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Page 001.

IONIZING EMISSIONS AND ELECTRONICS.

L. G. Shirshev.
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Page 002.

Brief information according to forms and properties of the
ionizing radiations/emissions, which affect the radio-electronic

equipment and its elements/cells is given in the monograph.

The information on ones of the measurement of the physical
quantities of the ionizing radiations/emissions is given; these data
are represented taking into account the conventional units
measurements in the USSR in connection with the introduction/input of
international system of units the measurement of SI. The possible
conditions for the work of electronic equipment and its completing
elements/cells in the fields of the effect of the ionizing
radiations/emissions are examined. Physical representations about the
character of interaction of the charged/loaded particles and quantum
radiation/emission with the substance are presented. The forms of
radiation damages in materials and elements/cells of electronic
devices are examined. Some data on the radiation durability of radio
engineering materials, radioelements and separate electronic devices

are given.
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The book is intended for the specialists, who carry out
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development and operation of radio-electronic equipment, and also for
the students of the corresponding specialties.
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Page 003.
Introduction.

In recent years, considerable attention is paid to the study of
the character of the effect of the ionizing radiations/emissions on
the electronic equipment, the instruments and the elements/cells of

electronics and radio engineering materials.

Inferest in a question of the effect of the ioniziné
radiations/emissions on electronic engineering is caused by the fact
that in our time, radio-electronic equipment is the integral part of
different kind of technical devices/equipment and units, including
such, which can be operated in the fields of intense nuclear
radiation. Such fields of the ionizing radiations/emissions in the
locations of electronic equipment can arise close to nuclear power
and power plants, used on the atomic power plants; in the atomic
electric generators also on other technical objects. Upon the ent}y
of object into the zone of nuclear explosion the equipment can
undergo the action of the impulse/momentum/pulse of penetrating

radiation. And finally on onboard equipment of space objects will act

the ionizing radiations/emissions outer spaces.
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The icnizing radiations/emissions of nuclear installations,
nuclear explosions and cosmic radiation are distinguished by it to
composition (neutrons, y-quantum, electrons, protons, beta-, alpha-
and other particles), to energy spectrum, the density of flows,

duration of effect, etc.

The effect of similar radiations/emissions leads to structural
changes in the materials, emergence of ionization, heating,
appearance of induced radioactivity and many other phenomena, which
disrupt physical and chemical processes in the technical

devices/equipment.

Pﬁge 004.

The studies of efficiency of radio-electronic equipment in the
conditions of the effect of different forms of radiation showed that
the ionizing radiations/emissions exert harmful effect on many
elements/cells of equipment. The reversible and irreversible changes
in the parameters of radioelements, which lead to the complete or
partial loss of efficiency of equipment, can be the results of these

effects.

The author set as his goal to examine the series/row of the

bases nyx questions, which must be known, during construction and
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operation of the electronic and electrotechnical equipment, intended
for the work under the conditions of the effect of those ionizing,
radiation/emission. This served as the reason for association in one

book of different forms of scientific-technical questions.

J;:LJ rya

4
-

The set-forth materials are illustrated by the data, published

in the Soviet and foreign press.

DAY ™

In Chapter 1 are given the classification and the basic

"

properties of the corpuscular and quantum radiations/emissions,
capable of damaging elements/cells and diagrams electronic equipment.
3 Chapter 2 contains the material on ones of the measurement of

~ ~ the physical characteristics of the fields of the ionizing

radiations/emissions and quantitative content of radioactive

materials in the materials.

LNE S = "

The possible sources of the ionizing radiations/emissions and

. the radiation fields, created by these sources in the zone of the

SR X

S work of electronic equipment, are examined in Chapter 3.

The processes of interaction of the charged/loaded particles,

neutrons and gamma-qﬁanta with materials and elements/cells of

- AU O |-

radio-electronic devices/equipment are examined in Chapter 4.

)

W




DOC = 83167501 PAGE é

The book can be useful for the technical personnel, which works
in the field of creation and operating of radio-electronic means,
elements/cells and materials, and also to students and to the

instructors of schools of highgr education.

The author expresses large appreciation to all comrades, who

contributed to the appearance of this book.
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1. Short characteristics of ionizing radiation/emt+ss+en, that affect

the radio-electronic equipment.

In order to understand the processes of interaction .. the
ionizing radiations/emissions with the radio engineering . 2rials,
the elements/cells, the diagrams and the equipment as a whole, it is
necessary to know, first of all, the forms of radiations/emissions
and their property. Basic forms and characteristics of the ionizing
radiations/emissions are given in Ghapter 1; the necessary
) L supplementary data about them can be obtained in monographs [1-3].

1.1. Forms of the ionizing radiations/emissions.

The ionizing radiations/emissions appear as a result of natural
or artificial radioactive decay of substances, nuclear fission
reactions in the reactors, nuclear explosions and some physical

processes in space.

. . . C e ¢

According to the Soviet terminology accepted by ionizing X

-~

radiation/emission is understood any radiation/emission, whose

interaction with the substance leads to the formation of the electric %
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charges of different signs. Below in the text is given terminology in
accordance with the recommendations of the committee of
scientific-technical terminology with the Academy of Sciences of the
USSR taking into account the recommendations of international board

for radiation units and to measurements [4, S].

The ionizing radiations/emissions consist of the directly or
indirectly ionizing particles or the mixture of those, etc. To
directly (directly) the ionizing particles are carried the particles
(electrons, alpha particle, protons, etc.), which possess a
sufficient kinetic energy in order to carry out ionization of atoms

by direct collision.
Page 006.

The indirectly ionizing particles include the uncharged particles
[neutrons, the quanta (photons), etc.], which cause ionization

through the secondary effects.

The ionizing radiations/emissions are subdivided into the
corpuscular ones and the quantum ones. Corpuscular radiation are the
flows of the rapidly moving elementary particles (neutrons, protons,
beta- and of other particles), and also the atomic nuclei of chemical

elements. The quantum radiation/emission includes the electromagnetic
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- ionizing radiations/emissions (gamma- and X-radiation).

?i

e Neutron and gamma-radiation, which are formed as a result of

;é fission reactions during the nuclear explosions and in nuclear

Ei reactors, is accepted to call penetrating radiation or penetrating
;H . radiation/emission.

Eﬁ The ionizing radiations/emissions by their energy spectrum are
% divided into the monoenergetic ones (monochromatic) and the

fg nonmonoenergetic ones (heterochromatic). Monoenergetic (uniform)

E? radiation/emission - this is the radiation/emission, which consists
(: (i: of the particles of one form witﬂ the identical kinetic energy or of
~ the quanta of identical energy. Nonmonoenergetic (heterogeneous)

2; radiation/emission - this is the radiation/emission, which consists
- of the particles of one form with the different kinetic energy or of
‘§ the quanta of different energy.

X

T The ionizing radiation/emission, which consists of the particles
?3 of different form or particles and quanta, is called complex

‘4

Q? radiation.

;; 1.2. Properties of the ionizing radiations/emissions.

i . The physical parameters, which characterize the basic properties
. s
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of the ionizing radiations/emissions, from the point of view of their
effect to the materials are: charge, rest mass, rate of motion and

kinetic enerqgy of particles or quanta (photons).

Particle charge in nuclear physics usually is expressed in the
units of the elementary electric charge (electron charge), equal to

1.60+10°** k, either 4.80x10°*° cgs esu or 1.60+10°%° cgs emu.

The mass of particle is measured in the atomic units of mass

(amu) .
Page 007.

One atomic unit of mass is equal to 1/16 neutral isotopes of oxygen
. O, -

(1) N - 5 (3)

1 a. e/m. z-lls—.T}—i—:l,Gﬁ- 10- k2 =1,66-10-* 2,

Key: (1). amu. (2). kg. (3). g.

where 4"—-Avogadro number, equal to 6.02:102¢ kmole-*.

Kinetic energy of relativistic, i.e., moving at a velocity,

close to the speed of light, particle can be found from the formula
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E=me* — mge* = mc? ( L ’
e ) IO

vhere m, - rest mass of particle;
=2 _ ratio of particle speed to the speed of light.
ﬂ_AL__

Kinetic energy of particle with g<<1 (v<<¢) is equal to E==£%£,

In practice, as a rule, they deal with the particle flux of different
kinetic energy. Therefore, with the stream conditions of those

ionizing, radiation/emission must be indicated energy flow diagram.

When for the practical purposes to sufficiently know
average/mean kinetic energy of the particles of entire spectrum or
its specific rangé, medium energy E is determined from the

relationship/ratio

g L] ‘-lﬂ
E.-_—.:S. EN(E)dE/ S N (E)dE, (1.2)

where N - the relative number of particles with the energy in the

range from E to E+dE, that fall to the single energy range of the

spectrum;
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die- maximum energy of particles in the spectrum.

The calculated values of rates for the different values of
energy are given as examples for the protons and neutrons in ¥Yables

1.1, for the electrons - 1.3.

Fig. 1.1-1.3 gives dependences p=% and T =(l—gy~'? on the

kinetic energy of electrons, protons and alpha particles [7].
Page 008.

The charged/loaded particles during the motion in the magnetic
field are deflected/diverted. In the case of particle motion in the
direction, perpendicular to magnetostatic field, it will move in a
circle; in the general case, the particle motion in the magnetic

field will occur along the helix, whose axis is parallel to the

direction of field.
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Table 1.1. Rates v the wavelength A of protons and neutrons,

corresponding to different kinetic energies E.

Q) (2) .
E. Mae v, ujcex A\ o Mo u, M/cex AN
0,025-10-% | 2,19-10%{ { ,81.10-1 1,0011,38.107| 2,86.10~ 1
1-10-¢ 1,38-10%| "2 86.10-1 2,0(1,94.107| 2,02.10-1
1-10-¢ 1,38-10%¢{ 2,86-10~12 5,0(3,08.107| 1,28.10~1
1.10-2 1,38-10¢| 2,86-10-¢ {[ 10 |4,36-107| 9,05.10-1% |
2.10-12 1,94.10%( 2,02-10-"{f 20 [ 6,13-107( 6,41-10-18 |
5.10-1 3,08-10%) 1,28-10-1 || 50 [9,74-107| 4,05.10-1s
0,1 4,36-10°) 9,05-10-1 1 100 {1,28:10%( 2,19.10-'8
0,2 6,13-10%]| 6,41.10-' 1200 | [,80-10%| 1,98.10~'s
0,5 9,74-10%) 4,05-10-' /500 |2,86-100} (,25.10-'4
Key: (1). MevV. (2). m/s.
UF;\\
i X 102
Nua”! AN
H <
RV
06,990 Z m‘?
[ ~
aﬂnhund:;:/A wad il 1.0
10 108 19°  19* Exsd (1)

Fig. 1.1. Dependence 8 and

Rey: (1).

Page 009.

keV.

7. on kinetic energy of electrons.

A
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The divergence of the charged/loaded particles in the magnetic

field is calculated from the following relationship/ratio:

Br = 4
r KVT—_a-’ (1.3)

where B - magnetic induction G;
r - radius of curvature;

K - coefficient, equal: for the electrons k=1.705-10° G-cm; for
the protons k=3.13x10°¢ Gecm; for the a-particles k=6.218:10¢ G-cm
(e].

Quantum radiations/emissions in many processes exhibit
corpuscular nature. The particles of quantum radiation/emission are
called quanta or photons. The rest mass of quanta is equal to zero,

velocity of propagation is equal to the speed of light.

Quantum energy of electromagnetic radiation is equal to Planck's

constant h, multiplied by the frequency v, namely:

E =hv=—, (1.4)




......

f ‘ /
eNe DOC = 83167501 PAGE /5

N .
AN g LT T
i' 3 s \ 100 3
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:.:: Figo 102. ’ - Flg' 1030
c.\l
J‘\:

Fig. 1.2. Dependence B on kinetic energy: 1 - a-particles; 2 -

o

Yol protons; 3 - mesons.
'I

"

: (i' Key: (1). Mev.

A Fig. 1.3. Dependence v on kinetic energy: 1 - a-particles; 2 -

protons; 3 - mesons.
N3 " Rey: (1). MeV.
Page 010.

S The relationships/ratios between the wavelengths with the

quantum energy will be given in ‘Fable 1.5.
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The impulse/momentum/pulse of quantum is equal to the ratio of

Planck's constant to the wavelength (h/iA).
1.3. Atomic nuclei.

Atomic nuclei conditionally are subdivided into the lungs (with

the mass number A<25)!, average/mean (255A<80) and heavy (A280).

With the classification of the cosmic rays of nucleus with the
close reference numbers Z * are united into the following groups of
nuclei: light with Z=3-5 and by average atomic number ;=10,
average/mean with Z=6-9 and A=14, heavy with Z210 and A=31 and very

heavy with 2220 and'1=51.

The nuclei of hydrogen (protons) and helium (a-particle) are
carried, as a rule, to the group of elementary particles. All nuclei
(except the nucleus of hydrogen) consist of protons and neutrons
(called nucleons), connected with nuclear forces. Nuclear radius in
different elements/cells is within the limits (2-8) +<10-*®* of m and
is calculated from the following approximation semi-empirical

formula:

R=1,4-10-1"A" 4

——

The atomic radius is equal to approximately/exemplarily 10-*° m.

.
15
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A number of neutrons and in the nucleus is equal to A-Z. In the
stable atoms, the relationship/ratio between a quantity of protons
containing in them and neutrons is described by empirical formula [3]

A '

=S T oo

If this relationship/ratio is disrupted, nuclei are radioactive.

FOOTNOTE '. The total number of protons and neutrons in the nucleus

is called mass number and is designated by A or sometimes M.

3, Z (atomic number of substance) corresponds to nuclear charge
and is equal to number of protons in nucleus or electrons in atom
shell it coincides with reference number of element/cell in periodic

system of D. I. Mendeleyev. ENDFOOTNOTE.
Page 011.

In this case, the nuclei with the high content (surplus) of protons’

emit positrons, nuclei with the high content of neutrons - electrons.

Depending on a change in the composition (in the content of

protons and neutrons) atomic nuclei of one and the same element/cell
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can be isotopes, isobars and isotones.

Isotopes -~ nucleus of one element/cell with the identical values
of a number of protons Z, but the different values of a number of
neutrons N. The majorities of chemical elements have two and more

than isotopes.

Isobars - atomic nuclei with the identical mass numbers A, but

the different content of protons Z.

Isotones - atomic nuclei with an identical number of neutrons N,

but different mass numbers A.

The atomic nuclei of one and the same radiocactive elements with
the identical ordinal and mass numbers can be found in different
metastable energy states, by virtue of which have different
radioactive properties (type of radioactive radiation, the half-life

period, radiant energy, etc.). Such atomic nuclei are called isomers.

l1.4. Elementary particles.

To a number of ionizing radiations/emissions, which call

considerable changes in the properties of radio engineering

materials, it is accepted to at present carry the following forms of

o) "
......




e
e
o
-

N s

- -,
s a & 1‘4‘)5

NAS

N

—
S

DOC = 83167501 PAGE /q

radiations/emissions: neutron, proton, electronic, alpha particles

and gamma-quanta.

‘Neutrons.

Neutron -~ elementary particle, which does not have electric

charge!; is the component part of atomic nuclei; it is designated by

symbol n or nt!.

The mass of neutron is close in the value to the nuclear mass of
hydrogen atom and composes 1838.63 electronic masses and is equal to
m,=1,008981 to a.e.m.=939.55 MeV, i.e., it is

approximately/exemplarily 1.3 MeV more than the mass of proton.

FOOTNOTE . It follows from the experiences of Fermi and Marshal [8]
that if the neutron possesses electric charge, then its value is not

more than 10-!* electron charges. ENDFOOTNOTE.
Page 012.
The neutron exists not long in the free form, since it is

rapidly seized by atomic nuclei or is converted by electron emission

into the proton according to the diagram

’l-p+e'+;.
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Therefore neutron is occasionally referred to as the simplest
beta-active "nucleus". The period of the half-life of free neutrons
from the results of the latter determination is equal to 11.7%0.3 min
[9]. The wavelength of neutron depends on its energy £+ and it can be
determined (without taking into account relativistic corrections)

from the expression

The wave properties of neutfons become apparent when the length
of neutron is compared with the interatomic distance, i.e., with low
energy and at long wave lengths. With an increase in the energy and,
consequently, also with the decrease of wavelength the neutron

exhibits its corpuscular properties.

The wavelengths and the velocities of neutrons, which correspond
to different kinetic energy, are given in-gable 1.1 [10]. The

velocity of neutron was computed according to the formula

v=1,38-10"V E, m/s (1.5)

where CIdF kinetic neutron energy, MeV.
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Neutrons are formed as a resul. of natural and artificial
radiocactive decay of the atomic nuclei of substance, nuclear fission
reactions, which take place in nuclear reactors and during the
nuclear explosions, the thermonuclear addition reactions of the
atomic nuclei of light elements, and also as a result of the nuclear
bombardment of the atoms of substances with the fast charged/loaded

particles and with gamma-quanta.

The character of interaction of neutrons with the atomic nuclei
of substance depends on neutron energy. In accordance with this it is
accepted to class neutrons according to the ranges of their kinetic
energies. These ranges are selected so that the neutrons of one group
would possess the specific prevailing form of interaction with the
substance, had the similar methods of obtaining of flow and its

recording. The selection of ranges has the certain degree of freedom.
Page 013.

Usually neutrons over the ranges of kinetic energies are subdivided

into the following groups:

- cold neutrons with the energy from 0 to 0.005 eV (£.<0.005 eV);
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:i' - the thermal neutrons (neutrons, which are found in the thermal
}3 - equilibrium with the atoms of the substances, energy of thermal

ik condition of which is equal to £&.,,=47°, where k - Boltzmann constant,
;?' T° - absolute temperature) with the energy from 0.005 to 0.5 eV

Ejs (0.005 ev <£.<05 eV), the medium energy (at a room temperature ’
‘f‘ T°=300° K) it is equal to 0.025 eV;

Ny

;;: - neutrons of intermediate energy with the energy from 0.5 to
Ei% 10°/10* ev (0.5 eV < £, <1-10 keV). They call also them epithermal,
i»v | epicadmium, resonance. As upper b?undary of the range of energy of

this group it can be accepted as 100 keV;

- fast neutrons with the energy from (0.1-0.5)-10°¢ to

&% (10-20)+10¢ eV (0.1-0.5 MeV< £, ¢ of 10-20 MeV). In the

A0

.sﬁ thermal-neutron reactors this group includes neutrons with the energy
I\".

-Za,

more than 10 kev;

{; - ultrahigh-speed or relativistic neutrons with the energy of
o more 20-10¢ eV (E,> MeV). Energy of these neutrons exceeds energy of
> binding of nucleons in the nucleus, which can lead to the complicated

nuclear reactions.
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N During the larger/coarser division of neutrons into the groups

- * .4 "‘-

over the ranges of neutron energy with the energies from 0 to 1-10°

- eV are carried *o the slow ones, from 1+10° to (0.1-0.5)x10¢ eV to

;; intermediate, from (0.1-0.5):1C° to (10-20)-10¢ eV - to the rapid

- . ones and with the energy of more 20:10¢ eV - to the ultrahigh-speed

;; ones.

ﬁi The neutrons, emitted during the fission of heavy nuclei,

éé possess the energy spectrum characteristic for them, which is called :
Ei fission spectrum. The neutrons of this spectrum (using the method of i
;3 their obtaining) are carried to the group of fission neutrons. ';
%
Ei During the evaluation of the radiation durability of radio 3
' engineering materials, elements/cells of electronic engineering and i
‘ﬁg equipment, on the basis, in essence, of the physical processes of E
ig interaction of neutrons with the semiconductor materials, the i
A. neutrons with the energy to 14-15 MeV over the ranges of energy can i
»:: be divided into two groups: :
E: -

N

.2 - slow neutrons with the energy to 0.1-10°¢ eV (£,<0,1 MeV) and

?; - fast neutrons with the enerqgy of more 0.1:10¢ eV (Ea=0, Mev)*.

.

8

{l
v
l.,




LAY
_jg DOC = 83167501 PAGE
N
o ;‘ l
. ‘_q.'_'
50
ey Page 014.
3
o
<)
e, Protons.
,:.: .
S9N
A
A
e Proton - stable elementary particle with the positive elementary
NN electric charge, equal in the absolute magnitude of the charge of ‘
l.‘:n\:
;?: electron (1.6-10°** K); is designated by symbol p or ,N'. Proton is
%Y
N the nucleus of the lightest hydrogen isotope (protium), therefore,
SN the mass of proton is equal to the mass of hydrogen atom without the
< ‘
%ﬁ% mass of electron and is 1.00759 amu, or 1.672-10-% kg.
Y
‘!-:J ! 1
{ . : : :
R Protons together with the neutrons are included in all atomic
;ﬁj nuclei. Proton is carried to the stable elementary particles.
e Computed values of the wavelengths and rates of motion for different
e energies of protons are given in fable 1.1.
A
e
Lo .
P The mean free path of protons with the energy to 1000 MeV in the
Sl
o substance depends, in essence, from the ionizing losses; therefore
:fﬁ the mean path of proton can be determined as follows [11]:
L 4 B
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4 }
- Since, for low energies of protons, the theory of ionizing 3
AN 5
-2 losses proves to be unsuitable, usually integration is produced not i
p .- . *
. ™ |
) from zero, but from some wave energy of proton ‘W then 3

‘

b
i

El‘
R(E,)=R(E,)+ | —rgry— (1.6)
Epa - 7‘-“T)Iol

dE ' . s
where (3;) —value of the ionizing losses of protons, MevV/gecm-* (or
»

oN

MeV/kgem-2).

FOOTNOTE '. In the foreign, to literature sometimes to the fast
neutrons are carried the neutrons with the energy of more than

0.3-0.5 MeV. ENDFOOTNOTE.
Page 015.

Table 1.2 gives the landing runs of protons with the energy from
2 to 100.000 MeV in the beryllium, carbon, aluminum, copper, lead and

air, calculated by Sternheimer [12].

Protons are emitted by atomic nuclei as a result of the
bombardment with their charged/loaded particles, by neutrons,
gamma-quanta, etc. For example, proton was for the first time
discovered by Rutherford during the nuclear disintegration of

nitrogen with the aid of the alpha particles. The protons with the
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energy to 10'*-10!°* eV are included in cosmic rays.
Alpha particles. %
)3
Alpha particle is the nucleus of helium, which consists of two R
protons and two neutrons, therefore, with the positive electric i;
charge, two times large (in the absolute value) of electron charge; ]

it is designated by symbol p or ,He*; atomic weight 4.003; mass

6.644+10%" kg, which corresponds to energy 3727.07 MeV.

In contrast to other elementary particles of the a-particle they
(. have the smallest mean free path in the materials; therefore they
virtually do not affect the elements/cells of equipment, which are
shielded by jacket/case/housing or other screens or coatings. The
meén free path of a-particles in air is approximately/exemplarily
; proportional to the cube of their rate. The dependence of the landing
§ run of A-particles in air (for the landing runs of more than 1 cm)
. from their kinetic energy can be calculated according to following
approximation formula [13]:

%,=0,326Y, (1.7)

where x, - length of the mean path of A-particle in air, cm;

E,— kinetic energy of a-particle, MeV,

D U S S B S . e =
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In terms of the known value of the landing run of a-particles in
air it is possible to calculate their landing run in other substance
from the following relationship/ratio:

x=32.10"4x, _V’_H_ CM, (1.8)

where p - density of substance, g/cm?.

Alpha particles are emitted upon decay of heavy radioactive
nuclei (uranium, thorium, radium, etc.). To the discovery/opening of
protons and neutrons, they were utilized as the only bombarding

particles for obtaining the nuclear reactions.
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Table 1.2. Landing runs of protons in the substances.
()]
U’ TMlpoGer (xe/ut) b:
E_, Mse
» ) 3 5] 3 ] "
Gepaaner yraepoae AVONHUERE MelH csAEuE BO32VXE
[
2 0,091 0,084 0,115 0.190 0,410 | 0,087
3 0,180 0,168 0,221 0,350 0.676 0,175
4 0,29 0.275 0,353 0,513 0,988 0,287
5 0,436 0,406 0,517 0,724 1,345 0,423
6 0,601 0,538 0,704 0,967 1,746 0,581
7 0,789 0,732 0,917 1,240 2,190 0,761
8 0,999 0,926 1,155 1,542 2,67 0,963
9 1,232 1,141 1,416 1,874 3,198 1,185
10 1,487 1,376 1,700 2,234 3,761 1,428
20 5,175 4,759 5,742 7,276 11,38 4,920
25 7,750 7.116 8,526 10,71 16.44 7,346
30 10,79 9,891 11,79 14,72 22,29 10,20
35 14,26 13,07 15,51 19,27 28 85 13,46
40 18,17 16,63 19,67 24 34 36,14 17,12
45 22,49 20,57 24,27 29,92 44,11 21,16
50 27,22 24,88 29,28 35,99 52,7 25,57
55 32,34 29,54 34,69 42,53 62,02 30.35
60 37,84 34,56 40,51 49,54 71,92 35,49
65 43,71 39,91 46,70 56.99 82,43 40,97
70 49,95 45,59 53,27 64,88 93,32 46,78
75 .56,55 51,60 60,21 73,21 105,2 52,93
80 63,49 57,92 67,50 81,95 117 4 59,40
9% 78,40 71,48 83,13 100,6 143,5 73,27
100 94,61 86,23 100, 1 120,9 71,7 88.3¢
110 112,1 102,1 118,4 142,7 201,9 104,6
120 130,8 119,1 137,9 165.8 234,0 122,0
130 150,6 137,2 158,6 190, 4 268,0 140 .4
140 171,6 156,2 180,4 216,3 303,7 159.9
150 193,7 176,3 203, 4 243,5 341,1 180,3
200 319,!1 290,2 333,4 397.1 551,4 296, 4
250 466,7 424,2 486, 576,65 796, 1 432,9
300 633,3 5753 657,9 778.2 1070 586,83
350 816,4 741,2 846,2 998 5 1367 735,6
400 1014 919,9 1049 1235 1 686 937,3
450 1223 1110 1264 1486 2023 1130
500 1 444 1310 1 489 1749 2376 1333
600 1913 1734 1967 2305 3120 1763
700 2413 2186 2476 2895 3905 2220
800 2937 2659 3007 3500 4722 2698
- 900 3481 3149 3556 4144 53563 3192
: 1000 4040 3653 4120 4794 6 422 3700
; 1 500 6988 6 307 7077 8 187 10 880 6357
NG 2000 10070 9073 10 140 11680 15 430 9103
2500 13 190 11880 13 240 15 200 19960 11870
3000 16 330 14 690 16 340 18 710 %4 450 14 630
4000 22590 20 290 22 500 25 660 33 260 20 080
5000 28 790 25 840 28570 32 480 41850 25 430
o 6000 34930 31330 34 560 39190 50 240 30 670
e 7000 41 000 36 750 40 460 45 800 58 470 35830
e 8 000 47020 42120 46 290 52 320 66 550 40890
o 9000 52 980 47 430 52 060 58 760 74500 45 890
A 10 000 58 890 52 700 57 770 65120 82 340 50810
'@ 25 000 143 700 128 200 139010 155 250 191 840 119 500
v 50 000 277 110 246 770 263 500 294910 358 830 223 360
S (J 100 000 531 580 472 780 505 090 558 630 670070 415190
%
y 4
~
:\::‘u
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note. The thickness of the layer of substance in the grams to

the square centimeter is equal to the product of mean free path to

density (x+<p); 1 g/cm?*=10 kg/m?.

Key: (1). Mev. (2). Landing run (kg/m?) in. (3). beryllium. (4).

carbon. (5). aluminum. (6). copper. (7). lead. (8). air.
Page 018.

Alpha particles are emitted in the presence of the nuclear reactions
in nuclear reactors and during the nuclear explosions and enter into
the composition of cosmic rays, and also they can be obtained on the

accelerator facilities by accelerating the ionized atoms of helium.
Electrons and positrons.

An electron-stable elementary particle with a mass of
9.108-10°°* kg, the rest energy 0.511 MeV and the negative elementary
electric charge, equal to 4.8029¢10-'° cgs esu, or 1.6-10"** k. It is

designated by symbols e, ¢~ or B8-.

Positron is the antiparticle of electron. In contrast to the

electron, the positron has positive elementary electric charge and it
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)
NS is considered as the short-lived particle. Positron is designated by
'r.:':'
N symbols e~ or B-.
‘{:::C
= The wavelengths and rate of electrons and positrons for
?;j. different energies are given in Table 1.3.
i \':...
A
A The penetrating power of B-radiation (electrons and positrons)
A
?ﬁj many times more than a-particles and the protons of the same energy.
N
' N
fj Fig. 1.4 shows the relative decrease of a quantity of electrons
s: B
i} of different energy in proportion to their passage through the layer
» ‘,-'.
" of substance [13]. In this case, the landing runs of electrons in
8NN different substances, represented in the kilograms to the square
%ﬁ meter, are accepted (with a sufficient accuracy for practical
-f' purposes) identical. Table 1.4 gives the maximum landing runs of
3? B-particles with different energy in aluminum, water and air.
o
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Table 1.3. Rates v the wavelengths A\, which correspond to different

-,
- kinetic energies E of electrons and positrons.
w o ® @

o E, s v, Mfcex ) W] 2, s v, m/ces W]

J

X 0 0 o 1,88-107 3,88 101

e i | 5.93.108 | 1,23.10-¢ 106 | 5.85.100 | 1,22.10-1

d 10 | 1,88-10° | 3,83.10-'¢ [{ 10% | 1,64-10° | 3,70.10-s

A . 100 | 5,93-10° | 1,23-10-% || 10* | 2,84-10* | 8,72.10-'

5

'Cs

v Key: (1). ev. (2). m/s.

- Page 019.
. During the estimation of the penetrating power of B-radiation,
& the practical length of their landing run in the substance, equal to

the value of the thickness of screen, obtained during the

. intersection of the continuation of the straight/direct section of
1? the curve of beam attenuation of electrons (dotted line in Fig. 1.4)
" with the axis of abscissas is determined.

E The practical mean free path of B-particles with the energy from
ﬁ . 15 keV to 100 MeV in the substance can be calculated according to the
i‘ approximation formula of Gloker [15]:

N R=xp=49-10-%.£'72, (1.9)

LY

where X is expressed in cm, p - in g/cm® and E - in keV.
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s Fig. 1.4. Relative decrease of electron density depending on

M thickness of screen.

NN Key: (1). Density of flow, rel. un. (2). Thickness of screen, kg/m?.

o (3). Mev.

Table 1.4. Maximum landing runs of B-particles depending on their

energy.

(G Emulml apoGer (aM) »:

Maxciumasning sneprus
(%) anouuunn , (W) wae I (6) meayze

peancrrn, Moo

5 4
s,

0,01 0,0006 0,002 0,13
0,05 0.0144 0,046 2,91
0.1 0,050 1,58 10,1
0.5 0,593 1,87 199
! 1,52 4,80 306
2 | 3.5 1,1 710
3 5.5 17,4 1100
5 9,4 29,8 1900
10 19,2 60,8 3900
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Key: (1). Maximum energy of pB-particles, MeV. (2). Maximum landing
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run (mm) in. (3). aluminum. (4). to water. (5). air.

L
-
X
i Page 020.

p Radioactive isotopes are the sources of B-particles. Beta
<&
k particles are emitted during the nuclear explosions and in the

- presence of the reactions in nuclear reactors. The electrons of high

energy can be obtained with the aid of the charged particle
accelerators. Beta particles also are formed as a result of the
course of Compton effects, effects of the formation of vapors, Auger
effect. Electrons are the component part of the cosmic radiation.

| ! Free electrons can be isclated from the substance with the aid of the

heating (the thermionic emission), the irradiation by light/world

" (photoelectric effect) and with the aid of the electric field (the ih
) autoelectric emission). Energy of the B-particles, emitted by ;?
radioactive nuclei and in the space artificial and natural radiation ;i

belts, reaches several ones million electronvolt. Recently electrons E%
with the energy of more than 300 MeV are discovered in outer space if

‘E (beyond the limits of the atmosphere). ii
,\4

1.5. Quantum radiation/emission. ’

IR L]
P PR
Sedhdoatb a4 o

Quantum radiation/emission is one of the forms of the

'manifestation of electromagnetic radiation and is the flows of the
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N

%

s quanta (photons) of different energy. Depending on quantum energy

%f distinguish: the gamma-, X-ray, ultraviolet, visible, infrared rays
2 and radio emissions !. The relationship/ratio between the quantum

5 energy and the wavelength is determined by the equation of Planck

:f (1.4).

"-‘T

;a The broad band of electromagnetic waves from very short waves on
o the order of 10°'* m to waves on the order of 104 m is well studied.
5 The scale of electromagnetic waves is represented in Fig. 1.5.
-

i; Electromagnetic waves in the specific ranges possess different
¥t .

A properties.
C .

. FOOTNOTE !. Subsequently in the text for the purpose of reduction we

will apply the terms: y-rays, y-quanta and y-radiation, understanding

jﬁ under them any quantum radiation/emission. ENDFOOTNOTE.

.f'_‘_
N

Page (21.

Therefore for the characteristic of the processes, which take place

during the generation, propagation and the absorption of

.4

»
]

. LY 0 PP LS
SO | @I

electromagnetic waves, besides the general/common/total parameters,
which relate to any wave of the electromagnetic scale, are special

parameters, which relate to any range and characteristic specific
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special features/peculiarities of this range. To the electromagnetic

ionizing radiations/emissions it is accepted to carry gamma- and

K N Te
[ O WU SO S

X-radiation.

. -

Gamma-radiation is the quantum radiation/emission of atomic

R

nuclei. Energy of these guanta corresponds to the wavelength of

shorter than 0.06 A.

Quantum radiation/emission with wavelengths of from 0.06 to 20 A ¥

is carried to the X-radiation.

]

The energy absorption of y-radiation in the layer of substance

The relationships/ratios between the energy of electromagnetic l%
waves and their length for the photons of space, gamma-, X-ray and S
ultraviolet rays, calculated by formula (1.4), are given in table if
1.5. The spectrum of y-quanta beyond the limits of the atmosphere is ii
at present measured in the region of energies to 10°'-10" -eV. é

;
)

by thickness dx is determined firom the equality

dE = — £ pdx, (1.10)

where ¢ - density of the flow of quanta;

E, — energy of the falling/incident quanta;
u - linear coefficient of absorption of y-radiation/emission.
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Fig. 1.5. Scale of electromagnetic waves (» - frequency, A -

wavelength).

Key: (1). s-*. (2).

Intermediate. (6). Short.

(7).

Centimeter. (10). Millimeter.

Meter. (8). Decimeter.

(11). Ultraradio waves.

Radio waves. (3). Long. (4). Average/mean. (5).

(9).

(12). Infrared

rays. (13). Visible rays/beams. (14). Ultraviolet rays. (15).

X-radiation. (16).

Gamma-radiation.
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Table 1.5. Wavelength and the

(rounded values).

corresponding to it quantum energy

o) (N Amaa som, {3 Juepras Kxsanta
enne A ure 4) d= (%) ape @) xax N e
)
POTOHL KOCMHIECKHX 0,00001 2.10~1e 2.10-% 4,8.10-1t 1240 10¢
ayded A
@ .
Famuma-aym 0,0001 2.10-1 2.10-¢ -10-13 124-10*
0,001 2.10-12 2-10-¢ -10-1 12,4-10¢
0,005 4.10-1 4.10-¢ L10-e 2,48.10¢
0,01 2-10~-18 2.10-* -10-14 1,24-10¢
0,05 4.10-1¢ 4.10-7 -10=1s 248-10*
()
PeHTrenoBCcKHe Jy9H 0,1 2-10-1 2.10-7 -10-18 124.101
1,0 2.10-18 2-10-*% -10-1s 12,4-10?
5 4.10-1 4.10-°¢ -10-17 2,48-10
10 2.10-1 2-10~-1* -10-17 1,24-10%
(n) )
YasTpadmoneroBuie 50 4.10-%v7 4-10-1w -10-18 248
JAYSA 100 2.10=-17 2.10-1 -1Q-1® 124
1000 2.10-1* 2-10~n <101 12.4
10000 2.10-1* 2-10-mn 8.10-1 1,24

Key: (1). Radiation/emission.

(2). Wavelength.

(3). Quantum energy.

(4). J. (5). erg. (6). cal. (7). ev. (8). Photons of cosmic rays.

(9). Gamma-rays. (10). X-rays.

Page 023.

(11). Ultraviolet rays.

The sources of gamma-radiation are "energetically excited" of

atomic nucleus, i.e., the atomic nuclei, which have energy excess in
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comparison with their normal state. Contemporary nuclear physics

p
J
-
1
4
N

established/installed, that the nucleus cannot prolongedly exist in

the excited state and after only the time interval, equal to

approximately 10°** s, it is freed/released from the excess energy
most frequently by emitting the quanta of electromagnetic radiation.
With the work of nuclear reactors, gamma- and X~radiation appear as a
result of division, and also due to the "luminescence" (radioactive
radiation) of the activated elements of structures and heat-transfer

agent.

During the nuclear explosions, their formation/education occurs

also in the process of nuclear fission reaction, but by :he basic
sources of electromagnetic radiation during the nuclear explosion are
radiocactive fission fragments, which are located in the zone of
explosion and which occupy during the first several seconds a

comparatively small volume of approximately/exemplarily spherical

-9
3
p
K
:-

form, and capture reaction of neutrons the atomic nuclei of air.

Furthermore, X-ray and gamma-rays appear as a result of braking

I SR

the charged/loaded particles with their passage through the substance

(bremsstrahlung) and as a result of the annihilation of positrons and

Caei g g

electrons (annihilation radiation/emission).

Gamma-rays are encountered also in the composition of cosmic
rays.

e el B
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Page 24.

2. Physical quantities of ionizing emissions.

The fields of the ionizing radiations/emissions *, in which can
prove to be radio-electronic equipment, are characterized by physical
quantities. The possible conditions for work and the radiation
durability of equipment and its completing elements/cells and

materials are estimated with the aid of these physical quantities.

The physical characteristics of the ionizing
radiations/emissions quantitatively are expressed in ones the

measurement of radioactivity and ionizing radiations/emissions.

For the first time the need for the quantitative estimation of
the effect of the ionizing radiations/emissions arose after
discovery/opening in 1895 of X-rays and detection of their harmful
effect on the man. In 1925 was carried out the first international
congress for radiology, at which for the purpose of the establishment

of the necessary physical units in the region of radiology and mining

the recommendations regarding the standards was created international
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board for radiological units and to measurements. At the second

international congress of radiologists (1928) as the unit of the dose

of X-radiation was accepted one by the name "roentgen". This unit was

applied also in the USSR. But in 1934 in the USSR they were developed

onel they were put into operation OST VKS 7623 [1], which legalized
units of X-radiation, and OST VKS 7159 [2] on the units of

radioactivity.

In 1942 of first nuclear reactor together with the works on
radiation safety of man the works in the area of nuclear technology
were begqun after launching/starting and arose the need for the

creation of ones measurement, that characterize neutron

radiations/emissions.

FOOTNOTE :. By radiation field is understood the space-time
distribution of the ionizing radiation/emission in the volume in
question. With the characteristic of the distribution of radiation
dosage in some space it is accepted to speak about the field of

radiation dosages. ENDFOOTNOTE.

Page 25.

Mastery/adoption by man of outer space in turn posed the problem

about level measurement of cosmic radiation and determination of ones
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for these measurements.

On the basis of works in the region of dosimetry and radiometry

N
of the Soviet and foreign scientists of K. K. Alglintsev, N. T.

3] Gusev, V. I, Ivanov, I. O. Leypun'skiy, R. T. Yeger and many other
, scientists and practitioners continuously were improved the methods
of dosimetry, and together with them n of one the measurement of the

ionizing radiations/emissions.

In GOST [IrOCT - All-Union State Standard] 8848-58 [3] together
with the units of the dose of the ionizing radiation/emission and the
units of the activity of radioisotopes were introduced ones the
measurement of absorbed energy in the materials and of the unit of

the intensity of the ionizing radiations/emissions.

