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Long-Wavelength Analysis of Plane Wave Irradiation 
-of a Prolate Spheroid Model of Man 

CARL H. DURNEY, MEMBER, IEEE, CURTIS C. JOHNSON, SENIOR MEMBER, IEEE, AND HABIB MASSOUD! 

Abstra~t;_An elettromagi:J.etic (EM) field perturbation technique 

is used to fip.d internal electrical fields and the absorbed power of a 
prolate spheroi4 ~eing irradiated by a pl_ane wave when the wave
length is long compared to the dimensions of the spheroid'. The 
results show significant differences in the power ab~orption patterns 
with changes in the orientation of the spheroid with respect to _the 
incident EM fields. Calculations of the power absorbed by a prolate 
spheroid model of inaii are given. 

I. INTRODUCTI()N 

IN the .i~ves~igation ?f electromagne_t~c (EM) power 
absorpt10n m man, 1t would be desm1,ble to perform 

a rigorous theoretical analysis corroborated by measure
ment of electric field intensity at any specified tissue site 
in: the body. As a first step in this direction, a tissue sphere 
has been analyzed by Johnson and Guy [1], Anne et al. 
[2 j, Shapiro et al. [3], Kritikos and Schwan [ 4 ], Lin et al. 
[5j, and Joines.and Spiegel [6]. Results of these analyses 
show that there can be large spatial. variations in the 
electdc field and absorbed power in th.e tissues as a function 
of sphere. radius and frequency. The.se theoretical results 
have ·been confirmed by thermographic camera photo
graphs of irradiated phantom models [1], [5]. Based on 
these indications, it is expected that tissue field and power 
deposition in man will vary. greatly with frequency, body 
configuratiorl, and oriehtatiori, thus complicating the 
quantification of EM power absorption. Yet obtaining 
knowledge of the details of internal power absorptiqn is 
essential in order to extrapolate animal data as ari indica
tion of hazard to man. 

This leads theri to the urgent need for analytical tools 
to descr1be power absorption patterns in realistic models 
of man. and experimental ariiinals. A model more reali.stic 
than the sphere for the. human body and many animal 
bodies is the prolate spheroid. A general field solution to. 
the prolate ·spheroidal boundary problem is extremely 
difficult, but solutions for lo,v ka are tractable using the 
perturbation theory described by Van Bladel [7]. One 
advantage of the perturbation theory is that it avoids 

- soiution- of -the EM ~vave equatio-ri and- requires insfead 
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only the solution of equations which are similar to the 
static equations. This is a significant advantage because 
the mathematical functions in the _solutions t,o the static 
equations are more familiar and easier to work with than 
the spheroidal functions. Another advantage of perturba
tion theory is that it lends itself more easily to physical 
interpretation of the. results and allows · easier . gener-' 
alization. 

In this paper, the perturbation theory is first described 
and the results for a sphere [7] compared to the approxi
mate Mie theory of Lin et al. [5]. Then the perturbation 
technique is systematically applied to analyze the internal 
fields in a prolate spheroid irradiated by a plane wave for 
each of the three major orientations of the incident fields 
with respect to the spheroid: Curves of power absorption 
versus frequency show that the absorbed power is a strong 
function of orientation of the spheroid in the incident 
fields. 

II. DESCRIPTION OF THE 
PERTURBATION THEORY 

The method outlined here follows closely that of Van 
Bladel [7j. The situation considered is that of an incident 
wave impinging upon a scattering body, as shown in 
Fig, 1. The basis of the perturbation theory is the expan
sion of each set of fields, interior, incident, and scattered, 
in a powers series in -Jk, where k is the free-space propaga
tion constant. Accordingly, we write 

'!') 

