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1.1) Polarizacao nao linear

e Optica ndo linear: estuda fendmenos devidos as
modificacOes das propriedades opticas de um
material pela presenca de luz.

e Efeitos Opticos nao lineares ja eram observados
Nno século 19: efeito Pockels, efeito Kerr.
Efeito Raman em 1923.

e Os altos campos produzidos por lasers possibi-
litaram, a partir de 1960, a descoberta de novos
efeitos nao lineares: geracao de harmonicos de
varias ordens, espalhamento Raman estimulado,

auto-focalizacao, etc.




Interacdo luz-matéria - tratamento semi-classico

Equacéo de Schrodinger = y
P=¢yxE

E_ O'E 0°P Fourier,

ot? superposicao




e As propriedades Opticas de um material sao
definidas pela susceptibilidade elétrica, Y .

 Num meio linear P(t)= &,y DE(t).

v(1) independe de E
Im(y®) e proporcional a k

Re(y @) é proporcional a n
Birrefringéncia e dicroismo

e« Num meio nao linear

P(t)= &, X(E)E(t)= & XWE(D+ & YPE () + & YPE>(D)
= PMW) + PAO() + POG(T)

Meio transparente (sem absorcao) e sem disperséao,
ISsto €, com resposta instantanea




Na Optica nao linear, o campo deve ser geralmente alto

P=20W w,=20pm

— 2 — 10 2
r~4A , .
I, = (1/2)cngy(Ey)° = Ey = 4x10° V/m

E = 1019 V/m

atdmico

I, = 10 GW/cm’ = 10** W/m” = E, = 10° V/m

Laser pulsado!




Meio transparente com resposta instantanea

P()= &, X(E)E(t)= & YV E(D)+ &, XPE(t) + &, XPE*(t)

1.2) Breve descricao dos processos nao lineares

Geracao de segundo harmonico —_—

(0]
—_—

(2

X 20
_—

Franken, P.A., Hill, A E., Peters, C.W., Weinreich, G., 1961. Phvs. Rev. Lett. 7, 118.

Y e

) P{E}(f) :EDX(HE(?)E

------ 20

E(ty=Ee " tc.c.

v PP (t) =2¢ox P EE* + (Eg;{mEze_"zmr + -:+-:+)



Geracao de segundo
harmonico




Geracao de soma e diferenca de frequéncias

PPty =eux PE@) E(t) = Eje™"" + Eye™ '@ 4 c.c.

P{E}(r] — EDX{E}[E%E—EEWH 1+ Eé"_.f—z.fmgi" +2E1E2€_Hml+m2}r

+2E Eje @79 L cc] +2¢0x P [ELE} + E2E3]

PQw,) =¢,x " E; (GSH)
PQw,)=¢,1 " E; (GSH)
P(o, +®,)=2¢e,x"EE,  (GSF)
P(o, —,)=2¢e,x”EE,  (GDF)
P(0)=2¢,x?|E,E; +E,E;| (RO)

P(E)(r) _ Z P(mn)euiwnt




0,+ 0, geracido de soma de frequéncias

T
P(o, +®,) =2¢,1"E,E, @,
® B S
‘—'——)‘1 CU3=£U1 +1Gt)2
@ x® —_— @
— Y
®, - ®,: geracao de diferenca de frequéncias
_ QOF B* AT
P((‘Dl B (1)2) — 280% ElEz o
2
®, o | __Y__
—_— 0)3 = ff.)] —mz
w x? —_— @
__2_),. 3
Y
@, (signal)
. ~ r, = W =06 +0 2
Oscilac@o paramétrica | 1 5 @ —
(pump) —_—

@, (idler)



Polarizacao de terceira ordem

P (1) =g, VE’ (1) Caso monocromatico: E(t) = E cosomt

1 5
PP (1) = Esﬂx(E}EngSmt + % e,7E.cosamt

3w: geracao de terceiro harmonico

w
@) 3 1)) 3w
— > x 30
—_—

o: indice de refracdo dependente da intensidade

3
n=no+nzl n, = (3/4))(( )uolnoz

—>>
3 2

Auto-focalizacao




Polarizacao de terceira ordem — caso geral

PIt)=exVE (1) | E@) = Ere™ + Eye ™ + Ese " +c.c.

44 componentes de frequéncias diferentes:
wy, a2, w3, 3wy, 3wy, 3w3, (W + W2 + W3), (W) + w2 — Ww3),
(w1 + w3 — wy), (w2 + w3 — w1), Qo £ @), Qw1 £ w3), 2wy + wy),
Cwy £ w3), 2w £ w1), Qws = ),

P‘B}(r) — Z P(wn)e—fwnf

P(o,)=¢,”3E,E! +6E,E; +6E.E}|E,
P(,)=¢,"|6E,E! +3E,E, +6E E:|E,
P(,) =&, [6E,E +6E,E, +3E,E! |E,
PGw,)=¢c,x"E’ PGBw,) =t E. PQRBo,) =t E;



P(o, + ®, + w,) = 6g,% " E,E,E,
P(o, — 0, + ;) = 6, VE,E}E,
P(2o, + m,) = 3, EZE,

P(w, +2m,) = 3e,x VE,E>

P(w, +2m,) =3¢,y YE,E]
Po, —m,) =3¢, VE’E,
P(~w, +2w,) = 3¢,x VE,E>
P(~m, +2m,) =3¢, E|E}

P(a, +®, — ;) = 6g,) “'E,E,E;

P(~o, + 0, + »,) = 6e,x VE,E,E,
P20, + m;) = 3g,x PEZE,
PQw, +m,) =3¢,y YEZE,
P(w, +2m,) =3¢,% YE,E;
P20, — 05) = 3eoy ' EL E;
P20, — ;) = 3e4) P ESE;
P(~m, +2m,) = 3¢, Y E;E?



Exemplos

&)l+(02 +&)3

W, =

3
x()

| 3 | 2
L V._| Y
| I
| I
| I
- =
I [ I —
| ] I S
w.j
|
w?_
+
w1
1l
mA_.
=




Processos ndo parametricos

~ , L
Absorcdo saturavel =9
1+1/1,
Bistabilidade optica
! in saturable JTDut
—_— _—

absorber

out




Absorcao de dois fotons
w
@712 R S
6=6”, R=Z = R=Z .
Ao ho
Espalhnamento Raman estimulado
-

Raman
medium




A equacido de ondas

fhﬁ: E D:EJE+P:
ot
Ox(0E)= 0o B| - 2 (0xB)= -, 50 R
/ ot f ot 0 At ;
V’E =p o D=u ﬂ_(EﬂEJFP) V2E —y e O°E _. O°P
Pﬂ[:},[z Mg o2 -~ HpE % _PO@‘EE




1.3) Definicao formal da susceptibilidade nao linear

_ o°E O°P
V'E — ey =7 T Mg
ot* (

orr

W — 1)
BY =2, %y Ejs
j

= . — — @ _ @
P=gi" :E+8,? EE+g,J® :EEE+..| | P = 80§:%ijk E;E,,

21 2/ NL Pi(S) = SUZXEEEJEEEI
VE-pe, (1+70): L8 =, 28 5
00 . 0
61:2 atZ \

e=1+%") Constante dielétrica




E(T,t) = ZE{(E“@]E) - Z_Af(f,m) explilk, T —o,t)|

PO, 1) = ZP“)(kmﬂ?'.:)—S Zfi(”(m ):E,(k,,0,)

P (I, 1) =Y PV (T 1) = ZP k_.o)

n=2

.

