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SUMMARY

A research program at Walter Reed Army Institute of Resec.ch
(WRAIR) is concerned with the mechanism by which microwave exposure
} produces cataracts in the eye lens. Science Applications, Inc. (SAI)
has supported WRAIR personnel in system design, equipment assembly, and
operation of experiments to measure the physical effects in the eye lens
as it is subjected to microwave pulses of varying peak power levels.
k SAI also developed theoretical models for the thermoacoustic wave
phenomena involved and the vibrational motion of the eye lens.
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1. INTRODUCTION AND BACKGROUND
1.1 Microwaves and the Eye Lens: the Army Problem

Injuries to the eye caused by microwaves have been known for
many years (see Reference 1 and citations therein). It has been a
generaliy accepted concept that microwave damage to biological tissues
is due almost exclusively to the average temperature elevation which
the radiation causes in the tissue. However recent experiments performed
at the Walter Reed Army Institute of Research (WRAIR) indicate that
additional effects dependent on the modulation of the radiation must
also be considered significant n the case of pulsed microwaves such
as used in radar.

The WRAIR expem’ments1 comprised a parametric study of heat and
pulsed microwave energy applied to murine ocular lenses in vitro. The lens
showed microscopic physical damage (including cataractogenic changes) after
exposure to pulsed microwaves under conditions in which the temperature
elevation was essentially negligible. This physical damage, along with an
observed dependence on peak pulse power, had led to the hypothesis that
the mechanism coup]fng the microwave radiation to effects in the lens is
thermoacoustic transduction.

None of the p.:sent safety standards nor any of those under
consideration include modulation as a parameter to be considered with
respect to potential hazards. Since common land- and ship-based radar systems
employ high energy pulses, the possibility that such additional effects may
constitute significant safety hazards should be considered. With the use
of directive antennas, modern radars can deliver pulse energy densities
many times higher than those employed in the WRAIR lens experiments.

1.2 Experiments and Models: the SAI Program

To investigate the hypothesis that thermoacoustic transduction
is an important mechanism for eye lens/pulsed microwave interaction,

..........................................................................
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Science Applications, Inc. (SAI) has collaborated with WRAIR researchers
) in both experimental measurements and theoretical modeling of the suspected -

4
phenomena. The initial lens exposure work at WRAIR involved extracted ° ’
murine lenses subjected to pulsed microwave radiation while immersed in a - ‘é
small volume of saline solution. Therefore it was desirable to duplicate 3
) these conditions while searching for the presence and effects of thermo- 4
acoustic transduction. Since initial scoping estimates (later confirmed by
detailed calculation) indicated that physical motions of the lens due to
thermoacoustic effects would be in the submicron range or smaller, optical
interferometry was the measurement system of choice. This was also fully
compa*'ble with the requirement of working in a waveguide without altering

*the microwave mode pattern.

P I VY N

>For the experimental measurements, SAI supported WRAIR personnel : 1
in the system design, equipment selection and purchase, assembly, and
operation of a laser interferometer to detect the movement of the eye lens o \

surface during exposure to pulsed microwaves. This system and its performance
is described in Section 2. e

SAI has also developed and exercised various theoretical models
to describe the absorption of microwaves in the saline volume, the generation

and propagatibn of thermoacoustic waves in the saline, the interaction of e
these waves with the murine lens, and the subsequent oscillation of the lens
in one or more natural modes. This work is summarized in Section 3.

The final section of this report contains an interpretation of the Y
experimental data obtained thus far using the framework of ‘the theoretical
modeling work. That is, a physical scenario of the lens/microwave interaction
is presented which fits both the experimental findings and the theoretical
calculations. This scenario is not uniquely determined, of course, because ' o
gaps in both the measurements and the model exist. Therefore Section 4

ekl

concludes with an outline of further work needed to substantiate (or disprove)
the proposed scenario.

..............
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2. EXPERIMENTAL MEASUREMENTS
2.1 Introduction

As described in the previous section, it was desired to examine
the physical motion of the surface of murine eye lenses in vitro induced
by pulsed microwave radiation. Because motion in the submicron range
was expected and because of the necessity to aveid perturbing intracavity
microwave fields, optical interferometry was chosen as the measurement
technique. The design, operation, and results of the system are described
below.

2.2 Experimental Design Constraints and Choices

The rat eye lenses used in the experiment are approximately
3 mm in diameter but contain cell structural dimensions down to sub-micron
size (e.g., 15 nm thick membranes). Therefore the system was designed to
detect motion down to at least 10 nm using optical interferometry. The e
choice of the optical system to accomplish this was influenced by a number
of experimental constraints.

First, during the microwave pulse exposure and interferometric o
measurement, the lens had to be immersed in a saline solution to simulate
its normal physiological environment. This duplicated conditions used in
other lens exposure experiments to which it was desired to relate the
results of this workl, and greatly slowed deterioration of the lens over °
the period after extraction to the completion of a measurement.

Second, the microwave exposure was to take place within a section
of 12.4 x 24.8 cm waveguide (WR-975) fed by a transmitter at one end and ®
having the other end capped with a shorting plate. To make interferometric
measurements the eye lens and saline had to be supported within the
exposure region without mechanical contact to the waveguide, so that any
acoustic noise o equipment movement (e.g., supply cables jerking) ®
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associated with the pulsing of the transmitter would not disturb the position
of the lens. Any hole in the side of the waveguide had to be limtied to a
diameter less than roughly a tenth of the RF wavelength to prevent excessive

leakage of microwave power.

