UNCLASSIFIED

o 408 997

DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA. VIRGINIA

UNCLASSIFIED



ROTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data 18 not to be regarded by implication or cother-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



[oe——

D

caTALoceD BY DDC
as AD No.40899

ol
| ——
- -
- — ]
[T —_
—]

UNIVERSITY of PENNSYLVANIA
ELECTROMEDICAL LABORATORY

The Moore School of Electrical Engineei"ing

PHILADELPHIA 4, PENNSYLVANIA

DDC
A0 12

JUL 171968
NSRS
TISIA R

]



Best
Available
Copy




ONR

JECHNICAL REPORT NO. 36%

SCATTERING AND ABSORPTION OF MICROWAVES
BY DISSIPATIVE DIELECTRIC OBJECTS:
JTHE BIOLOGICAL SIGNIFICANCE

AND HAZARDS TO MANKIND

A. Anne

Principal Investigator: H. P. Schwan

Electromedical Division

The Moore School of Electrical Engineering
University of Pennsylvania

Philadelphia 4, Pennsylvania

% This report was submitted by A. Anne as a thesis in partial
fulfillment of the requirements for a Ph. D,



ACKNOWLEDGEMENT

Initial support for this work was provided by the Air Force
Contract AF 30(602). '

Since 1961 this work has been solely supported by the Office
of Naval Research, Contract Nonr 551 (05).



[ —
B

iii

INDEX

Absorbed energy, equation of
Anechoic chamber, calibration of

Concentric spheres,
Mie scattering coefficient of
relative absorption cross section of

Conductivity, of fatty tissue
of muscle tissue
at low frequencies

Dielectric Constant, Complex
of fatty tissue
of muscle tissue
at high frequencies
at low frequencies

Dielectric dispersion, equations of
Doll phantoms, scaling of
Far field of an antenna, criterion for

Fatty tissue, conductivity of
dielectric constant of

Homogeneous spheres,
Mie scattering coefficient of
Relative absorption cross section of

Microwave generator, calibration of

Mie scattering coefficient, definition
of concentric spheres
of homogeneous spheres

Muscle tissue, éonductivity of
-~ dielectric constant of

Page No.
44, 66
46
13, 39-41

14. 36 .38
42, 44

S OO S o0

>

80, 81

60

o~ O

14, 21-32
14. 21-32'
(3

56

13, 39-41
14, 2l-32



iv

INDEX

Power density, calculation of
measurement of

Propagation constant

Rayieigh law of scattering

Relative absorption cross section, definition .
of concentric spheres
of homogeneous spheres

Scaling of doll phantoms

Scattered energy, equation of

Scattering, from spheres
Rayleigh law of

Tissues, electrical substitutes for

x4

Page No.

60
6L -

18, 31

14, 36-38
14, 21-32,
n

80, 81

10

' 18, 31.



v

TABLE OF CONTENTS

Title Page
Acknowledgement
Index

Table of Contents
List of Tables

List of Nlustrations
Bibliography

L DEFINITION OF PROBLEM AND APPROACH

1,0 Introduction

2,0 Theoretical and Experimental Approach
3.0 Electrical Substitutes for Body Tissues

1. THEORETICAL STUDIES

1.0 Theory of Scattering

2,0 Computations and Results
2.1 Homogeneous Sphere
2.2 Concentric Spheres

1L EXPERIMENTAL STUDIES

oy
-

Introduction

Microwave Generator

(LI EPY
- E-X-X-ad

Results
5.1 Spherical Phantoms
.. 5.2 Doll Phantoms -

IV.  DISCUSSION OF RESULTS

V. CONCLUSIONS

Appendix () Theory of Scattering and Absorption of
Electromagnetic Radiation by Concentric

Spheres.

Anechoic Chamber and Antenna

Thermal Considerations and Phantoms

Page No.

kS s<pE-

15
15
33

45

45
46
56
62
70
70
12

87

95

101



Table

10

vi

LIST OF TABLES

’I‘i.tle

Dielectric data of muscle and fatty tissues £or
various frequencies

Comparison of measured and calculated values
of power density at various distances on the
axis of the horn

. Relative absorption cross sections of spheres

of KCl-dioxane -water
Physical characteristics of plastic dolls

Relative absorption créu sections of dolls
(Normal size)

Characteristics o£ saline solutions used to ﬁll
dolls for scaled meaaurementl

Rela.twe absorption cross sections of dolls
scaled to a man of height = 70 inches

Relative absorption cross sections of doll parts

Comparison of relative absorption cross sec-
tions of heads of the dolls and spheres of same
size

Relative absorption cross sections of mankind
based on three layer infinite plane slab model
for different values of skin and fat thickness at
frequencies of 150, 400, 900, 3000, and 10000
Mc/s

- Comparison of relative absorption cross

sections of concentric sphere and infinite plane
slab models for different values of fat thick~
ness when the skin thickness is sero

Pge No.

62

7

4
19
82

82

84

85

88

89




PosSw—

Fig\_u'e"

10

12

vii

LIST OF ILLUSTRATIONS

Title
Geometry of concentric sphere phantom

Relative absorption cross section of a sphere
€, =60, x} =1 mMho/cm, f= 2880 Mc/s

Relative absorption cross section of a sphere
€} = 60, x;=2 mMho/cm, £ « 2880 Mc/s

Relative absorption cross section of a sphere
€l = 60, x) =10, 26,3, 72 mMho/cm,
f = 2880 Mc/s

Mie Scattering coefficient of a sphere
€) = 60, x; = 1 mMho/cm, f= 2880 Mc/s

Mie Scattering coefficient of a sphere
€; = 60, ny = 2 mMho/cm, f - 2880 Me/s

Mie Scattering coefficient of a sphere
€] = 60, ny =10, 26,3, 72 mMho/cm,

£ = 2880 Mc/s

Relative absorption cross section of a sphere
€1 = 60, 74.5, x; * 26, 3 mMho/cm,
f - 2880 Mc/s

Mie scattering coefficient of a sphere

€ = 60, 74. 5, x = 26. 3 mMho/cm,

f= 2880 Mc/s

Relative absorption cross section of a aphel;e

6o ™ 60, kg, =10 mMho/cm, £ - 400, 2880,
10000 Mc/s

Mie scattez:ing coefficient of a sphere
€, = 60, n, =10 mMho/cm, £ - 400, 2880,

10000 Mc/s ‘ i

Rayleigh law for Mie Scattering coefficient

P_a_‘o No.

23
24

25

26

27

28

29

30



13
14
15
16

17

19

22

23

viii

Title

Relative absorption cross section for
9 < 0.03

Relative absorption cross section of
concentric spheres, £ = 400 Mc/s

Relative absorption cross section of

-concentric spheres, £ = 2880 Mc/s

Relative absorption cross section of
concentric spheres, f = 10000 Mc/s

Mie scattering coefficient of concentric
spheres, f = 400 Mc/s

Mie scattering coefficient of concentric
spheres, £ = 2880 Mc/s

Mie scattering coefficient of concentric
spheres, f = 10000 Mc/s

Relative absorption cross section of conce'n-

tric spheres as a function of shell thickness, -

f = 400 Mc/s

Relative absorption cross section of concen~
tric spheres as a function of shell thickness,
£f= 2880 Mc/s

Relative absorption cross section of concen-
tric spheres as a function of shell thickness,
£ = 10000 Mc/s

Anechoic chamber
Relative power pattera at 12 feet from the

horn antenna., (One layer of absorbing ma-
terial on the back wall).

. Relative power pattern at 12 feet from the

horn antenna, (Two layers of sb»rbhg mae
hrhl on the back wall) R

Page Np.
3z g
36

7

39

.42

43

41

49



29

30
a
32

3

34

36
n

38

ix
Title
Relative power pattern at 12 feet from the
horn antenna. (Two layers of abporbing
material on the back wall «~ staggered
second hyer).

Relative power pattern at 5 feet from the
horn antenna

Power density contours in a plane paraﬂal
to the horn .

Schematic diagram of the set-up to obtain
relative power pattern

Microwave generator calibration
Photograph of spherical phantom
Photograph of anechoic chamber

Temperature characteristic of the measuring
system

Relative absorption cross section asa f\mc-
tion of distance from the horn -

- Photograph of doll phantoms 7

Front, side, and top shadow cross settion
of doll No, 1 .

Front, side, and top shadow cross section

of doll No, 2

Front, side, and top shadow cross uctlon
of doll No, 3

52

55
58
64
65

67

69

73
75
76

7.



BIBLIOGRAPHY

Aden, A, L. and Kerker, M,: Scattering of electromagnetic Wavol
from two concentric spheres, J. Appl. Phys., Vol. 22,
No. 10, pp 12421246, October 1951,

e AMO. &. Saito' M. ) Salati. 00 M. md schwan. I'L p.: Penetl'l-

be

by

\J

tion and Thermal Dissipation of Microwaves in Tissues,
Report No., 62-13, Contract AF 30(602)-2344, Electro~
medical Division, The Moore School of Electrical
Engineering, University of Pennsylvania, Philadelphia,
14 June 1962,

Ely, T. 8. and Goldman, D. E, : Heat exchange characteristics of
animals exposed to 10 cm microwaves, L R,E, Trans.
PGME -4, pp 38-43, February 1956,

Hiat, R, E, et al : "Forward scattering by coated objects illumi~
nated by short wavelength radar", "The ineffectiveness of
absorbing coatings on conducting objects illuminated by
wavelength radar", Proc. L. R.E,, Vol. 48, No. 9, pp
16301635, 1636-1642, September 1960,

Hines, H. M. and Randall, J, E, : Possible industrial hagards in
the use of microwave radiation, Ele., Eng,, Vol. 71,
p 879, 1952,

Jacobs, E. : Fresnel region patterns and gain corrections of large
rectangular antennas, Proc. Fifth Conference on Radio
Frequency Interference Reduction, Armour Research
Foundation, Chicago, October 1959,

Mie, G, : Beitrage zur Optik triiber Median, Ann der Physik, vol.
25, pp 377445 (1908),

Penndorf, R. B, : New tables of Mie Scattering Functions for Spher-
ical particles, AFCRC~TR=204(6), AD-98772, Air Force
Cambridge Research Center, March 1956,

Scharfman, H, : Scattering from dielectric coated spheres in the
region of the first resonance, J. Appl. Phys., Vol, 23,
No. 1, pp 1352-1356, November 1954, .

