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Introduction to Nonlinear Optics

Induced polarization in a medium
P =€y incr E+€0% Y EE+ £ EEE +-+
= € tinear E+€o(x PE+ X EE+.. JE

= €9 X lincar E+ €0X nonlinear (E)E

P
where e
Xlinear = nlz: -1

% noalinear (E) = 20, An(E) + (A!'I(E))2 = 2ny An(E)

Pockels (linear electrooptic) effect Photorefractive effect
1
n=n, +An(E)=n, *%nf’,rﬁm«“’) n=n, —Enf,rﬁu
Optical Kerr effect 1 2EP (Eg’)-
nen + An(E) = =ny - Lageg| T2
=Ny ( )— ny + l'lzl 1

Nonlinear Refraction: a comparison

Optical Kerr effect
1) nonresonant case
n,= 3% 107 cm?W for glass (silica)
ii) resonant case (exciton saturation)
n,= 2x105cm¥W for bulk GaAs at 300K
4 x 103 cm?/W for AlGaAs/GaAs MQWs

Photorefractive effect
A/l =1 x 105~1 x 10 *cm*W for typical bulk materials
~1x 10 3cm¥W for some PR polymers




The Photorefractive Effect

The Photorefractive Effect
- charge-transport optical nonlinearity—

Discovered as “optical damage” in LiNbO, and LiTaO,

[A.Ashkin ef al., Appl.Phys.Lett. 9, 72-74 (1966)]

Advantages
* large (nonlocal) nonlinearity with low-intensity cw light

* long interaction length possible due to low absorption
* broadband sensitivity

Disadvantages

* slow response speed (< intensity)
* bulky sample size

Requirements for being photorefractive
* electrooptic

* photoconductive

¢ Jow dark-conductive
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The Photorefractive Effect

- mechanism-
Fundamental processes for Beam 1 Beam 2
the photorefractive effect
— photoexcitation of carriers
— charge transport 1x) Intensity

[~ charge trapping ]
— space-charge field formation
- refractive index changes

via the electrooptic effect

This charge migration results in
setting up high electric fields in
a crysal on the order of kV/cm
or even more !

I
: ! Space-Charges Flald

/‘I\ /\ /\ ;n:o: Distribution

Band-Transport Model

‘ -
g

CB

Mechanisms responsible for
transporting carriers
i) diffusion
Janr=DeVn
where
D=pkgT/lel

ii) drift

u jdxiﬂ"':OE
where
w o= leljn
L il e e filledfionizEd j

- e =

- - - ~o- &~ filled acceptors
AN A AR A RN

donors

VB

and
E=E_+E,

iii) bulk photovoltaic effect
(jph = (BijkEj'E«"'CvC-)’z




Band-Transport Equations

[N.V Kukhtarev e al., Ferroelectrics 22, 949-964 (19793}

BN+ + + .
3 =(B+sIN-N*)-ygnN (rate equation)
+
oN = a_" - l V. {continuity equation)
ot at e

J = Jaitr + Jarire + Jph
V-(eE) =e(N* =N} ~n)
E =ESC +E0

where

(Poisson’s equation)

N =total donor density

N* = ionized donor density

N,~ = ionized acceptor density

n = e¢lectron density

B =dark (thermal) generation rate
5 = photoionization cross section
Y = recombination coefficient

Linearization and Approximations
(Linearization)
Consider the solution in the following form:
F(z,t) = Fy(t)+ Fy(z,1)

=Fy(t)+ % F (t)exp{(-iKz) +c.c.

Neglect the 2nd-order terms such as

nN+ = nONE + ﬂoNT + nlNg +HINT

=ngNg +ngN{ +n;N}

(Approximations)

ng << N (low—intensity excitation)

d
% =0 (quasi-steady approximation)
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Solution to Linearized Equations

For the intensity interference patterns
I(z)=1qg + %]1 exp(—iKz) +cc. = [0[1 + %m exp(—iKz) + c.c.]

the transient solution of the space-charge field is given by

Esc (z,1)= EO + ';'lEscl | CW (1 = c-tlﬂ-imgl )e-iKz +cC.C. (<= | )
h (diffusion ficid) (saturation field)
where
12 Ey=kgTK/e, =eN o /€K
Enal m (Eo—Eph)2+E§ a=kpTK/e, Eq=cNeg
scl _l+|3lslo q E% +(By +Eq)2 (mobility field)

E, =7RNa /KK

(photovoltaic field)
Egh =PYRNGA /elts
(diclectric relaxation time)

Ty =€/euny

‘ =tan"[(Ed +Eg)Eq +E4(Eg -—Eph)]
Eq(Eo —Epn) ~E4Epm
et (1+E4 /E,)? +(Bg /E,)?
S (I+E4/EQ)(1+E4/E ) +ES /EE,
O ='r1:<1 +:o,’: q)z_ +E- ?Ff E/uE )2 et wap S
47%n 0" n Neg =NA(N-N3)/N

Steady-State Space-Charge Field
— diffusion operation (E, = 0) -

IE I—._".l_.@_
!l = 14+B/sly Eq +E
0 ~d q

kT 172 k 172
= [Eset] max o l[ B N‘ﬁ) when Ey =E i.e.,A:ADeby,=2+: pTe

1+p/sly 2 £ N g
¢ _ T
2
8.0 10 'l T T T T T FET - T r . r ; .
7010 i : wgu1e' Yiem? E r [ X L
60 to "l'i L Lo 1o E cmeris for 9aTI0; ]
{ : |
5010* -"' ._,...-.: l:mo. E &0 10t \ 3
eoom 4010 £ '.ﬁ‘ _______ 4 18,1 vrmy 30 16% gme T ]
ap1e' By T 3 K 3
20 10" i ‘\_‘ N ; 2010' b '__-\_._' 3
’ o - P
010! el E R o E
0.0 10° 1 2ol L L I n.nuP. Rty
] 10 20 ao 40 50 80 o ) 1w 1k 20 2 30 35 A0
o )
.