The microwave source used was operated at 918 MHz with a pulse
width (0.1 isec rise time) of 10 usec and peak power levels from 10 to
45 kW. Given these excitation parameters and estimates of the mechanical
resonance frequencies of the eye lens, it was planned to look for
deformation frequencies over a range of 10 Hz to 300 kHz. Since this
range includes regions of acoustic and background vibrations in building
structures, the interferometer and eye lens had to be isolated mechanically.

A number of optical configurations were considered, each having
certain advantages and disadvantages. Deformation of the lens could be
detected by measuring how much light from a laser beam it focused through
a pinhole at a fixed distance. This would provide a relatively strong
(transmission) signal, but interpretation of the data in terms of the
magnitude of deformation would not be straightforward. Implementing this
scheme with the saline present might also prove difficult. Another
arrangement would be to pass 3 narrow laser beam through the center of the
Tens (undeviated) and form an interferogram between it and a reference beam.
Such a method would have lower sensitivity for the following reason: any
change in optical path length through the lens tissue, for example due to
foreshortening, would tend to be negated by a simultaneous change in the
optical path length through the saline whose index of refraction is quite
close to that of the outer layers of the lens.2

Interferometry using light reflected from a small area of the
lens surface offers the most direct measurement of surface movement.
Unfortunately with the condition of immersion in saline, the reflected
signal is quite weak at normal incidence. A glancing angle geometry was
consideied as a means of increasing the reflected signal strength, but
the necessity of additional optics within the waveguide and possibly in the

e i R S S S SV S S S P N St I W S R A NI LT ' L




saline to bring the glancing beam back out from the waveguide and the less
straightforward interpretation of the signal were significant disadvantages
to this design. The normal reflection mode was chosen as the simplest
initial approach, providing the weak signal problems could be overcome.

The need to measure the motion at more than one point on the surface was
met through use of a small mirror within the chamber (see below).

2.3 System Description

The experimental system was composed of a microwave exposure source,
an eye lens sample holder, a basic laser interferometer, and various
additional components for adjustment, calibration, and signal detection and
processing. Figure 2.1 shows a schematic diagram of the system arrangement.

The microwave source was a transmitter (EPSCO PH-40K) driving a
length of WR-975 waveguide. The waveguide was terminated with a shorting
plate and included a triple stub tuner between the transmitter and end
section. The tuner was adjusted to minimize the (reflected) energy returning °
from the sample exposure end of the waveguide, thus maximizing the energy
deposited in the saline/lens system.

A sample chamber was constructed of plexiglas (microwave transparent) P
to support the lens and its saline environment in the exposure region of the 1
waveguide. The chamber design is shown in Figure 2.2. The lens was lightly
clamped between two 2 mm thick foam rubber pads mounted on opposing plexiglas
pedestals. The pedestals and the sides of the chamber were covered with °
strips of a microwave-transparent acous:ical damping material (CP-2, Soundcoat.
Inc.) to minimize vibration transmitted to the lens through its mechanical
support. The plexiglas panel immediately behind the eye lens was tilted
to keep stray reflections out of the return signal path, and black paper °
(not shown in Figure 2.2) was used to prevent reflection directly from the "]
plexiglas walls. The chamber was designed to be filled with saline to a level R
sufficient to fully immerse the eye lens; the total volume of saline (50 ml) L
was large enough to permit coupling over 95% of the microwave energy into the o

......................................
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absorbing media (saline and eye lens). The laser beam entered the chamber
through an optically flat (2/20) glass window which was also slightly tilted.

The chamber was mounted at the end of a 29 cm long, 1 cm I.D.
plexiglas tube whose other end was Secured to a vibration-isolation table
(NRC RS-46). This plexiglas support tube was oriented to pass without contact
through a short section of circular waveguide mounted on a small hole in
the short side of the waveguide (see Figure 2.2) thus keeping the chamber and
eye lens mechanically isolated from the microwave source (the waveguide and
transmitter assembly were not on the vibration-isolation table). The
microwave frequency was well below the cutoff of the small circular waveguide
thus insuring very low leakage through the hole. The hole was located a
distance equal to one fourth the guide wavelength from the shorting end
plate to place the sample chamber in the region of maximum electric field
strength. The plexiglas tube was also Tined with black paper to absorb any
stray light and had an opening in the upper side to allow light reflected from
the glass window to escape.

The basic laser interferometer components were arranged on the
vibration-isolation table as indicated in Figure 2.1. The source was a
15 mW Tinearly polarized helium-neon laser (Spectra-Physics 124B). Its
output beam (i = 632.8 nm) was spatially filtered and expanded to roughly
one centimeter in diameter. A glass wedge beam splitter with a 50-50
coating was used to split and recombine the object and reference beams.
A pellicle-type beam splitter had been tried but contributed excessive
signal noise by coupling ambient sound into the light beams. The object
beam was focused down the plexiglas tube to the sample chamber by a 350 mm
FL lTens mounted in a x-y-z adjustable holder on the table. In theory
the focusing lens would be adjusted to cause its focal point to coincide
with the center of curvature of the area of the eye lens upon which the
converging beam is incident. In the approximation that any small area of
the eye lens surface is spherical, this alignment would cause the converging
wavefronts (seen pictorially in Figure 2.2) to be reflected congruently and
would thus return plane waves to interfere with the (plane) reference beam.
In actual practice the focusing lens was positioned so that its focal point

12

........................