. Schelkunoff, S. A, and Friis, H, P, : "Antennas: Theory and

Practice", Chapterl, John Wiely, 1952,



xi

ll. Schwan, H. P, and Li, K, : Hagzards due to total body irradiation
by radar, Proc. LR.E,, Vol. 44, No. 11, pp 1572-158),
November 1956,

12. Schwan, H. P, and Li, K. : The nicchanism of absorption of
ultrahigh frequency electromagnetic energy as related
to the_ problem of tolerance dosage, 1. R.E, Trans.
PGME, Vol. 4, pp 45-49, February 1956,

13, Schwan, H. P.,, Carstensen, E, L. and Li, K, : Heating of Fat-
Muscle Layers by Electromagnetic and Ultrasonic Dia-
thermy, Paper 52-206, AIEE Summer General Meeting,

. Atlantic City, 15-19 January 1953,

i4.Schwan, H. P. and Li, K. : Capacity and Conductivity of body
tissues at ultrahigh frequencies, Proc, L. R.E.,, Vol. 4],
No. 12, pp 17351740, December 1953,

15, Schwan, H. P. et al : Effectslof microwaves on mankind, 2nd
Annual Progress Report, Contract AF 41(657)129, Elec=
tromedical Division, The Moore School of Electrical
Engineering, University of Pennsylvania, Philadelphia,
March 1, 1959,

10, Schwan, H, P, : Alternating current spectroscopy of biological
substances, Proc, L R,E.,, Vol. 47, No. 1, pp 1841«
1855, November 1959,

i/, Silver, S, : Microwave Antenna Theory and Design, Chapter 15,
Vol. 12, Radiation Laboratory Series, McGraw-Hin.
New York 1949,

18, Stratton, J. A. : Electromagnetic Theory, Chapter IX, Sections
9. 25, 9. 26, 9. 27, McGraw-Hill, New York, 1941,

19, Tables of Scattering Functions for Sphc:rical Particles: National
Bureau of Standards, Applied Mathematics Senol-4. 25
January 1949,

U7 wm. Do B.. Monahﬂn. Jn Po. NichOI'on. W. J. m
Aldrich, J. J, : Biologic effects studies on microwave
radiation: time and power threshholds for the production
of lens opacities by 12, 3 cm microwaves, L R.E, Trans.
1'GME «4, pp 17-22, February 1956,



L DEFINITION OF PROBLEM AND APPROACH
1.0 introduction

Health ha'nrdo. resulting from the exposure of mankind to
strong sources of non-ionising electromagnetic radiation, have been dtp- .

cussed by several javestigators. (3,5, 14,12, 13, 14, 2;;0)

The harmful ot- j
fects of excessive amounts of radiation eithar.ruul.t from a general ’
rise in total body temperature or are limited to ‘olecﬂvo temperature .
rises of len‘itive parts of the body such as the ey[o. Present indica-
tions are that the effects of such ra.d'iation.are ca;:-ed solely by the
heat resulting from the ab.orbeé energy. It has :been.a.uum.d. in the
‘case of total body irradiation, that a fever corresponding to a temper-
ature rise greater than'loc is intolerable. Eyo cataracts are produced

(20) It thus

when the eye temperature elevation is of the order of 10° C.
appears that aigniﬁcant body tamporamro rise il the serious hasard
whenevor substantial part- of the body are exposed so that conditions ot
total body irndiat;on are gpproxi.mated. Based on this concept Schwan
recommended a tolerance douge of 10 milliwatts per square ceatimeter
of total body ;‘boorptio; for'the frequency range of interest to mankind.
If one wishes to interpret this tolerance dou;d in terms of the £?co '
field values of power @emuy, which il'oa_luy ;muugod. the absorption
.properttu of mnldn@ should be known."

sghwn and u(m have cdcuhud tlu pcrcomgo of drbom
radhtion mru cbnorbod by the hwnn body on the ummption that tlu

.l. ". ) . o '

T T S T
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'body extremities could be ignored and the trunk of the body could be ap=
pro:dxi;xiud by a three layer infinite plane slab made up of skin, subcu-
taneous fat and d'eef) tissue such'as muscle. ‘rhof t@ that porccmgo‘
of-absorbed energy may vary from 20 to 100 percent depending on fre- | ;
quency, fat thicknu‘l and skin thickness. | |
. 'I"ha object of this paper is to study theoretically and oxpott!
mentally the effecta of body curv;turo and sise and its extromiuu on |
the percentage of airborne energy that is absorbed by,mnki.nd. - ' '

2.0 Theoretical and Experimental Approach

Plnntomu which simulate the shape and t.ho ohctrtcd prop-
erties of ma.nkind. rather than animals are chosen to study the abcorp- ‘
tion properties of mankind to electromagnetic ndhtion. This is bo-
cause of the'fact that phantoms are stable, .roprodncibh and often sub~

"joct to theoretical analysis. . The behavior of aniaals involves many
‘unknown factors and is presently not subject to theoretical Mnh.
llnphntom studies one c;nma.kc as omtshcohnﬂo ofﬂuhmbody

£enen am alartwiral noint ot view as {s necessary to explore uﬂuhcm- :
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be compared. Even for plane wave fields, theoretical problems are
uvor‘ unless very simple objects such as spheres are chosen for the
ﬁluntom. For experimental work, any' shape may be used, II then ex~.
perimental and theoretica.l results show good agreement for simple
shapes, there vdll be conaiderable confidence in experimental results
for complex shapes such as the human body. Electrolyte mixtures of
KCI-Dioxaﬂe-water having the dielectric properties of human tissue,

have been developed by H. P. Schwan and H. Pauly. s)

These solu-
tions can be used to fill the phantoms for experimental work.

Scattering and absorption properties of any object can be
studied in terms of the quantities defined as follows.

The Mie scattering coefficient is defined as the ratio of the
total scattered power to the power that would be incident on the object's
geometric cross section prior to its insertion ﬁxto the field. .'

The reigtive_ absorption cross section is defined as the ratio
of the power absorbed from the incident field to the pow;g that would be
incident on the object's geometric cross section prior to its inu:ﬁon . |
jnto the field. |

It is apparent that this relative absorption cross section de-
termines the power absorbed by mankind from free field measurements.

'fho Mie scattering coefficient and the relative ablorpﬁon.
cross section were calculated theoretically for a hoﬁ:ogonoouo opﬁon

having the dieléctric properties of muiclo tlomﬁ and a ¢obcentric
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sphere where the inner sphere simulates the muscle d,uue and the outey
shell xiopreiontc the subcutaneous fat. The calcuhti(o’nn were based on
the theory of .catéering of electromagnetic 'ruuuon/by spheres ex-
posed to plane waves. {1, 18) Actually a sphere with‘two concentric !‘
shells, made of subcutaneous fat and skin, would l;e a better approﬁ-
mation of biological subjects. Preliminary estimates, however, have
shown that the computational time could not be ju'otiﬁed. Comparison
of the results for one concentric shell with those fjior the layered infi«

nite slab shows that because of the c_lo-e similarity, present data can
be extended to the two shell case. The relative absorption cross sec-
tion was determined experimentally for homogeneous spheres and dolls

of human shape of different sizes. The experimental results of homo-

geneous spherei compared well with the theoretical results.

3.0 Electrical Substitutes for Body Tissues

All body tissues fall within the following range of oioctricd
values throughout the total microwave frequency nngo.'
dielectrié constant ,’e ‘s 5 to :IO
| cond\u;tivity x = 0.1 to 200 miuimho;cm
relative permeability yu = 1 I
Depending on frequency and typc. of tissue, a variety of prob-
able combinations of dielectric conltu.xtl and conductivities within these
ranges are pouiblo.‘ As previously stated, electrolyte mixtures of ' |

water, Dioxane and KCl having suitable combinations of properties in



“Se
the above range are available. These electrolyte mixtures are easy to
use in ;a@ertmentd work with phantoms and allow adjustment of di-
electrtc‘ constant and conductivity throughout the range of interest.
The dielectric properties of these electrolytes depend on fr.-'.

quency. The frequency dependence is giv;n by the following express-

ions. .(15)
€ = ¢
[+ «
%
1+<§_}
fo
2
: (£/£,)
nmng + 2wE €, (6o = ) (2)
' ’ 2
1+(8/t)
waere . ¢ = dielectric constant at any frequency

6o ™ dielectric constant at low frequencies, i. e.,
fe<t, -

;c = dielectric constant at high &equucigo. Le.,
£> 1,

¢ =  permittivity of air

LI .conductivity at any frequency

X ‘.- | . conductilwity at low frequenciu

£ = operating frequency in cycles/sec

£ " = characteristic frequency of electrolyte

= 20,000 Mc/s for KCl-dtmno-wm'g mixture
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Table 1

Dielectric data of muscle and fatty tissues for various frequencies.

Frequency 1 Muscle Fat
Dielectric | Conductivity Dielectric | Conductivity
Mc/s Constant mMho/cm Constant mMho/em
" 400 60 10 6.8 0,78
2880 60 26. 3 4.5 L1
10000 49 170 3._3 2. 63

Muscle tissue has a low frequency dielectric constant of 60 and a low

frequency conductivity of about 10 millimho per cm. Since the muscle

tissue has high water content, its dielectric properties undergo the

(16)

' same frequency dependence as given by the above equations. The

fatty tissue on the other hand has dielectric constants and conductivities

which are about tenfold smaller than the dielectric data of the muscle

tissue. A summary of the dielectric data to be used for the two types

of tissues is given in table 1,




I.  THEORETICAL STUDIES

L0 Theory of Scattering
The solution of the problem of the scattering of a plane

electromagnetic wave by a sphere of arbitury size and electrical prop-

(N

erties was first given by Mie ~ in 1908. Stratton(m). ‘solved the same

problem by the use of orthogonal spherical vector wave functions. Tabs

ulated values for both scattering and absorption of a plane electromag=~
netic wave by a lossy dielectric sphere are given in reference 19 for a
limited range of parameters which are not of interest in the present '

(8) has tabulated Mie scattering functions for spherical

study, Pendorf
particles ‘having real refractive indices, i, e., no .electrh;al losses.

