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Aﬁg? ) v \ . - . - . >
- coupling efficiency of the coil as a function of the oy

" Abstract

The" f1n1te length solen01dal c011 has shown con51derable

prom1se as an appllcator for electromagnetlc heating at

-
radzo frequencxes. The geometry of the devxce 11m1ts rts use
to rather specx;llzed situations, however, because ' it# .-

requires that”the target material be placed in the interior

~

O
of the soledo1d "The propertles of a semi- 3xl1ndr1cal

solenoid, havxng\a sem1c1rcular cross sectxon ,Yare studled.

Here the mater1al to be heated 11es out51de the coil and

tions upon the phys:cal dimensions of the objegt to be

heated @w

Inkthe‘configuration studied, the coil is insulatled

- the adjacent material by a thin dielectric. fhe effects
of balanced versus unbalanced c01l exc1tat10n on the heating
distr1but1on generated are 1nvestlgated ‘at various
frequencles,%both above and below self—resonance. The. ,%
*conductivity of'the adjacent&materiai is egamined for four

~ modes of operation. An equivalent circuit model deneloped by

prev10us researchers 1s exam1ned Two nonperturblng d1pole

probes are de51gned and cﬁhstructed..The electr1c field dis- -

trlbutlon generated by the coil’ w1th1n the.adjacent>mater1al

-is measured for: four modes of operation.
Conclus1ons are drawn regardlng the app11cab111ty of

»the co11 to ad1o—frequency heatxng of b1olog1cal and

| earth-type mater1als. ’ . *i

L8
aj}acent to its flat s1de.,Thxs dev1ce phaces no restric- g;‘

2
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'Chapter\iﬁﬁ_h‘ T
ﬁ~‘. y rntrOduction and Review‘ofytﬁterature o
_ Y ,

In thls chapter, electromagnetlc heating is dlscussed and

;
> t

the subject matter is 1ntroduced Relevant work conducte&'by

prev1ous researchers is revxewed and-the‘contents of‘the

-thesxs are outllned .

'
-

1.1 Electromagnetxc Heatxng x'\ .",‘ ' R L
The 1ndustr1a1 use of electrlcal heatlng has grown stead1ly"c

sznce the turn of the century The var1ety of technlques

, presently in use‘ls extremely dlverse. and 1nc1udes d1rect
and 1nd1rect resxstance heatlng,,electrlc arc- and plasma" -
heatxng, and electromagnetlc heatlng ‘
Electromagnetzc heat1ng 1nvolves exp051ng the target
mater1al (the materlal to be heated) to a rime- varyxng
electromagnetic field. In-hqmogeneous nonmagnetic materlais,‘
two heatingvmechanisns are signiﬁicant; These are:bqoule‘
vheating,‘due to resistiVe Icsses generated.by currents
\-1nduced in materlals thh nonzero d c. conduct1v1ty, and

,dlelectrlc heat1ng, due to h1gh frequency relaxatlon R

"phenomena 1n materlals conta1n1ng polar molecules. in<'
‘.heterogeneous substances, most notably b1ologlcal tlssues,:
‘fthe e&fects of 1nterfac1al (Maxwell Wagner) polar1zat1on may
Qalso contrlbute to daelectr1c heat1ng Interfac1al~ f\
{?polarxzat1on 1s caused by the buxldup of charge carn1ers at

e

”the 1nterfaces between const1tuent mater1als...

.

-— . . ' P
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At low frequenc1es (below approxxmatgly 100 MHz) where :

: the dzmensxons of ‘the system are much less than a '\ g

“gwavelength the target materlal 1s placed w1th1n the ‘l

,near—fields of‘the appllcator;.Thls.has.tradxtxonally been

‘dreferr to as 1nduction heatxng

[

Inductlon heat1ng was first developed to heat metals at

poxerllne frequenc1es by Faraday 1nduct10n° The materlal to

: be heated 1s submerged in a t1me varyxng magnet1c fleld

P

‘wh1ch~causes' eddy"” currents to flow and heat to be generat—

_ed By thzs method metallzc components are hgated qu1ckly,

“k‘unlformly, and eff1c1ently Appl1cat10ns 1nclude meltlng,

through—heatxng, solder1ng, brazing, ‘and’ weldang. At*h1gher‘
frequenc1es the currents induced are’ conflned to flow near
the surface of the object. This allows metalllc components
to be surface hardened Increased operatlng frequenc1es also

make 1t p0551ble to eff1c1ently heat materials of lower
4

‘conduct1v1ty. Applications 1nclude the processing of

semiconductbr materials,,welding of‘plastics, acceleration \

of ' settxng tlmes for glues and adhe51ves, dryrng of wood

'paperf and textlle products, and the therapeutlc heatlng of

E b1olog1cal t1ssues (Hulls 1982 Sterzer et al 1980).

At Stlll hlgher frequenc1es (above approxlmately

‘«“.1000 MHz) where the d1men51ons of the system are comparable

~to a wavelength an electromagnet1c f1eld is rad1ated from _

4

- an antenna and propagates through free space to the target

&

l]dmater1a1 ThlS techn1gue 1s commonly referred to as

m1crowave heat1nga“



‘.Microuave heatlng is genérallf usedntocheat?substances‘

‘ contalnlng polar molecules, in whlch the. dom1nant loss. mech-‘
anlsm 1s dlelectrlc relaxatlon‘ It is. not<part1cularly ef—

| fectzve for. heatxng metals and other good conductors '
because most of the incident power 1s‘reflected from the
Jsurface of these mater1als. Presently, the largest use of
mlcrowave heatxng is for domestlc and commercial food .
preparataon Industr1a1 appl1cat10ns 1nclude the'
acceleratlon of settlng t1mes for glues and adhesxves
drylng lumber, and moxsture levelllng in food paper, and

"tethle products (Cherem1s1nof£ et al 1985, Metaxas and

| Meredlth 1983)* Microwave heat1ng is also used for\
therapeutlc heatlng of " blologlcal tlssues (Sterzer et al '

1980).

1.2 Radxofrequency Heatxng w1th Solenoxdal Coxls
The solen01dal c01l w1ll 1nduce heatlng when the materlal to

" be heated zs placed in. the 1nterzor of the exc1ted c01l The

N

time- varang ax1al magnetic f1eld 1n th1s reglon generates a
non conservatwez c:rcumferentlal electrlc fleld A ‘ﬁ e

conservatlve axial electr1c fleld is also generated wh1ch

e

1s larger than_the c1rcumferent1a1 electr1c fleld by a

B eSS

factor equal to. the cotangéne of the p1tch angle of the

=T

-‘solenoxd (Chute Vermeulen, and Cervenan 1981 pp.021) Both,v‘

of these f1eld components can cause J0ule heat1ng and
-;L;----; _________

' While' 1nterfac1a1 polarlzat1on may be present, 1t 1s f |
‘1usua11y most ‘significant at lower frequencies. . =
3A conservative electrlc f1e1d 1s one tha! sat1sf1es thg

“:relatlon §E-&1 0

. \ v C o
S S Lo

LI



A
dxelectrlc heatxng. The relatzve contrxbutxons of these

-4

“mechanlsms depend on the frequehcy and the propertles of the
4 materlal bexng heated -
If an 1nsulat1ng gap separates the coil and -target
: materlal (or if the co11 w1nd1ng is electrxcally 1nsu1ated)
then the ax1a1 electrxc fleld must twice’ Jump the gap be-
tween the target materlal and the turns df the co1l At low
‘7frequenc1es the voltage~across thxs capac1t1ve gap 1s large
and the axxal electrxc fxeld is accordzngly small Eddy o
currents, 1nduced by the non- conservat1ve c1rcumferent1a1
electr1c f;eld are thus the dom:nant sodrce of heat1ng at o
low frequenc_es. At higher frequenc1es the 1mpedance of the‘ :

| gap can be made small, so that both electric fleld o

‘components produce s1gn1f1cant heatxng

‘1 3 The Semz-Cyl1ndr1cal‘Solenoxd
" An 1mportant l1m1tatlon of the solen01dal ,coil. appllcator 1s

that thé target materlal must be placed 1n its 1nterlor. In

‘cl1n1cal hypertherm1a appllcat1ons th1s has llmzted the use "

-

‘of the dev1oe to the treatment of l1mbs.'0ther potent1al ap— -
‘ plzcatlonsfwsuch as. thaw1ng frozen 5011 are not p0551b1e.'1“
;The purpose of thzs thESIS is to study the fea51b1l1ty of
“radlofrequency heat1ng of low conduct1v1ty materrals w1th a
‘ksem1~cy11ndr1cal solen01d hav1ng a sem1c1rcular K ‘;,“ ‘
cross sectlon. The mater1al to be heated would be placed

7outs1de the c011 and adJacent to 1ts flat S1de. Th1s dev1ceg

:7lffwou1d place no restr1ctxons on the phys1cal d1méns1ons of



- ‘\,\

"the target material. o d." -
The c011 used for thxs 1nvestlgat10n 15 40 em long, .}
‘10 5 cm in dxameter and consists of twenty turns of *6.35 mm
(0 25 in) dlameter annealed coppe! tublng wound on PVC
pfpe” (plate 1.1) No sxgnlflcant attempt has been made t'o
‘optxmlze these dxmens1ons. The coxl was flush- mounted flat
s1de‘up, in the bottom of ‘a wooden box hav1ng 1nsxde length
Qidth ~and depth,of 60 cm, 40 cm, and 20 cm, 'respectxvely :
(flgure 1. ). The box is filled with sallne solutlon (the
target materlal) whose conduct1v1ty is varxed by ad]ustlng

B the‘sodlum ch%orzde concen ratxon, A thlh dlelectrlc was ’

!
no, ° M

-

—— e - ——— — -

>The’ c01l was wound on a 4 cm long plece of 4 inch PVC
“schedule 40 pipe which had been split lengthwise after a
helical groove w1¢h a2 cm pitch was cut 1n its outer‘
‘surface. s

N
‘



Figure 1.1 9051t10n§ng of the Coil and Definition of
A ‘ o Coordinate System

used to . 1nsulate the coil from the/solutxon
13

It.is expected that the . inSulatxng boundaries of the

wooden box w1ll have a minimal effect on the fields generat-
J

edfby the c01l s - : . "‘,’
S - o &

i L4 A
. 'y

\ " o

\ B . . -’ »

1.4 Related Research B

‘The theoretxcal behavior of the s1ngle layer solen01dal coxl
has been studled extensively by previous researchers. Much
of this work, -particularly the most recent, deals with the
development of approxlmate solutions for the electr1c and
magnetzc flelds generated The complex geometry of the
device has to date prevented the development of an exact
‘”solutxon. A thorough survey of early work was compiled'by
eSensiper (1955) .and of later work by Gard1ner (1982) and(\

-
A e , kgl
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Hagmann (1984) The interested readec ig directed to the
blbllograph1es conhalned 1n these theses.

Development of the solenoidal coxl as an appligator for
radlofrequency heatlng -of low conductxvxty materxals is more
~recent. Chute and Vermeulen (1981) used an approxzmate fleld

solutxon'based on the sheath helix model of an xnfxnxtely

n

long solen01d with arbltrary magerxals in its 1nterxor and

exterlor reglons to show that when the exterxor region wés
qlr, this dgvxce could be. used to unjiformly heat materdals
of low;coﬁductivity in an efficient ma&ner.‘They also showed
that whgn:ﬁhé coil and‘intéripr core material  are in direct

contact, héating due to the axial electric field is at least

— . .

several orders of magnitude greater than heating due to the
circumferential electric field, regardless of the .
conductivity of the core material.

In a later paper vermeulen and Chute (1983) presented a

~ lumped R-L-C: equivalent circuit repreSentation of a .

finite-length coil having a length-to-diameter ratio much
- -]

greater than one, for the case where the exterior region is
air and’'an insulating gap,6separates the coil and interiqr.
core material. ”Using‘tﬁis equivalent circuit, they vere able'

Lp accurately predlct the coil'"s 1nput re51stance as a func‘

tlon of core conduct1v1ty for frequenc1es vell below
-self resonance. . o T - ;

A S1m1lar plot of 1nput re31stance versus ‘core matbr1al

\conduct1v1ty for the 1nsulated c01l was obtalned ;ndepend—b

Y

ently by Fugnno et al (1981) when 1nvestlgat1ng the use of

e
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e sdlengidal coil fo measurévthe high—ffequency conductivity
of electrolytic solutions.,Howévér, they attributed this |
resigtance to dielectric and eddy current losses and
overlooked the existence of an axial electric field. An
equivalent circuit similar to that developed by Vermeulen

—_—

and Chute was also preéented, but was not discussed in
detail.

_ The dominant-nature of the capacitance between
individual turns and the zeré—potehtial midplane of aﬁ
"infinite solenoid excited witg balanced excitation* was
describ?d by Mostafa and Gohar (1953). Chute and Vermeulen
'(1982) later showed that although the capaciéance betweeﬁ a
given turn and the zero—poféntial midplane ié’much léss than
the capacétahée Setween adjacent tufns, the potential be-

tween a given turn and the midplane ig gengrally much
g : . . ,

greater than the potential between adjaéent turns.

-

Consequently, the dur:ent flowing between adjacent turns is
small compared to that flowing between ﬁndividugl turns and
the zero-potential midplane. Both groups concentrated their

1

investigations on balanced excitation, but~§tated how the
coil wéuld behave if grounded at one engt ‘

In tﬁe same papef,Chute and Vetmeulén (1982) went on to
" show that a second cqmponent'of self-cabacitance must exist
in finite-length coils excited at fréquencies below

self-resonance to account for the storage of excess charge

‘A balanced configuration exists when the device in question
and its excitation are physically and @lectrically symmetric
with respect to ground. :
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near the coil-ends, and stated how thxs lumped’component
becomes 1ncreas;ngly domznant with decreasxng
length-to—dlameter ratio;f

Tyler (1974) used a magnetxcalh¥ coupled oscxllator

circuit to study the self-resonant modes of single- layen

solenoidal coils excxted‘thhout end connectlons. Both

g

balanced ahd unbalanoed configurations were investigated.
Based on measurehents made with coils of varidus.geohetries, )
an empirical formula was developed to predict the
frequencies of selgftesonant modes. |
“ Ruggera and Kantor (1984) demonstrated experimentally
that solenoidal coils could be used to produce transversely
uniform heating in‘coaxiallf layered, simulated human ™
fat-muscle tissue phantoms without excessive fat-layer
heating. Theirlinvestigation cohcentrated on one-half
wavelength and ohe wavelehgth self-resonant modes. They de-
termined the heating pattern generated by Splitting the
phantom in half ahd viewing the exposed midplane with a
thermographlc camera. Transverse and longitudinal heatxng
patterns were thUS obta1ned The validity of the1r results
. - is guestionable, however, because they attrlbuted all the
: heatlng produced to d1e1ectr1c losses and neglected Joule
'heatxng. Based on this assumpt1on they allowed the two
| halves of the phantomvto remain sepérated by polyethylene
‘fllm durlng Xh‘e‘heating‘phase. At the frequeneies used,
- however, a s1gn1£1cant portlon of the observed heatxng .

i}

should be Joule heating (see Stoy et. al 1982, pp.°504 508)
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The flow of currents within”fhe phantomiwould be perturbed
by the polyethylene4film, S0 thatlfhe'besulting heating
patterns are not“necesearily the same as would be'observed.
vith the £ilm remoueﬁ\ K ‘ !

Hagmann (1984) developed an’ abproxxm;te solution based
on the 1nf1n1te sheath helzx model, and later used it to
predxct specific absorption rate (SAR) as a functxon of
radial p051t1on‘1n an 1nf1n1tely long'coax1ally-layered
;human arm phantom enclosed by a solenoidal coil (Hagmann and
Levin 1984).'Self-resonance at one wavelength'was examined
in coils of'uariOus radii and‘pitch angle. Strohbehn (1982)
had earlier performed similar-calculations” but based his
analysis on a mathemaeical model which included only the
circdmferential electric field.-

Hagmann and Levin (1985) went on to make a calor1metr1c
determlnatlon of the eff1c1ency of solenoldal coils
operatlng at one wavelength self- resonanCe. In a late: C o
‘paper, ﬁagmann et al (1985) coqpared the performance of
helical coil applicatofé to that of microwave annidlar phased
‘arrays for trunk and thigh heating. They obaerved'vefy B
i intense fields near the inaide and outside surfaces, of the
coil. In on; case the "aberrant"'heating produced by‘these\f
fields was found to be greater than that produced within the
volume of the co;l They also found that when a BALUN' was-
' no;'used to excite the coil, both the shape of the heat1ng
pattern and thelresonant f:eduency'of-the.coil‘were\S

............ o —————

A BALUN is a balanced to unbalanced transformer.'

