
6	
  
calcula&on	
  of	
  deff	
  
2nd	
  order	
  NL	
  mixing	
  

SFG,	
  DFG,	
  SHG,	
  OPA,	
  OR…	
  
Reading	
  for	
  this	
  sec&on:	
  	
  
1.5.6,	
  1.5.7,	
  1.5.11,	
  1.5.12	
  

2.2,	
  2.5	
  
Next	
  &me:	
  2.6-­‐2.8	
  



dxxx dxxy dxxz
dxyy dxyz

dxzz

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

dxxy dxyy dxyz
dyyy dyyz

dyzz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

dxxz dxyz dxzz
dyyz dyzz

dzzz

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

dxxx dxyy dxzz
dxxy dyyy dyzz
dxxz dyyz dzzz

dxyz dxxz dxxy
dyyz dxyz dxyy
dyzz dxzz dxyz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

Contracted	
  nota&on:	
  non-­‐dispersive,	
  non-­‐absorbing	
  medium	
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Non-­‐dispersive:	
  can	
  permute	
  any	
  spa&al	
  index	
  (Kleinmann	
  symm)	
  
-­‐	
  like	
  colors	
  have	
  the	
  same	
  value,	
  except	
  black	
  terms	
  are	
  unique	
  	
  



Symmetry	
  in	
  d-­‐matrices	
  



Effec&ve	
  NL	
  coefficient	
  

•  d-­‐matrix	
  contains	
  NL	
  tensor	
  coefficients	
  for	
  each	
  
crystal	
  type	
  

•  Orienta&on	
  of	
  crystal	
  affects	
  effec&ve	
  strength	
  	
  
•  Example:	
  BBO,	
  3m	
  symmetry	
  	
  	
  

Px
Py
Pz

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
=

0 0 0
−d22 d22 0
d31 d31 d33

0 d31 d22
d31 0 0
0 0 0

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

E1xE2 x
E1yE2 y
E1zE2z

E1zE2 y + E1yE2z
E1zE2 x + E1xE2z
E1yE2 x + E1xE2 y

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟⎟



Example	
  calcula&on	
  of	
  deff	
  

•  For	
  type	
  I	
  phase	
  matching:	
  
–  E1	
  and	
  E2	
  are	
  polarized	
  in	
  the	
  same	
  direc&on	
  

–  Both	
  are	
  o-­‐waves,	
  so	
  no	
  projec&on	
  on	
  z-­‐axis	
  (op&c	
  axis)	
  
–  Define	
  s	
  (=	
  unit	
  vector	
  for	
  k)	
  in	
  spherical	
  coords,	
  

–  Find	
  direc&on	
  of	
  E	
  consistent	
  with	
  k:	
  

x	
  

y	
  

s = k̂ = sinθ cosφ,sinθ sinφ,cosθ{ }

E ⋅s = 0
E1 cosφE sinθ cosφ + E1 sinφE sinθ sinφ = 0
cosφE cosφ + sinφE sinφ = 0
cos φE −φ( ) = 0
φE −φ = π / 2

E1 = E10 −sinφ,cosφ,0{ }
E2 = E20 −sinφ,cosφ,0{ }

Projec&on	
  of	
  s	
  onto	
  x-­‐y	
  
ϕ	
  

E	
  



Induced	
  polariza&on	
  

•  Compose	
  the	
  
E1E2	
  vector:	
  

•  The	
  d-­‐matrix	
  is	
  
used	
  to	
  calculate	
  
the	
  induced	
  NL	
  
polariza&on	
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Finding	
  the	
  e-­‐wave	
  vector	
  

