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Introduction

How does LIGO detect
Gravitational Waves?

 Detection: Phase shift
from differential arm
length change

 Sensitivity: Detects
strain ~10-%2

 Limitation: Sensitivity
constrained by
Quantum noise

Gravitational wave

Mirror

We detect the
“Phase Change”

Black hole Spacetime

Mirror

Beam Light
splitter detector

Ye = ':-f:x'

A Light waves hit
f L "n._':l'Ier =
4 U. u the light detector

Light waves cancel
each other out

Fig: Schematic of the LIGO
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4Go Quantum Noise

o Heisenberg’s uncertainty principal=

AAAP > i
47

A A = Amplitude variance
A P — Phase variance

Amplitude

Quadrature
A

- Equal Uncertainty in both quadratures

Phase
Quadrature
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LIGO
Phase Squeezed

Amplitude Squeezed

Amplitude
Quadrature

Amplitude |
Quadrature Photodetector ggr = .—.
Phase ; )
- Quadrature = Reduces Radiation Pressure
Noise
+ (Low Frequency Regime)

Phase
. Quadrature

Reduces Shot Noise
+ (High Frequency Regime)

Laser

——

-

Vafuum 4 Tl Signal
S cezed —» —T i Circulator
St

S/

[ With Squeezed States we have up to 65% better detection of Binary Neutron Stars]
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How are squeezed states generated?

Current LIGO method: Our proposed alternative:
Optical Parametric Oscillators Waveguided Optical Parametric
Amplification
OPO :
B PPLN Waveguide

1064 nm(squeezed)

etalon etalon
Piezo A =

532 nm 532 nm : 1064 nm(squeezed)

Pump
laser

Nonlinear crystal

» Uses nonlinear Periodically Poled LiNbO3

» Uses Bulk crystal- Diffraction- Less effective waveguide: Higher nonlinear interaction due to

power confinement
» Needs Resonant cavity- active cavity length > More squeczing with less pump & small
lizati waveguide
stabilization

» Single-pass operation — no cavity
» Simpler, stable, compact setup, broadband, Pages
easler long-term operation

» Complex, Has weeks timescale stability
» Can produce 10 dB of squeezing
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2 Experimental Setup

SM HECTE
RoC = 75mm 1064 nm f= 300mm PBSE HWP .
& ) n
SM PBS FI
é ™ 532 nm D [] U U
Goal: - f=200mm ! HWP HWP QWP
« Demonstrate ~4dB Pos e
Local Oscillator Lo phas shiter SM -~ mm 1811 Koheron PDI
(150mW 532 pump) Q H— gy N
. . . HWP QWP 2= 0.59mm SM
squeezing 1n this tabletop M\ <=0 P D
o — é@ BS/
setup (crystal-limited), Sl 5 )
D[S > @k Squeezed Signal ™
. A step toward scalable n| 3 ST i & v
. ’5 = N HR1064 Aspheric Lens y H 1811 Koheron PD2
higher than current iz = S T 1 W
gq m &C:' Clraved PPLN Waveguide HR 1064
squeezing for LIGO = =
\ y Q-‘ = 40x
Q_‘ reducing lens
i
\
SM f=100mm } Fiber Couple
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LIGO

Generation of Squeezed States
Spontaneous Parametric Down Conversion

Momentum Conservation

Spontaneous
Parametric Ks Ki
Downconversion
1064 nm Koump
0 s (signal)
Pump _
Energy conservation
532 nm
L R
Nonlinear i (idler) Opymp] |
) crystal 1064 nm | ©;
Waveguide

Opump = Ps T O

Ws = W; = Wpymp/2

 In SPDC, high-freq pump photon (532
nm) spontaneously splits into two
correlated lower-freq photons (1064 nm).

