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2. NONLINEAR OPTICS

2.1. Introduction.

This chapter will give a basic theoretical description of the principal second-order
nonlinear interactions that give rise to energy transfer between different frequencies.
The presentation in sections 2.2. and 2.3.1-3 is similar to Yariv's treatment (43]. In
this context a comparison between the expressions for the conversion efficiency for
plane waves and gaussian beams is made. Possibilities to obtain efficient interaction
by using birefringence phase-matching and quasi-phase-matching are discussed.
2.2. Formalism for nonlinear interaction with planar waves

It is possible to deduce a compact description of energy transfer between different fre-
quencies from Maxwell's equations,

Vxl{-.H%(e.IHr), (2.1.a.)
P

Vxl-—x(uﬂ). _ (2.1.b)
where E and H are the instantaneous electric and ic veciors, J is the electric
current density , | is the permeability tensor and the ization vector P is given by a
linear and a nonlinear term as:

P=e ) E+Py, (2.2)

P, = 26pE Es. 23)

These equations can be combianed (o the ﬂinear wave equation:

2 x ’E T
VE=M&+M3‘2+H&;PNL- (2.4)

To simwplify the sobution of the wave equation, assume that the electric field consists of

plane waves at three frequencies, @, ®, and ®,, propagating in the z direction only,

E(z,t)= -;"[E,(z)e‘ﬁ'-*"uc.c ]
Eyz,t)= %[E,(z)e““'"**"+c.c (2.5)
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Owne can easily sobve (2.4) by asmm‘mﬂmﬂ%ﬁ_ﬁm&.m assuming
a ransparent svediem (G =7). In the special case wivere the ies have been chosen
o, = ob, — &, the solution will be:
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This is the general form of the solution to the nonlinear wave equation for plane waves
in a lossless material,

2.3. Second-harmonic generation

"Ibefumofﬂuu—m'ﬂuwtionﬁmissimplecttotlutiﬂecond-hmnonicgmention
(SHG)inwhichmdhﬁwies. @, and w,, are equal. Here they are referred to
uhfw*ﬁwymﬂwhﬂe = 248y, is called the second-harmonic
mm.n&-’hducripﬁonm( 6) to fic this case, i.c. a fundamental
MLﬂnWM,Em.hmmi«uhﬂtobedivﬂodby
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process withowt depletion of the fundamental wave (ﬂ-o), the last equation in (2.6)

dx
can be written:
‘EI . F‘o idke
= —m,‘\/ e datrEre ™. @2.7)

Ak = k'“zkpy (2'8)

repeesents the "phase mismatch” between the fundamental and second-harmonic waves.
Nose that da has been exchanged for the relevant nonlinear coefficient, dg.

Integration of E,, in (2.7) over the interaction length L, assuming no seeded
ic (Egy(0) = 0), gives the second-hammonic field as:

) idky - 1
EgelL) = i@, / oy 28 v 2.9)

The intensity of the second-harmonic wave is given by Poynting's vector;

P 1./6«%. .
1,,:7:3‘--5 — BaEze (2.10)

where o and P oy stand for the second-harmonic intensity and power, respectively, and
A is the effective ransverse area over which the interaction takes place.

Inserting (2.9) in (2.10) one gets the second-hamonic intensity:

. |
u""*le:widz ,PRsin’; kL
& \Ew A% (3oL}

Here

P
1,,(L)=T"‘=8 (2.11)




Introducing the two basic relations:

1 _
c= , n= \Ie,u, , (2.12)
\Juoeo

one obtains the final expression for the conversion efficiency,

1
P w2 sin ; AkL
n=-"=2—Ff g2y "\ ] (2.13)
2 F N
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or in terms of power, @h‘
. 1
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These are the general equations Tor c generation. Q Ak

2.3.1. Phase-matching in second-harmonic generation

The i ition should, in general, be fulfilled for an efficient energy
) ntal and the second-hammonic wave, [.e. ;

Ak 81’.—2‘.',-0. (2.15)

If Ak = 0, the sinc-term in the expression for the generated second-harmonic power will
be equal to one, but in all other cases the efficiency will be lower. When the two waves
propagate together through the crystal with the same phase velocity phase-matching is
achieved, which means that they experience equal refractive indices.

If the phase-matching condition is not fulfilled, then the two waves propegate with
different phase-velocities, so that, at some distance ( z = L), the polarization, locally
induced at the second-harmonic frequency by the fundamental signal, will be out of phase
with the arriving second-harmonic radiation’ generated just at the input face of the crystal
(z = 0). When the induced polarization is 180" out of phase with the propagating
second-harmonic wave, the energy will couple back to the fundamental wave and the
second-harmonic power will decrease. Hence, only a short length will be effective in the
generation of second-harmonic radiation.

