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Squeezed field

Coherent State
Standard Quantum Limit

𝛿𝑋1 = 𝛿𝑋2

𝛿𝑋1𝛿𝑋2 =
1
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Squeezed State
Squeezed Quantum Noise

𝛿𝑋1 ≠ 𝛿𝑋2

𝛿𝑋1𝛿𝑋2 ≥
1
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Quantum Fluctuations in Light field:     
෠𝑋 = ෠𝑋1 + 𝛿 ෠𝑋1 + 𝑖 ෠𝑋2 + 𝛿 ෠𝑋2
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Precision measurements

-Magnetometer

-LIGO

Quantum imaging

Quantum information

Squeezed Vacuum State
𝛿𝑋1 ≠ 𝛿𝑋2

𝛿𝑋1𝛿𝑋2 ≥
1
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Polarization self rotation effect

For linearly polarized light, the orthogonal
polarization gets squeezed.

Elliptically polarized light
rotates by 𝜙𝑆𝑅 = 𝑔𝜀𝐿.

Predictions of the PSR-generated squeezing in the Rb atomic vapor :  - 8 dB

Current best : - 3 dB
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Homodyne Detection scheme
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Experimental setup

SMPM fiber − single-mode polarization-
maintaining fiber
Τ𝜆 2 − half-wave plate

GP − Glan-laser polarizer
PBS − polarizing beam splitter
PhR − phase-retarding wave plate
BPD − balanced photodetector

Parameters affect squeezing:

Pump beam intensity

Beam size

Atomic density of medium

Beam focus position in the cell
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Spatial modes of light

Hermite Gaussian modes Laguerre Gaussian modes

9Figure source: Wikipedia page-Gaussian beam



Self-focusing of beam

A nonlinear process in medium, 
caused by the intensity distribution change in strong field
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Correlation between self squeezing and 
squeezing
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Interferometric scheme of detection

To calibrate a good mode match, we introduce a parameter visibility 

Usually in similar detecting scheme, a visibility of 90% is necessary to detect squeezing.
We had V = 98%, but no squeezing was  observed.
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Circular beam mask
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Circular beam mask
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“Telescope”
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Iris transmission fixed

Guoy Phase 𝜍 𝑧 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑧

𝑧𝑅
,

has a 𝜋 shift across the focus
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Theoretical explanation

17Figure credit: R. N. Lanning



Theoretical explanation

Multi-mode field generated in 
the vapor cell, resulting in a bad 
mode match and less effective 
detection of squeezing.

M Zhang, RN Lanning, Z Xiao, JP Dowling, I 
Novikova, EE Mikhailov
Physical Review A 93 (1), 013853
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Iris size fixed
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Optical depth study – multipass
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Squeezing dependence on optical depth

N = 9.3 × 1011/cm3

P = 11 mW
Squeezing = -2.1 dB

N = 4.3 × 1011/cm3

P = 11 mW
Squeezing = -2.6 dB

N = 2.4 × 1011/cm3

P = 11 mW
Squeezing = -2.4 dB
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Squeezing dependence on optical depth
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Two cells
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Entangled position
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Spatial light modulator

A reflective device that changes the phase retardation of 
light incident on screen.
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Change of pump

The SLM changes the pump beam shape to generate different amount of noise 
suppression.
Squeezing is detected by the spectrum analyzer and sent to the optimization 
algorithm to decide how to modify the phase mask.
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Feedback loop and Optimization algorithm

Optimization algorithm – Metropolis

- If squeezing is improved, accept change

- If not, accept change with a probability

Phase mask applied to the SLM is composed of N higher modes 

with l = 0 or p = 0

Φ 𝑥, 𝑦 = ෍

𝑖=1

𝑁

𝐶𝑖𝑅 + 𝑖𝐶𝑖𝐼 Φ𝑖 𝑥, 𝑦, 𝑤

𝐶𝑖𝑅 is the real coefficient of the ith mode and 𝐶𝑖𝐼 is the imaginary part.

Φ 𝑥, 𝑦 is the phase applied to a certain position (x, y), Φ𝑖 𝑥, 𝑦,𝑤 is 
the phase of the ith mode with waist w.
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Optimized squeezing

Original squeezing =  -2.0 dB

Original squeezing =  -0.7 dB

Improved squeezing =  -2.3 dB

Improved squeezing =  -1.2 dB
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Change of Local Oscillator

Original squeezing = -1.8 dB
Squeezing with SLM on = -1.0 dB

30



Direct observation of beam

Camera: Princeton Instruments PIXIS
Attenuator : neutral density filters
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Noise calibration in a coherent beam

Averaged photon number 
ഥ𝑁

Normalized photon number noise 
ഥ𝑁/Δ𝑁2

For coherent beam, there should be Δ𝑁2= ഥ𝑁

32Figure credit: K. T. Kutzke



Noise statistics

33Figure credit: K. T. Kutzke



Squeezed field 

Averaged photon number 
ഥ𝑁

Normalized photon number noise 
ഥ𝑁/Δ𝑁2
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The normalized noise map has a clear spatial structure.

Figure credit: K. T. Kutzke



Noise structure in a squeezed vacuum field

36Figure credit: K. T. Kutzke



Conclusions

• We are able to produce -2.7 dB of squeezing below shot noise

• The squeezed vacuum field generated in hot Rb vapor is in a multi-
mode structure

• The optical depth of medium is not the only factor that determines 
squeezing

• Pump beam shape influences the squeezing generated in the 
medium, and is possible to improve it.

• With a quantum noise limited camera, we can see a spatial 
dependence of noise in the squeezed vacuum field.
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