Lecture 8

Phase matching. Phase-matching directions in uniaxial
birefringent crystals, 90° phase-matching, non-collinear

phase-matching.



Phase matching

The rediced coupling equations (5.4) of Lecture 5 ignore the position 0E (z) _ lw
dependence of the electrical fields, specifically their phases. 07 2nce, NL
(only good for short interacting lengths).
The electrical fields are traveling waves described by:  E(z,t) = %(Eei(“’t‘kz) +c.c.)
For sum-frequency generation (SFG):
The second-order polarization at angular frequency w; = w; + w, travels as
P@(z, t)~E el@it-kD |, pilwzt—ko2) L p F. etll@1H)t=(kitka)z] o ¢ ¢
The electrical field at angular frequency w; = w; + w, travels as
E3 (Z, t) — ei(wgt—k3Z)
h locity = 23 & £1 7 ©2
pnase ve OCly—k3 k1+k2
Constructive interference, and therefore a high-intensity w5 field, will occur only if
k3 = kl +k2
Strictly speaking this is a vector equation: In more general terms (since p = hk ),
it is momentum conservation:
k3 == k1 +k2

P3 = P1 +P2
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Phase matching

Constructive interference, and therefore a high-intensity ws field, will occur only if

ks = ky +k, k4 k>

»
»

v

ks

v

Transparent materials have normal dispersion: the index of refraction increases n
monotonically as a function of frequency (decreases with wavelength).

This makes phase matching impossible in most frequency-mixing processes.

w3 = W1 +twy Ky k,
k _ " k3 = kl +k2

a
v

w3N3 = W1 Nq +(U2 n,

v

Nz >nq,Ny k3

However, birefringent materials avoid this problem by having two indices of refraction at once.

v
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Phase matching

ks = ki +k, kq R k>
K3

v

v

vector equation:

k k

k3 = kg +k, /\ non-collinear
k3

Second harmonic generation (SHG), collinear case A . B
>

2w

20 =w+ w
K="
c 20Ny, = WN, + Wn, = 20N, SHG
crystal

—| |—>




Anisotropic linear media

Waves with different polarizations will see
different refractive indices and travel at different

- 9 - speeds.
ne 0 O
9 This phenomenon is known as birefringence
E= £y 0 Ty 0 and occurs in some crystals such as calcite and
quartz.
! 0 n?
T z-axis
or c-axis
If n, =n, # n,, the crystal is known as uniaxial. isotropic uniazial M3 biazial ™3
n /1
If n, # n, # n, the crystal is called biaxial. ﬂ/\ ik
m ' / n
oy
A/

Uzbek melon



Phase matching

Isotropic crystal

n(2w)

.
N\




Phase matching

Un-isotropic crystal

n(w)

k-vector
along x
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Phase matching

Un-isotropic crystal

n(2w)

ne, > n,

k-vector
along x
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Phase matching

Un-isotropic crystal

k-vector
along x
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Phase matching

Un-isotropic crystal

Ne > N,

X  k-vector

Here, there is not enough birefringence to
compensate chromatic dispersion
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Phase matching

Un-isotropic crystal

ne, > n,

X  k-vector

Now, there is barely enough birefringence
to compensate chromatic dispersion
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Phase matching

Un-isotropic crystal

ne, > n,

X  k-vector

Now, there is enough birefringence to
compensate chromatic dispersion
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nCw, 0)

n, <n,

Z (e-wave)
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Second harmonic generation in LBO crystal
|y

n(2w) 532nm

LBO crystal (mm2 symmetry) Light goes

n, > ny > nx along X’ axis

n(w) 1064nm
Birefringent noncritical phase matching of frequency
doubling in LBO with a pump wavelength of 1064 P\
nm. AT
k — vector || x
The beams propagate in the X direction, the pump
wave (w) is polarized in the Z direction, and the

second-harmonic wave in the Y direction.

N

At =149 °C, the birefringence compensates the
effect of chromatic dispersion, so that the
refractive indices for both waves are equal.

1.81

1608

o
Q
(=]

1604 -

90° phase matching
= noncritical synchronism

refractive index

0 20 40 60 80 100 120 140 160 180 200
temperature (°C)
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Phase matching

Example: SHG

Typically, three-wave mixing is done in a birefringent crystalline material, where
the refractive index depends on the polarization and direction of the light that

passes through.