E =, L En(-Jk)n 
n=O 

00 

Ei= L Eni(-Jk)n 
n=O 

00 

E•= L En•(-Jk)n 
n=O 

where E, Ei, and E• are the interior, incident, and scattered 
fieids, respectively, with similar expressions for the mag
netic fields. Each set of fields must satisfy Maxwell's 
equations. Thus the interior fields must satisfy 

. V X E = 110 ( - Jk) H 

V X H = uE - (~Jk)E,E 
710 
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Incident fields 

• 

✓ 
Scattered fields 

Fig. 1. The basic situation treated in this. paper, an incident wave 
impinging upon a scatterer resulting in scattered fields. 

where 

V•H = 0 

V•(uE - (-~:)E, E) = 0 

110 =c (µo/ Eo) 112 

k = w(µoEo) 112 

E, = E/ Eo (real) 

and exp (jwt) time variation has been assumed. 
Substituting the series expansions for E and H into these 

equations and equating coefficients of like powers of -jk 
results in the following set of equations 

VXEo=O 

V X E,. = 71olln-l 

V X Ho= uEo 

V•Eo = 0 

V•(uEn - ~ En-1) = 0 

V•H,. = 0. 

n~l 

n ~ 1 

n~ 1. 

( 1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Following a similar procedure for the scattered fields 
results in 

V X Eo• = 0 (8) 

V X En• = 11oH,.-1• (9) 

V X Ho•= 0 (10) 

1 
V X Hn 8 = - - En-18 (11) 

1/o 

V•E,.• = 0 (12) 

V•Hn• = 0. (13) 

The power-series expansion for the incident fields is 
assumed to be known. 

With the restriction that the scatterer is nonmagnetic, 
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the boundary conditions are 

~ ( ( -jk)E,) E A ( -jk) (E. + E ) n• u - --- = n• - -- ' • 
1/0 1/0 

n XE = n X (Ei + E•) 

H =Hi+ H• 

where n is the outer unit normal vector at the boundary. 
Substituting the power-series expansions into these bound
ary conditions and equating coefficients of like powers of 
-jk gives us · 

n•Eo = 0 

n•(uE,. - ~ E,.-1) = - ~- (En-li + E,.-1•) 

(14) 

n~l 

(15) 

(16) 

(17) 

Along with the series expansion of the incident fields, 
equations (1)-(15) constitute the formulation of the 
problem. In addition, the conditions on the scattered 
fields at infinity must be known. Van Bladel [7] has 
shown that the first two terms in the expansion of the 
scattered fields are of order 1/r2 and hence vanish at 
infinity. Thus the formulation is complete, and the next 
step is to apply the perturbation method. Before investigat
ing th~ power absorbed by a prolate spheroid, we shall 
briefly compare the results obtained by perturbation 
theory for a sphere with the results obtained by the long
wavelength approximation of the Mie theory. 

Consider a plane wave with fields 

• • A OO (-jky)"A 
E• = exp ( :.._Jky)z = I: 

1 
z 

n=O n. 
(18) 

Hi= exp (-jky) i = _! I:, (-jky)" i 
1/0 1JO n=O n ! 

(19) 

incident upon a sphere with conductivity u and relative 
permittivity E,. i and z are unit vectors in the x and z 
directions, respectively, 

The total first-order field inside the sphere as derived 
by Van Bladel [7] is , 

3 A 'lk( A A) .· I z + J2 zy - yz . 
-Ju WEo 

E= (20) 

From the long-wavelength approximation to the Mie -
theory [5], the approximate field inside the sphere is· 

E _ 3 A "lk( A A) - , . " z + Jz zy - yz 
E - JE 

where E' - jE'' is the complex relative permittivity. Since 
E'' = u/wEo, the two expressions are equivalent when E' is 
small enough compared to E'' to be neglected, as it is in 

I 

J 
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the case of typical biological tissue at lower frequencies. 
The difference between the two approximate values for the 
electric field apparently results from the difference in the 
methods of approximation. Numerical calculations for the . 
sphere show that the results obtained by the perturba
tion theory are a good approximation to the exact results 
of the Mie theory for long wavelengths. 

III. FIRST-ORDER FIELDS FOR THE 
PROLATE SPHEROID 

In this section, the solution of the zeroth- and first-order 
equations for a plane wave ,incident on a prolate spheroid 
are described. Solutions are given for each of the three 
primary polarizations, aI1d solutions for any polarization 
can be constructed from these. For convenience in referring 
to.the three primary polarizations, the following definitions 
are made. 

Magnetic polarization-the magnetic field vector of the 
incident plane wave is parallel to the major axis of the 
spheroid. 

Electric polarization-the electric field vector of the 
incident plane' wave is parallel to the major axis of the 
spheroid. 

Cross polarization-the electric field vector and the 
magnetic field vector of the incident plane wave are both 
perpendicul9,r to the major axis of the spheroid. 

