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The destruction caused by harmful insects costs the
American people about four billion dollars each year. Stored
grains, flour, and cereal products are subject to attack
by insects which cause at least $300,000,000 loss annually
in the United States. Many chemicals are now used for the
control of insects. Some of these chemicals may not be
effective and may have residual effect on the product
which would cause detrimental effects on human beings and
livestock,

Insect control by energy in various parts of the elec-
tromagnetic spectrum has been the cobjective of many investi-
gators. The effects of electromagnetic energy with fre-
gquencies up to a value equivalent tola wavelength of about
2880 Angstroms are mainly that which can be accomplished by
heating. These frequencies include radio, microwave, infra-
red, and a portion of . the ultraviolet spectrum. Far-
ultraviolet, x-rays, and gamma rays can cause chemical
changes in insects which cause lethal effects. Inefficiency
of generation, penetration, and utilization of ultraviolet
and x~-rays would make these areas of the spectrum imprac-
tical for insect control.

Gamma radiation from radioactive isotopes offer possi-
bilities of an effective means for killing insects in stored
products as soon as shielding and conveying problems can be
solved, together with the development of an economical source

of radiocisotope material.
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The use of accelerated electrons or cathode rays for
the control of insects in stored products offers advantages
over gamma radiation, Accelerated electrons can be effect~
ively applied to materials on a moving conveyor belt, and
the shielding problem is not as great as with gamma radi-
ation, The use of accelerated electrons present interesting
possibilities for insect control and food preservation,

It was found in this study that a dose of 10,000 rep would
sterilize insect eggs and prevent adults from reproducing.
Higher doses were required to kill adult insects. The
installation and maintenance costs involved may limit the
extent of use of accelerated electrons in the immediate
future, out this fact should not stop research workers
from investigating further the use of accelerated electrons
or cathode rays in food processinge.

In the final analysis, the application of electrical
methods for destroying insects in stored products must be
more effective than present mechanical methods of performing
the same operation. One fact which must not ve overlooked
is that even if insects can be killed in stored products by
electrical means, some mechanical method must be used to
remove the insect fragments before the food can be lawfully

sold for human consumption.
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INTRODUCTION

In the 1952 Yearbook of Agriculture it is stated that
the destruction by harmful insects costs the American people
about four billion dollars each year, Millions of dollars
are spent each year on the control of insects with various
.degrees of success. Stored grains, flour, and cereal pro-
ducts are subject to attack by insects which, according %o
Cotton (1), cause at least $300,000,000 loss annually in
the United States, Many chemicals are now widely used for
the control of insects. Some of these chemicals may have
a residual effect on the product and may be poisonous to
human beings and livestock,

A few of the insects which attack wheat and beans are
able to bore into the sound kernel and deposit their eggs
in the kernel. When the eggs hatch, the young larvae con-
sume practically the entire kernel., The granary weevil,

Sitophilus granarius (L.), is one of the most damaging

insects to grain. The adult weevil lives approximately

7% months, each female lsying between 300 and LO0 eggs
during this period (1). During warm weather the egg, larval,
and pupal stages may be completed in less than 30 days.

The flour beetle, Tribolium confusum Duv., may be found

in flour, prepared cereals and in grain. This insect is

most commonly found in flour after it leaves the mill, The



female may live for a year or more and lay 400 to 500 eggs.
Under favorable condltions the development period from egg
to adult may be as short as 30 days.

The bean weevil, Acanthoscelides obtectus (Say), is

found where beens and peas are grown and stored. All kinds
of beans‘and peas stored for seed or food, unless they are
protected, are almost sure to be devoured or rendered
useless by these hungry weevils, Breeding goes on s teadily
as long as there is any food left in the beans, either in
the field or in storage, and t he temperature is warm
enough, The adults deposit eggs’in or on the bean. The
larval and pupal stages are passed inside the bean seed,
The pupa develops into an adult and then eats its way out
of the bean., Six or seven generations may be completed in
a year, and as many as 28 weevils have been known to develop
in one bean (2).

The object of trying to dévelop a means of controlling
insects with electromagnetic energy and subatomic particles
is to have an effective control without any residual
affect on the product on which the insect lives,

Electromagnetic energy includes radiant energy of
varicus wave lengths, such as radio or hertzian waves,
infrared, visible and ultravioclet, x-rays, gamma and cosmic
rays., Subatomic particles lnclude electrons or beta par-
ticles, protons, neutrons, alpha particles or helium nuclei,,

‘mesons and positrons,



All matter, including insects, is made up of some of
the 5asic elements. Each of these elements is composed of
atoms and subatomic particles. The atom consists of a
nucleus surrounded by negatively charged particles called
electrons, The combination of the electrons and nucleus
is often referred to as the atomic polar system, because it
has been shown that electrons revolve about the nucleus,
at relatively great distance from the nucleus, with a
definite pattern.

Recent tests with the atomic bomb have shown that the
energy contained within the atom is astounding. In the
atomic bomb the atoms of uranium are broken apart and a
tremendous amount of energy liberated. It has been demon=
strated that an atom can be changed by less forceful means
than with the atomlic bomb explosion. Radiant energy (in-
cluding electromagnetic energy and subatomic particles)
may be used in various amounts and intensities to accomplish
this. Radiant energy may be used to increasgse the natural
vibration of atoms and molecules. This vibration of the
atoms and molecules regsults in an increase in.temperature
of the material, Molecules also may be struck with enough
energy to break off electrons and leave fragments called ions,.

The physics involved in the application of electro-
magnetic energy and subatomic particles to biological
materials is extremely complex. Very little is known about

what gives life to a given arrangement of molecules in a



living cell. Living organisms comprise such complicated
patterns of molecules that sclentists have not been able to
devise techniques for analyzing the action of the various
molecules within a living cell.

The sclence of atomic physics 1s progressing rapidly.
The new lmowledge from atomic research may help the scientist
to investigate further the basic affects of radiant energy
on living cells. The basic atomic knowledge that is known
today should assist in forming some fundemental criteria
for analyzing the possible effects of electromagnetic
energy and subatomic particles on insects, When radiant
energy ls applied to an insect, it is difficult tec determine
which factors or combinations of factors cause death. Esach
type of radiation results in an affect on the moleculs;
some of these effects may be lethal to the cells of an
insect while other effects may not cause damage to the

organisme.
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OBJECTIVES

The objectives of thls study are to:

Make an analytical study of the electromagnetic spectrum

in order to predict that portion of the spectrum in
which enérgy would likely cause a heating effect and
that portion of the spectrum which would cause an
ionization effect or chemical change in an ilnsect.
Present a theory of electromagnetic radiation and
develop equations which will give the relationships
between the various factors involved when an insect
on a plant is radiated with electromagnetic energy
from a radiating source such an an antenna, black
body radiation, x-ray, and gamma radiation.

Conduct a literature survey on radio fregquency di=-
electric heat as a means of controlling insects and
present a theory of dlelectric heatinge.

Investigate the lethal effect of electromagnetic
energy on insects in the following areas: (a) micro-
waves = 10-12 em, (b) infrared, (c) ultraviolet, and
(d) x-rays. Conduct literature survey and conduct
as many tests as feasible in these areas using the
flour beetle, granary weevil and bean weevil,

List the properties of the various subatomic particles

and from the literature determine which particle has the



most possibilities for having lethal effects on living
cells, Conduct tests with the particle that shows the

most promise,



PART 1
THEORY OF ELECTROMAGNETIC RADIATION
The Electromagnetic Spectrum

Classical theory in physics points out that all
electromagnetic waves are similar, differing only in fre-
quency or wavelength, regardless of the method of gener-
ation. In the use of electromagnetic energy the engineer
will more than likely be concerned with electromagnetic
energy from some particular source and thus should be
interested in the source which generates this energy. For
this reason this discussion will be devoted to the energy
in electromagnetic waves from different sources of electro-
magnetic radiation with various wavelengths, and the abe
sorption of various wavelengths by different materials,

An electromagnetic wave may be considered to consist
of a component of an electrical field and a component of
a magnetic field, A field is defined as a region in which
a particular kind of force is exerted. These two components
in a polarized wave in free space are at right angles to
each other in a plane perpendicular to the direction of
travel, and the energy is divided between the magnetic
field component and the electric field component (Fige 1)

The electric field or lines of force is considered to

begin on a plus charge and end on a minus charge., These
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lines of force or flux do not form a closed loop. An
electrostatic fleld can be only static. The electric field
may generally be referred to as static or dynamice. The di-
vergence of the electrostatic induction of eny point in a
medium, where the charge density is finite, is equal to the
charge density of that point. At points in a medium where
the charge density is zero, the divergence of the electro=-
static induction 1is zero.

If free magnetic poles exist the conditions of the
magnetostatic field are identical with those of an electro-
static field. If, as generally believed, no free magnetic
poles exist, then all lines of force in a magnetic field
are continuous, i.e., they form a complete loop, and the
divergence of magnetic induction is zero, A magnetic field
can be static or dynamic with respect to change in directione

An electromagnetic wave thus contains a component of
electric lines of force, and a component of magnetic lines
of force which form a closed loop, and the varying electric
field produces a changing magnetic field. Each component
vibrates with the same frequency, and in free space, the two
components are in equel phase, Fig. 1., The two components
are at right angles to each other and are perpendicular to
the direction of propagation,

Radio and Hertzian waves including far infrared differ
from other forms of electromagnetic radiation, such as

light and x-rays, in their wavelength, the manner in which
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they are generated and detecteds As previously mentioned,
the properties of radlations of various wavelengths are
identical and are independent of the method of production;
only the frequency is important in determining their pro-
perties (1). In this presentation a theory will be pre-
sented dividing the spectrum on the method of generation.
This first discussion wlll be devoted to that part of the
spectrum which can be obtalned wlth eleetronic tubes and
resonant circuits of inductance and capacitance,

The wavelength spectrum of Hertzlan or radio waves,
Figs. 2A and 2B and Table 1, 1s greater than either visible
11ghﬁ or x-rays and ranges from 30,000 meters to less than
one centimeter, This'corresponds to a frequency range of
about 10,000 cycles to 3,000,000 megacycles. Electromag-
netle radio waves travel at the same velocity as light waves,
i.e., about 186,000 miles per second in free space, and
can be reflected, refracted, and diffracted. These proper-
ties will not be discussed here. Further information may
be found in almost any practical or classical physics book,
Before discussing further the properties of electromagnetic
waves, a mathematical expression for the energy in an
electromagnetic wave will be presented in order to have
some basis as a criterion for determining the lethal effects
of electromagnetic waves on insects when the insects are

irradiated by energy from an antenna,

Ohm, Faraday, Henry, Lenz, Kirchoff, and Gauss presented
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Type of
Rudiction

Cycles per Sec.
Frequency

Wavelength—(bm)%

tlectric wuves

Rudio waves

0-10%
10% - 101t

”
IS

Infrered 10t _ 4 x 1014 0.7 - 7.6 x 1070
Visitle 4z 101% _ 7.5 x 108 7.6 x 105 - 4 x 1075
Ultreviolet 7.5 x 104% - 7 x 101® £ x 1075 - 10-8

X-ray 5z 1018 - 2 x 1070 10-6 _ 1p-10

Gumme. reys & X 1019 - & x 10%% 10-° 10-1%

Cosmilc rays 3 X 1021 - 10-11 -

Teble 1 The .lectromcgnetic Spectrum with approximate

subdivisions,

% 1 angstrom (&) — 107° cm
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essentlally the equations of electric circuit theory that
are now in use. Maxwell and Lorenz, in developing the
electromagnetic theory, accumulated in one set of equations
the work of most of the sclentists who preceded them. An
understanding of the mathematical deductions from Maxwell's
equations is of great importance if the theory of electro-
magnetic radiation is to be fully understood. A rigorous
explanation and.treatment of Maxwell's equations and electro=-
magnetic theory is presented by Sarbacher and Edson (2),

Brainerd and Koehler et al. (3).

The Electric Intensity E and Magnetic Intensity H

As mentioned previously an electromagnetic wave con-
sists of components of electric and magnetic fields of force
which are expressed quantitatively in terms of the electric
and magnetic intensities E and H. Both quantities E and H
are vectors, Fig. 1, which have at every point in the field
both magnitude and direction.

It can be shown that the energy stored by the electric
field per unit volume is:

¢ E

RS g

(a)
This equation can be developed from the equation which

represents the stored energy in a condenser namely:

+=f

_[ev’ v, C;Y_Z (b
W= e Y [ ve 7 '[T‘—("— z



Also: ) C\/z’ _, £A \/2"
W= % Tz =
(c)
Where C: GA » Since \/: EJ the potential difference
between the two plates, the total energy stored is then:
WWe = E‘z; Ad (a)
Since the electric strain is equal in every part of the
dielectric, the total energy may be divided by the volume
/\A s thus the energy stored by a dielectric field per unit

volume is:
— B
(e)
A similar development for the magnetic field gives
for the energy stored per unit volume:
Wh = -t H%
A (£)
Equations (e) and (f) permit one to evaluate the
energy stored in an electromagnetic field by integration
of these‘quantities. Magnetlc energy is stored in all
tangible materials, both ferromagnetic and paramagnetic,

whereas electrical energy is stored in all dislectrics and

in a vacuum but not in a conductor,
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Definition of Terms in Equations (e) and (f): V\é’. and

Wh -- energy stored in a unit volume expressed in Joules
per cublic centimeter for the electric (E) and magnetic (H)
fields respectively.

€ is the dielectrlic constant andAa dimensionless

coefficient depending upon the material, and may be a p
complex number at high frequencies, of the form €= 61'-«)6
and has a value depending upon the system of units used,

/‘ﬁ_ is the permeability. This may also be a complex
number at high frequency, of the form <€~ o’ and
has a value depending on the units used,

E -~ 6lectric fleld intensity = volts per meter,
éE -= electric flux density = electric induction in
lines per square meter,
H -- magnetic field intensity = ampere turns per meter,
/CCH ~-= magnetic flux density = magnetic induction at a
point in lines per square meter, |
'The relations & E/Z, and ¢t /Z represent the
energy per unit volume contained in the electric and magnetic

E* L uHE

Z “z s represents

the total energy contained in a unit volume (\/) of an

fields respectively. Their sum, &

electromagnetic fleld. Then the triple integral of volume V:

///[eﬁgmt/a;l]dv (g)
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represents the total energy of the electromagnetic field in
the unit volume V. The time derivative represents the rate

of change of this total energy, i.e.,
[ ra
2 [eﬁ_%-/%ﬁ_l
>t & =

Sarbacher and Edson (2) and Silver (L) have used
Maxwell!s equations, data from Faraday, Ampere, and Gauss,
and the equation (g) to write the general energy equation (h)
of an electromagnetic field. This equation is presented
below and is valid in a homogenous isotrophic medium. Alr
and free space meet these conditions rather exactly, while
material including rubber, glass, and metals meet these
requirements to an intermedlate degree; whereas wood and

earth are extremely inhomogenous and anisotrophic,

ﬁ&rj& Jvéé ECos&o/v:—%fff[e %Z'hoc _{;j] (h)

& and A in equation (h) are functions of frequency
and type of dielectric. TPFurther discussion will be devoted
to this under dielectric heating.

In words, equation (h) states that term A, the outward
flux of vector 3 or rate at which energy is radiated through
surface surrounding V, plus term B, the rate at which energy

i1s expended in establishing current (generation of heat in V),
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1s equal to term C, which is the rate of decrease of the
electromagnetic field energy. This equation (h) is then
a8 general statement of the conservation of energy of the
electromagnetic field and will bs used to develop an
analytical approach to the possible effect of electro=-

magnetic radio waves on lnsects.,

New Terms in This Equation Are: Sn - the poynting

Vector represents the flow of energy per second through
unit surface area normal to the direction of Sn from
Gauss! theorem. Mathematically: S= ER Sin ©
Watts per square meter using the rationalized unit

system,

Cc is the current density in volume V. The electro-
magnetic field must supply this current,

2 is the angle between the direction of E and H at

any point in the region,

The Electromagnetic Spectrum above Radio Waves

There 1is in reality no sharp dividing line between the
different forms of electromagnetic energy, i.e., radio
waves, infrared, ultraviolet, etc. Jenkins (5) describes
a theory presented by Maxwell's equations which definitely
give the connection between light and electricity. These
equations in the general energy form are essentially the
same as equations (h) and (gz) and are derived with the

concept that light has the same electric and magnetic field
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components as shown in Fig. 1, Jenkins (5) et al. have
presented a method of\proof to show that the electric com-
ponent of light waves plays the dominant part in the effect
of light waves. It is the electric vector which affects
the photographic plate and causes fluorescence, and also it
is the electric vector which affects the retina of the

eye., According to these deductions, the electric part

of the electromagnetic light wave is the part which really
constitutes light, and the magnetic component, though no
less real, is of less importance,

Even though infrared, vislble and ultraviolet energy
may be described by the same Maxwell equations in free space,
the progess of generating these types of energy differ from
thet of generating rsadio waves, Part of the near Infrared
spectrum can be generated with electric circuits. Golay (6)
has presented a discussion on Bridges across the infrared
radio gap., It is generally believed that all of the waves
Indicated on the electromagnetic spectrum through x-rays
are generated by the action of electrons. Radio waves and
the near infrared may be generated by the action of electrons
in electronic tubes and resonant cavities. The energy
necessary to obtain these wavelengths come from some
electrical generator or battery,

Infrared, viasible, and ultraviolet energy can be ob=-
tained from some heated bo&y, from a gaseous discharge tube,

or from arcs., The wavelengths emitted from a& heated body as
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a function of temperature is presented in Fig. 3.

Infrared radiation involves the displacement of atoms
in the molecule and is due to the rotations and vibrations
of atoms. These displacements are caused by heat in a
heated body and all solids give about the same distribution
of radiation among the différent wavelengths at a given
temperature (5),

Radiation in the ultraviolet and visible spectrum is
due to displacement of outer electrons in atoms or molecules
and the return of these displaced electrons to their normal
states (1)s PFige. 4 shows how ultraviolet and visible
light is produced in a gaseous discharge tube, X=-rays
are due to a similar cause except that the displacement
of inner electrons close to the nucleus of the atom are
involved. Gamma rays are emitted from excited nuclel of
various materials (1). Gamma radiation will be discussed
in more detall under the section on X- and gamma radiation.
Radiation assoclated with cosmic rays, which reach the
earth from interstellar space, will not be discussed here,

In order to explain fully the characteristics of the
radiation of certain electromagnetie waves, (black body
radiation, photoelectric effect and x-rays), the quantum
concept (7) is required. This concept was studied by Planck
and Elnstein, who reasoned that radiation is not a smooth

flow of energy, but a series of pulses of energy. The energy
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in each pulse increases with the frequency of the electro-
magnetic wave., The quantum concept is a theory that in
the emlssion or absorption of energy by atoms or molecules
the process is not continuous but takes place by steps,
each step being the emission or absorption of an amount of
energy called the quantum or photon. This energy may be

represented by:

E:hV:h_q (J)
X

the energy of the quantum in ergs
h = Planck!s constant, a fundamental constant of
nature = 6.62 x 10~2( erg sec. A method of
determining h has been presented by Semat (8).

C = the veloclty of light 3 x 1010 Cm per sec,

V = the frequency of the radiation in cycles per sec.

X = the wavelength of the radiation in cm,

From the concepts of the quantum theory, black body
radiation laws have been developed. A black body is defined
(7) as a body which absorbs all of the radiation incident
upon it, transmitting none and reflecting none. A black
body will for equal area radiate more total power and more
power at any given wavelength than any other source oper-
ating at the same temperature, unless that source radiates
energy by some phenomenon other than temperature,

Planck!s equatlon, Wien's radiation law, Wients dis-

placement law, have been presented (1, 5, 7) to give the
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radiation characteristics of black bodies, Fig. 3. The
Stefan=-Boltzmann law for black body radiation, obtained by
integrating Plancks equation with the wavelength varying
from zero %o infinity, glves:

W= art (k)

W =- summation of power per unit area radiated by a

black body at all wavelengths,

a == 5,673 x 10-5 erg cm™2 sec~1 og-k

T -- temperature of radiator (degrees Kelvin)
Equation (k) may be rewritten for bodies which are not
true black bodies:

W= paTh (1)
where p = the emissivity factor,

Equations fcr the infrared source used in tests in
this work will be presented under the section on infrared,
Data will also be presented on the amount of energy at the
various wavelengths of ultraviolet used under the section

on ultraviolet,.

Transmission and PRropagation of Electromagnetic Energy

The so=called idea of ether waves as a transmitting
medium for electromagnetic energy, as used by some scientists
in past years, has been abandoned by modern physicists,

It has been fairly well proven that the luminiferous ether,
as referred to by Lapp and Andrews (1), does not exist,

The present acceptable explanation of the transmission of
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energy by electromagnetic energy requires Einstein's theory

of relativity and quantum mechanics, A discussion of these

theories will be found in most modern physics texts,
Electromegnetic waves will travel through a vacuum,

the atmosphere, and a number of solids containing relatively

few free electrons, so-called non-conductors. The absorption

of' electromagnetic energy by matter will be discussed in

another section of this thesis,.

Polarlization of Electromagnetic Waves

Polarized electromagnetlic waves result from the nature
of the source which produces them. The wave shown iIn Fig. 1
and the radiated waves of most commerclal broadcasting
stations are polarized with the electric field in the ver-
tical plane and the magnetic field in the horizontal plane.

