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A thecreticai study of the fea.•ii'bit of the mouinq thermoacoustic

source Ps a sound projector in underwater acoustic applications is presented.

The thermoacoustic process employs direct heating of the acoustic

medium to produce a controlled local thermal expansion which, in turn,

generates sound waues. The thermal energy is delivered by a laser beam to

the water &urface without any physical contact. The analysis in this report is

limited to the thermoacoustlc conversion process, within the broader class of

optoscoustic processes. The thermoacoustic source may be moved by

deflecting the laser beam. A rotating mirror is commonly used to deflect the

beam. The deflection causes the position of the thermal sound source to

change as a function of time. This allows the signal to be Doppler shifikd to a i

degree far greater than that achievable with conventional sound projectors

that have to be in physical contact with the acoustic medium

A summary of the findings presented in this report is as. follows. Since

the Doppler shift is direction dependent, It was found that the moving

optoacoustic sources are putentially useful for direction finding by virtue of the

extremely high Doppler shifts achievable. While the thermoacoustic array has

certain advantages over conventimal acoustic projectors, notably the

noncontact property and the Doppler direction finding capability, its

optoacoustic energy conversion efficiency i*- no better than that of the

stationary thermoacoustic array, This conclusion was arrived at through

mathematical analysis from basic principles, and supported by computer

iI .



generdted numerical evamples. The conversion efficiency was found to be

strongly dependent on the acoustic signal carrier frequency and on tMe aptlcal

signal waveform. Studies of the effect of optical input signal characteristics on

the conversion efficiency, the efficiency upper bound, and the projected range

penbtr ation under ocearic conditions were made. It was found that the

thermsacoustic conversion was most efficient wnen the nptical energy was

delioei ed as an impulse train. It was concluded that the thermoacoustic array,

within the broader category of optoacoustic processes, is expected to be useful

as a laboratory tool where relatively high ultrasonic frequencies are used, but

not for sonar applications because of the low thermoacoustic conversion

efficiency in the useful range of sonar frequencies. The efficiency is

fundamentally limited by the physical properties of the medium, particularly the

coefficient of tiermal expansion and the specific heat. A different

optoacoustic tonversion process, which employs nonlinear physical reactions to

generate sound, is being pursued. It promises to be more efficient by several

orders of magnitude.
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L INTRODUCTION

R "thermoacoustic" source Is reoilzed when hea. Isý directed Into a !moall

region of an acoutic medium.L The thermal expansion or contraction Of the

medium causes a volumetric change which propagates as an acoustic wai;e

outwards from the iieated region. Since the thermal source is often generated

optically, it is sometimles referred to as a uthermo-optica source. The

opticallyj generated thermoocaustic source also belongs to the broader class of

"optoacous tic" sources. These terms may be used mnterchiangeabli., except in

those cases where their differences are important.

In 19,76 the process was inuestigated tileoreticaill and experimentally by
Muir, Cu~tertson, and tlynch1 for' the case of a stationaryj source. The acoustic

eNergy produced by the thermoacou stic array, (TN), with anyj reisonabie

quantity of optical energyj through the thermoacoustic: comvesion process, was

fou&W 'to be small. It was several orders; of magnitude smaller than that

produced by conventional acoustic sources under equkiuaWn operating

conditions.

It is stated by Lyamsh~eu andNaugol'nWlh in a comnprehiensive review

paper that
"U~nder the conditia-s of thermo-optical generation of sound (Ie., the
thermal mechanism) the conversion efficiency attains at best1-5-16.

Therefore, f w- underwater detection and communication purooses,, the
thermoacoustic canversion efficiepctj must be significontig increased before

the TR can be considered as a, viable acousti source. There hav been sevteral

recent Soviet papers on the, subject with diverse claims,- Wtpua-licu with

reganrd to the mouing thermoacoustic source

3



it was suggested by some that the mouing thermoacoustic source, (MT.),

cai• g ve nificantly higher conversion efficiencies. The simplest case is that

of an MTA traveing in a straight line. Here Bozhkov et 43 clalia that moving

thermo-optical sources are

"highly directional sound sources v ith a tunable frequency and considerably
higher effiiency than that of stationary sources."

in an earlier publication, Bozhkov et al.4 also claimed that

"the ,uen method of sound generation affords a realistic possibility for the
creation of powerful short pulses with a high frequency carrier."

T-e case of an MTA executing uarioui types of motion, including

oscillatory motion, has been studied by Lyamsheu and Sedov, 5 but they clar,.

only that the efficiency of moving sources is

"practically the same as for a sta•ionory sotrce."

It is agatrý t this background of diverse and conflicting claims regarding

the perf c, ince of the MTA that the in'estigation takes place.

* Rn overview, of the report is briefly as follouws.