PR A
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- Vermeulen and Chute (1983) to represent the cylindrical

¢f

s .

dependent upon the length of the feed cable. Very intense’
fields were detected near the feed cable in thlS case.

The use of a coxl,with a sem1c1rcular cross-section ﬂgs
‘ not, to the best'of thé author's knowledgey\been n

\

investigated previously.

1.5‘Discussion‘oflchapters and Appendices that Follow
- Previous researchers have shown that the distributions ofu
current and potential along the w1nd1ng of a solenoxdal ‘coil
are dependent not only upon the frequency of exc1tation but
also upon the manner in which the coil is exc1ted Slnce the
heating distribution generated by the coil is determined by
its electric -field distribution, it is important to under-
stand how this field"is'affected by the type ot'coil
exc1tat10n. In ‘Chapter Two the frequency of exc1tat10n and
the excitation type (balanced or unbalanced) are studied to
determine their effect on the heating pattemn generated by-
the sem1 cylindrical solenoid. Modes of exc1tation which may
be useful for electromagnetic heating are 1dent1£1ed

In Chapter Three the 1nput res1stance of the modified -
soleno1d is examlned as a fundt1on of the conduct1v1ty of

the adjacent sallne solut1on. The eff1c1ency of the devzce

1s thus evaluated The equ1valent c1rcu1t developed by

solenord at frequencxes well below self resonance 1s shown

also to accurately represent the semr-cylindr1cal soleno1d,,

- under these cond:tions.

RS ./,
a o




‘VA more complete understand{ng‘of'the heating patternhf.
generated by the sem1 cyl1ndr1cal solen01d would be p0551ble
if the electrxc f1eld generated by the dev1ce were known. |
Chapter Four descrxbes the dxrect measurement of the elec-

tric fleld generated by the semi- cylxndrlcal solen01d w1th1n»

an adjacent volume of sallne solutlon. Two" dxpole measure-

'ment probes are developed -Four modes of operatlon are

examlned -The data collected are used to produce contour.

plots of relative field strength and.power dissrpatlon.

A summary of results with observations and ‘conclusions

'1s presented in Chapter Five.

Appendxx A contalns a theoretlcal explanat1on of the

‘mechanisms of energy d1ss1pat10n within a materlal exposed

to an electromagnetic‘field. The discussion is restricted to

. &
‘nonmagnetlc materlals, and partxcular attent1on is g1ven to

agueous electrolytes. The d1electr1c propertles of aqueous

" sodium chlor1de are presented

! -

F

Appendzx B conta1ns a brlef dlscuss1on of the theory off

d1pole probes 1n lossy medla. Thls is followed by a descrlp—

t1on of the des1gn, constructlon, and test1ng of two meas-

urement probes and the assoc1ated 1nstrumentatlon, as used

to conduct the measurements descr1bed in Chapter Four.
Appendlx C confa1ns exper1menta1 data collected dur1ng

measurements descrzbed in Chapters Three and Four.



-

v f“ Chapter 2
Co1l Excxtatxon

" Prevxous researchers’ have shown .that .the d1str1butxons of ‘

current and’ potentxal oh the w;ndlng of a solen01dal'c011

are dependent upon the frequency of excztatxon as well as

‘the manner in whxch the coil is exc1ted The pr1mary purpose

~of thlS chapter is to 1nvest1gate what effect the type of“

exc1tatxon (balanced or unbalanced) has on the heatxng

patterns generated by the semi- cyl1ndr1ca1 solenoid. An

attempt is’ also made to relate the heatlng patterns observed

" to the 1deal dlstr1but10ns of current and potentlal on the

‘c01l w1nd1ng Due to end effects, however, exact agreement

between the two ;s not- expected.

Co P

2.1 Current sttr1but10n on Solen01da1 Co1ls

A. qualltat1ve explanat1on of the d15tr1but1ons of current

and potent1al produced on solen01da1 c01ls by balanced-and-

: unbalanced excztat1ons is presented It is felt that thls_—q

‘wlll prov1de some 1n51ght into. the behaylor of the:

sem1 cyl1ndr1cal solen01d as well

”~;he f1n1te length solen01dal coil can be v1ewed as a

‘ sectlon cut from an 1nf1n1te solen01d Although Tyler (1974)d

'ndemonstrated that due to end effects the dxstr1but1ons of

| current and potent1a1 on a f1n1te length soleno1da1 co11 are

| not strlctly s1nuso1dal and thus may d1ffer s1gn1£1cantly d

‘from those on a correspond1ng segment exc1sed from the

. 1nf1n1te solen01d 1t 1s helpful to assume for the t1me

O
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- ‘being that they are s1nuso1dal

-

The charge and potentlal on an 1nf1n1te solenoid vary

spatlally as an(Bz) and the current 1n the w1nd1ng varies

‘spat1ally as cos(Bz) (Vermeulen and Chute 1982). The current

in the coil w1nd1ng generates an‘axxal magnetic fieid, which

in turn generates a‘nonrconservative circumferential elec-

‘.trlc fleld Both the ax1al magnetlc fxeld and the

c1?cumferent1al electrlc fleld vary spat1a11y as cos(Bz)

- The d1str1but10n of charge on the c01l w1nd1ng generates a

\

conservatlve electrlc f1eld hav1ng components in the axlal

and rad1al‘d1rect1ons. These ax1al and radxalrcomponents
vary spatxally as cos(fz) and sin(Bz) respédtively.

The nature of the current dlstrlbutlon can be

'

‘apprec1ated by exam1n1ng the dlstrlbuted ‘self- capacitance

" models proposed by Mostafa and Gohar (1953) and by Chute andr

) Vermeulen 11982) for a short sect1on centered at a-

zero- potent1a1 plane. Capac1t1ve coupl;ng between th1s

m1dplane and an 1ncremental segment near one end of the sec-

“tion, (a potent1a1 max1mum), and between the mldplane and a

correspond1ng segment near the other end (a potent1a1 max1-

- mum 1n ant1phase w1th the flrst) results in dlsplacement
_current flow1ng out of the w1nd1ngs near one end of. the sec-'d”
'tzon, through the zero-potent1a1 mxdplane and 1nto the

,V{wxnd1ngs near.the other end>of the sect1on. These

»d1splacement currents are generated by the . conservat1ve L e

‘-electr1c fleld oﬁ~the c011., "y f:f ‘fﬁ‘ r”' f'.hlé 1u'n

J .
Y,



* .The distributlons of conduction cur;ent,‘dfsplacement
'curreht"and potential (1., 1, and‘v) on, aﬁséction of‘an'
infinite solenoid sxtuated 1n free _space are ‘shown in fxgure'
2.1, These dxstr1but1ons are ‘exactly those that would exist
on a lossless short-cxrcuxted transmlss1on llne, where»the
p051t10n of the short c1rcu1t colnc1des thh a |

. zero- potent1al plane on . the coxl (Chute and Vermeulen l982).

When a solen01dal coil is excited in a balanced manner,

_ the‘terminal;voltages oscillate with equal magnitudegand_

opposibe polarity. A coil excited in this way*can'be thought

of'as having been cut from the( ipite soleno1d so that the'
midplane'oflthe coil corresoo ero- potent1al plane
on the infinite solenoid. The resultin currentvdistrlbut1on"
is symmetric about the midplane,'and;equal‘quantitles of
displacement‘current_enter and leave the surface of the'coil
at any instant"At frequencies‘where‘the coil length is less
than one-half wavelength it is reasonably clear’ ‘that all
dlsplacement current paths begin and end on the surface of
the coil. At h1gher frequencxes thlS is not obv1ous.
'However, since there 1s no net flow of d1splacement current
_away from the c01l the dev1ce should not couple 51gn1f1-.'

cantly to grounded objects located more than one co11 length -

'.,from the c01l surface, when exc1ted 1n this. manner.y

When a soleno1dal 0011 1s exc1ted w1th one end held at

.ground potent1al it: 1s unbalanced A c011 excited 1n thxs
hmanner can ‘be thought of as. haV1ng been cut from the |
"51nf1n1te solen01d so that one end of the co1l corresponds to;f'

.
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-a aero potent1a1 plane on the 1nf1n1te soleno1d At

- rreguenddes where the coil 1ength 1s equal to.an even number

- 'of half wavelengths ‘the current dlstrxbut1on 1s |
‘approxxmately the same as what would be produced by balanced
‘Uexc1tatlonq Equal: quantztles of dxsplacement current enter
and leave ‘the c011 and ‘coupling to ground through external
ob]ects is - negllglble. At other frequenc1es the quantltles

_ of d1splacement current enterlng and”leav1ng the coxl are
noE{equal and some current must flnd an external return
path to ground The result1ng couplxng to nearby grounded

‘ objects can be very 51gn1f1cant The‘self-capac1tance’of theg‘
«unbalanced coil 1s‘1n fact‘partly determined by'this‘
external.coupling (Tyler 19?4, pp.f149l.’ |

a : -
> ; , ;

2.2 Demqnstrat1on of Heatxng Patterns j : ',,,h~';

" A prel1m1nary 1nvest1gatlon was conducted to demonstrate the
effects of frequency and the" type of exc1tat10n on the shape
of the heat1ng pattern generated by the sem1 cyllndrlcal ~

bsolenofd. e 2

_5“2‘1 Procedure'j ‘;d “~'fdl,‘v:" o “h L L e ;‘,‘

The heatzng patterns generated by the sem1 cyl1ndr1cal ) |

| solen01d were dis played us1ng a method developed by Chute j ﬁ'h.iﬁ
‘?fand Vermeulen (1981) to demonstrate two dlmensxonal electr1c'
fhflflelds. Temperature sen31t1ve cholesterac 11qu1d crystal
sheet is lamlnated to res1st1ve Teledeltos paper. When _

R
placed 1n an electr1c f1e1d currents are 1nduced 1n the

‘—
e
(]
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resxstxve paper whxch generate heat and cause a change in

the apparent color of the liquid crystal Regxons of un1form'

colorat1on thus correspond to reglons of unxform f1eld

. strength ' The resultxng patterns prov1de a general :

1nd1catlon of the fzeld geometry A 51m1lar procedure,_wlth~
‘out the‘re51st1ve paper, was used by Lerch and Kohn (1983)
t; d1splay heatlng patterns produced in gelatin by coxl—type
hyperthermla appllcators. - ‘h - L '_ f
‘For thxs 1nvestlgat10n a sheet of 3 18 mm. (O 125 1n)
plexxglass was placed d1rectly over the coil and sealed into
the bottom of the prevxously,descrabed wooden box,‘as shown
‘in Q{gure 1. 1; A sheet of Teledeltos paper was 1am1nated to
the upward fac1ng s1de of‘the plexlglass, covered by a layer
of l)quid crystal sheet, and by transparent PVC fllm The
apparent color’ of the llqu1d crystalfshlfted from black ,,‘

below 25°C to brown yellow, green blue, and back to black

- above\30 c.

Four operatlng cond1t1ons vere 1nvest1gated corre-
spond1ng to the coil length be1ng much shorter than one
| wavelength, approx1mately equal to one half'wgyelength
approx1mately equal to ‘one wavelength -and approx1mately
w(ﬂ /Sual to two wavelengths.‘d:jq"l'{d\;f\:rf‘ |

‘In the balanced case self resonances were located by -

‘fkmon1tor1ng the coxl s 1nput adm1ttance versus frequency w1th

d"a Wayne Kerr model 38013 VHF adm1ttance br1dge and model

SR268 source/detector. Frequenc1es where the equ1valent

g

shunt capacxtance 1nd1cated by the br1dge Went to zéro were '[‘:~'
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- assumed to correspond to self-resonances, and were.assumed

)

o : IR L ' ) . .
to occur at one—half‘anelength intervals Wlth 0.13 mm

(0. 005 1n) polyethylene frlm coverlng the coil and the box .
fllled with tap water (0=0. 02 S/m), resonances were-found to
occur at 10»4 MHz 20 8 MHz, 28.6 MHz and 37 8 MHz In the

unbalanced case resonances were located by monltorrng the

coil's. lnput 1mpedan7e versus frequency wath a

Hewlett Packard 4815A RF vector 1mpedance meter Erequencies
..

- ‘where thls.impedance becaie purely real were assumed to

4

.correspond to self~resonances; and again were asSumed to

occur at oneLhalf wavelength intervals. WIth 0.13 mm

Pl

(0. 005 1n) polyethylene film. coverlng the coxl and the box

fxlled w1th tap water- (oaO 02 S/m)»,resonances were found to

occur at 8. 7’ ‘MHz, 21 7 MHz, 27 5 MHz, and 39.0 M}lzQ The fact ’
that these self resonant frequencxes are not regularly,

"? .
spaced waé noted by Tyler (1974) -and 1s‘here attrlbuted to

o0 ' [}

- end effects. S e G - L

When the polyethylene filn was replaced by'the
lamlnated plexlglass sheet these resonant frequenc1es‘were
found to sh1ft sllghtly Frequenc1es of 10 MHz; 20 MHz, and
. 35. 1 MHz were thus chosen to study the co1l s behav1or where:

\

1ts length 1s.approx1mately equal to one half one4 and two i

Lo

E wayelengths,land 1 MHz was selected as an appropr1ate

o

3 co1l was 1mpedanceﬁmatched to the output of an’ hhfj("'

frequency at wh1ch to study the c01l s low frequency behav-
1or.rf?}J ;yf;:yrlpf, flf;*,?' B "1 ”‘ﬂ‘;“i,:;‘ |

The box was f1lled w1th tap water (a=0 02 S/m), and the.f

C o ead

.‘/:"
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osc1llator drlven amplexer . The coil was energised at Bach
‘of the _above frequenczes and the images generated 1n the

11qu1d crystal were photographed .In each case the ;nput

)

Vpower and water temperature were adjdsted to give the

v

C}earest image. In some cases minor changes in frequency

| were necessary to obtain proper impedance qatching.

f lTo generate balanced ekcitation, a BALUN consisting of

a halt-wavelength section of RG-8/U coaxial cagie was used,

‘and tNe unbalanced input of the BALUN was impedance-matched

toﬁ:he ampllfxer output (fxgure 2.2). To generate unbaiancéd

" exci tatxon, the matchxng network alone was used One end of

- — " ———— a—— — o —— —

‘An Electronic Navigation Industries (ENI) model A 300 'RF
pover amplifier and a Hewlett Packard model 8656A sxgnal
'. generator were used. A Philco-Sierra model 164B
bi-directional power meter was used to monitor reflected
power and optxmxze matching. x R

- . ™

J

== | BALUN

LAY

e

GND

Figure 2.2 -~ Balancing and.Matching Network
. -. . - } . ,
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the coil was thus, held at ground potential.

2.2.2 Resuits | :
"Heating patterns generated with balanced ekcitation are
shown in blates 2.1, 2.2, and 2.3. Because of difficnlties
in ccnstructing a suitable impedance-matching network, a
heating pattein for the one wavelength self~tesonant case
could not be proéduced.

Heatlng patterns generated w1E9 unbalanced excitation
are shown in plates 2.4, 2.5, and 2.6. Difficulties in
constructing a suitable impedance-matching network again -

prevented the production of a heating pattern for the one

wavelJngth self-resonant case.

Plate 2.1 Heating Pattern Generated at | MHz by Balanced
' .Excitation



‘l

Plate 2.2 ' Heating Pattern Generated at 10 MHz by Balanced
‘ Excitation '

A\ -

Plate 2.3 Heating Pattern Generated at 35.1.MH2'by
. , Balanced Excitation ‘



T

]

Plate'2.4

-

Plate 2.5
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.\,

Heatlng Pattern Generated at 1 MHz by Unbalanced
\ ‘ 'Exc1tat10n

. o s

Heat1ng Pattern ge erated at 10 MHz by
- Unbal nced Excitat1on
"ﬁ, Coe AN . . .



