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Abstract

A new type of microwave hyperthermia applicator is proposed and analyzed. A cavity,
consists of concentric conducting partial spheres which are enclosed by a part of a conducting
cone, is employed to excite an array of slots coherently. From numerical results that be obtained ,
it shows the feasibility to focus the electric field radiated from the slots to the center of the sphere
where a tumor is assumed to be located. SAR distributions of the specific applicators are
simulated by computer, and these applicators have been designed for experiment at 2450 MHz.
From the measured results of electric field distributions, it is found that the focusing
characteristics are available. Thermographic studies show that the heating volume can be varied by
using different number of slots and the maximum heating depth at this frequency is 3 cm.
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Chapter 1

Introduction

1.1 Recent Progress of Hyperthermia Cancer Treatment

Hyperthermia cancer therapy is a treatment procedure in which tumor temperatures are
elevated to the range of 43-50°C. The combination of hyperthermia and traditional anticancer
treatments is receiving much attention. A recent assessment has indicated that the average
complete response with hyperthermia and X-irradition is about 70 percent, compared to only
30 percent with irradiation alone. For a microwave hyperthermia, the method to apply
microwave energy into a human body to increase the temperature is divided into two categories;
invasive and non-invasive microwave hyperthermia. Invasive hyperthermia has a significant
disadvantage that an applicator has to be inserted into the human body which makes the patient
harmful. Therefore, non-invasive hyperthermia receives more attention at the expense of
difficulty in designing an applicator to fulfill such requirement. A microwave applicator is one
that can perform selective heating and plays an important role in a non-invasive hyperthermia
cancer treatment [1]. It is employed, without invading into a human body, to apply electric field
to elevate temperature of the tumor to a hyperthermic range whereas maintaining the
surrounding healthy tissue undamaged. A field penetration depth into the body is inversely
proportional to the operating frequency. Using low frequency makes the applicator beamwidth
wide at the expense of ineveitably large size. To perform selective heating with a small hotspot
size, applicators may be formed in array. The size of an applicator becomes smaller when the
operating frequency is higher.

Several types of non-invasive applicator have been investigated in literatures [2-8]. All of
them correspond o a kind of a single applicator which are light in weight, simple structure and
compact. However they possess a disadvantage that they have no focusing ability, then
significant areas of healthy tissue adjacent to the tumor are often heated. The articles in [9-

11] introduce that the absorbed power distribution pattern can be modified by arranging the



applicators in array. The use of an array of two microstrip applicators of which the field
dirtribution can be controlled by varying an angle between them had been investigated by
James er.al. [12). The structure of the array is unfortunately complicated because it needs an
external power divider and phase shifter. Lens lype applicators have been developed by
Nikawa er.al.[13-15). These types of applicators including the one developed by Guy ez .al.
[16] are suitable for a part of the human body that has a cylindrical shape. For some parts of
human body such as breast and head which are closely spherical in shape, the .author and

colleagues [17-19] have proposed an applicator with a rather proper shape and some results

have been reported.

1.2 Purpose and Scope of the Thesis

The purpose of this thesis is to research about a microwave hyperthermia applicator made of
spherical slot array. A cavity, consists of concentric conducting partial spheres which are
enclosed by a part of a conducting cone is employed to excite an array of slots coherently.
Calculations are carried out at a frequency of 2450 MHz o0 investigate the appropriate
applicator size for focusing electric field deepen into a human muscle. The medium of

interest is limited to the homogeneous human muscle. In the proposed applicator structure, the

power divider and the phase shifter are integrated together.

The details in the research can be divided into several chapters as follow:

Chapter 2 deals with the analysis of interior electromagnetic fields from a slot on a perfectly
conducting sphere. It describes how to analyze elecromagnetic fields radiated from a slot on a
perfectly conducting sphere by using vector spherical harmonics. Investigations are performed
theoretically to find the electric field distributions in the vicinity of the center of the sphere in
terms of slot position, slot length and spherical radius.

Chapter 3 is concerned with the investigation of electric field and specific absorption rate
from a slot array on a conducting sphere. Since the configuration of the array is somewhat

different from the one described in Chapter 2, by placing array of slots on a part of a



conducting sphere, some modifications on a kind of wave functions must be made. Numerical
results associated with electric field from arrays of different number of slots are discussed.

Chapter 4 describes a TM to r spherical wave functions and a concentric conducting
spherical cavity. Investigations on the characteristics of such a cavity are performed
numerically and are confirmed experimentally. This cavity is employed to excite an array of
slots as an applicator.

Chapter S presents a concentric conducting spherical cavity backed-slot array appllicator.
Slots are cut on an inner spherical surface of a concentric conducting spherical cavity and
distributions of specific absorption rate from two-slot arrays excited by difterent cavity modes
are illustrated. It is realized that an applicator made of a TMy, cavity is suitable for focusing
electric field deepen into the heating material. A specific water bolus is proposed and analyzed
by solving a heat transfer equation numerically to find the appropriate conditions to eliminate
undesirable hotspots.

Chapter 6 presents the experimental results that illustrate the performance of the proposed
applicator such as radiation patterns, input impedance, time-relationship and heating patterns.
These performance, tested at 2450 MHz, show that the proposed applicator has the capability
to focus electric field deepen into a human muscle. The maximum heating depth is 3 cm, which
the depth is increased by a factor of 1.8 over that obtained from conventional waveguide
applicator. From these investigations, it is realized that this applicator could be used in clinical
application as a microwave hyperthermia applicator.

Chapter 7 gives the overall discussions and conclusions of the results obtained from this

study and states the recommendation for the further study.



Chapter 2
Analysis of Interior Electromagnetic Fields from a

Slot on a Perfectly Conducting Sphere

2.1 Introduction

Since the applicator proposed in this undertaking has partial spherical model, it is essential
to investigate, at least theoretically, about the behaviour of the electromagnetic field from a
narrow slot in the concentric conducting sphere. This chapter deals with the analysis of the
interior electromagnetic field from a slot on a perfectly conducting sphere and some related
numerical results. Then the ficld from the slot array will be discussed in the proceeding

chapter.

A perfectly conducting sphere of radius “a” is assumed to be centered at the origin of the

cenventional spherical coordinate system (r,6,9) as shown in Fig.2.1.

f’/‘

narrow slot
(¢~ < ¢ < gt @)

perfectly conducting sphere

Fig.2.1'Geometry of field calculation from a slot on a conducting sphere



A coordinate (ag,xeo,(po) locates the center of a narrow slot which its length *1” is specified by
an angle 2o It is horizontally aligned. This slot is assumed to be center excited by an external

source. The problem of interest is to evaluate the electromagnetic field in the region inside the

sphere.

2.2 Field Analysis by Vector Spherical Harmonics

In this thesis a conventional method for calculating an electromagnetic field is employed
because the geometry of the problem is a conducting sphere. This geometry ﬁas the general
solution in form of the sum of the product of the vector spherical harmonics and the unknown
coefficients. These coefficients can be found by matching the boundary condition of the field in
the region of interest.