The ther. rnoacoustic conversion process is analyzed from basic principles

* in section 3I Both the stationary and moving cases are examri.'ne. The special

case of a Mach number of unity is alse treated. The conversioin efficiencies

- are- compared m section 4. [he influence of the optice' signal waveform and

the acoustic signal frequency on the conversion effIciencq is examined and then

the energy cowersion efficiency upperbounds are established in section, 5. The

"4.



performance of the thermoacousticallj generated signal, particularly. range

penetration under typical oceanic conditions, is analyzed, supported by

numerical examples, in section 6. The direction finding capability is discussed in

section 7. The findings are discussed and compared with the claims quoted

above Wn sections 8 and 9. Finally, tM remaining critical issues and the methods

to resolve them are discussed in section 10.

* 5
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1. The thermoacoustic process and its conversion efficiency wifl be

investigated from first principles.

2. The upper limit of the conversion efficiency and the factors which

affect it wil be determined.

3. The claims that have been made for the thermoacoustic process in the

open literature wilt be examinned.

4. The viability of the thermnoacoust source as a projector of acoustic

signals in underwater acoustic applications will be assessed.
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IlI. THEORY

A. Basic Theory

In this study. the medium is water and the means of introducing heat is a

laser. The thermal input may be controlled by modulaiing the laser power. The

absorption Coefficient of light in water is assumed to be uniform. Therefore

the thermoacoustic source is exponentially tapered as a function of penetration

distance into the water. The geimetry is shown in Fig. 1.

A suitable starting point is the expression for the Fourier transform of

the farfield acoustic pressure generated by a stationary TA such as the one

derived by Lyamsheu. 2 Lyamsheu's expression was for a lossless medium but

in the following expression, which is derived in Appepdix A, the absorption

coefficient is included.

Po()= k Cc 0a W,((,) exp( ikro - oro ) /ro, (1)
ii

where

Ca B-Ac/(4vCP) (2)

and

kc -. 's/c. (3)

The parameters C and 0 have the foilowing significances. Ca "oresents the

thermoaco'istic conversion factor afforded by the physical properties of the

medium. Oa represents the acoustic losses due to diffraction Loused by the

9
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finite array length and width, and the optical loss due to reflection at the

surface. In Faditiosf to the general case, the special case where the optical

beam is vertical and the Intensity profile in the horizontal plane is a Gaussian £

function is worth considering because it is capable of yielding a closed form

solution in this case, 0a i g

a= Jkcos8 ep -k2a2sn 28 /4 )/(u2 + k2cos2 (8)) (4)

where a is the I/e radius of the Gauusian function.

The response to an optical impulse is ea*.ly obtained by equating Wo(M)

to the Fourier trarsform of an impulse.

iL The Moin Thermoacoustic Array

Let us now consider the case of an MTR. The MTA will be rn'eled as a

continuum of stationary optical impulses distributed along its path in space and

time. Let the water surface be the x-y plane in a Cartesian coordinate system,

as shown In Fig. 1. The top end of the MTHI must always be at the water

surface. Let the changes in its x and y coordinates as a function of time be

described by path functions x(t) and y(t), where the time t is the independent

variable, and let the path be centered at the origin. Therefore, the response of

an MTR of arbitrary path function and an optical power input function w(t) may

be formulated as a convolution of the impulse response and the source

distribution function in space and time. Since time is the independentvariable,

11I



the result may be expressed as the time integral

Po(()= k CaI _4o o w(t) exp(iklr - ct) -ar) /r dt, (5)

where r, as shown in Fig. 1, is the distance from the surface-end positior. of 0

the MTA at (x(t),y$tO) to the-recei"er position at (x1 ,O,z1 ). It is impficit that r

varies as a function of t. The acoustic pressure p. may be obtaiaied by taking

!he inverse transform

palt) = _j'o ps(j) exp(-jjt) dc. (6)

Using Parseval's theorem, the acoustic energy density E. is, giuen by

Ea _00fo Ipa(()) I[2/(2ilrpc) dw.* (7)

C. The Stationao "ermoacoustic Array

In the stationary case, the source-receiver distance ro is a constant.

This allows Eq. (5) to be considerably simplified, giving

Eh
Pa(OJ) =(kCaDa hro) exp(iki -~o _W10O~wol~x(iclt 8 •

The 'integral in Eq. (8) is recognized as a Fourier integraL Therefore the result

may be expressed in terms of the'Fourier transform of the optical power

12
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function Wo(()

I

Pa(() = (k Ca Da/r 0 ) exp(ikr 0 -cxro) WolW),

which is identical to Eq. (1). This confirms that the expression for the acoustic 0

s~nal m Fq. (5) is valid for both moving and stationary cases.
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11. THE EFFHCT OF MOVEMENT ON THE OPTICAL ENERGY REQUIREMENT

