AHOTANIA
[lepesepraiino B.B. Pezonancui HBY cuctemu y 1onpo6iiHOMY €l1eKTPUIHOMY
pexuMi. — KBanidikaniiiHa HaykoBa npars Ha IpaBax PyKOIHKCY.
Hucepranis Ha 3000yTTS HAyKOBOTO CTymeHs Joktopa ¢uiocodii 3a
crietiajgpHicTIO 171 — enexkTpoHika.
Hanlonanouuii Texuiynui yniepcuteT Ykpaini "KuiBCbKUM NOMITEXHIUHHUI
mctutyT iMeni [ropst Cikopchkoro".

Kwuis, 2020.

B numcepranii po3B’s3aHO aKTyallbHY HAyKOBO-TIPUKIAJHY 3a/ady pO3pOOKH
HAyKOBHX 1 TEXHIYHUX OCHOB IIOOYJOBH 1 MPAaKTUYHOTO BHKOPHUCTAHHS
pezonancHux HBY cucrtem y 1ompoOiiiHOMY CICKTPUYHOMY PEXHMI IS
CJIEKTPOI3MYHOT Ta TEXHOIOT1UHO1 arapaTypy 3 OJTNIICHUMH TTOKa3HUKaMHU. J{1is
LBOT0 AOCTLIKYBAJIUCS:

- NpuHUMNU NOOYAOBU Ta XapakTepUCcTUKH pezoHaHcHuX HBY cuctem tumy
"po3pizaHe Kuible" Ta Horo Moaugikaiii 0araTokuIbILIEBOrO0 pe3oHaTopa 3
YCECTOPOHHIM 30yIKEHHSIM Ta CHUILHUM PO3PSAIHHUM 33a30POM 338 BUCOKOTO
TUCKY poOoUoro razy ta 3 6esnposianuM HBY xuBnenHsM;

- OpUHOMOW TOOYIOBM Ta Xapakrepuctuku pesonancnoi HBY cucremu
PO3PSIHO-KaAMEPHOTO THILY;

- XapaKTepUCTHKU BHUCOKOEHEPTeTHYHUX HEHTPAIbHUX aTOMiB, BIIOUTHX Bix
MOBEPXH1 €JIEMCHTIB po3psinHOi Kamepu pe3oHancHoi HBY cucremu mpu
loHHOMY OOMOapAyBaHHI.

Bynu oziepkani Taki HOB1 HAYKOB1 pe3yJIbTaTH:

Briepiie oTpuMaHoO pe3ynbTaTH MOJICIIOBAHHS HANpPyKCHOCT1 EJICKTPUYHOTO
IoJIsE y pe3oHaropl TUNy '"po3pizaHe KuibLie", pO3paxOBaHOMY Ha PE30OHAHCHY
gactoty 2,45 I'T'n miig poboTH 3a BHCOKOrO THCKY pOOOYOro rasy, Impu LbOMY
3aCTOCOBY€ThCA, 3aMicTh TpoBigHOro, Oe3npoBigHe HBY eHeproxuBiieHHS.
MakcuMalibHa HamnpyXEHICTh MOJs BUHUKAE Y JIOKAII30BaHIM o00yacTi 3a30py

pe3onaTopa, 0 HIATBEPKEHO €KCIIEPUMEHTAILHO.



Briepiie 3anmpomoHOBaHO Ta  JOCTIKCHO OaraToKUTbIICBHHA pe30HATOp 3
YCECTOPOHHIM 30y/KEHHSM (K MoAudiKallilo pe3oHaTopa THUIY 'po3pi3aHe
KUTblle") y BUIJISAI CUCTEMH OPTOTOHAJIBHUX PO3PI3aHUX KIIEIb, O YTBOPIOIOTH
CIUIBHUN pO3psSAHUN 3a30p, i pobouyoi wactotu 2,45 ITu ta oTpumani
pe3yJIbTaTH MOJIETIOBAHHSI HANPYXKEHOCT! €IEeKTPUYHOro MoJii y MOoro 3a3opi B
3a5exHoCT1 Big noTyxkuocti HBY xuBnenns.