Plate 2.6 Heat1ng Pattern Generated at 35 1- MHz by
" Unbalanced Exc1tat10n

2.2.3 stcusszon - |
In order to 1nterpret the heating patterns presented in
plates 2.1 to g.6p1t should be remembered,that the axial and
circumferential electricwfleld components have (neglecting
; end effects) the same spat1al d1str1but1on along the length
' of the c01l as -the conductlon current, in the coil winding,
and that the radial electric field component has (neglecting
end effects) the same spat1a1 d15tr1but1on alon& the length
of the c01l as. the potent1al on the coil. |
The heat1ng pattern produced at 1 MHz by balanced
excztatxon is shown in plate 2.1, No‘heatlng other than i
re51stive losses in the coil wandzng can be d1scerned. The.
unxformlty of the 1mage generated suggests that the d1str1-

butlon of conduct1on current 1n the coil w1nd1ng is -
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approximately uniform over the length of the coil. This
agrees with the theoretical distributions of current and

ontential on a short balanced sectibn’excised from the.

infimite solenoﬂd. shown in fxgure 2.3(a).
The heat1ng pattern produced at 10 MHz by balanced
excxtatlon is shown 1n plate 2 2. ‘At this frequency the
length of the c01l is approximately equal to one-half
wavelength. Heat1ng is produced‘near both ends of the coil,
’where‘the conservative electric field leaves the‘5urfaCe~ofl
-the coil and extends outward into the target materxal Th1s
'agrees with the theoret1cal dlstrxbutlons of current and
potential on a balanced one-half_wavelength section excised -
'from'the infinite‘solenoid shown in figure 2. 3(c) Strictly
'speaking, only the axial component of the conservatlve elec—
tric fleld should produce heat:hg in the resistive paper.
The concentratlon.of heatzng in reglons where‘th1s fleld is
prlmarlly radial in dlrectlon is attributed to a dlstortlon
1n the shape of the field due to the Teledeltos paper, caus-
ing the przmarlly radlal electr1c field to become pr1mar1ly
axial 1n this plane. ‘Heating by res1st1ve losses. 1n the c01l‘
w1nd1ng is not_apparent due to the dom1nance of the loasee .
in the target mater.al , .‘~ | | L |
The heatlng pattern. produced at 35 1 MHszy balanced“
‘exc1tatton is: shown 1n plate 2.3. At thlS frequencf the
length of the. co1l 15 approxzmately equal to two

_wavelengths. The observed heatlng pattern 1s aga1n produced

by the conservat1ve eléctrzc f1eld of the coil. At th;s .



"-5exc1tataon 1s shown in plate 2. 5 At this’ frequency the

- frequency the conservative‘field is‘more\tightly bound to

26

_ the coil, and relatlvely llttle penetratlon 1nto the target

o
[}

‘material’occurs. As‘a result both the radial and axzal

- components of the conservatxve electrlc fleld produce

. heating in the plane of the res1st1ve paper. The heatzng

“pattern observed agrees w1th the theoretlcal d15tr1but1ons
“of current and potentlal on a balanced two wavelength sec-
tion excised: from the infinite: soleno1d shown in figure
2 3(e) B

The heat1ng pattern produced at 1;MHz by»unbalanced_;

exc1tatxon is shown in plate 2.4. As in the balanced case,

‘no. heatzng other than reszstzve losses in the c01l wlndlng‘

can be dlscerned The unlformlty of the 1mage generated

' again suggests that conductlon current is un1formly d1str1b-

. uted over the length of the ‘coil. ThlS agrees with the

theoretical d1str1but1ons of current and potentzal shown 1n B

f1gure 2. 3(b) for a: short unbalanced sectlon excised from

the .infinite soleno1d »and.conflrms that for freqﬁenc1e5‘
i

_ well below self- resonance, the dlstr1butlon of conductlon

.~current on the c01l w1nd1ng 1s approx1mately un1form regard—

- less e%—how the coil is exc1ted ' . o ,
' The heat1ng pattern produced at 10 MHz by unbalanced

&-.length of the c01l is- approxxmately equal to one-half o

wavelength The asymmetry in this heat1ng pattern 1nd1cates o

that ome ‘of the dxsplacement current 1eav1ng the surface

\

|

] B
i

.o£ :
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~Tncl‘ude the coil wjnding. The theoretical distributions of -
_current and potential‘on an unbalanced one-half wawelength
section excised froh the infinite solenoid are shown‘in‘ﬁig-
ure'2 3(d). | ‘/’ o

The heatlng pattern produced at 35 1. MHz by unbalanced
excitation 1s shownf1n plate 2.6. At thzs frequency the
‘length of the coil is. approxlmately equal to two
‘wavelengths._Thxs pattern is pract1cally 1dent1ca1vto ‘the
one shown in plate 2.3 for the balanced two wavelengtkaease,
confirming that at this frequency the'dlstrlbutlons oﬁgcur—‘
rent and potential produced by balanced and unbalanCed
exc1tatlons are alxke. Thls llkeness was noted by Ruggera
| and Kantor (1975) The theoretlcal dlstr1butlons of current
and potent1al on'an, unbalanced two wavelength sectxon are
shown in figure 2.3(e). | ‘
E Further dlscussxon of the heatlng patterns produced by
~the semi- cyllndrlcal solen01d w11L be presentedljn Chapter
Four. “' ‘

It should be noted that the procedure used here only
dlsplays heatlng generated by ‘the horlzontal component of

the electrxc f1eld in the plane of the resxst1ve paper. The -

contr1but1on of the vert1cal £1e1d component 1s not d1sp1ay-'ﬁf‘*

. s
ed. The nature of the heat1ng dlstrlbutlon generated in.

other planes 1s also not cons1dered. In add1t1on, the~‘
,effects of the 1mpedance mlsmatch between the res1st1ve
krfsheet and the water, and the effects of the nonconduct1ng m’.

“vlayers of plex1glass, llqu1d crystal and PVC £1lm are not
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explored. = . o S

‘An‘unexpected phenomenon was observed when - operatrng
‘the c01l with: unbalanced excztatlon. Touchlng a grounded
-netal surface whxle standlng in the v1c1n1ty of the
| energlsed c01l resulted in a burn to the skin at the p01nt'
of contact. This is due to the operator s body form1ng a low
“1mpedance path to ground for dlsplacement current leavxng
the coil. This effect was most severe at 10 MHz and 20 MHz,“f
and was only sl1ghtly not1ceable at. 1 MHz and 35.1 MHz . itf
was not observed at. any frequency when us1ng balanced
excitation. Hagmann et al (1985) 51m11arly observed
dangerously 1ntenseﬂ51elds near the feed cable when exc1t1ng
a cyllndr1cal solen01d at ‘one wavelength self resonance
,W1thout use of'a BALUN Because of th1s it is clear that
"‘unbalanced exc1tatlon should only be used at frequencxes ‘

' where*external coupllng of displacement currentsyls not‘sig¥

nificant. - - PR AR :
) ' . '
i

Based on thlS 1nvestlgat1on balanced coil exc1tat10n
A N
will' be studled more thoroughly at 1 MHz, one half
wavelength self resonance, one wavelength self resonance,

« -

‘fand two wavelength self resonance. Slnce unbalanced d
“exc1tat10n has been shown to produce the same heat1ng
"patterns as balanced egt1tat1on would 1n the low frequency h

;.‘and two wavelength cases,v1t is- used 1n these cases Th1s

{w111 be dlscussed further in Chapter Three.ive

R . .
-



Chapter‘3

. - : E££1cxency
L. ' ' ' "
The purpose of thlS chapter is. to 1nvestlgate the dellvery

of energy 1nto the ‘target materlal by the semi- cyl1ndr1cal

"f3 1 Measurement of Inpht Resxstancel

‘ solenoxd The effect of the conduct1v1ty of the target L

materlal upon the eff1c1ency of the deydce is of partlcular

%
1nterest. The c01l is examlned at frequencxes where ‘its

'length is much less than a wa(elength equal to one half

wavelength ‘equal to one wavelength and equal‘to two -

‘The ab111ty of the sem1 cyllndr1cal c011 to dellver energy

v1nto .the. target mater1al was evaluated by measur1ng the in-

5

put res1stance (or~ conductance) of the device as a functlon

.of‘the electrtcal conduct1v1ty of the target mater1a1 An

_estlmate was then made of the re51st1ve losses 1n .the . c011

i

gw1nd1ng. All power del:vered to the c011 is assumed to be

"d1551pated elther in the target materlal or the coil

uw1nd1ng, and radlatlon is neglected.l81nce unbalanced

fexplaxned laterL

V‘exc1tat1on is eas1er to 1mp1ement 1n th1s measurement it is
'ffused in the low- freguency and two wavelength cases. It 15,1""*

‘not used in. the one wavelength case for reasons that w111 be.‘

«l

-
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3 1 ‘T Procedure

o ~—For this 1nvestlgat10n a 0. 13 mm (0 005 1n) polyethylenevf

| .fllm was placed over the coxl and sealed to the bottom of
the prev1ously descr1bed wooden box. The box was then fxlled
w1th distilled water 'whose conduct1v1ty was gradually
’1ncreased from approx1mately Zx107¢ S/m to approxxmately

~.20 S/m by adding small'quantltles of saturated NaCl:
'solutron The temperature of the solutlon was, marntaxned at.
'approxzmately 25° C At each 1ncrement the conductlvxty of

‘ the solutxon was'measured and recorded along w1th the 1nput

,'1mpedance (or admlttance) of .the coil and 1ts resonant

ﬂ3frequency | : | . - |

| The low frequency conductzvzty of the sallne solut1on

(o,,) was determlned by a four electrode measurement (Schwan

“and Ferrxs 1968) at 100 Hz u51ng a submersxble test cell |

‘(flgure 3 1) The ceéll was, submerged and allowed to f£ill ’

‘w1th solut1on. A small,vunlform current dens1ty was estab—

llshed 1n51de 1t and the result1ng potent1a1 grad1ent was

- !

(.

'measured The conductqvxty of the solutlon was then o ‘ Vd

| calculated adcord1ng‘to

3= 41 1 74 18/

y o - L S

CE U R

ll.

}lTh1s value was then adjusted usrng the data presented 1n

v)the frequency at whlchythe c011 was be1ng exai”

:*the real effectlve cOnduct1v1ty;_

, N

:thzs adjustment

"ffthe pange"f7£requenc1es cons1dered here,

S

;sectlon A 2 of Append;x'A to 1nclude drelectr1c losses forv:”

';d and glve3‘“

a, at thatf{v quency. For'jf?uﬁﬂ~

."}.«' e
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In the low frequency case (1 MHz) the coxl was

parallel resonated\w1th aqyarrable a1r d1electr1c capac1tor

'The input re51stance7 of thls parallel combxnatxon was then
‘measured w1th a’ Hewlett Packard 48 15A KF vector 1mpedance1
meter. The coax1al measurement probe on thlS device is ‘f
dunbalanced (one termznal is tied to ground) ~and so will

"lexcxte ‘the c011 in an unbalanced manner. However' the curc‘

A

" rent dlstr1but1on 1n the low—frequency case is approx1mately

”

‘un1form regardless of the type of. exc1tat10n so that the
f‘1mpedance observed should: be approxlmately the same' undep .
‘balanced and unbalanced excxtatlons. |

In the one-half wavelength self resonant case, balanced

1mpedance measurements cannot be made dxrectly w1th the vee-

tor 1mpedance meter probe .one termlnal of Whlch 1s
grounded sxnce at\fhxs frequency balanced excitation im-

plles potentlal maxfma at both ends of the c01l. A balanced

1

‘admlttance bridge* was used to locate self- resonance and

determlne the resultlng termlnal admlttance of 'the c01l over

‘the specxfled range,oﬁ conduct1v1t1es.g .
 Use of the'veCtor 1mpedance meter for the balanced one
’ : ' t

wavelength measurement was net fruztful Impedance vaers
were observed to dr1ft randomly w1th tlme, and the resultsi,-,

were generally not reproduc1ble. Use of a screened enJ’bsure"V“

B

lﬁ:dzd not 1mprove thls. Th1s problem was attr1buted to

\

iequlpment malfunctlon and w1ll not be dlSCUSSed further. Use

A

’The value obtalned 1s actually equal to the rec1proca1 of
- the 1nput conductance. . - -
. -‘A Wayne Kerr model B801B VHF Admxttance Br1dge and model
SR268 RF Source/Detector were. used. Lo

'*[/f.\* ‘

]
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of the adm1ttance brzdge in thxs ,omse was also difficult.

" The 1nput susceptance of the COll blows up where L=},
changzng abruptly from a large shunt capacitance to a ;arge
sﬁunt inductapce. Iﬁdeed it has been shown that this
“suéceptanoe varies ésygptangent(ﬂL/Z)} Qhere L is the length
of, thé coil in‘wavelengths‘(Chute‘and Vermeulen 1982). As a
Eesulg, the admittance bridgé cannot not be balanced near:
‘»/;esoﬁaﬁcg since‘the.ihput susceptance of the coil becomes
larger in magnitﬁde than the instruiment can measure. For
this féasbn oﬁly the ‘approximate fréquency of self~resohance
das,fecordgd at low conductivities. Aslthe condhétivity of
‘the solution was.inéqpased, however, susceptance valu;s near
resonance wereiobserved to deérease, and the admittance
bridge could be balanced. This decrease is thought to be due

’ f

to the, decreasa in the "Q" of the coil as the sallne,

s

solution becomes. mote lossy.

In the two wavelength selfrresonant case, a balanced

.’

3 W . ‘

measurement of “the coil's input impedance was made with the
2t ' o

unbalanced probe of the vector impedance meter connected di-

rectly'tofthe coil terminals. This generates@ﬁpproximately‘

the same.cdrrent distribution as balanced*excitation would,

because both the: balanced case (mldplane grounded) and the

r

'unbalanced caseQXendplane grounded) result in potential
'mlnlma‘at the coil terminals Qhen operat1ng at two
wavelength'self-tesonance. The two exéifatioﬁs do nbp
prodéce‘exaét}y the same current. distribution, ho;ever,l

»

since in the unbalanced case a finite voltage must exist at
' !

i
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. ' \ ‘
one end to account for the nonzero input impedance of the

coil. As a result, the current distribution generated is not

completely symmetrxc. In the balanced case a f1n1te (but

smaller) voltage would exxst at each end of“the coxl and

—

the current distribution would still be truly symmetrlc {but

not strictly 51nu501da1) The difference between the two
current dxstrlbutxons is presumed to ba small /3O that the
measurements made with the unbalanced instrument are
accepted as being representatiQe of a balanced meaauremént
as well. ‘

In all four cases resonance was maintained by adjusting.
the measurement frequency aé required. to keeb the coil
iméedance purely real. The variable capaeitor used in thd
low-frequency case was not ‘adjusted after the original
. setting was made. The;“resonantifrequency" teported“in this
/?' case is the freqguency at which the variable capacitor and

the shifting inductance of the.semi-cylindrical solenoid

continued to be resonant.

3.1.2 Results

The measured'values of coil input resistance (ot .
conductance) ana<fesonant freguency- are tabulated in tables
C.1to C.4 of Apﬁendix C, andiafe plotted in‘figures.3.2 to
3«5 The resistance values sh;kn in flgures 3 3 and 3.4 for
the one-half wavelength: ané 6ne wavelength cases are equal
to the reciprocal ‘of the measured values of input

c0ndUctance. ’ ‘ : ‘ s o
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3.1.3 Discussion -

It is 1nterest1ng to note that 1n all four cases an abrupt

t

a decrease in the self resonant frequency occurs as the loss

N

tangent of the: sallne solutlon approaches unxty At thls
tconduct1v1ty the currents generated by the c01l s electrlcx

'

field shfﬁt from bexng pr1mar11y dlsplacement currents to

be1ng prxmar11y~conduct10n currents.‘j o » "f "3 |
3.2 Estxmatxon of Effxcxency |

In order to evaluate the eff1c1ency of the sem1 cylxndr1cal
solenozd 1t is. necessary to estimate the res1st1ve losses 1n
I'the c011 w1nd1ng. These losses are assumed to vary. w1th the |
current dlstrxbutlon on the c01l and w1th frequency At low
'frequenc1es»the current d1str1butlon on the co1l is always |
uniform, so that the losses in' the co1l w1nd1ng are

T

relatlvely 1ndependent of the const1tut1ve parameters of the
\

‘target mater1a1 The res1st1ve losses in the c01l w1nd1ng

~can thus be determlned by’ measurlng the co1l 1nput 3 .

