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INTRODUCTION

A fast development_of acoustooptice is observed in lest years.

Many papers have beenpublished and the field of its application

continuously increases.Acoustooptice ielsvidently present stench

general acoustical meetings like_ICA congresses or Ultrasonics

International conferences. Special conferences are organized on

the topic. Three International Spring Schools on Acouetooptics

and ita_ApplicatiOns p-a] hosted by the University of Gdansk

took place at WieZyca in 1980. 1983 and 1986. The next is planed

in 1389. '
Choosing the topic for the Honorary R.W.B. Stephens Lecture to

present it to so wide specialized in acoustics audience the

author decided to give a short review on the principles of light

and sound interaction concidering a few phenomena and some

aspects of their practical applications.

At the beginning a historical survey is given refering to many

detail papers which may help to learn a bit more. however. the

author realizes that the survey is not complete. expecielly

while relating actual'achiavenents 1n the field._

some words and selected examples are presented on the following:

Phenomena taking place in the light and sound (usually ultra-

eonics) interaction process;

Illustrations of light and ultrasonics interaction phenomena and

some applications of holographic interferometry for visualization

of sound fields and vibrations of transducers:

Examples of acoustooptical devices;

other applications in selected domains of research and practice.

At the and sons trende in further development of acouetooptice

are shortly characterized.
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HISTURlCAL SURVEY

The term acoustoopticsx/ has appeared for about 20 years when

due to the invention of lasers a new stimulus in examination of

light and sound interaction phenomena initiated further disco-

veries and many applications in that domain. However, an origin

of acoustooptios may be dated on 1932 when two independent expe-

rimental papers on ultrasonic light diffraction phenomena oy

Debye and Sears [4] in USA and Lucas Biquard [5] in France have

appeared. The 50th anniversary of that fact was checked off by

Martens [6] during the 12th Congress on Acoustics in Paris in

1983. However, looking back in the history one must find that

since the theoretical papers of arillouin (1922)[7] the ideas

on light and elastic waves interaction nad exzstad and were used

as a background to stimulate experiments on light scattering by

molecular elastic waves (or thermal waves Brillouin [7] and

Mandalszta-n [a] [1926), Landsbarg and Mandalsztam (1928) [9], Roman

and Krishnam [101(1928) and Gross [ii] . Taking that into account

one can speak about 65t anniversary of acouatooptics. Moreover.

some static elastooptic effects were observed as early as in

1816 (birefringans of a glass plate under bending discovered oy

Brewster) and phenomenologically formulated in 1690 by Pockels

D2]. Such acoustoopticel experiments as photographing of sound

waves with shadow and schlieran methods were described in 1906

by Toeplar [ifl . In the evidence of that the history of acouato-

optics has more than 170 years. One can go even before "Adam and

Eve" as emphasized by Graguss in 1983 fid] when consider sound

and light interaction being present at the act of creation of

the universe. ‘

However. the date 1932 is significant as the starting point for

eystematical examinations of light and ultrasonics interaction.

x/Tha term opto-eonice is also used,however mainly in integrated

optics and opto-slectronics. The term photo—acoustics is ressh

ved for phenomena of generating sound by light being a base

for photoacoustics spectroscopy and will not be discussed in

may talk.
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Fundamental theoretical as well as experimental papers were next

puoliehad in 1930—tiee [15-18] . Two theories of light diffrac-

tion oy ultrasound have occured important and they are still

useful. The Ramon-Ham. [is] theory limited to small values of

the so called Roman-hath parameter

= 2ITALL>
E x (1)

depending on the thickness of the ultrasonio‘.lsyer.L-, and the

 

ultrasonic pressure P . which causes proportional values of/¢ ,

where /«. is the refractive _indax variation and 1 the wavelength

of light'. Another theory was elsoorated by Lucas and 'diquard [18].
However. it is valid for larger values of g .

The Raman-mth theory starts from the assumption that the light

passing through the ultrasonic ‘oeam is only affected in phase.

without changing amplitude or trajectory. This assumption is

equivalent to solving Maxwell's equations neglecting the term

containing the gradient of refraction index. which was also per-

formed oy Raman and hath.

Dn the other hand, the Lucas-diquard theory starts from the

assumption that change in light amplitude and its trajectory is

important and the change. in phase can be neglected. They started

from the differential equation describing the trajectory of the

light oeam. usually the first theory is known as 'the phase-'

-grsting theory and the other as the amplitude grating theory.

Both are mutually complementary and they are atillvv'ery often

used for many practical calculations because of their relative

simplicity.

More general and more exact theories appeared later and we can

mention here Rytov [191,-wagner [20], Kuliaeko [21} . Leroy {22] .
Mertene [23] . Phariaesu' £24] . Hiedamann [25]. Michailov and
Shutilov [26‘] , Mayer et al._' [22] . Hargrove [26] . Klein and Cook
[29] , Braezeale and Hiademann [30] . I ‘
Since 1948, Bragg diffraction of light by ultrasound has been

considered. (discovered by Bagavanthan and no [313). After that

MOAVolshn3 I131) 17         
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the new parameter. g . was used to differentiate oetween the two

cases: g << 1 (Ramon-hath regiozn) and f >> 1 (Bragg region):

= —)‘—— I

f A/K-A' (2)
wnere A is the wavelength of ultrasound, and fig the refrac-V

tive index of the undisturbed medium.

