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Non linear optics

« Creation of new frequencies in the system.
o Usually, the new frequencies have small amplitude
relative to the input frequencies.

Harmonic Difference Generation

pump @ 3

(D pump —
. Non linear medium idler @,

w idler

(()1 signal @, = W3 — 0,
(optional)

PDC: the degenerate case

Non linear medium Ap“mp
W, =w,=w,l2 ,
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Nonlinear medium

Non linear dependency of the polarization in the

electrical field:
D =E +4nP £-g-5

P(t) =5 PE®) +7PE2(t) + §PE%(t) + ...
=PO() + PO®) + PO) +...=
= PO(t) +P"(t)

The susceptibility ¥ is a tensor.

D =E+4n(PY(t) +P" (1)) =c"E +4nP" (1)



V-D=4np
Substituting in Maxwell equation gives: vxE-- L
2 2p V-B=0
—V’E+V(V- E)+ia—E——4—“5 P v o 1dD
¢’ ot’ c ot c dt

Assuming V’E >>V(V-E) ( =0, Slowly varying Amplitude)
and we get the wave equation in a medium:

2
—V2E+ia—E— Am 0°P
¢’ ot? c ot°

Representing the frequency component:
E(r,)=) E (rt)=> E (r)-e™" +cc.
PY(r,t)=>" P(r,t)=> PN(r)-e™" +

For every n we have:

2
VE, (-2, (1) - - 2 p )
c C




Properties of the second order susceptibility
Pi(®n+®m):ZZX.Jk (0, +0,,0,0,)E(0,)E, (0,)

j,k n,m

Symmetrles reduce the number of numbers need to
describe %%

)2(2) IS real for Lossless media.

. (o, i from
Kleinman symmetry ( h COm) IS far away fro yesonance

of the media.

P (0, +0,)=> > x2E (0,)E (®,)

P(

j,k n,m

(93) = 4deff E((Dl) E((Dz)

For the degenerate case:
P(2w)=2d,E*(»)



Theory of classic Sum Frequency Generation

Inverse process of Harmonic Difference Generation

— a)

(V| e | N0 linear medium 1
—

OF!

We concentrate on the ®; wave, defining:

E,(z,t) = A" +ce =% o= P(e,)

C

P,(z,t) = Pe "™ +cc.=4d EEe’™ +cc.=4d  AAe e ™

4

Substituting in  -V2E,(r) -2 - () =— ;””2 P(r) gives
2
d + 2ik, dA3 B 167d o a)s A A gl
Z ° dz ¢’ 4 .
Slowly varying Amplitude approximation: q 2A23 << |Kq d—A;




We find the dependency of A, in A and A,

d o0, "
d—AZ“‘=8m A (Ak =k, +k, —k,)
3

By the same way we find also that
/d_Al _ 8 d s 0)12

dz k C2 ASAZ*e—iAkZ
1
< )
dA, d g, w, —
~2 _ 8zi AA e
_dz k,c?

Non depleting pump approximation: A, <<A,A,

d. w.° L d. w2 ekl _q
L)=8z———AA,|e"™dz =81—"—AA,| —
A(L) k,C* A 2;[ k,c?2 A% iAk
L =non linear medium length
| _E‘ ‘2 —E6472'2 deﬁ2w34 ‘Al‘Z‘A ‘2 pitkk _ 1 _ 30, deff2w34n3 ‘Al‘Z‘A ‘2 LzsinCZ(Aij
S or 27 k32c4 ? IAK k32C3 ? 2




Amplification (Ak)

d.i°1, 1 . (AKL
|, =5127° —%—— Lzsmcz(—j Ny
nn,n,A,°c -
2 0B}
T
E 04F
02F
Implications: jl |
10 8 ) 4 2 0 B 4 B g 10

*The intensity Is quadraticin Lif Ak=0.
*lyocl -1,
oIif ®, =, (Second Harmonic Generation), then

|, (0, =2m,) < |12 ().



Method to achieve phase matching k, +k, —k; =0

We need to control the refraction index n for every

frequency.

e Angle tuning - using birefringence properties of the

nonlinear crystal.