\re51stance w1th the lossy target mater1a1 removed Thls

E procedure was used by Vermeulen and Chute (1983)

*‘freguenc1es where the " length of the c011 is comparable to a h
'"wavelength the current dlstr1but1on on. the c011 1s d1rect1y

,'dependent upon the const;tut1ve parameters of the target

) ‘* s

’materlal and such a measurement 1s not p0551ble. f

.

In the procedure used here, re51st1ve losses 1n the

e rec



,]tné targetfmaterial goes to'zero; These losses uere:ln eaCh
T :
case assumed to vary 1nverselv thh the sk1n depth of the
copper as the resonant frequency shlfted Eff1c1ency was

then calculated as the ratxo of. power dlss1pated in the
‘target material to total power del1vered to the coxl thle‘
this method may be less exact than the calor1metr1c.

| determlnatlon made by‘Hagmann‘and Lev1n,(1985), it does pror”
vide an effxczency-estimate‘for‘target material . |
conduct1v1t1es over f1ve orders of magnltude.'»

In the low frequency case: the zero- conduct1u1tj
asymptotlc value of input reSJStance~1s 10.5~k9, and all
‘subsequent values of‘fnput‘resistance atfhigher‘
conduct1v1t1es are smaller than th1s. For’this reason the
' resistive losses are modelled by a f1xed res1stance R, inf
parallel w1th ‘a re515‘ance represent1ng the losses 1nduced
in the target materlal and the measured 1nput re51stance‘

R,, is assumed to be - the parallel comblnatlon of the two.tIn"

IN

‘thls"case R is assumed to increase w1th 1ncreas1ng sk1n .
depth and thus 1ncrease w1th decreas1ng frequency..The

'heatlng eff1c1ency of the c01l as a functlon of conduct1v1ty

-
\

‘;1s’then calculated as X _ | | S ‘ |
.f:'h‘: nL‘.(g)-» 100% x [Rw(o) RIN(O)]/R‘,(U) [3 2]

The 1nput 1mpedance of a lossless co1l exc1ted at

| — .

'.one-half wavelength balanced self resonance 1s 1nf1n1te.‘fa@u

'lijth is ev1dent from the theoretlcal dlstrlbutlons of cur-“

v

‘rent and’ potentlal presented 1n f1gure 2. 3(c) The

LY

B zero conduct1v1ty asymptotlc value of 1nput res1stance (the

.



bconduct1v1t1es 1n the one wavelength balanced self resonant}j

o U a2

recxprocal of the measured 1nput conductance) observed here

‘for the sem1 cyl1ndr1cal c011 15 approxlmately 35 0 kﬂ and‘f

|‘|

Vsubsequent 1nput resxstances at hlgher conduct1v1t1es are

I o . “"\

smaller than thls. For th1s reason the one half wavelgmgth

-

self resonant case xs treated 1n the same way as the :M A
' t'3 .r‘ ; 7“ ] ""'”‘

“1ow frequency case.“‘n e ,' A B uj;f
s i

.qm(o) 100% x [(R (a) - R,‘an/n (o), S [3 330

" 4'\1“

"As prev1ously dlscussed an accurate measurement of the

1nput adm1ttance of the 0011 could not be made at low‘

;case.‘Estlmatlon of're51st1ve losses ‘in the coxl and evalua-- :

N ,._.,‘.,

1t1on of heatlng eff1c1ency were thus not p0551ble. However,}di
.fthe data presented 1n f1gure 3 4 suggestscthat based on the
:same model as used in the two wavelength case, the peah
i'ef£1c1ency of the dev1ce ekceeds 90 percent. ‘.v. '
The" 1nput 1mpedance of a lossless c011 exc1ted at two j L
f‘wavelength balanced self*resonance 1s zero Ohms. ThlS 1s e

wev1dent from‘the theoret1cal d1str1but1ons of current and

A (

‘-mpotentlal presented 1n flgure 2 3(e) The zero conduct1v1ty

) 1s approxlmately 2 5 R and subsequent 1nput re51stances at

fhlgher conduct1v1t1es are larger than th1s. For thlS reason
\ "the re515t1ve losses 1n the c011 are modelled by a f1xed

\reszstance*n‘ IP ser1es w;‘h a resxstance represent1ng the'f’”




'thus decrease w1th decrea51ng frequency. The heatxng

\eff1c1ency of the cozl as a functlon of conduct1v1ty 1§’thus

a ~

calculated as 7 ‘

'"2*'(”" 100% « [Ry(6) - R(§)1/R(8) . (3.4

The eff1c1enc1es observed in the four cases are plotted

‘together in f1gure 3 6. A curve for the one wavelength case

is. 1ncluded for comparlson only, and is based on an

'estxmated low conduct1v1ty asymptot1c value of 1nput B

're51stance of 68.

The eff1c1enc1es'reported by Hagmann and Levin«(1985l

" for the cyllndr1cal solen01d operatlng at one wavelength

‘self resonance are- much lower than those reported here.

‘Poss1ble explanat1ons for‘thxs, apart from the.fundamental

dszerences between the two dev;ces, 1nclude the larger

0

conductor cross sect:on and lower frequency used here (both

. of which. should result in lower re51st1ve losses than‘

llexperxenced‘by Hagmann and Lev1n) and the much smaller gap

3. 3 Equzvalent C1rcu1t Models"

jbetween the coil and the target materlal used here.'f

e
e,
' ." &

—_—

‘) [N

It 1s possxble to speczfy lumped values of 1nductance,.;

-

7;fcomponents can be used to construct an equ1valent c1rcu1t

Vsuch a c1rcu1t can be related to spec1f1c mechan;sms of

Jcapac1tance, and res;at’nce such that at a part1cu1ar ST

'ﬁfrequencx these elements store»and dlss1pate the same

‘\.quant1t1es of energy as the sem1—cy11ndr1cal solen01d These‘fl“

C . ,

'?*representat1on of thé c011 If the 1nd1v1dua1 components of

K g wee = ‘ < ‘w. -~ -
1 N Lot . . - N .
4.' N " N -

N B T T S P
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?g)energy storage and d1551patxon, and to the phy51cal parame-

, TR . L
. . . . . o ! IR .
' ,~' . ' ‘ B \ T . \,
Vo

"r‘ﬁters of the c01l and target mater1al then the equ1valent

‘,changed If these components cannot be g;ven some physxcal C

the per?ormance of the c01l when these parameters are’

, .

i ‘erlgn1f1cance then the equ1valent c1rcu1t 1s of llttle use in.

. 1llum1nat1ng the phenomena 1nvolved
_\ ) : .

4

\3 3‘1 Low-Frequency Case

‘xVermeulen and Chute (1983) developed an equlvalent cxrcu)t

to;representvcyllndr;cal‘solen01dal coils havxnghlarge

length-toFdiameter ratios at frequencies well"belon~

self résonance. They calculated theﬁenergy stored and

d1$51pated by the ax1al and c1rcumferent1al electr1c f1elds o

‘of the co1l and eguated this to the energy stored and

d1551pated in equ1valeht capac1tors ‘and res1stors. Each ele*

ment of the c1rcu1t thus - represented a spec1f1c mechan1sm of

A
+ o

energy storage or d1551pat10n. They were also. able to relate‘7

the . 51ze of each component to the phy51cal parameters of the‘

| co1l and the const1tut1ve parameters of the lossy core.:;

Based on the 51m11ar1ty between the 1nput 1mpedance

’]‘{curve obta1ned for the sem1-cyl1ndr1ca1 soleno1d and the

”cunygﬁﬁresented by Vermeulen and Chute (1983) for the: o .

U‘cyllndrlcal soleno1d the same equ1valent c1rcu1t (f1gure

w*g‘3 7) 1s used here to represent the sem1-cyl1ndr1ca1

solen01d Here C ; C and R represent (respectxvely)

-

~Upthe enerqy stored and d1ss1pated w1th1n the target mater1a1

_A__*

. 45,

mpcxrcu1t becomes a useful tool for predlct1ng the effect on_.. .

b

9 -



\
.
I v
.
,
'
’
——
Y
" ’
1
[l
! \
- '
~— )
- <
'
.
o
J
. a
. .
———— -

e

[ Figure 3.7

)———— g —— = ———— O — ——-—q—'——'Jb

v%Lowerregﬁenéy EqUibaienﬁf

~ .
. .

i

Circuitj'i



‘parallel comblnatlon of R

Y
Jo ‘

wby the conservatxve and non- conservatxve electrlc fxelds of

the semi - cyl1ndr1cal solenoid. L represents the energy

9

- stored w1th1n the co1l s® magnetlc field, R; accounts for the

rre51st1ve losses in the coll w1nd1ng,-and C‘ represents the

.capac1tance of the 1nsulat1ng gap between the coil and

‘target materxal A detalled development of thls c1rcu1t was

presented by Vermeulen and: Chute (1983). Only the detalls

'

'relevant to the present dlscu551on are rev1ewed here.‘

The 1nput re51stance of the proposed clrcuxt (the

G 1

rec1procal of the 1nput conductanL ) is given by the

|

v,fRe, and R,, where

(2xx)2 + RI(X.42%)7 . S 3.8)
- sz - . )

It-has been shown that 1f R, &nd R are assumed|to vary [

LN g : . }

1nversely w1th o ‘~ o R

k6, Ll - 13.6)

e e ’ . ) N

R
R, = k/o P o . o [3.7]
‘ .

thean' reaches a mxnlmum value of RY at am By - i{

d1fferent1at1ng R, w1th respect to & and settlng the result

to zero, it can be shown)that | p.-"",ff, ] x? T ‘Ma‘ '
. ‘ﬁ R”[ . g,] e o [3f8J

~

om ‘0,

The measu*ed values of the COll 1nput res1$tance (Rm)

.7‘and the re51st1ve losses 1n the co1l w1nd1ng (Rv) are
‘"flplotted agalnst o 1n f1gure 3. 8 As in the equlvalent D
) - , ) _“‘ "‘.'
c1rcu1t development Rm 1s assumed to be the parallel S

~dcomb1natxon of R; and another component R wh1ch accounts

o .

{tfor the losses 1nduced %“ the target matenal.),R,e 1s itself

o
.

- ‘ L 5
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{

- the parallel combination of R, and R,. Values of R,, vere

calculated from Phe measured valués of R,, and R, accerding -

to ‘

R,, = [R,' - R), '[3.9]
and are plotted as "R“(ﬁeasured)"'in figure 3.8. From this
curve values of R" and 6™ can be determined, since at
conductivities cohparable to o™, R, is many ordersiof
magnitudé larger than R,, so that R, is'approximately equal
to R,. The values of R} and ¢" so obtaidéd weré insérted into
‘equation 3.8 to generatéanlQes of R,. These value§ are
plottediin figure 3.8 as "R, (model)". A valué of’ke was then
selected to give the closest f{zﬂbetwgen R,.(measured) and
R,.(model), which is the parallel combination of R,(model)
and R.(model) . Values of Re(model) were generated by |
inserting this 'best=fit' value of k, into equation 3.6.
Curves corresponding to R (model) and Raehnodel) are\élso
plotted in figure 3.8.

"~ The assumption made that R, .-should be constant is ‘S\i
reasonably aécu;ate'since the shift in frequency as the
taéget material conductivity is increased is very small in
"this case. The poor-correlation ‘between R, (model) and
R,,(measured) at conductivities greatér. than )us/m can be
attributed t6 changes in the field distribution as the skin.
depth in the saline solution becomes comparable’ to the |
dimensions of the coil,iasﬁwell‘aé to the fundémenﬁalL
differehceé-between the fields generatéd by this device and

those generated'by the cy%}ndricai solenoid,-on which the

\



L Am—

31551pat10n. The - ‘use of such c1rcu1ts is thus of 11m1ted

) model 1s based. B f' o S - ‘ 2 i ﬂ .

The 1mpedance values generated by the proposed 61rcurt

\ 1

‘are. found to agree well with those measured 1t i's clear

‘

that for frequenc1es well below seLf resonance, the equiva-

\ cey

lent circuxt devxsed fOr the cylxndrlcal solen01d accurately

represents the semx cyllndr1cal solenoid as well The

. ~

elements of the c1rcu1tumust thus represent.the same

mechanisms of energy’storagekand dissipation in both cases.
T e A L oo ,f *
3.3.2 Self-Resonant Cases

At frequenc1es where the length of ‘the coxl is comparable to
a wavelength, the coxl is not well represented by a- lumped

equivalent circuit. Here the coil must be v1ewed as.a dis-

tributed-network whose per unrt length component values

Ty

vary along the 1ength of the coil to account forrthe

nonuniform nature of the coupllng’between the coll and

target material (Vermeulen and Chute 1983, pp. 95) s .
While circuits were dev1sed which generated the same- ,';: ’

general varlat1on of 1mpedance with target'materlal |

conductivity, the components of these circuit5°coUId not be

linked _to spec1f1c mechan1sms of energy storage and

-

value and was ngt pursued further.
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, ”by this 1nterest

;A4 1 Electrxc Field sttrxbutxons

.Chapter 4
Distribution of Heating
The purpose of this chapter is to study in detail the
geometry of the electric field éenerated within the taréet
material by the semi—cylindrical SOIenoid; Of'particular
interest are the depth to which significaat heating
penetrates, and the axial distribution of.tpat heating.
The author's primary interest is‘in poasible biomeaical
applications of this.device. The choice of target material

‘conduct1v1ty for the following 1nvest1gat10n was. motlvated

Qo

The electr1c field distribution generated within the target

A

\
materlal was measured using two nonperturblng d1poDe probes.

.Eachvof the four modes of coil excitation considered in

.Chapter Three was examined. These modes are low-frequency

exqitation, pne—half wavelength self-resonance, one
.wavelength self—resonance, and twofwavelength
self-resonance. The cenduetivity of the target haterial was
adjusted to a value ciaracteristic ef muscle tissue. Contour

plots are presented which display the magnitudes of the

field compormeshts produced. Conclhsions are drawn regarding

the relatzve contr1butlons of the conservatzve and

non-conservat1ve electr1c fields. The d1rectxon of the

.'conservat1ve electric field vector 1s determ1ned at each .-

measurement point. The d1str1but1ons of relative electrlc

51
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energy density are computed from the measured electric field

distributions and plotted. : " : . .

4, 1 1 Procedure

/

For this 1nvest1gat10n a sheet of 0.13 mm (0.005 1n)

, polyethylene was placed over the co1l. The wooden box was

_then filled with saline solution whose conductivity was

adjusted‘to 0.5 S/m,‘Within the range of freguencies consid-
ered here, this value is'typical'of muscle tissue at normait
physiological temperature (Stoy et al 1982, pp. 508; Pethig‘
1979, pp. 228). Hagmann et al (1985) reported a value for
muscle tissue which is SOHpercent.larger than this,‘but.
accepted{O(S S/m as being representative of the

volume-average of tissues within a torso or limb. The

‘temperature of the solution was maintained at approximateiy :

25°C. In each case the coil was energised‘using enqugh power
to produce'suitable field strengths. Input power levels were

. ‘ P ‘ '
not recorded ‘ o

Two dipole probes. were . used to measure the Cartes1an

components of the electr1c f1eld\generated within the sal1ne

solutlon. The presence of the probes was observed to have a

e

PP

negl1gzb1e effect on the 1nput 1mpedance of the co1l The '

deszgn and constructzon of the probes and ass ,1ated

“‘1nstrumentatxon is descrlbed in Appendlx B. - M surements'

were made 1nvthe-x—z plane of the COll"at 2vcm 1ntervals f

’The rectangular coord1nate system assocxated with the co1l
is defined. by .equating the longatud1na1 axis of ‘the coil

N “)4 u‘

. with the z=-axis and centering the c6il about the origin. The

flat s;de of the cozl lzes 1n the y-z plane Wlth the v

. A O - P .
oo L e S |

e
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from xéz‘cm to x=14 cm, ‘and from z=+24 cm to z=-24 cﬁ' us1ng
each of three mutually orthogonal d1pole or1entat10ns, The

flat side of the coil occuples the y z plane from y=+5, 25 cm

’

to y=-5.25 cm, and from z=+20.cm to z=-20 cm. ' o

4.1.2 Results ..

The ‘electric field measurement data are tabulated in tables

C.5(a) to C.8(c) of Appendix C.‘These”data are also used- to

o~

generate contour‘plots of relative field strength shown in
‘figures 4‘1 to 4.12. In each case the f;eld strength is
plotted in det1bels relatlve to the maximum value of the

radial (E)) component measured at ¢hat frequency

! ' ' N Ve
4.1, 3'Dlscussion . L - e
The plots: of elect;lc f1eld strength clearly show that at
this conduct1v1ty the contrlbutlon of the conservatlve elec- 2

tr1c fleld to the total observed heatlng is 1n all cases

much larger than the contrlbutzbn of the non conservatlve

-clrcumferentlal electrlc f1e1d The plot of the axxal elec-"'

¥

tric. fleld (E,) obta1ned for the _one wavelength o

v'self resonant case . (12 8 MH%) compares well wlth the plots

‘obtalned by Ruggera and Kanto. (1984) for: the electr1c f1eld ‘

-

jUSt out51de of a cyllndrlcal soleno1d exc1ted at one - _~n;f

Ta

wavelength. SR | ',f-;fw“

"’(cont d) p051t1ve x-ax;s extend1ng 1nto the target o l : .“jfj;
mater1a1 Thzs 1s also shown in. fzgure 1.Jta.A R : &
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4:2 ConservatiVe électric Field Vector
The axial,(hz),andvradial,(3,) eléctric fields are, in the
X-2 plane, componentsvof the»conservative electric field
'generated by the semi-cylinarlcal’solenoid. This field is
produced‘by the distribution oflcharge oneghe coi%\winding,
and (in free space) generates the displacement currents
discussed earlieri The conservative electric field‘is:
responsible for most of the power dissipation observed in
the‘target material. |
In‘figures 4.13 to 4;1g the conservative electric fieldv7
'3vector‘islreconstructed at each measurement point and repre-
_sented by a 11ne segment. The length of each line segment is

proport1onal to the magnltude ‘of the conservatlve f1eld ‘and
: y §

1ts or1entatlon 1s parallel to the field.

