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Abstract. Building defect is one of the major components of building problems that
significantly needed attention. When a building fails to function as it should, we must immediately
seek for the determination. Is the problem taking place as the result of the worker’s failure to
assemble it properly? Is it involving the nature of it? Is the proper maintenance of the building not
been performed as it should have been? The answers often depend upon a number of factors: the
age of the affected building components, the exact nature of the problem, the presence or absence
of human error, or some combination of all those three. This paper will review and discuss some of
the major building defects happen throughout the world. It contains some of the main concepts
and the definition of the terminological terms used. In addition, the causes, symptoms and
remedial work of defect also been discussed in this paper.

Keywords: building defects, dampness, erosion, building, peeling paint, failure.

1. Introduction

Building defect occurs to either the new building or the old ones. Defect within new buildings
is maybe of non-compliance with Building Code and published acceptable tolerances and
standards. Meanwhile the older buildings, or building out of warranty period, may not comply with
these standards but must be judged against the standard at the time of construction or
refurbishment. (David Hall)

Defects and deterioration are common problems in any built structures. However, various
defects are more common in an old structure (Ransom, 1981). As in BS 3811 (Code of Practice,
British Standard 1984) defects are defined as the deterioration of building features and services to
unsatisfactory quality levels of requirement of the users.

According to California Civil Code 896, common types of building defects include: structural
defects resulting in cracks or collapse; defective or faulty electrical wiring or lighting, defective or
faulty plumbing, inadequate drainage systems, faulty ventilation, cooling or heating systems,
insufficient insulation or sound proofing, and also inadequate fire protection suppression systems.
Plus, dry rot, wood rot, mold, fungus, or termite or vermin infestation may also be the result of a
building defect.

A building defect may also include damage caused by land movement or earth settlement.
Proving a building defect commonly requires the hiring and testimony of a highly trained and
experienced expert. An expert, such as an engineer or an architect, is the one who will be able to
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determine the construction problem involved due to the result of improper design, material, or
workmanship.

2. Category of Building Defects

The defect can be divided into two categories, which are:

a) Structural defect

Structural defect means any defect in a structural element of a building that is attributable to
defective design, defective or faulty workmanship or defective material and sometimes any
combination of these. Building structure includes earth retaining walls, columns, beams and flat
slabs. (Northern Territory Consolidated Regulation)

According to the Engineering Encyclopedia, structural defect can be categorized as cracks in
foundations (Substructure), cracks in floor or slabs (superstructure), and cracks in walls
(superstructure). These defects can be caused by improper soil analysis, inappropriate site
selection, and the use of defective materials. Most of the structural problem can be avoided by
implying the exact and detail of the design and planning.

Structural defects in a building can occur over time due to deterioration, wear and tear,
overloading, and poor maintenance. They must be repaired to maintain the building’s structure
and to prevent any further failures. Regular inspection is the key to protecting the ‘health’ of a
building’s structure. Structural defect that always occurs are steel corrosion, cracks, and deflection.

b) Non-structural defect

According to Northern Territory Consolidated Regulation, a non-structural defect in a
residential building is described as a defect in a non-structural element of the building as a result of
defective residential building work.

According to the Engineering Encyclopedia, non-structural defect includes defect in brick
work, dampness in old structures, and defects in plaster works.

3. Common Building Defects

In general, there have several building defects which usually occur to building parts such as
roofs, walls, floors, ceiling, toilets, doors and windows. (Tan Wei Cheun, 2008). Building difficulty
and defect that are regularly found will be discussed in the following section which consists of wall
crack, peeling paint, dampness, timber decay, fungi and small plant attack, sagging or deformation,
erosion of mortar joint, defective plaster rendering, insect or termite attack, roof defect, and also
unstable foundation, and services.

3.1 Crack on walls

It is the nature of many construction materials to crack as they age and as they expand and
contract, particularly with exposure to moisture as they get wet and dry out alternately. There are
cracks in common areas, such as exterior walls, interior walls at corners of doors and windows, and
ceilings (usually in the middle). Crack defect have classified of visible damage to walls. There is
having different state in category of damage, and degree of damage. Refer (Table 1)

Table 1: Classification of Visible Damage to Walls

Category | Degree of | Description of Typical Damage Approximate

of Damage Crack Width
Damage (mm)
0] Negligible | Hairline crack of less than about 0.1 | Upto 0.1

mm widths are classed as negligible.
No actions required.

1 Very Slight | Fine cracks which can be easily | Upto1
treated during normal decoration.
Damage generally restricted to
internal wall finishes, crack rarely
visible in external brickwork.
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2 Slight Crack easily filled. Recurrent crack | Uptos
can be masked by suitable linings.
Cracks on not necessarily visible
externally, some external
reappointing may be required to
ensure weather tightness. Doors and
windows may slight and require
easing and adjusting.

3 Moderate | Crack which required some opening | 5to 15

up and can be patched by a mason. | (or several of 3mm)
Repointing of external brickwork and
possibly small amount of brickwork to
be replaced. Doors and windows
sticking. Service pipes may fracture.
Weather tightness often impaired.

4 Severe Extensive damage which required | 15to 25
breaking-out and replacing sections of | But also depend on
walls, especially over doors and | number of crack
windows. Windows and doors frame
distorted, floor sloping noticeably.
Wall leaning or bulging noticeable,
some loss of bearing in beams. Service
pipes disrupted.

5 Very Severe | Structural damage which requires a | Usually greater than
major repair job involving partial or | 25 but depends on
complete rebuilding. Beams lose | number of crack
bearing, wall lean badly and require
shoring. Windows broken with
distortion. Danger of instability.
Source: Defect in Building, 2003

According to the construction, the occurrence of wall crack is because they are overloaded or
because the structure has settled or heaved. Vertical and angled crack are usually caused by
settlement or heaving. Nevertheless, for horizontal crack are more likely to be caused by lateral
pressure. There are varieties types of vertical crack such as:

a) Vertical crack away from corners

< ;‘M‘l‘\[ ‘— -; :
e

Figure 1: Foundation wall cracks

The crack is running along between the foundation and the top of the building. Cracks are
usually the widest at the top of the building diminishing to a hairline crack at or near the
foundation level (Figure 1). They may run through the foundation or they may only start above first
floor opening. It is obviously detected in each of the opposite elevations of the building, will be a
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single crack, and may be connected by a crack in a concrete floor or a flat roof. Besides that, the
roof finishes of the pitched roof may be stretched or pulled apart. Diagonal cracks may also be
associated with the defect.

b) At the centre of panel

Cracks occur near to centre of a panel of cavity brickwork (Figure 2). The crack is the widest
at the bottom and may narrow to a hairline crack at the top (especially where the brickwork does
not reach the top of the panel). The phenomenon usually occurs where panels of brickwork are set
between columns, espec1all¥ if they are of in-situ remforced concrete.

Figure 2: Cracks at the centre of panel

c¢) Between bay window corners
Cracking at sides of bay wmdows (Flgure 3). In either is the masonry or timber stud construction.
It may become quite wide ran in 5 — 15mm.

Figure 3: Crack between bay window corners

In the early life of cracking of the building may be inevitable. Cracks result from drying out or
taking up of moisture or from the initial drying out of material that cannot be avoided. Cracks also
is often exaggerated, it means a natural reaction of the owner or occupiers of the building. Besides
that, cracks may be an indication of instability of the structure, even though it is taken seriously, it
will have little or no effect on stability or other aspect of building performance apart from
appearance.

Thermal expansion also is the causes in these cases where it actually is not the true main
cause. Whichever origin of the crack will be, a convenient observation point will be provided. It is
easy to observe changes in size where a crack opens and closes, whereas changes in the overall
dimension of a wall can be measured only by using special equipment.

Besides that, slight movement also can cause cracking to large building. However, the
occurrence has nothing to do to small building. The result is shown where the large concrete roof
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slabs disrupts the perimeter parapet as it expands and contract in response to temperature
variations. A temporary load or lack of support also may also be result to cracks. There is no
evidence detected when the causes of cracking are being investigated. Cracks also have subjected
influence. Maybe it is not described above, but it can probably happen if they give less maintenance
or awareness.

3.2  Peeling paint

EY . . - -

= e - __ i u—
Figure 4: Peeling Paint

Peeling usually occurs on building facades, mainly on plastered walls, columns and other
areas which are exposed to excessive rain and great dampness (Figure 4). Some buildings that are
located near the sea may face a much higher risk once the signs of peeling paint are visible on the
exterior walls. (Md. Kasim N.D, 2009)

Peeling paint is always the result of poor surface preparation. The majority of peeling paint
problems occurs on surfaces exposed to the rain, sun, and the variation degree of temperature.
Walls that have involved can be an unsightly mess in a home or building. It may result in
embarrassment and frustration to the homeowner. If paint peels from an interior wall, the reason
for the peeling paint is mostly often due to an improper preparation of the surface before painting.
Apart from that, the moisture surrounding the wall also seeps in through from the wall to the paint
surface. Thus, in order to repair and restore, repainting the wall that had peeling paint on it can be
made as to make it attractive again. According to Midway Industrial Supply, peeling paint is simply
other types of flaking where the amount of paint film remove is greater. Flaking is the lifting of
small-to-large sections of the paint and is due to poor adhesion and to the brittleness of the paint.

It happens when new plastered or skimmed walls or ceiling are not given enough time to
completely dry before painting. The temptation is to start painting as soon as the plasterer has left
the building but plaster takes longer to completely dry. The heating on full blast to try to speed up
the drying process also result to peeling paint. This is because the sudden rise in temperature can
cause different problems.

Another reasons that peeling paint occurs is that when the initial coat of paint on the new
plaster is bog standard silk applied undiluted directly to the plaster. For the bathroom ceiling cases,
it has been freshly painted on the new plaster which has never had a chance to dry. This is because
the bathroom is in constant use and then the shower is being used before the paint is completely

dry.
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3.3 Rising Dampness

Figure 5: Rising dampness problem

Dampness is generally defined as unwanted and excessive water or moisture. The existing of
dampness in building is one of the most damaging failures that really must be taken care of. It can
cause damage in brickwork by saturating them, decaying and breaking up of mortar joints, rotting
in the timber structures, defecting by the corrosion of iron and steel materials and also destroying
the equipment in the building. Dampness in walls has been taken in consideration in recent years.
If even the level of dampness is low, the value of the building can be highly affected.

According to Belgrade Charter (1975), dampness can be a serious matter, particularly to the
building located near water sources. Somehow, the water can enter the building bit by bit through
different routes resulting in dampness. Furthermore, prevailing wet wind and rain will due to water
penetrations that occur through walls.

Dampness also occur when water penetrate through capillaries or cracks between mortar
joints, and bricks or blocks before building up trap moisture behind hard renders. Moreover,
contribution of dampness is due to the existence of gravity. The other factor such as leaking gutters
or down pipes, defective drains, burst plumbing, and condensation due to inadequate ventilation
also can be the factors yielding to dampness occurrence. Dampness in building originated from a
number of sources such as:

a) Rain

Precipitation can be wind driven that it penetrates joints that remain watertight in normal
weather condition. The gutter overflow also can collect and be the aspects of dampness against
walls.

b) Condensation

Humid air condensation on cooler surface or within, or between, building materials also can
result to dampness. Air can become humid in several ways, including from the occupants’ water
vapours.

¢) Rising damp and flooding

It may be contract with groundwater or floodwater. It also the groundwater may be absorbed
by the walls and transported up the wall by capillary action.

d) Services leaks

It may not just from pipes and tanks, but also the overflowing of condensation forming
together with ventilation systems.

e) Construction process

The construction process too can play its role in this scenario. It is where the process of
mixing water to form mixtures that dry out for the construction purpose before the building is
functioned, but sometimes by retaining moisture (sealed in by impermeable finishes) that shows
and causes problems in the completed building.

f) Use of the building

This may includes the cleaning of the building, spills, and apparatus leaking.

g) Moisture in the air

It is in contrast with condensation. Hygroscopic salts can extract moisture from the air in
condition that would not allow that moisture to undergo the process of condensation.

9
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Dampness comes and goes according with the change of condition. Dampness also may leave
stains or traces of mould and lichens and also in certain cases, mosses.
3.4 Timber decay

Figure 7: Timber decay of Flat roof
Timber defect are classified into two major groups, non-biological and biological
deteriorations. Non-biological deterioration consists of physical decay, excessive moisture content,
dimensional instability and chemical deterioration. These defects are mainly caused by the timber
in service being subjected to environmental exposure. The most common and destructive timber
biological deterioration is those due to dry rot, wet rot as well as insect attraction. (N.H. Ishak)

Typically timber decay may occur at roof timber, floor timber and joinery timber such as door
frame or window frame (Figure 6 and Figure 7). This defect results whether woodworm infestation
is active or there is evidence of decay such as wet rot and dry rot. Dry rot also can be destructive
and spread considerable distance within an effected building or home. It is essential that the cause
and full extent of the attack is established. Besides that, timber decay in building or home will only
occur if the timber becomes sufficiently wet.

According to Exposure Surveying LTD, timber part of a building will display differing levels
of moisture content. Apart from that, it is indicated that wood rooting fungi will not affect the
timber with moisture content below 22% and wood boring beetles will not be successful in timber
with moisture content below 12%. This reading will change depending on the number of years.

According to Taylor (2000), timber is durable material and would last indefinitely as it does
not deteriorate spontaneously. Magnificently, atmospheric condition such as rain, frost and acids
that would normally affect other materials, however only has little effect on timber. It will
deteriorate if attracted by certain of external forces.

Timber is also subjected to biological deterioration caused by living organisms such as insect
infestation, fugal decay and marine borers. On the other hand, it is highly reliant on combination of
a suitable temperature, moisture, oxygen, and cellulose in timber. (Richardson, 2001). Generally,
the most common causes of timber decay are as follows:

a) Design

Usually proven in many older buildings, structural timbers are embedded into external walls
and encased into solid floor, which are being the common causes of timber decay.

b) Alterations

This is regularly seen when sand and cement rendering has been applied to the exterior of the
building, trapping moisture and elevating the moisture content of timber window lintels and
embedded joints, leading to their decaying.

¢) Maintenance

Blocked gutters, missing roof tiles and leaking pipes will all channel the water to ingress into
the fabric of the building, which will then affect timber to decay if the problems are not noticed and
restored soon enough.

d) Wood boring insect

It is a fact to know that old building or home will somehow, have evidences of some form of
beetle activity, which will mostly be historic and will have died out years ago.

Timber that is used in the building during construction may have high sapwood (high in
nutrients) content and have been susceptible to beetle infestation. However, as the sapwood has
been depleted and the moisture levels within the timber remain stable, the beetle infestation will
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die out. The beetle will only infest the heartwood section of the converted timber if it has been
modified by fungal decay.

e) Fungal decay

Fungal decay occurs when higher level of moisture that consequently leads to the
development of beetle infestation. It can be separated into two groups, white and brown rots.
White rots have a bleached, fibrous appearance and substantial loss in weight is evident in the
timber. It happened when there is high moisture content on timbers that are already decayed by
brown rots. Brown rots are synonymous with the darkening of the timber, cubical cracks and are
mainly found in softwood.

3.5 Insect or termite attacks

Termites are small, pale to brownish black in color, insect that capable of feeding on mostly
anything including timber. The timber is easily deteriorated if exposed to water penetration, high
moisture content and loading beyond its capacity as this greedy and colony-living insect is easily
attracted to it. Insect or termite attacks pose a threat to damp and digestible timber found in wall
plates, the feet of rafter, bearing ends of beams and trusses. Affected timber can be treated by
pressure-spraying with insecticide or fumigant insecticidal process. (A Ghafar Ahamd)

Subterranean termites or underground termites are the most destructive insect pests of
wood. The activity of them is often not readily noticed because it is hidden behind wallboards,
sliding or wood trim. Basically, foraging of termites by dead trees and brush provides a natural
food source. When natural vegetation is cleared and houses are built, termites often switch to
feeding on wooden structures. Next, they will continue to enter the building through wood that is
direct contact with the soil and by building shelter tubes over or through the cracks found in the
foundation. Infestation of termites can do damage to any cellulose-based material in direct contact
with the soil. (Roger E. Gold)

Most of timbers that are commonly affected by termites are plywood, meranti, and selangan
batu and also belian (ironwood). Any building that touches the soil and from tree branches will be
attacked by termites. Besides that, dead wood, tree stumps and nearness to forest areas also
increase the likelihood of the attack. To avoid this, the forest must be cleared for building, and the
dead wood should be removed and are not left to rot under the residence. On top of that, the beams
also should be supported on old stumps. (Lipa A, 2001)

Termites will survive as long as the situation or environments meet their chance of survival.
They can spread easily in a blink of an eye into larger area and build their nest there, in the
building or property. The requirements in their chance of surviving are;

a) Moisture

Termites will survive in moist environment. This is because they do not have hard body cover
and may easily lose moisture from their body. Thus, consistently humid environment is well suited
for them. The sources of moist are from leakage of water pipe, roof system and other source of
water habitat such as pool, lake, or pond.

b) Source of food

Any surrounding area that has dead wood is probably foraged by the termites. Any building
structure material that is made from wood or timber will be easily targeted by them if it is wet and
moist.

c¢) Dark, and Low Light Intensity

If the building has a very low tolerance to light, it will to provide a well habitat for immature
grow of termites.

d) Minimal flow of air

Minimal flow of air or low ventilation in building due to humidity in certain area which can
lead to higher chance of survival of community of termites.
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3.6 Fungi and Small Plant Attack

Figure 8: Fungi on eternal wall Figure 9: Fungi on internal wall

Mold and fungi are found everywhere either both indoors and outdoors all the year round
(Figure 8 and Figure 9). The terms fungi and mold are often used interchangeably, but mold is
actually a type of fungi. Concerning about indoor exposure to mold has increased along with public
awareness that exposure to mold can cause a variety of adverse health effects. There are many
thousands of species of mold and most, if not all of the mold found indoors comes from outdoor
sources. It seems likely to grow and become bigger threat only when there is water damage, high
humidity, or dampness.

Mold is addressed in specific standards for the general industry, shipyard employment, and
the construction industry. Molds live in the soil, on plants, and on dead or decaying matters.
Outdoors, molds play as a key role in the breakdown of leaves, wood, and other plant debris. Molds
belong to the kingdom of Fungi, and unlike plants, they are lack in chlorophyll and must survive by
digesting plant materials, and consequently inverting them and other organic materials as food.
Without molds, our environment would be overwhelmed with large amounts of dead plant matter.

Molds produce tiny spores to reproduce, just as same as those plants that produce seeds.
These mold spores can be found in both indoor and outdoor air, and settled on both of the surfaces.
When mold spores land on a damp spot, they may begin growing and digesting whatever they are
growing on in order to survive. Since molds gradually destroy the things they grow on, you can
prevent damage to building materials and furnishings and save money by eliminating their growth.

Molds produce and release millions of spores small enough to be in the air, water, or insect
borne. They can also produce toxic agents known as mycotoxins. Spores and mycotoxins can have
negative effects on human health.

The moisture of wall occurs due to many causes. There are water leakages, drain block, roof
leakage and so on. In addition, improper material also was used for the building. Other causes of
moisture due to DPC that is not installed correctly for the particular building. Instead of the
moisture, the high level of humidity around the building also being affected due to abundant
growth of trees and insufficient direct sunlight. Moreover, spores of mold from trees can be spread
to the building by the assist of air, water and insect borne. Molds are found everywhere inside and
outside, and can grow on almost any substances when moisture presents. Molds reproduce by
spores, which can be carried by air current. When these spores land on a moist surface that is
suitable for life, they begin to grow. There are three common causes of mold

a) Water leakage

Water leakage will happen by the plumbing that is not installed properly. Some time water
leakage also comes from the toilet. Besides that, the gutter of roof also can cause the mold that will
attach itself to the wall.

b) Moisture

Moisture of the wall can cause the faster growth of the mold. The moisture is affected due to
the improper material that was used for this environment where this building receives less of
sunlight.
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c) Humidity

Higher humidity can cause the growth of mold faster. Plus, the residence was surrounded by
abundant of big trees and reduces of direct sunlight through the building. Thus the degree of
humidity around the building is high.

3.7 Defective plaster rendering

Plaster or render is like mortar coating over the block work. The coating on the inside walls
called plaster, then the coating outside the walls called render. Plaster and render is totaling
different. The render is generally richer and mostly in cement than the plaster due to weather
resistant.

The both of plaster and renders have different function. The plaster insides the walls to make
the walls smooth, easy to clean, avoid from insect, and for better appearance. Apart from that, the
plasters act as a protection against fire. The other functions are breathable for walls, abrasion
resistant, and suitable for decorating or covering with coating, wallpaper and tiles. For the renders,
is provided to protect them from the influences of weather.

Mostly the defective plaster rendering occurs on the external walls, column and ceiling.
Defective rendering are normally caused by biological attacks arising from penetrating rain,
evaporation, condensation, air pollution, dehydration and thermal stress. The mould or harmful
growth, insect, animals, and traffic vibration also will contribution causes of defective plaster
rendering. Prior to being decomposed and broken apart, rendering may crack due to either
shrinkage or movement in the substrate. (A Ghafar Ahmad). Types of defective plaster rendering

a) Cracking in Plastering

This is because of breaking away the section of the plaster. Penetration of rain to the external
surface of structural, have allowing admittance of rain to the back of the intact plaster coat. So, any
weakness in the bond between plaster and background or between renders coats will make the
further defect.

b) Holes in Plaster wall

Holes usually occur because of user or human made such as hanging family picture, shelves
or other decorative item to the wall. the is easily to be filled in with a tad of sparkling compound.

c¢) Plaster falling off from ceiling

Often the vibration of people going up and down by the stair for many years is cause to
plaster falling off from ceiling. The vibration will travel through the plaster and cause hairlines
cracks between the wooh lath, and plaster.

d) Shrinkage Cracking

When strong mixes of render are used on weak or bad prepared background have due to
shrinkage cracking. if the crack only in the topcoat, it caused the excessive cement in the finish coat
or excessive thickness or if the renders is too wet.

Causes of defective of plaster rendering as follows:

1. Loss of bond between coats

It means inadequate key or mineral bond, rapid loss of moisture to undercoat, swelling of
clay materials in unwashed sand, a stronger outer coat, inappropriate paint and finish used.

2. Surface cracking

High strength plaster on a weak background, clay contaminated sand and structural
movement will due to surface cracking. Normally, happen when drying shrinkage on surface.

3. Friable powdery surfaces

It means rapid drying, migration of salts (these usually follow a pattern of moisture
movement through the building)

4. Water damage

Source of water comes from overflowing tub, leakage in the toilet or shower, seep out of
plumbing or roof, storm damage, cracks around a chimney, and the list goes on. All of these will
eventually cause to the rust of nails, and some other dirt or debris.

5. Movement of structure

The settling of the house, expansion or shrinking of the wood inside the ceiling or walls is due
to movement. Besides that, the external factors such as vibration from the outside construction,
traffic or even sound wave also contribute to movement of the structure.
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6. Non suitable of renders and plasters

The cement renders has low rate of vapor exchange. For the long time period, the wall
contains high level of damp causes the external render to crack and delaminate.

~. Chemical attacks

If the sulphate is applied to strong render to the walls, it will probably cause to shrinking.
Plus, rain can also penetrate the cracks. A part from that, a soluble salt will present in some brick if
the wall behind the renders become saturated. At the same time, it will react with the cement in the
mortar joints to produce a chemical compound.

8. Efflorescence

Efflorescence is like white, a fine, powdery deposit of water soluble that’s depends of types
and total of salt in the walls masonry as the water evaporates. It takes a long time to produce. It
happens wherever there is the presence of wet surface area.

9. Lime Bloom

This chemical reaction is the result by undergoing through the process of hydration. Lime
bloom contains the white film of calcium carbonate that will affect the renders. The sign is easily
noticed as there is a change in color which is fairy pale color.

10. Popping or Pitting

When the renders is finished with cement lime or sand render and calcium oxide, this
problem will occurs.

3.8 Roof Defect

Figure 10: Sagging of roof

Roof as usually exposed to the element, particularly to the extremes of temperature degree
and change, solar radiation, and wind action. Roofs have special risk due to the design of the
building itself such as services passing through the roof covering, and internal gutters. The
consequence small defective of roof will may be greater effect of similar defect in a wall or other
element.