The solution of the problem of the scattering of a plane
electromagnetic wave by two concentric spheres of arbitrary sise and
electrical properties was given by Aden and Kerkerm. These formu-
las were used by Sgharfman‘” and Hiat“’ to calculate the scattering
cross section of a perfectly conducting sphere with a pure or lossy die~
lectric coating. Presently no data are awauable. on the absorption of
electromagnetic waves 'by two concentric spheres made up of lossy
dielectrics. |

The following discussion outlines the complete treatment of
scattering and absorption of a plane wave by a homogeneous sphere with
a concentric shell when the sphere and the shell are lou;y dielectrics
and are imersed in a medium of air. Also, it includes the reduction
of theseresults when the thickness of the. shell is sero and the limiting

. aTe



case where the radius of the sphere is small compared to the wavelength
of the électromagnetic radiation, .
Let us assume that a homogeneous isotropic sphere of radius

& & propagation constant k) is surrounded by a concentric shell of

]
H

Tadius a, and propagation constant kz and the whole is embedded in an n

The inner sphere,
N

inlicite medium of air with propagation constant k3.
the shell and the surrounding medium are called regions 1, 2, and 3,

" A uaiform plane' wave linearly polarized in the x-direction, is propa-
gated tarough the med;um"m the positive z=-direction (figure 1). ,

Assuming a time dependence of exp (jwt) ipr the electric and

.r:.a;r.etic fleid vectors and further assuming that the permeabilities of

tho threa regions are equal to the permeability of free space OJV) then

2o propazation constants are:

X, .-.-/w"' € € _ -=-iw ')C

k, b /l;“/.“'v ezev-"d’w/“\’xu . (4)"

' . Ve C . . /
-k, = fw* € - 2T LRl
3’f7;:_% A
waeTe : L
w = _angular frequency i.n‘radianl .
\ = wavelength in meters
=12

"6y m  .8.854x10 farads/meter (permittivity of air),

'
I
¢
o
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B = 1

5 g

s~
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“7 henries/meter (permeability of air)

. uv = 4w x 10
€)+ €, = dielectric constants of regions 1 and 2

K1s. % 2 = conductivity in mho/meter of regions 1 and 2

18) . '
Following Stratton , the scattered energy can be written as:

Wy = 2 ﬁ St (|G )

New|

.Ths total energy received by the sphere from the ﬁcldont.vuve

and then in part scattered and in part absorbed is given by:

o

G e eh)

; Qhore E; - the amplitude of the incident electric field in
volts/meter. - | |
The coefficients a.; and b: are re:inctively. the amplitudes
of oscillations of magnetic and olcqtric type of the external field and
are given by equations (8) and (9). (See Appendix I for derivation of the

coefficients).
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where

wl2e

A1) ’
o,
F(x) B emenn  gany o
N . rl” X
i
W - — =
: Jwo X
k
. 1 N 7“
1\ ky _ wE,
K,

op®a k= ":L‘l

A

(10)

()

a2)

a3)

(i,

{aSy
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: (2)
The functions J,(x) and b(x) are the spherical Bessel and Henksl

functions:

] m
9 '-"/?.-Tc e} as)

’ b —13 —— (x)
hoo = [T H“ﬂ; an

Mie Scatte Coefficient

The power that would be incident on the geometric cross section
of the q.:hero prior to its insertion into the field is given by the product
of the power density of the plane wave in free space and its geometric
cross sectional area, A= v a: .‘ In free space, the pmg'dondty P, of
a uniform plane wave is given by: '

¥ [e, E&F

fz ST — 2 — 'watthq-moter @8)

2/ 5y

The Mie scattering cosfficient K,, as previously defined ca page 3 is

-

'thon:

Wy 2 » ‘z" ~ 2—)3
i i Fe (T o
' TNay

Relative Absorption Cross Section
| The powes, W, absorbed by the non-homogenecus sphere from a




alé4e
\pnilorm plane wave fisld is:

w‘-wg-w. (20)

The relative .ubaorpﬁon cross section §, as previously deﬁﬁed on page 3
is

S: 1%—,; =-:(— (‘zm-o-l){&(% '“’N)"'(, ‘+‘b“‘z)5 (&)

Nu|

«Reduction to a Homogeneous Sphere

Jor the special case of a; = a ,and k ,» k, our model becomes a

-homogeneous sphere of radius a; embedded in air and oq\uttom (8) and

' (9) become:
P Jeb)  gpen) = Niow (ue)
sy Gy — N o7 (M)
A SR e (M) =M O ox (1)

Rl om (M) =N Bt

'- | | 18
which are identical with those given byl .Stutton( ). ‘

.Limitinl Case: qj<<1

If the wavelength of the incident plane wave is very large compared
to the radius of the sphere so that a; << 1 (eq. 14), the magnitude of the

electric and magnetic oscillations of second and highor‘ordor-ue small .

compsrod with the magnitude of the ﬁrot order oloctric oscillations. as) .

Under these conditions, the Mie oc.thrhg co.tﬂctont ud the relative
absorption cross section become:



'gy is proportional to 1-4 or the fourth power qf the frequency provided
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(2-0-&,) +(""6v’)" | o (28)

If ¢>> ], it can be seen from eq. (24) that the Mie scattering
coefficient is independent of the dielectric constant and conductivity of

the sphere., It is always.proportional to 014. Hence the scattered eners~

~ Gielectric constant and conductivity do not change with £r§qucncy. Tl

This is the well known Rayleigh law of scattering.
Equation (25) for the relative absorption cross section was previ- -
ously derivod under the assumption that the wavelength of the incident

rad.ation was large compared to the radi\u of the sphere. %) This is the

same as assuming the electrostatic case. From this equation it can also

be seen that the relative absorption cross .section is p;ropértio,ml to the

)
radius of the sphere and if ¢; >> .6-‘3;. it is proporticnal to the conductivity

of the sphere,

2.0 Computations and Results

2.1 Hom_&eneous Sphere'

The homogensous sphere model having the dielectric proportiu ol
muscle was used to provide a basis for the unlyato of omrimntd work
and to give m‘tuig'ht into the problem. 'rla Mie scattering coefliclent

..“,v,_‘. I
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and the relative absorption cross section were calculated as a function
of a;. Both quantities are functions of the i:arametero dielectric con-

stant, conductivity and frequency. Hence calculations were made to in-

. vestigate the effect of changes in one parameter when the other two were

kept constant. The following combinations of parameters were investie

‘gated:’ ,
&) =60 mml 210, 263,72  atf= 2880
b.) 'ek-{u.s' Xy = 26,3 at £ = 2880
c.) e m 60 %o 10 " “atf= 400, 2860,10000

where % is in millimho/cm and f is in Mc/s.

A low frequency conductivity, X , of 10 millimho/cm was used
for the muscle tissue in the calculations. In cases (a) and (b) the con-
ductivity, *,, of 26.3 millimho/cm corresponds to the above low fre-
quency conductivity at £ = 2880 Mc/s. In case (b) the dielectric constant
74. 5 is that of the saline solution at f = 2880 Mc/s. In case (a) the con~
ductivity values were varied around the conductivity of muscle tissue
(26.3 'mﬂlimhol cm) to study the effect of changes in conductivity when

the dielectric constant and the frequency were kept constant. In case (b)

' Mie scattering coefficient and relative absorption cross section were cal~

culated for saline solution. This in combination with (a) determines the

effect of variation in dielectric constant for constant values of conduc~ .

tivity and tnq\umy 80 that saline solution could bo used in the doll o:-

periments to be described later instead of KCI -diommur -oluan

which decomposes the plastic of the dolls, In case (c) the effects of
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changgl in frequency we‘re investigated for constant values of low fred
qucncy. conductivity and dielectric conotaﬁt. A frequency of 2880 Mc‘l [
was chosen so that theoretical and experimental results obtdned'wtth
an available microwave generator could be compared. The other two

frequencies were chosen to represent the lower and upper ends of the

, frequency range of biological interest. )

:' ' The equations for relative absorption cross section and Mie scat-

tering coefficient Qere programmed for solution on a Univacl Computér.

: The results of the machine computations are shown in figures 2 ﬂll‘b\l‘&ll
g o |

1l as a function of a. The calculations were performed for values of
9 in the following ranges: |
o = 0.01 to 2 in steps of 0, 01
2.2t0 6 in steps of 0.2 . Figures 2, 3, 5, 6
‘7 to 24 in steps of 1

’

K e 10,01 to 2 in steps of 0. 01
2.2t0 5in steps of 0,2 . Figures 4, 1, 8, 9,

'T .o 10, 04

6 to 10.in steps of 1

l 15 to 30 in steps of 5

4 50, 100

Looking over the data, several features of importance can be enumer-

T

ated,
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a) For °1«1

For small values of a, up to about 0, 3, the Mie scattering coeffie
cient K, is independent of conductivity and dielectric constant within
the range of parameters investigated ud increases according to ﬁay-
leigh's law as given by eéuftton (24)s The deviation becomes quite dis=~
tinct for values of a,, larger than about 0. 3 as shown in great detail in

figure 12 for one case,

The relative absorption cross section S increases linearly with
Y up to o = 0.03for all parameter values investigated. 'l‘hil io lhow;'l
by equation (25) and figure 13, Thus, for the range of parameters invese ‘
tigated, "electrostatic' field interaction is only realised if the particle
diameter is smaller than 351_5' of the wavelength,

b. ) For0.3?n1<6

This is the resonance region in which both S and K. oscillate,

It can be seen fronmi equations (19) and (21) that both S and K. depends on

r

the coefficients a: and b:: + The coefficients a, and b: are respecte

ively the amplitudes of oscillations of magnetic and electric type. These

oscillations are excited By the inc"ident field in the sphere, These are
not the natural modes of the lphe;-e. for all are synchronous with the
applied field, Whonovex'- the impressed frequency approaches. a charace
teristic frequency of the free oscillations ‘oi the sphers, re;omci phoaf
omena will occur, The characteristic téoqmnctu of magnetic oscillae

tions of the sphere satisfy the condition which makes the denominator |
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of a.: (eq. 22) vaniah.us) Likewise the natural frequencies of the elec-

tric oscillations of the sphere satisfy the condition that the denomina=
tor of bz (eq. 23) shall vanish, However, the characteristic frequenciss
of the sphere are always complex whereas the frequency of the applied
field is real. Consequently the denominators of a.: and b: can be re-
duced to minimum values, but never quite to sero, so that .the catastro=
phe of infinite amplitudu is safely avoided. It can be seen from figures
2 through 7 that the amplitgdes of the oscillations of both § and K' de~

pend primarily on conductivity and decreases conside'rably with increas-

in a* It is most pronounced near o, o3s

c.) For 9 > 1

Both the relative absorptidn crose section and the Mie scat- -

tering coefficient tend to be independent of frequency for specified values
of low frequency dielectric constant € and conductivi/ty Koo Ata givon
frequency, both are mdependent of conducthty values throughout the
range of 1 to 26 millimho/cm. As the conductivity increases beyond 26
millimho/cm, aowever, K, increases while S decreases.

d.) Changes in conductivity

As the conductivity is increased, the major effect on both the rela-

. tive absorption cross section (S) and the Mie scattering coefficient (i),
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figures 2 to 1, is a reduction of the amplitude of resonances for
0.3« gl' < 6.
¢.) Changes in dielectric constant ¢
For constant frequency and conductivity, the effect of an increuo'
in dielectric constant from 60 to 74. 5 is to .nhiit the re'uonant peaks to=
wards lower values of a; (figures 8 and 9), Foray> 6, as the dielectric
constant increases, Ks increases wi:ile S decreases, However, the |
changes in K, and S are less than 5 percent, )
£.) Changes in frequency
For constant values of low frequency conductivity x and dielectric

constant ¢, the effects of changes in frequency are somewhat greater

- for the relative absorption cross section (figure 10) than for Mie scattere

ing coefficient (figure 11) in the region 0, 3< o < 1. The effects of fre=
quency on S and K‘ outside of this region are less than 10 percent,
Returning to equation (21), it can be seen that the relative absorpe

tion cross section is of the form: o
/

s=r(§.'e-j;e—";-) | | . (26)
This equation states that S is a function of the ratio% fo0., of

the curvature and wavelength and of the complex dielectric constant,

Thus it is possible to increase the wavelength and radius by the same face

tor for constant s provide.d that the compleg dielectric constant is also

kept constant. Thus the re sults obtained at a ireﬁuoncy ‘1 N .conductivity

“'I-' » and radivs &, can be applied at a different troqugncy £3 ud radiue '



“~ 1 : (
b2 of 0% o2 o1 v0 .
M.

