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A comparative heating-pattern study of direct-contact applicators in microwave diathermy 
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Heating patterns, induced in planar and limb phantoms of simulated fat and muscle tissue by large and 
by small, direct-contact microwave diathermy applicators operating at 2.45 GHz, were studied. Teflon 
slab-loaded rectangular waveguides, circularly polarized horns, and other large radiators were investi
gated as well as the only two low-power direct-contact emitters presently in noninvasive clinical use. 
The integrity of temperature measurements by a thermographic camera was established and probe 
thermometry was used to compare polyethelene with a silk screen as the midplane phantom film. The 
width and depth of penetration of microwave heating were determined to evaluate energy deposition 
inside simulated muscle tissue. The results of temperature profiles show that a Teflon slab-loaded rec
tangular waveguide and a circularly polarized horn provide uniform heating in the center of the phan
tom's midplane and that the focusing effects of limb phantoms enhance depth of penetration. Meas
urements of the electric field demonstrated that direct-contact applicators can be designed to maintain 
leakage levels below 5 mW/cm2 per 100 watts of forward power for large applicators, and below 5 
mW/cm2 per IO watts of forward power for small applicators at a distance of 5 cm. Leakage of a 
circular aperture horn can be minimized with an output flange choke. 

1. INTRODUCTION 

Present clinical practice for noninvasive treatments in 
microwave diathermy at 2.45 GHz is to use spaced 
applicators for high-power therapy and direct-contact 
applicators for low-power therapy. Spaced applicators 
can impinge scattered as well as radiated energy on the 
operator or on unprescribed tissues of the patient. Direct
contact applicators are inherently safer because they 
reduce unwanted radiation, provided that the size of 
the applicator is somewhat smaller than the prescribed 
tissue and that the aperture and anatomical curvatures 
are about the same. 

The Bureau of Radiological Health is presently devel
oping a safety performance standard for microwave dia
thermy equipment. An important goal is to minimize 
the exposure of patients and of operators to unwanted 
radiation. This can be achieved in two ways. One way is 
to use appropriate shielding of spaced applicators. 
Shielding is feasible but can be cumbersome and is not 
attractive from a clinical point of view. An alternative 
is to use direct-contact applicators for high levels of 
power; Such applicators are not commercially available 
for the microwave frequency of 2.45 GHz although they 
are for lower microwave frequencies in the 750 MHz to 
1000 MHz range [Guy and Lehmann, 1966; Guy et al., 
1968; Lehmann et al., 1970; Ho eta/., 1971; Guy eta/., 
1974] . We examined the technical feasibility of using 
direct-contact applicators for microwave diathermy 
operating at 2.45 GHz. An added goal of the study is 
to achieve uniform heating ( excluding focusing of curved 

anatomy) instead of sinusoidally distribute~ heating, 
which is obtained easily with unloaded rectangular wave
guides. Clinical testing of the direct-contact applicators 
has not been performed. 

The main design features of the applicators are described 
first, then the experimental setup to determine the heat
ing patterns in planar and limb phantoms is discussed, 
including thermometric measurements to establish the 
integrity of the temperature measurements by thermo
graphic camera and to select an appropriate midplane 
phantom film. Data from measurements of heating 
pattern and leakage of radiation are also presented. 

2. APPLICATORS 

In this comparative study both large and small direct
contact applicators were considered. The large appli
cators. are high-power radiators (maximum of several 
hundred watts at applicator input) and the small appli
cators are low-power radiators (usually less than 10 
watts at applicator input). The prototypal applicators 
introduced in this paper are either designs (or slight 
modifications of these designs) already commercially 
available (but not for diathermy) or new designs specifi
cally intended for microwave diathermy. The above 
applicators were selected because of their novel de
signs. They still need to be tested clinically, and possibly 
may need to be modified to include a cooling mechan
ism to prevent excessive surface heating of the treat
ment area, before they are made available to the users. 

Ill 
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2.1. Large applicators. 