P.Yeh, Introduction to PR NLOK1993)



Steady-State Space-Charge Field
— drift operation (E, = 0) -

112
2
[Esc] = m ( EqEq 1+(Eq/Eq)
sC
1+B/slo (Ba +Eq ) 14(Ey / (B4 +Eq))’

T n
¢$5 but¢~—)5 when Eg >>E4.Eg

Ie ME,, (E=0)1

» e e g anwt ewt st

P.Yeh, Introduction to PR NLO(1993)

Space-Charge Field
— transient behavior —

L T S . . B
M0y sooo |- E
M= 610 om?
2000 Np= W Tomd 1
K =293 % 104m el bt
Iyl i |
- Eqnd 1 oom) IOy
(vmy o FRITTLT TN
1000 (- Nos 100hem3
K m 2132109
2000 |- Eq = BViom 7
I —
e e e R
" "

P.Yeh, Introduction to PR NLO(1993)
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Effective Electrooptic Coefficient

The electrooptic effect is formally defined Photorefractive refractive index grating
as a change in th]e optical unpermeablllty formed by two-beam interference
tensorTI(= €9E ") 1 s«
. - fi (el tAE: ez)
AR =Ty BT — i (0) _ on
- = 1
=8 ED) ] —eolEO "] 2-—n’txE
of ¢ )].. ofE@™'], hery =3 T
==l -1
=—-¢ .
D[ ]'J n=nn [ sin 9+n°cos G]
=t Ef + % ECET For 4mm symmetry crystals (e.g., BaTiO, and SBN)
I =Ty cosP for s — polarized beams
For the first-order electrooptic in2
(Pockels) effect = (néry3 cos(B - O) cos(B +8) + 202nlry, sin® B
+nr 5 sin(B - 8)sinB +8)}{cosP/n
- “1=0f= /= - 13
AE=-e5 EV[E:(Freg): E] 60 ( }

beamil for p — polarized beams

X

Effective Electrooptic Coefficient

L

NIRRT

- SBN:&0
L - —e-ssiees SBNITS
s — - - KNSBN
— - -- - BaTiO3

B (deg.)



Photorefractive Two-Wave Mixing

Two-Wave Mixing

Nonlinear medium Nonlinear medium
with local response with nonlocal response

Beam 1 Beam 1

=~ DR

Beam 2

Beam 2

Interference ndex pattern Interference Index pattern
fringe pattern in a medium fringe pattern In a medium
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Diffraction Properties
in Two-Wave Mixing

Nonlinear medium
with local response

Nonlinear medium

with nonlocal response

diffracted signals

U, U,+ikl,
An
Uz U,+ixU,

phasor diagram

U +ixU ixU,
430 )
Uy+ikU
43“"‘”‘

U:

e
U;

diffracted signals
U ‘ Uy+xU,

U;-xt,

phasor diagram

U-xU,
-KU,
- +KU,

U,+xU,

Two-Beam Coupling
in a Photorefractive Medium

—_—
amplified

4

deamplified

interference |ndex pattern
fringe pattern in a medium

11

dI II
=1 =—a:[l —27'_12._
dz [1 +12
dl I,1
=2 =—q1, +2'r —12
dz +1,
dig; -92) _, .Li-I»
dz Il +12
where
’ T
K lcosBs ¢
» Tn
1o
1 3
ny=-5—n Teft |Eser|
Note that ¢ is determined by the

crystal’s orientation and the sign
of carriers.




Two-Beam Coupling
in a Photorefractive Medium

General solutions Important properties
Bl i} 1 ¢ I=n/2 (diffusion operation)
Li(z)= mcxp(-m) * maximum nonreciprocal energy transfer
pilz * no phase crosstalk
L
1 =0 -0z
2@ = B axp(era) P 1) 01 ¢ | < 7 /2 (drift operation)

(1+B)? exp(-T'z)

* noteciprocal energy transfer for ¢ 20
- } = phase crosstalk
[B + exp(-T2)]

Ag(z) = Ap(0) + %cot 1] m{
Limiting cases
)p=0and Bexp(-Tz)>>1
I5(2) = 13 (0)exp[(T - e)z]

where
IO = I] (0)+12(0)
I (D)

B:Ig(O) iYp=0 o
I' =2y’ = exp onential coupling gain AQ(z) = Ap(0) + : : ﬁ?z
coefficient
iy p>>1

Ap(z) = Ap(0) — % Izcotd

Numerical Examples

B=0.001
d=14

12
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Determination of 7 is irnportant for estimating
photorefractive parameters such as ptg. g
But the 2WM buildup time 1, is usually different Ry

from 1.

Photorefractive Response Time (1)

VS.

Two-Beam Coupling Buildup Time (1,,.)

Relationship between 1 and 1,, for p>>1

1{1 +0.41T'L +0.074(I'L)? +O[(I'L)? ]}.

forTL<2.2
T =

2be 1%{1 + [(1 ~1/e)'2 ~1/2]8r/TLY "2 - e
4 PP

+O[(1/TL)]}, forT'L>2.2 -2 e :

(Vachss, 1990) . i .

