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Abstract

Diode-pumped femtosecond chirped pulse regenerative amplifiers based on Yb*-materials are
of practical importance for wide range of scientific, industrial and biomedical applications. The aim of this
work was to study the amplification of broadband chirped femtosecond pulses in regenerative amplifier based
on Yb’":CaYAIO, crystal.

Such systems use femtosecond mode-locked lasers as seed pulse sources and amplify nJ-seed pulses
to sub-mJ energy range. Most chirped pulse regenerative amplifier systems described in the literature use
seed lasers with typical pulse spectral width at the level of 10—15 nm full width at half maximum (FWHM)
that limit the seed pulse duration of about 90 fs and amplified pulse duration at the level of 200 fs due
to strong influence of gain narrowing effect on the amplified pulse parameters. Yb*-doped crystals with wide
and smooth gain bandwidth as an active medium of chirped femtosecond pulse regenerative amplification
systems allow to reduce negative contribution of gain narrowing effect and lead to shortening of amplified
pulses. In this research we study the chirped pulse regenerative amplification of broad-band femtosecond
pulses (60 nm spectral width FWHM) in the Yb’*:CaYAIO,-based chirped pulse regenerative amplifier.
Substantial reduction of the amplified pulse duration down to 120 fs (19.4 nm spectral width FWHM) with
average power of 3 W at 200 kHz pulse repetition frequency was demonstrated without any gain narrowing
compensation technique.

The results of experimental investigation of broad-band seeded Yb**:CaYAIO,-based chirped pulse
regenerative amplifier are reported for the first time to our knowledge. 120 fs-pulses (19.4 nm FWHM)
with average output power of 3 W were demonstrated without any gain narrowing compensation technique.
Despite the significant reduction of amplified pulse duration the task of improvement group velocity dispersion
balance (including high orders of group velocity dispersion) remains relevant.

Keywords: broad-band chirped pulses, chirped pulse amplifier, regenerative amplifier, spectral broadening,
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VK 621.373.826

PereHepaTuBHbIN yCUJIUTEIb YUPIUPOBAHHBIX
(peMTOCEKYHTHBIX UMITYJIHCOB HA OCHOBE KPUCTAJLJIA
Yb:CALYO a5 cieKTpOCKONUHU BO30YKICHUS-
30HIUPOBAHUSA C BBICOKMM BPEMEHHBIM pa3pelieHuemM

Pynenxor A.C.!, Kucear B.2.!, SciokeBuu A.C.!, OBanecbsan K.JI.%,
IMetpocsin A.I'.2, Kynemos H.B.!

'[lenmp onmuueckux mamepuanos u mexHonro2u,
benopycckuii nayuonanvHulil mexHuiueckutl ynugepcumen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Uncemumym gusuneckux ucciedosanuil Hayuonanonotl akademuu nayx Apmenuu,
0203, Awmapax-2, Apmenus

Hocmynuna 25.06.2018
Ipunama x nevamu 28.07.2018

PerenepartrBHbIC YCHINTENN YUPIUPOBAHHBIX (PEMTOCEKYH/IHBIX MMITYJILCOB HA OCHOBE MaTepHajioB C HOHA-
mu Yb*" ¢ quofHON Hakavykoil HAIUTH IIMPOKOE NPHUMEHEHHE B PA3NIMYHBIX OTPACISIX HAyKH, MPOM3BOACTBA
1 MeauuHbL. Lenbio nanHol paboThI SBISUIOCH HCCIIEIOBAHNE PEKIMA PETCHEPATUBHOTO YCHIICHUSI IMPOKO-
TOJIOCHBIX YMPITMPOBAHHAIX (PeMTOCEKYHIHBIX MMITYJILCOB B YCHIIMTENIE Ha OCHOBE KpucTasuia Yb*:CaYAIO,.

Hcnonb3ys B kKadyecTBE 3aJal0ILEr0 TeHEpaTopa Ja3ep ¢ MaCCUBHOW CUHXPOHU3ALMEN MO/, JaHHBIE CUCTE-
MBI YCHJTMBAIOT UMITYJIbChI HAHOYKOYJIEBOTO THara3oHa SHEPruid 10 CyO-MIIIMIKOYIEBOTO YPOBHS Onaroaapst
METOAMKE YCUIICHHSI YUPIHUPOBAHHBIX UMITYJILCOB. BOJBITMHCTBO OMUCAHHBIX B JIUTEPATYPE CUCTEM YCUIICHHS
UCTIONB3YIOT 33/Ial0IlKe TeHepaTophl, odecreynBaromme GeMTOCeKyHAHbIE UMITYIILCHI CO CIIEKTPAIBLHOH T10-
JTyWMpUHOH B Auamnazone 10—15 HM, 4To orpaHMYMBaeT MUHUMAIIBHYIO [UIMTEIBHOCTD 331al0NINX UMITYTECOB
Ha ypoBHe 90 ¢c. B nporecce pereHepaTMBHOTO YCHJICHUSI AJMTENBHOCTh YCHICHHBIX UMITYJIbCOB YBEITHUH-
Baetcs 210 3HaueHui okoso 200 ¢c, U4To CBA3aHO C CHUIILHBIM HETaTHBHBIM BIUSHUEM d(PQEKTa CyKESHUsI CTIeK-
Tpa UMITYJIbCA TI0J] BO3ACHCTBHUEM IOJIOCH! YCUIICHUSI aKTUBHOM cpeabl yeuiuTens. [IpuMeHenne KpucTaiios,
MUMEIONIMX LIMPOKUE U TIAJKUE TOJOCHl YCUIICHUS! B KAUECTBE aKTHUBHBIX CPEJl CUCTEM YCHJICHHS YHPIIUPO-
BaHHBIX ()EMTOCEKYH/JHBIX UMITYJIECOB IIUPOKOTO CIIEKTPAJIBHOTO JHAaa3oHa, 03BOJISIET CHU3UTh HEraTUBHBIN
BKJIa1 2 deKTa Cy’KeHHS CTIEKTPa UMITYJIbCa M MPUBOIUT K COKPAIIECHUIO JTTUTEIBHOCTH YCUIICHHBIX UMITYJIBCOB.

B pabote BriepBble MpencTaBiIeHbl Pe3yAbTaThl UCCICIOBAHUS PEKUMa PEreHEPATUBHOIO YCHIICHHS IIIHPO-
KOTOJIOCHBIX YMPHUPOBAHHBIX (PEMTOCEKYH/IHBIX MMITYJILCOB B yCHIIMTENE HAa OcHOBE Kpuctamia Yb*':CaYAIO,.
[Momy4enbl UMIYIbCHI AMHTENLHOCTRIO 120 e (crexrpanpHas nomymmpuHa 19,4 HM) co cpemHeil BBIXOTHON
MOIIHOCTBIO CHUCTEMBI ycuiieHus 3 BT 0e3 mpuMeHeHus] MeTOIUK KoMITeHcau 3 QeKTa CyKeHHs! CIIeKTpa yCH-
JIMBAEMOTO UMITYJIbCA.

KaoueBble cjioBa: YUPIUPOBAHHBIE HMITYJIBCHl LIMPOKOTO CIEKTPAJIbHOTO [MAra3oHa, YCHIMTENb
YUPIHUPOBAHHBIX HMMITYJIBCOB, PEreHEpaTHBHBIH YCHIIMNTENb, PACHIMPEHHE CIEKTpa HMMITyJbca, (et
CY’KEHHS CIIEKTpa UMITyJIbCa.

DOI: 10.21122/2220-9506-2018-9-3-205-214

Adpec ona nepenucku:

Pyoenkos A.C.

Lenmp onmuyeckux mamepuanog u mexuoao2uil, beropycckuii
HAYUOHATLHBIIL MEeXHUYeCKULl YHUBEPCUmen,

np-m Hezasucumocmu, 65, 2. Munck 220013, Beaapyce
e-mail: a.rudenkov@bntu.by

Addpress for correspondence:

Alexander Rudenkov

Center for Optical Materials and Technologies, Belarusian National
Technical University,

Nezavisimosty Ave., 65, Minsk 220013, Belarus

e-mail: a.rudenkov@bntu.by

Jna wumuposanus:

Alexander Rudenkov, Viktor Kisel, Anatol Yasukevich,

Karine Hovhannesyan, Ashot Petrosyan, Nikolai Kuleshov.
Yb:CALYO-based femtosecond chirped pulse regenerative amplifier
for temporally resolved pump-probe spectroscopy.

TIpuGops! 1 METOBI U3MEPEHUIA.

2018. - T.9, Ne 3. - C. 205-214.

DOI: 10.21122/2220-9506-2018-9-3-205-214

For citation:

Alexander Rudenkov, Viktor Kisel, Anatol Yasukevich,

Karine Hovhannesyan, Ashot Petrosyan, Nikolai Kuleshov.
Yb:CALYO-based femtosecond chirped pulse regenerative amplifier
for temporally resolved pump-probe spectroscopy.

Devices and Methods of Measurements.

2018, vol. 9, no. 3, pp. 205-214.

DOI: 10.21122/2220-9506-2018-9-3-205-214

206



Tpubopwl u memoowvl usmepenuii
2018.—T. 9, Ne 3. — C. 205-214
Alexander Rudenkov et al.

Devices and Methods of Measurements
2018, vol. 9, no. 3, pp. 205-214
Alexander Rudenkov et al.

Introduction

Diode-pumped femtosecond laser sources with
pulse repetition frequencies (PRF) of hundreds of ki-
lohertz and pulse energies of tens microjoules are
of practical importance for high temporal and spectral
resolution measurements, precision micromachining,
optical memory and biomedicine [1]. Extremely
high average output powers up to the kilowatt level
could be obtained by means of direct amplification
of high repetition-rate oscillators. 1.1 kW of
average power at 20 MHz repetition rate with
615 fs pulses were obtained using the Innoslab
Yb:YAG concept [2]. 830 W trains of 640 fs pulses
at 78 MHz were demonstrated by employing large-
mode area Yb-doped fiber amplifiers [3]. Pulses at
lower repetition frequencies, up to a few megahertz,
with substantially higher energy and peak power are
preferred for many applications. These pulse trains
can be generated conveniently with solid-state diode-
pumped regenerative amplifiers (RAs). Up to now,
the highest average power RA systems are presented
by thin-disk concept RAs. For example, up to 160 W
average output power at 800 kHz PRF with 750 fs
pulse duration were achieved in [4]. Up to 100 W
average power at 400 kHz PRF with 800 fs pulse
duration were reached in [5] employing Yb:YAG
thin-disk active element. Despite thin-disk based
regenerative amplifier systems demonstrate high
average power, it should be noted that pulse duration
of such systems is not less than 700 fs. 295 fs pulses
were demonstrated for thin disk RA system that
applied nonlinear pulse amplification regime but
with substantially reduced output power (36 W) [6].
Another approach to implementation of RA systems
is based on bulk regenerative amplifiers. The highest
output power reported so far for bulk RAs is 42 W
at 500 kHz pulse repetition frequency obtained in RA
based on the active medium with high thermooptical
properties — Yb:Lu,O, [7]. Relatively long amplified
pulses of about 780 fs pulse duration obtained due
to narrow gain bandwidth of Yb:Lu,O,. Substantially
reduced pulse duration of 217 fs with relatively high
output power of 28 W demonstrated at 500 kHz
in RA based on crystal with wide gain bandwidth —
Yb:CALGO [8]. But the usage of active medium
with wide gain bandwidth is not a sufficient condition
for obtaining short amplified pulse duration due
to the strong gain narrowing effect [9] that reduce
amplified pulse spectral width and increase minimal
transform-limited pulse duration. Several methods
for overcoming the negative contribution of gain

narrowing effect have been proposed [10, 11].
The output power ofabout 21 W at 200 kHz PRF with
200 fs pulse duration is obtained with Yb:KGW dual
crystal system [10]. Femtosecond laser pulses with
duration as short as 97 fs with output power of 1.2 W
at 50 kHz PRF were obtained with the Yb:CALGO
RA system which demonstrates the possibility
of sub-100 fs pulses amplification [11].

Despite the availability of femtosecond lasers
providing wide spectral width pulses [12-14]
based on Yb seed lasers a large number of RA
systems described in the literature have narrower
pulse spectral width not over than 15 nm. And this
also limits the amplified pulse spectral width and
compressed pulse duration.

The aim of this work was to study the amplification
of broadband chirped femtosecond pulses in
regenerative amplifier based on Yb**:CaYAIO, crystal.

Crystal growth

Single crystals of Yb’":CaYAIO, (tetragonal
structure, space group D', I4/mmm) doped with
Yb* (1.4 at. % and 3.5 at. %) were grown from
stoichiometric melts by Czochralski method [15].
Yb* ions occupy Y**sites of the lattice with 9-fold
coordination. Crystallization was carried out
under an enclosed argon atmosphere using iridium
crucibles (50 x 50 x 30 mm®) and seed crystals
oriented along [110]. The pulling and rotation rates
were 1.5-2.5 mm/h and 15-25 rev/min respectively.
Transparent crystals 15mm in diameter and
20-30 mm long were obtained for the present studies.

Spectroscopy

Polarized absorption spectra of Yb**(1.4 at. %):
CaYAIO, (correspondent ytterbium volume concen-
tration is 1.82-10% cm™) at room temperature
were measured by a Varian CARY 5000 spect-
rophotometer. The absorption cross-section spectra
for different polarizations are shown in Figure 1.

Strong absorption is found for n-polarized light.
A peak absorption cross-section at 979 nm was
measured to be about 4-1072° cm?, with comparatively
wide bandwidth of about 9.5nm (FWHM).
For o-polarization maximal absorption cross section
near 979 nm was 1.5-10%° cm?. Radiative lifetime
was estimated by using crystalline powder immersed
in glycerine suspension in order to eliminate radiation
trapping effect caused by significant overlap
of the absorption and emission bands [16, 17].
Measured lifetime for different weight content
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of Yb*(1.4at. %):CaYAIO, and Yb*"(3.5at. %):
CaYAIOQ, crystalline powder in glycerine suspension
are shown in Figure 2. Measured kinetics of lumines-
cence decay for Yb':CaYAIO, with 1.4at. %
and 3.5 at. % concentrations are shown in Figure 3.

6-
54 — - - Absorption
NE 4] TE — Stimulated emission
(&]
s 3
o 2
x 1]
c 0
.0
O 2,0
[0}
D 1,54
3
3 1,0
—
O 0,51
0,0F

900 920 940 960 980 1000 1020 1040 1060 1080
Wavelength, nm
Figure 1 — Absorption and stimulated emission cross-
section spectra of the Yb*:CaYAIO,

4604 ¢
» 450] 3.5at.% —a
3
o) 1.4at%—00_ _
-% 4404 L
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oo ° ® &
4304
|¢® & & ® s
420 T v T T T g T T
20 40 60 80 100

Weight content of powder, %
Figure 2 — Measured lifetime for different weight content of

Yb*":CaYAIO, crystalline powder in glycerine suspension

Experimental setup

The radiative lifetime of the °F_, manifold of Yb*'-
ions in CaYAIO, was estimated to be (430 + 15) ps.
The stimulated emission cross sections (Figure 1)
were calculated by use of integral reciprocity

method [18].

13
= 1.4at.%
S 1=430+15 ps
o5 0
[
©
>
B
& 0,014
£ 35at% \
1=427+15 s
00 05 10 20 25 30

Tlme, ms

Figure 3 — Kinetics of luminescence decay *F,, manifold
of Yb*"-ions in CaYAIO,

The Yb*:CaYAIO, crystal exhibits broad
stimulated emission cross-section spectra in
the range 990-1080 nm for both polarizations.
The stimulated emission cross-section for c-pola-
rization demonstrates higher value of about
~0.7-102° cm? at 1030-1040 nm in comparison
with = 0.5-102° cm? for m-polarization. Obtained
spectroscopic properties of the Yb’":CaYAIO,
crystal demonstrate good agreement with described
in literature data [19].

The conceptual scheme of the system layout is shown in Figure 4.

Single mode fiber

Polarizer Lens

N1 |
| N [

Seed Yb:KYW 2
100fs, 10nJ
1038nm

HR2

Yb:CaYAIO4

M1

Lens

Compressor

HR

Amp.
output

PC HR1

TFP

Figure 4 — Experimental setup of broad-band seeded Yb**:CaYAIO, chirped pulse RA
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As a seed source laser diode-pumped Yb:KYW
oscillator was used which provided 100 fs pulse
train with 70 MHz PRF and 10nJ single pulse
energy. The seed pulse spectrum was about
12.5 nm wide (FWHM) and centered at 1038 nm.
A 10-m-long single mode ¥9/125 um telecom fibre
was used for pulse spectral broadening and temporal
stretching (tpulsc ~7.5ps). After passing through
a Faraday isolator, the seed pulse was injected
into the RA. The isolator was employed to protect
the seeder from high-intensity back reflections and,
at the same time, for separating the amplified output
pulse from the seed oscillator. The RA setup chosen
for this experiment is quite common, employing
a 40-mm-long double-BaB,O, Pockels cell for pulse
injection and ejection. Pulse repetition frequency
(PRF) was chosen to be 200 kHz to prevent damage
of the optical elements. «Off-axes» pump layout
was used for longitudinal pumping of the active
element [20-22]. Main advantage of such a pump
scheme is that all the cavity mirrors have highly
reflecting coating at (900—1100) nm. Maximum pump
power was 25 W. 2mm-long a-cut Yb*'(3.5 at. %):
CaYAIO, crystal was used as a gain medium.
The last unit of the amplifier system is compressor
based on transmission diffraction grating with
1000 grooves per millimetre.

Continuous wave laser experiment

At the beginning we have tested the gain crystal
under CW lasing. Laser cavity had the same geometry
as a RA cavity without Pockels cell. One of the HR
flat mirrors was replaced by the output coupler (OC)
with different transmittances. Dependencies of the
laser output power on the absorbed pump power
for - and o-polarized output and different OCs are
shown in Figure 5. Absorbed pump power was real
time measured during the laser action.

The maximum CW output power of 7.4 W at
absorbed pump power of 14.9 W with slope efficiency
as high as 59.3% was obtained with 10% OC

Quantum
{defect ~0,3%

[ BN
.2

)
?

Tunability range ~ 100 nm
@ Toc=1.5%

Intensity, arb. unit.
o
+

o
e
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transmittance and 6-polarized output. The outputpowers
of 6.6 W and 5.6 W and slope efficiencies of 50.5 %
and 65.4 % were demonstrated with 5 % and 20 % OC
transmittances, respectively. For n-polarization output
powers of 6.3 W, 6.5 W, 4.4 W with slope efficiencies
of 49.1 %, 58.2 %, 60.9 % were obtained with 5 %,
10 % and 20 % OC transmittances.
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Figure 5 — Dependencies of output power of Yb**:CALYO
CW laser on absorbed pump power for different OC
transmittances and polarizations

The tunability curves of the Yb*'(3.5 at. %):
CaYAIO, crystal were measured with 1.5 % OC trans-
mission during CW experiments. Central wavelength
of the Yb*":CaYAIO, laser was tuned in the range of
about 100 nm from 982 to 1082 nm for m-polarisation
and from 984 to 1086 nm for c-polarisation (Figure 6).

The results of CW laser experiments show
high prospects of Yb*:CaYAIO, crystal as an
active medium of laser systems operating in a wide
spectral range with high average output power.

7T (982-1082nm)

G(984-1086nm)

980 1000 1020

1040 1060 1080

Wavelength, nm

Figure 6 — Tunability curves of the CW Yb*:CALYO laser
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Before the chirped pulse RA experiment seed
pulses spectral broadening in fiber was investigated.
High peak power of femtosecond pulses provides
efficient spectral broadening of seed pulses due
to the influence of nonlinear effects such as Raman
scattering and self-phase modulation. Seed pulse
spectral shape after the fiber in dependence of the
incident pulse energy (£, = 0.15-7nJ) are shown
in Figure 7. Intracavity seed pulse spectrum and
autocorrelation trace for maximum incident pulse
energy are shown in Figure 8.

Intensity, arb. unit.

0,0

1020 1040 1060 1080

Wavelength, nm

980 1000

Figure 7 — Pulse spectra at the output of the fiber for
different incident energy
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2,=1032nm
0,0

1005 1020 1035 1050 1085
Wavelength, nm

a

| ©=1.54*7.5ps

Intensity, arb. unit.

Time, ps

b

Figure 8 — Intracavity pulse spectrum (a) and auto-
correlation trace of RA seed pulses ()

Seed pulses have spectral width of about
60 nm FWHM and about 7.5 ps duration while
the incident pulse spectral width was about 12.5 nm.
Fiber coupling efficiency was about 65 %. Seed
pulse energy at the output of the fiber was about
4.5n].

Chirped pulse regenerative amplification
experiment

During the RA experiment we measured
the output pulse train parameters (spectral width
and output power) for m- and o-polarized light
in the gain medium at 200 kHz PRF (Figure 9).
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2 12 &
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B ° {1
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Cavity round trips, arb.unit.

Figure 9 — Dependencies of spectral width and average
output power on the cavity roundtrips of Yb*":CALYO
chirped pulse RA

The maximum uncompressed average output
power of 5.3 W (2.9 W) was obtained for o- (m-)
polarized light after 110 round trips (RT) of the pulse
through the amplifier cavity, while the pulse spectral
width (FWHM) decreased to 12.4 nm and 16.9 nm
for o- and m-polarization states, respectively,
that demonstrated strong gain narrowing effect.
The amplified pulse spectrum evolution versus RT
number through the amplifier for n- and oc-pola-
rizations are shown in Figure 10.
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Figure 10 — Evolution of the output pulse spectrum of
Yb*:CALYO chirped pulse RA

The data presented in the Figure 9 indicate that
o-polarization is more suitable for amplification
of broad-band ultrashort pulses. Wide amplified
spectrum of 19.4nm (FWHM) was demonstrated
after 55 RT with output power of about 4 W (almost
80 % of maximum value) (Figure 11). Corresponding
autocorrelation (AC) trace of compressed pulses with
average output power of 3 W is also shown in Figu-
re 11. Measured pulse duration was about 120 fs assu-
ming Lorentzian pulse shape (the best fit with AC trace).
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Figure 11 — Seed and amplified pulse spectra (a) and
autocorrelation trace of compressed c-polarized output
pulse after 55 round trips (b)

The output beam had good quality with an M?-
factor of about 1.15. Measured output beam caustic
and profile for Yb*":CALYO, o-polarized broad-band
seeded chirped pulse RA are shown in Figure 12.

b
Figure 12 — Output beam caustic (a) and profile (b)

The profile of the beam remains Gaussian up to
the highest output powers.

Mathematical modelling

To estimate the amplified pulse spectra limited
mostly by gain crystal characteristics and gain
narrowing effect mathematical simulation was made
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with constant level of intracavity losses (=5 %)
for wide spectral range covering active crystal gain
bandwidth. Simulation was based on the split-step
Fourier method [23]. Gain curve was calculated
by means of the absorption (ABS) and stimulated
emission (SE) cross-section spectra under a certain
population of the upper laser manifold of Yb** ions
which corresponds to our experimental conditions.
Simulation results are well agreed with experimental
results. Amplified pulse spectrum evolution during
the amplification in the Yb*":CALYO based chirped
pulse RA is shown in Figure 13.
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Figure 13 — Evolution of the output pulse spectrum
of Yb*":CALYO chirped pulse RA

Simulated and measured pulse spectra after 110
round trips and dependency of pulse spectral width
on the number of cavity round trips for Yb*:CALYO,
n-polarized chirped pulse RA are shown in Figure 14.
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Figure 14 — Simulated and measured pulse spectra (a) and
dependency of pulse spectral width on cavity roundtrip (b)
for Yb*:CALYO, = chirped pulse RA

Simulated and measured pulse spectra after 55
round trips and dependency of pulse spectral width
on cavity round trips for Yb*:CALYO, c-polarized
chirped pulse RA are shown in Figure 15.
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Figure 15 — Simulated and measured pulse spectra (a) and
dependency of pulse spectral width on cavity roundtrip (b)
for Yb*:CALYO, o chirped pulse RA

It is evident that simulation results are
satisfactory agreed with experimental data, especially
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for o-polarisation. Thus, the usage of wide-band
femtosecond seed pulses for Yb*":CALYO chirped
pulse RA makes it possible to shorten the duration
of amplified pulses despite the negative contribution
of gain narrowing effect.

Conclusion

The results of experimental investigation
of broad-band seeded Yb’":CaYAIO,-based chir-
ped pulse regenerative amplifier are reported for
the first time to our knowledge. 120 fs-pulses
(19.4 nm FWHM) with average output power of 3 W
were demonstrated without any gain narrowing
compensation technique. Despite the significant
reduction of amplified pulse duration the task
of improvement group velocity dispersion balance
(including high orders of group velocity dispersion)
remains relevant.
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AMATHOCTUKHU ¢ MHOTO(PYHKIMOHAJIbHBIMU
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CoBpeMeHHBIe U3MepUTENbHbBIE TIPe00pa3oBaTeNli CHCTEM ONTHYECKON TUATHOCTHKHU JOJDKHBI aBTOMa-
TUYECKH OIIEHUBATh MapaMeTPhl ONTHYECKOTO CUTHAJIA M TIEPEKITIOUaThCS MEXK Ty PA3IMYHBIMU JHATa30HaMH
JHEPTeTUYECKON U CTIEKTPAIbHON XapaKTePUCTHKAMU YYBCTBUTEIBHOCTH. DTO TpeOyeT NMpUMEHEHHUsI Hec-
KOJBKUX (DOTOTPUEMHHUKOB, CJIOXKHBIX ONTHYECKUX CXEM M CIOXKHBIX aTOPUTMOB 00PAOOTKH M3MEPHUTEIh-
HBIX CUTHAJIOB. Llenbto paboThl ABISAIICS aHATU3 TPUMEHUMOCTHA MHOTO()YHKITHOHAIBHBIX OJTHOIEMEHTHBIX
(hoTodnexTpuUecKnX MpeodpazoBareneil Ha 0a3e MOMYIPOBOAHUKOB C HHU3KOM KOHIICHTpAIMel TTyOOKOW
puMecH, (OPMHPYIOIIEH B 3aNPENIEHHON 30He HECKOIBKO YHEPTeTUIECKUX YPOBHEH ISl pa3sHBIX 3apsijio-
BBIX COCTOSIHHIA, B MI3MEPUTENBHBIX TPe00pa3oBaTesiX CUCTEM ONTHYECKOW JTHArHOCTHUKH.

OTHOCHTENBbHAS CIIOKHOCTh (DPU3NYECKUX MPOIECCOB TP Tepe3apsiike HECKOIBKUX YHEPTeTHYECKUX
YpOBHEH MHOTO03apSTHON TITyOOKOH TIPUMECH TI03BOJISIET PEATU30BaTh MHOTO(QYHKIIMOHATEHOCTH (DOTORIIEK-
TPHUUYECKOTO TIpeoOpa3oBaTelIs MPH MPOCTONW KOHCTPYKITUH YyBCTBUTEIHHOTO SIIEMEHTA.

[lokazaHo, YTO (HOTOIIEKTPUUECKUE OIJHONIEMEHTHBIE TpeoOpa3oBaTeNld XapaKTepU3yITCs pac-
IIUPEHHBIMU  (DYHKITMOHATHHBIMU XapaKTEPUCTHKAMHA W YBEIHMUYEHHBIMH HAlla30HAMH JHEPTreTHIECKOH
(Ha HECKONBKO IECSATKOB MAENHOeN) W CIEeKTPAIbHOW XapaKTePUCTUK YYBCTBUTEIHHOCTH (CO CABUTOM
Ha 2—4 MKM B JHaria3oHe CIEeKTPATbHON UyBCTBUTENHFHOCTH 1—10 MKM) C BO3MOXXHOCTBIO TEPEKITFOUSHHS
MEXIy TOAIUATa30HAMH DHEPTreTHUECKOM W CHEKTPaTbHOW XapaKTePUCTHK YYBCTBUTEIHLHOCTH MO JICH-
CTBHEM KaK M3MEPHUTEIhHOTO CUTHAJa, TaK M JOTOJIHHUTEIBHBIX YIPAaBISIONIMX BO3/ACUCTBUI. B KadecTBe
OCHOBHOTO MaTepuajia Pe3WCTUBHOW MM OapbepHON CTPYKTYpHI (hOTONpHEMHUKA MOTYT HCIIOIB30BaThCS
repMaHuii, KPEMHHUIA, OTYIPOBOIHUKOBBIE coeanHenus Tua A’B° u ipyrue Marepuassl, B TOM YHCIIE CO-
BMECTHUMBIE C «HE KPEMHHUEBBIMI» TEXHOJOTUAMHU U CTPYKTypaMH Ha Canl(pUPOBBIX TTOIIOKKAX.

KiioueBblie ciioBa: H3MepHTCJ’H;HLII71 HpeO6pa3OBaTCJ'H), OIITHUYCCKAas JUarHoCTHUKa, JaTYHUK MHOFO(i)yHKHI/IO-
HaJ'H:HLIfI, (bOTOHpI/ICMHI/IK, OHHOBHCMGHTHBIﬁ q)OTOHpI/ICMHI/IK.
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Abstract

Modern measuring transducers for optical diagnostic system should perform automatic parameter
estimation of optical signal and automatic switching between different energetic and optical sensitivity
ranges. Traditional solution of this problem lies in the field of multi-sensory systems, complex optical
schemes and complex signal processing algorithms. The paper aims at the development of new measuring
transducers for optical diagnostic system on a basis of multifunctional unitary photovoltaic converters built
on semiconductors with low-concentration deep dopants that form multiple energy levels for different charge
states in the band gap.

Relative complexity of physical processes accompanying the recharge of several energy levels
of multiply-charged deep dopant makes it possible to realize the multifunctionality of a photoelectric converter
albeit simple sensor design.

The proposed unitary photovoltaic converters proved to have extended functional characteristics
and increased ranges of energetic characteristic (by dozens dB) and spectral sensitivity characteristic with
possible shifts of red margin by 2 to 4 um in the spectral sensitivity range of 1-10 um. Energetic and spectral
sensitivity characteristic ranges could be switched either by measurement signal itself or by additional
control inputs. Possible materials for resistive or barrier photovoltaic converter structure are Germanium,
Silicon, A’B’ systems and other semiconductors including that compatible with «non-silicon» technologies
and structures on sapphire substrate.

Keywords: measuring transducer, optical diagnostics, multifunctional converter, photovoltaic converter,

unitary photovoltaic.
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BBenenue

Onrtuueckue MeTOAbl AUarHoctuku'! oodec-
[eYMBAIOT, KaK MPaBUJIO, HEpaspylIarolui Xa-
PAKTEP KOHTPOJIA, AUCTAHLUMOHHBI, NPUMCEHHUMBI
JUISL OTIPEJICJICHUsI Pa3HOPOJHBIX XapaKTePHUCTHK
U3JCITHS OT €ro TreoOMETPUYECKUX pPa3MepoB
JI0 XMUMHYECKOTO cocTaBa. ONTHYECKHUE METO/IbI
OPUMCHAIOTCA U JJIA KOHTPOJIA TCXHOJIOTNYCCKUX
u (usnyeckux rmnpoieccos. [IpumeHnenune mero-
JIOB OINTHYECKON JUArHOCTUKH IeJeco00pa3Ho
B TMPOTHBOIMOJOXKHBIX CIydasx: Korja Heo0Xo-
AUMO HCKIIOYUTH BJIMUAHUC CPCACTB HU3MCPCHUA
Ha OOBEKT KOHTPOJIS WU B Ciy4yae, KOrja cam
O0OBEKT KOHTPOJS MPEJACTaBISIET ONACHOCTh
JUISL U3MEPUTEIBHON ammapatypsl U OIepaTopa.
B ocHOBe onTuueckux METOAOB AOUArHOCTHKH
JIeXKAT KaK OINpEJICICHHBIE MOJEIN HCCIEIyeMO-
ro o0ObeKTa, TaK U MOJIEIU ONTHYECKOIO CHTHAJIA
U MPOIECCOB (POPMHUPOBAHUS ONTUYCCKUX Xapak-
TEPUCTUK CIIOKHBIX O6’I>CKTOB, KaKHuMHU SIBJISAKOTCA,
HalpuMep, HEOTHOPOJIHAS HEeCTAIlMOHAPHAS T1J1a3-
Ma, ABUTaTCJIbHBIC PCAKTHBHbLIC YCTAHOBKH, 6I/IO-
TKaH| [1-3]. CucTeMBl TUarHOCTUKH C HUCIIOJIB30-
BaHUEM ONTHYECKHX METOJOB KOHTPOJS MOYKHO
pa3ienuTh Ha TPH TPYIIIHL:

1. BuzyanbHblii ¥ BU3yaJbHO-ONTUYECKUN Me-
TOJIBI OCHOBAHBI Ha OIEHKE KadeCTBa HM3/ETHs OIe-
paTtopom, HanbosIee MPOCTHI, HO XapaKTePH3yIOTCA
CyOBEKTHBHOCTBIO M HECTAOMILHOCTHIO OIIEHOK.

2. @OTOMETPUUECKUH, JIEHCUTOMETPUYECKUM,
CIEKTPaJIbHBIN M TEIEBU3NOHHBIN METOMIBI CTPOATCS
Ha pe3yJibTaTax ammapaTrypHbIX H3MepeHuii, odecre-
YUBAIOT 0OBEKTUBHOCTD KOHTPOJISI, UX TPUMEHEHHE
0JM3K0 K paboTe C DIEKTPOHHO-U3MEPHUTEITHLHBIMHU
IpUOOpaMHu.

3. UaTepdepeHIMONHbIH,  TU(PaKIIMOHHBIH,
pedpaKkTOMETPpUUECKAN, TMOIIPU3AIMOHHBINA, CTPO-
Oockomuuecknii ©  ToJorpadUIecKUil  METOIIbI
WCTIONB3YIOT BOJHOBBIE CBOMCTBA CBETa W IO3BO-
JISTFOT TIPOM3BOJIUTH HEPA3PYIIAIOIINI KOHTPOJIb 00bEeK-
TOB C IyBCTBUTEIHHOCTHIO JIO IECATHIX IOJICH JUTHHBI
BOJTHBI ICTOYHWKA U3TYUCHHUS.

