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Abstract —A thorough formulation of electromagnetic wave interaction

‘with biological systems is presented. The thermodynamic process of the
microwave-induced thermoacoustic generation is clearly defined. Couplings
of the acoustic and thermal energies to the swrrounding medium are
included through consideration of discontinuities of thermodynamical varia-
bles and microwave exposure. Contrary to prior analyses, it is shown that
acoustic waves may be generated by pulsed microwaves, even in the
absence of inhomogeneity of microwave absorption, owing to discontinui-
ties of thermodynamical variables and microwave exposure conditions
across the interface. General equations for the thermoacoustic waves are
derived, and the validity of the first-order linear approximation is estimated
in terms of its percentage error. For a system with water as the absorbing
dielectric interfacing with air of 1 atmosphere pressure, the first-order
approximation becomes invalid for a peak specific absorption rate greater
than 13 kW /gm.
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1. INTRODUCTION

: HERMOACOUSTIC WAVES generated by pulsed

microwaves have been cited as a mechanism for mi-
crowave hearing [1]-[6]. This effect has been experimen-
tally shown to require an intact cochlea and 8th cranial
nerve with a perceptional threshold near that of bone
conduction. These facts imply that acoustic waves are
transduced in the animal’s skull by pulsed microwaves,
then transmitted to the Organ of Corti by bone conduc-
tion. More recently; it has been demonstrated that acoustic
waves are transduced in dielectric objects simulating the
ocular lens when exposed to pulsed microwaves [7]. The

* putative effect has also been cited as the operant mecha-

nism for cellular damage in studies of the murine ocular
lens in vitro [8]. Several theories on the microwave auditory

“ mechanism have been reviewed and compared by Lin [6].

Among them, it was found that only the thermoelastic
mechanism could produce elastic waves of magnitude large
enough to explain the experimental observations.
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The theoretical derivation of the thermoelastic mecha-
nism was based on the linear elastic equation with an
external excitation derived from the thermal expansion that
was produced by the absorption of incident microwave
energy. The supposition was that an inhomogeneous micro-
wave distribution in a dielectric body produced an inhomo-
geneous thermal expansion and thereby caused a mechani-
cal stress. The pressure from the elastic excitation was then
assumed to be the product of the spatial variation of the
microwave energy and some thermal coefficients including
the compressibility, thermal expansion coefficient, and
specific heat. This approach fails to consider the proper
balance of the distribution of the absorbed microwave
energy among the internal thermal energies and the bulk
kinetic energy. Indeed, since the thermodynamic process of
the microwave acoustic effect was not formally identified,
all thermal coefficients are not adequately defined. Fur-
thermore, until now all theoretical analyses of the acoustic
wave generation have been limited to either isolated sys-
tems or completely constrained systems [3]-[6], [9], both of
which exclude the possibility of coupling to the external
medium. If these conditions were taken verbatim, con-
firmatory experimental measurements would be difficult, if
not impossible.

In this paper, a thorough formulation of the microwave-
induced thermoacoustic effect in dielectrics and its cou-
pling to external medium, based on thermodynamical con-
siderations, is presented. Couplings of the acoustic and
thermal energies to the surrounding medium are included
through discontinuities of the thermodynamical variables
and conditions of microwave exposure. Results of these
couplings may provide a method for experimental evalua-
tion of the microwave-generated pressure waves in small
dielectric objects for which direct measurement is difficult.
Solutions are derived for the first-order linear approxima-
tion. The percentage error is calculated, and the upper limit
of the specific absorption rate consistent with its validity is
also estimated. The ratio of radiated acoustic energy to
absorbed microwave energy is also derived for a one-di-
mensional system.

II. THE FORMULATION

In this section, we shall present a general formulation of
microwave-induced thermoacoustic effect. The objective is
to derive the governing equations for the thermodynamical
and mechanical variables, which include the mass density p
or the specific volume V=1 /p, the pressure p, or, for an
anisotropic medium, the stress tensor p,,, the thermody-
namic internal energy U,, the bulk kinetic energy U,, which
pertains to the acoustic waves, the bulk velocity 7, the
absolute temperature 7, and the microwave specific ab-
sorption rate (SAR, the rate of energy absorption per umnit
mass) P. All these quantities depend on time ¢ as well as
on space X. All thermodynamic extensive quantities are
defined as per-mass quantitics. We shall show that the
thermoacoustic effect may essentially be described by four
equations: the conservation of mass, the conservation of
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momentum, the conservation of energy, and the thermody-
namic equation of state.

When a dielectric system is exposed to microwave radia-
tion, microwave energy is absorbed into the dielectric
through the work of the electric field on the electric polari-
zation: &d . By means of molecular collisions, the energy
is then partially converted into the internal energy U, and
partially into the bulk kinetic energy Uy via thermal ex-
pansion and other elastic vibrations. The process is com-
plex and irreversible; however, we shall assume that the
time domain which concerns us is much greater than the
time it takes to reach a quasi-steady state and that every
microscopically small part of the system is in local equi-
librium such that thermodynamic variables, such as tem-
perature, pressure, density, etc, may be defined. Then,
from the first law of thermodynamics, which states that
the net heat added to the system is equal to the sum of the
work done by the system Ow, and the increase in the
internal and bulk energies [10], one has

8Q=d(U,+Ux)+ow—&d4p (1)

where d represents a perfect differential and § an imper-
fect differential. Q is the total heat input which includes
both conductive and convective heat flows, and & and 4
are, respectively, the electric field and electric polarization.
Note that we have separated the energy density into two
terms: the first term U; is the internal thermal energy
density which depends on p and p, and the second term
Uy, which is equal to v?/2, is the bulk kinetic energy
density; the velocity 7 is the bulk velocity of the acoustic
vibration, which is to be distinguished from molecular
thermal motions.

