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The main parameters of sample irradiation on a linear helium ions accelerator and the characteristics of the irra-
diated TiO, samples are presented. After irradiating TiO,-2 with 4 MeV helium ions, the formation of flaking on the
front and back sides of the sample was observed, along with a decrease in bulk electrical resistivity, a decrease in
surface electrical resistivity on the front and back sides of the sample, an increase in the percentage of titanium, and
a decrease in oxygen on the front and back sides of the irradiated sample, indicating the manifestation of the long-
range effect. Considering the change in the surface profile of the irradiated samples, primary processes were calcu-
lated, namely: ionization, phonon and vacancy formation, segregation, damage, and sputtering. Analysis of experi-
mental data showed that the model based on the processes of excitation and propagation of elastic waves most phys-

ically correctly describes some long-range effects.
PACS: 62.20.Dc; 62.20.Fe

INTRODUCTION

During the irradiation of various materials, the long-
range effect was discovered [1, 2], which consists of
changes in the properties of irradiated materials at dis-
tances greater than the penetration depth of implanted
particles in these materials.

The obtained experimental results on the study of
the long-range effect are manifested in changes in mi-
crohardness, wear resistance, etc. of metals [1 - 5], and
in changes in resistivity, Hall constant, etc. of semicon-
ductors [2, 6, 7]. Furthermore, the long-range effect
manifests in the anomalously deep propagation of de-
fects induced by ion irradiation [8, 9], in the formation
of dislocation structures and changes in the structural-
phase state in near-surface layers with depths much
greater than the penetration range [10, 11], and in the
redistribution (segregation) of main material compo-
nents and the appearance of the implanted element on
both sides of the target [8, 9].

To theoretically describe this effect, the following
models were developed: a mathematical model [8, 9], a
model based on the excitation of elastic waves [1, 2, 12]
due to the primary process of phonon formation, a diffu-
sion model [7], a switching wave model [10], an
autowave model [1, 11], and others.

The model based on primary radiation processes of
elastic wave excitation most physically accurately de-
scribes some long-range effects. According to this mod-
el, a high-frequency acoustic wave arises in the irradiat-
ed material. This wave either transforms into a shock
wave or propagates as an acoustic wave. Propagating
through the sample volume, it causes defect rearrange-
ment and emission of secondary waves. The determin-
ing factor for these rearrangement processes is the pres-
sure in the shock wave.

Due to the multitude of long-range effects, there is
no single mechanism to explain this phenomenon.

The goal of this work is to confirm long-range ef-
fects by obtaining experimental results during the irra-
diation of TiO,-based samples; calculating primary pro-
cesses occurring during irradiation, namely: ionization,

phonon and vacancy formation, segregation, damage,
and sputtering; and analyzing the obtained experimental
and calculated data.

1. IRRADIATION PARAMETERS
AND SAMPLE CHARACTERISTICS

The NSC KIPT operates a linear helium ions (He+)
accelerator [13 - 15]. Table 1 shows the main parame-
ters of the helium ions beam during sample irradiation
on the linear accelerator.

Table 1
Irradiation parameters
Parameter Value
Beam energy, MeV 0.12...4
Pulse duration, us 500

Pulse current, pA from 1100 down to 300

Current density, part./cm’ (0.44...0.15)-10%

Repetition rate, imp./s 2...5

Fig. 1 shows the accelerator output with the
transport line [16, 17] and irradiation chamber.
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Fig. 1. Output of the linear helium ions accelerator:

1 — accelerator output flange; 2 — valve; 3 — Faraday
cup; 4 — focusing triplet; 5 — inductive time-of-flight
sensor; 6 — sample irradiation chamber with integrated
time-of-flight sensor in front of the sample;

7 — turbo-molecular pump; 8 — window with phosphor
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Digital devices connected to a computer for further
data recording and processing are used to register irradi-
ation parameters [18].

