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CHOICE OF METHOD

For some special cases, the use of low energy electrons
has advantages over the use of gamma-rays or higher energy
electrons for the direct irradiation of food. These
advantages arise from details of the interaction processes
which are responsible for the production of physical,
chemical and biological effects (1). Factors involved
include:

Depth of penetration;
Dose distribution;
Irradiation geometry; the possible production of
Radioactivity; and
Costs.

Depth of Penetration
Electrons interact directly with atomic electrons in a

sample causing excitation, ionisation and the breaking of
chemical bonds. As a consequence, the electrons lose energy
and irradiation is restricted to a region which is a few TOP
bo a few cm thick - depending on the electron energy. By
contrast, gamma-rays can travel many centimetres or even
metres before any interaction occurs - the distance depends
on the density and atomic number of the atoms in the sample.
As an example, 1.3 MeV electrons are useful for the irrad-
iation of organic materials less than 5mm thick whereas
Cobalt gamma-rays of similar energy can be used to irradiate

»

material at least two orders of magnitude thicker.

Dose Distribution
Electron interactions lead to x-rav emission and, at



MeV energies, to the direct emission of photons (bremmstra-

hlung). Energy is also transferred to scattered electrons
and an electron/photon cascade builds up within a sample.
This cascade controls the energy density or dose distribut-
ion as a function of depth of penetration within a sample.
Some examples, calculated from cascade models are given in
Figure 1. Photon production increases with electron energy

and the atomic number of sample atoms. Dose distributions
are therefore broadened as the incident electron energy is
increased.

The ratio of the dose at the surface to the peak dose
at some depth within the sample decreases as electron energy

increases. This is important in food irradiation since some
specified minimum dose must be given to all parts of the

sample in order to achieve the required effect. Having
selected this minimum dose, which defines the necessary
surface dose, the curves in Figure 1 can be used to determine
the maximum usable depth. This is the depth at which the
dose again falls to the minimum allowable value (A points

in Figure 1).

The usable depth (t cm) is found to be approximately
linear with electron energy (E MeV). For example:-

Polyethylene (H/C =2) t = 0.38E - 0.12 (1)
Polystyrene (H/C =1) t = 0.40E - 0.13 (2)
Carbon t = 0.44E - 0.14 (3)

The dose variation ((DMAX-DMIN)/DMIN) can also be obtained
from Figure 1 and this is shown in Figure 2 for H/C = 1.
It increases rapidly from 0.5 to 1.0 MeV and then rises
relatively slowly.

The fraction of the beam energy which is dissipated
beyond the A points is wasted (shaded area at the right of

Figure 3). This decreases as the incident energy is



increased. In practice, the electron beam is accelerated
under vacuum and then allowed to pass through a thin metal

window (e.g. 50 ymTi) and an air gap (e.g. 10 cm) before
reaching the sample. This has several effects:

(a) The energy dissipated in the window and air gap
is wasted (shaded area at the left of Figure 3);

(b) The electron/photon cascade begins in the window
and the dose at the sample surface is increased;

(c) The electron energy at the sample surface is
reduced typically by 50 to 100 keV.

The useful fraction of the beam energy can be taken as

the area between the surface dose and exit dose for the
curves in Figure 1 and these are shown as curve 1 in Figure
4. Curve 2 is obtained by assuming that the surface dose
is all that is needed to achieve the desired effect and
the energy expended in achieving higher doses at the centre
of the irradiated region is also wasted (shaded area at the
top of Figure 3). The useful fractions increase only slowly
above 1 MeV.

An important difference between electron and gamma-ray
irradiation is that an electron beam is uni-directional and
its energy is immediately effective as it penetrates sample
material. Gamma-rays from a point source have an intensity

which follows a 1/d2 law (d is the distance for the source)
as well as an exponential attenuation in sample material.
The available energy is thus distributed very non-uniformly

over a large volume and movement of material is necessary
to achieve sufficient uniformity of dose.

An intermediate situation applies to the use of an
electron beam to generate x-rays which then irradiate the

sample material. X-ray production is concentrated in a
forward cone which narrows as the electron energy is incre-
ased. The effects of solid angle and attenuation still



apply, but it is easier to achieve reasonably uniform doses.
The main drawback with this method is the poor efficiency

for conversion of electron power to x-ray power. This
efficiency is less than 10% for electrons with energies

below 3 MeV incident on a high Z target. Since high effic-
iency can be achieved in the production of an electron beam
and in its use for direct irradiation of a sample it is
worthwhile to consider ways to increase the volumes which

can be irradiated.

