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PREFACE

At present, the industrial development level of the foremost countries is
characterized not only by the whole volume of industrial production and its big
variety but also by the quality indexes of the production. The problem of the total
quality improvement is realized by means of improvement of the quality of used
raw materials, stuff, articles and objects. That, in its turn, allows to prolong the
period of service of devices, machines and mechanisms as well as to decrease
their material- and power-consuming and to increase the labor productivity.

An important role in the solution of this problem of the production
quality improvement is assigned to the methods and means of nondestructive
testing. Their development is attributed to a number of the most important
directions of the scientific and technical progress.

Among the physical methods of nondestructive testing, the largest
application (upwards of 80 %) at present got the radiation testing methods.
The origin of the idea of nondestructive testing and the radiation testing too,
can be related to the time of the discovery in 1895 by C.W. Roentgen the
“roentgen” or “X-rays” which had allowed to detect not only a metal object
inside a closed wooden box but also the non-uniformity of the internal
structure of a metal.

The roentgen testing methods are based on the registration and analysis
of the penetrating ionizing radiation. The penetrating radiation (roentgen,
gamma-radiation, neutron flows and others), being passed through the
thickness of an article, is weakened differently within the defective and non-
defective cross-section and so give information about the internal structure of
the matter and the presence of defects inside the tested objects. Radiation
testing is used for the defectoscopy of the welded and soldered joints, iron
casts, rolled metal, in medical diagnostics, in roentgenostructural and element
analysis of substances, in dosimetry and radiometry and so on. A wide
introduction and development of the radiation testing requires the training of
skilled specialists. The quality of such specialists training depends much on
the availability of special training appliances, which would set forth all the
material of interest on the modern level and would choose the most essential
moments for the given kind of testing.

The proposed textbook is an attempt to set forth systematically the basic
theoretical and practical information in radiation nondestructive testing
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corresponding to the requirements of the State educational standard for training
the bachelors and masters in the specialty 200102 “Devices and methods of
quality testing and diagnostics” and 220501 “Quality management”.

The following problems are considered in the textbook: physical bases
of the radiation quality testing; the construction, characteristics and spheres
of the application of ionizing radiation sources of different kinds; principles
of the radiation image forming and their characteristics; the construction and
main parameters of the ionizing radiation detectors; methods of the radiation
image transformation into the visual one; different methods of the radiation
testing; methods and means for providing labor safety conditions in radiation
testing; some practical applications of the radiation testing.

The textbook is intended for students and instructors of technical
universities.



Chapter 1
PRINCIPLES OF THE RADIATION TESTING

1.1. The spectrum of the electromagnetic radiation

The spectrum of the electromagnetic radiation is spread from the long
radiowaves with wave lengths in meter-and-kilometre-zones up to high-
energy gamma-radiation with wave lengths of a few picometers.

Table 1.1. gives a review of all electromagnetic spectrum.

It is clear from table 1.1 that the visible light envelopes only the very narrow
wave zone of this spectrum, namely the zone from 350 to 700 nanometers. If the
wave length achieves the sizes which are commensurable with the
interatomic distances of the solid bodies, then the bodies become transparent
for the electromagnetic radiation. Electromagnetic radiation of the similar
wave length is generated owing to two mechanisms. Firstly, owing to the
physical nuclear processes. In this case, the photons are emitted from the
atomic nuclei. The similar radiation is the component part of the radioactive
radiation and is called “gamma-radiation”. Secondly, because of the
deceleration of the accelerated particles and also owing to the electron
transfers, the high-energy photons are generated in the electron shell.

This radiation was called “the roentgen radiation” in honour of the first
discoverer, and soon after its discovery in 1895 by the physicist Roentgen the
radiation was used in the nondestructive testing.

The electromagnetic radiation has the wave and the corpuscular nature.
The relationship between the radiation wave length and frequency is the
following:

c=A\v, (1.1)

where c is the propagation velocity; A is the wave length; v is the frequency
of radiation.

The photon energy is connected by the Plank constant h with the
frequency of radiation:

E=hv. (1.2)

In accordance with the Einstein equation, there is the connection
between the energy and proton mass:



2
E =m-c",

(1.3)

i. e. protons have the mass m. The distinctive feature from the other
elementary particles is that protons propagate with the light speed c.

Spectrum of the electromagnetic radiation

Table 1.1

Kind of wave

Mechanism of origin

Photon
energy, eV

Wave length,
m

Long waves, middle
waves, short waves,
ultrashort waves

Radiation by dipoles

10%...10*

10%...1072

Superhigh- frequency
waves

Radiation by antenna

107*...1072

10°"...107*

Infrared radiation

Thermal emission,;
transfers between
the excited states
of the molecules

102...1

10*...7.107

Visible light

Light emission; electron

transfers of the electrons

from the external atomic
electron shell

7107 ... 4107

Ultraviolet light

Electron transfers of the
electrons from the external
atomic electron shell

4.107...10°%

X-radiation

Deceleration
of the accelerated
electrons (bremsstrahlung
radiation);

Electron transfers of the

electrons from the internal
atomic electron shell
(characteristic radiation)

108...10°"°

101,10

Gamma-radiation

Transfers between
the excited states
of the atomic nuclei

10%...10°

101101

1.2. The formation and properties of the X-radiation

1.2.1. The formation

The X-radiation was discovered in 1895 by the German physicist
Wilhelm Konrad Roentgen (1845-1923). He found that at the working out
of the cathode-ray tube its screen emitted some invisible rays capable to spoil
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photoplates through the black paper. Roentgen called the detected radiation
“the X-rays”. Today the roentgen rays, as they are called in present time, are
got by the help of the special electron-ray devices mainly by means of the
roentgen tubes. Within the tube the beam of the accelerated in the electric
field electrons is formed. This beam is directed on to anode and the electrons
are decelerated in the material of the anode. At this process the roentgen rays
are excited containing the hard electromagnetic radiation of the two kinds:
the bremsstrahlung radiation and the characteristic radiation.

The roentgen radiation originates from the deceleration of the
accelerated electrons in the solid body. The electrons are generated as the
result of the thermal emission on the cathode and accelerated by the high
tension added on the section between the cathode and anode (Fig. 1.1).

=50-500 kV
0o

Anode(target)

Heating Cathode

hv (photon)

Fig. 1.1. The formation of X-radiation

At the collision with the anode electrons are decelerated. Owing to the
electrons deceleration in the atomic nucleus field, a certain part of its kinetic
energy is transformed into photons. The prevalent part of the electron kinetic
energy is converted into the anode heating. Only a very small part of the
kinetic energy is transformed into the X-radiation. The part of the kinetic
energy of the electron which is transformed into the X-radiation is
proportional to the accelerating voltage and to the ordinal number of the
anode material. This part 1s within 1 % for the ordinary X-ray arrangements.
The material of the roentgen tube anode must have as high the ordinal
number as possible and must stand the high thermal loads. Tungsten
corresponds most of all to these demands so that explains its application as
the material of the roentgen tube anodes.

Since a large quantity of the thermal energy is formed and a good heat
removal is required, only the target from the tungsten, i. e. that part of the
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anode on which electrons fall, is suitable, and the remaining part of anode is
made from copper, which can be cooled additionally by water or oil.

The bremsstrahlung radiation is the consequence of the deceleration of
the electrons penetrating into anode at their interactions with the matter of
nuclei through the electrostatic field (Coulomb interaction). At the
deceleration process electrons lose the kinetic energy, which is transformed
partially into the bremsstrahlung radiation energy. The maximally possible
photons energy, i. e. the shortest wave length, occurs when the total kinetic
energy of the electron is transformed into one (single) electron at collision.

The energy spectrum of the bremsstrahlung radiation is the continuous
energy distribution of the emitted bremsstrahlung photons. It is explained by
the fact, that electrons (in the beam) have different speeds and are decelerated
mostly by multi-stage way having consecutive interactions with a large
number of nuclei. The view of the energy spectrum of the bremsstrahlung
radiation of different values of the accelerating tension U added to the
roentgen tube is given in Fig. 1.2.

Bremsstrahlung
radiation

v

}\40 7\'max 7\,

Fig. 1.2. Bremsstrahlung radiation spectrum

The wave length A of radiation is on the abscissa axis and the intensity
of radiation =is on the ordinate axis. One can see that the radiation is emitted
at all possible wave lengths, beginning with some minimum value A,,,x which
determines the spectrum boundary. This value corresponds to the maximum
kinetic energy of the electrons in the beam. The gradual decrease of the
intensity in the long-wave part of the spectrum is stipulated mainly by the
photon absorption in the wall of the glass envelope of the roentgen tube. The
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absorption is the more the less the photon energy. The increase of the
accelerating tension shifts the spectrum boundary towards the area of the
short-wave radiation. Therefore, the hardness of the bremsstrahlung radiation
may be controlled.

At passing the accelerating part with the accelerating tension (U,)
electrons get the energy E = U, -e, where e is the charge of electron. At total
transformation of this energy into photon, the energy of the photon is equal to
the energy of the accelerated electron. It follows from this that

h-vi=U, - e, (1.5)
where v« 1s maximally possible frequency or the boundary frequency of the
bremsstrahlung radiation spectrum and h is Plank constant. Taking into
account the connection between the frequency and the photons wavelength
(c =A-v), one can get the following relationship:

h-c 1.24
}‘«maX: e_Ua = Ua(keV) [nm] (16)

The wave length for maximum radiation intensity An.x 1s equal
to kmaxz 1,57\.0.

For an ordinary X-ray installation one can change the X-ray spectrum
by means of the variations of the accelerating tension U, or the current passed
in the roentgen tube. At this, the current in the tube may be changed with the
help of the cathode tension change and it is accompanied by the increase or
by the decrease of the thermoelectron emission in the cathode. The current
increase in the roentgen tube does not mean that the energy of the accelerated
electrons will be higher.

The spectrum of the tube radiation remains the same but the intensity
of the radiation will increase.

On the contrary to this, the increase of the accelerating tension gives
the rise of the electron energy and the roentgen radiation spectrum shifts
towards the shorter wave lengths. Since the output of the roentgen radiation
increases at the tension increase, so the radiation intensity increases at the
accelerating tension increase.

Side by side with the bremsstrahlung radiation, the characteristic
roentgen radiation is excited. The characteristic radiation is emitted by the
anode material atoms. If the energy of the electrons penetrating into the
anode is high enough, then they knock out the electrons from the internal
atomic electron shells towards the external shell i. e. they excite atoms.
Returning in the stable energy state, the atoms irradiate the gained energy
surplus as the photons of electromagnetic radiation. Since the energy state
of atoms is quantized, the spectrum of the characteristic radiation is discrete.
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It consists of the lines of the so called K-, L-, M- and N- series which
correspond to the values of the energy at transfer from the external shell of
the excited atom on the stable internal K-, L-, M- and N-shells.

One must notice that the part of the characteristic radiation in total
X-radiation is very small — it 1s not more than 1 %. Therefore this kind of
radiation has no practical significance for the defectoscopy. However, the
characteristic radiation is used successfully for roentgenospectral analysis of
the matter at which the mentioned spectral lines are the distinctive sign of
presence of the concrete chemical element in the analysed matter.

1.2.2. Properties

Since X-radiation is electromagnetic it spreads with the light speed. It can
pass through any materials. At this, the penetrating capacity depends on the
material properties and on the radiation wave length. The roentgen radiation can
lead to the ionization, at the interaction with gases. Therefore, one often speaks
about the ionizing radiation. The high energy of photons is the cause of the
photons giving rise to the chemical reactions and their ability to destroy
molecules especially the long organic molecules. Hence, the danger of the
X-radiation for the living organisms generates. The roentgen rays can provoke
damages in organism. Therefore, when handling the roentgen radiation it is very
important to follow directions for the protection from the radiations.

1.3. X-ray and gamma-radiation interaction processes

1.3.1. X-ray and gamma-radiation

At passing the X-radiation with the intensity I, through the material the
interaction of the radiation with this material occurs (see Fig. 1.3) This
interaction leads firstly to the absorption of the X-radiation and, secondly, the
scattered radiation is generated. This scattered radiation spreads in all
directions. At using the collimator for the received roentgen radiation, the
scattered radiation may be excluded. For narrow (pencil) beams one can get
the absorption relationship, i. e. the intensity decrease normed on the path
unit d, in the matter is proportional to the initial intensity I. In this case:

dl / dx =—p, (1.7)

where the proportionality coefficient p is called the weakening coefficient
and it depends on the examined material and also on the wave length or the
spectrum of the applied roentgen radiation. From the formula (1.7) the law of
weakening for the “narrow beams” at passing through the material with the
thickness d follows:

I(d)=1,-exp (— pn-d). (1.8)
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Fig. 1.3. The weakening of the roentgen and gamma-radiation

As a rule, the radiation testing is not conducted with the narrow beam
for the image receiving. Side by side with the weakened primary radiation,
the additional scattered radiation is registered and it can constitute a very
large part of the total radiation at certain conditions. The registered by the
detector intensity of the X-radiation at weakening in material with the
thickness d will be higher in this case than at the collimated X-radiation
(narrow beam). At this so called “broad beam”, the additional coefficient B
is introduced by which the intensity I of the passed radiation increases:

I(d)=B-1I,-exp (— u-d). (1.9)

B is called “the build-up (accumulation)” factor and it depends on the
ordinal number and thickness of the material, and also on photons energy and
weakening coefficient. The law of weakening for the “narrow beams” has the
same mathematics form as the law of the radioactive decay. One can
calculate the thickness at which the intensity of the passed radiation will be
50 % from the input (initial) intensity I,. This thickness is called “the half -
value layer” and is equal:

Al2=m2-p (1.10)

Fig. 1.4 gives the dependence of the half-value layer as well as the
tenth-value and hundredth-value weakening layers on the photon energy at
which the one /tenth or one/ hundredth part of input intensity is registered.
Besides, for any energy of photons the corresponding X-rayed steel thickness
is shown by the stroke.

The weakening of X-radiation is provoked by different mechanisms of
the interactions between the radiation and the material. For nondestructive
testing the most important processes are the following ones: the photoeffect,
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the Compton scattering and the pair formation effect. Different mechanisms
of the interactions are shown schematically in Fig. 1.5.

Roentgen
tubes Ir Cs Co Accelerators
<—> | ' ‘<

d,mm 0 e —

200 b g

100 s

0

Fig. 1.4. Thickness of half-value,
one /tenth, one/ hundredth layers of weakening for steel
1 — one / hundredth part of thickness;
2 — one / tenth part of thickness; 3 — half value layer,
Testing thickness (Fe)

At the photoeffect the X-ray quantum is absorbed on the atomic
electron shell and then an internal electron of the atom is knocked out
owing to the inelastic collision between the roentgen quantum and the
electron of the shell. In this case the energy of photon must be higher than
the electron binding energy.

Since the free shell vacancy for the electron occurs owing to the
photoeffect, then at the vacancy replacement by the external electron of the
atom the secondary roentgen radiation (characteristic radiation) is generated.
The contribution of the photoeffect in weakening coefficient is described by
the factor 1. The weakening of the radiation at the expense of the photoeffect
is strongly reduced with the photons energy increase.

On the external weakly-bound electrons of the atom the Compton
scattering occurs. Photon transfers some part of its energy to the shell
electron which is knocked from the shell. The energy loss by the photon
leads towards the change of the wave length. The contribution of the
Compton scattering described by the scattering factor o, in the total
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weakening coefficient falls with the rise of photon energy in slighter way
than for the photoeffect.

tlr,n’l I\ Pb
2 \u
N T l.
NENON
0,1

Fig. 1.5. Mechanisms of the interactions
of the roentgen radiation with the material:
1 — photoeffect (1); 2 — Compton scattering (o), 3 — pair formation effect (k)

High photons energies which are more than the double rest energy of
a single electron, i. e. more than 1.022 Mev, can lead to the formation of the
electron-position pair in the area of the atomic nucleus. The photon energy
is transformed into the mass of two elementary particles. The photon
impulse is transferred on the atomic nucleus and a pair is formed near it.
This effect is more effective the higher the photon energy. At the energies in
a few MeV which are available in the accelerators the pair formation effect
i1s described by the pair formation factor which introduces the largest
contribution in total weakening coefficient. The prevailing in the weakening
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of the X-radiation effect depends on the photon energy and on the ordinal
number of the examined material (see Fig. 1.6)

For comparison of different materials the weakening factor p is correlated
with the density p and the mass weakening factor p/p is determinated. The
advantage of the mass weakening factor is that for the material composed from
several elements this factor can be calculated as the sum of the mass weakening
factors of all separate elements. The roentgen radiation with the relatively short
wave lengths is named as “the hard roentgen radiation” and on the contrary, the
long-wave X-radiation is named “the soft roentgen radiation”.

Roentgen
tubes B7cs 9Co Accelerators

—
O
ol | IR ] Lead
E 2 : Effect
a g E of pair
- = : forma-
< ! .
S = ! tion
q o} 1
N |
E © ' Steel
O Alum

0,01 0,1 1 10 100 E, MeV

Fig. 1.6. The prevailing mechanisms of the X-radiation weakening

In the area of the X-radiation energies and for the isotopes, i.e. up
to 1 MeV, the weakening factor is strongly reduced with the energy gain.
It leads to the state that at passing of the X-radiation through the material the
parts with high energy appear in the radiation spectrum because the short-wave
radiation will be weakened less than the long-wave components of the spectrum.

Also the spectrum maximum shifts in the direction of the short wave
lengths when the intensity of the X-radiation decreases in a common way.

The effect of the change of the X-ray spectrum form at passing though
material i1s named “the hardening of X-radiation spectrum”. This change of
the spectrum leads to the increase of the penetrating capacity of the
X-radiation at passing through the tested material. This effect is applied
solely in practice for example for filtering the low-energy part of the roentgen
spectrum. More in detail the physics of the radiation interactions with the
material is examined in the Appendix.
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1.4. Physical principles of the radiation image formation and
basic characteristics

1.4.1. Radiation contrast

The weakening of the X-radiation depends on the thickness of
examining material. In the defects area the examining thickness of the
material is less. Defects may be either the emptinesses as pores or they may
be filled by the absorbing materials, for example, by slag. If the sources
of the X-radiation are considered approximately as the point, then the process
of the radiation intensity relief appearance at the examining can be
understood from Fig. 1.7. At this, the X-radiation intensity in the defect area
I4 will be higher than in other zones if the weakening factor of the defect
is less than that of the examining material. And, on the contrary, the intensity
will be less if the defect is filled by the material with the weakening factor
higher than it is for the tested material. It is possible at steel testing when
there are inclusions of heavy metals, e.g. tungsten, in the testing object.

1

v

Fig. 1.7. The appearance of the examining picture:
1 — Irradiator (source); 2 — testing object;
3 — nonuniformity with ud < p; 4 — nonuniformity with ud > u

This energy distribution at the radiation testing becomes visible owing
to a certain registering material. One must notice that at the examining the
question is always about the central projection, i.e. on the base of the
geometric relationships the appearance of the shift or the gain of the imaged
defect is possible. Defects oriented along the examining direction give more
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values of contrast than the defects disposed perpendicularly to the examining
direction. Hence, at the determination of such critical (minimum) lengthy
defects as cracks the problem appears to orientate the testing object in such a
way that the defects will be oriented better in the direction of examining.

The ratio of the difference between intensities I and L, (Is — Ipn) to the
passed radiation intensity outside the defect area I, 1s called “the radiation
contrast” K. At this, I, 1s composed from the intensity of the passed primary
radiation [, and the intensity of the scattered radiation I.. Since the scattered
radiation is distributed uniformly onto all image, the difference I4— I, can be
considerated only as the difference between the unscattered radiation passed
through the defect and passed through the area without defects:

K_Id—[ph_ Al 1, (defect)-1,, . (1.11)

— uns
r
[ [uns + ]SC ]uns + [SC

ph

Taking into account the law of the X-radiation weakening (1.8) the
following expression may be written for the image contrast:

Ky =exp[ Ad (u - pa)]l, (1.12)

where Ad is the change of the sample thickness in the defect area and p is the
weakening factor of the material; pqis the weakening factor of the defect. In the
case of gas-filled defect, 1. e. at ug= 0, the approximate relationship is established:

Al = Iy (defect) — Ly = Lups -p-Ad. (1.13)
By substitution (1.13) and (1.11) one can get the following:
K= Tuns A/ Tins + Lie =/ (14 Lo / Tugs) -Ad. (1.14)
The value Cg, which is equal
Cop= W1+ Lse /Tuns) (1.15)

is called “the specific contrast”.
The image contrast K, is proportional to the defect lengthy Ad and to
the specific contrast Cgp:

K.= Cyp-p-Ad. (1.16)

Fig. 1.8 shows the contrast dependence on the examining thickness of
the steel sample at different energy values.

The contrast increases at lower energies as a result of the weakening
factors gain and also at reduction of the sample thickness. It is interesting that
at very high energies achieved by means of the accelerators and at big
thickness one can achieve a better contrast than at the low examining
energies with isotopes. It occurs because at such a high energy another
weakening mechanism prevails, namely the pair formation effect.
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Fig. 1.9. Contrast and unsharpness

One more effect leading to the contrast decrease must be taken into
account at the receiving of the defect image. The roentgen sources can not be
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the point ones and have limited length in a few millimetres. It leads to the
unsharpness of the defects boundary, as it is given in Fig. 1.9. The unsharpness
reduces the contrast. Therefore, at testing particularly thick-walled components,
as accurate as possible orientation is required in the examining direction.

1.4.2. Geometrical unsharpness

Geometrical unsharpness U, is stipulated by the limited sizes of the
focal spot (optical focus), 1. e. the projection of the irradiator section emitting
the 1onizing radiation on the plane which is perpendicular to the beam axis
(to “central ray”™). It follows from the geometrical considerations that

U,=F-L/]1 (1.17)
where F is effective linear size of the focal spot, If and 1. are the distances
between the object and tube focus and between the object and image converter.
It follows from here that for the geometrical unsharpness reduction one must
seek to use the irradiators with the minimum focal spot size and to dispose the
object as close as possible to the image converter and farther from the radiation
source. If the roentgen tube is used as the irradiator, the problem how to
combine as high as possible tube power with a rather small size of the focal
spot appears. Taking this into account, the anode slant (the angle a between
the anode surface and the beam axis) is chosen so that at the relatively large
square of the anode section (electron focus), onto which the electron flow is
directed, the tube optical focus will be minimum. In reality, the size and the
form of the optical focus are not the same for the different sections of the
image converter. This distinction is reduced at distance f from focus to
converter gain and at decrease of the working field. One must also take into
account that electrons are decelerated in some depth inside the anode so the
radiation passing from it at small angles to the anode surface is weakened more
by the anode material than the radiation passing out at big angles. This state
limits the possibilities of the angle o reduction and stipulates the non-
uniformity of the radiation distribution on the surface of the image converter,
which is developed the more, the less the ratio between f and the surface sizes.

The additional source of the unsharpness may be the afocal (extrafocal)
radiation which appears owing to the fact that about one-half of electrons
number reaching the anode either refract from the anode or cause the emission
of the secondary electrons decelerated out of the electron focus. With the help of
the special catcher of such electrons this effect may be reduced to a minimum so
that the part of the afocal radiation is decreased from 8§—10 to 3 %. One must
also take into account that this radiation has lower energy than the radiation
created by the primary electrons deceleration. One usually seeks to do so that
along the beam axis the optical focus will have the square form whose side is
assumed as the size of the focal spot. Atadeviation from this form, F is
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considered equal to the one-half of the maximum and minimum size sum. The
decrease of the focal spot of the X-ray tubes is limited by the temperature
increase of the anode section bombarded by electrons and above 99 % of their
energy is transformed into heat. In order to reduce the anode heating for the
tubes applied in the defectoscopy where the exposure time is determined in
a few minutes, the water cooling is used and for the medical tubes a special
anode construction is applied and, partially, the rotating anode. The electron
focus of this anode is shifted by the ring and at the same time the optical focus
remains immobile. Having in view that for different problems the focus of the
different size is needed, the two-focus tubes are made. The long focus of this
tube 1s used for the study of the mobile objects when short exposures are needed
and the small (short) focus is used for the roentgenography of the immobile
objects with thin structure, and partially for the receiving of the shootings with
the so called direct (geometrical) gain which is achieved by removal of the
cassette with screens and film from the study object (it is clear that the image
size relates to the object size as 1./ I¢). The typical sizes of the long focus spot
for medical tubes are 1,2 mm and the small focus — 0,3...0,6 mm. Hence,
for direct gain the focus of less size is used sometimes. In the tubes applied in
defectoscopy the focus spot achieves the 4 mm — size. The typical values of the
unsharpness are equal to  U,=0.1...0.5 mm.

If the focus size is bigger than the size of the detail which must be
regenerated on the image (e.g. at detection of the pores in welded joint, the
details of the bone structure, the microcalcionats in the mammography of the
milk gland,etc.) so, in case of

dependence on distance between the 1
objective and the film (Fig. 1.10) the

full shadow with the size less than the

detail is formed or the pseudo-shadow

(disposed lower the plane 1) with the

lower contrast is formed. The pseudo- )

shadow contrast ratio to the full-

shadow contrast can be determined on

the base of geometrical considerations.
At the radiation passing

through the small hole the image of II

the radiation source focus but not

the image of the hole appears on the

film remote from the hole. The I

application of the so called “lokh-

chambers” for measuring the focus  Fig. 1.10. The formation of the image:
spot sizes is based on this principle. I — focal spot; 2 — article

I
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1.4.3. Dynamic unsharpness

The dynamic unsharpness Uy appears at receiving the mobile objects
shootings. Uy 1s stipulated by the displacement of the object at the exposure
time t. The value of Uymay be determined by the formula

Us=(I./15) jV(z)dt, (1.18)
0

where V(t) is the component of the motion speed directed parallel the film. If
the object performs oscillations, then the value of Uy is not higher than the
amplitude of oscillation multiplied by the image gain factor m =1/ Ix.

In medical practice it is necessary to take into account the involuntary
movements connected with the physiological functions of the human organs:
the heart pulsation, the stomach peristalsis, etc.

For the haemorrhage rate, the heart walls motion and for the area of
the lung fit close to the heart, the values of the V = 50-500 mm-cm ', and
taking into account the non-uniformity of these organs motion, the exposure
is recommended not more than 5 microseconds (for the lung parts remote
from the heart the exposure can be raised up to 20 microsecond); for the
gullet V=50+200 mm-cm ' and the recommended value t=10 microseconds;
for the stomach and the bowels the data of different authors as related
to the peristalsis rate are from 1.5+15 mm-cm ' up to 50 mm-cm ' and
even higher and the values of the optimal exposure will be from 10+20
to 100+200 microseconds.

Besides the involuntary motions of the human body organs one must
take in account the vibration of the radiation sources and cassette especially
at the tomography and also the motion of the articles studied in the
defectoscopy. A lot of designs conducted in the roentgenotechnic sphere are
directed on the guaranteeing of the mentioned short exposures and, partially,
the construction of the roentgen apparatus of the higher power with the small
tension pulsation. The transfer from the single-phase to the three-phase
apparatus allows to increase the radiation output by one/third at the same tension
and current. The semi-wave apparatus gives no possibility to get shootings at the
exposure less than the duration of the alternative tension period with
frequency 50 hertz, i. e. less than 20 microseconds. Therefore, the six-pulse
and twelve-pulse apparatus were designed allowing to reduce the exposure
time up to 5...10 microseconds in the first case and up to 2 microseconds
in the second case. In order to achieve such a short exposure at really
achieved apparatus power in 50...100 kW, the high-effective gained screens,
which have been constructed in recent time, are used. At the high-speed
processes study, for example, at the detonation wave motion or the missile
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motion the exposure shorter than 1 microsecond is needed. The impulse
roentgen apparatus are designed for this purpose. They are used in combination
with the screen and films composition having a high sensitivity.

1.4.4. The screen or own unsharpness

Owing to the granular structure of the most luminescent screens applied in
defectoscopy and medicine and owing to sufficient thickness of the illuminating
layer the reduction of which is limited by the reduction of the screens efficiency
and by the increase of the structural granularity, most of the light coming into the
detector, including the boundary of the irradiated part of the screen, deviates from
the normal to the screen surface. The larger is the angle characterising this
deviation, the longer the light path and the stronger it deviates. At the same time
the illumination is weakened in the area close to the boundary of the irradiated
section because part of light is getting out the section limits.

As a result, the light flow distribution is maintained and provokes the
so called “screen unsharpness” of the image.

As distinct from the geometrical and dynamic unsharpness, it is
difficult to determine the boundaries of the screen unsharpness because the
curve of the brightness B distribution on the screen or the blackening S on the
film approache asymptotically towards their extreme values.

If the steepest part of this curve is rectilinear, then by its continuation up
to the intersection with the horizontal straight lines concerning the maximum
and minimum values of B or S one can determine the distance on the abscissa
axis between the intersection points. This distance is taken as the measure of
the screen unsharpness U;. Sometimes it is recommended to lead the straight
line through the points concerning 16 and 84 % of the maximum value of B or
S. In both cases it is assumed that it is the steepest part of the boundary curve
that determines the subjective perception of the unsharpness.

In order to get the reproducible results, one must conduct the measuring
very scrupulously. If the boundary curve is plotted by the results of the
shootings photometry of the edge of the non-transparent for the ionizing
radiation object, for example, a lead plate, then the receiving conditions must be
strongly standardized. One must seek to achieve the same maximum blackening
density in all shootings, with the error not more than +0.05, because at the gain
of the blackening density overfail the measured value of the Us increases. It may
be stipulated that a corresponding increase of the exposure dose leads to the
appearance of the blackening on the parts behind the object edge where there
was no blackening at lower doses, because for blackening generation, some
minimum (threshold) illumination must be exceeded.

In order to minimize the influence of the film properties and the
phototreatment conditions, it is recommended to plot the boundary curve
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in the B(x) or I(x) — coordinates by using the characteristic curve received
at the same conditions.

Arrangements for the direct microphotometry of the image on the screen
are available and they are used mainly in the roentgen image intensifier (RII)
study and in the study of the screens for roentgenoscopy and fluorography.
Hence, one must have in view that in the case of applying the combination of
the gain screens set with the two-sided film this method is difficult for using,
because the unsharpness appearing in this case is stipulated not only by the
screens but also by the film, owing to the effect of the intersection spoiling
(cross-over). This effect consists in that the light emitted by the screen
(including the light belonging to the photoactinic area of its spectrum) is passed
partially by the emulsion layer fit close to the screen and then comes onto the
second emulsion layer, which is the reason of its blackening. This light can also
scatter mainly owing to the refraction. As a result, the additional component of
the unsharpness appears and it is similar to the component observed at the
incompact screens pressure to the film. It is to be taken into account especially
in recent time in connection with the tendency of the decrease of the silver layer
thickness for its economy (the corresponding decrease of film sensitivity is
overlapped by the increase of the screen efficiency).

Besides the thickness of the luminescent layer, the size of the luminophor
granule and the intersection spoiling effect, the screen unsharpness is also
influenced by the following factors: the granule's form and the density of its
packing; the luminophor refraction factor; the presence of the reflecting layer
and the pigment added specially for the unsharpness and granularity reduction;
the disposition of the screen in the cassette (the front, 1. e. the first along the
radiation spreading screen provokes a bigger unsharpness, than the back screen);
the chemical content of the luminophor and the spectrum of the applied ionizing
radiation, on which the generation of the characteristic and scattered radiations
depend, and the path of the photoelectrons in the screen luminescent layer.

Depending on the screen types, its using conditions and measuring
method, the values of the screen unsharpness usually given in the literature
range within (0.2...0.4) mm for the luminescent intensifying (gained) and up
to 0.7 mm for the roentgenoscopic screens.

1.4.5. Other sources of the image unsharpness. The sum unsharpness

In the case when the ionizing radiation is directed not perpendicularly to
the screens and film surface (e.g. in tomography and oblique projections) or when
the direction of the observation of the image received on the monocrystallic
screen does not coincide with the direction of the luminescence exciting radiation
spreading (for example, at the viewing of image close to the screen edges), then
the unsharpness appears which 1s called “parallaxic” U,. In the first case it is
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determined by the roentgen ray path section on both screens of the set and in the
film projection on the plane in which they are disposed. Therefore U, depends on
the tomography angle or the oblique projection angle on the screens and film
thickness. In the second case, as it follows from the geometrical considerations,

U,=ds- cos (90° —a—B) - (cos B)_l,

where d; is the thickness of the monocrystallic screen; a and 3 are the angles
between the normal to the screen surface and the directions of the observation
and of the incidence of the ionizing radiation correspondingly.

In using the roentgenographic films without screens and also with the
metal foils the unsharpness appears stipulated by the action of the photo- and
Compton-electrons moving in different directions.

At E¢r = 250 keV it is only about (0.05...0.1) mm for the film without
screens and about (0.15-0.2) mm in the case of the lead foils using. However,
the unsharpness raises fast at the further gain of the quantum energy,
reaching 0.17 mm for the film without screens and 0.5 mm at the film
combination with foils at E.¢s= 1 MeV.

A special kind of the unsharpness is connected with the phenomenon
near the edge of the detail disposed inside the scattering body: a gradual
change of the scattered radiation intensity occurs (The study object is here in
the role of the radiation source with a large focal spot). This effect is reduced
at the transfer from the roentgen to the high-energy gamma-radiation owing
to increase of the scattered radiation part whose spreading direction is near
the direction of the primary beam.

The image is received unsharp because of the decrease of the primary
radiation weakening near the object edge, which is connected either with its
form or with the radiation beam being divergent. This so called “absorption”
or “morphological” unsharpness characterizes the features of the object
structure and therefore, in the general case, it is not the factor decreasing the
image informativity. But in some cases, for the more reliable recognition of
the small-contrast details, for example, the pathological formations in the
milk gland, one resorts to the artificial gain of the detail contours by using the
xecoroentgenography where it is achieved owing to the edging effect or by
using the television facilities of the image harmonisation.

The sum image unsharpeness Uy, 1s determined mainly by its biggest
component. In the cases when the basic components of the unsharpness have
similar (almost the same) values, their added action is often determined by
using the approximate equations:

2 2 2 3 3 3
Usumz\/Ug"'Ud"'Us ; Usumz?’\/Ug—i'Ud"—Us . (1.19)
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However, the difference of the boundary curve form stipulated by the
screen unsharpness from the curves forms connected with the geometrical
and dynamic unsharpness leads to the fact that in reality their relative
contribution to the sum unsharpness and unsharpness influence on the
contrast is strongly dependent on the detail size because the increase of the
size reduces the role of the U, and Uy 1in comparison with the Ui,

When comparing the Uy, measuring results with the subjective
perception of the unsharpness one must take into account the Max effect
consisting in the phenomenon that near the boundary between the dark and
light fields the dark field seems even darker and the light field seems even
lighter. As a result of this the impression of the non-uniform illumination of
each field is made and the boundary between the fields seems the sharper the
higher the contrast. So, by means of the visual analyzer the same image
contour gain is realized as it is achieved by the application of the above-
mentioned television harmonizators.

1.4.6. The frequency-contrast characteristics

In the case of small details, the overlapping of the unsharp image
instalments leads towards the decrease of contrast which is the more, the less
is the size of the detail. In order to determine the character of the detail image
contrast dependence on its size, test objects are in used most cases; they are
the lead foils with thickness 0.05...0.1 mm and with the row of slits divided
by the intervals with the width which is equal to the slit width. The number of
slits normed on the length unit (usually one speaks about strokes number,
number of line pairs or the number of periods on 1 mm or 1 cm) is called
“the space frequency of the mira v”. Instead of the miras set with different v
one can use the single mira with the fine changed v.

The dependence of the test object image contrast k; is called the
contrast transfer coefficient My, which has the following form in this case:

Mtr— (Bmax - Bmm) / (Bmax + Bmin) (120)

[(Bmax o Bmin)/(Bmax + Bmin)]v—>0

The maximum value of the k;, placed in the denominator of this
expression is achieved practically at v=0,05 mm ' and rarely at smaller values
of v. The function My, (v) is called the amplitude characteristic, or the function
of contrast transfer (FCT) or the rectangular frequency-contrast characteristic.

In order to determine the loss of the involuntary form detail image
contrast one must, however, use the test objects of the sinusoidal form but not
the rectangular. It is connected with the fact that the space distribution of the
ionizing radiation intensity passed through any object (radial profile) in using
the Fourier analysis may be presented as the sum of the sinusoidal form
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components different from each other by the frequency v and the amplitude (in
practice, for this purpose the Fourier conversion is added to the object shooting
on the out-screen film conducted under conditions of the small geometrical
and dynamic unsharpness). The space-frequency spectrum of the object
received by this way is compared with the function M(v) of the sinusoidal mira
contrast transfer which is called “the space frequency contrast characteristic”
(FCC) or the function of the modulations transfer. This function characterizes
the system of the image formation (independently on the study object
properties) as the filter at passing through which the components amplitude of
the space-frequency spectrum of the object decreases to a different degree
depending on their frequency v, i. e. the FCC is:

space - frequency spectrum of the image

FCC = (1.21)

space- frequency spectrum of the object

The connection between the FCC, FCT, the function of the line
scattering and the edging function. It is quite difficult to make the
sinusoidal mira from the strongly weakening the roentgen radiation materials.
Therefore in practice the FCT is measured by using the following formula for
the transfer towards the FCC:

M, (3 M, (5 M,.(T7
M(V):§|:Mtr n tr3( V)_ trS( V)+ tr7( V)_

} (1.22)

Besides, the FCC is received as a result of the line scattering function
transformation, i. €. the distribution of the light intensity on the narrow slit A(x)

image which is connected, in its turn, with the edging function I(x), 1. e. stipulated
by the unsharpness of the light distribution on the edge image (Fig. 1.11).

_d

dx

A(x) I(x)= )]A(x )dlx

M(v)z (IA(x)cos2n-v-x-8x)2+( IA(x)Sin2n-v-x-8x)2

—00 —00

(1.23)

In this case the condition of the normalization is
X
fA(x ) =1
—0 ‘
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Fig. 1.11. The binding between the edge function a),
the line scattering function b) and the frequency-contrast characteristic c)

It follows from equations (1.22) and (1.23) that M (v) =1. The
mentioned relationships are the base for the three methods of the FCC
measuring: by means of the mira image, by means of the narrow slit and by
means of the plate edge. In all cases the strong diaphragming is conducted
and also some measures are taken in order to minimize the influence of FCC
of the measuring facilities. In case of need, the corresponding corrections are
made partially in the FCC of the measuring slit of the microphotometer.
From the considerations which have been stated at the unsharpness
determination methods consideration it is expedient at the radiography and
fluorography to do the transfer from the blackening density distribution to the
shooting towards the illumination intensity distribution on the screens with
the help of the film characteristic curve, or, at the fluorography, to measure
directly by means of the scanning microphotometers.

In order to determine the FCC by the experimentally measured FCT,
the calculation is fulfilled in accordance with the formula (1.22) for several
values of v. At this, for the highest v all members of the series, except the
first one are cast away and at the transfer towards the lower v the number of
the series members is increased with the decrease of v. For example, if the
M, (v) is measured up to v =6 mm ', then M(5) =(1/4) My (5),

M(2) = (m/4)[M¢ (2) + (1/3)M;: (6)];

M(1) = (/4)[Mg (1) + (1/3)M¢ (3) — (1/5) M (5)]; (1.24)
M(0,5)=(1/4)[Mx(0,5)H(1/3)M(1,5)~(1/5)M(2,5)+(1/T)M(3,5)].
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At the direct measuring of the line scattering function (LSD), the slits
with the width in 5...10 micrometers are used for the out-screen film; with
the width in 1...200 micrometers for the combination of the gained screen
with the film, and wider for R 1 I. The value of M for several v is calculated
by the formula (1.23) with the account of the normalization condition. If the
LSF is approximated by the exponential function, the calculation becomes
essentially simpler. Taking into account the difficulty of the diaphragm
making with such a narrow slit and the above-mentioned difficulties of the
edging unsharpness measuring, the FCC is determined more often with the
help of the lead miras. Since the values of the M, are averaged for every
frequency and repeatedly at the graph My(v) plotting, a better reproducibility
than for other methods is achieved.

The basic components of the space FCC of the image formation
system. The FCC of the complete systems. The FCC is simply connected
with the edging function. Therefore FCC as well as the image unsharpness
may be divided into the geometrical M, (v), dynamic My (v) and screen M;
(v) components. Their independence from each other allows to determine the
total FCC of the system as the multiplication of these components:

M(v) = Mg (V) - Mg(v) - Mg (v). (1.25)

At this, as distinct from the relationships above, this equation is
preserved in the wide range of the v values. By the similar way one calculates
the FCC of the complete system of the image formation, for example the
radiotechnical system by the data of FCC of its elements which allows to
estimate the relative influence of every element. In the production of the FCC
of the system elements the FCC of the measuring facility also comes. In order
to exclude its influence, the measuring result must be divided by it.

The geometrical and dynamic components of FCC are connected with
the corresponding unsharpnesses by formulas

M, = [sin (mvU,)]/(nvUy); Mg= [cos(mvUq)]/(mtvUy). (1.26)

The connection of the screen component of the FCC with the U is
written satisfactorily by the equation

M, (v) = 1/ (1+ 7.5 U+ v?). (1.27)

In some cases M; (v) may be conveniently approximated by the
exponential function

M; (v) =exp (-2 m-a-v), (1.28)

where o is the parameter simply connected with the M, (v) at the given

frequency. At the close values of the U, and U; the influence of the Myand Mg
on the small details contrast is non-uniform: at v = 0.5=1.5 mm ' the
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influence of the M;is considerably higher and only for the smallest details the
roles of the My and M; are the same. It is stipulated by the difference of the
form of the geometrical and screen components of the FCC. Often, especially
in the technical documentation, the FCC is characterized by a single value,
e.g. by value M or M, at the certain v (2 mm ' for the combination of the
screens with the film or by the value vat M =0.1; M = 0.5 or M = t/e.

The value v, which is equal to that space frequency at which M is
reduced by e times, is called the effective width of the space transmission strip.

One must notice that the FCC for the (Zinc Sulphur - Cadmium
Sulphur — Argent) — screen for the roentgenoscopy and fluoroscopy is near
the FCC of the photochannel of the R II and, so, it is better than FCC of the
television channel of the RII though in the reality the detail discerning at the
roentgenoscopy with using of such a screen without the image gain is worse
than at the examining with the roentgen image intensifier because of the low
contrast sensitivity of the human eye under the twilight vision conditions.

But also at the optimal illumination one must take in account the
properties of the eye and its FCC, M (v), partially. The feature of the visual
analyzer FCC is the presence of the maximum on the curve at v, =11.4 mm'
connected with the so called lateral deceleration leading towards the
weakening of the light action on the central receptors of the retina at the
simultaneous exciting of the receptor calls in the neighbour areas. Taking in
account the fact that the reduced image is projected on the retina, for the
chosen observation distance I,,; one must use the FCC of the eye counted
again from the relationship

Vobs/ Veet = Ivis/ IObS) (129)

where v, Vier are the frequencies in the plane of the observed image and
retina, correspondingly: I, = 1.67 cm is the average distance from the centre
of the crystalline lens to the retina. The FCC of the eye for I, =20 cm and
B=343 cdm’ (it depends sufficiently on the brightness) is given
in Fig. 1.12. At the determination of the sum FCC of the image formation
system the contribution of the visual analyzer in FCC must be accounted by
using a rule of the production of the FCC components. However, if the
observation distance is chosen so that the size of the details of interest
corresponds to the area of vy, in which Mg,s 1s maximum or fits closely the
maximum value, the influence of eye FCC is practically excluded. So, in the
case shown in Fig. 1.12, the account of My, (V) is sufficient only for
V> 2Vipax = 2 mm‘l, 1. €. only for the smallest details.

Therefore, it is important to choose Iy, property proceeding from the
expected sizes of the defect (pathological formations). For example, large low
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contrast formations may be not detected if the formations are looked at from a
short distance and, on the contrary, small formations are not detected at long L.
However, the reduction of I, s limited within the eye accommodation limit.

My
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Fig. 1.12. The FCC of the eye for the observation distance
Iobs = 20 cm and brightness B = 343 cdm™,
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Fig. 1.13. The time FCC of the television channel of the roentgen image intensifier
(1) and its components stipulated by inertness of the vidicone with the target from
Sh,S (antimony-two sulphur-three) (2), and time of the scanning of the electrostatic
image on the target (3). The time FCC for the roentgen image intensifier with
the plumbicone (the target from Plumbum Oxygen) is shown by the stroke

1.4.7. Quantum fluctuations of the ionizing radiation
and their influence on the threshold contrast

The idea about quantum fluctuations and their connection with
the threshold contrast. Static fluctuations in the space-time distribution of
the photon radiation are the consequence of its two main features: the
quantum nature and the probable character of the photons generation
process and interactions with absorbers.

In accordance with the last circumstance, in using the absorbers with
uniform composition and thickness a number of the ionizing radiation
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photons oscillates around some average value in all its path. Let’s assume for
the observed stage of the process that the average number of photons which
occurs on the unit of the beam cross-section square in the time unit is N.

The real number of photons in different parts of the section and in different
time moments N; differs from N by some value AN; which may be positive and
negative, and ZAN; —0 at i—>oo. Therefore the statistic mean measure of the
deviation of N; from N (the fluctuation of N; ) is the root-mean-square deviation
o = [(AN)*]". At this, as it may be shown, [(AN)® 1"*=N"2. From here, the mean
relative fluctuation normed on the square unit and time unit is

a2

C= = . (1.30)
N VN

Let’s examine the image element with the square Q at the time ty of

photons action summing. In this case, the relative fluctuation of the photons
number taking part in such element formation may be performed in the form

1

W. (1.31)

In radiography ty is equal to exposure time and in radioscopy ts is
equal to the effective time of the visual sensation integration whose damping
may be described by exponential function

E.= exp (-t/1). (1.32)

At this, the value t,= 37 is taken as the integration time depending on
the brightness for which the eye is adapted and consisting about 0.1 second
in radioscopy with the roentgen image intensifier and about 0.2 second
in radioscopy without gain.

In radioscopy with the use of roentgen image intensifier, the
connection between the image brightness B on output screen and the ionizing
radiation intensity I in the working (linear) part of the gradation curve is
expressed by the equation

O =

lgB=vy-Igl+C. (1.33)
By its differentiation one can find that
dB/B =y (dI/]), (1.34)
or by the transfer to the finite differences
AB/B =y (dI/T). (1.35)

It follows from here that the fluctuations of the photons number (if all
other noise sources are neglected) provoke the fluctuations of the relative
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brightness which are proportional to & with the proportionality factor y.
However, taking in account the influence of FCC on the contrast of the small
detail image and therefore on the brightness oscillations caused by the
quantum fluctuations, one can receive

AB/B = y-M(V)(AI/T) =y - M(v) -9. (1.36)
In order to detect the detail image against the background of such

fluctuations of the illumination brightness, its contrast must be more by
certain times y, than the fluctuations, 1. e. the threshold contrast is
K= W7 - M(Vv) 6. (1.37)
Factor yy, is named the threshold signal/noise ratio. Usually it is taken
equal to 3 or 5 depending on the desirable probability P of the detail detection
(defect or the pathological formation). At the same probability of the falce-
positive and falce-negative interpreting P = 0,93 at yy =3 and P = 0,99
at Yy, =5. From the considerations analogous to those mentioned above, for
the threshold photographic contrast of the image one can receive

ASp=0.434 yy, - v - M(v) -0. (1.38)

In the calculations in accordance with the obtained formulas, a
question about the connection between QQ and v appears. This connection is
maintained by means of Fourier transformation. At the simplest and in the

same time the spreading case of the details having the form of the sphere with
diameter d, one can assume as for the mira with the slit width d that

v=1/(24d). (1.39)
1.4.8. The information capacity of the image formation system

In order to express the image informativity by a single number it is
convenient to use the number of the contrast steps (brightness gradation) p as
the gradation characteristic of the system. For its determination one must
know the maximum B,,x and minimum B,,;, of the brightness really achieved
under the study conditions (for image perceptible by the eye — with taking in
account the dynamic range of the vision) and the dependence of the threshold
contrast Ky, on the brightness B for the image cell of the given size.

Let’s assume in the first approach that Ky, is not changed in all the
interval from B, to By, Then p may be found by the consecutive adding
of AB =Ky, and Byin:

Bl = Bmin+ I<th ° Bmin: Bmin(1 + Kth);
B,=B;+ K- B =Buin (1 + Ky )% (1.40)
B;=B,+ Ky - By=Bunin (1 + Ky ),
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and so on. As the result may be found that

Binax = Bumin (1 + K )™, (1.41)
where m = p — 1, because B, is the first step of the brightness. From here
p= [(1g Brax — 1g Bmin )/ Ig (1 + Kgp)] = 1. (1.42)
For the photographic image it may be found that
p=(AS/Sy,) +1. (1.43)

The simplest image that may by suggested is the one consisting from a
single element for which only two steps are possible; for example, it can be
either white or black. The information given by such image is taken as the unit
the information named the binary unit (bit). If the image consists of two
elements, then at two steps of the contrast there are four possibilities (2°); for
four elements — 2* =16 (possibilities) and so on. In the general case at p — steps
of the contrast from n — elements the system can give the z = p" different
images and, namely, it must be taken as the measure of the information
capacity, if one comes from the assumption about the equivalence of the
gradation and space-frequency information. However, at the increase of the
surface square of the image converter by two times, the number of the images
becomes equal to z = p™ in the time when, follwing the logic, the informativity
increases by two times only. Therefore it is more correctly to use the logarithm
z as the measure of the information capacity C. At this, it is convenient to take
2 as the logarithm basis as it is taken in the theory of the information. Then

p'=2%nd ¢ = log, z=nlog, p. (1.44)

For calculation of the maximum value of C for the used system, the
parameter n must be determined with taking into account its resolution
capacity R, 1. e. the space frequency v (the number of lines pairs) at which the
optical contrast of the test object image, characterized by the radiation
contrast k. =1 achieves the value of Ky,

N =4R’Q. (1.45)
Since in reality p is the function of n, then instead of (1.44) one must write

c= J. log, P(n) dn. (1.46)
0

For the calculations simplification the dependence p (v) is plotted proceeding
from the data about M (v) and K, (v) and mean value of p is

v=R
— 1
P:E (S[p(v)dv, (1.47)
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In this case from (1.44) — (1.46) it may be received that

c=4R*Qlog, P. (1.48)

For example, in accordance with the approximate data, the
information capacity of the television channel of the roentgen image
intensifier with the 625 -line expansion of the image is 2 megabit on each
sequence, 1. e. the speed of the information transfer at the frequency
50 hertz 1s 50 megabit/second. Such data are useful for determination of
the demands for the technical facilities of the videomagnetic recording of
the image and for the estimation of the time expenditure on the radiation
testing by the radioscopy.

Apart from the examined, the other complex characteristics of the
image formation systems were offered. In substance, the resolution capacity
may be taken to be a complex characteristic, thus it takes into account the
added influence of the FCC, image noise and visual analyzer parameters (the
idea of the “resolution capacity” is widely used because of its direct
measurings by simple ways). However, all these characteristics have a
limited applicability, since depending on the object features and study
problems, the priority is given to the different parameters of the image
quality. For example, at the roentgen image intensifier application the
threshold contrast, as related to the large low-contrast detail, is often more
important than the space resolution capacity. Therefore, as a rule, the systems
of the image formation are characterized by a set of parameters.

1.5. Control tasks

There are at least three basic elements used in the radiation testing
(RT) procedure:

a) the source of the ionizing radiation;

b) the testing object (at defectoscopy);

c) the detector or the converter (transformer) for registration of the

receiving defectoscopic, dosimetric or radiometric information.

The source of ionizing radiation is characterized by some basic
physical parameters: the kind of radiation; the energy of radiation, power
(yield) or activity and by exploitation and construction characteristics: sizes
of active part, the duration of life or the working resource, the intake power,
overall dimensions and the mass, the exploitation safety and so on.

For the testing object, the most important physical parameters on
which the ionizing radiation weakening index depends are as follows: the
atomic number or the isotopic composition, the density of the object matter.

The most important exploitation and construction parameters are the
configuration and sizes of the object and the dynamics of its motion.
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The basic characteristics of the detector (transformer) are the
response function, the registration efficiency, the image own unsharpness
(the resolution capacity).

The final results of the RT, besides the complex of characteristics of
the testing main elements, depend much also on the testing geometry.

Roentgen and gamma-radiation are most widely adopted in the
radiation testing. Therefore the main attention in the first section of the
training appliance is given to these kinds of the ionizing radiation. The
processes of formation and properties of radiations were considered as well
as the main processes of the radiation interaction with the matter which play
the main role in the radiation image formation, and basic characteristics of
radiation and visual images: the radiation contrast, dynamic, and geometric
unsharpnesses of the image; the own unsharpness of the converter; the
summing unsharpness; the threshold contrast, the information capacity, etc.

In order to consolidate the studied material of the first section, a row of
control tasks is offered to fulfill.

Answers to the set control problems are given in the final part of the
working note-book.

The list of basic formulas and theoretical propositions needed for the
solutions of tasks is given for making easier the fulfillment of control tasks:

e the boundary of the roentgen bremsstrahlung radiation spectrum:

Amin = 1,23/V, where V is the tension on the roentgen tube, kV;

Amin 1S measured in nanometers;

e the flow of the roentgen radiation ® = k-T-V>.z, where I and V are the
current and the tension on the roentgen tube, z is the ordinal number of the
element of the anode matter, k= 10"V ';

o the mean length of the free path of gamma-quanta in ratio in the
matter; 1 = 1/n-c, where n 1s the nuclei concentration in the matter; ¢ is the
microscopic cross-section (barn/atom) of gamma-quanta interaction with the
matter as the result of following processes: photoeffect, the Compton
scattering, the pair formation process;

e the length of the free path at the presence of all three processes is
determined from the relationship:

1_1total = 1_lph + 1_lcomp + 1_lpair;
e the probability of the photoabsorption is determined by the formula:

(3
®ph =Lh(1_e—ud ),
Gtotal
where 1 = n-Gyoal;

34



e the frequency-contrast characteristic (FCC) by the contrast transfer
function (CTF) can be determined by the formula:
M 3v) ~ M, (5v) . My, (7v) ~

3 5 7

e the number of photons fallen on the single square of the image
formation system consisting of the luminescent screen and roentgen film
combination can be found by the formula:

87Pexp

o 9

Hikm Eefr
where N is the number of quanta fallen on the single square at the time unit,
a 1s the absorbed dose of the falling radiation; P, is the exposure dose of the
radiation; L, is the mass factor of the energy transfer in the air; E.g is the
effective energy of the radiation; tc, 1s the exposure time;

e the threshold photographic contrast of the image can be calculated by
the formula:

M(v)= M _(v)+

I )

Nt exp

where gy, is the threshold relationship signal/noise; y is the contrastness factor;
M(v) is the frequency-contrast characteristic (for articles, having the sphere from,
the space frequency may be assumed equal to v=1/(2d)), 0 is the relative fluctuation

of the photons number (& = 1/ NetoypS ); S 1s the square of the image element;

e the illumination of the eye retina is determined by the formula:
T-Bg, -'c-Q2

et 4(1+m)?
where Bg. the brightness of the fluoroscopic screen luminescence; t is the
production of the transmission coefficient of the eye crystalline on the
quantum efficiency of the retina receptors; m is the scale of the image increase;
Q= Tc-dzp/4-120bs is the relative hole of the human eye optical system (d, 1s the
diameter of the pupil of the eye; 1, is the distance of the observation);

e the threshold contrast of the light and shade image:

=\|;t 'YM(V)8

2

Kth h

1. Find the boundary of the roentgen bremsstrahlung radiation (the frequency
and the wave length) for tensions V; =2 kV and V,= 20 kV on the tube.
How many times is the energy of photons of these radiations greater than

the energy of the photon corresponding to A = 760 nanometers (red color)?

2. In what case will a greater increase of the roentgen radiation flow take place:
at the increase of the current by two times at the constant tension on the tube,

or, on the contrary, at the increase of the tension by two times with the
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constant current? How can one increase the current intensity without changing
the tension on the roentgen tube? Give the analysis of processes occurred at
the change of the current intensity and at the change of the tension.

3. Find the flow of the roentgen radiation at V = 10 kV, 1=1 mA. The anode
is made of the tungsten. How many photons per second is this flow, if one
can assume that the electromagnetic wave is emitted with the wave length
equal to 3/2 (three second) of the length of the wave corresponding to the
spectrum boundary of the roentgen bremsstrahlung radiation?

4.  With the help of graphs given in the Appendix 1, find the mean length
of V free path of gamma-quanta with energy 2.0 Mev, in the lead, and
also the mean free path of these quanta for cases of the Compton
scattering, the photoeffect and the effect of the electron-positron pair
formation. By what relationship are these free paths connected?

5. With the help of graphs of the Appendix 1 find the probability of the
absorption of the gamma-quantum with the energy 2.0 Mev in the lead
plate with the thickness 2.0 mm.

6. The beam of the monochromatic gamma-radiation at passing the lead
plate with the thickness 3.2 cm is attenuated 6 times. Calculate the mass
factor of the Compton scattering of these rays in lead with the help
of graphs of the Appendix 1.

7. The total cross-section of the gamma-quantum Compton scattering
on the free electron is described by the formula:

3 g2-2g-2 &3 +9g2 +8c+2

=—0_| In(1 + 2¢) +
comp 4 T 5.3 82{1+28}2

c 1,

where &€ = hw/mc” is the energy of the gamma-quantum in the terms of the

electron rest energy; oris the cross-section of the Thomson (classic) scattering.

a) Simplify this formula for the case of € “1 and the case of €” 1;

b) calculate the linear factor of the Compton scattering of gamma-
quanta with the energy ¢ = 3.0 at the interaction with beryllium;

c) find the mass factor of the Compton scattering of gamma-quanta
with the energy € = 2.0 for light media.

8. With the help of graphs of the Appendix 1, calculate the cross-section of
the electron-positron pair formation by the gamma-quantum with the
energy 6.0 MeV in the lead plate with the thickness equal to the layer of
the half-value weakening.

9. At what thickness of the lead plate is the probability of the electron-
positron pair formation by the gamma-quantum with the energy
7.0 MeV equal to 0.1?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Show that a gamma-quantum can not form a pair outside the nucleus
field even if this process is energetically possible.

Find the coefficient of the image increase if it is known that the distance
from the source to the object and from the object to the converter a and
b are equal to 10 cm. The radiation source is the point one.

Determine the image contrast with the accounting of the own
unsharpness U,y, = 5 mm at the roentgen contrast K, = 1, at the object
size 1 =2 mm and the scale of the increase m = 2.

Determine the roentgen image contrast in the area of the pseudo-shade at the
object size 1 = 2 mm, the focal distance F = 100 mm, the focus spot size
) = 6 mm and the distance from the object to the converter b =40 mm.
Find the focal distance F, at which the resolution capacity R=5(pairs
of lines/mm) is received on the converter, if it is known that the focus
spot of the radiation source & = 1 mm, the distance from the object
to the converter b = 220 mm and the geometrical unsharpness of the
image is not more than the own unsharpness.

Determine the frequency-contrast characteristic (M(v)) by function
of the contrast (My(v)). Mtr(v) is measured up to v=6 mm™".

Receive the optimal relationship between the weakening factor p and
the testing object thickness x, with taking into account that for the
relationship “the signal/noise” one can write the following expression:

¥Y=p-Ax- \/nO-Sd-teXp-e_l'l.X )
where Ax is the meaning of the defect in the direction of the examining;
ng is the number of quanta of the ionizing radiation hitting the single
square of the surface of the testing object at the time unit; Sy is the
defect square; tey, 1S the exposure time.
Find the threshold contrast (ASy) for the image formation system
consisting from the combination of the CaW0,-screen with the medium
increase and the roentgen film of the medium sensitivity (e. g. type
PM-1). Determine the threshold contrast at following conditions:
the effective radiation energy E.;= 50 keV;
the exposure time tey, = 0.02 s;
the exposure dose needed for the shooting receiving D = 1.1 mR;
the threshold relation ““signal/noise” Wy, = 5;
the contrast factor y = 2,5;
the defect is the sphere-shaped article with d = 0.5 mm (v =1 mm',
M(v) =0.6).
Determine the threshold contrast for the radioscopy without any increase at
the visual observation of the image having the view of the sphere-shaped
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detail with the diameter d =3 mm and Wy, = 5. The exposure dose rate in the
screen plane is 0.2 R/min; the part of the absorbed energy of the radiation in
the screen o = 0.35; the effective energy of the radiation E.s = 50 keV.
In the above-mentioned conditions every photon of the ionizing radiation
gives 2500 (two thousand and five hundred) light photons. The visualizator —
the human eye has the following parameters: the image scale m « 1; the
diameter of the pupil of eye d,;= 7 mm, the observation distance 1, = 20 cm;
the production of the crystalline transparency on the quantum efficiency of
the eye receptors in equal to 0.8 %.

Appendix to sect. 1

Weakening and absorption factors for gamma-quanta

Energy, Aluminum Lead Water Air

MeV w/p T/p u/p T/p wp T/p wp T/p
0.1 0.169 | 0.0371 | 5.46 2.16 | 0.171 | 0.0253 | 0.155 | 0.0233
0.2 0.122 [ 0.0275 | 0.942 | 0.586 | 0.137 | 0.0299 | 0.123 | 0.0269
04 10.09270.0287 | 0.220 | 0.136 | 0.106 | 0.0328 | 0.0953 | 0.0295
0.6 [0.0779]0.0286 | 0.110 | 0.0684 | 0.0896 | 0.0329 | 0.0804 | 0.0295
0.8 [0.0683 | 0.0278 | 0.0866 | 0.0477 | 0.0786 | 0.0321 | 0.0706 | 0.0288
1.0 ]0.0614 | 0.0269 | 0.0703 | 0.0384 | 0.0706 | 0.0310 | 0.0635 | 0.0276
1.5 ]0.0500| 0.0246 | 0.0550 | 0.0280 | 0.0590 | 0.0283 | 0.0515 | 0.0254
2.0 10.04310.0227 | 0.0463 | 0.0248 | 0.0493 | 0.0260 | 0.0445 | 0.0236
3.0 [0.0360 | 0.0201 | 0.0410 | 0.0238 | 0.0390 | 0.0227 | 0.0360 | 0.0211
4.0 10.0310]0.0188 | 0.0421 | 0.0253 | 0.0339 | 0.0204 | 0.0307 | 0.0193
6.0 [0.0264|0.0174 | 0.0436 | 0.0287 | 0.0275 | 0.0178 | 0.0250 | 0.0173
8.0 10.02410.0169 | 0.0459 | 0.0310 | 0.0240 | 0.0163 | 0.0220 | 0.0163
10.0 [0.0229|0.0167 | 0.0189 | 0.0328 | 0.0219 | 0.0154 | 0.0202 | 0.0156

Here p/p and t/p — mass factors of the weakening (for narrow beam) and of the
absorption, cm®/gram.
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Fig. 1.14. Cross-section of the gamma-quanta interactions in lead
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Chapter 2
RECEIVING AND REGISTRATION
OF ROENTGEN AND GAMMA-RADIATION

2.1. Sources of X-ray and gamma-radiation

2.1.1. X-ray apparatus

X-rays occur at the deceleration of the accelerated -electrons.
In practice of testing, the voltage of accelerating is mostly in interval from
50kV up to 500 kV. The accelerating of electrons occurs inside a vacuum
tube with a heated cathode. Emitted owing to thermal emission electrons are
accelerated between the anode and the cathode and then are focused on the
anode with the help of electromagnets system. There is the target in the area
of the anode focal spot. The target is usually made from tungsten. Since at the
electrons deceleration side by side with the roentgen radiation a large
quantity of the heat is produced, then the anode at the high power must be
cooled. Depending on the tube type this cooling is fulfilled with water or oil.

Since the X-ray images occur as shade projections, the size of the focal
spot of the roentgen tube is decisive for the reproducible sharpness of the image.
However, a small focal spot means a high energy concentration on the anode,
therefore the achieved roentgen currents and the intensity decrease. The present-
day roentgen tubes have different sizes of the focal sport but for ordinary
radiation testing it is a generally accepted practice to apply tubes with the focal
spots having sizes from a few millimeters up to 0.2 mm. There are microfocal
tubes with the focal spot sizes about 10 micrometers for very small structures
testing. The similar focal spots of the microfocal tubes allow to conduct 10-50 —
multiplied geometrical magnification with sufficient image resolution.

An ordinary X-ray arrangement consists of an irradiator, a source of
high voltage power and a control unit. The power source and the irradiator
joined in one housing are called the single-frame facility (monoblock). The
irradiator frame, however, is relatively compact. For the high voltage
receiving in the single-frame arrangements simple switching schemes are
used, as a rule, in which the alternating voltage is got with the help of the
high voltage transformer, as it is given in Fig. 2.1. From the point of view of
the electricity, the roentgen tube is itself a rectifier passing only the positive
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semi-wave of the alternating voltage. But since the anode is heated due to
high temperature occurring at the electrons deceleration, then thermal
emission is generated on the anode which needs additional rectifying of the
voltage. Such high-voltage sources are called single-half-period generators.

Mains

Fig. 2.1. The principle of the single-half-period generator

In practice, more and more the direct voltage facilities are applied in
which schemes on tiristors and transistors are used. As distinct from the
single-half-period generators, in the given case the direct voltage is applied to
the X-ray tube (Fig. 2.2).

U\

Mains

|
=

Fig. 2.2. The principle of the direct voltage arrangement

It means that in the time of measuring, the energy of the direct voltage
generators is higher than the energy of the single-impulse generators. In the
direct voltage arrangements, as a rule, the power source and the radiation
source are divided. This arrangement is called two-frame. It has the
advantage consisting in that the roentgen radiation sources have small sizes.
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In spite of large expenditures for the direct voltage receiving, the number of
such apparatus is much greater.

In the unipolar tubes, the anode (target) is grounded and all voltage of
the acceleration is applied to the cathode. In this case a simple enought cooling
of the anode with water is possible. Besides, such tubes can be made
unsymmetrical and can be adjusted for the geometry of the testing detail. This
kind of tubes is usually applied at the low accelerating voltages up to 160 kV.
The efficiency coefficient of the roentgen tubes is approximately 1 per cent.

Accelerators are applied for the high energy production. One of the
variants 1s a linear accelerator with accelerating sections following each
other. Betatrons are the small-sizes accelerators in which electrons are
accelerated by the circle. The circle of the acceleration acts as a transformer
secondary winding in whose electrons are accelerated in a time of a quarter-
period. The magnetic field of the primary winding is used firstly for the
electrons acceleration and, in the second, for the stabilization of the electrons
acceleration trajectory.

The number of electrons accelerated in the betatron is essentially less
than in the ordinary roentgen tubes. But because of electrons high energies,
the betatron efficiency factor as related to the bremsstrahlung radiation output
is much higher and is approximately 40 %. The accelerators are used for
producing the energy from several MeV up to 70 MeV.

2.1.2. Radioisotopic sources

2.1.2.1. Isotopes for the materials testing

For the roentgen radiation to be brought about, high voltage sources are
needed. But sometimes there are no such power sources at one’s disposal.
In this case one uses radioactive isotopes. The origin of gamma-radiation is
the effect of the radioactive decay, in which side by side with protons
the electrons, positrons (positive charged electrons) and alpha-particles (helium
nuclei) are also let out. The long life isotopes are needed for the nondestructive
testing. At this the consideration is, as a rule, about the beta-irradiators, i. e. the
isotopes which side by side with gamma-radiation emit electrons.

Mainly, Cobalt-60 and Iridium-192 are applied.

Table 2.1 gives a review of the properties of some isotopes applied in
the nondestructive testing. The given isotopes are received by the neutron
irradiation in the reactor. At this, from the stable Cobalt-59 the radioactive
Cobalt-60 is formed transforming after certain time into the stable Nickel-60
and emitting in that time electrons and protons as it is given in Fig. 2.3.

