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Constitutive Relations

D(r,t) — ef(r,t)+P(rt), P — Material Polarization

— 1 — — —

H(r,t) = —B(r,t) — M(7,t), M = Material Magnetization
Ho

For Isotropic, Homogeneous, Linear, and Causal media:

Pl — e / GoPEF. L — r)dr
0 G, and G,, represent the material «memory» to

0 previous times of electromagnetic field
M(rit) = / G (T)YH(7, t — 7)dT
0

oo

Fourier Transform: F iy = f(t)e tdt
D(r’, w) = GOE(T’, w) + 15(7"2 w), 15(?"', w) = eoF {G.} E('r: w) = enxe(w)]:f(r', w)
— 1 — — — - —
H(r,w) = M—B(‘F, w) — M(r,w), M(r,w) = F {Gr} H(r\w) = Xm(w) H(F,w)
0

X. = electric susceptibility
X = magnetic susceptibility
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Constitutive Relations

Therefore:
D(7,w) = e E(F,w) + eoxe(W)E(F,w) = €0l + ve(w)] E(F,w) = e(w)E(F, w)
(w)
— 1 =, . S S S
H(r\w) = ;TGB(T’“’) Xm(W H(T,w) == B(r,w) = po [1 + Xm(w)] H(F,w) = p(w) H(r,w)

Prof. Elias N. Glytsis, School of ECE, NTUA 3




Constitutive Relations for Anisotropic Media
For Anisotropic Media:
ﬁ(’r",t) = € / C;‘(El)('r)g(*r",t — T)dt —‘7:> 17(7", w) = 602(1)(@5(?",@
J0

> tensors \

D(rw) = cll+ @] Erw) — D w) = dwErw)

Cax (C-:ry Crz
(W) = | €yr €y Eyz Permittivity Matrix is symmetric g;=¢; (i,j =X, Y, 2)

Czz Czy Czz

(a) Ife,, # €, # g, # g, (biaxial medium)

€ee 00 (two optic axes)
cw)=1 0 ¢ O (b) Ife,, =€, # €, (uniaxial medium)
0 0 e (one optic axis)

(c) Ifg, =¢, =€, (isotropic medium)
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Constitutive Relations for Nonlinear Media

75(T’,t) — E(]/ ﬁ(l)( )E(fr f—T)dT+€0// G )(7'1 Tg)E('r f—'r])c‘,’(?“ t — To)dTdrms +

C{]/// G Tl Tg,Tg) _'( t—Tl)g(’F,t—Tg) _’( t—Tg)dTldngTg foe

P(F,w) = XM (W)E(Tw) + X (wr,wa) E (7, wn) E(7, ws)|

w=w1 twsy
€oXS) (wr, wa, wa) E(F, wr) E (1, wa) E(F, ws)|

w=wi twatws

™ — tensors of order m+1

Example: Isotropic, Hmogeneous Medium with Nonlinearity (Pockels effect)

P(Fw) = XM (w)E(F,w) + € [5&9(%0)1?(?‘3 0)] E(F, w)
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Electro-Optic Modulator
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https://encrypted- Ti-Indiffused Waveguide | | Electrode
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qOYUmMFR2xVStdKjY9mmXhikK3xKFVmgPbOApn7dLA7n - Electric Field Line D L|Nb03 Substrate

https://www.thorlabs.com/images/tabimages/LiNbO3_Modulator_CrossSectionX_D1-780.gif
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Index Ellipsoid

2 nl 2
B Yy 4
ni, n2, nZ,
1 1 1
A n%r ﬂ%,g ?1‘:"-.2 J£
N 7T A T 7T 1 1 1 _ 1
LYy = [ ] byl =1+ ¥ = ?1%1. n%y n%z | =
~ n n%y nZ. -
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Index Ellipsoid

T . -1 Index Ellipsoid In Principal Axes System
— 1 —
z | Alz ’ AJ = [e] (before applying electric field)

A] = Impermeability Matrix

2T {[A] + [A(l/nz)]} 7 — 1 Index Ellipsoid In Principal Axes System
~ - (after applying electric field)

Anew]

Linear Electro-optic Effect (Pockels Effect)

[ 1/?’2, ZTZJkEkv i,j,l{;:aj,y,z

Quadratic Electro-optic Effect (Kerr Effect)