It should be mentioned that there exist few parameters used as

criteria to distinguish between the Ramen-hath and Bragg types

of diffraction among which two are tne most popular: f (as di-

fined aoove)and 2]?“-

QF7A2 (a)

In both cases the criterion is g < :L or Q < 1 for the Raman-,

Hath diffraction and f 7 1 or Q) 1 for ‘the Bragg diffraction.

In the papare of Klein and Cook [29], Hiedemann and Coo: [32]

and I-IeJiae [33] the dependence on g for diffraction cf light

by an ultrasonic wave have been considered.

There .13 not a uniform opinion in the literature which of the

parameters is better for the criterion [34,35]. It is easy to

show that the mutual relation between g . f and Q is Q: gg .

The relation netween 9 and Q , when the last one is used as the

' criterion has been diacueeed in [34,35]. It was shown there by

the dependence of ; against 9. that a wide range of the values

of Q corresponds to the value of f Q1. The range of the para-

metere Y and Q in the vicinity of 1, which was dietingnished

in [29] as the intermediate region, is'very interesting'from a,

physical point of view because in this range one has the Raman- -

-Nath and the Bragg typee of diffraction mixed together £33.36].

There are papers trying to construct general theorieeef diffrac-

tion of light by ultrasound [37,38] where both types of diffrac-

tion are described as oarticular cases using the criteria Juat

mentioned. '

Independently of the main intereet during the loot 60 years in

diffraction of light by a single ultrasonic beam some papers
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have been published on more sophisticated cases of the pheno-

manon, such as diffraction of light by an amplitude-modulated

ultrasonic beam, by two superposed ultrasonic beams and by two

adjacent ultrasonic oeams.

Some experiments an ultrasonic light diffraction by two super-

posed beams were performed by Bergmenn and Fuss [33) and Govinde

Rao . Theoretical explanations were also given by Bergman.

and Fues and by hagendra Hath E11] , Ramachandrs Rao [42] and

negashuehana Rao [43]. The problem was
developed in the 1950's by Murthy [44], Zankel and Hiademann[45]

and Martens [36] .
Experiments on the diffraction of light oy an amplitude-modula-

ted ultrasonic oeam were first performed by Pancholy and

Perthasarathy [47] . First theories on tnis phenomeHOn were given

oy Aggerwel, Pencholy and Parthasarthy_ [48,49] . Later. they

were developed uy Pharisaau [50]. Kuliasko, Martens and Leroy

[21.24 and lastly oy Martens [51.52]. Diffraction of light by
standing ultrasonic waves was considered by Kuliseko, Martens.

Leroy and-Plancke-Schuyten [53.54.55]. .
Since 1960 the problem of diffraction of light by two adjacent

ultrasonic beams has been considered by Martens [56], Hergrove.

Hiedenann, Martens [57] and Leroy . The problem is not only
interesting for two adjacent beams with the same frequency. but

also for frequencies in the ratio 1m, where n is integer.

The special cases of 1:1 and 1:2 have been theoretically treated

as wall for g < 1 and g > 1 by Leroy [58]. Later on. these
theoretical results have been verified oy Kwiek and sliwinski

[59] for g<1 . More detailed discussions of the problem and

experimental results have shown very interesting behaviour of

the output light beams of the 91 and -1 orders [60]. These

results stimulated more precise numerical calculations as well

as further experiments [Si-66.35] looking for dependence on I

and the phase-difference 6' between the two adjacent ultrasonic

beams. It was also possible to develop a more general .theory

MOA, Vol 9 Plfl3 (18.7] 19

   



Proceedings of The Institute of Acoustics

of the “phenomenon for g 4 i and f > i by Leroy and Blomme [s7]

and calligaris. Ciutti and Gabrielli [es-70]. Patorski [71] .

Many experimental as well as theoretical papers on the interac-

tion of light and sound have been published during the last 60

years (Berry [72] . Born and wolf [73] ‘out a particular interest

has become evident in the last decade with the development of

lasers. and many applications of acousto-optic devices such as

deflectors and modulators have beenappeared. _

Also other devices used in integrated optics have been invented

(Tamir [74], Saprisl [75] , Mason [76] , Hunsparger [77]

Balakshii et al. [78] . aerg [79,80]. Chang [31]).

The above mentioned literature is related mainly to ultrasonic

light diffraction phenomena. However, during last 20 years,

since coherent sources of light have appeared, optical schlieren

[82,822] interferometric methods have been evidently developed.

including holography. and applied to ultrasonic field and vibra-

tions visualization [84-97]. _

Acoustooptioal methods have seen applied and developed in exami-

na-tion of molecular systems [98-111]. Great achievements in

last 2 decades have been observed in light interaction with sur—

face acoustic waves, particularly in the integrated optics [74-

-ei.iiz-1ie].
A special interest ispaid to acoustooptical interactions in

anisotropic media [75.78.38.117-121] as solids. liquid crystals,

some organic- and bio-liquids [103]. s

‘In many nonlinear problems acoustooptics is used [ZS-30,100,101,

122-127] for’ demonstrating nonlinear phenomena and for determi-

nation of nonlinear parameters. .

Recently. the problem of light and ultrasonic pulses interaction

is_ intensively examined [123-l35] .

Since optical waveguides were invented and applied in integrated

optics [74.77] there have appeared many possibilities to cons-

truct and develop acoustooptical sensors [136-140] which occured

to be very effective and sensitive.