The time domain of our interest is the width of the
microwave pulse, which is in the order of microseconds
and is too short for any heat conduction and convective
flow to take place. Therefore, 6Q in (1) may be ignored. As
to the last term on the right-hand side, the time cycle of the
electric field is in the range of subnanoseconds, which is
much shorter than the time domain of our concern. There-
fore, we may average both & and 4 over the microwave
cycle. The resulting &'d4 represents the microwave energy
absorbed by the dielectric, which we shall denote by §Q,,.
Thus, (1) may be rewritten as

80, =d(U, + Ug )+ dw. (2)

In order to convert (2) into a differential equation with
respect 1o space and time, we present a more general form
of the equation of conservation. Let g be a thermodynamic
extensive quantity and Sg be the rate of production of g,
which may be due to internal production or external input,
then the equation of conservation for g is

3

where the first term on the left-hand side represents the
rate of increase of g per unit volume, and the second term
is the rate of outgoing flow of g from a unit volume. In
terms of the convective derivative d, = d, + U- v, the above

d,g+v-(gv)=Sg
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equation may also be written as

dg+gv-v=2_5g.

(4)
Let g be the dengity p, then (4) gives the equation of
continuity

dp+pv-v=0.

(5)
On the other hand, if g is taken to be the momentum
density pv,, the corresponding Sg is the force density,
which is given by — 9, p;; (d,= 9/9x,), (4) then becomes

dt(pU,)'l'pUlV'ﬁ: - aj.plj

which is essentially a general form of Newton’s second law.
Note that we have adopted the summation convention, 1.e.,
repeated indices are to be summed through the degrees of
freedom. With the help of (5), the above equation may also
be written as

(6)

which is Euler’s equation [11]. Similarly, if g is taken to be
the energy density p(U; + Uy), the corresponding Sg is the
microwave power absorption per unit volume pP(X, t) plus
the rate of work by the stress tensor, which is — v-(7- p).
Again, using (5), the conservation law for energy reads

pd,(Uy +Ug) =~ v-(5-5)+pP.

Since Uy =0?/2, by (6), pd,Ug + 1,9, p,,=0, the above
equation may then be written as

pdo;+d,p,;=0

pdtw=—pzjajvi+pP'

™

Thus, the first term on the right-hand side of the above
equation is the part of the mechanical work done to the
system that contributes to the thermal internal energy. This
fact will be used later to derive the expression of the
internal energy in terms of other thermodynamical vari-
ables. :

Equations (5)—(7) all together contain four unknowns,
viz., p, U, P, and U;. One more equation is needed to
complete the system, which will be furnished by the ther-
modynamic equation of state

UI=U(p7}3).

Here, we have ignored the dependency of U; on the electric
polarization P since the cycle of the microwave is much
shorter than the time domain of our interest, the micro-
wave pulse width, which is in the order of microseconds.
As a thermodynamical system, the dielectric has two inde-
pendent thermodynamic variables, which may be any pair
among the variables p, T, p, and U, and all other variables
may be considered as functions of the pair. Since p and P
are the variables in (5)—(7), they are selected as the inde-
pendent variables. A differential of U, may be expressed as

auv; = (8,U;),, do +(0, Ur)  dp,,- (8)

We would like to express the partial derivatives of U; with
respect to p and p;, in terms of known empirical quantities
such as specific heat and compressibility. To do this, we
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use the Jacobian method of relating one partial derivative
to another. In the following derivation, we shall first drop
the indices i, j of the stress tensor p; , and later restore
them after the result is derived. The Jacobian J(u,v), , is
defined as

(0,u), (ﬁyu)x
(ax’))y (ayv)x .

It is straightforward to show that the ratio of J(u,v), ,to
J(r,s),,, is equal to J(u,v), ,, independent of which pair
of (x, y)is used for differentiation. Thus, we shall drop the
subscripts whenever a ratio of Jacobians is concerned. It
may also be easily shown that J(u,v), ,=—J(v,u), , =
J(v,u), , and J(u,v)/J(x,v)=(d,u), Using these
identities, one may then derive from (8) the following
equation:

J(u,0),,= det(

dU, = (3,U;) , dp +(3,U;) , dp
=J(U17p) +J(U1,p)
J(p,p) J(p,p)
_ (. p)/I(T. p)
J(p, p)/J(T, p)
_J(U, p)/I(T, p)
J(p, p)/I(T, p)
G1

=(__

B, p

dp

J(U, 0)/J(T, p)

J(p,p)/I(T,p)
J(T,p)/J(p,T)
*J(p,p)/I(p,T)

CKr
Clk
,;,,)P

dp +

©)

4
+__
0

where C, and C, are the specific heat (per mass) at
constant volume and constant pressure, respectively, 8, is
the isobaric thermal expansion coefficient, and &, the
isothermal compressibility. In deriving the last equality of
the above equation, the following relationships have also
been used:

By = (/Y )3:¥),=(1/V)I(V, p)/I(T, p)
kr=—Q/VN8,V), ==/ V)I(V,T)/I(p,T)

and, since from the first law of thermodynamics, §Q = dUj;
+ pdV =dUj + pd(1/p)

C,=(9;U;), = J(Uy,0)/I(T,p)
Cp = (aTUI)p +[9T(P/P)] P
= J(Uy, p)/J(T, p)~(p/0*)J (0, p)/I(T, p).

