Linear media

Non-linear optics
Calcite

SHG

Back when we derived the form of the refractive index, we said
n = 0 0-
We found that * ¢ for most situations in optics.

We said that media experience a bulk polarization in resptman
electric eld of

P= o ¢E (1)
where = o(1+ ) isan electric permittivity and. is an electric
susceptibility. Also the dielectric constantds= = .

The dielectric response picture that we drew was as follows:




Non-linear optics

P andn

We then tackled the problem of an incident EM wave on the edact
orbitals:

I:total = Fbinding"‘ Fdamping"‘ Fdriving
mx = m?x me jx+ qEg"! )

This gave us
a mean displacemenof the orbitals;
thus a dipole momemt= gx

thus a volume polarization & = nyp wheren, = Na=Ais the
atom number density.

We then used Eq. 1 to write, = P=( ¢E) and found

S
f— o P 1P
nto—= 1% o= 14— 1+ 3)
0 ()E ZoE

all under the assumption of linear dielectric response.



Linear, and beyond

Non-linear optics

se Again, we made an assumption of linear response of the bulk
polarizationP in terms of the driving electric elEEofP= ¢ E
(Eq. 1).

What if the response is nonlinear? We might then have
e= 1+ B+ B2+ i (4)
Consider the , term which multipliesE?. This implies

Po(+E)= o 2(+ E)2andPy( E)= o o( E)*

Now if we have a symmetric optical medium, reversing thealion
of the electrical eld is the same as reversing atom pos#ioh  *.
Yetl / E?; thatis,E? corresponds to a light irradiance (like
intensity).
If a medium is symmetric, we expect to get the polarizati@ponse
for the same irradiance irrespective of a 18 of the medium.
Therefore we demand; = 0 in a symmetric medium! (Alsos = 0,
6= 0,::1)
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But not all media are symmetric! Calcite ( gures from Hecht)
O d
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cain @

om0 Figure 8.17 Atomic arrangement for calcite looking down the
optical axis.

Figure 8.16  Arangement of atoms in calcte

A calcite crystal (blunt corner on the bottom). The transmission axes of
the two polarizers are paralel to their short edges. Where the image is
X ) doubled the lower, undeflected one is the ordinary image. Take a long
Figure 8.18 Calcite cleavage form. look: there’s a lot in this one. (Photo by E.H)




SHG

Second harmonic generation

If we can allow » to be nonzero, then we can have a volume
polarization response to an applied electric &d Epcoq! t) as
follows:

h i

1
P = o 2Bjcos(l )= o 5B 5 1+ cog2 1)
1 1
50 = 50 ,E2cog2! 1) (5)

That is, if we focus a light beam down to a small spot and thus
crank upE3 in a nonlinear medium, we can generate polarization
changes at twice the driving frequendy!2

Second harmonic generation (SHG)! Frequency doublingefsre
light from infrared light!



SHG: dispersion

With SHG, we now have two different waves in the medium: one
the driving frequency , and one at the doubled frequende 2
Butrecallthan' 1+ A+ B! 2. The frequencies and 2 will

travel at different velocities within the crystal, and thvid

eventually get out of phase!

Since waves travel like k"2 the Rayleigh quarter wave criterion
for dephasing € 2 phase shift) gives eoherence length. sy for
maximum SHG:

. . 2 . .
kni ("cshe) K (Cgshe) = —jm N2 j(Cgshe) = 5

giving  “¢sHe =

- (6)

4n ny |
This suggests an optimum second harmonic generation medium
length.

In fact,coherence lengtls a somewhat poor choice of words, in

that we'll use the same term to describe partial coherence
phenomena :
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Figure from Hecht:
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Figure 13.56 Second-harmonic generation as a function of 6 for a
0.78-mm thick quartz plate. Peaks occur when the effective thickness is
an even multiple of €.. [From P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M.
Savage, Phys. Rev. Letters 8, 21 (1962)]
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Frequency mixing

Frequency mixing

Let's put two waves of different frequencies into a nonlinea
medium:E = Ep;cos! 1t + Egycos! t.

