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EDITORIAL 

IMPI in Second-Century Canada 

II 
One hundred and ninety-seven people at
tended the Fourth International Sympo
sium, in spite of the airline strike. Forty
five papers were presented in the areas of 
chemistry, food, biology, biomedicine, 
forest products, synthetics, generation and 
rectification, dielectrics, economics and 
instrumentation.* More topics were cov
ered this year than ever before and the 
Journal has already received some twenty 
symposium paper submissions for publi
cation since March. At a meeting of the 
Editorial Committee, it was decided to ap
point associate editors in the major fields 
of microwave power. The new Journal 
format, involving distinct sections, will de
velop during the remainder of 1969. As 
of June 1, the Executive Editor, who has 
also been the Institute's Executive Vice 
President for two years, became the Insti
tute's President. The new members elected 
to the Board of Governors-R. Schiffman, 
C. M. Olsen and M.A. K. Hamid-are all 
associated with the food industry, as, re
spectively, food scientist, biologist and 
engineer. 

The remarkably high Canadian content 
in the 1969 Symposium program was a 
direct result of the National Research 
Council of Canada's continuing support 
of basic research in Canadian universities 
and industry. The scheme is this year pro
viding $6.8 million to Canadian industry 
alone in direct research grants and, since 
its inception it has created over a thou
sand skilled positions in Canadian indus
try-1 7 l of them filled by experienced 
PH.D. graduates in science and engineer-

*Symposium programs are available free to 
anyone. A bound set of paper summaries is also 
available to members who were not able to 
attend the symposium. (Limited stock.) 
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ing. Some 136 companies across Canada 
have participated in this Industrial Re
search Assistance Programt since its in
ception in 1962, with a total of 260 pro
jects involved. Traditionally lenient on the 
definition of research, the government has 
successfully promoted research and deve
lopment in industry far beyond the tax
payers' money involved-by good manage
ment. Their decision to include western 
Canadian companies in the scheme may 
have been a major factor in reducing the 
feeling towards western separatism to 
which Dr. Harries referred at the IMPI 
Symposium Luncheon. 

tindividuals requiring more information on 
the IRA scheme and other government pro
grams in science and technology should write 
to Mr. R. E. McBurney, NRC-IRA, Ottawa 7, 
Ontario. 

Addition to the 
Directory of Services 

MICROWAVE DEVELOPMENT 
LABORATORIES, INC. 

87 Crescent Road, 

Needham Heights, Mass. 02194 

MDL is a manufacturer of components 
and complete microwave assemblies de
signed to meet customer applications. 
MDL will design intricate high-power ap
plicators to meet stringent radiation re
quirements. Optimum waveguide sizes 
can be manufactured in our mill for your 
needs. Customer enquiries are answered 
free of charge. 

Illustration: WR 284 high-power variable 
power divider. 

Contact: Charles H. Carson 
Telephone (617) 449 0700 
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When one includes the support to uni
versities, institutes and technical organiza
tions in Canada (IMPI received a $6000 
grant from NRC this year, announced in 
JMP 4 (1)), the contribution of NRC to 
Second-Century Canada is immense. 

Zulu Warriors 
It seems that W. C. Brown's secretary is 
a crossword puzzle fan-to her an IMPI is 
a Zulu warrior. We have our warriors, and 
it's appropriate to thank them: C. M. 
Lockwood, Ann Prideaux, Marianne Fish
bourne and the staff in U of A's Depart
ment of Extension; P. A. Goud, C. R. 
James and U of A's Department of Elec
trical Engineering; W.R. Tinga and J. D. 
Ford, Symposium Program and Technical 
Chairman-it was a well organized and 
successful symposium. 
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The SPEED Microwave Oven 
in Integrated Cooking* 

Major Avalon L. Dungan and 
Major Morton Foxt 

II 
ABSTRACT 

This paper describes the SPEED Field 
Feeding System under development by 
the U.S. Army Natick Laboratories. De
sign and performance figures are given. 

The SPEED Field Feeding System Project 
is currently under development at the 
U.S. Army Natick Laboratories and has 
as its objective an overall speed-up of 
food preparation, cooking, and serving, 
increased mobility, and time reductions 
in kitchen deployment and clean-up after 
meals. SPEED (subsistence preparation by 
electronic energy diffusion) is based on 
the use of microwave energy in heating 
food in the field kitchen and bakery of 
the system. The microwave ovens are 
used as a part of an integrated cooking 
system which includes other conventional 
cooking equipment. 

Feasibility studies were started in 1965 
by Natick Laboratories and under con
tract by the Cryodry Corporation, San 
Ramon, California. It was determined 
that an operable field kitchen and bakery 
utilizing microwave ovens could· be pro
duced by proper equipment design and 
development of cooking techniques. How
ever, during the early construction phase 
it was determined that space limitations 
precluded the use of continuous micro-

*Manuscript received April 18, 1969. IMP! 
Symposium Paper B3, 1968. 

tDepartment of the Army, U.S. Army Natick 
Laboratories, Natick, Mass. 01760. 
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wave ovens. This was mainly due to the 
necessity to provide electromagnetic radi
ation suppression devices (RF traps) at 
each end of the oven to protect the oper
ating personnel. A batch oven of approxi
mately 6-kw microwave power output 
was originally selected for the kitchen and 
bakery. 

In September 1966, a contract was 
awarded to the Garrett Airesearch Cor
poration to produce concept models of 
the SPEED kitchen and bakery. The Ather
ton Division, Litton Industries, produced 
the microwave ovens. Models (Fig. 1) 
have been undergoing evaluation testing 
both at Natick and at several other army 
installations since September 1967. 

FIG. 1. The SPEED kitchen and bakery are 
identical in appearance from the outside since 
maximum interchangeability of components was 
a design objective. The shelters or "pods" are 
normally mounted on a standard military trans
porter or mobilizer and drawn by a regular 
army cargo truck. They can, however, be dis
mounted in a matter of minutes for airlift or 
for use in ship-board or troop-train feeding. 

The kitchen was designed to support 
an army company of 200 men for one 
day without resupply. The bakery was 
designed to produce bread or pastry for 
an army brigade of 5000 men. The 
kitchen and bakery are self-contained, 
completely mobile, all-electric units. Power 
requirements are supplied by a 400-Hz 
60-kw gas turbine generator set, located 
in the forward area of the pod. The use 
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of the light-weight generator set allows a 
90 percent weight reduction and a 60 
percent volume reduction over recipro
cating engine generator sets of the same 
power output. This turbine generator set 
has proved to be very reliable and rela
tively maintenance-free, being quite simi
lar to the auxiliary power units used on 
commercial jet aircraft. 

The two 6-kw microwave ovens are 
located in the forward area over the tur
bine compartment (Fig. 2). The other 
components of the integrated cooking 
system are the hot, forced-air holding 
(convection) oven and the grill. The con
vection oven and the grill are used in 
conjunction with the microwave ovens 
and as such form a system of integrated 
cooking. Other equipment includes a high
speed vertical cutter mixer, which is used 
for a variety of mixing, chopping, and 
blending jobs; a 22-cubic-foot refrigerator 
and a 2-cubic-foot freezer to provide 
storage for the perishable ration com
ponents; and an incinerator to provide 
rapid disposal of expendable service such 
as molded fiber trays and plastic flatware. 
Non-refrigerated wire basket storage areas 
and water and fuel tanks complete the 
kitchen. The bakery is quite similar to 
the kitchen, having the same external 

configuration and using the same gener
ator, microwave ovens, convection oven, 
and incinerator internally (Fig. 3). 

The SPEED oven is believed to be the 
largest batch-type microwave oven used 
in the United States for prime cooking. 
The oven will hold three 12¾-inch by 
17¾-inch steam-table size cooking pans, 
and it has a maximum RF output of 
approximately 6 kw at a frequency of 
2450±50 MHz. There are two lower
power settings of 4 kw and 2 kw which 
are controlled by a three-position power 
level switch located on the front of the 
oven. This switch operates from 208-
volt d.c. power from lead-acid batteries 
for control functions. 

A cross-sectional view of the micro
wave oven cavity is shown in Figure 4. 
Four continuous-wave magnetrons are 
coupled into the oven cavity through four 
motor-driven, rotating iris plates. These 
rotating irises create a stirring action of 
the microwaves which tends to even out 
the energy distribution. An aluminum 
grid directly below the iris plates splits 
the energy so that a portion goes directly 
into the cavity and the rest is directed 
towards the back of the oven. In the back 
of the oven is a solid aluminum baffle 
which directs the energy vertically down 

SPEED KITCHEN Fm 2. Within the 
limitations of an 
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8 by 7 by 12 foot 
shelter the 
capability to 
store, prepare, 
cook, and serve 
three meals a day 
to 200 men has 
been successfully 
packaged. An 
incinerator is also 
provided for 
disposal of 
expendable eating 
utensils and other 
kitchen waste. 
Two mert and a 
part-time helper 
can operate the 
kitchen. 
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the back of the oven and allows it to 
bounce into the bottom of the oven cavity 
to create an almost even split of the 
energy between the top feed and bottom 
feed. This feature has al}owed the roast
ing and baking of practically all foods 
with very uniform cooking results. 

The integrated cooking makes use of 
the very rapid cooking characteristics of 
microwaves in conjunction with the con
ventional hot forced-air convection oven 
and grill. Integrated cooking produces 
foods having practically the same appear
ance and acceptability as conventionally 
prepared foods but with drastic reduc
tions in cooking times. 

For example, roast beef is prepared by 
cycling the energy into the product. Ten
minute periods of high power with short 
rests between the cycles allows penetra
tion of conductive heat to the center of 
thick roasts. When an internal tempera
ture of l l0°F to 130°F (depending upon 
the thickness of the roast) is reached, the 
roast is transferred to the convection 
oven, where the temperature equilibrates 
to approximately 150°F in about 20 
minutes. The size and shape of the meat 
cut are important, the ideal configuration 
being a round roast. This method results 
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in a roast with an excellent profile from 
a well-done, rich-brown appearance on 
the outside to a pink center. The total 
cooking time .for a 40-lb roast is reduced 
to less than 1 hour from the about 2½ 
hours required conventionally. Cooking 
loss is also reduced considerably as the 
microwave prepared meat retains much 
of the natural juices of the meat. 

Thin cuts of meats such as steaks and 
chops do not require enough time in the 
microwave oven to sear their surfaces and 
to produce a brown color. These cuts are 
therefore first seared quickly on the grill 
to produce these desired effects and then 
finished in the microwave oven. The sear
ing operation can be done immediately 
prior to cooking, or the meats can be 
seared and held in the refrigerator until 
serving time, when microwaves finish the 
cooking program. 

Bread baking is an area in which micro
waves have proved to be quite success
ful. Certain formulation and technique 
changes were made to the standard army 
bread recipe to produce a very highly 
acceptable product baked entirely by 
microwaves. The high-speed vertical cutter 
mixer is used to mix the ingredients, and 
causes a very uniform dispersion of yeast 
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FIG. 3. The SPEED 

bakery was de
signed to produce 
bread or pastries 
for 5000 men on 
a daily basis. 
Bread making by 
the SPEED approach 
takes about 1 hour 
instead of the up 
to4½ hours 
required in 
conventional 
baking. 
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throughout the dough. This allows a sub
stantial reduction in proofing time. Eight 
l½-lb loaves are baked in the microwave 
oven in 9 minutes on medium power. 
The product is then browned in the con
vection oven. The entire process from 
opening the bag of flour to removing the 
finished loaves from the browning oven 
takes less than 1 hour rather than the 
4½ hours required in a conventional 
bread bakery. 

Another significant capability of the 
microwave oven is the contemplated use 
with preprepared, preportioned conveni
ence foods. Current trends in the com
mercial feeding industry strongly suggest 
that convenience foods will become in
creasingly available and widely used. 
These foods offer advantages of a 
shortened preparation time, less storage 
space, and lowered requirements for skill
ed mess personnel. Although only limited 
testing of commercial convenience foods 
has been conducted in the SPEED kitchen, 
consideration has been given to their ex
tensive use. Since the microwave ovens 
are excellent for reheating, it is estimated 
that the cooking and serving times would 
be approximately one-half to one-third 

waveguide..,_ 

those required for prime cooking. The 
limiting factor in this case is simply how 
fast the men can pass by the serving win
dow. Actual field tests indicate that it 
takes approximately 30 minutes to serve 
200 personnel from a SPEED kitchen. 

The current SPEED cooking concept is 
to provide the capability to prepare most 
conventional foods; but if convenience 
foods do become part of the field ration, 
the microwave ovens in the SPEED kitchen 
would provide a very rapid capability for 
reheating to serving temperature. 

The results accomplished with the SPEED 

kitchen project have been very promising 
to date. However, other approaches to 
cooking foods in the field are being in
vestigated. One of these is the combina
tion of conventional and microwave heat
ing in the same cavity. Although this 
eliminates the advantages of a "cool" 
oven, it would do away with the necessity 
for a separate conventional oven. 

Studies, so far, indicate that more de
velopmental work remains to be done 
regarding both microwave heating equip
ment and the formulation of recipes and 
foods to fit into the integrated cooking 
system. 
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Fm 4. The 6-kw 
SPEED microwave 
oven utilizes a 
number of different 
design features 
which give it 
unusually good 
heating patterns. 
This oven is 
believed to be the 
largest microwave 
"batch" oven used 
for prime cooking 
in the United States. 



Experiments with a 
Heat Camera for 
Recording Temperature 
Distribution in Foods 
during Microwave Heating* 

Nils E. Bengtsson and Elisabeth Lycket 

II 
ABSTRACT 

Surface temperature patterns of foods 
being heated in a microwave oven were 
determined by infra-red television through 
a screen door permeable to IR radiation 
but not to microwaves. Isothermic pat
terns of the entire food surf ace exposed 
could be fallowed continuously during 
the heating cycle and photographed at 
a maximum rate of eight exposures per 
second. The method may prove useful in 
the development of microwave ovens to 
study the effects of oven and sample con
figuration, couplings, etc., on the field 
and temperature distribution, and further 
study seems justified to overcome present 
limitations. 

Introduction 
Direct temperature measurement in a 
microwave field offers great difficulties 
since it is not possible to use metal 
objects and objects with apprecia~le 
dielectric loss, and since ovens reqmre 
effective screening to prevent external 
radiation of microwave power. Special 
glass thermometers with low-loss liquid 
are being used, but they are rather bulky, 

•1MPI 1969 Symposium Paper HI, Edmon-
ton, May 23, 1969. . 

tSwedish Institute for Food Preservat10n 
Research (SIK), Goteborg, Sweden and Rune 
Jarvenstedt, AGA AB, Infrared Instruments De
partment, S-183 02, Taby 2, Sweden. 
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slow in thermal response, and do not 
readily permit the following of the tem
perature pattern during heating. Copson 
(1956) used a gas thermometer with ap
parent success, but the equipment is not 
commercially available and would hardly 
permit convenient multipoint recordi~g 
Our experiments have shown that maxi
mum temperatures obtained during micro
wave heating can be determined with fair 
accuracy with small embedded melt indi
cators of the precision now commercially 
available, but their usefulness is limited. 
The common procedure is to measure 
temperatures in the heated f~od sa1?ples 
with spear thermocouples immediately 
after switching off microwave power, 
which usually means an interval of about 
1 O seconds between cutoff and actual 
temperature measurement. Oven surface 
temperature measurements made with 
an Ircon IR-pyrometer appeared fairly 
promising, but the respo_nse time ~as 
considered slow and no smtable scanmng 
and recording device was available. The 
AGA Thermovision system for infrared 
television previously described by Borg 
(1968) and by Janes and Aalders (1969) 
appeared to offer the res~onse ti~~ _a?d 
the scanning and recordmg possibihttes 
needed, and a series of experiments of 
a preliminary nature were performed to 
assess the suitability of the system for 
temperature measurements during micro
wave heating. 

Experimental 
Description of system. The Thermo
vision system consists of two basic units: 
an infrared camera and a modified oscil
loscope which displays the thermal pic
ture. The working principle is illustrated 
in Figure 1. 

Through the optical system of the 
camera, containing an oscillating mirror 
(2) and a rotating prism (4), a field of 
view of 5 by 5 degrees is scanned at a 
rate of 16 complete frames per second, 
each frame consisting of 100 lines. The 
IR-radiation is focused on a liquid-nitro
gen-cooled InSb detector (6) and con-



BENGTSSON AND LYCKE: EXPERIMENTS WITH A HEAT CAMERA 49 

Fm 1. Camera unit design. 1, spherical 
mirror; 2, tilting mirror, oscillating at 16 cps; 
3, plane mirror; 4, silicon prism rotating at 200 
rps; 5, germanium lens; 6, InSb detector; 7, 
Dewar for liquid nitrogen; 8, motor, prism; 9, 
motor, tilting mirror. 

verted into a video signal which is ampli
fied and fed into the bench-type oscillo
scope display unit. The wavelength band 
used is 2.0-5.6 microns. 

The picture on the screen can be ad
justed for contrast (temperature range) 
and brightness (temperature level). In a 
thermogram, warm areas appear bright 
and cold areas dark. The width of an iso
therm can be varied from 1 to 3 0 per 
cent of the temperature range selected. 
The maximum thermal discrimination 
between two black-body areas is claimed 
to be 0.2°C at room temperature. The 
picture on the fluorescent screen can be 
recorded on black and white movie film 
at 8 pictures per second, or on still filni 
(regular or polaroid). By means of a 
series of colour filters mounted on a filter 
wheel, several isotherms can be photo
graphed by multiexposure on colour film 
to yield a colour thermogram of an ob
ject, where each colour represents a given 
temperature range. 

To obtain absolute temperature read
ings, calibration against an object of equi
valent emissivity has to be made over a 
range of accurately determined surface 
temperatures. In addition, reference read
ings have to be taken at regular intervals 
against a standard, in the present case, 
an ice-water slurry. 

Microwave oven arrangement and food 

samples. A small microwave oven with 
internal dimensions of 25 by 25 by 15 
cm was used for the experiments, utiliz
ing only one of the two magnetrons and 
having its waveguide coupling to the 
cavity in the roof. Food samples were 
placed inside the oven on a polystyrene 
tray. The tray was mounted in a tilted 
position so that the food surface formed 
an angle of about 7 5 ° with the optical 
axis of the camera. The arrangement is 
shown in Figure 2. In the picture the 
oven door is open. To perniit IR trans
mission when closed, the door was fitted 
with a perforated steel screen with 3-mm 
holes and a total hole area of 70 per cent. 
Preferably, the screen should have been 
placed in the roof of the oven to permit 
normal positioning of food samples and 
operation of the oven, but this was im
possible without redesigning the oven. 
The uneven field distribution caused by 
the tilted position of the samples in com
bination with the use of only one of two 
magnetrons was not considered a disad
vantage, however, since the objective was 
not to measure oven performance but to 
evaluate temperature patterns. 

Most of the experiments were made 
with geometrically well-defined food 
samples, 8 by 8 cm and 10-20 mm thick, 
of frozen or thawed meat loaf and mashed 
or sliced cooked potato and combinations 
of these. A meat loaf was prepared 
according to a recipe giving a compact, 
fine-grained solid, to facilitate reference 

FIG. 2. Experimental arrangement. 
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temperature measurements with thermo
couple spears and surface temperature 
sensors. 

Calibration procedure and calibration 
curve. Slices of meat loaf were vacuum 
packed and heated in water to various 
temperatures and allowed to reach equi
librium in an oven slightly above the 
desired measuring temperature in the 
polystyrene tray. They were then un
wrapped and placed inside the microwave 
oven. Thermocouple surface temperature 
readings were taken immediately before 
and after measurement by the IR equip
ment, which had previously been set 
against an ice-water reference. In this 
way the calibration curve, Figure 3, was 
obtained, giving isotherm units as a func
tion of actual surface temperature of the 
object. In the diagram the corresponding 
calibration curve for measurements taken 
without a screen door is also shown to 
demonstrate the effect of a screen between 
the camera and the sample. Tempera
tures during the experiments were deter
mined from the calibration curve in the 
following way, taking Figure 4 as an 
example. A value of 0.1 for ice is sub
tracted from the temperature level mark
ing on the horizontal bottom scale. After 
multiplication by the temperature range 
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FIG. 3. Calibration curve. A, with screen; B, 
without screen. 

figure indicated by the black marker on 
the side scale and addition of a scale con
stant of 18, a corresponding temperature 
of 83 °C is read from the calibration 
curve. 

In preliminary experiments the effects 
on the thermograms of variations in the 
screen door perforations and viewing 
angle were studied. Little difference was 
found in the results with hole diameters 
of 3 and 6 mm, hole areas of 60-70 per 
cent, viewing angles between camera and 
sample of 70-75° and between camera 
and screen door of 60° and 90°. The sur-
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FIG. 4. Cooling of heated meat loaves. A, 83°C isotherm at power cutoff; B, 83°C isotherm 10 
seconds after cutoff; C, 73°C isotherm 20 seconds after cutoff. 
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face material of the screen door was not 
important as long as it was not highly 
reflecting and, likewise, the small fluctua
tions of the temperature of the screen 
door during usage of the microwave oven 
were not important. 

Results 
Temperature patterns were studied in 
grey-tone pictures, by following one or 
several selected isotherms, or in colour 
thermograms, during microwave heating 
of foods and the cooling period after the 
power had been switched off. 

Grey-tone pictures. The progressive 
heating of frozen meatballs and gravy is 
shown in Fig. 5, which gives the thermal 
picture after 15, 30, and 60 seconds of 
microwave heating. The gravy can be 
seen to heat selectively, and the meat
balls did not reach higher temperatures 
until after 2 minutes of heating. The in
formation obtained from such pictures is 
of rather a qualitative nature, even if 
magnitudes of differences can be roughly 
estimated from the difference in bright
ness. In a series of photographs taken with 
homogenous material, grey-tone pictures 
demonstrated more uneven heating when 
heating directly from the frozen state, 
and a general tendency to overheating of 
corners and edges. They also showed the 

absence of any selective heating of or 
around kerosene-filled glass thermometers 
impressed into the food surface. 

lsothermic pictures. The double expo
sure of several isotherms on black and 
white pictures proved very difficult to 
interpret. But different isotherms can be 
photographed in rapid succession or one 
single isotherm followed during heating. 
A single isotherm, which is a slice out of 
three-dimensional surface temperature 
space, does not give direct information 
about the direction of temperature grad
ients. These will instead become apparent 
from the change in shape of the isotherm 
with time or from comparisons with 
slightly higher or lower isotherms. 

In a number of experiments the rate 
of surface cooling immediately after 
microwave heating was studied, either by 
photographing a single isotherm at lO
second intervals or by changing the iso
therm level to maintain the same geo
metric shape of the isotherm. This is illu
strated in Figure 4, where A and B show 
the change in the 83 °C isotherm at cutoff 
and 10 seconds after, and C shows that 
the isothermic profile from A reappears 
by changing to an isothermic level of 
73 °C 20 seconds after cutoff. From seve
ral similar experiments it can be deduced 
that a temperature drop of 6-l0°C takes 
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Fm. 5. Thermal picture of precooked frozen meatballs and gravy after 15, 30, and 60 seconds of 
heating time. 
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place over the first 10 seconds after heat
ing. These temperature drops have also 
been observed in experiments with em
bedded melting-salts (Temp-plates) and 
with RF-shielded thermocouples in our 
laboratory, and are in some cases as large 
as 20°C. The reason may be a combina
tion of evaporative, radiant, and conduc
tive cooling. 

When frozen and thawed potatoes were 
heated side by side, the isotherm patterns 
showed more rapid heating of the thawed 
sample throughout the heating period, the 
final pattern agreeing well with tempera
ture distributions measured by thermo
couples after cutoff. 

Figure 6 shows isotherms from a heat
ing experiment with a meat loaf and 
mashed potato side by side and initial 
temperatures of 7°C and 30°C respec
tively. A shows the l0°C isotherm at the 
start, where the warmer potato sample 
appears in black. In B the 64 °C isotherm 
at cutoff after 50 seconds of heating in
dicates an approximately equivalent tem
perature distribution in both samples in 
spite of the initial difference, as confirmed 
by the result from thermocouple measure
ments in C. 

Load parameters. In one series of ex
periments single isotherms were followed 
using different loads, either by doubling 
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the surface area or product thickness, 
and heating at the same power setting 
until approximately the same surface 
temperature was reached. Isotherm pat
terns obtained indicated that surface heat
ing required about the same time irre
spective of the sample thickness used, 
while doubling the surface area consider
ably slowed down surface heating. 

Colour thermograms. The present tech
nique for taking colour thermograms by 
multiexposure of the same frame of colour 
film requires about 15-20 seconds and is 
too slow for use during microwave heat
ing. With development, it should, how
ever, be possible to cut the time to ap
proximately 1 second by automatic filter 
exchange and setting of the isotherm 
level, and by using a robot camera loaded 
with the fastest colour film available. 
Filter exchange and the setting of the iso
therm level and camera shutter must be 
coupled to each other to follow a given 
sequence. It is apparent that a colour 
thermogram is easier to interpret and is 
much more informative than grey-tone 
pictures or single isotherms.* 

*Editor's note. The colour thermograms sub
mitted by the author are unfortunately too 
complex to reproduce in print. Members wish
ing to study these should write to the authors, 
or the Editor. 

FIG. 6. Heating of meat loaf (left) and mashed potato. A, 10°C isotherm at start; B, 64°C isotherm 
at cutoff after 50 seconds of heating. 
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Discussion and Conclusions 
The use of IR television and photography 
by the system described made it possible 
to follow and record the temperature dis
tribution and change over the whole ex
posed surface of the food samples during 
microwave heating in a stationary oven. 
With grey-tone pictures a qualitative im
pression was obtained, and the isotherm 
technique gave quantitative data on dis
tribution and rate of change with fair pre
cision and agreement with other means 
of temperature measurement where a 
comparison could be made. 