To examine Mhe effect of movement on the optical signal requirements,

let us turn Eq. (5) around and keep the acoustic signal constant. Assuming that

the signal may be uniquely defined by its Fourier transform, this pieblem is

equivalent to that of examining the factors affecting the Fourier transform of

a given acoustic signal. The energy requirement analysis will start with the

long range case where the MTAD is moving at a constant Mach number relative

to the receiver. The term 'long range" is used to indicate the situation where

source-receiver distance is such that the launch and arrival angles of the sound

rays do not change significantly over the duration of the signaL Then, the .

results will be generalized to include the case of varying Mach number. Finally,

the long range requirement is relaxed. In all cases, the recewier is assumed to

be in the farfield of ths source. a

Let us consider the long range case where the MTR is traveling at a

constant Mach number relative to the receiver. Referring to Fig. 1, the mean a

position of the MTI is centered at the origin of a Cartesian coordinate system,

-and the receiver is Iocated in the x-z plane. It is assumed in the long range

case that the MTR path length is small compared to the source-receiver

distance; therefore changes in the source-receiver distance and the depression

angle are negligibly small compared to their mean values, ro and e0 . It also

follows that the y component of the MTA velocity, has a negligible effect on the

Mach number. In this case, Eq. (5) may, be approximated by

'15 - S'•..



Pa(() I k Ca D /r.) exp(ikro -ixro)

_Jr w(t) exp(ik[vut cos(8O) - ct]) dt, (10) -

where u. is the component of the MTA velocity in the x direction. The integral

in Eq. (10) is recognized as a Fourier integral and it may be expressed as the

Fourier transform of w(t), giving

S

P = ) k [a Da/ro) e:,•(ikro -axro) W('41(-M)), (11)

where a

M = (Ux/c)cos (8).

R. The M01 Case

Comparing Eqs. (9) and (11) for the case where MO,1, the differe ;ce
between the optical -power signals in the stationary and moving cases can be

clearly seen. In order-to obtain the some acoustic signal, the- latter must be a
Doppler shifted version of the former, a

W("-M)) Wow). (.12)

a

If the total optical energy expended to produce a given acoustic signal
can be somehow reduced through movement of the thermocaoustic array then

there would be a gain in conversion efficiency. Consider the total optical energy

16 ." ,,° .



which is gi--en by!

W1.(O) = _01 w(t) dt. (13)

The total optical ehierqy is recognized as the. Fourier transform of the optical

power at A)=O. Since a Doppler shift influences the Fourier transform at all

ualues of 0 except at k=O, there should be no difference in the Fourier

transforms at (A)mO, that is,

W(o)-- Wo(0). (14)
0I

Substituting from Eq. (14) into (13), it is clear that motion has no effect on th,-

total optical energy requirement,

,,o40 w(t) dt = -€J0 Wo(t) dt. (15)

I

The result may be extended to the uarying Mach number case, where

the x-coordinate of the MHT is generally represented by the function x(ti. The

Fourier transform of the acoustic signal is now ,,uen by

Pa)- ( k Cia Da /ro) exp(1kro -oro)

.ool wut) explikixii) cos(O8) - ctl) dt. (16)

In this case, the optical power function wit) needs to be nonuniforml" Doppler

shifted to maintain the same acoustic signal If the nonuniform Doppler shift is
1?~ii
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one that changes smoothly as a function of time, then it may be approximately

broken down Into a number of discrete time intervals In which the Doppler

shifts are uniform,

Pal(8 ) k Ca Da /ro) exp(ikro -oaro)

N
_ I wn(t) exp(ikluxnt cos(8o) - ct]) dt, (17)

n=1

where

Wn(t) = wMt) if tn< t 0

0 otherwise

and

Uxn =(tn+1)- x(tn))/(tn+l- tn)" -- i:i

The approximation becomes more exact as the number of time intervals tends

to infinity. Sinre it has been concluded that uniform Doppler shifts do not

affect the optical energy requirement, it follows that the total optical energy.

requirement summed ouer all the tme intervals, where the Doppler shift in

each interval is uniform, must also be unaffected.

N
I Wn(O) Wo(0). (10)

n- 1

Therefore, Eq. (15) remains valid and the optical energy requirement'remains -

unchanged.,
• . 18 . i::i;
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Finally, the analysis may be broadened to include the general farfield

case where changes in r and 8 cannot be considered as smafl. Equation (5) may

be rewritten in a form similar to Eq. (16),

Pal)) (k Ca Dae /ra) exp(ikro -ixro)

_CO w(t) (Oa/Dao) exp(ik[r - - ct] -Ocr - ro)) dt. (19)

In this case, the optical power function wo(t) must not only be distorted to

compensate for the changing Doppler shift, it must also be further distorted to

compensate for the differential chanjes in the diffraction loss, (DaDao), and.ao), and:
absorption loss, exp(-ci(r - ro)). Since the losses are range dependent and the

range may change significantly over the path of the MTA, the comparison

between the moving and stationary cases is not straightforward. However,

since ro and 80 are mean values of r and 8 over the significant part of the

path, the net increase or reduction in the required optical input to maintain the

same acoustic signal must be a second order quantity. Therefore, the optical

energy requirement is unchanged at least to the first order of accuracyj. •

B. The M=! Case

Let us now examine the behavior of the MTA when the Mach number M

is equal to unity. From Eq. (11), it can be scen that the value of the W(wll-M)),-

for aN finite values of w, is equal to W(O1 That is, the optical excitation

19
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appears to collapse into an impulse. Consequently, in the absence of any

distortions, the acoustic wavte. orm would be the derivative of an impulse. 2 The

acoestic signal'is obtained by setting M-=1 in Eq. (11),

PalI =I= I k Ca Da/roI exp(ikro -(xro) (0I). (20)

Note that the signal is dependent only on the optical energy W(0).