In light waves each atom or molecule acts individually
in creating a light wave, resulting in radistion of a random
nature, i.e., ordinary light, a form of electromagnetic
energy, conslsting of many separate components each polarized
at some arbltrary angle. Thus the overall effect of such
combinations shows none of the properties of a polarized
wave, however, by the use of filters, the unpolarized com-
ponents may be removed, The poclarization of electromagnetic
waves in the radio spectrum, however, depends on the type

and orientation of antenna producing them,
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Reflection, Refraction, and Diffraction of Electromagnetic

Waves

When an object or an insect is placed in an electro-
magnetic field, polarized or unpolarized, some of the energy
will be absorbed, some will be reflected, refracted, and
diffracted. The extent to which these phenomena wlll take
place will depend on the relative continuity and condition
of surface of the object and the medium in which the wave
is propagated,

Electromagnetic waves may be reflected from any sharply
defined discontinuity of suitable characteriétics and
dimensions encountered in the medium in which they are
traveling (9). In this case the angle of reflection is
equal to the angle of incidence. The coefficient of
reflection and refraction for electromagnetic waves are
given by the formula which has been established empirically
by Fresnel for light waves. Any insulator or conductor
having a dielectric constant different from the medium in
which the waves are traveling offers a discontinuity if its
dimensions are at least comparable to the wave length.

The reflection, refraction and diffraction properties of
electromagnetic radic waves are similar to those of light
(2).

An electromagnetic radio wave is bent when it moves

obliquely into any medium having a refractive index different

from that of the medium it leaves (in this study, from the
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alr to the insect or from the air to the grain or bean to
the insect). Since the velocity of propagation will probably
be different in these media, that part of the wave that
enters first travels faster 1f the insect or grain has a
higher velocity of propagation. This tends to swing the
wave around and "refract" it or direct the wave in a new
direction,

The electromagnetic radio wave may be diffracted.
When a wave strikes an edge of an object in passing it tends
to be bent around that edge. This phenomenon called
diffraction results in a diversion of part of the energy

of those waves which normally follow a straight line,.

Summary of Energy Equations for Electromagnetic Waves

A, Hertzian Radio Waves, up to and including part of the
infrared spectrum,
l. Equation (h) -- conservation of energy equation

for a Hertzian radio wave,

-/ljﬂJJ 7’"/1]\:/6'5 GsaJV;—%ﬂ[ég 1"’“’;—{}]

2+ Energy in Joules -=- using MKS system of units per
unit volume (V):
z
z
e E H
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(2)

(3)

(4)

(5)

(6)
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Rgdlation from heated bodies -- infrared, visible and
ultraviolet

Equation (k) W= aTu calories per sq cm
Gaseous discharge tubes =-- infrared, visible and ultra-
violet. Some radiation from gaseous tubes follows
Stefan-Boltzmann law equation (k) due to temperature
of tube, Energy in the majority of radiation from a
gaseous tube can be represented by Planck!s equation (]).
X- and gamma radiation can also be represented by:

E = hV = hC = energy in quantum in ergs
X

with system of units defined following equation (j)e

Literature Cited

Lapps R. E. and Andrews, H., L., Nuclear Radiation
Physics, Prentice-Hall Inc., New York, 1949, ppe. 15-29,

Sarbacher, R. I. and Edson, W. A., Hyper and Ultra ¥
High Frequency Engineering, John Wiley & Sons, New s
YOI‘k, 19’-‘-33 ppo 1-1160 .

Brainerd, J. G., Koehler, G., 2t al., Ultra High
Frequency Techniques, D. Van Nostrand, Inc., New
York, 1 39 PDe 369-14.3)4.0

Silver, S., Microwave Antenna Theory and Design,
McGraw~Hill Book Co., New York, 19,9, pp. 61-90.

Jenkins, F. A. and White, H. E., Fundamentals of Optics,
"The Electromagnetic Character of Light", McOraw-
Hill Book Co., New York, 1950, pp. LO06-l2,

Golay, M. J. E.,, "Bridges across the Infrared Radio
Gap"™, Institute of Radio Engineers Proceedings li0:
1161-1 S october 1952,




(7)

(8)

(9)

Illuminating Engineering Society Handbook, 1952, ppe
1=17,

Semat, Henry, Atomic Physics, John Wiley & Sons, New
YOI‘k, N.YO’ 19 ;z, PP 99"101.

The Radio Amateur!s Handbook, 1951, p. 80,

29



PART TII
HEATING AND IONIZATION EFFECTS OF ELECTROMAGNETIC ENERGY

The physlcs involved in the application of electro-
magnetic energy and subatomic particles to biological
materials is extremely complex. During and after World
War IT, with the accelerated program of atomic energy
research, much has been learned about the effects of
radiant energy on biological materials. Some of the most
important findings of a number of scientists have been
reported in a Symposium on Radio Biology (1) sponsored by
the National Research Council and assisted by the Atomic
Energy Commission and the Office of Naval Research. Other
reports (2, 3, lt) contain a summary of the effect of
electromagnetic energy and subatomic particles on bio-
logical materials.

Matter is considered by modern physics as made up of
atoms and molecules, Every particle of matter is in con-
stant vibration at a definite frequency unless the matter
is at a temperature of absolute zero. In the final analysis,
any kind of matter, an insect, a book or chalr, is an
agsemblage of electrons and protons associated with a
quantity of energy proportional to the mass of the objecte

A sketch of the electromagnetic spectrum is presented
in Figs. 2A and 2B, In examining Figs. 24 and 2B for

possible effects of the different bands of energy on insects
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it will be found that there may be two main effects on
living insects: (a) heating effect and (b) an ionization
or chemical change or a combination of both effects. It

is probable that these two effects will overlap.

Chemical Composltion of Insects

If the chemical composition of a particular insect
is known, the ionlization frequency for the different
elements can be calculated. The complex chemical com-
position of certain insects has been reported by Richards
(5). A few pertinent points relative to Richards' work
on the chemical composition of insects will be listed belows

1. Water

Most of the total weight of insects is water. Tests
made with the adult Tribolium flour beetle show that the
average moisture content (wet basis) is about 85 percent,
i.e., 85 percent of the total weight is water.

2. Chitin (Polysaccharide) |

Differs from cellulose in that it contains nitrogen.
In purified chitin the molecular chains are, at least
usually, associated together in a highly ordered manner,
generally in chains., Chitin appears in the body wall of
many insects and is prepared commerclally from the shells
of crustaceans,

3. Proteins (Amino acids)

When Odier discovered chitin in the elytra of May
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beetles in 1823, he recognized that thls represented only
about 30 percent of the weight of the cuticle and that the
remainder of the material was mostly protein. Richards
devotes one chapter in his book to the discussion of pro=-
tein and amino acid content of various insects. The
percentages of amino acids in various insect components
are also presented. He also discusses the enzyme and mixed
polymer content of insects.

o Lipids

There is some evidence of the presence of sterols in
insect cuticles, however most of the cut;cular lipids on
which information has been reported are waxes, i.e., esters
in which the glycerol 1s replaced by some other alcohol,.
Paraffin may also be included as a lipid,

5. Inorganic constituents

The organic matter in insects may account for anywhere
from less than one percent to greater than 99 percent, the
remainder of the substance being referred to as lime or
calcepeous material and sometimes referred to as ash. Sig-
nificant amounts of ecalcium, phosphorus, magnesium, alum-
inum, iron, silicon, and sulfur are found. Calcium 1s by
far the most common and is generally found as calcium care-
bonate or as calcium phosphate.,

It can be seen from the summary above that the chemical
composition of insects is extremely complex. Most of the

compounds listed above contain either carbon, hydrogen,
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oxygen, nltrogen, calcium and other elements in some
érrangement. The ionization potentials for these and
other elements Have been determined (6). This information
will enable one to calculate the wavelength of a quantum
of energy necessary to knock an electron out of a given

ring surrounding the nucleus and thus produce lonization.

Dividing Spectrum into Areas of Heating and Ionilzation

Lapp and Andrews (7) present a method of calculating
the wavelsength of the energy necessary to ionize a given

element or compound. This equation is:

Ve = E = hV = hC (a)

X

Where:

V = volts

e = charge on electron = .8 x 10710 esu
= energy in ergs
= Planck's constant = 6;6 x 10™27 erg sec.
frequency in cycles per sec.
= velocity of 1light in space = 3 x lO10 cm per sec

= wavelength

H X a < PP oo
]

esu = 300 volts

From the equation (a): (b)

X =he = (6.62 x 10727)(3 x 1010 = 12,407 x 10" cem = 12,407 &
eV  (L.774F x 10-19)(Vv/300) v v

where A = Angstrom units.

Now from this equation the wavelength of ionization
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energy can be calculated,

The lowest lonization potential for the elements that
are llkely to be in an insect are listed in Table 2, The
lowest ionization voltage in this table is .32 volts for
potassium and the highest voltage 1s 390.1 volts for carbon,

From equation (b) X = IZ%QOZ A

The range of the wavelength of energy necessary to
ionize potassium and carbon for the outer and inner ring
respectively are:

potassium Xk = 2880 A
carbon Xey,= 31.9 A

By referring to Flg. 2, it is seen that the Xts for
potassium and carbon lie in or above the ultraviolet
spectrum, All other lonization Xt's for the elements and
compounds.listed in Table 2 would lie between 2880 A and
31.9 A, since the remalning ionization potentials 1lie
between the values for potassium and carbon,

From this analysis it would seem logical to conclude
that part of the spectrum with wavelengths less than 2880 A
would contain more than enough energy in a quantum of photon
of energy to ionize the elements listed in Table 2, This
is true because the equation E = hV developed by Einstein
and Planck shows that as the frequency lncreases the energy
in a quantum increases, where E is the energy of the
quantum in ergs and h is Planck's constant,

It is on this basis that the line on Fig, 2 is drawn
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Llement Atonic Ionization Potentials Volts

number I II III v v VI
Carbon 6 11,822 24,27 47,65 1,00 ST D | N
Ca 20 6,09 11.82 50.96 69.7 —_—— _—
Cl 17 15,95 =3B 392,69 5HZ.le 67,4 —_—
Fe 26 7.8 16,18 —-w- —-—— —_— ————
H l lL .JL.: ——— — e ———— -——— ———
K 19 4,38 51 66 46,5  e—- _— ——
N 7 1,48 JET 47,0 77,0 27.4 —
O 8 17,55 L_.9L 54,87 7¢,29 11lZ%.0 127.5
Compounds I Corpoundc I
COo 12,4 10 11.0
c:L« Tk J.J 6 1.9
Hr 15.6 1..5
HS0 <L 56 s@ 17.1
e lu.ul 12,7
it o 1l.: 13 2.5
Tuble 2 This teble givees the ionizetion potentisls in volts

for the elements in the atomic state. The degree of lonization
is indicated by the numerals I, II, cte. From Hundbook of Physics
and Chemistry - 12438 edition,



36

between heating effect and ionlzation effect. It should be
pointed out here that when this analysis is applied to
insects we must operate on the hypothesls that ionization
of any of the compounds or elements listed in Table 2 would
be lethal to the insect. If the ionization potentials
necessary to break off certain bonds or ions from chitin,
proteins, lipids, and atoms of other complex compounds in
an insect were known, the ionization frequency could be
calculated, Since this information apparently is not avail-
able, specific data on this subject must be obtained by

further research,

The Absorption of Electromagnetic Energy by
Biological Materials

The purpose of this section is to present the physical
laws involved when electromagnetic energy 1s absorbed by
biological material which may apply to insects. The pre=-
vious section presented a dividing line in the electro-
magnetic spectrum between the heating and ionization
effect on a living mechanisme. It was pointed out that the
heating and ionization areas overlap somewhat and that it
is impossible to obtain ionization with a frequency below
the far ultraviolet or near x-ray region. The effect of
radio waves, infrared and most of the ultraviolet spectrum
is essentially a dielectric heating or molecular excitation

process,
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Heating Effect

The discussion on heating effect will be divided into
the following sections: radlo waves from an antenna, di-
electric heating between the plates of a condenser, in
wave guldes or in resonant cavities, 1nfrared and near
ultraviolet excitation. Even though the effect in all of
these areas 1s essentially a heating process due to the
vibration, rotation, and translation of molecules or atoms,
Pige 2A, 1t 18 believed that the division of the discussion

into these categories will facllitate the discussion.

Radio waveas from antenna: This discussion includes

radio or Hertzian waves up to and including microwaves.
The plcture can best be presented here by a section of tissue
as shown in Fig. 5. E 1s the energy intensity of the
electromagnetic wave and X the depth of penetration., Data
has been presented to show that in order to get any
appreciable penetration into tissue, frequencies in the
microwave spectrum must be used. The effect on the tissue
1s essentially a dlelectric heating effect. This agsumes
that the tissue 1s receiving energy from a radiating source
removed from the tissue, The‘process of dielectric heating
between the plates of a condenser or in resonant cavities
will be discussed in Part III of this theslis,

Part of the energy E in Fig. 5 will be reflected from
the tissue (and part will be absorbed), the energy which is
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Relative heat per
unit volume

Fig 5. A,

B,C,D Illustrating
frequency(f) energy(E) and low f energy on a section of tissue
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Temperature

Relative power density

the relative effects of high
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absorbed may follow Lambert'!s law of absorption which can

be represented by the equation:

E = Et e-bx

where E!' 1s the energy density a distance X below the
surface and b is the attenuation constant of tissue. Since
b is the fraction of the energy removed from the wave a
distance x in the tissue, the energy transferred to the
tissue as heat is b times the density at any point X. From

this the following equation may be written:

H(x) =DbE (x) =Db E! e~PX

where H (x) is the number of watts per cc of heat energy
transferred from the beam to the tissue.

This information may be used to present the possible
effect on an ldeal animal with homogenous tissue. These
effects are represented essentially by Fig. 5 (B,C,D) (8)e

The temperature at any point (x) below the surface
of the exposed tissue where surface cooling is involved,
may be represented by Fig. 5B. Without any surface cooling
the temperature at any point T(x) will be proportional to
the energy that has been absorbed by the tissue at point (x).
A curve representing this fact may have the general shape
of Fig. 5C. The relative power density requirements for a
frequency at the high frequency end of the microwave spectrum
(1-10 cm) and frequencies at the low end of the spectrum

(75=100 cm) in order to obtain the temperature distributions
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shown in Fig. 5 (B,C) sre presented in Fig, 5D,

It is well known that the loss factor and hence the
attenuation constant of most materials increase with fre-
guencye. This 1s true with water which makes up the greatest
part of tissue. Clark (9) points out that

"the effect of microwaves on tissue is not a

resonance phenomenon. The heated areas occur

below the surface of the tissue because of the

balance between energy absorption and energy

cooling.,. It is not very critical; wave lengths

between 6 cm and 12 cm are about equally

effective in elevating body temperatures",

Very little work has been done on the exact depth of
penetration of microwaves into tissue, Location of most
intense heated areas will occur where the number of blood
vessels are at a minimum, Clark (9) presented calculations
to show that the longer the wavelength (50 cm, 8 cm, L4 cm)
the deeper into tissue the maximum temperature occurred
but the highest temperature accompanied the highest fre-
quency., Further discussion will be devoted to this subject

under the section on microwaves,.

Inductive heating: This process is used in industry

for heat treating, and melting various metals, Frequencies
near 450,000 cycles per second are used. The metal to be
heated 1s placed in a coill which is connected to a radio
frequency generator. This method of heating is generally
only satisfactory for metals or for materials with free

electrons. Since most of the materials of interest in this



study are non-conductors, this method of heating will not

be discusged further here.

Dielectric heating between the plates of a condenser:

The principle difference between this process of heating and
that described for radiation from an antenna is that the
product to be heated is placed between the plates of a
condenser which are attached to a radio frequency generator.
Theoretically any frequency in the radio spectrum could be
used for this purpose, however, there are certain practical
limitations which caused frequencies of 30 to 50 million
cycles to be used in the past for dielectric heatinge
Recently developed equipment with wavelengths in the centi-
meter range may be used for this purpose. In this process
the electromagnetic field penetrates the entire depth of
the non-conductor product, whereas only a relatively
shallow heat penetration is obtained when an electromagnetic
radio wave from an antenna 1s absorbed by the product,.

See Fig. 5 (B,C,D)s A considerable amount of research

has been devoted to the study of radio frequency dielectric
heating as a means of destroying insects in stored products,
A review of the literature and a presentation of a theory

of dielectric heating is presented in Part IIT of this
thesis,

Heating with infrared emergy: Infrared is that portion

of the electromagnetic spectrum, 7600 A to about 3600 A,



which bridges the gap between radio or microwaves and the
visible light spectrum. The process of heating with infra-
red electromagnetic energy is well known and this principle
13 used widely in industrisl and domestic heating appli-
cations, There is not sufficient energy in a quantum of
infrared energy to ionlze atoms or molecules, however,
molecules may be vibrated or excited to a point that the
thermal temperature of disassociation may be reached,

Infrared radiation penetrates thin materials such as
palnt films and glass; they have a limited penetration
into solids such as grsin, wood, and metals., Relatlively
high temperatures may be obtained on the surfaces of
materials exposed to intense infrared energy. The rise in
temperature below the heated surface is due entirely to
heat conducted from the heated surface. CGarber (10) has
presented data to show the relationshlp between high temper-
ature surface radiation to the overall heat pattern in
slabs of material.

The penetration of infrared energy into human skin is
listed in ?able 3e The penetration of far infrared is
superficial whereas near infrared penetrates relatively
deeply into human tissue. This may be used as a criterion
for determining the penetration of infrared energy into

insect tissue.



L3

Spectrum Region Wavelength Millimeter Lemerks
renetrution

Far ultraviolet 1800-4S004A 0.01-0,1 Superficial

Near ultraviolet 2000-35004 0.,1-1 cuperficicl

Visible F200-76004 1 - 10 Deep

Hear infrared TC00-1L00004A 12 - 1 besp

Fer infrared 15000-150,0004 1 - 0,05 Superficial

Tuble & Penetration of infrared, visible, ond ultruviolet

energy into humen skin (14).



Visible radiation: Table 3 shows that light visible

to the humen eye has relatively deep penetration into tissue.
It is quite obvious that energy with intensities available
from the sun and from ordinary artificial sources in this
portion of the spectrum will have little practical value asg

a direct lethal agent on insects. The visible portion of
the spectrum does have great importance when considering

the 1ndirect method of killing insects by attracting them

to "light" or insect traps. Since the eiectromagnetic

energy in this case does not have direct le thal effect on

the insect, this subject will not be pursued further in

thls studye. A conslderable amount of research on this
subject has been done by the Division of Farm Electrification,

Agricultural Research Administration, Beltsville, Maryland.

Ultraviolet heating and ionizatlon effect: The ultra-

vioclet area of the spectrum (about 10 to 4000 A) is in the
region of overlapping of the heating and ionization effects.
Ultraviolet bridges the gap between the longest wavelength
of x-rays and the shortest wavelengths of light visible to
the human eye. The ultraviélet spectrum is divided into
far, middle, and near wavelength areas: 4000-3000 A near,
3000-2000 A middle, and 2000-40 A far ultraviolet. That
portion of the spectrum between 2000 and 4O A is strongly
absorbed by air. This area includes the photochemical,

erythemal, and germicidal effects, Physicists and other
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scientists do not all agree on the effects that ultraviolet
energy has on living tissue, plants, and chemical reactions.
Much study has been devoted to the ultraviolet spectrum

and volumes have been written on this subject (11, 12, 13,
14).

Some investigators refer to the ultraviolet spectrum
as the region of molecular specificity or that portion of
the ultraviolet region that is marked by strong selective
absorption in specific atomic and molecular structures. In
previous discussion the electromagnetic spectrum was
divided into heatihg:and ionization areas. It was pointed
out that there was not sufficient energy in a quantum or
photon of ultraviolet with a wavelength greater than about
2880 Angstroms to cause lonization for the elements listed
in Table 2. According to this a photon of ultraviolet
energy with a wavelength greater than about 2880 A would
not contain enough energy to ionize the elements in an
insect listed in Table 2.

The germlicidal effect or lethal wavelength of ultra-
violet energy on bacteria peaks at about 2600 A (13).
According to the above discussion the germicidal area would
appear to be in the ionizing portion of the spectrum and
the erythemal effect which peaks at about 2970 A (13, 1h),
Fig. 6A, would appear to be in the heating or molecular
excitation portion of the uwltraviolet spectrum. Thus,

if an insect is exposed to a source of far, near, and
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middle ultraviolet wavelengths, there would be a possi=-
bility of heating and ionization effects or the coagulation
of albumen or proteins, Fig. 6B. Either of these effects
would affect only the surface of the materials of interest
in this study, 1l1.e., flour, wheat, beans, tissue, etc.,
because ultraviolet does not penetrate these materials to
any appreciable depth. Table 3 shows that the maximum
penetration of wltraviolet energy into human skin is about
one millimeter., The penetration into insect cutin and

tissue would probably be less than this.

Photochemical effect: Relatively little 1s known aboutb

the effect of ultraviolet and visible light in producing
chemical changes in animal tissue. It has been known for
some time that visible and ultraviolet energy enters into
the photosynthesls process in plants, however even this
process has not been fully explained. Elnstein postulated
a theory which states that the energy in ergs absorbed when
each molecule of a gram-molecular weight absorbs one gquantum
of radiation is equal to Nhv where N is Avogadro!'s number
6,06 x 1023, the number of molecules per gram molecule, and
hv is the energy in a quantum. Some investigators believe
that the primary effect of light absorbed to be a loosening
of the valence electrons, thus rendering the molecule chem-
ically active. Ellis and Wells (11l) point out that there
is no fundamental distinction between the reactions due to
visible or ultraviolet light and it is not feasible to

discuss their effect separately,



Effects of high temperatures on living cells: Most of

this section is a summary of a report by Rahn (15). Heat
energy at some definite temperature cen have lethal effects
on every type of cell of plants or animals. The rate of
the lethal effect depends on the temperature and time of
exposure. Practically all living cells are controlled by

& narrow range of temperature of about 75° F above the
freezing point of water., Life on earth is not permanently
possible outside this range of temperature.