Works [19 - 23] present experimental techniques and
some research results on microscopic, electrophysical,
and frictional characteristics of structural materials for
Nuclear Power Plants and Thermo-Nuclear Reactors,
which were obtained on a linear helium ion accelerator
with energies of 0.12 V and 4 MeV.

TiO,-2 (rutile) samples (diameter = 19.6 mm, thick-
ness = 1.00 mm, p = 3.6 g/cm® = 7.895-10% atoms/cm?)
were selected for irradiation. The elemental composition
of the samples (%) is as follows: TiO,-95.1, Si-2.325,
S$-0.222, CI-0.262, Ca-0.067, V-0.895, Fe-0.936,
Ni-0.016, Cu-0.055, Zr-0.007, Nb-0.010, Mo-0.009,
Pb-0.013, Sn-0.023, 1-0.065.

2. EXPERIMENTAL RESULTS

The research methodology for ceramic materials is as
follows: after accumulating a certain irradiation dose at
4 MeV energy, microscopic and electrophysical studies
of TiO,-2 samples were carried out. Figs. 2 and 3 show
photographs obtained with an electron microscope [22] of
the front and back sides of the TiO,-2 sample, with an
irradiation dose of ~1.2:10"® ions/cm? and at a tempera-
ture of ~60°C. Similar photographs were obtained with
an optical microscope at each irradiation dose.
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Fig. 2. Topography of TiO,-2 front surface after
irradiation He" ions with 4 MeV energy at a tempera-
ture of 60°C. Irradiation dose ~/.2-10" ions/cm?
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Fig. 3. Topography of TiO,-2 back surface after
irradiation He" ions with 4 MeV energy at a tempera-
ture of 60°C. Irradiation dose ~/.2-70"® ions/cm?

From the photographs taken with optical and elec-
tron microscopes, it follows that the surface is inhomo-

geneous, has a developed relief, on which traces of the
ion beam and craters, and splashes of the sample mate-
rial are visible. The flaking formation on the front and
back sides of the sample is clearly visible. Flaking fill-
ing coefficients were calculated: k = S/S,, where S is the
area of the sample occupied by flaking, S is the area of
the front/back surface of the sample. Fig. 4 shows the
dependence of the flaking filling coefficients on the
irradiation dose on the front and back surfaces of the
sample. The flaking filling coefficients are: k = 0.32 for
the front side, k = 0.24 for the back side.
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Fig. 4. Dependence of filling coefficients on irradiation
dose on the front and back sides of the TiO,-2 sample

Fig. 5 shows a photo of flaking on the back side of
the sample. Similar photos were taken on the front side
of TiO,-2. After processing these photographs, flaking
depth distribution profiles were obtained. These de-
pendencies are shown in Figs. 6 and 7.
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Fig. 5. Flaking on the back side of the sample
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Fig. 6. Flaking depth profile on the back side
of the TiO,-2 sample
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Fig. 7. Flaking depth profile on the front side
of the TiO»-2 sample

From microscopic studies, it follows that with in-
creasing irradiation dose, diffusion channels appear along
the perimeter of the formed flaking, as well as directly in
the area of flaking formation. The flaking filling coeffi-
cient increases up to a dose of ~10'ions/cm?, after
which it remains practically constant. The average flak-
ing depth, both on the front and back sides of the sam-
ple, is = 0.08 pm, and the maximum depths also coin-
cide and are ~ 0.205 um. Such a coincidence of geomet-
rical values may indicate a coincidence of the physical
mechanisms of flaking formation on the front and back
sides of the sample.

After irradiation, X-ray structural studies were per-
formed on the front and back sides of the TiO,-2 sam-
ple. The X-ray structural spectrum of the back side of
the irradiated TiO,-2 sample is shown in Fig. 8.
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Fig. 8. X-ray structural spectrum of the back side
of the irradiated TiO,-2 sample

Table 2 shows the averaged contents of the main el-
ements (Ti, O) of the initial sample, and the front and
back sides of the irradiated sample.