Bnepme otpumano pesynbTaTd (pi3uko-TomoJioriunoro 3D MojaemtoBaHHS
PO3MOALTY HAIPYKEHOCTI €IEKTPUYHOrO MOJsl Y PE30HATOP1 PO3PSATHO-KAMEPHOTO
TUTY 3 YpaxXyBaHHSAM HOTO TeoMeTpii Ta mapameTpiB MaTepiaiaiB KOHCTPYKTHBHUX
CJIICMCHTIB CHCTCMU 32 YMOBH MTONIMPCHHS B HIif OCHOBHOTO THUITY KONMHBaHb H |1, 1110
J03BOJINJIO po3poouTH Ta ckoHcTpyroBatu HBY pe3onaTop po3psaHO-KaMEepHOIO
turry Juisi pobotn 3a wactoru 2,45 I'T'ip 3a HM3BKOTO THUCKY poO0OYOTO Ta3zy y
TCXHOJNOTIYHUX IUJIAX: 10HI3AIlsl Ta3zy JUIs TeHepalii IydKkiB 10HIB Ta
BUCOKOCHEPreTUUHUX  HEUTpaIBbHUX  YAaCTHHOK Y  eNneKTpodizuuHux i
TEXHOJIOTIYHUX PUCTPOSX.

Brniepuie oTpuMaHo pe3ynbTaTH 3aj€xKHOCTI Mk noTyxkHicTi0o HBY reneparopa
Ta HAMPYKEHICTIO MOJIs, [0 BUHUKAE Y PE30HATOPI PO3PSIHO-KAMEPHOTO TUITY 3a
HU3LKOTO THUCKY po0odYoro razy y AoNpoOIdHOMY EIEKTPUYHOMY pEXKUMI, 3
ypaxyBaHHSAM MOPOBIAHOCTI CTIHOK KaMepW XBUJIEBOJHOIO TPaKTy, HasBHOCTI
JIEJEKTPUYHOI BCTABKM Ta TEOMETpPil CHUCTEMH B ILUIOMY IUIIXOM (PI3UKO-
toronoriygoro 3D momemroBaHHA. Takuil miaxig JO3BOJMB HAWOUIBII TOYHO
BCTAaHOBUTH TOTYXHICT, HBY KuBneHHs, HEOOXimHY [I1 BHHUKHCHHS
HAIIPY)KCHOCT1 EJICKTPUYHOTO IIPOOOI0 Ta IHIMIIOBAHHS Ta30BOr0 pO3PsIAy B
CUCTEMI.

Briepmie  oTpuMaHO — 3HAYeHHS  IHTETPAJIbHUX  KOC(QIIIEHTIB  BIIOUTTS
BHCOKOEHEPTeTUYHUX YACTUHOK (2TOMIB SIK HEUTpaTi30BaHUX 10HIB) Ry 1 eHeprii Rg
JUISl 10HIB KMCHIO Ta aproHy NpH PI3HUX KyTax NaJiHHS Ha METaJieBl YaCTUHH (3
IIOMIHIIO, THUTAaHy, I[UHKY, LHUPKOHIKO, HIO0II0, TaHTajay) Ta 3aJleXKHOCTI
Koe(imieHTa BiIOUTTS Ry Bia eHeprii OomOapAyBalIbHUX 10HIB (aproHy, KUCHIO,

a30Ty) Ta KyTa iX maJiHHs, sIK1 CBI4YaTh, 110 €HEPTid, KA NEPEAAETHC MTOBEPXHAM



CJIICMCHTIB pe30oHaropa (po3psaHOi KamepH) BIIOMTUMHU BUCOKOCHCPTCTUYHUMU
HCUTpATbHUMM YAaCTUHKAMH, MOKE CTBOPUTH ICTOTHUN BIUIMB Ha BIAMOBIJIHI
€JIEMEHTH KOHCTPYKIIII, TOMY HeoOXI1He BpaxyBaHHs BIIOUTTS
BHCOKOEHEPIreTUYHUX aTOMIB [P ITPOEKTYBaHHI gk pezoHaHcHuX HBY cucrem, Tak
1 TEXHOJIOTIYHUX MPOILECIB, IO MPOBOASITHCS 3 iX BUKOPUCTAHHSIM.

