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ABSTRACT

The irradiation of unpackaged pourable bulk material requires the
employment of a dosimeter which can be readily transported along with
the material. Planar diffused silicon diodes have been found to be
suitable for this purpose. To date these have been used solely for the
purpose of dose rate measurements; however, it can be shown that the
permanent change in reverse recover time at the p-n junction correlates
with the absorbed irradiation dose in the range up to 10 kGy.
Appropriate selection of the diode and thermal treatment lead to a
linear dependence and enable the silicon dosimeter to be reused.
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1. Introduction

The gamma irradiation of pourable bulk material such as foodstuffs or
animal feeds is often carried out in the form of charges, and more exactly, in
standard packaging units, which are conveyed through the irradiation field of
a gamma source (6(*Co or l^'cs). The average charge dose produced is
governed by the speed of the conveyor belt or the holding time at the most
varied irradiation positions. All the parts of the charge, i.e. the different
points of a package pass through the irradiation field at the same speed but
along different paths through sites of varying dose rate, so that a dose
distribution occurs within the charge merely as a result of the inhomogeneity
of the irradiation field and, in addition, of the absorption in the depth of
the material. This can be determined by measurement of the irradiation field
and suitable conversion in terms of the dose in the material or by means of
dosemeters placed in the material.

In the case of electron irradiation as well, pourable bulk material is
generally transported through the measured irradiation field in packaged form
on a continuously operating conveyor belt. The irradiation dose is determined
by the operating parameters of the electron accelerator, such as deflection,
frequency of deflection, electron energy, (where applicable) pulse length,
pulse-repetition rate and so on, as well as conveyor belt speed. Here, too,
we find inhomogeneities of the irradiation field and absorption in depth
within the individual packing units, dose distributions which can be measured
by ordinary dosemeters [1, 2].
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Often it is desirable to irradiate the pourable material in unpackaged
form (3, 5-7J. This is of importance when large amounts are to be irradiated
in a continuous-flow process between two storage areas (silos) or between a
ship and a silo, e.g. with wheat, for the purpose of disinfestation, or with
fodder, for purposes of hygiene. In these cases, packaging solely for the
irradiation process would be uneconomic. However, even where smaller
quantities are involved, it may be desired to irradiate pourable bulk material
in unpackaged forms if the irradiation facility is to be integrated in the
production chain of a food enterprise. In this event the objective is,
e.g. in the case of condiment irradiation, to bring about a reduction in the
overall bacterial count as well as in the number of pathogenic organisms [8J.

The irradiation does not afford protection against subsequent
reinfection. If this possibility is to be excluded, the unpackaged material
must be conveyed in closed transport systems. This entails the problem of the
uniform transport of the material through the irradiation process over the
entire depth and width of the conveyor system. This can be accomplished, for
example, by using encased conveyor belts. However, belts of this kind can be
built only as completely closed systems and at fairly great expense. Less of
a problem is presented by the use of self-contained transport systems in which
the material is transported by gravity, by vibration conveyors or worm
conveyors. In this process, however, the individual particles or agglomerates
are not transported with uniform speed and therefore an additional
inhomogeneity of dose develops as a consequence of the distribution of the
speed of transport within the charge. The distribution of the dose produced
can in some cases be calculated or estimated, or it can be checked by means of
dosemeters which are conveyed together with the material [5, 9). The
dosemeters used are generally of sizes and shapes different from the particles
of the pourable bulk material and also of a different density, so that they
are not transported uniformly with the material, especially where vibration
conveyors are used. Difficulties are encountered in recovering them after
passage through the transport and irradiation facilities. If their sizes
differ sufficiently from those of the irradiated material, a separation by
means of sieves can be considered; if they are labelled with a magnetic
material or are of different density than the bulk material they can likewise
be sorted.

Thus far, measurements under practical conditions in relation to the
irradiation of pourable bulk material have been carried out only in the case
of wheat, in a specially arranged irradiation facility with small
thermoluminescent dosemeters 110].

In what follows we describe a dosemeter which is simple to handle and
interpret and which, on account of its shapes and sizes, approximates the
properties of pourable bulk material more closely than the other dosemeters
and lends itself to being transported together with the pourable material to
be irradiated.

2. Use of semiconductor diodes

2.1. Dose_ratemeters

Semiconductor diodes 111, 121 can be used as dose ratemeters [13, 14].
As a result of the ionizing radiations, additional pairs are formed from
electrons and electron holes formed in the pn junction region; these diffuse
rapidly since in the uninfluenced state electrons from the n-side boundary
area diffuse into the p-side and electron holes from the p-side diffuse into
the n-side, so that there is an adjacent electrical field. Charge carriers
are also released outside the electrical field of the barrier layer as a
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result of the irradiation and in this way the semiconductor diode forms source
of current for the duration of the irradiation. Within a limited range, the
current here is proportional to the dose rate of the ionizing radiation, so
that the semiconductor diodes can be used as dose rateineters. Provided that
certain values for the dose rate and the total absorbed dose are not exceeded,
the absorbed radiation has no after-effects as far as these properties of the
diodes are concerned.

However, it is known that lasting changes can occur as a result of
semiconductor diode irradiation [15, 16]. We describe below how a change of
this kind makes it possible also to use semiconductor diodes for the
measurement of an absorbed dose.