Table 2
Averaged contents of the main elements of the initial
sample, front and back sides of irradiated TiO,-2

Element Initial Front side, Back side,
sample, % % %
Ti 31.7 ~39 ~34
0] 63.4 ~ 60 ~ 58

It should be noted that there is an increase in the
percentage of titanium and a decrease in oxygen on both
the front and back sides of the TiO,-2 sample. This
change can only be explained by the dissociation of
TiO, with subsequent diffusion of oxygen to the sample
surface and its partial escape from the sample. In addi-
tion, a small segregation of sample elements to its sur-
faces is observed.

After irradiating the samples with helium ions to a
certain dose, the bulk and surface electrical resistivity of
the front and back sides of the samples were measured.
Fig. 9 shows the dependence of the change in bulk elec-
trical resistivity on the irradiation dose for TiO,-2, and
Fig. 10 shows the dependencies of the surface electrical
resistivity of the front and back sides of the sample on
the irradiation dose.
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Fig. 9. Change in bulk electrical resistivity
with irradiation dose
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Fig. 10. Change in surface electrical resistivity
with irradiation dose on the front and back sides
of the sample

From the presented results, it follows that the bulk
electrical resistivity decreases up to a dose of
~1-10" jons/cm?. The surface electrical resistivity of the
TiO,-2 sample on both the front and back sides decreas-
es up to a dose of ~ 0.5-10" jons/cm?. Such changes can
only occur due to the dissociation of TiO, and the seg-
regation of TiO,-2 elements throughout the sample vol-
ume. It should be noted that after each irradiation ses-
sion, the samples were kept in air for 24...48 h. After
this, the surface and bulk electrical resistivities were
measured. A partial recovery of electrical resistivity of
no more than 5% was recorded.

3. CALCULATED CHARACTERISTICS

Primary processes occurring during irradiation play
a paramount role in changing the physical characteris-
tics of irradiated samples, namely: ionization, phonon
and vacancy formation, segregation, and sputtering. The
SRIM software package [24, 25] was used to calculate
these characteristics. SRIM calculations were performed
considering the displacement cascade.
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During irradiation of TiO,-2 on a linear accelerator
with 4 MeV helium ions, the surface changes due to
flaking formation, and also as a result of sputtering of
sample structure atoms. These processes change the
surface roughness. As the sample accumulates dose, the
depth of hollows on the sample surface increases, and
the sputtering efficiency increases because each surface
atom is bound to the surface by a smaller number of
electrons. Therefore, after irradiation of TiO,-2,
microsurface images were taken. Fig. 11 shows the sur-
face structure of the irradiated TiO,-2 sample.
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Fig. 11. Surface structure of TiO,-2,
irradiation dose = 1.2-10™ ions/cm?

After processing the microsurface images of the ir-
radiated sample, the change of roughness along the
TiO,-2 surface was obtained, Fig. 12.
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Fig. 12. Change of the roughness of the irradiated
TiO,-2 sample along its surface length,
irradiation dose = 1.2-10™ ions/cm?

From Fig. 12, it follows that the front surface of
TiO,-2 is inhomogeneous, has a developed relief, and a
maximum hollows depth is no more than 5 A.

With a change in the surface relief of the samples
during irradiation, the angle of incidence of helium ions
into the sample changes, and the primary processes and
sputtering coefficients of the elements change. In SRIM
calculations, these facts were taken into account by
changing the angle of incidence of ions into the irradiat-
ed samples and a maximum hollows depth.

Table 3 shows the energy losses for ionization, pho-
non formation, and damage by the helium ion beam and
displacement cascades for 4 MeV irradiation energy.
The absolute energy values of these processes are also
given in the same Table.

