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Raman-Nath Di f fr act ion

Our e xpressions for the o pt ical Þeld di f fr acted fr om 
the a coust ic wave assume the re is only one dif fr acted 
order (m=±1).  I s it p ossible t o have 
|m|>1, cor responding t o more than 1 phonon absorbed?

Conser vat ion of en ergy r equires k an d kÕ be a lmost the 
same length ( except f or the r elat ively small incr ease of  
kÕ due t o absorbed energy of pho non).  This isnÕt 
possible f or more than o ne order a t a t ime, with a 
unique K vect or.
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Acoust ic Beam Spread

If the a coust ic wave is a Þn it e beam with w idth " X, 
HeisenbergÕs uncertainty r elat ion " x" p"<š/ 2 t ells us it 

wil l ha ve a r ange of K-vect ors " K=1/(2 " X).  

If the r ange of K-vect ors is large compared t o the 
Bragg angle,  mult iple phonos t o be absorbed without 
changing length of k Õ r elat ive t o k.
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Raman-Nath Cr it er ion

Acoust ic beam spread is " K=K"#

Thus the Br agg angle (! b=$/(2n %) )can be 
expressed in t er ms of the a coust ic beam spread

Q>1 is called the ÒBragg r egimeÓ and cor responds 
t o single order di f fr act ion

Q<1 is called the ÒRaman-Nath r egimeÓ and 
cor responds t o mult iple order di f fr act ion 5
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Raman-Nath Di f fr act ion

Consider a na r row acoust ic beam intr oducing a 
change in the in dex of r efr act ion in a mater ial of

an opt ical wa ve expressed by

is incident a t x=0 , upon exit ing the a cout ic beam 
at x= " X it c an be wr it t en as

with

where !  is the dir ecit on of the o pt ical beam 
relat ive t o the x -ax is 6

!E = !E0ei ( ! t ! "ká"r )

! n(0 < x < ! X ) = ! n0 sin(" t ! !K á!r )

!E = !E0ei ( ! t ! "ká"r ! # )
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! ! X
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Raman-Nath Di f fr act ion

If " X is small (i .e. in the Rama-N ath r egime), index n
(x,t ) seen by opt ical beam can be considered constant 
across beam width

giving

where

is called the mo dulat ion index.  This can be expanded 
using a f or m of the J acobi-Anger i dent ity
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Bessel Funct ion Expansion

Expanding

int o Bessel fu nct ions gives

and the di f fr act ion efÞciency f or the m th  order 
dif fr acted beam is
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Bessel Funct ion Expansion
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Example

Calculate the a coust ic beam width " X t o 
maximize dif fr act ion int o the m=1 order f or 
" n0=0.0001, ! =00 and $=633 nm.  What fr act ion 
of the p ower g ets di f fr acted int o the m=1 beam?

J1(&) is max a t &!1 .85, solving f or " X we g et 
" X=1.9 mm
Evaluat ing ' =J1

2(1.85)!0 .33
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Acoust oopt ic Devices

Like the el ectr oopt ic ef f ect, the a coust oopt ic 
ef f ect c an be used t o constr uct M odulat ors, 
beam deßect ors, fr equency shif t ers, tu nable 
Þlt ers.

Unlike the el ectr oopt ic ef f ect, the el ectr ical 
driving signal n eeds t o be encoded on an RF 
car r ier, rathe r than a pplied directl y.
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AO Modulat ors

The dif fr act ion efÞciency in an a coust oopt ic int eract ion is

where L is the in teract ion length, ! b is the Br agg angle, 
I a is the a coust oopt ic int ensity an d 

is a Þgure of m er it f or the ma ter ial tha t de pends on 
polar izat ion and angle, the in teract ion conÞgurat ion and 
the dir ect ion of p ropagat ion.  At l ow acoust ic int ensity

any amplitu de modulat ion of the a coust ic signal c an be 
used t o modulate the in tensity of the di f fr acted beam
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AO Deßect ors

The Bragg angle deter mines the dir ect ion of the 
dif fr acted beam and obeys

where %=v/ f is the wa velength of the a coust ic wave of 
fr equency f w ith a sp eed of p ropagat ion v.  Thus the 
Bragg angle can be wr it t en

since it is a sma ll angle.

The angle of di f fr act ion 2! b is l inear ly proport ional t o 
f.  Thus fr equency modulat ion of the a coust ic signal c an 
modulate the deße ct ion angle of the di f fr acted beam
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Bandwidth

The analysis so far ha s assumed monochromat ic opt ical an d 
acoust ic r adiat ion (i.e. plane waves, not beams) and r equires 
a unique acoust ic K vect or t o meet Br agg condit ion

Modulat ion on acoust ic wave is equivalent t o intr oducing 
fr equency components w ith di f f erent K-vect ors.  For the se 
t o produce dif fr act ion the o pt ical an d/or a coust ic beam has 
t o have a r ange of k- vect ors (i.e. be a beam n ot a pl ane 
wave)

The angular spread in the beams thu s deter mines the 
usefu l modulat ion bandwidth of the de vice
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Modulat ion Bandwidth

Dif f erent iat ing expression f or Br agg angle

gives a r elat ion between the b andwidth " f an d 
the spread in the inci dent an gle

but the sp read in inci dent an gle contains a 
contr ibut ion &! !2 $/(#n ( 0) fr om the o pt ical 
beam with Gaussian waist ( 0, and &) ! %/ L fr om 
the a coust ic beam of w idth L
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Modulat ion Bandwidth
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The modulat ion sidebands 
on the a coust ic beam 
couple t o dif f erent o utput 
angles f or the o pt ical 
beam.  For the o pt ical 
modulat ion sidebands t o 
over lap the an gular spread 
in the a coust ic beam must equa l o r e xceed tha t of the  
opt ical beam &) "&! =$/#n ( 0 g iving a b andwdith

which is r oughly equal t o the r eciprocal of the tr ansit 
t ime of the a coust ic wave across the o pt ical beam

(! f )m =
1
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! f =
2!
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Modulat ion Bandwidth
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Requiring the sp read in opt ical beam not e xceed the 
dif fr act ion angle r equires "! $! b so tha t

where " f m is the b andwidth of the sig nal tha t 
produces a spread in the a coust ic fr equency fr om f± " f.

This means if the RF c ar r ier fr equency f c an be 
modulated at a fr equency up t o f/ 2. Clear ly i f i t we re 
modulated at a fr equency of f , the re would be DC 
components tha t w ould f ail t o deßect the di f fr acted 
beam causing it t o over lap with the u ndif fr acted beam.
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Mater ial Figures of Me r it

EfÞciency and Bandwidth of a mo dulat or a re 
important p ropert ies tha t de pend on the mater ial an d 
conÞgurat ion geometr y of the mo dulat or.  Var ious 
Þgures of m er it r elate the se quant it ies of  ma ter ial 
independent of 
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