Generally the electric field distribution at the aperture of a slot can be expressed in series
of terms of orthogonal set of arbitrary field distribution by a Fourier expansion. However, for
a narrow slot at which the field distribution can be recognized as transverses, all field to the slot
can be represented in terms of sinusoidal distribution with zero field at the end of the slot. For a
realistic conducting sphere, there exists a normal component of the electric field on the
spherical surface, imply the existance of induced surface charge [20). Therefore, the aperture

electric field distribution of the slot can be expressed as the followings

Eﬂ(a,e,¢)= al'Bﬂ\n[Nlllll(a,e,¢)]
+ ae(l/a)ﬁ(e—eo )cos[n((b—(bo )20) for ¢ SOS0S0 +a

=0 elsewhere 2.1)

where a and a denote unit vectors in r and 8 directions, respectively, and & is the delta
r

function. Also N is a vector spherical harmonics and an 1s a coeflicient.
mn
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The electromagnetic field maintained by the slot aperture field at any point in space can be
expressed in terms of vector spherical harmonics [21,22]. Thus the near-zone electromagnetic

field of the slot can be written as

n

Ec60)=% T [A M (8,0+B N (r80)] 2.2)

n=0m=-n m mn mn

H(0.0) = (/M0) £ X (B ow Mun(:8.0)+ AnmaNun(r6,0)) (2.3)
where the vector spherical harmonics an and Nmn are given as
M _(r.8,0)=a( jn(kr)(jm/sinG)P'"“ (cosB)e’™ ]
~a {j (kn)[P" (cos8)]"e"™} (2.4)
and
N (r.8.9)=a {(l/kn)j (kr)n(n+l)P'"n(cose)c mey
+a {(L/kofrj (kn)]’[P" (cos8)]’ '™}

+a {(1/kn)(1j (kr)]’ (jm/sin® )P"‘"(cose)e’"w} (2.5)

In (2.4) and (2.5), j,(kr) represents the first kind of spherical Bessel function of order n.
The selection of jy(kr) is based on the nature of the ficld that origin of the coordinate system is
included. In this analysis j,(kr) implies an incoming standing wave. The propagation constant

k appearing in the expressions of My, and N, depends on the medium, for the fields in space



ko=00\[1g€ and for the fields in the dielectric kg=wVHoe V1-jo/we. P" (cosB) is the associated

Legendre function of order n and degree m. 1\, is the impedance of free space and is equal to

\lpoleo. The coefficients Ap, and By, associated with My, and Ny, in (2.2) and (2.3) are to

be determined by matching the field on the surface of the conducting sphere.

2.3 Expansion Coefficients

The expansion coefficients A, and B, have clearly been derived by Chen et.al.[23] as
follows.

If the electric field E(a,0,0) given in (2.2) is matched to the slot aperture field Eq(a,8,0) in

(2.1) on the surface of the conducting sphere at r=a, the following equation is obtained.

oo N

Z Z [Anll)Mnlll(a!e’¢)+B mnN lllll(a9ei¢)]

n=0m=-n

= al‘Blllll[ann(a’e7¢)]
+ag (1/2)8(6-Bg)cos[m(d—dg) 2]  for do—0<LOSP+OL

=( elsewhere (2.6)

The coefficients A, and B, can then be determined using orthogonal properties of vector

spherical harmonics to be

0I : ojn ag(1/2)3(8-80)((0)- M, (2.6,0)sin6d6d¢
Am =

2.7)

ST T Mua(a.8,0). My (2.8,0)sin6d6d0



ST 29(1/2)8(8~B0){(0) Ny (2.8,0)sin8d0d0

Bmn = (2.8)
ST Non(a.8,0)Np'(2.0,0)sin8d6dg

where

f(¢)= cos[m(d—dg)/2c] for  ¢o—0u <¢< ptar,

=0 elsewhere 2.9)
From (2.4) and (2.5) we see that M, and Nua can be divided into two parts
an(rse,‘b) = Memn(rve,q)) +j Momn(rvexq)) (2 10)

Nmn(raevq)) = Nemn(rveaq)) +j Nomn(ﬂe,‘b) (2 1 1)

where

{Memn(r.e,@} =Fag (m/sind ) j,(kr) Pmy(cosb ) {Sin m¢}

I\domn(rve:q)) COS m¢

-8, Ju(kr) d Pm (cos8) {cos mo (2.12)

de sin mo



{Nemn(r.e,@ }= ar {n(n+1)ju(kr)Pm,(cosB) ( cos moy )
Noma(r,6,0) kr }

sin m¢

+ag {(1/kr) d[1J,,(L1)] dP”',,(cosG) cos mq)}}

dr sin m¢

F a { (L/kr) d[rj,(kr)] jm P'“,,(cose){ sin mq)}} (2.13)

dr sinB cos m¢

Therefore,

M 1n(3,8,0) = Mema(,8,0) - Momn(,8,0) (2.14)

N ma(2.6,0) = Nemn(2.8,0) - Nomn(a,8,6) (2.15)

o Mu(@.8.0). Mony(2.6,0) singdddo

= ST U I Mana@8,0) 1* +1Monn(a.0.0)] 21 sinBdbde  (2.16)
OF"OI" Nonn(2,8,0).Npuy ' (2.8,0) sinfd6d¢

=T INanna 8.0 * +INun(a.8,0) 2 sinddode  (217)

According to Ref.[23],
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(148,) 27 (n+m)! n(n+1) Galkoa))*
(2.18)

sznojﬂ: Memn(a.e,q)) : 51n0d6d¢ =
(2n+1)(n-m)!

(148) 2w (n+m)! n(n+1)

O.“-KOJ‘K Nemn(a.e,(p) : Slneded(p =

(2n+1): (n-m)!
{4 D)Gaa (ko) + Nl (ko)) *) (2.19)

where 8,=1 if m=0 and 85=0 if m >0.
On the other hand, since f(¢) and the 6-component of Momn(2.0,9)e and Nemn(a,6,0):,

(M ¢mn)o and (Nemn)e, are even functions of variable ¢ while (Me,,mje and (Nomn)e are odd

functions of ¢, the numerators of (2.7) and (2.8) can be evaluated as follows.
T" I 2g(1/2)8(8-80)1(0)- Mun'(2.8,0)5in680
=i J* [F (12)8(8-80)((9) [Monn(2.8.0)]e sin6Bde  (2:20)
™ [" 20(1/2)5(8-80) 1(0). Nuw' (2.8,0) sin6d6dg
= [ (1/2)8(8-80) £(4) (Newn(2.8.0)]e sin6dBd9 (2.21)

Substituting the expressions for £(9), Momn)e and (Nemn)o from (2.9), (2.12) and (2.13) into

the right hand side of (2.20) and (2.21), we have



ST T a0(1/2)8(8-80) £(6). My, '(4.6,0) sinBd6d0

£ -j jalkoa) m P" (cosBp). 4TOCOSMO

(2.22)
a nt-am*o’
S " 2a(1/2)8(8-80) £(9). Nyna'(2.6,6) 5in6d6d0
=[ﬁju(koa)] * [P, (cosB0)]* sinB; 4moicosma 223

9 Red el d
koa” n-4mTo”

where [P",(cosBp)]’ = {d[P".(cosB)]} 6=8,

dé

[a,]n(koa)] = {d[rjn(kof)]} r=a
dr
Substituting (2.16) through (2.19), (2.22) and (2.23) into (2.7) and (2.8), we obtain the

experssions for the coefficients A, and B,,, as

-j mo. cosmo. (2n+1) (n-m)! P" (cosBy) (2.24)
Am = - o

a(m*-4m*0’) (1+8,)n(n+1) (n-m)! ju(koa)

ocos moe 2n+1)° (n-m)! sinBy [P™,(cos6y)] *
B, = -

n-4m>o (n+m)! n(n+1) kea (148,

[aja(koa)]
(O Dot (ko) +0( a1 (ko)1) (2.25)
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Once Ap, and B, are obtained, the near-zone field of the slot is completely detérmined.