Table 3
Calculated characteristics of TiO»-2
Ener- Energy loss, %
ay, lonization, Phonons, Damage,
MeV | He'/cascade | He'/cascade | He'/cascade
4 99.69/0.06 0.04/0.20 0.00/0.01
Energies absolute values, keV/ion
4 | 3990 | 158 | 050

As follows from Table 3, most of the beam energy
goes to ionization. Helium ions make the main contribu-
tion to ionization. The main contribution to phonon
formation and damage comes from displacement cas-
cades. At 4 MeV beam energy, 20 times more energy is
spent on phonon formation than on damage. Therefore,
the role of phonons and ionization in some radiation
effects can be decisive. Fig. 13 shows, in relative units,
the profiles of ionization, phonon and vacancy for-
mation, segregation in TiO,-2 at a helium beam energy
of 4 MeV with a uniform distribution of the angle of
incidence of helium ions into the sample.
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Fig. 13. Profiles of ionization, phonon and vacancy
formation, segregation in TiO,-2

From the graphs in Fig. 13, it follows that in the ir-
radiated TiO,-2 samples, segregation of material atoms
occurs along the path of helium ions. Since segregating
atoms play a primary role in changing the
thermophysical and electrophysical characteristics of
ceramic materials, Table 4 presents the ratios of the
main redistributed TiO,-2 atoms to helium atoms. From
these data, the number of segregating atoms is calculat-
ed depending on the irradiation dose.

Table 4
Relations of TiO,-2 redistributed atoms to helium atoms
E =4 MeV
O/He Ti/He Si/He S/He Cl/He
99.90 69.13 2.67 0.152 0.181
Ca/He V/He Fe/He Cu/He
0.048 0.614 0.661 0.039

Phonon formation occurs in regions of ionization,
segregation, and vacancy formation. A high degree of
sample ionization occurs in regions with less phonon,
vacancy, and segregation formation. As noted above,
displacement cascades make the main contribution to
phonon formation. Fig. 14 shows the initial fragment
(0...40 A) of phonon formation profiles due to helium
ions and displacement cascades.
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Flg 14. Fragment of phonon formation profiles
due to helium ions (red curve) and displacement
cascades (blue curve)

As appears from Fig. 14, displacement cascades cre-
ate the high-frequency component with the big ampli-
tude of phonons formation (shock waves), and helium
ions create the low-frequency component.

TiO,-2 sputtering coefficients also are calculated
with a uniform distribution of the angle of incidence
(0...90)°and a maximum hollows depth of 5 A. TiO,-2
sputtering coefficients values are resulted in Table 5.

Table 5
TiO,-2 total sputtering coefficients at E = 4 MeV,
the hollows depth =5 4
k-10° atom/ion, E = 4 MeV
a°| O 6 12 18 24 30 36 42
k| 827|829 | 820|982 |99.7 | 98.2 | 97.2 | 95.1
a®| 48 54 60 66 72 78 84 89
k| 927 | 103 | 102 | 111 | 137 | 165 | 255 | 1183

Fig. 15 shows the dependence of the change in the
total sputtering coefficient on the angle of incidence of
the helium ion beam, considering a maximum hollows
depth of 5 A and He+ range of 100 A.

o

260 ‘ ‘
240 | | /I
TiO,-2

= 200

8

£ 180

2 /

o 160 [E =4 MeV/]

5 /

o o b
120
100

—
80

0 10 20 30 40 50 60 70 80
a, degree
Fig. 15. Dependence of the total sputtering coefficient
on the angle of incidence of the helium beam into the
TiO,-2 sample. Angle of incidence range = (0...90)°,
He+ path = 100 A, maximum hollows depth = 5 A

The range of changes in the sputtering coefficient at
o = (0...90)° was: k = (83...1183)-10° atom/ion. The
average values of the total sputtering coefficient, ex-
cluding extreme values (i.e., at a = 0° and o = 90°), are:
k = 114-10°° atom/ion. Averaging the sputtering coeffi-
cient over the hollows depth, we get for E = 4 MeV,
k = 57-10° atom/ion. We believe this is the maximum
possible sputtering coefficient for 4 MeV helium ions.