107 107 10 10°
8
Matsushims and Tomita, Opt. Commun. 128, 287 (1996)
Experimental Setup
B.S, shutter Theoretical gain coefficient

(L
shutter
Q

b,

probe

Measured gain coefficient

_ Tprobe (w/ pump)

Tprobe (W70 pump)

l ln[
L

=T

gB
1+B-g

|

purmp

1 Asin@ (cosze’]
I'= -
1+I/1\1+B 2 sin2 o \ cos9

where

Ig e By/fs
L
B1°CNen'

Response rate

w7l = L (Gya +ehoptrl/he)
EpEs
x[1+@aLp /)7 ]

13
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Experimental Results

ORDINARY POLARIZATION

(3= 36 pm/V, N = 2.3x10'%/cm3)

{ ® 514.5nm
L B=150
O 632.8nm
B=11%5
" L 'y 1
0 1
A (m)

(em™)

EXTRAORDINARY POLARIZATION

(ry4=237 pm/V)

25

-

20F 0 632.8nm

® 514.5nm

p=2050

p=2930

Tomita and Suzuki. Appl. Phys. A §9. 579 (1994)

Angular Dependence of T’

BaTiG, oyl

14

Fainman et al,Opt. Eng, 28, 228 {1986)



A R A . A &a i

AL B

b A i - A AR -

Space-Charge Field and Gain Enhancement

e
A':"'," AT
¥=
Two Enhancement Techniques _.n: a \\
(1) Externally applied DC field with moving fringes & .| s L
(2) Externally applied AC ficld [T S
2
) Cr-doped GaAs
> °0 0:2 0:4 0‘,6 l;.l I:ﬂ ITZ I.“ l.‘i :l
- ‘ vz
| ()
L} T — T T
o
L pei0’ 7
W) : [ A:llun v-.-ff ]
1) -~ VR, -
B? »’ ‘
S »”
nn b A
1 CrdopedGans
 pf o Credoped
0

¢ v 2 3 4 3 & 7
L]

B. Imbertetal,, OpL Lett. 13,327 (1988)

Beam Fanning Effect
and
Photorefractive Ring Oscillators

15




Beam Fanning Effect

I T L is too high (e.g., T L =20),
then noise signals can be amplified by exp(20) = 5 x 108 !

Unidirectional Ring Oscillator
with Photorefractive Gain

19 T

purmp & £ Yol =20
output ¢, e w
& T
3" o
1.0 L L i I A
- -+ E] O 2 4
o1

MI
P.Ych, JOSA B2, 727(1985)

RN
~ A U\

Oscillation Conditions
phase: Ay=2Nr+{cavity detuning phase)

amplitude: 27Y,L>0L-1aR+4(Ay)* (0L -InR)!

DETUMMG § [ rwd me }
.

where
Y=Y [1+Q0)! o
gufi)zmlﬁhcose wn [} an wu'wnu.:;; W "
= ZAV[EI:((XL _lnR)]-l S.K Kwong eral., JQE QE-22, 1508(1986)

16
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Application to one-way real-time
wavefront converters

undistorted laser beamn

distorted laser beam
after passing through
etched glass plates

corrected output beam

5.K.Kwong e1al., JQE QE-22, 1508(1986)

Optical Phase Conjugation
and
Photorefractive Four-Wave Mixing

17




Optical Phase Conjugation

Phase-Conjugate Waves
Input monochromatic wave
E;, (r,t) = Re{A(r) exp[i(wt — kz)]}

= Re{|A(r)| exp[—i¢(r)] exp[i(wt — kz)]}

Phase ~ conjugate wave

Epc(r, t)= Re{[A(r) exp(—ikz)]"= exp(icot)}
=Re{A" (r)expli(et + k2)1}
= Re{|A(r) expli(ot + kz + (r))]}
= Re{|A(r)| exp[i(—ot — kz - 0(r))]}
= Re{[A(r)exp(—ikz)]exp[i(-1)]}

Time-reversed wave !

18
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Optical Phase Conjugation
by Four-Wave Mixing

Transmission (coarse) grating
writing reading

Backward pump

—" | WNonlinear Reflection (fine) gratings

Probe medium ¢ ”
X writing reading

A A

Four-Wave Mixing
in a Photorefractive Medium

Index gratings formed
in a medium

transmission gratings:
Forward pump E E.E *+E,*E
' Backward pump E, 1B EE,

Photorefractive . .
Pmb%' medium <—H— reflection gratings:
1]

EE*+E]E,
2K gratings:
Reflected signal E, EE:*

X

One grating approximation is valid
in many cases, which depends on
wave polarizations, coherence,
crystal orientation, vibration etc.

19
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Four-Wave Mixing with
Transmission Gratings

3
:
§

E'| EI
N[
f
E, 0 z=L E,
ki=—k;
k=%,

dE * *
—a—-zl=-’y(EsEl +E2E, " JE; /1,
dE, PTI .

E—=Y (Es El +Ez EP)ESIIO
dE,
dz
dE . .
d—zp='-‘}"(Es El +E2 Ep)EZJIU
where

lu =[I+Il+]2 +]P

=1(E;E;" +E2E," JE, /1o

Cons tants of int egration:
2

[Es | +|El|22=cl

|E2|2+|Ep| =Ca

E,E; +E,E; =c3 reciprocity

} conservation of energy

Four-Wave Mixing with
Transmission Gratings

Undepleted pump approximation: |E, |2. |E2i2 >>|E,

2

dE E E
= =_7M 55_751_25;
z I, 1,
dE * !E |2 E .E x
P 2 . 1 =2

=yEH gy 2 E
e T L

With EP(L) =0and a given E,(0)

exp(—y2)+gexp(-1L) o ©)
1+ gexp(—yL) '

E;(z)=

2 By [* = dE, /dz=dE; /dz =0

Phase — conjugate reflection coefficient

Ep (@
pE-

E;(0)

_1-exp(-y’L) (Ep
1+ gexp(—y L)\ E;

E, @)= exp(—yz) = exp(-1L} ('E_ZJES (0) = E,(0)=E;(0)

1+qexp(-1.}
where g=[E;|? /[,

E,

20




Phase-Conjugate Reflectivity

PC reflectivity under one transmission
grating/undepleted pump approximations

. 2
r=|__ sinh(4L/2) |
jcosh(yL/2 -1In./q)|
where
Y=Y+

q = pump int ensity ratio

i) diffusion operation(¢ =R/ 2}

Rmas =sinh?(I'L/4)  when g =exp(I'L/2)
= Ry 2100% for TL 2 41n{l +v2}=3.52 GAIN!

i1} drift operation{¢ # =/ 2)

sinh(yL/ 2|2
cos{y"L/2)

max

when g5 =exp(T'L/2)

AEREREEBRERLE

LI=5

W KD N0 M0 N WD RO 0 WO

q

Yeh, Intreduction w0 NLO{1993}

=Ry 2o fory’L=(2N-I)n SELF OSCILLATION!