2.2. Dosemeters

It has been found that irradiation has an effect on the so-called
carrier storage effect (CSE) [14]. If the transition from the conducting to
the blocking state in semiconductor diodes is to be brought about forcibly
through application of an external voltage, charge carriers are at first still
stored in the pn-junction region, since these can exist for a certain period
of time. These charge carriers must first be depleted in opposite polarity.
Consequently, the pn-junction does not block immediately after application of
the blocking voltage, but a reverse current can continue to flow for a certain
time and does not cease until the excess charge-carriers have flowed off
across the pn~junction. This time lag between application of the voltage and
zero passage of the current is known as the reverse recovery time (storage
time). For the type of diode used by us it was about 20 ms. The carrier
storage effect is also manifested in similar fashion when a break voltage is
applied, i.e. in the transition from the blocking state to the conducting
state, as an opening-current time lag.

The time lag can be measured by means of a system like that in Fig. 1.
It consists of a pulse generator, to the output of which is connected the
diode to be measured, and also of an oscillograph, which shows the diode
current. The generator supplies a square signal (2.2 ms pulse, 2.2 ms pause)
such that a forward current of 5 mA and a reverse current of 1 ml flow through
the semiconductor diode. Figure 2 shows how the opening-current time lag can
be represented and measured on the oscillograph display.

The irradiation of a diode always leads to a reduction of the reverse
recovery time or of the opening-current time lag. This is an effect which can
be of importance as far as the required quality of diodes and other
considerations are concerned.

Since the diodes exhibit a fairly large spread from the point of view
of the carrier storage effect, it is advantageous to consider not the time lag
but the change therein as a parameter. The "time factor" K = 1/t^ - l/t0,
which gives the difference in the reciprocal values of the time lag ti
caused by the carrier storage effect and of the original time lag tg between
the application of the break voltage and the zero passage of the current, is
plotted over the absorbed radiation dose. As a result, we obtain a
relationship which up to a dose of 7.5 kGy is linear but for higher dose
values is no longer so; however, no saturation appeared up to the dose of
10 kGy, which was of interest to us.

The measured values first showed a marked spread; there can be several
reasons for this. The magnitude of the carrier stoarge effect is dependent on
the temperature. Figure 3 shows the lag time for a single diode as a function
of the measurement temperature. Fluctuations of ±5°C in the measurement
temperature result in slight changes of ±1.5% in the lag time. Fluctuations
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in the measurement temperature have an even smaller effect on the time factor,
since in principle t^ and t0 have the same temperature pattern. Generally
speaking, therefore, a stabilization of the measurement temperature is not
required.

A. further step towards reducing the spread consists in selecting the
diodes in such a way that the distribution of the lag time within the charge
is as narrow as possible. The series-produced silicon diodes available to us
had reverse recovery (storage) times of between IS and 25 ms. The diodes
were so chosen that the times were between 18 and 19 ms. Another step may
consist in the parallel connection of several diodes in the measurement. As a
result of this, there is no further evidence of spread between the individual
diodes and the measurement value is stabilized.
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Lastly, a preliminary heat treatment was found to be advantageous. It
is carried out for two reasons. For one thing, the distribution of lag times
within a charge is reduced by pretreatment; for another, the irradiation
effect can be cancelled out by after-treatment, so that the diodes can be used
over and over again.

In order to determine the optimum parameters, the preliminary heat
treatment was carried out for various lengths of time (3 min to 12 h) and at
various temperatures (350° to 500°C). Different preliminary heat
treatments resulted in varying degrees of marked spreading of the time factor
within the charge. The most favourable treatment consisted in thorough
heating for one hour at a temperature of 400°C. This parameter was adhered
to both in the heating prior to irradiation and also in that after
irradiation. If we allow for all these factors in the selection and
pretreatment of the silicon diodes, we get a linear relationship in the dose
range up to 7.5 VGy, as shown in Fig. 4. The measurement points are in each
case individual measurements from three diodes connnected in parallel. The
irradiation dose D was supplied by an electron linear accelerator (10 HeV).
The relationship according to Fig. 4 can be represented by a straight line.
Accordingly, the dosemeter calibration curve for the silicon semiconductor
diode is generally found to be D = CK. The constant C for irradiation with
10 HeV electrons has the value 20.7 ms kGy.



3. Range of application

The dosemeters are particularly suitable for electron accelerators
since in this case, judging by our experience, the alteration in the carrier
storage effect is many times that of the change in the case of gamma
irradiation. A sensitivity to neutrons was not found. He have not yat been
able to investigate the extent to Which the energy of the irradiation
influences the carrier storage effect and therefore the measured values.

The temperature of 400°C necessary for thorough heating requires that
only ceramic-encased silicon diodes may be used and not germanium diodes. The
diodes Which we used were of type IHS626. Without wire connections, they
measure 5 mm in diameter. If they are used for dosimetry in pourable bulk
material, i.e. in a pneumatic system or in a shaking trough, it is appropriate
to remove the lead wires. Which are a hindrance in transport and to design the
adapter for accommodation of the diodes on the pulse generator. In principle,
diodes, too, can be used in the form of platelets of any size.

The possibility, as described, of using silicon semiconductor diodes as
dosemeters, satisfies an initial prerequisite for dose monitoring in the
irradiation of unpackaged pourable bulk material. The extent to which these
dosemeters assume the same flow behaviour as the surrounding bulk material and
under what transport conditions they can be used without any difficulties,
must be the subject of further detailed investigation. A report on this
subject will appear elsewhere.
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