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Abstract

In rapid deployments of next generation wireless communication system, the demand for high
speed data, capacity, high reliability, low latency and increased flexibility. Rigorous research in the field
of 5G technology. Sub-6 GHz mid-band spectrum fetches the attention of the researchers due to its estimable
ease of deployment in the existing infrastructure. 5G Sub-6 GHz band finds massive applications in fields
of wireless communication. The Sub-6 GHz wireless bands are assigned for various applications. This ar-
ticle gives inclusive review of current state-of-art of antenna for 5G Sub-6 GHz technology. Different design
techniques and methods of antenna to Sub-6 GHz are summarized in the literature, to overcome the antenna

design challenges.
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MuKpoOnoJ0CKOBasi MAaTY-AHTEHHA Auana3zonoB WiMAX,

ISM u L nis npumeHenus B ceTsix cranaapra Sub-6 GHz.
O030p

Artya P. IIaynxapﬂl, Jiunax IT. MaTur’

JHHcmumym mexHono2ull u uccredosamenvckutl yeump umenu Caunouna,
Tpumbar-poyo, e. Hacuxk, 422213, Hnous
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Tocmynuna 25.06.2024
Ipunama x nevamu 30.12.2024

bricTpoe pasBuTHE OECHPOBOMHBIX CHCTEM CBS3H CJIEIYIOIIIO TMOKOJEHHs BBIABUTAET TPEOOBaHUS
M0 BBICOKOCKOPOCTHOW Tepefade JaHHBIX, MPOIYCKHOW CIIOCOOHOCTH, BBICOKON HaJEKHOCTH, HU3KHM
3aJlep)KKaM U TOBBIICHHON THOKOCTH. OCHOBHBIE HCCIEIOBAHUS TPU ATOM COCPEAOTOYEHBI B OOJACTH
texHonoruu 5G. Cpennuil quana3zoH yactot 10 6 [T npuBiekaeT BHUMaHUE UCCIEI0BATENEH BCIEICTBUE
MPOCTOTHI €T0 pealn3anuu Ha 0asze cymiecTByromerd uHppacTpykrypbl. Jnanazon Sub-6 GHz (Hmxe
6 ['T) crargapra 5G HaXOAWUT MIMPOKOE MPUMEHEHHE B TEXHUKE OecrpoBOgHON cBsi3u. llomockl wacTot
Hwke 6 ['T'11 Ha3HAYeHBI I PA3IMYHBIX MPHUIOKEHNH. B cTathe maH 0030p TEKYIIEro COCTOSHHS aHTeHH
s texHonorun S5SG gns auanazoHa Huwke 6 [Tn. Ha ocHoBe auTepaTypHbBIX AAHHBIX BBIIOJHEHO
000011eHIe METO/IOB MPOSKTUPOBAHUS W MPHUMEHEHHWs aHTeHH auara3oHa Hwke 6 [T, HampaBneHHOe
HAa TIPEOJI0JICHNE N3BECTHBIX MPOOIIEM UX MPOSKTHPOBAHUSI.
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1. Introduction

In the modern era, the prominent increase of
wireless devices, insufficient bandwidth and limited
channel capacity has substantially promoted efforts
to develop advanced standards for communication
networks. Consequently, the development of next
generation means much better channel capacity and
higher data rates. As the demand for capacity in mo-
bile broadband communications grows year after
year, wireless carriers must be prepared to support a
thousand-fold increase in total mobile traffic by 2020,
necessitating researchers to seek greater capacity and
new wireless spectrum beyond the 4G standard [1].

5G technologies not only provides greater reli-
ability, higher data rates up to 20 Gbps and reduced
power consumption to meet the massive increase
in connected devices but also promises to increase
the visions of emerging technologies such as virtual
reality and smart cities [2]. According to wireless
network statistics, global mobile traffic increased by
around 70 % [3]. In 5G to increase the data rate, uti-
lizing the frequency bands with wider channel band-
width are been considered in future mobile commu-
nication [4]. The antennas are playing the vital role
requiring cellular connectivity with high-speed and
large quantity data transferring capabilities to dem-
onstrate superior performance and are designed to
meet the reliability needs of the applications,to satis-
fy the requirements. The antenna must adhere to spe-
cific standards approved by regulatory organizations
like the European Telecommunications Standards
Institute in order to operate across a given frequency
range and the Federal Communications Commission
of the United States [5].

While designing antennas certain parameters to
be considered. Antenna parameters can be classified
mainly into two categories. Radiation characteristics
are critical for antenna design, system performance
analysis, interference mitigation, antenna selection,
and signal reception and transmission optimization.
Electrical parameters give important information
about an antenna's performance, impedance match-
ing, efficiency, and noise characteristics, to ensure
efficient power transmission, minimize signal re-
flections, improve signal quality, optimize system
performance, reduce interference, and enhance the
overall communication system effectiveness,the
major focus in 5G technology are data throughput,
forward error correction, access technology, latency,
spectrum efficiency, and connection reliability. 5G is

a global wireless network standard that succeeds 4G.
The fifth-generation (5G) communication system is
a promising technology that fulfils the increasing
requirements of data rates and also enables its inte-
gration with various services [6]. The rapid increase
of mobile data growth and the use of smart phones
are creating unprecedented challenges for wireless
service providers to overcome a global bandwidth
shortage, to meet the future's fast expanding traffic
demands, 5G systems should be able to provide con-
siderable improvements in cell capacity and boost
user data rates [7].

2. Towards Sub-6 GHz

The 5G network is not only limited to smart
phones but it is also used in robots, agriculture, ma-
chines, smart cars, medical applications, and sev-
eral other things. 5G able to provide immediate and
real-time access to data. The time required for in-
formation process is comparatively faster than 4G.
5G technology covers the low, mid, and high bands.
Low band covers less than 1 GHz, mid-bands cov-
ers 1 GHz to 6 GHz is considered as a Sub-6 GHz
wireless bands. Finally, high bands are referred as
millimeter wave (mm-Wave). Implementation of
mm-wave devices is expensive as mm wave are
high-frequency waves, they can only cover very
short ranges, A Sub-6 GHz (mid band) is the main
focus of researchers, the Sub-6 GHz, as it has a
lower frequency range, is limited in terms of speed,
in comparison of mm wave, but offers a longer
range which makes it more suitable for real-world
implementation. The Sub-6 GHz band is separated
into various frequency bands, each with its own set
of applications such as cellular networks, Wi-Fi,
Bluetooth, and other wireless communication tech-
nologies. the most regularly utilised Sub-6 GHz
frequency bands are, 700 MHz Band, frequencies
in this band range from 698 MHz to 806 MHz and
are widely utilised for cellular networks, including
4G LTE and 5G deployments. The 800 MHz band,
which ranges from 824 MHz to 894 MHz, is widely
utilized for cellular services in many parts of the
world. 900 MHz Band, this band, which has fre-
quencies spanning from 890 MHz to 960 MHz, is
used for a variety of applications such as cellular
networks, RFID, and industrial wireless systems.
The 2.4 GHz band is commonly used for Wi-Fi,
Bluetooth, and other short-range wireless com-
munication technologies, with frequencies rang-
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ing from 2.4 GHz to 2.4835 GHz. In 5 GHz Band,
frequencies range from 5.150 GHz to 5.925 GHz
and are used for Wi-Fi networks, particularly in
the 5 GHz Wi-Fi protocols (802.11a/n ac/ax). The
5.8 GHz band, which ranges from 5.725 GHz to
5.875 GHz, is extensively used for wireless com-
munication systems such as Wi-Fi and point-to-
point microwave communications. Bandwidth is
the key parameter to enhancing capacity and data
rates in wireless communication [8]. To achieve the
higher data rates higher bandwidth is required [9].
WiMax has three allocated frequency bands. The
low band (2.5-2.8 GHz), the middle band (3.2-
3.8 GHz) and the upper band (5.2-5.8 GHz) [10],
which lies in the Sub-6 GHz bands. The features
of high data rate, higher mobility and multi-device
connectivity, WiMAX technology is extensively
used [11]. Industrial, scientific and medical (ISM)
5G Sub-6 GHz band, particularly at the frequency
of 3.5 GHz. L-band refers to the operating fre-
quency range of 1-2 GHz in the radio spectrum.
The L band is one of the chief operating ranges
used by various applications such as radars, glob-
al positioning systems (GPS). Researchers have
proposed many kinds of antennas for WiMAX,
2.45 GHz ISM-band and 3.5 GHz 5G Sub-6 GHz
band. Sub-6 GHz has ushered in a new era of con-
nectivity and innovation, enabling cloud comput-
ing, smart traffic systems, Al services, automated
industrial infrastructure, robotics, HD live stream-
ing, virtual reality, augmented reality, space and
astronomy, smart-home, and smart transporta-
tion [12]. Most antennas for lower 5G bands are
either integrated with prior bands, in recent years,
antennas have been studied extensively to solve the
requirements that are associated with 5G antennas.

3. Antenna challenges specific to Sub-6 GHz
WiMAX, ISM and L band

Practical design considerations specific to the
target frequency bands and applications consider-
ations are critical for the successful deployment and
operation of wireless communication systems, some
of these are.

3.1. Bandwidth enhancement

Microstrip patch antennas are typically narrow-
band due to their inherent physical and operational
properties that includes, high-Q factor, dielectric
loading, surface wave losses. A variety of tech-

niques have been used to improve the bandwidth,
such as cutting slots inside the patch [13], employing
aperture coupled feeding network [14], building
shorting walls [15], applying parasitic strips around
the patch [16], hybrid-coupling method [17]. These
approaches are effective for extending the bandwidth
of microstrip patch antennas, but they introduce ad-
ditional challenges in terms of miniaturization, gain,
and radiation performance. Increasing substrate
thickness, it introduces new issues in terms of the
fringing fields at the edges of the microstrip patch are
increased; it also can cause increased surface wave
losses and can degrade the radiation pattern [18].
As per the Shannon capacity theorem the data rates
are directly proportional to the bandwidth.

3.2. Interference and coexistence

Dealing with the possibility of interference
from other users or systems operating in the same
spectrum is an inherent part of operating in shared
frequency bands, such as ISM bands. Techniques
to reduce interference and enhance cohabitation
with nearby systems should be considered during
antenna design.

3.3. Integration and ompatibility

It is necessary to incorporate antennas into the
overall design of the system in a seamless manner,
taking into consideration aspects such as the form
factor, the mounting options, and the compatibility
with other components of the system, such as trans-
ceivers and radio frequency front devices.

3.4. Specific absorption rate

Specific absorption rate (SAR) is a measurement
of the rate at which energy is absorbed by the human
body when exposed to an electromagnetic field of
radio frequency [19]. The human tissues convert
the electromagnetic energy into heat which in turn
causes the rise of temperature or thermal effects in
the body. According to IEEE C95.1:2005, the safety
limit to SAR has been set to ‘2’W/kg per 10 g of
biological human tissue. The SAR values need to be
very low as much as possible [20]. Electromagnetic
radiations can have temporary as well as permanent
effects on the health of human leading to most severe
diseases in many cases [21]. Antenna positioning,
shielding frequency selective networks techniques
used to minimize the SAR value.
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3.5. Miniaturization

Miniaturization of microstrip antennas is impor-
tant by considering the reasons, demand for low-cost
compact the electronic and radio-frequency portable
devices [22], like Smartphones, tablets, and wear-
able technology, space constraints in many compact
and lightweight applications, satellites, drones, [oT
devices. It has the potential to increase their perfor-
mance and usefulness; there are numerous methods
to be considered in miniaturization. Use of a sub-
strate with a high electric permittivity [23], is a most
common technique, it having some limitations like
decreases the bandwidth and the antenna radiation
efficiency due to surface waves are excitation. Short-
ing wall [24], shorting pin [25], also plays an impor-
tant role in miniaturization.

3.6. Multiband

Increase in demand of wireless systems and ser-
vices operating at multiple frequencies, multiband
antennas are designed to operate effectively in vari-
ous frequency band. Interference between the differ-
ent frequency bands, impedance matching and size
of an antenna are the challenges [26], which can
affect the performance of the antenna. Slot on ra-
diation patch is simple technique for the multi-band
operation; metamaterial-loaded antennas [27], slot
stepped-impedance resonators [28], techniques help
to perform at multiple bands.

3.7. Polarization

Polarization diversity can effectively improve
the link quality for reducing multipath fading loss,
increase the system capacity through reusing a fre-
quency, and offer a useful polarization modulation
for radio frequency identification.

3.8. Isolations

The ever-increasing demand for superior data
rates, large channel capacity to provide multiple
input multiple output (MIMO) technology is consid-
ered [29], the co-frequency and co-polarized antenna
elements are arranged compactly, since some of their
power can interact and cause interference to the near-
by antennas that lowers their efficiency [30], which
will degrade the performance of MIMO antennas,
including dependable channel capacity, poor spatial
correlation, and a high signal-to-interference-pulse-

noise-ratio [31]. The terms port-to-port isolation and
cross-polarization discrimination, are generally used
to measure the antenna separation with its two po-
larizations, cross-coupling between their two signal
ports degrading antenna diversity gain [32].

4. Techniques for enhancing antenna
performance in the Sub-6 GHz WiMAX,
ISM and L-band

To cover the Sub-6 GHz bands, antennas with
multiband capability and a large frequency ratio are
of great importance, along with maintaining low
profile, a steady radiation pattern, good polarization
purity, bandwidth, gain, efficiency, reduction in the
mutual coupling, and compact size are challenging
task [33]. The purpose of ongoing research is to ad-
dress these challenges.

4.1. Multi elements

A thin monolithic antenna array has been pro-
posed for on-body applications at the 5G Sub-6 GHz
band as an evolution of the traditional comb-line
array. The proposed layout offers better performance
in terms of efficiency and gain as well as a minia-
turized footprint. The antenna is robust against po-
sitioning over the body. Furthermore, the smallest
4 cmx4 cmx0.1 cm configuration proved to be con-
formable to curved surfaces, with almost invariable
input impedance and gain [34]. These can be regard-
ed as a simplified form of Krauss' grid, where the
transmission lines connecting the top of the vertical
radiating pieces are eliminated, resulting in advan-
tages in terms of bandwidth and cross-polarization
level [35]. Lightweight, interoperable, and easy-to-
integrate antennas. 19.5 mmx26.5 mm 1x2 array
patch. Working frequency is 3.5 GHz. return loss
-12.54 dB, impedance bandwidth 66.5 MHz, VSWR
1.6, gain 5.5 dB [36]. Two orthogonal dipoles that
are excited with a phase shift of 90°, to radiate both
RHCP & LHCP polarizations, by using a 900 hybrid
couple, by adding monopole fence the antenna shows
a stable gain. Circular polarized dual-band antenna
for WLAN/Wi-MAX application is reported in [37].
Square patch and square ring is arranged in the an-
tenna patch. Transmission line feed strip should be
arranged diagonally to achieve both RHCP & LHCP,
the circularly polarized (CP) is somewhat depends
upon the feeding angle and the feeding location is
observed. 8-element dual-band MIMO dual-band
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8-element MIMO antenna for 5G smartphone appli-
cations has been successfully investigated antenna
operating in the 5G new radio band n77, antenna ef-
ficiencies better than 53 % [38]. Multi-element an-
tennas, such as patches or dipoles, can be configured
in multiple topologies on a single substrate, includ-
ing linear arrays, planar arrays, and non-uniform ar-
rangements. To enhance bandwidth [39], gain, direc-
tivity and radiation characteristics [40].
Patch antennas are popular for their simplic-
ity and compactness, yet they possess certain limi-
tations. Using multiple elements in patch antenna
designs is a crucial strategy for enhancing antenna
performance. By appropriately configuring multiple
elements and optimizing them, these antennas satisfy
the increasing demands of modern communication.
Table 1 summarizes the various antennas desigm
techniques and their enhancements in antenna per-
formance.
Table 1

Analysis of the multiple elements in patch anten-
na to improve the performance

Ref  Method Findings Rescarch
Gap
Miniaturized array
has an efficiency 6  Isolation,
34 Array dB higher and an SAR
area 80 % smaller
. Gain-bandwidth ~ Cross Pola-
35 Array grid relationship: rization
36 Array Simple to integrate ~ Bandwidth
Two
orthogonal CP is somewhat
dipoles depends upon the  Cross Pola-
37 . . . .
excited with  feeding angle and rization
a 900 phase the feeding location
shift
Good reflection co-
38 8-clement efficients, antenna Isolation
MIMO ’

efficiencies

Summary of multielement research to increase
patch antenna performance

Multielements in patch antennas provide im-
proved bandwidth, spatial diversity, and enhanced
gain.

4.2. Mutual coupling reduction techniques

Generally, the decoupling methods used to sup-
press or weaken the currents between antenna ele-
ments, which can be realized by using metamateri-
als, defected ground structure (DGS) & slot/s. In
other technique an additional coupling path is in-
troduce to cancel out the coupling current between
antenna elements, so high isolation will be possible
using electromagnetic band gap (EBG), parasitic ele-
ments [41], decoupling networks [42] and neutraliza-
tion lines [43].

4.2.1. Parasitic element

Parasitic elements in microstrip antennas po-
sitioned in such a way that they can interact with
the electromagnetic fields generated by the active
patch to modify the radiation pattern, impedance,
and other characteristics of the antenna. To reduce
mutual coupling, a parasitic element is loaded be-
tween the MIMO antenna elements [44]. By prop-
erly designing parasitic elements, the coupling be-
tween two two-element arrays was reduced. The the
parasitic elements positioned on both sides of the
driven patch for a symmetrical geometry and bet-
ter mutual coupling reduction, with the same center
spacing between two elements offered the isolation
of more than 20 dB [45]. Letter presents in [46]
dual-polarization wideband Sub-6 GHz suspended
patch antenna for 5G base station, to operate in a
3.3—-3.8 GHz band for 5G base stations application.
The dual port antenna consist of a parasitic patch,
two modified L-probe feeds, and a vertical metal
wall. The parasitic patch contributes for enhance-
ment of impedance bandwidth and isolation. The
port isolation depends on the spacing between the
metal wall and the capacitive driven main patch. To
create +45° slant dual polarization for diversity, the
excitation of main patch by two modified L-probe
feeds. The antenna provides |S11]|, |S22| <—10 dB and
[S11], [S22| <—15dB impedance bandwidths of
45 % and 36 %, respectively, with port isolation
[S21] <—30 dB, has a gain of 8.95+0.25 dBi.

4.2.2. Decoupling network

A decoupling network connected to the antenna
array, reactive components (like inductors and ca-
pacitors) can be used between closely spaced an-
tenna ports to increase isolation between them. By
interconnecting the feeding lines through lumped
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capacitors, the mutual coupling could be compen-
sated [48].

37

Figure 1 — Printed slot antennas for bandwidth enhance-
ment, with parasitic patches: @ — antenna with triangular
parasitic patches; b —antenna with rectangular parasitic
patches [47]

The m-shaped decoupling decoupling structure
is placed between the feeding networks of the adja-
cent antenna elements to decrease the mutual cou-
pling, widened bandwidth, without changing the
size of the antenna array [49]. A decoupling network
using connected couplers but without any lumped
components is proposed in [50].

4.2.3. Defected ground structure

Defected ground structure is a modification
in the ground plane to modify the electromagnetic
behaviour of the antenna, to improve the radiation
pattern, impedance matching, and other perfor-
mance characteristics of the antenna [51]. DGS is
one of the popular strategies to enhance the radia-
tion characteristics of the microstrip patch anten-
na [52]. The reconfigurable rectangular microstrip
monopole antenna for WLAN/WiMAX applications
is implemented for resonant modes of 3.5 GHz and
5.2 GHz bands are achieved by employing inverted
L-Shape slits in radiating patch and using defected
ground structure, the proposed antenna exhibits high
efficiency is implemented in [53]. A tri-band 4-port
MIMO antenna, employing an innovative mutual
coupling reduction technique that incorporates inte-
grated parasitic strips and an inverted ground plane
configuration, has attained a maximum isolation of
<45 dB. The implementation of inverted ground
planes does not affect the desired polarization char-
acteristics as the number of antenna elements in-
creases for MIMO applications [54]. To miniaturize
a microstrip patch antenna, for this purpose, DGS
has been employed to shift the resonance frequen-

cy from 5.7 GHz to 3 GHz, a miniaturization up to
50 %, with respect to the conventional microstrip
antenna [55]. A slotted plus-shaped antenna with a
DGS for 5G Sub-6 GHz/WiMAX applications is im-
plemented in [56], for the popular band of WiMAX
3.3-4.2 GHz. The proposed antenna is fabricated
on Rogers RT5880 substrate with defected ground
structure technique is used and the rectangular slot
on radiating patch for the enhancement of impedance
matching and radiation performance, the T shaped
stepped design to improve the current distribution.
The antenna covers a wider bandwidth of 2.56 GHz
and reflection coefficient of -52.06 dB. Authors
also investigate the performance parameter of
an antenna. Co-designed millimeter-wave (mm-
wave) and Sub-6 GHz antenna system cover
the bands of 0.79-0.96 GHz and 1.71-5 GHz,
with band isolation is implemented in [57].
DGS technique is used to improve the isola-
tion between the pair of the Sub-6 GHz antennas.
A two corner capacitive coupling elements for match-
ing purpose is used to maintain balance between
bandwidth and isolation. The mm-wave array pro-
vides 90° scanning range with gain of up to 7.9 dBi
at 28 GHz. The authors conclude with isolation and
bandwidth are depends on the value of inductor and
capacitor respectively of matching network. Minia-
ture patch and slot microstrip antenna array to reso-
nate at 5.8 GHz for [oT and ISM Band Applications
is reported in [58]. A circular patch with and without
DGS is proposed to reduce the cross-polarized ra-
diation of a microstrip patch antenna, the cross po-
larization level with the DGS remains below -20 dB
throughout in either plane. On the other hand, with-
out DGS shows its value as high -16 dB [59].

4.2.4. Electromagnetic band gap

Electromagnetic band gap structures are type
of metamaterials that can be utilized to improve the
microstrip patch antenna characteristics [60]. EBG
structure can either transmit electromagnetic waves
or block electromagnetic waves of a certain frequen-
cy [61]. To reduce mutual coupling between radiat-
ing elements, the uniplanar compact electromagnetic
band gap (UC-EBGQG) structures placed on top of the
antenna layer, which reduces element separation and
mutual coupling between patch antennas that helps
to increase antenna directivity [62]. EBG structures
can resonate at lower frequencies depending upon
the shape and dimension of unit cells, therefore are
capable of antenna miniaturization [63].
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L

UC-EBG Superstrate
-

Radiating Elements

b c

Figure 2 — Electromagnetic band gap. Superstrate based
antenna for mutual coupling reduction: a —top view;
b — side view; ¢ — radiating element [62]

4.2.5. Neutralisation line

Neutralization line (NL) is designed such that,
the current by NL is out of phase with the cou-
pling current so these currents cancel each other.
By addition of NL on the MIMO antenna can be
helpful in achieving miniaturisation and compact-
ness [64]. A printed dual-antenna decoupled by
three NLs operating at the GSM 1800, GSM 1900,
UMTS, LTE2300, LTE2500, and 2.4-GHz WLAN
bands, the measured mutual coupling between the
two antenna elements is lower than -15 dB, diver-
sity gains of nearly 10 dB [65].

When working with multi-element patch an-
tennas, you need to know how to lower mutual
coupling. By making sure that the elements work
separately, these techniques improve the antenna's
gain, bandwidth, and efficiency, making it work
better in communication systems. There are dif-
ferent techniques to lower the mutual coupling
between the elements; their findings and gaps are
listed in Table 2.

Table 2
Analysis of the techniques used to reduce mutual coupling in patch antenna
Ref Method Findings Research gap
44 Parasitic element A dual-band MIMO antenna ECC <0.001 Isolation improvement
45 Parasitic element Two MIMO antennas, isolation of more than 20 dB Bandwidth
48 Decoupling network Through lumped capacitors, feeding lines can be Gain
connected to compensate mutual coupling
. Co-polarization isolation of the antenna array was .
49 Decoupling network improved by 24 dB isolation at 3.6 GHz Bandwidth
50 Decoupling network Coupling reduced to below -58 dB Return loss
Rogers RT5880 substrate, reflection coefficient of .
53 DGS 5206 dB Gain
o Corner capacitive coupling elements for matching .
>4 Parasitic strips purpose, 201 MHz bandwidth WiMAX band Bandwidth
Designed on a Rogers RT5880for WiMAX band,
56 DGS bandwidth of 2.56 GHz, DGS is used for improve- Gain
ment of radiation properties
58 DGS, array Operating at 5.8 GHz (ISM band), size @ 30 %. Gain
Minimize element separation and mutual coupling,
62 EBG Mutual coupling between patch antennas can in- Bandwidth
deed affect their directivity
65 Neutralization lines Operates at 2.4 GHz band with bandwidth of 1.3 Gain ECC

GHz, mutual coupling is lower than 15 dB
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Summary of various strategies to reduce mutual
coupling

* By deliberately placing an electromagnetic
field around the antenna, parasitic elements can ma-
nipulate the radiation pattern, resulting in enhanced
directivity.

* Decoupling networks ensure appropriate im-
pedance matching by isolating each element, hence
preserving the impedance characteristics of each ele-
ment.

* In order to suppress or enable particular fre-
quencies to propagate, DGS create bandgaps. An an-
tenna's operational bandwidth can be increased with
the help of frequency selectivity by reducing the
presence of undesirable resonances and harmonics.

* EBG structures work by introducing con-
trolled variations in the ground plane or substrate of
patch antennas, leading to improvements in mutual
coupling reduction, surface wave suppression.

4.3. Slot technique

The distribution of the electric current on the
patch surface is affected by the presence of slots in
the patch, that alter the current path and the patch's
effective length and width, that changing its resonant
frequency and impedance properties, to improve the
bandwidth & other parameters. The shape and size
of the slot is important parameters that affect the
antenna performance. There are a number of ways
that have been described to increase the impedance
bandwidth of printed slot antennas. The antenna
bandwidth is increased by creating many fractal-
shaped slots in the main slot's corners in order to
achieve multiresonance behaviour [66]. A wide-slot
antenna with a fractal-shaped slot is proposed, in-
creased bandwidth is 2.4 GHz at operating frequen-
cies around 4 GHz, also achieved a 2-dB gain [67].
Some slot antennas have a finite bandwidth that is
insufficient for more applications [68]. An open slot
antenna with nonsymmetric ground is used to mi-
nimise the size and to increase the bandwidth [69].
Enhancement of gain and bandwidth in a microstrip
patch antenna is achieved through the incorporation
of a rectangular slot in the patch and the deposition
of nanomaterials in the slot area, intended for WLAN
applications. The enhancement in antenna perfor-
mance results from the incorporation of capacitance
between the two distinct nanomaterials [70]. Sev-
eral slot shapes, in addition to square, rectangular,
circular, and regular forms, which includes; binomi-
al-curved [71]. Isosceles triangular slot [72]. Ring

slot [73], have been designed to boost the bandwidth.
Paper [74] presents a compact slotted patch hybrid-
mode antenna for Sub-6 GHz Communication, for
the microbase stations in the band 3.0-5.0 GHz with
centre frequency 4.0 GHz. The proposed antenna is
composed of a slotted rectangular patch, a feeding
dipole, and a balun. To achieve a compact size from
0.90%,%0.784, to 0.48X,%0.312,. A sequentially ex-
citation of the three modes is used, as a patch slot
and dipole share the same radiator that helps to re-
duce the size. The author uses the dimensions con-
trolling techniques of strips and slots to change the
field distribution of a patch antenna that helps to
improve the bandwidth enhancement. The antenna
provides the impedance bandwidth of 53.797 %, ra-
diation efficiency at 4.6 GHz maximum of 90.00 %,
an average antenna gain of 8.00 dBi. In [75], author
implemented miniaturized dual-frequency linear po-
larization diversity antenna in L and WiMAX bands
for IoT applications. Slot loading technique is used
in patches to reduce side lobe levels which help in
stabilizing the radiation patterns, the feed points
are place mutually perpendicular to each other at
an equal distance to achieve the better isolation and
pure orthogonality. The antenna provides impedance
bandwidth 200 MHz at 1.575 GHz. WiMAX band
3.4-3.6 GHz centered at 3.5 GHz. The measured re-
turn loss is -30 dB and -24 dB for lower and upper
bands respt. The maximum gain in boresight direc-
tion is 3.15 dBic, and the peak gain for WiMAX band
is 4.3 dBi. A square concentric slot-based octaband
shared radiating aperture for both Sub-6 GHz as
well as mm-wave bands antenna is presented in [76]
for 1.05-1.23 GHz, 1.4-1.55 GHz, 1.9-2.3 GHz,
2.3-2.7 GHz, 3.1-3.7 GHz, 4.04-4.511 GHz, 4.83—
5.2 GHz, and 5.66-6.151 GHz of Sub-6 GHz the
band and the mm wave band covers 27.4-28.4 GHz
for IoT application. The proposed antenna is with
the bandwidth about 1 GHz. Length of the feed line
plays important role in input impedance matching.

4.4. Materials

Material advancements make patch antennas
more efficient, compact, and versatile. These materi-
als have distinct magnetic properties, such as high
magnetic permeability, low electrical conductiv-
ity, and the ability to operate at high frequencies,
in which size and performance are critical factors.
Shorting pins improve the electrical and structural
properties of patch antennas, making them more ef-
ficient, compact, and capable of handling multiple
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frequencies. The findings & gaps are summarized in
Table 3.

Table 3

Analysis of slot, strips and metamaterial ap-
proaches employed to enhance the performance
of patch antennas

Research
gap

Ref Method Findings

Slots are added in the
corners of the main slot
improvement in bandwidth
is observed

66 Slots

Isolations 21 dB, operating
frequency bands of 2.73—
3.12 GHz and 4.324.68 GHz
with the peak gains of
4 dBi, efficiencies 80 %
with ECC <0.004

70 Slots Gain

Bandwidth of 2.36 GHz,
operating frequency band
of 3.0-5.0 GHz. strips
and slots to modify patch
antenna field distribution
to enhance bandwidth

Strips &

74
slots

MIMO antenna operates in
5.68-6.05 GHz with a peak
gain of 7.98 dBi

Meta-
material

Band-

80 width

Summary slot, strips and metamaterial approach-
es employed to enhance the performance of patch
antennas

* Slots introduce alternative resonance modes
and alter the current distribution along the patch an-
tenna, resulting in an increase in bandwidth, are uti-
lised to manipulate and regulate the emission pattern
of patch antennas.

* Metamaterials provide various benefits for
patch antennas reducing their size. However, they
may have restricted tunability in comparison to tra-
ditional antennas due to their fixed features that are
not easily adjustable.

5. Additional methods and corresponding
efforts to enhance patch antenna
performance

A dual-band wideband CP microstrip antenna
is proposed for Sub-6 GHz application the anten-
na consists of an a non-centered L-shaped radiator
and two circular strips at left and right corners on

the lower ground, to achieve the right-handed circu-
lar polarization for Wi-Fi (2.4-2.48 GHz) and n77
(3.3-4.2 GHz) band to achieve the characteristics of
high frequency circular polarization and broaden the
axial ratio bandwidth. Two circular strips added to
the ground and an asymmetric feed structure provide
a 90° phase difference to achieve the high frequency
circular polarization. Adjusting the dimensions and
center position of the two circular strips used for
the impedance matching and broaden bandwidth of
the antenna [82]. A bidirectional, circularly polar-
ized antenna with a miniaturized design in WLAN
2.4/3.65-GHz, WiMAX 2.3/2.5-GHz. The antenna
consists of a hexagonal slot, a hexagonal patch,
ten meander tips, and rectangular corner notches to
achieve broad impedance and axial ratio bandwidth.
The antenna has a —10-dB impedance bandwidth of
89.7 % (1.60—4.20 GHz) and a 3-dB axial ratio band-
width of 70.5 % (1.80-3.76 GHz). The peak realized
gain in the boresight direction is 3.65 dBi [83].