Two-sided Irradiation
If a thin sheet of material is irradiated from both

sides, the dose distribution will be as shown in Figure 5
for the case in which the thickness is such that the dose
at the centre is equal to the surface dose. This thickness
is twice the thickness at which the distributions in Figure
1 fall to 50% of the surface dose (B points). A comparison
of the usable thickness for one-sided and two-sided irrad-

iations is shown in Figure 6. Twice the electron beam
power must be used in two-sided irradiation but the usable
thickness is increased by a factor of approximately 2.5
indicating that a greater proportion of the beam power is
usefully applied. The only losses are from the small
fraction of electrons or photons which are scattered out
of the sample. The usable fraction is shown as curve 3 in

Figure 4.

Rotating Sample
If a cylindrical sample is rotated within an electron

beam, which has a range comparable to the cylinder radius,

a similar dose distribution will be obtained to that for
a thin sheet. An approximate estimate is included as the

dashed curve in Figure 5. The surface dose is relatively
higher than that for a thin sheet and the use of a smaller
cylinder would result in considerably less dose variation
with depth. However, a slightly smaller fraction of the
beam is effective in irradiation of a cylindrical sample
due to edge loss effects..



A more complicated system for obtaining complete
irradiation of a cylindrical sample without rotation has
been developed in the USSR (Figure 7). The deflection
magnet (1) deflects the beam into three beam tubes each of
which passes through a further magnet (2, 3 and 4) which
are designed to direct a portion of the beam on to one thicd
of the circumference of the sample. This system allows the
treatment of a large diameter (e.g. 15 cm) sample - to a
depth given by the one-sided irradiation conditions dis-
cussed above.

Beam Deflection and Throughput
For irradiation of a sheet, an electron beam can be

easily deflected to provide a linear scan of length equal
to or greater than the width of the sheet. Likewise, a
two dimensional scan can be used to reduce the instantan-
eous beam power density in the sample. Beam deflection
changes the angle at which electrons enter the sample and
this reduces the effective depth by a COS0 factor where 0
is the scan angle. If the sample is moved away from the
beam deflection system the scanned area is increased with-
out the need to use large angles.

It i° easy to produce an electron beam with a power
of tens or even hurireds of kilowatts. The dose (Gray)
is given by:

D(d) = 103 fF(d)P t /M (4)
where f is the fraction of P (electron beam power, .watts)

utilised;
F(d) is the ratio of dose at depth d to the average
dose;

M/t is the mass per second irradiated.

As typical numbers, a 20 kw beam of 1.5 MeV electrons will
deliver a dose of 1 kGy to 1 kg/s of material. This is
quite impressive and indicates that a beam which is scanned



to cover an area of the order of 1 m2 is very useful for
material irradiation.

Radioactivity
A quite different consideration affecting the choice of

electron energy is that of the possible production of radio-

activity in the sample itself or in neighbouring materials.
Such radioactivity may be produced directly by photonuclear
reactions or indirectly by neutrons emitted as a result of
photonuclear reactions. A photonuclear reaction can only
occur if the incident electron or photon has an energy which
exceeds a threshold value which depends on the nuclide being

irradiated. The four isotopes with the lowest threshold
energies are listed in Table I.

A philosophical limit of 1.66 MeV can be set below
which radioactivity cannot be produced. Below this energy
an electron beam system is analogous to an x-ray set.

Radiation is produced while the beam is on and is absent
when the beam is turned off. In the present climate of con-
cern about radiation, operation below 1.66 MeV can give a
public relations advantage.

None of the reactions listed in Table I give rise to
radioactive nuclides so that radioactivity can only be pro-
duced by secondary neutron interactions. To illustrate this
situation, development of sensitive methods for the assay
of beryllium or deuterium provide interesting examples. By

placing rock samples for one hour in a 2.15 MeV, 1 mA elec-
tron beam, Guinn and Lukens (2) were able to detect the

radioactivity in 1 litre of manganese nitrate placed nearby
when 1 ppm of beryllium was present in the sample. A similar
irradiation with a 3.0 MeV electron beam aMowed detection
of the deuterium component of 0.05% hydrogen.

The neutron yield is very low until the incident energy
is well above threshold and can be strongly reduced by the



use of suitable shielding materials. The probability of
causing activation is also very low and the concentration

or abundance of the isotopes involved are low. All these
factors ensure that problems with activation arc trivial
for electron energies up to 2 or 3 MeV.