The time of one-single decay of the nucleus can not be set accurately.
There is the so called “decay probability”. During the decay the nucleus can
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firstly take the different energy levels and then at the transfer from one level
to the next, protons (gamma-quantums) of certain energy are emitted. The
spectrum of the isotope radiation is firstly linear (discrete). Then it is
transformed into the continuous spectrum owing to interaction processes
inside the source (see Fig. 2.4).

59 60 60 AT:
n beta-radiation gamma-radiation
Neutrons

Fig. 2.3. Receiving and the decay of *Co

7Co N Ax53a
i n=1173 keV
* 5= 1332keV
S Ni Y S =125MeV
|
|
|
|
T : T >
0 1 2 E,MeV

Fig. 2.4. Spectrum of the ®’Co radiation

For the description of the photons number formed in the unit of time,
the concept of the “Activity” (A) is introduced. The activity A is the number
of decays in the source occurring in one second. The dimensionality of the
activity is Becquerel (By) determined as one decay in one second. In the
nondestructive testing very high-power sources with the activity up to several
hundred Gigabecquerel (GBq) are applied.

) ) 59 1 60
Formation in reactor 57 C0+on_> 27 Co 5

Decay DCo—> 2 Ni+ le+ AE
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Table 2.1
Isotopes for the material testing

Photon Half-decay Thickness of tested
Isotope ) .
Energy, MeV Period materials, mm Fe
60 Co 1.17/1.33 5.3 years 40 ... 160
192 Ir 03...1.06 74.5 days 6...100
170 Tm 0.084 127 days 0...5
137 Cs 0.66 30 years 30 ... 100

The decay time of one-half of the total number of the radioactive
nuclei can be determined for a large number of nuclei containing in single
source. This time is called “the half-decay period” (T;;). During this time
activity is decreased two times. The reduction of activity is described by the
law of the radioactive decay

A=A, eM=A, e ) 2.1)

where A, is the activity in time moment t = 0 and A is the decay constant.

The knowledge of the activity has important significance for the
defectoscopist, as owing to this knowledge he can calculate the exposure time
for the roentgen film at the examining.

2.1.2.2. Equipment for the testing by isotopes

Isotopes used in the nondestructive testing have photons energy up
to 1.3 MeV. Therefore, special facilities are needed for testing which can
fulfil functions of the transportation container and the irradiator at the same
time. The radioactive isotope is inside the soldered capsule which is inserted
into the protective container. The container has a round form and is made of a
heavy metal (for example, Lead or Uranium). Uranium has the property of a
very high shielding effect at high thermal stability and high density.

Shielding containers made from Uranium are sufficiently compact and
simple in manufacture which is of prime importance in practical application.

With the help of a mechanical distant control the irradiator is extracted from
the container and transferred into the collimated cap within which the radiation 1s
emitted. In order to direct the radiation in the direction of the testing detail one uses
collimators which also are made, as a rule, of heavy metals, e.g. tungsten.

The work with the arrangement for the isotope testing requires special
training and special measures concerning protection from the radiation. This
arrangement is subject to strict control quaranteeing that even in the extreme
conditions, for example, in an accident of the vehicle transporting the
devices, the radioactivity will not be spread into the environment.
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2.1.3. Betatrons

Betatron is the inductive cyclic accelerator of electrons and is one
of the first high-energy sources of the bremsstrahlung radiation which begins
to be applied in the industrial defectoscopy. This accelerator finds a wide
application owing to its relative simplicity as related to the linear accelerators
and microtrons though the dose rate of the bremsstrahlung radiation of the
betatron is by one-two orders less. Recently, small-sizes betatrons with
energy (3—6) MeV receive especially wide application; they have small mass
and admit the possibility of the manual transport towards the testing object,
which is especially important in working on the assembly sites, building
slips, at the repair of the boiler-houses and energy arrangements, testing
of the reinforced concrete piers of bridges and other building constructions.

Betatron acts in accordance with the following principle. Electrons
injected into the vacuum chamber are accelerated under the action of the vertical
electric field created by the alternative magnetic flow which, in its turn,
1s created with the help of a special system of electromagnets. At this, during all
the acceleration cycle electrons move by the circular orbit of a constant radius.
The plane of the orbit is perpendicular to the axis of the symmetry of the
magnetic field. In order to preserve the constancy of the radius of the orbit on
which electrons move in the acceleration process, it is needed that the velocity
of the electron energy increase be equal to the rate of the magnetic field
increase. This condition is achieved by that the relationship of the magnetic flow
value within the round of the equilibrium orbit to such cycle square is equal to
the doubled voltage of the magnetic field on the orbit itself.

In modern betatrons the voltage of the electric field on the orbit
achieves the values about 0.2-0.25 V/cm. In order to obtain the final energy
of several millions electron-volts, electrons must do more than one million
turns by the equilibrium orbit in the acceleration process. For providing
a stable movement of the electron beam during the total cycle of the
acceleration, the voltage of the magnetic field in the electromagnet gap in the
orbit plane decreases with the distance from the orbit center to the periphery.
Such space distribution of the magnetic field in the area of the equilibrium
orbit excites the appearance of the focusing forces in the case of the electrons
deviation from the equilibrium orbit (for example, owing to electrons
collision with the air molecules) which compel the electrons to come back
into the equilibrium orbit in automatic way.

At the end of the acceleration cycle the electrons are shifted from the
equilibrium orbit by means of special facilities and then hit the target where
the bremsstrahlung radiation is generated.

The inductive accelerator (Fig. 2.5) wusually consists of the
electromagnet 4, power unit 3, the acceleration chamber 1 disposed in the

44



interpolar space. The injector 7 is mounted in one of the branch pipes of the
vacuum acceleration chamber. The injection scheme 6 is disposed in the
separate unit or directly on the betatron electromagnet under the facing
housing. The control panel 5 of the betatron is manufactured as a separate unit.

L

E

r—-——————=

\|

.
=

Fig. 2.5. Structural scheme of the betatron:
1 — Accelerating chamber, 2 — Exciting coils; 3 — Power unit;
4 — Electromagnet; 5 — Control panel; 6 — Injection scheme; 7 — Injector

The electromagnet, applied in the betatron,consists of a 111 —shaped or the
multi-post, or the armored type magnetolead, and of the poles between which a
round vacuum chamber is placed, and central insets. Central insets and the
magnetolead of poles are made of the transformer steel. The electromagnet poles
have usually a cylinder form. The configuration of the poles surface, where the
vacuum chamber is disposed, is made in a way that the interpolar gap is increased
at the increase of the distance from the center in accordance with the law

h~R" n=—R/B (8 R/J),, (2.2)
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where n is the slump index of the magnetic field B, which is chosen in the
range 0 <n < 1.

The feeding of the betatron electromagnet is produced from the
industrial mains of the alternative current with the frequency 50 hertz or from
the power source generating the voltage of higher frequency. Practically in all
applied betatrons the resonance scheme is used (see Fig. 2.5) in which the
power circuit of the excitation winding is in sequence switching on with the
condenser battery. The capacity of the condenser battery is chosen so that the
resonance frequency of the received contour would be equal to the frequency
of the power current. In order to maintain the constancy of the magnetic field
induction in the electromagnet gap at certain moments of the time and to
provide a stable regime of the accelerator working, special elements are used
for the betatron power voltage stabilization.

The acceleration of electrons occurs in the vacuum chamber made of
glass or porcelain and having a toroidal form. It may be the sealed off or can
work at the continuous pumping out. In the betatron defectoscopes the sealed off
chambers are usually applied (Fig. 2.6). For the normal work of the accelerator
the pressure of the residual gas in the vacuum chamber must be not more than
10*Pa. The raise of the pressure leads to the reduction of the particles number
reaching the end of the acceleration. For the vacuum improvement in the sealed
off chambers, a getter is used. In the collapsible chambers with the continuous
pumping out the needed vacuum is provided by the pumps.

Fig. 2.6. The external view and the construction of the betatron vacuum chamber:
1 — Injector of the electrons,; 2 — Bremsstrahlung target, 3 — Conductive cover;
4 — The cross-section of the chamber; 5 and 6 — Branch pipes

In order to avoid the formation of the surface charge on the chamber
walls owing to the setting of the part the accelerating electron beam, the
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surface of the chamber is covered by a conductive layer with the resistance
30...100 Ohm and is grounded. In Fig. 2.6 the external view of the sealed-off
vacuum chamber of betatron purposed for the bremsstrahlung radiation
generation is shown. In one of the branch pipes of the chamber the injector of
electrons is mounted and the deceleration target and the gas absorber are
mounted in other branch pipe. The injector is disposed in the plane of the
equilibrium orbit near the external wall of the chamber and the target is on
the other side of the orbit—near the internal wall.

In the acceleration process the amplitude of the cross-sectional
oscillations of electrons is damped as related to the equilibrium orbit and the
electron beam on the target has small diametric sizes. The flow of the generating
bremsstrahlung radiation comes out from the chamber through its walls.

The high voltage electron sources are used as the injector in betatrons.
One of the possible injector constructions is shown in Fig. 2.7. The thorium-
oxide rectiheated cathodes having a tungsten or tantalum kern or the cathodes
from pure tungsten are used as the cathodes. The first have a high specific
emission, are easily activated and have a low sensitivity to the poisoning but
the shorter life than the cathodes from tungsten which have a lower efficiency.

Fig. 2.7. The injector construction:
1 — Cathode; 2 — Focussing electrode; 3 — Anode

The cathode itself is manufactured as the helical spiral. The injection
of the electrons into the vacuum chamber is realized at the putting the
negative impulse of high voltage with the duration in a few microseconds on
the cathode.

The needed focusing of the injecting electrons is achieved by the
selection of the focusing electrode potential and by the depth of the cathode
settling in it. The anode of the injector is grounded in order to avoid its influence
on the orbital motion of the particles. In betatron the electrons are accelerated in
the time duration when the magnetic flow is changed from the null up to the
maximum value, 1. e. in the time of the single quarter-period of the sinusoidal
change of the magnetic flow. The electrons injection and the capture in the
acceleration process are fulfilled in a short time interval during which the
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magnetic induction has a value needed for the electrons rejection onto the orbit.
The choice of the injection moment in the betatron and the corresponding
electron trajectories at different time moments is given in Fig. 2.8. The electron
beam on the betatron output is the clots of the particles of short length having
repetition rate equal to the exciting frequency of the electromagnet.

to t;
tots

Fig. 2.8. The choice of the injection moment in betatron and the trajectories
of electrons injected in different time moments: the time interval
of the electrons capture in the acceleration process At = t;— t5;
tsis the moment of time of U the particles dropping on target
or the moment of the particles rejection from the accelerator

Depending on the purpose, electrons at the end of the acceleration
cycle (working quarter-period) are shifted from the orbit and then, having
fallen on the deflector, are extracted outside from the vacuum chamber or are
extracted on the bremsstrahlung target. The shifting of the electrons is
fulfilled by means of the shift windings mounted on the electromagnet poles
through which the short impulse of the current with needed polarity is
transmitted at the needed time moment. So the equilibrium value of the
magnetic field on the orbit is changed.

In recent years, in the Scientific-Research Institute of Introscopy (HUU
HNH) of the Tomsk Politechnical University small-size betatrons for the
defectoscopy were designed in which the operating magnetic field with the
space orientation is applied, as related to the above considered betatron with the
azimuthally-uniform field. The electromagnet of the betatron with the azimuthal
field variation is given in Fig. 2.9. The gap between the betatron poles is
changed periodically along the azimuth and owing to this the azimuthal
components of the leading magnetic field and the additional focusing forces
appear. It allows to increase the number of particles captured in the acceleration
process and, correspondingly, the intensity of the bremsstrahlung radiation
generated by the betatron. The magnetolead of the magnet has six locking posts
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and on the poles of the magnet six ridges are mounted which change the gap
and, so, the magnetic field by the azimuth with the step in 60°. In Fig. 2.9 the
direction of the plates from the transformer steel is also shown. The post and the
ridges of the back magnetolead are set up from the transformer steel. For the
given considered arrangement the mean radius of the equilibrium orbit is 6 cm,
the interpolar gap on this radius is approximately 4 cm and the slump index of
the mean magnetic field on the orbit, n = 0.6. The injection energy is 25 keV
and the final energy of the accelerated electrons is 6 MeV. The accelerators
of such type are manufactured serially.
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Fig. 2.9. The magnet of the betatron with the azimuthal variation of the field:
a) Diametric section by B-B; b) Section by A-A;
¢) Distribution of leading magnetic field B by azimuth in the median plane

at single period of variation at the difference values of the radius;
1 — Magnetolead; 2 — Locking yoke of the magnetolead; 3 — Winding, 4 — Ridge

The designed constructions of the radially-ridged electromagnets of the
small-size betatrons which form the operating field with the space variation
have less mass and consumptive power in comparison with the electromagnet
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of the classical betatrons and also the above—mentioned constructions
provide the working of the betatron at higher power frequencies. The using of
the time correction of the magnetic field at the injection moment by means of
the additional winding allows to increase the efficiency of the electrons
capture in the acceleration process by several times and so to raise the
radiation intensity of these devices.

The brief technical characteristics of betatrons for the industrial
defectoscopy designed in this country and abroad are given in Table 2.2
(see Appendix 1)

The distinctive features of the type IIMb and MWUbB betatrons in
comparison with the stationary electron accelerators for the defectoscopy are
the mass, the possibility of the manual transport towards the testing object,
operation in any weather conditions and the possibility of the testing of every
sort and kind of constructions and materials having place at the assembly
works in the field conditions.

T T ITIm 1 1111

10

0,1

UL

0 50 100 150 200
steel thickness d, mm

Fig. 2.10 a. Exposure graphs at the steel sample examining by the betatron
MUB-4: examining condition E,.. = 4 MeV; I;=1 R/min; F' = 1 m;
lead screen width = 0.5 mm; blackening density 1.7 — 1.9 units

50 100 150 200 250 d,

Fig. 2.10 b. Exposure graphs at the steel absorber examining by the betatron
MUB-6: F = 60 mm, blackening density D = 1.5 — 1.7; dose rate P=220R/h;
screens from Pb: 1.22 mm (front) and 2.0 mm (back)
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The small-size betatrons consumption power is from 2 to 4 kW and
they may be connected to the ordinary mains with voltage 220/127 V.

The betatron MIMbB-6 consists constructively of three units: the
irradiator with mass 100 kg, the power unit with mass 80 kg and the control
panel unit with mass 20 kg. The length of the connective cable between the
control unit and the irradiator is 35 meters.

At the radiographic testing by means of Mb-4 and MIb-6 betatrons
the different types of the films and the intensifying screens applied in
roentgeno- and gammagraphy can be used. The exposures graphs at the steel
samples examining are given in Fig. 2.10 (a, b). The defectoscopic sensitivity
achieved at the using of these arrangements is 1...2 % at the radiography
with the steel thickness range 20...150 mm.

2.1.4. Linear accelerators

Linear accelerators. In the practice of the radiation defectoscopy a
wide application was found for the resonance linear electrons accelerators
with the energy from ones to tens of Megaelectronvolt. The principle of
the resonant acceleration of the charged particles is in the base of action of
all modern high-energy accelerators. It consists in that the particle passes
repeatedly through the areas of the alternating electric field getting in it
every time at one and the same phase of the voltage at which a certain
raise of the particle energy occurs. A wide development of accelerators
based on the resonant method began with the discovery of the autophasing
phenomenon consisting in that the stable regime of the particle
acceleration 1s possible not only for the separate equilibrium particles but
also for particles hitting into the accelerating field within a certain phase
interval. The particles with the phases in this interval can be in the
acceleration regime for a long time performing at this stable oscillations by
the phase and collecting, in multipassing the accelerating field,
approximately the same mean energy as the equilibrium particles.

The principle of the linear resonant accelerator action is a follows.
Electrons, which are preliminary accelerated in the injector (for example, the
electron gun) are then inserted into the accelerating system made as a
cylindrical diaphragming wave-guide (Fig.2.11) in which the travelling
electromagnetic wave of E, type with the phase speed V,, (the linear
accelerator with the travelling wave) is excited.

Electrons getting in the accelerating half-wave then will be accelerated
along the wave-guide axis under the action of the force of the longitudinal
component of the electric field. At this, the energy of electrons will be raised
continuously 1f the speed of the electromagnetic wave vy, is equal to the
electrons speed V. in the process of all the acceleration time.
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Fig. 2.11. The electrical field in the diaphragming wave-guide

The phase speed of the electromagnetic oscillations spreading in the
wave-guide depends on the type, wave length and the construction of the
wave-guide.

In the smooth cylindrical wave-guide the phase speed of the
electromagnetic wave is higher than the light speed and the acceleration is
impossible. In the linear accelerators the metal smooth cylindrical wave-
guide 1s usually applied in which the systems of the round conductive
diaphragm are mounted for moderation of the electromagnetic wave speed
towards the needed value. The cells of the diaphragming wave-guide may
be considered as a set of the volumetric resonators connected through the
central hole. The phase speed of the wave spreading through the
diaphragming wave-guide depends on its parameters: wave-guide radius b,
the diaphragm hole radius a, the distance between diaphragms (structure
period) d and the diaphragm thickness h.

The schematic draft of the linear accelerators with the travelling
wave is shown in Fig. 2.12. Electrons from the injector 1 come into the
diaphragming wave-guide 3. The regime of injection is the impulse one:
the energy of electrons is usually 30...100 keV. At the motion along the
wave-guide the electrons are grouped in the clusters 4 and their energy
increased continuously. At the end of the diaphragming wave-guide the
electrons are hitting onto the target or move outside through special
windows. For the wave-guide feeding, powerful generators of the
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superhigh-frequency-oscillations are used: the impulse magnetrons or the
keystrons working in the wave length range 10...25 cm. The superhigh-
frequency electromagnetic oscillations are getting into the diaphragmired
wave-guide by the smooth power wave-guide 2. In the end of the
accelerator the unused capacity of the superhigh-frequency-oscillations of
the travelling wave is removed by the wave-guide 5 into the absorbing
loading. During the operation of the accelerator, high vacuum is
maintained inside the accelerating section.

Owing to the action of the autophasing mechanism the majority of
electrons injected into the accelerating system are captured in the acceleration
process and grouped into compact clusters around the resonant particles,
whose speed at any time moment coincides with the phase speed of the
accelerating wave. On every impulse with duration T of the superhigh-
frequency-oscillations with frequency f there are Tf electron clusters.

1 3 /4
\ L1 8 [ B B
IR

Fig. 2.12. A schematic drawing of the linear resonant electrons
accelerator with the travelling wave

In recent years the accelerating structures working with the standing
electromagnetic waves are used in the linear accelerators. If in the accelerator
with a travelling wave the superhigh-frequency is added to one end of the
diaphragming wave-guide and the loading is mounted on the other end of the
wave-guide, the unused power is absorbed in the loading. The wave-guide
with a standing wave is short locked from both sides and the energy of the
superhigh-frequency-oscillations is inserted in the middle part of the wave-
guide. The diaphragming wave-guide with the standing wave may be
considered as a group of the connected resonators in which there are
travelling waves with the different phase speeds. At this, acceleration is
fulfilled in the field of the main harmonic with the phase speed coinciding
with the speed of the particles. Today the accelerating structures with the
standing wave are proposed and used in which one can receive the same
energy of the accelerated electrons as in an ordinary diaphragming wave-
guide but at a shorter total length of the wave-guide.
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One of the advantages of the linear accelerators is the possibility of
receiving a high power of the accelerated electrons beam and the possibility
of the adjustment of the current and the output electrons energy in a wide
range. The simplicity of the electrons withdrawal from the accelerator allows
to get on the bremsstrahlung target the focused good and powerful beams of
the accelerated electrons, and so high intensities of the bremsstrahlung
radiation at the small focal spot. In most cases the dose rate of the
bremsstrahlung radiation in the linear electrons accelerator is limited by the
capacity for work of the bremsstrahlung target but not by the possibilities of
the linear accelerator. The technical characteristics of the modern linear
electrons accelerators allow to conduct the radiographic testing of the steel
articles with the thickness from 50 to 600 mm at the sensitivity 0.5—1 % and
short exposure time. The pulsed character of the linear electrons accelerator
allows to use these arrangements for the pulsed radiography of the fast-
passing processes and also in the study of the objects moving periodically.

The technical characteristics of the accelerators are given in Table 2.3.

2.1.5. Microtrones

At present the effective electrons accelerator called microtron finds
more and more considerable application for purposes of radiation
nondestructive testing of the thick-walled and large-sized articles.

Microtron as a cyclic accelerator is an accelerator of the parallel action
(a single accelerating cell repeatedly accelerates the electrons) and its
effective impedance is higher than in the linear accelerators. Therefore the
power of superhigh-frequency (SHF) generators for the microtron power may
be much less. In accordance with the above—mentioned reasons the microtron
has a simpler construction, less overall dimensions and mass than the linear
accelerators, approaching it by intensity of the bremsstrahlung radiation.

In comparison with the betatron having an ordinary construction the
microtron has a bremsstrahlung radiation intensity 10—100 times higher.
Besides, the strong-current betatrons have more complicated construction,
larger overall dimensions and mass than the microtron.

The above—mentioned reasons side by side with the small cross-section
size of the microtron electron beam, its monoenergy character and the
stability stipulate the using of this type of the accelerator for the
defectoscopy. Technical characteristics of the modern microtrons for the
defectoscopy are given in Table 2.4, and in Fig. 2.13 the most common
structural scheme of the microtron is given, showing the basis parts of the
accelerator and the interconnections between the separate parts.

The structure of the microtron consists functionally of the irradiator
unit, the control system, the signalization, the blocking and defence, the
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control panel, the pulsed modulator, systems of the transformation of the
power three-phase voltage, cooling, the formation and maintenance of the
needed vacuum.

The principle of the accelerator action. In the microtron, electrons
are accelerated by the alternating electric field with constant frequency in the
in time-constant and the radially uniform magnetic field, and are moved in
the vacuum chamber by the orbits-circles having the common point of
tangency (Fig. 2.14). The resonator is disposed in this place and its SHF-field
accelerates the electrons.

The resonator is excited by the powerful source of the SHF-
oscillations, namely the magnetron of pulsed action (in principle it is possible
to excite the resonator by the source of continuous action).

Table 2.4
Technical characteristics of the microtros for defectosco
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*1-5;7 — microtrons of A=10 cm diapason; 6 — microtron of A=3 cm diapason; 1,2 — made
in Sweden; 3—6 — made in USSR (Russia); 7 — made in PPR (Poland).
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At this the accelerating field is formed in the resonator with the voltage
of several hundred kilovolts on one cm (kV/cm), at the voltage of the leading
magnetic field of the microtron within 900...2000 Oersted.

6 8

Fig. 2.13. Structural scheme of the microtron:

1 — Irradiator unit; 2 — Electromagnet with vacuum chamber,; 3 — Accelerating resonator;
4 — Impulse modulator, 5 — Wave-guide loop; 6 — System of transformation of the power
three-phase voltage; 7 — Source of the high-frequency power; 8 — Control system;

9 — Control panel; 10— Cooling system; 11 — High-frequency upshot;

12 — System of needed vacuum formation and maintenance;

13 — Collimator,; 14 — Bremsstrahlung target

Fig. 2.14. Scheme of the electron acceleration in microtron:
1 — Irradiator unit; 2 — Target

At every passing through the resonator, electrons gain a certain energy
AU and then transfer onto orbit of the large radius. The synchronism of the
electron motion and the change of the accelerating SHF-field is achieved
owing to the fact that every next turn is longer than the previous one by the
integral number g of the SHF-oscillations. At the fulfilment of the

above—mentioned condition the electrons pass through the resonator in one
and the same phase of the SHF-field.
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In practice those acceleration regimes are realised for which g=1 and
the period of the electrons motion on the first orbit is equal to two periods
of the SHF-field in the resonator. In this case the electrons energy on the
n-orbit is (Fig. 2.15):

U, = (n+1) AU. (2.3)

=27, =37 I3=417,
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Fig. 2.15. The simplest regime of electrons divisible acceleration:
T —the period of SHF-oscillations of electromagnetic field in resonator

Electrons reaching the last orbit either move out from the vacuum
chamber through the magnetic channel or hit the target.

The beam of the accelerated electrons consists of the separate clusters
following each other at the distance equal to the wave length of the accelerating
field. The clusters length is approximately 1/20\ (one/twentieth of lambda).

The accelerator works in the pulsed regime and the direction of
impulses in the microtrons of the 10-centimeter range for the defectoscopy is
several microsecond, the repetition rate may be 50, 100, 200, 400 hertz.

Microtrons may be used mainly for the radiographic testing of the
welded joints, forging, castings and other steel articles with the wall
thickness up to 400 mm.

The experimental results achieved by means of the microtron allow to
estimate its efficiency of the using at the testing of the articles from steel with wall
thickness 70...400 mm with the sensitivity at the radiography not less than 1 %.

2.2. The receiving of the examining picture
by means of the X-ray film

The distribution of the roentgen radiation occurring at the examining of
the test specimem must be visualised by a proper method. One of these
methods is the application of the X-ray film. Since the X-radiation has a high
penetrating capacity for the solid bodies, only a very small part of the
radiation 1s absorbed on the film. Therefore, special requirements are put
forward to the film sensitivity for the X-radiation. The silver content in the
roentgen films is much higher than in the ordinary photofilm.
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The roentgen films are covered with a sensitive layer from both sides,
1. e. on the base there are emulsion layers from both sides. These layers are
pasted on the substratum (the base) by a special glue layer and are protected
from the external actions as it is shown in Fig. 2.16.

———————————————— Protective layer
: 2: 2: 2: :: :: :: :: :: :::: :l :Emulsion
Glue layer
—— Baking (base layer)
Glue layer
|:: ;ﬁ;; ;; ;; ;; ; ; ;; ;; ; ——— Emulsion
%\ Protective layer

E— Gelatin
/

Silver Bromide —
crystals

Primary
photoelectron

WA »© Secondary electron

[ Crystal lattice

[ Defects of crystal
lattice

Ag +e > Ag
Formation of silver germ

Fig. 2.16. The structure of the roentgen film layers

The crystals of the silver bromide are disposed in the emulsion layer in
the gelatine matrix. A roentgen quantum can generate an electron in such a
crystal of the silver bromide which will set free secondary electrons at the
interaction with crystal. These secondary electrons are collected on the defects
of the crystallic lattice and then led to the formation of the metallic granules of
silver. In the process of the development, the visual image is received from the
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negative image in which only a few granules of silver are presented. At this the
metallic atoms of silver are the catalyzer for the formation of the further
silver,so the available crystals may be transformed into the metallic silver.

The transparency of the emulsion layer is falling depending on how
many granules of silver were available, 1. e. how much of the X-radiation was
absorbed in every area of the image. For the X-ray film it is described by
means of optical blackening densities. At this, S is understood as the decimal
logarithm of the ratio of the input light intensities to the light passed through
the X-ray film:

s:g?, 2.4)
where I, is the light intensity at input; I is the intensity at output. The
illumination B is understood as the product of the intensity and the time:

B=1I-t. (2.5)

In accordance with the Bunsen law:
S—So=~1-1t" (2.6)
The connection between the natural logarithm of the illumination and the
blackening received on the X-ray film is described by the curve plotted in Fig. 2.17.
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Fig. 2.17. The graduating curve
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This connection has a parabolic form for modern X-ray films. It begins at
the absent radiation from the fog and then transfers into a straight line at high
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energies. The tangent of the slope angle of this straight line is marked as the
gamma (y) — (coefficient of the contrast). On the contrary to the obsolete
roentgen films, modern films achieve the blackening of about 6—7 units and no
any saturation effect occurs, determined as the “solarization” of the blackening.

The optical density of the blackening for the roentgenography must be
not less than 2 in order to guarantee a sufficient contrast.

The area of the blackening, performed with the film whose low
boundary value (for example, S = 2) is set by the norms and the upper
boundary value is given through the transparency for the visual light
sufficient for the image observation, is designated as the dynamic range. It is
usually in the blackening area between 2 and 4. With the help of the contrast
coefficient one can receive the exposures area belonging to the dynamic
range and the corresponding area of the roentgen radiation intensities.
Further, by means of the weakening coefficient one can calculate the
maximum change of the testing sample thickness which one can still picture
within the dynamic range (Table 2.5).

In order to increase the sensitivities of the roentgen films and the
reduction of the exposure time, the intensifying foils are used. The metallic
foils are closely set from both sides onto the roentgen film. Roentgen quanta
are knocking out the photoelectrons at the passing through the foil which then
can penetrate into the film from the foil and further can lead to the silver
granules formation by means of the secondary electrons.

Table 2.5
The testing thickness of Fe, mm
Irradiator AS=1.5 AS=2.5
Roentgen up to 100 kV 2 3
Roentgen up to 300 kV 10 16
2 I 12 22
% Co 24 40

The gain coefficients of the metallic foils are very low (see Table 2.6).
However, these foils don't lead to a decrease of image sharpness. Another
advantage is the capacity for the absorption of the low-energy scattered radiation
which then leads to the contrast improvement on the film. The fluorescent
screens have much more coefficients than the metallic foils. The consideration is
about the fluorescent materials which emit ultraviolet radiation at passing the
roentgen radiation through them. The films applied in this case have sensitivity
to the ultra-violet radiation. With the help of fluorescent screens it is possible to
achieve an increase of the sensitivity gain with the factor from 30 to 100. The
shortcoming is that the sharpness is reduced in this case. It is the reason for
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which the fluorescent screens are not permitted for the radiation testing. The
single exclusion is the testing of the thick-walled parts from the iron cast in
which it is needed to detect the defects having a very large volume.

Table 2.6
The intensifying foils
Irradiator Foil Gain factor
Roentgen 80...250 kV Lead 0.02 mm 1...2
Roentgen above 250 kV Lead 0.1 mm 2...3
19214 Lead 0.1 mm 2.3
1...1,5
60 J
Co Steel 0.5 mm (improvement of contrast)

2.3. Fluoroscopy and the roentgen radiation intensifiers

The advantage of the X-ray films is easy availability and the possibility
of the received results storage. The shortcomings are the high costs at the
very frequent testing fulfilment, a large expense of silver and chemicals for
the image treatment and also the impossibility of the radiation testing
automation. Therefore, in practice the other methods of the image receiving
are finding much more application.

One of these methods is the using of fluorescent screens in which the
X-radiation leads to the emission of visual light. For receiving a sufficient
light intensity, a high intensity of the X-radiation is needed. One of the ways
out is proposed by the application of the fluorescent screens in combination
with the high-sensitive television chambers, the so called chamber of the
residual illumination (isocones).

Still, today the fluorescent screens don't have the quality of the image
needed for most of applications in radiation testing. Another case is with the
roentgen radiation intensifiers. The roentgen radiation falls onto the primary
fluorescent screen which is connected with the photocathode (see Fig. 2.18).
From the photocathode the photoelectrons are emitted depending on the
fluorescent radiation, i. e. depending on the falling roentgen radiation too.
These photoelectrons are accelerated in the accelerating tube at the voltage of
several tens kilovolts and then hit the second fluorescent screen.

This second image is characterised by the sufficiently higher light
force than the primary one and can be observed by the eyes directly. But all
the same today mainly the connection with the videochamber is used. Since
the possibilities of the resolution for the X-radiation intensifier are better than
for the ordinary television chamber, so the combinations with the high-
resolution videosystems are used.
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Since the own unsharpness of the X-radiation intensifier is higher than
for the radiographic film, so the work with the roentgen radiation intensifiers
is conducted at the direct magnification with the factor equal to 2-3, and the
roentgen tubes with a very small focal spot are applied.

For receiving a contrast noise less image the intensifier is needed with
a high intensity of the X-radiation which are not available in an ordinary
application of the radiation testing methods. Therefore the noise is placed on
the 1mage received by the chamber. At using the technique of the images
treatment in which the integration of a certain number of the videoimages
(for example, 250) is fulfilled, one can receive the contrast and unnoised
picture of the examining which corresponds to the requirements of such
responsible problems as the welded joints testing. Owing to this, the systems
of the X-radiation gain are forcing out ever more the application of the X-ray
films. Together with the television chambers using and the image treatment,
the digitised image may be received which can further be treated with the
help of the computer and then be stored in the file form.

Object Photocathode

Dinodes

CsJ

\ =
(G
A

Roentgen radiation

Roentgen tube

intensifier
Objective
Chamber
TV-signal

Fig. 2.18. The principle of the roentgen radiation intensifier action
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2.4. Detectors of the X-radiation

2.4.1. The semi-conductive detector

The semi-conductive detector (SCD) is assigned to the class of the
lonizing detectors. Requirements to the working matter of SCD and its
principle of action may be considered easily on the base of the uniform
(homogeneous) solid-body conductive detector. By the construction such a
detector is a plate made from the dielectric and placed between two plane
electrodes. The difference of the potentials created by the electric field inside
a dielectric is added to the electrodes. We shall analyse the case when the
dielectric has the ohmic contact with electrodes, 1. e. the contact at which the
free change is realised between carriers of the charge of any pole between the
dielectric and electrodes.

The charged particle being passed through a dielectric forms free
electrons and holes on its path. Under the action of the electric field the
formed free carriers are shifted towards electrodes and, at this, induce a
charge on the electrodes that leads to the appearance of a current impulse in
external circuit.

The choice of dielectric as the working matter of the homogeneous
conductive detector is not casual since this matter must satisfy several
requirements at the same time:

1. If the charged particle has lost the energy E, in the material, then the
mean number of the formed charges pairs Ny is No= E,/W, where W is
the mean energy required for the formation of one pair of the charges
carriers. The less W, the more carriers appear in the working matter and
the bigger the signal amplitude taken from the detector. Dielectrics have
comparatively small value of W whose magnitude is in the range from
units to several tens electron-volts.

2. At the motion of charges formed by the charged particles towards
electrodes their number may decrease owing to the recombination or to
the capture by the catcher. The process of change of the free charges
number is characterised by the value of the mean life time t which shows
the time in which the number of free charges is reduced by e times.

3. It is obvious that the signal amplitude in the external circuit depends not
only on the initial number of the carriers formed by the particle Ny, but
also on their mean life time t. Therefore the bigger the value of T (more
exactly, the relationship of value t and time of charges collecting), the
greater the signal amplitude. In some dielectrics the life time of electrons
and holes may achieve the magnitudes of about ==10"-10" seconds and
be sufficiently above the time of their collecting onto the electrodes.
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4. The time of charges collecting on the electrodes is determined by the
carriers transfer speed (drift speed) Vg in the electric field which, in its
turn, is connected with the field tension E by the relationship: V' 4=pE,
where u., i are mobilities of the positive and negative charges. The
higher mobilities of charges, the shorter the time of their collecting on
the electrodes and the higher resolution time of the detector. In a number
of dielectrics, electrons and holes have approximately equal and
sufficiently high values of mobilities and, therefore, detectors on their
base may have sufficiently good time characteristics.

5. A very important requirement is set for the value of the specific electric
resistance of the working matter of the detector in question. Since any
material has a finite electroconductivity, then under the action of the
electric field the current flows through this material. The number of the
charge carriers drifting between electrodes and generating the direct
current I, is the subject to the statistical fluctuations whose absolute
magnitude is the bigger the bigger the current. If the number of the
current fluctuations is comparable with the carriers number N, formed
by the particle, then the extraction of the useful signal on the phone of
this fluctuations (on the phone of noises) becomes impossible. In order
to estimate the accepted value of the specific resistance of the working
matter of the homogeneous solid-state conductive detector, let’s find the
ratio of the carriers number N, to the direct current fluctuations I,.

Let’s characterise the direct current fluctuations by the value of the
root-mean-square deviation o(N) from the mean number of carriers forming
the direct current.

Considering that the number of direct current carriers crossing the

distance d between electrodes in the time of carriers collecting T=d/Vy;, is

described by the Poisson distribution, the value O (N)=I,T/e , where

e i1s the carrier charge. Then the ratio of the number of carriers pairs
formed by the charged particle with energy E;i and the o(N)

is Ny/o(N) 2& L. Let’s choose the ratio No/o(N)=10%, i. e. let’s
w\l,-T

give the value of the signal from the charged particle bigger by two orders

(by 100 times) than the direct current fluctuations in the external circuit of

the detector. So, for the mean value of the direct current through the

detector the following condition must be fulfilled:

e _
IOS(EH/W)27-104. 2.7)
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Taking into account that the specific resistance of the material p is

S

connected with the current by the relationship , where E is the

tension of the electric field in the detector volume, S is the detector square,
and assuming that p_ = p, =, we shall receive that

E-S-T V10~
pZ(W)Z- S .10_4:(W)2-
E, e E, e-u
where V = S.d is the detector volume.
For the quantitative estimation of the p value let’s assume that in the

detector with the volume 1 cm’ the charged particles completely lose their
2
cm

energy; E,= 1 MeV; W = 5eV; =10 ek The order of magnitude of W

: (2.8)

and p corresponds to their values in dielectrics. Then the minimum accepted
specific resistance is approximately equal to p=10"Ohm.cm. Therefore the
above-fulfilled analysis of ®, t, p and the estimation of the accepted
magnitude of p strongly narrows the range of materials (even between
dielectrics) which can be used as the working matter of the homogeneous
solid-state conductive detector.

Insulators have a high specific resistance (=10'°Q-cm), comparatively small
o and big p. However, the life time of the carriers in them is too short and also the
carriers capture in the crystal volume leads to the appearance of the volumetric
charge, to the polarisation and, finally, to the disruption of the detector working.

Silicon and germanium have the needed magnitudes of , t, u for the
formation of the homogeneous conductor SCD from the semi-conductor
(see Table 2.7). However, at the room temperature the specific resistance of
silicon and especially, of germanium is sufficiently less than it is needed in
accordance with above-fulfilled calculations for the formation of the type of
detector in question. Let’s take silicon as an example. It is known that the
specific resistance of dielectrics is determined through using the density of
electrons in the zone of the conductivity and holes in the valent zones and
their mobilities by the following expression:

1
p= ;(”ﬂ_ +pU,), (2.9)

where n and p are the electrons density and holes density. In the silicon
crystal having its own type of conductivity (i. e. in crystal in which structural
defects and impurities are absolutely absent) the densities of electrons and
holes are equal n=p=n;(S;)and determined from the formula:
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n,(Si)=28-10"T% ¢ 5 (2.10)

b

where T 1s the temperature; E,= 1.1 eV 1s the width of the forbidden zone, K is
the Boltzmann constant. Let’s consider the case of a homogeneous conductive
detector with the ohmic contacts when the semi-conductor is freely changed by
the free charges with electrodes, the density of carriers in the zones in the
presence of electric field remains the equilibrium and equal to n.(Si).
Calculating the value of ne(Si1) for silicon at the room temperature (T =300 K)
and using the data of Table 2.7, we get the magnitude of p for a crystal with no
impurities p(Si) = 2.4-10° Ohm-cm. The analogous calculation for germanium
ni(Ge) =9.7-10".T2.¢ "%, Eg(Ge) = 0.67 eV; gives p(Ge) = 65 Ohm-cm.

Table 2.7
i L, cm?/V-S Tp, second
Material W, eV — "
Mo I e e

Diamond 15...20 1800 1200 _ _

Silicon 4.65 600 45 >107° 4.10°°
telluride

Silicon 3.7 1350 480 3.107° 3107

Germanium 2.94 3800 1820 107 107

Besides, the specific resistance of silicon and germanium depends very
strongly on the presence of impurities in them. Therefore the specific resistance
of real crystals even at very high degree of the purification from impurities is
significantly less than the calculated above meanings of p(Si) and p(Ge).

Therefore at present the development of detectors on the base of silicon
and germanium goes in the direction of the creation of the nonuniform
(heterogeneous) SCD. In such SCD the properties of the transfer between
semi-conductors with different type of conductivity or the transfer between
the semi-conductor and the metal are applied.

Let’s consider processes taking place in the transfer formed between the
semi-conductors of n-type and p-type or, briefly, p-n transfer (examples of
methods of transfers formation are given below). Let’s choose the frequnently
encountered in practice case when one of the semiconductors (for example, of
p-type) is strongly alloyed, i. e. the concentration of the acceptor impurities in
it is sufficiently higher than the concentration of impurities in the n-type
crystal. In n-area of the semi-conductor the main carriers are electrons, in p-
area the main carriers are holes. At the moment of the contact appearance
between n ~ and p-semiconductors the diffusion of carriers towards the
decrease of their concentration gradient occurs because of the concentration
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difference. Since the ionizing atoms of donor and acceptor impurities can not
move, then in n-area of the semi-conductor near the contact a non-
compensated positive volumetric charge appears and in p-area — a negative
charge of ions of acceptor. At the accumulation of volumetric charges on the
transfer a potential jump appears, performing the role of the potential barrier
and preventing the electrons diffusion in the p-area and the holes in the n-area.

In the state of dynamic equilibrium coming in, the current (flow) of the
main carriers of each pole at the expense of the residual diffusion will be
balanced by the current of the secondary carriers diffused from the other area,
and the mean value of the current through the transfer occurs, equal to null,
and the carriers concentration in the transfer area will be sharply decreased
(Fig. 2.19).

In principle, such a detector with p-n transfer may be already used for
the charged particles registration even in the absence of the external tension
source, since in the semiconductor it is the area in which the electric field
tension is different from the null. If the charged particle passes through this
area and forms free carriers, they will be transferred under the action of the
field of the volumetric charge and will induce the charge on the electrodes.

However, the area of volumetric charge in p-n transfer (the thickness
of the transfer area d) makes up less than 10* cm. Since the paths of the
charged particles are usually greater than this value, such regime has no
practial interest.

Therefore at the application of the heterogeneous SCD the transfer
thickness 1s raised by adding the back shift tension Vg, to the detector
electrodes, 1. e. the “plus” of the tension source is added to the electrode from
the n-area side and the “minus” of source is added to the electrode from the
p-area. In this case the value of the potential barrier is increased, the external
field rolls out the main carriers from the transfer area increasing thus the
length of the volumetric charge and the transfer thickness correspondingly
(Fig. 2.19, II). The conductivity of the transient area to which the back
tension of the shift is applied is different from zero, since at the transfer area
there is a certain density of the free charge carriers and so the current flows
continuously through the transfer. Really, as distinct to the case of p-n
transfer without the external electric field, the current of the secondary
carriers is not already balanced by the current of the main carriers, since none
of the main carriers can practically overcome the high potential barrier
created by the external electric field in the transfer area.

Therefore, the current will flow through the transfer owing to the
secondary carriers diffusion in the transfer area (diffusion current). Besides,
in the transfer zone the thermal generation of electrons and holes takes place
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constantly. These carriers, being transferred under the action of the electric
field, are the current source too (generation current).

p p
I II
a)
n
n

b

N, N, )

ﬁ ﬁ
Nd Nd
/_ | —

©)

Fig. 2.19. Characteristics of the equilibrium (1) and p-n transfer with back shift (Il):
a) — concentration of electrons and holes; b) — concentration of ionizing atoms
of impurities, c) — distribution of the volumetric charge

Since the generation speed of secondary carriers outside the transfer is
g = 1/1,, where T, is the life time of the free carrier before the recombination
and the time of their drift through the transfer (the collecting time) is equal to
value T, then the density of the secondary carriers in the transfer area and
their density outside the transfer are in the ratio T/,

By the analogous way at the thermal generation speed of carriers in the
transfer ~ ny/t,, their density in the p-n transfer area as related to the density
outside the transfer is proportional to the ratio T/t,. So, for example, in the
SCD with p-n transfer on the base of silicon the collecting time T depends on
the transfer area sizes and has magnitudes in the range of 10°...10™ seconds.
It is seen from the comparison of T with 7, in silicon given in Table 2.7, that
T <<1,. Therefore the carriers density in the transfer is by several orders
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(several tens times) less than the carriers density outside the transfer. Hence,
a sufficiently lower current will flow through the transfer than in the case of
the homogeneous conductive detector with the same geometric dimensions.
In other words, since the specific resistance is inversely proportional to the
density of the free carriers, the value of p of semi-conductor material in the
transfer area is, as related to the t,/T ratio, approximately higher than the
specific resistance value outside the transfer, i. e. than the value of initial
semi-conductor matter. Modern industry produces many different types of
heterogeneous silicon and germanium SCD. As distinct from the
heterogeneous SCD on the base of germanium, the silicon SCD usually work
at the room temperature. Depending on the way of the transfer formation the
following types of silicon detectors are distinguished: the diffusion detectors,
the ion-alloyed, the surface-barrier detectors. In the diffusion detectors the
transfer is formed by the diffusion of donor atoms (mainly phosphorum) into
the semi-conductor of p-type or by diffusion of acceptor atoms (mainly
Boron) into the semiconductor of n-type.

In the ion-alloyed detectors the transfer is formed by the insertion of
the impure atoms into the semi-conductor at its irradiation by the ions beam.

In the surface-barrier detectors the transfer appears on the silicon
surface at the covering on it by the evaporation in the vacuum of some
metals or by the surface oxidation on the air. The silicon surface-barrier
SCD have found a especially wide application for the registration of the
charged particles of different types. The transfer thickness of such SCD is
comparatively short, they are usually applied for the spectrometry of
heavely charged particles (protons with energy up to 5 MeV, alpha-
particles with energy up to 20 MeV, heavy ions, fission fragments),
electrons with energy up to 200 keV, for the registration of flows of low-
energy roentgen — and gamma-quanta.

The main exploitation parameters of the silicon surface-barrier
semi-conductor detectors. At present, such SCD are manufactured mainly
from the silicon of n-type. After a corresponding treatment on the surface a
very thin layer of the silicon of n-type the layer with high density of holes is
formed, similar by its properties with the diffusion layer of p-type.

The electric contact with the formed on the surface transfer layer is
realised most often with the help of a thin film of gold covered in vacuum.
On the other side of the crystal the ohmic contact is created by the aluminum
sputtering in vacuum or by the nickel application. In the process of ionizing
radiation registration the back tension of the shift is added on the detector.

In accordance with the state standard such surface-barrier silicon
detectors are marked by the following way: JIKIIc — 100 (Detector Silicic
Semi-conductor-100). The small letter behind JIKII shows the type

70



of the constructive mounting, figures designate the square of the sensitive
surface of detector in the square millimetres. Usually the SCD characteristics
are divided into the geometric, electric and radiometric ones.

Geometric parameters of SCD are the thickness of the sensitive area,
the thickness of the dead layer and the square of the sensitive surface.

The sensitive area is that part of the SCD volume in which the
interaction of ionizing radiation with the semi-conductive material leads to
the appearance of the useful signal on the output electrodes of the detector.
The thickness of the sensitive area is the length of the transfer area measured
at the normal to the SCD surface. For the surface-barrier detectors the
thickness of the area may be expressed by the equation:

d=\2E,-E-M -V, V,+V,),

where E, is the electric constant; E is the dielectric penetrability of silicon; p
is the mobility of the main carriers of the slightly alloyed semi-conductor; p
1s the specific resistance of the initial material — Silicon of n-type, which is
used for the detector creation; V| is the difference of potentials in the transfer
arca in the absence of the external tension; Vg, — is the back tension of the
shift applied to the SCD.

The silicon of n-type obtained at present allows to make the industrial
detectors of DKP-type with the thickness of the sensitive area not more than
300 micrometers.

The dead layer thickness is determined as the insensitive part of SCD
disposed between the input window and the sensitive part of the detector. For the
surface-barrier detectors of DKP-type the dead layer is determined by the gold film
thickness only put on the silicon surface and it is equal < 20 — 50 microgram/cm
(£ 0.03 micrometers).

The sensitive surface square is the part of the detector surface
through which the radiation gets into the sensitive volume. Silicon
manufactured at present by the industry allows to make detectors with the
sensitive surface square not more than 5 cm’.

The main electric parameters of SCD are the detector capacity; the
back dark current; the energy equivalent of the noise level.

Detector capacity. The surface-barrier detector with shift tension
applied to it may be approximately considered as two metallic electrodes
with the insulator between them.

So, the detector capacity Cy and the sensitive area thickness d are

connected by the relationship: Cgy.—=E¢-E-S/d, where S is the sensitive
surface square. It is the value of d that comes into the formula but not the
total thickness of the silicon crystal itself from which the detector is made.
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It is connected with the fact that, as it was mentioned above, the resistance of
the transfer area is sufficiently higher than the resistance of the semi-
conductor initial material and, therefore, the tension applied to the electrodes
is then reduced mainly on the transfer.

The back dark current of the silicon surface-barrier detector at
adding to 1t the shift tension is connected with the current passing through the
transient area having the finite conductivity (the volumetric current of
leakage) and with the leakage current passing throught the SCD surface
(surface current of leakage).

The volumetric current has diffusion and generation components
whose nature was considered above. It is practically impossible to estimate
the surface current of leakage by the calculation though in many cases it
makes the main contribution to the back dark current. Therefore, the value of
the back dark current is measured usually in the experiment and then is given
in the specifications of the given specimen of the detector for the optimal
shift tension. Since the back current gives as a rule, the main contribution in
the SCD noises, this characteristic is an important electric parameter of the
detector. For detectors of DKP-type the typical value of the back current
of leakage is in the interval of values of (0.05...0.5) microAmper.

The energy equivalent of the SCD noise level characterises the
impulses amplitude spread on the detector output connected with the passing
of the back dark current at the adding of the shift tension and with the
presence of the thermal noises. The energy equivalent of the noise level is
tupically described by the value AE g, = 2.35:Ggetn, Where Ggern 1 the mean-
root-square fluctuations of the impulses amplitudes on the detector output
expressed in the energy units (usually-in keV). Having determined by the
experiment the AEq4.., value, one can draw a conclusion about the SCD noises
contribution to the own energy resolution of the detector.

The radiometric parameters of SCD are parameters connected with the
registration of the ionizing radiation, partially the own energy resolution, the
detector proportionality, the charge collecting efficiency formed by the
ionizing radiation, the efficiency of the registration.

Side by side with the own energy resolution the idea of the total
energy resolution is applied as the characteristic of the spectrometric
arrangement in total, 1. e. the detector in the combination with the electronic
loop. This value accounts also for the contribution of the electronic loop to
the impulses energy spread.

It 1s known that the total energy resolution of the spectrometric
arrangement with the SCD as the detector depends on the magnitude of the
V. Therefore, at the exploitation of the SCD of DKP (silicic surface detector)
— type a great role is performed by the right choice of the shift tension.
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2.4.2. The gas ionization detectors

2.4.2.1. Impulsed ionization chamber

The pulsed 1onization chamber is a detector whose action is based on
the measuring of the charge created by the charged particles in its working
matter. The gas ionization chamber is a closed volume filled with the
working material — gas with two or several electrodes of the different
configuration disposed in it. The pulsed ionizing chambers are applied
usually for the registration of the strongly-ionizing short-path particles.

In passing through gas, a charged particle loses its energy on the medium
atoms ionization and excitation. At this, a number N of electron-positron pairs is
formed. The mean energy ® which is expended on the single electrons-ion pair
formation is independent practically from energy and particle type and for the
most of gases used as the working matter of the ionization chambers, is in the
values interval ® = 20...40 eV. The mean number of charges pairs created in the
gas at the deceleration of particles with the energy E is Ny = E/®. Because of the
accidental character of the charged particle interaction with the matter atoms the
value of N is fluctuating. The fluctuations of the number of the charges pairs N
are characterised by the dispersion D(N).

OUOC J_

Fig. 2.20. The scheme of the pulsed ionizing chamber switching on

The dispersion of the number of charges pairs is proportional to their
mean number: D(N) = F-N,. The proportionality factor F has the name of
Fano factor. If the ionization fluctuation is occurring in accordance with the
Poisson law, the value of F will be equal to 1. In reality it is F < 1. It has
been shown that the ionization fluctuations are described by a more
complex law. The reason consists in the fact that the ionization acts are not
independent if the particle at the deceleration in the matter process loses all

73



its kinetic energy and the relationship between the energy expended on the
ionization and the excitation of the matter is not maintained strictly
determined in every ionization act. The created as the result of ionization
charges qo=eN,=eN =eN, under the action of the external electric field pass
towards the corresponding electrodes. The motion of the positive and
negative charges leads to the change of the induced charge appearing on the
electrodes. Its value is determined by the primary disposition of the drifting
charges and by their number e-N.(t) and e-N_(t).

While charges pass between electrodes, at the external circuit of the
chamber the electric current flows. The value of the electron i (t) and ion 1.(t)
components of the electric current impulse is maintained by the Ramo —
Shokley formula:

: E dx

l(f)—(](f)'Vo'E (2.11)
where g.(t)=e-N.(t) and q =e-N_(t) are the meanings of the charges drifting in
the chamber; E=Vy/d is the electric field tension in the chamber with the
distance d between electrodes on which the difference of the potential
V) is added; dx/dt=V. is the charges drift speed.

It is seen from formula (2.11) that the current amplitude and the
form, its duration depend on the charges drift speed in the chamber and on
where and how the particle has passed in the interelectrode space. Really,
if the charged particle has flown in parallel to the chamber electrodes at
the distance x from the high-voltage electrode (the left in Fig. 2.20), then
the components of the induced current, under the condition that the
number of electrons and positive ions in the drift process is not changed,
have the following form:

eN_v—_, OStSl,
. B d v
i-(r) = . 2.12)
0, r>—,
V_
eN+V—+, 0<z‘£d_x,
0=y -
1 =
" d—x (2.13)
0, > .
v+
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If the particle of the same energy has passed perpendicularly to
electrodes and its path is equal to the interelectrode distance d, the number of
electrons and ions in the chamber is reduced in time by the following laws:

N_(1)= No(l—%tj; (2.14)

N, (1)= No(l—%tj; (2.15)

in the time interval 0<t < d/V_ and 0< t < d/V. correspondingly, on condition
that the ionization density is constant along the track. In Fig. 2.19 the forms
of the electron and ion components of the current impulses in the external
circuit of the chamber are given for tracks oriented in parallel (a) and
perpendicularly (b) to the electrodes.

i) | i(1)

] —
X d-—x ! d d 4
V.

\% \4 \4

— + -

Fig. 2.21. The components of the current impulses
in the external circuit of the chamber

The charges' collecting time in the pulsed chamber determines its
time resolution, 1. e. that minimum time interval which must differ two
following each other particles in order to avoid the overlapping of the
current impulses and change of the impulses amplitude. Speeds of ions drift
(positive and negative) in gases are by 2—3 orders (in 100...1000 times) less
than electrons speeds. Therefore the full charges' collecting time (electrons
and ions) is usually 107...10° seconds. This circumstance places
a limitation on the intensity of the studied particles flow. The flow must be
not more than ~ 10" s™', since the time intervals between the particles hits
into the detector must be not less than 107 s.

One can provide a high time resolution of the chamber by the
registration of the electron component of the current impulse only. Since the
current impulse amplitude i(t) is the function of the drifting electrons
number N_(t), it is necessary that the electrons in the drift process are not
captured by molecules or by the gas atoms with the creation of the negative
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ions. The long life time of electrons in the free state may be achieved in pure
inert gases which are applied often for the filling of the impulsed ionization
chambers. By the registration of the current impulses, one can measure the
particle energy (if the particle loses its energy fully in the chamber); receive
the information about the moment of its passing; determine the orientation of
the particle trace as related to the electrodes.

However, the registration and the treatment of the short current
impulses with the amplitude 107...10° Amper has certain difficulties.
Therefore, the charge is usually measured which is accumulated on the
capacity C (see Fig. 2.20). The capacity C is added from the own capacity of
the chamber, the capacity of the loading resistor R, the assembling capacity
and the capacity of the electron block added to the detector.

The magnitude of the charge Q(t) which is accumulated on the capacity
C, for the scheme with such external circuit, is determined by the equation:

o), 0y,
dt  RC '

The solution of this equation at the initial condition Q(0)=0 has the
following form:

t t
Or)=e"™ (i (£)e ™ at +e ™ [i,(F)e™dr (217

0 0
The first term of the formula (2.17) Q.J(t) describes the charge
accumulation on the capacity C from the electron component of the current in
the time interval 0+T; the second term Q.(t) describes the charge
accumulation from the ion component of the current in the interval 0+T",
where T and T is the time of electrons and ions collecting in the chamber.
For =T, 1.(t)=0 and the first term in the expression (2.17) in the accordance
with the solution of the equation (2.16) with the null right part, becomes

-1
equal to O_ (f ) = Q,(T ) )e k¢ By the analogous way, for t>T" the second
t=T*

term in the formula (2.17) is transformed: 0. (f ) = Q+(T " )8_% , 1. €. both

cases describe the process of the capacity C discharge through the resistor R.
If RC>>T" (T is ions collecting time), the solution of the equation
(2.16) is given by the expression:

o)~ Jo (¢ + i oY e
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Such regime of the chamber working is named the regime of the full
collecting at which the maximum charge induced on the capacity C
independently from the particle track orientation in the chamber is determined
by the number of charges Ny only and Q(T")=e-N,. So, by substitution the
expression for the current (2.12) and (2.13) in the equation (2.18) one has

d—x _

X
O . :eN_3+eN+ eN,.

By the analogous way the solution of the equation (2.18) for the case of
track perpendicular to electrodes gives Qua=¢-Ny. Since Ny=E/w, so
Qmax=¢-E/w 1s a handy characteristic of the particle energy lost in the chamber.

In those cases when the main demand is the providing of a high time
resolution of the chamber, the condition T <<RC<<T" is chosen. Then, the
expression (2.17), with a high accuracy, is transformed:

t
O(r)=e™ [i(t')e"™ar
0

The chamber with such working regime is called the chamber with the

electron collecting. If T <<RC<<T", so

t

o) = [i(¢)ar (2.19)
0

In practice the needed regime of the chamber working is provided not by the
change of RC but by the choice of the passing band of the amplifier. A significant
defect of the ionization chamber with the electron collecting is the dependence of
the charge Q(t) not only on the particle energy but on its track orientation, too. The
considered effect considerably complicates the problem of measuring the energy of
the studied particles. One of the methods of its elimination is the insertion into the
chamber of the third electrode, 1. e. grid. The gas pressure in the chamber with the
grid is chosen by the way that paths of the registered particles are fully kept within
the interval “the high-voltage electrode — the grid” (the auxiliary volume of the
chamber). The particles — electrons created on the track drift in the direction of the
collecting electrode, then passed through the grid and induce the charge in the
external circuit at the motion in the interval “the grid — the collecting electrode” (the
working volume of the chamber), only, since the grid screens one volume of the
chamber from the other practically fully. It is obvious that in this case the
maximum amplitude of the charge induced in the external circuit does not depend
on the track orientation. Thus, the chamber with the grid can provide a sufficient

energy resolution at a sufficiently high time resolution.
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The low limit of the absolute energy resolution AE.,s of the
spectrometer on the base of the chamber with the grid is connected with the
fluctuations in the number of the formed pairs of the charges carriers and for

the absorbed energy E it is equal to the value A&, = 2,36\ Fe® . This

resolution will be achieved if the other factors worsening the energy
resolution are eliminated fully. These worsening factors are the input noises
of the amplifier; the presence of the leakage currents around the chamber;
fluctuations in the number of collected electrons stipulated by the
nonuniformity of the grid and by the electron capture by the electronegative
impurities; the incomplete shielding (screening) of the working volume of the
chamber from the auxiliary volume and some dependence of the induced
charge amplitude on the particle track orientation connected with the
incomplete screening; the dependence of the induced charge form on the
particle orientation in the auxiliary volume of the chamber which leads to
fluctuations of the impulses amplitude on the spectrometric loop output
because of the different conditions of their formation.

2.4.2.2. Gas-filled proportional detector

The gas-filled proportional detector is attributed to the ionization
detectors working in the regime of gas amplification.

In passing through the gas the charged particle, having lost the energy
E, creates on its track N, of electron-ion pairs, on average (the primary
ionization), determined by the relationship Ny=E/w, where w is the mean
energy spent on the single pair formation. Electrons and ions drift through the
gas under the action of the external electric field. If the strength of the
electric field inside the detector is sufficiently high, the electrons created by
the particle in the working volume collect the energy on the free path length
which is enough for the molecules or atoms of the gas ionization at the
collisions with them (the secondary ionization).

If on the path of 1 cm in the direction of the electric field electrons
experience the a intercollisions led to the ionization, the number of ions pairs
created by N electrons in the layer dx

dN = N-a(x)dx,

where a is the coefficient of the collision (impact) ionization.
So the total number of ‘ions pairs in the avalanche is

N = NO exp[ J‘CZ(X)CIIX) , (220)

X1
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where X, is the coordinate of the primary ionization location; x; is the
coordinate of the avalanche end.

The increase of the number of the ions pairs owing to the impact
ionization is characterized by the gas amplification factor m which is equal
to the ratio of the total number of ions pairs N in the avalanche to the number

of ions pairs N, created initially by the registered particle: m = N/N,.

It is seen from the formula (2.20) that the number of ions pairs formed
inside the avalanche is determined not only by the values of N, and o but
also by the location of the primary ionization. So, the value of the charge Q
induced in the external circuit of the ionizing detector with the gas
amplification, which is proportional to the number of the drifted charges
Q ~m-Ny ~ N, will depend on the particle track coordinate too.

It is obvious that in a detector with the gas amplification the amplitude
of the charge Q induced in the external circuit will be proportional to the
energy E lost by the particle only in the case if every primary electron creates
in the amplification process one and the same number of ions pairs on
average and independently in the place of its formation. Such condition is
fulfilled in the detector of cylindrical form in which the diameter of the
cathode, i. e. the cylinder, is much bigger than the diameter of the anode,
1. e. the metal filament stretched by the cylinder axis (Fig. 2.22).

E
The area of the ")
impact ionization E

Fig. 2.22. The dependence of the electric field strength
by the radius in the cylindrical detector

Really, because of the sharp nonuniformity of the electric field E along
the direction r(E = vy/rIn(r/1,), where v, is the difference of the potentials on
electrodes, r is the cathode radius, r, is the anode radius) the factor of the impact
ionization a is different from zero in a very small volume only fitted closely
to the filament. So, for all primary electrons the conditions of the avalanche
formation are the same and independent from the place of the particle passing.

In this case for sufficiently high coefficients of the gas amplification m
the induced charge stipulated by electrons and ions motion towards the place
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of the impact ionization may be neglected. The charge Q in the external
circuit will be determined by the number of electrons and ions drifting from
the area of the impact ionization and, so, by the particles energy only:

Q ~mNy=m-E/w.

Therefore detectors with the gas amplification, having a cylindrical
form, are named the proportional counters.

The form and the charge impulse amplitude Q in the external circuit of
the proportional counter, the time characteristics of the counter depend on the
value of loading resistor R and the equivalent capacity C (the sum capacity of
the counter and circuits added to it).

Since the avalanche development takes place near the anode at the
distances equal to several filament diameters, the electrons drift paths
towards the anode happen to be small. Therefore the main contribution in the
charge value Q is given by the current appearing in the external circuit owing
to the drift of ions to the cathode.

If we choose RC >> T' (T is the time of ions drift from the impact
ionization area to the cathode), the maximum value of the charge in the
external circuit Qu.x = m-No. However, it is not necessary to choose
RC >>T" since the main contribution into the induced charge amplitude Q
gives the ions motion in the strong field near the anode. It has been found that
at the values of RC in several microseconds the charge amplitude is about
50 % of the maximum value. At this, naturally, the proportional properties
of the counter are preserved and its time resolution 1s improved sufficiently.

On the other hand, the RC must be at least ten times bigger than T,
1. e. the time of the primary ionization electrons drift from the cathode
towards the anode. Really, if RC. < T, so in that case when the primary
ionization is conducted by particles with paths comparable with the counter
sizes, the charge Q amplitude will depend on the path length of the ionizing
particle and on its direction and thus the proportional properties of the
counter will be disturbed. It must be notified that in practice the pulse
forming from the detector is achieved not by change of RC but by the choice
of the amplifier passing band.

The effect of the impact ionization is the main but not the only effect
determining the avalanche development in the detector. At the electrons drift
in the strong electric fields, side by side with the impact ionization process
the molecules excitation or gas atoms excitation take place. Coming back into
the ground state, molecules are emitting photons which can provoke the
photo effect on the counter cathode.

The photoelectron coming from the cathode surface creates additional
ionization in the anode area. Besides, if the positive ion coming up to the

80



cathode from the impact ionization area, has the potential energy above the
doubled exit work from the cathode surface, another free electron can
appear. This electron on the path towards the anode, in its turn, forms the
electron-ion avalanche.

The probability of the similar processes in the proportional detector is
characterised by the production y-m., where y is the factor depending
sufficiently on the cathode material and on the properties of the gas filling the
counter (y~10"*). The gas amplification coefficient with the accounting of the
secondary processes M is determined as M = m/1—ym.

The gas amplification factor M depends on the voltage v, applied to
the electrodes of the proportional detector in such a way that an insignificant
nonstability (the drift) of the feeding source can lead to a considerable change
of the factor M.

The gas amplification factor is determined usually by experiment using
the method of the comparison of the value of the charge of the gas-filled
proportional detector Q,4 and the same detector working in the ionization
chamber regime in the absence of the gas amplification Q; .,

M = Qpa/Qi ch- (2.21)
The gas-filled proportional detectors have found a wide application in
the technique of the nuclear-physical experiment.

2.4.2.3. The Geiger-Muller counter

The Geiger-Muller counter is attributed to the ionization detectors
working in the regime of the self-dependent gas discharge.

The counter is applied for the registration of the charged particles as
well as uncharged ones. The registration of the uncharged particles is
conducted by the secondary charged particles appearing at the interaction of
the uncharged particles with the working matter of the detector.

The Geiger-Muller counter has a cylindrical form: metal or glass
cylinder with a metallic covering performs the role of the cathode and the
thin metal filament stretched along the cathode axis is the anode.

The self-dependent gas discharge can be used for the ionizing
radiation’s registration only under the condition that the discharge provoked by
the particle in the working volume of the detector must be quenched before the
hit into the working volume of the next particle. The Geiger-Muller counters
are divided into the non-self-quenched and the self-quenched counters.

In the non-self-quenched counters for the secondary effects elimination on
the cathode provoking the repeated development of the discharge, special
schemes of quenching are applied or the loading resistor with the value 10%-10°
Ohm is switched on the external circuit. The resistor is chosen from the condition
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that in the time of several avalanches development, such decrease of the tension
will be applied to it at which the counter will come out from the regime of the
self-dependent gas discharge. The non-self-quenched counters have the resolution
time ~ 10> seconds and, at present, are not used in the physical experiments.

In the self-quenched counters the secondary effects are eliminated
owing to special additions to the main gas. For filling the counter volume the
gas mix is used composed from the main gas (usually — argon ~ 90 %) and
the impure (quenching) gas (~ 10 %) consisting of a complex organic
combination (the alcohol vapors, ether, etc.). The components of the working
mix of the counter must satisfy the following condition: the potential of the
ionization of the quenching gas must be less than the first potential of the
excitation of the main gas (Argon).

Electrons formed on the trace of the charged particle in counter gas
interval drift towards the anode under the action of the external electric field.
The cylindrical configuration provides the strength of the electric field in the
area near the filament which is enough for the impact ionization. The
electron-ion avalanches appear around the anode filament. Side by side with
the ionization, the excitation of molecules and atoms of the gas takes place
near the anode location. The excited atoms of argon emit photons which are
absorbed intensively by molecules of the impure gas (the pressure of the
quenching gas is chosen so that the path length of the photon before the
absorption will be not bigger than 1 mm). This state leads to the photo-
ionization of the impure molecules in the area around the anode, to the
formation of the additional free electrons giving a start to the new electron-
ion avalanches. Thus, the spreading of avalanches along the filament takes
place while the counter in all is enveloped by the discharge.

For counters of the middle sizes filled by ordinary gas mixes the speed
of the discharge spreading along the filament is 10°...10" cm/s and, so, the
spreading time is 10...10 ® seconds.