A. Magn~tic Polarization 

The coordinate system with respect to the prolate 
spheroid is oriented as shown in Fig. 2. The first polariza
tion considered is magnetic polarization, in which the 
magnetic field of the incident plane wave is parallel to the 
major axis of the spheroid. Accordingly, the fields of the 
incident plane wave are chosen to be 

.. 
Ei = exp (-jky)i. = i I: (-jky)n/nl (21) 

n-0 

.. 
Hi= -exp (-jky)z/110 = (-z/110) L (-jky)n/nl. 

n-0 

(22) 

The zeroth-order field must satisfy ( 1), ( 5), and ( 14), 
which are equivalent to the equations for the field inside 
a conducting spheroid in a uniform static electric field. 
The solution is Eo = 0. Similarly, Ho = -z/11o, since the 
spheroid is nonmagnetic. 

The electric field Eoi + Eo• is the field resulting from the 
conducting spheroid in a uniform field. This solution "'ill 
be found by using normalized prolate spheroidal coordi
nates ( u1,vi,<J,) defined by 

. u1 = u/l 

Vi = v/l 

where ( u,v,<J,) are the prolate spheroidal coordinates 
related to cylindrical coordinates (r,<J,,z) by 

r = (u2 _ z2)1/2(z2 _ v2)112;z (23) 

• 

a 

/ 
JI 

Fig. 2. Orientation of the coordinate system with respect to the 
prolate spheroid. 

z = uv/l (24) 

"'= cp. 
The spheroid is generated by revolving an ellipse about its 
major axis, and 2l is the distance between ~he foci of the 
ellipse. The major and minor axes are 2a and 2b, respec
tively, and the eccentricity is 2l/2a. The constant-u 
surf aces are ellipsoids of revolution and the constant-v 
surfaces are hyperboloids of revolution. Fig. 3 shows the 
unit vectors u and v at one point in the yz plane. The unit 
vector iii is the same as in a cylindrical coordinate system. 

The unit vectors in spheroidal coordinates may be 
related to the unit vectors i, y, and z in rectangular 
coordinates by [8] 

. 1 ar 
U=--

. 1 ar 
V=--

h2 av 

• 1 ar 
q,=-

ha iJcJ, 

(2.5) 

(26) 

(27) 

where r = xi+ yy + zz and h's are the scale factors 
given by 

h1 = 1::1 

h2=1::1 

ha=l:;1. 

(28) 

(29) 

(30) 

In order to find E1,Eo• must be found. This can be ac
complished by following a procedure shnilar to that used 
by Van Blade! [7] to find the solutions for a dielectric 
. spheroid in a uniform field. Since E0i = i, E0i = - V ( -x) 
where x = r cos cJ, = fcos cJ,[(u12 - 1) (1 - v12) ]1'2• Thus 
we can set 

Eoi + Eo• == - V ( cf?oi + cf?o•) 
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u 

V -X E{' = 11oHo 

V•E1" = 0 

on the surface. 
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(36) 

. (37) 

(38) 

Since the curl and. divergence of E1' are zero, E1' can be 
found from Ei' = - V<I>1' wh.ere <I>1' satisfies Laplace's 
equation. Then the boundary condition given in (35) 

,.--;-------- y can be written, using the definition of the gradient, as 

/ 
X 

Fig. 3. The u and ~ vectors at one point in .the yz plane. 

where 

<I>oi = -lcoscf>[(ui2- 1)(1- v12)]1i2 

and <I>o• must satisfy Laplace's equation since V • (E0 i + 
Eo•) = 0. The boundary condition is that <J>0i + <I>0• must 
be constant on the surface ui ,;,, u10, and without loss of 
generality, we can choose -that constant to be zero. The 
solution · to Laplace's equation in prolate spheroidal 
coordinates is [7] 

n=O m=O 

·[CnmPnm(v1) + DnmQnm(v1)][Enmsinmcf> + Fn~,cosmcf>] 

(31) 

where Pnm and Qnm are associated Legendre functions of 
the first and second kinds, respectively. Since the boundary 
condition requires that 

at the surface defined by u1 = u10 

<f>o• must have the same v1 and cf> dependence as <J,0•. Hence 
we can .choose one term out of the series iri ( 31) which will 
satisfy the boundary condition. Accordingly, we set 

<I>o• = Ahcoscf>P11(v1)Q/(u1) = Ahcosq,(l - v12)1'2Q11(u1). 