3amayn  ONTHYECKOW TUArHOCTUKH CBSI3aHBI
C aHaJWU30M W pPETUCTpanuel m300paxkeHui obma-
CTeH, HaXOMAIINXCS B PACCEMBAIONINX ONTHYECKOE
n3mydeHue cpenax. B mrobom cimydae CyIIHOCTB
ONTUYECKHUX METOJIOB CBOJIUTCS K PErucTpanun

'"Kourponp Hepaspymwaroumii. MeToasl onrtuye-
ckue. Tepmunsl u onpenenenus / HarponanbHblil cran-
napt Poccuiickoit ®enepanuu. — 'OCT P 53696. — 2009.

aOCOJIOTHOM W OTHOCHUTENbHON WHTEHCHBHOCTEH
CHEKTPAIbHBIX JIMHUHA, TOJXYIIUPHHBI, (HOPMBI
KOHTYPOB CHEKTPAJIBbHBIX JIMHUHI U T. 1. Kaxxnomy
W3 METOJ/IOB, B 3aBHCHMOCTH OT CBOHCTB OOBEKTa
KOHTPOJISL CPeJibl Mepeadn, A0JKHA COOTBETCTBO-
BaTh CBOS COBOKYITHOCTh CBOWMCTB HMCTOYHHKA H
MPUEMHUKA U3ITy4YEHHUS.

XapaKTepUCTUKHU CUCTEM ONTUYECKON IMarHo-
CTHKH{ BO MHOT'OM OTIPEJIEIISIFOTCS CBOMCTBaMU Y3J10B
M3MEpPUTETIbHOM CHUCTEMBI, KOTOpBIE HENOCpe-
CTBEHHO B3aHUMOJICHCTBYIOT C OOBEKTOM KOHTPOJISL.
DTO MCTOYHUKU ONTHYECKOTO HM3JIydeHHus u (oTo-
MPUEMHUKHA H3MEPHUTEIBHBIX Mpeo0pa3oBaTeei.
3anaum, CTOSIME NEepel] U3MEPUTEIbHBIMU MPE00-
pazoBaTeNsiMU CHCTEM ONTHYECKOW TUAarHOCTHKH,
00yCJIOBIIGHBI MPOIIECCAMHU, MPOUCXOIANUMHU TIPH
B3aUMOJIEHCTBUM BHEIIHETO ONTHYECKOTO H3JIyde-
HUS O cpeioit 00bekTa KoHTposts [ 1-3]. B psge ciy-
4aeB caM O00BEKT KOHTPOJIS SIBISETCS HCTOUHUKOM
n3nydennst. U umeHHo criocoOHOCTh POTONPHEMHH-
Ka ¥ U3MEPUTEIIBHOTO MpeoOpa3zoBaTeis MpOonu3Bo-
JIUTH MIPEIBAPUTEIbHYIO 00pa0OTKY ¥ pPETUCTPALIHIO
aOCOJIIOTHBIX W OTHOCHUTEIBHBIX 3HAYEHUH MOIII-
HOCTH OITHYECKOTO CUTHAJA, €r0 CHEKTPaJbHOIO
coCTaBa, BPEMEHHBIX MTapaMeTPOB U T. JI. ONpeAesIeT
BO3MOYKHOCTH CHUCTEMbI TUATHOCTUKH B 11eJIOM [4—6].
CnoXHOCTh OOBEKTOB KOHTPOJIA, MX BpeMEHHas
U TIPOCTPAHCTBEHHAs HECTaOWIHHOCTh M HEOHO-
POIHOCTh, IIHPOKHE JAMHAMHMYECKHE JIHaINa30HBI
W3MEHEHHS TapaMeTPOB OIPEENSIOT HEeOOXO0aH-
MOCTb HCIIOJIb30BaHUSI M3MEPUTEIBHBIX Ipeodpa-
30Bareniell CIIOCOOHBIX aBTOMAaTHYECKH OIEHUBATH
BEeIIMYMHY CHTHAJIA W TEPEKII0YaThCI MEXKIy He-
CKOJILKMMHU JMara3oHaMu u3Mepenus [6], popmu-
poBaTh M3MEPUTENIbHBIA CHUTHAJ, OIpeleisieMbli
HECKOJILKMMHU BXOJHBIMHU QakTopamu. [locTpoenue
M3MEPUTEIBHBIX TTpeoOpa3oBaTeeii CHCTEM OITH-
YeCcKOW TUarHOCTUKU Ha 0a3e TpaauLHMOHHBIX (o-
TONPUEMHHUKOB TpeOyeT NMpUMEHEHUsI HECKOJIbKUX
(bOTOTIPUEMHUKOB, CIOXHBIX ONTHYECKUX CXEM
U CIIOKHBIX aJTOPUTMOB 00OpabOTKH HM3MEpPHUTEIb-
HBIX CUTHAJIOB.

Llenpto paboTHI SBISETCS aHAIN3 MPUMEHH-
MOCTH MHOTO(QYHKIIMOHAIBHBIX OJIHOAJIEMEHTHBIX
(dboTornexTpudeckux mpeodpazopareneit (DIII)
Ha 0ase TMOJYNMPOBOJHUKOB C HU3KOH KOHIEHTpa-
Uew TIryOooKo# mpuMmecH, GopMUpYIOIIEH B 3arpe-
LIEHHOW 30HE HECKOJIBKO SYHEPTreTUUECKNX YPOBHEH
JUTSL pa3HBIX 3aPSA0BBIX COCTOSTHUI, B N3MEPUTEINb-
HBIX TIPeo0pa3oBaTeNIX CHCTEM ONTHYECKOW JHa-
THOCTHKH.
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HN3mepuTenbHbIE Pe0OPa30BaTEIM CUCTEM
ONTHYECKOM JUATHOCTUKH

MHoOrodyHKIMOHATBHBIH AaTYHK B O0IIIEM CTydae
MOMKET BKJIFOYATh COBOKYITHOCTB OJHOTO HJTH HECKOJIb-
KUX KOHCTPYKTHBHO OOBETMHEHHBIX YYBCTBHUTEIIBHBIX
MEMEHTOB, Pa3MEIICHHBIX B 30HE JEHCTBHS HECKOJb-
KX (PU3MYECKUX BEIIMUMH, a TakKe (HOPMHUPYIOIMINX

Momexa, 3acseTka

COOTBETCTBYIOIIME CHIHAJIBI IIOCPEACTBOM IIPE00-
pazoBarenbHBIX  (TepenarouHbx) (yHKumii 4, 6].
[Tpu 5TOM MHOTO(YHKIIMOHATBHOCT JIATYMKA, BKIIO-
Yasi BHELIIHEE WM BHYTPEHHEE YIpaBJIeHHE Auanas3o-
HaMM H3MEpPEHHs], YacTO peaju3yercs Mpu U3MeHe-
HUH PEXUMOB U MapaMeTPOB IMUTAHUS U dJIEKTpHYC-
CKOT'O CMEIICHHUS Ha YIPaBJIIOIINX IeKTpoaax Goro-
ameKTprudeckoro npeodpazosarens OOII (pucyHok 1).

Hindrance, Overload on lighting power

N N3amepuTtenbHbIn npeobpasoBaTterb
Measuring Transducer
(OXC]
OBBLEKT KOHTPONS HHDDD Photo-Elecri MK
: oto-Electric >
Object of control ——V] Converter Controller
sUro.)| |
l |
N

i | ALM, LAM

[ I | =
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JR, }LRI ! | ADC, DAC | MHTedeeVIC
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Bo3GyxaeHie YnpasneHue [« <::>
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» | lNamats |
| |
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Pucynok 1 — M3mepurenbHbIi mpeoOpa3oBaTelb CHCTEMBI ONTHYECKON JUATHOCTHKH

Figure 1 — Measuring transducer for optical diagnostic system

B usmepurensHOM TpeoOpazoBarenie CHCTEMBI
ONITUYECKOW JMAarHOCTHKHM CUTHAN ¢ Bbixoma OOII
MOCTYIMAaeT Ha BXOJIbl MUKpOoKoHTposuiepa MK, co-
JIepIKaIIero BCTPOCHHBIE Y3ITbI aHAJIOTO-ITU(POBHIX
n 1udpo-aHAIOTOBEIX TpeodpaszoBareneit ALl
LAII, amanrrepsr mHTEp(EHCOB IJIST CBSI3U C OCTAIhb-
HBIMH y3JaMH CHCTEMBI ONTHYECKON TUAarHOCTHUKH.
MK BrITIONHSIET (hOPMHIPOBAHUE YIIPABIISIONINX CHT-
HAJIOB JUIsl NI3MEHEHHSI PEKMMOB PaOOTHI ¥ MUTAHUS
ODII, MOXET TPOU3BOINUTH M TIPOCTHIC OTIECPATIHH
TIpeABapHUTEIILHON 00pabOTKH MH(POPMAIIUU, B TOM
YHCIlie B 3aBUCHMOCTH OT pe3yabTara MpeablIyIuX
nmpoueayp uMepeHus. DopMHpOBaHHE CHTHAIOB
YIpaBIEHUS MOXKET MPOU3BOAUTHCS WA TOIBKO
MOJT JIEMCTBHEM TPOTPAMMBI, WU B 3aBUCHMOCTH
OT CHWTHAJOB JATYMKOB COCTOSTHHS OKpPY’Karomien
CpeIsl U BHYTPEHHUX Y3JIOB H3MEPUTEIHHOTO TIpe-
oOpa3oBareisi, WU B 3aBUCHMOCTH OT BHENIHHX
YIPaBISAIONIAX CHUTHAJOB, TOCTYMAIOIINAX dYepes
nHTepdeiic. BEIXOMHBIM CUTHAIOM H3MEPHUTEIBHO-
ro mpeobpa3oBarens SBISETCS COBOKYITHOCTH 3Ha-
YEHUU H3MEpPUTENILHOTO curHaina D, copaepskarias

nH(pOpMAaITHIO O 3HAYMMBIX TapameTpax obOpasa S*
BXOJ/THOTO ONITHYECKOTO CHrHajia S.

XapakTepucTuKamMu: (PyHKIIMOHATHHOCTRIO H
napameTpamu OOl MOXHO YIIpaBIsATH BBIOOPOM
CTPYKTYpHl M MaTepuaia OCHOBHOTO ITOJYIPOBO-
JTHUKA, TEXHOJIOTHEH M3TOTOBICHHUS, PEXKUMaMH TTH-
TaHUS U CMEIICHHUS, TOTIOJTHUTEIBHBIM ONTHYECKIM
nzny4yeHuem [4-8].

IToaToMy BakHOM 3amadeii Tpu pa3pabOTKE CHC-
TEM ONTHUYECKOW JMAarHOCTHKH SIBIISETCA OLICHKa
BO3MOYKHOCTEH TIEPBUYHBIX H3MEPUTEIBHBIX MpPeoo-
pasoBarenieii C HCIIONh30BaHUEM (DOTOIPHUEMHHUKOB.
MHorooOpasue CBOWCTB OOBEKTOB KOHTPOJIS TpeOyeT
MIPUMEHEHHUsT B W3MEPHUTENFHBIX MPeoOpa3oBaTersix
(hOTONPHEMHHKOB C Pa3TUYHBIMH (DYHKIIHOHATbHBIMU
CBOWCTBAMH, YyBCTBHUTENBHBIX WM HEUYBCTBUTEIb-
HBIX K CIIEKTPAIFHOMY COCTaBY ONTHYECKOTO U3ITyde-
HUSI, 9yBCTBUTEIHHBIX K CJIa0BIM ONTHYECKHM CHTHA-
JIaM WA COXPAHSIOIINM YyBCTBUTEIHHOCTH TIPH BBI-
COKO MHTEHCUBHOCTH cuTHaa [6—7]. B psine ciy4aes
TpebyeTrcst IpUMeHeHne (HOTONPHEMHUKOB YyBCTBH-
TENTFHBIX K HECKOJILKUM (DU3UYECKUM TTapaMeTpam.
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MHoropyHkunoHaJbHbIe (POTONPUEMHUKH
HA OCHOBE MOJIYNIPOBOAHUKOB € INIyOOKHMH
MHOI03apsiAHBIMH NIPUMECAMH

doroanekTpudecKkue TpeodpazoBareny [4—7]
W3rOTABIMBAIOT Ha OCHOBE JIHOO MOJYIPOBOIHH-
KOB C TIPUMECHOM (¢ KoHIeHTpanueit g0 10" cm )
MPOBOANMOCTRIO, JINOO TONYIPOBOJHUKOB C COO-
CTBEHHOH (hOTOMPOBOANMOCTEIO. B TiepBOM cityuae
JOCTHTAETCS BBICOKAST YYBCTBHUTEILHOCT, HO YiKE
MpH Majoi IIOTHOCTH MOIIHOCTH HaOIroIaeT-
Csl  HACBHINICHHE TMEPEIaTOYHON XapaKTEPUCTHKH.
Bo BTOpOM ciiyyac HACBHIIICHUS HE MPOHMCXOIAUT U

IIPU BBICOKHUX IUIOTHOCTSIX MOIIHOCTU ONTHYECKOTO
W3Iy4eHUs, HO YyBCTBHUTEIHHOCTH (HOTOTPHUEMHH-
Ka CyIIECTBEHHO HW)Xe. B OocCHOBe mpesuraraeMpIx
JUIE TIOCTPOEHHS M3MEpPUTEIbHBIX Npeodpa3oBaTe-
JIeli cucteM onThueckoil guarHoctuku DOIT nexxur
¢u3nueckas MHTErpanys NpoLeccoB BHyTPH 00beMa
YyBCTBUTEILHOTO JIEMEHTa, IOCTPOCHHOTO Ha 0aze
TTOJIYIIPOBOTHAKA C HU3KOW KOHIICHTPAIMEH TITy0o0-
Kol mpuMecH [6], ¢hopmupyromeil B 3anpemeHHon
30HE HECKOJIbKO 3HEPreTHYECKUX YpOBHEH Ui pas-
HBIX 3apsSIOBBIX COCTOSIHUH, C MOBEPXHOCTHO-0a-
PBHEPHOI MM PE3UCTHBHON CTPYKTYpPOH (PUCYHOK 2).

Ec Ec
1 T
_________ E;
> 0,12 eV
NG _Vv y
w o M~ v
R 020eV_ _ E, T T s
Vel _004ev _ Es | 0.31eV _Se 0.37eV
A E, v 59eV
Ey
a b c

Pucynok 2 — Korctpykmust @11 (a) 1 sHEpreTHyecKre AuarpaMMbl COOCTBEHHOTO TonynpoBoaHuka: (b) Ge, neru-
posannoro Pt (£, E,, E, — SHEPreTHIECKHE YPOBHHU IUTATHHBI B 3apANOBBIX COCTOSAHUAX (=2, —1), (=3, =2), (=1, 0) e))
Y DHEPTeTHUYECKIE YPOBHH puMeceld Se u S B KpeMHUH (¢)

Figure 2 — Photovoltaic converter design (a) and energy diagrams of intrinsic semiconductor: (b) Ge doped with Pt
(E,, E,, E, are Platinum energy levels for charge states (=2, —1), (=3, =2), (=1, 0) V) and (c) energy levels of Se and S

dopants in Silicon

s popmuposanus takux P11 (pucyHok 2a)
B ITOJIYIIPOBOJIHUK | ¢ COOCTBEHHOH POBOIUMOCTHIO
BBOJIUTCS M3BECTHAsI MHOTO3apsiiHasl IPUMEChH B 3a-
JAHHOW KOHLIEHTPALMH U ITyTEM UCIIO0JIb30BAHUS Me-
XaHU3MOB YIPaBIICHUS 3apsIOBBIM COCTOSHUEM [9]
[TyOOKHX TPHUMECHBIX IEHTPOB (PHUCYHOK 2D, ¢)
peanusyeTcst paciiMpeHne ()YHKUHMOHAIBHBIX BO3-
MoxHocTed POI1 n nuanazoHoB mpeoOpazoBaHUs
onruyeckoro uznydenusd [6, 8]. Koncrpyknus OOI1
Ha OCHOBE COOCTBEHHOrO MNOIyNpoBogHHKa 1 (pu-
CYHOK 2a), CIIaDOJIETUPOBAHHOTO TIIYOOKOW TIpH-
MECBI0 aKIENTOPHOTO (PUCYHOK 2b) WM JTOHOP-
HOTO THIIOB (PHUCYHOK 2¢), BecbMa npocta. OHaKo
OTHOCHUTENbHAS CIIOKHOCTh (PU3UUECKUX MTPOLIECCOB
IpU  Tepe3apsIke HECKOJIbKUX HHEPreTHYeCKUX
YpOBHEH MHOTO3apsiIHON TIIyOOKOH TpUMecH I1o-
3BOJIICT  PEajM30BaTh MHOTO(QYHKIHOHAIBHOCTD
¢doroanexrpuyeckoro  npeodpaszosarens  (DIII)
IIPU TPOCTONW KOHCTPYKLHUH YyBCTBHTEJILHOIO 3JIe-
MmeHrta [6]. ®III mpeacrasnser coboii ¢oTopesu-
ctuBHyto R1, R2 nmu Gapeepryto ctpykrypy VDI
¢ JumHHOW 0a30lf (puCyHOK 3) B 3aBUCHUMOCTH

OT THUIIA UCTIOH3YEMBIX KOHTAKTOB 2 U 3 (OMHUYECKHN
koHTakT wiu 0apbep LllorTtkm). KorTakr 2, uepes ko-
TOPBIA BBOJUTCS ONTUYECKUA CUTHAN S, BBIIOJIHSA-
eTcs IMOJIYNpPO3PauyHbIM, MPUUYEM Ul YMEHBIICHHS
ko3¢ GHULKEHTa ONTHYECKOTO OTPaXKEHUsI MOBEPX-
HOCTB IOJIyIIPOBOAHMKA MOXKET HpO(UIMPOBATHCS.
KonTakt 4 HaHocuTCsl TPy HEOOXOAMMOCTH yIpaB-
nenust cpoiictBamu @OII ¢ ucnonb30BaHUEM 3JIEK-
TpHUecKoro kaHana ynpasinenus (R2 Ha pucynke 3).
[Ipu ynpasnenun xapaxrepuctukamu DI po-
TOJIHUTENBHBIM ONTHYECKUM CHTHAIOM (S Ha pH-
CyHKe 1), 4acTo BHE CHEKTPAJIBHOIO JMana3oHa
qyBCTBUTEJIBHOCTH JaT4MKa, OH BBOJMTCS BMECTE
C OCHOBHBIM 4epe3 NPO3padHbIi 3JICKTPOA 2 HIIH
¢ Topra ®OII. Ha pucynke 3 mpHuBeeHbI YIIPOLIEH-
Hble 0003HaueHust P11 Ha OcHOBE MOMYIIPOBOAHU-
KOB C TIIyOOKMMH MHOTO3apSJHBIMH TPUMECSIMHU.
MHOropyHKINOHAIBHOCTE U BO3MOXKHOCTH yIIPaB-
neHnst xapakrepuctukamu takux OOII ompenensier
3HAYUTENIBHO OOJBLIYIO CIOKHOCTh MX 3KBHBAJICHT-
HBIX CXEM, UCTIONIb3YEMBIX PH MOJCTUPOBAHUHM 3JICK-
TPUYECKUX CXEM U3MEPUTENIBHBIX TPe00pa3oBaTeliei.
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Hampumep, sxBuBasieHTHasI cxema 0apbepHOU CTPYK-
Typbl VD1 ¢ amuHHON 6a30i# CO BCTPEUHO BKITIOUCH-
HeIMU iroiamu LLIoTTKkH BKITFO9aeT B ce0st HICTOYHUKA
HaTpsHKEHUs, YIpaBIsieMble CBETOM, (hOTOPE3UCTO-
PBI, 2JIEMEHTHI TIeTIel BHYTPEHHEH 00paTHOM CBSI3H.

VD1

Z}/Sw(l)

R2

N

S, S, A

Pucynok 3 — [Ipubopusie ctpyktypbl ®OI1 Ha OCHO-
BE€ IMOJIYIPOBOJHUKOB C TJTyOOKUMH MHOT03apsiTHBIMU
pUMEeCSIMHU

Figure 3 — Photovoltaic converter device structures based
on semiconductors with deep multiply-charged dopants

®dusnveckoil 0CHOBO# pabOThl 00BEMHO Tepe-
3apsKaeMbIX CBETOM MJIH JIEKTPHUECKUM CMEIECHH-
€M CTPYKTYp SIBISIETCSI U3MEHEHUE BPEMEHU JKU3HU
u noaBuxHOCTH [8—10] HepaBHOBECHBIX HOCHUTE-
nell 3apsna B pesyibTaTe UX IepepacripeneaeHUs
M0 YPOBHSIM PEKOMOHMHAIMHM M MPUJIMIAHUS MHO-
ro3apsaHoil mpumecu (pucyHok 2b,c). Ilpuuem
JUTSI TTOJTYTIPOBO/IHUKOB € TPUMECHIO aKIENTOPHOTO
TUTNIA MU3MEHEHHE MOCTOSIHHBIX BPEMEHM XHU3HU U
PEKOMOMHAIIMKM JIOCTHUTAeT HECKOJIbKUX AECATHY-
HBIX nopsakoB [8—10], a a1d MONMynpoBOJHUKOB
C MPUMECHIO JIOHOPHOTO THIIa 3TO U3MEHEHHE CO-
CTaBJISET BeIMUNHY MeHee 1 %, UTO CBSI3aHO C TEM,
YTO HEPreTUUYECKUE YPOBHHU MPUMECH YK€ 3aIl0JI-
HEeHBI (PUCYHOK 2¢).

B ¢dortompuemnnkax, ciabo JETHPOBAHHBIX
pAIOM TpUMEced € aKIEeNTOPHBIMU CBOMCTBAMU
[8, 11], mpumecsr dopMupyeT aBa WM TPU TIyOO-
KHX YPOBHS B HECKOJIBKUX 3aPSTOBBIX COCTOSTHUSIX.
IIpu 3TOM XapaKTEPUCTUKH TPUOOPHON CTPYKTYPHI
C IIyOOKMMHU MHOTO3apsITHBIMU TIPAMECSMHU OTIpe-
JIEJISIIOTCS B OCHOBHOM XapaKTepOM PEeKOMOMHAIIH-
OHHBIX TIPOIIECCOB Uepe3 ypoBHU npumecH [11]. 3a-
KOHOMEpHOCTH hopmupoBanus curHaga DOI crs3a-
HBI ¢ U3MeHEeHHEM 3(PPEKTHBHOTO BPEMEHH KXKU3HHU
¥ TIOABMKHOCTH C ypOBHEM HWH)KEKIIMH. 3aBHUCH-
MOCTb BPEMEHM JKM3HM OCHOBHBIX T W HEOCHOB-
HBIX T HOCHTEICH 3apsaa OT yPOBHSI BO3OYXICHUS
JUTSL TEpMaHUS U KPEMHHS, JIETHPOBAHHOTO TTy0O-
KAMH TIPUMECSIMH C HECKOJIBKHMMH MHOTO3apsii-
HBIMH YPOBHSIMHU, XapaKTepU3yeTCs TUara3oHOM
W3MEHEHHSI JO0 YeThIpeX JECATUYHBIX IOPSIKOB
BenmnuuHbl [§, 11]. MonenupoBanne peKoMOu-
HAI[MOHHBIX TPOIECCOB B TPHOOPHBIX CTPYK-
Typax ¢ MHOTO3apsIHBIMHA TIpuUMecsMu [8] mmo-
Ka3bIBa€T, YTO HA 3aBUCHUMOCTH BPEMEHHU XHU3HU
OCHOBHBIX W HEOCHOBHBIX HOCHUTENCH 3apsia
OT TJIOTHOCTH MOITHOCTH ONTHYECKOTO H3ITyde-
HUS CYIIECTBYIOT JBE OOJACTH JTUHEWHOUW pPEKOM-
OmHanuM, pasaeleHHONW 00JacThi0 HENIMHEHHOMN
pekomOuHanuu (pucyHok 4). CreacTBueM 3TOTO
ABIAeTCS (OPMUPOBAHHWE [BYX MOIHANA30HOB
SHEPTEeTUYECKOM XapaKTEPUCTUKH C BBICOKOM CTeTe-
HBIO TUHEHHOCTH (pucyHOK 5). Ha pucynke 4 mpu-
BEJICHBI 3aBHCHMOCTH KOHIIEHTPAIIMH MOHOB MEIN
B 3apsI0OBEIX cocToTHUAX (—3), (—2), (—1) oT miIoT-
HOCTH MOIIIHOCTH ONTHYECKOTO M3Ty4YeHHUS B Tep-
MaHUH 1-THUIIA.

N,cm's_ 1 EC
10" TIAORV 23k
10" —_—— e -
5| 0.595ev
9
’ I I
107
Ey
103 Ge (A
e(Au)
10°
10'
107 10° 102 100 10 J. mkwlenm®

Pucynok 4 — 3aBICHMOCTH KOHIICHTPAIIMK HOHOB ME/IM B TEPMaHUH /-TUTIA B 3aPSIIOBBIX COCTOSAHUAX (—3), (—2), (—1),
nuHus 3, 2 U 1 COOTBETCTBEHHO OT TNIOTHOCTH MOIHOCTH ONTHYECKOr0 M3Iy4eHUs (CIIpaBa SHEPreTHIEeCKas Tuarpam-

Ma; 3apsA0BbIC COCTOSAHMS MPUBCACHBI B CKO6KaX)

Figure 4 — Dependence graphs of Cuprum ion concentration in n-type Germanium for charge states (—3), (—2), (—1),
respective lines 3, 2 and 1, on optical power density (right: energy diagram; charge states are given in brackets)
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ABTOMaruyeckas mnepes3apsaKa 3apsA0BBIX CO-
CTOSHUM TTyOOKOM MHOTO3apsaHON TpHUMEecH Mpu
YBEIMYEHUH IUIOTHOCTH MOIIHOCTH OITHYECKOIO

>

»

N
$
S\

\¢
\

CUTHasIa PUBOIUT [8] K (hOPMUPOBAHHIO ABYX MOJI-
JIMAIa30HOB SHEPreTHUECKOW XapaKTepUCTUKU (o-
TOIIPUEMHHKA (PUCYHOK 5).

N>10"cm? N<10"cm™
c Ec mummmn. B e v
il
_____ EF

d E"W Evomrmm —“
Ec7 Y
\

EV 7 d 7.

> N<10"cm™

0

Pucynok 5 — Dueprermueckue xapakrepuctuku OII1 ¢ mpumecHoii (a) 1 co6cTBEHHOH (b) TPOBOAMMOCTEIO, C MHOTO-
3apsAHBIMH IPUMECHBIMH LICHTPAMH aKLEITOPHOTO (¢) M JOHOPHOTO (d) THIIA; M COOTBETCTBYIOLINE YHEPTETUUCCKUE

JuarpaMMmbl MatepuanoB 3tux OOI1

Figure 5 — Energetic performance of photovoltaic converters with dopant conductivity (@), intrinsic conductivity (b),
with multiply-charged donor (c) and acceptor (d) type dopant centers; and corresponding energy diagrams for these

photovoltaic converters materials

ITepBrIif MOnIMANa30H COOTBETCTBYET JIMHEU-
HOW peKOMOWHAIINYU MTPH HU3KUX TIOTHOCTSIX MOII-
HOCTH ONTHYECKOTO H3Iy4YeHMs, MEHBIINX HEKOTO-
pOro MoporoBOro 3Ha4yeHus J,, a BTOpoii nojuana-
30H JIMHEHMHOCTH SHEPreTHYECKON XapaKTepUCTHKU
HaOIIOAETCs PU BBICOKHX TUIOTHOCTSIX MOIITHOCTH
ONTUYECKOTO U3JTy4eHus 6omnpumx J, . [Ipu MorHo-
CTH ONTHYECKOTO H3iyueHus J <., OGONbIIMHCTBO
MIPUMECHBIX HOHOB HaXOJUTCS B 3aps/IOBOM COCTO-
stHUH (—3), @ KOHIIGHTPAIUs 3apsI0BBIX COCTOSHUM
(—2) u (-1) cymecTBeHHO MeEHbIIE (PUCYHOK 4).
[Ipy MOIIHOCTH ONTHYECKOro wu3nydeHust J>J,
OOJILIIMHCTBO MOHOB MHOTO03apsAHOW MPUMECH Ha-
XOMSITCSL B 3apsiIOBOM cocTossHuu (—1), BKIIIOUaeTCst
SHEPTeTUYECKUH ypOBEeHbL IyOokol mpumecu £,
a ypoeenb E, He pabotaet. [Ipu nocienosarenbHOM
3aMoJIHEHUM YPOBHEH MHOTO3apsgHON IMpHUMECH
BO BpEMs OCBELIEHMs C yBEJTUYMBAIOLIEHCS TUIOT-
HOCTBIO MOITHOCTH peaTu3yeTcsl nepeaaToyHas xa-
paKkTepuCcTHKa, OO0YyCIOBJICHHAs CYyMMOW 3aBHCHMO-
CTCH 3alOJHCHHOCTH YpOBHEi £ 1 E,. Pesynsratom
SIBIISIETCSL paclIUpeHue JMHAMUYECKOTro JMana3oHa
YYBCTBUTEIIBHOCTH (DOTONPUEMHHUKA (PUCYHOK 5).
OrMeTuM, YTO BHYTPH TOJAMANAa3oHoB J>J, u
J <J,, oHepreTMyecKas XapaKT€pHCTHKa (OTONpPHU-
eMHHKa TPaKTUYECKH JIMHENHA (C OTKJIOHEHHUEM OT JIU-
HeitHocTn He Oonee 1 %), a BHYTpH MOJIMANa3oHa

J, <J<J, BUI JHEPrCTHYECKON XapaKTePUCTHKH
MOXKET OTIIMYAThCS OT JJUHEHHOM [8].

OcHOBOIl MoOIenu, OIMCHIBAIONIEH TOBEJACHNE
¢doropesuctusHoro ®II1 [4, 8], sBisercst cucrema
KMHETUYECKUX ypaBHEHHUI, OMHUCHIBAIOLIAs IIPO-
[ECChl PEKOMOWHAIIMY C Y4aCTHEM MHOT03apsiIHOM
MpUMEeCH, UMEIOIIeH MTPOU3BOJIIHOE KOIUYECTBO (7)
YpOBHEIl B 3ampeIleHHON 30HE MOIYyNpPOBOJHHKA.
B pesynbrare monenupoBanus [8] ompenensiorcs
3aBHCHMOCTH KOHIIEHTPAIlUd HOHOB IPUMECH B pa3-
JUYHBIX 3apSIOBBIX COCTOSHUSX (pUCYHOK 4) U 3a-
BHCHUMOCTH BPEMEHHU KM3HH OCHOBHBIX U HEOCHOB-
HBIX HOCHTEJEeH 3apsiia OT IUIOTHOCTH MOIIHOCTHU
ONTUYECKOTO U3JTy4EHHUS:

. = An . - Ap
" U,+U, T UL+U,,

I'panuniamu nopaMana3oHOB 3HEPreTHUUECKON
XapaKkTEPUCTUKH YYBCTBUTEIBHOCTH J, U J,, MOXKHO
YIPaBJISATh W3MEHEHHUEM KOHLEHTPALMM MHOIO-
3apsAIHON mpuMecu u ee TtumoMm [6, 8]. OTMmeTuwm,
YTO IPU NEPEXOAE OT OJHOIO MoJAuana3zoHa K JIpy-
rOMy, BCIIEJCTBUE 3aJ€HCTBOBAHUS PA3JIMYHBIX
SHEPreTUYECKUX IEPEXOJOB, M3MEHSECTCd M BHJ
CIIEKTPAJIbHOM XAPAKTEPUCTUKU UYBCTBUTEIBHOCTH
takoro ®DII [6, 11]. Ilpu 3TOM ouama3oH CIEK-
TpasnbHOM wyBcTBHUTENbHOCTH DDOII mepexpoiBaeT
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3HadyeHus1 OmmwkHero u cpemgnero MK w3mydenwus
(1,2 mxM — 10 MKM), a TIOJOXKEHHE «KpacHOW» Tpa-
HUIBl YYBCTBUTEIFHOCTA MOXET CMEIIAThCs Ha Be-
JUYUHY 10 HECKOIBKUX (2—4) MKM.

HecMotpss Ha mpOCTOTY KOHCTPYKIUH (hOTO-
AIIEKTPUYECKHUX IpeodpazoBaresieil Ha OCHOBE I10-
JYTIPOBOTHUKOB C COOCTBEHHOH IPOBOIUMOCTHIO,
Ha WX OCHOBE MOXKHO TIOCTPOUTH PsiFi MHOTO(YHK-
[IMOHATILHBIX OJHONIIEMEHTHBIX CEHCOPOB, UyBCTBH-
TEJIhHBIX KaK K HECKOJbKHM MapaMeTpaM ONTHYe-
CKOTO M3ITy4eHUs, TaK U K IPYTUM BO3JEHCTBYIOIINM
dakropam [6].

Hanbonpmuii WHTEpEC BBI3BIBAIOT HEKOTOPHIE
n3 Hux. Hanpumep, Hanuuue B cTpykrype DIII
BCTPEYHO BKIFOYEHHBIX OApPBEPHBIX CTPYKTYp (pH-
CYHOK 6a) MOXXET TPUBECTH K TOSBICHHUIO Ha CIICK-
TpaNbHOM XapaKTePUCTHKE YyBCTBUTEIHHOCTH (pH-
CyHOK 6b) obmactu ¢ mHBepcueit 3Haka ¢oto-IC
[6, 11-12]. Takasg cTpykTypa MpeacTaBiseT coOoii
Mo CymecTBY (YHKIMOHAIBHBIA MPeoOpa3oBaTesb,
B KOTOPOM B3aMMOCBSI3b YETHIPEX MapaMeTpoB I, A,
V, Az naet BO3MOXHOCTh (DYHKIIMOHAJIBHOTO BBIpa-
KEHHUS OAHON (pM3MUecKoil BENWYHHBI 4yepe3 Apy-
T'yI0 (MJM COBOKYITHOCTh HECKOJBKHX BEINYHH) U
WCITOJIb30BaHMsI MPUOOpa B KadecTBe (oTompreM-
HUKa JUIA CPAaBHEHWS WHTEHCHBHOCTEH W3ITy4YeHUS
B pa3HBIX CHEKTPAIBHBIX [HMala30HaX, IETeKTOpa
JUTMHBI BOJTHBI MOHOXPOMAaTHYECKOTO H3TTy9IeHHS ! JIp.,
nmpueMa W Tepenayn WH(OpPMAIH, KOOPIUHATHO-
YYBCTBUTEJIBHOI'O 3JIeMeHTa [6].

c

Pucynok 6 — OHosneMeHTHBIH  ByXxOapbepHblii DI
(a) m crekTpanbHbIe XapaKTEPUCTUKH (POTOTOKA KOPOT-
Koro 3amblkanusi npeoOpaszosarens (Ni—nGe(Cu)-Ni)
JUISl PA3IMYHBIX TUIOTHOCTEH MOIIHOCTH ONTHYECKOr0
wanyuennsi: 1 —J=10 mxBr/em?;, 2—-J=15 wmxBt/cm?;
3 —J=3 mkBt/c™m?; 4 — J = 1,5 mxBt/em? (b); ¢ — xapak-
TepHUCTHKa npeoOpa3oBaHus 1ByxOaprepHoro ®OI1

Figure 6 — Unitary two-barrier photovoltaic converter (a)
and short-circuit photocurrent spectral dependencies for
(Ni-nGe(Cu)-Ni) converter for different levels of optical
power density: 1—-J=10 pW/ecm?, 2-J=35 pW/cm?
3-J=3uW/em? 4 —J=1,5 uW/cm? (b); c - transducer
characteristic of two-barrier photovoltaic converter

[Ipn ocBemieHNH ONTHYECKUM H3ITyYeHHEM
C OJTHOHM CTOPOHBI (TOJILKO CUTHAJ S| MIJIK TOJIBKO S,)
nByx6apbepubiii OOI1 xapakrepusyercs: TUHEHHON
MepeJaTOYHON XapaKTEPUCTUKON HMHTEHCUBHOCTHU
cBeTa / U HEJIUMHEHHOW XapaKTEPUCTHKON 4yBCTBU-
TETBPHOCTH K JJIMHE BOJHBI (PUCYHOK OcC) BCien-
cTBHE [6] MOIVIONIEHUS CBETA 10 TITyOUHE CTPYKTYPHI,
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OTpPaXEHUs OT MEpPEeIHEN U ThUIBHOM CTOPOH CTPYK-
Typbl U T. 1. Opgnako npu ocBemienuu OIIT ¢ aByx
CTOPOH ONTUYECKUM CUTHAJIOM S| aHaIM3UPyEMOIO
1300paXEHUs. U CHTHAJIOM S, OTIOPHOTO M300paKe-
HUSl HENWHEHHOCTH TEepeaTOYHBIX XapaKTEePHCTHK
B3aMMHO KOMIICHCUPYIOTCSI U BBIXOAHOW cHUrHan J
OyZeT paBeH HyIIO ITPH PABEHCTBE ONMTHYECKHUX CHUT-
HayoB S, S, Mo 000MM NapamMeTpam: HHTEHCUBHOCTH
Y JUTUHBI BOJTHBI CBETA.