( 0

m
| -

-

<

m

@

7]

o

o

o

—

: o
N S

o

2

a

2 34Nnotd %

m

ybuaj anom = Y m.

o

3i1aydS ayj} 40 sSnIpoOY = 'p :)
s/om 0882 = 5 |

w/oyw w | = _VN
no=-12

2y ¢£6




yjbua) aaom = Y
2i9yds ayy jo snipoy='o

S/OW 0882 = #

ve o1 - ahu ] >0 o
1 ] ¥ ¥ j -0
m
) -
l 2
<
m
>
@
wn
. 9
N : ®
4
2P
) (@]
— 0
€ 34Nn914 3
wn
]
wn
m
O
4
(o)
b4
v

wooyww 2 ='%
09:'7

t 4
6€ 698




¥ 38n914

Eu\o..s..E 22 ..X —_—

Wyoyn werge 'y - -

WYoUNwW o)ty —
S/ON 0882 =3
09s')

0

- NOILI3S ssOy) NOILd¥OSaY 3AMLYI 3y
[
N




00!l b2 0l

S 34N9I14

yjbuajanop =v
ai13ydg ayy jo snipoy ='p

S/3N 0882 =}
wo/oyw | ='¥
09 ='3

l

l

Sy ‘J.TBIOI:L-ISOO ONIN3ILIVIS 3IIW
o]

i
<)




- ey

ol b2 o _ al o 10,
I Y
_Im.FN ﬂ!

—O’l
- =

M—oze
w
O
>
.Im

3 Ay

wulom
| =
L 9
:

S n__llo.v
9 uy:o_u -
| o

Yibua|aADM =V m )

a19ydg 8y} jo snipoy =lp 208
‘ S/O0N 088¢ = § =
ooy Z =X @

09 ='3 —o'9

—0%




oL 8 9 t 20 KXo
o¢ | T T o)
—1

Z

=

wn

(2]

o]

°

=3

[le]

(@]

[}

o
*-z

O

o

o |

/ 34N9id
ud/oyy WL = Y— —
wo/oyWWw €92 =Y —~—

uy/oypw Of =t —— e

09:l3
S/0P 0882 - }

ey o




227 -

g 3¥N9id

[
09 =3""""

g vl =3 T

5721 0882 =4
2

e m T _. ..‘J vl m ..\:;u

odd NOILdHOSEY IAILYI3Y

(%
NO11J3S SS




6 34Nnold

S/ON 0882= §
wosoun e gezs )
J

SR

I

;- ——
L h
l.u

!

v
..O

o

3
- -

59

1Ua1914330) BuisaTioos I

!
W
N




o1 3¥N9ld

$/ON 00} —
s/5W000'01 24 ===~

s/onN0882*d —
wI/OYNWWOol ox
0929

w4

-}

|
b
o

o't

NOILD3S SSO¥I NOILdYOS8Y JAILVTE
i

Len

o i $



o 08 05 Of 0¢ o8 9 v 4 1 80 90 v0__ <20
_ T -

et

I 34N9id

n
[
|
|
I

S/ON000'0 |

s/JN088¢
S/OW O0¥P

|

"
P

woyoywwo| =°X
09:=%

9] =
JUa1914390) DBuIdTiooS 9N

\Y

w2
~




9
T

102

MIE SCATTERING COEFFICIENT, Kg

10-3—

104

&= 60

X,;= | mMho/cm \‘\J

/

/

/
/

%RAYLEIGH LAW

FIGURE 12

0.0l

0.l

2m

>|e



-3¢ : Sy

10 mMho/cm
f =2880 Mc
FIGURE 13

£, = 60

X

0.18

0.16

0.14

0.t 2T QA 0.12

0.04 0.06 0.08

0.02

NOI1LJ3S~SSOHI NOILJHOSEBY 3AILVI3Y

l l | | l

004
002—

A



-33-
a, = alf / £,) provided that the dislectric constant remains the same and
the new '.conductivity is given by: |

. a .. '
-“z = (rz') "1 ' (21,

2. 2 Concentric Sphere '

The concentric sphere model where the‘ Wr sphere oimnhi:u
mu's'cular tissues and the outer shell represents the subcutaneous fat was
used to investigate the effect of a fat layer. The Mie scattering coeffi~
cient and the relative absorption cross section were calculated as a funce
tion of a . The results were obtained for frequencies of 400, 2880 and
10000 Mc/s for different values of fat layer thickness (d).

The reoults‘ of the machine computation for relative absorption
cross section and Mie scattering coefficient are shown in figures 14
through 19 ;o a fuqction of aye The calculations were éor!omo‘d for
values of %9 in the following yanges:

o = 0,’1to 2 in steps of 0,02
\

% 2to3 in steps of 0,1
-4 tol0 in steps ofl
10 to 50 in steps of 10 °
A curve for d = 0, corresponding to single or homogeneous sphere
is included with every figure for reference purposes. The dielectric K
data used for the muscular and fatty tissues are‘gtvon in Table Il on page
6. The range of fat thickneu' (d) was rutricto'd to three condmtu:o '

since it is not often that thicker fat layers will be encountered. . .
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It can be seen from these figures, that the thickness of the shell’
bas great influence on both relative absorption cross section and Mie
scattering coefficient. For values of a, up to about' 0. 3, both S /and K.
of the concentric sphere are greater than cor'reaponding values for the
single sphere. This occurs because the overall radius of the.concentric.
sphere is greater than that of the single sphere and the thiclkness of the
concentric shell is comparable to or greater than the radius of the single
sphere,

For large values of 0y the concentric shell appears to behave like
an impedance matching transformer between inner sphere and aig. As
the shell thickness increases, S increases and Ka decreases with the
maximum effect occurring near a thickness of% in the material. At
this point the matching is greatest thus causing maximum absorption and
minimum scattering. This is a well known phenomenon for plane waves
incident on infinite plane layers of pure dielectric materials, provided
that the dielectric constant of the quarter-wave layer is equal to the geo~
metric mean of the dielectric constants of the other two layers., It has
also been demonstrated by Schwan and Li(u) for multiple plane layers of -
lossy dielectric materials,

7~

The influence of the concentric layer thickness is more easily dis~

cernible in figures 20 through 22 where the relative absorption cross ‘

section is plotted as a function of shell thickness (d) for frgquoncie.‘ of 400,

. 2880 and 10,000 Mc/s. The curves are given for an inner sphere radius

of 16 cm which makes a) greater than 6 at frequqnciu of 2880 and 10, 000
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Mc/s where the impedance matching property of the c;:ncontric shell is
more easily recognized than for values of q; less than 6. A curve tor
the case of infinite plane slabs (a) = ») is included in ouh ﬁmo for come
parison, It can be seen that the relative absorption cross nction of the , '
sphere is always greater than that for the plane ohbl but its general bee

havior as £unctlon of d is quite limﬂar
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UL  EXPERIMENTAL STUDIES
L0 ‘Introduction
Before go.i.ng into the details of the experimental set~up some
statements are necessary with regard to the measurement of .rehtivo
absorption cross oe‘ction. The definition of the relative absorption cross
section involves several quantities which must be known in order to es~ -
tablish its value:

L Power density of the incident plane wave field: Power densi=
ty at the location where the scattering and absorbing obstacle is to be ine
troduced into the field can be determined from the known values of the |
transmitted power and the gain of the transmitting antenna. Absence of
standing waves in the test chamber is a prerequisite for the above detere
mination, Furthermore, the power density of the field should bé constant
over the shadow cross section of the obstacle, |

2. Shadow cross section of the obstacle. '

3. 'Energy absorbed by the obstacle: This quantity can be de="
termined by one of several possible measurements,

a.) Measurement of field strength inside the obstacle al
~ function of space and determination of the absorbed
energy from the volume integral of Ezn where X is
the electrical conductivity of the lossy material
filling the obstacle, ' .
b) Measurement of temperature rise for a given time of
o illumination, 'Tho volum-hiqrd'd all umpoumi '
o -45- ) o
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readings divided by the volume itself provides the
average temperature rise, Its value, when multiplied -
with specific weight and heat of the te;t substance, .
provides the total energy absorbed.

c.) ‘Méasurexncnt of average temperature rise instead of
individual temperature rises as in {b), The former
‘is established by vigorous stirring th.e illuminated test
substance immediately after exposure and then measur-
ing its temperalure.

Both the (a) and (b) approaches require many readings, particu=
larly when the distribution of E is very variable. This may be expect=
ed almost with certainty in view of the limited depth of penetration of
the field in comparison with the dimensions of the obstacles of interest.
The (b) and (c) approaches share the disadvantage that they require
more illuminating power in order to provide sufficient resolution in the
temperature readings to be of significance,: It was felt that the first
disadvantage is more serious than the second. Since approach (c) is
furthermore very much simpler than that of (b), it was used in all tho

experimental work,

2.0 Anechoic Chamber and Antenna
The anechoic chamber used m the experimental study is wl'xown
in figure 23. The far wall of the room, facing the horn was covered with
20 gauge sheet copper to protect instruments and the, occupants of the ad-

joining room. Three walls and floor of 'th.; room were covered with a
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single layer of Eccosorb 330 microwave absorbing material (the floor
was covered with 330 FL so that it could be walked on) whereas the
ceiling was covered with a layer of Goodrich microwave absorbing mae
terial. The side of the room near the antenna was arranged to have two
movable walls of the same material so that dimensional changes were |
possible, The wall opposite the antenna, the one covered with copper,
had a second layer of absorbing material arranged in a stepped or stage
gered fashion as shown in the figure. This treatment was found necess~
ary in order to reduce reflections in the room and distortion of the trans=
mitting antenna pattern as shown in figures 24, 25, 26 and 27, These
relative power patterns were obtained by measuring the electric field
strength laterally fo the axis of the transmitting antenna using a'probe

‘as described later, Each pattern was repeated several times with neg~
ligible variation in its shape, Figure 24 shows the variation of the

power density in 5 plane parallel to the antenna aperture at a distance

of 12 feet from the aperture when only a single layer of absorbing matere
ial was present on all walls, The vasymmetry ofl the pattern about the
axis of the antenna i.ndica;tes the presence of standing waves in the room.
Figure 25 is the same as 24 except a second layer of absorbing materiAI
was present on the back wall of the room, The change in the patterns ine
_dicated that the standing waves were mostly due to the reflection of the
field from the back wall. To reduce further the effect of backwall reflece
tions, the second layer of the absorbing material was staggered. The ree

sulting power pattern is shown in figure 26, A unoot&d curve passing
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FIG. 24
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FIG. 25
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FI1G. 26
RELATIVE POWER PATTERN

(TWO LAYERS OF ABSORBING MATERIAL ON
THE BACK WALL-STAGGERED SECOND LAYER)

D=12 FT.

