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Abstract

Most of major nucleonic gauges in Japan have already passed the period of saturation in number of use
in big industries. On the other hand, however, small gauges with low activity sources are expected to
increasingly diffuse into smaller industries. There have been so far more unique gauges and more interesting
applications in small gauges using low activity sources, which are free from legal regulation. Still at present new
applications with advanced technology are being developed using such small sources. Description is given on
the current status of nucleonic gauges with emphasis on development of new techniques and applications.

1. INTRODUCTION

The current state of nucleonic gauges in Japan could not be explained without review of the
historical background and also social, economical and industrial environments related to
application of radioactivity and radiation.

Most of the Japanese have latent fear against radioactivity and radiation, which is often called
a kind of allergy, originated from exposure to the atomic bombs in 1945. This tendency has
been enhanced by environmental pollution problems caused by rapid economic growth in this
half a century. According to such a social situation, governmental regulation or guidance on
the use of radioactivity has been gradually strengthened.

In industrial field, major nucleonic gauges had been widespread obviously during the period
of the high growth of Japanese economy in the past [1], This spread was achieved mainly by
big industries of both the gauge manufacturers and users. Afterwards, however, the
production of a large number of nucleonic gauges stopped actually due to the saturation in big
industrial users. The era of big industries is considered to have terminated at that time in the
development and production except a few kinds of large-scale apparatus, for instance, big
computed tomography systems. Instead, small companies including venture business are
being expected to implement the development and production of small, but unique nucleonic
gauges, which employ usually low radioactivity sources.

As another important point, Japanese industry at present is characterised by the manufacturing
industry based on imported raw materials, because of no significant natural resources inside
the country. For this reason, any appreciable development has not been made of the
technology in that field until now.
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2. STATISTICS OF MAJOR NUCLEONIC GAUGES

Figure 1 shows changes with the year in the number of users of radioisotopes and radiation
generators, in the statistics annually published by the Japan Radioisotope Association. The
total number of users in various fields and the number of industrial firms that is the largest
field had both continued to increase similarly until very recent years.

In the field of industrial firms, users of about 90% are employing only gauges or apparatus
with sealed radioactive sources in recent years. As clearly seen in Fig. 2, many kinds of
nucleonic gauges with a few exceptions stopped to increase or turned to decrease at the
middle of the 1970's [1], The turning point in the growth curves was much earlier than the
saturation period mentioned above with respect to the number of users in Fig. 1. This
corresponds to the fact that the increase in the number of users in recent years is mainly due
to small users employing only one or two particular equipment, probably gas chromatography
apparatus with an electron capture detector. On the contrary, the majority of major gauges
shown in Fig. 2 have been used in big users utilising a lot of nucleonic gauges at each site of
factory, such as paper, steel and chemical industries.

It may be noteworthy that a recent increase in number of thickness gauges is due to that of the
paper and pulp industry. On the other hand, the gas chromatography apparatus, which are also
increasing in very recent years, are diffused into a variety of fields.
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FIG. 2. Changes with the year in the number of radioisotope equipped guages and apparatus
in use in industrial firms except research institutions. (Same source as FIG. 1).

3. APPLICATIONS OF NUCLEONIC GAUGES WITH LOW ACTIVITY SOURCES

Nucleonic gauges with low radioactivity sources of 3.7 MBq or less, which are exempted
from licensing legal regulation, have been promoting in many fields. The number of these
gauges is not well known, because of lack of any official statistics based on the regulation.

3.1. Gauges Diffused on the Basis of Designation by the Authorities Concerned

Airborne dust monitors

Airborne dust monitors utilising a simple technique of B ray attenuation by deposited dust on
a filter paper, as shown in Figs. 3 and 4, and Photo 1 and 2 [2] have been widely diffused for
measuring the mass concentration of particles in air. In 1981, the Environment Agency of the
Japanese Government had specified two methods in the notification for this measurement: one
was this method and the other a non-nucleonic method (piezoelectric balance). Thereafter, the
former prevailed much more than the latter, because of its suitability to automatic regular
measurement due to almost troubleless operation and quick maintenance capability. Nearly
1800 sets of the nucleonic method are presently in routine use for continuous observation of
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the air pollution at environmental air monitoring stations in all districts of Japan [3]. In these
dust monitors, 147Pm or 14C B ray sources of less than 3.7 MBq are employed.

FIG. 3. Schematic drawings of airborne dust monitors. Types A and B: measurement is
carried out while dust is being collected. Type C: Measurement is made before and after dust

collection by moving a source detector set from the left to the right measurement position.

71.
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FIG. 4. A typical example of the measuring part of beta ray absorption in the
airborne dust monitor.