Comparison with other techniques. The 
correlation with thermocouple determina
tions was established through the calibra
tion curve. The precision in repeated 
measurements was about ±4 ° near 0°C 
and ±2 °C at higher temperatures, when 
working in the temperature range 
0-100°C. During actual microwave heat
ing experiments precise thermocouple 
measurements could not be made, and 
because of rapid cooling of the surface, 
measurements made immediately after 
cutoff of power could be as much as 
10-20°C lower than the preceding IR 
determination. Agreement with embedded 
melt indicators was quite good, within 
5°C. 

Observations of interest in heating 
patterns. It is of interest to note the rapid 
cooling of the surface immediately 
after cutoff of power, which may be 
6-l0°C and in some cases up to 20°C in 
the first 10 seconds. This may be of 
interest in connection with the discussion 
of the possible existence of an effect of 
microwave heating per se on microorga
nisms, since it would indicate that the 
temperatures actually obtained in micro
wave heating may easily be underesti
mated. 

The initial pattern in a food sample in 
terms of warm and cold areas was gene
rally maintained throughout the heating 
period and during subsequent cooling of 
the food. The microwave field used was 
rather uneven, as observed in most of the 
thermograms, particularly in the form of 

overheating of corners and edges, and 
uneven heating was aggravated when 
starting from the frozen condition. 

Limitations and means of improve
ment. The IR-technique has certain limi
tations. Only the surface temperature is 
measured, and the correlation with 
internal temperatures may be poor de
pending on the degree of power penetra
tion and surface cooling. Objects inside 
transparent packaging cannot be meas
ured because of obscuring effects from the 
steam evolved inside. 

Temperatures around and below 0°C 
gave erratic isotherm values, possibly 
because of surface condensation of porous 
ice. 

The isotherms sometimes appear ex
panded outside the contour of the sam
ples, probably because of the heating of 
the plastic tray, by conduction from the 
steam. 

Calibration against a suitable food 
sample over a wide range of temperatures 
is fairly difficult because of the problems 
involved in accurate surface temperature· 
determination by reference methods. Fre
quent resetting of the reference point (in 
this case an ice-water slurry) was neces
sary to prevent drifting. The time neces
sary for making a colour thermogram can 
probably be reduced from the present 15 
seconds to approximately 1 second. 
Masking effects by steam could probably 
be suppressed by filtering off the range of 
IR-radiation where steam has notable 
absorption. 

A special calibration surface with 
accurate thermostatic control of the sur
face temperature over a wide range of 
temperatures is. required, as are more 
stable reference points to permit a change 
of the temperature range during heating 
experiments so that the full sensitivity of 
the equipment can be better utilized. 
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Applications of Microwave 
Energy in Preparation of 
Poultry Convenience Foods* 

K. N. Mayt 

• 
ABSTRACT 

An economic analysis of three systems for 
the commercial cooking of chicken is pre
sented based on actual costs of batch 
steam and theoretical (but believed realis
tic) costs of conveyorized steam and 
conveyorized microwave in steam atmos
phere systems. Microwave cooking shows 
certain advantages in operation over batch 
systems and over steam or water con
tinuous systems of cooking. Advantages 
are of such magnitude that they would 
pay out the increased capital investment 
in about 1.27 years. Other advantages in 
microwave cooking are discussed. 

Introduction 
Changing market characteristics in the 
poultry industry offer the potential appli-
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cation May 15, 1969. 

tDepartment of Poultry Science, Mississippi 
State University, P.O. Box 5188, State College, 
Miss. 39762. 

Journal of Microwave Power, 4 (2), 1969 

JOURNAL OF MICROWAVE POWER, 4(2), 1969 

Janes, M., and Aalders, B. G. M. (1969), 
Uber die Verwendung einer Infrarot
Kamera zur Losung spezieller Probleme 
in der Raumfahrttechnik," Raumfahrts
forschung, 1 (Jan.-Feb.), 5. 

cation of large quantities of microwave 
energy fo: cooking purposes. Per capita 
consumption of poultry meat has risen 
dramatically in recent years, climbing 
from 28.3 lb. in 1955 to an estimated 
44.4 lb. in 1968 (USDA statistics). Histo
rically, most poultry meat has been sold 
as fresh product with only about 5 per 
cent of the broilers produced as late as 
1966 being sold in the form of cooked 
~anned, or other "further processed': 
items (Roy 1966). 

Recent trends indicate a rapid move
ment _ t?ward the consumption of large 
quantities of chicken in institutional out
lets such as drive-in and conventional 
restaurants, hospitals, school cafeterias 
and in-plant feeding establishments. It ha~ 
been estimated that 10-15 per cent of the 
broilers produced in 1968 ( some 30 mil
lion birds) were consumed in such out
lets. Because of labour shortages, con
venience in handling, exact portion sizing, 
and ease of cost accounting, many insti
tutional outlets are now using precooked 
convenience J?OUltry foods. 
. Most firms that are currently produc
mg precooked poultry convenience foods 
and many new ones that are moving into 
production are interested in continuous 
cooking and freezing equipment to facili
tate product flow with an increase in effi
ciency of production. Microwave power 
has properties that make it adaptable to 
efficient, continuous, large-scale cooking 
systems with certain possible economic 
and process advantages over alternative 
sources of heat energy. 

It is the purpose of this paper to pre-
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sent and discuss a step-by-step model of 
a conventional batch steam system of 
cooking and compare it with continuous 
steam and microwave systems for pre
paration of precooked chicken parts. 

Systems 
Batch steam systems for cooking have 
been in commercial use for many years. 
Usually they consist of simple metal cabi
nets equipped with steam and controls 
(Fig. 1). The product to be cooked is 
cut up, placed on trays, and accumulated 
on floats which are then rolled into cabi
nets for cooking. Following cooking, the 
floats are removed from the cooker and 
moved to the next operation. At this time, 
the author does not know of any con
tinuous steam cooker in commercial use. 

Continuous water cookers have been 
used by some plants. In such systems, 
parts are fed into a long metal container 
containing cooking water and conveyed 
through the cooker with a screw con-

Fm. 1. A metal steam cabinet used for cook
ing chicken. Left, cabinet with door open; 
right, with door closed. Note steam line and 
control on top of cabinet. Courtesy of J. D. 
Jewell, Inc. 
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veyor. Various parts are fed into the 
system at different points depending upon 
the cooking time required. 

A model of a continuous microwave 
cooking system ( in steam atmosphere) 
designed for an input of 2500 lb of pro
duct per hour is shown in Figure 2. The 
system would convey parts directly from 
the cut-up line into two microwave 
cookers. Breasts and thighs (the heavier 
parts) would go through a cooker sup
plied with two 30-kw power packs while 
wings and drumsticks would be cooked 
in a parallel cooker powered with one 
30-kw power pack. Following cooking, 
the product would be cooled in an on-line 
chiller, battered and breaded, and frozen 
in a continuous freezer either with or 
without a prior oil frying step. A con
tinuous steam system would involve much 
the same system except that steam would 
supply the total BTU input. 

Economic Analysis 
Actual cost data from operating plants 
using batch steam systems of cooking 
were used to project a cost analysis of a 
cooking system with a capacity of 2500 
lb of raw product input per hour. These 
data were compared to figures calculated 
for hypothetical continuous steam and 
continuous microwave (in steam atmos
phere) systems. 

Direct costs of the three systems, in
cluding costs through the freezing step, 
are shown in Table I. Conveyorizing the 
system (steam or microwave) reduces the 
labor by about 10 people, effecting a sav
ings of $30 per hour in direct labor and 
overhead burden. Utility costs are about 
$1.20 per hour less in the microwave 
system than in either steam system, but an 
allowance of $1.80 per hour must be 
calculated for tube replacement cost. 
Thus, direct costs of conveyorized steam 
and microwave systems are approximately 
equal in direct hourly operational costs 
and both result in savings of about $30 
per hour over batch steam. Direct costs 
for a two-shift operation are shown to be 
approximately $480 and $478 per day 
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MICROWAVE COOKING SYSTEM FOR CHICKEN 
90 kW 2450 MHz 

2500 lb/hr capability 

Fm. 2. Schematic model of microwave (in steam atmosphere) system for cooking of chicken. 
Courtesy of Varian Associates. 

for conveyorized steam and microwave, 
respectively. 

In Table II, direct costs have been 
calculated per pound of product produced 
and projected for a one-year period based 
on a two-shift operation. Savings of 
$120,000 per year are shown by con
veyorizing the cooking operation over the 
batch system. An additional savings of 
$180,000 per year is shown for the micro
wave system based on a 3 per cent yield 
improvement over steam cooking. The 3 
per cent yield enhancement is estimated 
from data of Smith et al. (1966) and 
Olsen (1969). Unfortunately, actualplant 
data on yields from in-plant use of micro
wave are not available, but the operating 
advantage per year over a batch steam 
system would be $120,000 ( 1.2¢ /lb) for 
conveyorizing steam and $300,000 

( 3 .0¢ /lb) for microwave ( assuming the 
yield enhancement) . 

The capital investment required for 
cooking, conveying, and chilling by the 
three systems is shown in Table III. Items 
such as breading machines, cut-up lines, 
fryer and packaging lines, common to all 
three systems, are not shown. The initial 
capital outlay for the continuous systems 
is considerably higher than that required 
for the batch steam system. The micro
wave advantage in operating costs results 
in an increase of $100,500 net cash flow 
( after taxes) over continuous steam 
($171,800 over batch steam) which in 
turn shows a $71,300 advantage over the 
batch steam system. Based on these 
figures, the microwave system would pay 
out in 1.27 years and would give a 64 per 
cent return on investment. 
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TABLE I 
ECONOMIC ANALYSIS OF DIRECT OPERATING COSTS IN THREE CHICKEN COOKING 
SYSTEMS (2500 LB/HR) 

Steam Steam Microwave 
Cost item batch conveyor conveyor* 

Labor (at $2.00/hr) $74. 00 (37 hr) $54. 00 (27 hr) $54.00 (27 hr) 
Manufacturing overhead 37.00 27.00 27.00 

Total labor and overhead/hr $111.00 $81.00 $81.00 

Electricity ($0.01/kWh) 
Cooking $1.80 
Freezing $6.00 $6.00 6.00 
Miscellaneous 1.00 1.00 1.00 
Steam 4.00 4.00 2.00 
Water 3.00 3.00 2.00 

Total utility cost/hr $14.00 $14.00 $12.80 

Maintenance 3.00 3.00 2.50 
Tube replacement cost 1.80 

Total direct costs/hr $128.00 $98.00 $98.10 

Total direct costs/shift $1,024.00 $784.00 $784.80 
Total direct costs/2 shifts $2,048.00 $1,568.00 $1,569.60 

*Microwave system uses a steam atmosphere at about 190-200°F. 

TABLE II 
ECONOMIC ANALYSIS OF CONVEYORIZED STEAM AND MICROWAVE COOKING 
ADVANTAGES OVER BATCH STEAM FOR COOKING CHICKEN (2500 LB/HR) 

Cost item 

Total direct costs/day* 
Product input (lb/day) 
Direct cost/lb 
Direct cost savings/lb 
Direct cost savings (10 million) 
Yield improvement/yr (3% at $0.60/Ib) 

Operating advantage/yr 
Savings/lb 

*From Table I. 

Steam 
batch 

$ 2,048 
40,000 

$0.0512 

It should be pointed out that a micro
wave system (with steam atmosphere) of 
the approximate capacity of the one illu
strated has been in commercial use on a 
two-shift basis for approximately three 
years, but no operational cost figures were 
available from it. No conveyorized steam 
operation of this capacity is known to 
exist at this time. 

Steam Microwave 
conveyor conveyor 

$ 1,568 $ 1,570 
40,000 40,000 

$ 0.0392 $ 0.0392 
$ 0.0120 $0.0120 
$120,000 $120,000 

$180,000 

$120,000 $300,000 
1.2¢ 3.0¢ 

Advantages of Microwave 
One of the advantages of microwave for 
cooking of chicken over steam or hot 
water is the deep penetration. One of the 
most consistent quality problems with pre
cooked frozen chicken is bone darkening 
due to pigment forced from the bone 
marrow to the surface during freezing. 
Thorough cooking reduces this problem 
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TABLE ill 
CAPITAL INVESTMENT AND RETURN TO INVESTMENT OF THREE COOKING SYSTEMS* 

Steam Steam Microwave 
batch conveyor conveyor 

Tanks, racks, and trays $ 8,500 
Cookers 24,000 $125,000 $230,000 
Transfer conveyors 10,000 10,000 
Chiller 8,000 18,500 18,500 

$40,500 $113,000 $218,000 

Added investment over· batch system $113,000 $218,000 
Operating advantage/yr (Bn $120,000t $300,000t 
Operating advantage/yr (An 60,000 150,000 
Depreciation, 5-year straight line (An 11,300 21,800 
Net cash flow (AT) 71,300 171,800 
Payout (yr) 1.56 1.27 
Return on investment 51% 64% 

*Figures for batch steam are composite values based on actual production 
costs from industrial systems. Those for conveyoriied microwave in a steam 
atmosphere are based on· pilot plant data and projected costs. Conveyorized 
steam figures are believed to be realistic projections. 

Items of equipment common to all three systems are not shown. Such items 
would include cut-up lines, breading machines, fryers, and packaging equip
ment. 

tDoes not include a floor space advantage of approximately 4000-5000 sq. ft. 
over batch steam. 

significantly. Most operations overcook 
chicken slightly in order to avoid the 
darkened bone, resulting in a reduction 
in yield. Because of deep penetration, 
microwave has been shown to reduce 
bone darkening significantly even in 
undercooked product (Essary 1959). 

Another advantage of microwave is its 
adaptability for the production of various 
types of product using the same equip
ment. Thus, coating can be done prior to 
cooking (impractical in water cooking) 
or after cooking depending upon the type 
of product desired. The ease of change in 
power setting and the instant response in 
BTU output is another advantage if dif
ferent sizes of product are to be run 
during the same shift. 

The quality of microwave-cooked pro
duct, from an organoleptic standpoint, is 
as good as the best produced by water or 
steam systems in the writer's opinion and 
may offer an advantage in juiciness and 
apparent tenderness. Smith et al. ( 1966) 

claimed superior organoleptic properties 
for chicken cooked by microwave power. 

Time reduction in the cooking opera
tion is an advantage of microwave for 
cooking chicken parts. By varying the 
power input per pound of product, the 
cooking time can be reduced significantly 
over that required for water ( approxi
mately 20-30 minutes) and steam ( ap
proximately 25-50 minutes). The lower 
limit of cooking time by microwave power 
appears to be approximately 5 minutes. 
Although the internal temperature of the 
product can be elevated to one normally 
considered to be in the well-cooked range 
(185-195°F) in less than 5 minutes, the 
product requires a little more cooking in 
order to appear fully cooked and to de
velop a cooked flavor. Stone and May 
(1969) note that fowl cooked quickly 
under high steam pressure does not appear 
organoleptically "done" even though the 
product temperature may be 190°F 
internally. 
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Other Possible Applications of 
Microwave 
Fowl carcasses intended for the produc
tion of canned meat are frequently cooked 
to facilitate deboning. Microwave power 
might offer an advantage in rapid con
tinuous cooking for such a product, but 
data are not currently available. 

Microwave might be used in the pre
cooking of fresh breaded chicken which 
is to be fried in short-order restaurants to 
reduce cooking time. Another application 
might be to in-store microwave-infrared 
units for use of retail customers for fast 
cooking of chicken after the selection of 
the raw product. Microwave ovens are 
currently in wide use for fast thawing and 
heating of prebrowned poultry products. 

Some Thoughts on the 
Problems of Microwave 
Heating and Food Processing* 

Walter M. Urbaint 

• 
ABSTRACT 

A discussion of the development of appli
cations of microwave processing in the 
food industry in terms of current limita
tions is presented. 

The application of microwave energy to 
food processing operations so far has not 
been a major success. Yet one can see 

*Keynote address, Session H, 1969 IMPI 
Symposium, Edmonton, May 23, 1969. 

tDepartment of Food Science, Michigan 
State University, East Lansing, Mich. 48823. 

Journal of Microwave Power, 4(2), 1969 

References 
Essary, E. 0. (1959), "Influence of Micro

wave Heat on Bone Discoloration," 
Poultry Sci. 38, 527-9. 

Olsen, C. M. (1969), Personal Communi
cation. 

Roy, E. P. (1966), "Effective Competition 
and Changing Patterns in Marketing 
Broiler Chickens," Jr. Farm Econom. 48, 
188-201. 

Smith, D. P. Decareau, R. V., and Gerling, 
J. (1966), "Microwave Cooking for 
Further Processing," Poultry Meat, 3 ( 4), 
65-6. 

Stone, E. W., Jr. and May, K. N. (1969), 
"The Effect of Time and Temperature of 
Cooking on Quality of Freeze-Dehydrated 
Chicken," Poultry Sci. (in press). 

that there is both a need for such a heat
ing method and an opportunity to over
come basic heating problems associated 
with food processing. Despite the obvious 
need and opportunity, why the lack of 
great success? It is my opinion that part 
of the story lies in a failure of those who 
can provide the needed technology of 
microwave power and of those of the 
food processing industry who understand 
the requirements and problems of foods 
to get together and to accomplish what is 
required. 

Consider what equipment is available 
for generating microwave power for food 
processing operations. At present only 
two frequencies can be used, and in a 
sense these are "hand-me-downs" from 
other uses. t Would the engineer consider 
two steam pressures all that he needed 
for processes using steam? Of course this 
part of the microwave story is only a re
petition of the old story of the hen and 
the egg. Which comes first, the power 
unit or the process? Without an assur
ance of a market, new equipment cannot 
be developed. Without equipment avail
able, the process cannot be developed. 

jSee Editor's note at the end of the paper. 
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If one accepts the idea that frequencies 
other than 915 and 2450 MHz might have 
value in food processing, which ones 
would we want? Here is the other side of 
the "failure" story. Who knows what fre
quencies are best for a particular food or 
food product? We know so little about the 
characteristics of the foods in terms of 
what is important for microwave heating 
that we are reduced to essentially empi
rical approaches in developing applica
tions. Clearly this is an area for contri
bution by the food processors and food 
technologists. Perhaps with such know
ledge we could select the most appro
priate frequency for the specific food 
under the specific process conditions. It 
would seem reasonable that we could 
hope for better results with more than 
two choices of frequency. 

Another part of the "failure" story, in 
my opinion, is in the working out of ap
plications. Here is a joint responsibility 
of the microwave power engineer and the 
food process engineer. The relatively high 
cost of microwave energy requires gains 
in other aspects of the food process to 
offset this cost, gains such as improved 
labor efficiency, product yield, or product 
quality. Identification of such values and 
the means to secure them would seem to 
fall in the province of the food engineer, 
and it would seem reasonable to look to 
him for interest and action in this area. 

Yet the proper use of microwave energy 
in an application must be the work of the 
microwave power engineer. He and the 
food engineer, each with his speciality, 
must work together. They must under
stand each other's needs and together 
they must see that what is needed in 
total is, in fact, provided. 

This is an important area. Harmful 
compromise on essentials, failure to en
gineer the total process, failure to make 
needed process adjustments above and 
below the point of application of micro
wave energy, failure to train operators in 
using and maintaining the equipment, 
failure to set limits as to what is to be 
expected of the process, all these and 
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other deficiencies can lead to failure of 
the total process. 

Requirements such as those just named 
do not necessarily apply only to the use 
of microwave energy for food process
ing. Similar considerations apply to other 
kinds of process innovations. They are 
general requirements, and if not met in 
microwave and other applications, they 
will always cause difficulty. 

To bring about this joint effort of the 
microwave and food engineers is not easy. 
To a considerable degree the two fields 
are technically far apart, and communi
cation between the specialists in each area 
is not easy. One would hope that with 
determination on the part of both groups 
the needed joint action can be secured. 
In my judgment this is essential for the 
broad application of microwave energy 
to food processing. One would surmise 
from some situations that this need is 
critical at the present time. 

Just what kinds of needs and oppor
tunities for microwave energy exist in 
food processing? If this question could be 
answered in detail with specific uses de
fined, one would hardly have a develop
ing field and, very likely, we would not 
be looking toward an expanding future. 
Despite our inability to give a specific 
answer, we can suggest general areas for 
applying microwave energy. 

Since liquid foods are capable of being 
heated effectively and quickly by conven
tional methods, there is little reason for 
the use of the more expensive microwave 
heat with such foods.* Solid foods, how
ever, because of problems of heat trans
fer by conduction heating, can benefit 
from the rapidity of microwave heating, 
and in my opinion, it is with foods that 
are solids that the potentials for this 
method of heating lie. 

Batch processing has been the tradi
tional method of food manufacture. Since 
food processing has ancient origins, this 
is not surprising. But in today's world 

*The Editor invites correspondence on this 
point, as on any other points raised by authors 
in JMP. 
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with the need to be more efficient in the 
use of labor plus the capabilities that 
have resulted from modem technology, 
the trend is toward continuous process
ing. Especially with solid foods the slow
ness of a heating step becomes a serious 
difficulty in converting a batch system to 
a continuous one. Shortening the time for 
such a step could very well be the justifi
cation for microwave heating. There is 
the further advantage that the finer c<;>n
trol of the heat input with microwave 
energy can improve the process. 

To some extent the points just given 
are illustrated by the two applications 
that have been described in recent litera
ture, namely the finish-drying of potato 
chips and the precooking of chicken meat. 

But there are many more possibilities. 
The canned foods process is a whole area 
untouched at present because the metal 
container commonly used precludes heat
ing with microwave energy. Replacement 
of metal with plastic could open up this 
area, as could changes in canning tech
niques. 

In the meat industry there are a great 
many solid products which are heat 
processed. The limitations imposed by 
the heating rates possible with present 
methods keep the industry largely on a 
batch-process basis. Dimensions of these 
products suggest that the frequencies of 
915 and 2450 MHz are not ideaq 

Some segments of the food processing 
industry are faced with problems of con
tamination with living organisms such as 
bacteria, molds, yeast, and insects. At 
present public health officials are con
cerned about foods containing Salmonella 
bacteria. Many foods contaminated with 
living organisms are dry solids. Micro
wave heating after final packaging could 
cause thermal destruction of such or
ganisms and effectively solve these prob
lems. 

The literature of microwave heating 
lists a number of possible applications. 
They include blanching (of vegetables), 

tSee Editor's note at the end of the paper. 

thawing of frozen foods, cooking or pre
cooking, baking, drying, insect disinfes
tation, and so on. An analysis of these 
possibilities demonstrates the validity of 
the generalizations advanced in earlier 
statements of this discussion. Some of 
these "possibilities" are now hung up on 
technical problems, others because of 
economic inadequacies. No food appli
cation to date has been an unqualified 
success. To me it seems likely that we 
need to face · up to the requirements for 
success, such as have been mentioned 
earlier. We need as much as anything the 
ingenuity of knowledgeable persons to 
ferret out the peculiar circumstances that 
mean success in a given use of micro
wave energy in a food process. 

I hope that others who share with me 
a confidence that microwave heating has 
an important role in food processing and 
who might also share at least some of 
the views I have expressed will want to 
solve the problems being encountered 
and to reach for success. In short we 
need a broader range of frequencies, we 
need to know more about the properties 
of foods in terms of the microwave pro
cess, we need better engineering of the 
process through a greater cooperation be
tween the microwave power engineer and 
the food engineer, and lastly but hardly 
of lesser importance we need clever per
sons to recognize situations where micro
wave heating offers something of special 
value. 

Editor's note. The penetration depth at 915 
MHz is considered by Some people to be too 
small for raising, for example, large pieces of 
meat (10 and 20 lb sections) to 160°F prior 
to shipping (foot and mouth disease control, 
etc.). It is important to note that frequencies 
around 500 MHz may be ideal; equipment is 
available, the generation cost is very low com
pared to the present 915 MHz cost, and could 
be used legally (i.e. without interference to 
communications systems) in metal-lined rooms. 
Cavity dimensions, for uniform heating, are 
estimated at target values of 8 ft. Does any 
reader have information on work done at this 
frequency? 
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Uniform Polymer 
Distribution in Papers 
Saturated with Polymer 
Solutions via Microwave 
Power* 

K. Takahashi,t R. C. Vasishth,:j: and 
w. A. cote§ 

• 
ABSTRACT 

Low-cost overlay papers are often made 
by continuously saturating paper web with 
a solution of a thermosetting polymer 
solution, such as phenol formaldehyde or 
melamine formaldehyde resin solution, 
followed by drying the saturated paper 
in a convection-heated oven. The final 
properties of the overlay paper so pro
duced, such as the internal bond, are 
often dependent on the polymer distribu
tion across the cross-section of the paper. 
A method for determining the polymer 
distribution in paper by soaking the paper 
in 80 per cent HF for 7 days to dissolve 
the cellulosic material, followed by embed
ment in an epoxy resin, microtoming 
I 0-15 µ, thick sections of the sample, 
and photographing the sections under low 
magnification, was worked out. Using this 
method, the resin distribution in papers 
dried at various drying temperatures 
under convection heating was compared 
with the resin distribution in microwave-

*IMPI 1969 Symposium Paper Gl, May 23, 
1969. Manuscript received in final form May 
27, 1969. 

tReichhold Chemicals (Canada) Limited, 
Port Moody, B.C. 

tReichhold Chemicals (Canada) Limited, 
Toronto, Ontario. 

§State University of New York, College of 
Forestry at Syracuse University, Syracuse, N.Y. 
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dried samples. It was found that papers 
dried initially by microwaves gave a uni
form polymer distribution. The papers 
dried using conventional convection-dry
ing temperatures were starved internally 
for polymer, most of the polymer having 
migrated to the surface, presumably dur
ing the drying process. 

Introduction 
Papers saturated with polymers such as 
phenol formaldehyde, melamine formal
dehyde, or polyesters are often used as 
overlays on plywood or composite board 
for upgrading the surface or for decora
tive effects. The incorporation of the poly
mer in the paper imparts such properties 
as water resistance and paintability of 
the substrate. The polymer may be de
posited in the paper fibres during the 
manufacture of the paper or by taking 
the finished paper and saturating it with 
the polymer solution and then drying it. 
The technique of paper saturation gives 
a wider range of products and product 
properties and is consequently of great 
industrial importance in producing over
lay materials. 