Vacancy formation and the number of displacements
per ion in TiO,-2 samples play a major role in damage
calculations (dpa — displacements per atom). The fol-
lowing expression [24] was used to calculate the dpa
damage:

D,,

d a— ,
P=NL OSL 1002”' '

where D, is the radiation dose (ion/cm? an experi-
mental parameter), dpi is the number of displacements

per ion (from SRIM calculations), N, is Avogadro’s

m

number, m v m=p,-SL, where p, is the

mole

measured sample density, S = 1 cm? is the unit sample
area, L is the maximum ions range in the sample,

=100 ZM . is the sample molar mass, u is the

molecular mass of the sample i-th element, n; is the per-

centage of the sample i-th element.

The calculated damage (dpa) for E =4 MeV was
~ 5.0 displacements/atom at an irradiation dose of
1-10"® jons/cm?. The damage profile (dpa) in TiO,-2 is
shown in Fig. 16 and corresponds to an inverted vacan-
cy formation profile (see Fig. 13).
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Fig. 16. Damage profile (dpa) in TiO,-2 sample

4. ANALYSIS AND DISCUSSION
OF THE OBTAINED RESULTS

The experimental detection of the long-range effect
during the irradiation of TiO,-2 samples with 4 MeV
helium ions consists of the following:

1. Formation of flaking on the front and back sides
of the irradiated sample. The flaking areas on the front
and back sides of the sample increase with increasing
irradiation dose up to 32 and 24%, respectively, and
remain practically constant at a dose above
~1-10"" ions/cm?. The flaking depth on both sides is
~ 0.08 um, and the maximum depths also coincide and
are ~ 0.2 um (see Figs. 4 - 7).

2. Increase in titanium percentage and decrease in
oxygen on the front and back sides of the irradiated
TiO,-2 sample (see Table 2).

3. Decrease in surface electrical resistivity on the
front and back sides of the sample and decrease in bulk
electrical resistivity with increasing irradiation dose.
The decrease in bulk electrical resistivity occurs up to a
dose of ~1-10" jons/cm?. The decrease in surface elec-
trical resistivity on both the front and back sides of the
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TiO,-2 sample occurs up to a dose of ~0.5-10*® jons/cm?
(see Figs. 9, 10).

The long-range effect can be explained by the com-
plex effect of primary processes (section 3) on the
change in the structure of the irradiated TiO,-2 sample.
Sputtering of structure atoms affects only the front side
of the sample due to changes in surface relief. This
leads to changes in primary processes in the helium ion
penetration region, and consequently, to changes in
‘secondary’ processes such as diffusion, re-segregation,
and phonon formation, pore growth, grain growth, etc.

The change in sample density along the helium ion
path changes the velocities of shock and acoustic waves
and is determined by sputtering, segregation, and va-
cancy formation. The linear coefficients of density
change due to sputtering (1), segregation (2), and va-
cancy formation (3) are determined by:

2
X
—In []
X
Sum_sp C
exp

2
N2z @, % 2w,

ksp (X) =- ) (l)

k (X) — 2 : kSum_seg wseg (2)
s 7 4.((x—xc)2+a)segz)+a)seg2 ’

K (X) __ 2 kSumfvac \ac ' (3)
s 7 4'((X_Xc)2 +wvacz) +a)vac2

where Kg, o, K k are the total sputtering

coefficients, segregation and vacancy formation (calcu-
lated in SRIM program [atom/ion]), @, @&, , @, are

seg ' “vac

a,

Sum _seg ? Sum _vac

0
logarithmic standard deviations, X, are the central
points, respectively. Table 6 presents the above-
mentioned values for TiO,-2 samples irradiated on a
linear helium ion accelerator with energy of 4 MeV.

Table 6
Parameters for (1), (2), (3)
Sputtering
kSumfsp a)sp 1 [nm] Xc ’ [nm]
9810 0.818 0.88
Segregation
Sum _seg wseg ' [nm] Xc ’ [nm]
181 496.13 11886
Vacancies
kSum_vac wvac! [nm] Xc ’ [nm]
181 482.06 11893

Fig. 17 shows the dependence of the change in the
linear density coefficient on the helium ion range at
E =4 MeV.

