IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 9, SEPTEMBER 2000 1537

Electric Current and Electric Field Induced in the
Human Body When Exposed to an Incident Electric
Field Near the Resonant Frequency

Ronold W. P. King Life Fellow, IEEE

Abstract—The electric field and current density induced in tromagnetic fields at microwave frequencies. These studies in-
the human body when this is exposed to electric fields near the dicate tumor promotion [10], [11], an increased incidence of
resonant frequency, 53 MHz, are determined analytically. Since |,k emia [12], and the promotion of cell transformatinwitro
this frequency range includes an important amateur radio band 131, If i ' dtob lid ding to the f |
of 50—60 MHz and exposure to electric fields at this frequency has [13]. If scaling is assumed to be vali acco_r Ing o the formulas
been shown to be hazardous, the study has a specific motivation. fr/tr = fmhlm, frar = fmam, Where f is the frequency,

A cylindrical model of the body is used to derive formulas for A the half-length, and: the mean radius, these results could
the total axial current and current density induced in the body pe significant for humans. Specifically, with, = 100 MHz,
subject to skin effect. Tabulations and graphical representations hm, anda,, for a man, andf,., 4,., anda, for a rat or mouse,

flluminate the results. ) o _ the frequencyf, = 2450 MHz gives 2h,. = 2h,,fm/fr =
Index Terms—Amateur radio electric fields, megahertz electric | 1.75/2450 = 0.071 m or 7.1 cm. This is a reasonable

fields induced in human body, resonant electric fields in human ... L
body. length for a rat or mouse. The validity of such scaling is exam-
ined as part of this study.

. INTRODUCTION
Il. BACKGROUND

N THE MODERN environment, people are exposed to elec- : . .
o : The biological effects of exposure to radio-frequency electro-
tromagnetic fields from many sources over a wide range

) . . . agnetic radiation have been a subject of study and concern for
of frequencies. A systematic study is in progress to derive bi- s .

. S many years. In 1971, a special issue of the IEEE Transactions
ologically useful formulas for the electric fields and currents . ; .
. . ; on Microwave Theory and Techniques [14] was published on
induced in the human body (region 1, wavenumbegr as a

o L the biological effects of microwaves. This contains four invited
whole, and in its organs and cells, when it is exposed to an in- . . .
. C . . apers and 11 contributed papers with long lists of references to
cident electromagnetic field in the air (region 2, wavenumber " . . :
earlier work. Most of this early work was concerned with power

ks). This has been carried out for the important low-frequenc sorption by the whole body or parts of the body when irra-

rangesyiz. 50-60 Hz for high-voltage power lines and 10_3diated by plane-wave electromagnetic beams from high-power

kHz for high-power transmitters [1]-{7]. It has also been COMdar antennas and FM antennas. Absorption was measured by

pleted for the 1-30-MHz range for shipboard exposure to trt]ﬁ:‘e temperature increase in a human body modeled by a tissue

Ffse]ld'?h(i); trzn:’n(l;t;i;isnﬁzrsntmh;nslff(;lnsvi\mtg 321‘;‘:’;22&& zptogz:)here [15]-[19], and a prolate spheroid [20]. Extensive studies
: pap y rby Gandhi [21] using both parallel-plate waveguide exposure

total induced axial currerty . (), the current densityy. (p, 2), of small models and full-size free-space irradiation determined

and the electric field; . (p, z) when the body is exposed to al o . :
axial electric field B in the frequency range 50—200 MHzr?the power deposition as a function of the electrical length of the

. . S . : dy. He determined the resonant frequency of the human body
This range includes the principal television frequencies, the H\zﬂv}ith the length 1.75 m from the observed maximum power de-

broadcast frequencies 88-108 MHz, and most ofthefrequenm%%ition. Decreased depositions occurred at lower and higher

assigned 1o radio amateurs. This frequency range is of par Ce'guencies. He also observed that this maximum occurs when

ular interest and importance because it contains the resonant fré

. ) e .fheé incident electromagnetic field is polarized with the elec-
quency of the human body. As will be shown, this coincides W"’tr'{c vector parallel to the length of the body. The measure for

a principal amateur-radio frequency. Noteworthy is the fact th%ese observations was the heating of the body, including the
Milham [9] has reported that amateur radio operator licensees !