Table I
Phctonuclear Reactions

TARGET
ISOTOPE

9Be
2H

170
i,c-

Optimum

ABUNDANCE

100

0.015

0.037

1.11

Parameters

CONCENTRA- REACTION
T10NS
(ORGANIC
MATERIALS)

very low (y^n)
H = 5-10% (Y,n)
0 = 20-30% (Y,n)
C = 40-50% (Y,n)

PRODUCT
ISOTOPE

"He
1E
16Q

12C

THRESHOLD
ENERGY
(MeV)

1.665

2.223

4.142

4.946

The optimum energy involves consideration of the
following trends in the context of a specific application:

(a) the usable thickness of product increases linearly

with electron energy;
(b) the variation in dose through the product increa-

ses rapidly up to 1 MeV and only slowly above this energy;

(c) the fraction of the electron energy which is
utilised is approximately constant above 1 MeV (60% for one-
sided and 80% for two-sided irradiation) •

(d) the production of radioactivity is theoretically

impossible below 1.66 MeV and of no practical significance
up to well above 2 MeV; it will become increasingly impor-
tant at higher energies;

(e) the dose delivered is a linear function of beam
power; if the total current is limited then a higher voltage
makes possible a higher throughput;

(f) for a specific accelerator design it is often
cheaper to obtain a higher beam current rather than a higher
energy;



(g) single stage or direct accelerators are usually

cheaper and more efficient than multi-stage r.f. accelerat-

ors but are limited to voltages below 3-5 MeV.

The usable thickness is a major limitation making it

necessary to use high energies (e.g. 10 MeV) and possibly
electron/x-ray conversion for the irradiation of large
objects. Low energies are suitable for irradiation of some
types of material such as thin sheets, wires, sheet surfaces
and, in the case of food, grain. For these applications the

energy can be selected to match the thickness to be
irradiated, up to 2-3 cm at 3-5 MeV. If public relations
problems are serious an energy below 2.2 MeV or even below

1.66 MeV may be preferable.

PRACTICAL SYSTEMS

A low energy electron irradiation system for use in the
disinfestation of grain has been developed in the USSR (3)
and has been in use at the port of Odessa for approximately
5 years. Since this is the main example of commercial use
of low energy electrons it is the basis of the following

description with additional information on possible alter-
natives .

Accelerators

Electrostatic accelerators are available to produce
voltages up to 20 MV but the maximum current is generally
quite restricted above 3 to 4 MV. Even at lower voltages
the maximum power is limited to the order of 1 kW so that
these machines have limited usefulness in electron irradiat-
ion - especially of bulky food products. The most useful

low energy accelerators are those based on A.C. power supp-
lies - either at low frequencies (e.g. 400 Hz) or at radio
frequencies (e.g. 100 kHz).

A number of circuit designs have been used in low
frequency, insulated transformer, accelerators and their



characteristics are summarised in Table II.

Table II
Typical Low Voltage Electron Accelerator Parameters

TYPE COUNTRY MAX VOLTAGE MAX CURRENT POWER

Electrostatic

Van de Graaff USA 3MV 0.5mA 1.5 kW
Low Frequency
Insulating Core USA 1 MV 50 mA 50 kw
Transformer 2.5 MV 15 mA 37.5 kW

Cockroft-Walton JAPAN 2 MV 30 mA 60 kW

Insulated
Secondary
Transformer
(ELV 2) USSR 1.5 MV 13 mA 20 kW

(ELV 4) USSR 1.5 MV 26 mA 40 kW

High Frequency

Dynamitron USA 1.5MV 100mA 150 kW
2 MV 100 mA 200 kW
4 MV 50 mA 200 kW

Other types and models have also been developed. An import-
ant feature of the low frequency systems is that they can
achieve 70-80% efficiency in conversion of electrical power
to electron beam power. This can be compared with an

efficiency of 20% or less for the multi-gap linear accel-
erators which are used for energies above 5 MeV.

A schematic illustration of a typical low frequency
accelerator is shown in Figure 8.

The power supply is operated within a pressure tank con-
taining SF$ insulating gas and an electron gun and beam tube
are mounted in the centre. In order to maintain good focus
the beam tube consists of many sections which are connected
to successive stages in the diode/capacitor network which
converts the transformer output to D.C. voltage. For 1.5 MV
the beam tube is approximately 1.2m long and the pressure
tank is 2 m long and 1 m diameter.
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The beam tube is continued through the base of the

pressure tank where vacuum pumps and a beam scanner are
mounted. Two dimensional beam scanning is produced by the
magnetic fields from two sets of coils placed close to the
beam tube and at right angles to each other. The current in
each set of coils is provided by a sawtooth current gener-
ator so that the deflected beam moves across the sample at
a uniform speed. Scan frequencies from 50 Hz to 1 kHz are
used to ensure that each part of a moving product stream is
exposed to the beam for the same length of time. However,
the current density at the product is given by I cos6
where I is the current density at the undeflected position
and 0 is the angle of deflection. The variation can be kept
to ± 10% or less by choosing the distance from the scan
coils to the sample so that a maximum deflection angle of

25° is sufficient.