"""" DA S G nes et e i i e I e TR T— " —

was approximately at the physical center of the eye lens and then was adjusted
h. to give the best interference pattern on the observing screen,
With motion measured at only one point on the surface, it is
unclear whether the data represents an actual deformation of the lens or
‘ simply a change in position of the entire lens. This problem was resolved
by using a mirror in the sample chamber to aliow the interferometer beam
to be reflected from other points on the lens surface as shown in Figure 2.3.

A 6.4 mm diameter dielectric layer mirror was mounted using Teflon fixtures
for Tow microwave interaction. An additional piece of black papef was used
to intercept the beam transmitted through the lens to prevent bright,
extraneous reflections.

The reference beam was manipulated in two ways to enhance the
system operation and calibration. As mentioned above the fine adjustment of
theobject beam on the eye lens was done by visual observation of the
interference pattern. Since the visibility of the interference fringes is
greatest when the two interfering beams are of equal intensity3, the
reference beam had to be attenuated to match the weak reflection from the
immersed eye lens during the visual adjustment of the focusing lerns. However
during a microwave exposure run, the dynamic motion of the eye lens was
measured using a small photodiode as described below. This detector was
AC-coupled and its signal output increased in proportion to the square
root of the reference beam intensity. Thus a technique was needed to vary
smoothly the intensity of the reference beam while maintaining the spatial

integrity of its wavefronts. This was accomplished by inserting a rotatable
half-wave plate (Spectra-Physics 310) and two polarizers (Carl Lambrecht el

MGTYA20) as shown in Figure 2.1. The reference intensity could be varied ,}:{jf{
from 0% to 100% attenuation by rotating the half-wave plate. The second ‘fj;ff*
polarizer was placed in the combined beam leg before the signal detector o

to filter out any scattered and/or non-polarized light.

PR
ettt
.A"‘-’ir. ‘e e a

The second manipulation of the reference beam involved system
calibration. The reference mirror was mounted on a calibrated piezo- .
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Figure 2.3. Schematic diagram of the sample chamber
showing laser beam positions for measurements at
two different surface points.
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electric translator (Lansing Research, 21.837) which moved the mirror
along the reference beam axis in proportion to the voltage applied to it
(2.57 nm/volt)., With a known amplitude of motion thus imposed on the
reference mirror (typically at 1 kHz), it was simple to calibrate the
detector output in terms of the displacement it represented for a given
fringe pattern. This calibration was then directly applicable to the
eye lens signal during a microwave exposure.

The superposition of the reference and object beams on the
observing screen produced an interference pattern in a one centimeter
diameter circle (the expanded beam size). The width and orientation of
the Tight and dark fringes could be changed by adjusting the angular
position of the reference mirror. The full pattern could not be adjusted
to all light or all dark, indicating that the converging wave fronts were
not exactly aligned with the lens surface. However a highly symmetric
pattern of concentric rings with a fairly large central spot was obtainable
as shown in Figure 2.4a.

The active area of the photodiode (Motorola MRD510) was a square
of dimension 0.5 mm. The best motion signals were obtained when the
interference fringes were adjusted as shown in Figure 2.4b, i.e., arcs of
small curvature and constant width roughly equal to the detector size.

The 1ight paths of the interferometer were shielded against
thermal air currents. However net heating of the saline/lens medium by
the microwaves and residual air path effects caused a slow drifting of
the interference pattern during an exposure run. When the system was being
used to measure motions of less than one fringe width, this drift caused
a continuous shift in the intensity variation seen by the detector because
the detector aperture was of the order of a fringe widih, This was manifest
as a varying of the detector AC output down through zero to full inversion
(180° phase shift) and back again (a zera level signal would occur when
the fringe width and position relative to the detector were such that the
part of the fringe intensity distribution moving off the aperture during
the vibration cycle was exactly compensated by the part moving onto the

15
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aperture). By running the piezo-electric reference mirror oscillator

during an exposure experiment it was possible to monitor the effects of

this unwanted drift and correct for it in the signal processing as described
next.

The photodiode output was amplified (Nat. Semi. LF357) to
line levels and fed into the various signal processing stages. In a
typical run, the microwave transmitter was pulsed at 10 pps and the detector
signal stored in a signal averager which was triggered by the transmitter
puise. If the reference mirror oscillation frequency and the transmitter
pulse rate were incommensurable, the reference mirror signal was averaged
to zero over many pulses along with any other random noise, leaving only
those signals correlated with the microwave pulse. However the aforementioned
signal inversion drift would tend to cause even these desirable signals
to average to zero. Therefore the reference oscillator signal in the fringe
motion was observed in real time on an oscilloscope triggered by the
piezo-electric translator driver, and the signal averager was activated
only when the fringe pattern position was in the proper (chosen) phase.
In this way, although the fringe pattern continued to drift during a
datz run, only signals with a consistent phase were recorded and averaged.

