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Po6oTy mpucsyeHO po3pobLi anapaTypHOro 3abesneyeHHs KOMOGIHOBAHOI iOHHO-MNa3MOBOI TEXHOMOTIT
3MiLHIOOYOT 06PO6KM MeTaneBmx MoBepxoHb. CTBEPMAKYETLCH, L0 ONTUMaNbHa KOMOiHaLis iOHHO-Ma3MOoBUX
3MILHIOIOYMX TEXHOJOTIA MOBUHHA BKIHOYATW TEXHOMONIH0 MOAMMiKaLii MexaHiYHWX BNacTMBOCTEN MeTanesol
NOBEPXHI iMNaHTaLietlo i0HIB a30Ty (A30TYBaHHAM) i TEXHOJONiK0 HaHEeCEHHsI HAHOCTPYKTYPHOro NokputTs. B
AKOCTi MOJeNbHOro 06’eKTa Ans BiAnpaLtoBaHHA 3MiLHIOY0T 06p06KM posrasganach feTarb TUMY «Ban». Tex-
HOMOTi€l0 a30TyBaHHA 06pPaHO iIOHHO-MPOMEHEBY TEXHOMONiH0 BUCOKOIHTEHCUBHOI HU3bKOEHEPreTUYHOT iMnnaH-
Tauii ioHiB a30Ty. 3a3BMuall iMniaHTaLlis peani3yeTbCs 3 BUKOPUCTAHHAM iOHHOrO Mkepena (npuckoproBava) 3
aHogHum wapom — (MALL). Ans HaHeceHHs HaHOCTPYKTYPHOrO MOKPUTTA 6yno 06paHO iOHHO-NNa3MOBY TEXHO-
NOTit0 3 BUKOPUCTaHHAM MarHeTPOHHOI po3nopoLuytouoi cuctemn (MPC) He3banaHCOBaHOroO TMMY 3 NOTYXKHOCT-
PYMOBUM iMMYNbCHUM MarHeTPOHHUM po3spsgoM (MCIMP). Bubip 6yno 06ymosneHo TvM, wo B8 MALL i B8 MPC
BMKOPUCTOBYHOTbCS OAHOTUMHI PO3PSAN 3 3aMKHEHUM ApeiitioM eNeKTPOHIB, LU0 CIpoLLye 3a6e3neyeHHs X CyMi-
CHOCTI 33 BaKyyMHVUMW ymMoBamu. byno BunpobyBaHo iHTerpoBaHy cUCTemy, L0 BKIKOYaia aBTOHOMHI M1a3moBi
npuctpoi — MPC i MALL. Taky KOMMOHOBKY TEXHOMOFYHOI cMCTeMU Gyn0 BU3HAHO HEONTUMAaTbHOK Yepes il
rpoMi3aKicTb. Byno gocnigxeHo MOXUBICTb HagaHHA MPC yHKLiT HaHeCeHHs NOKPUTTA i (yHKLiT reHepaTopa
KOMiMOBAHOro MOTOKY ra3oMeTaneBoi niasMu. Peanisalis Takoro 3aBgaHHs nepetsoptoBana MPC HesbanaHcoBa-
Horo Tuny 3 NCIMP B yHiBepcanbHUIA NNa3MoBUiA NPUCTPINA 4151 BUKOHAHHA KOMBiHOBaHOT 06po6bku. Ekcnepu-
MeHTanbHi JOCAiMKEHHS ByNno CNpsMOBaHO Ha NiATBEPAXEHHS MOXIMBOCTI peanisauii KOMGiHaLiT TexHonoriy-
HUX MPOLECIB NPW BUKOPUCTaHHI OAHOr0 MOAEPHI30BAHOrO M1a3MOBOM0 TEXHOMONYHOTO NPUCTPOID MarHeTPOH-
HOro Tuny. MogepHisalis BUKOHyBaiach 3af1s CTBOPEHHS BMCOKOIO MOKa3HWMKa He36a1aHcoBaHOCTi MarHiTHOTo
nons B MPC. 3 Ljieto MeToto 6yN0 BUKOPWUCTAHO J0AATKOBY MarHiTHY CUCTEMY 3 30BHILLHBOIO MarHiTHOI KOTYLU-
KO0, SIKy PO3TaLLOBaHO M03a MeXaMu BakyyMHOI kamepu. [ns xueneHHs NMCIMP BUKOpPWUCTOBYBanoch iMmysnbec-
He Hu3bko4yacToTHe (100 ML) pospsifHe [MKepeno BAacHOI po3pobKu. BUKOHYBaMCh LOCNIMKEHHS NOKAbHUX i
MPOCTOPOBUX XapaKTePUCTUK MOTOKY ra3oMeTaseBoi MiasmMu B NpOMiTHOMY NpocTopi. IMigTBEPIKEHO LUMPOKY
MOX/MBICTb PEry/toBaHHA KyTa PO3NbOTY MOTOKY NAasMu A PerynioBaHHs CTYMeHs N0KabHOCTi 06po6KM
noBepxHi. JIoKafbHi XapakTepucTUKM nnasmu, Lo 6ynn OTPMMaHi B ekcriepMmeHTax, Bifnosigany BuMoram ans
NPOBefiEHHA iOHHO-NNAa3MOBOI 3MiL{HIOKUOI 06POOKMW. EheKTMBHICTb iMNnaHTaLiliHOi 06pobku 6yno nigTeep-
[PKEHO eKCMepPMMEHTOM 3 a30TyBaHHA eKCNePUMEHTaIbHOTO 3pa3ka. OTpUMaHO 3af0Bi/IbHI pe3ynbTaTu.

Knto4osi cnosa: iOHHO-NNa3MoBa TEXHOMOris, BACOKOIHTEHCMBHA HU3bKO3HEPreTUYHA iOHHA iMnnaHTa-
Liif, HAHOCTPYKTYPHE MOKPUT TS, MOTY>KHOCTPYMOBUIA IMAYAbCHUIA MarHe TPOHHWIA PO3psAf, rasomeTanesa
nnasMa, MarHe TPOHHa PO3NUNoYa CUCTEMA, IMMYIbCHE [XKEPEN0 KMBMEHHS po3psy.

PaboTa nocssLieHa pa3paboTke annapaTypHOro obecrneyeHnst KOMGMHMPOBAHHOW MOHHO-NNA3MEHHON Tex-
HOMOTMWN YNPOYHEHNA MeTaN/IMYeCcKnX MOBEPXHOCTEN. YTBepXAaeTcs, YTO ONTUMabHas KOMOUHALMA MOHHO-
NNa3MeHHbIX YNPOUHSIOLLMX TEXHONOTMIA AOMKHA BK/KOYATb TEXHOMOTMIO MOAU(MKALIMN MEXaHUYECKIX CBOWCTB
METa/IINYECKON NOBEPXHOCTY MMMNAaHTauuell MOHOB a30Ta (a30TMpOBaHWEM) U TEXHOMOMMI0 HaHeceHUs HaHoC-
TPYKTYPHOrO MOKPbITUSA. B KauecTBe MofenbHOro 06bekTa A8 YNpouHsAtoLel 06paboTkM paccMaTpuBaiach
[eTanb TuMa «Ban». TeXHONOrMel a3oTWpoBaHUA M3bpaHa WMOHHO-Ny4YeBas TEXHOMOTMS BbICOKOMHTEHCWUBHOW
HW3KO3HEPreTUYECKO/ MUMMMaHTaLMW MOHOB a3oTa. VIMnnaHTauus peannsyetcs C WUCMONb30BaHWEM WOHHOIO
UCTOYHMKA (ycKopuTens) ¢ aHogHbIM cnoem (YAC). [ns HaHeceHWsi HaHOCTPYKTYPHOrO MOKPbITUA M36paHa
VNOHHO-MMa3MeHHas TEXHOMOMMA C WUCMOMb30BaHWEM M/1aHAPHON MarHeTPOHHONW PacrblINTENIbHOA CUCTEMbI
(MPC) HecbanaHCVMpOBaHHOIO TUMA C CUAbHOTOYHBIM UMMY/bCHBIM MarHETPOHHbIM pa3psgom (CVIMP). Bei6op
06ycnosneH Tem, 4To B YAC 1 MPC 1cnonb3ytoTcs 0AHOTUMNHbIE paspsagbl C 3aMKHYTbIM ApeiiioM 31eKTPOHOB,
4TO ynpoLaeT obecrieyeHne Nx COBMECTUMOCTM MO BaKyyMHbIM YCNIOBUAM. VicnbiTaHa MHTErpupoBaHHas cucTe-
Ma, BKMKOYatoLLas aBTOHOMHbIe Mia3MeHHble ycTpoiicTBa — MPC 1 YAC. Takas KOMMOHOBKa TEXHOOMMYECKOi
cucTeMbl Oblna Npu3HaHa HeOMTUMabHOV M3-3a ee FPOMO3AKOCTU. Bbbina nccnefoBaHa BO3MOXHOCTb MpUAaHNs
MPC (hyHKUWUM HaHeCeHUs MOKPbITUA U (PYHKLMW reHepaTopa KONJIMMWPOBAHHOTO MOTOKa ra3oMeTal/IMYecKol
nnasmbl. Peanusauus Takoro 3afaHus npespatiana MPC Hec6anaHcposaHHoro Tvna ¢ CUMP B yHuBepcasibHoe
nnasmMeHHoe YCTPOICTBO ANS BbIMOMHEHNS KOMOVHMPOBAHHON YNpOYHAOLWei 06paboTku. SKcnepuMeHTanbHbIe
1ccneaoBaHus Bbln HampasieHbl Ha NOATBEPXKAEHWNE BO3MOXHOCTU peanv3alun Takoii KOMGMHaLWKM TeXHOMo-
MMYeCKMX NPOLLECCOB MPU UCMO/b30BaHUW OAHOMO MOAEPHW3MPOBAHHOIO M/Ia3MEHHOIO TEXHOOMMYECKOro YCT-
poiicTBa MarHeTpOHHOro Tuna. MogepHu3aumsa 6bina HanpaeneHa Ha Co3faHne BbICOKOTO MoKasaTens HecbanaH-
CMPOBaHHOCTU MarHMTHOro nons B MPC. C 3TOM LieNblo UCMo/b30Banack JOMNONHUTENbHAA MarHUTHas CMcTema C
BHELLIHell pacrnonoXeHHO 3a Npejenamm BakyyMHO Kamepbl MarHWTHOR KaTylukoi. Ans nutanus CUMP ucno-
Nb30BAICA UMMYNbCHBIA HU3KOYaCTOTHbIN (100 My) paspsgHbIA UCTOUHWMK COBCTBEHHON pa3paboTku. BbinonHs-
NNCb UCCNEAO0BaHNA NOKaNbHBLIX U MPOCTPAHCTBEHHbIX XapaKTePUCTMK MOTOKa ra3oMeTaIM4yeckol nnasmbl B
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MPONETHOM MpOCTpaHCTBe. MMOATBEPXAEHA LUMPOKAs BO3MOXHOCTb PErysMpoBaHusl BEMUMHBI yria pacTsopa
MoTOKa MNasmbl A1 PEryMpoBaHNs CTeMeHN N0KaNbHOCTU 06paboTKM. JIoKaibHble XapakTepUCTUKU NasMbl,
[OCTUTHYTbIE B 3KCTMEPUMEHTAX, COOTBETCTBYHOT TPEGOBAHUAM MPOBEAEHUS MOHHO-MNa3MeHHOM YNPOUHSIOLLEN
06paboTkn. ShheKTUBHOCTL MMMNIaHTALMOHHOR 06paboTk NOATBEPXKAANACH IKCMEPUMEHTOM M0 a30TUPOBaHUIO
3KCMepUMeHTaNLHOT0 06pasLia. MonyyeHbl YI0BNETBOPUTENbHbIE PE3YNbTaTbI.