In the foreground of Figure 1 are shown four large 
applicators under investigation. A discussion of the main 
features of the selected large applicators according to 
increasing size follows. 

1. Square aperture horn (second applicator from right). 
This horn Qength of 8.3 cm) is circularly polarized with 
maximum input power of 300 watts and a frequency 
range of 2.4 GHz to 2.5 GHz. The antenna was not 
specifically developed for microwave diathermy; it is 
commercially available (Model No. 24 HC-3, Nurad, 
Baltimore, MD). 

2. Circular waveguide (see first applicator at left). This 
applicator is a standard circular waveguide {diameter 9.8 
cm) in which the transverse TE 11 mode propagates in 
the frequency range of 2.07 GHz to 2.83 GHz. This 
mode is a transverse mode because there is an electric 
field only in the aperture plane. A transition design from 
a circular waveguide to a rectangular WR-430 waveguide 
is available commercially (Model 10213, Omega Labora
tories, Haverhill, MA). This transition is connected to a 
WR-430-coaxial adapter. 

3. Teflon slab-loaded rectangular waveguide (second 
applicator from left). This is a standard WR-430 rec
tangular waveguide (width of 10.9 cm; height of 5.2 cm) 
partially loaded with two Teflon slabs 3.2 cm wide; one 
is on each side of the waveguide. A TEM mode is excited 
in the unloaded waveguide, thus providing for a uniform 

heating pattern in the center. (A patent application is in 
process. A paper describing the design performance of 
slab-loaded rectangular waveguides is in preparation for 
publication.) 

4. Circular aperture horn (first applicator on right). 
This horn (diameter of 15.2 cm) is circularly polarized 
with a maximum input power of 300 watts and fre
quency range of 2.4 GHz to 2.5 GHz. Its special design 
features consist of the output flange choke (a choke 
assembly around the outside of the horn aperture) to 
suppress leakage of radiation as well as a resistive ter
mination at the back of the antenna to minimize reflec
tion from the tissue load. It is commercially available 
{Model No. PN 82152-14C26700, Transo Products, 
Venice CA). 

The applicator in the background of Figure 1 is a 
round aperture horn (diameter of 14 cm) that is commer
cially available {Model No. 24 HC-4,Nurad, Baltimore, 
MD). It is not included in this study because its basic 
design is the same as that of the square aperture horn. 

2.2. Small applicators. 

Figure 2 shows the three applicators under investiga
tion, the 15-mm emitter (diameter of 15 mm) at the 
left, the 35-mm emitter (diameter of 35 mm) in the 
center, and the cavity-backed spiral antenna (diameter 
of 6.4 cm) at the right. A discussion of the main fea
tures of the selected small applicators according to 
increasing size follows. 

Fig. 1. Large direct-contact applicators. 
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Fig, 2. Small direct-contact applicators. 

Emitters. The 15-mm and 35-mm emitters are pre
sently in clinical use for noninvasive therapy. Prescribed 
input power levels are usually less than 10 watts (avail
able from Bosch, represented by Elmed, Addison, IL and 
Siemens, Iselin, NJ). 

Cavity-backed spiral antenna. The circularly polarized 
applicator (diameter of 6.4 cm) has a maximum input 
power of 200 watts and an operational frequency range 
of 2 GHz to 8 GHz. This antenna was not designed for 
microwave diathermy; it is commercially available 
(A.E.L., Lansdale, PA). 

3. EXPERIMENTAL SETUP 

3.1. Phantoms. 

Planar, thigh and arm phantoms were used to obtain 
heating patterns for the large and small applicators. The 
dimensions are given in Table 1. Simulated fat and 
muscle tissue were prepared in accordance with the 
procedures developed by Guy (1971]. 

3 .2. Temperature measurements. 