Xiaojun Tang et. al. [84]. Introduced bandwidth
enhancement of a compact dual-polarized antenna
for Sub-6G Hz 5G CPE, achieved better bandwidth
than the cross-dipole antennas implemented in [85].
Crossed-dipoles generally exhibit narrow impedance
bandwidth. To enlarge it, sometimes diamond-shaped
metal dipoles are adopted [86], the ultra-wideband
dual-polarized antenna for fifth generation (5G) com-
pact antenna is investigated and designed for band-
width enhancement by using a double-loop-dipole
structure consisting pairs of perpendicularly cross-
feeding structures the radiators serve as +45°/—45°
polarization. The radiating structure consist of two
baluns are used to excite the radiators at the top by
connecting to the small semicircle loop for improve-
ment of frequency bandwidth, the antenna consists
of octagonal loop and coupled small semicircle loop
etched on the top and bottom of the substrate, and
the co-planar-slot feeding concept which helps to the
improves the impedance matching. Antenna has a
wide bandwidth of 86 % from 2.2 to 5.5 GHz with
the VSWR less than 1.8, high polarization isolation
of 25 dB, and stable radiation patterns over the de-
sired frequencies of 2.3-5.2 GHz. It is best suited in
impedance bandwidth improvement for Sub-6 GHz
5G applications.

Planar four-port dual circularly-polarized
MIMO antenna for Sub-6 GHz Band for 3.4-3.8 GHz
is implemented on the FR-4 substrate. An open slot
ground plane integrated with two rectangular arms
for realizing circular polarization. Opposite facing
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with equal amplitude and 90° phase difference in
two rectangular arms to obtain the CP. To improve
the 3-dB axial ratio beamwidth I-shaped strip is
used [87]. A four-port MIMO array antenna system
to operate within a frequency range of 3.2-5.75 GHz
to serve in 5G new radio Sub-6 GHz n77/n78/n79
and 5 GHz WLAN with high isolation between ports
is introduced, uses four methods of reducing mutu-
al coupling and compare the performances of each
method, the best method is EBG because it has high
isolation due to extra capacitance in the circuit [88].

Zhong Yu et al. in [89], implemented MIMO an-
tenna with the use of decoupling mechanism, with
polarization diversity for Sub-6 GHz band, consist-
ing a pair of RHCP and LHCP. Element decoupling
and position concept is used for antenna isolation,
axial ratio bandwidth and for compactness, in an or-
thogonal connection of I and II-shaped metal strips,
which realizes the circular polarization character-
istics. Inter-element isolation is less than —16 dB,
impedance bandwidth of 520 MHz is achieved for
3.45 GHz & envelope correlation coefficient (ECC)
less than 0.07.

Insha Ishteyagq et al. [90] 8-element and orthog-
onally polarized annular slot element is presented
for Sub-6 GHz 5G application on epoxy FR-4 sub-
strate, to achieve the isolation between the feeding
ports is by placing the antenna with split ring reso-
nators perpendicular to the annular slots, the current
density flow pattern focused to reduce the mutual
coupling between the elements that helps to the im-
proved isolation of 21 dB, in the operating frequency
bands of 2.73-3.12 GHz and 4.324.68 GHz with
the peak gains of 4 dBi, efficiencies around 80 %
with ECC <0.004.

The antenna proposed for wireless applica-
tions in the ISM 2.5 GHz/WiMax 3.5 GHzZ/WLAN
5.2GHz/ISM 5.8GHz frequency bands for mo-
bile communication, specifically for 4G LTE and
Sub-6 GHz 5G spectrum, use the RT duroid 5870
substrate. The slots are strategically utilised to in-
corporate a combination of modal behaviour, effec-
tively capturing numerous relevant frequency ranges
with accurate radiation alignment.is reported in [91].
To achieve multiband antennas various techniques
described in [92]. Parasitic elements patch antenna
with proximity-coupled V-slotted rectangular patch
implemented in [93], proposed antenna used the
loading method of multiple shapes slots on the patch
with slant by 45° is cut at the central region improves
matching at each excited frequency and consequent-
ly improves the operating bandwidth.

Reduction in degradation of signals due to
fading or multipath interferences and orientation
of transmitting and reception antenna needed cir-
cular polarized antennas for satellite systems be-
cause the circularly polarized antennas are more
protected to faradays rotation effect caused in
ionosphere. A design of a dual circular polarized
crossed-dipole antenna for L-band applications
(1.1-1.6 GHz) with antenna gain and polariza-
tion purity is implemented in [94]. Patch antenna
performance can be improved through a variety of
methods, each focusing on a specific aspect. Each
effort contributes to the development of high-per-
formance antennas suitable for modern commu-
nication systems. These methods help to address
issues such as compactness, efficiency, and multi-
band operation. Table 4 contains a concise sum-
mary.

Table 4

Analysis of additional methods and correspond-
ing efforts to enhance patch antenna perfor-
mance

Re-
Ref. Method Findings search
Gap
. . Asymmetric feed Band-
Circular strips width
o arrangement creates
gy areutilized g hase differ-
for circular .
polarization ence, bandwidth
of 1.1 GHz
A double- Gain
loop-dipole
structure,
26 cross-feeding Bandwidth
structures for of 3.3 GHz
Sub-6 GHz
of 5G
applications
The current density Bgnd-
flow pattern is de- width
signed to minimize
mutual coupling and
oo rovide an isolation
oo SplitRing T hin the
Resonators

frequency ranges
0f2.73-3.12 GHz
and 4.32-4.68 GHz,
with peak gains
of 4 dBi
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Summary of research findings from other tech-
niques improve the performance of patch an-
tenna

e Strips, which function similarly to tuning
stubs, are frequently utilised. Strips can increase the
bandwidth of the patch antenna and aid in achieving
impedance matching.

* Cross-feeding structures improve patch anten-
na performance by controlling radiation characteris-
tics, permitting multiband operation, and reducing
mutual coupling.

* SRRs help shrink patch antennas. The antenna
structurecan be lowered in size without sacrificing
performance.

Table 5

Comprehensive investigation of several techniques, including their benefits and constraints

Method

Advantages

Limitations

DGS

Metamaterial

Parasitic element

Decoupling network

EBG

Slots

* The antenna's operational bandwidth is increased,
impedance matching and frequency coverage are
enhanced and undesired resonances and harmonics
are suppressed.

* The performance of the array is improved in
terms of the control of the radiation pattern and the
efficiency — Makes it possible to construct antenna
arrays that are economical and compact.

* The antenna's operational bandwidth is increased;
impedance matching and frequency coverage are
enhanced.

» Multi-band operation is made possible.

* Improves antenna performance in settings with
high surface wave propagation.

* Increases antenna efficiency and allows for better
control of radiation patterns.

 Gain enhancement — Beam shaping — Bandwidth
adjustment.
* Mutual coupling reduction.

Enhances the isolation of antennas and decreases
the mutual coupling between elements, resulting
in improved radiation efficiency and pattern
shaping.

Reduces mutual coupling — Improves radiation
pattern control — Enhances bandwidth —
Size reduction.

The enhancement of the bandwidth,
the improvement of the radiation properties.
Reduction of surface waves, and the compact
design.

« Difficulties associated with frequency
sensitivity.

« In certain instances, there is a lim-
ited improvement of the bandwidth;
sensitivity to the characteristics of the
substrate and fabrication tolerances.

* Construction can be difficult and
expensive, and there is a possibility
of limited bandwidth augmentation

under some circumstances.
» Complex design and optimization
are necessary.

* Requires precise positioning and
sizing of elements.
* Sensitivity to surrounding
environment.
* Additional complexity in design and
tuning.

* Different frequency bands may affect
decoupling network effectiveness.

* Integrating the decoupling network
with antenna elements while retaining
compactness and structural integrity is

difficult in miniaturised systems.

* The design complexity of a system
can be influenced by its sensitivity
to fabrication tolerances.

* Can result in extra losses and
impedance mismatches.

* Optimization that is difficult
to understand.
* Improvement in bandwidth that
is limited in some circumstances.
* Sensitivity to fabrication tolerances.
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Summary of the pros and cons of the
approaches taken to enhance the patch
antenna's performance

To successfully improve the performance of
patch antennas for ISM, L and WiMAX band appli-
cations, need to know the benefits and drawbacks of
each method for the frequency bands you are inter-
ested in. It is possible to achieve significant enhance-
ments to antenna performance, by carefully choosing
and integrating diverse approaches. To get the best
possible performance from these methods in real-
world applications across multiple frequency bands,
however, problems like complicated fabrication, nar-
rowband operation, and sensitivity to changes in the
substrate must be carefully addressed.

Conclusion

This article addresses antenna performance and
challenges in the Sub-6 GHz band of 5G. Identifies
the microstrip antenna requirements for applica-
tions operating in the WiMAX, ISM, and L-band
Sub-6 GHz bands. Authors pays particular impor-
tance on mutual coupling, wideband, radiation char-
acteristics, and high-speed processing capability.
There is a need for more compact antennas that have
a high gain and wideband. Emphasizes the signifi-
cant necessity of multiple input and output antennas.
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Abstract

A mathematical model of a passively Q-switched solid-state laser based on ytterbium and erbium co-
doped active media with transverse pumping by linear laser diode arrays has been developed. The gain
in the laser is calculated using rate equations taking into account the space-time dependence of the pump
radiation intensity in the laser element. The output laser characteristics, the pulse energy, the peak pulse
power and the pulse duration, are calculated using analytical equations obtained for a passively Q-switched
solid-state laser in the approximation of a "slow" saturable absorber. The model allows one to find the range
of parameters of the active element, passive modulator, resonator, and pumping system at which the gen-
eration threshold is reached and the laser generates pulses with the required energy and duration. Mod-
eling results were used for the experimental development of lasers with an active element based
on phosphate glass doped by ytterbium and erbium ions. The energy and duration of the output light pulses
were ~1 mJ, =40 ns, and ~2 mJ and =20 ns, depending on the content of ytterbium and erbium ions in the
active element, as well as on the initial transmission of the passive modulator and the resonator parameters.

Keywords: mathematical model of a passive Q-switched solid-state laser, Yb*" and Er*" ions co-doped

phosphate glasses, transverse laser pumping by using linear laser diode arrays
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MopaeaupoBaHue J1a3epoB HA OCHOBE UTTEPOMH-IpONEeBOro
CTEKJIA C MACCUBHOU MOYJIsIlIME JOOPOTHOCTH
MPH NONEPEYHOM HAKAYKE JIMHEHKAMU JIa3ePHbIX IHO0/10B

A.C. ScrokeBuy, B.J. Kuceanb

HUL] onmuueckux mamepuanog u mexHonio2utl,
benopycckuii nayuonanvHulil mexHu4ueckutl ynugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, berapyco

THocmynuna 02.12.2024
Ipunama x newamu 08.01.2025

Pa3zpaborana maTemaTudeckasi MOJIEIb TBEPAOTEILHOTO JIa3epa C MAaCCUBHOW MOAYIISIIIEH TOOPOTHOCTH
Ha OCHOBE aKTHUBHBIX CpPE]l CO-JISTHPOBAHHBIX UTTEPOUEM U 3pOHeM, C MONEePEYHON HAKauyKOU JTMHEHKaMu
JIA3epHBIX AUOOB. Y CUJICHUE B JIa3ePe PACCUNTHIBACTCS C UCIIOIb30BAHUEM CKOPOCTHBIX YPABHEHUN C YUETOM
MIPOCTPAHCTBEHHO-BPEMEHHON 3aBUCHUMOCTH MHTEHCHUBHOCTH M3JIyYCHHUS HAKAYKU B JIA3€PHOM JJIEMEHTE.
BrixoiHbIE XapaKTepUCTUKU Ja3epa, IHEPTHUsl UMITYJIbCA, MIUKOBAsi MOILIHOCTh UMITYJIbCA U €T0 JJIUTEIbHOCTb,
PACCUUTHIBAIOTCS C UCIOJIB30BAHUEM aHATUTUUECKUX YPABHEHUM, TIOJYUYECHHBIX AJI TBEPAOTEIBHOIO Ja3epa
C TMACCHBHON MOJIYJISAIIUEH TOOPOTHOCTU B MPHUOIMKEHUN «MEIJIEHHOT0» HACHIIIAIOIIETOCS TOTIOTHTEIS.
Mopens no3BOJIIET HAWTH AMANA30H NApaMeTPOB AKTUBHOTO 3JIEMEHTa, MACCUBHOTO MOIYJSTOPA,
pe3oHaTOpa U CHUCTEMbl HAKAUYKH, MPU KOTOPBIX JOCTUIAETCS MOpPOr TEHEpaluud U Jla3ep TeHEpUpyeT
UMITYJIbCBI C TpeOyeMOoW OSHeprueil W IUTENLHOCTHI0. Pe3ynbTaThl MOJEIMPOBAaHUS HCIIOJIb30BaHBI
JUTSL SKCIIEPUMEHTAIBHON Pa3pa0d0TKHU J1a3epOB C aKTUBHBIM AJIEMEHTOM Ha OCHOBE (hOC(aTHOTO CTEKIIa, CO-
aKTUBUPOBAHHOTO MOHAMH UTTEPOUs U ApOus. DHEPrusl U JUTUTEIHbHOCTh BBIXOJHBIX CBETOBBIX UMITYJIHCOB
cocraBmsuid ~1 Mk, =40 HC u =2 M/l u =20 HC B 3aBHCHUMOCTH OT COJIEP)KaHUS HOHOB HUTTEPOUS
U 2pOWsi B aKTUBHOM DJJIEMEHTE, a TaKKe OT Ha4yallbHOTO MPOIYCKAHWS MACCHBHOTO MOJYJISTOpa
U IapaMeTpoB pe30HaTopa.

KuaroueBbie cioBa: MaremaTHueckas MOJENb TBEPAOTEIBHOIO Jlasepa C MAacCUBHOM MOIYJSAIUEN
+ +

no6poTHOCTH, (ocaTHbie CTEKTa, co-akTHBHpoBaHHEIe moHami Yb®' and Er’’, momepeunas makauka
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Introduction

Lasers based on ytterbium- and erbium- doped
glasses generating nanosecond light pulses in the
spectral range of 1.5 um are of great interest for
ranging, see, e.g. [1-7]. To obtain pulses with an
energy of several millijoules, a transverse pumping
scheme is often used with radiation from flash-lamps
or laser diode arrays (LDAs). Currently, there are a
number of commercially available LDAs with radia-
tion power of several tens of watts in a spectral range
matched with the absorption lines of ytterbium ions.
Use of LDAs allows for reduction in the thermal load
on the active element, an increase in the durability of
laser operation, and creation of a more compact laser
design compared to lamp analogs.

Ytterbium ions, which have intense absorption
lines in the 940 nm region in phosphate glasses, ab-
sorb pump radiation and nonradiatively transfer exci-
tation energy to erbium ions according to the scheme
ZFS/z(YbH) + 4115/2(Er3+) - 2F7/2(Yb3+) +11 11/2(Er3+),
see Figure 1. Fast relaxation (a few microseconds)
of erbium ions to the upper laser level *I;,,, — I,
allows to reduce losses due to up-conversion from
the *I,,, level.

) o T 4
Fs» [N, N5 T
4
Ny Tisp
Wy
2F T 4
72 [Ny (N3 "Iisp

Er3+

Figure 1 — Scheme of energy levels of Yb*" and Er’* ions
involved in the process of pumping *F.,—Fs, and lasing
*I,35—"1,5,, as well as the scheme of the excitation energy
transfer *F,, (Yb*")—"1,,,, (Er’). N, is the population of
the a-th energy level (a =1, 2, 3,4, 5)

Yb 3+

Co*":MgAl,0, (Co:MALO) crystals are widely
used in solid-state lasers with passive Q-switching in
the 1.5 um spectral region as materials for saturable
absorbers. Technology for their growth is well devel-
oped, and the spectroscopic characteristics have been
studied in detail [8]. Therefore, for lasers under con-
sideration, thin plane-parallel plates of Co:MALO
were used as passive modulators.

Efficiency of a transverse pumped laser depends
largely on matching of the volume of the lasing mode

and the volume of the active medium in which the
gain is created using pump radiation. As a rule, the
laser cavity is designed so that the spatial distribution
of the lasing intensity is close to the TEM,,, mode.
As for the spatial distribution of the pump radiation
in the active medium, the situation is more compli-
cated. This distribution depends significantly on the
relative position of the active element and the LDAs,
geometry of the active element, presence of a focus-
ing system, and other factors. Many works are devot-
ed to studying characteristics of transverse pumped
solid-state ytterbium-erbium lasers and optimizing
their design, see, e.g. [3, 9-18].

One of the important areas of research into such
lasers is mathematical modeling of their operation.
In [14], characteristics of a passive Q-switched laser
based on ytterbium-erbium glass pumped by linear
LDAs were studied. The results of numerical model-
ing of spatial distribution of the density of the ab-
sorbed pump radiation power over the active element
at different distances between the active element and
LDAs are presented. In [15] and [16], mathematical
models of passive Q-switched lasers based on a sys-
tem of rate equations that take into account up-con-
version transitions in erbium ions and the presence
of "unpumped" regions in the active element were
proposed. In [15], overlap of the volume in the ac-
tive medium where the gain has been created with
the volume of the generated radiation is taken into
account in the absorbed power of the pump radiation.
In a more complete model [16], the spatial distribu-
tion of the inverse population at the laser transition
of erbium ions was calculated in the geometric op-
tics approximation without focusing the radiation of
linear LDAs onto the surface of the active element.
Then, the inverse population was averaged over the
cross-sectional area of the generated radiation mode.
Active elements in the form of rectangular parallel-
epipeds and cylinders were considered.

In this paper, we use an approach to modeling
the operation of ytterbium-erbium glass lasers with
transverse pumping by linear LDAs radiation, based
on the results of [19], where a number of analytical
expressions were obtained for calculating the output
characteristics of a passive Q-switched laser based
on a quasi-three-level active medium with a "slow"
saturable absorber. Here it is assumed that the re-
laxation time of the passive modulator, t,,, is much
longer than the duration of the generated pulses, t,,
which is quite true in our case, 1, ~ 300 ns [8] and
7, = 1050 ns. Within the framework of the system
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of rate equations with parameters depending on spa-
tial coordinates, the time dependence of the average-
weighted gain coefficient by the mode volume of the
generated radiation is calculated. This allows us to
check the fulfillment of threshold conditions in the la-
ser and to determine the time delay between the start
of the pump pulse and the start of the generation pulse.

2. Laser model

2.1. Scheme of the laser with transversal
pumping

Scheme of a passive Q-switched, transverse
pumped laser is shown in Figure 2. The generated
laser radiation propagates along the Y axis, the pump
radiation propagates along the Z axis.

5 3 4

g i
==L

Figure 2 — Scheme of the passive Q-switched laser:
1 — the linear LDA; 2 — the active element; 3 — the passive
Co:MALO modulator; 4 and 5 — the OC and HR mirrors
of the resonator, respectively

®>

Transverse pumping is carried out by uncollimat-
ed radiation beams of two linear LDAs, see Figure 3.
This pumping scheme seems simpler from the point
of view of practical implementation, since it does not
require additional collimating optical elements.

69
taxhy*l,

> N
—

@

linear LDA 1

\

linear LDA 2

20, Transvgsal shape of
lasing mode
Figure 3 — General scheme of pumping without collima-
tion of radiation of linear LDAs. ¢, i, and /, are the width,
height and length of the active element, respectively, 2,
is the Gaussian diameter of the fundamental mode of the

generated radiation at the level of 1/&*

As a source of optical pumping, we will con-
sider a linear LDA in the form of a strip with di-
mensions of 1 umx 10 mm, emitting light at a wave-
length of A, The spatial characteristics of such light
sources are characterized by the so-called "fast" and
"slow" axes. The "fast" axis is directed perpendicu-
lar to the emitting strip, in the direction of this axis
the divergence of the light beam is determined by
diffraction on its aperture. Along the "slow" axis,
which is directed along the emitting strip, the spatial
characteristics of the pump beam are described in the
approximation of geometric optics. In future calcula-
tions, the divergence of light along this "slow" axis
will not be taken into account.

Calculation of the spatial distribution of pump
radiation in the volume of the active medium at a
certain point in time is carried out under the follow-
ing assumptions:

— pump radiation beam in the XZ plane is Gauss-
ian-like, the optical quality of the beam is described
by the parameter M?;

—shape of the distribution of the pump beam
intensity as it propagates along the Z axis remains
unchanged;

— width ©,(2) of the pump beam along the Z axis
is calculated using the ABCD method [20].

2.2. Basic equations and formulas for calculating
the gain coefficient

To perform numerical calculations a grid of spa-
tial coordinates is constructed in the volume of the
active element by dividing it into planes parallel to
the Y axis and perpendicular to the X and Z axes, see
Figure 4, [x, z], ;= x;z;, i = 1..N,, j = 1...N,. Here N,
and N, are the number of partitions into layers per-
pendicular to the X and Z axes, respectively.

X1

R s e N
e e

linear LDA 1 . linear LDA 2

Figure 4 — Pumping scheme without collimation of radiation
from linear LDAs with partition of the active element into lay-
ers parallel to the Y axis and perpendicular to the X and Z axes

Next, a time grid is constructed as a set of
time moments #,, separated by time intervals At
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k=1...N,, where N, is the number of partitions of the
pump pulse of duration 7, The value of Az is much
less than the relaxation time of energy levels of yt-
terbium and erbium ions. The space-time grid allows
one to introduce arrays of energy level populations,
see Figure 1, the elements of which can be written as
[Na]i,j,k = Na (xiﬂzjﬂtk)a ((1 = la 2: 3a 49 5)

Let us briefly describe the algorithm for calcu-
lating the average-weighted gain coefficient by the
volume of the lasing mode at different moments of
time k,(,) = [k;], at the pumping stage. When the
pump beam from the first linear LDA passes through
the active element at time #,, see Figure 4, the pump
radiation intensity distribution in the volume of the
active element /,(x;,z;,;) is described by the array
[£,], the elements of which have the following form:

[]p]i,j,k = [P]j,k [H]W (1)

where [P];, = P(z,t;) is the pump power array ele-
ment; [I1], ;= II(x;,z,) is the array element that deter-
mines the pump beam profile in the XZ plane in the
active element:

]- 2

-1
n 2x7
H i Zi = —l . — !
(o) M ol )J e"p{ o (2)
The change in the intensity of the pump beam as

p
it propagates along the Z axis over a distance Az at
time 7, is described by the array [A/,] with elements:

[Np]z,j,k = _[kp]iJ,k [Ip]iJ,k Az,

where [kp]i‘/,k = Gpabs [Nl]i,j,k 'Gpem [NZ]i,j,k is the array
element of the absorption coefficient of pump radia-
tion; o’ and o”,, are the absorption and stimu-
lated emission cross sections at the pump radiation
wavelength A ,. The pump beam power in the layer
with the coordinate z;,, = z;+Az is calculated as:

[Pj1s = [Pl XAALY i L Ax, &)

and, accordingly, the elements of the pump beam in-
tensity array in this layer have the form:

[Ip]i,j+1,k= [P]jﬂ,k [H]i,j+1~ ®)

Thus, the array of pump radiation intensities in
the volume of the active element at time ¢, is calcu-
lated.

After this, the elements of the population arrays
of ytterbium and erbium ions energy levels are re-
calculated. For this, a system of rate equations, see
e. g. [21], in the form of a system of finite difference
equations is used:

A3)

AN],
[ A}.]’ = I:k” l‘,j,k [¢p :Ii,j‘k e [Nz ]i,j,k —Cs [NZ ]i,j,k [NS:I ik (6)

[AN; ]

%:_Czs[]\h] i,j.k [N3] i,j.k +(W403 +C[N4] i,j’k)[N“] i’j’l‘; (7)
[AN,]. .

A—t’]’k =Wsu[Ns], s _(W“O3 +C[N, ]i,j,k)[N“] i ®)
[N

Ju
A—t’j’kzczs [N, ] i,j,k|:N3:| ijok Wl Ns] Lik’

where £ is Planck's constant; v, is the pump radiation
frequency; [9,1; ;= [1,]; ./ (hV,).

Meaning of quantities describing the relaxation
of excited levels of ytterbium and erbium ions, as
well as the excitation energy transfer between them,
is explained in Figure 1. Note that the probabil-
ity W,; of the upper laser level Vi 132 Telaxation, is
understood as the total probability, i. e. the sum of
the probability of relaxation WO43 to the level *, sn
and the probability of up-conversion relaxation
C[N4]; ; « [6], see also equations (7) and (8).

The system of equations (6)—(9) is solved nu-
merically, and the changed values of the elements of
the ytterbium and erbium ion levels population ar-
rays [Nfa]i’j,k, (a=1,2,3,4,5) due to the interaction
with the pump radiation from one of the linear LDA
over the time interval Af are calculated as:

[]\72] ik [Nz] i,jk +[AN2] Lk’
V ZI:N3:|i’j’/{+[AN3:|i,j,k;

N
:[N4] i,j,k+[AN4]

)

w

i,j.k

. (10)
ijk i,jk’

]\75 ik :|:N5:| i)k +|:AN5:'i,j,k'

The distribution of the pump radiation intensi-
ty from the second linear LDA is calculated using
relations (1)—(5), with the difference that the popu-
lations of the ytterbium and erbium ion levels that
were established after interaction with the radiation
from the first linear LDA over a time interval of At
are used, (10). Then by using equations (6)—(9) the
arrays [ANa]i’j’k, (=1, 2,3,4,5)are calculated and
the populations of the energy levels for the time mo-
ment ¢, | = t,+At are recalculated:

[N2] ikl [NZ] ik +|:AN2:| i,/',k;

[NJ ikl [N3j| ijk +[AN3J i,jk (11
[N4] ikl T [1\74} ijk +[AN4J ik’
[Ns] ikl T [NJ ik +[AN5} ijk
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At the initial moment of time, the values of
the population arrays elements in the active ele-
ment have the following values: [N,(= 0)]; ;= Ny,
[Ny(t = 0)],;= 0, [N3(t = 0)],; = Ny [Nyt = 0)],; = O,
[Ns(t=0)],;=0, i=1..N,, j=1..N,. Here Ny, and
Np, are the concentrations of ytterbium and erbium
ions, respectively.

Elements of the upper and lower laser levels
population arrays allow one to calculate the elements
of the gain coefficient array of the generated radia-
tion at the wavelength of A, at the time #,,:

[klj ikl Gim [N4] i, j e+l _Gst [N3] i j e+l (12)

The average-weighted gain coefficient by the
volume of the generated radiation mode at time 7,
is calculated as follows:

- AxAzl,
kl (tk“ ) :[kl] kel V[ Z[kl] i,j,k+1 [A]i,j ? (13)
i,j

where [A];;= exp(—2(x2i+zzj)/oo21) is the Gaussian
function that describes the fundamental mode of the
generated radiation; ¥, = (nw?, 1,) /2 is the effective
volume of the generated mode.

This algorithm allows one to calculate the aver-
age-weighted gain coefficient as a function of time,
k; (t,) = [k;],, during the entire pump pulse. The gain
coefficient corresponding to the end of the pump
pulse will be denoted as k™

It should be noted that the proposed algorithm
for calculation the gain in the active element allows
us to determine values of parameters of the active
medium, resonator and pumping system at which the
generation threshold is reached, which correlate well
with the experimentally obtained results, see below
section 3 of the article.

2.3. Equations for calculating the output
characteristics of a laser

To start the formation of a single pulse in solid-
state lasers with passive Q-switching, the gain coef-
ficient must be equal to the initial coefficient of total
losses in the resonator (the condition for reaching
the "first threshold") [8]. In [19], it was shown that
this condition can be written as k, (£) = 6,N,, where
6,=0;+6',,, and the parameter N; determines the
volumetric average population of the upper laser
level at the initial moment of formation of the laser
pulse:

kyl,—In(T,)

S la

i

(14)

Here k; = -[In(1-T,,,)+In(1-L)]/(21,) is the reso-
nator total loss coefficient; T, is the output mirror
transmission coefficient; L is the passive resonator
loss; T, is the initial transmission of the saturable ab-
sorber.

In our case, the laser operates in the single pulse
regime, and therefore it is sufficient that the follow-
ing condition is satisfied by the end of the pump
pulse to reach the "first threshold":
klmax /Gl > ]Vli' (15)

Parameters of the single pulse generated by the
laser, according to [19], can be calculated as follows.
Laser output pulse energy:
hv,~—In (16)
o,

E,. = Vlk

act (Nll /le )’
where k., =-In(1-T,,,)/(21,) is the coefficient of ac-
tive loss of the resonator.

Peak power of the light pulse at the laser output
is:

P peak _

out

k(7). a

The laser pulse duration 1, is calculated using the
formula:

E | PPek,

out out

(18)

The parameters N/, N/ and @, (N/) required to
calculate the laser output characteristics from (16),
(17) and (18), can be found from equations (19),
(20), (21) [19]:

T[z

o
NN [ NN -0 (19)
N N NN ’
R/ /W (. ¥ O 0 O 78 I TR
N, N N ) al N N} ’
q),(N,’):
I k1 +Bln(lj |
i t e T Nli
Ni=Nj == o |~ 1)
_ﬂ a®l l
n 1 '
1-B ln[j “
) (w
16,0 Nj

where o= (§,)/0; B = 0,/6 ;N = (kA BIn(LT) AL, 0);
®,(N/) is the peak lasing photon flux N and N/ are
the effective populations of the upper laser level cor-
responding to the peak value of the generated photon

flux and the end of the generation pulse, respective-
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ly; 6,4, O, are the absorption cross-sections from the ~ with transverse pumping by radiation from linear

ground and excited states of the saturable absorber, LDAs.

respectively; §=4,/4,, is the ratio of the effective Geometrical dimensions of active elements are
area of the generation mode in the active medium as follows length /,= 10 mm, thickness 7,= 1 mm
and the passive modulator; c is the speed of light in  and height 4, =2 mm. The main spectroscopic pa-
vacuum; 7 is the refractive index of the active medi- rameters of ytterbium and erbium ions in the active
um; = (nl,)/1,,,1s the filling factor of the resonator; medium are given in Table 1.

cav

[, 1s the optical length of the resonator. Wavelengths of pump 2, and laser A, radiation

are 940 nm and 1540 nm, respectively. The absorp-
3. Calculation of generation characteristics tion cross section from the ground o, and excited
of Yb, Er phosphate glass lasers in passive (o states of the saturable absorber C02+:MALO 1s
Q-switch regime. Comparison with ~4.0-10% m” and >3.0-10*" m”, respectively [8].
experimental data Thickness of the passive modulator is 0.5 mm. As

can be seen from the presented data, ¢,<<c,, and
Mathematical model of the laser proposed in Oy >c516m+c5[abs, which means that the "second thresh-
this work was used in the development of passive  old" is fulfilled, when the absorption of the passive
Q-switched lasers with a phosphate glass active modulator is saturated firstly, and then the gain
elements with ytterbium and erbium ions using of the active medium is. This ensures the generation

a thin plate of Co®":MALO as saturable absorber of a laser pulse [8].

