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Washington, D.C., 1976), pp. 179-201; CF, is
stable at temperatures of at least 1200°C [see
(7, p. 310)].

12. F. Letkiewicz, Report EPA-560/8-76-003 (Envi-
ronmental Protection Agency, Washington,
D.C., 1976), pp. 72-73. Although certain African
plants can cleave single C-F bonds [R. Hall and
R. Cain, New Phytol. 71, 839 (1972)], no known
marine natural product contains C-F bonds [J.
Faulkner, Tetrahedron 33, 1421 (1977)].

13. The spatial one-dimensional, time-dependent
partial differential equation of mass transport
with photochemical loss was solved by Crank-
Nicolson finite-differencing with Az = 1 km and
At = 30 days. Eddy-mixing coefficients were
from D. Hunten [Profile A in Chlorofluorometh-
anes in the Stratosphere (National Aeronautics
and Space Administration, Washington, D.C.,
1977), p. 137]. Boundary conditions were as fol-
lows: at z = 0, a CF, input flux was either time-
varying as specified in the text, constant for a
steady-state calculation, or 0 when an initial CF,
profile was allowed to decay as a result of sinks;
atz = 90 km, the upward CF, flux is equal to the
integrated loss above 90 km from the previous
time step. Integrations of 300 years conserved

SCIENCE, VOL. 206, 5 OCTOBER 1979

mass to better than 1 percent as did steady-state
calculations.

14. R. Stolarski and R. Rundel, Geophys. Res. Lett.
2, 443 (1975); R. Watson, P. Smokler, W. De-
More, Publication 77-181 (Jet Propulsion Labo-
ratory, Pasadena, Calif., 1977).

15. N. Kameyama, T. Somiya, S. Nagaura, Y. Ko-
nishi, paper presented at the 12th International
Congress on Pure and Applied Chemistry, New
York, 1951; J. Henry and R. Holliday, J. Met. 9,
1384 (1957); T. Somiya and Y. Konishi, Koga-
kuin Univ. Res. Rep. 30 (1971), p. 72.

16. C. Slesser and S. Schram, Eds., Preparation,
Properties, and Technology of Fluorine and Or-
ganic Fluoro Compounds (McGraw-Hill, New
York, 1951), pp. 31-112; J. Katz and E. Rabino-
witch, The Chemistry of Uranium (McGraw-
Hill, New York, 1951), pp. 126 and 442.

17. H. G. Bryce, in Fluorine Chemistry, J. Simons,
Ed. (Academic Press, New York, 1964), vol. 5.

18. A. Cottrell, An Introduction to Metallurgy (St.
Martins, New York, 1967); D. Altman and M.
Farber, Progress Report 9-26 (Jet Propulsion
Laboratory, Pasadena, Calif., 1948).

19. A. Goldman, D. Murcray, F. Murcray, G.
Cook, J. Van Allen, F. Bonomo, R. Blather-
wick, Geophys. Res. Lett. 6, 609 (1979).

20. I thank F. Fehsenfeld, J. Margitan, R. Hamp-
son, G. Ray, F. Rowland, R. Rasmussen, and R.
Watson for useful discussions and S. Walters for
expert programming. Supported under NSF
grant ATM78-26728; the National Center for At-
mospheric Research (NSF-supported) provided
support for computer time.

8 March 1979; revised 24 May 1979

Deciphering the Scattering Code Contained in the

Resonance Echoes from Fluid-Filled Cavities in Solids

Abstract. From the echoes of elastic waves incident on inclusions in solids, one

may extract certain resonance features. These

‘

‘spectral lines’’ and their widths form

a code identifying the material composition of the inclusion in a way that resembles
spectroscopy. This idea finds applications in geophysics, materials science, and any
field dealing with materials containing inclusions.