As part of the effort to quantitatively compare the per
formance of various microwave diathermy applicators, 
we undertook to assess the sources of error associated 
with thermographic techniques. One part of the full 
report of that work has been accepted [Cetas and 
Kantor, 1977) and the other part has been submitted 
for publication [ Cetas, I 977). Nevertheless, some of the 
results bear directly on these measurements and so are 
repeated here. The thermographic camera (AGA Ther
movision System 680/ 102B) was calibrated against 
cavity-type blackbody radiators, the temperatures of 
which were monitored with standard thermistors that 
we had calibrated within 0.01 °Cat the National Bureau 
of Standards. The emittance, em, of the muscle phantom 
was determined to be at least 0.98 while that of the 
bony and fatty material, eb, was found to be 0.81 ± 0.02. 
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TABLE 1. Dimensions of phantoms. 

Phantom Outside 

PLANAR 

Tl!IGH 

ARM 

60 cm 

17.0 cm 77 cm 

8.7 cm 78 cm 

30 cm 

Fat 

Height Thickness 

10 cm 0.8 cm 

1.0 cm 

0.9 cm 

The transmittance, Tp, of the polyethylene window that 
covered the phantom surface was determined to be 
0.90 ± 0.03. When account is taken of these emittance 
and transmittance effects, temperature differences 
measured thermographically agree within ± 0.2 °C with 
those obtained from calibrated probe thermometers. 

Finally, a few experiments were performed in which 
the temperature at one point in the phantom was moni
tored continuously during microwave heating. The 
thennometer probe (labeled MIC-8) is minimally per
turbing to electromagnetic fields [Cetas, 1975) . It is a 
modified version of a thermistor-based device described 
by Larsen et al. (197 4] and was calibrated against the 
standard thennistor mentioned earlier. 

A typical heating pattern was obtained in the usual 
fashion (Section 3 .3) except that the thermistor probe 
was mounted in the phantom near the surface of the 
separation plane 6 mm below the fat-muscle interface 
(Figure 3A). Immediately after 15 seconds of irradia
tion by the WR-430 Teflon slab-loaded rectangular wave
guide applicator at a power level of 100 watts, the 
phantom halves were separated and viewed with the 
thermographic camera. Figure 3B shows the overall 
thermal distribution as indicated by the thermographic 
camera; hotter areas are whiter. Temperature variations 
along the line indicated by the white scan marker are 
displayed in the temperature profile of Figure 3C as 
vertical displacements (vertical scale = 1.1 °C/graticule 
division, horizontal scale = 1.67 cm/graticule division). 
The unheated regions of the phantoms on the edges give 
the baseline temperatures since the phantoms were at a 
uniform temperature before the tests were begun. The 
temperature difference between the center and the edge 
of the field is 3.7°C. This thermogram was taken 54 
seconds after the initiation and 39 seconds after cessa
tion of microwave heating. Next, the phantom was 
rotated clockwise 90° so that a temperature-profile 
thermogram of the depth of heating could be obtained 
(Figure 3D). This profile was taken 83 seconds after . 
initiation of heating. The phantom is on the left side of 
the thermogram; ambient air is on the right. The profile 
was taken through the center of the heated field. A 
thennogram taken at 37 seconds and through the 
thermometer's tip is given as an example elsewhere 
[ Cetas and Kantor, 1977; Cetas, 1977) where it is 
shown that the. thermographically determined tem
perature rise in the region of the probe is 3.3 ± 0.3 °C, 
while the probe registered a rise of 3.34 °C. Figure 3E 
displays the signal from the thermometer probe versus 
time as monitored by a strip chart recorder. With the 
semiautomatic recording system we used, the precise 



114 KANTOR AND CETAS 

instant the thermogram was taken is indicated on the 
chart. In the rush to gather the data, time passes more 
quickly than one might expect. 

