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BJIMSHUE YIJIA TAJEHUSA ITYYKA HOHOB HA
BHYTPEHHUE HAIIPA’KEHUSA B OCA’KIJAEMOM ITOKPBITUHN

A. . Kanunnuenko, C. C. llepenéaxkun, B. E. Ctpeabuuukuii
'Hayuonanvnolii hayunolii yenmp «XapbKosckutl (husuko-mexHudecKutl uHCmumym»,
2. Xapvkos, Yxpauna
[Toctynuna B penakumro 14.12.16

B Monenu HelIoKanbHOrO TEpMOYIIPYTroro MUKa HU3KOIHEPIeTHYECKOro MOHA MolydeHa (opMmyria s
BHYTPEHHUX HANpPsUKEHUH B TOKPBITUH, OCaX/1aeMOM M3 HAKJIOHHOTO ITy4YKa HOHOB B peKHUMax MOCTOSTH-
HOTO M MMITYJILCHOTO TIOTeHIMaIa cMelenust. [Ipennonaraercs, uro aedopmariyst mpu HOHHON OoMOap-
JMPOBKE OIIpeeIIeTCs INIOTHOCTBIO 1€(EKTOB, IOPOXKIAEMbIX IEPBUYHBIM HOHOM, 38 BBIYETOM Je(eK-
TOB, YAIEMBIX B MPOLIECCe HOHHOTO pacnblieHus. [IpoBeneH pacuer HanpsbxkeHuil B TiN mOKpbITHH,
OC)KIaeMOM U3 MOTOKa HOHOB Ti B peKMME MMITYJILCHOTO MOTEHIMAIa PH PA3IMYHbIX yIVIaxX MMaJeHUs
noHoB. [lokazaHo, 4To HanpsHKEHUS MpHU yIiiax najeHus o # 0 MoryT ObITh Kak MEHbLIE, TaK U OOJIbIIe
HaIpsHKEHUH, BOSHUKAIOLMX MPU HOPMAJTbHOM I13/I€HUH HOHOB, B 3aBUCMOCTH OT BEJIMYUHbI TOTEHIIU-
asia. YCTaHOBJIEHO HEMOHOTOHHOE MOBEJICHNE BHYTPEHHUX HANPsHKEHUH C BO3pacTaHUEM YIVia MaIeHusI.
KuroueBble cjioBa: BaKyyMHO-YTOBO€ OCaK/ICHHE TIOKPHITHIH, HAKJIOHHBIH ITy4OK HOHOB, BHYTPEH-
HUE HaIPsDKEHUS.

BIIVIMB KYTA MAJAIHHS ITYYKA IOHIB HA
BHYTPIIIHI HAITPYKEHHSA B OCAIZKYBAHOMY ITOKPUTTI
O. L. Kaniniuenko, C. C. Ilepenboikin, B. €. CtpeabHunbKui

Y Mozerni HeOKAIBbHOTO TePMOTPYKHOTO TTiKa HU3LKOCHEPTETHYHOTO 10Ha OTpuMaHa (GopmMyma st
BHYTPIIIHIX HANIPY>XEHb B TIOKPUTTI, IO OCAKYETHCS 3 IOXMIIOTO ITyYKa 10HIB Y pEXKUMAax MOCTIHHOTO
Ta IMITyJIbCHOrO moteHuiany. [lpumyckaerscs, mo nedopmaiis npu ioHHOMY OOMOapayBaHHI BH-
3HAYAETHCS LIUTBHICTIO Je(EKTIB, SIKi MOPOIKYIOTHCS IEPBUHHUM 10HOM, 33 BUKIIOUYCHHIM Je(eKTiB,
SIKI BUIJISIIOTHCS B IPOIIeCi I0HHOTO po3muiieHHs. [IpoBeeHo po3paxyHok Harpy»keHb B TiN moKkpuTTi,
10 OCAPKY€ETHCSI 3 MOTOKY 10HIB Ti B peknMi IMITyJIbCHOTO TOTEHIaTy TIPY PI3HUX KyTax MaJiHHSI
ioHiB. [TokazaHo, o HAMPYKEHHS TIPU KyTax MagiHAs o # 0 MOXKYTh OyTH SIK MEHIIIe, TaK 1 OiTbIIIe Ha-
MIPY>KEeHb, [0 BUHUKAIOTH TIPU HOPMaJbHOMY TaJ[iHHI 10HIB B 3aJI€KHOCTI Bi/I BEJIMYNHH ITOTEHITIATY.
BcranopieHo HEeMOHOTOHHE MTOBOKEHHSI BHYTPILIHIX HAIPY>KEHb 31 3pOCTaHHAM KyTa MaJliHHS.
KirouoBi cjioBa: BakyyMHO-IyroBe OCaKeHHS MIOKPUTTIB, OXWIMH My4OK 10HIB, BHYTPILIHI Ha-
IPY>KCHHSI.

INFLUENCE OF INCIDENT ANGLE OF ION BEAM

ON INTRINSIC STRESS IN DEPOSITED COATING

A. L. Kalinichenko, S. S. Perepelkin, V. E. Strel’nitskij
In the model of the nonlocal thermoelastic peak of low energy ion, formula for intrinsic stress in the
coating deposited from an inclined beam of ions in the modes of continuous and pulsed bias potential
is obtained. It is shown that deformation of the coating by ion bombardment depends on the density of
defects generated by primary ion minus those defects which are removed in the sputtering process. With
the help of obtained formula the stress calculation is carried out for TiN coating deposited from beam of
Ti ions in the pulse potential mode for different incident angles. Calculation shows that stresses at incident
angles o # 0 can be both less and more than stress arising at normal incidence of the ions, depending on the
bias potential. Non-monotonic behavior of intrinsic stress with incidence angle increasing is established.
Keywords: vacuum arc deposition, inclined ion beam, intrinsic stress.

BBE/IEHHUE reOMETPUIECKON (POPMBI MOPOKIACT MPO-
33)13‘13 OCaXaceHus:da HOKpBITI/Iﬁ IIJIa3MEHHO- 6neMy BIIMAHUA yIJla MaACHHUSA MOHOB Ha
WOHHBIMHM METOJAaMH Ha U3JENUs CI0KHOW CTPYKTYypHbIE, MEXaHUYECKHE U KOPPO3UOHHBIE
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A. M. KAIMHUYEHKO, C. C. TIEPEIEJIKHWH, B. E. CTPEJIbHULIKAN

CBOMCTBA ocaxjaaeMoro mokpeitus. Kak
MMOKa3aHO JKCIEepUMEHTaJbHO [1] U moa-
TBEPXKJEHO MOJCJIUPOBAHUEM METOJAOM
MOJIEKYJIIPHOM TMHAMUKH [2 ], TaKO€ BIUSHUE JICH-
CTBUTEIBHO UMEET MecTO. OHOM U3 KITIOUEBBIX
XapaKTEePUCTHK, KOTOPAsi, B CBOIO OUEPe/ib, ONIPE/I-
eJISIeT PAM APYTUX BaKHBIX TEXHOJOTHUYECKUX
apaMeTpoB MOKPHITHUS, ABISETCS BHYTPEH-
HEe HaNpsDKeHUE B MOKPHITUU. B yacTHOCTH,
BHYTpPEHHEE HaNpsKEHUE BIUACT Ha MJIOT-
HOCTh M TBEPJOCTh MOKPBITUS U aATE€3UOH-
HYIO IIPOYHOCTH €0 CBSA3U C MOJIOKKOM [3].
B psiae ciaydaeB, Kak 3TO UMEET MECTO B CIIy-
yae yrJIepOJAHOT0 MOKPBITHS, BHYTPEHHEE
HaNpsDKEHUE BIUSIET TaKKe Ha €r0 CTPYKTY-
py, onpenenss K Kakol aJJIoTpONHONW MOAU-
(uKauu OTHOCUTCS MaTepual MokpsITus [4].
MoXHO MPEANnoNOXKUTh, UTO U3MEHEHUE
yriia majeHus OCaXJaeMblX MOHOB Ha MO-
BEPXHOCTb U3/ENUsI CYLIECTBEHHO BIHUSET Ha
Ka4yeCTBO MOKPBITUS, U3MEHSSI BHYTPEHHEE
HampshkeHue B HeM. TakuM oOpa3om, 3ajada
HCCIIeIOBaHUs 3aBUCUMOCTH BHYTPEHHHUX Ha-
MPSOKEHUN B OCAXK1a€MOM MOKPBITUU OT yrIia
MaJICHUS] MOHOB SIBJISICTCS] aKTyaJIbHOM U MpaK-
TUYECKH BaXKHOM.

Panee namu Obua pa3paborana Teopusi 00pa-
30BaHUs BHYTPEHHUX HAPSKEHUH B MOKPBITUSIX
MIPH TUIa3MEHHO-MOHHOM OCa)KJIEHUU, OCHOBAH-
Hasi Ha MOJIEIU HEJIOKAJIbHOTO TEPMOYIPYTO-
ro nuka (HTII) Hu3Kk0AHEpreTHYeCcKOro noHa
(cMm., Hamp. [4—-6]). Teopust mo3BoIIsATIA HCCIET0-
BaTh BEJIMYMHY BHYTPEHHUX HAIPSDKEHUH B 3a-
BHUCHUMOCTH OT TeMIIEpaTypbl OCAXKACHUS, COPTA,
SHEPTUU U 3aPSAAHOCTU OCAXKJAAEMbIX HOHOB
B PEXKUMAX MMOCTOSHHOTO U UMITYJILCHOTO TTOTEH-
1MaaoB Ha nojyioxke. CpaBHEHUE Pe3ybTaTOB
pacueToB HANPSHKEHUH C SKCIIEPUMEHTAIbHBIMU
JAHHBIMU TTOKa3aJ0 UX KaueCTBEHHOE COTJa-
CHe IS 1IeJIOT0 psijia MPaKTUYECKH BaXKHBIX
CIy4aeB, B YACTHOCTH, JIJISl alIMa30TOJOOHBIX
Y HUTPUJIHBIX MOKPHITUH [5, 6]. Cnenyer, of-
HaKO, MOAYEPKHYTh, YTO BCE PaCueThl, KaK
U SKCIIEpUMEHTAIbHbIE JaHHBIE, OTHOCUIIUCH
K CITy4ar0 HOpMaJIbHOTO Ta/ICHHUs TTIOTOKA MOHOB
Ha ocaXkJjaeMoe MOKpbITHE (yroja maJeHus
a=0).

B nacrosimeit pabore aHalIu3upyeTcs BO3-
MOHOCTE HcIIoNb30oBaHusa Moneau HTII
JJIST OTMUCAHUS BHYTPEHHUX HAMPSKECHUU
B ITOKPBITUH TMPH TIA3MEHHO-MOHHOM OCKIACHUHT

B CJIy4ae CKOJIb3SILIEro MaJeHNs OTOKAa HOHOB
Ha OCaXXJaeMo€ MOKpbITHE (yros maaeHUs
o # 0). C yueToM dKCIEPUMEHTAIbHBIX
JaHHBIX TpejaraeTcs MoauduKanus mo-
Jy4YeHHBIX paHee GOpMYN AT ONHCAHUS
BHYTPEHHUX HANpPSAKEHUU B HNOKPBITUH.
MonudunupoBannas Gpopmyia UCIOIb3Y-
eTcsl ISl pacueTa BHYTPEHHUX HaNpPSIKEHUI
B OKpBITUAX TiN mpu pa3nuyuHBIX yTiax Ia-
JNeHHUs MOoToKa MOHOB Ti Ha ocaxaaemMyro
MIOBEPXHOCTb.

MATEMATHYECKAS MOJEJIb

Jlis onucanysl BHYTPEHHUX HAINIPSDKEHUM B CITy-
4ae CKOJIB3AIIEro NaJeHus y4YKa HOHOB Ha I110-
BEPXHOCTh OcaxaeHus (yroy najaeHus o = 0)
IIPEKE BCEr0 aHAIM3UPOBAIACH BOSMOKHOCTh
(GhopMaTbHOTO MCIOIB30BAHUS TOJIYYEHHBIX
panee dopmyi. [lpu u3menenun yria najeHus
CIelyeT NIPUHATh BO BHUMAaHUE yKa3aHHBIE
HUXKE 00CTOSITENILCTBA.

1. U3mMeHeHne reoMeTpruYeCKUX apaMeTpoB
HTII nona, a umeHHo, ero paauyca, Gpopmbl
U PAaCIIOJIOKEHUsI OTHOCUTEIBHO TOBEPXHOCTH
oOmy4aemoro Tena. J{is yueta usMeHeHHUsI reo-
MeTrpuueckux napamerpoB HTII neo6xoqumo
IIPOBECTH KOMIUIEKC MAIIMHHBIX KCIIEPUMEHTOB
C NoMOoIIbI0 porpaMMmHoro nakera SRIM2000
[7], MomenupyOMUX KacKaabl BO30YKICHHBIX
aTOMOB, 1 Ha OCHOBE aHAJIN3a IeOMeTpUUEeC-
KHX XapaKTEePUCTUK MOJIEJIbHBIX KACKAJOB
Moau(pUIMpoOBaTH pa3pabOTaHHYIO paHee Ma-
temarndeckyr monenb HTII nona Ha cinyqan
CKOJIB3SIIIIETO MaJIeHUs HOHA Ha 00JIyyaeMyro
MIOBEPXHOCTb.

2. U3menenue sneprocoaepxxanuss HTII,
3a/1aBaeMOT0 (DOHOHHBIMU MOTEPSIMU MEPBUY-
HOT'O MOHA, KOTOPOE MOXKHO YUECThb IIyTEM pac-
4yeTa (POHOHHBIX IMOTEPh NOHA TIPU CKOJIB3SIIEM
MaJICHUU C ITOMOIIBIO MPOTPAMMHOIO MaKeTa
SRIM2000.

3. V3MeHeHue MI0THOCTH NOTOKAa HOHOB,
MaaK0IINX Ha MOBEPXHOCTh U BBI3BIBAKOILINX
U3MEHEHHUE CPEeAHEN TeMIepaTyphl MOBEPX-
HOCTH, [P KOTOPOH MPOUCXOIUT OCaXKJIECHUE.
B xauecTBe nepBoro npuOIMKEeHUs MPEICTaB-
JISIETCS BO3MOYKHBIM BOCIIOJIb30BaThCs «3aKOHOM
KOCHHYCOBY», B COOTBETCTBUH C KOTOPBIM ILJIOT-
HOCTb ITIOTOKa MOHOB MPH HAKIOHHOM IaJICHUU
U3MEHAETCS MPONOPLUOHAIBHO KOCUHYCY yIla
MaJeHMUsL.
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BIIHAHUE YITIA ITA/IEHUA I1YYKA HOHOB HA BHYTPEHHHUE HAIIPSKEHHA B OCAK/JAEMOM I1IOKPBITHH

4. VI3MeHeHHe ynciia TOYCYHBbIX 1e(EeKTOB,
00pa3yeMbIX EePBUYHBIM HOHOM, U OIPEIeIIs-
IOIUX B COOTBETCTBUU C pa3pabOTaHHON MO-
JIeNbI0 1e(OpPMAIIHIO OCAXKIAEMOTO MOKPBITHSL.
Yucno nedexToB mpu CKONb3AILEM MaJeHUH
TaK)XK€ MOYKET OBITh OMPEAEIICHO C TOMOIIBIO
nporpammuoro nakera SRIM2000.

@®aKTOpbl, OTMEUEHHBbIE B MII. 1-3, BIUSAIOT
Ha TeMIIepaTypy B MKaX HOHOB U, CII€0BATENb-
HO, OIpPEIENSIOT CKOPOCTh MUTpaluu aedex-
TOB M, CJIEA0BATEIBHO, CKOPOCTh peJIaKCalun
HanpsDKeHUH B MOKpbITHU. HampoTtus, dakrop,
yYKa3aHHBIU B 11. 4, ONpeAessieT CKOPOCTh POCTa
BHYTPEHHUX HanpsikeHui. PaBHoBecHOE Ha-
MIPSDKEHUE B IOKPBITUN OMPEAEISETCS U3 yCIIo-
BUS PABEHCTBA CKOPOCTEH MOSBICHUS U YOBLITU
nedextos [3].

Pesynaprarel MonenupoBaHus A8 MHO-
FTOKOMIOHEHTHBIX MOKPBITUH € MOMO-
b0 nporpamMMmHoro nakera SRIM2000
[I0Ka3aJju, 4YTo B CIy4Yae HOPMaJIbHOIO MaIeHUs
HHU3KOHEepreTuueckoro nona ero HTII moxer
anmnpoOKCUMHUPOBATHCS CPEPUUECKUM CETMEH-
TOM, MIPUMBIKAIOIINM K MMOBEPXHOCTU MHUIIIE-
Hu. OcHoBHbIMU NTapameTpamu HTII sBasitoTcst

pauyc
R(t,E)=I(E)/2+R,(1) (1)

1 SHEpProcoepKanne mikKa
E,(E)=n(E)E. )

3nech I(E ) — CpEeHMI IPOEKTUBHBIN MPO-
Ger n m(E) — A01s QOHOHHBIX IIOTEPH UOHA,

BBIYHCIIIEMEIE ¢ ucnoab3oBanueM SRIM2000,
R, (t) — paauyc «chepsl pa3MbIBAaHUS TOUEY-
HOTO TEIJIOBOTO MCTOYHHUKA 3a Bpems ¢. LlenTp
HTII nexut Ha cepeiiHe CPEAHEro MPOCKTUB-
HOTO npoOera noxa / [6].

AHaM3 TeOMETPUIECKUX XapaKTEPUCTHK Kac-
KaJI0B BO30YKJICHHBIX aTOMOB, MTOPOXKIaEMbIX
HMOHOM MPU Pa3IUYHBIX SHEPIrUsAX U yriiax na-
JICHUs, TIO3BOJISIET CAENATh BBIBOJI, YTO PaIAyC
HTII ciaGo 3aBUCHUT OT yryia MajieHus o, TOraa
kak nosnioxkenre HTII oTHOCUTENBHO TpaHULIbI
onpenensiercs nopoporom HTII Ha yrom o otHO-
CHUTEJIbHO TOYKH BJIETa MOHA B MJIOCKOCTH, 3a-
JTaBaeMOi HOPMaJIbl0 K OBEPXHOCTH MUIIEHU
Y BEKTOPOM CKOPOCTH MOHA (CM. puc. 1).

[Tpu npon3BONIBHOM yIVIE MAJIeHUs o 00beM
HTII onpenensercs BeIpaXeHUEM:

3

V(t,E,oc)=§n

;c Lf)(l—cosa)+RT ()] x

x l(E)[1+%cosaj+2RT(t) : (3)

MOoXHO TOKa3aTh, YTO MPU YBEIHYCHUH
a ot 0° 10 90° 00BEM nHKa MOHOTOHHO YMEHb-
maercs. [Ipu HopmanbHOM mageHun o = 0°
BeIpakeHue (3) cOBIajaeT C BhIPaXKCHUEM,
MIPUBEJEHHBIM B [4—6].

Dueproconepxanue nka E , (E, o) onpese-

JsIeTCs BhIpakeHUEM (2) U, Kak 1 00beM ITHKa,
Tenepb 3aBUCHT OT yria o. PyHKIHHU
I(E) 1 BBIMHCISIIOTCS C HOMOLIBIO [IPOIPaMM-

goro nakera SRIM2000.

BAKYYM
MUWIWEHDb

Puc. 1. Cxema tpancopmarim HTIT npu n3meneHnn yria
TIaJICHUsI HOHA

Beiuucnennsie QyHKIHU V(t,E,OL)
uk, (E,Oc) MO3BOJISIIOT ONPENCIIUTH CPEIHIOIO

temneparypy HTII npu HaknoHHOM najgeHuun
ITy4Ka HOHOB

E,(E,0)
T(t,E,T,0)=—2"""_+T (4
A T
rne p, Cu To — IJIOTHOCTH, yJ€JIbHAsA Te-

MJIOEMKOCTh M TeMIlepaTypa OCaXICHUs
MOKPBITUSA, COOTBETCTBEHHO. OTMETHUM,
YTO MPU TEeMIepaTypax BbIIIE KOMHATHBIX
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MOXXHO HE YYUTHIBATh 3aBUCHUMOCTD TEIJIOEM-

koctu C OT TeMIeparypsbl, IPUHUMAs €€ paBHOU

€€ BBICOKOTEMIIEpaTypHOMY Tpeey.
[TonyyeHHBIE 3HaAYCHUS V(t,E,oc)

u T(t,E,T,,0.) UCTIONB30BAIHCH IS pacuéra

CKOPOCTH PENIaKCAIlNH BHYTPEHHUX HaIpsKe-
HUH B NMOKPBLITHH, ONpeAeIseMoil YuCIOM
TepMOﬁKTHBHpOBaHHIﬂX HepeXOIIOB
w(E,u,T,,o) B HTII noua:

¢

W(E, T, oc) = novj vV (t,E, oc)e_kBT(”E’T"’“) dt,(5)

0

u

e k, — nmocrosunas bonbumana, n, — KOH-
HEeHTpalusi aTOMOB MHUIIEHU, V — 4YacTOTa
xonebanunii aroma, T, — Bpems xusnn HTII,
U — DHEPTUs aKTUBAIMU TPOIIECCa MUTPAITIT
nedexra.

BuyTpenHnue HanpskeHUs GOPMUPYIOT-
cs B pe3ynbrare oOpa3zoBaHus 1e()EKTOB MPHU
UMIUTAaHTAI[UU MOHOB U pellakcallii HampshKe-
Huil B xoze murpauuu aedexros B HTII nonos
[3, 8]. [lna ompeneneHuss BHYTPEHHUX Ha-
NPSKEHUM, BOSHUKAIOUIUX B MOKPBITUSIX TPU
HaKJIOHHOM MaJICHUU My4yKa HOHOB, HEO0XO0-
JUMO BBIYUCIUTH 00BEMHYIO JAedOpMaIUIo
mutieHu. [Ipu BeiBoe hopMysIbl 7S HAMIPsKe-
HUM TpeanonaraeM, kak u B [3, 8], nuHelHy0
3aBUCUMOCTb MEX]y 00beMHOH aedopmanu-
eil MUILIEHHN U IIIOTHOCTHIO Ne(eKTOB, 00pa-
3YIOIIUXCS B PE3yJbTaTe pacCessHUs MOHA Ha
aToMax MUIIEHU. Pe3ynprupytomas cCKopocTh,
B pacyeTe Ha €IUHUIY IUIOIIAAH, C KOTOPOil
nedeKThl BHEAPSIOTCS B MJICHKY, 3aJaeTCs
Pa3HOCTBIO MEXY CKOPOCTHIO MOSBICHUS JI€-
(heKTOB 3a CUEeT UMILIAHTAIUU HOHOB U CKOPOC-
ThIO UX YOBUIM 32 CYET TEPMOAKTUBUPOBAHHOM
MUTparuu. Beraucienus ckopocTu odpaso-
BaHHA Je(PEKTOB MPUBOIIAT K Cleayoulei
dbopmyrne it pacdeTa BHYTPEHHHUX HAIPSIKe-
HUW G B TIOKPBITUSIX, OCAKIAEMBIX U3 HAKIIOH-
HOTO MOTOKAa Pa3HO3apPSTHBIX HOHOB B PEXKUMaX
MOCTOSSHHOTO M MMIYJbCHOTO MOTEHIMAaNa
CMEIIEHUS:

o(U,a)=4

E ﬁpZXiQ(i(U+Uj.+E0i),(x)+(l—ftp)zilxi§(i(U1+Uf+E0i),oc)

3necy E, u I — w™Moaynp lOHTra
u ko3 dunment [lyaccona marepuana MUIIICHH,
!, — JUIATEIBHOCTH MPSAMOYTOIEHOIO HMITYIIb-
ca moTeHImana ¢ ammutyaou U, f— dacTto-
Ta CIeI0BaHUs UMIYIbCOB, U — IJIaBAIOIIMI
norenuuan, U, — noTeHuanl, nojaBacMbli Ha
TIOJITIOXKKY MEXKLy UMITyJIbCaMHU, ), M £ — nons
HMOHOB C 3apsaoM i (B eIMHUIAX 3apsiaa Mpo-
TOHA) ¥ HayaJIbHAsI SHEPTUS UOHA B pacyeTe Ha
€IUHUILY 3apsiia, COOTBETCTBEHHO. CyMMHPO-
BaHUE MPOBOAUTCS IO 71 3aPSITOBBIM COCTOSI-
HUSIM UOHOB (Kak npasuio, n < 5). ®yHKuu
§(E,a) 1 w(E,T,,0), onpenensiomue mpo-
1ecc oOpazoBanus 1e(PEKTOB U UX MHUTPAIUU,
COOTBETCTBEHHO, TCMEPh SBISIOTCS TaKXKeE
GbyHKIMSIMH yriia rmajaeHus HoHoB o. [Tapamerp
A ¥ 3HaueHHE dHEepPTUU aKTUBAIUU MUTpa-
U Ae(PEeKTOB u OMPENENISIOTCS U3 CpaBHE-
HUSI TEOPETUUYECKOM 3aBUCUMOCTH C JTAaHHBIMU
IKCTIEPUMEHTA MIPU HOPMATHHOM IaIeHUH HOHOB
o = 0. ®opmyna (6) onuchIBAET BHYTPEHHHE
HaIpsOKEHUs, BOSHUKAIOIINE B MOKPBITUAX
MPU OCAXKJICHUU OJJHOKOMIIOHEHTHOTO My4Ka
pa3HO3apsHKCHHBIX HOHOB B PEKMMAaX Kak T0-
CTOSSHHOTO (ftp zl) , TaK U UMITYyJIbCHOTO
Jt, <1 TmoTeHuMana Ha MOJJIOKKE.