& E(k.0) = 1,0 P (k,.0, = 0)

2

V2E+ 2

i

7 {I}z - = 1 1=
(V' +C—,££l B, (k,.®,) = —u1,0;P™ (o,)

= 8y 1 (0 = 00— mz)E; (Ezamz )E(E,OJ)

(V” + {:322 g, :] (k,.0,) = 1,0 P (0,)
c

= —,8, 7 (0, = - ml)E; (Elﬂml)E(EF ®)

(vﬁ + 2z ]E(k 0) = 1,0 (©)
C

= 11,6,0' 7% (®= 0, +®,)E, (k,,0,)E, (k,,0,)




1.4) Susceptibilidade de um oscilador nao harmonico

Meio nao centro-simétrico

PP () = e PE(t)?

d’ d
m—§+ Zmy—X+KX +max” =—eE
dt dt

actual
potential

1 2.2 1 3

E(t)=E, exp (—io,t)+E, exp (—io,t)+cec.

™~ parabola

/

parabola

X=xP4x® 1 x®

—e/m —e/m

E. =

|
xY =xY (@) +x"(w,) X()(C‘)i): iy
0

" Do)

2 .

E.

1




x? =x% (o, +0,)+xP (0, - 0,) +x? 20, +x?(26,) +x?(0)

D(w,) = mg — (Df — 10,y

x¥(20,) = j—a(e..-’m)' E? exp{- 2io,t|
D*(®,)D(2w,)
/ 2
x?2w,) = —— a(e/m) E? expl-2io,t}
= DY(e,)DRo,)
2
x? (0, +o,) = —Ja(cm) EE, exp{— i(col + mz)t}
D(0,)D(®,)D(®, +©,)

2 B —2a(e/m)’ . _
X( )(ﬂ)l o ﬂ)z) - D(ml)D(—mz)D(ml _ 0)2) EIEE exp {—1((131 — 0, )t}

EE; . EF;
D(0)D(e,)D(-®,)  DO)D(®,)D(-0,)_

x?(0) = —Za(efm){




N(e*/me,)

PV () =2g,%x" (®,)E(®,) = -Nex"”(o.) = " (o,) =
D(®,)

Na(e’/m’e,)

PY2m.)=¢g.y"™? 20.; ., 0, E*(®.)=-Nex?2n.)= v?Qo. 0. 0.)=
( 1) 01( ( 1°? 1 1) ( 1) ( 1) K ( g Y 1) D(zwi)Dz((ﬂi)

m(g,)’a

e Qo) [ @]

A
= 1Y Qo 0,0,) =

(4?

Na(e'/m’s,) _ m(g,)"a (1) 1 1)
D((Dl + O, )D((f)l)D((t)z) - N2e? [)( (() +m, )][ ()(() )] [)( ((0 ):I

(0, +O,:0,m,) =

L ey _m(gy)ar ey W
D(o,)D(—®,)D(e, —®,)  NZe? [)f, (o, — o, )] [)f, (mlz)] [,{ (-, )]

?{[B(ﬂ'}l —0,.0,,—0,) =

Na(es..--""rnzsO ) m(s ) a

D(0)D(o)D(-e,) N’ [ (II(U)][){I“(Q )][f'i(lj(_ml)]

v (0;0,,—0,) =




1.5) Propriedades da susceptibilidade nao linear

Consideremos a mistura de ondas o,, ®, € ®; = 0,+ ®,

Pi(z)(mn + (’Om) — EOZ Z ’X‘Ei}(ﬂ)n + O)m;(ﬂn,(ﬂm)Ej((Dn )Ek(mm)

Jk (nm)

X2 (@1, @3, —02), X Dlr, w2, ), 12 (@2, @3, o),

2 2) 2
xl-g-kj(wz, —w, @3), xfjk(w;, wy, wr), and x,-ﬂi'(wa, wy, )

(6+6)*27= 324 componentes tensoriais! Mas existem restricdes.....



(2)

Numero de valores independentes de ¥y

324 possiveis

Realidade do campo 324/2 = 162 possiveis
2 2
JE,,E( Wy — Wy — Wy, —Wp) = }(;‘E;'k] (wn + W, Op, Wy)"

Permutacédo intrinseca

Pitz:](mn + (’Om) — EDZ Z Xi(ji)((l)n + (Dm? m)E ((Dn )E ((Dm)

j-k (nm)

2 Ve o
x;ﬂ-ﬁ(wn + O, On, W) = X:kj(mn + W, Om, w,) | 81 possiveis

Meios sem perda XY @) 6 real pois y € nulo

@
Xin(ws = w1 + @) = x5 (w1 = ) — w3)= Xje (@1 = —wy +3)”

27 possiveis




Simetria de Kleinman

18 possiveis

Se o, , << 0, X independe de ®

GSH, notacao contraida

_ & .,@
dijk = Xijk

Pi(w, + wy) = Z szfjkEj(wn)Ek(mm)

jk (nm)

Simetria cristalina

10 possiveis

<10 possiveis




Aula 2 - Equacao de ondas
nao linear \ Fotonica
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2.1) Equacao de ondas nao linear

Equacgbes de Maxwell 12 7
g = 8.854x10 ™ F/m e py=4nx10" H/m
V-D=p B) o G
T.B=0 Vx(VxE):—Vx[EJ:—E(VXB):—}LDE(VXH)
- - B S B
VXE=——- Vo(ViE) = V(V.E) - V2E
.~ D
VxH=— 2 (o T D
= 0° = o°\le,E+P
@t VEE:MO—QD:HO (02 )
ot
B=uH
. O’E 0P
— — — 2 _
D=¢,E+P VE =18 —5 = Mo 5




P(l) — ¢ ZX(UE

—— (2) _ (2)
P=gj® :E+e,7® EE+e,4® :EEE+..| { B = %kauk EE.

PO =2, > 1 UE E,E,

= k.l
OE  oP™ \ :

V’E - Ho& 0(1+%(1)) —2 — Ho Py

E(T.t) = Z E,_{(lz,:-,c-),:-) — ZA((T,m) exp{i(l_{( I —m(t)}

PY(T,1) = ZP(”(kF,m,) =¢ Z"“(m[):ﬁt(ﬁf,mf)

P (T,t) = > P (7. 1) = ZP (K. 0,

n=2
>’ 2PNL 1 _ e=(1+x")
VE+ 2 ;- E(k,0) =, P (k, .0 = o) X
c’ Constante dielétrica




2.2) Equacoes para a soma de frequéncias

. '[:02 . = .1 =
(V‘ + C—égl :]El (k. o) = 0 P ()
—11,8,0-7 P (00, = 0—0,)E (k,,0,)E(k, ®)

(Vz +m‘1 g :] (k,.0,) = 1,0 P (0,)

=
C”

— —Hq&g (!J%'};EEZ} (0, = - ml)E; (Elﬁml)ﬁ(i ©)

[vf ‘j‘“ }E(k ®) = 1,0 P (0)

= —1,6,0'77 (0 = 0 + ®,)E, (k,,0)E, (k,,0,)




SVEA

2
VE+—5Y:E(k, 0) = -0’ P (k
5

= ®)

1’]13' Iﬂ

Caso escalar unidimensional: E(w,z) =A(®, z) exp{ i(kz —mt)}-

d E = d {dA +ikA] exp{1(kz — wt)} :(d A +71kd—A—k “A |exp{i(kz —ot)}
dz= dz|\ dz dz’ dz

