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Quantized EM Fields

Flectric Field is Quantized —
Bio . .
E(t) = \/— (a(t) ™" + a'(t)e™"!
EOV( " e X(t) = alt) +a'(t)
. Y (t) = —ia(t) - a'(¢)
E(t) = | = (X(t) coswt + Y () sinwt)
€0

Quadratures Follow Heisenberg's Uncertainty Principle.

X.Y]=2 AXAY > 1



Coherent Light

Laser lignt is coherent —

Coherent State

v

Photon number measurements give
Poisson Distribution

Coherent Vacuum
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Quantum state reconstruction of classical and nonclassiealylight-and a cryogenic
opto-mechanical sensor for high-precision interferometry — Breitenbach, Gerd



Squeezed Light

Sgueezing decreases

ohase/amplitude
noise.

>
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amplitude squeezing

https://www.rp-photonics.com/img/squeezed_light.png
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Quantum state reconstruction of classical and nonclassical light afd a cryogenic
mechanical sensor for high-precision interferometry — Breitenbach, Gerd



i n
a) squeezed vacuum (10 dB, (b=:) b)amplitude squeezing (10dB, ¢="", Ac=5)
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Quantum Measurement Theory in Gravitational-Wave Detectors - Danilishin, Stefan

L. et al. Living Rev.Rel.15(2012) 5 arXiv:1203.1706 [quant-ph]

Quantum state reconstruction of classical and nonclassical light and a cryogenic
opto-mechanical sensor for high-bﬁ@iﬁ&%oiﬁlgérferometry—Breitenbach, Gerd
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Optical Parametric Osclllator Squeezer
" (SPDC)

H = hwa'a + h(2w)b'b + z?m(aTQb —a’b')  P(t) = (X" E(t) + Y*EX(t) + X*E*(t) + ...)
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SPDC as a source of squeezed light

* A non-linear crystal behaves like a phase dependentamplifier.
« Seed crystal with vacuum.

* The guantum noise gets (de)amplified differently at different phases
leading to generation of squeezed light thereby different uncertainties
(Squeezing!).



Salanced Homodayne Detection

E N
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eanpp((2R — 1)|ai| +iv/R(1 — R)(aroal — aroal) + (1 — 2R)|azo]

Squeezed light - Lvovsky, Al arXiv:1401.4118 [quant-ph]
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How does loss affect squeezing”
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\/\/aveguiole Optical Sarametric Qscillator

Setup

Couple Light into Produce Squeezed
Fibers Light (SPDCO)
Mode Matching Phase Matching
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Detect Squeezed
Light

Homodyne
Detection
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WOPO Squeezer

{r' . \ .."‘ ' ‘. .

GEOBOO Squeezer  htto//www.ql.aei-hannover.de/
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t can be a neat and portable squeezer-in-a-

YOU GET
A SOUEEZER!

OOX

YOU GET
A'SQUEEZER!
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Sgueezer Applications

» Biology - Laser based particle tracking in conjunction with optical
tweezers (increase sensitivity)

« Squeezersin space - LISA

Biological measurement beyond the quantum hmit —
lavior et al. DOl 10, 1038/NFPHOTON.2072.346
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\ode Matching Into Hoers

SM5 SM4
e
15cm Ahcm 9cm

F240-APC-1064 (f = 7.86mm) =" < f6=17.5cm

Single Mode Fibre
532nm it

= f5=35cm

Faraday 24cm  F240-APC-1064 (f = 8.07mm)

HWP QWP IsolatorHWP  f4=50cm

| 8cm Single Mode Fibre ,7cm > SM2

532nm | /M3~ 106anm |
88cm PBS 51cm | 17.5cm [} 23.5cm [| 36cm gem
1064nm N\ ] \ v /SMl

Innolight Diabolo | 1W/P PBS f1=30cm f2=20cm f3=12.5cm  PZT
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1064 nm Beam
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H32 Nm Beam
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DC and