Electrons having a high mobility are collected fast on the anode and
ions create a volumetric positive charge near the filament. This charge
reduces, in the final analysis, the strength of the electric field near the
filament up to the value at which the impact ionization is already impossible
and the active stage of the discharge is finished. At the drift from the area of
the impact ionization of electrons and ions, the electric current flows through
the counter and the tension impulse appears in the external circuit.

Ions of argon at the drift towards the cathode undergo many
intercollisions with molecules of the quenching gas. Since the ionization
potential of the quenching addition is less than the ionization potential of
argon, in the end the ion of argon captures the electron from the quenching
gas molecules and then the ion is neutralised. Therefore, mainly ions of the
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quenching gas come towards the cathode which, as distinct from ions of
argon, don't escape free electrons capable of provoking the repeated stage of
the discharge from the cathode surface.

Since the stopping of the discharge in the self-quenched counter is
connected with the processes in its working volume,it is not necessary to use
an extra much loading resistor. In making a choice of the loading resistor R
one comes usually from the comparison of the discharge spreading time
along the filament with the time constant RC of the external circuit, where C
is the capacity of the counter and of, added to it, circuits of the electronic
facilities. For the counter of the middle sizes the optimal magnitude of the
loading resistor is in the range of 10°...10°0hm. At such choice of the
resistor value, the time of the rise and the drooping time of the impulse are
approximately the same.

It is obvious that in the self-quenched Geiger-Muller counter the
formation of a single electron-ion pair is enough for the appearance of a
discharge. The amplitude of the tension impulse on the output does not
depend on the primary ionization created by the charged particle in the gas.
Therefore the Geiger-Muller counter is not suitable for the spectrometry of
the ionizing radiations.

The fundamental characteristic of the Geiger-Muller counter is the
count one, 1.e. the dependence of impulses number n registered by the
counter in the time unit on the tension V, applied to the electrodes at the
constant radiation intensity. In Fig. 2.23 the count characteristic of such
a counter is plotted. In the tensions area from V, to V.4 (i.e. on the
“plateau”) the counting rate is practically constant. In the tensions area
V<V, the counting rate sharply droops and at the tension on the counter
Vo= Vy, called the firing potential the counting rate is equal practically
to null. In the area V(< V,, the tension impulses amplitudes from the counter
are comparatively small (volts and parts of volt) and still depend on the initial
ionization. Some tension impulses become less than the sensitivity threshold
of the counting facility and, therefore, can not be registered by the latter.

At Vo> Vg the number of the registered impulses sharply rises owing
to the so called false impulses which stipulate some slope of the “plateau”.
The presence of the false impulses (nonconnected with the particle passing)
is stipulated by the fact that the possibility of the discharge active stage
repetition owing to the secondary effects on the cathode is not excluded
absolutely. Really, though there is small enough probability of the free
electron appearance related to the single positive ion neutralised on the
cathode, this probability still has a finite magnitude. The secondary electrons
can appear at the positive ions of the main gas coming in to the cathode,
which have avoided the neutralisation at the drift as well as a result of the

83



photoeffect at the de-excitation of the quenching gas molecules turned out in
the excited state after the ions neutralisation. Since the number of the positive
ions formed in the discharge is large (10°...10'°), the probability of the free
electron appearance on the cathode with the accounting of all positive ions
can compose an appreciable value.

—
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Fig. 2.23. The count characteristic of the Geiger-Muller counter

As it was mentioned above, the de-excitation of the gas discharge in
the Geiger-Muller counter is finished by the appearance of the positive
volumetric charge near the anode filament. The registration of the next
particle is possible only after the moment when the positive ions come away
from the anode at some critical distance at which the electric field strength in
the area of the impact ionization (in the anode area) will be restored up to the
value corresponding to the firing potential of the gas filling the counter. The
time during which the counter does not register particles getting into it, is
called the dead time tg4c.q (Fig. 2.24).

After the moment when positive ions come away from the anode at a
distance longer than the critical one, the counter will begin to registrate
lonizing particles getting into its working volume, but the tension impulse
amplitude on the detector output will be less than the nominal. The nominal
tension impulse amplitude can be obtained only after the full neutralisation of
positive ions on the cathode and after the full restoration of the field strength in
the area of the impact ionization. The time during which positive ions pass the
path from the anode where they have been formed owing to the gas discharge
development, to the cathode is called the restoration time t,. The triggering
threshold of the sensitive electronic counting systems used usually at working
with the Geiger-Muller counters is small enough (parts of volt), therefore the
ionizing particles getting into the working volume of the counter at the time
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of the process of the restoration of the potentials difference up to nominal
value can be registered by the counter. The minimum time interval between
two following each other particles when they are registered separately by the
counter is called the resolution time T, It i1s obvious, that T..s> T4.q and the
relationship between them depends on the triggering threshold.
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Fig. 2.24. The time characteristics
of the Geiger-Muller counter: t,.;— the resolution time;
7. — the restoration time; Tj..q— the dead time

The self-quenched counters are applied widely for the registration of
particles of different kind. At this, the registration efficiency depends strongly
on the nature of the registered radiation. For example, any charged particle
getting into the working volume of the counter and creating in it at least a
single ions pair will be registered with the probability fitted closely to 1,
1. e. the efficiency is near 100 %. This probability is calculated by the formula:

n=1- exp(— volﬁj
Py’

where V| is the primary specific ionization carried out by the particle on the
path of one centimetre at the normal pressure py; | is the particle path in the
counter; p is the gas pressure in the working volume of the counter.

The registration of the uncharged particles is conducted by the
secondary charged particles appearing owing to the interaction of the
uncharged primary particles with the working matter of the detector. Thus,
for example, at the interaction of gamma-quanta with the working material of
the detector (mainly with the material of the cathode) a charged particle
appears, 1. e. electron (or the photoelectron, or the Compton-electron, or the
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electron-positron pair) which having got into the working volume of the
detector filled by gas, produces ionization there.

It is obvious that the probability of the free electron appearance and its
getting into the working volume of the counter depend on the thickness and the
material of the cathode and on the energy of gamma-quanta. Therefore, as
distinct from the efficiency of the charged particles registration, the efficiency
of the gamma-quanta registration in the energy range E, ~ 0.1...3 MeV is only
from several tenth to a few units per cent.

2.4.3. Scintillation detector

The scintillation method is based on the registration of short light
flashes, 1. e. scintillations appearing in some materials after the charged
particles passing through them. Scintillation differs from other kinds of the
luminescence formed at the particles interaction with the matter (for example,
the Vavilov-Cerenkov luminescence) by that they appear owing to the
electron transfers inside the luminescence centres. The luminescence centre
can be an atom or a molecule, or an ion, or more complex formation.

The scintillation process can be divided into three stages:

1) the excitation of the fundamental matter being in solid, liquid or
gaseous phase, by the charged particles (generation stage);

2) the transfer of the energy lost by the charged particle in the matter
towards the luminescence centres (migration stage);

3) the excitation and the de-excitation of the Iuminescence centre

(intercentre stage).

For the registration of the scintillation appearing under the action of
separate ionizing particles the electron photomultiplier (EPM) is usually
applied. Photons of the scintillation flash hit onto the photocathode of the
EPM, forming photoelectrons as a result of the photoeffect. Photoelectrons
pass under the action of the external electric field and then hit onto dinodes
of EPM. As a result of the secondary electron emission in dinodes, the
number of electrons is increased 10°...10° times. Thus, on the anode of the
EPM the electric signal is created which is registered then by different
electronic schemes.

At the 1onizing radiation detection with the help of the scintillation
detector it is necessary to apply namely such type of the scintillator whose
main parameters allow to solve the raised problem in the most optimal
way. The main parameters of the scintillator are: the conversion efficiency
Nk; the mean energy wy,, expended on the single photon formation; the time
of the de-excitation t; the efficiency of the ionizing radiation registration
1. Values of these parameters for the most widely used scintillators are
given in Table 2.8.
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Table 2.8
Main characteristics of some scintillators

- Density, Mean | o xcitation Energy Effi-ciency n o ph,
Scintillators e’ atomic time hy. eV c.p. for vV o/
& number ’ electrons ©
Inorganic
NaJ (T]) 3.67 32 250 3 0.153 19.6 | 0.5
Cs J (T]) 4.51 54 700 2.2 0.06 36.6 [ 0.5
ZnS(Ag) 4.09 23 1000 2.7 0.1 27 |1
Biy, Ge;sOy, | 7.13 28 300 2.6 0.02 163.5/0.2
Organic
Anthracene | 1.25 6 25...30 2.77 0.034 81.4 10.1
Naphthalene
1.45 6 70...80 3.6 0.017 176.4| 0.1
(Cio Hig)
Stilbene
1.16 6 — 3.5 0.03 116.6 0.1
(Cia Hip)
Tolane
1.18 6 — 3.16 0.032 98 (0.1
(Ci4 Hyg)
Plastics
Terphenyl
in 1 6 5 3/1 0.015 210 | 0.1
polystyrene

The physical conversion efficiency of the scintillator (or the energy
output) is the ratio of the light flash energy E.: to the energy of the charged
particle absorbed within the scintillator volume Egys:

ncp = Eef/Eabs = Nphvef /Eabs D (222)

where N, is the total number of photons formed in the scintillator by the
charged particle; hv,¢ is the mean energy of the scintillation. The value of the
physical conversion efficiency is connected with the mean energy spent by
the particle on single photon creation by the relationship:

E, hv,
Wp = =
N, 1,

p

abs

(2.23)

The meanings of hv. ¢ and w,, for some types of scintillators are given
in Table 2.8.

Side by side with the idea of the physical conversion efficiency the
value of the technical conversion efficiency is introduced:

nct zfncp-
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where f i1s the factor accounting for the part of photons hitting onto the
photocathode of EPM, from the total number of photons N, formed by the
particle inside the scintillator.

The physical conversion efficiency of the scintillator for the particles
of one and the same type usually slightly depends on their energy. With the
due account of the written relationships the amplitude of the impulse on the
EPM output in the number of electrons is

V = ij/ nci Eabs ’ (224)
hv

where M is the gain coefficient of EPM; y is the quantum efficiency of the
photocathode of EPM equal to the probability of photons to pull out the
electron from the photocathode. Thus, the impulse amplitude on the EPM
output depends linearly on the energy lost by the particle in the scintillator.
This testifies the fact that the scintillation detector for particles of the same
type is proportional. However, the physical conversion efficiency depends on
the specific ionization losses of the registered particles and is different for
different types of particles. This dependence, for example, for the alpha
particles and electrons is characterised by the value o/} which is the ratio of
the physical conversion efficiencies at the irradiation of the scintillator by
alpha-particles and electrons with the same energy.

The de-excitation time t of the scintillator is usually taken as the time
during which the intensity of the scintillation luminescence n,, 1.e. the
number of photons created inside the scintillator in the time unit, is reduced
by e times. If, for example, the number of photons in the scintillation is
distributed at the time t by the exponential law, then

N

_P.e—t/Z"
r

n,=
The meaning of t depending on the scintillator type may be changed

from a few nanoseconds up to microseconds (see Table 2.8).
The registration efficiency n of the radiation is the probability with
which a particle may be registered by the detector, i. e. it is the ratio of the
number of the registered particles to the number of particles hitting into the

scintillator: 1 = N/Nj. For the charged particles the registration efficiency is
equal to 1, practically.

One of the main advantages of scintillation detectors, as compared to
detectors of other types, is a high efficiency of the registration of neutral
radiations (gamma-quanta and neutrons). As it is known, the interaction of
this radiation with the matter leads to the formation of charged particles
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which then are registered by the detector. Thus, the efficiency of the
registration of gamma-quanta and neutrons will be determined by the
probability of their interaction with the detector material. For gamma-quanta
the registration efficiency may be estimated as

n=1-e", (2.25)

where p 1s the total linear coefficient of the gamma-quanta absorption; x is the
scintillator thickness. The value of the registration efficiency depends on the
mean atomic number of the absorber Z (increases with the increase of Z),
therefore for obtaining a higher efficiency of the gamma-quanta registration
the scintillators of Nal(tl) or CsJ(tl) types are applied. The classification of
scintillators can be fulfilled in accordance with different indications. Two large
groups, organic and inorganic, have the most clear distinctions in their
characteristics (see Table 2.8).

Organic scintillators are characterised by the comparatively small
atomic numbers (Z~ 6...7) and by the small density (p ~ 1...2 g/em’).
Organic scintillators have high time resolution (107...10" s). Efficiency of
the gamma-radiation registration by such scintillators is small, therefore they
are applied most often for the charged particles registration. Organic
scintillators are organic crystals, liquid and solid solutions of the scintillating
materials in monomers and polymers and also organic gases.

Inorganic scintillators are characterised by the big atomic numbers
(Z~25...50) and by the high density (p ~ 4 g/cm’). The registration
efficiency of the gamma-radiation by such detectors is enough high. The time
resolution is worse as compared to the organic scintillators (t ~ 107...10 ®s).

Inorganic scintillators are alcaline-haloid zinc-sulphide and oxide
scintillators and also scintillators on the base of the noble gases (solid-state,
liquid and gaseous).

In physical experiment scintillation detectors are applied most often for
the spectrometry of ionizing radiations, and partially, of the gamma-radiation.
The spectrometry of gamma-quanta is conducted by the measuring of the
energy of secondary electrons formed at the interaction of gamma-quanta
with the scintillator material.

As it is known, gamma-quanta passed through the material are
interacting with it owing to one of three processes: photo effect, Compton-
effect and the effect of the pair formation. The probability of these processes
depends significantly on the gamma-quanta energy as well as on the
properties of the material with which these gamma-quanta interact.

At the photo effect, the gamma-quantum with the energy hv pulls out
from the atom one of the internal (K, L, M....) electrons and spends at this
the energy which is equal to the energy of the binding of the corresponding
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electron (Eg, Er, Ey....) whose value is some tens kiloelectron-volts. The
residual energy is transferred into the kinetic energy of the photoelectron E,:

E=hv — Ek. (2.26)
At the Compton scattering the gamma-quantum transfers to the electron

only a part of its energy. At this, the energy of the Compton-electron E. is
connected with the energy of the gamma-quantum hv by the relationship:

E — hy : (2.27)

e 2
mgc

1
" hv(l - cos@)

where O is the angle of the scattering gamma-quantum leaking-out as related
to the direction of primary gamma-quantum motion; moc” = 0.511 MeV is the
electron rest mass.

In the process of the pair appearance two particles are created — the
electron and the positron, for whose formation it is needed to spend the
energy 2moc” = 1.02 MeV. The residual energy of gamma-quanta transfers
into the kinetic energy of the electron and the positron.

In Fig. 2.25, as an example, the impulses amplitude distribution is
given from the secondary electrons in the scintilltation detector of NalJ(Tl)
type at the registration in it of the monoenergetic quanta with the energy
0.5 MeV. From (2.26) it is seen that the maximum energy of Compton
electrons is always less than the energy of photoelectrons and

E - (2.28)

o {4 m,c’

2hv
Therefore, there is a principal possibility to release the peak
corresponding to the total energy absorption in the scintillator — the peak of
the total absorption (the area 1 in Fig. 2.25). The formation of the total
absorption peak is connected with the processes of the photo electric
interaction and multiple scattering of gamma-quanta in the scintillator.
Usually, the location of the total absorption peak is applied for the gamma-
quantum energy determination. Since at the Compton scattering the energy
of the Compton electron E.= f(®), such events lead to the appearance of the
continuous Compton distribution in the spectrum (area2). In the low-
energy part of the Compton distribution a wide asymmetrical peak is often
released stipulated by the scattering of gamma-quanta at angles fitted
closely to 180" from the EPM window, shielding housing walls and the
container glass window in which the scintillator is packed. This peak is

called the back scattering peak (area 3 in Fig. 2.25).

90



Count rate

Pulse amplitude

Fig. 2.25. Pulses amplitude distribution
at registration of the gamma-quanta with Ey = 0.5 MeV

The form of the pulse amplitudes distribution at the gamma-quanta
registration by scintillation detector depends essentially on the scintillator type
(unorganic or organic), its geometric dimensions and also on the irradiation
conditions. For example, in large-sized crystal a considerable suppression of
the continuous spectrum of Compton electrons is observed due to the repeated
Compton scattering, as well as the corresponding increase of the peak intensity
corresponding to the total gamma-quantum energy absorption.

The accuracy of the ionizing radiation spectral structure measurement
and the possibility of a separate registration of the closely disposed energy
lines is determined by the energy resolution of detector, which usually means
the ratio of the width AE on the half-height of the amplitudes distribution
received with mono-energy particles, to the average (middle) value of energy
in this distribution: 7 = AE/E .

At the gamma-quanta registration by the scintillation detector within the
energy area up to 1.5...2 MeV, the dependence of the energy resolution on the
quantum energy can be described accurately enough by means of relationship:

2
n? = (ﬁj _s52. 5 (2.29)
E E

The value 0 depends essentially on the quality of photomultiplier
making, especially on whether the photocathode properties are as far as the
same in different points, how much effective is the electrons collecting onto
the first dinode, what are the quality and the uniformity of the light collecting
inside the scintillator and the optical contact with the photomultiplier, etc.
The value C; is determined mainly by the number of the formed photons
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of scintillation and by their losses inside the scintillator itself, on the
photocathode, and at collecting onto the first dinode of the photomultiplier.
For a few choice scintillation detectors with the NaJ(T1) crystal the meaning
of the value C; may achieve 1.5-107 MeV, and the value of 0 222107 At
such values of C, and & * the energy resolution m for gamma-quanta with
energy 1 MeV is approximately equal to 4.5 %.

In the area of high magnitudes of gamma-quanta energies the radiation
leakage from the crystal becomes essential, i. e. the going out of electrons,
forming nearly the crystal surface, from the scintillator bounds. This
phenomenon leads to the appearance of pulses with lower amplitudes and to a
change for the worse of the energy resolution.

At using the organic scintillators which have usually a small mean
atomic number (Z ~ 6), the photopeak is practically absent, as the
photoeffect cross-section o depends on Z for gamma-quanta, as ¢ ~ Z °.

2.5. Control tasks

e The root- mean- square disassembly of the ion cloud in the diffusion
process & =+/2D -t .Taking this into account, the pulse- decay time

may be determined by the formula: At=2+/2Dt/U, where t = d%/p;
D = kTw/e; D is the diffusion coefficient; T is the thermodynamic
temperature; W 1s the mobility factor; k is the Boltzmann constant.

e The density of the current in the parallel-plate ionizing chamber is:
j =]+ tj =emnU; +n-U), where ni(x) = ny-x/U; n(x) = ny(d — x)/
U_; n; and n_ are concentrations of positive and negative ions; U. and
U_ are velocities of positive and negative ions correspondingly.

e The threshold tension is the tension at which electrons receive enough
energy for the ionization on the distance from the anode which is equal
to the mean length of the free path. The condition of the collision

(impact) ionization can  be written in a  view:
L, +A,

W. =e J' E(r)dr=L(1+7we/ r,), where E(r) is the intensity

In(r, /1

of the electrical field in the cylindrical counter; r. and r, are radii of the
cathode and anode; A. is the electron free path length; Uy, is the
threshold tension; W; is the energy of the ionization.

e The own capacity of the detector with the p-n transfer from the Silicon
of the p- type is calculated by means of formula: Cge = 3.3-10 s
\JU-p, where U is the tension of shift in volts; p is the conductivity in

Ohm-cm; S is the square of the transfer in cm?.
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The mean energy needed for the single photon formation in the
scintillator is th =E/K, where « is the conversion efficiency, and
the mean energy of the photon can be calculated by the position of
maximum of the strip (band) of the radiation: hv=h_/A,.

The spectrum of the deexcitation (fluorescence) of many scintillators,
given in the scale of waves lengths, is describes satisfactorily by the

Gaussian:  L(A)=L, -exp[-(A, —A)* /28], where 8 =G /(2+/2In2),
G is the full Gaussian width on the one-half of the height. At the spectrum

transfer from the scale of waves lengths into the scale of photons energies
the following equations are composed: L(A)-dA =L(E)-dE.

In order to estimate the connection between the integral sensitivity of
the photoelectron multiplier and the quantum efficiency, one can use
the definition of the light flow. For the maximum visibility the
following relationship is true: 1A /lumen = 683 electron/eV.

The fluctuation of the multiplication factor of the photo-multiplier
connected with fluctuation of the feeding tension and the factor of the
secondary election emission can be determined with the help of the
formula: dM/M =n(dm/m)-(dU/U).

In the space between two electrodes having the constant difference of
potentials U there is a charge q moving under the action of the field.
Receive the expression for the current induced in the external loop
(chain) at the charge motion.

In the parallel-plate ionizing chamber there is the alpha-particle
passing in the immediate nearness from the positive electrode in
parallel to its surface. Calculate the duration of the pulse-decay time of
the current connected with the diffusion of the ions cloud at its drift
inside the chamber. The chamber is filled with pure Argon up to the
pressure 0.1 Mpa. The distance between electrodes is 1 cm and the
potentials difference 500 V is added to electrodes.

Indicate the polarity of the signal on the output of scheme given in the figure.
In what way must one change the scheme in order to receive the impulse of
the contrary sign on the output without changing the added tension polarity?

-
| ' -

Calculate the induced cilarge and the amplitude of the tension pulse in
the parallel-plate ionizing chamber, normed on 1 MeV of the energy
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10.

of the particle passing parallel to the electrods plane at the distance
1 cm from the negative electrode. The distance between electrodes
is 3 cm and the tension 600 V is added to electrodes. The chamber is
filled with pure Argon up to the pressure 0.2 MPa. The equivalent
capacity is 20 picoFarad.

The flat ionizing chamber is irradiated in such a way that charges are
formed uniformly by the whole volume of the chamber at a constant
velocity. Neglect the processes of re-combination, diffusion and
volumetric charges formation and receive the expression for the current
density of positive and negative charges.

The gas-amplification factor of the proportional counter filled with a
mix of Argon and Methane, is 10°. Calculate the mean number of
ionizing collisions of electrons at passing the area of the impact
ionization up to the anode surface.

Calculate the threshold tension, i.e. such tension at which the gas
amplification begins, in the proportional counter filled with pure Argon
up to the pressure 1.33-10° Pa. At this, radius of the anode is 1.25-10 cm
and the cathode — 1.1 cm.

The back shift (displacement) 10 Volts is added to the semi-conductive
detector (SCD) with the area 1 cm” made of the P- type Silicon with
the specific resistance 10° Ohm-cm. Calculate the tension pulse
amplitude stipulated by the proton with the energy 1 MeV. Assume
that RC >> T_; RC >> T, and the assembly capacity is 11 picoFarad.
The dependence of the pulse amplitude in the silicon surface-barrier
counter on the energy of protons hitting the counter normally to its
surface from the side of the transfer, is given in figure. Determine the
width of the transfer.

A

2

2 4 6 8

Calculate the medium energy needed for the formation of the single
photon in anthracene if the conversion efficiency is known.

Estimate the number of photons emitted by the crystal of Nal (TI) at
the registration of gamma-quanta of “'Cs if the known technical
conversion efficiency of NaJ(Tl) is approximately 10 %.
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11.

12.

13.

14.

15.

16.

17.

For many scintillators the spectrum of the luminescence in the scale of
the wave lengths may be satisfactorily described by the Gaussian. So,
for example, the spectrum of Nal(Tl) is the Gaussian with the
maximum at 410 nanometers. What is the view of the luminescence
spectrum of NaJ(TI) on the scale of photons energies?

It is needed to apply the scintillation detector for the fission fragments
registration. What type of the scintillator must one choose if the main
problem is the fragments spectroscopy?

The practically point source of alpha-particles is placed on the butt-end
surface of a cylindrical scintillator with the nonrefracting walls. The
cylinder radius 1s 0.5 cm and the cylinder length is 2 cm. Calculate the
number of photons coming out from the scintillator butt-end opposite
the source if the alpha-particle forms 10° photons in the single
scintillation. One can neglect the luminescence light absorption.

The main parameter which characterizes the photocathode of the photo
multiplier purposed for working in scintillation detectors is the
quantum efficiency and its spectral distribution. However, only the
integral sensitivity of the photocathode is shown, as a rule, in the
photomultiplier passport. Show the connection between the quantum
efficiency and the integral sensitivity of the photocathode.

What defines the short-wave and the long-wave boundary of the
spectral sensitivity of the photomultiplier?

Show and explain the sign (polarity) of the signal taken from the anode
of the photomultiplier.

What is the value of fluctuations of the amplification factor of the
fourteen-cascades photomultiplier if the feeding tension is stabilized
with the error up to 0.1 % and in the working regime the coefficient of
the secondary electron emission is changed up to 0.9 % at the tension
change of 1 %?

2.6. Set of tests on sections: “Principles of radiation testing;
sources of radiation; detectors of ionizing radiation”

Which kinds of particles are called “ionizing radiation™?
A only electrons and protons;

B only protons;

C only particles of corpuscular radiation;

D particles of corpuscular radiation and photons.

Isotop is:
A radionuclide;
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B nuclide with number of protons within nucleus attributed to given
element;
C isoton.

Distinctly to beta- and alpha-particles, neutrons have no:
A charge;

B mass;

C spin;

D BandC.

Positron is coupled with , forming photons:
A neutron;

B proton;

C celectron;

D alpha-particle.

The thin layer of matter with thickness dx removes the part nodx
of number of photons passing through it. If n is a density of a matter’s
particles in a volume unit, then the value o is:

A linear weakening coefficient;

B mass weakening coefficient;

C interaction cross-section;

D number of photons in a beam.

Interaction cross-section is changed approximately as Z>. Which kind
of interaction has place?

A photo-effect;

B Compton-effect;

C pair formation effect.

Which of particles has the highest ionizing effect (number of ion pairs,
generated at passing the 1 cm of air):

A alpha-particles;

B Dbeta-particles;

C neutrons;

D photons.

If photoelectric interaction has place, what has happened with atom?
A electron 1s removed from internal atomic levels;

B photon of characteristic radiation is emitted;

C celectron is withdrawn from external atomic shells;

D whole of above-mentioned is true.

Neutrons are interacted with the matter by means of following processes:
A Tonization;
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10.

1.

12.

13.

14.

15.

16.

B scattering on nuclei;
C absorption by nuclei;
D BandC.

Which value of energy have photons of gamma-source Thulium-170:
A 1,33 and 1,17 MeV,

B 0,084 and 0,052 MeV;

C 0,31 and 0,47 MeV.

Which of radionuclidic sources for radiation testing, having one and
the same activity, will need the least mass of shielding material?

A cobalt-60;

B Thulium-170;

C Iridium-192;

D Californium-252.

Half-decay period is one of several main parameters of radionuclide.
Which percent of initial quantity is the approximate decrease
of decayed atoms after four half-decay periods?

A 2 %;

B 3 %;

C 6 %;

D 1%.

Electrons are accelerated in betatron by means of:

A electric SHF- field;

B raising(increase) of magnet induction of eddy current electric field;
C high tension between the cathode and the target.

Which kind of sources are used for generation the photon radiation
with energy within several MeV:

A microtron;

B betatron;

C linear accelerator;

D all of above-mentioned facilities.

The current of ionizing chamber is amplified for measurement:
A Dby electronic amplifier;

B by gas non-self-maintained discharge;

C by gas self-maintained discharge;

D is measured without any amplification.

Scintillator on the base of Lil(Eu) is used mainly for detection:
A photons;
B beta-particles;
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17.

18.

19.

20.

21.

22.

23.

C necutrons;
D A andC.

The particle that made sensitive the germ of photo-emulsion, is:
A photon;

B electron;

C proton;

D BandC.

The energy of electrons interacted with germs of emulsion of X-ray
film, is influenced mainly on:

A own unsharpness of the film;

B film’s contrast factor;

C shape of the characteristic curve;

D geometry unsharpness of shoot.

The granularity of X-ray film increases at:
A increased time of film development;
B increased energy of ionizing particles;
C using the luminescent screens;

D A,BandC.

Linear dependence of exposure time on blackening density is expressed
mostly for:

A fine-grained films at short exposures;

B fine-grained films at long-time exposures;

C coarse-grained films;

D screen films.

The most appropriate device for energy spectrum analysis of the photon
radiation is:

A ionizing chamber;

B scintillation detector;

C proportional counter;

D Geiger-M. counter.

Gases aren’t used in sensitive volumes of:
A proportional chambers;

B semiconductor detector;

C 1ionizing chambers;

D Geiger-M. counters.

The contrast coefficient of X-ray film is:
A gradient of rectilinear region of the characteristic curve;
B gradient of any region of characteristic curve;
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24.

25.

26.

27.

C blackening densities difference for two regions(squares) of film;
D ratio of blackening densities for two squares of film.

Geiger-Mueller counters have:

A complete electronic loops(chains) of amplification;
B low level of reliability;

C small sizes;

D are very expensive.

Gamma-exposure may be expressed:
A 1n mA-min;

B 1n mA-sec;

C 1n Bg-sec;

D inkV.

The accumulation(built-up) factor is:

A ratio of sum of flows of particles of primary and secondary
radiation over the flow of primary radiation particles;

B ratio of radiation weakening factor of tested object material over
the half-weakening layer thickness;

C part of flow of primary radiation.

Non-sufficient sharpness of the defect image on X-ray shoot may be
resulted from:

A large size of the focus spot of the radiation source;

B increased distance between the object and the film;

C low contrast level of the film;

D A,BandC.
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Chapter 3
RADIOGRAPHY

3.1. Bases of radiography

Radiography means the method (techniques) of receiving the Roentgen
radiation intensity distribution image on the radiographic film. At present
radiography occupies a substantial part in radiation control in general. The
principle scheme of radiographic control execution is given in Fig. 3.1.

Irradiator
V ?
77
% Collimator
Standard -
andar Image number (Pb) Lead(Pb)-screen

Testing object

Cassette with film and

Sn-foil

707007 Back lead (b)

Fig. 3.1. The disposition at the radiation radiographic testing of an object
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The testing detail is placed on the table. The surface of the table
is covered with Pb and usually with additional Sn-foil in order to prevent
black-scattered radiation. The cassette with film-foil combination is placed
between the object of control (detail) and the table. The cassette is
nontransparent and, therefore, after cassette loading one can work with
cassette in daylight. The modern radiographic films are supplied at once in
cover as film-foil combinations and so they can be applied without any
previous cassette loading in a darkroom.

For reducing the scattering radiation effect it is required that the
primary radiator from irradiation will be collimated in order to irradiate only
that square (zone) which is essential for testing. Those zones, which will not
be examined with X-ray, must be covered by Pb-screen.

Nota bene: In order to identify any image, the image marking is
required, and this marking is fulfilled by means of lead letters placed on the
detail surface. The test specimen allows determining the quality of developed
film and the correctness of the chosen examining regime.

If the extensive surfaces or long welded joints are subject to control,
then films must be placed in a way to overlap each other. It is important in
this case to designate the overlapping by means of lead arrow placed on the
testing detail.

Choosing the distance between the source of radiation and the film, if
enlargement techniques is used, as well as between the detail and the film,
one must take into account that the geometrical unsharpness, generated on the
basis of projection relationships, will not be more than the internal
unshapness in imaging media (in a film). The relationship is schematically
given in Fig. 3.2. If @ is the diameter of Roentgen tube anode spot and d, is
the diameter of defect, then on the film the geometrical or boundary
unsharpness (U,) is coming into being:

Ug = le*®/F-le, (3.1)

where F is the distance between the film and the source of radiation and . is the
film — defect distance. If the enlargement technique is not used, then the
maximum film-defect distance is approximately equal to detail thickness d. Let
us assume that the average distance between the radiation source and film (F;,)
is given. If the geometrical unsharpness U, is equal to its own unsharpness Uj,
one can obtain the average radiation source — film distance F,:

£ = L*DA, (3.2)

A distance bigger than F.;, will not bring any additional gain in
sharpness. The X-ray radiation intensity is decreasing proportionally to
squared distance.
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Choosing the control geometry, one must take in consideration the area
of the examine zone and the angle of the Roentgen tube irradiating cone
enveloped during examination. Usually the angle of irradiation makes up 40°.
Hence, for X-ray examination of 40 cm — film the distance should not be less
than 50 cm. In practice it is normal to work with a focal distance 50 or 70 cm
and this focal distance is maintained even if the calculated F,,, indicates
a shorter distance. These cases with a constant distance allow to easily define
exposure time by means of exposure nomographs.

()
A A
f
A
A 4 \ d
F A
dd \ 4
le
v v
—> le——

Ug

Fig. 3.2. The setting-up of the focal distance

At control procedure organization one must take into account the X-ray
examining directions. The testing detail must be oriented as possible in such ways
that the expected (planned) defects were lying in examining direction. This state
requires, particularly, in welding joints testing, to use side by side with
perpendicular examining, also the examination at another angle in order to have a
possibility to distinguish extensive defects orientated in the same direction.

The choice of examining parameters depends on testing geometry and
on examining detail weakening properties. The examination rules give the
values for minimum blackening which the exposure film must achieve. In
order to obtain those values without making a lot of experiments, the
exposure nomographs that act only for concrete Roentgen apparatus, concrete
detail material and film-foil combination are used. The exposure nomograph
presented in Fig. 3.3 gives the relation (connection) between examining detail
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thickness W and exposure B depending on X-ray tube tension required for
certain minimum blackening achievement.

The exposure B is the product of Roentgen current I (mA) and
exposure time t (min):

B = I*t (mA min), (3.3)

By means of nomograph at the given thickness of object of control and
for certain tension on X-ray tube one can obtain the exposure value. If the
constant Roentgen current is used, one can calculate the exposure time.
According to the rule the examination tension must be chosen at the least
possible value and the exposure time must be within several minutes.

B,
7 / V4
mA*min / 3 |4 /]
100 // KA,
/ ./ S s
/ /' R (
. /
/s
10 10
71 -
/
// I 7
/ ../ // ’/
[ — —100kV
1 I'./// _____ —1601(\/ | |

/f/,/ A —mm —~200kV

/;/ Y N ] —250kV

/2 ————— —300kV

0,1

0 20 40 60 80 d, mm

Fig. 3.3. The nomograph of the irradiation

If values of blackening, focal distance and film-foil combination are
already given and are different from those in nomograph, then the exposure
must be corrected.

In case of isotope application the exposure is understood as the product
of isotope activity and irradiation time. In this case, the focal distance
between the radiation source and film 1s used instead of tension on the tube,
because the inspector can only change this focal distance.
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One must take into account that nomograph acts only for a single film-foil
combination and that the film developing procedure must be kept accurately.

Image quality obtained is adjusted by means of cassette disposition,
chosen examination, parameters and a type of film. Review of some factors,
which can influence the image quality, is given in Table 3.1. The image
quality is determined by means of standards used as quality testing indicators.

The image quality, is characterized by means of two parameters:
contrast and unsharpness. Contrast depends on material decreasing factor,
examination energy, back-scattered radiation values and photographic
contrast on the base of parameters y for the used radiographic film.
Unsharpness depends on geometrical unsharpness and on the film own
unsharpness. Wire standards DIN 54109 consist of a set of wires with
decreasing diameters numbered in order. The thickest wire has number 1 and
its diameter is 3.2 mm. The thinnest wire has number 19 and its diameter
1s 0.05 mm. 7 wires with numbers one after another are joined in a single
gelatinous unit (frame). The number of the thinnest wire that can be seen
on the film is the index of quality of the obtained figure. The standard wires
must be made of the same material as the testing one. Therefore there are
standards for fermium, aluminium, copper and titanium.

Table 3.1
Image quality influence factors
Influences on contrast Influences on unsharpness
— radiation spectrum,;
Scheme . . :
— scattered radiation; — dimensions of focal spot;
and procedure : ) : ..
— detail and geometry — geometrical disposition
of control . o :
: for X-ray input; irradiator/detail/film
conducting .
— material
— blackening; — radiation spectrum,;
Films and |- film processing; — foil type and thickness;
foils — foil type and thickness; — contact between film and foil;
— haze — film granularity

For image quality determination the state standard (I'OCT) 7512-82
(seven thousand five hundred twelve — (dash) -eighty-two) recommends to
apply wire,- ditched,- and stepped standards. The wire length in wire
standards is (20 = 0.5) (twenty plus/minus zero point five) mm. and the
thickest wire has the diameter of 4.0 mm.

Sensitivity standards are made from different materials and alloys. The
inset and cover for wire standards are made from flexible transparent plastics.
Each wire standard has seven wires. In accordance with wire diameter joined
in a standard, it is given a number from 1 to 4. The standard number and wire
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material are indicated by means of lead-made sign (symbol) inserted in
standard cover (for example, Fe 4 or by means of figures: the first figure is
standard material, the next one or two figures — standard number, where 1 —
designate Fe-based alloys, 2 — Al-based or Mg-based, 3 — Ti-based, 4 — Cu-
based, 5 — Ni-based alloys).

Ditched standards have six ditches (standard numbers from 1 to 3). Ditch
depth is changing from 0,1 mm. (zero point one) to 4,0 mm. Ditched
standards are also made from different materials and also have symbols.

The lamellated (stepped) standards with numbers from 1 to 2 have thickness
from 0,1 up to 2,5 mm. This standard has two holes on lamel surface and hole
diameters are equal to standard thickness and to double thickness of standard.

Control (testing) sensitivity is determined as the least diameter of
unmasked wire on the radiograph, or as the least depth of unmasked ditch on
the radiograph for ditched standard or as the least thickness of lamellate
standard for which the unmasked on radiograph hole has a diameter equal to
doubled standard thickness.

The control sensitivity E determination is also carried out, where E is
determined as relation between the least visible wire diameter (d), or the
minimum visible ditch depth (hy) or minimum visible lamellated standard
thickness (h.) to the thickness of examined testing object (d). This value d is
defined by the formulas:

Ey=d * 100 % / d;
Eq=ha * 100 % / d; (3.4)

E.=h* 100 % /d,

where E. is sensitivity for wire standard, E4 is sensitivity for ditched standard,
E. is sensitivity for lamelled (stepped) standard.

Other types of international standards are given in Fig. 3.4. In this case,
as a rule, the interconnection is used between testing object thickness and any
still visible structure consisting, for example, of a set of holes. At present,
greater significance receive the CERL-B- standards — the double platinum
(Pt) wires placed in plastic frame in such a way that each of two Pt-wires
with the same diameters are disposed at the distance equal to the wire
diameter. In order to define the image qualities one must determine the
minimum diameter at which two separate wires are still visible.

The determinant factor for a high-quality control is a careful
developing of the film. Since the material defects being tested are often sited
on the sensitivity boundary, even a slight scratch or damages can change the
defect data (readings) in the film. Film is developed in a dark room,
subsequently, in different photo-baths.
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The film development process:

Developing in the bath with developer.

Stoppage of developing process in bringing to a stop bath.
Dissolution of non-irradiated argent bromide (AgBr) in fixing bath.
Washing out of chemicals still remaining in emulsion.

Film drying.

Only after film drying the image deciphering (interpreting) is permitted.

«

American (US)-standards English (GB) — standards
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Fig. 3.4. The International indicators of image quality

The image interpretation. In order to interpret the film it must be placed

on a special device called negatoscope, which illuminates the film from the
backside. The rules (normative) have directions concerning minimum permissible
illumination force for similar devices depending on film optical density.
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The interpretation takes place in the following order:

Firstly, with the help of standard image the required sensitivity testing
is fulfilled. If the needed value is not obtained, then one must develop a new
radiograph (photo). If the film is fit for interpretation, then by means of
careful survey one can try to distinguish the possible defects. Since
determined defects, particularly those critical defects as cracks or inclusions
in construction details, are often only just visible on the film, a particular care
is required, as well as defectoscopist (defector) with a proper experience.

If the defects on the film are visible, then one must determine the
disposition, dimension and orientation of the defect. By means of defects
catalogue and on the base of the defectoscopist's own experience, defects are
classified as, for example, gas-filled pores or cracks. Defects are classified by
their dimensions and frequency of occurrence. In accordance with norms and
instructions and with inspector experience the testing conclusion is required
as the result of control, i. e. decision that the given detail is either suitable
or must be improved (or rejected as defective).

3.2. TYPE METHODS OF RADIOGRAPHIC TESTING

Interconnected regimes of radiographic testing of the object, needed
for making the technological cards of the testing and for fulfillment the
testing procedures in proper consequence.

In practice, the usage of the radiation defectoscopy is regulated by the
certain testing instructions, technological cards and other documentation
which must meet the acting standards. This documentation determines the
means of checking, the consequence of operations, testing modes for concrete
articles and assemblies. The base of the technological documentation is
formed by methods of radiation-defectoscopic testing, allowed to provide the
accordance of the testing object quality to the demands of technical norms,
rules and conditions concerning the manufacturing and exploitation of the
objects.

The present type methodsdoesn’t substitute the acting standards and
meet them and allow to define the total chain of the interconnected modes of
testing, needed fordeveloping the technological cards of testingfollowed by
the testing proceeding:

1. Material and the thickness d of the testing object.

2. So, in any case, you must know beforehand, at least, the density,
thickness, weakening coefficient and other parameters of the object.

3. Main demands (requirements) for testing (for example, sizes of the
permitted defect 8. The object having this defect is considered as the
check passed.
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4. Sensitivity of testing k and the element of the sensitivity standard

(quality indicator) which is the subject to revealing (ordinal number of

the wire, ditch or hole).

Energy of the source of radiation.

6. Type of the radiation source (taking into account the anode current at
the roentgen tube, or the source activity and the size of the focal spot of
source).

)}

7. Geometry of the exposure (including the focus distance).

8. Type of the X —ray film and type of the amplifying screen.

9. Exposure time.

10. Sizes (dimensions) of the area tested at single procedure.

11. Number of tested sections or number of shots needed for checking the

object totally.

The structure of type techniques is so that any of regimes selected is
chosen separately but in accordance with the native or international standards,
depending on the object purpose and the requirements for objects checking.

Main standards:

In Russia — GOST 7512, GOST 20426, GOST 23055.

In Europe — EN 444, EN 584 -1.

In Germany — DIN 54109.

In USA — ASTM E94, ASTM E142, ASTM E 1255.

3.2.1. Types regimes

Material and thickness of the object tested are the initial parameters
determining all another regimes of the radiographic testing. So, those
parameters must be known beforehand the testing operation.

Norms of defects permitted (requirements for the quality of the
object). In Russia, the permitted sizes of defects are shown usually on plots
of details or articles or may be received from the technical conditions, rules
of checking and approving or in other documentation and instructions. If the
sizes of defects permitted can’t be found in the documentation accompanied
the object, they can be estimated in accordance with the State standard 23055
“Non-destructive testing. The welding of metals by smelting. Classification
of welded joints after the radiographic testing” or by the class of the
sensitivity of testing (the least diameter of wire of wire standard, detected on
the shot; the least depth of ditch of groove standard, detected on the shot; and
so on for other indicators. At this, one can detect on the shot the image of the
hole having the diameter equal to double thickness of the standard.

Size of defect > 2k: this is the condition for guarantee the revealing the
defects, having size more than double sensitivity of testing along the
examining direction.
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In Europe (EN 444 and other): the tested objects are divided on two
classes: A — ordinary or common used objects (technique); B — improve or
responsible technique (objects).

Class B is applied if the procedure concerning the A — class can’t meet
the needed sensitivity of the defects detection. The determining of the class
of the objects is gotten usually in contracts or technical demands for delivery
or producing the object.

Sometimes, one can combine the requirements for class A and class B
at testing the object, if any difficulties occur at fulfillment of the conditions
concerning the certain class of the object.

For example: Decrease of sensitivity of testing may be compensated by
the increase of the minimum of optical density of the shots or by choosing the
more contrast type of the X — ray film. In the USA practice, the required level
of the radiography quality is equal usually to the sensitivity 2 %, which
corresponds to level 2 — 2T in accordance with the standard ASTM E142.

Determination of the testing sensitivity and choice of type and
number of standards (indicators): K(mm) is the least diameter, depth,
thickness, at which at radiographic shot the revealed hole diameter, equal to
doubled thickness of the indicator, is not more than one-half of the defect
size, permittedin the object tested.

In Germany the quality of radiography is estimated with the help of wire
standard according the DIN 54109 system and with the help of lamellate
standards according the MIL — STD — 453 system. In the DIN 54109 system, the
model (penetrometer) consists from 7 wires having length 50 or 25 mm and the
gap in 5 mm between wires. Wires are inserted into the flexible plastichousing
with marking sighs made from lead (system DIN, year of inculcation, type of
material — Fe, Cu, Al, numbers of the most thick and thin wires). Numbers of
wires (units of radiography quality BZ) are given in Table 3.2.

They use the following materials for wires: aluminum (testing of objects
from Al —alloys), steel (alloys on base of Fe and Ni), copper (testing of copper,
brass and their alloys). The quality level is estimated by the number of wire
(BZ). In aerospace industry of Germany, they use the quality level,
corresponding to the sensitivity 1 % of total thickness of tested object. This
level corresponds to European class B (responsible technique). Lamellate
standards MIL —STD-453 are identical to ASTM-standards of the USA.

ASTM standards E 94: in the USA levels of radiographic sensitivity
were set for lamellar models of sensitivity, inculcated by the ASTM standard
E 142. Lamellar penetrometer is the plate from material similar to material
of tested object having thickness T and with holes having diameters 1T, 2T
and 4T. Levels of radiographic quality corresponding to the detection of one
or another hole of penetrometer, are given in Table 3.3.

109



Table 3.2
Numbers of wires (BZ) and their diameter
in penetrometers in DIN 54109 system

Diameter, mm 3.2012.50]2.00|1.60 | 1.25|1.00| 0.80 | 0.63
Number of wire (BZ) | 1 2 3 4 5 6 7 8

Diameter, mm 0.5010.40|0.32]0.25]{0.20 [ 0.16 | 0.125 | 0.100
Number of wire (BZ)

Numbers of penetrometers and numbers of wires (BZ) in DIN 54109 system

Number Numbers of wires (BZ)
of penetrometer
DIN 1/7 1 123 |4|5|6)|7
DIN 6/12 6 | 7|18 |9 10|11 12
DIN 10/16 10 | 11 |12 |13 |14 |15| 16
Table 3.3
Level ! Thickness T Minimum Equivalent
of radiographic | of penetrometer in % distinctive sensitivity
quality of thickness of object | diameter of hole | by penetrometer, %
21T 2 1T 1,4
2-2T 2 2T 2,0
24T 2 AT 2,8
Special levels of testing
1-1T 1 1T 0,7
1-2T 1 2T 1,0
40T 4 2T 4,0

! First cipher means thickness of plate in % from thickness of object tested: second cipher
is the diameter of revealing hole in units of thickness of model.

?Level of sensitivity, using single model, is correct for materials with thickness more than
6 mm; level of sensitivity for thinner materials requires for using of different
penetrometers.

In the USA they used to settle the quality level equal to 2 % (2 — 2T)
if, in accordance with agreement between the customer and the manufacturer
of tested objects they need not in higher or lesser level of quality.

If the material for penetrometers, similar to tested object’s material, is
not available, they permit the usage of penetrometers having the same sizes
as the needed one, but made from lesser absorbing material.
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3.2.2. Selection of radiation energy (tension between electrodes
of X-ray tube, accelerator energy or energy of radionuclidic source)
In Russia, in accordance with the State standard 20426, the voltage on the
tube type of source or the energy of accelerated electrons are chosen depending
upon the thickness and density of material exposured (see Tables 3.4, 3.5, 3.6):

Table 3.4

Area of usage of radiographic method at applying the X-ray apparatus

Thickness of examining Voltage
Thickness of examining metal mm non-metal with mean atomic | on X-ray
number Z and density p g/em’, mm|  tube,
Iron | Titanium | Aluminum | Magnesium g _ % i’ % _ ?i g; (5) S kr\rfl’o?gt
0.04 0.1 0.5 1.5 1 10 15 20
0.4 1 5 14 8 70 100 40
0.7 2 12 22 17 95 135 50
1 3 20 35 25 120 170 60
2 6 38 57 — - — 80
5 10 54 80 — — — 100
7 18 59 105 — — — 120
10 24 67 120 — — — 150
21 47 100 160 — — — 200
27 57 112 200 — — — 250
33 72 132 240 — — — 300
46 106 210 310 — — — 400
150 265 430 650 — — — 1000
Table 3.5

Area of usage of radiographic method at applying the y-defectoscopes

Thickness of examining material, mm o
. - . Sealed radioactive sources
Iron Titanium | Aluminum | Magnesium
1...20 2...40 3...70 10...200 "'Tm
5...80 10...120 | 40...350 70...450 Iy
10...120 | 20...150 50...350 100...500 “Cs
30...200 | 60...300 | 200...500 300...700 *’Co

Table 3.6

Area of usage of radiographic method at applying betatrons

Thickness of examining material, mm Energy of accelerated electrons,
Iron Titanium | Aluminum Lead MeV
50...100 | 90...190 | 150...310 | 30...60 6
70...180 | 130...350 | 220...570 | 40...110 9
100...220 | 190...430 | 330...740 | 40...110 18
130...250 | 250...490 | 480...920 | 60...120 25
150...350 | 290...680 | 570...1300 | 60...150 30
150...450 | 290...880 | 610...1800 | 60...180 35
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At source type selection, one must pay into attention that industrial
X-ray apparatus are the most available, reliable and simple at service.

Gamma-defectoscopes are recommended to apply for testing:

e thick articles, impossible for examining by X-ray devices because
of imsufficient penetrating capacity of X-rays;

e complicated aggregates, welded and another articles and patterns having
construction inaccessible for examining by optimal way and scheme;

e aggregates, welded and another indivisible joints at field conditions,
where applying of X-ray apparatus is impossible because of absence
of power supplies.

Note: the objects with the same thickness may be tested often by means
of different sources of radiation, that why it is the problem for operator to select
the source providing the best ratio between the sensitivity, productivity, quality
and radiation safety at composing the examining scheme.

Accelerators are used mainly for testing the thick objects with
thickness inaccessible for examining by other sources of radiation.

If the material of the object is not listed in Tables given above, the
needed value of thickness corresponds the energy of radiation, listed in
Tables, may be determined with the help of formulae:

1. For X-rays and bremsstrahlung radiation of betatrons:

d = pe (Eer)x di / p (Begr), (3.5)
where E,;— effective energy of examining radiation; £.;=2/3 U,poge 0f X-ray
tube; Eoy =1/2E e at Epeer < 10 MeV; Ey =1/3 Epce at Epcq. > 10 MeV;
l: (Eeer) — weakening coefficient of material, listed in Table; p (E.g) — linear
absorption coefficient of given tested material, listed in GOST 20426
or references; d — thickness of examining material absent in Table, d; —
testing thickness of examining material, given in Table.

2. For gamma-radiation of radionuclidic sources:

d=pxd/p, (3.6)

where d and p — are thickness and density of material, not given in Tables;
d; and p, — are thickness and density of material, given in Tables.

In calculations, you must use as d; the thickness of such a material
which mean atomic number is the nearest to the atomic number of tested
material. In the case of complete substances you must choose the atomic
number of chemical element having the main fraction part in mixture. The
linear absorption coefficient for compounds is estimated as the sum of partial
coefficients accounting the relative mass fractions of each element of mixture.

In Europe, in accordance with EN 444-standard, the maximum tension
on the X-ray tube is chosen in dependence on tested object thickness by
means of the graph shown on Fig. 3.5.
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Anode tension, kV
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Fig. 3.5. Maximum tension on the X-ray tube in dependence
on the thickness of material of the tested object

The needed source of gamma-radiation or the X-ray equipment with
energy over 1 MeV (electron accelerator) are selected in dependence on
thickness of testing material at applying the Table 3.7.

Table 3.7

Range of examining thickness for sources
of gamma-radiation and X-ray equipment with energy over 1 MeV
for steel and alloys on base of copper and nickel

Source Examining thicknessd, mm, at testing
of radiation In accordance with Class A In accordance with Class B
170-Tm d<s5s d<s5
169-Yb' 1<d<l15 2<d<12
192-Ir 20<d <100 20 <d <90
60-Co 40 <d <200 60 <d <150
X-ray equipment, 30<d'<200 50<d <180
E=1...4 MeV d> 50 d >80
E=4...12 MeV
E> 12 MeV d >80 d>100

! thickness of exam material for Al and Ti is 10 < d<70 for Class A and 25<d<55

for Class B

If we have the tested material not listed on Graph 3.5 or in Table 3.7,
we can estimate the value of thickness corresponding to the energy listed on
Graph or Table with the help of so called coefficients of radiographic

equivalence:
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Table 3.8
Coefficients of radiographic equivalence
X-radiation, kV
50 | 100 | 150 | 200 | 220 | 250 | 400 |1 MeV |2 MeV | 6-31
Carbon-ep. |0.004
Glues 0.04

Glassplastic.| 0.35
Magnesium | 0.6 | 0,6 | 0.05 | 0.05 | 0.08

Boron-ep. | 0.75
Aluminum | 1.0 | 1.0 | 0.12 |/ 0.14 | 0.18 | 0.16

Boron-alum.| 1.0 | 1.0

Material

Titanium | 3.6 | 5.8 | 0.34 | 0.36 0.38
Steel 1201120 1.0 [ 1.0 | 1.0 | 1.0 | 1.0 1.0 1.0 1.0
Copper 16516 | 14 | 14 | 14 | 14 1.3
Zinc 150 14 | 1.3 | 1.3 | 13 | 1.3 1.2
Brass 14 131313 |13 1.2 1.2 1.2
Zirconium 23120 1.0 1.2
Lead 125 | 145 | 14.0|12.0|12.0| 9.0 | 6.0 3.0 2.5 2.4
Uranium 25.0 39

Material Gamma-radiation

ateria 1921, [ 370 [ 90Cg

Carbon-ep.

Glues

Glassplastic.

Magnesium

Boron-ep.

Aluminum | 0.35| 0.35 | 0.35

Boron-alum.

Titanium

Steel 1.0 ] 1.0 | 1.0
Copper 1.1 | 1.1 | 1.0

Zinc 1.1 1.0 1.0
Brass 1.1 1.1 1.1
Zirconium

Lead 40 | 32 | 23
Uranium 126 56 | 34

In given Table, the coefficient equal to 1.0 was given arbitrary for steel
(excluding columns for 50 and 100 kV, where 1.0 was given for Al). The
equivalent thickness is the product of tested object thickness and the
coefficient listed in Table. For all of other materials, at definition of energy
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of radiation one must use namely that material given in Table and on the
Graph which radiographic density is close to the radiographic density of tested
object. Standards of the USA, excluding special cases, demands that maximum
voltage on X-ray tube or maximum energy of accelerated electrons in
accelerator of particles were not more than values given on Fig. 3.6, 3.7, 3.8.
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Fig. 3.6. Maximum accelerating tension at steel examining
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Fig. 3.7. Maximum accelerating tension at examining alloys
on base of copper or nickel
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Fig. 3.8. Maximum accelerating tension at examining alloys on base of aluminum

Minimum thickness of materials recommended for testing by means of
radionuclides is given in Table 3.9. At testing materials not given in Table and on
figures, for choice of voltage on X-ray tube, energy of accelerated electrons or
radionuclidic source one can apply the coefficient of radiographic equivalence.

Table 3.9

Minimum thickness of materials available
for testing with the help of radioactive isotopes

. Minimum ' thickness, mm
Material 3
192-Ir 60-Co
Steel 19 38
Copper andhigh — Ni —content alloys 17 33
Aluminum 64 -

! Maximum thickness at using radionuclides is defined mainly by exposure time, so upper
limits are not given in Table.

% If another isotopes, not Ir and Co, are used, the preliminary examining of the sensitivity

standard is required in order to make sure of satisfactory resolution of testing at minimum
thickness of material.

3.2.3. Choice of type of radiation source
(X-ray equipment, gamma-defectoscope, accelerator)

After determining the needed tension, the concrete type of X-ray apparatus
is chosen taking into account the requirements for sensitivity, productivity of
testing and so on. Come from testing conditions, one can choose the X-ray
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equipment either stationary for working within the roentgen laboratory of given
enterprise, or mobile or transportable equipment for working at field and other
non-stationary conditions. At this, the main requirement produced for equipment

is the range of voltages on tube exceeded the needed tension.

In Europe the concrete type of radiation source is selected with the
help of Tables giving data concerning the variety of technical and
exploitation parameters of different types of sources, including type, tension,
maximum anode current or dose power, sizes of focal spot, design, mass,
activity, etc. The same way is applied in the USA.

3.2.4. Determining of radiation intensity

(anode current of X-ray tube, radiation yield of pulse X-ray apparatus,

radionuclidic sources and electron accelerators)

Sizes of focus spot of irradiator

The intensity of radiation sources is:

Maximum anode current of roentgen radiation of continuous actioniin mA;
Radiation output of exposure dose power of pulsed X-ray devices in
Koulomb/kgxsec or Roentgen/min (Roentgen/sec) at certain distance
from anode of tube;

Radiation outletof gamma-defectoscopes in the same units at certain
distance from radionuclidic source;

Radiation outlet (exposure dose power) of electron accelerators (betatrons
or linear accelerators) in the same units at certain distance from the target
of accelerator. Values of intensities are found in Tables of parameters for
concrete irradiators. Sizes of the focus spot of irradiators in mm one can
also define for concrete irradiators using the same Tables.

3.2.5. Choice of X-ray films and amplifying screens

In Russia the X-ray films produced by industry, are divided by 4 classes

(see Table 3.10).

Table 3.10
Classes of Russian X-ray films
Indices (parameters) of films

Classes of films Sensitivity : Contrast Graininess

1 Low Very high Too small

2 Average (middle) High Small

3 High Average Average

4 Very high Low High

At changing from the first to fourth class, the sensitivity changes its
values from low to extra high, the image contrast — from extra high to low
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and the graininess from extra small to high. The sensitometric parameters of
Russian films are given in Table 3.11.

Table 3.11
Types and characteristics of Russian X-ray films
Sensitometric characteristics '
Class of Type of e 2 Mean size Optical
film film Sesn 51t1\;1{‘531/ > | Contrast’ of grain, density
0,855 10 °m of fog
1 PT-K 3 4.8 0.25 0.10
5 PT —4M 5 3.5 0.25 0.10
PT — ClII 10 3.0 0.55 0.15
3 PT-1 25 3.2 0.77 0.20
4 PM -1 400 2.8 1.16 0.20
PT -2 450 3.0 1.38 0.20

' Determined at anode voltage 80 kV;

? Sensitivity Sogs —value reverse to exposure dose in R needed for receiving the optical
density exceeded by 0.85 unit the optical density of fog (haze);

3 Contrast of film: coefficient of contrast y for screen films; average gradientg, for non-
screen films

At choosing the X-ray film, the following recommendation may be done:
1. Firstly, the films of fourth and third classes one must use in any cases
if only the unmasking of non-permitted defects is possible at this.

Using of those films are worthwhile at testing the thick-walled objects

examined by the high-energy radiation; for revealing the inner

geometry and its hidden damages; if one needs to compensate the time
losses at exposure the object by low power sources of radiation

(e.g. pulsed X-ray apparatus). If at shots received on the film of fourth

class, one can’t reveal the non-permitted defects, one must cross then, in

consequence, to films of third class and further to films of second and
first classes. Sometimes, if the customer agrees, at choosing the film you

may use the recommendations of the USA standard ASTM E 94:

Note: these recommendations corresponds to commonly accepted level
of the radiographic quality 2 -2T. Quality may be improved by choosing the
lower number of the film type suitable by economic and technical
requirements.

e Voltages which are given in the Table, corresponds to working energy
of radiation.

e Standard E 94 gives also the similar recommendations for other
materials: aluminum, brass, magnesium and so on.
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Table 3.12
Choice of X-ray films in accordance with ASTM E 94

Thickness Tension on tube, radionuclidic sources, electron accelerators
of [50—|80-120-]150—[250 - 60 26|
material, | 80 | 120 | 150 | 250 | 400 |192-Ir|1 MV Co 2MV Ra 31
mm kV | kV | kV | kV | kV MV
Steel
0.6 | 3 |3 ]2 |1
6.12 | 4 | 3 | 2 | 2 |1
12...25 4 13121212 11 2
25...50 312121112 z
50...100 t 1413 1212121311

The amplifying coefficients of luminescent screens, applied as
combine with the films, are given in Table 3.13.

Table 3.13
Amplifying coefficients of luminescent screens

Amplifying coefficient of screen '
Type of film V- | DYV- | BY- | BV - | BII- | BII-
Bl B2 B3 B’ 1 2
Screen film (PT-2) 30 30 54 54 60 69
Non-screen film
(PT-K,PT-4M, PT-1) 2 2 3,6 3,6 4 4,6

" Coefficient is defined at U, = 80 kV and exposure time ~ 100 s,
29V —b — Lead-Barytes screen, all another screens are Tungsten-Calcium; for all of screens
the size of grain is (6-20) 10°m

Table 3.14
Optimum thickness of metallic screens (Lead or Lead-Tin foils)
X-ray Radionuclidic source
Source of device
radiation v>100ky | 170-Tm 75-Se 192-Ir | 137-Cs | 60-Co
Thickness
of front/back | 0.05/0.05 | 0.05/0.05 | 0.1/0.2 | 0.1/0.2 | 0.1/0.2 | 0.2/0.2
foil, mm
Source Electron accelerator with energy, MeV
of radiation 6 9 18 25 30 35
Thickness
of front/back | 21O 1y | o100 3y oia. 3y 202 3)
foil. mm (0.5...1.5) (1.5...2)
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Note: Amplifying coefficient of metallic screens at their optimal

thickness given in Table, is equal to ~ 2. At choosing of type of screen,
besides the amplifying coefficient, one must take into account the clearness
of the image of defects: at using the metal screens the image on the shot is
more clear-cut in comparison with using of luminescent screens.

In accordance with European standards (e.g. EN 584-1) X-ray films are

divided by their objective parameters, which are:

g, and g, are gradients of characteristic curves of films at values
of optical density S, = Sy +2 and S, = Sy + 4, where Sy is the optical
density of fog (haze);

05, — mean square root deviation of optical density at S, =2 + Sy;

g, /oy — ratio of the gradient of characteristic curve over the mean
square root deviation of optical density at S, =2+ S,

These parameters are estimated at voltage V =220 kV on X-ray tube.
European classification has 6 classes of X-ray films, from C1 to C6. .
Ratio g, / 65, may be regarded as the ratio “signal/noise” of the image

on the shot. At transfer from class C1 to C6, this ratio 1s decreased and
corresponds to the worsening of image’s quality. The EN 584 — standard
classification of X-ray films is given in Table 3.15.

Table 3.15
Limit values of gradient, gradient/noise ratio and granularity
Class Minimum of gradient G,;, at Minimum Maximum
of film of ratio(G/6p)min | of granularity 6pyax
systems D=2overDy | D=4overDo | ;i p=2gverD, | atD =2 overD,
Cl 4.5 7.5 300 0.018
C2 4.3 7.4 270 0.018
C3 4.1 6.8 180 0.023
C4 4.1 6.8 150 0.028
C5 3.8 6.4 120 0.032
C6 3.5 5.0 100 0.039

General recommendations concerning the choice of films and metal

amplifying screens in accordance with En 444 for examining the alloys on
base of steel, copper and nickel are given in Table 3.16.

Brief sum of the recommendations may be expressed as following:

At using X-ray radiation with tension more than 125 kV, the lead foil
with thickness about 0.1 mm may be applied;

At using the radionuclides, one needs to apply the front screen from
lead with thickness more than 0.13 mm at 192-Ir source and more than
0.25 mm at 60-Co source;
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Classes of films and types
of metal amplifying screens (by EN 444)

Table 3.16

Source

of radiation

Exam.
thickness d,
mm

Classes of films '
at testing class

Type and thickness
of metal screens
for testing class

A B

A B

<100 kV

X-rays
at voltage
on tube

100...150

kV

150...250

kV

See Fig. 3.5

C3
C5

Without screens
or with front and back
screen from lead,
d <0.03 mm

Front and back
screens from lead,
d <0.15 mm(max)

c4

Front and back screens
from lead,
d=(0.02...0.15) mm

169-Yb, 170-Tm

d<5

C3
C5

Without screens
or with front/back
screens,

d <0.03 mm

C4

Front/back screens
from lead,
d=(0.02...0.15) mm

X-rays at voltage
from 250 to 500 kV

d<350

d>50

C4

The same,
d=(0.02...0.2) mm

C5
G5

Front screen from lead,
d=(0.1...0.2) mm*’

192-Ir

20<d <100

C5 C4

Front  [Front screen,
screen, lead, lead,
d=(0.02...| d=(0.1...

02)mm | 0.2) mm’

Back screens, lead,
d=(0.02...0.2) mm

60-Co

d<100

d>100

C4

C5
C5

Front and back screens,
steel or copper,
d=(0.25...0.7) mm’’

Electron accelerator,
E=(1...4) MeV

30<d <200

d>100

C3

C5

C5

Front and back screens,
steel or copper,
d=(0.25...0.7) mm’
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Type and thickness

1
Source _Exam. C:tliz:iigf fcill;rslz of metal screens
of radiation thickness d, & for testing class
mm
A B A B
Front screen, copper,
d<100 C4 C4 steel or tantalum,
Electron accelerator, d < 1 mm(max)
E=(4...12)MeV 100 <d <300 C4 | Back screen from copper
4> 300 C5 5 or steel(d < 1 mm)

or tantalum (d < 0.5 mm)’

Front screen, tantalum,
d<100 C4 - d<1mm’
Without back screen

Electron accelerator,

E > 12 MeV 100<d<300| C5 C4 Front screen, tantalum,

d<1mm’

Back screen, tantalum,
d, 0.5 mm

d>300mm | C5 G5

! Better classes of films may be applied.

? One can use the prepared packing of films with front screen less than 0.03 mm, if the
additional lead screen with d ~ 1 mm is displaced between the testing object and the film.

3 For class A, one can use the lead screens with d = (0.1...0.5) mm.

* If customer and manufacturer agree, for class A one can use lead screens with

d=(0.5...1) mm.
> If parties agree, one can use screens from tungsten.

e At using accelerators with energy more than 1 MeV, one can receive
better radiographic sensitivity at copper screens instead of lead screens
of equivalent thickness. Sometimes, screens from gold, tantalum and
other heavy metals may be applied instead of lead screens.

3.2.6. Choice of focus distance or distance between source and object

In Russia, in accordance with the State standard 7512, one ought
to choice such a distance from radiation source to object tested which meets
the following requirement: the geometrical unsharpness of the defects images
on shots at placing the film closely to the tested object must not be high than
a half of a needed testing sensitivity at sensitivity value not more than 2 mm
and not more than 1 mm at sensitivity value more than 2 mm.

Usually, the geometry unsharpness is estimated by the formula:

U, =® xd/(F-d), (3.7)
where d 1s object’s thickness; @ — size of focus spot of source; F'— focus distance.
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Focus spot b, mm

If the sensitivity of testing K <2 mm, then, by GOST 7512, one can find that
U, =®xd /F—d) </ K.

So, now one can find that minimum focus distance
F=d(l+2®/K), (3.8

or minimum distance from source to object tested must be
f=F—-d=2®xd/K. (3.9)

Pay attention: if, for example, the pipe with diameter D is examined
through two walls with deciphering of the upper and lower sections, one ought
to substitute diameter D instead of wall thickness d in above written formulae.
For testing sensitivity K > 2 mm, in accordance with GOST 7512, we
can find: U, = ®xd / (F — d) = 1 mm, from which minimum focus distance
(inmm) is F = d (1 + ®),or minimum distance from radiation source
to testing object (in mm) is f=F —d = ®xd.

In accordance with European standard EN 444 the ratio
of minimum distance from source to testing object — f over the size of focal
spot of the irradiator — @ is determined from the equations followed:

For class A of testing f/ @ >7.5 b, (3.10)

For class B of testing f/ @ > 15 b””, (3.11)
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where b is the distance between the
turned to source surface of object and
the film. If the distance b < 1.2 d (where
d is tested object thickness), than
in equations for U, the quantity b must
be substituted by object thickness d.