It is straightforward to generalize the above result to
include the stress tensor j. Including the indices i, j of the
stress tensor, (9) takes the form

v, =[-C,/(o8,)+(1/p*)p,; 9,0,/ v-5] dp
+ (Cv/Bp)(KT)ij dp,, (10)

where C, and B, are as expressed above, except that now v
must also be included in the independent variables and be
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kept constant in the partial derivatives; C, is given by
Cp = (aT(]I)p,ﬁJr [(aT)(Plj ajvt/(pv' ﬁ))] p.0
= J(U;, p)/I(T, p)~[(1/6*) p,, 3,0,/ V7]

J(p, p)/I(T, p)
and (k7),, is the compressibility tensor defined as

(KT)U = —(I/V)(aV/apzj)T
=-(/V)J(v,1)/3(p,.T).

In deriving the above results, we have used the generalized
first law of thermodynamics for mechanically anisotropic
media

8Q=4dU, +(p,;, d,v,/V-5)av.

To understand the above equation, we consider Q as the
total heat input to a material element of unit mass during
time dt, during which the total energy is increased by dU.
The total work done by the element is equal to v (7 p) dt
times the volume, which is 1/p. On the other hand, from
(5), the increment in volume during d¢ is dV=d(1/p)=
(1/p)v-vdt. Therefore, the work done associated with a
volume increment dV is [V-(U-p)/ V- U1dV, which may
be separated into two terms: (p,;d,v,/V-0)dV +
(v,0,p,,/ V- 0)dV, where the second term contributes to
the bulk kinetic energy Uy, while the first term contributes
to the thermodynamical internal energy U;. It is the inter-
nal energy to which the thermodynamical variables such as
the compressibility and specific heat are related.

It is remarked that we have ignored the internal energy
associated with the anisotropicity of the strain tensor,
simply to reduce complexity. In other words, we have
assumed that the energy associated with different direc-
tions of strain are approximately equal, and, therefore, the
strain tensor may be represented by the increment in the
specific volume, or equivalently, the increment in the den-
sity, as it is expressed in the first term in the right-hand
side of (10).

To summarize, we list the four equations of the system,
viz. (5)—(7) and (10) as follows:

dp+pv-0=0 (11)
pdu,+d,p,=0 (12)
P,d,v,+pdU=pP (13)

dU, ==, /(08,)+(1/0*)p,, 3,0,/ V5| dpp
+ (Cv/ﬁp)(KT)lj dtpz]' (14)

The convective derivative d,= d, + U-v may be cumber-
some. It is possible to transfer the convective derivative
into the simple derivative d, by the transformation from
the Eulerian specification to the Lagrangian specification
[11]. The former refers to the specification of using the
space vector X to describe a material element, whereas the
latter attaches a fix vector to each material element. So, if
we specify each dielectric element by its initial value of X,
denoted by ¢,§=X(t=0), then a description of, say,
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pressure, may be expressed by p(X,t), referring to the
pressure at time ¢ and space point X, or expressed by p(§),
referring to the pressure at time ¢ and the space point
occupied by the element which was at the space point ¢
when ¢t=0. Denote by #u(q,t) the displacement of the
g-element from time O to time ¢, then X(q,¢) =g+ 4(q, ¢).
The velocity (X, t), or U(q,¢), is defined as (dii/31);,
from which one obtains, for any function f(g,¢) or f(XZ, 1)

(0.£)5=(0.1)5 +(0-V:)f
which is exactly the convective derivative of f. Since d /dx,
=(dq,/9x,)8/0dq, (using the summation convention) and
u,=x,— g,, one has
(8qk/axl)(61k + auj/aqk) = 81]'
Thus, denoting by 4 the matrix 4, =90, + du,/dq,, one
has the following identities:
(Aﬁl)u = ‘9‘],'/8761'
a/a‘xl = (A_l)lj a/aqj‘
With these identities, the transformation to the Lagrangian
specification brings (11)-(14) into the following form:

(9.1)=(8:1) 5 +(7-V)f

H

dp+p(47Y),0,0,=0 (15)
pdv,+(A7Y) k9 p,; =0 (16)
pdUr="P, (A7") k9,0, = pP(q,1) 17)

3U =[G,/ (08, )+ (1/0*)p,, 8,0,/ V-5 d,p

+ (Cv/Bp)(KT)U a[plj (18)
where 9, =(39/0t); and 9,=(9/0q,),.