(KDP - KH2PO,, BBO - Beta-BaB,O,)

 Temperature tuning
(lithium niobate LINDO,)

e Quasi phase matching
(LINDO,, LiTaOs,,

KTP - KTIOPO4)

10

Phase Quasi
matching Phase
matching
No Phase
matching

20 40

position in crystal {pm)

From Ref. pic [1]«




Birefringence K, +k, —ky =0

w; =W, + 0,

N, + Ny, =N, assume @, > @, > @,

N, —N, :(nl_nz)%
3

For normal dispersion, N(®) is rising monotonically

A

.

n Sellmeier BBO type 1

€

refractive index

frequency, o

Sollution: using birefringence crystal
N(@,, J,)o, + (@, J,)o, =n(w;, |;)w,

j=e,0
Example (for type 1 uniaxial)
U, =2w (0)12602 :60) 155} L N+

Jh=1,=0, Jz;=€ "3 03 04 05 08 07 08 09 1

2:0(@, J, = 0)o =N(ay, j; =€)o, =N(ay, j,=€)2-0 Aem
N,,(2mw, 4 =0.39um)=n (o, 4 =0.78um)




Index ellipsoid for uniaxial crystals

» 2z s the optical axis (extraordinary).
e X, Y are ordinary axes.

From Ref. pic [2]»

» Polarization D1 is on the x-y plane
and have n,.

 Polarization D2 have n,(9).
1 sin*(@) cos’(9)
= +
n(6)°> n? n.’

e 0




Properties of birefringence crystals

For uniaxial crystals:
Positive uniaxial

(n,>n,)

Negative uniaxial

(n, <n,)

Type 1| Ny»; =Ng o, +N,,,

N33 =Ny 0, +1N,,0,

Type 2 Ny3®3 = Ny 0 + Ny, 0,

N33 = N0, + Ny, M,

Propagating direction examples:

Collinear,

M
BN

Walk off: spatial, temporal.

non collinear




classical parametric down conversion is impossible
W, =0,=0,l2

d. LI
|, =5127" —L 12 Lzsincz(—Al;Lj

2
n,n,n,A;"c

If 1,(z=0)=1,4,(z=0)=0 there will be no PDC according to
the classical theory.

. . )
Non linear medium | e—jp "
W3
= =

pump 0, =512 gt e
|
| A’
0 Vi

=> We have to use Quantum mechanics



Quantum Hamiltonian for Spontaneous
Parametric Down Conversion

Classical electrical energy in non linear media:

1 ) 1 X D(r.,t)

=] Bz(r,t)d3r+8—_ d°r | E(r,t)-dD(r,t) =
T T 0

1 X D(r.,t)

=—[B?(r,t)d°r FREN R E(r,t)-d(¢PE +42P™)
87 ? 8+ y

H

P = Zij(l) (a)l;a)l)Ej (@,) "‘Zijk(Z) (o; 0, _COZ’COZ)E] (0, — 0,)E, (@,) +

+Zijkl(3) (o; 0, — w, _0)31(0215‘)3)Ej (0, — 0, — @;)E, (0,)E, (@) +....

H = iJ'Bz(r,t)d?’r Jrijld3r(g(”E2 + X (N + X, (r)+..)
87 87

X, (r) = 47[%”da)da)’;(ij(l) (@, @)E,(r,@"E,(r,®)

X,(r) = 4ﬂ%jjfdaﬂw’dw”;(ijk(2) (0" 00— @")E(r,0")E;(r,0' - »)E, (r,)



Second guantization for the X, (r) term:
X,(r) =47 [[fdedar dorz, 2 (00 @) (1,0, (r.0-0)E,(r,0)
Define;  E"@=3Ede" "
E =\/% j=12 V = quatization volume
a, is the annihilation operator for j,k mode

Hy, o [d*r(ZE(@)ED(0-0)ED (@) + 2BV (0)EW (0 - 0)E (@)

In the degenerate case, when o =0'":
Hy, o« irld,2w)a, (0)3, (o) +3, (2w)d,(0)a, (w)]

Normal ordering, and assuming classical pump

a, = Voe—Za)t, <ﬁ1(t)> :<ﬁ2 (t)> << ‘vo‘z

A A i =C li tant
H X2 oC hZ[al-i_ (a))a1+ (a))Voe—IZC()t + C.C.] X oupling constan