At high pump power (un depleted pump
approx), these photon pairs interfere
phase-sensitively:

o Constructively (one quadrature)
— anti-squeezing

o Destructively (orthogonal quadrature)
— squeezing
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#0 Squeezing Measurement

\
P

1. Waveguide Coupling with SHG
Alignment

 Blocking 532 path, 1064 allowed to couple
with waveguide giving 532 by Second
Harmonic Generation (SHG)

« SHG 15 like the reverse of SPDC

« SHG maximized ~60%/W/cm efficiency

’ " ’ “‘\—“q. ""

Second Harmonic Generation (SHG)
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2. Detection of Squeezed States
Balanced Homodyne Detection

« Gain balancing:

o Squeezed Signal Blocked. Strong 1064 Local
Oscillator (LO) send to both Photodiodes
(PD).

o The power received in PDs are scaled and
subtracted to leave alone shot noise
eliminating common laser intensity noise.

» This creates the matched photodiodes

EE——
signal
(squeezed vacuum)

Mmirror

LO (high power)

Mmirror

North

PD
South x 0.9

PDx 1.2
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Input (V/rtHz)

Gain Balancing

| —— PD North
—— PD South
—— @Gain-balanced data

(-
3
93

-
9
@)

1 ===-- Theoretical Shot Noise

-
-
(92

106
Frequency (Hz)
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uGo
2. Detection of Squeezed States
Balanced Homodyne Detection

e Signal + LO (1064 nm) mixed on 50:50 beam
splitter

- Mode Matching: Beam waists aligned — Visibility

~ (0.6
« Outputs detected on matched photodiodes

( )

Variation in the shot noise level of
Subtracted PD output over time shows-
Decreased Shot noise- Phase squeezing

signal
(squeezed vacuum)

Increased Shot noise- Phase anti-squeezing |

LO (high power)

1064 nm

BS Mmirror

PDx 1.2
North

mirror PD

South x 0.9
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LIGO
At different incident pump power (532 nm):

Squeezing Measurements at different Pump Power

0.6- 1 T
. | | | Result:
— 04 ¢ ¢ o s ! (25mW pump power)
z; ol 4 I H Max Squeezing:
o 0. ~—0.4 dB
Q e Squeezing State Max Anti-
-g 0.0 e Anti-squeezing State squeezing:
N ~+0.4 dB
% —02 i ® O
O
0p 4 ® .
04 )| I ¢ ¢ | ? Squeezing o \/PPUMP
~ —0.9dB(150mYV)
~0.6+ . - '
0 5 10 15 20

Pump Power (mw)
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HGO  Technical Noise Characterizations

« Objective: Total system noise < shot noise
« Concern: ADC & Photo Diode noise may mask squeezing

g 10-4 Noise Spectra Result:

S —— Moku-Pro In-1 )

@ 103 —— South PD AC Output Noise floor: ~1 X 107 V/AHz
2 19 | Shot Noise(0.6mW LO) - Photodiode Dark Noise

© Max Noise: ~1 X 10-°*V/VHz
0 10-6 - With ~I mW LO power,

o .

g shot noise > ADC & PD

E noise —> squeezing

T;:_ 10-71% detectable

< E

0 _

n )

S 10l 102 103 10% 10° 10° 107 108

Frequency [Hz] Page 13
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4/4{&.0 Active Phase Modulation between LO and Signal

*

PZT driven mirror

 Objective: Enable controlled phase
L.O(high power)

1064 nm

modulation between the Local Oscillator

(LO) and squeezed signal using a

Piezoelectric Transducer (PZT)-mounted

mirror MITTOr

signal
(squeezed vacuum)

« Concern: Thermal/mechanical phase drifts
can obscure squeezing — require active
stabilization for reliable measurements PD

North

MIrror PD
South
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Phase Sweep Characterization

1A- 2 Squeezing +2 Anti-Squeezing
» ~1A phase sweep @75V

Transfer Function Measurement
Needed to identify Resonant Frequencies
« Phase Drift(LO) noise locked via
feedback loop
. Different frequency Sine wave 1njected
« Measured: Vin,, Vin, = Calculated open-
loop transfer function

Ell
PD1 ,[
_ E . 5 Vou
" Vint| Vin2
PD2 —[
S
[ 1
Vgnl (f )
Gopen(f) = = C(f) - P(f) - 5(f)
L in2 (f ) )
Vvinl (f) = Error signal measured at the photodiodes (after excitation)
= Combined signal input to the PZT (error + excitation).
(f)

f = Known controller transfer function (integrator).

f): Desired transfer function of the PZT + mirror system.