Table 1
Spectroscopic parameters of ytterbium and erbium ions in phosphate glass
Yb¥ (%) Er*' [6]
Wi, ! 67 s m> 7 s m> W043, s! C, m’/s Wia, ! Cys, m’/s Glabs, m> Glem, m>
833 02710%  0.510% 125 102 510° 4.1107% 810% 810%

(*) our measurements.

For ease of comparison of calculated results active element is 0.6 mm, the pump pulse duration is
with experimental data, the radiation power P, of the 2 ms, the Gaussian radius of the generated radiation
linear LDA is presented as a function of the current beam is ®,= 380 um.

I, feeding the LDA: Table 2 presents the calculated and experimental

P =Kl 4B values of £, and 1, of the passive Q-switched laser
r e based on active element "A" at different values of the
where K'=1.25 W/A and B =-25W. Current /;, IS output mirror transmission and the current of the lin-
measured in amperes. ear LDAs.
Calculations by the ABCD method show that Tuble 2

the Gaussian radius of the generated beam in the
active element changes by less than 1 %. The sat-
urable absorber was located near the active ele-
ment. Therefore, this radius was constant along
the length of the active element and the saturable

Calculated and experimental characteristics
of the laser based on the active element "A''.
The experimental values of the parameters are
given in brackets

absorber.
. . T .° Ly A E
Figure 5 shows results of laser operation mod- oun 70 LD> ou> M U, 08
eling with erbium and ytterbium ion concentra- 10 60 1.0(1.1) 409 43.4)
. . . — () 5.1026 3
tions in the active element Ny, =0.5-10" m™ and 5 70 11(12)  41.0(43.3)

Nyp = 2.1-10” m™ (element "A"). The initial trans-
mission of the passive modulator 7,=95.5 %, the 20 80 1.2(1.2) 423 (42.6)
geometric length of the resonator is 90 mm, the dis-

tance from the linear LDASs to the side surfaces of the 275 85 12014 45.7(15)

30



Tpubopul u memoowt usmeperutl
2025.T. 16. Ne 1. C. 24-34
A.S. Yasukevich, V.E. Kisel.

Devices and Methods of Measurements
2025,16(1):24-34
A.S. Yasukevich, V.E. Kisel.

Figure 5 — Calculated characteristics of a laser based
on the active element "A" depending on /;, and T,
a, b—energy E,,, and duration t; of the output pulse,

out?

respectively; ¢ —time delay between the start of the
pump pulse and the start of the generation pulse t,,,,

Calculations of lasers’ parameters based
on active element with ytterbium and erbi-
um ion concentrations Ng =0.7-10*m~” and
Ny, =3.5-10" m> (element "B") with initial
transmissions of passive modulators 7;,=95.5 %
and 91.5% were also performed. The dis-
tance from the linear LDAs to the side surface
of the active element is 0.7 mm, the geometric
length of the resonator is 90 mm. The Gauss-
ian radii of the generated radiation beams
are given in Table 3, the pump pulse duration
is 2.5 ms.

Table 3

Output characteristics of lasers with the el-
ement '"B'", at T;=955% and 91.5 %.
Experimental data are given in brackets

T,, o, T .,
%()’ urln (‘%’ Ip,A E,,m] 1, 1S
20 575 1.16(1.05) 423 (43.5)
95.5 380
275 625  1.19(1.15) 45.7(42.5)
20 675 1921) 21225
91.5 360
275 725 2022 212(23)

Figures 6 and 7 show results of lasers’ modeling
with the active element "B" and passive modulators
with 7;,=95.5 % and 91.5 %.

Table 3 shows the results of calculations
of the parameters of lasers with the active
element "B" for some values of the initial trans-
mission of the passive modulator, the transmission
of the output mirror and the current of the linear
LDAs in comparison with experimentally obtained
data.

The graphical dependencies of the laser
characteristics presented in Figure 5-7 allow
one to determine the range of 7,, and /,, values
at which the generation threshold is reached at
a given value of 7,,. Also, from these graphs,
one can determine the values of T,, for
obtaining the maximum energy of the generated
pulse or its minimum duration.
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% 10 50 1

oul’

0 50 1
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Figure 6 — Output characteristics of the laser based on
the active element "B", T, = 95.5 %, depending on /, ;, and
T,. a, b—energy E_ ., and duration 1, of the output pulse,

respectively; ¢ — time delay between the start of the pump
pulse and the start of the generation pulse 1,

%

oul’

0
oul’

40

0 50 /

out’

Figure 7 — Output characteristics of the laser based on
the active element "B", 7, = 91.5 %, depending on /, ,, and
T, a,b—energy E_ . and duration T, of the output pulse,
respectively; ¢ — time delay between the start of the pump

pulse and the start of the generation pulse t,,,,
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Analysis of results presented in Tables 2 and 3
shows that the calculated values of the lasers’ output
characteristics under study are in good quantitative
agreement with the experimental data.

Conclusion

A mathematical model of a passively Q-switched
solid-state laser based on ytterbium and erbium co-
doped active media with transverse pumping by lin-
ear laser diode arrays has been developed. The gain
in the laser is calculated using rate equations taking
into account the space-time dependence of the pump
radiation intensity in the laser element. Laser output
characteristics are calculated using analytical equa-
tions obtained for a passively Q-switched laser in
the approximation of a "slow" saturable absorber.
The model allows one to find the range of parameters
of the active element, passive modulator, resonator,
and pumping system at which the generation thresh-
old is reached and the laser generates pulses with
the required energy and duration.

Modeling results were used for experimental
development of lasers with active element based on
phosphate glass doped by ytterbium and erbium ions.
The energy and duration of the output light pulses
were ~1 mlJ, =40 ns, and =2 mJ and =20 ns, de-
pending on the content of ytterbium and erbium ions
in the active element, as well as on the initial trans-
mission of the passive modulator and the resonator
parameters.

Within the framework of the developed model
parameters of a laser with several active elements
with different concentrations of ytterbium and er-
bium ions as well as with different parameters of
the resonator and LDAs can be optimized to obtain
generated pulses with the required energy and du-
ration.
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KOHCTPYKTHBHO-CXeMOTEeXHUYECKHE 0COOEHHOCTH CHHTEe3a
U3MepPUTEebHBIX Peodpa3oBaTesieil HANPSIKeHUs

0O.B. I[BopHmmBl, B.H. Baxypl, AT Baxnpl, B.M. .JIOSOBCKI/Iﬁl, B.A. UexoBckuii®

1 . . .
Munckuil hayuHo-uccIe008amenbCeKull NPUOOPOCMPOUMETbHbLL UHCTRUTYT,
ya. A. Konaca, 73, 2. Munck 220113, Beaapyco

ZHHcmumym s0epHblx npobiiem Benopyccko2o 20cy0apcmeeno2o yHueepcumemd,
ya. bBobpyiickas, 11, e. Munck 220006, Benapyco

Hocmynuna 21.11.2024
lpunsama k neuamu 03.01.2025

B paanosnekTpoHHOH anmaparype 4acTo HEOOXOIUMO OLIGHUBATH YPOBEHb JJIEKTPHUYECKHX CHTHa-
JI0B pa3nuuHoi (hopMbl, Hanbosee aJeKBaTHON XapaKTEPUCTHKON KOTOPBIX SBISIETCS CpEAHEKBagpaTHUe-
CKO€ 3HaueHHe HANpsuKeHUs Vy,o. Jnd onpenenenus Vpy,,¢ IpeAnoOYTUTEIbHO IPUMEHEHHE IpeoOpa3oBa-
TeJlell IepeMEHHOI0 HANpsDKEHUS! B IMOCTOSIHHOE 10 YPOBHIO cpenHekBaaparudeckoro 3Hauenus ([ICK3)
Ha OCHOBE TEPMOJJICKTPHUECKHX NpeoOpazoBareneil. M3Bectsl anekrpuyeckue cxemsl [ICK3 ¢ tepmo-
JNEKTPUIECKUMHU TpeoOpa3oBaTeNsiMi U CPOpPMYyITHMPOBAaHBl PEKOMEHIALUU IO BHIOOPY KOMIIOHEHTOB
JUIT MHHUMH3aLUU TOTPEHIHOCTH MpeoOpa3oBanusi. OnHaKo Mmainas BeJITHMYMHA MOTPEIIHOCTH Ipeodpaso-
BaHUs HE SIBSUISICTCS €IMHCTBEHHBIM TpeOoBaHHeM, mpenbsiBisieMbiM K [ICK3 B pamuosnexkTtpoHHOM am-
napatype. OObIYHO HEOOXO0AWM MOUCK KOMIPOMHUCCHOTO COYeTaHusl Habopa mapameTpoB. Llenpio paboTs
SIBIISUIACH BBIPAOOTKA PEKOMEHIAIMK MO0 CXEMOTEXHHYECKOMY U KOHCTpYKTuBHOMY cuHTe3y [ICK3 ¢ pas-
HBIM COYETAaHHUEM TEXHUKO-IKOHOMHUYECKHX MapaMeTpoB. B craThe nmpuBeaeHbI pe3yinbTaThl OLEHKH OCHOB-
HbIX napaMeTpoB komnoHeHToB [ICK3, ompenensromux MOrpemHocTb, YCTOHYUBOCTh K MEXaHUYECKHM
U paJMallMOHHBIM BO3AEHCTBUSAM, CTOMMOCTH NPU MaJoCepUHHOM Npou3BojacTBe. CpaBHEHHE KOMIIO-
HEHTOB MPOBEACHO Ha OCHOBE HKCHEPHUMEHTAIBHBIX JaHHBIX U MPEICTAaBICHO B BUAE TaOIHI U rpaduKoB
Pe3yIAbTaTOB U3MEPEHUH, CTIONB30BaHHE KOTOPBIX MO3BOJISIET IPOBECTH CUHTE3 M3MEPHUTEIBHBIX Mpeodpa-
30BaTesiell HaNpsDKEHHS C Pa3InYHbIM COYETaHHEM TEXHHKO-d9KOHOMHMYECKHX rokaszareneid. Chopmynupo-
BaHbl KOHKPETHBIE PEKOMEHJAAIMH [0 MPOEKTUPOBAHUIO TPEX TUIIOB U3MEPUTEIBHBIX MpeoOpazoBaTeiei:
JIEIIEBOTO CO CPEAHUM YPOBHEM MApaMETPOB, MPELU3NOHHOT0, PaJilalliOHHO-CTOWKOTO.

KuroueBble ci10Ba: TepMOAIICKTPUYECKUIT TpeoOpazoBaTelb, peodpa3oBaTesb NEPEMEHHOTO HAIIPSHKCHUS
B IOCTOSIHHOE, M3MEPEHNE CPEAHEKBAIPATHYCCKOTO 3HAYCHUSI, H3MEPEHHE IIEPEMEHHOTO HAMPSKCHUSI
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Design and Circuitry Features of the Measuring Voltage
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Abstract

In electronic equipment it is often necessary to estimate the level of electrical signals of various shapes,
the most adequate characteristic of which is the root-mean-square value of voltage V,,s. It is preferable
to use alternating current-to-direct current converters by the root-mean-square value (so called RMS-DC
converter) based on thermoelectric converters to determine Vs for which electrical circuits have been de-
veloped and recommendations for selecting components to minimize the conversion error have been for-
mulated. However a small value of the conversion error is not the only requirement for the RMS-DC con-
verters in electronic equipment. It is usually necessary to search for a compromise combination of a set of
parameters. The aim of the work is to develop recommendations for the circuit and design synthesis
of RMS-DC converters with different combinations of technical and economic parameters. The article pres-
ents results of the RMS-DC converter components main parameters assessing that determine the error, re-
sistance to mechanical and radiation effects, and the cost in small-scale production. Comparison of com-
ponents is carried out on the basis of experimental data, presented in the form of tables and graphs based
on the results of measurements, use of which allows for synthesis of measuring voltage converters with
various combinations of technical and economic parameters. Specific recommendations for selection
of components for three types of measuring converters: inexpensive with an average level of parameters,
precision, radiation-resistant are formulated.

Keywords: thermoelectrical converter, RMS-DC converter, RMS measurement, AC voltage measurement
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BBenenue

B pammosnextponHoii ammapatype (PDA)
4acTo HE0OXOIMMO OLICHUBATH YPOBEHB AIICKTpUYC-
CKUX CHUTHAJOB pa3lIW4HOM (OPMBI, TAKHX KaK:

CUHYCOUIAJIbHBIC WX TPAMOYTOJLHBIC C II0C-

TOSIHHOM  COCTaBJISIIONICH,  IMOCJIEI0BATEIBHOCTH
HAMITYJILCOB, CITy4aliHbIC U JIP.
Hanbomee  amekBaTHOW  XapaKTEPUCTHKOM

TaKUX CUTHAJIOB SIBIISICTCS CPEIHEKBAIPATHUECKOE
3HAYEHUE HANPSDKEHUS Vg, A OIpENeIeHUs
KOTOPOTO TPEINOYTHTEIBHO TPUMEHEHUE IIpe-
obpasoBaresieii MepeMEHHOTO HAIPSKEHUS B ITOC-
TOSSHHOE TI0  yPOBHIO
sraueHus ([ICK3) Ha ocHOBe TepModleKTpHUyec-
kux mpeodpaszosareneit (TOI1) [1].

B nocnenuee

CPEIHEKBAAPATUICCKOTO

ObuTM  pa3zpaboTaHbl
I1CK3
U cHOpMYIHPOBaHbl PEKOMEHIALMH 110 BbIOO-

BpeMs

THUIIOBbIC CXEMOTCXHHYCCKHUEC peuICHuA
py omepannoHHBIX yeummutener (OY) u TOII
JUTSI npeoOpa-

3oBaHus [1, 2]. OnHako Manasi BEIMYMHA MOTpel-

MUHUMH3AIMA ~ [OTPEIIHOCTH
HOCTH TpeoOpa3oBaHUsl HE SBSJSICTCS €IMHCTBEH-
HBEIM TpeboBanmeM, mpenbsBiasseMbiM Kk [ICK3.

OOBIYHO HEOOXOJUM TIOUCK  KOMITPOMHCCHOI'O

301k

COUYETaHUs MIOTPELIHOCTH npeoOpazoBaHus,
JIOITYCTHMOTO CIIeKTpa YacTOT BXOJHOTO CHTHAJA,
MaccoradapUTHBIX apaMeTpoB, CTOUMOCTH
W3TOTOBJICHUS MPU MAJIOCEPUHHOM NPOU3BOJCTBE,
YCTOMYMBOCTM K BHEIIHUM  BO3AECHCTBYIOILIMM
(akTopam: TemmepaType, NpPOHHKAIOMIEH paana-
uuu (I1P), MexaHn4ecKuM BO3ICHCTBUSM.

lenpto  paboThl  sBIATIACh  BBIpabOTKa
PEKOMEHIAIl 10 KOHCTPYKTUBHOMY M CXEMO-
texunueckoMmy cuntedy IICK3 ¢ pasneiM couera-

HUEM TCXHHUKO-OKOHOMUYCCKUX IMapaMETPOB.

TunoBbie IIEKTPUICCKHUE CXEMbI

OKCHEpUMEHTAIBHO  anpoOMpPOBAaHHAsT — 3JICK-
Tpuueckas cxema usmepurensHoro [ICK3 mpuse-
JeHa Ha pucyHke 1, a ocobeHHOCTH €€ pPabOTHI
W METOJMKAa CXEMOTEXHHYECKOHW ONTHMH3AINN
noapoOHO paccMmoTpensl B [1, 2]. 3amerum, d9TO
IICK3  oOGecne-

YHBACTCA IMPU OTHOCUTCIILHO OOJBIINX 3HAUYCHHIX

MUHHUMAJIbHAS MOrp€IHOCTh
Vius» TMO3TOMYy Ha BXox (y3en in Ha pHUCYHKe 1)
1enecooOpa3Ho  1M0j1aBaTh

BXOI[HOﬁ YCUIIUTEIID,

HanpsDKEHHE — 4yepe3

n300paXeHHBI Ha  pH-

CyHKe 2.

=
-
[
oL
= —
-]

o\ 8=&

sl
T~

a1
o™o
L

10k  OUTRMS

PI/leHOK 1- anomeHHaﬂ QJICKTPHUYCCKAA CXEeMa U3MEPUTEIILHOT'O npeo6paSOBaTen${ MEPEMCHHOI'O HAMTPAKCHUA

Figure 1 — Simplified electrical circuit of the measuring alternating current voltage converter

[Toka3anuble Ha pUCYHKax 1, 2 anekTpuuecKue
CXeMbl MOTYT OBITh TIPUMEHEHBI 0€3 W3MEHECHUH,
OJIHAKO, B HEKOTOPBIX CIIydasX HE CMOTyT obec-

NeYnuTh TpeOyeMblii YPOBEHb TEXHHUKO-3KOHOMH-
YecKMX IapamMeTpoB paspabaTbiBacMoii PDA 0e3
TMPaBIIILHOTO BHIOOPA MCIIONH3YEMbIX KOMIOHEHTOB.
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Pucynok 2 — YoporeHHas 3JIeKTpudecKast CXeMa BXOIHOTO yYCHIIHTEIS

Figure 2 — Simplified electrical circuit of the input amplifier

Bb100p TepMO31EeKTPHYECKOT0
npeodpa3oBareJs

TepmoanexTpuyeckuii mpeodpazoBatenns DAL
Ha PHUCYHKE | COMAEPKUT JBAa OJWHAKOBBIX IONY-
MIPOBOIHUKOBBIX KPUCTAIIA, KKIBIH U3 KOTOPBIX
BKJIIOYAET 7-p-n-TPAH3UCTOP U HarpeBaTelIbHBIC
pesuctopsl. B TOIT TTH002-01, ITH002-02 umeet-
cd JBa TOJMKPEMHUEBBIX pE3UCTOpa C COMpPO-
tuBneaneM 350+70 Om u 250+50 Om cootBer-
creenHo, B [TH002-03 — oauH MOIYNPOBOIHU-
KOBBIH pe3uctop ¢ comporuBienrneM 300+£60 Owm.
Kpucramiel Moryt ObITh pa3MeIleHbl Ha TEIUIO-
M30JUpYyIomell Y00HUTOBOM TOIOKKE TOIIINHOMN
400 mxm B 16-T BbIBOgHOM Kopmyce HO04.16-1,
B otoMm ciydae TOII Oymer mpenctaBisTh coboit
MHUKpPOCXEMY, WM Ha TEIUIOU30JUPYIOIIECH IO0-
JTUAMUATHON TUICHKE TONMIMUHOW 50 MKM  mipu
peammzanmu TOIl B Buge wwukpocOopku [1].
Tak Kak  TEIUIONPOBOJHOCTH  MOJUUMHUIHOMN
WIEHKA  CpaBHUMa C  TEIUIOMPOBOJHOCTHIO
200HMTA, HO TOJIIMHA TIOYTH B 8 pa3 MEHBIIE,
TO pacceBaeMasi HarpeBaTelIbHBIM PE3HCTOPOM
MOIIIHOCTh JIOJDKHA B OONbIIEH CTCIICHH Ha-

rpeBaTh TEPMOUYBCTBUTENIBHBIH  TPaH3UCTOP
B MHUKPOCOOpKE H3-32 yYMEHBIIEHHS TEIUIO0TBOJA
OT KPUCTAJLIa B OKPYKAIOLIYIO Cpey.
HeoOxomumocTs peanuzanuu JBYX KOHCTPYK-
muii TOIl oOBCcsAHAETCS TEeM, YTO MHKPOCXEMBI
00BIYHO 00€CrevnBalOT BHICOKMH YpPOBEHb CTOM-
KOCTH K MEXAaHHYECKHM BO3IEHCTBHSM , a TpeGo-
BaHMsI 0 CTOMKOCTH K BHEIIHHUM BO3AEHCTBYIO-
mmM  (akTopaM MHKPOCOOPOK YCTaHABIMBAIOTCS
B COOTBETCTBHUH C TEXHUYECKUMH TPEOOBAHUSIMH
K KOHKpeTHOH PDA wu mnostomy MoOryt ObITH
CYIIECTBEHHO HIKE , , KAk MOKa3aHO B Tab-
mure 1. B Toxke Bpems KOd(pQUIHEHT TepMo-
3NIEKTPUYECKOT0  NMpeoOpa3oBaHUsl  MOLIHOCTH,
paccenBaeMOll Ha HarpeBaTeNbHBIX PE3UCTOPAX,
B HampshKeHHE Ha MPSIMOCMEIEHHOM 3MHTTEp-
HOM TME€pPEeXOje Mn-p-A-TPaH3UCTOpa OOJIbIIe JUIS

* MukpocxeMbl HHTerpasibHble. OOIIMe TEXHUYECKUE
ycnoBust. TOCT 18725-83.

** MukpocOopku. OOIMe TEXHUYECKHE YCIIOBHSI.
I'OCT 28431-90

*** CpencTBa M3MEPCHUH SJICKTPUYCCKUX U Mar-
HUTHBIX BenuuuH. OOImMe TEeXHUYECKUE YCIIOBHSL.

I'OCT 22261-94.
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MuKpocOopku. CraTuyeckue, IWHAMUYECKUE IIa-
pameTpel U CTOMKOCTb K BozjeicrtBuro [IP
o0yciIoBIIEHa, B OCHOBHOM, XapaKTEPUTHUKAMH
[OJIyIPOBOJHUKOBBIX KPHCTAUIOB W HE 3aBUCHUT
OT KOHCTpYKTHBHOTO ucnonHenus TOII.

IIpu BBIOOpEe KOHKpeTHOrO HcmonHeHus TOII
cleayeT MPUHUMAaTh BO BHUMaHuE HH(opMauuio,
cozeprkallytocss B Talnuie 2, U pe3yJbTraTbl H3Me-
pernii morpemHocTH npeoOpazosanus [ICK3
Ha pUCYHKax 3, 4.

Tabnuya 1/ Table 1

TpeGoBaHuA K 10MYCTUMBIM MEXaHMYECKHUM BO31eiiCTBUSAM

Requirements for permissible mechanical impacts

By Mmexannueckoro Bo3aeHCTBHUSA
Type of mechanical action

Muxkpocxembl OCT 18725-83. Muxkpocboopku I'OCT 22261-94
Integrated circuits.

Microassemblies.

GOST 18725-83 GOST 22261-94

— cuHycouaanbHas BuOpanms / sinusoidal vibration

1) anama3on wacror, ['11/ frequency range, Hz ot 1 102000 ot 10 mo 150
2) aMIUIUTYJla YCKOPEHUSI, m.c” (2)
acceleration amplitude, m.s™ (g) 20020) 40(4)
— MEXaHUYECKUH y1ap OJUHOYHOIO JCHCTBUSL:
single action mechanical impact
1) THKOBOE y/[APHOE YCKOPEHHE, M.c? (g) 1500(150) 250(25)
peak impact acceleration, m.s™ (g)
2) ATUTENTHHOCTH yuapa, Mc / impact duration, ms or 0.1 10 2.0 6
— MEXaHUYECKHUH yJlap MHOTOKPAaTHOIO JE€HCTBHUS:
multiple action mechanical impact
1) mHKOBOE yIapHOE YCKOpEHHe, M.c ™~ (g)
peak impact acceleration, m.s™ (g) 1500 (150) >00(50)
2) ITUTENBHOCTH yuapa, Mc / impact duration, ms orlmo5s 3
N 2
— JIMHEWHOE YCKOpeHue, M.c™~ (g) _
linear acceleration, m.s™ (g) 5000 (500)
A% A %
1 0.0
0.5 !
03 -0.21
2
03 o4l
-1 ;
-1.5 -0.61
2
08/
2.5
3 -1.01
3.5
10° 10* 10° 10° 107 10 ;12 -
fH <1 2 3 4 35 6 K

Pucynok 3 — HenvHelHOCT aMIUIUTYIHO-4AaCTOTHOM Xa-
PaKTEpUCTHKN TpeoOpa3oBaTens MEPEeMEHHOTO Harmpsi-
JKECHUSI TIPH UCTIONB30BAaHUU: | — TEPMOIIEKTPUIECKOTO
npeoOpazoBatenst Bapuanta | u Vy,,e =2 B; 2 — tepmo-
MEKTPUUIECKOT0 ITpeodpasoBatesst BapuanTa 3 u V<125 B

Figure 3 — Nonlinearity of the amplitude-frequency char-
acteristic of the alternating current voltage converter when
using: 1 —thermoelectric converter option 1 and V=2 V;
2 — thermoelectric converter option 3 and V,,,~1.25V

PucyHoxk 4 — 3aBUCHMOCTD ITOTPEIIHOCTH Npeo0pa3zoBa-
TeJIsl IEPEMEHHOTO HAINPSDKEHMST ¢ TEPMOIJIEKTPUIECKIM
npeoOpa3oBaTeseM BapuanTa | ot koaddurmenra ammim-
Tyabl Kp: 1 = Vippe = 1,2 B2 = Vs = 1,8 B

Figure 4 — Dependence of the alternating current volt-
age converter’s error with a thermoelectric converter
of option 1 on the peak factor Kp: 1 — Ve = 1.2 V;
2= Vs~ 1.8V
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Tabnuya 2 / Table 2

OcHOBHbIE TEXHHKO-DKOHOMHYECKHE MapaMeTPhl TePMOIJIEKTPHYECKUX TPeodpa3oBaTetei

Main technical and economic parameters of thermoelectric converters

Bapwuant / Option 1 2 3
Tun npubopa MHKpOCOOpKa MHKpOCXeMa MHKPOCOOpKa
Device type microassembly integrated circuit microassembly

MTOJTUMMHUTHAS TTOT-
JI0KKa, JIBa Mapaieb-
HO COEUHEHHBIX I10-
JMKPEeMHHUEBBIX Harpe-
BaTEIIbHBIX PE3UCTOPA

Oco0eHHOCTH KOHCTPYKITHH
Design features

polyimide substrate, two
parallel-connected poly-
silicon heating resistors

ConpoTuBieHNE HAarpe-
BaTeIbHOIO pe3uctopa, OM

. . . 146
Heating resistor resistance,
Ohm
Koaddpurnment
TEPMOIIIEKTPUIECKOTO
npeobpa3oBanusi, MB/MBT 3.18

Thermoelectric conversion
coefficient, mV/mW

CTOMKOCTE K MEXaHHUYCCKUM

. Huskas, [OCT 22261-94
BO3ACUCTBUAM

. . low, GOST 22261-94
Resistance to mechanical

impacts

Jlonyctumast morionieHHas
J103a TaMMa-H3ITyICHUsI,
Mpag 0.5
Permissible absorbed dose of

gamma radiation, Mrad

OpHEHTUPOBOYHASL
CTOUMOCTb, $ 82.24

Estimated cost, $

900HUTOBAS TIOTOKKA,
JIBa MapauIebHO COE/TU-
HEHHBIX MOJIUKPEMHUE-
BBIX HarpeBaTeIbHbIX
pesucropa

ebonite substrate, two par-
allel connected polysilicon
heating resistors

155

3.12

Beicokast, [OCT 18725-83
high, GOST 18725-83

0.5

22.94

MOJTMUMHUIHAS TIOJUIOKKA,
OJIUH TOJTyTIPOBO/IHU-
KOBBII HarpeBaTENbHBIN
pesucTop

polyimide substrate, one
semiconductor heating
resistor

328

2.73

muskas, [OCT 22261-94
low, GOST 22261-94

0.5

82.24

Bb100op onepanMoHHOI0 yCHIUTES
AJIS1 U3MEePHUTEIbHOI0 peodpa3oBaTeis
NepeMeHHOr0 HANPSIAKeHU s

CxeMotexandeckoe wmogmenupoBanne [ICK3
Ha PECYHKE | TI03BOJIMIIO YCTaHOBUTH, UTO [2]:

— HamOoJiee 3HAYNTEIHHO BIHIET Ha paboTo-
crrocobnocTh M morpemHocTs [ICK3 mpu Mamsix
BXOJIHBIX CHUTHAJaX HANpsHKCHUE CMEIIeHHs HYJIs
Vopp BXOnHOTO au@depeHnuaIbHOro Kackaga Ha
TOIT DAI1, a BTOpEIM 1O 3HAYUMOCTH (PaKTOpOM
SIBIISICTCS] HANIPsDKeHHe cMenenus vyt OY uHTerpa-
Topa DA2;

— IPUMEHEHUE

KOHJACHCATOPOB B

HEIsIX

oOpartHoil cBs3u OY HakjanbIBaeT OrpaHUYCHNE Ha
J0IyCTUMYIO BCJIIMYUHY X BXOJHOI'O TOKA,

— pu

HCIIOJIB30BaHUN

BBICOKOOMHBIX  p€-

3HCTOPOB B KOJUIEKTOpAX #-p-n-Tpan3uctopoB TOII

DA1 crnenyer MakcMMalbHO YMEHBIATh BXOJTHOU

TOK U Pa3HOCTh BXOAHBIX TOKOB OY DA2.
Hcnonp3osanne OY tuma OP27, AD711 B cxe-

me [ICK3 o00ycioBII€HO TONBKO WX IIUPOKUM
pacnpocTpaHeHreM, AOCTYITHOCTBIO B IpHOOpeTe-
HUU ¥ HU3KOH cTomMmocThio. [Ipn Heobxoaumoctu,
BMecto OP27 MOXHO TpPHUMEHITH  JII000H
nperu3noHHbd OY ¢ MaJbIM BXOJHBIM TOKOM H
nrymamu, Harpumep, ADA4522, a BMmecto AD711 —
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JIByXKaHaIbHBIH OY C BXOJHBIMU TOJIEBBIMU TPaH-
3UCTOPaMH, YIPaBIIEMBIMH p-n-TIEPEXoJoM (junc-
tion field-effect transistor, JFET).

[Ipobnemsr Bo3HHKAIOT TIpU BeIOOpe OV mist
panuanronHo-croikoro I[ICK3 T. k.:

— HanpsbkeHne cmenienna Hyns KMOIT OV
3HAYUTEILHO U3MEHSIETCS IPU BO3CHCTBUU ramma-
m3nyuenus [3]. B KMOII OV co crabunuzanueit
npepbiBanneM (chopper stabilised amplifiers) obec-
MeYNBAETCd MUHHMAJIbHOE 3HAYCHHWE HAMPSIKCHUS
CMelleHusl HyJs Aaxke npu Bosaeiictsuu 11P [4],
omHako Takue OV XapakTepusyroTcs OOJIbIINM
BPEMEHEM BOCCTAHOBJICHHUSI TIOCJIE TIEpPErpy3KU.
Kpome toro, KMOIT OY 00BIYHO UMEHOT MOBBI-
IICHHBIN YPOBCHb HU3KOYACTOTHOTO IIyMa, 3HAYH-
TEJIbHO BO3pACTalONIMi IMpU BO3JEHCTBUM TraMMa-
00 Ty4YeHHs;

— MaJible BXOJHbIe TOKK B OY ¢ OUTIONSpHBIMU
TPaH3UCTOPAMU YacTO IMOJIy4aT JHOO MyTéM
MPUMEHEHUsST TeTel KOMIIEHCAIIMA BXOJHOTO TO-
ka (OP27), nubo mpu ManbIX KOJUIEKTOPHBIX TOKaX
BXOMHBIX TpaH3ucTopoB (LM158). O6a »tux cmo-
coba He 00ecredrnBalT COXpaHEHHE Majioro BXOJ-
HOTO TOKa npu Bo3aekcteun [1P u3-3a 3HaunTenbHO-
ro mageHus kKodpduuueHta ycuJeHUs 0a3z0BOTO
TOKa B CXEeMe C OOIIMM SMUTTEPOM [3, KpOME TOTO,
Pa3IUYIHOTO IS 1-p-1- U p-N-p-TPAH3UCTOPOB [ 5, 6];

—B OV ¢ Bxogueivu JFET mpu BO3meiicTBUN
raMMma-u3inydeHuss HaOofaeTcs CyIIeCTBEHHOE
yYBEIMUYEHHE BXOJHOTO TOKA WM HAINPSHKEHUS CMe-
menus Hylis. llocienHee BBI3BAaHO W3MEHEHHEM
HanpsbkeHus: orceuku BxoaHbix JFET wu3-3a Bius-
Hus mapasuTHeIX MOII-cTpykTyp W majeHueM
kod(dummenTa [ OWUMOISIPHBIX  TPAH3UCTOPOB,
coeauHeHHbIX ¢ BxoaubiMu JFET [7-9].

