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INDUSTRIAL NUCLEAR GAUGES

General

In modern society, there are numerous peaceful applications of
ionizing radiation, e.g., in

medicine
research and development
industrial gauges
consumer products

The question is then. How can this be permitted when we know that
radiation may be hazardous? The obvious answer is that these uses
should not be permitted unless the three basic ICRP criteria are
met:

justification of the practice (the total risk is less than the
total benefit)

optimization, ALARA (radiation doses should be kept as low as
reasonably achievable, social, political and economic factors
taken into account)

applicable dose or activity limits must not be exceeded (be it
to staff, patients, the general public, or - for releases - the
environment)

This paper deals with some industrial applications of ionizing
radiation in Sweden.

Administrative routines

1 Each new type or model of industrial gauging equipment has to be
tested for radiation safety before sale and use in Sweden can be
approved. This type testing is carried out by the National Insti-
tute of Radiation Protection (NIRP). In most cases, the test
report states a number of modifications required before NIRP
approval can be given.



2 When the new type or model has been modified and approved, the
Swedish company marketing the equipment is licensed by NIRP to
manufacture (or import, as applicable), exhibit, market, install
and service the equipment. The license is valid for three years
and may be renewed.

3 Each end user has to obtain a NIRP license to buy (or lease) and
use tr-e equipment, without time limit. Normally, each piece of
equipment requires a separate license.

4 Supervision through inspections is carried out whenever
called for, e.g., following accidents involving a certain type of
equipment or a specific user. From time to time, a number of plants
or sites are picked more or less at random for inspection. Also,
the end user may demand an inspection, usually to avoid or relief
anxiety among the workers. During a typical inspection, licenses
will be checked together with safety routines and normal work
procedures. Installations, safety features and dose rates are
checked, and information is given to workers and other concerned
employees.

5 To minimize the consequances of radiation accidents in Sweden,
there is always at least one radiation safety officer on duty.
Normal procedures at the site would be to

take care of the injured (if any)
extinguish the fire (if any)
rope ofc the area
have an expert decontaminate the area
send a report on the accident to NIRP

6 When dismounted and scrapped, the equipment is either returned to
the manufacturer (or their Swedish representative, if applicable)
or sent to Studsvik's radioactive waste disposal facility for
storage.

Equipment safety standards

There are basically two ways to ensure radiological safety:

administrative measures, such as signs, regulations and
training

design criteria of equipment and - when applicable - facilities.



According to Swedish experience, the optimal solution is a combi-
nation of the two. One must bear in mind, however, that normally
built-in safety features are to be preferred to even the fanciest
administrative routines. Inherent safety in the form of 5.1
automatic shutter, for instance, is widely superior to a "L)o net
enter" sign. Therefore, so-called constructive safety is required
by NIRP in almost every case, with very few exceptions.

Some of the most important safety standards are given below.

1 Source integrity

The radioactive material shall be securely encapsulated to form
a sealed and leakfree source. A certificate must be provided,
specifying activity, radionuclide and leak test data. Tests
should be performed in accordance with any of the following
standards:

IAEA: special form sources (Ref. 1)

ISO: sealed radioactive sources (Refs. 2 and 3)

any other standard, approved by NIRP, that can be proved to
be equivalent to any of the above standards.

Normally, only sealed gas, metal, or other types of solid
sources are approved. This means that generally liquid or powder
sources are not permitted.

2 Dose equivalent rate limits

NIRP equipment for measuring dose equivalent rates is calibrated
to correspond to a tissue depth of 70 um (7 mg/cm^). The limi-
ting values are:

7.5 nSv/h at 1 m distance from the source

2000 uSv/h at any accessible point of the surface

The latter value is that which is applicable for category
III-YELLOW radioactive packages according to IAEA transport
regulations (Ref. 1).



The former value has been deduced from the requirement that no
worker should obtain a dose equivalent exceeding 15 mSv per
year. (Thus, rredical check-ups and personnel dosimetry are not
required.) Assuming a 40 hour working week and 50 weeks per
year, the maximum permissible dose equivalent rate would be

15 mSv/yr. _
40 h/w x 50 w/yr.

It is safe to assume that nobody spends his entire working day
in close proximity to the radioactive source. A safety distance
of 1 m from the source has been stipulated by NIRP for Swedish
industrial installations. This means that the 15 mSv/year limit
will not be exceeded if workers keep out of the 1 m zone. For
purposes of inspection and service, workers may enter the 1 m
zone temporarily. This will be more than compensated for by the
fact that they will spend most of their time more than 10 m away
from the source. On the average, very few Swedish workers are
believed to exceed even 10% of the 15 mSv/year limit.