2.4 Data Obtained

The average fringe motion data was stored in digitized form
in the signal average and disp]ayed in real time on a CRT screen. For
hard copy the stored data was read out to an x-y plotter. Figure 2.5 shows
the CRT signal recorded for a calibrated 2 nm motion (at 1 kHz) of the
reference mirror and a stationary eye lens (no microwaves). Each point
shows the digitized value stored in & channel of the signal averager after
averaging 512 signals. The time between channels (sampling interval)
is 40 microseconds, and not all channels are shown in these adaptations
from the CRT display. The system resolution after signal averaging is clearly
excelient at this level.
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Figure 2.5.

CRT output from signal averager:

calibrated
2 nm (4nm peak-to-peak) motion of reference mirror at
1 kHz (no eye lens motion).
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Figure 2.6 shows a typical averaged signal from an eye lens exposed
P to a 30 kW microwave pulse. This was obtained with the interferometer beam
reflected directly from the lens. The 10 nm scale calibration shown was
derived from reference mirror signals similar to Figure 2.5. Significant
variations in the magnitude of motion of the surface were seen for
PY different lenses exposed to the same pulse powers. The age of the lenses
used and their orientation in the chamber varied also.

The arrangement using a mirror (Figure 2.3) was made operable
o only at the very end of this contract effort. It proved quite difficult
to "“find" the surface reflection, i.e., to align the focusing lens-mirror-eye
lens system so that an interference pattern was obtained. Data was taken
for one lens for both direct and mirror mediated reflections and is shown
in Figure 2.7. The lens did have to be reoriented between the runs
shown because the zonule ring was obscuring the direct reflection. The
magnitude of surface motion seen for both points is small compared with
that of Figure 2.6, perhaps because the lens was exposed 24 hours after

@ extraction., However the data does show that the first maxima of both
points are in phase, which would not be the case for bulk translation of
the lens.

® Microwave pulse exposures were also made with the interferometer

object beam refiected from the surface of the lower support pedestal and
directly from the dielectric mirror. The control data obtained showed
negligible motion of the pedestal or the mirror.
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3. THEORETICAL MODELS
3.1 Introduction: Goals of the Modeling Effort

As the experimental investigation of microwave-induced eye lens
motion proceeded, results were obtained which needed to be reconciled
with the hypothesis of thermoacoustic transduction as the operant coupling
mechanism. In addition more detailed calculations of the magnitude of
expected thermoacoustic effects were needed to plan experimental design
sensitivities. Another need which arose was the prediction of natural
oscillation modes of the eye lens after excitation by a transient force
such as a thermoacoustic wave.

3.2 Thermoacoustic Waves

When the equation describing thermal expansion is combined with
the relations governing the elastic motion of a medium, the so-called
thermo-elastic equations4 are obtained. These describe the stress and
strain of the medium in time and space as its temperature distribution is
changed, including the generation and propagation of thermo-elastic waves.
In near isotropic media, such as biological fluids and soft tissues, such
thermally produced elastic waves are solely 1ongitud1na15 (i.e., irrotational)
and at moderate amplitude correspond to ordinary sound waves.

Thermo-elastic waves of significant amplitude are produced when
the temperature distribution is changed quickly, and this is usually
accomplished experimentally by heating the medium through the absorption
of radiation. When the radiation used is visible and near-visible light,
the waves (and attendant phenomena) are called optoacoustic or photoacoustic6.
However the thermo-elastic waves produced by microwave heating of an absorbing
medium are usually referred to as thermoacoustic waves.
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3.3 Microwave Absorption

To model thermoacoustic effects in the experiments described in
Section 2, the first problem which must be treated is the deposition of
microwave energy into the saline volume. In a simplified picture the
EM radiation fields within the waveguide may be broken down into two plane
waves counterpropagating along the axis of the guide. Although a sinusoidal
standing wave pattern can be synthesized from these two components, this
simplification does not allow for more complicated modal structures such as
may result from the presence of the absorbing saline volume. If the x-axis
is the axis of propagation with the chamber extending from x = -x to x = +§,
the strength of the electric field as a function of position for a wave
moving toward negative x is:

£ (x) = £, LB (F (- o) s () F() ) (3.1)

O 1-rF4(5)

where

F(y) = exp(iZky - ay)

and k is the wave number in the saline, a is the absorption coefficient,

r is the reflection coefficient (for e-field, not energy) at the saline
surface, and Eo is the incident field strength. In this treatment the
presence of the lens, its supports, and other structures within the saline
volume is ignored as a minor perturbation. For the field Ez(x) of the

wave propagating toward positive x, the quantity x is replaced by -x in the

expression for El(x); this neglects the fact that one wave comes directly Sl
from the microwave source while the other is a reflection from the shorting ;i;T-:ﬂ
end plate and will therefore be downstream from one pass through the chamber. A

