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SUMMARY

fl theceticai study of the fea:'bik 4 of the moving thermoacoustic

- source #s & sound pro jector in underwater acoustic applications is presented.

The thermoacou#tic process employs direct heating of the acoustic

‘medium to produce a controlled |ocal thermal expansicn which, in turn, |
generates sound wwés. The thermal energy is delivered by a laser beam to
the water surface without any physical contact. The analysis in this report is
limited to the thermoacoustic conpefsion process, within the broader class of
- optoacoustic procésses. The thermoacoustic source may be moved by
deflecting the iaser beam. A rotating mirror is commonly used to deflect the
beam. The deflection causes the position of the thermai sound source to

change as a function of time. This allows the signal to be Doppler shifid toa -

degree far greater than that achievable with conventional sound pro jectors

that have to be in physical contect with the acoustic medium.

R 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 achieuable. While thv: thermoacoustic array has -

certain advantages over conventic::ai acoustic pro jectors, notably the
noncontact property and the Doppler direction finding capability, its
opfonco‘ué'tic energy conversion efficiencg it no better than that of the
stationary tngrméacoustic arroy. This conclusion was arrived at through |
mathematical analysis from basic principles, and supported by computer

1
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generated numerical examples. The conversion efficiency was found to be

strongly dependent on the acoustic signal carrier frequency and on tae aptical

signal waveform. Studies cf the effect of optical input signal characteristics on *
the conuersion eff iciency, the efiiciency upper bound, and the pro jécted range , _
pensir ation under ocearic conditicns were made. It was found that the :?.i -
thermoacoustic conversion was most efficient when the nptical energy was |
delive: ed a3 an impulse train. It was concluded that the thermoacoustic array, ‘
within the broader category of optoacoustic procés"ses, is expected to be useful | '.
asa iaboratofg tool where raiatively high ultrasonic frequenciés are uséd, but
not for sorar applications because of the low thermoacoustic conversion o
ef,‘ficiencgin the useful range of sonar frequencies. .The efficiency is . _ ‘
fﬁndamentaﬂg linited by the physical properties of the medium, particularly the .
coefficient of .wermal expansion and the specific heat. A different _
optoacoustic v;onuersiqn process, which employs nonlinear physical reactions to T,_'.
generate sound, is being pursueg. It promises to be more efficient by several .
~ orders of magnitude. '
.
: .
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l. INTROBUCTION

A “thermoacaustic* source is reaiized when heat is directed into a cmail
region of an acoustic medium. The thermai expansion ar contraction of the
medium causes a volumetric change which propagates as an acoustic waie |
outwards from the neated region. Since the thermal source is often generated

oplically, it is sometimes referred te as 8 “thermo-optical® source. The

- opfically generated thermoacaustic source also belohgs to the broader class of

“optoacoustic” sources. These terms may be used interchangeably, except in

those cases where their differences are impoi'tant.

in 1976 the process was hwéstiga?ed theﬁretically and ekpérimentang by
Muir, Culbertson, and Clynch? for the case of a stationary source. The acoustic
erergy produced by the thermoacoustic array, (TA), with any reasonabie
quantity of optical energy through the thermoacoustic conversion process, was
found ic be small. it was several orders of magnitude smafler than that

| praduced by conventional acoustic sources under equivaient operating
tonditions. - ‘ '

Itis stated by Lgam#heu and Naugo'nykh? in a comprehensive review

~ paper that -

“Under the conditions of thermo-optical generation of sound (e, the
thermal mechanism) the conversion efficiency attains at best 1073 - 1062

Therefore, for underwates detection and communication purooses, the
thermoacoustic conversion efficiercy must be significantiy meased befare

 the TR can be considered as a viable acoustic source, There have been several
~ recent Soviet papers on the subject with diverse claims, particularty with
'~ regord to the moving thermoacoustic source. | |
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It was suggestad by some that the mouing thermoacoustic source, (MTA),

SR N SRR,

s+

can qwue sianificantly higher conuersion efficiencies. The simplest case is that
of an MTA (raveling in a straight ine. Kere Bozhkou et aL3 claim that mouing
thérmo-optical sources are

"highly directional sound sources 1ith a tunable frequency and considerably
higher efficiency than that of stationary sources.”

in an earlier publication, Bozhksov et al.4 aiso claimed that

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

Te case of an MTA executing various iypes of mation, including
sscillatory motion, has been studied by Lyamsheu and Sedo, but they clain.,
anly that the efficiency of mouing sources is

“practicefly the same as for a stalionery source.”

itis ogmr t this background of diverse and confhctmg clams regardmg
the perf 0! ance or the MTA that the inuesugatlon takes plece.

Rn overview of the report is briefly as follows.

