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Sources for Quantum Optics

Kwiat et al, Phys. Rev. Lett. 75, 4337ï4341 (1995) 



Why (multimode) fiber NLO?

Source: Ekspla

Optical Parametric Oscillator A recent QKD experiment

Replace with?



Outline 

ü Background: Single-Mode Fiber Nonlinear Optics

Á Capabilities and Limitations

ü Multimode Fiber NLO

Á Governing principles for phase matching

Á A time-line of results from the last 5 decades

ü Segue: Optical Fiber Modes

Á In-depth understanding of their linear properties

Á Unique, counter-intuitive behaviour for high order fiber modes

ü Unique Nonlinear Effects in Multimode Fibers 

Á Role of group velocity 

Á Large modal dimensionality

Á Role of chirality

ü Applications

Á Brief survey of current and emerging fields that exploit multimode fiber NLO



Nonlinearities in Fibers
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Group velocity Dispersion SPM Intra-pulse Raman

Boyd, Nonlinear Optics, 3rd Ed.

Agrawal, Nonlinear Fiber Optics, 4th Ed.

3rd order Disp Self-steepening

but in a fiber, there is only one direction!
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Index Guiding Photonic ñCrystalò Fiber (PCF)

JC Knight et al, Opt Lett 21 (1996) 1547

Åeg the core is a missing hole among an array of holes

Åcladding = glass + holes, core = glass only

Åeffective cladding index is less than core 

index Ý total internal reflection possible

effective refractive index profile
ncore

neff

Courtesy Tim Birks





Low Power Nonlinear Optics with PCFs

J.K. Ranka et. al, Optics Lett., v25, p25 , 2000

Supercontinuum Generation

B.R. Washburn et. al, Electron Lett., v37, p1510, 2001

Raman Soliton Shifting (fs)

Y.Q. Xu et. al, Optics Lett., v33, p1351, 2008

ps fiber OPO

╔▼▫■░◄▫▪ᶿ╓ɇ═▄██
sub-nJ pulse energies with PCFs



Bandgap guidance:

ÅEngineer cladding modes & guidance

ÅñDesigner materialò

ÅFree to use low-index materials: 

ÅHollow guidance possible!

Photonic Crystal Fibers

Cregan et al, Science 285, 1537 (1999)

Gas Nonlinear Optics

ÅChange Dispersion by gas pressure

Bandwidth limitations



Inhibited Coupling/Anti-Resonant/ARROW Guidance
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Benabid et al. Science, 298, 399 (2002)

Courtesy

Fetah Benabid
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Modes in Waveguides
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Modes in multimode fibers

Linearly Polarized (LP) modes
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L: Orbital Angular Momentum (OAM)







Phase Matching in Nonlinear Optics
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Multiple modes

=> multiple new phase 

matching possibilities

(FWM, THG, etc.)

Soliton if D > 0 

Intermodal Pulse 

Interactions Possible



Input Gaussian (s)
in - fiber gratings, couplers

ÅLong-period gratings (LPGs)

ÅAcousto-optic fiber gratings

ÅFused couplers

ÅPhase plates & Axicons

ÅAlgorithmic phase sculpting

ÅLog-polar transformations

ÅMultiplane Holography

ÅMMI couplers

ÅOn-chip multiplexers

ÅMetasurfaces

A.M. Vengsarkar et. al, JLT 14, p. 58 (1996)

K. Lai et. al, OL 32, p. 328 (2007)

Y.O. Yilmaz et. al, OL 32, p. 3170 (2007)

J-F. Morizur et al, JOSA A 27, 2524 (2010)

Berkhout et al, PRL 105,153601 (2010)

A. Sridharan et. al, OE 20, p. 28792 (2012)

T. Su et al, OpEx 20, 9396 (2012)

X. Cai et al, Science 338, 363, (2012)

M. Mirhosseini, Nat. Comm. 4, 2781 (2013)

Yu & Capasso, Nat. Mat. 13, 139 (2014)

J. Demas et al., OE 23, 28531 (2015)

S. Wang et al, OL 40, 4711 (2015)

S. Pidishetty et al, OL 42, 4347 (2017)

Y. Wen et al, Optica 7, 254 (2020)

S. Lightman et al, Opt. Lett. 47, 3491-3494 (2022)

A.D. White et al, ACS Photonics 10, 803 (2023)

Mode Shaping & Transformations

phase sculpting, bulk/3D printed

integrated -optic, metasurfaces
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Birth of fiber (not just multimode) NLO

Appl. Phys. Lett. 24, 308 (1974)
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Intermodal Four-Wave Mixing in Telecom





Multimode Continuum

Appl. Phys. Lett. 28, 216 (1976)