A/ =D 0> giweBeBe, iy j k= 3y, 2

k 14
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Convention

rr —

vy
zz
Yz

Tz

AR

LY

S Ot e W N

E szkEka

Matrix Form

11
r21
31
41

T's1

| | T61
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i?jﬂk — ‘I.?y?Z

12
22
T'32
T'42
I's2

T'62

Linear Electro-Optic Effect (Pockels Effect)

13
23
733
743

T's3

63 _




Convention

T

vy
zz
Yz

Tz

LY

A A AR AN

A/ =YY gimeFr e,

A(1/n?),,
A(1/n?)yy
A(1/n?)..
A(1/n?)y.
A(1/n?),.
A(L/1?)ay

k

g1
g21
gs1
ga1
gs1

| g61

14

Matrix Form

dgi12  gi3
922  g23
g32 ¢33
J42 443
g52  gs53
g62 363
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g14
g24
g34
ga4
g54
g64

Quadratic Electro-Optic Effect (Kerr Effect)

1,9,k 0 —x,y,2
915 16 Ly
g25  g26 Eéy
gss 936 Egz
ga5  g46 EOyEOz
gs5 Y56 Foe Fo.
965 gde6 onEoy _
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Crystal Classes

Cubic Hexagonal or Trigonal
AN a"r F——— = _J"':T_"1 7N S A
e, / # T £ 7 N — > / \
« O\ </ Y ‘ [ — L‘I | L Jﬁ_—\l f— £ W
! 4 T — } W f,|__—'|| N‘
(’\/ W L\____ A \tj__\_/r” bj = e, &if )
\\_ & £ -I /.-". e L/f
garnet spinel halite yrite corundum quartz iimenite calcite
Tetragonal Monoclinic o
M A 7~ - > S~ /7
x] AN U \‘ ~ ()
A A/ A VA \ | = '
\/ ) 1,-'{;. \,‘l\\:‘,J [ __/{ 4 Hh‘h‘ U L:LL——_\.
apophyllite rutile zircon wulfenite diopside gypsum epidote orthoclase
Orthorhombic Triclinic
e _“IE“‘{ /.-%\;.\ l; F—\f‘ _\\ .III [-"'.“[/, [’—E:::__\“ T == I,—-——____— _Il_'f__:i.ll?lln
< @ 0 ¢ ¢ @ [ @
Qs S~ /)J \ ) \ / QI/ J_ =
= % albite wollastonite kyanite rhodonite
barite olivine topaz sulfur
ossible ossible ossible example of a point
crystal system p & - . . -
first symbol second symbol third symbol group
CUbiC 4; 4/m1 41 2’ 2/m 3' 3 21 2/ml m 43m
hexagonal 6,6 ,,6 2,2/, m 2,%/, ., m N
: 2
trigonal 3, f 2, z/ml m 2, % M 32
tetragonal 4,4 .4 2,%/py m 2,%/,,m 422
orthorhombic 2, m?/ 2,2/, m 2,2/ mm?2
monoclinic 2,2/ . m *
triclinic 1,1 1

https://opengeology.org/Mineralogy/10-crystal-morphology-and-symmetry/
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Crystal Classes