- : o . ‘convulsion time for animals. Using scaled biological-phantom
have a statistically determined, significantly increased mortali . : :
. 2 : . urines, Gandhi also observed that the power absorption co-
due to lymphatic and hematopoietic malignancies.

’ ] efficient for the neck was over 17 times the average value for
Possible effects due to exposure to high-power radar tranﬁ,— . ; . .
. o ; : the entire body. It is the purpose of the following analysis to
mitters have been studied in rats and mice by scaling to elec- . : .
provide clear explanations for these observations in terms of
_ _ the total axial current, current density, and electric field induced
Manuscript received June 29, 1999. o throughout the human body. The localized power deposition is
The author is with the Gordon McKay Laboratory, Harvard University, Cam- . . . .
bridge, MA 02138-2901 USA. readily found from the current density with the use of the avail-
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Very few studies have been directed specifically to the biolo@Vith
ical effects of exposure of the human body to electromagnetic N ikar jhare
fields in the frequency range from 50 to 200 MHz. Extensive Colh, 2) = / cos kQS[e n e } ds @
work has been directed to the exposure of the human head to 0 71 T2
frequencies in the 900-MHz range. Studies that have possible hTemikers  gmikers
o, 2) = + ds
0

application to the 50—200-MHz range of frequencies include pa- (8)
pers by Sullivan [22], Cheat al.[23], and Chuang [24]. These gng
are concerned with improving the accuracy and usefulness of the o N2 211/2 o 5 211/2
FDTD and other numerical methods. Also of interest are papers =l + VS =4 e

in a special issue of thisSRANSACTIONS[25]. 9)

T1 T2

it follows th
I1l. ANALYTICAL FORMULATION tfollows that

The total axial current induced in the human body when thisis ¥, = ¥,,(0) = (1 — cos ko) {Cy(h,0) — Co(h, h)

approximated by a c_ylinder with hglf-lengﬂand mean radius — [Ea(h,0) — Eq(h, h)] cos kzh}. (10)
a is governed by an integral equation. This is [26, egs. (28) and
(30)] With (5), (1) becomes
h —jkor - 3
/ I.(s) " ds = —J4—7r[Ccos koz + U™ — 2'P,]. I.(z) = — Jdm [Ccoskyz + U™ —2P].  (11)
—n r Co oWy
@

The constan can be determined at= #, I;.(h) = 0. This
Here, (o = 1207 Q, U™ = E¥ /Ly v = /(2 — s)2 + aZand gives

z ] U’inc _ ZiPh
P_.=P = I, ko(z —s)d C=——-——— 12
/0 12(8)sinkq(z — s)ds o5 ot (12)
=1,.(0) /0 ?:E;; sin k2(z — s) ds. (2) sothat
ja7m 1 . .
The impedance per unit length is [27, eq. (3.9-46a)] Ii.(2) = Ci)‘lf p_— th[(U“““ — ' Py) coskpz
. 1 kia Jo(5~?k1a) — (U™ — ' P.) cos kah). 13)
T oma \ 2 ) Ji(jV2ka) .
, 12 This reduces to
]{}1 = w[uo(eoq,, — jO’l/w)] . (3) "
JaT inc
Here, o is the conductivity andy,. the relative permittivity of Lix(2) = oW, cos kah [7"(cos kaz — cos kzh)
the human body. — zi(Ph cos koz — P, coskah)]. (14)

The integral equation (1) has no exact solution. An approxi-

mate analytical solution expresses the current distribution in therhe evaluation o, and P, is straightforward. With (4), (2)
cylinder by the well-known value for a parasitic anterwvia, becomes

L.(?")  coskez’ —cosksh 1,.(0) z
= 4 — 1z . _ . - - _
1i.(2) _ coskaz —coskah 4 p.= 1= coshah /0 (coskas — coskah) sinko(z — s) ds.
so that (%)
e , e ik By expanding the sine, four trigonometric integrals are obtained
Il;:(z ) dZ .
_n r that give
Il,:/ (Z)