The thermoacoustic conuersion process is analyzed from basic principles
in section 3. Both the stationery and moving cases are examinel, The special
 case of a Mach number of unity is olsc treated. The conversion efficiencies
are compared in section. 4. Ihe influence of the optice! signal woveform and
the acoustic signal lreduencg on the conversion efficiency is examined and then

the energy conversion ef ficiency upperbounds are established in section 5. The




perforinance of the thermoacoustically generated signai, particularhy range
penetration under typical oceanic conditions, 1S analyzed, supported by
‘numerical e#amples, in section 6. The direction finding capability is discussed in
section 7. The findings are discussed and compared with the claims quoted

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

to resolue them are discussed in section 10.
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1. OBJECTIVF .

The tnermoacdustic process and its cdnuersion é(fiéi’encg will be
investigated from first principles. -

The upper limit of the conuersion ef ficiency and the factors which
affect it wil be determined. | |

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

open literature will be examined. .
The viabiity of the thermoacsustic sdurce as o pro jectof of acoustic

signals in underwater acoustic appiications will be assessed.




iii. THEORY
A. Basic Theory

In this study. the medium is water and the meaxis of intreducing heat is a
laser. The thermal input may be controlied hg modulating the faser power. The
absorption coefficient of light in water is assumed to bg uniform. Therefore.
the thermoacoustic source is exponentially tapered as a function of p2netration
distance into the water. The gedmetrg is shown in Fig. 1.

~ R suitable starting point is the expression for the Fourier transform of
the farfield acoustic pressure generated by a stationary T8 such as the one '
- derived by I.gamsheu.2 Lyamsheu's exbression was for a lossless medium but
in the following expression, which is derived in Apperdix A, the absorption

coefficient is included.

Pao®) = k(4 Dy Wyw)explikry -ary) /ry, 4}
© where
gy = AMc/dTCy) S | R
and |
kK = we. I @

The paran'\eter's g and Dgy have the fdllowing significances. Cy .'aoresents the -

thermoacostic conuersmn factor afforded by the phgsucnl properties of lhe

medium. Il represents the acoustic losses due to dmmctxon Laused by the
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finite array length and width, and the optical loss due to reflection at the’
surface. In »ddition to the general case, the special case whare the optical |
beam is vertical and the intensity proflie in the horizontai plane is a baussiar:
function is worth considering because it is capable of yielding a closed form

solution; in this case, Dy is given by?
= jkcos8 exp( x%a%sin?8 /4 )/(512 + kzcosz(a) .) - 4

where a is the 1/e radius of the 6aussisn function.

The response to n optical impuise is easily obtained by equating W (W)

to the Fourier transform of an impuise.

E. The Moving Thermoacoustic Array

Let us now consider the chse of an MTIR.' The MTA will be'm,rf.?eled asa
continuum of stationary optical 'lmnulses distributed ulong its path in space and
 time. Let the water surface be the #-y plane in 4 Cartesian coorainate system,

assnownmﬂg. 1. Thetopendofmemﬂnmtannagsbeatmeumer
sur_face. Let the changes in its x and g,coordmates as a function of time be
described by path functions k(1) and ylt), where the tima tis the independent
pariable, and let the path be centered at the origin. Therefoie, the resbonse of
an MTA of arbitrary path function and an optical power input function ux(t) may
 be formuiated as a.convoiution of the impuise response and the source -
mstnbutm function in space und tame. Since time is the independent variable, |

1




the result mey be expressed as the time integral
Pol@) = Ky _oof” By wit) explikr - et} -ar) /r dt, )

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

the MTA at (x(t),y(),0} to the receiver position at (x4,0,24). It is implicit that r

uarieé as a function of t. Thé acoustic pressure p, may be gbtained by taking

he inverse trnnsflormv

Pall) = _eaf ™ Poitd) exp(-juot) dw . .
Using Parseval's theorem, the a@:stic energy dgnsitg E, is given by |

By = -oof o | P4(w) 2 /2upe) dea . ' | - (?I)
C The S»lationm_h “rermoacoustic Array

In the statwnarg case, the swrce-recewer d&stance rgisa constant.

This allows Eq. (5) to be considerably simplified, giving
Pale) = ( ktana /rg) expliki -arg) _oof m"wo(tlexp(-ila:t)dt'. )
_The'integral in Eq. (8) is recognized as a Fourier integral Tnerefore the resuit

- may be expressed in terms of the Fourier tfnnsfprm of the optical power

12




function I} (@)
Pal) = (k €y Dy /rg) explikr, -arg) Wolw), . %)

which is identical to Eq.'(ﬂ. This confirms that the expreassion for the acoustic
signal in Eq. () is valid Tor both moving and stationary cases.

|‘-‘ 13'




. THE EFFECT OF MOUEMENT ON THE OPTICAL ENERGY REQUIREMENT

To examine the effect of movement on the optical signal requirements, |
let us turn Eq. (5) aruund and keep the acoustic signal constant. Assuming that
the signal may be uniquely defined by its Fourier transform, this picblem is
equivalent to that of examining the facters affecting the Fourier transform of
a given arcoustic signal The energy requnrement analysis will start with the
long ranye case where the MTR is moviry at a constam Mach number relative
" to the receiver. The term "ong 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 receiver is assumed to

be in the farfield of the source.