|C.rysta.l System |Crystal Class ISytmneiry INan:e of Class
o |1 Inone IPedial
Triclinic =
[1 li |Pinacoidal
| 2 I 1A ISpheuoidal
Monoclinic |111 | 1m IDomatic
|2x’m |1'., 1A, 1m |Prismatic
[222 |34, |[Rhombic-disphenoidal
Orthorhombic |1:mn2 (2mum) |1A2, 2Zm |R110mbic-pyramida1
2/m2/m2/m i. 3A,. 3m Rhombic-di idal
I I [ pyrami
|4 |1A4 ITetragonal- Pyramidal
4 Tetragonal-disphenoidal
E | A I
4/m i, 1Ay, Im Tetragonal-dipyramidal
I I I g Py
Tetragonal-
Tetragonal 422 184, 482 trapezohedral
- 4mm 1A4. 4m Ditetragonal-pvramidal
I | [ gonal-pyr
= = Tetragonal-
42m 144242 2m scalenohedral
. Ditetragonal-
4/m2/m2/m |1, 144, 44, 5m dipyramidal
3 1A5 Trigonal-pyramidal
I I [Trigonal-pyr
|_3 Il A IRllombohed.ral
|32 IlAg,, 3A, ITrigonal—trapezohed.ral
3m 145, 3m Ditrigonal- idal
I I |Ditrigonal-pyrami
Hexagonal-
| 32/m |1 Aﬁ’ 3A2. 3m scalenohedral
6 1As Hexagonal- icdal
I | |Hexagonal-pyrami
Hexagonal | & Il Ay ITrigoual—clipym.midal
6/m i. 1Ag 1m Hexagonal-dipyramidal
I I [Hexag py
Hexagonal-
622 |1A6’ 642 trapezohedral
61rum 1A, 6mM Dihexagonal-pyramidal
I I I
| &m2 Il .st.o, 3A5. 3m IDitl‘igonal—dipyramidal
. Dihexagonal-
6/m2/m2/m |1, 1A4. 645 7Tm dipyramidal
|23 [3A,. 445 |Tetaroidal
2/m?3> 3A5. 3m. 4 A Diploidal
I I |Dip
Isometric [432 [3A4. 44, 64, |Gyroidal
[43m |3 A, 4A; 6m [Hextetrahedral
[4/m 32/m [3A4. 4 A5, 6A2. 9m  |Hexoctahedral
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Centrosymmetric

( \

CODDOO QD
OSSO OO

CODOOD

A. Yariv and P. Yeh, “Optical Waves in Crystals”, Wiliey & Sons, 2007 (Table 7.2)

Linear Electro-Optic Effect (Pockels Effect)

Triclinic
{ - nha2 I3 \
Fair N Iy
I3z Inp Iy
P Taa Ty
Isi Tsp Isy
\ Te1 T2 763 }

Monoclinic

2 (2iix,) 2

( 0 rp, O \ ( 0
0 rn, O 0
0 rm,m O 0
0 gy sy
0 rp, O rs,
TR } | 0
m (m1lx,) m
f"n 0 \ ( ™
rm 0y ™
. 0 I3
0 r, O 0
r, 0 s 0
0 r, O] Y1

(21 x5)
0 \
0
0
r,, O
r., O
0 7 }

(m 1 x,)
rn, 0)
r, O
5, O
0 1y
0 ry
. O }



Linear Electro-Optic Effect (Pockels Effect)

Orthorombic

2mm
0 ) ( 0 0
0 0 0
0 0 0
0 0 7y
0 rsg, O
763 | \ 0 0

Tetragonal
4
rs \ ( 0 0 s \ {
s 0 0 —-r;
I3 0 0 0
0 i —rsi 0
0 Ts1 T41 0
0 0 0 s \
4mm 2m (21 x))
{ ¢ O rl3\ (0 0 0 \
0 0 0 0 0
0 0 ry 6 0 0
0 I"5| 0 T4 0 0
| 0 0 0 T3 0
Lo o 0/ | 0 0 g

A. Yariv and P. Yeh, “Optical Waves in Crystals”, Wiliey & Sons, 2007 (Table 7.2)
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Trigonal

3
m “rp M
=TI R, Ina
0 0 I
T sy 0
Isy ~ry 0
—rp —r, 0

3m (m 1 x,))

0 —hy Ina
0 ra I
0 0 3
0 rs, 0
rs| 0 0
—ry 0 0

Ta1
0 —r," O
0 —'r” O

! 0 N3
—rm 0 N3
0 0 s
0 rs, 0
rs) 0 0
0 -rp 0

6
0 0
0 0
0 0
I s
Tsi Iy
0 0
m b
- ryp
0 0
0 0
0 0
—nh Iy
Cubic
43m, 23
0 0.0
0O 0 o
0O 0 0
rqm 0 0
0 ry O
0 0 ry

A. Yariv and P. Yeh, “Optical Waves in Crystals”, Wiliey & Sons, 2007 (Table 7.2)

n;
Fis
LY

CooOoOo O @

432

ococooco©
COOCOoO O

COCOOO

Linear Electro-Optic Effect (Pockels Effect)

