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Abstract. The theoretical analysis of the diffraction spectrum at the normal incidence of the plane 

light wave onto a sound wave in the isotropic medium is developed. In the framework of the bound 

waves pattern the diffraction spectrum behavior is investigated. At the same time the parameters of 

the sound wave such as a width and intensity of the sound beam was modifying. As a result of this 

investigation it was showed that the behavior of the diffraction maximums intensity depending on 

intensity of the sound intensity is essentially modified under increase of the width of the acousto-

optic layer even at the orthogonal orientation of interacting fields 
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ÎÑÎÁËÈÂÎÑÒ² ÀÊÓÑÒÎÎÏÒÈ×ÍÎ¯ ÂÇÀªÌÎÄ²¯ Â “ÒÎÂÑÒ²É” ÀÊÓÑÒÈ×Í²É ÃÐÀÒÖ² 

Ë. Â. Ìèõàéëîâñüêà, À. Ñ. Ìèõàéëîâñüêà 

Àíîòàö³ÿ. Ïðîâåäåíî òåîðåòè÷íèé àíàë³ç äèôðàêö³éíîãî ñïåêòðó ó âèïàäêó îðòîãîíàëü-

íîãî ïàä³ííÿ ïëîñêî¿ ñâ³òîâî¿ õâèë³ íà çâóêîâó õâèëþ â ³çîòðîïíîìó ñåðåäîâèùó. Ïðè öüîìó 

â ðàìêàõ ìîäåë³ çâ’ÿçàíèõ õâèëü äîñë³äæóºòüñÿ ïîâåä³íêà äèôðàêö³éíîãî ñïåêòðó ïðè çì³-

íåí³ ïàðàìåòð³â çâóêîâî¿ õâèë³, çîêðåìà, øèðèíè òà ³íòåíñèâíîñò³ çâóêîâî¿ õâèë³. Ïîêàçàíî, 

ùî ïðè çá³ëüøåíí³ òîâùèíè ïðîøàðêó àêóñòîîïòè÷íî¿ âçàºìîä³¿ ïîâåä³íêà ³íòåíñèâíîñò³ 

ñâ³òëà â äèôðàêö³éíèõ ìàêñèìóìàõ â çàëåæíîñò³ â³ä ³íòåíñèâíîñò³ çâóêà ñóòòºâî çì³íþºòüñÿ 

íàâ³òü ïðè îðòîãîíàëüí³é îð³ºíòàö³¿ âçàºìîä³þ÷èõ ïîë³â. 

Êëþ÷îâ³ ñëîâà: àêóñòîîïòè÷íèé åôåêò, äèôðàêö³ÿ Ðàìàíà-Íàòà, äèôðàêö³ÿ Áðåãà 
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Introduction 

The interest to investigations of opto-acoustic 

interaction is determined by extensive practice ap-

plication of the acousto-optic methods for effective 

control of the space-temporary parameters of an 

optic radiation [1-3], for laser diagnostic of acoustic 

fields in liquids and gases, in the area of the measur-

ing of the moving of liquids and gases [4,5]. In the 

latter years the works with using of the acousto-op-

tic interaction for investigation optic characteristic 

of the scattering mediums, in particular, for acous-

to-optic visualization in turbid mediums, were pub-

lished [5-7]. The interest to this works is stimulated 

by modern applications of optic methods for the 

medical diagnostic [7]. 

In the many tasks which are connected with light 

diffraction by sound wave it is necessary to know as 

those or other sound characteristics have an effect 

upon characteristics of passed light beam. 

It is well known that the light diffraction by 

sound waves depends on incidence angle of light, 

on wave length of the incidence light, on length of 

the sound wave, on intensity and width of the sound 

beam. However at the theoretical analysis of this 

problem the most authors are guided themselves by 

approximations of the limit cases, so in the result 

the applications of finding results have limit. In the 

present wok the intermediate case of diffraction be-

tween the Raman-Nath’s regime and Bragg’s dif-

fraction is discussed greater detail 

Theoretical analysis 

In many papers the theory of the acousto-optics 

interaction is built upon base of general solutions of 

the wave equations obtained from Maxwell’s equa-

tions [1,8-11]. 