The final properties of polymer-satu
rated papers are governed by the type of 
polymer, the amount of the polymer rela
tive to cellulose fibres, and the concen
tration of the polymer across the cross
section of the paper. Thus, for example, 
if the paper is surface-rich in polymer it 
has better abrasion resistance and, if it 
also has good saturation in the middle, it 
might additionally have better internal 
bond. When specific properties are needed 
for a particular application, methods for 
controlling the polymer distribution in 
paper during saturation and subsequent 
drying assume industrial importance. 

This study relates to heavy-weight 
papers saturated with water-soluble phe
nol formaldehyde polymers. Such papers 
are extensively used as overlays on soft
wood plywood and particle board. The 
saturation step consists of dipping a con
tinuous web of paper through a vat con-
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taining a 20-30 per cent solution of the 
polymer, removing the excess resin solu
tion by passing the paper through a set 
of doctor rolls, and finally drying in a 
convection-heated oven. The entire opera
tion is continuous. Under ordinary condi
tions it is not difficult to obtain a proper 
saturation of the paper with the polymer 
solution. During the drying step, as the 
water on the surface is removed, the water· 
from the middle of the paper migrates to 
the surface. However, the polymer is 
water-soluble. Consequently, as the water 
migrates from the middle of the paper to 
its surface it also physically carries with 
it some of the polymer, generally leaving 
a reduced amount of polymer in the 
centre of the paper. 

Since the microwave energy interacts 
with water under the conditions described 
above, the microwaves would tend to heat 
the saturated paper all across its cross
section. If the heating is sufficiently rapid, 
the polymer can conceivably cross-link to 
an insoluble state well before it has had a 
chance to be carried to the surface by the 
evaporating water. In practice, then, 
microwave drying could conceivably give 
an additional means of controlling the 
polymer distribution in paper. 

So far the resin distribution across the 
cross-section of the paper has been deter
mined by indirect means. Thus, for 
example, one might test the internal bond 
strength by knifing or determine the sur
face abrasion resistance and from this 
indirectly conclude whether the centre 
part of the cross-section of the paper 
has adequate quantity of polymer or not, 
or whether the surface of the paper is 
polymer-rich or not. A review of the 
literature revealed no direct means of de
termining polymer distribution in papers. 
In this study therefore, as a first step, a 
microscopic technique for determining the 
resin distribution in paper was developed. 
Using this technique a study of the in
fluence of microwave drying in conjuction 
with conventional convection drying on 
resin distribution was made. The experi
mental procedure used, the results obtain-

ed, and a discussion of the results are 
presented here. 

Experimental Procedure 
Bleached kraft paper, 130 lb/3MSF, and 
a 20 per cent aqueous solution of a low
molecular - weight phenol formaldehyde 
resin were used for this study. A micro
wave oven provided with a 1-kw magne
tron generating 2450 mc/s continuous 
output was used for drying the paper.* 
The papers, in 2 x 4 inch samples, were 
saturated by dipping them in the resin 
solution and then squeezing them through 
two freely rotating metal rollers. The 
extent of impregnation was adjusted to 
obtain a resin solid pickup of 30 per cent. 
Papers so saturated were placed in the 
microwave oven for varying lengths of 
time, and then post-cured at 170-175°C 
in a conventionally air-heated oven for 
2-3 minutes, at which time their non
volatile content dropped to 2-3 per cent. 
For comparison, papers saturated by the 
above procedure but dried with conven
tional heating alone were also made. The 
final product so obtained is comparable 
to some of the products currently sold on 
the market as paper overlays. 

The resin distribution in the various 
samples saturated with the polymer solu
tion and dried by using a combination of 
microwave and conventional heating was 
determined by microscopic techniques. 
Cote and co-workers have reported a 
technique for determining the lignin dis
tribution in wood.t This involves dissolv
ing the cellulose portion of the wood in 
hydrofluoric acid and then examining the 
residual lignin skeleton by microscopy. It 
was found that this technique was directly. 
applicable to studying the phenol for
maldehyde resin distribution in paper. 
Samples of paper, 2 x 5 mm, were cut 
and soaked in 40 per cent hydrofluoric 
acid for 16 hours, followed by 8 hours 
in 60 per cent hydrofluoric acid and 

*VTA, Vancouver, B.C. 
tW. A. C6te, et al. (1966), Holz als Roh

und W erkstotJ, 24, 432-8. 
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finally 5 more days in 80 per cent hydro
fluoric acid. This procedure dissolved all 
of the cellulose, leaving the resin skeleton 
behind. The resin skeleton was carefully 
washed in running tap water for 16 hours 
and dehydrated by successive soakings in 
ethyl alcohol-water mixtures of increas
ing alcohol concentrations up to absolute 
alcohol. The dehydrated tissues were then 
embedded in Epon 812 ( 62 parts), dode
cenylsuccinic anhydride ( 100 parts) and 
2,4,6,-tri (dimethylaminomethyl) phenol 
(2.4 parts) in small plastic capsules com
monly used by microscopists. Sections, 
15 p, thick, were cut from these embed
ments after the epoxy resin curing 
was completed at 60°C, using an AO 
Model 860 microtome, and photographed 
through a microscope using an x4 objec
tive and an X 10 eyepiece. Microscopic 
examination of both hydrofluoric acid 
treated and non-treated papers was made. 

Two representative samples of resin
saturated papers, one dried for 40 seconds 
in a microwave oven and cured at 170°C 
for 1 minute in a conventional oven and 
the other dried at 170°C for 4 minutes 
in a conventional oven, were overlayed 
on plywood. Three specimens of each 
of these were cut and subjected to sur
face abrasion tests using Taber surface 
abrasion tester Model 503 with CS-17 
abrasion wheels at 1000 gram weight. 

Results 
The volatile content of papers dried for 
various lengths of time in the microwave 
oven is given in Table I. 

TABLE I 
VOLATILE CONTENT AFTER 

MICROWAVE DRYING 

Microwave Volatiles 
No. drying time ( %)* 

0 
1 
2 
3 
4 
5 
6 

0 
10 sec 
20 sec 
40 sec 

1 min 
l½min 
2min 

105.0 
26.6 
19.8 
18 .1 
13.0 
10.8 
8.5 

*Based on oven dry weight of paper. 
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Figure 1 shows a photomicrograph of 
a section of paper prepared without treat
ment with hydrofluoric acid. Typical 
photomicrographs showing the . resin dis
tribution in various samples prepared by 

FIG. 1. Photomicrograph of paper cross-section 
without acid treatment. 

FIG. 2. Photomicrograph of paper dried by 
conventional heating. The sections were pre
pared after hydrofluoric acid treatment to 
remove the cellulose. 

Fm. 3. Photomicrograph showing resin skele
ton in paper dried in a microwave oven for 10 
seconds, followed by curing by conventional 
heating. 
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------------ ------
FIG. 4. Photomicrograph showing resin skele
ton in paper dried in a microwave oven for 40 
seconds, followed by curing by conventional 
heating. 
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FIG. 5. Abrasion test results comparing wear
rate of papers dried by conventional heating 
with that of papers dried by a combination of 
microwave and conventional heating. 

hydrofluoric acid treatment are shown in 
Figures 2, 3, and 4. The abrasion test 
results comparing overlays made by a 
combination of microwave and conven
tional drying with those made by conven
tional drying alone are shown in Figure 5. 

Discussion of Results 
It can be seen from Figure 1 that photo
micrographs of polymer-saturated paper 
sections made without the removal of 
cellulose by hydrofluoric acid treatment 
give no information regarding the distri
bution of the polymer across the paper 

cross-section. However, the resin distribu
tion in the photomicrographs of paper 
sections prepared with hydrofluoric acid 
treatment clearly shows the polymer dis
tribution across the paper cross-section. 

It can be seen from the data obtained 
that papers exposed to microwaves for 
30-40 seconds prior to curing in a con
ventional oven show the presence of a 
greater quantity of resin in the middle of 
the cross-section than those prepared by 
conventional drying alone or by using a 
microwave exposure of less than 30 
seconds (Figs. 2, 3, and 4). It can also 
be seen that even the microwave-dried 
papers have an almost continuous film of 
resin on their surface. In line with these 
results are the ones obtained by abrasion 
tests (Fig. 5). It is seen that papers dried 
by conventional drying alone have higher 
initial abrasion resistance and poorer 
abrasion resistance as the surface wears 
out. On the other hand, papers with an 
initial exposure to microwaves have lower 
initial abrasion resistance but compara
tively improved internal abrasion resist
ance. Such papers are somewhat more 
flexible to handle. 

The study was essentially exploratory 
in nature and admittedly does not have 
any quantitative data which might be 
used for economic analysis. It is, however, 
felt that for such applications where large 
quantities of water need to be evaporated, 
the cost of using microwaves alone would 
be prohibitive. Consequently, the study 
was geared to determining the usefulness 
of microwaves alongside conventional 
drying in controlling resin distribution for 
specific uses. 
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SECTION 3. POWER: GENERATION, TRANS
MISSION AND RECTIFICATION 



Theory of Microwave 
Distribution 
Parameter Power Rectifiers* 

T. Koryu lshiit 

II 
ABSTRACT 

A new type of so/id-state microwave power 
rectifier is proposed. A section of microwave 
transmission line is continuously loaded with 
a piece of long silicon pn junction in a distri
buted parameter fashion. Suggested con
figurations would be either a planer stripline 
type or a coaxial line type. To the microwave 
input side of the power rectifier, a continuous 
impedance matching circuit is attached. The 
d.c. output can be tapped off from any point 
of the distribution parameter microwave 
power rectifier. Various feeding and loading 
configurations are possible, including both 
the longitudinal and transverse feed and the 
waveguide feed. Theoretical equations on 
efficiency and power-handling capacity are 
introduced, based on a time-and-space aver
aging principle of the microwave transmission 
line current with a newly introduced d.c. 
equivalent electromotive force concept. For 
example, 2000 watts input at 3000 Milz, on 
a IO-cm-long silicon pn junction stripline 
power rectifier with a characteristic im
pedance of 4 ohms, would produce 42.5 
amperes d.c. current for a I-ohm load with 
I 800 watts output giving 90 percent efficiency. 

New Proposal 
In microwave engineering today, the effi
cient and high-power conversion from 

*Manuscript received by the Editor May 13, 
1969. IMPI 1969 Symposium Paper E6, May 22, 
1969, Edmonton. This work was supported in part 
by the University Committee on Research Grant, 
Marquette University, Milwaukee, Wisc. 

tDepartment of Electrical Engineering, Mar
quette University, 1515 W. Wisconsin Ave., 
Milwaukee, Wis. 53233. 
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microwaves to d.c. or a utility frequency is 
one of the most difficult problems to be 
solved. Recent progress in super power tube 
technology (1) and the development of 
low-loss waveguides (2) or high-gain an
tennas (3) have solved the problems of 
efficient high-microwave-power generation 
and transmission. It appears to the author 
that things are not quite ready at the 
receiving end. Some thermionic devices 
have been developed, but their efficiency 
was limited (4). Some solid-state devices 
have been tried, but their efficiency and 
their power-handling capacity were quite 
limited (1, 5). These were arrays oflumped
parameter microwave detectors, and from 
the viewpoint of present-day integrated 
circuit techniques, they look obsolete in
deed. 

In this paper, a new type of solid-state 
high-power, high-efficiency microwave rec
tifier is proposed. Schematic diagrams of 
the rectifiers and several examples of pos
sible configurations for feeding and loading 
the microwave power rectifiers are shown 
in Figure 1. As seen in this figure, in this 
new type of rectifier, a section of microwave 
transmission line is continuously loaded 
with a long section of silicon pn-junction. A 
microwave stripline-type configuration is 
shown in (a) and a coaxial line-type con
figuration in (b ). In these two figures, there 
is a tapered impedance-matching section at 
the microwave input port. There will be no 
difficulty in fabricating these types of pn
junctions with present-day epitaxial tech
niques. These types of continuous distribu
tion parameters would minimize the reflec
tion loss, and the increased junction area 
would increase their power-handling ca
pacity. Therefore, these are high-efficiency 
and high-power microwave rectifiers when 
compared with lumped-parameter micro
wave detectors. Impedance-matching tech
niques utilized in thin-film transmission 
lines (11) would be applicable to this type 
of microwave power rectifiers. 

From the viewpoint of microwave feeding 
and d.c. loading, the configurations of 
Figure 1 (a) and (b) are termed the longi
tudinal feed. Microwave power is fed in at 
one end of the rectifier-loaded transmission 
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FIG. 1. (a) Stripline microwave power rectifier. 
(b) Coaxial microwave power rectifier. (c) Trans
verse feed of stripline microwave power rectifier. 
(d) Waveguide feed of stripline microwave power 
rectifier. 

line, but the d.c. loading may be tapped at 
any point on the line, although it is shown 
at the other end of the transmission line in 
these figures. 

An example of a transverse-feed con
figuration is shown in Figure l(c). For this 
configuration, the microwave impedance 
of the rectifier section would be extremely 
low. The stripline impedance must be 
gradually lowered to match the low-im
pedance rectifier accordingly by spreading 
the width of the stripline as shown in the 
figure. 

A stripline microwave power rectifier of 

either longitudinal feed or transverse feed 
can be utilized in a waveguide feed as 
illustrated in Figure l(d). This illustration 
shows the use of the longitudinal feed. A 
section of a shorting plunger is insulated 
from a feeding rectangular waveguide ex
cept a portion where the rectifier is inserted. 
The shorting plunger section and the feeder 
are connected with a RF bypass capacitor 
and the stripline rectifier as shown. The d.c. 
loading can be tapped at any point between 
the feeder-waveguide and the shorting 
plunger section, including the power recti
fier line itself. The shorting plunger and 
some impedance-matching devices such as 
an E-H tuner or a screw tuner on the feeder 
waveguide would help the impedance 
matching to the stripline rectifier. 

Theoretical Model of a Stripline 
Microwave Power Rectifier 
Theoretical calculations of the d.c. output 
power and efficiency were performed using 
a model of a stripline microwave power 
rectifier. The coordinates and symbols were 
chosen as shown in Figure 2. The three
dimensional rectifier-loaded stripline is as
sumed to be stretching in the Z direction. 

P N JUNCTION LOADED STRIPLINE 

Z•O Z•Z Z• Z-td1! 
I ' 

""------'-------+,---+-, ____ --4...::,RL 

Fro. 2. Coordinates on stripline microwave power 
rectifier. 

Impedance is assumed to be matched per
fectly at Z = 0, where the microwaves are 
fed in and the rectifier loading begins. The 
d.c. load resistance RL is assumed to be 
located at the end of the line, Z = I. The 
line length I is assumed to be long enough 
so that practically all microwave power is 
absorbed by the time the waves reach the 
end of the line. For simplicity, the stripline 
rectifier diode is assumed to be ideal, i.e. 
the backward resistance is infinity and the 
forward shunt resistance per unit length of 
the line is RF. The diode characteristics are 
assumed to be uniform along the stripline 
rectifier. This type of microwave power 
rectifier is a combination of a microwave 
non-linear transmission line and a d.c. 
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circuit. In the theoretical analysis, the 
microwave circuit and the d.c. circuit are 
considered separately. 

Equivalent D.C. Electromotive Force 

First, the d.c. load terminal was short
circuited at Z = l and the short-circuited 
d.c. current at the load due to the micro
wave voltage across the transmission line 
from Z = Z to Z = Z + dZ was calcu
lated. To do this, V, the average rectified 
d.c. voltage across the transmission line, 
must be known. For simplicity, by omitting 
harmonics, the microwave voltage across 
the transmission line at Z is assumed to 
have the form 

(1) v = v0 sin rot, 

where v0 is the magnitude of the microwave 
voltage at Z, ro is the operating microwave 
angular frequency, and tis the time. (This 
seemingly oversimplified assumption has 
been made by several authors in the past 
(6-11).) Then, the average rectified d.c. 
voltage across the line at Z is 

(2) V = 
2
1 f" v0 sin rot d( rot) = Vo . 
n o n 

If the forward shunt resistance of the 
rectifier diode per unit length of the line is 
RF (ohms/m), the forward shunt resistance 
of the line section between Zand Z + dZ is 

(3) rF = RF/ AZ (ohms). 

Therefore, if the load is short-circuited at 
Z = /, the d.c. short-circuit current at 
Z = l due to the rectifier diode between Z 
and Z + AZ is, omitting the d.c. resistance 
of the transmission line, 

(4) Msc = ~ = VAZ = v0AZ . 
rF RF nRF 

If the attenuation constant of microwaves 
in the stripline-type microwave power rec
tifier is ex, then the magnitude of microwaves 
at Z can be represented as 

(5) 

where vm is the microwave input voltage at 
the rectifier input Z = 0. Substituting Eq. 
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( 5) in Eq. ( 4) and integrating over the entire 
length of the diode-loaded transmission 
line, the d.c. short-circuit current /sc is 
given as follows: 

(6) fsc = disc = _m __ dZ f lsc f IV E-o,Z 

o o nRF 

=~ (1 - E-°'1). 
nRFex 

Since the total equivalent d.c. shunt 
resistance of the rectifier-loaded strip line of 
length I is RF// (ohms) the equivalent d.c. 
electromotive force of the rectifier-loaded 
transmission line due to microwave excita
tion is 

( ) RF Vm (l -o,!) 
7 E.q = Jsc • T = next - E . 

The equivalent d.c. emf is proportional to 
the input microwave voltage. There is an 
optimum value for the ex/ product since the 
d.c. emf is proportional to 1 - e-"'1 but 
inversely proportional to ex/. This is a point 
to be noted for the design of this type of 
power rectifier. 

In practice, when appreciable reflection 
exists at Z = l, Eq. (5) is not exact and 
should be revised to 
(8) Vo= lvmE-(ot+jJl}Z + VmE-(ot+jp)I 

X PLE-(ot+ jp)(I-Z)I 

= lvmE-(ot+jp}Z(l + PLE-2(o:+jJl)I) I 

where ~ is the phase constant of the micro
wave rectifier stripline diode and PL is the 
voltage reflection coefficient at the load. 
The second term represents the reflected 
waves from the load. If the phase of the 
incident waves coincides with the phase of 
the reflected waves, then 

(9) Vo = VmE-"'z(l + PLE-
2

"'
1
). 

Repeating the same procedure as in Eqs. 
(5), (6), and (7), the equivalent d.c. electro
motive force of the rectifier-loaded trans
mission line due to the microwave excitation 
is 



ISHII: MICROWAVE DISTRIBUTION PARAMETER POWER RECTIFIERS 73 

If there is no reflection from the load PL = 0 
and Eq. (10) becomes equal to Eq. (7). 

D.C. Output 
Once E.q, the equivalent d.c. electromotive 
force of the microwave power rectifier, is 
found, the d.c. output current /de for the 
load resistance RL is given by dividing E.q 
by the total d.c. circuit resistance which is 
the sum of the load resistance RL and the 
internal d.c. resistance of the diode-loaded 
line RF/ I (ohms). Using Eq. (10), 

(11) / - E.q 
de - {RF/l) + RL 

- vm{l - E-al){l + PLE-hl) 

- mx{RF + RLl) 

The d.c. output power js then 

{12) 

{1 - E-a1)2(1 + PLE-2al)2 

X (RF + RLl)2 

In practical design for high-power opera
tion, E-al « 1 and PL« I. Therefore 

(13) 
Vm

2RL 
Pde ~ 2 2{ )2' 
· 1t ex RF + RLl 

This equation shows again that a design 
compromise or optimization must, among 
parameters RL, ex, RF, and/, be done for the 
maximum available d.c. power. In a prac
tical case, there wouldn't be much choice 
for RL. This means that the smaller ex, RF, 
and / are, the higher the d.c. output power, 
provided that E-al « 1 and PL « I. The 
latter and the former requirements oppose 
one another. Therefore, a compromise 
must be found. 

Efficiency 
If the characteristic impedance of the 
diode-loaded microwave stripline is Z0 , 

the incident microwave power at Z = 0 is 
obtained from 

{14) Prr = ½vm[vm/zoJ* 
where the asterisk shows a conjugate vector. 

Fri;;. 3. Microwave equivalent circuit of stripline 
power rectifier. 

If an equivalent circuit of the stripline 
microwave power rectifier at a microwave 
frequency is considered as shown in Figure 
3, the characteristic impedance of this type 
of transmission line is given by 

{15) Z0 =Jr+ j~L 
g + J(J)C 

where r is the equivalent microwave series 
resistance per unit length of the line, L is 
the equivalent microwave series inductance 
per unit length of the line, g is the equivalent 
microwave parallel conductance per unit 
length of the line, and c is the equivalent 
microwave parallel capacitance per unit 
length of the line. Therefore, 

{16) P _ 1 . [· Jg+ jroc]* rf - 2Vm Vm 
r + jroL 

The conversion efficiency from microwave 
to d.c. power is then 

( ) 
Pde 

17 11 = -
Pre 

2RdJl(Jr + 1roL/J g + Jroc) 
~ n2ex2(RF + RLl) 

X {1 - E-al)2(1 + PLE-h1)2 
From the microwave equivalent circuit 
parameters, r, L, g, and c, ex and ~maybe 
obtained by following several previously 
published methods (6-11). 

Numerical Examples of 
Proposed Rectifiers 
In most practical designs, E-ai « 1 and 
i:- 2

a
1 « I. Therefore, from Eq. (17), 

( ) 
2RLBlZ0 

18 11 ~ n2ex2(RF + RLl)i. . 
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In most practical cases, RF « Rd. Thus, 
Eq. (18) can further be approximated by 

{19) Tl ~ 2fJtZo 
1t2RL( exl)2 

1 fJtZ0 
= 0.202 ( exl)2 . RL 

100•~-~----------~ 

a' 90 

> 
(.) 
z 
!:!:! 
(.) 

ii: 
IL 
111 

1-onpr 

1-1 npr 

eo,4-0._,:----'---4-L4_.,_____,4L·8-L-__J_S•2-_J___j 

2.o/RL RATIO 

Flo. 4. Efficiency of stripline microwave power 
rectifier. 

This equation is plotted in Figure 4. If the 
assumptions made are not justified, the 
calculated values would become unreliable. 
According to Figure 4 and Eq. (19), a high 
value for the fJt Z0/ RL ratio results in a high 
efficiency. In practice, however, this ratio 
cannot be chosen arbitrarily because of 
actual load requirements and the diode 
parameters. A high fJt Z0/ RL ratio indicates 
impedance mismatching at the load. To 
minimize this effect, a large value of ex/ must 
be chosen. According to Eq. (19) a large 
value of ex/ results in a low efficiency. Con
sequently, the values ofcx/ and fJtZ0/ RL are 
not chosen arbitrarily. A small value of ex/ 
would violate all the assumptions made to 
derive Eq. (19) and would make Eq. (19) 
meaningless. 

Once values of ex/ and fJtZ0 / RL are deter-
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mined, together with TJ, a large variety of 
combinations of parameters of P rr, Pde• ex, /, 
RL> fJtZ0, RF, and /de is possible. The 
assumptions made when the equations were 
derived and the practical physical realiza
bility of material and circuit constants are 
the limiting factors for determining the 
actual parameters. Forex ample, if Prr = 
2 kW is fed to the microwave power rectifier 
with fJtZ0 = 5.7 ohms, ex/= 1.1 neper = 
9.525 dB for I = 10 cm, ex = 11 neper/m 
=95.25 dB/m, RF= 10- 3 ohm/m shunt 
resistance, and RL = 1 ohm, then efficiency 
is 95 per cent or Pde = 1.9 kW and /de = 
43.5 amperes. Thus, a high-efficiency, high
power solid-state microwave power rectifier 
is theoretically feasible. 

Conclusion 
New types of microwave distribution pa
rameter power rectifiers have been intro
duced and their feasibility theoretically 
justified. Simple methods for calculating 
their efficiency, circuit parameters, output 
power and the current have beenintroduced 
for the first time. 

More theoretical refining of this work, 
especially in regard to the equivalent circuit 
parameters, fabrication techniques, and 
experimental verification, is currently in 
progress and the results will be reported 
later. 
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ABSTRACT 

At the first meeting of IMPI in the spring 
of 1966, the author presented a review of 
the devices available for the generation of 
microwave power for industrial process
ing. Initial tube costs and tube replace
ment costs were included. This paper will 
be reviewed and updated for the purpose 
of establishing the current status and the 
progress made during the last three years, 
In addition, the current status of the 
microwave power generator in terms of 
power output and frequency regardless of 
application will be reviewed. This over
view of the microwave power generator 
will provide a view of the technical capa
bility which supports the devices of speci
fic interest for industrial processing. 
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Introduction 
As the title implies, the purpose of this 
paper is to assess the progress made in 
the last three years in the technical and 
economic aspects of available devices for 
the generation of microwave power suit
able for industrial processing. Possibly, it 
would be well to begin with a brief review 
of the state of affairs three years ago, 
follow this with a review of the technical 
progress made in the CW microwave 
tubes, and then discuss the recent addition 
of available devices for industrial process
ing use. Finally a comparison will be 
made of tube costs as they appear today 
with those indicated three years ago. It is 
hoped the result will be not only a current 
picture of sources of suitable microwave 
power, but an indication of the rate of 
progress being made, both technically and 
economically. 

Review of Status of Power 
Generation in 1966 
Three years ago there were a number of 
tubes available which had been designed 
specifically for use in heating various 
materials. A large variety of grid tubes 
had been available for many years for 
dielectric and induction heating.:j: This 
was and is a mature and accepted form 
of heat application in many industries for 
many purposes and uses RF power at fre
quencies generally below 50 MHz. Of 
specific interest was the availability and 
characteristics of microwave tubes which 

tThe Editor invites submission of review 
papers in this area. 
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produce power at much higher frequen
cies. Power at two microwave frequencies 
was of prime interest because of the exist
ence of specific frequency allocations and 
tubes for the purpose being discussed. 
These frequencies were 915 MHz and 
2450 MHz. 

