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Abstract

The neutron probe measures sub-surface moisture in soil and other materials by means of high
energy neutrons and a slow (thermal) neutron detector. Exposure to radiation, including neutrons,
especially at high doses, can cause detrimental health effects. In order to achieve operational radiation
safety, there must be compliance with protection and safety standards. The design and manufacture of
commercially available neutron moisture gauges are such that risks to the health of the user have been
greatly reduced. The major concern is radiation escape from the soil during measurement, especially
under dry conditions and when the radius of influence is large. With appropriate work practices as well
as good design and manufacture of gauges, recorded occupational doses have been well below
recommended annual limits. It can be concluded that the use of neutron gauges poses not only acceptable
health and safety risks but, in fact, the risks are negligible. Neutron gauges should not be classified as
posing high potential health hazards.

1. RADIATION PHYSICS

The neutron moisture probe measures sub-surface moisture in soil and other materials, by use of
a probe containing a source of high energy neutrons and a slow (thermal) neutron detector. The neutrons
are emitted from an encapsulated 241Am - 9Be source of 370-1850 MBq (10-50 mCi) activity:

241Am -»- 237Np
 + 4cx + Y

9Be + 4 a -> "C + 'n + y

The neutrons emitted have energies ranging from zero to 14 MeV the average energy being about 4.5
MeV.

Neutrons interact as follows, in the vicinity of atomic nuclei:

- Elastic collisions in which kinetic energy is conserved,
- Inelastic collisions in which part of the neutron's kinetic energy is absorbed by the nucleus,
- Absorption/capture by the nucleus.

The cross-section of these interactions depends on the:

- Energy of the neutron,
- Type of target.

Elastic scattering is the dominant mechanism by which the fast neutrons are slowed down or
moderated to thermal velocities. Maximum energy transfer occurs when the nuclear mass is as close as
possible to neutron mass, i.e. hydrogen nucleus. Hence, materials with high water content give higher
readings. The thermalized neutrons are detected by Helium-3 filled proportional counters in a 3He(n,
p)3H reaction.

2. RADIATION BIOLOGICAL EFFECTS

Exposure to radiation, including neutrons at high doses, can cause nausea, reddening of the skin
or, in severe cases, more acute syndromes that are clinically expressed within a short period of time.
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Such effects are termed "deterministic" because they are certain to occur if the dose exceeds a threshold
level. Radiation exposure can also induce somatic effects such as malignancies that are expressed after a
latency period, and may be epidemiologically detectable in a population; this induction is assumed to
take place over the entire range of doses without a threshold level. Also, hereditary effects due to
radiation exposure have been statistically detected in mammalian populations and are presumed to occur
in human populations also. These epidemiologically detectable outcomes - malignancies and hereditary
effects - are termed "stochastic" because of their random nature.

Deterministic effects are the result of various processes, mainly cell death and delayed cell
division, caused by exposure to high levels of radiation. The severity of a particular deterministic effect
in an exposed individual increases with the dose above a threshold.

Stochastic effects may ensue if an irradiated cell is modified rather than killed. Modified cells
may, after a prolonged process, develop into a cancer. If the damage is to a germ cell, whose function is
to transmit genetic information to progeny, hereditary effects of various types may develop in the
descendants of the exposed individual. The likelihood of stochastic effects is presumed to be
proportional to the dose received, without a threshold. The probability of occurrence of a stochastic
effect is higher for higher doses, but the severity of the result is independent of the dose.

3. STANDARDS FOR PROTECTION AND SAFETY

Since a small likelihood of occurrence of stochastic effects at even the lowest doses is assumed,
Basic Safety Standards (BSS) [1] cover the entire range of doses with the aim of constraining any
possible radiation impairment. The BSSs are based on a concept of detriment as recommended by the
International Commission on Radiological Protection, which, for stochastic effects, includes the
following quantities: the probability of fatal cancer attributable to radiation exposure; the weighted
probability of incurring a non-fatal cancer; the weighted probability of severe hereditary effects; and the
length of lifetime lost if the harm occurs.

Human activities that add radiation exposure to that which people normally incur from
background, or that increase the likelihood of their incurring exposure, are termed "practices" in the
BSSs, e.g. use of neutron probes.

In order to keep doses from practices below regulatory limits, and as low as reasonably
achievable (ALARA), there are safety restrictions are necessary [ 1 ].