Roof defect are divided into structural faults and defect in the waterproofing material. The
majority of roof defect that occurs is distortion of either the roof or of the wall at roof level (Figure
10). Normally, structural defect can be identified from the visual inspection. For the defect of
waterproofing material, it will provide the building to be durable under wide range of exposure
condition. The pitch roof sagging result is from the slating or tilling that has dished appearance,
and the ridge may also have sagged. This defect is more commonly found in older pitched and tiled
or slated roof.

While there are many different types of roofing defects, most are known to be causes by:

a) Improper installation

The installation of roof will need a number of skilled workers. If the roof is not installed
properly, it wills yield to roof defect such as roof leakage and sagging. The causes of roof defect are
because the worker maybe not have a license, or certificate apart from having a low level of
experience.
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b) Poor workmanships

Quality of workmanship is needed such as to maintain the roof or construction of roof. The
life expectancy will be reduced due to the poor workmanships which is can both bring to loss for
both the dealer and the buyer.

c) Defective materials

Materials themselves also may be the factors to the roof defect. The material too, may be not
suitable to weather condition. Sometimes, it is not installed correctly also due to sagging and
deformation.

3.9 Erosion of mortar joint

Mortar is a mixture of sand and cements in form of brick and block walls. The compositions
of mortar are sand, water, and cement or lime. When it dried, it became rigid aggregate that is
defined as building paste. While it was still wet, the mortar is spread along the edges of brick or
stone.

Mortar joint is function to the masonry block or brick wall. This is because of there is strong
and durable materials. Mortar joint is considering deterioration when have the sign such as:

i. They have eroded more than 1/4" from the face of the unit or beyond the depth of the
original joint.

ii. Cracks are visible within the mortar

iii. The bond between brick and mortar is broken or the mortar is soft or crumbling

iv. Any portion of mortar joint is missing

Mortar joints are not intended to be a permanent part of a masonry wall, but rather, an
expendable component that does have to be replaced at intervals. Removing deterioration of
mortar joint is having through the repointing process and replacing it with new mortar.

The causes of erosion of mortar joint as follows:

¢ Spalling of the mortar and brick will occur due to the expansive nature of frozen water.
This happens when excessive moisture enters the wall.

¢ Any building that are built without adequate expansion joints will be the cause for this
problem.

e The cracking occurs due to movement, or from thermal expansion. Besides, uneven
settlement in building’s foundation also can produce to cracking.

¢ Probably the mortar is unstable to be as resistant as it should be to severe weathering such
as the use of high cement content mortars can result in loss of bond between brick and mortar.

3.10 Unstable Foundation

Foundation is necessary to support a building and the all of its loads that are within or on it.
The foundation should be made from material that will not fail and lost its stability in the presence
of ground or surface water. Usually, the foundation is constructed with a depth of one semi-meter
from the ground level. When the building or property is designed, there should be little or no
cracking in the foundation and of course zero water leaks. Besides that, it is necessary to determine
the total load to be supported. The foundation will be carrying out both the dead and live load and
will transfer the load to the soil. Moreover, the function of the foundation is to avoid building from
sinking due erosion or movement and also to stabilize the building.

If there is presence of difficulty in the foundation, it will defect all of the building structure.
Some of the affects of foundation problem are building collapsing, crack on the floor and the wall,
the wall leading and many others.

Another unstable factor is the movement of the soil because of presents of the water flow.
Besides that, the faulty design of foundation also will cause it to overload. Apart from that, the
using of material for the foundation is not being followed as the standard and requirement being
agreed. The causes of unstable foundation as follows:

a) Movement of the soil

There is one major cause in the movement of soil that is the presences of water flow.
Especially for the hill slope area, the probability of landslide occurrence is higher particularly while
heavy downpour.
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b) Faulty Design

Design is important thing before the building is constructed. Design will ensure the
foundation is suitable for supporting the building. If the design fails to fulfill the requirement
standard, it will cause the building to collapse.

¢) Overloaded

The maximum load of building will be stated by the architect. The building will collapse if the
load is not suitable with the foundation. The foundation must be stable enough and suitable to
support the building and its total load. (Dead and Living Load)

d) Material

Material also will affect the stability of the foundation. The material used will affect the
strength of the concrete. It is also being a must to ensure that the foundation will last long and have
longer life expectancy. At the same times, the foundation should be made from materials that will
do well even in the presence of ground or surface water.

e) Natural Disaster

Another factor is natural disaster that is unexpected. It also happened because of human
negligence.

4. Conclusions

It should be pointed out that, entire buildings are subjected to the various forms of defects,
failures, deterioration and variation. The literature has explored a number of building defects and
its contribution factors which can be associated to the major theme of this paper. It is significant to
appraise each defect and failure in every part of building and find out the primary causes of each
individual defect and failure. Then, remedy them correctly. The contribution factors to these
defects and failures must be investigated intensely. Once founding out the possible causes of the
defects and failures, it is imperative to distinguish how to keep away from it in the future and
reduce the effect to the minimum.
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1. Introduction

Nowadays amount of information which a person has to deal with every day increases
steadily. In this connection, a matter of value of the information being look-up by the person or
incoming for him is raised inevitably. In other words, a problem of information relevance is
emerged. Under conditions of broad proliferation of computer systems, one of the main means of
solving such the problem is so-called search engines.

Depending on their nature, they provide different information to user. For instance, web
search engines provide relevant results of user queries. At that, depending on a type of the query,
user can get a list of web-links, the result of an entered mathematical expression, forecast
information, and so on, as results of his query. There are engines providing an answer for a user
question asked in natural language (Apple Siri, Google Now, Microsoft Cortana). Services like
Shazaam searches for name of a song fragment recorded by the user. Finally, there are many online
advertising services. The content of the advertising banner exposure to user is based on his search
history, visited web-sites, his geolocation, etc.

Each search engine is based on the principle of data ranking. Thanks to this fact, depending
on the query the same data can correspond to different relevance degrees. Information about
relevance one or another data is taken from so-called training data. Values of all elements
belonging to the training data are given by experts.

One of the most used approaches to learning to rank is an approach based on support vector
machine (SVM) apparatus [1]. Based on its features, ranking problem reduces to data classification
problem. It can be said that it may be treated as a general tool used for such the set of problems.

Classification problems are specific enough thus depending on application domain they may
differ a lot. For example, a standard form of training data used in classification in the context of
search engines cannot be obtained at all [2]. In these systems, a priori information which can be
used in many other cases is represented in a form of some relative assessments. As a consequence
of this fact, there is a need of development of appropriate approaches oriented on such the data
processing.
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2. SVM-based ranking models

By definition, the learning to rank problem is referred to a type of supervised machine
learning. Such the learning consists of ranking model automatic selection on a given training data
set. One of the ranking models is a model based on support vector machine method [1]. From
mathematical point of view, the method consists in mapping of vectors representing input data into
space with greater dimensional and further searching of a separating hyperplane with maximum
gap in this space. The main advantage of this method is efficient realization non-linear separating
functions in the context of the classification problem.

SVM-based models, as well as any ranking models, can be divided into three categories
depending on the approach they based on [2]: pointwise, pairwise, or listwise. The main difference
consists in what form input and output data have, as well as loss function.

1. Pointwise approach. It is expected that each input-output data pair confronts with a
certain numerical assessment. In this case the learning to rank problem reduces to regression
building: a numerical assessment is needed to predict for each single pair. In the bounds of this
approach many existing machine learning regression-based algorithms can be applied directly.

2. Pairwise approach. While the approach is used, learning to rank problem reduces to
building a binary classifier dealing with two input objects corresponding to the same query. It is
needed to determine which of them is more relevant.

3. Listwise approach. The approach consists in building a model dealing with a set of all
input objects corresponding to the same query. As a result it returns a list of these objects but
ranked.

The main SVM-based models corresponding to these approaches are SVM-based pointwise
model [3], RankSVM [4], and SVM™2r [5]. Review of each model is given below in further sections.

3. SVM-based pointwise model

The model is based on pointwise approach [3]. A principle of work consists in reduction of
ranking problem to classification problem. In this case the classification is regarded to a variation
of supervised learning problem, in which all output values are discrete. At that, an output value
corresponds to a relevance degree of a given object. In this connection, the value relates to a certain
object category. A rigorous mathematical definition of the algorithm and the corresponding
optimization problem which implements this model are given in [3].

There is a disadvantage connected with SVM-based pointwise model. By its nature, ranking is
more relative order prediction rather than a precise relevance degree of a given object. Thus while
the model is applied, a relative order between objects can not normally take a part in the learning
process by the reason of its absence.

4. RankSVM

The models are based on pairwise approach [4]. And the ranking problem in this case
reduces to a binary classification problem. In comparison to SVM-based pointwise model, an
output value is a relative order between objects, no an absolute value which characterizes a
relevance degree of them. Thus, RankSVM does not have the disadvantage which is belonged to
SVM-based pointwise model.

In its turn, RankSVM has a number of disadvantages. At first, by its nature, a result of binary
classification is a list of objects which contains no information about difference in relevance degree
between each two next objects. At second, RankSVM is more sensitive to imprecise data from the
training set. It affects negatively on quality of obtained results. At last, dependence of a number of
pairs on a number of objects is mathematically quadratic that negatively impacts on processing
performance in case of a huge data.

Initially, the method was developed to improve search engines efficiency. In simple words, it
is easier to describe this model in terms of web-search. In whole, RankSVM is comprised of three
steps on learning stage:

1. It calculates distances between two any vectors given on step 1.

2. It maps input elements between queries and web-pages visited by the user into a certain
feature space.

3. It states an optimization problem similar to SVM classification and solves such the
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problem by means of a regular SVM solver.
A rigorous mathematical definition of the algorithm and the corresponding optimization
problem which implements RankSVM are given in [4].

5. SVMmap

A principle of work of SVMm2p is based on listwise approach [5]. As a whole, the model solves
classification problem in more natural way rather than SVM-based pointwise model and
RankSVM. It can be explained that these two models do not take into account the fact that some
objects (or pair of objects) do not correspond to the same input query.

In other words, SVMm2r uses a whole set of objects corresponding to a query as one input
object and a list of these input objects (or their relevance degrees) in ranked form. A rigorous
mathematical definition of the algorithm and the corresponding optimization problem which
implements SVM™2p are given in [5].

In accordance to previously conducted researches [6], efficiency of listwise ranking
algorithms is better in whole rather than pointwise and pairwise ones. On other hand, a more
efficient learning algorithm is needed in order to make the listwise approach more practical. It also
regards to SVM™ar model.

6. SVM-based ranking models comparison

SVM-based pointwise model reduces ranking to regression, classification, and ordinal
regression. In its turn, RankSVM reduces ranking to pairwise classification, whereas SVMmap
reduces ranking to a brand-new problem and defines specific algorithms for this.

Advantage of the first two models consists in possibility of direct application of many existing
various tools. The main disadvantage of them is that individual ranking features are not considered
in definition of algorithms used by them. An issue related with SVM™2r consists in difficulty of
algorithms used by the model.

7. Problems connected with training data set

On the assumption of application of the models given above and taking into account of their
advantages and disadvantage, there is a choice of an appropriate model needed in order to solve a
certain practical problem. At that, to build an efficient model another important problem should be
taken into account. It consists in preparation of a high qualitative training set. The process, in its
turn, connects with a set of problems:

e At first, the fact should be taken into account that a training set is needed to have a great
number of objects but at the same time have a cost of its getting as less as possible. A striking
example which exposures this issue is a straightforward inquiry of a great number of respondents:
an amount of data obtained is limited and the process itself is costly.

¢ At second, data obtained by experts is not always enough and even correct because there
may be people subjectivity taken a place during inquiry process. Development and further
application of the data selection strategy can be regarded as a solution for this issue. First examples
of such the strategies are Depth-k pooling [7], MTC [8], and LETOR [9].

To reduce cost of a training data acquisition it is logical to approach to automation of this
process. In this connection, there is a need to develop and apply a strategy which favors more well
thought-out selection of training data elements. In extreme case, it may help to get rid of over-
fitting issue. In its turn, when it is possible, analysis of actions made by the user can be applied to
promote further adaptation of used algorithms.

The issues given above are not fully solved in the bounds of existing models. And not only
SVM-based models but others also. At that, it should be noted that these problems are just main
whereas the process of training data acquisition is conjugated with a number of additional
problems [2].

8. Future research directions

Nowadays there many researches are conducted in the area of learning to rank problems. In
this connection, new and new problems required further investigation are emerged. At that, it can
be noted that they affect various aspects of the ranking problem.
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As it was said before, ranking algorithms based on listwise approach are researched in less
degree rather than algorithms based on pointwise and pairwise approaches. At that, it is noted a
need to develop more advanced ranking models rather than existing ones [10].

A problem related to building a training data set takes a place. Generally, the dataset is
comprised of nonrandom objects selected manually. Each of them affects on results of the learning
in some degree, whereas real data may have a rather big percentage of objects which correspond to
a small relevance degree. Solution of this problem is connected with well-thought selection of
objects belonging to the training data set.

There is another problem related to a training data set [2]. By its nature a training data set
built basing on experts' assessments does not confront by its scale with amount of data needed for
rigorous learning. At that, possibility to adapt existing algorithms to new incoming data is not
taken into consideration. Such the issue can be solved by means of so-called self-learning of
ranking algorithms, when processed data takes a part in the training set in a certain degree.

As of ranking algorithms, there are several problems connected with them. At this time a few
attention is paid to scalability on development of the ranking algorithms [11]. The possibility to
parallel the algorithm may considerably decrease its execution time in case of a huge amount of
data. It is especially important in real-time systems, where a trade-off between results accuracy and
algorithms time consumption is emerged inevitably [12]. In its turn, a problem connected with
flexible selection of ranking features may be also referred to this category [13]. The training data set
directly influences on results of data processing. At this moment it is built on the assumption of
subjective experts' criterion. But on the other hand it might change at runtime to meet optimization
needs. At that, the algorithm itself should be resistant to changes in the feature set and not to
depend on it [13]. To some extent, it is also connected with self-learning of the ranking model.

At last, a ranking problem is emerged on conditions that the given information is imprecise
or incomplete. In this case a priori relative assessments are group, or in other words interval.
It should be noted that at this moment such the problem is not researched enough. Authors of this
paper are working on this direction.

9. Conclusions

Aim of this work was to give a short critical review of existing ranking models based on the
support vector machine apparatus. The following models were considered: SVM-based pointwise
model, RankSVM, SVMma, They are based on fundamentally different ways of input data
processing. Main advantages and disadvantages were provided for each model. Comparison of
these SVM-based models was given.

Along with SVM-based models review, existing problems connected with building a training
data set were enumerated. Implementation of each model is based on this data set. Future research
directions were given. From the authors point of view, one of the most challenging open issue deals
with modification of existing ranking algorithms is their adaptation to imprecise and limited
relative assessments.

10. References

1. Herbrich, R., Obermayer, K., Graepel, T.: Large margin rank boundaries for ordinal
regression. In: Advances in Large Margin Classifiers, pp. 115—-132 (2000).

2. T.-Y. Liu: Learning to Rank for Information Retrieval, Springer (2011).

3. Nallapati, R.: Discriminative models for information retrieval. In: Proceedings of the
27th Annual International ACM SIGIR Conference on Research and Development in Information
Retrieval (SIGIR 2004), pp. 64—71 (2004).

4. Joachims, T.: Optimizing search engines using clickthrough data. In: Proceedings of the
8th ACM SIGKDD International Conference on Knowledge Discovery and Data Mining (KDD
2002), pp. 133—142 (2002).

5. Yue, Y., Finley, T., Radlinski, F., Joachims, T.: A support vector method for optimizing
average precision. In: Proceedings of the 30th Annual International ACM SIGIR Conference on
Research and Development in Information Retrieval (SIGIR 2007), pp. 271—278 (2007).

6. Xia, F., Liu, T.Y., Wang, J., Zhang, W., Li, H.: Listwise approach to learning to rank—
theorem and algorithm. In: Proceedings of the 25th International Conference on Machine Learning
(ICML 2008), pp. 1192—1199 (2008).

21




European Journal of Technology and Design, 2014, Vol.(3), N2 1

7. Aslam, J.A., Kanoulas, E., Pavlu, V., Savev, S., Yilmaz, E.: Document selection
methodologies for efficient and effective learning-to-rank. In: Proceedings of the 32nd Annual
International ACM SIGIR Conference on Research and Development in Information Retrieval
(SIGIR 2009), pp. 468—475 (2009).

8. Carterette, B., Allan, J., Sitaraman, R.: Minimal test collections for retrieval evaluation.
In: Proceedings of the 29th Annual International ACM SIGIR Conference on Research and
Development in Information Retrieval (SIGIR 2006), pp. 268—275 (2006).

9. Liu, T.Y., Xu, J., Qin, T., Xiong, W.Y., Li, H.: LETOR: benchmark dataset for research on
learning to rank for information retrieval. In: SIGIR 2007 Workshop on Learning to Rank for
Information Retrieval (LR4IR 2007) pp. 3-10 (2007).

10. Qin, T., Liu, T.Y., Zhang, X.D., Wang, D., Li, H.: Learning to rank relational objects and
its application to web search. In: Proceedings of the 17th International Conference on World Wide
Web (WWW 2008), pp. 407—416 (2008).

11. Chang, E., Zhu, K., Wang, H., Bai, H., Li, J., Qiu, Z., Cui, H.: Parallelizing support vector
machines on distributed computers. In: Platt, J., Koller, D., Singer, Y., Roweis, S. (eds.) Advances
in Neural Information Processing Systems 20 (NIPS 2007), pp. 257—264. MIT Press, Cambridge
(2008).

12. Wang, L., Lin, J., Metzler, D.: Learning to efficiently rank. In: Proceeding of the 33rd
International ACM SIGIR Conference on Research and Development in Information Retrieval
(SIGIR 2010), pp. 138—145 (2010).

13. Chang, Y., Liu, T.Y.: Future directions in learning to rank. JMLR: Workshop and
Conference Proceedings 14, pp. 91-100 (2011).

22




European Journal of Technology and Design, 2014, Vol.(3), N2 1

ISSN: 2310-0133 s
Founder: Academic Publishing House Researcher RS
DOI: 10.13187/issn.2310-0133 reclony i s

Has been issued since 2013. @
European Journal of Technology and Design

Study of the Properties of Transition Metals and Alligations on the Basis of Major
data of the Method of Positron Annihilation Spectroscopy

1V.I. Grafutin
10.V. Ilyukhina
1E.P. Prokop'ev

1V.A. Ilyukhin
1Yu.V. Funtikov

1t NRC "Kurchatov Institute"” Federal State Institution "State Scientific Center of the Russian
Federation - Institute of Theoretical and Experimental Physics." FGBI "SSC RF - ITEP." (NRC
"Kurchatov Institute"” FGBI "ITEP"), Russian Federation

25, B. Cheremushkinskaya st., Moscow, 117218

E-mail: epprokopiev@mail.ru

Abstract. The article presents the data of the study of vessel steel, used in acting
pressurized-water reactors—440. The studied steel patterns had vacancy deffects, also caused
by neutron irradiation. The sizes of the defects were detected. The article proves that the method of
positron annihilation spectroscopy is one of the most efficient methods in detecting the size of
nanoobjects (vacancies, vacancies cluster), independent volume of reed marks, cavities, hollows,
their concentrations and chemical compositions at the site of positron annihilation in defect
materials.
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1. Beenenue.

PaboTta mocBAIEHA WCC/IEIOBAHUIO IEPEXOAHBIX METAJUIOB, HCIIOJIb3YEMbBIX B CTJIAX
JledCcTBYIONIUX peakTopoB BBAP-440 [1, 2]. B mpomecce skciutyaTaniuui peakTOpPOB 3TOTO THIA
MIPOUCXO/IUT OXPYITYUBAHHUE KOHCTPYKIIMOHHBIX MaTepraaoB. CYUTAETCSA, YTO OCHOBHOU MPUIHNHON
OXPYITYMBAHUS KOPIyCHBIX PEAKTOPHBIX CTaJied sABJsieTcss 0Opa3oBaHUWE HAHOKJIACTEPOB,
COJleprKaIlNX IIPEUMYyINecTBeHHO Meab U dochop [3, 4]. B Hacrosimee BpeMsi ompesesieHBI
PEeXUMBI OTKUTA IS IIPOJIJIEHUsA CPOKa CJIY>KObI KOPILYCOB 3THUX TUIIOB PEAKTOPOB U IIPOBEJIEH
OTKHUT KOPIycoB. JlayibHeNIas 3KCIUIyaTalusa OTOXKEHHBIX KOPIIyCOB PEaKTOPOB, OIpefie/ieHHe
BO3MOXKHOCTEH IOBTOPHOTO OTXKHTra KOPIIyCOB TpPeOyIOT TMPOBEJEHUSA JOMOJIHUTEIbHBIX
HCCIEZIOBAHUN COCTOSIHUSA MaTepuasa B OTOXIKEHHOM U IOBTOPHO OOJIyYEHHOM COCTOSHUSAX.
Ins obocHOBaHUA pa3pabaThIBAEMBbIX IMPOTHO3HBIX MOJlejled HeoO0XOoAnMa 3SKCIepUMeHTabHAA
nHdopmarusas o0 SBOJIONUU TOHKONW CTPYKTYPHl PajlallMOHHO-UHAYIIUPOBAHHBIX COCTOSHHUM.
B pamkax mexayHapogHoit mporpammMbl PRIMAVERA mnpoBeieHbl KOMIUIEKCHBIE UCCIIEOBAHUSA
MaTepuajia KOPIIyCOB peakTopoB BB3P-440 ¢ wucnosb30BaHHMEM Pa3IMUHBIX (PUBHUECKUX
METOOUK [5-9].

JlanHas paboTa MOCBAIIEHA HCCIIEAOBAHUIO IIEPEXO/IHBIX METAJ/UIOB, BXOAAIINX B 00pas3lbl
9THUX CTajJIed OJAHWM W3 MeTOJI0B IO3UTPOHHOU AHHUTWIAIMOHHOU CIIEKTPOCKOIIUHM. MeTozbl
MO3UTPOHHON aHHUTWIANUOHHOH crekTpockonuu (ITAC) apisaioTes ogHUMH U3 3G@PEKTUBHBIX
Hepa3pyIIAIINX MEeTO/I0B UCCIIeZI0OBAaHNUS HAaHOOOBEKTOB (BakaHCUI, BAKAHCHOHHBIX KJIACTEDPOB),
CBOOOJTHBIX 0O'BEMOB TIOP, ITOJIOCTEH, ITyCTOT, MX KOHIEHTPAIIUA M XUMUUYECKOTO COCTaBa B MeCTe
QHHUTUJIAIAY TIO3UTPOHOB.
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B mocnegHue rofpl KOMOWHAITUAS STHX METOJIOB IITUPOKO M YCIIEIIHO HCIIOJIb3YeTCsA IS
HCCIEZIOBAaHUS PATUAllIOHHBIX JIeeKTOB B MaTepHayiax aTOMHOHW TeXHHKH [10-16]. Ilesnbio
HACTOsAIIEeH paboThl SABJISJIOCH HUCC/IEI0BAaHUE BJIEKTPOHHBIX U JIe(PEKTHBIX CBOMCTB IEPEXO/IHBIX
METAJJIOB, BXOJAIINX B COCTaB PEAKTOPHBIX CTaJIel, IMyTeM U3MepeHHUs YIJIOBOTO pacIpesiesieHus
AHHUTWIAIUOHHBIX (HOTOHOB (Meron YPA®). MccieoBaHbI 0OpasIilbl IEPEXOAHBIX METAJUIOB,
HCTOJIb3YEMBbIX B CBAapHBIX COEIMHEHUSX CTajeldl C Pa3JIMdHbIM cojiep:kaHueM docdopa,
00JyrygeHHBIE HEUTPOHAMU 710 QJIIOEHCOB 6-10'9 H/CM2, 00JIydeHHbIE B OTOMCKEHHBIE [17-19]. Jlia
HUCCIEyEMBIX METAJUIOB  OKCIEPUMEHTAJIBHO OIPeJieJIEHbl TaKWe BaKHbIE XapaKTEPUCTUKU
METAJJIOB, Kak 2Heprus ®epmwu, yiesbHOE YHUCIO CBOOOAHBIX B3JIEKTPOHOB, IPUXOAAIIMXCS HAa
OJWH aTOM MeTajUla, WX KOHIIEHTpalls B 30HE IPOBOJMMOCTH, pa3Mephbl U KOHIIEHTpaIlys
paMaIiOHHO-UHAYITUPOBAHHBIX JedeKTOB. VccienoBaHo BIUsAHUE HEUTPOHHOTO OOJIydeHHs U
MOCJIEIYIOIIEr0 OTKUTA HA CBOMCTBA KOHCTPYKIIMOHHBIX MaTEPUAJIOB, UCIIOJIb3YEMbBIX B peaKTOpax
BB3P (06sryueHne o6pasIioB cBHUIeTEIE ITPOBOIMIIOCH B KaHaax PoBeHckor ADC). XuMUUYeCcKui
COCTaB U COCTOSTHHE UCCJIEIOBAaHHBIX 00pA3II0B CTaJIed Ipe/ICTaBJIeH B TaOJ/IUIAX 1 U 2.