Let us consider the long range case where the MTB is traveling at a
'cunstant Mach number relative to the recemer Refernng to Fig. 1, the mean
position of the MTA'is centered at the origin of a Cartesian coordinate system,
and the receiver is located in the -2 plane. It is assumed in the long range |
case that the MTA path length is small compared to the source-receiver
" distance; therefore changes in the source-receiver distance and the depression

angle are negligiblg small compared to their mean values, r, and 8,. It also

follows that the y component of the MTA uelocttg has a negligible effect on the
Mach | number. In this case, Eq. (5) maq be cpproxunated bg

15




Pal@) = {k gDy /rg) explikry -ar )

ol @ Wit expliklu,t cos@y) - ctl) dt, : (10)

where v, 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

Feurier transform of w(t), giving
Pal@) = (kCqDBy/ry) erolikrg -arg) WWA-M), | (11

where

M= [ux/c)cos ).

A. The M#1 Case

Comparing Eqgs. (9) and (11) for the case where M#1, the differe .ce
between the optical power signals in the stnnonnry and mouing cases can be
clecrlg seen. In order- to obtain the same acuustlc s:gnal. the latter must be a

Doppler shifted version of the former
W(1-M) = W (). S - . (12)

if the total optical energy expended to produce ) gluen acoustic sagna!
can be somehow reduced through movement of the thermocaoustnc array then
thgre would be a gain in conversion ef fmencg. Consmer the total optical enerqy

%




which is given bg
WO) = _of wit) dt. | o (13)

The total optical enerqy is recognized as the Fourier transform of the optical
power at =0. Since a Doppler shift influences the Fourier transform at all
values of ® except at w=0, there should be ro difference in the Fourier

transforms at =0, that is,
WE) = Wy, o (14)

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

total optical energy requjrement,
Wl dat = [Cw ) dt. (15)
- The result may be extended to the varying Mach number case, where
‘the %-coordinate of the MTA is generally represented by the function x(t). The

Fourier transform of the acoustic signal is now ~iven by

Py(w) = (kCq D, /rg) exp{ikré -ory)

—oof ™ 1At} explikixii) costBq) - ctl) dt . (16)

in this case, the optical power function wt) needs to be nonuniformiy Doppler -

shifted to maintain the same acoustic signal. 1f the nonuniform Doppler shift is

?
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ore that changes smoothly as a function of time, then it may be approximately
broken down into @ number of discrete time intervals In which the Doppler

shifts are uniform,
Palw) % (KCyDy /ry) explikry -arg)

N
-aod® Zwit expliklv,,t cos(@y) - ctl) dt, (12)
n=1

where
'wn[t] = w(t)' if th<t<tyy

0 otherwise

and
b = ltgeg) - XUt - )

The approximation becomes more exact as the number of time intervals tends
to mﬂmtg. Since it has been concluded that uniform Doppler slufts do not

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

requirement summed over all tha t'me intervals, mhere the ﬂoppler smf tin

each mterual is uniform, must also be unaffected.

-2 llln(o) = lllo(ﬂl . o . '.(1'8)
n=1 ' ' '

Therefore, Eq.‘ ('15) remains _ualid'énd the optical energy requir emen" t remains
o | 18




Finally, the analysis may be broadered to include the general farfield
case where changes in r and 8 cannot be considered as small. Equation (S) may

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

Pa(@) = (kg Dyn /ry) explikry -arg)

oof ™ WV (D/Dyg) expliklr - 7 - ctl -ulr - rg)) 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 aiso be further distorted to -

compensate for the differential changes in the diffraction loss, ma/nao)' and

absorption loss, expl-alr - rp)) Since the Issses are range dependent and the

range még change significantly over the path of the MT8, the comparison

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

since' ro and 8, are meon 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 yuantity. | Therefore, the optical

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

B. The M=1 (ase

Let us now examine the behavior of the MTA when the Mach number M
is equel to nity. From Eq. (1), it can be scen that the value of the W(s(1-M)),
for all finite values of , is equal to W(D). That is, the optical excitation

19 |
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appears to coilapse into an impulse. Consequenthy, in the absence of any
distortions, the acoustic wave. orm weuld be the ﬂeriuatiue of an impulse.z The

acoustic signal is obtained by setting M=1 ir Eq. (11),
Pal@hgey = (K€, Dg/ry) explikry -urg) WHD). (20)