632.8 nm441.6 nm

Center

Launch

Offset

Launch

A. Efimov et al, Opt. Exp. 11,  910, 2003

Multimode Supercontinuum in PCF

305 nm



Multimode Harmonics

F.G. Omenetto et al, 

ñSimultaneous generation 

of spectrally distinct 3RD

harmonics in a PCFò 

OL 26, 1158, 2001

M. A. Eftekhar et al, "Instant and efficient 

second-harmonic generation and 

downconversion in unprepared graded-index 

multimode fibers," 

Opt. Lett. 42, 3478-3481 (2017) 



Multimode Solitons 

L.G. Wright et al, Nat. Photon. 9, 310 (2015)





Adaptive Nonlinearity Control

O. Tzang, A.M. Caravaca-

Aguirre, K. Wagner, R. Piestun
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Optical Mirages & Mode coupling

Miragesé randomize lightôs ▓

Bent 

fibersé 

randomize ▓
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Nonlinear Figure of Merit ïStep Index Multimode Fibers

DÅAeff ~ 103ï104 more than PCF
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OAM modes in fibers

Z. Ma, S. Ramachandran, Nanophotonics 10, 209 (2021)
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A. Ghatak et al, Intro. to Fiber Optics (1998)
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Topologically confined modes (TCMs) & Centrifugal barriers

Centrifugal barrier effect
Á OAM-induced confinement
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Centrifugal Barriers in other fields of physics
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Binary Stars

physicscourses.colorado.edu

P. Bucksbaum et al, PRL 56, 2590 (1986)

S. Knoop et al, PRL 100, 083002 (2008)     

Ionization
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╛

╛

Feshbach Molecules (short range potentials)

J. M. Blatt et al, Theoretical Nuclear Physics (1952)

Also in Nuclear Physics (short range potentials)



Topological Confinement & the Ray Picture
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Radial Dependence of Topological Confinement
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Frustrated coupling of TCMs

ὒ= 33,ά= 1

+

simulationexperiment 

ὒ= 16,ά= 4ὒ= 33

ὒ= 39,ά= 1

+

simulation

ὒ= 25,ά= 4

loss ~103 dB/mloss ~10-9 dB/m

▓►▄╪■

▓░□╪▌░▪╪►◐

♫□ ȟ▐░▌▐╛

♫▐░▌▐□ȟ■▫◌╛

1530 1540 1550 1560 1570

wavelength (nm)

1.432

1.434

1.436

1.438

1.44

1.442

1.444

▪
▄
█
█

1.430

silica

experiment 

ὒ= 39

Frustrated coupling
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Z. Ma et al, CLEO, SM1F.4 (2021) D. B. Stegall et al, Photon. Tech. Lett. 11, 343 (1999)
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OAM conservation ïBend Insensitivity & Naturally PM

N. Bozinovic et al, Opt. Lett. v37p2451 (2012)

C. N. Alexeyev,  J. Optics, 14 085702 (2012)
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|L| = 6

ÅOAM conserved

ÅModes more stable

for higher L

P. Gregg et al, Optica v2, p267,  2015

Momentum 
Exchange
ɝL= 2|L|

|ɝʎ|= 2
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Engineered Optical Activity

Optical Activity

ÁObtained in purely isotropic medium

ÁEngineerable inherent chirality
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Chiral Molecules

Superposition

State
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D.L.P. Vitullo et al., PRL. 118, 083601 (2017)

Nanostructured Metasurfaces Twisted Fibers

V. Kopp et al, Science 305, 5680 (2004)

M. Kuwata-Gonokami et al, PRL 95, 227401 (2005)

P.St.J Russell et al, Phil. Trans. R. Soc. A 375, 20150440 (2017)

Amino acids
Source: NASA

A.P. Greenberg et al. Nature Comm., 11, 5257 (2020) 
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Geometric Parametric Instabilities

Periodic focus

Ý Periodic Intensity 

Ý Nonlinear Grating

Ý Phase Matching 

ÅNo need for +D in fiber

K. Krupa, A. Tonello, A. Barthélémy, V. Couderc, B.M. Shalaby, A. Bendahmane, G. Millot and S. Wabnitz



Group velocity ė Phase Matching Gradients ė FWM bandwidth

lpump

Straight line in neff + energy matching Ą phase matching
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Group-velocity and Phase-velocity Matched FWM
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Wideband and broadband FWM
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J. Demas et al, Photon. Res. 7, 1-7 (2019)



Role of Phase in Raman Scattering47

Raman Scattering
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R. H. Stolen et al., Appl. Phys. Lett. 20, 62-64 (1972)



CW or Long Pulses: Cascaded Raman

R. H. Stolen et al., JOSA B 1, 652 (1984)

S. Ramachandran et al., Opt. Exp. 18, 23212 (2010)

13 THz 13 THz 13 THzDu= 13 THz

Long 
pulses

Negligible 
temporal 
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Discrete 
energy 
transfer
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770 nm 890 nm

H. Pourbeyram, G. P. Agrawal, A. Mafi, Appl. Phys. Lett. 102, 201107 (2013)











SSMC: Spontaneous

~ 30 m delay
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