-1.0+

db.

~2.0-

I

~3.0-

L 0

. :
T 5 2% 0 23 5
HORIZONTAL DISTANCE IN FEET



0 4

= 1.0

-2.0+

-3.04

-4.04

=5.04+

=6.0+

-704

-B.O-L
-9.04

-10.0-

db

L]

¥

52.

FiG. 27

RELATIVE POWER PATTERN

D=5 FT.

i

Y

N
Ly
HORIZONTAL DISTANCE IN FEET

-

L] S



& bt

' «53-
through the half power points of the plot is shown dotted on this ﬂguro.'
The variation of the measured pattern from the smoothed pattern is
small, Figure 27 is the same as 26 except it was taken at a distance of
five feet from the antenna, The symmetry about the axis of the antenna ’
and the smooth#eu'of the curve indicates the absence of standing waves
at this distance,

An exponential horn, Narda Model 644, having a gain of 15 db

above an isotropic radiator, was used to iuuminate\the samples under
test. The choice of antenna was made to achieve a tolerable compromise

between the necessity of heating the sample well requiring high gain and

illuminating it uniformly requiring low gain, The separation boundary

between the Fresnel region and the far-zone field for this antenna, de~
fined by the equation (29) on page 60, was at a distance of five feet from
the mouth of the horn, Power density contours in a\plane parallel to the
mouth of the horn at a distance of five fec;t from the horn are lhown.ia
figure 28, The contours are seen to be quite uniform. These contours
would help to study the variation of the power density over the goou'utric

cross section of the sample under test, For example, it can be-seen

from figure 28 that even the largest sphere under test (34,3 cm diameter)

the variation of power density over its geometric cross section is less
than 15%. All of the above measurements were made using a signal gonere
ator to feed the antenna, |

A schematic dhgrim of the set-up for obtaining the rohtiv'o power

patterns is given in figure 29, The microwave signal modulated with & '
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1000c/s square wave was fed to the horn under test, through a coaxial-
to-waveguide adapter. A small vertical probe was used as a receiving
antenna to measure the vertically polarized electric field, The length of
the probevasabout 1 cm, The receiving antenna was mounted on a carriage
which could travel on a platform kept on the floor. The carriage was
driven by a motor which also drove a synchro-transmitter (Selsyn).
The output of the synchro-transmitter was applied to a synchro=-repeater
(Selsyn) which drove the chart of a recorder. The signal from the re=
ceiving antenna was fed to a crystal detector through a co-axial ¢able.
The detector mount was fixed to the carriage. This was done to avoid
using a long co~axial cable for the ref signal, thus reducing the attenu-
ation losses in the cable. The demodulated signal from the detector oute
put was applied to the input of a standing wave amplifier, and the d. c.
output of this instrument was used as an input to the recorder. The ree
ceiving system was calibrated to obtain a linear power plot by choosing
a crystal which had square-law characteristic over the range of the sige=
nal amplitudes measured, The movement of the recorder chart ;eval c'al- o
ibrated in terms of the distance traversed by the receiving antenna, Thus
by moving the receiving antenna in a plane parallel to the plane of the
mouth ‘of the horn, continuous power plots were obtained on the recorder
chart, |

3,0 Microwave Generator

An experimental model of the APS«20 radar was used as a

source of microwave power for the experimental work, The essential
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characteristics of this equipment are given below.

Frequency 2880 Mc/s
Wavelength 0.104 meters
Peak power output AT x 106 watts .

Average power output 1000 watts

Pulse width . 2 microseconds
Repetition rate - 300 per second
Output system RG~-48/U "S'" band waveguide

For calibration purposes, the output of the radar was connected
tc & waler calorimeter load and to a Hewlett-.Packa.rd model 430C power
meter and model 4778 thermistor mount via a directional coupler as
saowa ia figure 30, “

The pulse shape and repetition rate of the radar were monitcredA
via Glrectional couplez; B, a.' crystal detector, and an oscilloscope. The
ouizui sower {average) was monitored via directional coupler A,_ attenu-
ators, thexrmistor raount and power meter, The average power output of
the radar was measured by a water caiorimeter load ua-ing a substitution
method. The err;r of this measurement is < 5%. The voita.ge standing
. wave ratio of the load was measured with a slotted section and a standing
wave meter and found to be 1. 24. The corresponding power reﬂectiop
coeificient is' 0. 01 which indicatés that 99 percent of the power output of
the radar is delivered to the load.

leé power output was measured and reference readings were taken

on the power meter after allowing about a half hour for squipment warme-up.
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After this was completed, the water load was disconnected and the expone
eutial horn antenna was connected to the system, In all measurements,
the calibrated reading of the power meter was used as a measure of the
power output,

With the horn antenna connected to the radar through two direce
tional couplers used as a reflectometer, the voltage standing wave ratio
was 1,188 corresponding to a power reflection coefficient of 0, 007, which

indicates that almost all of the power delivered to the antenna was radi= -

ated, ’
In the far-field region of the transmitting antenna, the power
density at various distances along the axis of the antenna was calculated

from the known value of the transmitted power by means of the following

i . (10,17)
iormaaa:
P; Gy
Pe o= 0T o (28)
where Py o= I;owor density (watts/square mete;) along the axis
of the transmitting antenna .
P, » Power (watts) into transmitt.ing antenna
Gt = .'Power gain (numeric) of the transmitting antenna
relative to an isatropic radiator including antenna
efficiency, | |
u 15 db for this antenna .
D . m distance (meters) from the a.ntenn‘.

Equation (28) may be used provided the distance D satisfies the
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tollowing criterion:

2L
SR Vi | - (29)

where % = ihe largest linear dimension of the tranemitting
antenui aperture in meters

A =  wavelengib in meters,

The power density at various distances along the axis of the trans-
ndtting anteond was also measured by means of the probe antenna describe
et earinr on page 23, L this case, the power density was determined
Yy sneasuring the power available at the terminals of the probe antenna,

i free npace, the power transier between two antennae is given by the

(10, 17)

wwaiksaiission Jorinavula:

T)r . Gt AI‘
e 4w D < ’ (30)
where ¥ = power (watts) available at receiving antenna
terminals
A = effective area (square meters) of the receiving
antenna

The effective area of a receiving antenna is defined as the ratio
0/ ihe wnaximum power available at the terminals of the antenna to the
sower density of the incident wave, It depends upon the geometry and

oo electrical losses of the antenna.
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The effective area A_ of the probe antenna was ﬁr;t obtained
from equation (30) by measuring the power transfer ratio "15"3" s Using a
aignal generator and a standing wave amplifier, The set up is shown
schematically in figure 29. The transmitting and receiving antennas
werc lined up for maximum received power, The output of the standing
wave amplifier was noted when a known power (Pt) was applied to the horn
anienna. The crystal detecting system wc;xe then connected to the ligna.i
wenerator.,  The povwer output of the signal generator was reduced until
the vutput of the standiug wave amplifier was the same as before., The
pover output of the signai generator was equal to Pr’ The procedure
wos repeated for several values of the distance (D) between the trans«
Friiiing and receiving avreanas. In each case, A, was calculated using
cysaticn (30), A, wae found to be independant of D, The radar unit was

then connecied to the hoin 4intenna and the power density Py at various

distances on the axis of the antenna was calculated from the formula:

- T
Pd = (31)

by measuring the power, P, available at the receiving antenna termi-
nals using a power meter,

The calculated {eq. 28) and the measured (eq. 31) values of power
density at various distances in the far field on the axis of the horn antenna
are shown in table 2. The agreement between these values is sufficieatly |
,00d so that, for the values of power deneity nzeded‘h'l the experiments on

phantoms, equation (28) alone may be used, "
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Table 2

Comparison of measured and calculated values of

power density at various distances on the axis of

the horn, *
Distance from Power density, mw/ cmz
the horn, D, feet Measured Calculated
5 57 56
6 40 39 -
Ki 31 28
5 22 22
9 16 17
=
* Transmitted power = 510 W

The power densities in the Fresnel region of the antenna were cal-

culated using the methods of reference 6. These values were used in de~

termining the Fresnel region relative absorption cross section (figure 34),

4. 0_ Thermal Considerations and Phantoms -

Hollow, spherical flasks of Pyrex glass of the following sizes

were used as phantoms in the preliminary experiments,
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Cagacigz Liters Radius in Centimeters

0. 215 3,71
.05 o " 6430
208 _ | 7.88

5.15 10,74

12, 44 14, 37

2L15 \ 17.15

The wall thickness of the flasks was less than 1/8 wavelength and is be-
lieved to be inconsequential in this work in view of the comparatively low
dielectric constant and losses of glass,

The flasks were placed in square boxes made of polystyrene foam

(¢ = 1. 02) and air spaces between box and flask loosely packed with poly-

foam granudes (figure 31). The polyfoam> was used as thermal insulation
to cut dm heat losses due to conduction and convection. It has negligi-
ble effect on the microwave properties of the phantom;.

The flasks were filled with the electrolyte mixture of interest and

then placed in the anechoic chamber at various distances from the horn

‘antenna along its axis as shown in figure 32,

The relative .ablorpti.on cross section was calculated by measur- .
ing the temperature rise in a known time due to exposure of the phntom _
to the microwave field.

The heat developed in a homogeneous electrolyte of volume V

placed in a uniform plane wave electromagnetic field ui‘ f
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Photograph of Spherical Phantom
Figure 31
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Photograph of Anchoic Chamber
Figure 32
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‘ H = VhmT (Calories) (32)
where : V = volume of electrolyte (cc) R
= aspecific heat of the electrolyte (Cail gram/°C)
m = gpecific weight of the electrolyte (grams/cc)
T = temperature rise of the electrolyte (°C)
provided that heat losses to the outside can be neglected as shown later,

The power absorbed is then:.