Let in an isotropic medium the electromag-

netic wave  !0 0 0 0exp y zE E j k y k z t" #$ % & '( )  falls 

on the plane 0z $  at the angle 
0*  to axis z . A 

plane acoustic wave propagates along y  axis be-

tween the planes 0z $  and z L$ . For presenting 

geometry on account of the symmetry of our task 

it could consider that all fields are not depend on 

x  coordinate. In the case of using an approxima-

tion of plane acoustic and optic waves the wave 

equation in the region of the interaction of light 

and sound ( 0 z L+ + ) can be write in a form 

 !
2 2 2

2 2 2 2

1E E
E

y z c t

, , ,
% $ - .

, , ,
. Here perturbed by 

sound the dielectric permeability of the medium has 

form  !  !2 2

0 0 02 cos sy n n n n k y t- $ / & 0 & 1 , where 

0n  — the refractive index in the absence of sound, 

0 0.5 sn M I0 $ . .  — amplitude of modulation of 

the refractive index by sound wave, M  — acousto-

optic quality factor, 
sI  — intensity of sound wave, 

2
sk

2
$

3
, 3 , 1  — wave number, length and fre-

quency of sound wave respectively. It is clear, that 

the perturbations of the refractive index and dielec-

tric permeability by sound wave considerably de-

pend on the sound intensity. 

If angle of incidence light beam 
0 1*   and 

4 3  (or 
sk k ), then solutions of given wave 

equation may be search in the form of the expan-

sion in series of the plane waves with slowly verified 

amplitudes [14] 

 !  

!  !  !

0

0 0

, , exp sin

cos exp .m s

E y z t j k y

k z t V z jm k y t
5

&5

$ " * . %(

% * . & ' # " & 1 #) ( )6  (1) 

In accordance with choice of such series expan-

sion the incident light beam breaks up into series of 

ÎÑÎÁÅÍÍÎÑÒÈ ÀÊÓÑÒÎÎÏÒÈ×ÅÑÊÎÃÎ ÂÇÀÈÌÎÄÅÉÑÒÂÈß Â “ÒÎËÑÒÎÉ” 
ÀÊÓÑÒÈ×ÅÑÊÎÉ ÐÅØÅÒÊÅ 

Ë. Â. Ìèõàéëîâñêàÿ, À. Ñ. Ìèõàéëîâñêàÿ 

Àííîòàöèÿ. Ïðîâåäåí òåîðåòè÷åñêèé àíàëèç äèôðàêöèîííîãî ñïåêòðà â ñëó÷àå îðòîãî-

íàëüíîãî ïàäåíèÿ ïëîñêîé ñâåòîâîé âîëíû íà çâóêîâóþ âîëíó â èçîòðîïíîé ñðåäå. Ïðè ýòîì 

â ðàìêàõ ìîäåëè ñâÿçàííûõ âîëí èññëåäóåòñÿ ïîâåäåíèå äèôðàêöèîííîãî ñïåêòðà ïðè èçìå-

íåíèè ïàðàìåòðîâ çâóêîâîé âîëíû, â ÷àñòíîñòè, øèðèíû è èíòåíñèâíîñòè çâóêîâîãî ïó÷êà. 

Ïîêàçàíî, ÷òî ïðè óâåëè÷åíèè øèðèíû ñëîÿ àêóñòîîïòè÷åñêîãî âçàèìîäåéñòâèÿ ïîâåäåíèå 

èíòåíñèâíîñòè ñâåòà â äèôðàêöèîííûõ ìàêñèìóìàõ â çàâèñèìîñòè îò èíòåíñèâíîñòè çâóêà 

ñóùåñòâåííî ìåíÿåòñÿ äàæå ïðè îðòîãîíàëüíîé îðèåíòàöèè âçàèìîäåéñòâóþùèõ ïîëåé. 
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plane waves. These waves propagate at small angles 

m*  relative to the direction of the incident light 

beam. The following relations define values of these 

angles 0
0 0

0

sin sin sins
m

k
m m
k n

4
* $ * % $ * %

3
. Here 

0, 1, 2,...m $ 7 7  — diffraction orders. 