•  Note	
  that	
  NL	
  polariza&on	
  is	
  induced	
  at	
  2ω	
  in	
  all	
  3	
  
direc&ons	
  

•  The	
  generated	
  e-­‐wave	
  unit	
  vector	
  a	
  must	
  be	
  
perpendicular	
  to	
  E1	
  and	
  s	
  

•  	
  a	
  is	
  a	
  unit	
  vector,	
  so	
  from	
  a.a	
  =	
  1	
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E1 ⋅a = 0→−E10 sinφ a0 sinθa cosφa + E10 cosφ a0 sinθa sinφa = 0
sinφ cosφa = cosφ sinφa →φa = φ

a ⋅s = 0→ a0 cosθa cosθ + a0 sinθ = 0
cosθa = − tanθ

a0 = cosθ → a = cosθ cosφ cosθ sinφ −sinθ{ }



Component	
  of	
  P	
  that	
  drives	
  e-­‐wave	
  

•  Pick	
  out	
  component	
  that	
  will	
  drive	
  a	
  wave	
  
propaga&ng	
  in	
  the	
  direc&on	
  of	
  k	
  (	
  =	
  s	
  )	
  and	
  that	
  is	
  an	
  
e-­‐wave	
  

	
  
•  For	
  type	
  II,	
  	
  
	
  
•  Different	
  rela&ons	
  for	
  crystals	
  with	
  different	
  
symmetry	
  

•  These	
  equa&ons	
  are	
  used	
  to	
  op&mize	
  the	
  orienta&on	
  
of	
  the	
  crystal	
  for	
  maximum	
  signal	
  

•  Some	
  direc&ons	
  that	
  could	
  be	
  phase-­‐matched	
  don’t	
  
have	
  an	
  induced	
  polariza&on	
  in	
  the	
  right	
  direc&on	
  

P ⋅a = deff E1E2 → deff = d31 sinθ − d22 cosθ sin 3φ

deff = d22 cos
2θ cos3φ

(1.5.30a)	
  

(1.5.30b)	
  



Laser	
  sources	
  

•  Many	
  applica&ons	
  (industrial,	
  
commercial,	
  scien&fic)	
  require	
  
affordable,	
  efficient	
  lasers	
  at	
  
par&cular	
  wavelengths.	
  	
  

•  But	
  lasers	
  aren’t	
  available	
  at	
  
all	
  wavelengths.	
  	
  

•  Laser	
  wavelength	
  chart	
  
•  Dye	
  lasers	
  can	
  make	
  most	
  

wavelengths:	
  	
  
-­‐  messy,	
  not	
  compact,	
  

unhealthy,	
  hard	
  to	
  change	
  dye	
  
•  Harmonic	
  conversion	
  and	
  

parametric	
  amplifica&on	
  allow	
  
a	
  solid-­‐state	
  alterna&ve.	
  



Intracavity	
  doubling:	
  Green	
  laser	
  pointer	
  	
  

•  Pump:	
  laser	
  diode	
  
•  Laser:	
  Nd:vanadate	
  
•  Frequency	
  conversion:	
  	
  
•  Intracavity	
  doubling	
  in	
  

KTP	
  

•  Type	
  II	
  allow	
  use	
  of	
  
both	
  polariza&on	
  
components	
  of	
  IR	
  

•  HR	
  reflects	
  IR	
  and	
  
green	
  

•  OC	
  reflects	
  most	
  IR,	
  
passes	
  green	
  



w1 

w1 

w3 

w2 = w3 - w1 

Parametric	
  Down-­‐Conversion	
  
(Difference-­‐frequency	
  genera&on)	
  

Op&cal	
  Parametric	
  
Oscilla&on	
  (OPO)	
  

w3 

w2 

"signal"	
  

"idler"	
  

By	
  conven&on:	
  
wsignal > widler 

Difference-­‐Frequency	
  Genera&on:	
  Op&cal	
  Parametric	
  
Genera&on,	
  Amplifica&on,	
  Oscilla&on	
  

w1 

w3 w2 

Op&cal	
  Parametric	
  
Amplifica&on	
  (OPA)	
  

w1 

w1 

w3 

w2 

Op&cal	
  Parametric	
  Genera&on	
  (OPG),	
  
spontaneous	
  down	
  conversion	
  

Difference-­‐frequency	
  genera&on	
  takes	
  many	
  useful	
  forms.	
  

mirror	
   mirror	
  





An	
  ultrafast	
  noncollinear	
  
OPA	
  (NOPA)	
  

Con&nuum	
  generates	
  an	
  arbitrary-­‐
color	
  seed	
  pulse.	
  