KntoyeBble COBA: MOHHO-MNA3MEHHAS TEXHONMOTUS, BbICOKOMHTEHCUBHAS HWU3KO3HEPTeTUYECKash MOHHas
MMNNaHTaus!, HAHOCTPYKTYPHOE MOKPbITYE, CUNLHOTOUHBIA UMMYNLCHBIA MarHeTPOHHWIA paspss, rasomeTa-
Nnuyeckas nnasma, MarHe TPOHHas pacnblMTesbHas CUCTEMA, UMMYNbCHBIA UCTOYHUK NMUTaHus paspsaa.

This work is devoted to the development of equipment for a combined ion-plasma metal surface strength-
ening technology. An optimal combination of ion-plasma strengthening technologies should include a technology
of modification of the mechanical properties of a metal surface by nitrogen ion implantation (nitriding) and a
nanostructured coating deposition technology. The strengthening treatment object was a shaft. An ion-beam tech-
nology of high-intensity low-energy nitrogen ion implantation was used for nitriding. The implantation was im-
plemented using an anode-layer ion source (accelerator). For nanostructured coating deposition, the authors chose
an ion-plasma technology that uses an unbalanced magnetron sputtering system with a high-current pulsed mag-
netron discharge (HCPMD). This choice was due to the fact that both an anode-layer accelerator and a magnetron
sputtering system use single-type discharges with closed electron drift, which facilitates their vacuum condition
compatibility. An integrated system that includes an anode-layer accelerator and a magnetron sputtering system,
i.e., independent plasma devices, was tested. That configuration was not found to be optimal because of its bulki-
ness. It was studied whether it was possible to make a magnetron sputtering system perform functions of coating
deposition and collimated gas-metal plasma flow generation. If so, an unbalanced HCPMD magnetron sputtering
system would become a universal plasma device for combined strengthening treatment. Experimental studies were
conducted to verify the feasibility of this combination of processes with the use of a single upgraded magnetron-
type plasma process device. The upgrade was aimed at attaining a high degree of magnetic field unbalance. For
this purpose, use was made of an additional magnetic system with an external magnetic coil (outside of the vacu-
um chamber). The HCPMD was powered using a proprietary low-frequency (100 Hz) switching discharge supply.
The local and space characteristics of a gas—metal plasma beam in the drift region were studied. It was confirmed
that the plasma beam angle can be varied over a wide range to control the treatment locality degree. The local
plasma characteristics attained in the experiments meet the requirements for ion-plasma strengthening treatment.
The implantation treatment efficiency was confirmed in a test specimen nitriding experiment, whose results were
satisfactory.

Keywords: ion-plasma technology, high-intensity low-energy ion implantation, nanostructured coating,
high-current pulsed magnetron discharge, gas-metal plasma, magnetron sputtering system, pulsed discharge
power source.

BcTyn. OCBOEHHSA eEKTUBHMX TEXHOMOTIN, WO 6a3yt0TbCs HA BUKOPUCTaHHI
B/1IACTMBOCTEN HAHOPO3MIPHUX CUCTEM, NMPUCKOPHOETLCA B YCbOMY CBITi i iCTOTHO
PO3LUMPIOE MOX/IMBOCTI HOBOI 06/1acTi (PyHAAMEHTaIbHOT | NPUKNAAHOT HayKu
«IHXXeHepia MoBepxHi» [1]. AKTYalbHICTb HanpAMY «iHXEHepis MOBEepPXHi», L0
BK/IKOYAE TEXHOMOrIT NOBEPXHEBOr0 3MiLHEHHS, 0OYMOB/IEHO NOTIKOK PO3BUTKY
Cy4acHOro BUCOKOTEXHOJIONIYHOMO MaLUMHOBYAYBaHHS, L0 NPU3BOAUTL O HE06-
XIAHOCTI ypaxyBaHHA eKOHOMIUHMX, eKOMOTiYHNX i coliaibHUX (haKTopiB PO3BUT-
Ky cycninbCTBa. 3aTpebyBaHiCTb iHXeHepiT NoBepXxHi 06YMOBNEHO TaKOX YMOBa-
MW eKcnyartauii CydyaCcHUX MalluvH, L0 YCKNaAHIOKTLCA, MeXaHi3MiB Ta iHLINX
MeTaNIeBUX KOHCTPYKLIA; Le npes’aBnse nifBULLEHI BUMOIN A0 AKOCTI KOHCTPYK-
LiiHMX MaTepianis. 3pocTaHHsA BUPOOHMLITBA BUCOKONErOBaHNX CTasIel Ha Liei Yac
06MEeXeHO CBITOBUM [eiLMTOM Nerytounx KOMMOHEHTIB i CTUMY/OE PO3BUTOK
a/IbTEPHATUBHUX TEXHOMOTIN NIABULLEHHS TX CMOXMBYMX BMACTUBOCTeN. Takor
a/lbTEPHATMBOIO € TEXHO/OT T MOBEPXHEBOT MOAMMIKaLiT CNY>K60BNX BNaCTUBOCTEN
po60UMX MOBEPXOHb AeTaseit | eNIeMEHTIB MeTaIeBUX KOHCTPYKLiiA, BUTOTOBIEHNX
3 6iNbLU AeLleBMX KOHCTPYKLINHUX MaTepianis.

Ha ueit yac po3pobneHo i gocnigpkeHo BifbLue cTa pi3HMX BapiaHTiB TEXHONO-
rin mogmdikayii (isvko-MexaHiYHMX BIACTMBOCTEN MOBEPXHi. TEXHONOrii, Lo
3aCHOBaHi Ha (Di3MYHUX MEeTOAax Br/IMBY Ha NMOBEPXHIO MeTasieBUX BMPOOBIB KOH-
LIEHTPOBaHMMWN EHEPreTUYHUMK NOTOKaMu [2], BU3HAtOTLCS OAHUMM i3 HanGINbLL
nepcrnekTUBHUX HanpamiB TexHonorii PVD - Physic Vapor Deposition. Kpim Toro,
TPEHAOM PO3BUTKY TEXHOJOTiYHOI 6a3u Cy4acHOro MalmHobyyBaHHS € eKosori-
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YHO YUCTi BaKyyMHi TexHonorii. IoHHO-NMa3MoBi TEXHONOriYHI npouecy Bigpis-
HAOTLCA BUCOKMM pPiBHEM (popmMani3auii, Lo A03BOMSE CTBOPHOBATU POGOTU30BAHI,
eKOJIOrivyHO uncTi i 6e3ntofHi BUPoOHMUTBA. YCi Ui (hakTopy BM3HAYalOTh MigBu-
LLEHWI NONUT Ha IOHHO-Na3MOBI TEXHOMOTIT iHXeHepPii NOBEPXHI.

MocTaHoBKa 3afadi. B cyyacHiii TeXHONOTIYHIV NpakTWLi AN NiABULLEHHS
eq)eKTUBHOCTI 3MiLHEHHSI NMOBEPXHI NpeBara HafaeTbCst KOMMIEKCHUM TEXHONOT i-
AM [3], Wwo BK/IOYAOTb MiHIMYM ABa AOMNOBHIOKOYI OfAMH O4HOI0O 3MiLHIOKOMI TeX-
HOMOTriYHI Mpouecn. ONTUManbHe CMOMYYEHHS! TEXHONMONIA 3MILHEHHS MOBEPXHi
BK/IHOYa€E NonepeaHo Moandikalito (i3nKo-mMmexaHiyHNX BNaCTMBOCTEN NOBEPXHe-
BOrO LWapy KOHCTPYKLIAHOrO Matepiasly i HaCTyrnHe HaHeCEeHHS 3aXMCHOro Mok-
pUTTA, AKe BiAnoBigae ymoBam ekcnyatauil Bupoby. MNpu LboMy BMOMPaKOTLCS
TEXHONOTIT, WO 3a6e3MnevyoTb MiHiMabHYy TPYAOMICTKICTb 06pO6KM. Taki BUMOrn
NpUBOAATL 40 HEOOXiAHOCTI CTBOPEHHS TEXHOMONYHOr0 yCTaTKyBaHHS Ans peani-
3auii KOMMNEKCHUX TEXHONOTiN, WO MICTATb MiHIMyM TEXHOMOTIYHNX MEPexosiB.
B o6nacTi iOHHO-NNa3MOBOI TEXHONOTIT MPUKIAA0M TaKol TEXHOMOTiT MOXe 6yTu
NpoLecC Ha OCHOBI BaKyyMHO-4yroBoro BunapHuka (BAB), Lo BKIOYae npouec
mMoamdikauii NOBEPXHi iIOHHMM a30TyBaHHSAM 3 HACTYMHUM HAHECEHHSAM LLapy no-
KpuTTa [4]. Taka TexHonoriyHa o6po6Ka NOBEpPXHi BMKOHYETLCS Oe3nepepBHo,
TO6TO 6€3 3yNUHKM BaKyyM-M/1a3MOBOI TEXHO/OMYHOT YCTaHOBKM Ha nepe3aBaH-
TaKEHHS.