Look at the second harmonic term:

0 2 E3;cof! it+ E5,cof! ot + 2EpEppcos! jtcos! ot

Because
coq )= cos cos sin sin and
sin( )= sin cos cos sin ,

you can see that we'll generate signals at 2nd 2 , as before
(from the codterms) and also dt; + ! and! 1 ! ».
This is known as parametric ampli cation, and it's how we cee

a lower frequency but intense laser as a pump for a higher
frequency laser (such as in erbium-doped ber ampli ers).



Frequency mixing

Pockels effect

One way to drive nonlinear
optical effects is to use a
strong DC electric eld to
bias a medium into being
nonsymmetric!

This happens in crystals
that show the piezoelectric
effect, where an applied
voltage can distorti €.,
expand or contract) the
crystal.

One can change the
refractive index along the
direction of the applied
voltage, as opposed to the
orthogonal direction, and
thus produce a quarter
wave or half wave plate as
desired!

Pockels effect

Incident
field

Figure 26-4  Pockels cell schematic. The re-
tardation action due to an applied voltage V is
suggested by a separation an axis of the polar-
ized components transmitted by the fast and
slow axes of the crystal




Pockels cell

The net phase shift between the two po-
B larization directions is given by

Pockels effect

2 .
= ——miVv (7) A Pockels cell uses this

with a pair of linear
wherer is a linear electrooptic coef cient:  polarizers to make a
TABLE 26-2 LINEAR ELECTRO-OPTIC COEFFICIENTS voltage-controlled Opti-
FOR REPRESENTATIVE MATERIALS . . .
cal transmission device:

Linear electro- Refractive
Material optic coefficient* index

(wavelength if not 633 nm) r (pm/V) no
KH.PO, (KDP) 11 1.51
KD,PO, (KD*P) 24.1 1.51
(NH;)H,PO, (ADP) 8.56 1.48

A = 0.546 nm Folitaer
LiNbO; (lithium niobate) 30.9 2.29
LiTaO; (lithium tantalate) 30.5 2,18
GaAs (gallium arsenide) 151 33

A =10.6 um polarzer
ZnS (zinc sulfide) 2.1 2.36 Figure 8.57 A Pockels cell

A =0.6 um
Quartz 1.4 1.54

*Depending on crystalline symmetry, materials have more than one elec-
tro-optic coefficient. Only one has been listed here for use in a Pockels cell.
These and others may be found in [3].
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Pockels cell:Q switch

Horizontally
polarized beam
rejected

Horizontally
polarized
beam

HR mirror

Glan-laser

Laser rod clil

Pockels
crystal

Horizontally
polarized
beam Figure 26-7  Light-controlling action of a

b Pockels cell, used as a Q-switch. The
configuration in (a) produces low transmission
at zero-cell voltage and in (b) high transmission

Vertically at half-wave voltage. In (b), the incident and

- Y polarized reflected beams are separated for clarity. Re-
- beam peated re-entries of the beam into the laser cav-
T ity initiates stimulated emission that produces

(b) the laser pulse



Acousto-optical modulators
Consider an acousto-optical modulator (AOM):

SHG

Frequency mixing

AOM

Path differenceis 2sin = 2 gsin( p=2)



AOM

AOM: Bragg condition

Constructive interference when

m = path difference, or

m = 2 ssin .

Conservation of momentum requires
Ro = RO+ R; wherekg is the incident
wave,k%is the scattered wave, aikgl

is the acoustical wave in the
modulator.

But ks is much smaller thakg or K
In fact,ks' 2kgsin or

s= o=(2sin ).
In addition, conservation of energy
says~! o = ~1 9+ ~I ¢ That s, not

only do we diffract the beam, but we
give it a very small adjustment in
photon energy or wavelength!



AOM modulators and dumps
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