Photo. 1 Dust, collection and
measuring sail.

Photo. 2 Collected dust, on a
rolled filter paper.

Soil compaction gauges

A surface-type soil compaction gauge consisting of neutron moisture- and gamma ray
density-gauges [4] has come to be widespread after the middle of the 1970's in the field of
civil engineering. Although the basic conditions of the spread had been arranged by the
society of that field for long years, an important factor in the success was the use of low
activity sources of less than 3.7 MBq (252Cf and 60Co-) as well as the technical improvement
by using the transmission measurement for both fast neutrons and gamma rays, as shown in
Fig. 5. Thus, in 1985 the Japan Highway Public Corporation adopted the improved gauge as
the only tool for measuring the degree of soil compaction of embankments in all the
construction works. Later in 1996 the Ministry of Construction authorised the use of
nucleonic compaction gauges including backscattering type also. At present nearly 1000 sets
of the compaction gauges are estimated in possession by construction firms [4].

In other application of nucleonic compaction gauges, a new trial was made of a measuring
robot which can move freely with wheels on the surface of land, using a backscattering
geometry for both neutrons and gamma rays [5]. The same type gauge has been employed in
the development of an automated pavement construction system [1,6].
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FIG. 5. Schematic drawing of a typical soil compaction gauge adopted by Japan Highway
Public Corporation.

Portable level gauges

Portable level gauges utilising the attenuation of gamma rays from a weak source of less than
3.7 MBq (usually I37Cs or 60Co), such as shown in Fig. 6 and Photo 3, are widely used as
convenient tools, for example, to inspect the content of fire extinguisher cylinders. For fire
extinguishers installed in a ship, rapid inspection within a limited time of anchorage can
surely be made only with this gauge [7]. Similar gauges are applied to routine inspection of
the degree of valve opening in chemical plant [7], for instance, as is seen in Photo. 4 [8]. A
total number of these kinds of gauges in use are estimated around 2000.

3.2 Unique techniques in the civil engineering and other industry

Neutron absorption tracer techniques

Instead of the use of radioactive or activable tracer in the civil engineering, Yamamoto and
others developed a new tracer technique using a combination of boron compound and a
neutron moisture gauge [9, 10]. The technique is based on the principle that the concentration
of boron with a large absorption cross-section for thermal neutrons can be measured with the
moisture gauge in water. Many kinds of applications have been made successfully [9, 10, 11,
17], Among those, a certificate of the technique authorised by the Minister of Construction in
1984 was given to a single-well groundwater flow meter [10, 17], shown in Fig. 7 [11],
measuring both the rate and direction of groundwater flow in a wide range. It is still now used
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Photo 3. Another example of portable level gauge.
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Photo 4. Inspection of valve opening degrees with a gauge similar to Photo 3.
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FIG. 7. Measurement of groundwater flow by the boron tracer technique.
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FIG. 8. Application of the neutron absorption tracer technique to a
coal liquefaction test plant.

Gap meter for oil-storage tanks

Yamamoto et al. [15] developed a unique technique for surveying the foundation shape of oil-
storage tanks. Since a number of oil storage tanks in Japan are placed on the soft ground near
seashore, problems often occur for uneven sinking of the tank and repair of the foundation is
made by material injection. Before and after the repair it is necessary to find any gap over the
whole area of the bottom plate. The technique utilises back scattering of fast neutrons from a
252Cf- source of less than 3.7 MBq, as shown in Fig. 9 [11, 15]. Measurement is made by
putting the measuring apparatus at predetermined positions on the bottom successively, at the
time when the tank is made empty for various kinds of inspections. 3He counters covered with
both a cadmium filter and moderator detect fast neutrons scattered from the foundation. The
count corresponds to the distance between the bottom plate and the foundation, namely the
gap. The other 3He counters without cadmium filter measure the quantity of water or oil
existing at the gap, correcting the gap measured. By combining this gap measurement with
ordinary surveying of the height above the sea of each measuring point, the abnormality in
shape of the foundation can be found, as shown in Fig. 10 [11]. The gap measuring technique
has been applied to a large number of oil-storage tanks for more than 20 years, and the
periodical measurement at the time of legal inspection is being continued up to now, for
instance, in facilities of national petroleum reserves [16].

