Nonlinear Optical Engineering

Electro-Optic Effect

Yoonchan Jeong

School of Electrical Engineering, Seoul National University

Tel: +82 (0)2 880 1623, Fax: +82 (0)2 873 9953
Email: yoonchan@snu.ac.kr



Linear Electro-Optic Effect

Also called Pockels effect:

— Refractive index change linearly proportional to the external
electric field, i.e., An oc E_;

Recall:

P=¢ yE=¢, (Z(l)E ++ Z(S)}%Jr )

- An=C.E,, C, ~10"m\V
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Friedrich Carl Alwin Pockels
(1865 -1913)



Quadratic Electro-Optic Effect

Also called Kerr effect:
— Refractive index change quadratically proportional to the external

electric field, i.e., An oc E2,

Recall:

P=¢,yE= go(;((l)EJr;(}AQEi---)

— An=C,E;,, C,~10"m’/V?®

Kerr constant: An=KJE?

John Kerr

e.g. K=5.1x10"* m/V? for water (1824-1907)

: . 1
Intensity dependent refractive index: An=n,l « Izigocn\E\2

e.g. N, ~ 3x102° m?/W for silica glass



Electro-Optic Devices (1)

Electro-optic amplitude modulators:
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Electro-Optic Devices (2)

Electro-optic phase modulators:
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Electro-Optic Devices (3)

Electro-optic Fabry-Perot filters:
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Electro-Optic Devices (4)

Electro-optic beam deflectors:
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Electro-Optic Property of Liquid Crystal

Liquid crystals:
Liquid crystal phases: smectic, nematic, and cholesteric
Nematic LC: uniaxial dipole moment
— Dynamic director alignment along the applied electric field
— Switching time: ~msec

Twisted nematic LC in liquid crystal displays (LCDs):

Applicable to

S fiber-optic devices?

L | i

V¢ = 0V (off) V| c =5V (on)



LC-Filled Hollow Optical Fiber (1)

Director alignment of nematic LC:
Highly dependent on the liquid crystals-capillary interface interaction
Silica: longitudinal direction
borosilicate capillaries: radial direction

Voltage off: Voltage on:
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LC-Filled Hollow Optical Fiber (2)

Comb electrode:

On
T L LB Director Alignment
A\ +
Oj::]:[iﬂ:i(i:i(i v | 7 TNE7 TN eI TN
z
/ J—
T

Electrically controllable director alignment:
Periodical modulation of director alignment

— Controllable long-period gratings
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LC-Filled Hollow Optical Fiber (3)

Fiber imaqge: Director check: Far-field imaqge:
ge g
""" »14---Hollow-Core
>{ii‘< Core «

] T

Properties of MLC-6295:

Smectic/Nematic turning point: -30 °C, clearing point +101 °C
n,: 1.4772,n.:1.5472 @ 20 °C, 589 nm

Director alignment check:

Visibility detection under a microscope between crossed polarizers
Uniform director alignment to the direction of the fiber axis
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Anisotropic Mode Couplings in the LC Core

Permittivity tensor dependent on the director alignment:
1 0 0 nf 0 0)(1 O 0

z £ (0)=¢,|0 cos@ —sin@|-| 0 n2 0|0 cosd sind

0 0 sind coséd )| 0O O n’/|(0 —sin@d cosé
.y cosg sing O cos¢g —sing O
‘ £.45(0,8) =&, —sing cosg O0]-¢,,(0):|sing cosg O
0 0 0 1 0 0 1

Permittivity perturbation:
Agrqﬁz (91 ¢) = gr¢z (91 ¢) o 8r¢z (010)

Mode couplings:
Long-period regime: a fundamental core mode (HE,;) <> cladding modes

Cladding modes to be coupled:
TM g, TEg, HES  HES  HES < Ag,,(0,9)
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Experimental Arrangement

Experimental setup:

Broadband source: EDFA ASE
Comb electrode: Period of 483 um, length of 15.5 mm
Applied voltage: 0 ~ 250V

LC-filled hollow fiber
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Long-Period LC Fiber Grating (1

Spectral responses with respect to applied voltages:
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Long-Period LC Fiber Grating (2)

Normalized spectral responses:

Experiments: Simulations:
-8
-3 -
2= 2 =
4 3. 2 3 2
n @ n O
i 0 = 0 =
288 | S8
03 - E
250
o _J[i 4 éeoﬁ\
\\‘b‘ 2 3 Q\
4
50 & 1 \g@
1500 1520 1540 1560 1580 1600 ?QQ 1500 1520 1540 1560 1580 1600
Wavelength [nm] Wavelength [nm]

Simulations:
Based on the coupled-mode theory in anisotropic media
Resonant couplings to the 3rd and 4th TM cladding modes
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Nonlinear Response of Fiber Gratings (1)

Coupled-mode theory with nonlinear perturbation:
V-(E'xH +E xH)=—iwE_ -(Ae_+ A )E', (p=12..)

éS

3 2
A‘C"NL(q) =&, 21(3) (r’ ¢l Z) ) Za(q,s)‘Es (t’ Z)‘

Nonlinear spectral shift:
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Nonlinear Response of Fiber Gratings (2)

Experimental setup:

Signal wave: Tunable LD @1565.2 nm (Case I), @1564.8 nm (Case )
Pump wave: Q-switched Nd:YAG laser (1 kHz)
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Nonlinear Response of Fiber Gratings (3)

Signal (Case l):

Pump:
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