FA__ A

dz” dz

d’E P O8N B Zikd—Aexp{i(kz—(ot)} 1,0’ Pk o =o0)

dz- ¢” dz



d ]:: + & il- E = 2ikd—Aexp{i(kz—mt)} = 1,0’ Pk .o =o)
dz= ¢’ dz

dA(m,z)  iu,o’ :
Elm z) _ 1H{f P (0,2) exp{—l(kz—m)} famosa e popular SVEA
z 2

Geracao de soma de frequéncias |

My

: 2
dA;(2) _ 11e®; P (w,) expl —i(k,z —o,t)} ==
dz 21(3

P (0,) =g, (0, =0, +®,) E.E, +£,x" (0, =, +®,) E,E, =2¢,x”(0,) E,E,

E.(zt)= A, explilkz—ot)] i=12 Ak =k, +k, —k;

=ie2
dA;(z) 1“’08 0)3 ZX(’)(OJS)A A, eXp{lAkZ} At

dz 2k, k,c’

1P (@) AA, explidkz]




Procedendo da mesma forma,

dA;(2) _ i, pL
dz 2k,

() EXP{ —i(k,z - 0}1‘[)}

P () =2¢,x"" (0, =, —®,) E,E]

dA,(z) o)

9
-

X.(z) (o) A3AZ 6Xp{ - iAkZ}

dz k.

dA,(z) imj

dz k,c

=1 (0,) A;A] expi—iAkz]

-

Se utilizarmos a conjectura de Kleinman,

1Y =17 (0) =17 (0,) =17 ()




dz k3c2

dA;(z) _ uay ,x(2) AA,

exp{ iAkz}

Sem deplecgao:

exp{iAkz} 1]

A (z) = &X(z) AA, [

cn, Ak
) (Akz2) |
1 ) o> 2 sen(Akz/2
13(Z)Z_CH3SU‘A3‘ :—33‘X(-) 1112 . 22
5 nn,m,c Akz/2
T ! I '
1 -
1 2
onde I = —Cﬂlﬁo‘léh ) Q
) x
1 3
I = —f.:n:SO‘A2 ] %
2 ”
0 '_1 ) | |
3 0



2.3) RelacOoes de Manley-Rowe

Vamos considerar 3 ondas: o,, ®, € ®; = 0+ ®,

O — I, = _CniSOAiA?
2 )
o . dA. dA~
dz 2 dz dz

dA(z) io;
dz k¢’

1 (0,) A,A; expl - iAkz]

Considerando a irradiancia total: I=1+1, +1,

e utilizando a conjectura de Kleinman, | =% (®,) =" (0,) =1 (®,)

dl
dl, +d12 +d'13 =—g, (0, +®, —o,)y? Im| A7 A A’ expi—iAkz{|=0
o\ 2 3 1 Sz, €XP

= iz iz ik




- d(1,) d(L) d(L])| |Relagdes de
Além disso, — 2 | _ |3
dz\ o, ) dz| o, dz| o, Manley-Rowe

I/o = nQ de fotons/area/tempo - - '_f -
602
d(h _d(_fg_)__i E) o, v
dz\w )] dz\w,)  dz\w;
w
1
Y

2.4) Geracao de soma de frequéncias

®, muito forte, o, fraco

ml > —:-ml
ﬂlz —_— _____)..(ﬂz
(U3 - === > —_— 3 W =0 'I'L'JU2

10



- 2
dA, _ u:olq @ A A expl—iAkz} =K A, exp{ —iAkz}
dz ki

i(i.)f

- 2
dA; _ 195 @ A A, explifkz}=K A, exp{iAkz)

dz k¢’

_ (2) A *
K, =—X"A,
k.

k,c’ )

Considerando inicialmente o caso em que Ak=0 (phase matching)

d’A, _ K, dA,

dz- dz l‘:31{1'[:4

— KIKEAl — _KEAI '}{2 :‘—I_‘Ii:j‘j|Aj‘:

que representa a equacdao de um oscilador harmonico.

Usando a condigao inicial A;(0)=0 e A;(0) dado, obtemos:

A1(z) = A1(0)coskz

1

Az(z) = — A (0)5— Sinkz

11



—
>
/

>

T

intensity

dA, dA,

dz

=K/A; exp{— i&kz}

= KA, exp{iﬂkz}

Consideremos a seguir o caso em que Ak#0 (sem phase matching)
e tomemos como solugdes tentativa:

A1(2) = (Fe'$* 4 Ge '8%)e~i8K/2 e A3(z) = (Ce8% + Do 82y B</2

— 1 2



Usando a condigdo inicial A;(0)=0 e A,(0) dado, obtemos:

K A :
A1(2) = [31(0} cos gz + (;1/4) + %AI(O}) sin gz]€~(lx2):akr

K : K31 .
AB(Z):f‘dﬂ(ﬁ)sil‘lgz:f-r“m"ﬂ“*“Z |45(2))* = |A1(0)]? 2 sin® g2

a Ak =0

/Ak=4x'

13



2.5) Geracao de diferenca de frequéncias
e amplificacao parametrica

@y > ' > @y
O —> —> 9
@) > —> 0,7 0; 70,

®3 muito forte, o, nuloemz =20

- 2 dA . 2
W00 aaremikg)) |22

. - @ AGA] exp{i&kz}
dz ke dz kye

&k=k3_k1-—k2



Considerando inicialmente o caso em que Ak=0 (phase matching)

d"A, 103 (@ A dA, dA,

- 9
—10 .
l I(h} AA,

dz? k,c’ dz dz

A

k,c

A2 k¢

dzAf, ﬂ}j{l}z 2
2 _ 2¥1 |, (2 & 2

A>(z) = Csinhkz + Dcoshkz

Usando a condigao inicial A,(0)=0 e A,(0) arbitrario, obtemos:

A1(z) = A1(0)coshkz

1/2
L i A3 * .
Az(z):x( ) ——A7(0) sinhkz
|As]

amplitude

A

K‘—ﬁffg;xﬂfhhz ______ -
! ml
oy
wﬂ

Y

\%Uﬂ\\\
\‘Az(z)‘
>

15



Considerando o caso em que Ak#0 (sem phase matching)

| Ak |
Ai(z) = I:Al(()) (C()Sh gz — I—?E—Sil'lh gz) + E;A;(O]Sinh gz}erakz,/z

Ak _
Ar(2) = [Az({]) (cosh gz — E—rsinh gz) + EA}"(O)sinh gz}gmmz
g g

. Ak 291/2 ll.T} i
g = !:KIKZ — (—-2—) ] K] — J? I{QJAJ
k.c




2.6) Geracao de segundo harmonico

: E(z,t) = Ei(z,1) + Ex(z, 1)
ml —_—> —_— ml :2&)1 E_J' (Z, r} = Ej(z)e—fme + C.C.
E’JI (Z} — Aj(z)fik’rz

PNL(z, 1) = Pi(z,t)+ Pz, 1)

ki=n;wj/c n; = [eM@;)]"* Pi(z,1) = Pj()e™" " +cc., j=1,2

PI(Z) = ZEI]'}((E}EE(Z)E;(Z) — ZEGx{E)AEA;Ei{kZ_kIJZ

P,(2) = g, VE; (2) = gy Aje




dA 111, .