3.1. Administrative requirements

3.1.1 Authorization

A system of registration or licensing must be in place. Any person applying for such
authorization should:

- Make an assessment of the nature, magnitude and likelihood of the exposures attributed to the
source, and take all necessary steps for the protection and safety of workers and the public,

- Have a safety assessment made and submitted to the Regulatory Authority as part of the
application, if the potential for an exposure is greater than any level specified by the Regulatory
Authority,

- Have the responsibility for setting up and implementing the technical and organizational measures
necessary to ensure protection from, and safety of, the sources for which they are authorized.

Registrants and licensees have to notify the Regulatory Authority of any intention to modify any
practice or source for which they are authorized, if there are significant implications for protection or
safety, and must not carry out any such modification unless specifically authorized by the Regulatory
Authority.
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3.2. Radiation protection requirements

3.2.1. Justification of practices

No practice or source within a practice should be authorized unless the practice produces
sufficient benefit to exposed individuals or to society to offset the radiation harm that it might cause, i.e.
unless the practice is justified, taking into account social, economic and other relevant factors.

3.2.2. Dose limitation

The normal exposure of individuals must be restricted so that neither the total effective dose nor
the total equivalent dose to relevant organs or tissues, caused by the possible combination of exposures
from authorized practices, exceeds any relevant dose limit.

3.2.3. Optimization of protection and safety

In relation to exposures from any particular source within a practice, except for therapeutic
medical exposures, protection and safety must be optimized in order that the magnitude of individual
doses, the number of people exposed, and the likelihood of incurring exposures, all be kept as low as
reasonably achievable, economic and social factors being taken into account, within the restriction that the
doses to individuals delivered by the source be subject to dose constraints.

3.2.4. Dose constraints

Except for medical exposure, the optimization of the protection and safety measures associated
with any particular source within a practice must be subject to dose constraints that do not exceed either
the appropriate values established or agreed to by the Regulatory Authority for such a source or values
that can cause the dose limits to be exceeded.

33. Management requirements

3.3.1. Safety culture

A safety culture must be fostered and maintained to encourage a questioning and learning attitude
to protection and safety, and to discourage complacency, in order to ensure that:

- Policies and procedures be established that identify the protection and safety of the public and
workers as being of the highest priority,

- Problems affecting protection and safety be promptly identified and corrected in a manner
commensurate with their importance,

- The responsibilities of each individual, including those at senior management levels, for
protection and safety, be clearly identified and each individual be suitably trained and qualified,

- Clear lines of authority be defined for decisions on protection and safety,
- Organizational arrangements and lines of communication be effected that result in an appropriate

flow of information on protection and safety at and between the various levels in the organization
of the registrant or licensee.

3.3.2. Quality assurance

Quality assurance programmes must be established that provide, as appropriate:

- Adequate assurance that the specified requirements relating to protection and safety are satisfied,
- Quality control mechanisms and procedures for reviewing and assessing the overall effectiveness

of protection and safety measures.
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3.3.3. Human factors

Provision must be made for reducing, as far as practicable, the contribution of human error to
accidents and other events that could give rise to exposures, by ensuring that:

(1) All personnel on whom protection and safety depend be appropriately trained and qualified so
that they understand their responsibilities and perform their duties with appropriate judgement
and according to defined procedures.

(2) Sound ergonomic principles be followed as appropriate in designing equipment and operating
procedures, so as to facilitate the safe operation or use of equipment, to minimize the possibility
that operating errors will lead to accidents, and to reduce the possibility of misinterpreting
indications of normal and abnormal conditions.

(3) Appropriate equipment, safety systems, and procedural requirements be provided and other
necessary provisions be made:
- To reduce, as far as practicable, the possibility that human error will lead to inadvertent or
unintentional exposure of any person;
- To provide means for detecting human errors and for correcting or compensating for them;
- To facilitate intervention in the event of failure of safety systems or of other protective
measures.

3.4. Technical requirements

3.4.1. Security of sources

Sources must be kept secure so as to prevent theft or damage, and to prevent any person from
carrying out any unauthorized actions by ensuring that:

- Control of a source not be relinquished without compliance with all relevant requirements
specified in the authorization and without immediate communication to the Regulatory Authority,
and when applicable to the relevant Sponsoring Organization, of information regarding any
decontrolled, lost, stolen or missing source,

- A source not be transferred unless the receiver possesses a valid authorization,
- A periodic inventory of movable sources be conducted at appropriate intervals to confirm that

they are in their assigned locations and are secure.

3.4.2. Defence in depth

A multilayer defence-in-depth system of provisions for protection and safety commensurate with
the magnitude and likelihood of the potential exposures involved must be applied to sources such that a
failure at one layer is compensated for, or corrected by, subsequent layers, for the purposes of:

- Preventing accidents that may cause exposure,
- Mitigating the consequences of any such accident,
- Restoring sources to safe conditions after any such accident.