In 1962 by international board for radiological units and to
measurements were comprised the recommendations regarding the values
and the units of ionizing radiations/emissions (4, S5]. The new
designations of some values are proposed in them; for measuring the

radiation/emission is introduced the system MKSA, which is the part

of the international system of the units of SI, used for measuring
the electrical values; it is more precisely formulated the series/row

of determinations.

...........................

----------
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In accordance with the introduction of the international system
of the units of SI [6-15] and the recommendations of international
board for the radiological units and to measurements (MKRE) in the
USSR was refined the system of units the measurement of radiocactivity
and ionizing radiations/emissions. This system of units is legalized
by GOST 8848-63, put into operation from 1 July, 1964, [16]. The
terminology of physical quantities, used below, is given taking into

account the recommendations, given in [4, 5, 11, 17-23].

In present chapter, together with units of measurement of the
radiocactivity and ionizing radiation/emission, established/installed
GOST 8848-63 and recommended MKRE, are examined also units, which are
encountered in the literature and in practice. The
relationships/ratios between ones of the ionizing
radiations/emissions of separate measuring systems are given at the

end of the chapter (¥ables2.11 and 2.12).

In the examination of the units of the measurements of the
ionizing radiations/emissions they subdivide them into two groups
[20].

Page 26.

The values of the first group are intended for the
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characteristic of the field of the ionizing radiations/emissions and
its effect on the substance. This group includes the following units
the measurement: flow and particle flux density (quanta), energy

spectrum and the energy flow of radiation/emission, the intensity of
the ionizing radiations/emissions, the absorbed dose and the power of

the absorbed dose, exposure dose and the power of exposure dose.

The second group of values serves for evaluating the
quantitative content of radioactive materials in the materials. These
values include the activity and the concentration of radiocactive

isotope in the materials or in the medium.
2.1. Flow and kinetic energy of the ionizing radiations/emissions.
Particle flux or quanta.

The flow of the ionizing particles or quanta is a number of
particles or quanta, which penetrate through this surface. Flow @ is
defined as quotient during division of N on AS, where N - number of
particles, which is located in the region of section of surface.As,

o=i5 2.1)
The flow value of particles (quanta) according to the system of

SI is expressed numerically of particles, which fall to the square

meter (part./m?), i.e., a-part./m?, beta-part./m?, neutron/m?,

r‘v."
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proton/m?, meson/m? and the like. In the abbreviation of the units of
the flow of those ionizing radiation/emission is allowed/assumed the
use of letters of Greek and Latin alphabets, and in accordance with
this and the abbreviations: a-part./m?* (a/m?), B-part./m? (B/m?),

n/m*, p/m*, y-quant./m? (y/m?*) [1l6].

In the practice the most frequently met unit measurement is one

particle to square centimeter (part./cm?).

Page 27.

Thus, for instance, in neutron physics the very propagated
quantitative estimation of neutron radiation/emission is the total
(integral) flow of irradiation, expressed by a number of neutrons,
per square centimeter (n/cm?)?! or in nvt, where n - neutron density
(number of neutrons in 1 cm?), v - the average speed of neutrons
(cm/s) and t - exposure time (s). For the isotopic
radiations/emissions the neutron flux, expressed in nvt, covers the
neutrons, which move in any direction and they interseét area/site

into one square centimeter.

Sometimes one Mwd (megawatt-day of the energy, produced to the
ton of uranium) is used for measuring the neutron fluxes in the

reactors. One Mwd in the graphite-moderated reactor at a temperature,
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close to the room, corresponds approximately/exemplarily 10*’ nvt

epithermal neutrons or 6.5-:10!’ nvt predominantly thermal neutrons.

With the stream conditions of the ionizing radiations/emissions
kinetic energy of particles (quanta) usually is indicated. For
example, neutron flux with the energy of more than one tenth of
mega-electron-volt is written/recorded in following
abbreviated/reduced form ®, with E>0.1 MeV or ®,(£>0,1 MeV), and is

sometimes simple ®,(>0,! MeV).
Particle flux density or quanta.

Particle flux density or quanta ¢ - this designed per unit of
the cross-sectional area of elementary sphere number of particles
(quanta), which penetrate per unit time into the volume of this

sphere:

p=SF. 2.2)

The particle flux density (quanta), which proceeds from point
source (without taking into account the effects of scattering and
absorption), can be determined on the output of particles (quanta)

from this source, namely:

n

?=mn (2.3)
where n - output of particles or quanta from the source of the

ionizing radiation/emission (see §$2.4);
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R - distance from the source.

FOOTNOTE *. Symbol "®" is not recommended to apply with the
designation of neutron flux, since according to GOST 9867-61 by this
symbol it is accepted to designate one - newton. Instead of the
symbol "u" GOST 8848-63 established/installed the abbreviation of

neutron "n". ENDFOOTNOTE.
Page 28.

One density measurement of flow is particle per second to the

square meter, namely:

P ———— et e

a/L{é) 2o i als - m?,

Blogs - ¥ wl Bis-m3,

njcgic M3 y nfs -m2,

- ‘Y/C My 'Y/S-m“,
plcek - uwi pls.-m?.

Key: (1). s?-m?. (2). or.
In nuclear physics the particle flux density (quanta) most
frequently is measured in the particles per second to the square

centimeter or n-v [15].

Spectral density of flow.

A
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The spectral particle flux density (quanta) is their density,

designed per unit of spectral interval.

The most widely used unit the measurement of the spectral
density of flow is a number of particles (alpha, beta, neutrons,
protons, etc.) or quanta per second to the square meter and to the
specific given energy of data of particles in the

mega-electron-volts. For example: a/s*m?-MeV, B/s+.m?-MeV, n/s+m?-MeV.
Kinetic enerqg, of the ionizing radiations/emissions.

Ones the measurement of kinetic energy of the ionizing
radiations/emissions as any energy, are in the international system
of the units measurement (GOST 9867-61) joule (J), in other systems -
erg (erg), watt-hour (Watt-hour), calorie (cal.), kilogrammeter

(kgfm) .
1 J=10" erg=2.78+10 -* W. Dimensionality of joule - m?skg-s-?.
Most frequently the measurements of kinetic energy of the

ionizing radiation/emission in radiation electronics and nuclear

physics are made in the electron volts (eV).
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Page 29.

The calculation of kinetic energy b electron volts is conducted

according to the formula
E=2U, (2.4)
where E - kinetic energy, ev;
Z - particle charge;
U - potential difference, V.
One electron volt is equal to kinetic energy, which acquires (or

it loses) the once charged/loaded particle, whose charge is equal to

electron charge (e=1.60-10"*° Kk=4.10-*°" cgs esu' with the passage of

a potential difference into one volt.
Derived units from the electron volt they are:
kiloelectronvolt (1 k§;=l-10’ ev),

mega-electron-volt (1 m§v=10‘ ev),
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gigaelectron-volt (1 g§§=10’ ev).

BeV (billion electron volt) use frequently instead of GeV, since

10’ call frequently billion (6uannuon), but not billion (Muaamapa).
l ev=1.602-10"1*" J=1.602-10"*? ergq.

Table 2.1 gives the values of coefficients for the
translation/conversion of energy of particles (quanta) from the

mega-electron-volts (MeV) into the joules.
Energy flow of radiation/emission.

The energy flow of particles or quanta (more precise the surface
energy flow of particles or quanta) is characterized by the energy,
transferred by particles (quanta) through the unit of area. Are
encountered also term-synonyms "quantity of radiation/émission" and

"temporary/time integral of intensity".

The energy flow of particles (quanta) F can be calculated
according to the formula
AL,
F=—A-S’—v (2.5)
or as the sum of the products of particle fluxes (quanta) to the

kinetic energy of particles in these flows
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oy F= T:E‘D{E‘, (26)
i

where AEr - sum of energy (with exception of rest energy) of all
- particles, which enter into the sphere with a cross-sectional area of

s AS; :

- E, - energy of the particles (quanta) of the i radiant flux.
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Table z.1. Conversion of the values of energies of particles from the

joules of the numbers, placed in the table, one should multiply by

83167502
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pace Al

mega-electron-volts into the joules.

(For obtaining the energy in the

A
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For the gamma- and X-radiation

10-*2).
) C—
Mas
0 1 2 2 4 5 6 8 9
: _
0 0 1,602 4805 | 6,408| 8010| 9,612 12,82 | 14,4 l
10 | 16,02 | 17,62 20,23 | 22,43 | 24,03 | 25,63 28,84 | 30,44
20 | 32,04 | 33,64 36.20 | 38,45 | 40,05 | 41.65 4,36 | 46,46 | 0
30 | 48,06 | 49,66 52,87 | 54,47 | 56,07 | 57,67 60,88 | 62,48 | 30
40 | 64,08 | 65,68 68,89 | 70,49 | 72,09 | 73,69 76,90 | 78,50 | 40
50 | 80,10 | 81,70 84,91 | 8,51 | 88,11 | 89,71 92,92 | 94,52 | 30
60 | 96,12 | 97,72 100,9 |102,5 | 104,1 |105,T 108,9 | 1105 | 60
70 | 12,1 | 13,7 116,9 | 118,5 | 120,2 | 191.8 E 125,0 | 1266 | 70
80 | 128.2 | 1298 133,0 11346, | 136,2 | 137,8 | 141,0 | 1426
90 | 144,2 | 1458 149.0 |150,6 | 152.2 | 183.8 1570 | 158,6
Key: (1). MeV. (2). Mega-electron-volts.
Page 31.
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% Foml o= E Wk, (2.7)

T [

E?: where Avi - quantum energy of the i radiant flux, i.e., the radiant
%3 flux of the i frequency.

2

iﬁ Concept "energy flow" is useful only for describing the parallel

radiant flux in the void or distributing the radiation/emission

%& around point source. For example, already in the case of two point
~S§ radiation sources the area/site, perpendicular to the flow from one
E; source, can prove to be not perpendicular to the flow from another
ég{ source, passing through this area/site.
o

. With the passage of the ionizing radiation/emission in the
2; absorbing medium scattered radiation with another direction of
Eﬁ propagation appears; therefore term "energy flow" can be used only
L}- for the primary photons and the particles.
i?{ The energy flo& of particles (quanta) is measured in the system
;: of SI in the joules to the square meter (J/m?). Its dimensionality
QE kges-*. Energy flow also can be measured in other energy units per
ii units of area, among which is found the greatest use electron volt to
_!ﬁ square centimeter (eV/cm?), mega-electron-volt to square centimeter
ff (Mev/cm?) and erg to the square centimeter (erg/cm?).
%
o
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Intensity of radiation/emission.

The intensity of radiation/emission (energy current density) -
this is energy of the ionizing radiations/emissions, falling per unit
time to the surface of elementary sphere and in reference to the unit
of the cross-sectional area of this sphere, it is calculated from the

formula

TAF
J=1 (2.8)

wvhere AF ~ energy flow for the time At.

Page 32.

Time At must be considerably more than the period of oscilla;ion
of electromagnetic radiation, since the calculated average/mean power
for the interval of time, compared with the oscillatory period, can
prove to be erroneous in view of the fact that in the limits of the
oscillatory period the power is changed from the zero to the maximum

value.

As one intensity measurement of the ionizing radiation/emission

is accepted the watt to square metal (W/m?).

The most widely used units are in nuclear physics: the electron

volt per second to square centimeter (eV/s-cm?) and

......
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2
ig_ )
AR mega-electron-volt per second to square centimeter (MeV/s-.cm?).
W
A
f;' 2.2. Units of measurement, which characterize interaction of
‘15 radiations/emissions with the substance.
o Absorbed energy.
¥'T The energy of the ionizing radiation/emission, converted in the
- )
medium into other forms of energy, is implied by absorbed energy of
Q; any ionizing radiation/emission.
e
(O . L L .
( R The energy, transmitted by the ionizing radiation/emission to

substance in the assigned volume, is a difference between the sum of
'5? ' energies of all directly or indirectly ionizing particles, which form

part of the given volume, and the sum of energy of the same

o

2.
P

n\; particles, which left the given volume, minus the energy, equivalent
N

;1§ to any increase of the rest mass in the volume in question as a

O result of nuclear reactions, namely:

.'.: AEp=-Ep—Eyux—mqc?, (2.9)

jﬁﬁ where Af, - energy, transmitted by the ionizing radiation/emission to
g *"':': .

o substance in the assigned volume;

D

iﬁ Es - sum of energy of all ionizing particles, which entered the

o volume in question;

N
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Esux — Sum of energies of all ionizing particles, which they left the

volume in question;

m,c? - energy, equivalent to an increase in the mass

rest.
Page 33.

The energy content, transferred to substance in the given

volume, is frequently called the integral absorbed dose in this

volume.

One the measurement of the enerqgy, transferred to substance as

any energy, is joule (J), erg, electron volt (eV) and others. Gram

rad is considered as the special unit.
1 g rad=100 $rg=10-° J.

The degree of ionization of substance, and also a quantity of
radiant energy absorbed by substance are the measure for interaction

of the ionizing radiations/emissions with the substance.
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As control gauge for evaluating the effect of the ionizing
radiations/emissions on the substance it is accepted to take the

Ef radiant energy, transmitted to substance per unit of mass. This value
§; is called the absorbed radiation dosage or radiation dosage. For the
iji brevity frequently they speak the "absorbed dose" or simply "dose",
3& omitting the word of "radiation/emission”. The concept of the
Eﬁ absorbed dose just as the concept of temperature, is applicable with

i the averaging of the transmitted to medium energy by certain not too

; small a volume. Otherwise it can be obtained that the absorbed dose
gi; is exclusively great in the locations of the ionized atoms, and on

o | the remaining medium it is equal to zero. :
E; Absorbed dose and power of the absorbed dose of the ionizing

o radiations/emissions.
;g The absorbed dose D of X-ray, gamma- and any corpuscular

. radiation is defined as the quotient, obtained as a result of
\EE division AE, on Am,

o AEp

:." D= T’ (2.10) )

> where AF, - energy, reported to the substance with a mass of Am by

the ionizing radiation/emission.

e

X,

3
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o The unit of the absorbed dose can be any value, which has the
~~
dimensionality of energy to the mass for any substance, in which is

- absorbed the radiant energy.
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Pages 34-35.

Table 2.2. Relationships/ratios between different units of radiation

dosages (rounded values).
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AN MM
o
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iﬁ Note. The relationships/ratios between the roentgen and other
1S

?GZ units are given for the radiation/emission ionizing actions on 1 g of
- air.

N

0

iﬁ Key: (1). Designation. (2). Abbreviations. (3). by Russian letters.
] . (4). Latin. (5). rad. (6). erg/g. (7). J/g. (8). J/kg. (9). cal/qg.
ii (10). rad. (11). Roentgen. (12). Ergs to gram. (13). Joule to gram.
jﬁ (14). Joule to kilogram. (15). Calorie, small to gram. (16).

o Watt-hour to gram. (17). Weh/g. (18). Electron volt to gram. (19).
< eV/g. (20). Mega-electron-volts to gram. (21). MeV/g. (22).

;ﬁa Kilogrammeter to gram. (23). kg-m/g. (24). Coulomb to gram. (25).

. ]
- C/g. (26). Coulomb to kilogram. (27). C/kg.

.:::'

T Page 36.

_;:;:::

e As one the measurement of the absorbed dose of the ionizing

ﬁi radiation/emission is accepted the joule to the kilogram (J/kg). Is
< allowed/assumed also (GOST 8448-63) in accordance with the

A ,

jﬁj recommendations of international board for radiological units and to
RS
v};} ‘ measurements the use/application of an extrasystemic unit measurement
R only for the absorbed dose - rad :.
.
-
o
e 1 rad=1:10-* J/kg=100 erg/g.
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The units of radiation dosages and scaling factors between them

are given in ¥able 2.2.

FER (the roentgen physical equivalent) they refused from the
unit of radiation dosage, but it is encountered in the literary
publications of past years. Under FER the dose (absorbed energy) of
any ionizing radiation/emission, which is absorbed by one gram of
fabric during irradiation by its one roentgen of gamma- or
X-radiation, i.e., the quantity of absorbed in the fabric energy of
the ionizing radiations/emissions, equivalent to one roentgen, was

understood. For fabric 1 fer=93 erg/g. For air 1 fer=87.7 erg/g.

The power of the absorbed radiation dosage or the radiation dose

rate 7 represents the absorbed radiation dosage per unit time

P=22, o @1

where AD - increase in the absorbed dose for the time At.
For the unit of power of the absorbed dose of the ionizing
radiation/emission in the system of SI (GOST 8848-63) the watt is

accepted to the kilogram (W/kg).

Rad per second and derivative of it (rad/min, rad/hour, urad/s,
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mrad/min, mrad/h, etc.) is the special unit of power of radiation

dosage.

If time is measured by days, weeks, months and for years, then
instead of the power of the absorbed dose sometimes apply terms
"daytime dose", "monthly dose", "annual dose". Data, given in Table

2.3, facilitate the recalculation of the power of the absorbed doses.

FOOTNOTE !. Term "rad" is formed from the initial letters Radiation

absorbed dose. ENDFOOTNOTE.
Page 37.

Different forms and spectra of the ionizing radiations/emissions
possess different effectiveness on the effect on the same materials
and on a change in their electrical and other parameters, i.e., with
the identical absorbed doses of different forms and energies of the
ionizing radiations/emissions in one and the same substance are
observed the ionizing radiations/emissions in one and the same
substance they are observed different physical, chemica. and
biological (for the living tissues) effects. Is feasible such case,
when one form of radiation/emission will produce change in the

defined parameters in the materials, the instruments and the parts of

‘electronic engineering, while another form of radiation/emission will

------
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iﬁf not affect a change in these parameters.

c; Table 2.4 as an example gives the radiation equivalents of

iﬁ destruction for different forms and different energies of the

2@ ionizing radiations/emissions, which call identical changes of the

T~

> . . . . . . . . s

lifetime of minority carriers in the p-n or n-p junctions of silicon

.- f. i
- elements/cells [24].

e

With the passage of the ionizing radiations/emissions through

bl

,tﬁ' the substance is changed their composition, energy spectrum,

‘ ._:’..

‘Qﬁ intensity of radiation/emission and density of flow. These changes

E occur in view of weakening falling/incident to the body of

'33: radiation/emission, formation/education of secondary radiation,

;a scattering of radiation/emission, self-protection, etc. Therefore the
Bk numerical values of the absorbed dose in the different sections of
.

ii substance usually prove to be dissimilar. During the evaluation of
.'_:.r-

g& radiation effect on the materials and the objects/subjects (for

‘. -l

Oy example, to instruments and parts of electronic engineering) it is
- necessary to consider the factor of the nonuniform distribution of
ff- the absorbed dose on the irradiated object. In the practical targets,
o in view of the impossibility of the complete account of the

.*__.:

D nonuniform distribution of the absorbed dose, the radiation effect is
o

W usually described by the average absorbed dose

@7 s

D= ( Dam, 2.12)

0N M

o

.

A

e

o

N
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where M - mass of body, or that of complete integral absorbed dosage

transmitted to body

,=DM= j' Ddm, (2.13)
M .

Pages 38-39.

b v
b - A change in electrical, physical and other parameters in the
radio engineering materials, the elements/cells diagrams depends not

only on the absorbed radiation dosage, but also on its power. Thus,

for instance conducted electrical insulating materials it increases
with ﬁhe power increase of radiation dosage and does not depend
(within certain limits) on radiation dosage.

Thus, the numerical value of the absorbed dose in any place of
the field of the ionizing radiation/emission (neutron field,
gamma-field, etc.) will depend on the form of radiation/emission,
density of flow, spectral composition of radiation/emission at the
point of field, composition of substance and mass of the irradiated

object in question.

Consequently, the effectiveness of the action of this form of

<
+

the ionizing radiation/emission is determined the absorbed radiation

AR

o

Fﬁ? dosage, multiplied by the appropriate coefficients, which consider
Colilad

s C L C L . o

SN the characteristics of radiation field, composition and the mass of

S the irradiated object. Coefficients the considering energy

S B T S S A AL A TR B A e M)
. - [
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conversion, 1s conventionally designated as the conversion factors of

energy or east factors.

For example, the coefficient, which considers the linear
transformation of energy, is called qualitative factor (QF). In order
to obtain one and the same scale for measuring the dose (for all

forms of the ionizing radiations/emissions), it is necessary to

multiply the absorbed dose by the coefficient.

PR

.« »
e

[(ND
‘...\"'. B
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Table 2.3. Relationships/ratios between ones of power measurement of

the absorbed dose.

n T o (% (& ) 43 fy (2 { 1y g") N

Hupucwm sanve m:::::‘.;:::’ us padicus | Mpidicen | mpudd|mua | mpudjeas padfces Pud) uun ‘ Ppudfdue Puvicyminu pudleve N

b | .

.wu.(b’."m B ce- .I :nc@d/cun i =1 G-y~ 3,6 19- PR VAL N NP T A ! 4,04 10~ | Jt.5 B

| \ s

Kynny ] | :

4 6 cee | .,@//cm g 1 w 3,6-10° 10-' G101 } 3.6 BG4 3,18.10¢ K

xynay | ® ! -

MualiMan & une | spav/mun 17 1,7-10-1 \ 50 1,7.10°% to-* G.10=2 R 526 3

nyry .

M 'ﬂp.“m Ag /wac [ 0,28 0,28-10-*f 1,7-10-? 1 2,8.10-7 1,7-10-¢ 1-iy-1* R UR] 8,76 K

Paa"¥eexynay ) jcex 10¢ 104 G.10* [ 3,6-10° t (2 3.6-102 4.G4- 10 3,06 107 :

Paa “?mnyfy [ aun 1,710 \7 10 6-10¢ L7100 1 ) 1,44 108 5. 20-10% P

Paa WPhac feac 280 0,28 17 100 | 2,8.10-¢ 1,7-10-1 ) 24 8,76 W0 Py

Pana S“s)ynu Teymui 1i,6 1,18.10-¢ 0,696 42 i, 18.10-¢ 6,95-10-+ 4,2.10=¢ 1 3.65-10-9 o
Psa 2N ’@puﬁ/zud 3,17.10-9[3,17-10-¢( 1,9.10=¢{ 0,114 { 3,17.10-° §,9-10~¢ {1410~ | 2,74.10~¢ |

Note. For obtaining the amounts of the power of exposure doses

necessary to replace rad with roentgens.

Key: (1). Designation. (2). Abbreviation. (3). wrad/s. (4). mrad/s.
(5). mrad/min. (6). mrad/h. (7). rad/s. (8). rad/min. (9). rad/hour.
(10). rads/day. (11). rads/yr. (12). microrad per second. (13).
millirad per second. (14). millirad per minute. (15). millirad per

hour. (16). rad per second. (17). rad per minute. (18). rad per hour.

(19). rad in a 24 hour period. (20). rad per annum.
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Table 2.4. Radiation is equivalent destruction for the silicon

elements/cells (on the lifetime of minority carriers).

ﬁ.pugfpu (aJ
HOHHIHPYIOUW HX n{ut ol m3 B/ w2 pud (Co-60) | 1/u? (Co-60)
Hanydeuust
Lt (chelep | 0.3 | 1,2.100 | 8.00-% | 1.4.10%
Aenectis)
1 pimd 3 t 40108 1 2,5-10=-9 | 4,3.108
(E = 50 45
| B/A(’@ B.10=¢ | 2,5.10-* 1 610~ 100
(Ex=1 Mo
1 (Co-60) | 1,2-10° 4-107 1,7-10% 1 1,7-10%
1 t/u* (Co-60){ 7-10-% | 2,3-10-¢ | 1.10-12 6. 101 [

Key: (1). Parameters of the ionizing radiations/emissions. (2). rad.

(3). (fission spectrum). (4). MeV.

Page 40.

Coefficient, which considers intensity (energy density of the
ionizing radiation/emission, it is possible to name/call beam factor
(QJ). The factor of distribution (DF) can be used for the expression
of the conversion of effect in the fabric (biological effect) or in
other substance as a result of the nonuniform energy absorption of

radiation/emission.

The product of the absorbed dose to the appropriate factors is

called dose equivalent (DE):

(DE) =D (QF) (DF) (Q/). (2.14)
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Kl
§§ By international board for radiological units and by
3;; international board but to radiation shielding dose equivalent was

:} recommended as the value for the calculations of radiation protection
;ﬁ [4, 5]. It goes without saying, the concept of dose equivalent can be
:tf used also for the numerical expression of radiation dosage with the

i determination of the radiation durability of radio engineering
Sﬁ materials, radioelements and electronic circuits. In this case only
_?é will have to consider, together with above noted factors, the effect
Ad of design features, modes of operation (factor of
E;; construction/design, the factor of mode/conditions), etc.

. v<b In the radiobiology for the evaluation of the biological effect i
-;' o. different forms and spectra of the ionizing radiations/emissions

i the radiobiological effectiveness (OBE) is recommended the applying
}L’ of term.
EREY
3
§£ OBE depends on the form, the density of flow, radiation
,ﬂi . spectrum, degree of biological damage/defeat, and also on the special
iii features/peculiarities of the irradiated organism or tissue. OBE of
oy
23; one form of radiation/emission with respect to another is defined as
;;5 the inverse relation of the absorbed doses, which call identical
-i; biological effect. At present as the "specimen radiation/emission",
‘Eg as a rule, they accept the ionizing radiation/emission with the
;% o average/mean linear loss of energy 3 keV in the layer of the water

..




.................
................................................................
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‘A

e with a thickness of 1 um [17]. .

B

‘*; As an example Table 2.5 gives coefficients OBE for some types of
f%i irradiation, which call identical (on the average) changes in the
fﬁL status of the health of man.

o Page 41.

g

7 | N . . o

As the criterion is undertaken the maximum permissible biological

ﬁﬁ radiation dose!, obtained during 40 hour in the working week.

i

REM (rem) is the unit of dose equivalent. Dose in rems is

- numerically equal to the dose in rad, multiplied by the appropriate
ff factors. The term rem (62p) more frequently is applied in the USSR
R instead of the term of rem (pewm).

ifi Biological dose in rems (rems) is equal to the dose in rad,

} multiplied by the value of coefficient OBE (7).
;}j Dose in rems (rems) and absorbed dose in rad are characterized
QQ by only dimensionless coefficient; therefore they have identical

JQ'.
'j?; dimensionality. The conversion factors of some units measurement into
= others are given in ¥able 2.6.

°:
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On the strength of the fact that the numerical value of the
absorbed dose depends on the. composition of the irradiated substance,
it cannot without further concrete definition serve as the measure of
a quantity of ionizing radiation/emission. Therefore as the
single-valued characteristics of a quantity of ionizing
radiation/emission are accepted the units of absorbed energy by the
specially selected standard either specimen substances or by model

media. These units are called exposure doses.

This substance for the X-ray and gamma-radiation in the USSR

selected dry standard air, in the USA - carbon.

FOOTNOTE !. Maximum value of biological radiation dose,

established/installed by the appropriate rules of radiation safety.

ENDFOOTNCTE.
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Table 2.5. Coefficient

pacE 7}

OBE for chronic irradiation [25].

(‘a !
Ll ) P:Zi nour:g: Kos(o‘gn-
QHEHT
Bun Raayseus foe/uau, | OB3
TKAKH
(OPenTrenosckoe d ramma-uinyuenus | 0,2—5 1
(®)Beta-yacTuunl H 31eKTPOHN 0,5—5 1
G)Tennobue HeATpoub 5—20 3
(™ BucTpuie HeATPOHK 20—40 10
(Vllporonu W anbdud-YacTHUL 20—200 10
(&Muorosapransie Hows u sapa oT- | 150—6000 20
nauun
Key: (1). Form of radiation/emission. (2). Ionizing losses of energy,
keV/um, tissue. (3). Coefficient. (4). X-ray and gamma-radiation.

(5). Beta particles and electrons.

neutrons.

recoil nucleus.

Page 42.

For the neutron radiation/emission one should determine dose on the
ionization of tissue-equivalent gas. The absorbed dose of cosmic
radiation is determined with the aid of the crystal of the sodium

iodide, activated by thallium.

(8). Protons and alpha particle.

(6). Thermal neutrons. (7). PFast

(9). Polyvalent ions and
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Table 2.6. Conversion factors for the calculations of doses in

different media.

-,

) ' (> (3
Or ednnnunt K egunige MiiuxuTenn
")
2 (”dwc,’xz 10-12
@ ape: 100
QQEE 6,25- 10"
Ptm"rcu @d.m:,’xz (A uoanyxu)(" 87,7.10-4
pe/e (aas soanyxa)(® 87,7
362 (148 Bo3AyXa 5,5-101
pad (st so3nyxa) 1,14
D,
tm(s'n{ecxnﬁ IKBHBI- @(Mclm. (aas Tkam) v 93.10-+
NEHT pentresa (Pap) 83;}2/2 (ans TKaiiu) 93
pad (ana Txaum) 1,075
(‘1 nedmpor/em® (E > 10 K38) 2.8.108
Q4P nedmpor/cm? (Tennosue) 9.10¢
PgnE {118 TkaHy) @cbtc/uz (a9 Boanyxa)® 87,7-10-+
3pz/2 (ans BO3ayXa 87,7
Hedmponfcm? (E > 10 was) 3-10®
Hedmpow/cu® (Tennosse) 10°
P (65p) ampow/csd (E > 10 k3s) 3.107
Hedmpor/cu? (Tengobuie) 3.10¢
- —_
Keaws Ha KBaApATHA (™ gsp 5,1.10-1.
CaHTHMETD 1AR
E; =1 Msb
-
(K eanT na kpanpaTHmil @(ﬁap 5,1.10-¢
MeTp aas
E;=1 M3
Key: (1). From one. (2). To one. (3). Factor. (4). rad. (5). J/kg.

(6). erg/g. (7)

physical eqﬁivalent (FER). (11). (for tissue). (12). neutrons/cm?

(E>10 keVv). (13). neutrons/cﬁ‘. (14)..rad (for tissue). (15)..Rem

(rem).

1

. ev/g.

(16). Quantum to square centimeter for.

(8). Roentgen.

(39).

(for air).

(17). FER. (18).

(10). Roentgen

MeV

Lol amu Jas ey
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FOOTNOTE !. For thz X-ray ones and the gamma-rays there is a
following approximate linear relationship/ratio 1 p=1.9-10°/E
y-quant./cm?, which is correct with the accuracy
approximately/exemplarily *15% in the range of energy of y-quanta

from 0.02 to 2 MeV. ENDFOOTNOTE.

(19). Quantum to square meter'for.

Page 43.

2.3. Physical quantities of the exposure doses, used for the

evaluation of the radiation durability of radio-electronic equipment

and its elements/cells.

Exposure dose is absorbed energy in the specimen substance or
the model medium, determined from the concrete/specific/actual
reaction, which occurs in this substance under the influence of the

ionizing radiation/emission.

As the measured reaction, in essence, is applied the ionization

(energy, transferred tou electrons and positrons). Therefore exposure

doses are called sometimes ionic doses.

At present exposure doses are determined for the X-ray and
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:} gamma-, neutron and space (proton and electronic)

radiations/emissions.

Exposure dose of X-ray and gamma-radiation.

The exposure dose of X-ray and gamma-radiation is
established/installed for the quantitative estimation of X-ray and i
gamma-radiation. This term differs from that recommended by
international board for radiological units and to the measurements
" (MKRE) of the term "exposure", which eliminates the word "dose",

which is used for the designation only of one value - the "absorbed

P PP II  SPY

Ny
4

- dose".

Air is selected as the specimen substance during the {
establishment of the unit of exposure dose, while as the measured
reaction - ionization. This selection gives the possibility to
determine the amount of exposure dose and its power in one and ﬁhe

same units, régardless of the energy spectrum of radiation/emission.

- The energy, transferred by gamma-quanta serves as this measure
5 to electrons and positrons. They consider that the average/mean
ionization potential of gamma-quanta in air is constant in the range

of energies from 20 keV to 3 MeV and is equal to 34 eV.

2 e e mame a4 m 4 s oma
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The exposure dose of X-ray and gamma-radiation in the general
case is not equal to the absorbed dose of these radiations/emissions,
since exposure dose determines the energy, transmitted to the
charged/loaded particles, but the absorbed dose - absorbed energy of
radiation/emission. Exposure dose the equal absorbed dose on the
effect of ionization under the conditions of electronic equilibrium
becomes. Therefore the measurement of the absorbed dose in air is
carried out under the conditions of electromagnetic equilibrium,
i.e., in free airspace at a distance from other bodies, greater than
the landing run of secondary electrons. Absorbed dose measured under.

these conditions in air is called exposure dose [22].

The exposure dose of X-ray and gamma-radiation X is calculated
from the formula

x=49 (2.15)

where Am - mass of the element of volume of air;

AQ - sum of electrical ion charges, which have identical sign
and which appear in air, when all electrons (negative electrons and
positrons), freed with the aid of the quanta of X-ray and
gamma-radiation in the element of volume of air, completely are

braked.
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In AQ are not connected electrical ion charges, which appear as
a result of ionization caused by the bremsstrahlung of secondary

electrons.

The exposure dose of X-ray and gamma-radiation is measured in
quantities of electrical ion charge of one sign per unit of the mass
of air. One measurement established/installed coulomb to the kilogram

(C/kg), the dimensionality kg-!s-A.

It is allowed/assumed to-also measure the exposure dose in
widespread in the practice and the theories the units of roentgens
(r) and respectively in the multiple or lobate units. The unit of the
exposure dose of X-ray and gamma-radiation coulomb per kilogram, and
also extrasystem unit of roentgens it is possible to apply for the
measurements of radiations/emissions with the quantum energy, not

exceeding 0.5 p-joules (=3 MeV).

The conversion of the values of the exposure dose of X-ray and
gamma-radiation from the Roentgens into the coulombs for the kilogram

is given in ¥able 2.7.
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Table 2.7. Conversion of the values of exposure radiation dosage from
the Roentgens into the coulombs for the kilogram (1 p=2.573976-10"*
C/kg). (For obtaining the exposure radiation dosage into C/kg of the

numbers, placed in the table, one should multiply by 10" *). !

Fé Peq)rru l ? .
5 I P P N N R - !
0 0 | 2.57976 | 5,15952 | 7,73928 | 10,3190 | 12,8988 | 15,4786 | 18,0583 l 20631 | 23,2178 | 0
10 | 25,7976 | 28,3774 | 30,9571 | 33,5360 | 36,1166 | 38,6064 | 41,0762 ‘: 43,8550 i 4 4357 | 49,0154 | 10 3
20 | 51,5952 | 54,1730 | 56,7547 | 59,3345 | 61,9142 | 64,4940 | 67 0738 | 69,6535 | 72, 74,8130 | 20 j
30 | 77,3928 | 79,9726 | 82,5523 | 85,1321 | 87,7118 | 90,2916 | 92.8714 | 95,4511 "ss,cmg 100,611 { 30
40 | 103,190 | 105,770 | 108,350 | 110,930 | 113,509 | 116.089 | 118,669 | 121,249 | 123,828 | 126,408 | 40
50 | 128,988 | 131,568 | 134,148 | 136,727 | 139,307 | 141,887 | 144 467 | 147,046 ! 149,626 | 152,206 | 50
60 | 154,786 | 157,365 | 139,945 | 162,525 | 165.105 | 167,684 | 170,264 | 172,844 ! 175,424 | 178,003 | 60
70 | 180,583 | 183,163 | 185,743 | 188,322 | 190,907 | 193 482 | 196,062 | 198 642 ! 201,201 | 203.801 | 70
80 | 206,381 | 208,961 { 211,540 | 214,120 | 216,700 | 219,280 | 221859 294'439{1?7,0:9 209,509 | 80
90 | 232,178 | 234,738 | 237,338 | 239,918 | 242,497 | 245,077 | 247,657 | 230,737 : 252 816 'zss.agel 90

Note. Table can also serve for the conversion of the power

coefficients of exposure dose of the R/s in A/kg, there as 1

-~ B/s=2.57976-10-* a/kg.
l '-'-:

gﬂ Key: (1). Roentgen.
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From the comparison of the units of roentgen and rad it follows
that for air with electronic equilibrium and exposure dose 1 the

absorbed dose is equal to 0.877 rad.

The relationships/ratios between the energy units, absorbed in
the unit of the mass of air, and roentgen are given in Yable 2.2;
Sometimes is encountered one measurement, called gram roentgen. Gram
roentgen - these are the value of absorbed energy of
radiat./on/emission in one gram of the irradiated substance under the
conditions of electronic equilibrium in the exposure dose is one
roentgen. Large use/application finds gram roentgen in the
measurement of tissue doses of organism; its numerical value proves

to be different for the different coupling effects.

On the average for the soft tissues with an accuracy to 10% gram

roentgen it is possible to take as equal to 93 ergs [22].

This value is occasionally referred to as cloth roentgen.
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Power of the exposure dose of X-ray and gamma-radiation.

.

)
l' B
¥

LA

4

The power of the esposure dose of X-ray and gamma-radiation

. (according to recommendation MKRE - "power of exposure") is

-
P N U T Y S P

determined from the expression

_AY ,
IPT_T' 2.16)

N where P,— power of exposure dose;

.
! «
ol

AX - increase in the exposure dose for the time At.

o The power of exposure dose can be also determined through the

intensity of radiation/emission according to the formula

y
;
y

E"l
/>1=S l;._ ME., (2.17)
[

where M,/p— mass conversion factor of energy for the gamma-quanta

= with energy £, in air;

JAE,— intensity of the region of the spectrum of that falling
. from the torching with the energies of gamma-quanta from £y to f}ﬁ-dEV
o or

< __
. P — IMN J
. ? '

1

PRSP YOG W W

where W«/p4 average mass conversion factor of energy for air;

RN AR |

J - the total intensity of radiation/emission.

PUILINEY "N
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One power measurement of exposure dose is ampere per kilogram
(A/kg) or coulomb per second to the kilogram (C/s-kg = A-+s/s-<kg).
Roentgen per unit time (Q/s, K/min, R/h, etc.) 1is the sﬁecial unit of
power of exposure dose. The conversion factors between different
amounts of the power of exposure doses, expressed in the lobate
values of roentgen and referred to different units of time, are given

in ®able 2.3.

The conversion of the power coefficients of the exposure dose of
ones of measurements R/s in units A/kg can be produced with the aid

of the coefficients, given in fable 2.7.
Exposure dose of neutrcn radiation/emission {20, 23, 26].

The neutron sources and field of neutron radiation/emission are
characterized by the neutron flux density and by their energy
spectrum, which undoubtedly is very complicated with the use in the
practic:. Therefore it is expedient to introduce the concept of the
exposure dose of neutron radiation/emission (analogous to concept

=xposure{dose of X-ray and gamma-radiation), intended for the

ECAME AT AT ML AN aAR St oAl o Sl oA M S/ A M ade r_'vl
|
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characteristic of neutron fields, and also the concept of the

characteristic of neutron yield from different radiation sources.

As the model medium for the neutrons is recommended the
accepting of "tissue-equivalent gas", i.e., such mixture of gases,
which in percentage (weight) content of hydrogen and nitrogen is
analogous to their content in the soft tissue of man. The composition
of tissue-equivalent gas in the percentages of partial pressures is
the following: methane - 64.4%, carbon dioxide - 32.5%, nitrogen -

3.1%.

In accordance with the international measuring system one should

as the unit of the exposure dose of neutron radiation/emission apply

unit ned (neutron unit of dose) [23].

Page 048.

Ned - exposure dose of neutron radiation/emission, in which to the
kilogram of tissue-equivalent gas are formed in this gas the ions,
which carry charge into one coulomb of the electricity of each sign:

1 ned = 1 C/kq.

Unit ned can be used in the measurement of the doses of neutron

e e LN L e e e
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radiation/emission, created by neutrons with the energies from 0.2 to
20 MeV, where by the basic process of interaction of neutrons with
the atoms of tissue~equivalent substance are elastic collisions, and

also to a certain extent in the measurement of the doses of thermal

neutrons. .
Power of the exposure dose of neutron radiation/emission.