Since the attenuation of the total wave front from one pass is not known, *
it will be ignored at present. The two field components must be combined REES
to find the energy deposition as a function of position. Although a 'jr?{f%

standing wave is formed by two counterpropagating waves whose phase
relationship is constant, the case in which the two waves E1 and E2 add T
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together incoherently (random phase) can also be considered as a means
of taking into account the unknown, possibly complex, mode structure in L
the waveguide cavity. Since the energy absorbed at any point is

proportional to the field strength squared, the coherent (fixed phase)

case is: o
®
I{x) « !E1 + EZ{Z = EOZD(1+reaicos 2ks + rze-zas)(cosh ax + cos 2kx)
(3.2)
and the incoherent case is: o
I{x) « [Ellz + !EZ}Z = EOZD [(1 + rze-ai) cosh ax + (4re-“£cos 2kz) co
(3.3) }
. 4
where
D= 2/(1 - orle™2hcos akg + r4e_4a£) R
LA
Thus the heat production rate as a function of position is ;}g'af
R(x) = al(x) = aIO [A cosh ax + B cos 2kx] (3.4) . -4
where I0 is the incident microwave power, and A and B are coefficients
containing the «, %, k, and r dependence shown in the previous equations
(note that for the coherent case, A = B). °
3.4 Thermoacoustic Wave Equation Solutions
With the heat production rate as a function of position now specified, [ )
the temperature, T, as a function of time and position can be found using the
heat conduction equation:
5T 2 - S
on 3T O xS T = al(x,t) (3.5) ®
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where o is the saline density, Cp is the specific heat, and » is the
thermal conductivity. For transient thermoacoustic phenomena occurring
in milliseconds, the effects of heat diffusion can be ignored (adiabatic
limit) for saline, leaving the temperature solution as:

T(x,t) = (at/on) I(x) (3.6)

When the microwave pulse (which began at t = 0) is completed at t = 1, the
temperature can be written as

T(x) = (ar/pCp) I(x) (3.7)

until heat diffusion becomes noticeable.

For thermoacoustic wave generation and propagation in a liquid
medium (shear modulus vanishing), the governing equation is:7

T (3.8)
C at

where U is the displacement, ¢ is the speed of sound {(equal to /8/0 where B
is the modulus of elasticity), and 8 is the coefficient of thermal expansion.
Since U is irrotational for longitudinal sound waves such as are produced by

temperature Xariations, scalar potentials may be used such as ¢ and ¢, with

U = Ty and %% = V= To with ¢ = %% . The potential ¢ is convenient for

liquids because the acoustic pressure p is given by:

d

<>

p=-c

3 (3.9)
Therefore the present problem of microwave-generated thermoacoustic waves
in the saline-filled sample chamber was mode]edAby solving the equation
‘2,« 3
Feo- L g A (3.10)
o 5 -

with appropriate initial and boundary conditions.
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The theoretical work in this area was reviewed, and various

derived expressions were used for crder of magnitude effects prediction.

However the case of a confined fluid volume with moderate radiation absorption

constants was not treated. Since the finite wall separation was certain
to introduce important differences from the standard semi-infinite medium
case, an effort was made to model the thermoacoustic waves in the specific
case of the sample chamber saline volume.

3.4.1 One Dimensional Treatment

The temperature distribution, as explained above, was assumed
to vary only along the waveguide axis (x-axis) in the adiabatic limit.
Since acoustic waves in a duct of transverse dimensions much smaller than
their wavelength may be approximated by plane waves,11

to model the thermoacoustic waves in the sample chamber in one dimension,

it was decided initially )

i.e., as plane waves propagating parallel to the waveguide axis. The equation

for ¢ was solved analytically and evaluated using typical experimental parameter

values. The results showed induced pressure waves of moderate magnitude but

‘-

fluid displacements of less than 5 picometers. These results were felt to be

an artifact resulting from confining the fluid to expansion in only one
dimension between two fixed end walls. An attempt was made to remedy this
deficiency by introducing the effects of the free upper surface through an

12 added to the saline compressibility.

open channel distensibility term
However this type of approximation was not appropriate to the fast time
scales of the pulsed microwave heating case. Furthermore, for the case of
a one dimensional.medium with fixed end walls as the boundary conditions,

it can be shown that any thermo-elastic wave generation is dependent on a

spatial gradient of heat production and that no waves are produced by uniform

heating of the medium.

For 918 mHz and saline, a'l

is approximately 5 c¢m so that there
is some variation across a 2 cm wide chamber due to absorption alone.
The wavelength is about 5 ¢cm in the saline so the variation due to

standing wave effects is comparable. However it is important to realize
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that if the one dimensional model were used in the case of negligible spatial
variation of heat production, it would predict no thermoacoustic effect when
in fact the free (upper) surface of the saline volume allows wave generation
even for uniform heating.

3.4.2 Two Dimensional Treatment

In view of the aforementioned shortcomings of the one dimensicnal
model, it was decided to solve the thermoacoustic wave equation in a two
dimensional treatment of the saline chamber volume. The horizontal axis
perpendicular to the waveguide axis was the direction along which negligible
variation in all quantities was assumed. The fluid was assumed to be
confined between fixed walls along the waveguide axis and to be bounded by
a fixed bottom wall and a free upper surface along the vertical axis.