The laws of thermodynamics can be applled to the
living organism with one exception. This exception is that
no mathematical or physical laws have been able to predict
the effects on M"extra=-sensory perception" in the living
organism. Some blologists have developed empirical
equations in an effort to tie in this effect with physical
lawse

Generally, temperature affects almost all chemical
reactions. The rate of reaction of ions of many chemicals
have been measured by the chemist. Thls reaction rate
changes with a change in temperature and practically all
reactions which take place ﬁt a definite speed show an
incresse in rate with an increase in temperature, The final
result may be the same, However, the end result 1ls reached
much faster at higher temperatures,

The proteins that are necessary for life in the proto=-

plasm of living cells are coagulated by heat., The coagulation
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of the protoplasm in heat killed cells is plainly visible
under a microscope. If a vital protein whose function is
necessary for cell life coagulates completely, the cell
dies. Not all of the many proteins in any one cell have
the same coagulation temperature., The overall effect is

a matter of rate of coagulation. If the coagulatlon takes
place slowly, the living cell can produce new enzymes and
oxlidase and repair the damage. So long as the rate of
repair keeps up with the rate of inactivation, the cell
will continue to live and be normal., When the rate of
repair 1s equal to the rate of destruction, this is called
the optimal temperature, or the temperature of greatest
life activity. When the cell temperature increases above
this point, a lethal temperature will be reached, the
destruction rate is increased considerably at this temper-
ature and the repair rate is practically negligible. When
the cell temperature is increased above the optimal temper-
ature, cell catalysts will be destroyed and the cell‘will
die,

The death rate of single cell animals due to lethal
temperature generally follows the so-called "logarithmic
order of death"., This does not apply to multicellular
animals but may be applied to individual cells of multi-
cellular animals including insects. Individual insects
normally show no body temperature of their own because they
give off surplus energy of respiration; however in large

masses thelr body heat accumulates,
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From this discussion it would seem logical to conclude
that insects can be killed by ralsing thelr temperature
above the lethal point. Previous snalysis in another
section of this report leads one to believe that the lethal
effect of radio frequency dielectric heating, microwave,
infrared, and most of ultraviolet radiation, is merely a
temperature effect, i.e., & lethal temperature is induced

whlch causes death to the insect,.

Tonization Radiation

Subatomic Particles

The terms electron beam, cathode rays, and beta par=-
ticles are used interchangeably to designate the flow of
electrons. The term beta partlcle is reserved for an
electron emitted from an excited nucleus, The biologlcal
and ionlzation eoffects of an electron beam and x-rays on
matter are the same and no radiocactivity is induced except
at voltages greater than 21 million volts (16). Electrons
accelerated by potentials of several million volts are
capable of penetrating a number of substances., This pene-
tration 1s inversely proportional to the density of the
irradiated substance., Penetrating electrons ionize living
tissue so that the chemical compogition of the tissue is
changed. These penetrating electrons may be thoughtof as
a speclal kind of bullet. As these bullets impinge onm or

collide with atoms of living tissue, ilons are produced
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which are fatal to the organism., The efficiency of electron
beam production is relatively high., From 50 to 75 percent

of the energy in an electron beam can be utilized.

Alpha particles are positively charged helium nuclei

emitted from radioactive substances., Alpha particles have
superficial penetration into matter. Alpha particles can
be stopped by a sheet of paper (7, 17). Therefore alpha
particles would not seem to be practical for deinfestation

of grain, flour, and other stored productse.

Neutrons and protons are subatomic particles. The

proton is the positively charged nucleus of the hydrogen
atom. The neutron has no electric charge. The mass number
of an element A represents the total number of particles
in the nucleus, The atomic number Z is the number of protons
in the nucleus and A minus Z is the number of neutrons in
the nucleus. The isotopes of any one element differ only
in the number of neutrons in the various nuclei,

Neutrons are not found as free particles in nature,
Lapp and Andrews (7) describe three processes by which
neutrons are produced, namely, by the absorption of gamma
rays in nuclei, emitted from nuclel of light and intermediate
masgss elements under proton bombardment; and neutrons are
produced by a beam of deuterons impinging on a target of
heavy ice., The neutron has been postulated to be radio-

active, decaying by beta particle emission to form a proton.
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Neutrons then create induced radioactivity in the material
they strike,

Neutrons have relatively deep penetration into matter
and thelr sterlilizing effect is caused by the production
of positive ions or charged nuclei., The charged nuclei
ionize and cause destruction of bacteria (17). The pro-
duction of neutrons is relatively inefficient (18). For
every 100,000 deuterons hitting a target, the yleld is only
one neutron. Since neutrons induce radioactivity and at
the present stage of atomic development, the generation of
neutrons is not efficient, neutron radiation does not appear
to be feasible for the deinfestation of stored products.

Thus it would appear from this discussion that accel-
erated electrons would be the only subatomic particles
which would seem to have merit for deinfesting stored pro-
ducts, since eccelerated electrons meet the requirements of
efficiency, practicality, and safety. It is for these
reasons that accelerated electrons are the only subatomic

particles used in tests in this report.

X-rays and Gamma Rays

X-rays and gamma rays are electromagnetic waves which
penetrate relatively deep into matter and have essentially
the same effect on living tissue as accelerated electrons
(19)., X=-rays are produced by electron bombardment of target

materials, The quantlty of x-rays produced depends on the
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electron energy, beam intensify, and the atomic character-
istic of the target. The conversion of electron energy
into X-rays is a very inefficient process. At 50 kilovolts,
the power conversion efficiency is about 0,1 percent for
heavy target materials,

Gamma rays are produced by the disintegration of
atomic nuclei, They come from many nuclear reactions and
are among the radiation emitted by natural radioactive
elements. Gamma rays, like x-rays, are regarded as "bundles"
or quanta of snergy, and they have the same offect on living
tissue as high frequency or hard xX-rays. Gamma rays propa-
gate in a spherical pattern from a radioactive source.
Since the spherical pattern is not the most desirable pattern
for irradiating foods, radio active rods, with a diameter
section of about 2 em in order to prevent excessive self
absorption, has been found satisfactory (19). A gamma=-ray
source suitable for irradiating food or insects is avail-
able in the form of radiocactive cobalt-60, obtained by
bombarding ordinary cobalt in a nuclear-reacting-pile,

This subject will be discussed further in Part VII,

Absorption of Tonization Radiation by Biological Tissue

Every quantum of ionizing electromagnetic energy
absorbed by biologlcal tissue can affect at most only one
primary absorbing atom (16). The secondary product from

an absorbed quantum, usually a dislodged electron, will
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then be set free to strike other atoms and thus form ionse
Then most of the effect on living tissue of ionization
radlation, whether it be an electromagnetic quantum or an
initial subatomic particle, are due to lonizing particles.
The three mechanisms by which electromagnetic energy 1s
absorbed are shown in Fig. 7. These procésses are the
photoelectric effect, Compton effect, and palr production
effects These processes are valid for that portion of the
spectrum which produces ionization, far ultraviolet, x-ray,
and gamma radiation., It was pointed out, under the section
of subatomic particles, that these same processes occur
when subatomic particles are used for ionization of bio=-
logical material,

The photoelectric effect obeys Einstein's equation:

hv = £ + my2

Wi

where hv represents the total energy of the incident photon;
4 the energy required to remove the electron from its atom
and 3 mv2 represents the kinetic energy of the ejected
electron. These ejected electrons have enough energy to
cause ionization to occur in nearby atoms.

The Compton effect is shown in Fig., 7TB. This process
is important for photons of relatively high energy, 2 Mev
(see appendix for definition of Mev), or greater (7) or
with wavelengths less than 0,01 A+ The photons which play

an important role in this type of process have greater
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assoclated masses than the electron mass, Filg. 7B illus-
trates that when a photon of energy in the x-ray or gamma
region strikes an electron in an atom, part of the energy
in the ejJected photon causes the compton recoil electron
to be ejected at angle (b) and the remaining energy in
the incident photon is scattered at angle (a) with a
change in wavelength. Lapp and Andrews (7) have applied
the laws of conservation of energy and momentum to the
gompton collision process thus permitting an accurate
calculation of the change in wavelength of the scattered
photon. The wavelength of the scattered photon must be
longer than the wavelength of the incident photon., If the
scattered photon has enough energy to eject another recoil
electron, the compton recoil effect will be repeated,

The phenomena of pair production is shown in Fig. 7C.
In the process of palr production all.the energy of the
photon goes into the formation of the electron pair (electron
e~ and positron e*) and to imparting energy to the pair

formed., This may be represented by

hv ———3= et + e~ + kinetic energy
Using Einsteint's equation E = mcz, the electron mass is
equivalent to 0,51 Meve Thus in the pair production process
both the electron and positron removes 0.51 Mev or a total
of 1,02 Mev from the photon. Then 1,02 Mev is the minimum

energy required for palr production.
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Mev » 1.02

Fig 7 —A,B,C- Mechanism by which far-ultraviolet, x- rays,
and gamma rays are absorbed by matter — illustrating
processes occurring when photons strike an atom.
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Lapp and Andrews state:

"For energies below about 0,06 Mev the photo-
electric effect predominates. This effect de=-
creases with an increase in the energy in a photon
and becomes negligible at 0.3 Meve At this point

-most of the energy lost to Compton recoil electrons,.
Above 1 Mev, palr production occurs and becomes
increasingly important at still higher energies.

The end result of the absorption of ionizing

electromagnetic radiation is the production of

ionlzing particles and tissue damage is caused

by these particles,"
X-and gamma radiation will benetrate deep into matter,
Because of the low probability that a photon will interact
with surface tlssue, all quanta are not absorbed near the
surface of the tissue, The ions produced by photon-electron
interactions move only short distances from the point at
which they were formed, but they will be formed fairly
uniform throughout a mass the size of the human body and

all tissue in the body will be exposed to injury,

Effects of Ionlzation on Lilving Cells

The 1living cell can be killed as a result of ionization
of protoplasm or chromosome damage when the cell is bom-
barded with quanta of ionizing electromagnetic energy or
accelerated electrons. The protoplasm in a cell 1is divided
into an inner compact nucleus and a surrounding fluid layer,
The nucleus is the principal part of the cell, It contains
the nucleo-protein which in the process of cell division
forms thread-like structures known as chromosomes, Fig. 8.
These chromosomes in the germ cells provide the mechanism

of heredity. The chromosomes are made up of building blocks
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called genes, which contain the factors that determine
the specific qualities of the parent ceil and any cells
produced by dell-division.

All ‘organisms reproduce" from a single cell, the
ovum. In the union of male and female germ cells, one-half
of the chromosomes are contributed by the spefm and one-
half come from the ovum. Following fertilization, & rapid
division takes place., The division follows a definite plan
throughout the 1life of the organism. A complete déscription
of the éell division process may be found in most texts on
biology.

The process of cell division is shown in Fig. 8.
During cell division, the nuclear material condenses %o
form long threads, the nuclear membrane disappears, then
these threads form the chromosomes (20) as shown in the
prophase section of Fig. 8. At metaphase the chromosomes
become oriented in the cell and they split 1ongitudina11y.
Then at anaphase the two halves of the chromosomes separate
and move to Opposité poles of the cell. The nuclear mem-
brane reforms, the chromosomes become indistinct and the
cell divides., The two daughter cells have the same number
of chromosomes as the parent,

In the process of life, there is alcontinuous destruc-
tion and replacement of cellular tissue within the body of
a living organism., The different layers of tissue in an

~organism contain similar nuclei, but the surrounding
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cytoplasm is different for each different type of tissue
layer. After the organism reaches maturity, cell division
levels off, and a balance of cellular death and replacement
takes place,

A great deal of information 1s availlable concerning the
effects of radiation-induced chromosomel breeks and re-
arrangements., This subject as well as the genetlc aspects
of radiation has been the topic of many volumes. The main
concern here is the mechanism by which short-term lethal
effects are obtained by ionization radiation.

When a great number of cells in an organism are
destroyed or damaged as a result of ionization radiation,
the repair processes within the cell are stimulated and
cell division proceeds st an increasing rate, Damage to
the reproductive apparatus of the living cell produces
changes in the ability of.the daughter cell to survive
and multiplye.

Sparrow and Rubin (21) point out that the immediate
consequences of chromosome breskage are mitotic inhibition
and cell death, and that death 1s more likely to occur
when chromatin material is loste. Cells that do survive
with chromosome changes and breskages will cause genetic
changes, In addition to the actual genetic changes that

/;ay be associated with chromosome breakage, sterility or
partial sterility or death, may occur in offspring from

damaged cells,
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Martin (20) states that:

"One or two ilonizations within a chromosome
break the rod and destroy or eject a gene at the
point of rupture. With restitution of the break,
cell division will continue, and the succesgsive
daughter cells may be normal or abnormal depending
on the importance of the gene removed by the
process. In the apparently normal daughter cells,
the absence of the gene may be manifested much
later after numerous divisions, If restitution
does not occur, or if multiple breaks occur and
the fragments interchange during restitution, the
effect will be more serious and death of the cell
probably will occur at or following cellular
divisionse « « « There are intermediate effects
between these two extremes depending on geomet~
rical configurations assumed by the injured
chromosomes."

The photomlcrographs presented in Fige. 9 show the
effects of 500 roentgens of X-radiation on the chromosomes

in a pollen cell from the Tradescantla reflexa plant. The

effects of radiation on a cell of thls plant is relatively
easy to show in a photomicrograph, because the nucleus in
each cell contains only six chromosomes. In this thesis
it would be almost impossible to obtain a clear picture of
chromosome damage in the nucleus of wheat irradiated
because wheat has 2 chromosomes in each nucleus, however
the principles involved are the same for both plants.

The photomicrographs in Fig. 9 were taken by Dr. G. B.
Wilson of the Botany Department of Michigan State College.
Fragments of chromosomes are visible in each of the photo-
micrographs., Chromosome fragments are clearly visible in
the late anaphase stage of Fig. 9-3. As the cell progresses

to the early telophase stage and then to complete division,
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Pig* 9* Photomicrographs of various stages of cell division
of a pollen cell from the Tradescantia reflexa (Wandfinincr
plant -- illustrating the effects of 50Ur of X-radiation on
chromosomes, (1) metaphase, (2) early anaphase.

anaphase, (4) early telophase¥*
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the ruptured cheomosome will probably cause the offspring

cell to die,

(1)

(2)

(3)

(4)

(5)

(6)
(7)

(8)

(9)

(10)

(11)

(12)
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PART TIT
RADIO FREQUENCY DIELECTRIC HEATING

Theory of Dielectric Heating

Electrostatic capaclty exlists wherever an insulator
(Lees, material with few free electrons) separates two con-
ductors between which a difference in potential can exist
(L)s If & voltage V is applied to the plates of a conden-
ser, Filg. 10, an electric charge will flow into them from
the battery or DC generator, with the resulting production
within the dielectric between the plates of an electrostatic
stress. This electrostatic astress represents stored energy
in the electrostatic field and depends upon the voltage
applied to the plates and the capacity of the condenser,

If a DC voltage 1s applieq to the plates of the con-
denser, the field between the plates will be static, i.e.,
the direction of the lines of force will not change as
long as the charge on the condenser remains positive and
negative., If an AC voltage be appllied to the plates of the
condenser, the electric fleld between the plates will
become dynamic, i.e., the slectric field will change
directions each time the voltage changes a&nd the field be-
tween the plates will no longer be electrostatic but will
be electromagnetic. The AC voltage between the plates will

cause an electromagnetic field to be set up between the
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plates, The electric field component will cause a dise-
placement current to flow in the dielectric material between
the plates of the condenser, which in turn will cause a

magnetic field to be established,

Displacement Current

With an AC voltage applied to the plates of the con-
denser 1n Fig. 10, the classical formula for representing
the current density in the dielectric is:

2t 2t (a)

Maxwell (2) suggested that the quantity %?E be called a
displacement current. This dlsplacement current flows in
the condenser whenever Lc (conduction current) flows in
the wire, The total current is then continuous. If the
conduction current Q; and the displacement currentj%ggr
flow in the same materlial, they may be added to obtain the
total current, i.0.:

I — Le + %__%,

(b)

The majority of the current in the wire leading to the
condenser is conduction current. In the space between the
condenser plates the conduction current density is small
in comparison with the displacement current density. Any
conduction current flowing through the condenser is called

leakage current. It has been proven experimentally that
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the displaqement current produces a magnetic field just
as a conduction current does (2).

The ratio of the displacement current, for a gilven
electric field strength and frequency between the condenser
plates, for a given dlelectrlc, to the conduction current
between the plates with free space as the dielectric, is

defined as the dielectric constant,

Power Loss 1in a Dielectric Material

The center of the negative charge in a molecule of a
dielectric material may not necessarily be at the center
of the positive charge. If this is true, a molecular
dipole or couple is produced., When molecules of a di=-
electric material are exposed to a high frequency electric
field, the molecular dipoles within the dlelectric material
tend to line up with the new field. (3) When the field
reverses, the molecular dipoles tend to reverse their
direction. In any dielectric there 1s a time lag in the
alignment of the dipole with the new field direction. If
the frequency of the field changes so that the alignment
of the molecular dipole is 180 degrees out of phase with
the electric field, then maximum energy will be absorbed
by the dielectric. This concept holds true for a material
between the plates of a condenser or for a material receiving
energy from an antenna,

Since the change in the molecular configuration in the

dielectric, due to the impressed voltage, imparts kinetic energy
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to the molecules of the dielectric which is dissipated as
heat in the dielectric, an equivalent digplacement current
must flow into the dielectric in phase with the voltage
impressed on the dielectric,

Whiteman (L) and Brown (5) developed an equation to
show the power dissipated in the dielectric. If the power
loss in watts for each cubic inch of the dielectric is P
and the electric field intensity in volts per inch is E,

then by definition the ratio of the power P to E2

is the
effective conductivity &~ + The numerical value of ¢ is
generally a very involved function of the frequency and is
not a constant,

For materials that have a very small conductivity,
the algebraic relation for & is:

— E @
a—_sz (e)

In this equation & 1is the dielectric constant at the
operating frequency jf and & the power factor of the di-
electric material and is defined as the angle in radians
by which the current flowing into the condenser fails to
be 90 degrees out of phase with the voltageo

By equating equation (a) to the ratio of P to E and
solving for the power dissipated in a unit cube we have:

% b
FD:: 21'771 f:‘é? E? (d)
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This equation is a simple linear equation showing the
relatlionship between the various parameters, and it clearly
indicates that the power dissipated in the dielectric
material depends on the frequency, dielectric constant ’
the electric field intensity and the power factor of the
dielectric material,

Whiteman points out that it is possible to make the
freguency j: as well as the dielectric constant € inde-
pendent of the electrode shape, It is however impossible
to make the electric field intensity through the dielectric
material independent of the electrode shape. In order to
have a uniform distribution of power density, it is necessary
to have a uniform electric field intensity, which can be

achieved in practice by properly arranging the electrodes.

Theoretical Voltage Gradient Across Objects Between Plates

of a Condenser

In order to determine the field intensity across an
object between the plates of a condenser, it is necessary
to determine the voltage gradient across the object (6).
The object could represent a box of cereal or it could
represent a single insect or an insect egg in a given sample
of grain, cereal, etc., The theoretical voltage gradients
across objects of various dlelectric constents are shown in
Fig. 10, The object 1is placed in an RF field which includes

an air gap as a function of the percent of field vertically
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‘occupled by the object, i.e., (t/a + £)100. The equation

for the voltage gradient across the object is:

V6 = v |
t + a (DK./Dxz) (e)

where: VG = voltage gradient in volts per centimeter
across the object
V = voltage between plates
t = thickness of treated object
a = thickness of air gap
DKo = dielectric constant of treated object
DKa = dielectric constant of air = 1
The above equation and the data given in Fig. 10 may
be used to determine the actual field intensity for a

specimen placed between the plates of a condenser,

Properties of a Dielectric Material -- Dielectric

Constant, Relaxation Time and Resonance Phenomena

Non-metallic solid materials have few free electrons
and the effect of the electric field on the molecules of
the dielectric material becomes a very important factor.
In accordance with this theory the electric field causes
a definite diéplacement of the electrons in the atoms of
the dielectric material as well as a displacement of the
molecules in the material., Whiteman (L) reports that these

displacements have translational as well as rotational
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components which are very important in radio freguency
dielectric heating. As the electric field components of
the molecules are lined up with the electric field com-
ponent between the condenser plates, a displacement of
charge within the dielectric material takes place. As a
result of this displacement charge in the dielectric material,
the displacement current is greater due to the presence of
the dielectric than that occurring due to free space. The
ratio of the former to the latter displacement current for
a given electric field intensity, is defined as the di-
electric constant of the material,

When considering the possible effects of an electro-
magnetic field on the insect, equation (d) shows that the
dielectric constant and the dielectric power factor can be
affected by the insect. This equation shows how these two
factors affect the amount of energy dissipated over a given
time., By knowing the power factor of the insect, the di-
electric constant, and the lethal exposure time, the lethal
energy can be calculated., However, with this equation, no
possible physiological effect on the nervous system or body
metabolism can be predicted.

