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CHAPTER 4

NUCLEONIC GAUGES

B.D. Sowerby
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1. INTRODUCTION

The main interactions of nuclear radiation with matter are absorption,

scattering and excitation. These interactions are the basis of the

various types of nuclear gauges. These gauges utilise various types of

radiation, e.y. a-particles, 6-particles, neutrons and/or y-quanta.

Even though they are all based on nuclear radiation, there are significant

differences between che gauges that use charged particles ^a- and p-

particles) and those that use neutrons and y-quanta. Since the charged

particles interact strongly with matter through ionisation, their range

is very limited and consequently they can only supply information on the

properties of thin layers of matter. However, neutrons and Y-quanta

have much longer ranges and can therefore yield information on the

properties of much larger volumes of matter. A summary of nuclear

gauges for level thickness, density and moisture is given in table 1.

Material to
be measured

Radioactive
source

FIGURE 1

GENERAL SKETCH SHOWING A NUCLEAR
TRANSMISSION GAUGE IN A CONTROL LOOP

Figure 1 shows the general layout of an automatic system based on

the application of a nuclear gauge. Radiation emitted by the source is

attenuated by the material. The fraction of radiation reaching the

detector is converted into signals that are amplified and used to

control the process in such a way that the atteriuation of radiation by

material remains constant. In simpler cases, e.g. for individual thickness

or level gauges, there is no control and the output of the amplifier is

used to display the desired information concerning the material. A

gauge in which the source and detector are placed on opposite sides of

the material being measured is known as a transmission gauge. In some

cases, thickness and density may be measured with the source and detector
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TABLE 1

TECHNIQUES EMPLOYED IN SOME NUCLEAR GAUGES FOR THE
MEASUREMENT OF LEVEL, THICKNESS, DENSITY AND MOISTURE

Property
Measured Teclmique Typical Applications

Level

Thickness,
or mass
per unit•

Coating
thickness

Density

Bulk
density

Moisture

3-transmission
y-transmission

y-backscat ter

neutron- backscatter
and transmission

a-transmission

B-transmission

Transmission of low-
energy X-rays and
bremsstrahlung

Transmission of high-
energy y-radiation

fj -backscatter
y-backscatter

g-transmission
(differential
method)

3-backscatter

X-ray fluorescence

a-transmission
-̂transmission

y-transmission

y-transmission
y-backscatter

Slowing down of
fast neutrons

Liquids (not in widespread use).
Liquids, powders, slurries, ores in
containers.

Liquids in tanks (not in widespread use)

Hydrogenous solids (e.g. coal) and
liquids.

Very light-weight materials, e.g.
cigarette paper.
Light-weight materials, e.g.
paper, plastic, metals
Sheet metals.

Trimming hot-steel blooms;hot rolling;
materials on conveyor belts.

Paper.
Walls of pipes, tanks, process vessels.

Coated textiles and papers, e.g. leather-
cloth, abrasive papers and cloths.

Zn on steel; Ba2SOif coating on photo-
graphic paper.

Sn and Zn on Fe; precious metals on Cu.

Gases.
Cigarettes; fluids and slurries in pipes
and tanks; gases and gas-fluidised
solids; gas-liquid emulsions; steam-water
ratios, etc.

Fluids and slurries in pipes and tanks.

Soil; borehole cores.
Soil measurements on the surface and in
boreholes; rocks and ore measurements in
boreholes.

Soil; rocks and ores; agricultural
products.
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on the same side of the material. An instrument based on this principle is

known as a backscatter gauge.

A radioisotopic instrument is used to measure some quality X of a

material in terras of the output I of a radiation detector. The J-ri(*f.mffn<?nt-

sensitivityj S, is defined as the ratio of the fractional change 6l/I

in detector output which results from a given fractional change 6X/X in

the quality being measured, i.e.