C Hamed TOYKM 3peHMs, MO pAAYy NPUYHUH
npu  co3fgaHud panuanuoHHo-cToiikoro I[1CK3
1IEJIeCO00Pa3HO MPUMEHSITh 0a30BbI MaTPUUYHBIN
kpuctamt (BMK) MH2XAO031.

Tak, Ha ogHOM Kpuctaiuie 3toro BMK MoxHO
c(hopMUpOBaTH BCE AJIEMEHTHI, TTOKa3aHHbIE HA PH-
cynke 1, 3a uckmodyenneM TOII, BBICOKOOMHBIX
PE3UCTOPOB U KOHAEHCATOPOB, YTO CYIIECTAHHHO
YMEHBIIUT MaccorabaputHble mapametpbsl [ICK3,
mpuaém OY DA2, DA3, DAS MoryT OBITH 3aMeHe-
Hbl Ha paHee CIPOSKTUPOBAHHBIA YCHIIUTENb
OAmpl1.3 ¢ BxomueiMu JFET (pucyHok 5), mon-
pobHO paccMoTpenHblid B [10].

Kak mokazanu »sKcnepuMeHTallbHbIe Hccle-
JIOBaHWA  yYMEHbBIIEHHE HAMpPsDKEHUS  OTCEYKH
M MaKCHMaJbHOTO TOKa CTOKa HCIOJIb30BAHHBIX
BO BxomHoM Kkackage OV OAmpll.3 aByx-
3atBopHbIX p-JFET He mnpeBbmmaer 5% npu
MOIJIOMEHHON ~ J103€  raMMa-u3iay4deHHus  J0
1 Mpax u dmoence neiitporos xo 10" m/em® [6],
9TO OOYCJIOBIEHO UX KOHCTPYKIHEH ¢ IEeHT-
paIbHO  PACIONIOKEHHOM  00JacThi0  CTOKa,
OKPYKEHHOH BEPXHUM 3aTBOPOM, MAaJIOH TOJNILIHU-
HOM 06a30BOTO OKHCIIA ¥ (DOPMUPOBAHUEM BEPXHETO
n'-3aTBOpa  HEMOCPEJCTBEHHO  4epe3  OKHO
B 0a30BOM OKHCIE, NpENeNbHO YMEHBIIAONIIEM
BrnusiHue mapasuTHeix MOII-cTpykTyp Ha mapa-
metpel p-JFET. Bbonee toro, coeaumHeHue c BXO-
nqoM OV TONBKO BEPXHUX 3aTBOPOB YMEHBILIAET
BXOJHOM TOK moyTu B 10 pa3 mpu HE3HAUUTEIb-
HOM YXY/IIICHUU JAPYyrUX XapaKTePUCTHK, Kak
MOKa3aHo B Tabnume 3, a BO3POCIIMHA TpU BO3-
neiictBuu [P BX0IHOM TOK BCE paBHO CYIIIECTBEHHO
MeHbIle BXomHOro Toka OP27 B HOpMambHBIX
YCIIOBUSIX.

Vee
R1 R7 - R10CR1Z SR < RI13 < R21 ~R22 ~ R4 RI7 R18 | X51 X52 _
1.23k za;?k ?_45k§7k ?_45ké245k éz«m‘éssa Tk ;TK AREA=3
X1 X13
Lx)<z1
xzoS mj_, sza xanj E:(41
X29
R8
e 10.5 t—=
X14 X18
E _,_l
X %
sz X4 X12
X16
X1 x17 ~ X24 X30 x48 - X63
X55
R2> R5 > R4 R4 R9 R6 < RI6 R25 R19 R20 X56
3. 5ks 245k < 35k Tk 2.45k Vee 3.5k <~ 2.45k 2.45k 7k 7K AREA=3

PucyHnok 5 — Diextpuueckas cxema onepannonaoro yeunutens OAmpl1.3

Figure 5 — Electrical circuit of the OAmp11.3 operational amplifier
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Tabauya 3 / Table 3

OcHOBHbIE TeXHHKO-J)KOHOMHYeCKHe NMapaMeTpbl ONEPALMOHHBIX YCUJIMTeJeil, mpelHa3HAYeHHbIX
AJIs1 Ipeo0pa3oBaTeJisl IePeMEeHHOr0 HANPSKeHUs ¥ BXOJHOTO YCHJIMTeJIsI

Main technical and economical parameters of operational amplifiers intended for the alternating

current voltage converter and input amplifier

HanmenoBanue napametpa OAm OAm
Pametp P P OP27A/E  AD711C THS3091 THS3491
Parameter name 11.3 11.31%*
ToK MOTPeOIICHUS B PEKUME XOJIOCTOTO
xo/1a, MA 2.304 2.873 4.7 2.8 9.5 17.3
Current consumption in idle mode, mA
H B
anpspKEHNE CMETIEHUs Hy IS, MK 123 55 95 250 3000 2000
Input offset voltage, uV
BxoaHoii Tok 3470A 4.1 nA +40 HA 25 mA 15 MxA 5 MKA
Input bias current 347pA  4.1pA +40 nA 25 pA 15 uA S5uA
q Mmr
a?Tora .e,Z[I/IHI/I‘lHOFO yeunenust, MI'y 3.84 585 50 34 675 320
Unity gain frequency, MHz
CrekTpaibHas IUIOTHOCTH HATIPSKEHHUS
IIryMa, OTHECEHHAs KO BXOJY MPH
f=1xI'u, uBTu™ 8.24 11.58 3.8 16.0 2.0 1.7
Input voltage noise,
at f=1 kHz, nV/Hz"’
CroumocTs, $
16.6%* 16.6%* 1.99 3.67 21.71 45.86
Cost, $
JlomycTrMast TIOTJIONIEHHAsT 1032
ramma-u3JyueHust, Mpaju
1.0 1.0 0.05 0.05 >1.0 >1.0

Permissible absorbed dose of gamma
radiation, Mrad

IIpumevanue:

*OAmp 11.31 npencrasisier coboii ycmnmrenas OAmp 11.3, y KOTOPOro co BX0J0M COEIMHEHBI TOJIBKO BEPXHHE

3aTBOpHI ABYyx3aTBOpHBIX p-JFET.

** C y4eToM M3rOTOBJICHNS MHHAMAIEHO BO3MOYKHON MAPTHU U3 3-X TMOIYIPOBOJHUKOBBIX TIACTHH

Note:

*OAmp 11.31 is an OAmp 11.3 amplifier with only the top gates of the dual-gate p-JFETs connected to the input.

** Taking into account the production of a minimum possible batch of 3 semiconductor wafers.

O panmarmmonHnoii croitkoctn OY OAmpl1.3,
OAmpl1.31 MOXHO CyauTh 1O pe3yJbTaTaMm
MOJICJIMPOBAaHUA WX  IIEPEIaTOYHOW  XapakTe-
puctuku (pucyHku 6, 7) TpuU pasHBIX (roeHcax

HEUTPOHOB [y,
BJIIMSIHME Ha
HUE TraMMa-KBaHTaMU C IIOIVIOHIEHHOW J1030U
1 Mpa.

OKa3pIBAIOINX OoJiee CHIBHOE

rapaMeTpbl

oy,

gyeM 00yde-
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Vor. V
3.5

3

-1.5

-1.0 -0.5 0.0 Ty mV

Pucynok 6 — 3aBUCUMOCTb ~ BBIXOJHOT'O  HaNpsHKEHUS
Vou or BxomHoro V,, OAmpll.3: 1-Fy= 3:10"% cm?,
Vorr =122 MKB; 2 - Fy=310" eM?, V= 53 MKB;

3 Fy=510" cM?, Vypp = -67 MKkB

Figure 6 — Output voltage V,, versus input V, of
operational amplifier OAmpll.3: 1-Fy= 3-10"” cm?,
Vopr=122uV;  2-Fy=310"cm? V=53 uV;
3-Fy=510" cm™ V= -67uV

Kak crnenyer u3 pesynabTraToB MOAETHpPOBa-
Hus, o6a ycwmurens OAmpll.3, OAmpll.31
obecrieunBator padortocnocobHocTs [ICK3  mpu
MOMIOIIEHHON J03€ TraMMa-U3Jy4YeHHUs, pPaBHOMU
1 Mpax, w BozaeWcTBuM (uitoeHCAa HEHTPOHOB
Fy=110" n/em’.

BbI60op onepannoHHOro yCHJIHTEIs
AJI1 BXOTHOTO YCUJTUTEJISt

I'maBHBIMH TpeOOBaHMAMHU, HPEIBSIBIIEMBIMU
K BXOJHOMY YCWIMTEIIO, SBISIOTCS oOecredeHue
Majod  HEJIMHEWHOCTH  aAMIUIUTYAHO-4aCTOTHOM
xapaktepuctuku (AUX), xenarensHo meHee 1 %,
B II0JIOCE YacTOT CHHYCOMAAIBHOIO CHUTHAJIA JI0
50 MIm m pa3maxa BBIXOOHOTO curHaia 12 B
pu paboTe Ha Harpy3Kky okojio 150 Om.

Jns  oOecriedeHusi yKa3aHHBIX TpeOOBaHMIA
9KCIEPUMEHTAIBHO  HCCIEA0BAINCH  HECKOJIBKO
BAPUAHTOB BXOJHBIX ycuiauTene ¢ pasHsiMu OV
n koxpduuuenramu ycunenus K, paboTarommx
Ha Harpy3ky 150 Owm:

Vor. V
35

-1.5

-1.0 0.5 0.0 Vg, mV

Pucynok 7 — 3aBUCHUMOCTb ~ BBIXOJHOT'O  HANpsHKEHUS
Voy ot BxomHoro ¥, OAmpl1.31: 1—F,=310"cm?,
Vorr=41 MkB; 2 —Fy=310" eM?, Vpp = -254 MkB;

3 Fy=510" cM?, Vpp = -684 MxB

Figure 7 — Output voltage V,;, versus input V,, of op-
erational amplifier OAmpll1.31: 1-F,=3 10" cm?,
Vopr=41uV; 2-Fy,=310"cm? V= -254uV;
3-Fy=510" cm?, V= -684 uV

— OZIHOKacKajaHbl ycunurenb ¢ K,=2 Ha
JIByX TapaielbHO COEAMHEHHBIX MMKpOCXeMax
THS3091AR2;

— TpéxkackaaHbelii ycunurtens ¢ K, =10 Ha
THS3091AR2 ¢ Tpemsi mnapaielbHO COEIUHEH-
HBIMH MUKPOCXEMaMH Ha BBIXOJC;

— OZIHOKacKaaHbl ycunurenbs ¢ K,=4,5 Ha
JIByX TapajielbHO COEAMHEHHBIX MHKpOCXeMax
THS3491AR2;

— IByXKacKaJHbli ycuaurenb ¢ K,=8 Ha
THS3491AR2 ¢ nByMs mapajieabHO COEIUHEH-
HBIMH MHKPOCXEMa Ha BBIXOJE.

Pesynbratel  m3mepenuin  AUX
YCHIINTENIEH pa3HBIX BapHUAHTOB IOKA3aHBI
pucyHkax 8, 9.

CpaBuenne HenuHelHoctTn AYX B monoce
4acToT, Kolu4yecTBa mpuMeHseMblx OV, Toka
norpebnernss OY © MX LEHBl, NPUBEAEHHBIX
B Tabmuue 3, TMO3BOJsieT  pa3paboTaTth  BXOI-
HOW  ycuiouTeldb C TpeOyeMbIM COYETaHUEM
apaMeTpoB.

BBIXOIHBIX
Ha
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Pucynok 8 — HenuneliHOCTh  aMIUIMTYAHO-4aCTOTHOM

XapakTepucTuku: 1 —ycwmrens ¢ K,=2 Ha
JIBYX  TApayieJbHO  COCIMHEHHBIX  MHKpOCXeMax
THS3091AR2; 2 — Tp€XKacKaHbII YCWINTENb

¢ K,=10 na THS3091AR2 ¢ Tpems mnapamieibHO
COEIMHEHHBIMU MUKPOCXEMAMHU Ha BBIXOJIE

Figure 8 — Nonlinearity of the amplitude-frequency
characteristic: 1 —amplifier with K, =2 on two parallel-
connected THS3091AR2 microcircuits; 2 — three-stage
amplifier with K, = 10 on THS3091AR2 with three paral-
lel-connected microcircuits at the output
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Pucynok 9 — HenuueliHOCTh  aMIUIMTYAHO-4aCTOTHOMN
XapakTepUCTHKHU: | — ycuimmrens ¢ K, = 4,5 Ha OByX mHa-
paiiensHo coeMHEHHBIX MHKpocxemax THS3491AR2;
2 — nByxKacKkanHbli ycunmtens ¢ K, =~ 8 na THS3491AR2
C JIByMs TapauIeNIbHO COCJMHEHHBIMH MHKPOCXEMa
HAa BBIXOJE

Figure 9 — Nonlinearity of the amplitude-frequency char-
acteristic: 1 —amplifier with K,=4.5 on two parallel-
connected THS3491AR2 microcircuits; 2 — two-stage
amplifier with K, = 8 on THS3491AR2 with two parallel-
connected microcircuits at the output

Takum 00pa3oM, BO3MOXKHBI pa3IH4YHBIE CO-
YeTaHUsI KOMIIOHEHTOB B 3aBHUCHUMOCTH OT Tpe-
OyeMBIX TEXHHKO-DKOHOMHYECKHX IIOKa3aTeyen
IICK3, u3 KOTOPBIX B Ka4ECTBE OCHOBHBIX MOXKHO
BBIJICIIUTD:

— g newesoro IICK3 co cpegHum ypoBHEM
nmapaMeTpoB IeJIeco00pa3HO MPUMEHSTH CXEMY,
MOoKa3aHHyr0 Ha pucyHkel, ¢ OY OP27,
AD711, BXOOHOW OIHOKACKAaJHBIA YCUJIMTEIb
¢ K,=2 Ha [ByX mapaljielbHO COEIUHEHHBIX
mukpocxemax THS3091AR2 u mukpocxemy TOIIL
C CyYMMapHBIM COIPOTHBIICHUEM ITOJUKPEMHHE-
BBIX HarpeBaTeNbHbIX pe3ucTopa okoiao 150 Owm;

— g [ICK3 ¢ BBICOKMM ypOBHEM IapameTpoOB
B CXeMe pucyHKa | cremyer wucmonb3oBaTth OY
ADA4522, a Takke BXOIHOW JBYXKACKaITHBIN
yeunurens ¢ K,~8 nHa THS3491AR2 ¢ aByms
MapajuleIbHO ~ COEAMHEHHBIMH  MHUKPOCXEMaMHU
Ha BBIXOme W MHUKpocOopky TOII ¢ cymmapHBIM
COTIPOTHBJICHWEM  IIOJIMKPEMHHEBBIX  HarpeBa-
TETHHBIX pe3ucTopa okoiio 150 Owm;
pagmarmonno-ctoiikom  I[ICK3  pexko-
MEHIYeTCSI BCE BO3MOXHBIC DJIEMEHTHI CXEMBI
pucynka | peammzoBatp Ha BMK MH2XA031
C HCTIob30BaHMeM TpexkaHaibHoro OY OAmp 11.31,
MIPUMEHSTh BXOJIHOM OJIHOKACKAJHBIA YCUJIUTENb
¢ K,=2 Ha JByX NapajyieibHO COEIUHEHHBIX
mukpocxemax THS3091AR2 u mukpocxemy TOIL
C CYMMAapHBIM CONPOTHUBICHUEM TIOJUKPEMHUE-
BBIX HarpeBaTeJIbHBIX pe3ucTopa okoso 150 Om.

—B

3akiaoueHue

Anst  TuUnoBOoM  CXeMbl  U3MEPUTEIBHOIO
nmpeoOpa3oBarenss TEPEeMEHHOTO HampsHKeHUsS B
MOCTOSTHHOE, CO/IEPIKaIer0 TEePMORIIEKTPHUYECKUN
nmpeoOpa3oBarenb, W €ro BXOIHOTO YCHIUTEINS
BHITIOJIHEHA  OIEHKa  OCHOBHBIX  IapaMeTpoB
MPUMEHSEMBIX ~ KOMIIOHEHTOB,  ONPEACISIONIINX
MOTPENIHOCTh, YCTOHYMBOCTh K MEXaHHMYECKUM
W paJualMOHHBIM BO3JEHCTBHSIM ¥ CTOMMOCTH
MIPH MAJIOCEPHITHOM TTPON3BOJICTBE.

CpaBHEeHHE KOMITOHEHTOB ITPOBEJICHO Ha OCHO-
BE OKCIIEPUMEHTAJIbHBIX [aHHBIX, MPEICTABICHO
B BHJIE TAOJHIl U TPaQUKOB PE3yIETOB N3MEPEHHIA,
WCTIOJh30BaHNE KOTOPBHIX IIO3BOJIIET TPOBECTH
CHUHTE3 W3MEPHUTENbHBIX IpeoOpazoBareiel Ha-
MpSDKEHUST C  Pa3iIMYHBIM COYETaHHEM TEXHHUKO-
9KOHOMMYECKHUX ITOKa3aTelIei.

CdhopmynupoBaHbl KOHKPETHBIE PEKOMEHIAIINN

N0 BBIOOPY KOMIIOHEHTOB sl TPEX THIIOB
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U3MEPUTENbHBIX — IpeoOpaszoBaTeneil:  JemeéBoro
CO CPEIHUM YPOBHEM IapaMETPOB, MPELIU3UOHHOTIO,
paaralnOHHO-CTOMKOTO.
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Abstract

The object of the study was aluminum substrates for creating sensor devices based on anodic aluminum
oxide, which underwent mechanical processing in the form of grinding and straightening. The subject of the
study was the detection of residual mechanical stresses and other surface defects to assess the quality of this
processing using the scanning Kelvin probe technique. The technique applied allows for the effective detec-
tion of residual plastic deformations of aluminum substrates resulting from their mechanical processing with
a resolution sufficient to detect mechanical stresses associated with individual roughnesses.

Keywords: aluminium substrates, thermomechanical treatment, scanning Kelvin probe, defect, roughness
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Introduction

When creating sensor devices based on nanopo-
rous anodic aluminum oxide (AAQO) and other func-
tional systems, including that using the high-aspect
nanostructured materials, the quality of not only the
surface, but also the entire volume of the plate used
as a substrate to form the anodic oxide plays a major
role [1-5]. During the anodic oxidation process, alu-
minum parts undergo several successive processing
stages: cleaning, thermomechanical treatment, etch-
ing, anodizing, and high-temperature annealing [6].
At the same time, the final surface treatment of the
original aluminum plates, including electrochemical
polishing, does not exclude the presence of unde-
tected hidden defects in the form of residual plastic
deformations, which, due to their unevenness, cre-
ate mechanical stresses not only in the near-surface
areas of the substrate. Such stresses are local and
their detection requires mapping of the entire sub-
strate surface, which should be carried out using a
non-destructive, contactless method due to the high
requirements for surface cleanliness in order to form
anodic aluminum oxide with a porous structure
which is identical in geometric parameters over the
entire area.

This is especially important when creating pho-
tonic devices such as the Fabry—Perot interferometer,
achromatic phase plates, and IR- and UV-to-visible
converters [7-9].

One of the effective contactless techniques is the
scanning Kelvin probe method, based on the regis-
tration of the contact potential difference (CPD) be-
tween the surface area of the sample and the sensi-
tive element of the electrometric probe, which acts as
two plates of a dynamic capacitor [10]. The method
is characterized by an exceptionally high surface
sensitivity, while the output measurement signal of
a Kelvin probe is multiparametric [11] and reflects
the parameters of both the chemical (composition
heterogeneity, oxidation, presence of adsorbed sub-
stances and contaminants) and mechanical (presence
of various crystal lattice defects, crystallographic
orientation, presence of mechanical stresses and their
sign, etc.) state of the surface. Because of that, addi-
tional information about the object of measurement
is required to interpret the visualized image of CPD
spatial distribution [12]. The aim of this study was to
analyze the applicability of Kelvin probe technique
for determining and distinguishing various types of
defects induced by thermomechanical treatment of

aluminum substrates used for precise applications
like growing AAO structures and to advance meth-
ods of highly sensitive non-destructive testing of alu-
minum substrate surface.

Methods and equipment

The object of study in this work was aluminum
substrates used for the manufacture of sensor devices
based on anodic aluminum oxide.

The subject of the study was the identification
of residual mechanical stresses and other surface de-
fects to assess the quality of processing of relatively
thick original aluminum plates. The high chemi-
cal homogeneity of the aluminum plates material
(99,99 % Al) made it possible to interpret the results
of scanning primarily as indicators of mechanical
state of the surface.

The material was represented by aluminum
plates of 0.6 mm thickness. To obtain a high-quality
anodic aluminum oxide the roughness of aluminum
plate surface should be at least class 10. To meet this
requirement the aluminum strip was thinned using a
rolling mill (Figure 1a). The rolling mill rolls have a
surface finish class of at least 13, which assures the
high quality of the aluminum foil surface after roll-
ing (Figure 1b). A special attention was paid to the
cylindricity deviation of a working surface of rolls
and to the perfect matching of rolls’ dimensions in
pair. These parameters, along with the small runout
of the rolls relative to the mounting necks, determine
the minimum permissible thicknesses of the foils ob-
tained from aluminum bars after rolling. The rolling
process was accompanied by the use of a lubricant
based on mineral oil ("spindle oil") and kerosene in
a 1:1 proportion. During the operation of the roll-
ing mill, the following parameters were ensured:
roll runout relative to the mounting necks — no more
than 5 pm, cylindricity deviation of the rolls” work-
ing surface — no more than 3 pm, discrepancy of the
rolls’ dimensions in a pair — no more than 5 pm, sur-
face cleanliness of the rolls — no worse than class
13...14.

Afterrolling to the required thickness (= 100 pm)
the aluminum band was cleaned from rolling lubri-
cant traces using solvents (petrol, acetone) and final-
ly by an isopropyl alcohol in an ultrasonic bath. The
band prepared in this way was then cut into pieces
measured 10x10 cm. Since after rolling and cut-
ting the band into pieces the latter are not flat, then
to impart their flatness the pieces were subjected to
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straightening in a device consisting of straighten-
ing plates with working surfaces facing each other
polished to 131 grade of cleanliness, heaters, and a
device for clamping the plates (Figure 2). The device
for thermal straightening and flattening of aluminum
substrate samples provided the following parame-
ters: heating temperature — 130—170 °C, compressive
force — (10-20)-10° N/m>.

Figure 1 — General view of a rolling mill (a), and a view
of rolls with high surface quality and low cylindricity
deviation (b): 1 —rigid base with electric motor inside;
2 —rolls; 3 — roll rotation system; 4 — roll holder mounting
housings; 5 — roll neck mounting devices; 6 — adjustment
of gap between rolls

An important feature of straightening plates is
that their coefficient of thermal expansion is approxi-
mately 2.5 times less than that of aluminum. The
aluminum sample was placed between straightening
plates, preheated to 150-250 °C, and the plates were
compressed together. Due to the different coefficients
of thermal expansion, during subsequent cooling in
a clamped state the aluminum sample is subjected to

plastic deformation uniformly in all directions, and
the sample acquires a flat shape.

Figure 2 — Photo of the device for straightening and flat-
tening of aluminum substrate samples: 1 — straighten-
ing plate holder; 2 — straightening plates; 3 — heaters;
4 — pressure control gauge

The methodology for studying the surface of
aluminum substrates used for the formation of an-
odic aluminum oxide is based on the method of
measuring the CPD with a dynamic capacitor (the
Kelvin-Zisman technique). The technique is based
on the phenomenon of the occurrence of electrostatic
potentials difference between a conducting probe
and a plate which surfaces have different values of
the electron work function (EWF) ¢4 and ¢, while
ensuring conditions for the unimpeded exchange of
charge carriers between them [10]. In accordance
with the condition of thermodynamic equilibrium, in
such case the Fermi levels will be equalized which
leads to the emergence of an electrical potential dif-
ference. Kelvin—Zisman technique assumes using an
active feedback in a form of compensating voltage
source U p;, connected in series with a dynamic ca-
pacitor formed by sample’s surface and probe’s tip
which brings the current between surface and probe
to zero. The equilibrium condition is:

(1)
eUCPD TQs —¢Qp = 0,
therefore:
- 2
U, =20 @)

e

where e is elementary charge.
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The U,p, value describes the electrical poten-
tial difference between the surface of the sample
under study and the probe’s tip. It is important
that in Kelvin—Zisman method the probe’s output
signal is determined by the mean EWF value of
the sample surface @y in the area under study, and
not by its minimum value as when using emission
methods [13]. Since typical defect sizes for nano-
structured surfaces are much smaller than the linear
dimensions of the probe, such hardware averaging
of the signal provides an integral assessment of the
defects density in the area of study whereas emis-
sion methods provide a less diagnostically signifi-
cant extreme estimate. Therefore scanning EWF
measurements based on CPD registration with a
Kelvin probe could be used to reveal surface de-
fects of sensor components made of nanostructured
materials and access the concentration (surface
density) of these defects. In last decades, several
researchers attempted to link the EWF to a certain
physical properties of a material like Young’s mod-
ulus [14] and yield strength [15], Young’s modulus
and hardness [16] of metals and alloys, and also a
surface corrosion potential [17], with a mixed suc-
cess. In particular, in the research work [14] there
were proposed a theory-based mathematical model
that numerically links the EWF ¢ with the Young’s
modulus £ by a form of power-law dependence £
~ a¢® where a is the Madelung constant. For real
samples, however, all the mentioned and other fac-
tors (hardness and Young’s modulus difference,
surface contaminations, chemical composition
variations, corrosion etc.) exist simultaneousely
and in unknown proportion which does not allow
one to directly link the numerical walues of EWF
or CPD with the values of specific physical param-
eters of the surface.

One should take into account that the value of ¢,
in (1) is unknown since it cannot be determined by an
independent method and can change under the influ-
ence of environmental factors, mainly due to the ad-
sorption of various substances on the probe’s tip. As
these changes are relatively slow, the ¢, value may
be considered constant all over the time of scanning
when measuring surface CPD with a Kelvin probe.
In this case, the difference in the measured values
of the electrostatic potentials in two adjacent points
will be:

Pr—® Pr—® Ps2—@
AUcpp =Ucppy =Ucppy = Pe - Pe 2= Sze st.(3)

The equivalence of CPD and EWF differen-
cies indicates that visualized CPD distribution map
provided by scanning Kelvin probe technique objec-
tively reflects the inhomogeneities of EWF distribu-
tion and can be used to compare the degree of defec-
tiveness (or surface defect density) of different areas
of the sample surface. If the vast part of the surface
under study is considered defect-free then any part of
a surface where CPD deviates from the mean CPD
value for a given sample can be considered as a host
for defects of some origin.

It should be noted that output signal of a scan-
ning Kelvin probe is virtually independent of a
probe-to-sample gap, which only affects the spa-
tial resolution of the probe and the signal-to-noise
ratio [18], so particular features of CPD distribution
map shouldn’t be treated as geometric deviations of
the surface shape. The research was performed using
a laboratory model of a microprocessor based mea-
suring transducer of electrostatic potentials with high
spatial resolution for monitoring the microstructure
of the mesh web, developed within the framework of
Event 2.3 of the Union State program "Monitoring-
SG" (Figure 3) and used in the BNTU Semiconduc-
tor Technology Research Laboratory, and a propri-
etary software [19].

based
ing transducer of electrostatic potentials (Kelvin probe)
that was used in the research: 1-—sample holder at-
tached to scanning system; 2 — sample; 3 — electrometric
probe; 4 — Kelvin probe driver and signal preamplifier;
5 — microprocessor based measuring transducer

Figure 3 — Microprocessor scanning measur-
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Results and discussion

The obtained spatial CPD distributions of the
samples under study are given on Figures 4—6. The

' EEEEEEEEEEE

5

S B & B 8 3 g

coordinates along the X and Y axes are given in mil-
limeters; Z axis that reflects the CPD values on the
three-dimensional representation of the CPD distri-
bution is scaled in millivolts.

Figure 4 — Spatial contact potential difference distribution of a sample with a nominal surface roughness of 200 nm:
a — visualized map of contact potential difference distribution; b — 3D graph of contact potential difference distribution
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Figure 5 — Spatial contact potential difference distribution of a sample with a nominal surface roughness
of 300 nm: a — visualized map of contact potential difference distribution; » — 3D graph of contact potential difference

distribution

In general, the results of the studies showed
that CPD values do not depend on the magnitude of
the surface roughness and amount to an average of
240 mV in the non-deformed areas of all the stud-
ied samples. At the same time, in the areas of plastic
deformations after straightening all samples demon-

strated a significant decrease in the recorded CPD
values to 40—80 mV, which corresponds to an in-
crease in the relative EWF values by 160-200 meV.
Typical in this regard is the spatial CPD distribu-
tion map of an aluminum plate with a roughness
of 200 nm shown in Figure 4a.
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Figure 6 — Spatial contact potential difference distribution of a sample with a nominal surface roughness of 400 nm:
a — visualized map of contact potential difference distribution; 5 — 3D graph of contact potential difference distribution

The image demonstrates the "stepwise" change
in CPD values corresponding to several successive
stages of rolling. The better observation and analysis
of these effects is provided by the three-dimensional
representation of spatial CPD distribution shown in
Figure 4b. The prominent irregularities (fluctuations)
of CPD values characterized with a small amplitude
and high spatial frequency can be attributed to the
resolution of individual roughnesses by a high-reso-
lution Kelvin probe, the peaks and valleys of which
are also concentrators of mechanical stress. This ef-
fect is more clearly manifested for surfaces with a
greater roughness height and step, which can be ob-
served in the images of Figures 5 and 6. Therefore
the visualized potential map to a certain extent re-
flects the geometric relief of the surface, in this case
in the form of surface roughness.

In addition to relatively large areas of mechani-
cal stress where EWF values an increased, there are
several local points on the visualized the maps where
EWF values differ sharply from that of the surround-
ing surface, both to the higher and to the lower side.
Most obviously such points can be traced on a vi-
sualized map given on Figure 4a, in particular in
the central part of the sample. The arbitrary (either
positive or negative) sign of EWF shift, high locality
and apparent lack of correlation between position of
these points and sites of possible residual mechanical
stresses after the rolling and straightening allows us
to suggest that these local EWF irregularities repre-
sent point surface contamination that caused a local

change in the surface EWF due to the interaction of
the adsorbed contaminant with the aluminum sur-
face, and not the mechanical defects.