MLOA Vol IPm3mm 
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PHENOMEHA OF LIGHT AND ULTRASONICS INTERACTION

An isotrogic medium

General mechanism of interaction. Let us consider (Fig. 1)

crossing of light and ultrasonic seams of thicknesses d and L,

respectively'at an angle 5 in an isotropic medium. Interacting

(in hatched area) with ultrasound the light yields scattering

and diffraction (this part of scattering which is a result of

interference of scattered rays) due to variations of light

refractive index and its gradient induced by ultrasound. The

geometrical result of interaction of light with ultrasound is

variation of direction of scattered rays i.e. their deflection

respect to the incident light. For a sinusoidal ultrasonic wave

of the wave-length JL in a case when the width of light beam d

is greater thandL (¢>-A}, i.e. wHen the light oeam contains
more than one US wavelength, 3 regular diffraction process

occur. however when 41.4.11. only deflection.takes place. The

situation is presented more precisely in the Fig. 2. where 3:0

and the light seam is formed in the optical system. From the

slit 5 tha'light goes through the oojsctive 01 and interacts

with the ultrasonic wave (US). After scattering and diffracting

(in the Figure only the o and 31 orders of diffracted rays are

drawn for simplicity )the light is focused on a smell diskx/(of

an area of the focus for non scattered rays). Because of the

presence of the disk. only scattered and diffracted rays may

pass by the disk. Only those rays form schlieren images. As it

is seen from the auxiliary construction in the Figure 2 every

order (+1) and (-1) forms its own image. First is closer {I - is

called a near schlieren image of the let order and the second

is farther (II - is called a far schlieren image of the let

order). I
In a case of a knife deadlight one gets only one image'with oi

x’In traditional schlieren arrangements instead of a disk azknife
is used and only the half area of the focus is blanked off.

MA.Vol 9 Part3 (19.1! 
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or —1 order rays depending on whether the upper or lower side is

olankad off. Our object is an ultraSOnic field. In a case of

standing wave the image of the field 15 straight visiola. In_a

case of progreSSing wave a momentary (exposure duration < 10-75)

or stroooscopic flashing must be used.

Diffraction of light on a single us wave

If one puts a screen at tne focus plane instead of the disk

(Fig. 3) the diffraction pattern of light diffracted oy the ul-

trasonic wave would be viSiole on tne screen. Because of the

periodic structure of the U5 wave witn a period of IL (ultrasonic

wavelengtn) the diffraction process occurs as similar to those

taking place on an optical diffracting grating of tne grating

constant equal 41 . Usually, for magnification the ooJectiva 0

(Fig. 3) is situated straignt oehind the vessel with ultrasonics

The diffraction pattern (diffraction spectrum) observed on the

screen at the focus distance A is scnematically presented on the

right side of the picture paralelly with a light intensity dis-

trioution in diffraction orders.

The distrioution for a case when the light beam is perpendicular

to the ultrasonic one is symmetric what does not take place when

9} 0 (Figs 1 and 4). As we already mentioned, for d >JL , a_
regular diffraction of light occur, however in general case de-

pending on physical conditions two kinds of diffraction may

appear: Radon-Nath (Fig. 4a )or Bragg (Fig. 4b): The criteria

defined in (2) or (3) are equivalent to the following conditions

relating to the description of the Fig. 1:

AL: < 41? for Roman-hath diffraction, what corresponds to

t 9<1 or Q<1

and AL > J“? for Bragg diffraction, what corresponds to (4)
I j > i or Cl 7 1.

The distribution of light intensity in the diffraction pattern

strongly and in nonlinear way [l5] depends on an ultrasonic

power or more exactly on the Raman-Nath parameter I @) being

proportional to acoustic pressure and width of the ultrasonic

Putin-A. V0! 9 Part3 (13.1) 23
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beam. For a sinusoidal ultrasonic wave the variation of light

refractive index is given by the formula

An = /u. «itsz 3%) (5)

where ’44.— amplitude of the variationAn, N‘-frequency.

X - direction of propagation of ultrasonics.

Then, according to Ramon-Math theory [15] theamplitude distri-

bution in output plane (behind tne US wave - ‘Fig'. 3) is descri-

oed by the expression

CS” Jk (t
kr-ao

)eiflfih “NH - 1:5(1O k%x)]

(5)
whera C - amplitude of the incidenting light wave of fre-

quency 9',

k - Bessel function of the first kind of k order,

2 - direction of the propagation of light.

and the light intensity in a given diffractionorder‘t (k is

integer) is proportional to the square of the Bessel function

[15.72.73] of the argument I : 2

One can see from (6) that 'the light diffracted rays are deflec-

 

ted of different angles. where for a given orderk

)
(I “‘1. ‘ "I . (3)

Que to the Doppler effect the diffracted rays are modulated in

phase with the US frequency IV and in a given order It the light

frequency is V = VIk/v

k (9}
The condition for the Bragg diffraction (Fig. 4b) can be deter-

[named as the following relation oetween incidenting light vectgr

k , ultrasonic wave vector K entLthe diffracted light vector k.

2‘:th _ (10)
\

The angle aCk may be measured experimentally as it is shown in

mlo‘. Vol 9 Pan! hen)
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the Fig. 3. For small angles
. 5

dkk I" 9“ Q: $4.de = 7“ I (n)

whence V' I k A - ~1—

I ' A ’ (12)

where 5k - distance of the k-th’ order diffraction fringe from

the 0 optical axis

A - focus distance of the objective.