Mechanical safety

The equipment nas to be rugged to withstand vibrations, mechani-
cal shock, extreme heat or cold, acids and other chemical
compounds etc. Clamping ^ear, outer casing, source housing etc.
have to be designed accordingly. The source capsule is to remain
in its position even after a severe accident, fire or explosion.

Other safety features

The radioactive source shall be surrounded by a radiation
shield of proper thickness and material.

The primary beam has to be properly collimated to avoid
excess radiation.

When applicable, the equipment shall be fitted with a shutter
to intercept the primary beam when the equipment is shut off.

There shall be a device or display indicating the position
of the shutter (open or closed).

The source housing shall be sealed to discourage unautho-
rized tampering with the source.



5 The equipment shall be fitted with an engraved stainless steel
plate displaying among other things the trefoil, the word
Warning, and some data on the source (nuclide and activity).
In addition, an A4 size information sign, approved by NIRP,
shall be posted in the vicinity of the equipment.

Practical applications

In the following, some practical applications approved for use in
Sweden will be described. They fall into four major categories:

transmission techniques

backscatter techniques

fluorescent techniques

ion generators

Industrial tracer techniques will not be covered.

Transmission techniques

Theoretical background

Most industrial applications are based on transmission techniques as
illustrated below.

Source #I I
IDetector

Fig. 1 Transmission techniques.
a) Without absorbing material
b) With absorbing (and scattering) material



With the set-up of Fig. la, we obtain a reading of Ro. When
introducing an object into the primary beam, this reading is
decreased to R. The relationship between Ro and R depends on

the type of radiation used
(normally ° or y)

the energy of the radiation used

the thickness of the absorbing material

the density, p, of that material

the effective atomic number, Z, of that material

1 Phocons

For a well collimated beam of monochromatic photons, the
relationship between R and R o is given by

R = R e " ( u / ° } "° x E<3- <*>
o

where •i/o is the mass absorption coefficient.

In practice, we normally have a broad beam geometry due to
inadeauate collimation. Also, the absorber may be thick enough
to make Compton scattered photons contribute significantly at
the detector. This is taken into account by the build-up
factor B:

R = B R e" (^i/P) '° x Ec2- (2)
o

Values of B can be found in any standard textbook on this
subject.

Further, the beam is not monochromatic, and a number of other
parameters are uncertain or vary with time. This is true
especially for

source activity

- detector characteristics

dirt layers on source and detector



Rather than compensating for some or all of these uncertain-
ties and variations, the standard procedure is to calibrate the
equipment at regular intervals.

B radiation

Strictly speaking, Eq. (1) is valid for photons only. It can,
however, be applied also to fl radiation with a fair degree of
accuracy, granted that strict scientific methodology is not
exerted. One condition is, however, that the absorber thickness,
x, is sufficiently less than the range of the n particles in
that material. It is then empirically found that

2 2 2

p (cm /g)= zrn *»• (3)

where E is the maximum energy in MeV of the 3 radiation in
question.

Just as for photons, equipment employing 1 radiation has to be
calibrated from time to time.

3 Other types

a radiation and neutrons are not commonly used in equipment
applying the transmission technique.

Some examples of the transmission technique

Looking at Eq. (1), we notice that R and Ro can be measured and
n/p may be determined by, for instance, calibration. The relation
between the two readings may therefore be used to determine

either the density of a material of constant thickness

or the thickness of a material of constant density.



1 Density gauges

A common type of density gauge, mounted on a pipe, is
illustrated below.

Source Detector

Lead shield

Fig. 2 Density gauge

Elec-
tronics -

It is essential that the gauge is .rounted in such a manner that
a hand cannot by mistake be inserted into the primary beam.

Cesium-137 is the predominant nuclide. Its * radiation being
absorbed by the source capsule,only transmitted 0.66 MeV Y rays
are recorded by the detector. Only in special cases NIRP
approves of stronger sources than 19 GBq of cesium-137 or 190
GBg of americium-241. The most common detector types are
ionization chambers and scintillators. Normally, the accuracy is
about +_ 0.1%. The detector signal is often used to control,
via a feedback system, the density of the liquid that is being
produced or processed.