The initial conditions for solving Equation 3.10 were that ¢ and
its time derivatives and T (the excess temperature above initial, uniform
temperature To) were zero. The boundary conditions were set for a volume
with rigid walls at x = + ¢t and y = 0 and a free surface at y = h. Since

v, = 3¢/3x and vy © se/2y, this gives
3¢ ) =
s - 0 (3.11)
X + s
3¢ =
< . (3.12)
y=20

for the rigid wall boundary conditions. For the free surface at y = h,
it may be shown that:13
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<
“2n i o¢ !
c 4 ‘l = -g g_._ ‘l (3.13)
® 32 | Y
y=h y = h
for a fluid in a gravitational field with acceleration g. Using Egns.
® 3.4, 3.6, and 3.7, the right-hand side of Eqn. 3.10 becomes
' ZF.Cosb.x 0 «<t«<=
s i i
R SR EA W
¢ ot l 0 t >
with F1 = (Sa/on) IOA
(
b1 = da
F2 = (EQ/OCD) IOB
L _
by = .2k
° A Laplace transform is used to transform ¢(x,y,t) to r(x,y,s) and Eqn. 2.10
becomes:
2 2 2 -S7 c2
c” Ttr - sfr = (1-e 7)) T I Fi cos bix (3.14)
3
. -
The rigid wall conditions (Egns. 3.11 and 3.12) become simply:
3T _ :
> . =0 (3.15) ]
' x =t ®
aT
- =0 (3.16) 1
Y oy=0 ]
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At y = h, Egn. 3.13 becomes:

s°r(y=h) = -g &= (3.17)

However, under the condition gh << cz, which is easily satisfied for a
chamber height h = 5 ¢cm and longitudinal sound velocity in water of
1.5 x 105 cm/sec, Eqn. 3.17 becomes egquivalent to:

The solution for © was found as: .
( 2 -5t cos b,x bic sin b.< cosh sx/c
T(x,y,8) = -c"(l-e 7)) ¢ F, +
! sz(sz;ﬁﬁcz) ;?i52+b2c2) sinh si/c
sin b« ® cosh [(52+(nLC) )1/2 1]
i cosh S)’/C - (_(_:_)2 2b.¢ = i (‘l)n L C
b.s 3 L it -
i s~ cosh sh/c n=1 2,nmcy2\% h
cosh [(s +( - 19) c
X cos(nzx/%) } (3.19)
s(s2+(12%7) (bl - (9%

After performing the inverse Laplace transform, the solution for the

velocity potential ¢(x,y,t) was found. The multiplying term (l-e'ST) in
T(x,y,s) in Egn. 3.19 allows the solution for ¢ to be written as:
t(x,y,t) = ¢'(X,y,t) - U(t-1) ¢'(x,¥,t-1) (3.20)
where .
0 fort <= RRNRANE
U(t-1) = RN
1 fort >+ EDRR
®
.‘.‘ .I '\.‘1
S '."' "‘-‘1
s
]
29 :.’-v:.:{. ~::
. .41
e e e e e e e e e T




’ °
i.e., U is the unit step function. The originating function ¢' is given by:
| °
‘ 2 § sin by: h2-y2 8h2
' (x,y,t) = -c" = F. < . + (F(y,/2h) + F(y_/2h)) :
i=1,2 ' | by 2¢? Gz - :
) °®
. 1 - cosh(n-y/:
. Zbi; sin bi; (3)2 - (_I)n COS&%?X/A) . cosh r21~‘h/,~ .
Yon=l (bic) -(nrc/5) (n=c/%)
) °
% - (-1)P cos Lt cos((2g-1)wy/2h) } (3.20)
S op=le (2p-1) L
®
where
w n
(F(y/2n) + Fly_s2n) = & 1 Mo cosq(an-1)my/2n) cos((2n-1)rct/2n)
' ™ n=1 (2n-1) -
} [
and
) LZE (cTr/L)2 (n2 + (1/2h)2 (2p_1)2) i g..‘
Applying Eqn. 3.9 to Eqn. 3.20 and using the fact that ¢' = 0 for t = 0 .
gives the following expression for the dynamic pressure: ;
°
] ] 1
P(Xsyst) =P (X,y,t) - U<t_7)p (XQY9t'T) (3'21) "
where _'f f-;
_ 3
, | sin bt g4y *
p'(x,y,t) = oc : ¥ b7 c Fry,/2h) -F'(y_/2h) ‘
. Zbii sin biz (%)2 c (-1)" cosénvx/i) . % : (_l)p sin Lt cos((2p-1)ny/2h)>} ° ;
n=1 (bic) -(nmnc/«) p=1 (2p-1)L e
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and

o n
Frly,/2n)-F'ly_s2n) = - S o Ll cos((2n-1)-y/2h)sin((2n-1)~ct/2h)
h=" n=1 (2n-1)

From the original definition of ¢, the expression for displacement is seen
to be given by:

U = /dt Te (3.22)
0

For example the displacement in the x-direction is given by:

UX(XS.YQt) = U;((Xa_y,t) - U(t'T)U;((X,_Y,t‘T) (3.23)
where
u. = 2 CFy2biiosin bus (%)2(%) (-1t 2 Sig(nﬁx/f) 5
i n=1 (bic) - (nmc/¢)
t( 1 - COSh nm /; ) = .
X cosh%nwh/xg L4 (-1)P sin Lt cos((2p-1)ny/2h)
(nwe/t)° T p=1 (2p-1) L3

Examination shows that the sums in the expressions for pressure and
displacement converge fairly rapidly. Eqns. 3.21 and 3.23 were evaluated
over a sequence of times for a set of representative parameter values
using a computer to perform the summations to reasonable accuracy. Typical
results are shown in Figures 3.1 and 3.2.