Tabauya 1.
XUMHUYIECKHH COCTAB HMCCIEIOBAHHBIX 00PAa310OB CTAIH
C Si Mn P S Cr Ni Mo Cu A%
LP 0.04| 0.04 1.12 | 0.027 | 0.013 1.42 0.13 0.49| 0.16 0.19
MP 0.04 0.39 1.15 | 0.031 | 0.013 1.42 0.13 0.50| 0.16 0.18
HP 0.05 0.36 1.09| 0.038 | 0.014 1.54 0.13 0.51 0.16 0.19

LP - CBapHOI IIOB ¢ «<HU3KUM» coziepkaHueM docdopa
MP - CBapHOI1 OB €O «CpeTHUM» cofiepkaHueM docdopa
HP - CapHoii 1110B ¢ «BBICOKUM» cofiep:kaHueM ¢ocdopa

Tabauua 2.
CocrostHHE HCCJIeIOBaHHBIX 00pa3IoB cTau peakTopoB BBAP-440: 10 X 10 X 1 MM

MapkupoBka | P (%) CocrosiHre 06pasIoB ®roeHc Kon-Bo
00pasIoB X109H/cM?2
(E>0.5 MsB)

HP 0.038 HeoOJTyUYeHHbIE 0 2
MP 0.031 HeoOJIyueHHbIe 0 2
LP 0.027 HeoOJIyueHHbIe 0 2
HP 0.038 00JTy4eHHbIE 1.22 2
MP 0.031 00JTy4eHHbIE 1.24 2
LP 0.027 00JIyueHHbIE 1.22 2
MP 0.031 00JTy9eHHBIE 6.39 2
HP 0.038 00JTy4eHHbIE 5.95 2
LP 0.027 00JIy4eHHbIE 5.95 2
HP 0.038 00JrydeHHBbIE+ OTOXKKEHHbBIE | 5.71 2
MP 0.031 00JIyYEeHHBIE + OTOMXCKEHHBIE | 5.04 2
LP 0.027 00JIy4eHHBIE + OTOMXIKEHHBIE | 5.71 2

CyMMapHO€e KOJITYECTBO Bce mozunyu 24

2. Onucanue merogaa YPA®

[TosutponHas aHHUTWIINHOHHAs criekTpockonus (ITAC) sBisieTcsi COBpeMeHHbBIM METO/I0M
U3y4YeHHs CTPYKTYPHI BellecTBa [10-20]. Ee cyTh COCTOUT B UMILIAaHTAIIUU B UCCIIEAyEMBbIN 0Opaserr
IIO3UTPOHOB, 06pasyloIIuXcA B pesyiabrate [ - pacmaza paguoaKTMBHOIO MCTOYHHMKA (Kak

mpaBwio, sAzep uzotonoB Na-22, Cu-64, Co-58, Ti-44) u nocyienymolieil perucTpanyuy napamMeTpoB
AHHUTWIAIMOHHOTO TaMMa-U3JIydeHHus. B IO3UTPOHHOH CHEKTPOCKOIIUY IMO3UTPOH BHIMOTHAET
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yHKIIUM 30H/JA, AHHUTHJIAIMOHHBIE XapaKTEPHUCTUKU KOTOPOTO OIPeesAITCS CBONMCTBAMU
cpe/ibl, OKpY»Kamlllei ero B MecTe aHHUTWIALNY.

B BemecTBe mpollecC aHHUTWIAIUM ITO3UTPOHOB MOXKET IPOTEKAaTh KaK B CBOOOJHBIX
COyZapeHUsX C BJJEKTPOHAMU Cpefibl, Tak U dYepe3 o00Opa3oBaHUE CBA3AHHBIX COCTOSHHUI
IIO3UTPOHOB C 3JIEKTPOHAMH, aTOMaMH, MOJIEKyJlaMUd U PasjIMYHbBIMU JedeKTaMU, IIPU 3TOM
K&OKIbI KaHaJl aHHUTWIAIMKA BHOCUT CBOHM crenmudUUecKHil BKJIAJ B SKCIEPUMEHTATbHBIN
QHHUTWIAIMOHHBIN crieKTp. EcTecTBeHHO, [/11 KOPPEKTHON UHTEPIPETAIUH SKCIIEPUMEHTATHHBIX
cuektpoB ITAC HeoOXoIUMBI Ha/IeKHbIE TEOpPETHUYECKHEe MOJieId 00pa3oBaHUA IO3UTPOHHBIX
COCTOSTHUH, NX B3aUMOJIEUCTBUA C JlepeKTaMu U IPOAYKTAMHU PAN0IN3a CPEBI.

B Hacrosamee BpeMs AaKTUBHO MCIHOJB3YIOTCA TPU OCHOBHBIE pasHoBuzHOocTU IIAC:
1) perucrpanus BpeMeHHOTO paclpeiesieHus aHHUTWIAIHOHHBIX poToHOB (BPA®). Ona coctout B
U3MepeHUHN BPEMEHU KU3HU KaXK/I0T0 MMIUIAHTUPOBAHHOTO B oOpasell e+ (TO ecTh MHTepBasa
BpeMeHU MeK/ly perucrpanyeil crapToBOro raMMa-KBaHTa, UCIyCKaeMOI'0 Pa/IHOAKTUBHBIM SA7[POM
- ICTOYHUKOM IIO3UTPOHA B MOMEHT OeTa+ - pacnaza, 1 OJHOTO U3 aHHUTHIAIIMOHHBIX (DOTOHOB C
SHepruen 511 k3B); 2) u3MepeHUe yIJI0BOTO paclpeiesieHus aHHUTHIAIUOHHBIX GOTOHOB (YPA®).
B aTom ciydae permcrpupyercsa OTKJIOHeHHe OT 180 rpajycoB yria pasjiera (POTOHOB IIPH 2Y-
AHHUTWIANUY; 3) U3MEPEHUe JIOIJIEPOBCKOTO YIIUPEHUS AHHUTWIANUOHHOU yimHUU (JIYAJI).
31ech u3MepseTcs OTJIMYHNE B SHEPTHU aHHUTWIAIUOHHBIX (POTOHOB (IIpU 2Y-aHHUTWIAINN) OT
511 k3B.

Meton BPA® naet cBezieHust 00 37IEKTPOHHOM IJIOTHOCTH B MECTE aHHUTHJISIINY ITO3UTPOHA,
a metoapl YPA® u JIYAJI paroT mHpOPMANMIO O pacIpe/ieJIEeHNH UMITyJIbCOB 3JIEKTPOHOB CPEJIBI.
Takum o6pazom, wmetomuku BPA® wu VYPA® fnomosHAIOT [Apyr [Apyra ¢ ITO3BOJISIOT
SKCIEPUMEHTAJIBHO N3MEPATh NapaMeTPhI BCeX KAHAJIOB aHHUTWIIALIY IIO3UTPOHOB B Cpefie U TeM
caMbIM TIOJIy4aTh Pa3BEPHYTYI0 MHGPOPMANHIO 00 3JIEKTPOHHBIX U /Ie(PEKTHBIX CBOMCTBAX CPEBL.
B mpoBogsamux cpenax nedekTsl (HampyuMep, BaKaHCHUH), KaK IPAaBUJIO, 00J1a/1al0T U30BITOYHBIM
OTPULIATEJIBHBIM 3apA/0M U IO3TOMY NPUTATUBAIOT NO3UTPOHBIL. MccienoBanue metonoMm BPAD
0o0JIyueHHbIX HeUTpOHaMu 00pa3loB crajell peakTopoB BBOP-440 mnokasano, uTo [10sd
IIO3UTPOHOB, 3aXBaUYeHHBIX PaJUAIMOHHO-UHAYINPOBAHHBIMU JlepeKTaMU, 3aBUCUT OT (JIIoeHca
HeUTpOHOB U npu Oonpmux ¢uroeHcax (=10-102° H/CM2) DpaKTUYeCKH Bce TIO3UTPOHBI
3axBaThIBAIOTCA JlepeKTaMU U aHHUTUJIUPYIOT B HUX [18-19].

ComocrasiieHrEe U3MePsSIEMBIX BPEMEH >KHU3HU IIO3UTPOHOB B HCCJIElyEMBIX MaTepHhaiax C
M3BECTHBIMU BpeEMEHaMU KU3HU B JledeKTaxX Pa3jIMgHOrO THMA MO3BOJIAET HUAEHTHU(PUIMPOBATH
Ul fedeKTa, a 0 U3MEPEHUIO JI0JIU MO3UTPOHOB, AHHUTHUJIUPYIOIINX B 3TOM JiedeKTe, IOIy4aTh
nH@OpMAaIMI0 O KOHIleHTpanuu JedekToB. IlapameTpsl yIJIOBBIX aHHUTWIAIMOHHBIX CIEKTPOB
cozepkar uHOpMANUIO 00 HSHEPTHU AHHUTWUIUPYIOMIEH IMO3UTPOH-3JIEKTPOHHOW Taphl.
ITockospKy B mpoliecce aHHUTWIAIINN YIaCTBYIOT IPAKTUYECKN TePMAJIN30BaHHBIE IIO3UTPOHBI, TO
u3MepsieMas SHeprus aHHUTWIUPYIOIIEH II03UTPOH-3JIEKTPOHHON IIapbl OIpefiesisgeTcs B
OCHOBHOM D5HEpruell 5JIEKTPOHOB AaTOMOB cpefbl, OKpykawomux aedexr. ComocraBjeHue
U3MepsAeMOU SHepruu ¢ TaGJIMYHBIMU 3HAUeHUAMHU MOTEHI[UAJIOB HOHU3AIUU JaeT UH(POpMaLUIO
0 XHMHYECKOM COCTaBe Cpeabl B MeCTe AHHUTWIALWYN IIO3UTPOHOB, a JHEPryUsd IO3UTPOHOB
xapakTepusyeT pasmep AedektoB. IIprMeHeHNe MO3UTPOHHONW METOJMKH B aTOMHOU OTpPac/u
M03BOJIIeT MCCJIENOBaTh PAJUAIMOHHO-UHAYIUPOBAaHHbIE JledeKThl pa3MepoM /O OZHOTO
KyOmueckoro HaHometpa. Ilopor uysctBuTenbHOcTH [TAC B OTHOImIEHUU MOAOOHBIX JieeKTOB
COCTaBJIAET IPUMEPHO 104 cM3.

3. Mertoguka YPA®

YcraHOBKA 10 U3MEPEHUIO YTJIOBOTO PaclpesiesieHUus] aHHUTHIAIMOHHBIX (GOTOHOB (YPAD)
pacIoJio’KeHa B dKCIepuMeHTaIbHOM 3ajie peaktopa UPT MUO®U. VMcTOYHUKOM NO3UTPOHOB B
YCTAHOBKE CJIY>KUT PAJUOAKTHUBHBIA n30Ton Cub4, mosryyaeMsblil 00/ IydeHrneM HEHTPOHAMU U30TOTIa
menu Cu® B anepHoM peakrtope: Cu® + n = Cu®4. Bau30CTh YCTAaHOBKU K AZEPHOMY pEaKTOpYy
M03BOJIAET IPOBOJUTH PabOTHI C MCIOJIH30BAHMEM MOIIHBIX (HECKOJIbKO Kiopm) HMCTOYHUKOB
IIO3UTPOHOB, YTO CYyIIECTBEHHO PACIIMPAET BO3MOXXHOCTH YCTAHOBKH, a4 T€M CaMbIM M KJIAcCC
uccaeayeMbIx cpel. Vicnosb3yeMble B I3MEPEHHUAX UCTOYHUKY TO3UTPOHOB IMPEZCTABIIAIN COO0U
IUIACTUHKU Pa3MepPOM 2xX2X0,2CM, BbIpe3aHHble U3 (OJBIH 3JIEKTPOJIUTHIYECKON MEIN.
[Tnacruakm obsyvanuck cytku B peaktope UPT MUO®U nelitpornamu A0 duroeHca 1.7-10'8 n/cmz2.
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ITocsie BBITPY3KH W3 peakTopa IIO3UTPOHHBIE HCTOYHUKM AaKTHUBHOCTBIO HECKOJIbKO Kropu
IIOMeIAINCh B OOJyJYaTesJbHYIO YacTh ycTaHOBKM YPA®. VYrioBoe paspelieHHe YCTaHOBKU
COCTAaBJIAJIO 0,4 Mpaj. Yuceso coBnaieHui B MAaKCUMyMe KPUBOH JocTUTasIo (10 + 16)-103.

Merton yIJIOBOTO paclpesiesieHusl aHHUTWIAIHOHHBIX (poToHOB YPA® [13-15] ocHOBaH Ha
perucTpanyy COBIQJIEeHUU OT JIByX IaMMa-KBaHTOB C BJHeprueil ~511 k3B, BO3HHUKAIOIIUX B
pe3yJsibTaTe AaHHUTWIANN 3JIEKTPOH-TIO3UTPOHHBIX AP U PA3JIeTAIOIINXCA B MPOTUBOIIOJIOKHbIE
CTOPOHBI B CHCTEME I[eHTpa Macc mHapbl. IIpm aHHUTWIAIUU 3JIEKTPOH-TIO3UTPOHHOU Iaphbl
BBIIIOJIHAIOTCA 3aKOHBI COXpaHeHUs UMITyJbca U 5Hepruu. Eciu neHTp mMace nmapbl HENOABUKEH
(v=0), To oba jKBaHTA pas3jeTAlOTCA B IIPOTUBOIOJIOXKHBIX HampaByieHHAX (yroa 6 =0) c
ofvHAaKOBOM sHepruedl kic =k.c =moc2==0,511M3B. Ecm v#0, TO Yyl MeXIy
HaIpaBJIeHUAMU pasjeTa -KBAaHTOB OyAyT OT/IMYAThCA OT 180°, a UX SHEPrus yke He Oy/leT paBHa
0,511 MaB. Takum ob6pa3om, uaMmepenue yria 0 (OTKJIOHEHHE yrjia pasJiera y-KBaHTOB OT 180° )
II03BOJIAET ONpeeJINTh HUMIIyJbC e*-e~ mnapbl. II0O3UTpOHBI K MOMEHTY aHHUTWIALUU
TepMaIn3yl0Tcs, IO3TOMY YT0JI Pa3JIeTa y-KBAHTOB OIpeziesifAeTcs UMITYJIbCOM 3JIeKTPOHA.

B pamkax mojiesn cBOOOZHOTO 3JIEKTPOHHOTO Ta3a 3JIeKTPOHBI IIPOBOAMMOCTH B MeTaslie
HMEIOT UMILyJIbCHOE pacIipe/iesIeHue:

-1

(p2 /2m) ks 1
KT (W)

rae ¢ - sHeprus ®epmu; kp - mocrossHHass Boabiimana; T - abCcoTIOTHAS TEMIIEPATYPA.
JI1a HUBKHUX TEMIIEpATyp TO paclpesesieHne OJIM3K0 K MPSIMOYTOJIbHOMY, IIO9TOMY B KPHUBBIX
YPA®D metasuioB Habr0naeTcs napabosnyeckas fp(0) KoMIoHeHTa:

n.(p) = | exp

(31,/463)-(0; -0%), 10|<6,;
f _ P P P P
»(0) 0, 6]>6,. )

AHHUTWIANMA MO3UTPOHOB B MeTa/UlaX U CIIaBaX IPOMCXOJUT KaK Ha 3JIEKTPOHAX 30HBI
IIPOBOJIUMOCTH, TaK U HA 3JIEKTPOHAX MOHHOTO OCTOBA. OCTABIIASCS IIOC/IE BEIUUTAHUSA MapaboJIbl
3aBUCHMOCTh, KaK IIPaBWJIO, OIMCHIBAeTCA OJHOU fy(0) Mym CyMMOH HECKOJIBKHUX T'ayCCOBBIX
KPHUBBIX BU/IA:

£5(0) = (1s/ V2 - 0,) exp(-62/202), 3)
rzie: Iy - UHTEHCUBHOCTb TayCCOBOM KOMIIOHEHTHI; ¢, - AUCHEPCUs IayCCOBOM KPUBOU; 6, - yrosa
nepecevyeHus mapabosioi ocu aberuce 0 («yros OTCEUKn» ).

Ha puc. 1 npuBesieH xapakTepHbIH BUJ, U3MepPEeHHBIX ClIeKTpoB YPA® ¢ pasioskeHmeM Ha
11apaboIMYeCcKyI0 U TayCcCOBY KOMIIOHEHTHI. I10ocjie KOPPEKIINHU CIIEKTPOB YIJIOBOM KOPPEJIAIUN UX
pasJiokeHre Ha MapaboImyecKre M TayCCOBBI COCTABJIAIONIUE C YIETOM (YHKIIUU pa3pelleHus
YCTaHOBKU NPOBOAUIOCH HA 9BM c ucnonn3zoBanmem nporpammbl ACARFIT.

Omnpezienaa U3 sKCIIepUMeHTa apamerp 6, MOKHO OLIEHUTDh UMITyJIb¢ PepMU pr U JHEPTUIO
depMu gr MCCIIEAYEMOrO MeTajlyia:

pr= 0pm-c; er = 0p2-(mc2/2) 4)

B mnpubnmwxkeHum Mozenau cBOOOAHOTO 3JIEKTPOHHOTO Tasa IlapaMeTp 6, ompezesseT
y/IeJIBHOE YHCJIO CBOOOJTHBIX BJIEKTPOHOB Zc (UHCJIO 3JIEKTPOHOB MTPOBOJANMOCTH), MPUXOIAIIIXCS
Ha OJIMH aTOM MeTaJljla, U UX KOHI[EHTPAIUIO Np(0)

Z:=(8n/3)-(mc2/h)3-(A/pNa)-6p3; (5)

np(8)=Zc, = (87/3)-(mc2/h)>-6,%, (6)

a mapameTp 0, - SHEPTUI0 OCTOBHBIX 3JIEKTPOHOB (T.e. 3JIEKTPOHOB, /Il KOTOPBIX YTJIOBOE

pacripezieJieHlie AHHUTWIAIIMOHHBIX (OTOHOB B crHekrpax YPA® omuchiBaeTcss rayccoBou

dyukiuen) g = (3/2)-(mc2/2)-0.2. 3mech Na - uncimo Aorazpo; h - mocrosinHas Ilianka; A -
aTOMHBIU BeC MeTaslIa; p - €ro IVIOTHOCTD.

[IpUHATO CONOCTABIIATH SKCIIEPUMEHTAIBHO ITOJIy4aeMble 3HaUeHUA Ze, €r, Np C AHAJIOTUYHBIMU
IapamMeTpaMM HJeaJbHOTO MeTasula. VjealbHbIM MeTaJ/UIOM CUMUTAIOT TaKOW MeTasll, B KOTOPOM
BCe BAJIEHTHBIE 3JIEKTPOHBI IEPEXOJAT B 30HY IIPOBOJAMMOCTH. B 3TOM ciyyae yziesapHOE YHCIIO
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JJIEKTPOHOB IIPOBOANMOCTH Zc Oonpeae/sieTcad HOMEPOM TI'PYIIIbI HepHOI[quCKOﬁ CUCTEMBI

JJIEMEHTOB MeH/:[eJIeeBa, a SHEpPrud CI)epMH €rF 1 KOHIIEHTPpalnuA 3JIEKTPOHOB IIPOBOAUMOCTH Ny, B
paMKax MoAeJin CBO60,Z[HOI‘O JJIEKTPOHHOTO ra3da, ABJIAIOTCA €0 KOHCTaHTaMU

er = (h2/8m)-(3/mn,-Z)?/5; @)

np = Zen, = (Nap /A) Ze, ®)

r7ie n, - KOHI|EHTPalKsA aTOMOB B eZluHUIe 00beMa MeTaslla.

4. O6padoTKa IKCIIEPUMEHTAIBHBIX PE3yJIbTATOB

Ha puc. 1 mpuBenieH xapakTepHbIi BU/, clieKTpoB YPA® ¢ passioskeHHeM Ha MapaboIMuecKyro
U TayCccoOBBl cocTaBjfAoIue. lcrmosp30Bajioch JiBa TUma OOPaObOTKH HSKCIEPUMEHTAbHBIX
CIIEKTPOB: pa3JIoKeHHe Ha OJ[UH raycc U apaboJty U pa3jio;KeHHe Ha JiBa raycca 1 napabosy.

Uncno cornanennii - 3000 1 ]

FWHM (1 mpag)

©(mpad)

20 30

Puc. 1. XapaxTepHOe yIJI0BO€ paclpezieieHie aHHUTTUIIIIHOHHBIX (DOTOHOB B 00pAa31ax CTAJIN:
(1) — xpuBas YPA®, nmoctpoeHHas 110 SKCIIEPUMEHTAIBHBIM TOUKaM; (2) — mapabonyeckas
KOMIIOHEHTA CIIeKTpa; (3) — rayccoBa kommnoHeHTa criektpa. FWHM (full width half-maximum) —
IIOJIHASA IIMPHHA rayCCOBOM KPHUBOU HA MTOJIOBUHE MaKCUMyMa.

Hawmtyummuii ¥z Hab1i0/1a1cs IPU pasjIoKeHUH SKCIIepUMEHTATbHBIX ClIeKTPoB YPAD Ha Tpu
KOMIIOHEHTBI — JBa raycca W 1mapabosy. Kakmas cocraBisoomias crektpa YPA® Hecer
nHGOPMAITUI0 0 CBOEM KaHa/ie aHHUTWUJIAIMU IMO3UTPOHOB. OmpesiesieHbl ITapaMeTphbl KayKA0To
KaHaJla aHHUTWIAIUN ITO3UTPOHOB JIJISI KaXK/IOro oOpasia craiu. Pe3ysbTaThl Mpe/iCTaBJIEHBI B
BHjie TabsuIl (3-5) u B rpadudeckoit popme (puc. 2-3).
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Tabauya 3.
IIapamerpsl ciekTpOB YPA® 11 o6pa3nos craau LP
ep
XapaxkTepHUCTUKA Fgl, |gl, Egl,a ngy |92, Egz,a oTced |p, Ef 2| Np(8)
00pasIoB Mpaz % B Mpar. 9% B (MII(:uI % B 1022cm-3
)
13,20 | 82,94 12,00 17,06 8,41
neobyeHHbIe +0,07 | 3,00 +0,01 574 +1,10 | 0,88 11,2
53,15 16,40
10,00 6,91 40,61 18,60 6,24 9,08
neobyeHHbIe +0,38 i1g,o +0,05 ﬂ())’(’ +15,00 | #0,08 597 +2,70 | #5,10 12,6
obJryueHue 13,60 | 79,01+ | 12,80 6 20,99 | 8,132 10.6
(12,2x108) +0,07 | +3,20 +0,01 505 +1,00 | 0,43 ’
obJryueHme 9,39 42,80 6,09 16,20 | 48,74 18,10 6 8,46 8,07 10
(12,2x1018) 40,39 | +11,00 | +0,05 | +0,47 | +14,00 | +0,07 503 +2,90 | £3,30 5
obJryueHue 13,30 78;97 12,20 5.60 21,03 8,00 10,4
8 - > >
(59,5x10® ) +0,07 12,80 40,01 +0,87 | *0,37
obyuenue 8,94 | 34,69 5,52 15,00 | 55,63 15,50 5,61 9,68 8,02 10,4
(59,5x1018 ) +0,37 | *9,10 +0,05 | +0,33 | 14,00 | +0,05 ? +270 | +2,40 ?
obJryueHme 13,20 | 79,73 12,10 20,27 | 7,36 5
(57,1x10'8) + oToxur | +0,06 | +2,40 +0,01 537 +0,74 | 0,31 9
obJryueHme 11,60 i‘?ﬁg 9,23 18,80 | 20,80 24,40 L 15,54 7,18 3.8
(57,1x10'8) + oToxur | +0,40 | ~ g’ +0,06 +1,70 | +14,00 +0,23 53 +3,60 | +0,82 ’

3nechb I'y; — nonHasa mupuHa (FWHM) rayccoBoii KOMIIOHEHTHI Ha IOJYBBICOTE, ¢, — YTOJI
repeceveHns1 MapaboInyecKoil KOMIOHEeHTON ocu €, E;, Np(0) — COOTBETCTBEHHO, SHEPIUs

(I)epMI/I W KOHIEHTpaluA 3JIEKTPOHOB B 30HE IIPOBOJAHMMOCTH, Egi — 3HEPrusd aHHUTHJINPYIOIIUX

5JIEKTPOH-TIO3UTPOHHBIX Tap, |, 1,, |, - HMHTEHCHBHOCTM TrayccOBBIX M HapabOIMYecKOM

COCTABJISAIOMUX crekTpa YPA®, unciieHHO paBHbIE OTHOIIEHHUIO IJIOIIAAH I10JT COOTBETCTBYIOIIEHN
KOMIIOHEHTOH CIIEKTPa K CYMMAapHOU IJIOIIA/IN crieKTpa (puc. 1).