3patHicTb BB reHepyBaTh MOTiK YaCTUHOK MaTepiany MOKPUTTA Y BUMNALI
iOHIB [03BOMISE OTPUMYBATK AKICHI NOKpUTTA. MiX Tum, BB mae 0co6nmBICTb,
WO nonsrae B TOMy, WO reHepauisi ioHiB B BB CynpoBOLKYETbCA reHepavieto
MiKpOKpanenbHUX YaCTUHOK MaTepiasly Katoga. Lle sBuMLie 3HAYHO YCKIaAHHOE
OTPUMaHHA BUCOKOE(EKTUBHUX MOKPUTTIB HAaHOCTPYKTYPHOro Knacy. byno pos-
po61eHO crocobun NOAONaHHA LbOro Heaoniky, ane Baani piLleHHs, Lo 3a6e3neyy-
Ba/IM cenapauito Na1a3mMoBOro MOTOKY Bif MiKpOKpanesbHOT hasn, NpU3BOAMAN L0
ICTOTHOrO YCKNaAHEHHA KOHCTPYKLiT TEXHONOrYHOT YCTaHOBKM i 40 OAHOYACHOr 0
nafiHHA NPOAYKTUBHOCTI NPOLECY HAHECEHHS MOKPUTTS.

MpuHUMNoBa BigMiHa MarHeTpoHHOI po3nopotuytoyoi cuctemn (MPC) Big Ba-
KyyMHO-[yroBoro sunaptoaya (B[B) nonsrae B ToMy, L0 XapaKTep pO3MUIEHHSs
KaTogy-MiweHi MPC e npuHUMnoBo 6e3kpanensHum [5]. Ane MPC Mae iHWY Ba-
fy. baszoBa (He36anaHcoBaHa) KOHCTPYKLUiss MPC He 3a6e3neyye oTprMaHHA Heob-
XifJHOro piBHS aaresii MOKpUTTA. Ha Lein Yac po3pobaeHo crnoci6 nogonaHHs Liel
Bagu MPC. Le cTano MOXIMBUM 3aBAAKN  BUKOPUCTAHHIO  iMMYNbCHO-
NepiognyHOro peXXMmy marHeTPOHHOro po3psiay [6] i 3acTocyBaHHIO iOHHOro acu-
CTYBaHHA npouecy KoHAeHcauii nokputTa [7]. Jo pevi, BUaaneHHs Bagu, Lo 3a-
Ba)Kasla OTPUMaHHIO BUCOKOSKICHOTO NMOKPUTTA, A0LATKOBO MPW3BEN0 A0 CYTTEBO-
F0O PO3LUMPEHHS TEXHONOMIYHUX MOX/MBOCTEN MarHeTPOHHOI PO3MOPOLLYHYOT
cuUcTeMU.

TakMm YMHOM, CyYacHi TEXHOMOriYHI cucTeMu Ha ocHoBi MPC BigKpuBatoTb
MOX/IMBOCTI MoAmikauii i NoninweHHs MexaHiYHUX BNacTMBOCTEN MOBEPXHI i
CTBOPEHHS MOKPUTTIB LLNAXOM aTOMHOT 36ipK1 Ha OCHOBI NPUHUMMIB HAHOTEXHO-
norii. 3a Uieto NpMYnHOLO Ha Lei yac MPC BU3HAETLCS HabiNbL NePCNEKTUBHOKO
CUCTEMOIO AN1A peanisauii i0HHO-MNa3MOBOI TEXHOMONIT 3MILHEHHS MOBEPXOHb.
BigwToBXYytOUNCh Bif CY[AKEHHS NPO ONTUMANbHICTb CKAagLy NPUCTPOIB A4/ KOM-
NEKCHOT TEXHOMOTIT 3MILUHEHHS, NpW po3pobLi KOMMIEKCHOI iOHHO-Na3MOBOT
TeXHoNOoril Hamy Oyno Big4aHO MepeBary BapiaHTy anapaTypHOro 3a6esneyeHHs
Ha OCHOBI M/1a3MOBWX MPUCTPOIB, WO MICTATb PO3psAj 3 3aMKHEHUM Apeidom ene-

110



KTPOHiB. [10 LbOro Knacy TeXHO/ONIYHUX NNa3mMoBUX MPUCTPOIB BiLHOCATb MarHe-
TPOHHY po3nopoLluytouy cuctemy [5] i cuctemy ang opMyBaHHSA eHEPreTUYHOro
NOTOKY rasoBux ioHis — MALL (npuckoptoBay ioHiB 3 aHOAHUM Lwapom) [8]. Cdo-
PMY/IFOEMO OCHOBHI BMMOTY [0 TEXHOMOMYHUX M1a3MOBMX NPUCTPOIB A/1s 3a6es3-
neyeHHst KOMMNEKCHOT iOHHO-N1a3MOBOT TEXHO/OTiT 3MiLJHEHHS MOBEPXOHb TEPTS.

Bumoru go nnasmoBuxX TEXHOMOTIYHUX NPUCTPOIB. M1a3MOBI TEXHOMOTiYHI
NPUCTPOT, WO HamMK pPo3pobnsnucs, 6ynn opieHToBaHi Ha 06pPO6KY 30BHILUHLOT
noBepxHi getani Tuny «gai». OCO6MMBICTIO YHiBEPCAIbHONO MNJasMoBOro npu-
CTpOtO, L0 Po3pobnsBes, 6yna HeobXigHICTb 3a6e3MeyeHHs NOCKNEHOT 3MiLHIOH-
4ol 06POOKM NOKANbHUX AiNSHOK MOBEPXHi, L0 3a3Hal0Thb MifABWLLEHOIO 3HOCY
TepTam. Y BignosigHocTi Ao reomeTpil getani (UmniHgpuyHa Tpy6a diaMeTpom
100 MM, goBxunHoo 500 MM) dopma 30H1 06po6KK BMBMpanach Kpyriow abo no-
[OBXEHOI0 Y BIAMOBIAHOCTI A0 AOBXUHY feTani. LLnpuHa 30HM 06pobKu Brbupa-
nacb pisHoto 50 Mm. O6pobka BCiei NOBepXHi 3abe3nevyBanacb rBUHTONOAIGHOD
TpaeKTopielo nepemilleHHs getani BiAHOCHO iOHHO-MIA3MOBUX TEXHOMOTMUYHMX
npucTpoiB abo 3abesnevysasach TifIbKN 06epTaHHAM feTani. Po3mip obnacTi ioH-
HOT 06p0o6KK nepeabayanocs 3abe3neunT MarHiTHUM i 6anicTMUHUM (HOoKyCyBaH-
HAM iOHHOro NpomeHs B MALLL.

AKWO i0HHMI NpuckoptroBay MALLL, 3a BU3HAYEHHAM, NpU3HaYeHniA Ans dop-
MyBaHHSI KONiIMOBAHOr0 MPOMEHS IOHIB, TO AN A0AaHHS MarHEeTPOHHIN cucTemi
BNacTMBOCTEN [pKepena KONiMOBaHOrO MOTOKY MNfasmy HeobxigHa 6yna rav6oka
MOZEpHi3aLlis oro KOHCTPyKLUii. OCHOBOKO Ans MOoAepHisauii cnyXuna paHille
po3pobneHa HamMu mogens MarHeTpoHy MPC 50 [9].

Po3rnsaganacb MOX/IMBICTb OLHOYACHOrO 3acTocyBaHHsA B MPC fesakunx edek-
TUBHUX KOHCTPYKTMBHUX piLleHb, Bigomux 3 [10, 11]. KopoTKo oxapakTepusyemo
Ui BAOCKOHaneHHs MPC.

BukopucTaHHS iMNybCHO-MEPIoANYHOro pexxumy pospagy MPC. Libomy nu-
TaHHIO MPUCBAYEHO Halli po6oTy [6, 12]. Peanisauis iMnynsCHOro MarHETPOHHOIO
po3psaay [A03BOMSE iCTOTHO IHTEHCUMIKYBATK MPOLEC PO3MOPOLLEHHS, TO6TO nijg-
CUAUTN IHTEHCWBHICTb MOTOKY MaTepiasly NMOKPUTTA Ha MOBEPXHIO, L0 3MILHIO-
€TbCA. 32 paxXyHOK 3HAYHOro MiABULLEHHSA CTPYMY B NMOTY>XHOCTPYMOBUX PO3PAL-
HUX iMMynbcax BigbyBaeTbCA iOHI3aLlia po3nopoLleHoro martepiany. Lle 4o3BonnTb
iCTOTHO MiABULLMTY AONKO MeTaneBMX iOHIB Yy rasometaneBomy notoui. OueBngHo,
L0 Taka TpaHctopmalis pospagy rnosBMHHa Byna CrpuATX MOMIMLIEHHIO AKOCTI
3MiLLHIOHOYOT 06PO6KM.