4, 18H

Wam (watts) ' 7 (33) |

where t = exposure time in seconds
The power incident on the geometrical cross section of the
phantom is:

Wi = AP 4 (watts) (34) ‘

where A = geometric cross section of Phantom (lquau“murs)
P, = power density of field (watts/ square meter) -

The relative absorption cross uicﬁon is then:

4,18VhmT

S.APdt

(number) (35)

Conduction and convection losses are negligib}e and equation (3 é). appli=
cable, if operation does not exceed the "linear portion" of the fhermal'
transient as shown in figure 33, In this typical case a spherical pMm
having a volume of 5,15 liters was exposed, It was filled with a n).tm
solution baving a low frequency dielectric constant ¢, = 78 and a low fre=

quency conductivity %, = 9 millimho/cm, " The phantom was exposed to
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a microwave field of 93 milliwatts per square centimeter, and the avere
age temperature rise of the electrolyte measured as a function of time,
The temperature was measured after the aolutio;x had been stirred, It
can be seen that the temperature rise is a linear function of the time une
til the difference betyveen the ambient and sample temperature is about |
15° C corresponding to an exposure time of about 4 hours.
As discussed earlier, the phantom should be placed in the far

,

field at a sufficient distance from the antenna so that curvature of the

-wavefront is minimal across the phantom. To establish this distance,

the relative absorption cross section was measured as a function of the
distance, D, from the mouth of the horn, The separation boundary be=
tween the Fresnel and far fields is at a distance of five feet from the

horn as given by equation (31), This equation is rather approximate.
Hence measurements were made starting from a'dhtance of one foot from
the horn, The results are shown in figure 34, The relative absoz;ption T
cross section increases until D = 3 feet and is a constant value of 0, 6
from D = 3 to 12 feet. Beyond 12 feet it deviates from the constant value
as shown in the figure, “The independence of the relative absorption cross
section from D implies that the curvature of the wavefront is minimal
across the phantom., Hence it can be assumed that the far field of this
horn antenna starts at a distance of 3 feet from the horn rather than at 5 .
feet. The deviation beyond 12 feet was perhaps due to the presence of
residual standing waves in the field near the back wall of the room, Une=

certainties due to the rapidly decreasing resolution of the thermal
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@ technique as a consequence of the weakness of the field far from the an~

tenna further complicated this problem at large distances. All subse~

work was done at distances of 5 and 6 feet from the horn where reason-
, able temperature rises were obtainable and where standing waves from
i _ room reflections were a minimum and Fresnel field effocts were essens
tially negligible, |
1 5.0 Results ’

5.1 Spherical Phantoms '

i | Solution of KCl-Dioxane-Water rmixture was used in
the spherical phantoms to simulate the electrical properties of human
tissue, The low frequency dielectric constant, € -was 60 and the low

@ frequency conductivity, * , 10 millimho/cm, which simulates closely a -

| all soft tissues of high water content, The phantom was placed in the

_ mic'rowave field, and its temperature was mea.ufed at intervals of 30

minutes, after stirring the solution thoroughly. The exposure was
stopped when the difference between the ambi'ent and phantém tempera=
ture was about 15°C. For each phantom, temperature x'neuuren'txont-
were made twice at a distance of 5 feet from the horn and twice ‘at 6 feet.
The relative absorption cross section was calculato;'l for each of these
four trials and the average value was £ouné. Fﬁr example, when a sphnﬁ

with a radiu'- of 10, 74 cm wase exposed, the values of relative aﬁoorption .

cross section were found to‘be 0, 63 and 0, 64 at five feet and 0, 64 and

.

0,65 at six fest. Table 3 shows the comparison of the experimental and
theoretical results for spheres of different sises. It also includes the

"
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temperature rise per hour in each phantom exposed to a field of 93 milli«
watts pgr square centimeter. Thus, by the good agreement between the
experimental and theoretical results, the experimental technique has

been proven to be reliable for the study of relative absorption cross secy

tions in general.

Table 3

Relative absorption cross sections of spheres of KCl =dioxane-water

Radius of T ' Relative absorption cross cection.
the sphers a T | Freq. = 2880 Mc/s, ¢= 60, '
a incm % = 26, 3 mMho/cm
Theoretical ' Experimental
s 2.24 | 13.70 0.78 | 076
6.30 ° 3.80 | »7.58 068 0.71
288 | 415 | 576 | o.6e C 06
10.74 6.46 | 4.02 0. 60 . 064
14, 37 8. 67 2,88 0.57 | 0. 63
17.15 10.35 | 2.32 - 0.55 0. 59

T = Temperature rise in °c per hour when power density
is 93 mw/cm ] . ‘
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5.2 Doll Phantoms

' In order to simulate the shape of mankind and its effect on
relative absorption cross section, hollow plasti: dolls of the type
used by children were adapted as phantoms (figure 35). The indi-

vidual heights of each doll were 38,1, 50. 8 and 87 em. The complete

_ physical characteristics of the three dolls are given in table 4. Shad-

owgraphs of the three aspects (front, side and top views) of these

doll phantoms are shown in figures 36, 37 and 38. To indicate the '

variation of power density over the dolls when they were placed at a

distance of 5 feet from the horn, contours of constant power ‘denaity
are also shown on the shadowgraphs. For convenience, the small,
medium, and large dolls were numbered 1, 2, and 3 respectively. |
The dolls were made of polyethylene'(diolectrié constant .
2, conductivity 2 10" mho/cm), The thickness (2 to 3 mm) of the
plastic was very small compared to wavelength (10, 4 cin) of the micro-
wave field. Hence it was assumed that tl';e plastic would not affect
the results materially, This assumption could be justified ﬁ;om the
results obtained on the concentric spheres. As nl.town in ﬁgﬁro 15,

for a} > 6 the increase in the relative absoxption cross section was

_about 15% when the thickness (d) of the concentric shell was increased

from 0 t'o 0.5 cm., In this case, the thickness of the concentric shell

was about -2% of the wavelength. In the case of dolls, the thickness

of the plastic was about -5-15- of the wavelength. In addition the plastic -
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Photograph of Doll Phantom
Figure 35
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had only.ha.lf of the dielectric constant of the concentric shell and its

conductivity was negligible, Hence the plastic would be almost trans=

parent to the incident field. The dolls were filled with ulind solution

{¢g = 38) rather than KCl-dioxane-water-solution (¢ _ = 60) to avoid
decompostion of plastic. - The effect of this substitution having a di~
electric constant of 78 rather than 60 is to lower the relative absorp-
tion cross sectién but the change would be less than 10% as can be
seen from the theoretical calculations on spheres (figure 8). It
should be remembered that all the measurements made on dolls are
applicable to mankind only if the skin and fat layer are neglected.
The dolls were filled with saline solution having a low fre-
quency conductivity of 10 millimhos/cm. Measurements were made

in front, side and top views of dolls for vertical and horizontal polar=-

ization of the incident field to investigate the effect of polarization.

The incident field is said to be vertically polarized when its electric |
field vector is parallel to the body and horizontally polarized if th§
electric field is perpendicular to the body. Table 5 lists the experi-
mental results obtained on dolls 1 and 2 at a frequency of 2880 Mc/s.
.It can be seen tﬁat the polarization of the incident field has less than
5% effect on the relative absorption cross section. However, the rel-
ative ablqrption cross section depends upon the a-pect of the phantom
exposed, that is, front, side or top. For exampls, when the small

doll was exposed to vertically polarised field, the roh'ﬁ.vo ablgrpﬂ.on
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cross sections were 47, 56 and 90 percent for front, side and top
view; reupe'ctively. The corresponding temperature rises in the‘phu-x-
tom were 10, 4, 8.2 and 6. 9 degrees centigrade per hour when the pow-
er density of the field was 74 milliwatts per square centimeter. It
can be seen that the relative absorption cross section of the doll for"
top exposure is nearly twice that for front expon;re even though the
former produced smaller temperature rise than the latter. This is
due to the small shadow cross section in the top view and the' fact
that the doll actually absorbs e;xergy over its entire surface,

The plastic dolls are believied to be rel.a.tively ;ccurate

models of babies or children of the same physical size, Hence the re-

' gults can not be applied to adult man unless the doll phantoms are

scaléd to the correct height, It was stated earljer on page 20 that,

in the case of spheres, the results obtained at a frequency of f; can

be applied at a frequency of £, provided that the complex dielectric
constant (¢ -j:ne—)xfemains constant. The above statement holds good
v : .

for any shape (Reference 18, section 9.3). It is fortunate that the diel~

" ectric constant of most body tissues of high water content is practi~

cally frequency independent over the range of 100 to 3000 Mc/s and in
addition that small changes in dielectric constant have little effect on
relative absorption cross section. Accordingly, if one wishes to |
scale the measurements made on a doll phantom of height h; at a° '

frequency f), the results wm apply to a man of height h; at a frequency
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£z where:

2" h : (36)

and provided that the conductivity of the solution used in the phantom

bas a value x; given by:

hZ .
hy 2.

Kl.

where 2 is the actual conductivity at f,. This equation is the same
as (27) except the radius of the sphere is replaced by the height of the
doll, |

Table 6 shows the characteristics of the saline solutions

used to fill the dolls when they were scaled to a man of 70 inches tall,

The scaled measurements were at a frequency (f1 in eq. 36) of 2880

. Mc/8. The conductivity (k) of the saline solution used in each doll

was first calculated from eq. (37). Then the low frequency conductiv-
ity of.the saiine ;olution was calculated from x; using equation 2.
Table 7 shows the.re suits of scaling the three dolls to a man
of 70 inches tall, The appropriate scaled frequencies are also shown,
It can be seen that an adult man would absorb between 50 and 59 per~
cent of the energy incident on his shadow cross section for front.or

back and aide exposures in the frequency range from 617 to 1409 Mc/s. :

Top expesure, however, would result in 83 to 97 ﬁorc_ent.
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Table 6
Characteristics of saline solutiozis used to fill dolls for scaled
measurements '
~ Scaled Low freq. Low freq. | Amount of
Doll No.| Frequency| Conductivity] Dielectric |NaCl in water
Mc/s . mMh/cm Constant { Grams/1000 ce
1 617 34,0 78 20
2 823 23.5 78 15
3 1409 12, 3 78 7
Table 7

Relative absorption cross sections of dolls scaled to a man of
height = 70 inches :

L AP g B M~ -

Part of Relative absorption cross section
Doll {percent)
Subjected .
to incident Doll No, 1 Doll No. 2 Doll No, 3

plane wave

Front or :
Back . 57 56 50
Side 55 59 50
Top 92 97 _ 83
Applicable )
Frequency - 6 17 823 - 1409

Mc/s
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Measurements also were made on dismembered dolls to
study the relative absorption cross sections of head and body, This
was done to study the proximate effects of one on the other., Saline
solution with a low frequency conductivity of 10 millimho/cm was used
8o that the resu}ta obtained on the head could be compared with those
for spheres of the same size to find the effect of irregular shape of ‘
the head, Table 8 shows the results of measurements on dismem-
bered dolls, When the heads and the bodies of dolls were exposed sepe
arately, the relative absorption cross section of the head alone was ,
higher than that of the body alone. If the head and the body were
placed together but the head was thermally insulated from the body,

the relative absorption cross section of the head was again more than

that of the bod&. Finally, the solutions in head and body were mixed

after measuring the individual temperatures. The resulting temper=

ature was measured, The corresﬁonding relative absorption cross
section was calculated and found to be substantially the samé as for
the normal doll, It can also be seen from the t;ible that the relative
absorption cross sections of detached members of the phantom do not
vary appreciably from the values obtained when they are attached to=
gether but thermally insulated from one another, The difference is
less than 10% and indicates that the body of a person has little effect

on the absorption by head and vice versa, Table 9 comparu the rele

. ative tb'orption cross sections of the hudl of the dolls lnd spheres
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of the same size. Since the head has irregular shape, an equivalent
spheie can be obtained either based on volume or from the shadow

cross section, the largest circumference or smallest circumference

~ of the head. Radii of spheres calculated by the above possibilities are

also shown in the table. It can be seen that the difference in relative
absorption cross sections of different equivalent.spherel is negligible,
It can also be Qeeq that the difference in relative absorption cross
sections of the head and the equivalent spheres is less than 10% rel-

ative for both dolls, ' v
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IV. DISCUSSION OF RESULTS