At 915 MHz there was only one tube 
available specifically designed for heating 
use. This was a magnetron which delivers 
25 kW output power and was offered for 
sale by BEV in England and Varian in the 
United States. 

At 2450 MHz there was a variety of 
tubes available. In the 1-2.5 kW output 
power range, Raytheon, Litton, and 
Amperex in the United States and Thom
son-Varian in France all offered tubes. 
These had been designed primarily with 
the food processing application in mind, 
but were useful singly or in combination 
for other heating applications. At higher 
power levels Varian had a klystron deli
vering 30 kW output power and Raytheon 
offered an amplitron rated at 100 kW out
put power. These tubes could, of course, 
also be used in combination, making pos
sible systems capable of quite useful 
amounts of energy for industrial process
ing purposes. 

The cost of these tubes was calculated 
and compared on the basis of cost per 
kilowatt-hour of output power. It was 
found that this cost varied inversely with 
the output power level of a single tube. 
For tubes with an output power level of 
1 kW, the tube cost came out about 5 
cents kWh using warranted or minimum 
expected useful hours of life. At the 100-
kW level, this cost was reduced to about 
1.4 cents/kWh. It was noted that these 
costs were about an order of magnitude 
greater than for power grid type tubes 
suitable for use at 40 MHz or lower. It 
was clear that microwave energy was 
more expensive than more conventional 
forms of energy, and its use could b,e 
justified only on the basis of some signi.: 
ficant process advantage resulting from 
the characteristic of the higher fre
quencies. Such advantages have been 
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sought and discussed extensively else
where. 

Advances in the State-of-the-Art 
of Microwave Tubes 
Since 1966 the development of microwave 
power tubes has continued for applica
tions associated with both heating and 
communications. Because communication 
applications are not of primary interest 
here, only those developments relating to 
heating applications will be reviewed. Of 
primary concern for heating applications 
are available power output, operating effi
ciency, and life. The "life" of concern is 
that experienced in actual operation as 
opposed to "theoretical life." Data based 
on experience are very difficult to obtain 
in meaningful quantities and form, and I 
have none to present.* However, I believe 
that devices that operate well within the 
current state-of-the-art generally perform 
better than those operated near the edge. 
Consequently, advancement in the state
of-the-art in power level should provide 
for design improvements which would 
allow better performance of devices for
merly operated at the edge. 

TABLE I 
ADDITIONS TO THE STATE-OF-THE-ART IN 
CW MICROWAVE TUBES (1966-9) 

Power 
Frequency output 

(MHz) (kW) Type Remarks 

2400 500 Klystron Communication 
tube 

8000 1000 EIK Laboratory test 
800 100 Klystron 70 % efficiency 

Recently there have been two very sig
nificant developments in increased micro
wave power output from single devices 
(Table I). One of these is a development 
program being conducted to establish a 
design approach capable of providing 1 
MW CW power output at 8000 MHz. 
Experimental results from this program 

*Letters to the Editor on this subject are in
vited; some encouraging data have come to 
our attention recently. 
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have established the feasibility of its goal. 
It is well known that a given level of 
power output is much easier to obtain at 
a lower frequency than at a higher fre
quency. Consequently, this program has 
demonstrated the feasibility of using 
multimegawatt power output devices in 
the industrial heating frequency bands of 
interest as well as very significant power 
levels at much higher frequencies. 

The other development was a klystron 
delivering 500 kw of CW power output 
near the 2450-MHz frequency band. This 
tube was designed for communications 
use and is more complex and, conse
quently, more expensive than desirable 
for industrial heating. However, the basic 
design is available for a 2450-MHz tube 
with 300-400 kw output and a very 
acceptable useful life. 

A third important recent development 
was a klystron designed with emphasis on 
high operating efficiency as opposed to 
other characteristics of power, bandwidth, 
low noise, etc. This klystron produced 
100 kw at 800 MHz at 70% efficiency. 
This efficiency compares very favorably 
with that usually obtained in crossed-field 
devices (magnetrons and amplitrons) and 
removes a major objection to the klystron 
type device for use in industrial process
ing where economy of process is of im
portance. 

All three of these developments will be 
discussed in the paper presented by Gie
beler* and consequently further detail will 
be omitted here. 

New Microwave Tubes Available 
for Industrial Heating Applications 
At 915 MHz several additions have been 
made. Starting with the lower power, 
General Electric has produced a 915-
MHz magnetron with about 600 w out
put. This tube operates at about 600 volts 
and thus eliminates a need for a power 
transformer. G.E. uses this tube in a 
microwave oven produced for the home, 
but does not offer the tube for sale. 

RCA has also designed a tube with simi
*Following paper. 

lar characteristics. Theirs is a triode with 
about 1 kw of output again with a low
plate voltage requirement. This tube has 
been discussed in a paper by Grimm ap
pearing in the March 1969 issue of this 
Journal. RCA also has a 30-kw magnetron· 
at 915 MHz. This tube is very similar to 
the tube offered by EEV and Varian. 
(These tubes are also rated at 30 kw 
now.) The state-of-the-art is shown in 
Table II. 

TABLE II 
ADDillONS TO AVAILABLE INDUSTRIAL HEATING 

MICROWAVE TUBES (1966-9) 

Power 
Frequency output 

(MHz) (kW) Type Company 

915 0.6 Magnetron G.E. 
915 1 Triode RCA 

915 30 Magnetron RCA 

915 50 Magnetron Raytheon 

2450 1 Magnetron Amperex 
2450 1 Magnetron NEC (Japan) 
2450 1-2.5 Magnetron American 

Microwave 
2450 Magnetron Microwave 

Energy 
2450 1.5 Magnetron Technology 

Instrument 
2450 100 Klystron Varian 

Going now to the 2450-MHz frequency 
band, several additions to the 1-2.5 kw 
power output range are noted. These 
additions are a result of substantial 
renewed interest in microwave ovens for 
the mass home market during the last 
four years. Amperex, American Micro
wave, Microwave Energy, and Technology 
Instrument Corp. in the United States and 
NEC in Japan all offer new products for 
this purpose. Several of the tubes in this 
category are compared in some detail in 
an article by Scott appearing in the April 
1969 issue of Appliance Manufacturer. 
Also Kumpfer will describe the tube made 
by American Microwave in a following 
paper.f 

tTo be published in a future issue of the 
Journal. 
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Finally, a 100-kw power output kly
stron has been offered by Varian for 
operation in the 2450-MHz band. This is 
an industrialized version of a communi
cations tube and will also be described in 
the paper by Giebeler. As indicated 
earlier, one should not infer that the ex
istence of the highest-power tube at 2450 
MHz instead of 915 MHz indicates any 
technical limitation at 915 MHz. Higher
power tubes are always easier to design 
at lower frequencies. However, the cus
tomers and potential customers have 
shown more interest at 2450 MHz than 
915 MHz. Consequently, more effort on 
tubes has gone into the higher frequency. 
It is likely that the same effort applied 
to tubes for 915 MHz would probably 
produce lower-cost tubes (in cents per 
kwh) than at 2450 MHz. This should be 
kept in mind for a large application where 

JO 
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915 MHz is otherwise just as satisfactory. 

Cost of Microwave Tubes 
The best way to compare costs of tubes 
seems to be on the basis of cost per kilo
watt-hour of use. This allows comparison 
of tubes with different rating, initial costs, 
repair costs, and useful lives. There are, 
however, other factors which could be im
portant in specific cases. These are opera
ting voltage, operating efficiency, and re
quirements and cost for accessories (mag
nets, cooling equipment, etc.). The tube 
cost per kilowatt-hour as a function of 
power output per tube is presented in 
Figure 1. Again the useful life expectancy 
is the most difficult factor to determine. 
Lacking useful data, judgment was sub
stituted-usually that of the tube manu
facturer. 

The upper curves show a decreasing 
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cost with increasing power output level 
from microwave tubes. The solid line 
shows data calculated in 1966. The curve 
for 1969 shows a significant reduction in 
costs at the 1 kw output level, about 35 
per cent reduction. This is consistent with 
the wide equipment activity and near 
term market potential at this power level. 
Also, comparison with the lower curve of 
data on power grid tubes for lower fre
quencies indicates very similar costs at the 
1 kw output per tube level. 

However, this cost reduction progress 
disappears at the higher power output 
levels for microwave tubes. Also the de
viation in costs between microwave tubes 
and power grid tubes widens significantly 
at the higher power levels. For microwave 
tubes the costs decrease to about 1 cent/ 
kWh, which is about the cost of the a.c. 
electric power itself. This compares to 
about 1/10 cent/kwh for lower frequency 
tubes. This wide difference is more a 
function of the present and near term 
market potential than a fundamental cost 
difference of the two classes of tubes. It 
would be expected that the power grid 
tubes will remain lower in cost in the 
future, but it is certain the gap will de
crease as the market for the higher-power 
microwave tubes grows. 

High-Power Microwave 
Generation• 

R. H. Giebelert 

• 
*IMP! 1969 Symposium Paper E3, May 22, 

Edmonton. Final manuscript received May 23, 
1969. 

tVarian Associates, High Power Microwave 
Operation, 301 Industrial Way, San Carlos, 
Calif. 94070. 
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Conclusions 
In conclusion, significant progress in per
formance characteristics has been made in 
the last three years in terms of obtainable 
power output and operating efficiency of 
microwave tubes. Although actual signi
ficant figures are not available for indus
trial appliances, the availability of higher 
power output can be considered equiva
lent to available longer life at what was 
formerly the edge of possibility. Higher 
efficiency results, of course, in lower 
operating costs. 

Several products have been added to 
those available for the generation of power 
for heating at microwave frequencies. 
These are at both 915 MHz and 2450 
MHz. More new products have been 
added to the 2450 MHz, 1-2 kw level 
than elsewhere, indicating the market 
interest in this area. 

Finally, costs of tubes have been re
duced where the interest and activity was 
most pronounced. It is likely that costs 
will come down further at all power levels 
as production levels are increased. Since 
the use of tubes will probably increase 
most rapidly at the lower, then medium, 
then higher power levels, the cost de
creases will probably progress in the same 
manner. 

ABSTRACT 

This paper discusses microwave tubes em
ployed for the generation of microwave 
power. The principles of operation, ad
vantages and limitations of each type will 
be considered. Drawings and photographs 
as well as actual performance data on 
typical microwave tubes are included to 
illustrate devices currently available. The 
Eimac-Varian 5KM1000SG 500-kW CW 
S-band tube will be evaluated in some de
tail. A cautious look at the present and 
future state-of-the-art will be presented 
in the concluding section. 

Before starting our discussion on the 
generation of microwave power, it might 
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be useful to reflect on the broader field 
of industrial uses of radio-frequency 
energy. Radio-frequency heating has been 
around a long time in the form of induc
tion and dielectric heating equipment for 
industrial applications. In spite of the 
recent advances in industrial application 
of microwave energy, most of the new 
equipment being delivered currently is of 
the old low-frequency types. The import
ance of the role played by induction heat
ing in the advancement of materials 
technology or of dielectric heating in the 
plastics and fabrication industry should 
not be overlooked. The induction heating 
market developed because of a need 
for generation of high temperatures in 
vacuum or controlled atmospheres. These 
techniques found industry acceptance be
cause of the reliability and controllability 
of the equipment. 

Induction and dielectric heating are 
still leading because of the availability of 
practical triodes and tetrodes for arbi
trarily high power capability. Microwave 
tube technology has advanced rapidly in 
the last few years until the power capa
bility, conversion efficiency, life, and re
liability of these devices are approaching 
those of gridded tubes. 

A variety of microwave tubes are avail
able, each having advantages in certain 
frequency and power regimes. The mag
netron oscillator tube was the first micro
wave tube to find application in industrial 
heating. These tubes are compact, effi
cient, inexpensive, and operate from a 
relatively low-voltage power supply. The 
magnetron operates on the principle of 
crossed fields where the electron cloud 
must spiral out of the central cathode 
until it finally reaches the anode. The d.c. 
beam interacts with the RF fields extend
ing from the tips of the anode vanes and 
forms into bunches not unlike the spokes 
of a wheel. This progressive bunching and 
repeated interaction with the RF structure 
results in conversion efficiencies in the 
region of 50-85 per cent. The magnetron 
is limited in power capability, however, 
by the same feature that contributes to 

JOURNAL OF MICROWAVE POWER, 4(2), 1969 

the efficiency-namely, that the RF struc
ture is also the area where the remaining 
energy not converted to RF energy is dis
sipated. As a rule, the physical size of a 
magnetron is inversely proportional to the 
operating frequency. For example, a 
magnetron operating at 2450 MHz is 
roughly one third as large as one operat
ing at 915 MHz. Assuming the same form 
factor, the internal vane area available 
for bombardment is only one ninth of that 
of the 915-MHz unit; conversely, a mag
netron of the 915-MHz frequency scaled 
to 405 MHz would be twice as large and, 
hence, would have four times the power 
capability of the L-band unit. 

Many thousands of S-band (2450 
MHz) magnetrons have been produced 
and are in service in home and institu
tional food preparation and industrial pro
cessing equipment. 

The maximum power available from 
low-cost S-band heating magnetrons is of 
the order of a few kilowatts. Some 50-kW 
units were produced by Raytheon a few 
years ago, which at the time were the 
most powerful S-band units available. 

The Eimac-Varian EM15LS L-band 
915-MHz magnetron is rated at 25 kW. 
This tube uses a ceramic dome over the 
output antenna which couples directly 
into the WR975 L-band waveguide. 
These tubes operate with good life at a 
typical full-power conversion efficiency of 
83 per cent into a matched load. Although 
the size and configuration of this tube are 
nearly optimum for efficiency, reliability, 
life, and cost, the Eimac Division of 
Varian has studied the possibility of 
building increased power magnetrons at 
915 MHz and has prepared a preliminary 
design of a 100-kW L-band magnetron. 
Serious consideration was also given to a 
double-size version of the L-band mag
netron which would operate at the UHF 
frequency of 405 MHz producing 120 
kW in standard RG21 waveguide. The 
cost per kilowatt, efficiency, and life of 
this tube are projected to be comparable 
to those for the L-band tube. 

However, the trend in industrial heat-
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ing seems to be favoring 2450 MHz, 
where increasing amounts of RF power 
are required or projected. Substantial in
crease in S-band power is available from 
linear beam devices, called klystrons. The 
theory of operation of multicavity klystron 
amplifiers is well known, but will be re
viewed briefly in way of explanation of 
the design features which allow genera
tion of higher power at high frequencies 

Fully Bunchal 
Electrons 

Collector 

than in the crossed field or gridded 
devices. 

The klystron consists of four sections, 
each having different functions of beam 
forming, bunching, power extraction, and 
dissipation of waste power as shown sche
matically in Figure 1. The negative ter
minal of the d.c. supply is connected to 
the cathode of the electron gun. The elec
trons are emitted from the thermionic 

Spreading Electron Beam 

High 
Voltage Supply 

Output Waveguide 

Output Cou?lie; Iris 

Input "Buncher" Cavity 

Anode 

Converging Electron Beam 

Focus Electrode 

~----- Insulating Bushing 

7':t------ Thermionic Cathode 

Fm. 1. Schematic diagram of a klystron amplifier. 
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cathode, accelerated through the high
voltage region, and formed by the focus
ing electrodes in an intense electron beam 
of circular cross-section. The beam is main
tained at constant diameter through the 
body of the klystron by an axial magnetic 
field which is usually provided by a sole
noidal electromagnet. Since the klystron 
is an amplifier, an RF signal is applied 
to the first resonant cavity of the buncher 
system. The velocity of the electron beam 
is modulated slightly by the alternating 
RF electrical field at the first interaction 
gap. As the beam drifts down the tunnel 
between the cavities, the velocity modu
lation produces an a.c. component in the 
d.c. electron beam. As the beam passes 
through subsequent resonators the a.c. 
component generates larger circulating 
currents in the resonant cavities, which, 
in turn, results in further compression of 
the electron bunches to successive reso
nators. The output system consists of an 
output resonator, a coupling iris to the 
output waveguide, and a dielectric 
vacuum barrier, called an output window. 
The output resonator and load coupler 
are designed to recover the kinetic energy 
of the bunched electron beam by coupling 
to the a.c. component of the beam. The 
unused or residual energy in the beam 
after it exits from the output system is 
dissipated in the collector, which may be 
air or liquid cooled. The collector is 
usually capable of dissipating the entire 
input power from the d.c. power supply 
to permit gradual increase in output 
power or to remove all drive power in the 
event of interruption of the load. In this 
case the power output would be con
trolled by changing the level of the RF 
drive into the cavity. An alternative and 
preferred method of varying the RF power 
is to change the magnitude of the d.c. 
beam voltage. It is obvious that in all 
amplifiers the conversion efficiency de
creases rapidly if the power is controlled 
by regulating the RF drive, e.g., zero effi
ciency for no power output. On the other 
hand, the efficiency will generally be re
duced only slightly if the beam voltage 
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is used to reduce the power below the 
design value. The klystron has several 
advantages over the magnetron, one of 
which is that since it is a true amplifier, 
the frequency of the output power is pre
cisely the same as the drive signal and is 
not modified by the type or degree of 
load. This feature could help in operation 
into a resonant load or in the event of 
other requirements for a rigid frequency 
control. 

The ultimate power capability of a kly
stron amplifier is many times that of a 
magnetron by virtue of the physical sepa
ration of the beam forming (the high 
voltage apparatus) the RF bunching, the 
energy extraction section, and the waste 
power dissipation area. 

The ultimate power output capability 
of 2450 MHz has not been approached 
even with tubes to be described later in 
this paper. The limit of power is asso
ciated with the magnitude of the RF 
current circulating in the output resonator 
and, to a lesser degree, the dielectric heat
ing of the output window. 

Much of the industrial heating equip
ment operating at 2450 MHz requiring 
over 25 kW of RF power uses the Eimac 
Varian 5K70SH klystron rated at 30 kW. 
The 5K70SH klystron was developed on 
a minimum budget and does not represent 
the optimum in conversion efficiency or 
minimum cost. However, it has proved to 
be a reliable tube and provides 50 per 
cent minimum conversion efficiency with 
excellent life and reliability. 

Varian now makes a series of klystron 
amplifiers which produce from 60 to 100 
kW over the complete spectrum from 
345 MHz to 2700 MHz. Examples of the 
S-band tubes are the 5KM300SI klystron 
developed in 1967, which produces 100-
kW CW power over the frequency range 
of 2.1-2.4 GHz, and the 5K300SK ( 100-
kW CW, 2.4-2.7 GHz). Another example 
of recent high-power development is the 
VA-949, which is an X-band klystron de
signed for operation at 200-kW CW at 
7 .6 GHz. Two of these tubes are operated 
in parallel to produce over 400 kW on 
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Haystack Hill Radar, designed and 
operated by the Massachusetts Institute 
of Technology. 

The 5KM1000SG is an S-band ampli
fier rated at 475-kW CW over the fre
quency range 2320-2455 MHz. The 
5KM1000SG has been in reliable service 
for nearly two years at the NASA/ JPL deep 
space instrumentation facility at Gold
stone Dry Lake in California. A similar . 
tube is shown in Figure 2. The tube, 
which is designed for antenna mounting, 
has several features of interest for indus
trial microwave applications. It is rugged 
and simple to install and operate. It re
quires a single magnet power supply, the 
current of which is fixed for all power 

FIG. 2. Varian 5K300SK 100-kW klystron 
(2.4-2.7 GHz). 

levels. The measured conversion efficiency 
was 56 per cent at 500 kW and ap
proximately 30 per cent when reduced 
to the 100 kW power level without 
adjustment of any parameter except the 
beam voltage and drive as shown in 
Figure 3. This tube has many mechani
cal and electrical performance features 
which would not be necessary or de
sirable for industrial applications. They 
include the modulating anode for beam 
switching, wide tuning range cavities, 
broad electronic bandwidth, and other 
second-order features important only to 
sophisticated communication techniques. 
The performance of the 'SG was predicted 
in advance of the construction of the tube 
using our large-signal computer program. 
Although the art of klystron design is 
fairly well understood, it is by no means 
static. Varian has continued to study the 
interaction of the electron beam and the 
RF electric fields and has developed some 
powerful computational techniques which 
have led to proprietary designs which en
hance the conversion efficiency of con
ventional klystrons. Erling Lien, a senior 
scientist at our Belmont Laboratory, has 
recently tested an experimental JOO-kW 
L-band klystron (Fig. 4) which produced 
70 per cent conversion efficiency without 
use of a depressed collector or any other 
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d.c. energy recovery schemes (see front 
cover) . This tube was an experimental 
device equipped with control electrodes 
which allowed variation of the beam cur
rent and the output coupling in order to 
compare theoretical predictions to the 
actual case. It is interesting to note that 
the measured values of efficiency for the 
various conditions were reasonably close 
to the theoretical values. The design beam 
perveance was 1.0 X 10-6, which is typical 
of most high-power CW tubes. 

The maximum efficiency measured at 
the design power output level of 82 kW 
and design (unity) microperveance was 
67 per cent. The efficiency down to the 
30-kW level was maintained at greater 

Fm. 4. 70 per cent efficient 100-kW L-band 
klystron ( see also front cover) . 
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than 57 per cent through adjustment of 
the output coupling transformer. 

Some improvement in efficiency was 
obtained (in agreement with theoretical 
considerations) by decreasing the current
to-voltage ratio by biasing the modulating 
anode. The upper line shows the 3 per 
cent efficiency enhancement achieved by 
decreasing the beam microperveance to 
0.5. The only disadvantage to operation 
at decreased perveance is an increase in 
power supply voltage. 

Mr. Lien is currently back at the com
puter, inventing a new three-dimensional 
interaction program which promises the 
possibility of another 5-10 per cent en
hancement in a few years. These efficiency 
enhancement techniques also appear to be 
directly applicable to tubes of the 100-
500 kW S-band class. 

Varian is currently well into two new 
state-of-the-art klystrons. The first is a 
simplified version of the 5KM1000SG at 
a slightly lower frequency which will pro
duce 550 kW with increased instanta
neous bandwidth. The other is an im
proved version of the X-3030 1-MW X
band klystron for the Rome Air Develop
ment Center which is designed to produce 
1-MW CW at nearly 8000 MHz. Al
though there is no immediate application 
for this tube, the program is yielding much 
useful data on factors limiting the power 
attainable from single linear beam de
vices. The limiting factors have to do 
with power density in resonant cavities, 
especially in the power extraction region. 

The implication of 1-MW CW at 8 
GHz is substantial at lower frequencies. 
The most popular scale factors used in 
extrapolating CW generation ability are 
either pf2 or pf3 = constant, where p is 
the power and f is the frequency. These 
factors are related to physical size change 
with frequency, where, since wavelength 
or linear size changes inversely with fre
quency, the surface area must change 
as the inverse square and the volume 
must change as the inverse cube. The 
truth is probably · somewhere in be
tween the two, thus implying between 6 
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and 9 MW CW is possible at the one 
third frequency or 2400 MHz. We feel 
that at 2400 MHz 1-MW CW is possible 
in two years with a modest development 
budget and 4 MW is probable in 10-12 
years with the proper amount of interest 
and support. 

There is also considerable interest in 
the development of an ebullient or vapor
phase-cooled collector with a megawatt 
dissipation rating. The advantages of the 
steam collector are the elimination of the 
high-flow-rate coolant circulating pumps 
and a substantial reduction in the size and 
rating of the heat exchanger. Industrial 

A 915-MHz' Directionally 
Coupled Magnetron 
- A Us,r's Dream? 

A new 915-MHz, 18-kw industrial mag
netron has been announced by G.E. This 
tube has a directionally coupled output 
and is designed for operation into vari
able loads. Characteristics claimed are 
d.c. anode: 14kv max (13 kv operating) 
2 A; filament 9 v at 110 A, power output 
18 kw; load VSWR: any. The apparent 
flat load efficiency of the tube is 67 per 
cent. The price is not given in the infor
mation sheet; neither is the life expec
tancy. 

The Editor estimates the ultimate pro
duction cost at $600 (in quantities of 
100), slightly above the same figure for 
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users might be able to reapply the low
pressure steam in other processes and 
salvage the otherwise wasted energy. 

The immediate future, if there is in
terest, will probably see a redesign of the 
100 and 500 kW S-band tubes to elimi
nate most of the non-essential features in 
the interest of cost reduction and to en
hance the efficiency and tolerance for 
operation into a mismatched load. Multiple 
output ports appear to offer an automatic 
compensation in output coupling in the 
event of variation of load match in one 
of the arms. 

the 25-kw conventional structure. If the 
cathode life were 2500 hr, the microwave 
generation cost (tube amortization) would 
be 1.33¢/kwh. With a cathode life of 
10,000 hr ( technically possible) the tube 
cost should drop to an attractive 0.33¢/ 
kwh. Of greater significance is the possi
bility now of avoiding the use of trans
formers in the power supply. 

The Editor is inviting G.E. to submit 
a paper to the J oumal on this tube-the 
directionally coupled (isolated) · output 
might be the key to industrial success at 
915 MHz. 
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Microwave Formation and 
Heating of Plasmas for 
Controlled Fusion 
Research* 

H. Odell Eason, Jr.t 

II 
ABSTRACT 

Stable high-density, high-temperature deu
terium plasmas are formed at J0-5 Torr 
pressure within a multimode cavity 
located in a magnetic confining field by 
application of high-power CW micro
waves at the electron gyrofrequency. The 
method, equipment considerations, and 
present trends are discussed. 