_ _ 61 . fix
S ~ ~I 7 X (1)

If the only source of error in a measurement is the statistical

variation in the number of recorded events, the coefficient of variation

in the value of the quality measured is:

6JC
X

(2)

where n is the count rate and t the measurement time. To reduce this to

as small a value as possible, S, n or t, or all three of these variables,

should be increased to as high a value as possible. In many cases,

however, the time available for measurement is short. This is particularly

true of high-speed production lines of sheet material where only a few

milliseconds may be available for the measurement.

The precision or reproducibility of a measurement is defined in

terms of the ability to repeat measurements of the same quantity.

Precision is expressed quantitatively in terms of the standard deviation

from the average value obtained by repeated measurements. In practice,

it is determined by statistical variations in the rate of emission of

radiation, instrumental instabilities and variations in measuring con-

ditions.

The accuracy of a measurement is an expression of the degree of

correctness with which an actual measurement yields the true value of

the quantity being measured. It is expressed quantitatively in terms of

the deviation from the true value of the mean of repeated measurements.

The accuracy of a measurement depends on the precision and also the

accuracy of calibration. If the calibration is exact, then in the

limit, accuracy and precision are equal. When measuring a quantity such

as thickness, it is relatively easy to obtain a good calibration. When

analysing many types of samples, on the other hand, the true value is

often difficult to obtain by conventional methods and care may have to

be taken in quoting the results.
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In general, therefore, a result is quoted along with the calculated

error in the result and the confidence limits to which the error is

known. Confidence limits of both one standard deviation, 1 a (68 per cent

of results lying within the quoted error), and two standard deviations,

2a (95 per cent of results lying within the quoted error) are used. In

analytical instruments, when commenting on the smallest quantity or

concentration which can be measured, the term 'limit of detection' is

often used. This is defined as the concentration at which the measured

value is equal to some multiple of the standard deviation of the measurement.

2. LEVEL GAUGES

This class of instrument is one of the simplest in concept and the

most widely used of all radioisotope gauges. The most common form of

level gauge consists of a source and detector placed on opposite sides

of a vessel. These are so arranged that changes in level cause a complete

or partial interruption of the radiation beam, resulting in changes in

intensity of radiation at the detector, as shown in figure .2. When the

level in the container rises and the medium reaches the radiation beam,

the intensity, at the detector decreases and the detector output signal

to the evaluating electronics also decreases. The output signal U(h)

can be used for controlling, filling and emptying mechanisms and for

signalling.

J k

h~^h 1 ,I—~l U hHF°
FIGURE 2

SIMPLEST CASE OF A
LEVEL GAUGE CONFIGURATION

The main advantage of nuclear level gauges is the high penetrating

power of the y-rays, which allows the monitoring of closed systems.

This fact is especially important where high temperatures, high pressures,

danger of explosion, corrosion or sterility prevent the use of conventional

contacting methods.

There are two main versions of level monitors:

Those detecting whether or not the level to be monitored has

reached a fixed position (level switches, gamma relays).
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Those locating the level within a certain range (continuous

level monitor).

3. THICKNESS AND DENSITY GAUGES

The most commonly used gauges depend on the absorption of $-

particles or y-rays, and the source and detector are placed on opposite

sides of the sample. The detected intensity depends on the weight per

unit area of the sample. Thus for constant density, thickness changes

are measured, and for constant thickness, e.g. fluids in pipes, density

is measured.

If an absorber of mass per unit area m is placed between a radioactive

source emitting 8-particles or monoenergetic y-rays and a radiation

detector, the detector output (I) with absorber (I ) can be expressed by

the equation:

1 = 1 exp (- y.m) (3)

where y is the mass attenuation coefficient. This equation holds strictly

for collimated beam conditions, but only approximately for the broad

beam conditions found in practice.

Small changes in mass per unit area (6m) result in a change in

intensity (61):

— = - y.6m (4)

From equations (1) and (4), the instrument sensitivity is

S = y.m (5)

For high sensitivity, y should be made large by choice of the type and

energy of the radiation. However, sufficient radiation must be transmitted

so that the intensity can be accurately determined, and so that y is

not made too large. In practice, most gauges operate in the region 0.3

<y.m <3.