Guy et al. [1975] have proposed the use of an open
mesh material, such as silk screen, for covering the 
phantom's midplane instead of polyethylene, which 
they used in their earlier work because they suggest 
that the latter material would interrupt induced currents 
flowing normal to the midplane and thus alter heating 
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patterns. While their comments seem quite reasonable 
from an electromagnetic viewpoint, no data or c_alcula
tions are cited which compare directly to the use of the 
two materials. From a thermographic viewpoint, how
ever, a polyethylene covering has certain advantages in 
that it prevents evaporative cooling of the exposed 
surface and, in fact, provides some thermal insulation 
of the surface. Furthermore, when the silk-screen mater
ial is used, the phantom halves stick together and the 

60 90 120 150 

t, sec 

Fig. 3. Temperature data for heating of a planar phantom with a loaded WR-430 waveguide appli
cator. Polyethylene film, (0.05-mm thick) was used to cover the midplane. (A) Sketch of experi
mental geometry indicating heated region (shaded) and the placement of the MIC-8 probe thermome
ter (tip is 6 mm below fat-muscle interface); (B) thermogram showing heated region (white); (C) 
temperature profile of thermogram of phantom at depth indicated by white fiducial marker in (B); 
(D) temperature profile normal to fat-muscle interface showing depth of heating; taken by setting 
phantom on. end. Unheated muscle is on the left, ambient background on the right; (E) copy of trac
ing of strip-chart recorder, which monitored probe temperatures. (1) Heating period (100 watts, 15 
sec.); (2) the instant the phantom halves were separated; (3) the instant the thermograph in (B) and 

(C) were taken; and (4) the instant the thermo gram in (D) was taken. 



act of separating them distorts the surface to be ob
served. Additionally, we felt that polyethylene is more 
convenient to use. 
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Since we had the MIC-8 thermometer available, we 
decided to test which material, polyethylene or silk 
screen, was preferable for the present comparisons of 
heating patterns produced by 2.45-GHz microwave 
diathermy applicators. The MIC-8 thermometer was 
mounted in a phantom for a series of heating experi
ments using the WR-430 Teflon slab-loaded applicator. 
Electric-field polarizations were oriented both perpen
dicular and parallel to the phantom's plane of separa
tion. Figure 3 represents one of the data points for the 
case of E perpendicular to the midplane as defined by 
a 0.05-mm thick polyethylene film covering each phan
tom half. Figure 4 presents data for the same polariza
tion but with 12 gauge mesh (120 threads/in) of silk 
screen defining the midplane. It is important to note 
that the position of the thermometer was never changed 
throughout the runs and care was taken to assure repeat- ~ 

25 able positioning of the microwave applicator on the .,..: 
upper surface of the phantom. The maximum rises of 
temperature as measured by the probe before the 
separation of the phantom halves were 3.5 and 3.8 °C 
for two tests using polyethylene and 3.0 °C for two 
tests using the silk screen, which is a difference of 20% 
in the rise of temperature. A similar comparison between 
cases using the two separation materials, but with the 
E field parallel to the plane of separation yielded tem
perature rises that agreed within 10%, but in this case, 
the silk screen had the slightly greater rise. Furthermore, 
in gross terms, the thermograms were similar between 
like cases of polarization when either polyethylene or 
silk-screen materials were used for separation. We con
cluded from these data that, within ± 15%, the elctro
magnetic absorption properties are the same. Guy et al. 
[1975] concluded from their measurements that the 
silk-screen material itself did not introduce a perturba-
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Fig. 4. Temperature data as for Figure 3, except that silk
screen material was used to define the midplane of the phantom. 
(A) Temperature profile indicating depth of heating, (cf. Figure 
3D); (B) strip-chart recorder-trace of heating. (1) Heating 
period; (2) phantom separation time; (3) the instant thermogram 

of (A) was taken. 

tion of greater than ± 15% in the electromagnetic pro- studies of microwave heating with direct-contact applica
perties. tors 2.45-GHz, little, if any, significant difference exists 

