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RADIATION AND IONIZING RADIATION

Daily life is sourrended by invisible electromagnetic waves
which travel across the space. We are aware of them when a
stereo converts the low frequency radio waves to sounds of music,
or when we answer the telephone by means of microwaves. In
winter infrared waves, of slightly higher frequency, are emitted
Dy a heater to keep a warm house. Visible light from red to
blue is just a small portion of this electromagnetic spectrum.

All electromagnetic waves carry energy proportional to its
frequency and intensity. High intensity microwaves of low
Frequency,artificially produced, are already used in many
<itchens for cooking purposes. X-rays are high frequency waves
which are produced by special machines in medical centers for
diagnosis.

Our environment also contains natural radioactive nuclei
which spontaneously emit high frequency radiation. For example
3-14 is formed in the upper atmosphere when neutrons, produced
ay cosmic rays, bombard N-14. This radioactive C-14 is part of
the natural Carbon present in all living creatures. It is
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interesting to know that for each gram of natural carbon, there
is an emission of 13.5 energetic particles per minute from
living matter. Then all human beings are natural walking radio-
active sources emitting either 100 or 1,000 beta particles per
second per each 50 kg depending there are low fat (1% carbon
content) or high fat (10% carbon content), respectively.

Artificial radioactive sources as Co-60 and Cs-137 are
produced by bombarding Co-59 with neutrons in a nuclear reactor
and by chemical separation of spent nuclear fuel respectively.

Both radioactive sources emit very high frequency electro-
magnetic radiation called y-r&ys. This highly penetrating
radiation is employed for preservation of food.

Each y-ray emitted from a radioactive source transports
energy from the source to the irradiated food. Penetration of
Y-rays and their intensity (i.e. number per unit are inside
food) depend on Y-energy. Figure l.a, shows how the percentage
of Y-ray intensity changes as a function of depth in water for
two cases: Y-rays from Co-60 and Cs-137. Because, food has
high water content, water is suitable as a good ^approximation
of the variation of Y-ray intensity inside food.

Food is formed chemically by arrays of molecules, mole-
cules of the same type which also compose bacteria, insects,
microorganism parasites, etc, y-rays entering into food
eject electrons from the atoms of molecules inhibiting the
reproduction mechanism of living matter. Therefore, Y"rays
cause damage in all undesirable microorganisms and insects
present in food, reducing proliferation. A pictorial repre-
sentation of y-rays ejecting electrons in food is shown in
Figure l.b. One Y-raY m a Y travel inside food a few centimeters
before it transmit its total energy to an electron. The
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Figure l.a.
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Penetration of y-rays and their
intensity depend on y'ener9y»
Y-rays from Co source have greater
values than y-rays from Cs, being
the energies 1.25 MeV.(mean energy)
and .66 MeV, respectively.

ejected fast moving electron heats other electrons from
neighbourhood atoms, either expulsing them from the atoms or
.sending them to outer sheels in the same atoms.

There are thousands of such interactions before the
initial electron deposits its total energy in food. Tracks of
electrons are zigzaging lines randomly orientated with an
average of a few angstroms long. In this way the initial
•^-energy is uniformly distributed in a very small volume
of food.

The total amount of energy deposited in a given volume of
rood is, then, proportional to the total number of Y-rays
entering into food. The total amount of energy deposited per
unit mass of food is called "absorbed dose" and it is measured
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Figure l.b. Y-rays either eject electrons from
atoms (ionization) or send
them to outer sheets in the
same atom (excitation). Tracks
of expuised electrons are
zigzaging paths randomly
orientated with a few amstrongs
long. The total amount of
energy deposited per unit mass
of food by radiation is called
absorved dose.



RADIOACTIVE SOURCES USED IN FOOD IRRADIATION

Cobalt-60 and Cesium-137 are the only two Y -
r a y s emittir

radioactive sources used for food irradiation.