The power of the exposure dose of neutron radiation/emission is
defined as the exposure dose of neutron radiation/emission per unit
time. One power measurement is weeks per second or ampere per the
kilogram:

1 ned/s = 1 A/kg.

Exposure dose of cosmic radiation.

The characteristic of outer space on the radiation field (or
dose field) it is accepted to produce according to the exposure dose
and the power of the exposure dose of proton and electronic

radiation/emission.

The crystal of sodium iodide, activated by thallium (NaJ, T1),

is selected as the specimen substance for determining the exposure

f VI N T Vi S
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dose of protons and electrons. In the process of action of protons
and electrons in crystal NAJ, with the diameter of 20 mm and by the
height/altitude of 20 mm, arranged/located under the protection 1
g/cm?* (10 kg/m?) of aluminum, is measured the luminescence

efficiency.

The determination of absorbed energy is conducted via comparison
reading/indication on the luminescence efficiency under the influence
on the standard crystal NaJ of the space ionizing radiation/emission
with the data, obtained under laboratory conditions (graphic
dependences), on the luminescence efficiency depending on absorbed

energy of the calibrated flows of protons and electrons.

Page 0459.

This method gives the possibility to measure the exposure dose
of proton and electronic radiations/emissions with an accuracy to
several percentages over a wide range of energy for the protons from
20 to 800 MeV, for the electrons from several kiloelectronvolts to

several mega-electron-volts.
In the measurement of the exposure radiation dosage of electrons

with energy less than 0.1 MeV, the disagreements can be to the side

of overestimate 2-5 times. The latter is explained by the fact that
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- the isotropy of the angular separation of electrons increases in

ORI

o proportion to the decrease of energy.
- 4
o8 : . _ '
:1 Unit of the measurement of the exposure dose of cosmic radiation R
s 1
»if is rad, equal to absorbed energy 1:10-* J (or 100 ergs) in 1 g i
. (1410-° kg) of the crystal of the sodium iodide, activated by p
]

b9

> thallium. ]
~ \
a 9
: p
Power of the exposure dose of cosmic radiation. ?

Power of the exposure dose of cosmic radiation - exposure dose

1"' per unit time. As the units of power of exposure doses for practical
purposes rad are accepted in hour (rad/hour), rad in a 24 hour period

(rads/day) and rad per annum (rads/yr.). The units of power rad in a

24 hour period and rad per annum are called also respectively daily

'-‘_‘m NS S W A Y Y Y

dose and annual dose.

a0

I N
P A

1
e Kerma and power of kerma. g
J'.‘- -
L "t ‘o
N 9
e o
Y . . . . . . . y
e These units the measurement of the ionizing radiations/emissions 4
-~ ~
- are recommended by international board for the radiological units and ﬂ
. A:' :q
- to measurements (MKRE) into 1962 and are intended for the :
-» ' : ) .
N characteristic of indirect ionizing radiation/emission [4, 5]. The K
¢ _ , , o q
o proposed designation "kerma" (kerma) is composed of the initial 2
.-‘, :
3

1
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letters of the words Kinetic energy released in material (kinetic

energy, freed in the material).

Terms "kerma” and "power of kerma" in the USSR are not accepted.
Kerma K indicates kinetic energy of the directly ionizing particles,
created in the material with the indirectly ionizing particles, and

can be calculated according to the formula

ALe (2.18)

am '’

where AE(-- sum of initial kinetic energies with all of the
charged/loaded particles, created with the indirectly ionizing
particles in certain element of volume of special (specimen) material

(medium);
Am - mass of the volume of material (medium) in question.
Page 050.
On the basis of the definition, the kerma is proportional to the

energy flow of particles (F) and to the mass conversion factor of

energy (M/p), and consequently:

In formula (2.18) value Am must be, on one hand, so small that its

introduction would not introduce noticeable disturbance/breakdown to
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the region of radiation/emission; on the other hand, volume must be
sufficient so that the necessary number of interactions would occur

in it.

In contrast to the exposure dose of X-ray and gamma-radiation
- the kerma encompasses the ionization, caused by the braking electron

emission and positrons.

The bremsstrahlung in air can be disregarded/neglected for the
energies of gamma-quanta to 10 MeV. Then kerma in the steady

equilibrium of the charged/loaded particles is equal to the absorbed

N~ dose of gamma-radiation in air.

The determination of the value of kerma for the neutron fluxes
on the basis of ionizing measurements (at equilibrium of the
charged/loaded particles) in tissue-equivalent gas will coincide with
the absorbed neutron dose. In the absence of the equilibrium of the
charged/loaded particles the kerma will always be less than the

absorbed dose.

To the flows of gamma-quanta and neutrons, whose energy is more
than examined, can occur the transient equilibrium of the
charged/loaded particles. In this case the kerma is considerably less

than the absorbed dose.
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For example, during interaction of gamma-quanta with the energy
25-100 MeV with air the electrons formed in air have this high
initial kinetic energy, that the created by them bremsstrahlung
partially exceeds the limits of the volume,{g_which is made its
measurement. Consequently, the measured values of ionizing current
and the measured value of kerma will be understated. As one the
measurement of kerma is proposed the joule to the kilogram (J/kg) or

in the system CGS of ergs to the gram (erg/g).

The power of kerma - ratio AK/At, where AK - increase in the

kerma for the time At.

By one power measurement of kerma is proposed joule per second
to kilogram (J/s-kg) or watt to the kilogram (W/kg); in the system

CGS - erg per second to gram (erg/s-g).

2.4. Induced radioactivity in the materials and the elements/cells

and the units of radiocactivity.

Radioactivity of substance.
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Radioactivity is the ability of some atomic nuclei spontaneously
to decompose with the emission of a-particles, positrons, electrons

and atomic nuclei.

There are following types of radioactivity: beta-radioactivity,
electronic capture, alpha-radioactivity, spontaneous fission and

nuclear isomerism.

Beta- radioactivity is determined by escape from the atomic
nucleus of electrons or positrons. Electron capture by nucleus can
occur in beta-unstable atoms, i.e., occurs the so-called process of )
electronic capture, also, therefore the conversion of atom into
isobars wi£h the charge less by one. Beta-radioactivity and
electronic capture are frequently accompanied by the emission of
y-quanta or internal conversion electrons. The energy, which is

freed/released during the radioactive conversions of B-isotopes,

reaches several mega-electron-volts.

Alpha-radioactivity is accompanied by the emission of the nuclei

of helium (a-particles) with the energy from 4 to 7 MeV.

Page 052.
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During the spontaneous fission the nuclear decomposition of atom to
two fragments with the average mass number occurs; this
decomposition/decay is accompanied by the emission of two-three
neutrons, electrons, and also it can be accompanied by the emission
of a-particles. The fragments, which appear during the division,
contain neutron excess and are subjected to train of electronic (8-)
decomposition/decays. The elements/cells, which are formed as a
result of these (f-) decomposing, can emit neutrons
approximately/exemplarily during 1 min after division. The energy,

isolated during the spontaneous fission, can reach order 160 MeV.

With the nuclear isomerism occur the nuclear conversions, as a
result of which the atomic nucleus, which is found in the excited
metastable state, converts/transfers to another, intermediate or
basis, level. The emission of quantum or internal conversion electron
occurs as a result of this process, and nucleus converts/transfers
into another energy state, but in this case the numerical values of
the magnitude of the charge and mass number of atomic nucleus do not

change.

The radioactivity of substance can be natural and artificial

(induced).
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In the practice of the operation of radio-electronic eqguipment
they usually deal concerning induced radioactivity, besides the
cases, when in the construction/design of radioelements and diagrams
are used the radioisotopes of natural or obtained artificially

; elements/cells.

Induced radioactivity arises from; radioactive contamination or
as a result of the emergence of radioactive isotopes during |
irradiation of the materials of radio-electronic equipment and its ]
completing elements/cells by the ionizing radiations/emissions. !

i

Radioactive contamination occurs during the nuclzar explosions
and during the operation of equipment near the radioactive radiation
sources (near nuclear reactors and with the works with the
radioactive isotopes)??During the nuclear explosions the radicactive
contamination occurs as a result of precipitation of the fission
products and unreacting part of nuclear fuel, and also as a result of
precipitation of the radioactive isotopes, which appear during
irradiation by the neutron fluxes of the materials of the

construction/design of A-bomb, soil and other substances of different

objects, which are located in the zone of action of nuclear

explosion. The contamination of equipment can be, also, in the area
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of the motion of radiocactive cloud.

Page 053.

With the work near the radioactive sources the contamination of

equipment occurs due to the isolation/liberation by these sources of

FRE Y LRI PO

gaseous ones, etc. of radioactive products. For the preservation from
the radiocactive contamination, which is formed as a result of
precipitation on the equipment of radioactive products, the
decontamination (deactivation/decontamination)’ is produced by the

mechanical removal of radiocactive materials from the infected

objects.

Induced radioactivity in the materials of equipment and its

P P L DGPTSR S S SO STV USRS N S N

structural elements/cells appears as a result cf changing the atomic
nuclei of these materials under the influence on them, in essence,

the neutron fluxes, and also other forms of the ionizing

radiations/emissions. Especially large induced radioactivity is
characteristic for the electro-radio parts, which consist of the

elements/cells of the second part of the Mendelgév Periodic Table.

e

AR ARSI

Thus, for instance, cermet lamps two weeks after removal/distance
N from the reactor, where they were irradiated by neutron flux 10?°
EE n/m?, possessed residual/remanent radioactivity with a power of the
§ exposure dose of gamma-radiation of more than 100 r/h (27].
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By the basic forms of the artificial ionizing
radiations/emissions, emitted by materials and elements/cells, used
in the radio-electronic equipment, after their irradiation are beta-,

gamma- and alpha radiation.

As ones, which characterize radioactive decay of the nuclei of
substance, are accepted: the activity of isotope in the radiocactive
source, radiocactive decay constant, half-life period, specific
activity of radioactive material and concentration of radioactive
materials in certain medium (air, water, etc.). The output of
particles (quanta) and tl. source power of radiation/emission are the
basic physical values, wuich characterize the sources of the ionizing

radiations/emissions.
The activity of isotope in the radiocactive source (activity of
nuclide) is the GOST-standardized unit (according to GOST 8848-53),

which characterizes radioactive decay.

Activity of isotope in a radioactive source.

Page 054.
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The activity of isotope in the radiocactive source (or is simple

activity - the expression most frequently used in the practice)

characterizes the general/common/total property of radioactive
materials (natural and artificial) - the ability spontaneously to

decompose.

The activity (A) of a quantity of radiocactive isotopes exists
guotient, obtained during the division AN on At:
AN
A=—pr, ' (2.19)

where AN - number of nuclear conversions, which occurs in this

guantity of substance for the delay time At.

As the unit of activity GOST 8848-63 is established/installed
the unit of the system of SI - one decomposition/decay in one second
(decay/s). Dimensionality of the unit of activity s-* (1/s). The
use/application of an extrasystemic unit (curie) is allowed/assumed
also. Curie - this is the activity of the preparation of this
isotope, in which in one second it occurs 3.700-10%'° the

reports/events of decomposition/decay.

Furthermore, is encountered tne unit of activity - rutherford,

which was not acknowledged international;

1 rutherford = of 10* s-'.

T N T T T T T W I I v ryv=rs
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The relationship/ratio between the units of the activity of
isotope in the radioactive source is given in Table 2.8. The
conversions of the values of activity from the curie into the

decomposition/decay per second are given in Table 2.9.
Radium gamma-equivalent.

For the comparison of the radioactive preparations, which give
gamma-radiation, the value, called the radium gamma-equivalent of

preparation, is applied.

The comparison of radioactive preparations is conducted
according to the dose rate, which they can create under one and ;he
same conditions. For the standard, on which are estimated all
remaining preparations, is accepted one milligram of the element/cell
of radium. With its aid is established/installed the unit of radium

gamma-equivalent. This unit is called the milliequivalent of radium

and is designated by mg-equiv. of radium or mg-eq Ra.

The milliequivalent of radium exists "... gamma-equivalent of
the radioactive preparation, whose gamma-radiation during this

filtration, under the identical conditions for measurement creates

......................
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the same dose rate, as gamma-radiation of one milligram of radium of
o the state standard of radium of the USSR with the platinum filter

with a thickness of 0.5 mm"™ [3].
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Table 2.8. Relationship/ratio between the units of activity.
= €3) D TS, C
J-Hj - lhmno-n 9:,".'_"":,'.:’;‘ .m’ Pesepdona h(nsinpn Kg;)l Ms’n)rmpl Maxpospps Hu:gu
i &) (10) _
: - pee-| et 1 - 10-¢ | 0,27.10-» | 0,27.10-1¢ | 0,27-10-7 | 0,27.10-¢ | 0,27-10~!
'y Kyuny 7
2N ¢ an ”
:: PoCe)p(qu Dpesepopd 100 1 0,27.10-7 | 0,27.10~¢ } 0,27-10-! a7 2,7-10
N -
o x@nmp m&@u 3,7.10m | 3,710 1 100 106 10 1om
o b i -
2 R%- : _x?pu 3,7-10% | 3,7.100 10-# 1 o 30¢ i0*
> @ 13)
< Muaomwops | sopa | 3,7-107 37 10-* 10-2 1 10? 100
1 | ()
. M@pam sxsops | 3,7-10¢ 13,7-10-2} 10 10-* 10-# 1 10
':- @ '5) -—".' N '
:»: Hasoxops u(vau ] 37 3,7-10-% 10-= 10-? 10-¢ 10-? 1
Ll . . . -
'1 3 3 L3 . - .
- Key: (1). Designation. (2). Abbreviation. (3). Decomposition/decay
" per second. (4). Rutherfords. (5). Kilocuries. (6). Curie. (7).
3 Millicurie. (8). Microcurie. (9). Nano-Curie., (10). s-'. (11).
‘<
v rutherford. (12). kcurie. (13). mCi. (14). microcurie. (15). ncurie.
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Table 2.9. Conversion of the values of the activity of radioactive
'-\.‘ « [ .
e preparations from ones curie in the units of SI (decomposition/decay
‘l\.l
x| per second) of 1 curie = 3.70010*° s-!. (For obtaining the activity
l-\l
. in the decomposition/decays per second of the numbers, placed in the R
L
" ]
. table, one should multiply by 10%°).
AN :
v w I | 0]
"o Kopa 0 1 2 3 4 5 8 7 ] ] Kopx
S d
L
v
L Y
SO
:;\ 0 0 3.7 7.4 11,1 14,8 18.5 22,2 25,9 29,6 33.3 0
“~
: j: 10 37,0 40,7 44,4 48,1 51,8 55,5 59,2 62,9 66,6 70,3 | 10
"V 20 | 70 | 777 | 81,4 | 8,1 | 888 | 925 | 9,2 | 9.9 | 1036 {1073 | 20 1
L 30 11,0 | 114,7 | 18,4 | 122.1 125,8 | 129,5 | 133,2 | 136,9 | 1406 | 144,3 | 30
gt 40 | 148,0 | 151,7 | 1554 | 159,1 | 162,8 | 166,5 | 170,2 | 173,9 | 177.6 | 181,3 | 40
21- 50 185,0 | 188,7 | 192,4 | 196,! 199,8 | 203,5 | 207,2 | 210,9 | 214,6 | 218,3 | 50
60 | 222,0 | 25,7 | 2294 | 233,1 | 236,8 | 2405 | 244,2 | 247,9 | 251,6 | 255.3 | 60
N 70 | 2590 | 2627 | 266.4 | 270,1 | 2738 | 27,5 | 81,2 | 284,9 | 288.6 | 2023 | 70
?f ‘ 80 296,0 | 29,7 | 303.4 | 307,1 | 3108 | 314,5 | 318,2 | 321,9 | 3256 { 329.3 | 80
[ ]
A 9 | 33,0 | 336,7 | 3404 | 34,1 | 3478 | 351,5 | 3559 | 358,9 | 362,6 | 3663 | %
», . .
% .
Y Key: (1). Curie.
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Usually they accept, that 1 mg of radium with the platinum

X

filter with a thickness of 0.5 mm creates the power of the exposure

»

Y
AR
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ey Ay

dose of 8.4 K/h at a distance of 1 cm from the source, which is

.
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< assumed to be point.

~

"~
« Consequently, transition from the activity of preparation A

ﬁ (mCi) to activity Am (mg-equiv. of radiumn) can be realized according

; to the formula X

Ap=Agt (2.20)

N .

N where K, — pover of the exposure dose of Xjray and

1 gamma-radiations/emissions of this isotope (EVh) at distance 1 cm

>l from point source by activity 1 mCi (under the condition of the

y

3 absence of radiation absorption).

:

N .

- Value K, is called the complete gamma-constant (ionine constant) :
;ﬁ of radioactive isotope and is the sum of differential gamma-constants .
?? (relating to the specific monoenergetic lines of the gamma-spectrum l
4 of isotope). 1
o ;
‘¢ For measuring the radioactivity of the element/cell, which
) ] radiates simultaneously gamma-rays, alpha- and beta particle, is

;3 accepted the unit of the activity of radon (or radon), which is the

(i radioactivity of radon, which is found in the radioactive equilibrium ;
o with one gram of radium.

}5 Radioactive decay constant.
>

NI

\l

N
I »
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L
;’ The value, equal to the portion of the radiocactive atoms, which
"!-':‘
:}- decompose 1 s (more precise - the disintegration probability of atom
o : : : : :
for the unit of time) is called radiocactive decay constant

.~ (disintegration constant). If N, - a number of atoms of certain
.
o radioactive material into zero time, and N - a number of atoms, which
. remained up to the moment/torque of time t, then )
::i: N=N .e—T. (2.21)

e
e Pages 058 and 059.

I-\':
=
\-7 Differentiating equation (2.21) on the time, we obtain
NPt T 1
N oy
g )

}‘.24 or A=-AN and -A=A/N i.e. disintegration constant A is equal to the

S

:_;' activity A, divided into a number of radiocactive atoms.
'o.". : 3 3
AN Half-life period.

T
A9
,:v"'.
e .
i The period of half-life T is called the time, during which on .
-F\-
s‘ﬁ;-j the average decomposes half of all atoms of this radioactive
myed . )
::‘; material. .
ke
‘.'\.,
N ) Substituting the value 2N=N, in the equation of

o

. )

~ decomposition/decay (2.21), we obtain
T In2 _ 0,693
Iz T=F= (2.22)
By '

ﬂ
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0
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e

ot The periods of the half-lives of different known isotopes are
" within the limits from 10-7 s to 10!* years.

(O

-‘ ﬂ“ -

¥ . . . .

' Concentration of radiocactive materials.

¢:, The activity of the medium, which contains radiocactive

g :

AN materials, is measured by the units of the concentration of

-f?, radioactive materials in this medium. The units of activity, in
kﬁl reference to the unit volumes of medium, are the units of

'2} concentration. Such units they can be: curie to the cubic meter

o <:> (curie/m?®), the curie to a liter (Curie/l), a number of

) : ¢ '

7 decomposition/decays to a cubic meter (m-?), a number of

—'(':'l

Yo decomposition/decays to the cubic centimeter (cm-3), etc.

EN

£y

¥ As the concentration of radon (radon) are applied special units
J‘_‘4

Ca

.é‘ eman and by Mache (Mache's unit).

Al .

:-;-3 _ ~

i% l eman=1+10-!* Curie/1=1-10-" Curie/m?=3,67x10° decay/s-'m3=3.67
%

- decay/s-1l.

e

S

:'-:4

e One unit of Mache is the thousandth part of the ionizing
.. J
-

_$“ current, measured in the units of cgs ésu, which is created in 1
5

AN .

% O

fas
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T liter by the alpha-radiation of emanium with poly-ohm the use of a

Pt landing run of the alpha particles:

%y 1 Mache = 3.64 eman = 3.64-10" ' curie/m?.
S
Strictly speaking, the unit of Mache is not quantitative unit,

- although as the same it frequently is utilized.

Concentration also is measured in units stat per unit volume. 1
S " stat - quantity of emanium, which with the complete expenditure of
energy of radiation/emission for the ionization of air creates
-~ "t/saturation current in 1 unit cgs esu per seéond.
N -
pin 1 cgs esu=1/3+10° A, means 1 stat will create the current, equal
Y

to approximately/exemplarily 3.3-10°*° A.

it |
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Table 2.10. Relationships/ratios between the units of concentrations
(rounded values).
(O Hosusuomsn ma"“m'““ (3{.’“" W cupata )I“I#-ﬁz P{:l.‘ld-m m(l:’l’ﬂl“ mmMIA 'ﬁ"' ala “ﬁ""‘ ta
o] K(Tgu-xydmnl werp | @ ropu/ut ) 10-¢ 1 3,710t 3,7.100 [2,75.100 | 2,75.10¢ 1 2.76-10¢
! 3 '?&' - awrp ® xopu/a 108 1 3,7-10 3,7-100  |2,75-100 (2,78 10% 100 2.76-10°
N Pacsaa ma xySuveckudt matp K pacn./ub-cex | 2,7-10-41 | 2,7.10-% 1 10-0  |7,4-10-417,4.00-¢] 2,7-10-+ | T.4-10-¢
A Pa e aurp pacn./a-cex 2,7-10-¢ | 2,7.10-0 ‘100 1 7.4-10=417,4.10-¢) 0,27 7,4-10°¢
. CRY m xySusecxut werp | (D cmam/at | 3,64-10-7- [ 3,64-10-1 } 1,36, 100 13,8 | 10- 3.64 t
< “ Ciet a0 amrp @ cmam/a 3,64-10-¢ | 3,64.10-7 | 1,36.100 | 1,36-10% | 10 1 3,64:100 o
X ey (0 1 arrpe) an sman 10-? 10-  }3,7.100 3.7 0,215 {2,75.10* t 0,278
- £ Maze (s 1 darpe) | (39) aaxe 3.64-10-7 | 3,64-10-% 4 1 36.10¢ 13,8 t 10-4 s !
: Key: (1). Designation. (2). Abbreviation. (3). curie/m®. (4).
% Curie/l. (5). decay/m*+s. (6). decay/}-s. (7). stat/m>. (8). stat/1.
S (9). eman (in 1 ). (10). Mache (in 1 I). (11). Curie to cubic meter.
N (12). Curie to liter. (13). Decomposition/decay to cubic meter. (14).
.
N Decomposition/decay to liter. (15). stat to cubic meter. (16). stat
'% to liter. (17). Eman (in 1 liter). (18). eman. (19). Unit of Mache
4 (in 1 liter). (20). Mache.
&
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.\3 :
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QY )
-.3 1
v . . « e . . . .
o Table 2.11. Units of the ionizing radiations/emissions and
“ radioactivity in the jnternational system of the units of SI.
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(A
j‘t. Note. The extrasystemic units the measurement of rad, rad per
:ZijZf second, roentgen per second and curie are allowed/assumed to the
use/application in the USSR (GOST 8848-63); unit ned, ned per second,
\':{‘
NN rad and rad per second of cosmic radiation in the recommendations
s
o MKRE and GOST 8848-63 are absent.
A -
Ja
'.::: Key: (1). Designation of value. (2). Designations. (: One
2o :
;3;:- measurement. (4). Abbreviations. (5). by Russian let =. (6). by
_.j.i Latin letters. (7). Dimensions of units. (8). Dimensic.ality of
oy ,
A0 units. (9). Flow of ionizing particles or quanta. (10). Particle
.I-'.\.
N n (quantum) * to square meter.
-
'f.:
-f-_'.:‘_ FOOTNOTE !. They include: the a-particle, p-particle, neutron,
‘l.' N
N7 proton, the y-quanta of X-ray and gamma-radiation. ENDFOOTNOTE.
a-:'.
'-"* (11). part./m?*. (12). (1 particle)/(1 m?). (13). Density of flow of
"t ’ ’
ionizing particles or quanta. (14). Particle (quantum) per second to
;: ) square meter. (15). part./sem?. (16). (1 particle)/(1 s):(1 m?).
:'::Z; (17). m-%*-s-*, (18). Kinetic energy of ionizing particles or quanta.
NN . _ .
Y 46 (19). Joule. (20). J. (21). (1 n)-(1 m). (22). m*-kges-*. (23).
e Energy flow of particles (quanta). (24). Joule to square meter. (25).
.\‘
:5 J/m?. (26). (1 J):(1 m*)., (27). kges-?. (28). Intensity of
N )
N radiation/emission (energy current density). (29). Watts to square
5
.:;.: L
~n
>,
7
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:” meter. (30). W/m?. (31). (1 W):( 1 m?). (32). Transmitted energy

;j (integral absorbed dose). (33). Absorbed radiation dosage (radiation

dosage). (34). Joule to kilogram; rad. (35). J/kg; rad. (36). (1

5; J):(1 kg); rad. (37). m*-s-?*; rad. (38). Power of absorbed radiation
;?5 dosage (radiation dose rate). (39). Watts to kilogram; rad per

;:' second. (40). W/kg; rad/s. (41). (1 W):(1 kg); (1 rad):(1 s). (42).
;ff mi*es-?; rad+s-!. (42). Exposure dose of X-ray and gamma-radiation 2.
Y

. FOOTNOTE *. The unit of the exposure dose of X-ray and

}: gamma-radiation coulomo per kilogram, and also extrasystemic unit of
;E roentgens can be applied for the measurements of radiations/emissions
(ﬁ - with the guantum energy, which does not exceed 0.5 nJ (0.5-10°*?* J or
..’ approximately 3 MeV). ENDFOOTNOTE.

N

o

: (44). Coulomb to kilogram of air, roentgens. (45). C/kg; r. §46). (1
{E; k):(1 kg); (1 r). (47). kg~*' s-A; r. (48). Power of exposure dose of
TE; X-ray and gamma-radiation *. (49). Amperes per kilogram of air,

i.% roentgens per second. (50). A/kg; f/s. (51). (1 a):(1 kg): (1 Ry:(1 .
igf s). (52). kg~*+-A; Res-', (53). Exposure dose of neutron

?ﬁi radiation/emission *.

;g FOOTNOTE °. Ned (neutron unit of dose) it is recommended to apply for
?ﬁ, the measurements of radiations/emissions with the neutron energy from
:z 0.2 to 20 MeV and the thermal neutrons (GOST 8848-63 unit is not
ol
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determined). ENDFOOTNOTE.

(54). Weeks (coulomb to kilogram of tissue~equivalent material. (55).
ned; (C/kg). (56). (ned); (1 k):(1 kg). (57). ned; kg-* s-A. (58).
Power of exposure dose of neutron radiation/emissio@ . (59). Weeks
per second (ampere per kilogram of tissue-equivalent material). (60).
aels)

ned/s; (A/kg). (61). (1 +(1 s); (1 Aa):(1 kg). (62). ned-s-*;

kg-t<A. (63). Exposure dose of cosmic radiation *.

FOOTNOTE *‘. Rad of cosmic radiation (rad) - the exposure dose of
cosmic radiation (electrons and protons), which is equal to absorbed
energy 1¢10-% J (or 100 ergs) in 1 gram (1-10-* kg) of the crystal of

the sodium iodide, activated by thallium. ENDFOOTNOTE.

(64). rad. (65). Power of exposure dose of cosmic radiation. (66).
rad per second. (67). rad/s. (68). (1 rad): (1 s). (69). rad.s-*.
(70). Activity of isotope in radiocactive source. (71).

Decomposition/decay per second; curie. (72). 1/s; curie. (73). (1

decomposition/decay):(1 s); (3.7+10*° decomposition/decay):(1 s).

(74). s-*; curie.

1l stat=3.64+10"7 curie, while to 1 Mache =3.64-10"" curie/m?,
therefore, 1 unit of Mache is solution/opening concentration, with

which in each cubic meter of liquid or gas is located unit stat of
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the emanium:
1 Mache = stat/m?.

Table 2.10 gives the relationships/ratios between the units of

concentrations.

Output of particles (gquanta) and the source power of

radiation/emission.

For the quantitative characteristic of the sources of the
ionizing radiations/emissions fregquently is applied value - output of
elementary particles or quanta. Sometimes they call also it the
velocity of the emission of the elementary particles (quanta) or

source intensity.
Page 063.

This value designates a number of elementary particles or quanta of
this form, emitted by source beyond its limits per unit time, and can
be determined from the expression

n=2L, (2.23)

where n - output of elementary particles or quanta;
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Ni— number of particles of this form, emitted by source for the

time At. 4

!

As one output measurement of particles or quanta is accepted a ‘
number of particles per unit time, namely: neutron per second (n/s), ‘
proton per second (p/s); electron per second (e/s), gamma-quantum per i

second (y/s), or neutron per minute (n/min), neutron per hour (n/h),

etc. If these values fall per unit of solid angle, then unit of

measurement will be a number of particles per unit time to the

steradian, for example, gamma-quantum per second to steradian

(y/s-sr).

The sources of the ionizing radiations/emissions are also
characterized sometimes by the specific 6utput of particles (quanta),
by which is understood the ratio of a number of this type of the
particles (quanta), emitted by source, to the activity of isotope in
the radioactive éource (for the radioactive sources) or to the
current of the charged/loaded particles, emitted to the target (for

the accelerators).
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] Table 2.12. Units of the ionizing radiations/emissions (in the system >
'/-4
- CGS, extrasystemic or special). ?
'~ -
L . ' (A} 8 cmremn CI'C H Q’j BoocacTvumme a0 . 4¢Unaasame .‘
P [}] (:’ 9 V sunme UBOIReERE
- Haausustsuss scannum » o """"* (hgn,nnu- . @ ;-_ = - @
\ :::':..“ Lte) o rasepens pycraunn YT I “"mu::-s'jﬁu-..
BuME |40 TN na| (Y "1} Oys sama -
A sasmwa | Sysesma
": m‘:’-’ sowssupynuss 'hwm -(-‘32 b ! | el 0 &7 oy (wo‘ﬁ'm- - -t | Avimi i o
~" WiTay ase ShawvOe (ngur) - hary e om? ned Tpemos)
.- S804 peTaNE
- CaltrnueTp
‘:.; HL'-"‘ aovwss ssne- ac Tania agm. ! m“'f‘f‘-_ s {voas0 ix,umr- - an [T TR T
sapysinas  wered 68w | (mmsari 8 o | oo —onms | WP u-0ant agvy gumae well v
Bsanvas Aynay na “os)
. i‘:-:-v-nl ’ “
bl
- by am %
- Kusetuvecsen smcprun m}y " oy ot 107 49 | Bgnaypoubant o), o T somif:10°% gon
- —SuapymIMSE wCTHY 88 )
" s 2 T ORGS T . 3 )
:. .2"- WMOPrBE  WETHR ::. .‘.:“- .TZ' ':.L.'.' -I‘.o -c:":-' | I-n'p-%v':"‘ CI%_ _‘-%_ u:.'o'rhl.l-lf-u--ﬂ
WA | Y 55 -
H . e i ] -¢a"Y- dew” un T e cee an .
N C === Fieml e |k | RETE RpTRL | Ta | 2 | Tasma
-’ TVOY I —rx
:.: ::-un- Soeprns (o )y, su- -y spoml W b Fran i e a-red | ¢pademitrs 4o
-:l — e o m—'—? LL | i ers Pra res rad | padet. - tu-ars
Monuecrs  sersugensol 31-'. '-‘«lyny -:Ki'iﬁ -y 1 ('2)1"'“'"" MNas cm ) P red 56), . canm
: Mayernss (NOIEOSTS e rpasis T ) Y =i am-a8™ e _. |.¢-.~|
0) —(FL S ) I oY
's: Sucansanuoumss  sose | Exnuwus spar| Crca - ‘ ICIChy o h-;:'-) ’ ’ ?m' pa——
::‘ PoNTIONsEEEOIO § rese- nrc'll'f-s - M—_.-‘ _+_m gong
. —y— 1z —von—— —prey
.’_'. ) Masipee®  SOBOMMNSON- ln&gcus oo d'c_s’l - |ICFCh, oo h—(nﬁm lf}_ ’ | peoarmllpl. W0 oo™
! -—m‘.-“ n‘r‘ny ua rpatn &'cgl --*.lﬁ P ) -
. Toss €3 u (-_-_)
- TNy T75) T
. Anstesst snesasay - - - - --'m';';‘ ""‘z"’ rom -— R by
. . oo
L Key: (1). - mation of value. (2). In system CGS. (3). One
]
b measureme-.. . . Abbreviations. (5). by Russian letters. (6). by
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Latin letters. (7). Relationships/ratios with SI units. (8). No key.
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quanta. (11). Particle (quantum) to square centimeter. (12).
- part./cm?. (13). (only for neutron flux). (14). Density of flow of

ionizing particles or quanta. (15). Particle (quantum) per second to

3 . square.centimeter. (16). part./s-cm®. (17). 1 cm~2*+s5-*=1+10* m-%.5°*,

é (18). (only for neutron flux density). (18a). 1 nv=1-10°} m';-s".

" - (19). Rinetic energy of ionizing péfticles or quan£a. (20). Erés.

Eg (21). 1 3rg=1-10"" J. (22). Electron volt. (23). ev. (24). 1 eV

EE =1.6-10"** J. (25). Energy flow of particles or quanta. (26). Ergs to

& square centimeter. (27). erg/cm?®*. (28). 1 erg-rcm-*=1:10"° Jem-?2.

-é (29). Electron volt to square centimeter. (30). eV/cm?. (31). 1

;S eVecm-2=1,610"%% Jem-2?, (32). Intensity of radiation/emission

f\ (:> (energy current density). (33). Ergs per second to square centimeter. i

’3 (34). erg/s-em*. (35). 1 erg-ém'fos"=1-10" Wem-?. (36). Electron

:: volt per second to square centimeter. (37). eV/s.cm?®. (38). 1

- evecm-?=1.6-10"*% Jem"?, (39). No key. (40). Transm{tted energy

bg (integral ébsorbed dosé)a (41). Grém rad. (42). g-rad. (43). 1 3

vg g-rad=10-*% J. (44). Absofbed radiation dosage (radiation dosage) .

:; (45). Ergs to graﬁ. (46). erg/g. (47). 1 ergeg-*=1+10-* J-kg-*. (48). ’

% rad. (49). 1 rad=1.10-° J'kg“.h(SO). Power of absorbed radiation :

j? . dosage (radiatioﬂ dose rate)iy(Sl). Ergs per second to gram. (52). j

‘ erg/s-g. (53). 1 erg-g'*-s"=lold;‘ Wekg-!. (54). rad per second. ;
(55). rad/s. (56). 1 rad.s-*=1.10"? W-ké‘*. (57). Exposure dose of 1

3 X-ray and gamma-radiation. (58). Unit charge cgs esu to gram. (59). i

e g. (60). *g~'=1/3+10"* C-kg-'. (61). Roentgen. (62). r. (63). 1 3

£

‘i .

;.'4 }
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R=2.58+10"* C-kg-*. (64). Power of exposure dose of X-ray and
gamma-radiation. (65). Unit charge cgs esu per second to gram
(abstatampere to gram). (66). cquw/g-ss cqscw/g) (67)tcg$ esvy”
-g“-s“=l/3-10" Aokg“. (68). Roentgen per second. (69). p/s. (70).
1 Res~*=2.58-10"* A kg-*. (7i). Dose equivalent. (72). Rem
(biological equivalent of rad). (73). rem(rem). (74). Dosé in rad,

multiplied by appropriate factors.
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The intensity of the emitted by source energy via elementary
particles (quanta), i.e., the energy content, emitted by source per

unit time, is called the source power of radiation/emission.

The source power of radiation/emission is equal to the product
of the output of the elementary particles (quanta) of sources to
their energy and is measured in the energy units per unit of the
time: joule per second (J/s, W), mega-electron-volt per second 1
(MeV/s), calorie per second (cal/s), etc. For example, the power of
nuclear reactor is measured in the watts, the kilowatts and the

megawatts. ﬂ

2.5. Relationship/ratio between the physical quantities of those

ionizing radiations/emissions.

el Sl BN
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During the determination of physical quantities are applied, in
fact, all basic and supplementary units the measurement of the 13

international system of SI, and also derivatives of these units.

v
AL
elanalalald

]

. K
R In the practice at present it should be used only ones the q
measurement of the international system of SI, established/installed H

by appropriate state standards [6, 16, 28].

In this paragraph (tﬁble 2.11-2.12) gives some

relationships/ratios between the units of the international system of

s

AN SI and other measuring systems, most frequently used during the

=,

determination of ones the measurement of the ionizing

radiations/emissions.
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Page 67.

3.POSSIBLE CONDITIONS OF OPERATION OF ELECTRONIC EQUIPMENT AND ITS

COMPLETING ARTICLES IN FIELDS OF THE EFFECT OF IONIZING RADIATION.

Radiation operating conditions are determined by the forms of
radiations/emissions and by the physical parameters of the fields of
these forms of the ionizing radiations/emissions (by intensities of

radioactivity).

The knowledge of the possible intensities of radioactivity
(flows and the densities of glows, doses and the radiation dose
rates), which can act on equipment, is made it possible for engineer
correct to select the completing articles, materials, circuit
soiutions and design concept, to establish/install the location of
equipment on the object and if necessary to take measures for the

protection of equipment or its separate elements/cells.

The possible sources of the ionizing radiations/emissions and

the radiation fields, created by these sources in the zone of the

work of radio-electronic equipment, are examined in this chapter.
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3.1. Sources of the ionizing radiations/emissions.

‘ The sources of the ionizing radiations/emissions can be natural

and artificial.

They are the natural sources of the ionizing

radiations/emissions:

- natural radiocactive materials, which are located in the

minerals, to water and to the Earth's atmosphere;

- natural (internal and external) Earth radiation belts;

- rays/beams of galactic origin;

- solar rays/beams and radiation/emission during the solar

flares.

Page 68.

Furthermore, to the natural sources of the ionizing

radiations/emissions should be related the flows of corpuscular and

LI
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~ quantum radiations/emissions, which appear as a result of interaction
“
e
g of the rays/beams of galactic and solar origin with the atoms of the
~..’
atmosphere.
%
A
2% e e
R As the sources of artificial radiation it is accepted to
\}
\ consider: .
-
R
7. . .
‘. - nuclear (atomic) and thermonuclear explosions;
;j .
o - sections of radioactive contamination of locality/terrain,
'.\
o which appear during the ground-based (above-water) and air (surface)
u - nuclear explosions; .
\‘.\
e
.:,".
7. ces s C o .
e - artificial space Earth radiation belts, which are formed
o during the high-altitude (beyond the limits of the atmosphere)
L
lN .
> nuclear explosions;
[ <,
- ]
= - nuclear reactors, used in different energy and power plants; . !
o~
S; ]
o - different sources of artificial and natural radioisotopes. ;
7. e e L
W The sources of the artificial radiation, in the radiation field
o':
s of which can prove to be radio-electronic equipment and its
@ . : : :
— completing articles, are also different kind the accelerators of the
S
L
‘A
o
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charged/loaded elementary particles and nuclei of chemical elements

STy R

and pulse nuclear reactors.

Radio-electronic equipment can undergo the action of one or
several forms of natural or artificial radiations/emissions. Thus, to
the equipment of space objects can act the space ionizing
radiations/emissions of all forms. Radio-electronic equipment of
rockets and space satellites can undergo the effect of the pulse
radiation of nuclear or thermonuélear explosion in space or at the
high altitudes in the atmosphere. Equipment of flying units, space
vehicles, atomic ships and other types of technology with the nuclear
power and power plants is exposed to irradiation by the continuous
prolonged radiation of installations. The radiation/emission of the
artificial radiation fields, created by high-altitude nuclear
explosions, also can act on the equipment of rockets and different

kind of space objects.

Page 69.