Introduction 
Since 1957 an extensive research effort 
directed toward the achievement of con
trolled thermonuclear fusion has been 
under way in many countries throughout 
the world. The justification for this objec
tive has been widely publicized. In brief, 
the earth's finite fossil-fuel reserves, a 
rapidly growing world population, and 
steadily increasing per capita power de
mands make it imperative that mankind 
seek and eventually depend upon the use 
of other basic sources of energy. The 
prospect of developing a vast new energy 
source through controlled fusion of deu
terium nuclei, and thus utilizing the abun
dant supply of deuterium which is present 
in the earth's oceans, is a very attractive 
one indeed. This desirable goal has been 
estimated to require the formation of deu-

*1MP1 1969 Symposium Paper AS, May 21, 
Edmonton. Manuscript received March 17, 
1969; additions May 9. 

tThermonuclear Division, Oak Ridge Na
tional Laboratory, Bldg. 9201-2, P.O. Box Y, 
Oak Ridge, Tenn. 37830. 
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terium plasmas having ion densities of 
= 1015 ions/cm3 at energies exceeding 20 
keV and their stable containment for 
times of many milliseconds ( 1 ) . 

Basic Experimental Method 
A microwave method of plasma forma
tion and heating which is widely employed 
in controlled fusion research (2, 3, 4) is 
illustrated in one of its most basic forms 
in Figure 1. A cylindrical multimode 
cavity having all dimensions » A is sym
metrically located in a simple magnetic 
mirror confinement geometry. Deuterium 
gas is bled into the evacuated chamber 
(base pressure = 10-7 Torr) at a con
trolled rate to raise the pressure to = 10-5 

Torr. CW microwave power at a radian 
frequency w0 = 27Tf O is coupled into the 
cavity through a waveguide vacuum win
dow and the magnetic field strength B is 
adjusted for electron-cyclotron resonance 
in the indicated regions ( w0 = We, where 
the electron gyrofrequency we = 10-4 

Be/m, e = 1.6 X 10-19 coulomb, m = 
9.11 x 10-31 kg, and B is in gauss; thus 
fo = Wc/27T = 2.80 B MHz). A discharge 
occurs at very low input power levels 
( < 10 watts) because of the efficient ioni
zation of the background gas by the 
microwave fields in the resonance regions. 

As the input power is increased ( typi
cally to several kilowatts) a portion of 
the electrons rapidly attains significant 
transverse energy by cyclotron resonance 
absorption and are "trapped" together 
with a corresponding number of ions 
(because of space-charge effects) to form 
a plasma which is stable over a wide 
range of conditions. Because of this rapid 
and efficient energy transfer these elec
trons have long trapped lifetimes and 
are thus enabled, through off-resonant 
heating processes, to reach energies > 100 
keV with an energy distribution extend
ing to several MeV. These high-energy 
electrons, upon eventual loss by striking 
the walls of the cavity, produce very 
intense high-energy X-ray radiation which 
necessitates elaborate shielding for per
sonnel protection. Other radiation is 
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also emitted by the plasma, including a 
significant flux of neutrons produced from 
the dissociation of deuterium by electrons 
of energy >2.2 MeV. 

Plasma density is a function of the 
microwave power input but is limited in 
most present devices employing micro
wave plasma heating by the propagation 
cutoff, which occurs when wp ;:,: w0 ( a 
familiar effect in the communications 
field) where Wp = 1osvnee2/me0 is the 
radian electron plasma frequency, e0 = 
8.85 X 10-12 farad/meter is the permit
tivity of space and ne is the electron 
density in electrons/ems. Thus ne ap
proaches 1.2 X 10-8 / 0

2 electrons/ems 
in the non-power-limited maximum-den
sity case. To produce maximum plasma 
density it is therefore necessary to make 
the microwave heating frequency and the 
available operating power level as high as 
possible. Other less obvious advantages 
accrue to the use of frequencies in the 
millimeter wavelength region ( 4) in that 
trapping is more efficient, off"'.resonant 
heating processes for relativistic electrons 
are thereby more effective, and the 
plasmas formed have greater total stored 
energy per unit volume than correspond
ing plasmas formed and heated at lower 
microwave frequencies. Typical maximum 
values of B for microwave-heated plasmas 
range around 0.5, where B is defined as 
the ratio of plasma pressure to the con-

fining magnetic pressure. Since B repre
sents a measure of the stored plasma 
energy per unit volume for a given mag
netic field strength, the squared depen
dence of plasma density upon the heating 
frequency becomes very significant. As a 
result of this high value of B, the plasmas 
formed at millimeter wavelengths are ex
tremely valuable analogues for study of 
fusion plasmas. It is unfortunate that 
microwave generation and transmission 
and the realization of large-volume, high
intensity magnetic fields become increas
ingly difficult and costly as the microwave 
frequency increases. 

Microwave Power Source 
Considerations 
Most of the controlled fusion experiments 
at Oak Ridge National Laboratory (oRNL) 

are characterized by the use of steady
state d.c. magnetic fields for plasma con
tainment. Use of CW microwave power 
sources for these experiments is thus 
implied. Many fusion experiments at other 
laboratories utilize pulsed magnetic fields 
obtained by discharge of large capacitor 
banks. However, since pulsed field dura
tion in these installations is generally 
several milliseconds, the microwave tubes 
used must still have CW capability as far 
as most practical considerations are con
cerned. Some power output advantage 
may be obtained for these purposes by 
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FIG. 1. Schematic representation of a typical experimental arrangement for 
microwave plasma heating in a magnetic mirror confinement geometry. 



90 

pulsing the beam supplies for the tubes, 
since duty factors for such research de
vices are normally quite low. In general, 
however, the selection of suitable tubes 
for this purpose is limited to CW devices. 

Good frequency stability, moderate 
spectral purity, and capability of smooth 
continuous control of the power output 
over the full range from zero to maximum 
are desirable attributes of tubes used for 
plasma heating. These characteristics are 
important for close experimental control 
in the research application since am
biguous plasma instabilities can result 
from small power or frequency variations 
under certain combinations of conditions. 
Many plasma diagnostic methods involve 
"decay" measurements in which the 
microwave heating power is switched to 
zero within a few microseconds, and 
plasma parameters are measured as a 
function of time as the plasma dies away. 
Capability for rapid turnoff of the micro
wave power is therefore an added require
ment. These specifications tend generally 
to favor power amplifiers over oscillators, 
especially where multiple output tubes 
are needed, since complete control of the 
power output of an amplifier chain may 
be accomplished at a low RF level rather 
than by control and switching of large 
d.c. power supplies. Power amplifiers have 
additional advantages over oscillators 
since oscillators are prone to frequency 
"pulling" and "moding" effects under 
mismatched output conditions. 

The ability of a microwave power tube 
to operate into a mismatched load is in 
part determined by the excess dissipation 
capability of its RF structure at full power 
output. The maximum permissible reflect
ed power due to load mismatch is normal
ly quite low for a klystron amplifier or a 
CW magnetron, since this power must be 
dissipated within the RF structure of the 
tube. Suitably connected ferrite circula
tors have been used as load isolators at 
frequencies for which they were available, 
with the reflected power dissipated in an 
external water load. Adequate isolation 
and protection for the tubes were thus 
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provided by the external components. In 
the millimeter wavelength region, how
ever, the present state-of-the-art for 
power generation considerably exceeds 
that for ferrite devices, and this method 
of load isolation cannot be used at 
present. Fortunately, traveling-wave-tube 
(TWT) power amplifiers employing se
vered coupled-cavity slow-wave structures 
( 5) , in addition to being capable of large 
power outputs in the millimeter region, are 
also more tolerant of load mismatch than 
most other classes of tubes. In this type of 
TWT amplifier the reflected power from 
the load is transmitted through the slow
wave structure in the reverse direction 
with low attenuation and is dissipated in 
an external "sever" termination. In ad
dition to its primary function of ensuring 
stable high-gain operation, the severed 
structure further serves to prevent large 
amounts of reflected power from appear
ing at the output of the driver tube. 

A 5-kW CW TWT amplifier which 
was developed especially for microwave 
plasma heating applications at 55 GHz 
is shown with its focusing solenoid in 
Figure 2. This tube has Hughes* experi
mental type-designation HA V-3. The high 
performance level of this tube may be 
appreciated by consideration of the basic 
power-frequency scaling relationship, P/2 

= k, where k is a constant denoting per
formance level. On this basis the HA V-3 
performance level is comparable to single
tube operation at 150-kW CW at 10 GHz 
or 2.5 MW at 2450 MHz. This develop
ment was accomplished by use of extreme 
care in the areas of vacuum technique, 
mechanical tolerances, and beam control, 
and was. facilitated by relaxed restrictions 
upon operating voltage, size, weight, cool
ing requirements, efficiency, and noise 
performance. 

The HA V-3 employs the severed 
coupled-cavity slow-wave structure men
tioned above. The tube is liquid-cooled 

*The HA V-2A and HA V-3 experimental 
TWT amplifiers were developed by Hughes 
Research Laboratories, 3011 Malibu Canyon 
Rd., Malibu, Calif., under oRNL subcontract. 
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and operates at a typical beam voltage of 
45 kV with a beam current of 0.9 amp. 
It has a 1.0-GHz bandwidth and 20-dB 
saturated gain. The d.c. to RF conversion 
efficiency is approximately 12 per cent 
for grounded-collector operation, but may 
be increased to ~ 30 per cent with collec
tor depression technique at the expense 
of increased equipment complexity. The 
tube is provided with an integral ion 
pump for maintenance of optimum in
ternal vacuum conditions. The input 
waveguide is standard WR-15 size, but 
the output waveguide and the two wave
guide connections to the sever have a 
circular cross-section of 0.520-inch inside 
diameter. This oversized waveguide is 
used to reduce RF transmission losses and 
to facilitate the construction of waveguide 
vacuum windows which are capable of 
operation at the 5-kW CW power level. 

These windows consist of BeO disks of 
A./2 thickness brazed into the water-cooled 
copper waveguides. 

A 10-kW CW at 55 GHz power source 
employing two HA V-3 output tubes is 
under construction at ORNL for plasma 
heating applications. Drive power will be 
derived from the output of a 1-kW CW 
TWT amplifier of similar construction 
(Hughes* experimental type-designation 
HA V-2A) which is in tum driven by a 
backward wave oscillator (Hughes* type 
381-H) having an output of 15 watts. 
Operation of this power source is expect
ed by the summer of 1969. A sizeable 
"in-house" development effort has been 
required for the oversized waveguide 
transmission system used with this source 
in order to permit continuous monitoring 

•Hughes Research Laboratories, 3011 Malibu 
Canyon Rd., Malibu, Calif. 

FIG. 2. Type HA V-3, 5-kW CW, 55-GHz traveling wave tube amplifier and its 
focusing solenoid. The WR-15 (RG-98/U) input waveguide is visible near the center 
of the photograph for comparison with the oversized circular waveguides used for 
output and sever connections. 
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of power flow and to provide efficient 
transmission of power over the necessary 
distances. 

A partial listing of additional micro
wave power sources which have been 
used in fusion plasma research at ORNL 

is given in Table I, together with the year 
of installation and other pertinent data. 
Most of these power sources are still in 
active operation, although some of the 
sources employing multiple output tubes 
have since been divided and modified to 
conform to current needs. The trend to
ward use of higher frequencies and power 
levels is readily apparent. 

It should perhaps be emphasized that 
virtually any CW microwave tube of ade
quate power capability, regardless of 
frequency, is applicable to plasma forma
tion and heating using the method de
scribed, so long as the necessary magnetic 
field is provided and the application re
quirements for the tube can be met (in
cluding the maintenance of sufficiently 
low levels of stray electromagnetic radia
tion). While a survey of the state-of-the
art for microwave power generation is 
beyond the scope of this paper, the 
Microwave Tube D.A.T.A. Book* is 
suggested for the interested reader as a 
very comprehensive source of basic tech
nical information on commercially avail
able microwave tubes produced by manu-

*The Microwave Tube D.A.T.A. Book is 
published semiannually by D.A.T.A., Inc., 32 
Lincoln Ave., Orange, New Jersey, 07050, and 
is available to individuals by subscription. 

TABLE I 
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factureres throughout the free world. In 
a typical edition several thousands of 
microwave tube types are conveniently 
tabulated according to center frequency, 
power output, and type number. 

Cavity Considerations 
The construction of a typical cavity for 
microwave plasma heating is illustrated 
in Figure 3. This cavity has been used 
at both 35 GHz and 55 GHz. The cavity 
shape, is chg.sen to . ~onfornt generally to 
the magnetic flux lines and thereby permit 
maximum plasma volume within the limi
tations imposed by the vacuum chamber. 
Large cavity dimensions ( and strong mag-

FIG. 3. Cavity used for microwave plasma 
heating at 35 GHz and 55 GHz illustrating 
typical water-cooled perforated copper con
struction. Sidewall hybrid junctions (with 
rectangular waveguide connections) used for 
power input and matching at 35 GHz are 
visible on the midplane. Scale divisions are 
inches. 

PARTIAL LISTING OF CW MICROWAVE POWER SOURCES USED IN CONTROLLED 
FUSION RESEARCH AT OAK RIDGE NATIONAL LABORATORY 

Total Bo 
CW power resonant 

Year Frequency output Output tubes magnetic field 
installed (GHz) (kW) (number) and type (kG) 

1960 2.4 1 (1) klystron amplifier 0.86 
1961 9.1 1 (1) CW magnetron osc. 3.2 
1962 10.6 5 (2) klystron amplifier 3.8 
1963 10.6 50 (3) klystron amplifier 3.8 
1965 35.7 2 (2) TWT oscillator 12.7 
1968 55.0 1 (1) TWT amplifier 19.6 
1969 55.0 10 (2) TWT amplifier 19.6 
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netic fields) are necessary to accommodate 
the large orbit radii of very energetic 
charged particles. The walls of the cavity 
are made of perforated material to permit 
vacuum pumping. ( Copper is normally 
used in order to minimize power losses, 
although copper-plated stainless steel and 
aluminum have both been used for cavity 
construction on occasion.) To prevent 
microwave power leakage, the diameter 
of the perforations and the wall thickness 
are chosen to provide 30-40 dB of 
attenuation at the operating frequency 
when the individual holes are considered 
as waveguides-beyond-cutoff. 

The cavity walls are water-cooled by 
tubing attached to the exterior surfaces. 
Water-cooling is necessary since almost 
all of the microwave power input must 
be dissipated in the walls either directly 
by way of ohmic losses or indirectly by 
eventual interception of the microwave
heated energetic charged particles. Silver
brazed, welded, or well-machined bolted 
metallic joints are used throughout the 
assembly. A number of "ports" are pro
vided around the periphery and on the 
end walls to permit the attachment or 
insertion of "diagnostic" measuring de
vices for determination of plasma charac
teristics. Microwave power is fed into the 
cavity by means of either dominant-mode 
or oversized waveguides terminating at 
openings in the wall. More than one 
input waveguide may be used as required 
by power-handling considerations or by 
a microwave power source employing 
multiple output tubes. 

High-Power Practice 
Microwave power sources for plasma 
heating are subject to stringent design 
requirements ( 6). Transmission loss con
siderations imposed by the need for bulky 
X-ray shielding usually require that these 
sources be remotely operated. This im
plies some combination of electrical and 
mechanical accomplishment of all control 
and monitoring functions required for 
normal operation. The delicate high-per
formance RF structures of the tubes re-

quire close control of beam focusing and 
the maintenance of proper coolant flow at 
all times. Permissive interlocks are used 
to ensure maintenance of coolant flow, 
satisfactory coolant inlet temperature, 
proper heater conditions, and proper 
focusing conditions whenever beam power 
is applied. Operation is sequentially inter
locked for reduction of the possibility of 
human error (insofar as permitted by 
requirements for operational flexibility). 
Additional interlocks are used to prevent 
entry of personnel into unsafe areas dur
ing operation, and to remove the beam 
power in the event that safe X-ray 
radiation levels are exceeded. 

Wave guides operating at high power 
levels are pressurized continuously to =1 
atmosphere of dry nitrogen to reduce the 
probability of arcing, to prevent the entry 
of moisture or foreign matter, and to 
reduce corrosion of the internal surfaces 
which would increase transmission losses. 
Pressurization is normally accomplished 
through an orifice in the waveguide wall 
which restricts gas flow to a very low 
value. A pressure switch interlock in the 
beam supply is connected to the wave
guide at a different point for sensing 
waveguide pressure. This interlock then 
serves not only to ensure that proper 
pressure is maintained, but also protects 
personnel and equipment from micro
wave radiation hazards by turning off the 
beam voltage supply in the event of wave
guide damage, inadvertent loosening of 
waveguide flange joints, or failure of the 
waveguide vacuum window at the load. 

Good high-power practice must be fol
lowed for prevention of waveguide arcs 
in CW systems. CW arcing problems 
commonly occur at power levels above 2 
kW in the 10-GHz frequency range (7) 
and at correspondingly lower power levels 
at higher frequencies. This implies the use 
of tight-fitting metallic flange joints, 
cleanliness of the interior waveguide sur
faces, and the use of waveguide com
ponents which have low VSWR, low 
losses, and are designed such that micro
wave electric fields within the component 
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are minimized. Thus sidewall types of 
directional couplers and hybrid junctions 
are preferred, and capacitive matching 
structures and short-radius E-bends are 
to be avoided whenever possible. The use 
of sliding metallic contacts and most 
dielectric materials should likewise be 
avoided. Water-cooling of waveguides is 
desirable to suppress arcing tendencies 
by preventing significant temperature 
rise. Brazing or welding is preferred over 
the use of soft solder for component 
fabrication because of the lower losses, 
superior mechanical strength, and higher 
safe operating temperatures. Low mode
conversion, good impedance match for all 
possible propagating modes, and freedom 
from spurious-mode resonances are ad
ditional requirements for efficient trans
mission in systems employing oversized 
waveguide. 

In linear-beam tubes the portion of the 
electron beam which is intercepted by the 
RF structure through imperfect focusing 
must be continuously monitored and the 
beam power removed in the event of ex
cessive interception. The severe limitation 
upon this "body current" is imposed by 
the low dissipation capability of the RF 
structure. For high-performance tubes a 
signal derived from body current is used 
to actuate an electronic power supply 
"crowbai:" which removes the beam 
voltage within a few microseconds in the 
event of an internal tube arc or sudden 
defocusing of the beam. Adjustable volt
age supplies for heaters and focusing 
solenoids are desirable for minimizing 
body current in these tubes during normal 
operation. The presence of strong fringing 
magnetic fields in the region surrounding 
the large magnet coils used for plasma 
containment ( and the close proximity of 
the tubes for maximum transmission ef
ficiency) usually requires that a magnetic 
shield be provided to prevent defocusing 
of the electron beam and a resultant 
increase in body current. 

Load Matching 
Impedance matching to the multimode 
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cavity in which the plasma is formed and 
heated is · important not only for efficient 
utilization of the available power but 
also for pro.tection of the waveguide 
vacuum windows used in the system, 
since a high VSWR can contribute to 
window failure through arcing and ther
mal stresses. For impedance-matching 
purposes, the plasma may be considered 
as a lossy dielectric medium having a 
time-varying dielectric constant and loss 
tangent. This microwave load is thus 
similar to that found in some of the 
better-known microwave heating applica
tions (8). The situation is, however, com
plicated by the fact that the time-varying 
parameters may change drastically on a 
microsecond or millisecond time-scale. 
Early attempts at impedance matching 
using manually adjusted tuning elements 
were coQ.sequen,tly unsuccessful because 
of the inability .. to follow rapid fluctua
tions as well as the unreliability of sliding 
short circuits at high power levels. For
tunately, the trend to larger cavity dimen
sions ( with the accompanying increase in 
mode-density), the use of ferrite devices 
for load isolation, and the strong coupling 
to the plasma at electron cyclotron 
resonance have combined to ease this 
situation somewhat. 

A method of cavity matching which 
has proved valuable at 9.1 GHz, 10.6 
GHz, and 35 GHz uses sidewall hybrid 
junctions (9). This component has the 
properties of an ideal hybrid junction 
and is well adapted to high-power use. 
Referring to Figure 4, power fed into 
port 1 of the junction divides equally 
between ports 2 and 3 with good isolation 
at port 4. The voltages at terminals 
equidistant from ports 2 and 3 are in 
phase-quadrature, and if these ports· are 
terminated at equidistant terminals in 
equal impedances, the reflected signals 
then combine to exit at port 4. This 
property is commonly used in the design 
of line-stretchers and diplexers and can 
also be used to isolate a power source 
from the effects of load mismatch if all 
conditions are satisfied. These require-
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ments are met in the plasma heating 
application by connecting both output 
ports to the cavity, making the arms of 
equal length, and locating the open-end 
waveguide entries to the cavity symmetri
cally with respect to the walls and the 
magnetic field. This tends to make the 
impedances equal for both static and 
dynamic (plasma - related) conditions. 
Adequate impedance-matching and in
creased efficiency have been obtained in 
most cases by short-circuiting port 4 to 
redirect the reflected power back into the 
cavity, although better matching can be 
achieved by providing a matched termi
nation for this port. The hybrid junctions 
used for connection of the 35-GHz input 
to the cavity are visible in Figure 3. Over
sized waveguides connected directly to 
the cavity have provided adequate impe
dance match at 55 GHz. 

Figure 5 illustrates the manner in 
which the sidewall hybrid junctions were 
employed for matching in the 50 kW at 
10.6 GHz system (Table I). The 17-kW 
maximum output of each of the three kly
strons was divided and fed into the 36-
inch-diameter cavity through two separate 
hybrids as described above. There were 

thus a total of twelve waveguide entries 
to the cavity from the three tubes. The 
typical value of reflected power observed 
for each of the tubes was 100 watts, and 
the maximum average value ever observ
ed during normal operation was 600 
watts. 

Additional Considerations 
It is necessary to protect the output 
waveguide windows of the tubes from 
damage due to waveguide arcs since such 
arcs normally propagate toward the power 
source. Figure 5 also shows the manner 
in which optical sensors and directional 
couplers are used to detect the. light or 
the impedance mismatch resulting from a 
waveguide arc. Signals from these sensors 
are used for rapid actuation of a crystal 
switch or a ferrite switch to remove the 
drive power from the tube within a few 
microseconds in the event that an arc 
occurs. Simultaneous actuation of the 
power supply crowbar provides redundant 
protection. Note that the reflected power 
sensor also provides arc protection for 
the waveguide vacuum window at the 
entry to the vacum chamber. This window 
is quite vulnerable to arc damage, because 
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the development of a sudden leak in the 
vacum chamber during operation inevit
ably causes an arc when the pressure rises 
in the evacuated region of the waveguide 
beyond this window. 

As mentioned previously, the perform
ance of plasma diagnostic measurements 
requires versatile access to the interior 
of the cavity. This access must be ac
complished with very low microwave 
leakage, not only for personnel and equip
ment protection, but also to prevent 
ambiguous experimental results. Since 
microwave leakage power from the cavity 
varies in magnitude in accordance with 
the dielectric properties of the plasma 
( i.e., the effective loaded "Q" of the 
cavity), imperfect shielding of low-level 
d.c. measuring instruments may permit 
entry of leakage power, rectification at 
an obscure junction, and totally meaning
less measurement results. Ambiguities 
may also result from electron-cyclotron 
resonance absorption of leakage power 
(with resultant plasma formation) out
side the cavity proper. The analysis and 
correction of such problems is obviously 
quite difficult. 

Waveguides-beyond-cutoff have proved 

BEAM _ _J I 
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to be the most versatile and dependable 
of all means of cavity access. In addition 
to permitting vacuum pumping in typical 
cavity construction ( Fig. 3), these struc
tures are routinely used to permit: ( 1 ) 
optical viewing and measurements of the 
plasma, (2) active and passive micro
wave measurements of the plasma at 
frequencies higher than the heating fre
quency, (3) collimated radiation-counting 
of the cavity interior, ( 4) entry and exit 
of energetic beams of charged particles 
or neutral particles, ( 5) deuterium gas 
feed to the cavity interior, ( 6) measure
ment of absolute pressure in the cavity, 
and (7) flow of cold plasma out of the 
cavity along magnetic flux lines. Many 
other radiation-counting measurements 
require that a thin "window" of low-Z 
material be installed in the cavity wall. 
Aluminum is a suitable choice for this 
application because of its excellent thermal 
and electrical conductivity. The diameter 
and thickness of such windows are chosen 
to provide adequate edge-cooling by 
clamping to the flanged ports in the cavity 
wall. 

The most difficult cavity access involves 
those cases in which a movable probe 

I CAVITY I 
I WAVEGUIDE I L ____ SHORTCIRCUITJ 

VACUUM TANK::_;::r--
-- WAVEGUIDE CONNECTION 
--- ELECTRICAL CONNECTION 

FIG. 5. Schematic diagram of typical output waveguide circuitry used for plasma heating at 10.6 
GHz illustrating cavity connections and the method of waveguide arc protection. The output power 
from three identical klystron amplifiers was fed simultaneously into the cavity for experiments at 
the 50-kW CW level. 
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must be inserted through the cavity wall. 
Such probes must be liquid-cooled, since 
convection cooling is not possible in the 
vacuum system ( and a large portion of 
the microwave power may be dissipated 
in the probe by interception of the 
plasma) . They must have rounded edges 
and corners in order to prevent surface 
arcs. Simple insertion of the probe through 
an opening in the cavity wall,. however 
small, is prohibited by the probability of 
TEM mode propagation and resultant 
leakage of the microwave heating power. 
The general unreliability of sliding spring 
contacts at hgh power has already been 
mentioned. 

Three satisfactory methods have been 
used to provide movable cavity access by 
cylindrical probes as shown in Figure 6. 

CD 

ACTUATING 
NUT 

® METALLIC 
BELLOWS 

WATER-COOLED"' 
PROBE ',-. 

CAVITY 
WALL 

WATER-COOLED 
PROBE 

FIG. 6. Methods of reducing microwave leak
age when movable cylindrical probes must be 
inserted through the cavity wall. ( 1) Collet. 
(2) Metallic bellows. (3) Quarter-wavelength 
coaxial rejection filter. 

