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In this talk:

Importance of noise in nonlinear multimode photonics

Framework for calculating noise in generic nonlinear
multimode systems

Experimental probe of noise in multimode fibers

Optimization of noise via wavefront shaping



Multimode nonlinear systems
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Increasingly programmable

Programmable nonlinear photonics
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Importance of noise in optics

Many applications limited by noise:

Linewidth and stability of oscillators
Data transmission
Optical computing

o
o
[
e Quantum metrology and computing



Single mode gaussian states
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Noise behavior of gaussian states
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Nonlinear attenuation can beat linear equivalent



Multimode gaussian states
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Multimode quantum nonlinear optics
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It would be great to:

Control noise in multimode nonlinear systems
Create high powered, low noise states

Beat the rules of linear attenuation
Controllably create multimode quantum states

Find squeezing hidden in plain sight
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An experiment to probe
multimode noise



Experimentally probing multimode noise

a — DMD
Laser ]
3 =
A=1560 nm, o : .
(3 D Mz vep) | M M L PD A few observations:
. ,z'k
* F'nwer] A | )

) [m"““ Mu'tlmode fiber B e Nonlinearity causes power
bP°We" P - dependence of intensity
s 2 and noise
1= 3 i
B 0 = e Noise can look totally
2 max Z different than the intensity
33

Fior §

12



Power dependent intensity and noise map
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A framework for multimode noise



Noise in multimode photonic systems
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Quantum sensitivity analysis

Variance in any observable: Advantages:
0X |? e Classical simulations only
(AX)Q — Z ‘O'U' FTin._ﬁ;
k in, e Single simulation, any input noise
Sumover  Classical Input
all channels gradients noise e Physically insightful

“Ultra-broadband and passive stabilization of
ultrafast light sources by quantum light injection”
Rivera, Uddin, Sloan, Soljacic. Nanophotonics (2025)

“Noise-immune quantum correlations of intense light”
Uddin*, Rivera*®, Syler, Sloan, ..., Soljacic. Nature Photonics (In press)

16



Nonlinear propagation in multimode fibers

Frequency w

B al TN

Spatial mode k
"

17



Nonlinear propagation in multimode fibers
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Nonlinear propagation in multimode fibers
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Quantum sensitivity analysis on MMFs
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Efficient prediction of
e Noise level of fiber modes, or spatial pixels
e Correlations between modes or pixels
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Theory vs experiment images
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Theory tells us that:

e Higher order modes can
become very noisy

e Amplified laser noise often
dominates

e Shot noise important at
low noise points
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Noise behavior with nonlinear transmission
Experiment | Theory

o
w

c
9
0 | & L20 R
(7)) 02 e =
" — o o
E a 1.5 2
£ E
72) 018 10 2
C = =
E 05
- 0.0 ‘ 0.0
150 200 250 300 350 50 100 150 200 250 300 350
Input power (mW) Input power
60 95
130 140 4
50 pa - 90
o -132 :'x‘:* 120 =
_ 40 i E . ‘.‘ 858
2 2 A e Ee o RE
AS : @ \ o
(@) 30 - .435% 80 4 s.—ln {8020
Z z
20 1 i _]38 w f 75
10 4 r T v v r 2140 . T T T T y v —y.. =70
150 200 250 300 350 50 100 150 200 250 300 350
Input power (mW) Input power

Transmission changes — noise changes



Noise can sense input power fluctuations
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Occurs when:
e Source laser is noisy

e Output observables are only
sensitive to the total input power

Fails when:
e Shot noise is important

e Output responds differently to

noise at different frequencies
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New insights from theory



Modal noise from theory
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Modal noise from theory
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Squeezing of intense spatial modes
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Gaining control over noise



Wavefront shaping to control noise (thy.)

Optimization
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Experiment for shaping initial conditions
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Optimization on the experiment
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Key takeaways

e In nonlinear systems, the rules of how noise
behaves can be rewritten

e In multimode systems, it's possible for some
outputs to be resistant/immune to input noise

e Uncontrolled nonlinearity makes noise worse,
but controlled nonlinearity makes it better

32



We hope this work can enable...

e Better high powered fiber lasers
e |[ntense squeezed sources

e Input shaping of nonlinear systems to produce desired
output squeezed or correlated states
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Thanks for listening!

jsloan@stanford.edu
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Sensitivity analysis on fibers
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Transmission and noise of a single pixel
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Many modes can be better than one

System performance metric

Computational
complexity, Kerr(~M?)

Mode-locked laser
Pulse energy (~M?)

Computational
complexity, Linear(~M?)

Monlinearity-limited

channel capacity (~M?)
\ Linear

dependence (~M)

Modes controlled (M)

Wright, Logan G., William H. Renninger, Demetri N. Christodoulides, and Frank W. Wise.

"Nonlinear multimode photonics: nonlinear optics with many degrees of freedom." Optica (2022).

Access to emergent
phenomena

Breaking the rules of
single mode photonics

Quantum information
scales exponentially
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Probing spatial correlations
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Effective single mode behavior

Single mode behavior Complex multimode behavior
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Eigenmode behaviors from theory
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Nonlinear propagation in multimode fibers
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Frequency decomposition of noise
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Quantum sensitivity analysis
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Example of a Kerr sagnac interferometer
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Wavefront shaping to control noise (thy.)
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