(©.2) _ 11 P (@,z) expl —ilkz— ot)}

dz 2k
dA; _ 11,0, 26,7 A, AT expli(k, 21{1)2}:&;{(2] ALA; exp{ —iAkz}
dz 2k, n,c
dA, _ 1quﬂ1 D;"‘}A exp {1Akz} = 1oy . A :'A‘ exp{iAkz}  |Ak =2k, —k,
dz 2k, 11_c: -
Como I;=(1/2)cne, | E; |2, definimos:

|
A= | 21 u et A, = ||' 21 u,e I=1+I,
\(n ce, \ n,ce,

tal que: u;(z)+u;(z)=1. Substituindo nas equagdes para A; e A,

18



du1

— = sin @,

dé’ Uil 81

d

Rk —u7siné,

d¢

de6 cosf d

— = As + ———(Inuju,)

d¢ sinf d¢
[ .22 3 1

onde: ¢t =z/l. 1= "125%0 _°  §=2¢ —¢,+Akz e As=AK/

Voo op®

Considerando o caso em gue Ak=As=0 (phase matching)

dob s@ d
=22 (lﬂufuz) — diln(msﬁ‘ufug) =0

di sinf d¢

19



2
uyuzcos =T

u;(z)+u;(z)=1

{:;: = -—u:;' sinf = :t(l — u%)[l — cos?9)!/?
dus r2 1/2 2 1/2
”-zi(u-ug}(l- 4,,) =i(]—u§)(l— _ )
d Uiz (1= u3) w3
dui AT 2q1/2
1> = +|(l —wu5)u; — I
= d(: [( ...) ] n 1 - T I_.
du% M2 2 211/2 g
—= = 2[(1 —u3) u5 =T 2.
Equacao padréo — -g
funcdes elipticas de Jacobi S oo}, | -

20



N
uyjuzcos =T

Consideremos o caso I' = 0, com cos6 = 0, em particular senf = -1

du :

_—]ZHIHZSH}Q, iiﬂ = —U U

dg dt -

dug 7 . dh‘:z

—— = —ujsiné, — =ul =1 —u?
dé. 1 dt‘: 1 1 us

cuja solugéo é: wuz = tanh(Z + &o). Para u,(0) =1 e u,(0) = 0,

u2(¢) = tanh ¢

—
T

3
=

ui1(Z) =sech ¢ § u, (fundamental)
=
-+ - -
=
=

=nmn, — :
=y, > A (0 (2) E ~ u, (second harmonic)
l:“:]1 - 1( :],e‘: S 0F

! I ! 1
3

0 1 2

normalized propagation distance, {=z/¢

21



Considerando o caso em que Ak=As#0 (sem phase matching)

22



- A
¢ 2[n2o)-n(e)]

[20 n(2m)/c — 20 n(m)/c]l. = 2k [n(2m) — n(®)](. = 27

Assim. se a diferenca de indices for 0.05. por exemplo. o comprimento de
coereéncia sera de apenas 10 .
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Second-Harmonic

SHG KDP crystals at Lawrence
Livermore National Laboratory

These crystals convert as much
as 80% of the input light to its
second harmonic. Then
additional crystals produce the
third harmonic with similar
efficiencyl




TaBLE 2.7.1 Linear optical classification of the *

various crystal systems
: : . . x
System Linear optical classification 3
=
o n
Triclinic, monoclinic, Biaxial L 0
orthorhombic s
= n
Trigonal, tetragonal, Uniaxial “E e
hexagonal
Cubic Isotropic
frequency, @
‘ 2
W 2 ®
- A:: Kk —_—

® ordinary

I extraordinary

TaBLE 2.7.2 Phase-matching methods for uniaxial
crystals

Positive uniaxial Negative uniaxial
(ﬂg - Ho) (ne = nﬂ)
Type I njwy = njw) + njw; njw3 = njw) +njwn

Type II nfws = njw + nfwn njws = njw) + nfw

26



 Z (o) = .
F k . km
E:\m . 11;"{8}
0
]Z;m y (n:}
/:'\A °(p
X (1) ) 4 n;(6)
n; (8)
] _cos’O  sen’®_ 1 1OT2 _[n2°T
sen’0_ = [no]” —[n,"]

2@ o w2 + 2012 2 = S
°@F [0;°17 [0°] [ng] [n°]7 —[n;°]

Para o caso de um cristal de KDP (KH,PO,) temos 11_:?: 1.466.
n-°= 1487. n°= 1506 e n.°= 1.534. para A = 6943 A que é o

=

comprimento de onda de opera¢do de um laser de rubi. Com estes valores

obtemos 6, = 50.4°,

O casamento de fases onde n(2m) = ny,(®) € chamado do tipo L
Existe ainda o tipo II. onde dois feixes fundamentais tem polarizacoes

ortogonais tal que n(2m) =1/2 [n,(®) + n.(m)].

27



Aula 3 — Calculo semi-classico
da susceptibilidade nao linear
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3.1) Introducao

Para que se incomodar em calcular y ?

a) As expressoes obtidas mostram a dependéncia de (™ com os parametros
do material (momento de dipolo de transicao e niveis de energia)

b) Mostram também as simetrias internas de (M
c) Permitem a obtencdo de valores numéricos de (M

Mostram ainda o engrandecimento por ressonancia porque aparecem
0s niveis reais envolvidos no processo

(a) (b) (c)
_ T _
Estratégia para o K3 A
enhancement do THG 1 1
A A
1y |y 2



3.2) Calculo da susceptibilidade nao linear com a
equacao de Schrodinger

1V
h— = Hr
gy =Y
H=Hy+ V(@)

Vity=—p-E(r) = —ef

E(t) =) E(wy)e
p

Atomo livre

U (r, 1) = uy(r)e "

Hou,(r) = E,u,(r) E, = hw,

3
[u;;und r = 8mn



Método perturbativo

H=Hy+1V() com 0=<A<1

Y, ) =y ) +rpP, ) + 22w P ) + - -

Substituindo na equacao de Schrddinger e coletando termos
com a mesma dependéncia em i:

3 (0
ih 4
dt

= Hoy© equacdo para o atomo livre

M{N}—ﬁ WM 4 yyPN-D N =1,2,3
af — []w . = 3 Ay

ih

Condicao inicial: yb[m(r, t) = ug(r)e_i‘gf’fﬁ

Combinagdo linear: ‘™M (r,t) = Z a™ (), (r)e !
]




Substituindo, ifi Y 4\ u()e” " =Y oV V(e
! !

. + ] N-1 ;
Usando a ortonormalidade,  a\ = (ih) Zaf Vi e"n"
I

onde:  @ni = On — @ Vit = (| Vlur) :f”?;ff’u,dﬁr

t
a,’ (1) = (i)~ ) f dt'Vp(1)ay"V (1)e
! — 0

Amplitude de primeira ordem: a(© = §

\".Tml(t') — _Z ﬁml'E((ﬂp)exp{_impt'} Hm = f u:;i ﬁ Hfdsr
P

(W —wp )

a(”(f) — 1 J‘ng . E(mp)e
m
h ~ Wng — Wp




Amplitude de segunda ordem:

| am - E(@ me " E(wp)]
aﬁz](f) — ;? Z Z [lu’ ( q)][l"’ 2 ( P ] ei(w-rg—wp—ﬂ)q)f

pg m (wﬂg — Wp — wq)(wmg —_ (f)_,,)

Amplitude de terceira ordem:

Wy —Wp—wWy —w, )

-E r nm E me " E
a® (1) = %Z Z [y, - E(wp)][p (@) [ g - E(@)p)] "

pqr mn (wug — Wp — Wy — wr)(wng —Wwp — Q)q)(wmg - fﬂp)

Susceptibilidade linear: | (p) = (w|aly) (PP} = (¥ Olaly®) + (¥ Olaly©)

. 1) iw
w[ﬂ](r* t) = ug(r)e—:Egrﬁz w(1)(r, ) = Za} (Du(r)e eyt
!
a(l)(f) — 1 “mg * E(wp)ej(wmg_wp)r
" h Wmg — Wp
p



) = 1 (s O U Bt
4

- — Wp Wy — Wp
wmg mg ;l"m/z
{1} 1 ZZ Hom p‘m,g (wﬂ)] + [iu’gm -E(wp)],umg e i@nt
T h ~ Wing — Wp Whe + @Wp