Temneparypa ocaxnenus T, 3aBUcsAIIAsA KaK
OT DHEPTUU MUOHOB, TaK U OT yIJIa MMaJICHHsI, 3a-
JIaeTCS COOTHOIICHHUEM:

Q(U,oc):ﬂ)ﬁujcosax

x{(l—ﬁp)zm (U.+U, +Em.)+ﬁp2ix[ (U+U, +E, )}

(7)
rie T, — TeMreparypa HeoOIy4aeMOoM MOI0K-
KH, ] — TUIOTHOCTh TTOTOKA OCaXIaeMbIX HOHOB,
L — TIOJITOHOYHBIH MapameTp, BBIOUpaeMblil U3
YCJIOBHSI PABEHCTBA TEMIICPATYPHI OCaAXKICHUS
AKCIIEPUMEHTAJIBHO HAOII0aeMOM BETMUHUHE.

®dopmyna (6) mo3Bonuia, B paMKax MOJIETH
HTII, 00bscHUTD psiJ 3aKOHOMEPHOCTEN, Ha-
omonaronuxcs npu ocaxkaenun DLC u TiN
MOKPBITUIA B PEXKUME TOCTOSHHOTO U UMITYJIb-
CHOTO TOTEHITAJa IPH HOPMAIBHOM MaJICHUU

(©)

=T fi, Sow(i(U+U, +E, ) 0)+ (1= f1, ) Saw(i (U, +U, +E, ). at)

KDIIT XKDUIT JSPE, 2016, 1. 1, Ne 4, vol. 1, No. 4

341



BIIHAHUE YITIA ITA/IEHUA I1YYKA HOHOB HA BHYTPEHHHUE HAIIPSKEHHA B OCAK/JAEMOM I1IOKPBITHH

MOHOB Ha OCAXJaeMyI0 MOBEPXHOCTh [4—6].
B T0 %€ Bpems ucronb30BaHUE (BO BCSIKOM CIIy-
yae, B IPEKHEM BHUJIE) ITOU (OPMYJIBI JIJIs OTIH-
CaHMs BHYTPEHHUX HAIIPSKEHU, BOSHUKAIOIINX
B OCaX/1a€MOM IOKPBITUM IIPU CKOJB3SIIEM
MaJIeCHUU UOHOB, JJAET PE3yJIbTaThl, KOTOPbIE
HE COINIACylOTCs KaK C dKCIEPUMEHTAIbHBIMU
JaHHBIMU, TaK U C pe3yJbTaTaMUu MOJEIH-
pOBaHMUS METOAAMU MOJEKYJISIPHOW NUHAa-
muku. Tak, pacuer mo ¢opmyne (6) maer
YBEJIMYEHNE BHYTPEHHUX HANPSKEHUI BO BCEM
Jara3one SHepruil HoHoB Ti, MCTIOIB3yeMbIX
npu ocaxaeHUH TiN MOKPBITUS BOIIPEKU TOMY,
YTO MOBBIIICHHE TEMIIEPATYPhI B MUKAaX HOHOB
IIPU CKOJB3SILIEM MaJACHUU JOJKHO NPUBO-
JIUTh K YCKOPEHHUIO MUTpanuu J1e(heKToB, TO
€CTh K BO3PacTaHUI0 (PYyHKIIHHU W(E,T;),OL)
U YMEHBIICHUIO HanpsbkeHui. [lpuunna yBe-
JUYEHUS HaNpPSKEHUN COCTOUT B TOM, YTO
IIPU CKOJIB3SIIEM MaJE€HUU 3aMETHO BO3-
pacTtaeT 4yuciao A€PEKTOB, 3aJaBaeMbIX
dbyHKIIHIEH C(E ,a), YTO C U30BITKOM KOMIIEH-
CUpYyeT TeMIepaTypHbIi 3 PEeKT CHUKEHUS
HaNpsKEHUH. B IpOTHBONIONIOKHOCTD 3TOMY,
B [1] moka3zaHno, uto npu ocaxaenuu DLC
MOKPBITHUSA O] CKOJIB3ALIMMHU YITIaMU (oc ~ 7/ 2)
B MIOKPBITUU YMEHBIIACTCS J0JS Sp -CBs3ei,
YTO KOCBEHHO CBHUJIETEIHCTBYET 00 YMEHb-
LIIEHUU BEJIMYMHBI BHYTPEHHUX HAMPSKEHUN
cxxatus [4]. Takoil BRIBOJ MOATBEPKAACTCS
pe3yipTaraMu MOJAEIUPOBaHUsA [2], cOmIacHO
KOTOPBIM BHYTPEHHEE HANPSIKEHHUE B OCAXK-
naemoM DLC mokpelTuu cHUXaeTcs mpu U3-
MeHeHuu o ot 0 10 /4. DKCIepUMEeHTaIbHbIE
HCCIIEI0BAHUS 3aBUCUMOCTHU BEJINUYNHBI BHY-
TPEHHUX HanpsyKeHui B MOKpbITHH TiN, ocax-
naemom B DC-pexxume, Takke MOATBEPKIAIOT
YMEHBIIEHUE HANpPsSKEHUN NMpPU pOCTE yrIia
MaJIeHus], TOT/1a KaK pe3yJibTaThl, Kacaroluecs
MMIYJIbCHOTO PEXUMa OCaXKJEHUs, HE CTOJIb
OJTHO3HA4HBbI [9].

OnucaHHO€ pacXxoXJeHUE TEOPUM U K-
CIIEpUMEHTA MOKHO OOBSCHUTH €CJIU BHECTHU
omnpeJieJIeHHbIe KOPPEKTUBHl B (DYHKIIUIO
£(E, o), 3a1ar0111y1o 4uciIo CTabHIbHBIX Aedek-
TOB, CO3/1aBa€MbIX B OCHOBHOM NEPBUYHBIM

MOHOM. [l 3TOro He00XOAUMO y4ECTh, UTO
4acTb Je(PEKTOB (MEXKI0Y3IIHil) C(E ) OL) , CO3/1a-
IOMINX JOJITOBPEMEHHYIO /1e(hOpMAaIIHIO, yIas-
I0TCSl U3 MaTepualla MUUIEHU B PE3yJIbTaTe
pacnbuieHus. [lycts obmee yucino nedexros,
CO3/1aBa€MbIX KaK INEPBUYHBIM HOHOM, TakK
Y BCEMH BTOPUYHBIMU HOHAMH, 3aaeTcs PyHK-
et G, (E , OL), a o0I1ee YMCII0 PaCcTIbUICHHBIX

atomos — dyukuueit v, (E,a). O6e >t
dynkunn, tak xe kak 1 Qynkuns ((E,a),

MOTYT OBITh ITOJYYEHBI C UCIOJIb30BAHUEM IPO-
rpamMmHoro nakera SRIM2000. ITockonbky
pacHblISIIOTCS TOJBKO aTOMBI M3 4HCJA

C oot (E ,0L), TO 4aCTh PACIILLIEHHBIX CTAOUITBHBIX

ne(EeKTOB 3a4aeTCs BEIpaKEHUEM

C(E,a)
y(E,a)=ky,  (E,o)————, (8)
( ) l ( ) Ctotal (E,O()
rae k ~ 1 — HeompeaeleHHBIH apamerp,

B JAJIbHEHUIINX pacyeTax MPUHUMAEMbIN PaBHBIM
enuHuIEe. B pesynbrare uncio crabuIbHbIX Ae-
(eKTOB, HE yIaNeHHBIX U3 MaTepHaja B pe3yib-
Tare pacHblUICHUs, 3a/1a€TCs BBIPAKEHUEM

C(E,0)=((E,0)-AL(E,0)=
VYu(E.0)
Cout (E-01)

KOTOPOE JTOJIKHO OBITH MOICTABIIEHO B (6) BMEC-
TO pyHKIIUU Q(E, a).

=¢(E,a)|1 (9)

Taxum oOpaszom, mpeanonaraeTcs, 4To Je-
dbopmarus MaTepuana Ipu HOHHOM 6ombap -
POBKE OIpeeseTcs MIOTHOCThIO Je(hEeKTOB,
MOPOXAACMBIX IMEPBUYHLIM HOHOM 3a BbIYCTOM
TEX U3 HUX, KOTOPBIC YAAISIOTCS B MPOIECCce
MOHHOTO pacHblIEHUs MaTepualia MOKPBITUSA.
C yueToM CcKa3aHHOTO MOIU(PUIHPOBAHHAS
dbopMya Juist pacueTa BHyTPEHHHUX HAPSHKSHHUN
B 0CaX/1a€MOM TOKPBITUU MIPHU MPOU3BOIHLHOM
yIJIe aJIeHUs 0. OCAXKIAEMBIX HOHOB ITpHOOpe-
TaeT BUJI:

o(U,0)=

E ﬁpIZX[C*(i(U+Uf)+Eo,oc)+(1—ﬁp)lZXi§*(iUf+E0,oc)

=11+ fr, Sy ow(i(U+U, )+ By )+ (1= f1, ) Saw(iU, +E,.0)

(10)
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PE3VJIBTATBI U UX OBCYKIAEHUE

Bripaxxenue (10) no3BossieT onpeaenuTs 3Ha-
YeHHWE BHYTPEHHErO HANPSDOKEHUsS CHKATHS
G B ITOKPBITUSX, OCAXKIAEMBIX U3 IOTOKa HOHOB
B peKUMaxX MOCTOSHHOTO U UMITYJIbCHOTO IO-
TEHIMAJIO0B. PacueT BHYTPEHHUX HANPSKECHUN
B TiN MOKPBITHHM MPOBOIUIICS C UCTIOIB30BaHMU-
eM (opmyns (19) mpu clieayrOmUX 3HAYSHUIX
napametpoB: u = (0,54 3B, Uf.: 20B, E, = 805B,
1=5 MK, f=24xI'y, T, = 300 K. [TapameTpsI
HTII nonos Ti B marepuasie nokpoitTus TiN,
HEO0OXOOUMBbIE JJ BBIYUCICHUS (YyHKIHUN
£ (E) n w(E), onpeaensincs ¢ UCIoNb30Ba-

HueM nporpammuoro nakera SRIM2000. [pu
pacuérax Taxke npuHuMaioch W = 0,254 K/B,
YTO COOTBETCTBOBAJIO CPENHEN TEMIIEpaType
ocaxzenus 7, =411 K B pexumMe UMITyJIbCHOTO

MOTEHLMANA ¥ [P HOPMAJIBHOM MaJCHUH OCaXK-
JTaeMOro ITy4YKa Ha OBEPXHOCTb MOKPBITUS. 3HA-
YEHHs MapameTpoB y, u E . nns monos Ti
Opanuchk u3 monorpaduu [10].

Ha puc. 2 npencraBineH BuI QyHKIHU

'Y(Eﬂ (X.) = \Ijtotal (E,(X)/C_,mml (E’ (X) AT Cﬂyqafl

nonos Ti, 6ombapaupyronmx Mumiens TiN, s
JBYX 3HaueHu# yra najgeHus o = 0 u a = 80°.
Pacuer gynxuuit ¢,C MPOBOJMIICS C IO-

Mmortisio SRIM2000.

Kak BuHO U3 puc. 2, OTHOCUTEILHOE YMEHb-
IIEHHE KOJIMYECTBA JJOJITOKUBYIIUX 1€(PEKTOB
3a CUET MX PaCIbUICHUS B CIy4Yae HOPMaIbHOIO
M1aJICHUs] UOHA CPABHUTEJILHO HEBEIUKO U MEJI-
nenHo meunsercsa oT 0,4 go 0,2 B auama3oHe
sHepruit nona or 0,2 no 2,5 k3B. [{ns kaue-
CTBEHHOT'0 aHAJIN3a MOKHO 3aMEHUTH (PYHKIUIO
y(E , O) KOHCTaHTOM y ~ (,3. B npunsaTOoM npu-
OJV>KEHUU YUET paclbUICHUs IPU HOPMAIbHOM
MaJICHUU Majo U3MEHseT (popMy KpUBOM Hamps-
KEHUHN & ( E), IIPUBOJIS JINIIb K IEPEHOPMUPOB-
K€ MOJrOHOYHOI0 NMapaMeTpa A B BhIPAXKEHUU
(10). Takum oOpa3omM, MOJYUYECHHBIE paHEe
PE3YNBTaThl PaCu€TOB BHYTPEHHUX HAIPSKEHUN
B TiN MOKpBITHH MPU HOPMAJIBHOM NaJCHUU
OCa)KJJaeMOoro myyka HoHOB Ti, B KOTOPBIX HE
YUHUTHIBAJIOCH PACTIBIIIEHUE, KAUECTBEHHO IIpa-
BUJIBHO OITMCHIBAIOT BO3HUKAIOIINE HAPSHKEHUS
Y HYXKJAIOTCS JIMIIb B HEOOIBIION KOPPEKIIHH.

Ponp pacnpuieHust pe3ko Bo3pacTaeT npu
Oonpmnx yriaax naaeHus. Kak BupHo u3

total > \‘Vtotal

puc. 2, npu yrie najaeHus uona o = 80° uncio
pacnblIeHHBIX Ae()EeKTOB yBEIUUYUBACTCS
B ~3 pasa, 4TO JOJDKHO CYIICCTBCHHO IIOHU3UTH
YPOBCHb BHYTPCHHUX HANPSKCHUH B TOKPHITHN
TiN, ocaxxmaemoM U3 mydka HOHOB Ti.

Y
0,8 -
a=80°
0,6
0,4
a=0°
0,2
| |
0 1

E xaB

Puc. 2. Oynkmus y(E, o) 118 qByX pa3mTudHBIX 3HAYCHUH
yIila aJIeHusl HoHa

Ha puc. 3 npencraBiieHbl pe3yiabTaThl pac-
YeTOB BHYTPEHHUX HANPSDKEHUH B MMOKPBITUU
TiN, ocaxmaeMoM H3 HOTOKa WOHOB Ti
IpU pa3IMYHbIX YIJIax MaJeHUs UOHOB.
W3 pucyHka ciienyer, 4To HalpsoKeHUs Mpu
KOCOM MaJICHUH MOTYT OBITh KaK MEHBIIE, TaK
1 OosiblIe HAMPSIKEHHUH, BO3HUKAIOUIUX MPU
HOPMaJbHOM MaJICHUU OCAXKJAaeMbIX HOHOB,
B 3aBUCHMOCTHU OT BEJIWYUHBI UMITYJIILCHOTO
noTeHuuana. bonee Toro, HaNmpsHKEHUS U3Me-
HSIOTCSI HEMOHOTOHHO MPH YBEJIMYECHHUH yTIia
nazeHus. B vactHocTH, Kak BUAHO U3 pHC. 3,
HamnpsHKeHUs, BOSHUKAIOIINE MPU yIJie maje-
HUA o = 80° mpeBBIIAIOT HANPSKEHUS NpU
o= 60° 1 Ipu JTFOOBIX 3HAYCHHUSAX UMITYIIBCHOTO
noreHiuana u3 uarepsaia 0-2,5 kB. 9to eme
pa3 MogYepKUBAET, YTO JJIs ONTUMAIBHOIO
BbIOOpA MapaMeTpoB Ipolecca OCaKACHUS —
UMITYJIbCHOTO MOTEHLHaNa, JIUTEIbHOCTH
U 4acCTOTHI UMITYJIbCOB, TEMIEPATYPhl OCaX-
JICHUs, yTIia TaJeHUsl HOHOB — HE0OX0AMMO
nMeTh (pu3ndeckn 000CHOBAHHYIO TEOPHUIO
BO3HUKHOBEHHSI BHYTPEHHUX HaNpsKEHUN
B OCaX/Ia€MOM HOKPBITHH, YUYHTHIBAIOUIYIO
BCE OCOOEHHOCTH IMPOIIecca OCAXKICHUS U MO-
3BOJIAIONIYIO JIeN1aTh KOJIMYECTBEHHbIE Mpej-
ckazaHus. K coxaleHHWI0, MOYTH TOJHOE
OTCYTCTBHE IKCIIEPUMEHTAJbHBIX JAHHBIX 10
BHYTPEHHHUM HaINpPSIKEHUSIM B OCaXJIaeMBbIX
MOKPBITHSAX MPHU CKONB3AMINX yIiaxX MageHus
MOHOB HE MO3BOJISIET B JOCTAaTOYHOW Mepe
NPOBEPUTH MPABUIBHOCTh TEOPETUUYECKUX
MIpEACKa3aHUM.
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Ti'—TiN

10

4 —80°
| |
0 1 2

U, kB
Puc. 3. BHyTpeHHre HanpspkeHns B TOKPBITHH TiN, ocax-
JTAeMOM ¥3 TIOTOKA MOHOB Ti B MIMITYIIbCHOM PEXUME TIPH
yrax magerus o = 0°, 45°, 60°, 80° (xpuBbre 1-4, cooTBeT-
CTBEHHO)

BbIBO/IbI

1. [Ipoananu3zupoBaHa BO3MOXXHOCTh HC-
nonb3oBanus Moaeau HTII niusg onucanus
BHYTPEHHUX HANPS)KEHUH B MOKPBITUU MPU
IJIA3MEHHO-MOHHOM OCaXKJCHUU B CIIy4ae Ipo-
M3BOJIBHOTO yIvia MaJIeHHs O [I0TOKa MOHOB Ha
ocaxkaaeMoe nokpbiTue. OnpenesneHsl reome-
TPUUYECKHUE TTapaMETPhI U IHEPTOCOACPKAHNE
HTII noHoB, a Take TeMiepaTrypa ocaxie-
HUSI IPU [IPOU3BOJILHOM YIJI€ MMAJIeHUs MOTOKA
pa3HO3apsIIHBIX HOHOB.

2. BrickazaHo npennonoxeHue, 9ro aedop-
Malus MaTepualia npu MOHHOU OGomOapau-
POBKE ONpeAesieTCs MIIOTHOCTRIO IeEKTOB,
MOPOXKAAEMBIX IEPBUYHBIM HOHOM 33 BBIYETOM
TeX 1ePEeKTOB, KOTOPbhIE YAAISFOTCS B IPOIECCE
HMOHHOTO pacnbuieHust Matepuaina. [lomydeno
MPUOIMKEHHOE BhIpAXKEHHE JJIs ONpeieNeHuUs
CKopocTH JiehopMaIiiy MaTeprasa npu HOHHON
O6oMOapaupoBKe, C UCMOJIB30BAHUEM KOTOPOTO
BBIBOIUTCS (hopMyJIa /ISl pacyeTa BHYTPEHHHUX
HaIpPsKEHUI B TOKPBITUU MPU MPOU3BOIBHOM
yIJIe MMaJICHUsI TIOTOKA Pa3HO3aPSAHBIX HOHOB.

3. C moMoIpio moJy4eHHONU (POpPMYJIBI IPO-
BeJleH pacueT HanpspkeHud B TiN MOKpeITHH,
OCaXKJIaeMOM M3 MOTOKAa HOHOB Ti B pexume
MMITYJIbCHOT'O MOTEHIHAJIa PU pa3IndHbIX
yIiiax najeHusl MOHOB. PacueT mokasbIBaeT, 4To
HaNpsDKEHUS MU yIiax najaeHus o > 0° Moryr
OBITH KaK MEHbIIIE, TaK U OOJbIle HAMpsIKe-
HMI, BO3HUKAIOIIKNX P HOPMAJIbHOM Maje-
HHUHU OCAXJIAE€MBIX HOHOB, B 3aBUCUMOCTHU OT
BEJIMYMHBI UMITYJIbCHOTO MOTEHIMAJIA. YCTaHOB-
JICHO HEMOHOTOHHOE MOBEJECHNE BHYTPEHHUX
HaIpsKEHUH C BO3pacTaHUEM YTIia MaJeHUsI.
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NCCIIEAOBAHUE I'A30PA3PATHOI'O IPOMEXKYTKA
B KAMEPAX HOHU3AITMOHHOI'O TUITA 30HAOBBIM METO1OM

X. T. Hyanames, II. C. KacbiMoB
DepeancKull NOTUMEXHUYECKUU UHCMUMYM,
Depeana, Yzbexucman
[Toctynuna B penakuumto 13.10.2016

B crarbe npuBonsTCs pesynbrarsl uecnenoBanus BAX nomynpoBonHuKoBoi (hoTorpaduyeckoi cucre-
MbI MOHU3AIIMOHHOTO THUIA IyTeM BBEICHHS METAJUIMYECKOro 30HIa B 001acTb Ta30BOrO paspsiia, He

HapyIlas ero Mpupoy.

KiroueBble cjioBa: ra30BbIil pa3psij, razopaspsaHas sueika, GOTONPUEMHHK, BOJIbBTAMIICPHAS Xa-

paKTepUCTHKA, METAJUTHICCKUI 30H .

JOCJIIKEHHSA I'A30PO3PATHOI'O ITPOMIKKY
B KAMEPAX IOHIBAIIIMHOI'O THITY 30HJIOBUM METOJI0M
X. T. ﬁynnameB, HI. C. KacbimoB
VY crarTi HAaBOAATHCS pe3ynbTaTi nociimkenHs BAX HamiBrpoBigHuKoBOi ororpadidnoi cuctemMn
10HI3aIIITHOTO THITY IIISIXOM BBEJIEHHS METAJIEBOTO 30H/1Y B 00JIaCTh TA30BOTO PO3PSY, HE MOPYIITY-

FOUU WOTO MIPUPOTY.

Ku1rouoBi ci10Ba: ra3oBuil po3psia, razopospsiina KoMmipka, ¢poTonpuiimayd, BoJbTaMIepHa XapakTe-

PUCTHUKA, METaJeBUI 30H/.

THE STUDY OF THE GAS-DISCHARGE GAP IN THE CHAMBER
IONIZATION-TYPE PROBE METHODS

Kh. T. Yuldashev, Sh. S. Kasymov
The article presents the results of experimental studies of the current-voltage characteristics of ionization
type photographic system. These characteristics have been obtained by introducing a metal probe to the

area of gas discharge, without altering its nature.