It is significant that creation of a complete vi-
sualized CPD distribution map of the whole surface
made it possible to identify various types of defects,
including those that appear at the microscopic level
(individual roughnesses, surface contamination).
Additionally, the overlapping defects such as not
completely coinciding areas of work hardening after
several rolling stages, are clearly distinguishable and
can be easely identified in the macroscopic image.

Conclusion

The results of the studies showed that the scan-
ning Kelvin probe method allows for the effective
detection of residual plastic deformations of alumi-
num substrates resulting from their thermomechani-
cal processing. The achieved spatial resolution of
the scanning Kelvin probe probe was sufficient for
resolving individual roughnesses which acts as mi-
croconcentrators of mechanical stresses. The mul-
tiparametric nature of the scanning Kelvin probe
signal in the conditions of simultaneous presence of
various types of defects does not allow for determin-
ing an unambiguous link between the results of local
contact potential difference measurements and spe-
cific quantitative characteristics of the surface. On
the other hand, studies carried out on a macroscopic
scale using high spatial resolution scanning allow us
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to identify and qualitatively characterize (typify) de-
fects of various natures (in the particalar case that
where residual plastic deformations after several
successive stages of rolling, individual roughness,
and local surface contamination) and to determine
their exact location.
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IIpubopsl U MeTOABI KOHTPOJIA MPUMeCeH B THAKEIbIX
KUJAKOMETAIINYECKUX TEINJIOHOCUTEIAX

T.A. bokoBa, A.I'. Meay3os, H.C. Bosikos, P.B. Cymun, M./I. IToropesios, T.K. 3pipsinoBa

Huoicecopoockuii eocyoapcmeennulil mexnuveckuil yuueepcumem umenu P.E. Anexceesa,
yia. Mununa, 24, 2. Husxcnuii Hoseeopoo 603950, Poccusa

Hocmynuna 05.09.2024
Ipunama k neuamu 26.12.2024

OnHa M3 KIIIOUEBBIX MPOOJIEM JKCIUTyaTalldd PEeakTOPOB Ha OBICTPHIX HEUTPOHAX C OXJIAXKACHUEM
TSOKEIBIM  JKUAKOMETAJNIMYECKUM  TEIUIOHOCHTENIEM 3aKIfodyaeTcss B OOpa30BaHMU M HAKOIUICHHH
Pa3NUYHBIX OTIOXKeHUH. [Ipu mpoBeAeHUN PEMOHTHBIX PabOT ATH OTIOKEHHS YCIOKHSIOT MPOLEcC BOC-
CTaHOBJICHHsI 00OPYIOBaHUSI. JTO MPUBOJAUT K COKPAILECHHIO CPOKa CIIy>KOBI M CHIKEHHIO 3(PQEKTUBHO-
CTH YCTaHOBKH B LICJIOM. 32 UCKJIIOYCHUEM CIIy4acB pa3pyLICHUs] aKTHBHOM 30HBI, MPOLECChl 00pa30BaHuUs
U NepeMelleHNs NMpUMeced B KOHTYpe C TSDKEIBIM KHUIAKOMETAIUIMYECKUM TEINIOHOCUTENEM MpPOTEKaroT
CO BpEMEHEM JI0BOJIbHO MeIeHHO. COOTBETCTBEHHO, BaYKHBIM aclIeKTOM pabOTHI SBISICTCSI BpEMSI OT 3ampo-
ca JI0 OJTy4eHUsI MOJTHON MH(OPMALIUU O COCTOSIHUU CHCTeMBI. L{enbio paboThl SIBISUIICS KOHTPOJIb COCTAaBa,
KOJIMYECTBA U COCTOSTHUS NMPUMECEH BO BCEX BO3MOYKHBIX COCTOSHUAX (IIPUCYTCTBYIOIIMX B BUJE PAcTBO-
pa B TAKETOM KUJIKOMETAIUIMYECKOM TEINIOHOCUTENE, MAaCCUBUPOBAHHBIX KOHIJIOMEPATOB Ha BHYTPEHHUX
MOBEPXHOCTSIX KOHTYpa, a TakKe Ha CBOOOJHOW MOBEPXHOCTH TSKEIOTO JKUAKOMETATMUECKOTO TEIUIO-
HoOcHUTENs); pa3paboTka HabOpa yCTPOMCTB, MO3BOJSIOIIMX KOHTPOJIUPOBATh 3TH MpoLecchl. PaccMoTpeHsbl
MPoIIecChl MacCOOOMEHA M MaccoIlepeHoca B KOHTYpe ¢ YUETOM BIMSHUS 00pa3yrOLIMXCsl IpUMecei, BIus-
IOIUX Ha COCTOSTHUE CUCTEMBI. IIpeIokKeHbI K NCIOIb30BaHUIO CEKTOPHBIE CUCTEMbI KOHTPOJIS, TI03BOJISIO-
LII1€ ONepaTHUBHO U IOCTOBEPHO MPOBOJUTH KOHTPOJIb IPUMECH M HX COCTaBa.

KuroueBble cjioBa: TSHKENBIE )KUAKOMETANTHYECKHE TETNIOHOCUTENN, MOHUTOPUHT COCTOSIHUS DJIEKTPOU30-
JIUPYIONIMX TOKPBITUH, KOHTPOJIb MIPUCYTCTBHS BOASIHOTO T1apa, Co/Iep KaHue IMpUMecei B TETNIOHOCUTENE
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Abstract

One of the key problems in the operation of fast neutron reactors cooled by a heavy liquid metal cool-
ant is the formation and accumulation of various deposits. These deposits complicate the process of equip-
ment restoring during repair work. This leads to a shorter work life and a lower efficiency of the equipment as
a whole. Except of core destruction cases, the processes of formation and movement of impurities in a circuit
with a heavy liquid metal coolant proceed rather slowly over time. So that time from request to receiving
of complete information about the system status is an important aspect of its work. The purpose of the work
was to control the composition, quantity and condition of impurities in all possible states (present as a solu-
tion in the heavy liquid metal coolant, passivated conglomerates on the inner surfaces of the contour, as well
as on the free surface of the heavy liquid metal coolant). As well as the development of a set of devices that
allows controlling of these processes. The paper considers the processes of mass transfer in the circuit, taking
into account the influence of the resulting impurities affecting the state of the system. Sectoral control systems
are proposed for use, which make it possible to quickly and reliably monitor impurities and their composition.

Keywords: heavy liquid metal coolant, monitoring of the standing of electrical insulating coatings, control
of the presence of water vapor, the content of impurities in the coolant
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BBenenue

[Ipu »skcrulyaTauu KOHTYPOB C  TSDKEIBIM
KUIKOMeTaTndeckuM  TerutoHocurenieM (TXKMT)
MIPOUCXOMST MIPOIIECCHI MaccooOMeHa u
MaccoreperHoca npuMeceil. OHHM TOCTOSHHBI BO
BPEMEHH, HYTO TMO3BOJSET ONTHUMHU3MPOBATH TIPO-
BEJIeHHE KOHTPOJIS C BHIOOPOM TPYIIIBI MPUMECEH,
a TaKkXKe BBIOpaTh MaKCHUMaJlbHO WH(OPMAaTHBHBIC
30HBI KOHTpoJist KoHTYypa TOKMT [1].

CranjapTHbIE OIEpaldy BKIOYAOT B ceOs
CJIEYIOIHUE MPOLIECCHI:

— ¢opmupoBaHre U 10(GpOPMHUPOBAHUE 3allUT-
HBIX MTOKPBITHIA;

— ¢popMHUpOBaHHE DIEKTPOU3OIAINOHHBIX IT0-
KPBITHIA;

— BBIBOJ POJTyKTOB M3HOCA KOHCTPYKITHOHHBIX
MaTepuaoB;

— OYHCTKA TETJIOHOCUTENS! OT C(HOPMHUPOBAH-
HbIx okcuoB TOKMT.

Oto TpeOyeT mMONyuyeHHs JOCTOBEPHOH U
OBICTpOI MH(OPMAIINK O COCTOSHUHU TETUIOHOCHUTE-
75, CTPYKTYpPE W COCTOSHWUU TIPUMECEd B PeaKTop-
HBIX M UccieaoBaTeabckux koHTypax TXKMT.

[Tomyduennyro wHGOPMANHUIO PA3ACIIIOT MO 2
KaTeropusiM — OIIepaTUBHYIO M HeonlepaTuBHYI0. [1pn
NOJy4YeHUH HH(OpPMAIMU OT HECKOJBKHX CEKYH]I
JI0 JECATKOB MHUHYT €€ CYMTAIOT ONEPAaTHUBHOM.
HeomnepaTtupHast uHpopmaius TpeOyeT 3HAYUTESITHLHO
OOJBIIET0 BPEMEHHM, JIOXOJSIIETO J0 HECKOJIBKUX
4acoB u Oouree.

Llenp paboOTBI — KOHTPOJH COCTaBa, KOJH-
YecTBa M COCTOSIHMSI — TIpUMeceil  BO  BceX
BO3MOXKHBIX COCTOSIHHSIX (TIPUCYTCTBYIOIIUX B BH-
JIe pacTBOpa TEIUIOHOCUTENS, MaCCHBHPOBAHHBIX
Ha BHYTPEHHHUX IOBEPXHOCTSIX KOHTYpa, a TaKxke
Ha CBOOOJHOW TIOBEPXHOCTH TEIUIOHOCHTEINA),
pa3paboTka KOMIUIEKCa YCTPOMCTB, MO3BOJISIOLIC-
ro KOHTPOJUPOBATh JIAHHBIE TIPOLIECCHI.

CucremMa NOCTOSIHHOTO CJIesKeHUsI

3a COCTOSIHHEM NMpUMecel B TAXKEIOM
KHIKOMeTALJIMYeCKOM TellJIOHOCHTelIe,
KOHTYpe U cucTeMe MHEPTHOI0 ra3a

B xontypax TXMT peakTtopoB JeneHHs
HCIONB3YIOTCA  PA3IMYHBIE CHUCTEMBI  KOHTPOJIA
3a COCTaBOM IIpUMECE M HMX MAacCONEPEHOCOM
10 CUCTEMaM KOHTYpa.

Jns monydeHus: ONTUMaJIbHON HHpOpManuu
000 Bcex nmapamerpax koutypa TO)KMT ucnons3yror
2 BUJA KOHTPOJIS:

— npuOOpBl, KOHTPOJUPYIOLIME IIOSBICHUE U
cocTaB paauoHykauaoB B T)KMT u nneptHoM rase;

— IaTYUKH KOHTPOJIA HEWTpOHHOro Oeta U
raMMa-u3iaydeHHs.

Pacrnionoxenne qaT4MKOB BO3MOXHO KaK BHYTPH
KOHTypa, Tak W 3a ero mnpegenamu. OntuManbHa
YCTaHOBKa CBOOO/IHOW  TIOBEPXHOCTH
TEIUIOHOCHUTEJIS, IJie HaOJIoaeTcs rpaBUTAllMOHHAS
cemapanusi TMpUMECH M3 Tella TEeIIOHOCHUTEN ,
MPOXOJSILETrO 30Hy peakropa [2].

[lpy HamUUUM KOMIIOHOBKH OJIOYHOTO THIIA
ONTHMAaJbHA  CHUCTEMA  CEKTOPHOIO  KOHTPOJIA
C YCTaHOBJICHHBIMH JIaTYUUKAMU HEWTPOHHOTO
W3ITy4EeHUs], PACIOIOKEHHBIMU B IIAXTE PEAKTOpPa
HaIpPOTHUB BHIXOJHBIX KaHAJIOB U3 aKTUBHOW 30HBI.

IIpn mpoBeeHMH KOHTPOJS BOASHOTO Tapa
u Boael B TXXMT u uHepTHOM rasze IOJKHBI
BBITIONHATHCA Psil TPeOOBaHUIA:

—wu30eratb  cBoOOAHBIX ypoBHeH TXKMT,
IJIe HET TMPSMOW CBSI3U C Ta30BBIM OO0BEMOM KOH-
Typa 4epe3 BO3AYILIHBIN KIIanaH;

—o0nacTu, TAe MPOUCXOJHUT cemapanusi napa
B koHType TXKMT, nomxHb! OBITh MUHUMHU3HPOBA-
HBI,

— KOHTPOJIb  BOJASHOIO Tapa H  BOABI
B T2KMT u 3ammTHOM rase mpoBOIAT C MOMOIIBIO
KOHJEHCAaTOPOB Iapa.

KomMmiekcHbIil Moxo M0 KOHTPOJIIO MpUMe-
ceit B koHTtype TXMT peakTopoB naeneHus AT
HaA&KHOCTh M 0€30MacCHOCTh B  IKCIUTyaTalUH
CHUCTEMBI.

Tak ’ke KOHIIEHTpaTopbl Mapa IO3BOJIIOT
00HapyXHTb W KOHTPOJIMPOBATH BO3HUKHOBEHHE
U pa3BUTHE MEXKOHTYPHOM HEIUIOTHOCTH IHapo-
reneparopa [3].

BOIH3U

Yemanoesxa konoencamopa napa

OnTUMameHO  PACIOJIOKUTH  KOHJEHCATOP
nmapa (KII) B 30HEe yCTaHOBKM cemapanydOHHBIX
ycTpoiicTB (Hax cBoOoaHBIM ypoBHeM TXKMT).
I[Ipu »>TOM TpeOyercs O0OBEIWHEHHWE Ta30BOTO
00béMa ¢ TpuUEMHBIM OOBEMOM MApOBOM CMecH.
KoHcTpyKTHBHO 00BEIUHSAIOT Yepe3 WTyLep ¢ npe-
JIOXPAHNUTENBHBIM yCTPONWCTBOM, B COCTaB KOTO-
poro BXOAWT MeMOpaHa pa3pbIBHOIO ACHCTBHAL
MemOpana COCIMHEHHE  TIa30BOU
o0iacTi ¢ cHCTEMOH (QUIBTPOB, IMOCIE KOTOPBIX
uaér copoc nasieHust B atMocdepy. Takol meTon
XOpomo cedsi 3apeKOMEHA0Ball NpU aBapUIHOM

99

CUTYaINH ¢ “OO0JBIION TEUBIO MaporeHepaTopa.

BBITIOJIHACT
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Konmponw naposoii cmecu

[Ipu oOpazoBanMuM mTapa Tra30BOM cMecH
B TpyOomposose ¢ TXKMT eé xoHTposib U BbIsBIIC-
HUE OCHOBAHO HAa MPHUMEHEHHUH 3JIEKTPOMATrHUTHBIX
WIM MarHUTHBIX NaTdukoB. [TpuHnmn nelictus n
KOMIIOHOBKA 3THX JaTYHKOB CXO0XH C MPHUHIUIIOM
pabotsl pacxogomepa B TXKMT konTtype. KonTpois
32 MPHUCYTCTBHEM MApOBO3AYIIHOM CMeCH IIpo-
BOJAWTCS B MECTaX YCTAaHOBKHM BO3AYIIHHUKOB
naporeHeparopoB. MakcumanbpHylo  3¢ddekrus-
HOCTh TIOKa3zajla YCTaHOBKa TaKUX YCTPOMCTB,
KOIJla peakTOpHBI KOHTYp HMMEeT WHTEerpUpOBaH-
HYI0 KOMIIOHOBKY C aBTOHOMHO YCTAHOBJIEHHBI-
MH KOpITyCaMU T'€HEpaToOpOB.

Hcnonv3zosanue YIbmpa36yKo6blX oamuuxos

[IpoBenenue ucnplTaHuid npu (HOPMUPOBAHUH
AaBAPUHHOr0 pexuma "MEKKOHTYPHOH HEIIOTHOC-
TH TaporeHeparopa’ TMOKa3aJd HEZOCTATOYHYIO
MH(POPMATUBHOCTb IPUMEHSIEMBIX YJIbTPa3BYKOBBIX
JaTYMKOB 110 ONPEAETICHUIO Iapora3oBoil (asbl

B TIOTOKC TCIIJIOHOCUTCIIA. ﬂaT‘II/IKI/I JaBaJin
MHOTI'O JIOKHBIX CHUT'HAJIOB, qTOo IMPUBOIUIIO
K HCBO3MOXHOCTH MOJIy4CHUs aI[eKBaTHBIﬁ

unpopmaruu. I[lpoucxoauio 3aTyxaHue yibTpa-
3BYKOBBIX CHUTHAJIOB B 00JacTd MPUCTEHHOTO
TEUCHHS OJTHOKOMIIOHEHTHOTO 1oToka TOXKMT [4].

Konmpone 6ooanozo napa

Xopowmo  mokaszao  cebsd  IpUMEHEHHE
BJIarOMEPOB, YCTAHOBJICHHBIX B 00BEME 3aILUTHOTO
raza. OJHAaKO, HpU IIyCKOHAJaJO4YHBIX padboTax
C PpacKpbITHEM KOHTYpa BO3MOXHO (HKCHPOBa-
HUE YBEIWYEHMs BIAQ)KHOCTH Ta3a IPH MOBBIIIE-
HUU TEMIIEpaTyphl WU3-32 TPUCYTCTBUS KOHICH-
caTa, MOTaBIIEro MPU MOHTAXXKHBIX paboTax.

Yposnemepwi

YpoBHEMEpPBI XOpOIIO ceds 3apeKOMEHI0BAIH
Npyd KOHTPOJIE YPOBHS CBOOOAHOW IMOBEPXHOCTH
TXMT. Takxe OHH MOTYT HPUMEHSTHCS Kak
WHCTPYMEHT Ul HaOMIOJEHMs 32 IMOCTYIJICHUEM
BOJSTHOTO Mapa MpU MEXKKOHTYPHOH HEMJIOTHOCTH
raporeHeparopa OTCIEAUTh MOXHO 10 U3MEHEHUIO
YpOBHSI CBOOOJHOHM TOBEPXHOCTH. YTBEpXKIEHHE
0 Hamuuuu BojgHoro mapa B TXKMT MoxHO
OCHOBBIBATh Ha TOJYYCHWH WH(OpPMAIMH O IIOC-
TEMEHHOM BO3pPAaCTaHWH WM KOJEOAHHHM YPOBHS
CBOOO/IHOIM TMOBEPXHOCTH TEIIOHOCUTENS B COOT-
BETCTBUH C U3MEHEHUEM JaBJICHUS B KOHTYE.

Taxoke BO3MOXKHO IPOKOHTPOJIUPOBATH IPH-
CyTcTBUE BoAsHOro mnapa B koHType TXMT
OIIOCPEIOBAHO C MOMOIIBIO TOKA3aHUH OT JaTyhKa
JIaBJICHUS, PACIOJIOKEHHOTO B Ta30BOil cucTeme,
HO CylIecTBYeT psii  (pakropoB, MeIIAOINX
3¢ PEeKTUBHO OLIEHUBATH IPUCYTCTBHE IIAPOB BOJbI B
koHType TOKMT, 3t0:

— HU3KHI pacxo]l paboyero Tena;

— 3¢ dexkTuBHAS Cemapanuyu BOISHOTO Tapa Ha
cB0OOoHBIX ypoBHIX TXKMT;

— KOMIICHCAHS CEMapUpPOBAHHOIO Mapa;

— JIOCTaTOYHO pPE3KOe IOBBILIICHUE JaBICHUS
rasa B cucreme [5].

Xpomarorpaduueckue HCCICAOBAHUS IIPHUMe-
Cei, pa3nenEéHHBIX B 3aIUTHOM ras3e, MPOBOISTCS
Ha TIOCTOSIHHOM OCHOBE MM TEpPUOJIUYECKH.
DTO TO3BOJIIET WMETh OTECPATUBHBIA W HWH)OP-
MAaTUBHOM KOHTpob npumMeceid B TXKMT.

Hns orbopa mnpod mnuHus oTOopa C mO-

OyauresieM pacxoja ycTaHaBlIMBAaeTICs Iapall-
JEeIbHO B LMPKYJSILMOHHOW TpyOe KOHTYpa,
B caMbix '"wHpOpMaTHBHBIX' MecCTaX Ta30BOU

cucrteMbl. B KoHType oTBoza Temjia OT OJlaHKeTa,
JUBEpTOpa TOKamMaka TpeOyeTcs TOojJepKaHue
JIEKTPOU3OISAIMOHHBIX  TOKpeITHH.  CocrosiHue
MOKPBITHI TPeOYyeT IMOCTOSHHOTO KOHTPOISA. ITO
OCYIIECTBIISIETCSI €  I[OMOILBIO  YCTAHOBJICHHBIX
B koHType TXMT npubopoB s u3MepeHUs
COTIPOTUBJICHUN  AIEKTPOM3OJSAIMOHHBIX  TTOKPBI-
Tui. JlaHHBIE TPUOOPBI  pacroiararoTcs o
BCEMY OHepreTuueckomMy KoHTypy ¢ TXKMT
Juist  1yOnupoBaHus HMHGOPMAIUM O COCTOSHHUH
cucteMsl [6]. CxemMa yCTpOMCTBa TIpeIcTaBIcHA
Ha pucyHke 1. OOpa3mpl MOrpyXKamTCI He-
NOCPEJCTBEHHO B TOTOK TEIUIOHOCHTENS, OObIY-
HO WCHOJB3yeTcss 2 o00pasma, HO JIydiie ce-
0s1 TOKa3ajga CXeMbI C HCIIOJB30BaHHEM 3 00pas-
1oB (37eKTpoaoB). Matepuan BBIOMpaeTcssi B CO-
OTBETCTBUM C MaTepUalOM OCHOBHOI'O KOHTypa
¢ TXKMT. C mnomomp0 BBOJMMOIO peareHTa
(aprona ¢ nod6asnenuem kucinopona, CO,, BOASIHOTO
napa), IpOHCXOIUT (OPMHUPOBAHHE M H3MEHEHHE
AJIEKTPOU3O0JSIIUOHHBIX TOKPBITHH.

Cxema  M3MEpEHHH  DJIEKTPUYECKOIO  CO-
MPOTHUBIICHUS 3alIUTHBIX H30JIUPYIOMIUX TOKPHI-
THH Ha UUPKYISIMOHHOM KOHTYpE IIpe/ICTaBICHA
Ha PUCYHKE 2.

Ucnonezyemass HaMu JaHHAas KOHCTPYKIIMS
MoKa3aa psii IpEenMyIIeCTB:

— MIPAaKTHYECKU OJINHAKOBBIE YCIIOBHS
00TEKaHUH CTCHOK TPYOBI;
— OJMHAKOBOE  OOTEKAaHWE TOPLEBBIX  IIO-

BEPXHOCTEW repMOBBO/IOB.
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[Tpu 31X yciaoBusSX (GOpMHUPYETCsl KadeCTBEH-
HO€ TMOKPBITHE, YTO TapaHTHPYET BBICOKYIO TOU-
HOCTb KOHTpOJIA [7].

T

10 3
Pucynok 1 — TpéxanekTpoaHas  cxema  yCTpoiicTBa
KOHTPOJNISL ~ DIEKTPOCONPOTHUBIEHMS  3allUTHBIX U

3JIEKTPOU3OIUPYIOIIUX TOKPBITUM Ha TOBEPXHOCTAX
00pa3oB KOHCTPYKIMOHHBIX MaTepuaioB: | —oOpaser
C TOKPBITHEM; 2 — TSHKENBIA  KUJIKOMETAITHIECKUI
TEIUIOHOCHUTENb, 3 — KOPIyC YCTPOHCTBA; 4 — KPBHIIIKA;
5 —repMOBBO/IBI; 6 —BBOJ peareHra; 7 — MCTOYHHK
CTaOMIN3UPOBAHHOTO IMIOCTOSTHHOTO TOKA; § — BOJIBTMETP;
9 — ammniepmerp; 10 — anekrpooborpes; 11 — Tepmomnapa

Figure 1 — Three-electrode diagram of a device for moni-
toring the electrical resistance of protective and insulating
coatings on the surfaces of structural materials’ samples:
1 — coated sample; 2 — heavy liquid metal coolant; 3 — de-
vice body; 4 —cover; 5—hermetic leads; 6 —reagent
input; 7 — source of stabilized direct current; 8 — voltme-
ter; 9 —ammeter; 10 — electric heating; 11 — thermocouple

B pabore naHHOEe YyCTPOHCTBO IOKa3ajo H
OTpHULIATENIBHbIE CBOICTBA:

— pa3pylleHHe U30JITOPOB IIPH TepMoy/apax;

— YBEJIMUEHUE  MOTPEIIHOCTH  HU3MEPEHHS
10 IPUYMHE MaJIOH TUIOMIAIN TOPIIa TEPMOBBOIOB;

— MaJieHue HaJIEKHOCTHU U30JIATOPOB B YCIOBUSAX
BbICOKHX Temrieparyp (500-600 °C) [8].

Kak moxasayl ONBIT 3KCIUlyaTallud CTEHIOB
¢ TXKMT (cBuHeI U €ro CIuiaBbl), IpU TEMIIepary-
pax 400—450 °C u Bbie Tpedyercst GopMUPOBaHHUS
3aLIUTHOIO HOKPBITH. DopMHpyeTCs IOKpPHITHE
Ha MOBEPXHOCTU CTaJM METOOM BBEAEHHUS KHUCIIO-
poxa (TEpMOOMHAMHUYECKH AKTHBHOIO KHCIOpPOAA)
B koHTyp TtemnoHocurens TKMT. Konrtpoas
TEePMOJIUHAMHUYECKH AKTUBHOTO KHCI0poaa
B TXXMT npoBoauTcs C MOMOIIBIO YCTaHOBIICH-
HBIX JAaTYUKOB aKTUBHOTO Kuciopoaa (JAK).

\

Pucynok 2 — Cxema yCTpOHCTBa KOHTPOJSI AIIEKTPO-
COINPOTHUBJIEHUS 3alIUTHBIX U IEKTPOU3OIUPYIOIHUX M10-
KPBITHH B TPyOOINPOBOAE C HUPKYJIUPYIOHUIUM TSHKEIBIM
KUJIKOMETANINYECKUM  TETUIOHOCHUTEINIEM:
TpyOoInpoBoaa; 2 —repMoBBOA; 3 — M30JATOP; 4 — I10-
KpBITHE Ha CTEHKE TPYyOBI; 5 — MOKpPHITHE Ha TOplax
TepMOBBOJIOB

1 — cTen-ka

Figure 2 — Scheme of the device for monitoring the elec-
trical resistance of protective and insulating coatings
in a pipeline with circulating heavy liquid metal cool-
ant: 1 —pipeline wall; 2 —hermetic duct; 3 — insulator;
4 — coating on the pipe wall; 5 — coating on the ends of the
hermetic ducts

JlaTank cocToWT W3 KOJOBI, M3TOTOBIICHHOMN
M3 TBEPIOTO DIEKTPONUTA (AMOKCHZ LHUPKOHUS
TUTFOC IPUMECH OKCHUJIa UTTPHsl) (PUCYHOK 3).

Buytpu konoer JIAK pacnonoxena cpena

(oramoH). 3amaHO TOCTOSIHHBIM BO  BPEMCHH
cozepkaHue KHCIIOpoJa (cBuHeNI TUTIOC
OKCHJI CBHHIIA Ha moBepxHocTH). C BHeIIHEH
ctoposl komba JIAK ombiBaeTcs  moTOKOM

teruionocutens. Mcmons3oBanue JIAK ocHoBaHO
Ha u3MeHeHuH osnekTpoaBikymei cuibl (D1C),
BO3HHMKAIOWIEH 3a Cu€T NepeMeUICHUs! HOHOB
TEPMOJMHAMHUYECKH aKTHUBHOTO KHCJIOpOa uepes
CTeHKy KoJObl. [lepemerienne mNpPOUCXOAUT OT
TXMT, oMBIBarOLIEro BHEUIHIOW IMOBEPXHOCTh
KOJOBI ~ JaT4yWKa, JO BHYTPEHHEr0 JTallOHA,
PaCIONIOKEHHOTO BHYTPU KONOBI Jarumka. Korma
CoJiepKaHKe MPUMECH Pa3IN4aeTCss OT STAJOHHOU
(BHYTpH KONOBI), TO BO3HHMKAeT HAaNpaBIsCMbIi
IIOTOK HMOHOB Kuciopoma [9]. BceaemcrBme yero
MEXIY OMBIBAIOIIMM TEIUIOHOCUTEIEM M 3Tajo-
Hom JIAK Bosamkaer 3/IC, KOTOpyI0 H3MEpPSIOT
C HCIIOJIb30BAHUEM IOTEHIIMOMETPAa C BBICOKUM
BHYTPEHHHUM COIIPOTHBIICHUEM.
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Pucynok 3 — Cxema ycTpoiicTBa KOHTPOJISI COJEPIKAHUS
MPUMECH TEPMOJUHAMUYECKH AaKTHBHOTO KHCJIOPOAA
C JTaJOHOM U3 CBHUHIIA, HACHIIIEHHOTO KHCIOPOJOM
(TaT4MK aKTHBHOTO KHCJIOpoja): | —cTeHka TBEPIOTO
JIEKTPOJINTA; 2 — CBUHEL (BHCMYT); 3 — OKCHJ CHH-
na; 4,7 —2/neKTpoAbl; 5 — KOHTPOIUPYEMBIH KHIKO-
METAUIMYECKAH  TeTIOHOCHTENb; 6 — IIOTEHIIMOMETP
C BBICOKMM BHYTPEHHUM CONPOTHBICHHEM; 8 — HaTUUK
TEMIIEPATYPbl TSHKENOTO KUAKOMETAIIIMIECKOTO TEILIOo-
HOCHUTENs BONM3M TaJbBAHMYECKOTO KOHIEHTPAIMOH-
HOTO 3JIEMEHTa

Figure 3 — Scheme of a device for monitoring the content
of an impurity of thermodynamically active oxygen with
a standard of lead saturated with oxygen (active oxygen
sensor): 1 —solid electrolyte wall; 2 —lead (bismuth);
3 —lead oxide; 4,7 —electrodes; 5 — controlled liquid
metal coolant; 6 — potentiometer with high internal resis-
tance; 8 — temperature sensor of a heavy liquid metal cool-
ant near a galvanic concentration cell

Uszvamue npod "na evinoc"”

Kpome mepednciieHHBIX METOAO0B KOHTPOIIS
COCTOSIHHSI KOHTYPOB U TEIJIOHOCHUTENS, XOPOIIO
3apeKoMeHoBal  cebs  MeTox  orbopa  Tpod
"Ha BBIHOC" ¢ JadbHEHINNM HCCIEIOBAHUEM
B CIEUUATM3UPOBAHHON saboparopuu. B 3tom
clay4ae MOXHO HCCIIEI0oBaTh oOpaser; MpoObl
Ha COAEpXaHUEC PAAMOHYKIUAOB, >KEJIe3a, XpoMa,
HUKENs, YIIepona, KHUCIOpOoAa, MPUMECH Ta30B
B 3aIIUTHOM HHEpTHOM rasze [10].