PO =Np®h)y PO=3 PUoyexp(-ivyt)  pV(w,) = €42 X Ej(wp)

i) J oo
- J((u ) — E M omMimg 4 Hgm Mo
0/Mij P _ *

h ' \Wmg — Wp Wy g T wp

(a) (b)




Susceptibilidade de segunda ordem:

B) = (W1l ?) + (w1 )+ (021l )

Z Z ( "“5—;:4 “‘L:zm E‘(mq‘ )-l “J‘nug r(m }

Py omn w”ﬁi Wp = Wy ] (w’”h’ wPJ

[P‘Ui I'L(E.U ”Hnm[.“’mj, L(EU jJ
( + Wy ) (W g fﬂp)

n [HS{JE ) F{u‘]if ]”lumn ) E‘{mi?)]p’mgh o= i{@p+ag 1)
+ wy ) (@], + wy + w,)

(co®

ng mg




PO =NHD) PP =Y Pw)exp(—iwt)

2y (2, .
P’- - Sozzxuk[mp +wff’ Wy MP}EJ' [wq}Ek(mp]
jk (pq)
@ N B it 1K
80 xfjk(wﬂ + wq* mfp mp) = _E?f Z
h A (wﬂg — Wp — mq)(wmg - 'wp)

doi J ook
+ “E”ﬂ:unﬂfng Hﬂ?l”nmﬂ_’rﬂg )
(e + 0y Opmg — @p) (wp, + @) (@}, +@p + @y)

————— - n -z -T-—- m
A 8
® fﬂp m*
q q
- < -m — £ - -
m"i A "
w
p @ p
| q
S— g __!__.__H _*__..._m



4 ceptibilidade de terceira ordem:

SEehl b e
-t e - 'tl"'l'l""r o =T —ee -

TR Tk =i
ST b
g i =15

St by

+ (Dl

o pta}):%z

pgr mny

ﬂgu[ﬂun ) E((Ur)][p’nm : E(ml?)]l[”mg i E(mp}]

(wug — W — Wy — Wp)(mng — g — Wp)(mmg - wp)
[#311 : E{wr)]lu’Un [”nm ’ E(mq)][umg ) E(wp)]
+
(M._TS + '—'ﬂr}(wng — g — mﬂ) (wmg - wp)
+ ““’gv ' E(wr)][p‘uu ' E(wq)]ﬁnm [iu‘mg : E(wp)]

(M'ES + wr){fﬂ;g + @ + Wy W@y — @p)

[ﬂgu : E(mr}][p‘un ' E(w'q }] [F’nm ' E(ﬂ-}p)]ﬂmg
{ﬂJ:E T Wr){w:g + w, + mq)(w:;g + w, + Wy + mp)

—if{wp+uy +we

et
! —_r'IIrI

e L8 E S
T




PO = N (PP = 3 PO, yexp(—iw,t)

Pilwy + g +0) = g, D D Xiin(@e, 0r. 04, @) E;(@,) Ei(,) Ey(,)

hij (pgr)

(3
Xijin(@a s @, Wy, W)

k o J i .k
_ Nga Z[ ngﬂvﬂ.ﬂ:m;ﬁmg
— L3I
n’ mmv (m”-ﬂ’ B A mp}(mﬂﬁ — Wy — w!’)(wm# o w!’)

Jooko ik
Ilugl’nu‘m“mnﬁmg

(i, + o )@y — w4 — wp)(@mg — ®p)

v oy Mo o g
(wy, + mr)(w;g + o, + 0y (Wng — ®p)

+ — Hé”-"*’tznf-"ﬁm“ﬁig ]
(cul"jg + w )W), + wr + wy ) (@}, +w, +w; + wp)

ng mg

V-3—-—-- ———T—n -— == g
r q p’ r
n=---= -+ =T-m 4 -==V
m=-= =+ — L g - -V -4 -n
[t]p m,-I ﬂ)qI mT
g _*_ -v _‘f_ -1 _!f___m



3.3) Calculo da susceptibilidade nao linear com o
formalismo da matriz densidade

d t N
i?f—"b% = By (r. 1)
H=Hy+ V(@)

Yo(r, 1) = Y Co(t)uy(r)
ﬁﬂ“n(r} = Enuu (I')

f“;(r)“n(r}dB" = Smn

dC:(t A
"y =00 = Y G0 Ao

m{%c;,(:) - zﬂ: Hpun € (1)
H,, = f wh (v) Hu, (r)d*r
(A) = f v Avdr

Na notacao de Dirac,
(A) = (Ys)Alys) = (s|Als)
(A) =) CrCiAm

Apn = (um|Aluy) = f iy Au,d’r 1



Definicao da matriz densidade

POnm = ZP(S)C.;*C; = C:ECH

<A) — Zmn C;i;*ciAmn ﬁ= tl(ﬁAA)

Evolugao temporal da matriz densidade

. —l o~ _ .
Pnm = _FI_[H, p]nm - Vnm(prtm - ﬁsi) Equacao de Liouville

onde arelaxacéo foi Introduzida fenomenologicamente

13



3.4) Teoria da perturbacao para o calculo da evolucao
temporal da matriz densidade

. _f » - ~ A A~
Pnm = ?[H, Plam — Vam (.-Onm. - ﬂﬁﬂt) H=Hy+ V(1)

V= —ﬁ . E(I) [ = —er ﬁgun = F,u, Honm = Endpm

- (0) (0) (0)

I _ — ns
Pnm = ﬁ,&??: + }“py(::?i + }szfiﬂ + . -'O?!m _ Im”mpnm Ynm (-'Omn fonm)*

- (1 - I K- 5
pirj = —(lwpm + ]/nm).-ﬂ'( ) — ih I[V" p{m]nm’
com 0=<A<1

pr(ifri _(imﬂm + y”m)ﬁtzj - fﬁ_] [i}' ﬁ“)]nm’

r -
‘—I -~ . !
1 f ~(0 nm T Vam —1
Py (F) = f ?[V(r ), pO]  eli@mtram) =) gy
— X0

14



3.5) Calculo da susceptibilidade linear pela matriz densidade

oD = =1 (p©@ _ p©) ™ Hnm E(wp)e™ !
hm mm HH (wnm — w;_}) . I!ynm

) X X [ o - E w e—:'wp!
B0 = 08 = S i, = S, ) 3 el B
o p w”m mp) 1}’nm

P(w,) = N(u(wp)) =g X" (w,) - E(w))

N mn nm
oo XV (@) = 2 3 (o — p9) —Lonk

nm (mnm _ '[’—J'p) o i}”nm

N ,u" Mi #i .U'j ]
} {an na i an
g X (wp) = — E [ — +t .
O P h - (Wna — Wp) — 1Vna (@Wna +wp) + 1 Vna

Ressonante Anti-ressonante



3.6) Calculo da susceptibilidade de segunda ordem
pela matriz densidade

t

y i et
péiil — e “wnm'l'}"nm)r[ _[V, p{l)]nme{lmnm+}"nm)r dr"

o
(2) _ —i(@p+wy)t
o ; ;e
y {pf,?; — P (14, - E(@q)] [t - E(@))]
h* [(wpm — wp — mq) — 1 Vum I [(@ym ~ wp) — [ Yym]
oS = oy [,y - E(@)][ 12, - E(@,)] }
h? [(@nm — W, — wy) — I Vo [ (Wny — Wp) = Ynv)

() =3 oumbons] | PO (e + w0,) = N{pa(e, + ) = N Y Koo B
Rm
nmv (pq)

(2)
Pi7(wp +wq) =80 Y "3 " X (@p + g, 0y, @) Ej(wy) Ex(w,) 10
ik (pq)



(2)
goxuk(wp -+ (Uq, wq, wp)

_ N 3 o L, Mivm [og
202 &= | (@ — @p — @) = iVt (@t — @p) = i Vini]

ik,
Mhtﬂnm#mi

+ : ,

[(wn." — Wp — wq) - fynf][(wmf - mq) - I]"mf]
N PP M

[(wmn —Wp — wq) - i}’mn][(wn." + w‘p) + Il:"m']
+ M{nuimﬁ’[’ﬁt.’