Let us compare advantages and disadvantages of them at

same time that we ask a simple question:

How many tons of food per hour is possible to process

ith a radioactive source?wi

Dose

From the definition of absorbed dose D

total energy deposited in food

unit of mass of food

in simbols

D =
M

The total energy Ej is given by

CD

Number of emitted
Y from source

second

A

Percentage of
such y that
reach food

Energy
Y

Total irradiation
time

the quantities in brackets are

A = activity of the radioactive source measured in Curies
which is defined as 1 Ci = 3.7 x 10 1 0

 Y/s.

n = efficiency of the source, it is a number between 0 and
1, the figure depend strongly on industrial installation
design.



i = energy transport from the source to food by a single
Y-ray.

T = total time which food has been exposed to -y-field.

Then, D is given by

D = n A E T

m
(2)

Assuming a source of MCi activity, and an irradiation time of

one hour.

[i = nA(MCi) 3.7xlO16

MCi

MeV

Y

1.6xlO'13 J

MeV

1

M(ton)

103T

Kg
T(h) 3.6x10*s

where all quantities in rectangular brackets are conversion

factors and 1 MeV is 106 electron volts; 1 electron volt (eV)
-19is equivalent to 1.6 x 10 Joules.

ID = 21.312 ton
MCi MeV h

nA(MCi)E T(h)MeV\

Y ! M(tOfl)

1Q3J

Kg

where the first quantity in rectangular brackets are the units

of the 21.312 constant. The second quantity in brackets is

the dose. A Joule/Kg of dose is defined as one Gray, therefore

the quantity in brackets is 1 kGray.

D = 21.321 nAET

M
(3)

The strength of a radioactive source, i.e. the number of

emitted per second is not constant in time, it rather follows

an exponential decay in time of the type



exp

where:

-0.693 A

C = is the half-life, it is the time in which the source
reduce its activity to a half.

t = is the time

therefore, equation (3) is multiplied by this decay factor

D = 21.312
M

exp

Rearrenging terms

M (ton

T (h)
) = 21 .312 EA

0
exp -0. 693. t

f a b l e 1 shows the main parameters of Co-60 and Cs-137.

Table 1 . COMPARISON OF Co-60 AND Cs-137 SOURCES

(4)

SOURCE

6°Co

137Cs

EFFICIENCY

0.25

0.17

E(MeV)*

Y = 1.17

y2 = 1-33

Y = 2.50

0.66

HALF-LIFE
(YEARS)

5.27

30

COMMENTS

- Produced in a nuclear
reactor by Co neutron
irradiation.

- Little risk of envi-
ronmental contamina-
tion.

- Fission product from
spent nuclear fuel.

- Limited availability.
- Soluble in water.

* MeV is 106 e .V. , e.V. is equivalent to 1.6 x 10"19 J.



At first, it seems that the longer Cs-137 half-life source
makes it better than Co-60 source; but its lower Y-energy reduces
the efficiency, both parameters energy and efficiency are
decisive when they are introduced into equation (4). An addi-
tional disadvantage is the limitated availability of Cs-137
for being a fission product extracted from spent nuclear fuel.

A comparison between Cs-137 and Co-60 sources for food
irradiation is made in Figure 2. Assuming in each case, an
industrial radioactive source of 1 MCi and a typical dose of 1
kGy, the initial capacity of food processing of such plant in
tons per hour reaches 13.5 for Co-60 source and is just 2.5
tons per hour for Cs-137. Only after fourteen years of use,
without recharging, Cs-137 becomes competitive with Co-60.

The average quantity of food processed during a period of
fourteen years can be evaluated by integrating equation (4).

This is

T AT ° T

The results are 6.1 ton/hour for Co-60 and 2.04 ton/hour for
Cs-137 without recharging the sources.



T I M E

Figure 2. Tons of food per hour at a dose of
1 kGy for Co-60 and Cs-137 sources,
assuming an activity of 1 MCi each.
The lower Y-energy and efficiency
value (see text) for Cs-137 make it
less competitive than Co-60, even
without recharging for the first
fourteen years.



