Acousto-Optic Effect
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Acosto-Optics
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Strain waves in a material produce a periodic structure that
diffracts light. This can be used to modulate a beam.
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Photoelastic Effect

—

Photoelastic effect couples mechanical strain to a change
in the optical index of refraction

1
Anij = A (—> - ijk:lSk:l
ij

n2

where Sy is the strain tensor Azr=Suri  and Pjj is called
the strain-optic tensor. Diagonal terms of S are linear
strains (volume deformation), off-diagonal terms are shear
strains (shape deformation)

The index ellipsoid in the presence of a strain is
(ij + PijriSki) xizy =1
Using contracted notation we can write the effect of strain

1 )
as A<$>._Pm5k, i, k=1,2...,6, ch 9.3




Strain-Optic Tensor

=
—=

The strain-optic tensor Pjjk can be written in
contracted notation as Pik and has a form that
can be found from symmetry considerations for
each crystal group. The form is identical to that
of the Kerr electro-optic tensor Si.

For example in an isotropic material

( P11 P12 D12 0 0 0 \
P12 P11 P12 0 0 0
p, = | P12 Pz Pu ) 0 0 0
0 0 0 3(p11—pi2) 0 0
0 0 0 0 %(pn — pi12) 0
\ o 0 o 0 0 L(p11 —p12)
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AQ effect in Water
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Consider an acoustic plane wave in water
propagating in the z-direction

U (z,t) = AZcos (U — Kz)

producing a strain field, 5i; = % , of

S3 = KAsin (Qt — Kz) = Ssin (Qt — Kz2)
Using the Pik tensor for an isotroic medium

/ P11 P12 P12 0 0 0 \ ( 0
P12 P11 P12 0 0 0 0
P12 P12 D11 0 0 0

0 0 0 Z(pi1—pi2) 0 0 0
0O 0 0 0 (P11 — p12) 0 0
\ 0 0 0 0 0 Lipn —p12) ) \ 0

warning - this is not matrix multiplication

Ssin(Qt — Kz)

\
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AQ effect in Water

(pn P12 P12
P12 P11 P12

_p. g _ | P12 P12 Pu
An’&_P’LkS’L O O O

0 0 0
\ 0 0 0

giving for An Ay

Ao

0 0 0
0 0 0 \ (
0 0 0
(P11 — p12) 0 0
0 5(p11 — p12) 0
0 0 %(pll — p12) ) \

_A(

) = p125sin (Ut — Kz),

1

) = p125sin (Ut — Kz),
2

—2) == pllSsin (Qt — KZ) ,
n=/s

= 0 for i#

Resulting in an index ellipsoid of

0
0

Ssin(Qt — Kz2)

0
0
0

1 . 1 .
(:L'2 ~+ y2) ) + p125sin(Qt — Kz)] + 22 [ﬁ + p11Ssin(Qt — Kz)| =1
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AQ effect in Water

—_—

1 1
(332 -+ yQ) [—2 + p12.5sin(Qt — Kz)] + 22 [—2 + p11.98in(Qt — Kz)} —1
n n

with new principle indices of refraction of

1
Ng =Ny = N — §n3p125’ sin(Qt — K z)

1
n, = n—§n3pllSsin(Qt—Kz)
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AQ effect in Gallium Arsenide

—
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Consider a transverse (shear) wave in GaAs
polarized in the y direction, traveling in the z-

direction 7 (2,t) = Ajcos (1 — kz)

6’&@'
aZL’j

Sy = KAsin (Qt — kz) = Ssin (Qt — Kz2)

producing a strain wave of s, - which is

With the strain optic tensor for a cubic crystal

pi1 pi2 p2 0 0 O \
pi2 P11 pi2 O 0 0
p._ | Pz P12 pu 0 0 0

t 0 0 0 pua O 0

0 0 0 0 pu O
L0 0 0 0 0 pu)

we ge“. An23 = A?]32 — p44S sin (Qt — KZ) ch 9.8
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AQ effect in Gallium Arsenide

The modified index ellipsoid is

1
") (:C2 + oy + z2) + 2y2zpga Ssin (Ot — kz) =1

We can choose a new set of principle coordinates
x', y' and z' that recast this equation into the
form

From inspection x=x’, so let z',y’ and z,y differ by
a rotation of B around the x-axis:
z=2'cos0-y'sinG
y=2'sinB+y’cosO
(2 cos —y'sinf)?  (2'sinf + 1y cosf)? x>