The first method involves clamping the 
probe securely in a fixed position with 
a split collet arrangement to provide 
peripheral contact to the probe at the 
cavity wall. This method requires mech
anical linkages for operation of the collet 
from outside the vacuum system and has 
the further disadvantage that continuous 
movement is not permitted while micro
wave power is being applied. The second 
method utilizes a metallic bellows for 
prevention of microwave leakage. This 
method has the disadvantage that probe 
travel is restricted by the bellows design 
and that excessive heating of the bellows 
is likely to occur through microwave 
power losses on its large internal surface 
area. The third and most generally used 
method involves making the probe the 
center conductor of a coaxial rejection 
filter which is formed of alternating low
and high-impedance quarter-wavelength 
sections of transmission line. Close 
mechanical tolerances must be used to 
prevent arcing in the initial low-impedance 
section adjacent to the cavity wall. At 
least four filter sections are normally 
used in order to ensure low leakage into 
the region surrounding the cavity. 

The insertion of dielectric materials 
into the cavity proper must be avoided, 
since bombardment by the energetic 
plasma produces the secondary emission 
of electrons and results in large local 
heating and prompt destruction of the 
material. Probes which are exposed to 
the plasma must therefore have all-metal 
exterior construction. Satisfactory entry of 
electrical conductors into the cavity has 
been accomplished by using alumina 
insulators suitably shielded from plasma 
bombardment, and surrounded by an 
external water jacket for cooling and 
absorption of microwave leakage power. 
The use of low-conductivity water is 
desirable for reduction of electrical leak
age from the conductor to the cavity. 

A technique for access to the cavity 
interior which is useful for magnetic 
coupling to the plasma at frequencies 
from d.c. up to hundreds of MHz utilizes 
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the skin effect. The magnetic coupling 
element is completely surrounded by a 
very thin metallic shield attached to the 
cavity wall so as to prevent microwave 
leakage to its interior. The electrical con
ductivity and thickness of the shield are 
chosen to make it several skin-depths in 
thickness at the microwave heating fre
quency, and a fraction of a skin-depth in 
thickness at the probing frequency. Cou
pling of low-frequency probing fields is 
thereby permitted, and microwave leakage 
is simultaneously prevented. Formation 
of the shield by evaporating a metal coat
ing onto· a dielectric base material having 
good thermal conductivity provides struc
tural integrity and permits optimum 
utilization of the effect for high probing 
frequencies. Cooling is accomplished by 
circulation of a liquid dielectric within 
the shield interior. 

In cases where a large-diameter open
ing is required in the cavity, and other 
considerations prohibit the closure of 
this opening with a cluster of waveguides
beyond-cutoff, satisfactory reduction of 
leakage has been obtained by a dissipative 
method. This method involves attaching 
over the opening a metallic tube having a 
length equal to several hole diameters 
and surrounding the interior of this tube 
with a pyrex or fused-quartz jacket in 
which water flow is maintained. Most 
solid dissipative elements are unsatisfac
tory for this purpose because of vacuum 
considerations and the difficulty of heat 
removal from within the vacuum system. 

The considerations which have been 
presented are relatively general as applied 
to microwave plasma heating for con
trolled fusion research. Many of these 
considerations are also applicable to other 
microwave heating applications. The suc
cessful employment of microwave power 
technology in each experimental plasma 
facility requires additional attention to a 
large number of other factors involving 
the specific design of the facility, its 
experimental objectives, and the micro
wave frequency and power level to be 
used. The performance of each plasma 
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measurement provides its own special 
challenges in satisfying the magnetic, 
vacuum, radiation, microwave, and high
energy particle environmental require
ments without altering the nature of the 
plasma itself. 

Conclusions 
The plasmas formed by microwave heat
ing in a simple magnetic mirror are of 
considerable interest in themselves in 
controlled fusion research because of their 
characteristic stability, long containment 
times, high density, large stored energy, 
high B, and other general properties 
similar to those of fusion plasmas. This 
microwave heating method is also being 
used at ORNL and other laboratories 
·throughout the world, for study of 
plasmas in other magnetic confinement 
· geometries. The method has attained 
general acceptance in the fusion-research 
community and is being widely used in 
combination with other methods of plasma 
heating (such as injection of energetic 
ion or neutral beams and ion cyclotron 
resonance heating) in further attempts to 
approach the goal of controlled fusion. 

In view of the world-wide nature of the 
fusion research effort, the widespread use 
of microwave power in this effort, and the 
generally high level of support which this 
area of scientific research enjoys at 
present, it would appear likely that "spin
off" from these programs might result in 
still other applications of microwave 
power in the future. The efficient and 
compatible energy transfer afforded to 
dense energetic plasmas by microwaves 
makes it almost inevitable that micro
wave power will play a key' role not only 
in the future realization but also in the 
ultimate operation of controlled fusion 
reactors. By superposition, it is also not 
beyond the realm of possibility that a 
portion of the useful power output from 
such reactors might be in the form of 
microwave power. 
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ABSTRACT 

The decomposition of vapors of methyl 
alcohol, methyl ether and acetone was 
studied in a microwave discharge at pres
sures between 0.3 and 2.0 Torr. Hydro
gen and carbon monoxide were the major 
gaseous decomposition products in each 
case in addition to solid polymeric films 
containing C, H and 0. Trace amounts 
of low-molecular-weight hydrocarbons 
were also observed. The polymeric films 
were characterized by several techniques, 
including elemental analysis and infrared 
and electron spin resonance spectroscopy. 
The decomposition of oxy-containing 
compounds is markedly different from the 
decomposition of hydrocarbons in a 
microwave discharge. 

Introduction 
Electrical discharges have been used to 
produce various chemical reactions (1, 
2). The passage of organic molecules 
such as methane or benzene through an 
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electrical discharge invariably produces a 
solid polymer and may also produce 
various gases. The chemical changes ob
served in an electrical discharge of an 
organic compound vary depending upon 
the type of discharge used. A microwave 
discharge ( 3) (MWD) of a given gas, 
for example, may give a different polymer 
than a lower-frequency electrodeless dis
charge ( 4). The decomposition of organic 
compounds in a MWD is of considerable 
interest for several reasons including the 
structure of the polymer formed and the 
mechanism of product formation. The 
work reported here is a study of the re
arrangement of several oxy-containing 
compounds in a MWD and is an exten
sion of earlier work by Vastola and 
Wightman (1 ) and Wightman and John
ston (8) where hydrocarbons and a 
single alkyl halide were studied. There 
have been reports of the decomposition 
of methyl (5) and ethyl (6) alcohols and 
other oxy-containing compounds (7) in 
electric discharges other than a MWD. 
The present work represents a series of 
experiments to determine what effect the 
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presence of oxygen will have on the de
composition of organic compounds in a 
MWD. 

Experimental 
Materials. Methyl alcohol (99% mole 
purity) and acetone (99.7% mole purity) 
were obtained from the Fisher Co. Di
methyl ether (99% purity) was obtained 
from the Airco Gas Co. The liquids were 
degassed by repeated freeze-thaw cycles 
using liquid nitrogen. 

Apparatus and procedure. The dis
charge decompositions were carried out 
in a high vacuum flow system shown sche
matically in Figure 1. The power source 
(MWG) for the microwave discharge was 
a Raytheon generator (Model KV-104) 
and was operated at a power level corre
sponding to about 50-70 watts at 2450 
Mc. The generator was connected to an 
air-cooled cavity (C) (Raytheon-KV 
series) by a coaxial cable. Pressures in 
the discharge region were measured with 
a Wallace-Tieman absolute pressure 
gauge (AP) compared periodically to a 
McLeod gauge (MG). A deposition train 

MM 

L 

MG 60 cm 

AP 

l 
NV 

FIG. 1. Schematic of microwave discharge apparatus. 
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was used whereby a series of films were 
deposited sequentially. The parent liquid 
was stored in the liquid reservoir (L) and 
vapor transferred to gas reservoirs (R1 , 

R2). Vapor was introduced into the dis
charge system through a variable stain
less steel needle valve (NV). Mass flow 
rates were calculated from measured pres
sure changes indicated on the manometer 
(MM) in a system of known volume. 
The pressure in a typical run was 1.0 
Torr at a mass flow rate of 1.3 x 10-4 

moles/min and a linear flow rate of 27 
cm/sec. Decomposition times varied from 
10 to 60 minutes. The volume of the 
luminous discharge zone was about 4 cc. 

The gaseous decomposition products 
were analyzed on-stream by an Asso
ciated Electronics Industries MS-10 mass 
spectrometer (MS). The doser (SB) (36 
cc) was located downstream from the dis
charge. Gas in the doser was expanded 
into the bulb (EB) prior to introduction 
into the mass spectrometer. 

The solid polymeric films were either 
removed mechanically from the walls of 
the Pyrex tubing in the form of powders 
or water lifted from the walls in the form 
of thin films. The infrared spectra of the 
neat films or of KBr pellets were obtained 

TABLE I 

using a Beckman IR-5 spectrophoto
meter. The electron spin resonance 
spectra of the powdered films were ob
tained on a Varian ESR 6 spectrometer. 
Elemental analyses of the film were made 
with an F & M carbon-hydrogen-nitrogen 
analyzer ( Model 185) . 

Results 
Gaseous products. The results of mass 
spectrometric analysis of the gaseous de
composition products of acetone 
(Me2CO) methyl alcohol (MeOH), and 
methyl ether (Me20) in a MWD are 
shown in Table I. The dramatic chemical 
change occurring in the microwave dis
charge is evidenced by the fact that no 
significant amount of the parent com
pound is detected in the downstream gas. 
The major gaseous decomposition pro
ducts are hydrogen and carbon monoxide. 
Smaller amounts of methane and acety
lene are observed. The balance includes 
trace amounts of higher-molecular-weight 
hydrocarbons up to C1. 

Polymeric films. Solid polymeric films 
were observed to form on the walls within 
the discharge zone when any of the com
pounds studied was passed through the 

GASEOUS DECOMPOSITION PRODUCTS OF OXY·COMPOUNDS IN MWD 

Mole percent 
Pressure Power 

Series Gas (Torr) (watts) H2 co CH4 C2H2 Other 

A MeOH 1.16 50 59.5 37.2 1.4 1.8 
B Me20 0.45 70 66.6 37.0 1.0 1.4 
C Me2CO 1.0 50 52.2 38.7 4.9 1.9 2.3 
D Me2CO 1.0 70 52.7 37.2 4.5 1. 7 2.0 
E Me2CO 0.5 70 59.4 36.7 1.6 1.9 3.1 

TABLE II 
ELEMENTAL ANALYSIS OF POLYMERIC FILMS 

Weight percent 
Pressure Power Empirical 

Series Gas (Torr) (watts) C H 0 formula 

A' MeOH 1.83 50 86.6 10.6 2.8 (CH1.4600.02)x 
B Me20 0.45 70 84.1 9.9 5.9 (CH1 40o.o4)x 
D Me2CO 1.0 70 77.0 11.1 11.9 (CH1,40o.o4)x 
E Me2CO 0.5 70 80.8 8.8 10.4 (CH1,30o.01)x 
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discharge. The films were characterized 
in several ways. The results of elemental 
analysis of the polymer films are shown 
in Table II. 

There is no apparent effect of pressure 
power or parent compound on film com
position. The average empirical formula 
for the polymeric film would be 
(CH1.4O0.03 )"'. A significant observation, 
which is not apparent in Table II, is 
that the amount of polymer film pro
duced is greatest for Me2CO and least 
for MeOH. Thus the amount of poly
meric film at a constant pressure and 
power produced is proportional to the 
number of carbon atoms in the parent 
compound as might be expected. 

The infrared spectra of the polymeric 
films resulting from the decomposition of 
MeOH, Me2O and Me2CO are shown in 
Figures 2 through 4, respectively. The 
similarity of the three spectra is note
worthy and is again indicative of the fact 
that the parent compound has little effect 
on the nature of the polymeric film 
formed in a microwave discharge. The 
presence of CHa and CH2 groups is shown 
by the strong absorptions at 2960, 2930, 
2870, 1450 and 1375 cm-1. The absorp
tion at 1700 cm-1 is assigned to carbonyl 
groups. No bands are noted in the 700-
800 cm-1 region characteristics of (CH2)n 
groupings where n ;;;;,: 2. The infrared 
spectra indicate that the three polymeric 
films are composed mainly of p.ighly 
branched saturated carbon chains con-
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taining pendant and terminal CHa groups 
and little, if any, (CH2)n units where 
n ;::: 2. The cross-linked nature of the 
polymer is consistent with its negligible 
solubility in an extensive series of liquids 
tested as possible solvents. 

The electron spin resonance (ESR) 
spectra of the films produced from Me2O 
and Me2CO are shown in Figures 5 and 
6, respectively. A weak signal indicative 
of low concentrations of unsaturated 
valences is note.d for both films with g
val ues close to the value for pitch 
(g= 2.000). 

Discussion 
Extensive decomposition of oxy-contain
ing compounds occurred in a MWD as 
had been previously observed for various 
hydrocarbons ( 3) and an alkyl halide 
(8). The overall decomposition may be 
written 

CaHbO • H2 +CO+ (CH1.4Oo.oa)a,, 
neglecting the small amounts of various 
hydrocarbons also observed. 

Three parameters at least may influence 
the gaseous decomposition products, 
namely, pressure, power and parent com
pound. The slight effect of pressure at 
constant power is seen on comparing 
series D and E (Table I), where the con
centrations of H2 and CH4 have decreased 
and increased, respectively. An even 
smaller effect of power at constant pres
sure is noted on comparing series C and 
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FIG. 2. Infrared spectrum of water-lifted polymer produced in a MeOH discharge. 
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FIG. 4. Infrared spectrum of polymer (in KBr) produced in a Me2CO discharge. 

D (Table I). The effect of the parent 
molecule can be seen by comparing series 
A with C and B with E (Table I). The 
pressure and power are essentially con
stant for each comparison. A decrease in 
the percentage of hydrogen is noted as the 
hydrogen-to-carbon ratio is in the order 
MeOH > Me2O > Me2CO. Thus the larg
est percentage of hydrogen results from 
the decomposition of MeOH and the least 
from Me2CO. 

Eck et al. (9) have computed the 
equilibrium distribution of organic com
pounds at temperatures between 300°K 
and 1000°K and pressures of 10-6 to 50 
atm for the C-H-O system. It is signifi
cant that at 1000°K and 10-6 atm for a 
C:H:O ratio of 4:94:2, the first four pro-

ducts in order of abundance are H2, CO, 
C2H2 and CH4 • The distribution of the 
gaseous decomposition products of the 
oxy-compounds in the MWD is in quali
tative agreement with the e.quilibrium 
calculations. 

The polymeric films produced from 
MeOH, Me2O and Me2CO were quite 
similar to those produced from methane 
and other saturated hydrocarbons ( 3). 
This statement is documented by compar
ing the elemental analyses and the infra
red and ESR spectra. The more intense 
carbonyl band at 1700 cm-1 (see Figs. 2, 
3, and 4) suggests a small amount of 
oxygen incorporation into the film during 
formation, which is supported by the ele
mental analysis. 
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Fm. 5. ESR spectrum of polymer produced in a Me2O discharge at 0.3 Torr. 
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Fio. 6. ESR spectrum of polymer produced in a Me2CO discharge at 1.0 Torr. 

However, a significant difference in car
bon distribution between the gas phase 
and the polymeric film was noted on in
troduction of oxygen into the parent com
pound. In the previous studies (3, 8), 
most (>95%) of the carbon atoms in 
the parent compound were incorporated 
into the polymer. On the other hand, 
when oxygen is present in the parent 
compound, the polymer films contain as 

low as 35 per cent of the total carbon. 
The balance of the carbon appears in the 
gas phase as carbon monoxide. The for
mation of CO produces a commensurate 
decrease in the oxygen content of the 
polymeric films which was not observed 
when chlorine was present in the parent 
compound ( 8). The thermodynamic sta
bility of CO is demonstrated under dis
charge conditions. 
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Volume 2, on applications, covers the 
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the treating and processing of many 
diverse materials including food, wood, 
plastics and chemicals. Agricultural and 
biomedical aspects are considered. In ad
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ground transportation and aerospace, 
military and nuclear research applica
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field, with references for further study. 
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the book as a whole for which the editor 
is to be congratulated. 

The proliferation of technical knowl
edge in any field of science or engineer
ing today is so great that it has given 
rise to a series of annual "review" or 
"advance" volumes in many specialties. 
Because of the rapid growth of informa
tion and interest in microwave power en
gineering it would be encouraging to 
think that these volumes might be follow
ed at a later date with others constituting 
a continuous series in this field, if not 
annually, at least periodically at such 
times as the advances in the state of the 
art would justify doing so. 

Some articles in the book utilizing 
mathematical symbols are followed by a 
section defining the symbols used. Many 
are different from each other. This points 
up the need for more uniformity in sym
bol definition, a difficult and perennial 
problem, but one which might perhaps 
be undertaken by one of the technical 
societies associated with the field of elec
trical science and engineering. 

This volume and its companion are 
highly recommended to the readers of the 
Journal.-Ernest M. Kenyon (U.S. Army 
Natick Laboratories, Natick, Mass.) 





SECTION 5. BIOLOGICAL EFFECTS AND . 
HAZARDS 



Conference Report: Radio 
and Microwave Radiation~, 
Applications and Potential 
Hazards* 

D.S. Allamt 

• 
This was the first major conference to be 
held at the new campus of the University 
of Surrey; it was also the first conference 
on the hazards of non-ionizing radiation 
for several years. As the event closely 
followed the introduction of legislation in 
the United States of America, consider
able interest was shown and about 140· 
delegates attended including visitors from 
the United States, France, Holland, 
Sweden and Norway. The conference 
chairmen were Professor H. Schwan 
(University of Pennsylvania) and Mr. J. 
Gallagher (British Broadcasting Cor
poration). The programme was divided 
into four main areas - monitoring, appli
cations, biological effects, and electro
explosive effects. 

The proceedings were opened by Pro
fessor D. Woods (University of Surrey) 
who described an anechoic chamber which 
was designed for frequencies up to 40 
GHz together with a range of high-power 
sources operating in seven frequency 
bands. The chamber has been used to 
develop a new type of radiation hazard 
monitor employing a thin-film spherical 
bolometer. Owing to space and cost con
siderations the chamber operates only 
down to 1 GHz and a different technique 
is employed down to 400 MHz where 

*Held at the University of Surrey, Guild
ford, England, 2-3 January 1969. 

tDepartment of Chemical Physics, University 
of Surrey. 
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the standard field is generated in an over
size waveguide terminated in a matched 
load. 

The only satisfactory way of calibrating 
electromagnetic field intensity monitors is 
by means of a substantially free space 
propagation field of known intensity. 
Field intensities up to 20 mW.cm-1 are 
necessary to calibrate health hazard radia
tion monitors. It is possible to generate 
such fields under laboratory conditions in 
an anechoic chamber by means of a 
transmitting aerial of known propagation 
characteristics fed from a source of 
known power. The cross-sectional dimen
sions of such a chamber must be large 
compared with the wavelength and the 
chamber length must be such that sub
stantially far-field conditions are pro
duced. Uniformity of power density, 
within acceptable limits, over the monitor 
receiving aerial aperture is another factor 
that has to be taken into account. 

Standard rectangular pyramidal horns 
were used as radiating aerials from 1 to 
40 GHz fed from high-power CW back
ward-wave oscillators up to 18 GHz. A 
pulsed magnetron was used in the region 
of 40 GHz because CW oscillators of 
sufficiently high power output were not 
available at the time. The standard horn 
aerials were calibrated by the "three
aerial" method. Mention was made of the 
differing field conditions existing in front 
of a horn radiator: (i) the near-field zone 
where the field is exceedingly complex 
and unsuitable for the purpose in hand, 
(ii) the intermediate-field zone (Fresnel 
region) where the effective power gain 
of the radiating aerial increases smoothly 
with distance and (iii) the far-field zone 
(Fraunhofer region) where the effective 
power gain of the radiator is constant 
and the received power decreases inversely 
as the square of the distance. It was not 
possible at all frequencies to achieve a 
power density of 20 mW.cm-2 in the 
Fraunhofer region mainly owing to source 
power limitations. Operation in the Fres
nel region was therefore necessary, which 
required the calibration of the standard 



ALLAM: CONFERENCE REPORT 

horns in terms of effective gain at various 
distances. Braun's theory dealing with 
the gain reduction factor of a pair of 
identical horns in this region has been 
extended to evaluate the Fresnel field 
axial gain of a single pyramidal horn. 
Because the spherical film bolometer has 
a small receiving aperture, it is only neces
sary to consider the axial gain of the 
standard horn at various distances. Th~ 
calculated axial gains of the standard 
horns in the Fresnel region agreed well 
with the measured values using small
aperture search horns for the receiving 
aerials. One conclusion was that the 
effective gain of a transmitting horn con
tinues to increase beyond the generally 
accepted distance (four times the Ray
leigh distance) for the transition from 
the Fresnel to the Fraunhofer regions. 

Particulars were given of the maximum 
field intensities generated over circular 
apertures of various diameters, also an 
estimate of the limit of uncertainty in 
the value of the standard intensity field at 
various frequencies. 

Professor D. Woods (University of 
Surrey) and K. Fletcher (Wayne Kerr 
Ltd.) next described a thin-film spherical 
bolometer developed in the anechoic 
chamber. Most currently available radia
tion monitors employ conventional inter
changeable aerials and therefore suffer 
from the disadvantages that they are not 
only frequency-dependent but have to be 
pointed in the direction of the incident 
radiation and rotated into the correct 
plane of polarization. The thin-film 
spherical bolometer was developed to 
overcome these limitations and to provide 
an instrument integrating the total power 
flux density of any number of radiations 
of arbitrary polarization and direction of 
propagation in the frequency range 400 
MHz to 40 GHz. Such omnidirectional 
devices have been employed in the past 
but they were found to be frequency
sensitive and possess unacceptably long 
time constants for field use. The bolo
meter consists of a pair of thin-walled 
air-filled silica spheres mounted in close 
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proximity in a radome. One of the spheres 
is coated with a thin-film resistive material 
which is heated by the displacement cur
rents caused by the incident radiations. 
The ensuing expansion of the air in the 
sphere is conveyed by a capillary tube to 
one side of a differential pressure trans
ducer. The second sphere, which is used 
for ambient temperature compensation, is 
connected by a similar tube to the other 
side of the transducer. The radome is 
constructed from materials that are trans
parent to radio-frequencies but opaque to 
infra-red. It also screens the spheres 
from draughts which would otherwise 
disturb their thermal balance. The pres
sure transducer comprises a thin, metal
lized diaphragm located between two fixed 
electrodes. The two capacitances form 
equal ratio arms of a special transformer 
ratio bridge circuit in which the out-of
balance voltage is directly proportional 
to diaphragm displacement and thus in
dicates a linear pressure change in the 
coated sphere which is linearly related to 
the temperature rise which is in tum 
linearily related to the power absorbed. 
The thermal time constant of the coated 
sphere is governed mainly by the thermal 
capacity of the silica substrate and is in 
the order of 8 seconds for 63 per cent of 
the final temperature. An electronic dif
ferentiating circuit in the instrumentation 
reduces this to less .than one second. 

The greater part of the research under
taken was devoted to determining the 
optimum diameter and substrate material 
for the sphere as well as the surface 
resistivity of the absorbing coating for 
maximum bandwidth and adequate sensi
tivity to measure field strengths in the 
range 1-30 mW.cm-2 • The optimum 
parameters were determined experimental
ly in an anechoic chamber by means of 
standard intensity electromagnetic fields 
at eight frequencies in the range 400 
MHz to 40 GHz. Since this work was 
completed a mathematical solution has 
been found for the absorption coefficient 
of a thin-film resistive spherical shell for 
a range of surface resistivities from 100 
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to 50,000 ohms and a wavelength to 
sphere radius range of from 0.2 to 1000. 
Good agreement was found between the 
experimental data and the theoretical 
curves. 

J. Bilbrough (Microwave Instruments 
Ltd.) gave an account of a radiation 
monitor designed for use at 2450 MHz 
employing thermistors connected in a 
battery-operated bridge circuit and mount
ed in a short section of circular wave
guide. Crossed temperature-compensating 
thermistors were used to prevent polariza
tion effects. 

H. Rechen, D. Remark, D. Solem and 
R. Crawford (National Centre of Radio
logical Health, Washington, D.C.) de
scribed the measurement of electro
magnetic radiation fields near microwave 
ovens. A microwave oven from each of 
five different manufacturers was tested in 
an anechoic microwave chamber to deter
mine the electromagnetic radiation ex
posures which would be encountered if 
safety devices failed. Power densities 
greater than 700 mW.cm-2 at 30 cm 
were measured in front of an overt with 
the door open. In some cases it was 
possible to obtain power density readings 
of lOmW.cm-2 at 120 cm from the ovens. 

The safety interlock switches were 
examined to determine the type of opera
tion and how they could be defeated. In 
all cases except one, the operation of 
the safety interlocks relied solely on 
spring-powered switches to prevent the 
generation of microwaves when the oven 
doors were opened. In one case, a safety 
interlock was used which utilized the 
positive action of the operation of a 
door latch. In one oven it · was possible 
for a person to manipulate the interlock 
system without tools to permit the genera
tion of microwave power with the door 
open. A failure of the door microwave 
energy seal was simulated for each oven, 
and the resulting microwave radiation 
linkage was observed. 

It was concluded that a real operator 
hazard exists because of the interlock 
design and lack of indication that micro-
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wave energy is being produced by the 
oven. 

C. E. Tibbs (Dysona Industries Ltd.) 
gave an account of the safeguards which 
ensure that microwave cooking ovens 
comply throughout life with the safety 
radiation limits. Between 150 kHz and 1 
GHz, all quantity-produced British and 
continental microwave ovens comply with 
the CISPR interference recommendations, 
whilst above 1000 MHz they comply 
with the German interference radiation 
laws. Interference radiation measurements 
are given for a typical microwave oven 
complying with these limits over the 
frequency range up to 5 GHz. 