A few other observations concerning thermal measure- from an electromagnetic viewpoint between using silk 
ments should be made. In every experiment the details screen or polyethylene for defining the plane of separa
of the temperature-time trace (as in Figure 3E or 4B) tion in the phantom. Both polarizations of the electric 
within 15 seconds of cessation of heating were similar field in relation to the plane of separation were tested. 
to the respective cases illustrated. That is, all experi- Certain thermometric ambiguities arose when the silk
ments with polyethylene as the separation material screen material was used. Also, the handling of the 
appeared as in Figure 3E; all experiments with silk phantoms was more convenient when polyethylene was 
screen appeared as in Figure 4B. Immediately upon used. We conclude that polyethylene is preferable to an 
separation of a phantom, faster cooling occurred for open-mesh material for our comparisons of heating 
the silk-screen case than for the polyethylene case. applicators. These results are not intended to be taken 
The thermal gradients near the surface change because generally for all wavelengths or experiments without 
of evaporative cooling; polyethylene prevents evapor- further question. Indeed, for studies of electromagnetic 
ation. If the thermograms are studied in more detail, . heating at 500 kHz with electrodes in direct electrical 
the thermal gradients always appeared sharper and more contact with tissue, we use an open-mesh material our
distinct when polyethylene was used. Furthermore, .the selves. Rather, our intent is to demonstrate the basis 
effects of polyethylene on the thermal measurements for our choice of materials for the present studies at 
have been determined [Cetas and Kantor, 1977; Cetas, 2.45 GHz and to suggest a means that can be used for 
1977] and corrections can be made. on the measure- determining the proper choice for future experiments. 
ments. The same is not true for silk screen because of 
the effects of evaporative cooling, which would be 3 .3. Heating patterns. 
greater for warmer regions of the phantom. 

A summary of the results on our models is that for The basic procedure was the same as that used for 
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measuring heating patterns in phantoms irradiated by 
spaced applicators [Kantor et al., 1976]. A sketch of a 
typical experimental setup is shown in Figure 5. Briefly 
described, a direct contact applicator which is connected 
to a microwave diathermy machine by coaxial cable is 
symmetrically positioned on top of the phantom with 
respect to the vertical midplane (top sketch). After 
microwave heating, one half-section of the phantom is 
quickly removed and the other half-section is viewed by 
an infrared camera (bottom sketch) to obtain thermo• 
grams and temperature profiles, as discussed in Section 4. 

3.4. Leakage. 

Radiation leakage was measured by positioning · an 
applicator on top of a planar phantom (see Figure 5, top 
sketch). A commercially available isotropic probe (Narda 
8300) with its (5-cm) dielectric sphere at its tip was used 
flush along the aperture-phantom boundary to ineasure 
maximum radiation. 

4. EXPERIMENTAL RESULTS 

4.1. Heating patterns. 

4.1.1. Heating pattern parameters. Figures 7-13 
show thermograms and temperature profiles of heating 
patterns of planar and limb phantoms after irradiation 
by typical large and small direct-contact applicators. 
Before discussing each figure separately, the two para-

<.;oaxial Cable ftta 
N icrowave Diathemy Maehine 

! f"-----r.,,.... 

Fat 

Microwave Heating 

~te: Midplane, of Both Half sections 
are Covered with Polyethylene Fila 

Heatina Pattern lleasure.:nt 

Fig. 5. Experimental setup. 

meters characterizing heating patterns, namely, heating 
pattern "width" and heating pattern "depth" are de
fined (Figure 6). 

1. Width. The upper sketch in Figure 6 shows a profile 
similar to that in Figure 3C, except that for the purpose 
of the heating-pattern measurements, the scan (indi
cating the selected profile), is positioned in the region of 
maximum heating. The profile is labeled parallel to in
terface because the white trace in the thermogram 
(see upper Figure 7) is parallel to the fat-muscle inter
face of the planar phantom. For the limb phantoms, this 
nomenclature means that the scan is parallel to the tan
gent at the fat-muscle interface. The width, w, of this 
selected profile, as shown in sketch, is defined as the 
width of the trace for which the temperature rise is half 
the maximum temperature rise 6.T. It was convenient to · 
position the cameras one meter from a phantom's mid
plane; measured lengths on. the photographic trace must 
be doubled to obtain the real lengths (in terms of the 
graticule divisions, the horizontal scale factor is 1.67 cm/ 
division). 