Ueezing

PD1NE I PD2

f=25.4mm f = 25.4mm FP-APC

Fiber Collimators

Dichroic Mirror

Dichroic Mirror

50/50 Fiber Beamsplitter
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Fiber Connectors Fiber Connectors- £
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Control
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Non Linear Waveguide

Material | Rubidium Infused PPKTP

Fundamental Wavelength 1064nm

Harmonic Wavelength 532nm

Fibre Coupling Efficiency  50%

Conversion Efficiency 1.353% (at 19.3mW)

Phase Matching 60.99°C
Temperature

\r

WAy :-



hase Matching (Input Power 19.3mW)

Phase Matching (Output Power vs T)
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Homodyne Detection

Transimpendance Circuit

10k Gain
INnGaAs
Photodiode

High Pass Filter
.|.
Subtractor

InGaAs Transimpendance Circuit
Photodiode Variable Gain

SR785
Spectrum
Analyser
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INnGaAs Photodiode (Excelitas C30665)

« 879% Quantum Efficiency

e 3mMm active diameter

« 1000—1250pF capacitance while unbiased. 400pk capacitance
when biased at 2V.



Photodiode Amplitier
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Photodetector Dark Noise (With 10k Gain)

Expected Shot Noise

— Spectrum Analyser Noise

— Transimpedance Circuit Noise

— Photodetector Dark Noise
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Photodiode Amplitier
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Photodetector Dark N0|se (Varlable Galn)
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Major Sgueezing Loss— Waveguide Mode

Waveguide is square. Mode not Gaussian

-~

(3dB loss in coupling) 1
(A cos € cos pian ifl¢] < 1,|n| <1 ‘I’ . |
ny Ry
A cos cos/-tlfexp[“(V22 - #%)77]% if [§] > 1,[n[ <1 S
exp[— (V3 — p2)]>
b= 4 Acos,u

os pon exp[—(V2 — pd)g]z if €] < 1,|n| > 1

exp[— (V7 —#1)]$1
exp[— (V7 — p3)m] ex [(V2 TSk if |€] > 1,|n] > 1
| exp[— (V2_“1)]é p[—(VZ — 13))2 -
where
€= (/) n=(/b), Vi=hko@d - Vo=ko(md —nd)!

a 1 b 1
K1 = i(kgnf - 52)2, Mo = —(kz 52)2

HGo-G1D1a3g 1 30



Major Sgueezing Loss— Waveguide Mode

Waveguide is square. Mode not Gaussian
(3dB loss in coupling) B ?
—XP(-Y) a

_.)'

- |f——;-—oa

_ Cos(x)
—XP(X) Cos(y) —XP(-X)

XY (X7)



Waveguide Mode Shape
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Mitigation

» Use a series of objectives after propagating this mode In free space
« Optimization using FFT Propagation Code.
» Custom Waveguide Design




List of Squeezing Losses <ot T

Photodiodes

Component HOSIS 18%

Vivaveguide ~50%
Beamsplitter
Quantum ~13% B .
—Tficiency of
-hotodiode
Seam Splitter (3% ~6% Waveguide
—rror) May S o9 d7lg%
2RO oy aximum Squeezing — 2.

3dB Input — 1dB Output

LIGO-G1701433 »

Connector Loss



Further Work

* Measure shot noise of 1064nm beam.
* Measure squeezing.
» Reduce sgueezing loss at waveguide.
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Questions??
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Supplementary — ABCD Propagation

* A Gaussian beam at a point can be characterised by the following

guantity.

' 1
q=2z+ 12, 7

Agi + B

2= Ca+D

1 A
R(z) ww?(z)

LIGO-G1701433
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Supplementary — FFT Propagation

E(z,y,z) = Az)\ // Eo(z,y,20)K(z — u,y — v, Az)dudv

K(p,q,Az) = exp (- Az(p;: 2 ))