Hexagonal
6mm

0 0 ry

0 0 r,

0 0 ny

0 ro, O

i, 0 O

0 0 0
6m2 (mlx,)
0 ~rs 0
0 rp, O
0 0 0
0 0 0
0 0 0
— 0 0




Sy

S12
531

S61

Quadratic Electro-Optic Effect (Kerr Effect)

Triclinic

1,1

S Sz Si3 Suie
$21 S Sy S
S31 S32 S33 S
Sa1 Sa2 Sy Su
851 852 853 Ssq
S61  S62 63 Je4
Tetragonal

4,4,4/m

S12 83 0 0
S S Y 0
S3 S33 0 0
0 0 Sa4  Sys
0 0 —345 S“
-5 O 0 0
422, 4mm, 42m,4 /mm

Sy S S35 0 0
S;2 sy 83 O 0
s3 s S 0 0
0 0 0 s O
0 0 0 0 sy
O 0 O 0 o0

S1s
825
S35
S4s
Sss
S6s

Si6
S16
536
S46
Ss6
366

S
S12

541
$s1

Se61

i
S12
513
Sa

0

0

Monoclinic
2,m,2/m
S Sz sy 0 sgs
520 Sy S 0 sy
S31 S; S 0 sy
0 0 0 s4 O
Ssp S5z 853 0 s
0 0 0 s O
Trigonal
3,3
§12. Si3 S 515
St Siz TS TSis
S s 0 0
—sy 0 sy Sas
=S5 0S4 Su
—s61 0 —s5 S
32,3m,3m
Sz Sz Sie O
Sy Sy —Se 0
Si3 33 0 0
— 384 0 Sa4 0
0 0 0 Sa4
0 0 0 sy

0
0
0
S46
0
Se6
~ %61
S61
0
—8s)
S41
(s = 512)
0
0
0
0
Sq1
(s = 512)

Orthorombic

2mm, 222, mmm
s3 0 O
$21 s 0 O
S3 s s 0 0
0 0 0 s O
0 0 0 0 s
0O 0 0 0 o

s S

$22

(== R = B = M =]

Ss6

Hexagonal
6,6,6/m

Si Si13
512 513
$31 Sy S
0 0 0

0 0 0

512
S

Ss1 —Seq O

0
0
-0
Sa4
—S4s
0

0 “'S6l
0 561
0 0

Sas 0

Sa4 0

0 3(sy —s12)

622, 6mm, 6m2, 6 /mmm

Si S13
S13
Sy Sy In
o 0 0
o 0 ¢

0o 0 0

512

Si2 S

0
0
0
Sa4
0
0

0
0
0
0
Saq
0

o O O o ©

351 — s12)




Sy
53
$12

0
0
0

LP)
S

513
0
0
0

Cubic
23,m3
s; 0
55, 0
sy O
0 sy
0 0
0O o

Quadratic Electro-Optic Effect (Kerr Effect)

oo o Q

M

(=]

432, m3m, 43m

512

S

512
0
0
0

52
52
BT

0
0
0

0

0

0

Sa4

0
0

(= = = B ]

s

e

b

o0 O o

©C O O o o

Sas

Isotropic
( S Sz Sz 0 0
$iz S S 0 0
Si2 Sz I 0 0
0 0 0 3(sy —s12) 0
0 o o0 0 3(s11 — 512)
l o 0 o0 0 0

Prof. Elias N. Glytsis, School of ECE, NTUA
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Example: Linear Electro-Optic Effect (Pockels Effect)

KDP crystal is uniaxial

X\ ny 0 0
E
07’ €] 0 n% 0
5 0 0 n%
L 0 O
0 : n
1
E 4 KDP Crystal | Y1 ? 1
: 0 0 —
— A d ; ng .
E / ;
/
Index Ellipsoid
T z” 92 2’

Prof. Elias N. Glytsis, School of ECE, NTUA
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Example: Linear Electro-Optic Effect (Pockels Effect)

i A(l/n2)m ] -0 0 0 0
A(1/n?)y, 0 0 O 0 0
A(1/n?).. 0 0 0 0 0
A1/n¥,. | | ra 0 0 h B 0
A(l/ng)m 0 41 0 . 0

B A(l/n2)$y i 0 0 763 | 763L00z

- _
5 reslo. 0
no
1
(Apew| = | 63l — 0
no
1
0 0 —
i neg |
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[A4]