The amplitudes of backscattered
waves returned by inclusions in vis-
coelastic solids, when plotted as a func-
tion of frequency, exhibit so many rapid
oscillations and complicated features
that until very recently it was not pos-
sible to extract the physical information
contained in them. The amplitudes of
these waves can be analyzed in light of
our new resonance theory of scattering
from cavities in solids (/, 2) and can be
used to identify, for a given shape of the
cavity, the material composition of the
filler substance. When a (spherical) filler
is set into oscillation by elastic (say,
compressional) waves incident upon it, a
set of modal resonances (fundamental
and overtones) gets excited in it; these
resonances characterize the filler as if
they were its signature. Since incident
shear waves excite the same resonances
in the filler, we will limit this analysis to
incident compressional waves and we
shall consider fluid fillers only. From the
usual spectral plots of the backscattered
wave amplitudes versus nondimensional
frequency x = kqa, it is possible to obtain
these resonances, which manifest them-
selves as narrow lines or wider *‘spikes™
(kg = w/cq, where w is the circular fre-
quency of the incident wave, ¢4 is the
speed of the compressional waves, and a
is the cavity radius). These plots display
a quantity which, for simplicity, we will
call *‘the echo.”” The way the resonances
of an unknown filler are thus being
used for purposes of material discrimina-
tion resembles the way chemical ele-
ments are identified from their optical
spectra. The resonances obtained from
the (heretofore physically incomprehen-

sible) echo plot lead directly to a deci-
phering of the code, indicating the com-
position of the filler material that is con-
tained in the echo. .

Plane p (that is, compressional) elastic
waves incident on fluid-filled spherical
cavities in solids produce two scattered
waves, one compressional and the other
shear (that is, s). The scattering ampli-
tudes f*? or f»* of both these scattered
waves could be analyzed, but, since all
the main points of this report can be
shown from either one of these, we
choose f7?(9). This nonmode-converted,
normalized amplitude can be shown (/)
to be

L0 S g6

a n=0 a
& Q2+ D)
S AP, 1
20 ik Pn(cos ) (1)

where the coefficients A, are given by ra-
tios of two 3 x 3 determinants whose
elements contain products of the filler-
to-matrix density ratio (that is, p,/p) with
various spherical Bessel and Hankel
functions and their derivatives, of argu-

- ments kqa and kga, and of order n. These

elements are determined from the
boundary conditions of the problem and
are given in (/). In the backscattering di-
rection 6 = 7, the Legendre poly-
nominals are simplified by means of the
relation P, (cos w) = (—1)". Figure 1
shows the plot of the modulus of this
summed backscattered amplitude for a
cavity filled with ethyl alcohol in an
aluminum matrix. This is the ‘‘echo”
containing the rapid oscillations and
complex features mentioned above.
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Fig. 1. Modulus of the summed backscattering amplitude f*”/a [denoted MOD(PP)] plotted
versus kqa = x, for an alcohol-filled spherical cavity in an aluminum matrix. More than 30 echo
oscillations are identified by means of the resonances isolated in Fig. 2, which are labeled by the

indices (n, €).

Adding 15 partial waves (n =0, I,
-+ + 14) in the sum of Eq. 1 with ¢ = 7
suffices to produce an accurate graph in
the range 0 = x = kqa = 10 of Fig. 1.

Considerable simplification is in-
troduced by analyzing each individual
partial-wave contribution rather than the
summed echo amplitude. The first row of
Fig. 2 shows the amplitude moduli
| f,??(mr)/al of the first two (n = 0, 1) of
the modes, which were added together to
obtain the curve in Fig. 1. Each one of
these modal contributions can be split in-
to the two portions shown in the second
and third rows of Fig. 2, also for alcohol
in aluminum. The second row displays
the moduli of the smooth ‘*background”’
contributions (analogous to the ‘‘poten-
tial scattering’” of quantum theory) of an
evacuated cavity, which are obtained by
repeating the preceding calculations set-
ting p, = 0. The third row gives the mod-
ulus of the difference of the two afore-
mentioned complex quantities. For each
mode #, these resonances are labeled by
an index ¢. The spike labeled ¢ = 1 in
each mode n is the fundamental, and the
others (¢ = 2, 3, - - -) are the overtones.
Each partial-wave plot can be physically
interpreted as the interference between
the smooth ‘‘potential scattering’’ back-
ground of an empty cavity and the reso-
nances of the filler. There are no approx-
imations involved in the calculation of
these figures.