Tabauua 4.
ITapameTpsl cieKTpoB YPA® 115 06pa3nos craau MP
r 0 Ny (0)
XapaxTepUCTUKA g1’ r 2 P P
06pa3uos mpaz, lg1:% | Egu,0B 92 | lgan% | BgproB | eqa | 1% | Eri9B | 10220
Mpaz. 3
(mpaz.)
13,40 | 79,07 12,40 20,93 | 9,26
HeobIy eHH b +0,09 [ %3,60 +0,01 6,03 +1,20 +0,59 13
9,97 | 48,06 6,86 16,10 | 42,53 9,40 9,45
neobryeHHble +0,42 | 15,00 10,06 | 10,59 | +16,00 17,90+0,08 6,09 +3,40 +3,70 13,3
obiryuyeHne 13,30 79,37 12,20 6 20,63 8,12 10.6
(12,4x108) +0,09 | +3,50 +0,01 504 +1,10 +0,49 ’
obyuenue 9,14 | 46,23 5,76 15,90 | 47,55 6,21 8,62
(12,4x1018) 10,29 | +11,00 10,04 | 10,45 | +13,00 17,50+0,06 5,81 +2 50 +4,70 11,6
obJiyueHue 13,90 77,70 13,30 66 22,30 8,17 10
(63,9x108) +0,08 | +2,90 40,01 > 0,93 | $0,37 7
obyuenue 9,16 | 35,85 5,79 15,90 | 53,77 17,40 5,68 10,39 | 8,23 108
(63,9x1018) +0,40 | +9,20 +0,06 | +0,38 | +13,00 +0,05 ’ +3,00 +2,70 i
(ggnfm%}i?)i 12,90 | 83,76 | 1150 535 | 1024 729 g
OTHKIT 10,08 | 13,30 0,01 10,92 +0,52
obaryuerue 9,79 | 57,04 | 6,61 | 16,70 | 38,09 19,30 487 | 673
(59,4x108) + 5,14 8,0
OTHKIT 10,38 | +14,00 10,05 10,67 | +14,00 10,09 +2,30 +4,40
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3necy I'y; — monmuas mupuHa (FWHM) rayccoBoil KOMITOHEHTHI Ha IIOJIyBBICOTE, 6, — YTOJI
repeceveHus napaboanyeckoil KOMIOHeHTON ocu €, E;, Np(0) — COOTBETCTBEHHO, SHEprus

(I)epMI/I U KOHIEHTpaluA 3JICKTPOHOB B 30HE€ IIPOBOJMMOCTU, Egi — JOHEPIrusd aHHUTWIMPYIOIIUX

5JIEKTPOH-TIO3UTPOHHBIX map, |, 1 ,, |, - WMHTEHCHBHOCTM TrayCCOBBIX M NapabOIMYECKOH

COCTaBJIAIOMUX crieKTpa YPA®, uncjeHHO paBHbIE OTHOIIEHUIO IUIONIAU 107 COOTBETCTBYIOIIEN
KOMIIOHEHTOU CIIEKTPa K CyMMapHOU IIOIIAIH crieKTpa (puc. 1).

Tabauua 5.
ITapameTpsI ciekTpoB YPA® ni1a o6pasnos craau HP
I, Ny (0)
XapaKTepucTuka o |gl, Egl1 ng, Igza Egz, (9p ) |p, Er, ,
mpaz -
obpasuos P % 5B Mpafz. % 5B Mpaj % 3B 10220111
13.20% 81.69+ 12.30% 18.31+ 9.18+
Heobrysennbie +0.09 +3.00 +0.01 6.00 +1.20 +0.71 12.8
9.21+ 39.33+ 5.86t | 15.00% | 56.05+ | 15.60% 4.62+ | 10.10%
Heobrysennbie +0.40 +14.00 +0.06 | +0.44 | +11.00 | +0.06 6.29 +2.70 | +8.00 14.8
Ob6JsyueHnne 13.90+ 75.00% 13.30% 6.00 24.91+ [ 9.18+ 12.8
(12.2 x 108) +0.07 +2.40 +0.01 ) +0.83 +0.32 ’
Ob6syuenue 10.00% 42.42+ 6.92+ | 16.50+ | 43.60+ | 18.70+ 13.90+ | 9.13t
5.98 12.7
(12.2x108) +0.33 +9.20 +0.05 | *0.42 | #11.00 | +0.06 +2.90 | +1.60
Ob6JsyueHnne 13.40+ 79.34+ 12.50+ L 20.66+ | 8.31+ 1.0
(59.5 x 108) +0.07 +2.60 +0.01 57 +0.82 | +0.38 )
Ob6syuenue 8.62+ 27.37+ 5.12% | 14.00% | 64.20% | 13.50% 8.43+ 8.31+
( 18) + + +0.08 | 0 + +0.0 5711 4 + 11.0
59.5 X 10 +0.57 +12.00 +0.0 +0.35 | +20.00 | $0.05 +3.50 | +4.00
Ob6syuenve
(57.1% 1018) + 13(.)8:1 74'_7.61%1 15.(.)181i 5.65 2+2(;40i +%13i0 10.7
OTHKHUT +0.09 +3. +o0. +0.99 | +0.39
Ob6styuenuie
(57.1% 1018) + 9.24+ 43.22+ 5.89+ | 16.20+ | 49.24+ | 18.00+ 555 7.54+ 7.85+ 101
+ OTIKHT +0.35 +10.00 +0.05 | $0.41 | +13.00 | $0.06 +2.70 +3.70

3nechb I'y; — nonHasa mupuHa (FWHM) rayccoBoii KOMIIOHEHTBI Ha IOJYBBICOTE, ¢, — YTOJI
repeceveHns1 MapaboInyecKoil KOMIOHEHTON ocu €, E;, Np(f) — COOTBETCTBEHHO, SHEPIUs

®epMHU U KOHLEHTpALUsA 3JIEKTPOHOB B 30HE IIPOBOAUMOCTH, E, — 3Heprus aHHUTHWINPYIOIIUX

BJIEKTPOH-TIO3UTPOHHBIX map, |, 1,, |, - WMHTEHCHBHOCTM TraycCOBBIX M apabOIMYECKOH

COCTaBJISAIOMUX crekTpa YPA®, unciieHHO paBHbIE OTHOIIEHHUIO IJIOIIAAH I10]T COOTBETCTBYIOIIEN
KOMIIOHEHTOH CIIeKTPa K CyMMapHOH IIONIAAH crieKTpa (puc. 1).

B Tabiumax 3-5 Ipe/cTaBjeHbl BEPOSATHOCTH AHHUTHIAIMN ITO3UTPOHOB IO KaXKIOMY
KaHaIy, SHepruu PepMH, KOHIIEHTPAIlMH CBOOOJHBIX 35JIEKTPOHOB B 30HE IPOBOJAUMOCTH U
SHEPTUU AaHHUTWIHUPYIONINX TMO3UTPOH-3JIEKTPOHHBIX Iap. /i BBISICHEHUS POJIM OTKHUTa Ha
00JiygeHHBIE 00pa3Ilbl CTPOMJIMCh PA3HOCTHBIE KPHBbIE HOPMHPOBAHHBIX HA €IUHHILY YIJIOBBIX
pacmpeieJieHIi aHHUTHJISITMOHHBIX (DOTOHOB B OOJTyUYeHHBIX M OTOXKKEHHBIX U UCXOTHBIX 00pasIiax.
JIns1 5THX 1IeJ1ed co3aHa crienraabHas MaTeMaTHIecKasi mporpaMma 00pabOTKH SKCIIEPUMEHTATHBHBIX
CIIEKTPOB.

Kpome peakTopHBIX cTasieil ObLIN U3MepeHbl crieKTpbl YPA® B oOpasiax 4uCTOTro JKeJesa,
XpoMa, BaHAJWsI U HUKEJIS U JPYTUX IEPEXOTHBIX METAJIJIOB— OCHOBHBIX 3JIEMEHTOB UCCJIETYEMBIX
crasei (Tabi. 6).
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Tabauya 6.
SﬂeKTpOHHI)Ie CBOHNCTBA YHUCTHIX METALJIOB
MeTtan duexTtpoHHa | Opuenranusa cnuHoOB | Temmeparyp | Npx Np Es, Nax | Z V4 I,
a A 060I09Ka 3JIEKTPOHOB a wIaBjaeHusa | 1022 x102 | 3B 1022 | exp. | pacue | (%)
d-06os10uKkHu (°C) pacue | 2 exp T
T exp. | .
In 4dro5s25p* 156 11,50 11,4 85 | 3,8 3 3 56
o
Sn 4d°5s75p* 232 14,80 | 13,8 | 9,6 | 3,70 | 3,7 |4 64
Bi 5d1°6s26p3 271 14,10 12,9 | 9,2 2,8 4,6 5 55
o
Pb 5d1°6s26p> 328 13,20 10,5 | 8,0 | 3,3 3,2 4 41
o
n 3diogs? 420 13,10 11,9 8,7 6,57 | 1,8 2 45
Mg 2s22p63s? 649 8,60 9,4 75 | 43 | 2,18 | 2 72
o
Al 3s23p* 660 18,10 18,8 | 11,6 | 6,0 3,13 | 3 69
Sc 3digs? T 1541 8,0 2
Ti 3d2gs2 T T 1660 11,4 15,3 10, 5,7 2,6 2 16,
3 8 2
A% 3d3gs2 T T T 1887 14,45 8,0 6,7 7,2 1,1 2 2
Cr 3d54s T T T T T 1857 8,3 11,3 85 | 83 1,36 | 1 9,2
Mn 3ds54s2 T T T T T 1246 15,8 2
Fe 3dgs? 1540 17,0 9,0 73 | 85 | 1,05 |2 12,
T o ;
Co 3d74s2 T ¢ T ¢ T T T 1495 18,2 2
Ni 3d8gs? fr \L T ¢ fr ¢ T 1453 18,26 8,2 6,8 | 9,13 | 1,0 2 17,
T
Cu 3diogst T¢ T¢ T¢ T¢ 1084 8,50 10,3 | 8,0 | 8,5 1,2 1 38
o
™
Y 4d15s2 T 1522 6,06 2
Zr 4dz25s2 T »r 1852 8,58 2
Nb 4da5st T T T T 2468 5,56 1
Mo 4ds55s! 2617 6,41 2,2 2,9 6,4 0,3 1 0,9
; Tt :
Te 4dss5st 2172 7,07 1
& o) T
Rn 4d75st T i T ¢ T T T 2061 7,39 1
Rh 4d35st T \L T \L T \L T 1966 7,26 1
T
N NN [
N
Yb 4114682 824 2,42 2
Lu 4f1a5d16S> T 1663 3,39 2
Hf 4f1a5d26S2 T T 2230 4,49 2
Ta 4f145d36S2 T T T 2741 5,54 2
w 4f1a5d46S2 T T T T 3422 6,32 2
Re 4f145d56S2 T T T T T 3180 6.80 2
Os 4f145d°6S> T \L T T T T 3054 7,15 2
Ir 4f145d76S2 T ¢ T ¢ T T T 2174 7,10 2
Pt 4f15d°6S! NNNNT |77 6,62 !
Au 4fta5d106S! T\L T\L T\L T\L 1064 5,91 1
N
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Hg 4ft45d106S= NN -39 4,07 2

3necb Np = 4,6 - 102 - (Ef)3/2 ; Ef=0,256 - 6,2

N, - KOHIleHTpanus 3JIeKTPOHOB B 30He mpoBoguMmoctw; FEf - sHeprua ®epmu; Na —
KOHIIEHTpAIs aTOMOB MeTajlla, Z — 4YMCJIO BAJIEHTHBIX JJIEKTPOHOB, NMPUXOAAIIMXCA HA OJUH
aToM; I , — mona mapaboJIMYEeCKOW COCTaBJIAIONIEH B CIIEKTPE YIJIOBOTO pacIpesiesIeHus

AHHUTIISAIUOHHBIX (oToHOB (YPA®D); O, — yros nepeceyeHus mnapaboInIecKOH COCTaBJISIONIEN
cunexktpa YPA® c ochio abcruce.

IIpu o6paboTke SKCHEPUMEHTAIBHBIX CHEKTPOB YPA® rayccoBBbI COCTABJIAIOIINE CIEKTPA
aMMpOKCUMUPOBATIUCH QYHKITEN

¢®(0) = A- exp(- 02/2642), 9)
rIue 6’g - JTUCIIEPCHUSI.

B Tabnunax 3-6 npusesieHsl 3HaUYeHUA [') - IMPHUHBI raycCOBOW KPMBOK Ha MOJIYBBICOTE H 6

- yIJ1a mepecedueHus napabosioi ocu 6.

[y, =1,665109-6, (10)
a TakKe DHEePTUs
3 mc?
E, = > -6; = 0,0693246 (I, )2, (11)
rae [I'y ] = mpan, [E ] =5B.
u 5Heprua epmu
Er- 6,2-(mc2/2), (12)

rae [6p] = mpap, [Ef] = 5B.
B cBOIO ouepenp KOHIIEHTpAIUA 3JIEKTPOHOB B 30HE IIPOBOJMMOCTH CBs3aHA C apaMeTpaMu
crektpa YPA® u ¢ sHeprueit ®epmu BhIpaKEeHUAMU

n,(0)=(8n/3)-(mc2/h)3-6,3=5,942-102° 3, (13)

np(0) = 4,6-10 21-(Er)3/2, (14)
rze sHeprus ®epmu - B 3B, a np(0) — B em3.

5. O0cy:KaeHne IKCIIepUMEHTAJBHBIX PE3y/IbTAaTOB.

Jna  uccienyemMbIX — CIUIABOB — DKCIEPUMEHTAJIBHO — OIPEJIEJIEHbl  TaKWe  BajKHBIE
XapaKTEPUCTUKN METAJUIOB, Kak 5Heprusi ®Pepmmu, y/esbHOE YHCJIO CBOOOJHBIX 3JIEKTPOHOB,
MIPUXOJIAIIUXCA Ha OJAWH aTOM MeTajllla, U UX KOHI|EHTpAIUsA B 30HE MPOBOAMMOCTH, pa3Mep U
KOHIIEHTPAIVA PaJUAIINOHHBIX JeDEKTOB.

IIpoBeneHbl M3MepEHUsl YIVIOBOTO pacupesesieHus] aHHUTWISAIHOHHBIX (GOoTOHOB (YPAD) B
HeOOJIyUeHHBIX, OOJIydeHHBIX, OOJIyYeHHBIX U OTOXCKEHHBIX 00paslax Crajied IeHCTBYIOIHUX
peaktopoB BBOP-440. HccnenoBanbl o0Opaslibl CBApHBIX IIBOB C Pa3JIMUHBIM COJlepKaHUEM
docdopa u ¢ paszHol crereHbI0 00TyueHuss. O6pasiibl 00IyJaInch B KaHaIaX peakTopa PoBeHcKoM
ADC. ®DiroeHc HEUTPOHOB BapbHUPOBAJICA OT 1-10"9 H/cM2 710 6-10'9 H/cM2. XUMUYECKUN COCTaB U

COCTOSTHHE MCCJIEIOBAaHHBIX 00pA3II0B CTaJIeH MPeICTaBJIeEH B TAO/IUIIAX 1-2.

JI7151 BBISICHEHUSI BJIMSHUS OTKUTA Ha 00JTydeHHbIE 00Pa3Iibl CTPOMJIFCH PA3HOCTHBIE KPUBbIE
HOPDMHUPOBAHHBIX Ha €IUHUILy VIJIOBBIX pacHpe/leJIEeHN aHHUTWIAIMOHHBIX (POTOHOB B
00JIy4EHHBIX ¥ OTOKKEHHBIX U MCXO/IHBIX 00pasIax.

ComocraByieHHe Pa3HOCTHBIX CIEeKTpoB YPA® HeoOsyueHHBIX 00pasloB C Pa3IUYHBIM
cozep;xkanueM ¢ocdopa B mpeziesax onuboK MoKa3aao uX UAEHTHIHOCTD (puc. 2).

Takum obpaszom, docdop He sABJsIeTCS MTO3UTPOHUYBCTBUTEIBHBIM 31eMEHTOM. B crekTpax
YPA® o6pasnoB crasm HP ¢ BbicokuM cozaep:kanueM ¢docdopa, 00JydeHHBIX 0 OOJIBIINX
droeHcoB 59108 H/cM2, B 006J1aCTH MaJIbIX YTJIOB, & CJIEIOBATEIbHO M MaJIbIX SHepruil (< 13B)
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QHHUTWIUPYIOIIUX TO3UTPOH-3JIEKTPOHHBIX Iap, HaOJI0ZaeTcs TMOBBIINIEHHAs HHTEHCUBHOCTD
(puc. 3).

ITO MOXKeT OBITh CBSI3aHO C AHHUTWIAIMEH TO3UTPOHOB (KBA3WIIO3UTPOHHA) B
paUaIIOHHBIX e eKTaX, MHAYIIUPOBAHHBIX HEUTPOHHBIM 00JIydeHHeM, JINOO ITopax Ha TPaHUIIE
pasziesia Tpex KpUCTaIUTOB. CyIIecTByeT OOJIBIIIOE KOJUYECTBO DKCIIEPUMEHTAIHHBIX JIAHHBIX,
KOCBEHHO IIOATBEPKAAIONINX BO3MOXKHOCTh OOpa3oBaHus Mmo3uTpoHus. Tak, B pabore [21] B
obpasmax Fe, Al, Ni, Pd, Cu HabJito/1ayiach KOMIIOHEHTa ¢ MaJIOM HHTEHCUBHOCTBIO U CO BpEMEHEM
JKU3HU TOPsAJIKa HAHOCEKYH/IbI, B Hallel paboTe [22] 1m0 uccaeA0BaHUIO MOPHUCTOTO KPEMHHSA C
IMOBEPXHOCTHIO, JEKOPDHMPOBAHHOU TNa/UTafeM, TakKe HaOMofaics TepMaJM30BaHHBIN
HO3UTPOHMI. IIpH 5TOM SKCIEPUMEHTAJIBHO OIIpe/ie/IeHHBIH pasMep HOp COCTAaBJIAT 10-20 A.
Boob1ie, mo HamemMy MHEHHIO, WHTEHCUBHOCTh JAaHHOW KOMIIOHEHTHI JIOJDKHA 3aBUCETH OT
pasMepa KpPHCTALINTOB. Ecau pasMep KPUCTAUIUTOB MHOTO OoJsbliie UIHHBL Auddysun
TepMaJIN30BAaHHBIX IIO3UTPOHOB, T.e. = 100 HM, TO OOJIBIIIasg YacTh IIO3UTPOHOB OyZeT
QHHUTWIMPOBATh BHYTPU KPUCTA/UIUTOB W HaA TPaHHIlE paszieyia 3€epeH U, CJIeI0BATEIbHO,
YMEHBIIAeTCsl BEPOATHOCTh 3aXBaTa MO3UTPOHOB JieeKTaMU B TPOMHOM CThIKE KPHUCTAJIUTOB.
W3 mapamMeTpoB IIUPUHBI Y3KOrO MHKa (pUC. 3) MOXKHO OIIEHUTh pa3Mephl PaJUuallHOHHBIX
nedexroB. [[lupuHa Ha MOJYBBICOTE ATOTO MHUKA paBHA IMPUMEPHO 3-4 Mpaj. TakoMmy yIIUpEHUIO
COOTBETCTBYeT IIOJIOCTh PASHYcOM = 4-5 A. VIHTEeHCHBHOCTh 3TOrO IIMKA YBEJHUUYHBAETCA C
yBesimdeHneM GJIIoeHca YW 3HAYUTEJbHO YMEHBIIAETCA B OTOMOKEHHBIX 00pasIax Ccrajiei.
B o6pasnax ¢ HuU3KuUM cojiep:kanueM docdopa, LP, Takyke HabI0MaeTCA y3Kas COCTABJIAIONIAA C
aHAJIOTUYHOU ImMupuHOU. OTKUT HAa WHTEHCUBHOCTH O3TOM COCTABJIAIOIIEN IPaKTHUYECKH He
OKa3bIBAET BJIUSTHUSA.

B obpasmnax cramu co cpemgHuM cozep:kanueM ¢dochopa MP yskasa cocrapisromnias ciabo
BBIpa’keHa U IIPU HU3KUX GJIII0eHCax 12,4-10'8 H/CM?2 MpaKTUYECKU He3aMeTHA.

B Tabsunax 3-5 IpejicTaBjeHbl SKCIEpUMEHTAJbHbIE pPe3yJbTaThl IPU JABYX BapHUaHTaX
00pabOoTKU 3KCIIEPUMEHTAIbHBIX CIIEKTPOB YPAD: passiokeHHe Ha rayce U mapaboJty, pa3jiosKeHue
Ha JiBa raycca u nmapaboiry.

B 3TuX Tabsunax mpuBeieHbl BEPOATHOCTH aHHUTHJIAIIAY ITO3UTPOHOB 10 KaXK/I0My KaHaITy,
sHepruu ®Pepmu, KOHIEHTPAUMK CBOOOJIHBIX 3JIEKTPOHOB B 30HE IPOBOJUMOCTH U SHEPrUU
QHHUTWIHPYIOIUX TTO3UTPOH-3JIEKTPOHHBIX T1ap.

3nechb I'y; — nonHasa mupuHa (FWHM) rayccoBoii KOMIIOHEHTBI Ha IOJYBBICOTE, ¢, — YTOJI

nepeceueHus mapaboIndeckoil komnonentoi ocu &, E; (3B), Ny(6) — cOOTBETCTBEHHO, SHEPTHUS

(I)epMI/I W KOHIEHTpanuA 3JIEKTPOHOB B 30HE IIPOBOJAMMOCTH, Egi — 3HEPrusda aHHUTHJINPYIOIIHUX

5JIEKTPOH-TIO3UTPOHHBIX map, |, 1,, |, - HMHTEHCHBHOCTM TraycCOBBIX M HapabOIMYecKOM

COCTaBJIAIINX criekTpa YPA®, unciieHHO paBHble OTHOILIEHUIO IUIONIA/IN MO COOTBETCTBYIOIIEN
KOMIIOHEHTOH CIIeKTPa K CYMMAapHOH IUIOMIAAu crieKTpa (puc. 1).

Bo Bcex obpasnax crasu obJiyueHre U OTKUT COIIPOBOK/IAI0TCS EPECTPONKON 3JIEKTPOHHOU
MIO/ICICTEMBI — YMeHbIIIaeTcs 3Heprusa ®epMu 1 KOHIIEHTPAIUA 5JIEKTPOHOB B 30HE ITPOBOIMMOCTU
(Tabs1. 3-5), YTO CBUIETEIHCTBYET O BOBHUKHOBEHUH JIOTTOJTHUTETbHBIX XUMUYECKUX CBA3EH.

Jl1s1 ©HTepIpeTanyuy MOJIyYeHHBIX Pe3y/IbTaTOB U3MeEPEHbI ¢ OOJIBIION CTATUCTUKON CIEKTPHI
YPA® B oOpasmnax »kejie3a BBICOKOM YHUCTOTHI U pse uynucThix MetasuioB (Cu, Cr, Mo, Ni), Bxoasmimx
B COCTaB PEAKTOPHBIX CTajied. B Tabsmiie 7 B KadyecTBe NpUMepa IPEJICTABJIEHBI MapaMeTpPhl
crieKTpoB YPA® /11 4nCTOTO 2Kejie3a U XpoMa.