Keywords: gas discharge, gas discharge cell, optical detector, current-voltage characteristic, metallic

probe.
1. BBEAEHUE
[MonynpoBogHukoBbie ¢oTorpaduuyeckue
CHUCTEMBI U CIIEKTpalibHble IpeoOpa3oBare-
1 U300paKeHU MOHU3AIMOHHOTO THma [1,
2] HaNUIM JOCTATOYHO HIMPOKOE MPUMEHEHUE
JJ151 BBICOKOCKOPOCTHOW NMPOCTPAaHCTBEHHO-
BpeMeHHO# (oTorpaduueckoil THAarHOCTHU-
KM JIa3epHBIX WH(PAKPACHBIX H3TyueHui [3].
B Hacrosiiiee BpemMsi OHU SIBASIIOTCSI OTHUM U3
HauOosiee MepCreKTUBHBIX TUIIOB YCTPOMCTB,
COCTaBJSIOIMIUX OCHOBY HecepeOpsHOU
BBICOKOYYBCTBUTEIBHOU oTorpadun [4].

Pemrenne Takux BONPOCOB, KaK CTaOMIIN-
3anus paboThl pa3NTUYHBIX TPUOOPOB Ta30BOTO
paspsiaa [5], mpeobpazoBanue nHGPaAKPaACHOTO
W3Iy4YeHHs B BUANMOE, Iiepeaaya n300paxeHni
u 6eccepebpsiHoe pororpadupoBanue [6] U T. 10.
OCYILECTBIISIETCSL C TOMOUIBIO Ta30pa3psIAHbIX
SIYEEK C BHICOKOOMHBIM IMOIYTIPOBOJIHUKOBBIM
3JIEKTPOAOM. B 3TUX ddeilikax MCIONIb3yeTCs
Y3KUI ra3opaspsIHbli 3a30p C IIIOCKUM Me-
TAJUTMYECKUM DJIEKTPOJOM M IJIACTUHON U3

BBICOKOOMHOTO U (DOTOUYBCTBUTEIBHOTO MOTY-
MMPOBOJHMKA. B Takol cucTeMe BO3HUKAET KOHTAKT
IIOJIyIIPOBOJIHUKA C IIJIA3MOM T'a30BOTO pa3psijaa.
Hanuyue 3TOro KOHTaKTa CyleCTBEHHBIM 00-
pa3oM BIIMSET Ha CBOWCTBA Ia30BOr0 paspsiia
1 KOPEHHBIM 00pa30oM OTJIMYAET €ro OT Kjac-
CHYECKHUX 3aTPYIHEHHBIX U OapbepHBIX pa3-
psanoB. OTHO3HAYHOTO MHEHHSI O MEXaHU3ME
cTaduiIn3anuu paspsaa ¢ MoIynpoBOIHUKOBBIM
ANEKTPOIOM M (HU3UUECKOW MHTEepIpeTaun
IIPOLIECCOB B TAKOM ra3opa3psIHOU sSYEHKe He
cymectByeT. OqHako (U3NUECKHUE MPOIIECCHI,
MPOUCXOISIIINE B KOHTAKTE MOJYIIPOBOJHHUKA
U TUIA3MBI, UTPAIOT ONPEIENSIONLYIO POJb B (hop-
MHUPOBaHUU pa3psija.

B pabGore [7] uamepeHbl epBbIe NPO-
n3BoaHble BAX mogynpoBOAHUKOBOTO 30H/a,
IIOMENIEHHOTO B HEOHOBYIO T'a30pa3psaHyI0
mwia3my. Ilog aelicTBuEeM BHELIHEro U3Jiyde-
HUS IPOU3BOJHBIE XapAKTEPUCTUKHU CMEIAI0T-
Cq B CTOPOHY JIEKTPOHHOU yacTu. Bennunna
CMEIICHUSI UHTEPIPEeTUpyeTcs Kak rmyOnuHa
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MIPOHUKHOBEHUS 3JEKTPUUYECKOTO IOJS B MO-
aynpoBogHUK. [Io 3aBucuMoOCTH moTeHIMAIA
CMEILEHUs] MAKCUMYyMa MEPBOM IPOU3BOIHOMN
XapaKTEpUCTUKHU OT JIaBJICHMS Ta3za MpHU OIU-
HAKOBOM OCBEIIECHHOCTH J1aHa MHTEpIIpeTalus
CMELIEHUS XapaKTEPUCTHK.

B paGorte [8] u3mepeHbI BOJIBT-aMITEPHBIC Xa-
PaKTEPUCTUKHU IJIOCKOTO MOJIYIIPOBOAHUKOBOTO
30H/1a, IOMEIIECHHOTO B T'€JINEBYIO ra3opasps-
HYIO IU1a3My. M3y4eHo BIUsSHHME MOCTOPEHHE-
IO U3Jy4YEHHS HAa 30HJ0BYIO XapaKTEpPUCTHUKY.
OOGHapyKeHO, 4TO MOJ IEUCTBUEM U3ITYyUCHUS
BEJIMYMHA 30H0BOI0 TOKA CUJIBHO BO3PACTAET,
IJIABAIOIIMN [TOTEHIIMAJ CMEILAETCS B CTOPOHY
JJIEKTPOHHOW 4YaCTU XapaKTEpUCTUKU. Benu-
YUHA CMELIEHHUS] UHTEPIPETUPYETCS KaK IIIy-
OMHA IPOHUKHOBEHHMS T1OJIS1 B MTOTYIIPOBOIHHUK.
W3MepeHsbl Takke NepBble IPOU3BOIHBIE BOJIBT-
aMIIEPHBIX XapaKTEPUCTUK MOIYITPOBOJIHUKOBO-
ro 30oH1a. [lox neficTBUEM BHELIHETO U3ITy4YEHUS
IIPOM3BOIHBIC XaPAKTEPUCTUK TAKKE CMEILAIOTCH.

[{enpro HacTOAIIECH PabOTHI SIBISETCS MPO-
BEpKa MPAaBUIBHOCTH 3TOTO NPEATION0KEHU,
TO €CTh UCCIIEIOBAHUE PACIIPEACIICHUS ITIOTEH-
LAAJIOB B 3JIEMEHTAX CUCTEMBI U UCCIIEIOBAaHUE
BAX razopa3psiiHOro IpoMexXyTKa METOI0M
30HJ0BBIX U3MEPEHUH.

2. OKCOEPUMEHT

OCHOBHBIMH JJIEMEHTAMU MMOJIYIpOBOJAHHUKOBBIX
(dhororpaduuecKuX CUCTEM MOHU3AIMMOHHOTO
TUMA ABISIOTCA (pUC. 1a) MOTyITPOBOIHUKOBBIN

12 3 4 5

: N,

-
=

—|||+
"o

dboronpuemuuk (DPII), razopaszpsaagnas
s4eiika U perucTpupymomas cpeia. B atux
CHUCTEMaxX pPeaJu3yITCs TPU BUJIA YCUIICHUS:
1) doTodNMEKTpUUECKOE YCUIICHUE TTPHU TpE-
00pa3oBaHUU MOTOKAa POTOHOB B (POTOTOK
MOJYIIPOBOJIHUKOBOTO (OTONMPHUEMHHUKA;
2) mua3MeHHoe ycuieHue (OTOTOKa O MOIII-
HOCTHU B ra3zopas3psigHOM 3a30pe; 3) XuMHuue-
CKO€ YCHJICHHE B PETUCTPHUpPYIOUIEH cpene,
MOJIBEpraroieics Bo3AeCTBUIO ra3opa3psii-
HOW TJI1a3MBl.

[TonGop onTUMaIbHOTO PEKUMA M XOPOIIIETO
COTJIACOBAHUS ITUX AJIEMEHTOB MEXy cO00it
SIBJISIETCS OCHOBHBIM (DAKTOPOM TMOBBIICHUS
YyBCTBUTEIBHOCTU CUCTEMBI B 11eJoM. Jlo Ha-
CTOSILIET0 BPEMEHHU Ha OCHOBAHUU KOCBEHHBIX
METO/IOB UCCJIEIOBAHMS CYUTATIOCh, uTO BAX
(dhoTopUEMHUKA U CUCTEMBI COBITAAAIOT TIPU
U> Unp. OT1o0 o3Hauajno, uro BAX ra3zoBoro
paspsiza cTporo BepTUKanbHa, AupepeHn-
aJTbHOE COMPOTHUBJICHUE PA3PSAHOTO MTPOMENK-
yTKa ¢ OOJIBIION TOUHOCTHIO PABHO HYJIIO U IPU
OCBEIIIEHUHU HE MPOUCXOIUT Mepepacipeaesue-
HUE HAMPsHKEHUS B CUCTEME Ja)Ke TIPU BHICOKOM
OCBEIIEHHOCTH.

Ha nmoBepxHOCTH MOJyNnpOBOJHHUKA CO
CTOPOHBI pa3psijia HAHOCHIICS KOJIbIIEOOpa3HbIi
HUKEJIEBBI KOHTAKT (B MaJIbHEHIIEM TakK
Ha3bIBAEMBIN 30HJ) ¢ BHYTPEHHUM JHAME-
tpom 11,5 mMm. [Ipu 5TOM CMEHHBIE CITIOASHBIE
NpOKIaaKH, UMEIOIIUEe AUaMeTpPhl OTBEp-
cruii 10,0 mMm, 10,5 mm u 11,0 MM, co3gaBaiu

1. 2 3 3" 56 7
na

s N\ V)

U V)

1 2

Puc. 1a. Cxema HOHM3ALMOHHOM CUCTEMBI: | — TIPO3pavHBIN AIEKTPO, 2 — TOIYIPOBOIHUKOBEINA (hOTONPUEMHHK
3 — razopaspsiTHbIH 3a30p, 4 — PETUCTPUPYIONINHA CIIOH, 5 — TPO3pavHbIil KOHTPANNeKTpox; 16. Cxema Mmoanpuny-
POBAHHON MOHU3AIMOHHON CUCTEMBI: 6 — METAIIIMYECKUH 30H, 7 — paclpeieNeHHOe COIPOTUBICHHE
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ra30BBIN KaJTMOPOBAHHBIN 3a30p U UCKITIOYAIN
HUKEJIEBBIN 30H]] U3 HEMTOCPEICTBEHHOTO yJac-
THUS €r0 B IIpoliecce pa3psaa, TaKUM o0pas3oM,
COXPaHSJICS BUJ pa3psaa, XapaKTepHBIN IS
MOHU3ALIMOHHOMN CUCTEMBI.

[Moctenennoe npubnuxenue (B npeme-
Je 10 OECKOHEYHO MAaJioro pacCTOSHHS,
d-pa3psiIHOTO MPOMEKYTKA K METATIITUYECKO-
My KOJIbIICOOpa3HOMY 30H/IY, HAIIBIJICHHOMY Ha
noBepxHocTh PII co cTopoHbl pa3psiaa, ¢ Mo-
MOILBIO CIIOASHBIX MPOKIAJ0K C pa3IMYHbIM
JUaMEeTPOM OTBEPCTHUN, OMpENEIAI0UNX
razopaspsgHoe NpOCTPAHCTBO, SBISIETCS
O6osiee yIayHbIM, MOCKOJbKY MO3BOJSET
COXpPaHUTh MOCTOSIHCTBO pexuMa paboThl
IPU U3YUYEHUH FIECKTPOONTHUUYECKHUX Xapak-
TepucTUK cucteMbl. BAX nosepxHoctu @II
BCErga OCTaeTcs JUHEMHOW, IO3TOMY IO-
BEPXHOCTHBIK npoMexyTok DIl oT 30HAa
J0 Kpasi pa3psAAHOrO MPOMEXYyTKa U3MEHUT
nuub HakioH BAX rasoBoro paspsaa u npu
0ECKOHEUYHO MaJIOM MPUOIUKEHUU 30Ha
K pa3psay MoxkHO HaOmronate BAX, 6nuskyro
K UICTUHHOM.

Jlns yno6cTBa COMOCTAaBICHUS BOJIBT-
aMIIEPHBIX XapaKTEPUCTHK CUCTEMBI U POTO-
nprueMHHuKa Obljia BRIOpaHa cxema ¢ OJTHUM
razopaspsIHbIM IPOMEKYTKOM (B HEKOTOPBIX
BapuaHTax (GOTONMPUEMHHK MOMEIIaeTCs
MEXIy ABYMs Ta30pa3psAIHbIMU 3a30paMu).
B npoTtuBHOM ciydae moaynpoBOJHUKOBBIN
oMuuecKkuil KoHTakT PII, HEOOXOTUMBIHA IIIs
cHatust BAX nonynpoBoJHUKa, U3BMEHSET Ha-
KJIOH 3TOM XapaKTEPUCTUKH 3a CUET rallleHUs
BXOJIHOM MHTEHCUBHOCTH.

C nomoiupto aAuadparmMbl OCBeIAICs ydac-
tok @Il nuametrpom 8 MM, HAa 2 MM MEHbIIIE,
YeM HauMEHbIIUN JUAMETP OTBEPCTHUS B CIIIO-
JISTHOM TIPOKJIaJIKE. DTO TO3BOJISIET OTPAaHUYUTh
MHTEHCHUBHOCTB pa3psija Ha Kpasx 3a30pa.

N3mepenns BAX nmonynpoBoJHMKaA ra3o-
Pa3psHOTO MPOMEKYTKA CUCTEMBI IPOBOJIU-
JIUCh COTJIACHO CXEMbI, H300pakKeHHOW Ha puC.
16 npu BxomHOoM ocBemiernu J = 21072 Br/cm?,
naBiieHnu raza P = 50 MM pT. CT., TOJIIIIUHE 3a-
30pa 40 MKM Ha pa3HbIX ynaneHusx (750 Mxm,
500 mMxMm, 250 MKM) Kpasi 30H7a OT TEMHOBOTO
KOJIbIIEOOPa3HOT0 y4yacTKa ra3oBoro paspsia
mupuHoit 1 Mmm. [Tpu Bcex u3aMepeHusax KOHTp-
onupoBaniack BAX a1t cucteMbl, OHAa IPAKTHU-
YECKHU HE U3MEHSJIACh.

3. OKCIIEPUMEHTAJIBHBIE
PE3VYJIBTATBI

Ha puc. 2 npuBeneHsl cieayouue xapak-
tepuctuku: 1 — BAX cucrtewmsr; 2, 3, 4 —
MMOTCHIIMAJBI 30Ha B 3aBUCHMOCTH OT TOKa

CHCTEMBI, COOTBETCTBCHHO 11 d = 750 MKM,
500 mkmMm, 250 mxMm; 5 — BAX ®II.

5 432 1
7004

5001

I, MKA

3001

1004

0 200 400 600
uB

Puc. 2. BomsramnepHas xapakTepucTika:l — cucrema,
2, 3,4 — razoBoro paspsna, 5 — (oTonprueMHIKa

Ha puc. 3 mokazansl nepecTpoeHHbIC U3
rpadukoB 2, 3, 4 mpeabIAyIIero pucyHka 3a-
BHCUMOCTH MOTEHIIMAJA 30Haa OT d s Tpex
3HauyeHU Toka cucteMsl: (I — 7 = 0,7 MA,
2—1=0,5mA,3—171=0,3 MA).

4

500 ~ 1
| e’
3
@ 300+
)
100 4
1 1 1
0 250 500 750

d, MKM

Puc. 3. 3aBucHMMOCTb MOTEHIMANA 30HIa OT PACCTOSIHUA 10
Pas3psIHOTO MPOMEXKYTKA IPH TOKe cUcTeMbl: | — 700 MKA;
2 — 500 MKA; 3 — 300 MKA

ComocraBinenne BAX cucTeMbl B 1IeJ0M,
dboTonpUeMHHUKA U Pa3psIHOTO MPOMEKYT-
Ka (puc. 2) yka3bIlBaeT Ha TO, YTO MPH TOKAX
1> 150 MKA Bce XxapakTepucTUKu (OTOINPH-
€MHHKa U CUCTEMBI IPAKTUYECKHU COBIIA/IALOT,
HakJIoH BAX paspsiia ¢ ymeHbleHueM d cTpe-
MHTCS K BEPTUKAJIBLHOCTHU (pUC. 2), a KPUBBIE
IIEpeCEeKaloT 0Ch HanpskeHuil B Touke 340 B
(puc. 3), 4TO COBMAAET C HANPSHKEHUEM IIPO-
0051 Ta3za (ISl JTAHHOTO CTydast UHp OTpeeIsIeT-
csl Toukol nepeceuenust BAX cuctemel ¢ ocbro
HanpsokeHul (puc. 2, kpusas 1).
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Crnenyer OTMETUTD, YTO B MOHU3AIIMOHHBIX
CHCTEMax B KaueCTBE KOHTPAJIEKTPOAA OOBIYHO
UCTIOJIb3YETCs MPO3PAaYHbIN 3JEKTPOJL B BUJE
CTEKJIa ¢ NpoBOAIUM ciioeM SnO,, KOTOPBIH
uMeeT 00BIYHO TTOBEPXHOCTHOE YIEIBHOE CO-
npotusienue nopsaaka 100-400 Om X cwm.

HesnauurtenbHOe HECOBIIAIEHUE HAKIOHOB
BAX ¢oronpueMHHKa U CUCTEMBI, a TaKXKe
orkiaoHenue BAX razosoro paspsana (puc. 2)
OT BEpPTUKAIbHOCTU OOBSICHSETCS, IO BCEHl
BUAUMOCTH, SKPAaHUPOBAHUEM ITOTOKA DJIEK-
TpoHoB [Ipu Mcnonb30BaHUU B KauecTBE
KOHTPOJIEKTPOJa METAJIUUYeCKUX MIACTHH,
Hanpumep, Cu, Ta, Al u ap. BAX cucremsl
cTporo coBmnajaet ¢ HakinoHoM BAX ®II.

AHanu3upys 3TH pe3yJbTaTbl, MOXHO
KOHCTAaTUPOBATh, YTO MPUOIMKEHUEM 30H]1a
K Kparo paspsiia MOKHO OINPEAEIUTh 3HaUYE€HUE
NPOOMBHOIO HaNpsLKeHUs U, JUIs TaHHBIX 11a-
PaMeTpPOB pa3psIAHOTO MPOMEXKYTKA, KOTOPOE
ocTaercs NocTossHHbIM. CienyeT OTMETHUTD,
YTO IPHU U3MEHEHUH BXOJHOI OCBEIIEHHOCTH
Hakja0HBl BAX razopaspsaHoro npomexyTka
HE U3MCHAIOTCA, T. €. 3HaueHue U —ocraercs
noctosiHHbIM. KpyTuzna BAX cuctemsl B 1o-
CJIETIPOOOHHOM 00JIACTH YBEINYUBAETCS C POC-
TOM UHTE€HCHUBHOCTH OCBEILEHHUS.

3AK/TIOYEHHUE

[ToxpIToKMBast MOTyYEHHBIE PE3YIBTAThL, MOXKHO
3aKJIFOYUTh, YTO MOJTYTIPOBOTHUKOBBIN AIEKTPOT
OCYIIIECTBISIET OJHOBPEMEHHO ABE (PYHKIIUH:
JIOKAJIbHO YIPaBISIET MJIOTHOCTHIO TOKA Ta30-
Pa3psIHOTO MPOMEXKYTKA U MOAABISICT HEXea-
TENBHYIO JJIs1 Pa0OThI CUCTEMBI HEYCTOMUUBOCTh
OJTHOPOJTHOTO pacrpezesieHus Toka. Juama3zon
HaOII0AaEMBIX TOKOB U BEPTUKAIBHOCTh BAX
ra3opas3psIHOTO MPOMEKYTKa YKa3bIBalOT Ha
TOT (haKT, 4TO paboTa CUCTEM OCYIIECTBISIETCS
B 00JIACTH HOPMAJIBHOTO TJICIOIIETO pa3psija.
OpnHako, Kak yXKe yKa3blBalOCh, XapaKTepHOE
JJIs TOW CTaJuU pas3psijia MHYPOBAaHUE TOKA
B HaIlleM CJTy4ae OTCYTCTBYET.
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FORMATION STAGES OF PULSED DISCHARGE IN OXYGEN AND CARBON
TETRAFLUORIDE
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YW N. Karazin Kharkiv National University, Kharkiv, Ukraine,
Scientific Center of Physical Technologies, Kharkiv, Ukraine,
3Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, Universidade de Lisboa,
Lisbon, Portugal
Received 30.12.2016

This paper reports the current and voltage oscilloscope waveforms of a pulsed discharge measured in
a broad range of frequencies (from 20 to 300 kHz) and duty cycle from 0.15 to 0.85 for two values of
oxygen and carbon tetrafluoride pressure values of 0.1 and 1 Torr. Current oscilloscope waveforms
of the glow pulsed discharge have been found to possess a plasma phase and an afterglow phase. The
following stages of the plasma phase have been observed: 1. The capacitive current pulse of about
0.5—1 ps in duration; 2. The current growth stage the duration of which depends on the gas species,
the plasma phase duration and the pressure; 3. The plateau (remarkably pronounced only for carbon
tetrafluoride and absent for other gases); 4. The current decrease of tens microseconds in duration
down to the level corresponding to that of the direct voltage discharge.

Keywords: pulse discharge, current and voltage oscilloscope waveforms, discharge formation,
plasma phase, afterglow.

ITAIIbI ®OPMUPOBAHUS UMITYJIbCHOT'O PA3PSIJIA B KUCJIOPOJE U CF,
B. A. JIucoBckuii, I1. A. Oriodauna, C. B. lynun, B. /I. Eropenkos,
A. H. /laxos, B. U. ®apenuk

B nannoil pabdoTte ObLIM M3MEPEHbI OCHMWIIIOIPAMMBI TOKa M HANpsDKEHUS UMIYIBCHOTO paspsiia
B IIMPOKOM juarna3zoHe 4actoT (ot 20 mo 300 x['m), koadduimentos 3amonueHust ot 15 10 85 %,
nnis iByx 3Havenni nasienuii 0,1 u 1 Topp kucnopona u CF,. Bbuio nosmy4eno, 4To 0CHuIOrpam-
MBI TOKa TJICIOLIETO UMITYJBCHOTO pa3psaa UMEIoT TuiasMeHHyo a3y u ¢asy nociecseuenus. Ha-
OJromaych CIeayIoUIre STanbl IIa3MeHHOW ¢asbl: 1. MITynbe eMKOCTHOTO TOKa JUTUTEIHLHOCTHIO
npuMepHo 0,5—1 Mkc; 2. DT1am pocTa TOKa, JIUTEILHOCTh KOTOPOro 3aBHCeNa OT copTa rasa, JAJIu-
TEJILHOCTH TUIa3MeHHOH (aspl u nasnenus; 3. [lnaro (3ameTHo BhIpaxkennoe muib s CF, u or-
CYTCTBYIOIIIEE B KUCIIOPOJiE); 4. YMEHBIIEHHE TOKa, JJUBIIEECS ECATKH MUKPOCEKYH/, 10 YPOBHS,
COOTBETCTBYIOIIETO Pa3psAy C MOCTOSHHBIM HaMpsKEHUEM.

KioueBble ci0Ba: UMIYIbCHBIN pa3psj], OCHUIUIOTPAMMBI TOKa M HANPsKCHUS, (POPMUPOBAHKE
paspsija, a3MeHHas Qasa, MociecBeYeHHE.