The ionizing radiations/emissions of natural and artificial

R
RIS T St

Earth radiation belts, solar flares, nuclear and thermonuclear

> '-)

explosions and nuclear energy and power plants [2] present the -

greatest danger to the radio-electronic equipment.
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To the radio-electronic equipment, arranged/located on the
surface of the Earth, virtually exert influence the ionizing
radiations/emissions with the low density of flow (with dose rate),
which consist of the cosmic ray particles and radiation/emission
naturally of those distributed of soil and atmosphere of natural
radioactive materials (rhodon, the decay products of uranium,
actinium, thorium, radium, substances, which contain potassium,
etc.). The intensity of radioactivity (natural radiation background)
created by them does not exceed 100 mrad per annum (¥able 3.1), i.e.,
it is considerably lower than the radiation dosages (on the order of
10¢ rad), during irradiation by which are observed noticeable changes

in the electrical parameters of radioelements.

During the determination of the conditions for the work of
radio-electronic equipment in outer space, as a rule, do not consider
those forms of the radiations/emissions, which do not create
essential intensities of radioactivity within the space object or
after the available protective coating. To these forms of
radiations/emissions is carried solar low-energy corpuscular
radiation (the corpuscular fluxes and the solar wind, the containiﬁg
protons with the energy less than 10 keV and electrons with the
energy to 10 eV) and constant solar radiation (protons with the

energy to 1 keV and electrons - to 1 eV).

- - . . -
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Table 3.1. Power of the exposure doses of natural radiation on the

surface of the Earth [1].

Zl’ M = BECTICIH LI N~
HeTOMHMKH usnydenun onaol ‘&l upadlecd
(3 Kocunueckne ayun  (ua 23
8He MOpPA Y 9KBATOpY)
(X?lgloqau:
BYJAKAHHYECKOrO [POHC- 66
4y SOMACHHA
)rnuuucrun caaken 63
MeCIanrK 28
W3BECTHAK 11

Key: (1). Radiation sources. (2). Power of exposure dose, mrad/year.
(3). Cosmic rays (at the level of sea in equator). (4). Soils. (5).

volcanic origin. (6). clay shale. (7). sandstone. (8). limestone.
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Also are not considered the emitted by the Sun X-rays, the neutrons,
given birth to by cosmic rays, and the diffuse reflected protons, the
densities of flows of which are small in comparison with the flows of

protons and electrons [2-4].

The sources of the ionizing radiations/emissions examined can be
characterized by a number of radioactive decay per unit time (by
units of activity) or by an output of the ionizing particles. As the
units of measurements, which characterize intensities of

radioactivity, during the estimation of the conditions for the work
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of radio-electronic equipment and its completing elements/cells it

should be applied:

- for the neutron radiation/emission - flow and neutron flux
density with the energy are more than 0.1 MeV; in certain cases are

considered the slow neutrons;

- for the quantum radiation/emission - exposure dose and the

power of the exposure dose of X-ray and gamma-radiation;

- for the cosmic radiation - exposure dose and the power of the

exposure dose of the space ionizing radiation/emission.

The determinations of the enumerated forms of physical
guantities, one their measurements, established/installed in

accordance with the international system of the units of SI, and

scaling factors between ones in different measuring systems are given

in @Qhapter 2.

3.2. Penet -~ting radiation of nuclear explosion.

Characteristic of the damaging factors.

Nuclear weapons of explosive action is based on the use of

.‘L"“QA"J'. 2 ‘2 s s
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intranuclear energy, which is freed/released in the presence of the
nuclear reaction of explosive character. The basic damaging factors
of the airburst of nuclear and thermonuclear weapons, which affect
the radio-electronic equipment, are shock wave, luminous radiation

and penetrating radiation.

The parameters of the damaging factors of nuclear explosion and
their effectiveness depend on the following properties of the
eﬁvironment: temperature, pressure, density and composition. For the
airburst the effectiveness of action, first of all, is determined by

the density of air medium, i.e., it depends on the height/altitude of

/"\.
A point of impact.
Page 71.

Shock wave (50% of entire energy of nuclear explosion) is the
main damaging factor during the air (surface) and surface bursts. Its
destructive effect is determined by overpressure in the shock wave
front, whose effectiveness from the decrease of atmospheric pressure
(with an increase in the height/altitude of point of impact) falls
also in effect it will be absent under the space conditions.

Radio-electronic equipment can go out of order at the

I overpressures in the shock wave front from 0.15 to 1 kg/cm?
L ,
e et e e e T ]
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(1410°-1+10* kg/m?*) [5]. On the average it is accepted to count
overpressure 0.35 kg/cm?® by dangerous for unprotected

radio-electronic equipment [6, 71].

The luminous radiation of explosion, which is the flow of the
g' ultraviolet, visible and infrared rays, during interaction with the
materials of the elements/cells of equipment can substantially change
fi their physical properties. Such materials, as organic glass,
‘ pélyethylene, teflon, cellulose, bakelite, insulating coatings of
cables, and other materials and articles made of the organic matter

under the effect of luminous flux on the order of 60-70 cal/cm?® will

=~

{ A be fused and grow dark, and with the large flows some of them can be
ignited [S, 6]. It should be noted that the majority of materials and
radioelements of equipment, as a rule, are sheltered from the direct
effect of the luminous radiation of explosion by different screens
{jackets/cases/housings of the units of equipment, the housing of
object, etc.), and damaging effect of luminous radiation
significantly is weakened/attenuated. They consider that under the
influence of light impulse/momentum/pulse 100 cal/cm? the failures of

radio-electronic equipment can occur. This impulse/momentum/pulse is

A'- ‘- ‘.. ‘l ‘l

observed at the distances of the order of several kilometers during

L AN

the high-altitude nuclear explosions of large power.

CYCANEN

The ionizing radiation/emission of nuclear explosion is the flow

RIS 5%
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of y-quanta, neutrons, B-particles and small quantity of a-particles.
Almost all neutrons and part of y-quanta are emitted in the process
of division. The neutrons, which are formed in the process of
division, interact partially with the atomic nuclei of different
materials, which are the component parts of the construction/design

: of ammunition. These processes are accompanied by the

radiation/emission of y-quanta.
Page 72.

Furthermore, the part of the neutrons, which flew out from the zone
of fission reaction or synthesis, interacts with the nuclei of the-

substances of the environment, forming y-radiation.

Gamma-quanta and B-particles are emitted during certain period
of time as a result of radiocactive decay of fission products. In the
process of radioactive decay of the nuclear fuel (uranium,
plutonium), which was not subjected to division during the explosion,
occurs the radiation/emission of y-quanta. Usually in view of a small
mean free path a- and B-particles they disregard their action on the

equipment, and so-called, penetrating radiation consider that the

basic damaging ionizing radiations/emissions of nuclear explosion are

the gamma- and neutron radiation/emission,

.‘":l‘.-.‘:.'.' X
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During the air (surface) and ground-based nuclear explosions the
- densities of the flows of penetrating radiation at those distances,
where the shock wave renders inoperable the unprotected
i radio-electronic equipment, in essence, are safe. But with an
-
- increase in altitude of explosion penetrating radiation acquires

increasing importance in the damage/defeat of equipment. During the
explosions at the high altitudes and in space the basic damaging

factor becomes the impulse/momentum/pulse of penetrating radiation.

(See Chapter 4) it follows from the data on the durability of
and
the elements/cells A of radio-electronic devices/equipment under the

[N W- ‘- 4

Foy

conditions of the effect of the gamma- and neutron radiation/emission

that equipment can give failures with the neutron fluxes 10%¢-10%"

& Y -”‘l&t

n/m?, the power of the exposure dose of y-radiation 10’ rad/s and to

the exposure dose of 10*® rad and more. A change in the parameters of

xz
-

ﬁ elements/cells and equipment can occur, also, at the smaller values

e

¢

- of the flows of penetrating radiation. For determining the radii of

: the lethal areas of radio-electronic equipment as the criterial .

21 values of radiation fluxes are accepted the following [6-8]:

y

4 10*’ n/m? - from the neutron flux;

~

.

™ 10¢ rad - on the exposure dose of y-radiation;

4
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10" rad/s - according to the power of the exposure dose of

y-radiation.

Fig. 3.1 shows radii of the zones of action of the damaging
factors of nuclear air burst (at the level of sea) in the dependence

on the TNT equivalent.
Page 73.

The expected power coefficients of exposure dose, neutron flux, heat
flux and exposure dose at different distances from the burst center
of megaton nuclear charge are given in Fig. 3.2. Horizontal dotted
line indicates, at what values of the parameters of the damaging

factors the equipment will malfunction.
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;? Fig. 3.1. Radii of the lethal areas of radio-electronic equipment

:ﬁ; depending on the TNT equivalent of nuclear charge for the criterial

.' X . .

g values: y-radiation with the power of 10’ r/s (2, 3); the luminous

ii flux in 100 cal/cm? (1, 4) and shock wave with the overpressure in .

o the front 0.35 kg/cm? (5).

'fl Key: (1). The TNT equivalent, kt. (2). At the level of sea (in air).
-~

e (3). Radius of zone, km.
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Fig. 3.2. Change in parameters of damaging factors of nuclear

explosion with power of 1 Mt. in dependence from distance to burst

center.

Rey: (1). r/s. (2). n/m*. (3). cal/cm?. (4). Power of exposure dose.
(5). Neutron flux. (6). Heat flux. (7). Exposure dose. (8). Threshold

values. (9). Distance, km.
Pége 74.

It is evident from given in the figures data that the greatest
danger to the radio-electronic equipment they present the radiated

&
power of y-quanta and neutron flux. The quanta of y-radiation are

spread with the speed of light, reachi;g the differently distant
points of the surrounding space almost simultaneously. The neutrons,
which are isolated simultaneously with y-quanta, have lower speed;
therefore first of all the point of space in question will achieve
vy-quantum, and then neutrons. Among the neutrons more rapidly pass
the assigned distance the neutrons with the topmost energy and lastly
slov neutrons. The gqualitative picture of a change in the neutron

flux density and y-quanta in the fixed point of space is represented

in Fig. 3.3.

Consequently, in proportion to the propagation of the
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penetrating radiation/emission of nuclear explosion in the space the
separation of gamma- and neutron radiations/emissions in the time
occurs. Therefore, taking into account also different character of
o interaction of gamma-quanta and neutrons with the materials, during
AN the determination of the radiation durability of radio-electronic
equipment one should examine separately effect on the equipment of

- gamma- and neutron impulses/momenta/pulses.
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Fig. 3.3. Change in the neutron flux density and y-quanta (or the

s rate of the dose of y-radiation) at certain removal/distance from the
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e center of nuclear explosion.

¥ Rey: (1). Density of flow. (2). Gamma-quanta. (3). Neutrons. (4).

Characteristic of the impulse/momentum/pulse of y-radiation.

During the nuclear explosion are formed three forms of the

y-radiation: instantaneous, trapping and fragmentation.

Directly during the nuclear explosion during the tenths of

microsecond the emission of instantaneous y-quanta occurs. To one
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;z fission is emitted about 7y-quanta with the general/common/total

i%% energy of approximately/exemplarily 7.8 MeV. Medium energy y-quantum
o is equal to approximately 1.1 MeV [9, 10]. The spectrum of

fi v-radiation at the moment of division is represented in ¥Table 3.2.

oy

15

- Instantaneous y-radiation is the main source of the high rate of
;ﬁ the dose of y-radiation, but its role in the formation/education of
?E dose is small.

iﬁ ' Trapping y-radiation appears due to capture reactions of fission
';F A neutrons. It includes the y-radiation, which is formed during the
é - inelastic scattering and neutron capture by the nuclei of the

Ei envircnment, and the y-radiation of the radioactive nuclei, which

Ei appear in the presence of the reaction with the neutrons. Capture

_4 reaction of neutrons by nitrogen of air is one of the basic sources
iﬁ of the y-radiation of airburst.

.
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Table 3.2. Spectrum of instantaneous y-radiation.

OJ ‘(lc(l);)rlunmo 0 Yucaa 1-XBsNTOS °
Omaiasou sweprun; na OAKN «kT gesc{ JManasox sweprun,| Ba OAMM AXT Ae-
Mae HUR B JAMNOM Mae ACKME B AANNOM
HuTEpBA/LR MNPl MMTEDALIS SMEDINR
0,256—0,76 3,1 3,76—4,28 0,085
0,76—1,28 1,8 4,28—4,78 0,024
1,256—1,78 0,84 4,76—8,28 0,019
1,76—2,25 0,56 5,26—-85,75 0,017
2,25—2,75 0,29 5,756—6,26 - 0,007
2,75—3,25 0,15 6,25—6,75 0,004 -
3,26—3,75 0,062 - -

Kéy: (1). Range of energy, MeV. (2). Number of y-quanta to one

fission in this energy range.
Page 76.

To one absorbed in to air neutron it is 0.64 MeV of ehergy of

y-radiation. The medium energy of trapping y~radiation is equal to 6
MeV. The hard/rigid part of the energy spectrum of the y-radiation of
capture reaction of neutrons by nitrogen of air is given in ¥able 3-3

(9l.

The time of action of trapping y-radiation is determined by the
lifetime of neutrons, which in air comprises fractions of a second.

Intensity and density of the flow of trapping y-radiation, in

essence, depends on it is density air (quantity of nitrogen),

o Bl ot
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quantity of neutrons, which are freed/released during the explosion,

and the composition of structural materials.

During several seconds (10-15 s), beginning from the
moment/torque of explosion, in the volume about the burst center the
fission products, which give fragmentation y-radiation, are formed.
Radioactive fission fragments have half-life periods of up to several
years. The medium energy of the quanta of fragmentation y-radiation
in the first seconds after explosion is equal to
approximately/exemplarily 2 MeV. The radiant density of fission
fragments decreases sufficiently rapidly in the first seconds after
explosion due to the decomposition/decay of the short-lived
(low-lived) isotopes, subsequently density change occurs more slowly.
The dose rate, created by fragmentation'7—radiation, are considerably
lower than the dose rate, created by trapping and, all the more, by

the instantaneous y-radiation of nuclear explosion [9-11].

The general/common/total flow of y-quanta in outer space depends
on energy (power) and design features of nuclear charge and can be
calculated according to the formula

o =£’F, (3.1)
where N - total number of y-quanta, which left beyond the limits of

the shell of nuclear charge in the process of explosion.
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Table 3.3. Radiation spectrum N!'* (n, v) N'* (hard/rigid part of the

spectrum).

3uep('lu);uaura. 44815295355 [6327(716]7%]8°8 = 9,16 | 10,82
Mo#

(J") ' v 9 o7 ] R 0,1
OrhocuteasHas | 18,3130,502,44]12,210,6 | 4,9 2,4]0,6 |6,

UIOTHOCTD NOTO-
Ka Y-KBaHTO8, %

Notes.

l. 45% of energy of hard/rigid part of spectrum are connected

with quanta, which have energy 5.3-6.3 MeV,

2. 15% of energy are connected with quanta, which have energy of

more than 7 MeV., .

RKey: (1). Quantum energy, MeV. (2). Relative density of flow of

y-quanta, %.
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Using formula (3.1), let us calculate the possible power of the
exposure dose of instantan2ous y-radiation at a distance of 10 km
during the explosion of charge 9 kt. During the nuclear explosion by

energy 1 kt occurs the division 1.45x10%° of nuclei [5]. To one

nuclear fission approximately 1.1 MeV (general/common/total energy of
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vy-quanta is equal to 7.8 MeV) are emitted on the average of 7 quanta
of instantaneous y-radiation with the energy. Consequently, in all
during the explosion 1 kt of ammunition it will be isolated
approximately/exemplarily 1-10°* quanta and general/common/total
energy of instantaneous y-radiation will be equal to approximately

1.1x10%*  MevV. )

Assuming that only 1% of instantaneous y-quanta exceeds the

limits of the shell of nuclear weapon, then for explosion of 1 kt the
energy flow of radiation/emission at a distance from the burst center .
R will compose

1,1-10m
F o~ MeV/cm?,

The dependence of exposure dose on the energy flow of y~-guanta q
!

is determined by the expression

D, = 1,46-10-*ssF, p, (3.2) .

L

where p,=8.10"% c4~* - linear coefficient of absorption of y-quanta in . H

air. ,

L

After substituting into formula (3.2) value of F, we will obtain !

1. 100 '

D=, (3.3) J

where D - in the roentgens, and R - in the meters. ;
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= The power of exposure dose for the duration of pulse 10°’ s and @

Ii 1 kt of charge will be respectively equal to 2
1101 1

-:. P_': T’—'

2 but for charge q kt .

-

. =4, T/S. (3.4)

13 Page 78.

e .

‘% It is easy to be convinced, after producing the appropriate

calculations that the power of the exposure doses of trapping and

.
s
B
7
\
~ 7/

fragmentation y-radiations will be considerably less.

% During the explosion of atomic ammunition in air the power of
2 exposure dose and exposure dose will be less because of the presence -
:ﬁ of the effects of absorption and scattering. General formula for :
*i calculating the exposure dose of y-radiation takes the form |
\ . R !
A Y !
;: where K - factor, which considers energy (power) of explosion and §
o shock-wave effect; :
¢ E
. A
f; Ay - effective absorption path of energy of y-radiation, i.e., the
'; distance, at which the dose of y-radiation is weakened/attenuated
1
SR e=2.718 times. .
AR 3
L, b
o -5
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The effective absorption path of energy of y-radiation with the

decrease of air density increases, namely:
Pe
1[-’:10—?"_'
where A, and iy - effective absorption paths of radiant energy in air

with a density of p, and px (at height/altitude H) respectively.

For fragmentation y-radiation ies=300 m, and value K=1.4-10"
g(1+0.2°¢*), where 1+0.2°é5K' - coefficient, which considers the
factor of cavity !. Consequently, the exposure dose of fragmentation

y-radiation can be calculated according to formula (9]

M Rp
300

Doex=14-109 (14+0.24°*) & (3.6)

where g - in the kilotons, R - in the meters, p - air density in the

kilograms to the cubic meter.

FOOTNOTE :. The factor, which shows, in how often the dose rate in
the presence of shock wave of more than dose rate at the same moment
of time, but in the absence of shock wave, it is called the factor of

the cavity of dose rate. ENDFOOTNOTE.
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:;3 For trapping y-radiation A,qe=410 m, and value K=5-.10*, since

Sgi this radiation/emission has the harder/more rigid spectrum and acts

_{ during 0.2-0.3 s, when shock wave cannot virtually affect the

Ei: : propagation of y-quanta. Consequently, for the trapping y-radiation

_Ef the calculation of exposure dose can be obtained from the formula

S ) Dy= r)—.}gi" e —:—;.- (3.7

ég Instantaneous y-radiation has softer energy spectrum in

'é‘ comparison with the trapping and fragmentation radiations/emissions,
and therefore the value of value ¢4 will be less than 300. A number
of y-quanta of instantaneous radiation/emission during the explosion
of nuclear weapon is considerably lower than the total number of

o trapping and fragmentation radiation/emission. Thus, for instance,

E% during the first minute after air or surface burst a quantity of

iﬁ delaying and .rapping y-quanta proves to be 100 times more than a

;E quantity of instantaneous y-quanta, which form part of the nuclear

Eg radiation, observed at the same distance from the burst center (5].

ﬁs However, the density of the flow of instantaneocus y-quanta, in

. connection with the short time of their radiation/emission (10-’ s),

E;& will be, apparently, several orders '._,.aer.

N

;3: Thus, during the explosion of charge the rate of the dose of

;g{ y-radiation will be determined by instantaneous ones, and total dose

:;; - by trapping and fragmentation y-quanta. )

3

o
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o Neutrons are the second component of penetrating radiation of
;&I nuclear explosion. The characteristic of the impulse/momentum/pulse
of the neutron flux of nuclear explosion is given below.

Characteristic of the impulse/momentum/pulse of neutron flux.

The neutrons, which are formed during the nuclear explosion, are

subdivided into the instantaneous ones and delaying.

Furthermore, certain part of the neutrons is freed/released as a
result of the effect of y-quanta, which possess high energy, on the
nuclei of the substances, which form part of nuclear weapon. These

neutrons compose the negligible part of their total number and

therefore their contribution and general/common/total neutron flux

can be disregarded/neglected.

Page 80.

,\‘.” .
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zyﬁ: Prompt neutrons are formed directly during *he nuclear explosion
N as a result of the course of the nuclear chain reactions of division
5f? and synthesis. In their portion fall more than 99% entire number of
Y : . . :

e forming during the explosion neutrons. The time, necessary for the
e

A

;5{ course of fission reaction, comprises the tenths of microsecond [10].
0!
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'&j Prompt fission neutrons have energy in the range from the

thermal (0.025 eV) to 14 MeV, average/mean value of energy equally

-,

approximately/exemplarily to 2 MeV. The differential energy spectrum

‘s

g
CEE
Aok A ol Ausind. ' .

of prompt neutrons during the division of uranium-235 by slow

neutrons in general form is determined by following expression [10]:

) WO

' N (E)dE=Y L (sh(@E)™ e ~F dE, (38) §
* 3
ﬁ where N(E)dE - number of neutrons with the energy E in the energy a
; range from E to E+dE; ﬁ
) ) |

3

- :-4

E - neutron energy, MeV.

oy
LA

-
R
-
}
-

T In energy range from 4 to 12 MeV differential neutron spectrum

can be calculated of the following simpler correlation:
 N(EVAE = 1,462 4E.

PERIPLII IR I « .
PR O BF U0 U WYY PR INSVE N N Y PR

Iy
.

Graphically the fission spectrum of uranium-235 and plutonium=-

,i 239 is represented in Fig. 3.4 [12]. Basic part of the spectrum

5 .

<

£ compose fission neutrons with the energy several mega-electron-volts.

N ’
.- The portion of neutrons with the energy 10 MeV and is more :
E insignificant (in the figure not shown). ;
- - :}
¥ '

Besides the prompt neutrons are formed the delayed neutrons,
which are emitted as a result of the process of decomposing/decaying

fission fragments with the half-life period from 0.4 to 55.6 s. The

W g e .
P O

medium energy of delayed neutrons is equal to

OO | -4 Wl SLMIND § -4
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approximately/exemplarily 0.4-0.6 MeV. The portion of delayed
neutrons in the general/common/total neutron flux of nuclear
explosion during the division of uranium-235 composes 0.73%, and

plutonium~239 composes 0.36% [10, 11].

As already mentioned above, the velocity of propagation of
neutrons depends on their kinetic enerqy; therefore an increase in
the duration of neutron pulse occurs with the removal/distance from

the burst center.
Page 81.

In the simplest case, when the absorbing medium is absent, the shape
of neutron pulse depends from the distance to tﬁé burst center and
initial impulse/momentum/pulse of neutron radiation/emission and can
be described by following expression [13]:

p=2200F" v (g), 3.9)

where ¢ - neutron flux density at the moment of time t, n/s-m?;
N(E) - the spectral density of emitted neutrons during the explosion;
E - neutron energy, evV.

The time, in which the neutrons will achieve the point of space

.....................................................
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indicated, and their kinetic energy at this point can be determined

from the relationship/ratio

t=R[1,38-10'£'"*- s, (3-10)

where R - in the meters, E - in the electron volts.

S A
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g Simultaneously with a change in the shape of neutron pulse
“‘ occurs its delay relative to the impulse/momentum/pulse of the .
N y~-radiation (see Fig. 3.3), which for the case of the absence of the
‘.'-l
f-}_f absorbing medium can be determined according to the formula
a:.‘-
W 1 t
T At = — —— ], 3.11
@A R( 1,38 108 ¥ Evane ¢ ) ( )
..--. ; _
A
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where Fuwe - Maximum energy of the emitted neutrons;
¢ - speed of light.

In the presence of the environment the duration of neutron pulse

- and time lag will grow/rise.

In spite of the elongation of neutron impulse/momentum/pulse,
during the practical calculations of the effectiveness of the action
of neutron flux on the radio-electronic equipment one should examine
neutrons as common group with the specific energy distribution,

independent of distance of the burst center.

The flow construction of neutrons depending on the explosive
energy, distance and atmospheric density can be produced from the

following relationship/ratio:

Ou= e ", (3.12)

where K - coefficient depending on the explosive force and effect of }

wave;

An - effective attenuation length of neutron flux, i.e., the

distance, at which ®. is weakened/attenuated in e=2,718 times; for

air with the density, which composes 0.9 its density at the level of

1
d
N sea, A=190 m [5]. ?
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Assuming that the neutron flux is directly proportional to
explosive energy and does not depend on shock-wave effect (distance
;i; from the burst center), then it is possible to calculate it (for the
Zi} atmosphere p/p,=0.9) from the formula

R
o~ 7.5.100 "iag
ot mnas~75~le , neutron/m?,

where q -trotyl equivalent of charge, kt.

+ L

- Page 83.

Al
e f’

{ At other heights/altitudes

o Rp

N 75.108¢g 170
<p~—'5—R';ue neutron/m?.

L

Al
~<.'. -

Neutron fluxes at different distances from the burst center of

‘-\-‘u‘r"
-

-

ammunition 1 Mt. in space are shown in Fig. 3.2.
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Thus, the levels of penetrating radiation of nuclear explosion,
which can act on radio-electronic technology, will depend from the
explosive energy, height/altitude of explosion (ambient density),

distance to the point of impact and vulnerability of equipment.
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According to the recommendations, expressed in work [6], on the
basis of a comparative evaluation of the effect of the damaging
factors of nuclear explosions at the level of sea and in space,
radio-electronic equipment can undergo the effect of the following
levels of the impulse/momentum/pulse of penetrating radiation: the
exposure dose of y-radiation 10-*-10°¢ r for the duration of pulse
10-*-10"* s, the power of the exposure dose of y-radiation 102-10%°

r/S; neutron flux 10*°®*-102° n/m? for the duration of pulse 10-*~10-°¢

s, the neutron flux density 10%3-10%? n/s-m?’.

3.3. Radiation conditions, created by nuclear installations, in the

places of the arrangement/position of radio-electronic equipment on

‘the technical objects.

- Development of contemporary technology is closely related to the
use/application of a nuclear fuel; Nuclear installations in essence
are utilized as the power and energy engines. Thus, use of rocket
nuclear engines on the space objects gives the possibility to obtain
operating characteristics by an order of better than the
characteristics of widely used at present chemical engines [14].
Atomic power plants on the vessels of different designation/purpose

have indisputable advantage with respect to the savings of the space,
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occupied by fuel/propellant.
Page 84.

Use/application of nuclear reactors as the power systems on the
space objects instead of the chemical and solar cells and the systems
gives gain in the weight at the power of these installations 20 and
more kilowatts. But at the power of power systems from 100 to several
thousand kilowatts, when questions of overall sizes and weight have
vital importance, electric power is most economically can be obtained
only with the aid of the nuclear sources (Fig. 3.5) [15]. Thus,
radio-electronic equipment can undergo the effect of the ionizing
radiations/emissions from the nuclear power and power plants. From a
number of these installations greatest use find nuclear reactors. The
use of radioisotope energy sources is limited, since with the aid of

them can be obtained power to 1 kW.
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Fig. 3.5. Curves of the dependence of the weight of power systems of

N space objects on their power: A - solar cells, b - the nuclear ?
= unprotected system with the closed cycle, B - solar system with the g
-.‘ — .q
- . y

closed cycle. g
14

Key: (1). Weight, kg. (2). Source power, kW.
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% Nuclear reactors, used as the power and power plants, are

< subdivided into three forms: reactors on the fast, thermal and

<

g intermediate neutrons. These groups of reactors differ from each

other in terms of the relationship/ratio of the containing in them
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heavy nuclei of fuel/propellant and light nuclei of recarder.

In the fast-neutron reactors there is no retarder; therefore
radiation spectrum is characterized by the presence of a large number
of fast neutrons. In the thermal-neutron reactors there is a
retarder, in which fast neutrons decelerate to the thermal ones. The
relationship/ratio between a quantity of fast and slow neutrons
depends on the type of retarder. Intermediate-neutron reactors occupy
the mid-position between the reactors on the fast and thermal

neutrons.

The composition of the radiation/emission of nuclear reactors is
very complex: the instantaneous and delayed fission neutrons, the
y-radiation, emitted during the division, the y-radiation of the
radioactive fission products and materials of the elements of

construction/design, pB-radiation and X-rays. In the examination of

the flows of the ionizing radiations/emissions, which can act on

radio-electronic equipment, they usually disregard the action of
B-radiation and X-rays, in connection with the smallest depth of

their penetration into the material.

Prompt fission neutrons have kinetic energy from the thermal
(0.025 eV) to several mega-electron-volts. The energy fission spectra

for the majority of the fissionable isotopes are close to =ach other
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(Fig. 3.4). -]

=)

Delayed neutrons are emitted by some radiocactive fission .f

products and have medium energy on the order of 0.5 MeV. ﬁ

?5

= Instantaneous y-rays have an energy from 0.5 to 6.5 MeV (see 'ﬁ
Table 3.2), y-rays of fission products - from 0.1 to several ;ﬁ
mega-electron-volts. E

>

In the trapping y-radiation, which consists, in essence, from

T PR R,
bk bt cdeckob i e o

y-quanta, which are formed as a result of absorbing the thermal

. . . »

- neutrons, the radiation spectrum depends on the material, on which 1?
.

. . N

the neutrons act, and it has maximum energy to 10 MeV. As a whole ]

y

entire flow of y-quanta has medium energy of approximately 1 MeV 5

>
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The neutron flux densities and y-quanta (in the reactor core)
directly depend on heat output of reactor and its overall dimensions.
It is known according to the data of work [17] that on 1 W of the
heat output of reactor it falls on the average 3.1-10'° of divisions

per second. A number of the prompt neutrons, emitted to one fission

of heavy nuclei, on the average is equal to 2.5. Then 1 s it is
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emitted 7.8-10*° neutrons. From this number of neutrons because of
the large self-absorption of radiation/emission within the reactor
about 1-2% of neutrons only reach its surface. Consequently, with the
release 1 W of energy it emerges about 7.8-10*' neutrons/s. Thus, the
neutron flux density will be equal to the heat output of reactor in
the watts, multiplied by 7.8-10°* and that divided into the area,
through which they pass. Reactors according to their heat output
usually are subdivided into the powerful/thick ones and the low-power

ones.

Some data on penetrating radiation from powerful/thick and

low-power nuclear reactors are given in ¥able 3.4 [14, 18].
Depending on the location of radio-electronic equipment on the
object with the nuclear installation it is possible to subdivide it

into three categories.

1. Equipment, which is located in reactor core (sensors,

thermocouple, etc.).

2. Equipment, located in reactor compartment (separate units of

television and other equipment).
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E}Q Table 3.4. Characteristics of reactors.
E_- ()Maayuenne 8 axtumnon oue
D ] (U T“""g:)' MolL-| ﬂ«i%'u noToka Mom‘ng)cn SKCroan-
) Bua peaxropa HOCTh, Mem mneﬁrpouol. UHOHHOR 203 Y+
nlces - ud HanydeHun, pj/cex
::T:::E Mougze peakTopsl 10—5000 10 —10* 10¢—10°
o Maag:n)oumue peak- | 10-¢—10 100 —10'* 10'—10¢
TOpu
BN Key: (1). Type of reactor. (2). Heat output, Mw. (3).

f;i Radiation/emission in active region/core. (4). neutron flux density,
R n/s'm?. (5). power of exposure dose of y-radiation, r/s. (6).

Powerful/thick reactors. (7). Low-power reactors.
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\:.‘l:

:;3 3. Equipment, placed in uninhabited and crew compartments of

}{; ships, atomic aircraft, artificial Earth satellites, etc.

-

YR

&

N The neutron flux densities and power of the exposure doses,

AN

- which can act on the equipment, located in the reactor, inhabited and

:ﬂi uninhabited sections of the objects of different designation/purpose,

ot depend on the vulnerability and distance from the active region/core
4

g}i to the place of the arrangement/position of radio-electronic

[v0os

tf: equipment. The exemplary/approximate boundaries of the identical

AN

133 levels of gamma- and neutron radiations/emissions in different

iﬁt locations of radio-electronic equipment are given in Fig. 3.6-3.8

e

N

- (14, 18].
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Fig. 3.6. the exemplary/approximate boundaries of the identical
levels of gamma- and neutron radiations/emissions on the nuclear
powered submarine of the type "Nautilus": 1 - density of flow
0=10*¢-10** n/s-'m?, P =0v* r/s; 2, 3, 4, 5, 6 - line of identical

intensities of radioactivity at different distances from the reactor.

.oer

Fig. 3.7. Exemplary/approximate boundaries of identical levels of
gamma~ and neutron radiations/emissions on atomic aircrafk: 1-
density of flow ¢=10!'°¢-10'* n/sem?, pj-ipsei*» r/s, 2, 3, 4 - line of
identical intensities of radioactivity at different distances fr-m

reactor.
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In these figures continuous filling designated reactor core, by

dual shading - locations of the protection of screens, by single

NN

h )

shading - places of the possible arrangement/position of
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Sg radio-electronic equipment on the nuclear powered submarine, the
v
- atomic aircraft and the artificial satellite with the nuclear power
. plant aboard, the curved lines and the numerals are indicated equal
fj - radiation levels at different distances from nuclear reactor.
-
3 . On the basis of data of work [139] Fig. 3.9 gives the neutron
2 flux densities and power of exposure doses at different distances
) : : .
&R from the unshielded nuclear oscillator with a power of 30 kW,
B established/installed on the space object.
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Fig. 3.8. The exemplary/approximate boundaries of the identical
levels of gamma- and neutron radiations/emissions on the artificial
satellite with the nuclear power plant aboard: 1 - density of flow
§=10‘°-101' n/s+m?, Py=i0+10 r/s; 2, 3 - line of identical intensities

of radioactivity at different distances from the reactor.
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Fig. 3.9. Neutron flux densities and power of exposure doses of

v-radiations, created by nuclear reactor with power of 30 kW.

Key: (1). r/s. (2). n/cm?-s.
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Total neutron flux and exposure dose of the y-radiations,

obtained by equipment for the operating time of reactor, are

. R .
e e

determined by the duration of the work of nuclear reactor and by its N

o

power (i.e. with the neutron flux density and y-quanta). In the %

period of the disconnection of reactor to the egquipment can act the

secondary y-radiation of the activated constructions/designs of
reactor, reflector and especially - the delaying y-radiation of
fission products, and also secondary radiation of screens and other

elements of the construction/design of the object, on which is

arranged/located nuclear installation. The background noise level of

nuclear reactor and elements of the construction/design of object

)

‘~1
=
:‘T
K

depends on the duration of operation and composition of the

W e

e e
. .
afa e oo L AL

materials, from which the reactor and unit are prepared, and it can
reach the significant magnitude. The definition of the power of the

exposure doses of y-radiation, obtained by egquipment from secondary

L[4
tcatlih foami

radiation, is conducted just as from the radioisotope sources.

Among the radioisotope sources of the ionizing

. n

radiations/emissions the greatest danger to the radio-electronic

¢

equipment present the sources of y-quanta (for example, the sources,

P E -,
PR S T oF W PP

which contain plutonium-239, uranium-235, uranium-233, cobalt-60,

A

etc.).

............

...........
..........................
-------------



T

e

oo

TrL ., LI
.. 'l ‘e s
s -‘LI‘.-'.:‘

N

1/-“4
n“‘

A
A N N
."".l

ce ol
e 2

'.J-
2 e

. AN}
.'{."n'.'l

) ¥
lll .‘I .’I ."_

LA 'n. o

I

a e 1 s
LIS
s
a a

YY), -

L
[

Ny ) .
"J‘o“/‘.'l‘f' i
RORVARMEL/T 3 ¢

DY) D
4, R ) M
A

‘.

'y
W

@

'.?'
.
+ %

. .

I.xl ..c ‘.u ~. "‘-..I

DOC = 83167504 PAGE /45‘4

The power of exposure dose from these sources is found depending
on activity and spectrum of the y-radiation of source, distance from

the source and from the ambient density.

During the determination of the exposure dose of y-radiation or
its power, created at the specific distance from the radiation source
of this form and weight, accept the usually following assumptions,

which simplify the calculations:

- self-absorption of y-radiation in the very isotope (substance)

of source is absent;
- source of y-radiation is point,

the first assumption leads to somewhat high values of exposure
doses of y-radiation. The second assumption can be substantiated, if
the sizes/dimensions of source are small in comparison with the

distance from the source to the irradiated object.
Page 90.

The power of the exposure dose of y-radiation from point source
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is calculated from the formula

ra .
PI:T'

(3.14)

In formula (3.14) A - activity of the radioactive isotope of
point source, determined from expression (2.19), R - distance from
point source, I' - specific gamma-constant the gamma-emitting

radioactive isotopes or in abbreviated form - the specific gamma-

constant of radiation/emission.

The specific gamma-constant of radiation/emission - this is the
power of exposure dose, created by the &—radiation of point source
with the unit of activity at a distance from it in the unit of the
length (it is assumed that by weakening in the source and along the

propagation of y-quanta it is possible to disregard).
From expression (3.14)

Value T' can be used for the characteristic of the output of
y-radiation from the real sourcés under the conditions for their
practical use/application. If wvalue I' is utilized for the
characteristic of the y-radiation of separate isotopes, then it will
coincide with the value by complete gamma-constant, represented by
itself the sum of the differential gamma-constants of this
radioactive isotope. The values of values differential gamma-constant

(K,)» designed for the specific monochromatic lines of the energy

e Al e e e e e et e e e
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spectrum of isotope, can be obtained from the dependence, shown in

Fig. 3.10 [18].

During the calculation of the intensities of radiocactivity,

created by radiocactive sources in different media and after different

barriers/obstacles, it is necessary to consider the effects of

absorption and scattering of y-quanta in the substance.
Page 91.

General formula for the calculation of power of exposure dose from

point source takes the form
a—#R
Py =TA=p—B, (3.15)

where yu - linear coefficient of absorption of y-radiation in the

substance;
B - buildup factor of the scattered y-rays.

Numerical values u and B for different values of energy of

y-quanta are given in the application/appendix.
3.4. Cosmic radiation.

The evaluation of the radiological situation in the near-earth

.....................
...............................
PG RIS S, PG T A L P R A

-\.>-A 7-\'--
B B

TURWYE S L Y

i IR
e

‘e e .
PRVRAPL YR YA, . N &




DOC = 83167504 PAGE /457

outer space is very complex problem. This is explained by the fact
that the portion of radiation, introduced by the components of space
radiation sources, is different in different regions of outer space.
At the same time, during the estimation of the conditions for the
work of radio-electronic equipment of space objects it is necessary
to consider the dynamics of motion and the concrete/specific/actual

mode of orbit or trajectory, along which moves the spacecraft.

Therefore initial data for evaluating the levels of the space
ionizing radiations/emissions, which affect the equipment of the
space object, which moves along the specific trajectory, are the
spatial distribution of these characteristics and the equation of

motion of space object.

ORI et M et St S S P

a
J

L
b Ao b Aeeonccin ol

deatntentondontel, dinbtoninuidodudnoddl Sehodeadondabnal

P

iR

ol kol B B B

- A mr ArAmd L




T

= DOC = 83167504 pace LSS

Ky
50 )

“ .
AP S AL P

20
0

5 ‘ /,‘

AREA /

, /

45 \v/ (l) .
2005 607 302 005 01 6,2 GBI 1 2 EM%

Fig. 3.10. Values of the quantity of gamma-constant depending on

kinetic energy of y-quanta. kK, is given in units R/cm’-h/mcurie.
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The following present the greatest danger to the onboard

radioelectronic equipment:

- primary (galactic) space radiation;

- solar cosmic radiation, appearing during the intense

chromospheric solar bursts;

- proton and electronic radiations/emissions of internally Earth

radiation belt;

- electronic radiation/emission of the external radiation

belt/zone of the Earth;

~ electronic radiation/emission of artificial Earth radiation

belts.

The possible forms of the ionizing radiations/emissions and

their physical parameters in different regions of outer space are

- 0 - ~ " ‘- - .~......-
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Primary space and solar radiations. ;

E' The ionizing galactic rays/beams, which enter and galactic

& spaces, are in the main flows of protons and a-particles. The content

: of the nuclei of other chemical elements does not exceed 2%.