3.4.3. Good engineering practice

As applicable, the siting, location, design, construction, assembly, commissioning, operation,
maintenance and decommissioning of sources within practices must be based on sound engineering that
shall, as appropriate:

- Take account of approved codes and standards and other appropriately documented instruments,
- Be supported by reliable managerial and organizational features, with the aim of ensuring

protection and safety throughout the life of the sources,
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- Include sufficient safety margins for the design and construction of the sources, and for operations
involving the sources, such as to ensure reliable performance during normal operation, taking into
account quality, redundancy and inspectability, with emphasis on preventing accidents, mitigating
their consequences and restricting any future exposures,

- Take account of relevant developments in technical criteria, as well as the results of any relevant
research on protection or safety and lessons from experience.

3.5. Verification of safety

3.5.1. Safety assessments

Safety assessments related to protection and safety measures for sources within practices must be
made at different stages, including siting, design, manufacture, construction, assembly, commissioning,
operation, maintenance and decommissioning, as appropriate.

3.5.2. Monitoring and verification of compliance

Monitoring and measurements must be conducted of the parameters necessary for verification of
compliance with the safety requirements.

For the purposes of monitoring and verification of compliance, suitable equipment must be
provided and verification procedures introduced. The equipment shall be properly maintained and tested
and must be calibrated at appropriate intervals with reference to national or international standards.

3.5.3. Records

Records must be maintained of the results of monitoring and verification of compliance, including
tests and calibrations carried out in accordance with the Standards.

4. OPERATIONAL RADIATION SAFETY

In order to achieve operational radiation safety, there must be compliance with these safety
requirements. In practical terms, these are translated to the following components.

4.1. Design and manufacture

With over 40 years experience in the industry, the design and manufacture of commercially
available neutron moisture gauges are such that risks to health and safety of users have been greatly
reduced. Sources and equipment should be manufactured to conform with applicable standards of the
International Electrotechnical Commission (IEC) and International Organization for Standardization
(ISO) or equivalent national standards. They also should comply with IAEA Safety Standards for
transport safety (ST-1) [2].

The Am-Be sources used are in Special Form, i.e. doubly encased in stainless steel containers
with welded seals. These are placed in radiation-shielding material made of high hydrogen content, e.g.
paraffin or plastic. Emitted a-particles are stopped by the source capsule. Only neutrons and y-radiation
contribute to occupational exposure. The neutron shield is sufficient to contain the low energy y-radiation
from Am-Be. Therefore, Am-Be is essentially a neutron hazard. The shield also acts as the storage and
transport containers.

4.2. Training

Users should be trained in the proper and safe use of the equipment. This training should include
normal operations, and recognition of abnormal situations and necessary actions to be taken, i.e.
emergency preparedness and response. This reduces the risk of potential exposures. Radiation protection
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and safety training are essential for users as well as supporting staff, e.g. vehicle drivers. Periodic
refresher courses are highly recommended for all certified users.

4.3. Operational instructions

Operational manuals on safe use, maintenance and emergency actions should be provided by the
manufacturers. These may need to be translated to the local working language by the management of the
operating organization.

4.4. Local rules

Local rules or codes specifying safe working practices must be in writing and posted in
appropriate and designated places. All staff members are to be aware and trained in them to the extent
that is relevant to their duties. The Local Rules should indicate clear lines of responsibilities for
management, worker and radiation protection officer.

4.5. Designation of controlled areas

Controlled areas need to be physically delineated using a dose-rate meter and radiation warning
signs posted at the boundaries. Controlled areas must be supervised to prevent access by unauthorized
persons. Gauges should never be left unattended.

4.6. Transport safety

The gauge should be transported only in a container designed and tested to "Type A" standards,
detailed in IAEA Safety Standards on Transport safety (ST-1). Two transport labels must be displayed
conspicuously on the container: the radionuclide activity and Transport Index (TI), which is the dose rate
at 1 m, in u.Sv h"' divided by 10. During transport, the gauge should be blocked and braced to prevent
movement. The driver must carry transport documents that give details of the sources. The vehicle must
also display fire-resistant signs on the sides and rear of the vehicle, according to prevailing regulations,
showing radiation warning and advice to call the police and the owner or operator of the vehicle, in the
event of an accident. A vehicle for carrying the gauges should not be used for passengers. The driver
needs to be trained and have certification in basic radiation protection, including emergency
preparedness and response during transport.

4.7. Personnel monitoring and dosimetry

The gauge should be checked with a calibrated dose-rate monitor after use, to ensure that the
source is in the shielded position in order to prevent accidental exposures. Personal dosimeters must be
worn and evaluated, and doses recorded as required by regulation. A Radiation Protection Officer (RPO)
must be appointed to be responsible for the implementation of radiation-safety requirements and
conditions of the license.