From (12) one gets the wave-length of the ultrasonic wave

[AA

- T ' (13)
It is commonly known [72.98.99] that the formule’(13) enables to

determine the velocity of sound C aJLN . when the frequency N

of-the ultrasonic wave-and the wavelength of light 7‘ are known.

Measuring of the light intensity I,( in a given orderallows to

determine the Raman-Nsth parameter g [72.98.99.145] and conse-

quently to determine acoustic pressure or power of the ultre~

sonic wave aswell as to measure the absorption coefficient of

the ultrasonic wave. I

Optical holography and sound fieldvisualization

The basic phenomena descrioed shortly here are important for

further considerations when optical holography is applied [84-97]

for sound and vibrations visualization. The Fig. 5 represents

a scheme of constructing process of an optical hologram. of- an

ultrasonic wave. Comparing the situation of the object beamhlhis

Figure with the scheme analyzed in the Figs 2 and 3 one can see

that the beam is carrying total information about us‘ wave and

light interaction (amplitude and phase distribution . As a re-

sult of interference of the object beam 2,, and the reference

beam Zn on the plane H the hologram is constructed and recor-

ded with a photo—plate. '

The Fig. 6 represents a scheme of reconstruction process of the

object (US wave) from the hologram. In the following the

28 MLOA. VIII. Pan 3 (1m) 
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acousto-optic holography procedure just described will no exemp-

lified. ' ‘

Diffraction of light by two adjacent beams

As the next step let us consider the diffraction of light by two

adjacent ultrasonic beams. The geometrical situation is schema-j

tically presented in the Fig. 7, with that the frequency of the

second ultrasonic beam is the k -t‘n harmonic of the first one. '

Suc'n harmonic relations are more. interesting than a general

case. In the figure ,«1 and *1! are amplitudes of variations of _

light refractive indices for the first (fundamental) and the

second (k—th harmonic , respectively. )7 - frequency .of the

first been ki - frequency of the second beam, k is an integer.

5 - tne phase shift oetween two US beams, L1 , L4l e thicknesses

of the beams. respectively. 2 - direction of the propagation-

of light. It has been shown [56-58] that the light distribution

at the output of the system depends on the phase shift 5 .

The general formula (when f <4 1) for the distribution of light

amplitudes in diffraction orders (1') after passing through the

two adjacent US beans progressing in the same direction is given

Y Pf 2, (z-zJ-i m<:-.:,>Jar(~~¢6) u
r Th” 1’ *2 7r ( )

g: erfll .) ‘

0

where 1* . k , g - natural numbers,

2E¢JL1 _ _ é a( =fl X - wavelength

:1: a ’ gar-OCR ;1. L2 ) * [4-1 ’ of light
  

 

For light'intensity one gets from (14)

If (g): t-Y; * =2” (5)“‘25 (15)
=-oo    

The formula (15) may be approximated when £1<1by the trigo-

nometrical functions [61] to the expression

In (i) =1: [1 1 (-Urwd'mdkriJ (16)   
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where I: — intensities after passing the first beam.

The cosinusoidal dependence on 5 according to (16) and (is) was
experimentally verified in our laboratory [59-62:] and many expe-

riments‘and calculations were performed [63-66] for different

values of o(k , g1 and g, in several diffraction orders (odd and

even) against 6 for different ratios of frequencies of ultra-

sonic seams. Also, the case of two adjacent oaame being opposite

in direction of propagation was examined [142] for frequency I

ratio of 1:2 (Fig. 8). The phenomenon in that case differs from

the one of diffraction 'oy adjacent seams propagating in the same

direction Fig. 7 , namely, light diffraction intensity distri-

butions for opposite beams are modulated in time according to

[r 399:2”? I" (;)mz(2k52é+5) ) (17)fl- ,

the formula

(where .9? - angular ultrasonic frequency of the first been)

while for beams propagating in the same direction are not depen-

dent on time (see form.(15)). Also the role of phase shift 5 is

different in both cases. In (17) Jonly shifts the time scale.

while in (15) or (16) one can get modulation against 5 . Later

on examples will be presented.

An anisotronic medium

Acoustoogtical interaction in crystals and liguid crystals.

Relationship determining acouatoopticel interaction in'aniao-

tropic medium must take into account the tensor character of

quantities describing their elastic and optical properties and

the coupling existing among them [117-122.75-73]. Such relations

have been phenonenologically formulated‘by Pockels [12] in his

theory of elaetooptice. However. his theory had an essential

drop till 1970 when it has been extended by Nelson" and Lax [117]

who introduced the coupling between strain and rotation of me-

dium. The coupling is responsible for so called rote-optic effect

when applied sheer deformations in birefringent crystals (or

30 Ploc.l.O.A.\Vol 9 Per! 3 (1987)
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li uid cr stale . That has had important consequences for acous-9 Y

tooptice [§7.12Q]. Acoustooptical phenomena are more complex in

anisotropic medium because the acoustic variations of stresses

and deformations of.a medium,(which induce changes in optical

refractive index distribution) depend on the symmetry of the

medium (i.s. dvrsction of propagation respect to the cristal

axis - birefringent effects appear) and on the states of pola-

rization both of light as well as of acoustical wave.