A triangular metal vacuum chamber is used following the
scan coils and the end of this chamber is closed by a thin
metal window through which the electron beam can pass with-
out losing much energy. The foil is mounted as part of a
cylinder in shape to give it maximum strength and air from
a blower is directed across the outer surface of the foil to

keep it cool. The curvature of the foil will introduce
variations into the electron energy loss but these are quite
small. A second, thinner aluminium window can be used if
necessary to protect the main vacuum window from the abras-

ive effects of dust.

The accelerator and scanning chamber can be mounted
either vertically or horizontally, depending on whether a
horizontal or vertical product stream is to be irradiated.
Some accelerators have a separate tank for the high voltage
supply which is mounted at right angles to the beam tube
system. An air gap of approximately 10 cm is acceptable
between the exit window and product stream.
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Product Handling
A high power electron beam can be used for the dis-

infestation of a least 200 tonnes of grain per hour

provided that a high speed stream is used (4). The
system in use at Odessa is shown in Figure 9. It is based

on the use of gravity feed to direct the grain through an
electron beam at a speed of approximately 6m/s. A 600 t

hopper at a height of approximately 25 m is used to supply
grain to an irradiator chute. A filtering screen removes
foreign matter and an adjustable parallel gate is used
to create a stream which is 1.5 m wide and has the required
thickness (e.g. 7 to 9 mm). A second fixed gate is located
towards the bottom of the chute to ensure that grain flow
is not excessive.

At the bottom, the chute curves under the vertical
electron beam and the centrifugal forces keep the grain in
a well-defined stream away from the titanium window. After
passing through the approximately 8 cm wide electron beam
the grain passes into a receiving hopper from which it is
directed out of the facility for re-irradiation. A fast-
acting gate redirects the exiting grain back to the feed
hopper if electron beam sensors at the extremities of the
scan horn indicate that the beam current or scanning width
do not have the required values. Suction pumps are conn-
ected to the chute just after the irradiation chamber to
remove dust, ozone and nitrogen oxides (the latter being

produced by electron irradiation of air).

The curved outer portion of the chute is water cooled
to take away the heat deposited by the electron beam. It
wears from the abrasive effects of grain and dust and must
be periodically replaced. There is no significant rise in
temperature of the grain stream since the energy deposited
is only of the order of 0.4 J per grain. Turbulence in the
grain flow causes individual grains to rotate and this
improves the uniformity of dose received which is set to
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always exceed 0.2 key. Many factors contribute to dose

variations, including:

(a) variations in beam power and geometry;

(b) variations in grain speed and rotation;
(c) the dose distribxvtion (section 1.2):

(d) the presence of foreign matter.

The combined effects may lead to the maximum dose being up

to twice the minimum dose.

Some experiments have been carried out with a horiz-

ontal accelerator and vertical grain stream but this

approach has not yet been developed for routine operation.

The use of a vertical electron beam and horizontal grain

conveyor is also feasible provided that beam scanning, beam

power and grain speed are chosen to obtain the required

dose and throughput. In all cases, a considerable amount

of power is needed for grain handling, equipment cooling and

exhaust systems and other auxiliary equipment so that the

overall power efficiency is much less than the 70-80% for

the accelerator alone. Large products, which require

surface irradiation only, could also be treated by an

electron beam if a beam geometry such as that in Figure 6

is coupled with appropriate product rotation to ensure a

uniform dose distribution. Such a system has not yet been

developed.

Safety and Shielding

X-rays are generated when the electron beam strikes the

exit window, air, product and the chute lining behind the

product stream. The x-ray energy and intensity increase as

the atomic number of the irradiated material is increased

so that the shielding requirements will be maximum if the

beam reaches the chute lining without passing through any

grain . Most shielding is therefore required around the

irradiation area and lead lined concrete thickness of the

order of 1 m is likely to be needed for a 20 kW electron
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beam. However, some x-ray production also occurs within the
accelerator and x-rays from the irradiation area can be
scattered by accelerator components. Shielding of the
accelerator is thus also necessary and re-entrant ports are
needed for product entry and exit.