Equations of motion

Slowly complex mode amplitudes

A, () = 4, ()™
A, (t) = 4,(t)e'
dA,(t) 1

dt  in
dA. (1) 1 .~ ~ T LA
980 _ 113,08, 1= —izvoA 0 = JiynA 1)

dat  in

d2A,(t A
dt12( ) - ZZ‘VO‘ZAl(t)
d2A,(t .
dtzz( ) = Zz‘vo‘zAz(t)
A, (t) = A, (0) cosh(g|vo|t) —ie" A," (0)sinh(x|v,|t)

A, (1) = A, (0) cosh( v, |t) —ie” A, (0) sinh( v, t)

[Al(t), I_’I\lz] _ —iZV0A2+ (t)ei(wl+a)2—wo)t _ _iZV0A2+ (t)

Ve =1V, |ei9



Photon statistics

The r'th moment of A, (t) :

(A (©) =< ¥ | A (A, (O] ¥ >=,,< 0| A, (DA, (1)]0>,,=

~,,<0|[A, () cosh(zv,|t) + ie A, (0)sinh(volt) | [A, (0) cosh( vt ~ ie™A," (O)sinh(lvolt)] 10>, ,=

(~ie" ) sinh"(x [v, [t)A, " (0)]0 >, 2

=sinh® (z|v, t),, <0| A, (0)A,"(0)]0>,,=

A," = (A, +D)(A, +2)...(A, + )

=sinh® (x| v, [t),, <O (A, +1)A, +2)...(A, +r)[0 >, ,=
=rlsinh® (y | v, | t)

For A, () we get the same result: (A, (0)) = risinh* (x| v, 1)
Result are similar to thermal photon statistics:

exp( —H /K,T)
tr[exp( ~H /KBT)J

b=

<ﬁk,s(r)> = ﬁ k = momentum

s = polarization



Optical Parametric Oscilator

° Ga”‘] |S asympto“ca”y |f ."II? resonan:lsignalbeam ?I".I
exponential if Ak=0: . e
1 z > | ,-"II— - - -
Al2)= 5 ALK e\ ot /] g,
g _ 6472'20)12deff2A3/ki2C4 a)p — 0)3 Crysta C()s = o,
. =,

 Tunable by changing the

From Ref. pic [1]«

phase matching condition, or
changing the cavity’s length.
 Better Finesse



Generating of squeezing state using OPO

Ring Laser

-
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FIG. 3. Dependence of noise voltage V' (8) on local oscillator
phase @ for the signal field produced by the subthreshold OPO.
The scale has been expanded relative to Fig. 1(b) to display the
deviations below the vacuum noise level (dashed line) more
clearly. Otherwise the notation is as in Fig. 1(b).
Vo=250 uV; detection bandwidth =100 kHz; v/2x=1.2 MHz.

FIG. 2. Diagram of the principal elements of the apparatus

for squeezed-state generation by degenerate parametric down
conversion.



Source for single photons

Laser @

A\

POL

PBS HW.P QW.P
type2 | /2 wl?2 IH > ﬂ
colinear
[0
crystal . U
[0
|V >

P.B.S: Polarizing Beam Spliter
H.W.P: Half Wave Plate
Q.W.P: Quarter Wave Plate

POL: polarizer

O

Homodyne

detection




Source for entang

Non collinear type 2 SPDC

p— L |H,,V, >+ |V, H, >

FIG. 2. Schematic of one method to produce and select the
polarization-entangled state from the down-conversion crystal.
The extra birefringent crystals C1 and C2, along with the half
wave plate HWPO, are used to compensate the birefringent
walk-off effects from the production crystal. By appropriately
setting hall wave plate HWPI and guarter wave plate QWPI,
one can produce all four of the orthogonal EPR-Bell states.
Each polarizer P1 and P2 consisted of two stacked polarizing
beam splitters preceded by a rotatable half wave plate.

lement photons

pump beam

axes
BBO crystal

oo S Q\.Z\'F‘

idler

From Ref. pic [3]e

Figure 1: Creation of entangled photons via SPDC

FIG. 1. (a) Spontancous down-conversion cones present with
type-11 phase matching. Correlated photons lie on opposite
sides of the pump beam. (b) A photograph of the down-
conversion photons, through an interference filter at 702 nm
(5 nm FWHM). The infrared film was located 11 em from the
crystal, with no imaging lens. (Photograph by M. Reck.)
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