Equation (15) can be immediately integrated without
involving the other three equations. It is straightforward to
verify that the following is its solution:

p(7.1) = p(2.0)/det(4) (19)
where det(A) is the determinant of the matrix 4. Equa-
tions (18) and (19) may be substituted into (16) and (17) to
eliminate U, then we are left with (16) and (17) with two
unknowns, viz., # and p,, (note that ¥=4,#), to solve.
However, they are nonlinear equations, especially the ther-
modynamical variables C,, s ,81,, and k; may be com-
plicated functions of p and p. In the next section, we shall
further simplify these equations by making the first-order
linear approximation. It is remarked here that, instead of
using (14) or (18), one may substitute it by another thermo-
dynamic equation of state, which may be any interrelation-
ship among the variables. The principal content of most
biological dielectrics is water, for which many empirical
equations of state are available [12].

1L

In this section, we consider the first-order approximation
and reduce the nonlinear equations (15)-(18) to linear
ones. The order of magnitude here refers to the variation of
all the quantities, including the displacement #, 7=
d,u, p, p, and all thermodynamical coefficients, from their

THE LINEAR APPROXIMATION
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initial values. We shall assume that initially the system is in
an equilibrium state with density p,, pressure p,, tempera-
ture Ty, and % = 7= 0; in general, p,, p,y, and T, may still
depend on the space vector §. The quantities % and ¥ are
therefore first-order quantities. In the first-order approxi-
mation, the matrix 4 in (15)-(17) may then be taken to be
unity. Note also that, to the firsi order, there is no dif-
ference between the FEulerian specification and the
Lagrangian specification, 50 one may use either the set of
equations (11)—(14) or the set (15)—(18). Substituting (18)
for the first term in (17), (15)-(17) then become

dp+pv-T=0 (20)

(21)
~(G,/8,) 8,0 +(0C,/B,) (k7). 0,0, = PP (22)

where, in obtaining the last equation, (20) has been used to
cancel two terms involving d,v,. Equations (20) and (21)
may be used to eliminate ¥ and yield

3,11/0)8,0] - 8,[(1/p)d;p;,] = 0. (23)

Finally, (22) and t23) may work together to eliminate p to
yield the equation for p,,

at[(cv/cp)(KT)lj atpij]
- 3,[(1/0)0,p,] = 3.[(8,/G,)P]. (24)

Note that, apart from the assumption that the matrix 4
(which was defined in the paragraph before (15)) is unity,
we have not used other first-order approximations to de-
rive (20)—(24). In general, if the strain tensor d;u; is
isotropic so the matrix A is a multiple of unity, then all the
above equations are derivable from (15)-(18), even in
nonlinear cases, except for a strain factor 471 = (p/p,)"/3,
which must be multiplied by the second terms of (20) and
(21) and other equations derived therefrom. It is also
worthwhile noting that, for isotropic media, one has the
following relationship between p and p, without any ap-
proximation:

—(C,/8,) 3,0 +(pCyiir/B,) 3, p=0p.  (25)

This result is obtained from (17) by substituting, in its
left-hand side, the first term with the expression from (18),
and the second term with (p/p)d,p obtained from (15).

In the first-order approximation, 4, p;, and d,p;; are the
first-order terms, so one may approximate the factors
(1/0), (C,/C)), (B,/Cy). and (k7),, in (24) by their re-
spective equilibrium values to yield the linear wave equa-
tion for the stress tensor p,,

[(PCU/CP)(KT)tj]Oa?pi/ - ai ajpij= (plBP/Cp)o atP
(26)

where [ - - - ], denotes that the quantity inside the brackets
is evaluated at its equilibrium value. In the principal axis of
a mechanically anisotropic dielectric, p,; is diagonal and,
from its definition described in the last section, so is («7),;-
Then, the above equation gives the wave equation for the

F

d o pdut aj‘p,.j= 0

839

stress in each principal axis, with the wave velocity ¢, =
[C,/(pC,(x7))]i* in the ith principal axis.

For mechanically isotropic systems, (20)-(22) may also
be simplified to obtain linear wave equations for d,p, p,
and . They are, with ¢ denoting [C,/(pC,k;)]i/?, the
acoustic wave velocity in the dielectric

92(0,p)—c*v2(0,0) = [%B,/C, |, VP (27)
?p—c*vip=[pcB,/C), 0,  (28)
9%~ c>v=—[cB,/C],vP. (29)

Equation (28) comes directly from (26), from which one
obtains (27) with the help of (25). As to the equation for T,
it is derived from (21) and (28) with the assumption that &
and P vanish initially. Equation (27) is similar to what has
been suggested by other authors [3]-[6], [9], except that
here we have all the thermodynamical quantities well de-
fined. It is also interesting to note that, as one can see from
these equations, acoustic waves are generated either by an
inhomogeneity or temporal variation of the product of the
microwave specific absorption rate and some thermody-
namical variables. The inhomogeneity or the temporal vari-
ation may be intrinsic in the microwave source or the
dielectric absorption, or may be simply due to some dis-
continuities in the thermodynamical variables. As we shall
see in the next section, acoustic waves are generated in
dielectrics even when the absorption of microwave pulses is
spatially homogeneous, which is generally the case for
small dielectric objects, such as ocular lenses. It is also
remarked that the isotropic assumption may be an over
simplification for biological tissues which are generally
anisotropic thermally, as well as elastically, especially for
tissues composed of cells with a large aspect ratio, which is
the case for ocular lenses.