Tabauua 7.
ITapameTpsI cieKTPOB YPA® 111 06pa3moB YHCTOTO KeJae3a U XpoMa

Ty, | 13,% | EgaB | I'yy % | 1,,,% | Eyy,5B 9, I,,% | E¢,5B | Np(6) 102
MPpaji Mpaj. OTCedyKa e
(mpaz.)
Fe | 12,50 | 87,62 | 10,80 5,34 12.38 | 7.26 9
+ +2,00 | £0.01 + + 0,58
0,06 0,72
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Fe | 10,10 | 64,99 7,05 | 16,70 | 32,29 19,20 5,01 2,71 6,40 7,45
+ 0,31 + +0,04 | £0,72 + + 0,10 + + 5,60
14,00 12,00 1,60
Cr | 11,90 | 90.82 9,75 5.76 9,18 8,45 11,3
+ +4,30 | £0.01 + + 1,44
0,08 1,00
Cr| 9,84 | 54,60 6,6 14,60 | 41,76 14,60 6,41 3,63 | 10,48 15,6
+ + 8 + 0,91 + +0,13 + + 8,40
0,45 | 30,00 | £0,06 30,00 2,60
Tabauya 8.

XUMHUIEeCKHH cocTaB 00pa3moB craau LP 1 moTeHIua bl HOHU3AIUH 3JIEMEHTOB,
BXOJAIINX B COCTAB CTAJIH

HaszBanue Fe | C Si Mn | P S Cr Ni Mo Cu A%
obpas1a

Copnep:kanue, ~ 0,04 | 0,04 1,12 0,027 | 0,013 | 1,42 0,13 0,49 0,16 0,19
% 97

U,, 2B 7,9 11,3 | 8,15 7,43 10,56 | 10,3 | 6,76 7,63 7,13 7,72 6,74

5
U,, 5B 16,2 | 24, 16,34 15,64 | 19,65 | 23,4 | 16,49 18,15 | 15,72 20,29 14,65
4

Eg: — HEOOTyueHHBIE 00pa3Iel cTasel ~ 5.86-6.91 3B (Tabs. 3-5)
Eg». — HEeoOyueHHBIE 00pa31IbI cTase ~ 15.6-18.6 5B (TabI1. 3-5)

Metomom MMO3UTPOHHOM AHHUTWIAIMOHHOHN CIIEKTPOCKOITHH IIPOBEIEHbI
SKCIIEDUMEHTAIbHBIE  HCCIEZIOBAHUSA  BJIEKTPOHHBIX  CBOHCTB  IEPEXOJHBIX  METAJIJIOB,
MIPUMEHSEeMbIX B aTOMHOI MPOMBINILJIEHHOCTH. J[JIsl TTIepeXOHbIX METaJIJIOB HAOJII0JaeTCsl yeTKast
KOppeJISIASA TeMIEepaTyphl IUIABJIEHHWS C YKHCJIOM HeCHapeHHBIX d-3JIEKTPOHOB (IIOMeYeHbI
)KeaThIM). UeM Oosibllie 3TUX (HecapeHHbBIX) BJIEKTPOHOB TeM BBIIIE TeMIlepaTypa ILJIaBJeHUs.
Koppemnsamuu ¢ obuium ynciom d-siekTpoHoB HeT. Tak y menu (3d -asekTponsl), nautaaus (4d -
3JIEKTPOHBI), 30yi0Ta (5d - 3JIeKTPOHBI) 000JI0YKH ¢ d-3/IEeKTpOHAMH 3aIlOJIHEHBI MOJIHOCTBIO, a
TeMIIepaTyphbl caMble HU3KHE B CBOUX psajax. OOpaiiaioT Ha ce6s BHUMaHHE TEXHEIHH, BOIbdpam
U peHUU. Y TEXHEIU B Pa3/IMYHbIX CIIPABOYHUKAX MTPUBOJIUTCSA Pa3HBIK KOH(DUTYpAIUU BHEITHEH
3JIEKTPOHHOU 000s10uKH 4d05s! (4d5552). Ha Hamm B31Isiz; B 3TOM ciiydae 6ojiee mpaBUJIbHON Oy/ier
KOHUTypalus c mecTbio d-sjekTpoHamMu. Ecu Takoro poja pacCyXIAeHUs NMPaBUJIbHBI, TO Y
Bosbpama obosouka mAo/bKHA ObITh 4f145d56s!, a y penus 4fi45d°6s!. Ham kaskeTcsi, 4TO
HecIlapeHHbIe d-3JIEKTPOHBI XapaKTePU3YIOT CKJIOHHOCTh METJIOB K 00pPa30BaHUI0 KOBAJIEHTHBIX
CBsI3el, KOTOpbhIe 0oJiee CUJIbHBIE UeM MeTaJIMUYeCKHe CBA3U. DTOT IpoIlecc 00pa30BaHUS TaKUX
cBs3eil. OOpabOTKa HKCIEPUMEHTATHHBIX PE3YJIbTATOB M COIOCTABJIEHHE WX C JINTEPATYPHBIMHU
JIAHHBIMHY TI03BOJIWJIA BBIABUTH BAKAHCUOHHBIE JIeDEKTHI, B TOM YHCJIE U BbI3BAHHBIE HEUTPOHHBIM
00OJrydeHreM, U OTIPEZESIUTD UX Pa3MepHI.

ComocraBiieHne pe3yJsbTaToOB 00paboTKu crneKTpoB YPA® 1ya ucciaenoBaHHBIX 00pasnoB
cramu co crnektpamMu YPA® jid  4YHUCTBIX META/JIOB  IIOKAa3bIBa€T, UYTO IIO3UTPOHBI
MPENMYIIECTBEHHO AaHHHUTHIMPYIOT Ha 3JIEKTPOHAX »Keyie3a (Xpoma) — COIMOCTaBUMBbI 3HAYEHUS

sHepruu E; u E , 11 gucroro xenesa (xpoma) ¢ aHaJIOTUUHBIMU TTaPaMETPAMH JIJIS1 CTaJIeH.

JKCIIepUMEHTA/IbHbIE BEJIUYMHBI KOHIIEHTPAIIUU 3JIEKTPOHOB 30HBI  IIPOBOIUMOCTH
COTIOCTaBJIEHbI C pacUeTHbIMH 3HaueHusAMU. [lokaszaHo, YTO BbIOpaHHAsA /I pacyera MOJeNTb
CBOOOJIHOTO 3JIEKTPOHHOTO Ta3a, XOPOIIO 3apeKoMeHj/oBaBIIas cebsd B TaKUX MeTa/laX Kak
MarHui, aJlOMUHUN, MeJb, [IUHK, WHAUN, OJIOBO, CBHHEIl, BUCMYT I METAJUIOB IEPEXOTHOU
rpynibl ¢ 3d 3JIeKTPOHHOHN 000JI0UKON MaJIONIpUToiHa. VI3 SKCIIepUMEHTAIbHBIX IAHHBIX CIIEYET,
YTO BCE HCCJIEZIOBAHHBIE METaJUIbl, KpoMe Xpoma (PKejie30, HUKeJIb, BaHAJWUH), OTAIOT B 30HY
MMPOBOJIMMOCTH BCETO JIMIIH II0 OJTHOMY 3JIEKTPOHY, B TO BPEMs KaK WX BHEIIHSA SJIEKTPOHHAS
000JI0YKA COZEPIKUT IO /1BA S-3y1eKTpoHA (1xX KoHpurypanusa 3d"4S2). KoHneHTpanym 31eKTpOHOB
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B 30HE MPOBOJUMOCTA U dHepruu PepMu i 5TUX METAIJIOB COOTBETCTBEHHO COCTABJISIOT
7,4%x1022 cm3 (Er =6,45 9B) mis xenesa, 15,6x1022 cm3 (Er =10,48 3B) a1 xpoma, 9,1x1022 ecm3 (Er
=7,29 3B) A Hukens u 8,0x1022 cm3 (Er =6,7 9B) s BaHagus. BeposTHO, B 3THX MeTaslIax
YacTh BaJIEHTHBIX JJIEKTPOHOB HET Ha oOpa3oBaHHE XUMHYECKHX CBsA3EH, 4eM U OObICHSAETCS
MPUCYIIIas UM BBICOKAas TeMIlepaTypa IUIaBJIeHHsA (2 TakKe BBICOKHE MeXaHWYeCKHe CBOWCTBA).
Ina xpoma (3d54S') sKcliepUMEHTAJIbPHO W3MepeHHas KOHIIEHTpAIlus SJIEKTPOHOB B 30HE
MMPOBOIMMOCTH 3HAYUTEJIPHO OoJibllle (B 1,6+2 pasa) pacueTHOTO 3HAUEHUsl, BBIIIOJTHEHHOTO B
MPEATIOIOKEHUH, UTO XPOM MOJKET OT/IaBaTh B 30HY IPOBOJMMOCTH TOJIBKO OJWH 3SJIEKTPOH.
ATOT BOIpOC TpedyeT JaTbHENIITUX UCCIEI0BAHUM U MOKET OBITh CBSA3aH C TEM, UTO 3JIEKTPOHHASA
KOHGUTYpAIlUs XpOMa, BXOZAIIETO B COCTaB KPHCTAJUIA, OTJIUYAETCA OT SJIEKTPOHHOH
KOHUTypaIuy N30JIMPOBAaHHOTO aToMa XpoMa, Harpumep (3d44S2).

[IpoBeneHHBIE COMOCTABIEHUS W3MEPEHHBIX U PaCYeTHHIX KOHIIEHTPAIUN BJIEKTPOHOB B
30HE MMPOBOJUMOCTH JAI0T OCHOBAHHUS I10JIaraTh, YTO MO3UTPOHHAS CIIEKTPOCKOIIHS MOMKET OBITH C
ycrexoM IMpuMeHeHa U JIJIs UCCIeIOBaHUs BHYTPEHHUX CBSA3EN B MeTasLIax.

6. OnpeznesieHue pa3MepoB Ae(PeKTOB U NX KOHIEHTPaIuu

CyliecTByIOT MOjiesIM, IIO3BOJIAIOIINE COIOCTABJIATH IapaMeTpbl AHHUTHIAIMOHHBIX
cexkTpoB (BPA® u YPA®D) co cpelHUM pa3MepoM IOp U UX KOHIIEHTPaIlUeH.

Bpemsa JKU3HH TO3UTPOHOB B BEIECTBE B3aBUCUT OT IIPOCTPAHCTBEHHOU ILIOTHOCTH
9JIEKTPOHOB B MeCTe aHHUTWIAIUUA TMO3UTPOHOB. [Ipm Hammuuu cBoOOAHOTO 0OBeMa (IOphI) B
BEIIlECTBE BpeMs JKU3HU ITO3UTPOHOB OIpeZiesiAeTcss pa3MepoM Hopbl. OOBIYHO /IS pacueToB

HCIOJIb3YETCS MIPOCTasi MOZEIb [23-25]: MO3UTPOH HaxoAuTcsA B chepruuecKoi sMe paauycoM R, ¢

0EeCKOHEYHO BBICOKMM IOTEHIIMAIBHBIM OaphepoM. IIpyr 3TOM CKOPOCTh A €ro aHHUTWISIUA B
MIPUTPAHUYHOM cJioe AR 3aBUCHUT OT paguyca cBoO0IHOTO o6'beMa mopsl R

A=A, 1—i+(2ﬂ)‘1sin @ , (15)
RO RO
rze [A] = [Hc'], R=R, — AR, a 4, - ckopocTb aHHUTHJIAIINY B 6e3/1e(peKTHOM YacTH BelecTBa.

AHanM3 aHHUTWIAIIMN MTO3UTPOHOB B MaTrepHajiaX ¢ U3BECTHBIMHU 3HAYEHUSMHU DPAJIyCOB
IOp B MOJIEKY/IAPHBIX TBEPABIX TeJIaX U IIEOJMTAX MOKa3as, uTo BeuumHa AR =R, —R =166 A.

Boo06ie roBopsi, 3HaueHue BestmunHbl AR 3aBuCHT OT mpupoas! BemiecTBa. [loaToMy ypaBHEHUE
(15) BO3MOKHO IPUMEHSATD JIUIIIb JJI1 OLIEHOK Pa3MepOB PaIMycoB 1op. PazMep mop MOKHO Takke
HaAWTH, UCIIOJIb3Ys TOJIHKO AaHHbIe YPAD.

B pamkax paccmaTpuBaeMoil MojieJld SHeprus 4dacTUllbl E B OCHOBHOM COCTOSHUM B
MIOTEHIIMAJIbHOU IMe, MOJIeJIUPYIOIell IOpy, AaeTcs BhIpa*KeHHueM

°h?
=—, (16)
2mR
rae m - Macca 4aCTUuI1bl.
B cirygae mo3uTpoHa ero sHeprus Oy/ieT cBsi3aHa C pa3MepPOM ITOPhI COOTHOIIIEHHEM
37,7
E=—-, (17)
RO

rae 37,7 - IeEPEBOJHON MHOKHUTEIh, R — B aHrCcTpeMax.

N3 mnapaMeTpoB AQHHUTWJIAIIMOHHBIX CIEKTPOB YPA® MOXKHO ONOpENEeIUuTh 3SHEPTUIO
MMO3UTPOHA, AHHUTWIHUPYIOIIETO B IIOpPE, U TEM CaMbIM OIIeHUTh pa3Mep Hopbl. IIOCKOJBKY
MO3UTPOH TeEpe], AaHHUTWISLIHENW YCIIeBaeT IPAKTUYECKU TepMaJIu30BaThbCs, TO H3MepseMast
SHEPTrUsl AHHUTWINPYIOIIEH IMO3UTPOH-3JIEKTPOHHON Tapbhl B OCHOBHOM OYVAET OIPENEIATHCS
SHeprue 3JIeKTPoHa.

PaccmoTpeHre KMHETUYECKOU CXeMbl THOENN TepMaJIM30BAHHBIX IMO3UTPOHOB B Cpele
NO3BOJIgeT MO MapaMeTpaM AaHHUTWIAIMOHHBIX CIIEKTPOB ONPEAEJIATh CpelHUEe BEeJIUYUHBI
KOHITeHTpaIuu e eKToB.
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OKCIIEPUMEHTAIBHBIN CIIEKTP YIVIOBOTO pacrpeziesieHus (OTOHOB IIpeJicTaBisfeT coboit
CYNEPIIO3ULIUI0 OT/AEJbHBIX KPUBBIX, XapAKTEPU3YIOIINX AHHUTWIANUIO IO3UTPOHOB B
Oe3edekTHOM 001acTH U B iedheKTax pa3HbIX TUIIOB [13-15].

Jlns ompenesieHUsl cpefHel BeIWYMHBI KOHIEHTpanuu AedeKTOB M HX pPa3MepPOB IO
OCHOBHBIM XapaKTEPUCTUKAM AaHHUTWIANMOHHBIX CIIEKTPOB B CJIyyae, KOIJla B 00pasIie mMeeTcs
nBa tuna gedektoB (N = 2), MOKHO HaAIUCATh CJIEAYIOIINE YPABHEHUS ]I CKOPOCTH 3aXBaTa
TepMaJIM30BAHHBIX MIO3UTPOHOB B BAKAHCHIO U B KJ1acTep [10, 13-15]:

| |
kledl :ﬁ% > kdszz :1—2/10’

171 1712
| = Kgs Ny | = KgaNao

1= > 2 T ’
Ay +KgiNgy +KgoNy, Ag +KgyNgy +Kgo Ny,

- BEPOATHOCTb aHHUTHWJIAIIUN ITIO3UTPOHOB B O6JIaCTHX, COOTBETCTBYIOIIIHX ne(beKTaM i-To

(18)

rre |,

THNA, A, - CKOPOCTh AHHWUTWIALUU [O3UTPOHOB B Oe3nedexTHO#l obiactu, K, - xoHcraHTa
3axBaTa MO3UTPOHOB Jledektamu, N, - KOHIeHTpanus 1edeKTOB.
CpenHee 3HaUeHUE KOHCTAHTHI 3aXBaTa MO3UTPOHOB JiepeKTaMU MOKHO 3aIIHCaTh B BUJE
ky=c-v=4-7-D, -R, (19)
3necy D, - xoapdunuent nuddysuu nosutpoHos, R, - cpemnuii paauyc nedexros (mop),

O - cedyeHHe 3axBaTa JAepeKkTaMu MO3UTPOHA, U - CKOPOCTh TEPMAIN30BaHHOTO MIO3UTPOHA.
Ecuz umerorcst 06pasIfbl ¢ pa3HOl KOHIIEHTpanue eeKToB 0JHOTO THUIIA, TO MOXKHO HAUTH
Pa3HOCTHBIU CIIEKTP

Al =17 =11 = 2kg (N = N ) /(A + Ky Ny + KNG ) (A + kg Ngy +KgpNGy) (20)
B yactHOM citydae /iepeKTOB OJHOTO THIIA U U3HAYAJIBHO Oe3ziepekTHOrO 0Opasma N l,' >> N [‘,
Al =k,N! /(A, +k,N") (21)
3necb Al — DPKCIEpUMEHTAJIbHO H3MepsieMas BeauymHa MertogoMm YPA®, A, — ckopocTtb

QHHUTWIAIUA TO3UTPOHOB B 00BbeMe Marepuasna, uaMmepsiercss MmetogoM BPA®. Hcmoswsys
IIpUBE/IEHHbIE BBIPDAYKEHUs, MOXKHO OIIEHHUBATh PAJUYyChl CBOOOJHBIX OOBEMOB B TOPHUCTHIX
cucreMax, JedeKTHbIX MaTepuajiaXx II0 IapaMeTpaM SKCIIEPUMEHTAJIbHO M3MEPEHHBIX CIIEKTPOB
YPA® u BPA®.

PaccmoTrpuMm, misi mpuMepa, cTajab ¢ HU3KUM cozepxkanueMm ¢ocdopa (LP). PesynpraTs
MaTeMaTHYeCKOH 0OpabOTKH SKCIIEPUMEHTAIBHBIX CHEKTPOB YPAQ® MOKa3pIBAIOT, UTO BO BCEX
obpasmax craseii LP mMeroTcs BBICOKOMHTEHCHUBHBIE TayCCOBBI KOMIIOHEHTHI C HHTEHCUBHOCTAMHU

Iy, ~(34-63)%, 1, ~(20-55)% u omepruamu E;, ~(6-9) 2B u E;, ~(15-24) 2B u
mapabonuyeckas KOMIIOHEHTa ¢ uHTeHcuBHOCTbIO |, ~(4-15) % wu oueprueit ®epmu

E, ~(7-9) »5B. Ilo Hamemy MHEHWUIO, BBICOKOMHTEHCHBHBIE T'ayCCOBBHI KOMIIOHEHTBI

00yCJIOBJIEHBI AHHUTHJIAIMENR IMO3UTPOHOB, 3aXBAaueHHBIX BaKAHCUOHHBIMH JAedeKkTaMu, a
mapaboJyinyeckasi KOMIIOHEHTa O0yCJIOBJIEHA aHHUTHIAIMEH MO3UTPOHOB Ha JIEJIOKATU30BaHHBIX
aJIeKTpoHax mpoBoauMocTu (Pepmu-raze o00bekToB). OOpaimraer Ha cebs BHUMAaHUE HU3KasA
WHTEHCUBHOCTh HapabOIMYecKOW KOMIIOHEHTHI (Tabs. 3-5). IHTEHCUBHOCTH 3TOH KOMIIOHEHTBI
JUIST BCeX WKCCJIEIOBAaHHBIX OOpa3IloB CTajJiell He IIPEBBINIAeT 15% W YMEHBIIAeTCA C POCTOM
droeHca HEHTPOHOB. ATOT 3G GEKT, MO-BUIHUMOMY, CBSI3aH C TEM 0OCTOATEIHCTBOM, UTO OOJIBITIAS
YyacTh ITIO3UTPOHOB 3axXBaThIBaeTCs W aHHUTWINpyeT B Jedekrax. Tak B paborax [18, 19],
BBIIIOJTHEHHBIX MeToZioM BPA®, mokasano, yto mpu ¢roeHce HEHUTPOHOB 3,3:102° ¢cM2 B
AQHAJIOTUYHBIX CTAJIAX IMPAKTHYECKHU BCE MO3UTPOHBI 3axBaThIBAIOTCA JedeKTaMu. YBeJTudeHUe
KOHIIEHTPAIIUH MMO3UTPOHUYYBCTBUTEBHBIX AePEKTOB ¢ pocToM (JIFOeHCa 3JIEKTPOHOB B CILIaBaX
Fe-Ni, Fe-Ni-Al, Fe-Ni-Si Habsitofjajioch Tak:ke IO H3MEHEHHIO S-mapamerpa (JO0IIepoBCKOTO
YIIUPEHUs] aHHUTWIAIMOHHON JIMHUU) B paborte [26]. B pabote [27] mokasano, uTo S-mmapameTp
XapakKTepu3yeT KOHIEHTPAIINIO BAKAHCHOHHBIX KJIaCTEPOB MAJIbIX Pa3MEPOB.
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IKCIIEPUMEHTAIBHO OTIpe/ie/IeHHAs] KOHIIEHTPAIIUs 3JIEKTPOHOB B 30HE IMPOBOJAMMOCTH ISt
BCEX HCCJIEZIOBAaHHBIX 00pPA3Il0B CIIABOB YMEHBIIIAETCS C POCTOM (pyIroeHca HeUTPOHOB (cM. TabII.
3-5). Hdaxe mociae omkura mnpu 475 °C KOHIEHTpAIUA eJ0KAJTHU30BAaHHBIX BJIEKTPOHOB HE
BO3BpAIllaeTcsl K HCXOJHOMY COCTOsHUIO. Ilo/JoOHBIE pe3ysbTaThl /I YKHCTOTO Kejie3a
HabofaMuch B pabote [28], rme KOHIEHTpAIUsA 3JEKTPOHOB ITPOBOAMMOCTH YMEHbINIAIach C
JI030H 0oOyuenus. Ilo HallleMy MHEHHIO, TAKOe YMEHbIIEHWE KOHIIEHTPAIUHM B3JIEKTPOHOB IPH
00JIydeHHH CIJIaBOB OOYCJIOBJIEHO YBETUYEHHEM MEXKKPHUCTAJUIUTHBIX KOBAJIGHTHBIX CBsI3€d Ha
rpaHulle 3epeH W (QOPMUPOBAHMEM YIOPAAOUYEHHBIX CTPYKTYP W3 HPHUMECHBIX aTOMOB.
HabJtro/iaeTess KOppesisinusa MesKay XapaKTepoM H3MeHEHHs KOHIEHTPAIUHU JIeJI0KATN30BaHHbBIX
DJIEKTPOHOB (pUC. 4) U U3MEHEHUSIMH TeMIIepaTyphl BA3KO-XPYIKOTO Pa3pylleHUs MaTepruaia
0b6pas1os [6, 7].

Af2(9)

10
HP(0)~LP(0)

b Hs 10 15 20

sl ©, Mpan

1ol

Puc. 2. PazHocTHBIH cieKTp YPA® HeobsrydeHHBIX 00pas3moB ¢ BbicokuM (HP) u Huzkum (LP)
conep:kanueM ¢ocdopa

Df2(8)

10 + ‘ 18
HP{(58.0x10 )-—HP(O)

0 T T ’+%|1 l#' T T " k o ' T 1 ;
o CAIY 15 20
=3 8, Mmpapn
-10 +

Puc. 3. PazHoctHblii criekTp YPA® 0061yueHHbIX U HE0OIyueHHbIX 06pasios ¢ BbIcCOKUM (HP)
coaep:xkanueM docdopa
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Np _Np
car

16 |

14 |

10

o I I I I 1 I 1
a 10 =20 30 40 a0 &0 Fa

®1r0eHC HEUTPOHOB 108 H/cM?

Puc. 4. O6pasus! ctanu (MP) co cpenaum conep:xanueM docdopa

31echb Ng 1 N, - COOTBETCTBEHHO KOHIIEHTDPAIUA 5JIEKTPOHOB B HEOOTy4e€HHBIX 1

00JIy4eHHBIX 00pasIax cTajiem.

Takum 00pa3oM, HOSIBJIAETCA BO3MOXKHOCTh ucciaenoBaHus Meronamu ITAC BHyTpeHHHX
CBsI3el B MeTaslIax.

Ha puc. 4 npencraBieHO OTHOCUTEIbHOE HM3MeHeHHe KOHIIEHTPAIlUHM 3JIEKTPOHOB B 30HE
MIPOBOZIMMOCTH B 3aBUCUMOCTHU OT (pJItoeHca HeUTPOHOB 1 ctayii MP co cpefHUM cojiep:kaHreM
docdopa. lna craneit ¢ muzkuMm (LP) u Boicokum (HP) conmepkanmem ¢ocdopa xapakrep
3aBHCHUMOCTH aHAJIOTUYHBIHN (CM. TabJI. 3-5).

