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Abstract

The nucleonic gauges are largely used in Portugal industry, despite the fact that design and
manufacturing of prototypes of nucleonic gauges is rather limited. The modernization of some industrial sectors
(cement, paper and civil engineering) has enhanced applications of nucleonic gauges and has created local
capability but new legislation tends to restrict further spread of them. The Institute of Nuclear Technology is the
only applied research institution developing nucleonic gauges for moisture, thickness and density, and elemental
analysis, as well as providing assistance in calibration, safe operation and maintenance of them.

1. INTRODUCTION

In 1961, the Nuclear Physics and Engineering Laboratory (LFEN) was founded which became the
main laboratory of the Portuguese Atomic Energy Commission (Junta de Energia Nuclear). LFEN
originated the present-day Institute of Nuclear Technology (ITN) under the Minister of Science and
Technology. Some theoretical and laboratory work on radiation attenuation in materials was
reported during this period.

In 1975, a joint team of physicists and engineers initiated a programme of development of
nuclear methods and nucleonic gauge prototypes. The intention was to develop national
capability in design and fabrication of nucleonic gauge prototypes to serve local end users.
The first difficulty to overcome was, naturally, the mistrust of national capability from end
users, which preferred purchasing them abroad.

The first contract came from the Portuguese Steelworks to develop a neutron surface moisture
gauge to be mounted on the side-wall of a hopper to monitor the moisture of the coke charged
into the blast furnace. The system was installed in 1977 upgraded a few years later and is still
in operation. Many other gauges were designed and produced later on.

2. NUCLEONIC GAUGES INSTALLED IN PORTUGAL

Operational nucleonic gauges can be found in Portugal in a broad range of industrial and other
activities. The most important are: cement fabrication, chemical industry, basic metal industry, petrol,
paper, plastics, textile, wood and food industries, civil engineering, mining and agriculture. The main
gauge types used are level monitors (including package monitors), thickness, density and moisture
gauges, X ray fluorescence systems and X-or gamma ray radiographic equipment. Most units are
imported but some were designed and made locally.

Figure 1 shows the number of gamma level monitors installed in different industries in the
indicated time-intervals. Since 1964 415 gauges (100 of ITN design) were installed. Most of
them are in factories of the cement and chemical industries.
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Figure 1: Gamma level monitors installed in Portugal

Also surveyed were 54 package monitors to control the fill-level (mainly of beverages) in tins, cartons
and bottles. Figure 2 shows the overall distribution of these package monitors by different activities.
The main users are in the field of food and beverages.
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Figure 2: Package monitors installed in Portugal

Density and thickness gauges have a widespread application. The first gauge was installed in 1964
in the plastics industry. Since then 228 gauges were installed. The number and the time-rate of
installation of new gauges have steadily increased (Figure 3), except in the last time period. The
main users of thickness gauges are the paper and textile industries.
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Figure 3: Density and thickness gauges installed in Portugal

The main users of surface and depth density-moisture gauges are in civil engineering (mainly
for real-time monitoring of the compactness of pavement layers during road construction) and in
agriculture (density and moisture profiles of soils) (see Figure 4). Surface moisture gauges are
also being used for controlling coke moisture content (2 units). In total 66 units have been
surveyed, 15 of them of ITN design.
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Figure 4: Density-moisture gauges in use in Portugal

Ore processing plants are the principal users of X ray fluorescence techniques, as is shown in
Figure 5. Forty-two systems have been installed.

157



25 -i

20

=S 1 5

55 10
.a
E
=3 5

Cement
M ines
Metal
Paper
Petrol
Others

66-70 7 1 - 7 5 76-80 81-85 86-90 9 1 - 9 5

T im e p e r i o d

Figure 5: XRF instruments in operation in Portugal

The number of companies that are applying industrial radiographic techniques, using X ray
tubes or gamma ray sources, has also increased, attaining at present 60 (Figure 6). The
histogram represents the number of new units acquired in the indicated time interval.
Excluding the abrupt jump in the period 1971 to 1975, the average annual increase in the
number of companies engaged in the radiographic techniques appears to have stayed
relatively constant for several decades.
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Figure 6: Industrial radiographic systems used in Portugal

Other applications of nuclear gauges are continuous mass measurement on conveyor belts
(5 radioisotopic balances surveyed) and X ray control of parcels and luggage (9 units).

