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Introduction: optical fibre laser e e

Advantages include:

Efficient cooling: high surface to volume ratio

Thus, no thermal lensing and high-quality
optical beam: M2~1

High brightness

High output power: active regions m long,
thus very high optical gain

Compact, reliable

Light is already coupled into a flexible fibre
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Nonlinear Optics
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Silica loss: long A

Absorption index, k;
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Silica loss: short A

Absorption (dB/m)

UNIVERSITY OF

Southampton

Optoelectronics
Research Centre

1,000,000 GS

SiO,

10,000 \/\\/\\
100 \

1'\ N

0.01

200 300 400 500
Wavelength (nm)

13






Nonlinearity
Y=2n n,
A A

Fiber Type Y @1550nm
Standard SMF 1

Pure silica microfiber ~100

Lead Silicate microfiber (F2) ~1000
Bismuth Silicate microfiber ~6000
Chalcogenide microfiber ~100000
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In free space, a Gaussian beam can be focused to the diffraction
limit over the Rayleigh length L, (few um)

lens

In OM: L, limited only by loss

16
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For low intensities, materials are assumed to have a linear response:
P =¢g X(l) E

For high intensities, a dependence of polarization P on the electric field E
strength is assumed:

P =¢ X(l) 'E+X(2) : EE+X(3)EEEE+-~

HG THG
P YONEE P, a Y3 EEE

17
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« Pump is in the low loss wavelength region
(500nm-2um)

« Compatible with glass and fibre geometry.
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(Three Photon Generation)

A 3A
e
— | TPG | —
e
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e Itusesy®

« Pump is in the low loss wavelength region
(500nm-2um)

« Compatible with glass and fibre geometry.
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OTHG/TPG: the big issue P e
A A3 A 3\

— —

—> | THG | — % TPG | —

THG has considerable pump (1) at output

THG and TPG would have comparable efficiency if input in
TPG was the same as output at THG

TPG does NOT have any signal at (3A) at input

TPG uses spontaneous photon generation from vacuum
TPG generates 10 photons per W-m-s, but entangled.

THG generates ~10'7 photons per W-m:s.
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Third Harmonic / Three photon Generation

« Phase matching

AB = B(3w) - 3B(w) = 0,
Or N ¢ (20/A)=n; (21/3A)

« High overlap between pump and third
harmonic mode
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n . depends ! ! n(r, N (r,9)drd 9
neff = 2rw
. . . “.](r,.g)drdg
« Material dispersion 20
30
neff(Sw) » neff(w) 1,540
. 1520 Pure
e Mode confinement 1500 fg 1(30) “| silica
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1:400 \
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A
| Ey|
LP

02

High order modes extend further in the low n medium
they have a lower n .

intermodal phase matching -

Grubsky, Opt. Lett., 2005



Intermodal Phase matching
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Harmonic generation is efficient if

P(@)=p(mw)
or n g (2n/A)=n_¢ (21/mA)

Retractive Index (n)
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Fundamental HE ,(w)
pump mode can be
phase matched only to
higher order third | 1 ] . | .
harmonic modes. : Fundameptal Third Harmonic

For pump A, critical
diameters exist at
~, /2 for NA~1.

Mode effective index

Core Diameter D (um)
kp:1550nm



UNIVERSITY OF

. Southampton
Phase matching RS,

2.0 ;
\ v’
& /(E> = 2.5um for 7.=1.55um)
S
}l ’
S
<N

—_
(9]
|

\More phase match
points at larger
diameters, but poorer

IIIIIIIIIIIIIIIII‘\IIIIII

Phase Match Core Diameter D (um)
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Overlap Integral J; (um™)
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1E-12*

1E-14

Research Centre
Overlap between pump and TH mode governs efficiency.
HE,,(3w) overlap is greatest: 0.76 um=for a 1.0 um pump

It increases for decreasing wavelengths
(it is 0.38 um=2for 1.55 um pump).

Overlap is zero TE, TM and hybrid HE ,, EH ., modes with
even azimuthal mode order number v.