Given equations were applied
for development the nomogram
for choosing the minimum distance
from source to testing object:

Fig. 3.9. Nomogram for determining
the minimum distance f from source
to object using distance b from object
to film and size @ of focal spot (by EN 444)
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In accordance with the USA standards, the geometry unsharpness
of images on X-ray film must not be more than values given in Table 3.17.

Table 3.17

Maximum values of geometry unsharpness

at radiography of materials of different thickness

Thickness of material, mm Unsharpness (max), mm

Less than 50 0.5
From 50 up to 75 0.75
From 75 up to 100 1.0
More than 100 1.8

By the USA standard ASTM E 94 U, may be computed from the equation:
U, = ®xd/ (F —d), or may be determined from the nomograph (see Fig. 3.10).
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Fig. 3.10. Nomograph for determiningU, by ASTM E 94
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Example of finding the value of geometry unsharpness:

Given parameters: distance “source — object” (F — d) = 400 mm; size
of focal spot @ = 5 mm; thickness of object d = 15 mm.

Now, fix value 400 mm on left scale of (F — d) line and fix size of focal
spot 5 mm on right scale of the same line. Fix value of thickness of object
15 mm on d-scale. Then connect by straight drawing line the point of 5 mm
on focal scale with 15 mm-point on thickness d-scale and fix the P point
(P =81) on the turn line. Then the straight line we must draw from the point
400 mm on (F — d) scale through the P point on turn line toward the scale of
U,. At this, the crossing of this straight line with U, scale gives the value of
U, in mm:U, = 0.19 mm. Usually size of focal spot is defined for the concrete
source of radiation, so the value of U, may be changedfor given thickness d
of object by varying the focus distance F: the larger F, the smaller U,.

3.2.7. Optical density of shots

In Russia, by GOST 7512, the optical density of images of tested section
of the welded joint,the nearest zone around the joint and sensitivity indicator
must not be less than 1,5 units. Maximum optical density of shots is defined by
the maximum brightness of the illuminated field of the negatoscope which
must not be less than 10°", where S is the optical density of the shot.

In Europe, by requirements of EN 444 and other rules, minimum
optical density of radiographs, including the optical density of the backing
and haze, 1s determined by the data listed in Table 3.18.

Table 3.18
Minimum optical density of radiograms
Class of testing Optical density '
A >2.0
B >23

" The error permitted is + 0.1.

Maximum permitted density is determined by the brightness of the
negatoscope field in accordance with the EN 25580 rules.

By the USA standards, the optical density of the shot in the sensitivity
indicator’s image zone and in testing object’s zone of the interest, must have
the minimum value 1.8 at examining by X-rays, and value 2 at examining by
gamma-radiation source.

If one looks through the clear space at once two radiographic shots
placed one on other, then minimum optical density of each shot must have
the value about 1.3 and the sum density must have the minimum value 2.6.
Maximum optical density of single or the sum density of two radiographic
shots must not be over 4.0.
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3.2.8. Choice of size of tested section
and evaluation of number of sections tested

In Russia, by GOST 7512, the size of section tested is determined from
the point of permitted decrease of the optical density of the image of welded
joint within any section of this image (including the edge of the shot) not
more than 1.0 unit, in comparison with the optical density of the image of
sensitivity indicator in the center of shot. The concrete length of section
tested at single exposure and number of sections (exposures) of object are
determined from the corresponding appendixes of standard 7512.

In Europe, they meet the rules of standard EN 444, and in this case the
relation between the examining thickness at the edge of the estimated square
of uniform thickness and the thickness in the centre of the beam must not be
more than 1.2 for class A and not more than 1.1 for class B.

In the USA, as in Europe, the length of the tested section of the object is
estimated by the relation of the uniform thickness at the edge of section over the
thickness in the centre of the beam. The minimum number of sections at the
exposure of circular welded joints having the external diameter D at the focus
distance F and with permitted increase of the thickness on the section edge not
more than 20 %, one can estimate using the nomograph given on Fig. 3.11.

\I;‘ N
\\

N

NN

NN

40

EX]

30

25

AIILE
97

Relation D/F

3 o
1
e |
k-1 = :;": wl - :,

2.0 r =

] oy \ <

15 \\\\R\\}\Q

AN

0,5 =z é“&x\\\
RSN

¢ 005 01 0I5 02 025

Relation /Ty
Fig. 3.11. Nomogram for estimating the minimum number of sections (exposures) n
at examining of circular welded joint with diameter > 100 mm through one wall
with thickness d, at focus distance F and at wall thickness increase
on the edge of section not more than 20 %
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Table 3.19
Number of shots (sections) at exposure the circular articles (hollow pipes).
Film is displaced inside the pipe, front wall is under testing

Ratio Number of shots, not less than, at d /R
F/R 0.5 0.4 0.3 0.2 0,1
Upto 1.2 16 14 13 12 11
1.2...1.5 15 13 12 11 10
1.5...2.0 14 12 11 10 9
2.0...4.0 13 11 10 9 8
4.0...20.0 12 10 9 8 7
20.0 11 9 8 7 6
Table 3.20
Recommended relationships between sensitivity,
geometry unsharpness and size of defects
Min size
of defect,| 0.1 |0.2/0.3/0.4/0.5/0.6/0.7/0.8| 1.0 [1.2| 1.5 |2.0{ 2.5 3.0/ 3.5 |4.0|5.0
mm
Sensitivi
ty Ad, 0.05| 0.1 0.2 0.3 10.4]/0.51]0.6/0.75/1.0|1.25|1.5(1.75|2.0|2.5
mmof | : . : 4(0.5(0.6/0.75/1.0/1.25|1.5(1.75|2.0|2.
exposure
M?;(rr[ljg’ 0'22 0.05 0.1 0.15 0.210.25/0.31 0.4 |0.5/ 0.6 |0.7| 0.8 |0.9(1.0

3.2.9. Calculation of exposure time

In Russia, the exposure time at examining by X-ray devices
of continuous action, is determined with the help of nomographs given
in Fig. 3.12, 3.13. for joints made from Fe- and Al-alloys. Then, the
correction may be done corresponding to the concrete type of X-ray
device, material of object tested and exposure conditions.

The exposure time by the pulsed X-ray apparatus for alloys on the base
of steel is determined with the help of nomographs given below on Fig. 3.14
up to Fig. 3.16.

The exposures at gamma-radiation examining for alloys on Fe-base
may be defined from nomograms of Fig. 3.17.

Exposures (needed radiation dose at distance 1 m) at examining by
bremsstrahlung radiation of betatron the Fe-based alloys, are defined with the
help of nomogram of Fig. 3.18.

At applying nomograms given below, sometimes one needs to correct
the exposure time found from nomograms by certain amendments.
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Fig. 3.12. Exposure nomogram at examining Fe- based alloys onto PT-K film
at F=75cm, S = 1.5: drawing line — without amplifying screens,
the rest —with screens from lead foil, d = 0,05 mm
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Fig. 3.13. The same for Al-based alloys
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Fig. 3.14. Nomogramfor Fe-based alloys
at examining by pulsed X-ray device MIRA — 2D
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1. Correction for material of object.

The equivalent thickness of material under examining but not given
in nomograms above, is found for the effective energy of radiation by
recommendations given in section 2.4 for X-rays and bremsstrahlung
radiation and for gamma-sources.

2. Correction for type of X-ray film and amplifying screens.

If we use the X-ray film differed from films listed in nomograms then
we must use the transfer factors k received from Table  and characterized
the radiation sensitivity for different types of films:

t:t()(k/k 0), (312)

where tois exposure time taken from nomographs for given type of film and given
variant of the cassette loading; kg is transfer factor, estimated from Table 3.21 for
given type of film and variant of loading, 1. e. in the same conditions as for t;
k 1s transfer factor for film and variant of loading, for which t is estimated.

Table 3.21

Factor k of examining time transfer from PT-1 film to other ones

Variant
of loading
Without
amplifying 1 1.7 2.5 5 8.4
screens
With metal
amplifying.
screens at 0.5 0.8 1.25 2.5 4.2
voltage over
100 kV
With
luminescent
screens at
voltage 80 kV 0.5...0.2210.04...0.015 | 1.25...0.5 2.5...1.1 42...1.8
and exposure
time 100 s

PT -1 PT -2 PT-CII | PT-4M PT -K

3. Correction of focus distance

If exposure regimes use focus distances differ from regimes listed on
the nomographs given in figures mentioned above, one can find
approximately the needed examining time as

t=ty (F*/ F?), (3.13)

where ¢, is time at focus distance Fj, found from nomogram; ¢ is examining
timeat chosen focus distance F.
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4. Correction on anode tension on X-ray tube
If the exposure regime differs from regimes listed in nomographs given
above, the needed exposure time may be found approximately as

t=ty (V> / V%), (3.14)

where 7 is exposure time at chosen anode tension V; f#, is exposure time
at anode tension V), found in nomogram.

5. Correction on optical density of shot.

At exposure regimes with optical density differed from given in
nomograms, the needed exposure time one can find approximately from
relationship:

lgt/to=(S—Sp) /7, (3.15)
where 7 1s time at chosen optical density S of shot; 7, is time at optical density S,
found in nomogram; v is coefficient of contrast of the X-ray film applied.

In Europe, the exposure atirradiation by X-ray devices of continuous
action the objects on Fe-based alloys is determined with the help of
nomograms similar to given in Fig. 3.19 for Structurix D7 film manufactured
by the firm Agfa-Gevert.
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Fig. 3.19. Nomogram of exposures at examining steel-based alloys
on the “Structurix D7 film with lead amplifying screens (F=100 cm, s=2.0)

If necessary, the corrections for exposure time are calculated
and put into operation of checking. In particular, at transfer toward other
types of films one ought to use the relative exposure factors, given
in Table 3.22 below.
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Table 3.22
Relative exposure factors for Structurix films

Linear
Type of film 100kV | 200kV | 192-Ir | 60-Co 6-MeV accelerator
D2 10.6 8.7 9.0 10.0 10.0
D3 4.1 4.2 5.0 5.1 5.1
D4 3.1 2.6 3.0 3.1 3.1
D5 1.8 1.6 1.5 1.5 1.5
D7 1.0 1.0 1.0 1.0 1.0
D8 0.7 0.7 0.7 0.7 0.7

In the USA the approved methods of exposure time estimation are
practically the same as the above described ones.

3.2.10. Chemical — photographic development
of exposured X-ray film and its storage

Usually the exposure time takes several minutes. after exposure
the film is the subject to treatment including developing, fast washing in
water, stoppage, second washing, final washing in fresh water, drying of
shot... The treatment ought to be done in dark laboratory room or under
red non-actinic light; at this the light source must be placed far than
50 centimeters from the film and its time of influence on film must not
be over 6 minutes.

Being the determinant factor for a high quality testing, the film
developing process must be kept carefully, subsequently, in different photo
baths and met strictly all the rules and requirements, including those
concerning the way of preparing the developer and fixing solution and their
content, given in prescriptions.

The consequence of developing procedure is as follows:

1. First step. It means the developing of film in the bath with the
developer of certain chemical composition in a course of certain time
depended on film type and irradiation conditions.

2. Second step. Stoppage of developing process is fulfilled by bringing
the film to a stop bath. Previously, the film is picked up from the first
bath and washed up fast by fresh (pure) water. Than the dissolution of
non-irradiated silver bromide is occurred in a fixing bath. At this, the
process of silver germ formation is stopped fully.

3. Washing out of chemicals still remaining in photoemulsion is done in
the bath with fresh water.

4.  Finally, the X-ray film is picked out carefully from last bath and then is
dried under the clear air or under fan for 1 to (3...4) hours.
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The reducing of the time of automated developing is possible at using
the special developers on base of Phenidone which allow to develop films in
1.5 — 2 min at increased temperature of developer. If hard water was used for
preparation the developer, one ought to smooth water by boiling it or by adding
in water the special smoother Trilon B with concentration in 2 gram/1 liter. One
liter of developer allows to develop up to 1 m*> of X-ray film. For further
holding (maintenance) the action of developer, one ought to add the special
restorer into solution. In order to prevent the deformation of emulsion layers,
it 1s recommended to apply the sour fixing substance or apply the fixing
matter on base of Hyposulphide, Ammoniumchlorine and Natrium
metabesulphitewith adding Chromokalium alum. The just prepared developer
has abnormal fog capacity, so it is permitted to use fresh developer only after
passing 12 hours behind the time of preparation.

The developing is ought to do in special tank with vertical disposition of
film fixed with the help of the frames. At developing, the film must be 2 — 3 times
shaken sharply in order to separate the adhered air bubbles from the surface
of film. The horisontal developing in a cuvette is permitted in a case when the
working volume is within several tens of shots in a working shift. At this,
cuvette must be rocked slightly from time to time in order to prevent the film
from non-uniform developing and from sticking of films one an-other.

The developing time depends on the exhaustion and temperature
of developer (see Table 3.23). The allowed range of temperatures of solutions
used are given in references of development regimes.

Table 3.23
Developing time (in rel. units) of X-ray film
in dependence on temperature and exhaustion of developer

Temperature of developer, C

18 | 19 20 21 22 23 24

Fresh 1.0 094 088081075069 | 063
. 2

Exhaust at developing of 1 m 14113 | 12 | 1.15] 1.10 | 1.05 | 1.0

of film in 1 liter

State of developer

In order to prevent the washing out of silver from the film before its
final washing, the film must be previously washed in tank with non-running
slightly sour water (2 gram of hard acetic acid (vinegar) in 1 liter of water).

At working with X-ray film, it is necessary to keep the rules of it safe
storage. X-ray film evolves toxic gases at burning. X-ray films, in accordance
with the “Technical conditions” of manufacturer, one ought to store on the
shelves in rooms having ventilation, at certain temperature and relative
humidity of air and at certain distance from heating devices and floor. X-ray
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film must be prevented also from the action of direct sunlight and gases
harmful for film, e.g. Hydrogen sulphide, Acetylene, Ammonia and so on.
One can’t store films in rooms where the presence of radioactive substances
is possible or presence of light compounds of continuous action. At drying,
the films ought to hang up.

At large volume of working and the necessity of reducing the treatment
time of exposed film, it is recommended to dry film in special drying board
having heaters, fans and filters for air cleaning. The development process
in total may be automated at large volume of daily work.

Wrong operation with films and possible mistakes or errors can cause
the occurring of film defects which made the interpreting of shots more
difficult and, sometimes, even impossible. The most often 1 defects occurred
are haze, light and dark spots, scratches, signs of fingers, flows etc.

The interpreted shots are stored as a document of testing in a time
determined by the purpose and exploitation conditions of the article tested.
If the time is over, films may be utilized.

3.2.11. Interpreting of shots and rejection of joints,
patterns and articles

The estimation of the quality and rejection of testing objects as results
of X-ray shots analysis must be done in strong accordance with the acting
technical conditions for manufacturing concrete details, units and articles.

Before interpreting one ought to estimate the quality of shots from the
point of view of detection the defects caused by wrong chemical —
photographic development. Then the optical density of shot is estimated which
must be not less than 1.5. After this, one ought to check on shot the revelation
of the sensitivity indicator’s elements which guarantee the revelation of non-
permitted defects, and check on shot the presence of images of marking sights
(e.g. ordinal number of shot or section, pointer of examining direction, etc).
If given conditions weren’t performed, the shots can’t be taken for interpreting.
So, in this case the exposure procedure must be repeated once more time.

The conclusion is made as the result of interpreting of shots, which are
interpreted in dry state with the help of negatoscope. If necessary, the fourth-
multiple magnifying glass is used. At measuring the images of defects having
sizes up to 1.5 mm, one ought to use the magnifying glass, and at measuring
defects having sizes more than 1.5 mm on e ought to use the transparent
measuring ruler.

At interpreting, the shot must not contain defects of film such as
scratches etc and defects occurred due to wrong development (haze, light
sections caused by splashes of fixing substance on to the dry surface of film,
bubbles of air stuck on the film at development, sights of fingers, dark
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sections caused by lighting the non-exposed film, sights of electric discharges
due to friction of film, flows etc).

The value of the optical density is estimated by means of densitometers
or by visual comparison with shots having fields with measured optical
densities in the range of interest.

At analysis the radiographic films, one ought to account the kinds and
types of defects. All of defects which increase the path (length) of radiation
in testing material (e.g. splashes of metal on surface of the article, sparks of
metal etc) or represent the inclusions of materials with stronger weakening
factor than the bulk material (e.g. tungsten inclusions inside steel welded
joints) are revealed as a light areas which are projections of defects along the
exposure direction onto the plane of X-ray film.

All of defects which reduce the path of radiation in testing media
(e.g. incompleteness of any kinds such as cracks, faulty fusion (lack of
fusion), gas pores etc.) or represent the inclusions with lower weakening
factor than it of bulk material (e.g. inclusions from slag and so on) are
revealed on shots as dark areas. So, for example, the cracks are revealed as
dark thin sometimes branched winding lines. Faulty fusions are revealed as
right dark lines and pores are revealed as dark spots of circular form; slag
inclusions —as spots and points of irregular form and so on.

The problem Of high complication is the revelation of damages caused
by the tiredness, especially revelation of cracks. Best revelation is provided
in a case when the plane of metal break coincides with the exposure direction
within the angle not more than 5°. At this, the width of the crack must be, at
any case, not less than several tens of micrometers if ever the thin thickness
(less than 20 mm of steel) is exposed. The depth of crack must be about
2 ... 10 % of object thickness.

The cracks which are under the action of compressing loads can’t be
revealed at exposure by X-rays. In order to increase the sensitivity and
revelation of cracks inside the units and elements of constructions, one needs
some times to form the stretching tension providing the uncovering (opening)
of cracks with the help of lifting jack, surplus pressure etc. The cracks filled
with oil or other contaminations are revealed badly at X-ray exposure. The
schemes of loading and loading values, in this case, must be defined by
designers of the articles.

At the process of organization and assimilation of experience in the
radiation defectoscopic testing, the independent industrial directions
(instructions) or technological recommendations must be designed which
takes into account the peculiarity of testing procedure for concrete
articles, characteristics of sources applied, the optimal schemes and
regimes of exposure.
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3.3. Control tasks

Calculate the focal distance F at exposing the object with the thickness
25 mm by means of the roentgen radiation at tension 250 kV on the
tube. The focus size is 5 mm, the film has fine-grained structure with
U~0.06 mm. The distance from the defect to the film b = 1 mm.

The welded joint is exposed by means of the roentgen apparatus PYTI-
200-205 at the focal distance 75 cm. The steel article has the wool
thickness 17 mm and the joint amplification 4 mm. The shooting
is made on the PT-1 film with two tin-lead foils with thickness
0.05 mm. Determine the exposure time t (min).

For the same welded joint determine the exposure time (task 2) at the
same testing conditions but on the PT-3 film with the metal amplifying
screens.

The exposure time for testing the aluminum cast with the thickness
100 mm at the roentgen tube tension 100 kV and anode current 5 mA
on the PT-1 film with the metal amplifying screens is 4 min at the focal
distance 75 cm. Determine the exposure time for the same cast and the
same other conditions, if only the focal distance is now 100 cm.

The cast from aluminum alloy with thickness 40 mm is exposed at the
angle 45°. Determine the thickness of metal for which the exposure
time would be calculated by means of the exposure nomogrammes.

It is necessary to fulfil the exposure of the assembly made from copper
with thickness 10 mm by means of the apparatus PYII-200-205 on the
PT-1 film at the focal distance 75 cm. Determine the exposure conditions.
Determine for the aluminum detail with the thickness 20 mm the
exposure time for gamma-radiation of Tm'” at the focal distance
50 cm. The PT-1 film is disposed between two lead foils with thickness
0.05/0.05 mm. The exposure dose rate of the source is, for time
of exposure, 1-10™ R/s at distance 1 meter.

Determine the exposure time if the steel article with the thickness
70 mm is exposed by the gamma-radiation of the Co® at the focal
distance 100 cm on the PT-1 film, disposed between two lead foils
with thickness 0.2/0.2 mm. The exposure dose rate of the source
is 2107 R/s at distance 1 meter.

Determine the exposure time t if the steel article with the thickness
70 mm is exposed by the gamma-radiation of the Co® on the PT-2 film
disposed between lead foils 0.2/0.2 mm. The exposure dose rate
isP=2-10" R/s at distance 1 meter, the focal distance F =85 cm,
and 1 year has passed from the moment for which the exposure dose
rate was shown in the source passport and the moment of the exposure.
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10.

11.

12.

13.

14.

15.

16.

17.

At the same conditions as in the task Ne 9, determine the article
exposure time if the focal distance is 50 cm.

Determine the exposure time for the copper article with the thickness
70 mm and the PT-2 film disposed between lead foils with thickness
0.2/0.2 mm, if focal distance F = 50 cm and the radiation source is the Co®.
Determine the exposure time t if the steel article with the thickness 45 mm
and the joint amplification 5 mm is exposed by the gamma-radiation of the
Cs" on the PT-2 film disposed between lead foils with thickness
0.2/0.2 mm. The exposure dose rate at the moment of the passport
composing was 2.2-10° R/s at distance 1 meter. The focal distance is
F=50 cm. The time passed from the moment for which the source gamma-
equivalent was shown in the passport to the moment of exposure, is 5 years.
The radiographs of one and the same testing object are made constantly
(regularly) during two years by one and the same source with
radionuclide Co®. How much should the exposure time be increased at
the end of the above-mentioned period in comparison with the
beginning if all other conditions of the radiograph receiving are
conserved? It is known that Co® has the half-decay period of 5.3 years.
The source of the base of Ir'”* with the half-decay time of 75 days
provides for the present moment the optimal exposure of the testing
object during 20 min. What time of the exposure would be needed after
5 months for receiving the radiograph with the same optical density
and at conserving the other testing conditions?

The qualitative shot of the steel housing with the thickness 8 cm is received
with the exposure 10 min at the distance 100 cm between the film and the
radiation source (radionuclide Co®). What time would be needed
for receiving the radiograph if the distance between the film and the source
will decrease up to 60 cm and if the other conditions are conserved?

The apparatus with the accelerating tension 1 MeV and the current
3 mA and with using the lead screen of 0.25 mm thickness was taken for
receiving the radiograph of the testing object from the 8 mm — thickness
steel. At this, the distance between the source and the film was 120 cm,
the optical density was 1.5 and the exposure time was 2 min. The similar
radiograph is received at shooting under the same conditions of the steel
sample with thickness 15 cm in 100 min. What time of exposure would
be needed at shooting the testing object from steel with the thickness
11.5 cm if the other testing conditions are conserved?

The radiographic shot having the exposure 12 mA-min allows to achieve
the optical density of darkening 0.8. It is desirable to increase the darkening
density to the meaning 2.0. At the study the characteristic curve of the
given film it was detected that the difference of the logE meanings
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corresponding to points 0.8 and 2.0 on the axis of densities will be equal
to 0.76. The antilogarithm 0.76 corresponds to the value 5.8. What would
be the new exposure sufficient to achieve the needed darkening density 2.0?

3.4. SET OF TEST QUATIONS ON SECTION “RADIOGRAPHY”

1. What is a purpose of using diaphragms, collimators, filters in radiography?
A decrease of influence of scattering radiation;
B for changing the energy spectrum of radiation;
C for providing the better uniformity of the radiation action within
total surface of X-ray film;
D to compensate the sharp difference of radiation thickness of
different parts of the object test.

2. The low-tension X-ray tubes are provided usually with the output window
made from. Explain the cause of such a choice:

A glass;

B plastic material;

C beryllium.

3. General principle of generation the X-rays consists in the sharp deceleration
of electrons moved with high velocity in solid matter which was called:

A target;

B focusing electrode;

C heater;

D cathode.

4. If one needs to get the shot of the object made from steel and having the thickness
17 cm, which of radionuclidic sources of gamma-radiation one ought to use?

A Iridium-192;

B Thulium-170;

C Caesium-137;

D Cobalt-60.

5. The linear weakening factor and the degree of radiation absorption depend,
at passing of the radiation through the layer of matter, on:

A atomic number, source energy and depend not on the thickness of layer;

B layer thickness, atomic number and value of specific activity of
source’s material;
layer thickness and value of accumulation factor;
atomic number, layer thickness and energy of radiation source;
thickness, atomic number and depend not on the radiation energy.
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6. The Ir-192 source with the half-decay period 75 days provides now the
optimal exposure of the object at 20 min. Which exposure time will be
needed 5 months later for getting the shot with the same optical density and
at the constancy of other exposure conditions?

A 20 min;

B 40 min;

C 60 min;

D 1 hour 20 min;

E 6 hours.

7. The effective focus (focal) spot of the X-ray tube:
A s sloped at the angle about 30° related to the tube axis;
B must be as small as possible and, at this, must not cause the reduce
of the exploitation time of the tube;
C it holds high negative potential at the tube at total time of its
operation.

8. The sensitometric factor which is equal to tangent of the slope of the
rectilinear part of the characteristic curve of X-ray films, is called:

A sensitivity of the film for radiation (number of sensitivity);

B gradient for films without screens;

C contrast coefficient for films without screen;

D contrast coefficient for films with screen.

9. The thin sheets of the foil from lead, disposed closely with the X-ray film
at the exposure moment, increase the blackening density due to:
A they emit the visual light due to the fluorescence;
B at process of the exposure by photon radiation, they emit electrons
which help to sensitizate the film;
C they absorb the scattering radiation;
D they prevent to haze the film by back scattering radiation.

10. The acceleration tension on X-ray tube influences on;
simultaneously on the energy and intensity of radiation;
it influences not either energy or intensity of radiation;
on energy of photon’s radiation;

on the intensity of radiation.

~ NN
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11. Geometrical unsharpness of the shot:

A 1is directly proportional to the distance between the object and film
and spot;

B is inversely proportional to the distance between the object and film
and proportional to source — object distance;

C directly proportional to size of the focus spot and inversely
proportional to source — object distance;

D inversely proportional to the focus spot size and object — film distance.

12. X-ray films having large size of the emulsion germ (grain):
A give shots with better resolution than films with small-size germs;
B have higher sensitivity than films with relatively small germ;
C have less sensitivity than films with relatively small germ;
D will need in longer exposure time for getting the qualitative shot
than films with the relatively small germ.

13. Which of materials is used most often for producing the target of the X-ray tube:
A Copper;
B Carbon;
C Tungsten;
D Berillium.

14. Usually, the quality of the radionuclidic image is estimated best of all
with the help of:

A reading the density value by the densitometer;

B using the standards of sensitivity;

C measuring the zone of non-uniformity of the screen.

15. The main demand concerning the best geometry of the image forming is:
A X-ray radiation must be emitted by the focus spot of such a large
size as it is allowed by the rest conditions of the exposure;
B the central beam of radiation must coincide possible with the
perpendicular to the film surface;
C the source-object distance must be possibly small;
D the film must be placed as far from the object as possible.

16. The cassette with X-ray film has usually the thin sheet of lead set from back
side but not in contact with the film. What is the purpose of such a sheet?

to defend the film from the back scattering;

to increase the brightness of the screen;

not “A”, not “B”;

“A” and “B”.

CAaw»>
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17. Water is the solvent in the developer. It must be:
A distilled;
B soft;
C hard;
D of “drinking quality”.

18. Which from the listed lower operations are fulfilled firstly at interpreting
the radiographic shots?

estimation of the correctness of the testing conditions and regimes;
revelation of the articles without any defects;

rejection of the articles;

revelation of defects in accordance with technical demands, testing
rules and standards.

S AW

19. The penetrating capacity of X-ray radiation is determined by:
A time;
B current power of the tube;
C source- object distance;
D tension on X-ray tube or by the wave length.

20. The thickness of the half-absorption layer for Cobalt-60 radiation in steel
is 2.54 cm. If the exposure dose power on the surface of the steel plate from
the source side is 64 R/hour, which will be the exposure dose power on the
back side of the plate having thickness 7.56 cm?

A 3 R/hour;

B 8 R/hour;

C 10 R/hour;

D 13 R/hour.

21. At distance 1.22 m between the source and the film one needs in exposure
time 60 s for getting the X-ray shot. Which exposure time will be needed for
receiving the equivalent optical density of the shot if the source- film distance
was increased up to 1.53 m?

A 38s;

B 48 s;

C 75s;

D 9%4s.
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Chapter 4
RADIATION INTROSCOPY (RADIOSCOPY)

4.1. Introduction

Very often the non-destructive testing meets the problems when it is
necessary to get the information about the inner structure of the object tested
directly at moment of the defect appearance. Usually, the problems of such a
kind are connected with the large-scale serial production (e.g. produce of
rolled metal, pipe production, etc.)

The necessity of dynamic analysis of the real picture (shot) of the
object is appeared also in cases when it is necessary to provide the active
influence from the side of operator onto the technological process of
manufacturing namely at given moment of procedure. So, the method of
radiation introscopy is applied most often for these purposes.
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Fig. 4.1. General block- scheme and base elements of radiation introscopy:
1 — radiation source; 2 — tested object; 3 — input screen;
4 — optical device (objective); 5 — sensitive gage (receiver); 6 — unit of treatment
and indication of signal; 7 — unit of treatment the information by operator
For example, the insertion of the introscope into the system of welding the
thick-walled steel courses allows us to detect the formation of gas pores at moment
of welding and then to estimate the sizes of those pores or defects of other kind.
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The radiation introscopy is based on the irradiation of the testing
object by the penetrating radiation and then on the conversion
(transformation) of hidden (latent) radiation image of the object into visual
light-shadow or electronic image and then on transfer (transmission)
of those images through distance with help of the optical facility or TV-
receiver. At this, it is foreseen the active participation of an operator in
procedure of analysis the light-shadow image of internal structure of the
object directly during the time of checking.

Main elements of general scheme of radiation introscopy are the
facility of introscope of certain design and, of course, the operator.

Functions of base elements:

1 — source irradiates the penetrating radiation with certain kind, energy
and intensity; 2 — aim of testing with certain size (thickness), density, etc;
3 — input screen converts the latent radiation image into the visual light-
shadow image; 4 — optical facility transmitted the information from the input
screen; 5 — receiver (sensitive element) converts the light radiation into the
consequence of electric signals; 6 — treats signal by amplifying,
discrimination, normalization, indication and so on.

The output light signal from the converter of radiation is transferred
toward the receiver through the optical device; at this the receiver makes the
necessary operations with the converter’s signal in order to meet signals in
accordance with the type of treatment device.

Role of operator: getting of running information and its analysis;
compose of general conclusion concerning the inner structure of object At
this, the operator chooses and changes, if necessary, regimes of source,
receiver and videomonitor operation.

The distinction between the radiography and radioscopy consists,
obviously, in the fact that radiography has limitations connected with the
time losses needed for roentgenographs development and interpreting
(analysis). On contrary to this, radioscopy is the method of express testing
because the received light-shadow image is under the analysis in the moment
of testing and the operator has the possibility for executive actions
(commends), changing the separate elements of procedure if needs.

In practice of radioscopy, one can distinct two different ways
of conversion:

1) method of direct transformation of hidden (latent) radiation image into
the light-shadow one:

2) methods of cascade transformation the latent radiation image of testing
object into light-shadow one with the immediate optical transfer
of visual information to operator and distant transfer with the help
of TV-systems.
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Fig. 4.2. General systems of radiation introscopes with direct watching of images

(a — d) and with using the TV-systems (e — h):

1 — X-ray or gamma-radiation; 2 — fluoroscope screen; 3 — electron-optical converter,
4 — scintillation crystal; 5 — electroluminescent screen; 6 — electron-optical amplifier;

7 — optics; 8 — operator’s eye; 9 — superorthicon; 10 — vidicon,
11 — X-ray vidicon; 12 — TV-channel; 13 — TV-receiver

All of methods of the radioscopy apply, at their operation, four general

physical phenomenons:

l.
2.

Interaction of different kinds of penetrating radiation with the matter.
Luminescence (fluorescence) of matter being under the action of
ionizing radiation.

Photoeffect (internal and external) under the action of radiation or
under the action of luminescence caused by radiation.

Secondary electron emission at conversion the photoelectron’s beams
into the electric signal and at the following reproduction of visual
image within the TV-systems.

The luminescence principle is the base of fluorescent screen action as

well as the action of scintillation crystals and luminophors applied in the
constructions of the electron-optical converters, electron-optical amplifiers
and receiving TV-tubes (kinescopes).

The photoeffect phenomenon 1s using in the constructions of

roentgenovidicones, transmitting TV-tubes (vidicones, superorticones, isocones),
in electron-optical amplifiers and roentgen electron-optical converters.
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The phenomenon of the secondary electron emission is used in the
constructions and actions of transmitting TV-tubes and amplifiers.

The sources of radiation for radiation introscopy: most of all, the X-ray
apparatus are used for the radioscopy of industrial articles and materials;
different types of accelerators and gamma- and neutron sources with high
activities are used within certain limits. The neutron defectoscopy has deal
also with the usage of nuclear reactors having the channel of thermal
neutrons withdrawal or usage of neutron generators.

The radiation introscopy maintains such the advantages of
radiographs as the possibility of determination the character and shapes of
the object revealed and, at this, allows getting the image of inner state of
the object immediately at moment of examination. The low inertia of
converting the radiation image allows to review of the object at different
angles relatively the exposure direction. That leads to increase of the
defect revelation probability inside object. Besides, it become possible to
check the quality of articles without their disassembling and under
conditions closed to exploitation ones (presence of vibration, temperature
and pressure fluctuations, etc.). Another advantage of radioscopy is the
possibility of wide spread of the stereoscopy principles in order to reveal
the space distributions of defects inside the object. By using two sources of
radiation placed at certain basic distance, one can get the stereo image of
the object at moment of examining.

Disadvantages of radiation introscopy methods

1. First, but the disadvantage of most importance of introscopy in
comparison with the radiography is need in application of the
photographing from the screen of videomonitor if one needs in getting
document, which reduces the image quality and worker the
defectoscopic sensitivity of the method.

2. Secondly, radioscopy needs in higher dose of radiation absorbed by the
object at time of testing, because at radioscopy in order to receive the
image of the same quality as in radiography, the higher dose power is
necessary. It occurs due to that fact that at film exposure the collecting
of the information and formation of only the single shot (sequence,
still) has place at total time of exposure. Contrary to this, in radioscopy
at time of visual analysis of the shadow image, one must form the large
number of sequences (shots) and all of those shots must have high
enough quality, 1. e. must be formed at high dose power of irradiation
at surface of the converter in very short exposure time, namely — in
time of single TV — sequence (shot) equal approximately 0.04 second.

3. Third disadvantage: at using the geometry of the broad beam at
exposure, the quality of image is dependent, within one or another
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degree, on the accumulation factor of scattering radiation which makes

worse the defectoscopic sensitivity.

The method of direct transformation of the latent radiation image into
the light-shadow image is called “the fluoroscopy” since here the
fluoroscopic (fluorescence) screen is used as the radiation-optical converter.

Different methods of the cascade conversion are called “the
radiography in real time”, “the forming of images in real time scale”. At
this case, the industrial amplifiers of radiation image are applied as the
radiation-optical converters, i.e. facilities inside which the radiation-
optical transformation occurs due to the additional sources of energy
connected not with ionizing radiation and the amplification factor of the
brightness is more than 1. At this, the brightness amplification factor is the
relation of the value of brightness of output screen of radiation electron-
optical converter (REOC) over the value of brightness of the standard
fluorescent screen at the same given conditions of irradiation the input
plate of the converter and fluorescent screen.

So, the main advantage of radioscopy is that the light image on the
screen becomes qualitative enough as soon as the density of the energy flow
of quanta of radiation image will get the certain value. The characteristics of
radiation and radiation electron-optical converters such as density of the flow
of quanta’s energy, spectrum, amplification factor of radiation image
amplifier of the REOC, factor of contrast transfer and so on, one can change
directly at analysis process. So, it becomes possible to achieve the best
quality of image even at lack of knowledge of optimal parameters of the
introscope and without any calculations.

At process of the analysis of receiving image, the operator can increase
the geometrical sizes of image by shifting the object toward the radiation
source, or can turn the object and shift it for selection the optimal angle of the
radiation fall onto the object.

If the object has non-uniform density or thickness, one can use the
moving (mobile) filters for local reducing the density of the radiation energy
flow interacted with the REOC. Such a way allows to analyze better the
separate details of the visual picture.

The irradiation may be fulfilled at two steps: firstly, the object is
irradiated by long-wave photons (i. €. low energy photons). It permits to
study the areas of object with weak absorption and later, at the second
step, to increase the energy of photons and search the areas with higher
absorption. At present time, three different schemes of examining and
organization the collection of information are mainly used: scheme with
the broad beam; scheme with the beam of fan type; scheme with the beam
of needle type.
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Fig. 4.3. Basic schemes of examining the testing object by means
of using the different beams of penetrating radiation:
a — fan-type; b — board beam, c — needle type
1 — source of radiation; 2 — testing object; 3 — X-ray EOC;
4 — transmitting TV-tube; 5 — intensifier;,
6 — analog-to-digital converter, 7 — slit-type diaphragm;
8 — linear matrix of detectors,; 9 — mobile (traveling) diaphragm

Some advantages of the broad beam scheme:

potential number of space elements which may be registered
independently each from other and at once, is more than 10°;
roentgen-optical converter (fluorescent screens, REOC,
roentgenovidicones) are connected visually and by the electric link with
the TV-systems and produced by means of well known technologies;

one can test the stationary (immovable) objects as well as the mobile ones.
some advantages of schemes with fan- type beam:

possibility of cutting off the scattering radiation;

large dynamic range of the detector (more than 1: 1000) and high
signal/noise ratio;
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linearity of detectors (“ruler” of linear discrete converters) may be
improved significantly in comparison with the linearity of the TV-camera;
rate of data transmitting is low enough and the data may be transformed
into digital form and inserted into the memory of personnel computer
or another calculating device.

Some advantages of schemes with beam of needle-type:

possibility of receiving the microbeams with sizes equal to 1 micrometer
and even less;

possibility of registration the total number of effects of the radiation
interactions with the object (for example, the additional information
concerning the distribution of chemical elements through the volume
of the object).

Different schemes of radioscopy may be compared by the relative

sensitivity of the image transmitting systems:

1.

kW

Fluorescent screen has sensitivity in 5...6 %);

Fluorescent screen in couple with transmitting TV-tube (vidicone,
plumbicone) — (2,8...4) %;

Fluorescent screen in couple with isocone — (1...3) %;

REOC (X-ray electron-optical converter) — (1...2) %;

Transmitting TV-tube (X-ray vidicone) — (1...2) %.

Dynamic range of the radiation-optical converter is the highest ratio

between the densities of the energy flows on two different fields (areas) of the
initial image at which one can detect simultaneously on the output images
of every of those fields the objects of given size; more over, the contrast of initial
image of given objects has the same value for every field of image.

Table 4.1
Radiation characteristics of introscopy systems
Exposure dose Density of flow
Radiation system power at plate of photons,
of converter,R/sx10* | photon/mm?xs, x10°
Fluoroscopic screen 40 8
X-ray-TV introscope with
: 10 2
fluoroscopic screen
X-ray-TV introscope with X-ray
) 1 0,2
electron-optical converter
Radm‘uon introscope with X-ray 100 20
vidicone
Radiation introscope with fan-type 100 20
beam
Radiation introscope with needle 200 40
beam
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One can compare different systems of introscopy, if the sensitivity
of the radiation converters is taken as the base of comparison. The sensitivity
is characterized by the inverse value of the dose or flow of X-ray quanta
sufficient for registration either the image with given density of the emulsion
blackening or given volume of the information.

If one applied the broad beam system, the clearness of the image
of inner structure of object is determined by the characteristics of the
converter, when the object is placed close to converter. In such a system
different converters are used, e.g. chains made from several REOC; X-ray
vidicones; fluoroscopic screens combined with TV-systems having
(512x512) — quantity of independent space elements (systems with 625 lines
in the raster). At high projection magnification (object is placed far enough
from converter), the limit of the resolution is defined by the final sizes of
focal spot of the radiation source. At this, the resolution distance in the object
can’t be less than size of focus spot, i. €. — (0.1...5) mm.

If systems with fan-type beam are used, the resolution limit is defined
by the size of active part of separate detector of linear matrix of detectors. It
is considered that the detector’s size may be reduced to 50 micrometers. This
value is equivalent to resolution in 10 pairs of lines / mm.

For needle-type systems, the resolution limit depends on the diaphragm
sizes. If X-ray tubes are used, the size of diaphragm is (0.5...2,0) mm; if the
special systems of scanning microscopy are applied, then the diaphragm size
may be (0.5...2) mm.

Resolution limits of different radiation systems, in pairs of lines / mm:
X-ray film without amplifying screen — 10 pairs of lines / mm;

X-ray film with screen — (2.5...5) pairs lines / mm;

REOC — (2...6) pairs of lines / mm,;

Fluorescent screen — (2...3) pairs of lines / mm;

X-ray =TV introscope with REOC — (1...3) pairs of lines / mm;
introscope with X-ray vidicone — (10...25) pairs of lines / mm;
introscope with fluorescent screen — (0.5...1) pairs of lines / mm;
introscope with fan beam — (0.1...4) pairs of lines / mm.

4.2. Choice of radiation sources

The sources with low radiation yield are not used in radioscopy
because low yield (small amount of particles) leads to worsening of the
clearness of light image quality and the quality of testing in total. So, the
choice of sources of ionizing radiation comes from:

e chemical compose and thickness of the object;
e characteristics of defects by the prognosis or of inner structure of the object;

150



e compatibility of the source characteristics with those of the radiation-
optical converter, for its qualitative functioning.

As the rule, in radioscopy the X-ray apparatus with constant anode
tension are applied. Apparatus of such a type provides the maximum energy
loading related with the unit of square of the effective focus spot and, so,
forms the detail radiation image with high signal/noise ratio.

Thus, the source must provide the highest intensity of radiation over
the plate of converter and also the least geometrical unsharpness. Besides, the
noise parameters of X-ray device in electromagnetic range of frequencies and
their possible influence on the functioning of the electronics of X-ray image
amplifiers must be taken into account. Very often the manufacturers of the
introscopy systems recommend the concrete type of source or simply supply
the system with the most appropriate source of radiation. The radionuclidic
sources may be applied in digital systems of radiation introscopy because of
their small sizes, portability and own radiation having high penetrating
capacity. The relatively low intensity of such a source may be compensated
at digital mode of the image treatment.

4.3. Choice of energy of radiation

Here, energy of radiation means the tension on the anode of X-ray
tube, accelerator’s energy and so on.

The necessary range of radiation energy is chosen in dependence on
the thickness and density of the object examined. In reference tables of the
introscopy applying one can find data connect the parameters of the object
(kind of material, density, thickness) with the source energy. If needed
material is not listed in reference table, the energy determination comes from
the equivalent thickness of material, found similarly to that in radiography
with help of the radiographic equivalency factor.

These methods are used in the same manner in Russia, Europe and the
USA. The kind and energy of radiation are chosen in such a way that the
radiation thickness of tested material will form approximately five thickness
of the half-weakening layer:

d~ 5%A,, (4.1)

where Ay, =In2 / p=0.693 / u — from the definition of the half-weakening layer.

Further, d = 5x0.693 / n ~ 3.5 /u, and, so, d xu ~ 3.5 — is the criteria
for choosing the optimal energy. Usually, the permitted range of thickness
available for testing by introscopy is

axAy, <d <10 xAy, or 1.7< uxd< 7.0. (4.2)
It 1s practical criteria for choosing the energy of radiation.
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4.4. Fluoroscopy

Up today, the fluoroscopy is wide spread method of radioscopy. This
method consists in searching the images on the fluoroscopic screen of the so
called fluoroscope in which the shielding of operator from the direct action
of radiation is provided by the lead glass. Because of low levels of the
luminescence brightness of fluoroscopic screens, the defect’s revelation
sensitivity is only within 2(5)... 13 %. But this value may occur enough at
revelation the rough (coarse) breaches of the technology of castings, welding
and other processes.

1
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Fig. 4.4. Scheme of luminescent screen and trajectories of light photons.:
1 — X-rays, 2 — base of screens, 3 — reflecting layer, 4 — luminescent layer; 5 — protecting
layer; 6 — excited crystal; 7 — absorbing crystal; 8 — light scattered crystal

Active layer of the luminophor has usually the thickness equal
to 70...280 mm (~ 85...120 mg/cm?) and is made from particles with sizes of
germs about 10 micrometers distributed in glue substance drifted onto the
reflective base. Base is thin (~ 0.4 mm) plate; reflective layer is the substance
such as white paint or magnesium oxide. Binding material may be transparent
for the luminophor’s luminescence or may have the absorbing dye for
producing the light scattering. The quantity of luminophor in active layer
is about 50 percent. The light yield of luminophor screen one can raise if
increase its thickness or use the transparent binding layer and reflective layer
but the screen resolution will be worse.

The main interaction effect at X-rays energy in about 100 keV is the
photoelectric absorption of photons in material. At this, the quantitative
description may be expressed through several parameters:

1. Quantum yield of screen is a fraction of X-ray photons absorbed by the
screen: Q = number of photons absorbed by screen: number of photons

fallen on screen; at this, Q << 1.

2. Quantum yield of luminescence 1g = n'jym / N4 at this, ng >> 1.
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3. Energy yield of luminescence Ne, = Wen / W, = ng¥go /E,, 1. €. ratio of
energy effectively converted by luminophor over energy absorbed by
luminophor, where g is energy of single optical photon, E, is energy
of X-photon/

4. Technical yield of luminophor Neen = A XNep = 0.5 Mep, 1. €. part of
energy of optical photons which is used effectively, at this N =
25 %; o= 0.5 for most of screens. So, 25 % is maximum value of
energy yield for modern screens.

Main parameters of different types of luminuphors such as density,
wave length in maximum of spectral characteristics (nanometers), energy
efficiency of conversion are listed in references, for example:

Name of luminophor | Density, g/cm’ | Wave length, 10~ m | Energy efficiency, %
ZnS CdS — Ag 4.46 540 15...18
CaWO, 6.06 430 5
CsJ]—Na 4.5 420 8

The spectrum of luminescence influences strongly on the functioning
of introscopy systems because different receivers of light have unequal
sensitivity for light with different wave length. That why the concept of
“spectrum conformity” is used. Generally, the luminophor’s efficiency and
screen efficiency may be presented as the produce:

[Tium = 0xQxnep ¥k (4.3)

The contrast coefficient of the luminescent screen is the relative

increment of brightness of light image of the screen over the relative
increment of intensity of radiation image:

v = (AB/B) / (A¢/). (4.4)
For most of screens y = 1 at E, used in radioscopy. If the radiation
scattered by the object is not in account, the contrast of the radiation image
Aop/o = nxAx, where Ax is size of defect. The threshold value of the relative
increment of brightness perceptible by human eye, for screen’s brightness
in (3-10° — 3) cd/m” is expressed as
100-AB/B = 1.6-B™**.

So, the relative sensitivity at the fluoroscopy can’t be better than

K (%) > 100-Ax/x = 1.6x(p-x-B**®). (4.5)

The influence of scattered radiation is strong at close disposition
of object and screen and the influence reduces at increase of geometrical
magnification at raising the distance between the object and screen.
The optimal geometrical magnification:
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MOpt = 1 + (Uscreen / ®SOHI"C€))

where Uy.., 1s geometrical unsharpness of screen’s conversion, @gyc. 1S
focal spot size.

Fig. 4.5. Type scheme of fluoroscope:
1 — radiation source; 2 — protecting frame (shielding); 3 — door, 4 — testing object;
5 — fluoroscopic screen,; 6 — window from lead glass, 7 — mirror; 8 — eye of operator

The object is placed directly onto the surface of the screen or between the
irradiator and the screen and may be shifted or turned. The typical focus
distance is 400 — 500 mm. The plate mirror is applied for reducing the radiation
loading within the window square. The mirror is produced with the front
reflecting surface having reflection factor about 90 % for visual light. That is
important for preventing from observing false images. The usage of such
a mirror leads toward the losses of brightness and, so, reduces the fluoroscopic
sensitivity of facility. That why the best results one achieves at applying the
shielding windows purposed for direct observing the images from the screen.
The shielding windows must meet satisfactorily the following requirements:

e must have high enough weakening factor for ionizing radiation (with
value about 10°);

e must have high transparency;

e must have small enough radiation scattering factor.

So, within mentioned requirements, the most appropriate material is glass
containing heavy elements in its composition such as lead, barium or silicon.
Shielding glass has high density equal to 6.2 g/em’ and safety factor equal
to ~ 0.55 in comparison with pure lead. At this, the light let passing factor must
be high enough and be constant at time of fluoroscope exploitation.

So far as radiation safety norms and rules strongly limit the permitted
exposure dose on external surface of shielding box (not more than 0.3 mR/ hour),
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then fluoroscopes operates usually at the anode tension U, <200 kV. That why
in the radioscopy with fluoroscopes one can examine steel-made objects with
thickness up to 3 mm and aluminum articles with thickness up to 60 mm.

4.5. Brightness of screen luminescence

The fluoroscopic sensitivity depends on the screen luminescence
brightness and the sensitivity increases at brightness increasing. In its turn,
the screen brightness depends on the characteristics of the screen, in
particular on the luminophor’s sensitivity for radiation and sizes of
luminophor’s crystals. The more crystals size and 1onizing radiation intensity
fallen onto the screen surface, the higher luminescence brightness. Maximum
brightness of fluoroscopic screens is got at the effective anode tension 60 kV
which corresponds to maximum tension 120 k'V.
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Fig. 4.6. Dependence of brightness of fluoroscopic screen luminescence upon
the effective tension on surface of X-ray film

4.6. Screen’s unsharpness

Screen unsharpness is defined as the boundary width between two
adjacent sections of the screen with different screen brightness and is measured
by help of microphotometer. Generally, the unsharpness of fluoroscopic screens
depends on the size of the luminophor crystal and usually is about 0.5...1,0 mm.

4.7. Spectral structure of luminescence

The choice of phosphorus for the screen at given energy brightness
of luminescence is defined by its spectrum. The luminescence spectrum
occupies the visual, blue-violet, ultra-violet and infrared parts of total spectrum
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of electromagnet waves. At this, the wave length of luminescence maximum
is, in average, 530 nanometers; the short wave boundary is 493 nanometers
and long wave boundary is 578 nanometers. These values correspond to one-
half of the intensity maximum. The optimal mass content of luminophor from
CdSO, in screen mixture, from the view of light intensity and spectral
conformity for human eye and for the Sb-Cs photocathode, is (45...50) %. The
density of luminophor in fluoroscopic screens is, in average, about 4.5 g/cm’
at the layer thickness about 85 mg/ cm’. For screens used at visual analysis,
it is necessary to provide well perception of luminescence by human eye so
the spectrum must lye in visual area of the electromagnet wave’s spectrum.
Human eye has different sensitivity for visual rays of different color, namely
small sensitivity in infrared and ultra-violet areas and high sensitivity
for visual light in the certain range of wave’s length, as shown in figure below.
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Fig. 4.7. Spectral distribution of relative sensitivity:
1 — relative brightness of luminescence for CaWQOy screen; 2 — human eye sensitivity
for visual light; 3 — relative value of light flow of CaWQOy screen perceptible by eye;
4 — relative sensitivity of BrAg —salt of X-ray film

Usually, the brightness levels of fluoroscopic screens are in the range
of 3-107* (night)...0.06...3 (day) cd/m, that are low enough. So, the optimal
perception of information from images of such a low brightness is connected
with the application of principles of physiological optics. The human eye has
so-called day and night mechanisms of vision and the transfer from day to
night vision has place at the brightness level about 0.06 cd/m”. The brightness
of fluoroscopes at action is often less than 0.06 cd/m*. The vision sharpness
(clearness) and the contrast threshold of brightness depend significantly
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on the background brightness of the image analyzed. The measure of the
vision sharpness is the inverse value of minimum angular distance between
two points at which the eye can see this gap Value of the angle equal to 1’
corresponds with the unit of the vision sharpness. The vision sharpness
increases at raise of image brightness and can achieve the visible level
at transfer from night to day vision. At brightness level B = 0.3 cd/m’, two
separate points are visible at angle equal to 1.80". If the distance between
screen and eye is 250 mm which is usually recommended distance at visual
testing, this value corresponds to the resolution equal to 0.13 mm.
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Fig. 4.8. Dependence of vision sharpness of human eye
on the brightness of image under analysis:
1 — night vision, 2 — day vision, 3,4 — sections, characterized values
of sharpness at image analysis from X-ray film and from fluoroscopic screen

The sharpness of vision depends also on the wave length of visual light.
Usually, the vision sharpness is determined for so-called “white” light, at this
for yellow and yellow-green light the sharpness is slightly more. The least
threshold contrast of the brightness AB/B = (0.01...0.02) is achieved within
wide range of brightness of the image background equal to (~ 1 — 1-10° cd/m?).
If the brightness fluctuates at its very low values, then the threshold contrast
gets worse (for example, AB/B ~ 0.04 at B ~ 0.06 cd/m?).

So, the dark adaptation of eye is needed if the screen brightness is less
than 0.3 cd/m® Under these conditions, one needs in 1 minute of dark
adaptation to detect the image contrast equal to 1 percent. The dark adaptation
leads to widening (expansion) of pupil of eye and increase of its light
sensitivity. The night vision (sight) begins its functioning after passing about
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10 minutes of adaptation and still improves next 30 minutes of adaptation.
In practice, 20 minutes of adaptation is well enough. In order to hold the
working state of the eye, one needs to use red light in the searching room and
use glasses with red light filters in areas placed out of testing zone.

Thus, the common sensitivity of introscopy at using fluorescopes is

within (2...5) %, but one can receive the sensitivity in ~ 1.5 % at testing
aluminum objects and using the powerful X-ray apparatus. That why the
common sphere of fluoroscopes application is the testing of casts from
lightly-melted alloys, the inspection of the quality of assemblies and
monitoring the passenger’s luggage.
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Fig. 4.9. General sequence of receiving and analysis
of light-shadow image at using fluoroscopes

The general sequence of receiving and analysis of light-shadow image

at using fluoroscopes is as follows:

l.

Exposure dose power on the input plate of the object is ~ 2 R/s at flow
density of X-ray photons ~ 1-10° photons/mm™s (typical values for
common used apparatus);

Behind the object and on the input plate of the fluorescent screen, only ~ 6 %
of mitial intensity of the particles flow has passed through the object
thickness. So, the number of photons remained is about 6-10” photons/mm’s;
Conversion inside the screen: quantum yield of the screen is about 0,5
or ~ 50 %, so the number of absorbed photons is 3-10” photons/mm?®-s;
Quantum yield of the luminescence of the screen is 5000, so the total number
of photons of luminescence is 3-10’x500 = 1.5-10"" light photons/mm’s;
Number of light photons reached the human eye from the screen’s
square equal to 1 mm”® in 1 second and at the object — eye distance
equal to 250 mm is 2-10° photons/ mm®-s;

Number of photons, absorbed by the retina of eye, at the quantum yield
of the retina ~ 3 %, is only 6-10° photons/mm®s;
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7. At last, the final number of photons absorbed by the eye in ~ 0.2 second
which is the eye integration time, only N, ~ 1.2-10° photons/ mm?s.
8.  Additionally to these, the contrast of fluctuations of the signal, transmitted
mto the human brain 1s K = 100/ \/Nk ~ 3.5%. This value 1s about
100 times more than the contrast of the fluctuations of the radiation image.
As far as the available number of the initial X-ray photons is limited,
from one hand, by low efficiency of its generation in irradiators and, from
other hand — by requirements of radiation safety, the scheme of fluoroscope
needs in introduction the facility with which the eye will be allowed
to collect the enough amount of the signal photons. This facility must have
higher quantum efficiency in comparison with the human eye and also larger
sensitive surface than the human eye and higher brightness of the light-
shadow image on the plate of the output screen in order to use in total the
high resolution capacity of the eye at high levels of brightness.
Such a facility is called “radiation image amplifier”.

Phot./mm-s

&

10° 1
101
101
10 1
10T

10" 1

| I'I'ﬂdiﬂl()l"{y

{(1C1 Co60)

[Detail :\ )
Monitor

(-10cm Fe) P20-screen

o T ag 0./ -
{.H.I HL[I“.I rdi] {_‘thndc I V-{:hﬂl'ﬂhﬂ]'

Fig. 4.10. Diagram of amount of particles corresponding to every step
of transformation at 1 mm’ square and at time 1 s

4.8. Interpreting of fluoroscopic images

The interpreting in fluoroscopy differs from interpreting of radiograms.
At this, main difference consists in the fact that the fluoroscopic image is the
positive image when the radiograph is the transparent negative. Generally,
the defect’s revelation by fluoroscopy is not difficult. Defects occurred often
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such as cracks, pores, inclusions, blowholes etc are recognized easily due to
it characteristic (typical) images:

l.

Gas shells — they are recognized on the fluoroscopic screen as light,
equally outlined areas. When shells are filled by inclusion from slag or
other material, then their image becomes darker and the contour of
image takes the irregular, incorrect shape (form). One can detect the
gas shells in aluminum casts, if the diameter of the defect is about 8 %
of the thickness of cast in defect location, but not less then 1.5 mm.
Blowholes — they are observed on the screen in the form of light areas
having non-equally contours. The value (size) and the real place of
those blowholes one can determine at rotating the casts. The most
successful detection has place at recognizing blowholes having
diameters not less than 2 mm or having not less than 10 % of thickness
of that part of the cast in which blowholes are appeared.

Inclusions — they are revealed on the screen in form of dark or light
areas or points. Being inclusions heavier or denser than the bulk metal,
the inclusion’s image on the screen is darker than the surrounding
background; and, vice verse, is lighter if inclusion’s density and mass
are lesser in comparison with bulk matter. It is necessary for successful
revelation of inclusions that dense inclusions were about 20 % heavier,
and light inclusions were about 30 % lighter than bulk material.
Non-fusions — At moving metal within thin sections of casting forms
from both sides, the case of untimely cooling of metal is possible. Non-
fusions are the result of such untimely, non-uniform cooling of
different parts of the casts. At interpreting, the non-fusions have a view
of light stripes or ovals on the screen of facility.

Cracks — the image of cracks on the screen has a view of light
longitudinal sections. The cracks are revealed successfully if have
minimum width equal to the linear dimensions of the mentioned above
defects. Many of cracks haven’t such a minimum width and have also
the irregular contours. That why their detection by the method of
fluoroscopy is more difficult task in comparison with the radiography.

4.9. Determination of defect’s sizes

The determination of sizes of defects revealed by the fluoroscopy is

performed at comparison of those defects with the known ones. The special
fluoroscopic standards of sensitivity with the artificial defects (usually with
the holes of different diameters and depths) are used or the standard articles
with known defects. In order to estimate the quality of the image, the miras
are used now in the radioscopy as well as in radiography and now the CERL-
standard with double wires takes more important.
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4.10. Fluorography

The fluoroscopic image from the screen may be photographed onto the
ordinal photo-film. At photographing of the image, the slight increment
of image’s contrast has place, that why the slight increase of sensitivity becomes
also possible. The application of the films with small-size germs of emulsion
and strong light optics allows to fulfill shots on the films with compact formats.
The fluorography of materials and articles is available at higher tensions
on X-ray tubes (up to 250 kV and more) which widen significantly the
permitted range of examining thickness in comparison with the fluoroscopy.

4.11. Amplifiers of radiation images

The improvement of the fluoroscope’s scheme had place in long time
period by using the magnifying facilities between the screen and the human
vision apparatus. There were two different directions of the development: the
usage of the electron-optical converters (EOC) and roentgen electron-optical
converters (REOC) from one side, and the usage of the TV-facilities
(roentgen-TV-apparatus, TV-systems with roentgen vidicone), from other side.

Radiation-optical converters (EOC, REOC). The main parameters of
X-ray image amplifiers are:

1. Dimensions of the working (operating) field. That is the section of the
input plate surface of converter which may be applied for receiving the
output image at given testing conditions. The working field is defined
mainly by the size of the input screen of the converter.

2. Scale of the radiation image conversion. That is the ratio of the linear
dimension of the conversion element of the output image over the
analogue linear size of the element of the initial radiation image. The
conversion scale is determined by the sizes of input and output screens
of the radiation transformers. At this the output screen is the screen
where the image perceptible by human eye is formed. The conversion
scale one can change by means of focusing systems of the REOC or
TV-systems.

3. Brightness magnification factor of the REOC. That is the ratio of the
brightness value of the output screen of the converter over the value of
standard fluoroscopic screen at the equal given conditions of
irradiation both input plates of the converter and fluoroscopic screen.
The advanced REOC have the conversion scale 1: 10 and may achieve
the value of factor of magnification of the brightness equal to ~ 10",

4. Resolution limit of the REOC. That is the most number of stripes in
each 1 mm of the initial image developed by the stripe radiation mira
which may be recognized separately at the analysis the output image
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10.

1.

under the optimal conditions of the converter operating. At this, the
stripe and the gap on the mira are considered as two lines of the mira.
The resolution limit, at analysis by eye, depends significantly on the
observer properties. More over, it depends on the image contrast of the
mira and parameters of ionizing radiation in such a manner that the
lower the photon’s energy, the better the details of the mira are visible.
So, the radiation energy within 30 — 50 keV is better than 60 — 80 keV.
The resolution limit is influenced also by the random character of the
quantum fluctuations of ionizing radiation. So, the resolution limit is
reduced at low values of the exposure dose power.

Limit of energy flow density at the input of the converter. That is the
most value of the energy flow density of ionizing radiation which leads
not toward the serious (irreversible) breaches of the converter operating.

Brightness of dark background of the REOC. That is the average value
of the brightness of output screen at absence of the input screen
irradiation.

Geometrical distortion of the radiation image. That is the deviation of
forms of the image conversion relatively the form of the image on the
input screen.

Degree index of the vision field. That is the additional number of
artifacts and its sizes on the output screen. The artifacts are false
elements of the output image which are absent on the input image and
appeared at the conversion process.

Zone characteristics of the conversion. Parameters of the conversion differ
almost always for different sections of the conversion field. For example,
the difference in the brightness from centre toward the edge due to the
distortion; those changes increase strongly with the raise of the input screen
diameter from 10 % (at & =16 cm) up to 30 % (at & = 32 cm).

Contrast transfer factor. That is the ratio of the value of contrast of the
element of the output converted image over the value of the contrast of
the element of the input image. At this, contrast y = Ag/¢ = AB/B ~1.0.
The transfer factor for radiation TV-system with the REOC: vy =
= V1Xy2%XY3XYy4, Where y; 1s the transfer factor of the REOC (~0.8);
v, 1s transfer factor of transmitting TV-tube (~0.9); v; is factor of the
amplifying loop of the TV-system (~1.0); y4 is the transfer factor
of kinescope (~3.0). Thus, the sum value of the transfer factor is = 2.16.
Transfer factor of human eye is about 0.3.

Time resolution. That means the REOC response relatively the change
of the radiation image in time. It depends on the velocity of physical
processes passing in separate elements of the REOC.
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So, general parameters of the systems with external and inner input screens:
1. Radiation TV-settings with the external fluoroscopic screen: size of the
working field is 240x320 mm; resolution limit is 0.8 pairs of lines /mm,;
2. Radiation TV-sets with the REOC: size of working field is & (150...300)
mm, resolution limit is about (1.5 — 3.0) pairs of lines/mm.

4.12. Radiation image amplifiers

There are the special roentgen- visual devices with the operating principle
based on the conversion of the X-ray image of the examining object into the
visual one at once with the brightness magnification. Being amplified by
brightness, the image is observed further by the operator from the output screen
of the REOC or from the video-monitoring facility of the closed TV-system
included into the amplifier structure. The most wide-spread amplifiers are the
devices of so called single-cascade type or electron-optical converters (EOC).

Fig. 4.11. Scheme of the EOC:
1 — source of radiation, 2 — lead slit diaphragm, 3 — testing object,
4 — glass vacuum tube, 5 — aluminum backing, 6 — luminescence screen,
7 — photocathode, 8, 9 — output screen, 10 — optical lens, 11 — objective, photoapparatus,
12 — transmitting TV-tube, 13 — metallized cover (shielding screen)

The vacuumed, with the pressure about 10”7 mm of Hg column (torr),
glass tube 4 has two screens inside: the input and output screens. The input
screen consists from aluminum backing of spherical form 5 with the layer of
the luminescent matter 6 covered onto it. The surface of this layer is provided
with the semi-transparent Sb-Cs photocathode 7, chosen by its sensitivity and
conformity with light radiation of the luminescent screen. The output screen
of EOC represents the glass plate 9, covered by the fluoroscopic composition
8 and displaced in the cone-type aluminum anode 12 with the hole. The side
walls of glass tube are covered by electroconductive layer 13. Working
tension about 25 kV is added between the input screen and anode. The
tension + 300 B relatively to the cathode is added onto the conductive
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covering functioning as the focusing electrode. X-rays or gamma radiation,
being fallen onto the luminescent screen 6, caused further its luminescence.
Under the luminescence action, the photocathode 7 emits photoelectrons. At
this, the electrons emitting from any point of the photocathode are focused
then by the electrostatic field within the corresponding point of the output
screen 8 — 9, being the reason of its luminescence.

As the result, we have the visual image on the output screen which
corresponds strongly to the roentgen image on the input screen of the EOC.
Sizes of the output screen are about 10 times less than the sizes of input screen.
Due to the acceleration of electrons and to reducing of the image size, the total
magnification of the brightness is about 1000. Recently, the EOC were designed
and applied which have the brightness magnification about 3000 and even more.
The image on the output screen is observed with the help of monocular or
binocular optics 10 and then is transmitted through the TV-system.

The image quality of the EOC is defined by the own properties of the
luminescent screen applied. The resolution capacity of the screen is about
3 pairs of lines/mm, but due to the distortions at transfer the image through
elements of the system, its resolution capacity reduces up to 2.5 pairs
of lines/mm. The image contrast creating by the luminescent screen of the
EOC reduces due the thermoelectronic current from photocathode, lightings
due to inner reflections in converter and so on. At this, the total losses of the
contrast are not more than 15 %. The brightness of the output screen of EOC
is about 1000 times higher than that o f the fluoroscopic screen, so the usage
of the EOC allows to exam objects at lower tension on X-ray tube in
comparison with the fluoroscopic screen. Being combined with high
brightness of the image, EOC improves the revelation of defects.

So, if other testing conditions are the same, the defect’ revelation at
examining with X-rays and the application the EOC is approximately two
times better than for fluoroscopic screens and (2 — 4) times worse in general
than for application of the radiography.

The sensitivity and revelation capacity of the radioscopy at using the
sealed radionuclidic sources coupled with the EOC is about (1.5 — 2.0) times
worse in comparison with the usage of X-ray tubes. For example, sensitivity of
testing of duraluminum with thickness (20...30) mm by Tm-170 with the EOC,
is approximately (1.5 — 2) times less than sensitivity at X-rays examine.

4.13. TV - arrangements

The usage of the TV devices for distant transmitting the fluoroscopic
image allows to automatize the testing procedure and reduce significantly the
danger of irradiation of service personnel by ionizing radiation. Scheme
of the fluoroscopic testing with TV-system is shown in Fig. 4.12.
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Fig. 4.12. Scheme of visual method with usage of TV device:
1 — source of radiation, 2 — testing object, 3 — fluoroscopic screen (or EOC is possible),
4 — optical system, 5 — transmitting TV-antennae, 6 — amplifier, 7 — TV-receiver

At the TV transfer of fluoroscopic image the simultaneous amplifying of
the brightness has place. The clearness of the transmitted image depends on the
number of lines of the TV equipment. The native industry produces the TV
devices of different types, e.g. [ITY-24 (industrial TV-set), [ITY-102 etc.
In the radioscopy mainly the industrial equipment of closed type is applied.
Here, the video-signal is transmitted by means of coaxial cable. The length
of coaxial cable may form hundreds of meters, which provides the convenience
of the usage of the TV-device in shop and sometimes field conditions.