The first minimum on the graph is formed due to the
sputtering of sample structure atoms. The first maxi-
mum and the second minimum on the graph are the dif-
ference between segregation and vacancy formation
processes, formed due to backscattering of structure
atoms. Then the change in the density of the irradiated
sample can be described by the following expression:

POT) = Py + o (R () + ko (M) 4k (1) )

where pq is the initial sample density, n(t) is the number
of ions per sample area Sy (i.e. irradiation dose).
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Fig. 17. Change in linear density coefficient along
the helium ion range

Phonon formation occurs in regions of ionization,
segregation, and vacancy formation (see Fig. 13). As
follows from Fig. 14, in the region of helium ion range,
a high-frequency shock wave is formed by displacement
atoms, and a low-frequency one is formed by helium
ions appearing in their passage region. Wave propaga-
tion occurs both towards the front surface of the sample
and towards its back side, with a change in sample den-
sity.

The acoustic wave formed by helium ions can be de-
scribed by the following expression:

2SAc WAc

Un: (0.%) A —x ) T (®)
where Sy is the area under the curve (5), x. is the center
of the curve, w= FWHM is the full width at half max-
imum. The parameters for expression (5) are as follows:
Sac = 1600 eV, wy, = 547.86 nm, X, = 11903 nm.

A single shock wave (see Fig. 14) can be described
by a Gaussian distribution:

(X=X i )2
yi = ymax(i) -exp{—z.—v\cl(z) , (6)
Sh
or a step function:
Yimax(iy 1 Xe(i) _ﬂ <X < Xy +2W_5h
- JIn4 VIn4 @
§ 0, x +2W—Sh<x<x A
» (i) [In 4 (i) \/m

where 'y, .. is the amplitude, X, is the center of shock

wave formation, ws, = 0.15 nm is the standard devia-
tion. Fig. 18 shows functions (6) and (7).
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Fig. 18. View of a single shock wave
(red — Gaussian distribution, blue — step function)
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In (6) and (7) x.; takes discrete values and is de-

termined from the expression:

Xeiy = Xeqp +A,  (A=Dby +bP+b,P?), (8)
where P is the porosity of the irradiated material in %,
be= 0.2225 nm, b;=—8.13-10"° nm, b,= 4.225-10°° nm.

The shock wave amplitudes (Y, ) for 4 MeV he-

lium ions energy are determined from the following
expression:
2A w
Yo = 4(x—x)"+wW* ' ®)
where A = 8000 eV, X, = 11885 nm, w = 503,9 nm. It
should be noted that x. corresponds to the TiO, lattice
distance, and the peak width corresponds to the average
atomic diameter of titanium and oxygen. Expressions
(1)-(3) and (5)-(9) are obtained by interpolation from
calculations in the SRIM program.
Therefore, the formation of shock waves can be de-
scribed by the following expressions:

dpi+i, (X— Xc : )2
Ug, (0,X) = z Y max(i .eXp{_Z—W(z)] , (10)
i1 :

sh

or:
y X Wy <X < X+ 2\,
dpi+i, | 7 max(i) c(i)_m c(i) m
Ug, (0,X) = D’ -(11)

= 2w,
0, X+ — < X< X

0" ng 0" fInd

The value of the coefficient (i,) in expressions (10),
(11) is determined by normalizing these expressions to
the energy value of shock wave formation. For TiO,-2,
at a helium ion energy of 4 MeV, Eg, = 8 keV/ion (see
Table 3). Since during irradiation of TiO,-2, ~ 185 dis-
placements per ion (dpi) are formed, assuming that 1 dpi
forms one shock wave, we get that the energy trans-
ferred by one shock wave is 43.2 eV. This energy is
sufficient for TiO, dissociation, as the TiO, bond energy
is ~17 eV. The process of propagation of the formed
acoustic and shock waves is described by wave equa-
tions with initial formation conditions (5), (10) or (11),
considering the change in sample density (4) along the
helium ion path.