Composition of primary cosmic radiation yes in fable 3.5 [14].
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Table 3.5. Content of the nuclei of chemical elements in the primary

cosmic radiation and their relative abundance on the universe.

(n &DQ}\)unpa (» (L“ (S) '
Cpynnbl SdeMer TAPHBIX (8 edHHHUA X Cpennuft Pacnipoc rpait en-
ACTHL H ARep XHMUYECKHX | alemeHTapHoro| aTomuLiA x"""""‘-;"” nocTe Mo Bcee
IeMeHTOS saeXTPHIECKOrD|  HOMEp agep, % aeunof, %
Japaaa)

. (poton( ¥ 1 ! 100 100°
a-yacTHup (1) 2 4 15,5 7,7
Jlerxne fmpa(’) 3—5 10 0,24 10-¢
Cpennme anpa(@) 6—9 14 1,20 0,20
Tu)«{:lue anpa(1®) >10 31 0,4 0,03

1
Ovue Ip THAKeJNe Rapa >20 51 0,1 . 0,003

Key: (1). Groups of elementary particles and nuclei of chemical
elements. (2). Nuclear charge (in units of elementary electric
charge). (3). Average atomic number. (4). Quantity of nuclei, %. (5).
Abundance on universe, %. (6). Protons. (7). a-particle. (8). Light
nuclei. (9). Medium nucleuies. (10). Heavy nuclei. (ll)i Very heavy

nuclei.

FOOTNOTE !. 100%, since protons are contained in all nuclei of the

elements of cosmic radiation and nuclei of natural elements.

ENDFOOTNOTE.
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It follows from given data that the relative content of the
nuclei of different chemical elements approximately/exemplarily

corresponds to their abundance in the universe.

The particles of galactic rays/beams possess medium energy in
ones and tens of gigaelectron-volts, but they can have an energy,
also, to 10** eV, and for heavy nuclei and 10!’ eV. The particles
with the energy of less than 100 MeV virtually are absent. The
differential energy spectrum of galactic rays/beams with the energy
of more than 1 GeV/nucleon takes form [14]:

@(E)dE=CE-**dE. (3.16)

In equation (3.16) E - useful energy of particle, which falls to

one nucleon and equal to E=E.+myct;, E, - kinetic energy of particle;

mpt - rest energy; C -~ dimensionless coefficient.

As an example Fig. 3.11 gives some computed values of
differential energy spectra, to the corresponding period of high
solar activity, for the nuclei of galactic rays/beams. The spectrum

of nuclei with the energy 10'! eV and no longer is given, since the

s

@3 density of the flows of these nuclei is insignificant. According to
.:‘_

5; the measurement data, carried out at the scientific space stations
~:\-

I "Proton-1 "and "Proton-2", the integral energy spectrum of primary
Y
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cosmic-rays in the range 4-10!'°-2+10'* eV can be described by the law

L)~ ET,
with the value ¥=1.73 [20].

The density of the flow of galactic cosmic rays vary with time.
For the periods, which correspond to the maximum activity of the Sun,
the density of flow is equal to approximately/exemplarily 1-10°*
part./m?s+s. In the years of minimum solar activity the density of
flow increases to (2.3-2.5) 10* part./m?-s, moreover the created

ionization increases 1.5-2 times.
Page S4.

It is necessary to note that the available at present data on
the effect of primary cosmic radiation on the substances and on the
measurement of radiation dosages are given without taking into
account the degree of the effect of multicharged nuclei with the high
energy (high energy nuclei) which they can have its special
features/peculiarities during interaction with the substances. For
example, the probability of inelastic collisions of protons with
carbon atoms increases with the increase of kinetic energy of protons
from 10'° to 10!? eV approximately/exemplarily one and a half times

[20].
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Fig. 3.11. The differential energy spectra of the components of the
:ZEj: galactic cosmic rays: 1 - heavy nuclei; 2 - light nuclei; 3 -

a-particles x10; 4 - protons; medium nucleuies x10°%.

Key: (1). The spectral density of flow, part./m?¢s-MeV. (2).

o

™~ MeV/nucleon.
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The shielding from them of radio-electroniz equipment is in
practice little effective as a result of the high hardness of cosmic

rays.

To the solar cosmic radiation it is accepted to carry the
ionizing radiation/emission, which appears as a result of solar burst
and observed during the short time interval. It consists, in essence,
from the protons, and also of a-particles and nuclei of
elements/cells with the charges from 6 to 18 elementary charges. The
nuclei of elements/cells are approximately 0.15-0.25%, a- particles -

from 3 to 15%.

Furthermdre, in the composition of solar cosmic rays were
observed electrons, and also X-ray and gamma—radiation of
insignificant intensity. Their formation/education can be explained
by generation during the flashes/bursts of braking and radio
emissions. Solar flares significahtly affect the composition of

natural Earth radiation belts [21, 22, 31].

In comparison with the primary cosmic radiation solar cosmic
rays have considerably smaller energies of the emitted particles, but

the densities of their flow many times (to 10°¢) exceed the densities

of the flow of-galactic particles.
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Maximum energy of the protons of solar cosmic rays of

approximately 10%° eV.

They at present consider that the average annual effectiveness
of production of high-energy particles in the solar bursts
approximately composes 10°’ per annum (with the energy of more than
20 MeVv), and average flux density 2-10!°® part./m?.year [24]. The
densities of the flows of protons during the solar flares in outer

space can change (to oscillate) in the limits to seven orders.

The density of the flow of protons for the large flashes/bursts
is equal to approximately/exemplarily.10!°® protons/m?+s; for the time
solar p of the flash/burst, whose average duration is 24 hrs, the
flow of protons with the energy of more than 30 MeV reaches the
values of 10'* proto-N/m?, with the energy of more than 5 MeV -

values of 10*'* protons/m?.
The radiation/emission of protons during the solar flare
continues usually days, but can continue for the separate

flashes/bursts to 100 hour.

Page 96.

Was especially in detail investigated the characteristic of
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\ 1
solar rays/beams during the flash/burst on 12 November, 1960. The
differential energy spectrum of the components of this solar flare is
. shown in Fig. 3.12; flows and integral doses of the protons of
i; different energy are given in table 3.6 (14, 25].
-:‘
2
\ - Electrons and bremsstrahlung of solar flares nave insignificant
j' densities and therefore their dose of the ionization, which affects
- the equipment, can be disregarded/neglected. Thus, the power of
3 exposure dose on the boundary of the atmosphere for the
f& bremsstrahlung comprises not more than 10-¢ R/s [14, 21, 26]. ;
;;:j .
The degree of the irradiation of equipment of space object by )
:; the solar ionizing radiations depends on the probability of its entry
53 into the zone of the radiation of solar flare.
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Fig. 3.12. Differential energy spectrum of protons, a-particles and
medium nucleuies (6s2s9) during the solar flare on 12 November, 1960.
Key: (1). The Spectral density of flow, part./m?.sres-MeV. (2).

protons. (3). nucleus of helium. (4). medium nucleuies. {5) /MeV.
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The example to the probabilities of the appearance of
flashes/bursts with the assigned flow value of radiation/emission for
the period of the maximum of solar activity is represented in Fig.
3.13 [27]. The probability of the appearance of flashes/bursts with
the given number of particles is considerably lower in the period of

the minimum of solar activity.
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Table 3.6. Flows and the integral doses of proton radiation/emission

during the solar flare on 12 November, 1960.

! () EY]
3nepl("u-2 £, Mee nOTOl’l;:t‘"QuOI Hz&:?q:;?u
30LELB0 8,45. 10t 1790
80 LEL440 6.10" . 62
440 ELG- 108 3,610 0,1t

ldrg“r)o 9,1-10% 1852

Key: (1). Energy E, MeV. (2). Flow of protons R/m*. (3). Integral

dose, rad. (4). Altogether.
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Key: (1). Probability of the appearance of flashes/bursts in the

week. (2). proto-N/m?.
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Table 3.7. Doses of primary space and high-energy solar radiations.

: (1) \ () ® {(4) ronosan Aoaahuoamuna. padjzod _
. mepris sacTmn, | Jlimma opoGera, A
To arywenzs 4 ae fi se/u? " uosepxn%’c)muﬂ coft | cof a)l-lt)'l 2/ ciolt 8 10 xe/u?
3
2CTEOL 60abMmOd 3%epruy, NOPOAKIeHHAHWE CONHEdHONA BCNBMKOR -
Mporomu (%) 2.107—100 10—10¢ 103—10¢ 104 —10% 102—10?
3aexrponu(4) =5- 10 10-1 105—107 (?) 105—107 (3) 0
~ Topuossoe maaywe- ~35-10* 10—102 110 (?) 1—10% (?) 1—10% (3)
mme  (0) Eo-ae
(1 =
MNosmas Z03a coaves- 105—107 (?) 105107 (?) 10:—10% (?)
- 8010 EJTYNeHRA
R Y ‘ _
? ePBEYAOE KOCMHIEGCKOE HA3AyUeHHE
{ .
12Y
A TMporomy l 10%—10 I >1 1—10 1—10 1—10
..j.}
-ﬁi Note. The sign of a question designates the not entirely
i precision determination of the values indicated.
;f Key: (1). Type of radiation/emission. (2). Energy of particles, eV.
! (3). Mean free path, kg/m?*. (4). Annual dose of ionization, rads/yr.
:;Q (5). surface layer. (6). layer in (0 kg/m?. (7). High energy
’ particles, generated by solar flare. (8). Protons. (9). Electrons.
L (10). Bremsstrahlung. (11). Complete dose of solar radiation. (12).
;ff Primary cosmic radiation. (13). Protons.
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Thus, the data, met in the press/printing, about the possible "
intensities of radioactivity of primary space and solar radiations iﬂ
can essentially be distinguished. According to the data of s
survey/coverage [3] Table 3.7 approximately/exemplarily with an [

accuracy to one order (in the opinion of the authors of
survey/coverage) gives maximally possible annual doses of primary

space and solar radiations.

The indicated table 3.7 values gives for the surface layer, the
layer in 1+10-* kg/m? (1 mg/cm?) and 10 kg/m? (1 g/cm?) on the
ionizing effect.

Natural earth radiation belts.

Natural Earth radiation belts are the vast regions of the

near-earth outer space, in which exist intense flows of elementary

particles - electrons and protons. g

At present it is customary to assume that there are to Java

zones of radiation around the Earth:

- equatorial belt high(ly)-and particle densities (internal

.
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radiation belts),

-~ external radiation belts.

In Fig. 3.14, according to the data of Van Allen - Vernov, the
picture of the location of radiation belts with respect to the Earth
is shown. The same figure gives the lines of the equal particle flux
densities, recorded with the aid of a Geiger counter,
arranged/located after the protective shield with a thickness of 12

kg/m* [3, 23, 26].

~ The spatial distribution of the charged/loaded particles, which
form radiation belts, seems in the form of tori/Torr that the linin
of the magnetic field of the Earth depends on the configuration of
power ones. At large distances from the surface of the Earth (from
0.5 to 7-10 radii) the magnetic field is well the field of dipole. At
the low altitudes, approximately/exemplarily to 2000 km, the magnetic
field strongly differs from dipole. In view of this field of the
cosm.c radiation of natural radiation belts have very complex
configuration, and the flows, the densities of flows and the
differential spectra of elementary particles, which depend, in
essence, from the processes, which occur in the Sun, are the complex
functions of the space coordinates, whose value is known only at the

isolated points of outer space.
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Internal Earth radiation belt consists, mainly, of protons with
the energy to hundreds of mega-electron-volts. It is arranged/located
symmetrically relative to magnetic equator and is limited by magnetic
linés of force, "proceeding" from the Earth on the geomagnetic
latitude of approximately 45°. Lower boundary of inner belt depending
on geographic latitude is located from the surface of the Earth at a
distance from 600 to 1500 km. This scatter is connected with the
bias/displacement of dipole relative to the center of the Earth up to
the distance of approximately 500 km. Upper boundary of belt/zone

stretches to the heights/altitudes of 5000-10000 km.
External radiation belts consists of electrons with the kinetic

energy to 4-5 MeV. A large part of the electrons has kinetic energy

on the order of hundreds of kiloelectronvolts.
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Fig. 3.14. The geometric structure of natural Earth radiation belts

(Nv, S+ = geographical of the pole of the Earth; ¥« S« - magnetic of the

pole of the Earth).

Page 101.

& i a2 L Y

External radiation belts is included between two surfaces, formed by

the lines of force of the magnetic field of the Earth, "proceeding”

respectively for the northern and southern hemispheres. Belt/zone at
the heights/altitudes of approximately 10000 km (near the geomagnetic
equator) begins and it stretches depending on solar activity to the

]
from its surface on geomagnetic latitudes of 69%x2° and 65%2°
heights/altitudes of 60000-85000 km.
i
[]
I
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Composition, densities of flows and energy spectra of particles
in the radiation belts depend on the time variations, connected in
essence with the processes, which occur in the Sun. Therefore changes
in the intensities of radioactivity, which occur in the internal and
external earth radiation belts, with difficulty yield to account. For
the orientation Fig. 3.15 gives the sufficiently approximate
average/mean probable particle flux densities to the dependence on

the geomagnetic latitude and the distances from the center of the

earth [4, 23). The energy spectra of these radiations/emissions can

be calculated according to the approximation empirical formulas.
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i£ Fig. 3.15. Densities of the electron streams and protons depending on
f;; height/altitude and geomagnetic latitude. To the left in the figure

reduced densities [part./m?:s] of the flows of protons with the
energy of more than 40 MeV, to the right - the densities of electron

streams with the energy are more than 20 keV.

Key: (1). Magnetic equator. (2). Earth. (3). Protons. (4). Electrons.
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For the internal (proton) radiation belts the spectrum of

-9 protons in the range of energies from 1 to 700 MeV is calculated from

formula [14]
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X ¢(E)dE =1, I4E-1dE protons/s-cm?-Mev®° ¢, (3.17)

For the external radiation belts the differential energy
h? ~ spectrum of electrons for the energy range from 0.05 to 5 MeV is
‘é equal to [14, 28]
P(E)YdE =2 101°E=¢E. (3.18)
DUring the determination of the degree of the effect of proton

and electronic radiations/emissions on the equipment and its

Ny

cdmpleting articles, arranged/located after the protective shields,

e

it 1s necessary to consider secondary radiation, formed in the

D NG

S material of protection. According to available experimental data

[29), the absorbed dose from secondary particles (in essence,

g
DA

neutrons), which appear.in aluminum with a thickness of up to 200

s
P

kg/m?, is approximately 5-10% of the complete dose of proton
radiation/emission. In the case of applying the protective materials
with the large atomic number, the dose of secondary radiation can
reach 30-40%. The relative contribution to the total absorbed dose of
secondary particles grows/rises with an increase in the thickness of
protective shield. |
o
Electrons with the energy spectrum to 5 MeV make an
insignificant contribution to the total dose after the shell of space

object. However, during'interaction of electrons with the atoms of

. substance appears the bremsstrahlung, whose penetrating power
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considerably higher than penetrating power of electrons.

The spectral distribution of the quanta of bremsstrahlung during
calculations easily is determined on tne relative contribution X to
the density of the bremsstrahlung of different spectral components

[14] (see Table 3.8).

The percentage of density for the specific energy range Table
3.8 gives in the calculation with respect to the complete density of

the flow of y-quanta of bremsstrahlung.
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\ Table 3.8. Relative contributions of different spectral
. components to the density of the flow of the bremsstrahlung of
.".'.‘
o monoenergetic electrons.
--'.‘
D) hv/E, . % hv/E, . %
- 0—0.1 26,9 0,5—0,6 6,8
N 0,1—0.2 20,5 0,60,7 4.5
ADK 0,2—0,3 15,8 0,7—0,8 2,8
N 0.3—0,4 12,1 0,8—0,9 1,6
Qv 0,4—0,5 9,0 0,8—1,0 0,4
f:jf: Table 3.9. Dependence of allowance for the buildup factor of the
LAY .
:_' scattered y-quanta from the energy of electrons @
.S
""-‘ PN : - 6 !a,)
: E,. '" uo?repau?.u% 8"'““ - mpu::.“%
‘e N
-'f.‘ - N
e 0,05 2400 1,00 100
S 0,10 650 5,00 15
o 0,30 200
_.’j:- Key: (1). MeV. (2). Allowance, %.
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Table 3.10. Rates of the doses of braking and electronic

radiations/emissions depending on the thickness of shielding

spherical screen from graphite, mrad/h.

———
Juﬁzr*‘1:L
oyl ] 3 ¢ Lo | % |0 | wo. .

Mnn‘ﬁioe usay- | 29200 | 13600 | 2340 304 | 0,08 O "0 )
yenue /
!opu'm Bayye- 230 200 140} 107 182,3148,6] 17,9 .

ue g‘)
%nyuenue 29430 13800 | 2480/ 501 |82,4|48,6} 17,9

Key: (1). Thickness of screen, kg/m?. (2). Electronic
radiation/emission. (3). Bremsstrahlung. (4). Complete

radiation/emission.
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Table 3.LkL

Doses of the ionizing radiations/emissions of internal and external

Earth radiation belts.

Note. The question mark means a not guite precise determination
of the indicated values.

(‘l) lonoBas 203 AORA33QHH, padfecd

(” Orena opoGera
. THD Esryvesny Smepras %acTEN, 26 QACTHR, K2/x? noaepxug%‘rxuﬂ crof mo;‘ 8 1-10°1, kz/ca? | c0A 8 10 x2/m2
1)
BYyTPeHRREA paidanHOHRAWR ODOAC
)
Clpo i 100 (2) —7-10% | 10-5(3)— 10 10% (3) 10° 108
3
- DneXTPOHH <2-10% —1-10° 10-2—10 101 (?) 101 0
1d
Topu()agoe EaTyde- <L2.104—1-10¢ 1 —10? 108 (?) 108 105 — 10°
HHe
(i . .
[ossoe  A3myuense ! 1012 (?) 1012 105 — 10
(12
Brewrnnil pagdaoAaoHHEHA DOAC
ek TpoBL 2.10*.5-10° 10-*—3-10 1011 — 10 ! 1011 — [0 10?
Topso3goe  msyge- 2.10¢—5-10¢ 10— 102 10% — 107 108 — 107 10¢ —10¢
RHE
no@e mrywesse 10" — 0¥ 101r — 10" 0t —10*

-

Key: (1). Type of radiation/emission. (2). Energy of partlcles, ev.

Bl ol edeabani

(3). Mean free path of particles, kg/m?. (4). Annual dose of

&

ionization, rads/yr. (5). surface layer. (6). layer in kg/m?. :
(7). Internal radiation belts. (8). Protons. (9). Electrons. (10).
Bremsstrahlung. (11). Complete radiation/emission. )
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iﬁ; For evaluating the contribution to the total power table 3.10

N

?i shows the doses of electronic and bremsstrahlung (taking into account
f% correction for the buildup factor of scattered y-quanta, Table 3.9)
ﬁi for the comparison of the power coefficient of exposure doses after
%? the protective shields of the spherical form of different thickness,

. prepared from graphite.

: It follows from these data that with the screens with the

‘ thickness of less than 10 kg/m?® the basic contribution to the <otal
 : power of dose give the electrons, and with the thicknesses more than
.3- 10 kg/m* the y-quanta of bremsstrahlung give.
;EZ In conclusion fable 3.11 gives for information tentative data

i; (with the accuracy approximately one order) of maximally possible

'? annual doses of the ionizing radiations/emissions internal and

32 external radiation m of the belts/zones of the Earth [3].

ij Radiation of the artificial belts/zones of the Earth.

Artificial radiation belts are formed as a result of nuclear and

-

-iﬁ thermonuclear explosions at high heights/altitudes. The volume of

E' space, occupied by artificial belt/zone, is determined by the power

- of ammunition and depends on the coordinates of the center of
a4 explosion.
Lol
~
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Artificial belt/zone, in essence, consists of electrons. Fission
fragments, which are the unstable isotopes of different chemical
elements, subjected to fB-decay, are the sources of these electrons
predominantly.
;'—_"1 .- ..': AR La‘l-l iacacataca ‘*._:;-ﬁ;;‘~.'L ana ;_':.\'.-_:.'
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Table 3.12. The integrated spectrum of the electrons, which are

formed with the B-decay of fission fragments.

»
JHeprusa  3/1eXTpoO-
Hoe, E, M3s

ﬂom”ir?;mponoa M ‘ 100 17

Ineprued Goaee
E, %

W .

Sxeprun  3nekTpo- § ] 7 8 ]
uos,.@ , Mss i

Ilo.m"glexrpouoa c 0,84
avepruef GoJsee
E, %

0,24 |6,0-10-%1,3-10-% 2,4-10~*

Key: (1). Energy of electrons E, MeV. (2). Portion of electrons with

energy is more than E, %.
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The energy spectrum of electrons (characteristic for the g-decay of
fission fragments stretches to the energies of 10 MeV. The integrated
spectrum of the electrons of fission fragments is given in Table

3.12.

The density of electron stream depends on the explosive force,
sizes/dimensions of belt/zone and capture efficiency of electrons by

magnetic field. During the determination of possible electron streams

it is necessary to consider that the intensity of the

(I L-"..x:‘;_'.l‘.g'."_“_‘
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radiation/emission of the seized particles cannot exceed the density

of magnetic energy.

A radius of the dispersion/divergence of fission fragments
determines the sizes/dimensions of artificial radiation belts. A
maximum radius of the dispersion/divergence of fission fragments in
the direction, perpendicular to the magnetic intensity of the Earth,
can be calculated from formula [22]

} 3
R=512) 4 (3.19) ‘

where R - radius of the fragmentation pattern, km;

yroep

q - power of ammunition, km;
B - magnetic induction, G.

However, not all fission fragments participate in the
formation/education of artificial Earth radiation belt, since only
the particles, which have sufficiently large slope angles between the

particle speed and the line of force of magnetic field, are seized by

3
P

the magnetic field of the Earth. Thus, for instance, during the

nuclear explosion, carried out as a result of operation/process

N |

.
e

Pl

"Starfish", by magnetic field the Earth were seized - ly several

»

l..‘.'
P AR

percentages of a total number of chosen electrons.
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The rate of the pB-decay of fission fragments, which determines
the rate of formation of artificial radiation belts, it is estimated
with the aid of following approximation [41]:

No= (1,964 1,17¢)—1e-0018t,

where N, - quantity of electrons;

t - time after explosion, s.

The lifetime of artificial belt/zone is determined by tha
lifetime of electrons. According to the estimation conducted <ihe
lifetime of the electrons of artificial belt/zone can comprise to one

even more than years [30, 31].

Page 107.

The first artificial radiation belts was formed as a result of
three nuclear explosions with the TNT equivalent 1-2 kt at the
height/altitude of approximately 500 km. According to the
calculations the density of electron stream in this belt/zone
comprised approximately/exemplarily 3-10’ electrons/s-m?. Belt/zone

existed several months [32-34].

The most powerful/thickest artificial radiation belts was formed

on 9 July, 1962, at the height/altitude of 400 km as a result of
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conducting the operation/process "Starfish" (explosive force 1.4 Mt.)
{31, 35-39]. The maximum density of electron stream with the energy
of above 40 keV reached the values approximately/exemplarily 10%3

electrons/s+m?.
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Fig. 3.16. Change in the density of the electron stream and power of
exposure dose in the time after nuclear explosion with power 1.4
at the height/altitude of 400 km (for the circular polar orbit).

Curve corresponds to the expected average/mean value.

Key: (1). rads/day. (2). electron/m?-s. (3). Time, days.
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The middle part of the belt/zone was found in the plan-
- @ geomagnetic equator at the height/altitude of
L approximately/exemplarily 8C0 km; 1ts edge were _-:-:--

approximately 300 km. The thickness of belt zc = .
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" 650 km, width - about 6500 km.

. Artificial belt/zone poured with the inner belt of natural

b radiation at the height/altitude of approximately 1100 km. As a

<

N result of forming this belt/zone the region of maximum electron

: density was displaced from the height/altitude, which corresponds to
18]

ﬁs maxiaum electron density in the external radiation belt, to the

3

1Q height/altitude of 1100 km. From 9 July to the end/lead of August of
& 1962 the density of electron stream in the belt/zone was lowered by
\

; 50%. The character of a change in the density of the electron stream
'.*.

3 and power of exposure dose in the time after explosion is shown in
- Fig. 3.16 [39, 40].

N

o From the analysis of existing knowledges abcut it is ionized X
o cosmic radiation evident that at present on the basis of these data
‘: it is possible to produce only the rough estimate of the intensities
N~ - .

N of radiocactivity, which can act on radio-electronic equipment of

X space objects.

.

\.

\l
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- 4. Change in the properties of materials and elementstee¥is of

} radio-electronic equipment under the effect of the ionizing

X radiationsremiesions.
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o |
:gi Radio-electronic equipment, which is located in the zone of the ;
- effect of the ionizing radiations/emissions, can substantially change |
f%; its parameters and go out of order. These damages occur as a result
fi of changing’the physical and chemical properties of the radio
. - engineering (semiconductor, insulating, metallic, etc.) materials,
:Ei parameters of instruments and elements/cells of electronic
ij engineering, articles of electrical engineering and radio-electronic
w circuit devices/equipment.
3
fg The ability of articles to fulfill their functions and to retain
\:\T'vf the characteristics and the parameters within the limits of the 1
;é established/installed norms duriné and after the effect of those
fI: ionizing radiation/emission is called radiation durability.
Sy Y
ot o . . .
l;$ The degree of radiation damages in the irradiated system depends
EE both on the content of energy, transmitted during irradiation, and on
f%i the speed of transmission of this energy. A quantity of absorbed
§§ energy and the speed of transmission of its in turn depend on form
;E§ and parameters of radiation/emission and nuclear physics
;;‘ characteristics of the substances, from which is prepared the
A%g irradiated object.
=
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Eﬁ} Let us examine the processes, which occur in the materials ' and

> )
jS' the radioelements under the action of different forms of the ionizing
radiations/emissions. In this case by materials are implied the

o

{f} substances, from which are prepared the elements of the

e
{ﬁ constructions/designs of radio-electronic equipment, and the
) - substances, which form part of the environment (for example, air,

S etc.).
1

2 FOOTNOTE '. For the purpose of reduction subsequently we will use

>
‘!3 - term radioelements or simply elements/cells, implying by it

Nt .
-ﬁ; -~ instruments and elements/cells of electronic engineering and article
\\, . of electrical engineering. ENDFOOTNOTE.

N
); Page 110.

%

ﬁs 4.1. Radiation damages in materials and elements/cells of equipment.
‘ _.\: i
s |
- Defects in the materials under the influence on them of the ionizing ‘
e
By radiations/emissions.
o= ' ‘
105 All forms of electromagnetic and corpuscular radiation, passing
) '.'n

N through the substance, interact either with the atomic nuclei or with
10

24 the orbit electrons, leading to a change in the properties of the

- irradiated substance.
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The primary and secondary stages of this process usually are
distinguished. Primary stage, or direct effect, consists of the
electron excitation, of the atomic displacement from the lattice
points, in atomic excitation and molecules and in the nuclear
conversions. Secondary processes consist of further excitation and
damage of structure, dislodged/chased (displaced) "of their places”
by atoms, by ions and with elementary particles as a result of
primary processes. Laws, by which they are subordinated, the same as
the laws, which control the primary stages of process. Thus,
particles or high-energy quanta can cause cascade process with the
formation/education of a large number of displaced atoms, vacancies,

ionized atoms, electrons, etc.

The contemporary interpretation of changes in the properties of
substances, which appear as a result of interaction of the ionizing
radiations/emissions, is based on the examination of the process of

forming different defects in the material.

Radiation changes in the materials are the following: vacancy
(vacant sites); impurity atoms (admixed atoms); collision during the

substitutions; thermal (thermal) peaks; the peaks of

bias/displacement and ionizing effects. Physics of these processes is

1
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described in labor/works [1-6]; therefore let us pause briefly at

their characteristic.

Vacancy is the lattice point, in which atom or ion is absent.
Vacant sites can be formed during the collision of high energy
. particles with the atoms of solid body as a result of the what in the

lattice latter they can be formed empty places.
Page 111.

If energy of displaced atom is sufficiently great, then atom during
the subsequent collisions creates the supplementary empty places in
the lattice. Consequently, primary collisions can produce the
cascade/stage of the collisions, which lead to the formation of

vacancies (to initiate).

Intersfﬁtial atoms - these are the atoms, which, after being
. displaced from their equilibrium, stable positions in the lattice,
are braked in the intermediate or nonequilibrium positions. If they
do not recombine immediately with the adjacent empty place, then they

can remain in the intermediate, unstable position.

A question about the form of the existence of surplus,

dislodged/chased from their normal positions in the lattice, atoms is
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~ sufficiently difficult. Thus, for instance, in tight packings,
x

S characteristic for the metals, there is no sufficient space for
+.

i positioning/arranging these excess atoms. Therefore their location
= inside the cell leads either to a sharp increase in its volume with
g the retention/preservation/maintaining of form or to the distortion
<,

. of the form of cell; the latter can cause the disturbance/breakdown
S; of the stability of the surrounding this cell configuration. There

.3 were the assumptions that in this case the surplus atom displaces one
.

N of the atoms of adjacent cell so that both of them together occupy

-E the place of one structural lattice point. It is assumed in the

" o

. representation about so-called crowdions that the intermediate atom

W,
. B is included in the composition of the atomic series/row of tight
N packing, i.e., in certain section/segment of this series/row instead
Q‘
A of the n atoms it is placed n+l atoms, the atoms of series/row
ﬁ
testing/experiencing appropriate relaxation [6].

<
b, <
V] Vacancies and interstitial atoms can move in the crystal.

B Vacancy is moved via transfer of adjacent atom into the vacancy. The .
4 motion of interstitial atom can be more complicated. For example; in

o

'3 the solid solutions the interstitial atom of solute jumps of one

AR

he interstice into the adjacent. The formed defects can aggregate, i.e.,

-~

Zi to form vapors or complexes, which contain several vacancies.

Y

N Vacancies and interstitial atoms can be associated with the edge

J dislocations or the boundaries of complicated dislocations. In this

2
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case they form steps/stages on the dislocation line. Such

R RN
PAPLIL PLIA

steps/stages have opposite directions and can be moved along the

dislocation line until they are encountered and eliminate each other.

- ‘8 ‘a

Page 112.
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fg Vacancies and interstitial atoms can also form the "atmospheres”
5% around the dislocations. Furthermore, vacancies can be connected with
a the interstitial atoms. Such connected vacancies retard the diffusion
2 of some admixtures/impurities.

. The atoms of different admixtures/impurities are formed as a

g) result of the nuclear reactions, which take place in essence during

; irradiation by neutrons, and also by introduction to solid body of

the fragments, which are formed in the process of division. Nuclear
reactions lead to the formation of the atomic decay products,

radioactive and stable isotopes. Being introduced in the lattice of

'} NI LT

. the irradiated substance, they can considerably change its
properties. For example, gaseous decay products (helium, xenon, etc.)
are accumulated/stored in the form of pores and bubbleé in the
substances, as a result of which the form of one or the other article
even changes, and hermetic sealing/pressurization can be destroyed in

the hermetically sealed elements/cells.
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Collisions during the substitutions. If the collision between
those moving by the taking root atom and atom of the lattice point
leads to the fact that the latter escapes from its stationary
position, and interstitial atom loses kinetic energy to this value,
which is insufficient for the removal/distance of this atom from the
vacancy formed by it, then interstitial atom recombines with the

formed vacancy.

In this case it scatters its kinetic energy - in the form of
thermal lattice vibrations. In this case does not appear new defect,
but occurs the atomic substitution, which leads to the disordering of

crystal lattice.

Thermal peaks. The appearance of this damage of structure is
caused by the oscillations of the lattice points. These oscillations
appear along the path of motion of fast particle (fragment from the
nuclear fission, or charged/loaded, dislodged/chased from its atom
site of lattice) in crystal lattice. The atom, which during the
collision obtains the impulse/momentum/pulse, sufficient only for an
increase in the amplitude of its oscillation around the point of
lattice (but insufficient for its bias/displacement from the
node/unit), it transfers energy to the adjacent atoms, which in this
case become highly excited. The release of considerable energy occurs

as a result in the limited volumes of substance (on the order of
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10-17 cm?).
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The conversion of this energy into the heat can in the region, which
contains several thousand atoms, lead to the large overheatings

(approximatelj/exemplarily to 1000°K), which exist during from 10-*!
to 10-!° s. The region of excitation is expanded subsequently, which

leads to a sharp temperature drop.

This process is called also thermal wedge, since in this case
rapid heating occurs and hardening/quenching the insignificant volume
of substance. The fact that they stimulate the diverse
physicochemical processes, which require under the normal conditions
of high-temperature heating, is the distinctive special

feature/peculiarity of thermal peaks.

The peaks of bias/displacement can be formed at the end of the
landing run of the moving/driving atoms, when kinetic energy of atom
becomes less than the transition energy (which depends on atomic |
number) atom into the new state; the mean pathlength of the mean free
path between the collisions, which lead to the biases/displacements,
by order of value it approaches an interatomic distance. Thus, each

collision leads to the formation of displaced atom and the final part
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of the path of the landing run of the moving/driving atom is the
region, which contains from thousand to tens of thousands of atoms,
in which during the very short time interval occurred the local

melting of the lattice of substance and turbulent mixing.

They assume [1] that the vacancies and the taking root atoms
will be "reconstructed" in this region, being mutually recombined,
and lattice imperfections in the form of the loops of dislocations or
small disoriented regions will remain. Such phenomena, called also
wedges of bias/displacement, have a value, probably, only in the

processes, which occur in the heavy metals.

Ionizing effects. All ionizing radiations/emissions, passing

through the substances, cause ionization and electron excitation.

The ionization, caused by the effect of the ionizing
radiations/emissions, is the process of the formation of
electron-hole pairs, free ions and electrons in the substance as a
result of the interruption/discontinuity of interatomic bonds,

disruption/separation of electrons from the electron shells.
Page 114.

Simultaneously with the ionization continues the process of
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recombination of ions, i.e., the formation of neutral atom from the
positive ion and the electron. The more are formed the charged/loaded
particles, the greater the possibility of their collision, and

consequéntly, the process of recombination more rapidly continues.

Therefore during irradiation by const t dose rate in some
" substances (for example, in the gases) car e observed the
equilibrium of positively and negatively ¢ ged/loaded particles, in 1
which a number of newly forming ion pairs will be on the average |
equal to a number of recombined ions (particles). In particular, in
the atmosphere of the Earth because of the effect of natural of those
ionizing radiation/emission with the gaseous products are always
ions, whose content composes order 10°'-10'° ions in the cubic meter

(102-10" fons/cm’).

The processes of ionization in turn in some substances can lead
to the bond breaking and the formation of free radicals, the chemical
reactions, the luminescence, the emergence of the diverse color
centers, photoconductivity, an increase in the temperature, the
change in the crystalline anisotropy and other changes in the

properties of substances.

All disturbances/breakdowns examined in the materials will

depend on the character of the interaction of different forms of

''''''''''''''''''''''''''''



ol DOC = 83157505 pace 20 D

LY
-0 radiation/emission with the atoms of one or the other substance.
N

i Forms of radiation damages.

;}i The radiation damages, which lead to the reversible
" (temporary/time;, and irreversible (residual/remanent) changes in
j&j their electrical ones, etc. of the parameters (Fig. 4.1), appear as a
O result of the effect of the ionizing radiations/emissions in the

S

: materials, the elements/cells and the schematics of radio-electronic
ﬁ{: equipment.
S i
{ . The reversible changes incl ‘de the changes, which attack in the
qi: materials, elements/cells and diagrams simultaneously since the
f& beginning of the irradiations, which are preservable in the period of
R,

' irradiation and virtually which disappear after the break-down of the
S
e ionizing radiation/emission or its sharp weakening (Fig. 4.la). The
v
-Q; reversible changes, as a rule, are the consequence of the ionization
W

- <

<] of the materials and the environment.
S Page 115.

o
o

o The common picture of the effects of ionization under the influence
e of different forms of the ionizing radiations/emissions is shown in
‘P . Fig. 4.2. The quantitative estimation of the reversible changes can
e '

“»
X
-7

'::"

o
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be determined on the effect of ionization. Under the influence of
different forms of the ionizing radiations/emissions the effect of
ionization depends on state of aggregation of substance. The
average/mean values of energy for one ionizing event for the
substances in the gaseous state are given in Table 4.10, for the

solid dielectrics

or the semiconductors the medium energy of ionization is
approximately/exemplarily equal to the triple value of width of

forbidden band, for the metals - about 10-20 eV.

The reversible changes become apparent in an increase in the
concentration of the current carriers, leading to the increase
leak/leakage and a reduction in resistance in the insulating,
semiconductor, conducting materials and the gas-filled gaps. The
ignition voltages in gas-discharge instruments decrease as a result
of these éhanges, anode current in vacuum~-tube instruments
grows/rises, decrease resistances of resistors, inverse currents in
semiconductor devices grow/rise, increase (due to the supplementary

radiation heating) winding impedances of transformers, engines, etc.

The quantitative values of changes in the electrical parameters
of each type of element/cell are determined by rate of dose or by

radiation flux density and depend on the pulse duration.
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e q) ) ov)
; - Fig. 4.1. Forms of changes in the properties of materials and
,3{ radioelectronic elements under the influence of the ionizing
O radiations/emissions: a) reversed, b) not reversed, c) the partially
C, restorable changes.
2
e Key: (1). Rate of dose or flow. (2). Duration of irradiation.
_
- Page 116.
Under the radiation effect the recombination of charge carriers
.
XN simultaneously with the ionization occurs, which leads to the
'h .
N . . s .
- decrease of their density. After the break-down of radiation/emission
= occurs a reduction in the density of charge carriers, the velocity of
decrease in which is determined by the properties of the materials,
used in the elements/cells. )
éﬁ Recovery time of the parameters also depends on the rate of dose
>
3 or radiation flux density. As a result of the ionizing processes (at
-
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the specific densities of flows) the reversible changes in the
radioelements and the materials can lead to the temporary/time or
total loss of efficiency of equipment. For example, with the intense
radiation can occur the erroneous starting/launching of thyratron,

etc.

The degree of a change in the parameters also depends on the
relationship/ratio between the duration of irradiation and the
relaxation time, i.e., the spontaneous recovery rates of the
properties of material. If the duration of pulse irradiation is less
than the relaxation time, then these changes are determined mainly by

rate of dose or by radiation flux density [7]. .
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Fig. 4.2. Effects of ionization under the influence of the ionizing
radiations/emissions on the materials. Gamma-quanta: a) photo effect,
{ N b) the Compton effect, c) the effect of pair formation electron -
- positron. Neutrons, protons, electrons; 4) ionizatién with the atomic
displacement (during the collisions of neutron with the nucleus), e)

ionization during interaction of the charged/loaded particles with

l. /
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the electrons of atom.
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%

P e, Irreversible changes - this of a change in the electrical

parameters of radioelements, materials and circuits, that appear

. -‘.:'.t
LU
e

simultaneously since the beginning of the irradiations, which
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increase with an increase in the absorbed energy of
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- radiation/emission and which are preservable partially or completely :
- ’
S »,
o after the cessation/discontinuation of irradiation (Fig. 4.1b). ‘
, .
y Irreversible injuries are connected with changes in the structure of %
» J 3 . . -
ol the materials, from which are prepared the radioelements. The effect <
N ‘i
5 of the ionizing radiations/emissions on the organic materials leads i
d
e . mainly to the transformation of molecules in these materials, which i
f. is accompanied by the chemical reactions, which call the irreversible {
- changes in nature of substance. ]
A
:
;S In the semiconductor and inorganic materials the changes under. :
) :
- the effect of irradiation are explained mainly by the damage of the j
Y .
2\ <:> structure of crystal lattice of substance. Data of i
L “
o disturbance/breakdown are, apparently, consequence in essence of the ]
.4': <
5 formation/education of defects in crystal lattice. The graphic 1
E
3 representation of the mechanism of atomic displacement in crystal ?
ﬁ lattice is given in Fig. 4.3. ‘
o
75 :
- L
o . Defects in crystal lattice usually are evaluated according to a !
-.' . .
.5 number of displaced atoms in the material. A quantity of displaced
v .
ag atoms per unit of volume of material under the influence of different
. forms of the ionizing radiations/emissions, in accordance with the
- ":
o

conventional theory of the formation/education of simple point

-

KREARR XAl

biases/displacements, can be calculated by the formula, given in work

[15), namely:
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Ny= [ % (E) tg5(E) Y (EV4E, 4.1)

where N4 - number of the displaced atoms, which appear per unit of
volume of substance under the influence of the flow of the ionizing

radiations/emissions;

¢(E)AE - density of the flow of the ionizing radiations/emissions

with the energy from E to E+AE;
q - number of atoms per unit of volume of substance;

7(E) - an average number of displaced atoms to one report/event of

interaction of the ionizing radiation/emission with the substance;

t - duration of the irradiation of substance.
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Integral in formula (4.1) is taken along entire energy spectrum
of the affecting radiation/emission. In the radioelements frequently
the effect of irreversible injuries is determined with respect to a
change in the parameters of materials, most sensitive to this form of
radiation/emission. In works [8-10] shown that the irreversible
changes in the materials depend only on absorbed energy (absorbed
dose or radiant flux and its energy), i.e., they carry cumulative

character. However, these conclusions/outputs are insufficiently

“af

precise.

e talal

In a number of cases the irreversible injuries of radioelements
can depend on the rate of dose or density of the flow of the ionizing

i radiations/emissions. Thus, for instance, at the large exposure rate

“

can occur the breakdown of air gap, which is located under high

voltage, the burning of the contacts of relay, etc.