Ecnu BBIBOIIBI HA TIPOTHUBOIIOIOKHBIX CTOPOHAX
@®OII BBITOIHUTE HE B BUJIE MOJIYIPO3PAUHBIX AJIEK-
TPOAOB Ha BCEH MOBEPXHOCTH CTPYKTYPHL, a B BUJIE
COBOKYITHOCTHU 3JIEKTpoJoB 14 u 5-6, pasMelien-
HBIX 110 KOHTYPY CTPYKTYpHI (PHCYHOK 7), TO TaKou
OOII, peanuzyromuii (pyHKIINIO ONTHYECKOTO KOM-
naparopa, Oy/leT 4yBCTBUTENEH Takke K (GopMme H
TTOJIOKEHHIO AJIEMEHTOB N300pakKeHUsI OTHOCHTEIh-
HO LIEHTpa CTPYKTYyphl [6]. OTMETUM, YTO B OINTHU-
KO-2JIEKTPOHHBIX ~ KOMIIAparopax CpaBHUBAIOTCA
He COOCTBEHHO M300paKeHHS, a CUTHAJIBI, HECYIIIHE
nHpOpMaro 0 Hanbolee BaXKHBIX CBOMCTBAX M30-
OpaxeHnus. B mpocreiiimem ciydae HCTIONB3YIOTCS
nBa (POTOMPHEMHHUKA, CHTHAIIBI C BBIXO/A KOTOPBIX
MTOCTYMAIOT Ha BXOABI OOBITHOTO AIIEKTPOHHOTO KOM-
naparopa s (hOpMUPOBaHHS MPU3HAKA PaBEHCTBA
ONTUYECKUX CHUTHAJIOB B BHUJI€ BBIXOIHOTO DIIEKTPH-
YEeCKOTo CHTHaja 3aJaHHOTO ypoBHA. Hemoctarkom
TaKUX KOMITApaTOPOB SIBIISIETCS HU3KOE OBICTPO/EH-
CTBHE W HEBO3MOXXHOCTh CPAaBHEHHS OINTHYECKHX
CUTHAJIOB TI0O HECKOJIIBKMM TlapaMeTpaM OJHOBpE-
MeHHO. OnTHYeckrne KoMmaparopbl, 00pa3oBaHHBIE
CBSI3aHHBIMM BOJTHOBOJIHBIMH pa3BeTBIICHUSAMU [13],
XapaKTepU3yIOTCS  BBICOKHM  OBICTPOIEHCTBHEM,
HO UMEIOT CIIOKHYIO KOHCTPYKIHIO, TIPHUBOJISIIYIO
K OTITUYIECKHUM TIOTEPSIM, M TAKXKE HE TIO3BOJISIOT CPaB-
HUBATh M300paKeHHS TI0 HECKOIBKUM TTapaMeTpam.

OJHO3JIEMEHTHBIM KOOPIUHATHO-YYyBCTBUTEb-
we1ii D11 (pucyHok 7) Oyner dhopMupoBaTh HyJe-
BOM BBIXOJIHOM S3JIEKTpUUECKUM cur”ai, kak OII1
CO CIUTOIIHBIMH JJIEKTPOJAMHU, TIPU PABEHCTBE BCEX
rmapaMeTpoOB BeNWUYWH [, A U Z, TAe Z — mapaMeTphl
(hopMBI U MECTOITIOIIOKEHUST M300paKeHU Ha JyB-
cTBUTENbHOU noBepxHocTu OIII.

W3menenmne cMemieHns Ha Tapax dJIEKTPOIOB
1-2 1 3—4 10 AOCTUKEHUS YCIOBUS PABEHCTBA HYJIIO
BBIXOJTHOTO TOKa ITO3BOJIUT OTIPENEIUTH BOSMOKHBIC
CMEIIEHUsT H300paKeHUH, (POPMHUPYIOIIUX CUTHAIIBI
S, §, no koopaunaram X, Y. IsMeHeHuE CMELIEHNs
MEXIy dnekTpoaamu 1-4 m 5-8 Takxe N0 AOCTU-
JKCHUA YCJIIOBUA PAaBCHCTBA HYJIIO BBIXOAHOI'O TOKa
[IO3BOJIUT OMNPEACIUTh HM3MCHEHHUS MaKCHUMYMOB
B CIIEKTpE U3IydeHHs H300pakeHuii 1 u 2.

JlommomHUTENEHO TApaMeTPaMu ITPE0Opa3OBaAHHUS
OTITHKO-3JIEKTPOHHOTO KOMITaparopa, €Clii B Kade-
ctBe ocHOBBI PIII ncnonb3yercs MoIynpoOBOAHUK
c11a00 NeTHpOBaHHBIN TITYOOKOH MPUMECKIO, (OPMH-
pYIOIIEH HECKOJIbKO YPOBHEH C PAa3IMYHBIMU 3aps-
JTOBBIMU COCTOSTHUSIMHU, MOYKHO YIIPABIISATH, UCIOIb-
3ysl BHeUIHee ontudyeckoe uznyuyenue [11]. U3menss
WHTEHCHBHOCTH YIPABJISIONIETO H3ITyYeHUS, MOXKHO
YOpPaBIATh KOHIEHTpAIMed TpUMECH B pa3iny-
HBIX 3apSIIOBBIX COCTOSHUSX C Pa3HBIMU YPOBHAMHU
SHEPruH HOHU3AIMH. B 3aBUCUMOCTH OT MJIOTHOCTH
MOIITHOCTH OINTHYECKOTO CHTHaNa (JOTTOIHUTEIh-
HOTO MJIM OCHOBHBIX CHTHAJIOB S, S,) peanusyiorcs
pa3nuyHbIE 3apsIOBBIE COCTOSIHHS MHOTO3apsTHOM
npuMecH. M3MeHeHre HHTEHCUBHOCTH YTIPABJISIFOILIEH
TIOJICBETKH TIO3BOJISIET U3MEHSTH OTHOCUTEIBHYIO TyB-
CTBHUTENHHOCTH (DOTOMPHEMHOTO YCTPOMCTBA K H3ITY-
YEHMIO B JIMANA30HE [UIMH BOJH A, ...A M3 00mactu
MIPUMECHOTO ronTomeHus (ot 1,5 mo 12 Mxm).
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Pucynok 7 — OnTHKO-3IIEKTPOHHEIN KOMITapaTop Ha 6ase
OJTHOZJIEMEHTHOTO JIBYXOapbepHOTO KOOPIMHATHO-TYB-
crButenbHoro ®OII: 1-4 — COBOKYNHOCTbh 3JIEKTPOJIOB
Ha CTOpOHE A; 5—8 — COBOKYIHOCTb 2JEKTPOJIOB HA CTO-
poHe B; S|, S, — ONTHYECKUE CUTHAITBI

Figure 7 — Photovoltaic comparator based on two-barrier
coordinate-sensitive converter: 1-4 —set of electrodes
on the side A4; 5-8 —set of electrodes on the side B;
S,, S, — optical signals

B 3aBucumocT oT TpeOyeMbIX JIUara30HOB WyB-
CTBUTEITLHOCTH OTTHUKO-3JICKTPOHHOTO KOMIIaparopa
[0 MOUIHOCTH U CIEKTPaIbHOMY COCTaBy CpaBHUBAC-
MBIX onTHYeCKuX cUrHaioB @OI1 MoKeT OBITh BBIIION-
HEeH Ha 0a3e pazInYHbIX MOTYMPOBOIHUKOBBIX Mare-
PHAJIOB U C Pa3IMYHON TEXHOJIOTHEH (HOPMUPOBAHUS
IPUOOPHBIX CTPYKTYP. [Tpr 3TOM peanmu3arius pas3mnd-
HBIX XapaKTePUCTUK MPEe0oOpa30BaHUs MPEIIOKESHHO-
IO OITHUKO-3JICKTPOHHOTO KOMITapaTopa MPOM3BOIAUTCS
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C HCTIONTK30BaHUEM OJTHODJIEMEHTHOU TOITYIIPOBOIHH-
KOBOH CTPYKTYpHI 0€3 HEOOXOUMOCTH HCIOIh30Ba-
HUS JIOTIOJTHUTEIBHBIX ONITHYECKUX IIEMEHTOB.
CtpykTypa MHOTO(QYHKIIMOHAIFHOTO —JaT4dH-
Ka, MCIIOJIb3yEMOT0 B COCTaBEe M3MEPHUTENBHBIX TIpe-
oOpa3oBareneii CHCTEM ONTHYCCKOW IMAarHOCTHKH,
B OOIIEM Ciy4ae MOXKET BKIIOYAaTh COBOKYITHOCTBH
OJTHOTO WJIM HECKOJBKUX KOHCTPYKTHBHO OOBEIH-
HEHHBIX 9yBCTBUTEIHHBIX DJIEMEHTOB, pa3MeEIIEHHBIX
B 30HE JCWCTBHS HECKOJIBKUAX (PM3UUECKUX BEITHMUYMH,
a TaKke (hOPMUPYIOIIIX COOTBETCTBYIOIINE CUTHAIIBI
MTOCPEACTBOM TpeoOpa3oBaTEIbHBIX (TIEpEaaTOIHbIX )
¢byHKImie. DOTONPUEMHHUKH Ha OCHOBE IONYIIPOBO-
JTHAKOBBIX CTPYKTYP C MHOTO3apSTHOW TIPUMECHIO Xa-
PaKTepU3yIOTCS CBOMCTBAMH YIPABIAEMOCTH CBOWX
TTapaMeTPOB (FHESPTETHUYCCKON XapaKTePUCTHKOM, CTIeK-
TPaJIbHOM  XapaKTEPUCTUKOM  YyBCTBUTEIBHOCTH,
OBICTPONEHCTBUEM H Jp.) MO ACHCTBHEM BHEIITHUX
¥ BHYTPEHHHX (aKTOpOB, B TMEPBYI OYEpEIb JIO-
MOJIHUTENILHOTO OcBelieHus [6, 11]. B ¢Bs3u ¢ atum
BBI3BIBAET MHTEPEC JIOTIONHEHHE 0a30BBIX CTPYKTYP
OJTHORJIEMEHTHBIX (POTOMPUEMHHUKOB [6] KOMOWHU-
POBaHHBIMH TIOTYIPOBOAHUKOBBIMH CTPYKTypaMH
Ha carn(HupOBBIX MOIOKKaX [14]. Baxkable 10CTOMH-

Ay

CTBa canpupOBOi MOIIO0KKH — OTIIMIHBIE THAIEKTPH-
YeCcKHe XapaKTepUCTUKU, WHEPTHOCTh, CIIOCOOHOCTH
paboTHl TPH BBICOKHX TeMIIEpaTypax W MeXaHHde-
CKUX Harpyskax. [loaToMy nx mpuMeHsIoT 1ake B CITy-
Yasx, KOTJia mapamMeTpbl KPUCTAJUIMIECKON PemeTKH
HE COBCEM COBIIAJAIOT C MapaMeTpaMy TeTepOdITHTaK-
CHAITBHBIX CTPYKTYp. CardupoBbie MOII0KKH HCIOTh-
3YIOTCSl JJISl AMHUTAKCUH MHOTHX TOJXYHPOBOIHUKO-
BbIX MarepuaioB (Si, SiGe, GaN, AlGaN, TpoHHBIX
U YeTBEPHBIX coenuHeHuil Tuna A’B° u apyrux) u
M3TOTOBJICHUST HHTETPATBHEIX cxeM [15]. [pubmu3u-
TEJIEHOE COBIA/ICHNE KPUCTATOPH3NUECKIX CBOHCTB
canupa (IMOCTOSHHAS KPUCTAUIMUECKON PEIIeTKH,
KO3(h(UIMEHTBI TEPMUUECKOTO PACIIUPEHHs) U psma
TIOJTYTIPOBOHUKOBBIX MATEPHAIIOB TIO3BOJISFOT FICTIONb-
30BaTh car(upoOBbIe TOMJIOKKH YIS H3TOTOBICHHS
MPUOOPHBIX CTPYKTYp Ha OCHOBE HECKOJIBKHX pPa3-
HOPOJHBIX MaT€pPHajoB, B TOM YHCIIE CO CBOWCTBAMU
[14-16], He peanu3yeMbIMH METOJAMHU TPAAULIAOH-
HBIX TexHojoruil. Ha pucyHke 8 mpuBeneHa ympo-
IIeHHas! MPUOOPHAs CTPYKTYpa (HOTOIIEKTPHIECKOTO
npeoOpasoBarens 2 Ha OCHOBE MOJTYTPOBOIHUKA C TITy-
0OKOM MHOTO03apsSTHOW MPUMECHIO U YTIPABISIONIAM
€ro XapakTepUCTUKaMH n3Iydarernem 4.

i
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Pucynok 8 — Ctpykrypa ynpasisiemoro ®OI1 Ha candupooii nmoyioxkke: 1 — canduposas moioxka; 2 — horopesu-
ctuBHbI @Ol Ha OCHOBE MOJYIIPOBOIHKUKA C IIyOOKOW MHOTI03apsiIHON MpuMechio; 3 — BeiBoAbl DOII; 4 — ympas-
JISIOMNN p-n CBETOUO; 5 — BHIBOJBI CBETOMO/1a; 6 — CJION M30JIMPYIOILIETO AUMIEKTPUKA; 7 — BXOJHON ONTHYECKUI
CUTHAI; § — yIpaBJIsIIoNIee U3TyUeHHE

Figure 8 — Schematic diagram of photovoltaic converter on sapphire substrate: 1 — sapphire substrate; 2 — photoresistive
converter based on semiconductor with deep multiply-charged dopant; 3 — photovoltaic converter stubs; 4 — controlling
p-n LED; 5 — LED stubs; 6 — insulating dielectric layers; 7 — incoming optical signal; 8 — controlling optical emission

B onmHO# mpuOOpHON CTPYKTYpe COBMEILAIOTCS
TEXHOJIOTUM CBETOAMOAHBIX 4 MpuOOpPOB HAa OCHOBE
TIOJTYTIPOBOIHMKOBBIX coenuHeHnit A’B° u ¢oronpu-
eMHBIX CTPYKTYyp 2 Ha ocHoBe Si, Ge, Si: Ge u apyrux
MarepuasioB [14—17]. Ilpn 3ToM BXOTHOW ONTHUYECKHHA

CUTHal 7 MOXET BBOAUTHCS B CTpykTypy DPOII kak
CO CTOpPOHBI THOJYIPOBOJAHUKOBBIX CJIOEB 7, Tak U
yepe3 MOIJIOKKY 7%, Tak Kak candup XapakTepu-
3yeTcsl M OTIMYHBIMH ONTHYECKHMHU CBOHCTBaMH
B OmkHeM U cpeneM MK ontuyeckom quamnasone.
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3akjaueHue

YCcTaHOBIIEHO, YTO OAHOAIIEMEHTHBIE (POTOIITEK-
TpUUYECKHEe Mpeodpa3oBareny Ha 0a3e MOIYIPOBO-
JTHUKOB C HU3KOW KOHIICHTpAIHel IITyOOKOM mpume-
cu, 6marogapst pOPMHUPOBAHUIO B 3aIIPEIIEHHON 30HE
HECKOJIbKMX JHEPTeTHYECKUX YPOBHEH IS Pa3HBIX
3apsAZOBBIX COCTOSIHUH, MO3BOJSIOT pealin30BaTh
HM3MEpHUTEbHBIE TTPEoOpa30BaTEN CHCTEM ONTHYE-
CKOW JTMArHOCTHKHM C HOBBIMH (YHKIHOHAIHLHBIMU
XapaKTEepUCTUKAMHU W PACIIMPEHHBIMH JHara3oHa-
MU TIpeoOpa3oBaHMs], YYBCTBUTEIBHBIE K HECKOIb-
KHM BO3JCHCTBYIOHIMM (hakTopam pa3iinyHOU (u-
3uueckord mpupoabl. OHU TaKKe XapaKTepU3yHTCs
YBEJIIMYCHHBIMH  JHMANa30HAMH  DHEPreTHYECKOM
(Ha HECKOJIBKO JIECATKOB JIEIUOEN) ¥ CHEeKTPaTbHON
XapaKTEePUCTHUK UYyBCTBUTEIBHOCTH (C TEPEKIFoYa-
€MBIM CIBUTOM «KPAaCHOHM TpaHHIb» Ha 2—4 MKM)
C BO3MOXKHOCTBIO TIEPEKIIFOYCHHUS MEXKIy IOIAHra-
Ma30HaMH YHEPTeTUYECKON U CIEeKTPaJbHON Xapak-
TEPUCTUK YYBCTBUTEIBHOCTH IOJ JCHCTBHEM Kak
W3MEPHUTEIHHOTO CHUTHAJA, TaK W JOTOJHUTEIHHBIX
YIPABIIAIOIIMNX BO3ACHCTBUI.

[TokazaHo, 4T0 MHOTO(GYHKIIMOHAIBHBIE OTHO-
AJIEeMEHTHBIE OTOATEKTpUUYECKre Tpeodpa3oBare-
JI1 Ha OCHOBE MOJYIPOBOAHUKOB C COOCTBEHHOM
MIPOBOIMMOCTHIO TIO3BOJISIIOT PEaIN30BaTh B OAHOM
M3MEPUTEIHHOM Mpeodpa3zoBareiie ¢ OJJHOKAHAIb-
HOH CXEeMOW HW3MEpeHHs OIHOBPEMEHHOE OIIpe-
JIeJIeHUe HECKOJIbKUX I1apaMeTPOB ONTHYECKOTO
W3JIy4YeHUsI, HAIPUMED, JJIUHBI BOJTHBI K MOIITHOCTH
OTNTUYECKOTO H3TyYEeHHS, TEOMETPUUECKUX Iapa-
METpPOB M300pakeHUs, CpPaBHEHNE XapaKTEPUCTUK
n300paKeHUsS M0 HECKOIBKHUM IapaMeTpam OITHO-
BpeMeHHO. BpIOOp Marepuana moaympoOBOIHUKA,
THUTA TIIYOOKOH MPUMECH M €€ KOHIIEHTPAIUH T10-
3BOJISIIOT CO371aBaTh (POTONMPUEMHUKH JUISl 3aJ1aH-
HOTO JIHara3oHa IIOTHOCTEH MOIIHOCTU H3ITyde-
HUSI, CIEKTPAIbHOTO Jarna3oHa U (yHKIIHOHAIb-
HOCTH.

[Tokazano, yto @311 ¢ ynpaBiseMbIMU Xapak-
TEPUCTUKAMHU Ha OCHOBE TIOIYITPOBOTHUKOB C TITy00-
KHMH MHOTO3apsIHBIMU TIPUMECSIMU COBMECTHUMBI
C «OKOJIO KPEMHHEBBIMI» TEXHOJIOTUSIMU M TEXHO-
JIOTUSIMU  «TIONTYTIPOBOAHUK Ha cardupe». [lpen-
JIOKEHBI TIPUOOPHBIE CTPYKTYPHI OJHOAIEMEHTHBIX
ONTUYECKOTO KOMITapaTopa M YIpaBisieMoro (oTo-
MIPUEMHUKa Ha car(upoBOH MOTOKKE.
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Abstract

The mixture of argon and mercury vapor is used as the background gas in different types of gas discharge
illuminating lamps. The aim of this work was development of a model, describing transport of electrons, ions
and fast atoms in the one-dimensional low-current gas discharge in argon-mercury mixture, and determination
of the dependence of their contributions to the cathode sputtering, limiting the device service time,
on the temperature.

For simulation of motion of electrons we used the Monte Carlo method of statistical modeling, whereas
the ion and metastable excited atom motion, in order to reduce the calculation time, we described on the
basis of their macroscopic transport equations, which allowed to obtain their flow densities at the cathode
surface. Then, using the Monte Carlo method, we found the energy spectra of ions and fast atoms,
generated in collisions of ions with mixture atoms, at the cathode surface and also the effective coefficients
of the cathode sputtering by each type of particles.

Calculations showed that the flow densities of argon ions and fast argon atoms, produced in collisions
of argon ions with slow argon atoms, do not depend on the temperature, while the flow densities of mercury
ions and fast argon atoms generated by them grow rapidly with the temperature due to an increase of mercury
content in the mixture.

There are represented results of modeling of the energy spectra of ions and fast atoms at the cathode
surface. They demonstrate that at low mercury content in the mixture of the order of 107 the energies
of mercury ions exceed that of the other types of particles, so that the cathode is sputtered mainly by mercury
ions, and their contribution to sputtering is reduced at a mixture temperature decrease.

Keywords: gas discharge lamp, low-current discharge, argon-mercury mixture, ion and atom energy spectra,
cathode sputtering.
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MOI[E.HI/IPOBaHI/Ie PacibUICHUS IMTOBEPXHOCTU KATOJAA HOHAMHU
n 6I)ICprIMI/I aTOMaMM B TAYHCCHI0BCKOM pa3psai€¢ B CMCCH
APIroH-pPpTYTH € 3aBUCAIINM OT TEMIIEPATYPbI COCTABOM

Bboupapenko I'.I'.}; Kpucrs B.U.2, Capuukun 1.0.2, ’Kykosckuii I1.3

'Hayuonansnwiil ucciedosamensckuil yHugepcumem « Bolcuias wKkona SKOHOMUKUY,
ya. Macnuyxas, 20, e. Mockea 101000, Poccus

’Mockosckuil 2ocydapcemeennvlil mexuuueckuil yHusepcumem um. H.D. baymana, Kanyscexkuii ounuan,
ya. baoicenosa, 2, 2. Kanyea 248000, Poccus

3lo6nuncKkuil mexHoro2uMecKkuil ynugepcumen,
va. Haooviecmpuykas, 38/, e. Jlrooaun 20-001, Honvwa

Hocmynuna 21.05.2018
Ipunama k nevamu 23.07.2018

CmMmech AprOoHAa U IIapOB PTYTU UCITOJIB3YCTCA B KAYCCTBC pa60qer0 Tra3a B pa3JINYHbIX TUTIAX Ta30Pa3pAAHBIX
OCBCTUTCIIBHBIX JIaMII. L[GJ'ILIO ,I[aHHOﬁ pa6OTLI SABJIAJIOCH MOCTPOCHHUE MOJCIIH, OHI/ICLIBaIOI]_Ieﬁ epeHOC
9JICKTPOHOB, HOHOB 1 6I>ICTpI:IX aTOMOB B CJIA00TOYHOM pa3psaac B CMECH aproH-pTYTh, a TAKIKC OIIPCACIICHUC
3aBUCUMOCTH UX BKJIAA0B B PACIIBIJICHUE KaTOJd, OTPAHUYNBAIOIICC CPOK CJ'Iy)K6I:I an60pa, OT TEMIICPATYyPhbI.

I[J'If[ MOACIUPOBAHUA ABUIKCHUS DJICKTPOHOB MbI IPUMCEHSAIN MCTO CTATUCTUYCCKOI'O MOJACIIMPOBAHUSA
MOHTC—KapJ'IO. HepeHOC HOHOB B036Y)KI[GHHI>IX ATOMOB C LICJIbIO COKPALICHUA 3aTPAT PACUCTHOI'O BPDEMCHU
OIMUCBIBAJIM Ha OCHOBC MAaKPOCKOIMWYECKUX ypaBHeHHfI, YTO IIO3BOJIMJIO HAWTH INIOTHOCTH HMX IIOTOKOB
Y NOBCPXHOCTU KaTOAA. 3aTeM ¢ HCIOJIb30BaHHEM METOoAa MOHTC—KapJ'IO HaxOoAWJINn SHEPreTU4YCCKueC
CIICKTPBI MOHOB U 6LICTpI>IX aTOMOB, O6p33}’IOH_[I/IXC$I IIpu CTOJIKHOBCHHUAX MOHOB C aTOMaMU CMECH, Yy I10-
BCPXHOCTH KaTOJd, 4 TAKIKE 3(1)(1)6KTI/IBHLIG KOS(I)(i)I/ILII/IeHTI)I pacClibUICHUA KaTOda KaXXAbIM TUIIOM YaCTHILI.

Pacuersr MOoKa3aljiv, 4TO IJNIOTHOCTU IMMOTOKOB MOHOB aproHa U 6LICTpLIX ATOMOB aproHa, BO3HUKArIIuxX
IIpU CTOJIKHOBCHHUAX NOHOB aproHa ¢ MEIJICHHBIMU aTOMaMU aproHa, HE 3aBUCAT OT TCMIICPATYPLI, B TO BpEMA
KaK INIOTHOCTU ITOTOKOB MOHOB PTYTHU U 6LICTpLIX aTOMOB aproHa, 06pa3y€MBIX HUMH, 6I>ICTpO BO3pacCTar0T
IpU YBCIIMUCHHUU TEMIICPATYPhI BCICACTBUC YBCINYCHUA COACPIKAHUA PTYTU B CMCCH.

Hpe,ILCTaBJ'IeHI)I pe3ybTaTbl MOACIHNPOBAHUSA SHEPIrETUYCCKUX CIHCKTPOB HMOHOB U 6LICTpI>IX aTOMOB
Y NOBEPXHOCTHU KaToJda4. Onn ACEMOHCTPHUPYIOT, YTO HIPHU MaJIOM COACPIKAHUHU AaTOMOB PTYTU B CMCCHU
nopsaka 1073 pacCnbUICHHUE KaTOda NPOUCXOAUT, T'NIaBHBIM o6pa30M, HOHaMU PTYTHU, TAK KaK UX DHCPIUU
CYHICCTBCHHO NPCBOCXOAAT DHCPIUU APYTr'UX TUIIOB HaCTHUILL, TPUYEM HX BKJIAJ B pACIbUICHHUC YMCHBIIACTCA
CO CHM)KCHHUEM TEMIICPATYPbI CMECH.

KiroueBble cjioBa: rasopaspsjgHas OCBETHTENIbHAs JIaMIla, CIa0OTOYHBIN paspsisi, CMECh aprOH—PTYTb,
JHEepPreTUYEeCKUe CIIeKTPhl HOHOB M aTOMOB, PacIbIIEHHE KaTo/1a.
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Introduction

In different types of gas discharge illuminating
lamps, the mixture of argon and mercury vapor
is used as the background gas [1, 2]. The argon atom
number density in it does not depend on the tempe-
rature, whereas the mercury atom number density
is decreased under its reduction. The most intensive
sputtering of the cathode surface in the discharge
proceeds directly after the lamp ignition, because its
lifetime in the continuous operation mode exceeds
considerably that in the periodic turning on and off
mode [3]. The mercury ion flow density near the
cathode surface at the stage of lamp turning on should
increase with the ambient temperature due to rising
of the mercury atom number density in the discharge
volume. Moreover, in the argon-mercury mixture,
besides of the direct ionization of gas atoms by
electrons, ionization of mercury atoms by metastable
exited argon atoms takes place (the Penning reaction)
[4-6], which also increases the mercury ion number
density. Therefore, at quite small mercury content
in the mixture, its ions can make a significant contri-
bution to the lamp electrode sputtering.

The distributions of ions and fast atoms by energy
in gas discharges, as well as the cathode sputtering
by them, were studied in a number of works both
experimentally and theoretically. However, only
discharges in pure noble gases or their mixtures with
temperature-independent composition were usually
investigated in them [7-15]. For the discharge
in the argon-mercury mixture with the temperature-
dependent composition and under the existence
of the Penning ionization of mercury atoms,
though, this question was studied insufficiently.
The distributions of ions of the mixture components
by energy in the low-current discharge was calculated
only in [16] on the basis of the approximation
of continuous slowing down of mercury ions
in argon without taking into account the stochastic
nature of ion-atomic collisions. Besides, the energy
spectrum of fast atoms, generated under the charge
exchange and elastic scattering of ions on slow argon
atoms, which can contribute substantially to the ca-
thode sputtering, was not found in [16].

In this work, a model describing the ion and
fast atom motion in the low-current (Townsend)
discharge in an argon-mercury mixture, based on
the Monte Carlo method, is used. The energy distri-
butions of ions and fast atoms at the cathode surface
are calculated and their contributions to its sputtering
are found as functions of the mixture temperature.

Mathematical model

Let the gap of length d between the parallel
planar electrodes with the large transverse dimensions
be filled with a mixture of argon with density n,,
and saturated mercury vapor with density n,,
and the voltage U sufficient for ignition of the
Town-send discharge is applied to it. If the z-axis is
directed along the normal to the electrode surfaces,
then, since the space charge is rather small in such
discharge [16], the electric field in all points is
parallel to axis z and its strength is equal to £ = U/d.

Electrons generated in the discharge gap under
the ionization of atoms of the mixture components are
accelerated by the field in the direction of the anode,
and ions are accelerated to the cathode, colliding
with neutral atoms. Simulation of their transport
is fulfilled in this work on the basis of the hybrid
discharge model [17, 18]. At the first stage, motion
of primary electrons (emitted from the cathode and
produced in electron-atomic collisions) is calculated
using the Monte Carlo method, whereas the ion
and metastable excited atom motion, in order to
reduce the calculation time, is described on the basis
of their macroscopic transport equations. As a result
of their solution by the finite-difference method,
numbers An, of electrons, appearing in a unit time
in a unit volume in collisions of heavy particles,
are found in each of s intervals of length Az = d/s,
into which the interelectrode gap is divided. Then
the corresponding numbers of secondary electrons,
which should be added in the cells of the length Az
under modeling of the electron kinetics by the Monte
Carlo method, are found. After that, simulation
of electron motion in the discharge gap is performed
again taking into account the additional electrons,
as well as calculation ofthe ion and metastable
transport. Such cycle is repeated until the relative
difference between values of the quantities in succes-
sive iterations becomes sufficiently small. As a result,
numbers An,,, and An,,, of argon and mercury ions,
appearing in a unit time in a unit discharge volume
in each of s intervals of length Az, are obtained,
as well as the argon and mercury ion flow densities
J,+and Jy,+ at the cathode surface.

At the second stage, the energy spectra of
ions and fast atoms, produced in collisions of ions
with argon atoms, at the cathode surface are found
using the Monte Carlo method and the obtained
earlier values of An, and Any,. In the process
of calculation, itis being taken into account that
when an ion collides with an atom of its parent gas,
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the resonant charge exchange can occur, resulting
in generation of a slow ion with zero energy and a fast
atom with the energy equal to the ion energy before
the charge exchange. Besides of the charge exchange,
the elastic scattering of ions and fast atoms on slow
atoms can take place, in which they lose a fraction
of their energy and slow atoms become fast ones, i. e.
as a result of each elastic collision a new fast atom
is produced. Between collisions with slow atoms
the fast atoms move rectilinearly and uniformly.
Since the relative content of mercury in the dis-
charge at the stage of lamp ignition is usually small
(ny/n, = 10— 1072) [6, 18], only collisions of ions
and fast atoms with argon atoms can be taken into
account. The trajectory of each fast heavy particle is
calculated starting from the point of its formation by
solving the equation of its motion sequentially at each
time step Atz. The step value is chosen small enough
so that the length of the trajectory section passed by
the particle during time A¢ is much less than its mean
path length between collisions with atoms. Whether
the particle collides with an atom in such section, its
type, as well as the direction of motion and energy &
of the particle after the collision, are determined from
the corresponding formulas of the collision theory
with using of random numbers [12]. The energy
dependencies of'the cross sections of argon ion
charge exchange on argon atom and isotropic elastic
scattering of argon ion and atom on argon atom,
taken from [19], are used, as well as the cross section
of isotropic elastic scattering of mercury ion on argon
atom, found using of the argon and mercury atom gas-
kinetic radii. The trajectory of each ion is calculated
until it reaches the cathode, and the trajectory of each
fast atom is calculated until it reaches the cathode
orits energy becomes less than 10 eV, since such atoms
do not contribute to the cathode sputtering.
Asaresultofcalculations, the energy distribution
functions of ions and fast atoms, -(d.¢), ng+ (d,e)and
/,,(d.e) at the cathode surface are formed. Using them,
the effective (averaged over particle energies) coef-
ficients of the cathode surface sputtering by each type
of particles are found, defined by expressions [16]:

eU
RArJr = J‘YArJr (g)f‘Ar+ (d,S)dS;

oU
RHg+ = J. YHg+ (a)ng+ (d,e)de; )
StHg
eU
Ry = _[ Yy, (&) far (d.€)de;
EtAr

where Y, + (¢), YHg+ (¢) and Y, (¢) =7, +(¢) are the
yields of cathode material sputtering by argon and
mercury ions and fast argon atoms with energy ¢, €,
and €y ATC the corresponding threshold sputtering
energies, e is the elementary charge. Then the flow
densities of cathode material atoms, sputtered by
different types of particles, are obtained as follows:

JArf :RAr+JAr+ , J

S ng+ = RHg+ JHng > J_yAr = RArJAr’ (2)

where J, is the fast argon atom flow density
at the cathode, which is expressed via J, + and J_ +
with using of the results of simulation of ion and fast
atom motion in the discharge.