Therefore, the shape of the optico! power waveform has no influence on the

acoustic output. The acoustic waveform is only determined by the frequeryw-

dependence of the diffraction lossDa, which is controlled by the physical
S

dimensions of the thermoacoustic source, and the absorption coefficient a.

Howeuer, this does not mean that the thermoacoustic conversion efficiency of

an MTA traveling at Mach I will be any higher than.that of a stationary TA.

In the case of a stationary TA, an identical result can be obtained by

using an optical intpuise. In this case, the Fourier transform of the optical i _7

power Wo(Ml will be equal to WOW) for al significant ualues of (). Substituting

into Eq. (90,.

PolO~impulse (k Ca DWrO) exp(ikr -aro) WowO). (21)

From Eqs. (20) and (21), it Is evident that if the optical energies are eq~ual,

i.e., W!O)= Wo(0), then the Fourier transforms of the acoustic signals, hence the

acoustic wnieforms themselves, must be identicaL Consequently, it is

conclUeNl that a stationary TA energized by an optical impulse would produce'

20



exactly the same acoustic signal as an MTR, muinT at M=-1 1- the direction of

the receiver, for the same optical energy. The signals wil be identical in both

waveform and energy density.

Substituting from Eq. (20) or (21) into Eq. (7), an expression for the

acoustic signal energy density may be obtained,

Ea =Ca2 (21•c)- 1 ro- 2 W.3(0)2 k2 a2 ex(-2(or) d(j. (22)

Note that the Fourier transform of the optical power Input may be

brought outside the integral because it Is constant for ad significant ualues of

frequency. The expression also shows that if the absorption coefficient a

were finite and Independent of frequency, and the diffraction loss 0D increases

with frequency by a rate less than the second power, then the acoustic energy

density E. Would be infinite. In practice, however, oL monotonicalj increases

with frequency and this alone is sufficient to ensure that ihe acoustic energy

density is a;ways bounded. In practice, the diffraction loss % also increases.

rapidly with frequency beyond a cutoff frequency determined by the physical

dimensions of the array, There are also other losses not represented, such as

that due to finite amplitude effects, which would further limit the acoustic

energy density at the receiver.

'21



U RNRLYSIS OF LItRBJLITY AS fIN ACOUSTIC PROJECTOR

R. Upper Bound 31' he EnergyDensity

Since it has been demonstrated in the foregoing sections that

thermeacousti ton.uersion by siaTtion.ary and moving sources are equivalent,

the upper bound derived below will be applicable to both cases. It is possible to

obtair. ran upper bound for the value of the energy density, Ea, by using the fact

that the term 0. in Eq. (51 and subsequent equations is a loss term and its value

is always less than unity. Thus, setting D0 equal to unity in Eq. (9) and

substituting into Eq. (71, the upper bound may be expressed by the following

inequality,

Ea < (Ca/ro) 2(2npcl-1 _.jco k2e xp(_2 aro) IW(u(iM 2 dbi. (23)

It (an be seen that the Fourier transf orm of the optical signal,

W(,',1(1-M)I, at nonzero values of the acoustic signal frequency, ( .. O ), has a

direct influence on the acoustit energy density but no direct connection with

the optlcdl enerqy input. On the other hand, the value of WM(d 1-MI) at 4d=0,

which represents the total optical energy, has no direct effect on the

(Jeneratlonl of the acoustic siqndl. Since these two Fourier transform

components are mutually exLlusive, it is conceivable that an acoustic signal can

be generated without any net optical energy dissipation. However, in practice,

this is nnt o(hietvable becduse iegs'tive thermal power dissipation, i.e., the

absorption of thermal power from the water by the laser beam, is not possible.
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The value of Wi.1(1-t1M)) at (---O represents a positive energy bias which

allows the thermal power changes necessary for acoustic generation to take

place without reversing the direction of optical power flow in the laser beam.