ETAIIX ®OPMYBAHHS IMITYJIbCHOT'O PO3PSITY B KUCHI I CF,
B. O. JlicoBcbkmid, I1. O. Ornno6aina, C. B. Ayain, B. /I. €Eropenkos,
O. M. 1axos, B. I. ®apenik

VY it poOoti Oy BUMIpsSIHI OCIMIIOTPAaMH CTPYMY 1 HANPYTH IMIYJILCHOTO PO3PsAY B IIHPOKO-
My miana3osi gactoT (Big 20 mo 300 xI'm), xoedimienTiB 3amoBHeHHA Bix 15 mo 85 %, amsa nBox
snagenb TUCKy 0,1 i 1 Topp xuchio i CF,. Byno orpumano, mo ocuunorpamu CTpymy TIHHOYOTO
IMIYJIECHOTO PO3Psiy MAalOTh I1a3MoBy (asy i ¢asy micnacitinas. Criocrepiraiucs HAaCTYIHI eTa-
M 11a3MoBoi Qasu: 1. IMmynec eMHiCHOTO cTpyMy TpHBajicTio npubiusHo 0,5—1 mkc; 2. Etan 3po-
CTaHHS CTPYyMY, TPUBAIICTh SIKOTO 3aJieXkalia Bijl COPTY Ta3y, TPUBAJIOCTI TIa3MOBOI (pa3u i THUCKY;
3. I[Tnaro (momitHo Bupaxene mumie st CF4 1 BifgcyTHE B KUCHI); 4. 3MEHILICHHS CTPYMY, 110 TpHUBa-
JI0 IECATKU MIKPOCEKYH/I, 10 PIBHS, BIIMTOBIHOTO PO3PSLY 3 MOCTIHHOIO HAMPYTOIO.

KurouoBi cioBa: iMmynbCHUE po3psiz, OCHMJIOTPAaMU CTPYMY 1 Hampyrd, (GOpMyBaHHS PO3psaY,
1a3mMoBa ¢asa, MmcsSCBITIHHS.
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FORMATION STAGES OF PULSED DISCHARGE IN OXYGEN AND CARBON TETRAFLUORIDE

INTRODUCTION

Presently the ion-plasma technologies are
firmly established in contemporary life. The
production of displays, medical equipment, the
materials modification, solar power industry
cannot do without plasma technologies. Plasma
technologies based on direct current gas
discharges are the simplest ones, but in recent
decades the radio frequency discharges have
come to the front and become the main plasma
tool for large-scale production of semiconductor
devices. Conventionally different plasma
sources possess very close parameters and
plasma processing rates if the chamber design,
the pressure, the gas content and the power
consumed by the plasma are the same. Therefore
there come to the forefront such applied aspects
as the degree of efficiency, the reliability, the
simplicity of control, the equipment cost. The
rf systems are not perfect from this viewpoint:
the high cost of rf generators, a sufficiently low
efficiency factor, the need of an auxiliary system
of tuning to a plasma load which is complicated
in controlling. The pulsed discharge of
intermediate frequency (tens-hundreds kHz) is
a worthy alternative. The pulsed current in a gas
is one of the most important ways of producing
low temperature plasma. Contemporary
circuit technology of microelectronics enables
one to design medium-frequency sources of
oscillations with a rectangular pulse applicable
for plasma production in a wide power range
(from some watts to hundreds kilowatts).
Such sources possess a much higher efficiency
factor, a lower cost and considerably simplified
tuning to the plasma and controlling. Pulsed
gas discharge devices are now widely applied
in diverse branches of science and technology:
as the sources of light, in lasers, electro-
erosion machines, welding apparatuses,
plasma display panels as well as under plasma
nitriding, reactive magnetron depositing etc.
Many devices operate now in a pulsed mode:
plasma chemistry reactors, MHD transformers,
plasma injectors and accelerators. But until now
medium frequency discharges have been studied
in a considerably lesser degree than radio
frequency or direct current discharges, what
hampers the progress in this area. Therefore the
processes taking part in the formation and decay
(afterglow) of the unipolar pulsed discharge of

low pressure in different gases were an object
of this study.

REVIEW OF PUBLISHED PAPERS ON
PULSED DISCHARGES

In last decades the fundamental results obtained
in the research of low temperature plasma have
found wide application in the development of
new methods and technologies of synthesizing
nanostructure films required in various
branches of industry. The scientists from the
USA, Europe, China and other countries are
occupied intensely with such problems [1]. Low
temperature non-equilibrium plasma is broadly
applied in many technological processes of
etching semiconductor materials, depositing
thin films, plasma thrusters, lighting devices,
plasma display panels and many others [2, 3].
Conventionally plasma technologies employ
the radio frequency capacitive discharges or the
direct current discharges. These discharges have
been studied sufficiently well [4, 5]. But now
the non-equilibrium plasma in pulsed fields still
remains much less studied.

In this section we consider the results of
studies into the ignition and modes of burning
of the discharges in pulsed fields.

The direct current pulsed discharge is
also actively applied for surface processing,
sputtering, producing films with improved
parameters. Such a technique of discharge
production possesses a number of advantages
in comparison with a radio frequency or a glow
discharge. In a glow discharge a spot of an arc
discharge may form on the cathode because of
large currents applied conventionally in diverse
sputtering systems due to the redistribution of
the space charge. Its appearance would lead to
the cathode erosion as well as to the drop phase
formation in deposited films. Periodic reversal
(sign change) of the applied voltage may impede
the formation of this space charge due to the
opposite polarity voltage acting in the second
half of the pulse. Such a technique is widely
used to decrease or prevent the arc generation in
the systems of reactive sputtering and it enables
one to produce denser films with an enhanced
transparency.

The book [6] e.g. is devoted to gas breakdown
and pulsed discharge formation. It is pointed out
in it that under pulsed gas breakdown a certain
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time lag is observed between the moment of the
voltage application to the electrodes and the start
of the breakdown called the delay time. This
delay time is usually split into two parts: the
statistical delay time during which an initiating
electron appears within the gap and the formation
time during which a breakdown develops due to
the primary electron avalanche buildup and the
subsequent stages of the ionization growth. The
formation time amounts to about 1078 sec, i. e. it
is equal to the drift time of electrons within the
gap to the order of magnitude.

At the first stage of the Townsend breakdown
the current growth takes place due to the
generation of electron avalanches following
each other in time. The duration of this stage
exceeds, naturally, the time of electron drift
within the gap and it may take from hundreds
nanoseconds to tens microseconds depending
on the character of secondary processes and
overvoltage. The transition from the avalanche
generation stage to the next stage characterized
by the propagation of ionization waves within
the gap sets in due to the accumulation of space
charge of positive ions near the anode enhancing
the field outside the space charge zone. About
500 nsec after the discharge initiation an
intense glow appears near the anode, its front
propagating to the cathode. When it touches
the cathode a front of the ionization wave
forms directed from the cathode to the anode.
The ionization wave propagation makes the
distribution of plasma concentration equal along
the gap width and a column of the quasi-neutral
glow discharge and a region of the near-cathode
potential drop are formed. Thus the discharge
experiences a transition to the following
phase — the phase of volume burning.

The authors of book [6] present the
oscilloscope waveforms of the voltage and
current for the 600 nsec rectangular voltage
pulse of 4 kV in amplitude applied to the
point electrode at the distance of 1.5 mm from
the water surface (serving as the grounded
electrode) at the atmospheric gas pressure. The
frequency of the pulsed discharge was 6 kHz.
From this figure one observes that during the
voltage pulse a discharge formation takes place
that is accompanied by the linear current growth.
Current jumps are observed for the abrupt
voltage increase as well as for its switching

off associated with the capacitive current
appearance.

Efimova in her thesis [7] has studied the
formation of the pulsed discharge in argon and
nitrogen in the pressure range from 2 to 7 Torr
(3-9 GPa) with the duty cycle from 0.1 to 0.4 and
the pulse duration of the voltage applied from 10
to 4000 ps. She has found that on growing the
voltage the discharge current increases and at the
early stages of the discharge development this
current is considerably larger than one got by the
application of a constant voltage.

It has been revealed that the current signal is
not constant during the pulse with its duration
being an important parameter. Experimental data
have demonstrated that with the duty cycle fixed
the average discharge current depends on the
pulse duration. The shorter is the pulse duration
the higher is the average current.

Besides, Efimova has presented the CVCs of
the discharge constituting the dependence of the
average current (over a pulse) against the voltage
applied. It follows from this figure that with the
pulse duration fixed (200 us) the current during
the pulse depends strongly on the duty cycle.
Decreasing the fill factor leads to the increase
of the average discharge current.

The authors of a number of papers [8—11]
have made numerical studies of the processes
taking place under the breakdown of the dc
pulsed discharge at low nitrogen pressure in
a «point-to-plane» design. They have obtained
the temporal dependencies of the current, the
potential and the particle concentration as well
as explained the cathode sheath formation.

The authors of paper [8] have presented
the temporal dependence of the discharge
current for the nitrogen pressure of 4 Torr and
the applied voltage of 1.2 kV and they have
split the formation stage of the pulsed glow
discharge into 3 consequent parts. During
the first part the gap is slowly filled with the
ions produced near the anode, then during the
second part the ionization front is formed near
the anode propagating to the cathode. Now the
cathode sheath develops and the participation
of secondary effects begins leading to the third
part, i.e. to the glow discharge formation.

Also the authors of papers [8—11] have
studied the effect of pulsed discharge parameters
in the mixtures of nitrogen, oxygen and argon
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on the variation of polymer films wetting.
When a negative voltage pulse is applied to the
cathode then the charged and excited particles
are produced during a period of film processing
by the glow discharge. Between two consequent
pulses an afterglow of the decaying plasma
is observed. As a result, a polymer surface is
processed in the plasma phase by the reactive
particles produced under the discharge current
flow as well as during the afterglow phase by
the particles with a large effective lifetime.
When the magnitude of the negative potential
pulse applied to the lower electrode is above the
breakdown potential, the neutral gas (nitrogen)
is ionized and a pulse of current /(¢) is observed
with the increment time of 100 nsec and the
decay time of 5 pusec. The measured CVCs
obtained for different pressure values in the
pulsed mode of the DC discharge correspond
to the start of the abnormal glow discharge.
One observes from the data outlined in papers
[8—11] that the discharge current increases with
the growth of the pulsed voltage applied the
gas pressure being constant. Besides, as the
duration of the plasma phase and the afterglow
time are inversely proportional to the frequency
of the applied voltage, then it is obvious that the
remaining active particles (molecules) being left
from the preceding plasma phase may initiate the
next plasma phase (making the gas breakdown
easier) when the frequency increases.

It is worth remarking that one may observe in
the oscilloscope waveforms obtained in papers
[8—11] that during the plasma phase the discharge
current tends to approach some constant value.
At low values of the voltage applied across the
gap the current increases gradually during the
pulse time whereas at high voltage values, on
the contrary, the current oscilloscope waveform
lowers a little.

Paper [12] has studied in experiment and
modeling a pulsed discharge of low pressure in
the mixture of helium with the 2 % xenon. In
order to study the temporal dependence of the
pulsed He-Xe discharge a self-sustained model
has been employed consisting of the Boltzmann
equation with the temporal dependence for
determining the kinetic properties of electrons,
the set of equations for the velocity of the
respective heavy particles in the cylindrical,
axially symmetric discharge system and the

set of equations for the external electric circuit.
The authors of paper [12] have presented the
data of calculations and measurements of
periodic variations of the discharge current and
voltage at the pressure of 2.5 Torr and different
applied voltage values. The discharge evolution
encompasses the time period from 0 to 1 msec.
It may be separated into four different stages: the
ignition one and the basic one during the plasma
phase of the pulse as well as the switching off
and the afterglow when the voltage is absent
across the electrodes. At the start of the ignition
phase from # = 0 a fast increase of the discharge
voltage gives rise to the continuous growth of
the current. When the current density exceeds
about 10 mAcm=2, a drop of the voltage is
observed. The voltage is decreasing to the extent
when the current approaches its maximum
value. The average duration of this phase
varies from 20 to 100 usec depending on the
initial conditions. During the basic phase of the
discharge the voltage remains almost constant,
and the current is decreasing uniformly as
a result of the dominant loss of electrons due to
ambipolar diffusion to the walls. At the moment
of =500 ps the generator voltage is switched
off during 200 nsec. The next afterglow phase
persists for about 500 us.

In technological processes one applies not
only a dc pulsed discharge but also the pulses
(packets) of the RF voltage with which an
inductive discharge is produced. For example,
the authors of paper [13] report on the technique
of producing C H -fragments with a pulsed
inductive discharge of different frequency and
duty cycle values. They have demonstrated how
one may control the plasma characteristics and
the concentration of carbon-hydrogen clusters of
various C:H content applying the appropriately
chosen durations of the plasma and afterglow
phases.

The kinetics of CF and CF, radicals (in their
main electronic states) has been studied by the
authors of paper [14] with the laser-induced
fluorescence (LIF) in the inductive discharge in
CF, at the pressure of 33 mTorr in a steady state
as well as in the pulsed mode. Large attention
has been paid to the behavior of the radicals
listed above not only in the burning discharge
but also in the afterglow of the pulsed discharge.
They have demonstrated that the concentration
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of CF, radicals increases considerably (more
than 4 times compared with the steady state) at
the start of the afterglow that may be associated
with the gas-phase reactions producing CF..

In paper [15] its authors have presented the
data on the temporal behavior of the electron
distribution function over energy (EEDF),
measured with the Langmuir probe in the
discharge tube during the afterglow phase of
the pulsed inductive discharge. They have
demonstrated that the electron loss to the tube
walls is the main mechanism of energy loss
for EEDF. Free fast electrons with the energy
exceeding the wall potential barrier quickly
leave the ambipolar potential well of the plasma
volume to the tube walls, and «cold» trapped
electrons are kept in the plasma thus leading
to their diffusion cooling in the process of the
afterglow.

The book [16] reports the results of studies
into the development of the weakly ionized
plasma in argon produced by the pulse of
the solenoidal rf field. The experiments have
been performed at the pressure values from
0.02 to 1 Torr. During the total pulse duration
of 2200 ps they have measured the temporal
dependencies of the longitudinal magnetic
field, the probe current, and the spectral lines
intensity. They have established that the plasma
glow starts in the peripheral ring near the tube
walls and then it propagates to the axis filling
the total tube cross section. It is related to the
appearance of excited particles in the places with
the largest value of the tangential electric field.
For the argon pressure of 1 Torr and the electron
temperature from 1 to 10 eV it has been found
that the characteristic EEDF relaxation time
amounts to 10 us.

The oscillatory excitation and decay of the
B-state of nitrogen molecules has been studied
by the authors of paper [17]. They have studied
how the pulsation frequency and the duty cycle
affect the oscillatory distribution of nitrogen
molecules obtained from the spectrum of
the first positive system at different duration
periods of the plasma and afterglow phases in
the pressure range 2.4 mTorr—1.5 Torr. They
have demonstrated that increasing the plasma
phase duration from 0.1 to 5 msec leads to the
retardation of the decay rates of the excited
B-states of nitrogen molecules. It is probably

associated with the accumulation of the
metastable and oscillatory-excited nitrogen
molecules during the plasma phase.

DESCRIPTION OF THE
EXPERIMENTAL DEVICE

The experiments reported in this paper have
been performed with the device the setup being
shown in Figure 1. The flat stainless anode and
cathode are placed inside a discharge tube of
56 mm inner diameter with the inter-electrode
distance kept unchanged in all experiments at
20 mm. The cathode is fed with a pulsed mono-
polar negative potential from the generator in
the 20-300 kHz frequency range, with the duty
cycle values from 0.15 to 0.85 and the applied
voltage values up to 1000 V. The anode poten-
tial was zero. The inter-electrode voltage and the
discharge current have been registered with the
PCS500 oscilloscope (Velleman Instruments),
with its fed to the personal computer. The range
of the discharge current values registered did not
exceed 100 mA.

Two gases with different characteristics have
been chosen for the experiments. Both gases
were electronegative, and negative ions were
formed during the discharge burning. The first
of them and the least electronegative one was
oxygen, the degree of electronegativity for it o =
n/n,(n_and n_are the concentrations of negative
ions and electrons, respectively) usually was in
the range 1-10 [18-23]. The carbon tetra fluo-
rine possesses a higher degree of electronegativ-
ity amounting to o = 10-100 [18, 24-26]. All
experiments have been performed for two val-
ues of the gas pressure, i.e. 0.1 Torr and 1 Torr.
The gas pressure has been registered with the
capacitive pressure probes of the baratron type
with the maximum measured values of 10 Torr
and 1000 Torr.

Cathode Anode

Gas supply
Pumping

Discharge

tube
@ Oscilloscope|
+ 7@ Ca
|

Fig.1. The setup of the experimental device
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EXPERIMENTAL RESULTS

For the research into the properties of the pulsed
discharge the voltage and current oscilloscope
waveforms have been studied presented e. g. in
Fig. 2. The cathode was fed periodically with the
negative potential of the amplitude U. In what
follows we will denote the pulse duration with
the letter 7, and the quantity inverse to the pe-
riod (frequency) with the letter £, whereas the
ratio of the pulse duration to its period (the fill
factor) with the letter D (from the English term
duty cycle). The figure demonstrates two dif-
ferent phases: a plasma phase (when a negative
voltage is fed to the electrode) and an afterglow
phase (there is no voltage across the electrodes,
the plasma is decaying in an afterglow).

'
i

-200 Afterglow| Plasma

—400 phase | phase

—60071

-800 . !

-1000 2 - y . Y
50r 0 40; 60 i 80

0 20 40 60 80

Time, ps
Fig. 2. Waveforms of the applied voltage and the obtained
discharge current in CF, for the pressure of 0.1 Torr, the
duty cycle of 0.5 and the frequency of 20 kHz

The oscilloscope waveforms are typical
ones depicting the well expressed both phases.
The shape of the current pulse differs from
a rectangular one. First of all we note the
presence of abrupt current jumps at the start of
each phase i.e. on changing the voltage. During
switching on (the plasma phase) the voltage
decreases abruptly during 0.5 pus down to the
value of —900 V, what is accompanied by the
negative current jump down almost to —100 mA
with its subsequent decrease. When the voltage
is taken off the electrodes a current jump also
appears but to the positive side up to the value
of about 25 mA. This surge is the displacement
current because under the discharge ignition the
voltage experiences an abrupt change which is
accompanied by the onset of the displacement
current jump the magnitude of which is
proportional to the voltage change. Therefore
one cannot regard the current surge during the

voltage switching on and off as a current of
charged particles.

The oscilloscope waveforms have been
measured for the two gases at the pressure values
of 0.1 and 1 Torr. An attention has been paid to
the shape of the current oscilloscope waveforms
during the plasma phase as well as during the
afterglow one. For the same gases the current
values have been measured for these gases in
the dc glow discharge for different pressure
values. For CF, the CVCs have been also taken
for different duty cycle and frequency values.

Consider the plasma phase of the pulsed
discharge burning at different gas pressure
values and other parameters.

Pulsed discharge in oxygen

Figure 3 presents the oscilloscope waveforms
measured for the pulsed discharge with the
oxygen pressure of 0.1 Torr. As it has been
already said above, at the start of the plasma
phase an abrupt growth of the current takes place
with the increase of voltage, which is actually
a jump of the displacement current with about
0.5 us duration. After that the discharge current
starts growing what is probably associated with
the charged particles having remained after the
preceding plasma phase. They have filled the
cathode and anode sheaths during the afterglow
phase and escaped to the electrodes at the
moment of the discharge ignition. The discharge
current growth occurs during about 0.2 ps. The
third stage of the current decrease has a duration
of tens microsecond, when the discharge current
approaches the constant value of 9.7 mA. As was
the situation in the preceding cases, the plasma
phase time is insufficient to achieve the current
value associated with the constant voltage.

301 225 20 kHz
20 £10050 30

Time, ps

Fig. 3. Discharge current oscilloscope waveforms with
the maximum pulsed voltage of 700 V, the duty cycle of
0.5 and the pressure of 0.1 Torr in oxygen
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Figures 4 and 5 depict the oscilloscope
waveforms for the pulsed discharge in oxygen
at the pressure of 1 Torr and the supported
voltage of 400 V. It is clear from the figures
that for the discharges with a prolonged plasma
phase (low frequency) the exterior shape of
the current oscilloscope waveform resembles
that in other gases at the pressure of 0.1 Torr.
Portions of the waveforms associated with the
discharge formation coincide with the portions we
determined for the discharge in nitrogen. After the
peak of the capacitive current (range I in Figure 5)
an increase of the discharge current occurs during
0.2 ps (range II), the current passes through the
maximum and then it decreases (range I1I). But
for the discharges possessing the plasma phase
duration less than about 6.7 ps, after the first stage
one observes the current decrease to the value
—(3040) mA during the time less than 1 ps. For
the discharge with the plasma phase duration of
5.7 ps the phase of the current increase is limited
with a plateau region of the discharge current
with the duration of about 1 ps. The shape of the
discharge current within this range of the plasma
phase duration is similar to the oscilloscope
waveform of the current for other gases at the
pressure of 1 Torr.

20-
10

20 kHz

23010050 30

I, mA

0 10 20 30 40
Time, ps
Fig. 4. Discharge current oscilloscope waveforms at the
maximum pulsed voltage of 400 V, the duty cycle of 0.5
and the pressure of 1 Torr in oxygen
20
10+

O,
—-10
< _20] 50
L 204 - e :<
= 30, e e 30
-401 20 kHz

o

0 1 2 3 4

Time, ps
Fig. 5. Plasma formation stages considered taking the
discharge in oxygen as an example with the pressure of

1 Torr, the duty cycle of 0.5 and the applied voltage of
400 V

Pulsed discharge in carbon tetrafluoride
Now let us consider the results obtained for car-
bon tetrafluoride. Figure 6 presents the oscillo-
scope waveforms of the discharge current we
401

Time, ps

Fig. 6. Discharge current oscilloscope waveforms at the
maximum pulsed voltage of 700 V, the duty cycle of 0.5
and the pressure of 0.1 Torr in CF,

have measured for the CF, pressure of 0.1 Torr,
the duty cycle of 0.5, the applied pulsed voltage
of 700 V within the frequency range from 20 to
180 kHz. We observe in the presented figure that
the current decreases considerably compared to
one at the first microseconds of the discharge for
the discharges with a prolonged plasma phase
(lower frequencies). For higher frequencies and,
consequently, shorter times of plasma phase
burning the current decreases insignificantly.
It is worth remarking that in a shorter plasma
phase the current during the first microseconds
(just after the capacitive surge) is also much
lower than at low frequencies during the time
range II in Figure 7 (in which the first 5 ps of
the discharge burning are presented).

300200
20k /10050 30 kHz
(1Y |
0_
g 20
-0}
-60 ! I ! |

20 30 40 50
Time, ps

0 10

Fig. 7. Discharge current oscilloscope waveforms for the
maximum pulsed voltage of 488 V, the duty cycle of 0.5
and the pressure of 1 Torr in CF,

Current and voltage oscilloscope waveforms
of the pulsed glow discharge for the carbon
tetrafluoride pressure of 1 Torr, the duty cycle
0.5, the voltage of 488 V and the frequencies in
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the range from 20 to 300 kHz are presented in
Fig. 8. One may also note that the plasma phase
possesses several stages.

401

f=20 kHz
—p =0.1 Torr|
——p =1.0 Torr|

0,0 0,2 04 06 08
Period

f=100 kHz
——p=0.1Torr

— 1.0 Torr

I, mA

00 02 04 06 08 1,0
Period

f=150 kHz
——p = 0.1 Torr|
——p =1.0 Torr|

I, mA

00 02 04 06 08 10
Period

Fig. 8. Comparing the discharge current oscilloscope
waveforms for the CF4 pressure values of 0.1 (700 V)
and 1 Torr (488 V) with the duty cycle of 0.5

I. The capacitive current surge,

II. The current growth,

III. The well expressed plateau,

IV. The current drop.

Consider each of the stages separately.

I. The capacitive current surge.

The pulse duration of the capacitive current is
practically the same for all gases and it amounts
about to 0.5 ps. In this case this pulse approach-
es 35 mA.

II. The current growth.

The duration of this stage amounts about to
1-1.5 ps. The current growth stage for CF, is

available not only for the pressure of 0.1 Torr
but also for the case of 1 Torr now under con-
sideration. For the discharge with the longest
plasma phase of 25 ps the current growth starts
from the values about —25 mA and it finishes at
the level of —50 mA.

