
of workers (17) and has recently been
proposed as a nonradiative model for
aromatic hydrocarbon-induced carcino-
genesis (18).

There is no experimental evidence
relating chemiluminescence to any
mechanism for carcinogenesis. How-
ever, cigarette smoke contains relatively
stable carcinogens that may be' met-
abolically activated. The spontaneous
chemiluminescence observed indicates
the potential for the production of elec-
tronically excited states within the lung
over and above those metabolically pro-
duced excited states proposed by An-
derson. The photon emission of ciga-
rette smoke provides a minimum num-
ber for the excited state product mole-
cules formed chemically.

Except for bioluminescence, in which
an evolutionary selection has been
made for chemiluminescent substrates
that give high photon yields, most
chemiluminescent reactions have very
low photon yields. The detection of
photon emission produced by these
highly exergonic chemical reactions is
in one sense fortuitous; nonradiative
pathways and fluorescence quenching
might have been so efficient as to make
the luminescence, and therefore the
presence of these reactions, undetecta-
ble. A possible interference in experi-
ments on the promotion of carcino-
genesis of tars by photoexcitation can
be inferred from the self-absorption
effect shown in Fig. 2a. A method for
painting tars on the skins of mice and
rabbits calls for a 50 percent solution
(weight to volume) in acetone (12).
This slurry produces a thick layer of
tar so that incident light is absorbed by
the outer layers of tar molecules-
those not in contact with or absorbed
by the skin. In view of the transient
nature of the unstable radicals in ciga-
rette smoke and their possible involve-
ment in the promotion of carcinogene-
sis by activation of carcinogens already
present, or as activated carcinogens
themselves, it would appear that experi-
ments attempting to relate cigarette
smoke to carcinogenesis should also
mimic the true physiological time ex-
posures of the test organisms to the
observed chemiluminescence [see also
(3)].

Carcinogenic aromatic hydrocarbons
are present in the air we breathe as the
result of the burning of organic materi-
al, exclusive of tobacco. When tars and
other latent carcinogenic molecules are
already present in the lungs, the inhala-
tion of chemiluminescent precursors in
smoke from any source, as well as

256

from tobacco, could result in a chemi-
cally mediated electronic excitation of
these molecules, that is, a promotion
of carcinogenesis. The long-lived nature
of the chemiluminescence from smoke
implies that, while smokers who inhale
subject their lungs to relatively high in-
tensities of chemiluminescence because
of particulate retention, the chemilumi-
nescent emission that occurs from ex-
haled smoke and the side-stream smoke
subjects smokers and nonsmokers alike
to a significant chemiluminescent dose.

H. H. SELIGER
W. H. BIGGLEY
J. P. HAMMAN

McCollumn-Pratt Institute and
Department of Biology, Johns Hopkins
University, Baltimore, Maryland 21218
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unequivocal biological effect of micro-
wave radiation that is not accompanied
by or produced by observable tissue
heating. Because of the current debate
over possible effects on the central ner-
vous system of low-power, radio-fre-
quency radiation (2), it appears im-
portant to understand the underlying
mechanisms for this phenomenon.

Electrophysiological experiments in
cats have demonstrated the presence of
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Microwave Hearing: Evidence for Thermoacoustic Auditory
Stimulation by Pulsed Microwaves

Abstract. Acoustic transients can be thermally generated in water by pulsed
microwave energy. The peak pressure level of these transients, measured within
the audible frequency band as a function of the microwave pulse parameters, is
adequate to explain the "clicks" heard by people exposed to microwave radiation.
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auditory evoked responses after ex-
posure to pulsed microwave radiation
identical to that which elicits "clicks"
in humans (3). In the study reported
here we show that this same radiation
generates substantial (> 10 dyne/cm2)
sound transients in water, the major
constituent of soft tissue. The peak
pressure level of these transients, mea-
sLired within the audible frequency
band as a function of the microwave
pulse parameters, is consistent with
psychophysical observations of the
loudness and threshold of this micro-
wave "hearing" effect. We believe that
the "clicks" are the perception, by bone
conduction, of these thermally gener-
ated sound transients.
The conversion of electromagnetic to

acoustic energy by the surface heating
of a liquid is well known (4, 5), for
example, in connection with shock
waves produced by a Q-switched laser
(6). It is apparent that pulsed micro-
wave energy is also capable of generat-
ing acoustic transients in absorbent ma-
terials. To illustrate this effect, assume
that a uiniform beam of electromagnetic
energy of intensity 1, (in watts per
square centimeter) is directed at the
surface of a fluid with an absorption
coefficient a. The radiation intensity
1(x) at a distance x from the suLrface
is given by

