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NELINEARNI OPTIKA

Zacina se uplatiovat pfi vétSich intenzitach dopadajiciho zareni, naboje v materialu se jiz
zacinaji vychylovat vice v dusledku dopadajiciho pole a dostavaji se mimo linearni oblast.

Jaké elektrické pole ptlisobi na elektron vodiku?

the atomic electric field strength exerted on the

xample, we consider - fie
Iectj:)snaig tie hytzlrogen atom. In the SI system of units, 1t can be calculated by
e

B (V/m). (A2-1)

E =

arom P4
47\:800 0

Here. e=1.60218x10"" C is the electron charge, €,=8.85419x10"* F/m
(=8 8,5419><10’Iz C/Vm) is the permittivity of free space, and a,=5.29177x10" m is
the Bohr radius. By substituting these values into Eq. (A2-1), we obtain

~514x10" V/m. (A2-2)

E artom

Jaké elektrické pole vytvofime laserem?

1/2
21
E, :( ] (V/ m). (A2-4)
Eono('

Thet commqnly employed intensity levels of a focused laser beam for nonlinear
optical studlles are around /~(10°~10'") W/em? =(10'2~10'*) W/m>. Assuming n,=l,
then according to Eq. (A2-4) we obtain

Ey=(028-27)x10* V/m. (A2-5)



NELINEARNI OPTIKA

Zacina se uplatiovat pfi vétSich intenzitach dopadajiciho zareni, naboje v materialu se jiz
zacinaji vychylovat vice v dusledku dopadaijiciho pole a dostavajl se mimo Ilnearnl oblast.
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NELINEARNI OPTIKA

Zacina se uplatnovat pri vétsich intenzitach dopadajiciho zareni, naboje v
materialu se jiz zaCinaji vychylovat vice v dusledku dopadajiciho pole a
dostavaji se mimo linearni oblast.

Nelinearni vinova rovnice Polarizace prostredi
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diferencialni rovnice monochromatické dopadajici pole

E(t)= Re{E“ explict)|

(n)  Susceptibilita n-tého fadu, tenzor n+1 fadu, jednotky v SI [m/V(™1)]
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NELINEARNI JEVY DRUHEHO RADU

Prostredi ma pouze kvadratickou zavislost polarizace prostfedi na intenziteé elektrického pole
dopadajici viny. Pfedp. dopadajici vinu ve tvaru:

1 0°E P
E(t)= Re{E“ exp(iat)| VZE_@% = Ho atgl :

P (t) = £, 7 PE(DE() = £,y P [EWE + E“E“ exp(2iat) + cc]
P (t)=P + Re{ (20) exp(2|a)t)}

Stacionarni polarizaCni hustota, ktera vytvari stejnosmérné napéti
na krystalu = opticka rektifikace

Plg?_) _ ZgoZ(Z)E(a))E*(w)

P(2w) o, DE@E@ Jakovzdrojovy éle.n na pra,vé strané .NVR zpusobi, Ze kfystal bud_e ’
=& X vyzarovat na dvojnasobné frekvenci = generace druhé harmonickeé

Kmita-li dipol na jiné frekvenci nez budici pole

zpusobi vyzarovani na této frekvenci



Generace druhé harmonickeé frekvence
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Fig. 3.3 Energy-level description of SHG within the regime of quantum theory of radiation.
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Here, h is Planck constant, and Kk, and k, are the wave vectors of these two waves.
For collinear interaction, k, and k, are in the same direction, and from the second
relation in Eq. (3.1-19) we obtain the following requirement:

2n 4n

e n(v,)=—n(wy), 3.1-20)
}\-2 "( _) ll ( 1) (

where 1, and X, are the wavelengths of these two waves in free space. From the first
equality of Eq. (3.1-19) we know that A,=21,, hence Eq. (3.1-20) leads to the

following phase-matching requirement for the refractive index of the nonlinear
medium:

n(2vy) = n(vy). (3.1-21)

Viny o riznych frekvencich se
musi Sirit stejné rychle!!!