The dielectric constant and dilelectric power factor
for different insects have not been determined., These factors
would be extremely variable with different living insects,
because their chemical and moisture content and shape would

vary. The dlielectric power factor and dielectric constant
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of a dielectric vary - considerably with the molsture con-
tent, and temperature. This would also be true if an insect
1s considered as a dlelectric,

In order to evaluate the possible effects of high fre-
quency electric fields on dielectric materials containing
permanent dipoles, such as insects when exposed to a high
frequency field, it may be worthwhile to discuss in more
detail the dielectric constant,.

Debye (7) and Frohlich (3) suggested that the dielectric
constant of a material can be represented by the equations
on the following pages

A graphical representation of the real and imaginary
dielectric constant is shown in Fig. 1l., Slater (8) points
out that if the dielectric materlal does not contain per-
manent molecular dipoles the imaginary part of the dielec-
tric constant becomes zero in Fig. 11l. If this is true
for a given dielectric then the ratio é%: » referred to
by Von Hippel (9) as the loss tangent of the dielectric,
would be zero, Slater (8) also reported that the curve
presented in Fig. 12 shows the dielectric constant and
absorption as a function of frequency,.

"The range of frequency over which the dielectric

constant is falling from its low frequency to its

high frequency value 1s quite large (several powers

of ten) and absorption is strong in this range,

The transition is not determined by any natural

frequency ol the system, for there is no charac-

teristic resonant frequency, but 1t is related
to what 13 called the relaxation timeo e« o o
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€ = € —j¢ (f)

! (Ew— €5)(WT)°

€ = Cs + S 5 A_,L(g)
I+ (WT)

e”= . (eoa— GS)(WT) (h)

I+ (WT)°
Where:

€ = total dielectric constant

€ = as defined by equution (g), reul part

g" = azs defined by ecuation (h), imcginary part

€ = stutic dielectric constant

€oo = dielectric constunt «t optic:.1l or infinite
frequency

T = relaxction time

W= .T7f

f = frequency in c¢ycles per scecond
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The relaxation time proves ﬁo be proportional

to the viscosity of the medium in which the

dipoles are immersed."

The relaxation time as defined by Smyth (10) is the
lag in response of a system to change in the forces it is
subjected and the relaxation rate is the rate at which a
system comes into equilibrium with its surroundings when
such a change occurs. In terms of theory developed by
Debye (7), dielectric relaxation is the lag in dipole
orientation behind an alternating elecgric field.

The natural resonant frequencies associated with elec-
tronic polarizations are found by the quantum theory to be
just within the visible part of the spectrum. The part of
the dielectric constant associated with electronic polare
ization goes through a condition (steep portion of dielectric
curve in Fig., 12) called anomalous dispersion coupled with
absorption. In this part of the spectrum (above and includ-
ing x-rays) the dielectric constant remains less than unity.
According to the theory presented by Debye (7) electronic
polarization is practically independent of frequency up
to a frequency of about 1000 megacycles, Some work has
been done in the microwave spectrum to study the dielectric
constant at wavelengths of 1, 3, 5, 6, and 10 centimeters
(9)es Coolie (11) found that the maximum absorption for
water was at a wavelength of 1.8 cm,

A summary of possible significance of the information

glven in this section will be presented after a review of the
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literature on the experimentel use of dielectric heat for

controlling insects is presented,

Review of Literature on the Effects of Dielectric

Heating on Certain Insects

In a number of the papers reviewed there is a general
misuse of terms. The use of the terms electromagnetic
waves, electrostatic field, radio frequency waves (RF),
dielectric heating, have been used interchangeably, These
terms sare related and it is generally believed that a
changing electric field between the plates of the condenser
will produce a changing magnetic field and the two fields
cannot be separated as long as the electric field is
changing., Therefore the term electromagnetic energy will
be used in this discussion to refer to the changing energy
between the plates of a condenser for dielectric heating

PUrpoOses.

Effects of Electromagnetic Fileld

No attempt here will be made to review the literature
on the medical or diathermic effects or the physical or
engineering aspects of electromagnetic energy. The liter-
ature 1s voluminous on these two aspects. Only the effects
on insects will be considered here with a brief mention of
the results of early medical and scientific experiments,

d'Arsonval (12), the French scientist, in 1893, was



78

probably the first investigator to observe the effects of
high frequency electric fields on bacteria and animals.

He observed a marked increase in the temperature of animals
when exposed to high frequency fields. He also observed
in 1896 changes in bacteria in cultures that were exposed
to radio waves. Schereschewsky (13), Schliephake (1k4),
Christie and Loomis (15) were among the first investigators
to investigate the diathermic effects of radiant electric
energy.

Schereschewsky observed some degree of specificity
between frequency and tissue temperature of mlce subjected
to an electrostatic field between the plates of a condenser,
Schliephake concluded that high frequency fields induce
lethal changes 1n bacteria apparently as a result of di-
electric hysteresis, Christie and Loomis investigated the
effects of high frequency fields on tissue,

The most extensive studies on the lethal effects of
electromagnetic energy on insects were made by Headlee (16,
17, 18, 19, 20, 21, 22) and his co-workers Burdette and
Jobbing, Hadjinicolaou (23), and Pyenson (24). Studies
were made by these investigators on the lethal effect of
an electromagnetic fileld of different frequencies on insects
during the various stages of development of the insect and
on the effects on the different families of insects. Headlee
and his co~workers also investigated the effects of high

frequency electromagnetic energy on plant tissue. A summary
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of Headlee's et al. work may be listed as follows:

l. The important factors in killing insects in an
electromagnetic field between the plates of a condenser
ares ffequency, time, and field strength.

2. The more highly centralized the nervous system
of the insect the more rapidly it was killed. Adults of
holometabelous insects were killed more rapidly than thelr
larvae. Variation between families and variation between
development stages from the egg to the adult appeared to
support this thesis.,

3. The lethal effect was apparently attributed to
the induction of temperatures reaching the thermal death
point of the insect,

e They concluded that it was possible that choles-
terol in the nervous tissue of insects caused this part
of the insect to heat rapidly.

5« The higher frequencies 9 to 18 megacycles per
second (mc) heated plant and animal tissue similarly.

The lower frequencies 1 to 3 mc per second were effective
against insects but did not appreciably heat the plant
material. They thought that this differential at lower
frequencies might be used to kill insects on plants without
injuring the plants, however, no tests were made., The invest=
igators did not list the fleld strength for all frequencies
used. This would have an important bearing on any compar-

ison made wilth the different frequencies used,
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Other tests were conducted by McKinley and co-workers
(25, 26, 27). They were not interested in insect control,
but with the insects studied essentially the same results
were obtained as reported by Headlee., McKinley concluded
that there exists an effect other than heat which accounts
for the death of a parasitic wasp when exposed to a high
frequency electromagnetic energy between the plates of a
condenser, but he did not list a hypothesis or glve reasons
for his conclusions,

Duggar (28), and Ark and Parry (29) have summarized
the previous work on the applications of high frequency
electrostatic (he means electromagnetic) energy in agri-
culture. Ark and Parry summarized the findings of a group
of Russian investigators, Vishniskova (30), Feshott (31),
Evreinov (32), Andreiev and Balkashin (33), who were
interested in the control of weevils and mites in stored
grain, These Investigators reported that energy in an
electric field between the plates of a condenser had
practical value in insect conbtrol, and also increased the
germination of treated seed,

Fringes (34) has summarized the work of Davis (35),
Mouromtseff (36), Graham and Fabian (37), Kocia (38), and
the Japanése Investigator Yagl (39).

Davis and Mouromtseff reported excellent control from
tests of equipment for the control of insects in grain.

Davlis conducted tests in cooperation with the Baltimore and
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Ohio Railroad using the dielectric process of treating wheat,
beans, corn, tobacco, spices, cereals, etc. between the
plates of a condenser using a 20 kw osclllator with plate
voltages up to 9100 DC at a frequency of 42 mc. The most
favorable lethal temperature was 125° F.

Mouromtseff, in reporting on the work of Davis, mentioned
that safe energy for lethal effects was l)i3 watt-seconds
per cubic inch or 970,000 watt-seconds per bushel or 0.27
kw=-hr was needed to treat a bushel of wheat using equipment
with a frequency of L0-50 mc. The DC input to the 20 kw
machine was 0.67 kw~hr per buéhel of wheat treated,

Results of tests were explained by the selective
heating produced by high frequency fields used in animal
and blant tissue. Temperatures up to 180° F did not seem
to affect the wheat., Marked carbonization of the internal
tissues of the weevil was noted in all tests., Eggs of the
insects treated were also s terilized,

Kocla studied the effect of radio waves on pupa and
larvae., He concluded that the increase in metabolism and
development rate were probably due to the increased internal
temperatures. Yogl, in his paper describing his test with
the silkworm between the plates of a condenser, pointed
out a number of items that the previous investigators did
not mention,

l. He pointed out that in the previous work the death

point was not clearly described and that immobility and
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death are not the same,

2. Yogl also noted the importance of the orientation
of the insect between the plates of the condenser. Silkworms
with the long axis of the body perpendicular to the condenser
plates were killed rapidly at a relatively low voltage
gradient, whereas, if the insects were placed parallel with
the condenser plates at the same voltage, they were killed

slowly or possibly not at all.

Development of Equipment During and After World War IT

During and since World War II, new and improved high
frequency electromagnetic equipment was developed. The
literature 1s quite extensive on these developments,

Sherman (4O), Whiteman (L), Brown et al. (41), Cathart (42),
Tillson (43), Bartholomew (ll), Morse and Revercomb (45),
Baker (46), and Mittelman (L47) are among a few of the refer-
ences applicable to new equipment since World War II. No
atbtempt will be made here to review this literature, However,
they contain excellent information which will help one to
become acquainted with some of the high frequency equipment
that has become avallable since World War II.

In 1946, after World War II, Weber et al. (48) conducted
tests with a dielectric heating unit in an effort to control
various insects in packaged products such as cereal and
whole wheat flour. The plates of this unit had dimensions
of 25.4 cm in width, 35.5 cem in length and the distance

between them could be varied from O to 9.85 cm. The field
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intensity was apparently not given but was probably 27
megacycles, The field strength was varied between 1200 to
1700 volts per cm, The insects exposed were Ephestia

kuhniella and Tribolium confusum. Some of Weber's results

may be summarized as follows:
1. The lethal temperature of externally applied heat

(when Tribolium confusum was in the test tube in a water

bath) was 65° ¢ (149° F) for larvae, pupae, and adult.

This temperature was compared with the work of Belehradek

(49)e Weber measured temperatures with a mercury thermometer.
2« One hundred percent mortality was obtained when

Tribolium confusum adult, larvae, and pupae were exposed to

field strengths of 1350, 1550, and 1775 volts per cm for a
period of 30 seconds or longer,

Brown (41) reported that the application of radio fre-
quency heating to dry food products such as cereals and
flour which are infested with weevils and their eggs is a
straightforward and simple process. He pointed out that
the insects usually contain more moisture than the bulk
material which they infest and that selective heating often
takes place and the mean temperature of the package need
not reach excessive values., Tesats conducted with one-pound
packages of cereal revealed that a temperature of 1).1_0O F
was sufficient to inactivate weevils and eggs.

Fringes (34) reported on the effects of electromagnetic

energy on insects between 15 cm diameter plates of a
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condenser. The maximum power was 1 kw. Frequencies varied
between 2.6 and 25 mc. Field strengths up to 3000 volts

per cm were used. Temperatures of the specimen were measured
with a thermocouple placed in the specimen. Fourteen
specimens were exposed. The work of Fringes was designed

to test the posgsibility of using high frequency electro-
magnetic energy to kill insects inside fruits and vege-
tables without damaging the plant material -« specifically
this work centered about the possibility that eggs and

larvae of the oriental fruit fly, Dacus dorsalis, could be

destroyed in papayas and other fruits without heating the
fruits appreciablye. Fringes also discusses the voltage
gradient factor, the vertlcal fraction factor, the frequency
factor, the physiological factors, and the morphological
factors. Fringes' general results may be listed as follows:

l, Fruits and vegetables are heated and insects are
killed when placed in the electromagnetic field between
the plates of a condenser when the frequency is varied between
3=-27 mc. The maln cause of death is heating of the insect,

2. The rate of heating of a treated object depends on
the frequency, voltage gradient, the vertical fraction of
the field occupied by the objeet treated, chemical compo=-
sition, physlcal state, and shape of the object (in insects
age, sex or physiological condition).

3. DNo critical differential in heating at various fre«

quencies between plant and animal tissue was found,
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L. It is probably impossible to heat an insect inside
a fruit or vegetable without also heating the plant material.

5. Fringes pointed out that if experiments of this
type are to be duplicated, the following information must
be given about the treated material: age, sex, size and
shape, physiological state of treated insects and exact
death point or lethal temperature. Also the following
treatment conditions must be listed: time of treatment,
voltage gradlent and frequency of field, and the vertical
fraction of field occupied by objects.

Dennis and Soderholm (50, 51) reported on the use of
dielectric heat to control the rice weevil (Sitophilus

eryza) in wheat. Tests were conducted at the Nebraska
Agricultural Experiment Station in cooperation with the
United States Department of Agriculture, The equipment
used was operated on a frequency of 27 megacycles per second
and at a maximum power of 25 kilowatts, which was capable
of penetrating a depth of one foot of wheat. Small samples
of wheat of 12, 1L, 16, and 18 percent moisture were
treated in one=-pint plastic containers, 2 3/8 inches high
by 3% inches in diameter with time of exposurs from 2 to
12 seconds in a field strength of 1800 volts per inche

The results of the work by Dennis and Soderholm show
that an exposure of the wheat samples for 9 seconds gave

100 percent mortality for the adult rice weevil, and an

exposure of 11 second was required for 100 percent mortality
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of immature stages of the rice weevil, During the 9-seconds
exposure time the temperature of the samples rose from
75 to 130° F, whereas, the temperature in the ll-seconds
exposed samples rose to 1hﬁ° Pe

Soderholm (51) reported further that a 100 percent
kill of adult rice weevil in 12 percent moisture wheat may
be obtained 12 days after treatment by the application of
4O me radio frequency field for periods of approximately
one second duration. Temperatures as high as 160° F did
not seem to produce any appreclable change in germination,
or baking and milling qualities., A 100 percent kill of
pink bollworm larvae in 10 percent moisture cottonseed may
be obtained by the application of a 4O me radio frequency
field for periods of 1lh to 29 seconds when the mass temper-

ature approaches a temperature of 170° F.

General Summary of Previous Work between Plates

of a Condenser

l. Electromagnetic energy between the plates of a
condenser with frequencies of 1 to 50 mec per second can
kill insects. The lethal effect is mainly a result of
internal heating of the insect,

2+ PFactors which influence the amount of internal
heating are: voltage gradient, time of exposure, freqguency,
orientation of insect in fleld, age, sex, and type of insect,

3. The degree of lethal effect has been theoretically
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associated with the specialization of the nervous system,
i.e., the more specialized adult insects (bees) are killed
more rapidly than the less specialized insects (cockroaches).

L. At higher frequencies (5 to 50 mc per sec) plant
and animal tissues heat rapidly and similarly, whereas at
lower temperatures (1 to 3 mc per sec), plant tissues do
not heat while animal tissues heat very rapidly. (This
statement needs more qualifilcation than was given in the
original paper).

5. It is probably impossible to heat an insect inside
a fruit or vegetable, without also heating the fruit or
vegetable.

6. In the papers reviewed, the study of possible
practical utilization of electromagnetic energy for insect

control remains chiefly experimental.

Discussion of Dielectric Heating as a

Method of Controlling Insects

Equation (d) shows that the power dissipated in a
dielectric 1s directly proportional to the frequency of
the applied electric fisld. Most of the dielectric machinery
used in the experimental literature review operated on a
frequency below 50 megacycles. Dielectric heating equip-
ment has been designed to operate on frequencies as high as
1050 megacycles (52). With this higher frequency it is

necessary to heat the material in resonant cavities or
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waveguldes, With this high frequency widely varying temper-
atures are likely to occur in the treated product if the
dimensions of the product are comparable to the wavelength.

Calculations have been presented under this section on
ionization to show that none of the freguencies used for
dielectric heating cause lonization, unless a temperature
is reached which would cause heat of dissociatione.

Since 1t has been demonstrated that a temperature of
170° F is lethal to insects which infest wheat, a simple
calculation will show the energy required to raise 100
pounds of wheat from a temperature of 70 to 170° F, assuming
50 percent efficiency is  BTU = wt(ty=-t,)(sh) for 100
pounds per minute or 6000 pounds per hour,

6,000 (170-70)(.40) = 240,000 BTU

KW = 6,000 (170-70)(.40) = 140
313 (.5)

If electricity costs 2 cents per kwh, then the cost

for energy per hour would be $2.80 for 3 tons or 93 cents
per ton at a rate of 100 pounds per minute,

A conservative estimate for the cost of steam is
$0.001 per 1000 BTU., Using the data above, the cost of
energy for raising the temperature of wheat from 70 to 170o P,
using steam colls for a wheat flow rate of 100 pounds per

minute, for a period of 1 hour, assuming a heat transfer

efficiency of 60 percent, will beg
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210,000 (.001) = 28¢ for 3 ﬁons or 9.3¢ per ton
1000 (485)

Proctor and Goldblith (53) have reviewed the economics
of radio frequency heating. They reviewed the work of Smith,
Kinn,rand Sherman., Smith (54) discussed the prevention of
insect contamination in packaged foods and he‘reported that
deinfestation of insects in food products can be obtained
at a cost of .01 cent per package. Kinn (55) presented a
number of charts and tables for determining'the economic
feasibility of dielectric heating. Sherman (42) states
that the total of all the elements of operating costs
rarely exceeds 10 cents per kilowatt of oubtpute

The following conclusions merit consideration:

1., Dielectric heating can be used to kill various
stages of insect life in wheat, flour, and beans, etc,

This process may be used for processing large quantities of
foods at rapid'rates of production, because the dielectric
heating process has the ability to penetrate almost instan-
taneously into products such as wheat, flour, and certain
packaged products,

2. It has been postulated by some investigators that
selectlive heating occurs when high moisture content insects
infesting low moisture content products such as wheat and
flour are heated. This theory does not seem to have merit
because in all cases reviewed, it was necessary to raise. the
temperature of the mass of material to the lethal temper-

ature of the insect before 100 percent mortality was obtained,



90

3s It has been demonstrated in another section of
this thesis that the only effect that can be obtained, with
the frequencies normally used in the dielectric process, is
a heating effect., There is no resonant molecular frequency
or other apparent effect other than heat which can be
depended upon to cause lethal effects.

o Since a pure heating process is necessary to kill
insects In a dielectric spectrum, the use of steam coils.
for raising the temperature of thin layers of wheat or
some direct method of utilizing energy from coal such as in
sn oven, etc, would appear to be more economical when large
masses of wheat are to be treated. This process is illus-
trated in Fig. 13. An 1llustrative problem was solved to
show that the cost of energy for the dielectric treatment
for 100 pounds per minute for wheat was 88 cents per ton
and 9.3 cents per ton with steam coils., The steam coil

operation should also show a considerable savings in overhead

and maintenance costge
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PART IV
SOME EFFECTS OF MICROWAVE ENERGY ON CERTAIN INSECTS

Some aspects of the use of microwave energy were dis-
cussed in Part II of this thesis. The factﬁrs previously
discussed relative to microwave energy are absorption by
tissue and heating effect. The factors involved in develop-
ing an equation for the conservation of energy in an
electromagnetic wave was also discussed in Part II.

As justified in the previous discussion, there is not
enough energy in a quantum of a microwave frequency with
wavelength of about 0,25 cm to 15 em to produce ionization
in tissue. When microwave energy is absorbed in tissue or
any dielectric loss material, the electromagnetic energy

is changed into heat,

Review of Literature

It has been demonstrated by Clark (1) and Herrick (2)
that the principle effect obtained by exposing various
parts of animals, including eyes, internal body cavities,
testicles, and muscular tissue to modest amounts of micro-
wave energy, was a heating effect. Clark stated that:

"T should like to emphasize again that this

damage is entirely due to the heat generated

as a result of the absorption of microwave

energy by the body tissue and is not due to

any mysterious property of microwave radiation
as such,”
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Most damage was to areas where proteins exist, such as in
eye lens. Heat from microwaves seems to coagulate areas

in the eye to form cataracts and the damage is not apparent
immediately after exposure,

The work reported by Hines and Randall (3), Richardson
et al. (L4), and Salisbury et al. (5) point out some interest-
ing effects of microwave energy on tissue. It was found
that from studies (3) made with 1600, 75, 12, 8, and 3=-cm
radiations that the shorter electromagnetlic waves were
relatively more effective for increasing the temperature
in superficial tissue than in deeper tissue and that longer
wavelengths were more effective for heating of deep tissue
than for Superficial tissue, Tests were made to determine
the effects of 12-cm microwaves on the testes of adult
rats. It was found that a single 10-minute exposure to
microwaves caused testicular degeneration at a temperature
of only 35° C measured in the central area of the gland.

Salisbury et al. (5) found that microwaves produce
heat in the body where an abundant amount of blood is not
supplied and that blood is an effective coolant and acts
to distribute heat developed evenly. It was pointed out
that certain parts of the body are not effectively cooled
by the blood; examples include, lens in the eyes, gall
bladder, parts of the intestines, and the testicles, When
such organs are subjected to microwave irradiation, very

high local temperatures may result. Richardson et al. (L)
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found that when the flow of blood was sufficiently increased
by continuous irradiation, the temperature ceased to rise
and eventually was diminished when the rate of flow was
great enough, so that the peak temperature often preceded

the termination of irradiatione.