Equations (27)—(29) are the first-order thermoelastic
wave equations for isotropic media without viscous damp-
ing under microwave radiation. These equations must be
supported by the respective boundary conditions, which
are implicated in (20)-(22). To extract these boundary
conditions for a system with specific interface that sep-
arates one medium from another, we first integrate both
sides of (20) across a thin layer of the boundary surface
and, by Stoke’s theorem, obtain the boundary condition
for #-0U, where # is a unit vector normal to the boundary
surface. With this condition, (21) then gives the condition
for (1/p)%-vp. Similarly, integrating both sides of (21)
across the surface yields the condition for p, which, to-
gether with the condition for (1/p)#-vp and the relation-
ship expressed by (25), gives the boundary conditions for
d,p. Finally, expressing V-7 in terms of d,p with the help
of (20), the boundary condition for d,p gives a condition
for v 0. Listed below are these boundary conditions.

1) For p, the following two quantities must be continu-
ous:

[ 3,0+ (e8,/C,)P] |
and ¢2h-[(1/p) 3,90 +(8,/C,)VP]. (30)
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2) For p, the following two quantities must be continu-
ous:

pand (1/p)7-Vp. (31)

3) For 7, the following two quantities must be continu-
ous:

A-5and | v-5-(8,/C,)P]. (32)

With these boundary conditions, solution of the above
wave equations is mathematically straightforward. In the
next section, we shall consider a one-dimensional case and
obtain some numerical results for the microwave-induced
thermoacoustic effect in water, which is the main dielectric
in biological materials.

1V. THE ONE-DIMENSIONAL CASE

To illustrate the implications of the formulation de-
scribed in the last two sections, we consider a dielectric
system that has only one degree of freedom in mechanical
vibration, such as water in a solid tube which is closed at
one end and open to the atmospheric pressure at the other
end. Instead of ¢, we shall use x to denote the spatial
coordinate in the Lagrangian specification, so x is the
position where the concerned material element is located at
time ¢ = 0. For a one-dimensional system, (19) gives p(x, ¢)
= po(x)/A(x,t), where A(x,t)=0d,u,u(x,t) is the dis-
placement of the material element, and py(x)=p(x,0)
describes the initial density of the system; note that p, may
be x-dependent. Replacing 4! by p/p,, (15)—(17) then
become

(33)

pod,p +p*d0="0
pO(?tv+ 8xp=0 (34)
003Uy + pd,v=pyP(x,1). (35)

Equation (18) may then be used to substitute for the first
term on the left-hand side of (35). Upon multiplying these
equations by suitable factors and differentiating both sides
with respect to ¢ or x, then subtracting one equation from
another, they may be decoupled to yield the equations for
the variables p, p, and v, respectively. Boundary condi-
tions may also be obtained from similar considerations, as
we did in the previous section., Below we list the results.

1) The equation and boundary conditions for 4,(p,/p)
are

[0.059,(0C, /(poCoter))— 32] 3, (0o /p)
| =9.05'9,(B,/(Cr)P) (36)

with the following two quantities continuous across the
boundary:

[(pC, /(£oCir)) 3.(po /0)— (B, /(Cprer)) P]
and
(l/Po)ax[(PCp/(POCUKT)) at(Po/P)_(Bp/(Cv"T))P] .
(37)
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2) The equation and boundary conditions for p are
[axp()_lax - at(pocvv'cT/(pC'p)) at] P(X, t)
=~ 3,(poB,/(0C,)P)
(38)

with the following two quantities continuous across the
boundary:

p(x,t) and pg 9, p(x,1). (39)
3) The equation and boundary conditions for v(x, t) are

[ax(pcp/(pOCuKT)) 9, — 00(7,2] v(x,1)
=0.(8,/(Cr)P) (40)

with the following two quantities continuous across the
boundary:

U(X, t) and (1/p0CuKT)(pCp axU - pOIBpP)' (41)

The above equations are exact without any approximation;
note also that all thermodynamical coefficients depend, in
general, on density and pressure and are, therefore, space
and time dependent.

In the first-order approximation, the above equations
reduce to common linear wave equations; they are given by
(27)-(29) with ¥ replaced by d,. To illustrate the implica-
tions of these equations and their respective boundary
conditions, we consider a thin solid tube of arbitrary shape
in the cross section filled with a dielectric liquid to height /,
with one end of the tube closed and the other end open to
one atmosphere pressure of air. Let A denote the cross
section of the tube and x denote the position of a liquid
element along the length of the tube; the closed end of the
tube is taken to be x=0 and the open end x=/ A
microwave pulse of duration 7 is incidert from the side
perpendicular to the axis of the tube. The tube is assumed
to be thin enough with respect to the microwave wave-
length that the induced electric field is uniform throughout
the cross section of the tube. It is also assumed that the
microwave absorption by the liquid exhibits no spatial
variation along the axis of the tube. Therefore, the system
is one-dimensional and the specific absorption rate (SAR),
P(1), is independent of x. We shall calculate the total
acoustic energy coupled to the air per unit microwave
energy absorption by the liquid. For this purpose, we need
only to obtain the solution for v. With the configuration
described above, the boundary conditions are, from (32)