Since Q11 ( u1) - 0 as u1 - co, this solution also satisfies 
the condition at infinity. Requiring <J>0i + <J,0• to satisfy 
the boundary condition and solving for the constant Ah 
gives 

and 

<l>o' + <I>o• = -l cos c/>(1 - v~2)li2[(u12 - 1)1/2 

- ( U1l - 1) 1J2Q11 ( U1) /Q/( U10)]. (32) 

To facilitate physical· interpretation; we shall follow 
Van Bladel [7] and write E1 as the sum of two· terms, 
E1 = E1' + E1", where 

V X E1' = 0 (33) 

V·Ei' = 0 (34) 

n•uE1' = -n•(E0i+E0•)/r,0 on the surface (35) 

1 a<I>1' I 
- h.1 dU1 u1=u10 

(39) 

From this relation, it can_ be seen that <I>1' must have the 
same v1 arid cf> variation as <I>oi + <I>o•- Choosing the ap
propriate term from (31), we get 

<I>1' = - Ehl cos cf> ( u12 - 1) 112[ ( 1 - v12) J1i2 / <TT/o 

where Bh is an arbitrary constant, and the ur,0 term has 
been included for convenience. Requiring this to satisfy 
the boundary condition in (39) results in 

Bh = 2[u102 -1J-1[u1N(u102 -1) 

- (1/2)u1oln [(u10 + 1)/(u10 - l)JJ-1 (40) 

where we have used 

Q11(u10) = (u102 - 1) 112[u10/(u102 - 1) 

- (1/2) ln [(u10 + l)/(u1o - 1)]] (41) 

.!:_Q11(u1) I· = [u1i - 1J-112[(u102 - 2)/(u102 - 1) 
dui u1-u10 

- (1/2) ln [(u10 + l)/(u10 - 1)]]. (42) 

Noting that <I>1' in the preceding can be written as 
<I>1' = - Bhx/ u11o, then E1' can be written as 

(43) 

where Bh is given by ( 40). This result is similar to that 
obtained for the sphere, where the electric field inside the 
sphere induced by the electric fieid of the incident wave 
is also uniform. Furthermore, it can be shown that 
Bh - 3 as U10 - co' and then ( 43) reduces to the value 
for a sphere (if the difference in polarization is accounted 
for). Note that.since 

u10 = a/ (a2 - b2) 112 (44) 

the limit as u10 - co corresponds to the limit as b - a, 
which takes a spheroid into a sphere. The limit of ( 40) 
can be found. without difficulty by first expanding the 
ln terms in an infinite series and then taking the limit. 

It remains now to find the E1" which satisfies (36)-(38). 
Since r,oHo = - z, 

By inspection; a particular solution to this equation (in 
cylindrical coordinates) is 



' 

l) 
/, 

- ------------------------------------------, 
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E II -
1 -

r4> 
2 

(45) 

Since this also satisfies (37) and (38) ( 4, is parallel to the 
surface), it is the solution. In rectangular coordinates, 
Ei'' = (yx - xy) /2, and it is easy to see that this is 
equivalent to (19) for the sphere if the change in polariza
tion is taken into account. Since the spheroid has the same 
kind of symmetry as the sphere when the magnetic field 

· lies along the major axis of the spheroid, the interior electric 
field induced by the magnetic field has the same charac-
teristics in the spheroid as in the sphere. · 

The electric field to first order inside the spheroid for 
magnetic polarization with the incident E in the x direction 
and incident H in the - z direction is 

E = -jk(Ei' + E1") = Bhx[ -ju/wEo]-1 - j½k(yx - 'xy) .· 

(46)· 

with Bh given by ( 40). This expression will be us'ed for 
power calculations in the next section. . 

B. Electric Polarization 

Using the same orientation for the coordinate system 
with respect to the_ spheroid as shown in Fig. 2, the solution 
for electric polarization with the incident plane wave 
fields given by (18) and (19) is described next following 
the same basic approach used for magnetic polarization. 