The calculations shown in Figures 3.1 and 3.2 were made assuming
a 30 kW, 10 usec microwave pulse of wavelength 5 cm (in saline) absorbed
by a2 x2 x5 cm3 chamber with an absorption coefficient of 0.2 cm'1
and a reflection coefficient (electric field) at the walls of 0.64.
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The sound speed was taken as 1.5 x 105 cm/sec, and the pressure and fluid
displacement are calculated for a position 4 c¢cm from the bottom (1 cm below
the surface) and displaced 0.5 cm in the x-direction from the center vertical
axis of the chamber. Both figures represent calculations made using the
incoherent electric field distribution (Egqn. 3.3). In fact in the several
computer runs made, no gqualitative difference between the incoherent and
coherent cases was seen as reflected in the pressure and displacement results;
the quantitative differences were less than a factor of two. The pressure
curve in Figure 3.1 can be explained qualitatively as follows. An initial
increase in pressure is seen which is a combination of a wave originating
from the nearest end wall and dependent on the spatial variation of the
temperature distribution (x-direction) and a larger pressure wave caused by
the free surface one centimeter (6.7 psec) away (y-direction). The other

end wall wave arrives at the end of the initial overall pulse (~ 13 usec),
and subsequently alternate waves from the two end walls bounce back and forth
creating a standing wave of period ~ 6.7 vsec. After another 50-60 usec

the large pulse returns with inverted phase after reflection from the fixed
bottom. With no dissipative terms included in the model, this behavior would
continue with the appropriate periodicity. The x-component of displacement
shown in Figure 3.2 is proportional to the pressure gradient in the x-direction
and as such does not show directly the effects of the pressure waves
traveling in the y-direction. The period is twice that of the standing
pressure waves in the x-direction.

The dissipation or dampihg of these thermoacoustically generated
waves has not yet been quantitatively addressed. Energy will be lost
through a combination of viscous damping (heat generation) in the fluid,
radiation through the free surface coupling to the air above, and some
flexing of the assumed rigid chamber walls.

3.5 Oscillation of the Eye Lens
With the above results of calculation of the pressure waves in

the sample chamber, it became necessary to consider the effects on the eye
lens. Specifically the question arose: why are the lens surface motions
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observed at a much lower frequency than the calculated pressure/displacement
waves (500 Hz vs. 100 kHz)? The displacements observed were somewhat larger
than calculated but not to the extent of the frequency discrepancy.

As a first approximation toward calculating its vibration characteristics,
the eye lens may be treated as a homogeneous elastic sphere. The oscillatory

modes of such a body have been calculated in detaﬂ.14

In the original
proposal for this program of investigation, the frequency of the lowest order,
purely compressional mode was estimated to be on the order of hundreds of
kilohertz for a sphere the size of the murine lens with the compressibility of
typical biological tissue (close to that of water). However, other modes of
Tower specific energy exist which involve elastic deformation without
compression.14 The Towest order frequencies of these modes are in the hundreds
of hertz range for the homogeneous eye lens model. These modes also have the
property that they can be excited in a sphere by an incident plane wave in the
surrounding medium.15 It would be inappropriate to present these solutions

in detail here because their application to the thermoacoustic wave/eye lens
problem has not yet been worked out. A hypothetical scenario based on the
ideas covered here will be presented in Section 4.

It should also be noted that the oscillatory modes of a spherical

droplet whose motion is governed by surface tension have also been worked 0ut.16

If it were to be found that the deformation of the lens body were mainly governed
by the elastic properties of the lens capsule, these solutions would be used
to predict the natural oscillation frequencies. The frequency of the Towest

order mode is given by:16

/

T 2u/f25R3 (

Ly
n
=Y
S

where » is the surface tension, ¢ is the density, and R is the radius.
From observation during handiing, it appears that the lens capsule has
a restoring force or "surface tension" of the order of magnitude of a
drop of water. If the value of o for water is used, the above equation
predicts a lowest frequency for a sphere 1ike the lens of a few hundred
hertz.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1 Limitations

in the following parts of this concluding section, a hypothetical
scenario will be presented to explain the experimental data in terms of the
theoretical modeling results. However, it is clear from the descriptions
of Section 2 above that substantially more measurements must be taken to
define with any certainty the overall motion of the eye lens surface after
microwave pulse exposure. Data on motion during the first 500 microseconds
is also lacking due to equipment limitations. In addition, several key parts
of the modeling effort such as the coupling of the plane thermoacoustic
(compressional) waves to the low frequency (non-compressional) vibration
modes of the eye lens sphere have yet to be worked out in detail. Finally
many of the assumptions used in the modeling effort need to b2 checked by
experimental measurement (e.g., determine the actual coefficient of restitution
of a murine lens); these needs will be listed in the recommendations given
below.

With an awareness of these clear limitations of both the present
experimental data and the theoretical modeling effort, the following scenario
is described. It is certainly not the only possible explanation of the
unrestrictive data points, but seems to be a probable one in the context of the
theoretical results.