Overlaying each set (¢ = 1,2, - - -) of
resonances for each mode (n =0, 1,2
- - -} on top of the summed amplitude of
Fig. 1 permits us to identify each ex-
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tremum in that plot, with the sets of
modal resonances contained in each par-
tial-wave contribution. The resonances
responsible for each wiggle of Fig. 1 are
labeled by indices (n, ¢), and over 30
wiggles are uniquely identified with reso-
nances in this fashion. Since each sub-
stance has its own set of identifying reso-
nances, we could construct a “‘library of
signatures’’ and compare the echo from
each new, unknown filler to the library
entries to identify the filler in this fash-
ion. It is not necessary to do this in de-
tail, since there are quicker and more di-
rect methods of identifying the filler from
the spacing between high-order over-
tones and their widths.

In earlier work (/), we displayed plots
analogous to Fig. 2 but for water (rather
than alcohol) in the same aluminum ma-
trix. For the case of water, the set of
modal resonances is different from that
in Fig. 2; hence, an immediate dis-
tinction between the two fillers is quite
evident. The location of all the reso-
nance spikes in fact identifies the ratio
ct/cq of the wave speed of the filler to
that of the matrix. The value of ¢; can be
found from the asymptotic spacing A be-
tween any two high-order consecutive
overtones shown in Fig. 2. For spherical
cavities in solids, we have shown (2) that
A (to be read from Fig. 2) becomes uni-
form for ¢ > | and it is A =~ m(c¢/cq). For
alcohol in aluminum, that relation gives
A = 0.59 (Fig. 2). Thus, knowing ¢4 for
the matrix and the spacing A between
consecutive, high-order, modal reso-
nances determines ¢;. Conversely, if the

filler is known, the size of the cavity is
determined. Incidentally, the same for-
mula for the asymptotic spacing is also
found to hold for cylindrical cavities.

A dependence of the resonance fre-
quencies on different cavity shapes may
be critical, but this may be used for ex-
tracting additional information from the
echo. The resonance frequencies of a
fluid enclosed in a prolate spheroidal
cavity are split into two different sets
fad? and £,/?, corresponding to standing
waves along a long or a short axis, re-
spectively. These two sets may be exper-
imentally separated as follows. If a com-
pressional wave incident on the cavity
travels along the long (or short) axis, the
wave will then excite only the reso-
nances of type £,V (f,/*). Traveling in
any other direction, it will excite both
sets of resonances with weights depend-
ing on the direction of incidence. (The ef-
fect of an incident shear wave is just the
reverse.) This allows a determination of
the lengths of the two axes and of the
cavity orientation.

For a given cavity shape, one may also
determine p;/p. This is found from the
resonance widths.

The expression for the widths found in
our earlier work [equations 34 and 35 of
(7)] leads to the relation

F, (i‘w‘ x) = Re z,(x) —
f
Im z,(x)
l—‘n€/2

(x = Xne) 2)
where the functions F,(x) and z,(x) are
also given in (/) (equations 26 and 27)
and the resonance frequencies x,,, are the
roots of the characteristic equation
Re z, = F,. Equation 2 can be solved for
pi/p contained in the expression for F,.
The result can be evaluated at a point
one half-width below any resonance
peak (thatis,atx = x,, — 1/2T,, = X,»)
and then expanded for x > 1. In this limit
the density ratio admits considerable
simplification, and it is eventually found
that

1
(€+g—%)z&ﬂf=t\;w 3

where the last expression holds for any
integer mode order n; and for (I'n¢/
2) < A, the latter conditions means that
the resonance half-width must be smaller
than the asymptotic spacing, so that con-
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secutive resonances do not overlap. In
this limit, the zeroes of the first ex-
pression in Eq. 3 are the zeroes of the
cotangent which occur at integer or half-
integer multiples of A (that is, Xpe X3 1
¢ + n/2 — 1/2)A, where ¢ is the integer
index labeling the pertinent high-order
overtone of any mode n). The indicated
evaluation in Eq. 3 yields