Example: Linear Electro-Optic Effect (Pockels Effect)

Coordinate System Transformation

X Xl/
/ 1 cosO sinf 0 T
0 y1 | = | —sinf cosf O y | = Q]
0 21 0 0 1
L]y N . |
S Impermeability Matrix Transformation
KDP Crystal . Y1
i d At — 1= 77 [Qll Aneu QI 71 — 1
| A
For © = /4
1 _ 1 1 -1 :
% + re3tig. 8111(26) re3Fos 008(29) 0 % + rea3 b 0 0
1 1
re3 . cos(20) — — re3lipz sin(20) 0 [A;]| = 0 — —re3li. 0
ne 1o
1 1
0 0 — 0 0 —
ng | i ng |
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Example: Linear Electro-Optic Effect (Pockels Effect)

New Principal Indices

1
‘. Moy — N0 = Gnoreslo:
E
0z 1
/ Nyyy — No T 5”?)7“63E0z
0=nmn/4
Nyzy — NE
\éinm y Input/Output Fields
KDP Crysta s . Fo . Eo .
! E = Byt = —7&1 — —=1
9 V2 V2
ar Eo [ . 1, ]
E,, (3 - d) - ﬁ exp | —Jjko (no - §7Lo?"63ﬁfoz) d
E . 1 . |
By, (z = d) —7% exp | —7ko (??»o | 5”2)7’631?%) d

Acquired Phase Shift

Cb — ¢y1 — ¢$1 =TT — k0T63n:(3)E02d
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Basic Acousto-Optic Transducer

Acoustic absorber

Induced diffraction
| grating

Diffracted light
Acoustic

—_—
e 26
p t\“"""“\
wave 1ronts \* \ A/
P
[

Incident

light M

!

. Through light
AQ crystal

Piezoelectric
[ ——
transducer

Modulating RF voltage

S. 0. Kasap, “Optoelectronics & Photonics” 2" Ed., Pearson 2013, (Instructor’s Powerpoint Slides)

Prof. Elias N. Glytsis, School of ECE, NTUA
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Basic Acousto-Optic Transducer

An(z,t) = An sio[ wet -korl
Us = NSJI‘:E k5=2-2—rs'—: 2}—:

—

CCw positive
‘\ 8ng les

inzide 4hy
o
Crjsat

diffrbeted

/

]

W
RF s‘gnaL

=

In order for the diffracled wave to build up, (t is necessarny that
the optical path difference AQ'+0'B s mulliple of @gvdgneih (insids
the (r:!s*af}. Thiz can be writien s
A Gind +sindm) = m % where n is the sverage refractive

(ndex of the crds-hi. If we make the convenhon 4hat all ccw ansh_s
are pesitive (35 measured :’r'-:bm the horizontal) and - Cw an%{m are
negative, then dhe sbove equation cn be wnien 3s

_.A ( sin@(-%nSm ) =m -?\—’ _ - W

Prof. Elias N. Glytsis, School of ECE, NTUA 23



Basic Acousto-Optic Transducer

The previous equstion (s also calied +the grating equation. For

m=0 = Sin® ' =zsin®m => Om=06.<0 and it corresponds 1o the

zero diffracied order or 4he fransmitied beam. 1L D =8m=0 as

Shown tn the {;:Hnwl-nst diagram,

ine. ¥ %

SMH\‘?D

inen the atove condition can e writen 23

LASNB=m ?-::
m

J

and is called 4he RBrayg condition.

Prof. Elias N. Glytsis, School of ECE, NTUA
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Particle Picture of Bragg Diffraction of Light by Sound

L ik - ,
1(.,3 — 15((_ +~ Kg Cmeamentum Conservalion)
Wy = W+ W (energy consecvation)

iy ; i —

k. Usually ws<cw; ~ wy2w; ond lkl=lk;l

From +he diagram if kg=ki=k
; I'(_s — 2-k5..1'ﬂe ——r

)

20 = 2
N Al
2N\ si

.sing =

in® = n./n  which is {he 13':‘933

Conditcon fov the First (m=1) diffracled order. In qeneral we can have

mult(ple  diffracted wsves with wavevedors and (reguzncien giren by

- - - -~

!( :k(q-ml:s m-=0.%x|, +2

m

«

dm = W + mule

Prof. Elias N. Glytsis, School of ECE, NTUA 25



Analysis of Bragg Diffraction of Light by Sound

Let's start from the Maxwells eguations:

Vx e -pm-g—: V-8 =0~ V-220
Vxh = Q(&éfﬁ) V-h =0
ot

Now let's decompose p = B, + EP , Where B, s the (nduced

N - ; 1 i jos 1 = .
paiarizahan w'thout 3Ny acoustic wave and ﬁP ts the Chanae of

the Pc'lari'f_a'l'fun due o the acousztic wave. The &5 will be 4reated

as a per-}urba{mn. The relation between :1;3 and the (ndex :fw.r.?.-_

An due ta the acoustic wave can be found 2: follows:

'E.é iz Gaé‘l' ﬁ = }’3‘—‘ Eg(hz'—i}é\ -

Aﬁ': Eng‘udhé :ZEnE&né‘: 21“Eﬁ€ ﬁr}é\

-
b
-

and OAn = A&n(F,t) = An, cos Dwet - k-7

Prof. Elias N. Glytsis, School of ECE, NTUA 26



Analysis of Bragg Diffraction of Light by Sound

From Maxwell = equations we get:
I=x(F=x2) = —Pgi(f(‘ioa-hﬁ-rﬂﬁ)) —Fﬂ (CE+&p) =
i . =
= ?%ﬁf‘é‘)-?z -;-,ac 5;3 - ]""“c}: 83 >
VE -pel = p 5.0
'l_'he total efectric field 2 s the sum of +he (ncdent and +he o -
cled fields.
g=zece = {%(AL(Z) e..j'fm,;{-l-e{-r)* £ C. )+ % (Adiz ;J{m£ g I-)4- o = )75 |
ohere C.c. depotes omple x mru'uﬂa{e and AL(Z)‘AQ(E} are srqwlﬂ
varying amplifudes. W, wy are 4he angular frequancien of the incidini
and diffracted waves and ki, k& thair corresponding wavevectors,

€ (s 4he pelavization unid ve:ﬁ;r that  remsins consiani.

Prof. Elias N. Glytsis, School of ECE, NTUA 27



Analysis of Bragg Diffraction of Light by Sound

Lo "Phet G
Ay S ol AW,

W =+ by =+ s %
Ws harnan
Phonon R P""’s

ju-brh c,c.) 1+ 1s :%rafgh‘i'rcrward ic show

that o _
2 I J(U{’-k'r} - 3 é_“t\ dE‘A }
Ve - i ] [k-kAi‘r-JZkzdz + 95 | rcc
(W -kF
l-L,Ej—;E = -~wipe LzAfz)c"'(w+ ) + C.C.

Prof. Elias N. Glytsis, School of ECE, NTUA
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Analysis of Bragg Diffraction of Light by Sound

Thererore, e
e e g ok R A g bR T APT T

Ve - poe 3o = -glki-kikn2jkiz G + T2 - peew A e*w g
 WEw ; dA; c:'.:A.[ 2 3 W

-E[kd.i;}h-kz.ll{ﬂ g S Po€ Wy Ay ]e +CC

- ==t —

But ki-'(‘- = Lu,_z pe and ]q - : = wj PQE (Low Pfam; waves) and 3inca

2
- : dA; Ly
A{, Ad 2w Slﬂ-t.ul’:i VE‘FHtﬂa rung;i.gﬂs of 2 F 2-"0_J c‘d:\:[ ~ 0

ar (ompared to the ‘% k. and %"—:-"'m terms. Conzequantly

- 3 o1 Gt -keF)
» Je %3 £ @& e :i{\_; J(L { c.c.
it I S AR )
s T - | dAs jtuit'hi';} -
i YR A e e 3 B
2 _+ J dz 3z |
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Analysis of Bragg Diffraction of Light by Sound