Baxno BBIIIOJTHUTD pan TpeOoBaHMI
K YCTPOHMCTBY OTOOpa Mpo0 U €ro pacrojoKeHUIO
B koHTYpe T KMT:

— HEOOXOIMMO MMETh HECKOJIBKO TOUYEK 0TOOpa
Mpo0, pacHoOJOKEHHBIX B ONTHUMAJIBHBIX 30HAX
MOTOKA TEIJIOHOCUTES;

— TeMIieparypa npoObI IOJKHO COOTBETCTBOBATh
TEMIEPaType TETUIOHOCUTEIIS;

—HE JIOMyCKaeTcsi W3MEHATh KOHIICHTPAIHIO
1 ($ha3oBoOe COCTOSTHUE TIpUMeceit Tipu oTOope Mpoo;

— TIpoOBI TOJDKHEI copepkaTh S0—150 T TOKMT,
npu4€M OTHOBPEMEHHO TpeOyeTcsl MmoirydaTh oTOop
He MeHee 6—10 mTyk mpoo;

— KOHTEHHEp JOJDKHBI JIETKO OYHWIIAThCS, BBI-
JIEp)KUBaTh MHOKECTBO IIUKJIOB '"3aMOpa)XMBaHUE —
pasMopakuBaHue".

B pa3mpIXx cucTeMax OKCIIEPUMEHTaJIbHBIX
koHTypoB ¢ TXXMT wucnonp3oBamuch pasHble
npobooTOopHukH. OOmMM TSI HHUX OBUT  Psf
TpeOOBaHMIA:

—poObI UMeNu TpeOyeMyto T03UPOBaHHOCTH,
3a00p MPOM3BOAMIICS B aTMOC(Epe HHEPTHOTO Ta3a;

— IpoOOOTOOPHUKHE HUMENN KOHYCOOOpa3HYyIo
KOHCTPYKIIHIO;

— 0TOOp MPOO MPOU3BOIMIICSA CTPOTO W3 Y4aCT-
Ka JBIDKEHUS ITOTOKA TETTIOHOCHUTETIS.

Taxo#l BapuaHT TPOOOOTOOPHOTO YCTpPOICTBA
(pucyHOK 4) MHPOKO TPUMEHSETCS B CHCTEMax
CBUHEI[-BHCMYTOTO TerutoHocuTes [ 11].

Pucynok 4 — [Ipo6oorbopauk i otbopa mpod ¢
M3BJICYEHHEM 3aCTBIBIINX NPOO U3 KOHUUECKHX 00BEMOB,
BBITIOJIHEHHBIX B KOpITyce Mpo0ooTOOpHHKa: 1 — KopITyC;
2 — TEIUION30JISIKS U OHOJIOrHYecKasl 3aiuTa; 3 — mpoda

TSOKENOTr0  JKUJAKOMETAJUIMYECKOTO  TETNIOHOCHTEJIsT;
4 — HyIeKTpOHArpeBaTelb; 5 — BbIEMHas EMKOCTb;
6 —cpéMHasg  Kpbllka, 7 —TepMmomapa; 8 —Kamepa

OXJIAXKACHUA

Figure 4 — Sampler for sampling with the extraction of
frozen samples from conical volumes made in the body of
the sampler: 1 —housing; 2 — thermal insulation and bio-
logical protection; 3 — heavy liquid metal coolant sample;
4 — electric heater; 5 —removable container; 6 —remo-
vable lid; 7 — thermocouple; 8 — cooling chamber
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Nanuas KOHCTPYKIIHS, [pEe/ICTaBICHHAS
HA  puUCyHKe 4, TOKa3ajga  JUIMTEIbHYIO
paboTOCIOCOOHOCTh M TPOCTOTY HU3BATHS IPOO.
C mnomomnipio €€ BO3MOXKHO OTOMparh MpoObl 0e3

OMACHOCTH  TOTAJaHWsl  BHEIIHEeW aTMocgepsl
B H30JIMPOBAaHHBIM  KOHTYp  DHEPreTHYECKON
YCTaHOBKH.

3akirouenune

Pa3zpaborana KOHLENUHWS CHUCTEMBI MOHHTO-
pUHTa KOHTypa TSKEJIOBOAHOTO TEIJIOHOCUTET,
OCHOBaHHasl Ha AaHaJM3€ HW3MEHEHHs] KOHIIEHTpa-
LUUA IpUMECEH B TEIUIOHOCUTENIE M CHCTEME 3a-
LIIUTHOTO Ta3a. YCTAaHOBIEHO, YTO JUIMTEJbHAA
JKCIUTyaTallus TaKUX KOHTYpPOB TpeOyer orepa-
TUBHOT'O OTCIJICKMBAHHUA OTKIOHEHMH OT HOpMaib-
HOTO pE&XHMa, MOBPEXKICHUNA TEIUIOBBIICIIIONNX
9JIEMEHTOB M TPOTHO3UPOBaHUsI paboTOCIoco0-
Hoctu. [lokazaHo, d4TO aHalMM3  HM3MEHEHHA
KOHIEHTpalMM  IpuMeceil B TEIJIOHOCHUTENE
U CHUCTEME 3allUTHOrO Ta3za SBJIAETCS Hay4dHO
000CHOBaHHBIM METO/IOM BBISBIICHUSI OTKJIIOHEHHUH
W TPOrHO3UPOBAaHUSA  JAJNbHEHMIIEro  pa3BUTHA
coObITHH. MOHUTOPUHT  NPUMECEH  SBIIsETCS
KJIIOUEBBIM MEXAaHH3MOM JJIi  CBOEBPEMEHHOIO
BBISIBIICHHS TIpOOJIEM U TPENOTBPALICHUSI aBa-
puiiHbiX curyauuid. IlepcrnekTuBON HanbHEHIINX
HCCIIEIOBAaHNHN SBISIETCS pa3padOTKa ajIropuTMOB
JUIs  OPOTHO3MPOBAaHMSI  pPa3BUTHS  COOBITUH
Ha OCHOBE IOJYYEHHBIX JaHHBIX U HHTETpauus
CHCTEMbl MOHUTOPUHIA B €AMHYIO WH(pOPMALUOH-
HYIO CUCTEMY YCTaHOBKHU.

BaarogapHocTn

[IpeacraBnenHble  pe3yiabTaThl  MOJTYyYEHBI
B paMKax TOCyIapCTBEHHOro 3agaHusi B cdepe
HayyHoU festenbHOcTH (Tema Ne FSWE-2023-0005
“OcobeHHocTy M crenudrka MPUMEHEHUS TsDKe-
JIBIX KUIKOMETAITIMYECKHUX TEIIIOHOCUTENIEH B peak-
TOPHBIX YCTAaHOBKAX Ha OBICTPBIX HEUTpOHAX).

CHucoK HCIOJAb30BAHHBIX HCTOYHUKOB

1. besnocoB A.B. OGopyznoBaHme SHEPreTUYECKUX
KOHTYPOB C TSDKCIBIM IKHJIKOMETAUTHICCKAM TEeIlIO-
HOCHUTENeM B aroMHOM sHepretuke / A.B. besnocos,
T.A. boxoBa. — Huwxxuuit Hosropoa, 2012.

2. beznocoB A.B. Tspkenble XKUAKOMETAUIMYECKUE
TEIUIOHOCHUTENH B aTOMHOU sHepreTrke / A.B. be3Hocos,
I0.T. Hparynos, B.M. Paukos. — M.: UzgAT, 2007. —
C. 434.

3. MenpaukoB B.MI. DkcmepuMeHTampHOE —HCCIIe-
JIOBaHHE MUKPOBOJIHOBOT'O pedIeKCpalapHOTO ypOBHE-
Mepa KHIKOMETaLIMYeckoro Teruionocutens / bo-
koBa T.A. [u np.]. W3BecTus BBICIIUX Y4YCOHBIX 3aBe-
JeHuil. Snepuas suepreruka. —2022. — Ne 1. — C. 79-89.
DOI: 10.26583/mpe.2022.1.07

4. CyBopos I'.Il. OmbIT co3mgaHus, SKCIUTyaTaluu
crenna 27/BT / T'.I1. Cysopos, O.B. Ky3bko, M.1. Byr-
peeB // Tspkenble )KUAKOMETAUINYECKUE TEIIOHOCUTENH
B smepHBIX TexHoiorusax. TOKMT-98: c6. moxmamoB
koH(pepeHmmu. — O6HUHCK, 1999. — C. 70-79.

5. Tspxenble KUAKOMETAUIMUECKUE TEIUNIOHOCUTENH
B SIEPHBIX TeXHoNorusx. COOpHUK JOKIIAJOB KOH]e-
pennmu B 2-X ToMax. — O6nuHCK, ['HI[ PO-OBU, 1999. —
T.1.-C. 14-17.

6. besHocoB A.B. DKcriepuMeHTAIbHOE HCCIIEe0Ba-
HHE  TIPOLECCOB,  COMPOBOXKIAIOMIMX  aBapHHHOE
MOCTYIUICHWE OpraHMYeCKUX COeJMHEHWH (Macen) B
CBUHEI-BUCMYTOBBIII W CBHHIOBBIH TEIUIOHOCHUTEIH /
A.B. besnocos, W.B. Kaparymmna// W3BecTust BbIC-
mMx y4eOHBIX 3aBelCHUH. SlmepHas dHEpreTHKa.
Hwxuuit Hosropon, 2007. — Ne 3-2. — C. 58-67.

7. Acxagynmus P.III.  Meronsl  peryiaupoBaHus
conepkanust kuciopona B TOKMT / P.III. Acxanymus,
A.H. Cropoxenko, A.}O.Jlerkux // AKOHOHEpHOE
obmectBo «['HI[ P® - ®u3nko-sHEpreTHIeCKHi HHCTH-
tyr umenu A.Il. Jleiimynckoro», OOHuHCK, Poccus.
Bonpocs! aromHoll Hayku u TexHUKH. Cepus: saepHO-
peaxkTopHble KOHCTAaHTBL. — 2017. — Ne 5. — C. 32-43.

8. 3aMBIKaHWE  TOIUIMBHOTO  ITMKJIA  SIIEPHOM
JHEPTeTUKN Ha 0a3e peakTOpOB Ha OBICTPHIX HEUTPOHAX:
c0. noxnanoB koH(pepenumu (11-12 oxrsadbps 2018 r.,
Tomck). M.: Uza-Bo AO «HUKUDT», 2020. — C. 328 .

9. beznocoB A.B. OGopyznoBaHme SHEPreTHICCKUX
KOHTYPOB C TSDKENBIMU KHIKOMETAJUTMYECKUMH TEIUIO-
HOCUTEIISIMH B aroMHOW sHepretuke / A.B. be3Hnocos,
T.A. boxoBa // HI'TY um. P.E. Anekceesa. Hwxunuit
Hosropon, 2011. — C. 536.

10. ®emoposry E.JI.  AHanmutudeckuit  0030p
ONbITa 3KCIUTyaTallld M COBPEMEHHBIX pa3paboToK
SJIEPHBIX DHEPreTUUYECKUX YCTAHOBOK CPEIHEH U MaJloi
MOIIHOCTH C HJIKOMETAJIMYECKUM TEMJIOHOCUTENIEM.
Yacte 2 (Cospemennsie pazpadortku) / E.JI. deno-
posuy, H.II. Kypmiokos // Cankt-IleTepOyprekuii momu-
TEXHUYECKUI YHUBEPCUTET Ilerpa Benukoro.
Poccus; AO «Cankt-IlerepOyprckoe Mopckoe bropo

Mammunoctpoenust «Manaxut». — Poccusi, CocHOBBII
bop, Hayuno-texmmyeckwii cOOpHHK  “TexHOIOTHH
obecrnieueHH JKU3HEHHOTO UKIIa SITEPHBIX

sHepreTudeckux ycranoBok.” — 2020. — T. 21.— Ne 3. —
C. 10-31.

11. TlocaxxennnkoB A.M.  OumcTka  3aIIUTHOTO
raza OT ad’pO30JCH TKENBIX KHUIKOMETAITHYCCKUX
teruionocureneir // A.M. IlocaxennunkoB [u ap.]. //

61



Tpubopul u memoowt usmeperutl
2025.T. 16. Ne 1. C. 55-62
T.A. bokosa u Op.

Devices and Methods of Measurements
2025,16(1):55-62
T.A. Bokova et al.

AO «THL P® — Ousnko-sHEPTeTUYECKUH WHCTHTYT

nvmenn A.U. Jleiinynckoro». OOHmHCK, Poccus,
Kypuan Bonpocs! aromHOl Hayku U TexHHKH. Cepus:
SIIEPHO-PEAKTOPHbIE KOHCTAaHTBL. — 2015. — Ne 2. —
C. 102-119.

Acknowledgments

The presented results were obtained within the
framework of the state assignment in the field of
scientific activity (topic no. FSWE-2023-0005 "Fea-
tures and specifics of the use of heavy liquid metal
coolants in fast neutron reactor installations").

References

1. Beznosov AV, Bokova TA. Equipment of power
circuits with heavy liquid metal coolant in nuclear power
engineering. N. Novgorod, 2012.

2. Beznosov AV, Dragunov YuG, Rachkov VI
Heavy liquid metal heat carriers in nuclear power engi-
neering. M.: IzdAt. 2007:434 p.

3. Melnikov VI [et al.]. Experimental study of a mi-
crowave reflexology level meter of a liquid metal coolant.
Proceedings of higher educational institutions. Nuclear
power engineering. 202241:79-89.

DOI: 10.26583/pre.2022.1.07

4. Suvorov GP, Kuzko OV, Bugreev MI. Experience
in the creation and operation of stand 27/VT. Heavy liquid
metal heat carriers in nuclear technologies. TIMT-98: col-
lection of conference reports. Obninsk, 1999:70-79.

5. Heavy liquid metal heat carriers in nuclear tech-
nologies. A collection of conference reports in 2 volumes.
Obninsk, SSC RF-FEI. 1999;1:14-17.

6. Beznosov AV, Karatushina IV. Experimental
study of the processes accompanying the emergency in-
take of organic compounds (oils) in lead-bismuth and
lead heat carriers. Nuclear Power Engineering. Nizhny
Novgorod. 2007;(3-2):58-67.

7. Askhadullin RSh, Storozhenko AN, Lung AYu.
Methods of regulating the oxygen content in TZHMT.
Joint-Stock Company "SSC RF - Physics and Energy In-
stitute named after A.Il. Leypunsky". Obninsk, Russia,
Journal Issues of Atomic Science and Technology. Series:
nuclear reactor constants. 2017;(5):32-43.

8. Closure of the fuel cycle of nuclear power based
on fast neutron reactors: collection of conference reports
(October 11-12, 2018, Tomsk). Moscow: Publishing
House of JSC NIKIET, 2020:328.

9. Beznosov AV, Bokova TA. Equipment of power
circuits with heavy liquid metal heat carriers in nucle-
ar power engineering: textbook. NSTU named after
R.E. Alekseev. Nizhny Novgorod. 2011:536 p.

10. Fedorovich ED, Kurdyukov NP. Analytical re-
view of the operational experience and modern develop-
ments of medium and low-power nuclear power plants
with liquid metal coolant. Part 2 (Modern developments).
St. Petersburg Polytechnic University of Peter the Great.
Russia; JSC "St. Petersburg Marine Bureau of Mechanical
Engineering "Malachite". Russia, Sosnovy Bor, Scientific
and Technical collection “Technologies for ensuring the
life cycle of nuclear power plants". 2020;21(3):10-31.

11. Posazhennikov AM, Yagodkin IV, Papovy-
ants AK, Grishin AG, Isaev AYu. Purification of protec-
tive gas from aerosols of heavy liquid metal heat carriers
JSC "SSC RF - Physics and Energy Institute named after
A.IL Leipunsky". Obninsk, Russia, Journal of Atomic Sci-
ence and Technology. Series: nuclear reactor constants.
2015:(2):102-119.

62



Tpubopwvr u memoowl usmepeHul
2025.T. 16. Ne 1. C. 63—68
E.A. Kulchenkov et al.

Devices and Methods of Measurements
2025,16(1):63-68
E.A. Kulchenkov et al.

DOI: 10.21122/2220-9506-2025-16-1-63-68

Study of the Influence of the Voltage Regulator Integrated
Circuit Topology on its Radiation Hardness

E.A. Kulchenkov, A.A. Demidov, S.B. Rybalka

Bryansk State Technical University,
blvd. 50 let Oktyabrya, 7, Bryansk 241035, Russia

Received 30.10.2024
Accepted for publication 20.02.2025

Abstract

Method of recording responses to radiation exposure is considered using the X-ray complex RIK-0401
and it is shown that for linear voltage regulators integrated circuits it allows diagnosing presence of changes
in their topology. Four types of integrated circuits (ICs) of IS-LS1-1.8V type have been studied. They are
equivalent in their main electrical parameters, but have differences in the output key design (vertical tran-
sistors with different base wiring), current mirrors and differential stages. ICs have modified design of the
output key base: 1) vertical p-n-p-structures (Type 1); 2) mixed (lateral+vertical) p-n-p-structures (Type 2);
3) design as in the foreign analogue and vertical p-n-p-structures (Type 3); 4) design as in the foreign ana-
logue and mixed (lateral+vertical) p-n-p-structures (Type 4). It has been found that the highest radiation
hardness to the total ionizing dose effects is demonstrated by samples of Type 1 and Type 2. RADON-23
laser complex (with a maximum energy density of 200 mJ/cm?) has been used for examination of voltage
regulator samples to impulse ionizing radiation hardness. The thyristor effect has not been fixed in all studied
samples of Type 1-4. Results of the research allow developing methods for increasing the radiation hardness
of the IS-LS1-1.8V by varying the topology of microcircuits and choosing the most advantageous option
for manufacturing the output key.
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HUccaenoBanue BJIUMSTHUS TOMOJOTMM MHTETPAJIbHOM
MHUKPOCXeMbI CTA0MIN3ATOPA HATIPSAKEHUS
HA ero paaIuanuOHHYI0 CTOMKOCTD

E.A. Kyabuenkos, A.A. lemunos, C.b. Poidanka

bpsanckuii cocyoapcmeennulii mexnuueckuil yHusepcumen,
oyn. 50 nem Oxmsbps, 7, . bpanck 241035, Poccus

THocmynuna 30.10.2024
Ipunama x newamu 20.02.2025

PaccmoTpen MeTon perucTpanumd OTKJIMKAa Ha PaJUallMOHHOE BO3JEHCTBUE C HCIOJIB30BaHHEM
pertreHoBckoro komrmiekca PUK-0401 u mokaszaHo, 4TO UIs TMHEHHBIX CTaOMIM3aTOPOB HAIPSHKEHUS
MHTETPAIIBHBIX CXEM OH IO3BOJISIET IMAarHOCTUPOBATH HATMUME U3MEHEHHUH B UX Tomnojoruu. MceiaenoBansl
4 tuna mukpocxem MC-JIC1-1.8B, koTOpbIe MO OCHOBHBIM JJIEKTPHUUYECKUM IapamMeTpaM SKBHUBAJICHTHBI,
HO HUMEIOT OTIMYMsSl B HCIHOJHEHHHM BBIXOJHOTO KIIO4Ya (BEPTHKAJIBHBIC TPAH3MCTOPHI C Pa3IMYHBIM
pasBezneHHEeM 0a3bl), TOKOBBIX 3€pKal W IU(QepeHInaNbHbIX KacKaloB: C W3MEHEHHBIM HCHOJTHEHHEM
0a3pl BBIXOJHOTO KJIIOYA U BEPTHKAIBHBIMH p-n-p-cTpykrypamu (Tum 1); ¢ M3MEHEHHBIM HCIIOJHECHHEM
0a3pl BBIXOAHOIO KJIIOYAa M CMEIIAaHHBIMU (JIaTepalibHblC + BEpTUKANbHBIC) p-n-p-cTpykrypamu (Tum 2);
C MCIIOJTHEHHEM 0a3bl BBIXOJHOTO KII0Ya Kak y 3apyOeKHOro aHajora M BEPTUKAIBHBIMU p-N-p-CTPYKTY-
pamu (Tun 3); ¢ ucnoiaHeHueM 0a3bl BBIXOJHOTO KIIIOYa Kak y 3apyOeKHOIO aHajora M CMEIIaHHBIMU
(;marepanbHble + BepTHKaANIBHBIE) p-n-p-cTpyKTypamu (Tunm 4). Ilo pesynbraTaM HcClieOBaHUS yCTAHOB-
JICHO, YTO HAuOOJBIIYIO PAaAMALMOHHYIO CTOMKOCTh K 3()(dexkram MOrjJomEHHON I03bI JAEMOHCTPUPYIOT
00pa3upl MuKpocxemsl cradbuinmnzaropa HanpspkeHust MC-JIC1-1.8B Tuna 1 u Tuna 2. {ns uccnepoBanus
00pa3LoB JIMHEWHOrO CTa0MJIM3aTOpa Ha CTOMKOCTh K BO3ACHCTBUIO HMMITYJBCHOTO HOHHM3HPYIOLIETO
M3Iy4YeHUs] HCIoib30Basca nasepHeld komiuieke PAJIOH-23 ¢ MakcHMManbHOM IIOTHOCTBIO SHEPTHH
200 mM/Lx/cM?. Y CTaHOBIICHO OTCYTCTBHE THUPUCTOpPHOTrO 3((dekra B mccienoBaHHbIX Tumax 1-4 nmuHei-
Horo craOwmzatopa HanpspkeHusi WC-JIC1-1.8B. IlomyudeHHble pe3ynbTaThl IO3BOJSIIOT pa3padarbl-
BaThb CHOCOOBI TOBBIMICHUS PAJUALUOHHON CTOWKOCTHM JIMHEHHOro cTaOwin3aTopa HalpsKeHHs
NC-JIC1-1.8B myTtém BapbUpOBaHMs TOIOJOTMM WHTEIPAIbHBIX MHKPOCXEM M BbIOMpaTh Hambojee
BBITOJJHBIM BapUAHT W3TOTOBJICHUS BBIXOAHOTO KIIHOYA.

KaroueBble ciioBa: crabunnzatop HanpspkeHHs, 3G QeKThl HOTTOMIEHHON J103bl, HOHU3UPYIOIIee U3TydYeHHE,
panuanroHHasi CTOMKOCTb
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Introduction

It is known that the important element of mod-
ern microelectronics are integrated circuits (IC) of
voltage regulators, since almost any electronic cir-
cuit (simple circuits on transistors, operational am-
plifiers, digital and microprocessor systems, etc.)
requires one or more stable sources of direct current
for its stable operation [1-4].

For functioning and development of critically
important industries (space exploration, aircraft
manufacturing, nuclear power engineering, etc.) it
is necessary the operation of electronic components
under radiation exposure, including linear voltage
regulators [4].

In particular, for discrete devices of the elec-
tronic component base and integrated circuits, the
nature of their topology determines their radiation
hardness [4—7]. Thus, it has been established that the
topological features of bipolar transistor structures
determine their main electrical characteristics (gain,
current-voltage characteristics) for n-p-n and p-n-p
transistors [4, 5], as well as bipolar analog integrated
circuits of comparators and voltage regulators (con-
sumption current, output voltage, etc.) under radia-
tion exposure, in particular on the total ionizing dose
value [4, 6, 7].

On account of this, the main goal of this inves-
tigation was to study the radiation hardness of linear
voltage regulators produced on the basis of an im-
ported analogue, equivalent in electrical parameters,
but having topological differences (with different
output key designs), which will optimize the choice
of optimal topology options to increase the radiation
hardness of voltage regulators integrated circuits.

Materials and methods

The object of the study was linear voltage regu-
lator in the TO-220-3 package, with an output voltage

3| IN

1S-LS1
our

of 1.8 V (hereinafter IS-LS1-1.8V), manufactured by
JSC "GRUPPA KREMNY EL" [8]. The study was
carried out using the developed hardware and soft-
ware complex (HSC) consisting of the following:
X-ray equipment RIK-0401 [9], X-ray comparator
DRI-0401, a set of measuring equipment (sources-
measuring instruments PXle-4143, PXIe-4139), and
the developed software. Previously, the HSC was
successfully tested to study the radiation behav-
ior [10] of the linear LDO positive voltage regulator
IS-LS-9V (manufactured by JSC "GRUPPA KREM-
NY EL"). The schematic diagram of the developed
HSC is described in detail in [10-11]. Additionally,
for examination of voltage regulator samples to im-
pulse ionizing radiation hardness the RADON-23 [9]
laser complex (with a maximum energy density
of 200 mJ/cm?) also was used.

The X-ray equipment RIK-0401 is a RAP-100
X-ray source with a maximum anode voltage of
80 kV and a maximum anode current of 0.3 mA, in-
stalled in an X-ray protective chamber with a two-
coordinate positioning system with a step of 0.1 mm.
The intensity of X-ray radiation was controlled using
a DRI-0401 X-ray comparator. The HSC was con-
trolled using specialized software developed in the
LabView program that allows measuring the con-
trolled parameters at a specified time interval, and
also provides the ability to set the electrical operating
mode of the IC samples during irradiation process.
For linear voltage regulator microcircuits, the HSC
allows monitoring the output voltage, minimum volt-
age drop, consumption current, voltage instability,
and current instability. The linear voltage regulator
samples were installed on the contact device board
in accordance with the diagram shown in Figure 1a.
To ensure free access of X-ray radiation to the
linear voltage regulator crystal, decapsulation was
performed for the samples under study (see Fi-
gure 1b).

C1

Ok

Figure 1 — Scheme of set-up for switching on the voltage regulators microcircuit during radiation exposure studies
(a): G1 —PXle-4143 power supply, / — electronic load (PXIe-4139), O — voltmeter (a built-in PXIe-4139 meter is used),
C1 =1 pF, C2 =10 pF; the decapsulated IS-LS1-1.8V sample (b)
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Results and discussion

During the radiation experiments were studied
four types of IS-LS1-1.8V, which are equivalent in
their main electrical parameters, but have differences
in the design of the output key (vertical transistors
with different base wiring), current mirrors and dif-
ferential stages: Type 1 with a modified design of
the output key base and vertical p-n-p-structures;
Type 2 with a modified design of the output key
base and mixed (lateral + vertical) p-n-p-structures;
Type 3 with the design of the output key base as in
the foreign analogue and vertical p-n-p-structures;
Type 4 with the design of the output key base as in
the foreign analogue and mixed (lateral + vertical)
p-n-p-structures. For comparison, the analog of IS-
LS1-1.8V the voltage regulator LT1963 [12] was
also examined.

According to the results of studies it was estab-
lished that the most sensitive parameters of linear
voltage regulator's to the total ionizing dose effects
are the output voltage and the consumption current.
Figure 2 shows the dependence of the output voltage
on the total ionizing dose value for all samples of the
IS-LS1-1.8V and the analog of the LT1963 voltage

regulator.
22¢ I
|
2.1F |
g i
S 2f |
8
S I
> r
5
&
5 — Type 1
17t — Type2
: —— Type 3
Type4
Lo — — LTI1963
---- Parameter's norm
1.5 . - - )

100 150 200 250 300 350 400 450 500
Total ionizing dose, X10’ un.

50

Figure 2 — Dependence of change of the output voltage
for the integrated circuit IS-LS1-1.8V and LT1963 ana-
logue on the value of the total ionizing dose (the dotted
line is the norm of the parameter of the output voltage of
the microcircuit)

For the Type 1 microcircuit sample, the output
voltage gradually increases from 1.8 to 1.87 V at an
total ionizing dose of 500 10* un., without reaching
the limit of the parameter's norm (1.89 V for the IS-
LS1-1.8V microcircuit). For the Type 2 sample, the
output voltage gradually increases from 1.8 to 1.85 V
at an total ionizing dose of 500x 10’ un., also with-
out reaching the limit of the parameter norm. For the

Type 3 and Type 4 samples, the output voltage grad-
ually increases and reaches the limit of the param-
eter norm at an total ionizing dose of 324x10° and
300 10* un., respectively. Further, with an increase
in the total ionizing dose, a functional failure of the
Type 3 and Type 4 microcircuit samples is fixed. For
the LT1963 analogue, similar behavior is recorded
with the parameter norm being reached at an total
ionizing dose of 370x10° un. and subsequent func-
tional failure with an increase in the total ionizing
dose.

Thus, the highest radiation hardness in terms
of output voltage to the total ionizing dose effects
is demonstrated by microcircuits with the Type 1
topology (with a modified design of the output key
base and vertical p-n-p-structures) and Type 2 (with
a modified design of the output key base and mixed
(lateral+vertical) p-n-p-structures), superior, includ-
ing foreign analog of LT1963.

Further, Figure 3 shows the dependence of the
consumption current on the total ionizing dose value
for all samples of the IS-LS1-1.8V and the LT1963

analog.

10 ¢ |
<9 / /
= 8 :
g I
£ 7 /
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é 4 — — LT1963
3 3
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Total ionizing dose, X10° un.

100

Figure 3 — Dependence of change of the consumption
current for the integrated circuit IS-LS1-1.8V and LT1963
analogue on the value of the total ionizing dose

For the Type 1 microcircuit sample, the con-
sumption current value changes insignificantly from
1.03 to 1.87 mA with an increase in the final total
ionizing value to 600 x 10° un. For the Type 2 micro-
circuit, the consumption current value also changes
insignificantly from 2.07 to 1.97 mA with an increase
in the total ionizing dose up to 600 10° un. For the
Type 3 sample, the consumption current value also
changes insignificantly (2.07 to 1.85 mA) up to an
total ionizing dose value of 305x10° un. and then
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begins to increase sharply, reaching a value of 10 mA In addition, the IS-LS1-1.8V samples have been

at a dose of 330x 10° un. Analogously, for the Type 4  testing on hardness to pulsed ionizing radiation using
sample, the current consumption value changes slight-  the RADON-23 laser complex with a maximum en-
ly (1.35 to 1.39 mA) up to the total ionizing dose of  ergy density of up to 200 mJ/cm®. The RADON-23
243x10* un. and then begins to increase sharply, laser complex operating mode is following:
reaching a value of 10 mA at a dose of 310 x10° un. the wavelength — 1064 nm; the radiation pulse en-

As follows from Figure 3, for the LT1963 ana- ergy — 120 mJ; the effective pulse duration — 10 ns;
log, the current consumption value practically does the beam diameter — 11 mm. It was found that the
not change (=4.99 mA) up to the total ionizing dose  thyristor effect is not observed in the studied sam-
of 369x 10° un. and then begins to increase harshly, ples of Type 1-4 both at a minimum energy density
reaching a value of 10 mA at a dose of 428 x 10°un.  of 1 mJ/em? (see F igure 4a) and at a maximum of

Thus, the maximum stability and the lowest cur- 200 mJ/cm?® (see Figure 45). The interruption time
rent consumption value under radiation conditions are ~ of the IS-LS1-1.8V operation was 300 ps (energy
demonstrated by voltage regulator IC samples with  density — 1 mJ/cm?) and 700 us (energy density —
Type 1 and Type 2 topology, being the most radiation ~ 200 mJ/cm?) correspondingly, which does not ex-

hardness in this range of ionizing radiation dose. ceed the required standard.
= v T = v 7
£ E
n 500 mV/dev ‘o 500 mV/dev
;“; 100 ps/dev ﬁ: 100 ps/dev
—_—
|14 |14
Time [ps] Time [ps]

a b

Figure 4 — The oscillogram of the IS-LS1-1.8V integrated circuit sample under the exposure of pulsed ionizing ra-
diation (RADON-23 laser complex) at voltage supply of 20 V and load current of 25 mA with energy density (scale
factor — 500 mV/dev, 100 ps/dev): a — 1 mJ/em?; b — 200 mJ/cm?