Note that the signal is dependent only on the optical energy IW{0).
Therefore, the shape of the eptica! power waveform has no influence on the
acoustic output. The acoustic waveform is only determined by he frequency
dependence of the diffraction loss Dy, which is controlied by the physical
dimensions of the inermoacoustic saurée, ahd the absorption coefficient o. -

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

an MTA traveling at Mach 1 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 impuise. In this case, the Fourier transform of the optical
power 1, () will be equal to W(0) for all significant values of ). Substituting

into Eq. (9},
Pa@himpuise = (K Cq D/ ) explikrg -arg y@. . - 1)

From Eq‘i (20) and (21), it is evident that if the opticel energies are equal,

L.e., W(0)= W,(0), then the Fourier transforms of the acoustic signals, hence the

acoustic weuveferms themselves, ‘nust be :dent:cnl. Cmsequentlg, tt is

. concluﬁa'd that a statlonarg TR energized bg an optn:al lmmnse umld produce

- 20




exactly the same acoustic signal as an MTA , moving at M=1 *y the direction of
the receiver, for the same optical energy. The signais will be icentical in both

waveform and energy densivy.

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

, acous‘tic signal energy density may be cbtained,

Ey = Co2 @mpoy 1 r 2 woR k20,2 expl-20ry) did . 22)

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

‘brought outside the integral because it is constant for all significant uatues of

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

. were finite and independent of frequéncg, ond the dif fraction loss Dy increases

with frequency by a rate less than the second power, then the acoustic energy
density £, would be infinite. In practice, however, o monotonically increases
with {requency and this elone is sufficient to ensure that the acoustic energy

densﬂg is aiways bomded. In practice, the dif frachon loss O, aiso increases

rapidty with frequency begond o cutof 1 frequency determined by the physicel

. dimensions of the arraq. There are USO other losses not renresemed, such as

that due to finite unplltude ef fects, whtch wouid nnher hmn the acoustic

energg demntg at the recewer.
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U ANALYSIS OF DIABILITY AS AN ACOUSTIC PROJECTOR

R. Upper Bounrd af the Energy Density

Since it has been demonstiated in the foregoing sections that
thermaatoustic coruersion by siationary and meoving sources are equivalent,

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

obtain an upper bound for tné value of the energy density, £, by using the fact
~ that the term (]a in £q. (51 and subsequent equations is a loss term and its value

is ‘always less than unity. Thus, setting D, equal to unityiin Eq. (9} and

substituting into Eq. (7), the upper bound may be expressed by the following

inequality,
o< (Cq/rgh2@npa™ o) K2exp(-2 arg) Ww(1-MIZ doy . (23)

It can be seen that the Fourter transform of the opticél signal,
Wewp(1-M), at nonzero vslues of the acoustic signal frequgncg,_ ( w#0 ), has o
dwect influence on tlhe -acoustic enerqgy dehsitg but no direct c_onnectlovn with
tne' opt}( al énerqu input. On the ather hand, the value of w(wil-Ml) at 1)=0, |
'_whiLn represents the total optical energy, has no direct ef fé'ct on the
" generation of the acoustic signal. Since these two Fourier transform
components are inutually emms;ue, it is conceiable that an acoustic siqnal can
be generated unthout any net optical energy dassnpatioﬁ. However, in prectice,
jtms is »nt achievable becouse nequtive theriﬁal.power dissipatidn. i.é., the

absorption of thermal poiwer from the water bg the laser beoin, is‘ not passible. |
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The vatue of LW{G(1-M)) at W=0 represents a positive energy bias which
atiows the thermal power changes necessary for acoustic generation to teke
place without reversing the direction of optical power flow in the laser beam.

Under this restriction, it can be shown that the uakue of LKGX(1-M)) at
=0 cannot be greater than the value et W=0, Le,,

WHO(I-M < UKO) for Wx0. | K (24)

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

- acoustic energy density upper bound is obtained in terms of the optical energy,

uKo),
By < (€o/ro221ipo! WO _oof* Kep(-2 arg) o) . (25)

The upper bound given by Eq. (25) is velid in of cases, including the M=1
case. For norro’gx;band signats, the upper bound may be more exactly expressed |

' intermsofﬁnn\emu}auemmber,ko,mdttnmticbanmmaa'(muz),

Fa narrowoand ¢ (Ca/rg2/(pONUIO? k2enpi-2ar ) 28, 26)

For a given bandwidth, By, and runge, r,, there is an optimum frequency at
which the narrouwband upper bound is at a maximum. Using the absorption
curve for‘;emter at. 109¢, a plot of thé gptimum frequéncg as a function of
range was compute~ =3 shown in Fig. 2. The signal bandusdth was assumed to

2%
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be a constant.