-

,ThéSe.plots.show that the basic ‘shape of the
“conservative electric'field remains relatively unchanged

unt1l the length of the co1l exceeds one wavelength. Closer -
A )

31nspgct1on also suggests that as the frequeqcy is 1ncreased

v o

* the 11nes of force ofnth1s f1eld stay closer to. the co11
[ ¢+ ! -

A‘( .
't

\usurface, and the;r penetrat1on 1nto the target mater1al

..pected cons1der1ng the decrea51ng sk1n depth of the sal;ne .

yhlut1on as the frequency is 1ncreased. The ex1stence of a

L

w,-si{ong conservatlve electr1c fleld in the 1 'MHz case 1s not

‘becomes more shallow. Th1s agrees wzth vha?'m1ght be ex-'f Afr\3 o

piidlcted by the 1deal1zed dxstrlbutlons of current and _f*"‘ B

potent1a1 d1scussed 1n Chapter Two. Thls fzeld is generated




‘ discussed by Chute and Vermeulen (1982).1"'511\vﬁ

4.3 Power Dissipation"

&

|

In fzgures 4.17 to 4 20 plots of relatlve electrxc energy

.'dens1ty, calcufated as - T

L)
\

l_lz;L_l__L_J_ , I T
(|E|2+IE| l “max ' | B o

are presented. Here E,, Ey, .and E, are the measured values Of .

the three orthogonal electrlc fxeld components at each meas-

urement p01nt. Contour values are in decibels relatlve to»*{t

e

the maximum electrlc enefgy den51ty measured at that
! : fm, o ax

frequencys Slnce the sa11ne solutlon is homogeneous, the "

’” . -

resulting plot is exactly 1dent1cal‘to the’ relat;ye}dlstr;-lh

. bution of power disslpaﬂion withinuthe.target‘materialc*

" The plOts generated display the'same featuresias'the»“,nz
heatlng patterns generated in Chapter Two, wzth the excep-

)

tion of the 1 MHz /case.. They also agree w1th the results ob—

}?‘talned by Ruggera and Kantor (1984) and by Hagmann et al

v’

i(1985) for the cyl1ndr1cal solen01d In all cases heat is.

. the»co11 1n the 1 MHz and 6 3 MHz cases reflects the

[

’%generated almost entlrely by the conservat1ve electrlc

-3(

ff1e1d The local1zatlon of th:s heatmng toward the ends off-_,"

.. PR

pr1mar1ly radlal dlrection of the'the fiéld near the c011 .

'«ends, as 1n these cases the electr1c 11nes of force }.

’}53penetrate deep 1nto the target materlal The more unlformz'

..‘a

nheat

‘

ng d1str1butrons over the length pf the co1l at

"'=12 BHMHz and over: each half of the,co1l at 27i3fMHz reflect 3;Q:

the more shallow penetrat1on of the.electrxc lxnes of force
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‘

of the conservative field in these cases.

-

The heating patterns generated for the low-frequency
case (figure 4.17) and the twg wavelength self-resonant case
N (figure 4.20) were produced;}sdng unbéiénced excitation,
‘since balanced and unbaiancéd excitatiéh were shown earlier

to produce nearly identlical current distributions in these

~

cases. This was also the method used by Ruggera and Kantor -

(1984). The.asymmetry in these heating patterns demonstrates

—

that in these cases, balanced and unbalanced excitations

>
will net produce exactly the same current distribution

] . .
unless the power entering the coil is zero. In the two

wavelength case the potential at both ends of the coil is

ideally zero, so that the input impedance also goes to zero
L 4 N !

at self-resonance. If-power is being delivered to the coil
. ‘

-

then a finite voltage must exist at'one-end to account for
g

a

the nonzero input 1mpedance. The current distribution is nib

-

longer symmetric, and the excitation can no longer be con-

>

sidered balanced. The asymmetry in the distribution of power
dissipation-.at 1! MHz demonstrates that at this frequenéy the

current distribution on the coil has started to become

’ ’

"slightly nonuniform.

The results of this investigation show that even under.

optimal conditions, the semi-cylindriéal solenoid deposits

most of 'its energy near the sufface of the target material.

«
\\

T —_ /(‘ ’. : g

]



Chapter §
o f

Sﬁmmary

In this chaétér the exberimental work is summarized, ana the
main conclusions are presented: The possibility for further
rese;rch is outlined. |
Ty

5.1 Review
The purpose of this investigation has been to study the
. semi~cylindrical solenoidal coil as a possible applicator
- for radiofrequency heating of low conductivity materials.

Four modes of coil efgitation have been examined, cor-
responding'to the l;ﬁgth,of the coil beiné much shorter than
a wavelength, aﬁproximatély equal to one-half wavelength, }
‘approximately eéual to one wavelength, and abproximétely
equal to two wavelengths. The effects 6f balanced vérsué
unbalanced exciﬁation-Gn‘tﬁe heating pat;efns generatedﬂby
the device {n each of these fouglmodes have been sthdied.
The observed behavior has beeﬁrexplained in terms of the

ideal distributions of current and potenti%l oh an infinite,

P
lossless solenoidal coil.

~

The input impedance of the semi—cylindrical solenoid
has been measured as a function 6f the cqnductiv%fy of an
adjacent volume. of saline solution, for each of the four
modgf of excitation described. An'estimété of the efficiency
6f~the‘device has thus been obtained fof.each 6£ these four
modes,;and for target material condgcti§ities extendihg over
five orders of magnitude. An eQuivalent circuitvdevised to.

.-
-«

77



.- . : | 78

p

u

-
\ i Al
.

represént the cylindrical sohenoid at frequencies well below

l

: \ X |
self-resonance is examined, and is found to accurately rep-
r

resent the semi~ cy11ndr1cal solenoid under these conditions.
Two non-perturbing dipole electrit field probes .and

associated instrumentation are designed and"built. These are
. ' A o .
used to measure the electric field generated within the

target material by the semi-cylindrical solenoié{for-eachéSf
' !

the four modes of exclitation previously desc#&bed. The

A

nature of the fields genenafed by the device is elucidated,

" . ‘ - I3 / - ‘ . 13 . ’
and comparison i1s again made to the ideal distributions of
. . ‘ , ‘ . ‘
‘current and potential on an infinite, lossless solenoidal
v o ‘ : ' ,
'coil. Plots of relative power dissipation are also produced,

; - _
which clearly show where 'in the target material heatjng is

¢

generated.
X

5.2 Conclusions L o .
The solenoidal coil i§ an inherently ‘balanced device: it is
ph}sically symmetric with'respect t6 the feed point. If this____
symmetry i; to be p}eserved in its electrical behavior, t::n

the coil must be excited in a balahced manner. Physical \

symmetry w1th respect to ground should also be sought when

pos1t10n1ng the dev1ce. Wh11e unbalanced excitation may
produce satlsfactory performance in cases where ,
’approxlmately the same current—axstr1but1on is prbduced by
both balanced and unbalanced excitations (frequencies where
the coil length is equal to a mﬁltiple of whole

‘wavelengths), it 'is épparént that even at these frequencies



e | . . ‘ ‘ .

a small degree of asymmetry musc exist in the current d1s—'
tr1but10n proqyced on the coil. In addition to perturblng |
the heagxng pattern this asymmetry in the cdrrent dxstr1bu-

‘ t1on implies that a fxnxte amount of dxsplacement currentgm-

must flow from the coil surface to ground through,avpath

-

external to the coii. Such afflow of "displacement current '
“has been shown to be hazardous. \(\
§9me 1nvestxgators have suggested operating" solen01dal
coil;+1n ; lf;:esonant modes. Ruggera and Kantor (1984)
suggest that this would simplify the task of impedance
mitching. Iﬁdeed, it was shown in Chapter Three that the
device can/operate very efficiently when its length becomes
comparable to a wavelength -Ho%ever) where‘the operating
frequency is requ1red to coxncede with -a desxgated ISM '
(Industrlal Sc1ent1f1c and Medical) freqnency, this is
clearly not %7act1cal. The electric and magnetlc field . 5
distributions, and thus the self-resonant frequencxes of the
.coi;, arehaffected.byvthe constitutive.parameters of'the
target material' The‘only way to "tune" such a device to
resonance for a g1ven target ‘material would be to adjust‘the
' coil dimensidns or the length of the coil winding. This was
‘done by Ruggefa and Kantor (1984). The, alte;natlve is to op-
erate the coil'hetween resonant modes, and externally

§
‘i"resonate the c011 WIth a varlable reactance. This is most

ea51ly done where the 1nput reactance of the co11 is .

1nduct1ve, so that ‘a var1able capac1tor can ‘be used. An ap- )

proprzatéymatch1ng and balanc;ng‘network is shownrln flgure
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. 5.1. .' . Ty "' N N o . '\3‘
' . . . ot N . . . \ ,
While operat1on at frequenc1es ‘well’ below ’ \'. ,

A ~ . !

self- resonance has the advantage of a well deVeloped eqﬁiva-s

ient c1rcu1t it has been shown that the semx-qylxndr1cal v—,y.

‘solenoxd is not partlcularly eff1cxent An. th1s case. o .
The_ results obtalned 1n this 1nvestxgat1on 1ndxcate¢

‘that ‘while the tradxtlonal soleno1dal coil ris capable of
4 - l R
produc1ng uniform, deep heatxng in cylin%r1cal objectsh the
@
"semi- cyllndskcal solenoid is more appllcable to the heatxng
PR ‘

vh

of surface layers.

» iy ),
ECRE
— o —O-
. GND )
- S
Figure 5.1 - . Balanc1ng and Matchzng Network ' '
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5.3 Funther Research , R gl‘ fv; - 'kw
s B \“\ ‘
The results of th1s 1nvest1gat1on ‘indicate’ that th$'2

, . ; ph q

semi cylzndrxcal solenoxd coulb"be aouseful tool both for

the ther?peut1c heatlhg of'bxologxcal tlssues,ﬁﬁnd the

” heatxng or thaw1ng ofwearth type materlais. In both of these

\

cases the effects .of a. layered an1sotrop1c target materxal

musﬂ\be evaluated/AXOr further 1nvestxgat10n ot potent1§l
W

«© u v,

//b:omed1cal appllcat10nsl a target material whose‘

perm1tt1v1ty more closely models that of b1olog1ca1 tlsses E

5t also be found “7 L | : Eﬂb
Further work to optlmlze the c011 dlmen51ons may be
érultful Other modlflcatlons, such as-varylng the pitch

d1stance, or the coil rad1us, or both over the'length of

-

P
the coil mxght help to optlmlze the‘dev1ce for spec1f1c ap-

*
pl:cat1ons. The use of metal.f01l rather than a round -
'

. .conductor to produce a tape hellx of the same shape has been

B
N

\.
reported to 1mprove the performance of the cyllndrzcal

o

o solenoxd (Hagmann et al 1985) Th1s too should be evaluated

[N . A .“\
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- and th}/scalar constltutlve parameters of. the mater1al
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-

'This appendix containsa/?égcrxptlon of the mechanlsms of

i ' o . ‘ _,‘, /‘ o . . !

- ot

Appendix'hz/éiss Mechanisms»
re o o

energy dxss1pat1on thhlp a mater1al exposed to an

N

elecromagnet1c fxiéd The constxtutlve parameters of aqueous'

sod1um chlor1de arv descrlbed and the szgnlfxcant loss (

mechanxsms are summarzzedf;
‘ .

]

Energy Dissxpat/pn in an Electromagnetxc erld

The energy d1sslpated w1th1n an 1sotrop1c materlal when T

'/electromagnetlc fleld can be determlned from -

B

exposed to '‘a

rl equat1onsv

J+3D/3t , [ o (A 1]
-oB/ot | »

i VZ’H
T

) h

€ € _JE ',

+

‘“//7 po=ow=jut o o . [A.2)
oo = 030" o L e
7 ' ‘ .
Assum1ng a s1nu501da1 osc1llat1on of the f1eld and 1nsert1ng
m's law, the f1rst curl equat)on becomesr‘ . .‘,
| 'V#Hf= [(o -]0 )+Jw(e —je )]E =.[a+jwe]E R [A;3J'

]

where o énd E are, respectlvely, the real effect1ve

conduct1v1ty and the real effect1ve perm1tt1v1ty, deflned as‘
g = .
8='€ -o/w.,

.

Taklng the complex conjugate of all terms 1n equat1on A 3

and form1ng a. scalar product w1th E, lfiﬁho;?,f‘"~\n“
. E(VEE) e (o-we)E B, | B ¢ W R
In a s1m1lar way, the second curl equat1on becomes _ s
_ : -
| (VXE) = -w(u +iu’ )n e, [A 61

T

et 1o .;*f\*”-?-“‘f' e

~\—-<“.‘



h'mrA 2 1 Joule Heatzng -‘fJ R ﬂiwj:hf7"
”'?:Joule heatlng—is generated by conductlon currents,‘whzch

'~“character1ze the motlon of unbound charge carr1ers 1n an

e s g

.
. »n .
w [ -

,Comb1n1ng the two results by app1y1ng a vector 1dent1ty, ',
-v (ExH‘) = w(u"+ju’ )H- n°'+ (8- jwe)E 1-:“ [A. 7J
Integratxng over the volume of the mater1a1 and applylng thg

d1vergence theorem glves

J

The time- average power enterlng the ‘material is glven by the"

§(Exn°> ds = j[w(u +ju E R+ (6- joé )E- Eldv .
‘.‘ , ‘ .‘ . o[AB]

.1ntegral over the ;%rface eac%os1ng the materlal'

B = -yz§ e (ExH") dsy . -~ [A.9]
-Ye) that in the general case the average power entering* the
|,

‘volume and dlss1pated within ‘the med1um is (Johnk 1975 PP-
427) , o | |
| “Pa bj(oE E* + wu "H-H*)dv . - ; | [A.10])
In 1sotrop1c materials wh1ch are homogeneous’and o
lnonmagnetlc, thls becomes™ o f" Jw - . .
ﬁ:;yraj|zpdv_.‘ R 8 | [A.11]
iA‘2 Loss Mechanxsms 1n Aqueous Sodlum Chlor1de f ‘ N
‘Two sources of energy d1551pat1on are s1gn1f1cant in aqueous
}sodlum chlorlde exposed to an electromagnetlc f1eld These

‘{?are Joule heatlng due to. electrolytlc conductlon, and

“-dlelectrlc losses due to relaxatlon phenomena in polar mole-

L
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, electr1c f1e1d Th1s motlonﬂcan be modelbed by the d c.