2. Depth. The definition of the penetration depth, d, is 
shown in the lower sketch of Figure 6. First, the air-fat 
interface is located at the start of the steep temperature 
gradient (due to the heating of the fat). From this inter
face the known thicknesses of the fat of a phantom is 
measured horizontally to obtain the fat-muscle interface 

WIDTH OF HEATING PATTERN OF 
PROFILE PARALLEL TO INTERFACE 

\Selected Profile (maximum heating) 

\ f 1/2LH 

DEPTH OF HEATING PATTERN OF 
PROFILE NORMAL TO INTERFACE 

\ Selected Profile (maximum heating) 

\ * 
1/2 .1T 

f 

Air Fat Muscle 

Fat Thickness 

fig. 6. .Heating pattern parameters. 
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SLAB LOADED RECTANGULAR WAVEGUIDE 

THERMOGRAM- PLANAR 

PROFILE PARALLEL TO INTERFACE 

Fig. 7. Heating pattern in planar phantom induced by slab
loaded rectangular waveguide with temperature profile parallel to 

fat-muscle interface. 

and the profile temperature of 6T/2; dis the horizontal 
distance between the fat-muscle interface and the point 
of 6T/2 (Figure 6). As in the case for w, the profile 
lengths are half the real lengths. A profile normal to the 
interface like that in Figure 8 was obtained for this 
comparative study by rotating a phantom 90° coun
terclockwise from its initial position so that the air
phantom interface was at the left of trace ( compare posi
tions of phantom in thermograms of Figures 7 and 8, 
respectively). 

4.1.2. Discussion of typical heating patterns. The 
irradiated phantoms were viewed with a thermographic 
camera at a sensitivity of 5, which corresponds to 
1.25 ° C per two vertical graticule divisions. A power 
setting of 50 watts was used for ten seconds with the 
large applicators and with the cavity-backed spiral appli
cator while 50 watts was applied for 20 seconds with the 
15-mm and 35-mm applicators. To compare heating 
patterns, the photographs of the thermograms and tem
perature profiles were obtained with the camera set at an 
exposure time of two seconds. 

Figure 7 shows the heating pattern produced by the 
Teflon slab-loaded rectangular applicator. The pattern 
is uniform in the central region with w equal to 7.3 cm. 
The depth of penetration d is determined from Figure 8 
and is equal to 2.2 cm. 

Each of the subsequent Figures (9-13) show both 
normal and parallel temperature profiles that are super
imposed on the same photq; the thermogram corres
ponds to the parallel profile. Figure 9 shows the heating 
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SLAB LOADED RECTANGULAR WAVEGUIDE 

THERMOGRAM-PLANAR 

PROFILE NORMAL TO INTERFACE 

Fig. 8. Heating pattern in planar phantom induced by slab
loaded rectangular waveguide with temperature profile normal to 

fat-muscle interface. 

CIRCULARLY POLARIZED ANTENNA. 

THERMOGRAM - PLANAR 

NORMAL 

PARALLEL 

PROFILES NORMAL AND PARALLEL TO INTERFACE 

Fig. 9. Heating pattern in planar phantom induced by circular 
aperture horn with temperature profiles normal and parallel to 

fat-muscle interface. 
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CIRCULAR WAVEGUIDE 

THERMOGRAM -PLANAR 

NORMAL 

-PARALLEL 

PROFILES NORMAL AND PARALLEL TO INTERFACE 

Fig; 10. Heating pattern in planar phantom induced by 
circular waveguide with temperature profiles normal and parallel 

to fat-muscle interface. 

CIRCULAR WAVEGUIDE 

THERMOGRAM- THIGH 

PARALLEL 
NORMAL 

PROFILES NORMAL AND PARALLEL TO INTERFACE 

Fig. 11. Heating pattern in thigh phantom induced by circular 
waveguide with temperature profiles normal and parallel to fat

muscle interface. 

