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Lasers
Nonlinear optics
Optical materials and novel components

Investigate fundamental optical
and material physics problems
Build efficient diode-pumped lasers and light sources
Use them in applications

Start-ups and industrial collaboration




Outline

"%)_‘(@":fi?“’

e Introduction to nonlinear optics

e Wave treatment

e Second order effects

e Phasematching and quasi-phase-matching

e Second harmonic generation , visible generation
e Material limitations and damage

e Applications

e Summary



Motivation - Why nonlinear optics?

e Second order effects gives a natural extension of lasers
e Reach the UV and the mid-IR + THz
e Facilitates tuning
e Many applications

Efficient amplifiers — low thermal load and high gain

Third order nonlinear phenomena
e Kerr lensing, Self-phase modulation
e Cascading effects

Excimer

Argon Ti: hi Nd:YAG
I:Sapphire Ho:YAG

He:Ne f

Parametrics Er:Yb C%




Motivation - upconversion
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The birth of nonlinear optics
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¥IG. 1. Adirect reproduction of the first plate in which there was an indication of second harmonic. The
wavelength seale is in units of 100 A. The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation,
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Atomic response on electromagnetic radiation

Linear optical susceptibility

P(t)ocy™VE' (1)

E(t) « sinot

E(t)

E(t)

(1)
atomic response




Nonlinear polarisation

Field induces a polarisation

L Driver for a new wave
E P E
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2"d order effects in noncentrosymmetric materials
- three wave mixing
P(1)

P /’ P(1) P //
/ # H
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The second order nonlinear processes
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» second harmonic generation

1
1
O, ——Y ESHG: 0,=0,=0; 20 = ®, E
) —> 0, ISFG: 0, + 0, = o, 1« sum-frequency generation
o, —> 0 ] : — !
’ EDFG: OPA : 0,-0,=w;! . difference-frequency generation
1
e ——— i« * optical rectification
1 ]
o, — O, E E  optical parametric generation
_D > 0, 10PG, OPO: 0, + ®,= o, . . N
>0, i E - optical parametric amplification
i.-------.-------.---.-j  optical parametric oscillation



Frequency conversion

L 1
’ . . 2
Maxwell’'s equations dE; _ G E za)sz Kdeﬁ,EpE,.* exp (idk)
- dx k.c
. 2
Nonlinear wave equation dE; _ —a.E. +’“’—i21(d +E E. exp(iAkx)
dx 1 1 klc e 4 S
- Ey gk +2% ki B E A
Three coupled equations I Cr P+k c? A ,exp(~idkx)

p



Solution to the coupled wave equation

Example: Sum-frequency generation
plane-waves and

OE, .wd, .
oz cn, EoEyexplidhz)) lossless media
w,d
ok, = | 29 F E; exp(—iAkz)) 0, = W, + Wy
0z cn,
Ak =k —k,—k
w,d 1 2 3
OF; _;Oly E,E; exp(—iAkz))
0z Chg
OF oE
In small conversion efficiency limit: —==0, —=0.
0z 0z

2 72
L(L)=—F—L—I,I,I?sinc®(AkL I 2)
EoC NN, N,

SH Intensity, a.u.
° o o




General solution
to coupled wave equation

® can be solved analytically
e Solutions only valid for plane-waves and lossless media

General solutions in the case of Ak=0

1 \

SHG
1,,(L)=1,(0)tanh*(T'L) 08 |
I,(L)=1,(0)sech®(T'L) u Iy i
anh(x)?>
where o 4rd,,+1,(0) nn? a I )

B 2 2
JchwnMgO/lw

Conversion efficiency is defined as:

n(L)=1,,(L)!I,(0)=tanh?(T'L) "o ) 2 3 4




Physical constraints
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e Energy conservation N 0,

®; + ®; = M3 0, ©,

| |

e Momentum conservation Ak
Ak=k3_k2_k1= k ﬁ
= . i, 3
= 1/C X [I"I3 (D3 nz Q) nl (1)1] : }5

n; is the refractive index k , k

1

T
Coherence length: L. = ‘A—k



Phasematching

Momentum conservation

Ak=k3_k2_k1

Ak
k, )
>
> > Modulation of the nonlinearity
K, K .
Birefringent phasematching Ak = 0 I I I I I I I I I
Quasi-phase-matching Ak = 0 de{ Tderr
Kk
i . NHTET T
ok <
i 1 Ak = 2m/A A= 2L,