ITII. The plateau.

At the plateau stage the discharge current
approaches a certain constant value. For the
longest pulse at the frequency of 20 kHz this
value is =50 mA. For the discharges with the
shorter plasma phase the plateau level is in the
limits —(40-50) mA. The duration of this regime
is about 4 ps.

IV. The current drop.

The stage of the current drop continues until
the current stabilizes and approaches the level
marked with a horizontal broken straight line.
This stage may persist for hundreds micro-
seconds, but we have not fixed the moment of
saturation because our generator has not been
capable of operating in this frequency range. We
have observed only the current drop and the ap-
proach to its constant value.

It is worth noting that regardless of the plas-
ma phase duration fixed by establishing the
frequency and the duty cycle the discharge un-
dergoes a number of formation stages it has time
to undergo during the time period it is allowed
to occur.

Let us now compare the oscilloscope wave-
forms of the discharge current at CF4 pressure
values of 0.1 and 1 Torr with the same duty
cycle of 0.5 during a single period of the pulse
for the frequency values of 20 kHz, 100 kHz
and 150 kHz (see Fig. 9). From this figure one
may draw the conclusion that on growing the
gas pressure the growth period of the discharge
current also increases. For example, for the fre-
quency of 20 kHz at the pressure of 0.1 Torr
the time required for the discharge current to
approach its maximum value amounts to about
1 us and at 1 Torr it increases to 2 ps and then it
approaches a plateau. During the remaining part
of the plasma phase the discharge current de-
creases uniformly. For the frequency of 100 kHz
the discharge current at the pressure of 0.1 Torr
approaches its maximum and then it decreases
partially whereas as at 1 Torr it has only time to
approach a plateau. For a still larger frequency
of 150 kHz and the gas pressure of 1 Torr the
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oscilloscope waveform for the discharge plasma
phase consists almost totally of the growing por-
tion of the current.

CONCLUSIONS

This paper has studied the current and voltage
oscilloscope waveforms of the pulsed discharge
in oxygen and carbon tetrafluoride within the
frequency range from 20 to 300 kHz, the duty
cycle from 0.15 to 0.85 for two pressure values
of 0.1 and 1 Torr. It has been demonstrated that
the current oscilloscope waveforms of the glow
pulsed discharge in these gases possess a plasma
phase and an afterglow phase.

During the formation processes the plasma
phase is going through the following stages:
1. The capacitive pulse current stage of about
0.5—1 ps in duration; 2. The current growth stage
which duration depended on the gas species, the
plasma phase duration and the pressure; 3. The
plateau stage which was remarkably expressed
only for CF,, and it was absent in oxygen;
4. Current decrease stage of tens microseconds
in duration down to the level corresponding to
the direct voltage discharge.

The work was carried out with the financial
support of the Ministry of Education and Sci-
ence of Ukraine on the topics of research works
01150000477 and 0115U003166.
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MMPOT'PAMMHO-ATIITAPATHBII KOMILJIEKC
I ONITUMU3ALIMA TPAHCIIOPTUPYIOIIIUX CBOMCTB
BAKYYMHO-AYT'OBbIX ®NJIBTPOB

. C. Akcénos, U. U. Akcénos, B. E. CtpeabHunKHii
Hayuonanvnwi Hayunvui Llenmp «Xapvkosckuil pusuko-mexHuueckuti UHCmumym»,
Xapvros, Ykpauna
[Toctynuna B pepaxuuto 20.12.2016

B pabore onncana MopepHHA3aMsl MHOTOKaHAJIBHOTO 30Ha, KOTOPBIH COBMECTHO C HAIIUCAHHBIM AT €r0
PpaboThI MPOrpaMMHBIM 00€CIIEUCHUEM IIPEIICTaBIIACT COOO0I COBPEMEHHbIH MHCTPYMEHT U1l HACTPOMKH
1 U3y4eHHs TPAHCIIOPTHPYIOIUX CBOMCTB BaKyyMHO-{yTOBBIX HCTOUHHUKOB IUIa3Mbl. M3ydueHo BiusiHNE
MarHUTHOTO TOJIS KaTymieK T-o0pa3Horo (uibTpa Ha BEMYMHY U MPOCTPAHCTBEHHOE paciipenesicHHe
BBIXOJIHOTO MOHHOTO TOKAa. YCTAHOBJIEHBI ONTUMAJIbHBIE BEJIMUYMHBI TOKOB KaTyIlIeK, TIO3BOJISIOIINE CY-
LIECTBEHHO MOBBICUTH TIPOU3BOIUTENEHOCTD M3y4aeMOr0 yCTPONCTBA.

KuroueBble ciioBa: BakyyMHast 1yra, (pUIsTp, 30HI, HOHHBIH TOK, TPAHCTIOPTUPOBKA TJIa3MBI.

IMPOI'PAMHO-ATTAPATHUM KOMILJIEKC
JIJISI ONTHUMIBAIII TPAHCIIOPTYBAJIbHUX BJIACTUBOCTEN
BAKYYMHO-AYI'OBUX ®LJIBTPIB
. C. AkcboHOB, I. I. AkcboHOB, B. €. CTpeiibHUIIbKUT

B poboti ommcano mozepHizallito 0araTokaHaabHOTO 30HA, KW CYMICHO 3 HAIMCAaHWUM JUIS HOTO
poOoTH pOrpaMHUM 3a0€3MEUSHHSIM TPEACTABIISE COO0I0 CyJacHHH IHCTPYMEHT JUTsl HaJlaIlTyBaHHS
Ta BUBYCHHSI TPAHCIIOPTYBAILHUX BJIaCTUBOCTEH BaKyyMHO-IyTOBUX JDKEpe IU1a3Mu. BuBueHo BIUMB
MarHiTHOTo moJjist KoTymok T-mogiOHoro ¢inbTpa Ha BEIMYMHY Ta MPOCTOPOBUH PO3MOALT BUXiTHOTO
iOHHOTO CTpyMy. BCTaHOBIIEHO ONTHMalbHI BEJIMYMHUA CTPYMIB KOTYIIOK, SIKi JIO3BOJISIFOTH CYTTEBO
I1IBUIIUTH POYKTHUBHICTh IIPHCTPOIO, [0 BUBYAETHCSI.
KurouoBi ciioBa: BakyymHa ayra, (GpiIbTp, 30H1I, IOHHUN CTPYM, TPAHCIIOPTYBaHHS TUTa3MHU.

SOFTWARE-HARDWARE COMPLEX FOR
OPTIMIZATION OF TRANSPORTING ABILITIES
OF VACUUM ARC FILTERS

D. S. Aksyonov, L. I. Aksenov, V. E. Strel’nitskij
This work describes optimization of multichannel probe, which in couple with the written for its work
software presents a modern tool for adjustment and study of transporting abilities of vacuum arc plasma
sources. Influence of magnetic field created by coils of T-shaped filter on spatial distribution of output ion
current was investigated. Optimal values of coils currents, which allow one to increase productivity of
studied device, were determined.
Keywords: vacuum arc, filter, probe, ion current, plasma transport.

BBEJEHUE

Opnnaum u3 Hanbosee pacIpoCTpaHEHHBIX METO-
JIOB MOTy4YeHUs (HyHKIIMOHAIBHBIX MOKPBITUI
SIBJISIETCS] OCaXKJIEHHUE U3 TJIa3Mbl JIyTOBOTO pa3-
psina B atMocQepe akTUBHOTO T'a3a WU B BaKyy-
Me. MeToj1 0caKCHHS IIUPOKO pacipoCcTpaHEH
B MAMIMHOCTPOEHUU, NPUOOPOCTPOCHUH,
3JIEKTPOHMKE, MPOU3BOJACTBE HHCTPYMEHTOB,
JIEKOPaTUBHBIX U3l U T. 1. [1] Onarogaps
CBOUM YHUKQJIbHBIM BOBMOXXHOCTSM. TOK Ayro-
BOTO paspsifia MPOTEKAET Yepe3 KaTOIHbIC MATHA
MaJIbIX pa3MepoB (MUKPOMETPHI), YTO IPUBOIUAT
K UCTApEHUI0 KaTOAHOTO Marepuajia B BHUIE

IIJ1a3MBbl, CTETIEHb HOHU3AIUU KOTOPOIl MOXKET
nocturath 100 % [1]. [lorok mOHOB, KOTOPHIH
MOJKHO M3BJIEKaTh U3 IJa3Mbl 0e3 HapylIeHus
YCJIOBHH CyIIECTBOBaHUS pa3psiia, JOCTUTAET
19 % ot BennuuHbI ToKa paspsiaa [2]. [lokpeitue
¢dbopmupyercs 3a CU€T KOHACHCALUU 3TOTO MO-
TOKa Ha MOJUIOKKE, a TOJNIIMHA 3TOT0 TOKPBITUS
MIPOMOPILMOHAIbHA IJIOTHOCTH HOHHOTO MOTOKA
U BpeMeHHU ocaxieHus. Takum obpazom, cyiie-
CTBYET BO3MOXHOCTb IIPOTHO3UPOBAHMSI TPOU3-
BOJIUTEJIBHOCTH BaAKYYMHO-/1yTOBBIX YCTPONCTB
OCaXJeHUs MyTEM M3MEpEHUs MIOTHOCTHU
BBIXOJHOTO MOHHOTO TOKA, YTO CYILLECTBEHHO
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YCKOpPSIET MPOLECC HAJAJKU TAKUX YCTPOUCTB
Y TMOUCK ONTHUMAJIBHBIX [MApaMETPOB Ipoliecca
ocaxenus [3].

BennuuHy NIOTHOCTH MOHHOTO TOKa Ha
BBIXOJE (GUIBTPA HU3MEPAIOT MPHU MOMOIIHU
30HJI0B, KOTOpPbIE YCTaHABIUBAIOT B 00Jac-
TH BBIXOJIHOTO cedyeHus ¢unbrpa. Ha 30H7,
KOTOPBIM 0OBIYHO TIpEACTaBIsAeT COOOH IIoC-
KWW JUCK, TOAAIOT OTPUIATEIIbHBIA TOTCHIU-
an [3, 5-7] nas «OTCEeUEeHUs» DIEKTPOHHOTO
KOMIIOHEHTHI Ja3Mbl. Benuuuny 3Toro mo-
TEHI[MaIa TIOAOUPAIOT TAKOH, YTOOBI €T0 JTalTb-
HEWIIUN pOCT HE NPUBOAUI K YBEIUUYCHUIO
BBIXOJTHOTO TOKa. B OONBIIMHCTBE CiTy4aeB Be-
JUYHHA OTPUIATEIILHOTO MOTEHIIMAala Ha 30H/1e
cocragisiet (40—120) B. [lns moucka onTumaib-
HOTO PEKUMA 0CaXICHUS, OOBIYHO OH COOTBET-
CTBYET MAaKCUMYMY BBIXOJIHOTO TOKAa, U3y4arOT
BJIIMSIHUE TIApAMETPOB MpoLEecca 0CAXKIACHUS
(HanpsHKEHHOCTh MATHUTHBIX MOJIEH BHYTPHU
1a3MOBO/Ia, 1aBJIEHUE ra30BOM Cpefibl U T. I1.)
Ha BEJIMYMHY HOHHOTO TOKA.

Ha mpakTuke 3agacTyro HEOOXOAMMO J10-
OUTHCS HE TOJBKO MAaKCUMAJIbHOW MPOU3BO-
JUTEIbHOCTU CHUCTEMBI OCAXJCHHUS, a ellé
U paBHOMEPHOTO paclpe/ieeHus] TOIIIMHbI
MOKPBITUSA MO MOBEPXHOCTH MOMIOKKH.
[ToaTOMYy OJTHOM TOJIBKO BETMYMHBI BBIXOJTHOTO
TOKA CTAHOBHUTCS HEJJOCTATOYHO: HEOOXOAUMO
TaKKe 3HATh paclpeie]IeHne IIOTHOCTH TOKa 110
IMOBEPXHOCTH MPEANO0JIAraeMoi MOMI0XKKH, TO
€CTh 30H/1a, a TAKXKE 3aBUCUMOCTb 3TOT0 pacIpe-
JIeJICHUS OT MapaMeTPOB IIPOLIECCa OCAKICHHUS.
Ou4eBHAHO, YTO TUITMYHBIN JUCKOBBINA 30H] HE
CIOCOOEH MPEeI0CTAaBUTh TaKWe JaHHEBIE.

Jlnist petieHust 3To# 3a/1a4u MPUMEHSIOT JTHO0
30H]IbI MAJIBIX PA3MEPOB, MO0 MHOTOKaHAJIbHBIE
30HAbI. B mepBoM ciydae 30H1 MepeMearT
B IJIOCKOCTH OCAXKJICHHUSI, TIOJTy4dasi B UTOTE Kap-
TUHY PacIpe/lesIeHUs] TOKa B 3TOM MJIOCKOCTHU
[8]. HemoctaTrkamu Takoro mojxoja OJaHO3HAY-
HO SIBJISIIOTCS CJIO)KHOCTH MEPEMEILICHHS 3TOTO
30H]1a U 00ecrieyeHrne TOYHOCTU €ro MO3UIHU-
oHupoBaHus. Bo BTopom ciydae 30HA mpes-
CTaBJISIET cO00I MacCUB U3 MaJorabapUTHBIX
30H/I0B (s4eek) [6, 9—11], naHHBIE C KOTOPBIX
U3MEPSIOT OAHOBPEMEHHO, UTO, O€3yCI0OBHO,
YCKOpSIET TPOIECC ONTUMHU3ANNU PUIBTPA.
K HexmocTarkam BTOpOro MeToJ1a U3MEpPEHUs
MOKHO OTHECTHU CJIOKHOCTb KOHCTPYKIHU
30HJa U HEOOXOAUMOCTh B JIOTIOJIHUTEIHHOM

000pyI0BaHNH, KOTOPOE 00ECIIEUNBACT BOZMOXK-
HOCTb CHATHSI IOKa3aHUM C HETO.

N3mepsiemas BeluYuHA TMIOTHOCTH
BBIXOJHOI'O TOKA 3aBUCUT KaK OT IUIOTHOCTHU
MONaJaroero Ha 30H/1 MOTOKa HOHOB, TaK U OT
KpPaTHOCTHU 3apsja dTUX MOHOB, 3aBUCSIICH
OT ITapaMeTpoOB Mpolecca ocaxaeHus. Takum
o0pa3om, HabIOJaeMbIli TPUPOCT BEITUUUHBI
U3MEPSIEMOTr0 TOKa MOXKET SIBISITHCS POCTOM
KpaTHOCTH 3apsa NONaJAaroIINX Ha 30H]] NOHOB.
Berimecka3zanHoe 03HaYaeT, YTO OLIEHKA CKOPOC-
TH OCQXJICHUS MOKPHITUNA U UX OJJHOPOIHOCTH
I10 MTOKa3aHUSAM BBIXOJIHOTO TOKA SIBJISIETCA J10-
CTaTOYHO Irpy0O0ii ¥ MOITOMY KOHEUHOM cTaaneit
omnpenaeneHust 3QHEKTUBHOCTH CHCTEMBI OCaXK-
JICHMSI BCET/IA SIBJIIETCS HEMTOCPEACTBEHHO OCaX-
JICHUE TTOKPBITHUS.

[enpro naHHO# pabOTHI SBISIETCS CO3/IaHUE
CPEACTB JJIsl U3yUYEeHUs] U ONTUMU3ALUN TPaH-
CHOPTUPYIOLIUX CBONCTB UCTOYHUKOB BAKYYM-
HO-IyTOBOM IJIa3MBbl.

OBOPYIOBAHUE

N3mepenus pacnpeaeneHuil MIOTHOCTH
BBIXOJIHOTO MOHHOTO TOKA BBHIMOJHSINCH Ha
YCTAaHOBKE BAaKYyMHO-AYTOBOTO OCaXJae-
HUsA «bynar-6» ¢ ycTaHOBJIEHHBIM Ha Heé
T-00pa3HbIM (GUIABTPOM, KOTOPBIH CXEeMaTH-
YECKH MOKa3aH Ha puc. 1. DUisTp cocTout u3
T-o06pa3Horo mia3moBoza 3, K BXOJTHBIM CEKIIU-
am P1 u P2 koToporo npucoeinHeHbl, COOTBET-
CTBEHHO, BAKyyMHO-AyTOBbl€ HCIIapuTean 1
u 2. K paboueii kamepe 5 QuabTp CThIKyeTCs
cBoeil BeIxoAaHOU cekuuei P3. ['eneparopsl
I1a3MBl BKJIOYAIOT B ce0sa aHoael Al u A2,

|
i |
4]z NI
= L :—|
a2 | PS! A
s1oAn || M \ % | A21 s2
Y~ == _—lllg iF3 glr =<z /|
: e, | I |
| A1 I P1 | P2 Il A2 |
| I _i_ i I
| C1 | F1 F2 Jifc2 |
B = T
1 \3 2

Puc. 1. Cxemarmyeckoe n3o0pakeHUE YCTaHOBKHU: 1, 2 —
reHeparopsl miasmel, 3 — T-00pasHsbli asmoBon, 4 —
30HH, 5 — pabouas kamepa, C1, C2 — xaromel, P1, P2 —
BXOJHBIE CEKLMH IUIa3MoBoza, P3 — BbIXOmHAS CeKuus
TUIa3MOBO/IA, Z — PACCTOSIHIE MEXKTY BBIXOIHBIM CEUCHHEM
(uBTpa ¥ N3MEPHUTEIHHOM TTOBEPXHOCTHIO 30HA
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karonbl Cl1 u C2, ctabuin3upyronme KaTyku
S1 u S2 u anognwie karymku All, A12, A21,
A22. Ha BxomHbIe cekiuu T-o0pa3Horo 1ias-
MOBOJIa HAMOTaHbl OTKJIOHsIOIIME KaTymku F1
u F2, Ha BBIXOAHYIO CEKIHIO, COOTBETCTBEHHO,
BbIxoaHble Karyiiku F3 u F4. 3ou71 4 m1st nu3me-
PEHUII MJIOTHOCTH BBIXOJTHOTO TOKA yCTaHABIIH-
BaJICSl HA PACCTOSIHUU Z OT BBIXOAHOTO CEUEHUs
¢bubTpa.

Toku B MarHUTHBIX KaTyIIIKaX CUCTEMBI (€CIu
HE CKa3aHO MHOE) OBLIM YCTAHOBIEHBI CIEIY-
oumumu: I, =1, = 1,5 A, [ I, =-04A,

A1l 421

L,=1,=05A,1 =I_=2A1_=4A,
[,=-3A.
MHOTOKAHAJILHBII 30H]

Jlns u3MepeHuil IIOTHOCTH BBIXOJHOTO TOKa
HCT0JI30BAJICSI MOJEPHU3UPOBAHHBIA Bapu-
AHT MHOTOKAaHaJILHOTO (MaTpUYHOTO) 30H1a
[10]. MogepHu3auus 3aKki04yaiach B yCOBEp-
LIEHCTBOBAHUU €0 KOHCTPYKIIMU: IIEPEHECEHBI
U30JISTOPBl sIY€eK 30HJa, yJydlleHa Tou-
HOCTb MX NO3ULIMOHUPOBAHUS, YMEHbBIICHBI
rabapuThl, yOpaHbl JIEMEHTHl HECYIIeld KOH-
CTPYKLHUH, MOJBEPraBIIKECcs YpEe3MEPHOMY
HarpeBy H, CJe0BaTelbHO, AePOpMaIu U KO-
POTKOMY 3aMbIKaHHIO. YCOBEPIIEHCTBOBAHUE
30H/1a TI03BOJIMJIO I0OUTHCS €r0 MHOTOYacOBOM
HenpepbIBHON paboTHI 0€3 He0OX0IMMOCTH 00-
CIIy’>KMBAHUS U YUCTKH.

dotorpadum KCIOIb3yEMOro 30HAa B pa3o-
OpaHHOM BH/JIE TIPUBE/IECHBI HA pUC. 2. 30H] CO-
JEPHKUT 32 U3MEPUTENBHBIX TUEUKH 3, KOTOpbIE
COCTOSIT U3 IINUIbKHU C 3aKPEIUIEHHBIM Ha HEeH
JUCKOM, TUaMETP KOTOPOro paBeH 23 MM. OTu
SIUEHMKH 3aKpEeTyIEHbl Ha OJJHOM M3 JBYX (Jajb-
HEM OT 30HbI U3MEPEHNUs) HECYLIUX AUCKOB |
yepes uzossiTopsl 4. Hecymue Aucku UMer0T
nuameTp 180 MM M CTAHYTBHI HECKOJIBKUMU
mnuibkamu 2. 3mepuTenbHble SYEHKU 30H1a
PacrnosokKeHbl B 6 psAAoB ¢ arom 27 MM: BEpX-
HUM U HWOKHHUH PAABI COIEPKAT 1O 4 sTYEHKH,
octajibHble — 110 6. [ToBepx Bcel KOHCTPYKIUU
HaJIeBaeTCs 3allUTHBIA KOXKYX (Ha pUCYHKE He
[I0Ka3aH), IPeJOTBpAIlaloIni 3abUIEHUE U30-
JSATOPOB, JUIMHA 30H/a 0€3 yexja COCTaBIsAeT
95 mMM. Bee gactu 30H7a (KpoMe U30JISATOPOB)
BBIITOJTHEHBI U3 HEMAarHUTHOM HeprKaBerolen
CTaJlu.

Kaxnas sueiika 30H1a MOJKIOYEHA K OT-
JeJIbHOMY KaHally MHOTOkaHaibHOTO ALIII,

Puc. 2. MoaepHu3upoBaHHbII MHOTOKaHAJIbHBIA 30H]
B pa3o0paHHOM BHJIC

YTO a€T BO3MOXKHOCTb U3MEPSITh MIOTHOCTh
MOHHOTO TOKa B 32-X TOYKaX MOBEPXHOCTHU
30H/1a OJHOBPEMEHHO. Pe3ynbrar Takux u3me-
pPEHHI MO3BOISET BEIYUCIUTD pacipeeeHue
IJIOTHOCTH 3TOT0 TOKA 10 MOBEPXHOCTH 30H/1A.
CyMMapHBI MOHHBIM TOK BBIUMCISIICA Kak
CyMMa CHUTHAJIOB BCeX siueek 30H7Aa. [loTeHmu-
aJI, ToJaBacMbIld Ha SYEHKU 30HIA, COCTABISET
—120 B. KoaddurmeHt nosie3Horo (yUuThIBaeTCs
TOJIBKO THIOMIA/b STYEEK) MEePEKPHITUS 30HIOM
BBIXOJHOTO ceueHus puibrpa cocrapisier 27 %.
OO01mmas oAb U3MEPUTETHHBIX sTY€EK OTHO-
CUTEJILHO TUIOIIAAN JIUIIEBOUW CTOPOHBI 30HAA
(mecyurero aucka) cocrapisieT 53 %. D10 cBU-
JEeTEIHCTBYET O HEOOXOIUMOCTH JabHeHIIIe-
IO YCOBEPIIEHCTBOBAHUSI KOHCTPYKIIMHU 30H/1a,
OJIHAKO 3a CYET 3HAYUTEJbHBIX U3MEHEHUU
KOHCTPYKIIUH.