Results and discussion

Calculations were performed for the low-
current discharge in the interelectrode gap of the
length d = 1073 m. It was considered to be filled with
a mixture of argon and mercury, in which the number
density of argon atoms was assumed to be constant
and equal to n, =6.6-10° m™, which corresponds
to its pressure p =266 Pa at the room temperature,
whereas the mercury atom number density was
dependent on the temperature 7' [18]. The discharge
voltage was equal to 200 V, so that value of the
reduced electric field strength £/n in the discharge
was 3-107"® Vm? (where n = ny, +n,). Inthe process
of simulation, trajectories of 10® argon and mercury
ions were calculated with using of the coordinates
of their generation, found taking into account
the calculated distributions of quantities An,, and
An, along the discharge gap at s = 100. After that,
the trajectories of fast atoms, produced in collisions
of ions and generated earlier fast atoms with slow
argon atoms, were calculated.

10

==
p

J, arb. units

10]1

-30 0 30
T, °C
Figure 1 — The flow densities of argon ions (Ar"),
mercury ions (Hg"), fast argon atoms, produced by argon
ions (Ar)), and fast argon atoms, produced by mercury
ions (Ar,), at the cathode surface
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The obtained flow densities of ions and fast
atoms, bombarding the cathode surface, as function
of the mixture temperature are presented in Figure 1.
It is seen that the flow densities of argon ions and
fast argon atoms, arising in collisions of argon
ions with slow argon atoms, do not depend on the
temperature, whereas the flow densities of mercury
ions and fast argon atoms, produced by them, grow
rapidly with temperature due to rising of the mercury
content in the mixture by three orders of value at
a temperature increase from —30 °C to +30 °C [18].

f, arb. units

o
[l
X

60
&g, eV

40 80 100

Figure 2 — The energy spectra of ions and fast atoms at the
cathode surface. Designations are the same as in Figure 1

The calculated energy distributions of argon
ions, mercury ions and fast argon atoms at the
cathode surface are presented in Figure 2. It can be
seen in it that most of mercury ions have energies
exceeding considerably that of argon ions, because
they lose only a fraction of their energy in elastic
collisions with argon atoms, whereas argon ions lose
all their energy under the charge exchanges on slow
argon atoms, and the elastic scattering cross section
is less than the charge exchange cross section.

10]]

Jng*

o 10° Juts

g JsAr'

e

Eﬁ JsAr,

=107

105 1
=30 0 30

T, °C

Figure 3 — The flow densities of tungsten atoms, sput-
tered from the cathode surface by ions and fast atoms.
Designations are the same as in Figure 1

It follows from results of calculations that at
a temperature increase the energies of mercury ions,
as well as the energies of argon ions, are changed
insignificantly, because their energy losses occur
in collisions of ions with argon atoms, which number
density does not depend on the temperature. It is seen
also in Figure 2 that under the charge exchange and
elastic scattering a large number of fast argon atoms
are generated, and mercury ions make a main contri-
bution to this process as their substantial fraction has
energies exceeding that of argon ions. In Figure 3,
the temperature variation of the flow densities
of atoms, sputtered from the tungsten cathode surface
by different types of particles, obtained with using
of expressions (1), (2) and the experimental depen-
dencies Y, + (¢) and YHg+ (e) [20], are shown. It can
be seen that at low temperatures near —30 °C
the main contribution to the cathode sputtering
make fast argon atoms generated by argon ions.
At temperatures exceeding 0 °C, though, the cathode
is sputtered predominantly by mercury ions, because, as it
follows from figures 1, 2, their flow density approaching
that of argon atoms and their energies are considerably
higher than the argon atom energies. Therefore,
this factor must be taken into account under investiga-
tion of the cathode sputtering in gas discharge lamps.

Conclusion

In this work, simulation of transport of electrons,
ions and fast atoms in the one-dimensional low-
current gas discharge in argon-mercury mixture,
used in gas discharge illuminating lamps, is fulfilled.
It is taken into account that at the stage of lamp ignition
mercury content in the mixture is small and collisions
of fast heavy particles with argon atoms only can be
considered. The main types of such collisions are the
resonant charge exchange of argon ions on argon
atoms and the elastic scattering of argon ions, mercury
ions and fast argon atoms on slow argon atoms.

The flow densities of ions and fast atoms
bombarding the cathode surface, their energy spectra,
the effective rates of tungsten cathode sputtering
by ions of both types and fast atoms, and also the
flow densities of atoms, sputtered from the cathode
by them, are found as functions of the temperature.
It is shown that at low mercury content in the mixture
of the order of 107 energies of mercury ions exceed
that of the other types of particles, so that the cathode
is sputtered mainly by mercury ions, and their
contribution to sputtering is decreased at a mixture
temperature reduction.
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Abstract

In recent years, the largest terrestrial and orbital telescopes operating in a wide spectral range
of wavelengths use the technology of segmented composite elements to form the main mirror.
This approach allows: to expand the spectral operating range from 0.2 to 11.0 um and to increase
the diameter of the entrance pupil of the receiving optical system, while maintaining the optimal value
of the exponent m  — mass per unit area.

Two variants of adjusting the position of mirror segments are considered when forming an aspherical
surface of the second order, with respect to the base surface of the nearest sphere, including geometrical
and opto-technical positioning.

The purpose of the research was to develop an algorithm for solving the problem of geometric positioning
of hexagonal segments of a mirror telescope, constructing an optimal circuit for traversing elements when
aligning to the nearest radius to an aspherical surface, and also to program the output calculation parameters
to verify the adequacy of the results obtained.

Various methods for forming arrays from regular hexagonal segments with equal air gaps between them
are considered. The variant of construction of arrays through concentric rings of an equal step is offered.

A sequential three-step method for distributing mosaic segments is presented when performing
calculations for aligning the aspherical surface: multipath linear; multipath point; block trapezoidal.

In the course of mathematical modeling an algorithm was developed to solve the problem of geometric
positioning of flat hexagonal segments of a mirror telescope. In the Python programming language, program
loops are designed to form the data array necessary to construct a specular reflective surface of a given
aperture. In the software package Zemax, the convergence of optical beams from flat hexagonal elements
to the central region of the aspherical surface is verified.

Keywords: hexagonal, hexagonal segment, geometric and opto-technical positioning, composite mirror,
algorithm, model.
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AJIFOpI/ITM N MaTeMaTH4YeCKasi MOJA€/Ib recOMECTPHICCKOIO
INO3UITUOHUPOBAHUSA acq)epnqecm)ro COCTABHOTO 3€pKaJia

Konker B.!, Camopano JI.®.>', Aptioxuna H.K.2, ®éxopues P.B.%, Cuine A.P.>!

!HayuonansHwlll yenmp onmuyeckux mexioio2utl,
np-m Jloc Ilpoyepec, cexmop Jla Iledpezoca, kopnyc 4, e. Mepuoa 5101, Benecysna

? Benopycckuil HAYUOHAIbHbILL MEeXHUYECKULL YHUBEPCUmen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Hocmynuna 23.07.2018
Hpunama k newamu 27.08.2018

B mocnennue roasl KpynHeHIMe Ha3eMHbIE W OpOUTANbHbBIE TEJIECKOIbl, paboTalomue B MHUPOKOM
CIEKTPAIbHOM JIaNa30He JUIMH BOJIH, PU (DOPMUPOBAHWH TIABHOTO 3€pKalia UCTONB3YIOT TEXHOIOTHIO
CEerMEHTHPOBAHHBIX COCTABHBIX DJIEMEHTOB. TaKoi MOAX0/] MO3BOJISIET: PACIIUPUTH CIIEKTPAIIbHBIN padoumii
nuana3oH oT 0,2 mo 11,0 MKM M yBEIMYUTH AWAMETP BXOJHOTO 3padyka MPUEMHOW ONTHYECKOW CHCTEMBI,
[pY COXPAaHECHUH ONTHMAIBLHOTO 3HAYCHHUS MOKa3aTelsl m,— Macca Ha eluHuIly ruiomam. Llens uccneno-
BaHWI 3aKIIt0Yanach B pa3paboTKe alropuTMa JJisl PeHIeHUs 331a9i TeOMETPUUECKOTO MTO3UIIMOHNPOBAHHUS
reKcaroHaJbHbIX CETMEHTOB 3€PKaJIbHOIO TEJIECKOIIa, IOCTPOCHUS! ONTUMAJIBHON CXeMbl «00X0/1a» JIeMEH-
TOB MIPU FOCTUPOBKE Ha OJIMKAUIINK painyc K acepruuecKoil IIOBEPXHOCTH, a TAKXKe POrpaMMHOI anpoba-
LMY BBIXOJHBIX PACUETHBIX NAPAMETPOB C LIEIIBIO IPOBEPKU aICKBATHOCTH ITOIYUYEHHBIX PE3YJIbTATOB.

PaccmoTpeHs! 1Ba BapraHTa FOCTUPOBKH MOJIOKEHUS 3ePKATbHBIX CErMEHTOB Ipu hopMupoBanuu acde-
pHUYECKOl MOBEPXHOCTH BTOPOTO TOPSI/IKA, OTHOCHUTENIBHO 6a30BOH MOBEPXHOCTH ONMKaiiieit cepbl, BKITIO-
YaIOLUE T€OMETPUUECKOE U ONITOTEXHUUYECKOE O3ULIMOHUPOBAHUE.

PaccmoTpeHbl pa3nudHbie METOANKNA (OPMHUPOBAHKS MAaCCHBOB M3 PETYJSIPHBIX MIECTHYTOJILHBIX CET-
MEHTOB C PaBHBIMU BO3JYIIHBIMM IIPOMEKYTKaMU MEKy HUMU. [IpeayioxkeH BapuaHT OCTPOEHUSI MACCH-
BOB 4€pE3 KOHIEHTPUUYECKHUE KOJIbLA PABHOIO IIIara.

IIpencraBneHa mocienoBaTeNbHAs TPEXCTyNEHYATas: METOAUKA PACIPENEICHNAS CErMEHTOB MO3aHKU
MIPY BBITIOJTHEHUH PAcueTOB 0 IOCTHPOBKE acepruyeckol MOBEPXHOCTH: MHOTOJIy4€eBast IMHEHAs; MHOTO-
JydeBasi TOUCUHas; OJIOYHAs Tparenen1abHasl.

B xone mpoBeseHUs MaTeMaTU4ECKOro MOJICIMPOBAHUS pa3pabOTaH aaroOpuTM Ul pELIeHus 3aja-
YU F€OMETPUYECKOTO MO3UIMOHUPOBAHUS IJIOCKUX I'€KCArOHAJIBHBIX CETMEHTOB 3€PKaJIbHOIO TEJIECKOIA.
Ha s13p1ke mporpamMmMupoBanust Python cOCTaBJIEHBI MUKIIBI IPOTPaAMMBI 1711 (OPMHUPOBAHHUS MaccHBa JlaH-
HBIX HEOOXOIMMBIX JIJIsl TOCTPOSHUS 3epKaJIbHON OTpakarolleil MOBEpXHOCTH 3aJaHHOM anepTypsl. B mpo-
IPAMMHOM IIAKETE Zemax BBIIOJHEHA ITPOBEPKA CXOAUMOCTH ONTHYECKUX JIy4eH OT IJIOCKUX MeKCaroHalb-
HBIX JIEMEHTOB B [IEHTPAJIbHYIO 001acTh achepryeckoil MOBEpXHOCTH.

KimoueBble ciioBa: FeKC&FOHaHLHBIﬁ, H_ICCTI/IyI‘OJ'IBHHﬁ CCTMCHT, I'€COMCTPUYCCKOC U OINTOTCXHHUYCCKOC
MO3UIIUOHUPOBAHUEC, COCTABHOC 3€PKAJIO, AJITOPUTM, MOJCIIb.
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Introduction

In recent years, the largest terrestrial telescopes
operating in a wide spectral range of wavelengths
use the technology of segmented composite mirrors
[1-4]. A typical representative of this class is
the Keck Observatory of two telescopes (Keck
Telescope) Mauna Kea, Hawaii (1996), in which two
10 meter mirrors consist of 36 segments.

The most well-known method of aligning
segmented mirrors is described in the works of
Mast and Nelson [5] and found practical application
in the alignment of Keck telescopes. According to
this method, each individual segment is described
as a local curve of an aspherical surface, and all
together they form a common curve of the aspherical
surface. Segments have different geometric dimen-
sions and a distorted hexagonal shape, i. e. elongate
in the radial direction to ensure minimization
of the intersegment gap area.

Geometric

positioning Current

coordinates of

O the vertex O11

The exact mutual position of the mirror seg-
ments relative to the base surface is established
in two steps [6].

The first stage involves geometrical positioning,
during which the plane segments are displaced
along three linear directions (along the coordinate
axes OX, OY and OZ in the base coordinate system)
and the maximum reduction of all optical rays in the
central region close to the center of the curvature
of the mirror is achieved.

The second stage of opto-technical positioning
is carried out in three angular directions with
respect to the top of the mirror segment (two
slopes with respect to the optical axis and rotation
around it) and minimization of the wave front
difference (aberrations) at the working wavelength
of the telescope (Figure 1). The error in positioning
and relative positioning of individual segments
should not exceed the dimensions of the working
wavelength [7].

Optical positioning

A\ Z

The normal vector
Rneares!

The nearest sphere
(the surface of comparison) P

The tangent plane of

e
'
P
. -~
the mirror segment \// ~

_ Ooo

—

-
-

] -

y <

-"\/ Actuator (piezodrive)
% m Supporting base surface

Figure 1 — Diagram of geometric and opto-technical positioning of mirror segments

The comparison method involves the process
of positioning each individual mirror segment
relative to a common reference surface by means
of actuators (eg piezo drives).

The correct geometrical positioning of the mir-
ror segment is performed under the condition that
the normal vectors constructed from the center
of the flat surface of each segment must intersect
at one calculated point on the axis OZ coinciding with
the center of curvature of the base spherical surface.
The tangent plane in space is determined by three
Cartesian or spherical coordinates (Figure 1) [8].

However, in practice it is impossible to realize
completely identical mirror segments, and their
normals do not converge at the point of the double

focal length of the mirror spheroid, but in some region
of this point. The optimization problem usually
reduces to minimizing this region of convergence,
as well as to reducing the difference between the
real and calculated wavefronts, both for the entire
composite mirror, and for each segment separately [9].

In [6], the efficiency of using the method of
geometric computer positioning of 20 controllable
hexagonal mirror segments forming a 500 mm
composite mirror for 1 hour with an error of not
more than 0.01 mm is shown in [6]. In the classical
scheme of alignment of similar elements using an
autocollimator, it takes about 20 hours. It should be
noted that the complexity of the alignment increases
exponentially, so it took 1 year to set up a composite
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telescope mirror Gran Telescopio CANARIAS with
a diameter of 10.4 m (73 m?).

The purpose of the research was to develop
an algorithm for solving the problem of geometric
positioning of hexagonal segments of a mirror
telescope, constructing an optimal circuit for traver-
sing elements when aligning to the nearest radius to
an aspherical surface, and also to program the output
calculation parameters to verify the adequacy of the
results obtained.

Determining the geometric parameters
of segments

When developing an imitative mathematical
model of a mirror and facilitating the task of its
subsequent calculation, a number of constructive
assumptions and evaluation criteria are introduced.

In particular, we will assume that the segments
and intersegment intervals of the mirror are located
at equal and regular intervals over the entire
composite surface area.

1) Tangent plane and position of segments.

The surface of each segment is determined by
its curvature and the normal to it. For this reason,
the position of one segment in space is equivalent
to the position of the tangent plane constructed with
respect to the center of symmetry of this segment
in the chosen coordinate system. The tangent plane
in space is given by three coordinates in a Cartesian
or spherical coordinate system. The geometric position
of each mirror segment is described along three linear
directions in the Cartesian coordinate system.

2) Regular hexagon as a segment pattern.

Figure 2 shows a regular hexagon with six
symmetries of reflection (symmetry of six lines)
and six rotational symmetries (rotational symmetry
of the sixth order). In general, the hexagon is the
tallest regular polygon that allows regular segment
mosaics to be performed.

Figure 2 — Symmetry variants of a regular hexagon:
a —reflex; b — rotational

Segmented mirrors with regular hexagons
can significantly reduce the cost of manufacturing.
The hexagonal shape of the segments has significant
advantages from the technological point of view, since
it facilitates the process of grinding and polishing
the reflecting working surface of the mirror.
In addition, when mounting segments on supports,
convenient placement of actuators and sensors
at the edge points is provided for their subsequent
positioning and optimal position control [10].

3) The projection of segments and the coordinate
system OXYZ.

The segmented mirror is described in such
a way that when projecting onto the XOY plane,
the individual segments are a circular array of regular
and evenly spaced hexagons relative to the main
optical axis collinear with the geometric axis OZ[11].

In the plane of the optical axis, two parameters
determine the geometry of the projection of seg-
ments: the length of the side of the segment and
the intersegment gap. The length of the side of the
segment is determined by the distance between two
adjacent vertices of the projected segment, while
the intersegment gap is determined by the distance
between the two sides of the adjacent projected
segments.

4) Intersegment gaps and constraints imposed.

Intersegment gaps allow avoiding contact
between adjacent segments and are assigned taking
into account processing tolerances, in addition they
allow compensation of gravitational and thermal
deformations of the mirror cell [12]. The geometric
size of the gap should be as small and uniform
as possible across the entire width [13].

5) Segmentation approach.

In order to minimize the distortion of segments
caused by the curvature of the aspherical mirror
surface, two possible approaches to segmentation
are proposed:

a) Consider the case of a mosaic with regular
hexagons and equal gaps across the surface.
According to Dan Curley's method [11], we make
the assumption that all segments are identical
flat hexagons, with the best relative position
relative to the common aspherical surface. In the
first approximation on a flat surface we create an
array of identical regular hexagons separated by
homogeneous gaps.

b) An alternative technique was proposed by
Mast and Nelson for the TMT (Thirteen-meter
telescope) [13], according to which hexagonal
segments are not separated by spaces. An array
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of regular hexagonal segments of the same size
forms a local surface curve and is placed in the XOY
plane.

In this paper, the development of the algorithm
for the geometric positioning of segmented mirrors
was performed for the first segmentation version
with divided air gaps.

6) Concentric rings.

Taking as a basis the symmetry of a regular
hexagon, the configuration of each segment is per-
formed through concentric rings from a central
hexagon located on the entire surface (Figure 3).
The simplest case is a segmented mirror of six
hexagonal mirrors attached to the central hexagon.
However, in the case of a large segmented mirror,
it is necessary to add n concentric rings (i, ... i ).

R nearest

Figure 3 — Concentric rings of a hexagon in the XOY plane

The radius of the first ring R, is defined as the
distance L, between the centers of the first hexagon
and its adjacent hexagon, according to the following
formula:

R, =~34+GAP.

The length of the side of the hexagon as a fun-
ction of apophema (apothem) is determined from
the expression:

2B,

A
3
Then
R =2B+ GAP,

where 4 and B are, respectively, the length of the
side and the height of the hexagon; GAP is the
air gap between two adjacent hexagons; R

the nearest radius to the aspherical surface. The
angle ¢ is bounded by a ray from the origin of
coordinates to the center of each segment and the
OX axis in the plane XOY. The angle ¢ for the main
diagonals for the first and second mosaic is ¢ = 30°,
90°, 150°, 210°, 270° and 330°. We use the index

J, to denote the basic diagonals of the arrangement.
Ontheotherhand, theisindexrepresentseachring from
the center to the last.

Thus, the radius of any subsequent ring » can be
described by the following expression:

R =i (2B+ GAP).

Figure 4 shows circles r, and a circle of radius
r. of a hexagon, as well as diagonals. The radii are
represented by the following formulas:

r.=A,
7. =£A or 7 =£r6.
2 2
The diagonals are represented by the following
formulas:

d =24ord = 2r;

d =\3dord = 2r.

Figure 4 — Radii and diagonals of the hexagon

The longest diagonal d of a regular hexagon,
connecting diametrically opposite vertices, is twice
as long as one side. The short diagonal d, is the line
between the two vertices.

Equations for positioning a segmented
mirror with an aspherical surface

The operation of the algorithm is reduced
tocheckingthe condition for ensuring the convergence
of the current (actual) values of the center position
of'each segment of the mirror and its calculated values
for the occurrence within the specified tolerance
(A, AL A).

The trajectory of the «circumvention» of
segments in the calculation is carried out according
to the following schemes, shown in Figure 5 —
three basic versions of the mosaic are shown with
the distribution of segments over the surface of the
mirror, taken into account in the calculation.
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Figure 5 — Sequence distribution of segments of the
mosaic when performing calculations for alignment of
the aspheric surface: blue — multi-beam linear; yellow —
multi-point; red — block trapezoidal

Taking into account the above considerations,
the three general equations determine the geometry
of the mosaics from the segmented mirrors, as descri-
bed below.

The first multi-beam linear mosaic from
segments

To calculate the coordinates of the mosaic
segments from the first ring and the main (long)
diagonalsj, ... j,, we use the following equations:

X= lm (m=1...n) Llcos ((p)’
Y=i

m (m=1...n) LlSir1 ((P)’
7= (X+Y)/(2R

nearest) >

where i — current value of the segment in the ray j .

The second multi-beam point mosaic from
segments

To calculate the coordinates of the point diago-
nal mosaic segments shifted by 30 degrees relative
to the first multipath circuit, we use the following
equations:
X=i

m(m=l...n)

V3L, sin(p);
Y= l‘m(mzlmn) \/ng cos(¢);

7= (X+1)/(2R

For the two mosaic variants considered above,
the calculation of the current values of coordinates in
the cycle occurs until the following conditions are met:

T+A<R

nearest) .

nearest’

where R —radius of curvature of the nearest
sphere to a parabolic surface; 7,—the distance,
determining the central position of the current

hexagonal segment, is determined by the formula:
T=VX*+Y".

Third block trapezoidal mosaic made of segments
To mosaic the remaining segments, we use the
following equations:

X =kl ?L] cos(¢) — 7, sin(@);

Y=k %Ll sin(¢p) — 7, cos(9);
T, =@G+15)L;

Z=(X+Y»)/(2R
where k—the index, that transfers the negative
current value of the X and Y coordinates to a positive
value; /=1...S+ A4 —range of calculated values
of the current position of the segment; i=1...5—
the current value of the segment in the trapezoidal
block. The angle ¢ is set from the middle of the
trapezoidal block within 0°...360° in 60°.

To implement the third mosaic, the following
conditions must be met:

-1<k<I; 1<i<S§;

1<I<S+4; T<(R__d

nearest — prom

n earesl) >

Al).

where d —is the average value between longer
and shorter diagonals.

The parameters entering into the expression are
determined by the formulas:

S=R /L.

nearest ~ |

Simulation of a segmented aspherical mirror

Figure 6 shows a block diagram of the algo-
rithm of the program module for forming a mirror
working surface of a circular array of segmented
hexagonal elements along the nearest sphere of the
comparison surface.

The numerical values of the parameters used
to simulate the composite segmented mirror are
presented in Table.

Table
Design parameters of an aspherical composite
mirror

The form Hexagonal
Deformation value o -1
Radus ofeurvaureof b 9000 mm
Number of segments n 85 pieces
Intersegment gap GAP 10 mm
Length of a segment 4 500 mm
Apothem B 433 mm
Mirror diameter D 9000 mm
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Figure 6 — Flowchart algorithm for geometric positioning of segmented mirrors

Starting with the mathematical model, alist with the positions of each segment in the OXYZ
the computer algorithm was developed in the Python  coordinate system. We used the resulting file in the
programming language for geometric positioning Zemax RFP to simulate a composite mirror. Figure 7a
of segments. Using the algorithm, we got one of the = shows the results of simulation of a segmented mirror
types of files with the «*.uday extension, which shows  with a parabolic surface in the Zemax RFP.
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Figure 7 — Simulation modeling of a composite parabolic
mirror: a — is the main projection; b — the spatial position
of the segments in the correction of the wave front

Zemax allows you to simulate a mirror with
an adaptive optical system in both sequential / mixed
mode and in a purely non-sequential mode with the
optimal position of the sloping segments to minimize
aberrations. For the analysis, we introduce random
aberrations on the input wavefront representing
atmospheric effects, and optimize the slopes and
z-positions of the segments to minimize aberrations
in the image plane (Figure 7b).

Conclusion

Formulas for describing the coordinates of the
centers of hexagonal segments are presented and
boundary conditions are defined. A variant of a
sequential «bypass» of segments of a mosaic of an
array of elements is presented: multibeam linear;
multi-point and block trapezoidal. An algorithm

is developed to solve the problem of geometric
positioning of flat hexagonal segments of a mirror
telescope, which provides a minimum alignment
time for the aspherical surface.

In the Python programming language, program
loops are designed to form the data array necessary
to construct a specular reflective surface of a given
aperture. The work of the developed algorithm
of geometrical positioning is checked. A circular array
of 85 hexagonal elements is formed, equivalent
to the diameter of a mirror with an aperture
of 9000 mm.

In the software package Zemax, the convergence
of optical beams from flat hexagonal segments
to the central region of the aspherical surface is verified.
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IIpumeHenune MeToaa NTU(PPAKIUN 00PATHO PACCEAHHBIX
3JIEKTPOHOB B MCCJICAOBAHUAX MUKPOCTPYKTYPbI
IPU onpeaeJeHN NPUYUH Pa3pPyLICHUS METAJIMYECKUX

KOHCTPYKUMI

Mapkoga JI.B., Kosiena B.B., Kosognnckas H.C.

Hncmumym nopowkosou memannypeuu Hayuonanvnoti akademuu nayx benapycu,

ya. Inamonosa, 41, e. Munck 220005, berapyco

Hocmynuna 17.07.2018
Ipunsama k neuamu 27.08.2018

[Mpumenenue merona Audpakmuu 0OpaTHO pacCesHHBIX MEKTPOHOB MO3BOJISIET MTO-HOBOMY B3TJISTHYTh

Ha CTPYKTYpPHBIE U3MEHEHUsI MaTepuaja B LIEJIOM M Ha IIPOLECCH! Pa3pylICHUs] METAIMYECKUX KOHCTPYK-
Ui B acTHOCTH. Llenbro JaHHol paboTHI SBISUIOCH MPUMEHEHUE METoIa TU(PaKIH 00PaTHO PacCesTHHBIX
JIEKTPOHOB IS BBISIBICHUS XapaKTEPHBIX OTIUYUTENBHBIX 0COOEHHOCTEH CTPOEHHUs MaTepuaja Ha ydacT-
Kax IOJ U3JIOMOM U BJIaJI OT HETO.

Judpaknust 00paTHO pacCesTHHBIX JMEKTPOHOB SIBISIETCS METOJOM, KOTOPBIMA TO3BOJISIET ONPE/ICIHTh
OPHEHTHPOBKH MHIMBUIYAIBHBIX 36PEH, JIOKAIBLHYIO TEKCTYPY, a TaKXkKe WICHTH(PUIIUPOBATh (Pa3bl B HcCie-
nyeMoM oOpasiie. DTUM METOJIOM MOYKHO ONPE/ICIHTh JIOKalIbHbIe M 00IIne JedOopMalIii, KOJIHYECTBO pe-

KpPHUCTaJNTM30BaHHBIX U JIOPMUPOBAHHBIX 3€PEH, pa3Mep M Pa30pUEHTAIIUIO 3epeH U JIp.
[IpeacraBieHbl pe3ynbTaThl UCCIeNOBaHUs (hparMeHTa MadThl arperara Jjisi OypeHHst 1 PEMOHTa CKBa-
*UH Tpy3onoabeMHocThio 200 T (APC-200) ¢ ycTaHOBIEHHEM XapaKTEPHBIX CTPYKTYPHBIX Pa3iInuuil MExXy

ydaCTKaMu oA M3JIOMOM U BAaJIM OT HETO.

YcTaHOBIIEHO TOSBICHHE W Pa3BUTHE CyO3epeHHON CTPYKTYpHl Ha ydacTke moja u3iomoM. Ilokazano,
YTO MaTepuaj MadThl N3TOTABIMBAJICS U3 MPOKATA, JUIsI KOTOPOTO HE TPOBOAMIIH JIOTIOIHUTEILHON TepMO00-
paboTKu, U pa3pylIeHUEe MOTJIO TIPOU30MTH MPAKTHICCKH B JIFOOON TOUKE.

KiroueBble ci10Ba: CKaHUPYIOIIMH 3JCKTPOHHBI MUKPOCKOI, AU(PPAKLUs 0OpaTHOPACCESHHBIX AJIEKTPO-
HOB, Pa30pUEHTALMS IPAaHML] 3€PEH, YIIIbl Diijepa, npsMble 1 00paTHBIC MOIIOCHBIE (DUTYDBI.
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Abstract

The application of the diffraction method for backscattered electrons allows us to take a fresh look
at the structural changes in the material as a whole and on the processes of destruction of metal structures
in particular. The aim of this work was to apply the method of diffraction of backscattered electrons
to reveal the characteristic distinctive features of the structure of the material in areas under the fracture
and away from it.

The diffraction of backscattered electrons is a method that allows one to determine the orientation
of individual grains, the local texture, and also to identify the phases in the sample under research.
This method can determine local and general deformations, the number of recrystallized and deformed
grains, the size and misorientation of grains, etc.

The results of a study of the mast fragment of the unit for drilling and repairing wells with a carrying
capacity of 200 tons (APC-200) are presented with the establishment of characteristic structural differences
between the sites under the fracture and away from it.

The appearance and development of a subgrain structure at the site under the slope is established.
It is shown that the material of the mast was made of rolled metal, for which no additional heat treatment
was carried out, and destruction could occur at almost any point.

Keywords: scanning electronic microscope, diffraction of backscattered electrons, differentiation of borders

of grain, Eyler’s corners, direct and reverse pole figures.
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BBenenue

PasButHe nccienoBanuii B 001aCTH METAIUTyPTrHA
MPUBEJIO K Pa3pab0TKe HOBBIX CIUIABOB, YITyUILICHHIO
KOHTPOJISI UX XUMHUYECKOTO COCTaBa, a TaKKe COBep-
LICHCTBOBAHUIO XUMHUKO-TEPMUUECKOH 0O0pabOTKH.
Bonbmme ycriexu ObUIM JTOCTHTHYTHI B MOBBIIICHUH
COIPOTHUBJIEHUS] MaTepHaJOB Pa3pyILEHHI0. DKCIep-
Ty 4YacTO MPHUXOTUTCS ONPENeNsATh MPHUPOLY pPaspy-
LIEHUs, HalpUMep yCTaHaBJIMBaTh, SABJIAETCS JIM pa3-
pYIIEHHE CIEACTBHEM YCTalOCTH WM TEPerpy3ku.
B otnenbHBIX ciydasx AJs MOTy4eHHs OTBETa Ha ITOT
BOIPOC MOXKET OKa3aThbCsl JIOCTATOYHBIM BH3YyaJbHOE
o0cyenoBaHre KOHCTPYKIMOHHOTO dieMenTa. OJHaKo
B JIPYTHX CIydasix MOKET MOTpeOOBaThCS aHAIN3 T10-
BEPXHOCTH pazpylieHus (ppaxrorpaduueckue uccie-
JIOBaHHUs) C UCTOJIb30BAaHUEM BBICOKOTEXHOJIOTUUHBIX
pUOOPOB, TAKMX KaK ONTHYCCKHIA, IPOCBEUNBAIOLINI
WM PACTPOBBIA 3JIEKTPOHHBIE MHUKPOCKOINBI. Dpak-
Torpadus B HACTOSIIIEE BPEMsl IIMPOKO TPHUMEHSIETCS
B (yHIAMEHTAIBHBIX HCCIEIOBAHUSX pa3pyIlICHUS
Kak MHCTPYMEHT [UIs MPOTHO3MPOBAHUS IOBEACHUSA
MaTepuasioB NP SKCIUTyaTallud, a Takke Kak cpel-
CTBO IIPH aHaJM3€ SKCILTyaTallMOHHBIX pa3pyLIeHUI.
MaxkpockonM4ecKUid BUJ] TOBEPXHOCTU U3JI0MA Y4acTO
HCTIOJNIB3YIOT JUIs OLIEHKH CTEIEeHH BSI3KOCTH MeTajlia.
B cooTrBercTBHM € KOHIEHIMSAMH MEXaHUKH pPa3py-
LIEHUS BA3KOCTH SABJISETCS TEM MEXaHUYECKHM CBOM-
CTBOM, KOTOpO€ HamOolee TECHO CBS3aHO C COIpPO-
THUBJIEHHEM pa3pyleHnto. Kak rmpaBuio, moBepXHOCTb
M3JI0Ma COJIEP)KUT OCTATOYHbIE MPU3HAKH, KOTOpPbIE
YKa3bIBAIOT Ha MPOTSKEHHOCTH MPH pa3pylIeHUH BbI-
COKOPHEPreTUUECKOro (BSI3KOTO) U HU3KO3HEpreTHye-
CKOTO (XpyTKOIrO) pachpocTpaHeHHs TpemuH. Bce,
YTO ONpeJeNIieT BENUYUHY BA3KOCTH, & UMEHHO: TIpH-
poaa Marepuana, U3 KOTOpOro U3roToBJIEHA JAETallb, €€
BeJIMUMHA U (opMa, TeMIepaTypa, cpea 1 crocod Ha-
Ipy’Ke€HHs — KOCBEHHO M3MeHsieT BUJI u3soma. [loepx-
HOCTb M3JI0Ma IPAKTHYECKH BCETa COAEPIKUT OCTa-
TOYHBIE IMPU3HAKK, KOTOPbIE YKa3bIBalOT Ha pa3Mep
IIPU pa3pyLUIECHUU BSI3KOM U XPYIKOH COCTaBIIIOLIUX
pactipocTpaHeHus TpemuHbsl. [loaToMy XapakTepHble
0COOCHHOCTH CTPOEHHMSI H3JIOMOB KaXXJIOTO CILIaBa
HE IMOCTOSHHBI OT M3JIOMa K M3JIOMY, a W3MEHSIOTCA
B 3aBHCHUMOCTH OT M3MEHEHUs BSI3KOCTH, CBSI3aHHBIX
C KOHKPETHOH TepMUYECKOI 00pabOTKOM 1 CTPYKTYpOi
uccneyeMsix 00pasuoB. MHTepec K TOUHOMY ompese-
JICHUIO OYara paspylleHHs CB3aH C TeM, YTO OYeHb
BKHO YCTaHOBHTb, YTO OBLJIO IPHYMHOM pa3pyILeHUsL.
[IpenBapurenbHOe HCCEIOBAaHKUE M3JI0MA HallpaBlie-
HO Ha BBISIBJICHHE BCEX 0COOCHHOCTEH penbeda, KOTo-
pbI€ MOTYT IOMOYB ONpPEEIUTh o4ar pazpyuieHus [1].