Birefringent phasematching

+ need hirefringent crystal

- XPmust couple orthogonal polarizations
+ temperature constraints

« cannot use full transparency range

Limited phasematching range o 20
. —
Walk-off — short interaction length ‘

Low nonlinearity




Quasi-phasematching (QPM)

Proposed by Bloembergen, et al. 1962

L

2®

deff 'deff

Periodic inversion of domains
iNn ferroelectrics

Modulation of the nonlinear susceptibility

to compensate the phase mismatch

*Arbitrary wavelength within transparency
*Walk-off free interaction — long lengths

*Highest nonlinearity accessible

Power [A.U.]

w

N

Phase-matched
(Ak = 0)

QPM
(Ak = 2n/N)

Ak#0

Length in crystal [LC]



Second harmonic intensity [a.u.]
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Quasi-phase matching

Advantages:

e Access to highest nonlinear coefficient

o Walk-off free interaction

e Phasematching over entire transparency

e Engineering of phasematching condition

Disadvantages:

e Extra processing steps (time = cost)

e Parasitic processes




Quasi-phasematching (QPM)
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« Accumulated phase mismatch prevented
by a spatical modulation of the sign of the
nonlinear susceptibility

» In ferroelectrics, periodically alter domain
orientation by electric field poling 10

* First-order QPM: m = 1
d coefficient reversed each L

* m-order QPM:
d coefficient reversed each mL_

SH power, a.u.
Y

o1 2 3 4 5 6 7 8 9 10
Crystal length, L_

P T




The main advantages of QPM

 Phasematching at any wavelength within transparency
* Free choice of polarization of interacting waves
« Largest nonlinear coefficient accesible, d,;

« Noncritical phasematching, walk-off free interaction

* Reduced sensitivity to the photorefractive effect



Implementations of QPM

mw B -

. 1 . . © Efw) e % Eluy)
Stacked plates with XXX .
alternating layers rotated. - gl I

[Bloembergen 1962) ;
Trwpady}
(o) 205

o In ferroelectric materials, [
sign of degris reversed with —- i l
reversal of domain polarity. I T _ T

Monolithic crystal with grating structure

- *» Electric-field poling with
lithographic electrodes
can achieve near-ideal
structure for QPM.

{Yamada 1393)




Types of phasematching

VETENSKAP

9 OCH KONST o

L

Type 0 SHG two photons having extraordinary polarization with respect to
the crystal will combine to form a single photon with double the
frequency/energy and extraordinary polarization.

In Type 1 SHG two photons having ordinary polarization with respect to the
crystal will combine to form one photon with double the frequency and
extraordinary polarization.

In Type 1l SHG, two photons having orthogonal polarizations will combine to
form one photon with double the frequency and extraordinary polarization

In general to utilize Type O interactions a Quasi-phase-matching crystal type
will be required, for example periodically poled lithium niobate (PPLN).




Quasi-phase matching (QPM)
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PE WAVEGUIDE

DOMAIN INVERTED
REGIONS

LITHIUM NIOBATE
SUBSTRATE

Domain structure fabricated
by diffusion techniques

Blue light generated with AlGaAs diode laser

23
J Webjorn, F. Laurell, and G. Arvidsson, IEEE Photon. Technol. Lett., 1, 316, 1989



Electric field poling of bulk crystals

: Pulsed high
« LINDO; Liquid

voltage
N
. lectrod I

° L|TaO3 electroae sSupply @_

e KTiOPO,
Bandwidth tailored for specific interaction ]/l | I ‘ ' | l '
Damage resistant and efficient material /

Periodically

poled crystal

sub-pm to
100 uym periods

5mm/.11mm

10 -70 mm




LINDO5, the first QPM materlal

S
Periodically poled in 1993* m

Available in large, homogeneous and inexpensive wafers

High nonlinearity
“Straight forward” poling %
L I\O

*High coercive field (congruent crystal ~21 kV/mm)
=>» Limited thickness (~0.5 mm)

=>» Hexagonal domains -severe broadening Trigonal 3m

difficult to fabricate dense gratings (< 10 pm) o

*Optical damage (Photorefraction, light-induced absorption)

=>Limited power handling, life time issues

T T Sy N T e

Solution MgO-doped Lithium niobate — optical damage "resistant”
suitable for waveguide fabrication
commercially available



Flux grown KTiOPO,

VETENSK

9 OCH KON

Domain morphology

High nonlinearity
High resistance to optical damage
Low coercieve field (2 kV/mm)
dense gratings, “thick” samples (3mm)

.........