Substitution of the expansion (1) into wave equa-

tion makes it possible to derive differential equations 

for finding of the amplitudes  !mV z . These equa-

tions have form of the recurrence relations. Using 

the approximation of the relatively slow changes of 

the functions  !mV z  in the range 0 z L+ +  the fol-

lowing infinite system of the first order differential 

equations was obtained for determination  !mV z  

[1,13,14] 

  !1 1
2

m
m m m m

dV q
j V j V V

dz
% &% 8 $ % . (2) 

Here  !0

0

2 sin

2 cos

s s

m

mk k mk

k

* %
8 $ $

*

0
0

0 0

2
sin

cos 2

m
m
n

9 :42
$ * %; <

3 * 3= >
, 

0 0

0 0 0 0

2

cos cos

k n n
q

n

0 20
$ $

* 4 *
. 

This system of equations (2) must be solved with 

boundary conditions  !0 00V E$  and  !0 0mV $  for 

all 0m ? . The relation 
m m mI V V @$ .  determines in-

tensity of light in m diffraction maximum. Num-

ber of the excite diffraction maximums depends on 

both intensity of sound wave and width of sound 

beam. 

In present work the case of orthogonal incidence 

of plane light wave onto the sound wave in the iso-

tropic medium are considered. At the same time in 

the framework of the stated above model of the cou-

pled waves the dependence of diffraction spectrum 

on the parameters of sound wave namely width and 

intensity of sound wave is investigated. 

In the case of perpendicular incidence of light 

ray onto the sound beam the parameters ,m m&8 8  

take the following forms 
2 0

2

0

m m m
n

&

24
8 $ 8 $

3
. The 

energy of the incidence radiation disperses between 

set of the diffraction orders symmetrically relative 

to transmitted light, i.e. (that is) m mV V&$ . The sys-

tem of equations (2) becomes simpler and takes on 

form 

  !
0 1

1 1

,

0.5 , 1,2,3...

m m m

m m

V jqV V j V

jq V V m& %

A A$ % 8 $

$ % $  (2à) 

The intensity of incident radiation is defined by 

expression  !  !2

0 0

1

2
m

i mI E I z I z$ $ % 6 . 

Under the condition 
2

0

2

0

2
2skQ L L

k n

24
$ $ 2

3
  

the Raman-Nath diffraction mode takes place. For 

this mode the approximation of the two-dimen-

sional (plane) phase grating is true. For this ap-

proximation the diffraction maximum distribution 

of the light intensity at going out from sound layer 

is described by Bessell functions  !2

mB i mI I J qL$ . . 

Here 0

0

2 n
qL L

20
$

4
 — dimensionless Raman-Nath 

parameter. (It should be noted that Raman-Nath 

approximation follow from (2) if all parameters

0m8 $ ). In accordance with these expressions an 

increase of the modulation amplitude of the refrac-

tive index 
0n0  (that is sound intensity) affects on 

diffraction phenomena as well as an increase of the 

sound field width L. So for Raman-Nath approxi-

mation number of the excited diffraction maxi-

mums by same way depends on sound intensity and 

width of sound beam. This number may be estimat-

ed by using relation  !  !2 2

0

1

2 1
m

mJ qL J qL% $6 . It is 

easily to make sure by direct calculation that equal-

ity  !  !2 2

0

1

2 1
m

mJ qL J qL% 6 !  is satisfied sufficiently 

exactly if qL m+ . For example, for 3qL $  it is easy 

to calculate sum  !2 2 2 2

0 1 2 32 0.9613J J J J% . % % $ . So 

it may be expect that the number of the observable 

diffraction maximums in each concrete case do not 

exceed considerably the magnitude m qL$ . 