Kak mpaBmiio, OCHOBHOW NPHUIMHON JIFOOOTO
paspylIieHus: ABISIOTCS HaNpsOHKeHHUS (KaK IMPHITO-
JKCHHBIE, TaK U OCTaTOYHBIC), BEITMYNHA KOTOPBIX
MPEBBIIIAET Mpe/e]l MPOYHOCTH MaTepuana. JTH
HaNpsDKEHUST MOTYT BO3HUKHYTH IPH BO3JEHCTBHU
KOMIITEKCHBIX (haKTOPOB, KayKIIBIH U3 KOTOPHIX HE00-
XOJIMMO OIIEHHUTDH JUIS OIHO3HAYHOTO OIIPENeICHUs
MIPUYUHBI Pa3pPyIICHHS.

PazButne coBpemMEHHOW BBICOKOpa3peliar-
el TEeXHUKU UCCIEAOBAaHUN H3JI0MOB MO3BOJISET
WCCIeloBaTh HAIpPsDKEHHs, W3MEHEHHUA pa3Mmepa
3epeH, JOKaJbHBIE U 00IIHe 1eopMaiii i MHOTHE
JIpyTHe mapaMeTpbl Ha YPOBHE aTOMapHBIX pas3py-
menni [2—12].

Lenpio qaHHON PabOTHI SABISUIOCH TPUMCHCHHE
MeTofa TUQPPAKITUH 00PaTHO PACCESHHBIX DJICKTPO-
HOB (JIOPD) must BBIABIECHUS XapaKTEPHBIX OTIIH-
YUTETBHBIX OCOOCHHOCTEH CTpOEHUs MaTepuana
Ha y4acTKax MOJ| U3JIOMOM M BJAJIX OT HEro (MeToj
EBSD — Electron Backscateered Diffraction).

Martepuaja U MeTOAUKA MCCIIeTOBAHUSA

B xayectBe Marepmana HCCIICIOBaHUN ObLIH
B3THl JBa (hparMeHTa MayThl arperara ausi Oy-
pEHHSI U PEMOHTA CKBaKUH TPY30MOJbEMHOCTBHIO
200 T (APC-200). B nporniecce MoHTaxa MauThl IIPO-
n3omuIa AeopMarys BEpXHEH CEKIMHU MPH BbIIEPIKKE
oy Harpyskoi 250 1. [lns wuccienoBaHui ObuIH
B3sIThl (DparMeHTHl MauThl Ha y4acTKax HeEMocpel-
CTBEHHO B paliOHE HM3JIOMa M BJAJIM OT H3JIOMA.
Maura usrorosiena u3 cranu mapku 171C (F'OCT
19281-2014 «IIpokaT NOBBILIEHHONW TPOYHOCTH).

HccnenoBanne MHKPOCTPYKTYPBI TPOBOAMIH
Ha CBETOBOM MUKpoOckore «MeF-3» dhupMmbl Reichert
(ABctpusi) mnpu ysenumuenuun x50. TsepmocThb
o bpunento onpenensnack Ha TBepaomepe TLHI-2M
o 'OCTy 9012-59. YaapHyio BSI3KOCTh OINpEAEsi-
mu o 'OCTy 9454-78. Uccnenosanue audpaxiu-
OHHOM KapTUHBI CTPYKTYPBI IPOBOJMIIN HA aTTECTO-
BAaHHOM CKaHUPYIOLIEM DJIEKTPOHHOM MHKPOCKOIE
BBICOKOTO paspetenust Mira hupmer Tescan (Yexust)
C MHKPOPEHTI€HOCHEKTPAIbHBIM  aHaJIH3aTOPOM
u EBSD—netexTopom.

Judpaxnus oOpaTHO paccessHHBIX JIEKTPOHOB
SIBISICTCSI METOJIOM, KOTOPBIH TI03BOJISIET ONPEACTHTh
OPUECHTUPOBKH HWHIUBHUYaJTbHBIX 3€PEH, JIOKallb-
HYIO TEKCTypy, a Takke UACHTH()UIMpPOBaTh (hazbl
B HCCIIeyeMOM obpasiie.

Jns monmydenus: KapTuH audpakudu oOpart-
HO paccesHHBIX 3JEKTPOHOB C IOMOILIBIO pacTpo-
BOIO DJIEKTPOHHOTO MHKPOCKOMA IOJMPOBAHHBIH
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oOpa3zer] HaKIOHSIOT oA yrioM 70° K TOpU30HTAIH.
DNEeKTPOHHBIN 30H/I HAIIPABISIOT B HHTEPECYIOMIYIO
TOYKYy Ha TIOBEPXHOCTH oOpasla: ympyroe pacce-
SHAE TIaJ[afoIlero IydYKa BBIHYXKIAET AIIEKTPOHBI
OTKJIOHSTBCS OT ATOM TOYKH HETOCPEICTBEHHO BHY-
Tpu obOpasna Ha TryomHy 15-20 HM W OTpakarbes
OT KPHUCTAJUIMYECKUX TUIOCKOCTEH CO BCEX CTOPOH,
00pa3ys KoHyC.

B ciydasx, xorga ymoOBIETBOPSIETCS YCIIOBHE
Bynbsda—bparra anms mimockocteit aToMOB pelieTKH
KpucTaia, oOpa3yeTcsl Mo JiBa KOHYCOOOpPa3HBIX
mydka JTudparupoBaHHBIX DJIEKTPOHOB IS Kax-
JIOTO CEMEHCTBAa KPUCTAUIMYECKUX IJIOCKOCTEH.
DTH KOHYCHI JJEKTPOHOB MOXHO CJeJaTh BUIH-
MBIMH, TTIOMECTHB Ha WX IyTH (OC(OpECICHTHBIH
9KpaH, a BCIe] 32 HUM — BBICOKOUYBCTBHTEIHHYIO
KaMepy Uit HaOmrofeHns (HarpuMep, HQpPoBYyIO Ka-
mepy CCD). B mecre, rie kKoHycooOpa3HbIe MydKH
AJIEKTPOHOB TepecekaroTcss ¢ (PochopeceHTHBIM
9KPaHOM, MOSBIISIOTCS TOHKHE MOJI0CH (Tosock! Ku-
kyun). Kakziast u3 9THX MTOJIOC COOTBETCTBYET OITpe-
JIEJICHHOW TpyIIe KPUCTALIMYECKUX IJIOCKOCTEH.
Pesynsrupytomue kapruasr JJOPD (EBSD) cocrost
n3 MHOXecTBa nosioc Krukyuu. C momMoupro crienu-
ANBHBIX TPOTPAMM aBTOMATUYECKH OIPEeNsIeTCs
MOJIOKEHUE Kaxaol u3 nojoc Kukyuu, npoBoaut-
Csl CpaBHEHHE C TEOPETHYECKUMHU JAHHBIMH TI0 CO-
OTBETCTBYIOIIEH KPUCTAILTHUECKONW (a3e u ObICTPO
BBIUHCIISIETCS TPEXMepHasi KpHCTauIorpaduaeckas
OpWEHTAIIHS.

s 06paboTKM TaHHBIX, MTOTYYESHHBIX TPU aHAa-
nn3e o0pa3noB MeTtomoM EBSD, WCIONIBb30BaCs
[pOrpaMMHBIA MOAYIb 1ango, NO3BOJIAIOIIMNA MOy~
4aTh MUPOKUH CIIEKTP PEKOHCTPYHUPOBAHHBIX CTPYK-
Typ TIOCTPOCHHEM PazIUIHbIX KapT EBSD.

Pe3yabTaThl M HX 00Cy:KIeHHE

IIpenBapurensHoe HccienoBaHue Mopgoo-
MM M3JI0Ma T0Ka3ajo, YTO ouar paspyleHus Ha-
XoauTcss Ha m3rube ¢parMeHTa Mauthl. Ha stom
K€ y4acTKe Ha MIOBEPXHOCTH H3JIOMa IIPUCYTCTBYIOT
cienpl Genoit kpacku. Kpacka Ha moBepXHOCTh U3-
JIoMa Morvia 1onacTh TOJIbKO B MPOIECCE MOKPACKH
KOHCTPYKIIMH, YTO CBUAETEILCTBYET O TOM, UTO B May-
Te arperara euie J10 3KCIUlyaTalluu [IPUCYTCTBOBAJIA
MUKpPOTpPEIUHA, B KOTOPYIO 3aTekia Kpacka. JJoiaom
pacronaraercst MeXJy OCHOBHBIM U BTOPHUYHBIM
ouaramu paspyiueHus. Ha Bcell MOBEpXHOCTU HU3110-
Ma HaOJroal0TCs paauanbHbeie pyousl. Ha otaens-
HBIX Y4YacTKaX MPUCYTCTBYET IIEBPOHHBIA y30p,
CBUJIETEJIBCTBYIOIIUI O BBICOKOH CKOPOCTH

pa3BuTHs TpeluHbl. [IpucyTcTBHe rpyOBIX pajau-
ANBHBIX PYOIIOB W IIEBPOHHBIX Y30POB TOBOPUT
0 BBICOKHMX Harpy3kax, UCIOJNB3YEMbIX B MPOIECCEe
WCTIBITAaHUH (PUCYHOK 1).

Pucynok 1 — OOmmit Bup QparmMeHTa MauThl arpera-
Ta i1 OypeHHst M PEeMOHTA CKBAXWH: | —y4acTOK BN
OT OYara paspyIleHust; 2 — y4acTOK IO 04aroM paspyLleHus

Figure 1 — The general view of the mast fragment of the
unit for drilling and repairing wells: 1 — a site away from
the focus of fracture; 2 — a site under fracture

OmnpeneneHo, YTo MUKPOCTPYKTYpa B o4yare pas-
PYLICHUsI U JOJIOME CTpodedHasi QeppuTo-TepiauT-
Has. B oware HaOnromaroTCsi MHOXKECTBEHHBIE BTO-
PUYHBIC TPELIMHBI, BO3HUKIINE NPH HCIBITAHUSIX.
[lepnuTHBIE CTPOKM HMMEIOT BOJIHOOOpa3HBIA BHI,
YTO CBsI3aHO ¢ aedopmanueil. B noixome crpoku pa-
30pBaHbl ¥ NapajieabHbl ApyT apyry. Habmonaemas
MHUKPOCTPYKTYpa XapakTepHa Uil CuibHO aedop-
MHUPOBAHHOTO COCTOSIHUSI MaTepHaja, HCIIBIThIBAIO-
mero Oonpine Harpys3ku. TBepmocts no bpunenmio
paBHa 200 HB, uro B mepeBone uucen TBEPAOCTU
BO BpPEMEHHOE CONpOTHBIIeHHE 10 Tabmumam ASTM
coctanisieT 680 MIla, 4To CBUAETENBCTBYET O TOM,
YTO MaTepuas HaXOIWICS B COCTOSHUM HOpMaln3a-
UK. DTO TOATBEPXKIAET U MUKPOCTPYKTypa Marte-
puaina 6ajJku B CTOPOHE OT Pa3pyIICHUs.

Hcxons m3 mpoBeieHHOTO KOMILIEKca Hcce-
JIOBaHUH OOILEro MarepuanoBeJCHUs] YCTAaHOBIICHO,
YTO NMPUYMHON paspylleHHus MadThl arperata APC-
200 sBUJIOCH HAJMYME MUKPOTPEIIUHBI Ha W3rHOe
(hparmeHTa MadTHI (CO cieaMu Kpacku), 00pa3oBaH-
HOHM 10 ucnbelTaHuil noj Harpyskoil. IIpucyrcrBue
TPEIMHBl B MaTepHalleé CHU3UJIO NMPOYHOCTHBIE Xa-
PaKTEpUCTUKH U SIBHJIOCH 04aroM pazpyuienus. [Ipo-
BEJICHHE MHCIIBITAHWH Ha TUAPABINYECKOM CTEHJIE
C BBLIEP)KKOM oA Harpyskoil 248 TOHH CHIIBI Tpe-
BBICHJIO MTPOYHOCTH JJAHHOTO MaTrepuaja B 3TOM ce-
YEHUH, YTO MIPHUBEJIO K OBICTPOMY OJTHOMOMEHTHOMY
Pa3sBUTHUIO CYLIECTBYIOIIEH TPELLIMHBI.
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WccnenoBanus paspymennit meronoM EBSD
MO3BOJISIIOT HAOMIONATh XapaKTepHbIE KPHCTAIIO-
rpaduueckue 0COOCHHOCTH METAJUIOB U PErucTpu-
pOBaTh U3MEHEHUSI CTPYKTYPHI B 00JIaCTH OvYara pas-
pyuieHus. B pesynprare npeaBapuTEIIbHOTO aHATN3a
YCTaHOBJICHO, YTO OCHOBHOH (pa3od HCCIEIyeMOTro
Marepuana sisisiercs ¢asza lron bee (old) — xeneso,
unmeromee OLK pemerky.

Kapts! koHTpacToB B Metone EBSD xapakrepu-
3yIOT pa3Mep 3epeH, TOJMIIUHY UX I'paHul u aedop-
MalMIo MaTepuaia.

[Tomy4eHHble KapThl KOHTPACTOB IOKa3bIBAIOT,
YTO CTPYKTypa MaTepHaja, HaXoHIsIIerocsi B CTO-
pOHE OT HM3J0Ma, UMEET KPYMHO3EPHUCTOE CTPO-
€HME, CpeOHUH pa3mep 3epeH koneOnercst ot 130

10 160 MmxM. KonnmuecTBo MeNKHNX 3€peH HE MPEBbI-
maet 2 %. ['paHuIIbl 3epeH 4eTKO BhIpaKeHBI (pUCy-
HOK 2b). Heckomnbko npyras KapTHHa HaONI0maeTcst
B CTPYKType MarepHala, HaXOZAsIIErocs HEmocpea-
CTBEHHO B pallOHe M3JI0Ma. BHYTpH KpyIHBIX 3€peH
HaOmMoAaeTcsl MOSIBICHUE HOBBIX TPAHUL], KOTOpPbIE
TOJIBKO Ha4YMHAIOT MPOCMATPHUBAThCS. DTO CBHJE-
TEIBCTBYET O TOM, YTO B JAHHOM CITy4ae UJIET Ipo-
Lecc M3MENBIeHMs 3epeH. Pasmep 3epeH Ha 3ToM
yuacTke konebnercst or 3 mo 100 MxM. I'panunst
UX YTOJIIEHBI, O YEM CBUAETEIBCTBYET Majasl KOH-
TPacCTHOCTh KMKY4YH-KapTHH. Manast KOHTpacTHOCTb
KHKY4U-KapTHUH TOBOPHUT O BBICOKOH Ie(EKTHOCTH
TpaHUIl 3epeH KaK CTapblX, TaK U BHOBb 00pa3oBaB-
muxcs (pUCYHOK 2a).

e S

111 111
001 101 001 10

1 010

J

Pucynok 2 — Kapra «Kontpacr [Tomoc» (a, b) u xapaktep pa3opueHTaLUs 3epeH B TIOCKOCTH X (c—f): @, ¢ — y4acTOK
T10]] U37I0MOM; b, d — y4acTOK B/IaJIM OT o4ara pa3pyLIeHus; e— — yIiIbl Diiepa s KapT pa30pHEHTALNH 3epeH

Figure 2 — Map «Contrast of Strips» (a, b) and the misorientation of grains character in the X-plane (c—): a, ¢ — a site
under fracture; b, d — a site away from the focus of fracture; e—j — Euler angles for maps of the misorientation of grains
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Bce BrIeckazaHHOE CBUICTETHCTBYET O TOM,
YTO TIepe]] pa3pylIeHHeM MauThl arperara TpomC-
XOMIMJI TIPOTIECC M3MENBUSHHSI 3ePEHHOM CTPYKTYPHI,
KOTOpBI B JJAHHOM CIIydae HE TMPOIMIEN 0 KOHIIA.
Bce 31O cBUAETENBCTBYET O 3HAUUTEIHHOW aedop-
Maru Marepuana. Kak BHIHO W3 KapT KOHTPACTOB
(pucyHoK 2a, b), ¢ yBenwmUeHHEeM cTereHn medop-
MaIy Marepruaja KOHTPAcT YXyAIIaeTcs BCIIEH-
cTBHE OONBIEH HANPSDKEHHOCTH KPHCTAJUTHIECKOM
permeTku mpu 6ombirel medopmanmu. Kpome Toro,
CYIIECTBYIOT pa3iNunsl B KOHTPACTHOCTH, 00yCIIOB-
JIEHHON ypOBHEM WCKaKEHHUS DPEIIETKH B TEle |
Ha TpaHHWIle 3epeH. B Teme 3epHa OHU MEHBIIIE,
a'y rpaHuIl] — OOJIbIIIe.

CyIIecTBEHHBIN BKJIA]] B ONpEACIICHNE CBOWCTB
MarepHaia BHOCUT pa3opHeHTaIus 3epeH. [t Buzy-
aJM3aIiy Pa3opPUCHTANNHN 3€PEH CTPOST KapThl OPH-
eHTHPOBOK (ymmoB Ditnepa). Takue KapThl MOKHO
MOCTPOUTHh B MPOCTPAHCTBE Kak YIIOB Oiinepa,
TaK ¥ 0OpaTHBIX MOFOCHBIX PUTyp. B mpocTpancTee
Diflepa KaKI0W TOYKE HA YIaCTKE CKaHUPOBAHUS
MIPUCBAaNBAETCsl OIpeJIeNIeHHas OPUEHTHPOBKA, Xa-
pakTepu3yromascs Tpemsl yrmamu Oiiepa, KOTo-
pBIe AAfOT OJHO3HAYHOE TIOJIOKEHHUE IEMEHTapHOM
STIEUKH B TIPOCTPAHCTBE (PUCYHOK 2¢—).

ATBTEpHATUBON TPOCTPAHCTBY YIJIOB Difte-
pa sBISETCS TPOCTPAHCTBO OOPATHBIX TOIIOCHBIX
¢uryp. B »TOM ciiydae KakIoil TOYKEe CKaHHpOBa-
HUS TIPUCBAaWBAIOTCSA WHICKCH Mmuiepa, KOTOpbIe
TaKKe JAfOT Ipe/ICTaBIeHHEe 00 OJHO3HAYHOM IIO-
JIO)KEHUM DJIEMEHTApHOU S4YEHWKU B MPOCTPAHCTRBE.
B BepmmHax TpeyroasHUKa (PHCYHOK 2e—j) PacIiono-
*keHbI mHAeKCH Mummepa (111), (101), (001). Takum
00pa3oM, eciii ToYKa Ha TIOBEPXHOCTH HCCIIETyEeMO-
ro Mareprajga uMeeT opueHTHpoBKy (111), To oHa
okparreHa B cuHHE mBeT, ecim (001) — B KpacHBIH,
aeciu (101)—3enensrii. B crydae, koraa Touka iMeeT
OTIIMYHYIO OT JaHHBIX OPUCHTUPOBKY, OHA OKpaIllcHa
B COOTBETCTBYIOIINH 11BeT. Ha prucynke 2d mokazaHbl
KapTbl OPUEHTUPOBOK 3€pEH Ui Marepuajia MayThbl
B CTOPOHE OT o4ara paspyuieHus. AHaIIN3 IpecTaB-
JICHHBIX JAHHBIX ITOKA3bIBAET, HACKOJIBKO OHOPOIHO
pacnipeacsieHbl OpUCHTUPOBKU B UCCIICAYEMOM Ma-
Tepuane. B maHHOM cirydae MBI BUUM JOCTAaTOYHO
paBHOMEPHOE pacIpeie]iCHHe OPUEHTUPOBOK 3ePeH
0 BCEM TpeM HarpaBiieHusM. B palione odara pas-
pyuieHns (PUCYHOK 2c¢) TIOSIBIISIIOTCS 00JacTd, TH-
roterouue K opueHTHUpoBke (101). OHU oKpalieHb
B 3€JIEHBIA LBET. ITO OOBICHAETCA TEM, YTO B Me-
tautax ¢ OLIK perneTkoil OCHOBHOM TIOCKOCTBIO
cKoNbXkeHus1 sBisiercs: tiockocTh (101). [loatomy
B palioHe N3J10Ma HaOMIOIaeTCsl YBETUUEHIE TUTOIAIN

3eJIeHBIX yYYacCTKOB, HAa KapTaX OPHEHTHPOBOK. DTO
CBUETEIBCTBYET O TOM, UYTO B pailoHe pa3pylIeHUs
pONUTH 1ehopMaIIOHHBIC U3MEHEHHS CTPYKTYPBHI.

Meton EBSD 1no3BoJII€T KOJIMUYECTBEHHO OIpe-
JIeSITh BEIMYMHY YTIOB Pa30pUEHTAlUH TPAHMIL
3epeH. [ paHulbl pa30PUEHTUPOBKH BbilIe 15° 0THO-
cATca K OonpieyriioBeiM Tpanunam 3epeH (BYID),
a MeHbme 15° — x manmoyrmoBeiM (MVYTY). Ananus
MOJTyYEeHHBIX CTPYKTYp (PHUCYHOK 3a, b) mokasai,
9TO B 000MX 00Opa3smax CymIeCTBYIOT 3aMKHYTHIE H
HE3aMKHYTBIE TPaHUIIBI 3€PEeH, IPUYEM Ha yJacTKe
B CTOPOHE OT H3JIOMa KOJIMYECTBO HE3aMKHYTHIX
TPaHMI] OY€Hb HE3HAUYNTEIHHO U 3epHA B OCHOBHOM
okpyxeHsl bYI. B aTom 00pasme ocHOBHas Macca
rpaaun (65,1 %) UMEIOT yroia pa3opueHTAIUN TI0-
panka 1,5°.

B ctpykType obOpasiia B paiione n3iioma HaOIro-
JTaeTCsl OYeHBb OOJNBIIOE KOJMYECTBO HE3aMKHYTHIX
rpaHun] 3epeH. 57 % OCTalbHBIX TPaHUI] HMEIOT
paszopueHTanmio mopsaka 1,5° (MVYID). bompmioe
KOJIMYECTBO OOOPBAaHHBIX TPAHMII 3€PEH YKa3bIBaeT
Ha HE3aBEpIIEHHOCTh TMporecca (OPMHPOBAHUS
JTUCIIOKAITIOHHOW CTPYKTYPBI U TPAHHII BCIIEICTBHE
aKTUBHBIX Jle(hOpMAIIOHHBIX MpolleccoB. B Hamem
Clly4ae aKTHBHBIE /e(pOpMAITMOHHBIE POILIECCHI BBI-
3BaHbI JIOCTATOYHO OBICTPHIM MPOTEKAHNEM TIPOIIeC-
COB pa3pyIIEHUS] MadThl. JTO TO3BOJIIET TOBOPUTH
00 OZHOMOMEHTHOM pa3pylIeHHH H OTCYTCTBHUU
YCTAIIOCTHOTO pa3pylieHus (pucyHok 3a, b). B 3a-
BHCHUMOCTH OT yIJIa Pa30pPHEHTAIIUN TPAHUIIBI OKpa-
IIICHBI B TOT WJIA WHOU I[BET.

Tak, rpaHulbl ¢ yrioM pazopueHtauuu no 10°
MPOBE/ICHBI TOHKUMH YEPHBIMH JIMHHUSIMH, TOJICTas
yepHast nuHus — 10-20°, ¢uoneroserii — 20-30°,
cunuit — 30-40°, romyboit — 40-50°, 3eneHbil —
cBbime 50°.

OTnuunTenbHass OCOOCHHOCTh IUIACTHYECKON
nedopmanum MeTajra COCTOUT B TOM, 9TO e opma-
IIUS1 HAYMHAETCA TOJBKO B TOM CiIydae, Korja BHEIII-
Hee HallpspKeHUe B KPUCTAJUIE TOCTUTAeT KPUTHYE-
CKOTO CKAJIBIBAIOIEr0 HAMpPSDKEHUS WM TIpesernna
TEKy4eCTH B TOW IUIOCKOCTH W B TOM HaIlpaBJICHUH,
B KOTOPOM OHO OCYIIECTBIISIETCSI, YTO COOTBETCTBYET
3aKOHY KPHUTHUYECKOTO CKAaJBIBAIOIIETO HATPSIKCHHS
(3akon Imuma). Ilpm sTOM mepBON HadyHET IeH-
CTBOBaTh CHCTEMa, B KOTOPOH paHBIIIE BCETO AOCTH-
raeT CBOEro MakCHMAaJIbHOTO 3HAUYEHHUs] KOMITOHEHTa
BHEIIHETO HanpsoKeHwst. [Ipu onpeaeneHHbIX OpreH-
THPOBKAX KPUCTAJIIA CIABAT MOYKET HAYaThCS IO He-
CKOJIBKMM cucTemaM ckoisibkeHust. @akrop HIMuna
UMeeT MaKcuMalibHoe 3HadeHue 0,5. Makpockomu-
YECKHUI CIBHUT BOSHUKAET ITPH BBITIOIHEHUHN YCIIOBUS,
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KOTJIa HAalIpsDKEHHE C/IBUTA B TAHHOW CHCTEME CKOJTb-  ITOKA3bIBAIOT, B KAKOM 3€pHE paHbIe HAYHETCS Jie-
JKEHHS JTOCTHTaeT MaKCHMaJbHOTO 3HAYEHHWs, Tak  (opMainus MpH OJHOOCHOW Harpyske. B Tex obma-
Ha3bIBAEMOTO KPUTHYECKOTO HANPSDKEHHS CIBHTA.  CTAX, I7IE I[BET 3epHa CBETIO-3€JIeHbIH, edopMartus
WnuTepecHyro nHbOpMAIHIO Aaf0T KapThl HANpsOKe-  HAYHETCS paHbIIe, 9eM B TeMHO-3elieHBbIX. Mcxoms
Hus capura (kapTel llIMmma) mis cuCTeMBI CKOJb- M3 BBINIE CKA3aHHOTO, MOXKHO C YBEPEHHOCTHIO TO-
xkerus <111> (110) (pucynok 3¢, d). Beibop Takoif  BOPHUTH, YTO MaTepHal MauThl, PACIIONATAIOIIANCS
CUCTEMBI CITpaBe/UIHB MOTOMY, YTO B JAHHOM CIy- B CTOPOHE OT MecCTa pa3pyIlIeHHs, HAXOAUTCS B Je-
gae aHanmusmpyercs Marepuain, umeromuii OLIK-  dopmupoBanHOoM cocrostanm (dhakrop Llmmma co-
pemeTky, a B Metammax ¢ OLK-pemeTkoii ckomb-  ctaBmsier 0,3—0,45). Mmerorcs 3epHa W TEeMHO-3e-
JKEHHE TPOMCXOIUT TIIAaBHBIM 00pa3oM IO IJIOCKO-  JIEHOTO, M CBETIO-3eJIeHOro IBeTa. lIpucyTcTBHe
ctsm (110) B manpasnenun <111>. CnemoBatenbHo,  aedopManuu 3¢peH B TaHHOM CiIydae OOBSICHICTCS
B HAIlIEM CITydae TaKas CUCTeMa CKOJNLKEHHS Oy[eT  TEXHOJOTHEH W3TOTOBJICHHUS MAadThl, T. €. HE OBLI
HanbOonee WHPOpPMATUBHOW, T. K. KapTel llIMuma mpoBeneH OTIycK Marepuaia Imocie MPOKaTKH.

Pucynoxk 3 — Xapakrep pacnpezeneHue (a3 u yrioB pa3opHUeHTALMU 3epeH (a, b) ¥ XapakTep pacupeleleH s Harps-
xenust capura («@akrop HImunar) (¢, d): a, ¢ — y9acTok moj u31oMoM; b, d — y4acTOK BIaIIM OT O4ara pa3pymeHus

Figure 3 — The character of the distribution of the phases and the angles of grain misorientation (a, b) and the character
of distribution of displacement stress («Schmid Factor») (¢, d): a, ¢ — a site under fracture; b, d — a site away from the
focus of fracture

B patione paspymenust ¢gakrop IlIMuma koje-  pyroTCs Ha yUacTKaX C BEICOKOM TUIOTHOCTBIO JHCITOKA-
omercs ot 0,4 mo 0,5. Bce 3epHa Ha ATOM y9JacTKe WA, KOTOPAs BEI3BIBACT BHICOKHE BHYTPECHHHE HCKaXKe-
CHIIBHO NehopMHUpOBaHBI (PUCYHOK 3¢, d). HUSI KPUCTAIUTMIECKON PEIIeTKH Marepraia. B Hamrem

OmanM U3 (haKkTOPOB, XapaKTePU3YIOLIUX COCTOS-  CITydae W3 MONyYEeHHBIX KaPTHH PacIIpeieNIeHIsT MUKPO-
HIE Marepurara, SBISIeTCS XapaKTep paclpeieNieHuss MA-  HapsHKEHWH XOPOIIIO BHIHO, YTO TUIONIAb MUKPOHA-
KpoHarpsbkeHri. [IpruMeHeHHbI MEeTO/ UCCIISIOBAaHNH — TIPSDKEHUM B Marepualie B CTOPOHE OT M3JI0Ma HECKOJIBKO
EBSD mo3BOmseT TOCTPOWTh KapThl paclpenesieHuss  MEHbBIe B OTIMYHE OT MaTepHaya B paiioHe pa3pylire-
MUKPOHATIPSHKEHIH HA TIOBEPXHOCTH HCCIEAyeMOro  Hus (PHCYHOK 4a, b). DT0 CBUACTEIBCTBYET O O0JIee BBI-
obpasia. CaMble BBICOKHE MHUKPOHAINPSHKECHNS (UKCH-  COKOM IUTOTHOCTH AUCIOKAIINH B paliOHE pa3pyIICHISL
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PucyHnoxk 4 — Xapakrtep pacrpe/ie/ieHuss MUKpOHANpPshKeHUi (a, b) 1 XxapakTep pachpeieieH s PeKPUCTaTH30BAHHbBIX
3epeH (¢, d)*: a, ¢ — y4acToK 101 u3JI0MoM; b, d — y4aCTOK BIAJM OT OYara pa3pymnicHHs

*Ha kapTe pacnpenesieHHs peKpHCTaJUIN30BaHHBIX 3€PEH KPACHBIM LIBETOM 00O03HAaYeHB! Je()OPMHPOBAHHBIC 3€pHA,
CUHHM — PEKPUCTAIUIN30BAHHBIE, XKEITHIM — 3€pHa B HCXOJHOM COCTOSIHUU.

Figure 4 — The character of the distribution of microstresses (a, b) and the character of the distribution of recrystallized
grains (¢, d) *: a, ¢ — a site under fracture; b, d — a site away from the focus of fracture

*On the map of the distribution of recrystallized grains, red indicates deformed grains, blue — recrystallized grains,

yellow — grains in the original state.

[Tnomans, 3aHMMaeMas MHKPOHANPSHKCHUSIMH
B paiioHe paspymieHus, cocraBisger Oonee 60 %
OTHOCHTEIIFHO BCEH IUIONIAJM  HCCIIECOBAHUSL.
CrpykTypa Marepuaia B paiioHE pa3pymIeHHUS Xa-
pakTepusyercsi OONBIINM  KOJIWYECTBOM CHIIBHO
MCKQ)XEHHBIX KPUCTAIIMYECKNX pemreTok. [Ipucyr-
CTBHE MHUKpPOHANPSDKCHUH B Marepuaie B CTOPOHE
OT odara paspymieHust OOBSCHIETCS OTCYTCTBHEM
OTIyCKa JaHHOTO MaTepHaia mocie mpokarku. Ha-
JIUYMe TaKWX HANpSHKCHWH TO3BOJSET TIPEIIoNo-
’KHTbh, YTO PA3pyIICHNE TAHHOH KOHCTPYKIIUH MOTJIO
HavaThCs Ha JTI000M ydacTke. /laHHOe mpemonoxe-
HHE TMOATBEP)KIACT HAJIWYNE TOYECHHBIX KOJBIIEBBIX
MUKpOHAMNpsDKeHUH (pUCyHOK 4a, D).

B ocHOBe pexpucTamM3ayy 3epeH Jexar clie-
JYIOIIUE yCITOBHS:

—3epHa He JJOJDKHBI IMETh CYOCTPYKTYpY;

— 3epHa JOJDKHBI OBITH OKPYKEHBI OOJBINEYTIIO-

BBIMH T'PaHUIIAMH;

— 3epHa JIOJDKHBI OBITH pa3MePOM 110 4 MKM.

AHanM3 TIONYyYCHHBIX pPE3YJIBTATOB ITOKA3bI-
BACT, YTO B JIAHHOM CIIydae B CTOPOHE OT H3JIOMa
(pucyHOK 4d) peKkpuCTAIITM30BaHHBIE 3€pHA 3aHH-
MatoT 5,6 % or obmero o0bema, aedopmupoBaH-
seie — 10,8 %, ocTanmbpHBIE 3epHA HAXOAATCS B MCXOMI-
HOoM coctostHuu (83,6 %). IlpunnunuansHo Apy-
ras KapTUHAa HaOIomaeTcss B CTPyKType oOpasiia,
PACIOJIOKEHHOTO HETOCPEICTBEHHO MO/ H3JI0OMOM
(pucyHoOK 4c¢). 3mech peKpUCTaUTM30BaHHBIE 3EpHA
cocraistoT Toipko 0,7 % oT oOvema, 3epHa B HC-
xomHoM coctostHu — 1,8 %. Bee ocranbHble 3epHa
MIO/IBEPIIINCH JeOpMaIiy B TIPOIecce pa3pyIIeHIs
(97,5 %). llo Bce#l wmccremoBaHHOW ITOBEPXHOCTH
HaOJIOAl0TCs €ANHUYHEIE, pa3MepoM MeHee | MKM,
cy0O3epHa, JOCTaTOYHO PABHOMEPHO pAaCIOJIararo-
myecs Mo TOBEPXHOCTH HCCIICTOBAHHOTO y9acTKa.
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Takum 00pazoM, BUAHO, YTO TPHU pas3pylIeHUU
OCHOBHBIM MEXAaHU3MOM DpPa3pyHICHHUSA ABJIACTCA
nedopManus 3epeHHON CTPYKTYPBHI.
KonudecTBeHHbIH aHaIM3 pa3Mepa 3epeH MoKa-
3aJI, 4YTO KaK B MCXOJHOM 00pa3lle, Tak U B 00pas-
1Ie 1O/ U3JIOMOM pa3Mep 3epeH JIS)KHUT B Tpejeax
or 1 mo 10 mxwm. ITox wm3nmomom HabGmomaeTcs
yBEJIMYEHHE KOJIMYECTBA MENKUX 3epeH ¢ 75 %

ot oO0bema B ucxoiaHoM obpasiie 10 90 % B oOpasiie
MOJ] H3JIOMOM.