Ovens complying with these limits 
do not cause interference with radio, 
TV, microwave links, or radar. Radio
astronomy telescopes operating on the 
second harmonic of the 2450-MHz ISM 
band will suffer interference when beam
ed onto nearby microwave ovens. No 
other service is, however, remotely as 
sensitive as radio-astronomy telescopes. 

Although communication authorities 
place no limit on radiation within the 
allocated ISM microwave operating bands, 
most countries stipulate that human 
beings must not be exposed to microwave 
radiation exceeding 10 mW.cm-2• 

A method of radiation measurement 
in the immediate vicinity of a microwave 
oven casing was described. In produc
tion, ovens with leakage exceeding 1 
mW.cm-2 are rejected. For ovens certi
fied as meeting the German interference 
radiation limits it is virtually impossible 
for significant power leakage to occur 
anywhere other than at the oven door. 
As all sprung contact door seals are 
suspect, no quantity-produced British or 
continental microwave ovens use this 
type of seal. All quantity-produced 
British ovens use a door seal including a 
microwave choke and radiation-absorbent 
material. This arrangment permits sub
stantial tolerance on the door without any 
danger of safety limits being exceeded. 

The sliding microwave oven door 
permits extremely wide tolerance on door 
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switch location, thus ensuring that radia
tion remains well below the accepted 
limit, even after long periods of rough 
usage. Provision is made on all quantity
produced British ovens, that even if 
the main power contactor should, for 
example, weld in, the oven door will not 
open without cutting off the microwave 
power. A completely independent trip 
circuit operates well before the safety 
limit is reached, making it impossible for 
the user to continue operation until a 
service engineer has investigated the 
oven. 

Professor V. S. Griffiths, Dr. D. S. 
Allam (University of Surrey) and K. 
Fletcher (Wayne Kerr Ltd.) reported on 
their survey of some microwave installa
tions. Leakage patterns radiating from 
ovens designed for use in the catering 
industry were measured and these were 
found to be related to the mechanical 
design of the doors and the time interval 
of the interlock mechanism. A high-power 
(30 kW) newspaper colour printing in
stallation was also examined. The type 
of monitor used employed a helical aerial 
which accepts radiation in any angle of 
plane polarization and is suitable for 
monitoring most patterns of radiation 
propagated from slits in the screens or 
casing of microwave apparatus. A method 
for providing system checking with an 
automatic alarm facility was described. 

J. Bilbrough (Microwave Instruments 
Ltd.) compared normal methods of 
sterilization with the effect of microwave 
processing. A number of design features 
of suitable equipment were described 
with particular reference to the prevention 
of stray radiation. 

R. Constable (Eden Fisher and Hirst 
(Microwave) Limited) traced recent 
developments in microwave applications 
including microwave ovens, moisture con
tent determinations, continual process 
heating, newsprint drying, food steriliza
tion, and rubber vulcanization. 

Professor H. Schwan (University of 
Pennsylvania) introduced the second day 
with a survey of the effects of microwave 
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radiation on tissue. Effects can be divided 
into two broad classifications, thermal 
and non-thermal. The thermal effects are 
due to temperature elevation caused by 
the absorption of radiant energy. Non
thermal effects such as the reported sensa
tion of hearing with .pulsed microwaves 
are less easy to explain. The radiation 
protection guide formulated by the Ameri
can Standards Institute distinguishes be
tween strong and weak interactions. 
Strong interactions may be thermal or 
non-thermal and take place at power 
·levels in excess of those implied by the 
radiation protection guide. Weak inter
actions occur at low power levels and 
are usually non-thermal. 

The guide number for long exposure 
( 10 mW .cm-2 for periods of 0.1 hour or 
more) is consistent with a permissible 
and barely noticeably temperature eleva
tion in man under conditions of thermal 
equilibrium, i.e. when the energy uptake 
by absorption of radiation is equal to the 
increased heat loss caused by that tem
perature elevation. For brief exposures, 
however, bodily excess heat loss can be 
neglected and the guide number (1 mW
hour.cm-2 during any 0.1-hour period) 
corresponds to that total energy uptake 
which produces a certain temperature 
elevation somewhat . below that which 
has been recognized to yield testicular 
and ocular damage. Since the guide 
numbers are based on thermal considera
tions, they depend upon environmental 
factors such as humidity, clothing and 
temperature. They also depend upon 
radiation absorption characteristics and 
frequency. 

The dielectric constants and conduc
tivities of many tissues have been measur
ed. These include high-water content 
tissues such as muscle, kidney, lung and 
low-water-content tissues such as bone 
and fat. In addition, skin, the fluids and 
lens of the eye, bone marrow, blood 
corpuscles, serum and brain matter have 
all been studied. Given the solid and 
water content of any tissue, it is possible 
to predict the electrical properties over 
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a range of frequencies. The water is 
solely responsible for the frequency de
pendence. Tissues with high water content 
have fairly high dielectric constants and 
losses, and those for tissues with low 
water content are in general one order 
of magnitude lower. 

Absorption and reflection coefficients 
can be calculated from the electrical 
properties. However, the mode of pene
tration of electromagnetic radiation into 
tissues is complex. A layer of fat can 
act as an impedance-matching device and 
so increase the energy adsorption. The 
depth of penetration in tissues of low 
water content is about five times greater 
than in tissues of high water content. 

Non-thermal effects including pearl 
chain formation, denaturation of macro
molecules, and radio-frequency hearing 
appear to be caused by field-induced 
forces. 

Although considerable progress has 
been made in the understanding of the 
effects of microwaves on biological sys
tems, much remains to be done. For 
example, how should radiation protection 
guide numbers be modified to account 
for the influence of environmental fac
tors? What standards of safe exposure 
should be used to account for complexi
ties in near fields? What are the practical 
applications of weak field interactions? 

Dr. E. Grant (Queen Elizabeth Col
lege, London) continued to elaborate on 
the importance of the dielectric para
meters. The degree of biological damage 
sustained when a living organism is ex
posed to microwave radiation is related 
to the amount of energy absorbed which, 
in turn, depends directly on the complex 
permittivity of the tissue constituents. 
Since the body is about 70 per cent water, 
it is clear that a study of microwave 
absorption in water and in solutions simu
lating body fluids gives a reliable guide 
as to what will happen in the body. The 
complex permittivity ( or dielectric con
stant) of water and several of the import
ant biological macromolecules were dis
cussed, and the relationship between 
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permittivity and both reflection coefficient 
and absorption coefficient were explained. 

J. C. Lawrence (Medical Research 
Council, Birmingham) described the effect 
of pulsed microwaves at an X-band fre
quency on skin metabolism. In recent 
experiments slices of guinea-pig skin were 
exposed to a continuous X-band fre
quency to discover what effect this radia
tion might have on various aspects of skin 
metabolism. Respiration, incorporation of 
phosphate into cell components, and bio
synthesis of intercellular materials were 
altered after irradiation and there was a 
relationship between microwave energy 
density and change in metabolic activity. 
The alterations in skin metabolism were 
thought to be caused by heat produced 
within the tissue from absorbed micro
wave energy. 

Much microwave equipment in com
mon use emits pulses of energy rather 
than a continuous output; consequently 
materials irradiated by such a source may 
receive peak power levels considerably in 
excess of mean power. The appropriate 
form of averaging for biological effects 
was in doubt and it was also possible, in 
this circumstance, that effects other than 
those caused by heat could be produced. 
The experiments were repeated using a 
pulsed X-band generator instead of a 
continuous source. 

A description was given of the ap
paratus used to expose skin to a frequency 
of 9.6 GHz with a pulse duration of 0.25 
p.,sec and a repetition frequency of 4 
kHz. This gave a ratio of 1000: 1 of peak 
to mean power. With this apparatus it 
was found that an exposure of 6000 milli
joules/cm2 reduced respiratory activity of 
skin by 50 per cent. Other experiments 
were made to determine the effect of 
pulsed microwave energy on certain 
specific aspects of skin biochemistry, 
especially biosynthesis of intercellular 
materials and specific cell components. 
The histology of skin after exposure to 
microwaves was also investigated. 

D. E. Janes, W. M. Leach, W. A. 
Mills, R. T. Moore and M. L. Shore 
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(National Centre for Radiological Health, 
Washington, D.C.) described their re
search interests in the biological effects 
of microwave radiation. Deleterious bio
logical effects may ensue from exposure 
to microwaves. In the United States no 
microwave exposure standard has been 
established for the general population. 
Currently, a microwave power density of 
10 mW /cm2 is gaining some acceptance 
as a guide for occupational exposure. 
This guide presupposes, by inference, that 
the user knows the power level of his 
equipment, prevailing environmental con
ditions, and the general medical state of 
exposed persons-conditions which may 
not be applicable to the general popu
lation. 

Recently enacted federal legislation 
authorizes the Secretary of Health, 
Education and Welfare to develop pro
grammes that will investigate the biologi
cal effects of radiation from electronic 

. products, and to set population exposure 
standards. Available information is not 
adequate to develop scientifically based 
population exposure standards, although 
it may be used to set interim guides. 

In order to make possible the estab
lishment of scientifically based public 
health standards for microwave exposure, 
additional work is needed in four areas. 
First, it must be determined whether there 
are any harmful microwave effects other 
than those due to the body's temperature 
rise. A systematic investigation of effects 
associated ·with source variables such as 
frequency and peak power is also needed. 
Information is required on the biological 
and environmental factors that modify 
microwave effects, and instrumentation 
for both exposure and dose is needed so 
that meaningful dose-effect data can be 
obtained. Initial research has centred on 
microwave effects of animal survival, cell 
function, and chromosome morphology. 

H. Rechen gave a survey of the recent 
American Public Health Service Act pro
viding for the protection of the public 
health from radiation emissions from 
electronic products. 
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Robert F. Wood (The Franklin Insti
tute Research Laboratories, Philadelphia) 
gave an account of the effect of radio
frequency energy on electroexplosive 
devices. The Franklin Institute Research 
Laboratories is actively engaged in re
search on this topic. An electroexplosive 
device is an explosive component that is 
activated by an electrical current, and in
cludes the ordinary electric blasting cap 
used in blasting operations, detonators 
used in military fuses, and igniters used 
in space vehicles. These devices cannot 
discriminate between the current gene
rated by their normal firing supply and 
any current of similar magnitude induced 
by extraneous radio-frequency energy. 

The number of sources of radio-fre
quency energy has steadily increased for 
the past two decades and there is no in
dication that the trend will taper off. The 
use of mobile communications equipment 
has increased to the point where there is 
practically no place where a transmitter 
cannot be found. This presents a prob
lem to the user of electroexplosive devices 
since there is the possibility that the de
vice will be initiated or degraded by the 
radio-frequency energy radiated from 
these transmitters. 

The Laboratories have developed 
radio-frequency test equipment that can 
deliver known amounts of power to the 
electroexplosive device over the fre
quency range of 0.1 MHz to 33 GHz. 
This power is applied through specially 
developed matching systems such that re
flections are reduced nearly to zero. 
Losses in the matching system and in the 
transmission line to the device are also 
determined so that an accurate deter
mination of the power reaching the de
vice is known. During the past 15 years 
the Laboratories have fired several hun
dred thousand electroexplosive devices, 
and during this time general behaviour 
patterns for EEDs as a function of fre
quency have been established. For 
example, typical wire bridge devices 
exposed to RF in their bridgewire mode 
appear to fire by bridgewire heating

1 
up 
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to 1 GHz. Above 1 GHz other initiation 
phenomena can occur and no specific 
pattern can be observed. In the same fre
quency range with continuous wave sti
muli no marked pins-to-case sensitivity 
is generally observed until frequencies 
below 2 MHz are reached. Typical pins
to-case impedance values below this fre
quency are such as to permit many items 
to be fired with very low values of RF 
power. 

Pulsed radio signals which are fre
quently generated in the frequency range 
above 1 GHz are particularly hazardous to 
electroexplosive devices. On an average 
power basis, initiation has been noted at 
levels as much as 17 dB below the d.c. 
no-fire continuous source level and can 
occur in EEDs which are relatively in
sensitive in normal modes. 

Although such unusual sensitivities are 
to be avoided when possible, most radio
frequency problems occur as a result of 
the wiring connected to the device. These 
wiring circuits can be treated as antennas 
( the type of antenna depends on the con
figuration of the wiring) with the electro-

Microwave Hazards 
Evaluation: Concepts and 
Criteria* 

Sol M. Michaelsont 

• 
•Manuscript received by the Editor March 

21, 1969. IMPI 1969 Symposium Paper DA6, 
May 22, Edmonton. This paper is based on 
work performed under contract with the U.S. 
Atomic Energy Commission at the University 
of Rochester Atomic Energy Project and has 
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explosive device as the termination. Given 
a specified field intensity, a calculation 
can be made of the maximum amount of 
power that the wiring can pick up and 
deliver to the electroexplosive device. 

In a typical application of these prin
ciples, the Franklin Institute has defined 
the hazards radio-frequencies can create 
for the user of commercial blasting caps. 
To help the user determine if it is safe 
to blast in proximity to a transmitter, 
tables of safe distances have been pre
pared for various types of transmitters. 
Safe practices in wiring layout have been 
recommended to help minimize the pick
up of radio-frequency energy. 

The conference was concluded by a 
discussion initiated by Dr. R. Murray 
(Trades Union Congress) on the hazards 
and hazard levels of non-ionizing 
radiation. 

The proceedings of the conference will f 
be published in a new journal entitled 
Non Ionizing Radiation, the first issue of 
which will be launched on 10 June 
1969 by Iliffe Science and Technology 
Publications Ltd., Guildford. 

ABSTRACT 

This presentation is intended to provide 
a basis for evaluating data obtained on 
experimental animals and from surveys 
on humans. Non-thermal effects of micro
waves and comments on the Soviet views 
will also be considered. 

Although we are constantly exposed to 
microwave radiation in our natural en
vironment, the levels are so low as to be 
insignificant from a biological point of 
view. We should become informed, how
ever, in view of the rapid expansion of 

been assigned publication number UR-49-
1071. 

tDepartment of Radiation Biology and Bio
physics, University of Rochester, School of 
Medicine and Dentistry, Rochester, N.Y. 
14620. 
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microwave technology and its widespread 
use in, for example, microwave generators 
for military purposes radio-navigation, 
tracking, communication, food prepara
tion, food and grain processing, and other 
industrial purposes. 

The earliest interest in the possibility 
of the existence of hazards from micro
wave exposure appears to have arisen 
during the second world war. The ques
tion was raised then whether exposure to 
microwaves from radar equipment might 
be hazardous. It was concluded that be
cause of the limited power output of the 
radar equipment available at that time, 
there was no need for concern, providing 
intelligent caution was exercised. During 
this period, however, there were a few 
incidents of overexposure to radio-fre
quency radiation ( amounting to quanti
ties as great as 1.5 watts/cm2 causing 
injury to military personnel. 

Knowledge regarding human exposure 
to microwaves has usually been obtained 
retrospectively. The data obtained for 
man have been developed from micro
wave exposure situations where the 
amount of the body exposed, field inten
sities, and duration of exposure could not 
be accurately determined. 

The recent enactment in the United 
States of America of the "Radiation 
Control for Health and Safety Act of 
1968" has evoked renewed interest in 
safety "Standards" for microwave ex
posure. Standards first recommended in 
1953 and subsequently adopted have 
been maintained with slight modification 
to this date. The adequacy of the origi
nally proposed standard, namely 10 
mW /cm2, has been questioned from time 
to time, but in the past 15 years, there 
has been little reason to require modi
fication of this standard either upwards or 
downwards. Today, however, the suffi
ciency of the currently accepted standards 
has been brought into sharp focus in an 
attempt to protect the public against pos
sible health hazards from equipment that 
may emanate electromagnetic radiation 
and to establish specific requirements for 

manufacturers of electronic products 
without undue restriction. 

In discussing hazards from microwaves 
or any other physical, chemical, or bio
logic agent, one must define what is 
meant by hazards, recognize known and 
substantiated biologic response, and dif
ferentiate between physiologic adjust
ments and pathophysiologic decrements. 
One must separate fact from speculation. 

To provide adequate protection to the 
public and the manufacturers of elec
tronic products, critical analysis of the 
concepts and criteria to be used in the 
promulgation of safety standards is 
required. The information on microwave 
effects now available must be examined 
in .the light of a precise definition of 
hazard. We must learn to identify micro
wave-induced damage clearly and to relate 
it to possible social implications. 

Quantitation of the biological response 
to microwaves is a complex problem 
because of the wide frequency spectrum, 
the large number of physical and bio
logical variables, and the interrelation
ships of these variables. The factors which 
have to be considered include the fre
quency, intensity, waveform ( continuous 
wave, pulsed, and modulation), anatomi
cal configuration of the body and its 
orientation with respect to the source, 
portion of the body irradiated, exposure 
time-intensity factors, environmental con
ditions (temperature, humidity, and air 
circulation rate), and shielding. The con
dition of the subject, such as his state of 
health or previous or concomitant medi
cation, has to be considered. In evaluat
ing animal experiments, in addition to the 
above factors, the species used, its com
parative relation to man, and the size of 
the animal relative to the wavelength of 
radiation have to be taken into account. 

Since microwaves in the millimeter 
range tend to penetrate only a few milli
meters into the body, while radiation of 
longer wavelength penetrates progres
sively deeper, smaller -animals may be 
more susceptible to a specific wavelength 
than larger animals, because the internal 
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structures are closer to the body surface. 
This would produce discrepancies in any 
comparative evaluation. The inherent 
thermal regulation ability of the animal is 
also a factor in such biological responses. 

These variables, individually and in 
combination, affect the biological response 
to microwaves. An effect observed at a 
particular frequency should not be attri
buted to the frequency alone without con
sideration of the many variables noted 
above and their interrelationships. The 
effects are dependent on the interaction 
of the multiple variables described. The 
response of the subject is the result of the 
integration of all these factors as well as 
the physiologic status of the individual. 

To · establish maximum permissible 
levels for human exposure to microwaves 
the necessary. concepts and criteria which 
apply to the entire spectrum of micro
wave radiation must be developed. The 
decision as to how much risk is accept
able is a difficult one and depends on 
many factors: biological, engineering, and 
operational. This requires biomedical in
vestigation of specific effects, engineering 
studies of the characteristics of the equip
ment, field surveys of power levels actu
ally encountered, and development work 
on means of protection where necessary. 

In the development of standards for the 
maximum permissible exposure (MPE), 
biophysical factors in relation to func
tional responses of the body have to be 
included. In the United States in the 
absence of accepted non-thermal evidence, 
only thermal factors have been incor
porated in the standards for MPE. These 
are based on the following concepts. An 
approximate limit of power density can be 
estimated when only gross volume heating 
of the body is considered ( 11, 13) . The 
steady-state temperature elevation de
pends on the ratio of the part of the body 
surface irradiated to the total body sur
face and will increase in proportion to the 
area of irradiation. A power density of 
about 300 mW /cm2 results in a tempera
ture rise of more than 1 ° C if the area 
irradiated is larger than 100 cm2 and is 
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irradiated for more than just a few 
minutes. 

In 19 5 3, Schwan and Li (11 ) recom
mended that microwave radiation of 10 
mW /cm2 be accepted as a tolerance dose. 
Data on animal exposures indicated that 
an exposµre to a power density of ap
proximately 100 mW /cm2 was required 
to produce any effect of biological signi
ficance such as hyperthemia or damage to 
the eyes or testes. Because of the possi
bility of unknown interacting variables, a 
safety factor of 10 was included in the 
proposed safe exposure level. On this 
basis a maximum safe exposure level of 
10 mW /cm2 was promulgated. This level 
was to be understood in terms of the 
ambient energy level without reference to 
frequency, duration of exposure, environ
mental conditions, or physiologic status 
of the individual. 

Schwan and Li ( 12) have suggested 
the use of a frequency-dependent MPE: 
30 mW /cm2 for frequencies below 1000 
MHz, 10 mW /cm2 for frequencies be
tween 1000 and 3000 MHz, and 20 
mW /cm2 for frequencies greater than 
3000 MHz. Ely, Goldman, et al. ( 4) 
have designated critical organs in their 
consideration of the MPE: 150 mW /cm2 

for the eyes and 5 mW/ cm2 as the thres
hold for testicular damage at 3000 MHz. 
It should be pointed out that these latter 
designations are based on experiments 
with animals that were premedicated so 
that thermal regulation could be impaired. 

If 10 mW /cm2 for long time exposure 
and 100 mW /hour cni2 for short expo
sures are not to be exceeded in total body 
exposure, the following tolerance levels 
for specific frequency ranges can be . 
inferred ( 12) : 

(a) For microwave frequencies below 
500 MHz with a coefficient of absorption 
of about 30 to 40 per cent, true deep 
heating is possible. An incident energy 
flux of less than 30 mW /cm2 can prob
ably be tolerated. 

(b) For frequencies from 1000 to 3000 
MHz with possibly complete absorption 
by skin, subcutaneous fat, and deep 
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tissues, 10 mW /cm2 may also be con
sidered tolerable. 

( c) For frequencies in excess of 3000 
MHz which are absorbed on the surface · 
of the body with a coefficient of absorp
tion of airborne energy of 40 to 50 per 
cent and excellent heat dissipation from 
the surface, a power density level of 
20 mW /cm2 should be tolerable. 

The Soviet levels for MPE are at least 
an order of magnitude less than those of 
the United States. In the USSR the maxi
mum levels of high-frequency radiation 
permitted for radar personnel are: (a) 
not more than 0.01 mW /cm2 over an 
entire working day, (b) not more than 
0.1 mW /cm2 for more than two hours 
during a working day (protective goggles 
required), ( c) not mor~ than 1.0 mW/ 
cm2 for not more than 15-20 minutes 
during a working day (protective goggles 
required) (5, 6, 8, 9). 

Such lower MPE levels no doubt arise 
from a consideration of the vague 
"asthenia" syndromes reported in indivi- · 
duals working in RF fields (2, 3, 7) and 
the apparent non-thermal effects seen in 
animal studies ( 1) .· It should be noted, 
however, that confirmatory data to sup
port these lower levels are not available 
outside of the USSR. 

The United States of America Stan
dards Institute recommended in 1966 
(15): "For normal environmental condi
tions and for incident electromagnetic 
energy of frequencies from 10 to 100,000 
MHz the radiation protection guide is 
10 mW/cm2 as averaged over any poss
ible 0.1 hour period." It also recom
mended a power density of 10 mW /cm2 

for periods of 0.1 hour of more and an 
energy density of 1 mWh/cm2 during any 
0.1-hour period. This guide applies 
whether the radiation is continuous or in
termittent. In the case of pulsed fields, 
the radiation should be averaged over 
complete trains of pulses, including in
tervals between pulse trains. 

In other words, if an individual is ex
posed for 0 .1 hour ( 6 minutes) during 
a 1-hour period, he may receive 10 

mW /cm2; if he is exposed for 0.01 hour 
(36 seconds) during a 1-hour period, he 
may receive 100 mW /cm2• For periods of 
0.1 hour or more the level is 10 mW /cm2• 

These recommendations are qualified 
as follows. Body temperature depends in 
part on sources of heat input such as 
electromagnetic radiation, physical labor, 
and high ambient temperature and on 
heat dissipation capability as affected by 
clothing, humidity, etc. People who suffer 
from circulatory difficulties and certain 
other ailments are more vulnerable. The 
power levels established by the radiation 
guide numbers are related in a compli
cated way to power levels at which 
damage occurs. The guide numbers are 
appropriate for moderate environments. 
Under conditions of moderate to severe 
heat stress the guide number given should 
be appropriately reduced. Under condi
tions of intense cold, higher guide num
bers may also be appropriate after care
ful consideration is given to the individual 
situation. These formulated recommenda
tions pertain to both whole-body irra
diation and partial-body irradiation. 
Partial-body irradiation must be included 
since it has been shown that some parts 
of the body ( e.g. the eyes and testes) 
may be harmed if exposed to incident 
radiation levels significantly in excess of 
the recommended levels. 

Extrapolation of these standards by the 
United States Army and Air Force (14) 
provides the following specifications: 
Exposure of personnel within a limited 
occupancy area is permitted only for the 
length of time given by the following 
equation: 

Tp = 6000/W2 

where Tv is the permissible time of expo
sure in minutes during any 1-hour period 
and W is the power density in the area 
to be occupied in mW /cm2• 

It should be noted that the USA Stan
dards Institute specified no upper limit 
for power density 'whereas the military 
standards prohibit any exposure over 100 
mW /cm2• For a single discrete exposure, 
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the USASI would be more conservative for 
levels below 100 mW /cm2 and less con
servative for levels above 100 mW /cm2 

where the military permit no exposure 
at all. The two are in agreement at 
100.mW /cm2 and diverge most at 6 
minutes, where the exposure allowed by 
the USASI is 10 mW /cm2 and that by the 
military is 32 mW /cm2 • Since it is not 
feasible to control limited exposures of 
less than 2 minutes, these criteria are not 
appropriate for intensities over 54-5 
mW /cm2 by either USASI or military 
standards. 

The differences between these various 
recommendations are relatively minor, 
but the recommendations have not as yet 
been unified into any single standard. In 
emergency situations where the recom
mended limits must be exceeded for 
emergency operations, the use of a micro
wave absorbing suit has been suggested 
by Rutkowski and Christianson ( 10) . 

These recommendations can be critized 
because the biologic response, in relation 
to injury, to the interacting variables such 
as frequency, power level, duration of 
exposure, ambient temperature, or the 
effect of the orientation of the subject in 
the field has not been considered. Suffi
cient factual data are not available to 
date to establish a comprehensive safe 
level for microwave exposure to encom
pass all these factors. 