15 mm EMITTER 

THERMOGRAM -ARM 

PARALLEL 

NORMAL 

PROFILES NORMAL AND PARALLEL TO INTERFACE 

Fig. 12. Heating pattern in arm phantom induced, by 15-mm 
emitter with temperature profiles normal and par:µJel to fat

muscle interface. 

35mm EMITTER 

THERMOGRAM -ARM 

NORMAL PARALLEL 

PROFILES NORMAL AND PARALLEL TO INTERFACE 

Fig. 13. Heating pattern in arm phantom induced by 35-mm 
emitter with temperature profiles normal and parallel to fat

muscle interface. 
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patterns induced by the circularly polarized aperture 
horn with w equal to 7.5 cm and d equal to 2.2 cm. As 
in Figure 7, the central portion of the parallel profile 
is uniform. Figure 10 shows the heating pattern induced 
by a circular waveguide with w equal to 5 cm and d 
.equal to 2.2 cm. The parallel profile is less uniform than 
in the two previous cases, although the diameter is only 
1.27-cm shorter than the length of the WR-430 applica
tor. Figure 11 shows the same applicator loaded with 
the thigh phantom instead of the planar phantom, which 
results in a w equal to 5.1 cm and d equal to 2.6 cm. 
The depth of penetration is greater than that for the 
planar case, suggesting a focusing effect due to the cur
vature of the thigh phantom. The focusing is also influ
enced by another factor, namely, the lack of complete 
direct contact between the applicator and the curved 
surface of the thigh phantom. A curved aperture design 
is needed to evaluate this effect. Note that w is about 
the same for the planar and thigh phantoms, although 
Figure 11 shows a considerably steeper temperature 
gradient than Figure 10, again due to focusing. Figure 12 
shows aw of 2;7 cm and d of 0.7 cm for the arm phan
tom irradiated with the 15-mm emitter. The small depth 
of penetration is in agreement with the thermogram 
showing little energy deposition in muscle. Figure 13 
shows profiles for the 35-mm emitter with w equal to 
3 cm and d equal to 2.1 cm. The results for the case of 
the small emitters indicate that doubling the size of the 
aperture (35 mm instead of 15 mm) has a significant 
effect on the depth of penetration (d = 2.1 cm instead 
of0.7 cm). 

4.1.3. Summary of results. 
1. Heating patterns. For the purpose of comparison, 

the large and small applicators in Table 2 are arranged 
according to increasing size of aperture. 

la. Large applicators. The width, w, although 
increasing with aperture size, also depends on the aper
ture's field distribution. For example, an increase of 
1.27 cm in the width of the waveguide over the diameter 
of the circular waveguide results in an almost 50% 
increase in w. Table 2 shows that the d values are the 
same for the large applicators. This is expected because 
they are all loaded with a planar phantom so that no 
focusing of energy takes place. Data for these large 
applicators loaded with limb phantoms were also ob
tained; however, the results are not included, because 
they do not lend themselves to easy comparison. For 
large planar applicator,limb phantom combinations, 
leakage energy (radiated and scattered} is significant 
due to reduced surface contact. 

1 b. Small applicators. The values of w and d show 
that they increase with increasing size of the aperture. 
The increase is due to the focusing effect of the limb 
phantoms. Again, the results are influenced by the de
gree of direct contact between aperture and surface of 
the phantom. For example, note that d for the cavity• 
backed spiral applicator is not much greater than that 
for the 35-mm emitter when both applicators are loaded 
with an arm phantom. 

2. Leakage measurements. The results of leakage 
measurements are shown in Table 3. The total uncer- · 
tainty of these measurements is ± 2 dB, due to the call-

TABLE 2. Typical heating patterns of applicators. 