Koadpduuuent Gopmbl 0CHOBHOI Macchl 3epeH
(cTereHb OBaJBLHOCTH) HAXOMUTCS ONM3KO K KPYTy
Kak B 0Opasiie Moy M3JI0MOM, TaKk U B 00paslie B CTO-
poHE OT m3iIoMa. OTO CBUJACTEIBCTBYET O TOM,
YTO B MPOLECCE Pa3pyLICHHUs CYIIECTBEHHOTO HM3Me-
HeHus (HOPMBI 3epeH He POUCXOAUT (PUCYHOK Sa, b).
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Pucynok 5 — Paciipenenenue 3epeH 1o pasmepam (a, b); npsameie (¢, e) u odpaTable (d, f) OMoCcHBIEe GUTYPHI YIaCTKOB
s ¢assl [ron bee (old): a, ¢, d — ydacTok mon u3nomom; b, e, f— y4acTOK BIaNd OT o4ara

Figure 5 — Distribution of grains by size (a, b); direct (¢, ) and inverse (d, f) pole pieces of the sections for the Iron bec
(old) phase: a, ¢, d — a site under fracture; b, e, f— a site away from the focus of fracture

TexcTypa Marepuana Ha MakpOypOBHE Xapak-
TEpU3yeTcsl MPSIMBIMH M OOPAaTHBIMHU IOJIOCHBIMHU
¢urypamu. Ha pucyHke Sc, e mpencTaBieHbl Tps-
Mble TIOfocHBIE (urypsr mns rmiockoctei (100),
(110), (111) obOpasmoB cTand, BBHIPE3aHHOH B CTO-
pOHE OT m37oMa (PHUCYHOK S5¢) W HENOCpPEeICTBEHHO
TIO/T U3JIOMOM (PUCYHOK Sc¢). B cTanm, B3sTOH B CTO-
POHE OT U3J10Ma, HaOJIFOJAETCSI MHOKECTBO XaOTHUHO

PAacIONOKEHHBIX OCTPBIX IHMKOB OOJBLION HMHTEH-
CHUBHOCTH, YTO CBHJIETEIbCTBYET O KpHCTaJIOrpa-
¢udecknx MexaHm3Max (OPMHUPOBAHUS TEKCTYPHI.
[Ton TekcTypoil ciaenyeT moHUMaTh HaJU4YUE B KpU-
cTajuie MPEeUMYIIECTBEHHOH opueHTanmu. B o6pas-
1€, B35ITOM HENOCPEACTBEHHO 110/ M3JI0MOM, HaOJIO-
JIaeTCsl 3aMETHOE CHIKEHHE MHTEHCUBHOCTHU IHKOB,
YTO HPOBOAUT K Pa3MbITHIO TeKCTyp. ClenoBaTenbHo,
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B 3TOM Cjy4ae B mpoiiecce jaedopmaiuu ObUIH aK-
TUBHO pPa3BUTHl HEKpUCTAIOrpapUuecKhe Mexa-
HU3MBI: C/IBHT 110 TPaHUIAM 3€pPEeH U JHHAMHUYECKAsI
pexpuctammu3anus. [Ipu 3ToM Heb3s MCKIIOYHTH
BIIMSIHUSL  KPHCTAIUIOTPa(QUIECKOTO  CKOJIBKCHUS,
XOTsI ero BKIaJa B (hOPMHPOBAHUE TEKCTYPhI MEHEe
BbIpakeH. Hanndme OIHOTO OCTPOTro TEKCTYPHOTO
MakcuMyma B 1uiockoctd (100) cBuueTenbcTByeT
0 MPHUCYTCTBHH B O0OMX CIIydYasiX PEKPHCTAILIM30-
BaHHBIX 3€PEH, YTO MOJATBEPIKACHO BHIIIIE.

AHanu3 o0OpaTHBIX TOJIOCHBIX (Uryp maet
MH(GOPMAIUIO HE TOJIBKO O HAJIMYUH TEKCTYPHI B Ma-
Tepuale, HO M 0 MeXaHU3Max, MPOTEKAIOIINX B TIPO-
mecce 00paboTKH (PUCYHOK S5d, f).

AHanm3 oOpaTHBIX TONIOCHBIX (UTYp Marepua-
Jia, B3ATOTO B CTOPOHE OT M3yoMa (PUCYHOK Sf), mo-
KasajJ, YTo BO BceX Tpex HampaBieHusx (X, Y, Z)
BUJIHA BBICOKAs TIOJFOCHAS TUIOTHOCTH, YTO CBHJIE-
TENBCTBYET O HAIMYUH SIPKO BBIPAKEHHOW TEKCTYPHI
B Mmarepuasie. Hajiuuue BBICOKOM MOJIOCHOW IJIOT-
Hoct B HampasieHusx <100> u <111> rosopur
0 TIPUCYTCTBUM TEKCTYPbI MPOKaTKU B JAHHOM CITy-
qae. AHanu3 o0pasiia, B3ATOro Moj U3JI0MoM (pucy-
HOK 5d), TIOKa3all, 9To MOJOCHAs TIOTHOCTh BBIXO-
Jla HOpMaJel IIIOCKOCTEH CyIIECTBEHHO CHU3MIIACH
W U3MEHMJIA TIOJIOKEHUE. OTO CBHUJIETEIHCTBYET
0 TIPUCYTCTBUH HEKpUCTAIOrpadUuecKux Mexa-
HU3MOB Jie(hopManny.

3akjauyeHue

JlononHUTEeNbHOE TPUMEHEHUE MeToaa -
pakuuyu oOpaTHO PACCESIHHBIX AEKTPOHOB (EBSD)
[IPY OIPEAETICHUH IPUYMH pa3pylleHus MeTajinyde-
CKUX KOHCTPYKLUH AaeT HanboJjee MOIHYI0 KapTHHY
MIPOMCXOSIIINX U3MEHEHUI B CTPYKType MaTepuaa
B IIPOLIECCE pa3pYIICHHUS.

VYCTaHOBIICHO, YTO B MaTepuane MayTbl MpH-
CYTCTBYIOT pa3ln4us B CTPYKTYPHBIX INpeodpazo-
BaHUAX. Tak, y4yacTOK MOJ M3JIOMOM 3HAuHTENIbHO
neOpMHUpPOBaH, MPAKTUYECKU OTCYTCTBYIOT 3€pHA
B W3HAYAJILHOM COCTOSIHUH, YCTAHOBJICHO MOSIBJICHHE
U Pa3BUTHE CYyO3epEHHOW CTPYKTYpBbI. YCTaHOBJIEHA
CBSI3b MEXK]Ly CTETICHBIO JIe()OpMAIINHU 1 KAPTaMH KOH-
TPACTOB: C yBEIIMYCHUEM CTEIICHH Ie(hOopMaIii MaTe-
puyalna KOHTpacT yXyaAliaercs. BoIsBlIeHO, YTO B paiio-
HE oYara pa3pyuieHus NOSBISIOTCS 001acTH, OTHOCS-
muecs k opuentupoke (101), T. k. gt OLIK permerkn
OCHOBHOM TIJIOCKOCTBIO CKOJIBKCHHUS SIBIISICTCS TUIO-
ckoctb (101). Ananu3 pacnpenesneHuss MUKpOHAIPsI-
YKEHUH MOKa3all, YTo Marepuall B pailoHe pa3pyLUeHUs

XapaKTepU3yeTcsi OOJIBIIUM  KOJIMYECTBOM  CHJIb-
HO HMCKOKEHHBIX KPUCTAUIUMYECKUX  PEIICTOK.
Taxke yCTaHOBJIEHO, YTO Ja)Xe MaTepuaj, Haxo-
JSIIIUICST B CTOPOHE OT H3JIOMa, MMEET J0CTaTOu-
HO BBICOKYIO CTEIEHb jedopMarivu, a 3TO 3HAYMT,
YTO MayTa M3TOTOBJICHA U3 MPOKaTa, ISl KOTOPOTO
HE MPOBOAMIIN OTIYCK, U pa3pylLICHUE MOIJIO HAYaTh-
Csl TIPAKTHUYECKHU B JIFOOOH TOUKE.
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YK 621. 382.8.002

I/I3Mepelme JJORAJJIBHBIX OCTATOYHBIX HaHpH)KeHI/Iﬁ
B ITOJYIIPOBOJHUKOBbBIX KPEMHHUECBLIX CTPYKTYPax
Cenbko C.D., 3eaenun B.A.

Qusuxo-mexnuyeckul uncmumym Hayuonanwroii akademuu nayx bBerapycu,
ya. Kynpesuua, 10, e. Munck 220141, berapyco

Hocmynuna 08.06.2018
lpunama k neuamu 01.08.2018

PacnipenenieHne OCTarOYHBIX HaNpsKEHUH B MHOTOCJIOMHOM IOJIyIIPOBOJHUKOBOM CTPYKTYpPE HOCHUT
CIIOXKHBIM XapakTep W OKa3blBaeT CYIICCTBECHHOE BIHMSHNE HA XapaKTEPHUCTUKU U BBIXOJ TOTHBIX MPHOOPOB.
B cBs13u ¢ 9TUM X HCCIeOBaHHE SBIISETCS OJHON M3 aKTyaJIbHBIX 33]]a4 COBPEMEHHOTO MPHUOOPOCTPOCHHS.
Llenb HacTOsIIEH pabOTHI 3aKIII0YaIach B pa3pabOTKe METOOB OLIEHKU (PaKTUIECKOTO paclpeeIeH s OcTa-
TOUYHBIX HAIPSKEHUH KaK 110 IUIOMAAH ITOIYITPOBOAHUKOBOM CTPYKTYPBbI, TAK U B €€ AIIEMEHTAX.

OneHky pacrpenieieHnss OCTaTOYHBIX HaNpsHKeHWH MO IUIOIMIAIU CTPYKTYpPhI MPOBOJAMJIM Ha OCHOBE
OTIpe/IeNICHNs JIOKAJIbHOM JehopMalni OTACIBHBIX YYAaCTKOB 3TOW CTPYKTYPhl METOJIOM ONTHYECKOH TOMO-
rpadun. B 0CHOBY METOIMKH TOJOKEHO MOCIEeI0BATeIbHOE U3MEPEHNE HHTEHCUBHOCTH 3JIEMEHTOB CBETO-
TEHEBOTO U300paXKeHUs CTPYKTYPbI BJI0JIb BEIOPAHHOTO HANPABJIEHHUS C MTOCJIEAYIOUUM PacyeToM MUKPOTeo-
METPUYECKOTO Mo U paanyca KpuBHU3HBL. OLIEHKY OCTAaTOYHBIX HANPSIKEHUH B TOTIOJIOTHYECKUX DIie-
MEHTax cucTeMbl Si—SiO, MPOBOAMIIM MyTEM pacuyeTa HHTEP(PEPEHIMOHHBIX KapTUH, HOTy4E€HHBIX B 3a30pe
IIJICHKA—TIO/JIOKKA [TOCJIE OTAEJICHUS Kpasl IVIEHKU OT MOJJI0KKH I10 IIEPUMETPY BCKPBITOIO OKHA.

C nmpuBneyeHNeM MeTo/la KOHEUHBIX JIEMEHTOB MOJyYeHbl aHAIMTHYECKHE BBIPAYKEHMSI, CBA3BIBAIOIINE
XapaKTePUCTHKH U300paKeHUH MOITYIPOBOTHUKOBBIX CTPYKTYP € BETHUMHOHN MX AedopMannu, 4To T03BO-
JII€T C IIPUBJIEYEHUEM W3BECTHBIX COOTHOILIECHHUN BBIYUCIIHUTH JIOKAJIbHBIE MEXAHUUYECKHUE HAINPSIKEHUS BbI-
OpaHHOTO y4acTKa CTPYKTyphbl. [IpuBeieHbI MpUMEpHI pacdera peaibHbIX CTPYKTYP.

IIpensoxxeHHbIE METOIMKM pacdyeTa OCTAaTOYHBIX HAMPSKEHUHM B IOITYNPOBOAHUKOBBIX KPEMHMEBBIX
CTPYKTypax IMO3BOJISIFOT YUUTHIBATh Xapakrep U (opMy H3ruda MOIUIOKEK, a TAK)KE OLCHUTH UX BEITHUUHY
B TONOJIOTHYECKHX DIIEMEHTAX PeajbHBIX MOTYIPOBOAHUKOBBIX MPHOOPOB.

KuroueBble ¢ji0Ba: TIOTYITPOBOJIHUKOBBIE CTPYKTYPBI, ONTHYECKAs! TOMOTpadusi, OCTaATOUYHBIC HAIPSIKEHHUS,
METOJTBI KOHTPOJIS.
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Abstract

Residual stress distribution in multilayer semiconductor structure is complicated and has a significant
impact on device characteristics and yield, therefore their study is one of the actual tasks of modern device
engineering. Purpose of the present work was to develop methods of estimation of actual residual stress
distribution at the whole area of semiconductor structure and its elements as well.

The estimation of residual stress distribution at the area of semiconductor structure was carried out
on the basis of determining of local deformation of some areas of the structure by Makyoh topography.
This method is based on consequent measurements of intensity of Makyoh image elements of the structure
along the chosen direction followed by calculation of micro-geometrical profile and curvature radius.

The estimation of residual stress of topological elements Si—SiO, system was carried out by means
of calculation of interference pictures obtained in a film-substrate gap after separating of film edge from
substrate along open window perimeter.

Analytical expressions relating semiconductor structure image characteristics with their deformation
were developed by means of finite elements method. The expressions allow determining of local residual
stress of chosen area of the structure. The examples of stress calculations in real structures are given.

Proposed residual stress calculation methods allow to take into consideration character and curvature
form of substrate, and also to estimate their magnitude in real topological elements of semiconductor circuits.

Keywords: semiconductor structures, Makyoh topography, residual stress, methods of measurements.
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BBenenne

B ocHoBe MaccoBoro mnpomn3BOJCTBa KpEeMHH-
eBbIX MHTerpanbHbix cxem (MC) nexur manap-
Has TEXHOJIOTHSA, OCHOBaHHAs Ha MHOT'OKPAaTHOM
U IOCTIe/IOBATEILHOM (OPMUPOBAHHM Ha KpeM-
HHEBOH IUTACTHHE Pa3IMYHBIX (YHKIHOHAIBLHBIX
cnoeB TpeOyemoit Ttomonoruu. Cucrema Si-SiO,
Ha BCEX 3Tarax Pa3BUTHS JIEKTPOHUKHU BCErJa SBIIS-
Jack 00BEKTOM 0C000TO BHUMAaHHS HCCIeI0BaTe-
neit [1,2]. OgHOM W3 IPUYUH ATOTO SIBISICTCSI TOT
daxr, uro popmuposanue mieHoK SiO, MPOBOUTCS
npu Temrieparypax 7 Bruioth g0 1200 °C, a ux obpa-
00TKa, B 4aCTHOCTH, (HOPMHPOBAHUE TOIOJIOTHYC-
CKOTO PUCYHKA, ITPH TeMIIEpaTypax, OJU3KUX K KOM-
HaTHOM. I[Ipu 3TOM BClIeICTBUE HAIMYHUS TPAJINEHTOB
TEMIIePaTyphl, Pa3IHUUs TeMIIEpaTypHBIX K0d3ddu-
[IUEHTOB JINHEIHOTO pacIIMpeHUs o TUICHKH U TI0JI-
JIOKKH, a TAK)KE CYIIECTBEHHOTO OTINYHS B UX TOJ-
IIMHAX, TPU HarpeBe WU OXJIAXKICHWU B M3TOTaB-
JMBAeMbIX CTPYKTypaxX BO3HUKAIOT MEXaHWYECKHE
HanpspkeHust . [lmactuueckas nedopmanms mare-
pHUaNioB, CTPYKTYpHO-(ha30BbIe MPEBPAIICHUS B TJICH-
Ke ¥ 00pa3oBaHue Je()EKTOB B MOI0KKE PUBOJISAT
K U3MEHEHUI0 3HaueHuil 6. DopMHUpOBaHHUE TOMOJIO-
THYECKOTO PHUCYHKA B HAHECEHHOW IIJICHKE MPHUBO-
JTUT K HAPYIIEHUIO €€ CIUIOIIHOCTU W CYIIECTBEH-
HOMY TIepepaclpe/ie]IeHHI0 OCTaTOYHBIX Harpshke-
HUH C UX KOHUEHTPALMEH IO IPAHUILIAM BCKPBITBIX
obnacteii. [Ipu BeICOKOTEMITEpaTYpHOM (HOPMHPO-
BaHUU TIOCJIEIYIOIIErO CJI0S BO3HHUKIINE B CTPYK-
Type OCTAaTOYHBbIE HANPSKEHUS YaCTUYHO peJaKcH-
PYIOT, HO TIPH OXJIAXKJIEHUH J10 KOMHATHON — MOBBI-
[IAI0TCA M TepepacrpesiesiioTcsl B COOTBETCTBUU
C TEMIIEPATYPHbIM  KO3(DPHUIIMEHTOM  JIMHEHHOTO
pacimupeHnss BHOBb HAaHECEHHOTO oSl U chopMH-
POBAHHBIM B HEM TOIOJIOTHYECKUM PUCYHKOM.

Takum 00pa3oM, HTOTOBOE pacrpe/esicHHe
OCTATOYHBIX HANPSKEHUH B MHOTOCJIOHHOM CTPYK-
Type HOCHUT CIIOKHBIM XapakTep, 0OYCIIOBICHHBIH
Kak CBOMcTBaMH (OPMUPYEMBIX CIOEB, TaK H OCO-
OCHHOCTSIMM TOIOJIOTHYECKOTO PHUCYHKAa B HHUX.
[IpeBsillieHne BETMUNHBI OCTATOYHBIX HAMPSKEHHH
CBEpPX HEKOTOPOro KPUTHYECKOTO YPOBHSA IPHBO-
JIUT K BOBHUKHOBEHHIO PA3IMYHOTO Pojia JIePEeKTOB,
HampuMep, MUKPOTPEIINH, AUCIOKAIUA B MaTepH-
aje TOJUIOKKH, 3aKOPOTOK M OOpBIBOB MeETauIn3a-
IIUH, U T. J., YTO CYIIIECTBEHHO yXY/IIIaeT TapaMeTphl
M3TOTaBIMBACMBIX CTPYKTYpP W CHHXKAeT BBIXOJ
ronHeix mpubopoB [3—8]. B cBsi3u c 3TuM oreHKa
BEJIMYMHBI JIOKAIBHBIX OCTAaTOYHBIX HAaNpsKeHUN
B asieMeHTax MC n ux pacmpezeneHus 1o miouain

MOJYIIPOBOJIHUKOBOM IJIACTUHBI SIBJISETCA OJHOU
W3 aKTyallbHBIX 3aJad COBPEMEHHOTO TPHOOpPO-
CTpPOCHHUS.

Lens HacTOsMmIEH pabOTHI 3aKIIfOYajgach B pas-
paboTKe METOM0B KOHTPOJISA (PAKTHICCKOTO pacipe-
JIEJIEHUS] OCTATOYHBIX HAIIPSDKEHUH KaK 110 TUTOIAIH
CTPYKTYPBI, TaK U B OT/ICBHBIX €€ 2JIeMEHTaX.

OCHOBBI KOHTPOJISA OCTATOYHBIX HANPSIZKEHU I
B MOJIYNIPOBOAHUKOBBIX CTPYKTYpax

Pacuer HamnpsKeHUl B OJHOPOJHOM Marepua-
JIe MOYKHO OCYIIECTBUTh Ha OCHOBE M3MEpEHUs €ro
OTHOCHUTENbHOU edopmanuu o dpopmyde [3]:

l—lo' E 0
I 1-p’

rae /—pasMep KOHTPOJIUPYEMOro 3JEeMEHTa JI0
nedopmarmu; [, — pasmep nocne jaepopmanuu;
E, un— monynp HOnra m xo3ddunuent [lyaccona
HCCIIelyeMOro MaTepHaa.

Hanuuue oCTaTOYHBIX HANPSLDKEHUM B IOJIY-
MPOBOJHUKOBOW TUIACTHHE MPHBOAUT K €€ M3Truly.
B ciiyuae paBHOMepHOT0 M3rnda MIacTUHBI TOJIIHU-
Hoi D Benmuuny nedopmamuu (/—1) mus ee mo-
BEPXHOCTHBIX CIIOEB MOKHO PAaccCUMTaTh Ha OCHOBE
HU3MEpEeHHsl paaryca ee KpUBU3HBI R:

.r
mtDarcsin —

-1, =— R )
360

rJie ¥ — paauyc mwiacTuHbl. J{is ceprudecku u3orny-
TBIX CTPYKTYP PaaUyC KPUBHU3HBI R MOKHO OIpEe-
JIUTh U3 COOTHOLICHUS [4]:

R=—, (3)

re 7 —paguyc CTPYKTYphl; O — cTpena mnporuoa.
BennunHy R MOXHO Takxe ONpenenuTh MHTepde-
POMETPUYECKUMH METOJaMH TpH POPMUPOBAHUN
kosiery HploToHa, nmbo Ja3epHbBIMH — Ha OCHOBa-
HUU M3MEpPEHUs cMelleHus Ax OTpa’keHHOIo Jyda
HAa DKpaHE IpU IEPEMELIEHUN KOHTPOJIUPYEMOM
IJIACTUHBI HAa paccTosiHue x 1o Gopmyiie [1]:

2hx
R="2, 4
4)

rae h— pacCTossHMUE OT IJIACTUHBI 10 SKpaHa.
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[lomaBnsromiee OOJBITMHCTBO METOIOB KOH-
TPOJII OCTATOYHBIX HAMPSDKEHWH B CTPYKTypax
MJICHKa—TIO/[JIOKKa OCHOBAaHBI HAa U3MEPEHUH UX
yrpyroi nedopManuu, B 4aCTHOCTH pajnyca KpH-
BU3HBI R CTPYKTYp C MOCIEAYIOIIHM pacyeToM
HaIpsDKeHUH ¢ ucrosib3oBanueM ¢opmyn Croy-
HH [4-8]. B 3aBHCEMOCTH OT crocoba ompenene-
HHSI R pa3audaroT AUCKOBBI METOJ, METOJ U3rnda
CTEpKHS | JIp.

W3mepeHne HanpspKEHUH B CTPYKTYpE Kpy-
TJ1ast MOJXYTIPOBOTHUKOBAS TTOJIOKKa—TUICHKA, KaK
MPaBUJIO, MMPOBOJAT JIMCKOBBIM METOJOM Ha OCHO-
BE€ ONpeNeJeHUs] H3MEHEHHUs paanyca KpPUBHU3-
HBI R CTPYKTYp BCIEICTBHE M3TH0a, 00yCIOBICH-
HOTO OCKJEHHUEM WM BBIPAIIMBAHUEM ILICHKH
Ha OJIHOM CTOpPOHE NOJI0KKU-OCHOBBI. OcTaToy-
HbIe HANPSDKEHHA G B IJICHKE B 3TOM CIIydae ompe-
nenstotT o gopmyne [4]:

2
oo ED 5)

6(1—p )Rt
rae £, u —monyns FOnra n xospduument Ilyac-
COHa MaTepuana TOIOKKH; D — TOJNIIMHA TIOJ-
JIOXKKH; ¢ — TOJIIUHA TUICHKH.

Jlyist ydeta mepBOHAYAIBHOTO MPOruba CTPYyK-
Typ H3MepeHus mpoBomAT a0 (R) wm mocne (R,)
MPOBEJICHHUS TEXHOJIOTMYECKON OIEpaIiu OCax ie-
HUS TUICHKW B OJIHAX M TEX )K€ TOYKaxX Ha IIacTH-
He. B aToM ciyuae Beipaxkenue (5) mpeobpasyercs
K CJICYIOIIEMY BUIY:

2
o= ESDS (Rl _RZ)

_ _ (©6)
6(1 — K, )RI R’)t

JlaHHOE COOTHOIIIEHHE YA00HO TaKXkKe UCIIOIb30-
BaTh JUIS pacuyeTa CyMMAapHBIX HAMPSHKEHUH B IICH-
Kax. B aToMm ciydae pamuyc KpUBH3HBI U3MEPSIOT
JIO ¥ TIOCTIC yIATCHUSI CCIIETyeMO TICHKH.

CyllleCTBEHHBIM ~ HEJIOCTATKOM  paccMaTpH-
BaeMbIX METOJIOB SIBIISIETCS TO, YTO OHH OCHOBAHBI
Ha MPEIIONI0KEHHH O PABHOMEPHOM HW3rube Bceit
TUTACTHHBI, HE YYUTHIBAIOT PealbHyI0 (HOpPMY H30T-
HYTOW TOBEPXHOCTH, TMepepacipesieiecHHe ocTa-
TOYHBIX HAMPSHKEHUH 10 IUIOIAJAN CTPYKTYphl U
MX KOHIIEHTPALMIO IO ITPaHULaM BCKPHITHIX B Si0O,
OKOH. B utore mony4yeHHbIe yCpEJIHCHHBIC PE3ylib-
TaThl KOHTPOJIS BEJIMYMHBI HAMPSDKCHUN B TUICHKAX
MOTYT OTJIMYATHCS OT JIOKAJIbHBIX Ha MOPSJIOK H
Oomnee. B cBs3u ¢ 3TUM OBLTH pa3pabOTaHBl HOBBIC
METO/IbI KOHTPOJISl OCTATOYHBIX HAIPSHKCHUH, OCHO-
BaHHbIC HA JIOKAJIbHOM M3MEPEHUU Je(GopMaIiyii.

Onpenesienue u3rnda moJaynpoBOTHUKOBOI
CTPYKTYPBI U JIOKAJIbHBIX HANIPSIZKEH Uil
B Ipejiesiax 0JHOT0 KPHCTAJLIa

PeansHyto hopMy n3rubda moaympoBOTHUKOBBIX
CTPYKTYP MOHO JIETKO OTIPEICIIUTH METOIOM OITH-
YeCKON TOmorpaduu, H3BECTHBIM TaKXe KaK METOI
Makyoh tomorpadum [9-11]. OnTuueckas cxema
KOHTPOJISI IPUBEICHA HAa PUCYHKE 1.

Pucynok 1 — Ontuueckass cxema KOHTPOJS TOBEPXHO-
CTC METOJIOM OITHYCCKOW Tomorpaduu: 1 — UCTOUHUK
cBeTa; 2 — KOHTPOJIUpyeMasl CTPYKTYpa; 3 — dKpaH

Figure 1 — Scheme of Makyoh topography imaging:
1 — light source; 2 — target structure; 3 — screen

CBer OT TOMOLEHTPUYECKOTO  HCTOYHH-
ka | magaeT Ha MOBEPXHOCTh KOHTPOJIHMPYEMOMH
CTPYKTYpBl 2, OTpa)kaeTcs OT Hee M IOmajaeT
Ha 3KpaH 3, GopMUpPYs HA HEM CBETOTEHEBOE M30-
OpakeHHe KOHTPOJIUPYyeMOi oBepxHocTH. Mcxon-
Has CTpyKTypa 2 j1o naeopmanuu (R, =o0) U X0n
OTPaXEHHBIX OT Hee Jydei n300paKeHbl MyHKTHP-
HBIMU JTUHUSMH. M300paskeHre Bceil MOBEPXHOCTH
cTpykTyphl X X.* u e€ pparmenra X X, B ciydae
oTcyTcTBHs AedopManuu Ha 3kpaHe 3 oOo3Haue-
Hbl Kak X0, * mxx* W3rub crpykTyphl mpuBo-
JIUT K CMEIIEHUIO OTPOKEHHBIX M3 TOYEK X,* u x,*
JTy4ed B TOUKHM X, H X,, COOTBETCTBEHHO. CMmele-
Hue Ax, = (xx, — X X,*) BOTOM Cly4ae OTpaxKaer
nedopMalmio CTPYKTYphl B IIEJIOM, a CMEIICHHE
Ax,= (xlxz—xlxz*) — nehopManui JTOKAIBHOTO
ydacTka nosepxHoctu X X,. B nepsom npubmnmie-
HUHM PajlyC KPUBU3HBI CTPYKTYpHI B LEJIOM HIIH
ee BeIOpaHHOTrO (hparMeHTa, Kak cieayeT u3 pado-
Thl [11], MOXXHO Tak)Ke ONPENEIUTh C MOMOIIbIO
BolpaxkeHus (4). Ilpu sToM o4yeBUAHO, YTO 3HAUe-
HUsA R,, BBIYUCIICHHBIE 17T BCEH MOBEPXHOCTH X X,
u ¢€ parmMenta X X, Ha OCHOBaHMM CMEIEHUA Ax
v Ax,, OylyT 3HaUMTEIBHO OTIMYATHCS.
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OOmmpHBIE UCCIeAoBaHUA AcPOopMaIuN TTOITY-
[IPOBOJTHUKOBBIX IIJIACTUH W CTPYKTYp IOKa3aliu,
YTO painyC KPUBHU3HBI TPU JIBUKCHUHW BJOJIb BBI-
OpaHHOTO HAIpPaBJICHUS HAa TIOBEPXHOCTU SIBIISICTCS
IIOCTOSIHHO MEHSIOIIelcss BenmuunHoW. B Hambonee
o0mieM cirydae MOXXHO TOBOPHTH JIMIIb O Pajanyce
KPUBHU3HBI 1 MEXaHUYECKUX HAINPSDKESHHUSIX B BBIOPAH-
HOIi TOYKE ITOBEPXHOCTH B BRIOPAHHOM HAIPABICHUH.
Pazpemaromas cmocoOHOCTH METOAA ONTHYECKOM
Tororpaduu 1o pazMepam JIe()eKTOB B IUTAHE COCTAB-
JISIET JOJIA MM, YTO JUISl HCXOAHBIX IOJIYIPOBOIHH-
KOBBIX TUIACTUH TIO3BOJISICT BBIICIHUTH OOJIACTH KOH-
Tpois Imromaneio mopsaka 1072 M2 JIist mracTuH
€O C(POPMUPOBAHHBIMUA HA HUX CTPYKTypamu (TOIO-
normdeckumu dnemeHTamMu  MIC) KoHTponmpyemas
00J1acTh JIOKaJIM30BaHa B Mpe/iesiaX 0JHOT0 KpUCTall-
na UC. B pabore [11] Hamu npuBeAeHO BBIpa)KCHUE
Ut IpO(bHIIst KOHTPOJMPYEMON TTOBEPXHOCTH B0
BBIOPAHHOTO HAIPaBJICHUS X, IOJTYYSHHOE ITyTEeM I10-
CJIEZIOBATEIIHbHOTO BBIYHMCIICHUSI OTKIIOHCHUS DIIEMEH-
TOB TIOBEPXHOCTHU OT UACATHHON TNIOCKOCTH HA OCHO-
BE U3MEPEHHS OTHOCUTEIILHONH HHTEHCUBHOCTH COOT-
BeTCTByIOHII/IX YM DJIEMEHTOB U300pasKeHUS:

DI e I BN YCRIN A T

I=i+1

1€ Z — OTKJIOHEHHE BBICOTHI MPO(UIIS 115t 7-TO dIIe-
MEHTa MOBEPXHOCTH; X — pa3Mep dIIeMEeHTa H300pake-
HUS BJIOJIb BBIOPAHHOTO HampaBJicHHUA X; k — oOriee
YBEIIMYCHUE W300paKEHISI, OOYCIOBICHHOE XOIOM
Ty4ei; h — pacCTOsTHHEE OT KOHTPOIMPYEMOH TTOBEPX-
HOCTH JIO 3KpaHa; .J, — Cpe/IHee 3HAYEHNE WHTEHCHB-
HOCTH M300paKeHHsI BJIOJIb BHIOPAHHOTO HArpaBJic-
nusg X; J, v J,— 3HaYeHWE MUHTEHCHBHOCTH H300pa-
JKEHUST KOHTPOIIMPYEMOW TMOBEPXHOCTH ISl i-TO H
[-ro sneMeHTa BJOJIb BHIOPAHHOTO HArpaBieHUs .JX;
71 — KOJIMYECTBO AJIEMEHTOB H300paKEeHHSI.

PazpabotanHoe mporpamMmmHOe oOecredeHue
KOHTPOJISI IO3BOJISIET MMONYyYaTh NPOPHUIN KOH-
TPOJIMPYEMOH TIOBEPXHOCTH B COOTBETCTBHH C BbI-
OpaHHBIM HampaplcHHEM. Ha ocHOBaHWM MOITyd4eH-
HBIX TPOGWICH TMPOBOAUTCS pacdeT paanyca Kpu-
BU3HBI IOBEPXHOCTH U BEJIMYMHBI MEXaHUYECKUX Ha-
MPSHKCHUHN B COOTBETCTBUH ¢ BhIpakeHUsIMU (1) 1 (2).

Ha pucynke 2a npuBeaeHa TonorpaMma HCXo/-
HOW »mHTaKkcuanbHOH CTPYKTYpel (DC — KpemHu-
€Basl IUIACTHHA C BBIPAICHHOW HA HEW SMHUTAKCHU-
anbHOM TuIeHKo#) opuenTtanuu (111), a Ha pucyHke
2b — ee TomorpaMma mociie TepMooopadoTku. bazo-
BHIIT cpe3 B muockoctH (112) pacmonoxkeH B HUX-
Hell yactu n3oOpaxenus. Ha pucynke 2c¢ mpuse-
JeHbl reomerpuueckue npodunu 3o OC BIOIB

n

4khJ

kpucTannorpaduuecknx Harpasaernii [101]u[112]
MOJIy4YC€HHbIC METOJaMU1 KOMHLIOTCpHOP'I Juar"Ho-
CTHKH B COOTBETCTBHH C BbIpaxkeHueMm (7), a Ha pu-
CYHKe 2d — pacnpe/ie/ieHue BOTHYTBIX U BBIMTYKIIBIX
ydgacTkoB 10 iomanu OC. Bormytele ydacTku
OTMEUEHBI 3HAKOM «—», & BBIITYKJIBIC — 3HAKOM «.
Jluanu neperuba (TpaHUIIBI BOTHYTHIX U BBITYKJIBIX
obmacrelf) 0003HAYEHBI CIUIONIHBIMU JIMHHSIMH,

a 00J1aCTH MaKCHMaJIbLHOM I[e(l)OpMaHI/II/I, IIOMCYCH-
HBIE 3HAKAMU «— —» U «* 1, BBIJCICHBI ITYHKTUP-
HBIMH JIMHUAMU.
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Pucynok 2 — Ontiueckast TonorpaMma 3IMUTaKCHATBHOM
CTPYKTYpHI 110 (@) 1 niociie (b) TepMooOpaboTKH, ee reome-
Tpudeckre npoduiu (¢) u pacnpeelieHne BOTHYTBIX «—»
1 BBIITYKJIBIX «1» Y4acTKOB IO TIOIIAAN CTPYKTYPSI (d)

Figure 2 — Makyoh topogram of epitaxial structure before
(a) and after (D) heat treatment, its geometrical profile (c)
and distribution of concave (-) and convex (+) zones by
structure area (d)
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W3 mpuBeAeHHBIX TaHHBIX BUIHO, 9T0 DC HM30T-
HyTa B BHJIE PO3ETKH, MPHU ITOM XapakTep H3ruda
BJIOJIb HampasyieHu tuna <1 10> u <112> cyme-
CTBEHHO oTiinyaeTcs. JImHnm mepernba 10CTaTOYHO
CHMMETPHUYHBI OTHOCHTEIHHO IIEHTpa IJIACTHHBI U
B COBOKYITHOCTH 00pa3yIOT MIECTHIICTIECTKOBYIO PO-
3eTKy. HabOmromaemas kapTrHa n3rnba o0ycioBiacHa
CXKaTHEM XO0JIOTHOTO kpas DC TpH eIie ropsiaeM ee
neHTpe. Bmoas Hanpasnenunit Tama <1 10> 5C Bor-
HyTa 10 Iyre 0e3 TOUek mepernda U MMEET CTPEITy
nporuba, paBHyo 90 MKM, a BIOJIb HaIpaBICHUI
tama <112> w3rnd XapakTepU3yeTCs HATUIHEM
JIBYX BBIMYKJIOCTEH ¢ MaKCHMyMaMH, PacroIOKeH-
HBIMH Ha PACCTOSHUH IMTOJOBUHEI pajiiyca OT IEHTpa
OC, u AByX TOYEK Ieperuda. BeicoTa BRITyKIIOCTEH
B Hanpapyienuu [ 1 12] cocTaiseT mpuOIN3UTETEHO
140 u 100 mxMm. PacueT pagnycoB KpUBHU3HBI B II€H-
tpe DC maer 3HaueHUA 6,8 M BIOJIb HAIPaBICHUS
[101] m 1,7 M Bnons Hampaenenus [112]. Coot-
BETCTBYIOIIME STUM 3HAYCHHUSIM R OCTaTOYHEBIE Ha-
TIPSDKEHUS, BRIYHUCIECHHBIE 110 hopmynaMm (1) u (2),
cocTaBIstoT 5,5 m 25,1 MIla, cOOTBETCTBEHHO.