B. Waveform and the Energy Conversion Efficiency M#1

I Eq. (23), it is evident that the acoustic signal enersy density is
generated by the square of the magnitude of the optical power Fourier
transform, LW(uX1-M)). Therefore, the conversion efficiency of waveforms is
directly governed by the relative value of UXw(1-M)) within the signal band to
the optical enerqu W(0). For a given acoustic signal, the conuersion efficiency
Is max!mizéd by maintaining the desired values of UNW(1-M)) while minimizing
the optical energy bias LK) as much as possible. The most efficient optical
signal is one that achieves the equalifg in £q. (24) over the significant part of
the signal band. In Table |, the peak values of W{c)(1-M)) within the signa! band
are compared for three 'represemative waveforms; in each case UWH0) is set

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

impuise train as shown in Fig 3. in each case, itis assumed that the s&gnal band{

IS centered on the fundamental frequency Wy

If is clear that‘, of the three wauefof'ms, the impulse train produces
. the maximum acoustic sigﬁal energy for the same optical energg‘. It appears to
pe the most emuent waveform for thermoawustic generauon in geiueral as
long as unwanted hermonics do not interfere with the desired signal.
Furthermore, it is well suited to laser technelogy where Q-switching methods

for producing high energy imputses are well developed.
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TRBLE |
THE FUNGAMENTAL COMPONENTS OF CERTAIN PERIODIC LIAVEFORMS

Waveform U@, (1-MB2 at W) =1
sine wave 0.25

square wave B 1

impuise train - 100

c‘!! P !- [il s.'ll !I.. B!.

Consider an ideal situation where there are no boundaries, the speed of
sound s constant and isotropic, the background naise is isotropic, and the
recciver employs a matched fiiter to maximize the signal-to—noise ratio (S/N).
Foraonewagtrmsnissioﬂbetweenmacousﬁcsourtemdreceim,thesm |

may be simply expressed by the following equation .
S/N = 10ioglE,) - 10ioglFy) + DY . @

The rontribution from the acoustic sourc in this equation is summed up in the
acoustic energy density term, E,, For a receiver of a predetermined directivity
indéxoc' for an omnidirectional receiver, theS/Nismxinﬁzedbg maxumzmg
the ratio :a/rN.‘ For narrowband signals, there Is a carrier frequency at which
thWSmham llshgthee}qxessﬁltoru\e.mpe’rbom ,
' si@numrgguensitgmm(mmmmmtttnmemrismxm

— /
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noise imited situation where the equivelent nlane wave noise spectrum
increases at a rate of 17 ¢B per decade, the carrier frequency at which the S/N
upperdound is maximized is shown as a function of range in Fg. 2.

D. Conversian Efficiency Upper Bound

Let us dafine effiriency, 1, as the acoustic energy, Wy produced per unit
of optical energy input, LUKD). Sirice the sound is assumed to be radiated
dowmwyards from the surface, the acoustic energy upper bound is equal to the
energy density given by inequaiity (25), without the absorption loss term,

.integrated over a hemispherical boundary belnw the weter surface,

W, < €2/ pe)) WX _ 5 k2 dw . | (28)

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

N <CZpO) WO _of k2. | (29)

 From the aboue inequality, it appears that, in the absence of diffraction loss
and any other type of losses internal to the thermoacoustic source, the
efficiency upper bound is infinite. This is clearly erroneous since it contradicts
the law of cansérvation ‘of energy. The flow lies in the assumption that the
medium reacts to the apptication of heat by expanding instantenedusly. thile
this assumption is valid over the band of detectable acoustic fre@wﬁes, n will
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break down beyond a cutoff frequency determined by the lag time of the

e =
PR

thermal éxpansion process. The cutoff f requency will effectively make the

imits of the integral in F4. 129) finite and constrain the efficiency upper bound o
to a value less than or equal to one.
From the above analysis, it can be seen that the efficiency upper bound :
vertes ober a wide range of vaiues, ‘dependmg on acoustic signal frequéncg. it o
is seen that for high frequency sonar le.g., 30 kHz) and reasonable optical ‘
energy levels (e.g., 100 JJ. the efficiency upper bound is around 1075, which is
~ margirally useful. The‘range penetration of a signal in this category is o
discussed later. At long range sonar frequencies (e.g., 3 kHz), and at reasonable . -
levels af optical energy (e.q., 100 J), the efficiency upper bound is less than K =
1079 tand even with 1000 J of optical energy it is stillless than 1078)
;’.—.‘
For narroutband signais the efficiency is significantly lower than that |
aflowed by the upper bound, since efficiency increases with behdwidth, The g
- expressions for total acoustic energy and efficiency are & little simpler since it '
Is reasonable to approximate the vaiue of the wave number by a constant over |
the passband. The expression for the total acoustic energy upper bound is
obtained from inequality (28) by replacing the integral with a simple product, Y.
Wa narrowbend < (Ca /() WX k.2 4mB, (30) .
The efficiency upper bound is then given by o
. narrowbang < €a2/(po) WD) k2 4mB, . N BRI
-3"