Current (pA)

Difficult to grow - 1 inch wafers ,
Non-stoichiometric - inhomogeneous - highly varying conductivity %%j o ®
Expensive 7 " °



Requirement for NLO materials
for frequency conversion

« Phasematching - limits useful interactions & applicability
 Transmission -- interacting waves not absorbed or scattered
* Nonlinearity -- non-centrosymmetric materials for x(2)

» Homogeneity -- uniformity 1 partin 10

» Damage -- absolute & relative to operating point

« Mechanical properties -- growing, polishing, coating

» Thermal properties -- dn/dT, thermal conductivity

+ Lifetime -- chemical stability, hygroscopic, aging in use

« Lack of “weirdness” -- photorefractive, gray tracking

» Availability -- size, cost, uniformity of properties

All requirements must be simultaneously satisfied!



KTiIOPQO, Transparency
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Figure of merit for nonlinear materials
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* Value of d.4 depends on angles of
propagation & polarization and on
wavelengths

Units of dz ~ pm/V

2

Figure of Merit = %—'-

- Commercially used materials have

. , e lower nonlinear coefficients
001 - 01 1 10 100 1000 10000 '

Figure of Merit (2 / n3)

* High nonlinear coefficient does not
necessarily make material usefuil
—> = used in commercial device



Comparison of PP crystals

eKTiOPO, family (KTiOPO,, RbTiOPO,, KTiOAsO,, RbTiOAsO,)
e LiINbO; family

stoichiometric LiTaO5 (SLT)

1-5 mol% MgO doped stoichiometric LiTaO5 - (MgO:SLT)

1-5 mol% MgO doped stoichiometric LiINbO5; - (MgO:SLN)
e KNbO;

Low coercive field (<5 kV/mm)

Higher optical damage threshold

Figure of merit for SHG of 1064 nm

2
d LN |KN |KTP [LT
My, M, N, FOM |61.1 |38.8 [33.7 |18.8




Artifically structured ferroelectrics
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Domain gratings with um Domain gratings with nm
periodicity periodicity
1D — |
gratings
Frequency converters: from UV to New devices:
mid-IR :
1(((6’ electrically controlled Bragg
reflectors, BSHG, BOPO,

deff 'deff

2D structures - Nonlinear photonic crystals

1l
e



Second-harmonic generation

« Energy conservation: .

"%)_‘(6%?0“’

W, =20 =2w,

0,8 -

« Momentum conservation: 0,6}

Relative second harmonic power

Ak =ky — 2k, oAr
0,2
« SH power for Gaussian beam: _
0,0 T = /I\ T T T /I\ - T
2@; dl A Pl - -15 -10 -5 0 5 10 15
P, = { e R JLh(B, ) sinc®(AkL 1 2) akL2
TMzN, E,C
2d.
. - drhe — il
* Phasematching: o

e 0 : Perfect phase matching
# 0 : SH <« Fundamental after a distance, Lc = 7/ Ak



Maker fringe method

Useful method to characterize a nonlinear material

For given polarisation,
measure the SHG as function of angle.