A
Now let's examine the ?a%ﬁ (ﬂp) term: e
o T | (4 -k F) 4 g DGIERPET A
Mo o 3¢  @p) = po é‘%* | 2 /&€ An (-“?: Ace’ rc.ct A0 *rc_)_f
22 ezt F) \ ot -1 7) HEXE™S) _
= }L,ZE Ang -a-c;,z |\-'- e i t:.c.) ('5 A;*EJ‘ +iﬁde : ;cc.) z
1 =
N r o == -
r——- 2 i _ﬁ_f w.;*wi)l*(ks-h\q]-r 1
= Pﬁﬁ €.C ﬁn ‘é‘:{ = A1 e -
0t°1 4
- jg(h::—u-l.'}'t ‘(E:'F-J?I I
S e -
f N e_j[{w:*u&:t{—fﬁ-+£}"’]
S d o
4 5 -
y o etk
4 I
L A el (st = (~ke+i)-7 ] N
-: A": e-j {—ﬁﬂs"—";}f“" (kr«uk‘}f’.l i
i i[Cugauyt - (e )]
Jd Aq e +
pra -l - -
LAY ) RO RS e )- 7 ]
-_ =
= _
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Analysis of Bragg Diffraction of Light by Sound
Now we have io keep only the in-phase terms becawe only thece
are going o conirbuic 3t slesdy state. Astume that
Wy = Wi+w, ~» W= Wy-ws

Keepnﬁq ':"|-:,J the - pne_.e "‘E'rmf we QEL.‘

- d (- F
_.1.2-. ["'ZJ “A‘]t‘l(u | + C.C. —-:r-[+2‘5 ud?_leihh " lc.c.
iw.;'wr){ ( *'::)' ] 'i r
— F*EJ € An [i—‘% € *C-C.J[—de-wﬂ | +
J’[:[u.gﬂ.sgl*‘l: - fE*E:)'F] 2 Z
- ‘l;* A e "": + C.C. [- (g rone) ] |

while terms Xl Wd+we , Wi-ws and +helr conJuga-l-es have been

neg]gc‘ted. The above equaton thould be saticfies for all tmes. 'T'n.we-l
2

fore, o ike? — Pon - (k). P
J. kf: d A, i [ = ..l.]_“ et Ans CuL -ws)a".‘ Ad N ¥ i
d.‘.‘. 2 2 - -
A ik F = R

P ™, 1
i Je.€ an, (woew,) A; €°
Tl ;

i dz
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Analysis of Bragg Diffraction of Light by Sound

2 ki
N i
= 1 poie.c Ano W o Lol W an,
Z W; M, € cos9; 2 C cosh
; . 1. An. " ; £ g~ L = . '
'.:.;Ir'lf"nuiJ.F;‘:nl"lnﬂJr r/:'d e -%izh: ; ; dilng inese gerTinttions ire azove
o533y

&quaiicn: became

+J[L‘1*§5-kd]-l-:
Al _ '
dd; = ) ?i. Ad -
ke k-k 17
d!ﬂ\i G "\i ‘? Ai e «.![k" o 41
dz d

For strong inderackion within the volume of the acountic wave ciis%urbalq

the exponential factors need to be such that -
— — —

kl; e IKS - E'd = D Bi’aga Cﬂ"-dt*‘!ﬁl"
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Analysis of Bragg Diffraction of Light by Sound

If 4he Bragg condition & sahshied then 8( =0y and Wrw; sing

- aAn
We << W, and tha above equation: became: (r;:gi =", = zca-::q:.g]

dAc _ - A
az - 4774
d As ; X
E il 7 R
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Analysis of Bragg Diffraction of Light by Sound

Solution :

T4 is straightforward to show that:
Ajz) = Ay (0) t:ns.(n?z}—\j A (0) sin(gz)
Ai@z) = A cos(na) -] A4 (0) sinnz)
and assuming thet at =0 ther (s no diffracled field tha resuldic
AglE) = - A; (0) sin(9z),
A (2) = Ai(@ costnD).
Then the diffracted and transmitied Ppower are

EEE}_ IAJ {Z.)lz 2
Tz A ()

T Al

L(2:0) A

sin? (9z)

= cc:’(?z)

Lﬂlh‘(.-h 53+1‘E:ﬂ +hE. f'v::r‘;‘:crva-}.oﬂ, (.'J_P Enfrs.:t 51].1“ -é(?:‘*li[i}: Iihj

C -
: Qr P LlgtV]
oJ

x.
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Analysis of Bragg Diffraction of Light by Sound