As the k02 term suggests, the gains are concentrated at the hign

frequency end of the spectrum. In the laboratory, where operating
frequer..ies are generallg higher and propagation distances shorter than in the
sea, the TA promises to be a very efficient and useful tool.7 In sonar
applications, however, absorption usil very rapidly eliminate the high
f%equencg components before any useful distance can be covered. The

éf fi'ctencg upper bounds of a TA at certain values of frequency and optical

ene'rgg, assurning that the bandwidth B, is ane-half of the carrier frequency,

are shown in Fig. 4.
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ENERGY CONVERSION EFFICIENCY UPPER BOUND"
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FIGURE 4
: E'\IERGY CONVERSION EFFICIENCY UPFER BOUND IN SEAWATER
, AT A TEMPERATURE OF 10°C
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8. NUMERICAL ERAMPLES OF MOUING THERMORCOUSTIC RARAYS

The following numerical example will be used to set the main
characteristics of the MTA into proper perspective. For this purpose, an MTR
was modeled for the following set of operating conditions :

The heat source was a laser directed verticelly dowmwerds. The laser
beam profile was Gaussian shaded with a 1/e radius of 8 mm. The

~ taser defivered a total of 190 J of eptical energy at & wavelength of
1.06 jum, in a train of ten pulses at a repetition rate of 2 kitz, The MTR
traveled at M=0.9 along the % axis giving the acoustic signal a Doppler
shifted frequency of 20 kiz in the forward (+) direction. The water
was assume_d to be seawater at a temperature of 1p°l2 with an
isotropic noise sguutrum eguivalent to that of sea state 4. The acoustic
signal was received by an omnidirectionel hydrophone equipped with a
matched filter. |

Thg energy density of the signai as a-function of range and direction was
"computed. The one-way slant range penetration contour for an §/N at the
receiuefof 20 4B is shown on Fig. 5. The cornputaﬁnns shawed that, at a
" . depression angle of 8 in the forward difection, the range penetration reaches
a maximum value of 1400 m. The acoustic sourca level was computed to be |
165dBre 1 pPa.

By numerically integrating the energy density of the acoustic signal over

a hemispherical boundary, the total enérgg'cqnuersion efficiency was computed

33
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to be 1 X 1078, From Eq. (31), the upper bound of efficiency ata carrier
frequency ¢ 20 kHz and a Déndwidth of 2 kHz is estimate to be 1.6 x 1077,
Therefore, the actual efficiency is considerably less than the upper bound. The
discrepancy is due to the reduction in carrier fréquencg as a function of argie

away from the forward direction, and to diffraction loss.

Thel rangevpenetratioﬁ of a stationary TR puls‘e'd at a frequency of
20 kHz, opzrating under the same conditions and of equal opticei energy, is
| shown in Fig. 6. It is seen that the stationary TA has the ‘same scoustic signal
frequency cf 20 kHz and acﬁieues the same range penetration as the MTA. In
the stationary case, the acoustic output is independent of azimuth. It hes
greater coverage but no directivity. The total energy effidem:g was computed
tebe 15 X 1077, The discrepancy between the computed efficiency and the
' “upper bound of 1.6 X 1077 is due to diffraction loss.' Rithough the stationafg
TA achieves better overall efficiency than the MTR, the Qain is in directions
. other than the forwerd girsction. The level of the 20 kHz slgnal in the forward
direction is unaffected.

An indication of the fange pxietration of the acoustic signal as a
fum:tm of its f'equencg can also be extracted frnm Fig. 5. The dnrect.on and
range penatratmu of the 10 kiz and the 5 kiz 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 foi “:th

~ cases. The results suggest that, for the given optica enérgg of 190 J, the
fange penetration below 20 kHz decreases as the frequem:g is reduced, in Spite
of the lower absorption loss at lower frequencies. This is becouse the
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reduction in efficiency (plus the increase in ambieat neise) outweighs the
reductions in absorption loss. Further numerical analysis chowed that the
'range penetration peéked at 20 kHz, and that oeyond 20 kHz it declined with
increasing freguency. Therefore, it is con‘cluded that at an energy leuel of
190 J (6r less) a thermeacoustic source, moving or stativnary, will not provide

the range penetration required for medium or long range communications.
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Ut DIRECTION FINDING CRPRBILITY