Microwaves from an Antenna

It may be worthwhile to 1list the factors involved in
trying to arrive at an equation so that the electromagnetic
energy required to heat an insect in free space can be
calculatede If equation (h) in Part I (the section on
electromagnetic radiation) be examined in a practical way
for possible effects on insects it would seem that the
rate of decrease of the electromagnetic energy in a given
insect with an approximate volume is given by the right
side of the equation (h), and this 1s equal to the rate at
which heat is expended in V plus the rate at which the
vector S flows through the surface surrounding V. The
relationship between frequency of an electromagnetic wave
and its energy content is shown indirectly in equation (h)
since € is a function of frequency. This relationship
could be very important in predicting the lethal effect
of high frequency waves on insects,

Insects in an electromagnetic field in free space may

meet the conditions in equation (h) to an intermediate
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degree, since it is probable that most insects will be
inhomogeneous and anisotroplic. In order for an lnsect to
meet fully the requirements of a homogenous medium, and
thus satisfy the medium in which equation (h) would be
-completely valid, the parameters ’ s and should be
constant in the insect in question. If these parameters
have the same properties in all directions in the insect,
the insect would be 1isotropic,

Schwan (6) proposed that the electromagnetic theory
and information presented in the two papers by Schwan and
Li (7) and Schaefer and Schwan (8) be combined into an
equation which would give the field strength required to
develop enough heat in insects in free space in order to
have lethal effects. At the time of this writing a complete
equation had not been fully developed using Schwan's
suggestions, however, the equation presented in the next
paragraph gives the relationship between the various factors
involved,

The power necessary to raise the temperature of a given
object in space, a distance r from an antenna in a given

time, may be represented by the following formula:

WO (Tp=T;) = La2P(t)(e ) (G)A
=

Solving for P: P = W05(T2-T1)P2

he2(t) (o) (G)A
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where: W = weight of object in grams
C = specific heat of object
To-T) = temperature rise in degrees Centrigrade

.2 calories = 1 Joule

g
il

power in watts

t = time In seconds

e = overall efficiency

G = gain of antenna = K/ﬁ?, where K is some constant

depending on type of antenna
A = wavelength
r = distance from object to antenna
It cen be seen in the above equation that the power
necesséry to ralse the temberature of an object in space
with a given antenna is directly proportional to the square
of the distance r and inversely proportional to the time t.
A specific problem is solved below using the following

assumptions: An insect with a weight of 0.1 g, a specific
heat of 1, an exposed cross sectional area of 0,1 sq cm is
to be given a temperature rise of 55° C in one second at a
~distance of one meter from the antenna. Assume also that
the gain of the antenna is 10, and that the overall
efficiency is 37 percent, The overall efficiency of 37
percent is obtained by multiplying 50 X .75 =.37. This
assumes that the radio or microwave equipﬁent is 50 percent
efficient and that the efficiency of sbsorption is 75 per-

cent, i.e., 75 percent of the incident energy is abosrbed
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by the insect and 25 percent is reflected.
The solution is:

P=.1 (1) (55) (100)2 = 35,000 watts
he2 (1) (437)(10)(.1)

If the distance (r) be increased to Slmeters, then the

power reguired would be 880,000 watts.

If the antenna gain be unity, which may be the case
for certain vertical antennas, the power required in the
above two cases would be 350,000 watts and 8,800,000 watts
respectively.

Other values for t and G may be substituted in the
equation and power requirements determined if desirable,

No experiments have yet been performed in order to
evaluate the relative dangers or effects on insects or
animal tissue of pulsed power as compared to continuous
power. However, rough calculations by Salisbury et ale (5)
of the thermal time constants of typical physiological
structures indicate that these are long as compared to
the interval of a pulse of typical radar set., Accordingly,
they pointed out that it would seem reasonable to evaluate
the danger from apparatus of thls type in terms of average
power rather than peak power.

Salisbury et al. (5) also reported that the field
strength known to be dangerous to human beings is 3 watts
per sq cm, and is not likely to occur except in the immed-

iate vicinity of a powerful transmitter. The area of a
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cross section of a typlcal 10-cm wave guide is about 28 sgq cm.
‘A power of about 90 watts 1s required to reach the danger
level in this wave guide. In free space, the energy level

is much less concentrated so a much larger total power

would be required to reach the danger point,.

Apparently no information is available on the effect
of microwave electromagnetic energy on insects. Although
it has been fairly well predicted that any lethal effect
of microwaves on insects would be due to a pure heating
effect, it was decided to conduct tests using microwave
energy in order to determine possible lethal effects on

insects,

Equipment and Procedure

The data for the three tests conducted is recorded in
Tables L, 5, and 6. Flour beetle adults, eggs and larvae
were irradiated in The Radarange, Model 1132A, manufactured
by the Raytheon Mfg. Co., Waltham, Mass. A plcture of a
Radarange is shown in Fig. 1lh. This equipment operated
on a frequency of 2,450,000,000 cycles per second employing
the magnetron oscillator. The resonant cavity oven cali-
brated laboratory model used for the tests was set at a
power output (measured in a standard l-liter water load)
of 940 watts. An absorption of the energy equivalent of

this output would be considered maximum power transfer,
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CONTROL PANEL

(RMTHEON)

POWER SUPPLY

Fig 14 The RADARANGE showing control panel and oven------—--

operating on an approved frequency of 2,450,000,000 cycles per sec.
or a wave-length of 12.25 centimeters.
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Temperatures were taken on the samplss, indicated in
the tables, by a mercury thermometer, after exposure.
Initial temperature of the samples before treatment was
about 73° F,

Twenty=-four samples were prepared for each of the
three tests conducted, Fifty adult flour beetles were
placed in each of 25 pint fruit jars (containing 75 grems
of whole wheat flour) about lp days before the test date,
During this l~day period, the samples were kept in an
incubator. This allowed sufficient time for the adults
to oviposit before the test, This same procedure was used
for the 2l granary weevil samples which were placed in 75
grams of Cornell 595 wheat in one-pint jars. The 2L samples
of Tribolium larvae were prepared by placing a number of
adults in a batch of whole wheat flour so that eggs would
be deposited. After a period of incubation, the flour was
mixed gently and divided into 2l samples of 75 grams each.
No effort was made to place an equal number of larvae in
each sample as the larvae would possibly have been injured
if handled,

After the samples were prepared, they were shipped via
air express to the Raytheon Research Laboratory, Waltham,
Mass. The air express company was requested to see that the
temperature of the samples did not fall below 60° ¥, The
samples were irradiated soon after they arrived at the

Raytheon Laboratory., The samples arrived back in Lansing
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four days from the date of shipment from Lansing and were
placed in an incubator. Then observations were made for

lethal effects.

Results and Discussion

The data in Tables L, 5, and 6 indicate that a maximum
temperature of 1650 F with an exposure time of 21 seconds
in the Radarange was lethal to 100 percent of adult flour
beetles one week after treatment. Under these conditions
23 percent of the eggs hatched. Two percent of eggs
hatched when exposed for 21 seconds at a temperature of
178o Fo A temperature of 187° F at an exposure time of
18 seconds was lethal to 100 percent of the flour beetle
larvae.

An exposure time of 15 seconds at a temperature of
172o F was lethal to 100 percent of the adult granary
weevils one week after treatment. No flour beetle eggs
hatched with this treatment. Only 2,5 percent of the eggs
hatched when exposed at a temperature of 162° F for 12
secondse.

According to Dr. David Copson of the Raytheon Research
Laboratory, the heat occurring in irradiated flour and
grain is of high enough order to put these materials in
the category of good absorbers of microwave energy. As

such, the validity of a selective action between the material
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and insects at various stages is questionable. The state-
ment seems to have merit because in each test temperatures
approximating the lethal temperature found by other investi-

gators was necessary before a 100 percent kill was obtained.

Cost to Operate Magnetron

Calculations in order to show the cost to raise the
temperature of 1000 pounds of wheat per hour or flour from

70 to 140° P are presented below (9):
70° (0.4 Sp. Heat)(0.,00029 KWH/BTU)1000 lbs/hr = 8,18 KW
of radio frequency (RF) output required,

For an industrial application we may assume that
magnetron oscillators for microwave generation would be
available at a cost which would amount to $125 per 1000 KWH
of RF output. Therefore the above flow rate for one hour
would cost:

8.1ﬂlé§§§51-=-$ 1.02 per hour for RF

The electric power may be used for conversion to RF on
a basis of about 60 percent efficiency. Thus,

8,18 _
0.6 = 1362 KW

Estimating the cost per KWH at 2.0 ¢, this would mean
27.2 £ per hour and added to the cost for magnetron gener-
ators, it would be $1.29 per hour total. The further
requirement would be for the machine or baslc equipment and
the cost of comparable output equipment from other suppliers

to be a reasonable estimate. A rough estimate of $5000
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for the equipment to do this calculated load may be made.,

The cost would then be on the order of 13¢ per 100 pounds

of grain or flour lrradiated.

(1)

(2)

(3)

(L)

(5)

(6)

(7)

(8)

(9)
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PART V
SOME EFFECTS OF INFRARED ENERGY ON CERTAIN INSECTS
Introduction and Review of Literature

It has been pointed out in another section of this
thesis that infrared energy produces molecular vibration
and excitation which cause a pure heating effect in tissue.
It was also mentioned that living cells will die, due to
coagulation of protoplasm, if exposed to excessively high
temperatures., Also, the penetration of infrared into tissue,
and the method of generation of infrared energy were
discussed, see Parts I and II.

Infrared energy has been used in industry and agri-
culture for many years to heat thin films or layers of
material as in baking paints and drying surfaces and for
brooding chickens, etc, Infrared energy is used widely
in the medical profession for heating certain areas of the
body. Hall (1), Koller (2), and Canada (3) are among
those investigators who have written treatises on infrared
energy. According to Koller (2) "infrared" refers to
electromagnetic radiation of longer wavelength than 7800
Angstroms.

There are a number of sources of infrared radiation.
The simplest are incandescent solids. The most convenient
form 1s the infrared lamp, A number of investigators have

used the infrared lamp for dying seed and heating various
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objects. Nicholos (l) reported on preliminary :studies
using infrared lamps to dry thin layers of grain. Garber
and Tiller (5) presented a paper on the "skin heating effect"
of infrared on materials of low conductivity. They pointed
out that infraredccould be used to raise the surface temper-
ature of material such as wood and that relatively high
surface temperatures could be obtained with infrared energy.
Any increase in temperature below the surface would be by
conduction from the surface to the depths of the material,

A number of investigators have conducted experiments
on the effects of infrared energy on various insects
apparently without reviewing the physics involved in the
process, Duane and Tyler (6) presented a hypothesis that
certain moths communicate with each other on a frequency in
the infrared spectrum, but they did not collect enough data
to prove their hypothesis. MacLeod (7) studied the effects
of infrared on the cockroach. Headlee (8) also studied the
effects of infrared on the cockroach and the transmission
of infrared through various layers of wheat products,
Headleet's infrared source penetrated 0,03 inch of wvarious
wheat products., Other investigators suggested that a battery
of infrared lamps be used for treating rice to control
insects., Cotton (9) states that a temperature of 140° F
for 10 minutes is fatal to all grain insects and that a
temperature of about 180° F is considered the safe temper-
ature for drying wheat without injury to milling and baking
qualities,
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Frost et al. (10) concluded that death of Tribolium
confusum and other insects exposed to infrared radiation
was due to increased internal body temperature. In all
tests conducted the internal temperature at the end of the
test approached the average fatal temperature which
according to Uvarov (11) is 122° 7, Hall (1) reported
that infrared energy has been used sﬁccessfully in the
rapid extermination of various insects. Fleas on dogs
may be killed with exposure to infrared without any apparent
discomfort to the animal, Hall also mentioned that radiant
heat has been found useful in delousing clothes. Kleis (12)
and Cheklich (13) made studies on treating loose smut in
wheat with infrared energy.

Realizing that more information would be desirable
before infrared energy could be recommended for the exter-
mination of insects in grain and flour, a series of tests
were conducted in order to study the effects of infrared

on the flour beetle and granary weevil,

Equipment and Procedure

A series of six tests using the type R-40 250-watt
infrared lamp as a source of energy was conducted, The
major equipment used in the tests is shown in Pigs. 15, 16,
and 17. The lamp height for all tests was measured from

the bottom of the petri dish to the bottom of the lamp bulb,
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Fig. 1J>.>;Showing voltage regulator, radiation meter,
psychrometer, stop watch, thermocouple in sample of
flour, and infrared lamp. The temperature was recorded

with potentiometer shown below*

Fig. 16. Same as above except that sample of wheat was
treated under the lamp and immediately emptied into the
insulated container to the left of the recorder*



Pig* 17* Close-up of insulated compartment in which
samples were placed soon after exposure* The compartment
is made of Styrofoam, manufactured by Dow Chemical
Company, and is lined with aluminum foil. A thermo-
couple, located in the compartment, indicated the
temperature of the mass, and this temperature was
recorded with the Brown Potentiometer¥*

116



117

Unless otherwise indicated the lamp voltage was maintained
at 117 volts, The radiation spectrum for the filament

of the type R-40 lamp as compared to a black body is shown
in Fig. 18, The relative energy output and the percent
transmittance for infrared in two thicknesses of water for
the type R-40 lamp radiation (Fig. 19A) is shown in Fig. 19B.
The radiant energy*at various lamp heights above the meas=~
uring instrument is shown in Fig. 30. In all the tables
that-follow, the percent adults killed or eggs hatched for
check samples for each test were averagedand used as a 100
percent check. Since the procedure for each test differed
slightly, a description of the equipment and procedure for

each test will be presented,

Infrared Test 1

Test 1 was of a preliminary nature. The data is
recorded in Table .7. Twenty adult flour beetles placed
in each of 20 9-cﬁ plain petri dishes were exposed to various
levels of infrared energy as shown in Table 7, The radiant
energy was measured with a type DW-60 radiation meter and
was changed by varying the voltage to the lamp with a
variable transformer, Fig. 15. The data collected for the

second part of test 1 is listed in the lower part of Table 7.

Results: The results of test 1 are shown in Table 7. .
Only one insect was dead U8 hours after the test. Thirteen
out of a total of 25 adults were dead L8 hours after exposure

with a lamp height of 10 inches,
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2500° K

© © 17 volts

visible/| ——sinfrared

1934°K
58.5 volts

-

N R T P R

8 12 16 20 24
WAVELENGTH IN ANGSTROMS (thousands)

ACTUAL RADIATION FROM FILAMENT AT 2500°K
O CALCULATED BLACK BODY RADIATION AT 2500°K

Stefan-Boltzmann equation for black body radiation

-2

E=5673 X 10 - T4 watts/sq cm

Figl8 Radiation from Type R-40 infrared lamp o0s
compared with rodiation from a black body.
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Figl9A-Radiation spectrum for type R-40 250 watt Infrared
tamp . from GE Lamp Bulletin 1946 p 36.
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Figl9B-Re lative absorption of Infrared energy for two thicknesses
of water- from International Critical Tables Vol V p268..
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- Infrared Test 2

The data tabulated for test 2 is shown in Table 8,
Twenty adult flour beetles were placed in each of 26 petri
dishes. One petrli dish contalning 20 adult insects was
used as a check. Refer to Table 8 for time of exposure,
lamp height, and energy level., The apparatus for this test
is shown in Fig. 15. The petrl dish containing the insects
was set on an insulated blocke. The energy radiating on the
petri dish was measured with the DW-60 radliation meter.
This information is plotted in Fig. 30, The bottom of the
petrli dish was in a horizontal plane with the element of
the DW=60 radiation meter. The lamp height was measured
from the bottom of the petri dish to the bottom of the
250=watt type R~40 infrared bulb,

Results: The data in Table 8 and Fig., 20A and 20B
indicate that the minimum energy necessary to kill 100 per-
cent of adult flour beetles L8 hours after the test was
3025 gram calories per sq cm per minute with a lamp height
of 6 inches and with an exposure time of 60 seconds. An
energy level of 2,60 gram calories per sq em per minute,
with a lamp height of 8 inches and an exposure time of
75 seconds was lethal to 100 percent of the adults one week

after exposure,
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Infrared Test 3

Infrared test 3 was designed to determine the effects
of infrared energy on flour beetle eggs. The results and
data for this test are shown in Table 9 and Figs. 21A and 21B.

Fifty adult flour beetles were placed in each of 30
petrl dishes containing 20 grams of 13 percent molsture
(wb) whole wheat flour. The flour was sifted through a
2i~-mesh wire screen before use, The adults remained in
the semples for 76 hours for ovipositing. During this 76=-
hour period all 30 samples were kept in an incubator at
80° F and 75 percent relative humidity. After the incubation
period, the adults were removed from the flour and the egzs
and flour in each of the 25 samplés were treated wilth
various amounts of infrared energy as shown in Table 9.
Just before each test the flour in each dish was leveled
evenly so that the depth of flour in each petri dish was
about 4 inch,

At the end of each exposure time, the lamp was turned
off and the thermocouple attached to the inclined rod,

Fig. 15, was inserted into the flour so that the thermo-
couple junction touched the bottom of the petri dish. The
readings of Leeds and Northrup potentiometer (shown in

Fig. 26) from the thermocouple were recorded in millivolts,
After the test the samples were kept in the incubator for

a period of 36 days. The number of eggs hatched after three

successive counts ls shown in Table 9,
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Results: The charts, Figs. 21A and 21B, show that no
treatment used sterilized 100 percent of the eggs. An
average of 169 eggs hatched in each of the 5 check samples.
The data in Flg. 21A indicates that some exposures actually

increased the percentage of eggs hatched,

Infrared Test L

Infrared test lj was designed to determine the effects
of various amounts of infrared energy on adult flour beetles
covered with flour. The results and data for this test
are shown in Téble 10 and Figs. 22A and 22B.

Twenty adult flour beetles were placed in each of 30
petri dishes (9 cm diameter) containing 20 grams of 13
percent moisture whole wheat flour. The flour was sifted
through a 2li-mesh screen before use. Immediately before
each sample was exposed to infrared energy all insects
were covered with flour. The total depth of flour was
about ¢ inch. The time of exposure, maximum temperature,
and other observations made are tabulated in Table 10.
Temperatures were recorded by the Brown potentiometer,
Fig. 15, The thermocouple on the incline rod, Fig, 15,
was inserted 1in the flour immediately after each exposure
so that the thermocouple element touched the bottom of the
petri dish. After the samples wers treated, the treated
samples plus the untreated samples were placed in an incu-

bator and observed at intervals as shown in Table 10,
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Results: The results of infrared test L one week
after treatment is presented in graphical form in Figs,
224 and 22B., One hundred percent kill was obtained one
week after treatment, using an exposure time of 105 seconds
and a maximum temperature of 213° F. The number of insects
that came to the top of the flour during test L is shown
in the last column of Table 10, There does not appear to
be any relationship between the number of insects killed
and the number that came to the top of the sample during
the treatment. The Insects on top of the flour would

receive more energy than the insects buried in the flour.

Infrared Test 5

Infrared test 5 was designed to test further the
effects of infrared on the flour beetle adults and eggs,
with an increase in time of exposure. The results and
data for this test are shown in Table 11 and Figs. 23A,
23B, 24A, and 24B,.

Porty adult flour beetles were placed in each of 30
petri dishes containing 10 grams of 13 percent molsture
whole wheat flour. The adults remained In the samples for
4 days in order to allow sufficient time for the adults to
oviposit. During this l~day period all samples were incu-
bated in a constant temperature, constant relative humidity
oven (80° F, 75 percent RH)s At the end of the L-day
incubation period, 25 samples containing adults and eggs

were treated with various amounts of infrared energy as
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shown in Teble 11, Five untreated samples were used for
check samples,

Before each test the flour was leveled in each dish
and the depth was about 1/8 inch. No effort was made to
cover the insects with flour. The main reason for having
flour in the dishes for this test was to provide sufficient
flour for food during the ovipositing period and at the
same time supply material in which the adults could deposit
thelr eggs,

The temperature, exposure times, and lamp helghts used
are shown in Table 11l. At the end of each exposure period,
the thermocouple attached to the incline rod, Fig. 15, was
inserted into the flour so that the thermocouple junction
touched the bottom of the petri dish. The maximum temper-
atures were recorded with the Brown potentiometer, Fig. 15,
After the test the samples were incubated for L6 days, and

examined at intervals as shown in Table 11,

.Results: The results for test 5, presented in charts
23A, 23B, 24A, and 2,jB, show that a 100 percent kill was
obtained one hour after test with an exposure time of 2,5
minutes at a lamp height of 8 inches. The maximum temper-
ature at the end of the test was 127° F, The minimum time
required to sterilize 100 percent of the eggs was 2,5
minutes at a lamp height of 6 inches with a maximum temper-

ature of 138° F at the end of the test,
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Infrared Tesat 6

Infrared test 6 was designed to determine the effects
of infrared ensrgy on the granary weevil adults and eggs,.
The data and results for this test are presented in Tables
12 and 13 and Figs. 25A and 25B.