3.1 Thickness Gauges

Thickness gauges are commonly used for sheet materials such as

paper, plastics and metals; since these are usually between 1 and

1000 mg cm 2, beta sources are used. The accuracy of determination is

generally better than 1 per cent except for very light materials (<5 mg

cm 2) when it is about 2 per cent. For thicker materials, such as many

sheet metals, low energy y-ray sources are used.

Backscatter thickness gauges are used to advantage in the following

cases:

(i) When thin coatings are to be measured on thick base materials

(if the atomic numbers of coating ana base differ sufficiently).

The base must be of saturation thickness.
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(ii) When there is not enough space for mounting a transmission

type detector, or where access is available to one side of the

material only.

However, measurement with backscatter gauges depends on the chemical

composition of the material to be gauged. This is generally a clear

disadvantage, since it limits the measuring accuracy for various material

compositions. For the measurement of plastic on steel, an application

often met with in industrial processes, approximately the same accuracies

(1-2 per cent) are achieved with backscatter gauges as with transmission

gauges. The useful ranges lie in the region of 30 per cent of the

transmission gauge ranges.

3.2 Density Gauges

Unlike thickness gauges, where the density of the measured sheet is

usually constant, the path length of the radiation beam in the material

is constant for density gauge applications. Therefore the correlation

between the signal output of the detector and the physically relevant

weight per unit area gives the correlation between the density of the

material measured and this output signal as well. Except for a very few

applications (e.g. the density of cigarettes, where B-radiation is used),

only y-rays, usually from 137Cs or 2ltlAm, are \ised for density gauging.

Since, in general, density ranges are centred around a fixed density

value, the range band is much lower than that of the thickness band with

thickness gauges. This means that in many cases the absorption law

given in equation (3) can be approximated by a straight line; this

decreases to a large extent the difficulties of signal processing. For

constant chemical composition the accuracy of measurement is often ±0.1

per cent relative.

The density can often be used as an indicator for other physical or

chemical properties of a substance, such as concentrations of solutions,

viscosity or composition of two-substance mixtures.

As well as the transmission density gauges referred to above,

backscatter density gauges are in widespread use for such applications

as on-site measurement in road construction.

3.3 Conveyor Belt Weighers

Nucleonic belt weighers are in widespread use in industry for the

continuous measurement of feed rates, both for taking inventory and for

production control.
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A nucleonic belt weigher consists essentially of a y-ray trans-

mission gauge to measure the mass per unit length of belt, a tachometer

to measure belt velocity, and an electronic unit to process these two

signals to indicate mass per unit time and integrate the signal to give

total mass. The geometry of the measuring head is designed to give an

equal weighting for each element of load, irrespective of where it is on

the belt, and thus make the measurement sensibly independent of material

profile or profile shift. Two main geometries are in use, utilising a

point source and line detector or a line source and line detector.

Caesium-137 is the preferred source except for the heaviest loadings,

when 60Co is used. An accuracy of better than 1 per cent can be achieved.

Compared to mechanical belt weighers, nucleonic weighers have similar

accuracy but require less maintenance and calibration.

4. MOISTURE GAUGES

The continuous measurement of the moisture content of bulk material

is a problem often met in industry. Measuring methods other than those

employing nuclear gauges are largely dependent on the type of material

being measured and often deal with only a small sample may not be re-

presentative of the average value. In many cases, the results do not

meet the required accuracy.

Neutron moisture gauges depend on the selective slowing-down of

fast neutrons by hydrogen atoms and allow the measurement of the moisture

content in relatively large volumes.

Figure 3 shows a sketch of the geometrical arrangement for the

gauging of moisture in building sand. The probe contains a fast neutron

source, usually a sealed 2tflAm-Be source, and a slow-neutron detector;

The probe is surrounded by the material to be measured. Fast neutrons

penetrate the material and collide with its atoms. The neutrons then

lose their energy, principally by collisions with hydrogen atoms, and

are scattered without substantial energy loss by heavier atoms. The

concentration of slow neutrons in the vicinity of the detector is related

to the moisture content of the material surrounding the probe. Since

only slow neutrons are detected by the probe, the output signal of the

detector indicates the moisture content of the material.