2.4 Numerical Results

It is remarkable that there are four important parameters, to the field distributions, in the
expressions derived in section 2.3; spherical radius (a), slot position (B0.90), angle of the slot
(o) and slot length (1). It is desirable 1o find the parameters that makes the tield maximum at the
center of the sphere. This can be accomplished by mean of computer calculation. For our
numerical examples in free space to be discussed, we have calculated electric field at a specific
point (center of the sphere) and varied the value of n .It was found to be sufficient to set n=15
because as we increased the number of n more than these values, the result did not change

significantly. Fig.2.2 shows the convergent criteria of the calculation.

0 -
-2 1

¢ & & o

-4 - 2
6

-8 & L

IEI? at center (dB)

-10 L 2

-12 Y

L{ L L T L § L

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Fig.2.2 Convergent criteria of the calculation

First the frequency was specified at 1,650 MHz, o was fixed at 2.2 rad and the slot was
positioned at 8,=0.58 rad and =0 rad. Power, which is proportional to square of electric figld

at the center of the sphere, was calculated. By varying the spherical radius in calculations, it is



found that the maximum value of the electric field takes place when the radius a is equal to 4.4
c¢m. Keeping the s'phcrical radius at this value 4nd the angle o is changed with the slot position
at the same position, the field is maximum when o is 2.31 rad. After that keeping o and the
spherical radius a and then varying 8y, it is found that the maximum of the field occurs when
8o is 0.59 rad, for o equals to 2.31 rad and a is 4.4 cm. This process was repeated until the
maximum value does not significantly change, the parameters that provide the maximum of the
field at the center of the sphere become a is 4.4 cm, 84= 0.59 rad and o is 2.31 rad,
respectively.

Calculations were also performed with the same process at the frequency of 434, 915,
2,450 and 3,000 MHz respectively. Variations of these parameters, that provide the maximum
of the field at the center of the sphere, for different [requencies are plotted as shown in Fig.2.3.
Itis noted that the parameters that provide the maximum field at the center of the sphere have
different values at different operating frequencies. For an angle of a slot, it is in the range of
0.17 - 0.23 rad. The slot position is in the range of 0.42 - 0.6 rad. The spherical radius and the
slot length are inversely proportional to the operating frequency as shown in Fig.2.3.

When the frequency has been adjusted, the frequency response of the slot on sphere that
provide maximum field at the center of the sphere are illustrated in Fig.2.4. It is observed that
the bandwidth of the slot on a sphere that provides the maximum of the field at the center of the
sphere is very narrow. For the case of the operating frequency of 915 MHz, the bandv.vidth is

0.87%. At the operating frequency of 1.65 GHz, 2.45 GHz and 3.0 GHz the bandwidth is
4.6%, 4.57% and 4.33% respectively.
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Patterns of electric field from a slot on a sphere, with arbitrary dimensions, were evaluated.
Fig.2.5 shows the power pattern, on the z=0 plahe in two principal planes, of a slot on a
sphere with f= 2,450 MHz, a= 2.0 rad, a= 4.3 ¢cm and 8y= 0.785 rad. It is found that on this
plane, the field appeared maximum at the center of the sphere. The power pattern of this slot, at
1,000 MHz and 3,000 MHz, were carried out and plotted as.shown in Fig.2.6 and Fig.2.7,

respectively. It is noticable that the maximum of the field still takes place at the center of the

sphere.
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Fig.2.5 Power pattern on the.z=0 plane
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At the frequency of 2,450 MHz, using o= 2.0 rad, a= 4.3 cm, 8p= 0.785 rad and ¢o= 0
rad, the variation ‘of squared-electric field along the z axis is displayed in Fig.2.8. The field is
symmetry along the z axis because the structure is a close sphere and a standing wave along

this direction is symmetry. The two - dimensional pattern is shown in Fig.2.9. Is it obvious

that the maximum of the field occurs at the center of the sphere.
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Fig.2.8 Variation of squared- electric field along the z axis
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2.5 Conclusion

In this chapter, the expressions for interior field of a slot on a conducting sphere are
derived in terms of vector spherical harmonics. The electric field intensity are evaluated and the
parameters that provide the maximum electric field intensity at the center of the sphere are
illustrated. Most of investigation in this chapter deals with the structure that is a full sphere, that
will form a basic concept for the proposed applicator which possesses the structure of a partial

sphere. Therefore, some modifications will be performed and described in Chapter 3.



Chapter 3
Electric Field and Specific Absorption Rate
from a Spherical Slot Array

3.1 Introduction

In chapter 2 the behaviours of electromagnetic field from a slot on a perfectly conducting
sphere have been revealed. It shows the interesting character of focus ability at the center. For
the sake of application, some modifications of structure are considered in this chapter; the slots

are assumed to be aligned on a part of a sphere. SAR are also taken into account.

3.2 Spherical Slot Array
Let us assume that there are n slots, each slot is identified by the number i (i=1,2....,n),
located at (a,6,;,0;) on the surface of a part of a spherical conductor of radius *a”. The edge of
the surface is situated at the conical angle 6. Each slot is “I"” meter long which subtend angle
on the azimuthal plane of it is 2c rad. The geometry of the problem is displayed in Fig.3.1.
Elcctric field at an arbitrary position (r,0,0) is calculated by using the vector spherical
harmonics as described in chapter 2. The electric field from the ith slot is

o N

E(r‘e!Q) = z z [Amann+ BH\HN""IJ (3'1)

n=0ms=-n

where M, and N,,,, are the vector spherical harmonics.

20
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Fig.3.1 Geometry of a spherical slot array

Since the problem considered in this chapter is somewhat modified; the electric field
propagates from the slot on a part of a sphere and the medium is assumed to be a homogeneous
lossy material, to simulate the human muscle, instead of a lossless one. Therefore, the

1

appropriate vector spherical harmonics in (3.1) will be modified to be

ag jm h,"(kr) P",cos(B) &™

mn =~

sinB

h,V(kr) dP™ cos(0) &™
+a, ( r)_ cos(0) (3.2)
de

and
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a, {n(n+1) h,"(kr) P, (cos) &™)

mn —

kr

+ag { 1d[rh,"(kr)] d P",(cosB) &™)

kr dr ~dé

-a, { 1 d[rh,"(kr)] jm P"(cos8) ™)
kr dr sin@

(3.3)

In order to determine the values of the expansion coefficients Ay, and By,,, the method
illustrated in chapter 2 is also utilized. One of the keypoints is to set the boundary condition of
the electric field at the slot aperture to match to the radiated field on the aperture. Moreover, the
orthogonal properties of the vector spherical harmonics have to be utilized. According to the
lossy medium in the space 8>8,, it is presumed that electric field at 6 greater than 0. vanishes
and mutual coupling is negligible. Hencee, integration of 8 from 0 1o 7 will change to from 0 o

8. and the expansion coefficients can be expressed as

_jmaPmn(cosE)o)cos(ma)cos(mq>0) Ojec (p" n(cosE))]2 sin6dd (3.4)

mn

a(n2-4m2a2)(l+8m)n(n+l)

and

nocos(macos(mo ) Ork [P"’“(coseo)]zsinGdE)

mn

ka’(*-4m’o)n(n+1)

[Pmn(cosE)o)] sin@_ [an® (ka))”

{8 )m2@nr DI+ DY | ka)lP+n(h® | k)l J+n(asDafh® (ka)/kal’)

(3.5)
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where , Sm =] if m=0
=0 if m»0
and

h® n(.) » spherical Hankel function of the first kind is chosen to express an inward

traveling wave.

k=w \'(uoe)(l-jc/coe).