As in the two previous cases, Eo = 0, and si~ce the 
spheroid is nonmagnetic, Ho = x/110. To find Eo; + E0•, 

", ' 

we can use 

Eo; + E0• = -V(<I>oi + <IV) = -V(-lu1v1 + <I>o•) 

since E0i = - V ( -z) and z = lu1v1• Since the boundary 
condition is again ( <J>oi + <1>0•) = 0 when u1 = u10, <1>0• 
must have the same v1 and q, variation as q,0i. Choosing the 
appropriate term from (31), we get · 

<I>o• = A.v1Q1 ( u1) 

where A. is a constant to be evaluated from the boundary 
conditions. Solving for A~ gives · 

and therefore I 
<J>0i + <1>0• = -lu1v1 + lu10V1Q1(u1)/Q1(U10). (47) 

Now Er' can be found by solving (33)-(35) using Ei' = 
- V<J,'. As before, the boundary .condition in (35) requires 
that <I>'. have the same v1 and <J, dependence as <J>0 i + <1>0•. 
Hence the appropriate form oJ <I>' as obtainedfrom (31)is 

<I>.' = - B.lu1vi/ U1]o 

where B. is to be found from the boundary conditions.· 
Solving for B. from (35) gives 

. B. = [urn2 ,.:_ 1]-1[ ( ur~/2) In [ ( uw + J.) /( ~10 .:.:_ 1) J - '1]-1 

(48) 

so that Ei' is given by 

E1' = --:- B.z/ 0-110 

since lu1v1 = z. Again it should be noted-that since 

lim B. = 3 

(49) 

( 49) reduces to the corresponding expression for a sphere. 
The expression for E1" is found by solving (36)---(38). 

For this polarization, (36) becomes · 

V X E1" ='= X 

which can be solved by setting 

E1" = yz - V<J>" 

where yz is a particular solution obtained by inspection, 
and <I>" is a function which must satisfy Laplace's equation 
because V · Ei'' = 0 and V • yz = 0. In addition, Ei'' must 
satisfy the boundary condition given in ( 4), 

u•E1" = yz•ii - v<I>" •u = o when U1 = U10 ( .50) 

where ii is a unit vector perpendicular to the surface of 
the prolate . spheroid formed by u1 = u 10. The quantity 
yz •u may be evaluated using y = r sin¢, (23), (25), and 
(28). The result is 

yz•u = (l/h1) (u12 -1) 112 (1 .,_,_ v12) 112v1 sin q, 

where 

h1 = (u12 - v12)1/2/(u12 - 1)112_ 

(Note that this h1 is the h1 for the unnormalized coordinates 
(u,v,q,) as obtained from (28)---(30) _written in terms of the 
normalized coordinates.) Consequently, the boundary con
dition in (50) requires 

( 1/ h1) ( a<1>11) au1) (l/h1) (u12 - 1) 112 (1 - vr2) 112v1 sin q, 

at U1 = U10. (51) 

Thus <I>" must have ( 1 - 1Jr2) 112v1 s'in q, variation, which 
may be obtained from the m = 1 terms in (31). Also 
since P21 ( v1) = 3v1 ( 1 - vr2) 112, the n = 2 term is the 
appropriate one. Thus we choose a solution 

<I>" = G.Pi(u1)P21(v1) sin <J, 

where C. is a constant to be determined from the boundary 
condition in (51). Evaluating C. and converting back to , 
rectangular coordinates gives the final expression for E1

11
· 

for electric polarization 

E1" = U102yz/ ( 2u102 :-- 1) + zy ( 1 - U102) / ( 2u102 - l) . 

(52) 

Once again, as u10 --. oo, E1" reduces to the proper. value 
for a sphere. 

The electric field to first order inside the spheroid for 
electric polarization with the incident E in the z direction 
a,nd the incident H in the x direction is 
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E = -jk(Ei' + E1") 

= B.z[ -'iu/wEo]-1 -jk[u102yz/(2u102 - 1) 

+ (1 - U102)zy/(2U102 - 1)] (53) 

with B. given by ( 48). 