Kak y»ke roBopmjioch BbIIIe, IO ITapaMeTpaM AHHUTWIAIMOHHBIX CHEKTPOB YPA® MOKHO
OTIPENIEJINTh SHEPTHUI0 TO3UTPOHA, AHHUTWINPYIOIIETO B MOpPE, U TEM CAMBIM OIEHHUTH pa3Mep
TIOPBI.

W3 paHHBIX Taba. 6 U 7 BUAHO, 9TO SKCIIEPHMEHTaJbHO U3MepeHHble 3HaveHus Eg ,E ,

00pasIoB CcTajy, JKejie3a, XpoMa U HUKeJIA CONOCTaBUMBI CO 3HAaUeHUAMU dHeprui ceasu E, =U,

E

u E, =U, BHeIIHUX BaJIEeHTHBIX 3JIEKTPOHOB aTOMOB 3JIEMEHTOB, BXO/IAIINX B COCTaB cTasnu (TabJr.
8).
E

nepsoro poga. Ominune Besnuunbl Ej; or smavenws E, =U;, atomos Fe u Cr, mo-sunumomy,

HazoBem 53TH OEHTPbl AHHUTHUJIANOHWKW IIOSUTPOHOB C IIapaMETpaMu | HEHTpaMU

gl’ =gl

obycsioByieHo yMeHbllleHueM E;, =U, B xpucrase (craBe) 1o cpaBHeHUIo co 3HaueHueMm E, =U,
5JIEKTPOHA CBOOOJHBIX aTOMOB F€ m /pyrux aTomMoB 3a cueT 0Opa30BaHUS XUMUUYECKUX CBSI3EH C
APyTUMU 3JIEMEHTaMHU CILIaBa. B cBoio ouepens, sHavenus E, mia obpasnos cramu, Fe u Cr mo
CBOUM 3Ha4yeHUsAM OJIMKe BCErO K 3HAUEHUAM 3Hepruil cBsa3u E, =U, BHEIIHHX 3JIEKTPOHOB
MIOJIO>KUTEJIBHO 3apsKEHHBIX HOHOB aTOMOB F€ U Jpyrux 31eMeHTOB, BXOJSIIUX B COCTAB CTAJIH
(Tabn. 8). HazoBeMm 5Tu LEHTPhl aHHUTWJIALUY [MO3UTPOHOB ¢ mapamerpamu | ,, E , mentpamu

BTOpOTO poza. VI3 gaHHBIX Tabs. 3-5 CJI€AyeT, YTO 3TU IEHTPhl AHHUTWIALNN IEPBOTO U BTOPOTO
poza npu 00JIy4eHUH U OTKUTEe IIPETEPIIeBAIOT 3HAUUTEIbHbIE TPaHC(POpMAIUH.
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By,HEM CUHUTaTb OEHTpAaMH aHHUTWIANHUK II€EpBOTO pOJa IIOPbI B TpOﬁHOM CTBIKE
KPUCTAJUIATOB U AUCTIOKAIIUN (J'II/I6O KOMIIJIEKCHI BaKaHCHfI), AC€KOPHUPOBAaHHBIC aTOMaMM Kejie3a U

npuMeceil. AHHUTHIAIMA TTO3UTPOHOB U3 3TUX COCTOAHMH faeT kommonenTy |, (E ;). llenTpamu

3axBaTa BTOPOTO pOJA MOTYT CJIYKUTh BAaKAaHCHUM Ha TpaHUIE pasfieja KPHUCTAUIUTOB U
paZalluOHHO-UHAYIIUPOBAaHHbIE BakaHcuu Fe u ux komiuiekchl. 13 sKCIEepUMeHTaTbHBIX
JlaHHBIX (TabJ1. 3-5) CJIeZlyeT, YTO MPU OTKHUTe IMPOUCXOUT IMPEUMYIIECTBEHHO TpaHCchOpMAIs
pauaIiOHHO-UHAYIIUPOBAHHOM YaCTH IIEHTPOB 3axXxBaTa BTOPOTO PO/ia B LIEHTPHI 3axBarta ¢ Oosiee
IyDOKMMH TMO3UTPOHHBIMH YPOBHAMH. B Takoil mozenu ¢ poctoM ¢uiroeHca HEWTPOHOB
YBEJIMYUBAETCSA KOHIIEHTPAIUA PaIMaIlMOHHO-UHAYIIUPOBAHHBIX BAKAHCUOHHBIX JIe(PEKTOB U, KaK
CJIE/ICTBHE, YBEJIWYMBAETCA 3axBaT IO3UTPOHOB HSTHUMH JlepeKTaMH U, COOTBETCTBEHHO,
yMEHBIIIaeTcs A0JI TO3UTPOHOB, AHHUTHJIUPYIOIIUX CO CBOOOJHBIMU 3JIEKTPOHAMU U B JlepeKTax
repBoro pojia (cm. Tab. 3-5).

ITpy 5TOM aHHUTWIAIMA MO3UTPOHOB IPOTEKAEeT B OCHOBHOM Ha BHEIIHUX (BAJIEHTHBIX)

BJIeKTPOHAX aTOMa JKeJIe3a U 3apskeHHoro nona Fe', Takkak E; -»U,,E , ->U,.

Taxum 06pasoM, 1o SKCIIEPUMEHTAIBHO ONpe/ie/ieHHbIM oHeprusam E; u E, (cm. Tabm. 3-

5) MOKHO TaK)Ke HAaWTHU COCTAB U PAJINyChl HAHOOOBHEKTOB (IIOP, BAKAHCHH, 3ePEH U BKIIIOUEHUN
BTOpPOM a3bl — HAHOKJIACTEPOB M BO3MOKHO JIMICJIOKAIWM, JIEKOPHUPOBAHHBIX Pa3JIUUYHBIMU
MMPUMECSAMU U T.JI.), UCIOJIb3Ys TOJIBKO JaHHble YPA® [29-31]. [Iyis1 9TOTO IIpUBEIEM BhIpAXKEHUE,
CBs3bIBAIOIIlEE HHEPTUIO AaHHUTHJINPYIOIIEN 3JIEKTPOH-TIO3UTPOHHOMN Maphl ¢ MTOJTHOW IMTUPUHOU Ha
MOJIyBBICOTE COOTBETCTBYIOIEN raycCOBOM KOMIIOHEHTHI crieKTpa YPAD

Ey =69-107 - I (22)
3necs E - oneprus B 9B, a [’ - nosiHas mupuHa KpuBoit YPA® Ha mosysbicote B Mpaj. Tak

JUtst 06pasnoB criaBa LP (Tabui. 3) paccuutaHHbIe 10 3TON ¢GopMysie 3HAUEHUS CPEJHUX SHEPTUH
AHHUTUWINPYIOIHUX 3JIEKTPOH-TIO3UTPOHHBIX NAp OKasaauch paBHbIME E; =6,91, 6,09, 5,52, 9,23
9B u E ,= 18,6, 18,1, 15,5, 24,4 5B. TabnuuHble 3HAYEHUs DHEPTHU 3TEKTPOHOB (Tabi. 8)
BHEIIIHUX 000JIOUEK aTOMOB 2KeJie3a ¥ MOHA JKeJIe3a COCTABJISIOT BEJIMIUHEI 7,89 U 16,19 3B, a s
XpOMa 3TH K€ BEJIMYIHBI COOTBETCTBEHHO PaBHEHI 6,76 U 16,49 5B. Kak BuguM, 3HaUE€HUS BETUIUH
smepruii E;, E(Fe) u E(Fe") Gnuskm mpyr apyry. Takum o6pasoM, MOXKHO IIOJIaraTh, UTO
MO3UTPOHBI AHHUTWJIMPYIOT B OCHOBHOM Ha BHEIIHUX BAJIEHTHBIX 3JIEKTPOHAX aTOMOB JKeje3a

(xpoma) «CTeHKHM» BaKaHCUU U KOMILJIEKCOB BaKaHCUU. B 3TOM ciiydae, pa3HOCTh BeTUYNH
E — E(Fe) obGycioBieHa BKJIaJOM SHEPTUM MMO3UTPOHA, HAXO/SIIErOCs B BAKAHCHUSX, B SHEPTUIO

QHHUTWINPYIOIIUX B3JIeKTPOH-NIO3UTPOHHBIX map. JIjA OIleHKU pa3Mepa BaKaHCUM MOKHO

HCIIOJIb30BATh BbIPDAKECHUA BUA
1/2 1/2

37,7 37,7
Rsp = ’ Rsp = ¥ (23)
E—E(Fe) E-E(Fe")
31ech BeJIMYMHBI MMEIOT Pa3MepHOCTH R, B A, E B 5B. OnpeznesuM pasMepsl IIeHTPOB
3axBara BTOPOI'O PO/ia, MCIIOJIB3Ysl IapaMeTphl HOHOB Jkenesa E=E , — E(Fe"). Ina E ,=18,6

5B u E(Fe")= 16,19 3B monyunm pasmep mop 4 A. Buauenune E(Fe') i Bcex mcciejoBaHHBIX

obpas1os craser (LP, MP, HP) meHsieTcs oT 15,5 70 24,4 3B, a pa3mep aedeKkToB, COOTBETCTBEHHO,
oT 5 1o 2 A.
U3 BeIpakeHus (21) MOKHO IHOJIYYHTb CBA3b MEXK/IY CKOPOCTBIO 3axBaTa Mo3UTpoHOB K N

LEHTPaMU BTOPOTO POZIA X MHTEHCUBHOCTBIO KOMIIOHEHTH!I |,
k,N, = A,Al =Al/zt,. (24)
3necb Al - pasHOCTb MeXTy MHTEHCHBHOCTAMH rayccoBbix KommoHeHT | (Irradiated),

06ryueHHbIX 06pasios cramy, u | ; (Not irradiated) ncxoanpix Heo6IydeHHBIX 06Pa3IOB CTATH B
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cuektpax YPA®, K, - koHcraHTa 3axBaTa HO3UTPOHOB Jedekramu, a N, - KoHIeHTpanusa

ebeKTOB.
Onenum 3HaueHue K N, i 3HayeHUs AIgz =0,08 (cm. Tabs. 3) W 3HAYEHUS

7, =(110+0,05)-10 ¢ [18,19] mna pammO#l cramm. C aTuM 3HaueHmeM Al ¢ Hosyuaem
kyN, =0,08/1,10-10™"° =7,3-10°c.

Benmunna ckopoctu 3axBata K,N, B cBOI0O ouepezib MOKeT OBITH OIpe/ieJieHa Ha OCHOBE
usBectHOro BoipaxkeHus KyN, =o-v-N,.31ecy 0 - ceueHue 3axBara jeeKTaMH IO3UTPOHA; U
- CKOPOCTb TEPMAIM30BAHHOTO MO3UTPOHA; N, - cpefHAA KOHIleHTpanus: AedeKToB (B fedekTHON
obmactu kpucraina). CpefHsAs TeIIOBas CKOPOCTh IO3UTPOHA IPU KOMHATHOHM TeMIIepaType
T =293K onenuBanach no dopmysie v =(8k0T/7zmi)U2 ~105-10" cm/c, e K, — nocrosmuas
Bonbnmana, M, ~ M, - sddekTuBHAA Macca mo3utpoHa, M, =9,1-107° r - macca cBoGogHOTO

no3utpoHa. [Ipeamonaras, 4To ceueHre 3aXBaTa MO3UTPOHOB IIEHTPAMH 3aXBaTa MIPUMEPHO PABHO
cpenHeMy 3HAYEHUIO TreOMETPHUYECKOTO ceyeHust nedexra, MTOJTYIUM

o zﬂ-Rf =314-016-10" ~5-10® cm? (mpuHAMHM, uTO Ry 0,4 um). Ucnonp3sysa

olpeZieJIeHHbIE BhIIIE 3HaUeHUsA R, = 0,4-10 " cm, Ky ¥ U, MOKHO OLIEHUTDH CpeJHEe 3HAYEHUE
KOHIIEHTPAIlMd  IIEHTPOB  3axBaTa  IIO3UTPOHOB B  OOJIyUeHHBIX  obpasljax  CTaau
N, =4,Al/c-v= 7,3-108/5-10 ™ .10" ~1,4-10* cms. [Ipu wucnosb30BaHUM JaHHBIX [1819]

Al, =0,06 7,=11-10"c u paguyce Bakanmcuii R, ~0,25 HM (paauyc BaKaHCHH U3 JAHHBIX
BPA®) monyunm sHauenme K N, =0,06/110-10"° =55-10° ¢* u koHIeHTpamui AedeKTOB
N, =k,N,/c-0=55-10°/2-10"-10" ~ 2,7-10" cm3.

7. 3aKJII0oUeHue.

B Tabs. 6 mpuBeneHBI PAJ JAHHBIX 110 3JIEKTPOHHBIM CBOMCTBAMU YHCTHIX METAJIOB. [l
MIePEXOHBIX METAJUIOB HAOJII0/IaeTcs YeTKAas KOPPEJANHSA TeMIlepaTyphl IUIABJIEHUSA C UHCJIOM
HecnapeHHbIX d-3JIEKTPOHOB (ITOMEYEHBI JKeITHIM). UeM O60JIbIIe 3TUX (HECTAPEHHBIX) 3JIEKTPOHOB
TEM BBIIIE TeMIleparypa IuiaBieHus. Koppesmsanuu ¢ obmum unciom d-3y1eKTpoHOB HeT. Tak y
menu (3d - anextponsbl), naymnaaus (4d - ayeKTpoHsl), 30710Ta (5d - 2/IeKTPOHBI) 000/I0YKH ¢ d-
BJIEKTPOHAMH 3aI0JIHEHBI IIOJTHOCTHIO, & TEMIIEPATYPhI caMble HU3KHe B CBOMX psjax. ObpamaoT
Ha ce0s BHUMaHUe TeXHeIUW, BojbdpaM U peHui. Y TexHenUs B Pa3HBIX CIIPABOYHUKAX
MIPUBOAUTCA pa3Hasg KOUTypalls BHEIIHEU 3JIEKTPOHHOU obosiouku 4dé5s' (4ds55s2). Ha mHam
B3IJIAJT B 9TOM CJIyuae 0oJiee MpaBHJILHOM Oy/ieT KOH(Uryparus ¢ 1mectbio d-ayiekTpoHamu. Ecim
TAKOTO POJIa PACCYKAEHUs MPAaBUJIBbHBI, TO V BoJbdpama 0060J10UKa JOKHA OBITh 4f145d56S, a y
penns 4f145d°6S'. Ham kakercs, 4YTO HecmapeHHbIe d-3JIEKTPOHBI XapaKTEPU3YIOT CKJIOHHOCTH
MeTaJUIOB K 00pa30BaHUIO0 KOBAJIEHTHBIX CBSI3el, KOTOpbIe Oojiee CUIIbHBIE YEM MeETaJTMUYECKUe
CBA3U. OTOT mporiecc 0O0pa30BaHUA TAaKUX CBsA3EH HMeEET BEPOSITHEE BCEr0 AKTHUBAIIMOHHBIN
XapakTep. OTH CBOHCTBA U OIPEJEJISAIOT YBEJIUUEHHE TEMIIEPATYPhl IUIABJIEHHUSA C POCTOM YHCIa
HecIllapeHHbIX d-371eKTPOHOB. B stuTeparype cchUIOK Ha MOA00HOE OOBACHEHNE MBI HE HAIIUIH. JTH
93¢ dexThl Takke MOTYT OOBACHATh HAJINYUE BO3MOKHBIX MOAM(PUIMPOBAHHBIX BA3KO-XPYIKHUX
nepexozioB Tumna Modde-/laBumenkosa u Jip. [3, 4] B KOHCTPYKIIMOHHBIX MaTepHuasax (MeTa/uiax u
CIUIaBaX) B YCJIOBUAX OOJIydeHUs HX HEWTPOHAMHU IPHU MOBBIINIEHHBIX TeMmmepaTrypax [3].
TemnepaTypa Xpynko-BsA3koro mnepexoza HModde uyBcTBUTEIbHA K COJAEPIKAHUIO
npuMmeceir (0ocobOeHHO mTpuMecedl BHeApPeHUs B O. II. K. MeTajlaX) U CTPYKType
matepuasa.(!) Ocob6o BaxKHBIM fBJIAETCA XPYIKOe pa3pylleHUe B TeX Caydasx, KOrjga OHO
IPOUCXOAUT IPU JIOCTATOYHO BBICOKHX TeMIlepaTypax (KOMHAaTHOW ¥  BBIIIE).

JleiicTBUTENIBHO, 00/IyueHe MeTa/UIOB U CILIABOB HEUTPOHAMHU IIPU TeMIlepaTypax Hike 0,3 T,

rae Tm - TeMIepaTypa IUIaBJIEHUA, IOBBIIIAECT HX IIPOYHOCTb B pe3yJjbTaTe O6paBOBaHI/I}I
paaAualiuOHHbIX HapynleHI/Iﬁ u I[e(I)eKTOB, ABJAIOIIUXCA TIPENATCTBUEM JId JBUXKCHUA
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ZVCIOKANUM, HO MPU 5TOM DPaHaIusA CYIIeCTBEHHO, a MPU OOJIBIINX JI03aX KaTacTpodUuecKU
yXyamaeT ux edbopMalloOHHbIE U IJIACTUYECKHE CBOHUCTBA. ITO 0OCTOATETHCTBO (paguanoHHAsA
XPYNKOCTb) OTPAaHUYMBAET HKCIUIYaTAI[HOHHBIA pecypc MHOTHUX CILIABOB, HCIIOJIb3YEMBIX B
SA7IEPHON DHEPTeTHUKe: C POCTOM 103l OOJIyUeHHs UyBCTBUTEJBHOCTh CIUIABOB K Y/IapHBIM
HarpyskaM BO3pacTaer.

B Hammx sKCcriepuMeHTaX ¢ PEaKTOPHBIMU CTUISIMH ObLII0O 0OHAPYKEHO, YTO KOHI[EHTPAIIHSA
DJIEKTPOHOB B 30HE IPOBOJAMMOCTH YMEHBIIAETCS C yBeJaudeHHeM (uioeHca HeUTpoHOB. Ilpu
Oospimnx GIII0eHcaxX KaXKIbId aTOM HCIBITHIBAET HECKOJIBKO CMEIIEeHUU U, BEPOSITHO, HOBAas
KOHGUTYpAIUsA COMPOBOXKAAETCs 00pa30BaHUN HOBBIX KOBAJIEHTHBIX CBSA3EH, YTO BO3MOXKHO U
MPUBOAUT K YBEJIWYEHHUIO TEeMIIepaTypbl BA3KO-XPYIIKOTO Iiepexojia.B KiaccumueckoM XpyIKO-
BsA3KoM nepexojie odde Takoro Tuna sipjeHre HabJI0/1aeTcs IPU MOHMKEHUU TEMIIEPATYPHI [32-
341

ITpoBeneHBI HcCIeIOBAaHUS KOPILYCHBIX CTajield, UCIOJIb3YeMbIX B JEHCTBYIOIINX PEAKTOPAX
BB3P-440. B uccienoBanHbpIx 06pasijax crajiell BbIABIEHBI BAKAHCUOHHBIE JIe(DEKTHI, B TOM YUCTIE
BbI3BAaHHbIE HEUTPOHHBIM OOJIydeHHEM, U OIpeZieieHbl UX pa3Mephl. [lokasaHo, YTO MeTO[
MMO3UTPOHHON aHHUTWIANMOHHOU crekTpockonuu (ITAC) saBnsercsa ogHuM u3 3(PEIEKTUBHBIX
METO/IOB OIpeJieJIeHUs] pa3MepoB HAHOOOBEKTOB (BaKaHCHI, BAaKAHCHOHHBIX KJIACTEPOB),
CBOOO/THBIX 00BEMOB IIOP, MOJIOCTEH, MYCTOT, UX KOHIIEHTPAIIUN U XUMHUECKOTO COCTaBa B MeCTe
QHHUTWIAIAY TIO3UTPOHOB B JIe(peKTHBIX MaTepHuaax.

YCTaHOB/IEHO, UTO TO3UTPOHHASA CIIEKTPOCKOMHS MOXKET C YCIIEXOM IPUMEHATHCS JIsf
HCCIeZIOBAaHNUSI BHYTPEHHUX CBfA3€H B MeTayylax M, B YACTHOCTH, /ISl WCCJIEZIOBAHUSA TPAHUIL
paszieyla KpUCTA/UTUTOB. B cBA3M ¢ 3TUM HamMu ObUIM NPOAHAJIU3UPOBAHBI Psf, JIAHHBIX IIO
DJIEKTPOHHBIM CBOUCTBAMHU YHCTBIX METAJUIOB [1-6]. /[y mepexoAHbIX MeETa/UIOB HAOJII0/1aeTcs
yeTKas KOPpeJsSus TeMIIepaTyphl IUIABJIEHUS C YHCJIOM HeCHapeHHbIX d-3JIEKTPOHOB.
Yewm Goutbiiie 3TUX (HecIIapeHHBIX) 3JIEKTPOHOB TEM BHIIIE TeMIepaTypa IutaBiaeHus. Koppenamnuu
¢ obmmMm yucsaom d-simekTpoHoB HeT. Tak y menu (3d - anextponsl), nayuiaaus (4d - 3JIEKTPOHBI),
3os10Ta (5d - 37€KTpPOHBI) 000710YKHU ¢ d-37IEKTPOHAMU 3AIOJIHEHBI MOJHOCTHIO, a TEMIIEPATYPHI
camble HHU3KHE B CBOMX psamax. ObpamaroT Ha ce6s BHHMAaHHE TEXHENUH, BoJbdpaM U PeHUH.
VY TexHenusA B pa3HBIX CIPABOYHUKAX IMPHUBOJUTCA pasHas KOMUTYpAIUs BHEITHEN 3JIEKTPOHHOU
obostouku 4d°5s! (4d55s2). Ha Ham B3I/ B 3TOM cirydae 60siee mpaBHWIbHOU Oy/1eT KOHMUTYpaIys
¢ mectpi0 d-snexktpoHamu. Eciu Takoro poga paccyaeHus IpaBWIBHBI, TO y BoJbdpama
obosiouka soykHA OBITh 4f45d56s!, a y peHus 4f45d°6s'. Mbl MO3TOMY NPEIIIOIOKUIUA, UTO
HecrapeHHbIe d-3JIEKTPOHBI XapaKTePU3yIOT CKJIOHHOCTh METAJIJIOB K 00pa30BaHUI0 KOBAJIEHTHBIX
CBsI3el, KOTOpbhle 0OoJiee CUIIbHBIE UeM METAJUIMUECKHEe CBA3U. DTOT IMpoIlecc 00pa30BaHUS TaKUX
CBA3EHl HMeeT BePOsTHEEe BCEro AKTUBAIIMOHHBIA XapakTep. OTH CBOWCTBA U OIPEAESIOT
yBEJIMUEHHE TeMIIepaTypbl IUIABJIEHUS C POCTOM YHCIAa HECHapeHHBIX d-3JEKTPOHOB.
B iuteparype cchuiok Ha 1mO700HOE OOBACHEHWE MBI He HamuIu. IDTH 3(G@EKThI TaKKe MOTYT
O0BACHATH HAIMYKE BO3MOXKHBIX MOAUDUIIMPOBAHHBIX BA3KO-XPYIKUX Iepexo/10B Tuna Moddde-
JlaBusieHKOBa M JIp. B KOHCTPYKIIMOHHBIX MaTepuasax (MeTa/ulaXx U CIUIaBaX) B YCJIOBHAX
o0JyiyueHUs UX HEUTPOHAMM IIpU NOBBIIIEHHBIX TeMmueparypax [3]. TemmepaTtypa Xpymko-
BsA3KOTO nepexona Modde uyBcTBUTEIbHA K COJIEP:KAHUIO TpUMecel (0coOeHHO mpuMe cel
BHeJ[pEHUA B 0. I[. K. MeTajylaXx) U cTPyKType Marepuaina.(!) Ocob60 BaKHBIM fABJAETCH
XpyIIKOe pa3pylleHHe B TeX Caydasx, KOrja OHO MPOUCXOAUT MPU JAOCTATOYHO BBICOKHUX
TeMnepatypax (KOMHaTHOW u BbImie). [[eHCTBUTENBbHO, OOJIydeHHWE MEeTa/JIOB M CILUIaBOB

HeHTpOHAMU IIPU TeMIlepaTypax Hibke 0,3 T, , rae T, - TeMIlepaTypa ILJIaBJeHUs, IOBBIIIAET UX

IIPOYHOCTh B pe3yJibTaTe 00pa30BaHUSA PAJUAIMOHHBIX HAPYIIEHUH U J1e(EKTOB, SBJISIONIUXCS
MPENATCTBUEM ISl JBUKEHUS JUCJIOKAIUH, HO TPH 5TOM pajuallisa CyIIeCTBEHHO, a IIpU
OOJIBIIIUX /03aX KaTacTpOHUUECKH YXyAIlaeT uX AedopMallMOHHbIE M IIJIaCTHYECKHE CBOMCTBA.
AT0 00CTOATENBCTBO (pafiMallHOHHAsI XPYIKOCTh) OTPAHUYMBAET SKCILUIyaTAI[MOHHBIA pecypc
MHOTHX CIUIaBOB, HCIIOJIb3YEMBIX B SJIEPHON DSHEPreTHKEe: C POCTOM /O3Bl OO0JIydYeHUs
YyBCTBUTEJIBHOCTD CILIABOB K YIAPHBIM HAarpy3KaM BO3PacTaer.