The resultant electric field from every slot can be calculated by summing up the the field

trom each slot. That is

n ’
E'l‘= TE 3.6)
=1
E,ris the toual clectric field from the slot array and E (i=1,2,...n) is the electric ficld from the

i th slot.

3.3 Specific Absorption Rate

An outstanding performance of a focused hyperthermia applicator is its capability that can
deposit the energy of electro}nagnetic field in the form of heat and produce a hotspot.The
details about the position and size of the hotspot can be revealed by investigation about electric
field distribution and Specific Absorption Rate (SAR). SAR is the quantity that is defined by
the derivative of the incremental energy absorbed by an incremental mass contained in a volume

element [24]. It is related to the temperature rise of heating material by

SAR=4184 c(dT/d ) (W/kg) (3.7)



where ¢ is the specific heat of the material to be heated (kcal/kg °C), T is temperature (°C) and t

is time (second). SAR is also expressed as

SAR=(0.50/p) |E_? (W/kg) (3.8)

where o and p are the conductivity (S/m) and density (gm/cc) of the medium, respectively and

E’r is the resultant electric field induced in the heating material.

The effective field size (EFS) is the area that the temperature rise is half of the maximum

temperature and is defined by a 50 % SAR contour [25].

3.4 Numerical Results

Since SAR is proportional to magnitude square of electric field intensity, the investigation
of squared- electric field distribution of slot arrays are performed in this section. They are the
ficld from two-slot, three-slot and four-slot array, respestively. These arrays are cut on a part
of a conducting sphiere of radius “a” m. The edge of the sphere is at 0=54.5" and each slot is
located at a conical angle of 45°. For the two-slot array, each slot is 9.25 ¢cm long. The length
of the slots in the three-slot and four-slot arrays are 6.0 and 4.5 cm respestively. Calculations

are performed in the human muscle with g,=49.6 and 6=1.0 S/m at the frequency of 2450

MHz[13].

24



E (dB)
e

X (cm)
(a) along x-axis

3 ] = 2.glot

N

E (dB)
e

.

y(cm)

(b) along y-axis

Fig.3.2 Squared- electric field distribution
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Fig.3.2 shows the squared - electric field distribution computed on the focal plane of these
slot arrays . From the results, we can determine the EFS. It is observed that the -3 dB
beamwidth which'corresponds to the EFS of the two-slot applicator is 1.1 cm on the x-axis and
1.2 cm on the y-axis. For the three-slot array the EFS is slightly larger than the case of the two-
slot, and the peak amplitude is 1.5 dB higher than that of the two-slot one. Moreover for the
four-slot array, the -3 dB beamwidth is 1.9 c¢m in both x and y directions with the peak

amplitude of 2.5 dB higher than the two-slot array. This implies that the EES can be controlled

by using different number of slots .

3.5 Conclusion

This chapter concerns with calculation of electric field from a slot array on.a part of a
spherical conductor. Since the medium of interest is assumed to be a homogeneous lossy

material, the field from the slot array is assumed to be a traveling inward wave. Hence,

spherical Hankel function of the first kind is employed.
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Chapter 4

Concentric Conducting Spherical Cavity

4.1 Introduction

This chapter describes about the cavity used to excite the applicator. Since applicator of
interest is spherical in shape, it is reasonable to excite it by spherical cavity. In the undertaking
research, the spherical slot array applicator is supposed to be excited by a concentric
conducting spherical cavity. By this way the cavity will excite the slots coherently and protects
against radiation hazard which may harm the nearby person and the patient oneself. Since this

cavity is excited by a coaxial transmission line, therefore, a TM wave to radial direction is

generated in this cavity.

4.2 TM to r Spherical Wave Function
Transverse magnetic (TM) modes are ficld configurations whose magnetic field

components lie in a plane that is transverse (o a given direction. That direction is often chosen

to be the path of wave propagation [26]. By examining

af[-joF, + 1 d (Acsind) — A
H= [ — ° .__6.]

prsin® 06 0

~ .13 GF) +1 0d(sinBFe)+ | 0oF, }]

__.{._ —

wpe Or 1 or rsinf 08 rsind d @
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wt

+ ae[—ijgtl [ I 9A,~ d(rA,)

_—— .

ur si"ne Jdp Or

-1 101 00F) 41 3(sinFy+ | 9F,

wHe 19617 Ar rsin 08 1sin@ J¢ ]}]

— |

+aofo) Fotl d(rAg)-0A,

o o8

“i 13 LA0F) 41 ) (sinBFg)+ | OF,

WUE rsind J¢ 1°Ir rsind 90 rsin@ Jo ]

4.1
where A,, Ag, A, and F,, Fy,

Fo are the component vector of the magnetic vector potential and
electric vector potential, respectively.

It is evident from (4.1) that to derive the tield expressions that are TM to r (which H,=0), it

is sufficient to let the vector potential A have only a component in such r direction. The another

components of A as well as-all of F are set equal 1o zero, Let

A= A(1.8,0) (4.2a)

=0 (4.2b)

where the ratio A/r, and not A, is a solution 10 4 scalar Helmholtz wave equation

(V+BHA/ =0 (4.3)
where B is the phase constant (rad/m). :
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It should be noted that the A, component can be excited by placing an electric probe parallel

to the electric field lines; Er [26].

The electric and magnetic field components can be written in terms of A, as follows

1 VxVxA
am (4.4)
JOUE
or
e +B)A' (4.42)
joue or*
= LI (4.4b)
JOHE T Ordb
11 9°A,
E, = 4.4¢)
JOUE 15inB Orod
and
1 VxA
Hy= — .5)
H
or
H[= 0 (45:.1)
b1 oA (4.5b)

6= -~ — —

H rsinB d¢



-1 1 0A,
H= - - (4.5¢)
L r o8
AJr is a solution to (4.3).
Eq.(4.3) can be expressed in the form
| (V*+B)y (4.6)
where
y= AJr (4.6a)

Since the solution of y from (4.6) must be multiplied by r to obtain solution for A, the
appropriate solution for A, must be equal to the product of ry. The solution for A, of (4.6)

through (4.6a) can be expressed in the seperable form as

A{r.0,0) = 1(r)g(8)h(¢) 4.7)

where f(r), g(8) and h(¢) must be represented by appropriate wave functions that satisfy the
wave equation in spherical coordinate. According to the solutions of the wave equation in the 8

direction are in the form of associated Legendre functions P",(cosB) and P (-cos8) for n=

interger and P™(cos8) and Q™,(cos8) for n= interger, the Legendre functions become infinite
either at =0 or 6=n unless n is interger; hence for free space n must be an interger.Therefore
the g(8) can be represented by associated Legendre functions of the first P™ (cos8) kind or
second Q™ (cosB) kind whereas h(¢) can be represented by a sinusoidal function.

Since the solutions of y in (4.6) must be multiplied by r in order 0 obtain solutions to A, as

given by (4.7), it is most convenient to represent f(r) not by spherical Bessel [j,(Br), Ya(Br)]
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functions, but by other form of spherical Bessel functions denoted by B,,(Br) {for either J,,(Br)

or Y.,(Br)] These are related to the regular spherical Bessel function denoted by b,(Br) [ for
either ju(Br) or y,(Br)] as

N T -
B, (Br) =Brbn(Br)=Bi/_—_ Bavin(B) = [PBTB,.1(B0) 4.8)
2fr 2

where B, 1»(Br) is used to represent the regular cylindrical Bessel functions of Joe1n(Br) and

Yn+lfl(Br)-

Therefore the solution for f(r) of (4.7) are of the new form of spherical Bessel functions

denoted by

A A
f(r) = AJo(Br)+BY,(Br) (4.9)

4.3 Concentric Conducting Spherical Cavity

A cross-section of the concentric partial spherical cavity is shown in Fig.4.1. It consists of

concentric conducting spheres with inner and outer radii “a” and “b”, respectively. Assume

that their centers are at the origin of the spherical coordinate system, and the edge of the partial
spherical conductors are enclosed by a part of a conducting cone at an angular angle of 8,. The
maximum field, corresponds to the maximum of surface current density is assumed to take
place at Bo. When the cavity of this structure is excited by a coaxial transmission line along the

z-axis, a transverse magnetic wave will be generated inside the cavity.