OTpumani pe3yJbTaTd MalOTh HACTYITHE NPAKTUYHE 3HAUCHHS:

PozBuneni ¢izuko-rononoriuni Mmoaeni pezonancaux HBY cucrem Bucokoro ta
HU3BKOTO TUCKIB poOovoro razy 3 OesnpoBinHuM HBY xuBieHHSIM, pe3yiabTaTu
PO3PAXyHKIB 32 SIKHMHU JO3BOJIAIOTH MependadaTd mapaMeTpH Ta XapaKTePUCTUKH
HBUY pe3onaropis 1 amaparypu Ha iX OCHOBI.

BbyB po3po6iiennii Ta yemimHo BunipoOysanuiit HBY pezonarop tumy "po3pizane
Kimbiie" juist poOOTH 3a BUCOKOTO THUCKY pobodoro rasy mpwm gactoti 2,45 Ty
cknaal HBY gocmigHoi ycTaHOBKM. 3alpoOTIOHOBAHO 3aCTOCOBYBATH OE3MpOBITHE
HBY >xuBneHHs AJis OJZHOYACHOTO >UBJIEHHS HHU3KH OJIHAKOBHX PE3OHATOPIB
PO3HECEHUX y MPOCTOP1 | YHUKHEHHS BEJIMKOI KUTBKOCTI JOAATKOBUX KaOeJiB Mpu
LBOMY.

CtBOpeHHI OpUTriHATbHUN 0araTOKIIbLEBUN PE30HATOP 3 YCECTOPOHHIM
30yKEHHSAM Ta CIIUILHUM PO3PAIHUM 3a30pOM K MOJU(]IKaIlis pe3oHaTopa TUITY
"po3pizane kuible". PezonaTop 3axuienuil mpaBoM IHTEIEKTyadbHOI BIACHOCTI.
3acToCyBaHHs LIbOIO MPUCTPOIO CATAKOTh B PAIIOTEXHIYHUX 10 TEXHOJIOTTUHOT
rausyseu.

byB pospobiiennii Ta ycmimHO BHnpoOyBanmii HBY peszonatop pospsiiHO-
KaMEPHOT'0 THITY I POOOTH 332 HU3BKOI'O THCKY ra3y y IKOCT1 FeHepaTopa 10HHOT'O
MOTOKY. BWKOpPUCTOBYBaBCS pE30HATOP SK HE3AICKHMA TpHUCTpiin. B iioro
KOHCTPYKIIi peanizoBaHi pe3yibTaTH JOCTIKCHh HOBUX CIIOCOOIB IOMITIIICHHS
€HEPreTUYHUX MapaMeTpiB (3aBASKH OTPUMAHUM 3aJEKHOCTAM NoTyxHocTi HBY,
HAIPY>XEHOCTI eJIEKTPUYHOTO MOJIs, 10 BUHUKAE B PO3PSAIHINA KaMmepl, Ta reOMeTpil
€JIEMEHTIB CHCTeMHM) Ta MeToAiB cropsimyBaHHs HBY xBuni B oOmacTb
€JIEKTPOHHOTO LMKJIOTPOHHOI'O PE30HAHCY (3aBASIKM 3aCTOCYBAHHIO HOBHX

KOHCTPYKTUBHUX €JIEMEHTIB CUCTEMU ).



by ycmimHO BUNpOOYyBaHWUN B  CKCICPUMCHTAIIBHOMY  BHUPOOHMIITBI
0araToIapoBoro MmiiBKOBOTO MOKPUTTS Y CKJIa[l MarHETPOHHOT PO3MUITIOBAIBHOL
cuctemu (MPC) pospobnennit HBY pe3onatop po3psiHO-KaMEpHOTO THITY Y
AKOCTI ~ aKTUBaTopa rasy. 3ampolOHOBAaHE TEXHOJOTIYHE 3aCTOCYBAaHHS
po3po0JIEHOTO MpUIaay A03BOJNMIO NOHU3UTH pobouuit Tuck MPC B minomy. Y
KOHCTPYKIIIi pO3p00JICHOr0 TEXHIYHOI0 PIIIEHHS peaii3oBaHl pe3ylbTaTd HOBUX
JOCIIIPKEHb 1 OTpUMaHUX JaHUX MO Koe]ilieHTaM BIAOUTTS YaCTUHOK Ta eHeprii
JUIs 10HIB KMCHIO Ta aproHy MpW PI3HUX KyTaxX HaJlHHA HA METaJeBl YaCTUHU
KOHCTPYKIIIi CHCTEMH.