1(x) - IT exp(-ax)

where T is the fraction of the incident
energy transmitted into the fluid, the
remaining energy being reflected. For
2450-Mhz microwave energy incident
upon physiological saline (or upon soft
tissue) at 37°C, T and I /a are approxi-
mately 0.4 and 1 cm, respectively (7).
Assume that the beam is turned on at
time t = 0 and off at time t = T. The
fluid will expand as it is heated by this
pulse and send out a pressure wave.
The maximum velocity, 11, of any small
element of the fluid will be proportional
both to the maximum rate of tempera-
ture rise (aTl,)/C,)Jp, where C,, is the
heat capacity at constant pressure, J is
the mechanical equivalent of heat, and
p is the fluid density) and to ,B, the
volume coefficient of thermal expan-
sion. Since the instantaneous sound
pressure is directly proportional to the
particle velocity, an approximate mea-
sure of the peak sound pressure pro-
duced by the absorbed energy is (5)

_CpflT (1 )Pt, - d()
where c is the velocity of sound in the
fluid. A careful calculation must take
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E

-,100 psec4-
Fig. 1. Oscilloscope traces showing the
acoustic transient (upper trace) produced
by a 27-lAsec, 2450-Mhz microwave pulse
of intensity 5.3 watt/cm2 (lower trace)
incident upon 0.15N KCI solution at 250C.
The solution was contained in a cubic
Lucite tank, 30 cm on a side. The latency
between the microwave pulse and the first
recorded transient is equal to the propaga-
tion time of sound from the front surface
of the tank to the hydrophone; a reflection
from the rear surface of the tank is also
shown. This microwave pulse would elicit
a "click" in most subjects.

into account the boundary conditions
upon the fluid. It can be shown (5) that
a pulse of electromagnetic energy of
duration T directed at a free (that is,
unconstrained) fluid surface should pro-
duce both a positive and a negative
pressure transient, of peak amplitude

P.na=-+- (Po/2)[I - exp(- acx)] (2)

corresponding to the leading and trail-
ing edges of the pulse, respectively. For
incident energy of intensity 1 watt/cm2
totally absorbed by water at 370C,
(P,,/2) is approximately 6.5 dyne/CM2.
We have verified these predictions,

Llsing a sensitive, electrically well-

shielded hydrophone (an experimental
model on loan from Chesapeake Instru-
ment Corporation) and containers of
various geometries filled with 0.1 SN
KCI solution. A microwave generator
(Applied Microwave Laboratories model
PH-40) coupled to a standard gain
horn (Waveline model 299) was used
to produce pulses of 2450-Mhz radia-
tion with a maximum peak intensity of
approximately 10 watt/cm2 and widths
of 2 to 27 Itsec. The microwave power
density was measured with a probe
(Narda model 8300). All measurements
were carried out in an anechoic cham-
ber lined with microwave-absorbent
material.
A typical result showing positive and

negative pressure transients with P,I,.R =

20 dyne/cm2 is given in Fig. 1. The
solution, at 25°C, was contained in a
cubic Lucite tank, 30 cm on a side.
The 27-1'sec pulse had a peak intensity
of approximately 5.3 watt/cm2 at the
fluid surface. Most persons exposed to
this radiation would hear a distinct
"click." If 60 percent of the incident
microwave power is assumed to be re-
flected by the water surface, Eq. 2 pre-
dicts a peak sound pressure of 10
dyne/cm2; considering the relatively
large errors inherent in microwave
power measurements and the nonuni-
form surface heating produced by the
diverging beam, the agreement between
Fig. I and the theory is satisfactory.
The shape of the transient resembles
that predicted in (5) but is distorted by
the presence of the Lucite wall. That
the signal is due to thermal expansion
of the water was confirmed by using a

Fig. 2. The peak sound
pressure of the micro- I
wave-generated acoustic 1
transient, as a function C 100
of the microwave pulse E
width and filter band- ' 98.
width. Filter bandwidth:'
0, 200 hertz to 60 khz;
, 200 hertz to 40 khz; C4.96 \
A, 200 hertz to 30 khz; c\
0, 200 hertz to 20 khz.
The 0.15N KC1 solution o 94\
was in a large rectan-
gular expanded polysty- X 92
rene tank, at 250C. The
sound pressures were in-
creased by 2.9 db to a 90
simulate measurements
at 370C. The dotted lines ."
indicate the function . "
P,, oc L, (Eq. 1). This 2 5 10 15 20 25
figure shows that, for Pulse width (jsec)
short pulses, Po cc or, in
agreement with psychophysical observations of the microwave "hearing" effect. The
microwave intensity was adjusted so that the incident energy density per pulse was 80
,4j/cm2, the threshold for microwave "hearing" in an average subject.
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sample of distilled water and cooling
the solution. Between 00 and 40C the
signal was inverted and at 40C the sig-
nal vanished, in agreement with the
temperature dependence of the thermal
expansion coefficient of water. We have
also observed in vitro acoustic tran-
sients produced by microwave pulses in
such tissues as blood, muscle, and
brain; similar transients have been ob-
served in vitro in tissue after irradia-
tion by a Q-switched laser (8).
The first reflection from the rear

surface of the tank is shown in Fig. 1.
Superficially, the initial transient and
the following series of reflections (the
"flutter echo") resemble a burst of
white noise, which is exponentially
damped with a time constant of about
3 msec as the sound energy is trans-
ferred to the walls of the container.
The frequency spectrum of the burst
depends upon the microwave pulse
length and upon the geometry of the
container; shortening the microwave
pulse similarly shortens the initial tran-
sient but does not alter the decay time
of the reflected pulses.