NON RADIOACTIVE SOURCES IN FOOD IRRADIATION

DC electron accelerators are non-radioactive sources also
useful for food irradiation. By means of electric fields,
electrons are accelerated up to energies of 10 MeV. There are
two ways of using an electron beam; they are ilustrated in
Figure 3. In the first one, the electron beam strikes directly
on the food (Fig. 3a); in the second one, the beam is stopped
by a high-z metal plate producing x-rays which are then used to
irradiate the food (Fig. 3b). In both cases a magnet, placed
at the end of the accelerator, produces a scanned electron beam
with typical sizes of 1-2 cm wide and around 100 cm long. In
either case, a conveyer system transports the irradiated food in
front of the beam.

The main difference between the two devices in Figure 3 is
the depth radiation can penetrates into the irradiated product.
Electrons penetrate into water abdut 5mm per each MeV of energy,
therefore, for the 10 MeV maximum permited energy for electrons,
penetration is only 5 cm. On the other hand, x-rays are of the
same nature that y-rays, this is, a ten percent of a 1.33 MeV.
monoenergetic x-ray beam, as can be seen in Figure 1. Because
the maximum x-ray energy permited for food irradiation is 5 MeV,
deeper penetration can be achieved with x-rays from accelerators

COMPARISON BETWEEN RADIOACTIVE SOURCES AND ACCELERATORS

A comparison between radioactive sources and accelerators
can be made in terms of power. Power is defined as the delivery
•3d energy per second and is measured in watts. Then, let us
calculate the output power of radioactive sources and accelera-
tors.



The activity of a radioactive source was previously defined
as the number of y-rays per second, then multiplying activity by
the energy of each y-ray we obtain energy per second i.e. watts.

Dower of a source P. = E ( — A (MCi)
\ Y '

Mev\, 'l.
/ MeV

3.7xlO15

MCi S :

where quantities in brackets are conversion factors

Ps = 5.92 E I^JLj A (MCi) kwatts (5)

where the constant 5.92 has the unit
MCi

*"he accelerator-output power PA is defined as the product of
the accelerating voltage V times the number of electrons per
second (current) I, this is

Power of accelerator PA = V (MVolts) I (mA)

PA = V (MVolts) •10
6Volts
MVolts

I (mA) 10"3 A

mA

where quantities in brackets are conversion factors

PA = V (MVolts) I (mA) kwatts (6)



Hifeh Voltage Generator

Tank with SF- gas

Eitctcoo gun

Evacuated accelerator tube

Electron beam

Scanning magnet

Scan horn

Electron exit window

Scanned electron beam

Electron Accelerator

Evacuated Acceleraxcr Tube
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I-Conveyor system

| Irradiated product
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Basic design of • DC electron accelerator. Electron accelerator with X-ray converter.

Figure 3. Electron beams generated by DC
accelerators are used in food
irradiation in two ways:

a) The electron beam strikes
directly on the food.

b) The electron beam is stopped
by a converter plate which
produce an x-ray beam;in
both cases, a magnet placed
at the end of the accelerator
produces a scanned electron
beam with typical sizes of
1-2 cm wide and around 100
long.



Table 2 displays the result from equation (5) for 60-Co
and 137-Cs sources.

Table 2. O U " J T POWER OF 60-Co AND Cs-137

S O U R C E S |

6 0Co

EFFICIENCY % 25

3.6 KW
MCi

1 3 7 Cs

17

0.66 KW
MCi

Result from equation (6) for beam power from accelerators
•ire shown in Table 3. Electron beam from low energy accelera-
tors below 2 MeV, restricts possible applications in food irra-
diation due to the low electron penetration. The same consi-
deration applied for x-ray beams, here the conversion efficien^
cy of electron radiation to x-ray radiation through a tungsten
:arget is very low for low energy accelerators.

Recent advances in accelerator technology make them atra£
:ive for increasing their use in food irradiation. Output
power from accelerators are comparable to that of radioactive
sources, specially if a conversion target is used to produce
x-rays. A 5 MeV electrom beam produces a continous x-ray
spectrum from maximum energy to zero, with peak of about one
i:enth of maximum energy. A penetration of such x-ray spectrum
in food is comparable to that of Co-60 v-



Table 3. OUTPUT POWER OF ACCELERATOR FOR ELECTRON AND X-RAY BEAMS

A C C E L E R A T O R S

ELECTRON BEAM X-RAY BEAM

Voltage
(MV) 0.350

f
i

0.350 I 1 10

Current
(mA/m) 200 50 1 10 10 10

Efficiency
(%)