Self-Pumped Phase-Conjugate Mirrors

(SPPCM’s)

.

SPPC with
total internal reflection
(Cat SPPC)

=

SPPC with
2K gratings

=

%4’6'<

ring SPPC

SPPC with

ring resonators

21

‘,,/,\
L~ |/

{
\
//'
e SPPC with

linear resonators

—

/“'}

//'
/ SPPC with

semi-linear resonators
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(a) Linear SPPC:¥,L=0
« self-starting
= ctitical to misalignment -
» long coherence length

(b) Semi-linear SPPC: YL = 2.49

« can be seli-starting
« critical to misalignment
+ long coherence length

(c) Ring SPPC: Yol = 1.0

» can be self-starting easily
» robust against misalignment
+ no coherence length requirement

(d) Cat SPPC: 7L = 4.68
+ can be self-starting
* robust against vibration
» short coherence length
* compact

SPPCM’s

o
0

o
iy

o
]
o

oo p O
Wbk oo -
T T fF T

Phase conjugate reflectivity

el L PIRLTY 1} 1

4
]
i
’
4
]
]
'
b
1
'
[
+

[y

~

22

o
oc"g

N T s s o
Coupling strength

Cronin-Golomb et al., JQE 20, 12(1984)
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Mutually Pumped Phase-Conjugate Mirrors
(MPPCM’s)

PR X’tal

Eb(r)eimbt

-t
ity

A.E; (l') ei(l)bl

EL (e

» One phase-conjugate beam originates from the other input
= Two beams prefer to be mutually incoherent
= Wavefronts of input beams prefer to be spatially distorted

Several Configurations for MPPCM’s

+£

t l

(“"///' ’f/j)

— a

\

b

'\

Double PCM Mutually incoberent Bird-wing PCM
beam coupler

l M

S NN N

Bridge PCM Rainbow PCM Frog-legs PCM Fish-head PCM

A
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Proposed Models for MPPCM’s

* Self-Oscillation Model
— 1 interaction region (Cronin-Colomb et al., 1984)
- 2 interaction regions (He, 1988)

* Resonator Model (Yeh et al., 1988)

* Hologram Sharing Model (Ewbank, 1988)

Photorefractive Materials
- figures of merit -

24



Steady-State Performance

i) Maximum change in the refractive index

1 it (diffusion limit)
3
Ang. = EnbreffEsc o< ng_fcff
E’l'

(trap lim it)

ii) Response time of the space-charge field

T Wrile 0T erase energy _ o l1s 41:2L2djﬂ‘
average int ensity 2

_hve for L 3¢ << A (ferroelectrics)
. ouzqmglo
4 T
kil L ’;"Z"B for Ly >> A (bulk semiconductors)
aq°A%l,

where
Tg; = dielectric relaxation time
L gy = diffusion length
Iy = average int ensity
o = absorption coefficient

Transient-State Performance

— the index change per absorbed energy per unit volume

3
RHTR(M)(EB—I) (diffusion lim it and L g << A)

3 _
1[“_bfe_fr)(£) (diffusion lim it and L g >> A)
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Figures of Merits
for Photorefractive Materials

Matcrials wavelength €€y Oguy Dy g le  Tat tWiem? 1]
rcm)t (pm/V)  (pm/VeEy (sec) (cm¥T)

(ferroelectrics)
LiNbO, visible 32ey)  10%10°" 330 10.3 »1 108
BaTiO, visible 135(Ey) 10 1350 10 1 104
SBN:60 visible 880(Ey,) io"r 2973 34 10 103
(paraglectrics)
BSO visible 56 108 B2 1.5 10 107
(semiconductors)}
GaAs near IR 123 {1ad 56 46 10 102
ZnTeV visible 10.1 10° 133 13 104 102
Cr doped
AlGaAs near IR - 10° - - 105 102
1GaAs MQW
(polymers)
PVK:TNF: visible - - - 1011 10
DMNPAA

Photorefractive Materials
— inorganic materials —
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Ferroelectric Oxides

Typical materials exhibiting large photorefractivities
* Ilmenite structures (LiNbO,, LiTa0,}
* Perovskite structures [BaTiO,, KNbO,, KTa, Nb O, (KTN}]
+» Tungsten-Bronze structures [Sr,Ba, Nb,O, (SBN),
(Ba, 1), 4 (K ,Na,),, ;Nb,O; (KNSBN)]

Several properties in common

* broadband photorefractive sensitivities (visible to near-infrared)

» large dielectric and electrooptic constants which are strongly
temperature-dependent

= hard and nonhygroscopic materials (high-quality surfaces obtainable)

Lithium Niobate (LiNbO,)

i C a )
L Structuoal phase transition

Trigonal 3m (ferroelectric) from R.T. to 1210°C

0?
i@o
Nbi+ Impurity/defect levels
(deep levels)
Fe*/Fe*
Cu*/Cu?*

/‘) {shallow level)

O—”\ intrinsic defect Nby; (smalt polaron, Nb* on Li* site)
v ‘ Photorefractive effect
H
- (main transport mechamism)
' bulk photovoltaic effect / one-center model valid

(dominant charge carniers)
electrons (holes when oxidized)
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Nonvolatile Holographic Storage with Two-Color
Hologram Recording in LiNbO,

Wielting Wevelongh (m)
! L]

1 color (left scale)

© 2 coler (right scale) |
"s.élﬁnmgnﬁngbcam i"'

- 3

Fe?*/ FeM g .
“
-
V.B.
(Sensitization)
Bl Ayp=810nm
5+ - 2+ _hv 44
NbLi +e atFe _—‘G—) NbLi viral image
a few min.
after writing
" K 3
: after 100 h
after 200h -
hvc_‘iw__-,. IJI?dOPCd storage and ° :l‘;ll'agc and
LiNbO, |. hve  20h readin, continuous
c)/ : si reading
hvyr e e —