The diffraction of light oy ultrasonics in anisotropic transpa-

rent media nas been described in many papers and monographies

95.76.1171, however mainly taking into account the Bragg dif-

fraction. The general approach solving the problem both in Raman

-Nath as well as in Bragg cases were elaoorated by Perigin and

Chirxov [57,7d]. The theory among others allows to determine

amplitudes and intensity distributions of diffracted seams as

well as diffraction angles in a oirefringent medium.

I

_PMNF 0’ [NE ACOUSTIC
WAVE FM!

:7 - WAVE mm or mt Arousnc mv:

? mow: mm at THE want/w us~r

I? -wm vmnrru: DIFFRAL‘YEDLIEHI’

AT THE ANGLED! e‘

F19~ 9 E-mv; mun arm: armatuer
AT mt MELE a: a;

The Fig. 9 represents a scheme of light diffraction by an ultra-

sonic wave in a birefringent medium at a given angle of incidenh

Directions of electric vectors vibrations states of polariza-

tion are marked by arrays (at the plane of the figure) and dots

@t the plane perpendicular to the figure).
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Depending on the mutual relations between ultrasonic frequences,

531916 of incidence respect to the optical axis and state of pola-

rization many special cases of anisotropic diffraction _may be

realized [75,76,117].
The angles of diffraction are

“2.3)
53' = “‘5‘.” P It? )-l (18)

a":

0’: “‘3‘.” {if—n, a (19)

where Ana- ordinary refractive index corresponding. to the inci-

denting light of the wavelength 2, ,

414- extraordinary refractive index corresponding to the'

I diffracted light,

fl - diffraction angle,

98 - diffraction Bragg angle.

Anisotropic diffFaction is a diffraction with changing polari-

zation state. conditions for diffraction of.light of different

states of polarization by an ultrasonic wave canbe satisfied

only for selectively determined angles depending on the fact

whether the state of polarization is conserved or not. Two pos-

s'i‘oba diffraction angles flZ(Fig. 9) correspond: to the required

condition.

Diffraction of light by surface acoustic waves ‘SAwl‘

'» The mechanism of light interaction with aim is. described in the

Fig. 10. The SAWe are generated by the interdigital transducer

on the surface of a substrate and interacts with a light beam.

Usually the light wavefront is several times larger than the SAW

wavelength, so that real diffraction occurs rather then s time

dependent deviation of the emerging light beam. The interaction

geometry shown in the Fig. 10 corresponds to a case of tranpa-

rent substrate. The diffraction pattern appears in reflected as

well as in transmi'ted light. Generally tnree possible geometries

32 MLOA. Vol 9 Pan 3 (1387)

  



Proceedings of The Institute of Acoustics

MLOA Vol 3 Plfl3 "if" 



 

   

  

    

   

   
  
  

   

 

   
    

  

    

  

      

   
  

Proceedings of The Institute of Acoustics

are considered (Fig. 11): external reflection, integlal reflec-

tion and transmission. All vectors, of the incident It and dif-

fracted 1", light as well as SAW K lie on the same plane normal

to the propagation surface and satisfy the momentum conservation
$ o ’

law ___ ,.is A _ K (20)

There exist some theoriea describing this kind of light and SAW

interaction and it is possible to describe light intensity in

diffraction orders taking into account two components of defor-

mation i.e. surface corrugation and internal deformation below

the surface (112-115). For external reflection aidiffraction

pattern behaves very mucn lixe a Ranan-Nath pattern for bulky us

waves and the lignt intensity distribution is given by [27]

compare z

( ) I“ = a (w) - (21)
s

where now k’=2/’f/ “Lay-t9 , a. being an amplitude of surface

corrugation.

ILLUSTRATIONS OF LIGHT AND ULTRASONICS INTERACTION PHENOMEhA

Schlieren technigue

It was shown above (Fig. 2) how the schlieren images are formed.

The achlieran technique is rather common for sound visualization

[13.351.52.83]. Here. as an example of that technique two photo-

graphs presented in Figs 12 and lax/are very interesting cases

of sound radiation field evolution just after switching on an

ultrasonic transducer. (Fig. 12) and Just after the wave front

is approaching a slit and forming the diffracted and reflected

interference field (Fig. 13). The frequency of the wave propaga-

ting in water was 800 kHz.

  

Diffraction of light bx ultrasonics

The Fig. 14 represents spectra of light diffraction orders

     

  
 

x/The pictures were made by DrR. Reibold in his lab in Bre‘un-
echweig and are presented here thanks to the courtesy of him [311
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Fig. 12 after [82]

 

Fig. 13 after [32]
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obtained in an experiment:

a) - without ultrasonics,

h) - 31 orders for a single ultrasonic been of frequency

I’d = SOD kHz ,

c) - :1 orders for a single ultrasonic beam of frequency

VI = 29‘ = 1500 kHz,

d) - with Both ultrasonic Deans of 91. and 2 v! operating

sdjacently for sea 14

09: /‘_‘f = 0,3 ;§= 0‘59 ,5=0 , 1; 152:24'm
f” ’

As an xample in the Fig. 15_two original ['60] recordings of

light inteneity in +1_order (F19. 1411) 1+1 agains: J for two

adjacent progressing in the same direction US seams are presen-

ted. The record (Fig. 15s) is for ‘C‘ < 1.5 when cosinusoidal

dependence (16), while (151-) 2.3 for E.) 1.5 when the trigonome—

tricel approximation is not valid and the formula (1.5) describes

the dependence [60,54]. The additional maximum (’1‘) in the Fig.