2
Jy — // ((Fl.Fg) F} ) dA
ANL
1.03um pump
M 1.55pum pump
Zero overlap

EH11 HE12 HE21 EH12 HE22 HE31 EH31

' Third Harmonic Mode Name

Third Harmohic
HE,(Bw)




Overlap Integral J; (um™)
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« Overlap between pump and TP mode governs efficiency.
« HE,_ (L) overlap is greatest.

e Pump is in high order mode!

1 E-O

‘IE-2*
1E-4—
1 O3pm pump

WE'5* [ ) SSpm pump

‘IE-S*
1E-107 Zero overlap
1E-12— I I
1E-14 .
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' Fundamental Mode Name

Three photons
HE,(3A)



THG: experiment

Taper

D = 0.78 um,
L ~200um 20

Diameter is closer
to critical value.

-40
Peak at 527nm
, €
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Spectrum recorded after
shortpass filter:
Bmm \ __P=04kW ———P=10kW
(Thifd Harmoniq)

\ p P=0.7kw P=1.1kw

N o —P=12kW
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Variable diameter — phase matching for different
wavelengths



THG:

Power Spectral Density (dB/nm)

broadband generation
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« THG differential equations:
SPM XPM THG term with detuning

. dA S
Pump: —dzl = in®ky {(11|A1|2,:+ 2J2|A3|2)A1 %\JgATQAge“SB{}
Third dAs e

Harmonic: 4z :m’@)kl{(6J2|A1|2+3J5|A3|2)A3+J§A%6—i552}

« Solving for coupling to th1e HE12(3w) mode gives:

1 Parameters:
— 0.8} | _~0.8 20% * Length 5cm
§ ' %= ~490 m 5% * Diameter 0.77pum
< 06} < 06} R
E 04' 8p=-700 m’ E ol e P, = 1KW
g 8B =300 m g
2 02 5B = -200.r1! 2 02 L ~ n=1%]evel|

0 1 Y . /\/ 0 . d .

0 1 2 3 4 5 -1000 0 1000 2000 32

Distance along fiber (cm) Detuning 88 (m™)
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UV conversion efficiency: theory Fesearch Centrs

1 x

800 nm pump
0.9 - 1064 nm pump .

0.8 - _

0.7 _

0.6 - _

04 - _

Conversion to 3™ harmonic

03r- _

0.1~ 4
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UV conversion efficiency: theory

Conversion to 3™ harmonic
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800 nm pump
1064 nm pump

Experiments
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- Extremely high Q-
factors (109 predicted) , Microcoil
- Combact Contlngous
Rob y t/Portabl conpiing
- Robust/Portable along the
whole loop\ ==L
Loop

Knot

F. Xu, J. Lightwave Technology 25 (6), 1561-1567, 42, 2007.



THG: resonant effects

42
n=1.8x10%---------- e
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Taper Spectrum recorded after
shortpass filter:
D = 0.78 um,
L ~200um 20
527nm — P=04kW —P=10kW
. . (Third Harmonic) ~ ~
« Diameteriscloser | P=0.7kW P=1Thw
o e ——P=12kW
to critical value.
_40 -
o Peak at 527nm iy
. g-so g
e asymmetric TH 2
spectrum. 3 .
§ (from
Nimeas~107 ourg \
-70
Np=2-10"

-80

NH "M | ,fM | I
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Log(P ;)

Second harmonic generation

i Isolator

- 1550nm Source'
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Sout

CW Amplifier
Output < 10mW

Short Pass
Filter
Cutoff: 1200nm

@ Sample

CCON
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| 200kHz
S " o
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Amplifier
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EOM
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i 5ns

{ 200kHz 150ns
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Gouveia, Appl. Phys. Lett. 102 (2013) 201120



SHG: resonant effects

Power Spectral Density (nW/nm)
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UV conversion efficiency: theory

Conversion to 3™ harmonic
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Diameter is not uniform!
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Intrinsic roughness: Surface waves? “rardcon

Diameter is not uniform!
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Intrinsic roughness: Surface waves? “rardcon
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Three Photon Generation
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Phase matching does not occur
with fundamental modes