0,(0,£)=0, 9.0,(0,£)=0 (42)
0,(L,t)=0v,(1,1) (43)
and
c%plo[axvl(x =1,1)- (Bp/cp)lP(t)]
= 302000, (x=1,1)

where the subscripts 1 and 2 label, respectively, the dielec-
tric liquid and the air, and ¢, , denotes the corresponding
value of (C, /(pC,kr))'/? in either medium, which is the
velocity of the acoustic wave in the medium.
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It is more convenient to work in the frequency space
using the Fourier transformation. The Fourier transforma-
tion between any function g(¢) and its counterpart g(w) is
defined as

s(0)= @[ glo)e e (4)

s(@)=Cn) [ gl a (45)

where, since there will be no ambiguity, the same notation
is used for the function in either frequency or time. Note
also that the frequency w refers to the acoustic frequency,
which is to be distinguished from the microwave carrier
frequency. If P(t), the SAR, is equal to P, during the pulse
width 7, then, in the frequency space, it is given by

P(w)=—Py(27)*[1- "] [[2mi(w —i0)] (46)

where — i0 in the denominator means that the singularity
is immediately below the real axis of the complex w-plane.
The solutions for the velocity in both media are given by

vy(x,0)] @—i0 cos(k/)—itan¢sin(k,/)
sin (kyx)

sin (k! )exp [ ik, (x —1)] “7)

where k;=w/c,, the acoustic wavenumber in either
medium, and tan¢ = (pc), /(pc),, the ratio of the acoustic
impedances of the air to the liquid.

The coupling of the energy from the liquid to the air
may be calculated easily using the above result. Noting
that the pressure in either side of the interface is equal,
owing to the first boundary condition in (39), at any time
dt, the work done by the liquid to the air per unit surface
of the interface is p,v; dt. Since vy(x,t) is a first-order
quantity, so, in the first-order approximation of p,v; dt,
one may replace p; by p,, the initial equilibrium atmo-
spheric pressure. Thus, the total acoustic energy coupled
into the air induced by the absorption of a microwave
pulse by the liquid is

E, = Apofoo v,(1,1) dt
— o0

where A4 is the area of the cross section of the tube. From
the Fourier transformation (45), the integral [* v,(l, 7) dt
is equal to (27)1/2 times the value of v;(/, w) evaluated at
w =0, which may be easily obtained from (47). Thus, the
above equation gives

Ey. = (2n)?14py(B,/C,),P(0=0).

On the other hand, the total microwave energy absorption
by the liquid is

Em;=mjf;PU)m==@w)VﬁAmP(w=oy

Comparing the above two equations, one obtains the total
acoustic energy coupled to the air induced by the absorp-
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tion of a unit microwave energy by the liquid

Nair = Eair/Eabs=p0(pr/(pCp))1' (48)

It is interesting to note that the coupling efficiency of the
acoustic energy to a nonabsorbing medium due to the
absorption of a microwave pulse by a liquid is proportional
to the pressure in the nonabsorbing medium and, apart
from that, is independent of its other thermodynamic
properties. It is also independent of the microwave pulse
width, so that total acoustic energy coupled to the air is
proportional to the total microwave absorption cross sec-
tion. This is simply due to the linear approximation. Note
also that the coupling efficiency calculated above does not
tell the coupling efficiency of the microwave energy ab-
sorption to the acoustic energy generated in the liquid,
which may be calculated using the same approach through
the solutions for p,(x,?) and v,(x, ¢). Although previous
studies have calculated the coupling of microwave to elastic
wave in the absorbing medium [1], [2}, they are limited to
either a totally constrained or totally isolated body without
coupling to the surrounding medium, and are also based
on the simplified assumption of the temperature-induced
stress due to inhomogeneous microwave absorption in the
dielectric, which failed to consider the proper distribution
of the absorbed energy between the internal energy and the
bulk kinetic energy.

The pressure waves in both media may also be calculated
using the same approach. For p, the boundary conditions
are, from (31)

3.p(x=0,t)=0
n(lt)=p,(I,1)
and
(1/p1o) 8, p1(x=1,1)=(1/py) . 2 (x =1,1).

In the frequency domain, the solutions for the pressures
are

’pB,

pl(xsw)=i(-?)

P(w)

w—i0

- cos (k;x) B
‘cos(k,l)—itangsin(k,/)

P(w)
1w—iO

1| (49)

b,

PZ(x’w) = _( Cp

_tan¢sin(k,/)exp [ik,(x = 1)]
cos(kyl)—itangsin(kl)

(50)

To obtain the pressures in the time domain, we perform the
Fourier transformation on the above results and employ
the contour integration in the complex w-plane. The results
are summations of the time-series of the form exp(iw,t),
with «, being the zeros of the factor [cos(w//ci)~
itan¢ sin(wl /c;)], corresponding to the poles of p,(x, w).
A straightforward analysis of this factor shows that these
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poles are located at the following points in the w-plane:
w,=(c;/20)(n7 — iry) (51)

where 7 is any odd number if tan¢ is smaller than 1, and

any even number if it is greater than one, and 7, is the

solution of the equation coth(ry)+(—1)"csch(r,) = tan¢.
The pressure waves in the time domain are then

P1(x,f)=2

n = odd integers if tan¢ <1
n = even integers if tan¢ > 1

3
(_1)n.2|_1ﬁ;(P§pj P(wn)cos(%x)EXp(-iwnt)
AN T !
(52)

n = odd integers if tan¢ <1
ACAY (n = even integers if tan¢ >1 )

pB,c’

ey

E%Mtan(w)exp["“n(%_t)]

1 n
(53)
where, for ¢ > 7/4, [cos(2¢)]'/? is taken to be positive
imaginary.