[(Wmn — Wp — w‘q) — i Ymnll[(@p + wq) + Y]

Mfu”f@mufm'

+ , ;

[(wnm + wp + wq) + 1VnmJ[(a—’mI - wp) — i Ymi]
+ M?H“im#iﬂ

[(wnm + wp + wq) + i]/ﬂm][(wmf o wq) o i]/m:f]
N I Lo Py

[(wmi + wp + wq) + iymf}[(wnf + wp) + lF‘.l"'m']
N Hin P o }

[(wmi + Wp + wq) + f]"ma‘][(wnf + wq) + f}"n!]

(br)

(by)

(b})

(by).
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(b))

______ Frt
P
/
w
q
L A
(b,) ()
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double-sided Feynman diagrams

p =YY Prm = (n|p|m)

e [

19



o,k o, ] o+ o0, i

(2
80.:{.'_;';;} [mp + wq~ mq-.- wp}

- Zﬂ‘”’[ Higeim @)
! 2ﬁ2 e . [ (e, — Wy — wq) = i?’m’][(wurf = wp) = i}"urf]

——a

-
e

=

g
|
|
=2
IS
o
"-\R:/—'J{“

ok
+ -u’:'rrf"“r:m“’m! (aﬂ}
[(wn — Wp — wq} - f]”m']”“-’m! - (ﬂff) - !}"m."] )

=

SN

Y , on !
“1{1‘\ n
ko .i J
m My Ju*::mlu'mi {a"' }
. P l
mq/ (W — wp — wy) — i Vin (@5 + @p) + 1¥01]
o
{1l
H
i k
+ #Inﬁ::mlu’ma‘ I{El;-._]

=

SN

[(wmn — Wp — wq) — 1 Yimn L (@ni +wq] + i Yutl

e 20




s

& k
M!H”nm'u’mf

[(wum + Wp + wq} + Yo (@1 — wp} — 1 ¥Ym]

- T —m

N

ki g
pp Hpm oy

E(w:rm + wp + E"'-Jq} + i}"’:tm”(me - wq) - fr‘.l'}ﬂ‘l:!']

o

-I'Lj:n»u’:l?m !’I’:In.f
[(wm.l' + w.ﬁ' + [,I'.Jq} 4= l!‘]’;f.rr.l'][(ﬂ-)m' + wﬂ‘) + fynf}

+

& )
ru*}rn”mny':nf
[(wm.f +mp +mq] + f}’rn-"]“wﬂf + (,I'..]'q) + i}"n.l']

(by)

(ba)

(b})

(b)

21



3.7 — Correcao de campo local para a susceptibilidade

Nnao linear

Efeito do campo local na optica linear

E

CB/ ’

P=¢,x"E |E _=E+ P || =n’=1+y%®
0 loc 380 Eg
_ _ L1 m_ 2 ~
E. =E+ E:(I-I-Lq ]EZ{H j_z]E
3 3 3

Efeito do campo local na 6ptica nao linear

E[Z}(Eﬂm + Wy, Wy, mn)

n? '(wy,) + 2

. ( n2 (wm _|"mn)+2
N 3

)

)

N2 (w,) +2)
3

22



3
& }(m,r + oy + w,, W, W, W) =

( N2 (w;+mm+wn)+2)( n2 (w;) + 2
3 3

)(

N? (w,,) +2

n2 (w,) +2

3

)(

3

)
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Aula 4 — O indice de refracéo
dependente da intensidade

-

XIl Escola de Verdo Jorge André Swieca de Otica Quantica e Otica n&o Linear UFF - 2010

.‘



4.1) Descricao do processo

Vamos tratar o caso: P (o) = SSux(3}(m;m,m,—m)‘E(m}‘zE(m)

P™" (o) = £ VE(0) + 380% V[E(0)] E(0) = &%+ E(0)

P
e =2 +377 ‘E(m)| n*=1+ye=1+1"+ 3};(3)‘E(m)‘2 =n, + 3;((3)‘]5(03)‘2

317 E(e)
on, =n,+n,l

n=1, \/1 + 37){(3)‘13((;::)|2 /n; =n, +

E(t) = E(0)e ™ + E (0)e™ |::> I= 2[[0080‘]3((:3)‘2

2 (3)
m 3y
n = MKS
2[ w J 4enge, ( )




4.2) Natureza tensorial da susceptibilidade
de terceira ordem

v(3) & um tensor de quarta ordem e para cristais com baixa simetria
pode possuir 81 elementos independentes e ndo nulos.

Mas para um material isotropico como vidro, liquido ou gas, no caso
geral de frequéncias arbitrarias,

Xijki = X11228i 01 + x12128i10 1 + Ilzzlﬁa'rﬂjkl

Para efeito degenerado, y,,,, = %,1, (P€rmutagéo intrinseca)

Xijkllw=w+w—w) = xnnlw =0+ w—w)(8;jdu +8idj) + xi221(0 = 0 + ® — @) (88 x)



P.(®) = 3¢, Z L (0;0,0.—0)E (0)E, (0)E, (—0)

P. =6s

(3)
01122

E, (':“J)(EEI )_ %EDJ{-I:':IEIEI (m)(EE] P-= 68;*1;2(EE' ]

|3]
384X 1291

(EE)E

A=6)1122

B =06x1221

|P=cAE-EYE + L& B(E-E)E|

(a)
A
B/A =6
B/A =1

for molecular orientation

for nonresonant electronic response




Propagacao por um meio isotropico

P=cyAE -EME + 56 B(E-EE* E=E,6,+E_6_

Luz circularmente polarlzada

on, =n-n, = _—,, A|E|“
2ny

BT

—n— 11D_m( )|E\

incident transmitted




4.3) Nao linearidades eletronicas nao ressonantes

Tempo de resposta: = 2map/v
ao = 0.5 x 10~% ~ ¢/137 T >~ 10716
Modelo classico do oscilador ndo harmadnico 3) N e
)~
W < Wy €0 3&)8(!2
- . 8Nt m’ | 3yY
Modelo quantico sem amortecimento X{?’} ~ —‘u nz[ W J = X‘E (MKS)
Egﬁ cuﬂ denge,
Matenal npo ¥1111 {mz,f"fz} 1na {mgj‘ﬁf'}
Diamond 2.42 21 x 1072 10 x 1072
Yttrium aluminum garnet 1.83 8.4 x 10742 8.4 x 10—20
Sapphire 1.8 42 x 10722 3.7 x 10~0
Borosilicate crown glass 1.5 3.5 x 10722 4.4 x 10~
Fused silica 1.47 2.8 x 10722 3.67x 1072
CaF 143 2.24x10~22 3.1 x 10—206
LiF 1.4 1.4 x 10—22 2.0 x 1020




4.4) Nao linearidades devidas a orientacao molecular

a3 > Ay

2 4 2
T=pXxXE ns N(nﬁ+2) (@3 — 1)

= 45mp\ 3 kT

Para o CS,, n, = 3x1014 (cm?/W)



n=n,+ (@] T T,: acréscimo de temperatura induzida pelo laser

aTy ~

('OOC)E'_ — k V2T, = al(r) T=1ms
Material (0oC) (J/em?)* k (WmK)  dn/dT (K7')
Diamond 1.76 660
Ethanol 1.91 0.168
Fused silica 1.67 1.4 1.2 x 1073
Sodium chloride 1.95 6.4 -3.6 x 107
Water (liquid) 4.2 0.56
Air¢ 1.2 x 1073 26 x 1073 —1.0x 1076

ny™ = 1075 em*W



(a)

(b)

(c)

4.6) Auto-focalizacao e outros efeitos transversais

—>
—

>

Auto-focalizacao
P>P,

Auto-aprisionamento
(soliton espacial)

P = 7 (0.61)%1]

gﬂgng

Filamentacao

P >> Pcr



Examples of beam filamentation

All peak powers are in the 15 to 35GW/cm? range. All beams began life smootH!