N,

During irradiation of lubricating oils at high temperatures it

was established/installed [11], that the resistance of oils to

48 £ 3 ¢ a0

oxidation depends on the power of the exposure dose of
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gamma-irradiation in the identical total exposure dose, equal to

1.2-10* R.

The rate of the course of chemical processes in the
high-molecular organic matter depends on the concentration of free
radicals, which in turn depends on the rate of required work, i.e.,

the power of the absorbed dose. |

The irreversible changes lead to the partial or total loss of

efficiency of radioelements and diagrams.
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Fig. 4.3. The defects of bias/displacement under the influence of the

ionizing radiations/emissions: a) the atomic displacement of lattice;

i
[

b) the formation/education of energy levels; 1 - atom of lattice, 2 -

5 %

vacancy, 3 - introduction, 4 - interacting particle, NEU - the lower

«
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electrical level of the zone of conductivity, VEU - the upper energy
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level of valence band, DEU - donor energy level, AEU - acceptor

energy level.
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They also can lead to a deterioration in such important -

2 ]
<. characteristics as service life, period of storage, thermo- and ]

o hydrostability, reduction in the mechanical strength, reliability, :

- . . . . :
B etc. Thus, for instance, disturbances/breakdowns of shielding %

0.

insulating ones coating radio parts and glass cylinders of

X

B

e -

vacuum-tube instruments (appearance of microcracks, difficultly

XX

detected in the process of irradiation) can lead to a noticeable

change of the properties of elements/cells in the process of

operation.
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Is feasible the third form of a change in the properties of
materials and radioelements (Fig. 4.1lc). A change in the properties
begins simultaneously since the beginning of the irradiation, is
developed with an increase in the absorbed energy and in the specific
time after the termination of irradiation partially or completely
disappears. For example, after the irradiation of organic materials '
by the impulse/momentum/pulse of penetrating radiation with the power
of the exposure dose of 10’ r/s [12] the restoration/reduction of
conductivity occurred: to 10% of equilibrium value for polyethylene
after 3 min, for the polytetrafluoroethylene after 6 hours, for the
polystyrene after 3 hours and for the polymethyl methacrylate after -
10 hours; to 1% of equilibrium value for the same materials after 30

min, 35, 20 and 50 hours respectively.

Thus, the degree of the effect of the ionizing
radiations/emissions on the materials, the radioelements and the
diagrams under given conditions for operation and electrical
modes/conditions depends on the form of the affecting
radiation/emission, dose or flow, rate of dose or particle flux
density (quanta), energy distribution of radiation along the

spectrum, and also on nature of the irradiated object (structure of

substance, construction of element/cell, its technology of
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production) and the environmental conditions (temperature, pressure,

humidity, etc.).

Depending on the form of radiation/emission and its energy the
processes in the radioelements and the materials can occur throughout
entire volume or in the surface layer. In particular, neutrons and
yY-quanta possess high penetrability and therefore the changes caused
by them in the specific volumes prove to be distributed on entire
object, i.e., they carry volumetric character and, naturally, they
can produce gurface effects. The effects of a—pafticles and fragments
of nuclei, as a result of a small mean free path in the substance,

have surface character. ' -
Page 120.

The depth of the effect of protons and electrons in the substance to
a great degree is determined by their energy and processes of
emergence in this material of the secondary ionizing
radiations/emissions (neutrons, y-quanta, etc.), and consequently,
defects in the materials can appear in the surface layer and

throughout entire volume.
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Together with the direct damage of the structure of materials
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during irradiation by their ionizing radiations/emissions, a change
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in the properties occurs also as a result of different kind of the

physicochemical processes, which most strongly become apparent during

‘
|
|
|
{
f
!
]
\
§
1
{
{
i

irradiation. A number of such processes includes: radiation heating,
emergence of color centers, change in the anisotropy of the
properties of crystalline substances, oxidations, structuring and

destruction (in the polymers), decomposition of materials,

luminescence, etc.

Heating radioelements occurs as a result of the conversion of
absorbed energy of the ionizing radiation/emission into the thermal.
A quantity thermal energy, that remains (isolating) in the article,
proportional to the density of the flow (dose rate) of -
radiation/emission and for the case of short-term irradiation can be

determined from the expression

Q=¢§Kivf=v}jxi -, (4.2)

i=|

where Q - quantity of isolated thermal energy, W;

o - particle flux density (quanta) of the ionizing

radiation/emission, part./m?-s;

Vi— volume of the i material, m?:;

m; and p,—~ mass and the density of the i material;




DOC = 83167506 PAGEWJ

Ki— coefficient of the heat release of the i material, W-s/m-part.;
n - quantity of materials, entering the article.

For the case of the prolonged irradiation of article in the
vacuum conditions a quantity of thermal energy, which remains in the

article, can be determined from the expression:

4
E

q=Q—c,aT: —c,cT.:=<pEK‘ %—c,aT‘l —3T, . (4.3)

sl

Page 121.

Here ¢, and e, - emissivity from external m and internal surface of

article;

T, and T, - temperature of the external and internal surface of

article;

¢=5,78.10-* W/m?-h-K°,

The coefficient of heat release for this form of the ionizing

radiation/emission depends in essence on nature of the irradiated

material. Thus, for instance, during irradiation by penetrating
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gamma-~neutron radiation (with the fission spectrum) of articles made

i;i of the heavy materials (in particular, metals) determining is

: gamma-~component of radiation/emission. For the polymeric (especially
connections with the high content of hydrogen), borate, cadmium
materials the effect qf neutron component (in essence of slow and
thermal neutrons) of radiation/emission on their heating becomes
commensurable or even exceeds the effect of gamma-component, since a :
S smaller quantity of neutrons is compensated by the larger value of

their absorption cross-section.

:i: As a result of the energy absorption of radiation/emission and
i'K” its conversion into the thermal the radiocelements and equipment as a s
.5; whole can be heated to the sufficiently high temperatures‘(order of
_:?} 200°) and go out of order due to the thermal breakdown. Especially
- large overheatings are observed during irradiation of massive
articles. Therefore use/application in the equipment of different
kind of heat-transferring elements will contribute to its heating,

and consequently, to a reduction in the service life and reliability.

The oxidation of contacts and surfaces of electrodes can occur
- as a result of chemical reactions. Gases of the environment in the
e connection with the moisture during irradiation form acids, which

also can exert harmful effect on the materials.
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In the articles made of the organic materials are possible two

s, v PO

o & s

O IR TR VT e e w e

l\. :
A forms of the transformation of the molecules of the substance: .
N destruction and join. During the destruction the :
;a{ interruption/discontinuity of the main chains of the molecules of .
;:% polymer occurs. Due to the destruction in these materials can occur i
B - 4
- !
> the following changes in the properties: softening, decrease of {
:i tensile strength, increase in elongation at rupture, decrease of
<y
e resistance by the shear/section, reduction in the melting point,
- increase of solubility.
A
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C -
e Because of the processes of cross-linking in polymers occurs cross k
2 linking, and consequently, the creation of the branched molecules. As
a result of the intermolecular crosslinking can be observed the
,-
/e increase of hardness and brittleness, an increase in the value of
S I:‘ .
e Young's modulus, an increase in the melting point, a decrease of. )
o solubility, an increase in the density.
NI -
.\":
-\.. . . . .
ﬂ- In the presence of the chemical reactions, which occur during _
S
L] irradiation in the inorganic and organic materials is possible the
" :
22 generation of gas n in the organic materials the formation of %
o 1
e dust-figurative products. Liberation of gas in the closed volume can !
L
® lead to the mechanical damages of the articles of radio-electronic :
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equipment, and in the vacuum-tube instruments - to poisoning of

cathodes.

The entry/incidence of dust-figurative products to the contacts
causes the disturbance/breakdown of contacts in such elements/cells

as relays, potentiometers, switches, etc.

During irradiation of inorganic insulation their volume |
expansion can be observed. Thus, for instance, in work [13] it is
shown that during irradiation by neutron flux 102* n/m? insulation

are expanded by 1%.

In the process of irradiation also change spectral
characteristics and mechanical strength of glass. so, the optical
transmission of glass can already noticeably deteriorate with the
exposure dose of y-radiation 10¢-10’ r and the neutron flux of
10**-10*° n/m?*. A change in the optical transmission of glass can
affect, for example, the sensitivity of photocells. Lead and

phosphate glass are most stable, less stable - silicate and

especially borate glass, which have large neutron-capture cross

section [14]. 1

And finally it is necessary to note the possibility of

formation/education in the materials of the radioelements of the

.....................................................
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admixtures/impurities of the radiocactive materials, which will be the

sources of the ionizing radiations/emissions and they can exert
influence on a partial change in the electrical parameters of
radioelements and circuits, and also impede repair and operation of
equipment. The duration of the luminescence of radiocactive elements

can continue for months and even for years.
Page 123.

Greatest induced radioactivity acquire the articles, preparéd from
the materials, in which are included boron, manganese, cadmium and
other substances with the high value of the transverse capture of the
ionizing radiations/emissions. Table 4.1 as an example gives the
periods of half-life and energy of the y-radiatia of some
radioactive chemical elements, which are formed as a result of

capture reactions of neutrons.

After the examination of the possible forms of damages in the
materials and the elemenﬁs/cells, prepared from these materials, let
us pause briefly at the character of interaction of those ionizing
radiation/emission with materials and elements/cells of electronic

devices.

4.,2. Character of interaction of neutrons with the substance.
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Neutron bombardment causes sufficiently complicated and deep

changes in the structure of substance.

In the absence of electric charge electromagnetic interaction of
neutrons with the electrons and coulomb field of nucleus is
insignificant. It is possible to consider that interaction of -
neutrons and electrons is not reflected in the behavior of neutrons
and it is unessential for describing interaction of neutrons with the

substance.
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Activity of the materials, which are formed as a result of

capture reaction of neutrons.

aNne (“)

""',',‘E'.‘.‘l:';“ u:afrg@:qo mm,e,i".""' Busprus maywesns, Mas
Anounnua (5) 100 2,3 n(t"d 1,8
Keaeso (V 0,34 47,1 2kn 0,2; 1,1; 1,28
Kamunat (8) 0,0032 4,3 ann 1.4 o
Harpuit (10) 100 15 xae OV " 1,428
Kaand (12) 6,9 12,5 wac( 1,8
Marumd () 11,3 9.4 mun 3 0,84; 1,06
Mapranen () 100 2,6 wao @ 0.85; 1,8; 2,13
Kacaopon (1€) 0,2 27 cew’ (v 1,2 .

. Rey: (1). Designation of element/cell. (2). Content -of
activated/promoted isotope, %. (3). Half-life period. (4). Radiant
energy, Mev. (5). Aluminum. (6). min. (7). iron. (8). day. (9).
Calcium. (10). Sodium. (11). hour. (12). Potassium. (13). Magnesium.
(14). Manganese. (15). Oxygen. (16). s.
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Neutrons can exist comparatively for a long time in the

equilibrium with the nuclei of substance, as a result of which they

sufficiently easily penetrate to the nuclei (up to the heavy ones).

The very strong interaction, caused by nuclear attracting forces,

appears at short distances from the nucleus (about 10-!* m) between

the neutron and nucleus.
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{5; With the passage of the neutrons through the substance can m
occur their following reactions with the nuclei of different

- elements/cells [5, 16-18]:

- elastic scattering according to the reaction (n, n) with the

time of scattering 10-**-10-3%! s; -

a
:

-%Q - absorption (capture) of neutrons with the formation of

A5 compound nucleus. The formed compound nucleus will be found in the

Ei excited state. Excitation energy is approximately/exemplarily equal

~%§(:, to the sum of kinetic energy of absorbed neutron and its binding -
F}, energy in the formed compound nucleus. i
5

o

55: During the elastic neutron scattering loses the part of its

fg, kinetic energy (its rate it decreases), transferring to its atomic

;S; nucleus of the bombarded substance, and it differs from initial

;:j direction of motion. In this case total kinetic energy and

;E?f impulse/momentum/pulse of the colliding particles is not changed.

ng This process is analogous to the process of the shock of two elastic

:ii bodies, for an example of billiard spheres. In this case the nucleus,

?ﬁg with which the neutron had interaction, is usually called "recoil

;;i nucleus”.
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The excited compound nuclei, which were being formed as a result
of neutron capture, exist during 10-*2*-10-'*®* s, The transition of the
excited nuclei into the normal state occurs by the neutron emission,
gamma-rays, protons, alpha- and other particles or with the

formation/education of fission fragments.

Capture reaction of neutron with its subsequent emission of form

(n, n) outwardly does not differ from elastic scattering. In

'actuality it in contrast to elastic scattering occurs with the

formation of the composite/compound excited nucleus and, therefore,
the duration of this process is into millions of times more than the
duration of the process of elastic scattering. I1f as a result of this
reaction the energy state of nucleus coincides with its initial
energy state (to neutron capture), then this process of interaction
of neutrons with the atomic nuclei of substance also is

conventionally designated as elastic scattering.
Page 125.
There can be such case, when nucleus after neutron emission

remains in the excited state; in this case the part of the kinetic

energy of the bombarding neutron will be expended/consumed on the
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excitation of nucleus and as a result of reaction total kinetic
neutron energy and nucleus after collision will be less than their
total energy to the collision. Such phenomenon, when the part of
absorbed energy of the falling/incident (bombarding) neutron is
converted into the internal energy of nucleus, and the emitted
neutron has smaller energy in comparison with that falling, they call
the inelastic scattering of neutrons and conditionally write/record
in the form (n, n'). In this case the energy excess of the excited

nucleus, as a rule, is emitted in the form of y-quantum.

The course of the reaction of inelastic scattering is possible
only with the neutron energy, which exceed the energy, necessary for
the excitation of nucleus. Therefore the process of inelastic

scattering is virtually feasible for the fast neutrons.

Other processes of capture by the nuclei of neutrons in contrast

to the processes of scattering are accompanied by the nuclear

reactions, which lead to the formation of new nuclei in the

substance. They include:

- reactions of radiation capture of the type (n, y), accompanied

by emission by the excited nucleus of one or several y-quanta;

- cleavage reaction throated of the charged/loaded particles of

..................... - L T N SN . . . . - . . et e
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- the types (n, d) (n, p) (n, a) and others; f
A - reaction throated of several neutrons (n, 2n) (n, 3n) and so 4

4

o forth; h
-" ‘

g ~
. &
- 9
- - fission reaction of heavy nuclei (n, f). i
A » :
:: 33
o In the conventional designations of the reactions examined, and ]
-, 4

~ ) . -

also subsequently in the text are accepted the following

. designations: n - neutrons, y - gamma-rays, p - protons, a - alpha
o particles, d - deuterons, f - fission fragments; the first letter in

.',

S .
¢ (f\ the brackets - particle, which interacts with the nucleus, the second -
/

LN - particle, which is formed as a result of the occurring nuclear
<. reaction.

2 The new nuclei of substance, which appear as a result of capture
’l
- reactions, can be stable and radioactive.

N A
- Page 126. 3
S A
L2 < B
> . 4
- The probability of the processes of interaction of neutrons with 4

3
L) \ -
'N the nuclei depends mainly on neutron energy and nature cf target ]
a5 .4
o nuclei (mass number, etc.). This probability they quantitatively ]

‘e . "j
4 characterize with effective interaction cross section. L
- »:
3 3
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By cross section o it is accepted to understand the area of the
circle, circumscribed around target nucleus, upon falling of neutron
in which is realized the reaction of this type. If the neutron flux,
equal to w,, falls GA plate with thickness X, which contains in 1 m® a

number of nuclei q,, then a number of nuclear processes (N) can be

determined from the following expression: .
N=‘DnQoX0y
whence
N 1 -
= To-n—‘—q', (44)
where g=q,X - number of nuclei, which are contained in the irradiated

‘:( ‘ volume of plate from this material. 1

Thus, the value of cross section is the probability of
interaction of neutron with the substance when to each square meter
of the irradiated surface with walks one nucleus. It is measured in

the units of area. One measurement is the barn:

| barn =102 «23=10"2¢ cx3.

[N
«
.'.-'.l

LN
P AN
3.

2
Y

Complete effective interaction cross section designate o or T It is
the sum of all effective ones interaction cross section with the

nuclei of this substance, i.e., the section of elastic and inelastic
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scattering a» and ¢, the radiation-capture cross section a. of
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sections o0, and s, , reactions (n, p) and (n, a), section o, of
division (n, f) and so forth:

gy =0=qa,+0,+ 0, (45)

where

Y Ty TY Y
R
.

LA

8 =0,4dp+o, +3 4, )

i.e. o, designates effective reaction cross-section, as a result of

which are absorbed the neutrons.

. N
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(j} The complete effective interaction cross sections of neutrons ‘i
with the nuclei of the substances at present are known almost for all
chemical elements/cells and wide interval of neutron energy and are

most fully given in handbooks [17]. The sections of the separate ]

reactions of interaction of neutrons with the atomic nuclei,

especially scattering cross section, are known with the smaller

accuracy. )

For the neutrons with the kinetic energy from 10 keV to 20 MeV
the value of effective interaction cross section approximately equal )

to the cross-sectional area of nucleus it is target [17] o=rr?, where

r - nuclear radius.

- . EUN o e e e L. -
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!!- The cross sections of the separate forms of chemical elements
:;' for the wide energy spectrum of neutrons range from 10-°° to 10°%° m?
??; (10-*-10°% barn). For the separate most wideiy used types of chemical

elements Table 4.2 gives the effective capture cross-sections and
scattering for the thermal neutrons and the neutrons with the energy

1 MeV. Some data over the interaction cross sections of neutrons with
the energy from 0.01 eV that of 10 MeV with the atomic nuclei of ‘
hydrogen, carbon, nitrogen, oxygen, lithium, boron and cadmium are

shown in Table 4.3.

.
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N Table 4.2. The cross sections of chemical elements (in *he barns).
.'_':' 0) (3)Tenanswe ueATpoun B HefiTpoun o suspened | Mse

SO Haruenovan ue QR 5 ) —@

ST sacuen TR cedenite ceve e ceqeHise cedenne

. saxaarta paccesdss saxmaTa paccessuus |

" Boopoa (©) 0,33 36,0 - | 43
e Yraepon (1) 0,0045 5.0 — 2,6

o  aer @ 1,7 13,0 0,01 1,5

a Kucsopoa (%) <0,0002 4,2 - 8.0, .

' Amousuud %) 0,2t . 1,4 0,00037 - 2,5

- ’ Kpemnud (1), 0,13 1,7 - T 4.5

- Mapranen §>) 12,7 2,3 0,0038 3,0

L Kobamr () 35,4 5.0 0,0011 3,1

o~ Mens (18 3,6 7.2 - 3.5

= Marush G6) - 3,6 - -

;l:'.é: Key: (1). Designation of element/cell. (2). Thermal neutrons. (3).
j:jlj: Neutrons with energy 1 MeV. (4). capture cross section. (5).
( ( scattering cross section. (6). Hydrogen. (7). Carbon. (8). Nitrogen. 7
b (9). Oxygen. (10). Aluminum. (11). Silicon. (12). Manganese. (13).
_:ﬁ:j-j Cobalt. (14). Copper. (15). Magnesium.
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- Table 4.3. Interaction cross sections of neutrons with light nuclei
)
58 and cadmium in the range of energies 0.01-10’ eV,
e
:_:.'._ - /J.) CeqeiRe B38BMOACACTBAN. 5apH (10™™ af)
“ ‘-:_‘ \) (¥4 ‘y ;
- 3upr(n et Q‘Jzopoa l[ yra DO,A 3(5%4 Kﬂé.n;gon 1 .(l:?)nﬁ l &p(«?xnn iha(;uuﬂ
. TpOmOS, 2¢ ! ! j
. a \ a(n, 1) I L4 : :’a ‘ L] ‘ °a y L] ‘[ ’a ‘ i, 2 | Tn, 2} E 3
= 0,01 49 - 4 - 15 - 4.8 o,oooz| - — ! 3500
o 0,025 36 0.3 | 5 0,003 | 13 188 | 42| — T 73S 2530
o 0.1 27 - 4.8 - 1,5 - 3.8 — 36 | 380 3500
. 1,0 21 - 4.8 - 10,5 - 38 - 12| 120 23
::::::: 10 20 — " 4,6 — 10 - 3.8 — 4 36 5
'.“- 10* 20 - 4,6 - 9,7 - 3,8 - - 19 7
'ﬁ3< 108 20 - 4.6 - 8.1 — | 3.8] — - 3,7 6
- 10 19 - 4,6 - - - - ~ - 1,7 7
AN 108 12,5 - 4,5 — 4 — | 34| — | o1 0.65 7
-.'~\
e 10° 4,3 - 2,6 - 1,5 0,01—0,2 80| — - 0.4 6
R 107 0,95 - 1,1 - - — ! - - — 4
e Key: (1). Neutron energy, eV. (2). Interaction cross section, barn
o (10-?* m?). (3). hydrogen. (4). carbon. (5). nitrogen. (6). oxygen.
& (7). lithium. (8). beryllium. (9). cadmium.
- Page 129.
o
e Together with the effective interaction cross section of

neutrons with the substance,

for calculating weakening the density of
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the directed neutron fluxes during their propagation (passage)

gl B

oo

through different materials is used the concept about the macroscopic

g
]
1

MDD

cross section I (more frequently they say macroscopic cross section
or simply macroscopic section). Dimensionality of macroscopic cross
section 1/m (m-*!). This value is analogous to the linear coefficient

of weakening y-radiation.

The value, reciprocal to macroscopic section, is the mean free

path X\ of neutron in the material, namely:
!

1=‘To

X

The numerical value of the quantity of mean free path is equal

- to the layer of the material, with passage of which the neutron flux

is weakened/attenuated in e (approximately/exemplarily into 2.7) of

3

. 8
. s

times. Thus, for instance, mean free paths in the water for the
neutrons with different energy are equal to: 0.28 cm for the thermal
neutrons with the energy 0.025 eV; 2.45 cm for the neutrons with the

energy 1 MeV and 11 cm for the neutrons with the energy 10 MeV.

LTSN

In actuality in electronics we deal concerning the materials,

..".} PLAR AW A~

which consist of the mixture of natural chemical elements; therefore S

poos

- during the determination of cross section ¢ or macroscopic cross X
section Z it is necessary to consider the atomic (more precise

b. nuclear) composition of material.
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It follows from the known data over the effective cross sections
that the processes of elastic scattering and radiation capture

energetically can occur with any neutron energy almost for all

nuclei.

For the fast and intermediate neutrons (with the kinetic energy
from 0.5 eV to 20 MeV) the elastic scattering is the most iméortant
process of interaction with the substance. The probability of
capturing the fast neutrons is into hundreds of times less than the
probability of séattering. True, with the neutron energy 10~-20 MeV
the penetration probability of the reactions of inelastic scattering
and nuclear reactions is compared with the probability of elastic

-

scattering [17].
Page 130.

For some light nuclei (lithium, boron, helium and nitrogen) during
interaction with the intermediate neutrons most probable are
exothermic capture reactions of neutrons with further

formation/education of the charged/loaded particles of the types (n,

a) and (n, P), in particular:




OVYYY) % 0 Nt

e VY VA
Sl S

-,

“~
\
s
S
S
N

DOC = 831675086 PAGE%/

Li 41 —a} 4 H;
By + ny —a, + Liy :
Hey +ny — o) +-H|;
N' 4 g — py + G

Similar type reactions

considerably less probable.

In connection with the

-------
...............

for other nuclei of substance are

fact that the charged/loaded particle

with the escape from the nucleus must overcome the potential Coulomb

barrier of the excited nucleus, reaction with the emission of the

charged/loaded elementary particles, as a rule, are endothermic

(reactions, which take place with the energy absorption) and they are

possible with the neutron energy, which exceed certain specific

threshold value. Energy of the potential threshold is proportional to

the reference number of atomic nucleus to degree of 2/3 (z2%¥?) [17].

Reactions with the emission
probable during interaction

rule, more than 1 MeV) with
The probability of the

<&—1s also insignificant.

neutrons with the energy of

of the charged/loaded particles are most
of neutrons with the high energy (as a

the nuclei of light elements (A<25).
r .-tions of inelastic scattering (n, n')

The course of it is possible for the

more than energy of the first excitation
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level of nucleus. For the light nuclei the first excitation levels

m-mesons are possible for the neutrons with the energy 140 MeV.

5

Ei have energy on the order of 0.5-5 MeV, for heavy nuclei (A>80) - not
5; more than 100 keV.

Eﬂ .

s Finally, reactions throated of several neutrons and

%% charged/loaded particles, i.e., types (n, 2n) (n, 3n) (n, np), are

- possible during the bombardment of the atomic nuclei of substances .
1&; with neutrons with the energy 20 MeV and more [17]), with exception of
-

;; reaction (n, 2n), which can flow/occur/last with the neutron energy
#;. of approximately 9 MeV [19]). The nuclear reactions throated of

s

[ LR

;"* s
~
)

o Page 131.
.

2 During the elastic collisions the energy, transferred to atomic
;; nucleus, is within the limits from zero (during grazing collisions)
EE% to maximum value Luuw. On the basis of the laws of the conservation of
}? energy and moment of momentum
- E,,=-(;—’:';_ﬂ—m-,- Eacos, (4.6) ,
'ji where FEF,— energy, transferred to the nucleus of substance;
? m, — mass of neutron;
33:
i; M - nuclear mass of atom;
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E,— neutron energy:

6 - angle between the initial direction of neutron and the direction

of the motion of "nucleus from the giving".

The differential cross section of the energy transfer from E to
E+dE can be calculated according to the formula
do=—5——dE, (4.7)
where 9 — complete neutron cross section, when the cross section is
wholly determined by elastic collisions. Medium energy E, transferred
(:l during the elastic collisions (under these conditions), will be equal :

to ' R - b'......u/'l.

As a result of processes of elastic scattering on the nuclei of
substance the neutrons transfer the part of their energy and,
naturally, stall. A decrease in the velocity and, consequently, also
kinetic neutron energy depends on the nuclear mass of substance, and
also on the value of scattering angle. It is evident from formula
(4.6) that the less the nuclear mass and the greater the scattering
angle, the more energy the neutron loses. Energy losses to the
elastic scattering are insignificant for the heavy elements. Thus,

for instance, for reducing the kinetic energy of fast neutrons to the

.t
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O 4
X energy of thermal neutrons it is necessary to 18 collision with the
L4
N
[ nuclei of hydrogen (mass number equal to one) and 2000 collisions
o
< with the nuclei of lead (mass number equal to 207).
N As a result of gradual moderation of neutrons acquires an energy
of the thermal agitation of atoms of substance, i.e., energy 0.025 eV
x at a room temperature. g
\d
'5-:
' N
N
o Page 132.
%
Ji By the most probable reactions during capture of thermal and
3;(" slow neutrons the nuclei of substance are the reactions of radiation
{ B . :
A capture, for example, reaction throated y-quantum with the energy
:? 2.23 MeV of the type H! (n, 4) H®*. The reactions of radiation capture
S
- lead, as a rule, to the formation of beta-radioactive isotopes.
- Capture reaction of thermal neutrons with the subsequent emission of
- the charged/loaded particles the sufficiently rare.
T~ Fission reactions are characteristic for the heavy nuclei (for
'~
:32 example, uranium-233, uranium-235, plutonium 239, etc.) and occur
” _
.i under the influence both of thermal and fast neutrons, but it is most
-5 characteristic for the neutrons with the kinetic energy into several
-
=€ mega-electron-volts. These reactions are accompanied by release of
»a
". high energy (approximately/exemplarily 200 MeV to each fission) and
~
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by neutron emission [17, 19].

As was already noted above, neutron, being electrically neutral
particle, virtually does not interact directly with the electrons of
atoms, in connection with which it relates to the indirectly ionizing
particles. The ionization of substance in transit through it of
neutrons is conducted due to the effect of "recoil nuclei", which

e appears during the elastic scattering, and also due to the effect of

the charged/loaded particles and gamma-quanta, which appear in the
presence of capture reactions. Furthermore, it is necessary.to note
that as a result of displacing the nuclei, the latter carry along
with themselves their electron cloud, but in this case the peripheral a
electrons, which have the orbital speeds of less than the rate of
"recoil nucleus", they can "fall behind" the nucleus. It is obvious

that such processes also lead to the ionization of substance.

If "recoil nuclei" and charged/loaded particles even in the thin
layers, as a rule, are absorbed by the completely irradiated
material, then the scattered neutrons and y-quanta (appearing in the
presence of the reactions of radiation capture) can leave the

attenuating material, having incompletely consumed its energy.

During the nuclear explosions and from nuclear reactors on the

elements/cells and schematic of electronic engineering will act
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simultaneously the neutrons of different energy. The spectra of these
neutrons will depend in essence on the form of emitter, character of

the media or retarder, through which are passed the neutrons.

Page 133.

Therefore in each specific case for determining the probable
disturbances/breakdowns in the radio engineering materials it is
necessary to calculate neutron distribution on the basis of energies.
But in certain cases during the rough estimates they use the medium
energy of this neutron spectrum, which can be determined according to
formula (1.2). In this case it is only necessary to demarcate the
effects of the action of slow (with the kinetic energy of less than
0.1 Mev, including of thermal ones) and fast neutrons (with the

energy of more than 0.1 MeV).

The majorities of the articles of radio-electronic equipment are
made from the nonfissionable materials, on which fast neutrons act in
essence, since the effective capture cross-sections of slow neutrons
in them are insignificant in comparison with the interaction cross
sections of fast neutrons. Therefore the action of slow neutrons
during the practical estimation of the majority of radio engineering

articles can be disregarded/neglected.

......
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Thus, during the evaluation of the effect of the action of
neutrons on the materials, used in the radio-electronic equipment, it
is necessary first of all to consider the effects of
bias/displacement. During the calculation of a number of
biases/displacements for each concrete/specific/actual material is
accepted specific energy threshold £, equal to energy, which it must
transfer neutron to recoil atom so that the latter could leave the
node/unit of crystal lattice. Thus, for the atoms of silicon and

germanium this energy is equal to approximately/exemplarily 15 eV.

A number of displaced atoms per unit of volume of material can
be approximately determined according to the formula

Nd = d.q:'?t'

where g - number of atoms per unit of volume of material;

oottt antea)

¢ - neutron flux density:

7 - average number of biases/displacements to one report/event of

interaction of neutrons with the medium (when Ea<Za<2E4 a number

bbbt S

bias/displacement ¥=1);

L

1

'-':‘ . . . .

S8 t - duration of irradiation. )
;‘1' r
n 1
1\.\

o During irradiation of materials by the gamma-neutron flow, which !
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appears as a result of fission reactions, they usually disregard the

contribution to the ionization from the neutrons.

Page 134.

As already mentioned, during irradiation by the neutrons of
materials in the latter the admixtures/impurities can be formed. The
formation/education of such admixtures/impurities is connected with |
the processes of the radiation capture of neutrons of the type (n, |
v). The section of this réaction is inversely proportional to square
root of neutron energy, i.e., I./V E.. The méximum of the section of
this reaction is located in the region of thermal neutrons. In the B
series of elements (gold, indium, boron, silver, cadmium, etc.) with
the specific energies are observed the resonance peaks, with which
the values of effective radiation-capture cross section reach hundred

and thousand barn.

The formation of radioactive.nuclei occurs as a result of
radiation capture. In the process of decomposing/decaying these
nuclei occurs the radiation, which can lead to a change in the
characteristics of materials. Therefore during the investigation of
the action of neutrons on the materials, the elements/cells and the

schematics of radio-electronic equipment it is necessary to consider

the effect of thermal and slow neutrons and the action of induced
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;{: radioactivity, and with the work with the irradiated radio-electronic

e

ALY

N equipment it is expedient to apply protective measures.

Y

)

2 4.3. Interaction of the charged/loaded particles with the substance.

With the passage of the charged/loaded particles through the

;ﬁj substance they produce ionization, directly interacting with the

(e electrons of atoms.

. \;_. :

N

;Rf The nuclear reactions or nuclear scattering occur as a result of

~ . ’

?;: colliding of elementary particles and atomic nuclei. The degree of

-~

('; interaction of the charged/loaded particles with the atomic nuclei y

ﬁf’ depends on kinetic energy of incident particles, potential of nuclear

u"--.

:ﬁ forces, and it is also determined by the potential threshold of

‘f nucleus (by forces of Coulomb repulsion). During the collisions of

- the charged/loaded particles with the kinetic energy of less than the

ﬁk' potential threshold with the nuclei the scattering occurs mainly.
During the elastic scattering the sum of energies of the colliding

f._ particles and nuclei before and after collision does not change. When

fﬁ; the part of the energy is expended/consumed on the excitation of

\': 0

o’ nucleus, then such an interaction is carried to the inelastic

[

'iﬂ scattering. In this case the excited nucleus usually emits y-quanta.

o

o

g Page 135.
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The charged/loaded particles with the energy, which exceeds the

DOC = 83167506

potential threshold, penetrate directly the zone of action of the
1
nuclear forces, as a result of acting which occur the nuclear :
reactions. ﬁ
{

Electron collisions, ions, atoms, molecules with the energy not
more than 104-10°% eV carry usually to the collisions atomic. The
charged/loaded particles with this enérgy interact, in essence, with
electronic atom shell of the substance (effect of nuclear forces on
them usually is not considered). Atomic collisions also are elastic

'w', and inelastic. During the elastic collisions the direction of motion

changes, But the internal state of the charged/loaded particles 1is
not changed. A change in the internal energy of particles occurs as a

result of inelastic collisions, which leads to secondary radiation.

Py VR L

During the atomic collisions can occur the change in the particle

A
LAY

o
PSS

structure, caused by ionizing effects, by the processes of

1/‘/ .

overcharging, etc.

Let us pause briefly at the processes of interaction of protons

and electrons with the substances.

Character of interaction of protons with the substance.




’
dade. LA A A

LR

L DOC = 83167506 pAGE}W

The effect of protons on the substance is caused, on one hand, ]

Aa

Y
by electromagnetic interaction, and on the other hand, by the j
absorption of protons by the atomic nuclei of substance. From the i

. point of view of protection from proton radiation/emission these

A

processes are in detail examined in [21]. Let us pause only at some 1
= general laws, characteristic for describing interaction of protons

- with the materials of radio engineering articles and diagrams.

Electromagnetic interaction of protons can be with the electrons

and with the atomic nuclei of substance. With electromagnetic

interaction with the atom occurs excitation both the ionization of .
atoms and the formation/education of the delta-electrons, which in

turn cause the ionization of atoms. During electromagnetic

interaction of proton with coulomb field of nucleus the elastic

scattering occurs.

! ‘l ‘l ll ‘l II . !
et L
bl tidcbnchaindhcinnh, Bbotikndndenin it bkl il atiiiionca.

Page 136.
‘Q Energy, transferred to the electron of atom by the bombarding ]
s 1
‘! proton, which passes at the distances from the nucleus, large by the 1
o proton, which passes at the distances from the nucleus, ionization. )
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The degree of ionization, during electromagnetic interaction of
protons with the substance, depends on the energy, absorbed in the
material.

For the protons with the energy from 2 to 10° MeV (with the
range of energy, most characteristic to cosmic radiation), which car
produce essential disturbances/breakdowns in the radio-electronic
diagrams and the radioelements, ¥able 4.4 gives computed values of
the lonizing energy losses of protons in the beryllium, carbon, air,
aluminum, copper and lead. The calculation of these losses for
different energies of protons was conducted according :o the method

of Sternheimer [22].

When proton passes at the distances from a nucleus less than the
size/dimension of atom, it tests/experiences Coulomb scattering in
the nuclear field. Energy of proton in this case noticeably is not
changed, i.e., it is possible to consider ‘that the elastic
electromagnetic scattering occurs. The probability of scattering in
the field of the electrons of atom substantially less and it usually

is not considered.

The divergence of protons in the nuclear field occurs, as a

rule, it is repeated to comparatively small angles. Scattering the

initial beam of protons with its passage through the substance occurs

PSS PRI

[

o
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as a result of repeated divergence.

Elastic and inelastic scattering can occur as a result of the
proton bombardment of the nuclei of substance. Elastic scattering is
the consequence of interaction, as soon as which was noted, Coulomb
forces, nuclear forces, and also by the consequence of optical
properties of nuclei [21]. Inelastic collisions lead to the course of

the following intranuclear processes:

the inelastic scattering of protons of the type (p, p');

(ﬁ} - the nuclear reactions of types (p, n) (p, @) (p, a), etc.;

’
4
!

- reaction of the overcharging of a proton of the type (p, n);

. - Cleavage reactions, which occur with the emission of a large
e number of particles of the types (p, pn) (p, 2n) (p, p2n) and so

forth, and also the nucleon groupings of types H? H?, He®, He*;

- nuclear reactions, leding to the formation/education of

N nuclear fragments with atomic number 3 it is more (223) or the

so-called fragmentations.
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4.4. Ionizing energy losses of protons in the substances.