. . .. At cory - 13.9u
Determine the nonlinear coefficients ‘Ztn’; - 144
and coherence length l““‘

20
18}
£ 16 + ] {
gu- ﬂ p f
Sample %"::L" 1
w /7 w l_l P(2w) é sk
S —n »— PD p—>» 3 s}
\L—/l 2(0 U 2w 'TE 4
= L
2
0.40 30 20 10 0 10 20 30 40

Angular Rotation in Degrees



Phasematching bandwidth

« Wavelength acceptance bandwidth

Relative second harmonic power

0.0 — NS NS
-1 15 10 -5 0 5 10 15
A2 - 0.4429 2 |ng, —n; +anF 1éng, Eoos | s |
R 2 ar 22 £ Example for PPKTP
— (0,20
L e
el Type-Ii
. % 0,15 ypte
 Temperature acceptance bandwidth § Type-|
0,10
5
-1 & 005
AT 0.44297, |ong,|  én, v alne, —n.) 2
7 = _— — o
o L ‘ cr Ty or b > : = 0.0 760 | 7|50 | 860 | 3|50 | 9(.)0

Fundamental wavelength [nm]



SH Power (a.u.)
o o o
|8 ] E- [0)]

o
o

Tuning characteristics

Quiality of a PP structure: L 4 oc 1/ATyuy OF Log ¢ /A e

7970 7972 797,14 7976 797,8

Temperature (°C) Fundanmental wavelength (nm)

798,0

798,2




Effective QPM nonlinear coefficient

 Theoretical value of effective nonlinear coefficient:

the Zd!
df=—=

miir

« Experimental value of effective nonlinear coefficient:

2 3
exp mﬁ' HSH S{]C % ‘PS‘H

& _\/ 20tk Lh(B.&) P:

« Useful technique to screen quality of PP crystals



CW SHG

low power regime

{111 (Rt

q%‘m:x;r Single-pass SHG set-up
agceﬁ%_x_éﬁm

-
N —/——

Pump WP Polarizer Lens PP crystal Filter Power
. . meter
Power and conversion efficiency
P 4 T T T T T T T T T T ! 1
2 S L 9 mm-long PPKT
P&HGCPF n =—- S 5l A=90lum |
PF = Type-I SHG @532nm
Normalized conversion efficiency D
_% 1 4
(O]
}7 _ PSH % ok J
norm 2 O
PL

-1 L 1 L 1 L 1 L 1 N 1 L 1 L
-500 0] 500 1000 1500 2000 2500 3000

Fundamental power (mvV)



CW SHG

high power regime

Single-pass SHG set-up

H
!

conversion efficiency

100

n(L)=1,,(L)!I,(0)=tanh?(T'L)

(53]
o

r 4rd,\1,(0)
Jchinmgo&i

Second-harmonic energy
conversion efficiency (%)

input intensity (GW/cm?)

From Yariv: Quantum Electronics



Intra-cavity frequency doubling

e Much higher power available in the cavity
o Often associated with instabilities, the so called “green problem”
e 946 nm — 473 nm

/7 PPKTP
Blue ﬂ :

Pump == =1 - — > 500 mW
Composite laser rod Brewster plate

Blue

. —




The laser pointer

A diode-pumped IC frequency doubled solid-state laser
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Batte Pump LD
v Driver | DPSS
Laser Module

‘ MCA

-

Pump Pump Expanding o
Laser Focusing Lens Collimating IR
Diode Lens Lens Filter

[Beam Paths: [808 nm —[1064+532 nm — [532 nm — |

Typical Green DPSS Laser Pointer Using MCA




IC SHG and SFG lasers with PPKTP

&

F oo,
' PWVsE R Mixing of two laser lines combined with SHG and SFG
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Pump diode Gain f >
media

Frequency Mixing of two DPSSLs in PPKTP

Lasers for biotech, display and graphics

Phone +46 8 545 91 230  Fax +48 8 545 81 231 E-mail info@cobelt. e




HY
ETENSKAP §2§’
CH KONST 2%

o

Pico- and nano-second SHG

* high peak power - take pump depletion under consideration
* Absorption of SH light can limit the efficiency

08
07
06
05
04
03
02

Conversion efficiency

o1

00

0.0

1 1 1
05 1,0 1,5

Fundamental average power, VW

25

Conversion efficiency

o
w
T

o o o o
5 ] ~ [
—

o
~
T

.. 0.. ... ....
e L=3mm ¢
+*
L ] | -
u
o.- - --.—I
- L=17 mm

00

05 1,0 15 20 25
Fundanrental pulse energy, nmuJ

30

35



Ultrashort pulse SHG

Group-velocity mismatch limits the effective interaction length
SH pulse spreading