~each charge carrxer,‘and 7 is the\number 0

. .present, the correct e}pre351on is

;‘A 2. 2 D1e1ectr1c Losses S QW‘*Y'y-’

‘,totally 1n phase w1th the appl1ed f1eld then the ‘?,L,ﬁ_

conduéfiv1ty (Bleaney and Bleane)\1976 64). \

nEv L [A 12]

charge carrxers

'per unit volume. S1nce several charge carrier specnes w1th

1

‘dlfferent mobllltles; den51t1es, and charges wlll be" j o

O
0o = z(n £ ) . T o [AL13])
The resultinglcurrent density isfgiven e*plicitli'by Ohn's
law: | 8

J=9oE. R {a.14]
For aqueoﬁi electrolyteshk/ana,n are . fixed, and v-

increases. slightly'with-temperature. At sufficiently high

frequencies ionic’ conduct1v1ty is tound to 1ncrease above//*

4

ithe low frequency value due to relaxatlon of the Adon

atmosphere (Hasted 1973 pp. 165; Welssberger and R0551ter

r

,‘197191: 166) However, this effect is not observed 1'n

\

‘ aqueous sodlum chlorlae at the frequenc1es of ’ 1nterest here.

-

. /N .,- oo “ Lo» "‘, A ".._
. Lo b o '!. N

ooy
>

,'D1electr1c losses Can be attrlbuted to polarxzat1on

'?curreats generated by a tzme varylng electrical _'1f

|-

polar1zatzon, apzpt. If the polar1zatxon vector P is not

polarxzat1on current den51ty, JwP w111 have a component 1n_

'7~‘phase w1th the f1eld and enexgy w111 be d1ss1pated as heat.>”

LT
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The polafizdti6ﬁ opserved'in water .can be sgp&rated
into/two compbnenés:.inducéd (elgctroﬂiq and ionic)
polarization and orientation polarization. o
Induced palarization.is due to small changes in the
‘relative positians of bdund charges within atoms and mole-
culeé such that a dipgble moment  is induced parallel to the
. applied electrit field. The éfféctg of electronic and ionic
" polarization only become sigﬁifiéant at optical wavelengths,
causing.reson;nt absorption in the ultraviolet and infrared
ranges, respectively (Elliott 1966, pp- 383). |
brientation polariiation is due to the tendency for
permanent electric dipoles Qithin the material to align
themselvesiwith an externalueleétric field. This alignment
.process is opposed by the effects 6f thermal agitation and
molecular intéraction, so,thatjtﬁerresulting polarizafion
ﬂppréaches its maximum vaiueléxponentially:
P(t) =P, + P,[1-exp(-t/7)] . [A.15]
The relaxation time 7 charactérizes‘thebtime requifed for
the orientaﬁion of the permanent dipoles to respond to the
applied field.vlp vari;s variés witp temperature as
described b& the Boltzmann condition
Cr e e | - (A.16]
whefg;g ;S,thé activation energy, k is Boltzmaﬁn’s constant,
ané&%yis_thevabsolpte-éemperature (King and Sﬁith 1981, pp.
g@QOQ.WThé Debye éguations relate this to the real and
”“'ﬁjméginary,p;fté of the complex“permittivity: , <ia
o . : : i . o -
| | ~N
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e (@) = e+ (eme )/(14a?r?) | (A.17)
(W) = wrle,me )/ (eate?) (A.18]
where e, is the static permittivity, including the effects
of both indﬁced and origntation polarizadtion, and e is the
high~ffequency permittivity, including the effects of only
induced polarigation. At radio frequencies the Debye equa-
tions describing water become ' . ‘
| e (w) = ¢, [A.19
e (w) = “’T(gtf‘m)
if ¢, ¢_, and 7 are known, then it‘shduld be possible
to aécurately predict dielectric losses at any frequency.
However, Debye pointéd'out that very few substénces exhibit
a singlevreiaxation time. Most substances exhibit a distri-
‘bution of relaxation'times."As_a résult,'observed behavior
generally consists of a broader frequency range of
dispersion and abso}ption and a smaller max}mum value for
€ hJ) than is predlcted by--the Debye equatlons (Cole and
Cole 1941, pp. 342). In addition, 51nce the Debye’ equat1ons
are based on an ideélized model of a dilute gai, there is
some€ question as to their validity in déscribing dense
matérials contéining polar molecules‘(Coelho 1979, pp. 77).
For many substances the sxngle resonance model does ,
 offer a satisfactory approx1matzon of the observed behav1or.
The relaxat1on of water is well descrlbed by the Debye equa- 
tions with a 51ngle relaxation time, (Kinmg and Smlph 1981,
’pp 408, Stogryn 1971, pp. 736). The dielectric properties

of jwater are lis;ed in table A.1.
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e = S.Seb

T(°C) e /e, . r(pse%)

0. 88.2 : 17.8

5 ' 86.2 15.1

10 84.2 o 12.7

15 ‘ 82.3 | 10.9

20 80.4 9.50

25 e 78.2 8.31

30 76.7 - } 7.36

35 . 75.0 - 6.58

40 _ 73.1 . ' 5.95

45 , 71.4 i 5.37

50 69.8 4.87

55 68.2 4.44

60 . 66.6 4,03

65 65.0 . 3.72 .
—_— 70 ' , 63.6 3.45

75 62.1 3.23 *

yed
\ b’_’_\\ N\

Table A. 1 Dielectric Properties of Water
(f oﬁ King and Smith 1981, pp. 409)“
The presencde of dissolved electrolytes has a signifi-
cant effect on, /the dielectric properties of water; The
static permittivity e, of agqueous electrolytes is found to
’be iess than that of pure waﬁer (Hasted 1973, pp. 139). This
is due to the replacement of pblar water molecules with
nonpolar atoms, together with the orienting effeét of the
~strong loca; electric fields around solvated ions, which

4

- makes thig/;heli,of oriented water molecules less able to
respond to extérﬁal field;.‘Nq variation in € w;:h.ionic
concentration has bé;n observed, and i;s'variation with |
temperatur:\is unclear (Stogrgn 1971, pp. 754)..Fbr this -
~»iqz§5tigé539n e 1is assumed to be_indepeﬁdéﬁi of both
femberature and'electrblyte concentration. The'dipole

" relaxation time 7 is also found to be decreased in aqueous -

L e



electrolytes, due fo the disruption of the structure of’
watgr by‘solvated ipnsv(Hasfed 1973, pp. 154).

The variétion in the static ﬁermittivi:y, relaxation
timé, and low-frequency conductivity of/ééueous sodium

| P,

"_chloridefat 25°C ‘is shown in figure A.1j(from Weast 1974,
X \ v

92

pp. D-194; Franks 1973, Chapter 8; Hasted 1973, pp: 156) .

.
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Appendix B: Theory and Design ofvan;EleEtric Field Probe

v
-

r

B.1 Theory of the Diﬁoie Prebe‘« . 'g% ' " ;f L
. iy , ! v . ‘
, Dlpole probes have been sebd1ed extensxvely by many As?

1nvest1gators, and their theory is well developed Thxs

analysis follows that of Smlth and“only\the pertlnent

P

details are 1ncluded
A typical measuringnfrobe consists=ofeah electrically .
short dipole entenha, a nonlinear detector, evresistive
parallel-wire transm1551on llne, and a meaiurlng 1nstrument
The component of the 1nc1dent electrxc fxeld parallel to: the

d1pole ﬂnduces a current in the dipole and through the ‘g

i

nonllnear detector. A potentlal is developed across the

—

detector with components proportlonal to the. sqqare of’ the
current amplltude‘ The low -frequency components of th1s—
potential travel down the resistive transmission line tpjthe
meaeuring‘inStrumeht. o FEE | C -“‘ -
8;1.1‘Ihe Cylindrica;“nipole' '

The geomefry.of‘the cyiindrical,dipole ie iliust}ated fn
figure B.1, If‘ihefdipole is thin (a<<h) and:.electrically
.ehertbin'the]sufrounding loSsy'medium (dh;§h<<1),.theh the
current disﬁribution eloﬁg the antenna'is‘epproximateiy
.trlangular and the charge dzstr1but1on is approxzmately
un1form..In th1s case the 1nput adm1ttance of the bare |

dxpole is approx1mately (szth 1975, pp. 478)
Y

bare

1n(h/a)=1 S S

94“ . | IR

—

= G+jwC = wh(a+3we) . y o "[B;lj‘

b
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‘\_/ ‘ ) . o ' “ ,:_l
. .+ 4 ™ _— PERFECT CONDUCTOR
i ] | r &——‘Lo'ssusss DIELECTRIC
- -~ . . ‘
h : ‘ ' hi ‘ . . . -
J | L
I <
I Iz )
— e -—2a ' \
- 2b -
Figure B.1 “; Bare'and‘Ineulated‘Dipoles

The 1nsulated cyllndrical dlpole is constructed by .
,add1ng a concentrxc sheath of 1ossless d1electr1c mater1al
'e‘ to the bare cylxndr1cal dxpole. The 1nput admxttance of
the 1nsulated d1pole is obta1ned by addlng a capac1t1ve
admlttance ch in ser1es w1th the admxttance of an. equ1va-
Ivhlent bare d1pole of length 2h and radlus b S0 that o |
Ty = [(GHjiC) " + (joC, ) ,: o [B.2]
,The capacxtance C 1s Just 2h t1mes the coax1al capac1tance“£
‘per un:t length of the 1nsulat1ng sheathr ;',ﬁ‘ , 5'.”,‘ :ﬁ

-

'C 41h¢ . - ‘f“, o '/: t'l"' . [£ 3]
iH(b/a) '.vf- S .

.eIf the tnsulatxon is th1ck (b>>a), and is chosen so that the "
' rat1o of the permztt1v1ty of the external med1um to that dY

4

'the 1nsu1atlon 1s targe (e/e >>1), then the 1nput admxttance
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of the 1nsulated probe is approxlmately that of the sheath

(Smxth 1975 pp. 479) o ,-‘ f ' ‘n R

Y.A e ](.)Cs‘va:~)w41fh‘€li} . : [5.4]_

ins 1n(b/a) .. o
Thus uhile the dnput admittanCehof‘the bare probe is direct—
li‘related to the electrical propertles of the surroundlng
medi m, the admlttance of the insulated probe can be made t¢
be app oxlmately 1nq§pendent of those propertles.

When placed in an electrrc fleld .the reoexvxng dipole
(bare or insulafted) w111 produce an open circuit voltage at
its ternfna;s which is'proportionelbto‘tbe incident‘field
strengths: | ‘
| oc

Voo = -2h.E, . o - [B.S]

E, is the electric field component paraliel to thShdipole

2
and.2h is the effective helght of the. d1pole. For €
:electr1cally short d1poles this is equal to the actual

;helght “h. The electr1cally short rece1v1ng d1pole can. thus

be represented by a Norton equ1va{ent c1rcu1t con51st1ng of
- a termlnal admlttance Yd and a cyrrent source,f | ‘. ’
R Isc j‘Ydf oc,=‘ YdhEz'f ‘ ,if* S , i rJ[BFGj.t‘t

v

» B.1.2 Detection o ,f~z o

The prlmary functlon of the detector !s to produce a

low-frequency output s1gna1 whose amp11tude is related to

the amplltude of the hlgh frequency 1nput s1gnal Th1s 1s"

done by pa551ng the h1gh frequency S1gnal through a f‘ . 0 f§f

? g non11near dev1ce. If the V-I character15t1c of the detector
. N

s descr1bed by the relatlon I=f(V) then the small s1gna1

~

L
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‘response of such a dev1ce operatxng w1thout d c. bxas can be .

pexpressed as’ L 8’ , 'u : | ‘ o
BT = £(V=0) + £'(V=0)sv '+ £ (v—0)5v2 o [B,7]
12 . 2! . -

where 6v and 60 are, 1ncremental values of current and
voltage. For s1gnals of suff1c1enf1y small amplltude, the‘

” nonlfnear response w1ll be due prlmarlly to the second order‘
term. Terms conta1n1ng_h1gher powers in §v will' be veryr

‘ small in comparlson.w \ g | S | ‘

The desired output s1gnal then"1s approxlmately

' proportxonal to the vsquare of the ampL1tude~of the input -
'signal, and the constant of proport1onal1ty is related t0‘
the curvature of the detector s V-1 characterlst1c around
the. or1g1n. The dev1ces most sultable for use as 'unbiased
jdetectors are those whose V- I‘charac;er1st1c bend most -

%gharply through the. orlgln. For thls reason p01nt contact,

| tunnel backward and zero bias Schottky dlodes are commonly
used. (Slegal and Pendleton 1975, pp 41) Convent:onal
Schottky barrzer dlodes can also be used as unblased)

.-‘ detectors,-but requlre larger 1nput szgnals to’ dr1ve them“'

Llnto the square law reg;on, and thus y1e1d probes wh1ch are
'less sen51t1ve to small-{ield amplltudes. | |

| | In flgure B.2 an eqdﬁvalent c1rcu1t for the detector

| '-d1ode is shown. Para51t1c ter;a due to packag1ng have been
.hfomztted The two sectlons of the c1rcu1t represent the d1ode
‘as a pass1ve load at h1gh freqbenfmes and as a Theven1n o
“voltage source at’ low frequencles. ﬁh“hﬁgh;krequency sec-fﬁ’

“‘txon con51sts of the Junct1on resxstance R and capacatance
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Figure B.2 Equivalent gircuit of a Detedtor Diode

Cy and the serleéﬂres1stange R, of the semlconductor

‘materlal S1nce R, s tyg1callx\much less than the Junctlon

1mpedance,‘1t is also neglected The re51stance R is

'approx1mately equal to the reciprocQ} of the slope of the :

d1ode characterlstlc at the or1gzn.'

‘The low—frequency sect1on conS1sts of a voltage source

RN and the’ dzode video reszstance, R, = R +Rj. For"J

-

square—baw operatxon V, 1s proport10nal to the t1me average

”,power absorbed by the d1ode-

: Vz: = ded = Yd

¥, ) h%Er j{;‘ N \.’f.[s;el_

Yd+mC +1 /R "2R;

where Ya 1s the voltage sens1t1v1ty of the d1ode (Bassen and

gﬁSm1th 1983, pp. 711)

The voltage sens;t1v1ty is" equal to

»the product of the current sens:tlvxty and the dxode vzdeo

:d’

o
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| B. 1.3 Transmassxon o - ;. r » $

-The d1pole and detector are usually connected to the
vmeasur1ng 1nstrument by a reszstive parallel wire
:transm1551on-11ne. Re51st1ve 11ne is used sotthat the elec-
tric f1eld under study is not perturbed by the 1ntroduct10n
of a conduct1ve current path. The transm1sslon 11ne has
ser1es res1stance rt per unit length per conductor, and
shunt capac1tance c per un1t 1ength Slnce ri and c .are
_large,*the serles 1nductance and shunt conductance of thez
llineiaredhegiected-'The wave number‘and'characteristic
1mpedance assoc1ated w1th the l1ne are 1n this case g1ven by?

kg (w) (1- J)[r‘wC]h “ ,rt I i o V[B.IO]:'
2, (w) % (1- j)[r‘/wc]” T L " [B. 1i]

Sy

]

The hlgh res1stance per un1t length of the 11ne produc- a

'

es three effects. Fzrst 1t reduces the d1rect recept1on of

Ly

V,fthe 1nc1dent f1e1d by the llne. ThlS drrect recept1on prok e

o duces a szgnal at the d;tector due to fleld components

\

.vadJacent to the transm1ss1on 11ne,'and p0551b1y qulte

;~qd1fferent from those 1n the v1c1n1ty of the dlpole. Second

“the h1gh re51stance per un1t length reduces the scatter1ng
jfcross sectlon of the 11ne—48assen and Smlth 1983 pp. 712)' ;

'Currents 1nduced 1n the d1pole and transm1ss1on line by the;"’

: -/
‘t‘electromagnet1c f1e1d under study are’ the source of a

L0
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'scattered’ field. This scattered‘field canvinducé cUrrents
in nearby“objects wh1ch in turn are the source of a second

,«.