Thus, the method used to study the response and consumption current) is demonstrated by volt-
to radiation exposure made it possible to diagnose age regulator microcircuits with the topology of
significant differences in the radiation hardness of Type 1 (with a modified design of the output key
voltage regulator microcircuits depending on the base and vertical p-n-p-structures) and Type 2 (with
presence of changes in their topology, despite the a modified design of the output key base and mixed
equivalence of the electrical parameters of the types  (lateral+vertical) p-n-p-structures), surpassing the
studied. Therefore, this method is perspective and  other two types and its foreign analogue LT1963.
can be used for the design and development of elec-  Study of IS-LS1-1.8V samples of Type 1-4 for hard-
tronic component base products operating under ra-  ness to pulsed ionizing radiation showed that the thy-

diation conditions [3, 6, 13—15]. ristor effect was not fixed in the investigated samples
up to an energy density of 200 mJ/cm?.
Conclusion Results obtained allow to formulate methods for

increasing the radiation resistance of the linear volt-

Influence of the integrated circuit topology of age regulator IS-LS1-1.8V and to choose the most

the IS-LS1-1.8V linear voltage regulator on its ra- advantageous option for manufacturing the output
diation hardness has been studied. It was found that key. The method proposed can be also adapted in
the maximum of radiation hardness to the total ion- monitoring and assessing the trusted electronics and
izing dose effects (by parameters of output voltage radiation hardness at all stages of the life cycle of
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electronic component base products (during devel-
opment, production, etc.).
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[IpoBenéH cpaBHUTENBHBIN aHAIN3 MPUMEHEHHS METO/AA OTPa)KaTelbHO-a0COPOLMOHHON CIIEKTpPO-
CKOTIVIH C MCIIOJIb30BaHMEM 3aBOJICKOH npuctaBku nuddysnoro orpaxenus DRIFT MK-cnekrpodoTomerpa
ALPHA u Metona HapyLIEHHOTO MOJHOIO BHYTPEHHETO OTPAKEHUs JJISI UCCIIEIOBAHUS ONTHYECKUX Xa-
pakTepucTuk mwi¢Hok ¢poropesucros ®PI19120, AZ nLOF 2020, 2070, 5510 u KMP E3502 Tonmmnoii 0,99—
6,0 MKM, CPOPMUPOBAHHBIX HA MJIACTHHAX MOHOKPHCTAJUIMYECKOTO KPEMHHS METOJOM LEHTpU(yrupoBa-
Hus. B otpaxarensHo-abcopOuuonasix MK criekrpax monockl morsomeHus HabmoaaoTes Ha poHe nHTep-
(hepeHIMOHHBIX T10JIOC, YTO MO3BOJISIET OMPEACIATh OKAa3aTeNb NpeoMIeHHs (OTOPE3UCTa IIPH U3BECTHON
reoMeTpuyecKoi Tonune miéHku. [lokazaHo, 94To METO OTpaXKaTeIbHO-a0COPOLMOHHON CIIEKTPOCKOIINH
C MCIIOJIb30BaHUEM 3aBOJICKOH mprcTtaBku quddy3Horo orpakenuss DRIFT numeer kak Oonee BBICOKYO UyB-
CTBHUTEJIBHOCTh MO CPABHEHHUIO C METOAOM HapyLIEHHOTO IOJIHOTO BHYTPEHHEr0 OTPaKCHMS, TaK U MPHUIO-
JIeH JUIsl IPOBEACHUS HEPa3pyLIAIOIero MEeKOIIEPAHOHHOTO KOHTPOJIS B TEXHOJIOTMH M3TOTOBICHHS NPH-
0OpOB MOJIyIPOBOIHUKOBOH 37eKTpOHUKH. Hambonee MHTEHCUBHBIMH B OTpPa)KaTeIbHO-a0COPOLIMOHHBIX
crnekrpax ¢ortopesuctuBHbIX MWIEHOK AZ nLOF n KMP E3502 sBnsitoTcsl MOJI0CH BAJICHTHBIX KOJeOaHUH
apOMATHUECKOro Konbia (<1500 cM™), my/mbCalMOHHEIX KONeGaHHil YIIepOIHOTO CKeIeTa apoMaTHIECKOro
KoJTbIa (CABOCHHBINH MakcuMyM ~1595 i 1610 cm™) 1 monoca ¢ MakcumymoM ~ 1430 cv™', 06ycaoBIeHHas
KoJIeOaHUSIMH OCH30JIBHOTO KOJbla, cBsizaHHOro ¢ CH,-MOCTHKOM. Y CTaHOBJICHO, UTO pa3iu4Ms OTpaxka-
TEJIbHO-a0COPOLIMOHHBIX CIIEKTPOB HETATUBHBIX (DOTOPE3UCTOB pa3HbIX MpoussBoauteneil — MicroChemicals
(AZ nLOF cepum 2000) u Kempur Microelectronics (KMP E3502) — cBsi3aHbI ¢ pa3muyHBIMU TEXHOJIOTHSIMHA
noJry4eHus: PeHonpopMaIbICIUAHON CMOJIBI U HATMYMEM B TUIEHKAX OCTATOYHOT'O PACTBOPUTEIIS.

KiioueBnble ciioBa: (bOTOpC3I/ICT, erMHI/IP'I, OTpa)KaTeJ'ILHO-a6COp6LII/IOHHaH CIIEKTPOCKOIHA, HAPYHICHHOC
MOJIHOC BHYTPCHHEC OTPAXCHUEC

Adpec ona nepenucku: Address for correspondence:

Ilpoconosuu B.C. Prosolovich V.S.

benopycckuii 2ocyoapcmeennulii ynugepcumenn, Belarusian State University,

np-m Hesasucumocmu, 4, e. Munck 220030, Benapycw Nezavisimosty Ave., 4, Minsk 220030, Belarus

e-mail: prosolovich@bsu.by e-mail: prosolovich@bsu.by

Jnsa yumuposanusn: For citation:

J.U. Bpunkesud, E.B. I'puniok, B.C. IIpoconosuy, C./l. bpunkesud, Brinkevich DI, Grinyuk EV, Prosolovich VS, Brinkevich SD,
B.B. Kouoc, O.A. 3y6oBa. Kolos VV, Zubova OA.

OtpaxarenbHo-abcopourontas UK dypbe-criekTpockomnus Reflective Absorption IR Fourier-Spectroscopy of Photoresistive
(hOTOPE3UCTUBHBIX TUIEHOK HA KPEMHHHU. Films on Silicon.

TIpuGops! 1 METOBI U3MEPEHUIA. Devices and Methods of Measurements.

2025.T. 16. Ne 1. C. 69-76. 2025;16(1):69-76. (In Russ.).

DOI: 10.21122/2220-9506-2025-15-1-69-76 DOI: 10.21122/2220-9506-2025-16-1-69-76

69



Tpubopul u memoowt usmeperutl Devices and Methods of Measurements
2025.T. 16. Me 1. C. 69-76 2025,16(1):69-76
JIL.U. Bpunkesuy u op. D.I. Brinkevich et al.

DOI: 10.21122/2220-9506-2025-16-1-69-76

Reflective Absorption IR Fourier-Spectroscopy
of Photoresistive Films on Silicon

D.I Brinkevich', E.V. Grinyuk'?, V.S. Prosolovich', S.D. Brinkevich®, V.V. Kolos*,
0.A. Zubova*

!Belarusian State University,

Nezavisimosty Ave., 4, Minsk 220030, Belarus

?Research Institute for Physical Chemical Problems of the Belarusian State University
Leningradskaya str., 14, Minsk 220006, Belarus

SLLC “My Medical Center — High Technologies”,

Oktyabrsky Ave., 122, Vsevolozhsk 188640, Leningrad region, Russia

‘JSC “INTEGRAL” — “INTEGRAL” Holding Managing Company,
Kazintsa str., 1214, Minsk 220108, Belarus

Received 11.12.2024
Accepted for publication 20.01.2025

Abstract

A comparative analysis of the reflectance-absorption spectroscopy method’s application using the dif-
fuse reflection factory prefix DRIFT of the ALPHA IR spectrophotometer and the method of attenuated total
reflection for study of the optical characteristics of the FP9120, AZ nLOF 2020, 2070, 5510 and KMP E3502
photoresist films with a thickness of 0.99—6.0 um formed on the plates of monocrystalline silicon by cen-
trifugation has been carried out. In the reflective absorption IR spectra absorption bands are observed on the
background of interference bands which makes it possible to determine the refractive index of a photoresist
at a known geometric film thickness. It is shown that the reflective absorption spectroscopy method using
the diffuse reflection factory prefix DRIFT has both a higher sensitivity compared with the attenuated total
reflection method and is suitable for non-destructive interoperative control during semiconductor electronics
devices’s manufacturing. The most intense in the reflective absorption spectra of AZ nLOF and KMP E3502
photoresistive films are bands of valence vibrations of the aromatic ring (1500 cm™), pulsation vibrations
of the aromatic ring carbon skeleton (double maximum ~1595 and 1610 cm™) and a band with a maximum
of ~1430 cm™ due to vibrations of the benzene ring, connected to the CH, bridge. It was established that
differences in the reflective absorption spectra of negative photoresist of different manufacturers — Micro-
Chemicals (AZ nLOF series 2000) and Kempur Microelectronics (KMP E3502) are associated with various
technologies of phenol-formaldehyde resin production and the residual solvent presence in the films.
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BBenenue

[ToBwImenne CTeTICHW  MHTETpallid B
COBpPEMEHHOMU MOJIYTPOBOTHUKOBOM MHKpPO-
JJIEKTPOHHUKE TIPEIBSBISIET BBICOKHE TPEOOBAHUA
K Omoxky mmrorpadmyeckmx —omeparumii  [1].
Tak, ecmu mpu (GOPMHPOBAHUU  HIEMEHTHON
06azpr mo n-MOIl TexHONOrHMH WCHOIB3yeTCs
mo 10 omepanuii  dortonurorpadun, TO TpH
¢opmupoBanun 31eMeHTHOH Oa3zpl mo BUKMOII
TEXHOJIOTUU TMpUMEHseTCs 10 22  omepauui
(dhotonmurorpadum [2]. Dotopesucter (DP) mpo-
JIOJDKAIOT COBEPLIEHCTBOBATHCS BMECTE C pPa3BH-
THEM MHKPOAJIEKTPOHHUKH. Pa3pabaThIBaroTCs HOBBIE
peuentypsl ®P s gocTikeHus 0ojiee BHICOKOTO

paspeleHus, IOBBILIEHHONH  4YyBCTBUTEIbHOCTH
W JIy4dllero  KOHTPOJIs  HaJ  KPUTHYECKUMU
pa3MepaMu. JomMuHUpyrOmuMu pe3ucTamu,
UCTIOJB3YEeMBIMH B IIpolleccax CYOMHKPOHHON

n Ha"onurorpaduu, sBisiorcss DP wHa ocHOBe
dhenondopmampaeruaHeIx cMol [3, 4]. B kadectBe
miéakooOpasyromiero mommMepa OP mist o6patHOi
autorpaduu 0ObIYHO UCIIOIL3YIOT HOBOJIAUHBIC MU
PE30JIbHBIE CMOJIBI, SIBJISIOLIMECS Pa3HOBUAHOCTBIO
(heHONMpOPMATBACTUIHBIX CMOJI. B CBs3M C BBIMIe-
CKa3aHHbIM  MCCIIEJOBaHME  yKa3zaHHbIX  OP
aKTyaJIbHO KaK ¢ HayYyHOH, TaK U C MPAKTUYECKOU
TOYEK 3PEHHUSL.

Jia uccrnenoBaHus TOHKHX IJIEHOK HIMPOKO
npumensiercss meton HMK-Dypre cnekTpockonuu
HApyIIEHHOTO TIOJHOTO BHYTPEHHETO OTpakKeHUs
(HIIBO), mo3Bonstonuii moiy4aTh HWH(OPMAITUIO
0 COCTaBE U CTPYKTYpPE CIIOKHBIX OPraHHYECKUX
COCIMHEHUH M MX CMECEd B TBEPAOM arperaTHoOM
COCTOSIHUH [5, 6]. DTOT METOJ IIUPOKO NPUMEHSIETCS
IUIL  HCCIIEAOBaHMA  (POTOPE3UCTHBHBIX IIJIEHOK
Ha IUIaCTMHAaX MOHOKPHUCTAJUIMYECKOTO KpeM-
Hus [7, 8]. OmHako OH o0namaeT HEJOCTaTOYHOMH
YYBCTBUTEIBHOCTHIO TIPU  H3MEPEHHH TOHKHUX
(1-3 MKM) MIEHOK B IIMPOKOM JHAIa30HE CHEKTPa.
Kpome toro, mpu wusmepenun HIIBO T1BEpabIX
WIEHOK HEOOXOAUM MPWKHM JUIS O0eCIieueHUs
IJIOTHOTO KOHTaKTa IJIEHKH C W3MEPUTEIBHON
Opu3MOM. DOTO  NPUBOAUT K  HAPYLICHHIO
OJHOPOJHOCTH,  00pa3oBaHHMIO  LApalmuH  Ha
MOBEPXHOCTH IUIEHOK M B HEKOTOPBIX CIydasx
MOKET  BBI3bIBaTb  pa3pyLICHHE H3MEPSIEMOTO
oOpasna. T.e. MAaHHBI METOJ HE TIO3BOJISICT
MIPOBOJUTH HEPa3pYLIAIOLUINN KOHTPOJIb TapaMeTPOB
IJIEHOK B TPOIECCE MEXKOTEPAIIMOHHOTO KOHTPOJIS
IpU TPOBEJCHWM JUTOTpapUUIECKUX omepauni
Ha PA3IUYHBIX CTAIMAX H3TOTOBJICHUS NPUOOPOB

MOJIyIPOBOJHUKOBOM  2eKTpoHMKH. C  npyroi
CTOpPOHBI, HEJOCTaTOYHOE TMPIKUMHOE YCHIIHE
CHIDKAeT HHTCHCUBHOCTH II0JIOC TIOTJIOICHHUS B
cnektpe HIIBO wu, cOOTBETCTBEHHO, YYBCTBH-
TEJILHOCTh U BOCIIPOM3BOJUMOCTb U3MEPEHUH.
Llenbio HacTOsAIIEH paOOTHI SIBISUIOCH H3yUCHHE
BO3MOXKHOCTEH OTpaxkaTenpHO-a0coponmonHon MK
@Dypbe-CeKTPOCKONMHU C  HCIOJIb30BaHUEM IIpHU-
cTaBKU i TU(PPy3HOr0 OTpakeHHS TIPH HCCIIe-
JIOBAaHWHM  ONTHYECKHUX XapPaKTEPUCTHK MJIEHOK
(hoTOpe3nCTOB Ha MOHOKPUCTAJUINYECKOM KPEMHUHU.

O0pa3ubl 1 METO UCCIAEA0OBAHMS

[Inéukun nosutuBHOro ®II9120 u HeraTus-
Heix AZ nLOF2020, 2070, 5510 u KMP E3502
(dhoTopesnctos TommuHON 0,99—6,0 MKM HAHOCHITHCH
Ha TIOBEPXHOCTh Si METOJOM IHEeHTPU(yrupoBa-
uus [9]. Ilepen manecenuem OP muracTuHBI Kpem-
HUS TOJBEPrajuCh CTAHAAPTHOMY LHKITY OYHCTKHU
MOBEPXHOCTH B OPraHUYECKUX U HEOPTaHUYCCKUX
pactBoputensx. Ilocne QopmupoBaHus TUIEHKH
®P mpoBoamnace e€ cymka TpuU TeMIeparype
90-110 °C. Msmepenue Tomumubl IIEHOK P

BBIMOJIHSUIOCH ~ HAa  PAacTpOBOM  3JIEKTPOHHOM
mukpockorie  HITACHI  S-4800. HUK-®Dypne
cnekTpel  cTpykryp ®P/Si perumcrpupoBanuch

B mumamasome 400-4000 cM™  mpum  KOMHATHOl
temneparype cnekrtpoporomerpom ALPHA (Bruk-
er Optik GmbH). HcnonszoBamuch 3aBOJICKHE
MIPUCTABKH 15 13MepeHus 1udy3HOro oTpakeHus
Y HapyIICHHOTO IOJIHOTO BHYTPEHHETO OTPAYKEHHSI.
IIpu u3mepenun HITBO paspeiieHue cocTapisiio
2 eM™!, KommuecTBO ckaHOB — 24. JIJIs MCCiIeJ0BaHMSI
oTpakaTenbHO-abcopOmmonnbix MK cmekTtpoB
HCIOJB30BAJIACh  MPHUCTaBKa Uil JU(y3HOrO
oTpakeHHs. B JaHHOM citydae CHEeKTphI MOTJIOIe-
Husi cnosmu DOP dopmupoBanucek B pesyibTare
npoxoxkaeHus: 3oHmupymoomero WK uznydenus
4yepe3 CIOW B CTOPOHY KPEMHHEBOW ITOIJIOKKH,
€ro 3epKaTbHOTO OTPAKEHHS OT TOIOKKH U
00paTHOTO TPOXOXKACHUS W3ITydeHHUs Yepe3 CIou
@P, paspeurenne 6510 He Xyke 4 cM . Koppexist
¢oHa B 000OMX HCCIEIYyEeMBbIX METOJaX IPOBOJIHU-
Jach nepesl KaXkIbIM H3MEPCHUEM.

Pe3y.]'leaTl)I H UX 06CY)K)IBH]/IC

XapakTepHbIi OTpaXkaTesibHO-a0COPOIMOH-
HbI CHEKTp IJIEHOK IO3UTHUBHOIO HOBOJAYHOI'O
¢doropesucra OI19120, momyueHHBIH HA TPUCTABKE

71



Tpubopul u memoowt usmeperutl
2025.T. 16. Me 1. C. 69-76
JIL.U. Bpunkesuy u op.

Devices and Methods of Measurements
2025,16(1):69-76
D.I. Brinkevich et al.

s 1uQQy3HOro OTpa)KeHUs, NPEICTaBICH Ha

pucynke la. Jlnsg cpaBHeHuss Ha pHCyHKe 1b
OpuBeA€H  CHEKTP  HApyLWIEHHOTO  IOJHOIO
BHYTPEHHETO OTPaXXEGHUsI TOro ke oOpasua.

OTMeTHM, 4YTO B OTpa)kaTelbHO-a0COPOIIMOHHBIX
criektpax u crmekrpax HIIBO sneprermueckoe
MOJIOKEHWE  IIOJIOC  TIOTVIOMIEHHWS  COBIAANIO.
OKCIIEpUMEHTaIbHO HW3MEPEHHBIE YacTOTHl  I10-
noc HK-norsomeHuss U HMX MNPUHAMIEKHOCTh K
(GyHKIIMOHAIBHBIM TpymiiaM ¢oTopesucta 119120,
onpenenéunpie mo crnekrpam HIIBO, mpuBenens!
panee B pabore [7].

WVHTEHCUBHOCTh TOJOC B OTpaKaTeIbHO-
a0COpOIMOHHBIX ~CIEKTpax Oblla CYIIECTBEHHO
Bbllle  (mpuONM3WTENPHO B 3 pasa), ueM

cnekrpax HIIBO (pucynok la u b). YkazaHHble
00CTOSITENILCTBA YKAa3bIBAIOT HAa MEPCIEKTUBHOCTD
NPUMEHEHHUs] TPUCTAaBOK sl Au(y3HOTO OTpa-
JKEHHsT TpU  HUCCIEeNOBaHUM  (POTOPE3UCTHBHBIX

0,84

0,64

|, oTH.ea. (rel.units)

0,4

T T T T T
500 1000 1500 2000 2500 3000

v,eM’ (em™)
a

Pucynok 1 — OtpaxateapH0-a0COPOIIMOHHBI  CIeKTp (a) u

IVIEHOK Ha I[UIACTHMHAX MOHOKPHUCTAJUINYECKOTO
kpemHus. Omnpenesn€éHHBIM — HEIOCTaTKOM — MpH-
MEHEHHMSI TPUCTaBKU sl T y3HOro oTpakeHHs
SBIIETCS TO, YTO B OTPAXaTeIbHO-a0COPOIMOHHOM
CIIEKTpE IIOJIOCHI  IOTJIOHIEHHWS  HaOJIIOmaoTCs
Ha (oHe MHTep(EpeHIINOHHBIX Tojioc. Tak, st
IEHOK TONMMUWHOW ~5 MKM (pUCYHKH la u 2)
HanOoJiee HMHTEHCHBHBIC TIIOJIOCHI  IOTJIOIMICHHS
Habmogamics B obmacti 700-1700 cm” Ha dome
nepBoit (3kctpemyMm mpu ~880 cM') m  BTOpOIA
(3xcTpemym 1pu = 1560 cM™) HHTEpdhEPEHITHOHHBIX
nojoc. OTO OOCTOSITENBCTBO 3aTPYyAHSIET aHaIN3
WU3MEHEHUS! MHTEHCHBHOCTEH II0JIOC TOTJIOIICHUS
Opyd BHEIIHHX Bo3leicTBUsX. OTMETHM, 4YTO B
cnektpax HIIBO mnénox ®P npu BomHOBOM
qucie v < 1600 cm™ (pucyHok 1) nmeer Mmecto
MOHOTOHHOE BO3pacTaHue (HOHOBOTO IOTJIOLIE-
HUsI, OOYCJIOBIIEHHOE  pacCestHHEM/OTpaKeHHUEM
Ha rpanuue paszgena OP/Si [7].

0,25 4
0,20
0,15+

0,10

|, oTH.ea. (rel.units)

0,05

0,00

T T T T T
500 1000 1500 2000 2500 3000

v, em” (ecm™)

b

CTMEKTP HApYIIEHHOTO MOJHOTO BHYTPEHHETO

oTpaskeHUs (b) TIEHOK TOMMIUHOHK 5,0 MKM TO3UTHBHOTO (eHondopmanbaeruaaoro goropesucra 19120

Figure 1 — Reflective absorption (@) and attenuated total reflection (b) IR spectra of positive phenol-formaldehyde

photoresist FP9120 films with a thickness of 5.0 pm

C apyro#, CTOpOHBI, HATMYHE B OTPAYKATEIHHO-
a0COpOIMOHHBIX CIEKTpax WHTep(HEepPEHIINOHHBIX
MOJIOC OTKPBIBAET JOMOJIHUTENBHBIE BO3MOKHOCTH
JUIL  WCCIeIoBaHusl  (DOTOPE3UCTUBHBIX  TUIEHOK.
W3BecTtHO [9], 4TO SHEpreTHyYecKoe MONOKEHUE
MaKCUMyMOB HMHTep(EpEeHIIMOHHBIX I0JIOC Ompe-
JIEIISICTCS BBIPAYKCHUEM:

m\ = 2nd, (D
rIe m—HOMEp MaKCHMyMa; A — JUIMHA BOJIHBI
MaKCUMyMa; n — TOKa3aTellb HPETOMIICHHS

IECHKN; d — reoOMeTpUUecKass TOJIIMHA TUIEHKH.
OTO TMO3BONAET TPU HM3BECTHOW T'e€OMETPHUYECKON
TOJILIMHE IUIEHKA OIpeeNuTh I[oKa3arenb IMpe-
JOMJIeHUSI 71 POTOPE3UCTUBHON TUIEHKH.

[Ipy  yMmeHpIIEHWH  TOJIIWHBI  TUIEHKH
UHTep(EPEHIINOHHBIE TIOJIOCHl YIIUPSIOTCS M CMe-
HIAI0TCS B 00J1aCTh OOJBIINX BOTHOBBIX uucen. [Ipu
TONIIMHAX (DOTOPE3UCTUBHBIX IUIEHOK =~ 1—2 MKM
MOJIOCHl  TIOTVIOMICHUSI OTYETIMBO  TPOSIBIISIOTCS
Ha (hoHE MIMPOKOH TEPBOW WHTEPPEPECHIMOHHOM
MOJIOCH! (PUCYHOK 3), YTO TMO3BOJISIET JOCTATOYHO

72



Tpubopwvr u memoowl usmepeHul
2025.T. 16. Ne 1. C. 69-76
JI.A. Bpunkesuy u op.

Devices and Methods of Measurements
2025;16(1):69-76
D.I. Brinkevich et al.

YBEPEHHO aHAIIM3UPOBAThH HU3MCHEHHE HX
WHTEHCUBHOCTH (B YAaCTHOCTH TIPU BHEIIHUX
Bo3eicTBHsIX). Kpome TOro, mpu 3THX TOJIIWHAX
IEHOK HHTEHCUBHOCTH  IOJIOC  MOTJIOIIECHUS
B OTpaKaTelbHO-a0COPOIMOHHBIX CIIEKTpax Cy-
LIECTBEHHO BhIle, yeM B crnekTpax HIIBO. 3Oto
00yCJIOBIEHO OCOOEHHOCTSMH PErucTpaluu OTpa-
KEHHOTO CHWTHAJIAa TIPU KCIIOJIb30BAHUU TPUCTAB-
ku audpdysHoro orpakenus. Takum obOpaszom,
HCIOJIB30BAaHUE JAHHOI'O METOAAa HCCIIEIOBAHUS
CHEKTPaJIbHBIX XAPAKTEPUCTUK TOHKUX IUIEHOK
MPEMOYTUTENIbHEE BBHIY €ro 0o0jee BBICOKOM
YYBCTBUTEIBHOCTH 110 CPaBHEHHID C METOJIOM
HIIBO. On npuroneH, KpoMe TOro, AJis MpoBene-
HUSl HEepa3pyLIAroIIero MeXONEepaHOHHOTO KOHT-
poiii B TEXHOJOTHH W3TOTOBJICHHUS MPHUOOPOB
TIOJTYTIPOBOTHUKOBOM 3JIEKTPOHUKH.

1,6

1,4-
1,2
1,04
0,8

0,6

|, oTH.eqa. (rel.units)

0,4

0,2
500

T T T T
1500 2000 2500 3000

v, CM'1(cm'1)

T
1000

Pucynok 2 — OtpakarenbHO-a0COpPOLIMOHHBIE  CIIEKTPBI
TUIEHOK TOJIIMHOM 5,8 MKM HEraTHBHBIX (DOTOPE3HCTOB
AZ nLOF2070 (1) u KMP E3502 (2)

Figure 2 — Reflective absorption spectra of negative pho-
toresists AZ nLOF2070 (1) and KMP E3502 (2) films
with the thickness of 5.8 um

Ha pucynke 2 mnpuBeIeHB OTpakaTeIbHO-
abcopOLMOHHBIE Dypbe-CHEKTPEI IIEHOK
OTMHAKOBOW  TONIIUHBI (5,8 MKM) HETaTUBHBIX
®P pasueix npomsBoauteneit: MicroChemicas
Gmbh. T'epmanus (AZ nLOF2070 — xpuBas 1) u
Kempur Microelectronics, Kuraii (KMP E3502 —
kpuBas 2). OHH B OCHOBHOM COBIIQJAIOT,
pa3nuvasch TOJNBKO B JIETalsiX, M KadyeCTBEHHO
CXOKH C OTpakaresibHO-a0COPOIMOHHBIM CIICKT-
poM  (deHonpOpMANBASTUIHOTO  MO3UTUBHOIO
¢doropesucra DPI19120 (pucynok la). OcHOBHBIM
OTIIMYMEM CIIEKTPOB HETaTHBHBIX M IO3UTHBHBIX
O®OP sBisieTcst TO, YTO B CIEKTPAX HEraTWB-
HeIX QoTopesuctoB AZnLOF u KMP E3502

OTCYTCTBYIOT TOJIOCHI ¢ MakcCUMyMamu nipu 2115 u
2150 cM', 06yclIOBIEHHBIE KETEHOM — HPOAYKTOM
Pa3jIoKEHUsT CBETOUYBCTBUTEIBHOIO KOMIIOHEH-
Ta (IMa30XMHOHA) MO3UTUBHOIO (oTOpe3ucTa
@DI19120 [7].

0,8

0,74

0,6

0,5

I, oTH.ea. (rel.units)

0,4

T T T T
1500 2000 2500 3000

v, em”! (cm'1)

T
500 1000
Pucynok 3 — OtpaxxateapbHO-a0COPOIIMOHHBI  CIIEKTP

IEHOK HeratuBHOro Qortopesucra AZ nLOF5510
TommuuHOH 0,99 MKM

Figure 3 — Reflective absorption spectra of the negative
photoresist AZ nLOF5510 films with the thickness of
0.99 um

OrMmeTnm
OJIMHAKOBYIO

ToT (HaKT, dTO,
TOJMINWHY  TUIEHOK  HETaTHBHBIX
¢dotopesucroB  AZ nLOF2070 u KMP E3502,
MakCUMyMBl WX HWHTep(EpEeHIMOHHBIX  TOJOC
cMmemienbl Ha =7 %. DT0 00yCIOBIEHO, BEPOSTHO,
pasnuaueM B Kod(h(UIMEHTaX TMPETOMIICHUS JTaH-
HBIX (hoTopesnuctoB. Koaddumument mperomiacHusS
(eHoIPOpMANBACTHAHBIX CMOJI  MOXET BapbU-
poBathbcsi B amamazone n = 1,56—1,65 Bcuencteue
pa3IMYHON CTENEeHW 3aMEIICHHUS apoMaTHYeCKUX
koner; Qenona B moiumepe [10]. Kpome Toro,
3HaYeHWE /1 3aBHCUT OT HAIW4YWSA APYTHUX KOMIIO-
HEHTOB (B YaCTHOCTH, OCTaTOYHOIO PacTBOPUTEIIS)
B TUIEHKAX (OTOPE3UCTOB.

HawnbGonee WHTEHCHBHBIMH B OTpa)kaTelbHO-
abcopOunoHHBIX criekTpax u cnekrpax HIIBO d¢o-
tope3ucTuBHbIX TIEHOK AZ nLOF u KMP E3502
SIBIISTFOTCS TIOJIOCHI BaJICHTHBIX KoJeba-
HUH apoOMaTHYecKOTo Koiblia (MakCUMyM TpH
~1500 cm™), MyJTbCAIIMOHHBIX ~KOJeOaHWH  yruie-
POJHOTO  CKeJeTa  apoMaTHYecKoro  Kojiblia
(c/IBOCHHBIH MakcuMyM mpu ~1595 u 1610 em™)
¥ momoca C MakcumymMoM npu  ~1430 cm’,
00yCITIOBICHHAS KOJIeOaHUSIMU OCH30JILHOTO
Kombla, cBa3aHHoro ¢ CH,-mocruxom [11]. Otn
MOJIOCHI XapaKTepHbI s (peHondopMatbIeruHON

HECMOTpSl  Ha
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cMmonbl [11] u HaOmomanuch paHee B PasIMUHBIX
MO3UTHBHBIX [ 7, 8] M HeratuBHbIX [ 12] hoTopesucrax.