Takum 00pa3om, HECMOTpS Ha U30TPOMHOCTH
3raueHnd Moyt FOHTa 1 koaddummenta [lIyaccona
Iust kpemuust opuenTtarmu (111), dakTtudeckoe pac-
MpefieTieHre OCTaTOYHBIX HANPSHKEHUH NMeeT BhIpa-
KEHHYIO aHMW30TPOITHYIO KapTHHY: B HANPaBICHUSIX
trma <112> ypoBeHb OCTATOYHBIX HAIPSDKEHUH CY-
IIIECTBEHHO BHIIIIE, YeM B HAIpaBJIeHUsX Tuma <110>.

[IpuBeeHHBIN pUMep HATJSAHO JIEMOHCTPH-
pyeT BO3MOMXHOCTH METOZa OINTHUYECKOH TOIoTrpa-
(¢uu IS KOHTPOJIST MEXaHWYECKUX HaIpPsDKEHUH
B IIOJIYIIPOBOJHUKOBBIX IUIACTUHAX U CTPYKTypax.
B wacTHOCTH, OH MTO3BOJISIET YCTAHOBUTH 0OCOOCHHO-
CTH M XapakTep AeQOopMalyy MOIyITPOBOTHUKOBBIX
cTpykTyp. Tak, B MPUBEACHHOM IpUMEpe IS Iia-
ctuH opueHtaumu (111) B HampaBieHHAX TUNa
<110> paanyc KpWUBHU3HBI MaKCHMaJeH, a JJs Ha-
npasieHuit tuna <112> mMuHUManeH. JT0 MOXHO
OOBSCHUTH TEM, UYTO HampaBieHus Tuma <112>
B rutactuHax opueHTanmu (111) sBisroTcs MTMHAIMA
nepecedeHust pabouell MOBEPXHOCTH C TUIOCKOCTS-
mu tuna {110}, sHeprus aedopmManuu B KOTOPBIX
MUHHManbHa. VIMEHHO B 9THUX HaIllpaBJICHUAX, KakK
BUJIHO W3 MPUBEJCHHOIO PHUCYHKA, PACIOJIOKCHBI
JIMHUHN CKOJIbKCHUS.

KoHTpPOJIb 0cTATOYHBIX HANIPSIKEHUI
B TONOJIOTHYECKHUX JIeMeHTAaX

OCHOBHOW BKJIaJ B BEJIMYMHY OCTAaTOYHBIX
HaNpsHKCHUH KPEeMHHUEBBIX CTPYKTYpP BHOCSAT Harll-
psKeHus, BO3HMKaromue B cucteme Si-SiO,.

MMeHHO rpaHuIlbl BCKPBITBIX OKOH B Si0, ABIAIOT-
Cs HMCTOYHUKAMH JUCIOKAIMHA B KPEMHHUHU, KO-
TOpbIe B JaNbHEHIIEM MPUBOIAT K JErpajaluu
U3TOTaBIMBAEMBIX TPHOOPOB. DTO CBSI3aHO C TEM,
4YTO, HECMOTpA Ha XOpOomyrd COBMECTHUMOCTD,
KpPEMHUH U €ro JUOKCHJ UMEIOT pa3IMuyHble 3Ha-
geHus o. Tak, O cocTaBiser 2,5 x 10 K™,
a O, — 1,0 x 107 K™, 94TO ¢ y4ETOM HCIOJIb30Ba-
Hus Temnepatyp opmuposanus SiO, no 1200°C
OPUBOJUT K BOSHUKHOBCHHIO BBICOKHX OCTATOY-
HbIX HAIPSHKCHUH IPHU MOCICAYIONEM OXJIaX]Ie-
HuH. WX penakcarus depe3 nedekTooOpa3oBaHme
B KPEMHHUH U HOJ‘II/IMOp(I)HuLIe npespamenus B SiO,
OTpesieNIIeTCs] KMHETUKOW JaHHBIX MPOILECCOB H
3aBUCHT OT PEKUMOB IIPOBEICHHS PA3IMYHBIX TEX-
HOJOTHYCCKUX onepaunﬁ U B3aUMMHOI'O BJIUSIHUS
TOTIOJIOTHYECKUX cyoeB. [loaToMy dakTuueckue
3HAYCHUA HaHpH)KCHI/II‘/’I MOJHO OIIPEACIUTDb TOJIb-
KO DKCMEPUMEHTATbHBIM MyTEM.

OmnpeneneHue JOKaIbHBIX HAMPSHKEHUH B CTPYK-
Typax Si-SiO, Gasupyercs Ha METO/AX, BKIIOYA0-
IIUX CEJICKTUBHOE TPaBIICHHE TPAHUIIBI MX pasjiena
10 KPar0 BCKPBITBIX OKOH, OMNpEAEJICHHE OTHOCHU-
TEJILHOTO yJUTMHEHHS CBOOOJHOTO Kpas OKCHJa
O pacrpesie]ICHuI0 HHTep(EPEHITMOHHBIX MaKCH-
MyMOB [2]. MaTepdepeHnnonHas KapTHHa B CTPYK-
Type Si-SiO, n cxema n3ruba Kpas AMOKCHIA KpeM-
HUSI TPUBE/ICHBI HA PUCYHKE 3.

b

Pucynok 3 — nrepdepeniinonsas KapTHHa B 3a30pe
Si-SiO, (@) m cxema n3ruba kpas IHOKCHIA KPEMHHMS
(b): 1 —mnmeHka OWOKCHAA KPEMHUS; 2 — OTHCICHHBIN
OT KPEMHUEBON MOJUIOKKU Kpail JUOKCHIAa KPEMHHUS;
3 — OKHO B AMOKCHE KPEMHHUS

Figure 3 — Interference picture in Si-SiO, gap (a) and
scheme of silicon dioxide bend edge (b): 1—silicon
dioxide film; 2 — separate edge of silicon dioxide from
silicon substrate; 3 — window in a silicon dioxide
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KoHeunyro nauHy Kpasi OTIAENEHHOW IUIEHKH
B COOTBETCTBHHU C PUCYHKOM 3 ONpenesisiioT 1o ¢op-
MyJIe:

)\’2

4 3

®)

A
112+T+Z (-1 +
i=2

rae [, — pacCTOSHUE OT TOYKM OTCYETa J0 MEPBOK
JUHAN UHTep(EPEHINH; | — HOMEp JINHUH; 1 — KO-
JUYECTBO JMHUH; ([ —[ )— paccrosHue MEXKIy
IBYMs JHHHUSAMH HHTEPQEPEHIMH C HOMEpPaMH i
u (i—1); A — quMHa BOJHBI CBETa, B KOTOPOM Ha-
OJro1aniach nHTEpGEPEHIIMOHHAS KapTHUHA (1S 3¢-
neHoro A =0,54 mxm). Bennuuny HampspkeHui
B okcujie onpeaeistoT mo Gopmyiie (1). Urorosas
(dhopmyna ams pacyeTa HaNpsDKEHUN ¢ ydeToMm (8)
UMeeT BUA:

l

c=%(1- 9

)%

2 n

A , W I-p
[ +—+ L= ) +—
1 4 122: (1 1—1) 4

Pacuer ocTaTOYHBIX HANpsSIKEHUU B TOMO-
JIOTHYECKOM JJIEMEHTE, IPUBEAECHHOM Ha pH-
cyHke 3, maetr 3Haudenus 51 Mlla. BusyambpHas
AKCIPECC-OIEHKa BEIMYMHBI JIOKATHHBIX OCTa-
TOYHBIX HANpPSDKCHHH TPU 3TOM MOXKET OBITh
MpOBEJIeHa MTyTeM CpPaBHEHHUS IUIOTHOCTH HWHTEP-
(epeHIMOHHBIX JTUHUN, HaOII0JaeMbIX MO KOH-
TypamM OKOH Pa3JIM4YHONH KOHQUTypaluuud U pas-
MEpOB — MPU YMEHBIIEHUN PACCTOSHHUI MEXIY
WHTepPEPEHINOHHBIMA MaKCUMyMaMH BeJIUYUHA
HANPSI)KEHUH BO3PACTAET.

Tak, Ha pucyHke 4a—c TpuUBENEHBI H300pa-
JKE€HHS TOMOJOTUYECKUX IEMEHTOB KPEMHHUEBOH
CTPYKTYpBI C OTAEJIEHHBIMH IO I'paHUIlaM OKOH
KpasMH OKCHUJHOW TJEHKH ToamuHOH 0,8 MKM,
nony4yeHHoOH Ha nmomioxkke opueHtauuu (001).
WHTephepeHIIMOHHBIE KAapTUHBI B PEryJIsSPHOM
CTPYKTYpPE TECTOBBIX 3JIEMEHTOB (PUCYHOK 4c)
B CMEXHBIX OKHaX 4YepeayloTcs B IIaXMaTHOM
MOPSAZIKE, OJIHAKO PEeTYISIPHOCTh YepeloBaHUA
nepuoguuecku  Hapymaercsa. MccienoBaHue
pacmoyioKeHUsT TaKuX HapyLmIeHWH perymsp-
HOCTH HPH IOMOLIM ONTHYECKOH Tomorpaduu
[oKa3anao, YTO OHM, KakK IPaBUIIO, COBIAAAIOT
C HampaBJEHHUSIMH JIMHUW TMeperuda IMOI0K-
Ku. PacueT 3HaUYEeHUN OCTATOYHBIX HANPSIKEHUH
B M300p@KEHHBIX DJIEMEHTaX Jajl BEIHYHHBI
oT 23 no 75 MlIla.

c

Pucynok 4 — MurepdepeHIIMOHHbIE KapTHHBI B 3a30pe
Si-SiO, B 3aBUCMMOCTH OT (OPMBI TOTIOIOTHYECKHX DIIE-
MEHTOB

Figure 4 — Interference pictures in Si~SiO, gap depending
on topological elements shape

Ha pucynke 5a npuBeneHa onTuuyeckas TOIMO-
rpamMmma JAe(pOPMHUPOBAHHON IOJYIPOBOIHUKOBOM
CTPYKTYpBl, a Ha pPUCYHKe S5b — pe3yibTarhl pac-
YeTa OCTAaTOYHBIX HANPsDKCHUW B OJNHOTUITHBIX
TOTIOJIOTUYECKUX DIIEMEHTAaX KBaJPaTHOU (HOpMBI
(pucyHok 3) 1o Bcel ee mrom@aan B opMe KapThl
HampspkeHui. {1 HarsIAHOCTH 00JNaCTH OTHOCH-
TEJIbHO HEBBICOKMX 3HAUCHMU HANpsKeHW J1aHbl
OTTEHKaMH KOPHUYHEBOTO, a O0JacTH IOBBIIICH-
HBIX 3HAUCHUU — OTTEHKAMU CHHEro. Pacuer ke
3HAYCHUH HaNpPsHKCHUH B 3aBUCHMOCTH OT (hOPMBI
JIIEMEHTOB B TIpeeNiaX OJHOTO KpHCTajlla Jajl Be-
nuauHb! oT 15 mo 350 MIla. Ananu3 xapakrtepa Ko-
poOJICHUST CTPYKTYPhI MMOKA3bIBAET, YTO BBIMYKIIBIM
00J1acTIM CTPYKTYpBI, AJISI KOTOPBIX CBOMCTBEHHBI
HampsDKCHUST PACTSDKCHHSI B MOAJIOKKE, COOTBET-
CTBYIOT IIOHHM)KEHHBIE 3Ha4eHUs G B IUIeHKe SiO,,
a BOTHYTBIM OOJIACTSIM CTPYKTYPHI C HANPSHKSHUSIMH
CKaTUSl B IMOJUIOKKE — MTOBBIIICHHBIE HAPSIKCHUS
B IUIGHKe. PaccunTaHHble Ha OCHOBaHWHM H3Mepe-
HUS pajinyca KPUBU3HBI MOJUIOKKH MOCIE Y/IaleHUs
OKCHJIHOM IIJIEHKHM B COOTBETCTBHUH C COOTHOILIE-
HUeM (6) HampsHKeHUS B TIOMIIOKKE  COCTaBWIIA
rpu 3toM oT +18 no —7 MIIa.
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Pucynok 5 — Tonorpamma mnactunsl ¢ KMII cTpykry-
pamu (a) ¥ IMarHocTHUeCcKast KapTa pacipeielieHNs Mexa-
HUYECKUX HaMpsuKeHui (b)

Figure 5 — Topogram of wafer with CMOS structures (@)
and diagnostic card of residual stress distribution (b)

Takum 00pa3oM, pacCMOTPEHHbIE METOIbI KOH-
TPOJI BEIMYMHBI JOKAIbHBIX OCTaTOYHBIX MEXaHM-
YECKUX HaNpsSKEHWH SBISIOTCS B3aUMOJIOTIOJIHSAIO-
IIMMH ¥ TTO3BOJISIFOT MOJYYHTh HanOosee TONHYIO
KapTHHY UX PacHpeAeieHus 1O MIIOMWAAN MOIyIpo-
BOJIHUKOBOH CTPYKTYDBI.

3akjaroueHue

HpeIUIO)KeHBI MCETOJUKH pacdye€Ta OCTATOYHBIX
HAMPSHKEHUH B MOJTYMPOBOAHUKOBBIX KPEMHUEBBIX
CTPYKTypaX, YYHTBHIBAIOUIME XapakTrep W QopMmy
m3ruba TOTIOXKEK, a Takke (OPMY BCKPBITBIX
B OKCUJIHOH TuleHKe OKOH. [lonyueHsl aHanuthye-
CKHE BBIPAXKCHUSA, CBA3BIBAIOIINEC MCKAXXCHHUC HU30-
OpaskeHHs 3JIEMEHTOB CTPYKTYPhI Ha TOMOTrpaMMax
C OCTaTOYHBIMU HAIIPAKCHUAMU, YCPCIAHCHHLIMU
IO TUTOIIAJIA 3THX DJIEMEHTOB, & TaK)KE BBIPAKCHHUSI
JUTS pacdyeTa OCTATOYHBIX HAIPSDKEHHUN B TOTIOJNOTH-
YECKHUX DJIEMEHTaX IIOJYIPOBOJHUKOBBIX CTPYKTYP.
[IpuBeneHsI pUMEpHI pacyeTa YPOBHS OCTATOYHBIX

HalpsOKeHW B pealibHbIX  CTpyKTypax. Ilokasa-
HO, YTO pACHIPEICICHUE OCTATOYHBIX HATpPsIKe-
HUH TI0 TUTOINAIM TTONYIPOBOTHUKOBOW TIIACTHUHBI,
paccunTaHHOE Ha OCHOBAHUHM JIOKAJIBHOTO M3THOa
CTPYKTYpPBL, MPEUMYILIECTBEHHO COBIAJAET C pac-
MPEEIEHNEM OCTATOYHBIX HANpsHKCHHWH, pPacCdh-
TaHHBIX B OTAENBHBIX 3neMeHTax. [Ipu 3ToM ocrta-
TOYHBIE HAIIPSDKEHUS B MPEJIENIax OJTHOTO M TOTO Ke
KpuCTaJlla Ha pa3JIMYHbIX TOIMMOJIOTMYCCKUX 3JICMCH-
TaxX MOTYT OTJIMYATHCA Ha MOPAA0K 1 Ooiree.

[TomydeHHbIEe pe3yNbTaThl MOTYT OBITH UCTIOh-
30BaHbl KaK B HCCJIICOAOBATCIIbCKHUX IICIIIX, TaK H
B YCIIOBUAX CEPUUHOTO MPOU3BOJICTBA IS OIepa-
TUBHOTO KOHTPOJIS HATIPSDKEHUHA U YCTpaHEHUS TPH-
YUH WX BOSHUKHOBEHHUSI.
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AKTHUBHOE BHEIPEHHUE B IIPAKTUKY KOHTPOJS METOJOB WHACHTHPOBAHMS, B YACTHOCTH ISl H3MEPCHUS
(U3UKO-MEXaHMUECKUX XapaKTEPUCTUK METAIUIOB, IIOJIMMEPOB, OMOJIOTHYECKUX TKaHEH TpedyeT pa3paboTKu
METOJUK OLICHKU MOIPEIIHOCTH MOIy4aeMbIX pe3ysbTaToB. [Ipu 3ToM cloXuBIIascst TpaaULMOHHAs CHCTe-
Ma OLIEHKH HOTPEIIHOCTH C IPUMEHEHUEM MEp He BCEI/a MPUroHa JUIsl HCTIOJIb30BAHUS B UCTIBITATEIbHBIX
U Hay4YHO-UCCIIEI0BATEIbCKUX Jlaboparopusix. Llenbio naHHON paboThl sSBIsIack pa3padoTKa MPUMEHUMON
Ha MPAKTUKE ¥ OINHUPAIOIICHCS Ha OTEYECTBEHHYIO HOPMATHBHYIO 0a3y METOOMKH OLEHKH IOTPELIHOCTH
KOCBEHHBIX H3MEpPEHHH (PU3MKO-MEXaHHUECKUX XapaKTEPUCTHK MaTepHajoB M NPOBEPKa NpeAIaracMoro
MOAXO0/1a C MCIIOIb30BAHUEM IKCIIEPUMEHTAIBHBIX 3HAYCHUH TBEPIOCTH U MOIYJS YIPYTOCTH, TOJIy4YEHHBIX
IIPU CTaTHYECKOM WHIACHTHPOBAHHUU JJIsl Pa3JIMUHBIX METAJLIOB.

[Toka3aHo, 4TO MOCKOJBKY MEPBUYHBIM HMCTOYHMKOM HH(OPMAMU O MaTrepuae SIBISCTCS Tuarpam-
Ma BIABIUBAHUS, MPEIACTABIIOMAas cOOOH 3aBUCHMMOCTb HArpy3Kd OT [IyOWHBI BHEOPEHHsI WHACHTOpA
B HCCIIEyeMBbIH MaTepHual, TO MOATBEPIKICHUE METPOJIOTHUYECKUX XapaKTEPUCTUK U3MEPUTEIBHOM TEXHU-
KH, UCHOJNB3YIOIIEHCs sl MHACHTUPOBAHUSL, JIyUllle OCYLIECTBIATH 10 ITapaMeTpaM Pa3BUBAEMOT0 yCHIIHS
U TIepEeMEILEHHs], & TOUHOCTh ONPEICJICHHSI CBOMCTB OLIEHUBATH YE€PE3 IOTPELIHOCTD KOCBEHHBIX U3MEPEHHH.
[IpuBeneHbl OCHOBHBIE (POPMYIIBI UISL pacueTa TBEPIOCTH U MOILYJIS yIPYTOCTH, TIO3BOJISIOIINE YCTAHOBUTD
BEJIMYMHBI, HAMOONBLIMM 00Pa30M BIHUSIONINE HA BEJIMYMHY MOIPEIIHOCTH. PacueT morpemnocTy npoBeacH
Ha OCHOBE ONPEACIISIEMBIX TPAHUIL CIIyYaifHOH M HEUCKIIIOUEHHON CHCTEMAaTHYEeCKOM OrPEIIHOCTH.

JlocTorHCTBOM pa3padOTaHHOW METOAMKH SIBISAETCS TOT (DAKT, YTO OLIEHKA TOYHOCTH M3MEpPEeHUH (pr3uKo-
MEXaHHMYECKUX XapaKTEPUCTUK NPOU3BOIUTCS HA OCHOBAaHMU HKCIIEPUMEHTAJIBHBIX JTaHHBIX U HE TPeOyeT co3-
JaHUs JIOTOJHUTEILHOTO METPOJIOTHUecKoro obecredeHus. [IpeanoxkeHHblii moaxo npeacTaBisieTcs Lesleco-
00pa3HBIM PacIpOCTPAHUTh HA ONPEACIICHNE MOIPEIIHOCTH IPYTHX XapaKTEPUCTHK: Tpeieiia TeKy4eCcTH, oKa-
3aresis Ae(h)OpMaMOHHOTO YIPOUYHEHUS], OJI3YUECTH, PeSlaKCaluH, OIIPEAEIIeMbIX METOIAMH MHICHTUPOBAHUSL.
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Abstract

The active application in the practice of testing the indentation methods, in particular to measure
the physical and mechanical properties of metals, polymers, biological technologies demands to development
techniques for the measurement error estimation. At the same time existing traditional measurement error
evaluation system, based on the using of the reference blocks, is not always suitable for use in testing
and research laboratories. The aim of this work was development the technique for estimating the indirect
measurements error of materials physical and mechanical characteristics that can be applied in practice
and based on the existing standards. Checking of the proposed approach using the experimental values
of the hardness and elastic modulus obtained during static indentation for various metals.

It is shown that since the initial information about the material is an indentation curve representing
the dependence of the load versus penetration depth of the indenter into the material tested, then it is better
to confirm the metrological characteristics of the indentation measuring devices using the applied force
and achieved displacement, but to estimate the accuracy of determining the properties through the error
of indirect measurements. The equations for calculating the hardness and modulus of elasticity are derived.
It allows to determine the component value most influencing the error magnitude. The calculation of error on
the base of the value of boundary of a random and non-exclusive systematic error was carrying out.

The advantage of the developed technique is the fact that the measurement of the physical and mechanical
characteristics is based on the experimental data and does not require the creation of the additional metrological
assurance. The proposed approach seems appropriate to extend for the determination of the measurement
error of other characteristics: the yield point, the strain hardening exponent, creep, relaxation, determined by
the indentation methods.

Keywords: indentation, measurement error, indirect measurement, hardness, elastic modulus.
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BBenenue

B mHacrosmee BpeMs METOAbl HHIAEHTHUPO-
BaHusA [1-3] muUpoKo BONIIIM B IPAKTUKY KOH-
TPOJISI CBOMCTB CaMbIX pPa3IWYHBIX MaTE€pUaNIOB:
MOJINMEPOB, KOMIIO3UTOB, METaJluIOB, OCTOHOB,
Ouosjornueckux TkaHe. OHHU MO3BOJSIOT TMO-
JYYUTh HUCXOJHYIO HMH(OpMAIUIO A Oompese-
neHusT (QU3MKO-MEXaHMUECKUX  XapaKTEePUCTHK
(Momyns ympyroctd £, TBEPAOCTH HHJEH-
TUpOBaHusA FH, ., mnapamMeTpoB penakcauumu R,
u nonsydectu C,, kodpduuuenta nedopmanu-
OHHOTO YIPOYHEHUS f M Op.) HA OCHOBAHUHU YKE
HMEIOIUXCA PAacYETHBIX (HOPMYN HMIM YCTaHOB-
JIEHHBIX paHee KOPPEJSIIMOHHBIX 3aBUCUMOCTEH.
B To ke BpeMs olleHKa MOTPENIHOCTH OIpejaesie-
HUS IaHHBIX XapaKTEPUCTHK MPEACTaBIsIET OO0
OIIPEEIIEHHYIO CIOXKHOCTbD.

WcnpiTanus  marepuanoB  MHAEHTHPOBAHH-
€M YK€ JIOCTaTOYHO CTaHJapTU30BaHBl B Yac-
TH yCTaHOBJIIGHUsI TpeOoBaHWii K 000pyHOBa-
HUKO W METOAMKaM Hu3MepeHui. BcerynuBmmi
B aeiicteue 'OCT P 8.907' (amanora B Pecmy-
Oomuke bBemapyce B HacTosiee BpeMs HET) IIO-
BTOpWJI JUIsl IIKaJl MHAEHTUPOBAHUS CYIIECTBY-
IOIyI0  TOBEPOYHYIO  CXEMY, IPUMEHAEMYIO
s wkan bpunesist, Pokseiia, Bukkepca ¢ npu-
MEHEHUEM MeEp TBEPAOCTU. Takol MOAXOH SIBISAET-
csi, 0e3yCIOBHO, MPaBUJIbHBIM, HO HE pellaeT Bcex
BO3HHKaOMMX TpodneM. CraHaapT OrpaHuYnI
JIMana3oH M3MEpPEeHus] TBEPJOCTH IO IIIKajaM HMHAEH-
tupoBanust or 1 no 70, a mo mkane MapreHca
010,01 10 70 equawir. B To e Bpems TOCT P 8.7482,
CTBb 2495° no3BOJISIOT IPOBOAUTE U3MEPEHHUSI B TO-
pa3zgo Oosee MIMPOKOM [JUAala30HE, OIpPEIelIsio-
LIeMCS JINIIb YYBCTBUTEIBHOCTBIO UCIIOJIB3YEMOTO
obOopynoBanusi. Kpome Toro, cieayeT MOHHUMATh,
YTO yKa3aHHbIE CTaHIapThl HE yCTaHaBIMBAIOT CTPO-
I'0 BEJINYUHY Harpy3kH U reOMeTpHUUeCcKre pa3Mepsl
cheprueckoro HHACHTOPA, 1 PUINIESCKH Ha OJHOM
U TOM >K€ Marepuajle MOXKHO IOJY4YUTh pPa3HbIe

TocymapcTBeHHass cucteMa OOCSCHEUYEHUST EIMHCTBA
m3MepeHuit. [ ocymapcTBeHHas IOBEpOYHAs CXeMa Ui
CpPENICTB M3MEPEHHUH TBEPIOCTH MO IIKajiaM MapreHca u
mkanaM uHaeHTupoBanus: [OCT P 8.907-2015. — Bgen.
01.08.2016. — M. : ®I'VII «BHUUDTPU», 2015. — 6 c.

TocynapcTBEHHass CHUCTEMa O0ECHEUYEHHUS €IMHCTBA
n3MepeHuit. Meramisl 1 criaBbl. 3MepeHue TBepaoCTH
W IPYTHX XapaKTePUCTHK MATEPHAJIOB IPU WHCTPYMECH-
TajabHOM MHAeHTUpoBaHuu. Yacte 1. Mertox wucneita-
Huit: OCT P 8.748-2011 (MCO 14577-1:2002). — Been.
01.05.2013. — M. : ®I'VII «xBHUUUDTPU», 2011. — 28 c.

3HaYeHUS TBEPIOCTH, IOCKOIBKY €€ 3HadeHHe
OyZeT 3aBHCETh OT COOTHOIICHHS YIPYrod W Iuia-
CTHYEeCKOW nmedopMmaliil TpH  BIABIMBAHHH.
bosiee TOro, B MeXJIyHapoOAHOW M OTEUECTBEH-
HOM TpaKkTHKe CYIIECTBYIOT W JaBHO TPUMEHS-
I0TCS W JApyrde HOPMAaTHUBHBIE JOKYMEHTHI, Ha-
npumep T['OCT 4670% ycraHaBIuBalOIIUi Tpe-
O00BaHHS K KOHTPOIIO TBEPAOCTH WHICHTHUPOBA-
HUEM W HE TPEIOJIararollnii NMpUMEHEHHE Mep.

Takum 00pa3oM, Aake IPHU U3MEPEHNH TBEPILOCTH
HE BCETIa MOYKHO OIIEHUTH TIOTPEITHOCTh €€ OTpe/e-
JICHUS] TPATUIIMOHHBIMU METOJIAMH HM3-332 OTCYTCTBHSI
Mmep. Erte Goree crioxHast CUTyalusi ¢ OLEHKOM TOYHO-
CTH OIpECTICHNSI YKa3aHHBIX paHee XapaKTepUCTHK
(E,» R, C, 1Jp.) Ha OCHOBAHUH JJaHHBIX, TIOJTy4Yae-
MBIX TIPHOOPAMH, PEATN3YIOIINMI HHCTPYMEHTAIBHOE
uUHACHTUpoBaHue. [l BocmponsBeneHus 3THX (u-
3UKO-MCXaHUYCCKUX XapaKTCPUCTUK MCPbI W CTaH-
JTApTHBIE 00pa3ilbl BBUAY MHOTO00pa3usi MaTepHUaIOB
W MX CBOMCTB cO3/aBaTh HelleJaecooOpasHo. B 1o ke
BpeMsI JTF000H TTOTPEOUTENb Pe3yIBTaTOB UCITBITAHNH
JIOJKEH UMETh CBEACHUS O TOM, C KakOi TOYHOCTBIO
ITPOBEACHBI U3MECPCHMS.

Ilo cBoeil cytu MeTOAbl HWHIESHTHUPOBAHUS
ONMM3KM K METOJaM OIpe/eNIeHUs] MeXaHHYeCKUX
CBOWCTB MaTepHasoB (IIPOYHOCTH, TIPEJieia TeKyde-
CTH M Jp.) Ha UCTIBITATENbHBIX MamuHax. [loatomy
JUTSL IPUMEHEHNS TPUOOPOB, PEATU3YIONINX TPUH-
Uil MHACHTHUPOBAHUA, HanbOoJee ONTUMAILHBIM
MpEACTABIACTCA MPOBOJAUTH MOATBCPKACHHUE HUX
METPOJIOTHYECKNX XapaKTEPUCTUK 110 IapaMmeTpam
Ppa3sBUBaAE€MOT'0 YCUJIMA U IEPEMEIICHUSA, @ TOYHOCTH
OTIPEJICNICHNs] CBOWCTB OILIEHMWBATh HYepe3 IOTperI-
HOCTBh KOCBCHHBIX I/I3MepeHHi/‘I.

Henbto naHHON pabOTHI SIBIISLIACH pa3padoT-
Ka INPUMEHUMOM Ha NPAKTUKE U ONUparouieics
Ha OTCYECTBCHHYIO HOPMAaTUBHYIO 6a3y METOAUKN
OIICHKH IOTPEITHOCTH KOCBEHHBIX M3MEPEeHUH (u-
3UKO-MEXaHUYCCKUX XAPaKTCPUCTUK MaTCpraJIOB 1
MpOBEpKa TPEIaraéMoro TOAX0/1a C HCTOIh30Ba-
HUEM SKCIICPUMCEHTAJIbHBIX 3HAYEHUH TBEPAOCTH U
MOAYyJId yIIPyrocTtu, MOJYy4YCHHBIX IMPU CTATUYCCKOM
WHIACHTUPOBAHUU PA3JIMYHBIX MCTAJIJIOB.

SKonTposs Hepaspymiatomuii. OnpeencHne GU3nKo-
MEXaHUYECKUX XapaKTePHCTUK KOHCTPYKIIMOHHBIX MaTe-
puamoB mMeronamu uHAeHTHpoBaHusA: CTH 2495-2017. —
Beean. 01.09.2017. — Munck : UII® HAH benapycu,
2016. 40 c.

“Tlmactmaccer. Onpeienienre TBepA0CTH. MeTo 1 BIas-
mmBanus mapuka: [OCT 4670-2015. —Bsen. 01.06.2017. —
M. : ®I'VITI «BHUU CMT», 2014. - 12 c.
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MeToauka onpenesennsi Gu3nKo-
MeXaHHYEeCKHUX XapaKTePUCTUK
U IpuMeHsieMoe 000pya0BaHue

MeTtog, HMHCTPYMEHTAJIIBHOIO — CTAaTHUYECKOTO
VMHJCHTUPOBAHUSI OCHOBBIBACTCS HA HEIPEPBIBHOMN
perucTpaliid M aHajau3e IpOLECcCa BJABIUBAHUS
WHJIEHTOpa B 0Opasel] M3 KOHCTPYKIMOHHOTO Ma-
Tepuasia. B xo1e ucnbITaHU perucTpupyercs aua-
rpamMMa BIaBJIMBaHUS, MPEICTaBISIOMAs co00H 3a-
BUCHUMOCTb Harpy3ku P Ha MHAEHTOP OT TIIyOHHBI
€ro BHeIpeHUs /1 B ncclienyeMblid MaTepuai. Henpe-
PBIBHOE M3MEPEHUE 3HAUCHHI HArpy3KH U TITyOWHBI
BHEJIPEHUS NIO3BOJISIET OIIPENEIUTh OCHOBHBIE I1apa-
MeTpbl 00pa3yromierocs OTIeyarka, HeoOXOIUMbIe
JUIsL pacyeTa TBEPAOCTH, MOYJIsl yIIPYTOCTH U APYTUX
(PU3UKO-MEXaHMUECKUX XaPAKTECPUCTUK (PUCYHOK 1).