In present paper the condition of smallness of 

the sound beam width that necessary to satisfy con-

dition 2Q 2  does not use. The system of equa-

tions (2a) was solved successively for three cases: 

1) 0, 1m $ . 2) 0, 1, 2m $ . 3) 0, 1, 2,3m $ . There-

by we neglect by diffraction in more high orders 

1)second, 2)third, 3)fourth respectively. We try to 

estimate accuracy our used approximations by suc-

cessively increasing of the number the diffraction 

maximums that taken into account in numerical 

calculations. So, if in some of region of system pa-

rameters the accounting 1m %  diffraction orders do 

not vary but only define more exactly solutions for 

m  diffraction orders then it can state that for given 

region it may be confined oneself only by m  dif-

fraction orders. 

In the beginning we consider first case of dif-

fraction permitting analytic solution. In this case 
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after sound beam passage by light beam only two 

symmetrical maximums relative to the transmitted 

main light beam are observed. This means that it is 

need to solve next system of two differential equa-

tions 

 0 1

1 1 1 00.5 .

V jqV

V j V jqV

B A $C
D

AC % 8 $E

 (3) 

With accounting of boundary conditions 

 !0 00V E$ ,  !1 0 0V $  the following solutions for 

amplitudes of the diffraction maximums were ob-

tained 

 

 !  !

 !
 ! !

1 2

1 2

0
0 2 1

2 1

0 1 2
1

2 1

,
jr z jr z

jr z jr z

E
V z r e r e

r r

E r r
V z e e

q r r

$ &
&

$ &
&

, 

where 
2 2

1 1

1,2

2

2

q
r

&8 7 8 %
$  — roots of the char-

acteristic equation 2 2

1 0.5 0r r q% 8 & $ . These solu-

tions can be overwritten in form 

 !
 !

 !

 !
 !

2 2 2 2 2

1 1

0 0 2 2

1

1
0

2 2

1
1

1 0
2 2

1

2 cos 0.5 2

2

exp
2

sin 0.5 2
exp .

2 22

q q z
V z E

q

z
j j z

q q z z
V z E j j

q

8 % 8 %
$ F

8 %
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For phase  !0 zG  following expression is true 

 !2 21
0 1

2 2

1

0.5 2
2

tg tg q z
q

8
G $ 8 %

8 %
. In this writ-

ing the amplitude and phase modulations of the 

transmitted and diffracted beams are separated. 

Ultrasonic (ultrasound) wave generates in medium 

amplitude-phase diffraction grating. 

The intensities of the transmitted and diffracted 

waves going out of (withdrawal from) layer with 

width L of acousto-optic interaction equal 

 

 !

 !
 !  !

 !

* 2

0 0 0 0

2
2 2 2

12 2

1

*

1 1 1 1

2 2
2 2 20

12 2

1

2
1 sin 0.5 2

2

sin 0.5 2 .
2

I L V V E

q
q L

q

I L I L VV

E q
q L

q

&

$ $ F

" #
F & 8 % .H I8 %( )

$ $ $

$ 8 % .
8 %

  (4) 

Results of calculations and these discussions 

The numerical calculations were made 

for diffraction of light beam wave length 

0 0.6328 m4 $ 8  on propagating in water ultra-

sonic wave with sound wave length 150 m3 $ 8 . 

In this case system parameters are refractive in-

dex of medium 
0 1.33n $ , value 0

1 2

0

0.66
n

24
8 $ $

3
, 

parameter 50
0

0

2
1.0 10

n
q n

20
$ $ . . 0

4
, wave param-

eter 
12 1.32Q L L$ 8 $ . , the direction of diffrac-

tion maximums are defined by following angles 
4sin 32 10 11m m rad m& A* $ . . $ . . 

As is seen from obtained expressions (4) the be-

havior of the intensities owing to changes of range 

of interaction of light and sound L differ from the 

behavior of the intensities owing to changes pow-

er of sound wave, that described by parameter q. 