Bai and Kachru, PRL 78, 2944 (1997)

Barium Titanate (BaTiO,)

Structual phase transitions

T2130"C : cubic m3m (paraclectric)
7°C<ST=<130°C: tetragonal 4mm (ferroelectric)
—90°C<T=57°C: onthorhombic mm2 (ferroelectric)

Impurity/defect levels

(deep levels)
Fe**/Fe*
Fe*/Fe*

Ba® vacancy
(shallow levels)
0% vacancy
Ba?* vacancy

28




The Photorefractive Effect in BaTiO,

Main characteristics

« existence of shallow levels
— intensity-dependent absorption
- semi-linear intensity dependence of

response time

« increased photorefractivities in visible
and near-infrared spectra by doping
with cobalt or rhodium

Impurity/defect levels responsible for the PR effect

PR carriers major deep levels shallow levels

As-grown BaTiO, holes FeX/Fet", Ba?* vacancy FefFe*, OF vacancy
reduced BaTiO;  clectrons

Co-doped BaTiO, holes Co™Co™, Fe¥/Fe' Fe*/Fe»,

Rh-doped BaTiO, holes Rh3+/Rh**, Fe**/Fet Rh*/Rh**, Fe*/Fe>*

Photorefractive Properties of Doped BaTiO,

Co-doped BaTiC,

Rh-doped BaTiO,

AT CURRATE I RLICTRTY, &
|

| I=3.9 Wiem?

. e i
™ - - - .
v ——,

(Rytz er al., 1990) (Wechsler et al., 1994)
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Strontium Barium Niobate (SBN)

and

Potassium Sodium Strotium Barium Niobate (KNSBN)

Projection of struchire of tetragonal (4mm )

tungsten bronze parallel to (001) Unique Advantages

» extraordinarily large electrooptic cocfficients

s structural flexibility due to partially empty sites

* no phasc transition at low temperatures

* large size available due to the absence of 90° twins

List of Typical PR Materials
belfong to (Ay)(A 2) 2B,,05

composition r(pm/V)  T.(°C) partially empty sites

Sr,Ba, Nb,O, 15- and 12-
SBN:60(x=0.6)  235(r,) 75 fold sites up
SBN:75 (x=0.75) 1340(r,;) 56 10 20%
KNSBN 20 (ry) 71 15- and 12-
400 (r ) fold sites
A:15-fold;A,:12-fold;C:9-fold; B:6-fold coordinated sites
Comparison of Photorefractive
BaTiO,;, SBN and KNSBN
CRYSTAL SBN, KNSBN BaTi03
STRUCTURE TUNGSTEN-BRONZE PEROVSKITE
GROWN IN RELATIVELY EASY DIFFICULT
LARGE SIZE
£ LARGE € 3,(SBN). £, (KNSBN) LARGEe ;. €33
r LARGE r 35(SBN). rg; (KNSBN) LARGE 1 g,
COMPOSITIONS EASY " DIFFICULT
CHANGE
DOPING EASY DIFFICULT
PHASE TRANSITION NO NEAR 57C
POINT BELOW R.T.

30
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ABSORPTION SPECTRA

Cr-doped (0.02 wt.%) SBN:60

5.0 ] T T AL T
4.0 axt  Undoped SBN:60 1
= 3.0:—
E
8 20+
I
1.0C
0 L 1 1. Il l i 1 L L I i 3 1 AL I L 1 1 AL l 'l i L 1
400 500 600 700 800 900
Wavelength (nm)
KNSBN
L B e ]
———— KNSBN ]
----- KNSBN:Cr |
—---— KNSBN:Cu | ]
~ i
g )
2 ;
3 .
L ) P . ]
B \\ L ‘\‘ ‘. -
0.00 v I = e TN and
350 450 550 650 750 850
Wavelength (nm)

* extraordinary light (bold curves)

30!
Y.Tomita et al. (1993)



Grating Spacing Dependence of "

Cr-doped SBN:60 Cr-doped KNSBN
(ordinary polarization) (extraordinary polarization)
4 [y 1
. ' 1
- (J 100-
3| 514.50m ]
= ] sor
g 62tm | o
I— l 5 780nm 1 [ aob
; 2
o§ i : R N T B B T
Grating spacing (jum) Grating spacing (m)

Y Tomita and A.Suzuki, Opt.Rev.1, 233(1994)

Intensity Dependence of Response Rate

Cr-doped SBN:60 Cr-doped KNSBN
(A=1.5 pm) (A=1.9 um)

= T T 1 T T T
I {mW/cm®) I (mW/em®)

Y.Tomits and A Suniki, OptRev.1, 233(1994)
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Photorefractive Materials
— semi-insulating semiconductors—

Photorefractive Semiconductors

Typical PR semiconductors/structures
* Bulk SI semiconductors
— undoped GaAs and GaAs:Cr
— InP:Fe
= CdTe:V
— CdMnTe
- GaP
+ SI Quantum-well/supperlattice structures
— GaAs/AlGaAs
— ZnTe/CdZnTe

Major electrooptic phenomena in PR semiconductors/structures
* Pockels effect
* quadratic electrooptic effect via band-edge Franz-
Keldysh and quantum-confined Stark/Franz-Keldysh effects
* high field effect
* picosecond PR effect

32



A A A - aA.sas 4 - A A A -

A A

AR A . A Sk i - 2 aa _

Ad B

Undoped GaAs

Deep impurity levels

CcB.
143V

Np
3e
0 7oy Mpy) B2 MNgg) 0y

045Vt
—Ta

¥B.