It is difficult to explain the evolution of the use of nuclear systems in our country. Along the
years, several factors have contributed in opposite ways to this situation. The modernisation
of some industrial sectors (cement industry, in the 80s) and the construction of highways (in
the 80s and 90s) have contributed to an increment in the application of specific types of
nucleonic gauges. On the other hand, the coming in force of a new law in 1996 may
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objectively counter the growth of the number of new equipment making use of radioactive
sources. In fact, this law imposes on the owner of the installation an obligation of insuring
civil liabilities in the amount of ca. $US 100,000 for source activities greater than 1 GBq and
at the same time requires the deposit of a guarantee in the amount of 10% of the price of the
radioactive source to be freed only after the source is disposed away.

3. DEVELOPMENT OF NUCLEONIC GAUGES AND NUCLEAR
INSTRUMENTATION

Since the 70s, our laboratory has invested a considerable effort in the development of nucleonic
gauges and nuclear instrumentation. Normally, the specifications of the instruments or of the
techniques were discussed with the end-users and the hardware and software were designed and
tested taking into account the required specifications. In general, instruments and systems were
customised and a prototype were supplied. Only in a few cases small equipment series were
fabricated. In the following, a short description is given of the nuclear instrumentation developed
through the years with a brief reference to application.

Industrial neutron moisture gauge: Neutron moisture gauges have been in operation
for 20 years at factories of the steel and chemical industries, for the determination of
the water content of coke. A noticeable improvement in furnace control and,
consequently, in iron quality was achieved (Salgado et ah, 1981).

Nuclear moisture and density depth-gauges for soil studies: The gauges for soil
studies are designed to measure soil moisture and bulk density profiles down to several
meters below the surface. The gauges are mainly used for irrigation studies and the
determination of water consumption by plants (Salgado et ah, 1983, Salgado et ah, 1987,
Pacheco, 1989).

Gamma ray transmission density probe: The gamma ray transmission probe is
designed for high spatial resolution measurements of arable soil porosity and bulk
density (Pacheco, 1989).

Gamma ray level indicator: The gamma ray level indicator has found application in
several industrial branches, such as cement factories, paper pulp plants, oil refineries, glass
making.

Spark counter: The jumping spark counter is designed for fast and reliable automatic
counting of nuclear tracks in thin plastic foils. Indoor radon measurements have been
performed in dwellings, caves and spas (Faisca and Bettencourt, 1987, Faisca et ah, 1991,
Faisca et al, 1991, Faisca and Teixeira, 1995). Radon exhalation measurements in soils
and building materials have also been carried out (Faisca et ah, 1995a and Faisca et ah,
1997).

Gamma ray spectrometer for nuclear monitoring of refractory lining wear: The
instrument is a dual-channel analyser designed for the simultaneous measurement of
gamma rays emitted by 192Ir and 60Co sources. Measurements of lining wear rates in a
steel convertor were carried out during several campaigns at the Portuguese Steelworks
(Salgado et ah, 1988). The technique is currently used to control the lining wear of the
company's converters.

Liquid or slurry density gauge: Following a request of the National Civil Engineering
Laboratory, in Lisbon, a system was developed for measuring solids in suspension in
water for sedimentation studies in rivers and estuaries.
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Moisture transmission gauge: A transmission gamma ray gauge was designed for
measuring the moisture content of building materials with given composition and
geometry. The equipment fulfils the specifications required by the Dept. of Civil
Engineering, of the Faculty of Engineering, Porto.

Electrodeposition set for the determination of radioactive element traces: A standard
electrodeposition set was developed for the determination of radioactive element traces.
This unit has been supplied to Algeria, Bulgaria, Romania and Turkey through the IAEA
TC. The same standard of the electrodeposition set have been supplied also to the IAEA
Maritime Environment Laboratory (MEL) in Monaco, to the EC Joint Research Centre,
in ISPRA, Italy, and to Environmental Physics, Inc, USA.

Personal radiation dosimeter: Two models of a pocket size radiation dosimeter for
monitoring personnel subject to X-and gamma ray exposure hazards have been
developed and are available commercially.

4. OPTIMISATION OF NUCLEONIC GAUGES, PROGRESS IN CALIBRATION

Nuclear measurement methods are, normally, indirect methods. A calibration is required to
relate the detector count rates to the physical quantities to be determined. The calibration
curves depend on the nature, size and relative position of gauge components, as well as on the
bulk density, moisture and dry composition of the material. Bench experimental methods are
very time consuming in the case the calibration has to yield results applicable to a wide range
of situations and they require handling large amounts of samples with known compositions.
Non-experimental methods based on calculations are currently used. Among these methods,
the Monte Carlo simulation technique has proved to be particularly useful in handling
calibration problems, namely in complicated geometries such as those normally found in
nuclear gauge applications. By means of this technique, radiation interaction and transport are
simulated and the desired quantities are recorded for each geometry or set of parameters
defining the measuring arrangement. Although a Monte Carlo simulation study does not
replace the experimental calibration work, it reduces the number of experimental points,
references or standards necessary.