Table
(l) ldoua;:aauuouuue norepu, Mse/xg-us a:
Ep. Mse
5ep€?.lm. } yr.n(eggne \aamﬁ&uu' sé%i l cag:)ue aog}&e
2 13,19 14,06 11,08 7,893 4,114 13,4
3 9,745 10,44 8,316 6,183 3,462 9,986
4 7,806 8,397 6,744 5,127 2,985 8,053
5 6,559 7,074 5,719 | 4,408 2,636 6,800
6 5,669 6,126 4,984 3,873 2,365 5,899
- 7 5,015 5,428 4,438 3,471 2,154 5,232
8 4,503 4,881 4,009 3,150 1,981 4,711
9 4,099 4,447 3,667 | 2,804 1,840 4,296
10 3,764 4,087 3,380 2,677 1,718 3,951
20 2,138 2,334 1,970 1,991 1,073 2,266
25 1,780 1,946 1,652 1,342 0,9163 1,893
30 1,534 1,679 1,431 1,168 0,8050 1,635
35 1,353 1,482 1,267 1,038 0,7203 1,444
40 1,215 1,332 1,141 0,9383 | 0,6548 1,298
45 1,106 1,212 1,041 0,8584 0,6020 [, 182
50 1,015 1,114 0,0584 | 0,7925 | 0,568t 1,087
55 0,9412 1,033 0,8002 | 0,7378 | 0,5213 1,009
60 0,8798 | 0,9645 | 0,8325 | 0,6914 0,4900 0,942
65 | 0,8254 | 0,9062 | 0,7831 | 0,6514 | 0,4629 | 0,8852
70 0,7791 0.8556 | 0,7402 | 0,6167 | 0,4391 0,8360
75 0,7380 | 0,8112{ 0,7026 | 0,5861 0,4181 0,7928
80 0,7026 { 0,7719 | 0,663 | 0,5690 | 0,3998 | 0,7546
90 0,6424 | 0,7061 | 0,6132 | 0,6133 | 0,3682 | 0,6004
100 0,6933 | 0,6626 | 0,6674 | 0,4760 | 0,3424 | 0,6383
110 0,5527 | 0,6079 | 0,6292 | 0,4449 | 0,32090 | 0,5880
120 0,5187 | 0,5706 | 0,4973 | 0,4187 | 0,3027 | 0,5587
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130
140
150
200
250
300
350
400
450
500
600
700
" 800

1 000
1500
2000
2500
3000
4000
5 000
6 000
7 000
8 000
9000
10 000
25 000
50 000
100 000

0,4896
0,4644
0,4424
0,3647
0,3173
0,2853
0,2625
0,2453
0,2321
0,2215
0,2059
0,1950
0,1871
0,1812
0,1767
0,1649
0,1608
0,1595
0,1593
0,1604
0,1621
0,1638
0,1655
0,1670
-0,1685
0,1699
0,1822
0,1915
0,2005

N DOC = 83167506

0,5388 |
0,5112
0,4872
0,4016
0,3497
0,3148
0,2696
0,2709
0,2563
0,2448
0,2278
0,2159
0,2074
0,2009
0,1960
0.1833
0,1791
0,1778
0,1778
0,1793
0.1813
0,1834
Q,1854
0,1873
0,1890
0,1905
0,2050
0,2156
0,2957

0.,4700
0.4464
0,4258
0,3522
06,3072
0,2771
0,2555
0,2392
0,2268
0,2169
0,2022
0,1921
0,1849
0,1795
0,1754
0,1649
0,1618
0,1611
0,1615
0,1635
0,1659
0,1682
0,1704
0,1724
0,1743
0,1759
0,1913
0,2027
0,2134

-
PAGE )%_

0,3961
0,3767
0,359%
0,2989
0,2616
0,2366
0,2185
0,2049
0,1945
0,1863
0,1741
0,1658
0,1598
0,1555
0,1522
0,1443
0,1422
0, 1422
0,1429
0,1452
0,1478
0,1502
0.1524
0,1544
0.1562
0,1579
0,1729
0,1839
0,1941

0,2870
0,2734
0,2616
0,2189
0, 1924
0,1747
0,1619
0,1823
0,1448
0, 1390
0,1305
0,1246
0,1205
0,1175
0.1153
0,1104
0.1099
0,1108
0,1121
0,1150
0,1178
0,1204
0,1227
0,1248
0,1267
0,1284
0,1436
0,1546
0,1648

0.5276
0.,5007
0,4773
0,3942
0,3434
0,3093
0,2848
0,2666
0,2524
0,2413
0,2249
0,2136
0,205
0,199
0,1950
0.1838
0,1809
0,1808
0,1818
0.1851
0,1889
0,1924
0.1958
0,1989
0,2017
0,2044
0,229
0,2499
0,2687

(1). Mev. (2). Ionizing losses, MeV/kg-m*? in
carbon.

139.

(5). aluminum.

(6).

copper.

(7).

lead.

(3). Beryllium.

(8).

air.
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The process of division occurs also under the action of ‘

high-energy protons in the heavy nuclei.

P P armma a . o s

The probability of different processes of interaction of protons

with the nuclei depends in essence on energy of protons and nature of

a.a.a

the nuclei of substance. This probability, as for the neutron
radiation/emission, it is characterized by the effective interaction
cross section of proton with the nucleus of the bombarded substance.
Complete effective interaction cross section is equal to the sum of
the effective sections of all interaction of protons with the nuclei
of the substance
O == 0= 04+ Ga. (4.8) g
In formula (4.8), it is analogous with designations for the

cross sections of neutrons in expression (4.5), byo, and o

understands complete cross section, by 0§ - elastic-scattering cross

[P T P

section, the characteristic "blurring” of the directed flow of
protons, and g¢s— the cross section of all reactions, in the presence
of which occurs the absorption of protons, i.e., section, which

characterizes knocking out of protons from the incident flux.

Effective elastic-scattering cross section can reach the value,

equal to the geometric cross section of nucleus, i.e., o,=n? and ‘

'y
v 4

At

generally it, as a rule, always is less than this value. Sometimes

0,=3,2 nrd [12].
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o The value of the cross section of inelastic nuclear interaction X

determines, in the first place, the process of absorbing the protons,

PR LI DR

N and in the second place, characterizes the output of secondary .
ff particles from the substance. It if energy of protons several times :
N : : . .
{ of more than the value of Coulomb barrier, approximately/exemplarily i
- - 11.
ﬁi is equal to [21] )
!:.\ .:
2 0e=1x(1,3-10-154", 48, @4.9) j
N ;
9 Consequently, a change in the properties of substance will 1
k: depend on the direct effect of protons, and also on the effect of X
Ly secondary particles, which were being formed as a result of
- _
{ <:> interaction of protons with this substance. -
\
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: .
‘f: During interaction of protons with the energy, which does not .
i exceed 100 MeV, the radiation/emission of secondary particles is

jb small and their energy small. With an increase in the energy of

S

j$ protons grows/rises a number of secondary particles and their energy.
1

SN : . . :

- The formation/education of secondary low-energy and high-energy
'f; particles [21] is characteristic for the protons with the energy of
%2 more than 500 MeV. Secondary particles with the energy of less than
S
i (:> 100 Mev, which consist in essence of the neutrons, the protons, the
,Ef deuterons and the more heavy nuclei, carry to the low-energy ones.
:f Particles the energy 100 MeV and more consider high-energy. They

o l:’

consist mainly of neutrons, protons and r-mesons. The latter have
ff sufficiently great possibility of decomposition/decay to two quanta.
R
[
Formed secondary particles in turn can interact with the

‘%f substance, causing nuclear reactions and ionization. The development
%f of cascade nuclear process determine high-energy secondary particles,
-

= which are spread in the direction, close to the direction of the

ﬁ% bombarding proton, being gradually scattered with the passage into
.,

e the depths of the substance.
. \ . >
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-ﬂ The role of nuclear interactions in comparison with the ionizing
processes with an increase in the energy of the primary incident
protons and thiékness of substance (for example, the material of
protective shield) grows/rises. Therefore during the calculation of

- the absorptions of a number of protons in the material it is

necessary to consider nuclear interactions.

) As an example Table 4.5 gives the relationships/ratios between
E?ﬂ nuclear and electromagnetic interactions of protons in carbon and
lead depending on the thickness of material with the energies from
e 100 -.to 1000 MeVv [21]. It is evident from these data that for the
Eﬁ radioelements, whose thickness is equal to the landing run of protons
or more its (thickness of landing runs they are given to table 1.2),
nuclear interactions they can play the significant role. Furthermore,
it is necessary to note that the probability of nuclear interactions
considerably grows/rises with an increase in the depth of penetration

of protons into the materials and barely depends on their energy in

P,

.:_'\.;
0y the range of energy from 100 to 1000 MeV.
o
T Page 141.
o
;Ef: But during the evaluation of the effect of protons on the substances
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and the radioelements it is necessary to consider the effect of

- secondary particles of the radiation/emission; especially it exerts a
substantial influence under the influence of the protons of high

energies, which can cause also intranuclear cascade processes.

As a result of the energy absorption of incident proton it is
. consistently transferred to the separate nucleons of nucleus. The
latter can also adjacent nucleons of nucleus, transferring by them
energy. In turn, secondary recoil nucleons act on the following

nucleons of nucleus, etc.
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Table 4.5. Probability of nuclear and electromagnetic interactions

depending on the depth of penetration of protons into the substance.

O] (3 () Koausecrso “ﬂ:::g: J:g.n::ﬂuru:uux
o haa | Tirveun oo | () v yracpous TR
‘ xefut %)
m(?pzun m;:;::‘:uf- Qpnau. :;";?:m.
b 100 50 5 95 2 98
150 50 5 95 9 38
150 100 10 90 5 95
300 50 5 95 2 a8
300 100 9 9l 4 9%
© 300 500 39 61 20 80
600 50 5 95 3 97
600 100 10 90 5 9%
600 500 42 58 23 77
- 600 1000 67 33 41 59
s 600 1500 81 19 54 46 |
(::; 1000 50 5 9 2 8 -
. 1000 100 10 90 5 96
1000 500 40 60 21 179
1000 1000 66 34 38 62
1000 1500 80 20 51 49
1000 2000 88 12 62 a8

Key: (1). Energy of proton, MeV. (2). Depth of penetration, kg/m?.
(3). Quantity of protons (%), which experienced interaction. (4). in

: carbon. (5). nuclear. (6). electromagnetic. (7). in lead.

Page 142.

Thus, occurs avalanche-type process, or the so-called intranuclear

cascade. The nucleons, which have a sufficient energy for the escape
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from the nucleus, are called cascade particles [21].

The formation/education of cascade particles as a result of
inelastic collisions of protons with the nuclei of substance and
their relationship/ratio depend on energy of the bombarding proton

and characteristics of atomic nucleus.

Some information about the average/mean values of the outputs of
cascade protons, neutrons and w-mesons (7°, 7+ and n-) depending on
energy of that falling heating, from which it follows that the output

of cascade particles increases with an increase in the energy of the

(,) bombarded proton, they are given in Table 4.6. Output of cascade

particles decreases for the bombarded protons with the energy of less
than 800 MeV with the increase of mass number, and with the energies
of more than 800-1000 MeV an increase in the output of cascade
particles is noted. Kinetic energies of cascade particles can reach
the values of energies of the bombarded proton. The lower limit of
energy spectrum is determined for the protons by the Coulomb barrier
of nucleus, for the neutrons the spectrum somewhat soft, since to

their output from the nucleus Coulomb barrier does not exert effect.

After the output of cascade particles the nucleus remains in the
excited state, since the part of absorbed energy was transmitted to

recoil nucleons, which did not escape from the nucleus. This
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excitation energy is redistributed between the nucleons of nucleus
and as a result of the fluctuation can be transmitted to one or

several nucleons, which can in view of this leave nucleus. This

A _mtaa A 2 E a & 8 ' & e Rt v_ .

process by analogy with the process of evaporating the heated drop of
liquid was named the evaporative stage of the inelastic nuclear

- interaction of proton, and the emitted particles - by evaporative
particles. Evaporative particles consist in essence of neutrons

(about 50%) and protons (about 25%), and also there are among them

PV DTG S G S e

deuterons, triton, helium-3 and a-particles. Heavier particles are '
formed in a larger quantity at high energies of the bombarding

protons.

P ] RS
N . Tttt 2
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L
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The energy spectra of evaporative particles, as a rule,

Db

especially for the charged/loaded particles, little depend on energy

of the bombarding proton.

PPN OY VW

Page 143.

7 |

-ﬁj Thus, for instance, during the nuclear bombardment of nickel, silver

2 , ‘

N and gold by protons with the energy 190 MeV the energy spectrum of ]

T evaporative neutrons is spread to 10-15 MeV (maximum with the energy !

T :

:ﬁ of approximately 1 MeV), in evapurative protons and deuterons the h

-

3 maximum is shifted into the range of energies 5-10 MeV, in {

b @ i

[ e-particles ~ into the range 10-15 Mev (21]. j
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particles from the nuclei of

insignificant. Consequently,
rate/estimate the effects of

and those in the elements of

S circuits under the influence
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The information about the outputs of evaporative and cascade

substance during the bombardment with

their protons of different energies at present are very

it is possible to only very téntatively
disturbance/breakdown in the materials
construction/design and the electronic

on their proton radiations/emissions.

Chef i ik R dn ]

- Character of interaction of electrons with substance !

e Electrons, passing through the substance, interact with the

electrons of atoms or with coulomb field of nucleus.
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Table 4.6. Output values of cascade protons, neutrons and r-mesons,

el B4 o

that fall for one inelastic interaction of proton with the target

PPV R W

nucleus.
1
O () Besnunna smxoas us
:.:: (3) anomunnn-27 (1) uenx-64 () ypana-338 J
;:;g' m(:g)o- ug:- -.(:e’- ug)ro- L(‘{m‘- t.MQe n(p%ro- (é:)m-- (53... . ;
a é nos ponos | 30108 | HOW pouos | sonos | Hos poHOB | BONOW: ‘!
82 /080|067 — |06 063 — |0,18/0,3] — )
158 —_ —_— — 10,8710,83 — | 0,41 | 0,82 - k
239 | 1,37 { 1,03 — [ 1,15 1,07 — 10,661 1,06 —_ h
290 —_ - — [ 1,27 | 1,27 — - —_— -—
460 | 1,9 (1,5 {0,144 1,63 | 1,67 {0,110/ 1,00 1,940,108
690 -— — — | 2,1312,17 (0,308 — — —_
940 — -— — | 2,46 2,83 {0,540| 1,76 | 3,54 | 0,430
1840 | 3,5 |3,22{1,170| 3,77 | 4,23 |1,056| 2,83 | 5,90 | 1,017

Key: (1). Energy of proton, MeV. (2}). Value of output from. (3).
aluminum-27. (4). protons. (5). neutrons. (6). n-mesons. (7). copper

64. (8). uranium-238.

Page 144.

During the elastic interactions with the electrons of atoms the
energy of the passing electrons 1s not lost, but direction of their
motion sharply changes, which leads to the dissipation of energy and
weakening of flow. During ilnelastic collisions the passing electron
transfers the part of its energy to the bound electrons of atom.

Depending on a guantity of transmitted energy occurs excitation or
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the ionization of atoms. The secondary electrons, pulled out from the
atom, have in the majority of the cases energy several hundred
electron volts, sufficient for the ionization of the adjacent atoms.

Such electrons are called 6-electrons.

With low energies of electrons the losses are almost completely

ionizing.

In transit through the substance of electrons with the high
energy, simultaneously with the ionizing losses, occurs the energy
conversion of electrons into the braking electromagnetic radiation.
These, so-called, radiation losses compose the significant part of
the total losses of energy, when the velocity of electrons is close
to the speed of light. According to Bethe and Heitler the ratio of
the radiation energy losses to the ionizing losses is described by

the expression

(dE> o
dx pan . EZ

=74 (an 15600 mc**
(Tf) HOHH] (37

(4.10)

Key: (1). rad. (2). ioniz. (3). ms?.

where E - the wave energy of electron;

Z- the atomic number of the substance of absorber.
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Table 4.7 gives for some materials the critical values of energy
of electrons, which correspond to A=1l.
For the light-density materials, when energy of the

- falling/incident electrons does not exceed several million electron

5\2 volts (for example, the electrons of external and artificial Earth
- L _— . :

b radiation belts), radiation losses are only certain correction to the
!‘E total loss of energy. For the heavy materials this correction can be

essential.

(' page 14s.

With the passage of the fast electrons through the substance the
direct excitation of lattice vibrations occurs, but the energy losses
of electrons in this case are insignificant in comparison with
ionizing losses [15]. Is possible also the direct drive of energy to
the atoms of substance, which under certain conditions leads to the

emergence of structural defects.

.........
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Sy Table 4.7. Critical values of energy of electrons.
:f'.i m (9 C
o ; ATOMHWA HO- 3HaueHHE SHUEDPTHA
',:.‘ Xumuaeckudt snewent uep nps A=1, Mae
. . (4) Amomuuui 13 273
- () Kpemnwuit 14 58,6 A
(6) Tepmanuit 32 25,6
" Onoso 50 16,4
(D Cannen 80 10,0

RKey: (1). Chemical element. (2). Atomic number. (3). Value of energy

~ .
:“- with A=1, MeV.

5 4.4. Character of interaction of X~ray and gamma-radiation with the

o substance.

- Energy of X-ray ones and gamma-quanta with their passage through
the substance is expended/consumed on interaction with the electrons,
‘) the nucleons, the field of electric charges and the meson field of

- . atomic nucleus. The possible ‘orms of the effects of absorption,

S

:ﬁ elastic and inelastic scattering are given in Table 4.8 [28].

) _‘. .

M

:ﬁﬁ The absorption and scattering of y-quanta occurs as a result of
.j§ these interactions. During the energy absorption of y-quanta

@0 completely is converted into other forms of energy, while during the
o elastic scattering a change in the direction of propagation of

>

vl radiation/emission occurs. Inelastic scattering leads to a change in
I‘_."'.

-‘- S

A,
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Eif the direction of propagation of quantum and to the partial absorption

';i of energy.

;

- In y-quanta with the energy to 10 MeV are observed three
processes of interaction of y-radiation with the substance:

\s - photoelectric absorption (photo effect), Compton effect (Compton

E&i effect or the Compton effect) and effect of the formation of

- electron-positron pairs or is simple the effect of the formation of
;;? the pairs (see Fig. 4.2).

3;% Page 146.
’iéé They usually disregard the processes of nuclear photo effect,
;?2 nuclear scattering, etc. with the energies of y-quanta to 10 MeV.

:j With the high energies of the primary y-quanta, characteristic for
;&; the cosmic radiation, these processes can give the significant

iii contribution to the general/common/total effect of the action of

~?E . y-radiation on the substance. Thus, for instance, if quantum energy
§§ exceeds energy of binding of nucleon in the atomic nucleus, then

:fs during interaction of quantum with the nucleus the extraction of the
f{i nucleon (this process by analogy with fhe photo effect of atom is
,gi; called nuclear photo effect) can occur.

5

o

~$§ As a result of interaction of y-quanta with the substance occurs
N

”
e
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the absorption of their energy and emergence in the substances of 1
secondary radiation namely: fluorescence, bremsstrahlung,
annihilation radiation/emission. The appearing charged/loaded ions

can lead to the formation of atomic defects (intermediate

atom-vacancy) .

Photoelectric absorption is characterized by the process of
interaction y~quantum with the electron of the atom, with which

_y-quanta it is absorbed by atom.
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Table 4.8. Classification of the possible forms of interaction of i
y-radiation with substance. ;
(n (2) Buaw npoueccos b__‘
X O6BexT 83aumMOAeR- 3 v 53 H@’T . j
X croas Forauense | YT uECtn | einoyios ,
) y
< ) (®) ) 5
n A'ri)%laue 3nexTpo- ‘ ¢o1‘ga¢q)exr Kaccnuecxoe | Komntunonckoe -1
- e ‘ paccesinie ua paccesinue J
3NeKTpOKAX |
) Hykaonu (10) Anepraifl poto- | Knaccndeckoe — -]
apdexT (1) paccesHHe Ha ::_
- (2 1d) 'C'Lﬁnpax -]
<. vy A -
- Kyaotosckoe mose | O6pasosatise Pacceninne -
-~ nap Heas6proka .
Mesossoe nose (1) Meaouuoe 8zaumoned- —_ ’.;.
cTBUE -9
Key: (1). Object of interaction. (2). Forms of processes. (3). -
Absorption. (4). Elastic scattering. (5). Inelastic scattering. (6). g
A Atomic electrons. (7). Photo effect. (8). Classical scattering on
- electrons. (39). Compton effect. (10). Nucleons. (11). Nuclear photo

effect. (12). Classical scattering on nuclei. (13). Coulomb field.
(14). Pair formation. (15). Scattering Delbruck. (16). Meson field.

(17). Meson interaction.
. Page 147.

Energy y-quantum is expended/consumed on the communication/report to
electron of the speed (it converts/transfers into the kinetic energy
of electron) and on overcoming of electron-binding energy in the

atom. Consequently, energy y-quantum must be compulsorily more than
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electron-binding energy in the atom.

The formation/education of vacant place (empty level) at the
appropriate energy level'of electron shell is the consequence of
photo effect. In this place it can in turn pass electron from another
energy level, which leads to the emission of the quantum of
characteristic radiation/emission. The transition of electrons to the
empty levels causes the isolation/liberation of the energy excess,
which can be the consequence of the Auger effect - escape from the

atom of electron from the external electron level.

Thus, with the photo effect energy of y-quanta is
expended/consumed on the extraction from the atom of photoelectrons
and Augef electrons and communication/report to them of kinetic
energy, and also in insignificant quantities for the
formation/education of the quanta of characteristic

radiation/emission.

The degree of the energy absorption of y-radiation is considered
with the aid of the photoelectric absorption coefficient. Linear
photoelectric absorption coefficient r is equal to the sum of the
linear coefficients, which consider energy conversion of y-quanta
into the kinetic energy of electrons w and energy of characteristic

radiation/emission To namely:

T (.11)

A )
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It is possible to accept in the majority of the practical cases
. for the radio engineering materials that during the photoelectric
absorption entire/all energy of y-radiation converts/transfers into

- the energy of photoelectrons.

Compton effect occurs on the electrons of atom. In this case
y-quanta loses the part of its energy and is changed direction of
motion, i.e., occurs the process of scattering; the energy,
transmitted to electron, is expended/consumed on the electron
N detachment from the atom and the communications/reports to it of _h

speed (kinetic energy). Quanta can be scattered in any directions.
Page 148.

The greater the energy y~quantum, the less the mean angle of its
divergence from the initial direction. Electrons from the atom can H

escape in the limits of angle [25]

T~

%}:>°>”f7r‘

The scattered y-radiation is formed as a result of processes of

Compton interaction of y-quanta with the substance. If the
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sizes/dimensions of dissipative material are sufficiently great, then
the value of quantum energy descends as a result of repeated
processes of scattering also the effect of photoelectric absorption
occurs finally. .

With the decrease of energy the y-quantum decreases and the
portion of its energy, lost by the scattering, since photo effect

becomes more probable.

The linear coefficient of Compton interaction o can be
represented in the form
O =0+ O, (4.12)
where o«{ and B. - linear interaction coefficients, which determine
energy conversion f—quantum into the energy of recoil electrons and

energy of the scattered quanta respectively.

The effect of the formation of electron-positron pairs is
observed during interaction of y-quanta with coulomb field of
nucleus. As a result of this interaction of y-quanta completely loses
its energy and is formed the pair of particles positron-electron.
Consequently, this effect can occur with the energy the y-quantum,
which is more than total rest energy of positron and electron, i.e.,
it is more than the doubled rest energy of electron 2m,s?*=1.02 MeV.

The remaining part of the energy y-quantum (minus energy 2m,s?) is

P
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- converted into the kinetic energy of electron and positron. Positron

o in turn interacts with the electron of medium; this interaction leads
to the formation of two quanta of annihilation radiation/emission.
This secondary radiation occurs with the larger probability in the
positrons, which were retarded to the kinetic energy, close to zero,

- i.e., energy of y-quanta will be equal to approximately 0.51 MeV.
Page 149.

During the calculation of the effect of pair formation they use
the appropriate coefficients. The linear pair-production coefficient
:\v} it is accepted to designate K or «, and the part of the coefficient,
which characterizes energy consumption y-quantum, that proceeds with
communication/report to electron and to the positron of kinetic
energy, designate K, and calculate from relationship/ratio [26]

o : ET -1 .-02

KK= E Kv (4'l3)

1

where £, - energy of primary y-quantum.

o ] In the practice under the influence of y-radiation on the

articles of electronic engineering they usually deal concerning the

s s

flow of y- quanta of different energy, which, as a rule, interact

with different substances. Therefore the absorption of y-gquanta in

‘

the articles of electronic engineering will occur simultaneously as a
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result of the course of the processes of photoabsorption, Compton
effect and effect of pair formation. The relationship/ratio between
these effects depends in essence on the energy radiation spectrum and

atomic number of substance.

Fig. 4.4 shows the regions of energies of elements/cells with
different atomic numbers, in which predominates one or another the
effect. The dividing lines are carried out so that the probability

for the adjacent processes is identical along these lines.

For y-quanta with low energy characteristically photoelectric
absorption. With an increase in the atomic number of substance
increases the range of energy of y-quanta, with which predominates
the probability of photo effect (region A Fig. 4.4). For example, in

lead with Z=82 this process predominates to the energy 0.5 MeV.
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Fig. 4.4. The regions of energies, in which predominate different

\ . basic processes during interaction of y-quanta with the substance
;; (according to Evans): A - photoelectric effect; B - pair formation B
ot
¥ - Compton effect.
: Key: (1). Mev.
< J
C I Page 150. &
N ;
‘5 The effect of pair formation is predominant for y-quanta with :]
. . e . . . i
- the high energy and its probability increases with an increase in the X |
" "1
=£ atomic. number of the irradiated substance (region b Fig. 4.41). ]
-\ .“
- %
- R
= Compton effect is most characteristic for the light substances,
i: i.e., substances with the small atomic number, in the sufficiently
L]
r. . . .
X broad band of energies of y-quanta (region B Fig. 4.4). The
q L . : L .
o probability of interaction of y-radiation with the substance, and
. A .
N also the probability of weakening the flow of y-quanta are
fl characterized by the linear coefficient of absorption (weakening), by
<
-
=
_f
g
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cross section, mass coefficient of wéakening, by electronic and

'
s

atomic absorption coefficients [5, 16, 26, 27].

The linear cocefficient of weakening u for y-quanta, and for the

PP ST VT U

particles of the straight/direct ionization is also the probability B
of interaction of quantum (particle) with the substance per unit of by
the length of its path in this substance. For the monoenergetic beam

of y-radiation the linear coefficient of weakening is calculated from

the formula

p=t+o+K. - (4.14)

VUSRI § TR

P

Dimensionality ts is expressed in reciprocal values of length

&

(m-*, cm-*, etc.).

P W

The value, reciprocal to the linear coefficient of weakening,

1/u, is called mean free path y-quantum (or any other particles) in

T itatal AL

this substance or medium.

.
Pl Sl U

The complete cross section of interaction of y-guanta
designed for one atom, is equal

+t+ (4.15)

==
¢ q

o|‘;
li
<]

where g - number of atoms in 1 m’ of substance.

The mass coeff{icient of weakening u/p is the probability
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interaction of quantum (particle) with the substance and has a

dimensionality m?+kg-* or cm?-.g-*.

Consequently, the mass coefficient of weakening - these are a
number of interactions of quantum (particle) with the substance with
the passage by them the unit of the cross-sectional area of substance

from the mass assigned by one.
Page 151.

The mass coefficient of weakening consists of the sum of the

) o K .. . -
where = —-and 5 ~ mass coefficients of weakening due :to
photoelectric absorption, Compton effect and the effect of pair

formation respectively;
p - substance density.

The mass coefficient of weakening in the substance can be
determined also according to the formula
@ | dN
T=W'?;-' (4.17)
he

)
8]

o
D
31
O
Fh
cr

where N - number of y-quanta, which fall normally to the

T
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substance with a thickness of dx and density po;

dN - number of y-quanta, which are found in interaction with the

atoms in this layer of substance.

Dependence (4.17) is valid during the determination of the mass
coefficients of weakening for the photo effect, the Compton effect
and the effect of pair formation. In this case dN corresponds :to a
number of y-quanta, which interact in the layer of substance

according to the reactions, characteristic for this effect.

Ny The values examined, as already mentioned

(Y

arlier, characterize
the total probability of interaction of y-radiation with the
substance, but they do not give the possibility to determine the

value of transferred in this case energy of vy-quanta. The transferred
energy includes the energy, transmitted to electrons in the processes
of photo effect, scatterings and pair formation. The energy, expended
for the formation/educations of the quanta of characteristic and

annihilation radiations/emissions, and energies of the scattered

nx guanta are not cons:idered.

o Page 152.

ﬁ,% Thus, the mass coefficient of weakening y-radiation is equal to
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the sum of two coefficients, namely:

L 4.18

> 94-9. (4.18)
where i%—- part of the mass coefficient of weakening, which considers
the energy conversion of y-quanta into the energy of secondary
quantum radiation/emission (scattered gquanta, characteristic

rays/beams, annihilation radiation/emission);

%F - part of the mass coefficient of weakening, which considers
the conversion of energy of y-quanta into the kinetic energy of

electrons.

'%5 in accordance with the recommendations of international board
for radiological units and to measurements they call the mass
conversion factor of energy, while ux - by linear gear
ratio/transmission factor of energy [27]). Sometimes in the
scientific-technical literature coefficient ux is called the
coefficient of proper absorption and they designate u, or by the

coefficient of electronic conversion (7).

The mass conversion factor of energy consicders the transmitted
energy of primary y-quanta to the electrons of substance and
therefore it can be also determined from the relationship/ratio

e _dEw
T = pEdx’ (+.19)

where E - sum of energies of y-gquanta of the primary
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radiation/emission, passing throuch the layer of the substance with a

)\ Jne 2000 e e 2

PALAs

Dt Mt r

NS i ¢,
Sl W e e 44
S PR
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S ot e s Lt

thickness of dx, arranged/located normal to the direction of

a3, e a
.
.

v

propagation of radiant flux;

= dEx = sum of initial kinetic energies of all charged/loaded
particles, which appear as a result of interaction of y-quanta with

the substance in the layer with a thickness of dx.

It is necessary to consider that the energy, transferred by
y-radiation to substance, can be expended/consumed in turn not only
on the communication/report to the electrons of kinetic energy, but

also on the bremsstrahlung.

Page 153.

Therefore the mass conversion factor of energy can be more than the

coefficient of energy absorption, and consequently, it will not

always characterize absorbed energy.

Len _ B 0
b 91“ ?), (4.20)
where ﬁfl - mass coefficient of the energy absorption of quanta:

o - coefficient, which considers the lost energy of secondary

charged/loaded particles to the bremsstrahlung in this subst.n_
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Coefficients %l and Efi virtually have identical values, until
kinetic energy of secondary charged/loaded particles more or is
compared with their rest energy. Usually energy of tremsstrahlung in
the substances with the atomic number less than 15 with the energy of
primary y-radiation of below 10 MeV are disregarded. I1f with the
energy of initial y-quanta to 10 MeV virtually it was possible to
consider that kinetic energy of the formed charged/loaded particles
is completely transferred to the medium (they disregarded radiation
losses), then at the values of energy of y-quanta, large 10 MeV,
energy consumption per bremsstrahlung plays the significant role.
This is explained by the fact that during interaction with the
substance of y-quanta with the energy in several ten-hundred million
electron volt are formed electrons and positrons from the somewhat
smaller values of energy. The latter, passing through the substance,
convert the significant part of the energy into the bremsstrahlung,
which in turn leads to formation of pair electron-positron and so

forth (Fig. 4.5) [25].

With the bremsstrahlung annihilation radiation/emission
simultaneously occurs. The increase of particle flux to guanta
depends on the irradiated substance, its thickness and initial energy
of y-quanta. Consequently, energy of initial y-quanta is
expended/consumed cn the avalanche-type flow of an enormous number of

ositrons, electrons and y-quanta. In this case the ener of the
Y
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subsequent particles and quanta decreases. The photoelectric

absorption of y-quanta occurs finally.

Page 154.

Since the large part of the energy of positrons and electrons is
converted into the guantum energy of bremsstrahlung, the transmitted

energy of primary y-radiation cannot be the equal absorbed energy.

Thus, as a result of the effects examined in the substances
occurs the formation of electrons. Energy of the generatrices of
electrons is expended/consumed on ionization and atomic excitation
and molecules, also to an increase in the temperature of substance
and to the energy of bremsstrahlung. During interaction of primary
electrons with the atoms and by molecules are formed the secondary
electrons and positive ions. With the energies of secondary ones,
tertiary and so forth of the electrons lower than ionization energy
they decelerate to thermal energy of the motion of the atoms of
substance and can be connected to neutral atom or molecule of
substance, forming negative ions. If energy of the electrons higher
than ionization energy of the atoms (usually them they call

s-electrons), then they produce ionization.

For the y-radiation, which appears in the processes of the

.
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artificial divisions of uranium and plutonium isotopes, during the

practical calculations of absorbed energy in the .substance only the
coefficient of Compton effect is considered. Table 4.9 gives the
. values of the medium energy of the Compton electrons, which appear

during the bombardment of substance with y-quanta.

The ionizing action of electrons and y-radiation in this
substance usually is evaluated according to the medium energy of the
ionization (sometimes is applied term "average/mean ionization

potential”"), expended for the formation/education of one ion pair.
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Fig. 4.5. Diagram of the formation/education of avalanche-type

radiation/emission.
Key: (1). Primary of y-quanta.
Page 155.
Medium energy for the formation/education of ion pair in the gas
is equal to
E
=N (4.21)
where E - energy, spent on the ionization and excitation. The wvalue

of absorbed energy of y-quanta represents for the y-radiation E;

Nw - average number of forming ion pairs under the condition of
the complete retardation of the charged/loaded particles in the

substance.

During the calculation of the medium energy of ionization it is
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assumed that during the braking in the substance of particle the
number of ion pairs, proportional to its wave energy and which does
not depend on the type of particle, is formed; this energy loss to

the formation/education of ion pair depends only on nature of gas.
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o Table 4.9. The medium energy of the Compton electrons, which appear J
- in the substance during irradiation by y-quanta. I
:-“l' (;) 3"'”""‘J"““‘ (2 Cpeauns sneprun | ®3ueprul @ Cpeanas neprus 1
TO8, I KOMII TOHOACXOrO 1-Ksanroe, ROMRTOHNBCKOrQ
L SKRKETDOHE, Mue | Mae | Ve TpoHa, Aae ﬂ
N 0,010 0,0002 1,50 0,742 ]
- 0,015 0,0004 2,00 1,061 . ]
" 0,020 0,0007 3,00 1,731 ]
0,030 0,0016 4,00 2,428 j
{ 0,040 0,0027 5,00 3,140 - ‘
oK 0,050 0,0040 6,00 3,864
o 0,060 0,0056 8,00 5,338
o 0,080 0,0094 10 6,836
o 0,100 0,0138 15 10,65
D 0,15 0,0272 20 14,53
B 0,20 0,0432 30 22,42
:.-:' 0,30 0,0809 40 30,4
S 0,40 0,124 50 38,8
O 0,50 0,171 60 46,6
(" 0.60 0,221 80 62,9 )
~ 0,80 0,327 100 79,4
o 1,00 0,440
o Key: (1). Energy of y-quanta, MeV, (2). Medium energy of Compton )
e electron, MeV.
> :
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1
W

S
%i The numerical values of the medium energy of ionization for the gases
Tg little change in the range of energies from several kiloelectronvolts

{l
4
WY

and it is above and in effect for different gases they are within the

.
-
[
P

limits from 27 to 42 eV (table 4.10) [24].
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According to the
[26], that the medium
in air is constant in

to in average/mean 34

PAGE

experimental data it is established/installed
energy for the formation/education of ion pair
energy range from 20 keV to 3 MeV and is equal

eV. Table 4.11 gives the average/mean values of

ionization energy in air for some forms of the ionizing

radiations/emissions.

Besides the processes of ionization under the influence of

y-radiation on the substance, as a result of elastic collisions of

primary electrons with the nuclei occurs the atomic displacement.
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Table 4.10. The medium energy of ionization for different gases under

the influence of the charged/loaded particles.

O rus Clepeamn, | @ r, Cieaumn,
Bosopon (3) 36,3 !l Bosayx (%) 35.5
Temu (§) 2.7 Kucaopoa. (@) 32,5
Heou (T 36,8 Asor  (3) 36.6
Apron (A 2,4 MeTan ((0) 29,2
Kpunron (1) 24,1 Straed () 28,0
Yraekucami ra3 () 4.5 Jrau (1) 26,0

. |

Rey: (1). Gas. (2). Medium energy, eV. (3). Hydrogen. (4). Air. (5).
Helium. (6). Oxygen. (7). Neon. (8). Nitrogen. (9). Argon. (10).

Methane. (11). Krypton. (12). Ethylene. (13). Carbon dioxide. (14).

. -
- Ethane.
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Table 4.11. The medium energy of :he ionization of some types of

radiation/emission for air.

e
Cpen(miz IMepruu

(1) Tua usayuennn HOHH3AUHH, 36

(3}

DNeKTPoHK ¢ IHepried:
Y—17.5 Maucg—) 34,3
[—34 Mas 33,8

() Camma-ksanThi ¢ suepred 2 s 33,9
(@) Mporoun ¢ sneprued 340 Mss 33,6

Key: (1). Type of radiation/emission. (2). Medium energy of
ionization, eV. (3). Electrons with energy. (4). Mev. (5).

Gamma-quanta with energy 2 MeV. (6). Protons with energy 340 MeV.

Page 157.

The probability of the occurence of displaced atoms as a result of
direct interaction of y-quanta with the nuclei of substance is very

small (for the energies of y-quanta to 10 MeV). -

Thus, for instance, energy of bias/displacement for the
substance with an atomic weight of 30, transferred by y-quantum with
the energy 1 MeV by means the photoelectron, there will be only 36
eV. It 1s necessary to note that the dominant role in the atomic
displacement, just as with the ionization, plays Compton interaction

of y-radiation with the substance. For y-quanta from the energy 1 MeV
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and less a number of atomic displacements rapidiy falls from

(6]
3
< |

increase in the atomic number of substance. Table 4.12 gives some

:

Lt

values of the value of the effective cross section of atomic

B b

displacement under the action of y-rays as a result of the Compton
effect; threshold energy of bias/displacement was accepted equal to {
'
25 ev [3]. ]
4
R
Atomic bilases/displacements in the substance due to the ;
conversion of energy of electronic excitation into the :z:.ergy of K
A
bias/displacement are possible also under the action of y-quanta. X
-
These mechanisms must be especially characteristic for insulation. 3
S
3
According to Seitz's assumption [29] during irradiation of j
y-quanta are formed exciton-localized regions of electronic i
excitation. E
3
N
N
N
N
N
D
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Table 4.12. Calculated values of the effective cross section of
atomic displacement under the action of y-radiation by the Compton

mechanism.

— .

) 3:3‘;?.". 1-KBanTOS, Scpae(?'r)u-uuo nofes
Saeseiit Mo peuHUE CuMewWeH ite
aToMon, Jagn
W 0.5 0,02
Yraepoa 1,0 0,14
2,0 ,43
5) 0.5 0
Meas 1,0 0,046
2,0 1,40
() 0.5 0
3onoto 10 0

Key: (1). Element/cell. (2). Energy of y-quanta, MeV. (3). Effective
transverse displacement of atoms, barn. (4). Carbon. (5). Copper.

(6). Gold.

Page 158.

Excitons move in the crystal until they meet any lattice
imperfection; here exciton energy is transferred to lattice and local
hot regicn is formed. This transmission of energy can be in the
places of inequalities in the dislocation lines, which will produce
the short-term neating of lattice in these places and the attachment
of dislocation, i.e., on such inequalities can occur the "boil-off"
of vacancies. Possible also that the free elec:irons and holes will

recombine and free/release energy in these places.
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varli [30], examining substances with the strong ionic bonds, it
assumed that during irradiation by y-quanta, by X-rays and by the
charged/loaded particles some negative ions will be deprived of two
and more than electrons and as a result of this %o acquire positive
charge. The formed positive ion under the effect its of other its
positive lons can be ejected into the interstice, where it acquires a
sufficient gquantity of electrons for the neutralization. The emergent

vacancy lattice can take electron and become into the f-center.

Interstitial atom will remain in the interstice or it will diffuse

and finally it will prove to be any seized defect.

5:: In the case, most the frequently encountered in the practice,

: simultaneous effect gamma- and neutron radiation/emission with the
approximately/exemplarily equal energies and the densities of flows
the contrib tion of y-quanta to the total effect of bias/displacement

it is possible to disregard.
4.5. Radiation dQuraoility of materials.

TR In the radio-electron.c equipment are applied the

elements/cells, in waich are included the following four classes o

e materials: metals, inorganic materials (mainly dielectrics:,
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semiconductors and different organic compound-dielectrics, resin, j?
fillers, etc. 3
i

Among these materials the metals are least sensitive to the ;5
radiation, since the high concentration of free carriers is E;
characteristic to metals, and, at the same time, the properties of ;
metals little depend on the presence of lattice defects. }:
Semiconductor and orgaiic materials.are most sensitive to the effect ?

of radiation.
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Table 4.13. Maximum permissible neutron fluxes and exposure doses of

y-radiations for the radio engineering materials.