~ coskyz — cos koh P. = 1,.(0)p-

1 .
h ko 1 [5kozsinkoz — cos kah(1 — coskoz)
X / (cos ka2’ — cos kah) ¢ dz b= ko [ 1 — coskzh (16)
—h r
P, =1.(0)p,
— L) ~ (Y, @ O
1 skahsinkaoh ol 17
where P = Ty | 1—coskah coskoh| . (17)
VU, (2) = (coskaz — cos kaph) ™! With these values
I —gkar .
e .
X (cos ka2’ — cos kah) d2'. (6) I (2) = g e .
/_h - 12(2) T, cosah [U(coskaz — cos kah)

with o = 0,0, = 0,C5, = 0. — Ilz(())z"’(ph cosksz — p,coskah)].  (18)
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At z=0
I,.(0) = L[Uinc(l —coskoh) — T (0)7i ]
T oW, cos kah 2 12(0)2"pn
(19)
or ‘ |
Jam 2y, jAmUine
I.(0) 1 _ N
14( )< + §0\I/ucosk2h> CO\I/uCOSth( cos kah)
(20)
so that
j4rlyine 1 —coskzh
I1,.(0) = 0s K
12(0) oV, cos kah <1+%
Ume(1 — coskah) 1)

- (CoW,, cos kah/jdm) + zipy

When (21) is substituted in (18), this becomes

jdrlrine
Ii.(z) = Co{IJWCTth |:COS koz — cos kah
3 (1 — cos koh)z*(py, cos kaz — p. cos kah)
(¢, coskah/jAm) + 2ipy,
(22)
or _ ‘
jamUine A7
Ii.(z) = ———— koz — koh —
12(2) W, cos o { cos koz — cos ko 2

N [(1 — cos kah)(py, cos kez — p,_ cos ]Cgh):| }
U, cos kzh + (j4wz* [Copr)

(23)

This is the final formula. However, it is of zero order and
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Fig. 1. Normalized total axial currehf; . (z)/ Ei | as a function of:/h for
a cylinder with the radiug = 0.14 m and half-lengtth = 0.875 m; k;h =
0.17, 0.37, 0.357%, 0.47, 0.6%, 0.87, and~.

F(h) ~ 0. The integral in (5) isV,, = 21n(2h/a) — 3. Hence,

with U = Eixe [k,
Il‘ ( ) ]47TEmC k‘2h2 . é
- Coka U,

J47r7 k2h2

127erhQE““C <

I.(z) — oo whenk:h — =/2 at the resonant frequency.
As discussed in [28] and defined in [29, egs. (11b) and (12§jNc€

a more accurate first-order formula is obtained from (23) by

substitutingcos koft + F'(h) /W, for cos kohr. Here

14 Vi
F(h) = ‘%ph — Colh,h) + Eo(h,h) cosksh.  (24)
0
With this substitution, the final first-order formula is
jAmlyine
1i.(z) = :
102) = o cos ok £ F(I)]
74 j’
X { coskoz — cos koh — il
o
[(1 — cos kz2h)(pp, cos ka2 — p, cos /%‘2]7,):| }
U, cos kah + F(h) + (jdrz" /Co)pn )
(25)

) 2E1n(‘
J 7T]€2h h_ (26)
jdr
1-— ~ 1.
‘ Goko

Formula (26) is precisely that previously derived [1].

Also of interest are the current densily. (p, ) and the in-
duced axial electric field®;.(p, z). These are represented as
follows [30, eq. (13)]:

Ji(p,2) = I;ég ) <kla>

Here,.Jy and.J; are Bessel functions. The axial component of
the electric field is

Jo(i Y %k1p)
Jl( —1/2k1a)

(27)

']lz(pv Z)
o1 — jweoelr

Ei.(p,z)= (28)

Note that the leading term in this distribution of current isvheres; = 0.5 S/m is the conductivity of the saline fluid
(cos k22 — cos kzh). This was used in evaluating the integrathat permeates the human body and ~ 60 is the relative

in (5).

permittivity in the 50-200-MHz range of frequencies. At 60

Since the formula (25) is general, it reduces to the simpMHz, o1 — jweger, = 0.5 — 50.20 = 0.54¢77%-38, The en-

form for koh < 1. Thus,cos kpz — cos kah — (1/2)k3h*(1 —
22/h?), 2" — 1/mao1, p. — —ky

ergy transformed into heat per unit volume (power deposition)