B Hammx skcrepuMeHTaxX ¢ PEaKTOPHBIMH CTIAMU ObLIIO 0OHAPYKEHO, YTO KOHIIEHTPAITUs
9JIEKTPOHOB B 30HE IPOBOJIMMOCTA YMEHBINIAeTCSl C yBeJuyeHueM (iroeHca HEWTPOHOB.
[Tpu Gosbux GJIroeHCaX KaXKAbIA aTOM HCITBITHIBAET HECKOJIBKO CMEIEHUN U, BEPOATHO, HOBasI
KOHGUTYpAIUsA COMPOBOXKAAETCS 00pa30BAaHUI HOBBIX KOBAJIEHTHBIX CBS3EH, UTO BO3MOXKHO U
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MPUBOJUT K YBEJIMUEHHIO TEMIIEPATYPhl BA3KO-XPYIIKOTO Ie€pexo/ia.B KiaccuueckoM XpyIKO-
Bs3KoM 1epexozie Modde Takoro Tuma spjieHne HaOII0JAETCs IPY TOHUKEHUH TEMITEPATYPBI.
MpbI BBEJIU BEJTUYUHY
o= [n(He06s1)-n(06.1)]/ n(xeob), (25)

XapaKTEepU3YIOIyl0 COOOU CTelmeHb KOBAJIEHTHOCTH XWUMHYECKON cBsA3U. 3xaech n(oba) —
KOHIIEHTpAIlUsl 5JIEKTPOHOB B 30HE ITPOBOJAMUMOCTH IPOBOJUMOCTA B OOJIyYeHHOM MeTaslie, a
n(Heo0s1)] — KOHIIEHTpAIUsA 3JIEKTPOHOB B 30HE IPOBOAMMOCTH HEOOJIyYEHHOTO MeTaJlia.
Ha ocHOBaHHU 3KCIIEpUMEHTAIBHBIX JaHHBIX paboT [4-6] 3HaueHue [n(HeoOs)]= 11,9.1022 cM3, a
[n(06s)] = 9.1022 ¢cm3 . OTCrO/Ia CTENEHb KOBAJIEHTHOCTH XUMHYECKOH CBSI3U JIJIs1 00OPa3IloB CTAIH
LP cocraBiisieT BEIUUUHY &; ~ O, 3. IIpUMeEpHO Takue ’Ke 3HaUeHus & HaOI0aer0TCsa U 1JIs
06pa3nos craieir MP u LP. AHanmu3 JaHHBIX & x

YcTaHOBJIEHO, YTO MO3UTPOHHASA CIEKTPOCKONHSA MOXKET C YCIEXOM IPUMEHATHCA A
HCC/Ie/IOBAHUSl BHYTPEHHHUX CBs3€d B MeTayylaXx W, B YACTHOCTH, JUUIS WCCJIEZIOBAHUS TPaHMUI]
pasziesia KpUCTAJIUTOB.

[TosyueHHBIE PE3yJIBTATHI MOTYT OBITh MCIIOJIB30BAHBI JJIsI IIOHMMAHUS DKCILIyaTAI[HOHHBIX
CBOMCTB MaTepUAaJIOB, HWCIIOJIb3YEMBIX /IS CO3JaHUA KOCMUUYECKHX aIlrapaToB U MPUOOPOB A
paboTHI B YCIIOBUAX KOCMHUYECKOTO ITPOCTPAHCTBA.
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AnHoranua. IIpoBeneHbl WuCCIIEOBAaHUA KOPIIYCHBIX CTajJed, HCIOJIb3YEMBIX B
JedcTByIOIuX peaktopax BB3IP-440. B wucciemoBaHHBIX o00Opasmax crajell  BBIABJIEHBI
BaKaHCHUOHHBIE JIeDEKTHI, B TOM YHCJIE BHI3BAHHBIE HEUTPOHHBIM OOJIyYEHHEM, U OIPEeETeHbl UX
pasmepnl. IlokazaHO, YTO MeETOJ IO3UTPOHHON AHHUTWIAINUOHHON crekrpockonuu (ITAC)
ABJIAETCA OOHUM U3 3(PGIEKTUBHBIX METO/OB OIpe/iesIeHHsI pa3MepoB HAHOOOBEKTOB (BaKaHCUMH,
BAaKAHCUOHHBIX KJIACTEPOB), CBOOOAHBIX OOBEMOB IOP, MOJIOCTEH, IYCTOT, UX KOHIIEHTPAIUN U
XUMHYECKOTO COCTaBa B MECTE AaHHUTHJIAIIUY ITIO3UTPOHOB B JIe(PeKTHBIX MaTepHuaIax.

KiaroueBsble ci0oBa: AHHUTWIANNA MTO3UTPOHOB IMEPEXOHBIE METAJUIbI CTAIH O0IydeHUe
MIPOTOHAMHY ¥ HEUTPOHAMU PaZyChl HAHOOOBEKTOB IIOP MOJIOCTEH BaKaAHCUU.
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1. Beegenue.

CoBpemeHHas WHOOPMAIMOHHASA cucrema - OTKpBITast WHTErPpUPOBAHHAS
aBTOMATHU3UPOBAHHAs CHCTEMA pEAJIbHOTO BpPEMEHHM II0 aBTOMATHU3AIUU OM3HEC-TIPOIECCOB
KOMIIAaHHU BCE€X YPOBHEH, B TOM 4YHCJIe, U OU3HEC-TIPOIECCOB TPUHATHSA YIPaBJIEHUYECKUX
pemtenuii. B cocraB VIC BXozdAT cpeacTBa I JIOKYMEHTAIIMOHHOTO obeclieueHHs yIpaBJIeHUs,
UHOOPMAIMOHHON MOJIEPKKU IPEeMETHBIX O0JacTeldf, MpOrpaMMHOe obeclieueHue, CpeJiCcTBa
OpraHu3aluu KOJUIEKTUBHON pabOThl COTPYAHUKOB, PEIJIaMEHTHl B3aUMOJENCTBUN, U JApyTUE
TEXHOJIOTHYECKHE cpeZicTBa. JacTo BO3HUKAeT npobsiema oreHku ciaoxkHoctu MC. B peasbHOM
MUpe MOHATHE «CJI0KHOCTb» TpeOyeT pacCMOTPEeHUs ONIO3UIMOHHOU [1] BEJIMUUHBI «IIPOCTOTA»
[2]. [na pemenus mpo6aeMbl eJ1ecoO00pa3HO UCIIOIH30BATh MIOHATHE CJIOKHOUN CHCTEMBI.

2. Ci107KkHas cHCTEMA KaK OCHOBA OLIEHKH CJIO?KHOCTH.

Cnoxnasa cucrema [3] - cocTaBHOH OOBEKT, YaCTU KOTOPOTO MOKHO PacCMaTPUBATh KakK
OTZe/IbHbIE CUCTEMBI, OObEJUHEHHBbIE B €QUHOE IeJI0€ B COOTBETCTBHU C OIpe/IeIeHHBIMHU
IPUHIMIIAMU WU CBSI3aHHBIE MEXK/IY COO0M 3alaHHBIMK OTHOIIIEHUAMU. YaCTH CJI0KHOM CUCTEMBI
MOKHO PacWIeHUTh Ha 0oJiee MeJIKHe MOJCUCTEMBI U T. JI., BIUIOTh /IO BBIJIEJIEHUS 3JIEMEHTOB [4].
CBOICTBAa CJIOJKHOH CHUCTEMBI B IIEJIOM OIIPEAEJIAIOTCSA KaK CBOWCTBAMH COCTABJISIOIINX €€
3JIEMEHTOB, TAK U XaPAaKTEPOM B3aUMO/IEUCTBUS MEXK/Ty HUMH.

TepMuH «crucTeMa» MOXET CTOATH B Hayasle MOHATHSA WIN B KOHIle MoHATHSA. Eciiu TepMuH
CUCTeMa CTOUT B Hauajle MOHATHS, TO, KaK IPABWJIO, STUM OIMCAHUEM OTPAXKAETCA OOBEKT
ONMCAHUSA KAK COBOKYIHOCTh U CHCTEMHOCTbh 3TOW COBOKYIHOCTH. Takoe OIUCAaHHE MOXKHO
Ha3BaTh aTpUOyTUBHBIM. Hanpumep, cucrema noHATUu [5].
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Ecau cioBo «cucremMa» CTOWT B KOHIIE IIOHATHA, TO, KaK IpaBuJO, 3TUM INOAYEPKHUBACTCA
Ha/In4yne CHUCTEMbI (a He COBOKyrIHOCTI/I) KaK TaKOBOH M Cl'IeI_[I/I(I)I/IKa cucreMbl. Takoe omnmcaHHe
MOZKHO Ha3BaTb Cy6CTaHI_II/IOHa.TIbeIM. HaanMep, I/IH(I)OpMaI_II/IOHHaH CHCTEMA.

3. CucreMHBI€e CBONICTBA M KauecTBEHHasA cJ10:kHOCTH VIC.

B 3aBHCHMOCTH OT acIieKTa pacCMOTPEHHUsI MOYKHO /IaTh pa3IMYHbIE OIMHMCAHUS U TPAKTOBKH
MIOHATHIO CHUCTEMA. ACIEKT PACCMOTPEHHUS OMpeessieT KOJIMYECTBO YIUTHIBAEMbIX (DaKTOPOB U
JlaeT pa3JIMYHble BApUAHTHI OMHMCAHUS MOHATHS crucTreMa. YeM OOJIbIlle acleKTOB PacCMOTPEHMS,
TeM OO0JIbIIIe TapaMeTPOB, OIMHUCHIBAIOIINX CUCTEMY.

ACIeKT paccMOTpeHHs IeJIOCTHOCTU cucTeMbl (S) Kak 00s3aTeJbHOTO ee CcBOIcTBa [6]
MIPUBOJIAT K ee orpesiesieHnio «CrucreMa ecTb HeUTO 1esioe». Vcnosib30BaHue onpeziesieHus yepes
Hajtmyre (OTCYTCTBHE) OJTHOTO CBOMCTBA IPHUBOJUT K JUXOTOMUUYECKOMY OIMCAHUIO, B KOTOPOM
HaJIMYMe CBOMCTBa IieJIocTHOCTH (integrity) o6o3HavatoT mUdPOH 1, OTCYTCTBHE CBOMCTBA MUMPOH
0. Hayimume niesiocTHOCTH XapaktepusyeTcsi integrity=1. OTCyTCTBHE II€JIOCTHOCTH integrity=0.

Takoe JTUXOTOMHUYECKOE WJIH OMIIO3UIIMOHHOE paccMOTpeHHe HH(POPMAIHOHHON CHUCTEMBI
Yyepe3 CBOKCTBO I1€JIOCTHOCTHU IIPUBOUT K OTIMCAHUIO CJIOKHOH CHCTEMBI (S) B CIEAYIOIIEM BH/IE

S=A(integrity =1) (1)/

Jins VC MOKHO BBECTH OIIMO3HUIIMOHHOE IIOHATHE «He cucrema» (NS) [5]. Jag  «He
cucreMbl» (NS) IUXOTOMHYECKUH MTOIX0/T IPUBOAUT K ontucanuio Buma. NS=A(integrity =0) (2)

Bripaxkenue (1) sBsgeTcss 00A3aTETbHBIM, HO HEZIOCTATOYHBIM YCJIOBUEM HAJIMYHUS CHUCTEMBI.
OHO ocBeIIaeT TOJHKO OJTHO CBOMCTBO CHCTEMBI, & TAKUX CBOMCTB MOXKET OBITh HECKOJIBKO.

JIUXOTOMUYECKUH TIOAXOM II03BOJIIET CO3/1aTh YHUBEPCAIHHYI0 (OPMYJIY YCIOBHA
CYIIIeCTBOBAaHHs CHUCTEMBI dYepe3 ApYyTHe CBOHCTBA CHCTeMBl. Hampumep, Hajiuuyue CBA3eH
(connection) B KMC Mexay sjieMeHTaMH U TOJCHCTEMAMHU SBJISETCA 00sS3aTEIbHBIM YCJIOBHUEM
CYIIIECTBOBAHHUS CUCTEMBI.

S=A(connection =1) (3)

s «HE CHCTEMBI» JHUXOTOMHYECKHH TIOAXOJ IPUBOJUT K OIMCAHUIO BHJA.
NS=A(connection =0) (4)

Hanmmuwne crpyktyps! (structure) B VIC aBiseTcsa o0A3aTeIbHBIM YCJIOBHEM CYIIECTBOBAHUA
CUCTEMBI

S=A(structure =1) (5)

Il «He cUCTeMBbI» JUXOTOMUYECKUH IOAXO0/ IPUBOIUT K OMMCAaHUIO Buaa. NS=A(structure
=0) (6)

Tunonornueckuii psax map (1 - 6) 1aeT BO3MOXKHOCTh OIPEJETUTh CHUCTEMHBIE CBOHCTBA.
Cucremnbie cBoiictBa MC — 3TO TakWe CBOWCTBA, OIHCAHHE KOTOPBIX XapaKTEePHU3YeTCs
BeIpackeHusAMH Tuma (1), (3), (5), a MPOTUBOIOJIOKHBIE CBOMCTBA MCKJIFOYAIOTCS I JTaHHOU
CHUCTEMBI.

Kpome cucTeMHBIX CBOHCTB B CHCTEME MOTYT CYIIIECTBOBAaTh W HECUCTEMHBIE CBOMCTBA.
Hampumep, Hanmuuwe crpatudukanuu (stratification) sBisercs HeoOs3aTeTbHBIM CBOKWCTBOM
cucTeMbl. ATO O3HAYaeT BO3MOKHOCTDH CYIIIECTBOBAHHE B CHCTEME B3aMMHO HCKJIIOUAIOIIUX, HE
CHUCTEMHBIX CBOUCTB

S=A(stratification (1,0)) (7)

3HaueHusa (1,0) OIpenesArT 00JaCTh HCTUHHOCTH apryMeHTOB I BbIpakeHUus (7).
Haymuuue crpatudukaruu (stratification=1) ompeznensier cucremy Kak cTpaTH(MUIMPOBAHHYIO.
OtcyrcTBUE cTpaTuUKaIUU (stratification=0) oImpeiesisieT CHCTEMY KakK He
cTpaTU(UIMPOBAHHYIO.

4. DopMasIbHAS CJIOKHOCTD.

JIrobasi cucreMa HaXOAUTCS BCETZA MEXAY KPAaHHUMHU TOUKAMH OIMIIO3UIIMOHHOHN IIKAJIBI [1,
7]: abcosroTHas IE€JIOCTHOCTh — aOCOJIIOTHAsA HEIEJO0CTHOCTh. DYHKIIMOHHUPOBAHUE CHCTEMBI
MOXKHO OXapaKTepU30BATh CTENEHbIO IMPOSABJIEHUA B HEW OJHOTO WJIHM JAPYTOrO OMIIO3UIIMOHHOTO
CBOMCTBA U TEH/IEHIIUEN K €r0 HaPaCTaHUIO WIN YMEHbBIIIEHUIO.

JI71a onieHKY 3TUX sAByeHU A. XO0JUT BBEJT TaKue 3aKOHOMEDPHOCTH, KaK «IIPOTPECCUPYIONTAs
dakropusamus» (CTpeMJIeHHE CUCTEMBI K COCTOSTHUIO CO Bce 00Jiee HE3aBUCUMBIMH 3JIEMEHTAaMU)
U  «IpOTpeccUupylolas  cucTeMaTu3anus»  (CTpemMJeHHe  CUCTEMBI K  YMEHbBIIEHUIO
CaMOCTOSATETbHOCTH 3JIEMEHTOB, T. €. K 00JblIel 1e0cTHOCTH). CyIlecTBYIOT MeTO/Ibl BBEJEHUS
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CPaBHUTEJILHBIX KOJTUYECTBEHHBIX OIEHOK CTENEHH [eJIOCTHOCTH, KO dUIleHTa UCII0Ib30BaHUS
BJIEMEHTOB B II€JIOM C TOYKH 3PeHUs OIpe/e/IeHHOH e, KauecTBeHHas CI03KHOCTh CHCTEMBbI
OTIpe/IesIIeTCST KOJIMUECTBOM CHCTEMHBIX CBOWCTB WJIM CHCTEMHBIX KadecTB. OHa 3ajaercs
IIeII0YKOH ypaBHeHul (1), (3), (5) u nanee.

JOna HC MOXHO TPUMEHHUTh M  «IPOTPECCUPYIOIIYI0  CHCTEMATHU3AIUI0» U
«IIPOTPECCUPYIOIIYIO (PaKTOPU3AIHUI0» B 3aBUCHMOCTH OT IIeJIeH ee TOJICHCTEM KM CHCTEMBI B
1esioM. Ecau mepedTH OT KOJIHWYeCTBA CHCTEMHBIX NPHU3HAKOB K (OPMAaJbHOMY OIIMCAHHUIO
CHUCTEMBI, TO TOJyYuM (HOPMAJIBHYIO CJIOKHOCTh. B wacTHOCTH, ecii  paccmatpuBath MC kak
CHCTEMY yIIpaBJIEHHs], TO €€ MOKHO OITICATh KaK

S=F(T,X, YA, Q,V,a, ¢),(8)
Y(t2)= a (X(t),A(t),t2), (9)
A(tz):(P(X(t1), A(t1), t2)- (10)

re T - Bpems, X - BXozpl, Y - BBIXOJBI, A - cocTofgHUS, ). - KJIacc OIIepaTOpoB Ha BBIXOJIE, V -
3HaUeHUs OllepaTOpPOB Ha BBIXOZE, A - (QYHKIHOHAJIBHAA CBA3b IO BBIXOAY @ - (PYHKI[MOHAJIbHAA
CBA3b 10 COCTOSTHUAM.

CoBOKYITHOCTh BbIpaKeHUU (8-10) 3amaeT (HOpMaIbHYIO CJIOKHOCTh WHOOPMAIMOHHOU
CHCTEMBI KaK CHCTEMBI yIIpaByieHus. BeiparkeHus (9-10), KaK MPABUJIO, SABJIAIOTCA AMHAMUYECKOU
XapaKTePUCTUKOU U YaCTO /IS 3TOU LIeJIU UCIIOJIb3YI0T AuddepeHinaabHble ypaBHEHUS.

Ecin pacemarpuBath MIC Kak OCHOBY OpPraHM3allMOHHOM cucTeMbl [8, 9], TO UCIOJIB3YIOT
ZIPYTYIO 3aIHUCh.

S=F (PL, RO, RJ, EX, PR, DT, SV, RD, EF) (11),

roe PL - menmum m miasel, RO - BHemHme pecypcbl, RJ - BHyrpeHHue pecypchl, EX -
ucnosHureau, PR - nponece, DT - momexu, SV - kontposb, RD - ynpasnenue, EF - sddexr.
dopmasibHAA CIIOKHOCTH 33/1aeTCA CJIOKHOCThI0 omucanus MC, KoTopoe mpejicTaBisieT cOOOM
aHAJIUTHUYECKYI0 (popMmy.

5. O0beMHasa 1 BpeMeHHas c1o:xkHocTh VIC.

O6bemHass cioxkHocth HC omnpenensercsi o00beMOM HH(POPMAIMOHHON KOJUIEKIIHH,
HeOoOXOAMMOH [ OMHUCAHUA, aHAIN3a U QYHKIMOHUPOBAHUA cucTeMbl. OObeMHAas CJIOKHOCTD
3aTpyAHsaeT 06paboTky nndopmarnuu u ananus 1UC

Bpemennas cioxxHocts VIC omnpezensercss TpOTUBOPEYNEM MeXKAY TpeOyeMbIM BpeMeHeEM
JEVICTBUSA /ISl YIIPABJIEHUA O0BEKTOM WJIN IMPUHATHS PElleHUN M BpeMEeHHOU BO3MOKHOCThI0 VIC
II0 PEeIIeHUI0 ATUX 3a71a4

6. CrpykrypHasa ciaoxkuocts UC.

CrpykTypHas cyoxHocTh VC onpesenseTcs YUCJI0M CBA3EN U YaCTO OTPAXKAET CTPYKTYPHBIM
rpadom [10]. OHa yacTo 3a/aercsa «aepeBoM paszbopar». Ha pucynke 1. [IpuBezeHbl CTPYKTYPHO
IIPOCTOM U CTPYKTYPHO CJIOKHBINA 00BeKTHI. [IpocTas cTpykTypa umeeT Buz, [11]

S= F(P,, Ps, Ps, .... Pg) (12)

To ectp oHa mpexacraBsier cobod (YHKIIMIO OT MHOTHX apryMeHTOB. [ mocTpoeHust
CJIOJKHBIX CTPYKTYPHBIX CX€M MOXKET ObITh IPUMEHEH JTUXOTOMHYECKHI aHamu3 [11]. [[ya oneHKu
CJIO’KHOCTH I10 TAKUM cXeMaM mpuMeHnMa « KosMoropoBcKas CI03KHOCTb» [12].
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< O6bekT < Ob6bekT

N
N

B

E=He P,P,PsP: E=He P1PzPsPe

'éééé
‘é:

A
Puc. 1. TIpuMep CTPYKTYpPHO MPOCTOTO 00BbeKTa (A) ¥ CTPYKTYPHO CJIOKHOTO 00bekTa (B)

dopmasbHOE OTIHCAHUE CI03KHOUM CTPYKTYPBI UMeeT BUJ, (11 TpuMepa Ha puc. 1 b)
S=F(P,, Po[P.,, Pss], P5[Ps], ... Pg) (13)

To ectb oHa npezicTaBiisieT c060¥ GYHKIHIO, Y KOTOPOU B KaUeCcTBe apTyMEHTOB MOTYT OBIThH
apryMeHTbl, QYHKIIUU U CJI0KHbIe PYyHKIIUH.

7. CpaBHUTE/IBHAA CJI0KHOCTbD.

Kpome paccMOTpeHHBIX BHUJOB CJIOKHOCTH CYIIECTBYET IIOHSITHE CpPaBHHUTEIbHAs
C105KHOCTD. OLleHKa TaKOU CJI05KHOCTHU TOJIy4daeTcs, KOT/la TpyNiia 3KCIePTOB CpPaBHUBAET pa3Hble
NC mexmay coboi ¥ paHXKUPYeT UX 10 CTENEHH CJIOKHOCTH. OIHUM U3 MOAXOJ0B PEIIeHUs 3TOH
3a/lauyl SIBJISETCSI TeOpusl MpeamnodTeHuid [13, 14]. OCOOEHHOCTBHIO 3TON OIEHKH CJIO0KHOCTH
ABJIAETCA TO, UTO OHA 3a7laeTcs TOJIBKO Ha OIpeJleJIEHHOU TIpYyIle CPaBHUBAEMBIX CUCTEM U BHE
STOU TPYIIIBI CUJIBI HE UMeEeT.