1
% ST " 0 +
+ —_— e —
(z : 2)A
2
% E;—{/ . (n, ¢, = integers) (4)

which in the high-frequency limit gives
pi/p in terms of A and the width I',, of
any (high-index) overtone ¢ of any mode
n. These are all either known or pre-
viously determined quantities. The
graphs of the function inside the curly
brackets of Eq. 3 plotted versus x are
steep in the vicinity of the resonances x,,,
~ (¢ + n/2 — 1/2)A, at which points
they go through zeroes. Therefore, the
evaluation points one half-width below

these resonances must be accurately de-
termined in order to obtain good esti-
mates of the density ratio as given in Eq.
4. For ethyl alcohol (p; = 0.79 gl/cm?,
= 1.213 x 10° cm/sec) in aluminum
(p = 2.70 glem®, ¢q = 6.420 X 10° cm/
sec), we find A = 0.593 and #%A* =
28.01. For the first (n = 1) mode, the
width of its tenth overtone (¢ = 10),
which occurs at x,, = €A = 5.93, is
I, = 0.06. This width is 32 too large
(2) since it is read from a plot of | f,*”I
rather than from a plot of | £,”?I?, which is
where the widths are commonly defined.
Substituting these values into Eq. 4
yields p;/p = 0.296, which contains
about a 1 percent error when compared
to the actual ratio 0.79/2.70. Thus, with p
for the matrix known, the simple relation
in Eq. 4 gives the filler density p;. The
filler fluid is completely identified once
its sound speed and density are deter-
mined by this asymptotic procedure.
One can use the method we describe
here to determine the material properties
of a fluid contained in a (spherical) cavity
inside a solid by analyzing the reso-

nances in the amplitude of elastic waves
scattered by the cavity. The resonance
positions and their widths are used to de-
termine the sound speed and the density
of the filler. The sound speed is found
from the spacing between two con-
secutive overtones of any mode, which
asymptotically becomes uniform for the
higher-index overtones. The density is
obtained from the width of any high-or-
der resonance by means of Eq. 4. There-
fore, for a given cavity shape, all the in-
formation about the material composition
of the filler can be extracted, from
the (high-frequency) asymptotic region
x> 1(or ¢>1).

This analysis is based on our (/, 2) res-
onance theory of elastic wave scattering
from fluid-filled cavities in solids. Sub-
tracting a suitable nonresonant back-
ground from the contribution of each
partial wave to the echo from a fluid-
filled cavity in a solid, we can determine
the resonances of each normal mode and
give a physical meaning to the individual
partial waves as interferences between
backgrounds and resonances. The family
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Fig. 2. Resonances (third row, labeled by the index ¢) of the modulus | £,””/al versus x = kqa, for the first two modes (n = 0, 1) of an alcohol-filled

spherical cavity in aluminum. The resonances are the result of subtracting the smooth ‘‘backgrounds’”

modal contributions in the first row.
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in the second row from the composite
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of spectral resonances thus found is used
to specifically determine which reso-
nance spike in which particular normal
mode causes each rapid oscillation in the
cavity’s summed amplitude |f*?|. Mak-
ing bistatic (that is, away from the mono-
static § = m direction) determinations of
[ fP?(0)/al from Eq. 1 at angles 6,,, cho-
sen to be the zeroes of P, (cos 6) for a
given n, we can eliminate the contribu-
tion from that »"" mode to the summed
amplitude in Eq. 1. In this way bistatic
measurements or calculations can be
used to suppress and further disentangle
the selected individual contribution of
any given mode » from the sum of all the
others. The use of this theory to decipher
the scattering code about material com-
position contained in the cavity's echo
has applications to a variety of problems
in geophysics, nondestructive material

testing, oil prospecting, and also to scat-
tering from bubbles in liquids or from
certain fluidlike substances (namely, tu-
mors) in animal tissue.
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Metabolism of Americium-241 in Man: An Unusual Case

of Internal Contamination of a Child and His Father

Abstract. The metabolism of americium-241 has been studied during an 8-year
period in an adult male and his son who, at the ages of 50 and 4 years, respective-
ly, were accidentally and unknowingly contaminated within their home by means
of inhalation. Chelation therapy with calcium trisodium pentetate was more ef-
fective in enhancing the removal of americium-241 from the child than from the fu-

ther.

During the past 8 years, sequential
measurements have been made of the in-
ternal americium-241 burdens of an adult
male and his son. Both are believed to
have received significant exposures in
their home beginning in 1964, when the

adult was about 50 and his son about 4
years old. Their contamination was dis-
covered at our laboratory in 1970, when
the man and child were approximately 57
and 10 years old, respectively (/). Since
then, the content and the distribution of

Table 1. Estimation and sequential measurements of **! Am distribution in an adult male and an
adolescent male.