3anpornoHoBaHa METONHKA ()13UKO-TOTIOIOTIYHOTO TPUBUMIPHOTO MOICITIOBAHHS
Ta PE3yJbTAaTH JOCIIKCHHS 3aCTOCOBYETHCA y PAJl MPOMHUCIOBUX Ta HAYKOBO-
JIOCTIHUX YCTAHOB JUIS MPOCKTYBAaHHS XBWJICBOJHUX JIIHIN, KaHa3aIi
CJIICKTPOMArHITHOT €Heprii Ta BU3HAUCHHS HAaNpyKCHOCTEH TOJIB Y XBUIICBOJIHO-
PE30HATOPHUX TPAKTaX PI3HUX THUIIIB.

Pe3ynpTaT aucepramiiHOi poOOTH y BHIVISAI HAYKOBUX TPOMO3MIIIH,
TEOPETUYHUX PO3PAXYHKIB, KOHCTPYKTOPCBKMX Ta TEXHOJOTIYHUX PO3POOOK
pesonancaux HBY cucrem otpumani mo Ttemi Ne EINI1-02/2015 "®i3uko-
TOMNOJIOTIYHE MaTeMaTUYHE MOJEIIOBAHHS DKEpPEes 3apsIKeHUX Ta HEUTPaTbHUX
gactunok" (JIP Ne 0115U006750), sika BUKOHYBanach Ha Kadeapl eJIeKTPOHHUX
npuctpoiB Ta cucteM KIII im. Irops Cikopchkoro y BIAMOBIIHOCTI A0 LLIbOBOT
nporpamu HaykoBux gociaimkerb HAHY "IlepcriekTuBHI HOCIIKEHHS 3 (PI3UKH
IJ1a3MH, KEPOBAHOT'O TEPMOSICPHOTO CHHTE3y Ta IUIa3MOBUX TexHoJorii" (. 4.
"Hu3pkoTemmeparypHa Inia3Ma 1 TexHojorii Ha ii ocHoBi"). Pesynbpratn
JUCepTaIiifHoi  poboTHM  TakoK  orpuMmaHi 1o  Temi  "JlocniJpKeHHs
CIICKTPOANHAMIYHUX €(EKTIB Y MPUCTPOSIX BaKYyMHOI Ta TUIa3MOBOT CICKTPOHIKU
TexHonoriyHoro npusHadeHHs" (AP Ne 0119U103973), sika BUKOHYeTHCS Ha
Kadeapl eNeKTPOHHUX IMPUCTPOIB Ta CUCTEM Y CKJaai HaykoBoi rpymu ®EJI-17
"Komm’torepHe MoaentoBaHHs (Di3MYHUX MPOIIECIB B IMIIa3MOBUX TEXHOIOT X",

Pe3ynbTaTl po6OTH BIIPOBAKEHI B HABYAILHUMN Mpolec Kadeapu eIeKTPOHHUX

npuctpoiB Ta cucteM KIII im. Iropss Cikopchbkoro mpu 4uTaHbi JEKIIA Ta y



nabopaTopHl NPaKTUKyMH KypciB "TeXHONOTri4HI OCHOBH  EICKTPOHIKK",
"[lnazmoBa Ta IMIyJbCHA eaeKTpoHiKka", "TeXHONorisl BUPOOHUIITBA CICKTPOHHOT
TexHiku'" Ta "OCHOBU aHAJITUYHOT MEXaHIKH Ta TEOPii KOJIUBaHb'".