Modelo simples do processo de auto-focalizacdo (desprezando difracéo)

/ zsf/COS Bsf
W, 7(0.61)%23
—> Pcr -
+ 8?’1[]?’12
—— |
ebf
Z:«;‘f

Principio de Fermat: todos os raios com mesmo caminho optico
= [ n(r)dl = constante

(no + nal) Zg¢ = Nozs/ cOS Ot cosfy = 1— 165

O = +/2n>1/ng|  Angulo de auto-focalizacdo

2
no 2now |
Zsf = Wo/bsr = Wo = 0 (P > P.)

2”21 }u[] **"P/Pcr

11




Considerando a difracao,

2 2 \1/2 = 0 = 2nw§ :
0 = (05 ~05r) '~ Oait = 0.6110/nod Zst = wo/0 = Ao /P[Py —1
17,2
Yariv (1975) Zo = kv
(P/ Py — )2 + 2z00in/ kwd
2w
* 2w
\ 0 _—

l«—z,, —>] 12



Auto-aprisionamento Baif = s

(0.61)%23
Os¢ = +/2n21/ny Oair = 0.614o/nod I = anﬂﬂdz

- m(0.61)%A5  AG
- 8?101’12 8?’!0?’12

P = (71'/4)62’21 Pcr

sn = 1no(0.61%0/dno)>  d = 0.6110(2n¢n)""/* = 0.6140(2nony 1)~

Para o CS,, n, = 3.2x10-"* cm?/W, n,= 1.7, P_(1um) = 2.7 kW.
Para vidros e gases tipicos, 5x10-16 < n, < 5x10-15cm?/W e 0.2 < P_ < 2 MW.

13




Descricao matematica dos efeitos de auto-acao

3

=

24__ Y a3 42
— +ViA=——5pNL PNL =3€px ' |Al7A
a2z €QC

dA

2iko

Em apenas uma dimenséo (guia de onda planar)

sk A 32 A \ {q}mzwjﬂ
ik = =3y —=]Al
09z T ax2 X2

Esta equacdo possui uma solugdo do tipo:  A(x, z) = Ag sech(x/xp)e'”?

1 - B |
Xg = k—\ﬂng/Zﬂg|Ag|2 v = kora| Ag|*/no iy =3y /4ng
0

Detailed analysis shows that in two transverse dimensions
spatial solitons are unstable in a pure Kerr medium (that is, one described by
an n, nonlinearity), but that they can propagate stably in a saturable nonlinear
medium. Such behavior has been observed experimentally by Bjorkholm and
Ashkin (1974). Higher-order solutions have been reported by Haus (1966).
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Z-scan

www.optics.unm.edu/sbahae/z-scan.htm



http://www.optics.unm.edu/sbahae/z-scan.htm

4.7) Conjugacao de fase

(a) — > (b) -
PCM
ES
- -
PCM
EC
signal wave
E(r,?) = E;(r)e”' +c.c. Ec(r,1) = rEX(r)e ™ +c.c.
E(r) = & A (r)e'™T E;(r) = & A} (r)e ™"

16



E;(r) = &A(r)e™" E;(r) = & A (r)e T

Vemos que a acao de um conjugador de fase ideal ¢ tripla:

1) O vetor unitario complexo da polarizacao € substituido pelo seu
complexo conjugado. Por exemplo, luz c* continua c*ao invés de ser
convertida em o- como num espelho de aluminio.

2) A(r) € substituido pelo seu complexo conjugado, indicando que a frente
de onda ¢ invertida, como indicado na figura.

3) k, € substituido por -k,, mostrando que a onda incidente é refletida
sobre si mesma (reversao temporal)

aberrating PCM
medium

aberrating PCM
medium

17



Correcao de aberracao por conjugacao de fase

@4 [

r) 9°E .
S E(q) FY 0 E(r, 1) = Ar)e'® ) 4 cc.
CJ-
2 3° 2 2 2 2 2 2

2 dA
VZA+ [“’ i —kﬁ} A+2ik22 =0

c? 4z
2 *

A DT
c <

18




Correcao de aberracao por conjugacao de fase

Original and
final image

Phase-conjugating
mirror

Distorted
image

Doubly distorted Conventional
Image mirror
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Conjugacao de fase por mistura de quatro
ondas degeneradas

A, (pump)
> 7 / 2
nonlinear optical

medium

A4 (conjugate) €———

Aq (signal) ——>»

A1 (pump)

&
I —
=
£
I —
=~

Ei(r,t) = E;(r)e ™ 4+ cc. = A, (r)E/®T9) 4 ¢ ¢ i=1.2.3.4

pNL — 6&'{};{{3}51 E» E;‘ — 66{}}{{3}[41Ag;ﬁl;f?f{k]—'_kz_kﬂ'r ki +k; =0
PNL = 6epx P AjA A% T ks +ks=0

20



CS, cell

ump laser

> pump
> /"\ <

/!/ \\\ | — aberrating glass

Y

- Y
to camera
(I 1 test pattern

!

‘r weak laser beam
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i
T

| il .
LT
g’

1 mm

A i B
i §

FIG. 2, Photomiecrographs of recon-
structed images (a) without aberrating
glass, (b) with aberrating glass, {c) with-
out aberrating glass but rear mirror mis-
aligned by 0,25 mrad (d} with aberration
but rear mirror misaligned by 0,25 mrad.
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4, > > 4, —> 4, R=|pl
A, - - A, T =|z)?
' ' R+T=1
< | >
2kl —cl
Arz = ﬂAzE S TA]

Ay = .
1 — pzehﬂ—uf

Ay =TA) + pA,

23



Bi-estabilidade absortiva

Cavidade em ressonancia: kl = &t

TA

Ay = _
1 _ pZEEFRJ—Cﬂ'

al K1

I

~ T
11— R(1 —aD]

A, = ‘EAI
T 1R —al)
BREN
Co 2
L=Th{1+
! 2( 1+212/15)
I,=Th

Iz—l—f?i ~2L=1]

Co = Rayl/(1 — R)
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/2

Tl

150

(b)
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Bi-estabilidade refrativa a=0 02 = Re'®

TA) TA,
Ay = 1 — p2e2ikl — 1 — Reid 6 = 8o + 2
S0 = ¢ + 2np 21 8, = 2n21% [ =1L+ ~2L
C C
. T, B Tl
7 (1= Re®)(1 — Re"®) 1+ R2—2Rcoss
T, B TI
© (1 —R)2+4Rsin’ls T2+ 4Rsin’Ls
LT

T 14 (4R/T?)sin’Ls’



I 1/T

I 1+ 4R/T?)sin’1s

d = &g+ (dnywl/c) I

| 5 (arbitrary units)
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optional |
control

