution contribution
Sensing ost
noise L(— = HAY / \
5Pshot
= L_ + HA5Frad + 5Frad
HIFO 30

Estimated GW signal



Shot Noise

* Number of photons to photodiodes fluctuates

N+ VN .

Photodiode
Photon ener
. VY he
 Quantum fluctuation of power D = Y
QhCPPD Number of
6PShOt p— phOtOnS PPD
. NA N = =
Shot noise N D1
spectrum

Quantum efficiency 31



Shot Noise Limit of Michelson

 Power change O Pory onPy,  4nlL_

Hiro(w) = o = S

 Shot noise

5PShOt _ QhCPPD _ hCPO (1 oS 47TL_>
nA A A

« Shot noise limited sensitivity

_ 1 hecA
5Lshot — 6Pshot (HIFO (w)) : > 27_‘_\/2 P

g 2sinZoos? Better shot noise with higher input power

1’ Best at dark fringe (where P,.=0
Voot g ( PD ) 32




Radiation Pressure Noise

 Number of photons to mirror fluctuates

N + VN

Mirror

° POWGF ﬂuctuation Assumed Michelson with input power P,
Force to
5P _ hCPO displacement
rad — Force on (Actuator TF)

_ _ A mirror free-falling mirror
e Mirror dlsplacement (above resonant frequency)
26 Prag thb, 17
6Lrad — H A (w) ~

C
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Standard Quantum Limit

» Shot noise is lower with higher power

Ashot = L [he Trade-off

shot —
21 L 2P0
« Radiation pressure noise is lower

with lower power

1 ShP
hra,d — \/ L /2 for two arms

mwQL C)\ m is mirror mass

(m/2 is reduced mass)
Assuming BS with infinite mass

« Standard Quantum Limit (SQL) for Michelson
from Uncertainty principle h = h/(27T)

4h
hSQL — \/thhothrad —

mw? L2 34




Input Power and Sensitivity

« SQL cannot be beaten by changing power
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