3a pe3yibTaTamMM JOCIIKEHb ONMyOJiKoBaHO 31 HAayKOBY Mpauio, MpU LBOMY
HOB1 KOHCTPYKTOPCBKI 1 TEXHOJIOTIUHI MPOTMO3HUIIiT 3aXUIlEH] MaTeHTaMu Y KpaiHH.
OTpumani pe3yiabTaTd MOXKYTh OyTH BUKOPUCTAHI JJI1 PO3BUTKY EJIEKTPOHHOI,
PaIloeNeKTPOHHOT Ta MEIUYHOT TPOMUCIOBOCTEN YKpailu.

KurouoBi caoBa: pe3oHaTtop Tumy 'po3pizaHe Kuiblle", OaraTOKLIbLIEBHI
PE30HATOP 3 YCECTOPOHHIM 30YyIKEHHSM Ta CHUTBHHM PO3PSIHUM 3a30pOM,
yCCHAMpABIICHA 1HAYKTHBHA aHTCHA, 00 €MHHI PE30HATOP PO3PATHO-KAMEPHOTO
TUIly, MAarHeTpPOHHA PO3IMWIIOBAIbHA CHUCTCMA, CICKTPOHHHUM IIUKJIOTPOHHHMA
pe3oHaHC, (PI3UKO-TOIOJIOTIYHA MOJICIb, BIIOUTTS CHEPICTHYHUX YACTUHOK BIJ]

MTOBEPXOHB MaTepiasliB, HAMPYKECHICTH MOAS CICKTPUUHOTO TTPOOOTO.



SUMMARY
Perevertailo V.V. Resonant ultrahigh-frequency systems in pre-breakdown
electric mode. — Qualifying scientific work on the rights of manuscripts.
Dissertation for obtaining a scientific degree of Philosophy Doctor in specialty
171 — Electronics.
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”.

Kyiv, 2020.

The scientific and applied problems of development of scientific and technical
bases of construction and practical use of resonant ultrahigh-frequency systems in
pre-breakdown electric mode for technological equipment are solved in the thesis.
In this regard, the following subjects have been studied:

- construction principles and characteristics of "split ring" type resonant ultrahigh-
frequency systems with its modification at high pressure with wireless
microwave power consumption;

- construction principles and characteristics of waveguide-type resonant ultrahigh-
frequency systems with transverse electric field at low pressure with special
dielectric insertion;

- characteristics of the fast neutral atoms flux reflected from the resonator
discharge chamber surface and its elements during ion bombardment, in
particular the particles reflection coefficient Ry and energy reflection coefficient
Rr for oxygen and argon ions at different flux incidence angles and respective
effect inside the discharge chamber on resonator elements.

The following new scientific results were obtained:

For the first time results of the electric field strength simulation in resonator of
the "split ring" type designed for the resonant frequency of 2.45 GHz with a wireless
power supply for operation at high pressure have been obtained. The maximum field
strength occurs in the localized region of the resonator gap, which was confirmed

experimentally.



For the first time the omnidirectional resonant ultrahigh-frequency system (as a
modification of the "split ring" type resonator) for the operating frequency of
2.45 GHz was developed and the results of the electric field strength simulation in
its gap depending on the microwave power value were obtained.

For the first time results of the electric field strength in the waveguide-type
resonator for main mode of H type by physical and topological 3D simulation have
been obtained which allowed to develop and design an ultrahigh-frequency
resonator to operate at 2.45 GHz at low pressure for technological purposes: starting
from gas excitation and/or ionization and up to beams of neutral particles
generating. Application of the developed models allows to increase accuracy of
predesign and the automated construction and final design.

For the first time results of electric field strength (in the waveguide-type resonator
in the pre-breakdown electric mode) dependence on microwave generator power
taking into account the walls material conductivity of the waveguide chamber and
the whole system geometry by physico-topological 3D simulation have been
obtained. Such approach allowed to most accurately determine the microwave
power required to breakdown voltage in the system, that is reduced the power supply
of'the developed waveguide resonator. The results of the calculation were confirmed
by experiment.