Y(1—-2%/h?),pr, — 0,and is P = 01E? (p,2).
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Fig. 2. Normalized total axial currenf;.(0)/Ei"°| as a function of the 0.30 [———
electrical lengthk; /2 of the cylinder with the radiug = 0.14 m and half-length [
h = 0.875 m. [
0.25
? :
IV. RESULTS 2 020
9 [
The total axial currenf; . (z) is shown graphically in Fig. 1 as e \
. = \
a function ofz/h for selected values d@f,~ from0.17 towr. The W 0.15 1
resonant value with maximurh .(z) is k2h = 0.31x. Here, ) :
h = 0.875 m is the half-length of the body and= 0.14 m is S 010
the mean radius. Note that the current distribution in Fig. 1 has = [
the typical shifted cosine formps k22 — cos ko h, for a parasitic 0.05 |
antenna. Near resonance whésé = 7 /2, the distribution is s
cos k2z. Whenk,h < 1, the distribution is parabolic. 4o/ )| PSSP RPN B S
It is interesting to compare the resonant electrical length -0 05 0 o 05 10
kah = 0.317 (or 2h/A2 = 0.31) for a cylinder with exper- (b)

imentally determined values for prolate spheroidal models
obtained by Gandhi [21]. Gandhi used figurines ranging i

. . . g. 3. Normalized current density/,.(p,0)/Ei»¢| at the central cross
Ien_gth from 7.6 to 25.4 cm at frequencies for which the ratio thtionz = 0 of the cylinder with the radius ="0.14 m and half-length
axial lengthL to central diamete2b wasL/2b = 6. Note that » = 0.875 m as a function op/a. (@) k=h = 0.1x, 0.27, and0.37. (b)

for the cylinder,2h/2a = 1.75/0.14 = 6.25. Resonance was #2# = 0.47, 0.5, 0.67, and1.07.
determined by Gandhi from the temperature increase in the

model. From Fig. 2in [21, p. 1023], the maximum temperatufgw-frequency ranges. Since the induced electric field is given
was obtained whei /A = 0.36. Since the shape of a spheroidyy E1.(p,2) = Ji.(p, z)/(01 — jweoer,) and the power den-
is significantly different from a cylinder, the respective resonasfty by P(p, z) = o1 |E2 (p, z)|, the maximum power deposi-
lengthsL/A = 0.36 and2h/A = 0.31 are in good agreement. tion occurs when/y.(p, z) is greatest, i.e., at the resonant fre-
A graph of 11.(0) as a function oft2/ is shown in Fig. 2. quency. This is in agreement with the observations of Gandhi
Resonance at;h = 0.31x yields a maximum axial current [21] and is here quantitatively expressed in terms of the induced
across the midsection of the body-at= 0 of I1.(0)/EY =  glectric field.
12.6 mA/V/m. Note that with. = 0.875 m andk; = 27f/c,  Anexamination of (3) for’ and (27) for/..(p, z) shows that
the resonant frequency Js= 53 x 10° Hz. This is very close the radius: occurs ina? and ink; a, not only ask;a as required
to the amateur radio frequency band 56—-60 MHz. for frequency scaling. It follows that scaling as described in the
The current density:.(p, z)/E52° is shown graphically in introduction and as used by Gandhi [21] is not quantitatively
Fig. 3(a) and (b) as a function ¢f/ in the central cross sec-yalid in the frequency range 50-200 MHz. As shown by King
tion of the bOdy, i.e., at = O7 k‘gh is the parameter. Itis Seen[e]' Sca"ng is valid in the |OW_frequency range.
that the maximum occurs at the resonant valué, = 0.317.
As at all values ofk2h, the maximum density is at the sur-
L o V. DISCUSSION
facep = a, the minimum at the center = 0. This is a con-
sequence of skin effect. As seen from Fig. 3(a) and (b), skinAn analytical solution has been derived for the total axial cur-
effect is greatest at the highest frequendy, with ksh = «, rentl;.(z) induced in a cylindrical model of the human body
and smallest at the lowest frequency whésé = 0.17. In when it is exposed to an incident axial electric fidli:c. The
this last case, the radial distribution is almost uniform, as in tfieequency range includes the frequency for which the body is
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Fig. 4. Normalized total axial currenftl;.(z)/Ein¢| for cylinders with

half-lengthh = 0.875 m and radiic = 0.12, 0.14, 0.16 m, as a function of
z/h for koh = 0.357. Also shown i9).01 cos(wz/2h).

resonant and;.(z) has its maximum. Also evaluated are th€ig. 5. The elliptical cross section of the spherofd— bZ = 2 with a. =
current density.]lz (p, z) and the induced axial electric field 0.8_75 m,b'ﬁ =0.14m,h = 0.864 m, and t_he rectangular cross section of the
. . . . .__cylinder with half-length 0.875 m and radius 0.14 m.