The industrial radiation arrangement consists from three main elements:
transmitting TV-tube, TV channel of communication, containing video-
amplifier, generators of evolvent, elements of the synchronization, providing
the development of the image, correction and control elements, coaxial cable
and other elements. In dependence on the purpose of industrial TV device, it
applies several transmitted TV-tubes, several TV-receivers and communication
channel adds with units of communication and control and so on.

Besides the design, industrial TV sets differ by the kind of the applied
transmitting tubes, for example devices with tubes of the superorticone type,
aimed for operation at conditions of low illumination of objects and devices
with transmitting tubes of the vidicone type aimed for transfer of high
brightness images. In this case, the TV-sets are significantly simpler from the
point of design and exploitation.

4.14. Usage of fluoroscopy

In industry, the fluoroscopic methods are applied mainly for inter-
processing testing the quality of materials and procurements of detail, for
testing mechanisms, separate units and so far. Method can be used
successfully for testing the completed articles produced in great amounts at
condition of been met the testing requirements. In the Table below the areas
of usage the fluoroscopic testing providing the highest sensitivity are given.

It is difficult to overestimate the importance of introscopy, its
spheres of applying are wide. In machine-making it is necessary for
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searching the quality of metals and, in first turn for materials designed on
the base of polymers, glass-plastics, ceramics and so on, for improving the
methods of defectoscopy and determining of sizes, types and orientation of
defects; for studying the reliability index of aggregates’ work, tired
strength, inner tensions etc. In metallurgy, means of introscopy serves for
studying and monitoring of the kinetics of high-temperature processes at
the boundary (front) of metal —slag; for automatize checking of the quality
of hot and cool metal at rolling process on bloomings and slabbings, in
cutting and sheet metal produce. In blast-furnace works, the introscopy is
used for testing the state of the inner brick-lining. In ferrous metal
industry, the input checking of row materials, fuel, the analysis of
materials through the technological process, the analysis for checking of
contaminations in the environment are needed. At this the absence of the
automated means of the articles testing reduces sharply the labor
productivity and the subjectivity of testing may lead to the delivery of
materials and articles having the dangerous hidden defects.

Table 4.3
Spheres of fluoroscopy application
Thickness of examining material, mm
Methods Range of voltage Alloys on base of
of fluoroscopy | on X-ray tube, kV
magnesium aluminum steel
Fluoroscopy 30...150 10...90 6...60 —
EOC 30...250 110...200 75...150 6...25
TV-devices 30...200 110...200 75...150 | 25...100

In chemistry, methods of introscopy are need for active checking of
several technological processes. The building of the aggregates for chemical
synthesis with high temperature and pressure and aggressive substances
caused inter-crystallite and other kinds of corrosion, requires the
development of the high sensitivity methods and means for revelation the
microdefects in the construction’s materials at manufacturing and
exploitation of chemical equipment; also, the revelation of changes in micro-
structure of metals and the definition of the initial stage of its destruction are
needed as well as the testing of the quality of protective coverings of metals
of pipes and other elements of the aggregates. Chemical machine-making
requires the development of the automated means for looking for the state
of the construction materials and elements of the equipments of radiation
chemistry working at conditions of irradiation by beta-particles, flows
of neutrons and gamma-rays. In building industry, means of the introscopy
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are wide spread for studying the strength characteristics of building materials
and constructions. In the sphere of semi-conductive materials and quantum
radioelectronic the introscopy serves for studying the quality of materials,
quality of the optical perfection and the structural uniformity of monocrystals
non-transparent (opaque) for visual light etc.

Besides, the introscopy is needed in the practice of scientific experience,
in radioastronomy, in medicine for biochemical and encelographic
investigations, pathological changes inside the vital organism.

The most significant effect is achieved at the inculcation of radiation
introscopy methods for testing the casts from aluminum and magnesium alloys.
The modern technique of casting can’t provide the all-where density of cast metal
because of appearance of pores inside metal due to gas outlet and shrinkage. The
inner tensions in casts are caused by non-equal cooling of metal or mechanical
breaking of shrinkage. Thus, the examining of casts by X- or gamma-rays is the
method for detection the inner defects of metal without its destruction.

Testing of ingots. In Germany, the testing of the steel ingot with cross-
section 200x200 mm at the process of rolling is made with usage of the
fluoroscopic equipment having EOC with diameter about 230 mm. The betatron
on energy 31 MeV was used as radiation source. The image on the output screen
of the EOC is observed with help of closed TV-set with the super-orticone
transmitting tube. At this, the shells and slag inclusions are revealed in the
studied ingots. Betatrons and linear accelerators are applied for testing steel
ingots with thickness up to 300 mm. It was shown by practice that usage of
accelerators is very expensive, so it was recommended to apply the fluoroscopic
arrangement with the EOC sensitive to gamma radiation of radionuclide Co-60
which allows to define exactly the displacement of the defect giving at this large
economical effect at checking of edges of burning hot ingots, because of
defining the exact boundaries of scraps at presence of shells and slag inclusions.

Testing of casts. Radioscopy is wide spread in Russia and abroad
(USA, France and other) for cast quality testing. Method allows to reveal
well big porosity, gas and shrinking shells, flux and slag inclusions and also
the cracks having sufficient width and depth corresponding the sensitivity of
the method. The revelation of cracks makes easier by the fact that introscopy
provides the searching of cast under different angles relatively the beam of
radiation. Practice of several years of testing the cast details from light alloys
had shown that defects represented gas pores and shrinking shells with sizes
about 0.5...5 mm are revealed distinctly by the image on the TV-screen.
At this, the examining time for detail moving in front of the converter screen
with the velocity about 1 m/min, is reduced up to minimum. But the time for
the set of auxiliary operations is still comparatively big. The advanced
equipments are devices with totally automatized and mechanized testing
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operations beginning from settling and picking up of details and ending by
marking and shooting of defect’s section All together, it allows to increase
the productivity and economical efficiency of the introscopy methods.
Testing of welding and soldering quality. Main method of testing
of welded and soldered joints at present is the radiography, having
low productivity compared with the automated technological processes
of welding or soldering. As the result, the large time gap occurs between the
welding (soldering) process and the process of non-destructive testing.
Introscopy allows to raise productivity of NDT several times. That why
methods and means of introscopy got recently wide usage in this branch of
testing. At this, testing velocity may achieve 1 — 3 m/min. In Russia, the
testing of thin-walled welded joints from steel is performed, for example, by
X-ray TV introscope with JIN-417, JIN-423 X-ray vidicones, having the
TV-amplification up to 30 times and high resolution capacity. As the result,
at radioscopy of welded joints from 1.5 mm-steel made by Ar-arc welding at
stationary regime, one can reveal practically the same defects as at the
radiography with X-ray film PT-1 (gas pores with diameter over 0,2 mm and
cross-cut cracks with the exposure about 0.1 mm etc). The testing of welded
joints from steel and titanium alloys with thickness 1.5...2 mm had shown
the distinctive revelation on the TV screen of shells, porosity and faulty
fusions. For thicker joints from steel up to 20 mm and aluminum alloys
up to 50 mm, more effective is the usage OF the TV introscopes on base
of scintillation crystals CsJ (TIl). Here, the sensitivity of method, measured
with the help of the ditch standard, achieves 1...3 % for steel with thickness
3...18 mm and from 3 to 0.8 % for aluminum alloys with thickness 3...50 mm.
Such a sensitivity is only 1.3 — 2 times worse of the sensitivity of
radiography. At testing the longitudinal and circular welding joints of steel
pipes with 5 mm walls, the X-ray TV introscope of PU-10T type is used
successfully for detection of pores, cracks, tungsten and slag inclusions.
Here, the TV amplification of image, the possibility of the change of its
polarity, displacement of articles with the velocity about 1 m/min relatively
the scintillation crystal assist all together in good detection of defects.
Testing of electronic components. The fluoroscopic method is under
usage in aviation instrument-making and radio-electronics for the NDT-
testing of transistors, silicon diodes, melted fuses and other hermetical
electronic units and details. In the USA, they made the testing in comparison
of radiographic and fluoroscopic checking of details and electro-schemes
from thin foils from aluminum and nichrome with thickness 200...400 A°
covered onto glass backing with thickness 1.5 mm, modules and other details.
Fluoroscopic testing was performed with closed TV-system with X-ray-
sensitivity vidicone. Comparative checking had proved that image on TV-
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screen amplified up to 30 times, has better resolution comparatively with the
image on the high-granularity X-ray film. More over, the probability of the
defect’s detection in electronic assemblies, particular in modules, is risen due
the possibility of searching the image under different angles. At the same
time, the detection of defects inside electronic schemes of foil-type covered
onto glass backing as well as the detection of aluminum wire with diameter
1 mm inside the steel housing of transistor are still very difficult and even
impossible by neither fluoroscopy nor by radiography.

Testing of solid fuel. Solid fuel for rockets is tested usually by
radiography on its packaging uniformity with help of accelerators or Co-60.
The fluoroscopic testing of fuel of the rocket jets with diameter about
760 mm and with length about 177 mm is fulfilled using equipment with the
Van-de- Graaf accelerator on energy 2 MeV and device of “Lumicone” type
with the EOC and TV system. The jet with fuel is irradiated by the
bremsstrahlung radiation which falls onto the input screen after passing
through fuel; every turn of jet follows by the vertical shift and by turn again.
At this, the substitution of the Co-60 radiography by the fluoroscopy allows
to achieve high economic efficiency for each of jets.

4.14. Type methods of selection of regimes of radioscopy

1. Material and thickness of the object tested are the initial parameters
defined the choice of regimes of the introscopy.

2. Norms of defects. (requirements relatively the quality of object). In
Russia, the permitted sizes of defects in objects tested are given in
technical documentation of object, technical conditions, rules of testing
and taking, State and branch standards, instructions etc.

3. The permitted defects of welded joints may be defined by class of joint
by GOST 23055, or by class of the sensitivity by GOST 7512, or with
accounting of the worse of revelation of defects at the radiographic
testing of moving objects.

4. Definition of testing sensitivity and choice of sensitivity indicators
(penetrometers). The sensitivity of radioscopy one ought to define at
beginning and end of every party of details tested and also at beginning and
end of working shift with help of the corresponding sensitivity models
settling on moving with working velocity or on the stationary settled
object. At last case, one ought to account the worsening of sensitivity of
testing followed by the shift of testing object. In Russia, in radioscopy as
well as in radiography they use the wire, ditch or plate (lamellate) models
by GOST 7512. At this, the sensitivity of testing in mm and the ordinal
number of the corresponding sensitivity model is chosen in accordance
with norms of defects and with account of testing velocity.
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Choice of radiation energy (tension on X-ray tube or accelerator’s
energy). In Russia the needed range of radiation energy is chosen in
dependence on the thickness and density of examining material with
help of the reference tables determining the sphere of application of the
radioscopy by GOST 20426. If not listed, energy for concrete materials
are defined by the concept of the equivalent thickness and radiographic
equivalency factor.

Choice of type of radiation source (X-ray apparatus, electron
accelerator). In radioscopy one ought to choose such a source of
radiation, that provides the most intensity of radiation over the surface
of the radiation converter and the least geometrical unsharpness. You
can do it with help of reference tables given in the corresponding
section of item “Radiography” for X-ray devices and accelerators.
Definition of the radiation intensity (i. e. anode current of X-ray tube,
radiation yield of accelerators) and sizes of focal spot of the irradiator.
Maximum anode current in mA for X-ray devices, radiation yield
(exposure dose power) of accelerators (betatron or linear accelerator)
in Koulomb/ kg's or in R/ min (R/s) at certain distance from the target
of accelerator we can determine for concrete irradiators using the
reference tables for corresponding sections of item “Radiography”.
Choice of the radiation converter. In the radioscopy the following
image converters or radioscopic systems may be used for receiving
information:

e fluoroscopic screen;

e X-ray EOC (REOC) or scintillation monocrystal with electron-
optical amplifier EOA) of the image brightness;

X-ray TV-arrangement with X-ray sensitive vidicone;

X-ray TV-device with fluoroscopic screen;

X-ray TV-device with REOC;

X-ray TV-device with scintillation monocrystal;

X-ray TV-device with scintillation monocrystal and EOA.

In Russia, the image converter or radioscopic system is selected in
accordance with GOST 20426 in dependence on thickness and density of
tested details and patterns. The concrete type of arrangement you ought to
choose from reference table come from the best sensitivity relatively
defects, the highest resolution capacity and highest productivity of testing.
Selection of mechanical manipulator. In Russia, the company which
performs the radioscopic testing of articles, must provide the projecting
and produce of the specialized mechanical manipulator with distant
control made the following operations:
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e testing of small-size details:

e mechanized feed of details (patterns) toward the image converter;
necessary scanning shifts of detail relatively the image converter;
distant marking of the defect sections or detail (pattern);
transportation of details passed testing from the image converters.

e testing of large-size articles: hard coaxial fitting of the source and
radiation converter; necessary shifts of the source and radiation
converter linked between each other, relatively the tested articles
(or vice versa); distant marking of the defect sections of the article.

10. Choice of testing regimes. Main regimes of defectoscopic testing in the

1.

radioscopy are tension on X-ray tube; anode current of X-ray tube;
current of the focusing coil of the X-ray tube with sharp focus; focus
distance F; distance from testing detail to input screen of the radiation
converter; velocity of testing. In Russia, regimes of radioscopy are
selected by the following way:

Tension on X-ray tube is settled in dependence on thickness and
density of testing material using data for maximum permitted tensions
at testing steel and aluminum by the radioscopy;

Anode current is chosen equal to maximum possible for given type of tube;
Current of the focusing coil of the tube with sharp focus is defined
beforehand by the best of clearness of the image of examining wire
model at all of tensions on the tube;

Focus distance from the anode of the tube up to input window of the
image converter one ought to settle equal to minimum possible in range
of 5 — 50 cm, come from the condition of manipulating by the testing
detail during testing process and from demands relatively the sensitivity;
Distance from testing object to converter’s screen ought to be settled
equal to minimum possible and not more than one third of the focus
distance at working with ordinary tubes and not over a half of focus
distance at using tubes with sharp focus;

Velocity of the tested object displacement in front of the converter
screen ought to be settled in accordance with the needed sensitivity
relatively defects and productivity of testing. For facilities with the
fluoroscopic screens, scintillation monocrystals and the REOC the
velocity of shift must not be more than 1...1.5 m/min, not more than
0.1...0.5 m/min for devices with X-ray vidicones.

Technique of testing and rejecting of examined objects.

Before testing, it ought to observe carefully details and articles taking
special notice of extracting of surface defects and sort out details by
groups taking in account the purpose of fulfilling testing with
minimum number of the changes of testing regimes.
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Before testing of first detail, the sensitivity of testing ought to be
defined by the sensitivity model settled.

The testing is ought to make using the mechanical manipulator
controlled distantly which provides the fitting and necessary shifts of
the testing object and marking on it the defect sites.

At the radioscopy, the quality of testing object one can estimate
directly at time of the examination. At the rejection of the testing joints
and details one ought to follow the permitted norms of defects on
concrete object as it is noticed above in the point 2.

Registration of the testing result is ought to make by means of the
video-reading of the images of the defect sections at laser disks or by
other way agreed with the customer.

4.15. Control tasks

Explain the idea of the signal/noise ratio of the ideal TV-introscop at
the monoenergetic radiation (in the ideal introscop the total quality
of radiation, fallen into the converter, is absorbed inside it and the
TV-system does not contribute any distortions.

Explain the influence of the real converter on the signal/noise ratio for
the simplest case of assumption that the radiation absorption in
converter occurs due to the photoeffect.

Depict the typical dependence of the relative sensitivity of the
introscop on the testing article thickness. Explain how the sensitivity is
determined experimentally? Due to what the sensitivity is decreased in
thick and thin articles?

Substantiate how the dependence of the sensitivity on the testing article
thickness will change at the increase of the roentgen tube current?
Substantiate how the dependence of the sensitivity on the testing article
thickness will change at the increase of the roentgen tube tension if the
tube current is not changed?

Explain the influence of the focal spot of the radiation source on the
geometrical distortions. Does the image contrast decrease at the focal
spot increase?

Explain the concept of the effective and mean (average) absorption
factors of the roentgen radiation. How is the image contrast computed
for the roentgen radiation?

How much is the value of the mean time for human eye shady
adaptation?

Which minimum of the object’s illumination can be revealed by
human eye?
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10.

1.

12.

13.

14.

Explain how the value of the image threshold contrast, revealed by the
human eye, depends on the brightness of the background?

Fulfil the comparison of the bremsstrahlung radiation (4 MeV)
absorbed energy values for monocrystal screens Nal(Tl), KI(TI),
CsI(TI), using the data of the Table 4.3 (p. 69 of the [1]). Note: make
the computing at the condition of equality of the thickness and the
radiation absorption mass factors by monocrystals. Take the
monocrystals thickness equal to 2 cm.

Explain the difference of the “narrow”(pencil) and broad (extended)
beams of the radiation. In what cases these kinds of the geometry of
the radiation — raying of objects are used?

By which values the geometrical conditions of the radioscopy are
determined?

What is the build-up (accumulation) factor and how it influences the
roentgen image quality?

4.16. SET OF TEST QUATIONS ON SECTION “RADIOSCOPY”

1. In the practice of radiation testing, the radioscopy uses to test objects with
thickness of about layers of half-weakening of the examining radiation:

A 2 layer;
B 3;

C 5;
D 8

2. The aim of including the amplifiers of image’s brightness in the
composition of the radiation introscopy systems is:

A increase of brightness of the light —shadow images of objects tested;

B increase of the detection efficiency of ionizing radiation passed
through the object;

C increase of signal/noise ratio inside the light-shadow image;

D D-AandC.

3. Main types of X-ray TV-arrangements used in the advanced radiation
testing are given below in the consecutive order. The resolution capacity of
arrangements is increased in consequence:

A arrangements with —-REOC-fluoroscopic external screen — X-ray
vidicone;

B with — X-ray vidicone -REOC —fluoroscopic external screen;

C with — fluoroscopic external screen — REOC — X-ray vidicone;

D with - REOC —X-ray vidicone — fluoroscopic external screen.
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4. The main distinction between the radiography and radioscopy is:
A fluoroscopic image is more bright;
B fluoroscopy gives the image in the “real time” mode;
C fluoroscopy possesses more sensitivity;
D fluoroscopy gives positive and radiography gives negative image of
the object tested.

5. Sensitivityof aluminum object’s testing for the common used fluoroscopic
systems using powerful tubes with tension 100...150 kV, focus spot size
2...5 mm, ordinary fluoroscopic screen and distance about 400 mm between
target of the source and screen, and at the screen placed as close to object as
possible, is equal approximately:

A 1%;

B 1.5%;

C 2.0 %;

D 2.5 %.

6. Which of kinds of glasses listed below one ought to use as the shielding
window material in the fluoroscopy equipment:

A optical glass;

B organic glass;

C glass containing oxides of barium;

D glass containing lead and silicon.

7. One from disadvantages of the fluoroscopic testing consists in low
brightness of the image received. At this, one of the brightness increase
methods in which the energy of light of the initial luminescent surface
converts into electrons accelerated and focused onto the fluorescent screen of
smaller size, is performed in the special arrangement called:

A betatron,;

B image amplifier;

C electronic amplifier;

D electrostatic generator

8. Two serous barriers on practical realization of high-sensitive fluoroscopy are:
A necessity in periodic changing of screens applied;
B expensive cost and low productivity of the screen;
C necessity of using the long-wave part of X-rays and their low
intensity;
D limited brightness and coarse-granularity of the fluoroscopic screen.
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9. The phenomenon of luminescence consists in:

A emitting of ionizing radiation from the surface of the luminescent
screen due to the interaction of visual light with the matter of
luminophor;

B emitting of the electric current at the conversion of ionizing
radiation inside the matter of luminophor;

C emitting of flashes of visual light from germs of luminophor at the
interaction of 1onizing radiation with the matter of luminophor.

10. The hidden (latent) radiation image of testing object is:

A distribution of intensities of ionizing radiation outlet the object after
interactions with the object’s matter and absorption and weakening
1n it;

B the part of the intensity of ionizing radiation that can’t be detected
by converters (detectors);

C non-visible part of the spectrum of electromagnetic waves.

11. Main distinctions between the radiography and radioscopy consist in:

A radiography as well as radioscopy have not any limitations
connected with time losses at shot development and analysis, but
the operator can’t change any stage of testing process at time of
examining;

B radiography has limitations connected with time losses at shot
development and analysis but has, in return, the sensitivity 2—10 times
better than in radioscopy;

C radioscopy is the express method of testing and the operator has
possibility to change any parameters of examining procedure at
moment of testing.

12. X-ray vidicone is the device purposed for:
A emitting the X-ray radiation with ultra-low energy of photons;
B the particular kind of the X-ray-electron-optical converter;
C the kind of the transmitting TV-tube sensitive for X-rays and
combining the properties of the REOC and transmitting tube.

13. Operator’s functions in the radioscopy are:
A perception visual information, — treatment of it, — executive actions
directed at the process’s elements;
B analysis of the visual image, — rejection of spoilage, —
documentation of defects occurred
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14. Sources of radiation for radioscopy:
A X-ray apparatus of continuous action and the highest possible
intensity of low-energy X-ray photons;
B only pulsed X-ray apparatus and different kinds of accelerators;
C gamma- and neutron sources with high activities (within certain
limits)

15. Radioscopy needs in higher dose of radiation absorbed by the object at
the time of testing:
A due to necessity to form large number of shots in time of testing
with high enough quality of every shot;
B requirement comes from the point of view of providing the
radiation safety at radioscopy;
C all of luminophors applied in radioscopy have low sensitivity for
low doses of irradiation.
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Chapter 5
WORK SAFETY IN THE RADIATION DEFECTOSCOPY

5.1. Dosimetric values in the radiation safety

The purpose of the radiation safety is the exclusion of the radiation
injury and the limitation of the risks of unfavourable consequences for human
health down to the acceptable level without preventing from the development
of new progressive technologies and their realisation in practice.
In accordance with the modern notion, the quantitative measure of health
damage from the ionizing radiatious action is the dose. Therefore, a system
of the dosimetric values composes the basis of the radiation safety.

5.1.1. lonizing radiations

The 1onizing radiation is such radiation (the corpuscular as well as the
electromagnetic) which realizes the ionization of the medium at passing
through it and interacting with it. The ionization process consists in the
formation of the positively — and negatively — charged particles which are
formed at the derangement of the electron from the atomic electron shell. As
a result of the single ionization act the electron carrying the negative charge
and the positively charged ion is formed. The carriers of any kind of the
ionizing radiation must have the energy allowing to tear the link between the
electron and atom and transfer to the deranged electron the kinetic energy
sufficient for the next ionization acts.

Depending on the features in the ionization process realization, the
ionizing radiations are divided into the directly ionizing radiations and the
indirectly 10nizing radiations.

The indirectly ionizing radiations are the flows of the uncharged
particles (namely photons and neutrons), which do not ionize directly the
media but at the interaction with the media they generate the flows of the
charged particles which are the directly ionizing radiation. These charged
particles are called the secondary particles.

The direct interaction of the protons of the roentgen — and gamma —
radiation includes three different processes: (1) the photoelectric absorption
(photoeffect); (2) the Compton scattering; (3) the pair formation. Which of
the processes will be dominating at one or other conditions, depends on the
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photon energy and on the media element composition. Given processes are
considered in detail in section 1.

The photoeffect is the dominating process at the comparatively low
photons energies (up to hundreds keV). At the increase of the photon energy,
beginning from the hv =100 keV the photoeffect cross-section is fast decreased
as (hv)~ at hv < 0,5 MeV and as (hv)~ at hv >: 0,5 MeV. At the increase of the
charge Z of the media elements, the photoeffect cross — sections are increasing
fast as Z", where m = 4. The ionization of the media is realized by the electrons
torn from the atomic electron shell as the photoeffect result.

The Compton scattering process is prevalent in comparison with the
other processes of the photon interactions with the matter at the widest
interval of the photons energy:
from 0.5 to 5 MeV —in lead; from 0,1 to 10 MeV — in iron; from 0,05 to 15 MeV —
in aluminum; from 0,02 to 23 MeV — in air. At photons energy not less than
1,02 MeV, to the above-mentioned processes of the photon interactions with
the matter, the pair formation process is added.

All three processes of the photons interactions with the matter are more
intensive in the media with the high effective atomic number. Therefore, lead
screens or the concrete reinforced with the iron ore or with the barium minerals
are applied for the weakening of the roentgen — and the gamma-radiation.

The directly ionizing radiations are the flows of the charged particles
(beta-particles, alpha-particles, protons) having the kinetic energy enough for
realization of the media atoms ionization acts. For the directly ionizing
radiation the ionization process consists in the electric interaction of the
charged particle (beta, alpha-particle, proton, heavy ion) with the electron on
the material atomic electron shell through which the particle flies. The
electric interaction of the flying charged particle with the electron of the
atomic shell leads to the break of link between the electron and atom. The
atom loses the electron. As a result, the atom or the molecule which has this
atom becomes a positively charged ion.

The mechanism of the ionization by neutrons depends considerably on
their energy. For the fast neutrons with the energy 1 MeV and more the
process of the neutron collision with the hydrogen nuclei is more important
for the ionisation. At the interaction, neutron transfers a part of kinetic energy
to the hydrogen nucleus. As the result the kinetic energy is got by the
positively charged particle (the hydrogen nucleus, i. e. the proton), which is
in this case the directly ionizing particle. In the biological tissue, at the
collision with the fast neutrons, besides the recoil proton the recoil nuclei of
carbon, oxygen and nitrogen which realize the ionization of the media can
also appear. However, the possibility of the appearance of the recoil nuclei,
which are heavier than the proton, is comparatibly little but it is increased
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with the rise of the neutrons energy. After a number of interactions the
neutron loses its kinetic energy and transfers in the category of the moderate
or thermal neutrons. The moderate and the thermal neutrons are also the
ionizing radiation but the ionization mechanism of such neutrons is different.
The moderate and the thermal neutrons enter in the nuclear reactions with the
media nuclei. The directly ionizing or the undirectly ionizing radiations
appear as a result of these reactions. The main reaction at the thermal
neutrons absorption is the reaction of the radiation capture. It is such a
reaction at which the neutron capture is taking place with the emission of the
gamma — radiation photon. The example of the radiation capture reaction:

1) the capture of the neutron by the nucleus of the light hydrogen
(protium) with the formation of the attenuation kernel of the heavy hydrogen
(deiterium) and with the photon emission:

1[—]1-1—0nl—)1D2 +hv;

2) the capture of the neutron by the nucleus of sodium — 23 with the
formation of the radioactive nucleus of sodium — 24 and with the photon
emission:

11N6123+0111—>11Na24 + hv;

3) the capture of the neutron by the nucleus of phosphorus — 31 with
the formation of the radioactive nucleus of phosphorus — 32 and with the
photon emission:

31 1 32
s P +on = P4 hy,

The 1onization of the media is stipulated by the absorption processes
and the processes of scattering of photons which are emitted at the reactions
of the neutron radiation capture. In the case of the radionuclide formation at
the radiation capture reaction, the additional source of the media ionization
may be the beta — particles and the photons emitted at the radionuclide decay.

5.1.2. Parameters of the ionizing radiation field

The space — time distribution of the ionizing radiation in the media
forms the field of the ionizing radiation. The spreading of the ionizing
radiation in the media is described with the help of the field parameters which
are the functions f(x, y, z, t) of the space coordinates X, y, z and the time t. The
main (basis) parameters of the ionizing radiation field are: (1) the particles
flow; (2) the particles fluency and; (3) the power of the particles fluency.

The flow of particles F(7 ,t) is equal to the particles number crossing
the given surface in time unit, where r is the radius — vector determining the
coordinates x, y, z of the point in space. Formally the particles flow
is determined by the relationship:

180



- . AN dN
F(r,0)=lim VTR (5.1)
where N(7 ,f) is the number of particles passing across the given surface (in
the time interval A¢).

The dimensionality of the particles flow in the terms of SI has the form
of S™' (1/second).

The fluency of particles @(7 ,t) in the point 7 of the space is equal to the
ratio of the number of particles of all directions in space, which have crossed the
small sphere with the centre in the point 7, to the square of the large cross-
section of this sphere. The sphere must be so small in order to be able to envelop
only such dimension of space within which the fluency has the same value. The
value of the fluency of particles gives the quantitative information about the
number of particles crossing the space in environs of the point 7 . The particles
fluency is determined formally by means of the relationship:

w70 lim S ED 2%

where AN(7 ,f) is the number of particles of all directions in space which
have crossed the surface of the small sphere with the centre in the point 7 ;
AS 1s the square of the large cross — section of this small sphere.

The power of the particles fluency ®'(7 ,t) is determined as the value
of the fluency in time unit. Formally, the power of the particles fluency is
determined with the help of the relationship:

(5.2)

- . D(F,t) do
@' =(7,1) = lim 2 =
(r )= lm —===—", (5.3)
where @(7,¢) is the fluency value during the time interval At in environs of

the point 7.

In the partial case of the parallel particles flow the power of the
particles fluency is equal to the number of particles crossing in unit of time
the surface of the single square disposed perpendicularly to the direction of
the particles motion.

Dimensionalities of the particles fluency and the power of the particles
fluency in the SI have the form of m* and m s’ correspondingly.

5.1.3. Coefficients of the ionizing radiation interaction
with the material

The weakening of the gamma-radiation in the material is determined with
the help of the linear weakening coefficient. The linear coefficient pu of the
gamma-radiation weakening is equal to the ratio of the part dN/N of photons
interacting with the material at the passing of the distance dI, to this distance, 1. e.
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1 dN

ﬂzﬁ°g, (5.4)

where N is the number of photons.

The linear weakening factor is added from the linear weakening factors
stipulated by the photoelectric absorption 1, the Compton scattering o. and
the pair formation K:

Uu=rt+o, +K. (5.5)

The energy transfer from photons to the secondary charged particles is
described with the help of the energy transfer coefficient.

The energy transfer coefficient i, is equal to part of the falling photons
energy converted into the kinetic energy of the charged particles in the
material layer of the single thickness. The energy transfer coefficient is
determined formally by the formula:

_ L aw
woodl

where W is the sum energy of photons fallen onto the layer of the material
with the thickness dl; dW is the sum of the initial kinetic energies of all
charged particles realized by the gamma-radiation in the material layer with
the thickness dl.

A part of the kinetic energy of the secondary charged particles, realized
by the gamma-radiation, is spent for the bremsstrahlung radiation which is
not absorbed in the place of its formation. In order to account for only that
part of the secondary particles kinetic energy which is absorbed in the
material, one uses the coefficient of the energy absorption.

The energy absorption factor is calculated by the formula:

Moy =M, -(1—8), (5.7)

where g is the part of the secondary particles kinetic energy, which is spent
for the bremsstrahlung radiation.

One can see from the designations of the introduced coefficients of the
weakening, energy transfer and energy absorption that they all have the
dimensionality reverse to the length. This dimensionality in the terms of SIis m ™.

In some calculations, for example, for complex materials it is convenient to
apply the mass coefficients. The value of the mass coefficients of the weakening,
energy transfer and energy absorption is determined by the formula:

ﬂm=//, (5.8)

where p is the material density.

o (5.6)

182



In the terms of SI the dimensionality of the mass coefficients has the
form m’kg .

For the description of the charged particles energy loss at their passing
through the matter, the value of the total linear bremsstrahlung capacity is
used. The total linear bremsstrahlung capacity S is equal to the energy lost by
the charged particle on the unit of the length. The bremsstrahlung capacity is
determined formally by the formula:

S=dW/dl, (5.9)
where dW is the energy lost by the particle on the path dl.

The total linear bremsstrahlung capacity is added from the linear
bremsstrahlung capacity stipulated by the collisions, and the linear
bremsstrahlung capacity stipulated by the bremsstrahlung radiation (radiation
losses of the charged particles).

The dimensionality of the linear bremsstrahlung capacity in terms of SI
has the form of Jm'. Besides the bremsstrahlung capacity the mass
bremsstrahlung capacity S, is also used and it is equal

Sm=S/p. (5.10)
The dimensionality of the mass bremsstrahlung capacity in terms of SI
has the form of J-m*kg .

5.1.4. Penetrating capacity of the ionizing radiation
and the linear energy transfer

The most important parameters of the ionizing radiation for the radiation
safety purposes are the penetrating capacity and the linear bremsstrahlung capacity
stipulated by collisions. The energy transfered to the material at the collisions is the
locally transfered energy as distinct to the losses for the bremsstrahlung radiation,
which passes far away from the particle track. In order to underline this distinction,
the linear bremsstrahlung capacity stipulated by the collisions got a special name:
the linear energy transfer (LET). For the quantitative description of the penetrating
capacity of the ionizing radiation the values of the particles path in the media, the
layers of the one-half weakening, the linear and mass coefficients of the weakening
are applied. The penetrating capacity indicates the potential possibilities of the
protection from the external flow of the ionizing radiation.

The linear energy transfer L is determined formally by the relationship:

L = dE/dl, (5.11)

where dE is the energy transfered to the material by the particle at the
collisions on the path length d/.

The value of LET is the measure of the density of the energy transfered
locally along the ionizing particle path. The value of LET characterizes the
biological efficiency of the ionizing radiation.
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5.1.4.1. Alpha-radiation

The alpha-radiation is the flow of the alpha-particles which are the
helium nuclei. The alpha-particles are concerned with the heavy charged
particles. The mass of the alpha-particles is approximately 7300 times larger
than the electron mass. The alpha-particles, passing in the media, transfer
their energy on the excitation and the ionization of the media atoms. The
main are the losses on the ionization. The paths of the alpha-particles with
different kinetic energy in different materials are given in Table 5.1.

Table 5.1
Paths of alpha-particles in different media
Energy Path of alpha-particle
of Alpha-particle, . in biol. tissue, in aluminum,
MeV 1 air, cm micrometer micrometer

1 2 3 4

4 2.37 26.2 16.5
5 3.29 36.7 22.2
6 4.37 48.8 28.8
7 5.58 62.4 36.2
8 7.19 78 434
9 8.66 94 .4 52.2
10 10.2 112 61.6

As one can see from Table 5.1, the paths of alpha-particles in the
media are short, and it means that the penetrating capacity of the alpha-
radiation ir very low. The air layer with the thickness of several
centimeters can fully protect from the external flow of alpha-radiation. For
the protection from the alpha-particles by means of aluminum the layer
with the thickness only in several tens of micrometers is needed.
Therefore, the protection from the external flow of the alpha-radiation is
essentially fully provided by the air layer and by clothes. So any special
measures are not required.

Since the path of the alpha-particles in the media is short, then, on the
contrary, the LET of the alpha-particles is high and makes up about 100 keV
at 1 micrometer of the biological tissue. The high value of the LET indicates
the high biological efficiency of the alpha-radiation. The influence of the
alpha-radiation upon the people can be realized at the penetration of the
alpha-radiation sources inside organism. The main way of preventing of the
alpha-radiation influence on human organizm consists in the exclusion and
limitation of the entrance of the alpha — radiation sources into organism.
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5.1.4.2. Beta-radiation

Beta-radiation is the flow of the beta-particles (i.e. electrons).
Beta-particles, which move in the media, transfer their energy on the
excitation and ionization of the media atoms.

For the beta-particles with high energy the radiation losses also occur.
However, in the area of the beta-particles energy which is in practice of the
radiation safety, the radiation losses are small. The paths of the beta-particles
with the different kinetic energy and in different media are given in Table 5.2.

Table 5.2
Paths of the monoenergetic beta-particles in different media

, Path of beta-particle
Energy of beta-particle, MeV —— : . -
in air, cm | in water, mm | in aluminum, mm
0,5 154,7 1,74 0,83
1 8353 4,29 2,03
1,5 835,3 6,96 3,27
2 835,3 9,59 4,48
3 1276 14,8 6,85

As one can see from Table 5.2, the path of the beta-particles in the materials
are considerably (hundreds of times) longer than the paths of alpha-particles,
therefore the penetrating capacity of the beta-radiation is greater than that of alpha-
radiation. However, the protection from the external flow of the beta-radiation as
well as from the external flow of alpha-radiation causes no sufficient difficulties.

The beta-radiation is fully absorbed by the air layer of a few meters
and the thickness of a few millimeters is enough for the protection by the
aluminum. The penetrating capacity of the beta-radiation in the material is
higher than that of the alpha-radiation.

The LET of the beta-radiation is correspondingly lower. The LET for the
beta-radiation constitutes only units keV on 1 micrometer of the biological
tissue. The lower LET stipulates the lower biological efficiency of beta-radiation
in comparison with alpha-radiation. For the quantitative estimation of the
penetrating capacity of beta-radiation, side by side with the path value the
meaning of half — value weakening layer is also used. The half — value
weakening layer is equal to such thickness of the material at passing through
which the intensity of the parallel flow of beta-particles is reduced two times.

5.1.4.3. Gamma-radiation

The linear coefficient of the weakening may be used as a measure
of the penetrating capacity of gamma-radiation. But more obvious parameter
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characterizing the penetrating capacity of the gamma — radiation is the layer
of half — value weakening.

The half — value weakening layer is taken to be equal to such thickness
of the material at passing through which the intensity of the parallel narrow
beam of photons is decreased two times. Coming from the absorption
relationship for gamma — radiation, one can write:

I
I(A,) :?OZIO exp(—p-Ay,) (5.12)

The solution of the equation (5.12) relatively to the layer A, of the
half — value weakening gives:
In2  0.693
Ay =—7=—. (5.13)
H H

As it is expected, the simple connection is present between the
parameters p and A;, which characterize the penetrating capacity of gamma —
radiation (see the formula 5.13). Meanings of the half — value weakening
layer for the narrow parallel beam of photons of the different energy and in
the different materials are given in Table 5.3.

As one can see from Table 5.3, for weakening the photons flows only
two times, the air layer of several tens of meters or the water layer with
thickness up to 10 cm or the aluminum layer with thickness of several cm are
needed. It means that all kinds of gamma — radiations have a high penetrating
capacity. In connection with this the realization of the protection from the
external sources of gamma — radiation is a complex engineering problem and
it calls for significant material costs. Naturally, at a high penetrating capacity
the value of the LET for gamma — radiation is small.

Table 5.3
The half — value weakening layers for gamma — radiation in different materials

Half — value weakening layer, cm

Energy of photons, MeV —— - : :

in air in water in aluminum
1 2 3 4

0.2 4331 5.33 2.17

0.3 4950 5.78 2.48

0.4 5775 6.93 2.77

0.5 6300 6.93 3.15

1 8663 9.9 4.33

11550 13.86 5.78

3 17325 17.33 7.7
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For example, for the cobalt — 60 gamma-radiation (with the energy
of gamma-quantums 1,1 and 1,3 MeV) the value of the LET is 0,3 keV
on 1 micrometer of the biological tissue.

5.1.5. Dosimetric values

The effects caused by the ionizing radiation in the material, depend
on the quantitative characteristics of the radiation field and on the degree of
the radiation interaction with the matter which is characterized by the
interactions coefficients considered in points 1.2 and 1.3. Dosimetric values
are the physical measures of real and potential effects stipulated by the
ionizing radiation.

5.1.5.1. Kerma

The energy transfer by the indirectly ionizing radiation is determined
quantitatively by the value of the kerma K. Kerma is the ratio of the sum of
initial kinetic energies of all charged particles which are let out by the
indirectly ionizing radiation in the elemental volume of the matter, to the
mass of the matter in this elemental volume. The value of the kerma is
calculated by the formula:

K = dW, dm, (5.14)

where dW, 1s the sum of the initial kinetic energies of all charged particles let
out by the indirectly ionizing radiation in the elemental volume of the
material; dm is the mass of then material. The dimensionality of the kerma in
terms of SI has the form: Joule/kg. The value of the kerma 1 Joule/kg has a
special name “One Gray (Gy)”. The using of the out-system term 1 rad
(radiation absorption dose) = 0.01 Gy is admitted temporarily.

5.1.5.2. The exposure dose

The air ionization at the gamma-radiation passing is applied for the
design of the devices allowing to detect the presence of the gamma-radiation
and to measure its intensity. The ionization of the air under the gamma-
radiation action has allowed to introduce the idea of the exposure dose of the
gamma-radiation. The exposure dose X is equal to the ratio of the sum of the
electric charges of the same pole generated in the air at full deceleration of all
secondary electrons, which have been formed by the gamma-quantums in the
elemental volume of the air, to the air mass in this volume. The exposure
dose X is calculated by the formula:

X =dq dm, (5.15)

where dg 1s the sum of the electric charges of the same pole; dm is the air
mass in the elemental volume.
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The dimensionality of the exposure dose in terms of SI is coulomb/kg
(Cu/kg). The using of the out — system term of the exposure dose roentgen,
is admitted temporarily. 1R =2.58-10* Cu/Kg and 1 Cu/Kg = 3876 R.

5.1.5.3. The absorbed dose

The fundamental dosimetric value used in the radiation safety is the
absorbed dose D. The absorbed dose D is determined by the relationship

D=dW/dm, (5.16)

where dW is the mean energy transfered by the ionizing radiation to the material
in the elemental volume; dm is the material mass in this elemental volume.

So, the absorbed dose is determined by the energy absorbed in the unit
of the material mass. The dimensionality of the absorbed dose in terms of SI
has the form Joule/kg. The value of the absorbed dose 1 Joule/kg has a special
name 1 gray (Gy). The using of the out — system term 1 rad =0.01 Gy
is admitted temporarily.

At the solution of some practical problems of the radiation safety it is
useful to apply the concept of the absorbed dose Dy, which is the mean dose
for the human organ or the organism tissue. This dose is determined in
accordance with the relationship:

Dtis = I/Vtis /mtisa (517)
where W, is the total energy absorbed in the organ or the tissue; my; 1s the
mass of this organ or the tissue of standard human. At the condition when the
sum of the kinetic energies of all charged particles coming into the volume
element is equal to the sum of the kinetic energies of all charged particles
going out this volume element, the secondary particles equilibrium takes
place. The secondary particles equilibrium is realized if in the area from
which the secondary charged particles can come into the considered volume
element there is observed the space constancy of the following parameters:
(1) the fluency, energy spectrum and the direction distribution of the primary
particles; and (2) the radiation — material interaction coefficients (the mass
factor of the energy absorption and the mass bremsstrahlung capacity) for the
primary particles as well as for the secondary ones.

The first condition of the secondary particles equilibrium is fully
realized only at the uniform distribution of the radioactive material in the
infinitely extended media. With some approach the equilibrium of the
secondary particles may be realized if the radiation field changes slightly
inside the area whose sizes are comparable with the maximum path of the
secondary particles.
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For gamma — radiation sets free the electrons by means of the photoeffect,
the Compton effect and the effect of the electron—positron pair formation, the
equilibrium of the secondary particles is realized in the air, in the water, in the
biological tissue and in the materials with the effective ordinal numbers near the
above-mentioned, if the energy of photons is not higher than 3 MeV.

In the presence of the secondary particles equilibrium, the absorbed
dose in the material is equal to

D =K-B, (5.18)

where B is the energy loss of the secondary charged particles on the
bremsstrahlung radiation. In many cases one can neglect the loss of energy
on the bremsstrahlung radiation and then

D=K, (5.19)

1. e. the absorbed dose is approximately equal to the kerma. If the exposure
dose 1in the air is equal to 1 roentgen, then the corresponding absorbed dose in
the air 1s 0.87 rad. If the case of the secondary particles equilibrium and the
small value of losses on the bremsstrahlung radiation is assumed, the value of
the absorbed dose in the air is equal to the air kerma (see the expression
5.19). In this approach at the exposure dose in 1 Roentgen the air kerma is
0.87 rad (radiation absorbed dose).

5.1.5.4. The equivalent dose

It is known that the biological efficiency of the ionizing radiation
depends not only on the absorbed dose (i. e. the energy absorbed in unit of
mass of the biological tissue) but also on the type and energy of radiation
stipulating the dose. The influence of this dependence is strong enough so it
must be taken into account. This accounting is provided by means of using
the weighting factor for the absorbed dose. This dimensionless weighting
factor named the quality factor depends on the radiation characteristics and it
is a rough estimation of the biological efficiency of this radiation as related to
the biological efficiency of the radiation for which the quality coefficient is
equal to 1. At present it is considered that the value of the radiation quality
factor is determined by the linear energy transfer L. The International
Commission on Radiological Protection (ICRP) recommends the following
dependence of the quality factor on the linear energy transfer (LET):

1 at L=3.5KeV/um

AD=X03L ar 3.5KeV/ um<I<100KeV/ um (520)
The product of the absorbed dose on the radiation qualify factor
H=D-Q (5.21)

is named “the equivalent dose”.
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Since the quality factor is dimensionless, then the dimensionality of the
equivalent dose coincides with the dimensionality of the absorbed dose and
in terms of SI has the form of Joule/kg. In order to avoid a misunderstanding,
the equivalent dose has received a special name “zivert” (Zv) as distinct from
the gray (Gy) used for the absorbed dose.

Formula (5.21) determines the meaning of the equivalent dose in the
point where there is a certain value of the linear energy transfer L and
therefore the value of quality factor Q. For the determination of the biological
effect of the organ irradiation the mean value of the linear energy transfer is
calculated most adequately. However, there are situations when the
distribution of the linear energy transfer L and the quality factor Q in all the
mass of the irradiated organ is unknown. In this situation the ICRP
recommends to use the approximate values of the quality factor depending on
the kind of the ionizing radiation. In order to distinquish the approximate
value of the quality factor from the accurate value, the approximate value
was named: “the radiation weighting factor Wgr”. It is considered that the
value of the radiation weighting factor depends only on the kind of the
ionizing radiation irradiating the organ or the tissue and it is independent on
the considered organ or tissue. The values of the radiation weighting factor
chosen for the different kinds of the ionizing radiation are given in Table 5.4.

The mean absorbed dose in the organ, multiplied by the radiation
weighting factor of the corresponding radiation, is considered as an
acceptable approach for the mean equivalent dose in the organ:

H=W,-D, (5.22)
where D is the mean for the organ absorbed dose.
Table 5.4
Values of the radiation weighting factor
Kind of radiation and energy range Value
Roentgen and gamma — radiation of all energies 1
Electrons and mesons of all energies 1
Neutrons with the energy
Less than 10 KeV 5
From 10 KeV to 100 KeV 10
More than 100 KeV and up to 2 MeV 20
More than 2 MeV 10
Alpha — particles, fission fragments, heavy nuclei 20

The field of the ionizing radiation acting on the organ may consist
from several types of radiation having different values of the radiation
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weighting factor. In this case, the equivalent dose in the organ must be
calculated separately for every type of the radiation. The total equivalent dose
is received by means of the ionizing radiation, i. e.

Htot - ZWR ) l_)ris(R) . (523)
R

where DriS(R) is the mean absorbed dose in tissue t from the ionizing

radiation of R type; Wy is the radiation weighting factor for the ionizing
radiation of R type.

The value of the equivalent dose for the organ received by described
way may be slightly different from the value calculated with the accounting of
the detail distribution of the quality factor in all organ mass. However, such
difference is considered unessential for the purpose of the radiation safety.

5.1.5.5. Effective dose

The unfavourable biological effects appearing as a result of the
radiation action are divided into deterministic and stochastic. It is considered
that the deterministic effects appear in the irradiated organism only after the
exceeding of the certain threshold by the dose and they do not appear if this
threshold is not exceeded. For the deterministic effects, an increase of the
organ injury seriousness with the dose increase is characteristic. The
stochastic effects have a probable character. These effects appear in the dose
range which is lower than the dose range stipulating the deterministic effects.
For the dose range of the stochastic effects the function of the dose is not the
injury seriousness but the value of probability or the frequency of appearance
of the injurious effects. Today it is considered that for the stochastic effects
there is no threshold by the dose and that the value of the probability of the
stochastic effects appearance is proportional to the value of the dose, 1. e. the
so-called linear non-threshold conception is applied.

In the dose range stipulating the deterministic effects in the irradiated
organs the absorbed doses are used. As for the stochastic effects, the
frequency of their appearance depends not only on the magnitude of the
equivalent dose in the organ but also on what organ (or organs) has been
irradiated. Therefore, the idea of weighting equivalent dose (i.e. twice
weighting absorbed dose) has been introduced and it correlates well enough
with the level of the stochastic effects. This dose is named “the effective
dose” (ED) or the effectance.

The factor with the help of which the equivalent dose in tissue T is
weighted is named “the tissue weighting factor Wr”. This factor determines
the part of the stochastic risk stipulated by the tissue irradiation T, from the
total risk appearing at the uniform irradiation of all the human body.
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If several organs (tissues) have been irradiated, then the effective dose is
calculated by the formula:

E=) W, -Hy (5.24)
T

where Wr is the tissue weighting factor for the organ (tissue) T and Hr is the
mean equivalent dose in the organ T.

The summing in formula 5.24 is spread on all irradiated organs and
tissues. The equivalent dose in the organ T is determined through the
absorbed doses from the different radiation types by the formula 5.23. Taking
into account this formula, the effective dose may be determined through the
absorbed doses in organs with the help of the formula:

E=Y W2 Wy Dy . (5.25)
T R

The values of the tissue weighting factors are chosen so, that at the
uniform irradiation of all the body the value of the effective dose E will be
received numerically equal to the equivalent dose of all the body irradiation,
the equivalent dose in every organ is the same and coincides with the
equivalent dose for all the body, i.e. Hr = Hy for all T where Hy is the
equivalent dose in any organ (including all the body) at the uniform
irradiation. In this case formula 5.24. for the effective dose may be written in
the following form:

E=H, > W, (5.26)
T

One can see from formula 5.26 that E = H at the condition that ZWT =1,
T

1. e. the values of the tissue weighting factors must be chosen so, that their
sum by all organs will be equal to 1. The values of the tissue weighting
factors taken at present are given in Table 5.5.

Table 5.5
Values of tissue weighting factors
Number | Tissue or organ | Value | Number | Tissue or organ | Value

1 Gonads 0.2 7 Milk gland 0.05
2 Red marrow 0.12 8 Liver 0.05
3 Large intestine 0.12 9 Gullet 0.05
4 Lungs 0.12 10 Thyroid gland 0.05
5 Stomach 0.12 11 Skin 0.01
6 Urinary bladder 0.05 12 Bone surfaces 0.01

13 Rest 0.05
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The values Wt given in Table 5.5, are concerned with the population
with the same number of men and women and within a wide age range. The
list of twelve organs for which the value of Wy is determined is called “the
main list”. The “Rest” or the additional list consists of the following organs
(tissues), everyone of which can be irradiated separately: adrenals (glands);
brain; small intestine; upper large intestine; kidneys; muscles; pancreas;
spleen; forked gland and uterus.

Organs of the main as well as the additional list are receptive to the
appearance of cancer. If other organs are detected which have a significant
risk of the cancer appearance, then they will be included in the main list
(every organ with its weighting factor Wrt) or in the additional list
constituting the “Rest”. In such an exceptional case when any organ from the
additional list gets the equivalent dose which is higher than the maximum
dose for the main list organs, the tissue weighting factor 0.025 must be
applied for this organ, and to the mean equivalent dose for the totality
of organs remaining in the additional list, the tissue weighting factor 0.025
must be applied too. The equivalent dose for the “Rest” is calculated as the
mean equivalent dose in all the body excluding the organs and tissues of the
main list. The unit of the measuring of the effective dose in SI as well as the
equivalent dose is zivert (Zv). The values of the weighting factors Wy and
Wt depend on the level of knowledge in radiobiology and can be made more
precise from time to time. The equivalent and the effective doses are intended
for the using in the radiation safety and are suitable for the radiobiological
applications. These doses provide a base for the estimation of the probability
of the stochastic effects for the absorbed dose which are significantly less
than thresholds for the deterministic effects.

For all considered doses (absorbed, equivalent and effective) the idea
of the “dose rate” is also present. The dose rate characterizes the velocity of
the dose build-up (accumulation) and is determined formally as the derivative
of the dose function by the time, 1. e., for example, the dose rate of the
absorbed dose D is equal to dD/dkt.

5.1.5.6. The additional dosimetric values

The prolonged irradiation of organs with the dose rate changing in time
occurs after the radionuclide entering the organism. The integral by the time
from the equivalent dose rate was named “the expected equivalent dose at the
given time interval’:

to=t

H(t) = [H(o)do (5.27)

fo
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where to is the moment of the single activity entering; t is the time interval in
which the equivalent dose is determined; H(t) is the dependence of the
equivalent dose rate on the time in the organ.

In many cases the interval in which the expected dose is determined is
considered to be equal to 50 years. In these cases the expected dose is called
“the half — century”. The expected effective dose is determined in the same way.

The considered doses are connected with the individual irradiation.
Side by side with it, a practical interest is presented also by the values
concerned with the irradiation of groups and populations.

These values take into account the numbers of the irradiated population
by means of the multiplication of the mean dose in a group by the number of
persons in the group. By this way the received values were called “the
collective doses”. At this,the equivalent dose as well as the collective
effective dose may be calculated.

The collective effective dose from the radionuclide in external media
may be accumulated during a prolonged time overlapping the life duration of
several generations. This dose must be distinctive from the half — century
expected dose. It was called by a special name “the collective dose in the
limit”. This dose is applied for the estimation of a single rejection of the
radionuclide in the external media or for estimation of any kind of activity
accompanied by continuous rejection of the radionuclides in the external
media. If the integration is fulfilled with certain limits, the corresponding
collective effective dose is limited by the certain time.

5.1.6. Radioactivity parameters

Stable nuclei are in a steady state, so the probability of their decay is
equal to zero. The probability of the radionuclide decay is not equal to zero
because the radionuclide is a quantum-mechanical system which is in the
energy excited and therefore, in an unsteady state. Radionuclides are
unsteady in different measure: some are steady less and others are more
unsteady. The excited state of the radionuclide is taken away as a result of the
radioactive decay. After a single radioactive transformation, or the chain of
ones, in the final stage the stable nucleus is formed.

In the process of radioactive transformation the nucleus of one element
is transformed into the nucleus of another element. For example, at the decay
of tritium the stable helium is formed and at the decay of carbon — 14 the
stable nitrogen is formed. The less steady a nucleus, the more probable is its
decay and with higher frequency the decay acts occur in the given totality of
the radionuclide nuclei. As a quantitative measure of the radionuclide
unsteadiness in the nuclear physics the decay constant A is used and it is
equal to the part of total nuclei number having the decay at the unit of time.
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This determination allows to write the following differential equation of the
radioactive decay:

dN/dt = —)\N, (5.28)

where N(t) is the number of radioactive nuclei being the function of time; t is
the time. With the accounting of the initial condition N(p)=N, the law of the
radioactive decay has the following form:
N(t) = Np - exp(—At), (5.29)

where N 1s the number of the radioactive nuclei at zero moment of time.

Another more obvious and used often parameter characterising the velocity
of the radioactive nuclei decay, is the half-decay period T,,. The half-decay
period is equal to the time interval during which the number of radioactive nuclei
is decreased two times owing to the decay. The formula which connects the half-
decay period with the decay constant can be received by means of the relationship
5.29. If to assume that =T, in the accordance with the determination of the half-
decay period, N(T,,) must be equal to Ny/2, 1. €. one can write:

N(T12) =N¢/2 =Ny - exp 1. (5.30)
From the equation 5.30 may be determined that
Typ=1n2/A =0.693/X. (5.31)

Therefore, the less half-decay period, the faster the number of
radioactive nuclei is decreased in the course of time. And, therefore, the
higher is the probability of their decay. A very wide range of half-decay
periods is observed. There are radionuclides with very short half-decay
periods in several parts of a second and, on the other hand, there are
radionuclides with very long half-decay periods of several billion years. The
activity A measure of a radioactive preparation is the number of decays of
radioactive nuclei occuring in a unit of time. Hence, the activity of the
preparation may be calculated by the formula:

A=A-N, (5.32)
where N is the number of radioactive nuclei in preparation. In the SI the unit
of the activity is the Becquerel (Bq). The activity 1 Bq has such a radioactive
preparation in which 1 decay occurs in 1 second. Side by side with the main
term, becquerel, the derivative units are used: mBq (milli becquerel-10~ Bq),
kBq (kilo becquerel — 10° Bq), MBq (Mega becquerel — 10° Bq) and others.
The out-system unit of the activity — curie (Ci) is also used. 1 curie = 3.7 - 10’ Bq,
or IBq=2.7 - 10" curie. The derivative units are also used: pCi (pico curie =
=10" Ci); nCi (nano curie = 10_9Ci), mcCi (micro curie = 10° Ci), mCi
(milli curie = 107Ci), kCi (kilo curie = 10°Ci); MCi (Mega curie = 10°Ci) and
others. The dimensionality of the activity in the SI has view S
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For radioactive sources distributed in space, depending on the
character of the distribution of radioactive nuclei in the source the following
values are used: the specific activity, the volumetric activity, the surface
activity and the linear activity.

For practice of the radiation safety it is important to have the
dosimetric characteristic of the radionuclide side by side with the
radionuclide energy spectrum. This characteristic is the gamma-constant. The
gamma-constant is widely applied in the solution of the dosimetry problems
and 1n protection from the ionizing radiations.

For the out-system units of the exposure dose rate the gamma-constant
of the radionuclide is equal to the exposure dose rate in roentgens in one
hour, generated by the nonfiltered gamma-radiation of the point isotope
source with activity 1 mCi at the distance 1 cm. The calculation of gamma-
constant is fulfilled in accordance with the formula:

S
1.6-1075 (—<8) . 3600(—>—
? (MeV) (hour)

deca MeV uantum cm
r=3.7-107(%g)-ZE‘( ; )~nt(qd ) My eng-m (=) p
s-mCi quantum ecay g 4.T0-87.3( g )
g - roentgen
roentgen - cm”
roentgen-cm- (5.33)

hour - mCi

where E; is the energy of gamma-quantums of i-line with the output n;
(quantums/decay), MeV; L, - n; - m; is the mass absorption factor of the energy in
air for the gamma-quantums with energy E; (cm’/gram); 87.3 (erg/gram-roentgen)
is the absorbed dose in air at the exposure dose 1 roentgen; 1.6-10 °(erg/MeV) is
the energy equivalent of 1 MeV; 3600 seconds are in 1 hour.

In SI the gamma-constant of the radionuclide is equal to the absorbed dose
rate in air in AttoGrays at 1 S, generated by the nonfiltered gamma-radiation of
the point isotope source with activity 1 Bq at the distance of 1 meter. The gamma-
constant of the single radionuclide in SI is calculated by the formula:

2

decay, MeV uantum m | aG
1) S E( )-n, (3 )W m, (o) 161070 ()10 ()
I s-Bq” ‘o quantum decay kg MeV Gy
4
kg -Gy
[aGy-m®/s-Bq]. (5.34)

Besides the gamma-constant, in the SI the kerma-constant of the
radionuclide 1is also used. The kerma-constant of the radionuclide 1is
calculated by the same formula as the gamma-constant in the SI with a
difference: instead of the mass energy absorption factor L. - n; - m; the mass
energy transfer factor Ll - n;- m; s used.
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The gamma-equivalent of the source is applied for sources comparison
by the ionizing action of their gamma-radiations. Sources of gamma-
radiation, generated at the same conditions with the same exposure dose rate,
have the same gamma-equivalent. The unit of the gamma-equivalent
is 1 milligram — equivalent of radium. (1 mgr — eqv). Such a point radioactive
source whose gamma-radiation generates the same exposure dose rate at the
same other conditions as the gamma-radiation of 1 milligram of radium — 226
at the platinum filter 0.5 mm has the gamma-equivalent equal to 1 milligram-
equivalent of radium.

The point source in 1 milligram-equivalent of radium — 226, being in
the equilibrium with the daughter decay products, at the platinum filter
0.5 mm generates the exposure dose rate 8.4R/hour at the distance of 1 cm.
The activity of 1 milligram of radium — 226 is equal to 1 millicurie. Since
the gamma-constant of the radionuclide is equal to exposure dose rate
in 8.4 r/hour at the distance of 1 cm from the point source with activity
1 millicurie, the gamma-constant of radium — 226 at platinum filter 0.5 mm
is equal to 8.4 [R-cm*/hour-mCil.

5.2. Complex of technical means and measures
for the labour safety provision in radiation defectoscopy

5.2.1. Danger factors and the safety system structure in radiation
defectoscopy

There are radiation and nonradiation danger factors in radiation
defectoscopy. At the radioisotopic defectoscopy the main radiation danger
factor is the external irradiation of the personnel by gamma-, beta-radiation
and by neutron flow from radionuclide sources. Besides, the essential
contribution in the irradiation dose may be got by the bremsstrahlung radiation
generated at beta-sources using and also the gamma-radiation from materials
activated by the flow of neutrons. The external irradiation, depending on the
used defectoscopy method, may be the common (total) (the irradiation of all
body of defectoscopist) or the local (the irradiation of separate organs of the
body). The uniformity degree of the defectoscopist body irradiation is
influenced by the defectoscope type and by the examination technology
features for the tested articles. At the examination of the massive articles by
the directed radiation beam and at the panoramic examination in most cases
the comparatively uniform irradiation of all body of defectoscopist takes place;
but at the examination of details in almost inaccessible locations the biggest
irradiation has place for hands, head area and the pelvis. The roentgen
defectoscopy of articles may be accompanied by the action of direct and
scattered (reflected) roentgen radiation on the personnel. The level of its action
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is determined by the tension and current added to apparatus roentgen tube, by
the operating regime, properties of examining material and by the exploitation
conditions. One must note that at this kind of defectoscopy the assembly-
adjusting operations with the roentgen defectoscope are taken to the radiation —
dangerous works. When using the electron accelerators (betatrons) for the
radiation defectoscopy aims, the main factors of the radiation danger are the
beams of accelerated electrons rejected from the accelerator; the
bremsstrahlung radiation appearing at the interaction of accelerated electrons
with the target and the objects in the environment; the unused roentgen
radiation from the high-voltage electronic apparatus of the accelerator.
Defectoscopes with the electron accelerator as well as the roentgen
apparatus are different from the radioisotopic defectoscopes by the fact that if
necessary (for example, at the labour conditions worsening), the generation of
the ionizing radiation may be momentarily stopped. The main dangerous and
harmful industrial factors of nonradiation nature appearing at the radiation
defectoscopy are systematized in Table 5.6. They prevail in the defectoscopy
of the articles when the electron accelerators are used, and a minimum of their
number is applied at the exploitation of the radioisotopic defectoscopes.

Table 5.6
Main dangerous factors
. High Direct
. nitrogen .
High . frequency electric
Heat | oxides :
Defectoscope type | ten- and super- | Noise and
) release and . .
sion high magnetic
ozone
frequency fields
Radioisotopic: in the | +x - + — - -
location in plant;
on the open ground +% — — — _ _
Roentgen: in the + — + - - _
location in plant;
on the open ground + — — — — _
Electron accelerator: + + + + + +
in the location in
plant;
on the open ground + + — + + +

*Depending on the design and purpose of radioisotopic defectoscope.

The complex of technical means, organizational and sanitary — hygienic
measures directed on the safety provision in the radiation defectoscopy fulfillment,
is the system, all structural parts of which are connected with each other.
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The organization of the measures concerned with the quarantee of the
defectoscopist’s labour safety depends on the type of the used radiation sources,
on articles examination technology features, on defectoscopes disposition and
planning decisions, on radiation protection system and other factors.

The system of labour safety provision at the radiation defectoscopy
v v
Protection from the < ¢ > Testing
injurious industrial
factors Normalized
methodical and Technical Testing of
sanitary-legislative
Radiation Organi- documents and documen- the quality
. technical decisions
zation -
shielding measu- tation’s of arrange-
res .
of examina- ments
Blocking Other Radiation Sanitary
and technical testing and
signalisa- means technical
tion | —|  testing
system

A 4
Reduction of action levels down to the permitted limits

Fig. 5.1. The structure of the safe working conditions provision
in the radiation defectoscopy

The monitoring of the safety standards maintenance is fulfilled on the
projection stage (the examination of technical documents of the defectoscopes
and the defectoscopic laboratories, etc.) as well as on the stage of technical
arrangements manufacture and their exploitation (e.g. the testing of the shielding
constructions quality, defectoscopes, etc.). The scheme of the radiation safety
system at the defectoscopy conducting is shown in general form in Fig. 5.1.

This system consists of two sub-systems including the protection from
the damage factors and the monitoring at all stages of design and
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manufacture of arrangements and at their exploitation. The protection from
the harmful industrial factors includes the radiation shielding, organizational
measures, the blocking and signalization systems and also other technical
means providing the labour safety.

In the monitoring sub-system the main attention is given to fulfilment
of the radiation monitoring of the safety at the defectoscopes exploitation, to
sanitary-hygienic monitoring, to examination of the technical documentation,
to the shielding constructions quality testing and to the efficiency of the
radiation caps of the defectoscopic arrangements.

5.2.2. Protection from the ionizing radiations

The shielding of the radiation defectoscopes must provide a reduction of
the exposure dose rate and the fast neutrons flow density (at the disposition of
the radiation source in the storage position) down to permissible levels.

The radiation protection of the stationary, mobile and portable
defectoscopes is provided from the materials with a high atomic number Z,
(e.g. uranium, lead, tungsten alloys, etc.) for the protection from
bremsstrahlung radiation and from the hydrogen-containing materials for
protection from neutrons. In the case of using depleted uranium as the
shielding material, it is covered by the nonactive matter providing the
absorption of the beta-radiation of uranium. For protection from the beta-
radiation the combined shielding (aluminium, lead and so on) is used. The
most optimal form of shielding is spherical or cylindrical.

During the design of the defectoscopes construction one must take into
account their purpose, so the requirements to the stationary defectoscopes
shielding differ from demands put forward to the protection of mobile and
especially portable defectoscopes. The construction of the latter must provide
a possibility of their transport and their technological manoeuvrability in the
various industry conditions.

Pressured lead blocks in the hermetic housings from a high-melting
material (in order to prevent the lead smelting in case of the fire), different
tungsten alloys and uranium blocks in hermetic housings from the stainless
steel are used in gamma-defectoscopes. The use of tungsten alloys and,
especially, the use of uranium reduces significantly the mass of the
defectoscope radiation cap shielding.

In containers purposed for the transportation and storage of the
gamma-radiation sources, the iron cast, lead, tungsten alloys, uranium and the
combination of shielding materials (lead-iron cast; lead-tungsten; lead-
uranium and so on) are used as shielding materials.

For the protection from the unused radiation the roentgen tubes are
inserted into the special shielding frames having windows for the working
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beam output. Shielding frames are purposed also for the protection of workers
from the high tension. As the insulating medium in the frames the transformer
oil is applied and also the bakelite, plastics, gas SF-6 and others and as the
shielding material the sheet lead with steel as the constructive material.

The massive design of the betatron magnet containing a large number of
ferrum weakens significantly the unused bremsstrahlung radiation which is
generated as a result of the interaction of the scattered electrons with the walls of
the accelerating chamber and spread in all directions. The intensity and the
angular distribution of this radiation depend considerably on the betatron design.
The detailed data about the unused bremsstrahlung radiation output give a
possibility to calculate the shielding housing of betatron more accurately. For
protection from the unused bremsstrahlung radiation of betatron the sheet lead
connected constructively with the magnet is applied. Mainly the instalments of
betatron irradiator which are not protected by the magnet design are shielded by
lead. The shielding construction of betatron includes also a collimator for the
formation of the radiation beam of the given shape.

The calculation and the projection of the shielding facilities of the
radiation defectoscopes and the shielding constructions consist in
determination of the shielding thickness of radiation cap, walls, floor and
roof of working chamber providing the reduction of the protection level up to
the regulated meaning.