15:: for S s Ti” may oe used to measure [60] the nonlinear dis-

toraion of the second us-oeam which is responsmle for the ma-

ximurn.

The Fig. 16 represents an example of tims'modulstion of the light

intensity in 0,+1 and +2 diffraction orders for the case of two

opposite in direction US seams (of frequencies 0.8 and 1.6 MHz)

against 45“ [142]. The drawings (IL) represents results of nume-

rical calculations according (17) and oscilograms {6} records of

optical signals from the photomultiplier for the same Remen-hath

parameters ll- 1.45 and £1 = 1.5.

Optical holograms of ultrasonic fields and transducers vibrations

The Fig. 17 explains a scheme of the arrangement used in our lab

[69.90] for recordings simultaneous hologras (see Figs 5 and 6)

of ultrasonic fields and distributions of vibrations on the sur-

face of the transducers radiating these fields. The holograms H“

and H”, correspond to the US field and transducer surface vibra-

tlhns, respectively, M - denote modulators of light of the

MLOA. Vol 9 Par! 3 I‘m]
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Fig. 14 after [60]

Fig. 15 after [so]
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Fig, 16 after [142]
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Fig. 17

reference 'ueams. Z. - stands for light (coherent), T for trans-ducer. A - aosorber (to diminish reflections) and F— prism,respectively.

Many examinations were performed and all interferometric holo-graphic methods 1.6- averaged in time, two exposures. strobo~scopic and real time methods‘wera proofed [87-97]: previouslyadapting the normal optical holography (without reference beammodulation)and later on using the reference beams modulated inphase or in amplitude. The progress of the matter is] that 'in thecase of unmodulated reference beam the light intensity distri-

nal to the square of the Bessel function ofvo - orderlim. to30 (A)where the argument 4 in the case when an object of theholography {a an ultrasonic wave is the Ramon-hath parameter (1)AEE= and in the case of a vibrating treneducerA=9AL¢iwhere A - wave length of light, /( - amplitude of variations of
refractive index caused by acoustic pressure. I. - width of theUS wave, 1- vibrational amplitude of an element of the surfaceof the transducer; Instead. in the case of adaquatly modulatedreference beam,ona can get the light intensity distribution ina reconstructed image as proportional to the square of the Bessel
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, wnere k- a 1.2.3... It hap-
function of higher orders

f hologram reconstruction of
pens so. because in the process 0

the object vibrating with the frequency 2 , the object light

been of the frequency w after passing through the ooJect (US

beam) or after scattering on it (vibrating surface of a trans-

ducer) contains components of higher orders of frequencies drkfi

(see (9) _- now A) a 21?? and R: 271'”). As a result of inter-

ference of the object beam and the reference beam modulated in

phase with the frequency of one of those-camponents,there appear

the light intensity distribution proportional to the square of

unction of the order which corresponds to this selec-

Analysie of the phenomena has shown [$6.90-92,95]

that the optimal conditions forlaeneitivity and contrast took

place for k = 1. In that case when the light intensity distri-

z

oution was deecrioed by ab (4), the‘gontrast of the image ree-

rocethhat in the case 9: (A)
pact to the oackground is recip

(Fig. 18) i.e. that one observes brightening on the dark uack-

reaeing of the image Drigntnees on tne lignt

vity'for

the Bessel f

ted component.

ground instead of oec

. In practice it means an increase of seneiti
oackground

that one order of
visualization of viorating oojecte of more

magnitude. I

In the case of the coeinusoidal amplitude modulation of the re-

eam with the frequency of vibrating object the light

intensity distribution in the reconstructed from the hologram

image of an US-wave is proportional to the expression [91]:

. Z M1 11") . where X - coordinate in the plans

of the hologram.

The Fig. 19 represents a photograph of the holographic image of

tna U5 wave of 1.5 MHz radiated by the BAT transducer to the

from the hologram(obtained by P. Kwiek [9fl)

using the amplitude modulation reference beam. one can easily

I noticed that the wave fronts and other details of the directivity

are very distinct in that image.

ference b

 

water reconstructed

characteristic of the US-fisid

One should remember that the reel image reconstructed from the
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Fig. 18

Fig. 19 anal-Isl]
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hologram has a special structure and may be viewed at different

croseeections at different angles. The sound field in such image

can be scened with a point photodetector [as] and the acoustic

pressure distribution at a given range of the beam may be deter-

mined. The next Fig. 20 is an example of the case when the image

has been Viewed and photographed at three different cross-sec-

tions at different angles [55]. The object was the ultrasonic

wave of frequency 0.5 MHz propagating from water to acetic acid

through an organic fail. The apecial vessel made of poliethylene

fail filled with water is dipped in a larger vessel containing

acetic acid. One can notice a differences in the wavelength in

both Media because different sound velocities in both media.

Another Fig. 21 represents two photographs from the reconstruc-

ted imagee(obteined by I. chciechoweka [aqyof Vibrational am-

plitudes distribution on the back (see Fig. 17) surface of the
aAT ultrasonic transducer radiating to the water. The hologram

was obtained with the reference beam modulated in phase with the

frequency AJ+ 52 (see above). The transducer of the diameter

30 um and the thickness 3.25 mm wee supplied with the voltage

30 V rms. The photos represents vibrations on the surface of

radiating transducer at the resonance frequency 508 kHz (L) and

ratuned below resonance at 436 kHz (6) and above resonance at

525 kHzQ}In the Fig. 22 one can see the same transducer( Fig.21§

vibrating after clamped with the fixing ring around the peri-

phary.