All radiation is removed when the electron beam is
turned off and/ for energies below 1.6 MeV, immediate access
is possible to all parts of the accelerator and irradiation
facility. Access to radiation areas can be interlocked with
accelerator controls and fixed monitors can also be incorp-
orated in the interlock system to ensure there is no
exposure of personnel to radiation. Other necessary safety
measures include the removal and treatment of room air and

exhaust gases to prevent exposure to ozone or nitrogen oxides
as well as normal practice to prevent electrical or mech-
anical damage to equipment or personnel. In effect, safety
procedures are similar to those for any industrial or

medical x-ray unit. For beam energies above 1.6 MeV con-
sideration must also be given to protection against possible
production of radioactivity.

-.'«
Operation and Maintenance

For a research facility, it is necessary to be able to

separately control accelerator voltage, electron gun
parameters, beam current and scanning parameters. In a
production facility, these would be preset and stabilised
to required values and a data logger used to monitor correct
performance and any fault occurrence. Push-button operation
of a fully automated irradiation facility could be readily

incorporated into a grain handling control system.

Once the accelerator has been outgassed, a rise in
vacuum level is a sign that the exit window has been sligh-
tly damaged and should be replaced. The average life of a
window is of the order of 1000-3000 hours of operation and

the electron gun filament also needs to be replaced at a
similar frequency.
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Other component lifetimes should be at least 10000
hours of operation. Changes to equipment inside the acc-

elerator tank require removal of the SFe gas and removal
of part of the tank and inner components. This can usually
be completed within one shift. Both down-time and costs for
maintenance of a low frequency accelerator are quite lev but

they tend to be higher for r.f. accelerators.

PERFORMANCE

Disinfestation
Extensive research has been carried out into the effects

of electron and gamma radiation on the various stages of
insect development. The most common species associated with

wheat are sterilised by a dose of 0.2 kGy and 100% mortality
is observed after a period of approximately 30 days. Some

species may require a dose of up to 0.4 kGy to achieve this
effect. The Odessa facility is operated to provide a mean
dose of 0.25 kGy and measurements of dose show that this
can vary from 0.2 kGy up to possibly 0.4 kGy. These condit-
ions have been shown to be completely effective for the
disinfestation of wheat involving fifteen species of insects.

Barley, maize and sorghum have also been successfully treat-
ed in the same system. The effects of irradiation on the
quality of grain products do not seem to pose a problem but
further investigation of this aspect may be necessary,
especially for other types- of grain such as rice.

Costs
The cost of a facility will depend on the performance

required but is of the order of 1 to 2 M$ for a 20 to 40 kW
accelerator at 1.5 MeV. Amortization of this capital
expenditure is the largest contribution to disinfestation
costs which have been estimated to be less than $1 per tonne.

It is likely to be cheaper to use a higher power accelerator
to treat more grain rather than to instal several accelerat-

ors. However, the second approach offers more versatility
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in operation since one unit can be operated while mainten-

ance or development is carried out on the other. Since

maintenance is only necessary a few times per year it should

not be an important limitation. For routine application,

the logistics of grain handling, irradiation and storage

require careful attention.
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Figure 1 The relative variation in dose with depth of penetration for various
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Figure 3 The dose distribution curve for 1.5 MeV incident electrons, showing
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Figure 5 The relative dose distribution for 1.5 MeV electron irradiation using
one-sided or two-sided irradiation or a rotating sample.
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Figure 6 The dependence of usable depth of irradiation (exit dose =

surface dose) as a function of electron energy for one-sided
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1. Switching magnet
2. Scanning magnet
3. Deflection magnet
4. Exit window
5. Sample

Figure 7 Schematic diagram of device for three-sided
irradiation of cylindrical samples: (a) one sample;
(b) 3 samples.
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Figure 8 Layout of components of the 1.5 MeV ELV-2 electron
accelerator and scanning system (3).

1. Electron accelerator
2. Level sensors
3. Feed hopper
4. Flow-forming gate
5. High-speed gate
6. Spread chamber
7. Dispersion channel
8. Deflection plate
9. Water cooling

10. Bucket chain
11. Level sensors
12. Suction chamber
13. Output hopper
14. Diversion chamber
15. Diversion gate
16. Grain level control

Processed grain

Water

'Grain for recirculatioik

'Grain for
processing

~ Grain flow «

Figure 9 Schematic diagram of 1.5 MeV electron accelerator