Photorefractive gain (cm)

T {em-1)

SPPCM and DPCM
Using PR Semiconductors

SPPCM

* InP-Fe at 132 ym
(Bylsma ef at., 1989)

T \

.l-t‘h )

g, oy B e '

apm-
-h:u—ﬂ

i.'::.-—l

2 [
L] +

x
[]
. pemaled®

t'a

0.3

0.2,

0.1

« Undoped GaAs at 1.06 ym
(Chua er al., 1950)

33

(Tomita e al., 1989)

DPCM

* Undoped GaAs at 1.06 pm
(Chua et al., 1990)




Band-Edge Photorefractive Effect

[ o : |
4
hae En
’\.N'u'\r-l-[
‘— VB
E =0
CB
LI
E‘1
VB
E,>0

o= o+ AE )= n = n+ An(E ;)

where

AN(E 1151 ) = AE 1y (x) + BEZ 1 (x)
Etmal(x) = EO + Esc (x)

™~
o

GAIN COEFFICIENT (cm ')
b
T

(Partovi et al., 1990)

Band-Edge Photorefractive Effect
— experimental results —

Undoped GaAs

e 2%
o==-10 {0 XY/om
v —u B kV/em]
o-——=a 4 kV/em

925 930 935 940 945

. l"o\l';!\\nfELEMETI'( . {nm)

(Partove et al,, 1990)

InP:Fe

- (2]
o =
.

-
L

Galn Coefficient, I'{em™'}
P

o L
#6065 ¥TO 975 $3¢0 1% "
Wavslength {nm)

(Millerd ct al., 1990}
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Resonant Photorefractive Effect
in Semi-Insulating Quantum Wells

photorefractive effect Beometry TN
+

(holographic gratings) e i =
* == —— B e
quantum-confined Stark/Franz-Keldysh —
effects '
(large nonlinearities and fast response) Perpendicular

Geometry
== 1
[N . e
[ [ VERI ‘1 } snerw

use of semi-insulating quantum wells

AnecE2 =TSN
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CONDUCTION BAND
ENERGY {mV¥)

ENENEY {meV)

VALENGE BAND

1 -
ol
[ ]
1.6 = 10*v/cm
1 = 10°v/om™ \\
1.3 x 10%v/cm™
/M
- 1.8 x 10°v/cm™";

22 % 10fw/em "

1.42 1.46 1.50
PHOTON ENERGY (eV)



Cdark = 10—9 Q- cm)_l << cphmo forl2 1lecm2

Photorefractive GaAs/AlGaAs Quantum Wells

10" proluns/'cﬂ-n.2

i

i)

10" pmtons;'cm2

Diffraction Efficiencies of
photorefractive GaAs/AlGaAs Quantum Wells

GaAs/ALGa, As

%=0.3 (5000A)

x=0 (75A) { x=0.3 (100A)
60 stacks (10500A)

x=0.3 (13000A)
x=0 (2000A)

SI GaAs Substrate

- -
(Nolte e al., 1990}

wrneny ik vahe)
o
-

vyl = B o

g 1=t
I = 1 =0.001 % at 7{l/um?
o l T'=200 fem
-l
\/—-— -
o - - " * =y " —
W by Wty Pkt oy
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Advantages of Photorefractive GaAs/AlGaAs
Quantum Wells

* Jow saturation intensity I,

hao I, (bulk
Iy = —X = 100nW / cm? - Lo (b0
et 10000

= fast response T
2 2
T=Tdi|:1 +(——1EE£~3-HE~) :|=100psec=

for I1=100mW/cm?andE=10*V/cm

T(bulk)

10000

« low switching energy E,,,

Egy =11=1550/um? for E=10*V/em

* high PR sensitivity S

An
s=—’°$:—"—“£s 1072em? 17 =10* S(bulk)

» large refractive index changes An e
A regonance = 2An(bulk)E (cm/ V)
=10"* An(bulk) at E = 5kV/cm

These advantages can be attributed mainly
to large quadratic electrooptic effects and

large linear absorption.

Picosecond Photorefractive Effect

free-electron
absorption
photorefractive
effect b
ctrm
aasgestaseslauyasasadassas LR
w ~
NV Vo MO
— o two-photon
" " abeorption
b danl BRVN-V N
Bn AR ANNAN] SRS, SRR AR SRR RAS
ke va
L4
free-hole
abcorplion

Experimental setup for picosecond beam coupling

Nonlinear transmit tan ce change
T{w / pump} = T(w/ o pump)
T(w /o pump}

AT =
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Picosecond Photorefractive Effect
in Undoped GaAs

PR component
v 1 L4 LI

Picosecond Polarization Switching
Using SI CdTe:Ga

F=10ml/cm?
LS —r——r1r+rrrrrrrrr
‘ ¢ pump Il probe (vestical)
e pump || probe (horizomtal)
1t &+ pump L probe {orthogomal) E
E 0.5F ‘: y
< [ .*
L .y p
o ﬁr.
- [ s i P
ol%oo -50 4] 50 100
Probe delay (psec)
(001)
(111} (111)

> (110)

On-off ratio

38
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250

¥

"
—g— 30 m)/em’
—t}— 0 ltcm’

Tomits and Enami., APL 66.914(1995)



Photorefractive Materials
— organic materials —

Photorefractive Polymers

* First reported by Ducharme et al.*
* Incorporate charge-generation materials,
charge-transfer materials, and NLO entities

* Three families of polymeric PR materials

Doped NLO Polymer

Doped PC Polymer

am W -
= =

Guest-Host System

*S. Ducharme, J.C. Scott, R.J. Twieg, and W.E. Mcerner, Phys. Rev. Lett. 56, 1846-49 (1991).
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Space-Charge Field Formation Process
in a Photorefractive Polymer

Inert polymer backbone
lowest unoccupied molecular
NLO molecule orbitals (LUMOSs)
charge-gererationg
sites (sensitizer)
_.—l_

-0—e— -9—a— HOMOsof
HOMOs of charge-  rapping sites
transport sites

Inert potymer backbone
highest occupied molecular
orbitals (HOMOs)