C. Cross Polarization 

For cross polariz.ation, the incident fields are chosen to be 

., 
Ei = i I: (-jkz)njn! 

n=O 

., 
H• = (y/7Jo) L ( -jkz)njn!. 

n=O 

Following the same procedure as described in the preceding 
· for magnetic polarization and electric polarizatfori results 
in the following expressions for E1' and E1" 

E1' = -Bci/u'l/o (54) 

E1" = u102xz/(1 - 2u102) - (u102 '-- l)zi/(1 - 2u1o2) (55) 

where 

Be= 2(u102 - l)-1[u102/(it102 - 1) 

- (u10/2) ln [(u10 + l)/(u10 - l)JJ-1• (56) 

Note that Be = Bh since, irt each case, the ele<;tric field 
is perpendicular to the major axis. The electric field inside 
ihe spheroid to first order for this cross polarization is 
then 

E = - jk(E1' + E1") 

= Bai[ -ju /wEo]-i - jk[ U102xz/ ( 1 - 2uia2) 

- (u102 - l)zx/(i.:... 2u1o2)]. (57) 

Having thus obtained the first-order · electric fields 
inside the spheroid for each of the principal p<>larizatioris, 
we can now proceed to calculate the power absorbed by 
the spheroid. 

. . . 

IV. ABSORBED POWER CALCULATIONS 

With the expressions for the first-order interior fields 
that were obtained in the previous section,. the first-order 
calculation of the absorbed power density and the absorbed 
total power inside the spheroid is straightforward. The 
tirne-average absorbed power density is given by 

CP = ½uE•E* (58) 

and the total time-average absorbed power is given by the 
volume integral 

f !a f 2,,. f f(z) 
P = CP dV = · CPr dr d<J, dz 

V -a O 0 

(59) 

·where 

f(z) = (b2 _ b2z2;a2)1t2. 
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The integral has been "'.l'itten in terms of cylindricai 
coordinates because- the integration is easier in cylindrical 
coordinates . 
. Using in turn (46), (53), and (57) in (58) gives the 

following expressions for. power densities for m~gnetic, 
electric, and cross polarizations, iabeled (Ph, CP.; and CPc,. 

respectively 

(Ph= ½uk2[(Bh/u110) 2 - (Bh/2~7/o)r sin q, + r2/4] (60) 

CP. = ½uk2[(B./u1j0)2 - 2B.a2r sin ~/~7Jo(a2 + b2) 

+ a4r2sin24>/(a2 + b2)2 + b4z2/(~2 + b2)2j t61) 

CPc = ½uk2[(Bc/u110) 2 - 2Bcb2z/u1Jo(a2· + b2) 

+ b4z2/ (a2 + h2)2 + a4r2 cos2 <J>/ (~2 + b2)2J (62) 

where ( 44) has been used and the conversion to cylindrical 
coordinates has been made. The . integration to find the 
total tiine~average absorbed' power density is straight
forward and gives the following results 

Ph = ½uk2[(Bh/u1Jo) 2 + b2/10](4/3)1rab2 (63) 

P. = ½uk2[(B./u1Jo) 2 + a2b2/5(a2 + b2) ](4/3)iab2 (64) 

i'c;;, ½uk2[(Bc/U7Jo) 2 + a2b2/5(a2 + b2) J({/3hab2• (65) 

Some of the power absorption _ch~r~cteristics are sh~wri 
in the cutves in Figs. 4 and .5. Fig. 4 shows the average 
absoroed powe~ density ( total power absorbed divided 
by the volume) for each pdlariz(l,tion along with that 
absorbed by a sphere P., as a function of frequep.cy f~r 
the indicated parameters. The expression foi: P. is obtained 
by integrating (20) and is 

P, = ½uk2[(3/u710)
2 + ra2/10J(4/3)7rr'o3 (66) 

where ro is .the radius of the sphe~e: The ·calc~lations are 
made for the case where. the spheroid and sphere have 
equal volumes, i.e., ( 4/3)_7rab2 = ( 4/3) 7rTo\ .and for an 
incident power density of 1 mW/ cm 2. The dii:rtensions of 
the spheroid are chosen so that tli.e size of the. spheroid 
approxim~tes that of a tnan ar1d the conductivity and 
permittivity used for hull).an tissue are those gi~en by 
.Johnson and Guy [1] and Schwan [9]. 