[ns 3a6e3neyeHHs iOHHOrO acUCTYBaHHA MPOLIECY KOHAeHcauii MOKpUTTS Ya-
CTO BYKOPUCTOBYIOTb [OATKOBE [)KEpPesio ra3oBux ioHiB. 3 i€t X meToo B MPC
CTBOPIOKOTb YMOBW A4 BiAOOPY rasoBuX ioHIB 3 MarHiTHOT MacTKNU MarHeTPOHHOTO
po3psagy [13]. OcTaHHE MOX/MBO LU/ISIXOM CTBOPEHHSA He36a/71aHCOBaHOCTI MarHiT-
HOT cucTeMn MPC. ICHYHOTb Pi3Hi KOHCTPYKTUBHI pilleHHsA uiei 3agadi. PaHilwe
HaMKn 6yno po3pobneHo P OpUTiHANIbHUX KOHCTPYKTUBHUX pilleHb [14, 15], aki
nepegbavanucs 419 BUKOPUCTAHHA B KOHCTPYKLUIT YHiBepcasibHOro niasmoBoro
MPUCTPOIO.

B/KOPUCTaHHA peXMMY HaHECEHHS MOKPUTTA 3 IOHHWM acUCTYBaHHAM LLSA-
XOM pO3pvBY MarHiTHOI nactkn MPC [03B0/SE CHOPMYBATU KONIMOBaHWIA iIOHHW
MOTIK Ha MOBEPXHIO, WO 06po6MoeETbCA. KonimMoBaHiCTb NOTOKY € HeobXigHoH
YMOBOIO /151 3a6e3rneyeHHs 06po6Kn 06MeXeHOT 061acTi MOBEPXHI.
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Mepegb6avanocs, WO oAHOYAacHa peanisalis 3rafaHnX BuULLe BapiaHTiB MoAep-
Hisayit MPC [03B0NWTb PO3LWMPUTY i (hyHKLiOHa/IbHICTb | HagaTu i AKOCTi, Npu-
TamMaHHi TEXHO/OTIT 3 BaKYYMHO-AyroBumM BunaproBayem [4].

[ocnifpxkeHHs pobounx xapakKTepucTUK BapiaHTIB MarHETPOHHUX TEXHO-
JIOTIYHUX MPUCTPOIB IHTErPOBAHOI0 TUNY. INpu CTBOPEHHI NJ1a3MOBUX NMPUCTPO-
1B AN9 NPoBeAeHHS KOMMNIEKCHOT 3MiLHIOKYO0T 06p06KIN NOBEPXHI Hamu 6yno Bu-
KOPWCTaHO fBa TUNW NIasmMoBMX PO3PALAHUX NPUCTPOIB 3 HE3AIEXKHUMUN [Kepena-
MW XXMBMIEHHA po3pagis. Lie npuckoproBaY iOHIB 3 3aMKHEHWUM ApeihoM eneKkTpo-
HiB i aHogHMM Wapom — MALL 125. fliameTp po3psaHOro KaHany npuckoptoBava
[opiBHioBaB 125 MM. B npuckoptoBadi 6yno peanizoBaHo MarHiTHe i 6anictuyHe
(hOKyCyBaHHS iOHHOr0 NOTOKY. [Npun po3pagHii Hanpysi 3 KB npuckoproBay 3abes-
neuyeaB y hoKyci Ha BificTaHi 100 MM rycTUHY iOHHOTO cTpymy A0 20 MA/cMm?, Ha
PUCYHKY 1 NokasaHo BUINAg, CHOKYCOBAHOMO B MPMCKOPIOBayi iOHHOT0 MPOMEHS.

[ns CTBOPEHHS MOTOKY YaCTUHOK Mmatepiasly MOKpUTTS BMKOPWCTOBYBABCA
nnaHapHWUiA marHeTpoH MAH6MPC 50 3 KaTo4OM-MilLeHHIO giameTpom 50 Mm. B
npoueci po6oTn 6a3oBa KOHCT-
pykuia MPC 3a3Hana fekifnbka
3MiH, WO cTocyBanuca 3abesne-
YeHHA HeoOXigHOrNo BMCOKOro
PiBHS He36anaHCOBaHOCTI MarHi-
THOT CUCTEMMN.

MonepefHi  BUMNPO6YBaHHS
3B’A3KN He3a1eXXHMX M1a3mMOoBUX
NPUCTPOIB  MPOLEMOHCTPYBaIN,
WO KOHUenuis aBTOHOMHOCTI
NnaasMoBUX MPUCTPOIB MaE CeHC
TiNIbKN Ha eTani BignpautoBaHHs

PuC. 1 — CoKyCOBaHMIA NOTiK TEXHONOriT iOHHO-MNa3MOBOI
razoBux ioHis B MALL 125 06pobKK. [N NpakTUYHOro 3a-
CTOCYBaHHA Taka Cxema BUAB/SA-

€TbCA HELOCTATHBO MHYYKOHO | 3aHaATO rPOMI3LKOHO.

Po3pobnsanncs BapiaHTV CyMileHHst (iHTerpauii) yHKUiA MarHeTPOHHOro
PO3MOPOLLEHHS | FeHepalii NOTOKY eHepreTUYHMX ra3oBUX iOHIB B €AMHIN KOHC-
TPYKUii. 30BHILLHIA BArNSA iHTErpoBaHOro M1asMoBOr0 NPUCTPORO 3i CMiBBICHOHO
koMnoHoBkot MPC i MALL nokazaHo Ha pUCYHKY 2.

IHTerpoBaHuii NPUCTPIli BKNOYAB MarHe-
TPOH 6a30BOI KOHCTPYKUii — MPC 50 i cnis-
BICHO 3MOHTOBAHWI (OHHWUIA NpPUCKOPIOBaY
MALL 125.

MonepedHi  BUNpoOOYBaHHSA  iHTErpoBa-
HOro0 MPUCTPOKD MOKa3ain MepCrneKTUBHICTb
ifel, ane KOHCTPYKLia noTpebysana YA0CKO-
HasIeHHS.

KOHCTPYKTMBHY CXeMy N/iaHapHol Mar-
HETPOHHOT PO3MNOpPOLLYBaKOY0l CUCTEMU 3 MO-
NINWEeHNUM MOKa3HUKOM He36a/1aHCOBaHOCTI
MoKasaHO Ha pPUCYHKY 3. MarHeTpoH 3MOHTO-
BaHO B i3onsuinHomy Kopnyci 13; 2 i 7 — ene-
KTPOAW MarHeTpOHHOro po3pssdy BIAMOBIAHO KaTog i aHo4. KOHCTpyKLUis mMarHeT-

Puc. 2 — IHTerpoBaHwii
iOHHO-M1a3MOBWIA NPUCTPIV
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POHY [03BO/1ANa 63 NOBHOr0 po3bMpaHHsA NPUCTPOID BCTAHOB/IKOBATY Ha 30BHILL-
HbOMY MarHiTHOMY Nooci 4 AUCKOBI AMCKPETHI HeoanM-(eppym-60p0oBi MarHiT-
Hi enemeHTM 3. 3aranbHuii 06’eM MarHiTiB cknagas Big 15,4 cm® go 23,1 cme,
0O6’eM MarHiTy LeHTpanbHOro NAtoCy 3 NMLLABCS HE3MIHHUM — 5 cm3,

B aBTOHOMHUX BMNPOOYBaHHAX MakKCUMasibHa eNeKTpUYHA MOTYXKHICTb PO3-
psgy MarHeTpoHy gocsirana 2,5 KBT. PiBeHb He36anaHCOBaHHOCTI MarHiTHOI cuc-
TEMW MarHeTPOHY peryntoBaBca AUCKPETHO LUNAXOM 3MIHEHHS KiflbKOCTi MarHiTis
Ha 30BHILUHbOMY MarHiTHOMY MontCi. MakcumaibHa rycTuHa iOHHOTrO CTPYMY Ha
katofi MPC cTtaHoBuna 0,25 A/cm?. MakcyMasbHa rycTiHa NoTYXXHOCTI Ha KaTofi
popisHioBasia 100 BT/cm2 EHepreTvyHa eeKTVMBHICTb MPW PO3NUAEHHI XpoMmy
ctaHoBuna 0,03 mr/B-A-xBun. Lieil nokasHuK BiAnNoBigaB piBHIO, WO 6yno gocar-
HyTO B [16]. Burnsg NaH6MPC 50 nokasaHO Ha pUCYHKY 4.

JocnifpkyBanacb MOXIMBICTb NOAANbLLLIOIO MiACUIEHHS He36anaHCOBaHHOCTI

™~
T
i
=\
ol

7

N\

Puc. 3 — KOHCTpyKTMBHa cxemMa Puc. 4 — Burnag marHeTpoHy
MarHeTpoHy NMaH6MPC 50 MaH6MPC 50

MPC 50. 3 uieto MeTOH 3a MeXaMy BaKyyMHOT KaMepu, KOHLeHTpruiuHo MPC 50,
MOHTYBa/IaC MarHiTHa KOTylKa. Ha puc. 5 nokasaHO KOHCTPYKTMBHY CXemy
MPC 50 3i cniBBICHOO MarHiTHOI KOTYLUKOK 5. Ha BigMiHy Bif BiJOMOT KOHC-
TpyKuiT MPC i3 30BHILLIHBOI0 KOTYLLUKOHO, L0 06rosoproBanach B [17], KOTyLUKa B
Halwiin koHCcTpyKLiT MPC 50 6yna yknageHa B MarHitonposif 6. 30BHILLHIM mar-
HiTONpoBOAOM 6YB KOPryC MarHeTpoHy 4. IMOCTiliHI MarHiT LeHTpasbHOro no-
nrocy 3 BUroTosseHi 3 matepiany Nd-Fe-B. Taka KOHCTPYKLiS 403BO/SNA ICTOTHO
NiABULLMTA MarHiTHY iHAYKUiKO 3a 3pi30M MarHeTpoHy. Karog po3pagy 2, aHo4oMm
I 0JHOYACHO Aiaparmoro Mna1asMoBOro NMoToKy CNyrysano KisnbLe 7.
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Puc. 5 — Cxema MPC 50 Pwc. 6 — Bug rasonnasmoBoro
3 MarHiTHOH KOTYLLUKOIO notoky 8 MPC50

3acTocyBaHHSI perynboBaHOi MarHiTHOI KOTYLUKW [O3BOMWO 34i/ACHIOBATM
TOHKe Ha/falTyBaHHA KapTWHW MarHiTHOro noss 3a 3pisoMm MPC i Tum camum
BM/IMBATW Ha CTYNiHb PO3/1bOTY MOTOKY M1a3Mu, TOBTO Ha CTYMiHb JIOK&/IbHOCTI
06po6KN.