Reported Material Systems for
Photorefractive Polymers

Material System A {nm) N Tyclem?) | Type
bis-A-NPDA:DEH 647 5x10° 0.33 NLO
PMMA-PNA:DEH:C, 647 48x10° 0.6 NLO
PVK:TNF:EPNA 633 2 x 10? 18 PC
PVK:TNF: DMNPAA:ECz | 675 8.6 x 10 207 PC
PVK:TNF:DRI1:ECz 700 1.6x10° --- PC
PBPES:TNF:FDEAMNST 676 1.3x 107 9.9 PC
PMMA:DEH:NFPP:5Q 633 1.1 x 10? 10 G-H

*NLO = NLO polymer; PC = photoconducting polymer; G-H = guest-host system

40



Main Characteristics of
Photorefractive Polymers

1. Application of external field:
a) Poling for NLO
b) Photoconduction:
carrier generation function of externally
carrier mobility @ applied field (E,)

2. Orientation enhancement effectt

*Enhancement of PR effect due to modulated
birefringence

*W.E. Moerner, .M. Silence, F. Hache, and G.C. Bjorklund, J. Gpt. Soc. Am. B 11, 320-30 (1954)

Orientation Enhancement Effect
in Low-Glass Transition Temperature
Photorefractive Polymers

NL chromophores are aligned according to
the total poling field given by

Epm(r)=Ey +E (1)
=[Es(r)sin8]e, +[Ey + Ey (r)cosf]e,

Orientational birefringence contribution
2

AnBg < Np2AoEoE,,

where

e M\ttt

Angg o NUBEE,,
AnBp < NUBE(E,.

grating period
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o

A =R A .. =B8R A

4 d =B

A BRE L ALABLS I K Ak

PVK:TNF:DMNPAA:ECz

s-pol. writing bearns

(= 675 nm) a0
/ diffracted S
photoconducting complex '//' beam iw
(PVK:TNF) ‘.
wodh et 10Sum E :
O <
' spacer spm L] » - ] - £ ]
p-pol. reading Applind Field E [Viumn)
(A = 675 nm)

L eae

nonlinear chromophore photoconducting
(DMNPAA} plasticizer (ECz}

PVK: poly(n-vinyl carbazole)
TNF:2,4,7-trinitrofluorenone

e WP NEPIN.
e ® . W B W

DMNPAA: 2,5-dimethyl-4-p-nitrophenylazoanisole A ppised Ficld E (Viam}

ECz: n-ethylicarbazole

K.Meerholz et al., Nature 371, 497(1994)

Self-Pumped Phase Conjugation with
Photorefractive Polymer Stacks

20 o0

® =i

PVK: poly(n-viny! carbazole)
PDCST: 4-piperidinobenzylidene-
malonenitrile
BBP; buty! benzyl phtalate

*140-pum-thickness
each layers

» p-polarized 676

nm beams i
O single sample
O two-layer stack
A three-layer stack

I, (mW/em ?) £
o
A 180

Grunnet-Jepsen ef al., Science 277, 34%(1997)
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Photorefractive Polymer-Dispersed
Liquid Crystals

Main advantages
« high index changes with much
lower electric fields (a few V/em)
» high resolution of photorefractive
polymers

torque induced by Eq+E,, = elastic torque

‘ Ane<EgE,,

Difftaction Efficiency (%)
5 0

el % *

PMMA:E4A9. TNF.ECz
<2R>=0.25um
sample thickness = 53 pm

o

}rie = 633 nm (1mW)
A= 675 nm (10pW)

i_" No higher-order diffraction

Bragg diffraction regime

e T, |An= X 10 1.2k

" Appliod Voluge &V) = T =41 fem (o=735/cm)
at0.3kV

A. Golemme et al.,Opt. Lett. 22,1226(1997)
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Applications

Possible Applications of
Photorefractive Nonlinearities

Effects

Applications

» Two-beam coupling gain/loss

* Self-pumped phase conjugators
+ Photorefractive oscillators

* Volume holograms

* Photorefractive spatial solitons

+ Real-time holography

« Image/beam processing

» Associative memories and neural
networks

* Holographic data storage

+ Signal processing

+» Adaptive sensors/signal detection

* Optical pulse manipulation/diagnosis

« Photorefractive waveguides

* Narrow band filters

* Phase-conjugate interferometry




Applications of Two-Beam Coupling

to

Image/Beam Processing

Use of photorefractive gain

* Coherent image amplification

* Beam cleanup

* Laser power combining

» Adaptive sensors/signal detection
*» Pulse shaping

* Novelty filters

* Optical interconnect

Use of photorefractive loss
» Optical limiters

= Novelty filters

* Pulse shaping

Laser Beam Cleanup and Amplification

injecied mager-
ascillacor gy

flared
amplifier
aray

N near field
iz images |
TiOyRh
focused
images
: 1.8W .
cinancat V. Lyt S -1
pld |p;=.| amplied vigas besm =) [ "
026w M=44% 5.MacCormack er al, Opt. Lett.22, 227(1997)
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. A

- A & a .

AR ER - A=A i

4 Lk B

Tracking Novelty Filters

Function
» Detection of time-dependent features in a scene
» Temporal differentiation of a moving image

Implementation
Use of Transnent. Use of Photorefractive Loss  Use of Phase-Conjugate
Photorefractive Gain W
S.K.Kwong et al., M.Cronin-Golomb et al., aves
JOSA B 5, 1788 (1988) Opt.Let, 12, 1029 (1987) D.Z Anderson et af.,
OptLett, 12, 123 (1987)
. A
-~ phase image @
=Sl = Ny
amplitude or phase image
phase image

Tracking Novelty Filter Using
Trensient Energy Transfer
— principle of operation —

Iy I

]

[ ]
AWMy
: (n} i %
s 3. a7 T rrea? -0}
ATV
)

(L

NN

()
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Tracking Novelty Filter Using
Trensient Energy Transfer

— experimental setup —

A=514.5nm

Aritae hY 1 amh
¥
1

Pram som (o)
H
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Applications of Photorefractive
Volume Holograms