Chaveamento optico field | i

>
signal field, Eg

Lt e— [ —>

—— [ — rt

Eltput ]
A <
input field / n=ng
(signal) Y output 2
- —- E| = E; (rt +rte'®™)
output 1 1
ONL = na(w/c) L = na(w/c)|t]*(2noeoc) | Es|* L
___T1TJ1 M M
>
T
A
output2 1
i . 28
I




4.9) Mistura de dois feixes

nonlinear
medium

Hn.z

E(r,t)= Ay ®rr—ei) 4 g, ikar—wt) 4 o o

I = H{}t?[}C(Ez)

I =2npegc{A AT + A A% 4 [A  Ade! Tk T=tlwr—enl 4 ¢ ¢ 1)

= 2npeocf{A; AT + A AL +[A A% 0T 1 ccl])

q=Kki; — k2

d=w| —an

—

————

phase velocity

|\

>0 6<0
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d”NL
dt

+nnL =n2l

¢
”2 f oy
”NL:_\[ Ir“f)e[r r;_,rdrf
T J

I -a ¥ f il _— | r ) '5 ] o e_l,'alr
f e e Tt at =TT ] P S VD L —_—
—o0 —00 —iéd+ 1/t

_|_

e AALIET g i)
nNL = 2ngna€pc| (A1AT + ArA%) +

| —idt I +idt
Cz arz = i —F?D‘|_L-”{}”NL
0.5f | |
dAy . 5 2 A% A
=/ . A A2|7)A o .o
5 nmﬂ_}(wfff)[ﬂ 17+ 1421%) A2 + | +idt
i1 d 1A3 ;*:_a?; N
dl, " " ‘42 { 2 —
= ./ £ A A
pE 1o {}C( 2 4z + A2 dz )
. n —ﬂ.5— L |
dl> _ 2mo 51'.} L1 20 -10 0
dz c 1448272

o1 = (e -w3)t



4.10) Propagacao de pulsos e solitons temporais

Automodulacao de fase

E(z,1) = Az, 1)e' %00 y c.c. Exemplo: I(t) = Ipsech?(t /7p)
n(t)=ng+n2l(1)
It) A
1(1) = 2npepc|A(z, 1)]2
¢NL(T) = —n2l (t)woL /c .

d
w(t) =wo + dw(t) Sw(t) = a@NL(f) w0
éNL(T) = —na—— LI sech®(z /7o)
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d
dw(t) = E‘i’NL(-’)

S (1) = 2ny—2 Iy sech?( /7o) tanh(t /7o)

T

fo— :
< |
= :
Fry :
& |
= '
2 :
£ Front : Back
of pulse ; of pulse
0 : =
: e
L=
51
& @y
@D
34
8 -
i T i T
=T ﬂ 4T
Time t —
—_—
n, >0 blue red
le— L —> >
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http://upload.wikimedia.org/wikipedia/commons/d/d0/Self-phase-modulation-en.svg

Equacao de propagacao do pulso

E(z,t) = A(z, t)e'®oz=e0h 4 ¢ ¢

o . dw : > iw't
E(:,r}:f E(z, w)e ' A(;:,cu'}:f Az, t)e™  dt

e 2 —00
E(z,®) = A(z, w — wp)e' ™ + A*(z, 0 + wp)e ™ 07 ~ A(z, w — wp)e' -

I E(z. w) 02 DA

32 +e(m}§£(;.m;=n Zfﬁ'oﬁ—ﬁ%-(ﬁ'z —k§)A=0
aZ- (e <
k(w) = e(w)w/c k* — kg = 2ko(k — ko)

{}A(:* (1 — {U[}}

0z

— ik —ko)A(z, 0w —wp) =0
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k=koy+ AN, + k(0 — wq) + %ﬂ'g (w — {:10]2

AkNL = AnNLwo/c =nalwg/c

1k I Infin(c |
ki = (£—) = —|:FI|in () + {:JM} =
dw ) —p, € do  |,—,, Vel®wo)

dk d I | dvg
@™ J w=ay dwl Vg (@) =0 LH’ €O w=wq
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—_— —_—
A kz <0 red blue
— —_—
Z
E— E—
‘L kz >0 blue red
—_— —_—
F4
GVD
iIII [
/ h !
Kerr
\ i llrl
I I:'!:._‘_.__
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http://en.wikipedia.org/wiki/File:Temporal_soliton_explanation.svg

JdA

02

— i AKNLA — ik1 (0 — w0) A — 3ika (0 — @) A =0

we multiply each term by the factor exp[—i(w — wp)t] and integrate

> - d(w — ax)
f A(Z, 0 — wp)e ™ @m@0) [j = = A(z, 1)

00 _
f ({U o (U{}}A (:‘ W — {LJ'(}]{*’_H(U_&JG” f.l’((f.{ (U{]}
—o0 2
1 o [ : d(ew — ) d o
— A(E,(u—cug}f.*_’{m_mf’“ & =1—A(z,1)
—1 0t J_~ 2m Jt

00 : d(w — wg) e
f () — {U{}}ZA(E, ) — {U{})t’_:(m_mm}r § = — ——A(.EI, )

e 2 012
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,:Ra} — 1Ak A =0

AS(E& I) o A(E..I)

JA dA dA; dz  0A; 0t JA,
° ==
T dt {}Ej Jt at ot JT

@0 2 2
AkNy, = ﬂz?f = 2npegnamwo|Ag|” =y | A

JA DA 92 A
— +ki— +
dz ot a2
T=1— i = — f(].f:
Vg
0A DA, N DA, 0T DA, .
9z 9z © ot 9z 9z
DA, A,
— + 2.-::{2 — I AkNLAs =0
dz 012
DA, 32 A, .
_ +2uiz =1y|As|" As
az 912

nonlinear Schrodinger equation

37



Solitons temporais opticos

JA, 4 L3 PA, ny
1K = I 5 s
07 2142 a12 g
—k —k
0,2 L 2
|A5| - 2

YTy 2np€phawo rg

Note that condition (7.5.33b) shows that k; and 1> must have opposite signs
in order for Eq. (7.5.33a) to represent a physical pulse in which the inten-
SIty |AE’|2 and the square of the pulse width Ig are both positive. We can see
from Eq. (7.5.32) that in fact k» and ¥ must have opposite signs in order for
group velocity dispersion to compensate for self-phase modulation (because
AHS_I (02A, /d1?) will be negative near the peak of the pulse, where the factor

|As|*Ay is most important).

Ag(z,7) = AE,} SEC]‘I(T/T{}){’:.K:

k =—k2/2t5 = 7v|AJJ”
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One circumstance under which k> and y have opposite signs occurs in
fused-silica optical fibers. In this case, the nonlinearity in the refractive index
occurs as the result of electronic polarization, and n7 i1s consequently positive.
The group velocity dispersion parameter k2 1s positive for visible light but be-
comes negative for wavelengths longer than approximately 1.3 pem. This ef-
tect 1s illustrated in Fig. 7.5.3, in which the linear refractive index njj, and the
group index ng = ¢/v, are plotted as functions of the vacuum wavelength of
the incident radiation. Optical solitons of the sort described by Eq. (7.5.33a)
have been observed by Mollenauer et al. (1980) in the propagation of light
pulses at a wavelength of 1.55 pum obtained from a color center laser.

149 —
148 |
o
[
2 147 | -
v
=
*% ].46 — =
S 145 +
P ’ ﬂlin N
144 -
1 1 1 1 1 | 1 1 1 1 1 1

0.5 1.0 1.6
Wavelength (m)
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