Under this restriction, it can be shown that the value of W.(1(l-M)) at

W;,O cannot be greater than the value at G)=O, i&,

,4 kLV(•01-M)A < W(0) for wD'O. (24)

The proof is given in Rppendix B. Substituting from Ev. (24) into Eq. (23), the

acoustic energy density upper bound Is obt&ined in terms of the optical energy,

Ea (Ca/ro)2(2Vppc)-I W(O) 2 ._,, k2e*(-2 crO) do. (25)

The upper bound given by Eq. (25) is valid in a# casesi including the M-I

case. For narrowban signals, the upper bound may be more exactly expressed

in terms of the mean wave number, ko, and the acocstic bAndudth, Ba ( in Hz),

Ea narrmuband < ((Ca/ro)2/pc'))(O)2 k. 2exp(-2 axro) 2Ba. (26)

For a given bandwidth, B., and rwnge, ro, there is an optimum frequency at

which the narrowband upper bound is at a maximum. Using the absorption

curve for seawater at IoC, a plot of the optinum frequency as a function of

range was computeA .shown in Fig. 2. The signal bandwidth was assumed to
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be a constant

IL Waveform and the Enerq Conversion Effidencjy M-I1

In Eq. (23), it is evident that the acoustic signa energg density is

generated by the square of the magnitude of the optical power Fourier

transform, W9(" 1-M)). Therefore, the conversion efficiency of waveforms is

directly governed by the relative value of W(L(I-M)) within the signal b6nd to

the optical energy O(O). For a given acoustic signal, the conversion efficiency

Is maytimlzed by maintaining the desired values of W((1-M)) while minilmzing

the optical energy bias W(O) as much as poswible. The most efficient optical 4

signal is one that achieves the equality in Eq. (24) over the significapt part of

the signal band. In Table I, the peak values of W(J(1-M)) within the signal band

are compared for three representatime waveforms in each case 111(0) is set

equal to unity. The waveforms are the sine wave, the square wave, and the

impulse train as shown in Fig 3. In each case, it is assumed that the signal band

is centered on the fundamental frequency Jo"

It is clear that, of the three waveforms, the impulse train produces

*the maximum acoustic signal energy for the same optical energy. It appears to

oe the most efficient waveform for thermoacoustic generation in geiteral as

long as unwanted harmonics do not interfere with the desired signal.

Furthermore, it is well suited to laser technology Where 0-switching methods

for producing high energy impulses are well developed.
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TABLE I

THE FUNDW4NTAL C(Ht0NENTS OF CERTFIN PERMIC U•MOfF••S

wavefor-m I•-M) 2 at WLI(0) -1

sine wave 0.25

square wave 0.41

inpulse train 1.00

C. Maximization of the Signal-to-Noise Ratio

Consider an ideal situation where there are no boundaries, the speed of

sound is constant and isotropic, the background noise is isotropic, and the

receie emrploys a matched filter to maximize the signal-to-noise ratio (S/N).

For a one way transmission between an acoustic source and recewer, the S/N

may be simply expressed by the folowing equation.

S/N a 10log(Ea) " I•og(FN) * (27)

The rontribution fromn the acoustic source in this equation Is summed up in the,

acoustic energy density term, E. For a receiver of a predetermined directivity
S

index or for an omnidirectional receiuer, the S/N is maximized by max••izing

the ratio Ea/FT, For narrowband signals, there Is a carrier frequency at which

the upper bound S/N is a maximum Using the expression for the upper bound 0

signal energy density in Eq. (26), and assuming that the receiver is in a Knudson
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noise limited situation where the equivtment pidne wave noise spectrum

Icreases at a rate 'of 17 dB per decade, the carrier frequency at which the S/N

upperbound Is maximized Is shown as a function of range in F4 2.

0. Conversion Efficiencyp per Bound

Let us Mfuie eff we nct, iL as the acoustic ýnergy, Wa produced per •t

of optical energy input, W(O), Since the sound is assumed to be radiated

downwards from the surface, the acoustic energy upper bound is eqpral to the

energy density given by inequaiity (25L, without the absorption loss'term,

integrated over a hemismphercal bondary bePew the water surface, 0

Wa < (Ca2 /(pc)) WJ(O) 2 _cxh k2 d(. (28)

The efficiency upper hound is then found by dividing the acoustic energy by the

optical enerqy,

(1<(Ca2/(pcl) U90) _••k2 dw• (291):,??

From the above ineualty, it appears &to 4 nthe absence of if fracionlos

and any other type of losses internal to '.o. thermoacostic source, the

efficiency upper bound is inf inte. This is clearly erroneous since it contradicts

the law of conservatien of energy. The flaw lies in the assumption that the

medium reacts to the application of heat by expanding instantaneously. While

this assumption is valid over the band of detectable acoustic frequencies, it will

29



br eak down beyond d cutoff frequency determined by the Iag tine, of the

thermal expansion process. The cutoff frequency wil effectively make the

limits of the integral in FP4. L9 f Inite and constrain the efficiency upper bound

to a value less than or Equal to one.