Bo Bcex  oTpaxareiabHO-aO0COPOIIMOHHBIX
criektpax u crnekrpax HIIBO wuccremoBaHHBIX
(hOTOpE3NCTUBHBIX TUIEHOK HAONfOanach WHTEH-
CHUBHAsi IIMPOKas CTPYKTYpUPOBAHHAs IOJOCa
C HECKOJIBKMMU MakCUMyMaMu B quanazoHe 1050-
1270 cv™. B jmannoM CIIEKTPaJIbHOM JMana3oHe
HaOmomatorcst  komebanmst C-O u  C—C-cszei
pacTBOpHTENS W IUIOCKOCTHBIE Je(OpMaliOHHbIE

konebannuss C—O cBsizell (DEHONBHOW TPYMIBI
¢denondopmanpaeruaaoit  cmonel  [11]. Kpome
TOro, B JMara3oHe BOJHOBBIX umcen 1700—

1720 e HaGmionanach CBSI3aHHAS C OCTATOYHBIM
pacTBopHTENIeM noJoca, o0ycCIIOBIeHHAS
BaJleHTHbIMU KoneOaHusmu C=O,, B CIOXHBIX
apomarndeckux s¢upax. E€ MHTEHCHMBHOCTh CHH-
Kajmach TPU CymKe (HOTOPE3UCTUBHON IIIEHKH.
B rtonkux mnnéukax AZ nLOF5510 ona wnmena
2 wmakcumyma (pUCYHOK 3). DTO MOXET OBITH
00yCJIOBJICHO OO0Opa30BaHUEM aJ['e3HMOHHOU CBSI3U
¢ kpemHueM. OTmeruMm, uTo pactBopurens DOP
ceprn AZ nLOF — amerar MOHOMETHIIOBOTO 3upa
nporwtenrukonss (PGMEA) — ucnons3yercs s
VAYUIIEHUS air€3U1 K TIOBEPXHOCTH KPEMHHUSL.

Habnromancss Takke psii TONOC CpeAHEH W
MaJIOll MHTEHCHBHOCTH B OOJIACTH BOJHOBBIX YHCEIl
v=1400-900 cm™', sHeprermueckoe MONOKEHHE |
MPUHAJUICKHOCTh KOTOPHIX K (PYHKIIMOHAIHHBIM
rpymnnaMm ObUTM TOAPOOHO paccMOTpeHsl B [7,
12]. HaubGonee cwibHOM u3 HHMX ObuIa TOJOCA
nedopmaronHbix kojedanuit C—H cBsi3eit ¢ mak-
cumymoM npu 810 em™, 0o0ycioBIIeHHAs BHE-
TUIOCKOCTHBIME KoJieObanusmu C—H-cBs3eit apoma-
TUYECKOT0 KOJIBLIA.

B oOnmactu BajeHTHhIX KoseOanuii C—H
CBA3EH B OTpakaTeabHO-ab0COPOIIMOHHBIX CIIEKTpax
n crnektpax HIIBO ¢QoTope3ucTHBHBIX IIEHOK
HaOII0JAJTMCH TIOJIOCHI ¢ MaKCHMyMaMu pu ~2870
1 2925 cM™', 0OYCIOB/ICHHBIE ACHMMETPHUHBIMU U
CUMMETPUYHBIMU BaJeHTHbIMH KoseOanusmu C-H,
cBsi3eif, W monmoca ¢ Makcumymom mpu 3010 ev,
CBs3aHHAA C BaJleHTHbIMH Kosiebanusimu C—H cBs3H.
OTMETHM, 4TO UHTEHCHBHOCTH TIOJI0C KosneOanuit C—
H, cBsi3eii ObLi1a CyIIECTBEHHO BbIII€ HHTEHCUBHOCTH
nosniocel  konebanmit C-H cBszeit (pucynokx 3).
B otpaxkaTenpbHO-aOCOPOIMOHHBIX CIIEKTpaX BCEX
(hOTOPE3UCTUBHBIX TUIEHOK TaK)Ke TPUCYTCTBOBAIA
mMpokasi ciadasi mojoca ¢ MakCUMyMOM B oOnac-
tH  ~3300cM’, O0OYClOBICHHAs BAJCHTHBIMHU
konebanussmu O—H cBs3m.

OTtpaxarenbHO-a0COpOLIMOHHBIE CIEKTPHI,
kak n cnekrpel HIIBO, neratuBubix ®P pasHbIX
npousBoauteneit — MicroChemicas Gmbh, Tep-
manuss 1 Kempur Microelectronics, Kutaii — pas-
JMYAINCh B JeTaJsAX (PUCYHOK 2). DTO, BEpOsiTHEE
BCETO, CBS3aHO C PA3IMYHBIMH TEXHOJOTHAMU,
UCIIOJIb3YEMBIMH 3TUMH TNPOU3BOAUTEIAMHU. Tak,
MHTEHCHBHOCTH N0JI0C ¢ MakcuMymamMu ripu 3010 u
2925 CM'I, CBSI3aHHBIX C BAJIEHTHBIMHU KOJCOAHUSIMU
CH- u CH,-rpynm, Beiue B uiénkax KMP E3502,
a B ¢oropesucrax AZ nLOF2070 npeoGnamaer
mojoca ¢ MakcuMymoM mpu ~2940 cm, oGy-
ciopieHHas konebanusmu CH,- rpynnel. B mnén-
kax AZ nLOF2070 ObumM BbllIE€ WHTEHCUBHOCTH
M0JIOC, CBSI3aHHBIX C OCTATOYHBIM PACTBOPHUTEIEM —
MOJIOCHI ¢ MakcuMyMamu nipu 1710 em’! (xapaxTep-
Ha U1t BaJeHTHBIX KoeOanuii C=0 cBsi3el B CIIOK-
HbIX anudarndeckux sdupax [6]), 1375, 1240 u
1180 cm™' (xomeGanmss C—O cBsseit B >bupHOi
rpymnme). MHTeHCHBHOCTh 3THX TOJIOC CHIJKANach
npu TepMooOpadoTKax, U OHM YaCTHYHO HCUE3AIIH
U3 CIIEKTpA.

Pasnuuust B oTpaxareslbHO-a0COpOLMOH-
HBIX crekTpax ¢ortopesuctoB KMP E3502 nu
AZ nLOF2070 nabiromanuch Takke M B 00JacTu
MYJIBCAIIMOHHBIX KOJIeOaHUH YIJIEPOIHOIO CKeJieTa
apOMAaTHYECKOro Koybla. VHTEHCUBHOCTBH II0JIOC
¢ MakcuMyMaMu ipu ~610 u 1590 cm™' Gbuta BbIe
B (Qoropesucrax kopnopauuun Kempur Microelec-
tronics (KMP E3502). C apyroii cropoHbl, B INIEHKaX
AZ nLOF2070 JIOIIOJIHUTEIILHO HaOII01aJ1ach
JIOCTAaTOYHO MHTEHCUBHAs I10JIOCA C MAaKCUMYMOM
npu ~1550 cM!, uTO0 MOMKET YKa3blBaTh Ha Hallu-
yye B3aMMOJAEHCTBUI, N3MEHSIOUINX CHJIOBBIE MOJIS
BOJIM3M YacTW apoMaTHYecKux Kosel. B mosb-
3y AOTOrO BBIBOJA CBUJETEIBCTBYET CMEILIEHHE B
HHU3KOOHEPIreTHYECKYI0 00JIaCTh  IOJIOCHI, 00yc-
JIOBJIGHHOM KoJieOaHMAMHU OCH30JILHOTO  KOJIbLA,
cBsazanHoro ¢ CH,-moctuxkom [11]. E€ makcumym

B KMP E3502 wnabmomancs mnpu ~1450 CM'l,
a B AZnLOF2070 cmemancs kx ~1435 eml,
WHTEHCUBHOCTH M DHEPreTHYECKOE IMOJIOKEHUE

octanbHblx mnonoc MK mormomeHus B INIEHKaX
AZ nLOF2070 u KMP E3502 cosnanmanu.

3akJjroueHue

[IpoBeneno cpaBnenne WK-Oypre otpa-
KaTeIbHO-a0COPOLIMOHHBIX CIIEKTPOB M CIIEKTPOB
HApYLIEHHOTO IOJHOTO BHYTPEHHETO OTPaKECHHS
WIEHOK  (eHondopManbaeruIHbIX  (OTOPE3UCTOB
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®I19120, AZnLOF 2020, 2070, 5510 =m
KMP E3502 TOJIIUHOMN 0,99-6,0 MKM,
chOpPMUPOBAHHBIX Ha TUIACTHHAX MOHOKPUCTAII-
JIMYECKOTO KPEMHHSI METOAOM HEeHTPUyrupo-
BaHMS. YCTAaHOBJIICHO, YTO HMHTEHCHUBHOCTBH II0JIOC
MOTJIONICHUS B OTPaKaTeIbHO-a0COPOIIMOHHBIX
CHEKTpax NPUOJIM3UTENBHO B 3 pa3a BBINIE, YeM
B CIEKTpax HapyLIEHHOrO0 IOJHOTO BHYTPEHHETO

OTpaXCHMUH.
HOKa3aHO, 4TO OTp amaTenLHO—a6cop 6LII/IOHHa$I
CIICKTPOCKOIIUA O6J'Ia,Z[aCT npeuMyuieCTBaMmnu

nepesl HMCCIEeN0BaHUSMM CIEKTPOB HapyIIEHHOIO
[IOJIHOTO BHYTPEHHEIO OTPAXKEHUsI TpU H3yde-
HUM TOHKHMX (MeHee 2-3 MKM) IUIEHOK TaKKe
U C TOYKH 3pEHHUS] BO3MOYKHOCTU IPOBEICHHUSA
HEPa3pyIIAIOLUIET0 MEXOIEPALNOHHOIO KOHTPOJISL.
YcraHoBneHo, 4Yro Hambosiee HMHTCHCUBHBIMHU
B OTpa)KaTelbHO-aOCOPOLMOHHBIX CHEKTpax u
CIEKTpax HApyLIIEHHOIO [IOJHOTO BHYTPEHHETO
oTpaxeHus: (orope3sucTuBHBIX MIEHOK AZ nLOF
n KMP E3502 sgBastoTcs NOJOCH BaJIEHTHBIX
KoJIeOaHUI apoMaTH4YecKoro Koibla (MaKCUMyM
npu  =1500 em™), MyJbCALUOHHBIX  KoJeOaHui
YTIEPOJHOIO CKeJleTa apoMaTHYecKOro KoJblia
(cnBoeHHBIN MakcuMyM ~ 159511610 em ) nmonoca
¢ makcumymoM Tpu ~1430 cm™!, 06ycioBIeHHas
KoJieOaHusIMH  O€H30JIbHOTO KOJIbLIA, CBS3aHHOTO
¢ CH,-MocTHKOM.

Pazmnuus OTpakaTeIbHO-a0COPOLNOH-
HBIX  CIEKTpaXx  HEraTHBHBIX  (OTOPE3UCTOB
pasHBIX  NPOU3BOJUTENEH MicroChemicals
(AZ nLOF cepun 2000) m Kempur Microelec-
tronics (KMP E3502) — cBs3aHbl C pa3IU4HBIMH
TEXHOJIOTHSIMU TIOJIyY€HHSI OCHOBBI (DOTOPE3UCTOB
W HaJU4YMEeM B IJIEHKAX OCTATOYHOTO PAaCcTBOPHTE-
ns. B orpaxarenbH0-aOCOpOLMOHHBIX CHEKTpax
(OTOPE3UCTUBHBIX IUIEHOK HAOIIOAAIOTCS HMHTEp-
(bepeHIIMOHHBIE TI0JIOCHI, YTO IO3BOJISIET ONpese-
JNATH  TOKa3aTeldb  NpejoMJeHus  (oTopesuc-
Ta n (OpU HM3BECTHOW TI'€OMETPUYECKOW TOJIIH-
HE TIEHKHM) WIM TONUMHY IUJIEHKH (P HM3BECT-
HOM 7).

B

baarogapHoctu
PaGora BbIMONIHEHA B  pamMKax 3aJaHus
2.16 rToCymapCTBEHHOW TMpOTrpaMMBI  HAyIHBIX

uccienoBaHuil “MarepuanioBe/ieHre, HOBbIE Mare-
puansl W TEXHOJIOTWH , TOATporpammel ‘“Hamo-
CTPYKTYpHBIE MaTepHaIbl, HaHOTEXHOJIOTHH,
HaHotexuuka” (‘“HamocTpykTrypa”).

CnucoK HCIoJIb30BAHHBIX HCTOYHUKOB

1. Sunipa R., Ghosh C.K., Dey S., Pal A.K. Solid
State and Microelectronics Technology. — Singapore:
Bentham Science Publishers Pte. Ltd., 2023. — 407 p.
DOI: 10.2174/9789815079876123010001

2. I'panbko C.B. TlpumeneHne (HOTOPE3UCTUBHBIX
MAacoK JJIsl MACKUPOBAHHsI HOHHOTO MyYKa B TEXHOJIOTHU
KMOII wunrerpansubix cxem / C.B. I'panpko [ np.]//
Bectnuk  Hwxkeroponackoro — ynusepcuteta.  Cep.
Ousuka. —2001. — Ne 2. — C. 41-47.

3. Mopo Y. Mukposaurorpadus. [TpuHuunsr, mero-
Iibl, MaTepuansl. B 2-x 4. Y. 2. — M.: Mup, 1990. — 632 c.

4. Mack C.A. Field Guide to Optical Lithography. —
SPIE Press, Bellingham, WA, 2006. — 122 p.

5. Xapuenko A.A. PaamanmoHHO-UHIyIIHPOBaHHBIE
mporiecchl B cTpykTypax DLC/monmuumu npu o0rydeHIH
y-kBantamn °Co / A.A. Xapuenko [u ap.] / Xummus
BBICOKHMX 3Hepruil. — 2022. — T. 56, Ne 5. — C. 378-387.
DOI: 10.31857/50023119322050059

6. Ilpeu O., Bronemans O, Addonbrep K.
OmnpenenieHue CTPOCHUSI OPraHWYECKUX COCIMHEHHH.
TaOauIbl CCKTPAIBHBIX NaHHBIX, MockBa, Mup, buHoM.
2006. — 438 c.

7. bpunkesuu C./I. Mopanduxanus IIJICHOK
JTHa30XMHOH-HOBOJIAYHOrO (HOTOpE3nUCTa 3a 00JACTHIO
BHepenns noHos B / C.J1. Bpunkesuu [u ap.] // Xumus
BbICOKHX dHepruit. —2020. — T. 54, Ne 5. — C. 377-386.
DOI: 10.31857/S0023119320050046

8. Garcia L.T.S. The effects of nuclear and electronic
stopping powers on ion irradiated novolac—diazoquinone
films / I.T.S.Garcia, F.C.Zawislak, D.Samios // Applied
Surface Science. —2004. — Vol. 228, no. 1-4. — Pp. 63-76.
DOI: 10.1016/j.apsusc.2003.12.027

9. bpunkesuu JI.11. Momudukanms CIIEKTPOB
OTpPaXXEHUsI IUICHOK JIMa30XWHOH-HOBOJAYHOro (hoTo-
pe3ucTa mpu UMIUIAHTAlMKd HOHAMH Oopa u ¢ocdopa /
JI.U. Bpunkesuu [u np.] // Mukpoanektponuka. —2019. —
T. 48, Ne 3. — C. 235-239.

DOI: 10.1134/S0544126919020029

10. Ackanckmii A.A., Kongpamenko B.U. Kommbro-
TEpHOE MaTepuajloBeieHue noiumepoB. Tom 1. ATomHO-
MOJIEKYJISIpHBI ypoBeHb. M.: Hayunenii mup. 1999. —
544 c.

11. Poljansek I. Characterization of phenol-urea-
formaldehyde resin by inline FTIR spectroscopy / 1. Pol-
jansek, U. Sebenik, M. Krajnc // Journal of Applied Poly-
mer Science. — 2006. — Vol. 99, no. 5. — Pp. 2016-2028.
DOI: 10.1002/app22161

12. bpunkesuu .M. NuppakpacHas Dypbe-criekTpo-
CKOIUSL CTPYKTYp (HOTOPE3UCT/KPEMHHM, HCIOIb3Yye-
MBIX 151 oOpaTHOH nutorpadun / JI.V. Bpuakesnu [u
np.] // Kypran npukmnagHoit cnexkrpockonmn. — 2023. —
T. 90, Ne 6. — C. 863—869.

75



Tpubopul u memoowt usmeperutl
2025.T. 16. Me 1. C. 69-76
JIL.U. Bpunkesuy u op.

Devices and Methods of Measurements
2025,16(1):69-76
D.I. Brinkevich et al.

Acknowledgments

The work was carried out within the framework
of task 2.16 of the State Research Programe "Mate-
rial Science, New Materials and Technologies", sub-
programe "Nanostructured materials, nanotechnolo-
gies, nanotechnique" ("Nanostructure").

References

1. Sunipa R, Ghosh CK, Dey S, Pal AK. Solid State
and Microelectronics Technology. Singapore: Bentham
Science Publishers Pte. Ltd. 2023;407 p.

DOI: 10.2174/9789815079876123010001

2. Granko SV, Volk SA, Leontiev AV, Kamyshan FF.
Application of photoresistive masks for ion beam mask-
ing in CMOS technology of integrated circuits // Bul-
letin of the Nizhny Novgorod University. Ser. Physics.
2001;(2):41-47.

3. Moreau WM. Semiconductor lithography. Prin-
ciples, practices and materials. N.Y., London: Plenum
Press. 1988;952 p. DOI: 10.1007/978-1-4613-0885-0

4. Mack CA. Field Guide to Optical Lithography. —
SPIE Press, Bellingham, WA. 2006;122 p.

5. Kharchenko AA, Fedotova YuA, Zur 1A, Brinke-
vich DI, Brinkevich SD, Grinyuk EV, Prosolovich VS,
Movchan SA, Remnev GE, Linnik SA, Lastovskii SB.
Processes induced in DLC/Polyimide structures by irra-
diation with ®°Co y-rays. High Energy Chemistry. 2022;
56(5):354-362. DOI: 10.1134/S0018143922050058

6. Pretsch E, Biihimann P, Affolter C. Structure De-
termination of Organic Compounds, Berlin: Springer, 2000.

7. Brinkevich SD, Grinyuk EV, Brinkevich DI,
Prosolovich VS. Modification of Diazoquinone—Novolac
Photoresist Films beyond the Region of Implantation of
B" Ions. High Energy Chemistry. 2020;54(5):342-351.
DOI: 10.1134/S0018143920050045

8. Garcia ITS, Zawislak FC, Samios D. The effects
of nuclear and electronic stopping powers on ion ir-
radiated novolac—diazoquinone films. Applied Surface
Science. 2004;228(1-4):63-76.

DOI: 10.1016/j.apsusc.2003.12.027.

9. Brinkevich DI, Kharchenko AA, Prosolovich VS,
Odzhaev VB, Brinkevich SD, Yankovski YuN. Reflection
spectra modification of diazoquinone-novolak photoresist
implanted with B and P ions. Russian Microelectronics.
2019:48(3):197-201. DOI: 10.1134/S1063739719020021

10. Askadsky AA, Kondrashenko VI. Computer ma-
terials science of polymers. Vol. 1. Atomic and molecular
level. M.: Scientific world. 1999;544 p.

11. Poljansek I, Sebenik U, Krajnc M. Character-
ization of phenol-urea-formaldehyde resin by inline FT-
IR spectroscopy. Journal of Applied Polymer Science.
2006;99(5):2016-2028. DOI: 10.1002/app22161

12. Brinkevich DI, Grinyuk EV, Brinkevich SD,
Prosolovich VS, Kolos VV, Zubova OA, Lastovskii SB.
Fourier-IR spectroscopy of photoresist/silicon structures
for explosive lithography. Journal of Applied Spectros-
copy. 2024:90(6):1223-1228.

DOI: 10.1007/s10812-024-01657-4

76



MMPABUJIA O®OPMJIEHUS CTATEH

Crarpy, HampaBlICHHbBIC B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJICTBOPSTH TpPeOOBaHMSAM «MHCTPYKIMM O MOpsiIKe
oopmieHus KkBaaH(pUKAMOHHON HAay4yHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Mareprax cTaTbd HOIDKCH COOTBETCTBOBATh ITPO-
(wITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTaBICHUSI.

3. IloctynuBiIne B peAaKIUIO CTaTbU MPOXOJST JBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAaHUS — aKTYaTbHOCTh TeMa-
THUKHU, I/IH(i)OpMaTI/IBHOCTB, Hay4YHas HOBU3HA.

4. CraThs IpeACTABISIETCS B paclieuaTaHHOM U B 3JIEK-
TPOHHOM BHJE B (opmaTe TEKCTOBOTO pemaktopa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 meneHus
Ha KOmoHKH). OOBEM CTaThil HE MJOIDKCH TIPEBBINIATH
14 crpanu, Briodas TekeT (mpudt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnuipl, rpadpudecknii Ma-
Tepuall, BCIO HEOOX0MMYI0 HH(OpMaLnIo Ha aHIIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHuIle CTaThu yKa3bIBaIOTCS: Ha-
3BaHME CTaThH, (aMuwinud aBTOpoB ((amuius aBropa,
C KOTOPBIM CJIEZyeT BECTU MEPENuCKy, OTMeuaeTcsi 3BE3-
JIOYKOH M YKa3bpIBAaeTCs €ro ajpec OSJIEKTPOHHOW MOou-
THI), HA3BaHWUA W TOYTOBBIC ajpeca opraHu3anuil (ynuima,
HOMEp JI0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PYCCKOM W aHTIIMHCKOM s3bIKaX. CTaThbs BKITIO-
gaeT: aHHOTanuio (B mpexenax 200-250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBeeHUE, B KOTOPOM JICTAETCs Kpat-
KM 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMyampyer-
Cs 11eJ1b pabOThI; OCHOBHYIO YacTh; 3aKJIIIOYEHHUE, B KOTOPOM
B CXKaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJyYEHHBIS
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYLIECTB U
BO3MOKHOCTEHN MPUMEHCHUA; CIIMCOK HCIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/IH, KJIFOUECBBIC CJIOBA, CITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MNPEACTABIIAIOTCA Ha PYCCKOM
1 QHIVIMHCKOM fA3BIKAX.

6. AHHOTanMs IOKHA OBITH WH(POPMATHBHOHN (co-
JIepKaTh «BBDKIMKY» M3 BCEX Pa3/IeIOB CTAThH — BBEJICHUS
C yKa3aHHEM IIeTH PadOThl, METOAWKH, OCHOBHOHM 9acTH U
3aKITIOUCHU ).

7. I'pacdmueckuii Marepuan DOJKEH OBITH KOHTPACT-
HBIM U 4€TKUM. HeoOXxoammo mpuaepKuBaThCsl €IUHOO-
Opa3us TEXHWKH HCIIOJHEHUsS] OJHOTHITHBIX HILIIOCTpa-
uuii. PucyHOK JoipkeH pacrnonararbesi mociie  adsara,
coziepyKallero cchlIky Ha Hero. He nomyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasjelia W crarbu. M30-
6paSPITeJ'IBHBIﬁ Mar€puall BCTaBJIACTCA B TCKCT CTAaTbH,
a Takke Ja€Ttcsl B BHJE OTIACNBHBIX (aitnoB (popmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOM TapHUTYPOIl; pa3mMep KeTiis Con3Me-
pUM C pa3MepoM pHCYHKa (KeJaTelbHO 8 IMyHKTOB). Bce
PUCYHKH HYMEPYIOTCS B COMPOBOXKIAIOTCS TTOIPHCYHOU-
HBIMH TroAnucsiMu. PparMeHTsl pHUCYHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCUBHBIMHU JIATHHCKUMH OYyKBaMH — «a»,
«b» u T. . Hagnucw Ha pHCyHKax M TOAIKCH K PHCYH-
KaM JIaloTCs Ha PyCcCKOM M aHIIIMICKOM si3blkax. Bcee co-
KpameHus: 1 0003HaYeHUs! JOJDKHBI OBITh pacimgpoBa-
HBl B ITOAPHCYHOYHOW IIOANMMCH. PHCYHKHM IKelaTelbHO
MIPE/IOCTaBISATh B 1[BeTe. Ha prcyHKax JOMKHBI ObITH yKa-
3aHbl OCH C 0003HAYEHHEM IPUBOJMMBIX BEIMYMH U Mac-
mraboB. Ha rpadukax He Hy)XKHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CIIM 3TO He ocummiorpamMma. Bo Bcex cirywasx
Ha pUCYHKaX JOJDKEH OBITh MpHUBEAEH MacIITal.

8.V rpadukoB, WMEIONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JOJDKHBI OBITH OTKPBITHI, & 3aCE€UKH Ha-
IIpaBJICHBI BHYTPb paMKH. Ha prcyHKkax, MpeacTaBIsIFonx
co0oii rpaduKky 3aBUCHMOCTEH, HE CIIeyeT JIeNlaTh pa3Mep-
HYIO CETKY, CJICyeT JaTh JIMIIb 3aCEYKH Ha OCSX, MPUYEM
BCE 3aCEUKH JIOJDKHBI ObITh onndposanbl. Ecii ocu Ha pu-
CyHKax oIM(poBaHbl, TO OHHM 3aBEPIIAIOTCS Ha ITO3UIINU
OYepeIHOM 3aCeuKH, IJIe 3aceyKa HE CTAaBUTCS, & BMECTO
YHCIIOBBIX 3HAYEHHUH TAaroTCsi 0003HAYCHUS IEPEMEHHOI 1
enuHMIa u3MepeHus. Ecin ocn He orudpoBbIBAIOTCS, TO
OHU 3aBEPILIAIOTCS CTPEIKAMH, PSIJIOM C KOTOPBIMH JArOTCS
0003HaYCHNS TIPEMEHHBIX 0€3 eIMHUI] H3MEPEHUSI.

9. IonyToHoBBIe (oTOTpaduu MPUOOPOB MM UX Ua-
CTEH MPEICTABISIOTCS TPH MyONUKAMK B TEX CIIydasx,
KOT/Ia OHM HECYT CYIIECTBEHHYIO MH(OPMAIHMIO, KOTOPYIO
HeIb3s1 BEIPa3UTh MHBIM criocoboM. dotorpaduu T0IKHB
OBITH BBHICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMHU, C XOPOIIO
Pa3IMYUMBIMHU JICTAISIMH.

10. Wmmoctpanmu (rpaduku, auarpaMmbl, CXEMBbl,
4YepTekH), pucoBaHHbie cpenactBamu MS Office, momkHBI
ObITh KOHTPAacTHbIMU W uy€TkuMmH. Hemomyctumo HaHece-
nue cpencrBamu MS Word kaknx-Jm00 351eMEHTOB MTOBEPX
BCTABJIIEHHOTO B (haill pyKONHMCH PHCYHKA (CTPENKH, MOA-
IMUCH) BBHUIY OONBIIOrO pHCKa WX MOTEPH HA dTalax pe-
JTAKTUPOBaHMA 1 BEPCTKH. MIumocTpannuy HOMKHBI UMETh
pasMepbl, COOTBETCTBYIOIIME HX HHGOPMATUBHOCTH:
8-8,5 cMm (Ha onHY KOMOHKY), 17—17,5 cM (Ha 1BE KOJOH-
k1) win 23 cM (Bo Bech aucT). [loaToMy skenmarenbHO M30-
OparkaThb OT/ICIBbHBIC HJIEMEHTHI ¥ HA/IIIMCH Ha PUCYHKE TaK,
4TOOBI IIPH YMEHBUIEHHH MaciiTaba pHCyHKa JIO OJHOTO
13 YKa3aHHBIX pa3MepoB OYKBBI U HUQPHI TPHOOPETH BbI-
coTy 2-2,5 MM, DJIIEMEHTHI CXeM 3—5 MM, OT/IeIbHbIe TOUKH
1 MM, a JIMHUK JTOJDKHBI OBITH TIPH ATOM pa3HeCeHbI Ha pac-
crosiaue He MeHee 0,5—1 mm.

11. Haamucu n 0003HaYeHNsT HA MIUTIOCTPAIIUSAX Clie-
JyeT pacrionararb TaK, 4TOObl OHM HE CONPHKACAINCH
HU C KakuMu €€ vacTsaMmu. Ha 3agHuii TuiaH WuiiocTpanuu
YKETIaTeIIFHO He I0OABIATh CephIii (IIBETHON) (POH HIIH CETKH.

12. Tabmuiel HE MOMKHBI IyOImUpoBaTh rpadu-
kn. Kaknas tabnuma nmeer 3aronoBok. Ha Bce TaOmuiipt
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MNPABUJIA O®OPMJIEHUS CTATEM

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUS, NPUHSTHIC B CTa-
The, PAacIIM(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €/IH-
Hun uamepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWTHECS B peOax-
tope MathType nenmukom. HabGop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsl, Homepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytores iumib (hopMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOxoauMO HCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 m,
MOJCTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IIT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwumina — mpudr «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >xupHbIii;
TpeYeCcKnuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Romany, kypcus.

17. OtnenbHbIE CTPOYHBIC OYKBBI M CHELHAJIbHBIC
CHUMBOJIBI HaOHMpaIOTCsT B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30oBaHus penakropa ¢opmyua. [Ipu Habope
dbopmyr U OyKBEHHBIX O0O3HAYCHHN HEOOXOAUMO Y4YH-
TBIBaTh CJICYIONIME MpaBHiIa: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsl; Tpedeckre OyKBbI, MaTeMaTHYECKHE CHUM-
Bouibl (grad, div, In, min, max wu ap.), CAUHHIBI U3MEPE-
nus (B, Ik, B, kr u np.), kupunindeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
JJIEMEHTOB U COCIMHEHUH (B T. 4. B MHJEKCE) HAOUparoTcs
NMPSIMO; JTaTHHCKHE OYKBBI — IIEPEMEHHBIC I CHMBOJIBI (pr-
3WYECKUX BENWYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM IIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHI B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITh MOJHOCTBIO UIEHTHYHO. B pac-
mHdpoBKe GOPMYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI M X TOPSJIOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TIOPSAKY CIeA0BaHus B (hopMyrax.

19. Cricok MCHONb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK TIO TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIe U IPUBO-
JIATCSI B KOHIIE cTarbi. He pekomeHnyeTcsi 1aBarh CChUIKU
Ha MaTtepualibl KOH(EPEHIIii, CTaThH U3 AIEKTPOHHBIX XKYp-
HayioB 0Oe3 uaeHtudukaropa DOI, yueOHbIe mOCOOMS, UH-
TepHeT-pecypchl. CChUIKM Ha HEOITyOIMKOBaHHBIE PaOOTHI
He JomyckatoTcst. JKenaresnbHo, 4TOObI KOJTMYECTBO CCHUIOK
66110 He MeHee 10; camoruTupoBanue — He Oomee 20 %.

20. ABTOpBI Ha OTAENIBHOM CTPaHULIE IPENOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMuIIHs, UMS, OTYECTBO,
yueHasl CTENEHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpEC AIEKTPOHHOI CBS3H.

21. Crarbu, n3nararomue pe3ynbTaTbl UCCIEI0BaHUH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelIeHue Ha OINyOJIMKOBaHHE B OTKPBITOM
reyarH.

22. IIpu HeoOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAMMCHOBaHKUE (POH/IA, OKa3aBuIero (puHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIONHEHA paboTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3BIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIUIO cTaTeil, paHee y)Ke OImyOIMKOBAaHHBIX HIIH
NPUHSTHIX K NeYaTH APYTUMH U3IaHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIME MEPEUUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamaiTcs aBropaM. JlaToll MOCTYMJIEHUS CUHUTAeTCs
JICHb TIOJIyYeHHsI pelaKkiiieil IepBOHAYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIlaM, OCYIIECTBIIs-
IOIIIM TIOCJIEBY30BCKOE 00ydeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOyUCHUS;
HE B3UMaET IUIaTy C aBTOPOB 3a OMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a COOOM MpaBoO MPOM3BOIUTH pellak-
TOPCKHE NPABKH, HE UCKAXKAIOLINE OCHOBHOE COZIEPKaHNE
CTaThH.
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