Phase-­‐matching	
  applies.	
  
We	
  can	
  vary	
  the	
  crystal	
  angle	
  in	
  the	
  usual	
  manner,	
  or	
  we	
  can	
  vary	
  the	
  crystal	
  
temperature	
  (since	
  n	
  depends	
  on	
  T).	
  



Op2cal	
  
Parametric	
  
Genera2on	
  

OPG	
  with	
  	
  
periodically	
  poled	
  
RbTiOAsO4	
  
	
  
	
  

Sibbeh,	
  et	
  al.,	
  Opt.	
  Leh.,	
  22,	
  1397	
  (1997).	
  

signal:	
  

idler:	
  



Crystals	
  for	
  far-­‐IR	
  genera&on	
  

With	
  unusual	
  crystals,	
  such	
  
as	
  AgGaS2,	
  AgGaSe2	
  or	
  
GaSe,	
  one	
  can	
  obtain	
  
radia&on	
  to	
  wavelengths	
  as	
  
long	
  as	
  20	
  μm.	
  
	
  
These	
  long	
  wavelengths	
  are	
  
useful	
  for	
  vibra&onal	
  
spectroscopy.	
  

Gavin	
  D.	
  Reid,	
  University	
  of	
  Leeds,	
  and	
  Klaas	
  Wynne,	
  University	
  of	
  Strathclyde	
  

10	
  mm	
   1	
  mm	
  

Wavelength	
  



Elsaesser,	
  et	
  al.,	
  Opt.	
  Le).,	
  
23,	
  861	
  (1998)	
  

Difference-­‐
frequency	
  
genera2on	
  in	
  
GaSe	
  

Angle-­‐tuned	
  
wavelength	
  



NL	
  coupled	
  equa&ons	
  for	
  2nd	
  order	
  mixing	
  
•  NL	
  equa&ons	
  valid	
  for	
  

–  Sum	
  frequency	
  mixing	
  

–  Difference	
  frequency	
  mixing	
  (OPA,	
  OPO,	
  SPDC)	
  

–  Define	
  by	
  choosing	
  ini&al	
  condi&ons,	
  assump&ons	
  about	
  which	
  waves	
  
are	
  the	
  strongest	
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Phase	
  matching	
  for	
  parametric	
  mixing	
  
•  For	
  nega&ve	
  uniaxial:	
  ne	
  is	
  lowest,	
  so	
  place	
  ω3	
  as	
  e-­‐wave	
  
•  Type	
  I:	
  ω1	
  and	
  ω2	
  parallel	
  polariza&on,	
  along	
  o-­‐direc&on	
  

–  Generally	
  broader	
  bandwidth	
  for	
  OPA	
  
•  Type	
  II:	
  one	
  of	
  lower	
  frequencies	
  is	
  along	
  e-­‐direc&on	
  	
  

–  	
  can	
  separate	
  signal	
  and	
  idler	
  with	
  polarizer	
  
•  Quasi-­‐phasematching	
  (2.4),	
  periodic	
  poling	
  

Δk = k1 + k2 − k3

= 1
c
ω1n1 +ω 2n2 −ω 3n3( )

Note:	
  for	
  wave	
  mixing,	
  phase	
  matching	
  
isn’t	
  just	
  matching	
  phase	
  veloci&es	
  or	
  ref.	
  
indices.	
  For	
  SHG:	
  

Δk = 2k1 − k2 =
2ω1

c
n1 − n2( )this	
  generalizes	
  to	
  a	
  vector	
  rela6on	
  



Power	
  conserva&on	
  

•  Manley-­‐Rowe	
  rela&ons	
  (2.5)	
  

•  Can	
  use	
  these	
  to	
  reduce	
  the	
  number	
  of	
  coupled	
  
equa&ons	
  

•  Helpful	
  to	
  understand	
  saturated	
  conversion	
  limits	
  in	
  
parametric	
  processes	
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