4.2 A Physical Scenario

As the microwave pulse arrives at the shorted end of the waveguide
containing the saline-filled sample chamber, a mode structure with strong
coupling into the absorbing fluid (reflected power down by 10-12 dB) is
established in a time of order of the wave period (~ 1 nsec). The microwave
energy is deposited in the absorbing media (saline and lens) as two ccunter-
propagating waves along the waveguide (x-direction) axis.
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Through the well-known thermoacoustic effect, this heating by
the microwaves produces plane acoustic waves propagating through the
saline. These include both waves traveling along the x-aris, caused by
the spatial variation in thermal expansion against rigid walls, and waves
traveling in the vertical (y-axis) direction, caused by thermal expansion
with a free surface. For purposes of the initial generation and propagation ' °
of these waves, the eye lens is indistinguishable from the saline fluid
with similar absorptive and compressional properties.

However the eye lens tissue also has a finite elastic shear modulus, °®
a quantity which is essentially zero for the saline. While the high frequency
acoustic waves are quickly damped in the lens, the continuing impact of the wall-
reflected acoustic waves in the saline excites fundamental, low frequency
spheroidal oscillations of the Tens body in which the energy is stored as ®
equivoluminal elastic distortion rather than compressional changes. There
may also be a coupling, subject to symmetry constraints, of the initial
compression waves in the lens directly to the equivoluminal modes. Although
the fast thermoacoustic waves in the chamber decay away fairly quickly, the ’0‘
eye lens continues with an observable low frequency oscillation for several
miiliseconds. These oscillation modes have an axial symmetry consistent
with plane wave excitation and with support of the sphere at one or two
diametrically opposed points. L

Since these low frequency, equivoluminal oscillations could be
expected to occur during the normal mechanical shocks of the organism's
life, the cataractogenic damage observed in the microscopic studies is L

most likely caused by the initial compressional acoustic waves as they pass
through the lens.

4.2 Recommendations 1

PSS

By using the above scenario as a working hypothesis, a number of
recommendations can be made for both experimental and theoretical work to R
confirm, modify, or deny its various tenets. Experimentally, a number of n 1
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questions could be answered if the putative thermoacoustic waves in the
chamber were directly detected. Their frequency, amplitude, and decay P

ke A

rate are all desired quantities. It is also very desirable to obtain data
on the elastic constants of the murine lens ejther by experimental
measurement or literature search. Lastly, as a continuation of the present

AL A A A At

experiments, more data on the eye lens surface motion at different points ‘
should be taken to define the oscillation mode, and the first 500 micro-

seconds after the start of the microwave pulse should be examined to see

if the initial thermoacoustic impulses can be detected. Also of interest

would be an experiment designed to enhance the excitation of the low ®
frequency lens mode by operating the transmitter in a burst mode in which

the microwave pulses arrive in a short train whose pulse separation time

matches the mode period.

e i aA e A x At a A

®
In the area of theoretical calculations and modeling, an estimate
of the acoustic wave decay rate due to dissipative processes is needed for
the conditions involved. Also the two proposed mechanisms for excitation .
of the low frequency lens modes - coupling from a lens compressional mode f o
and coupling from an external acoustic wave - must be modeled with some e _i
detail to get estimates on the amplitudes expected and the transition times _{;fﬁﬁ
involved. _,a‘ﬁzi
*
Ultimately, of course, the question of the lens’' nonhomogeneous 2
structure17 must be addressed. This aspect of the problem is fundamental
to understanding how the acoustic waves cause damage to the lens structures.
Experiments in which lenses (in vitro or in vivo) were subjected to acoustic LA
waves generated by means other than microwaves but matching the thermoacoustic ‘
frequencies and amplitudes might be contemplated as a means of confirming -
the nature of the damage mechanism. B ;~"%
o
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4.4 Postscript

A1l of the work described in this report, both experimental and
theoretical, has centered on the exposure in vitro of murine eye lenses to
pulsed microwaves. Specifically, the extracted lenses were exposed while
immersed in a small volume of saline solution. This arrangement was used to
closely duplicate the original work which found precataractous damage due
to pulsed microwaves.1

Ultimately, however, these results must be related to the Army
problem as described in Section 1 and therefore to eye lens exposure in vivo.
In the human eye, the lens is virtually surrounded by fluids: the anterior
surface by the aqueous humor and the posterior surface by the vitreous
humor. Thus under pulsed microwave exposure the lens could be subject to
extrinsic thermoacoustic waves generated in the humors. However, as the
dimensions are smaller, the generation of thermoacoustic waves due to spatial
variation in heat deposition becomes less effective. Nevertheless the other
mechanism seen in the saline volume case, namely generation of waves from the
free surface, will be operable in the situation in vivo also. A totally
"free" (pressure equal zero) surface is not required; only one which can move
or flex in response to an increase in pressure. The schlera, which maintains
its shape mostly by the internal pressure of the eye f1u1d5,18 fits this
description.

So does the capsule of the lens jtself, which leads natura]iy to
the question of intrinsic thermoacoustic waves generated within the lens
itself. This issue was not addressed in the physical scenario presented
above in which no distinction was made between the surrounding saline and the
Tens during the wave generation process. Since the lens capsule does in fact
constitute a flexible yet resilient boundary, it is clear that intrinsic
thermoacoustic effects are possible. Their presence and magnitude could be
estimated if the mechanical properties of the lens and its capsule were
known and perhaps detected by surface motion measurements on a naked lens
during microwave pulse exposure.
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