Intermodal phase matching

Pump
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n dispersion
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A,=1.06um; A ,;=3.18um

1al HEIl(w)
1.35}
Pump: 2=1.06 um
3 1.3} HEI2(w)
-
© 1.257 EHII(w)
g 1 HE31(w)
0 115}
T 1=3.18 um
105l HE1l(w/3)
1 / ] ]
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Microfiber diameter (um)
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IR: Phase matching at A=4.65um O e e

A,=1.55um; A;=4.65um

141

1 351 HE1l(w)
x 1.3°¢ i
9 EHII(®w)
£ 1.25}
< Pump: A=1.55 um
g 1.2y HE[2(w)
W 1.15}

HE31(w)
11y )=4.65 um
1.05+ HE1l(w/3) i
1 ] ]

0.5 1 1.5 2 2.5 3
Microfiber diameter (um)
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Ap,=1.06pm; A ;=3.18um
Ge-doped silica fibre. [Ge]=40%

NA~0.42

150
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z
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the gap
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Fibres: Phase matching e
Ap,=1.06pm; A ;=3.18um
Ge-doped silica fibre. [Ge]=60%
NA~0.52

1.58 T T T | T | T T T T T T T T
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Fibres: Phase matching e
Ap,=1.06pm; A ;=3.18um
Ge-doped silica fibre. [Ge]=80%
NA~0.6
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Fibres: Phase matching e
Ap,=1.06pm; A ;=3.18um
Ge-doped silica fibre. [Ge]=100%
NA~0.67

160 ' ' ' ' ' ' T
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Ap=1.06pm; A ;=3.18um

NA=0.28 246

244

243

Massive
gap

242 -

241
= HE,, (®)

239

I I I I I I I I L ]
o 10 20 30 40 50 60 70 80 90 100

In high n materials refractive index dispersion
compensation is much more difficult
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n =(Ps-out' Ps-in)/Pp-in

Fibres: detuning
P.=10W, P =1kW

x107™

Conversion 1
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Conversionn
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Fibres: detuning e
P.=20W, P =1kW

Conversion n
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Fibres: detuning e e
P.=100W, P =1kW
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Three Photon Generation

—0 s || e

Phase matching does not occur
with fundamental modes

Intermodal phase matching

Pump

I

1‘!“““\

fill
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Intermodal coupler for pump launch

UNIVERSITY OF

Southampton

Optoelectronics
Research Centre

n dispersion

1 Ll L
Wavelength (xm)

One Third Harmonic

HE;(1/30)

59



UNIVERSITY OF

Southampton

Optoelectronics

FM F CO uplers Research Centre

FMF coupler
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Input LPg; to the
SMEF port
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Broadband operation is strongly dependent on couple diameter.
Larger fibre diameters allow for broadband operation.
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For circularly symmetric waveguides high order modes are degenerate.

Couplers have £=0.5.

12

Spatial Direction

B, H : LPyi LP;q
. | % LPue @ B @
),

&
X

Propagation constants in orthogonal
directions X and Y are significantly different

¥

can be discriminated

Polarization Direction
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L=20mm, Small e Set-up Laser Diode 1550nm
L 0 S 0 I:l

Polarizer
SMF
CCD Camera

\]/

FMF

When polarization is rotated at the coupler
entrance, the output intensity profiles follow.
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Polarization discrimination

L=50mm, €~0.5

Polarization 0°

Coupler discriminates LP, ) from LP ),

Polarization 90°

Launch Output
0° LP11x(a)
900 LPuﬂm

Coupler selectively excites LP,,q,
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waveguide a

THF at 3w

FF at

FF at

THF at 3w

FF at

substrate

waveguide b

Huang, Opt. Lett. 40(6), 894, 2015
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Coupling-length phase matching
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Huang, Opt. Lett. 40(6), 894, 2015
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Coupling-length phase matching
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Microfibres can be used to generate light at short/long
wavelengths

Up-conversion (THG) — UV generation
Down-Conversion (TPG) — IR generation

Efficiencies as high as 90% have been predicted for
phase-matched optimised diameters, detuning and
length.

Surface roughness limits the efficiency
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