2 + 2 + 3 +2(zcosf — 1y sin0) (2" sin 0 + 3’ cos 0)paaS sin(Qt — Kia 9:91




AQ effect in Gallium Arsenide

Evaluating
/ 6— ! &3 9 2 ! &3 9 / 6 2 2
(2’ cos 2y sin 6) N (2 sin +2y cos 0) n 33_2 +92(2cos0 — i sin0)(2' sin 0 + y cos O)pasSsin(Qf — Kz) = 1
n n n
gives
12 12 12 1) o3 29 A 20
L2 ZYERE L TY R L (22sin 20+ 22"y cos20 — ' sin 20)paSsin(Q — Kz) = 1
n n n n n

cross term 2z'y’cos(20)—0 for 6=45° giving v’

or

1 1
v + (_ — S'sin(Qt — Kz)) y'"? + <$ + S'sin(Qt — KZ)) 22 =1

n2
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AQ effect in Gallium Arsenide

— ~ -
—_—

Equating
P (L sein(@i— K2) )y 4 (L + Ssin(@e— K2) ) 22 =
WTL E—Ssm( t—Kz) |y~ + $+Ssm( t—Kz))z°=1
to
$/2 y/2 2/2
w2z T T -1
x/ y/ Z/
gives 1 | 1
(ﬁ —I—Ssm(Qt—Kz)) = n
1
2 _ 2
te = (1—|—n2SSin(Qt—Kz)>
n'? ~n*(1 —nSsin(Qt — Kz))
SO

1 1
n. =mn n, ~n (1 — 5nQS sin(Qt — Kz)) n; ~n (1 + §n25 sin(Qt — Kz))
(o
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Acousto-Optic Interactions

—
—=

Light will diffract from the periodic medium
produced by the acousto-optic effect. Since the
acoutic wave is slow compared to the light wave
(vs/c=107°), the acousto-optic perturbation can be
treated as a stationary volume grating

Strong coupling to the diffracted wave occurs
when the Bragg condition is met:

2k sinf = K

for typical parameters this occurs for Ox~5°

ch 9.12




Acousto-Optic Interactions

—
—=

Moving
v Tsound wavafrant { §2)

The Bragg condition is equivalen’r

to 2Asin0 = A/n found from -
. . . d;.,\hﬁ\ me‘ﬁ"‘ o

geometrical consideration i)

The effect of motion of the
acoustic wave is to Doppler Flgure 9.2
shift the frequency of the

diffracted wave according to

Vg Sin 6

Aw =2
w w o/n

where vs sinB is the component of the acoustic wave
velocity in the direction of the incident beam. At the Bragg
condition aw =" for the diffracted beam

ch 9.13




Acousto-Optic Interactions

‘—;
e

x

N

Alternatively consider the optical &
wave as made up of photons of Vg,

energy hw and momentum Ak ~—

and the acoustic wave as made up LK, Q
phonons of energy 1Q and momentum

hK. For one photon absorbing one phonon

Conservation of energy requires w’'=w+Q y
. ) -, = — 20 K
Conservation of momentum requires k'=k+K k\J

2ksinf = K

ch 9.14




Bragg Diffraction in an Anisotropic Medium

P , 7 _ -

Picture of momentum conservation

 2°
for photons and phonons involved in A ©
diffraction in isotropic material is an Zk

isosceles triangle since kx=k’'=nw/c

In anisotropic material k#k’ since n is

a function of propagation angle n#n'. A\

We can use the intersection of the g
normal shells with the plane of

diffraction to reconsider momentum propagation in the
diagram. The Bragg condition can x.z plane of a uniaxial crystal,
be generalized to acoustic wave at 30° from z axis

optical wave polarized as e-wave

ksin@ + k'sind' = K
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Bragg Diffraction in an Anisotropic Medium