From the above analysis, it can be seen that the efficiency upper bound

varie~s o"er a wide range of values, depending on acoustic signal frequency. It

is seen that for high frequency sonar (e.g., 30 kHz) and reasonable optical
66

energy levels (e.g., 100 Ji, the efficiency upper bound is around 10-6' which is

marginally useful. The range penetration of a signal in this category Is

discussed later. At long range sonar frequencies (e.g., 3 kHz), and at reasonable

levels of optical energy (e.g., 100 J), the efficiency upperbound is less than

10-9 land even with 1000 J of optical energy it is still less than 10-..

For narrowband signals !he efficiency is significantly lower tt'an that

aflowed by the upper bound, since efficiency increases with bandwidth. The

expressions for total acoustic energy and efficiency are a little simpler since it

Is reasonable to approximate the value of the wave number by a constant over

the passband. The expression for the total acoustic energy upper bound. is

obtained from inequality (2'8 by replacing the integral with a simple product,,

waerrowband < (C, 2/Apc)) W(O)2 kI,2 l4-Ba. (301

The efficiency upper bound is then given by -

cnarrowtond (Ca2 /(pc)) W1D) ko 2 4"Ba (311

30.9



As the ko 2 term suggests, the gains are concentrated at the high - -

frequency end of the spectrum. In the laboratory, where operating

frequern,,es are generally higher and propagation distances shorter than in the

sea, the TA promises to be a Lery efficient and useful tool. 7 In sonar

applications, however, absorption will tvery rapidly eliminate the high

fr'-quencq components before any useful distance can be covered. The

eff itency upper bounds of a TA at certain values of frequency and optical 0

energy, assuming that the bandwidth B. is one-half of the carrier frequency,.

are shown in Fig. 4.
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VIL NIJ4PtIlCL EXAMPLES OF MHIOM THERMORCOUSTIC RARRYS

The following numerical example will be used to set the main

characteristics of the MTA into proper perspective. For this purpose, an MTA

was modeled for the followming set of operating conditions:

The heat sorce was a laser directed ertically downwards. The laer

beam profile was Gaussian shaded with a I/e radius of 8 mm. The

laser delivered a total of 191) J of optical energy at a wavelength of

1.06 jim, In a train of ten pulses at a repetition rate of 2 kHz. The MTA

traveled at M=0.9 along the x axis giving the acoustic .signal a Doppler 0

shifted frequency of 20 kHz in the forward (+x) direction. The water

was assumed to be seawater at a temperature of IloC with an

isotropic noise sV%,•trum equivalent to that of sea state 4. The acoustic 5

signal was received by an omnidirectional hydrophone equipped with a

matched filter.

The energy density of the signal as a,function of range and direction was

computed. The one-way slant range penetration contour for an S/N at the
U

receiver of 20 d8 is shown on Fig. 5. The computations showed that, at a

depression angle of 80 in the forward direction, the range penetration reaches

a maximum value of 1400 in The acoustic sourta level was computed to be

165 dB re 1 p'a..

By numerically integrating the.energy density of the acoustic signal over

a hemispherical boundarUj. the total energy, conversion ef flcency was computed
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to be I x 10-8, From Eq. (31), the upper bound of efficiency at a carrier

frequency a .o0 kHz and a bandwidth of 2 klz is estimale¶. to be 1.6 x 10-

Therefore, the actual ef'ficiency is considera"l less than the upper bound. The

discrepancy is due to the reduction in carrier frequency as a function of angle

away from the forward direction, and to diffr•.ction loss.

The range penetration of a stationary TA pulsed at a frequency of

?0 kHz, operating under the some conditions and of equal optical energy, is

shown in Fig. 6. It is seen that the stationary TA has the same acoustic signal

frequency of 20 klz and achieves the same range penetration as the MTA. In

the stationary case, the acoustic output is independent of azimuth. It has S

greater coverage but no directivity. The total energy efficiency was computed

to be 1.5 x 10-7. The discrepancy between the computed efficiency and the

upper bound of 1.6 x 10-7 is due to diffraction loss. Although the stationary

TA achieves better overal efficiency than the MTR, the gain is in direction-

other than the f.nrward dir .t.on. The level of the 20 kHz signal in the forward

direction is unaffected.

An indication of the range p!ietration of the acoustic signal as a,'

function of its frequency can also be extracted from Fig. 5. The direction and _ '

range penetratio,• of the 10 kHz and the 5 kHz signals are shown. Since the

range penetration has been shown to be the same whether the thermoacoustic

source is moving or stationary, the following conclusion is applicable fo1w v .-

cases. The results suggest that, for the given optical energy of 190 J, the

range penetration below 20 kHz decrease as the frequency is reduced, in spite

of the lower absorption loss at lower frequencies. This is because the
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reduction in efficiency (plus the increase in ambie.it noise) outweig•ts thie

reductions in absorption loss. Further numerical analgsis showed that the

range penetration peaked at 20 kHz, and that bejond 20 kHz it declined with

increasing frequency. Therefore, it is concluded that at an energy level oft

190 j (or less) a thermoacoustic source, moving or statitinary, will not provide

the range penetration required for medium or long range comrnuncations.
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1.1. DIRECTION FINDING CAPABILITY

In spite of its inefficiency, the MTH has a potentially useful but little

explored property, and that is the property that the Doppler shift is direction

dependent. This may be usec as a means of direction discrimination. Since the

MTA is a noncontact projector, it can move at speeds that would be quite

impossible for sources that have to be in physical contact with the medium.