Examination of the reconstructed imageajacaning them with the

micro system coupled with the photomultipler [90] and a ccmputeg

gives a possibility to obtain a map of vibrational amplitudes

throughout the transducer surface (Fig. 23 - only half of the

aurface is presented).

The holographic interferometry applied to examination of piezo~

electric US-trensducere allowed to record holograms of radiating

characteristice (field distributions) and vibrational amplitudes

on transducer aurfacaa with the accuracy of 10-7 Pa for acoustic

PHILLOA. VII I Pan 3 "3.1)
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Fig. 20 after £89] Fig. 21 after [90]
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Flg. 22 after :30]

 
Fig. 23 after [90]
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pressure and 10'9 m for displacements [dB-93.92]. The methods are

very useful to find very small irregularities in radiating che—

racteristics.as well as amen innomogeneous in viorarion distri-

dutions which contribute to those irregularities.

Recently. one can observe a fascinating development of the fast

and super-fast holographic interferometry coupled with computer

data processing to study transientand rapid processes in their

time evolution. As an example one can see in the Fig. 24 tna

results of acoustic presSure pulse profile change during propa-

gation at two distances 0 mm and 75 mm depart from the trans-

ducer . The duration of the pulse was SJuS at 5 mm and the nomi-

nal frequency occur 2 NHZElSJw
It is worse to mention another example of the super-fast nolo-

graphic photography (up to 105 frames per second) applied for

examination of dynamical processes of cavitation ouobles by

Lauteroorn and Hentschal [143].
The Fig. 25 represents the evolution of cavitation Doubles as

well as shock waves generated at the collapsing process of

puppies.

EXAMPLES OF ACOUSTODPTICAL DEVICES

It might be possiole to speak about varione devices related to

principles of all phenomena we have just described, hoaevar soon

a list would be very long. indeed. So. only few examples will be

talked OWBF. here the more so. that the devices ara considered

in many books and papers [54-Ei,1adj. Essential components of

acoustoOptical systems used for signal processing are deflectors

and modulators based upon the Ramon-Nata (Fig. 4a) or Bragg

(Fig. 4b) cells. Such cells may be constructed using both iso-

tropic or anisotropic media. Typical materials era water orfusad

silica (isotropic) and crystals( anisotropic)lika lithium nio-

bate - Lihboa. tellurium dioxide - TeO2 and others on liquid

crystals. Applying such cells one can transform electric signals

through us - transducers radiating acoustical wave into optical

ones in the 3.0. interacting process. Depending on tns material

PmlOA. Vol I Pan! (19.11 
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1:19.24 after 134‘]

Fig. 25 after [14:]
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used the ocoustooptical efficiency may be smaller or greater.

In the case of a eragg cell for an incident angle 5: 62 , wnere

tne Bragg angle 6; = I and for suffiCiantly large thickness
24L

of an us - Doom, the diffracted lignt oeam will be concentrated

 

in #1 or -1 order. The light intensity of-tne oeam reflected

at the Bragg angle is given oy the formula [?9,144]:

1:,=I,«¥2L 2’11}: (22)

where PE is a material figure of merit and f: - acoustic
power danSity.

For small acoustic powers (£< 1 - sea (9) tno intensity of dif-

fracted light is proportional to the input signal. if the a.o.

cell is driven oy an input signal (may oe complex), then the

diffracted light would contain total information aoout amplitu-

des'frequencias and phases of that signal (related to tneportion

being in any given instant illuminated in the call and delayed

respect to the electric signal at the transducer of the time

required for US — wave to travel to the interaction region).

The bandwidth of the a.o. signal is limited as by'the bandwitn

of the US - delay line as well as By the efficiency of interace

tion process (e.g. a cell length limited by attenuation of ulna-

sound etc.). The time — bandwidth product determined by these

limitations is an important performance measure for 3.0. signal

processors. An instant bandwidth and a long time delay of e.o.

devices predestinate them for real-time signal processing. The

most important operation are: Fourier transform. correlation

convolution and deconvolution.

There are two basic architectures of acouetooptic signal proce-

ssors: the space - integrating type and the time - integrating

type [}9]. In the first type the spatially modulated optical beam

in the a.o. cell may go through certain operations ouch as multi-

plication with a reference beam and then be spatially integrated

into a detector. The final integration is the diffraction inte-

gral and the output data is a function of time. On the other hand
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in tne second type the integration operation is performed in tine

domain and the output data is expressed as a function of the spa-

tial variable. Many devices of 20th types were e1aoorated[77-t31].

Examples of tnese two types of a.o. signal processors are presen-

ted in the next following figures.

In tne Fig. 26 an interferometric (with optical neterodynu oetsc-

tion system) space-integrating spectra analyzer with two Bragg

cells is presented after LC. Chang [81] . The cells are supplied

with the RF input signal (being analyzed) and a broad-band refe-

rence signal, respectively. The diffracted light from the input

signal cell and from the reference cell are combined, specially

Fourier transformed and added at the detector plane where the

spectrum is recorded against frequency selected in the heterodyne

process by filtering components of reference signal. _ ' [79

The Fig. 27 represents a two beam SAW tine-integrating correlate.