® G

incident wave polarized as e-wave, incident wave polarized as o-wave,
diffracted wave polarized as e-wave diffracted wave polarized as e-wave

incident wave polarized as e-wave, incident wave polarized as o-wave,
diffracted wave polarized as o-wave diffracted wave polarized as o-wave

ch 9.16




Bragg Diffraction in an Anisotropic Medium

For a given direction of the acoustic wave, there is
a maximum value for K that allows Bragg
diffraction. The maximum value can easily be found
from the geometry of the normal shells diagram

diffraction in the x-z plane of a
uniaxial crystal with an acoustic
wave propagating in the z-direction
and incident wave o-polarized,

diffracted wave e-polarized
Kax = 2kOnO

diffraction in the x-z plane of a
uniaxial crystal with an acoustic
wave propagating in the x-direction
and incident wave o-polarized,

diffracted wave e-polarized
Kmax — ko (no _|_ ne) ch 9.17




Bragg Diffraction in an Anisotropic Medium

diffraction in the x-z plane of a
biiaxial crystal with an acoustic wave
propagating in the z-direction,
incident wave polarized in xz plane,
diffracted beam polarized along y

Kmax = Ny + Ty

diffraction in the x-z plane of a
biaxial crystal with an acoustic wave
propagating in the z-direction,
incident wave polarized in xz plane,
diffracted beam polarized in xz plane

Kmax — Qna:

ch 9.18




Coupled Mode Analysis of Bragg Diffraction

=
—=

Geometrical arguments give a constraint on the
Bragg angle for acousto-optic modulation, but
determining the efficiency of conversion requires
we analyze the coupling of the undiffracted and
diffracted modes

Consider a total electric field

E f— Alﬁlei(wlt—kl.r) +A252€i(WQt—k2.T)

where A; and Az are coupled by the effect of
the acoustic wave

€
An;; = A <—0> = PijkiSkicos (Ot — Kz)

€ /1y

ch 9.19




Coupled Mode Analysis of Bragg Diffraction

=
—=

The perturbation to the impermeability tensor

Anij = A (%)m = pijklsleOS (Qt — KZ)
is equivalent to a perturbation to the dielectric

tensor
A€ (z,t) = 2€1 cos (U — Kz) = Aecos (Qt — Kz)

where €; is a tensor of the first Fourier
coefficients of the tensor €(z) and is given by

 €(Pijr1Sk) €
260

€1 =

This perturbation A€ will couple the field
amplitudes A; and A:

ch 9.20




Coupled Mode Analysis of Bragg Diffraction

— -
—=

The wave equation in a perturbed system can be
written as

(V2 +w2,ue+w2,uAe) E =0
using the solutions in the unperturbed material

E o Alﬁlei(wlt—kl."") +A2E2€i(WQt—k2.T)

along with k=w?pe and assuming A is slowly
varying (dA/dz<<kA) gives
O

02 s, b, L
Y o — 9 o — Am Em (wmt—amT—LBmz)
m:zlz { [8’22//;; v 0z “ 3%} } ‘

_ _w2M Z AGAZE_’Zei(wlt—ozla:—ﬁlz)
i=1,2

ch 9.21




Interaction Configurations

—_—

Consider the cases of small
angle diffraction, shown in figure
9.7a of the textbook

.

The interaction region is the
width of the acoustic beam and

incident
light

. Bl K X2
the mode amplitudes are o( Corack 5
functions of only x giving e
% d_‘AlE_w’lei(wlt—ala:—ﬁlz) o Qia2d_f42E’26i(uJ2t—a2x—ﬁgz) |“'_“‘:‘1_’|
dx dx

Y (elei(m—m) 1 ele—i(Qt—Kz))

X (Alﬁlei(wlt—alx—ﬁlz) 4 A2E2€i(w2t—a2$—52z))
ch 9.22




Small Angle Diffraction Efficiency

_— - -
—_—

FrOm — 2% C;_‘AlE_v)lei(wlt—ala:—ﬁlz) — iy dA2 EZGi(WQt—agx—Bgz)
i

dx

-y (Elei(ﬂt—Kz) X Ele—i(Qt—Kz))

8 (Alﬁlei(wlt_alx_ﬁlz) + AQEQei(wgt—azx—ﬁzz))

W A .
e get dd UL iy Ageiban
x
dA2 S —1Aazx
= —ikT, AjeT 0T

with ~ m2= 2%15?61152 where p; and p2 are
polarization unit vectors.This simplification requires
the conditions for conservation of energy and

momentum are met 8, =38 +K and w;=w, +0

ch 9.23




Phase mismatch

=
—=

The term A is related to the asymmetry of
the incident and diffracted waves relative to

the acoustic wave.
dA,

il

=a
[=9
25
=

Iy —ik1pAze 7, B: <D 2
A . iffract
% = —iKjy Are "R, ISM’ 2
The conversion from A; to A2 occurs when A;
and A; are in phase, but when they drift out .