Choose 2 orthogonal polarizations for Ne
wand 2w 4 é n
0}
n
So called 90-deg phase matching
(light goes perpendicular to z-axis) / ©

w 2w

More general case: angle tuning

The polarizations of the fields and the orientation (angle) of the
crystal are chosen such that the phase-matching condition is fulfilled.

Z-axis
Uniaxial crystals, have a or c-axis
single preferred axis,
called the extraordinary
(e) axis, while the other n3 =n
two are ordinary axes (0) e
.
| |
Nne= M
m
| |
\\ f’

birefringence

Ne (6=90°to z-axis)
/ +——— phase matching 0
No (6=0°)

v

18



Uniaxial crystals ni=ny=no;  Ns=n,

Ng Ny MNg X,y

direction of propagation X

beam k-vector k-vector

\(

TN s
/

Z

Pumpkin shape
ne>n, ne < n,
‘positive’ crystal ‘negative’ crystal

perpendicular to the n=n,
plane of the figure

in the plane of the figure

1 cos(6)? N sin(6)? cos(6)? sin(@)z)_%

— ) =
n(6)>2 n2 nZ > (0 =( ng T nZ
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ne > n,

Nne <N,

Phase matching

Ne
/ <+—— phase matching 6
)

//n

v

2w W

Ny
/ <+—— phase matching 6
e

//n

v

2w W

Refractive index data
(Sellmeier equations)

B \? N By )\?

B3 \?

A2 —-Cp AN -0

two equations:
for o-wave and for e-wave

Y

A2 — C;
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Lithium niobate

LiNbO5 point group 3m uniaxial crystal Ne <Ny
‘negative’ crystal

0 0 0 0 Cdy)
e
from lecture 7: d — @ @ 0 dj i ¢
1T L@@ w0 0 o
pm
dzz = 2.1 7
d31 = —4.35 % Dmitriev et al., Handbook of NLO crystals (1997), p.125
pm
d33 = 27.2 7
Two scenarios for SFG: 1) Type-l SFG  w;+ w; = w;
o + o0 = e

2) Type-ll SFG w1+ Wy = w3

e + o = e



Lithium niobate, LINbO,

LINbO; point group 3m uniaxial crystal the index ellipsoid
ne < Ny
1) Type-l SFG w1+ wy = w3
o + o = e
propagation
input fields E(t) = Eleiwlt + Ezeiwzt only x,y components direction

P, | 0000/ Ey
]

P, :
Py =2¢€, @ @ 0 djs i E;
p @) (@) ds 0 0 0 2EyE,
| 1 Z ] = 2EE,
2ELE, |
— pick only components at +(w;+w,)
EZ = i(Ele"“’lt + E,et®2t 4 ¢ c.)2%sin @p? - %(ElEze"“Bt + ¢.c.)sin ¢?

0 is the polar angle

2 1 iwqt iwot 2 2 Y E E elwst 1 ¢ )cos o2
Ey 4(Ele + Eae +c.c.)cos g 2( 172 +c.c)cosg @ is the azimuthal angle

2EE, = zi(Eleiwlt + E,el@2t 4 ¢, c.)zsin @ (—cos @) - —% (B Epet@3t +c.c.)sin2¢
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Lithium niobate

LiNbO3 point group 3m uniaxial crystal

1 .
D dyy E(ElEze“%t + c.c.)sin2¢

= 2€9 dyy E(E{E,e @3t + c.c.)(cos p%-sin 9?)= d,, ~(EE,e'¥3t + c.c.)cos2¢
22 5 (E1kE2 .

t\'l.U ‘<~U RNU

- 4 d31%(E1Ezei“)3t + c.c.)(cos p?+sin p?)= d31%(E1Ezei‘°3t +c.c.)

PA‘,‘)f (t) = (Pxcosp + Pysing)cosf + B;sind = 2¢ %(ElEzei‘%t + c. c.) {d,,(sin2¢pcosp+sinpcos2¢)cosl + d3,sinb}

%(P(a)3)ei“)3t +c.c.) = 2¢ %(ElEzei“Bt +c.c.) (dyasin3pcosd + dz1sind)

_ )
Finally, P(ws3) = 2€¢(d3,5inb + d,,sin3¢@cosO)E; E,
defr = dpoe = d315ind + dy,sin3@cost - |d31|sin8 + |d,, |cosO

taking into account opposite signs of d;; and d,,, choose sin3¢p = —1, i.e. =-90°
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Lithium niobate