Twenty-five adult granary weevils were placed in each
of 12 petri dishes containing 20 grams of Cornell 595 wheat.
The moisture content of the wheat was 9.7 percent wet basis,
The adults remained in the samples for four days in order
to allow time for them to oviposit. During this L-day
period all samples were incubated in an 80° F, 75 percent RH
incubator, After the incubation period, 10 samples con=-
taining adults and eggs were exposed to various amounts
of infrared energy as shown in Table 12. Two samples were
not exposed to infrared and were used for check samples,

The main reason for having grain in the dishes for these
tests was to provide sufficient food for the adults during
the incubation period and at the same time provide material
in which the adults could oviposit,

The temperature, exposure time, and lamp heights used
are shown in Tables 12 and 13, At the end of the exposure
period, the grain was poured into the insulated thermo-~
couple cavity shown in Fige. 17. A cork stopper was used to
cover the thermocouple cavity., The maximum temperaturse
obtalned for each test was recorded by the Brown potentiometer,

After the test the adult samples were incubated for one
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week and the eggs were incubated for 56 days. The adults
and eggs were examined at intervals as shown in Tables 12

and 130

Results: The results for infrared test 6, presented
in charts 25A and 25B and Tables 12 and 13, show that a
100 percent kill of adult granary wecvils and eggs was
obtained with an exposure time of 1.5 minutes at a lamp
height of l inches and a maximum temperature at the end

of the test of 128° w,

Discussion

Infrared radiant energy from an infrared lamp may be
used to kill the granary weevil, flour beetle and their
eggse Tests were not conducted on larvae of these two
insects, however, work by other investigators has shown
that infrared energy can be used to kill the larvae of
these insgsects. Both temperature and exposure time are
important factors in determining the amount of energy
necessary to cause lethal effects., A high temperature
with a short exposure time will be lethal to the insect
and a low temperature (considerably above optimal temper-
ature) with a long exposure time will be lethal to the
insects It does not seem that it would make any difference
from what source the energy was obtained in order to reach

the desired temperature. The energy could be from a
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radiant, convection or conduction source.

The following factors should be considered before
infrared energy is applied on a large scale for killing
insects in wheat, flour, beans, and other productse

1. Wheat, flour, and beans are relatively good insul-
ating materials, Infrared energy has only superficlal
penetration into these materials., After the infrared
radiant energy strikes these materials, the infrared energy
is changed into heat energy, and any significant pene-
tration into the product is by conduction.

2, The time required for the heat energy to be cone
ducted through a layer of wheat or flour would 1limit the
rate at which a lethal temperature could be obtained in
a glven thickness of material,

3. Since wheat, flour, and beans are in particle
form, it would appear that heat energy convected through
the product, or dropping the product through moving, heated
air, would be more effective in obtaining the lethal temper-
ature in the product than treating the product with infra-
red energy alone. A combination of infrared, conducted,
and convected energy should possibly be considered. The
temperatures shown in Fig, 13 have been effective for
destroying insects in continuous processes,

s There is not enough energy in a quantum of infra-
red energy to cause ionization of insect tissue, however,

some breakdown in the chemical structure of insect tisgsue
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will take place if heat energy is bullt up in the insect

sufficient enough to cause dissociation,

(1)

(2)

(3)

(L)

(5)

(6)

(7)

(8)

(9)

(10)

(11)
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PART VI
SOME EFFECTS OF ULTRAVIOLET ENERGY ON CERTAIN INSECTS
Introductlion and Review of Literature

Volumes have been written on the various aspects of
ultraviolet light. Ellis and Wells (1), Luckiesh (2), and
Koller (3) each devote a chapter in their books to the
lethal action of ultraviolet rays and sterilization. A
number of workers have found the region of bactericidal
activity to lie between the wavelength of 2960 and 2100
Angstroms, with maximum germicidal effectiveness at
2537 A, Although the results of many investigations on
the lethal effects of ultraviolet energy have been reported
in the literature, very little is known yet as to the
exact nature of the changes that take place within a living
cell when it 1s exposed to ultraviolet energy.,

Ellis and Wells (1) pointed out that the abiotic power
of ultraviolet light was the result of photochemical action
on certain molecular groupings of the protoplasm and
especlally the nucleus. They also discuss the effects of
ultraviolet on the sterols, ergosterol, and cholesterol,
found in plant and animal tlssue. They pointed out that
the exposure of roundworm eggs to ultraviolet energy from
an arc for six to eight hours usually did not kill the eggs

at once, but prevented further development if the eggs had
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been in the two-cell or four-=cell stage at the time of
exposure. With shorter exposure times, there was observed
irregular fragmentation of the chromosomes. Laurens (i)
reviews the effects of ultraviolet energy on microorganisms
and proteins, Egg albumen coagulated when exposed to ultra-
violet as it did when exposed to heat when the pH was
between L.l and 5.6, It was pointed out that under this
condition, the albumen acted like an anhydro-colloid.
The final conclusion was that the effects caused by ultra-
violet radiation was different from the effects caused by
heat. Laurens also pointed out that ultraviolet penetra-
tion into tissue wasvsuperficial and was from one to two
millimeters for rabbit abdominal tissue and not greater
than two millimeters for human skin,

MacLeod (5) reported that the eggs and first instar
of the bean weevil are kllled by light of wavelengths less
than 3126 A. Adults showed no visible effects after irrad-
iation but most of their eggs were sterile, Sublethal
doses on weevils produced defective metaboliec processes,

Martin and Westbrook (6) made histological examinations

of Pulmonaria leaves at varying times during irradiation.

Lethal changes were first evident in the nuclei of the
epidermal cells which coagulated, darkened, and became
disorganized into one or more irregular masses. Taylor (7)
investigated the effects of ultraviolet on certain insects,

He found that more insects were attracted to a lamp which
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had a peak output at about 3600 A than at any other wave-
length, Approximately this same wavelength is listed as
the optimum wavelength at which maximum photochemlcal
reaction occurs (8),

It was pointed out in another section of this thesis
that there was not enough energy in a quantum of ultra-
violet with a wavelength greater than about 2880 A to
produce ionization of most of the elements found in insects,
With this in mind an effort was made to obtain a source of
ultraviolet energy with a considerable amount of radiation
of wavelength shorter than 2880 A, so that various insects
could be exposed to this radiation. The following section
contains a description of equipment and procedure for tests

conducted,.

Equipment and Procedure

Pictures of the ultraviolet test equipment are shown
in Pigs. 26 and 27. A sketch of the ultraviolet lamp and
circult used is shown in Fig. 28. Insect specimens were
exposed to ultraviolet radiation from the GE type UA-2
UVIARC 250-watt mercury vapor lamp. The energy distribution
for this lamp is shown in Figs. 29 and 30, The UA-2 lamp
radiates about 12 watts of energy at wavelengths shorter
than 2880 A. The UA=2 lamp radiates about 30.6 watts in

the total ultraviolet spectrum and about 18,9 watts in the
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Pig* 26. Ultraviolet test equipment, from left to right,
potentiometer, reference junction ice bath, voltmeter,
voltage regulator, insulated thermocouple cavity, 270-
watt UA-2 UVXARC ultraviolet lamp mounted under aluminum
reflector, irradiated sample of wheat in petri dish under
lamp* The dark plastic sheet at right was used to shield
investigators when samples were exposed¥

Pig. 27* Left, showing irradiated sample being poured
into thermocouple cavity; right, close-up of UVIARC tube
and reflector with transformer*
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visible spectrum. The remainder of the 250 watts input
was radlated as infrared energy or given off as conducted
heat to the air. The energy radiated from the UV-2 lamp

as ultraviolet 1is 12.2 percent of the input energy. The
voltage on the UA-2 tube was maintained at 117 volts during
each test.

The UA~2 lamp was mounted under a parabolic aluminum
reflector with dimensions shown in Fig. 30, The length of
the quartz section of the UA~2 tube is 3 inches. The
height of the lamp above the petri dish, Fig. 26, was measured
from the point of maximum curvature of the reflector to the

bottom of the petri dish.

Ultraviolet Teasts 1A and 1B

The data for tests 1A and 1B, including sample numbers,
lamp height, exposure time, and temperatures are recorded
in Tables 1l and 15, Forty adult flour beetles were placed
in each of 18 petri dishes containing 5 granms of whole wheat
flour, and were incubated four days before the test in
order to allow sufficient time for the adults to oviposit.
The flour was placed in the dishes so that the adults would
have food and at the same time have material in which to
deposit their eggs. Fifteen of the samples were exposed as
shown in Table 1llj, The data for three untreated samples,
containing 40 adult insects in each sample, was averaged

and used as a check. Maximum temperatures were recorded
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by placing a thermocouple under the layer of flour at the
end of each test., The Leeds and Northrup potentiometer,
Fig. 26, was used to indicate the voltage readings of the

thermocouple after each test,

Results: An exposure time of 8 minutes with a lamp
height of 10 1nches was lethal to 100 percent of the adult
flour beetles one hour after treatment. The maximum
temperature recorded was 108° F, An exposure time of
2 minutes with a lamp height of 7 inches was lethal to 97
percent of the adults one week after treatment. No flour
beetle eggs hatched, after an incubation period of L7 days,
using a lamp height of 7 inches and an exposure time of
Iy minutes. Detail results for ultraviolet tests 1A and 1B
are shown in Tables 1l and 15,

Ultraviolet Tests 2A and 2B

Tests 2A and 2B were designed to determine the lethal
effects of ultraviolet on granary weevil adults and eggs.
The data for these tests are presented in Tables 16 and 17.
Twenty-five adult granary weevils were placed in each of
12 petri dishes containing 20 grams of Cornell 595 wheat.,
All samples were placed in an incubator for 4 days before
treatment in order to allow sufficient time for ovipositing,.
The results from two untreated samples were averaged and
used as a check. The maximum temperature at the end of each

exposure was observed by pouring the wheat into the
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thermocouple cavity (Fig. 27) and immediately observing
the indication of the Leeds and Northrup potentiometer in
Fig. 26. After the samples were irradiated, the treated
and untreated samples were placed in an incubator and
observations were made at intervals as shown in Tables 16

and 17.

Results: An exposure fime of Iy minutes with a lamp
height of 7 inches was lethel to 100 percent adult granary
weevils one hour after treatment. No eggs hatched after
an incubation period of L7 days, in samples receiving
this same treatment. Other results are shown in Tables

16 and 17.

Discussion

From the data collected, there seems to be no appreci-
able difference between the final results of the ultraviolet
test and the infrared test on the granary weevil, In each
case a temperature of about 140° F was fatal to eggs and
adults, Ultraviclet did seem to have lethal effects on
the flour beetle eggs at a much lower temperature than in
the infrared tests. This may be due to the fact that the
granary weevil eggs are generally deposited inside the
wheat berry, whereas the flour beetle eggs are deposited
at random in the flour. Since ultraviolet energy has poor

penetration into the wheat berry, it would appear that under
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this condition more energy would be required to kill the
granary weevil eggs than the flour beetle eggs.

Before any further work of this nature is attempted,
the following points should be considered.

l. Ultraviolet energy has only superficial penetration
into wheat, flour, beans, and other relatively opaque
materials. This would tend to limit the use of ultraviolet
to the application to the surface of these materials,

2. Only the ultraviolet wavelengths shorter than
about 2880 A are considered to have any lonization effects.
30 The difflculty of obtaining a pure ultraviolet

source at high outputs would make it impractical for use

as lethal energy on insects, When present methods of
generating ultraviolet are used, such as the gaseous tube
and the carbon arc, as a source of relatively large amounts
of energy, it would be difficult to s eparate the effects

due to lonization and the effects due to heat,
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PART VII
SOME EFFECTS OF X- AND GAMMA RADTATION ON CERTAIN INSECTS
Review of Literature on X-rays

X-rays and gamma rays are electromagnetic waves,
X-rays are often referred to as Roentgen rays, named for
the dlscoveror of x-rays, and are formed when an electron
with high kinetlc energy strikes a target such as copper
or tungsten. Part of this energy is dissipated as heat
and part goes into the production of x-rays.

A modern x-ray tube is simply a diode across which
is applied a high voltage, Fig. 31, Electrons emitted from
the heated cathode are accelerated toward the target metal,
If the electrons strike the target at a velocity V, their
velocity can be calculated by equaling the kinetic energy
of the electrons to the work done on the electrons by the
electric field in accelerating the electrons across a

potential V, i.6., 1/2 mve

= eV where e = charge on the
electron. If all of the energy of an electron goes into
the production of one photon, the wavelength of this

radiation will be given by substituting in the equation

E = hee The minimum wavelength of the x-ray can be calcu-
X

lated by substituting in the equation x = 12407, According
Vv
to Lapp and Andrews (1), longer wavelength will be produced

by electrons that divide thelr energy and result in two
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or more photons. By observing the equation gbove it is
obvlious that as the voltage across the tube 1s increased,
This causes a corresponding decrease in x=-ray wavelength,

X-rays are generally propagated from the target in all
directions, DBecause the x~ray distribution cannot generally
be controlled in direction or shape, the utilization of x-ray
efficiency is very low. Theoretically, the entire x-ray
pattern can be useful, but practical target designs and
production~line limitations reduce the effective portion
to about 50 percent of the total (2). The conversion of
electron energy to X-ray energy is a very inefficient process.
At 50 kilovolts, the power conversion efficiency is about
0.1 percent for heavy target materials., The power con-
version efficiency at 2 million volts is about 5 percent,

X~rays do not have a definite range into matter but
are absorbed gradually. Since x-rays radiate in a spherical
pattern from the target, the problem of conveying products
in order to utilize the full spherical pattern becomes
very complex., In practice, 1f the products are properly
distributed around the x-ray source, a total utilization
efficiency of about 25 percent can be attained (2),

When matter is transversed by x-rays, energy is absorbed
from the x-ray photons by the photoelectric, Gompton
scattering, or pair production mechanism as shown in Fig. 7.
Much is now known about the influence of dosage rate and

the linear ion density along the track of the high energy
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particle. According to Trump (3), physiochemical and
biological reasctions depend on the number of ionizing
electrons produced in the passage of the radiation through
the material,

The effects of x-rays on insects has been studied
chiefly from a long and short term genetical view point

using Drosophila melanogaster (fruit fly) by a number of

workers (L, 5, 6). The entomology, genetics, and zoology
journals contain many articles on this subject. The main
ob ject of Xx=-ray studies here is to determine if any short
term lethal effects could be obtained,

Hey (7) conducted preliminary tests with 90 kv x-rays
and he found that in general, resistance of the bean weevil
to x~-rays with doses of 280 to 360 roentgens (r) units
induced the development of abnormal larvae and pupae,
prolonged the immature stages causing late emergence of
adults, and reduced the fertility of adults arising from
such treated eggs. Irradiation of larvae, with doses of
507 to 912 r units induced the development of abnormal
adults and reduced the fertility of adults. None of the
abnormal forms laid any eggs, so it was not possible to
determine if such abnormalities would be transmitted to
the next generation. The maximum dosage used, 2000 r, was
observed to have no lethal effects at all upon the adult

weevilsa,

Tahmisian (4) studied the effects of x~-rays on grasshopper
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eggs., He found that x-radiation dosages ranging from
10,000 to 200,000 r do not completely inhibit respiration
in the diapause grasshopper embryo. He also found that
irradliation damage can be repressed by subdeveloped temper-

atures,

Equipment and Procedure for X-ray Test

X-ray Test 1

The data recorded for test 1 is shown in Table 18,
The x-ray machine used is shown in Figs. 32A and 32B. The
x-ray unit used was a 50 kv Hilger machine in the Physics
Department of Michigan State College., Forty adult flour
beetles with eggs were placed in 13.5 grams of whole wheat
flour in a test box and irradiated as shown in Fig. 16A.
The cardboard box was l.5 inchés in diameter and 0.75 inch
thick, During the period of irradiation, the test boi was
mounted 15.5 inches from the target in order to utilize
the maximum beam area,

The exposure time for each treatmgnt is shown in
Table 18, The Hllger X=-ray unit was désigned to study
crystal structures and the dosage in roentgens was not
readily calibrated., A dosimeter.was available but unfor-

tunately it was out of order at the time of this test,

Results: The data in Table 18 show that no exposure

used was lethal to any adults one hour or one week after
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Pig* 32A* Picture of Hilger X-ray unit in the Physics
Laboratory* Insect specimens placed, in 13*5 gm of whole
wheat flour in test box in clamp* Test box distance
from x-ray opening is 1$*5 inches* Test box is 1*5

inch in diameter and 0*75 inch thick*

Pig* 32B* X-ray exposure of flour in test box.
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treatment. After a period of 36 and L6 days of incubation,
some eggs hatched in each sample treated and there appeared

to be no trend in the effects on treated and untreated eggs.

X-ray Test 2

The data for test 2 is shown in Table 19. The 250-KV
X-ray unit installed in the School of Veterinary Medicine,
Michigan State College, was used for this test. Complete
specifications for this machine are given in the caption
of Table 19. Thirty adult flour beetles with eggs were
placed in each of 15 9-cm petri dishes with each dish
contalning 10 grams of whole wheat flour. Twelve samples
were irradiated with doses of energy as shown in Table 19,
Three samples were used for checks and were not treated.
After the test, the samples were placed in an incubator

and observed for lethal effects,

Results: The results of test 2 are presented in Table
19, There were noc visible effects on the adults one week
after treatment. As many as two adults died after a period
of two weeks, but this was not enough to establish a trend,
since one adult died in the check samples during this period.
The data in Table 19 indicate none of the doses used up to
880 r units had any noticeable effect on the number of eggs
hatched after a period of [0 days of incubation, on the

offspring from irradiated adults, or on the offspring from
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irradiated eggs. After this test, it was decided to dis-
continue the x-ray tests and devote the time to the accel-

erated electron tests.

Gamma Radlation

No tests were made using gamma rays, However, a brief
discussion and a review of literature is presented, Gamma
rays are electromagnetic photons identical 1in nature with
x=-rays (l1l). For the same wavelength of radiation, the
properties of the two rays are the same, the only differ-
ence being that of origine. Photons which originate in the
nucleus of an atom (fission products) are known as gamma
rays, whereas photons arising from electron transition in
the deep-lying electron shells of atoms are x-rays,

There is no reason for maintaining the artificial dis-
tinction between x- and gammrays, Since gamma rays are of
the same physical nature as x-rays, all of the character-
istics of x-rays discussed in the previous section apply
to gamma radiation.

Two units of measurement of gamma radiation intensity
are the "curie" and the "rutherford" (rd), The term "curie"
1s calibrated in terms of the number of radioactive dis-
integrations occurring per second. The curie may not
represent a true basis for comparison, since the ionizing
energy available in each disintegration depends on the

nature of the radiocactive substance, The following
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conversions have been listed (2),

1l curle = 3,7 x 1010

dlsintegrations per second

1 rutherford = 106 disintegrations per second

200 curies = 1 watt (assuming 1 mev average gammaray

energy)

The roentgen (r) is used also in discussing gamma
radiation, however the roentgen is not an intensity unit
since a roentgen is independent of time. The term roentgens
per second may be thought of as an effective radiation
intensity measurement.

.Since gamma rays propagate in all directions from a
radiocoactive source, the conveying problems for utilizing
all the propagated energy are complex., Long radiocactive
rods, such as are now in use at the Univeraity of Michigan
Phoenix project, would appear to present the most favor-
able shape for irradiation purposes, Cobalt 60 rods, less
than one inch in diameter to prevent excessive self-
absorption, are made available for this purpose by bombard-
ing ordinary cobalt in a nuclear-reacting pile. The util-

ization efficiency of cobalt 60 is from 20 to 4O percent,

Gamma Rays for Insect Control

Hagsett and Jenkins (8) were probably the first investi-
gators to report on the use of gamma radiation for insect
control. They exposed a number of insects among which were

the granary weevil and the flour beetle. They first exposed
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insects to radiation from radioactive tantalum (intensity
of 1300 r per hour) by placing insects in a small cylinder
and packing tantalum pellets around the walls of the

cylinder, The results with Tribolium confusum showed that:

80 percent of adults were killed by 110,000 r, 90 percent
were killed by 1L0,000 r, and 100 percent were killed by
196,000 r, The time of death after exposure was not listed.
They pointed out that even though this method produced
significant lethsal effects, the results were unsatisfactory
because of the long exposure time.

Hassett and Jenkins (8) conducted a second group of
tests in which a source of cobalt 60, capable of delivering
a dose of about 193,000 r per hour, was used, A dose of
16,100 r was lethal to 100 percent of the adult granary
weevils and flour beetles 13 days after treatment. A high
percentage of each species of insect treated were killed
within 2l hours after exposure to 257,000 r. A dose of
193,000 r was very effective also, and only a few insects
of three species survived longer than 5 days. At 128,000 r
lethal effects varied more noticeably. All adult granary
weevils treated with this dose were dead on the fifth day,
while on the seventh day 75 percent of the adult flour
beetles were dead, A dose of 65,000 r was lethal to most
of the spscimens 12 to 1l days after treatment.

Hassett and Jenkins also discussed some of the problems
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involved in the design of an irradiation unit and the

cost of fission products,

Conclusions

l. None of the x-ray treatments used, i.e., dosages
up to 888 r had any short time lethal effects on flour
beetle adults or eggs.

2. The conversion of electron energy into x-rays
is a very inefficient process. The conversion varies from
0.1 percent for a 50 kv unit to about 5 percent for a
2 million volt unit,

3¢ The low utilization efficiency and high sterili-
zation cost of X-rays make it impractical to use x-rays
for sterilization of material on a conveyor belt,

Lo Since it has been demonstratéd (2) that x-ray
sterilization costs are several times greater than electron
sterilization costs, and since high voltage equipment was
not immediately avalilable for test work, it was decided
to abandon the x-ray tests and devote time to accelerated
electron tests,

5. Fast killing doses of 65,000 r of gamma rays
were lethal to the flour beetle and granary weevil adults
from 12 to 1l days after exposure, Many problems, including
conveying, shielding, and cost of fission products, will
have to be worked out before this process can be effective

on a large scale,
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PART VIII
SOME EFFECTS OF ACCELERATED ELECTRONS ON CERTAIN INSECTS

Subatomic particles were discussed briefly in Part IT
under ionization radiation. Accelerated electrons, cathode
rays, and beta-particles are used to designate the flow of
electrons. The term beta=-particle is ususally reserved for
electrons emitted from a nucleus, whereas the term cathode
ray is used to desfgnate the flow of electrons from some
mechanical equlpment,

In the past few years considerable progress has been
made toward the development of high voltage electron accel-
eration equipment which may be used for the so-called
"cold" sterilization of foods and drugs. Trump and
Van de Graaff (1, 2), Burrill et al. (3) and their
assoclates were among the first to develop equipment for
accelerating electrons. Dunn et al. (44), Proctor and
Goldblith (5, 6) and their associates were among the
first investigators to treat various food products with
accelerated electrons, and to study the effects on enzymes,
microqrganisms, molds, and spores. Urbain (7) reported
facts about cold sterilization.