Surveying technique in tunnel construction with the shield driving method

A surveying technique using gamma ray source and detector has been recently developed to
measure the amount of misalignment of the two shield tunnelling machines facing each other
at a distance of less than 50 m [4, 17, 19]. Figure 11 [18] shows illustration of an example
where the technique was successfully applied to construction of a tunnel road of about 5 km
crossing undersea the Bay of Tokyo in 1996. A collimated gamma ray source of 60Co less
than 3.7 MBq was located at the top end of a boring rod which was horizontally inserted into
ground from the left shield-driving machine. The position of the source was accurately
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determined by measuring gamma ray intensity distribution on the inside wall of the right
shield-driving machine. An axis deviation of 180 mm between the two tunnelling machines
was observed in the first measurement at 50 m distance. Thereafter, adjusting in the driving
direction resulted in a final deviation of only 5 mm [4, 17].

tank

roundation

FIG. 9. Principle of measurement of the gap between the bottom plate and the foundation of
an oil storage tank by neutron scattering.
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FIG. 10. Results of measurement of the gap (sown by contour in the upper figure) and the
foundation shape (obtainedfrom the gap and the level surveying, shown in the lower figure)
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FIG. 11. Surveying with a weak gamma ray source for the position adjustment of two shield
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4. NEW TECHNIQUES DEVELOPED AND UNDER DEVELOPMENT

4.1. Advanced Techniques for Measuring Multiple Variables with Simultaneous Use of
Multi- Radiations or Multi- Detectors

Fast neutron and gamma ray transmission technique

A new technique by the simultaneous use of fast neutrons and gamma rays from 252Cf was
developed for measurement of coke moisture in iron works by Tominaga et al.[20] in
cooperation of a research laboratory, an instrument manufacturer and its end user. The most
remarkable features of the technique, which all were the first trial in nucleonic gauging, are:

to use a combination of a single source and a single detector for dual radiation
transmission of neutrons and gamma rays,

to utilise gamma rays as well as neutrons from 252Cf, without any additional gamma
source,

to adopt a high efficiency organic scintillation detector having the pulse shape
discrimination properties for fast neutrons and gamma rays,

to construct a highly stabilised electronic system including the pulse shape
discriminator for separate counting of fast neutrons and gamma rays,

to apply the dual radiation transmission technique to measurement of moisture and bulk
density in coke falling down from a huge hopper onto a conveyor belt.
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Figure 12 shows a schematic drawing of the system completed. The accuracy of moisture
measurement in coke was improved several times compared with that of conventional neutron
moisture gauges using scattering and thermalization. The four sets of this new moisture gauge
are successfully in use at the Kimitsu Works of the Nippon Steel Corporation since 1982. For
the next generation system, some improvement is now in progress employing advanced
electronic techniques, etc.
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FIG. 12. High accuracy coke moisture gauge by the use of simultaneous transmission of fast
neutrons and gamma rays with the aid of pulse shape discrimination technology.

This work which started at the end of the 1970's in Japan and was reported in the IAEA
Conference in Grenoble (1981), and later published as a full paper [20], has attracted not a
few scientists to develop various applications in several countries. The techniques of fast
neutron and gamma ray transmission including some variations at present are expected to
produce further new applications, in the name of "Neugat"[21] or "FNGT"[22].

Simultaneous use of neutron-capture gamma rays and scattered gamma rays

Shirakawa and Tominaga proposed a multi-function nucleonic gauge to meet the requirement
for more precise and stable control of a blast furnace, by obtaining useful information on
material flow and gas flow inside the furnace, as shown in Fig. 13. The proposed technique
consisted of the spectrometric measurement of secondary gamma-radiation produced from
materials in the furnace by radiation of 252Cf [23]. Figures 14 and 15 show a sensor probe

252with a 3.7 MBq Cf source and bismuth germanate (BGO) scintillator, and the spectra
obtained in a laboratory experiment, respectively. The counts of neutron capture gamma rays
of iron in a range of 6.5-8.5 MeV were well dependent on iron bulk density, and those of
backscattered gamma rays in a lower energy region of 1.0-1.5 MeV showed a good
correlation with apparent density of samples regardless of kinds of materials, as shown in
Figs. 16 and 17, respectively [23], The results suggest enough the possibility of measurement
of inside conditions in a blast furnace. Similar techniques are considered to be effectively
applicable also to many other objects.
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FIG. 14. Schematic drawing of a prototype sensor probe. Length: 530 mm, height: 190 mm,
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On-stream density gauges for a sintering plant

To improve the yield of sintered ore in a sintering plant of iron works, Shirakawa et al. have
developed two types of on-line density gauges, which are in routine use as shown in Fig. 18
[24]. Inserted probes [25] at the right hand of Fig. 18, which are rather conventional type
using gamma ray backscattering, are used for measuring the apparent density change in the
vertical direction of the raw materials immediately after loading on a conveyor from a hopper.
On the other hand, a newly devised surface-type gauge [26], which is placed above the
surface of raw materials and can move horizontally in the width direction of the conveyor, is
employed to measure the distribution of bulk density at a surface region of the materials. The
system of the new gauge, as shown in Fig. 19, is composed of a single gamma ray source of
137Cs, a wolfram shield, and two bismuth germanate scintillation detectors arranged with
different spacing from the source. By the use of this dual spacing technique the surface
density can be measured in a sufficiently good accuracy with correction for variation of the
distance between the gauge and the surface [1, 24, 26]. All of these density gauges are

137working with low activity Cs sources of less than 3.7 MBq.