Protection from ionizing radiations must be projected with the accounting
of the irradiated person category and the duration of the irradiation. For persons
attributed to the category A (defectoscopists, dosimetrists and,etc.) the project
dose rate on the shielding surface must not be over 1,4-10> millizivert / hour
(1.4 milliber/hour) in the 36-hour working week and 1,2-10" millizivert / hour
(1.2 milliber/hour) in 41-hour working week. In separate cases an increase of the
dose rate under condition of limitation of time of the personnel presence in the
radiation — dangerous zone is allowed. At the protection calculation it is assumed
that the annual limitedly permissible dose of 50 millizivert (5 ber) at the uniform
irradiation corresponds to the dose equal to 1 millizivert (100 milliber) during
the 36-hour working week or with 0.17 millizivert (17 milliber) during the
6-hour working day. Let’s consider the methods of the protection calculation
mainly applied in practice.

Calculation of the protection by means of the weakening
multiplicity. The weakening multiplicity K of radiation is the value that
indicates by how many times it is needed to reduce the exposure dose rate of

radiation — X, the intensity, the flow density or the absorbed dose rate of

radiation D in order to receive the given readings of X, or D,:
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K=XX_ orK=D/D.. (5.35)

For the given energy of gamma-radiation and chosen shielding material
the value K depends only on the shielding thickness. There are the universal
tables in which the dependence of thickness of shielding from different
materials (water, concrete, iron, lead, tungsten, uranium) on the energy for the
point isotropic mono-energy sources of photon radiation is given as well as the
weakening multiplicities by the dose for the infinite geometry. In practice the
shielding facilities have the barrier geometry. For the determination of the
shielding thickness by means of the universal tables for such geometry, it is
nessesary to multiply the required for the barrier geometry weakening
multiplicity K, by the correction 6, and then for the received weakening
multiplicity K = K}, -9, it is nessesary to determine the shielding thickness by
means of the universal tables. The values of J, are also given in the universal
tables. The accounting of the barrier geometry is essential at a low radiation
energy. In the radiation defectoscopy sources with the nonmonoenergy
radiation are applied most often. Therefore, it is expedient to determine the
shielding thickness by means of nomograms and graphs received on the basis
of experimental and theoretical data concerned with the weakening of the
divergent beam of the gamma-radiation of sources applied in the defectoscopy.

For the estimation of the shielding thickness one can apply the
approximate method of calculation of the shielding thickness by the weakening
layers. The weakening layer Al/k shows the shielding thickness which weakens
the radiation dose (energy flow density, particles density and so on) by K times.
At the shielding calculations the layers of half-value (A1/2) and tenth-value
(A1/10) weakening are applied most often. The shielding thickness Al/2
corresponds to the radiation weakening multiplicity equal to 2 and the shielding
thickness A1/10 — to 10. For the multiplicity K of radiation weakening by the
shielding the needed number of half-value weakening layers n is equal to:

K = 2n. (5.36)

The value K > 10’ is convenient to present as a product of two co-factors, one

of which is K = 10°. For example, 16000 =16 -10°~ 2" -2'°. Then,n=4+ 10 = 14

layers of half-value weakening. If the values of K and A;, for the given

energy of gamma-radiation and chosen material are known, the shielding
thickness d is determined by means of the following relationship:

d=~ A]/z'n. (537)

The method of the shielding calculation with the help of half-value

weakening layers is approximate because the value of A, for wide beams
is changed for the given radiation energy and shielding material depending
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on its thickness which is proportional to the weakening multiplicity. The
accounting of the change of weakening layer value with the change
of thickness at K < 10° can be conducted by using the values of weakening
layers A0, Aiioo, Ainooo- Leading off with the shielding thickness
corresponding the weakening multiplicity K > 10’ the value of the layer of
tenth-value weakening does not change practically with the increase of
shielding thickness and may be taken constant and equal to the asymptotic

value A%Sio. There is a method of the shielding thickness calculation with the

N . e
use of the values of Aj/10, A1/100, A1/1000 A%m for the weakening multiplicity

K=I-10", where 1 <1 < 10; m is the integral positive number. Then the
shielding thickness may be calculated with good accuracy by formulas:

atm =20,

d=Al/10&; (5.38)

atm=1,
d = AyotAiie€; (5.39)

atm =2,
d = Aino0+(A1/100-A1/10)-E; (5.40)

atm > 3,
d = Ajio00 T AT (m=3)+ AT}, €, (5.41)

where § 1s the factor connecting the layer A/ with the layer A;, weakened
the radiation by I times; A =A1/10-E; the value of € are

& = In(1/2.3).

oS
There are tables of values Ajn, Ao, Aiioo, Aijioon, and A5, for

different materials (concrete, lead, iron and tungsten) needed for conducting
the calculation of shielding.

Method of competitive lines. For the nonmonoenergy sources the
shielding calculation is fulfilled with the help of the competitive lines method
which comes to the calculation of shielding from the monoenergy sources by
using the universal tables or by half-value weakening layers. This method
consists in the following: the needed weakening multiplicity of source
radiation K is determined, the partial weakening multiplicity of photons of i-
energy group with the relative contribution P; is calculated:

Ki = K-Pi, (5.42)

then for every K; and E,; the needed shielding thickness d; is determined by
means of universal tables or half-value weakening layers. The energy of
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photons which needs the highest values of thickness of shielding d,, is named
the main line of the spectrum. The energy of photons which needs the next
value of shielding thickness dc behind the main line, is named the competitive
line; the finite thickness d of the shielding is determined by relationships:

d=dn+ Ay, if (dpdo) = 0 (5.43)
d=d.+ A, if 0 < (dm—dc) < Az; (5.44)
d = du, if (du—do) > Aup. (5.45)

In these relationships Ay, is the highest value from the layers of half-value
weakening for the main and competitive lines. The role of main and
competitive lines changes depending on the weakening multiplicity.

The protection from the direct X-radiation. The X-radiation has a
continuous energy spectrum with maximum energy corresponding to the
nominal tension on the X-ray tube U,. At the calculation of the shielding
from the X-radiation one must take into account the change of its spectral
composition appearing owing to the stronger absorption of the low-energy
components of the spectrum with the rise of the thickness of shielding layer.

The different nomograms received on the base of the experimental
data are applied for the determination of the protection thickness from the
direct X-radiation with the maximum energy less than 300 keV. With the
help of the nomogram given in Fig. 5.2, the thickness of the needed lead
protection d is found for the given values of K; which are determined in
accordance with the formula:

K1 =t1/3R2, (5.46)

where t is time (duration) of irradiation in a day; I is the current in the tube,
mA; R is the distance between the X-ray tube and the working location,
meters. The found value of the thickness of lead protection provides
areduction of the exposure dose of radiation on the working place up
to 1 millizivert (100mR) in a week.

The protection from the scattered X-radiation. The intensity and the
energy of the scattered X-radiation depend on the tension, the value of the tube
anodic current, the square of the irradiation in the examining object, the angle
of scattering and on the material of the examined object. The determination of
dependence of the intensity of the scattered X-radiation on all the above-
mentioned factors is very difficult, therefore in most cases the data are used
received on the base of the experimental studies. In Table 5.7 the values of

a = X sc/ Xar, received on the base of experiments, are given, where X sc
is the exposure dose rate of the scattered at angle 900 X-radiation measured on
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the distance 1 meter from the scatterer; X 4 is the exposure dose rate of the
direct beam of the X-radiation. Using the data from Table one can determine
the needed thickness of the shielding from the scattered radiation.

d, mm /
8 é’:’/@/

75 100 125 150 175 200 U, kV

Fig. 5.2. The nomogramme for the calculation
of the lead shielding thickness from the direct roentgen radiation

The protection from beta-radiation. For protection from electrons
(beta-particles) it is nessesary that the screen thickness should be not less
than the maximum path of beta-particles in this material. The maximum path
R. (gram/cm®) of electrons with energy E, (MeV) in aluminum may be
determined with the help of the following empiric formulas:
for 0.15 MeV <E;< 0.8 MeV

Rac= 0.407E,"* (5.47)
for 0.8 MeV <E; <3 MeV
R, = (0.542E(—0.133). (5.48)
Table 5.7
Valuess of o for different U, and irradiation fields
Uy, kV Size of inradiation field, cm o, %
75 18x25 0.1
80 10x15 0.05
100 10x15 0.05
200 6%8 0.034
1000 20x20 0.076
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For beta-particles with the continuous spectrum and the maxinum
energy E, the path R,. (gram/cm’) in aluminum is determined from the
following empiric relationships:
for 0.01 MeV <E(,<2.5 MeV

R, = 0.4]12F, 265-02181eE . (5.49)
for Eg> 2.5 MeV;
R..= 0.530E, — 0.706. (5.50)

The maximum path of electrons Ry (gram/cm?) in any material can be
estimated by using the formula:

L (214,
X AC (Z/A)X )

where Z,., Zx are the atomic numbers of aluminum and material in which the
path of beta-particles is determined; A,, Ax are the atomic masses of
aluminum and this material.

At the calculation of protection from beta-radiation it is needed to
foresee the shielding not only from beta-particles but also from the
bremsstrahlung radiation appearing at the deceleration of electrons in the
source or in the shielding material.

At the deceleration of mono-energy electrons with energy E; higher
than 5 MeV in a thick target (the thickness of the thick target is equal to the
maximum path of electrons) the output (yield) of bremsstrahlung radiation
(MeV/decay) P is determined by the formula:

(5.51)

P=577-10"-Z> n,E; (5.52)
i-1
The yield of bremsstrahlung radiation at the deceleration of beta-
particles having a continuous spectum, in case of the thick target it is
calculated by the formula:

P=123-10"(Z+3)> ny - E;, . (5.53)
Here Zis the effective atomic number of the matter in which the deceleration
of beta-particles is taking place; ng; and nj; are yields of beta-particles and
mono-energy electrons at a single decay of the nucleus, correspondingly; Ey;
1s the maximum energy of beta-spectrum, MeV; m is the number of lines of
beta-particles or electrons in the padionuclide spectrum.
Formulas (5.52) and (5.53) are received under the condition that
electrons (beta-particles) are fully absorbed in the source and the self-
absorption of the bremsstrahlung radiation in it is absent.
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At the deceleration of the accelerated electrons with maxinum energy
Emax 1n the thick target, the yield of the bremsstrahlung radiation P is
calculated by the formula:

P=577-10*-Z-E2 (5.54)

The angular distribution of the bremsstrahlung radiation is calculated
theoretically or determined experimentally. For the calculation one can assume
that the effective energy of the bremsstrahlung radiation spectrum E.¢= 1/2E, .,
1f Eax < 10 MeV, and that E.g= 1/3E,,.x, 1f 10 MeV < E,,.,x <30 MeV.

At the calculation of the protection from the bremsstrahlung radiation
it is useful to apply the dependences of half-value weakening layer thickness
A1, of this radiation in different matenials on the maximum energy of radiation.

Methods of calculation of shielding from the neutron radiation.
The main propositions at the neutron radiation protection calculation, based
on the processes of the neutron interaction with the matter, are:

1) the protection from the neutron radiation is based on the absorption
of the thermal and moderate neutrons. Fast neutrons must be first moderated;

2) neutrons with E > 0.5 MeV, being scattered on the nuclei of absorbing
medium, experience inelastic collisions. At this nuclei transfer in excited state
and then return into initial state with emission of gamma-quantums and beta-
particles. At E; < 0.5 MeV neutrons experience mainly the elastic scattering;

3)as a result of inelastic and elastic scatterings, neutrons are
moderated up to thermal energies and at further duffusion may be absorbed in
the shielding or may be left out from shielding limits; at the absorption in the
shielding the capture gamma-radiation appears;

4) under the action of neutron-radiation many materials are activated
(i. e. become the sources of beta-and gamma-radiation). This fact must be
taken into account at the protection calculation.

For a narrow-beam of fast neutrons the weakening occurs in
accordance with the formula:

Yy=J-e-) X, (5.55)
where % is the total macroscopic cross-section of the shielding material:
Yt =otN, (5.56)

where N = 6.023-107 (p/A) is the number of nuclei in 1 cm® of matter; o is
the microscopic cross-section of the shielding material; p is the density and A
is the atomic mass of the shielding material:

6.023-10%
Zt :Zs+za :p'T(O-S +0,), (5.57)
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where Xg, ¥, are macroscopic cross-sections of scattering and absorption; cs,
G, are microscopic cross-sections correspondingly.

X
JX:J-I—I, (5.58)

where L is the relaxation length depending on E,, shielding material,
thickness of shielding and shielding geometry. There are tables in the
reference books for values of L in different materials.

For a calculation of water shielding from the laboratory (o,n) — sources
of neutrons one can use nomograms plotted for the limitedly permissible dose
of the professional irradiation (for the personnel). Several parameters are
interconnected in nomograms: the source power W (n%S) and distances
(thicknesses) R (cm) and X (cm) or the dependence of K on X for different
sources: (Po-Be); (Ra-Be); (Pu-Be) and so on.

Calculation of protection from fast neutrons with the use of the
removal cross-section. For the simplified calculation of multi-layer
shielding consisting of hydrogen-containing and heavy materials the
theory of the fast neutron removal was suggested. In the H-containing
medium the density of the neutron flow will decrease owing to the elastic
scattering. In the combined medium the inelastic scattering will occur on
the heavy nuclei with the subsequent effective moderation (elastic
scattering) on nuclei of hydrogen so the cross-section will be significantly
increased with the energy decrease.

At the isotropic scattering 2o —> 2, and it can be seen as the removal
cross-section. But at energy of 5—-10 MeV the scattering on the middle and on
heavy nuclei is non-isotropic, mainly forward, therefore the Z.., is less:

Yrem = 2—2g°COS, (5.59)

for E,=8 MeV the experimental value of X.,~(0.6-0.7)Z. The Z., is
determined experimentally.
The law of weakening for heterogeneous materials is

D(y,t) = Dy(y—t)-¢ ™", (5.60)

where D(y,t) is the dose of neutrons emitted in some point B at the distance y
from the source S in the presence of the plate from the heavy material with
the thickness t;

Dy(y-t) 1s the radiation dose in the H-containing material without the
plate from heavy material with the thickness t

_l Dn(y_t)
Zrem—tln—D(y,t) . (5.61)
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The removal cross-section is determined by the experimental way. The
law of neutrons weakening in homogeneous materials (the uniform mix of
hydrogen with heavy components) has the following form:

D(y,A)yy =Dy(y)-e ™ " (5.62)

9

where D(y,A)y is the neutron radiation dose at the distance y from the source
in the homogeneous medium; D,(y) is the neutron radiation dose at the
distance y from the source in pure hydrogen with the equivalent volumetric
density; Orm; 1 the microscopic cross-section of removed i-component.

The calculation of radiation weakening in the mazes. Testing of the
articles quality at industrial plants is conducted often in the working chambers.
The lay-out of the working chamber usually has the form of the maze (Fig. 5.3).
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Fig. 5.3. The scheme of the working chamber maze calculation
for the gamma-defectoscopy of large-sized articles:
1 — radiation source '*’Ir with activity 3,7-10"° Bq (100 Ci);
2 — shielding (concrete); 3 — maze

Labyrinths with two turns, at passing through which the radiation
undergoes at least twofold reflection, provide a reduction of the radiation
dose rate on the maze output down to the permissible level at the exploitation
of the X-ray — and gamma-defectoscopes of all types applied for the
conducting of the radiation defectoscopy.
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A calculation of the maze shielding from concrete may be fulfilled also
by means of the empiric formula:

)% m, 'A-Ky
= , 5.63
-T2 R (5.63)

where my; is the empiric factors equal to 6.0-10* and 2.8-10° for the first and
the second turn of the maze; L is the distance from the source to the centre
of the square S;, cm; R, is the distance from the centre of square S; to the
calculated point (the distance between the scattered squares S; and S, for the
two-elbow maze), cm; R, is the distance from the centre of square S, to the
calculated point for the two-elbow maze, cm.

The proposed calculation of mazes in the locations for the examination
is suitable in the case of the exploitation of the radioisotopic gamma-
defectoscopes. At the application of other sources of ionizing radiations
(X-ray defectoscopes, betatrons) the order of the reflected radiation
calculation is preserved. However, in the formulas given above one must use
the value of the radiation yield of radiation (radiation dose rate at the distance
1 meter from the source) and the value of dose albedo must be calculated for
the effective energy of radiation which is determined on the basis of data
about the spectral structure of the ionizing radiation.

5.2.3. Providing of the safety
at the conducting of the radiation defectoscopy

Depending on the testing article geometry the scheme of the radiation
defectoscope disposition as related to the article is chosen. So, for articles
of the cylindrical form the source of ionizing radiation or defectoscope can be
positioned on its axis line for the directed or panoramic examining or for
examining from the external side. At the examining of planes, details
of machines, angles or angular constructions and also at the examining of the
facilities frames the defectoscope or the source of the radiation must be
disposed in such a way that the direction of the radiation beam will be normal
to the examining article (Fig. 5.4).

Naturally, that in articles of different forms the weakening of the ionizing
radiation occurs in a different way and the radiation field behind the testing
articles is formed in a different way too. As one can see from (Fig. 5.4), the direct
radiation in types 2,47 articles passes a longer path in material (at one and the
same thickness) and, correspondingly, is absorbed more effectively than in the
plane articles. Therefore, the intensity of the direct radiation behind the article
of the plane form is always higher than in the rest of the cases, 1. €. d; <d,<ds... .

The theoretical relationships for the determination of X, (dose rate in
some given point A) are needed in bulky calculations, which in the practice
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of the radiation defectoscopy is not always acceptable. Besides, at the
fulfillment of such calculations it is needed to draw the additional reference
literature for the detection of the value of radiation albedo o; and also the

dose build-up factors B. Therefore in the industrial conditions the value of X
is determined experimentally in the given point with the help of the
dosimetric devices, the safety distances are maintained for the case of the
defectoscopy in the plant, field conditions and on the open grounds.

//
G

Fig. 5.4. The examining scheme for articles with the different geometry:
1 — radiation source (defectoscope), 2 — tanks, pipes, vessels; 3 — plane;
4 — details of machines; 5 — angle; 6 — angular constructions; 7 — housing of equipment

For providing the safety conditions for the operation of defectoscopists
and persons working near the place of the examination, the articles must be
examined at the minimal possible angle of the radiation working beam
divergence by using for this aim collimators (diaphragms) and tubes;
if necessary one must mount behind the examining article the shielding screen
overlaping the radiation beam and direct it toward another side from the nearest
working places; limit the articles examining time by means of using of high-
sensitive films,intensifying screens, etc.; the control panel of the mobile and
portable apparatus must be disposed at such a distance from the place of
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examining which provides the safety conditions of the personnel labour or must
be disposed behind the shielding screen. After the assembling of the shielding
screens the sizes of the radiation-harmful zone and the efficiency of the
shielding facilities action must be tested by means of the direct measuring of the
exposure dose rate of the X-radiation with the help of dosimeters. The radiation-
harmful zone must be guarded. Before the start of examining and at the time of
the examining it is desirable to give the light and sonic signals.

During the design of the typical laboratory plan for gamma-and X-ray
defectoscopy one must take into account the following points: the combination
of gamma-and X-ray-methods of defectoscopy; the mechanization of the
acticles delivery to the examining location; the automation of the examination
process; the optimal set of the auxiliary rooms; the building of the shielding
walls and apertures with sizes needed for the reduction of the ionizing radiation
level on the external surface of the shielding down to the permissible values.

The composition, number and sizes of the laboratory rooms are
determined by the technical project. The sizes of rooms for the radiation
defectoscopy depend on the overall dimensions of testing articles and the
applied defectoscopic apparatus. In the determination of the locations sizes it
1s necessary to take into account the requirements of the working sanitary
rules and norms of the industrial plants projection.

As a rule, the structure of a gamma-and X-ray laboratory has the following
locations: working chamber (usually with the square not less than 20 m®); room
for control panel with the square not less than 10—12 m?; the photolaboratory with
the area not less than 10 m* locations for the personnel, for processing of the
testing results and films storage and also the sanitary-domestic rooms. The similar
locations must be provided also when using the electron accelerators but in this
case the working chamber square must be not less than 40 m®.

The design of the defectoscopic laboratories projects and their building
are fulfilled in accordance with the standards of working sanitary rules. In the
technical task of the project the following parameters are indicated: the
calculated data about the radiation shielding thickness of the working chamber;
the applied protection materials; the requirements imposed on the disposition
of locations of the defectoscopic laboratory; the requirement for the ventilation,
water-supply and sewerage, heating, illumination, energetic arrangements and to
the rooms finishing. It is recommended to dispose the laboratories for the
radiation defectoscopy in a one-storeyed building or in one-storeyed extension
because in this case the protection of the working chamber floor is not needed
and lower standards are set to the protection of the roof.

The stationary radiation defectoscopes must be switched in a circuit of the
doors blocking control switching off the high tension (or transfering the source
in the storage position) at the opening of the door into the working chamber.
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The repeated switching of the high tension (or the transfer of the source to the
working position) must be fulfilled only from the control panel of the apparatus
after closing the door into the working chamber. The light signalisation
notifying about the necessity to leave the working chamber at once before the
apparatus switching must be maintained in the working chamber, too. The floor
in the working chamber and in the room for control panel must be made from
the electroinsulating materials or must be covered with the dielectric rugs near
the personnel working places. The light tableau is mounted on the control panel
of the defectoscope and over the entrance into the working chamber having the
warning inscriptions “X-ray examination” and others, illuminated during the
defectoscope switching on (at the high tension switching or at the source
transfer into the working position) and switched off after the examining end.

The laboratory plan and its technical task must be submitted to the
departments of the capital construction and the safety techniques to the
local organs of the state sanitary supervision and then are approved by
the chief engineer and the director of the plant where the radiation
defectoscopy is conducted.

At the finish with the construction or the laboratory repair a
representative of the local organs of the sanitary supervision is asked to carry
out a dosimetric testing of the laboratory rooms. The admittance of the
laboratory to the exploitation is made by a commission consisting of the
representatives of the interested plant, local organs of the state sanitary
supervision, labour inspection, organs of the home affairs. The commission
must state the accordance of the accepted object to its project and standards
of the working norms and rules; the presence of the conditions of the
radiation safety for the personnel and the population; the provision of the
conditions for defectoscopes and radiation sources storage; the commission
solves the problem of the laboratory exploitation possibility and of receiving
the sources of the ionizing radiations by the plant. The commission draws up
a statement of acception in which are shown the purpose of the laboratory
rooms, the kind and the power of the radiation source (the nominal tension
and the current of the X-ray tube, the activity of the radiation source for the
radioisotopic defectoscopes, the maximum energy of the radiation and the
current in the case of the using of the electrophysical type defectoscopes).

On the basis of the acception statement the local organs of the sanitary
supervision mount the sanitary passport which gives the right for the
radiation defectoscopy conducting. The sanitary passport is given for a period
of not more than three years. The copy of the plant sanitary passport is
directed to the organs of the home affairs for the registration.

The problem of the radiation safety provision at the radiation
introscopy conducting may be solved much more succesfully in the case of
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the television technique application in the combination with the X-ray
electron-optical converter. Arrangements worked in the accordance with the
scheme: X-ray electron-optical converter — the television system have the
widest application in industry. Radiation introscopes with the application of
the television technique not only transfer the light — shade image of the
testing article onto the safety place but, at the same time, they allow to gain
brightness and to increase the defects image.

Radiation introscopes, in which the television arrangements are used,
are usually composed from the radiation source; electron-optical system
transforming the information contained in the radiation beam passed through
the examining article into the visual image; mechanical system for the fixing
and the shift of the testing object. These introscopes allow to observe the
image without the preliminary vision adaptation to the darkness; increase the
amount of information about the testing object owing to the higher contrast
sensitivity and the resolution capacity; provide the safety of defectoscopists
work at the examination; give a possibility to fulfil the testing simultaneously
by several defectoscopists with the help of separate television screens and to
tape the television images of the examined articles. As radiation sources, in
the radiation introscopy are used the same X-ray apparatus, betatrons and
electrons linear accelerators as in the radiography.

5.3. Control tasks to the section
“Work safety in the radiation defectoscopy”

1. Determine the value of the radiation intensity and the gamma-radiation
fluency rate for two monoenergetic beams of gamma-radiation with
photons energies 0.05 and 2.0 MeV, if the exsposure dose rate in every
beam is equal to 3 mR/s (7.74-107 Coulomb/kg).

2.  Show that the following values are equivalents of the 1 Roentgen
(2.58-10* Coulomb/kg): 2.08 -10° of ions pairs in 1 cm’ of air; 7.1-10*MeV
on 1 cm’ of air; 1.61-10'* of ions pairs on a gram of air; 5.46-10" MeV
on every 1 gram of air.

3. In vacuum there is some spherical surface covered uniformly by a thin
nonabsorbed layer of the radioactive nuclide emitting gamma-radiation
with the total (full) energy 2-10” MeV/second. Calculate the intensity
of the radiation at the distance 1 meter from the sphere centre if the
radius of the sphere is equal to 0.5 meters.

4. At normal conditions in 10 cm’ of the air the number of 8.3-10"
of ions pairs was formed under the action of gamma-radiation. What is
the value of the dose calculated for 1 kg of air if the uniform irradiation
1s taking place in the infinitely large space?
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13.

14.

15.

What is the absorbed dose of the mixed gamma-neutron radiation in
the tissue-equivalent by the atomic composite material if the
exposure dose of the gamma-radiation is 0.15 R and neutron fluency
is 3-10° (neutron-cm®)'? The energy of gamma-quanta is 300 keV and
the neutron energy is 8 MeV.

The rate of gamma-quanta fluency changes in the course of time in
accordance with the law: ©, = ®y-exp(-t/t). The time of the irradiation
is 2.4 hours; T = 1.5 hours; ®=4.5-10" 1/cm®-s; the energy of gamma-
quanta is 1 MeV. Find the radiation dose in units of Gray at t = 0, if the
electron equilibrium is provided.

What is the fluency rate of particles of the directed monoenergetic radiation
with the energy 2.5 MeV through some square when the normal to it is
disposed under the angle 30° relative to the direction of the radiation
spreading, if the intensity of the radiation is equal to 1.2 Watt/m>?

The radioactive source of gamma-radiation with the sum activity 5100
Curie of the Cobalt-60 nuclide creates in the irradiated volume the
maximum exposure dose rate of 650 R/min. Determine the radiation
intensity in the irradiated volume in terms of Watt/m”.

The number of atoms in the radioactive nuclide with the activity 1.8 Cure
is equal to 8.9-10". What is the half-life period of the given nuclide.

The gamma-equivalent of the radioactive preparation is 0.5 gamma-equiv
of Radium. Determine the number of decays in the preparation in 1 hour.
Determine gamma-equivalents of radioactive preparations of **Na,
Co, *'Cs and *Jr with the activity 10, 50, 100 and 250 milliCurie
correspondingly.

There are five point gamma-irradiating preparations in the laboratory:
Co-60, Zn-65, Ar-110, Eu-155 with the activity 10.6, 67.5, 9.8 and
103 milliCurie correspondingly, and the 10.5 milliCurie of Radium in
the equilibrium with the daughter products of the decay. What kind of
the source must one apply for the experiment in order to receive the
maximum dose rate at the constant geometry of the experiment?

Find the fluency rate of electrons appearing in water the isotropic field
of the photon radiation with the energy 400 keV under the electron
equilibrium conditions if the dose rate is equal to 0.15 Gray/second.
Find the medium value of the linear energy transfer (LET) of electron in
water, appearing under the action of the photon radiation if at the dose
rate of 20 microGray per hour the density of electrons flow is 8.7 cm s .
Calculate the quality coefficient of neutrons with the energy 5 MeV,
taking into account only the elastic scattering on the nuclei of elements
composing the tissue formula, and considering that photons path in the
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16.

17.

18.

19.

tissue is 250 micrometers and that the quality factor of recoil nuclei of
the Carbon and Oxygen is each equal to 15.

Calculate the medium linear energy transfer (LET) of protons
appearing in the biological tissue as the result of the elastic scattering
of neutrons with the energy 8 MeV, considering that the medium
protons path in the tissue is 34 milligram/cm”.

Find the quality factor of the primary radiation, taking into account that
the dose 1n the tissue is stipulated by the charged particles of four kinds
giving the contributions 30, 40, 20 and 10 % (per cent) and having
quality factors equal to 7; 1; 20; and 10 correspondingly.

Find the quality factor of the mixed gamma-neutron radiation, if the
neutron energy is equal to 5 MeV, the density of the neutron flow is
3.10° cm s and the dose rate of gamma-radiation in the biological
tissue is 0.01 Gray/second. The quality factor of neutrons is equal to 7.
Find the effective dose received by a human if the equivalent dose
of the irradiation of lungs is 1 Zivert. The tissue weighting factor for
lungs is 0.12.
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APPENDIX 1

ANSWERS TO THE CONTROL TASKS FOR THE SECTION

“PRINCIPLES OF THE RADIATION TESTING”

1250.

“a” — at the two times increase of the anode tension; “b” — the intensity
of the anode current can be increased by means of the heat current
increase; “c” — at the increase of the intensity of the anode current, the
number of the accelerated electrons hitting onto the target of the
roentgen tube anode in time unit, increases too, and at the anode
tension increase the energy of electrons is increased.

6.910" s

lo= 1.9 cm; Loomp=2.5 cm; 1y= 1.5 cm; 1 =1.8 cmy; ltot_1=lph_1+ lcomp_1+ lpair_l
wpr=0.013

Meomp mi= 0.039 cm?/ gr; Ueomp m2=0.012 cmz/gr

Cioi(1-2€) and Gyy-3/8¢ (In2e+1/2)

Wpair=0.28.

3.5 mm.

It is necessary for the pair formation that the gamma-quantum energy
was more than 2 mc?, where m is the particle mass. Obviously, one can
always cross into such reading system in which the gamma-quantum
energy is less than 2 mc® and so the pair formation is impossible. But if
the given process is impossible within any single (one) system, it is
impossible in any other one too.

2.

0.8.

0.8.

1 meter.

M(v) = t/4[My(v)+M,(3)/3—-M,(5)/5+Mn(7)/7];

M(0.5) = 1/4[M,(0.5)+1/3-M,(1.5)-1/5-M(2.5)+1/7-M,(3.5)];

M(1) = /4[My(1)+1/3-My(3)-1/5-My(5)];

M(2) = n/4[Mx(2)];
M(@3) = n/4[M:(3)];
M(4) = n/4[My(D)];
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18.

M(5) = n/4[Mn(5)].
pnx =2.

0.01.

0.08.

ANSWERS TO THE CONTROL TASKS FOR THE SECTION

“RECEIVING AND REGISTRATION OF ROENTGEN
AND GAMMA-RADIATION”

i(t) = q(t)-v(t)-E/v.

At = 26 microseconds.

The negative impulse. For receiving the positive impulse, one must
take off the signal from the other electrode of this scheme.

Q=610" Coulomb; Amplitude A =310"V.

J=j+ T =e(nvs +nv); ni(X) =ne-x/v; n(x) = ny(d-x)/v.

n= 10.

Vithreshold & 488 V.

Amplitude A = 1 milliVolt.

d =220 micrometers.

Wp =37 electronVolt.

ny, ~ 2.210%

L(g) = Loch/e*exp[-hc(1/e — 1/g0)*/ 267].

The gas scintillators have advantages. Their light going out (exit) is
proportional to the energy of fragments. They allow to work at
considerable intensities of the background from the alpha and gamma-
radiation and also have a short time of the excitation.

ny, = 5.110%

1 microAmper/Lumen = 0.2 %.

The long-wave boundary of the spectral sensitivity of the photo
multiplier is determined by the red boundary of the photo effect for the
cathode material, i. e. by the photoelectric work of exit. The short-
wave boundary is determined by the transparency of the backing (base
layer) onto which the photocathode is placed.

The negative signal takes off from the anode, because the electrons are

collected onto the anode.
dM/M = 1.2 %.
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LIST OF TRUE ANSWERS TO THE TEST
“RECEIVING AND REGISTRATION OF ROENTGEN
AND GAMMA-RADIATION”

A/B/C|D
+

z

+

RQA|N N | W |-
+

ANSWERS TO TESTING QUESTIONS
FOR SECTION “RADIOGRAPHY”
d-b

1. Solution: lnT-F—_b. Let's assume that 1 . =U,=U;. Then
®-b 5-1
—=—=0.O6;d)-b/lnT=F—1;F=84O(mm);
F-b F-1

[ 2 2
Ui =4U2 +U. " =0.085(mm)
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Solution: use the nomograph IT 5.1 (steel, apparatus PVYII-200-205;
tension V = 80...200 kV; for the PT-1 film with the tin-lead foils
d =0.05 mm; F =75 cm; optical density D,p=1.3...1.5). Steel with
thickness 21 mm (17 mm+4 mm) may be exposed at the tension
120...200 kV. For those tensions correspond the exposures from 90
to 3 mA-min. Atthe roentgen tube current 10 mA the exposure time
1s changed correspondingly from 9 to 0.3 min. For the better detection
of defects at the relatively short exposure (time) it is expedient
to conduct the exposing at the lower tension, for example, at 140 kV
and exposure 20 mA-min. Therefore, t =2 min at [,= 10 mA.

Solution: the time of the exposure on the PT-1 film ty=2 min which
was found in the previous task must be multiplied by the transfer factor
taking into account the difference in the films sensitivity:
t=tyrK=2-1.8 =3.6 min.

2 2
Solution: t=t f =4-100 ~ 7min.
0 2 2
F 75
0
Solution: 1, = ! 40 40 ~ 57(mm).

cosQ - cos45° - 0.707
Solution: in order to use the nomograph 5.1a, it is necessary firstly to

determine the equivalent thickness of steel:
(v/P)cu -Pe 0.57-8.94
d o =d. - U 10— S 15(mm). and
eq-Fe = "Cu (w/p)pe P 0.424.7.89 ~ 1>(mm) W/o)e,

(v/p)p. are the mass weakening factors of the copper and steel. Let us

assume that the testing will be conducted at V,= 140...150 kV. One
can find in Tables that mass weakening factors in copper and steel are
correspondingly 0.57 cm®*/gr and 0.424 cm®/gr at V,=144kV and
pcu=8.94 gr/cm’, pr.=7.89 gr/cm’. These meanings are substituted
into the formula for deqre. It 1s seen from the nomograph 5.1a that the
exposure for steel with the thickness 15mm at V,=140kV is
7 mA-min, 1. e. at the current 5 mA the time of the exposure is 1.4 min.
Solution: the exposing time is determined by means of the nomograph
5.33. From the point of the intersection of exposure dose ratio value
lines and the given thickness of aluminum for the Tm'”’-source we
lead a straight line in parallel to the diagonal n toward the intersection
with the focal distance line. The received intersection point determines
the exposure time t ~ 0.09 hour.

Solution: from the point of the intersection of the exposure dose rate
values of the source by nomograph 5.34 and thickness of the steel for
Co®, we lead a straight line in parallel to the diagonal n toward the

222



10.

1.

12.

13.
14.

15.
16.

intersection with the line of the focal distance F. The point of the
intersection determines the line of the exposure time t. t = 0.17 hour.
Solution: according to nomograph in Fig. 4.21 (relative change of the
exposure dose rate in time Py/P,-100 %), the exposure dose rate of the
source at the distance 1 meter up to the moment of the exposure
1s 84 % from the passport value, 1. e.
P=2-10"R/s-0.84 ~ 1.7-10° R/s.
According to nomograph in Fig. [1.6.8,b we find, for the steel with the

thickness 70 mm and PT-2 foil, the exposure dose D = 5R at the distance

1 meter. The exposure time: t = b_ R ~ 49 min .

1.7-1073 (R /s)- 60(s/ min)
Solution: at the focal distance change the exposure time 1s changed by
(F/F,)* times, where F, is the focal distance for which the nomograph
was made (85 cm); F is the given focal distance (50 cm).

2
Therefore t = % . [i] > 2500 ~ 17 min

Fo)  1.7:1073.60 7225

Solution: the equivalent thickness of steel leq=l SO

Cu pFe ’
8.9 . R

leq.Fe = 70'% =79.4mm. Using the nomograph in Fig. [1.6.8,b we find

for the thickness 79.5 mm and for PT-2 film the exposure dose 6.9R

at the distance 1 meter. The exposure time t= D__ 69 6omin.

17107360
Solution: using the graph in Fig. 4.21, we find the exposure dose rate
of the source at the moment of exposing. It is equal to 87.5 % of the
initial value, i. e. P =2.2-107-0.875 = 1.93-10 °(R/s). The total thickness
of the exposing material is d =45 + 5 = 50(mm). Using the nomograph
in Fig. 6.7,a, we find for the steel with the thickness 50 mm and
for PT-2 film the exposure dose D = 0.45R at the distance 1 meter.

Therefore: t= D_ 0.45 ~ 4min.

1.93-1073 60
The exposure time must be increased 1.25 times.
Behind 5 month, two half-decay periods have passed and the source
activity is 4 times less. Therefore, the exposure time must be 4 times
longer, i. e. 80 minutes.
The exposure time must be 30 minutes.
It is necessary to increase the exposure time to 36 minutes.
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17. The exposure must be 70 mA-min, if the needed blackening density

must be 2.0.
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Fig. 1. Nomograms for determination of the radioscopy exposure
of the steel-base (a) and titanium-base (b) alloys by gamma-radiation of Cs"™’
at the lead foils 0.1/0.2 mm thickness; F = 50 cm; D,y = 1.5
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Fig. 2. Nomograms for determination of the radioscopy exposure
of the steel-base alloys by gamma-radiation of Eu"**(a) and Co® (b)
on the PT-type films with lead foils having the thickness, correspondingly, 0.1/0.2
and 0.2/0.2 mm; Dy, = 1.5. For Co% F =85 cm, for Eu™ F =50 cm
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Exposure dose rate P at distance 1m, R/s
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Fig. 3. Universal nomogram for determination
of the radioscopy exposure of the steel-base (1),
titanium-base (11), aluminum (I11) and magnium (1V)
on the PT-1 film (at D, = 1.5) by gamma-radiation from sources:
Tm'” (8py, = 0.05/0.05 mm); Se” (Spy = 0.1/0.2 mm); Ir'** (p, = 0.1/0.2 mm),
using the given exposure dose-rate P of the source radiation
and the given thickness of the exposed material.
The nomogram key: Pln, nFt
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Radioscopy (exposing) time t,,,, hours

Exposure dose rate P at distance 1m, R/s
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Fig. 4. Universal nomogram for determination
of the radioscopy exposure of the steel-base alloys
on the PT-1 film (at D, = 1.5) by from sources:

Tm'” (8py = 0.05/0.05 mm); Se” (8py = 0.1/0.2 mm);
Ir'” (8py = 0.1/0.2 mm); Eu"">"* (8py = 0.1/0.2 mm);

Cs"7 (8py = 0.1/0.2 mm); Co™ (8p, = 0.2/0.2 mm).
The nomogram key. Pln, nFt
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Fig. 5. The radioscopy (exposing) of the steel-based alloys by the PYII-200-20-5
apparatus, V = 80...200 kV (a) and by the PYII-400-5-1; V = 200...400 kV (b)
on the PT-1 film with the tin-lead foils with thickness 0.05 mm
(F =75cm; Doy = 1.3...1.5). The roentgen tube tension is shown
by figures near the corresponding straight lines
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LIST OF TRUE ANSWERS TO THE TEST “RADIOGRAPHY”

Ne|A|B|C|D
1|+

2 +
3|+

4 +
5 +
6 +
7 +

8 +

9 +

10 | +

11 +
12 +

13 +
14 +

15 +

16 | + | +

17 +
18 | +

19 +
20 +

21 +

ANSWERS TO TESTING QUESTIONS FOR SECTION
“RADIOSCOPY”
Let’s assume that at the absence of the defect, the testing article is the
plane plate with the thickness X, onto which the uniform flow of the

quanta
m’> -2

radiation with density NO( j and energy E i1s falling. In this case,

the ny =N, .s-t-¢” M quanta fall on average during the same time onto

the elementary square of the converter disposed behind the plate,
where p is the linear factor of the quanta weakening. If the plate has a
cavity with the depth Ax, then the elementary square of the converter is
hit by the nd=NO-s-t-e_“(X_AX) quanta. Therefore, the signal from

the defect willbe  =n . —n . ~N. -s-t-e *X .4 - Ax-
Ny=n4-ne NOste u-Ax
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Since the number of quanta is the fortuity value distributed in
accordance with the Poisson law, then the roof-mean-square deviation

of the quanta number so, the &= \/E = N =y N, 5~ t-e™* signal/noise

Ng

ratio ¥ = =(N0.s.t.e—uXT;qu.

Nnoise

(10 marks)

In the simplest case the influence of the converter is that the converter
does not absorb the total quantity of radiation fallen onto it. Let’s
assume that the transformer has the thickness h and the linear radiation
weakening factor p,. If one assumes that the radiation interaction
occurs due to the photoeffect, i. e. the quantum, being interacted, has
lost all its energy inside the converter (this event really has place at low
energies for converters with high atomic number), then from n. quanta
fallen onto the converter, the number of absorbed quanta is:
n. = nc(l — e Hb ) ,and from hg quanta number of absorbed is:

Ny =N @(1—6‘”“11). In accordance with these, the signal/noise ratio

after the interaction with the converter will be:
1 1
., n. _ _
V nr/)n V n(/)

1
One can see that the ratio will decrease (1_ e—ﬂnh)E times.

(5 marks).

The typical dependence of the relative sensitivity of the introscop on
the testing article thickness expressed with the help of the relative size
of the minimum detected defect, is shown in Fig. 1 where 6 = Ax/x.
It is clear from Fig. 1

A

N

—
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that the sensitivity has maximum value at mean values of x and
becomes worse at increase and decrease of the thickness. The value o
1s determined experimentally by means of the sensitivity standards. In
accordance with state standard 7512 — 82, the wire and ditched
standards are used. At using the ditched standard, & =xim;l, where lin
1s the depth of the minimum detected ditch, hy is the standard’s
thickness, x is the thickness of the tested article.

Depending on the testing article's thickness, the standards of different

thickness N 1, 2, 3 are used. At using the wire standard, 6=dm% ,

where d,;, 1S the diameter of the minimum detected wire. The
worsening of the sensitivity at the decrease of the testing article's
thickness is stipulated by the fact that the contrast sensitivity of the
transmitting TV-tubes is limited and at the thickness decrease, at the
constant radiation energy and constant J, the contrast is decreased
continuously, since 8 = HAX = pd;.

The worsening of the sensitivity at testing article thickness increase is
stipulated, at low energies, by the increase of the built-up factor of
scattered radiation and by decrease of the illumination of the
photolayer of the transmitting tube, and as the consequence, by the
decrease of its contrast sensitivity.

At high energies, the decrease of the signal/noise ratio occurs also
simultaneously on the transmitting tube input, since

W =(NO.S.Z‘.e_lux}/,le .
(10 marks)

At the increase of the roentgen tube current and at the constant anode
tension, the radiation intensity increases proportionally to the current,
leading to the converter brightness increase and to the illumination
increase of the photolayer. As the result, the contrast sensitivity of the
transmitting TV-tube is risen in those cases where it was limited by the
insufficient illumination, 1. e. at the mean and large thickness of the
tested article. At those values of thickness also the relative sensitivity
of the introscop is increased correspondingly.

At small thickness, where the illumination was already enough for
providing the nominal contrast sensitivity, the relative sensitivity of the
introscop is not practically changed.
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X

Y

(10 marks)

At the increase of the roentgen tube tension, the radiation intensity
increases approximately proportionally U? and the maximum spectral
energy of quanta, leading to the decrease of pu. — the differential factor
of the radiation weakening and to the decrease of the roentgen image
contrast. The influence of the scattered radiation is simultaneously
decreased. Therefore the sensitivity is decreased in the area of the
small thickness (6 is increased) and the sensitivity is increased in the
area of large values of thickness.

(10 marks)

The decrease of the focal spot size leads to the rise of the geometrical
distortions. The half shade is also risen and the total shade is
decreased. At the focal spot square less than the detect square, the
value of the contrast is not changed. Hence, due to that the eye can
detect better the image with the sharp borders then the exposure of
defects becomes worse. If the focal spot is larger than the defect, then
the image contrast is decreased. For the square focal spot with the size
® and for square defect with the size 1, at ;< b®:

K = puax (l-f]z , where f is the focus — converter distance and b is the

defect-converter distance. So, at the same current and tension the better
exposure will be provided at using the tube with a small focal spot.
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b)

v (5 marks)

It is useful in engineering computing to change the real spectrum of the
roentgen tube radiation by any equivalent monoenergetic radiation. At
this, two cases are possible:

The initial end the and radiation in intensities are taken equal to each
other (are equalised), at this one can insert the monoenergetic radiation
having the linear weakening factor:

B 11 [ ”So(E)d
Fslele

The contrasts at the small changes of thickness are equalised, then one
can insert the monoenergetic radiation having the another linear
weakening factor p,

, where So(E) is the energetic spectrum.

[ 8,(E)e (E)dE
'S (B)e " aE '
There is the following relatlonshlp between W, and p.:

d
lua_luc _){%}'

c

Then the roentgen image contrast is K = p.Ax
(10 marks)

The time, in which the human eye in the dark can get the 80 —
percentage level of its maximum sensitivity, is 15...20 minutes.
(3 marks)

The minimum illumination level revealed by the human eye is 10~ lux
(for comparison: the threshold sensitivity of the most sensitive TV —
transmitting tubes is ~ 10" : 10~ lux).

(3 marks)
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10.

1.

12.

The dependence of the threshold contrast on the background brightness is
shown in the Table. The least threshold contrast is achieved within the
range of the background brightness from 1 to 10° candela/m®. The increase
of the threshold contrast at the small brightness is explained by the
brightness fluctuations but the very high brightness — by its blinding action.

(4 marks)

If the initial intensity of the bremsstrahlung radiation is Iy, then the

absorption bremsstrahlung radiation will occur in the monocrystal and
it will be equal to:

1. 10[1-6‘[%}191] — for Nal (TI);

2. 1, _1 ~ e[%}lzpz} — for KI(T1);

3. L _1 - e[%]m] — for CsI(T1).

Taking into account that for E = 4 MeV (EJ <<1 and the values py, p,
p

pP3<5 gr/cm3, then, atd =2 cm:

[%] d;-p, <<1, therefore

[l (8 Jap-ap

Since the mass absorbing factors of monocrystals are approximately equal
to each other, and also the thicknesses of the considered monocrystals are

the same (i. e. &=&=& and d; = d, = d;), then the ratio of the
P. P. P

absorbed energies of fallen energy 4 MeV in monocrystals Nal(Tl),
KI(TI), CsI(TI) will be equal to the ratio of their densities py, P2, p3.

(10 marks)
The “narrow” (pencil) beam of the ionising radiation consists, before
the interaction with the matter, of the directed initial radiation and,
after the interaction with it, — of the certain part of the initial radiation
having interacted with the medium.
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13.

14.

The “broad” (extended) beam of the ionising radiation consists, before the
interaction with the medium, of the directed initial radiation and, after the
interaction with it, — of the certain part of the initial radiation having not
interacted with the medium and of the certain part of the scattered radiation.
The “pencil” beam geometry is used mainly in the radiation defectoscopy
where the beam collimation on the path to the exposing object and behind
it (on the defector input) allows to exclude the influence of the build-up
factor on the detector signal and to obtain a high signal/noise ratio and the
defectoscopic sensitivity. The “broad” beam geometry is used in
radiography and radioscopy. Those methods allow to reveal the form
(shape) and the character of the defects. It is characteristic for them that
the 1mage is formed at once on the total square of the exposure field and
the lower signal/noise ratio due to the build-up factor influence.

(10 marks)

The geometrical conditions of the radioscopy are determined by the set
of values: the focal spot (it is the projection of the radiation source onto
the image plane); the focal distance (the distance from the radiation
source to the “radiation-light” or the “radiation-signal” converter; the
distance from the exposing object to the converter and by the size of
the radiation field (the value of the exposed section of the object).

(5 marks)

The build-up factor is the value which is determined by the ratio of the
broad beam intensity of the roentgen radiation behind the barrier-
absorber to the intensity of narrow beam.

The scattered radiation decreases the contrast of the defect’s radiation
image and, so, the probability of the defect detection decreases at build-up
factor increase. The numeral values of the absolute and relative sensitivities
of the defect’s testing for the most widespread in the radiation introscopy
converters — the fluoroscopic screens and scintillation crystals may be
determined, with taking into account the build-up factor, by means of
formulas, given in [3]: § =K, B , where Kg, is the threshold contrast of

1)

the eye; 0 is the testing absolute sensitivity; B is the build-up factor; p is
the linear factor of the roentgen radiation weakening.

8rd=Kth-£d, where d is the testing object thickness in the exposed

u .

area; O, 1s the relative sensitivity of the testing.
(5 marks)
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LIST OF TRUE ANSWERS TO THE TEST “RADIOSCOPY”

z

A/B/ C|D
+

+

OR[N\ || (W[ | ==
+

ANSWERS TO THE CONTROL TASKS FOR THE SECTION
“WORK SAFETY IN THE RADIATION DEFECTOSCOPY”

7-107° and 11-10 Joule/m*second;

XN R =

et e ek e e e ek e e \O
0NN DA WLWN — O

9-10" and 3.5-10% 1/m*-second;
1.05-107" Joule/m*-second;
3.5-10° Joule/ kg (Gray), Gy
0.13-10 Gy;

9.510° Gy;

2.6:10"% 1/m*second;

3.4-10° Joule/m*-second;

2.6 hours;

. 3-10° (decays);

. 235 for every preparation;
. 2.6-10" 1/m*-second;

. 2.1 keV/micrometer;

7.4;
12 keV/micrometer;

. 3.5;
. 6;
. 0.12 Sivert (Sv);
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APPENDIX 2

RUSSIAN - ENGLISH VOCABULARY
OF STANDARDIZED TERMS AND ATTRIBUTES
ON RADIATION TESTING AND DIAGNOSTICS

Term/Tepmun

Definition (attribute) /Onpenenenne

Paguanyonnas texHuka

Radiation engineering

OO6acTh TEXHUKH, CO3/IAI0MIAST PATUAIIMOHHBIC
YCTPOMCTBA U METObI UX TOCTPOCHUS

Pamuammmonnoe
arrmapaToCTPOCHUE

Radiation apparatus engineering

Hanpasnenne pagnainoOHHON TEXHUKH,
co3/aroliee paAralOHHbIe 00JIy4YaTeIbHbIe
YCTPOMCTBA U METOJIbI UX ITIOCTPOCHUS

Pannanronnoe
npudOpPOCTPOCHUE

Radiation instrumentation
engineering

Hamnpapnenue pagualiuOHHON TEXHUKH,
co3/1aroIIee pagualioHHbIe HH(QOPMAIMOHHBIE
YCTPOMCTBA U METO/Ibl UX TTOCTPOECHUS

PagnannonHnoe ycTpoicTBO

Radiation device

Y CTpoiCTBO, HCTIOJB3YOIIEEHOHUZUPYIOIINE
M3IIyYEHUs ISl UBMEPEHUS XapaKTEPUCTUK
BELIECTB WM MTPe0Opa30BaHMs SHEPTUU
HELETIHBIX SJIEPHBIX PEAKIUil B APYTUe BUIBI
SHEPTUi WIN MOIyYeHHs] HHPOpMaluu, KpoMe
uH(MOPMAIINH O XapaKTePUCTUKAX
MOHU3HUPYIOIINUX U3JIyYEeHUHN U (WIHN) UX TIOJIEH,
napameTpax B3auMOJAECUCTBHSI HOHU3UPYIOLIUX
W3JIyYEHHUH CO CPEION, XapaKTEPUCTUKAX
HMCTOYHUKOB HOHU3UPYIOIINX U3JIyYEHUN

PannonsorornHoe ycTponcTBo

Radioisotope device

PannannonHoe yCTpOHWCTBO, B KOTOPOM
MOHU3UPYIOIIEE U3ITYyUYECHHUE CO3/1aEeTCs
PagUOHYKINAOM, BXOJSIIUM B COCTAaB CAMOTO
YCTPOMCTBA

Paguanyonno-
MH(pOpMaIIMOHHBIE YCTPONUCTBO

Information radiation device

PannannoHHOE yCTpOKWCTBO, MPEAHA3HAYECHHOE
IS OJTyYeHust uHopMauu
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PannannoHHbIi H3MEPUTEITH

Radiation meter

PaanannoHHO-MHPOPMALIMOHHOE YCTPOICTBO,
IIPEAHA3HAYECHHOE JUIS IOy YeHUS
U3MEpUTEIbHON HHpOpMaLUU

IIpumeuanue. B 3aBUCMMOCTH OT NIPU3HAKOB,
yctaHoBsieHHbIX ['OCT 1626370,
paANalMOHHBIN U3MEPUTENb MOKET OBITh
U3MEpUTEIbHBIM NPe0o0pa3oBaTEIEM,
U3MEPUTEIBHBIM IPUOOPOM, U3MEPUTEIBHOM
YCTaHOBKOW, NU3MEPUTEIBHON CUCTEMON,

B KOTOPBIX B Ka4€CTBE IIEPBUYHBIX CUTHAJIOB
WCIIOJIB3YIOTCSI paJMallMOHHbIE CUTHAJIBI

NCTOYHUKHU PAAIMALIMOHHOI'O U3JITYUEHUA
PAJNOHYKJ/IMJHBIE 3AKPBITBIE
SEALED RADIONUCLIDIC SOURCES OF RADIATION

PaGouas moBepXHOCTH
3aKPBITOTO PAAMOHYKIHIHOTO
MCTOYHHKA HOHU3UPYIOLIETO
W3y YCHHS

PaGouas moBepXHOCTH
HCTOYHUKA

Emitting area of source

IToBEepXHOCTH WJIM YaCTh MOBEPXHOCTH
3aKPBITOr0 PaJUOHYKIUIHOTO UCTOUHHUKA
MOHU3UPYIOILETO U3JTyUYCHHUS,
npeaHa3HauYeHHas JIsl BBIX0/1a
HMOHU3HUPYIOIIETO U3Ty4YEeHUSs], UCII0JIb3yEeMOT0
MIPU IKCILTyaTallid UCTOYHUKA

I'epMeTHYHOCTH 3aKPBITOTO
PaAMOHYKIMIHOIO UCTOYHUKA
VOHU3UPYIOLIEr0 U3Jy4YEeHUs

GCMCTI/I‘lHOCTb HCTOYHHKA

Containment of source

CBOICTBO KOHCTPYKIIMH PaAHMOHYKIUIHOIO
VMCTOYHUKA HOHU3UPYIOIIETO U3JITyYeHUS
MIPENSATCTBOBATh B3aUMHBIM KOHTAKTaM
PaguoOaKTUBHOIO MaTepHuaia U OKpYKarollen
Cpenbl, UCKIIIOYasl KaK 3arpsI3HEHUS] CPEIbI
PaguOaKTUBHBIM BELIECTBOM, TaK U
IIPOHUKHOBEHUE CPEJIbI B UCTOYHUK BBIIIE
JIOIIy CTUMBIX JE€HCTBYIOIIMMHU HOPMaMHU
YPOBHEH B yCIIOBUSX, IPELYCMOTPEHHBIX

JUIS1 UCITOJIB30BAHMS M UCIIBITAHUS] UCTOYHUKA

HGHOCTHOCTL 3aKpPBITOI'O
PAANOHYKINAHOTO NCTOYHHUKA
HOHU3NPYIOIICTO U3JTYUCHUA

HGHOCTHOCTB HCTOYHHKA

Integrity of source

CBOICTBO KOT€pEHTHOTO 3aKPBITOTO

PAANOHYKIMAHOTO NCTOYHUKA NOHU3UPYIOHICTO

HU3JTYy4YCHUA COOTBCTCTBOBATH
TCXHI/I‘IGCKI/IMTp66OBaHI/IHM H 110
IrepMETUYHOCTH, U ITO BHCIIHEMY BUJTY
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YTeuka paguoakTUBHOTO
BEIIECTBA U3 3aKPBITOTO
PaAMOHYKIMIHOIO UCTOYHUKA
MOHU3HUPYIOLLEr0 U3Jy4YCHUs

VYTeuka paguoakTUBHOTO
BEIIECTBA

Leakage of radioactive
substance

[lepeHoc paiMOaKTUBHOIO BEIIECTBA

U3 3aKPBITOTO PaJUOHYKIUIHOTO
MCTOYHUKA HOHU3UPYIOIIETO U3ITyUYSHUS
B OKPYXKAaIOILYyI0 Cpeay

['epmeTusupyromias cucrema
3aKPBITOrO PaUOHYKIUIHOTO
HMCTOYHUKA UOHU3UPYIOIIETO
U3ITy4eHUs

I'epmeTusnpyromas cucrema
HMCTOYHHKA

Containing system of source

COBOKYMHOCTb 3JIEMEHTOB KOHCTPYKIIUU
3aKPBITOrO PAIUOHYKIUIHOTO UCTOUHHUKA
WOHU3UPYIOIIETO U3TyUYCHUS,
npeAHa3HauYeHHasl 1711 00eCTICUeHUSs €ro
TePMETUYHOCTH

Kancyuia 3akpeiToro
PaZlMOHYKJIUJIHOTO MCTOYHUKA
MOHU3UPYIOILEro U3TyYSHHUS

Kancyna

Sealed radiation source
envelope

DneMEHT KOHCTPYKLUHU 3aKPBITOTO
PaIUOHYKIMJIHOTO UICTOYHUKA HOHU3UPYIOLIETO
W3ITy4EHUS, BHITIOJTHEHHBIN B BII€ 000JI0UYKH,
KOTOpasi 00ecreunBaeT CaMOCTOSITEILHO HWIIH
COBMECTHO C APYT'MMH DJIEMEHTaMU
KOHCTPYKIIMM UICTOYHHKA €TI0 TEPMETUYHOCTD

B YCJIOBUSX, IPEyCMOTPEHHBIX JUISIETO
VICIIOJIb30BAHUS

Tum 3akpbITOrO
PaaUOHYKIMJIHOTO HCTOYHHKA
MOHU3UPYIOLIETO U3TYyUYCHUS

Twun ucrounuka

Type of source

Pa3sHOBUIHOCTH 3aKPBITHIX PaIHOHYKIUIHBIX
UCTOYHUKOB MOHU3UPYIOIIETO U3JTyYCHUS,
00JIaTaf0IIHX OMPECIICHHOMN, TOIBKO UM
MPUCYIEH COBOKYITHOCThIO KOHCTPYKTHBHBIX
NPU3HAKOB U PaHAIMOHHO-(PU3NUECKUX
XapaKTePUCTUK

[Tommoxkka 3aKpbITOrO
PaAMOHYKJIMJIHOTO UCTOYHHKA
HMOHU3UPYIOIIETO U3TyUYECHUS

Ilommoskka UCTOUHUKA

Source backing

DNEMEHT KOHCTPYKLUHU 3aKPBITOTO
PaAMOHYKIUAHOIO HCTOYHUKA HOHU3UPYIOLIETO
U3ITy4EHUs, IPEeIHA3HAUYCHHBIHN 111 HAaHECEHUS
U (WJIK) 3aKperUieHHs] Ha HEM PaJiiOaKTUBHOIO
MaTepuana
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AKTHUBHBIN CEpPIEUHUK
3aKpBITOT0 PaJUOHYKIIUIHOTO
MCTOYHHMKA MOHU3UPYIOLIETO

W3JIy4YCHUS DNEeMEHT KOHCTPYKIIUU 3aKPbITOTO

PaIUOHYKJIUAHOTO HCTOYHUKA HOHU3HPYIOLIETO
AKTHUBHBIN CEPJICUHUK W3JIyYEHHUS, BKIIFOYAOIIAN aKTUBHYIO 4aCTh
WCTOYHHKA

Active core of source

PaanonykinuIHbI HCTOYHUK HOHU3UPYIOIIETO

AKTHUBHAs 4acTh 3aKPHITOTO U3JTy4eHUs], KOHCTPYKLUS KOTOPOTO
PaMOHYKIUJIHOTO HCTOYHUKA |TPENSATCTBYET B3aUMHBIM KOHTAKTaM
MOHM3HPYIOIIET0 U3y YCHHS pPaIMOaKTUBHOIO MaTepUaa U OKpy:Karouien
MCTOYHUK CPE/Ibl U UCKIIIOYAET €€ 3arps3HeHHe
AKTHBHas 4acTb paZlnOaKTHUBHBIM BEIIECTBOM BHIIIIE
JOITyCTUMOTO JICHCTBYIOIIMMHU HOPMaMU
Active volume of source YPOBHS B YCJIOBUSX, PETYyCMOTPEHHBIX

JJI UCITOJIB30BaHUA HCTOYHHUKA

3aKpbITHII paguOHyKIUAHBINA
VCTOYHUK NOHU3HUPYIOLIETO
W3ITy4EHUs

OO6nacTh B 3aKPHITOM PaJUOHYKIUTHOM
3aKpbITHI paAMOHYKIUAHBIA | MCTOYHUKE HMOHU3HUPYIOIIETO U3TyUYEHUS,
VCTOYHUK HU3JTyYECHUS B KOTOPOW pacIpeaereH paiuOaKTUBHbIN
MaTepHuall WIK paAMOaKTUBHOE BEIECTBO
3aKpBITHIIl HCTOYHUK

Sealed radiation source

Nonuzupyrolee n3ydeHue N3nydenue, B3aMMOeHCTBUE KOTOPOTO
CO Cpeioi MPUBOIUT K 00pa30BaHUIOMOHOB
Hnn. PagnoaktuBHOE pPa3HbBIX 3HAKOB.
U3ITy4YeHue [Ipumeuanue. OOIIETIPUHATO BUAUMBIN CBET U
yIbTpadUoIeTOBOE U3TyYEHUE HE BKIFOYATh
lonizing radiation B MNOHATHE “MOHU3UPYIONIEE U3TyUECHHE

Honunsupyroiee n3iry4eHne, COCTOsAIIee

13 3apsKEHHBIX YaCTHLL, UMEIOIINX
KMHETUYECKYIO DHEPIHUIO, JOCTATOYHYIO

JUIS MIOHU3ALMY IPUA CTOJIKHOBEHUH.
[Ipumeuanne. HenmocpenctseHHO
MOHM3UPYIOLLEE U3ITyUYEHUE MOKET COCTOSTh
U3 BJIEKTPOHOB, MPOTOHOB, aJib(ha-4acTUIl U Jp.

HenocpeacrseHHo
VOHU3UPYIOLLEE U3ITyYeHUE

Directly lonizing radiation
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Kocsennononusupytromiee
U3IIy4eHUe

Indirectly Ionizing radiation

Honunsupyroiee U3inydeHue, COCTOSIIEE U3
HE3aPSKEHHBIX YaCTUL, KOTOPBIE MOTYT
CO371aBaTh HEMOCPEICTBEHHOCHOHU3UPYIOLIEE
U3ITy4eHUe U (WIIM) BBI3BIBATH SIICPHBIC
MPEBPAILLCHUS.

[TIpumeuanue. KocBeHHOEMOHU3UPYIOIIIEE
M3JIyYEHUE MOXKET COCTOATh U3 HEUTPOHOB,
(GhOTOHOB U JIp.

[TepBnuHOEHOHMU3UpYIOIIICE
U3IIy4eHUe

Primary radiation

Honnsupyromee u3Iy4eHne, KoTopoe
B PaccMaTpHUBaEMOM IIPOIIecCce
B3aMMOJICUCTBUS CO CPEIION SBIISACTCS
WM IPUHUMAETCS] HCXOJHBIM

Bropuunoenonusupyrouiee
U3JIy4eHUe

Secondary radiation

Honmsupyroiee n31ydeHne, BOSHUKAIOIIEEe
B Pe3yJIbTaTe B3aUMOIECHUCTBUS IEPBUYHOTO
MOHU3HPYIOIIEr0 U3TYYCHHS
C paccMaTpuBaeMou cpeaon

N3mepeHre nOHU3UPYIOLIETO
U3IIy4YEHUs

Ionizing radiation measurement

N3mepenne pusnyecko BEIMUHHBI,
XapaKTEPUZUPYIOLIEN NCTOYHHK WJIH I10JIE
VOHU3UPYIOLIETO U31y4YCHUS, PAJUOAKTUBHBIC
00pa3Iibl UK B3aUMOJCHCTBUE HOHU3UPYIOIINX
W3JyYEHHUH C BEUIECTBOM

Hyxmg

Bupn aroma ¢ TaHHBIMU YKCIIaMU TPOTOHOB
Nuclide Y HEPOHOB B sAJIpe
Pagnonyxnun

Hyxnun, obnaaaromuii paaoakTUBHOCTBIO
Radionuclide
N3oton

Hyxnupn ¢ ynciom mpoToHOB B sape,
Isotope CBOVICTBEHHBIM JAHHOMY 3JIEMEHTY
Pamnousoron

N3otomn, obmagaroninii paguoakTUBHOCTHIO
Radioisotope

DOTOHHOE MOHU3UPYIOIIIEE
U3ITy4YeHue

DOTOHHOE U3ITyUYCHUE

Photon radiation

DNEKTPOMAarHUTHOE KOCBEHHOE HOHU3UPYIOLLEe
U3ITy4YeHUe

'amma-uzmyuyenue
Hpn. I'amma-nyuu

Gamma-radiation

doToHHOE HU3JTYyYCHHUEC, BOSHUKAIOIICC ITPHU
HU3MCHCHHH SHCPICTUIYCCKOI'0O COCTOAHUA
ATOMHBIX AACP WUIN aHHUTHUJIAIWUHA YaCTHI]
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TopMo3HOe n3nyueHue

Brake (bremsstrahlung)
radiation

@DOTOHHOE U3JIyYEHUE C HENIPEPBIBHBIM
DHEPreTUYECKUM CIIEKTPOM, BOZHUKAIOLIEE
[P YMEHBIIECHUN KUHETUYECKOU DHEPTUU
3apsKCHHBIX YaCTULL

XapaKTEepUCTUIECKOE
U3JIly4eHue

Characteristic radiation

doTOHHOE HU3JTYy4YCHUC C NTUCKPCTHBIM
OHCPICTUUCCKHUM CIICKTPOM, BO3HHKAIOIICC
IMpHU U3SMCHCHNU SHCPICTUICCKOTO COCTOAHUA
9JICKTPOHOB aTOMaA

PenTtrenoBckoe nzinydeHue
Hnum. Pertrenosckue nyun
PeHTreHoBs! 1yun

JIyun Pentrena

X-radiation

@OTOHHOE U3IIyYEHHUE, COCTOSILEE
U3 TOPMO3HOTO U (MJIM) XapaKTepUCTHUECKOTrO
W3JTy4YCHU N

Kopnyckynsiproe uznydeHnue

Corpuscular radiation

Nonunzupyrolee U3iry4yeHne, CoCTosIIee

13 YaCTHI] C MACCOU, OTIIMYHON OT HYJIA.
[Tpumeyanue. HeHTpuHHOE U3TyYEHUE TAKKE
OTHOCHUTCS K KOPIYCKYJISIPHOMY H3JTY4YEHUIO

Anbda-n3myueHue
Hnan. Ansda-nyan

Alpha-radiation

KopmyckynsipHoe u3inydeHue, cocTosuiee
13 0-YaCTHL, UCITyCKAEMBIX MPU SAECPHBIX
MIpEBpAICHUSAX

SHGKTpOHHOC H3JIYUYCHHUC

Electron radiation

KopnyckynspHoe u3ityuyeHune, CocTosiee
13 3JIEKTPOHOB U (MJIM) MO3UTPOHOB

bera-nznyuenue
Han. 6era-myun

Beta-radiation

DJEKTPOHHOE U3ITy4CHHUE,
BO3HHKAOIIEee MpH OeTa-pacraie saep
WA HECTaOMIIbHBIX YaCTHI]

DOTOIIEKTPOHBI

Photoelectrons

DNEeKTpOHHOE U3TyUYEHUE, BO3SHUKAIOIIIEE
npu (HOTORIEKTPUIECKOM B3aUMOJICHCTBUH
(OTOHHOTO U3TYUYEHUs C BELIIECTBOM

KoMIITOHOBCKHE 3IIEKTPOHBI

Compton-electrons

DNEeKTPOHHOE U3TyUeHUE, BO3HUKAOIIIEE
IIPY KOMITTOHOBCKOM (HEKOTEPEHTHOM )
paccessHIM ()OTOHHOTO M3TyUCHHUS

[IpoToHHOE U3ITyUYeHHE

Proton radiation

KopnyckynspHoe u3itydyeHune, cocTosuiee
1
u3 sapnep H
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HelitponHoe usnydenue

Neutron radiation

KopnyckynspHoe u3iydeHue, coCcTosee

13 HEUTPOHOB.

[Tpumeuanus: 1. HeliTpoHsl, ucmrycKkaeMble
IIpU JEJICHUU aTOMHBIX SI1€P, HA3bIBAOTCS
HEUTPOHAMU JEIICHUS.