In spite of its inefYiciency, the MTR has a potentially usefut but littie

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

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

- MTA is a noncontact pro jector, it can mouve at speeds that would be quite

impossible for sources that heue to be in physical contact with the medlum

~ Therefore, the range of reatizable Doppfer shifts can be extremely large. This

should lead to a high angu'ar resolution capability. The variation of Doppler
shift with direction is given by Eq. (11} for the constant velocity case. For the

genera! case, it is necssary to obtain a numerical solution using Eq. (5). |

An example is shown in Fig. 5, where the carrier frequency of the signa)
from an MTA has been cakulated at various azimuth angles. The MTAis
traveling at M=0.9 along the x axis. Along the forusard direction, the signal

freguency is 20 kHz due to the Doppler shift, but the fréquehcg rap‘idtg falls off
"away from the forward direction. At 24° from the forward direction, the

*.{frequency has already dropped to 10 kHz. With @ signal bandwidth of 2 kHz,

there are five resolution cells in the 24 sector. | There is a left-right ambiguity

" which needs td be résolved, but that mag'be resolued by using an asymmetrical
path or bij changing the direction of movement from ping to ping.
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UIH. 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 suf ficiently 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 wniponent in the direction of the

receiver is equal to the sound velocity.

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

direction of the receiver 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 moduiation of the optical power has no effect.

. The rﬁouing thermoacoustic source is, at any speed, neither more nor

less efficient than the stationary source of the same dimensions and

optical energy.

. The impuise train is the most efficient optical power wauéform for

the thermoacoustic generation of sigrials. '

. The efficiency upper bound is extremely low for practical values of

optical energy and carrier frequency.

. The direction dependent Doppler shift of the acoustic signal Jives: the |

mouing thermoacoustic source a unique property which cannot be

‘reproduced by conventional transducers and which is potentially

useful for direction finding without having to use a beamformer.

. fis a laboratory tool, where propegatitm distances are short and

operating frequencies are m‘gn; the TA can be a very usefut toot

 particularty because of its noncontact property and wideband
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capability.
8. For sonar applications, a more efficient optoacoustic conuersion

process is reguired.
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. 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 seme conditions. To make direct comparisons of efficiencies
méasured under different conditions would be analogous to comparing apples
and oranges. One important aspect of the oneréting conditions is the acoustic
vsignal itself. For conventional transducers, valid comparisons can be made if

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

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

This, however, is not the case for MTAs, which can move at speeds very much
hlgher and hence generate far greater Doppler distortions then conuentional
contact transducers cen ever achieve. Therefore a conscious effort must be -
made to‘generute' the s&ne acoustic signal before ang ineaningful efficiency
comparisons.can be made. In some instances,g while cumparing-conuei'sion
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
conuuded that the efficiency of an MTR was mgher than that of a statmnarg

TR, Thas conclusion is erroneous, because the conuersm efficiency for

,generatlng the same acoustn: signal was not compared. The correct conclusion

should have been thot the ef ficiency uoﬂed as o function of the acoustic signel
used. This mistake is easy to make since, as stated above, certain

assumptions that one normaliy takes for grwt'ed are not velid for moving
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sgurces.

(2) In the case of the claims by Bozhkow,35? the argument is reproduced
as follows. ’

"The efficiency ... increases directly as the laser intensity. For a stationary
source, ... laser intensity 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 uitimate value of the light intensity

- and, hence, the uitimate efficiency of energy conversion is greater ... than
for a stationary source.”

This claim is refutéd as follows. Fiurst of all, it is the energy density that‘is
limited by the beiling point and nat the ihtensitg. Howewver, in the case of
water, there is an incentiue o get as close to the boiling point as possible
without actually causing the liquid to boil because the coefficient of expansion,
H, which directly governs the conversion effluencg, increases with
temperature. Furthermore, should the peak laser energy density be greater
than that which is censistent with maximum efficiesscy without boiling, it is
passible to reduce and control it by widening the laser beam in @ way that will
not increase the dif frac!i_oﬁ loss in the desired signal direction, thereby

obiaining a directional acoustic beam in the same process.

Rithough the MTR.is no more efficient than the §tationarg TR, it does

.~ have one s_igﬁificant adventage. The Doppler shif? of the signal is direction |
dependeni. This property may be used for direction finding. Since it is easy to
ochieve extrmelg high velocities, much higher than that achievable with
transducers that haue to be in contact umh the water, the potentlal angular

resolution may be qunte impressive.
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K. CRITICAL ISSUES

R. Efficiency Enhancement

Clearty, the effkierkg of the thermoacoustic process is too low to be
useful in sonar applications except at very short ranges. B radically different
process that has the aduantages of remate depioyment and noncontact with
the water is needed. The so-caﬂed nmﬂimar optoat:oustia:'process9 is Wth
investigating. High efficiencies (up to 10%) have been claimed for it, although
this may be somewhat over optimistic. lt‘ has been inuestigaied by several

researchers,g’13 but the resuits publis_hed so far are not applicable to the

sonar application.