—=Y
Fig.4.1 Concentric conducting spherical cavity
Let us consider E,, Eg and H, the three components of the transverse magnetic spherical

wave, TMy,, . These fields rely on a wave function y formed by the product of the following

functions

A A
T(l) = AJn(Bl)"'BYu(Bl) (4. 10)

and
T(6,0)=[CP"(c0s8)+DQ",(c0s6)] [(Pcosmo+Qsinmé)) (4.11)

. . . A A
when f§ is the phase constant. P"™, denotes associated Legendre function, J, and Y, denote
p & ] [}

spherical Bessel's function of first kind and second kind, respectively. Coefficients
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A,B,C,D,P and Q are determined from the appropriate boundary conditions. The azimuthal
variation of these fields are function of trigonometric functions and a mode number “m”. In
order to force the field inside the cavity to be independent of ¢, the mode number m must be
zero and n must be an integer. There remains three components of the fields; E,Eg and H,. For
a specified resonance frequency, the fields inside the cavity will be satisfied by the boundary

condition that tangential electric field at the conducting surface vanishes[27}:

Pm (cos0)] 6be = 0 (4.12)

and

A A A A ,
-B/A =1",(Ba)/Y *o(Ba) = I ,(Bb)/Y  1(Bb) (4.13)

where prime denotes derivative with respect to r.
A comcal angle 0 can be derived from (4.12) and are shown in Table 4.1. The ratio of
,,(Br)/Y »(Br) are plotted for various values of Br and n as shown in Fig.4.2 in order to
simplify the way to fix the solution of (4.13). Accordlng to the value of radius a is less than the
value of radius b, therefore, at a specified value of J r,([3»1)/¢ .(Br) (or-B/A), the lower value
of fr corresponds to Ba while the higher one corresponds to Bb. Employing (4.12) and (4.13)

the cavity can be designed for a specified mode (TMo,) and the field inside the cavity can be

determined from (4.4) to (4.5c¢).

4.4 Numerical Results

It is evident from (4.11) that the field inside the cavity varies along the coordinate 0 as a
function derivative of associated Legendre function. From calculations, the position of the
maximum value for each mode are found out as illustrated in Table 4.1. For a given value of
resonance frequency, it is realized from Fig.4.2 that the spherical radii of the cavity in the

higher mode will be longer than that of the lower mode cavity. It should be noted that the
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conical angle decreases when the operating mode increases. It is also observed that resonance
condition for any other higher mode cannot take place. Therefore all of energy is concentrated

in the design mode. In order to compare Q-factors of various modes, they are calculated from
(28]

oW

= — (4.14)
Py -

u [ = %dv)

n = —_—

2

where W is the energy stored in the cavity = W= W,

Rs $..3,"ds
P4 is the power dissipated on the wall of the cavity = —

2

and Rs is.the surface resistance of conductor

J,I, (Br)
‘?;\(Br)

A A
Fig.4.2 Characteristic ot J,,* (Br)/Y .’ (Br) versus PBr
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For a specified mode and resonance [requency, as the value of -B/A is decreased (this
corresponds to the wider the different between b and a) the Q-factor will be increased. The
maximum Q-tactor will be obtained when -B/A vanishes as can be recognized from Table 4.1.

Itis noted that the maximum of Q-factor is increased as the operating mode is increased.

Table 4.1 Characteristics of the Cavity

n 0.0 85(%) Ba Bb -B/A  Q*Rs
| 90 90 1.29 .55 0943 4198
1.12 178  0.800  89.53

1.05 189 0711 107.19

0115 272 0000 205.60
2 54.5 45 2.37 253 082 2734
2.19 274 0756  80.26

2.01 297 0627 12148

0.60 387 0,000  220.60
3 39.6 36 3.37 356 0762 3232
' 3.20 375 0715 8191

3.00 399 0.608  127.88

1.05 497 0000  236.36

Rs:Surface Resistance of Conductor

4.5 Experimental Results

A TMg; mode cavity made of brass was labricated to resonate at the {requency of 2450 MHz
using -B/A cquals to 0.756. The inner and outer radii are 4.3 and 5.3 cm, respeclively, thereby
a 54.5° conical angle was used. To excile the cavity, an electrical probe was protruded from a

50 ohms transmission line into the cavity and was varied until the lowest retlection coefficient



was observed. It is noted that the diameter of the probe should be the same as.that of the
coaxial line and the probe touches the other spherical surface. Reflection coefficient of the
cavity was measured by using an HP8720C microwave petwork analyzer. Frequency was
scanned from 2000 MHz to 2720 MHz and the lowest reflection coefficient which coresponds
to the resonance occurs at 2360 MHz as shown in Fig.4.3. This corresponds to the design
error of 3.67% which is practically acceptable. A Q-factor obtained from fy/Af is 2620 which is
17% error from the calculation result of 3160. This would result from the present'of the probe
in the cavity. Moreover even we scanned the frequency up to 10 GHz (not shown) no other

resonance occurs as expected.

-
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Fig.4.3 Frequency response of reflection coefficient
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The other cavity was designed to resonate at 1000 MHz with -B/A equals to 0.805, 8.=54.5°
and a and b are 11.0 cm and 12.45 cm, respectively. On the outer spherical surface circular
holes with diameter of 4 mm were drilled at the conical angles of 5,10,15, 20,25, 30, 35,40
and 45 degree. An electric field probe made of a semirigid coaxial cable was used to sample the
radial component of electric field (E,) in the cavity. The measured results were plotted and

compared to those from calculation as illustrated in Fig.4.4. It is obvious that they are in

acceptably good agreement.

1.0
0.8}

0.6}
Er

0.4} :

0.2} A

0 10 20 30 30 30
6

Fig.4.4 Measured electric field inside the cavity

w

4.6 Conclusion

A concentric conducting spherical cavity is described, and the field inside has been

analyzed. It is revealed that the Q-factor of the cavity can be varied by using the different size

of the cavity. From the result in Table 4.1 it is realized that the cavity with the wider radii
seperation possesses a higher Q-factor. The higher the operating mode the higher the Q-factor.

This cavity will be applied as a means 10 excite a slot array as will be shown in the next

chapter.
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Chapter 5
Concentric Conducting Spherical Cavity-Backed
Slot Array Applicator

5.1 Introduction

This chapter is associated with a concentric conducting spherical cavity-backed slot array
applicator. The configuration of the applicator which is an array of slots on an inner surface of
a concentric conducting spherical cavity, is described. Then SAR distributions from some

specific applicators are illustrated. In order to design a focus applicator, a water bolus is used

to.eliminate undesired hotspots.

5.2 Focus Array

V)

O— =

signal generator

maierial 1o be heated

Wn

Fig.5.1 Focus array
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To produce a field focused at a point in a medium. the field contributions from each
radiator should be inphase at that point. Then, to obuin a focus of the fields from every
radiator, on the spherical surface, at the center of the sphere as shown in Fig.5.1, the following

condition must be held[11].

27 + \yp = constant 5.