S (f = Sensor response assumed as unity Page 15
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PZT Characterization

_10_
_20_
—~ —30
33
© © —40
55
g'g—so
D2
_60_
_70_
_80_

Amplitude Bode Plot

—— Isolated Plant, Controller Gain-frequency=1kHz

Result:

102 108 10%
Frequency (Hz)

10

. Stable response from 15 Hz-1kHz,

- No strong resonances observed 1n
this band.

- PZT will be driven at 50 Hz for

squeezing
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LIGO : :
Non-Linear Gain Measurements

Objective:

« Use Optical Parametric Amplification (OPA) 1064 gain - to optimize alignment of the 532 nm
pump with the waveguide for future squeezing measurements.
. Estimate the expected level of squeezing

Relation of squeezing Parameter & OPA Non-Linear Gain

: E
« Assumptions: B _o ,Ak=0
dl dE, dE;

- Coupled Wave Equations: —= =ik, BB} >~ = ikiEpEg
. Gain Coetlicient: g2 = k,k;|E,|? 2
532 nm OPA 106zlanm
. Amplified o, -
. .| (kgk; + 1) sinh?(gl) + 1 ~ e2? ] ot " l r
Total Gain: [ e— — .,
Wz 3=0 10> =@, -
Here, 1064 nm — 1064 nm e

1= Length of Crystal

z= Squeezing Parameter
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LIGO Experimental Measurement

« 1064 nm signal: 100 uW
532nm pump: 04mW
. PZT-mounted mirror modulated in signal path with triangular wave of 30Hz, 15 Vpp
1064 Power vs. Time: PZT driven signal path

"
106 - / N Eﬁﬁﬁﬁm_zl o Phase-dependent
amplification/deamplification"
nall /\ /\ PZT Driven Mirror 1064 nrm
102 T LASER
Al A
% 100 \\}\ ﬁ Photo Detector
E \\ 9 / ‘ )
o \ = &
T 98- \\j > ‘
=
N ) [ Optical Fibre
96 T N —
\\
94 A V U
\ -Pin"'_lvleaIl eak
\\'l’ [GdB — ]_O logm ( Pi L )
92

~0.04 . 0.01 0.02 0.03 Page 18




LIGO

Estimated Squeezing Level from OPA Non-Linear Gain

0.12 -

0.10 -

0.08 T

O

o

o
|

Squeezing (dB)

0.04

0.02 -

0.00 T

® Squeezing level (dB)

0.0 0.5 1.0

1.5 2.0 2.5
Pump Power (mW)

3.0

3.5

4.0

-

o

Estimated squeezing 1s close
to the Measured squeezing

~

~0.1 dB at 4mW Pump
power(532 nm)

J

AXS Uueeze
Squeezing Level(dB) = —10logq,( qucczed )

AX unsqueezed

Here, z = Squeezing Parameter

e—2z

AX = Variance =

Page 19



LIGO

Gain (dB)

0.1507
0.125°
0.100°
0.075°
0.050°
0.025°
0.000°

—0.0257

PumpPowervs Gain(dB) (30Hz- PZT drive)

4 Measured data

0 1 2 3
Pump Power (mW)

Result:

- Experimentally measured gains in

1064 power were on the order of
0.1 dB for a pump power of 4 mW
at 532 nm.

Optimizing alignment and
Polarization by maximizing 1064
power gain
By maximizing the OPA non-
linear gain (14 %)-
. All the optics before the
crystal was aligned
. The input polarization of the
1064 nm signal and 532 nm
pump into the waveguide was

adjusted
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Future Goals

. Fiber-Induced Polarization Drift Diagnosis:
80% loss 1n 532 power on passing through fiber +waveguide. Replace the fiber with a single mode
fiber and compare performance.
- Mode Matching; Use Gaussian beam propagation tools (e.g., Finesse or ABCD
matrix formalism) to model the 1064 nm signal and LO paths. Align experimentally to
achieve >95% overlap at the beam splitter in the BHD and verify using beam profiling.
. Fast Squeezing Measurement: Increase Pump power. Implement fast squeezing measurement
using lock-1n detection filtering sideband frequency <100 kHz and modulating LO path with
a PZT driven mirror by driving 1t with 50 Hz sine wave.
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