4.8. Safe storage and disposal

Every gauge should be kept locked in its transport case in physically secure fire-resistant storage,
separate from other materials, with two or three levels of locks.. The store should be designated as a
controlled area, at least 5 m from normal working sectors. The door should be posted with radiation
warning and a sign to show prohibition of access to unauthorized persons. The exterior dose rate should
not exceed 7.5 p.Sv h"1 and, where practicable, should be less than 2.5 u,Sv If1. This may be achieved by
placing the source as far as possible from the door and walls, or by using additional shielding. Storage in
a motor vehicle or residence is not recommended.

When a gauge is no longer in use, it should not be transferred to another user for service,
disposal, sale or use without the authorization of the Regulatory Authority. It should be treated as
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radiation waste and disposed of only as authorized by prevailing regulations. Return to the manufacturer
for re-use, long-term storage or disposal, is recommended.

4.9. Maintenance

Maintenance should be with the procedures and equipment, and at the frequencies,
recommended by manufacturers. These include leak tests twice per year to check that sources are intact,
and cable maintenance to check for breaks or the separation of copper conductors.

The toxicity of americium is similar to that of other actinides like plutonium. When Am is
deposited internally, the cc-emission poses a serious hazard to bone, kidneys, etc.

4.10. Emergency preparedness

There must be radiation emergency plans for reasonably foreseeable accidents. Actions to be
taken, persons to notify must be detailed in an emergency preparedness plan (EPP). Examples include a
gauge being crushed by road roller or other site vehicle, road traffic accident during transport, a fault
causing the sources to be incompletely retracted or shielded, probe lodged or lost in the bore-hole. The
radiation protection officer and workers, including drivers, should be trained with practical exercises
including dry runs of the EPP. The user should carry a copy of the EPP and some essential retrieval tools
on field work.

Incidents and accidents must be investigated and appropriate remedial actions taken where
necessary. The information gathered should be disseminated among the relevant parties as required by
prevailing regulations.

4.11. Inventory and accountability

Removal of a gauge from, and return to, a store must be recorded in a "check-out-check-in" log .
Details should include date, name and signature of worker, field site, model of gauge, type of source,
transport vehicle, length of use, etc. Transfer to another registrant or return of gauges to the manufacturer
must also be recorded.

4.12. Record keeping

The following records must be kept:

- Inventory of sources and accountability,
- Personnel monitoring doses,
- Training and re-training of workers,
- Maintenance and repair records of equipment,
- Results of leak tests,
- Log book of calibration and use of survey/dose-rate meters,
- Log book of off-site locations,
- Transportation documentation,
- Audits and review of radiation safety programme,
- Incidents and accidents investigation reports.

5. OCCUPATIONAL EXPOSURES

The major concern is radiation escape from the soil during measurement, especially under dry
conditions and the radius of influence is large. With good practices outlined above as well as good
design and manufacture of gauges, the occupational doses recorded in the industry have been well below
annual dose limits. Applying ALARA principles, such as the use of Teflon plastics reflectors laid on the
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surface, doses as low as 0.2 mSv yr'1 (1% of the annual dose limit) for both neutrons and y-rays, have
been reported [3].

5.1. Occupational dose limits

Effective dose 20 mSv yr'1 (averaged over 5 years)
50 mSv in any single year

Equivalent dose lens of the eye: 150 mSv in a year

extremities and skin: 500 mSv in a year

Dose limits for 16-18 year olds:

Effective dose 6 mSv in a year

Equivalent dose 50 mSv in a year to the lens of the eye
150 mSv in a year to the extremities or skin.

6. IAEA ACTIVITIES IN RELATION TO NEUTRON GAUGES

In each country where gauges are used there must be in place an effective system of regulatory
control, i.e. authorization, inspection and enforcement. This will ensure that appropriate equipment is
used by well trained personnel in approved places.

The Agency has prepared a guidance document for Regulatory Authorities for safety assessment
plans for authorization and inspections. Neutron-gauge use is one of the practices covered for which a
"checklist" guide is provided.

In the future, Safety Reports on radiation safety of nuclear gauges will be published. This will
cover both normal and potential exposures.

7. CONCLUSION

It can be concluded that, from the perspective of radiation safety on both normal and potential
exposures, the use of neutron gauges poses not only acceptable health and safety risks but, in fact, the
risks are negligible. The use of neutron gauges are not, and should not be, classified as a practice of high
potential hazard to human health.
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