N3MEPEHUME U OGPABOTKA
PE3VJIIBTATA

Jlnst pa®oTHl OJHOKAHAIBHBIX 30HIOB TPEOy-
€TCS UCTOYHMK MUTAHUS HEOOXOAUMOM MOIII-
HOCTHU JJIs MOJ a4y Ha 30H] OTPULIATEIBHOTO
HanpsihkeHus U amnepmetp. OHAKO B ciydae
HCIT0b30BaHNsI MHOTOKAaHAILHBIX 30HI0B, MO-
MHMO HEOOXOIMMOCTH IOJa4y IMOTCHIIMANa
OT/ICJIbHO Ha KaXJYI0 U3 siYeeK, TAK:Ke HEeO0O0-
XOJUMO U3MEPSATH ICKTPUUECKUN TOK KaxKJI0H
u3 3TUX g4eek. [IpuuémM npou3BoaUTh Takue
M3MEpEHUs JKeNaTeabHO C OONbILION YaCTOTOM.
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OueBUIHO, 4TO 0€3 «aBTOMATHKW» BBIIOJIHUTh
TaKylo 3a7ia4y KpaiHe ciioxkHo. [loaTomy sAuen-
KU MCIIOJb3yEMOTI0 MHOTOKAaHAJIbHOTO 30H/a
ObuTH ToKItodeHbI K AL, KOTOpBIH ycTaHOB-
JIEH B NIEPCOHAJIbHBIN KoMnbtoTep. s ynpas-
nenust ALII (pexxumamu u3MepeHuit 30H1a),
a Takxe JUisg o0pabOTKH M BU3YyaJIU3alUH
JAHHBIX U3MEPEHUH, HAIIMCAHO COOTBETCTBYIO-
iee nporpaMMHoe o0ecIeueHue.

JlaHHast TporpaMma HanycaHa Tak|MM 00pasoM,
YTOO0BI UIMETh BO3MOYKHOCTb POU3BOUTH M3Me-
peHusi, 00padaThIBaTh MX U BHIBOIUTH PE3YJIBTAT
B PEKHMME PEaIbHOIO BPEMEHH Ha MaJIOMOILIHOM
000pynoBaHuH. Pe3ynbTarhl BEIBOASATCS KaK B YHC-
JIEHHOM BUJI€ — JaHHbIE KQKJI0T0 U3 U3MEpEeHUI
10 BCEM KaHajlaM U yCPEAHEHHBIE 110 BPEMEHU
BEJIMYMHBI CUTHAJIA, TaK U B rpapuuecKoM —
B BUJIC TUTOCKHX H/WJIM TPEXMEPHBIX THATrPAMM.
[Ipu aTOM 00paboTka pe3ynbrara B peasbHOM
BPEMEHHU HEe BHOCUT KaKUX-IHOO 3aMETHBIX 3a-
JIEPKEK B MPOLIECC U3MEPEHMUS, UTO TO3BOJISET
II0JIb30BATEIII0 POU3BOAUTH HACTPOUKY PEXKH-
Ma pabOThI BaKyyMHO-IyTOBOTO YCTPONCTBA «Ha
nety» 0e3 He0OXOUMOCTH JOKYMEHTHPOBAHUS
BCEX IPOMEXKYTOUHBIX PE3YJILTaTOB.

Jlist yno6cTBa paboThl M YBEJIIMUEHHUS MH-
(GbopMaTUBHOCTH OTOOpaKaeMBIX pPE3yiIbTa-
TOB IPOrpaMMa OCHAIl€HAa BO3MOKHOCTBIO
TOHKOW HACTPOWKHU BUJA AMArpaMM — H3Me-
HSTH LIBETA, MACIITAaObI OCEH, TOJIIMHBI JIMHUI
U T. ., @ TAK)KE BPAIaTh AUArpaMMbl BOKPYT
TpéX oceil. YToObI ynpoCTUTh MpOLecC CpaBHE-
HUSI JAaHHBIX HA HECKOJIBKUX JIMarpaMmax, BKIIIO-
qasi Ty, YTO HaXOJUTCS B IIPOLECCE PUCOBAHUS
(u3mMepeHus), 106aBIeHa BO3MOKHOCTD 1IBETO-
BOT'O BBIJICJIEHUS AMAana3oHa JAaHHbIX. [Ipumep
TAKOTO BBIJCJICHUS U BHEIIHUI BUJ AUArPaMM,
0TOOpaXKaeMbIX MPOrPaMMOM, IPUBE/IEH Ha pHC. 3.

Pe3ynpTarsl u3MepeHUl B YUCIEHHOM
BU/JIE OTOOPaXKAIOTCS B OTJECIBHON MJIOCKOCTH
nporpaMmmel. [t nocaenyromiei nx o6paboTku
npeaycMOTpeHa (DyHKIUS IKCTIOPTA TaHHBIX B
TEKCTOBBIN (pailyl ¢ BOBMOXHOCTBIO HACTPOUKH
CHUHTAKCHCa BbIBOJIA, YTO HEOOXOUMO JJIS Ipa-
BUWJIBHOM MHTEpIIPETAMY 3THX (HalIoB APYTUMU
nporpammamu, Harpumep, MS Excel.

OnHoW M3 HeMaloBaXHBIX (QYHKIUHU
NporpamMmbl C TOYKH 3PEHHSI NPOCTOTHI
paboThI U OOCTY>KMBAHUSI 30H]1a SIBJISCTCS TaK
Ha3bIBa€MbI «peMannuHr». OH 1m03BOJSET
MOJIKJIIOYATh STYEHKU 30HJa K U3MEPUTEIbHBIM

Puc. 3. Bremnnit Bug TpEXMEpHBIX TUarpaMm, oToopa-
JKaeMbli IPOrpaMMOil IS YIIpaBIIEHUS 30HI0M

kanainam AL B mpousBoasHOM nopsiike. Bro-
CJIEACTBUH, MPH 3aIlyCKe IPOTPaMMBbl, MOXKHO
B UHTEPAKTUBHOM PEXKUME YKa3aTh Kakas siuei-
Ka 30H]1a OTHOCUTCS K KOHKPETHOMY KaHaJy.
DTHU HACTPOUKH XPaHITCS B MPOTrpaMMe U HC-
MOJIB3YIOTCS IPU MOCTPOEHUHN JUATPAMM.

PE3YJIBTATHI U3MEPEHUI

[TocTosiHHOE TepeMelIeHre KaTOAHbIX MATEH
10 TTIOBEPXHOCTHU KaToJla MPUBOIUT K TOMY, YTO
reHepUpyeMble MU IJIa3MEHHBIE CTPYHU MPO-
XOJAT MO PA3IUYHBIM TPACKTOPUAM BHYTPH
iasMoBosia. B pesynsrare Oyner HaOmonaTbes
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nepeMeneHre MaKCHMYyMOB HOHHOTO TOKa TI0 TIO-
BEPXHOCTH 30H/1a, YTO MTPOIEMOHCTPUPOBAHO HA
puc. 4. OgHaKo mpoIecc 0CaAXKACHUS MOKPHITHIA
(3a UCKJTFOUEHHEM CBEPXTOHKHX) JUTUTCS OoJiee
MPOIOKUTENBHBIA MPOMEKYTOK BPEMEHHU,

U3M.7 Shot01

N3M.7 Shot03

M3M.7 Shot25

U3M.7 Shot36

Puc. 4. «MrHOBEHHBIC)» 3HAYCHHS BHIXOJHOTO TOKA

JOCTATOYHBIN ISl TOTO, YTOOBI MJIa3MEHHbIE
MOTOKHM KOHJEHCHPOBAJIUCH Ha Oosee 3HAUM-
TEJILHOW YacTH MOUTOKKH. [Ipoduite ToNmHeI
copMHUpPOBAaHHOTO TOKPHITUS OyAET B 3HAYHU-
TEJIBbHON Mepe OTINYATHCS OT KMTHOBEHHOTO)
3HAYEHUs BBIXOJIHOTO TOKA, IPUBEACHHOTO Ha
puc. 4. UToObI UMETh BO3MOXHOCTH COITOCTABUTh
pacIpeneneHus TOJIIMHBI IOKPBITHS U IIJIOTHOC-
TH BBIXOJTHOTO TOKa HEOOXOIUMO MPOU3BOINUTH
3aMephbl OCJIEAHETO B TEYEHHE HEKOTOPOTO Bpe-
MEHH C MOCIEAYIOLUMM YCPEIHEHUEM.

Jnst Toro 4To0Bl YCTAHOBUTH HEOOXOMH-
MO€ BpeMs MHTEIPUPOBAHUS CUT'HAJIAa 30HAA
IIPOU3BENIEHBI «BBICOKOCKOPOCTHBIE» M3MEpe-
HUS BEJIMYMHBI U pacnpeaeseHus NI0THOCTU
BBIXOJIHOT'O HOHHOT'O TOKa Ha BbIxozie T-o0pa3Horo
¢unprpa. OcTaHOBKA MpoLEecca U3MEPEHUS
(1 ycpenHeHust) IPOU3BOMIIACH 110 KOJIUYECTBY
MPOLIEIIETO BPEMEHHU, a HE MO KOJIMYECTBY
€IMHUYHBIX 3aMepoB. M3mepenus mpoBoaInCh
IIPY TAKUX YCJIOBHSIX: AAaBJICHUE ra3a B paboueit
kamepe P = 3 mTopp, paccTosiHue Mex1y u3Me-
PUTEIBHOM MI0CKOCTBIO 30H/1a U BBIXOIHBIM Ce-
yeHHeM (PUIIbTpa z = 25 MM, TyTOBBIE TOKHA 000MX
ucnapurenei [ =1, =100 A, ucrons3yemslit
Marepuas KaroJ0B — TUTAH. YCTAHOBJIEHO, YTO
JUIsl cTaOUIM3alMy CUTHAJIa JOCTAaTOYHO MPo-
MEXXyTKa BpeMeHH, paBHoro ¢ = 0,5 c. bonee ne-
TaJbHO PE3YJIBTAThI IPUBEIEHBI Ha pHC. 5.

BnusHue BpeMeHU MHTErpUpOBaHUS Ha pa-
CIIpeJIeJIEHUE BBIXOJHOIO TOKA MIPUBEACHO Ha
puc. 6. [IpuBeneHHBIE HA PUCYHKE PE3YIIbTAThI
MOJATBEPKAAIOT MPaBUIbHOCTh CIEIAaHHBIX
BBIBOJIOB: HaUMHas ¢ BpemeHnu ¢ = 0,6 ¢ pacmnpe-
JIeJIEHUE TJIOTHOCTU MOHHOTO TOKa Ha BBIXOJE
¢unpTpa onuHakoBo. Heo0XonuMo OTMETUTS,
YTO JIaHHBIE, MPUBEJECHHbBIC HA PUCYHKaX S U 6,
ABJISAIOTCS PE3YJIBTATOM Pa3HBIX U3MEPEHUH.
[TosTomy makcumyM Ha puc. 5 nnga t = 0,1 ¢

12 i

10 | '

VIOHHBIN TOK, V. €.

0,1 1 10 100
Bpemsi nusmepenus, ¢

Puc. 5. 3aBucumocTs CPEAHCIO 3HAaYCHUA BBIXOAHOI'O TOKa
OT BPEMCHHU UHTCTPHUPOBAHUS CUTHAJIA
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M3Mm.1 t=0,1c

U3m.1 t=0,2c

U3m.1 t=0,6c

M3m.1 t=60c (v.1)

Puc. 6. 3aBucuMOCTb cUrHana 30H4a OT BPEMEHU UHTE-
TPUPOBAHHUS

COOTBETCTBYET MUHUMYMY Ha pHUC. 6 AJi TOTO
K€ 3HaYCHUS] BPEMEHHU.

Panee Oblna mpoaeMOHCTpUpPOBAHA U U3Y-
YeHa METO/IMKA CMEIIMBAHUS HECKOJIbKHX I10-
TOKOB mia3mbl B oguH [12]. Llenbto Takoro
CMEIIMBAHUS TIA3MEHHBIX MMOTOKOB SIBJISIETCS
MOJy4eHHUE OJHOPOAHBIX MO COCTABY M TOJ-
II[HHE MHOTOKOMIIOHEHTHBIX MOKPHITHH (Ha-
npumep, TIAIN) unm oZTHOPOAHBIX MO COCTABY
OJTHOKOMIIOHEHTHBIX MOKPBITUH (TaKHX, KaK
TiN). BBuay 3aMarHn4eHHOCTH MMOTOKH TLTa3Mbl
OT Pa3HbIX KaTOJIOB JIBUTAIOTCS MapaIeIbHO
JIpyT APYTY (B BBIXOJHOM CEKIMH TLIa3MOBO/IA)
MPaKTUYECKU HE cMelnBasich. OgHako co3na-
HUE 0CI1a0JI€HHOTO MAarHUTHOTO TIOJISI HA BBIXOJIE
JByXKaHAJIbHOTO T-00pa3Horo ¢puiabTpa, u3yya-
€MOT0 B IaHHOU paboTe, MO3BOJISIET HAPYIITUTH
OJIHO U3 YCJIOBHUN 3aMarHMUY€HHOCTH U, TEM
CaMbIM, J1OOUTHCS CMEIIMBAHUS MJIa3MEHHbBIX
MOTOKOB. CXeMaTUYECKH MPOIECC MEPEMEII-
BaHMS MMOKAa3aH Ha puc. 7.

SIBneHre BO3MOXKHO JOTOJHUTEIbHO U3Y-
YUTH C MOMOIIBIO MPOTPAMMHO-aNNapaTHO-
ro KOMIUIEKCa, OITMCAHHOTO B JaHHOU paboTte.
J1st moCTHIKEHHS PTOM MEeJIM MOCTaBICHO JBa
SKCIEPUMEHTA B YCIOBHUSX, IPU KOTOPOM Ha-
Omtonanochk cmemuBanue [12]. B mepBom
IKCIEPUMEHTE 30H]l MepeMelaics BI0Jb
ocu z (cM. puc. 1) B nuamazone ot —50 MM 110
250 MM ¢ maroMm 5 MM. B kaxxao# Touke mpo-
M3BOJMIIOCH U3MEPEHHE PaCIIpeieNICHus MI0T-
HOCTH BBIXOJHOTO Toka mpu ¢ = 10 ¢ (~10°
M3MEpPEHHi 1o KaXk1oMy 13 KaHasoB). Haubonee
MH(GOpPMATUBHBIE PE3YJIBTAThl U3MEPEHUM TIIOT-
HOCTH TOKa MPUBEICHBI Ha pHUC. 8.

Buano, 4To mpu paccToOAHHUU z, paBHOM
—50 MM, 4TO COOTBETCTBYET PACIOJOKECHUIO

noanoXka

CMeLLaHbIv NOTOK

notepsi
3aMarHM4eHHoOCTU

notok 1 NoTOoK 2

Puc. 7. Cxemarndeckoe n300pakeHre mporecca popMupo-
BAHM 30HBI IIEPEMEIINBAHHS 7IA3MEHHBIX IIOTOKOB
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N3M.3 z=-50MM

N3M.3 z=-25MM

N3M.3 z=50mMM

N3M.3 z=150MM

Puc. 8. BiusiHUE paccTosHUS BBIXOI-30H] (Z) Ha pacmpe-
JIeJIeHHe TUIOTHOCTH HOHHOTO TOKa

30HJa BHYTpPH IJ1a3MOBOJIa, paclpeiesieHne
IUIOTHOCTH TOKA UMEET JIBa SIBHO BBIPAKEHHBIX
MakcuMyma. Kax bl U3 3THX MAKCUMYMOB
CMEIEH B CTOPOHY «CBOEro» Iuieya Miaa3Mo-
Boja. Hannune MakcCuMyMOB CBHUIETENLCTBYET
0 TOM, YTO JIBa TJIA3MEHHBIX MIOTOKA HAXOSATCS
B HECMEIIAHHOM (MJIM YaCTUYHO CMEIIIAHHOM )
coctosiHUU. [Ipu yBeIUUYE€HUU PACCTOAHUA
Z MEX]ly U3MEPUTEIILHON TIIOCKOCTHIO 30Ha
Y BBIXOJHBIM CEUeHHEM (UIIBTPA MAKCUMYMBI
IJIOTHOCTH TOKA MPONAJAIoT U pacrpeesieHne
cTaHOBUTCA miockuM. [lepemenienue 30H1a
BHYTpPb Kamepshl (z > 0) NIpUBOAUT K CHUXKE-
HUIO IJIOTHOCTH BBIXOJHOTO TOKA B pe3yJibTa-
T€ MOTEPh IJIA3MbI MIPU €€ KOHTAKTE C Ta30BOM
MulleHbro. CuTyalys HarisqHO MPOJIEMOHCTPH-
poBaHa MOBEICHUEM KPUBBIX Ha puC. 9.

C uenpio yaydlieHus: yCIOBUN TPaHCTIOPTH-
POBKH IUIa3MEHHBIX ITOTOKOB U, CJICI0BATENIBHO,
YBEJIMYEHUS TPOU3BOJUTEILHOCTH BaKYyMHO-
JYTOBOTO MCTOYHMKA MHOTOKOMIIOHEHTHOM
1J1a3Mbl U3YUY€HO BIMSHHE HA BEITUYUHY U pa-
CIIpe/ieIeHUe IOTHOCTU BBIXOJJHOTO HOHHOTO
TOKa BEJIMYMHBI MATHUTHOTO TOJISI, CO3/aBae-
MOTO Ka)/O0W M3 KaTylIeK, a TAK)Ke BeJIMYUHBI
pa3psIAHBIX TOKOB. Pe3ynbTarel 3TUX Uccieno-
BaHUU npuBeeHsl Ha puc. 10—-13.

Kaxk Bugno u3 puc. 10, ycusieHrne HHIyKIMA
oJist MOBOPOTHBIX KaTtymiek F1 u F2 nmpuBogut
K CYIIIECTBEHHOMY POCTY BEJIMYNHBI BEIXOJTHOTO
TOKa, YTO CBSI3aHO C YMEHBIIEHUEM MOTEPh
TUTa3MbI TIPU IPOXOKICHUH M3TH0a TIIa3MOBO/IA.
[Ipu OTKIIFOUEHHH ATUX KATYIIEK B BBIXOJIHYIO
yacTh T-QuibTpa miazma mnomnajgaeT TOJIbKO
B BUJIE «IIOTEPH» B OCTPOYTOJILHOM MarHUTHOM
ToJie, CO3/1aBaéMOM KaTyIIKaMH Tuied (GriIsTpa.

YcuneHrue MarHUTHOTO TOJIsl BHYTPU aHOZIOB
T-06pazHoro GuIBTpa AOKHO CHU3UTH TOTEPH

2,4
2,0
1,6

1,2

0,8

WNOHHbIN TOK, A

-50 0 50 100 150 200 250
PaccrosiHve BbIXxoa-30Ha, MM

Puc. 9. 3aBUCHMOCTE BEIMYHMHEI BBIXOJHOI'O TOKa OT pac-
CTOSAHUSA Z MEK/TY 30HIOM U BBIXOAOM (bHJ'ILTpa
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Puc. 10. Brusane Toka MarHUTHBIX Katymiek F1 u F2 Ha
pacrpereneHye INOTHOCTH HOHHOTO TOKa

M3m.3 F1,F2=-1,0A

M3m.3 F1,F2=0

Wam.3 F1,F2=2,0A

Wam.3 F1,F2=5,0A

Mam.5 A11,A21=-1,0A

M3m.5 A11,A21=-0,5A

M3m.5 A11,A21=0,5A

M3m.5 A11,A21=1,0A

Puc. 11. Biusane Toka MarauTHBIX KaTymiek All n A21 Ha
pacrpezeneHne IIOTHOCTH HOHHOTO TOKa
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IJIa3Mbl BHYTPHU HUX 3a CUET yJIy4IIEHUs yCIO-
BUU TpaHCHOPTUPOBKU. [Ina3MeHHBIN MOTOK
B TAKOM CJIy4ae CTAaHOBUTCS 00Jiee MIOTHBIM —
0oJbIlIast €ro YacTh MPOXOAUT IO BXOAHON OCH
¢unbTpa (ock aHomA), T. €. hokycupyercs. Korna
MIOTOK IJIa3Mbl OT OJJTHOTO U3 KaTO/I0B JOCTUTAET
obnactu moBopoTa (prIbTpa, TO OH HAXOIUTCS
Ha OoJbIIEM y/IaJeHUH OT yIia, 00pa3oBaHHO-
rO CTBIKOM BBIXOJTHOM M BXOAHOM cexumil. B pe-
3yJIBTAaT€ MEHbILIASI YACTh 3TOT0 MOTOKA IJIa3Mbl
OyneT morepsiHa NpHU KacaHUHU C 3TUM YIJIOM.
BiusiHne MarHUTHOTO MOJISt AaHOJHBIX KaTyLIEK
All u A21 Ha BEJIMYUHY U paclpelieseHue
BBIXO/IHOTO TOKa (hpMIIBTpa MoKa3zaHo Ha puc. 11.

PesynbpraTel u3mMepeHuil, NIpUBEACHHBIE
Ha PUCYHKE, NOATBEPXAAIT NPAaBUIBLHOCTh
BBIILIEU3JIOKEHHBIX PACCYKIEHUNU: C POCTOM
ToKa aHOoAHbIX KaTymek All u A21 pactér
Y BBIXOJIHOM MOHHBIN TOK. BcTpeuHoe BKItoue-
Hue 3TuX Karymexk (I, =1, =—1 A) npuBoaur
K IPAaKTUYECKHU MTOJIHOMY OTCYTCTBHUIO TOKA Ha
BBIXOJIE, TAK KAK BCS IJIa3Ma KOHJICHCUPYETCS Ha
BHYTPEHHEH IOBEPXHOCTH aHOJOB.

[lonoOnas xapTuHa HAOIIONAETCS U MIPU U3-
MEHEHHUH TOKOB BTOPBIX aHOJTHBIX KaTyIek (A12
u A22), a Takxe pa3psaaHbeIx TokoB. C pocToM
ToKa Karyiiek A12 u A22 BennuuHa u pacrpese-
JIEHUE TUIOTHOCTH BBIXOJHOTO TOKA U3MEHSFOTCS
IIPaKTUYECKH TaK ke, Kak IoKa3aHo Ha puc. 11
quia karymek All u A21, u oObsicHsIeTCs yiyd-
LIEHUEM YCIOBUM TPAHCIOPTUPOBKU IIA3MBI.
C pocToM TOKa yTH JINHEWHO yBEIMYHUBAETCS
BBIXOJHOW MOHHBIN TOK ¢uibTpa (puc. 12), yto
comiacyeTcs ¢ pe3ynbraramu padotsr [1, 3].

Heckonbko MHOH XapakTep UMEET 3aBUCHU-
MOCTb BBIXOJIHOTO TOKa (M €ro pacrpeneaeHus
10 TOBEPXHOCTH 30H/1a) OT UHIYKIUH OIS, CO-
3/1aBa€MOT0 BBIXOAHOM Karymikoii F3 (puc. 13).
[Ipu yBenrueHnH ToKa KaTyIIKH B TUANa30HE OT

2,4

2,0
1,6

1,2

NOHHBIN TOK, A

0,8

l l
60 100 140 180
Tok gyrun, A
Puc. 12. 3aBUCUMOCTD BEJIMUMHBI BBIXOIHOIO TOKA OT CHJIBI
JYTOBBIX TOKOB

I.,=0 10 [, =2 A BBIXOJHOM TOK TAK)Ke yBEJIH-
yuBaetcs. Pacripenenenue HOHHOTO TOKa MO MO-
BEPXHOCTH 30HJIa TIPX STOM IIpruodpeTaet ooiee
IUIOCKUM XapaKTep: MAKCUMYM Ha BBIXOJIHOM
OCH CUCTEMBbI CTAaHOBUTCSI MEHEE BbIPAKEHHBIM.
OpnHako 3TO SBISETCS HE CIEICTBUEM CHUKE-
HUSI caMOT0 MaKCUMyMa Ha OCH, a pe3yjbTa-
TOM POCTa IMJIOTHOCTHU TOKa Ha niepudepun, 4To
OTYETIMBO BUJIHO HA puUC. 13 juis 3HaveHwi [,
paBHbIX 0 u 3 A. JlanbHelmne yBeJInUYeHUE
CHJIBI TOKA KaTyIIKH (10 /,, = 5,2 A) BbI3bIBAET
MOHOTOHHOE CHM)KEHHUE IJIOTHOCTH TIA3MBI, TI0-
aJaroliel Ha 3011 0e3 KaKuX-JIM00 3HAYNMBIX
M3MEeHEeHuM B ero pacnpenenenuu. llocnenuee,
HanboJiee BEPOATHO, CBA3AHO C YXYILICHUEM
YCIOBUM MHXKEKIIMU TUIa3Mbl B 00JIaCTh Mar-
HUTHOTO TIOJISl C YBEJIMYUBAIOILLEHCS MHTyKIIUEH
[13].