Only phase components of diffraction spectrum 

intensities explicitly depend on layer width of the 

acousto-optic interaction. Into these components 

wave parameter of diffraction 
12Q L$ 8  enters 

also. On fig.1 the dimensionless intensities 
0mI I  

are plotted as a function of dimensionless Raman-

Nath parameter qL . Here 2

0 0I E$  — intensity of 

incident radiation, 
mI  — intensity of diffraction 

maximums of zero and first orders. Two cases are 

considered. Firstly when width of sound layer is 

held fixed (L = const) and only sound intensity is 

changed. Secondly when sounds intensity is kept 

steadily, i.e. 
0 ,n const q const0 $ $ , but only sound 

width L is varied. On these figures there are also the 

dependences light intensity in diffraction rays that 

was calculated in Raman-Nath approximation. It is 

seen that for values Raman-Nath parameter 1qL +  

in both cases dependences for transmitted beam 

and first diffraction maximums coincide with dis-

tribution of Raman-Nath accordingly Bessell func-

tion. However, with increasing qL>1 the deviation 

of dependences from Bessell function are observed. 

At that these deviations are different for this two 

analyzing cases in the same region of changes of 

parameter qL . 

The increase of the number of diffraction maxi-

mums brings to necessity solving system of linear 

homogeneous differential equations of first order 

with large number of equations. The results of nu-

merical calculations for orders 0, 1, 2m $  for just 

the same values of width of sound beam and index 

refractive that on fig.1 are shown on fig.2. It is seen, 

that in case of more accurate calculation with tak-

ing account of 0, 1, 2m $  the coincidence with Ra-

L. V. Mikhaylovskaya, A. S. Mykhaylovska
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man-Nath approximation of first two maximums 

0m $  (transmitted radiation) and 1m $  (first or-

der) is more exact (better) than in case of calcu-

lations with account only 0, 1m $  over the same 

range of changes values of parameter (product) qL . 

And that with variation of sound beam width the 

difference from Bessell distribution is much (rather) 

more than at change intensity of sound wave when 

width of layer of acousto-optic interaction is fixed. 

Fig. 1. Dependences of intensities of zero (0) and first (1) 
diffraction maximums on parameter qL, calculated by 
formula (4).  Dashed lines– L=0.1 cm, 0n=(0 – 5.10–4). 
Dotted lines – 0n=10–5, L=(0 – 5) cm. Solid lines – Ra-
man-Nath approximation   

Numerical calculations was done with account of 

diffraction maximums 0, 1, 2, 3m $  and showed that 

the values of amplitudes of diffraction maximums 

which was derived with using of lowest degree of ap-

proximations only these are defined more exactly 

with using of more high degrees of approximations. 

The dependencies of the difference 
 !  ! !2 3

0m m mI I I I0 $ &  (  !2
mI  — light intensity in m 

diffraction maximum calculated by approximation 

m = 0,1,2 and  !3
mI  — light intensity in m diffrac-

tion maximum calculated in next approximation 

m = 0,1,2,3) are presented in fig. 3 and 4. It is seen 

that in one and the same range of values of dimen-

sionless parameter qL the dependences of intensity 

of zero, first, second orders on sound layer size do 

not differ for given approximations. However for 

dependences on parameter q there is considerable 

difference especially for thin layers. 

Fig. 2. Dependences of intensities of zero (0), first (1) 
and second (2) diffraction maximums on parameter 
qL.  Dashed lines– L=0.1 cm, 0n=(0 – 5.10–4). Dotted 
lines – 0n=10–5, L=(0 – 5) cm. Solid lines – Raman-
Nath approximat ion  

 Im

Fig. 3. Dependences of difference between solutions re-
ceived by different approximations for zero (0), first (1) 
and second (2) diffraction maximums on value q (in-
tensity of sound wave).  Solid lines– L=0.1 cm,  dashed 
lines –L=0.5 cm. 