. scattered fxeld Th1s second scattered fleld is ‘received by

A
4

‘7the probe and 1nterpreted as be1ng part of the orlglnal
’f1eld, and an error may result Thxrd the dlstrxbuted ;" N .
seraes resistapce and shunt capacxtance of the lxne form ‘a
lowpass fllter, with a 3dB cutoff frequency occurxng where

| ko (w)s|-1 (Sm1th 1984 pPp. 595). If c, r! ,‘andwthe line . \
“1ength s are chosen 50 that, | ‘f" _L 'fA';_.\y-

PR '.|ko(w0~)s| = wc-2ri8? << 1 . [B.12)
at'the“carrier‘frequencyi and so that . | :

‘|i‘g‘ (w‘is|2 = wéfzr?‘s'z SO o [5.13]’- :

‘at the frequency of the pnobe output s1gnal then.the ' |
transm1551dn line. w1ll attenuate’ the carrler frequency

v

‘sagnal and pass the desxred low frequency sxgnal

'mB 1.4 Modulat1on f*.u Lo .

If the electrlc field under study is amplltude modulated

then (assumzng that the qua51 stat1c approxlmatlon is. valld ‘ff
hso that spat1a1 and temporal fleld var1atlons are separable)

"hit varxes as ‘ o ] ' -

E(r t) 4 E(r) (1+xcosw t) coswot ;a' ,"‘;- = [B. 14]

N
. Al

’where Wy 1s the carr1er frequency, w, is the modularlng
“ffrequency,‘and K. 1s the modulat1on level (OSKST).,The .
Atdetector generates an output proportxonal to the square of
' the 1nc1dent f1e1d strength Th1s produces low-frequency
output components proportxonal to k jf,;";' - - j‘ffjch‘:’:

e . o
t ‘. "‘ ‘~_‘



£ (V=0)[(2+x2) +- 2KCOSwt + K cosZw t] _ ] .,[B.“15‘]‘.

as well as components w1th frequenc1es 2”0/_2001“ ' and
2wo:2w Usually. the mon1tor1ng 1nstrumentat10n 1ncludes a
‘narrow bandwldth amp11f1er 5o that’ only one of the.

Ulow frequency componentsols actually measured

If the electrlc fxeld under study 1s not

vamplltude modulated (x O) then the only output components

‘”are at d.c. and at tw1ce the carrler frequency The d. c. ,

o

vt

component is mon1tored by the. 1nstrumentat1on : N
'B.2 Design and Cbnstruction of the Dipole Probe
hThe probe was de51gned to measure the Carte51an componentsv

of a nonun1form, amplltude modulated electrlc f1eld at

. . carrier frequencxes from 1 MHz to 50 MHz, w1th a modulat1on

frequency of 1 kHz. Measurements were made w1th1n 0. 04 M
.

jsal1ne solut1on (o=0 5 S/m, ex77. 6e ) The 1nsulated‘d1pole

probe was chosen pr1mar1ly to prevent phy51cal ‘damage to the

4 /
. . ' : /o 1

' d1pole., ' ‘:'d f‘,.v . L

Two work1ng probes vere actually built (plate B 1) The

. I . P

'f1rst probe cons1sted of a 30 cm ~vert1caf’ shaft w1th a.
1'hor1zontal' d1pole on. the end Thls probe was de51gned to
"measure components of the electrzc f1eld paraII“I‘to the

“_flat s1de of the c011 The second probe con51sted of a 30 cm

vertlcal‘xshaft, a. 90° bend and a. 5 cm"horlzontal' shaftyi

,'“hwzth a“vertlcal' d1pole on the end Th;s probe was, used tojf

4 3measure the component of the electr1c f1eld normal to the

\Tﬂflat s1de of the co11

101
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plateé.(j . " . . .complefed Probes

‘Factdﬂs concerﬁing the'design of the probe were:

(1) The probe should be nonmetalllc and 1ts a#erall size

as. small as p0551ble to.minimize the perturbat1on of‘,
3 ! ; . ' !

the £i ld;\g~‘l.a. co ":l \ ”ﬂ;,
(2) The d1 ole should be suff1c1ently small to allow
b‘f . adequate spatlal resolutlon of the fleld and to al—' ﬁ

low measurements to be made reasonably close to

Ve ks

' ‘metalllc 1nterfaces w1thout alter1ng the response offlw'

the probe.

(3) The dlpolefchauld be suff1c1ent1y large to permxt

adequate "d15cr1m1nat1on aga1nst fleld.pomponents

perpendlcular to it. nfm;f‘b f¢f‘ N ,"a‘b7 _T”

A

IS
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B 2 1 TransmxSsxon an
1 ¢ /

‘ C N
QQgWe probe was connected to the instrumentation by .a

parallel wlre transmlssxon line consisting of two |

carbon- 1mpregnated teflon conductors covered by an
'u‘ 1nsulat1ng nylon~sheath, which 1s.commerc1ally available
. \ . Wt ‘I' . . ‘ 3
;from the Polymét3Corporation (Reading, Pennsylvania, USA) as

"Fluorosint, 819 Dual Line". The resistance of the conductors
: ?1;s‘quoted a; 1. 0 120%‘M9/m which was found to be accurate.
: R
:Am imbalance‘of up to 20\percent between the re§istahce§ of
the two'conduénorsmjés :lso observed. Based on i;s geometry

)

“(fxgure~Q 3), the cdpac¢itance per unit length of the line is

' appro 1mat61y 79 pFMm ’a}
¥ , . . .
/,Electrlcal contact was made thh the‘transmlssion line

f 5
N by&wrappxng a short section of 30 AWG "wire- wrap wire" onto

: %If’\\ ) S ' - '\) -

# ”;%;gnfe B.3. o Resistive Transmission Line .

ﬁ%_”? ] .‘ . ' ‘. RA . ' ) | . 7 /



. each of the exposed teflon conductors, then encépsulating

N

" the Qrapped segments in epoxy.

| \
B

el

B.2.2 Dipole and Detector

\ R . . L

The dipo&e was conetructed from a glasSnencapsulated'
axial-lead diode, with the diode leads forming the arms of
the dipole (2a=0.38 mm). Because of extremely long delivery
" times quoted for zero-bias Schottky diodes and other '
conventional unbxased detectors locally adallable Schottky
barrier diodes (Hewlett-Packard 5082-2835) were used.’
Typical junction parametefé for tnis‘diode a;e R)&SO kQ, .
'Cj=1 pF. Since adequatevprobe perforﬁance was obtained‘using
- these diodes, more\exotic‘detectors were not pursued.

The dipole—ermS'were covered with an insulating
.polyetnylene sheath (e;=2.26¢, 2b=1.52 mm,‘hi¥11.0 mm,
*Cs=1;8 pF), and the first 30 cm 6&{transmisston,}ine and
connections Qere‘encased‘in S mm O.D. glass tubing. Clear
epoxy was used to cement oh the polyethylene sheath,
encapsulate the dlode connectlons, and seal the glass tublng
at both ends. ’ » ' ' -

It vas neeessary to 1nclude a dlscrete RC lowpass
fiiter (f1gure B.4) between the dlode and the transmlss1on.
11ne to prevent signals induced in the line from reaching
the diode. The gomponent values\(Rw§1'MQ, Cmﬁ3.9,pF) were
chdsén to maximize the attenuatien of‘high-frequency-signals

travellzng from the transm1ss1pn llne to _the d1ode, and to

/f*Jmlnlmlze the attenuat1on of low- frequency 51gnals travelllng
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‘ Rip .
— N 7
" HP 5082 ji Cp ——  PTFE’ LINE
- 2835 : , - -
T\ W7

/ P

n . \
- e e

Figure B.4 ' Lowpaes F1lter
‘ from the diode to the transm1ss1on line. Thzs network was .
soldered dxrectly adjacent to the diode, and was made small

enough to slide 1ns1de the glass tubing.

vAn equivalent circuit for the complete.propefis shown
in figgre;B,ST_dividea into high-frequency and low-frequency
' sections. The transmission line is represented in the}'

1ow- frequency circuit by an equzvalent PI network Since the:

P ———

impedance of the lowpass filter (Rlp,,p) is large compared
vto the diode‘impedance; and the frequency oE"Zﬁe output

| signal.is welllbelovvrne lowpess cutoff frequencies of the
filter and the\transnission line{,the low-freqng%cy output
eignal ec:ess Z, (the input impedance of the?meqsuring

instrument) is given approximately by
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v

v, = [cg C,*C, ]2 h282 [ _Z . [B.16]
1+(a)/w; Z,*R,h2ris+2R |
' 4
where w_ = 27f_ = 1/R (c,+C ) . | [B.17]

‘At frequencies well below B (1. 2 MHz) the admxttances of

: the antenna and junction capacxtance are less than the

N

dm1ttance of the junction re51stance, “and: most of the cur-
rent.flows through R,. The outputvszgnal V,, increases as‘the
square of the frequency in'this‘region; At frequencies well |
" above f_ the admittances of the antenna and junction
capacitance are larger thanithe‘admittanCe of the jnnction
resistance. The majority‘of the current Iy now flows
_thtough_these admittances, and V|, becomes appronimately

independent of frequency.

B.2.3"1nétrumentation
The measuring,instrument consists'of an isolated buffer
circnft coupled to a Hewlett-Pachard H‘ SE standing-wave . ,
ratio (SWR) meter. = _ | . -
TheVSWR meter is a high gain audiotfrequency amoiifier
with a square law calibrated meter readout. As used xt has

-
an input 1mpedance of 5 k@ and a bandw1dth of 15 Hz centered

at 1 kHz. The electr1c f1eld under  study was

‘ amplxtude-modulated (x=0 90) thh a 1 kHz s1nuso1d.

| The buffer c1rcu1t (f1gure B.6) consxsts malnly of an
raudlo-frequency transformer and two’;oitage follower | |
‘ampl1f1ers. It performs two funct1ons. F1rst, 1t prov1des
total d c. 1solatxon between the probe and the ground ‘

F

potent1a1 assoc1ated with ‘the surroundzng equ1pment. Second

<
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'1t presents a low output 1mpedance to drxve the magnetlcally

coupled SWR ‘meter, and a hlgh 1nput 1mpedance to termxnate
the resistive transm1551on llne ‘l

The ampl1t1ers used were type TLO72 JFET-input,
low-noise opetational amplifiers. The high,input impedance
of these devices ensures‘that at 1 -kHz the termxnatxng
1mpedance seen by ‘the transmission lxne 1s entlrely due to
the two 10 MQ shunt re51stors.
| The buffer circuit was‘placed infa diecast aluminum box

(5x5x3 cm), which was, mounted difectly on the end of the

- glass shaft of the probe. RG-174 coaxlal cable was run from

the box to the SWR meter and from the box to a floating d.c..
power supply.

[~

B 2 4 Testxng

7Measurements of probe response versus d1pole helght h were

1n1t1ally made in'a water- filled parallel plate capacitor.

It was thus found that a prohe with a 2 cm dlpole would

‘;produce over 35 dB more output 51gnal when paraIlel to the

L2

field than when perpendlcular‘to 1t “This" level of
‘ dlscr1m1natzon was. accepted as @ su1tab1e comprom1se between
‘spat1al resolutron and measurement\accuracy The response ‘of -

'che probe was also found to be sllghtly nonl1near._1n addx-'

t1on, the probe s ab111ty to dlscrlmlnate aga1nst fleld

components perpend1cular tb the d1pole was observed to .

"decrease sl1ght1y w1th 1ncreas1ng f1eld amplltude.
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A‘water—filled,aopen ended coaxxal capacxtor, havlng an
inner radius of 1.7 cm and an outer_radlus of 12.1 cm, was
‘also constructed. The probes nere used to measure the elec- .
tr1C‘field within thls regiOn "and the results compared to
“an analytlc solutlon. From this, conclusions were drawn
regarding the performance limitations‘of the probe.

In order to- obtain an accurate mapp1ng of the field
under study, the d1pole should be small enough that the
. field does not vary sxgn1f1cantly over its length
Conversely, the resultlng map shouldn t be expected to show
detail on a scale smaller than the d1pole length. Measure-
,ments of the electrlc f1eld w1th1n the coaxial capac1tor
were made at 0 5 cm 1ntervals w1th a 2.cm dipole. Theqresult
at each measurement p01nt (taken as the pos1t10n of the

center. "of the d1pole) was - w1th1n +2 percent of the'

T

theoret1ca1 value, desplte the severe nonun1form1ty<of~the"
Y
fleld Subsequent measurements were made at 2.0 cm

r1ntervals. . ‘
The 1nteract10n‘between the probe and an. 1nterface 1s
’_”due to the scatterlng of electromagnetlc energy by the probe
';and the 1nterface. A worst- case est1mate of the effect of

. the 1nterface on the probe performance ‘was made by Sm1th
(1979) who con51dered a d1pole antenna parallel to a

‘;perfectly conductlng plane. H1s results 1nd1cate that in

free space 1t us p0551b1e to brlng the probe to w1th1n one

':.dlpole length of the 1nterface w1th less than one percent

c»

.error caused by changes 1n the d1pole adm1ttance.‘In a. lossy

Lo

‘. ;o L



medium, it should be possible to bring the dipole much
' closer without significant perturbation. Measurements made
with thé lossy coaxial capacitor confirmed this. °



Appendix C° Tabﬁlated Data
Table C.1 Input Res1stance and Resonant Frequency of the-
"~ " . ' . Semi-Cylindrical. Solenoid vérsus Target Material
‘Conductxvth' Low- Frequency Case

Op - .. 0 T Ry Freguency
(s/m) .- (S/m) (@) - - (MHz).
. 2.43x10™*. 2.43x103, . 10000 - dﬁ9961
“go10 0 a0 QL 9700 0.9961
. 5,03 5.03 . 9500 0.9960,
 6.13 ©6.13 9300 0.9960
7.05 7.05. . 19100 0.9960
9.03 9.03 . 8800 0.9960
1.07x107 . 1.07x1073 8500 0.9959
1.24 1.24 ~ 8300 0.9959
137 ©1.37 8100 0.9959
'1.58 1.58 -~ -7800 0.9959
. 1.83 . 1.83 7400 0.9959
2.10 2.10 . 7100 0.9958
2.31 2.31 . 6900 0.9958
2.56 2.56  6650° 0.9957
2.96° - 2.96 6300 0.9956 .
'3.28 3.28 6100 0.9956
. 3.52 . 3.52 ' 5900 - 0.9955
3,92 ©3.92 5650 0.9954 .
4,27 4.27 - 5400 0.9953
4.86 4.86 5150 0.9952
5.64 5,64 4900 . - 0.9949
1 6.29 6.29 . 4650 0.9948
6.98 6.98 4500 . 0.9945
7.50 . 7,50 4350 - 0.9943
8.70 - 8.70° .~ ..4100 - :0.9939
. ozx102 ‘1 02x1072 - 4000 10,9935
1.19, S1a190 0 3900 . ..0.9930
1.33 \‘1.33,- .. 3850 " - 0.9926
. 1.52 1.82. . .- 3960 - 0.9921
1,79 1,79 -390  0.9916 .
2,14 2.4 .. -4050. 0.9910
© 2,37 © . 2.37 0 0 4250 70,9905 -
. -3,28 3.,28. . . . 4600 " " 0.9900 .
3,900 ., 3,90 - 5000 7 0.9897°
4.74 .. 4.74 5400 ' - 0.9894
5.81- ' 5.81 " - 5900  © ° 0.9892 "
- 6.94 . . .6.9¢ 6250 .~ . 0.989%
'8.26 . B.26 - .+6650 " . - .0,9890
© . .1,00x107' 0 1,00x10° . 7100 - 0,9890
< o1.,22° 0 1,22 . 7500 . 0.9889
1,45 - 1.45 7900‘g : 0.9889
P J v A
. 112 .



1.78
2.17
2.54
3.10
3.77
'4.52
5.44
6.49

'9.27

1.09x10°

"1.30
1.52
1.79
2.08
2.46

. 2.69

3.23

.3.70

4.25

4.98

 5.55

.. 6.44

- 1.78°

2.17

2.54

3.10
3.77
4.52

5.44

6.49
7.54
'9.27

1.09x

S1.30

1.52

100

1.79 .

2.08.