of phase due to Ax the acoustic wave converts field Az
into field A

When the Bragg condition is satisfied ;=02 so Ax=0 and
the conversion efficiency is maximized ch 9.24




Bragg Diffraction Efficiency

—_—

At the Bragg condition 6, =sin™" <£) =i ( : )

2k 2A R
dA , _
d—; — —2/112142, .
dA — | ﬁidetn
d$ Bl ] (XZ
L K2
which has solutions S
Ay (z) = A4 (0) cos kx — @'@ffg (0) sin Kk, —i—]
K {a)

As (z) = Ay (0) cos kx — ;12 Ay (0) sin Kz,

where «=|r2|. If A2(0)=0 this gives
Ay (z) = A (0)coskx

Ay (z) = _2-512A’1 (0) sin Kz

K ch 9.25




Bragg Diffraction Efficiency

—=

The fraction of the power transfered to the diffracted
beam after an interaction distance x is
laifiracted Ay (2) |2
Lincident | A7 (0) |2
with full power transfer occurring at x=m/2K. Where k
can be expressed in terms of the original acousto-strain

PijkiSki matrix

— sin? KT,

wn3

K

= 07 . (Dii1Sk1) D2l
yrr— 91 (PijkiSki) D2

which depends on the intensity of the acoustic wave (via
the strain tensor Sy), the material properties, and the
geometry.

ch 9.26




Large Angle Diffraction

—
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Consider the cases of large t_..
angle diffraction, shown in figure ”
9.7b of the textbook

The mode amplitudes only vary 7\?('1"2
along z giving

]

_ [Al (Z) E_’lez’(wlt—ﬁlz) 4+ A2 (Z) E’2€i(w2t—ﬁgz)} e—iasr:

giving B\ 4 inn Bi|/ ki
E = —Z@filg & (xl
dAs 6 YN
— = ——Ri,Aje 0P
dz |52| 2 2

with AB =01 —P £ K where e 2 |5152|p1 (PR ooz




Codirectional Coupling

—
—_—

For the case where Bif2>0 (i.e. forward diffraction)
the solutions to

dA :
-1 = —i/ﬂlgAgelAﬁz
dz

2 = irY, AjeT PP
dz 12451

subject to the boundary conditions A2(0)=0 is

1 A

Ay (z) = A;(0)e28P2 {cos Sz — 22—5 sin sz]
S
Ay (z) = —iA;1(0) e300 M2 iy o

S
2
1
with 82 = ‘/ﬁ;12’2 + <§Aﬁ)

ch 9.28




Codirectional Coupling

—
—_—

The transfer of energy from A; fo Az after interaction
through a length L is given by

_ A @) _ [f12]”
[AL(0) P k2 + (LA8)°

T sin® s L.

which is maximized when AB=0 (no phase mismatch of
incident and diffracted beams) and requires AB=0 ,
L=m1/2K12 for 100% conversion.

ch 9.29




Contradirectional Coupling

—
—_—

For the case where Bif2<0 (i.e. backwards diffraction)
the solutions to
dA,

— = ililgAgeiAﬁz
dz

dA2 * A
2 = Y, AjeT APz
dz 1244

subject to the boundary conditions A2(0)=0 are

A (2) = A, (0)e'3A6 ISCOShS(LZ)+i%ABsinhs(Lz)]
1 1 SCOShSL—i—i%ABsinhSL
Ay (2) = A (0) ei%AﬁZ[ ikiosinhs (L — 2) ]
scosh sL + i3 ABsinh sL

1 2
where s% = |kya]? — <§Aﬁ>

ch 9.30




Contradirectional Coupling

—
—=

The transfer of energy from A; fo Az after interaction
through a length L is given by

Ay (0) 7

Ay (0)

‘/’612‘2 Sil’lh2 sL

R pu— p—
s2 cosh? sL + (%Aﬁf sinh? sL

which is identical to that of a Bragg reflector. This
configuration can be thought of as a periodic Bragg
reflector, since the speed of the acoustic wave is so
much smaller than the speed of light that it can be
treated as equivalent to a static perturbation of the
permittivity tensor.