2) Type-II SFG Wi+ wy = w3 the two lower frequency waves propagation

have orthogonal polarizations direction
e + o = e
input fields E(t) = Re(Elei“)lt + Ezeiwzt)
_ ) -
Ex
B 7 2
P 000 0 @) @) | 5
P — 260 % @ O d3 1 [l ' /Ef/ #fis produces only 2w,component
y G
P @ W dj_}__ 0 O O }zgf‘//ﬁhese two will cancel
VA «—
L - Xz
L ZEx Ey_ — pick only components at + (w; +w,)

/

EZ = i(El cos O(— cos @) e'®1t + E, sin g e'®2t +c.c.)? - %(—cos 6 cos ¢ sin ¢ E{E,e'“3t +c.c.)

Ej = 2 (Ey cosO(—sing) e

7 by B, (—cos @) et®2t 4+ c.c.)? - %(cos 6 cos ¢ sin ¢ E{E,e'“3t +c.c.)

2ELE, = 2%(E 0s 0(— cos @) e'@1t + E, sin @ e'®2t + ¢.c.)(E; cos B(—sin @) e'®1t + E,(—cos @) e!®2t +c.c.) =

1 . 1 .
-3 (ELE, (cos Ocos?p — cosfsin’p) e'®3t +c.c.) = > (ELE, cos Bcos2¢p e'“3t +c.c.)



= 260

t\'l.U ‘<~U RNU

Pyl (t) = (Pecosg + P,sing)cost = 2eqdy; %(E

Lithium niobate

LiINbO5 point group 3m uniaxial crystal

1 .
—dy, > (ELE, cos Bcos2¢ e'¥3t + c.c.)

1 .
2d57 > (E1E,cos 0 cos ¢ sin @ e'®3t + c.c.)

0

= —2€ydy; %(ElEzei‘%t + c.c. )e05%0(cos2@cosp — sin 2¢ sing)=—2€yd>, %(ElEzei‘”S

L

deff = depe = —dpc08*0c0s3¢p  — |dyp|cos?d

choose cos3¢p = +1, i.e. ¢=0, 60, 120, or 180°

t

Jelwst 4 ¢ c, )(— cos Bcos2@cospcosl + cos 0 sin 2¢ singcosf) =

+ c.c.)cos?0cos3¢
L
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Phase matching

Finally, need to make a proper cut and polish the crystal faces
0 — phase matching angle

“0, - cut crystal”

rotate crystal in
< the plain ZX

tune 6 /
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Phase matching, lithium niobate SHG from 1064 nm

C 0 @ refractiveindex.info/?shelf=main&book=LiINbO3&page=:

igle Translate  ® Google Scholar %% Webcourses hom... ) Facebook &

CeSractivelndeyx. TNFO

CeSractive wdey datadase

Shelf
MAIN - simple inorganic materials
ORGANIC - organic materials
GLASS - glasses
OTHER - miscellaneous materials
3D - selected data for 3D artists

Book
[ LiNbO3 (Lithium niobate)

Page

[ Zelmon et al. 1997: n(0) 0.4-5.0 ym

Optical constants of LiNbO3 (Lithium niobate)
Zelmon et al. 1997: n(o) 0.4-5.0 ym

[ Jm 049 (

Wavelength: | 1.064

Complex refractive index (n+ik)

Refractive index

n=2.2321

C: 0 & refractiveindex.info/?shelf=main&book=LiNbO3&pa

wgle Translate € Google Scholar  #.% Webcourses hom... ) Facebook

e’ racive Tadey. TNFO

chruf\”wc wdey daXadase

Shelf
MAIN - simple inorganic materials
ORGANIC - organic materials
GLASS - glasses
OTHER - miscellaneous materials
3D - selected data for 3D artists

Book
[ LiNbO3 (Lithium niobate)

Page

[ Zelmon et al. 1997: n(e) 0.4-5.0 ym

Optical constants of LiNbO3 (Lithium niobate)
Zelmon et al. 1997: n(e) 0.4-5.0 ym

]pm (0.4-5) | line select

Wavelength: 0532

Complex refractive index (n+ik)

Refractive index

n=2.2336

n, <n,
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nCw, 0)

Z (e-wave)
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Collinear vs non-collinear phase matching

W w
— e—
—
2w
(a) (b)
SHG SHG
crystal crystal

®
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