He mMeHee MHTEepeCHBIMHU SIBIASIOTCS
pe3yabTaThl U3MEPEHUN BBIXOJHOTO TOKA,
MOJy4YEHHbIC TTPU BCTPEUYHOM BKJITIOUYCHHH Ka-
Tymku F3 (1., <0). ITo mepe ycunenus BcTped-
HOT'O MOJIs 3TOM KaTyIIKU, TOMUMO CHUKEHUS
IUIOTHOCTHU BBIXOJHOTO TOKa, Tak)kKe HalIo-
JlaeTCs M3MEHEHHE €ro pacrnpeaeseHus Mo
nmoBepxHocTH 30Haa. [Ipoduns sToro pacmpe-
JieIeHus], KaKk BUJIHO U3 puc. 13, mpuoOperaer
rop60o0Opa3HbIii BUJ. DTO TOBOPHUT O HEPAB-
HOMEPHOCTH MOTEPbh MJIa3Mbl OTHOCHTEIbHO
n3ruba miasMoBOJA: B BEPXHENH M HUKHEH
4acTAX IJIa3MOBOJIa TOTEPU MaKCUMAalIbHBI,
B OOKOBBIX — MHHHMAJbHBI.

[IpuBeneHHbIC BBINIE PE3yAbTATHl MO-
Ka3aJii, 4TO MyTEM HACTPOUKH MArHUTHOM
CHCTEMBI UCCIIeyeMOl BaKyyMHO-I1yTOBOM
cucteMbl ¢ T-o0pa3HbIM QUIBTPOM BO3MOXK-
HO MOBBICUTH €€ TPaHCHOPTUPYIOUIUE CBOM-
cTBa. Takass onTUMHU3aLKS MOXKET TOBBICUTH
€€ MPOU3BOJUTENBHOCTD, T.€. B 3HAUUTEIIb-
HOW Mepe YBEJIHYUTh CKOPOCTb OCAXKACHHUS
MOKPBITUH. J[7151 3TOr0 HE0OXOUMO BBHICTABUTH
TaKHe TOKA MAarHUTHBIX KaTYIICK, PH KOTOPBIX
HaOIrOIaJICs MaKCUMaJIbHBIA MOHHBINA TOK Ha
BbIXOZ€. Pe3ynbrar Tako ONTUMHU3ALNK TTOKa-
3aH Ha puc. 14.

OnTumu3aIus TpOU3BOIUTEILHOCTH HCClie-
JyeMOTO MCTOYHHUKA IJIa3Mbl MO3BOJIMIA J10-
OUTHCS YBEJIMUYEHHS BHIXOAHOTO HMOHHOTO TOKA
Ha BbIXojie 1ouTH B 3 paza (c 664 MA 1o 1,9 A).
Heo6xoauMo OTMETHTH, UTO JaHHBIA Pe3ylb-
TaT MOJY4YeH NMPU U3MEHEHUH TOKOB KaTYIIIEK
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F3, F1 u F2. Tox anogusix karymek (All,
A12, A21, A22) ocraincs npexXxHUM, MOCKOJIb-
Ky €ro POCT BBI3bIBAJI HECTAOMIBHOCTH Pa0OThHI
BaKyyMHO-/IyTroBOW cuUCTEeMbI B 1ieaoM. [Ipu
YCUJIEHUH TIOJIsI BHYTPHU aHOAOB MPOUCXOANIO
WX MarHUTHOE DKPaHUPOBAHUE C MOCIEAYIO-
[IMM POCTOM HAINpPSOKEHHS HA Pa3psiAHOM MPO-
MexyTKe 10 ~90 B. MoIHOCTH UCIIOIB3yEMBIX
MCTOYHUKOB MTUTAHUS TyTH JJis pabOTHI B TAKOM
pexXuMe okazajaoch HeJocTaTouHo. B nomo-
JTHEHUE K ITOMY HaOIIoAaics CyIieCTBEeHHBIH
Wam.2 F3=-2,0A neperpes paboueil kamepsl (BOIOOXJIaXKAae-
MOH1), 4TO, 10 BCEH BUIMMOCTH, TAK)KE CBS3a-
HO C MAarHUTHBIM PKPAaHUPOBAHUEM AHOMOB.
3HauuTeNbHAs YaCTh Pa3psiIHOTO TOKa MPO-
TeKaJjla BJIOJb CHUJIOBBIX JIMHUN MarHUTHOTO
noJist (uepes Mmia3My) Ha CTEHKH KaMepbl BMECTO
AHOJIOB.

z=25Mm |.= 664 MA

%.\A‘-"\ 56

48

40

M3m.2 F3=0

32

24

16

A

W3m.2 F3=3,0A 56
48
40
32
24

16

AL
LI

MnoTHocTb Toka, MA/cM?

WaM.2 F3=5,2A o
Puc. 14. Pacripenenenus IJIOTHOCTH TIOTOKA IUTA3MBI —

Puc. 13. Brusane Toka MarHUTHO# Karymiku F3 Ha pac-
HaJaJIbHOE () 1 ONTUMHU3UPOBAHHOE (6)

TIPEACIICHUE TITIOTHOCTH HOHHOTI'O TOKA

370 JKOIIT XKDUIT JSPE, 2016, 1. 1, Ne 4, vol. 1, No. 4




JI. C. AKCEEHOB, 1. U. AKCEHOB, B. E. CTPEJILHULIKHIL

BbIBO/JbI

Co3aH ¥ UCCIeNOBaH MPOTPAMMHO-AM-
MapaTHBIM KOMILJIEKC, BKJIIOYAIOMUNA B cels
MOJIEPHU3UPOBAHHBIN BApUAHT MHOTOKAHAb-
HOTO MaTPHUYHOTO 30H/A U CIIeIHATN3UPOBaH-
HOE MPOrpaMMHOE 0OecTieueHHe, MO3BOIISIONIEEe
MPOU3BOHUTH HAJAKy TPAHCIOPTHPYIOIIHX
CBOMCTB BaKyyMHO-AYTOBBIX UCTOUYHHUKOB
MJIa3Mbl, a TAaKXe HCCIEeN0BaTh MOBEJCHUE
MJIa3MEHHBIX TTOTOKOB B HHUX TIOJ] IEHCTBUEM
Pa3IUYHBIX BHEHTHUX (haKTOPOB.

[Ipu momomM AaHHOTO KOMIUIEKCa TpOoje-
MOHCTPUPOBAH MPOIIECC CMEIINBAHUS HECKOITb-
KHX TMOTOKOB TIJIa3Mbl OT Pa3IMYHBIX KaTOJOB
B OJIVH IIPY UX IPOXOKJICHUY BHYTPU BBIXOIHOMN
cekiuu T-o0pa3Horo Mmia3MoBoa.

YcTaHOBNEHBI BEIMYUHBI TOKOB MAarHUTHBIX
karymek T-obpasnoro ¢uibrpa, obecrneun-
BAION[AE €r0 MaKCUMAJbHYIO MPOMYCKHYIO
CIIOCOOHOCTb, YTO TIO3BOJUIIO YBEIHYUTH MIPO-
HU3BOAUTCIIBHOCTD BAKYYMHO-1YTOBOI'O HCTOYHU-
Ka 11a3Mel ¢ T-00pa3HbIM (UIBTPOM TPUMEPHO
B 3 paza.
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3a JIONOMOTO0 METO/Ty MaTeMaTUYHOTO MOJICTTFOBAHHS BU3HAYECHO TEXHOJIOTTYHUI PEKUM BUTOTOBJICHHS
($uIBTPY YIETPaghioNIeTOBOr0 BUIPOMIHIOBAHHS Ha OCHOBI IUTiBKH ZnO 3 ONTUMAaIbHUMHU ONTHKO-CIICK-

TPAJIbHUMU XapaKTEPUCTUKAMH.

KurouoBi cioBa: okcu IUHKY, GUIBTP yasTpadiolleTOBOro BUNPOMIHIOBAHHS, KOS(]Illi€HT MpOoITy-

CKaHHA, MaTEMaTUYHEC MOJACIIIOBAHHA.

PABPABOTKA ®UJIbTPOB YJIbTPA®HOJIETA
C UCIIOJIB3OBAHUEM METOJA MATEMATHYECKOI'O MOAEJINPOBAHUA
B. b. Kanycransik, b. U. Typko, 1O. B. Pynsik, B. I1. Pyasbik,
A. I1. Bacbkus, JI. P. TonopoBckas
C IMOMOLIBKO METOAA MATEMATUYCCKOI0 MOACIMPOBAHUSA OIIPEACIICH TEXHOJIOTMYCSCKUN PEXKUM U3Iro-
TOBJICHHA (I)I/IJ'II:Tpa yJ'H:Tpa(bI/IOJ'IeTOBOFO H3JIy4YCHHA Ha OCHOBC IJICHKH ZnO ¢ onTUMAaJIbHBIMHU OIITHU-

KO-CIIEKTPAJIbHBIMU XapPaKTCPUCTUKAMMU.

KirouoBblie ciioBa: oKCHI IIMHKA, QBT YIBTPaQHOICTOBOTO U3IYUYCHUS, KOOPPHUIMEHT IPOITY-

CKaHUA, MAaTEMATHYICCKOE MOACINPOBAHNUC.

DEVELOPMENT OF THE ULTRAVIOLET FILTERS
USING THE METHOD OF MATHEMATICAL MODELING
V. B. Kapustianyk, B. I. Turko, Y. V. Rudyk, V. P. Rudyk,
A. P. Vaskiv, L. R. Toporovska
Using the mathematical modeling method there was proposed the technological mode of the ultraviolet
filter manufacturing on the basis of ZnO film with optimized optical and spectral characteristics.
Keywords: zinc oxide, ultraviolet filter, transmission coefficient, mathematical modeling.

BCTYII
Oxkcusl HMHKY — HPSIMO30HHUN HaMiBIPOBIJI-
HUK 3 IIUPUHOIO 3ab6opoHeHoi 30HU 3,37 eB
3a KiMHaTHOI Temrieparypu [1]. ToHKi mIiBKK
Zn0O, 30kpema, K QUIBTPH yabTpadioseToBOro
BUITPOMIHIOBaHHS, aHTUKOPO3iliHi 1 MPOCBITIIO-
1041 TOKPUTTSI, XBUJIEBOJH, TPO30Pi MPOBITHI
€JIEKTPOJIH, TOIIO, IMTUPOKO BUKOPHCTOBYIOTHCS
IPU BUTOTOBJICHHI ONTUYHUX, ONTOEIEKTPOH-
HUX, aKyCTOONTUYHUX Ta IHIIMX MPUCTPOIB
[2-4].

Meta naHoi poOOoTH — poO3poOIECHHS Ha
OCHOBI OKCHY IIMHKY TOHKOIUTIBKOBOTO (PiJIBT-
py yabTpadiosieTOBOTO BUIPOMIHIOBAHHS

3 MAaKCHUMAaJIbHOIO MPO30PICTIO Y BUAUMIN Ji-
JISTHITI CTIEKTpPa TIOBKUH XBHJIb CBIT/IA (TIPUKIA
BUKOPUCTAHHS — COHLE3aXMCH1 OKYJISpHU).
Koediuient nmpomyckanus npu 350 HM He 110-
BUHEH MepeBullyBatu 25 %, a B MaKCUMyMI
CHEKTPAJIbHOI XapaKTEepPUCTUKU Yy BUAUMOMY
niana3oHi mae cknagaru He menine 90 %. Ilpu
PO3p00IEHHI TEXHOJOTTYHOTO MPOIIECY OTPHU-
MaHHS IUIIBOK METOJOM BHCOKOYAaCTOTHOIO
(BY) MarHeTpoHHOTO PO3MUIICHHS HEOOXiTHO
BpPaxoBYBaTH BIUIMB PI3HOMaHITHUX (DAaKTOPIB,
TaKHX SIK: TEMIIEepaTypa MiIKIaIK1; CKJIaJ 1 TUCK
pobouoro rasy; moTyxHicTh reneparopa BU ko-
JIUBaHb; Yac PO3MUJICHHS; BEIMUNHA 1HIYKIIIi
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MAar”iTHOTO I10J1s; BiJICTaHb Big MillIEH] IO Mij-
KJIQJIKH; 9ac, CePeIOBHIIIE 1 TeMIIEpaTypa BiAma-
ay. Yei i mapamMeTpy BILTUBAIOTH HA BEIMIUHY
KoediieHTa TPonmyCKaHHs TUIiBOK. Tomy, s
MiHIMi3aIlil Yrcia eKCIEePUMEHTIB IOL1ITBHO
BHKOPHUCTATH METOJ] MAaTEMaTHYHOTO MOJICITIO-
BaHHs [5—8].

EKCIHEPUMEHT

ToHKI MJIIBKK OKCUTY IMHKY OTPUMYBAJIA Me-
TOI0M BUCOKo4acToTHOro (BY) MarueTponHoro
PO3MUIICHHS MiIIIEH] 31 CIIPECOBAHOTO MOPOIIKY
Zn0O mapku XY Ha CKISHUX MAKIaaKax GipMu
«Fisher Scientific» 3 BeNTUKOIO ONTUYHOIO MTPO30-
pictio (kpaii mormuHaHHS — 1ipu 280 HM) B aT-
Mochepi pododoro ra3y aprony 3a tucky 0,1 ITa,
noty>kHocTi reHeparopa BY konmuBans 100 Br,
BiJcTaHl Bijg MieHi 10 miakiagkd 60 MM Ta 18-
nykiii maraitHoro mods 0,1 Tu. IlniBku ZnO
0CaJKyBaJIM 3a PI3HUX TEMIIEpaTyp IMiJKIaIKN
MIPOTATOM Pi3HUX MPOMIXKKIB 4acy.

Bingnan miriBok Ha MOBITPI 371MCHIOBABCS
npotsroM 1 rox. B kepamiuHii MyQebHii enek-
tporedi «SNOL 0,2 / 1250» (JIutsa).

CriekTpH ONTHYHOTO MONIMHAHHS BUMIpIOBa-
JIMCh 32 KIMHATHOI TEMIIEpaTypu CieKTpodoTo-
MeTpoM «Specord M-40» (OPH).

PE3YJIBbBTATHU TA

IXHE OBIrOBOPEHHSI

HanzBuyaitHo mmpoke BUKOPHUCTAaHHS B MareMa-
TUYHOMY MOJIEIIIOBAHHI €KCTIEPUMEHTIB 3HaXO0-
JISITh MOJICTIl Y BUTJISITI allTeOpaidHUX TIOJTIHOMIB
[5-8]. Ix GynyioTh 3a pe3ynbTaTaMu eKcrepu-
MEHTIB, TOOTO BH3HAYAIOTh BUOIPKOBI OIIHKH
koedinienTis b, b, b,y b.,...

i

Y=b,+Zbx+Xbxx +Xbx*+..., (1)
i i T i

ne Y — mapaMeTp onrtumisanii; x,, X, — bak-
TOPH, SIKi BU3HAYAIOTHh TEXHOJIOTTYHHUM MPOIIEC.

Bubepemo mapamerpom ontumizamii
BiJTHOIIICHHSI:

Y= (1, + 1)1y + 1), (2)
TI€ Tyss Tys, Ty T3y — NPOTYCKAHHSA TUTIBKHM Ha
mopxknHax xBuab 450, 750, 300 1 380 =M,
BIJIITOBIIHO.

B 1iif poG0Ti BUBYABCS BIJIUB HACTYITHUX
napamerpiB: 7 — TeMIeparypu HiJKIaaKH,
T. — 4acy pO3IMJICHHS, T, — TeMIepaTypu
BiJIIIAITY.

Jlns oTpMaHHS ONTUMANIBHOTO 3HAYCHHS
(byHKIIT Y BUKOPUCTOBYBABCS METO/ «KPYTOTO
cxo/keHHs». [Ipu 1IbOMy BUKOPHCTOBYBAIaCs
Taka Mozaenb [5—7]:

Y=b,+bx +bx,+bx, +b

12x1x2 +

+b13x1x3 * b23x2x3 + b123x1x2x3' €)

Bubepemo ocnoeni pieni: T = 250 °C; T =
20 xs; T, =300 °C; piBHi Bapiawii juist pak-
TOpiB, KOTpi posmsparotees: I =100 °C; T'=
10xs; 7, =50°C.

Jlns BUOpanoi Moiesni HaM HE0OXiTHO TPo-
Bectu N = 2° = 8 nocniniB. Marpuiis moBHOTO
EKCTIEPIMEHTY Oy/ie MaTu BUIJIS, IPEACTaBIIe-
HUH B Ta0i1. 1. AOCONIOTHI 3HAYEHHSI TTapaMeTPiB
BKa3aHi B Ta0m. 2.

BukopucToBytoun pe3ynbTaTy eKCriepuMeH-
TiB, IPOBEJICHNX 32 BKa3aHUX YMOB, IPOBOIUMO
PO3paxyHOK Koe]ilieHTiB perpecii 3a MeToIoM
HaWMEHIIHUX KBaapaTiB [5—7].

Tabmums 1
Marpuust 1OBHOI0 (paKTOPHOI0 eKCIIEPUMEHTY
Ne X, X, X, XX, XX, XX, XXX, Y
1 + + + + + + + 1,89
2 - + + - — + - 2,19
3 — — + + — - + 1,64
4 - + - — + — + 2,14
5 + + — + — — - 1,89
6 + — — - - + + 1,29
7 + - + - + - 1,36
8 — — — + + + - 1,61
374 JK®IIT XKDUIT JSPE, 2016, . 1, Ne 4, vol. 1, No. 4
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Tabnuus 2
Marpuus MOBHOIO (PAKTOPHOI'0 €KCIIEPUMEHTY,
3arnoBHeHa a0COJIOTHUMH 3HAYEeHHAMM (aKTOpiB

Ne T,°C T, xB. sin? °C Y
1 350 30 350 1,89
2 150 30 350 2,19
3 150 10 350 1,64
4 150 30 250 2,14
5 350 30 250 1,89
6 350 10 250 1,29
7 350 10 350 1,36
8 150 10 250 1,61

B pe3ynbrari npoBeeHUX AOCIHIIKEHb MU
OTPUMAJIM HACTYIIHE PIBHSAHHS JUIs IUTiBOK ZnO,
BIIMMAJICHUX Ha TOBITPI:

Y=1,751-0,144 T, -250 +0,276 r-201,
100 10

T. —300 - -
+0,019| —a =7 +O,006(T“ ZSOJ(T 20j+
50 100 10

0,334 7220 L =300
10 50

_o.o11[ Tu=250)(T=20 T, =300
100 10 50
4

[lepen Tum, K NEPEUTH 10 METOAY «KPY-
TOTO CXOKEHHs1» HEO0OX1THO MPOBIPUTH aJeK-
BaTHICTH MoOJIeNi. Bukopucraemo ams miei Mmetu
kputepin @imepa [5-8]. Hanpuknaa, Mmoaens
(1) Mmoxe OyTH HeaZeKBaTHOIO Yepes /Bl MpHU-
YUHU: BHACIIOK MMOMHUJIKH €KCIIEPUMEHTY YU
HETIPUIATHOCTI MOJICIII.

OnHOPIAHICT AHMCHEpCid OTPpUMaHUX
3HAa4YeHb MapamMeTpa ONTUMi3alii MU IpOBi-
psinu, BUKOpUcTOBYytoun kputepiii Koxpena
[5-8]:

S2
G = < max (5)
2.8
i=1
ne S — MakcuMajbHa JMCIEPCis eKcIepH-
8

2 .
MEHTaJIBHUX 3HAYEHb, a 2,5, — CyMma ycix
‘o i=1
IHUCHEPCIH.
2. @2
Jn4 Bu3HaueHHs 3Ha4eHb S; 1 S, Oyio no-

BTOPHO MPOBEIEHO BiCIM JOCIHIiIIB 32 yMOB,

BKa3aHMX B Ta01. 2. 3Ha4€HHs S, pIBHE MOJIOBHHI
PI3HMIII BIMOBITHUX ApaMeTpiB Y, OTPUMAHUX
y IBOX PI3HHUX Cepisfx IOCIIIIB 3a OJIHAKOBUX
yMoB. Po3paxoBaHe 3a pe3yibTaTaMu eKCIepu-
MeHTIB 3HaueHHs kpurepito Koxpena G = 0,25
He nepeBullye TadbnuyuHe 3HadeHHs G = 0,68 [8].
BinmoBimHo, mucmepcii MOXHa BBa)aTu
OJTHOP1THUMH.
Jucnepcis BIITBOPIOBAHOCTI piBHA:

23:(v,-¥)

2
Sy = =0,0441, (6)
ae Y, — 3HAuCHHA mapamerpa onTUMi3aii,
Y — cepeaHe 3HAYEHHS MapamMeTpa
OINTUMI3aIlii.

Miporo aeKBaTHOCTI MOJIENI € 3aJIMIIKOBA
. . . 2
AucIepcis abo qucnepeis ageKBaTHOCTI S, :

8

YAy
5= 5
ne AY — pi3HuIs MK OTPUMAHUM Ta OYiKyBa-
HUM 3HAYEHHSAM NapameTrpa ontumizamii, f —
YHCIIO CTYIEHIB BUIBHOCTI.

Y namomy Bunaaky f= N —(k + 1) =
8—(6+1)=1, k+ 1—KinbKicTb KO€}Iilli€HTIB
B Mozieni. Po3paxyHoK cymu mpoBOIUBCS 3 Bpa-
XyBaHHSIM 3Ha4eHb, MPUBEICHUX y Ta0Om. 1.
Otpumyemo S, = 0,887. B poMy BuTaaKy

an

; (7

Kkputepiit Dimepa:

S? 0,887

an

TS 0,0441

20,1. (8)
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OTpumaHe 3HA4CHHS MEHIIE BKa3aHOTO
y tabnui [5, 7, 8]: F = 164,4 3a 5 % piBHs
3HAYYIIOCTI.

Takum 4yuHOM, HaIly MOJAEIb MU MOXKEMO
BBa)KaTH aJICKBATHOIO 1 BUKOPUCTOBYBATH AJIs
HaOMmwKeHHs 10 ontuMymy. [lpu pomy Ham
HE0OXi1THO 3MIHIOBATH IMapaMETPU MPOTIOPIIIIHO
BeJIMYMHI KoeillieHTiB perpecii. 3ajani yMoBU
1 pe3ynbTaTH eKCIEPUMEHTIB MPEICTaBICHI
B Tao. 3.

Hpwu 30inbinenni mapamerpis 7' 7, B mep-
IUX JBOX JOcCHigax orpumyemo pict Y. Moro
MaKCHUMallbHE 3HAYCHHS OTPHUMYETHCS 3a
T =200 °C, T=28 xs, T, .= 302 °C. 3a mo-
JabIoro iXHporo 301bmenHHs (nocmian Ne 3
Ta Ne 4) mapameTp ONTHUMI3aIlii 3MEHITYEThCS.
Takum unHOM, focuiag Ne 2 nae onTumasbHe
3HAUCHHS Y y BUIAJAKY BiAMaxy Ha MOBITPI.
CriekTpaibHa 3aJ1eKHICTh Koeili€HTa MPOITyC-
KaHHs OTPUMAaHOTO (IIBTPY MOKa3aHa Ha puc. 1.