The main degree of ionization occurs in the region
of phonon formation, segregation, and vacancy for-
mation (see Fig. 13). Since the samples are grounded
during irradiation and the mobility of electrons is more
than 7000 times greater than the mobility of helium
ions, the ionization region will be positively charged.
Under the influence of the Coulomb field, polarization
of structure atoms and segregation occur with their sub-
sequent acceleration and the formation of acoustic and
shock waves. These processes occur cyclically through-
out the entire volume of the sample. Thus, the beam
energy is transferred throughout the entire sample vol-
ume, including the front and back sides. The transferred
energy is sufficient for TiO, dissociation (decrease in
electrical resistivity) and the formation of stresses on the
front and back sides of the TiO,-2 sample (flaking for-
mation). In addition, the diffusion of oxygen and helium
plays a significant role in flaking formation, which pri-
marily occurs through channels formed along the pe-

rimeter of the flaking, as well as directly in the area of
its formation (see Fig. 5).
CONCLUSIONS

1. The long-range effect has been confirmed by ob-
taining experimental results on the formation of flaking
on the front and back sides of the sample, changes in the
percentage of titanium and oxygen in the irradiated
TiO,-2 samples, and a decrease in bulk and surface elec-
trical resistivity.

2. Primary processes during irradiation of TiO,-
based samples have been calculated, namely: ionization,
phonon formation, segregation, vacancy formation,
damage, and sputtering coefficients.

3. Analysis of experimental results and calculated
data shows the decisive role of phonon formation and
sample element ionization processes in explaining the
long-range effect.

The model based on primary radiation processes of
elastic wave excitation and propagation most physically
correctly describes the experimental results obtained
during TiO,-2 irradiation on a linear helium ion acceler-
ator with 4 MeV energy.
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E®EKT JJIAJIEKO/II TP OITPOMIHEHHI 3PA3KIB TiO,
HA JITHIHHOMY NPUCKOPIOBAYI IOHIB I'EJITIO

K.B. lagnin, B.I. Bymenxko, O.®. /[Jvauenxo, O.B. Manyiineuxo, b.B. 3aiiyes

HaBeneHo ocHOBHI nmapameTpu orpoMiHeHHs 3pa3kiB TiO, Ha JIiHIHOMY NPHCKOPIOBaui 10HIB Telil0 Ta Xapak-
TEPUCTUKHM 3pasKiB, MO onpominroThes. [licns onpominenns TiO,-2 ionamu remito 3 enepriero 4 MeB BusiBieno
YTBOpPEHHS (UICKIHTY Ha JIMIbOBIH 1 THIIbHIH CTOpPOHAX 3pa3Ka, SMEHIIEHHS 00 €MHOTO €JIEKTPOOIIOPY Ta ITOBEPXHE-
BHX €JICKTPOOTIOPIB Ha JINIHOBIH i THIIbHINA CTOPOHAX 3pa3Ka, 30UIbIICHHAS IPOIICHTHOTO BMICTY TUTaHy ¥ 3MEHIIICH-
HS KACHIO Ha JIMIBOBIH 1 THIIBHIA CTOPOHAX OMPOMIHEHOTO 3pa3Ka, IO CBIIYUTH MPO MposB ehekTy mamexomii. 3
ypaxyBaHHIM 3MiHCHHS MPOQLIIO TTOBEPXHI OMPOMIHEHUX 3pa3KiB pO3paxoBaHO IEPBUHHI MPOIIECH, a caMe: 10Hi3a-
isi, yTBOpeHHs (DOHOHIB 1 BaKaHCIH, cerperarisi, OMKOIKYBaHICTh Ta PO3MHJICHHSA. AHaJi3 eKCIIEPUMEHTATBHUX
JIaHUX TT0Ka3aB, 110 MOJIENb, 3aCHOBaHa Ha Mpolecax 30y/PKEHHS i NOMIMPEHHS MIPYKHUX XBUJIb, HAWOUIBII (i3n4-
HO MPaBUJIBHO OMHUCYE JesKi eHEeKTH JaIeKO/Iii.
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