Therefore, the range of realizable Doppler shifts can be extremely large. This

should lead to a 'ligh angu'ar resolution capabihtty. The variation of Doppler

shift with direction is given by Eq. (11) for the constant velocity case. For the

general cnse, it is necssary to obtain a numerical solution using Eq. (5).

An example is shown in Fig. 5, where the carrier frequency of the signal

from an MTH has been calculated at various azimuth angles. The MTA is

traveling at M-=0.9 along the x axis. Along the forward direction, the signal

frequency is 20 kHz due to the Doppler shift, but the frequency rapidly falls off

away from the f orward direction. At 240 from the for'ward direction, the

frequency has already dropped to 10 kHz. With a signal bandwidth of 2 kHz,

there are five resolution cells in the 240 sector. There is a left-right ambiguity

which needs to be resolved, but that may be res oled by using an asymmetrical

path or by changing the direction of .movement from ping to ping.
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VDID. FINDINGS

1. The acoustic signal is directly a function of the modulation of the

optical power. The total optical energy has no direct effect but it

must be sufficiently large to allow the modulation components to

exist. This is generally true except when the optical input is an

impulse, or if the source velocity component in the direction of the

receiver is equal to the sound velocity.

2. When the optical input is an impulse, or if the source velocity in the

direction of the recewer is equal to the sound velocity, the acoustic

signal is a function of the total optical energy and the dimensions of

the source only. Any modulation of the optical power has no -effect.

3. The moving thermoacoustic source is, at ang speed, neither more nor

less efficient than the stationary source of the same dimensions and a

optical energy.

4. The impulse train is the most efficient optical power waveform for

the thermoacoustic generation of signals.

5. The effIciency upper bound is extremely low for practical values of

optical energy and carrier frequencjý.

6. The direction dependent Doppler shift of the acoustic signal glues the

moving thermoacoustic source a unique property which cannot be

reproduced by conventional transducers and which is potentiolly

useful for direction finding without having to use a beamformer.

7. As a laboratory tool, where propagation distances are short and

operating frequencies are high, the TA can be a very useful tool

particularly because of Its noncontact property and wideband

41
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8.For sonar appilcations, a, more ef ficient optoacoustic conv~ersion

process Is required.
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It. DISCUSSION

These findings contrast sharply with some of the claims made for the

efficiency of the MTA. There are mainly two reasons.

(1) When comparing the efficiencies of transducers, it is necessary to

define the desired operating conditions and then measure their efficiencies

under the same conditions. To make direct comparisons of efficiencies

measured under different conditions would be analogous to comparing apples

and oranges. One important aspect of the operating conditions is the acoustic

signal itself. For conventional transducers, valid comparisons can be made if

the input signals and the other relevant operating conditions are the same,

because the output signal is normally a reasonable replica of the input signal.

This, however, is not the case for MThs, which can move at speeds very much

higher and hence generate far greater Doppler distortions than conventional

contact transducers can ever achieve. Therefore a conscious effort must be

made to generate the same acoustic signal before any meaningful efficiency •

comparisons can be made. In some instances,8 while comparing conversion

efficiencies, the acoustic signal was allowed to change with the velocity of the

MTA while the optical (input) signal was kept constant and it was then

concluded that the efficiency of an MTA was higher than that of a stationary

TR. This conclusion is erroneous, because the conversion efficiency for

generating the same acoustic signal was not compared. The correct conclusion

should have been that the ef fiiency varied as a function of the acoustic signal

used. This mistake is easy to make since, as stated above, certain

assumptions that one normally takes for granted are not valid for moving
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sources.

(2) In the case of the claims bg Bozhkou,3 '4 the argument' is reproduced

as follows.

"The efficiency ... increases directly as the laser intensity. For a stationary
source,.. laser intens!ty is limited by, boiling of the liquid in the heating

zone. In the case of the moving source the heat absorbed in the liquid is
distributed in space, whereupon the ultimate value of the fight intensity
and, hence, the ultimate efficiency of energy conversion is greater - than
for a stationary source."

This claim is refuted as follows. F;rst of all, it Is the energy density that Is

limited by the boiling point and not the intensity. However, in the case of

water, there is an incentive to get as close to the boiing point as possible

without actually causing the liquid to boil because the coefficient of expansion,

H, which directly governs the conversion efficiency, increases with

temperature. Furthermore, should the peak laser energy density be greater

than that which is consistent with maximum efficietcx without boiling, it is

possible to reduce and control it by widening the laser beam iWi a way that will

not increase the diffraction loss in the desired signal direction, thereby!

obtaining a directional acoustic beam in the same process.