4.2 Challenges to difficult application with anti-conventional ideas

Description is given in this section some examples of nucleonic gauging, in which problems
seemed very difficult to solve so far as conventional ideas were used, but could succeed in
obtaining good results with a new idea on the opposite side to an ordinary concept.

Tominaga et al. have developed new types of high sensitivity hydrogen or moisture gauges in
this several years. The basic concept common to these is to use a small sized, but appreciably
large neutron moderator compared to the hydrogen content in a sample to be measured,
coupled with a sufficiently big neutron reflector for the positive use of multiple reflection and
efficient slowing down of neutrons [27]. The examples to which this technique were
successfully applied are as follows:
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F7G. 75. On-line density gauges with low activity 137Cs sources for control of density
distribution at a sintering machine.
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FIG. 19. Schematic diagram of the non-contact density gauge with dual source detector
spacing shown in FIG. 18.

Thickness gauges for thin plastic layer sandwiched with steel plates
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To measure the thickness of a thin plastic layer (30-200 um) sandwiched with two plates of
steel (0.3-32.1 mm each), a polyethylene moderator of 3 mm thickness, which was more than
one order of magnitude over that of the sample plastic, was placed just close to the sample (cf.
Fig. 20), resulting in a sensitivity increase of about 6 times the cases without any additional
moderator. A precision of about 10)j.m thickness has proved to be attained in a 1 minute
measurement with a 252Cf source of 40 MBq [1, 27].

High sensitivity hydrogen analysers for a trace amount of hydrogen

Because the determination of a trace amount of hydrogen in a small sample of metals or
metallic oxides was a very similar case to the complex steel plate described above, the effect
of an optimised polyethylene moderator (cf. Fig. 21) was clearly confirmed also in this
application [27, 28]. A count increase of 0.30% per 1 mg hydrogen was recently observed in a
small sample of 2 cm3: this means a sensitivity about 4 times higher than the best value
reported by Close et al. of the Los Alamos Scientific Laboratory in 1976.

High sensitivity moisture gauges for monitoring a refractory drying process

A high sensitivity moisture gauge was requested for monitoring the decrease of residual
moisture in wet refractory newly coated on the inner surface of a molten steel vessel, ladle,
from its outside through a thick steel plate (32 mm thick), during the period of flame drying of
the refractory. To respond to the request, a specially devised measuring probe was designed,
based on experimental data, as shown in Fig. 22. Important points in this probe are 1) the
distance between the source and detector, 2) the thickness of iron reflector, and 3) the size of
graphite moderator. The moisture sensitivity obtained in the optimum design was about 6
times higher than that of conventional neutron moisture gauges. Figure 23 shows an example
of actual measurement, which shows a typical change in the neutron count and temperature at
a surface spot of a ladle [29].
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He-3 counter (25.4mm tube dia.)

Steel plate f jfl| Plastic layer
m. 'at fo | j e measure]

\ olyethylene
moderator
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FIG. 20. Sensor head of a thickness gauge for measuring the thin plastic layer (30 •
in complex steel plates (1-4 mm total thickness).

200 ju m)
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FIG. 21. A high sensitivity hydrogen analyzer for determining a trace amount ofmg level
hydrogen in small sized samples.
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FIG. 22. A neutron gauge probe placed close on outer surface of a ladle for monitoring
moisture change in relined ladle refractory under the flame drying process.
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FIG. 23. An example of moisture change observed at a ladle surface spot: the count increase
in the initial stage shows a movement of water from inner to outer side in ladle refractory.
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4. CONCLUDING REMARKS

In developed countries, drastic changes in the number of nucleonic gauges and also in the
technology can not be expected hereafter, because of the maturity in techniques and the
saturation in uses, particularly in major gauges used by big industries. However, even if
smaller number in diffusion, but advanced, refined, and/or sophisticated gauges are emerging
still, along with the progress in many other fields of technology. A recent trend of the use of
low activity radiation sources will also enlarge the new fields of application, including small
industries in which nucleonic control systems have so far hardly diffused. These trends and
new techniques of nucleonic gauges in developed countries must provide useful suggestions
to developing countries concerning technology transfer and technical assistance. In this
connection, one of the most important things never to be forgotten is to find out a really
necessary point to be solved and to realise techniques just fitting to that.
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