Ha puc. 6 nokasaHo (hopmy rasonnasmMoBOro noToKy, OTpUMaHy Mpu rpaHny-
Hili HecbanaHCMPOBaHHOCTW MarHiTHOI cuctemm MAH6MP50 3 MarHiTHOK KOTYLU-
KO. BUAHO, Lo aiaparma 7 He BM/MBAE Ha KT PO3/bOTY My4KOBOT Miasmu.

Ha pucyHKy 7, a) 306paXkKeHO KapTuHY MarHiTHUX CMNoBKX MiHii B MPC npw
36anaHCOBaHili MarHiTHil cucTemMi. PUCYHOK 7, 6) NOKasye KapTUHY CUNOBUX iHiiA
npu He3basaHCOBAHOCTI MarHiTHOT cucteMun. BugHo, Wo npy po3puBi MarHiTHNUX
CUNOBUX NiHI He36anaHCOBaHHOT eleKTPOHHOT NacTKX (hopmMa MarHiTHOro nons
CMPUSE BUXOLY €NeKTPOHIB 32 MeXi MarHeTPOHHOI 0 po3psagy.

a) — 36an1aHcoBaHa MarHiTHa cuctema; 6) — rpaHNYHO HesbasaHcoBaHa
MarHiTHa cuctema

Puc. 7 — KapTuHa marHitHoro nons 8 MPC

Ha 06po6ntoBaHy NOBEPXHIO NOAABaBCA HEraTUBHWIA MOTEHLian eNneKT-
PUYHOIO 3MILLEHHS, L0 KOPUTyBa/lo diaMeTp MOTOKY niasmu i 3abesneuvy-
Ba/1I0 06PO6KY NOBEPXHI EHEPreTUYHUMUN IOHaMW.

Pesynbtat BMNpobyBaHb MPC 3 MarHiTHOK KOTYLUKOK MPOAEMOH-
CTPYyBa/I MOX/IMBICTb CTBOPEHHA B MPC KONiMOBAHOro NOTOKY MJjasmu,
HeobOXiAHOro AN 06p06KM 0OMEXEHOT AiNITHKM NOBEPXHI.

OTpumaHi pesynbTat [03BOIUAN CKOPEryBaT HanpsmM pobiT 3i CTBO-
PEHHA | JOCNIAXKEHHSA YHIBEpPCa/IbHOT IOHHO-N1a3MOBOT CUCTEMM.

114



AHani3 NoTeHUiAHNX MOXXIMBOCTEN yHiBepcasibHOT iOHHO-M1a3MOBOI CHC-
TEMW | KOHKpeTM3aLisa 3agay 1l po3pobKu i gocnimkeHHS. MnaHapHUA marHeT-
POHHMIA po3nuntoBay MNaMPC50 3i 36anaHCOBaHOK MarHiTHOK MacTKO i 3 po3-
PSALOM Ha NOCTINHOMY CTPYMi CTBOPHOE MOTIK €N1EeKTPOHENTPaIbHUX aTOMHUX Yac-
TUHOK PO3MU/IEHOr0 KaTOAHOro Matepiany. 3rifHo 3 KOCiHYCHUM 3aKOHOM PO3/1b0-
TY PO3NWIEHUX YaCTUHOK MNOTIK MaTepiasly NOKPUTTA Mae JOCUTb BENUKWIA KyT
po3n1bOTY. EpeKTMBHE KepyBaHHSA MPOCTOPOBOID (POPMOIO MOTOKY MOX/IVBE Ti/IbKM
MPW HAsBHOCTI y MOro0 YaCTUHOK eNeKTPUYHOrO 3apsdy. Ane B MarHeTPOHHOMY
po3psdi Ha MOCTINHOMY CTPYMi € BKpail Mano MeTasieBMX iOHiB. [l0 TOro X BuXig,
iOHIB 32 MeXi MarHiTHOT MacTKNU OOMEXEHO B HanpsMi nonepek MarHiTHUX cuno-
BUX NiHIN.

B mMarHeTpoHHili po3nopoLLYOYiil CMCTEMI iICHYE TpW HeobXiaHI YMOBW, OAHO-
YacHe BMKOHAHHS SKMUX CNPUSE CTBOPEHHIO KOMIMOBAHOI0 MOTOKY Mia3Mu i MOXe
[03BONMTI PEry/itoBaHHA KyTa po3/1bOTY MOTOKY 3apALKEHNX YaCTUHOK:

1) — ymMmOBa BMKOPUCTaHHSA B MarHeTpoHi pexumy MoTyXXHOCTPYMOBOIO iMMy-
NbCHO-NepiogMYHOro MarHeTpoHHoro pospsagy (MCIMP). MNpu ubomy fons meta-
NeBUX iOHIB B po3psafi iICTOTHO 306iNbLUYETHCS;

2) — yMOBa CTBOPEHHS KOH(irypawii MarHiTHAX CUNOBUX iHiiA, 3 BUKOHAHHAM
AKOT 3’ABNSETLCSA MOXK/IMBICTb BUXOAY M1asMu 3a MeXi MarHiTHOT NacTKu. YMOBU
BUXOAY CTBOPIOKOTHCA LUMAXOM 3aCTOCYBaHHSA He36a1aHCOBAHOCTI MarHiTHOT cuc-
TeMW MarHeTpoHy (amB.. puc. 7, 6);

3) — ymOBa iCHyBaHHS1 Ha 06p06/HOBaHili NOBEPXHI HEraTUBHOIO eNeKTPUYHO-
ro noTeHuiany 3amiLLeHHs.

OfHoYacHe BMKOHaHHSA LX yMOB nepeTBoptoe MPC B yHiBepcanbHUiA nnas-
MOBWIA TEXHONOTIYHWIA NPUCTPI 3 PYHKLISMIU reHepaTopa KONiMOBaHOro NMOTOKY
rasomMeTasieBol NaasmMu.

OueBMAHO, WO Takuii crnoci6 (hopmyBaHHSI KOMIMOBAHOIO MOTOKY M1a3Mu
MOXe OyTW peanizoBaHO TiflbKM B TEXHOMOTIYHIA cuMCTEMi 0OpPOOKM MeTaneBmx
BUPOGIB, TOOTO NPM MOXIMBOCTI NMojadvi Ha NOBEPXHIO, L0 06POBMETLCA, Hera-
TUBHOTO MOTeHUiaNy 3milweHHs. Mpy TakoMy MiAKIOYEHT IXKepen XXMB/EHHSA Po3-
psaiB B NPOMIDKKY MiX KaToOM MarHeTPOHY i MOBEPXHED, Lo 06po6toeTLES,
CTBOPIOETLCA MOABIVHWI pO3pAg, CUMETPUYHMIA BIAHOCHO aHOAa MarHeTpoHy. B
MeXax MarHiTHOI nactkm MPC peanisyeTbca pO3NUIKOKYNI MarHeTPOHHWIA Po3-
PS4 i3 3aMKHEHUM [peiidom enekTpoHiB. B npukatogHomy npocTtopi, 6ing nosep-
XHi 06p0o61t0BaHOr0 BUPOGY, 6yae iCHyBaTK TARitouniA po3pag, B NPUENeKTPogHO-
MYy MagiHHI SKOro iOHW OTPUMYIOTbL EHEpPrito, HeOOXiaHY AN BUKOHAHHSA BiAMOBI-
AHVX TEXHONOTIYHNX onepayiin 06po6Ku. Mpy LbOMY NOMINLWYHTLCA YMOBMU HaHe-
CEeHHS HAHOCTPYKTYPHOIO NOKPUTTS.

CyMilleHH B OfHI/i KOHCTPYKLiT Ma1a3MOBOr0 TEXHO/OMYHOro NPUCTPOID
YL,OCKOHA/IEHb, LLIO ONUCaHi BULLE, A03BONNI0 BUK/TKOUYUTA aBTOHOMHE iOHHE [XKe-
Peno eHepreTMYHMX rasoBuX iOHIB 3i CKIady naasMoBOro MPUCTPOLO, WO 3HAYHO
CMPOCTWO AOr0 KOHCTPYKLiKO i MOAINWMAO AOr0 (hyHKLiOHa/IbHICTb.

IMNynbCHe [Xepeno XWMBMeHHSA MarHeTPOHHOro po3psay. MigsueHy re-
Hepauito meTaneBux ioHiB B pospagi MPC 3abesneyvye BUKOPUCTaHHS PeXUMY
MCIMP. KoHuenuito MCIMP 6yno o6rpyHToBaHo B po6oTi [6]. lges MCIMP no-
NArae B TOMY, WO NPV XXMBMIEHHI MarHETPOHHOTO po3paay YHINONSPHUMU iMY/b-
camy  NiABWLLEHOT pPO3PsAAHOT  Hanpyru, npu TPWBaNoCTi  iMMynbCiB Ao
50 minicekyH, B MarHeTPOHi MOXe (popMyBaTUCS CTilika jopMa KBasicTalioHap-
HOrO po3psAgdy i3 ryCTUHOI CTPYMY, SKa 3HaYHO NEPEBULLYE 3HAUYEHHS, LLLO LOCAXK-
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Hi B cTauioHapHOMY pexxuMi po6oT MPC. ToTyXXHOCTPYMOBI PO3psAAHI iMNYbCK
iHTEHCUMIKYHOTb NPOLEC IOHHOTO PO3MNWIEHHS NOBEPXHi Katogy. Kpim Toro, Bu-
COKa rycTUHa iMnynbCHOro CTPYMy Crpusie ioHi3auil po3nuieHnx aToMiB MaTepia-
ny Karoga. Taknil peXxmm MarHeTPOHHOro po3psgy 36/MKYe MarHeTPOHHUIA po3-
psg 3 pospagom y BAB [4] 3a MOXAMBICTIO (hOpMYyBaHHS MOTOKY rasomMeTaneBoil
nnasmu.