2.46

2,69

3.23

3.70

4.25

- 4,98
'5.55

6.44

' 8200
8500

8800
9000

19200
9300
9400
9500
9550 =
9500 -

9500 .
9350
19350
9200

9050

8850 -

8600

8300
7900

7500

17000
6500
6000

0.9888
0.9888

0.9888
0.9888

0.9888

0.9888
0.9888

' 0.9888

0.9888

0.9888

0.9887
'0.9887

0.9887
0.9887

. 0.9887
0.9887

0.9887

-0.9886
0.9886

0.9886 -
- 0.9887

0.9887

0.9888
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Table C.2
< : Semi-Cylindrical Solenoid versus Target Material’
Conduct1v1ty One-Half Wavelength Self- Resonant
- Case RN
"0 Lg .0 Gy | Frequency
(S/m) : (s/m) (mS) (MHz)
2.17x107% 2.40x107¢ ..0.03 10.45
3.54 '3.77 . 0.035. 10.4
5.20 5.43 0.04 10.4
8. 54‘ 8.77 -0.045 10.4
1.21x10"? 1.23x1073 - 0.055 10.4
1.67: 1.69 .. 0.07 10.4
2.51 2.53 0.10 10.4
3.47 3.49 0.135 10.4
5.19 5.21 + 0.19 10.4
7.80 . 7. 82 0.275 10.35
©1.08x1072 1. 08x10 2 0.37 10.35,
1.53 1.53 ' 0.50 10,35 iy
2.31 2.31 0.745 10.25 =~ % .=
- 3.47 3.47 1.09 10.1
5.47 - 5.47 1.57 9.7
7.75.70 7.75 1.86 9.05
1.06x10°" 1.06x107! 1.86 8.05
1.47 .47 : 1.59 7.25
2.01. 2.01 1.29 6.83
2.98 - 2.98 0.94 6.53.
5.09 5.09 0.625 6.38
..+ 8.45 - 8.45 0.455 6.32
'1.33x10% 1.33x10% 0.36 6. 32”
2.00 - 2.00 0.315 6.3
2.95 '2.95 0.285 6.28
4.80 .4.80 0.27. 6.28
7.38 7.38 0. 27 - 6.32
1.18x10%! 1.18x10" - 6.32

RRPRVEY

ud14‘

‘Input Conductance and Resonant Frequency of the
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. Table C.3. Input Conductance and Resonant Frequency of the
: o Semi-Cylindrical Solenoid versus Target Material:
Conductivity: One Wavelength Self-Resonant Case
¢ O 0 T Gy Freguency
(s/m) (S/m).. , (ms) (MHz)
. 4.24x1073 4.33x1073 63.28 21.00
. 5.56 5.65 . - 52.66 20.98
7.53 7.62 . 41.03" 20.98
9.79 9.88 - 31.02 20.98
1.28x10°2  1,29x102 24.41. 20.98
1.63 1.64° - | - '19.58 20.98 .
2.06 2.07 - 15.84 + 20.80 :
.2.57 2.58 - . 13.01 20.70
3:30 3,31 . ..10.59 20.55
- 4.4 4.15" .. S '8.93 ¢ 20.25
5.21 5.22 . 7189 19,70
6.83. 6-.84 . 6.69 18.50
8.34 8.35 . N 26 - 16.70
1,09x10"! 1.09x10' . 6. 46 - .14.80
1.4 C1.41 7.29 ‘13.60
1.7 1.77 ., 8.86 12.95
— 2.35 | 2-35 . 11.24 12.58
3.42 3.42 14.42¢ . 12,40
4.41 4.41 | 18.23 - 72.30.
5.69 5.69 ‘ 22.98 12.22
7.38 7.38 - 29,16 12.20
9.27 ' 9 27 . 35.45 12,19 W
J. 12x1o°‘ ot 12x1o° 41,54 12.18. = |
1.35 1.35 48.40 12,17
1.65 S 1.65 . 56.50 . 12.15 :
02407 2,07 . 65,60 LS
2.68 - . .2.,68 - . 75,90 12,13
3.60 .~ " 3,60 S 86.50 - - 12,12
. 4.99 14,99 - o 95.78 12.12
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Input Res1stance and Resonant Frequency of'‘the
Semi-Cylindrical Solen01d versus Target Material
Conduct1v1ty. Two Wavelength Self-Resonant Case

v

0., o S R\ Frequency
(S/m) (s/m) . (@) (MHz)
'1.80x10"% . 5.08x107 3.3 - .39.42
2.64 5.92 3.4 © . 39.40
5.74 9 02 \ 3.9 139.40
7.28 .06%10"3 4.1 39.40
9.61 1 29 4.5 - '39.38
1.21x10-3 " 1.54 4,9 39.38 .
1.45 1,78 5.2 39.37 ¢
~1.81" 2.14 . 5.8 39.37 . .. .
2.15 2.48 6.4 39,35 . "
- 2.51 2.84 . 7.0 39.35 o
2.88 3.21 7.55 39.35
3.28 3.6 - 8.15 . 39.3¢ -
3.73 4.06 8.85 39,34
4.33 4.66 19,80 39.33
'4.90 "5, 23 10.7 . 39.33 '
5.59. 5.9% 1.9 39,33
6.31 6.64 12.9 39.33
- 7.23 7.56 4.4 " 39.33
8.47 8,80 16.3" 39.33
1.04x1072 1.07x1072 19.2 '39.31
1.24 1.27 22,7 39.29
1.53 1.56 26.6" 39,27
1.85 1.88 31.5 39.35
2.27 2.30 37.5 39.20
2.80 2.83 45,0 ' 39413
3.33 3.36 52,5 39,08
3.97 ., - 4.00°, . - - 61.0. . 38.99
4,78 . 4.81 ‘72,0 . .. 38,87
5:59 5.62 ... 81.5 38,73 -
6.40 6.43 . 90.5 = -38.58
2 Tu32 7.35 101, -+ 38,31
'8.32. 8.35 109 38,02
9.38 9.41 L 119~; 37,70
g 1. ozx1o- 1. 07x1o e 0 3726
1,22 1,220 .0 0 1370 . 36,60
%37 . 131 So- . .,143 ., Y 35,83 ¢
1.57 1,57 149 . 34.81 .
1.83 . .. .1.83 Lo 180T 7 33,48 ¢
2,13 . -02.13 00 0 184 31,94
2,52 -~ .'2,52  « 0 U150 4 30,33
2,96 .. 2.96 . . 143 " . 29.33"
3.5 Y. 3,84 . 1382 . 28,54 .
4,26 4,26 0 - 1170 28018



5:26
6.62

1.05x%10°
1.36
1.69
2.12
2.71
3.39
4.27
5.26
6.45
8.03
9.76

1.11x10"

¢

8.18

5.26 .
6.45 T
8.03

9.76

1.11x10""

102
85.5
72.5

60.0

49.5

43.0

37.5

33.0

30.2

28.4
27.0
26.2
25.4
25.0

24.7

.27.90

27.76
27.70

27.61

$27.64

27.63
27.65
27.71
27.73
27.76
27.83
27.88
27.95
28.04

-28.10
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J

Electric Field Strength (Volts/m):

1.0 MHz, X~component

i

Table C.5(a)
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+6 +8 . +10 +12° +14.

Y-component

+4

.0 MHz,

Electric Field‘Strength (Volts/m):

1

+2

" Table C.5(b)
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+6 +8 +10  +12 +14

Z-component

Electric-Field Strengfh (Volts/m):
+4

1.0 MHz,
+2

-

Table b.S(c)

\
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Table C.6(a)

-Electrié_Field‘Strength‘(Volts/m):

- *24

P 6.3 MHz, X-component
Z\X  +2 +4 46  +8_  +10 +14
-24 15.6 17.3 15.4 13.3 '9.9 8 3.7
-22 32.1 28.2 22.3 16.7 12.6 8.2 4.4
-20 62.1 42.3 29.4 20.9 15.4 6 5.0
-18 77.8 51.8 34.9 23.9 16.4 .8 5.5
-16 . 78.5 54.6 37.5 25.5 17.4 11.4 5.8
-14 74.5 53.7 37.2 25.4 17.4 11.4 5.7
-12 67.6 49.3 34.6 24.0° 16.4 10.6 5.3
-10 59.5 43.4 30.5 '21.5 15.4 9.3 4.6
-8 '50.0 35.6 25.2 17.8 12.5 7.7 3.6
-6 38.6 27.1 19.1 14.0 9.2 5.5 2.5-
-4 24.6 17.5 12.6 8.5 5.4 3.2 1.9
-2 10.0 6.6 4.0 2.7 2.3 2.1 2.0
0 6.2 4.0 2.9 2.6. 3.3 2.1 1.9
+2 21.7 15.2 "11.1 7.8 5.4 3.7 2.5
+4 34.8 24.9 17.9 13.3 9.1 6.1 3.5
+6 46.7 33.3 23.8 17.0 12.4 8.1 4.6
+8 56.3 40.5 29.0 '20.7 15.3 9.8 5.4
+10 63.1 46.6 33.2 23.6 16.5 6.1
+12 70.0 51.2 36.2 25.4 17.7 6.5
+14 74.5 54.3 37.8 26.1 18.2 6.6
+16 77.3 5411 3701 25.4 17.6 6.3
L +18 74. 3 49.1 33.2 23.2 16.1 5.8
+20 49.0 36.3 26.6 19.4 14.5 5.0
+22 22.3 22.8 19.3;_15 0 11.6 4.2
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+14

©+6  +8 +10 - +12

Electric Field Strenéth (Volts/m)
+4

6.3 MHz,- Y-component -

Table c.§(b)f\
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Table C.6(¢)

x

Electrxc Field Strength (Volts/m)

6.3 MHz, z- component ‘
CZNE +2 44 +6  +B +10  +12. +14
~24 29.3 17.0 8.4 3.7 1.9 ‘2.7 3.5
-22 46.3 '21.8° 8.8 2.9 2.6 -4.3 5.2
-20 48.3 18.6 5.9 2.2 4.7 6.7 1.6
-18 17.1 ©7.3 2.7 5.8. 8.2 9.7 10.3 '
-16 8.8 8.4 10.0 11.4 12:5 13.1 13.4
-ia 25.9 21.1 18.8 17.7 17.3 17.1 16.9 -
“12° 42.1 32.4 27.0 14.7 22.4 21.4 20.7
-10 53.0 41.9 34.5 29.8 26.7 25.0 23.9
-8 62.5 49.8 40.5 34.7 30.9 .28.1 26.7
-6 70.7 '55.8 45.7 38.5 34.0 31.1 '29.2
-4 76.0 60.1 49.2 41.3 36.3 33.0 31.0
-2 78.9 62.5 51.0 43.0 37.5 34.2 32.0
0 ‘80.2“63.4_-51.6"A43;5 37.9 '34.4 32.3
+2 78.4 61.8 50.6 42.6 37.2 33.9 31.7
+4 74.5 58.8 " 48.2 40.4 .35.5. 32.4 .30.5
+6 68.2 54.3 44.4 37.5 33.0 30.2 28.3
48 A 60.4 48.0°39.0 33.4 29.6 27.1 25.8
+10° 51.0 40.0 32.9 28.1 25.5 23.8° 22.9
+12 20.2 30.9 25.3 22.7 21.0 19.9 19.4
+18 24.2 19.2 16.8. 16.2 15.9 .15.8 15.7
+16 7.7 6.5 8.3 1041 11.4 12,1 12.4
+18 22.0 9.0 2.1 4.6 7.2 ‘8.6 9.3
+20" 51.5 '19.4 6.9 2.0 4.1 5.7 6.8
+22 38,0 .19.5 8.7 3.0 2.2 3.7 4.6

- 424

1401

123 a



Table C.7(a)

Electrlc Fleld Strength CVblts/m)
12, 8 ‘MHz, X-component

Z\K 42 +4  +6 48 410 +12  +1a
-24 5.9 7.0 6.6 5.5. 4.2 2.8 1.5
-22 12.6. 12,0 9.9 7.6 5.5 3.6 1.8
-20 26.6. 19.7° 14.0 10.1 ‘7.0 4.5 2.2
-18 3918 27.0 18.5 12.6 8.4 5.3 2.5
-16 48.4 32.5 '22.0, 14.7 9.6 5.9 2.8
14 55.0 36.1 24.+ 16.0 10.3 6.3 2.9
-12 56.1 36.5 24.6 16.3 10.4- 6.3 '2:9
-10 53.2.-35.5' 23.5 15.4 9.8 5.9 2.7
-8 47.2 31.4 20.7 13.3 8.5 5.1 2.2
-6 . 37.9 24.8 16.2 10.4 -6.7 3.9 1.7
-4 24,5 16.4° 10.5 6.8 4.3 2.4 0.9
-2, 9.9 6.4 4.1 2.6 1.5 " 0.8 0.6
o 6.2 4.1 2.7 1.8 1.2 0.9 0.7
+2 21.3° 13.8 '9.1 6.0 4.0 2.5 1.4
"y 34.2 22.7 14.9. 9.8 6.5 4.0 ‘2.1
+6 247 29.6 19.7 12.8° 8.3 5.2 2.6
+8 51,3 3401 228 15,0 9.8 6.0 3.0
+10 53.9 36.3 24.3. 16.2- 10.6 6.5 ' 3.2
£12 54.5 36.5 24.5 16.4 10.7 6.6 3.2

18 51.1-34.3 23.1 15.6 10.2 6.4 . 3.1
416 44.0.30.0. 20.5° 13.8 9.2 ' 5.8 2.8
418 U35.2° 23.8. 16.6 11.5 ‘7.8 5.0~ 2.5 .
420 20.0—-16.2 12.2 9.0 6.4 4.1 2.1 .
-, *22 ' o ¢8 6 9 4 802 .6:.7 4.9 302 ! A1.6
+24 © 3.9 5.4 5.4 4.7 3.7 2.5 1.3
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'Electric Fieid Streﬁgth (Volts/m):r

:12.8 MHz, Y-component ,

‘Table C.7(b) -
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Table C.7(c) Electric Field Strength (Volts/m) :
" o : - 12.8 MHz, Z- component o
' z\\x +2  +4- 46 4B 410 412 - +14
-24 11.9. 7.4 4.2 2.0 0.7 1.0 "
-22 18.5 '10.0 4.9 1.9 0.7 1.6
-20 23.0 10.7 4.5 - 1.2 1.4 2.6
-18 18.2 8.3 2.6 1.1 2.9 4.1
16 11.7 "4.1 1.5 3.5° 5.1 5.9 6
~14 5.0, - 4.0 5.7. 6.8 7.6 8.0 8
-12 11.5 1028 10.8 10.6" 10.6 10.5 10.5
-10 (220 '18.3 16.1 14.5 13.5 12.9 12.6
-8 '..32.3 25.4 21.2 18.2 16.4 15.2 14.5
-6 © 42.0 . 31.8 25.% 21.6 18.8 '17.2 16.2
-4 49.6 .36.6 28.8 23.8 20.7 18.6 17.5
22 53.7 39.6 30.8 25 1 21.8 19.5 18.2
0 53.9. 40.3 31.2 25.4 22.0 -19.7 -18.4
+2, 52.5. 38.6 30.0 24.7 21.4 19.2 18.0
+4 47.0 34.7 27.4 22.9 20.0 18.0° 17.0
+6 38.2 29.5 23.7. 20.4° 17.9 16.4 15.6
+8 28.7 -23.0 19.5 17.0 15.3  14.3 13.7.
+10 18.7 16.14 1452 13.2 12.5 12,0 11.8
+12 10,0 .9.2 9.1 © 9.4 9.5 . 9.6 9.6
+14 6.5 8.6 4.6 ' 5.9° 6.8 7.3 7.6
416 - 11.4 4.7 1.4 2.9 4.4 5.3 5.8
+18 18.2 8.3 3.0° 0.9 2.4 /3.5 a.2.
© 420 22.1 10.1 4.4 1.2 1.2 2.2 2.8
+22 ' 15,6 .8.8 4.5 1.8 0.7 1.3 1.8
‘+24 9.5 ‘603‘ '3.6 1.7 R 0.7 0.8 '1.2 N
..
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Electric Field Strength (Voits/m):

27.3 MHz, X-component,

LI

Table C.8(a)
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Y-component
S48 0 410 412 a4

. 46

Electric Field Strength (Vplts/hi:
Lo

'27.3 MHz,

+2

Table C.8(b)
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Vo g IOER
s \ ! ‘.'v"‘ N

| Eleec>@c*éie1d Strength (Volts/m):"

" Table C.8(c)
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