E1.(p, ). The formulation is quite accurate for the cyhndncaf
model of the body but is only approximate for an actual body,
which is roughly cylindrical but with varying cross-sectional.875 m andb, = 0.14 m, h = (a2 — b2)/? = 0.8637 m. It
shapes and radii. The cylindrical approximation applies onfgllows thatk. = 0.875/0.8637 = 1.013. The elliptical cross
when the arms are in contact with the sides. section of a spheroid with the leng#az, = 1.75 m and the

How good is the cylindrical approximation of the humamadiusb. = 0.14 m at the center = 0 is shown in Fig. 5,
body? For the 50-200-MHz range of frequencies, the totmigether with the rectangular cross section of a cylinder with
axial current is not independent of the transverse dimensidhe length2a. = 1.75 m and radiu$, = 0.14 m.
and shape as at ELF and VLF whégh < 1. As shown in The cosinusoidal current shown in Fig. 4 and calculated from
Fig. 4, the amplitude/, . (0)|/EL increases moderately with formula (25) is an accurate distribution for the spheroid shown
increasing radius of the cylinder. This figure shows the axial cross section in Fig. 5 and only an approximate distribution
distribution of current for cylinders with radii = 0.12 m, 0.14  for the cylinder also shown in cross section in Fig. 5. Clearly, the
m, and0.16 m, together witlvos(wz/2h). Of particular interest human body is better represented by the spheroid than by the
is the fact that for all three values @f the current distribution is cylinder. It is reasonable to assume that the total axial current
cosinusoidal. However, the cosinusoidal distribution is accuratgéll remain substantially the same when the cross section of the
for a cylinder only when its radius approaches zero,a.es 0. spheroid is changed from a circle with central cross-sectional
When ¢ is not nearly zero, the cosinusoidal distribution oéread = w2 to an ellipse with the same central cross-sectional
current is only approximate for the cylinder. What must be thaea. This change is appropriate for those human bodies that
shape of a resonant antenna of finite cross-sectional area whamapproximately elliptical at their central cross-sections rather
the axial distribution of current is cosinusoidal? The primarthan circular.
condition is that its surface be a surface of constant phase in
the outward-traveling electromagnetic field that emanates from ,
its surface. The rigorous electric field tangent to a spheroidal
conductor has the following form in the spheroidal coordinates The total axial current, the current density, and the electric

INCIDENT ELECTRIC FIELD WHEN f = 60 MHz

k. andk;, [31, eq. (8.5-37)]: field shown in the several figures are normalized values. To de-
termine the actual values, it is necessary to know the incident
E.(t) = _Sodo cos(mky, /2) sin(wt — ke /2) (29) field Ei*°. This can be very large near high-power radar or tele-

vision antennas, but relatively few people are exposed to these.
Of interest in this study is the exposure of radio amateurs to the
As the time passes, a surface of constant phase defingetby electric fields near their transmitting antennas. As mentioned in
wke/2) = a constant expands, i.&, increases from a value the introduction, the currents and electric fields induced in the
slightly greater than 1. This value is readily determined for tHeodies of amateur radio operators have been shown to be haz-
human body sincé. = a./h, wherea, is the semi-major axis ardous. How large is the electric field near a simple half-wave
of the spheroid defined by? — > = k2 andb, is the semi-minor dipole antenna af = 60 MHz? Both horizontal and vertical
axis. Note tha®h is the distance between the foci. With =  dipole antennas are in use. Consider a vertical dipole supported

2rh (k2 —K2) (1 - K2
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on a mast at a distange= 10 m from the operator’s house. Forfor ksh = 0.17 to 1.0n and z/h from —1.0 to 1.0. With
a power output of 1 kW, the current in the central driving-poinf = 60 MHz and/ = 0.875 m (the half-length of a man),
of the antenna is obtained froM = I?R = 10®> W. For in- ky = 27 f/(3 x 10%) = 0.4r so thatkoh = 0.357. With this
stance, withR = 73 ©, I = 3.7 A. The vertical electric field value fork,h and|ER°| = 25.0 V/m, the maximum current at
of a half-wave dipole with a sinusoidally distributed current is = 0 is

e~ Jkerar
+

[32, eq. (A-VI-35)]
) (30)

ijOIz(O) e~ Jkar1L
E z\Py7) = —
2 (p 7) 47(/62 T1L
(31)