Level gauges

A special case of a density gauge is where one wishes to
determine whether or not there is any material present in a
receptacle (density 0: no material present; density 1: mate-
rial present). This is a level gauge; see below.

Source

\ .

\

/

Detector

Fig. 3 Different types of level gauges
a) Point source and small detector,

two different levels
b) Point source and long detector,

continuous checking

In Fig. 3a, we have a situation where the level is somewhere
between the two gauges. The topmost detector will give a high
reading, corresponding to "no material present", whereas the
bottommost detector gives a low reading, corresponding to
"material present". When the reading of the lower detector
changes to "no material present", a refill signal may be
automatically triggered. Following this, when both detector
readings have changed to "material present", the refill signal
will be discontinued.

Fig. 3b illustrates one type of continuous level gauges.
Another type applies a long source and a point detector.

The predominant nuclides are cobalt-60 and cesium-137. Activi-
ties greater than 19 GBq for Co-60 and 74 GBq for Cs-137 have
to be specially approved by NIRP. Normally, the detectors used
are GM counters.
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Area weight gauges

In the pulp and paper industry, product quality is often
expressed in area weight (g/m2) rather than in thickness.
The signal transmitted through for instance a sheet of pa^er
may be compared to a reference signal and processed electroni-
cally to give a direct reading of the deviation from the
desired value. Measurements are normally done on-line and via a
computer fed back to regulate relevant production parameters
instantaneously. The measuring head is illustrated below. The
protective plates prevent access tc the primary beam of radia-
tion.

Detector
Protective
plate

Fig. 4 Area weight gauge

Gauges using p, sources are usually fitted with ionization
chamber detectors. When soft Y emitters are applied, scintilla-
tion detectors may be used. Standard sources with maximum
activity as given below are allowed in Sweden:

strontium-90
thallium-204
prometium-147
krypton-85
americium-24 1
curium-244

1 GBq
2 GBq
10 GBq
40 GBq
40 GBq
4 0 GBq

Measurements can normally be done to an accuracy of + 1% or
+, 2%, in certain cases even down to + 0,5%.
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Belt scales

The total amount of material, such as coal or ore, transpor-
ted by means of a conveyor belt can be readily weighed using
a belt scale. The technique is shown below.

Source

1234 1

Fig Belt scale

Had the detector been small (approximately point shaped), this
measurement would yield the area weight of the irradiated
portion of the transported material. However, with a long
detector this area weight is automatically integrated over
the cross section of the conveyor belt. When multiplying by belt
velocity (which may vary) and integrating over time for a known
period, we obtain the weight of the material passing through
the belt scale.

Normally, activities below 19 GBq of cesium-137 are sufficient.
In combination with an lonization chamber detector, accuracies
range between •_ 0 . 1 % and +_ 1%.

Industrial radiography

When material and weld quality is vital,y or (in Sweden) more
frequently X ray radiography is used. This may be the case for
steel constructions in pressurized tanks, bridges, ships and
airplanes.

The object is irradiated with high energy photons. On the
other side of the object, a photographic film in a light
proof cassette is placed. After irradiation, the film is
developed and carefully studied for any irregularities that
might indicate an imperfection.



When examining large constructions, a vast area must be evacua-
ted and roped off. Radiation may be detected more than 100 m
away from the source. Smaller details may be examined in a room
with thick walls or in a specially designed X ray cabinet.

Industrial radiography is a typical case where radiation safety
is not intrinsic to the equipment. Therefore, one has to rely
heavily on the skills of the radiographer. In Sweden, this type
of work requires special training.

Radioactive sources above 370 GBq of cobalt-60 or 1100 GBq of
iridium-192 are rarely permitted for radiographic studies.

Backscatter techniques

Theoretical jDa_ckgjround_

In certain cases it is advantageous to prevent the primary beam
from being detected and instead measure any backscattered (or
fluorescent; see separate section) radiation from the object in
question, as illustrated below.

J_

Fig. 6 An example of the backscatter technique

1 (j radiation

In most cases, fl radiation is used for backscatter applica-
tions. The intensity of the backscattered radiation increases
with the thickness of the object, up to a saturation value, Is.
This value is reached at a thickness approximately corresponding
to half the range of the a particles in the material to be
studied. It is given by

Eq. (4)

where ks is a
the material.

constant and Z is the effective atomic number of



The intensity of the backscattered radiation may be expressed
as

1 = 1 Eq- (5)

where k is a constant and x is the thickness. Is and k may be
found through calibration, and I is measured. Thus, x can be
determined.

on
It is often necessary to measure the thickness of a thin
coating on a backup material (e.g., gold on tretal; color
aluminum; plastic on steel). The diagram below shows the
variation of backscatter intensity with thickness and atomic
number (Z) of the coating.