2. HenTpoHBI, UCITyCKaeMble

P B3aUMOJICUCTBUH (DOTOHHOTO U3ITyUECHHUS
C ATOMHBIMM SIIpaMHU, HA3bIBAIOTCS
doToHeTpoHaMHU

TermioBbie HEUTPOHBI

Thermal neutrons

HeittponHnoe uziyuenue, Haxoasieecs
B TEPMOJIMHAMUYECKOM PaBHOBECUU
C pacCcenBaIIMMHU aTOMaMU CPeIbl

beicTppie HEMTPOHBI

Fast neutrons

HewtpoHnHoe u3nydeHue ¢ 3HEprueri HEUTPOHOB
B untepsaie ot 200 no 20 M»>B

KocMnueckoe uzinyuenue
Hnn. KocMmuueckue nyun

Cosmic radiation

HNonuzupyroniee u3irydyeHue, COCTosIEe

Y3 IEPBUYHOTO MOHU3UPYIOIIETO U3TYyUCHUS,
MOCTYIAOLIET0 U3 KOCMUYECKOTO
MPOCTPAHCTBA, U BTOPUYHOI'O U3JIyUYEHHUS,
BO3HHUKAIOIIETO B PE3YJIbTATE B3AUMOICHCTBUA
MEPBUYHOTO HOHU3UPYIOIIETO U3TyUCHUS

CO cpeniou

MoHO3HEpreTHIecKoe
MOHM3UPYIOILEE U3ITyYCHHE

Hnm. MonoxpomaTtuueckoe
U3IIy4YCHHE

Monoenergetic radiation

HNonuzupyroniee u3rydyeHue, COCTOsIIEe

13 (OTOHOB OJMHAKOBOM SHEPTUHU WIJIH YACTHII
OJIHOT'O BHJIa C OJUHAKOBOM KMHETHUECKOM
SHEprueu

CMmenranHOe HOHU3UPYIOIIEe
U3ITy4YeHUe

Hnn. HemonoxpomaTuueckoe
U3JIy4eHUE

Polyenergrtic radiation

HoHuzupyroliee U3IydeHne, COCTOSIIES
U3 YaCTHUI[ pa3JIMYHOTO BU/IA WIN U3 YaCTHUI U
dboTOHOB

Hanpasnennoe nonusupyroniee
U3JIy4eHUe

Directional radiation

HNonnszupyroiiee n3iydyeHue ¢ BbIAEICHHBIM
HaIPABJIECHUEM PACIIPOCTPAHEHHUS
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XAPAKTEPUCTUKHA HOHU3UPYIONINX W3JIYUEHUA U X TTOJIEA
CHARACTERISTICS OF IONIZING RADIATIONS
AND FIELDS OF RADIATION

EcrectBennslit Gpon
MOHU3UPYIOLIETO U3TYyUYCHUS

EcrectBennslii Gpon

Natural background radiation

Honusupyroiee U3iaydeHue, CoCTosAIee
13 KOCMUYECKOI0 U3Ty4YEHHUS

Y MOHU3HUPYIOILETO U3Ty4YCHUS
€CTECTBEHHO PaCIIpEACIICHHBIX
IIPUPOJHBIX PaJUOAKTUBHBIX BEILIECTB

DOH MOHU3UPYIOIIETO
U3ITy4eHUs

don

Background radiation

Honusupyolnee U3I1y4eHnue, COCTOAIIEE
U3 €CTECTBEHHOTO (DOHA ¥ MOHU3UPYIOIINX
W3ITyYEeHUN TOCTOPOHHUX UCTOYHUKOB

IToTok HOHU3UPYIOHINX YaCTHI]

Particles flux

OTHomeHne ynciia MOHU3UpYyomux yactul] dN,
MaJaloIINX Ha JaHHYIO TOBEPXHOCTH 32
MHTEpBaJl BpeMeHu dt K 3TOMy MHTEpBaIy

dN

o =
di

[InoTHOCTE MOTOKA
MOHU3HUPYIOIINX YaCTHIL

Particles flux density

OTHomIeHNe NOTOKa HOHU3UPYIOUIUX YaCTHII
d®d,, npoHUKaOMKX B 00EM DIIEMEHTAPHOU
cdepsl, K TUTOIAU OTIepeUHoro ceueHus dS
3TOM cepsl

do,

ds

¢:

IToTOK PHEPrUM HOHU3UPYIOLIUX
YacCTULL

Particle energy flux

OTHolleHne CyMMapHO# 3Hepruu (MCKIroYas
sHepruio 1nokos) dE Bcex HOHU3UPYIOMNX
YacTHI, NAJA0NINX HA JAHHYIO IOBEPXHOCTH 32
MHTEpBaJl BpeMeHH dt, K 3ToMy

dE
AHTEpPBAILY @ = —

dt
[Tpumeuanue. CymMapHasi SHEprus BCex
VMOHM3UPYIOIINX YaCTHULl HE BKIIIOUAET SHEPIUIO
MIOKOSI

IInoTHOCTH MOTOKA dHEPrUU
MOHU3UPYIOIINX YaCTHULL

Particle energy flux density

OTHOIIEHNE TTOTOKA SHEPTUU HOHU3UPYIOITHX
yactuil d®, mpoHUKaroumx B 00beM
3JIEMEHTapHOMU c(epbl, K 0N
norepeuHoro cedenus dS 3toii chepol

do

=i
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IIepenoc noHn3npyromux
YacTHII

Particle fluence

OTHOIIeHHE Yncaa HOHU3UPY oKX yacTuil dN,
MPOHUKAIOUINX B 00HEM AJIEMEHTapHOM chepshl,
K IUIOIIAIU MoNepeyHoro ceyenus dS stoi

cdepsl F, = f{—];’

[lepenoc sHepruu
MOHU3HUPYIOIINX YaCTHUIL

Particle energy fluence

OTHolleHnEe CyMMAapHO# 3HEpTUU (MCKIII0Yast

sHepruto nokos) dE Bcex noHu3upyrommx

YacTUL, IPOHUKAIOIUX B 00BEM 3JIEMEHTAPHOI

cdepsl, K IUIOIAIU MONEPEeYHoro ceuyeHus ds,
dE

aToM cepnl, F=—
dep o

MMAPAMETPHI B3BAUMOJENACTBUS
VWOHM3UPYIOLNX U3JTYUEHU CO CPEION
PARAMETERS OF IONIZING RADIATION
INTERACTIONS WITH MATTER

DHepreTuYecKuii CeKkTp
MOHM3HUPYIOIINX YaCTHIL

Energy radiation spectrum

Pacnpenenenne HOHN3UPYIOMNX YaCTHUL

10 SHEPIUH.

[Tpumeuanue. AHaTOrMYHBIM 00OPa30M CTPOST
OIPEAEIIEHUS] BpEMEHHOIO Y IPOCTPAHCTBEHHOTO
CIIEKTPOB MOHU3UPYIOLINX YaCTHI

OddexTuBHAS SHEPTUS
(OTOHHOTO U3ITYUYCHHS

Effective photon radiation
energy

OHeprus JOTOHOB TAKOTO MOHOIHEPTeTHYECKOTO
(hOTOHHOTO U3ITyYCHUS], OTHOCUTEIILHOES
ociabJieHre KOTOPOTO B MOTJIOTUTENE
OTPENITICHHOT'0 COCTaBa M OIPEICIICHHON
TOJIIIIUHBI TAKOE XK, KaK y PaCCMaTpUBACMOTO
HEMOHOPHEPIeTHYECKOTO (DOTOHHOTO M3ITy4YCHHS

I'pannuHas sHEprus crexkrTpa
OeTa-u3ny4eHus

Maximum energy of beta-
radiation

HauGonbuias sueprus 0era-4acTu
B HETIPEPBIBHOM YHEPTETHYECKOM CIIEKTPE
OeTa-u3Iy4eHUs: JAHHOTO paJAHOHYKInIa

Cpenusis sHeprusi criekTpa 6era-
U3y YCHHUSI

Beta-particles mean energy

Cpennsist sHeprus 6eTa-4acTul, onpeaeiseMas
10 SHEPTeTUYECKOMY CIIEKTPY OeTa-u3IyUueHHs
JAHHOT'O paJMOHYKIUAA

ITornoniennas n103a U3yyeHus
Jlo3a u3ny4deHus

Absorbed dose

OtHomenue cpeaneit sneprun dE,nepenannon
MOHU3HUPYIOIIUM U3TYyUYEHHUEM BEIIECTBY
B DJIeMEHTapHOM 00BeMe, K Macce dm
BEIIIECTBA B 9 TOM 00BEME,

dE

p="
dm
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MOoOIIHOCTh MOTJIOMIEHHON T035]
W3JTy4YCHUS

MOILIHOCTh J03bI HU3JIYUYCHUA

Absorbed dose rate

OTHoLIEHNE NpUpALLEHHs TOTJIOLIEHHOM 103bI
uznyuyenust dD 3a unrepBan Bpemenu dt
K TOMY MHTEPBaITy

dD

P=—
dt

Kepma

Kerma

OTHOIIIEHUE CYMMBI ITEPBOHAYATLHBIX
KHHeTH4eCcKuX dHepruii dExBcex 3apsmKeHHBIX
YaCTHII, TTOSIBUBIINXCS O] IEHCTBHEM KOCBEHHO
HMOHU3UPYIOIIETO U3TyYEHHSI B DJIEMCHTAPHOM
00BeMe CHENUAIBHOTO BEIeCTBa, K Macce dm
BEIIIECTBA B ’TOM 00BEME

dE

dm

[Ipumeuanue. B kauecTBe cienHAIIBHOTO
BEIIECTBA IPUMECHSIFOT: BO3IyX—1J1s1 (HOTOHHOTO
W3JIy4YeHUs, OMOJIOTMYECKY IO TKaHb—IJIs
KOCBEHHO MOHU3HUPYIOUTUX U3ITyUECHHIH,
MCIOJIb3YEeMbIX B MEJIUIIMHE U B OMOJIOTHH,

1 110001 MOAXOASIINN MaTepuai—Tpu
W3JIYYECHUHN paaraIimoHHBIX 29 PEeKTOoB

K =

MOoOIIHOCTh KEPMBI

Kerma rate

OtHomenue npupameHuii kepmel dK
3a HHTEepBaJI BpeMeHH dt K 9TOMy WHTEepBaIy

k=9
dt

DKCHO3UIIMOHHAS 1032
(OTOHHOTO U3TyUYEHUs

DKCIIO3UIIMOHHAA 103a

Exposure dose

OtHomenue cymmapHoro 3apsina dQ Bcex HOHOB
OJTHOTO 3HaKa, CO3/ITAaHHBIX B BO3/yX€, KOT/Ia BCE
AJIEKTPOHBI Y TTIO3UTPOHBI, OCBOOOXKICHHBIC
(dboToOHaMU B IIEMEHTAPHOM 00beMe BO3/IyXa

¢ Maccoi dm, MOJTHOCTHIO OCTAHOBUIIUCH B
BO3JIyXe, K Macce BO3IyXa B yKa3aHHOM 00beMe
p, =%

" dm

MaccoBsliif ko3 puIeHT
ocia0neHus

Mass attenuation factor

OrtHomeHne TMHEHHOTo KO3 PuIeHTa
ocJabIeHus K INIOTHOCTH O CpeJibl, Yepe3 KOTOPYIo
MIPOXOJUT KOCBEHHO MOHU3HUPYIOILEE U3ITyUCHNE
w1l S = __1 dN

pN dl
IIpumeuanue. 1151 HEUTPOHHOIO U3JTYUYEHHUS
MaccoBBI KO PUIHEHT ocTabIeHus paBeH
OTHOLICHMIO IIPOU3BENECHNAN ITOCTOSHHON
ABoOrajgpo Ha MUKPOCKOIIMYECKOE CEUEHNE
B3aMMOJICHCTBHSI HEUTPOHOB TAHHOW DHEPTUH
C BELIECTBOM K MOJIIPHOM Macce BellecTBa
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Jlunetinbiii ko3P puieHTt
oclabaeHus

Linear attenuation factor

dN
OTHOILIIEHHE N0 7 KOCBEHHO

MOHU3HUPYIOIINXCS YACTHUILl JAHHON SHEPTUH,
MIPETEPIEBIINX B3AaUMOICUCTBUE TIPU
MPOXOKIEHUH dieMeHTapHoro mytu dl B cpene,
K JIJTMHE 3TOTO ITyTH

__Lav
BTNl
IIpumeuanue:

M0/l BO3JIEUCTBUEM 3/1€Ch MTOIPA3yMEBAIOTCS
MIPOLIECCHI, B KOTOPBIX U3MEHSAETCS SHEPTUs

U (WIK) HaMpaBJICHUE IBUKEHUSI KOCBEHHO
MOHU3UPYIOIIKX YaCTHULI.

J11s1 GOTOHHOTO M3TYyUYCHHS JIMHCHHBIN

KO3 PUIHMEHT ocnabiaeHns paBeH CyMMe
JTUHEHHBIX KO3(PPUITUEHTOB OCIabIeHUS,
00ycII0BIEHHBIX POTOAID(DHEKTOM,
KOMIITTOHOBCKUM (HEKOT€PEHTHBIM) pacCeTHUEM
1 00pa3oBaHUEM JICKTPOHHO-TIO3UTPOHHBIX Map

Cpennuii TuHelHbIN Tpoler
MOHU3UPYIOILEH YaCTULIBI

Mean linear range

Cpennsist rmyOvHa TPOHUKHOBEHHUS
MOHU3UPYIOILIEH YaCTULIbl B JAHHOM
BEILIECTBE B 33JIaHHBIX YCIIOBHSIX

UCTOYHUKU UOHU3UPYIOLIUX U3JTYUEHUI
SOURCES OF IONIZING RADIATION

N cTouHNK HOHU3UPYIOLLIETO
W3JTy4YCHUS

Ionizing radiationsource

OOBeKT, copepKaluii paIoaKTUBHBIN
MaTtepual Wik TEXHUYECKOe YCTPOMCTBO,
HCITyCKaloIlee WU CIIOCOOHOE UCITYyCKATh
VOHU3UPYIOIIEE U3JTYYEHUE

PanuoakTuBHBIN MaTepuan
BemectBo

Radioactive materials

Marepuan (BEIecTBo), B COCTaB KOTOPOTO
BXOJUT PAJMOHYKITU/I WIIH PaTHOHYKITHIbI

PagnonyknviHbI HCTOYHUK
W3JTy4YCHUS

Radioactive source

M cTOYHNK MOHM3HUPYIOLIETO U3IyUYEHUS,
COZIepIKALMN PaAMOAKTUBHBIA MAaTepUAIl

KOHTpOJIbHBINH HCTOYHHUK
MOHU3UPYIOLLEr0 U3JTy4YEeHHUS

KoHTpONBbHBIN HCTOYHUK

Monitoring source

PannonyknvIHbIA HCTOYHUK HOHU3UPYIOIIETO
W3IIy4YeHUs1, TPeHA3HAYEHHBIN ISl IPOBEPKHU
CPEACTB U3MEPEHUN HOHU3UPYIOIINX
W3JTYy4YCHU I
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OO0pa31oBbIif HCTOYHUK
MOHU3HMPYIOIETO U3y YCHHS

OO0pa31oBbIif HCTOYHUK

Reference source

PannonyxinuIHbIA HCTOYHUK HOHU3UPYIOLIETO
W3JIy4YEeHUs, IPEAHA3HAYEHHBIN ISl IPOBEPKU
110 HEMY APYTHX CPEICTB U3MEPEHUN
VOHU3UPYIOIIUX U3JIy4YCHUHN U YTBEPKICHHbBIN
B YCTAHOBJICHHOM ITOPSIIKE B KQUECTBE
00pa310BOil Mepbl paAuaIllMOHHOTO TapaMeTpa
WIM paJUalMOHHBIX [TapaMETPOB

XAPAKTEPUCTUKHU PAIMOAKTUBHBIX OBPA3IIOB

N UCTOYHUKOB

WOHM3UPYIOUINX U3JTYUEHUM
CHARACTERISTICS OF RADIOACTIVE MODELS
AND SOURCES OF IONIZING RADIATION

AKTHBHOCTH paJIMOHYKJIU/IA B
ucTouHuke (obpasiie)

AKTUBHOCTb PaMOHYKIHAA

Activity

OtHomenue uncna dN CIOHTaHHBIX SAEPHBIX
MEPEXOJ0B U3 ONPEACICHHOTO SIEPHO-
AHEPreTUYECKOTr0 COCTOSIHUA PaIUOHYKINAA,
MPOUCXOASAIIMX B TAHHOM €r0 KOJIUYECTBE
3a UHTEpBaI BpeMeHu dt, K 7TOMYy HHTEpBaTy
4

dt
[Tpumeuanwue. [lox “onpenesieHHbIM SACPHO-
SHEPreTUYECKUM COCTOSIHUEM  PaJMOHYKIUAA
MOIPa3yMEBAETCS €r0 OCHOBHOE COCTOSIHUE, €CIIN
HE YKa3aHO KaKOoe-JIM0O0 IPYyroe COCTOSIHUE

VnennrHasg akTUBHOCTH
paguoHYKINAA

Specific activity

OTHOILIEHNE aKTUBHOCTHU PaJUOHYKINIA
B PaJMOAaKTUBHOM 00paslie K Macce obpasua

O0BneMHast aKTUBHOCTD
paoOHyKJIN1a

Volumetric activity

OTHollIeHNEe aKTUBHOCTHU PaTUOHYKIINIA
B PaJIMOAKTUBHOM 00pasiie K 00beMy oOpasiia

OBIIUE METO/bl U3MEPEHU UOHU3UPYIOLIUX U3JTYUYEHUN
GENERAL METHODS OF IONIZING RADIATION”S MEASUREMENT

HMonu3anmoHHbINA METO/
U3MEPEHUN HOHU3HUPYIOLINX
W3JTYy4YCHU I

Moun3annoHHbBIN METOT

Ionizing method

MeTtox n3MepeHuii MOHU3UPYIOLIUX
W3JIyYEHUI, OCHOBAaHHBIN HA U3MEPEHUU
MOHHU3ALMOHHOT0 3((PeKTa, BOSHUKAOILIETO

B BEIIECTBE UYBCTBUTEIBHOIO 00beMa
MOHU3ALMOHHOI0 JIETEKTOPa MO/ BO3/IEHCTBUEM
MOHU3UPYIOLLETO U3JTyYEeHHUS
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CUMHTUJUTSIIIMOHHBINA METO]T
W3MEPEHUS NOHU3ZUPYFOIINX
W3JTy4YCHUN

CLII/IHTI/IHJI}II_[I/IOHHHﬁ MCTOJ

Scintillation method

Meron u3MepeHni HOHU3UPYIOLIUX
W3JIy4YEHUI, OCHOBAHHBIN HA PETUCTPALUA
Y aHAJIN3€ CLUMHTHIUILMMI, BOSHUKAOIIUX

B BEIIECTBE UYBCTBUTEIBHOIO 00beMa
CUMHTHJUIIIUOHHOTO AETEKTOPA MO
BO3/ICVICTBUEM HOHU3UPYIOLIETO U3ITyYEHUS

doTorOMUHECIIEHTHBIA METO]T
MU3MEPEHUN HOHU3UPYIOLIUX
W3JTy4YCHU N

DoTOIIOMUHECIIEHTHBIA METO]T

Photoluminiscent method

Meton u3MepeHnii MIOHU3UPYIOLIUX
M3JIy4YEHU, OCHOBAaHHBIN HAa U3MEPEHUU
JIIOMUHECLEHIINH BEIIECTBA YyBCTBUTEIBHOTO
o0beMa paIuoIFOMUHECIICHTHOT'O JIETEKTOpa
pu POTOCTUMYIUPOBAHHOM OCBOOOXKICHUN
DHEPIMH, 3alIaCEHHON B 3TOM BEILECTBE M0
BO3/ICVICTBUEM HOHU3UPYIOLIETO U3JIyYEHUS

TepMONMOMUHECHIEHTHBIN METOT
U3MEPEHUN HOHU3UPYIOLIUX
W3JIy4YCHU N

TepMONMOMUHECHIEHTHBIN METO]T

Thermoluminiscent method

Meton u3MepeHnii MIOHU3UPYIOLIUX
U3JIy4YEHU, OCHOBAHHBIN HAa U3MEPEHUU
JIIOMMHECLEHIIUH BEIIECTBA 1yBCTBUTEIBLHOIO
o0beMa TEPMOIIFOMUHECIIEHTHOTO JIETEKTOPA
IPU TEPMOCTUMYIUPOBAHHOM OCBOOOKIEHUU
JHEPIUH, 3alIaCEHHOU B TOM BEILECTBE M0
BO3/ICVICTBUEM HOHU3UPYIOLIETO U3JTyYCHUS

Kanopumerpuueckuii MmeTon
U3MEpEHUN HOHU3UPYIOIINUX
U3JIyYEeHUN

Kanopumerpuuecknii MeTox

Calorimetrique method

Metoa n3MepeHuil HOHU3UPYIOIINX
W3JIy4Y€HUH, OCHOBAHHBIN HA U3MEPECHUU
TETJIOBOU YHEPrUH, OTYy4aeMOUN
KaJIOPUMETPUUYECKUM JIETEKTOPOM B PE3YJIbTATE
npeoOpa3oBaHus NepeJaHHON SHEPrun
MOHU3HPYIOILIETO U3TyUYEHHs B TEIIIOBYIO

OMHCCUOHHBIN METO U3MEPEHUI
VIOHU3UPYIOLIUX W3ITy4YEHUN

DMHUCCHUOHHBIA METOJ

Emission method

Meton u3MepeHnii MIOHU3UPYIOLIUX
W3JIy4YCHUN, OCHOBAHHBIN HA U3MEPECHUU YUCIa
3apsKEHHBIX YaCTHIL, HCITy CKA€MBbIX
BEIIECTBOM UyBCTBUTEIBHOTO 00beMa
SMHUCCUOHHOIO JIETEKTOPA IO BO3AEHCTBUEM
VOHU3UPYIOLIETO U3JTYyYCHUS

doTtorpaduyeckuii METO
U3MEpEeHUN HOHU3UPYIOIINUX
U3JIlyYeHUN

dororpaduyeckuit MeToxa

Photographic method

OnTruyeckuii METO1 U3MEPEHUS
VOHU3UPYIOIINX U3TyYEHUN, OCYIIECTBIISIEMBIN
MOCPEJICTBOM MU3MEPEHUSI U3MEHEHUS IO
BO3/ICMCTBUEM HUOHU3UPYIOLIETO U3ITyYEHUS
ONTUYECKOMN MIIOTHOCTH CBETOYYBCTBUTEIILHOTO
MaTepuasa nocie ero nposiBIeHus
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XUMHUYECKAN METOJ U3MEPEHUN
VOHU3UPYIOIINX U3IIy4YECHUN

XUMHYECKUN METO/

Chemical method

Meroa n3mMepeHnii HOHU3UPYIOLIErO BEIIECTBA,
OCHOBAHHBIM HA U3MEPEHUU KOHIIEHTPALIUN
MIPOIYKTOB PaINAlMOHHO-XUMUYECKUX PEAKLIUI
B BEILIECTBE XMMUYECKOT'O JIETEKTOPA MO
BO3JICHCTBUEM MOHU3HPYIOLIETO U3TyUYECHHUS

CrieKTpOMETPUYECKUIA METOJ
U3MEPEHUN NOHU3HUPYIOLIUX
W3JTy4YCHUI

CrieKTpoMEeTpUYECKU METO/T

Spectrometric method

Meron u3MepeHnii HOHU3UPYIOLIUX
W3JIyYEHU, OCHOBAaHHBIN HA U3MEPEHUU
pacnpeencHus U3MEpSIEMON XapaKTEPUCTUKU
MOHU3UPYIOLLEr0 U3JIy4YEeHU 110 3aJaHHOMY
rnapamerpy

AKTHBaIIMOHHBIN METOJ
U3MEPEHUN HOHU3UPYIOLIUX
W3JTYy4YCHU I

AKTUBAIMOHHBIA METO/I

Activation method

Meron sinepHBIX peakuui, OCYILECTBIIAEMbIN
IIOCPENCTBOM U3MEPEHHUSI AKTUBHOCTH
PaZlMOHYKJIUI0B, 00pa3yIOLIUXCs B BEILIECTBE
AKTUBALMOHHOI'O JETEKTOpa IO BO3ACUCTBUEM
MOHU3HUPYIOILLET0 U3Ty4YCHUS

Metop cuera HOHU3UPYIOLINX
YaCTHUIL

Counting method

Meton n3MepeHuss MOHU3UPYIOLINX
W3JIy4YE€HUH, OCHOBAHHBIN HA U3MEPECHUU YUCIa
OTHEJIBHBIX aKTOB B3aNMOICUCTBHUS
MOHU3UPYIOIINX YaCTUI] C BEIIIECTBOM
JyBCTBUTEIBLHOTO 00beMa

METO/1bl UBSMEPEHUSI KO3®POPUIIMEHTA KAYECTBA
NOHMU3BUPYIOIIUX N3JTYYEHUU
METHODS OF MEASURING OF QUALITY FACTOR OF IONIZING

RADIATION

Meron nuHEeNHOW nepeayn
SHEpPrun

Merton JITID

Linear energy transfer method

CrnexkTpoMeTprUueCcKuil METOJ] U3MEPEHHUS
Kod(ppuiieHTa KauyecTBa HOHU3UPYIOIINX
W3JIy4YE€HUH, OCYIIECTBIAEMbIN C TOMOIIBIO
CIEKTpOMETpa JIMHEHHOW nepeaaun YHEPTruu

MeTto1 KOJIOHHOU
peKOMOUHAIINH

Column recombination method

NoHn3anmoHHbI METOT U3MEPEHUS
Koa(dulMeHTa KauecTBa MOHU3UPYIOIIHNX
U3JIyYEHUH, OCYILECTBIIAEMBIN C IIOMOLIBIO
HMOHU3AIIMOHHOM KaMephl, paboTaromiei

B peKHMME KOJJOHHOW peKOMOUHAIIUU
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PagnoaktuBHOCTH

Radioactivity

CamMonpoun3BOJIbHOE MPEBpAIICHNE
HEYCTOMYMBOTO HYKJIMJA B APYTOM HYKIHUJ,
COIIPOBOKIAIOUIEECS UCITYy CKAHUEM
VMOHU3HUPYIOLIEr0 U3J1y4YEeHUs

Nonuzupyromias yactuia

lonizing particle

Yactuia KopmyCcKyJIspHOI0 HOHU3UPYIOIIETO
U3ITy4eHUs Win POTOH

CormyTcTBylO111ast YacTUlla

Accompanying particle

Nonunsupytoias yactuiia, BO3HUKAIOIAs
B SJICPHOM pPEaKIUU OJHOBPEMEHHO C APYTOi
YaCTUIIEH, TPUHUMAEMOM 32 OCHOBHYIO

ConyTcTBylolee U3ayyeHue

Accompanying radiation

N3nyyenue, cOpoBOKIAOIIEE U3MEPSIEMOE
MOHU3HPYIOIIEE U3IIyYEHNE, HO HE SIBIAIOIIEECS
00BEKTOM U3MEPEHUS TOKHO ObITh

110 BO3MOXXHOCTH MCKJIFOUEHO WUJIM YMEHBUIECHO

JETEKTOPBHI HOHU3UPYIOIINX U3JTYUEHUM,
CIHUHTNVIALINOHHBIE
SCINTILLATION DETECTORS OF IONIZING RADIATION

CUMHTHIUIALIMOHHBINA IETEKTOP
HMOHU3HPYIOIIETO U3TyUYECHUS

JlerekTop

Scintillation detector

PannontoMUHECIIEHTHBIN AETEKTOP, B KOTOPOM
HCIOJIb3YETCs CUMHTUILIMPYIOLIEE BEILECTBO,
HCITY CKaroIIee KBAHTBI CBETA IO
BO3JEHCTBUEM HOHU3ZUPYIOLIETO U3JTYyYEHHUS

Y KOHCTPYKLIUS KOTOPOro o0ecreynBaeT
ONTUYECKYIO CBSI3b HEMOCPECTBEHHO WUIIN
gyepe3 CBETOBOJ ¢ (POTOUYBCTBUTEIHLHBIM
YCTPOHCTBOM

['ereporennbii
CUMHTUUISIUMOHHBINA IE€TEKTOP
VOHU3UPYIOIIETO U3TYy4YCHUS

['eTeporennsbiii 1eTEKTOP

Geterogeneous detector

CUMHTHUTALIMOHHBINA IE€TEKTOP
MOHU3HUPYIOIIETO U3TyUYEeHUS, COCTOSAIINN

Y3 OJIHOTO WJIM HECKOJIBKUX CIUHTHILISITOPOB
Y CBETOIPOBOISIICH Cpeibl

JlucniepcHblit
CUMHTUUISIUMOHHBINA IETEKTOP
VIOHU3UPYIOILIETO U3TYy4YCHUS

JlucnepcHbIN JETEKTOP

Dispersion detector

I'eTeporeHHbI CUMHTUIUISILUOHHBINA IETEKTOP
VOHHU3UPYIOIIETO U3IYyUYECHUSI, B KOTOPOM
CUMHTWUIMPYIOIIEE BEIIECTBO JTUCIEPTUPOBAHO
B MPO3pavYHON cpese
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Bo31yx03KBUBaICHTHBIN
CUMHTUJUTSIIUOHHBIN IE€TEKTOP
MOHU3HPYIOIIETO U3TyUYCHHS

Bo31yx03KBUBaJICHTHBIN
JIETEKTOP

Air equivalent scintillation
detector

CUMHTHWUISILIMOHHBIN 1€TEKTOP
MOHM3HPYIOMIET0 U3MydeHHs, d3PPEKTUBHBIN
aTOMHBII HOMEp MaTepHajOB KOTOPOTO PaBeH
win 6J1M30K K 3 (HEeKTUBHOMY aTOMHOMY
HOMEpY BO3/IyXa

Zyp =17

TkaHesKBUBaJIEHTHBIN
CUMHTWUISIHUOHHBIN IETEKTOP
HMOHU3HUPYIOIIETO U3TyUYECHUS
TkaHEeIKBUBAJIEHTHBINA JIETEKTOP
Tissue equivalent scintillation
detector

CUMHTHUTSIIIMOHHBIN IETEKTOP
MOHU3HPYIOIIETO U3Ty4eHHs, 2P (HEeKTUBHBIN
aTOMHBI HOMEP KOTOPOTO OJIM30K aTOMHOMY
HOMEpY OMOJIOTUYECKOM TKaHH.

(Z,4p =6-13)

CUMHTWUTALIMOHHBIN SKpaH

Scintillation screen

CUMHTHUISIIMOHHBIN IETEKTOP
MOHU3UPYIOIIETO U3JTyICHHS,
MpeaHa3HAYCHHBIN JIS TIOJTyYeHUST BUIUMOTO
M300paKeHUsl IPU PEHTIEHO-,
ramMmma-ae(eKTOCKONUU

OCHOBHBIE KOHCTPYKTUBHO-TEXHOJIOIT'NMYECKHUE
XAPAKTEPUCTHUKHA
MAIN DESIGN AND TECHNOLOGICAL CHARACTERISTICS

CuvHTHILIATOD

Scintillator

OrnpeneneHHoe KOJIMYECTBO
CIMHTHJUTMPYIOIIETO BEIIECTBa,
COJICPIKAINETOCs B CIIMHTUJUIAIIMOHHOM
JIETEKTOpE B KAUECTBE AJIEMEHTA,
YYBCTBUTEIILHOTO K HOHU3UPYIOIIEMY
W3y 9ICHUTO

OcHoBHOE BCIICCTBO
CIOMHTUIIIIATOPA

General matter of scintillator

BemectBo, mpo3paunoe aist GOTOHOB
CIMHTWIISAIINHI, BECOBOE COJIEP’KaHUE KOTOPOTO
B CIIMHTHJUIATOPE TipeolaanaeT

AKTHUBATOp CUUHTUIUISATOPA
AKTHBaTOP

Activator

[Ipumech B OCHOBHOM BEIIECTBE
CUMHTWIISITOPA, MPUAAOLIAS EMY

VIV YCWINBAKONIAs €r0 CUUHTUIUISIIUOHHBIE
CBOMCTBa B OIpe/eeHHON 00acTr
TeMIieparyp.

[IpumeyaHue: TEPMUH IPUMEHSETCS

JUUII HEOPTaHUYECKUX CIIMHTUIIIITOPOB
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CHuHTWUIALIMOHHAS 100aBKa

Primary scintillation solute

IIpuMech B OCHOBHOM BELIECTBE
CLMHTUJUIATOPA, CIIOCOOHAsI HCITyCKaTh
ONTUYECKHE (DOTOHBI 1O BO3ACHCTBUEM
BO30YX/I€HUs, MOTYYEHHOTO OT MOJIEKYJI
OCHOBHOT'O BELICCTBA.

[Ipumeuanne. TepmMuH NpUMEHAETCS

JUIsl OPTaHUYECKUX CLIMHTUIISITOPOB

Konrelinep
CUMHTUUISIHIUOHHOTO AETEKTOpA
MOHU3HUPYIOILLETO U3Ty4YECHHS

Konrelinep

Container

KonTelinep, npeiHa3HAY€HHBIN 1151 U30JIAIUN
CIUHTHIIISITOPA OT BO3/IEHCTBUS BHEIIIHEH
Cpelbl U CBETOBOI'O U3TyUYCHHUS

BxomgHnoe okHO
CUMHTUUISIHIMOHHOTO JETEKTOpA
VOHU3UPYIOIIETO U3TYyUYCHUS

BxomgHoe okHO

Entrance window

Yactb MOBCPXHOCTHU CHUHTUIIIIATTUOHHOI'O
JACTCKTOpAa HOHU3HUPYIOICTO U3TYUYCHUA, YCPE3
KOTOPYIO B CHUHTHUILIATOP IIOIIadacT
HOHU3UPYIOIICC N3ITYUCHUC

BrixoaHoe okHO
CUMHTUUISIHIUOHHOTO AETEKTOpA
MOHU3UPYIOIIETO U3TYyUYCHUS

BrixoaHoe okHO

Optical window

Yactb MOBCPXHOCTHU CHUHTUIIIATUOHHOI'O
JACTCKTOPAa HOHU3HUPYIOIICTO U3JTYUCHUA,
mpo3pavHas ajist (pOTOHOB CHUHTHUIIAIMH

Otpaxarenb
CUUMHTWIISILUOHHOIO JIETEKTOPa
MOHU3UPYIOLLETO U3JTyYEeHHUS

OTtpaxatenb

Reflector

YacTb CUMHTUWUIALIMOHHOTO IETEKTOpa
MOHU3UPYIOLLETO U3JIyYCHHUS,
IIpeAHa3HAYCHHAS IS YIIy4YLIEeHUs yCIOBUI
CBETOCOOUpPAHHUS
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OCHOBHBIE PA/IMOMETPUYECKHUE
N CHEKTPOMETPUYECKHUE XAPAKTEPUCTUKHU
GENERAL RADIOMETRIC
AND SPECTROMETRIC CHARACTERISTICS

COMHTHUISIIMOHHAS
3¢ PeKTUBHOCTH

Hnn. KocsBennas
3¢ PeKTUBHOCTH

Scintillation efficiency

Otnomenne cymmapHoii sueprun (Eg)
($boTOHOB cMHTHILISAIUY K 3Hepruu (E),
BBIICJIEHHOW MOHU3UPYIOILIEH YaCTULIEN

E,
B CUMHTWLUIATOPE, 7] = =
[Tpumeyanue. /s 1aHHOTO CHMHTUILISATOPA

3HAYEHUE 77 3aBUCHUT OT BHJAa HOHU3HUPYIOLIEH
YaCTULbI U €€ DHEPIUuu

TexHn4ecKkui SJHepreTUIECKUn
BBIXOJl CUUHTWIJIILIUOHHOT O
JIETEKTOPa HOHU3UPYIOLIErO
W3ITy4EHUs

Technical outlet of scintillation
detector

Otnomenne cymmapHoi sueprun (Lg)
(OTOHOB CUMHTHJUISILIUY, TPOILIEAIINX

4yepe3 BBIXOIHOE OKHO CHUHTHILIALIMOHHOTO
JETEKTOPa HOHU3UPYIOILErO U3JIyYECHHUS,

K sHepruu (E), BblieneHHOM HOHU3UPYIOIIEH
YacTHULIEW B CUUHTUIUIATOPE,

T:L_d’
E

Koaddunuent ceetocobupanus

COUHTUIIIAIUOHHOI'O JCTCKTOPA

MOHU3UPYIOIIETO U3ITyYCHHUS
Koaddunuent ceetocobmpanus

Light collection efficiency

Otnomenne cymmapHoi sueprun (Lg)
(OTOHOB CIMHTHJUTSIIMHU, TIPOIIEANINX Yepe3
BBIXOJIHO€ OKHO CIIMHTUJUISIIIHOHHOTO
JETEKTOPa NOHU3UPYIOIIETO U3JTyYCHHSI,

x cymmapHoii (Ey) poronos sToi

CHUHTHJUIALIUHA
L, T
r=_2%_~
E PR/

D¢} PexTuBHOCTH perucTpauuu

CIUHTUJUISIIMOHHOTO JETEKTOpa

MOHU3HPYIOIIETO U3TYYCHHS
O} heKTUBHOCTH PErUCTPALIIT

Detection efficiency

OTHoleHue Yyncia 3aperucTpupoOBaHHbIX
MOHU3UPYIOLIUX YaCTUI WU (DOTOHOB K YUCITY
YacTHIl UJIu (OTOHOB JTAHHOW SHEPTHH,
MOMABIIMX Ha BXOJHOE
OKHOCHMHTUJUISILIMOHHOTO IETEKTOpa
MOHHU3UPYIOIIETO U3ITyYEeHUS
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JETEKTOPbHI HOHU3UPYIOIINX U3JTYUYEHU,
I'A30OBBbIE, MOHU3AIIMOHHBIE
GAS IONIZATION DETECTORS OF IONIZING RADIATION

I"a30BBII HOHU3AITMOHHBIN
JIETEKTOP

Gas ionization detector

NoHn3aniimoHHbIN JETEKTOP, MPUHIUIT ICUCTBUS
KOTOpPOI'0 OCHOBAH Ha MCIOJIb30BaHUH
3JIEKTPUYECKOTrO pa3psia B ra3e mnoji I1eMCcTBUuemM
VOHU3UPYIOLIETO U3JTYyYCHUS

OO01ree 1aBiaeHue rasa-
HAIIOJIHUTESA Ta30BOr0
MOHU3AIMOHHOTO JIETEKTOpa

OO011ee 1aBiaeHue ras-
HAIMOJIHUTENSA

Filling gas total pressure of gas

1onization detector

CyMMa napuuajbHbIX JABICHUM Ta30B BHYTPU
ra3zoBOro MOHMU3ALMOHHOIO JETEKTOpa

Nmmnynbsce razoBoro
MOHM3ALMOHHOIO JE€TEKTOPA

Nmnynee

Gas ionization detector pulse

KpatkoBpeMeHHOE N3MEHEHUE ANEKTPUUECKOTO
CUT'HaJIa, BO3HUKAIOLIEE B PE3yJIbTaTe
MPOXOXKJICHUSA YePE3 ra30BbIi HOHU3ALMOHHBIN
JIETEKTOP MOHU3UPYIOLIEH YACTHULIbI

WJIA OJHOBPEMEHHO HECKOJIBKO YaCTHI]

JIOKHBIN BBIXOTHOMN CUTHA
ra30BOro HOHU3AIIMOHHOTO
JIETEKTOpa

JIOKHEBIN BEIXOQHOW CUTHAI

Spurious output signal of gas
ionization detector

BEIX0IHOM CUTHAN, BBI3BAHHBIHN JTI000M
MIPUYHUHON, KPOME MTPOXOKICHUS Yepes
ra30BbIi MOHU3ALMOHHBINA JIETEKTOP
MOHU3UPYIOIIETO U3TYyUYEeHUS, U1l PErUCTpalii
KOTOpOTI'O OH IpeJHa3HA4YEeH

UyBCcTBUTETBHBIN 00bEM
ra30BOr0 MOHHU3ALHMOHHOTO
JIeTEKTOpa

YyBCTBUTENBHBIN 00BEM

Sensitive volume

O06beM razoBOro MOHU3AIMOHHOTO JAETEKTOPA,
B KOTOPOM aKThl HOHU3AIIMM MOTYT BBI3bIBATh
paspsibl, IPUBOASIINE K TIOSIBJICHHUIO
BBIXOJIHBIX UMITYJIHCOB
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Paboyast moBepXHOCTh ra30BOr0
MOHU3AIIMOHHOTO JIETEKTOpa

PaGouas moBepXHOCTH

Working surface

YacTh NOBEPXHOCTH Ia30BOI0 MOHU3ALMOHHOTO
JETEKTOpa, MoCiIe MPOXOKACHUS uepes
KOTOPYIO MJIH B PE3yJIbTaTe B3aUMOJICHCTBUS C
KOTOpOH yacTuia ((hOTOH) MOXKET MPOU3BECTH
MOHHU3AIIMIO B YYBCTBUTEIHHOM 00bEeME U
BBI3BaTh BHIXOTHOW CHUTHAI

[TepBruyHas HOHU3AIUH B
ra30BOM MOHU3AIIMOHHOM
JICTEKTOpE

HepBI/I‘{Haﬂ HMOHM3al A

Primary ionization of gas
1onization detector

WNonuzanuu, BeI3pIBaeMasi perucTpUupyeMbiM
U3ITy4YEeHUEM B YyBCTBUTEIILHOM 00beMeE
ra3oBOr0 MOHU3AIMOHHOTO JETEKTOpa

I"amenue paspsiga B raz0BoM
MOHU3ALMOHHOM JIETEKTOpE

["amenue paspsina

Gas discharge quenching

[Ipouiecc okoHUaHUS pa3psiga B ra30BOM
MOHU3ALMOHHOM JIETEKTOPE

["a30BO€ ycuiieHue razoBoro
MOHHU3AIMOHHOTO JIETEKTOpa

l'azoBoe ycunenue

Gas amplification of gas
ionization detector

Hpouecc YBCIMYCHUSA NOHHU3alINH

B Ira3€ -HAIIOJITHUTCIIC Ia30BOI0
HOHHU3AIMOHHOI'0 JCTCKTOPA 3a CUCT DOHCPIUU
QJICKTPHUUCCKOTI'O IT0JIA

ITopor I'eitrepa

Geiger threshold

HanmeHnbiiee HanpskeHue, Ipu KOTOPOM
B cuetyuke [elirepa-Mrosuiepa 3apsin

B UMILYJICE HE 3aBUCHUT OT IEPBUYHOMN
VOHU3ALNH.

PazHoCTh Mex 1y paboYrM HaIpsKEHUEM
u nnoporowm I eitrepa
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BU/ADbI I'A30PA3PAJHBIX CHETYUKOB
N NOHU3AIIMOHHBIX KAMEP
KINDS (TYPES) OF GAS DISCHARGE COUNTERS
AND IONIZATION CHAMBERS

["a30BbIli HOHWU3ALMOHHBIN AETEKTOP,
uMeroIui Ko3(hUIUEHT Ta30BOTO YCUIICHUS
OO0JIbIIIe €UHUIIBI, B KOTOPOM OTACIIbHBIEC aKThI
WOHM3AIMH BBI3BIBAIOT ITOSIBJICHHUE HA BBIXO/C
AJIEKTPUYECKUX UMITYJIbCOB.

IIpumeuanue. B 3aBucMMOCTH OT BUAA

["a3opa3psHbIi CYSTUUK PETUCTPUPYEMOT0 U3Ty4eHHUs] HANMEHOBAHNE
ra3opaspsiAHbIX CYETYNKOB CTPOST C

CueTunk N00aBlICHHEM TEPMHHOYJIEMEHTA,
Ha3bIBAIOIIECTO BUJI PETUCTPHPYEMOTO

Gas discharge counter n3nyuyeHus. Hanpumep: cuetunk anbda-gacTuil

(xpatkast hopma “ @ -C4ETIHK’), CYETUNUK
Oera-yactuil (kpatkast popma “ [ -cueTyuk’),
CYETUYHMK HEUTPOHOB (KpaTkas popma
“n-c4eTurK’’), CYETYUK PEHTIE€HOBCKOIO
n3nnydeHus(kparkas popma “x-cueTduk’)
UT. I

["a3opa3psaHbIil CYETIHK, paOOTAOIINAN
B PEKUME HECAMOCTOSATEIBHOIO Fa30BOr0
[IponopunOHanbHbBIN CYETUUK | pa3psaa, B KOTOPOM pa3psil B UMITYJIbCE
MPONOPUMOHAJICH IEPBUYHON HOHHU3ALINH,

Proportional counter a K03 PUITUEHT Ta30BOI0 YCHICHUS OOJIbIIIE
CIMHUIIBI U HE 3aBUCHUT OT ICPBUYHON
MOHU3ALUU

CueTuMK ¢ OrpaHUYEHHOU ["a3opa3psaaHbiil cueTYHK, paboTaromui

MIPONOPIIMOHAITEHOCTHIO B PEXKUME HECAMOCTOSTEILHOTO ra30BOT0

paspsizia, B KOTOpOM K03(h(HULIMEHT ra30Boro
Limited proportionality counter |ycuieHusi 3aBUCUT OT MEPBUYHON HOHU3ALNH

["a3zopa3psaHbiil cueTurk, paboTaromun

B PEXXHMME HECTAaOMIBHOTO CAMOCTOSATEIHLHOTO
paspsiga, B KOTOPOM 3apsil B UMITYJIbCE

HE 3aBUCUT OT IEPBUYHON MOHU3ALIUH

Cuetuuk ['elirepa-Mrosiepa

Geiger-Muller counter

["a3zopa3psaHblil cueTurK, paboTaromun

KoponHnslii cuetunk B PEXKUME KOPOHHOTO pa3psaa, y KOTOporo
MMITYJIbC TOKA IIPH MPOXO0KIEHUN

Corona counter MOHU3UPYIOILEH YaCTULIbI IPEBBIIIAET LIyM
KOPOHBI
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Hckposoii cueTunk

Spark counter

["a3opa3psaHbIil CYETIHK, pAOOTAIOIINN
B PEXKUME UCKPOBOTO paspsaa

Camoracsiuiics C4eTYNK

Self quenched counter

Cuetuuk ['elirepa-Mrosuiepa, B KOTOpOM
raiieHue paspsaa MPOUCXOAUT 3a CUET
HCIIOJIL30BAHUS BHEITHEN TacsIed 1Ien

CyeT4yuK ¢ ranmeHueM
OpTaHNYCCKHUM ITapOM

Organic vapour quenched
counter

CamoracsIiuiicsi CYeTUUK, B KOTOPOM racsluM
areHTOM SIBJISIETCS TIap OPraHUYECKOrO
BEIIlECTBA

CYeTUHK C rameHueM
raJIOr€HOM

l'aoreHHBIN cCUETUNK

Halogen quenched counter

Cueruuk ['elirepa-Mrosiepa, B KOTOpOM
racsyM areHTOM SIBJISIETCS TaJIOTeH

BopHbIi cueTunk

Boron counter

CyeTYHK TEIIOBBIX U HAJTEIIJIOBBIX
HEUTPOHOB, COJIEPKAIINX B KAUECTBE
pazauaTopa 00p U €ro COCTUHEHHUS.
[Tpumeuanue. Iy caeTyrka, CoepiKaIiero
BF;, nonyctum tepmun “BF;-cuetunk”

T'enuii-3 cueTyuk
3
He -cueTuuk

Helium-3 counter

CueTunk HEUTPOHOB, COAEPKAILINNA B KAUECTBE
paauaropa ras rejun-3

["a3opa3psigHbIid CUETUHK C
OKHOM

CYeTUuK ¢ OKHOM

Window counter

["a3opa3psaHbIil CYETYHK, B KOTOPOM YacTh
OaytoHa o0nagaeT ciabbIM MOTJIOIIEHUEM
PETUCTPUPYEMOTO U3ITYUEHUS

TopueBoii ra3opa3psIHbIi
CUETUYUK

TopueBoi cueTunk

End widow counter

CueTunK ¢ OKHOM, KOTOPOE PacioIOKEeHO
MIEPIEHNKYJIIPHO K €ro OCH
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["a3oBas nOHM3AIMOHHAS
Kamepa

NonnzanmonHas kamepa

Gas ionization chamber

["a30BBIN MOHU3ALMOHHBIN IETEKTOD,

B KOTOPOM 3JIEKTPUYECKOE MOJIE UCTIOIb3YETCS
JUTsl coOOMpaHus 63 ra30BOro yCUJICHUS
3aps/10B, BOSHUKAIOIINX B UyBCTBUTEILHOM
o0beMe o] BO3ACHCTBUEM HOHU3UPYIOLIETO
W3JTyYECHUSI.

[Ipumeuanue. B 3aBucumMocTu OT BUIa
PErUCTPUPYEMOTO U3IIYyUEHUsI HAUMEHOBaHUE
MOHH3AIMOHHBIX KAMEP CTPOST ¢ J0OABICHUEM
TEPMHUHO3JIEMEHTA, Ha3bIBAIOIIETO BU]L
u3MepsieMoro usnyuenus. Hanpumep:
MOHM3AIMOHHAS KaMepa ab(ha-4acTHil
(kpaTkas ¢opma ““ o -kamepa’’), HOHU3AITMOHHAS
Kamepa Oera-yacTuil (kpaTkasi popma

“ p-kamepa’), HOHU3ALMOHHAs KaMmepa
HEHUTPOHHOTO U3TyueHus (Kpatkas ¢popma
“n-kamepa’), HOHU3ALMOHHAs Kamepa
PEHTI€HOBCKOT0 M3TydeHUsI(KpaTKasi popma
“x-kamepa”) U T. 1.

WuTerpanbHas HOHU3AIMOHHAS
Kamepa

WNuTerpanpHas kamepa

Intergrading ionization chamber

HNonunzannoHHas Kkamepa, B KOTOpOi 3apsf,
HAKOIUIEHHBIN B TE€YEHHE HEKOTOPOI'O
MHTEpBaja BpEMEHH I10]1 BO3ACHCTBUEM
MOHU3HPYIOIETro U3IyUYeHHs], IPUBOAUT

K U3MEHEHUIO PAa3HOCTH MTOTEHINAIOB
MEXAY IEKTPOAAMH KaMepbl

TokoBasi MOHNU3ALMOHHAS
Kamepa

TokoBas kamepa

Current ionization chamber

HonnzannoHHas kamepa, npeiHa3HaueHHas
JUISl pErUCTPAllMy U3IYyUYEHUS 110 CPETHEMY
TOKY, BO3HUKAIOLIEMY B HEil 110/ BO3JieiicTBUEM
VMOHU3UPYIOLLErO U3JTy4YEeHHUS

NmnynbcHast HOHU3alMOHHAS
Kamepa

NmnynbecHas kamepa

Pulse ionization chamber

I/IOHI/ISaHI/IOHHaH KaMcEpa, rMpeaHasHa4yCHHaA
JJIA perucTpaiv U3JIyUYCHUSA 110 UMITYJIbCHOMY
TOKY, BOBHUKAIOMIEMY IIPpH IIPOXOKACHUN YCPC3
HEC OTACIBbHBIX HOHU3UPYIOMUX YaCTHUI]

NonnzanmonHas kamepa c
CETKOU
Grid 1onization chamber

I/IOHI/I3aI_II/IOHHa$I KaMepa C JOIMOJIHUTCIIbHBIM
SJICKTPOAOM B BUAC CCTKHU, IIPCIHA3HAYCHHAA
A UBMCPCHUA DHCPIruu aJ'IB(l)a-‘IaCTI/IH

NN OCKOJIKOB JCJICHHUA
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ITAPAMETPbBI U XAPAKTEPUCTUKH
I'A3O0BbIX HOHU3ALIMOHHLIX JTETEKTOPOB
PARAMETERS AND CHARACTERISTICS
OF GAS IONIZATION DETECTORS

3ap;1z[ B UMIIYJIbCC I'a30BOI'0
HOHHU3AaIMOHHOI'O ACTCKTOpA

3apsi B UMITYJIbCE

Charge in a pulse

[TonHbI 3apsii OAHOTO 3HAKA, COOUPAIOIIHIACS
Ha JJIEKTPOAX ra30BOr0 HOHU3ALMOHHOTO
JIETEKTOpa B Ipoliecce GopMUpOBaHUs
AIEKTPUUYECKOr0 UMITYJIbCA

Koadpumment razosoro
YCHJICHUS Ta30BOTO
MOHHU3AIMOHHOTO JIETEKTOpa

Gas amplification factor of gas
ionization detector

OTHomieHue 3apsiia B UMITYJIbCE Fa30BOrO
MOHU3ALMOHHOI0 AETEKTOPA K 3apsLy
MEPBUYHON MOHU3ALUH

AMILUTUTY1a UMITYJIbCA
HaIpsHKEHMsI Ta30BOr0
MOHU3ALMOHHOIO AETEKTOpPa

Voltage pulse amplitude of gas
ionization detector

HauGomnbIiee 3HaUCHNE UMITYJIHCA HATIPSKEHUS
Ha BBIXOJIE TA30BOr0 MOHU3AIIHOHHOTO
JIETEKTOpa, U3MEPSEMOE B OIIPEACICHHBIX
YCIIOBUSAX ICUCTBUS U3ITYUYECHUS

U 11 ONIPEAETICHHOW U3MEPUTEITBHOM
YCTaHOBKH

XO0/]I C )KECTKOCTBIO Ira30BOI0
HOHU3AIMOHHOI'O ACTCKTOPA

XOJI C KECTKOCTBIO

Registration efficiency
dependence on radiation energy

3aBuCUMOCTH () (PEKTUBHOCTH PETUCTPALIUU
ra30BOr0 HOHU3AIMOHHOTO JIETEKTOpa
OT SHEPTHH U3ITy4CHUS

Hanpspkenne Havana cueta
ra30BOr0 HOHU3AIMOHHOTO
JeTeKTopa

HaHpH)KCHI/IC Hadajla cucTa

Threshold voltage of gas
ionization detector

Haumensbliee 3HaueHUe HAMPSKEHUS,
MPUJIOKEHHOT0 K Ta30BOMY MOHH3ALIUOHHOMY
JIETEKTOPY, PU KOTOPOM MUMITYJICHl MOTYT
OBITh 3apETHUCTPUPOBAHBI CUCTEMOM

C 3aJJaHHBIMU XapaKTEPUCTUKAMU

Hanpsoxenue HacpleHus
VOHU3ALIMOHHON Kamephl

Saturation voltage of ionization
chamber

Haumensbliee 3HaueHNE HATIPSHKCHUS] MEXKTY
AIEKTPOJAMH HOHU3AIMOHHOW KaMepPHI,
IIPY KOTOPOM OCHOBHBIE TTapaMeTPhl KaMePhI
(4yBCTBUTEIBHOCTh, COOCTBEHHBIN (OH)
HE TPEBBIIIAIOT JOMYCTHUMBIX MPEJIEIIOB
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CueTHas XapakTepuCTHKa
ra30BOro MOHU3ALMOHHOIO
JeTeKTopa

Cuetnas XapaKTCPpUCTHUKA

Counting rate versus of voltage
characteristic of gas ionization
detector

3aBUCUMOCTb CKOPOCTH CUETA OT HANPSKEHUS
MUTAHUS Ta30BOr0 HOHU3ALMOHHOTO JIETEKTOPA,
u3MepsieMas IpU MOCTOSTHHOM ITOTOKE WJIN
MOIIIHOCTH J103bI U3IyYEHUS U ONPENEIEHHBIX
napameTpax U3MEpPUTEIbHOTO YCTPOCTBa

I1naTo cueTHOI
XapaKTEPUCTUKU Ta30BOT0O
VOHHU3ALIMOHHOTO JIETEKTOpa

[Timaro
Plateau of counting-rate-versus-

voltage characteristic of gas
ionization detector

[Tonorast yacTh CUETHOMN XapaKTEPUCTUKHU
ra30BOr0 MOHU3AIMOHHOTO JIETEKTOpa

C HAKJIOHOM, HE MPEBBIILIAIOIINM 33JJaHHOTO
3HAYCHUS

HakoH m1ato cueTHOM
XapaKTEPUCTUKH Ta30BOTO
MOHU3ALIMOHHOTO JIETEKTOpa

Haxkon mwiato

Plateau slope of gas ionization
detector

HN3meHeHune ckopocTH cuera ra3oBoro
MOHU3AIIMOHHOTO IeTeKTopa Ha 1 B n3menenus
HaNpsHKEHUsI, BBIPAKEHHOE B IIPOLIEHTaxX

IIpoTsKEHHOCTH TIATO CYETHON
XapaKTEPUCTUKH ra30BOro
MOHM3ALMOHHOI0 JETEKTOPa

Plateau length of gas ionization
detector

Pa3noctn MCKY HAIIPsOKCHUAMA KOHIIA
Y HayvaJla I1aToO CYETHOM XapaKTCPUCTUKHU
ra3oBOT'O HOHN3AIMOHHOT'O JCTCKTOPA

MepTBO€E Bpems ra30BOro
MOHU3ALMOHHOTO JETEKTOpa

MepTtBoe Bpems

Dead time of ionization detector

WuTepBan BpeMeHu mociie BO3HUKHOBEHUS
3apsija, B TEUEHUE KOTOPOTO ra30BbIi
MOHU3AIMOHHBIN JETEKTOP HE CrocoOeH
PErucTpUpOBaTh YacTUIIbI ((POTOHBI)

BpeMH BOCCTAHOBJICHMA I'a30BOI'O
HOHH3alIMOHHOT'O ACTCKTOPA

BpeM}I BOCCTAaHOBJICHHA

Recovery time of gas ionization
detector

Hanmenpmmi uHTEpBaI BpEMEHU MEKIY
JIBYMsI MOTIAIaHUSIMU MOHU3UPYIOIINX YaCTHI]
B Ia30Bblii HOHU3ALIMOHHBIA JETEKTOP,

IIPY KOTOPOM 3THU YaCTULbI PETUCTPUPYIOTCS
pa3zenbHO
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Tox HachIIIEeHUS TOKOBOM
KaMephbl

Saturation current of current
chamber

Tok B ienu coOMparoIero 3MeKTpoJa TOKOBOM
KaMephbl, COOTBETCTBYIOLIMX HAMPSKEHUIO
HACBILLEHUS

OCHOBHBIE ®YHKIIMOHAJIBHBIE Y3JIbl, IPUHAJIJEXKHOCTHU
U BCIOMOT' ATEJIBHBIE YCTPOMCTBA TAMMA-AIIIIAPATOB
MAIN FUNCTIONAL UNITS, FITTINGS AND AUXILIARY
ARRANGEMENTS OF GAMMA - APPARATUS

Panuarnronnas rojiloBka ramMmma-
ammapara

Paguanmonsas rojgoska

Radiation cap of gamma —
apparatus

OyHKIMOHATBHBIHN Y3l raMMa-armnapara,
NpeaHa3HAYEHHBIN IS BBITYCKA U MEPEKPBITUS
My4YKa U3MEPEHHUs, a TAKXKE JIJIST XPaHCHUS
UCTOYHUKA M3ITyYCHHS B TIEPEPBIBAX MEXKITY
pabourMu [UKJIaMU

Z[Cp)KaTeJ'II) HCTOYHHKA raMMa-
H3J1ydaTeid

Jlepxarenb HCTOYHUKA

Source’s holder

Yactb ramMmma-ariamapara ¢ OJJHUM UJIN
HCECKOJIBKMMH THE3JaMU IJIs Pa3MCIICHUA
" KPCINICHHUA HCTOYHUKOB raMMa-u3J1y4YCHUA

Tpancnoprep uCTOYHMKA
raMmMma-u3JIy4eHus

Tpancnoprep

Carrier of gamma radiation
source

OyHKIHMOHAJIBHBIN y3€J] raMMma-anmnapara,
o0ecrneynBaroUIMii epeMenieHe HCTOYHUKA
ramMMa-u3iay4deHus B pabouee MojI0KeHne

Y BO3BPAT B IOJIOXKECHUE XPAHECHUS

AMITyJI0IIPOBOJT UCTOYHUKA
raMmma-Hu3yYeHus

AMITyJI0TIpOBOJT

Source guide

YacTe TpaHcnopTepa, NpeIHa3HauYeHHas
JUIS1 HAIIpaBJI€HUs UCTOYHUKA
raMma-H3JIy4eHHs IpU ero nepeMeleHnn

Komnumupyrorias ronoska
ramma-anrapara

Collimation cap of gamma
apparatus

PannanroHHblli HAKOHEUHUK raMMa-arapara,
CHA0KEHHBIN yCTpOUCTBOM AJ11 (POPMHUPOBAHUS
IIy4Ka raMMa-u3Jy4eHus
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Konreiinep raMmma-anmnapara
Konreiinep

Container

BcnomorarensHoe ycTpONCTBO ramMmma-
amnrapara, IpeIHa3Ha4YeHHOE JJIs1 XPaHEHHUs
MCTOYHMKA raMMa-H3JIyuyeHus: B HepaboueM
IIOJIO’KEHUH

Ilepe3apsnHblil KOHTEUHED
raMmMa-anmnapara

Charging container

Konreiinep ramma-amnmnapara,
IIpeHa3HAuYEHHBbIN 1715 3apSAKU U Iepe3apsa Ik
ramMma-anrapara B YCJIOBHIX IKCILTyaTalluu

TpaHcnopTHO-TIEpe3apsIHbII
KOHTEHHEp ramMmma-anmapara

Transportation and charging
container

[lepe3apsiaHblii KOHTEWHEP raMMa-arnrapara,
o0ecreynBarouil TpaHCIIOPTUPOBAHHE
HMCTOYHHUKA FraMMa-U3JTy4YCHHs

CPEJICTBA UBMEPEHWI HOHU3WPYIOINX U3JTYUEHU
MEANS OF IONIZING RADIATION MEASUREMENT

[Tpubop (ycTaHoBKa)

I UBMEPCHUA NOHU3UPYOIIUX

W3JIy4YEeHUN

Radiation meter

Radiation measuring assembly

N3mepurtenbHbIii ipubop (YCTaHOBKA),
NpeHA3HAYCHHBIN [T TIOTyYeHUS
U3MEPUTETHHON HHPOpMALUH O (PU3NIECKUX
BEJTMYMHAX, X TTOJISI, ICTOYHUKU MOHM3HUPYFOIIIX
W3ITyYEHUI U Pe3yJIbTaThl B3aUMOICHCTBUS
WOHIBUPYOIIHX U3TyYCHUH C BEIIECTBOM

Jlo3zumerp

Dosimeter

[Tpubop vnu ycTaHOBKA AJIs1 U3MEPEHUS
VOHIM3UPYOIIHX U3ITyYCHHH, IPeTHa3HAUYCHHBIC
JUTS TIOJTyYeHUS U3MEPUTETbHON HHpOpMaLUK

00 AKCIIO3UIIMOHHOM 7103€ ¥ MOIIHOCTH
HKCITO3UIIMOHHOM JI03bI JOTOHHOTO U3ITyUYCHUSI
(W) 00 SHEPTUr, IEPEHOCUMON MOHM3UPYIOIIAM
W3ITyYSHUEM WM TIEPeTaHHON UM OOBEKTY,
HAXOJISAIIEMYCS B TIOJIE ICUCTBHUS N3ITyYCHUSI

NnpuBuayanbHbId JO3UMETP
Hnn. Matencumerp

E. Energy fluence ratemeter

Jlo3umeTp, rabapuTHBIE pa3Mephl U Macca
KOTOPOI'0 MO3BOJISIOT, HE 3aTPY AHSSA
BBITIOJIHEHUS ITPOU3BOJACTBEHHBIX ONEPAIUH,
MPUMEHSATH €T0 JJIs1 HOIIEHHS YEJIOBEKOM

C LEJIBbIO OMPEACIICHUS KCIO3UIIMOHHOM,
MOTJIOLIEHHOM 1 YKBUBAJICHTHOM 103,
MOJTYYEHHBIX 33 BpEMSI HAXOXKJICHHS €ro

B MOJISIX HOHU3UPYIOIIETO U3ITyYEHUS
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Pannomerp

Radiation meter (radiometer)

[Tpubop unm ycTaHOBKa 1Sl U3MEPEHUI
VOHM3UPYIOLIMX U3Ty4YCHUH, PEAHA3HAYCHHBIN
JUISL TIOJTyYEHUS U3MEPUTENbHON MH(OPMALUU
00 aKTUBHOCTH PaJUOHYKJIM/Ia B HICTOYHUKE WIN
oOpasiie, IPOU3BOAHBIX OT HEE BEJIMYMH,

0 TUIOTHOCTH MOTOKA U (WJTK) TTOTOKE U (PIIFOCHCE
(mepeHoce) HOHU3UPYIOLINX YaCTHIL

CnextpomeTtp

Radiation spectrometer

[TpuGop nm ycTaHOBKA ISl U3MEPEHUIMA
VOHU3UPYIOIINX WU3JIyYEHUN,
IIPEIHA3HAYEHHBIN [ TI0JyYEHUs
U3MEpUTEIbHON HHPOpMaLUU

0 pacIpeneieHuy HOHU3UPYIOIIEr0 U3TyYCHUs
110 OJIHOMY WJIX OoJiee mapaMeTpaM,
XapaKTEPU3YIOIEM UCTOUYHUKH U ITOJIS
VOHU3HUPYIOIIUX U3JIyYCHUN

DHepreTuyeckasi 3aBUCUMOCTh
npubopa (yCTaHOBKH) JIst
U3MEpEHUs] HOHU3UPYIOIINUX
W3JIy4YEHUN

DHepreTHyecKas 3aBUCUMOCTb
Hnm. Xon ¢ kecTKocThio
E. Energy dependence of a

radiation meter (radiation
measuring assembly)

3aBHCUMOCTb YyBCTBUTEIBHOCTH MpHOOpa
(YycTaHOBKHM) AJI1 MBMEPEHUSI HOHU3UPYIOLIUX
W3JIyYEHU OT SHEPTUU U3MEPSEMOTO
U3JIyYECHUS

DHepreTHYecKoe pa3peneHne
CIIEKTpOMETpa

DHepreTuveckoe pa3perieHue

Energy resolution (of a radiation
spectrometer)

[TapameTp, XxapakTepu3yIOUUil CIOCOOHOCTh
CHEKTPOMETpa pa3inyaTh OJU3KHE 110 YHEPTUU
MOHU3HPYIOIINE YACTULIBI
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JIETEKTOPBI HOHU3UPYIOIINX U3JTYUEHUM/
DETECTORS OF IONIZING RADIATION. OBIIHUE IMOHATHUA /
GENERAL CONCEPTS

JIeTeKTOp MOHU3UPYIOLIETO
W3JTy4YCHUS

Hpn. {atunk

Radiation detector

UyBCTBUTENBHBIN MIEMEHT CPEACTBA U3MEPEHNUN,
NpeAHa3HAYEeHHBIN JUI TpeoOpa30BaHus SHEPTUU
MOHU3UPYIOLIETO U3ITyYEeHUs B IPYTOil BUJT
SHEPIUH, IPUTOTHOM JJIsl perucTpalyu 1 (Kin)
JanbHenIIero npeoOpa3oBaHus OTHON WITH
HECKOJIKUX BEJTMUUH, XapaKTepPU3YIOIINX
BO3JICICTBYIOIIEE HA IETEKTOP U3ITy4YEHHE.
[Tpumeuanue. [1py HEOOXOIMMOCTH TOTYEPKHY Th
BUJI PETUCTPUPYEMOI'0 HOHU3UPYIOLIETO
W3JTy4eHHs], HANMEHOBAHHE JIETEKTOPOB
MOHU3UPYIOLIETO U3ITyYEHUS CTPOSAT C
n00aBieHUEM TEPMHHOJIEMEHTA, Ha3bIBAIOILIETO
BU/I W3mydeHus. Hanpumep: nerextop anbda-
qacTull (kpaTkas popma o-IETEKTOp), IETEKTOP
Oeta-vactuil (kpatkast hopmaf-neTeKkrop),
JIETEKTOp HEUTPOHOB (KpaTkas popma n-
JETEKTOp), IETEKTOP PEHTTEHOBCKOI0 U3TyUeHHUs
(kpatkasi popMa X-JeTEeKTOp), IETEKTOp raMMa-
u3y4yeHus (kparkas popma y-IeTeKTop) u T. 1.