On the other hand, as the system response is a multi-variable function of several parameters
(composition, moisture, bulk density, source radiation energy, and system geometry), a design
optimisation of the system is desirable. The purpose of this optimisation is to reduce the
complexity of the functional dependence of the system response relative to the calibration
parameters and thus to simplify the calibration work or to increase the sensitivity and/or
accuracy of the method. This can be achieved, for instance, by acting on the system geometry,
sample dimensions or on the radiation source spectrum. Monte Carlo methods can also be
used for this objective.

Since the early 80s, Monte Carlo method for optimisation and calibration of nucleonic gauges
was introduced. In the beginning we have used self-developed computer codes. Oliveira
(1982) carried out the first simulation. The objective of the work was the simulation of a
surface density probe using a 137Cs gamma-source, and a GM tube. The code used the
principle of similitude (Christensen, 1972) in order to increase the calculation efficiency. The
results showed the influence of the density, equivalent atomic number and distance source-
detector on the photon energy and count rate as well as the depth reached by 95% of the
photons that are counted, which is a measure of the importance layer. Figure 7 reproduces this
quantity. For densities greater than 1.5 g.cm3 the importance layer attains about 10 cm.

160



o

Q

30 -j

25 -

20 -

15 -

5 -

0
0,5 1,0 1.5

Density
2,0 2,5

Figure 7: Dependence of the importance layer of a surface density gauge on the density

Another study was the design and calibration of a gamma ray transmission density probe
(Oliveira and Salgado, 1987). The distance between source and detector can be mechanically set

137, 60,at either 20 or 30 cm; two gamma sources ( Cs and Co) were considered. The work
established the dependence of important parameters (build-up factor, sensitivity, relative
statistical error, spatial resolution, calibration curves) on density, gamma ray energy and source-
detector distance. Figure 8 shows the spatial resolution - defined as the layer thickness, which
contributes 95% to the total count rate. The curves show that the resolution becomes worse as (a)
the source detector distance increases and (b) the source photon energies decrease.
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Figure 8: Variation of the spatial resolution with density

Figure 9 shows the experimental and simulated calibration curves. The full lines are the fit
obtained by using a quadratic regression on the experimental points while the dash lines are
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the simulated calibration curves. There is a good agreement between simulated and
experimental calibration curves.
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Figure 9: Calibration curves (experimentalpoints; experimental curve and simulated curve).

The next Monte Carlo simulations were performed using the MCNP code (Briesmeister, 1989 —
version 3A and updated versions) running successively on VAX-780, VAX 8700, CONVEX, UNIX
and PC's.

Calibration of a neutron moisture depth-gauge: The geometry simulated was that of a
neutron moisture depth-gauge designed by ITN. Energy splitting was used in order to
improve the accuracy in thermal region. The code used also the scattering law to handle the
scattering from bound hydrogen at energies below 4 eV. At higher energies the free-gas
model was used (Goncalves et al, 1992). The simulation was prepared so as to yield a
number representing a relative count rate, defined as the ratio of the soil count rate to that
when the gauge was directly immersed in water. The simulation revealed the effects of the
bulk density, detector active length and access tube and probe casing material on the
calibration curve. The results suggest that dependence of the relative count rate, Cn on bulk
density and moisture volume fraction, Hv can be described by the expression:

where the parametersa, £ and I depend on the soil composition.
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A test of the reliability of the calibration based on the Monte Carlo calculation was carried out
using the experimental results of Pacheco (1989), in a reference soil with density of 1.5. The
experimental, C^xp and the simulated, Cs

n
im calibration curves are, respectively:

C = 0.0034 + 0.0097#v

C f = 0.0043 + 0,0093//v

Comparison of computed and experimental results indicates that reliable calibration curves
can be obtained by simulation with a considerable saving of time and effort. Although
computed calibration curves require experimental confirmation this can be done by carrying
out a small number of test measurements.

Calibration of a moisture-density surface — gauge: This simulation was carried out using the
MCNP-4A code. The simulated arrangement was chosen to reproduce that of a dual neutron-
gamma ray gauge (Goncalves, et ah, 1994). A variance reduction technique based on geometry
splitting was used. For density measurements two modes were studied: (a) the backscatter mode
(BS mode) and (b) the transmission mode. Calibration points were obtained for a soil with the
composition of limestone, for different penetration depths, h, of the source and for densities
ranging from 1.2 to 2.7 g.cm"3. The results are shown in Figure 10 together with the experimental
points obtained by Neves using a set of reference limestone blocks with different densities
(Neves, 1993). Figure 11 shows a measure of the softening of the average gamma ray energy at
the detector, for different densities and depths. The lowest energies correspond to the BS mode.