A
where A is the wavelength of fields in the medium, a is a radius of the sphere and W

(p=1.2,...n) denotes phase of excitation fields at the radiators.
p p

5.3 Concentric Conducting Spherical Cavity-Backed Slot Array Applicator

<

(a) Perspective view

Fig.5.2 Concentric conducting spherical cavity-backed

slot array applicator
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Fig.5.2 (cont’'d)
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The proposed hyperthermia applicator consists of a concentric spherical cavity as shown in

Fig.5.2(a), which is used to excite an n-slot array as radiators. The cavity is excited in 'I'Ml
n

n

mode by a coaxial cable with the inner conductor that protrudes into it. The inner and outer

spherical radii of the cavity are a and b respectively as shown in Fig.5.2(b). Both spherical

conductors are enclosed by a conical conductor at an angle 8=9C. The slot radiators are cut on

the inner spherical cohducting surface along the line with angle 9=60, along which the surface
current density is predicted to be maximum. This position can be found by calculating the field
component of Eg as a function of 8 in (4.4)-(4.4¢c). In Fig.5.2(c), ¢oi’s are supposed to be the
center of the i rh slot (i=1,2,...,n).

It is evident from (5.1) that \yp should be identical, namely, each slot has to be inphase

cxcited. Fortunately it is possible to force the field strength inside the cavity to be the function

that is independent from the azimuthal angle ¢, and this means that every slot radiator can be

excited by equal field strength. It can be accomplished by exciting the cavity in ’I'Mon mode.

Recalling that the field has the samc‘phase at the same conical angle 6, the slots are to be

cut horizontally along an azimuthal planc of the sphere at the positions of the same angle 60 SO

as to produce inphase excitation to each radiator. It is evident that the total length of the slots

are limited by the circumference of the sphere at the conical angle Bominus the spacings

betwecen the slots. For the sake of simplicity for field ecxpressions, a slot length is expressed as

a function of angle o as shown in Fig.5.2(c).

5.4. SAR Distributions

An applicator of a slot array can be designed to operate in several modes (TMon). Each of

them possesses difterent characteristics and-dimensions. It is essential to consider about an

acceptable size of the cavity to be an excitor. The dimensions of the two-slot applicators excited

by three modes TMm‘TMm and TM03 can be obtained from (4.10)-(4.13) at 2450 MHz, and

are shown in Table 5.1.
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Table 5.1 Theoretical Performance of Two-Slot Applicators

mode a(cm) b(cm) Gc(0 ) 9°(°)' 20(°)  Penetration  EFS of the Desired

Depth from Holspm(cmz)

the Interface

(cm)
TMOl 2.18 3.47 90.0 90.0 178 0.5 0.4
™, 430 530 545 450 178 2.7 1.0
TM03 6.23  7.31 39.6 31.0 178 0.4 -

By computer simulations, SAR distributions of these applicators are shown in Fig.5.3. It is
noted that the maximum of SAR appears near the slot surfaces and decreases along the path out
of the slots. The penetration depth can be estimated from the definition; a depth at which SAR

reduces to 13.5% [10]. Fig.5.3(a) illustrates that an applicator made from a TM01 cavity has an

ability to focus an electric field at the center of the spherical cavity. The EFS of the desired

hotspot is approximately 0.4 cm”. However for an applicator made of a TM 02cavity which has

an inner spherical radius 4.3 cm only, the center of the sphere is at the depth of 2.5 cm from
the horizontal interface level as shown in Fig.5.3(b). It is found that in this case the EFS is
around 1 cm®, which is desirable for a local heating because heat can be confined in a

remarkably small area. It can heat a tumor without burning surrounding healthy tissue. By

contrast from the SAR distribution of an applicator made of a 'I‘M03 cavity in Fig.5.3(c),

focusing capability is not noticable.
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5.5 Bolus Design

According to the SAR distribution displayed in section 5.4, it is realized that the applicator
made of the TMy; mode cavity is suitable for focusing the electric field deepen into the heated
medium. In addition to the desired hotspot at the center of the sphere, there are undesired
hotspots next to the slot apertures. These undesired hotspots may raise the temperature of the
skin to an excessive temperature so that it may burn out. Therefore, in practical we have to
eliminate such hotspots and we expect to accomplish by using a water bolus which performs

convection at the interface between the heated medium and the applicator. One of usable

geometry of the bolus is depicted in Fig. 5.4.

. walter bolus water out
waler in

\ /

Fig.5.4 Geomertry of water bolus

For reference study, the two dimensional conduction heat equation is solved numerically by

using the tinite difference method. The equation is expressed in cartesian coordinate system in
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order to show the resultant temperature distribution in the form of regtangular grid which can

be understood easily. This equation is shown as follows[29]

“T+3dT+q

—_ =0 5.2)
ox? 022 k

where q is heat source (w/mz)
k is thermal conductivity (w/m°C)

and T is temperature (°C)

3.0

3

1

5]_]_

lem

58 59 60 6] 62 6 64 63 66 l

=1 cm-—i

Fig.5.5 Geometry of finite difference heat transfer equation

The region of interest is divided into nodes with equal seperations (Al) of 1 cm, as shown in

Fig.5.5. The numbers displayed at each point in Fig.5.5 indicates the number of nodes
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temperature to be calculated. The interior nodes are subjected to the heat source q from the SAR
distribution from the result of section 5.4. The number on the SAR contour shows the relative

magnitude of heat source (q). For these nodes, the geometry of the nodes can be illustrated in

Fig.5.6(a) and the corresponding finite difference equation is

Tovint Tmost+ Tt Tonner- 4Tonn +q (A2 =0 (5.3a)
k
The nodes on the boundary between the medium and the applicator are predetermined subject to
the convection boundary condition. The geometry of these nodes is shown in Fig.5.6(b),

Fig.5.6(c) and Fig.5.6(d), respectively. The finite difference equation of the nodes in Fig.5.6

(b) is obtained as follow

hAITo+ 12T 10+ Trge1+ Trpt)- (hAL+ 2) Ty o= 0 (5.3b)
k2 k

whereas the equation of the nodes in Fig.5.6(c) is

2hA1Tu+ (Tm-l.n"' Tm.n-l) - (hAl+] )Tm.n =0 (53(-)

—

k k

and the equation of the nodes in Fig.5.6(d) is

2hAlTa + 2Tm-l.n + 2Tm.m»l + Tm+l.n + Tm,u—l - 2(3+hAl)Tm.n =0 (53d)

—

k k
In equations (5.3b).(5.3¢) and (5.3d)
Tq is water temperature (°C)
and h is convection heat transter coefTicient (W/m2.°C)
The convection heat transter coefficient is the product of tlow and heat capacity of water

(cal/cc.°C). For the nodes in the remainder of the medium temperature is kept constant at

human emperature of 37 °C.
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w

(a) Interior node

ja—al
(b) Convection boundary node

m,n~1

[

(d) Interior corner with convection boundary

Fig.5.6Summary of nodes for finitwe difference calculation



The apparent nodes are.shown inFig.5.6(c). The corresponding equations are arranged in a
matrix form and are solved simultaneously so that the temperature at the specified nodes are
obtained. It is seen from these equations that the parameters which influence the temperature
distribution are the convection heat transfer coefficient (h), the magnitude of heat source (q)
and the water temperature (Tg). It should be reminded that the magnitude of heatsource is
proportional to SAR and SAR is proportional to the square of electric field intensity. We
investigate the way to cool the hotspots next to the slots down by controlling h (which means
varying the speed) and the temperature of the water and the results are shown i‘n Fig.5.7 1o

Fig.5.13. The number at a specific point in the following illustrations indicates the calculated

temperature.