AHaJIOrOBbIN IETEKTOP
MOHU3HUPYIOILIETO U3Ty4YECHHS

AHaJIOrOBBIN IE€TEKTOP

Analogue detector

JIeTeKTOp MOHU3UPYIOIIETO U3TYUSHHUS,
MO3BOJISIONINH MOTy4aTh H3MEPUTEIbHY IO
nH(pOpMaIHIO B aHAJIOTOBOM opMme

JIACKpETHBIN IETEKTOP
VOHU3UPYIOILIETO U3IYy4YCHUS

JIUCKpPETHBIN AETEKTOP

Pulse detector

JIeTeKTOp MOHU3UPYIOIIETO U3TYUCHHUS,
MO3BOJISIOINH MOTy4aTh H3MEPUTEIbHY IO
nH(popMalnio B TUCKpEeTHOU (hopme.
IIpumeuanune. [IuCKpeTHBIN OETEKTOP,

Yy KOTOPOTO BBIXOJHBIE CUTHAIIBI IPEICTABISIIOT
ANEKTPUYECKUE UMITYJIbCHI, HA3bIBACTCS
MMITYJIbCHBIM JIETEKTOPOM

[IponopuroHanbHBIN AETEKTOP
VOHU3HUPYIOILIETO U3Ty4YECHUS

IIponopurOHaIbHBIN AETEKTOP

Linear detector

JIeTeKTOp MOHU3UPYIOIIETO U3TYUCHHS,

Yy KOTOPOTO BBIXOJHON CHTHAI TIPSIMO
MPOIOPIIMOHATIEH HEKOTOPOH (hU3nuecKon
BEJIMYMHE, XapaKTepHU3YIOLIe U3IIyueHue.
[Tprmedanne. OOBIYHO TaKoH (HHBUUECKOM
BEJIMYUHOM SIBJISIETCS] SHEPTHSL, TOTEPSHHAS
M3ITy4E€HHUEM B UyBCTBUTEIIbHOM 00BEME ICTEKTOPA
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HenponopunonansHbli
JIETEKTOP NOHU3UPYIOIIETO
U3ITy4eHUs

HenponopunonanbHbli
JIETEKTOP

Non linear detector

JIeTeKTOp MOHU3UPYIOLLETO U3ITyYEHNUS,

Yy KOTOPOT'O BBIXOJIHOM CUTHAJ HE SBIISIETCS
IPSIMO MPONOPIIMOHAILHBIM HEKOTOPO
¢dusnyeckol BeIMUNHE, XapaKTePU3yIOLIeH
U3ITy4YeHUe

TBepIOTENbHBIN AETEKTOP
VOHU3UPYIOIIETO U3TYyUYCHUS

TBepAOTENbHBIN NETEKTOP

Solid-state detector

JIeTeKTOp MOHU3UPYIOLIETO U3ITyUYeHHUS,
Yy KOTOPOT'O BEIIECTBO UyBCTBUTEIHHOTO
o0beMa HaXOUTCS B TBEPJIOM COCTOSTHUHU

KukoCTHBIN 1€TEKTOp
MOHU3HUPYIOIIETO U3TyUYCHHUS

KunkocTHBIN JETEKTOP

Liquid detector

JIeTEKTOp MOHU3NUPYIOLIETO U3ITYYEHUS,
Yy KOTOPOI'0 BEILIECTBO YyBCTBUTEIBHOIO
00beMa HaXOAMUTCS B )KUJKOM COCTOSIHUU

["a30BBIi1 gfeTEKTOP
MOHU3UPYIOIIETO U3ITyYEeHUS

["a30BBIi1 feTEKTOP

Gas detector

JIETEKTOp MOHU3UPYIOLIETO U3ITyYEHU,
Yy KOTOPOI'O BEIIECTBO YyBCTBUTEIBHOTO
00beMa HaXOAMUTCS B Ta30BOM COCTOSIHUU

OCHOBHBIE BU/IbI IETEKTOPOB
NOHM3UPYIOIIUX U3JTYYHEHUU
GENERAL KINDS OF DETECTORS OF IONIZING RADIATION

NoHn3animoHHbIN JETEKTOD

Ionization detector

JIeTEKTOp MOHU3UPYIOLLETO U3ITyYEHNUS,
MPUHLMI IEHCTBUS KOTOPOIO OCHOBaH

Ha UCIOJb30BAHUH NOHU3ALIMU B BELLIECTBE
YYBCTBUTEJILHOTO 00beMa IeTeKTopa

[TosrynmpOBOAHUKOBBIN JETEKTOP

HOHU3NPYIOIICTO U3JITYUCHUA

[TosrynmpOBOAHUKOBBIN AETEKTOP

(TTI1)

Semiconductor detector

HoHU3alnOHHBIH JETEKTOP, B KOTOPOM
UCTIONIB3YETCs DJICKTPHIECKOE TI0JIe

JUTs COOMpaHUsl HEPABHOBECHBIX HOCUTEJICH
3aps0B, 00pa30BaHHbBII HOHU3UPYIOIIUM
U3JTy4eHUEM B TIOTYIPOBOJHUKOBOM
MaTepualie 4YyBCTBUTEIILHOTO 00beMa
JeTEeKTOpa

266




Kpucramnuyecknii 1eTekTop
VOHU3HUPYIOILIETO U3Ty4YCHUS

Kpucrannmmueckuii neTekTop

Crystal conduction detector

NoHn3a1moHHBIN JETEKTOP, Y KOTOPOTO
BEIIECTBO YyBCTBUTEIHHOIO 00beMa UMEET
OJTHOPOJIHYIO KPUCTALUIUYECKYIO CTPYKTYPY

HckpoBoni nerekrop
MOHU3UPYIOILIETO U3TYy4YCHUS

HckpoBoii 1eTekTop

Spark detector

MoHn3anmoHHbIN IETEKTOP, B KOTOPOM IIPH
MPOXO0KIECHUU HOHU3UPYIOLIEH YaCTUIIBI

B UyBCTBHUTEJIILHOM 00BbeMe 00pazyeTcs
HCKPOBOM pazpsij

PagnonroMuHeCIIEeHTHBIH
JIETEKTOP HOHU3UPYIOIIETO
U3IIy4YEeHUs

Radioluminescence detector

JIETEKTOp MOHU3NUPYIOLIETO U3ITYUYEHUS,
IIPUHLNI JIEHCTBUS KOTOPOTO OCHOBAH

Ha UCIIOJIb30BAHUH JIIOMUHECLICHIIUHU BEILECTBA
YyBCTBUTEIBHOTO 00bEMa AETEKTOPa MO
BO3JICVICTBUEM HOHU3UPYIOLIETO U3JTyYEHUS

TepMOTOMUHECIIEHTHBIN
JIETEKTOP MOHU3UPYIOIIETO
U3IIy4YEHUs

Termoluminescence detector

PamomoMuHecIeHTHBIH JETeKTOp, B KOTOPOM
UCTIONB3YETCS TEPMOJIFOMUHECIICHTHOE BEILIECTBO,
MCITYCKAIOIIIee TIPY TEPMOCTUMYJTMPOBAHII
KBAHTBI CBETA, THTCHCUBHOCTH KOTOPBIX 3aBUCUT
OT SHEPIUH, HAKOIJICHHOH B IETEKTOPE B IPOLIECCEe
00JTyYeHHsI HOHU3UPYIOLIM HU3ITyYEHUEM.
[TIpumeyanue. PagnontoMrUHECIIEHTHOE
BEIIECTBO—aKTUBU3UPOBAHHOE cepedpoM
dochaTHOE CTEKII0, KOTOPOE CTUMYJIUPYETCS
yIbTPahUOICTOBBIM H3ITYYCHUEM

Herextop Yepenkosa

Cerenkov detector

JIeTeKTOp NOHN3UPYIOIIETO H3ITyYCHUs],
MPUHIMI ASUCTBHSI KOTOPOr'O OCHOBAaH Ha
ucnonb3oBaHuu dpdexra BaBunora-UepeHnkona,
BO3HHKAIOIIETO B CPEZIE, ONTHYECKH CBA3aHHOU
HETIOCPEICTBEHHO WM Yepe3 CBETOBO/I C
(OTOUYBCTBUTEIHHBIM YCTPOHUCTBOM.

XUMHYECKUN IETEKTOP
MOHU3HPYIOIIETO U3Ty4YCHHS

Chemical detector

JIeTeKTOp MOHU3UPYIOLIETO U3ITyUYEHHS,
MIPUHIIUIT JEUCTBUA KOTOPOTO OCHOBAH

Ha MCIIOJIb30BAHUHU BBIX0Ja XUMHUYSCKUX
peaKUHniil B BEIIECTBE, POUCXOISAIINX 10T
BO3JEHCTBUEM HOHU3ZUPYIOIIETO U3JTYYEHHUS

3apsI0BBIN JETEKTOP
MOHU3HUPYIOIIETO U3Ty4YEeHHUS

3apsi0BBINA JETEKTOP

Charge detector

JIeTeKTOp MOHU3UPYIOMIETO U3TYUEHUS,
MIPUHLUI JEHCTBUS KOTOPOrO OCHOBAH

Ha UCIOJIb30BAHUH JIEKTPUUECKOTO OIS,
BO3HUKAIOIIETO MMPU BO3JCHCTBUA
HMOHU3HPYIOIIETO U3TyUYCHHS Ha BEIIECTBO
YYBCTBUTEJIBHOTO 00bEMa JIETEKTOpa
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Kanopumerpuueckuil 1eTeKTop
MOHU3UPYIOLLETO U3JTy4YEeHHUS
Kanopumerp

Calorimetric detector

JIETEKTOp MOHU3UPYIOLIETO U3ITyYEHUS,
IIPUHLIAI JEUCTBUS KOTOPOr0 OCHOBAH

Ha TEIUIOBOM dHEPIUH, CO34aBAEMbIM
VOHU3HUPYIOIIUM U3Iy4YCHUEM B BEILECTBE
qyBCTBUTEIBHOIO 00BbEMa AETEKTOPA 3a CUET
IepeJaHHON YHEPTUH

PannonedeKmoHHBIN 1eTEKTOP
MOHU3UPYIOLIETO U3TYy4YCHUS

Ionizing radiation detector based
on using of radiation-induced
defect

JIETEKTOp MOHU3UPYIOLIErO U3JTyYEHU,
IIPUHLIAII JEHCTBUS KOTOPOr0 OCHOBAH
Ha UCIOJb30BaHNUU J€(EKTOB B BELIECTBE
qyBCTBUTEJIBHOIO 00bEMa AETEKTOPA
BO3HHKAIOUIUX I10J] BO3IEHCTBUEM
VOHU3HUPYIOLIEr0 U31y4YEeHUs

TpexkoBbI AETEKTOP
MOHU3UPYIOLIETO U3IIy4YCHUS

Track detector

JleTeKTOp MOHM3UPYIOIIETO U3TYUCHHS,
MPUHIIUI IEHCTBUS KOTOPOTO OCHOBaH

Ha MOJYYCHUU BUAUMBIX WM CTAHOBSALIUXCS
BUJMMBIMH MOCJIE COOTBETCTBYIOLIEH
00pabOTKU TPACKTOPUU MOHU3UPYIOLIUX
YaCTHII, TPOXOJIAIIUX YEPE3 AETEKTOP WU
00pa3yIonmxcs B HeM

IMPUBOPHI PAIMON3OTOITHBIE
RADIOISOTOPE DEVICES

PanuownsoromnHeiit mpudop
Hnan. PaguoakTuBHBIM ipoOop

Radioisotope instrument

TexHuueckoe cpeacTBO, MPUHIMIT I€UCTBHS
KOTOpPOTO OCHOBAH Ha PETUCTPALUU
PE3yJIbTATOB B3aMMOIECHCTBUS HOHU3UPYIOILETO
M3JIyYEHUs C MaT€pUajIoM WIH CPeaoi,
MMEIoIIee B CBOEM COCTaBE 3aKPbITHIM
PaAMON30TONHBINA UCTOYHUK HU3JIyYECHHUSI

N3mepurenbHbIi
PaAMOU30TONHBINA MTPUOOP

Hnan. PanroaktvBHbI U3MEPUTEITH

Radioisotope measuring
apparatus

PagronzoTonHbiil mpuOOp, UMEIOLTHIA
HOPMHUPOBAHHBIE METPOJIOTUYECKUE CBOMCTBA,
IpeIHa3HauYEHHBIN I BEIpAOOTKH CUTHAIA
U3MEepUTEIbHON HHpOpMaluu B popMme,
JIOCTYTIHOM JUJIs1 HEITOCPEACTBEHHOIO
BOCIIPUSATHS

Peneitnbiil paguon30TOMHBIN
pudop

Hnn. PagunoaktusHOE pene
bera-pene,
['amma-pene

Radiosotope relay apparatus

PagrounzoTonHeiii mpubop, perucTpupyomui
M3MEHEHHE MJIOTHOCTH MOTOKA YaCcTULL U (UJIN)
IUIOTHOCTH IOTOKA 3HEPIMY HOHU3UPYIOLIETO
M3ITy4YEHHUS 110 OTHOIICHHUIO K 33JaHHOMY
[IOPOTrOBOMY 3HAUEHUIO IyTEM IEepeEXoa

13 OJIHOTO BBIXOJJHOT'O COCTOSIHUS B IPYTO€
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Pagnon3oTonHslii TOMUHOMED
Hnan. PagnoakTuBHBIE BECEI
bera-Tonmmuomep,
OTpakaTEIbHbBIN
paarOaKTUBHBIN U3MEPUTEIIb

TOJIIIHNHBI

Radioisotope thickness gauge

N3mepuTenbHBIN paion30TOMHBIN TPUOOD,
MpeIHa3HAuYCHHBIHN 17151 U3MEpEeHus U (1IN
KOHTPOJIA TOJIIMHBI WA CPETHETO 3HAYEHHUS
MTOBEPXHOCTHOM IIJIOTHOCTH KOHTPOJIUPYEMOTO
marepuania

PaguownsoronHsiil ypoBHEMED

Hnn. PagnoakTuBHBIN
ypOBHEMEP

PannoakTUBHBIN U3MEPUTEIID
YPOBHS

Radioisotope level gauge

N3mepuTtenbHbIA paainon30TOMHBINA TIPUOOP,
NpeIHa3HAuYEeHHBIN 11 U3MEpEeHUs U (UITH)
KOHTpPOJIS IOJIOKEHUS TPAHUILIBI pa3jesa AByX
cpen

Paanoun3otonHbiii MIOTHOMED

Hnan. PagnoaktuBHBIN
IIOTHOMED

Radioisotope density gauge

N3mepuTenbHbIN palion30TOMHBIN TPHOOP
JUISl UBMEPEHHUSI CPEIHETO 3HAYEHUS INIOTHOCTH
TBEPABIX, KUJKUX U Ta30BbIX CPEJl WU UX
cMecei

PanpnounsoronHslii Bnaromep
Hnn. PagnoakTuBHBINM Biaromep

Radioisotope moisture meter

W3meputenbHBIN pagrion30TOHBINA TPHOOP,
IIpEAHA3HAYCHHBIN JUIs1 U3BMEPEHUS
OTHOCHUTEJIBHOM BJIA)KHOCTH MaTEpUAJIOB

Paagnon3oTomusin
KOHIICHTpaToOMep

Hnn. Pagnon3oTtomnubii
aHAJIM3aToOpP COJIePKAHUS

Radioisotope concentration
meter

N3mepuTenbHbIN paTrion30TOMHBIN TPUOOD,
MpeHa3HAuYCHHBIN N1 U3MepeHus U (KJIH)
KOHTPOJIL KOJIMYECTBEHHOTO COCTaBa 3aJaHHbBIX
(3a1aHHOT0) KOMIIOHEHTOB B KHUJIKHX

Y TBEPJBIX CpeAax WK ra30BbIX CMECAX
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APPENDIX 3

ALBUM
GENERAL CONCEPTS AND DEPENDENCES
OF RADIATION TESTING AND DIAGNOSTICS
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SOURCES OF ALPHA-RADIATION UCTOYHUKU AJIbDA - U3NTYHEHUA

Drawing of alpha-decay Formula of alpha-decay
F'pachnueckoe Haiﬁpamrme Dopmyna anstha-pacnapa
ansda-pacnaga X A A
z : X — 2, Y +a+Y
c‘f" oﬂ*" Radioactive nucleus Daughter nucleus
: . PagunoakTueHoe ANPO Hoveprees Aapo
& &
¢ &

E. Mz
t - Iy
A-4 -
Z-2 Y A x
Z
Alpha-particles (Helium nuclei) are thrown out from radioactive nuclel. The ordinal
number Z of daughter nucleus reduces by 2 and mass number A reduces by 4.
W3 pagWoakTHeHLIX anep exbpacLiBanTes ansa-yacTyusl (Aapa renua).

MopAgKoeLA HOMER Z AO4EPHEND AQPa YMEHBLIAETCA Ha 2, MaccoBoe YMcno A
yMeHbLIAETCA Ha 4,

General characteristics of isotopes Codification of sources
OCHOBHLIE XapaKTepPWCTUKN M30TONOB, KoanpoBka MCTOYHWKOE
MCNONL3yeMblX B anba-ucTouHuKax AWN - metallic backing +
Pu preparation fused into an enamel
loiopes Herdeons | [Kina sndaverage seue o caeton. Hav - METANNWYBCKAA NOANOKKA +
ManTont Hormacran - - npenapart F_'u, BI'IE.“_vIEHHhIﬁ B aMank.
Np 237 2207 473 - Am; - ceramlct_l:aacklng +t o surface +
¥ u preparaton on oulside surrace
Po-210 1984 qm] 445-524 023 case made from aluminum
Ak 55 L w59 %40-055 - KEPAMWYECKARA MOONIoKKS +
Pu 242 3750 Toa 484 0.18 npenapat Pu Ha BHelWHE NOBEPXHOCTH
Am -241 4323 1::,:,‘ 542 0,26 - 0,85 + KOpNYc U3 anMUHWA.

AKN, AUM-H, APWUA - alpha-source based on Am preparation
- aNbHa-MCTOHHWKW HA OCHOBE Am.
DAKT-1(Po), CAOTPWUH-H-10 - activation detectors based on Po and Np
- @KTHBaUWOHHEIE OeTeKTopkl Ha ocHoee Po 1 Np.

Pasign of sources KoHCTpYKUMA MCTOYHWKOB

2
3 2
R
s Ly AR ARARAAR AR
1
1

AWN-H - source with AKN-13 (a) and AK-30 (5] Source (aorodues) APWA-24: AW and AWN-PA0-24 - sources Source (korcemesn) AMN-PAD
SOLOpes Pu [(-aCToemne - sources wilh isclopes Pu 1 - backing [nognaess); wilh iSChopes of Pu [= nCTosmm il AMM-MAP-3A

© maaTonami Pul (- METOMMSE ¢ MADTONAME £ - RSt pan o vororass Pu): 1 - seere (- mea) ¥ = Sl Lyt (-BaTisbibal CRON
1- acthm layer Pul: 1- active layer - SETRIRA MRCTI S 2(1) - backing (- kapayel: 3 - Betive 2 - backing |- AosAowal;

[~ BETMRHNA RS {- aEnamad cnod) 3 = [prObaCie CowBnng LiyBe (- AEToslin CAGAT 4 - BSSKAG e clse f» mopyC)
2 - pnss-hacking 3 - case-backing (= MpagpaTdel ROAD4ITIR ] [~ PSR
(- Enprye-noanossEn ) (- By raar)

Usage: acquisition of demonstrative device, taking down the charges of static electricity,
roenlgenomelric analysis, activation analysis, bench-mark sources in checking and

measuring apparatus, gauges of fire alarm (signalling), base for receiving the sources of neutrons.
anHEHEHHE: KOMMNEKTALMA OEMOHCTPALUMOHHLIX NPUBOPOB, CHATHE 3apAA0E CTATUMECKOTD
SNEKTPUYECTEA, PEHTTEHOMETRMYECKWA aHANK3, AKTHBALUMOHHEIA AHANKW3, PENepHBLIE UCTOHHHEN

B KOHTPOMNEHO-M3MEDUTENEHBIX NPUEoPaX, A3TYMEM NOKAPHOA CUIHANW3ALUWKW, ABNAKTCA OCHOBOA
ANA NONYYeHWA WCTOYHMKDE HERTPOHOB.
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SOURCES OF BETA-RADIATION UCTOYHWKW BETA - U3NYYEHWA
Formula of beta-decay ®opmyna Geta-pacnaga

AX =AY +B+V +Y X — AY + P +v+Y
Ky Drawing of beta-decay A
z—,-..,. Npadmyeckoe naobpawenwne }_ﬁz_
¥ ‘4,;‘: oy, Bera-pacnaga "4 m‘:lu,.r.“

A A A A ¢ A

z X p Z+1 Y* Z#+1 s B F
Electron and electronic antineutrine are emitted, Positron and electronic neutrino are emitted,
Z. of daughter nucleus is reduced by 1, Z of daughter nucleus is reduced by 1,
A remains the same. A remains the same.
HanyuaeTes MeKTpod 1 WISKTPOHHOS Hanyuaerca No3MTpol M VIEKTPOHIOe
AHTHHENTPHUHDG, ¥ AodepHern aapa £ HEHTPHHG, ¥ Jouepaero aapa £
yEenHIHBReTCA Ha 1, A OCTaeTCa NpekinmM., YMEHBIASTEA Ha 1, A 0CTASTCA MPEKHEM,

Spnl:lra of beta- prlplrltmns radiation CnexkTpel Many+4eHnA DeTa-NpenapaTos.

AN

— —— |E
mﬂhmlmﬂmg:ﬂﬁn el k Eﬂr m with hdlll::m kel
mmmlm HETyUEHER llil.'ﬂ] DI‘TI Iﬂw’.ﬂlﬂ T\CIPIHJHBMI lﬂ.lﬂ‘«lll.m A MCTOMHADSN O WHEAME W1 HANWA.

General characteristics of isotopas Codification of sources

OQCHOBHLIE XAPAKTEPHETHEM H3GTONOB,

MCNONb3yeMbiX B GETa-WCTOMHUEAX Konuporka ucTouHukon

s | recn, | B compment g miny sy, b= BMC - beta-source from Sr+Y
ypacnazs o I i BeTa-ucToMHKUK Sr+Y
Sr-90 287 Togn - 0,031 - BWU - beta-source from Ce
¥-90 | 64.26 T - 0,150 [ 0.0026 Bera-nctouHnk u3 Ce
Ru-106 67 ot - 0.0018 - BWP- beta-source from Ru+Rh
Rh-106| 8.9 i’fq;a ; 0227 ; Beta-vctodHWE Ru+Rh
Ce-139 140 ‘;E . . -

Design of sources (hermetic ampules made from aluminum).
KOHCTPYKUMA WCTOYHUKOB (FepMETUUHbIE aMymbl U3 AMOMUHKA).

4 e T 1
2
3 2
|
3
Sources (Moromined) BHE. 10 a 3
Eourens (ermimig] BHC-1, Sources [Horuime)
pﬁb{u‘l:umlflu: .iéc- EWC-2 -with [ssinpea EHCME] BHE-M-4 Heroumans BAC-10 - BRC-40; BAT-§; BAT-14
pcitce i s [ manronman) BreY o 1 - cover with likopes (v pesiviamn) Eﬂ.“.m-;.r.ﬂ P
Rig + SRR 1 = ey oy :ﬁh:_':,z.;.'_;ltrpﬁﬁ_'} ' . h:_.m:":"’:f}_.‘_l 11 - Paloih (isripe) ) )

I . SR L (TR B
3 - acking Lroannee 4 G (A

Usage: devices for measuring and testing the parametrs of articles and technological processes:

- micrometers, - thicknessmeters, - measuring instruments for surface density, - as the

base of sources of bremsstrahlung photon radiation, in medicine and biclogy.

MpumeHedne: B NpbOpaX ANA MAMEDEHMA W KOHTRONA NEPaMETROE MANENWA TEXHONOMMYECKKE
npoueccos, { [ - MukpoMeTpel, [ - TONWMHOMEDE! NOBEPXHOCTHOA NNOTHOCTH), B KA4ECTES OCHOBLI
WMCTOYMHWROB TORMOIHOMD L‘h{J‘IDHHOI'G HanyYeHud, B MeguuMHe, B Gronorn.

3 e Mg . s ooy
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SOURCES OF GAMMA-RADIATION UICTOYHUKW TAMMA - U3NTYHEHWA

Drawing of daughtnr nucleus transfer from
excited into stable (base) state Mpadmyeckoe
H3oBpameHWe Nepexona AoYepHers AApa Ui

Formula of daught&r nucleus transfer from
excited into stable (base) state ®opmyna
nepexona AovepHero AApa W3 Bo3byxaeH-

H-DSE}"'.‘KAEHHGTD COCTOAHWA B OCHOBHOD® HOMo COCTOAHMA B OCHOBHOE

Az Daughter nuclei at alpha-, beta-decays, A A
# Z at nuclear reactions, at spontanaous 7 Y* — Z Y + 'Y
£ = fission of nuclei are presented firstly in
&= £ excited siate eleciromagnet radiation
ey = (gamma-quanta) with wave length
3 2 a=(10"-10") nm. JouepHue mopa npu
=1 2 anwta-, Geta-pacnanax, B ANpHb
2 = i & PEAKUMAK, NPM CNOHTAHHOM OEMeHWN
= “;l E ANSP BHAYANE HAXOGATCA B DoAY HLEHHOM
: = COCTORHWM W QENSE NEPEXOOAT 8 OCHOEHDE

u L W cacroanme, MANYHER KOPOTKOE ANEKTPoMar-

AY HATHOE HANYYEHKE [FBMME-KBAHTBL) C ANKUHOA

z ponie A= (107 = 10™) um

Main typas ufgamma-mdiatinn interaction with substance
OcHOBHBIE Bkl B3AMMOASHCTBUA rAMMAa-U3NYYeHUA C BRLECTROM
Photosffect  AnAne ® e
Massnnyme =

i L

et L]
ATidvegh WHaT[s0 ﬁ )
& Camalen Sean

Compton-effect "

-

W R

Komnron-adhesT B . Foummos
-'..l guw-u: preEEn
| P
1, ot 1
Pair formation v
effect - o -m‘hnﬂfmumm':mmm?m
ET W hockeus Ragr ta- T ¥ o]
nag:anunun AP e g

Codification of sources
KogupoBKa HCTOUHHKOB

General characteristics of isotopes
OCHOBHbLIE XaPaKTEPUCTHEN M30TONOB

Hall.dcay Kird and average snaegy of mdiation, p ! ;
Isolopes " MK - sources made as single or double hermatic ampules
WaaTone i Wmﬂ“ EPRLI O SHpI M. e from aluminum alloy, filled with one or ancther preparation and
= B H irradiated by Neutrons (MCTOMHAER B BM0S GMHARHEIX KW
Co - B0 5272 T - 0,156 N0.94-1.05)"10] OpOARAK FEpMGTEEHLI SMTYT WD MOMAHRE, CINAB0S
oAy SMKAHHHA, JANONHEHHELE TEM HIH WHEIM NPENSEETOM H
Cs- 137 30,6 Yo - 0,030 0.106 R ey FaErT IR
Tm- 170 1288 o - 0051 Joot2so0tag . P B
o - preforms made as rods, disks, fractions or cha irra
Se-75 1204 NG 0.013-0.108 [0.0106-0.0916] by ngutrons and insened into hermetic single or double ampules
; 7408 0.047-0.098 | mMade from stainless steel (JArCTORKH B BUOE CTERKHER, OHCKSD,
Ir-1ee L] ARG MM CaHKM, OBMYBHHER HERTROHAMA W

HIMMA - hermatic ampulas from stainless steel, fillad with gamma- MOMOWEHHEI B MODMETRIHEG QOHHADHLE KWNA

presparation (repeeT YTEL WY o) WOLREA CTAMM, OBOANGLIE BMMYNLl M3 HEEOKBBEIILEN CTANK),
JBNONHEHHBIE NPSNAPATOM),
DESIQ" of sources HGHCTP?I{LI,HH HCTOUYMHHWKOB
. 1 .
1 2 1 = 1 1
. : ¢ 2 2
? 3
4 3

8 i
Source MIMA win
isotope [Aorina

Sources FUK-4-1 - FTHK-E.3,
THE=B=1 = THE-10-2,TFIK-13-1,
FHE-14-1, FHE-11-1 - FHE

Sources HFA-1-L{H-1-

HMM-MLL-2 with Botops Fources MK-1-1- TAK-1-5,

Sources wih isslopes:  Sourcs WIA-Cy-1 FIAK-2-1, MAK-3-1 with

Zn-B0 (HoTomiem ¢ L .
] Ir-19Z, Tm-179, wilh igclope: SE-124 € MIOTCROM) AMAZAT: g, 424, THK-7+1 = TWK-T a4
:‘WW“ En-85) : Ca-137( Meromsinm (MeTomme & 1« wedding (caapea); :::“mn":,fﬂ B0 1 - wilh isobape (Merousm o
= @Mpubs |asnynajk © HEOTONEMH aeTonou: Sb-124) 2 - frame (sopyc); wilding (coapeal; - peTonon | Co=0: 1 -
3 . ]

2 - i [mprauma); X -aci

PAFL (BKTHEHAR B2Ts) Ir-182, Te-170, Gs-137)

= Bl (pEILIKEY, &~ SR ey (paryma); 3 - active (GBapsa). 2 -ampules (anmnyie);

parl [AnThuid S3CTh] o (eTHBHER BCTE) 3 - Betive par (AKTHRHER SRCT)

Usage: for radigraphy, densitometry, thicknessmetry, at X-ray fluorescent
analysis, in radioisotope devices.

MNpumeHenue: ans paguorpaum, NNOTHOMETPUK, TONWKWHOMETDKK,
Npu peHTreHodNyopecUeHTHOM aHanuae; B pagvou3oToNHLX npuBopax.
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SOURCES OF NEUTRON RADIATION MCTOYHWKW HEWTPOHHOIO U3NYYEHWA

On base of spontaneous fission
Ha ocHoBe cnoHTaHHOro geneHus

s X—

s X S Y12

M Y1+ Y2H2-3)n' +Y
?.h‘H
Y1

-

Bug

2y

Spontaneous fission of nucleus, and 2-3 newlrons
are irradiated ai this event. CnowTEHHDE QENEHWE
RAPA, NP ITOM HAMYHMOTCR -3 HERTPOMA.

.--v_-'—-

Y2

~7 22

On base of nuclear reactions_ o
Ha ocHoee n.qepnhm peakumvii (ce.n’) and (y.n)

A
X 4 & — 22V 404 @m
Z I+2

Nuncdesd e inberacted with z x

.MG

—¢- BB -

Avd Y* . 4

2
the fiow of alpha-pariicles; new daughter i are formed et once with
the emission of neulrons. Flopa PIAMMORERCTEYET C NOTOKSM ANudia-
HACTIALL nﬁpam,'mmﬁ HOARRE OO0 EpHRE AOPA C AsNETOM HE“‘W""E-‘

X 4+ Y — MY +n'+7 @-1

Mucled ans intaracted with @ &

the fene @l geamama- q'.mnmnr e

new daughter nuclel are x x % T

formed al ance with the z z

mEssion of nowlrons, Fipd sawsa0ipeacT oot O NOTOEOR Famai-aim o,
ofpanysTeH HOSLE QOYEQHNE AADE © BENSTOM HEfTROHDE.

Spectra of neutrons from {a.n-sources) and from altendnnl
gamma-radiation. CnexTphl HERTROHOB (3, N-WETOMHUKOE)
W CONYTCTRYIOWBND FAMMA-UATYHEHUA

—
B
;

I

oo
D
st e

v on nagsl

{v,n) source Source of spontaneous
WOTOHHMAK frssion WMcroymme
CNOHTRHHON JengeHna

I

I

{

|

|
R ¢

e

1 L] - l. - R REEE L L 'H—‘F '_l
"Ra - Be po-Be ey - Be " Crogsestion lrfnrulmnn formaticn 5 1;;:;‘?"‘&:‘351

General characteristics of isotopes

OcHOBHbLIE XapaKkTepMCTUKW W30TONOB

on H- and By nucke, Coiicinne I |
BEpaltENE 4-\'.11-.'-||cu'r[h‘u|m e L
T AP AcTTepa o Bepiovme I

Codification of sources

lsstanes Halt-tecay Kind Ao avarngs ennrgy of rciEtian, pl Kogupoeka ncTouHuKoB
Moo peniod Mepkan | Bun o cpennan s-opmn ienyseuna, nile | WHK -hermetlc double ampules from siainless steal.
b cortkom 1] L] T filled by C-252 oxides (- repMETHUHES QBORHEE AMIYE
Pu -238 B7.7 _",::"" 0,875 - 0,0028 W1 OO0 CTRNE, BanonHsniLe oncike G-2532)
- 24T yoan HMEH -hermetic double ampules from siainless steel,
Cf-252 #5300 | Fods 0,580 - 0,007 fillad by Pu-Be combination (- repMaTH MR SBGHHBHS AMMYTIb
days W3 HEEAREHILLEA CTANW, AANONHEHHEER COBMHEHBEM Fu-Be)
-M ' -
Po-210 1384 g 0.7209 0.1334 HHEM - hard needles of different length or flexible assemblings
Pu -240 G540 IOF 0,826 0,033 0.0028 consisting from 3-G diminutive sources, inseried flexible frame
1 veart (= WECTEHE WMLl PAINHHHOA ANMHB! MNK rkme cBopkd W3 3-6
Pu -242 375 "0 rodn 0,754 0033 0.0028 MHHHATHORHERX HCTOHHMKOE, NOMBWEHHEK B Mbyw obonoy)

Design of sources KoHCTRpYKUWMA MECTOYHHMKOB

L el g =

Sources MEH-1 with Pu isvlopes Sources HI-HH MHE-10 with radienuclide CI-252 Sources WHEM-L with radicnuclide EI-ISE

(HeToqmmsm ¢ waoTonase Pu): (Her papuonyknumou Ci-253): [Heroqmmen © pa

1 = witdding (coapra); 2 - frame (CTasas); 1 =outward plug [wapyman npobiral; HuR-252): 1 - capsule jeancyna); 2 - active
3 - capsule [mancynal; 2 - capsuby (Encynal; par [asmmesas 4acTe]; F - walding (caapxa),
4 « @ctivg parl [axTHBNEA ST ) 3= actid pat {STHEMAR SACTR),

B - insel (prnaneaus).

Usage: moisture determining in soil and grounds; search of useful minerals; determination
of element composition of materials by neutron-activation method and spectrometry;

in devices of special application.

MpumeHeHwe: onpeagneHe BNAXHOCTA MPYHTOR, Pa3Beaka NONE3HbIX MCKONaeMbIx,
onpefeneHve aneMaeHTHONO COCTABA MaTeEpUanoe MeToaamMM HEﬁTpﬂHHﬂ-aHTMEaLLHDHHQFD
aHanuaa W CNeKTPOMETPUK, ANA M3AENWA CNeLTEXHKMKN,
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X-RAY APPARATUS IN DEFECTOSCOPY PEHTTEHOBCKWE ANMNAPATEI B AEREKTOCKONMAW
¥-ray defecinscopy Is based on the weakening of X-rays, which iz
depended upon the density and atomic number of elemants forming
tho subsiance’s materal. Tho prosonce of sach the dofoots as cracks,

Feeding unil 1 ; blisters or inchusions of the afien material will bring the diflerant
Em;.ll'lmﬁm weakening (absorplion) of X-rays afler their passage through the
rriedadh it i material. One can detect the presance and disposition of different
e T nen-uniforméties of the checking material by registering the distribution
- of intensity of the X-rays passad the substance. X-radiation is
i penerated nside the X-ray tubes duse 1o the bremsésirahlung of the
1 high-speed eléectrans on the tangels made from the matenals having
Control and 1 high Z nurmtsr (g, lungsben),
monioring PauTrHOQspBKTOCHDNMA CCHOBAHA HA NOTNCWIBHNN PasTHEHCBEHHX
apparatius Myeli, KOTOPOR ABRACHT OT MNGTHOLTH CRRak W ATCMHON HOMARa
Annaparypa ANEMEHTOE, OGPEII0LLNN MATERUAN CRadsl. HanitHme Tago e,
yNpannoke KO TRAUEEHE, PAHOSHED i BHHEARA BHOPOEHON MATERHANG,
H KOHTRONA NPRBAAT K TCWy, SO IPOXOALGsE SEPea MATEPUAR Ny ocnabnmorca

o A CTONEA. Poiact pepy pacipdysss i DEstuinocem
NPOXEHIAN (Tl MO OIPEREIITE MELTSEE WP e
PRI O HOPOE TR s epairEn. PO i Enn s e
TOHEPHPYITOS B POHTTONONORRE TRYBREX 18 CHET TOpManHIHnRm
BHRCOROCKOPDCTHEE AT POHOE [ MLSHRN 13 MATERAANS © Doneiises Z

X-ray film PexnrrenoBckan nnexka Defect's image on X-ray film

X-ray tube Waobpamenne gedexra
B i HE NNEHKE
eHTreHoBCKan TPYGKa Testing object
KaxTponupyamo
vafenue
Beam of X-rays
Myvox
PEHTTEHDECKOrD
HINY4EHWA
Defect
Dedwert
Spectra of X-rays Cnextpol Diagram of ARINA apparatus radiation direction
PEHTIEHOBCKOTD HINYWEHHA Ouarpamma HANPARNEHHOCTH HAMYYEHHA annapaten APUHA
I refus atees 45 s TS 9t 105
-*Iliig;‘llmllﬂﬂ
- Fifoe rmttrgras s n
i ] e
i 15 EE
= 5 1
L]
- 150°
B 18
E- hL] w 195°
£, 210"
" 1458 2280
A Toeand
4 | Pl eresmntsia 2o
P e Ty
2 330*
SR LLEL LN 3 ey 35" 300" 285" 270" 284"
| &
Fh 9
e, -
=
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BETATRON - THE CYCLIC INDUCTIVE ACCELERATOR OF ELECTRONS
BETATPOH - UMKITMYECKUM MHOYKUWOHHEIW YCKOPUTEINB 3NEKTPOHOB

Pringiple of agceleration
NMpAHYAN yeko e

HHEPRBTD
9 - acceleratng beam of secions: WERDERKLLED
YERODAR MR AT AN TR
TP none
10 - Bremsirahlung tnges;
TOOWOIAR MHLLEHS: H
- I:rrkmwdnm:lnfmnd wncirons
al thrcr down Ao tha targed;
TRAMHTCER YORCHEHIE
FWHETRDE0E N Ohpoce
HE MHLEMHIS] A
12 - beam of brerssirahlurg radiation.
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| | | eymine kbt | Gl f g et 008 e
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Expedun ve TRICKNGEE Surve for steal
HEmlAn JANSEHSOETI JEEREINEAN O TANLEFLS STET
N
i Maliiicnn wilh I = 7 5 W 1" o I Ryt
f e R T N, ot Pty J T
,J: . Dhghsials Uy BETBRTENEDCTE
1
L= oo
P E: : |
i w1 1 =
- il
o ™ sb1b i emograph wilh balalion
L }i ] %:\Mﬂrm HE OCHOBE GETATDONE
i i . I’
= 50100 150 200 25
H - BB, s gt shase
W 3] g — T ) L e

Duesign of irradiator
KoHCTRyELWA WanysaTens

1 - Poles of sloct s
4 Mo Bre P s
2 = cangral inpal
| TIT M 1 P TETAALLA
ATHIRT EORARTHIAT i
- PEAPSR MR- ki
CATCH P T G
4 - magnaetisng Nﬂl‘lﬂuﬂ b
IR T iina,
E-m charrtns
= TENuAAR KEMWOEE;
igh wrstage mpociiee bpc
BCORCRamTHER BNoe
7 n:;ag;d:mp:r
B lmpmn'q' ol Inhm';d nlnnirors:
TEaRrT COHA HEnaKTIAD oMb
KT HOR]

Mara Toea
VRO RARAILER i f
Al f 111

Accoinensing . | |I |
Torce ]
V| am i
EWMA

| H
[111 \ 1| Lies ot force

e s
1A || ]

1 | YNPAILTHIOURSTD
MR ManE

I ine= af doren
al wortcal

fuees
aleclic Te
CHNOALE NHHHE

Lt T

R r—— R i
R sty | AT § R sk
[ T

" 1]

b 00 ™o pu
o Pt s, e, T s o L
The reactor under testing Iragers o Besled artsches

Kosimpomapyosmaill psirop Waobpaxann KoHTRONMRYeMsE HaOansi

Bridge inspection
HIHGHESELAn MOGCTA

277



R, Ex..—.lu..-.-.-ﬁr_i-.mﬁ!-.ﬂs i D A7) LA D O e G D
aoHodLIBUE (=) MR e s gl B el Soa a1 617 R ESun, FRvEHt] Ut
wHkadoNA edndy punediowad Eum_._.._%h._.u ueHHadLAHE) 0] o g SR DRSS 04 LB b USRLR e O S e I ) K oS sy - Sl JBADSSY
BUI BO2EY BEHHOMNEEHKT ) saquneo feiy pue v
SUQUIDS|E PEIEIE(SI08 JO WESq ) : . AIN|ANAS [BLUBJ BRI g oty Ly —y Lo ey SR
uonensiBal 10} JSQUIELD LOGEZILG| O-190 40 ! | 4 s s uogRImios j sqEdED SIT TA0ILGY
B e P I LD Syl R (U [ By o GBI LS ] 900 ) g (g

HHOOLBLEG SWHERLTH DD
<pordog itmdionsd wmot!
P YL P T L S

=

(B HD Bovniaha edloddio serkaduisg)
JUNGD G HD JO MNENGS [EUSU)

(g} ACSE ™ 082

====== darmde doHLieD DiEu J-..-....U...:E_.a_..
(al A Q0L oaHDK oM Lo jo abenos yibue) nemed - ey ey
. HHHE BH Qua Bl HIOEELIE W By BponED
(9] A SLr  05E aiue Bt -

wrEEnnel sty socee
{are) gy 0LLE 7 0l.l  (uooEpRi-l sof) sbues soqeasiBa -
B 1S FHH LGRS HIMLIHG BN dTE S HDOHIG
HUNGD LG D J0 SIS ASITEIBYD | RIGUG
TR T RS TETPEER, |

(BOHDOLUEH SWhiSHD) JBIUNDS LOANAU - 95-WHD

. wn._!pwru u___m..-dm...__.._.ﬁ.,rﬂﬁ
e _”_...r mn.w AR RO PR

a0 ensibias
!.-.a_rm.._.mu LI
sef
oo o ol=1LH £ 1-MNaD ¥nlahd
‘ﬂ.....__ EaHO0L e xmmn.:zm:h._.w_ ~{'7 poaandc)
(g gz = 3 ECENEN BEEHHOMTIEEIHOL

soyuncs A ]

(W] WO DLS = 2d
(Wi LG = 1

DL-LH JBQUWELD

B

UONEZ|S UGONAU (UL | PUE T MOPUIM-PUS
_—

”

(Al A Doy 4+

Gl-Wan e Ewn”_ﬂqﬁﬁmh,_ﬂx
L-iNgD e
JBuned adiy -9 jo ubisag

By TOUEY TR TR G
apoury BpoUED B DplR

61-W3D ¥Mhiah] GL-INTD 12unod

B
(BOHOALAGH ¥HnlahD) JEUNDD LoOnau - gl-HD

==

(BUHanAUER=-1 Ndhlakd) JBUnod SAel-L - ZZ=010

[P s0enes] PEniLE MUESOOC SR 00U e 0L

PRI PRI, CUCHL D9 MR & 0T eedaend DU SR o L ITOHEHN - s SoRitiepy

imashoud | SR my)

UDSEIFI0NL j0 GppedieT B LMD S UHYM ULl Bouemeddo sy iy pousd g - UNETLO SE |0 b paag

G- |44 doials
Jojaeag 0s-Jidoa

JLakan 0) g
= b .?.-._.-.-__._ﬂ_.._..__________.

@8N e mreedEg AR abgps Yy
0sZL 000k 05 00s OS2 0
T =

+ 0} _

L0 DT DU

i
-
=
-
USRI AT PSR LIRS o)
BUICSGETLON PIMMIOD 10 JDGLINY

|
etudeed "
piososel exulandariedex sendauwe-1auog
ab.eyosip seb jo snsualoeIeyD asadwe-1jon

dO1)313 MIGHHOUTIVEMHOM MI9S0EV] ¥OL23130 NOLLYZINOI a3 T114-Sv9

278



o AL PG B AOEH OO R EHHT & B SR EHATD ©a
PTG PR OO DO I - !r.uotl._..rtﬁﬁw WA VR ICEIEUETR S) D
Bl passln ATGUD ] e BOIENLES LHN] USERHIV S RIS TR YRR T

“FINTALSE POHHAREOET AMSMEC SO0 ELR LTS DWOGSD [ B0RHDTIONION ¥ ameLon
BOOORGED FAMIGHE BN HMONHLD - TUIONGLS M NEHmCT oD THUNION JOUEIS pageEe
ormrued pafueya jo ABisun By a0 ysey s 10 ALoua [0 oo - A0S (LN EIINSE] LORLTALIDS

"L PO TG e oend

IRFHMICON xRsEag EHROL 000 GHHacown FHDOaTEN SO EIFTRCHL V- RALTH W THNASHTH N
!t.u.__wlcﬂ-s.mf_u_ B e T T T ﬂﬁﬂ!.ﬁfﬂ.—.’uﬂg.um—g!&.ﬁ
WMUSREEIL BULINSREL [Ra0duE) SUCHRIRE kT PR RIS RR NORBUHMSE jO ales

aodoLEUUMIHWND TWE MHITIGN SIOJE|[IUIIS JO Malh [E1aUaD
M- 1D e

_ iy TSRS
[T
Bl g@ 0
P ) | e
= T el —

= LU U T U

wpoy | TS o

LTI ARTRATHT [ T a0 "
TAmlzninn meed e Y
[ SO B ._..uh___su&:_-v.__

[exAMON £20) ENOUGHLHMTI SBLIOD
(Buisnoy Inoyim) I0|gHUISS jo Jusue

dO1Y¥3.130 WIGHHOMNEUUMLHWND ¥0103130 NOILYTILLNIOS

HUralKoHWA siHHoduiercologn  ssedweoio

.._._.u_.._.____n.nb._.

(B 5 > ok SLO0 g a b e ]

sy

SRCIRERIORIL] SiSeid ._

) ) ["H"aN

Lo OLE 6 ZE0D L=¥ a Bl HELDL |

iy |

: . . Fyta)

] 5E a8k £00 Brf a Bk BRG]

%EU_

(1)

(&1 IE FaLl LL00 0 - 0L a SKL HAUBLEH,

e ydany

Ha)

(8] LT ¥ig PEOD Ot 52 a LT A Hahedaing

BSOE R[S

~ o wemeranndp ey N

Z0 8z SEal oo (% ol £l “olen’m |

b LE iz Lo 00k £2 B0y (By)suz |

o0 ZZ 98 /00 00 5 LS¥ (s _
S0 £ @5l £G510 052 fad

aoenmERidoer suebiou)

BE waoE
i | el ming | GORED
) s vt |

L {iwren |

P LR ERIPD el D - s = : o
] s i eee e -S| doeoe i
] Hﬂnll.ﬂ. 1) .‘..-_u.....__uu.”m 3 e .._u..u.__ﬂﬁ:: un__IE._:M
E:.-E.ﬁ.ulu o 30 T i g | RS Auopge | W e Feqan | oy LA wing

+l pue-n sy | AL UOEENOTG | GREOERSWLNT  MLOTY

aodolEiHED KIsdoLoNas MiKLoHdsedex sIqHE0HD0
SIDIE|UIDS |O SINSUI0RIEYD [BlaLan

(ersandgooTes ‘amticion

"INy GO0 MFHEGGD I SRA0a B

PIER L e (S0 S8l pus pjoE BN fFL ]

SREEE SO 0 SRS BUE U0 BENBHRULE - AL i Fedca e aTtL o e
BEHTVTI0 DG BRGNS BUNETILTSE (0 SIS PO0S DUl ginis -
eI pdns- our
LA R DU DRI LSy e PR GO SpsAn e -
SWHTERHHEITOSH DIUBEISU] AHEERWHEIEN DI0EBIG

ImdolyuUrniHNng SI0je|uDg

e Deanmiids sasedl ayelic -

279



EPILIOE NEADMMULTELT 0} B
| :

[ mera | w3 % = 3 -
ik WY ia = = -
e - = = e
i Ll bl w0 =] &
S Ll "W m =2
L] | = 1 1 { Busnoy eAaeptg
i T e BT S e
e iy = -, Hm..uﬁ .,__E_n_ﬂm HHOACUNRCO0MUD SR
1 ] ] 1 1 | : M HENOERPUILIELEY
‘HAMHEIMKH290d ¥ MnKEoMBaUOdaa 3 WD HoOHaUU auHaHaed? _— i E 1|9y (B3
‘saU0 uUBISsNY pue adoing yum swily -y¥sn 2yl jo uosuedwoan E—
—
— I
——
———
e L -1 e e —
i P T =TT b _.e.i . S
N ey j.mﬂ e T!..“_ 4_ ——— ——
o o T B -
iy o | m S 189964 WitEdes 19gooouD)
MHJWM..M,.MN_MM”MM e | _m. - Buipeo| apesses jo sAem Juasaylqg
e DAL ERILTE] [ g P . _ edgades Hades snuEROdUdog
ST Soeaon e e | e g - sial Jass o LaneuUed
T S || s 5o oy by
i T e | MO 1 - b 281 - me mad
et ol o e | e
| Far s e reny | ot | | - | wodsaUeoLod grarkdolg e 0-/0
| T T i et | | E | o —— wonaeEogoud Arepucies -
T jepy ek e . Lo LU ey wodLEC0L0t WRHARECa] |
i, %. = | " . 1 uasaEagoyd Aewpud “
. ] .E._ww._wm.w_rﬁm. ._IOt.vL._ | e a0k - ELOE) - w— !
"J;.mﬂﬂm.m@i_.l_mm ”i..w__n.. . [ Ed.._.u._—..n—-._d”_.!.._-u..._mut_
| :.ﬁH.Ew.._pﬂn ! 1 | : ! WHLEATE BUNESD)
ISR ol |
| i wgia | | [ - S HOAD MAHLE T BE JOAB) BAIDM0d
| Em,.ﬁﬂﬁuﬁm‘”uhﬂnm. | ™ EHISUANE: UiEnLS)
st e 1 SRS | P #oLd yossalry sake anjg H
[ inibis I i Rt
I ﬂﬁ% | ppr—— R—T——— ei=outo) Bupoeg
— it [T ] oL poRaewry JalE) an
i ) ERISUANE LD
‘IN M N9 290H20 BEH S08EUUD W Wueld Wudediowed '
udu g0 :u_ u_.n___!u_mm:::u__n AMHIBHMLILIELDM 19 E_ﬁs NOHaUU MOLRD PHLINTE: JB/A 8535400 S od
Isﬂrﬂ._m.ﬂhﬂ__ﬂ paseq-IN pUE-No pue [a3)s Jo hiﬂ.—ﬂ.ﬂ-ﬂﬂ.— b1 WHHaULU —.u.nv_uﬂﬂ_—.—@.-._.-._ aaoud .@I_.—'ﬂ.n._-u.
suaauas Bulfpdwe |ejaw jo spury pue swiy Aes-x jo sasse|) wiy Aes-x jo siake| jo aunjonng

YAHIULU BVADIhNDVdIOHIILHId WId AVE-X

280



WO H IR,

SHOHIO HATTIAEEHED ° .r-._hﬂ_ SATIN0I,

edodonnmoti’ murerandy

1otpda EHE: .ﬂu___, _wm._nm_

HOWD 1283 HHIMOIETIOLI00
WK Hamoesdiy

O] |

._o‘mw_ TUHPOSR 10
DI )
IR wst Buiig

OHHE0Rd0LIED W LLIOHTIALHELIEAR LIBTTIHINA
edodornmoir maLsen aodowerd JHHINTHIN

‘Fuuaneas wyEy pur AnanE0as

ay saonpas 2215 saporued soydounun| jo asearnap AL ¢

auuEanaedoraEd u
GLI0HAUALHALIEAR LOEHHHD HOLD HFMHIH2122HHMOILT 9
BraLHoedl DIMIMOIIMOIIONOLE) B ERgoT]
“Bursayeas W) Mu._m ANATISUAS DU S20NPaI J3AR
JuASOUILNG 2Y) OJUl HAP Sutquosqe WT1[ jo uonppy

‘aHHEORd0LED 1 9LI0HIUILHALIEA R LORHHHD
HMMOUTION HCH BOIED O 2T eTTno 110 u.ﬂ_ﬁﬂ__.anmmﬂﬁ___
‘Funaness W] pue AALISUIS
soonpal Funjaeq 1o 1ade] TUIGIOSQE Jo UDIIPPYE

‘wLady ansauediayodused

LOBMBAUA B 9I00HTr3LHALIAAR LAaREiRIUas
HAEMOITOL HUH KOS odamoiesedio anHaimego]y

W31 jo Swpeads s saacadin pue Auanisuas

SISEADUL SUINIEG 10 J2AR] FUnoaal Jo uINppY T

‘M HEA20ed0LoED 1 A LDOHIALHELIEAR LABaHEHI2EA
HOLD OUOHLHINISHHINOI THHHITINOL 2HIhHIEDEL

“Bunness WE1] pur LIAIISUIS U] $a5EI0U1

SEIUY I JDAE] JUAASIUILLN] JO ISE2I5U1 YT |

EH2EANE OIS

HMHDI BRorTol] Wiy jo Turyaeg

EHDAUANE,  UDIS[nLLE]

00D Jadi
HITHIHAISHH O] A0S

enedae emorTol] usaIas Jo Surjoeg

eHOHI)  Furyaeg :cqmwﬁ___ww_ﬂﬂwﬂwﬁu
wiegodinouie

cuanpodio pog
aunsodxa

PRIdA[IaL Jo auay

EROHIT)
funyang

woird grandodonron;
Jaie] sovpdoununy

BHOSIAIE, LIS [T

EHOAIARE US|

oy dodom o] ;

EHHEdOdHHOUSYE aade] Jogdounm ]

QIOHH u*sﬂu“__%wﬁumm

edoduormmons mneandy

Paaaal o 07 soydounon] jo sl
HOUD grimodesediy i BROHIC)
sade] Funoapay a8 UAIIG

AMHBRAILH JOHIHOHAILHA
uornepes el -y

doHedMe XITHLHAMIHUWOIr HIHLdHdILedex JiaHaHLIMAd LOHOM JITHHO0HI()
SUIAIIS JUIISIUIUIN] JO SONSLIPIEIEI UOIINI)ISUO) Uuley

281



SeuEmm .

kﬁ_r.. ' o Amﬁ il Sicen LN
" HHOMER LA
[ T T S B oL DL e el
b~ Aoty
WLk UMD L Eruss
— i .
, [ ] « 05 HESHGSOUT ) UDBHER
| | | =
5 NI NHR LD

[ w0

JAUnNDD
O =y ndy bk
IGEn] A A 520 008 T iiﬁ.? AL =
L l | qunc peiliodod
._znn.nui..!hu doyspat I - . L un:ﬂl:d.:h.hﬂ
| | onmnu | .H.u.ﬂ GO IMIN F OLEED wlli JLE . i
+ .++++++++++ ._.r_.n._aﬂ.wtn»un. mepyadien
+ + ..- ..T + el 2 =l :._E.iﬁ: ; | Grppsouts ) tideg h._uﬁ_..G.B.E.i_ O ING YT b L
il I - | it 2l i . inmTVLA) ARG BELL) Lo o ISR IO P
- .aa&u__._w-.ciiﬂ"
iU L
: 200030181 G0UNL XHOLONOH XEUEHINT YuNdakndiaue oo arkHHell
+ + + + + + + 4+ + ._.ﬂn.n!-_ﬁ iota SIOIDDOP JO SPURY BWOS o) Blep § |eubls Joe|3
" i o - s
i -ﬂﬁﬁﬁ..ﬂ. oy P udng l..lwl._.t_..__ﬂi ey ...J..wl__.____.s_.w_.a_. 1 sweida ot erof)
. "
+ + + + il s POt § Buinn sl Do | s SRR NG pound § Buung 9500
Nk w08 pmdn | | L geiiedy | =t asosmop]
—T—T T T | WG Sy . st Sy s @800
+ CREREEE + . T R — - ..
..J_.!_.d.i y._tan..hn.-nni..,.ﬂ. Jﬂ!:dm.—qznn-hri LT WY, S wOg el “LLI0HEC | euenk o
5 .u. - + -+ G | Wi LB S porhua] G JUlaT e LCrR M RELnTy sapsed jo Asuap woij
) I — Bt imiiatnc i 2 | | doLsdust’ tadon
sl i i . mnadg
[ L = G FOomU R e e RO | R by
+ e A e | il e e uinc
LB TR0 | i I iR
+ .+ . +. . .—. SN0 DU & qﬂh!rih.”ww -ﬂuﬂ:&!lhﬂu:wnu, ﬁhﬁt.bnnh
) | i Py | nHiSER Deg
+i4la4ie E&nii..ﬁk!n m . S s sy | sopied o FuU
! 11| VR e it e
iy A e
AT G G ' Uedng OpMEIWE | ) e, E.__"_N._m:ﬂ_..a.:
+ + + 4+ + + g ] i L 3 o A
LOETI By | | oy T T
S i ¥ il arenicyUEWy SnBofELy prga P4 i
::::: toduoed | wmsuatiod oed | [ - . AT VNG EE S ONEEL
WOHHGNRTR PICTECKaH L2 e cute i end il eiaT ) Bt L) JOa10p jO puy
¢ areel] EIED | g0 are Fiep hap LOEIRE SIDg30000 O l__c.
LCANQUIES EXKa) | uogngquisip 3 15 U EdOLNELaT BUEHIND
L L oaonoekrdiyauc sodiswedey u BuHahAUTH osowedd rdidmied Hriaw ..._.!..._m....mx
:._._ﬂ..ac&: Amaago ou ﬂﬂ_n._.-a..hz aunaHaeds srdalonaH 9 CHRD HENHIELIAREY J0J300p jo [eubis J1300|9 jo siajawesed
UOIBLLICHU] JO BLUN|OA PEABILDE JO MOA BU| WO SIoj3aep Jo uosuedwo sy pue uopepes pasagsiial jo sa)IsUIRIEYD JWoS usamiag Bujidnas sapelEnD

90403130 MINLONdILNVAYX SIGHIUTLIMHEYdD SHOLI313A 40 SILLSIHILOVEVHI JAILVEVANOD

282



Main parameters of industrial radiography
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Parameters of industrial radiography
[MapameTpnl npoMbinLIennoi pagnorpadun
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Image unsharpness U
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Image contrast .
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Revelation of defects
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Productivity of testing
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Industrial radiography methods

Knaccudukanus MeTo 0B MpOMBINLIEHHOH pagHorpadun

Detector eTeKTO
Methods of Source of - P
radiography - ration - Radiation Image
Merosi Herounmk converter registrator
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Merog npamoii | ] x - wanyaenne = !IH?;ﬁ.:;’?LHL?laJEﬁ:EL == FH,Il,Hm'[lm]:ulu:uHm:
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Examining scheme
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Article
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Source
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o
F - Bl
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F - focus distance
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O - object’s thickness
TOAHHA oOLEKTA

E
M Ad - size of defect (minimum)
pasmep aederta (MHHHMYM)
M, - initial exposure doze
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-

Ey - energy of source
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BASES OF RADIOGRAPHIC TESTING
OCHOBbI PAOUWOTPA®UYECKOIO KOHTPOIA

SCHEME OF IMAGE FORMATION CEEMA ®OPMAPDBAHWA HIDEFAKEHWHA DEFECTOSCOPIC CHARACTERISTICS
OF RADIOGRAPHY' METHOD

aphic l-'“'"'ﬂ 1 baddded On he ﬁ' NEGERTOCKONWIECKWE XaAPAKTEFWCTHEM METO/LA
pardlateon “lbaﬁ wog by, Inﬂa a ||I nu e ey e i iy parrri i ity
e oo P e Tt ] enagm | pesiising et phuw it e
ﬂlbﬁl-ﬂ-ﬂdlﬂm R s il

wdn g -ﬁlm HE i sill CI e T ""h“"‘_‘""' S FIE S

: i“nq?.’féﬁ ST I SANAGAGETIE 0% TERU, NG T oiearepen .- U

L] .|.1-:J.|.nﬂn AN RATIDHANA ET POMEPYSLIGIT wANIE.
Y COCRACTIN MR TTSOCN NN 08 [ TEAse A T
RO T T o (IO bbb T D ROCTH WPt

¥ |

Ty g ¥ o ) - Vo Wb
[ — e 15 P
Cramc of swwm BT RSN e R | AR R SO

L T e
P b R
L I i
PR | T AT
+ ol T TP e T
1]

Lasrteed vt
[t

e & el by B s e o i o
S ghgrcil iy e ety ettt S S
R

~5

b b catas = 3 mtes
Paeiia w s, 32, e, T
P ool L e T
iy iz e T K rragrapny @ preteim
~— g " iyt o b il e
4 ey

i T e
s

O S R e vt
R T | T | 3 1Bt B

Ak .
B Mg o Fo i il s

STRUCTURE DR X-RAY AFPARATUS YCTPORCTBO PEHTTEHDBCKOTD AMNAPATA

1-%

#-‘Hn “m

L@»

Eﬁm
H

]
Ve s Epylea

Full u'Pm.’;-’I‘

L — ",1.-"
plreerrieed

o
oy

e
e e e e

e TT e B TR T

STRUCTURE OF HOSE GAMMA-DEFECTOSCOPE  YCTPORCTEO WNAMIOBOND MAMMA-AESERTOCKONA

el s e
Full b O | et sl B
PHWH

milprp s IR
|MAd (BP0 E

CRAIRSSNSS O |- fify Mstnn

I P S AT S
pr—— |
.

Camins® - TR 3 s e w-1m

(Zr =D LT T Y .
[ PT  — ™ 1
[ —— L —— V-0

gy T8 Cppuim 11] Sans wran g
T o e L e
Tt PR Pl Bty s it

286




ESTIMATION OF OBJECT'S TECHNICAL CONDITION BY RADIOGRAPHY
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TECHNOLOGY OF RADIOGRAFPHIC TESTING
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buumﬁuomhlmﬂnbmlnmdbym mdlﬂ}mmmmmglhumdmmdluhnw
the ﬂuvhull H-lhudmvor Iz Image, and Mlmlqtl-dnnlﬂlhﬁlllnﬂbgm ﬁa
facility or Tv-racaives. Al it is foressan that an participates aly in Ihe process of analysis the achieved ligh diow
e of Ihe inte=rnal strocluee of the obpect tested,
DETHOBEHE HEl MO H H DOLIRTE KOHTRONS TPEIHMCEA LM WAFTSHOHRIER, 1) SOBEHAN CEDLATOND
LHOHHOTD W3oBpExerHA obLEKTR KOHTRONA B BUEMMOE CRETOTEHEB0E WK MIEKTDOHKOM WA W Ng 8 aTHX
it HA it C MIOMOLLERI ORTHSCKON YETHONCTRS M TAMNSAMAMOHHON NRMAMHWLA. T STOM NPaIYCMATHHEIETCA

A TRIRA0EY YPENDTIAEE ORI TORE 1 IROUE0CT FEFmc CHMTTORT RO MEN[ITV Al Ey FEOCH M TP O T KON TS

— i o i L
== f ]#{:‘:&L’}-

___________________________ aj

i

all 1 .1 - prem i M+ -&:_D-..“
R, Wﬁ&r‘*&m R e -
il e o T sysear e I\- srusseain - u-nn o mm%

il ey | - T
= v e R 1 o w 'I'l'l'l’i C
S T S ety e e e mﬂ“m1 Pl
Gomman, T a A S D' . maa ke phd e s i
1 {2 ik & e, it e
CrC i g o l ..n-l A I a—l—-v-r—o! e
-pn-.:l-gl'l I i T AN B e e
B TRCH: T (rThaslcaaa CacBaiia: B < ML ErACMIERA: U - AeMpITTLe 10) - Soypmcat
i A 2 - e e 13

!
’ >_.______ ~+ - .
- [ L1 ] W (F3
?trl.-ch.u‘t . =TV PHEIPTH;
Blhtmﬁd Mdullﬁnﬂhll'd -mh‘a:r At .!-m&m!-ﬁﬁ 4« Baalng
andr h&‘a 3-!-.1- & m 5« irdimiaifier, mm-llnu:n'-m'u- oo u.uiq'ai\.l fi;
m m mm-ﬂmrm 13 - conirol panel.
Clertip ol AROEBRAHIE SfLRToN Mpﬂ'ﬂ £ MENAMRMMIMRA Myl bl NDHRA CANAR PASITTRCUIHSMERICS SR HETDOCKORN FU-01 FTRE
Tpmuummu:mr-?un:l mfnn-p-wu b- , K1Y, C= WIARRTLN, LW w{mwmw L et B - el 08
= Wt setnst. T o (T aCm L Tl oo 4 T B oy mvc-mbcmim
;e - .'
a"'l"““' privirdy H;ﬁfm “-""‘- ~ HIANAEAN R gparu uu,|H’1h T SRt T, 13 Leaa ) POMERAS SIS

T T e

4

" Hieoo] o

| a) d) L)

e F W — s

, oo o0
.—;—.;-ITA' i :
-i-00

) a
l'ldl:ﬂutll i) radiscopes: Caummnmnmmnﬂllﬂu::u u-]n.imul.l.l.(e il

Sd'lmeul'
Tm L ATt s e L S e e

Sy T men TP TG 11 =
1:- m-um..u.unp‘m.u 1:| THNE T4 u'mr\e:‘\—ll raman:

289




RADIOSCOPY
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RADIOSCOPY (SENSITIVITY OF METHDDE)
PAOWOCKONWA (HYBCTBUTENIBHOCTE METOOA)
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Formulae for absolute and relative sensitivity of radioscopy method  $opmynel
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