* Holographic data storage

* Image processing

* Matrix operation

+ Spatial light modulation

* Optical pulse manipulations/diagnosis/storage
* Narrow band filters

Real-Time Image Processing

| C | o TECH

£ 0 cm

4 DELTA
W < uy e FT{fifigl4 %) o L O I I

°¢l.l|"l]2®ﬂ4

Y Uz Uy Uy
ast OELTA .
FUNCTION
ls.?{j‘ﬁr
DELTA
- FUNCTION E .
% | CAL .
N i

J.0.White #r al APLA40,450(1982)

48



A 4 =

A =B A .. 2B A a4

A d B

Nonlinear Optical Matrix Processor
— principle of operation -

Recording
+ Matrix-matrix multiplications_ S eue + N? gratings formed
by use of grating degeneracy RS slong the x direction
* N? gratings in the volumne
N H + N degenerate gratings
"i" for each grating K vector
2 ) 1 * .
“Iones o An‘t—Rc[(A“BM +A]2824
— cees [0
» +A 3B + A Bag)e KT
Reading
N
Cy= kE_IA_lk_I(' By 4
* . Cig= ZAnBys
photoinduce _+_ k=1
index gratings
Fu Fin T Lo
grating degeneracy F
©| 4 F
LEER C. Gu e1al.Opt. Lett, 18,146(1993)

Nonlinear Optical Matrix Processor
— experimental result —

[A] (B] (o]
1 010 0101 02402
1100 lOlO;llll
1ot 1ot o1{je3sos
¢c1 900 0101 1010
Experimentat result Processed result
¢ 20 0 21
05 09 10 10
=P o 30 0 30
1000 10 O

» Response time determined by the total intensity
« 10" operations per second with 1msec response time
at 1'W/em? total intensity for 1000 x 1000 matrices .

C. Gu e1 al. Opt. Latt. 18,146(1993)
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Volume Holographic Narrow-Band
Optical Filter

Possible applications
» solar astronomy

* Spectroscopy

* SCTS0rS

* optical communications

Optical setup for writing the volume grating

- Peak reflectivity: > 50%
for the holographic H-¢ (656.28nm) filter FWHM: 0.025mm

anon 8-mm-thick A _' :

. o : Lyot filter
~ gf:er,:Fe " ! 3 {(FWHM: 0.05nm)
LENE —— '-1 Ty E“ |
e I !
7 i, '
o 1
LASER '&' .: .|
- - mad Wes el - o L]
-:;\h_"ﬂl Weveiengih [m)
e wurnia

G.A Rakuljic and V. Leyva, Opi.Lewt. 18, 459(1993)

Applications of Phase Conjugation

Use of phase-conjugate waves

* Imaging through scattering media

* Lensless imaging/focusing

* Fiber-dispersion compensation

* Laser power combining/injection locking
* Associative memories

* Optical interconnect

Use as phase-conjugate interferometers
* Image subtraction, addition and inversion
* Novelty filters

* Adaptive sensors/signal detection
* Double-exposure/time-average holographic interferometry
* Measurement of thin-film properties
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Holographic Time Gating for
Imaging through Scattering Media

Photorefractive polymer Adjustable delay 3=800Rm
DHHADC-MPN:PVK: TNFDM:ECz =
Reforence baam Probe beam A=800
N=74%(59V/um) at A=830nm d\ . . m
-

B.Kippelen ¢! al., Scicnce 279, 54(1998)

Real-Time Image Addition, Subtraction and
Inversion by Use of Phase Conjugate Mirror

Purpose

~ compilation of composite images
from separate inputs via addition

~ difference detection, correction, and
modification of images via subtraction

-~ deconvolution of images (e.g., deblurring
of a distorted image) via inversion

-1—-8

Tout < In[? coso|Ti|? +ptanOIT2 |

where
p =const. X (1 /13)
*Subtaction : Ogyp = —tan”} (1/p)

sAddition : B394 = tan~(1/ P)

Z, Tl

=] e

8
x,T,;

51



Experimental Setup

Y.Tomita ¢1 al., Appl Phys.Lew. 52, 425(1988)

Experimental Results

Y.Tomiuw ¢t al, Appl.Phys.Lett. 52, 425(1988)
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Phase Locking Lasers via
Fiber-Coupled Phase-Conjugate Mirror

Efficient injection locking between lasers

requirs optical mode matching

¥

Use of mutually-pumped PCM

D-u-
DPCM

multimode multimode|
fiber fiber

A/

laser # laser #2

phase-locked
outputs

multi-longitudinal-mode
He-Ne lasers 15mW

nonzero frequency
detuning

zero frequency
detuning

mutual coherence = 0.9

B
i w frame grobie

srouchode
701 pOCUM BNaN T

Interferograms Lasing spectra

e
L

M.Gruneisen et al., OpL C 100, 173(1993)

f..

I

Photorefractive Miltimode-to-Single-Mode
Fiber-Optic Coupler

Technical difficulties in conventional methods
« very low coupling efficiency = 1/(# of spatial modes)
« extremely sensitive to angular/lateral misalighment

¥

Use of phase conjugation

* 2-to-3-orders-of-magnitude
improvement in coupling efficiency

» self-adaptive system

| |ii

Mt P

/
/

al

Coupling Efickmey (%)
°

0.01

[ 2 4 L L]
Baaton Beam Power / Signal Beam Power
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Adaptive Spatially Injection-Locked
Heterodyne Receiver

Requirement for coherent optical receivers

in intersatellit links and optical radars

— High degree of spatial mode matching
between the signal and local oscillater fields

¥

Use of nonlinear optical phase conjugation
instead of using traditional methods such as
deformable mirrors or coherent arrays

signal
= y
PCM
PCM
w/ gain} = - :
“ signal + LO
I Wo—w,

att=0*

L.Adams and R Bondurant, Opt. Lert. 18, 226 (1993)
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