21,9086 26,4873 304698 321 33.7233

\
24 .c7:u/)/ﬁ

71£.-1.z 31.8467 33x923 / [35P0I8 \34.8948
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Sint g'() A / /;[ 0.5 \
2 059
3438 i’/;/y 314585 @
35.2:\54&5_/ o3y 34289

. .

{ 0.5
\36..1 81 3
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0.1
37 361275 358418 37.1407 37..(1541 3?.0
370 36.6895 36,6934 312097 370M8 310
370 369322 37,0343 372616 ya02 37208 3707 370
] : R
37.0 37.0 310 370 37.0 31.0 310 310 310

Fig.5.7 Temperature distribution when h=0.001w/m".°C,



Fig.5.7 shows the temperatre distribution when h;O.OOlw/m2.°C, T,=5°C and q=50w/
m®, It is observed that when the magnitude of heat source (q) is low. -we can not elevate the

temperature up to a hyperthermic temperature (43-50°C). Then the magnitude of heat source q

is increased to 100 w/m?® and the lemperature distribution is shown in Fig.5.8.
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. .

Fig.5.8 Temperature distribution when h=0.001w/m>.°C,
To=5°C and q=100w/m’
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In this case temperature at the focusing point is increased to 43.0°C. As we keep on

. . . 2
Increasing the magnitude of heat source q to 200w/m",

it is found that the temperature is

increased over the hyperthermic temperature as illustrated in Fig.5.9.

370 435331 47,0671

37.0 409030 41019

310 38568 40,9043 42,5583

37.0 37.0 31.0 37.0 37.0 3.0
. . - . . *

41.4273

43.8352

488738 44,1487 3.7.0

44.8243 41,2644 37.0

409579 39.0606 310

37.0 370 jg.u

Fig.5.9 Temperauwre distribution when h=0.001w/m>.°C,

To=5°C and q= 200w/m"
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Let us move back to investigate the temperature ditribution in Fig.5.8. Although the
temperature at the focusing point is in the hyperthermic range, however, the region next to the
right slot is increased to the [emperatufe as high as 42.7°C. This signifies the undesirable
hotspot. In order to eliminate this undesirable hotspot, we increase the convection heat transfer
coefficient, h=0.01w/m>.°C, and observe the temperature distribution which is displayed in
Fig.5.10. It is obvious from Fig.5.10 that as the convection heat transfer coefficient is
increased, this can be realized by increasing the speed of water and the water bolus can
eliminate the undesirable hotspot etficiently. However, the temperature at the focusiﬁg point
has been a little bit reduced. We proceeded the investigation by increasing heat source up to
150w/m” while keeping h=0.01w/m".°C and T,=5°C. Fig.5.11 shows the temperature
distribution of such condition which is satisfactory. The temperature at the focusing point
deepen into the heated medium is elevated to a hyperthermic temperature whereas the one in
another part especially in the region next to the slots are cooled down. There remains only a
desirable hotspot at the focusing point. It is noteworthy that the lower the water temperature the
better the cooling action. However, in practical application, the patient might teel
uncomfortable if the skin is too cold. Fig.5.12 shows the result that as the water temperature is
increase to 10°C the desirable focusing characteristic still remains. But the temperature at the
focusing point in addition to the surface can be increased. However, it the water temperature is

increased to 20°C the surface temperature might be too high as illustrated in Fig. 5.13.
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Fig.5.13 Temperature distribution when h=0.01w/m2.°C,
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In case of the flat surface medium, the bolus has to be a water bag of which shape
adequately fills the space between the applicator, as shown in Fig.5.14, and the cooling

material should posseses electrical property similar to that of the heated material, i.e. it has g,



similar to the heated material, and has low conductivity so as to keep loss in this material as

low as possible.

. water bolus water out
water in

\ f

Fig.5.14 Geometry of a flat bolus

The reason why g, should be close to those of the heated material, is to reduce a reflection

coefficient of the traveling field in the space [26].



5.6 Conclusion

It is concluded that in order to focus electric field deepen into a lossy material such as

human muscle, a TM07 cavity is the most suitable to feed the slot array. It is noticable that the

number of slots in the applicator have the effect on EFS of the hotspot. The undesirable hotspot

can be eliminated by using an appropriate bolus.
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Chapter 6

Performance of The Applicator

6.1 Introduction
As the consequences of the materials in the previous chapter, the experiments have been
established. Four applicators with TMy, cavities at 2450 MHz are realized; there are one-slot,

two-slot, three-slot and four-slot applicators, respectively. The details of the experiments will

be appeared in this chapter.

6.2 Radiation Patterns

A particular clinical requirement for which the spherical applicator may be suitably
applicable is to locally heat a tumor in the spherical part of human body such as breast or head,

etc.. Fig.6.1 shows the field mapping arrangement [30] used to measure radiation patterns of

the applicators ; one-slot and two-slot and three-slot applicators, in our experiments.

Voluneter

i

I Square Law Detector

Glycerol

Slot Array
Mixture

Applicator

Signal Generator

Fig.6.1 Ficld mapping arrangement
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Fig.6.3 Field pattern of the experimental applicators
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Fig.6.3(a) shows the field pattern for the one-slot applicator, it is seen.lhal the square of
electric field intensity has its maximum at the slot and its amplitude decreases along the
distance. A contour of -8.68 dB which correspond to a penetration depth (SAR=13.5%) is
around the center of the sphere which is 2.5 cm from the interface level. For the two-slot
applicator, as shown in Fig.6.3(b), there are some differencesfrom Fig.6.3(a), the contour of -
6dB passes the center and the energy is 2 dB higher than that of the one-slot applicator. It is
observed that there is an additional hotspot around the center. The spotsize is defined as the
area surrounded by a -3 dB contour down from the value at the center (-9 dB contour). The
hotspot appears deep inside the heating material in addit.ion to the two spots near the slots. The
width of this spot is about 1 cm. A field pattern of the three-slot applicator is illustrated in
Fig.6.3(c). The desirable hotspot at the center is remarkable. The maximum value at the center
is around -3 dB and the hotspot size (-6 dB) is almost the same as that of the two-slot
applicator. However, the penetration depth is longer. From this investigation it is realized that
an appropriate cooling water bolus must be designed to cool down the heat near the surface and
its shape should be a spherical shape which conforms to the surface of the applicator. The
material filled in the bolus should be the cold low loss material with dielectric constant which is

close to that of the human muscle in order to maintain the field matching condition.

6.3 Input Impedance

An input impedance is an important parameter associated with power transmission from a
source via an applicator to a material to be heated. Therefore, an input impedance of an
applicator must be examined when it is attached to a muscle phantom. Experiments were made
by using an HP 8720C Microwave Network Analyzer to measure an impedance of three
applicators as shown in Table 6.1. The results are plotted on the Smith Chart as shown in
Fig.6.4. When these three applicators are directly contact with the human muscle phantom
which dielectric constant is 48[30], it is found in Fig.6.4 that the two-slot applicator has an

impedance with highly mismatch. Its impedance rotates on a smith chart from an inductive
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Fig.6.4 Input impedance of the applicators
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impedance at 2.0 GHz to capacitive and becomes an inductive impedance at 3.0 GHz. For the
three-slot applicator, the impedance changes from an inductive at 2.0 GHz and becomes
capacitive at 3.0 GHz. At the operating frequency, its impedance is inductive with lower
mismatch. The four-slot applicator behaves as an inductive impedance at the lower portion of

the testing frequency and becomes a capacitive impedance at the higher frequency.The
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impedance at the operating frequency is capacitive and is the closest one to 50 ohms.The
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VSWR of the two-slot, three-siot and four-slot applicators are 3.35, 2.16 and 1.13, ‘

respectively. Also their reflection coefficient are 0.54, 0.4 and 0.05, respectively. When these

applicators are directly contact with a planar phantom, the VSWR are drastically increased due

to the fact that there is a free space region between the applicator and a phantom surface.