PaHiwe Hamy 6yn0 po3po6MeHO OpUriHanbHY CXemy iMNyNbCHOMO [pKepena
XXVB/IEHHA MarHeTPOHHOro po3pagy [12]. BuxifgHi xapakTepucTUKK LbOro gKepe-
na 6yno nokanizoBaHo A0 BMMOI PO3MNWIeHHS TiflbK1 MeTaieBMX MaTepianis. Take
06MeXeHHS [03BO/IN/IO ICTOTHO NMOHU3UTU BAPTICTb [Kepena XXMBMeHHS. Mapame-
TPU [pKepena LiJIKOM B/alITOBYBa/IM BMMOIM TeHepauii NnoToKy rasomMetasieBoi
nnasMu B MarHeTPOHHin cuctemi MaAH6MPC 50.

JlocnigHunii 3pasok [pkepena BUKOPUCTOBYBABCA NpW LOCNIMKEHHSX i Bignpa-
LitoBaHHI TEXHOMOMYHUX PEXUMIB KOMMIEKCHOT TEXHONOTIT 3MiLHeHHS. [xepeno
3a6e3neyvyBasio iMMy/bCHO-NEPIOANYHUIA PEXXUM MarHeTPOHHOIO po3pagy 3 pery-
NHOBaHHAM YacTOTU po3psaHMX iMMynbCiB y gianasoHi (1 — 10) 'y npu TprBanocTi
iMnynbCiB Bif 7 MC 0 14 Mc. EneKTpryHa NOTY>XKHICTb po3pady B iMMynbCi Konn-
Basiacb Bif 6 KBT go 12 KBT. MNpun nigBuLLEHHI 4acTOTW iMMynbCiB iHTerpaibHa
MOTY)XXHICTb po3pagy nagana. MagiHHA NOTYXXHOCTI po3pAgy i3 3pOCTaHHAM YacTo-
T YN0 BUK/INKAHO HELOCTATHLOK MOTY)XKHICTIO 3apAgHOro Lkepena nocTiiHOro
CTPyMy, WO 6y/10 BUKOPUCTAHO A5 3apAIKEHHSA HAKONUYYBabHOTO KOHAEHCATo-
py mkepena NMCIMP. Ona 3apafkeHHs KOHLEHCATOpY BUKOPUCTOBYBA/IOCh [pKepe-
N0 XKVB/IEHHS CTalioOHapHOro MarHeTPOHHOro po3pagy MPC nocTiHUM CTPYMOM.

JocnifpkeHHs xapakKTepuctuk po3psagy MPC B cTauioHapHOMY peXxuMi
po3pagy MPC. TexHONOriyHi BNacTMBOCTI  YHIBEPCASIbHOTO M1a3mMoBOro npu-
CTPOIO 06MEXYBaINCA XapaKTepUCTUKaMM MOTOKY YaCTUHOK maTepiany NoKpuUTTS.
XapaKTepuCcTMKN MarHeTPOHHOI0 NPUCTPOO AOCNIAKYBAINCh i MOPIBHIOB/INCH B
cTauioHapHOMY i iIMMYNbCHOMY peXxxmumax poboTu.

Ha pucyHky 8 nokasaHO 30BHIlWHIA BWrNag CTauioHapHOro  pospsay
MAH6MPC 50 6e3 MOHTYBaHHA 3paska Ans 06pobku. MigTprMyBaBca Takuil pe-
XXMM po3psAy MarHeTpoHy: Harnpyra po3psagy 500 B, cTpym po3psagy 2 A. Cnocre-
piraBcs XapakTepHWiA, BATATHYTUIA MO BiCi cucTeMU, BUrNSg po3pagy. dopma pos-
pALy CBIAYMTbL NPO HanpaB/ieHUA XapakTep MOTOKY, L0 FeHepyeTbCs, ane caM no-
TiK Nnasmmn He (hopMyBaBCA Yepes BiACYTHICTb 06pP06/IOBaHOT NOBEPXHI Mif Hera-
TUBHUM MOTEHLia/IOM 3MiLLeHHA. Ha pucyHKy 9 nokasaHo BUI/AA NOTOKY rasome-
TaNeBOT Na3My Ha NOBEPXHIO 3pa3ka, Lo 3HaxXoAWNach Nif HeraTVBHUM MOTeHLi-
aioM. BugHo, wwo dopma NoToKy nnasmu BiAnoBifae XxapakTepHOMY po3Mipy 3pa-
3Ka — 40 mwm.

BosibT-amMnepHi  XapakTepUCTUKN CTaliOHapHOr0 MarHeTPOHHOro pPo3psay
3HiManMcs Npu poboTi B cTauioHapHoMy pexkumi MPC 3 rpadiToBuM KaToAoM.
Mpwn BUMIPIOBAHHSX TWUCK M1a3MOYTBOPIOKOYOIO rasy B BaKyyMHili Kamepi CKnajas
0,1 Ma, 0,27 Na a6o 0,66 INMa. paiT BMKOPMCTOBYBABCS ANA MiHiMi3aLil BNIMBY
3anunneHHs i301aTopiB 30HAY JleHrmiopa. Ha pucyHky 10 npeactaBneHo BOMbT-
amnepHi xapakrepncTuku pospsgy MPC.
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Puc. 8 — Po3psg B NMnH6MPC50. Puc. 9 — IMoTiK niasmu Ha 3pasok B
CrauioHapHuIA He36a1aHCOBaHMNIA PEXMM He36a/1aHCOBaHOMY PEXUMI
po6otu MAHEMPC50
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LTSN BOEPRTY, A
Puc. 10 — BonbT-amnepHi xapaktepuctuku MnH6MPC50 B
CTaLioHapHOMY pexxuMi  po3psay.

BugHo, Wo npy NigBULLEHHI TUCKY aproHy i Npv nigBuLLeHX Harpyrax pos-
psagLy CTPYM po3psady CTabinisyetbcs. B LmX pexxuMax JOCAraroTbCA rpaHuyYHa ans
AaHoi KOHCTPYKLUiT MPC ryctuHa CTpyMy Ha Kartoj, W0 CTaHOBW/a BENUYMHY MO-
psaky 0,4 A/MM? i Ginblue. Taki peXKMmMy NepcrekTUBHI /11 TEXHOMOMYHOrO 3a-
CTOCYBaHHs Nnpu nornepesHLOMY I0HHOMY OUKLLIEHI.

JocnifXeHHs po3nbOTy MOTOKY MaasMyv B IMMY/IbCHO-MEpPIioAUYHOMY i
cTauioHapHomy pexxumax po3psagy MPC. [na nigTeepiKeHHA NPakTUYHOT ede-
KTMBHOCTI BMKOPUCTaHHA iMMYNbCHOIO pexxumy MPC 3 rpaHM4HOI He3banaHco-
BaHICTIO MarHiTHOrO Noss NPOBOAW/IOCH MOPIBHAHHA XapaKTepPUCTUK IMMYy/IbCHO-
nepiognMyYHOro i crauioHapHOro pexumiB poboTnM HezbanaHCOBaHOT Mogeni
MAH6MPC50.

JoCnifXXeHHA rYCTUHW IOHHOrO CTPYMy Ha 06p06/1t0BaHy MOBEPXHIO i Napame-
TPiB PO3N1bOTY MOTOKY M/1a3MN BUKOHYBa/IMCb Npy poboTi Mogeni MPC B ogHoiMny-
NbCHOMY PEeXXUMI MPW NOTY>KHOCTI po3pagHMX iMnyssceis 12000 BT (400 B/30 A).

Byno Bu3HauyeHo, L0 eHepreTyHa eqieKTUBHICTb PO3MUIEHHS KaToga B CTa-
LlIOHapHOMY 1 IMMNY/IbCHOMY PEXXUMaX He 3a/1eXXKUTb Bif, MOTYXXHOCTI po3pagy. Tak,
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npu po3nuneHHi Migi npyu 060X pexmnmax eHepreTuyHa eeKTUBHICTb CTaHOBUA
0,135 mr/B-A-xsun.

Ha konekTopi aHanisatopa XapakTepucTUK nnasmu, npw oro nnowli 33 cm?
(niameTp Konektopy 6,5 cm.), npu BigganeHi kKonektopy Big katogy MPC Ha
130 mm, BUMiptoBanacb Maca OcafKy po3nunieHoro marepiany Ha Konektopi. 3a 60
XBUAUH po6oTn MPC B cTauioHapHOMY peXKumi Npu noTy>KHOCTi pospsagy 250 BT
Ha KONeKTopi 3(popMyBasiocsi MOKPUTTA Macoto 67,4 Mr.

B cTauioHapHOMYy pexuMi NOKpUTTA (hOPMYETLCS NMEPEBAXKHO 3 aTOMIB PO3MNU-
NeHoro marepiany. MNMoka3HUK 3()0KyCcOBaHOCTI NOTOKY BU3HAYaBCA fK BiHOLUEHHS
Macu ocaziKy [0 eHepreTMyHOro nokasHuka pexmmy — [B-A-xsun.] (ae B — Hanpy-
ra pospsagy, A — cTpym po3psay). Mpy poboTi B CTaLiOHapHOMY pPeXxxuMi eHepre-
TUYHWIA NOKa3HMK gopiBHioBaB 0,0045 mr/B-A-xsun. Mpu poboTi B iMAyNbCHOMY
po3psfi aHanorivyHMin NokasHUK aopieHioBas 0,0085 mr/ B-A-xBui., TO6TO Maixe
BABIYi NepebinblLLyBaB MOKa3HUK B CTaliOHapHOMY pexkuMi. Lleli pesynbTat nigT-
BEpAPKYE ICTOTHO KpaLly 3(DOKYCOBaHiCTb MOTOKY B iMMY/IbCHOMY PEXUMI.