(a)

(b)

n’(v)+n’(v)=2n°(2v) (type )
n’(v)+n(v)=2n°(2v) (type II)
Optical axis
Negativni jednoosy krystal

k-povrchy

v rv

Smeér Sifeni viny

(W

/ (2V)




Generace druhé harmonickeé frekvence

which can be briefly descripea as turror=: . '

(A) Crystals for angle-tuning phase matching: KDP. ADP, KD'P, KTP, Lilo,
BBO, LBO, etc. These crystals are mainly usgd for SHG in visible ang
near ultra-violet (UV) spectral range when the input fundamental wave s
in the near infra-red (IR) or visible spectral range. The advantages of these
crystals are their high optical damage threshold and conversion efficiency.

(B) Crystals for temperature-tuning phase matching: LINbO,, Ba,NaNb,0,,
CDA, CD'A, KNbO,, etc. These crystals possess a larger nonlinear
susceptibility and temperature effect of refractive index, therefore can be
used for temperature-tuning phase matching. They have very good
transmission property in the 0.4-5 um spectral range and can generate
second harmonic radiation in visible and near IR range.

(C) Semiconductor crystals for SHG in IR range: Ag;AsS;, AgGaSe,,
CdGeAs,, Te, CdSe, etc. The nonlinear susceptibilities of these crystals are
higher by an order of magnitude than the other two types of crystals
mentioned above. These semiconductor crystals possess 2 g

transmission property in the near- and mid-IR spectral range, therefore, are
suitable for SHG in IR range.
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Generace druhé harmonickeé frekvence

Crystal ucinnost konverze 30-50%
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Fig. 3.5 Fundamental designs for SHG devices.



NELINEARNI JEVY DRUHEHO RADU
Trivinné smeésovani (generace souctove frekvence)

E(t) = Re{E“Y exp(iayt) + E“ exp(imyt )}

P = 250;((2)(E(”1)E*(“’1) + E(Q’Z)E*(G’Z)) Je tedy vidét, Ze Ize generovat
pa) _ )= (o) = (@) vinu na vyssi (konverze nahoru) Ci
N =gy TEYYE s . :
S(20,) () () E (o) nizsi frekvenci (konverze dolu).
Pa e =g "ETVE Lze parametricky zesilit dopadajici

ﬁ(wﬁwz) _ (Z)E(%)E(wz) vinu ¢&i v pripadé vhodné zpétné
NL =& X , . o
= (0-o) (2)E ()=o) vazby dosahnout i parametrickeho
Pu ™ =g "BEE® oscilatoru (OPO).

Cely proces si Ize predstavit jako interakci 3 fotond, z nichz kazdy ma svou
energii a hybnost.

Ze zékona zachovani energie dostaneme 7w, =ho, + ho,

Ze zakona zachovani hybnosti dostaneme ik, = 7ik, + ik,

Tato podminka udava fazove prizpusobeni a
rozhoduje o tom, ktera vina se bude generovat.



Generace rozdilové frekvence (Optical Parametric Amplification)

3.2.2 Optical Difference-Frequency Generation

Assuming that the incident optical field contains two different t.’re‘quency
components of ®, and ®, with ®,>®,, a NEW radiation wave a} the dlt’terer?‘ci-
frequency of w,=w,~®, can be generated In a second-order nonlinear crystal.!"'*
The corresponding polarization source of the new radiation 1is

PP (0,,r)=gox P (@,,-0,)E, E (@,,r). (3.2-9)

S ; “ - ; 2. F
Moreover, if the two incident waves can be described by Eq. (3.2-2), the above
eXpression can be rewritten as

. i(k,~k, )z
P(z)((l)3,2)=on(z}((l)],*(1)2)3132.4‘(:),42(2)6‘“ e e (3.2-10)
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Ground state Experimental setup for optical parametric amplification (OPA) measurement.