Intensity

Thickness

Backup material

Fig. 7
I

I I

o backscatter m g
Z (coating) higher than Z (backup)
Z (coating) lower than Z (backup)

Y radiation

Y radiation may be used to determine density or thickness of an
object or a material by measuring Compton scattered photons.
Measurements are made for example on paved roads to check
whether the density of the bitumen layer is satisfactory. The
intensity of Compton scattered radiation may vary with density
in accordance with the following graph.

Fig. 8 An example of Compton
versus density

" g/cm3

scattered radiation intensity
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Thickness measurements can be made for example on cisterns
and pipes (to check for corrosion ) and sheet metal (to control
the quality of the product). The thicker the oDject is (up
to a saturation value), the more intense the backscattered
radiation gets.

Neutrons

Neutrons are used to determine hydrogen contents of various
materials. Normally, the neutrons are produced by an a emitting
material, such as americium-241, irradiating beryllium-9:

Be-9 (a. n) C-12 Eq. (6)

Through elastic collisions with hydrogen nuclei the fast
neutrons generated according to Eq. (6) are slowed down to
energies that make it possible to measure the neutron flux. This
technique is used for example in determining coke or sand
moisture contents or in well logging when prospecting for oil or
water.

Sorne_examp,les of_the_backsca^ter technique

Density gauges

There are several types of backscatter density gauges. A
portable version, specially designed for quick checks when
paving roads, is shown below.

Fig. 9 Portable density gauge
D means detector.

for flat surfaces.
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Measurements are performed with scintillation detectors and
cesium-137 sources up to 400 MBq.

2 Moisture gauges

When supplied with a neutron source, the equipment illustrated
above can be used for moisture determination on flat surfaces.

Generally, Ra-226/Be sources are not permitted in Sweden. A
common combination is an Am-241/Be source (of maximum activity
3700 MBq) and a BF3 proportional counter.

X ray fluorescence

It is often necessary or profitable to analyze qualitatively
and quantitatively certain materials such as high quality
stainless steel and scrap metal. A more detailed analysis
requires a computerized diffractometer or spectrometer. For a
quick check, a portable X ray fluorescent analyzer may be used.
Its basic principle is shown below.

Lead shield

Fig. 10 X ray fluorescent analyzer
D = detector
K = doughnut shaped radioactive
P = sample to be analyzed

source

In Sweden, analyzers with stronger sources than 100 GBq (tri-
tium) or 2800 MBq (iron-55, cadmium-109, iodine-125, plutonium-
238, americium-241, curium-244) are rarely permitted.
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Ion generators

In a number of industrial applications
usually in a gas. The object is to maximize

is- IT - radioactive source
used to produce ions, usually in a gas. The object is to maximL__
ion densitv in a small volume without losing efficiency due to
recombination. The type of radiation chosen depends on the gas and
its volume, along with radiation safety aspects, a and a emitters
predominate.

Ion detectors are used in various devices, such as

static eliminators
instruments for measuring
fields of static electricity
smoke detectors
gas chromatography units
leak test equipmenc

As an example, the multiple station ionization chamber smoke detec-
tors, as illustrated below, will be discussed.

Electronics

'I

Horn

lonization chamber Circuit DC power supply

Fig. 11 Principle of the multiple station ionization
chamber smoke detector.

The americium-24I source generates electron - ion pairs in a biased
chamber. Normally, there will be a constant current flowing. This
current decreases should smoke, fumes or particles enter rhe
ionization chamber. When the current falls below apreset reference
value (often achieved by means of a hermetically sealed reierence
chamber), the alarm is triggered (a horn blows, a lamp is turned on,
or a door is closed). In order to avoid false alarms, the smoke
detector has to be cleaned regularly.
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Multiple station ionization chamber smoke detectors are normally
used in industries, hospitals, schools etc. The only nuclide
approved for use in Sweden is Am-241, with a maximum activity of
740 kBq. Domestic smoke detectors are normally single station,
with battery, ionization chamber, electronics and horn all in
one unit. Again, Am-241 is the only permitted nuclide. The
maximum activity is 40 kBq.
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