For the first time values of the integral particles reflection coefficient Ry and
integral energy reflection coefficient Rz for oxygen and argon ions at different
incidence angles on metal targets (aluminum, titanium, zinc, strontium, niobium,
tantalum) and the reflection coefficient Ry dependence on ion bombardment energy
were obtained, which indicate that the energy transmitted to the substrate surface by
these particles can effect a significant impact on the elements of the discharge
chamber and on the formation and characteristics of gradient coatings; in particular,
it may affect the forming of gradient optical coatings with a specified depth of
refractive index distribution. The obtained data indicate, on the one hand, the
necessity to take into account the fast atoms reflection during technological resonant

ultrahigh-frequency systems and their structural elements designing, because their



technological properties may be lost under the high-energy particles influence, and,
on the other hand, during deposition conditions consideration and analysis.

The obtained results have the following practical importance:

Physico-topological models of high-pressure and low-pressure resonant
ultrahigh-frequency systems with wireless microwave power supply and transverse
electric field have been developed, the calculation results of which allow to predict
the parameters and characteristics of ultrahigh-frequency resonators and equipment
based on them.

The "split ring" type ultrahigh-frequency resonator for operation at high pressure
has been developed and successfully tested as the part of ultrahigh-frequency
experimental apparatus at the frequency of 2.45 GHz. It is proposed to use the
wireless microwave power supply for simultancous powering of a number of
identical resonators located in specified volume and for avoiding a large number of
additional cables at the same time.

The original omnidirectional ultrahigh-frequency resonator was developed as a
modification of the "split ring" type resonator. The developed resonator is protected
by intellectual property rights. A lot of applications of the resonator start from radio
engineering and go to technological industries.

The waveguide-type ultrahigh-frequency resonator at low pressure as an ion flux
generator was developed and successfully tested. The resonator was used as an
independent device. There are research results of new ways of power parameters
improvement and methods of ultrahigh-frequency wave guiding into the electron
cyclotron resonance area are realized in its design.

The waveguide-type resonator as a gas activator was successfully tested in
experimental industrial production as part of a microwave magnetron sputtering
system (MSS). Such technological realization allowed to reduce the MSS operating
pressure, which was a problem before integration of the proposed resonant
ultrahigh-frequency system. There are results of new research and the obtained data

on the reflection coefficients of particles and energies for oxygen and argon ions at



different incidence angles on the metal parts of the system are realized in the new
technical solution.

The proposed methodology of physical and topological 3D simulation is used in
a number of industrial and research institutions for the waveguide apparatus
designing, electromagnetic energy guiding and field strengths determination in

waveguide-resonator paths of different types.

The thesis results in the form of scientific proposals, theoretical calculations,
design and technological development of resonant ultrahigh-frequency systems
were studied during the work of the research program of NASU "Prospective
research in plasma physics, controlled thermonuclear fusion and plasma
technologies" (p. 4. "Low-temperature plasma and technologies based on it”) and
FEL-17 research group "Research of electromagnetic effects in devices of vacuum
and plasma electronics of technological purpose", and the results of particle and
energy reflection coefficients simulation and calculation for oxygen and argon ions
at different incidence angles on metal targets and particle reflection coefficient
dependence on bombardment ion energy and their incidence angle were included in
the 1nitiative topic Ne EINII1-02/2015 “Physical and topological mathematical
simulation of charged and neutral particle sources” (GR Ne 0115U006750).

The results of the work are introduced into the educational process of electronic
equipment and devices department of Igor Sikorsky Kyiv Polytechnic Institute
during lectures and laboratory workshops of the courses "Technological
Fundamentals of Electronics" and "Fundamentals of Analytical Mechanics and
Theory of Oscillations".

According to the research results 31 scientific works have been published, and
new design and technological proposals are protected by patents of Ukraine. The
obtained results can be used for the development of the electronic, radio-electronic
and medical industries of Ukraine.

Keywords: "split ring" type resonator, omnidirectional ultrahigh-frequency

antenna, waveguide-type resonator, multi-ring resonator with omnidirectional
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excitation and common discharge gap, discharge system, magnetron sputtering
system, electron cyclotron resonance, physico-topological model, energetic

particles reflection from material surfaces, breakdown electric field intensity.
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