I&fIh“
I - I
[ . nay ' W
{ . an(gR) max I N Zo ,/_
|
!
J
- =
2 =
- 4 - r A
Tat=) | sin“{?E] = :sir's"‘]: w 4&no z] = smzizﬁ i
I (o 2c cosoy L N ocnsB;
g Sin;[ ™ AN, T ]
B N, COs®;
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Analysis of Bragg Diffraction of Light by Sound

Now let's relate An, with }the acoustic wave |‘n+ensi+5_
An, (s related 1o the strain  vis

ﬁr"a ezl ! P 'E'r‘,r

2 N

P the photoelastic constant of 4he medium and g, isdhe

where

ampliiuds of 4he (nducad strain., se is related 4o ‘E,;mw(: acowhi

wWave infensihy in W /s ) by

Sa = {%“_[_“_%“i wohare E s the mas: cien::H-\j Ckarf'm?') and
Usg

vs {5 the velaciy of sound (n the medium. Then,

.Id = Elnl [ jj__ r "M ]
-.f.:fol Aa CQSSL- a

& 2
N : - :
where M = " P 5 the figur of ment of the LCourto-optic

F,U

inierac tion.

|-11_J
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Deflection of Light by Sound

One advantage of ith2 acousto-opiic devices aver the electro-optic
devices (s ihat by changing the frequency of the sound wave we
Can change the direction of the dv{iracted optical beam. This

Can be w@sily understood f we observe the grating equation:

¥4 [S!‘ﬁe,;-l- SinOmd = m E:‘_ ity

"

’:‘Jafﬂ

= SN+ m As/M v

SinBm = -sind; + m o
Vs

where A= As= U/ Vs and ¥ is the sound {requency.
e
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Deflection of Light by Sound

Now let's assume that the Bragg condition (s satisfied. This is
Shown (n the foLLomfnS diagram. | |

| ky At the Bragg conditipn
.\/A-":s 0i=04 =6 and
s 2A sin= m(22)
m

For m= 4 (4 order)

\
—_—

2/ sSin® = Ms/n

BE‘J' Ch%ﬂﬁﬂhﬁ Vs bﬂ Ave . L.‘s, L3 %i‘SQ C_Héﬂg(ﬁs 155 ﬂ{(;-; %
Frorn the a‘rn{a'ng equ.?iﬁur\ we have

Pl o'
i vs = cos .40 = s (1) Avg
Us Vs

Ind since B¢, 8 are cmall close 4o 1ne Braqq Condition

AS ~ Ae /M _ &VS
Vs

sinQ = -sinB; +
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Deflection of Light by Sound

The tmportan+ parar;qeh:f (= not the magnitude of the schual
A9 dua to 2 change 4us in Frequency bubl how this angle

compares to the divergence of a lbeam . Recall 4hat 4he TEML,

4 2A3/n

{4 [
mode has a beam divergenw of A8y, = = = where

T (s ithe beam diamstier.

‘,_’: g axirmum 48 due 2o max Ay
\

|1 e diveraency of the beam

p——
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Deflection of Light by Sound

Vs
1~ s

dedector

e |
\i ' o
\
T

The numbcer of resclvabla '-S-pﬂ"':.i LS®

20/
= 48 TR = (X). D &y —~ T-B
4%, (%) %/n £° g
nE D
wher T="2 = dransit fime for fha sound o ooss i Lght besm
5

and B (¢ the acoustic .*:"gnai banswigthn.
T.B s also called tha time bandwis+h product.
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Deflection of Light by Sound

Example:

g ] |
Assume an acousto-ophic cell on LiNeO3:

vs = 6.57km /sec , p = 4.7 I0kg/m® | n=2.214 (a} Ao=0.6328m)
6

P: 0.15 . lacwi = 10 W/sz ¥vs =100 MHz
me NP2 22148 0.15° o se® _ 5 99.407' 3¢’ o 90007 =
pus® 4.7-10° (€.57103)% ko
/) -5
Aﬁa — ({EHT_EMM;) ¥ = &.195-10
3
N =A\s= e xn S = ‘&5.7}.11"'-
Ly 103
Brasg conditon :
M/ Na
..)‘_“ —2ASIND => =nB8= ZA =) 9=0.125°

AQ = 2:/ns AL = o0.249°
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