Generace rozdilové frekvence (Optical Parametric Oscillation)

Stejny princip jako OPA, jen se pouZziva jedna budici vina vstupujici do
rezonatoru, ve kteréem je umistén nelinearni krystal. Signalova (signal) a plana
vina (idler) se sami vyberou z modu rezonatoru tak, aby splfiovaly fazovou

podminku. Ladénim napf. teploty a natoCenim krystalu Ize preladovat vystupni
frekvence pfi stejné vstupni frekvenci.
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NELINEARNI JEVY DRUHEHO RADU

E(t)= E” + Re{E“ exp(iot)}[E“[ <<[EP|

P, (1) =P + Re{ Py exp(la)t)}+ Re{ exp(2|a)t)}

P = & yPEOE® = ¢ AyE PO = g 4@ (EgO)EgO) " zg(w)g*(w))

pIEHZ_w) _ gOZ(Z)E(w)E(w)

+«— zanedbatelna

Ay =2nAn ’/
~ An=2%— 2 EY

5 Index lomu prostredi Ize meénit stejnosmernym
n

elektrickym polem = elektroopticky (Pockelsuv) jev



NELINEARNI JEVY TRETIHO RADU

Intermediate state
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some typical four-wave mixing effects: (a) sum-

Fig. 4.1 Quantum-transition description of
eneration, (c) and (d) four-photon parametric

frequency generation, (b) third-harmonic g
interaction.

V4 =V] +Vp +V3
k4 =k| +k2 +k3 ’

Vi+V, =V +V, }

Vy +V3 +Vyq =V

k> +K3 +Kky =k,

n(3vy) = n(v)).



NELINEARNI JEVY TRETIHO RADU

E(t)= Re{E“ exp(iat)]

P8 = g yYE“EE" Generace freti harmonické frekvence
plo) _ B0 (0)E(0) _ (o) 2 _
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Ay o o
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2N
Opticky Kerruv jev zpUsobuje modulaci faze viny dle Ohniskova mohutnost an.d -
intenzity a vytvari v nelinearnim prostredi tzv. Kerrovu tzv. Kerrovy ocky je fF1="2"p
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Generace souctové frekvence (rezonancni zesileni)
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Spektralni rozsireni pulsu: self-phase modulation

Zmeéna faze viny Kerrovym jevem Dopadaijici puls

A
® ® . .
b J._CQA"(”‘L 2%“355“)‘_ E,(t)= Ay exp[—(1—19)" /2],
0

l' ' Ad ={‘°0"2L Aoz] 1o
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Positions of (;_, \_ —
(t=tg) = 4z / 2, and the maximum value of frequency shift 1s The normalized amplitude profile of the input pulse, (b) the

a n, and (¢) the frequency chirp curve of the output pulse.
R B

. % 121 .
|Ammz| =My, —e% = Mz — In Fig. 7.5 (c) we see a very important feature of the frequency-chirped output
From a. . T T

Pulse: the red-shifted and the blue-shifted spectral components occupy the leading
half angd trailing half of the output pulse separately, while the original unshifted
*Pectral component is located in the center of the output pulse. Assume that the
Mput pulse with a pulsewidth of (Af), is unchirped, i.e., different portions of this
Pulse have the same spectral structure with a smaller spectral width of 3o, as



Spektralni rozsSireni pulsu: self-phase modulation
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Fig. 7.6 (a) Profile of an input unchirped pulse, (b) output frequency-chirped pulse after
passing through a nonlinear medium, (c) pulse-expanding of a chirped pulse after passing
through a linear medium of positive-dispersion, and (d) pulse-compressing of a chirped pulse
after passing through a linear medium of negative-dispersion.

Normalized Spectral Intensity

Cim vétsi fazové zmény dosahneme os} |
y | |
(intenzita viny, nelinearita), tim Sirsi 1/ VUV \|
bude spektralni oblast pulsu a tim e
pectral Shift (cm™)

Casove kratSi puls muzeme vytvorit. Fig. 77 Specralsefbroadening in different condiions: (8) =1 ps and Ad,=107, ) =1
ps and Aé,.=30m, and (c) 1=0.5 ps and A9,,,=30n. The dash-dotted curve in (c) ist
original spectral line with a Fourier-transform limited line width.



