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CTysial WHA PRase MalcRmg 15 1ne netmry ana sumcient conmuon 10T an
effective three-wave mteracuon .

23 Optlw of Uniaxial Crystals

" In uniaxial crystals a special direction exists called the optic axis (Z axis). The
plane containing the Z axis and the wave vector k of the light wave is termed the -
principal plane. The light beam whose polarization (i.e., the direction of the
vector E oscillations) is normal to the principal plane is called an ordinary beam
or an o-beam (Fig. 2.2). The beam polarized in the principal plane is known as
the extraordinary beam or e-beam (Fig. 2.3). The refractive index of the o-beam
does not.depend on the propagation direction, whereas for the e-beam it does.

Thus, the refractive index in anisotropic crys stals gencrally (j__pcnds both on light

polarization and. p_mp agation direction. =

0° . » Z
——— 9> :
K K

Fig. 2.2. Principal plane of the crystal (kZ) and ordinary beam

F)g 2.3. Principal plane of the crystal (kZ) and cxtraordmary beam
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GENERALITA DI OTTICA
NON LINEARE AL 2° ORDINE

Equazione costituente per la polarizzazione:
P(r,t)= P(”(r t)+ P
| =z E(r 1+ 7 - E(r, t) E(r, t)
Equazmne del moto per il campo. elettrlco

' (VxVx+&i—§—)E(r )=

:_5‘_7_[ 7 2 -E(r t)+ 2 - E(r, f)‘ E(r, 1)]

o2
| a’
Notazmne per la suscettivita al 2° ordme
y'k ~2d —2d
( E: )
E;

P, d, d, d, d, T“dIS d B i
‘R’ = d21 ’ dZ‘. ‘ d23 'd24 d25‘ __,d26 ' 2E; :'
Pz : 'd31 'v}d32 » d33 d34 dss, | d36 2E1EZZ
\2E E




Quasi phasematching waveguide doubling

Waveguide confinement improves the conversion efficiency by a factor of
AwL/Aef

with repect to bulk nonlinear conversion. |
(A - pump wavelength,L - interaction length,A¢f - effective waveguide cross-
sectional area).

waveguide {D . |
input—ee_—_ - —=—%output
f— Ll

Quasi phasematching - phase velocity matching by periodic modulation of the
nonlinear coefficient: '
ngher efficiency (~20 times higher) in LiNbO3, by using the large d33
coefﬁcxent which is not accesible to birefringent phasematchmo
Near room temperature operation.
Relaxed temperature and wavelength tolerances (both fundamemal and SH
are extraordmanly polarized).

sz

_x(z)

.../5/



| Quasi—Phase Matching (QPM)

Inversione della fase relativa ripetuta ad
ogni multiplo della lunghezza di coerenza

| ‘ modulazmne perlodlca di d
d) “con permdo A=2rnL

dijv R N E .......... E_I_nzl
L 2L 3L, 4L 5L 6L 7L 8L
BTN N S et Rl B Bl ot
" COﬁdiZiOhé —— — -
di QPM | Ak'=Ak - O
2A * I}QZ(D ( OPM )- n ( OPM )]—- m}\'
Efﬁmenza. |

e 1 %2@2& P‘*’ (Ak L)
=i_—=2 — Sinc
n PP (80) ,”2?112 \ 4 2

dy— d, :‘z—d" Ak —> Ak'i

b~

z



QUASI-PHASE MATCHING

Akzk-—k.—kz——z—j—\mﬁ

ok 2 M ok S el
(b)

Fig. 1. Effect of phase matching on the growth of second harmonic inten-
sity with distance in a nonlinear crystal. (a) A: perfect phase matching in

a uniformly poled crystal; C: nonphase-matched interaction: B,: first-order
QPM by flipping the sign of the spontaneous polarization every coherence
length of the interaction of curve C. (b) A: perfect phase matching; Bi:
third-order QPM by flipping Ps every three coherence lengths.
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£ Liquid Electrolyte
Insutator (Photoresist)
Sl Conductor (Metal)

(b)
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Fig. 9. (a) Schematic of the electrode configuration for electric field polixig of a ferroelectric
crystal. The ferroelectric domains can be reversed by the application of a sufficient electric field.
(b) Electric field poling circuit. Typically Rx = 100MQ, Rym = 1G?, and V7 is set at 12kV for a
0.5 mm thick sample of LiNbO3. During poling V2 clamps at the coercive voltage V. (c) Vokge v
and current waveforms for poling a 3 mm diameter 0.5 mm thick LiNbO3 sample. Section A is
poling under the metal electrode or liquid contact, Sec. B is poling under the photoresist, and
Sec. C is after completion of poling. For a patterned device the voltage would be reduced to e
at point D. [after Ref. 58]

~ [y~



Fig. 5. Electric-field poling circuit. Typicallv R, = 100 MQ,
Rvm =1 G0, and Vs is set at 12 kV with no sample in the circuit.

- During poling, V, clamps at the coercive voltage V, = 10.5 kV for
a 0.5-mm-thick LiNbO; sample. ’
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Fig. 7. Orthographic view of 0.5-mm-thick PPLN with a
15.5-um period, after etching in HF acid to reveal the domain
structure. The three panels are top, side, and bottom views
taken at the same location in the crystal by cutting and polishing
into the grating region. The top panel is the +z face upon which
the lithographic electrode was applied. The middle panel is a
cross-sectional view of the +y face. The bottom panel is the —z
face, which had the unpatterned ground electrode.
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INDICI DI RIFR

n,(6)=n,

<
n(@) cos 6’+sm g

n(8)

Mo X('Y)

(a)

Fig. 2.5. Indicatrices of the refractive indices for ordinary and extraordinary waves in negative (s)
and positive (b) uniaxial crystals



PHASE MATCHING
BIRIFRANGENTE

oy (@) = n§ (2"-’1, 60 _ - (2.30)
or
2k, (@) = k5204, 652) . (2.31)

K3 (6)

(YT

@ (b

Fig. 28. Scalar (collinear) phase matching of type I (“0oe”) in a uniaxial negative crystal in
coordinates of refractive indices (a) and wave vectors (b) in the first quadrant of the XZ (YZ) plane
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BIRIFRANGENZA

Angélo di birifrangenza:

2

p(6) = tarctg % tg(0) |0
n

K,S

90°

Fig. 2.6. Disposition of the wave (k) and beam (s)
vectors in an isotropic medium (a) and anisotropic
negative (b) and positive (¢) uniaxial crystals (p is the ‘
birefringence or anisotropy angle)

/z

K :/O bean ABC v Z)
.P»_, / / }6 .
“e” beam

Fig. 2.7. Calculation of the cut angle 8. in a uniaxial crystal -
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