Months Adult **'Am burdent (nCi) Adolescent **!Am burdent (nCi)
since
April .
]9%()’1‘ Lung Liver Skeletoni ggg;l Lung Liver Skeleton ll;(())éz;l
0 14.9 3.0 (70.1)72.1 90.0 7.8 10.0 17.9 36.4
12 15.5 2.6 (75.9) 38.8 56.9 4.6 5.2 9.9 19.7
17 19.4 3.1 (74.7)33.6 56.1 4.0 5.2 13.9 23.1
29 12.7 4.9 (70.1) 54.6 72.2 3.8 6.5 13.0 233
37 16.4 2.9 54.0 73.3 3.1 4.1 19.1 26.3
38 16.3 5.2 46.5 68.0 2.8 6.4 12.1 21.3
42 11.7 1.6 48.0 61.3 2.1 4.2 11.7 18.0
52 12.3 1.3 (40.2)42.4 56.0 0.3 3.8 14.7 18.8
57 10.4 0.7 (34.5) 50.2 61.3 N.D.§ 2.6 15.9 18.5
58 11.5 1.5 (40.2)41.3 54.3 0.3 1.8 10.1 12.2
75 9.3 0.4 (48.4)49.9 59.6 N.D. 2.3 10.7 13.0
93 9.3 1.5 (45.3)443 55.6 0.1 1.7 10.5 12.3

*Decorporation therapy was administered during the periods between months 0 and 12, 37 and 38, and 57
and 58. iNo error terms have been assigned to these values, since it was determined that unknown
positioning consistency, body size variability, detector refabrication, and changing biological distribution
of **'!Am will all account for errors that may be larger than counting statistics alone. fValues in paren-
theses are determined by extrapolation of skull measurement. Other values are determined as skeleton =
total body + lung + liver; values so obtained for 12 and 17 months may be in error because of detector
refabrication and calibration change. §Not determined.
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21Am in both subjects have been deter-
mined one or more times per year in a
whole-body counting facility with a low
background, using two or three thin
Nal(TI)-CsI(Tl) Laurer detectors (2).
These detection systems are specifically
designed to measure low-energy, pho-
ton-emitting nuclides while minimizing
contributions from Compton scattering
background radiations with pulse-shap-
ing coincidence electronics.

Americium-241 (half-life, 433 years) is
an alpha particle-emitting actinide that
also emits a 59.6-keV gamma ray in 36
percent of all decays, permitting its de-
termination in vivo by external counting.
Since *'Am is a trivalent actinide which,
on entering the body, is deposited pri-
marily in the liver and on skeletal sur-
faces (3), detectors were positioned in
configurations so that measurements
could be made of **'Am in the whole
body, the thorax (lung), the liver, and the
head (skull). Results of these measure-
ments, as determined from 1970 through
1977, are listed in Table 1. In 1970, val-
ues for the whole body content for the
man and his son were 180 and 72.8 per-
cent, respectively, of the maximum per-
missible occupational body burden of 50
nCi for an adult male ¢).

Most of the exposure presumably oc-
curred by inhalation, since (i) approxi-
mately 44 nCi of >*'Am was measured on
the basement air-conditioning filter in
1970; (ii) the gastrointestinal absorption
factor for 2*'Am is reported to be less
than 107* (4); (iii) the original source ac-
tivity was reported to be approximately
50 mCi, most of which is still on the re-
covered source planchet (5); and (iv)
early clearance of **' Am from the lung of
the father was observed. Furthermore, it
could be ascertained that the major part
of the total exposure occurred sometime
in 1964 by determining the 2*' Am content
of the youngster’s deciduous teeth and
by estimating formation and shedding
times of the various teeth types (6).

The estimated lung burdens for **'Am
in the adult and his son in 1970 were 14.9
and 7.8 nCi, respectively; these values
are approximately 93 and 49 percent of
the occupational lung burden limit of
~ 16 nCi for an adult. Estimates for lung
deposits were made from measurements
with two detectors positioned over the
anterior thorax. The contribution to this
count rate from activity associated with
the rib cage structure was determined
from measurements of *'Am in skull
bones and from the assumption of a simi-
lar concentration throughout the thorac-
ic bone structure (7).

Liver burden estimates were made in
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