Yeomans (8) reported on the exposure of the flour beetle,
bean weevil and other insects to impulses of 2.5 Mev elec-
trons from the capacitron. The electron dose ranged from

180,000 rep to 900,000 rep (see appendix for definition of
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He found that a dose of 310,000 rep was lethal to

100 percent of adult flour beetles 48 hours after treatment,

and that a dose of }j60,000 rep was lethal to 100 percent

of adult bean weevils 48 hours after treatment,

The following points relative to the electron treatment

of foods for sterilization are presented (3, 5, 9, 10):

1.

2o

3e

s

5.

From 50 to 75 percent of the electron beam can be
utilized,

No induced radiosctivity 1s produced in the product
at voltages below 21 million volts,

The biological and chemlcal effects of accelerated
electrons on matter are the same as those of

X=pray and gamma rays,.

The penetration of accelerated electrons into matter
is less than x=-rays of corresponding voltages, but
their penetration range is of sufficient magnitude
to be considered,

The rise in temperature of the irradiated product
caused by the bombarding electrons is negligible

in comparison to the temperatures needed for normal
heat sterilization,

The electron dose can be metered, thereby providing

a continuous record of an uninterrupted flow of

‘product on a conveyor beneath the electron beam.
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Equipment and Procedure

This section of the thesis 1s a report on the investi-
gations being conducted by the Agricultural Engineering
and Entomology Departments of Michigan State College in
cooperation with The Upjohn Company of Kalamazoo, Michigan,
A discussion of electron treatment of the insects which
infest wheat, flour, and beans is presented., The section
that follows includes a discussion of the types of accel-
eration equipment avallable, Van de Graaff generator,
units of radiation or dosage, method of calculating dosage,
penetration of accelerated electrons into wheat, flour,

and beans, test work conducted, and results.

Types of Equipment Available

Three major types of equipment are availablg for pro-
ducing accelerated electrons 'gs described by Urbain (7).
These are the resonant transformer, the capacitron, and
the Van de Graaff generator., Each of these generators
include a suitable source of electrons and a source of
high voltage. The main difference between these three
units is the manner in which the high voltage is obtained,.
The high voltage for the resonant transformer is obtalned
from a transformer, and the capacitron receives itg voltage
from condensers charged in parallel and then discharged in
series, The Van de Graaff.generator used in this thesis

has some advantages over the other two types of equipment,
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A brief description of the Van de Graaff generator is

presented below,

Van de Graaff generator: A schematic diagram of the

Van de Graaff generator is shown in Fig. 33, and photo=-
graphs are shown in Figs. 34A and 34B. A corona discharge
causes electrons to 5e deposited on a fast moving belt,
These electrons are delivered to the spherical shape high
voltage terminal., When the potential builds up to two
million volts, in the machine which was used, electrons
from the heated filament in the evacuated acceleration tube
are accelerated down through the acceleration tube through
a thin a2luminum window and into the product. As the
electrons travel down through the_acceleration tube they
approach the speed of light. The Van de Graaff generator
can be thought of literally as an electron gun shooting

electron bullets into the product being irradiated.

Units of Radiation or Dosage

The accelerated electron dosage falling upon an ab-
sorber can be calculated with accuracy. The dose delivered
to materials on a moving belt may be derived more simply
by direct comparison with the chemical effects of accel-
erated electrons as determined on stationary samples.,

Accelerated electron doses may be specified in rep
(roentgens equivalent physical) for biological studies,

whereas the same dose is expressed in ergs and joules for
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H fe lii

Pig* 3¥A* General view of the Van de Graaff generator
and controls* Picture courtesy of The Upjohn Co.,
Kalamazoo, Michigan.

Pig* 3¥. View of converyor belt, shielding blocks and
vacuum pump for Van de Graaff generator# picture courtesy

of The Upjohn Company, Kalamazoo, Michigan.
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physical studles. One rep represents a very minute quan-
tity of energy.
The conversion factors for these units are:
1 rep = 83.8 ergs per gram of air or
93 ergs per gram of water or tissue*
1 joule = 107 ergs = 0,2l calories
1,000,000 rep = 8,38 joules per gram of air

= 2,01 calories per gram of air

Method of Calculating Dosage

The method used for calculating dosage of ionizing
electrons was essentially the same as that presented by

Trump et 2l.(2). Their formula for dosage calculation is:

P=(E I/ (D/2)° R) K K, = 4 EI K, B abts pel(:'a;;ram
77 D2 R
where: P = power absorbed per gram of materlal dlstributed
evenly over containser of diameter D in cm,
E = accelerating voltage ‘
I = total beam current to container of diameter D
R = depth of material in gram per sq cm
Ky = fraction of total power absorbed in range R
K, = back scatter factor
The value of K; may be obtained for 2, 3, 4, and 5 Mev
electrons from Fig. 35 by dividing the area under the curve

for a sample thickness R in gram per s8q c¢m by the total area

under the curve for a given Mev. XK, and K, /R have been

*ps proposed by Evans (11),
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calculated for 2 Mev electrons by using this method (Fig.
'36) and are in use at The Upjohn Company for calculating
dosage of 2 Mev electrons (see appendix for definition of
Mev)s The data in Fig, 35 is based on published data for
aluminum. Since R is in grams per sq cm, these curves can
be used for most homogenous materials. Trump (2) points
out that K2 can be kept close to unity by making the dish,
in which the material 1s irradiated, of a low atomic number.
Before an actual dosage problem is solved, it will be
desirable to know the penetration of accelerated electrons

into the materials to be irradiated,

Penetration of Electrons into Wheat and Flour

In order for electrons to be effective in ionizing
tissue and thus cause lethal effects, the energy of the
electron must be absorbed by a material as the electron
travels through the material, The actual penetration
depths of accelerated electrons into a material is of
little value unless some information is available on how
the energy is dissipated in the material, The percent of
maximum ionization curves for wheat and flour, Fig. 37B,
were calculated from ionization curves of aluminum as given
in Fige. 35 or Fig. 37A, using a density for wheat and
flour of 0.7Th gram per ccs

Sample calculation (2 Mev) for converting Fige. 37A to
Fige. 37B:
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Fig 37B- Calculated distribution of ionization in
wheat ( density 74 gr/cc) irradiated with 2 Mev and

3 Mev cathode rays.
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(0465 gr/cme) from Fig. 37A to inches of wheat in
Fig. 375:

0.65 gr/cm2 = 0,35 inch of wheat or flour
(0.7k gr/em3)(2.54 cm/in)

If wheat or flour is irradiated on a conveyor belt
and 60 percent of maximum ionization is to be obtained in
the top layer of flour and in the layer of flour next to
the conveyor belt, then the maximum depth which can be
treated is about 0,35 inch for 2 Mev electrons, and about
0,57 inch for 3 Mev electrons. These depths may be more
than doubled when the meterial is irradiated from top and
bottom. Calculations show that a depth of about 1.0 inch
of wheat or flour can be treated if irradiated from top
only with 5 Mev electrons, Fig. 38A, or a depth of more than
2.0 inches can be treated if irradiated from top and bottom
with 5 Mev electrons. That is,assuming 60 percent of

maximum ionization in the top and bottom layers.

Choice of Percent of Maximum Ionization Entering and

Leaving Sample

It 1s desgsirable to choose a thickness of sample so
that the percent of maximum ionization entering and leaving
the sample 1s the same. The percent of maximum ionization
for 2 and 3 Mev electrons in wheat and flour is shown in
Figs. 38B and 38C, A dose of 60 percent of maximum ioni-

zation was chosen for these figures, The physical shape
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O 2 4 6 .8 1.0 1.2
DEPTH OF WHEAT AND FLOUR IN INCHES

Fig 38A  Depth of penetration of accelerated electrons in wheat
and flour with o density of 74 gr/cc — — with 60 % of maximum
ionization ot the top and bottom of the irrodiated layer.
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of these curves 1ls such that the maximum ionization occurs
below the surface of the materisl irradiated, This is due
to the back scattering effect of the electrons,

The area glrepresents the desirable dose; A, represents
the over-dose; A3 1s the dose lost through the sample, and
A4 represents the dose lost in the air above the sample,

The ideal dose, Ay, should be a value such that Al is a
méximum with the sum Ap + A3 + Ah a minimum. This condition
is approximately satisfied when 60 percent of the maximum
ionization enters and leaves the sample, Maximum energy

can be transferred to the sample, i.e., Ky /R is a maximum

in equation (o) and Fig. 36 for 2 Mev electrons by using

a depth of product between 0.4 and 0,65 gram per sq cm

or say about 0.35 inch of wheat and flour as an upper

limit of depth for 2 Mev electrons,

Further Information on Dosage Calculations

An example of calculations used to obtaln the exposure
time for a dose of 1,000,000 rep of 2 Mev electrons in a
stationary 9-cm diameter sample is presented. Suppose that
the beam current is 50 microamperes and that the depth of
wheat or flour chosen to be irradiated is about 0.65 gram

per sq em (from Fig. 35). From Fig. 36,

E£ = 1,25, agsume K2 =1 Then from equation (a)
R

P=1 (50°x 10~6) (2 x 10%) 1
T (9)2

(1425) = 1.96 watts per gram



The time required to deliver an average dose of

1 x 10% is 8,38 joules/gram
1.96 joules/sec/gram

= 11,27 sec

By this same formula, with the same conditions, the
time required for 500,000; 100,000; and 10,000 rep is 2.1
0.427, and 0,0427 seconds respectively. By knowing the
time required for a given dose to a stationary sample, it
is a simple matter to calculate the belt speeds for produ

to be treated on a conveyor belt. In actual practice the
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belt speed may be set, which in turn would set the exposure

timees If this be the case then the beam current could be
adjusted to obtain the desired dose in repe.

Suppose that it is desired to calculate the rate of
flour or wheat receiving a dose of 100,000 rep. Assume
that a 2 Mev generator 1s available and that 200 micro-
amperes of beam current is dissipated in the wheat. This
would be [ 00 joules per second or a power of [J00 watts.
Using the value of 8,38 joules per gram for 106 rep, then
the rate of flow 1s aboub:

10O joules/sec

= ;78 grams per second or
0.838 joules/gram

478 (60) (60)
45349
If the dosage be reduced to 10,000 rep, the rate of flow

= 3800 pounds per hour

would be 38,000 pounds per hour. The cost of electrical

energy, assuming 2¢ per KWH, and a dose of 1 x 105 rep
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at an efficiency of 10 percent, 1is about:

}00 watts x 1 hr x 0002 x 3800

= 15,2 t ° b
1000 x 0,10 = X 5550 = 10 g/ton or 0.076£/100 1bs

With a dose of 10,000 rep, the cost of energy is about
1.52¢£ per ton.

The Distribution of Current Density

Curves for the distribution of 2 Mev cathode rays in
a traverse plane 40 cm from the 3-mil aluminum window for
the Van de Graaff generator have been presented (2). Data
from these curves enable one to calculate the maximum and
minimum doses distributed across a given sample, The dis-
tribution of the dose across the object ﬁay be controlled
by selecting the thickness of scattering window, absorber
depth, and irradiation distance., The thickness of the
scattering window installed in the 2 Mev Van de Graaff
generator at The Upjohn Company was chosen so that the
distribution of the unscanned cathode ray beam across the
samples being irradiated was rather uniform.

It should be pointed out here that when calculating
the dose of accelerated electrons on insects in this thesis,
the density of the insect was assumed to be 0,74 gram per cc
when the insects were mixed with the flour and wheat, and
an insect density of 1.0 was assumed when the insects were
irradiated in plain dishes with no flour, Under these con=-
ditions the actual dose received may or may not be valid

since by definition: 1 rep = 83.8 ergs per gram of alr at
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0° ¢ and 760 mm Hg or about 93 ergs per gram of water or
tissue. Perhaps terms such as rei (roentgen equivalent
ingect) or rew (roentgen equivalent wheat) should have
been used, because the insect and wheat are different from

water and tissue.

Calculations for Temperature Rise in a Given Sample

The calculations for determining the temperature rise
in a given materlial receiving a dose of accelerated elec-
trons is a straightforward and simple process. The follow-
ing well known formula is used:

Q=W (s.he) (Tp-T;) (b)

Suppose it is desirable to calculate the temperature
rise for one gram of wheat or flour receiving a dose of
100,000 rep using equation (b) and a value of

Q@ = 100,000 rep = 0420 calories per gram
Sehe = Qalt
then:
Tr=Ty = Q = 0,20 = 0.5° C temperature rise
W (sehe)  0Qul(1)

The temperature rise for one gram of flour receiving a

dose of 500,000 rep would be about 2.5 degrees Centigrade,

Tests Conducted

A total of ten tests were conducted using the Van de

Graaff generator. These tests include data for one
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germination test and the two lrradiations for the wheat
and flour used in the baking tests. Insects were irrad-
iated in the first seven tests. Since the procedure for
each test was similar, a general description of procedure
wlll be glven for all tests, with a specific procedure for
two tests. This description should suffice, since the pro-
cedure given, together with the bLabulated data for each
test, should enable one to repeat the testsa

The insects for all tests were zrown in constant
temperature, constant humidity incubator in the Entomology
Department at Michigan State College, More informstion will
be presented on this phase of the work in the next part of
this thesis. The samples for each series of tests were
prepared in the Entomology Laboratory (12). After prepar-
ation, the samples were placed in an insulated box and
transported by car from East Lansing to The Upjohn Company
at Kalamazoo, Michigane. The samples were then irradiated
and returned to East Lansing the same day and agaln placed
in the incubator. Some observations were made for lethal
effects immediately after each test, however, most of the
observations were made at wvarious intervals, as is indicated

in the data tables for each test,

The First Seven Tests

The data for the first seven tests are presented in
Tables 20 through 26 inclusive, A detailed description of

tests 2 and 3 is presented below., The procedure for the
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other tests can be easily determined by observing the
general test information together with that given in the
data table for each test.

The semples for the granary weevil test three were
prepared by placing 50 adults in each of 25 9~cm petri
dishes containing 30 grams of Cornell 595 wheat. The wheat
had a moisture content of 10 percent wet basis, a dénsity
of 0.74 gram per cc, and a specific gravity of 1.33.

These samplea were then placed in a constant temperature,
constant humidity incubator (80° F, 75 percent RH) for
about 3 days before treatment to allow sufficient time
for the adults to oviposit. The samples were then treated
with dosages of 2 million volt unscanned electrons as
shown in Table 22. PFour petri dishes containing a total
of 200 adults were placed on the Van de Graaff generator
conveyor belt and received treatments as shown in Table 21A.,
The dosages were calculated according to the method pre-
sented under the section on dosage calculations., Filve
petri dishes containing a total of 250 adults were used
as check or control samples and were not treated. The
treated and untreated samples were observed for effects
immediately after treatment, 2L hours after treatment,
148 hours after treatment, and one week after treatmente
The procedure for treatment for test two using the

Tribolium gonfusum flour beetle differed slightly from the

procedure listed above, Twelve samples each containing
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100 adult flour beetles and 30 grams of whole wheat were
placed in 9-cm petri dishes and irradiateds A total of
5 dosages were used with two petri dishes containing a
total of 200 adults receiving each dose. The remaining
samples of 200 adults each were used as controls and were
not treated. The remainder of the procedure for test two
was essentially the same as that listed for the granary

weevil in test three,

Results: The complete results for the first seven
accelerated electron tests are presented in Tables 20 through
26 inclusive, Bar charts for tests 1, 2, and 3 are pre-
sented in Figs. 21, 42, and 43, The effects of granary

weevil, Sitophilus granarius, infestation on treated

(100,000 rep) and untreated samples are shown in Figs,

39A and 39B., The effects of bean weevil, Acanthoscelides

obtectus, and untreated beans are shown in Figs. [ 0OA and

LOB. A summary of the results is also presented here.

Brief summary of results:

le An electron dose of 10,000 rep will sterilize
flour beetle and granary weevil eggs, and this same dose
will prevent the adults from reproducing. Thirty percent
of flour beetle eggs hatched when irradiated with a dose
of 1000 repe

2. A dose of 5.0 x 10° rep was lethal to 100 percent

of adult flour beetles (treated in flour) immedlately after
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Fig.'39A. Wheat artificially infested with granary weevils,
treated with accelerated electrons (100,000 rep) from the
Van de Graaff accelerator. Picture taken after an incu-
bation period of about k3 days from date of treatment*

Fig. 39B. Wheat artificially infested with granary weevils,
used as a check sample (untreated)+4 Picture taken after an
incubation period of about k3 days from date of treatment*
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Pig. B.OA0 Beans artificially infested with bean weevils,
treated with accelerated electrons (100,000 rep) from the
Van de G-raaff accelerator# Picture taken after an incu-
bation period of about 13 days from date of treatment*

Pig. Ij«B. Beans artificially infested with bean weevils,
used as a check sample (untreated)4 Picture taken after
an incubation period of about ®B.3 days from date of treat-

ment .
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Fig43A-B Percent Sitophilus granarius adults killed and eggs hatched
for accelerated electron test 3 using the Van de Graaff generctor
at UPJOHN CO. March 13,1953~ Datain table 22.
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treatment, whereas a dose of 2.5 x 105 rep (treated in
wheat) was lethal to 100 percent adult granary weevils
immediately after treatment. A dose of 2,5 x 10° rep was
lethal to 92 percent of adult flour beetles one week after
treatment and a dose of 1 x lO5 rep was lethal to 82 per-
cent of adult graﬁary weevlls one week after treatment,

3. An electron dose of 75,000 rep was lethal to 100
percent of flour beetle larvae (treated in flour) one week
after treatment. The adult flour beetles which emerged
from larvae that had recelved a dose of 10,000 rep did not
produce any offspring.

Le An electron dose of 2 x 10° rep was lethal to
100 percent of adult flour beetles (treated in plain petri
dishes, assuming a density of one), immediately after
treatment,s A dose of 1 x 105 rep was lethal to 98 percent
of adult four beetles (treated in plain petri dishes) one
week after treatment. A dose of 75,000 rep was lethal to
100 percent of granary weevils (treated in plain petri
dishes, assuming a density of one), one week after treatment.

5. An electron dose of 10,000 rep was lethal to

100 percent of adult bean weevils one week after treatment,

Baking Tests

Procedure and results: Preliminary baking tests were

conducted using about 38 pounds of whole wheat flour irrad-

jated with 5 x 10° rep and about 38 pounds of whole wheat
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flour made from 1rradiated Cornell 595 wheat receiving a
treatment of 5 x 105 rep. The wheat/;nd whole wheat flour
were irradiated in L6.7 x 15.3 x 2.75 cem aluminum trays,
placed on the conveyor belt of the Van de Graaff generator,
The depth of the flour and wheat for each test was about
O0e6 gram per sq cme. The density of the wheat and flour
was about O.7ﬁ gram per ccC.

The treated flour was baked into a one hundred percent
whole wheat loaf. The flour from the treated wheat was
more nearly the consistency of a meal and required some
white flour for satisfactory fermentation. This was the
result of the grinding. Both products produced a satis-
factory loaf of bread though there appeared to be some
effect on tenderness, flavor, and moistness in the bread
from treated flour or grain. Further baking tests are
planned,

Bread baked from 75 percent treated whole wheat flour
and 25 percent plain flour is shown in Fig. LLA, left. The
treated whole wheat flour was ground from wheat irradiated
with a dose of § x lO5 rep. Bread baked from 75 percent
untreated whole wheat flour and 25 percent plain white
flour is shown in Fig. Ulja, right. Bread baked from 100
percent whole wheat flour irradiated with an electron dose
of 5 x 105 rep is shown in Fig. L4)B, left. Bread baked

from 100 percent untreated whole wheat flour 1s shown in

Fige U44B, right.
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TREATED UNTREATED

Pig* itl|A&* Bread made from 75 percent whole wheat flour
made from treated (5 x 10* rep) wheat and 25 percent
plain white flour*

TREATED UNTREATED

Pig. )|)[R+ Bread made from 100 percent*.whole wheat treated
(5 x 105 rep) and untreated flour*
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Germination Tests

Procedure and results: Tests indicate that germination

may not be a criterion for determining the effects of accel-
erated electrons on wheat, The majority of the samples
tested with doses of 5 x 105, 2.5 x 105, 1x 105, and

lx ]_OLL rep germinated when wrapped in a damp towel;
however, no emergence was obtained when the seeds receilving
a dose of 1 x 10> rep or above were planted in a greenhouse,
Seeds receiving 1 x 10“ rep were definitely retarded in
growth as compared to untreated seed growth two weeks after
emergence, The effect of two doses on the growth of wheat
is shown in Fig. L45. In Fig. 45, left, Cornell 595 treated
and untreated wheat is shown two weeks after emergence.,

The wheat receiving a dose of 1 x 105 rep did not emerge

and grow under the same conditions of moisture and temper=-
ature as the untreated wheat. The‘Cornell 595 wheat
irradiated with an electron dose of 1 x 104 rep, Fig. 45,
left, did emerge and grow under the same conditions of
moisture and temperature as the untreated wheat, however,
plants from the treated seed appeared to be retarded in
growth. The germination resuvlts for the beans tested were
essentially the same as for the wheat. The growth of

treated and untreated beans is shown in Flg. L5, right,
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PART IX
CULTURE OF INSECTS FOR EXPERTMENTS

Only a brief description of the procedure used with
the insects is presented here., A more detailed discussion
of this subject will be found in a thesis by Taboada (1).
The insects for all tests reported in this thesls were
reared in the Entomology Department Laboratory of Michigan
State Cocllege., Plctures of the constant temperature, con-
stant humidity incubators used for rearing the insect
specimens are presented in Figs. L 6A and L 6B.