SH spectral broadening due to GVM

Intensity-dependent SH spectral broadening

1ol 1.=093 GWiem? | o
| AL =0.2 nm I

©
o0

©
(8
T

SH power (a.u.)

o ¢
ra
T T T T
|

1
1
[}
v
.
¥
v
.
'
1 ;"‘\‘
A ] 5 L

| | | ] | ] | ] | ] | ] |
387 388 389 390 391 392 393 394

Wavelength (nm)




SHG Power [W]

10 W CW 532 nm SHG in VTE PPSLT

&

FEn
EFKTHY

N Stoichiometry control in PPSLT by VTE
O increased photoconductivity
reduced photorefraction
eliminated GRIIRA
visible absorption ~ 0.1 %/cm

Estimate ~100 W of CW SHG
before material problem

10

' 12 . . , 44
10.5 W CW 10.5 W CW e
8 532-nm =10 532-nm Rl
= ®m = .
|:. o +* —
o o {42 &
E | ». =
0 | | l' %
E" 6 ‘,f 141 g
e e £
g 4 . lao ©
i= .7 -—
-
2 % = {39
«— _.°®
0 0 S 38
o-0="". - ' . :

Controller Tenperature [OC] Internal Fundamental Power [W] Stanford University



High energy conversion - tilted PP-samples

Damage threshold ~ 1 J/cmZ2@ 10 ns in LT
S et — scaling to large fluence requires large apertures

Large wafers commercial (100 mm)
—scalable pulse energy

(100 mm wafer ~ 100J @ 10
ns)

Rotated Y-cut SAW lithium tantalate

Surface period = 41 um

thickness = 180 um (after polishing)
4th order

4 periods total

PSH = 14.5uW

PFH = 6.2W

(100kHz, 150ns)

Angle Tuning Curve

0 Q I
-20 0 20

-1 0 10
_ Deviation from phasenatching angle [degrees] — -



Nonlinear photonic crystals

Periodic variation in () but no variation in ()

m  _——

+ Multiple wavelengths
+ Simultaneous phase matching processes
+ Broader bandwidth in non-collinear SHG

k2(o

- Low efficiency for non-collinear SHG




2D SH generator

Real lattice Reciprocal lattice Grating vector

"%ﬁ‘(\’%ﬁ“’ﬁ \ :
[1,1]

...... 000000  b-Ti o]

ay

AAAAAA poccee i 1Y)

Pz : i ; : X ! /
Y mme e "1 .

m.n]

Phase-matching condition: Walk-off angle 26 between
fundamental and second

K —k +2k =0 harmonic:
mn 2w @

2
- /\2;.:: 27 n, Ny . 9
= — R —_— ﬂ
K, =mb +nb, - IKmnl\/(l ngw) +4— sin




CW SHG in 2D PPKTP
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Spectral Tailoring

spatially modifying the grating

Fourier synthesis used to get the frequency response

A

Fhuaa—mmraal_ll_lr | e
i 1 o P P
'l.lrlﬂm'mQPM
Ao

1640 1640 1560 1662 15564 b

e w“ﬂﬂ-m"""[lmmnm
QF'M structure

milutiee sffinianoy
- - - -]
Fa- ]

L=

THAR 1TE4A8 18R/0 1AL jREEA
wwEvElan g (e

w02 >0.15
= =
= @
[7] 2 01
S 0.1 T
_E g 0.05
2 5
RN S D
1546 1548 1550 1552 1554 1546 1548 1550 1552 1554
wavelength (nm) wavelangth (nm)



fs-manipulation with chirped gratings

SH conversion with chirped pulse

Kz)
1 Ifz) ’ 2
SRV || sl
Chirped-QPM
£ F
T T e N .
IE d] ||
froquency doman X _
* Eﬁ_E.’} £\ & Z(E2)
(1) - ' :_
\ [ ] Y

Each spectral component is phasematched in a different section of the grating




Summary — part one

Second order nonlinear optics extends the possibilities for
lasers — from the UV to the mid-IR and the THz region

Quasi-phase matching adds flexibility to nonlinear optics
Spectral, spatial, temporal shaping of light

The material aspects have to be considered