‘D
Ilonytéru)un sKcrosu~
QMNOuMEN AOSs T-0baye
Seuun, p

Bua sarepuass no:ﬁm‘:. 22"‘

WY Matepuaaw ¢ onens HUIKOR pasnauKOunOR
' CTORAKOCTDIO

O] {Toaynposoanuxu 10— 10 10%—10*
@ llonuTterpadropstunen 1017 10%—10°
(DK peunu-opranuyeckoe ua- 7.1017--3. |0 10*
cao

(OMeTrametaxpuaat (opranu- 10 1o*

" 4ecKoe CTexAo)

M Marepuaan ¢ HHIKOA paguanuosuof
' cTaofikocTbio

(MAyerar-ueanioncsa (Gyuara) 1018—{Qte 5.10°—4. 10"
(QPenonbHle cMonn (6e3 Ha- 7-10 107
NOAKNTEAA)

W Toauamuan 4.10% 7-10%
(SToansnuunaxsopua 1080 10

(@ MaTepuaau co cpeanel paausunonuod
cToflxocTbio

(%?.MHHC CMOJIN C Opra-

1Qe 100
BHYECKHM HATIONHHTEJIEM
(Qlloausriten 1081 10°
(VCrexnoTxans 10 10¢
(@Onoxcuanme jaku -— 5.10%—~10¢
(WHaTpoNax -— §.10°

.(30)Matepuann ¢ Bucoxkof paaHanAonuof
CToAKOCTR IO

(I Crexao 10%t—. 10 3.10°
(B)Caona 10 1010
| (s8floaucTupon 108010 5.100
(#0Matepuanun ¢ ovennr Bucokod paxuaunuonnol
ctoAkocTs0
(2% Ksapu 1088 108
(2Crexaocanas 108 10
epamuxa (creaTtur) {1 10
(AMeTanmi 10%—1008

Note. By maximum permissible by flow and by dose are understood

such flows (doses), with which the characteristics of materials

EORNESS



‘ ASeA 4 & ) AR ik et TR A O AN A i i R A N A A N i - P A A EaNC N G M A AN e
2 ’-
-
Y .’
‘-' ~
9 ~

LA

(Y R
N DOC = 83167507 PAGEW

deteriorate to )5%:; these flows (doses) were determined a%t the

TLsL

R
alaala a

AL

density of flows 10'*-10*‘ n/s-'m? and the rate of dose 10°~10* p/s.

»
u
wetslatitata

g Key: (1). Form of material. (2). Permissible neutron flux, n/m?. (3). .
A Permissible exposure dose of gamma-irradiation, p. (4). Materials é
- . with very low radiation durability. (5). Semiconductors. (§). a
;3 Polytetrafluoroethylene. (7). Silicon oil. (8). Methyl methacrylate E
;: (organic glass). (9). Materials with low radiation durability. (10). :
; Cellulose acetate (paper). (l1l1). Phenolic resin (without filler). %
S (12). Polyamides. (13). Polyvinyl chloride. (14). Materials with 5
§ average/mean radiation durability. (15). Phenolié resin with organic %
“,L;/ filler. (16). Polyethylene. (17). Fiberglass fabric. (18). Epoxy R
Y varnishes. (19). Nitrate dope. (20). Materials with high radiation :
‘% durability. (21). Glass. (22). Mica. (23). Polystyrene. (24).

. Materials with very high radiation durability. (25). Quartz. (26).
ﬁ Glass-mica. (27). Ceramics (steatite). (28). Metals.
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}ﬁ As a result of the effect of the ionizing radiations/emissions )
S

e on the semiconductor materials change their following fundamental

15‘ characteristics: conductivity, lifetime of minority carriers, )
-

4'\-

,ﬁ5 mobility of carriers and Hall coefficient. Under the influence of the

1 'n'

w ionizing radiations/emissions on the organic insulating and

e dielectric materials such parameters, as electrical conductivity,

dielectric constant and loss tangent change.

l'

7 .
Pl

N N ' Inorganic materials (ceramics, glass, quartz, etc.) are less

o sensitive to the effect of radiation than organic materials. For the
"W inorganic dielectrics under the effect of those ionizing

N radiation/emission it is also characteristic a change in electrical

29 conductivity, dielectric constant and loss tangent.
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- Table 4.14. The exposure doses of the space ionizing
>
N> radiations/emissions, during which occurs a noticeable change in the
. properties of materials.
(l) (") :-)m-u(u?ueuuu HUTIN
. Matepuaa CeofcTua AOSA HUMHIGUNN,
) - pud
ﬂmme%«proparmeu (sﬂemuuuecxue H 3iek-
) TRHUeCKHe:
3“’&13 so3gyxe 108—10¢
Ty . V6e3 sosayxa 107—10°
‘ Opyrue nracTmaccu (@WOnruveckan upospau- lo*—10
R och::xauuuecxue " 3 X- 107 —101
9] TpH'eCcHHe
Macaa ¢ cuaaku W) Cuazounisie, xoncueTent- (0*—101*
. . (7 HOCTb .
Kepamuka, crexno @Omuumn npoapau- 10%—10'
B (» HocTs
) (B e xanuuecxue =10t
.‘.: (193 1exTpuueckue Siom
nnu.zfg;m Kuapy ?ocqrrztuqecxaa' npoapa- 107—jQn
" O Moaynposoanuxky ("™ Heocnonuan IAeKTPONPO- 105—10¢ :
N L) BOANOCTL
N MeTsanu D pe 1018 -
2 w Mezum::t::;zmu SueK- >lpn -
s TpruecKue 4
5 : 1
Key: (1). Material. (2). Properties. (3). Exposure dose of q
3 ionization, rad. (4). Polytetrafluoroethylene. (5). Mechanical and ﬂ
L ‘e
2 electrical. (6). in air. (7). without air. (8). Other plastics. (9). iy
! : . : e . E
: " Optical transmission. (10). Oils and lubrication. (11). Lubricating,
¥l
" conistency. (12). Ceramics, glass. (13). Mechanical. (14).
o
0 Electrical. (15). Vitreosil. (16). Semiconductors. (17).
i 3
- Nonbasic/minority electrical conductivity. (18). Metals. (19).
S Ferromagnetism.
3
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Table 4.15. Change in the properties of materials under the effect of

the space ionizing radiation/emission (time of radiation effect from

several months to several years) [31].

BIy‘l‘%tl penma- Blﬂ(:l)ﬂ paAmATE- éﬂm. t@-«
) g;_) xsommyt pose oumvil nosc pe amanns ::u:;’ ] .
Marepms .oﬂlﬁ-o- én:. soskptno- | (2 | sodeprmo ot 3 .in’
o 10 weju® ﬂc_:'.‘ 10 sw/u® C'g:: 10 s’a® | WO g2/m%
X X X > - -
oS TN B G IR e SR [
X |+ X + | - | -
X | - X | - -2 =1 -
X |+ | x| + x | + | -
X | = I | -1 -
X | + X | + x? | = | =
X | x | &1 - X |+ | -
X | + - | - x | - | -
X? - -— -— ? - —_

The conventional designations:

- - practical changes are not observed;

+ - radiation/emission does produce change in the properties in

especially sensitive materials; b

+ + - radiation/emission does produce change in the properties in the
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majority of materials of this type; |

X - properties of materials do have substantial changes;

? - not entirely precision determination of the values indicated.

Key: (1). Material. (2). Properties. (3). Internal radiation belts. ;
(4). External radiation belts. (5). Solar radiation. (6). Primary

cosmic radiation, layer to 100 kg/m?. (7). surface layer. (8). layer

10 kg/m?*. (9). Polytetrafluoroethylene. (10). Mechanical and

electrical. (11). in air. (12). without air. (13). Other plastics.

(14). Optical, mechanical, electrical. (15). Oils and lubrication. -
(16). Lubricating, conistency. (17). Ceramics and glass. (18).
Optical transmission. (19). Vitreosil. (20). Semiconductors. (21).
Nonbasic/minority electrical conductivity. (22). Basic electrical
conductivity. (23). Metals. (24). Ferromagnetism, electrical,

mechanical.
Page 162.

Together with a change in the electrical parameters of materials
a change in their mechanical, optical and other properties occurs in
a number of cases, as already mentioned. Therefore the sensitivity of

radio engineering materials to the effect of the ionizing

.............
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radiations/emissions it is desirable to define both with respect to
the change in the electrical parameters and with respect to a change
in other properties, which can lead to a change in the parameters of

radioelements, prepared from these materials.

Table 4-13 gives the tentative information about the maximum
permissible neutron fluxes and the exposure doses of
gamma-irradiation for the radio engineering materials; information is
grouped on the durability of materials, determined with respect to a

change in the electrical and mechanical parameters?.

(:> The exemplary/approximate estimated values of the exposure doses
of the space ionizing radiations/emissions, during which are observed |
changes in the mechanical, electrical and optical properties of f
materials, according to the data of work [31] are shown in Table !

.14, |
|

According to the degree of a change in the parameters of
materials and expected intensities of radioactivity it is possible to )
determine the degree of the damage of materials in the process of
their operation under the actual conditions. As an example Table 4.15 -
gives possible changes in the properties of materials under the
effect of the ionizing radiations/emissions of the Earth radiation

belts, solar and cosmic rays. Table is comprised according to the
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results of the comparison of the conditions of the work (see Table

3.7, 3.11) and the radiation durability of materials (fable 4.14).
4.6. Radiation durability of radioelements and electronic devices.

The reaction of electric vacuum and semiconductor devices, radio
parts, radio components and articles of electrical engineering to the
effect of the ionizing radiations/emissions is more complicated than

the reaction of materials.

FOOTNOTE !. For insulation the data in essence are cited according to
the results of the foreign materials, generalized by Z. A.
Zharkovskaya. Data using other materials are cited in [2, 4, 33].

ENDFOOTNOTE.
Page 163.

This is explained by the fact that in each element/cell are included
several forms of different materials, in which different processes
can occur under the effect of the ionizing radiations/emissions, in
this case the effect of one process on another is possible.
Consequently, in the radioelements under the radiation effect a
change in almost all electrical and operating characteristics, which
depend oq_the course of the processes of ionization and damage of the

structure of materials, is possible.

......................
.......
........
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}ﬁ; emergence of the reversible changes; solid (black strips) -
jﬁ elements/cells malfunctioned; the shaded strips - elements/cells
s still can work. Sign > means that a change in the parameters occurs
.
A at the rate of the dose, greater than 10’ rad/s. Letters characterize
>
._J‘
Qﬁ the degree of the authenticity: A - good, B - incomplete, C -
- insufficient. 1 - transistors; 2 - diodes of the general purpose; 3 -
’ﬁﬁ Zener's diodes; 4 - Esaki's diodes; 5 - rectifiers; 6 - magnetic
jg materials; 7 - solar batteries; 8 - phosphoruses; 9 - optical
),
< instruments; 10 - the optical glasses; 11 - elements/cells of IR
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dielectric materials; 19 - organic materials; 20 - ceramic materials;

PRI UL Y S O PO

21 - air; 22 - capacitors/condensers; 23 - aluminum chemical

capacitors; 24 - tantalum capacitors; 25 - polyethylene terephthalate

X
{
-
4
1

capacitors/condensers; 26 - mica capacitors; 27 - paper capacitors;
28 - microcircuit; 29 - semiconductors; 30 - integrated circuits of

the type TMM.

Key: (1). Components. (2). rad/s.
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o Table 4.16. Electrical parameters of radioelements, most
_ susceptible/most critical to the effect of the ionizing
) s .
a7 radiations/emissions,
\': -
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Key: (1). Forms and the classes of elements/cells. (2). Most
susceptible/most critical parameters at passage in elements/cells.
(3). reversible changes. (4). irreversible changes. (5). Transistors.
(6). Currents through reverse-biased transitions. (7). Amplification
factor, opposite collector current. (8). Semiconductor diodes. (9).
Saturation current, straight/direct voltage drop. (10).
Reverse/inverse (in germanium ones) and straight/direct (in silicon
ones) branch of volt-ampere characteristic. (11). Resistors. (12).
Resistance (especially in high-impedance ones). (13). Resistance.

(14). Capacitors/condensers. (15). Insulation resistance, dielectric

power factor. (16). Capacity/capacitance, insulation resistance.

(17). Generator, modulator and receiver-amplifier lamps. (18).
Leakage currents between électrodes, dielectric strength. (19).
Emission current of cathode, current of anode, mutual conductance.
(20). Gas-discharge instruments. (21). Dielectric strength
(voltate-ignitions). (22). Ignition voltage "anode-cathode", grid
current of ignition, grid triggering stress/voltage, drop in voltage
"space charge grid" "anode-cathode". (23). Photoresistors. (24). Dark
resistance. (25). Volt sensitivity, dark resistance. (26).
Photodiodes. (27). Leakage current. (28). Integral sensitivity. (29).
Electrotechnical articles. (30). Insulation resistance, dielectric
strength. (31). Insulation resistance, wear resistance, contact

resistance.
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Page 165.

The basic electrical parameters, which determine the radiation
durability of the radioelements of different forms and classes, are

given in Fable 4.16.

Presents some generalized work [32] data according to the
results of the investigation of a change in the electrical parameters
of radioelements under the effect of neutron and y-radiations in Figq.

4.6-4.8.

On the diagram, given in Fig. 4.9, ﬁhe radiation stability of
silicon and germanium transistors with the different thickness of
basis is shown. Data relate to 28 types of transistors. The left
boundaries of rectangles correspond to the values of the neutron
fluxes and exposure doses, in which become noticeable the
irreversible changes, caused mainly by the decrease of the lifetime
of minority carriers, and right boundaries - values of flows and
doses, in which the characteristics of transistor are located on the

face of suitability [33].




O

DOC = 83167508 PAGE 397

13 .m,,,.,m,

14 rrer

’5 IIIIIIIIA

P T rT Yrrrrd o,/‘

......

—
a
B BMHHBEREOGODEEL L EEN

N
107 10" 1072 107 0" 0% 9, nfcu?

Fig. 4.7. Change of the parameters of materials and radioelements in
the dependence on the neutron flux (designation the same as in Fig.
4.6. Arrow/pointer to the right - change is observed with the flows

indicated). 1 - transistors; 2 - germanium 1lf transistors; 3 -

germanium hf transistors; 4 - silicon 1lf transistors; 5 - silicon hf

transistors; 6 - diodes; 7 - the silicon diodes of the general
purpose; 8 - germanium diodes of the general purpose; 9 - Zener's
diodes; 10- - Esaki's diodes silicon; 11 - Esaki's diodes germanium;
12 - resistors; 13 - rectifiers; 14 - magnetic materials; 15 -
supermalloy; 16 - iron silicide; 17 - solar batteries; 18 - electron

tube (glass).

Key: (1). Components. (2). n/cm?,

Page 166.
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ii From Fig. 4.6-4.9, it follows that the radiation stability of ]

ﬁ: radioelements oscillates in the large range of the flows (doses) of 1

r

the ionizing particles. Therefore by the correct selection of the i
nomenclature of elements/cells it is possible to increase
substantially the radiation stability of radio-electronic equipment.

o Thus, for instance, by the specialists of firm Bendix [34] was '

i

:} studied the advisability of using the vacuum-tube instruments as more

5 radiation-resistant, instead c¢f the semiconductor devices in the

}. equipment of spacecraft with the nuclear power plants aboard. In this

.

i: case the estimation of the advisability of replacement according to

!

$‘<’} the total weight of equipment and protective shields was produced.

‘3 Table 4.17 gives conditions, with which this replaceément can be

o

f;: acknowledged advisable.
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js Fig. 4.8. A change of the parameters of materials and radioelements
‘. .
’ in the dependence on the exposure dose of y-radiation (on carbon)
, : :
ol (designations are the same as in Fig. 4.6 and 4.7). 1 - phosphoruses;
2%
ij 2 - optical instruments; 3 - the optical glasses; 4 - elements/cells
N <:> of IR technology; 5 - photocells; 6 - resistors; 7 - electron tube; 8 -
- battery; 9 - dielectric materials; 10 - teflon; 11 -
polyester/polyether; 12 - polystyrene; 13 - polysulfide rubber; 14 -
ceramics; 15 - capacitors/condensers; 16 - capacitors/condensers
..-_".

tantalum; 17 - capacitors/condensers polystyrene; 18 -

8, tydy Ay
oo

124

capacitors/condensers mica; 19 - ceramics.

...al

';'t\\

Key: (1). Components. (2). rad.
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4.17 are designed for the following conditions: radio-electronic :

equipment is placed at the most end/lead distant from the reactor of
the instrument container of space object and the distance between the
equipment and reactor is not less than 5, 10 and 15 m for SNAP-2,
SNAP-8 and SNAP-50 respectively; protective shield consists of

hydride of lithium and tungsten.

Thus, the radiation
first of all, depends on
it, and also the circuit
of semiconductor devices

photodiodes), some types

instruments is determining in this case.

stability of radio-electronic equipment,

the stability of the elements/cells used in 3
and design éoncept. The radiation stability
{transistors, diodes, photoresistors, 1

of capacitors and resistors and gas-filled
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Fig. 4.9. Stability of silicon and germanium transistors with the
different thickness of basis under the conditions of the effect of

gamma-neutron radiation/emission.

Key: (1). Silicon transistors. (2). Basis. (3). thick. (4).

average/mean. (5). thin. (6). Germanium transistors. (7). (n/cm?).

-

Table 4.17. Conditions of replacing the semiconductor devices.

!-Lahn—lxm

Tu(l'a)cpm &'é.:‘;): a:;ﬁ dpames swstm m;!b‘

P Fom me wemse .:-Ul n.:o.pu. m,:. .

. ~ meGosee
SNAP-2 3 4 000
SNAP-8 30 10 000
SNAP-80 300 20 000

Key: (1). Type of nuclear reactor. (2). Heat output of nuclear
reactor, kW is not less. (3). Number of active elements/cells, with
which is advisable replacement of semiconductors by vacuum-tube

instruments, pieces is not more.
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If changes in the parameters of radioelements are known to

o4 ) )

iﬂ dependence on the intensities of radioactivity, then the output
:{._1
RN parameters of circuits, assemblies, blocks/modules/units and
: . radio-electronic devices/equipment (under the condition of the normal °
) : : . .

Eﬁ law of distribution of a change in the parameters of elements/cells

2 in the dependence on the radiation) can be determined from the
T expression: .
o
o yi=[i(x, x2 ..., X3), (4.22)
;‘5(V  where i - output circuit parameters; 1
5 = - I
2
i%ﬂ j - electrical parameters of elements/cells.
‘-’: .

o

; Here the electrical parameters of elements/cells are the random

J . . . . . .

‘ft flow values (dose) of the ionizing radiation/emission.
i:".

e The random functions of random arguments are determined from the
o

)

> relationship/ratio

S, .
20 Yi(@) =[{Xy\(D), X3(D), ..., Xa(D)]. (4.23)
da

N In formula (4.23) mathematical expectation and root-mean-square

'-"'-

}3 divergence are calculated from the following expressions:
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I<» "'x, (®)
where m, (P):-- dependence of the mathematical expectation of the
output i circuit parameter on the flow (dose) or the density of the

flow of the ionizing radiation/emission;

3, (9~ dependence of the root-mean-square divergence of the output i
circuit parameter from the flow (dose) or the density of the flow of
the ionizing radiation/emission;

M, - mathematical expectation of the electrical parameter of the j
element/cell at the assigned flow (dose) or the density of the flow

of the ionizing radiation/emission;
°%; - root-mean-square divergence of the electrical parameter of the

of the ionizing radiation/emission;

[; j element/cell at the assigned flow (dose) or the density of the flow
.f‘
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Ay
b
oy v=1 2, ..., n - number of basic electrical parameters and
Y
s elements/cells in the equipment;
o .
:f ®(p) - the flow (density of flow) of the ionizing radiation/emission.
":‘1
.
o Page 169.
J‘.'f
3
) .
b The results of the experimental studies of some electronic
e devices are given in tables 4.18 and 4.19 [35-37]). Table 4.18 shows a
~
2? change in the output parameters of transistor circuits depending on
»*3(:> "~ the neutron flux of pulse radiation/emission. Table 4.19 gives the
R
e results, obtained during the continuous gamma-neutron irradiation on
O
Hﬁ nuclear reactors of aircraft radio-electronic equipment.
o d
-'_:-
jﬁ These data attest to the fact that the equipment, designed with
}.’c '
o the use/application relative to radiation-resistant semiconductor
NN .
= devices, does not go out of order with the neutron fluxes to
‘:1 10*¢-10*'" n/m?, but equipment on the vacuum-tube instruments reliably
N
Ca
N works with the flows 10** n/m?*.
.':I -
o
ga It is evident from the data examined on the radiation stability
Y

of equipment and radioelements that a change in the parameters of

b
0

| i ’ 4
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radio-electronic devices/equipment can occur over a wide range of the
flows (doses) of the ionizing radiations/emissions. Therefore the
need for taking measures for increase in the radiation stability or
weakening of the effect of the ionizing radiations/emissions on the

equipment appears in a number of cases.

Page 170.

Toward a number of basic actions, directed toward weakening of
the effect of the ionizing radiations/emissions on the
radio-electronic equipment and its elements/cells, can be attributed

the following:

1) use/application in the equipment of radiation-resistant
elements/cells and materials. Fulfilling this requirement is

especially important for the elements/cells, arranged/located out of

~ the protection from the ionizing radiation;

2) use/application on the objects of the special passive
screens, which shield equipment from the straight/direct effect of
the ionizing radiations/emissions, or active protection from the
effect of the flows of the charged/loaded particles. Sometimes, for

the protection of equipment from the ionizing radiations/emissions

can be used the elements of the construction/design of the object, on
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which is established/installed this equipment;

3) the use/application of diagrams, it is small the electrical
parameters of elements/cells susceptible/critical to the changes,
also, with the low constant values of the time of separate circuits.
Use in the diagrams of feedback, nonlinear elements/cells and dual
elements/cells, whose parameters under the effect of radiation change

in opposite directions;

4) the decrease of the sensitivity of switching circuits to a
change in the amplitude of input signals and supply voltages and

bias/displacement.
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Table 4.18. Results of changirng the electrical characteristics of
radio-electronic devices/equipment under the influence on them of the

pulse neutron irradiation (for the pulse duration of less than 1 ms).

PAGE 301
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Bag cxemud

o '
OTHOCUTE RHAN BeANYHHE BLIXOAHOTO HAMpAME-
HNN 8 % npa noToxsx HeATPOMOS Nn/mb

|

(3renepatop cHHycownaHLX
koneGannfi Ha TPAHSHCTODE TH-
na 301

&)Y cuautens kmacca A Ha

Hauctopax 2N138 u 2N 30

(?Bucoxowac'romuﬁ BLIMPAMH-
Tenn (codeTaHHe rexepaTopa
BLHICOKOR 9ACTOTHl C BLINPAMH-
TeneM) Ha Tpansuctope 2N 105

JTpurrepss Ha TPaHSHCTOpAx
Tenos 302 u 2N

100

50—60
15—20

Key: (1). Form of

in & with neutron

transistor of type 3b1. (4). amplifier of class A on transistors
2N138 and 2N30. (5). High-frequency rectifier (combination of
high-frequency oscillator with rectifier) on transistor 2N105. (6).

Triggers on transistors of types 302 and 2N3S5. (7). They

operate/wear.

o | oe | o
100 100 100
100 100 80—90
100 85—95 30
(®
CpaGaThiBaoT
diagram.

fluxes n/m?2.

(3)

(2). Relative value of exit stress/voltage
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Sine wave oscillator on
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Table 4.19. Some data on the radiation resistance of radio-electronic

equipment to the effect of continuous gamma-neutron radiation.

1) L) k) uy I I3 )
Tan sazaperype ks e apvecnrnan | 1ol some | Swciibmusonn | oDy
O @) b2
3anpocufik-OTBeTRHK CB- MNoiynposoasukosae 1,2-10' 9-10 Ha6aioma00c  ysernmresme-
CTeMll ONO3RABAHHA npeGops (e KTEBBOCTH
(%) ) (v
. OTpeTRHK CACTEMbI OBOS- SAeETPOBAKYYMHREE 2-1018 8-10* Bea zamersmx Rapymesmd -
BaBaEHA opESopu PasoToCnOCOGROCTR
) f¥))
Bop'ro(mx P& AROCTAEDES aanpouaxyyusue 5,4-10v 5.10¢ Or(xaa B paboTe
KBapUN B ABO-
lN69
CIA)!IS) @ . N 0"’)
eTHOE Neperomop- SnesTpomaxyyMime , 2.101 107 Bes " saetnaix aapyuu-l
mOe YeTPOACTIO upwGops ‘ 250 TOCIRCOGBOCTR

3 . C e

Key: (1). Type of equipment. (2). Formsrand types of élements/cells
used. (3). Total flux of neutrons n/m2?. (4). Exposure dose, r. (5).
Results of tests. (6). Interrogator-responder of identification
system. (7). Semiconductor devices. (8). Decrease of effectiveness
was observed. (9). Responder of identification system. (10).
Vacuum-tube instru ~~+s. (11). Without noticeable
disturbances/breakdowns of efficiency. (12). Onboard radio station.

(13). Vacuum-tube instruments, quartzes and diodes 1N69. (14).
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Failure. (15). Crew intercommunication equipment. (16). Without

noticeable disturbances/breakdowns of efficiency.

Page 172.

For decreasing the probability of the ignition of the gas-discharge
instruments of discrete/digital action, which are found up to the
moment/torque of the effect of pulse radiation in the waiting
mode/conditions, it is necessary to decrease the feeding voltage on
the anode and to increase the negative biés/displacement of grids or

to utilize protection circuits;

5) the guarantee of actions for the protection from the false
responses at the moment of the effect of pulse radiation by
use/application blocking or compensating for spill currents and the ]

stress/voltage of diagrams; X

6) the use/application of different devices/equipment of those 4
turning off/disconnecting electronic circuits, but in certain cases
and the network elements, on the period of the effect of pulse

radiation; 3

7) the use/application of different kind of the fillings, which

do not conduct current during irradiation, that prevent the




DOC = 83167508 PAGE 349~
possibility of inleakage with ionization environment;

8) an increase in the distances between the elements/cells,
alive load, a reduction in the operating stresses/voltages on them;
the selection of form and material of the current-conducting
surfaces; the control of thermal and electrical loads on the

elements/cells and an improvement in the distribution stress/voltage.

Taking the enumerated actions is conducted in such a case, when
the radiation stability of equipment is lower than the conditions, in
which it must work. Possible radiation conditions during the
operation of equipment can be determined on the basis of data, given

in the preceding/previous chapter.
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Appendices.
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Appendix I.

;

‘l\

N NN
Ll

AR
R+ 7

Wilson's nomogram for the approximate determination of energy

according to range. .

. ~ On the left and right scales are'deposited/postponed the ranges
b in g/em? and kg/m?* respectively: on the average/mean scale - kinetic
N energy in MeV; on the scales a, p, 7, u - atomic number Z of the

. inhibiting substance. Appropriate energy, landing run (left scale) J

and atomic number are arranged/located on one straight line.
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Appendix II.

A dASD

Dependence of the buildup factor of dose 8.(wR) on energy E of point
source of quanta with the passage of y-radiation in the infinite

s medium for the water, aluminum, iron and lead.
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(3). Buildup factors

(2). Quantum energy E, MeV.

Key:

(6).

Aluminum.

(8).

(4). Water.

at the distances uR.

of dose

(7). Lead.

Iron.
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Appendix III.

)l
) .

[ Coefficients of absorption and mean free path of y-quanta in

1

N different media.

S {0 () Boaayx (2,00019 s /cah () Boas (} a/ca) ?‘uuun 2,7 efeny () Xeaeso (7.8 afcut (1) Caumey (113 «/en®)

. Susprun

.;i i ﬂ)‘w o A\ & ",’L,, - :’.bﬂff. P ca ), oa @,'zfi. L I P G{ﬂf. » o4 FP™
A ]

~ 0.1 0,183 {0,197-10-* | 50,800,171 {0,171 | 5,86{ 0,160 | 0,467 | 2,19f 0,370 |2,88 [0,347) 5,46 | 61,7 | 90,0182
- 0.15 | 0,133 [0,172.10-* | 68,240,151 |0,151 | 6,63] 0,138 | 0,372 | 2,69{ 0,19 [1,53 [0,664f 1,92 | 21,7 | 0.0461
‘.l

X 02 | 0,2 |o.169.10-* | 62,940,197 |o.1a7 | 7,008 0,122 | 0,320 | 3.04f 0,146 [1,14 |0.877] 0,942 | 10,6 | 0,003
o 0.3 | 0,107 |0,138.10-* | 72,500,119 |0,119 | 8,400 0,104 | 0,281 | 3,56 0,110 Jo,857[1.17 | 0.378 | .27 | 0.2m
’ 0.4 0.006 (0.124.10-* | 80,6{0.106 [0,106 | 9,4¢f 0,827 | 0,20 | 4,000 o,vese [0.7u3|1.36 | 0,220 | 2,48 | 0,408
L T - 06 [ 0,087 |0.112-10-* | 80,0,0067(0,0967( (0,3 [ 00844 [ 0,228 | 4,38] 0,0840 [0,665(1.53 | 0,162 | 1,72 | 0.581
;'f 0.6 0,081 [0,104.10-° | 95,480,884 |U,L8Y4| 11,20 U UITY 0,210 4.77] o078 [o,u00| V.67 | 0,118 1,34 0,748
__: 0.6 | 001 [ouwi6-10-*{we fo,0786|0.0786| 12,7] 0,068 | 0,184 | 6.44) 0.0068 [0,521(1.92 § 0.0u8 | 0,978 | 1,03
o 1.0 | 0,066 [0,0818-10-* 122 §0,0706}0,0706| 14.2] 00614 | 0,168 | 6,02] v,0608 |0,467{2.04 | 00705 | 0,708 | 1.20

1,6 0,0615 |0,0664.10-* 181 {0,0676{0,0676( 17,4 0.0600 | 0,136 [ 7.42] 0,048¢ [0,578(3.64 | 0 0823 | 0,801 | 1,00

] 2,0 | 0,0436 0.0561-10-* 178 [0,0433/0,0483| 20,3 0,0431 | 0,116 | 8,63 0,042 [0,329(3.0¢ § 0 o458 | 0.818 | 1.9
] .

e 3,0 | 0,0350 |0,0462-10-*{221 §0,0396(0,0096| 26.2§ 0,0353 | 0,0963 (10,6 | 0,0359 [0,280{3.67 | o.0as3 | 0,467 [ 2.14
-~ N

\: 4,0 0,03056 |0,0393-10-4 254 §0,0339{0,0339 23.5§ o,u310 | 0,0837 (11,9 | 0,0330 |0,258/3,87 0,0418 0,470 | 2.13
"=

8,0 0,0270 |0,0348.10-* 1287 ]0,0302/0,0302| 33.1} 0,024 | 0,067 13,0 | 0,034 [0,2456(4,08 | g,0430 | 0,408 | 3,08

D 6.0 | 00245 |0,0316.10-* [316 }0,0277|0,0277| 36.1] 0,028 | 0.078 |13.9 | 0,038 |0,238]4.20 | o oee5 | 0.608 | 1.99
- 8,0 | 0,020 {0,0284-10- |35 |0,0242]0,0242| 41.3] 0,243 | 0,088 [15,2 | 0,028 |0,232{4,31 | 0,041 | 0,583 | 1,88
[ 10,0 0.0200 10,0268.10-* 388 10,0221 {0,022t | 46,2] 0,003z | 0.06827 15,9 | 0,000 |0,234]4,27 | 0,0603 | 0,688 | 1,70
-"
N I

T Note. u/p - mass coefficient in the glazings, u - linear

. absorption coefficient, A - mean free path.
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Key: (1). Quantum energy, MeV. (2). Air (0.00129 g/cm?®). (3). cm?*/g.

| PRI

(4). Wwater (1 g/cm®). (5). Aluminum (2.7 g/cm®*). (6). Iron (7.8

is

g/cm?®*). (7). Lead (11.3 g/cm?®).
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Appendix IV,
¥
5_:‘- |
N Values eo-*

PAGE 3;\0

) z =z z e—x = «* z =%
;! .
0 1 0,062 0,93988 0,215 0,8065 0.425 0,6538
0,00001 0,99999 0,064 0,93800 0,220 0,8025 0,430 0,6505
10,0001 | 0,99990 0,066 0,93613 0,225 0,7985 0,435 0,6473
0,0002 0,99980 0,068 0,93426 0,230 0,7945 0,440 0,6440
0,0003 0,99970 0,070 0,93239 0,235 0,7906 0,445 0,6408
0,0004 0,99960 0,072 0,93053 0,240 0,7866 0,450 0,6376
©,0005 0,99950 0,074 0,92867 0,245 0,7827 0,455 0,6344
0,001 9,99900 0,076 -0,92682 0,250 0,7788 0,460 0,6313
0,002 0,99800 0,078 0,92496 0,255 0,7749 0,465 0,6281
0,003 0,99700 0,080 0,92312 0,260 0,7710 0.470 0,6250
0,004 0,99601 0,082 0.92127 0,265 0,7672 0,475 0,6219
0,008 0,99501 0,084 0,91943 0,270 0,7634 0,480 0.6188
0.006 0,99402 0,086 0,91759 0,275 0,7596 0,485 0,6157
0,007 0,99302 0,088 0,91576 0,280 0,7558 0,490 0,6126
0,008 0,99203 0,000 0,91393 0,285 0,7520 0,495 0,6096-
0,009 0,99104 0,092 0,91211 0,290 0,7483 0,500 0,6065
0,010 0,99005 0,094 ,91028 0,295 0,7445 0,51 0,6005-
0,012 0,98807 0,096 0,90846 0,300 0,7408 0,52 0,5945.
0,014 0,98610 0,09 0,90665 0,305 0,7371 0,53 0,5886.
0,016 0,98413 0,100 0,90484 0,310 0,7334 0,54 0,5827T
0,018 0,98216 0,105 0,90032 0,315 0,7298 0.5 0,5769-
0,020 0,98020 0,110 0,89583 0,320 0,7261 0,56 0,571
0,02 0,97824 0,115 0,89136 0,325 0,7225 0,57 0,5655-
N 0,024 0,97629 0,120 0,88692 0,330 0,7189 0,58 0,5599
\_, 0,028 0,97434 0,125 0,88249 0,335 0,7153 0,59 0,5543
0,028 0,97239 0,130 0,87809 0,340 0,718 0,60 0,5488
0,030 0,97048 u 0,138 0,687372 0,345 0,7082 0,61 0.5434
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.': 0.032 0,96851 0,140 0,86936 | o350 0,7047 0.62 0,539
:: 0.034 0,96657 0,145 0,86502 0,355 0,7012 0,63 0,5326

5 0,036 0,96464 0,150 0,86071 0,360 0,6977 0,64 0,5273
. 0,038 | 0,9271 0155 | 083642 | 0,363 0,6942 0,65 0,5220
; . 0,040 0,96079 0,160 0,85214 0,370 0.6907 0,66 0,5169
i . 0.042 0,95887 0,165 0,84789 0,375 0,6873 0,67 0,5117
o 0.044 0,95695 0,170 0,84366 0,380 0,6839 0.68 0,5066

A A 0,846 0,95504 0,175 - 0,83946 0.385 0,6804 0,69 0,5016

" 0,048 0,95313 0.180 |. 0,83527 0,390 0.6770 0,70 0,4966

;Z;f 0,050 0,95123 0,185 0,83110 0,395 0,6737 0,71 0,4916
* 0,052 0,94933 0,190 0,82695 0,400 0,6703 0,72 0,4868

© 0,054 0,94743 0,195 0,82283 0,405 0,6670 0,73 0,4819

e 0,086 0,94554 0,200 0,8187 0,410 0,6636 0,74 0,4771
- _0.088 0,94365 0,205 0.8146 0.415 0.6603 0,7 0,4724
s 0.060 0,9419 2,210 0,8106 0,420 0,6570 0,76 0,4677
L 0,77 0,460 || 1,40 0,2466 2,65 0,0707 6.6 1,360-10-3

4 A (.,_ 0,78 0,4584 1,42 0,2417 2,70 . 0,0672 6.7 1,231 )
{’ 0,79 0,4538 1,44 0,2369 2,75 0.0639 6.8 1114

- 0,80 0,4493 1,46 0,2322 2,80 0,0608 6.9 1,008

'-::‘ 0,81 0,4449 1,48 0,2276 2,85 0,0578 7.0 9,119-10-+
o 0.82 0,4404 1,50 0,231 2,90 0,0550 7.1 8,251
e 0,83 0,4360 1,52 0’2187 2,95 0,0523 . 7.2 7,466

:ﬁ 0,84 0,4317 1,54 0,2144 3,00 0,0498 7.3 6,755

b2 0.8 0,4274 1,56 0,2101 3.1 | 0,04505 74 | 6113

T . 0,86 0472 - || 1.58 0,2060 3.2 0,04075 7.5 5.531

A 0.87 | o.419 1,60 0,2019 3.3 0,03688 7.6 5.005

: \ 0,88 0,4148 1,62 0,1979 3.4 0,03337 7.7 4,528

N 0.8 0,4107 I 1,64 0,1940 3.5 0.03019 7.8 4.0974
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0,90 0, 4066 1,66 0,1901 3.6 0,02732 7,9 3,7074
0,91 0.4023 1,68 0, 1864 3,7 0,02472 8.0 3,355
0,92 0,3985 1,70 0.1827 3,8 0,02237 8,1 3,035
093 .| 0.3%6 1,72 0,179 3.9 0,02024 8,2 2,747
0,94 0,3906 1.74 0,1755 4,0 0,01831 8,3 2.485.
0,95 0,3867 1,76 0,1720 4.1 0,01657 8,4 2,247
0,9 0,3829 1,78 0,1636 4.2 0,01500 8.5 2,035
0,97 0.3791 1,80 0,1653 4.3 0,01357 8.6 1,841
0,98 0,3753 1,82 0,1620 4,4 0,01228 8.7 1,666
0,99 0.3716 1,84 0,1588 4,5 0,01111 8.8 1,507
1,00 0.3679 1.86 0,1557 4.6 0,01005 8,9 1,364.
1,02 0,3606 1,88 0,152 47 | 0,00910 9,0 1,234
1,04 0,3534 1.90 0,149 4.8 0,008230 9.2 1,010
1.06 | 0,364 1,92 0,1466 4.9 0,00745 9.4 0,827
1.08 0,3396 1,94 01437 5.0 0,006738 9,6 0,677-10-+
1,10 0,3328 1,9 0,1408 5.1 0,006097 9,8 0,555
1,12 0,3263 1,98 0,1381 5.2 0,005517 10,0 0,454
- 1.14 0,319 2,00 0,1353 5.3 0,004992 11,0 1,670-10-%
1,16 0.3135 2,05 0,1287 5.4 0,004517 12 0,614
1,18 0.2073 2,10 0,122 5.5 0,004087 13 0,226
1,20 0,2012 2,15 0,1169 5,6 0,003698 14 0,08316
1,22 " 0,2962 2,20 0.1108 5,7 0,003346 15 0,03059
1,24 0,2894 2,25 90,1054 58— | 0,003028 16 1,125.10-1
1,26 0,2837 2,30 0,1003 5.9 0,002739 17 0,4140
1.28 ‘90,2780 2.35 0,0954 6.0 2,479.10-2 18 0,1523
1,30 0,275 2,40 | 0,007 6.1 2,243 19 0,0560
) 1.2 | esn 2.45 0,0853 6,2 2,029 2 2,06.10-°
g | : _
M L34 | o8 2,50 0,0x21 6.3 1,83 % 13,89.10-12
E:-;.; 1.3 | e.mme7 2,55 0.0781 6.4 1,662 30 0,094.10-"
P 1,38 | o556 2,60 00743 6,5 1,503 s |t
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