The relative absorption cross section of an irradiated per- '
son is a function of body curvature and size, frequency of radiation,
skin thickness and thickneas of subcutaneous fat as dqmonltrated in
the results obtained on the spheres and the doll phantoms. Schwan
and Li () calculated the relative absorption cros; section of man-
kind on the assumption that the effect of body curvature and size
could be neglected and the trunk of the body could be approximated by
a three layer infinite slab made up of skin, subcutaneous fat and mus-
cle tissue. Their results are summarized in Table 10 for frequen~
cies of 150, 400, 900, 3000 and 10000 Mc/s. Thickness of subcutan~
eous fat is varied between 0 and 3 cm and skin thickness values from
0to 0.4 cm. These are the ranges of predominant practical interest,
Larger values for the thickness of suﬁcutanequ; fat may occur occa=~
sionally, Howevez, su;:h layers will almost never cover a substan=-
tial part of the surface of the human body and will, therefore, be of no
concern in a study of the relative absorption cross section of total

body irradiation, Furthermore, the general relationships indicated -

in this study permits one to state how the results can be extended tol"

" higher values of subcutaneous fat thickness. Table 1l compares the

relative absorption cross sections of concentric sphere and infinite
plane slab models at frequencies of 400, 2880 and 10000 Mc/s when
the thickness of subcutaneous fat is va.riod-.md the skin thickness is
taken to be sero. It can be seen that the relative absorption cross |

87«
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Table 11
Comparison of relative absorption cross sections of concentric sphere
and infinite plane slab models for different values of fat thickness

when the skin thickness is zero.

Frequency Fat Relative absorption cross section -
' (percent) °
Thickness Infinite
(d) Concentric Spheres
plane slabs
Mc/s ecm a1=6 01810 allSO

400 0 56 51 - 44 36

1 61 56 48 37
2 71 . 65 54 42
3 85 1 62 51
2880 0 61 56 48 42

1 124 110 . 86 9
2, 109 95 73 68

3 9 87 75 ° 7
10, 000 0 62 57 48 . 42
0.2 9 82 63 60
0.4 128 115 94 95
0.8 ‘| 104 89 70 43
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section of infinite plane slab is approached by that of an infinite sphere .

for all the frequencies investigated. In the sequel, the effects of body
curvaturs and sise, fat layer and skin layer on the relative ;biérp-

tion cross section of mankind are 6nce more sammarised:

k- IR TS

a.) The effect of body curvature and size:

_4 - . The effect of body curvature and size on the relative absorp~

: i
tion cross section of mankind is discussed neglecting the effects of '

PSR

the skin and fat layers in order to compare the results obtained on f.h’

j ‘ _ doll phantoms, the homogeneous spheres and the infinite plane slab. ’
1 The relative absorption cross section of mankind is 50 to 59
| ~ per cent for front and side exposures in the frequency range of 61.7 to
} @ 1409 Mc/s as demonstrated by the measurements made on doll pha.nl-
] toms (Table 7). Top exposure would result in 83 to 97 percent absorp~
tion. The apparently high absorption cross section of the pérson for
i top exposure is due to the small geometrical cross section in this as-
I . ' pect and is not as significant from a prac.tical point of view,
; ‘ It can be seen from figures 2, 3, 4, 8 and 10 that tho relative
? absorption cross section of homogeneous spheres is equal t6 50 + 10
1 s | percent for 9> 6, that is if the radius of the sphere is comparable or
4 ‘greater than the wavelength. This is true regardiess of the 'different
combinations of parameters, i.e., frequency, dielectric constant and
i | conductivity, .hvutigat«.l. The near ind.‘pendonco of the relative ab-

sorption cross section from radius for values of 9 hrgoi’ thm6




!
t

«9l-
implies that the curvature does not.lubnantiany affect absorption
charicterilticl, at least as long as the radius of the curvature is
larger than the wavelength. Thus it appears that structures whose
geometrical cross section is larger than w).z have a relative absorp-
tion cross section of 50 percent, independent of their shape. This
holds provided that no substantial contributions to absorption can re- |
sult from local structures of rapid curvature, as characterized by a
radius much smaller than the wavelength, This statement applies
particularly to mankind, since its cross aectionﬁh almost 10000 cmz,
for wavelength va.lues. smaller than 60 cm, i, e., frequencies above

500 Mc/s. Possible high local absorption by structures, such as the

nose or ears, should not contribute to the total absorption noticeably

. in view of the small local volume involved. This does not mean, how-

ever, that these parts may not be subjected to high energy absorption
while ‘the body, as a whole, is affected negligibly, .

Schwan and Li had shown that, if skin and fat layer are ne-

glected, the relative absorption cross section of mankind based on the

infinite plane slab model is frequency degendentﬁnd varies from 26
to 36 percent when frequency increases from 150 to 400 Mc/ . (Table
10. It is almost frequency independent from 600 to 10, 000 Mc/s and
equal to about 40 pe'rcent.

It can be concluded from the above discussion that the rela-

tive absorption cross section of mankind is equal to 50 percent if the
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effects of ski'n and fat layer are neglected.
b.) The effect of fat layer:

The elfect of a subcutaneous fat layer on the relative absorpe
tion cross section is most pronounced at high frequencies as shown
in Table 11: At 400 Mc/s, the relative absorption cross section in- .
creases monotonously with fat layer thickness. The relative absorp=
tion cross section is equal to 100 + 10 percent for 2880 Mc/s at
d= 1 cm and for 10,000 Mc/s at d = 0. 4 cm. It happens at these fre«

A
quencies that the thickness of fat layer is equal to 4—£whore Y is the |,

wavelength in the fat. .Here the input impedance at the body surface
nearly matches the wave impedance of the air. In other words, the '
fat layer served as an impedance match between air and mulcle.'
This is possible because the dielectric constant of the fat is approxi= .
mately equal to the geometric mean of the dielectric constants of a.i.r.
and muscle and the fat is compa.rativeiy free of lospes. When the
thickness of the fat approaches %‘i (d 0.8 cm at 10,000 Mc/s), the
absorption decreases to a minimum., Hence the relative absorption
cross section is affected strongly wheneve.r the thickness of fat layer
matches multiples of ;.f_. Ag is about 12 cm at 1000 Mc/s. Conse -
quently, the fat layer has a more pronounced effect on the a.bibrption
cross section abowe 1000 Mc/s than below, The variation of the rela-
tive absorption cross section with fat layer thickness is sufficiently

similar for both concentric sphere and infinite plane slab models so

\
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that, in general, the difference may be neglected.

: In the preceding discussion, the thickness of the skin is taken
to be zero. When the skin layer is considered the effect of fatty tissue
on the relative absorption cross section would be diminished, upoci&l- )
ly at higher frequencies whe;-e the losses in the skin are ﬂgh This
is due to the fact that the ;ubcutaneoua fat cannot influence the ab-
sorbed energy, since almost all the energy is absorbed already in the
skin, as indicated by plane slab results. |

The effect of skin layer on the relative absorption cross sec-
tion can be seen from the results obtained in the case of infinite plane
slabs (Table 10), Below 400 Mc/s, the relative absorption cross sec-
tion increases slightly with increasing skin thickness, The increase

in the absorption becomes rapidly more pronounced at 900 Mc/s.

 However, at 3000 Mc/s the relative absorption cross section reduces

with increasing skin thickness for all values of fat thickness consider-
ed. When the féxt and skin thicknesses are 1 cm and 0, 4 cm respective-
ly, the relative absorption cross section becomes 18 percent. At

10, 000 Mc/s, the relative absorption cross section fluctuates around‘
50 percent for all values of skin thickness.

The relative absorption croses section of the head of a person
is found to be nearly equal to that of a sphere of equivalent circum-
ference. Consequently, it may undergo resonanée phenomenon at fre~
quencies below 3000 Mc/s displayed in figure 10 since ﬁbocomu' less

than six and since the circumference of the head of an average person’
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is about 60 cm, Aho: the skin and fat layers have a negligible effect
on the relative absorption cross aection when the fat thickness is lo|u
than 1 cm for frequencies below 3000 Mc/s. For example, at 400 and
2880 Mc/s, a) is equal to 0. 8 and 5. 8 respectively assuming a cir-
cumference of 60 cm. The corresponding relative absorption cross
sections are 92 and 60 pe.rcent' (figure 10). Hence the relative absorp~
tion cross section of the head of a person may vary between 60 and .‘

100 percent below 3000 Mc/s. However, it is about 50 percent above

3000 Mc/s where o, becomes larger than 6. - ‘



V. CONCLUSIONS

The relative absorption cross uction.of. mankind exposed to
nonionizing microwave radiation has been determined using doll and |
sphere phantoms whose electrical prop;rtiel simulated those of a hu-
man being. The investigation proceeded in three stages of increasing '
difficulty: (1) theoretical and experimantal study of homogeneous phan=

toms, having the electrical properties of muscle tissue; (2) theoretical

studies of two-layer phantoms, having the electrical properties of

" muscle .tiu\ue and subcutaneous fat; and (3) extrapolation to three-layer

phantoms, having the electrical properties ;a,f muscle tissue, subcu-
taneous fat, and skin (the inclusion of skin being possible only by using
the published results of Schwan and Li). The investigation at eaéh
stage resulted in certain generalizations which could be used as a
guide to the investigations at the succeeding stage. In this way both the
theoretical ;and experimental work necessary was simplified, The
final stage involved a synthesis of all the previous work (including
that of Schwan and Li) so that the relative. absorption cross section of
mankind could be predicted with confidence for the total‘frequen'cy
range from 400 tol0000 Mc/s.

The Mie scattering coefficient, K , was calculated for the
cases of homogeneous spheres and céncentric spheres. The results of
the calculations are included with the cases of homogeneocus and t'.avo-

layer phantoms discussed below.
95«



e e i -

M~ s s Gl rmciie A

[

- e

. EETEE

k> *

s’ el >l ",

WWW e

-96-

1. Homogeneous phantoms having the electrical properties of

muscle tissue.

As a first approximation for the relative absorpfion cross sece
tion, S, of mankind, measurements were made on doll phantoms of
homogeneous electrical properties over the frequency range of 600 Mc/s
1400 Mc/s. S was found to vary from 50-60%, after the dolls had been |
scaled to the full size of a human being.' But to cover the entire fre-
quency range from 100 Mc/s-10, 000 Mc/s a very‘ large number of meal;
urements on dolls would have been necessary. Therefore, it was de-
sirable to correlate measurements of S on dolls wi;th the more-sasily-
obtainable, calculated values of S for spheres. Calculation of S for
spheres was facilitated by using Univac I. (Measurement of S for
spheres was also done, and the excellent agreement, + 5%,with the
calculated value served to validate the experimental technique.) The

results of these calculation showed that S = 50 + 10% for values of the

-~
-

radius comparable to or larger than the wavelength. That is, curva-
ture (or shape) does not substantially affec; the absorbing properties
for large objects. These conclusions are further supported by the
measurements made on dolls. So, sphere calculations were used to'
predict S in the case of larg'e. homogeneous objects. For man, the
condition that he be large éompared to the wavelength is approximately
equivalent to demanding that the frequency exceed 400 Mc/s (A = 75 cm).