The cryseal length dhat is useful in producing second-harmonic radiation is called the
colserence lengtk, /. and is deduced from the argument of the sinc-function,

l.=L in AlL = 2x,

which gives (2.16)

.
[4 M'

o e

10



2.3.4. Periodic structures for phase-matching

Already in the early days of nonlinear optics it was suggested that periodic structures
could be used to overcome the restrictions of the phase-matching condition [45),[112].
The technique is known as Quasi-phase-matching (QPM). A Sﬁatial modulation is here

used to comggnsate for the phase vcloci% mismatch between the interacting waves. In
onic generation this means that the wave-vector mismatch,
Ak =2k, - k,,, (2.23)

between the fundamental and the second-harmonic waves is compensated by the "mo-
mentum” of the spatial modulation,

2x
Ak =m 'X' 3 (2.24)

where A jodicity of the spatial modulation and g is an integer giving
thnEWWc linear properties, i.e. the mﬁ:(ivc index, and the
nonlinear properties can be modulated to obtain the required compensation of the
momentum. Taking both theoretical aspects and realistic implementations under con-

sideration, one finds that only modulation of the nonlinear propertics will be effective
[B]. In that case the expression for the conversion efficiency (2.14) will be different;

PSH 0.):- zPF b3
=F’-—2m[. -X-dw' (2-25)

where the active nonlincar coefficient, dge,, depends on how the nonlinearity is
modulated. In the most efficient form of modulation, the sign of the nonlinear coefficient
is changed every half coherence length,

. L x

E = E . (2.26)

i ge of the coupling coefficient
completely aut of phase (T80, and the secon
o hing cousted bk L

—d for odd m
dop=ymx ¥ (2.27)

0 for even m
By inserting (2.27) in (2.25) one arrives at the plane-wave solution for quasi-phase-
matching in laminar structures with complete modulation of the nonlinear coefficient,
——oL T dy (2.28)

Thhlge« efficiency is achieved when the spatial modulation is of first order (m=1).
It will be drastically reduced when higher-order modulation is used, which also can be

coen in Fie. 2.1.
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PERIODICALLY POLED CRYSTALS FOR BULK )
QUASI-PHASEMATCHING

Applications
“in IR generation - OPOs and DFG
* SHG to visible and UV

LPyoviepely studied crystals

LiINbO3

+ reproducible process

- high poling fields (>20kV/mm) thin crystals 0.5 mm
- difficult to generate dense gratings

LiTaOs
similar to LiINbO3
shorter wavelengths with chemically patterned crystals

KTP (KTiOPOa4) .
+ low poling voltage (2kV/mm)thick crystals >1mm
T( only hydrothermally grown crystals work well ))

RTA ( RbTIOAsOQ4)

+ flux grown crystals can be poled
- availability

- inhomogenities

- crystal size

CT A

INSTITUTE OF OPTICAL RESEARCH @




GENERAL PROPERTIES OF KTP ISOMORPHS
* high nonlinearity

* high damage threshold

* low susceptibility to photorefractive damage

FOR POLING

* one dimensional structure
* low poling voltage

INSTITUTE OF OPTICAL RESEARCH
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Broadly tunable mid-IR radiation source
based on difference frequency mixing of
hi%h power wavelength-tunable laser diodes
in bulk periodically poled LiNbO,

S. Sanders, R.J. Lang, L.E. Myers, M.M. Fejer and
R.L. Byer ‘

-

Indexing terms: Semiconductor junction lusers, Lithium niobate

Coherent mid-IR radiation throughout the 3.6 to +3um
wavelength range is generated by difference frequency mixing
(DFM) of wavelength-tunable laser diodes in periodically-poled
LiNbO, (PPLN). Mid-IR power levels up 1o 7.1uW and DFM
conversion efTiciencies up to 0.015% Wem are demonstrated.
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Fig. | Schematic diagram of laser dode difference frequency mixing
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Fig. 4 Generated idler power af 7.89wn wavelengih against signal power
b= TiL7am. A, = $72am. A, = 38%um. P, = F10mW

ELECTRONICS LETTERS  1st February 1996 Vol. 32 No. 3



532 nm pumped optical parametric oscillator in bulk periodically poled
lithium niobete

V. Pruner,™ J. Webidm,™ P, St. J. Russell, and D. C. Hanna
Optociectronics Ressarch Centre, University of Sewshampion, Souihompeon 5017 181, Um:d Kingdom