An optimisation of the gamma ray density gauge can be achieved by studying the effects on
the response of the device caused by appropriate changes in gauge parameters, namely, the
relative position of source and detector, position of the lead shielding blocks and use of
absorbing material to cover the detectors. The count rates of the different configurations
showed significant differences.

The chemical composition of the test medium affects also the detector count rate. It is possible,
however, to reduce this dependence by shielding the detectors with an appropriate material that
predominantly absorbs photons in the low energy region of the spectrum.

The fitting between experimental and simulation results was also satisfactory in the case of
the neutron moisture gauge.

Elemental composition of raw materials by PGNAA: The determination of the elemental
composition of a raw material by means of conventional analytical techniques requires, as a
rule, the careful preparation of small representative samples in a process that is costly and
time-consuming. PGNAA uses large samples, thus making it easy to ensure that the samples
are representative of the bulk material. Sample preparation is not necessary. On the other
hand, the technique simultaneously yields information on a broad range of elements. The data
is automatically handled and results are available in real time, as is required for continuous
flow operation. The crucial part of design and calibration of a PGNAA system is that of
ensuring a well-defined correspondence between the output of the system and the content of
the relevant elements. This correspondence is determined in a complex manner by the system
parameters - the geometry, source activity, neutron energy spectrum, detector efficiency -
and by certain proprieties of the analysed material, namely, bulk density and per cent weight
of hydrogen, normally as part of water.
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When a fast neutron source is used, as is the case in systems designed for on-line operation,
the thermal flux in the sample is strongly dependent on the number of hydrogen atoms per
unit volume of the sample. This effect can be attenuated by supplying thermalized neutrons to
the sample instead of relying on the intrinsic neutron moderation and thermalization
properties of the material. On the other hand, the average length of the path of gamma rays
generated in the sample between emission point and detector strongly depends on the sample bulk
density and dimensions.

The optimisation of a PGNAA system design can be achieved in a certain range of material
parameters by changing sample geometry. The optimisation of the performances of PGNAA
systems to control coal and cement raw materials was investigated.

PGNAA of bulk coal samples — A simulation study using a 241Am-Be source has shown
that the bulk coal density bears an important influence on the fast neutron flux distribution
inside the sample and on the detected gamma ray intensity from (n, n'gamma) reactions inside
the sample. The dependence of the detected gamma ray intensity on coal density can be
accounted for by correction factors calculated for a given configuration. The results show also
that, for the configuration used, most of the detected photons originate in a layer 15 cm thick
next or around the neutron source.

Hydrogen is an important component of coal. Therefore fast neutrons can be easily moderated in
coals, thus increasing the probability of (n,gamma) reactions. Monte Carlo simulations performed in
bulk coals of different compositions for a given sample size and geometry have shown that the
gamma-count rate due to (n,gamma) reactions for an arbitrary element depends on the sample's
hydrogen content and bulk density. The total count under a gamma peak should be corrected for the
volume hydrogen content. This correction can be done using the area under the hydrogen peak.
Moreover, the 2615 keV gamma-line due to (n, n'gamma) reactions in a lead shield surrounding the
neutron source can be used to measure the density and normalise the spectra to the neutron source
intensity.

In spite of the good moderating properties of coal, a comparison study of the performances of
PGNAA systems using 241Am-Be and 252Cf neutron sources showed remarkable differences.
For a given volume hydrogen content, the hydrogen gamma ray count rate is, to a first
approximation, independent of the bulk density for the 241Am-Be source while this
dependence cannot be ignored for the 252Cf source. On the other hand, the gamma ray count
rate per weight percent of an arbitrary element is a monotonically increasing function of Hv

for the 241Am-Be source in the range considered, while it shows a saturation effect for
Hv>0.06 g.cm'3 for the 252Cf source. The rather more pronounced effect of the bulk density on

9^9 9^9

the response function in the case of Cf source is explained by the softer Cf energy
spectrum leading to a higher degree of thermalization in sample regions closer to the source.
This effect implies a higher gamma ray attenuation in the sample volume. A suitable choice of
neutron source and sample thickness can cancel or minimise the dependence of the count rate
OT\HV.