NELINEARNI JEVY TRETIHO RADU
Ctyivinné smésovani
E(t)= Re{E“ exp(iayt)+ E“” explim,t)+ E“ explioyt)]
Pro nelinearni polarizaci dostaneme 216 ¢lenu, z nichz se zaméfime na nasleduijici:

Plovara) _ g AE@E@IE @)

Cely proces si Ize predstavit jako interakci 4 fotond, z nichz kazdy ma svou
energii a hybnost.

Ze zakona zachovani energie dostaneme  haw, +hw, = ho, +ho,

Ze zakona zachovani hybnosti dostaneme 7k, + ik, = 7k, + 71k,

—

Pokud navic @, =@, =w®,=w,=® advé viny budou protib&Zzné k, =k,

Dostaneme fazové konjugovanou vinu k viné 1 E,(F) ~ AAE (F)

E(zsx-_}.ﬁ)) — E(Z1X. \‘)eANUI'

ilkz+@(z,x,y)] , —1wl

=Aq(z,x,y)e" e

E(z.x.va .
ey 5).,rl))':*a'E (Z X , Dl ¥ el
X Y)e™ =a Ag(z,x,y)e t

“~9



NELINEARNI JEVY TRETIHO RADU
Ctyivinné smésovani

Pokud navic @, =@, =@, =w,=w® advé viny budou protibéZné k, = —k,

—

Dostaneme fazové konjugovanou vinu k viné 1 E,(F)~ A3A4E1*(F)
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NELINEARNI JEVY TRETIHO RADU
Ctyivinné smésovani

Pokud navic o, =0, =0,=0w, =®

Dostaneme fazové konjugovanou vinu k viné 1 E,(r) ~ AAE (F)

coherent illumination half-silvered
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B
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sphere M

<=

virtual
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a dvé viny budou protib&zné k, = —k
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Fazova konjugace degenerovanym ctyrvinovym smeésovanim
E(Z,X,y,m) - E(Z,X,y)€~im’ — AO(Z,x’y)e"[b+¢(3.x»)’)]e"fm’ )

E (Z, X,y,m)= a‘E.(z,x,y)e“""” ‘;[kz-ﬂp(z,x,))]e it

’

=a-Ay(z,x,y)e

WO =0, =0, =0, =® dve dvojice vin jsou protibézne

Third-order
Nonlinear medium

Pump Wave E (o)

E|(0)=2,4,(r)e” @ %" |
--------------- . E,(w)=a 2A2(r)e“'(‘°“"2")

Es(w) = a}As(z)e-i((l)!—k]Z)

Phase Conjugate Wave E ()

Signal Beam E,(w)

~i(or+ky2) ]

Pf')(w) =g (0,0,~0)a,a,2;4, 4, Ase

s = Ey(0)=a,4, (Z)e-i(mHk}z)

Fig. 9.4 Phase-conjugate wave generation by degenerate four-wave mixing.

Pump Wave E,(® $,




Fazova konjugace — vysvétleni holograficky

Toc (A +43) (4 +43)" =|4|" +|4," + 47 4, + 4, 4;. (9.2-12)
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exp[—i(2k, - \\k;2)]
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Fazova konjugace — polarizace, vliv frekvenci

s s 4 2 #—LA A s
4" — A, \ ;?' 2 \ L?ﬂ‘_ 4,
4
4

(a) (b) (c)

Fig. 9.6 Polarization property of the phase conjugate wave under different polarization
combinations of the three incident beams: (a) three beams have the same (s) polarization
state, (b) 4, and A4, beams have the same (s) polarization state, and (c) 4, and 4; beams have
the same (s) polarization state.

Nonlinear Medium

Nonlinear Medium

(a) (b)

Fig. 9.7 Schematics describing the generation of the frequency-nondegenerate PCW +i
partially degenerate FWM in a nonlinear medium. -



Fazova konjugace — polarizace, vliv frekvenci
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