Consequently, in application with planar structure a water bolus must be designed so that its

shape is the same as the free space area between the applicator and the heating material. This

bolus will not only behave as a cooling system of the surface but also as a field matching

Table 6.1 Design Data and Experimental Performance of TM02

Mode Applicator with Different Number of Slots

device.
number of slots 2
a(cm) 4.3
b(cm) 5.3
Bc(°) 54.5
90(° ) 45
¢ 01(0) 0,180
slot length(cm) 9.25
penetration depth from 1.9
the interface (cm)
EFS of the desired 5.1
hotspot (cm®)
net power for 235 W/kg 111

(W)

43

53
54.5

45
0,120,240

6.0
3.0

1.7

98 -

43

5.3
54.5

45
0,90,180,270
4.5

2.9



6.4 Temperature-Time Relationship

In hyperthermia application it is desirable 1o elevate the wmor lemperature up 0 a
hyperthermic range (42°-45°C). It means that the emperature rise in the umor is in the range 61’
5°-8°C higher than the normal temperature of a human body (37°C). In addition the rate of
temperature rise should be kept around 1°C/minute so as not o injure the patient. An
experiment was performed to get the information 1o design a hyperthermja system that satislied
such réquiremenls. In the experiments, a planar human muscle phantom and a three-slot
applicator with a 4 mm thick water bolus were prepared. The water temperature is 22°C with
the flowrate of 0.5 litre/minute. In order 10 elevate the temperature at the depth of 2 ¢cm up 10
6°C with the rate of about 1°C/minute, a net power of 42W was applied to the applicator for
first 8 minutes. Then, the power was reduced 1o 17W 1o retain the constant lemperature.
Temperature at three points i.e. at the _s"url'acc. I em and 2 ¢m depth along the central region of

the applicator were measured using the fiber thermometers.

(o]
1

A

erature Rise(c)
B .

p
ird

Tem

0 10 20 30
Time(minute)

Fig.6.5 Temperature-Time relationship
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Fig.6.8(a) shows the heating pattern on the vertical plane which implies that the penetration
depth is about 3 cm. The heating pattern on the horizontal plane 2 cm deep from the surface is
shown in Fig.6.8(b). On this plane from this figure, the EFS is about 13.8 cm® and it looks
like a rectangle where the vertices are in the direction of each slot. It is evident that the size and
shape of the hotspots can be varied by using different number of slot. The more the number of
slots, the larger the size of the hotspot. This results from the reason that the slot lengths are
decreased as the number of slots are increased. It is also observed that the maximum
temperature rise is increased as the number of slots is increased. Moreover it is noted that the
maximum heating depth is about 3 cm. It is deeper than a conventional open waveguide
counterpart which the maximum depth is always limited to a skin depth about 1.7 cm [13].

It is recommended that applicators intended for therapy should be capable of producing SAR
values of 235 W/kg in the muscle region [31]. From the experimental results of heating
patterns mentioned above, we can calculate the net input power required for obtaining that

value in the muscle region by measuring (dT/dt)lFO from (3.4). The input powers are

illustrated in Table 6.1. It is seen that the input power becomes lower by increasing a number

of the slot.

6.6 Conclusion

This chapter presents some experimental results, performed at 2450 MHz, of the proposed
applicator. It is found from radiation patterns that the focusing characteristics are achievable.
The applicator with the higher number of slots possesses the lower VSWR. In order to design
the microwave hyperthermia using this applicator, the power source should supply a power of
42 watts on the starting period to elevate the heating temperature to a hyperthermic range, then
it is reduced to 17 watts to retain the constant temperature. From thermographic studies, we

found that the heating volume can. be varied by using different number of slots and the

maximum heating depth is 3 cm.
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Chapter 7

Discussions and Conclusions

72

As mentioned before, the main purpose of this thesis is to describe the research- study results

about the spherical slot array applicator. So, this thesis is sub-divided into sub-sequence chapter as
stated in introduction, chapter 1.

The derivation of the electromagnetic field expressions from a slot on a perfectly conducting
sphere are introduced in the most beginning chapter, chapter 2, to reveal a lot of interesting and
fundamental concepts and strategy to be developed in the subsequence chapters.

An investigation about the electric field from an array of slots on part of conducting sphere are
manipulated in chapter 3 to ensure, at least theoretically, that the focusing capability of the
electromagnetic field from the slot array on partial conducting sphere still appears as in the case of
complete conducting sphere. In this chapter, a Specific Absorption Rate (SAR) which describes the
performance of applicator is also studied and some numerical results are carried out. One of the
most interesting results is the effective field size of the applicator can be taken care by adjusting the
number of slots.

In chapter 4 a conceritric conducting spherical cavity has been proposed as a means to excite a
spherical slot array. Since the proposed configuration, which is excited by an electric field probe,
is suited for a transverse magnetic wave. Therefore, a TM to r spherical wave function has been
introduced to investigate the field inside the cavity. Then proper boundary conditions are applied
and the design of the cavity has been obtained. Comparisons of Q-factor of different modes have
been illustrated. Experiments have been performed on a TMo: cavity and it is found in good
agreement with the theoretical predictions.

In chapter 5 the concept of a focus array has been introduced. Then the particular configuration
of a concentric conducting spherical cavity-backed slot array applicator has been described.

Theoretical performance of two-slot applicators excited by different cavity modes have been
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illustrated. It is found that the applicator made of a TM, cavity is suitable for focusing electric field ‘

Sl ae

A,

deepen into the heated material. However it is not ready in clinical application because of the ;

g v

b
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additional undesirable hotspots, so it is necessary to eliminate them. One of advisable means is to

e

employ a water bolus. The particular water bolus that is suitable for the applicator has also been
discussed in this chapter. |

In chapter 6 the performance of the proposed applicator have been investi gated experimentally.
Radiation patterns of a one-slot, two-slot and three-slot applicators have been measured in a
simulated human muscle phantom. It is satisfactory that the field focusing capability appears as in
theoretically prediction. Observation on input impedance of a two-slot, three-slot and four-slot
applicators reveals that the applicator with the higher number of slots, implies. the shorter slot,
possesses the lower VSWR. The resultant temperature-time relationship shows that, in designing
a microwave hyperthermia system using this kind of applicator, the power source should supply
high power on the starting period to elevate the heating temperature to a hyperthermic range, then it
is reduced to the moderate level to retain the constant temperature. Eventually, thermographic
studies confirm that the water bolus can eliminate the undesirable hotspots efficiently. The heating
volume, that means the tumor size, can be treated by using the applicator with different number of
slots.

The research in this thesis is restricted to a homogeneous human muscle. However, the human
body is actually inhomogeneous. Therefore, investigation on the application of this applicator in a
inhomogeneous medium by assuming multiple layers of concentric spherical medium is of interest.
In addition, for a larger spherical model such as a human head, studying of frequency scaling to
suit the spherical size is challenging. Theoretical investigation of input impedance of this kind of
applicator has not been performed. Moreover, an application of an applicator using a TMyg, cavity
mode should be suitable and a steerable focusing array by inserting some particular material in the

cavily is interesting and opened for further study.
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