(Received 12 Agnil 1995; accepied for publication 7 August 1995)

We report 2 quasi-phase-matched opticel perametric oscillaor (OPO) pumped by e second
harmenic of 1 single froquency Q-swinched Nd:YAG laser. Both the frequency doubling w0 532 am
ﬂhmoﬂumnﬁnﬁnmaﬁncﬂlywﬂi&muﬂ&“wﬂa
noulincerity of ~ 15 paw'V. The OPO has been operated in M'M i
mdpnmumimholdmdumﬂymcmwu~014llcm more e

magnitude below the damage limit. OPQ 945 t0 1225 nm was achicved by m
both e pesiod of domain reversal (| pmmdlhcmof&
crysial. © /995 American Institute of Physics. _
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differemt p viode »of domain reversal, at two different temperatures, The solid curve is a calculated curve for a perfect crystal of the same length.
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February L. 1998 / Val. 23, Na. 2/ OPTICS LETTERS 139

Continuous tuning of a continuous-wave
periodically poled lithium niobate optical parametric
oscillator by use of a fan-out grating design

P. E. Powers, Thomas |. Kulp, and $. E. Bisson
Combustion Research Facility, Sandia National Laboratacies, Livecmoce, California 94550

A =30 tum

Fig. 1. Exaggerated view of the fam-out pattern on the
P_PLN crysta!. The arrows on the side of the crystal in-
dlcat_e the poling direction. For the OPO the pump, signal,
and 1dle;' bgams are polarized along the crystallographic z
axis (as indicated by the coordinates at the lower right), and
they propagate along the x axis (as indicated by the large
arrows entering and leaving the crystal), sampling only one
periodicity.

© 1998 Optical Society of America
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2.5-W, continuous-wave, 629-nm solid-state laser source

Wailter R. Bosenberg, Jason I. Alexander, Lawrence E. Mvers. and Richard W. Wallace

Lightwave Electronics Cacpocation. Mountain View, Californin tunas

Attenuator

| | CW, diode-pumped
Aé K4 I Nd:YAG Laser

<> Llens . 1064 nm
1540 nm
1540 oew f 3430 nm
|
i 629 nm
N— ' >
A2 A1 Filter

OPO Frequency Converter

Fig. 1. Schematic of the experimental configuration. A
cw Nd:YAG laser is used to pump the OPO frequency con-
verter. The converter contains a dual-grating PPLN crys-
tal (A1 = 292 um for phase matching 1064 nm —
1540 nm + 3450 nm; A2 = 11.0 um for phase matching
1064 nm + 1540 nm — 629 nm). A four-mirror ring cavity
resonates the 1540-nm light. A dielectric coating filter is
used to separate the various output wavelengths.

© 1998 Optical Society of America
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Noniinear Coefficient

I e _— « Value of d,» depends on angles of
Se 1o e — ropagation & polarization and on
ZoP prop
Gans B2 wavelengths
AGSe
prLN
PoM Units of dq ~ pm/iV
— KN
as £ . dl
— U0 Figure of Merit = -
n
i KTP
—— - LM :
—l BEO .
Ures
—p LBO =20
::J‘.'?: == « Commercially used materials have
warts |
' lower nonlinear coefficlents
]

o 0.1 1 10 100 1000 10000
« High nonlinear coefficient does not

Figure of Merit (¢?/n’) necessarily make material useful

—a= = used in commercial device

1S4

P

Requirements of NLO Materials for Frequency Conversion

. Phasematching — limits useful interactions & applicability

”““j‘ 5 « Transmission - interacting waves not absorbed or scattered
| + Monlinearity — non-centrosymmetric materials for x 2}

+ Homogeneity — uniformity 1 partin 103

. Damage — absolute & relative to operating point

. Mechanical properties — growing, potishing, coating

« Thermal properties — dr/dT, thermal conductivity

i | R + Lifetime — chemical stability, hygroscopic, aging in use

‘ + Lack of “weirdness” - photorefractive, gray tracking

e

« Availability - size, cost, uniformity of properties

[P,

All requiraments must be simuftaneously satisfied!

‘ ; ' / . //’5:/ £ 1855



August 15, 1999 / Vol. 24, No. 18 / OPTICS LETTERS 1157

Multiple-channel wavelength couversion by use of engineered
quasi-phase-matching structures in LiNbO; waveguides
M. H. Chom, K K. Paremssowaren, and M. M. Fejor
E. L. Gineton Laboratory, Stanford University, Stanford, Califorria 34305-4085
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