L = [(L _ 2)2 +p2]1/2
Yor = [(L—I—Z)2 _’_p2]1/2'

T2L

The half-length of the antenna isandk,L = = /2. The dis-
tancesr;, andry, extend from the point of observation to the
ends of the dipole. The center of the dipole ig at 0. The ver-

tically directed fieldEs.(p, z) at p = 10 m acts on a standing
or sitting person in the operator’'s houwseet the center of the
dipole be at a height 5-m above the earth and let this also be
the height at which the operator sits or stands in his transmitter
room. The direct field from the antenna at this location is ob-

tained from (30) with: = 0, so thatr17, = rar, = 79 = (L? +
p2)t/2. Hence, with(y = 1207 = wyio/k2 = cpio = v/ 1o/ o,

COII ( ) —jkz’l’o'

EQZ(p7O) 27T70

(32)

With p = 10mandL = 1.25m, 7, = 10.08m. At f = 60x 106
Hz, ko = 27rf/c = 04, korg = 12.67, and

1.(0) =11.76 x 107° | E2°| = 0.294A.  (36)

The current density and electric field near the surfaee o of
the body are

| J12(a)| = 0.2886 | EY| = 7.21 A/m?

=0.721 mA/cm? (37)
|E12(a)] = [J12(a) /(01 — jweoerr))]
=7.21/0.54 = 13.35 V/m. (38)
Near the center of the body
|J12(0)] = 0.1115 | ER°| = 2.79 Alm? (39)
= 0.279 mA/cm?
|F1.(0)| = 5.17 VIm. (40)

These values are significant and provide a quantitative basis for
the statistically observed increases in malignancies in amateur
radio operators.

VIl. CONCLUSION

The total axial current;.(z) induced in a cylindrical model
of the human body has been calculated quite accurately. When
the body is resonant, the axial distribution of current turns out
to be cosinusoidal. This is known to be only approximate for a
cylinder that is not extremely thin. However, the cosinusoidal

.60 X 376 12,67 _

E2z(1070) 1 10.08
= —2.27 — 521.89 V/m.

—j22.0¢ 91267
(33)

The image fieldz. (p, z) with the earth approxmated by a percurrent is the accurate distribution for a spheroidal conductor,

fect conductor is given by (30) with ;, = (8.752 +10%)1/2 =

so that it is concluded that the spheroid more accurately models
the body than the cylinder. Unfortunately, the current density
le(pv

z) and electric fieldE, . (p, z) calculated accurately for

13.29 m andry;, = (11.25% + 10%)Y/2 = 15.05 m. Also,
korir, = 16.7 andkgrgﬁ = 18.9. Hence

—416.7 c—i18.9
1329 ' 15.05

= —5111(0.075¢ 77157 4 0.066¢~715-9)

the interior of the cylinder cannot be transferred to the spheroid
except close to the central cross sectior; 0. The large skin

effect that characterizes the transverse distribution of current in
the 50-200-MHz range of frequencies can be calculated readily

E%_(10,0) = —530 x 3.7 <

= —j8.325(—0.55 4 50.84)
— §7.326(0.999 — j0.050)

= 6.993 + j4.579 — 0.366 — 57.319
[1]

— 6.627 — j2.740 VIm. (34)
Combining (33) and (34) gives [2]
E,.(10,0) + E5_(10,0) 3l
— 227 j21.89 + 6.63 — j2.74
— 436 — j24.63 = 25.0l¢ L0 vm. @35 @

Thus, the electric fieldE3*| = 25.0 V/m is the field acting on
a person in the amateur radio operator’s house.

Fig. 1 gives the normalized induced axial current [6]
|11.(z)/Eic| calculated from (25) witht/in Eie [k,

(3]

2t is assumed that the walls and roof of the house are made of dielectric[7]
materials like wood, brick, plaster, and asphalt which provide no significant
shielding.

for the entire length of a cylinder, but not for a spheroid.
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