The average moisture content is measured in a spherical volume

having a radius of approximately 300 mm. Not only is free moisture

recorded, but also the water of crystallisation. Up to 70 per cent water

can be measured and accuracies of 0.5 per cent water can be obtained.
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FIGURE 3

MOUNTING OF A NEUTRON GAUGE DETECTOR FOR
MEASUREMENT OF MOISTURE IN SAND

The calibration of a moisture gauge is dependent on the sample

density and, to a lesser extent, sample composition. If the moisture

content per unit weight is the physical quantity of interest, a combination

of density and moisture gauges can be applied. For these combined

systems, difficulty may arise through the different volumes covered by

the two types of gauges.

5. COATING THICKNESS GAUGES

Metal coatings are applied continuously to hot and cold rolled

steel, either electrolytically or by passing the strip through molten

coating metal. To maintain product specification of minimum coating

weight per unit area, Australian manufacturers have in the past applied

generous safety margins by overcoating. This has been necessary because

of the difficulty in maintaining uniform and constant coating weights

owing to frequent changes in coating weight to be applied and because of

variations in processes controlling the coating weight. The time for

sampling and off-line determination of coating weight was far too long

for accurate product control.

With the introduction in the 1970s of modern coating weight gauges

based on radioisotope X-ray fluorescence (XRF) techniques, coating

weight can now be accurately determined on-line within a few seconds.

Control based on this determination has resulted in a product much

closer to specifications and, consequently, large savings in metal

consumption. Better control of metal coating operations is currently

saving the Australian steel industry about $4 000 000 per year.
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A cross-sectional view of the measuring head of a typical commercial

coating weight gauge is shown in figure 4. X-rays front an ̂ ^Am source

cause the coating layer and the base to fluoresce, emitting X-rays of

energy characteristic of the excited element.

\ PROPORTIONAL
COUNTER

i y \ H !

_

yk241,\m

DETECTOR
HEAD

WINDOW'

TIN \,
STEEL BASE

L^VA/XIX

TIN

FIGURE 4

DETECTOR HEAD UNIT USED IN THE
MEASUREMENT OF COATING WEIGHTS OF

TIN AND ZINC ON STEEL

For zinc coatings on steel, the zinc K X-rays are detected and

resolved from iron K and backscattered x-rays by the proportional

detector used with a single channel analyser. The intensity of zinc K

X-rays detected increases with weight of the zinc coating. A proportional

counter is superior to an ion chamber for this application because it

can resolve zinc K X-rays from iron K and backscattered X-rays. Both

XRF techniques are superior to 3-ray backscatter techniques which have

much lower sensitivity and accuracy.

For tinplate, iron K X-rays from the steel base are detected by the

proportional counter. The intensity decreases with coating weight

because of absorption of X-rays in the tin coating.

Both sides of the continuous sheet are scanned by moving head

units, providing data not only on mean coating weight but also on distribution

across the sheet on both sides of the line.

6. COST OF NUCLEONIC GAUGES

Approximate costs of commercially available level, thickness,

density and moisture gauges are given in table 2. These costs are meant

only as a rough guide. Installation and control system costs are not

included, so any application involving the use of such gauges for control

purposes involves costs far in excess of those listed in table 2.
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TABLE 2

APPROXIMATE COSTS OF LEVEL, DENSITY, THICKNESS AND MOISTURE GAUGES
(1980 Australian Dollars)

Gauge Approximate Cost Comments

Level

Level

Fluid density

Thickness

Moisture

$1000 - 1200

$2500 - 5000

$3200 - 4000

$4000 +

$8000

Single point, on/off output,

Continuous monitoring; cost
depends on length monitored
and complexity.

Cost depends on pipe
diameter.

Cost quoted for basic
single point gauge.

Density-compensated
surface backscatter
gauge.
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