36i/bLUEHHS €HEPreTUYHOrO MOKa3HWKa B IMMYNbCHOMY PEXUMi MOSACHIOBA-
N0ocA TWM, WO B iMNY/IbCHOMY PeXMMi Ha KOMEKTOPI KOHAEHCYHOTLCA AK aTOMHI
4aCTUHKM, TaK i MeTanieBi ioHW, AKi NigaatoTbCsA HOKYCYHOHOMY BMNNBY He3banaH-
COBAHOI0 eNeKTPO-MarHiTHoro nons. OKpim TOro, K BUAHO 3 PUCYHKa 9, po3nboT
N71a3MOBOro NOTOKY BiANOBifae reoMeTpil 3paska, AKWIA 3HaXOANTLCA Nif HeraTu-
BHMM NOTEHLianioM i Nepexonstoe BCi iOHM 3 MOTOKY NasMu.

PagianbHe po3nogisieHHA rYCTUHN iOHHOMO CTPYMY Ha KOJIEKTOP TaKOoX MOXe
XapakTepu3yBaTh CTYMiHb 3(DOKYCOBAHOCTI MOTOKY MiasMu. 3 LjiEl0 METOK BUKO-
HYBa/I1CS BUMIPIHOBaHHSA iIOHHOTO CTPYMY PO3[i/IbHO Ha BCHO MOBEPXHIO KOMEKTOPY
| Ha NNACKWn CTPYMOBUIA 30HA, AKWIA 6YN0 3MOHTOBAHO B MOLMHI KONEKTOPY Ha
oro Bici. CepefHA TycTMHa iOHHOrO CTPYMYy Ha BiCi CUCTeMM CTaHOBMNA
0,1 A/lcm?. CepefjHs TyCcTMHa CTPyMYy Ha BCHO M/IOWY KOMEKTOpY CTaHOBMMA
0,06 A/cm?, Pe3ynbTaT LMX BUMiptOBaHb TakoX NiATBEPAXKYBaB FPaHUUHY 3(hOKY-
COBaHICTb NOTOKY ra3omMeTa/IeBOl Nia3Mmn Ha 06p06/1H0BaHY MNOBEPXHIO.

Byno BM3HAa4YeHO ryCTUHY iOHHOIrO CTPYMY i 'YCTUHY MNa3mu B 30Hi 06pPOOKM
3a bomom. Ha nosepxHi npwv BigganeHHi konektopy Ha 130 MM, Ha iAoro Bici, ryc-
TWHa Niasmu ctaHoBuna 2,2-10%? cm3. CepefiHs No nepepidy NOTOKY rycTMHa nna-
3Mu gopiBHioBana 4-10%2 cm®,

Bu3HaueHHs eneKTPOHHOT TemnepaTypu B nepepisi NOTOKY BUKOHYBa/IOCh Mpu
06po6Li 30HA0BOI XapaKTePUCTUKK 3rifHO 3 MeToauKor [18]. Byno Bu3HayeHo,
L0 e/IEKTPOHHA TemrnepaTypa B 06/1aCTi NPUeNeKTPOLHOro NagiHHA NoTeHuiany, B
06nacTi 06pobneHHs, cknagae NpméansHo 15 eB, BeMUMHA NNaBakoyoro NoTeHL -
afly 3HaxoAuTbLCA B Mexax Big 60 B fo 67 B.

B iMnynbCHOMY pexxumi po60Tn LOCNILKYBaBCA 3apsSLO0BUIA CKNaL Ny4KoBOi
nnasmu (Nnasmu rasomeTasieBoro noToky). 3 niTepatypHUX IKepes BifOMO, L0 B
pexxumi MCIMP reHepytoTbea Big 5 % o 70 % MeTaneBux ioHiB. MeTaneBi ioHM
BUMPalOTb BXIMBY PO/b Y MiABULLEHHI AKOCTI NOKPUTTA. [na BU3HAYEHHS LONi
MeTanivyHMX iOHIB Y nepepisi 06po6/1eHHA HamK 6yN0 BUKOPUCTAHO MOANKIKOBaHY
meToauKy [19]. Ana BumiptoBaHb 6YN0 BUKOPUCTAHO TPbOXENEKTPOAHWUIA IOHHWIA
aHanisatop [18]. Ana BifACiUKM eneKTPOHIB Bif NPOHWKHEHHS B MOPOXKHUHY aHai-
3aTopa 6yfi0 BUKOPUCTAHO APIGHOCTPYKTYPHY CITKY, Ha iKY NOAaBaBCA HeraTus-
HWIA noTeHUian. Po3Mip KNiTUHKK CITKN BUbUpascs i3 ymoB d < D, ge d — po3mip
KNiTMHKK, a D — pagiyc ekpaHyBaHHsi [e6asi. eoMeTpuMyHa MpPO30PiCTb CiTKM
cknagana 0,326 mm. 1 BU3HAYeHHS [ONI MeTaneBmx iOHIB B Ny4YKOBIi ra3omeTa-
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NeBili NnasMi Ha KONEKTOpi aHanisaTopa peecTpyBanacs maca OCaflKy marepiany
MOKPUTTA.

CTpyM Ha KOMeKTop aHani3atopa BU3HA4aeTbCA MOTOKOM ra3oBuX i MeTaseBUX
ioHiB. [JJons meTasieBMX iOHIB BM3HaYanacb LUMASXOM MOPIBHAHHSA Mach 0cagky Ha
KOMIEKTOp Npv NO3MTUBHOMY 11 HeraTVBHOMY MOTeHLjiai Ha KonekTopi. Mpu Hera-
TUBHOMY noTeHujiani (-60 B) Ha KONeKTopi KOHAEHCYHOTLCS iOHW i HeWTpanbHi
atomu MeTany. Mo3VTUBHMIA MOTeHLian Ha KonekTopi (+ 60 B) nepelukomkae
KOHAeHCcaLiT meTaneBmx ioHiB. MOPiBHAHHA 3HaYeHb CTPYMIB [03BOSIUIO BU3HAUN-
TW JONK0 METaNeBMX iOHIB B HaLLOMYy eKcrnepumeHTi. BoHa fopiBHioBana 43 %. B
iMNYNIbCHOMY PEXWMI TYCTUHA CTPYMY iOHIB acUCTyBaHHs cTaHoBuna 0,18 A/cwm?,
L0 MOXE 3af0BifIbHATN BUMOram TeXHO/OriT iOHHOT 06POKM | HaHECEHHS HaHOC-
TPYKTYPHOIO NMOKPUTTS.

OuiHKM napameTpiB NnaasMun B yHiBEPCa/lbHOMY MarHeTpoOHHOMY NPUCTPOT Mo-
Kasanu, L0 napameTpu niasMu 3af0Bi/IbHAI0TbL BUMOMM BCiX TEXHOMOTIYHMX Nepe-
XOfiB 3MiL{HOKOUOT iOHHO-NNa3MOBOT TEXHOSOT T,

[Jocnimpkysascs CTyniHb po3/1bOTY MOTOKY MNiasmy B NMPOCTOPI 3a 3pi30M He-
36a/1aHCOBAHOT MarHeTpOHHOI cucTeMM. NS BU3HAYEHHS pagianbHOro posnogi-
NEHHS IOHHOT O CTPYMY BMKOPVCTOBYBABCA KOOPAVHATHWUIA NPUCTPIl, LLO 403BONSAB
nepemilLyBaT CTPYMOBWIA 30HA J1eHrtopa B NOMepeYHnx nepepisax npocTopy Ha
pi3HOMY BigfaneHi Bif kaTofa mMarHeTpoHy. BvkopucToBYyBaBCA 30HA 3 MPUIAOM-
HOlO noBepxHeto 1,5 cm2. 30HA NepeMilllyBaBCsi B3I0BX BiCi CUCTEMU Ha BifcTaHi
Big Katoda Big 50 MM go 310 mm. B nonepeyHOMy NepeTuHi NOTOKY nepemilleHHs
30H[Y 3abe3nedvyBanocsi B Mexxax £ 160 MM BigHOCHO Bici NOToKy. HesbanaHcoBa-
Ha MarHeTpoHHa cuctema NMAH6MPC 50 npautoBana B CTalioOHapHOMY PeXuMI
500 B/0,5 A.

BrKoHYBa10Cb 3aBAaHHA BCTAHOB/IEHHSA XapaKTepUCTUKM CNPAMOBAHOCTI Mo-
TOKY MN/ia3my 3a MeXaMy MarHeTPOHHOT cucTtemu. byno oTpumaHo pagiasibHi npo-
(ini rycTMHn nnasmu B N’ATU NepPeTUHaX NOTOKY Ha Pi3HUX Bif4aNeHHsAX Bif po3-
pAAY MarHeTpoHy. KapTvHy po3nogifeHHs NpeacTaBieHo Ha pucyHKy 11.

B notoui nnasmu 3HiMannchb 30HA0BI XapaKTePUCTUKM Ha BiCi NOTOKY i B ne-
pudepiiHMX 06nacTax, B AKMX nepeabayanacs MiHiMasibHa ryctmHa nnasmu. Nyc-
TVHa 30HA0BOr0 CTPYMY Ha Bici MOTOKY 3MiHtoBanach Bif 1,5 MA/cM? Ha BiaCTaHi
50 mm Bif katoga MPC go 0,23 MA/cm? Ha BigcTaHi 310 M.