For the liquid—air system, only poles with an odd value
of n exist and, since tan¢ is about 3X 1074, r, is negligi-
bly small. Note that the amplitudes of the pressure waves
are linear in the peak SAR. However, due to the depen-
dence on the poles w,, they are not linear in the total
absorbed energy, which is in contrast to the coupling
efficiency 7,,. For each frequency component w,, the
corresponding amplitude exhibits some resonance phenom-
ena according to the value of the pulse width. For the
liquid—air system, the fundamental acoustic frequency is
approximately c, /(4/), corresponding to a quarter-wave in
the length of the liquid, for which the resonance values of
the pulse width are given by odd-integer multiples of
21 /¢;. Similar resonance behavior has also been derived
previously for totally constrained or totally isolated sys-
tems [6].

V. REMARKS AND DISCUSSIONS

A thorough thermodynamical formulation of a micro-
wave-induced thermoacoustic effect has been presented. It
is shown that acoustic waves are generated if there is any
discontinuity, either spatial or temporal, in the radiation
density, the absorption coefficient, or the thermodynamic
variables such as the mass density p, the isobaric or iso-
volumetric specific heat, C, and C,, respectively, the iso-
thermal compressibility k., or the isobaric thermal expan-
sion coefficient ,. Therefore, even for a small biological
subject, such as an eye lens, in which the microwave power
deposit is practically uniform, acoustic waves can still be
generated by the microwave absorption.

Coupling of the acoustic energy from a microwave ab-
sorbing medium to a nonabsorbing medium is also for-
mulated through the thermodynamic equations and the
boundary conditions. Since direct measurement in small
biological objects is difficult, these results may be useful
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for the evaluation of the pressure waves inside small bio-
logical objects by measuring the pressure waves (or other
thermodynamical quantities) in the surrounding medium.
The result of the linear approximation indicates that the
percentage of the absorbed microwave energy being cou-
pled to a nonabsorbing medium is, apart from its pressure
in the equilibrium state, independent of the thermody-
nanric properties of the nonabsorbing medium. Taking the
dielectric liquid to be water, then S, =2.8X1074°C},
C,=4.186x10 erg/gm-°C, and p =1 gm/cur. With the
equilibrium pressure of the air p, being 1 atm, which is
1.01 X 10° dyne/cnr?, then (48) gives 7,;, = 6.7 X106, This
also gives the lower limit of the conversion efficiency of the
microwave energy to acoustic energy in the absorbing
liquid, since part of the generated acoustic energy in the
hquid is converted into thermal energy through .viscosity
and conducted away to the surrounding medium.

The formulation indicates that the microwave-induced
thermoacoustic effect is, in general, nonlinear. At low
radiation density, one may make the linear approximation
by ignoring all second-order and higher order terms. It is
worthwhile to evaluate the validity of the linear approxi-
mation. This can be done by calculating the generated
pressure wave and comparing it to the initial equilibrium
value. Taking the fundamental frequency component in
(52), the corresponding amplitude for p,(x, t}) is equal to,
for a resonance pulse width, (8//7>)(cB,/C,), P, (assum-
ing a negligible value of tan¢, which is valid for the
liquid—air system). With a 1-cm length of water in the tube
being the dielectric liquid and with air of 1 atm at the open
end, a peak SAR of P, =24 kW /gm results in a pressure
wave of amplitude equal to 1.82x10° dynes/cm’ in the
dielectric liquid, which is 18 percent of the initial equi-
librium pressure (1 atm). Since, in making the linear ap-
proximation, the factor B, /(pC,) in the right-hand side of
(38) has been assumed constant, an 18 percent change in
the pressure produces approximately equal percentage
change in 1/p, and therefore produces at least so much
error by making the linear approximation; the error is
indeed higher if the variations of §, and C, with respect to
pressure are also accounted for. Furthermore, in making
the above estimate, we have only included the fundamental
frequency of the pressure wave; the total pressure wave
could be much higher. Taking 10-percent error as the
maximum tolerable level, this implies that the peak SAR of
13 kW /gm is about the upper limit for the validity of the
first-order approximation, beyond which a nonlinear ap-
proach must be taken.

REFERENCES

[1] R. M. White, “Generation of elastic waves by transient surface
heating,” J. Appl. Phys., vol. 34, pp. 3559-3567, 1963,

[2] L. S. Gournay, “Conversion of clectromagnetic to acoustic energy
by surface heating,” J. Acoust. Soc. Am., vol. 40, pp. 1322-1330,
1966.

[3] X. R. Foster and E. E. Finch, “Microwave hearing: Evidence for
thermoacoustical auditory stimulation by pulsed microwaves,” Sci-
ence, vol. 185, pp. 256-258, 1974.