From the accumulated experimental 
data it becomes clear that each animal 
species differs in terms of its relative 
sensitivity to microwave radiation. Al
though data from animal experiments 
provide useful guidelines, extrapolation to 
man must be done with extreme caution. 
To provide meaningful data from bio
medical investigations on animals main
tained in a real working situation would 
require a careful and intelligent experi
mental design. Appropriate animal selec
tion based on the attributes of specific 
animal species and collaboration with 
microwave engineers to work out the field 
characteristics are extremely important 
aspects of such a design. 
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The development of adequate and 
operable standards requires intelligent 
evaluation of information obtained from 
animal experiments and surveys of indi
viduals exposed either occupationally or 
while engaged in military activity. The 
criteria to be used in evaluating experi
mental results of microwave exposure and 
the interacting variables in such an 
assessment must be considered. Since 
there is such a clear-cut dichotomy in the 
criteria used in the USA and the USSR, 
these have to be understood and 
evaluated. 

The question of possible genetic and 
neurological effects from "low-level" 
microwave exposure and the resolution of 
the controversy concerning thermal, non
thermal, and microthermal effects are 
extremely important in the development 
of a realistic MPE and to avoid placing 
undue restrictions on manufacturers and 
the military. 

The present standards, while a signi
ficant step forward, are only a beginning 
in the gradual evolution of a set of stan
dards which will cover all circumstances 
of practical interest. The available stan
dards should be made more precise for 
complex field configurations, which may 
arise when several beams cross, when re
flections take place, and in the near field 
of antennas. 

With the increasing development of 
powerful microwave transmitters for 
military, communications, and industrial 
purposes and the possibility of the wide
spread use of microwave household 
appliances, there is an increasing need to 
improve upon our knowledge of micro
wave effects. If the standards are set too 
conservatively, undue restrictions in de
velopment and flexibility of operation will 
result; if the standards are set too libe
rally, increased hazardous exposure may 
result. 

References 
1. Dodge, C., "Soviet Research on the 

Neural Effects of Microwaves" (LC
ATD-66-133, Library of Congress, 



MICHAELSON: MICROWAVE HAZARDS EVALUATION 119 

Aerospace Technology Division, Wash
ington, D.C., 1966). 

2. Drogichina, E. A. Konchalovskaya, 
N. M., Glotova, K. V., Sadchikova, 
M. N., and Snegova, G. V. "Autonomic 
and Cardio-vascular Disorders during 
Chronic Exposure to Super-High Fre
quency Electromagnetic Fields" (LC
ATD-66-124, Library of Congress, 
Aerospace Technology Division, Wash
ington, D.C.). Trans. Gigiyena Truda 
i Professional 'nye Zabolevaniya, 10 
(1966), 13. 

3. Drogichina, E. A., and Sadchikova, 
M. N., "Clinical Syndromes Arising 
under the Effect of Various Radio Fre
quency Bands," Trans. Gigiyena Truda 
i Professional 'nye Zabolevaniya, 9 
(1965), 17. JPRS 29694 (Joint Publi
cations Research Service, Washington, 
D.C.). 

4. Ely, T. S., Goldman, D. E., Hearon, 
J. Z., Williams, R. B., and Carpenter, 
H. M., "Heating Characteristics of 
Laboratory Animals Exposed to Ten
Centimeter Microwaves," Res. Rep. 
Proj. NM 001 056.13.02 (Naval Med. 
Res. inst., Nat. Naval Med. Center, 
Bethesda, Md., 1957). 

5. Gordon, Z. V., ''Hygienic Evaluation of 
the Working Conditions of Workers 
with UHF Generators," in The Bio
logical Action of Ultrahigh Frequencies, 
ed. A. A. Letavet and Z. V. Gordon 
(Acad. Med. Sci. (Moscow), 1960), 
22-25. (JPRS 12471). 

6. Krylov, V. A., and Solovey, A. P., 
"Safety Measures Recommended for 
Work on Radio-frequency Generator 
Installations," Gosudarstvennoye Nau
chno-Tekhnicheskoye lzdatel 'stvo, Obo
rongiz (Moscow), 3-17. FTD-TT 62-
339 (Wright Patterson Air Force Base, 
Ohio, 1961). 

7. Osipov, Yu. A., "The Health of Workers 
Exposed to Radio-frequency Radiation," 

in Gigiyena Truda i Vliyaniye na Ra
botayuschikh Electromagnithykj Poley 
Radiochastot (Occupational Hygiene 
and the Effect of Radio-Frequency 
Electromagnetic Fields on Workers) 
(Med. Publ. House, Leningrad, 1965), 
104-144. 

8. Presman, A. S., "Temporary Sanitation 
Rules when Working on cm-Wave 
Generators," Hygiene and Sanitation 
(USSR), 1, 21. Cited in The Biological 
Action of Ultrahigh Frequencies, ed. 
A. A. Letavet and Z. V. Gordon (Acad. 
Med. Sci. (Moscow), 1958; JPRS 
12471). 

9. --- "Problems of the Mechanism of 
the Biological Effect of Microwaves, 
U spekhi Sovremennoy Biologii (USSR), 

5, 161. ATD P 65-68 (Libr. Congr., 
Washington, D.C., 1963). 

10. Rutkowski, A., and Christianson, C., 
"Development of RAD HAZ Suit and 
RF Measuring Techniques," NASL-
9400-20-1 (U.S. Naval Applied Science 
Laboratory, Naval Base, Brooklyn, 
N.Y., 1965). 

11. Schwan, H. P., and Li, K., "Capacity 
and Conductivity of Body Tissues at 
Ultrahigh Frequencies," Proc. IRE, 41 
(1953), 1735. 

12. ---"Variations between Measured 
and Biologically Effective Microwave 
Diathermy Dosage," Arch. Phys. Med. 
36 (1955), 363. 

13. ---"Hazards Due to Total Body 
Irradiation by Radar," Proc. IRE, 44 
(1956), 1572. 

14. U.S. Army, U.S. Air Force, "Control of 
Hazards to Health from Microwave 
Radiation," AFM-161-7 (TB-MED-270/ 
AFM-161-7) (Washington, D.C., 1965). 

15. U.S.A. Standards Institute, "Safety 
Level of Electromagnetic Radiation 
with Respect to Personnel," USAS-95 
(Washington, D.C., 1966). 



Summaries 

The 1969 Symposium summaries are 
available from IMPI ( quantity is limited). 
Distributed to the attendees, this book was 
produced by the University of Waterloo. 
We are pleased to make the following 
addition to the published summaries. 
B5 A Microwave Apparatus for Rapid 
Heating of Threadlines, by H. F. HUANG, 
E. I. du Pont de Nemours & Co., Inc., 
Engineering Physics Laboratory, Experi
mental Station, Wilmington, Delaware 
19898 

Abstract. A resonant-cavity type micro
wave system for rapid heating of polymeric 
threadlines has been developed. The basic 
design considerations which led to the reli
able operation of this heater are presented 
in this paper. 

Summary. A resonant-cavity type micro
wave heater has been developed by the E. I. 
du Pont de Nemours & Co., Inc. Powered 
with a 2-kW magnetron, this heater gene
rates an electric field intensity strong enough 

· to heat several polymeric threadlines at a 
rate of several thousand degrees centigrade 
per second. This paper discusses the basic 
design considerations which led to the reli
able operation of this heater. 

Exposure Reference Chart 
and Notes on Instruments 

The Editor 

Dr. Michaelson has given a detailed re
view of the hazards and standards. For 
quick reference, the illustration below 
summarizes the criteria used in Russia 
and the United States. It should be noted 
that there is a recommended energy den
sity limitation at the higher level for the 
U.S. curve, and Mumford* has presented 

•w. W. Mumford, "Heat Stress due to RF 
Radiation," Proc. IEEE, 57, 2 (1969), 171-8. 
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The basic system components of this 
heater are a magnetron microwave source, a 
decoupling network between the magnetron 
and the energy applicator, and a resonant
cavity type energy applicator. 

Keys to the design of an efficient appli
cator are selection of a controllable resonant 
mode, sufficient separation between adjacent 
modes, provision for ready insertion of the 
threadlines, and means for easy tuning of 
the resonant frequency. 

Proper lock-in of the magnetron oscilla
tion frequency to the resonant frequency of 
the energy applicator is necessary to main
tain a stable electric field strength. The de
coupling network is designed to obtain the 
necessary frequency lock-in range as well as 
to protect the magnetron from being dam
aged by excessive power reflection from the 
energy applicator during the start-up. 

Our analysis shows that the frequency 
lock-in range is improved by using a larger 
waveguide size, a shorter line length, and a 
properly chosen isolation value in the de
coupling network. 

Using these concepts, a resonant-cavity 
type microwave heater has been constructed. 
The half-power frequency lock-in range of 
this heater was measured to be about 8 MHz. 
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THE EDITOR: EXPOSURE REFERENCE CHART 

evidence to indicate that a derate factor 
should be applied for long-term exposures 
above normal ambient temperature. 

We are soliciting contributions to the 
Journal on topics relating to both bio
logical effects and biological hazards. In 
the 1968 Directory of Servicest we began 

tAvailable from IMP! free of charge. The 
Editor will provide members with information 
on power density instruments or refer enquiries 
to members working on their evaluation. 

tinformation supplied by H. T. Lowell, Divi
sion Manager, Southfield Electronics, 21250 

TYPE RAD 100 - PORTABLE RADAR RADIATION 
HAZARD MONITOR 

Control Unit 
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listing instruments for power density 
measurement. In a following paper Paul 
Crapuchettes will discuss factors involved 
in the design and use of these instruments. 
As an illustration of new developments in 
this area, instruments made by South
field Electronics! are shown here. 

10½ Mile Rd., Southfield, Mich. 48075 (313-
352-2627). Prices indicated are as follows: 
RADl00, $2500; RAD200 $450; RAD400, 
$300; and RAD3400, $3200 F.O.B. Southfield. 
Manufacturer: Wayne Kerr. 

TYPE RAD 200 - PORTABLE INDUSTRIAL 
RADIATION HAZARD MONITOR 

Monitor Unit 

TYPE RAD 3400 - AUTOMATIC INDUSTRIAL RADIATION HAZARD MONITOR SYSTEM 
FOR PERMANENT INSTALLATION 



The Effects of Microwaves 
on Birds: Preliminary 
Experiments* 

J. A. Tanner,t C. Romero-Sierra,t 
and S. J. Daviet 

• 
ABSTRACT 

The escape reaction of birds exposed to 
a microwave field of average intensity 45 
mW /cm2 is explored to determine the 
underlying physiological mechanisms and 
their relationship to the field parameters. 

Introduction 
Since the early days of radar in the second 
world war observations have occasionally 
appeared in the literature (1) of birds be
coming disoriented and confused when 
they intercepted a radar beam. A scru
tiny of these reports revealed that in each 
case the microwave field through which 
the birds were flying was of very low in
tensity, too low for the disorientation to 
be explained in terms of thermal effects 
produced in the organism by the conver
sion of microwave energy to heat. It is 
evident that the behavioural response was 
due to non-thermal interaction. 

Alternating electromagnetic fields im
pinging on tissues and cells produce many 
effects both thermal and non-thermal. 
Non-thermal effects include electric cur
rents, piezoelectric and biochemical 
effects, and molecular effects, all of which 

*Manuscript received April 20, 1969; with 
additions May 22, IMPI 1969 Symposium Paper 
DA3, May 22, Edmonton. 

tControl Systems Laboratory, Division of 
Mechanical Engineering, National Research 
Council, Ottawa 7, Ontario. This work has been 
partially supported by NRC Grant 2467. 

tNeuro-anatomy Section, Department of 
Anatomy, Queen's University, Kingston, 
Ontario. 
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could affect cell biology. The full extent 
of interaction is shown in schematic form 
in Figure 1 with emphasis on the micro
wave frequency range (2). Identification 
of the individual physiological mecha
nisms underlying the disorientation or 
escape behaviour is a very complex prob
lem but one that when solved may lead 
ultimately to the application of micro
waves for controlling birds (3, 4, 5). Im
mediate and urgent areas of application 
exist at airports and in commercial flight 
lanes where birds constitute a serious col
lision hazard to aircraft. This paper de
scribes • tests conducted in the laboratory 
to determine the range of behavioural 
responses and their dependence on the 
microwave field parameters. 

Materials and Methods 
The animals used in the experiments were 
domestic fowl (10-day old chicks and 
adult hens and cocks), pigeons, and sea-:
gulls. The general pattern for the radia
tion tests was as follows. A bird to be 
tested was placed in a wooden cage above 
which was mounted a horn antenna. 
There was sufficient floor area for the bird 
to move around and yet remain within 
the central beam of the antenna as shown 
in Figure 2. Provision was also made in 
the construction for the antenna to be 
mounted at the side of the cage for hori
zontal radiation, and underneath the cage 
for radiation vertically upward. The ar
rangement of the microwave circuit is 
shown in the figure. 

Microwave-absorbent material was 
packed around the cage to minimize re
flection effects and to reduce radiation 
leakage to the surrounding area. Field
intensity measurements were conducted 
in the empty cage using a probe specially 
constructed for the purpose. It should be 
noted that a bird introduces field distor
tion because of its electrically conductive 
tissue. Since the birds are close to the 
radiating horn and are in a region in 
which reflections and standing wave pat
terns can occur, the .simple power rela
tionships for the far-field pattern of the 
horn cannot reliably be used. 
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The measuring probe consisted of a 
short length of waveguide mounted on _a 
waveguide-to-coaxial adaptor. A thermi
stor mount was used to measure the 
microwave power. The unit was mounted 
in an Eccosorb collar and attached to a 
long wooden pole to facilitate positioning 
in the field. Calibration of the probe 
against a standard horn was perf or1?ed by 
the Antenna Section of the Radio and 
Electrical Engineering Division of the 
National Research Council of Canada. 
Power readings were taken on the cage 
floor with the probe oriented with its H_
plane parallel to the H-plane of the radi-
~~ hma ... 

The experiments descnbed m sections 
1 to 4 of Experimental Findings below 
were conducted in the laboratory during 
the summer period. Laboratory tempera
ture ranged between 70°F and 80°F. 
Care was taken to minimize disturbance 
to the birds during transfer from one cage 
to the other. 

Microwave Generators 
Both pulsed and continuous-wave micro
wave generators were used in the tests. 
Details of the generators are as follows: 

1. Frequency 16 GHz (Ku-band) 
Pulse rate 8400 pps 
Pulse width 0.20 µsec 
Peak power 65 kW 
Average power 107 W 

2. Frequency 9.29 GHz (X-band) 
Pulse rate 416 pps 
Pulse width 2.35 µsec 
Peak power 94 kW 
Average power 9 .0 W 
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3. Frequency 3.0 GHz (S-band) 
Continuous wave 
Power 100 W 

4. Infra-red source G.E. Heat Lamp 
Power 250 W 

Experimental Findings 
1. Fowl, Old English Game Chicks 
The Old English Game ( OEG) species 
was chosen because of its inherent 
nervous and aggressive characteristics. 
Tests were initially conducted on 10-day
old chicks exposed to a pulsed 16-GHz 
field. Chicks stimulated on the dorsal 
surface were observed to become weak 
when they entered the microwave field, 
and some collapsed to the floor of the 
cage and remained in that positi~n u~til 
the radiation was switched off. Field m
tensity was set at 20 mW /cm2_ at the fl~or 
of the cage. A state of pantmg was m
duced, which persisted for a short time 
after the field was removed, and the 
chicks became drowsy. Time to collapse 
varied with the orientation of the chick 
in the field but was in the range 5-20 
seconds. No attempt was made to deter
mine sex and it is therefore possible that 
individual differences in the times to col
lapse may be attributable to differences in 
gender. 

2. Fowl, Old English Game and 
Leghorn Adult Birds 
2.1. Dorsally stimulated birds were 

individually exposed to a Ku-band field 
of intensity 45 mW /cm2, referred to a 
height above the floor equivalent to the 
dorsal surface, and observed from the 
onset of radiation. The general pattern 
of behaviour was as follows. At the onset 
of radiation the wing outside the field of 
radiation became collapsed and the oppo
site wing extended. A similar pheno
menon was observed with the legs. The 
chickens inclined their heads so that the 
eye closest to the field of radia!ion w~s 
oriented to the field and the sagittal axlS 
of the head was kept in line with the 
appropriate axis of the body. The bird 
turned down to the outside of the field 
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following this axis of the body. It was 
apparent that in this turning reaction the 
outer side of the animal was paralyzed. 
On reaching the floor of the cage the re
action was manifested by increased ex
tensor reaction of the inner (field) side 
and the head was turned to face the 
centre of the field. 

On occasions this pattern of behaviour 
did not occur and the following observa
tions were made. It seems that some ani
mals present a hyperactive side. When 
,these animals are radiated with the weak 
side facing the centre of the field, they 
rapidly orient themselves to present the 
strong or hyperactive side to the field. 
The previously described behavioural 
pattern then ensues. Some birds are ex
cited at or before the time of radiation 
because of outside influences, for example, 
handling or a change of cage. These ani
mals continue to be excited and at the 
onset of radiation move along the field 
so that one side of the head and body 
will be alternately outside and inside the 
field. Chickens in these conditions either 
reach a terminal state in the experiment 
by remaining quiet for a few seconds 
and then collapsing to the corresponding 
side, or in their agitation initiate flight. 

In all cases there was increased fre
quency of defecation following the onset 
of radiation and the birds that elected to 
initiate flight showed signs of respiratory 
distress manifested by rapid panting. 

A further observation was that the 
cockerels tended to initiate flight whereas 
the hens tended to collapse. 

2.2. Test 2.1 was repeated on a sample 
of twelve birds to determine the relation
ship between time of occurrence of the 
escape reaction and field intensity. Each 
bird was subjected to Ku-band radiation 
of increasing intensity starting first with 
the highest level, viz. 45 mW /cm2• The 
reaction time in this case was the time 
elapsed up to the first sign of wing ex
tension. A single time reading was taken 
at each step down to the lowest intensity 
level of 5 mW /cm2• The results are 
plotted in Figure 3. The lo- points are 

shown. Superimposed for comparison are 
curves of constant energy 350 mW-sec 
and 150 mW-sec. 

2.3. A further test was conducted with 
the OEGs to measure the time to reac
tion when exposed repeatedly to a micro
wave field of constant intensity. The same 
cage and antenna arrangement was used 
as with dorsal stimulation. When, follow
ing the onset of radiation, the bird mani
fested the extended wing reaction, radia
tion was immediately switched off. After 
a period of 2 minutes the time to reaction 
was again noted. Two hens were tested in 
this way, and the results are shown 
plotted in Figures 4 and 5. Lines of con
stant time corresponding to the energy 
levels 350 mW-sec and 150 mW-sec are 
also plotted. The test was repeated on the 
second bird after a 2-hour rest period, 
and the results are shown superimposed 
on Figure 5. In each case the response 
time decreases over the first three or four 
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FIGS. 4 and 5. Effect of repeated exposure. 

trials and thereafter increases to a value 
exceeding twice the initial value. 

2.4. Test 2.1 was repeated with pulsed 
X-band microwaves. The observed be
havioural responses were identical but 
occurred generally after a period twice 
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the corresponding exposure time in the 
Ku-band. Adult Leghorns were tested but 
showed no significant difference from the 
Old English Games. 

2.5. Dorsal stimulation was conducted 
on six OEGs using CW radiation in the 
X-band. At a level of approximately 60 
mW /cm2 at the dorsal surface the reaction 
of each bird was to ruffle feathers and 
move around the cage. The typical flank
ing response was observed in four of the 
birds after a period of 2 minutes. Agita
tion and panting characterized the re
sponse of the remaining two birds, but 
there was no sign of collapse. 

2.6. Test 2.5 was repeated using an 
infra-red generator. The intensity level 
was adjusted to 100 mW /cm2 at the 
dorsal surface. Two OEGs were tested 
and neither bird showed any agitation or 
distress after a period of 3 minutes. One 
bird settled on the floor of the cage after 
5 minutes of exposure but retained an 
upright posture. Similar results were ob
tained with Leghorns. 

2.7. A test was conducted in which 
the head and body of a bird were selecti
vely shielded from the microwave field. 
First the head was completely shielded 
and the body exposed to dorsal stimula
tion by the microwave field. Then the 
body was completely shielded with only 
the head exposed. 

Five OEGs were tested using a Ku
band field. A slight difference in the time 
to flank ( approximately 5 seconds) was 
observed, with the head-exposed configu
ration resulting in the shortest time. Un
fortunately, little significance can be at
tached to this observation because the 
birds moved their heads into and out of 
the central beam of the horn antenna and 
were therefore exposed to a wide varia
tion in field intensity. 

2.8. A test was conducted using pulsed 
Ku-band radiation with the horn mounted 
in a horizontal position. The field inten
sity in the vertical plane through the 
centre of the cage was adjusted to 40 
mW /cm2• The radiated bird could orient 
itself with respect to the beam but de-
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pending on whether it faced the horn or 
turned its back to the horn, the intensity 
at the head could vary from 50 mW /cm2 

to 20 mW /cm2• Four OEGs were tested. 
Each showed a startled reaction at the 
onset of radiation and after rapid, highly 
agitated exploration of the cage either 
flanked or initiated flight. The time for 
these reactions was not significantly dif
ferent from the dorsal stimulation con
figuration. 

2.9. A test was conducted using pulsed 
Ku-band radiation with the radiating horn 
mounted under the test cage and pointing 
vertically upward. Field intensity was ad
justed to the level of 40 mW /cm2 at the 
horizontal plane through the centre of the 
beam at a height above the cage floor 
corresponding to the ventral surface of 
the bird. Four OEGs were tested in this 
configuration. In each case the birds 
showed a startled reaction at the onset of 
radiation but thereafter appeared un
affected for the 2-minute duration of the 
exposure. A bird feeding at the onset of 
radiation continued feeding. 

3. Pigeons, Adult Birds 
Test 2.1 was repeated to determine the 
effect of pulsed Ku-band radiation on 
pigeons. Six adult birds were tested. 
The observed response at the onset of 
radiation was the typical startled reaction 
followed by agitation and signs of increas
ing distress. Two birds responded by 
flanking after 20 seconds and the remain
der tried to initiate flight. All birds were 
panting heavily after a 2-minute exposure 
in the 40-mW /cm2 field. It was also ob
served that upon return to their battery 
cages the birds were drowsy and 
remained immobile, with their wings in a 
hypotonic (drooped) position, for a 
period of more than 30 minutes. There 
was also a manifest desire to take up 
water when first returned to the battery 
cage. 

This test was repeated at X-band fre
quencies and it was found, in general, 
that at the same field intensities the be
havioural response patterns were less 

pronounced and took approximately 
twice as long to appear. 

It is interesting to note that although 
there was evidence of hypotonicity, a 
bird that escaped after a test exposure 
took flight and appeared normal in its 
ability to fly and avoid the pursuing lab 
staff. 

4. Ringbill Seagulls, Adult Birds 
Test 2.1 was repeated using pulsed Ku
band microwaves as the stimulating 
medium on ringbill gulls. Six adult birds 
were tested. In each case the birds regis
tered extreme distress after 30 seconds 
of radiation at the 40-mW /cm2 level. The 
flanking response was absent, but there 
was pronounced unsteadiness of gait, 
shaking of the head, and panting. As in 
the case of the pigeons and chickens, at 
the end of a 2-minute exposure marked 
post-radiation drowsiness was observed 
and the wings adopted a hypotonic 
position. 

Discussion 
Flanking and the initiation of flight 
appear within a few seconds of the onset 
of pulsed microwave radiation at an 
average power level of 45 mW /cm2 and 
are reactions that can be explained not 
only by the effect of heat generated in 
the tissue but also by other mechanisms. 
A rise in tissue temperature is known to 
sensitize neural structures but the time 
constant is large because of the heat 
capacity of the tissue mass radiated and 
the low energy level of the field. 

The test using infra-red radiation re
vealed that even at "thermal" power in
tensities heat alone on the skin of a bird 
does not produce an escape reaction. 
Because of the greater depth of pene
tration of microwaves mechanisms can 
be activated in deeper structures. Direct 
interference with the nervous system is 
indicated, but at a functional level that 
must be determined by further experi
mentation. Panting and frequent defeca
tion indicate that the birds are stressed 
by the microwave field. 
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The experimental points relating field 
intensity and time to flank presented in 
Figure 3 lie between the two curves of 
constant energy. This infers that the 
flanking response is not a function of 
energy transfer alone. Physiological 
changes evoked in the organism would 
profoundly affect this relationship. 

Repeated exposure to microwave radia
tion results in an increase in the time to 
flank as shown in Figures 4 and 5. This 
build-up of resistance to flanking indi
cates compensatory action by the 
organism of the bird. 

Shielding the head and exposing the 
body-specifically the dorsal surface-pro
duced a difference only in the time to 
reach the terminal state. This suggests 
that the behavioural pattern is related to 
the surface radiated since the penetration 
of microwaves through the surface of the 
head and the surface of the body produces 
similar results. A change in behaviour 
indicates that the nervous system is dis
turbed, but whether the disturbance is 
directly or indirectly related to the micro
wave stimulus has yet to be established. 

Conclusion 
1. Old English Games, Leghorns, pigeons, 
and ringbill gulls exposed to a pulsed 
microwave field of an average power 
density of 45 mW /cm2 become hyper
active and in their attempts to escape 
either initiate flight or collapse. 

2. The escape reactions manifested in 
the form of "flanking" or the initiation of 
flight appear within a few seconds of the 
onset of pulsed microwave radiation at 
the average power level. 

3. The behavioural patterns asso
ciated with the escape reaction appear to 
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be highly specific at microwave fre
quencies in the X and Ku bands. 

4. The escape reaction may be attri
butable not only to the heating effect 
produced by the conversion of micro
wave energy but also to other mecha
nisms such as electromagnetic interaction 
with nerve structures, molecular reson
ance, or chemical excitation. 

5. It is hypothesized that disturbance 
of the heat balance of the animal by 
microwave radiation is a contributory 
factor but one which may be secondary 
to the main effect. 

6. These experiments, carried out at 
the average power density of 45 mW /cm2, 

appear to be of possible use for the ap
proach to the problem of bird hazards 
in aviation, but they do not imply per se 
any possible interaction at power intensity 
levels used in industrial and communica
tion applications of microwave energy. 
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