Therefore, the results of the calculations on spheres were considered
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valid for mankind if £ > 400 Mc/u. Thus, to the extent that a human
being can be cc;naidered to have homogeneous, muscle-tissue-like,
electrical properties, his relative absorption cross uctién will be
about 50% for frequencies above 400 Mc/s.

The Mie scattering coefficient was calculated as a function of
the radius, a, of the sphere. For a < )/20, K, was found to be inde-
pendent of the electrical properties and t:o increase according to the
Rayleigh law of scattering. For-%(a <:» K . was.féund to oscillate
(see figs. 5-7) with an amplitude primarily depending on condubtivity

and radius, For a> ), K-s was nearly a constant (170%).

2. Two-layer phantoms having electrical properties of mus-

cle tissue and subcutaneous fat.

A better model for the determination of the relative ab-
sorption cross section of mankind requires that the homogeneous phan-

tom bé surrounded by a layer with the electrical properties of fat. In

-
-~

the previous case of homogeneous media, the sphere pha.nton'i was
shown to give values of S which were very ciose to those of the ‘doll
phantom. In the present case the assumption has been made that a
éphe re phantom with a concentric shell would give’ values of S equally ‘
close to those of a two-layer ;ioll phantom. The inner sphere was
given the electrical properties of muscle and the concentric shell, -
those of fat. At thrcr'e different frequencies, 400, 2880 and 10,000

Mc/s, cilcul;tiona of S, on Univac I, were made, for various values
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of concentric shell thickness, d, as a £unction. of the radius of the
inner sphere: ‘L‘.'the radius of the inner sphere was smaller than the
wavelength, the resonance peaks appeared in the case of immogeneous
sphere were damped. If the radius of the inner sphere was larger than
the wavelength, tiwn the concentric shell sppeared tc': behave as an im-
pedance-matching transformer between the inner sphere and air.. As
d increased from zero to k£/4. where )‘é = wavelength in fat, S in- )
creased fromw50% towl00%. Atd = xfl 2, Shad d.ecreased to. a rela-
tive minimum of & 70%. In general, S was either maximum or mini-
mum when d was an odd o;' even multiple of ) £ /4, but for all non-zero d,
S was always greater than the value for d = 0 (50%). It was a.uumec:l
that these values for S would be valid for a human being made only of
muscle and surrounding fat. Since the usual thickness of subcutaneous
fat is less than 3 cm, the first maximum of S could occur only
£> 1000 Mc/s. Thus, for frequencies between 400 and 1000 Mc/s, s
may vary from 50 to 100%; for frequencies above 1000 Mc/s, S may ‘
vary from nJ 70 to 100%. '

For concentric sphere, the Mie scattering coefficient was cal-
éulated for thre~ values of frequency, 400, 2880, and 10,000 Mc/s, a;nd
for vari-4s values of shell tl;ickne 88 o3 a iunction of the radius of the

i-.uer sphere, a.. For a, <. .K8 was complicated (see figs. 18 and

X
19). Fora; >A, K_ was found to be independent of‘a1 for a given

value of d. However, K, was found to be a sensitive function of d,
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behaving similarly but in the opposite sense to S, That is, K. was ei-

ther a minimum or a maximum when d was an odd or even multiple of

M 4.

3. Three-Layer phantoms having the electrical properties

of muscle tissue, subcutaneous fat, and skin.

As a final and best approximatica for the‘ determination of the
relative a.bsorpi:ion cross section of mankind, a model of three layers
should be considered: muscle, subcutaneous-fat, and skin. 'Not only
were experimental methods too difficult, but the theoretical calcula=~
tions for a sphere with two concent?ic shells was also too difficult. An
alternative method was found which was based on Schwan and Li's
published calculations of S for a semi-infinite plane slab model (a semi-
infinite medium of muscle tissue separated from air by an infinite
plane slab of fatty tissue). It was observed that the dependence of S
on the thickness of the infinite pla.ne' slab of fatty tissue had the same
general behaviour :;Ls the dependence of S on the thickness of the con«
centric shell. On the basis of this observation, it was assumed that
the effect of a third layer (representing skin) on the slab model (also
calculated by Schwan and Li) would have the same general behaviour
as the effect of a second concentric shell on the sphere model. There-
fore, Schwan and Li's calculations justiff the following conclusions for
the effect of adding a second concentric shell, or for adding a layer of

skin to the previously discussed model of a human being compoqod only
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of muscle and.qubcutaneogs fat:

The relative absorption cross section may vary from 50 to
100% for frequencies between 400 and 1000 Mc/s; it may vary from 20
to 100% for frequencies between 1000 and 3000 Mc/s; it is about 50%
for frequencies between 3000 and 10, 000 Mc/s.

Assuming the curi'ently accepted tolerance dosage of 0. 01
watt) c:mZ of continuous whole body absorption of microwave energy,
then from the abo've—stated values.of relative absorption cross section,
the following statements are justified:

1) At frequencies above 3000 Mc/s an incident -

power density of 0.02 watt/ cmz can be tolerated.
2) At frequencies below 3000 Mc/s, 0,01 w’:n:tlt:mz

should be considered as maximum tolerable level.
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APPENDIX I

Theory of Scattering and Absorption of Electromagnetic

Radiation by Concentric Spheres

Let us assume that a homogeneous isotropic sphere of radius

a, and propagation constant k1 is surrounded by a concentric shell of

radius a, and propagation constant k ; and the whole is embedded in

an infinite medium of air with propagation constant kjy. The inner

sphere, the shell and the surrounding medium are called regions 1,

2, and 3. A uniform plane wave, linearly polarized in the x-direction,

is propagated through the medium in the positive z-direction (figure 1).

Assuming that a time dependence of exp (jwt) for the electric

and nagnetic vectors and further assuming that the permeabilities of

the three regions are equal to the permeability of free cpaco' (uv) thea

the propagation constants are

K = [wrpmy €€ = fwpmy Ky

—

K, = [wpv €8 —pW v K

Ka’/wq- Vév - Z.TL.
A

where « = angular frequency in radians

A = wave length in meters
" . 4w x 10~7 henries/meter (permeability of air)

. +  =l01-

i

(38)

(39)

(40)
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€1, € = dielectric constants of regions 1 and 2
%ys Kk, = conductivity in mhoj meter of regions 1 and 2
With the above stated conditions, the expressions for the in-
cident plane wave in terms of the vector spherical wave functions have
the forfn given by Stratton 4s) (exp(jwt) is assumed rather than exp .-
(-jxf:t) and the exponential term is omitted, for convenienco,l in the ex-

pressions given here):

o0 4
T = E " 2n+l - . —-w
E.= & EU) Pmed| _otn T Ve, (41)
mM=| ’
oo
11 Ky E "N 2V +1 :
HL z- 37° (-—J) = ]
. “}n
W Ly ZM” 7 (n+) el'n J’ oln] . (42)

where E, is the amplitude of the wave and

7o s OB 9T )38 5n -

oy ™ n a. K.R h Ain -

‘21\ Sind Jn 3 CM¢L5 (43)
= 'n('n-H)

R da(K3R) P cow

+"L"[K3RJ(KK>_] 3P 5«'0‘\¢ la

Ocn

.*:Lrs;‘; R b Bsd 4’ )
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The primes on the square brackets denote differentiation
with respect to the argument k3R, -i-l, -{za.nd-i':, are the unit vectors
in directions R, 6 and ¢ of a spherical coordinate system with its
origtn at the center of the sphere. .

Pn (cos @) is the associated Legendre polynomial of the
first kind, first order and nth degree. |

| jn(kR) is the spherical Bessel function of the firet kind

which is reiated to the ordinary Bessel function of the first kind and

t
{.

half-integer order as follows:

b (KR '--({,—;R)t T, (xR

Ny (45)

. The induced secondary field must be constructed in three
parts, one applying in each of the three regions. For each of these
parts, the expansions are similar to those for the incident wave but
with unknown amplitude coefficients. The parts applying outside the
shell and inside the sphere will be called the reflected and t‘ranl-
mitted fields in accordance with the terminology used for the single
sphere problem (reference 18), They will be indicated by subscripts
r and t. The formal expansions for these fields are identical to
those for the smgle sphere problem although the amplitude coeffi-

cients have d:.iferent values.
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Region 3. R> a.z

od
Fus B Dl U o g 5o
" %;. werap | ot +46n 3 eln (46)

o
1 == N KBEO _ 2N+ ~ 13 C A _(3) .
H }4_, Z” '»('n-e-)[b Melm-éa” 7’,,(,,] 1
MNei

— @)
(2) et @
Jn(kaR) by h, (k 3R) in equations (43) and (44). h, (kR) is the spherical

The functions 'm and "ﬁt 2 are obtained by replacing '

Han}tel function of the second kind;

AL

@) B 2
KR) =[— H (KR}
h RO (zk& 27 (48)

These functions are necessary in the solution for the scattered

field because this solution must be regular at infinity, that is:

n @ |
h,kR) —s 0 ' (49)

KR~ o

Regionl, R < a

-
r ‘N 2y £ —w b
Et - E° ZH) n(n+1) n oln"'"b"' Neln

Yia\ (50)



S |

[

O

-105=

= _K E. 277+ t a0 : : : -w
H [}1 D —r(m-a){ et~ 4 a, uuﬂ (51)

Since the solution must be finite at the origin, Bessel funce

tions of the first kind are used in equations (50) and (51), that is:

‘&/m é“LK&) —» ©

KR-»o - . (52)

In addition ky is replaced by k) in equations (43) and (44).

Region 2, . az>R>a1 C N
= E, 204 tS % nS ) .
Z_( 3) n(n+) %n W\Ob\+ “n ™ot .
nsl

+ C R -W’)J

SETTI 2V
w)*v 'rm 'ﬂﬁhu){ ¢+" ’_ﬁ:)fn

t -
_ J( s_.(n n.s S.:,.)}J (54

In the region of the spherical shell, it is necessary to use

(53)

Bessel functions of both first and third kinds. The argument oi the
o _@3) _(3) '

vector functionsm , m , n 'KZR.
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The amplitude coefficients can be evaluated by applying tho

boundary condition at R = aj,

ilet-i.le. (55) T

. 6
L'xH =i xH_ (56)

d at R
and a -;,z

.i-‘ixfisn'{i x(§i+§r) ’ (57)
E’lxﬁs=?1x(ix‘i«§r) (58)

The amplitude coefficients a: and b:. sufficient for our

purpose, are given by equations (8) and (9).