ch 9.31
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Example

312 == 86 — —Z'KUOei(Qt_Ky)

Which can be used with An;i=pijiSk or in
contracted notation Ani=pikSk to find the

new index ellipsoid. Lithium Niobate is a

trigonal crystal with 3m symmetry, so

( P11 P12 P13 Pu4 0 0 \
p12 P11 p13 —pa O 0
b= | P10 P13 P 0 0 0
' par —Pa1 O pay 0 0
0 0 0 0 paa P41

K 0 0 0 0 P14 % (P11 — p12) /

ch 9.32




Example

thus A&n=ris% giving

from which the index ellipsoid becomes

1 1 - /
) 2 4 (ﬁ) y? + (ﬁ) 22 =2 (z’p41Kuoel(Qt_Ky)> xrz — (Z (P11 — p12) KU0€Z<Qt_Ky)) ry =1

o

ch 9.33




Raman-Nath Diffraction

=
—=

Our expressions for the optical field diffracted from
the acoustic wave assume there is only one diffracted
order (m=#1). Is it possible to have

Im|>1, corresponding to more than 1 phonon absorbed?

Conservation of energy requires k and k' be almost the
same length (except for the relatively small increase of
k" due to absorbed energy of phonon). This isn't
possible for more than one order at a time, with a
unique K vector.

sn.34




Acoustic Beam Spread

e -

—=

If the acoustic wave is a finite beam with width AX,
Heisenberg’s uncertainty relation AxAp>h/2 tells us it

will have a range of K-vectors AK=1/(2AX).

If the range of K-vectors is large compared to the
Bragg angle, multiple phonos to be absorbed without
changing length of k' relative to k.

35
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Raman-Nath Criterion

—
—=

Acoustic beam spread is AK=KAQO

A
AB = 55

AO = A

A7 A X

Thus the Bragg angle (8,=A/(2nA) )can be
expressed in terms of the acoustic beam spread

9 AAX
Q =27 TYVE

Q>1 is called the “"Bragg regime” and corresponds
to single order diffraction

Q<1 is called the "Raman-Nath regime” and
corresponds to multiple order diffraction

sn.36




Raman-Nath Diffraction

—
—=

Consider a narrow acoustic beam introducing a
change in the index of refraction in a material of

An(0 < & < AX) = Angsin(Qt — K - 7)
an optical wave expressed by

—

E = Eoei(wt—E-F)

is incident at x=0, upon exiting the acoutic beam
at x=AX it can be written as

B E_’Oei(wt—E-F—cb)

with AX
q5:/ ! Y Andz
0

cosf c

where O is the direciton of the optical beam
relative to the x-axis

sn.37




Raman-Nath Diffraction

—
—_—

If AX is small (i.e. in the Rama-Nath regime), index n
(x,t) seen by optical beam can be considered constant
across beam width

¢
giving

where

AX AX .
Y An = gAno sin(Qt — K - 1)
cosf c cosf c

E _ E’Oei(wt—E-F—é sin(Qt—l?-F))

AX
gA’no

cosf c

d =

is called the modulation index. This can be expanded
using a form of the Jacobi-Anger identity

6—2’5 sinx __ i Jm(5)61m¢

m=—0oQ

sn.38




Bessel Function Expansion

—
—_—

Expanding

F— E_n’oei<wt—E-F—6sin(Qt—ff-F))

intfo Bessel functions gives

E:EO i Jm(5)61'((”_”19”_(%—””2)-?)
and the diffraction efficiency for the m™ order
diffracted beam is

o = J2,(8) = T2, (AX fAno)

cosf ¢

sn.39




Bessel Function Expansion

AX w
2 2
= T30 = 2, (225 2
(SN
F N\ MO\V)
N
/
\\ Ji\@) T (K
X ~_ J2\0
y \ - N
/ X \\ N
AN AN ol N N~
L \ N\ /1 IN AN
e // d ) 5
N 5 N ) ¢ N9 1
A / / /| N
. / N P ~—
N » -

sn.40




Example

_—

Calculate the acoustic beam width AX to
maximize diffraction into the m=1 order for
Ano=0.0001, 6=0° and A=633 nm. What fraction
of the power gets diffracted into the m=1 beam?

Ji(d) is max at 0=1.85, solving for AX we get
AX=1.9 mm
Evaluating n=J:%(1.85)~0.33

sn.4l
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