.Lin et dt [5] demonstrated from the Mie solution for 
a sphere that power atsorption due to the incident electric 
and magnetic fields can be identified separately. For the 
profo,te spheroid, ah additionf!,l cross product term appears, 
but we will use the concept of power absorption induced 
separately by iilcideht E a~d H fields· in the arguments 
,,·hich follow. It is interesting to iiote that the power 
apsorbed for electric polarization .is higher: t4an that of 

· the_ corresponding sphere, while for cross polar:_izatiori and 
magnetic polarization, it is lower. There is a factor of 
tive to ten difference in the power absorbed for eiecti-ic 
polarization compared to magnetic polarization for the 

, conditions of Fig. 4. . . . . 
For electric polarization, the incident eledric field is 

tangential to the long axis of the spheroid, and the field 
boundary conditions thus require the magnitude of the 
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. . 
internal electric field to approach · that of. the incident 
electric field. For .. cr~ss or magnetic. pol~rization,. the 
indderit electric. field is perpendicular to the long axis of 
the spheroid, and the field boundary. conditions require 
the internal electric field to be reduced by a factor like 
1/ (t, + u/jwe~), which is a small nurhber. Th~s the in.:. 
cident electric field is strongly coupled into the spheroid 
only for. electric polarization. The internal electric . field 
induced by the incident magnetic field forms loops about 
the incident magnetic field vector and increases in s·trerigth 
with the amount of incident magnetic flux int~rcepted by 
the spheroid. Hence the magnetically induced internai elec-: 
ti-ic field is stronger for electric and cros~ polarization, where 
the incident magnetic field is· alorig the. mii10r axis and 
more magnetic flux is intercepted, than it is. for magnetic 
polarization, Consequently; P. is greatest because. of . 
strong electric and strong magnetic field. coupl1ng, Pc is 
intermediate.because of strong magnetic coupling but weak 
electric coupling, and. P~ is smallest because of weak 
electric and weak magnetic field coupling .. 

If this qualitative explanation is correct, the differences 
between P., Pc, and Ph should increase as the spheroid 
becomes longer and thinner. This does happen as shown 
by tlie curves in Fig. 5, where the total absorbed power 
for each polarization is shown :ilotmaiized to the total · 
power absorbed by a sphere of equ~l volume and plotted 
against the ratio a/b. _ 

These results are in good qu)tlitative agreement with 
measurements of power absorbed by a saline-filled rectan
gular _box in a large translllission line which simulates 
a plane wave, mil.de by Allen [iOJ, and with meastireinents 
of power absorbed by prolate spheroid phantom tissue 
models in a transmission line, made by Gandhi [ll]. 

V. SUMMARY AND CONCLUSIONS 

, Perturbation techniques h~ve b~en applied to obtain 
the first-order internal electric fields and absorbed power 
for plane wave irradiation of a prolate spheroid model of 
ni.an ,vhen the wavelength is long compared to the dimen
sions of the spheroid. Power calculations based on these 
results show a ~triking change in absorbed powei: with a 
.change in orientation of the spheroid in the: incident fields-

The expressions for absorbed power dern~ity and ab. 
sor_bed · total power should prove to be very useful · in 
studies of radiation hazards. to man, For example, the 
results of this analysis :ciearly indicate the importance of 
the incident magnetic field and of the orientation of the 
.absorbing body in the incident fields ,vith respect to the 
power· absorbed, Another very important. application will 
be_ iri the extrapolation of the results of animal experiments 
involving radiation effects to man. Since the absorbed 
power in a given radiation field varies with the size of the 
absorbing body; in extrapolating animal effects to man it 
will be necessary .to relate the biological effects to the 
internal fields or power absorption and then relate the 
internal fields or power absorption to the incident fields. 
This kind of analys1s should be very valuable in establish
ing such relations for the long-wavelength case. 
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There are many directions in which this analysis might 
be extended, some of ·which are in progress. One extension 
would be to that of the power absorbed by an object.in 
near fi~lds, rather th'an plane wave fields. Another is to 
analyze the power absorbed by an oblate ~pheroid, which 
is:a better model of sopie animals, sU<;h as the turtle and 
perhaps the rabbit, than th,e prolate spheroid. Also the 
oblate spheroid analysis ·could be applied to the power 
absorbed by some kinds of cells. Another application Illight 
be the calculation of power distribution in a physiological 
solution contafoing cells in a petri dish. The range ·of 
frequency for which the res_ults are v11,lid should be e~am
ined carefully, and 'the possibility of increasing the rang~ 
of va!idity ·through higher or4er terms explored. Verifica
tion of the . analysis should be made through careful 
measurements. 
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