The bean weevil, flour beetle and granary weevil
reproduce rapidly at an incubator temperature of 75 to
80° F and a relative humidity of about 70 percent. A
saturated solution of sodium chloride in an open pan on
the bottom shelf of the incubator maintained the relative
humidity at about 70 percent. A culture of the above
insects were maintained in the incubators during the test
periode.

The definition of the word lethal in this work is
taken to mean death of the exposed insect immediately or
some time after exposure to electromagnetic energy or

accelerated electrons,

1. Taboada, Oscar, "Some Effects of Radiant Energy on
the Beetles, Tribolium confusum, Duv., Sitophilus granarius,
(L.), and Acanthoscellides obtectus (Say)", Unpublished M.S.
Thesis, Department of Entomology, Michigan State College,

1953,
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Pig. B6A. View of a constant temperature, constant humidity
oven used to incubate insects. Saturated NaGl solution was
maintained in the bottom of the oven in order to give 70

percent RH at 75° F.

Pig. 1i|eB. View of three insect incubators in an air con-
ditioned room in the Natural Science Building, Michigan

State College.
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THE "ENTOLATOR" PROCESS FOR DESTROYING INSECTS

The "Entolator" process is a mechanical method of
killing insects in cereal products. Although mechanical
methods for destroying insects were not a part of this
investigation, it was felt advisable to describe this process
briefly. This process may be more practical and more econ-
omical for destroying insects in certain products than any
electronic process which has been developed to date. All
forms of insect 1life have been killed in flour, wheat, and
other cereal products by passing these products through the
"Entolator” machine. The insects are killed by mechanical
impact, and the insect fragments are then removed by aspir-
ation. This process is now in use in a number of modern
flour mills. Up to 15,000 pounds of flour per hour can be
treated with a 7.5 hp unit. Breaking or cracking of'wheat
berries may be excessive when wheat is‘treated with this
machine at certain critical moisture contents,

"The "Entolator" device is a centrifugal machine,
manufactured by the Safety Car Heating and Lighting Company
of New Haven, Connecticut. Further information on the
"Entolator" process may be found in the following references:

1. Cotton, Re. T. and Frankenfeld, J. Ca., "Mechanical

Force for the Control of Flour Mill Insects", American Millerp,
October 1942,

2. Cotton, R. T., "Producing Insect Free Flour",
Northwestern Miller, April 11, 1945,

3. Hibbs, A. N., and Dobbs, R. B., "Continuous Insect
Infestation and Insect Fragment Control", Modern Sanitation,
February 1950,
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GENERAL SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FURTHER STUDY

Much attention was given to the status of the use of
radiant energy for controlling insects by A. H. Yeomans
who summarized much of the previous research in The 1952
Yearbook of Agficulture. This summary is based on the
results of this study as well as results from earlier studies.

A number of 1nvestigators have made worthwhile con-
tributions to electrical insect control by developing the
electrical insect trap, the electric fly screen, etc,
Other inventors and investigators have proposed various
electrical equipment for insect control, Most of them were
probably sincere in their efforts, but some equipment was
undoubtedly‘designed to fool the public. One machine,
which is nothing more than a resistance coupled amplifier,
has been used recently to fool farmers into believing that
various insecticldes could be broadcast by means of radio
waves, At least one farmers! organization actually paid
money into the development and use of the machine. There
is no scientific ewvidence, hypothesis, or theory which
hints that such a machine will work, and the inventors of
the process have not demonstrated that the process is
effective.

In analyzing any electrical insect control problem,

the following points merit consideration:
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l. The effect of electromagnetic energy (including
radio waves, microwaves, infrared, and ultraviolet up to a
frequency equivalent to a wavelength of about 2880 Angstroms)
on living tissue is a heating effeet, The effect of electre=
magnetic energy (including ultra#iolet energy with a wave-
length of less than 2880 Angstroms, x-rays and gamma rays)
on tissue 1s chemical iIn nature with some heating effect.

2. No particular resonance effect due to radio waves
or microwaves has been observed in tissue. The only effect
observed was that of heating caused by molecular agitation.
There does not appear to be any particular frequency that
" would have sélective effects on insects.

3s The tremendous amount of energy required to kill
insects in free space with electromagnetic waves from an
antenna would be so high as to make this process impracticale.
The high field strengths required would undoubtedly cause
a corona discharge which would heat the plants as well as
other animals in the area.

L« Radio frequency dielectric heating between the
plates of a condenser 1s an excellent process for penetrating
into non-conductors and causing high temperatures through
the mass in a short time. Some machines have been developed
which will penetrate as much as one foot or more of whesat,

and cause a temperature rige of 100° F in a few seconds.
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Wheat, flour, and other similar products are good absorbers
of radio frequency dielectric energy. The hypothesis that
there would be selective heating between the wheat and the
insects in the wheat does not appear to have merit, because
it was necessary to ralse the temperature of the mass to
the lethal temperature of the insect before a 100 percent
kill was obtained. The cost of energy and equipment for
the dielectric process, for freating large masses of grain,
as compared to the cost of conducted energy from a coal
furnace, would make this process impractical to use for
insect control at the present time,

5. Infrared energy can be used to kill insects, pro-
vided that the lethal temperature of the insect is obtained,
Since infrared energy has only superficial penetration into
matter, and a relatively high cost of operation per pound
of product heated, these facts will limit the use of infra-
red energy for insect control,

6. Tt is a well known fact that visible light and
ultraviolet light will attract insects. It has been found
that the optimum wavelength for attracting insects is about
3600 Angstroms. This happens to be about the optimum wave-
length for photochemical effects. Visible and ultraviolet
light can be used to attract insects to an area, but some
means such as electric high voltage grids or some type of
mechanical trap must be used to kill the insect. It was

found that ultraviolet energy will sterilize insect eggs,
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however, since ultraviolet has only superficial penetration
into wheat, flour, and many other materials, this fact will
make it impractical to use ultraviolet as a direct lethal
agent for insects. Furthermore, the present sources for
producing ultraviolet energy, such as carbon arcs and
gaseous dlscharge tubes are relatively inefficient pro-
ducers of ionizing ultraviolet energy. .Even if enocugh
ionizing energy could be obtained from these sources, it
would be difficult to separate the effects caused by
heating and those caused by lonization,

Te X~ and gamma rays are electromagnetic radiation,
and have the same effect on biological tissue. X-rays have
been used to create short and long range mutations in
insects. This process is mostly of aéademic interest and
does not appear to have any practical application as far
as insect control 1s concerned, The generation of x-rays
is a very inefficient process. ZEven though x=-rays do have
relatively deep penetration into materials which insects
infest, it 1s likely that a dose sufficiently strong to
cause short time lethal effects to the insects will also
cause damage to the material which the insects infest, The
inefficieﬁdy of x-ray generation, together with the fact
that x-rays radiate in a more or less spherical pattern,
will make it very improbable that x-rays can be efficiently
used for economical insect control.

8, Somewhat the same problems exist with gamma
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radiation as with x-rays. Energy from gsmma radiation has
been used to kill insects as well as molds and bacteria,
Gamma radiation is emitted from disintegrating radioactive
isotopes such as cobalt 60. Cobalt 60 has a half life of
5.3 years and may be formed by bombarding ordinary cobalt
59 with neutrons in an atomic reactor.

When radiation from long rods of cobalt 60 are used
to irradiate food and other products, cylindrical coordin-
ates must be used In order to effectively utilize all the
gamma radiation. The problem of adapting this type of
radlation so that food can be irradiated on conveyor belts
would appear to be complex., Perhaps passing the food
around the radioactive material in cylihdrical bands or
spirals would be an effective process, If the conveying,
shielding, and cost of effective isotopes can be worked
out satisfactorily, this process would appear to have
significant possibilities in the future.

9. The problem of effectively utilizing accelerated
electrons for treating foods appears to be closer to being
solved than for other types of radiatlon. It was found in
this study that a dose of 10,000 rep will sterilize insect
eggs and prevent adults from reproducing. Higher doses were
required to kill adults. Accelerated electrons can be
efficiently applied to products on a conveyor belt, and there
is no radiocactivity involved at ensrgies below 21 Mev,.

Accelerated electrons present Interesting possibilities for
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food preservation, such as the surface treatment of meats,
bread, and vegetables, and the penetration into such pro-
ducts as flour and wheat. Color and flavor changes may vary
greatly with the product treated, but means of minimizing
certain of the undesirable changes have been found. The
installation and maintenance costs involved may limit the
extent of the use of accelerated electrons in the immediate
future, but this fact should not stop research workers from
investigating further the use of accelerated electrons in
food processing,

10. In the final analysis the application of any
electrical method for destroying insects in products must
be better than or as good as present mechanical methods of
performing the same operation. One fact which must not be
overlooked is that even if insects can be killed in stored
products by electrical means, some mechanical means must
be used to remove the insect fragments before the food can
be lawfully sold for human consumption.

11, It is recommended that further studies be con-
ducted with accelerated electrons in order to determine the
effects on the nutritional values of wheat, flour, and
other foods, with doses less than 500,000 rep. Further
information is needed on the effects of treating the surface
of meats and Vegetabies in order to kill molds and bacteria,

12, Somewhat the same information 1s needed for gamma

radiation as suggested for accelerated electrons. The
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technique and equipment used for the two studies would be
different as gamma ray treatment would require special

shielding, conveying, and exposure time techniques,
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13736. Adulteration of flour. U. S. v. 108 Bags * * =
Spmple No. 23233-K.)
Lok Fruen:  July 21, 1948, Western District of Loulsiana,
ALLEGED SHIPMENT: On or ubout May 20, 1848, from Fort Worth, Tex,
Propucr: 108 25-pound bLags of flour at Crowley, La.
NAT.—'U'EE oF CHABGE: Adulteration, Scction 402 (2) (3), the article consisted in
\(\'R‘ole u:[ i;l part af1 a fllthy substance by reason of the presence of weevils,
e article was erated whi g
i adutterated while held for sale afier shipment in interstate
DisposITION :  August 22, 1048. Helo Bros. Wholesale Co., Crowley, La., clalm-
ant, baving consented to the entry of a decree, judgment of condemnatlon was
entered and the product was ordered released under bond to be denatured for
use as hog feed, under the supervision of the Federnl Scecurity Ageney.

(F. D, C, No. 23051,

13715. Adulteration of cotn meal. U. 8. v. Lynchburg Milling Co. and Thomas
K. Scott. Plea of nolo contendere. Corporation and individual each
fined $75. (F. D. C. No. 25305, Sample Nos. 40212-K to 40214-K, Incl.)

INFORMATION FILED: September 23, 1948, Western District of Virglnia, against

the Lynchburg Milllng Co., a corporation, and Thomas K, Scott, president.
ALLEGED SHIPMENT: On or about April 26 and May 7, 1048, from the State of
Virginia into the State of North Carolina.

LaBEL, IN PagT: “10 Lbs, Net Weight Old Fashion Stone Ground Corn Menl."”

NATURE oF CHARGE: Adulteration, Section 402 (a) (3), the product consisted in
part of o filthy substance by reason of the presence of insect larvae, larval
heads, a larval head capsule, insect fragments, rodent excreta pellet fragnients,
and rodent hair fragments; and, Sectlon 402 (a) (4), it had been prepared
and packed under insanitary conditions whereby it may have become contami-
nated with filth.

Nos. 13720 to 13748 report actlons involving flour that was insect- or rodent-
infested, or both. (In those cases in which the time of contamination was
known, that fact is stated In the notice of judgment.)

13720. Adulteration of flour. U. S. v. Lakeview Milling Co., Inc,, and Harry A.
Wolf. Fine of $180 per count against each defendant on first 3 counts
(total $600), Sentence suspended on count 4. Corporation and indi-
vidual placed on probation for 1year. (F.D.C.No.25326. Sample Nos.
5062-K, 5074-K, 5076-K, 40120-K.)

InForMATION FILEp: October 21, 1948, Middle District of Pennsylvania, against
Lakeview Milling Co., Inc., a corporation, Chambersburg, Pa., and Harry A.
‘Wolf, vice-president, secretary-treasurer, and manager.

ALLFGED SHIPMENT: On or about February 28, May 19, and June 2, 1948, from
the State of Pennsylvanla Into the States of Massachusetts and Maryland.
LABEL, IN PABT: “100 Lbs. Net Wholewheat Flour,” “100 Lbs. Venus Whole
‘Wheat Flour,” “Bleached 100 Lbs. Fancy Pastry Flour,” or “100# Fine Ground

‘Whole Wheat Flour.”

NATURE oF CHARGE: Adulteration, Section 402 (a) (3), the product consisted
in part of a filthy substance by reason of the presence of larval insect head
capsules, insect fragments, rodent hair fragments, jnsect larvae, a larval cast
skin, mites, and a rodent excreta pellet fragment ; and, Section 402 (a) (4), the
product had been prepared and packed under insanitary conditions whereby 1t
may have become contaminnted with filth.

NATURE oF CHARGE: Adulteration, Section 402 (a) (3), the product consisted in
whole or In part of a fllthy substance by reason of the presence of rodent urine
and rodent excreta ; and, Section 402 (a) (4), it had been held under insanitary
conditions whereby it may have become contaminated with filth, The product

18303. Adulteration of flour. U. S.v. 38 Bags, etc. (F.D.C.No. 32041, Sample
Nos, 22128-L to 22130-L,, incl.)

Liper Freep;  October 23, 1951, Southern District of Mississippi.

ALLEGED SHEIPMENT:  On or about February 13, May 28, and June 30, 1951, from
Fort Worth, Tex.

Propror: 1538  25-pound bags and 244 10-pound bags of flour at Gulfport, Miss,

NATURE of CHARGE: Adulteration, Section 402 (a) (1), the article conxisted in
whole or in part of a lilthy substance by reason of thie presence of inseets. The
article was adulterated while hehl for anle after shipient in (uterstate

commerce.

Fig. LL?.
Drug,
Food and Drug Administration.

227

13719, Adulteration of corn meal, corn grits, and flour. U. S. v. 16 Bales, etc.
(and 3 other seizure actions). (F. D. C. Nos. 25137 to 25139, incl., 25356.
sSample Nos. 60-K to 65-K, incl, 69-K to 71-K, incl, 166-K, 187-K,
362-K, 363-K, 373-K.)

Lisers FiLkp: August 2, 4, and 13, 1048, Southern District of Georgia ; amended

libel on one lot filed on-September 14, 1948,
ALLEGED SHIPMENT: Detween the approximute dates of March 24 and July 15,
1948, by the Manning Milling Co., from Manning, 8. C.

Provier: 214 bales and 110 bags of corn meal, 46 bales and 10 bags of corn
wri ind 6 bales and 158 bags of flour at Savannah and Augusta, Ga. The
bales cantained from 4 to 20 hags. The bags were in 2-, &-, 10-, 25+, 50-, and

100-pound sizes,

LABEL, IN ParT: “Corn Meal Enriched,” “Corn Grits Enriched by Nature,” and
“White Euagle Flour [or *Self Rising Fl<1u1"'j."

NATURE oF CHARGE: Adulteration, Section 402 (a) (3), the articles consisted
{n whole or in part of filthy substances by reason of the presence of insects,
insect fragments, rodent halrs, rodent halr fragments, and rodent excreta;
and, Section 402 (a) (4), they had been prepared under insanitary conditions
whereby they may have Lecome contaminated with filth,

DisPosBITION ;  September 23 and 24, 1048, The Manning Milling Co., claimant,
having consented to the entry of decrees, judgments of condemnation were
entered and the products were ordered released under bond for couversion
into animal fewd, under the supervision of the Federal Security Agency.

13721. Adulteration of flour. U. S, v. 83 Bags * * *.
Sample No. 2808-K.)

LiskL FILep: On or about July 20, 1948, Western District of Virginia.

ALLBGED SHIPMENT: On or about June 7, 148, from Greeley, Colo.

Provbucr: 83 100-pound bags of flour at Harrisonburg, Va.

NATURE OF CHARGE: Adnlteration, Section 402 (a) (3), the product consisted in
whole or in part of a filthy substance by reason of the presence of larvae and
larvae parts. The product was adulterated while held for siale after shipment
in interstate commerce,

DisposiTion :  October 27, 1948. Default decree of condemnnation, The product
was ordered delivered to a charitable institution, for use other than for human
consumption,

(F. D. C. No. 2

18304. Adulteration of flour. U. 8. v. 66 Bagy * * * (I D (. No. 32052,
Rample Nos, 22169-L, 22110-1,, 22351-L.)

Linke Firgn: On oor abeut November 7, 1951, Sonthern District of Missis=ippi.

ALLEGED RIIEMENT:  On or abont May 11, 1931, from Claflin, Kans., and on or
about August 3, 1951, from Wiison, Kuns,

Pronrer: 66 bags, eacl containing 10 pounds, of flour at Vickshurg, Miss,

NaTURE oF CHareE:  Adulteration, Seetion 402 (a) (3). the Iroduet consisted in
whole or in part of a filthy substauce by reason of the presenee of inseets, The
product was adulterated while held for sale after shipment in interstate
comerce,

DisrosttioN :  November 20, 1951, A decree of condemnation was entered order-
ing that the product be denatured for use as animal feed and that it be deliv-
ered to a charituble institution.

13723, Adulteration of flour. U. S.v. 37 Bags * * * (1. D, C. No. 25440,
Sample No. 19947-K.)

LiseL Friep: September 9, 1048, Southern District of Ohio.

ALLEGED SHIPMENT: On or about April 24, 1948, from Wabashu, Minn, .

Proouct: 37 100-pound bags of flour at Portsmouth, Ohio.

NarTuse or CHaRroE:  Adulteration, Section 402 (a) (3), the product consisted in
whole or in part of a filthy substance by reason of the presence of insects and
insect fragments.  (The article was adulterated while held for sile aftoer ship-
ment in interstate commerce.)

DispostTioN:  October 13, 1948, The International Milling Co., claimant, having
admitted the allegation of the libel, judgment of condemnation was entered
and the product was ordered released under bend, conditioned that it be dena-
tured and converted inte stock feed, under the supervision of the Federal
Sccurity Agency,

Selected notices of judgdments under the Federal Food,
and Cosmetic Act -- roleased by the Federal Security Agency,
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UNITS
Length or Distance Symbol
1 Meter M 100 cm
1 Angstrom A 10"8 cm
1 Micron U lO'u cm
1 Millimicron Mu 10”7 om
1 Centimeter cm 043937 in
1 Foot ft 12 in
Weight
1 Pound 1b 453.9 gr
DEFINITIONS

Force -- mass X acceleration

Work =-- force x distance

Energy and work are expressed in the same units. An agent
is said to possess energy if it 1s able to do work. When
an agent does work, its energy is reduced by an amount
equal to the work done.

Power = Energy = Work
Time Time

Dyne «- unit of force in the C.G.3. system of physical
units. Tt is such a force that under its influence a
particle whose mass is one gram would experience during

each second an acceleration of one centimeter per second,
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Newton «- unit of force in the MKS system of units and is
defined as that unbalanced force which will give a mass
of 1 kg an acceleration of 1 meter per second.

Work or energy in MKS units is the work done by a force of

one newton acting on a body through a distance of 1 meter
in the direction of the force, and is expressed as the
newton-meter. Since the newbton is 105 dynes, and the
meter is 102 centimeters, the newton-meter of work is
equal to 107 dyne=-cm = 107 ergs = 1 Joule; 1 watt sec =
2.78 x 107 kwh = 6.24 x 10°% Mev.

Joule = 10" ergs = 0.2 calories = 0,738 £t 1lbs = to the
energy expended in one second by an electric current

of one ampere in a resistance of one ohm.

Electron volt -- energy acquired when an electron is accel=-

erated through a potential of one volt,.
ev == 1 electron volt
Kev == 1000 electron volts
Mev -~ 1,000,000 electron volts
Rower
1 watt = 1 Joule/sec MKS system = 107 ergs/sec CGS system

1 hp = 550 £t 1bs = 33,000 ft 1lbs
sec min

1 hp = 746 watts
1 kw = 1000 watts = 1.34 hp
1 £t 1b per sec = 1,356 watts



230

Relation of heat to mechanical work

Quantity of heat Equivalent amount
of mechanic work
1 calorie L.186 x 10! ergs
1 calorile 4,186 Joules
1 BTU 778 £t 1bs
06239 calorie 1 Joule

Radiation Equivalents

1 Roentgen = 1.61 x 10-° ion pairs/gram air

= 6,77 x 104 Mev/cc std air

= 5.2 x 107 Mev/gram air

= 83.8 ergs/gram air

= 93 ergs/gram water or tissue
1 rep (roentgen-equivalent-physical) -- 1 roentgen
l1x 106 rep

8.38 Joules/gram air

1l mega rep
8438 watt sec/gram air
9.3 Joules/gram tissue

9,3 watt sec/gram tissue