Power
(kW/m)

Penetration
in water
(cm)

45.5

.1

50

8.3

.1

0.5

1

3

5

TUNGSTEN TARGET
2

0.2

2

4

0.8

8

20
i

1

30

EVALUATION OF THE ENERGY DEPOSITED IN IRRADIATED^ FOOD

The energy deposited per unit mass of food, previously
defined as absorbed dose, has to be evaluated in order to
ensure that all food stuff will receive a dose D such that
D mj n > D *, D ms x , where D mj n and Dm|x are the minimum and
Tiaximum absorbed doses respectively. D has to be greater than
Dmfn to achieve the objective of the process and has to be
smaller than D m| x to avoid affecting eating quality.

It has been agreeded through results of research, by inte£
national committees that a dose D of 10 kGy does not cause
toxicological hazards in food.



Because x-rays, y-rays and electrons follow an attenuation
process into food and because this attenuation depends on den-
sity of food, it is not possible to have an average dose Zav
uniform through all food. Due to this statistical distribution
of dose, the Joint Expert Committee aproved that the overall
average dose may result in a fraction of food receiving a 3 m| x

50% higher (15 kGy) and that a mass fraction of product o* at
least 97.5% should receive an absorbed dose less than 15 • ly
rfhen Dav is 10 kGy.

There are two main dosimetric activities in food irreaia-
tion: theoretical evaluation and experimental measurements.
The former takes part of a plant design program whose coal is
to perform a maximum irradiation efficiency; calculations are
also useful to find out and set process irradiation parameters
such as residence time in the irradiator, dwell time in a
suffle and. dwell irradiator and conveyer speed in order to
achieve a given requested dose. The later is routinely made
for quality control to assurance that food has been irradiated
within specifications.

A dosemeter is employed to evaluate the absorbed dose in
food for quality control purposes. Any material for device,
capable of converting the amount of energy deposited in it to
a measurable parameter, can be used as a dosemeter. There are
two kinds of dosemeters, primary dosemeters and secondary
dosemeters.

In primary dosemeter the dose is related to basic physi-
cal quantities such as ionizing current, electric charge end
temperature; an example is the calorimeter, where the energy
deposited by radiation rises the temperature giving an output
signal through a termocouple device. An aqueous sulfuric
acid solution of ferrous sulfate called "Fricke" dosemeteir is
a standard chemical solution easily available in most labora-
tories; it is considered as a primary dosemeter too. In the



Fricke dosemeter, radiation induces oxidation of ferrous ions
(Fe++) to ferric ions (Fe+++), then the dose measurements
consist in evaluating the increased optical absorbance of
ferric ions at the absorption peak of 305 nm; the use of
Fricke dosemeter is restricted to x-rays and Y-ray fields.

Secondary dosemeters need to be calibrated against either
a primary dosemeter or a known radiation field. Dose in these
dosemeters is obtained in diverse measurable quantities, like
stimulated light output, optical transmission density changes,
electron spin resonance spectrum, etc.

It is a common practice in the quality control process to
place small dosemeters close to the foodstuff to be irradiated,
specially in those parts where exist highly heterogeneous pro-
ducts; dosemeters close to these interfaces give information
of dose distribution anomalies or discontinuities. For an
homogeneous food item it is sufficient to place dosemeters^
randomly and to perform a sampling procedure.

In any case, it is compulsory to have information about
either the dose uniformity ratio U defined as

u = Dmax/°min or tne dose extremes D m S x - D m T n .
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.Artificial radioactive sources as Co-60 and Cs-137 are produced by
bombarding Co-59 with neutrons in a nuclear reactor and by chemical
separation of spent nuclear fuel respectively. Both radioactive sources emit
very high frecuency electromagnetic radiation called y-rays. This highly
penetrating radiation is employed for preservation of food.
Each y-ray emitted from a radioactive source transports energy from the
source to the irradiated food. Penetration of y-rays and their intensity
depend on y-energy.

Dentro de este estudio se comparan las ventajas y desventajas de ambas
Iiientes.