P
Pmax

hmax

Pucynok 1 — TunwyHble AuarpaMMbl BIABIHBAaHUSA (a)
U CXEMAaTHYHOE IIPEJICTABICHUE ITOTIEPEYHOTO CEUCHHS
oTreyatka Tpu nedopmupoBaHuu (b): 1 — uHIEHTOD;
2 — MOBEPXHOCTh OTIEYaTKa IOCJIE CHATUS Harpy3KH;
3 — MOBEpXHOCTH OTIEYATKA MPH MAKCHUMAIBHOH TITyOH-
HE BJIaBJIMBAHUS HHICHTOPA

Figure 1 — Typical diagram of dynamic indentation (@)
and a schematic representation of the cross section of the
impression during straining (b): 1 — indenter; 2 — surface
of the imprint after unloading; 3 — surface of the imprint
at the maximal penetration of the indenter

Teepmocts H,, sBISETCA XapaKTEPUCTHKOW CO-
MIPOTHBIIEHUS Marepuana ae(GpopMHUPOBaHUIO U pac-
cuuThIBaeTcs o dpopmyne [4-5]:

— max
A

C

H (M

T >
rae A, — IIomaab NONepeYHOro CEYEHHsI KOHTAKT-
HOW MOBEPXHOCTH MEXKY HAKOHECYHHKOM U UCIIBITY-
E€MBIM 00Pa3IoM.

st manenTopa ceprudeckoit GopMbl ¢ quame-
TpoM D Benn4yuHa A, ¢ 10CTaTOYHOMN CTETICHBIO TOY-
HOCTH PAaCCUHUTHIBACTCA KaK:

A =nDh, )

rae h,—riayOuHa KOHTaKTa MHIEHTOPA C MaTepH-
aJoM, KOTOpasi B CyMMe C TIIyOMHOW mporuba KoH-
Typa OTIeYaTka /i, paBHa MaKCUMAJbHOU TiyOuHe

BIABIWBaHUA /.
max

Hcnonb3ys nonoxxeHus [6], MOKHO TIOTYYUTh:

h, =0,5(hy, +1,), 3)

max

rae hp — rIyOMHA OTIEeYaTKa, OCTAFOIIErocs Ha I0-
BEPXHOCTH TIOCJIC CHSATHUS HATPY3KH.

B sTom cirydae, pemas coBmectHo (1)—(3), mo-
JTY4YUM:

2P

- nD(h

) “)
+h,)

IT
max

Crarnyeckuii MOIyIb YIIPYrocTu £, onpeness-
€TCs COrJIacHO CJIEAYIOLEMY BhIpaxeHuto [7]:

3 Pmax(l_l”l')

E;=- i
" 8 (hmax _hc) \/Dhc

rae p— kodpduuuent [lyaccona maTepuana ucHbl-
TyeMoro obpasua.

)

Ecnu yuects (3), TO MOXKHO TIOTYUYHTh:

3\/5 Pmax (1 B M)
4 (P =1, ) DBy + 1)

3HaueHMsl |L JOMYCKaeTcs NPUHUMATh, HCXO-
N4 U3 CIPaBOYHBIX JAHHBIX WJIM 1O pe3yJibTaTam
UCIIBITAHUM, COTJIACHO CYIIECTBYIOIIUM METOAUKAM.
Takum 006pa3oM, UMEIOTCS OJHO3HAYHEIE 3aBUCUMO-
CTH ISl pacueTa UCKOMBIX BEIUYUH (MOAYJS yOpy-
TOCTH W TBEPAOCTH), P STOM 3HAYCHHUS apTyMEH-
TOB, BXOJSIIMUX B 3TU ypaBHEHHUs, OIPEIECISAIOTCS
B XOJI€ IPSIMBIX U3MEPEHUM.

IIpu npoBeleHUN HKCIIEPUMEHTOB HCIOJIb30-
Bajach HUCHbBITaTelabHAs MammHa ITime WD, ume-
Iollasi Tpeesibl  JOMyCKaeMOM OTHOCHUTEIHHOMN

EIT -

(6)
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MOTpemHoCcTH ~ m3MepeHuss  Harpy3ku  £1,0 %.
W3mepenne TayOMHBI BIABIUBAHHS OCYIIECTBIIS-
JIOCH C MTOMOIIBIO PACTPOBOTO (DOTOIIEKTPUIECKO-
ro paryuka P®200, umeromero mnpenensl IOMy-
CKaeMOW MOTPEITHOCTH W3MEPEHUs TepeMenIeHni
+] MxMm. B kadecTBe MHIEHTOpA HCIIONB30BAINCH
TBEPJIOCIUIABHBIC IIAPUKHU, IPUMEHSIEMbIE B TBEPJIO-
Mepe bpuHenns, mosToMy 3HaueHHUS MX JHAMETPOB

C JIOMYCKAeMBIMH IOTPEIIHOCTSAMUA MPHHUMAIHCH
COTJIACHO TTACMIOPTHBIM JIAHHBIM.

OmnpeneneHnue XapaKTePUCTUK ITPOBOJAMIIOCH
Ha 00pa3iax u3 MaTepuaioB, IPUBECHHBIX B TAOIH-
ue 1, ¢ mepoxoBaToctbio nosepxHoctu Ra 0,8 — 1,6.
3naueHus kodduimenrta [lyaccona mpuHUMaNHUCh
coryacHo [8, 9]: nis cranu — 0,28, amOMUHUS U HU-
kenst — 0,33, Turana — 0,43, Bomsdpama — 0,29.

Tabnuya 1/Table 1

3HayeHHs MAPaAMETPOB /IS pacyeTa TBEPAOCTH U MOYJIA YIPYTrocTH

Value of the parameters for the hardness and elastic modulus calculation

WHcTpyMeHTanbHas MOTrpelHoOCTh

Matepuan ITapametp 3HayeHue Instrumental error
Material Parameter Value AGcomoTHas OtHocurenbHas, %
Absolute Relative, %

 JHN 29420 294, 1,00

Crans h > MKM/ um 568 1 0,18

Steel h, My/ pm 535 1 0,19

D, mm/mm 0,005 0,05

P HN 9807 98,07 1,00

AJTFOMUHHIR h_.» MKM/ um 433 1 0,23

Aluminum h, MEM/ pm 400 1 0,25

D, mm/mm 0,005 0,05

P, HN 29420 2942 1,00

ATFOMUHYH h_. ., MKM/ um 700 1 0,14

Aluminum h,, M/ pum 619 1 0,16

D, Mm/mm 0,005 0,05

P HN 7355 73,55 1,00

Hukens h.. MKM/ um 330 1 0,30

Nickel hy, i/ pm 316 1 0,32

D, mM/mm 0,005 0,10

P, HN 29420 294, 1,00

Bonsdpam h_ > MKM/ um 255 1 0,39

Wolfram hy, Mxw/ pm 226 1 0,44

D, mm/mm 0,005 0,05

P, HN 7355 73,55 1,00

Turan h_ ., MKM/ um 263 1 0,38

Titanium h, MEM/ pm 235 1 0,43

D, mm/mm 0,005 0,10
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Pe3ysbTaThl H3MEpEeHUH U pacyer
NMOrPelIHOCTH

IIpn ompeneneHnn XapakTEPUCTHK METOIOM
WHCTPYMEHTAJIBHOTO WHICHTHPOBAHUS HEOOXOIUMO
BBITIOTHATH U3MEPEHUS B PA3IMYHBIX MECTax 00pa3-
11a, 9TOOBI OCTAIOIIMECS OTIIEYaTKH HE OKa3bIBAJIN
BIMSIHASI Ha TocieAyroniie usMepenus. [lockonb-
Ky o00pasibl W3HAYaJIbHO HMEIOT OIPEaeIeHHBINA
pazopoc (HU3MKO-MEXaHUIECKUX CBOWMCTB, CBSI3aH-
HBIH C HEOTHOPOAHOCTBIO CTPYKTYpHI MeTallia,
TO U3MEPEHMsSI Harpy3Ku P ¥ ITyOWHbI BIaBIMBAHUSA /
SBIISIIOTCS.  HEBOCTIPOM3BOAWMBIMH.  Bwramcnenue
MCKOMOH BeNMYMHbI (H, 1 E, ) TI0 yCPETHEHHBIM 3Ha-
YeHHUSM apTyMEHTOB IPU HEBOCTIPONU3BOANMBIX KOC-
BEHHBIX M3MEPEHMSIX HE MPOBOAUTCA. B Takmx ciy-
Yasx ee 3HAYCHHs MPUHATO PACCUNUTHIBATH JJIS KaXK-
JIOTO HAONIOAEHUS C MOCIEAYIONINM yCPEITHEHUEM.
COOTBETCTBEHHO, CPEAHNE 3HAYECHUS HATPY3KH P u
DIyOWHBI /1 TIPU pacueTe TBEPAOCTH U MOAYIIS YIIPY-
TOCTH He ucronb3yrorcs. [Ipusenernsie B Tabmmie 1
3Ha4eHWs1 P W h ToKa3aHbl [Tl TIOHUMAHMS JTHara-
30HOB WX U3MEHEHHS NP TPOBENESHUH HCIIBITAHUN
1 OIEHKH aOCOJOTHBIX W OTHOCHUTENBHBIX TOTPeII-
HOCTEW X U3MEPEHUS.

3a aOCOIOTHYIO TOTPENTHOCTh M3MepeHus Az
HEKOTOpOTo mapaMerpa B Tadmuie 1 (ycimoBHO 000-
3HaYMM /) TPUHUMAIN HWHCTPYMEHTAIBHYIO TIO-
IpemHOCTh A, (OCHOBHYIO TOTPENIHOCTH COOTBET-
CTBYIOILIETO CPENCTBA U3MEPEHUs). AOcomoTHas A_
¥ OTHOCHTEIIbHAS O_ MOTPEIIHOCTHU CBS3aHbI H3BECT-
HOH (OopMYIIOii:

5. = 22100 %. ™
Z

W3 tabmuipl 1 BUAHO, YTO OTHOCUTENIbHAS I10-
TPEIIHOCTh U3MEPEHHS AuaMeTpa D HaCTOIBKO Maa
10 CPAaBHECHHIO C MOTPEITHOCTSIMH APYTUX apryMEH-
TOB, YTO € MOYKHO ITPEHEOPEYb.

Pacuer morpemHocTn wsmepenust H, u E,
(ycmoBHO 0003HauuM Y) mpoBeneM, PYKOBOJICT-
Bysich TpeboBanusMu MU 2083° Ha OCHOBE TpaHMIL
CIyYalHBIX M HEUCKIIOYEHHBIX CHCTEMAaTHYCCKUX
MOTPELITHOCTEN.

Qopmyrna Uil ONpeeNeHus] TPaHWUIl HeHc-
KJIFOYEHHONW CHCTEMATHYECKOM Torpemtocts O,

STocynapcTBeHHasT cHcTeMa O0ECTeUeHHsT CANHCTBA
n3Mepenuii. M3mepenust kocBeHHble. OmnpesencHue pe-
3yJbTaTOB U3MEPEHUN U OLICHUBAHUE MX IOI'PELUIHOCTEN:
MU 2083-90. — Been. 01.01.1992. — M. : HIIO «BHNVM
nMm. JI.U. MenneneeBa», 1991. — 10 c.

pe3yapTata KOCBEHHOI'O0 MU3MEpPEHUs NPU HEJIUHEN-
HOW 3aBUCHUMOCTU MEXKJY MCKOMOM BEJIWYMHOU U
HENOCPEACTBEHHO M3MEPSEMBIMU apryMEeHTaMH
UMEET BUJI:

®)

rae O — rpaHuibl HEMCKIIIOYEHHBIX CHCTEMaTHYe-
CKHUX NIOTPEIIHOCTEH apryMeHTOB; 5%2_ — YacTHbIC
IPOM3BO/HBIE (PYHKIIMHM UCKOMOM BETHYMHBI IO CO-
OTBETCTBYIOLIMM apryMeHTaM; m — KOJWYECTBO
apryMeHTOB; kK — MOMPaBOYHBIN KA PHULIUEHT, pu-
HUMaeMbId paBHBIM 1,1 Ipu JOBEpUTENBHOM BEPOST-
Hoctu P =0,95.

B kauectBe ©_ OyneM NpUHUMATL 3HAYEHUSA
MHCTPYMEHTAJIBHBIX  TOTPEIIHOCTEH  HM3MEpEeHUH
apryMeHTOB, IPUBECHHBIC B Ta0OmuIe 1.

JloBepuTenbpHble IPaHULIBI CIIyYaliHOM MOIpell-
HOCTH pe3ylbTara H3MEPEHUs €, NMPH HEBOCIPO-
M3BOJMMBIX KOCBEHHBIX HM3MEPEHHUSIX OIpeeTuM
o opmyie:

gy =t,, S| Y| )

5

rae 1, —kodpduument CTbIONEHTa, NpHU JT0BE-

putensHOi BepositHoctTh P = 0,95 u komuuecTse
u3MepeHuii n =10 npuHuUMaeMblii paBHBIM 2,26;

S(Y — Cp€IAHEEC KBaApPaTHUYCCKOC OTKIIOHCHUE pE-

3yJibTaTa KOCBCHHOI'O U3MCPCHUA PACCUUTACM KaK:

(10)

rae Yl — PE3yJIbTaThl BBIUMCICHUN NCKOMOM BEIIMYMHBI

[0  OTAEIBHBIM HsMepeHH;{M;?:ZHY" / — cpen-
Hee 3HAUYCHHE NCKOMOW BEJIMUYMHEL

B cootBercTBUE ¢ MU 2083 morpentHocTs pe-
3yJIbTaTa KOCBEHHOTO H3MEPEHHMS A, ONpenenseTcs
B 3aBUCUMOCTH OT COOTHOIIIEHUS ®Y/Sy MEXIy He-
UCKJTFOUCHHOW CHCTEMaTHYeCKOW TOTPENIHOCTHIO
HCKOMO¥U BEJTMUYUHBI M €€ CPEHUM KBAIPATHUYCCKUM
orknonenneM. Ecim O, /S, Haxomurcs B auanasoHe
ot 0,8 1o 8, 9TO CIIpaBeNITUBO ISt BCEX UCTTBITAHHBIX
00pa3sios, A, BBIMUCIISAETCS 1O (popmyIIe:

A,=K(e,+0), (11)

rae K —ko3hdUImenTt, onpenenseMplii COTTacHO
MMU 2083 B 3aBUCUMOCTH OT IPUHATON JOBEPUTEIb-
HOM BEPOATHOCTH U OTHOIIEHUA O /S,
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B Tabmumax 2 u 3 npusenens! cpexane o 10 mo dopmynam (4) m (6), a TakKe MOTPEIIHOCTH
M3MEPEHUSIM 3HAYCHUS] TBEPJIOCTH U MOJYJS yIPy-  HM3MEPCHHUs JTAHHBIX XapaKTePHUCTUK, PACCUUTAHHBIC
TOCTH WCHBITAHHBIX O00OpasloB, paccYUTaHHble 10 hopmyrnam (8—11).

Tabauya 2/ Table 2
Pe3ynbTaThl H13MepeHusi TBEPAOCTH 00pa3oB
Results of the hardness measurements
hﬁ;flf;ﬂ Hy» O Oy %  Suy G ey 2% Dup Ay %
¢ MIla/MPa MIla/MPa MIla/MPa MIla/MPa MIIa/MPa
Crans 1698,04 18,83 1,11 16,60 37,53 221 41,70 2,46
Steel
Amommmmit 549 5 8.36 112 6.17 13.94 1.86 16,50 2.20
Aluminum
AOMHHII 419 o7 15,71 1,11 10,81 24,42 1,72 29,70 2,09
Aluminum
Huxens 1449,64 16,32 1,13 14,75 33,34 2,30 36,75 2,54
Nickel
Bonbdpam 3293 ¢4 44,65 1,15 31,19 70,48 1,81 85,19 2,19
Wolfram
Turan 1880,46 21,50 1,14 16,14 36,48 1,94 42,91 2,28
Titanium
Tabauya 3/ Table 3
Pe3yabTaThl H3MepeHusi MOy YIPYTrOCTH 00pa3noB
Results of the elastic modulus measurements
Marepuain EIT ’ ®Ezr ’ O, % SEIT ’ o €. ,% AE/T ’ A, %
Material I'Tla/GPa TITla/GPa " I'Tla/GPa TI'Ila/GPa m ['TTa/GPa m
Crams 205,0 9,92 4,84 527 11,91 5,81 15,50 7,56
Steel
ATOMHHHI 73 1 3,54 4,84 1,80 4,08 5.57 5,41 7.39
Aluminum
ATIOMHHHIA ) (17 1,57 221 0,92 2,09 2,94 2,64 3,71
Aluminum
Huxerrs 207,73 23.20 11,17 12,13 27,42 13,2 35,94 17,3
Nickel
Bombpam 3¢ 34 19,08 5,48 9.85 22.26 6,39 29,35 8,43
Wolfram
T.T“T?‘H 116,53 6,60 5,67 3,47 7,83 6,72 10,25 8,79
1tanium
O0cyxaeHne pe3yJibTaTOB Kkue 3HaueHus Oy, oOyCIOBIEHH B TEPBYIO Oue-

peb XapaKTepoM 3aBUCHMOCTH MOIYJIS YHPYTOCTH

Kak BuaHo 13 nanHbix Tabnui 2 u 3 (0e3 y4eta  or u3MepsieMbIX apryMEHTOB, & UMEHHO HAIIMYHEM
00pa3sua U3 HUKEIA), HEUCKIIIOUCHHAs CUCTEMATHYe- B 3HameHarele (GopMmysbl (6) pasHOCTH ABYX J0-
CKast IOrpenHocTs cocrapisieT ot 1,11 % no 1,15 %  cratouno Gmuskux Benuuus (b W h,). C stam xe
IIpU U3MepeHuu TBepaoct u ot 2,21 % no 5,67 % B ompeneneHHON CTEMEHH CBS3aHBI M OOJlee BBICO-
IpH U3MEPEHUH MOAYNs YHPYrocTH. Bomee BbICO-  Kue 3HAUECHUS CIIy4aifHON IOTPENIHOCTH U3MEPCHUS
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MOy ynpyroctu. Jlaxxe He3HauNTeIbHBIN pazopoc
W3MEpPEHHON TIIyOWHBI BAABIMBaHUS, BBHI3BAaHHBIH
[JIaBHBIM 00pa30M OTPaHUYEHHOH JKECTKOCTBIO KOH-
CTPYKIIMH, CIIOKHOCTBIO CTPOTO TEPIEeHAUKYJISIp-
HOTO TIPWJIOKEHHSI HArPY3KH M HEOIHOPOJHOCTHIO
00pa3sloB, IpH MOJACTAHOBKE /i 1 hp B (hopmyiy (6)
MPUBOJHT K CYIIECTBEHHOMY POCTY CpEIHEro Kaa-
APATUYHOTO OTKIOHCHHS S .

OO01Iast MOTPenrtHOCTh M3MEPEHHs (32 HMCKIIIO-
4yeHueM Hukenst) coctaBwia ot 2,09 % mo 2,54 %
st TBepaoct u ot 3,71 % nmo 8,79 % st Mmomynis
ynpyrocta. [Ipu 3ToM ykazaHHbIE 3HAYCHUS [TOTyde-
HBI TIPY OCHOBHOM IMOTPENIHOCTH JIATYMKA TIIyOHHBEI
BaaBiuBaHus =1 MkM. [Ipu Mcronb30BaHNH JaTUNKA
C MOTPEIIHOCTBI0 £2 MKM MakcHMallbHasi BEJIMYNHA
O, cocraBut okono 11 %, a npu UCHOIL30BAHUN
AKCTEH30METPa C MOrPemHOCThI0 £1 % OT u3Meps-
€MOH BEJIMYMHBI MAKCHUMaJIbHOE 3HaueHue O, co-
cTaBuT yxe 26 %. COOTBETCTBEHHO, YBEIUUUTCSA U
CpefHee KBaJpaTHYHOE OTKIOHEHHE H3MEPSeMBIX
xapakrepucTtuk. [loaTomy mpu peanuzanuu MeToaa
WHCTPYMEHTAIBHOTO HHCHTUPOBAHUS OYeHb Ba)KHA
TOYHOCTh M CTaOMJILHOCTh PETHCTPALMU TITyOWHBI
BIaBIMBaHUS WHACHTOpPa. OCOOOTO BHHMAHHS 3a-
CIIy’)KUBAIOT MCIBITAHHUSI BBICOKOTUIACTUYHBIX Ma-
TEPUAJIOB, JJIsl KOTOPBIX XapaKTepHa 3HAYMTEIbHAS
ocraro4Has aedopmaiys /i, W, COOTBETCTBEHHO,
Maiiasi pasHocThb (b — hp). Pesynprater onpenene-
HUS MOZLYJISL IPYTOCTH HUKes (Tabnuna 3) nmoxasbl-
BAIOT, YUTO JIaXKe TIPU U3MEPEHHH TITyONHbI BIaBIHBa-
HUSL C TIOTPENIHOCTBIO +1 MKM BenuunHa O, npe-
BoimaeTr 10 %, a mosiHas MOrpemHoCTh U3MEPEeHUs
AE]T coctasiseT 17,3 %. Jlns Takux MaTrepuaioB He-
00XOIMMO HCIOJIB30BaHUE MPEHU3UOHHBIX CPENICTB
n3MepeHHs TTyOuHbBI BIABIMBAHUS C OCHOBHOM TIO-
rpenrHocThio B npenenax +0,5 mxm. B aTom cityuae
IOJTHAS! TTOTPEIIHOCTH He TpeBbIcuT 10 %.

[Tpu 3TOM €cii TOBOPUTH O MOMYJIE YIPYTOCTH,
TO B HACTOAIIEE BPEMs HEJb3s CKa3aTh, YTO KAKOM-
TO W3 METOJOB €ro ONpPEACICHHS: YIBTPa3ByKOBOH,
ITyTeM HCITBITaHNI 00pa3IoB Ha pacTsHKeHUe-CHKaTHe
WM UHJICHTUPOBaHUEM — SIBJISIETCSL OOJiee I0CTOBEp-
HBIM. B TO ke Bpemsi orpe/ieNieHHbIe HHASHTHPOBaHH-
€M 3HaYeHus £, SBIAIOTCA ONM3KUMH K M3BECTHBIM
CIPaBOYHBIM 3HAYCHUSIM ISl UCIIBITAHHBIX METAJIIIOB,
YTO TIONTBEP)KJAET JOCTOBEPHOCTH MeTona. BaskHo
TaKKe OTMETUTh, YTO 3HAYCHUSI MOAYIS YNPYTOCTH
JUTS METAJJIOB HE 3aBUCST OT BEIMYMHBI HATPY3KH
(Kak 1MOKa3aHO Ha TPUMEpE ATIOMHHUS), B OTIIMYUE
OT TBEPHIOCTH, U KOTOPOU ee BEeIMYMHA OIpeies-
eTcsl IOCTUTAaeMOM MpH WHJICHTUPOBaHHHU Jedopma-
[IHEH, KOTOPAst ITPH PA3IMIHON HArpy3Ke OyIeT pasHOM.

3akjaoueHue

ITokazaHo, 4TO JEHCTBYIOIIMI B HACTOSLIEE
BpeMs TIOIXO/ JUTSI OIEHKH MOTPEITHOCTH U3MEPEHUS
(U3MKO-MEXaHUYECKHX XapaKTEePUCTHK MaTepHaIOB
METO/IaM{ WH/ICHTUPOBAHHUSI C UCTIOIh30BAHUEM MeEp
HE BcerJa NMPUMEHUM Ha TpakTuke. BriepBrie mpe-
JIO)KeHa METOJMKA pacueTa MOTPEITHOCTH Ha OCHO-
B€ I'PaHULl CIYyYalHOM U HEUCKIIIOUYEHHOU cucTeMa-
TUYECKOM MOTpEeIHOCTe KOCBEHHBIX W3MEPEHUN,
ONHpAIONIAACS Ha OTEYECTBEHHYIO HOPMATHBHYIO
0a3y u He TpeOyromas Co3aHus JOIOIHUTEILHOTO
METPOJIOTUYECKOTO 00eCTIeUeHHSI.

MeToauka OSKCIEPUMEHTAIbHO anpoOupoBa-
Ha Ha TIpUMepe OIpeneTIeHUs] TBEPAOCTH U MOMIYJIS
YIOPYTOCTH METANIMYECKUX MaTepuajoB IMPHU CTa-
TUYECKOM WHJCHTHpOBaHWH. lIpoBeneHHbIe pac-
YeThbl MO3BOJMIHM OLIEHUTh YHCIEHHBIE 3HAYEHHS
MOTPENTHOCTA KOCBEHHBIX W3MEpPEHUU TBEPAOCTH
¥ MOJYJISl YIPYTOCTH M YCTAHOBHUTH CTEIIEHb BIIHS-
HUS TOYHOCTH PETUCTPAINH NIEPEeMEIeHUs HH/ICH-
TOpa Ha ee BEINYNHY.

[IpenoxkeHHBI TOIXO TPEACTABISAETCS Ie-
Jecoo0pa3HbIM PACTIPOCTPAHUTh HA ONpEICICHHE
MOTPENIHOCTH JIPYTUX XapaKTePUCTHK: TIpesera
TEKYy4eCTH, IoKa3arels 1eQOopMaIMOHHOTO YIIPOd-
HEHUs, TIOJI3YYECTH, PEeIaKCalliy, OIpeaelsieMbIX
METOJJaM1 UHACHTHPOBAHUS.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HampaBlCHHbIE B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJIETBOPITH TpeOOBaHUSAM «MHCTPYKIMHM O MOpsiIKe
oopmieHus kBaaH(PUKAIMOHHON HAayuyHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1.Marepunan cTaTbu JOIKEH COOTBETCTBOBATH IPOQH-
JIIO )KypHAJIa ¥ MU3J1araThCst IPEIebHO SCHO.

2.Crarpsl IpEICTABIISECTCS Ha PYCCKOM WIIM aHIVIMNA-
CKOM $I3bIKE 1 ITyOJIMKYETCs Ha SI3BIKE TIPECTABIICHHSI.

3.TlocTynuBire B pelakLUUIO CTaTbU MPOXOAST ABOM-
HOe Toiyclnernoe perensupoBanne. OCHOBHbBIE KPHTEPHH
11e71eco000pa3HOCTH OMyOJIMKOBaHUSI — aKTyaJIbHOCTh TeMa-
THKH, NTH()OPMATHBHOCTD, HayYHast HOBU3HA.

4.Cratbst IPEACTABISIETCS] B pacliedaTaHHOM U B DJIEK-
TPOHHOM BHJE B (hopmare TekcTtoBoro pernaxkropa Word for
Windows. O0BEM cTaThl HE JOIDKEH MpeBHImarh 14 cTpa-
Hutl, BTtodas TekeT (mpudT Times New Roman, pazmep 12
1., uHTepBaN 1,5), TabmuIel, TpadUIecKuii MaTepra, BCO
HEeoOX0MMYI0 HH(OPMAIIHIO HA AaHIVINICKOM SI3BIKE.

5.Ha miepBoii cTpaHUIle CTaThbH yKA3bIBAIOTCS: NWHIIEKC
VK, HazBaHWE cTaThH, (aMILTHN aBTOPOB ((haMILTHS aB-
TOpa, ¢ KOTOPBIM CIIyeT BECTH TEPEHHCKy, OTMEUacTCs
3BE3/JOYKON M YKa3bIBAETCS €r0 aapec 3JIeKTPOHHOW Mo-
YTHI), HA3BaHUS M TTOYTOBBIEC aJpeca OpraHn3anui (ynmmna,
HOMeEp JI0Ma, HHJIEKC, TOPOJI, CTPaHa), B KOTOPBIX padoTaioT
aBTOPBI, HA PYCCKOM W aHIIMHCKOM si3bIKaxX. CTaThs BKIIIO-
gaeT: aHHOTaIuio (B mpenenax 200—250 cioB); KITFOUYEBEIC
cioBa (He Ooree 5); BBE/ICHNE, B KOTOPOM JIeJIaeTcsl Kpar-
KMt 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMynmpyer-
csl 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIIOYCHHUE, B KOTOPOM
B CXXATOM BHJE C(HOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBM3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPUMEHEHUsSI; CIHCOK HCIIOIb30BAHHBIX
WCTOYHMKOB. AHHOTAIMs, KITIOYEBBIC CIIOBA, CITHCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTaIWsI TOIDKHA OBITH MH(pOpMaTHBHOU (comep-
KaTh «BBDKMMKY» M3 BCEX PA3/IENOB CTATbU — BBEICHUS C
YKa3aHWEeM LeNTH padoThl, METOJMKN, OCHOBHOI YacTH U 3a-
KITIOUCHUS ).

7. I'padrraeckuii MaTepralt MODKESH OBITh KOHTPACTHBIM
n uérkuM. DoTorpaduu MpeICTABISIOTCS B JIEKTPOHHOM
Buae (popmar tif, paspemenne ne menee 300 dpi). Bee
PHUCYHKH HYMEPYIOTCSI H COIPOBOMKAAIOTCS TIOJJPHCYHOUHbI-
MU HonucsiMi. PparMeHThl pUCyHKa 0003HAYal0TCs CTPOY-
HBIMH KYPCHUBHBIMH JJATHHCKUMHU OYKBaMH — «a», «b» U T.1.
[Noxmnmcy K prCYHKaM JTAafOTCS Ha OTACIBLHOM JICTE Ha pyc-
CKOM W aHIJIMHCKOM si3bIKax. Bee cokpatenust n o0o3Have-
HUSI HA PUCYHKAaX JIOJDKHBI OBITH PacIIi(poBaHbI B TTIOJPHCY-
HOYHOH nonumcu. Haamien Ha pucyHKe JaloTcest Ha PyCCKOM
1 aHTIIMHCKOM SI3bIKaX.

8. Tabnuiel He MOMKHBI AyOnmupoBarh rpadukn. Kax-
Jast TabIMIa UMEeT 3aroyioBok. Ha Bce TabnmIpl 1 pUCyHKH
CIIeTyeT JaBaTh CCHUIKM B TekcTe. Ha3Banue u conmeprkanue
TaOJIHII TPE/ICTABIISETCS HA PYCCKOM M AHIVINICKOM SI3BIKAX.

9.0003Ha4eHNsT W COKpAIICHUs, TIPUHSTBIC B CTaThbE,
pacmmQpoBBIBAIOTCS HETIOCPEIACTBEHHO B TEKCTE.

10. Pa3zMepHOCTb BCEX BEJIMYMH, NPUHATHIX B CTarhe,
JIOJDKHA COOTBETCTBOBAaTh MEKIYHAPOIHOW CHCTEME €ITH-
Hut u3meperuii (CH).

11. MHoOTOCTpOYHBIE (POPMYITBI JOIDKHEI OBITH HaOpa-
HBI B penakTope MathType, HoMepa (opmyn — o mpaBomy
kparo. HymepytoTcs aurmb popMyIsl, Ha KOTOPBIE €CTh CChII-
ku B TekcTe. OTAeNbHBIe CTPOYHBIC OYKBHI M CTICIIHATIHHEIC
CHUMBOITBI HAaOMpAIOTCS B TEKCTe TapHUTYpoi Symbol 6e3
HCTO0JIb30BaHus perakTopa ¢popmy:a. [1pu Habope Gpopmyn
1 OyKBEHHBIX 0003HAYCHUH HEOOXOIMMO YUUTHIBATH CIICIY-
IOIIHE TIPaBIIIA; PycCcKUil a1paBUT He HCIOIB3YeTCs; Tpe-
geckre OyKBBI, MATEMATHIECKUAE CHMBOITBI, CHMBOIBI XHMH-
YEeCKHX DIICMEHTOB (B T.U. B MHJCKCE) HAOUPAIOTCS MPSMO;
JIATHHCKHE OYKBBI — TIEPEMEHHBIC U CHMBOJBI (PH3NIECKUX
BENMYMH (B T.4. B HHACKCE) HAOMUPAIOTCS KYPCHBOM; BEKTO-
PBI — JKUPHBIM MIPUPTOM (CTPEITKH BBEPXY HE CTaBSTCS).

12. COmucoK HCIOJIh30BAHHBIX HCTOYHHKOB COCTAaBIIS-
eTcs B TIOpPSAKE YIIOMHHAHHSA CCBUIOK IO TEKCTY, TOJDKECH
cofieprKaTh TOHBIE OHOMMorpaduieckne JaHHBIC W TPHBO-
JIATCSL B KOHIIE CTAaTbU. He pekoMeHayeTcs TaBaTh CCHUIKH
Ha  MaTepuainbl KoH(epeHIHi, CTaTbl W3 AIEKTPOHHBIX
XKypHaAIIOB 0e3 miaeHTHdukaropa DOI, y4eOHBIE mMOCcoOus,
HHTepHET-pecypchl. CChUIKM Ha HEOMyONMKOBaHHBIE pado-
THI HE JIOITyCKatoTCs. JKemarenbHo, 9TOOBI KOTHMYECTBO CCHI-
70k 06110 He MeHee 10; camormTupoBanue — He 6onee 20 %.

13. ABTOpBI Ha OTAEIBHON CTPaHUILIE NPEICTABISIOT O
cebe cremyronme CBeACHNU: (paMIUTHSI, UMsI, OTIECTBO, yUe-
Hasl CTETeHb M 3BaHUE, MECTO PadOTHI M 3aHUMaeMast TOJK-
HOCTB, aJIpecC 3JIEKTPOHHOU CBS3H.

14. Crarbu, M3Nararolye pe3yabrarbl UCCIEIOBaHUH,
BBITTOJTHEHHBIX B YUPESKACHUSX, JIOJDKHBI IMETh COOTBETCTBY-
IoIIIee pa3pereHre Ha OIMyOTMKOBAHNE B OTKPBITOH TIEYaTH.

15. Tlpu HEOOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAaMEHOBaHMe (DOHIA, OKa3aBIIero (hHHAHCO-
BYIO TIOAJICP)KKY, WIIH YPOBCHb W HANMECHOBAHHE MPOTPaM-
MBI, B paMKaX KOTOPOW BHIITOJHEHa paboTa, HA PyCCKOM H
AHIJIMICKOM SI3BIKAX.

16. ABTOpPEI HECYT OTBETCTBEHHOCTD 32 HAIIPABIICHIE B
pemaxImio cTaTel, paHee y)Ke OITyOIIKOBaHHBIX MM TIPHHS-
THIX K TICYaTH APYTUMH U3TaHUSIMH.

17. Crarbu, HE COOTBETCTBYIOLIME MEPEUUCIICH-
HBIM TpPeOOBaHMSAM, K PACCMOTPEHHUIO HE MPHUHUMAIOTCS H
BO3BpAIAIOTCS aBTOpaM. JlaToi TMOCTYIUICHHS CUUTACTCS
JICHb TIONyYCHHUS peNakIiedl TepBOHAYAIFHOTO BapHaHTa
TEKCTa.

18. Penmakuust mpegocTaBisieT BO3MOXKHOCTb IEPBOOUE-
PEIHOTO OITyOIMKOBAHMS CTATEH JIUIAM, OCYIIIECTBIISFOIITIM
MTOCTIEBY30BCKOE OOyYeHHe (acmmpaHTypa, TOKTOpaHTypa,
COWCKATEITCTBO), B TOJI 3aBEPIIICHUST OOYUCHHST; HE B3UMaeT
IUTaTy C aBTOPOB 3a OITyOITMKOBaHUE HayJIHBIX CTATEil; OCTaB-
JISieT 3a cO0O TpaBoO MPOM3BOANUTH PENAKTOPCKHE MPABKH,
HE UCKaKAFOIIFe OCHOBHOE CONEpyKaHMe CTAThH.
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