The input signals 51 and $2 drive two tilted transducers. sothat

the two SAW have titled wave-fronts, however thanks to the aniso-

tropy of the material (lithium niobate) they both travel along

2 - axis. Two light beams (Bplited from the incidenting beam) are

strongly interacting at Bragg angles and combined together. In

detecting signal at the output the correlation function of the

input signals 31 and 52 may be recognized and selected.

VOTHER APPLICATIONS IN SELECTED DOMAINS

OF RESEARCH AND PRACTICE

Acouetooptica provides measurement methods of minimal errors.

> The main feature of them consists in the fact that measurements

do not disturb the system being a subject of examination. An

acoustical information required is being transformed into optical

one in the acouetooptical interaction process. That allows to

perform local measurements ‘in situ' in the acoustical field

far from an acoustical transducer. Acoustooptical methods provide:

a) acurate measurements of sound velocity in iso- and anisotropic

media giving possibilities of determination elastic constants

(in linear and in nonlinear range).

MLOAWDPIRN‘ISIT)
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 Fig. 27 after [79]
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b) accurate measurements of attenuation giving a way for deter-

mination of viscosity coefficients, thermodynamic and molecular

characteristics. relaxation times etc.,

o) measuring light polarization states allowing to determine

elements of molecular structure.

Obtaining the informations listed above for every medium is im-

portant. For anisotropic media including anisotropic liquids the

item C) gives many possibilities. Biological tissues and biolo-

gical liquids have anisotropic structure and many of them are

liquid crystals.

Many interesting acoustooptical measuring methods have been ela-

borated which gave possibilities of applying in liquid crystals)

organic and bio-liquids examinations:

a) methods based on variation of transmission of light induced

by acoustical deformation in anisotropic liquids.

There are two methods of examination of ordered liquid systems

in the polarized light beam [103-111]:

The orthoscopic method (the light beam is parallel) Fig. 28

and the conoscopic method (the light beam is convergent)Fig.29.

The cells in which the liquid to be examined is situated are

specially designed to enable measurements for various orientation

of molecules (homeotropic or planer) respect to the direction of

the wave propagation and the direction of deformation. Usually.

the thickness of the cells is small comparing with the wave-

length.

o) Methods based on diffraction of light by ultrasound. In those

methods the cells are rather long comparing to the wave length

and both kinds of ultrasonic—light diffraction may be applied:

the Ramah-Nath (Fig. 4a) and Bragg (Fig. 4b). The diffracted

light beams are detected and the intensity of light and its fre-

quency modulation in separate orders are measured against ultra-

sonic power and frequency. In the case of anisotropic media the

diffraction of light by ultrasonica is associated with charac-

teristic variations in the state of polarization [103,110-114]

MBA. Vol 9 Pm 3 (13.1)
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what can be used for getting information about molecular struc-

ture of the medium [104]. The Figs 30 and 31 present the schemes

of two arrangements which are being used in our laboratory for

anisotropic liquid examinations.IThe other acoustooptical method

based on Bragg diffraction phenomena and applied in traditional

reverberation method has been developed by the Japanese group

in Tokio (Takagi et al [107-109]) which is called HRB (High

Resolution Bragg)msthod. The scheme of the arrangement is pre-

sented in the Fig. 32 [107]. The beam reflected at the dragg

angle is recorded using the heterodyne technique for optical

signals (incidenting and scattered ones) against the angle of

incidence. The recorded curve represents a Fourier spectrum of

wave vectors of the waves reverberating in the cell after apulee

excitation with the 2m) transducer. The Bragg angle determines

the ultrasonics velocity and the half band-width of the curve

recorded - the attenuation coefficient. An example of the curves

for the carbon di-sulfide is presented in the Fig. 33. The method

enables measurement with great accuracy of attenuation (0.5 - 1:.)

and velocities (0.05”) in the large range of frequency to dis-

cover relaxation and dispersion regions in liquids. In many bio-

liquids the relaxation processes could not be explained on the

base of the single (or discret number) relaxation time theory

[105-106] but a spectrum of relaxation times must be considered.

The Fig. 34 represents frequency dependence of the ultrasonic

absorption coefficient “in the egg albumine obtained by Choi

.et al [105], which is an evident example of the umsual beha-

viour suggesting very complicated molecular processes involved

in the ultrasonic absorption. Dependence on frequency is eproxi-

mated by the formula UL= tuft”, where c - const. 1" -fraquency.

It would be necessary to talk about many other applications of

acoustooptics for instance in solid state physics examinations

[126.127] and composite materials studies [119].

The acoustoopticel interactions taking place in optical wave-

guides (fibers) [136-140] being influenced by extermal strains
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and deformations could be an interesting topic of a separate

lecture, too, as many others. The long list of references quoted

in the historical survey given at the begining of this review

can provide much more information on the interesting and actual

subject.

CONCLUDING REMARKS

 

In the review acoustooptical interaction phenomena were presen-

ted in their historical and actual. physical and practical‘

aspects.

The domain is very wide and recently, intensively cultivated so

in reaearch.as well as in applications. The most perspective for

development seems to be acoustooptic interferometry. especially

in the fast holographic photography, application of light diff-

raction by ultrasound in material examination anisotropic

solids and liquids including bio-liquids as well as in constnn-

ting a.o. devices for signal processing. The BAH processors are

very promising in integrated ogtics. Recently, a great interest

has been worked up in acoustooptical interactions using optical

waveguides for constructing extremely sensitive optical fiber

sensors.
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