Although the MTR.is no more efficient than the stationary TA, it does

have one significant advantage. The Doppler shift of the signal is direction

dependent. This property may be used for direction finding. Since it is easy to

achieve extremely high velocities, much higher than that achievable with

transducers that have to be in contact with the water, the potential angular

resolution may be quite impressive. 5
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H. CR•dTICL ISSUES

A. Efficiency Enhancement.,

Clearky, the efficiency of the thermoacoustic process is too low to be

useful in sonar appiations except at uery short ranges. A radically different

process that has the advantages of remote deplomment and noncontact with

the water is needed. The so-caled nonlinear optoacoustic process9 is worth

investigating. High efficienies (up to 10%) have been claimed for it, although

this may be somewhat otver optimistic. It has been investigated by several

researchers,9-1 3 but the results published so far are not applicable to the

sonar application.

As a first attempt, a simple blast model should be used to predict the .

acoustic output of the .optoacoustic process. A possible candidate blast model is

that of R. N. Pirri14 who successfully used it to model the momentum transfer

between a high power laser blast on the surface of a solid.15 A more .

complicated model has been reported but it is essentially a one-dimensional

mc 1el116 developed for solid surfaces.
S

B. Planned Work

The blast model needs to be developed and verified experimentally

unrw v controlled laboratory conditions. Reliable ,ruentitative measurements of

the optoacoustic sound generation process have so far not been found in the
0

published literature. The reported works ihave been either qualitattveI 0 '11 or
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concerned with impulse generation, 12,13 where most of the energy is spread

over a band of several megahertz, with one exception, 17 where the

experimental conditions appeared to be imprecise. A 0-switch driver will be

purchased in the fall of 1984 to enable the laser to deliver short pulses of

suffictent interysity to, generate blasts. Experiments wil be carried out to

measure the acoustic output and its spectrum. From the experimental results,

a more realistic model of the optoacoustic conversion process may be obtained.

Then a reliable estimator of system performance versus laser power

requirements can be ccistructed for further evaluation.

-. S
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RPPENDIH A

ORSIC THERMORCOUSTIC GENERATION THEORY
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The acoustic pressure may be derived from the inhomogeneous wave

equation

Apa - (82pa/at2 c-2 = -3q(t-r/c)/gt. (RA.1)

For a thermoacoustic source, the source function q(t) is given by

q(t) = - V.L(x,zt) H/XC. (R.2) *

For a stationary TA whose axis passes through the origin slanted at an argie 01

relative to the vertical, directed at an azimuth angle 1 relative to the x axis,

and an intensity profile Is(x.y,t) at the surface,

V.!(Xy,z,t) =A Is(xu, Yw,,tlj exp(-pz/cos(8 1)1 , (R.3)

where . 4

Xw =X Zcos(• 1 ) sin(81)

and

9W "' - Z cos( 1) sin( 1).

It is assumed that the medium reacts to the thermal Input instantaneousy._

raking the Fourier transform of Eq. (A. 1),

ApalG)* +k2 P oW) - npcXp/Cp expt-jz/cos(e1)) k Is( xw. yw,)) (M
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The geometryj is shown in Fig. 7. Rewriting Eqj. (M.),

Wa(A) k Ca D W0 ) exp( ikr c ~r 0 /r0  115

where

WOW -o w00WO) exp~iwt) dt

-ca 1-o4'j !( Huw' qw') dx dU,

C Ah'c/(41lCp)

and

(-G(ce',u,) )exp(-ikro+ OT0  I x( qW~&)/ Wow) ft dy dz .

For a uertical thermoacoustic: arrayj, the value of '91is zero and the

expression for 0reduces to

pex~pI-Pz)

I -G(rj',c) )exp(.-ikroi mr )is( x" gq,(w)i Wo(w) dx dyj 6l.
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Given a real waveform, wOt)t and its Fourier transform, WA), and

given that wit) is greater then or equal to zero, the upper bound of the ratio

ý•J(.)V/WAO) is determined as folows.

Since w(t) _0, then w(t) may be expressed as the square of another

function z(t),

wxt)= ýte, (B.1)

where z(t) is a complex waveform.

Eq. (B.1) may be rewritten as

wut) = z Z*(t), (B.2)

Let Z(M) be the Fourier transform of zMt). From Eq. (B.2), it foffows that W(•) is

tiae convolution of Zf(W) and Z(-G). Since the convolution of any function with

the reverse of itself is equivalent to autocorrelation, tW() is therefore the

autocorrelation function of Z((,) Thus

w( -), - _• ZA(. 1) Z( WI-Q.) dD 1 . (B.3)

For any bounded f uctin, the peak of the autocorrelaton function is real and

Positwe and ako occurs at zero dkspicement Ther'fore,

w19) Žiw•A. (8.4)
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