[4] J. C. Lin, “Further studies on the microwave auditory effect,”
IEEE Trans. Microwave Theory Tech., vol. MTT-25, pp. 938-943,
1977.



GUO et al.: MICROWAVE-INDUCED THERMOACOUSTIC EFFECT IN DIELECTRICS

{51 D.E.Borth and C. A. Cain, “Theoretical analysis of acoustic signal
generation in materials irradiated with microwave energy,” IEEE
Trans. Microwave Theory Tech., vol. MTT-25, pp. 944-954, 1977.

[61 J. C. Lin, Microwave Auditory Effects and Applications. Spring-
field, IL: C. C. Thomas, 1978.

[7] P. V. K. Brown and N. C. Wyeth, “Laser interferometer for
measuring microwave-induced motion in eye lenses in vifro,” Rev.
Sci. Instrum., vol. 54, no. 1, pp. 85-89, 1983.

[8] P.J. Stewart-Dehaan, M. O. Creighton, L. E. Larsen, J. H. Jacobi,
W. M. Ross, M. Sanwal, T. C. Guo, W. W. Guo, and
J. R. Trevithick, “In-vitro studies of microwave-induced cataract:
Separation of field and heating effects,” Exp. Eye Res., vol. 36, pp.
75-90, 1983.

[9] K. J. Oscar, “Interaction of electromagnetic energy with absorptive
materials by thermally inducing elastic stress wave,” Ph.D. disserta-
tion, American Univ., 1980, University Microfilms International

8017445.

[10] P. M. Morse, Thermal Physics. New York: W. A. Benjamin, Inc,,
1964.

[11] C. K. Batchelor, An Introduction to Fluid Dynamics. Cambridge,
England: Cambridge University Press, 1970 ch. 2.

[12] F. Franks, Ed., Water, a Comprehensive Treatise, vol. 1, The Physics

and Physical Chemistry of Water. New York: Plenum Press, 1972.
L

Theodore C. Guo (SM’77) received the B.S. de-
gree in physics from Chung-Yuan College of
Sciences and Engineering, Taiwan, in 1963 and
the Ph.D. degree in physics from the University
of Denver, CO, in 1971.

He was a Research Associate and a Physics
Instructor at the University of Denver from 1971
until March 1973, when he joined the University
of Brussels and the International (Solvay) In-
stitute of Physics and Chemistry, where he' was
engaged in the basic research in irreversible ther-
- modynamics and nonequilibrium statistical mechanics. He returned to the

‘United States at the end of 1976 to join Tracor, Inc., as a Senior Scientist
in its Rockville Laboratory, MD, and directed the Research and Develop-
ment in quantum optics and fiber optics. From 1978 to 1983, he was with
IIT Research Institute, where he was engaged in basic and applied
research of quantum electronics, nonsteady-state physics and irreversible
thermodynamics, transient dielectric interactions and microwave medical
physics. Since February 1983, he has been with the Johns Hopkins
University Applied Physics Laboratory and has continued the research in
these subjects.

843

Wendy W. Guo (SM’79) graduated from Chung-
Yuan College of Sciences and ' Engineering,
Taiwan, in 1968 with a B.S. degree in chemistry
and received the M.S.. and Ph.D.. degrees in
physics from the University of Denver, CO, in
1970 and 1973, respectively.

Between 1973 ‘and 1976, she was a Research
Physicist in the University of Brussels and Inter-
national (Solvay) Institute of Physics and Chem-
istry, Brussels, Belgium, where she was involved
~ in the basic research of irreversible thermody-
namics and nonequilibrium statistical physics. From 1976 to 1978, she
was a Senior Scientist in Tracor, Inc., Rockville, MD. From 1978 to 1983,
she was a Senior Research Engineer in IIT Research Institute, Annapolis,
MD, where she was engaged in a number of projects concerning basic and

-applied research of transient dielectric interactions in condensed matters
- and nonsteady-state physics, microwave interaction in biological systems,

electromagnetic theory, and adaptive array and radar analysis. Since
February 1983, she has been with the Applied Physics Laboratory, Johns
Hopkins University, Laurel, MD, where she has been performing research
in thermodynamics and statistical physics with respect to the transient
state interaction of radiation and matter, thermal properties of microwave
interaction with biological materials, and application of microwave physics
in medicine. :

Lawrence E. Larsen (M’81-SM’82) attended the
University of Colorado and received the M.D.
degree magna cum laude in 1968. He was awarded
an NIH postdoctoral fellowship in biophysics at -
UCLA for the period 1968-1970, then served in
the United States Army as a Research Physiolo-
gist in the Department of Microwave Research at
the Walter Reed Army Institute of Research
During 1970-1973.

From 1973 to 1975, Dr. Larsen accepted a
faculty appointment in the Radiology Depart-

ment at the Baylor College of Medicine in Houston, TX, where he taught
Physiology and Computer Sciences. In 1975, he returned to the Walter
Reed Army Institute of Research as the Associate Chief of Microwave
Rescarch. He was appointed the Department Chief in 1977 and presently

serves in that role with the rank of Colonel, Medical Corps. He has
several patents. ‘