Large Applicators 

Square Aperture Horn 

Circular Waveguide 

Slab Loaded Rectangular 

Circular Aperture Horn 

Planar Phantom 
i..@. ~ 

5.0 2.2 

5.0 2.2 

7.3 2.2 

7 .5 2.2 

• 

Thigh Phantom Arm Phantom 
Small Applicators 

15-mm Emitter 

35-mm Emitter 

~ ~ ~ ~ 

cavity-Backed Spiral Antenna 

2.0 

2.8 

3.2 

0.4 

1.2 

2.0 

2. 7 

3.0 

3.8 

o. 7 

2.1 

2.1 

bration and ellipticity of the probe (Section 3.4). Planar 
phantoms were selected to obtain measurements under 
the most ideal conditions, since loading of planar aper
tures with limb phantoms could only increase leakage 
because of less direct contact. 

2a. Large applicators. The circular aperture horn 
with a flange-choke design ~ee Section 2) had negligible 
leakage, namely 0.8 mW/cm per 100 watts. The leakage 
of this. horn was 4 ri1W/cm2 per 100 watts when a 1-cm 
dielectric shim was located between its aperture and the 
phantom. The leakage of the circular waveguide was 2.3 
mW/cm2 per 100 watts. The leaka~e of the loaded rec
tangular waveguide was 4.0 mW/cm per 100 watts. The 
square aperture horn had the highest leakage, namely 
11.6 mW/cm2 per 100 watts. 

2b. Small applicators. The leakage of small appli-
cators was evaluated at a power level of 10 watts becau~e 
clinical practice is usually at lower power levels. The IS
mm and 35-mm applicators as well as the cavity-backed 
spiral applicators had negligible leakage. 

TABLE 3. Leakage measurements with planar phantoms. 

Maximum Leakage in 
Large Applicators mW/cm2 per 100 watts 

Square Aperture Hom 11. 6 

Circular Waveguide 2.3 

Rectangular Waveguide (loaded) 4.0 

Circular Aperture Hom 0.8 

Maximum Leakage in 
Small Applicators mW/cm2 per 10 watts 

15-mm Emitter 0.6 

35-Dlll Emitter 1.2 

Cavity-Backed Spiral Antenna 0.4 
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5. FINAL COMMENTS 

The temperature measurements of Section 3 were 
needed to validate the thermographic camera as an 
appropriate tool for the comparative study of heating 
patterns. Particular attention was given to selection of a 
film at the phantom's midplane to minimize errors intro
duced in data on temperature profiles due to variability 
in polarization of the applicator and instabilities intro
duced by phantom separation. Our data indicate that no 
advantage is gained from an electromagnetic viewpoint, 
at least at 2.45 GHz, by the use of silk-screen material 
and that temperature measurements are made more diffi
cult and ambiguous. A dielectric film such as polyethy
lene is preferable which was the original choice of 
material of Guy et al [1968]. For longer wavelengths -
for example, the short wave bands of 13 MHz and 27 
MHz - these conclusions may not apply. We would like 
to add that we recognize that for a study different from 
ours, the thermometric considerations might be out
weighed by other considerations and another choice of 
procedures should then be adopted. Nevertheless, the 
existence of the problem and the associated measure
ment errors should be recognized. 

Our study of heating patterns demonstrates the techni
cal feasibility of using large direct-contact applicators 
for microwave diathermy at 2.45 GHz. The results 
show that heating is not only controlled by the aper
ture but also by the relative size and curvature of both 
applicator and treatment area. 

6. CONCLUSIONS 

1. More uniform heating in the center portion of 
temperature profiles in phantom midplanes can be 
obtained by an inhomogeneously loaded waveguide or 
by a circularly polarized circular horn. 

2. Focusing of limb phantoms enhances depth of 
penetration. 

3. Leakage can be minimized with an output flange 
choke. 

Experiments are being planned by which to map tem
perature profiles by minicomputer to study heating 
patterns in planes parallel to the fat-muscle interface of 
phantoms. Clinical testing of the newly introduced 
applicators also should be performed. 

The mention of commercial products, their sources, 
or their use in connection with material reported herein 
is not to be construed as either an actual or implied 

endorsement of such products by the Department of 
Health, Education, and Welfare. 
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