Using a variable band-pass filter
(Kron-Hite), we have measured the
band pressure levels of the acoustic
transients that follow microwave pulses
of different widths (Fig. 2). The solution
at 25°C was contained in a large ex-
panded polystyrene tank. The pressure
levels were increased by 2.9 db to sim-
ulate measurements at 370C. The inci-
dent total energy density per pulse,
I0T, was kept constant at 80 uj /cm2.
This is the approximate average thresh-
old for microwave "hearing" in hu-
man subjects with normal hearing ex-
posed to 2450-Mhz radiation, for pulses
shorter than about 25 ,usec repeated at
a rate of three per second (3). For rela-
tively long pulses, Fig. 2 shows that
the Pma,x of the burst is directly pro-
portional to J0, consistent with Eq. 2.
For shorter pulses, Pn,a. depends upon
IOT and upon the filter bandwidth. This
is due to the exponential factor in Eq.
2 and to the broadened spectral distri-
bution of the transients. Within the
frequency band audible by bone con-
duction (200 hertz to 20 khz), the tran-
sition occurs at pulse widths of 20 to
25 /Asec. In a psychophysical study
Frey and Messenger showed, for pulsed
1245-Mhz radiation, that the loudness
of the microwave "hearing" sensation
depends only upon Io for pulse widths
greater than about 30 ,usec; for shorter
pulses, their data show that the loud-
ness is a function of the product, 4oT
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(1). These results are consistent with
our observations.
We observe that in water a micro-

wave pulse, at the threshold for micro-
wave "hearing" in humans, produces
pressure transients of approximately 90
db relative to 0.0002-dyne/cm2 peak
amplitude within the frequency band
200 hertz to 20 khz. If occurring with-
in the head, this stimulus could elicit
a "click" when some of the sound en-
ergy is coupled into the skull. Neither
the duration of the flutter echo pro-
duced inside the head by a microwave
pulse nor the threshold for perception
of this unusual stimulus is known.
However, 90 db is above the expected
threshold (- 80 db) for perception, by
bone conduction, of millisecond bursts
of white noise incident upon a subject's
skull in water (9). It is therefore rea-
sonable to believe that these thermally
induced transients elicit the microwave
"hearing" sensations in humans.

KENNETH R. FOSTER
EDWARD D. FINCH

Naval Medical Research Institute,
National Naval Medical Center,
Bethesda, Maryland 20014

carbide.

It has been shown (1, 2) that transi-
tion metal carbides have many of the
desirable catalytic properties of "noble"
metals (such as Pt and Pd) with re-
spect to hydrogen oxidation and hydro-
genolysis reactions, but there is no
detailed understanding of this phenom-
enon. Levy and Boudart (2) have pro-
posed that the increased catalytic activ-
ity of WC over W is due to the
donation of electrons by carbon to the
W Sd band, resulting in an electronic
structure similar to that of Pt. In this
report we test their hypothesis by di-
rectly comparing the density of unfilled
electronic states in the conduction
bands of W, WC, and Pt by soft x-ray
appearance potential spectroscopy
(SXAPS) (3, 4). The measurements are
sensitive to the catalytically active out-
ermost few atomic layers. Contrary to
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the hypothesis of Levy and Boudart,
we find that the width of the unoc-
cupied portion of the Sd band of W
actually increases on going from W to
WC. As expected, we find that the un-
occupied portion of the Sd band of Pt
is quite narrow, indicating that the
band is almost completely filled.

In SXAPS one monitors the total
x-ray emission from a sample bom-
barded with electrons as a function of
the energy of the incident electron
beam. The resulting curve exhibits dis-
tinct structure corresponding to the
excitation probabilities for core level
electrons superimposed on a smoothly
increasing bremsstrahlung background.
The background is suppressed relative
to the excitation structure by differ-
entiating the curve with respect to en-
ergy. Neglecting the finite lifetime of
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Surface Electronic Properties of Tungsten,
Tungsten Carbide, and Platinum

Abstract. The local electronic structures of the surface regions of tungsten,
tungsten carbide, and platinum have been compared. Contrary to the hypothesis
that the platinum-like catalytic activity of tungsten carbide results from the con-
tribution of carbon valence electrons to the Sd band of tungsten, the width of
the unfilled portion of the d band increases on going from tungsten to tungsten
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