BusHavanacb ryctuHa nnasmu. Ha sici noTokKy Ha BiacTaHi 50 MM Bif KaTtoga
rycTvHa nnasmm ctaHosmna 3,3-107 cm=. 3rgaemo, Wo B LibOMY nepepisi cepeaHs
rycTuHa nniasMu npu po6oTi MPC B iMnNynbCHOMY peXuMi ctaHoBuna 4-10'2 cv.
NycTnHa nnasmu B CTalioHapHOMY peXxumi Npu BigganeHi Big katoga Ha 310 MM i
Ha nepudiepii cknagana Tinbku 5-10° cm=. Byno BU3HAuYeHo, Lo B CTalioHapHOMY
PEXMMi eNeKTPoHHa Temnepartypa B Ma3Mi MOTOKY 3HaXOAUTbCA B MeXax Bif
8 eB 1o 10 eB.
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Puc. 11 — Po3nogineHHs rycTUHM iOHHOTO CTPYMY Ha Mackuil 30HA, B
rasoBiii Nnasmi NOTOKY, LLIO reHepyeTbcs MarHeTpoHomM MAH6MPCS0 B
CTaLiOHapHOMY PEXUMI.

Brxogaun 3 TBEPAKEHHSA MPO KOCIHYCHWIA XapakKTep po3/nbOTy PO3NUIEHNX
YacTMHOK B 36anaHcoBaHin MPC i cnupatounch Ha pesynbTaTvi BUMIpHOBaHb pagi-
a/lbHMX PO3MOAiNeHb NYCTUHN IOHHOIO CTPyMy 3a 3pisom MNAH6MPC 50 (ams. puc.
11) MOXHa CTBEPKYBATH, WO KYT PO3/bOTY rasomeTasneBol naasMm Mae 6yTu ic-
TOTHO MEHLUWIA, HiX KyT pO3/1bOTy 3a KOCIHYCHMM 3aKOHOM. Lleit thakT migTeep-
[DKYE MOXMBICTb 36epeXXeHHA KONiIMOBaHOCTI ra3omMeTasieBoro noToKy Ha Bigcra-
Hi npuHainmHi go 300 mm Big MPC.
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OuiHKa TeXHONOFIYHNX MOX/IMBOCTEN YHIBEPCA/IbHOO NPUCTPOID AN1A
KOMMEKCHOI 06p0o6Ku. [nd npoBefeHHs KOMOIHOBAHOI 3MILHIOKYOI i0HHO-
NNa3MoBOT 0O6POOKM MOBEPXHI 3a3BMYail BUKOHYETLCS Taka MOCNIJOBHICTb TEXHO-
NOriyHMX onepauii.

Ha nepwomy etani 06po6ku, npu poboTi HesbanaHcoBaHoT MPC B cnabko-
CTPYMOBOMY PeXUMi po3psdy Ha MOCTIMHOMY CTPYMi ra3oBi iOHW aproHy BUTAry-
IOTbCA MOTEHLia/IOM 3MILLIEHHA 3 MarHETPOHHOIo po3pagy i 6omMbapaytoTb NoBep-
XHI0, L0 06P06MSETLCS, 3 EHEpPrieto, AKa HeobXigHa Ans BUKOHAHHA onepauil ioH-
HOT OYUCTKW. EHepris iOHIB BM3HAYa€ETbCA HaMpyrow 3miweHHA. OAHOYacHO 3
iOHHOIO OUMCTKOIO BifOYBAETLCS HarpiB 3paska.

MMicnga onepauii OYMUCTKM Mogayvy aproHy B Kamepy 3MeHLUYHTb abo npunu-
HAKOTb. B BaKyyMHY Kamepy MoAaeTbCs a30T, | BUKOHYETLCA OnepaLis a3oTyBaHHSA
NnoBepxHi iOHHOK iMMNaHTauieto. EHeprisi ioHiB a30Ty, rycTMHa CTPyMY iOHIB a30-
Ty i TemnepaTtypa NoBepPXHi, L0 06pOBIETLCA, PErYOTLCA Y BigNOBIAHOCTI 40
YMOB OTPMMaHHS HeOOXiAHMX NapameTpiB 3MiLHEHHSA NOBEPXHI.

Ha TpeTboMy eTani 06pobku noga4vy asoTy NPUNUHAKOTL | BigKpMBaKOThL MNo-
fady aproHy. BMUKaeTbCs iMMY/IbCHO-NEPIOANYHNIA PEXUM MarHeTPOHHOrO po3-
pagy MPC. BifbyBaeTbCA PO3NOPOLLEHHS KaTO4a MarHeTPOHY i HAaHECEHHS MOK-
puTTA. 33419 IOHHOIO acMCTYBaHHS MPOLIECY KOHAeHcauii rycTUHY CTpyMy Ha no-
BEPXHIO BCTAHOB/IOKOTL Ha PiBHi A0 5 MA/cM2. CTyniHb He36an1aHCOBAHOCTi Mar-
HiTHOT cucTeMn MPC BCTaHOBMIOETLCS Y BifNOBIAHOCTI [0 XapaKTepHOro posmipy
MoBepxHi 00POOKM PeryntoBaHHAM CTPYMY MarHiTHOT KOTYLUKW. PerynoBaHHS
B&K/IMBOr0 TEXHO/IOTYHOIO MapameTpa — TeMnepatypy MoBepXHi, BifA6yBaeTbCA
perynoBaHHAM ryCTUHW CTPYMY iOHIB i HaNpyru eNeKTPUYHOro 3MiLLEHHS | Kopu-
rYETbCSA aBTOHOMHUM Pe3VCTVBHUM HarpiBayvem.

B npuctpoi 3 MAH6MPC50, Wwo npautoe B cTalioHapHOMY pexumi, yna Bu-
npobysaHa TEXHOMOrif 06POOKN eHepreTMYHUM NOTOKOM ra30BOi eHepreTUYHOT
nnasmmy (a30TyBaHHA). 3pa30K MONipoBaHOI /IMCTOBOI  HepXKaBitouol cTani
12X18H9T TOBLMHOW 2 MM i po3Mipom 40 Mm x 40 MM MOHTYBanu Ha Bici MPC
Ha BiacTaHi 100 MM Big Katoga MPC. BukoHyBanach 06po6ka 3a CXeMOK «rone-
peaHe iOHHE OUMLLEHHS — HarpiB — iOHHE a30TyBaHHS». [Mpu peXxxumi cTawioHapHo-
ro MarHeTpoHHoro pospsgy 8 MPC — 450 B/0,5 A — Ha 3pa3oK nojaeanoch Hera-
TUBHE eneKkTpuyHe 3miweHHs 2000 B. Mpu LboMy ryctuHa CTpymy iOHIB aproHy
Ha 3pa3ok cTaHoBuna (10 —12) MA/cm2 3a 5 XBWUIMH 3pa30K OYMLLABCS iOHHUM
6ombapayBaHHAM i HarpiBasca 4o Temnepatypu 600°C 6e3 4O0NOMOrv aBTOHOMHO-
ro Harpisava.

MpoLec a30TyBaHHA BMKOHYBaBCA 3a TEXHOJIOTIED BUCOKOIHTEHCUBHOI HU3b-
KOEHepreTMYHi ioHHOT imnnaHTayii [20]. Mig Yac imnnaHTawi’ Hanpyra 3MilleHHs
cTaHoBuMna 1200 B, rycTuHa ioHiB a30Ty Ha 3pa3oK NiATPMMYBanacb Ha PiBHi
5 MA/cm? Ha npoTsasi 60 XBUAKH. TemnepaTypa NOBEPXHi NiaTPMMYyBanach B Me-
Xax Bif 400°C o 480°C. IHTerpanbHa Ao3a iOHIB a30Ty Ha NOBEPXHIO ((hIHOEHC)
cTaHoBuna Big 10%° cm? go 10%° cm2. Micns 06po6KM i 0XONOAKEHHS 3pa30K BUAa-
NABCA 3 BAKYYMHOI Kamepu.

30BHILLHIN Ornsg NoBepxHi 06po6KM NoKasas, Lo nicas 06p06KM LOPCTKICTb
nonipoBaHoi MoBepxHi noripwmnack. LLIOPCTKICTb MOBEPXHI 3paska Noainwunam
He3Ha4YHMM MeXaHiYHMM WiyBaHHAM i NONipyBaHHAM, WO 6yN10 HeOOXiAHO Ans
NnpoBeAeHHs 3aMipy MIKpOTBepAOCTi Ha npunagi NMMT-3. BUMiptoBaHHA MiKpoOT-
BEpAOCTi 06pobneHOT NOBEPXHI NOKa3ano, Lo MiKPOTBEPAICTb Micns iOHHOro a3o-
TYBaHHS 3Ha4yHO Migsuwmnacs i ctaHosuna 11 MMa. Pe3ynbTaT cBigumB npo egek-
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TUBHICTb a30TyBaHHA B PEXMMi BWMCOKOIHTEHCUBHOT HWU3bKOEHEPreTUYHT i1OHHOT
iMnnaHTaLii. binblw AoKNadHI AOCNiIKEHHSA LbOro npouecy He nposogunucs. Ans
NPOAOBXEHHS BiAnpaLtoBaHHA TEXHOMOrYHMX NpoueciB HeobXxiAHe Bignpauto-
BaHHSA Npouecy i0HHOT 06PO6KKN A1 BUPILLEHHA NUTaHHA He6aXkaHOro MoripLueH-
HS LIOPCTKOCTI NMOBepXHi. [Apyruii etan 06pobkn HaHeCEHHAM HaHOCTYKTYpPHOrO
MOKPUTTS TakKoX He MpoBoAuBCA. IpoLec iOHHO-MIa3MOBOr0 HaHeCeHHS HaHOC-
TPYKTYPHOTO XPOMOBOIO MOKPUTTS paHille Hamu 6yno BiAnpaub0BaHO Ha Mpu-
cTpoi MAH6MPC [9, 15].
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