8. BoIBOABI.

CyliecTBYIOT PpasjiMuHble BBl CJIOKHOCTh WHGPOPMAIMOHHBIX cucteM. [losTomy
cnoxxkHocTh VIC HeJb3s1 OIpeIesIuTh OJTHON XapaKTEPUCTUKON WJIM OJJTHUM UYKCJIOBBIM 3HAYEHHEM.
KauecTBeHHast CJI0KHOCTb CHCTEMBI OIIPENIEJIsIeETCS  KOJIMYECTBOM CHCTEMHBIX CBOKCTB.
dopmasibHasi CJI0KHOCTb CHUCTEMBI OIIPEJieJIsieTcsl BUAOM ypaBHeHHH, omnuchkiBatonux HC.
CTpyKTypHasi CJIOKHOCTh 3a/[aeTCs CTPYKTYPHBIM TpadoM U ONpeaesseTcsi MeTOAUKON
nocTpoeHus cucteMbl. CpaBHUTEIbHASA CJIOKHOCTD OIPe/iesisieTcs SKCIIEPTHBIM OIleHUBAHUEM.
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CJIOKHOCTb OIpeziesisieTcs KOJIMYeCTBOM CHUCTeMHBIX CBOHCTB. IlokazanHo, uto QopmanbHas
CJIOKHOCTD 3a7]aeTcs CI0KHOCThIO onucanusa VC. Onucana CTpyKTypHas CJI0KHOCTh U IIPUBE/IEHBI
IIpUMepbl CTPYKTYPHO IIPOCTOTO U CTPYKTYPHO CJIOKHOTO omucaHuA. OmnucaHa cpaBHUTeJIbHASA
cioxHocTh VIC. PackpbiBaercs MOHATHE OOBEMHOU U BpEMEHHOM CJIO?KHOCTH.
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Abstract. Most models of aggregating expert judgments assume that there is some precise
probability distribution characterizing the system behavior and expert information allows us to
compute parameters of this distribution. However, judgments elicited from experts are usually
imprecise and unreliable due to the limited precision of human assessments, and any assumption
concerning a certain distribution in combination with imprecision of judgments may lead to
incorrect results. To take into account the imprecision and unreliability of judgments, a model of
combining and processing the expert judgments about quantiles of an unknown probability
distribution is proposed in this paper. Many results are obtained in the explicit form and are very
simple from the computational point of view. Numerical examples illustrate the proposed models.

Keywords: Expert judgments, imprecise probabilities, quantile, uncertainty modelling,
natural extension, linear optimization.

1. Introduction

Judgments elicited from human experts may be a very important part of information about
systems on which limited experimental observations are possible. Several methods for elicitation,
assessment and pooling of this type of information have been proposed in [1, 3, 5, 16, 17]. In order
to get useful information from the experts, a proper uncertainty modeling of pieces of data supplied
by experts has to be used. As pointed out in [4, 11], the uncertainty models play a central role in the
use of expert judgments, because no human being would claim that he is absolutely sure about his
judgments or advice. Therefore, it is necessary to incorporate into any model the individual
expert's uncertainty about his advice, the decision maker's uncertainty about the quality of the
expert(s), and how these two kinds of uncertainty interact and impact on the credibility of the final
results.

Judgments elicited from experts are usually imprecise and unreliable due to the limited
precision of human assessments. When several experts supply judgments or assessments about a
system, their responses are pooled so as to derive a single measure of the system behavior. Most
methods of aggregating these assessments assume that there is some precise probability
distribution characterizing the system behavior and available expert information allows us to
compute parameters of this distribution. However, any assumption concerning a certain
distribution in combination with imprecision of expert judgments may lead to incorrect results
which often cannot be validated due to the lack of experimental observations. Therefore, it is
necessary to aggregate the expert judgments without any assumptions about probability
distributions and to use only the information which is available. In order to cope with uncertainty
and vagueness of available information, it is proposed to apply the imprecise probability theory
(also called the theory of lower previsions [14], the theory of interval statistical models [8], the
theory of interval probabilities [15]), whose general framework is provided by upper and lower
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previsions. Some examples of combining the partial and heterogeneous information in reliability
analysis by means of the framework of imprecise probabilities can be found in [6, 12, 13].

However, the opinion of reliable experts should be more important than those of unreliable
ones. Various methods of the pooling of assessments, taking into account the quality of experts, are
available in the literature [3, 9, 10, 16]. These methods use the concept of precise probabilities for
modelling the uncertainty. It should be noted that the models of aggregating expert judgments
taking into account the quality of experts can be considered in a framework of hierarchical
uncertainty models which are rather common in uncertainty theory.

To cope with the lack of precise expert knowledge a framework of the possibility theory has
been applied to combining judgments [4, 11]. However, this approach requires assuming a certain
type of a possibility distribution to formalize the expert information. Moreover, the obtained
results are often too imprecise in order to use them in practice. Therefore, simplified models of
combining the common expert judgments about quantiles of an unknown probability distribution
are proposed in this paper. Many results are obtained in the explicit form and are very simple from
the computational point of view.

It is worth noticing that the considered models of uncertainty differ from standard
uncertainty models used in the imprecise probability theory (see section "Preliminary definitions"),
where there exists an interval of previsions of a certain gamble. In the models of quantiles, the
gamble can be viewed as a set of gambles for which the same previsions are defined. Various
numerical examples illustrate the proposed models.

2. Preliminary definitions
Suppose there is a discrete random variable X defined on the sample space Q and
information about this variable is represented as a set of m interval-valued expectations of

functions f,(X),..., f,(X). Denote these lower and upper expectations a; =Ef, and ai =Efi,

i =1,...,m. In terms of the theory of imprecise probabilities the corresponding functions f,(X) and

interval-valued expectations Ef. and Efi, i=1,...,m, are called gambles and lower and upper
previsions, respectively. We can model various types of information by means of lower and upper
previsions. For example, if f; is the indicator function of an event A, then previsions Ef, and Ef:

can be regarded as lower and upper probabilities of the event A.If f,(X)= X, then EX and EX
are bounds for the mean value of the corresponding random variable. The lower and upper
previsions Ef, and Efi can be regarded as bounds for an unknown precise prevision Ef, which
will be called a linear prevision.

For computing new previsions Eg and Eg of a gamble g(X) from the available

information, natural extension can be used. Natural extension is a general mathematical procedure
for calculating new previsions from initial judgments. It produces a coherent overall model from a
certain collection of imprecise probability judgments and may be seen as the basic constructive
step in interval-valued statistical reasoning. It is written as the following optimization problems:

Eg =min > 'g(x)p(x), Eg =max 3 9(x)p(x), W
subject to ) ;
p(x) >0, D p(x) =1 a <D f(x)p(x) <ai, i<m. (2)

Here the minimum and maximum are taken over a set of all possible probability distributions
{p(x)} satisfying conditions (2).

Optimization problems (1)-(2) can be explained as follows. The linear prevision Eg can be
computed as

Eg =Y 9(x)p(x).

XxeQ
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However, we do not know the distribution p because our initial information is restricted

only by the lower and upper previsions Ef, and Efi , 1=1,...,m, and there is no information about

distributions of X . At the same time, the available lower and upper previsions produce the set of
possible distributions that are consistent with these previsions. This means that we can find only
the largest and smallest possible values of Eg for all distributions from the set {p(x)}. It can be
carried out by solving optimization problems (1)-(2).

It should be noted that problems (1)-(2) are linear and the dual optimization problems can be
written as follows [8,13]:

Eg= cfnc,"(], (Co +;(Ci ai _digi)j: Eg =-E(-9), (3)
subjectto ¢, d, eR,, ¢, eR, i=1..,m,and VXxeQ, 4)

m
Co + Z(Ci _di) f.(x) > g(x).
i=1
Here c,, C;, d, are the optimization variables such that c, corresponds to the constraint

2xoP(X) =1, ¢ corresponds to the constraint }, . f,(Xx)p(x) SEfi , and d; corresponds to the
constraint Ef, <3 f.(X)p(x). The optimization variables ¢, d,, i=1,...,m, are defined on all
positive real number R, the variable c; is defined on the set of all real numbers R. It turns out

that in many applications the dual optimization problems are simpler in comparison with problems
(1)-(2) because this representation allows avoiding the situation when a number of the
optimization variables is infinite. Of course, the dual optimization problems have generally an
infinite number of constraints each of them is defined by a value of x. However, as it will be shown
below, the number of constraints can be reduced to a finite number.

3. The problem statement

In the probabilistic approach, experts are typically asked about quantiles of a random
variable X defined on a sample space (. The smallest number X, such that
Pr{X <x}=k /100, is called the k% quantile and denoted gk% . In this approach the experts are

often asked to supply the 5%, 50% and the 95% quantiles. In other words, an expert supplies X,, X,
and X, such that Pr{X <x}=0.05, Pr{X <x,}=0.5 and Pr{X < x,}=0.95, respectively. Based

on these values, and on the choice of a parameterized family of distribution functions, a fitted
distribution function is chosen that represents the available information in some best way to some
extent.

Suppose that n experts provide their judgments about ., i=1,...,n, quantiles of an

unknown cumulative discrete probability distribution of the random variable X . In particular, the
experts may provide judgments about one ( quantile, i.e., g, =, Vi <n. This information can be

represented as
Pr{X <x}=gq,i1=1..,n,

where points X;, i =1,...,n, are elicited from experts.

In terms of the imprecise probability theory, the probability ¢, can be viewed as identical
lower and upper previsions of the gamble I, ,(X), i.e., El (X)) = El[o, «1(X). We assume that

the sample space Q={Xy,X,..., Xy} is discrete and finite for simplicity. As pointed out in [4],

experts better supply intervals rather than point-values because their knowledge is not only of
limited reliability, but also imprecise. In other words, experts provide some intervals of quantiles in

the form X, =[X;, )_(.] . This information can be formally written as

Pr{X S[)_(i!)_(i]}:qi’ i=1..,n.
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It can be seen from Fig.1 that this interval produces a set of probability distributions such
that a lower distribution contains the point ¢(xi) and the upper one contains the point g(x;) . Now

the question arises. How to interpret the intervals of quantiles? It depends on experts, i.e., on their
imagination of interval quantiles. Two models of the expert imagination can be marked out. The
first model corresponds to the expert judgment: "I do not know exactly the true value of the

quantile, but one of the values in the interval [X;, ;i] is true". The second model corresponds to the

expert judgment: "All points in the interval [Xi,;i] are true values of the quantile". Of course, the

first model is more common in practice of elicitation of judgments from experts. Therefore, we will
deal with the imprecise judgments by considering them from the first model point of view.

Our aim is to find parameters of an unknown distribution of X , which can be represented as
expectations Eg of some functions g(X).

F
T

X x x
Fig. 1. An example of distributions corresponding to the interval-valued quantile

4. First-order model
Suppose that we know precise values of , quantiles t,, i=1,...,n. Denote T =(t,...,t.) and

let Eg{T} and Eg{T} be lower and upper previsions of the function g under condition of precise
values t, of quantiles. By using the natural extension for computing the lower prevision of the
function g, we get the following linear programming problem:
n
Eg{T}=max (co + Zwiqi} (5)
v i1
subjectto w,eR, ¢, R, i=1,..,n,and VXxeQ,

G+ D Wilgo, 3 (¥) < g(x). 6)
i=1
Here w,, i =1,...,n, are optimization variables obtained by replacing variables ¢, and d, in

(3)-(4) due to the equality ai= a, =¢;,i.e., W, = —d;. The upper prevision Eg{T} is computed as
Eg{T}= rcnin(co+2vviqi} (7)
oY i1
subjectto w,eR, ¢, R, i=1,...,n,and VXxeQ,

Co+ D Wilgo,3(¥) 2 g(x). ®)

These optimization problems can be easily derived from (3)-(4).
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Proposition 1. Suppose that ¢, <q,<..<q,. Denote ¢,=0, q,,=1, t,=X,, and
t.., = X, - Then solutions to problems (5)-(6) and (7)-(8) existif t, <t, <...<t . Denote

Eo{T}=9()a + 20(t)(@. ~ ) ©
Eg{T}= 9(x)(-a,)+ Y 9(0)(0, —.) (10)

If the function g(Xx) is non-decreasing, then Eg{T}= Eg{T}, Eg{T}=Eg{T}. If the
function g(x) is non-increasing, then Eg{T}= Eg{T}, Eg{T}=Eo{T}.

Proof: First, we consider the case of the non-decreasing function ¢. It is obvious that any
solution exists if t <t, <...<t because the judgments Pr{X <t}=0, and Pr{X <t,}=q, by
0, <0q, and t, >t, are conflicting and inconsistent. Let t, <t, <...<t . Let us divide the interval

[0, x,] into n+1 adjacent subintervals [t,t..,], i =0,...,n. Since the function g is non-decreasing,

then constraints to problem (5)-(6) can be rewritten as
Co+W, +W, +...+W, <g(t,),

Co+W, +...+W, < g(t),
Co+W; +...+W, <g(t,),

CO < g(tn)
Let us prove that the optimal solution to problem (5)-(6) is ¢, =9(t,), w, =9g(t_,)—a(t),
i=2,..,n, w, =0(t)—9(t) . This solution satisfies all constraints. Let us consider the first and the

last constraints. Denote >,',w. =W and }; w.g, =WQ . It is obvious that Q <1. Let us rewrite (5)-
(6) as follows:

Eg{T}=max (c, +WQ),
subjectto W eR, ¢, eR, and
Co +W < g(ty), ¢, <g(t,).

If an optimal solution to optimization problem (5)-(6) exists, then it will be a part of optimal
solutions to the above problem because some of the constraints to the initial problem were

removed. This problem has the following solution: ¢, =g(t,), W =g(t,) — g(t,). It follows from
the n -th constraint to problem (5)-(6) that w, =g(t, ,)—¢c,=9(t,,)—9(t,) . It follows from the
(n—1) -th constraint that w,_,=9( ,)—-Cc,—w,=9(t, ,)—9(t,,). By continuing the

determination of optimal values of w,, we get the optimal solution. By assuming t, = X,, there
holds

Eg{T}= g(m—i(g(tu)— o(t))q

= g(XO)ql + Zn:g(ti)(qm - Qi)-

The upper bound is similarly determined. In this case, the constraints to problem (7-(8) are
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Co+W, +W, +...+ W >g(t),
Co+W, +...4+W, >g(t,),
Co + W, +...+W, > 0g(t,),

CO 2 g(tn+l)1
and the optimal solution is ¢,=9(t,.,)=09(Xy), w=9(t)-9(.,), i=1..n-1,

w, =9(t,) —g(X,) . A case of the non-increasing function ¢ is similarly proved.

Since at least one of the points t; belonging to the interval [gi,;i] is a true value of the

corresponding quantile, then there hold
Eg= min Eg{T} Eg= max Eg{T}.

tielx;,xil, i=L,..,n tielx,xil, i=L...,n

Proposition 2. Suppose that t, e[)_(i,)_(i], i=1..,n. If there exist such ie{l,...,.n} and

je{l,...,n} that x; > X;j and 0; < {;, then expert judgments are conflicting. Let

EQ=0(x,)0+ g (krglf;}?g xk)(qm ~Gi), (11)
Eg = 9(x,)(1-a,)+ >0 min ) (6 - q..). (12)

If the function g(x) is non-decreasing, then Eg = Eg, Eg=Eg. If the function g(x) is
non-increasing, then Eg = Ea , Eg = Ea .

Proof: If there hold x; > X; and 0, <d; forany i and j, then it is impossible to find points
t; and t; satisfying the condition t; <t;. Consider the case of the non-decreasing function g . Then,

according to Proposition 1, we can write

Eg=  min Eg{T}=g0c)q+ _ min  >gt)d,-a)
i B ]

tielx;,xi], i=1,..,n Xi, Xil
In order to achieve the minimum, it is necessary to take minimal values of t., i=1,...,n.
These values are X;. However, there is the additional condition of consistency t, <t, <...<t . Let

t,=X,. In order to wsatisfy the condition of consistency, we have to take

t, = max(t,, X,) = max(X;,X,) . By continuing the determination of minimal values of t,, we get
The upper prevision is similarly proved. Let t =X,. In order to satisfy the condition of
consistency, we have to take t _, =min(t,, Xn1) = MiN(Xn, Xn1) . By continuing the determination of

maximal values of t;, we get t, =min,_; _ X«. The case of the non-increasing function g is

similarly proved.

Corollary 1.If g, =Q, =...=q, =(, then

n—

Eg =0g(%,) +(1-0)g (krplax xk),

.....
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If the function g(X) is non-decreasing, then Eg = Eg, Eg =Eg. If the function g(x) is
non-increasing, then Eg = Ea , Eg = Ea .
Proof: The proof follows directly from Proposition 2.

Let us consider some important special cases of the function g .
Suppose that g(X) =1, ;(X) (the corresponding lower and upper previsions are values of

a survival function of X at point 7, i.e., Pr{X >7}). The function g(X)=1,, ;(X) is non-
decreasing and takes two values 0 and 1. Then there hold

El o (X)=(-q,)+ Zn:(qi S ) L (kmin ik).

. =i,.,n
i=1

Ifg,=..=q, =, then

.....

EI[T,XN](X) = (1—q) +q|(r,XN] (kmin ;k)

=i,.,Nn
Suppose that g(X) = I, ;(X) (the corresponding lower and upper previsions are values of a
cumulative distribution function of X at the point 7, ie., Pr{X <7}). The function
g(X) = Iy, ,1(X) is non-increasing and takes two values 0 and 1. Then there hold

Ifg,=..=q, =q, then

Eljo 1) =@ )+ Al min X ). Bl ,00 =0+ A=l maxx, )

Since the function g(X)= X" is non-decreasing, then the upper and lower m -th moments
of X are determined as

.....

EX™ = xﬂ,“(l—qn)JFZ(kmin ik) (G = )-
i=1

=i,..,n

If g, =...=(, =0, then there hold

EX" = xg“q+(krplax xk) (1-q), EX" = xﬁ(l—q)+(kmin ;k) q.

Corollary 2. For any point 7eQ, there hold El, (X)+El, (X)=1 and
EI[rnyl(X)"'El[o,r](x):1-
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.....

EI[r,XN](X) +EI[o,r](x) = Z(QM —0)+q +Z(Qi+1 — )

ied igd
=0+ D (Gy—0) =0ha =1
i=1
as was to be proved. The second equality is similarly proved.

It follows from Corollary 2 that the property of coherence of imprecise probabilities is
fulfilled for the proposed model.

Proposition 3. Suppose that ¢ =Q, for any i=1..n, ¢=Q, for any
i=n+1..,n+n,,..., ¢=Q,, for any i=n+..+n, ,+1..,n, ie., there are m groups of
quantiles containing n; identical values of ¢, i =1,...,m. Then

Eg=9(x)Q + ig (kmlax zk)(QM -Q),

where z, = max Xps Zk = min X

=N+ 40 g+, 0y l=ng+.. 40 g+, 00y

Proof: Let us consider the case of m =2 for simplicity. Then there holds

n+n,

Eg=0(X)%+>9 (kmlaxi zk)(qiﬂ -g)+ D¢ (kmlaxi zk)(qm —G;)
i=1 a o

""" i=n+1

=09(%)4 +9 (kr_qax xk)(Qz ~Q)+g (k max xk)(l—Qz)-

..... n =1,..,
Note that
max X, =z;, max X, =max(z,z,).
k=1,..,n k=1,...,n;+n,
Hence

.....

as was to be proved. The upper bound Eé is similarly proved.

Proposition 3 describes a property of decomposition of judgments. A number of experts often
provide judgments about the same quantile. In this case, these judgments can be easily aggregated

by computing a maximal value of lower bounds X, and a minimal value of upper bounds X. In
fact, the obtained interval [z,, Ek] is none other than the intersection of intervals corresponding to
the identical probabilities ¢;.

Let us consider general properties of the proposed model.

Proposition 4. If judgments about quantiles are non-conflicting, then the following
properties of coherent previsions hold:

(i) Eg <Eg,
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(i) Eg = -E(-9),
(iii) E(a+bg) =a+bEg, E(a+bg)=a+bEg, vbeR", VaecR,
(iiii) if Vx e Q, g(x) < f(x), then Eg <Ef and Eg <Ef .
Proof: It is known that the natural extension produces coherent previsions, i.e., it follows
from optimization problems (5)-(8) that properties (i), (ii), (iii), (iiii) are valid for Eg{T} and

Eg{T}. Then it follows from the inequality Eg{T} < Eg{T } that
Eg= —min Eg{T}< max Eg{T}

telx, xil, i=1,...,n telx, xil, i=1,...,n
< max Eg{T}=Eg.
telx, xil, i=1,...,n

It follows from the equality Eg{T}= —E(—g{T }) that
Eg= min Eg{T}= min (-E(-g{T})

tielx;,xil, i=L,...,n tielx;, xi], i=1,...,

=— max E(-g{T})=-E(-9),

tielx;, xi], i=L...,n

The third and fourth properties are similarly proved.

Example 1. Suppose three experts provide their judgments about 5%, 50%, and 95%
quantiles of a probability distribution of a random variable X defined on the sample space
Q={0,1,...,100}. Their judgments are given in Table 1. Let us find lower and upper expectations

(EX, EX ) and probability distributions (EI[O,T](X ),EI[O’T](X) , 7€ Q) of the random variable X .
By using Proposition 2, we get EX =34.2, EX =77.25. The lower F(x) and upper F(x)
probability distributions are depicted in Fig.2.

1.0

08

0.6

Fix
0.4

02

0.0

o 20 40 60 80 100
X

'Fig. 2. Lower and upper probability distributions elicited from three experts

Table 1. Expert judgments about 5%, 50%, and 95% quantiles (L-lower, U-upper)

Quantiles
E 9 50 95
xpert 5% % %
1
o 4 0 5 5
2 2 0 6 6
3 8 5 o 5
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It is interesting to note that imprecision of results in Example 1 depends mainly on a number
of types of quantiles, for which experts provide their judgments. At the same time, a number of
experts does not influence significantly on the precision. This fact is illustrated by the following
examples.

Example 2. Let us add additional judgments about 35% quantile (see Table 2) to the
available ones given in Example 1. Then the lower and upper expectations of X are EX =37.8,

EX =67.95. The lower F(x) and upper F(x) probability distributions are depicted in Fig. 3.

1.0

0.8

el
y

0.6

Fx)
0.4

02

0.0

4] 20 a0 60 80 100
X

Fig. 3. Lower and upper probability distributions by additional judgments

It can be seen from Example 2 that the imprecision of obtained results is significantly
reduced in comparison with results of Example 1.

Example 3. Let us add additional judgments elicited from the fourth expert about 5%, 50%,
and 95% quantiles (see Table 3) to the available judgments given in Example 1. Then the lower and

upper expectations of X are EX =34.75, EX =75.9. The lower F(Xx) and upper F(X)
probability distributions are almost the same as ones depicted in Fig.2.

Table 2. Additional expert judgments about 35% quantile (L-lower, U-upper)

Quantiles
Expert 35%
L U
1 26 40
2 20 34
3 28 35

Table 3. Additional expert judgements about 5%, 50%, and 95% quantiles (L-lower, U-upper)

Quantiles
Expert 5% 50% 95%
L | U L U L U
4 5 6 60 63 92 94

Example 3 shows that the fourth expert does not reduce the available imprecision essentially,
but, in any case, it was reduced. The following proposition states this fact.
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Proposition 5. The lower bound Eg does not decrease and the upper bound Eg does not

increase by adding arbitrary non-conflicting judgments.
Proof: Let us consider expressions (11)-(12). Suppose that the function g is non-decreasing.

The increasing of the lower bound is obvious. Therefore, we prove the decreasing of the upper
bound. Suppose that we get an additional (n+1) -th judgment Pr{X <[X,.,,Xn1]}=0,,,. Without

loss of generality, we assume that q,,, > q,. Let E(n)g and E(M)g be upper previsions obtained by
the given n and n+1 judgments, respectively. Then

=) =(n+1) s .=
Eg-E 1g=g(xN)(l—qn)+Zg(kr_rymn><k)(qi—qi_l)
i=1

,,,,,

_g(XN)(l_anrl)_ig( min ;k)(qi_qil)

k=i,...,n+1

= (90%) g (xn2)) (G0~ )
3o min %) o min % )x(a a0 20,

— —(n+1]
implies that E(n)g > E(r1+ )g , as was to be proved. The proof for the non-decreasing function g is
similar.

5. Conclusion

The first-order model of aggregating expert judgments about imprecise quantiles has been
proposed in the paper. The main virtue of the model is that it does not use information about a
probability distribution of the considered random variable. Of course, this feature leads to
imprecise results which are represented in the form of intervals of previsions. At the same time, the
risk of possible errors in this case is reduced. The proposed model reflects the fact that expert
judgments are imprecise and unreliable in nature.

It is worth noticing that most obtained expressions for the first-order model are given in the
explicit form and they do not depend on the sample space of the considered random variable.
Moreover, they are identical for continuous and discrete random variables.
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