The dependences of the difference 
 !3 2

0m m mI I I J0 $ &  on sound intensity with its con-

stant width and on width of sound beam with con-

stant its intensity are shown in fig.5 and 6. It is seen 

that behavior of diffraction spectra depending on 
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intensity of sound wave for taken widths of inter-

action coincides with Raman-Nath approximation. 

However with increase of width sound beam even 

for small (not great) sound intensity the behavior 

of the intensity of diffraction maximums is distin-

guished from Bessell function. 

 Im

Fig. 4. Dependences of difference between solutions 
received by different approximations for zero (0), first 
(1) and second (2) diffraction maximums on width of 
sound layer L.  Solid lines– 0n=10–5, dashed lines – 
0n=1.2.10-5. 

∆Im

Fig. 5. Dependences of difference between Raman-
Nath solution and solution received by approximation 
m=0,1,2,3 for zero (0), first (1) and second (2) diffrac-
tion maximums on value q (intensity of sound wave).  
Solid lines– L=0.1 cm,  dashed lines –L=0.5 cm. 

∆Im

Fig. 6. Dependences of difference between Raman-
Nath solution and solution received by approximation 
m=0,1,2,3 for zero (0), first (1) and second (2) diffrac-
tion maximums on width of sound layer L.  Solid lines– 
0n=10–5, dashed lines – 0n=1.2.10–5. 

In present paper modifications of diffraction 

spectra with charge of sound beam width are inves-

tigated. The calculating dependences of light in-

tensity in diffraction maximums zero (transmitted 

without angular deflection), first, second and third 

orders on amplitude of index refraction (sound in-

tensity) with increase of sound beam width are pre-

sented in fig.7,8. It is seen that with moderate width 

of acousto-optic interaction when wave parameter 

1Q /  the light intensity distribution in diffraction 

maximums there is far from Bessell function. The 

increase of width L produces to growth of light in-

tensity oscillations with increase of sound intensity . 

At that even for examining orthogonal alignment 

of the interacting fields with increase of width of 

sound field the decreases of amplitudes of diffrac-

tion maximums of second and third orders are ob-

served. The calculating dependences of light inten-

sity in diffraction maximums are presented in fig.8 

for width of sound field L=0.6 ñì, Q=2.3206. It is 

seen that for some values of 
0n0  only transmitted 

beam m = 0 and two symmetrical diffraction maxi-

mums first order m = 1 è m = –1 are remained in 

diffraction spectrum. At that, light intensities in 

diffraction maximums of second order and, partic-

ularly, third in this range of changes 
0n0  are neglect 

small. Besides, for some value of amplitude of index 

refraction the intensity of the transmitted light ray 

L. V. Mikhaylovskaya, A. S. Mykhaylovska
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coincides with intensity of two refractive and equal 

one third of intensity of incidence light. 

Fig.7. Computed dependences of light intensity in dif-
fraction maximums on value q (intensity of sound wave). 
Solid lines  –   Q=2.66, L=2 cm,  dashed lines – Q=5.32, 
L=4 cm. 

Fig. 8. Calculated dependences of light intensity in dif-
fraction maximums on value q for different approxima-
tions. Solid lines– m=0,1,2,3; Q=4.26, L=3.21 cm,  dot 

lines  –  m=0,1; Q=3.92, L=2.95 cm. 

Conclusion 

In present paper the theoretical analysis and 

calculation of the acousto-optic interaction was 

done for case of orthogonal orientation of interac-

tion plane light and sound fields. At the same time 

dependences of diffraction spectra on both inten-

sity of sound beam and its width are presented. 

The comparison of received results by numerical 

calculations with solutions received by Raman-

Nath approximation was made. It was shown 

the behavior of diffraction spectra with changes 

of sound wave intensity substantially depend on 

sound beam width. Particularly, even with perpen-

dicular incidence of light ray onto acoustic grating 

one can split light ray into three light ray with equal 

intensity propagated at small (not great) angles. 

In addition, investigation of behavior of diffrac-

tion spectra makes it possible to estimate intensity 

sound wave and connected with its parameters of 

medium. 
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