fis 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 AL N. Ptm14 who mccessfuﬂg used it to model the momentum transfer
between a high power laser blast on the surface of a sofid. 1 A more
complicated model has been reported but lt is essentlallg a one-dimensional

| mc !el"’ developed for solid surfaces
8. Planned Work

The blast mode! needs to be developed and verified experimentally
unc:. - controlied laboratory conditions. Relieble ruentitative meas’urgments of
the optoacoustic sound generation process haue so far not been found in the

published literature. The'reported works fave been élthe( quaﬁtatme?o'” ar

s




concerned with impulse generation,f"13 where most of the enefgg is spread
over a band of several megahertz, with one exception,” where the
experimental conditions appeared to be imprecise. R Q-switch driver will be
purchased in the fall of 1984 to enable the laser to deliver short puises of
sufficient intensity to generate blasts. Expériments will be carried out to
measure the acoustic outpﬁt and its spectrum. From the ekperimental resuits,
a more realistic model of the optoacoustic conversion process may be obtained.
Then a refiable estimator of sgstem performance versus laser power
requirements can be ccastructed for further evaluation.
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BASIC THERMOACOUSTIC GENERATION THEORY
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The acoustic pressure may be derived from the inhomogeneous wave

equation
Ap, - @%p,/atdc 2 = -3qlt-r/o)/at. | @
For a thermoacoustic source, the source function g(t) is given by

av = VIO, ®2)

For a stationary TR whaose axis passes through the origin slanted at an éngie 9 '
relative to thé vertical, directed at an azimuth angle ¢1 relative io the x axis,

and an intensity profile L,(xy,1) at the surface,

V.I_(x,g,z,t.] = Aigley, 4, Up expl-pz/cos8,)) , : (R.3)
' whére. f

Ky = & - 2 c0s(94) sin(B4)
and | | | |

U = 4 2 cosiy) sin@y) .

It is assumed that the medium reects to the thermal input instantaneoushy.
Taking the fourier transform of Eq: (R.1), ‘

BP0) + K2 P00} = AUCH/C, expl-p2/cos@ D K Iy ), RE)
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where
.k = W/,

Pa(®) = _oof ™ py(t) explit) dt,

and

g Ky Ypp®) = o] IRy Uy, ot) ExDLO Gt

Solving Eq. (R.4) for the farfield éolution, the following expression is obtained

for the acoustic pressure Fourier transform,
Pyl = ARCH/C) _oo © 0] * ool '6([',1;0) exp(-pz/cos(8,))

Ki(%y Yy dxdgdz, (A4
where .

BUErg) = expl-ik] £g - ] - ark/é4m [y - £

* Paw EXBIK [q - £ - arVi4 I gg - £,

¢ is the mirror image of ¢' in the surface, and

Peyp 15 the acoustic reflection coefficient of the water-air surface; it

is.assumed to be equal to -1,
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The geometry is shown in Fig. 7. Rewriting Eq. (R.4),

Palw) = Kk €3 Dy Wolw) explikry -arg ) /ry (R.5)

where |
= 0 fi
Wol) = _f™ wylt) explicry dt
= o I7of ™ Iy Yy Y dr dy,
Cq = Aic/(4niCy),
and

Da = ool -0l -cal® (it /eus By) expl-pz/cos 8,)

( -6(r',r o) Jexp(-ikr o+ 6rg ) Ig( Xy, Yy @)/ Wlw) dx dy dz.

For a vertical thermoacoustic array, the value of 8, is zero and the

expression for Da reduces to

0 = <ol ol T ol ™ expl-2)

(-6l Jexplikry? arg ) Il Ky Yy, 0H Wol)) dxdydz.
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: FIGURE 7 :
THE GEOMETRY OF A GENERAL STATIONARY THERMOACOUSTIC ARRAY.

52




Lo e e Ty

APPENDS B

MEHIMUM OPTICRL POWER FOURIER TRANSFORM

53




Given & real 'w'aiteform'm(t), and its Fourier transform, Wiw), and
given that wit) i is greater than or equal to zero, the upper bound of the ratio : -
MUK/ WIO) is determmed as follows. '

Since w(t) 2 0, then wi(t) mag be expressed as the square of another

function z(t), -
wm - tzmtz , . | | &
We z(tl'i‘s: a comp!e# waveform.
Eq“(;B.ﬂ mag be rewr_i.tten as
wit) =20 2°0. B (B2) )

Let 2(62) be the Fourier transform of z(t). From Eg. (B2), it foflows that UKw) is
tae convotution of 2{)) ond 24-w). Since the conuotution of any function with -
the reverse of itseif is equiualent to autocorrelation, LX) is therefore the g
autocorrelation function of Z(w) Thus |

WY = _oof 2004 2" (04-0) 0oy . T e

_For any bounded function, the peak of the sutocorrelation function is real ond
positive ond ohvoqs occurs ot zero msolocemem. Therfore, '

uxo)"zluxwl.," o o __ B9
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