Sets of simulations were carried out for given coal compositions, in order to investigate the
effect of variable thickness and of the modification of the effective neutron source energy by
using an external thermalization. For this purpose the source was placed at the centre of a
moderating sphere of polyethylene with variable radius. In the case of not shielded 252Cf
source, the results showed that for thick and medium-thick samples it is necessary to
determine two sets of curves representing the functional dependence of, respectively, the

165



hydrogen gamma-count rate and the gamma-count rate per wt% of an arbitrary element in the
coal, on the volume hydrogen content, with the bulk density as a parameter.

For thin samples (<25 cm) and Hv<0.07 g.cm3, the effect of density splitting can be neglected
and two straight lines can be used instead of two set of curves. The indicated upper limit of Hv

range will probably be adequate for most industrial applications.

For an arrangement with external thermalization, the results showed that a suitable choice of
the sample thickness, L and of the radius of the external moderating sphere can be made so
that the system response is univocally determined by the wt% of hydrogen, Hp, at least in the
range studied. In this case the system calibration will require the experimental determination
of two curves (the hydrogen gamma-count rate and the gamma-count rate per wt% of an
arbitrary element). This situation is attained at the cost of a reduction of the system response
in comparison with the arrangement without external moderation.

By using a moderating sphere with small radius (less than 5 cm) the system response can be
enhanced, probably without loosing the advantage of the absence of the density splitting
effect that occurs in thick samples (more than 25 cm).

Furthermore it has been shown (Oliveira et at, 1995) that the dependence of the gamma-count rate
per wt% on Hv is progressively weakened as the radius of the moderator sphere increases. This is
true for each coal composition taken separately. For small radii, i.e., for a poorly thermalized
incident neutron spectra, and small Hv. the dependence is almost linear. As the sample thickness
increases, the region where this linear dependence manifests itself becomes progressively smaller.
For sufficient large thicknesses (25 or 30 cm) there is a region of flat dependence or of a very broad
maximum for radius between 5 and 10 cm.

PGNAA in cement raw materials: In co-operation with the largest Portuguese cement producer a
conveyor belt system for the on-line analysis of cement raw materials was simulated. The purpose
of the system was the determination of the calcium, silicon, iron and aluminium contents. The
influence of different system and sample parameters (overall system geometry, neutron
moderator/reflector composition and thickness, sample bulk density, dry composition, water content
and thickness) on the background count rate originating from structural material and on the count
rate from the raw material was studied. The simulated system is described below. In the first
phase of the study the influence of the structural materials was studied.

The conveyor belt is made of rubber with embedded iron wires. The belt glides on a polyethylene
stand, which acts as an external neutron moderator. The 252Cf source is enclosed in a sphere, with a
radius of 2 cm, made of gamma ray absorbing material (lead, zirconium or bismuth). Around the
sphere, two hemispherical bodies are placed, each, also 2 cm thick. The material used in these two
bodies can be either polyethylene, for neutron moderation, or lead, zirconium or bismuth, for
neutron reflection. The neutron source is located below the conveyor belt at a variable distance from
the polyethylene stand.

Two detector banks are used: a lower bank formed by four detectors positioned symmetrically
around the source, to detect gamma rays emitted downwards; an upper bank, with a central
detector and eight other detectors symmetrically arranged around the first. The upper detector
bank sits on a plate made of a moderating or reflecting material. Polyethylene is used as
moderator and lead, bismuth and zirconium as neutron reflectors.

The influence on the count rate of sample density, water content and thickness was
investigated. The variation of a given parameter can affect the gamma count rate of a given
element, although its concentration has not changed. A formalism was developed which
enables one to obtain the calibration curves by adjusting analytical expressions to data from
the simulation. Once the simulated calibration curves are obtained together with experimental
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results from a few selected standards, a regression analysis can convert the simulated curves
into experimental calibration curves.

The study has shown also that both detector sets (upper and lower) can be used separately to
obtain PGNAA results. As their responses have different behaviours, two independent
systems for composition measurements are in fact available.

5. CONCLUDING REMARKS

One important aspect of nucleonic gauge design is Monte Carlo simulation, which is used in
many cases for optimal design of various prototypes. The physical bench calibration is also
important for optimal performance of nucleonic gauge prototypes. Keeping consultant and
technical expertise to assist end users to select the proper nucleonic gauge and to perform in
safe and optimal conditions is quite important and beneficial activity for many groups and
countries that can not compete in nucleonic gauge industrial manufacturing.

The most important consultant activities are currently:

- organisation of training courses for nucleonic gauge users and operators, with special
emphasis on calibration, safety and maintenance of nucleonic gauges and protection
against ionising radiation;

- collaboration in re-calibration of nucleonic gauges;
- collaboration in data interpretation;
- selection of the most appropriate technique to solve a given measurement/control problem.
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