100
80

60

T, %

40

20

0 1 " 1 " 1 " 1 " | L 1
300 400 500 600 700 800
A, HM
Puc. 1. CrexrpanbHa 3a1eXHICTh KoedilieHTa nporyc-
KaHHS ONTHMi30BaHOTO (iNbTPY ynbrpadionery Ha
OCHOBI OKCHJly ITUHKY

BUCHOBOK
MeTon MaTeMaTUYHOTO MOJECIIOBAHHS BH-
SABUBCS €(DEKTUBHUM y TAaHOMY BHUIAJKY, TaK

K OTpUMaHO (iJABTP 3 ONTHMAJILHOI CIEK-
TPaJIbHOIO XapaKTePUCTUKOIO. [[1s1 mocsATHEeH-
HSl ONTUMYMY MU mipoBenin 20 eKCIIepUMEHTIB
(16 momepeaHix 1 4 32 METOJIOM «KPYTOTO CXO-
JDKEHHS»). SIKI10 BUKOPUCTATH KOMOiHAIIIT BU-
OpaHUX MmapaMmeTpiB, KOXKEH 3 SKUX Ipuiimae 4
3Ha4YeHHs, 3Hago00un0cs 6 64 nocaigu. Ocoonu-
BO BYKJIMBOTO 3HAYEHHS METOJl MATEMAaTUIHOTO
MOJICITIOBaHHs HaOyBa€e Mpu po3poOICHH] TeX-
HOJIOTTYHUX MPOIECIB, 3aJEKHUX BiJl BETUKOI
KUTBKOCTI 3MIHHUX (PaKTOPIB.
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COBCTBEHHBIE BOJIHBI
OJHOMEPHOT'O THPOTPOITHOTO MATHUTO®OTOHHOT'O KPUCTAJLIIA
(AHAJIMTHYECKUI TOIXO)

B. H. Mm3epuunk’?, A. A. llImarbko?, E. H. Onapenko®?, A. 0. I'nnenko?
'Hayunuwtit puzurxo-mexnonoeuvecxkuil yeump MOH u HAH Ykpaunoi,
Xapvkos, Ykpauna,

*Xapvroeckuil HayuonaneHwill ynusepcumem umenu B. H. Kapasuna,
Xapvkos, Ykpauna,

*XapbKko6cKkuil HayuoHaTbHbIlL YHUSEpCUmem paouodeKmpoHUKU,
Xapvros, Ykpauna
[Toctynuna B pepaxuuto 23.12.2016

B pabote nonmydeHo B aHAIMTHYECKOM BHJE AMCIIEPCHOHHOE YPaBHEHHE AJI MarHUTO(GOTOHHOTO Of-
HOMEPHOI'O KpHCTaJlIa ¢ THPOTPOIHBIMU clIosiMU. [IpoBenieH aHann3 YMCIeHHbIX Pe3yIbTaToB pacyera
JMCTICPCHOHHBIX XapaKTEPUCTUK KpUCTaJlIa TSl Pa3IMiHbIX 3HaYeHUH 3(PEKTUBHOM MarHUTHOH (dJ1eK-
TPUYECKOI) TpOHMIaeMOcTeld TUpoTporHoro ciosi. [lokasaHo cymiecTBoBaHHE OOBEMHBIX OBICTPBIX
Y ME/JIEHHBIX BOJIH B TaKOW CTPYKType. YCTAHOBJICHO HAJIMYME TOJIOC MPOIYCKAaHHs M 3alMpaHus Ha
JIFICTIEPCUOHHOM ArarpaMme B 00J1acTH MOBEPXHOCTHBIX TUIA3MEHHBIX BOJTH.

KiroueBsble cioBa: MarHUTOQOTOHHBIC OJIHOMEPHBIE KPUCTAJITBI, THPOMArHUTHBIC CPEbl, (eppuT
C MOTIEPEYHBIM MAarHUTHBIM TIOJIEM, JUCTIEPCHOHHBIE XapaKTEPUCTUKH, MTOJIOCHI MTPOMYCKAHUS U 3a-
MMPaHUSL.

BJIACHI XBUJIT
OAHOBUMIPHOTI O I'TPOTPOITHOI'O MATHITO®OTOHHOI'O KPUCTAJIA
(AHAJIITUYHUWHA TIIXIT)
B. M. Mizepnuk, O. O. llImarsko, €. M. Onapenko, A. 10. I'anenko

Y po6oTi OTpuMaHO B aHATITHYHOMY BUIISII TUCTIEpPCiitHE PIBHAHHS TSI MAarHiTOQOTOHHOTO OIHO-
BUMIPHOTO KPHCTAJTY 3 TIPOTPOITHUMH IapaMu. [IpoBeieHo aHasi3 YncenbHUX pe3ysbTaTiB po3paxyH-
Ky JAUCTICPCIMHUX XapaKTEPUCTHUK KPUCTAITY [UIsl PI3HUX 3HAYCHb €()EeKTUBHOI MarHITHOT (€ICKTPHYHOT)
MIPOHUKHOCTI ripoTponHoro mapy. IlokaszaHo icHyBaHHSI 00’€MHMX MIBHIKHX 1 MOBUIBHHX XBHIIb
y TaKiil CTpyKTypi. BcTaHOBIICHO HAsIBHICTH CMYT MPOITYCKAaHHS 1 3alTMpaHHs Ha TUCTICPCiiHiM qiarpami
B 0011aCTi TOBEPXHEBUX TIa3MOBUX XBUJIb.

KurouoBi ciioBa: MarHiToOTOHHI OTHOBUMIPHI KPUCTAIH, TIPOMarHiTHI cepenoBHUIa, (hepuT 3 1o-
MePEYHNM MarHiTHUM TI0JIeM, TUCTIePCiiHI XapaKTepUCTHKH, CMYTH TIPOITYCKaHHS 1 3alupaHHs.

MODES OF THE
ONE-DIMENSIONAL GYROTROPIC MAGNETOPHOTONIC CRYSTAL
(ANALYTICAL APPROACH)
V. N. Mizernik, A. A. Shmat’ko, E. N. Odarenko, A. Yu. Galenko

Analytical dispersion equation for magnetophotonic one-dimensional crystal with a gyrotropic layers is
obtained in this work. Analysis of the dispersion characteristics numerical calculation results for different
values of the girotropic layer effective permittivity is carried out. We predict the propagation of bulk fast
and slow waves in such structure. The transmission and forbidden bands at the dispersion diagram in the
area of surface plasma waves are found.

Keywords: magnetophotonic one-dimensional crystals, gyrotropic media, ferrite with transversal
magnetic field, dispersion characteristics, transmission and forbidden bands.

BBEJIEHUE

MarautooTOHHBIE KPUCTAJJIBl HaXOJST
IHUPOKOE NMPUMEHEHUE B PA3IUYHBIX IIPU-
JIO’)KEHUSIX COBPEMEHHOW HAyKH U TEXHUKE Te-
parepLoBoro, MUKpOBOJIHOBOI'O U OIITHYECKOTO

nuana3oHoB. OCOOEHHOCTH paclpoCTpaHEHUs
ANIEKTPOMArHUTHBIX TOJIEH B TaKUX (DOTOHHO-
KPUCTAIMYECKUX CTPYKTYypax MOIHOCTHIO
OTIPENEIAI0OTCS TEOMETPUIECKUMH pa3Mepa-
MU CJIOE€B M 3aBHCUMOCTBIO X MaTepHaIbHBIX
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napaMeTpoB OT YaCTOThl U BEJIMYUHBI yIpPaB-
ASOMEro MarHutTHoro mnois. CBolcTBa
M30TPOIHBIX TUJIEKTPUIECKUX (POTOHHO-KPHUC-
TAJIIMYECKUX CTPYKTYpP 1OCTATOYHO XOPOLIO
M3y4YeHbl Ha OCHOBAHUH MOJTYYECHHBIX aHAINUTH-
YECKUX JUCIIEPCUOHHBIX YpaBHEHUM Kak 111 TE
(H, — nonspusauus), Tak u aus TM (£, —
nonspusanus) BouH [1, 2]. K uncny Hanbo-
Jee MePCIEKTUBHBIX MPUMEHEHUN OTHOCSTCS
MarHuTo()OTOHHbIE KPUCTAIIBI IPU HATUYUU
TUPOTPOIHHU OHOTO HIIH JIBYX CJIO€B CTPYKTYPBI.
Hannune B Tako#l CTpyKType THpPOTPOIIHOTO
CJIOS TT03BOJISIET OTHOCUTEIIBHO JIETKO 33 CUET
BEJIMYUHBI IPUIOKEHHOTO MATHUTHOTO TOJIS
M3MEHSTh 3HAUYCHHsI MaTepUaIbHBIX MapamMe-
TPOB CpeJlbl U, B KOHEYHOM CUETE, YNPaBIATh
IEKTPUYECKUM CIIOCOOOM AMCTIEPCUOHHBIMU
CBOMCTBAaMU MarHuTO()OTOHHOTO KPHUCTAI-
Ja U XapaKTepUCTUKAMU PACHpPOCTPaHEHUs
BOJH. JlJIsl TAKUX KPUCTAJIOB OTCYTCTBYIOT
aHAJTUTUYECKHUE JAUCTIEPCHOHHBIC YPaBHEHUS,
nmo3BoJistonue 3pPEeKTUBHO UCCIET0BATH
OCHOBHBIE HX CBOICTBa. B 3aBHcHUMOCTH OT Ha-
MpaBJICHUS MPWIOKEHHOTO MarHUTHOTO TOJIS
B TaKMX F'MPOMArHUTHBIX Cpeaax HaO0lal0T-
cs pasnuuHbie 3¢ dekTr: ddpdext Dapanes,
MarHUTHOE JIBYJTydenpeoMiIeHIEe, BpallleHue
MJIOCKOCTH MOJISPU3aLUU, HEB3AUMHBIE SIBIIE-
HUS IS IPSIMBIX U OOPATHBIX BOJH, HAJIHUYKE
MOBEPXHOCTHBIX BOJIH. [Ipn Hanu4uum rupo-
TPOIUU MaTepHUallbHbIE MTapaMeTpPbl SBIAIOT-
Cs TEH30PHBIMHU BEJIUYMHAMU MU 3aBUCAT OT
MarHUTHOTO MOJS. DTO KaK pa3 M MPUBOJIUT
K OIpeeIeHHbIM MaTeMaTH4eCcKuM U Qpusu-
YECKUM TPYJHOCTSM IPH MOJYyYECHUU aHaJIH-
TUYECKOTO PEIICHHS 33Ja4M O HAXOXKJICHUU
JMCIIEPCUOHHOTO YPABHEHUS, UTO, B KOHEUHOM
cyeTe, YCIOXKHSIET aHallu3 CBOMCTB pacmpo-
CTPaHECHHS AJIEKTPOMArHUTHBIX BOJH B TAaKHX
MariHuTo(OTOHHBIX KpUCTaJIax.

INOCTAHOBKA U PEHIEHUE 3AJIAYHN
B nmanuoii paboTe pacCMOTPUM OIHOMEPHBII
MarHuTo(OTOHHBIH KPUCTAII C BHEIIHUM
MOTIEPEYHBIM MATHUTHBIM IOJIEM ﬁo =Z,H,.
O06a cnost Ha epHro/ie KpUCTAaJlIa MPEICTABIISIOT
co0oii rupoTponHyto cpeay. [lomyunm nucnep-
CHOHHOE YPaBHEHHE, OIPEIEIISIFOIIEe OCHOBHBIE
cBoiicTBa pacnpoctpanenuss TE wiu TM BomH
B TaKUX MAarHUTO()OTOHHBIX OJHOMEPHBIX
KpUCTaJJIax.

BeckoHeuHasi mepuoanyeckasi CTpyKTypa.
JAucnepcuonHoe ypaBHeHue.

Bynem paccmarpuBaTh pacnpocTpaHeHUe
BOJIH B CTPaTU(PUIIMPOBAHHOHN JBYXCIOWHOMN
MEePUOANYECKON CTPYKTYpe C TUPOTPOMHBIMU
ciosiMu (B OTHOMEPHOM MAarHuTo()OTOHHOM
kpucrtaiie, puc. 1). Kaxapiii u3 1Byx ciioeB Ha
nepuose CTPYKTyphl [ =a+b sBiasercs aHu-
30TPOIMHON cpeoil (M1a3MeHHo, GpeppuTo-
BOW WJIM UX KOMOWHAIIMEH ), TUIIICKTPUUECKas
Y MarHuTHas MPOHUIIAEMOCTH KOTOPOU XapaKTe-
pHU3yeTCsl TEH30PHBIMU BEIMYMHAMU CTaHIAPT-
HOTO BHJIA C MaTePHaIbHBIMU TIAPAMETPaMH &,

g, ¢ 1, 2). llupuna oaHoro cios a,
a apyroro — b.
n-1 n
& c, a, @ &g
s2
n-1 dn bn dn+1 “1

L A

A

(n—1)! nl
Puc. 1. Moznens THPOTPOITHOTO MarHUTO(OTOHHOTO KPH-

cTajmia

TeH30pBI INAIEKTPHIESCKON € ; U MaTHUTHOM
IPOHUIAEMOCTEH [1; MMEIOT BHA!

e, -—ig, 0 By ik, 0
g, =lie, ¢ O, [ =i, p, 0).()
0 0 1 0 0 1

Jlns mma3sMeHHO# cpenbl BeIWYWHA -
IEKTPHYECKON IPOHUIIAEMOCTH €; — TEH30P,
a BE/IMYMHA MATHUTHOM POHMIAEMOCTH [i, —
ckamsip. Takue cpeabl HA3BIBAIOTCS DIIEKTPH-
YEeCKU-TUPOTPONHBIMU. B cimydae peppuroBoit
cpezbl, HA0OOPOT, MArHUTHAS TPOHUIIAEMOCTh
{i, — TeH30p, a IUIIIEKTPUIECKas POHHIIAe-
MOCTb € — cKasip. Takue cpezpl, Kak MpaBmIIo,
Ha3bIBaIOT MarHUTHO-TUPOTpONHBIMU. Ecnun
JMRIEKTPUUECKasi 1 MAarHUTHAS IPOHHUIIAEMOCTh
Cpebl OHOBPEMEHHO OITMCHIBACTCS TEH30PAMU
Buja (1), TO Takyr cpelly MPUHSATO HA3bIBATh
THPOTPONHON. MarepualibHbIe TapaMeTphl, BXO-
JAIIHAE B TEH30PbI JUAIEKTPUUYECKOM £ ; ¥ Mar-
HUTHOM IPOHMIAEMOCTEH (i, ONPEAETAIOTCS
BEJTMYHMHOM BHEIITHETO YIPABISIONIETO MATHUT-
noro mons H, =%,H, [3]. PaccMoTpenue
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oOuiero ciydasi THPOTPONHON CpeJbl ¢ MarTe-
puanbHBIMU MapaMerpamu Buaa (1) sapusercs
LIEJIECO00Pa3HBIM B IEPBYIO OYEPEb [I0TOMY, UTO
JlaeT BO3MOXKHOCTb UCIOIb30BaTh MPU MOJIyYe-
HUM OCHOBHBIX BBIpQKEHUH JUIs TIOJIEH U Xapak-
TEPUCTUUYECKUX YPABHEHUH, ONPEAEIAIOMMNX
JUCTEPCHUI0 TUPOTPOMHBIX MEPHUOJIUYECKUX

CTPYKTYp, IPUHLMUI IEPECTAHOBOYHOMN JBOM-
CTBEHHOCTH [3, 4], KOra BBIOJHSAIOTCS COOTHO-
enust E <> H , € <> —[i. DT0 HENOCPEICTBEHHO

cienyeT u3 ypaBHeHni MakcBeria.
N3BecTHO [3], 4TO NpU HAIMYUU TUPOTPOII-

z
B CpCAC TUIIBI BOJIH pa3ACIAOTCS — CYLICCTBY-

€T J1Ba HE3aBUCHUMBIX PELICHHs] ypaBHEHUN Mak-
cBeua, jBa tMna BonH — H_(TE) Bonubl u £
(TM) BONHBL.

OnexkrpomarHuTHeie nosisi ais TE Bonn
(H.— monsapusauus) u TM Bonn (£, — mo-
JASIpU3alMsl) ONMUCHIBAIOTCS PEUICHUSMU JBYX
HE3aBUCHMBIX ypaBHEHUH [ ebMrosnpLa, Hero-
CPEACTBEHHO MOJIYYEHHbIX U3 ypaBHEHU Mak-
CBEJLJIA, 3 UMEHHO:

HOM cpensl B JIBYXMEpPHOM cllydae (aﬁ =Oj

O°H, 0O°H.
oty TR =0 @)
€
B =| L || %y S O
tke ;)\ oOx e, Oy
O’E, O'E
aXZZ + ayZZ +k2”'l]81Ez :0’ (4)
L AE)
ikp, ;)\ oOx B, o
2 2
_ Maj aj
Hij =K, I_Hi 0 81, =8 1_8_5

Coornomenus (3) u (5), monyyeHHbIE U3
ypaBHeHUM MakcBemia ¢ y4eTOM T€H30PHO-
ro Buza (1) MarHUTHOM [i; M JIEKTPUYECKOH
€, NPOHUIAEMOCTEN, MCIONB3YIOTCA IS
HaXO0XJICHUS TaHTCHIIMAIbHBIX KOMIOHEHT

AJEKTPOMATHUTHBIX MOJIEN B KaXKIOM CJIO€ TIe-
PUOINYECKON TUPOTPOITHOM CPEIbI.

Kak nerko 3amMeTuTs, pelIeHUss ypaBHEHUI
I'enemronsna (3) u (5) B3auMO3aMEHSIEMBI,
€CIM MOMEHATHh MecTamu monast H_ wu E.
C COOTBETCTBYIOUIEH 3aMEHOW BCEX BEJIWYUH
OUABJIEKTPUYECKUX NPOHUIIAEMIIOCTEN € Ha
BE€JIMYMHBl MAarHUTHBIX NMPOHUIIAEMOCTEN
(—w), u HaoOopot. IToaTOMY, YyUUTHIBAS] IPUHIIHIT
MEPECTAHOBOYHOM JTBOWCTBEHHOCTH MOJEH,
JaJIbHEHIIee NCCIIeIOBAHUE MOXKHO ITPOU3BOANTH
JUISL OTHOTO W3 JIBYX YKa3aHHBIX BBIIIE THUIIOB
BOoIH. OrpaHMYMMCsl paccMOTpeHueM k.
nosspuzanuu (TM Bosnbl). ns TE Bomn
HCMOJIb3yeM MPUHIUN NEepPEeCTaHOBOYHOU
JIBOMCTBEHHOCTH.

Pemenue ypaBHenus l'enbronbpua ans
TM BousH (4) B ABYX CJIOSIX EPUOAUYECKOM
CTPYKTYPBI 3aITUIIIEM JIJIs IBYX TAaHTCHITMATBHBIX
KOMITOHCHT 1oJist £_u Hy , @ UMEHHO:

n—1 ’

E.(x,y)= (an,le"é'("’("’”’) +b, e st ) e

b<x—(n—1)l<l

X

H)(x,y)=
i —kp,

( [al + f%ﬁ]e’“*(””” ~b,., (al —i%ﬁ]e’ﬁ'w””}x
1 1

xe™

(6)

EX(x,y)= ( ¢, 50 4 g g Tealeon) )e"ﬁ”,

O<x—-nl<b

1
H(x,y)= X
! (x y) [_ikuuj

« |:i[§2 + M ZBJ c"eiéz(xfnl) _i (E_,z _ M ZB] dne—iéj (x—nl) :| eiBy .
H

2 2

(7)

3nech n=1,2,... HOMep SAUYECHKH TEPUOAH-

4ecKOit CTPYKTYpHI; & =+k'u,& B

2 2
nué,= o\fk € ,W, —° — nonepeunsie BOIHOBELIE

Yyyclia B CI0SIX B HampasiaeHuu ocu Ox; f —
MPOJOJIbHOE BOJTHOBOE YHCIIO BJIOJb CIIOEB
YIPaBISIEMOTO CTATUYECKUM MarHUTHBIM TTOJIEM
MarauTO()OTOHHOTO THPOTPOITHOTO KPHUCTAJLIA,
KOTOpOE€ TOUISKUT ONpeeieHuo; a,, b, , ¢, ,

n’> “n

d — Heu3BECTHBIE AMIUIUTYAbI BOJIH B CJIOAX.

n
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Jly1s HaxXOXKJIeHUsI TUCTIEPCUOHHOTO ypaBHe-
HUSI, CBA3BIBAIOIIETO MPOJIOJILHOE BOJIHOBOE
9HCIIO0 3 ¢ mapaMeTpamMu CTPYKTYpbI, HEOOXOIH-
MO BOCTOJIb30BaThCsl TPAHUYHBIMHU YCIOBUSIMU
Ha rpaHMIIax pasjena cloeB, a TAKkKe TeOpeMon
bioxa-®noke 15 NEpUOJUYECKON CTPYKTYPHI.
Ha rpanumax cioeB TaHTeHIHUaJIbHBIE
KOMIIOHEHTBHI 3JIEKTPOMAarHUTHBIX MOJEH
HETPepBIBHEI. J{J1s1 ompeieieHHOCTH BhIOepeM
IpaHuIly pasziesia Cpe] MeKIy IBYMs MepHoaa-
Mu CTpyKTypbl X =(n—1)/. Bocmonb3yemcs

T'paHUYHBIMU YCIIOBUAMMA U B PE3YJILTATE ITOJTY-
YUM CUCTCMY ypaBHCHHﬁZ

(a,+b,)= (c]e’i‘;’zl +dle"E-‘2]), (8)
Klﬂ'ﬁﬁjal —(1—;‘EMJ50}=
& W & W
_5 M,
ST

x{(lﬂﬁﬁjcle"@’ —(1_1'M£Jdl eié21:|'

H, &, M, &,
)

B marpu4HOM BHI€ 3TH ypaBHEHUS NIPUHU-
MalOT CIEAYIOMINI BUI:

1 1

[mﬁﬁ] —[HE@] {Z]:

Afl _ 1 ( ay _alzj _ 1 ( ay _alzj
detA\-a, a, (anazz _a12a21) 4y 4y
(11)

Torna HaxoquMm oOpaTHYIO MaTpUIly IS
MaTpHULBbl, CTOSIIEH B JIEBOM 4aCTH ypaBHEHUS

(10):

1 1

(mﬁﬁj —[1—:'EMJ B
& b &

[1—1'&@} 1
1 & M

5 :
[1 + iEM] -1
&
(12)
[lepenumem marpuunoe ypaBHeHue (10) B
BUJIC:
[aO]:[all alz][Cl }
bO a2] a22 dl ’

al 1 al2

(13)

IJie Marpuna [ j [IOJIy4€Ha B PE3YIb-

a21 a22
TaTe NepeMHOKEHUs! MaTpuLlb! (12) 1 MaTpuIs!
B npaBoil yactu ypaBHeHus (10). DnemeHTsI
MaTpulbl ypaBHeHUs (13) MOXKHO MpeicTaBUTh
CJIEAYIOIIMM 00pa3oM:

1

a, ==X
S ST 2
-ity! il
‘ ‘ 3 (IH_EJi_M_(IM_Ej
- a_ZM(l_,_iMEJeiiz’ _Qﬂ[l_iMEJe"ﬁﬂ * & ST Hy &,
S H, &, ST H, &
(14)
X(Cl j. 1
d, a, = EX
(10)
X 1_ZEE eiézl_é_}lll l_lME eiézl
Jlns HaXOXICHUS CBA3H KOA(DPUIIMESHTOB n, & E Uy, u, &, ’
IepBOro ciuos a,, b, ¢ HEN3BECTHBIMHU (15)
K03 (UIHEeHTAaMU BTOPOTO CJIOSl HAa MEPUOJIe 1
¢, d, BOCIIOJIb3yeMCsl CBOMCTBOM 00OpaTHOMI el _EX
a, a
Marpuubl. s marpunsr 4 :( ! nj obpar- x 1_|_,'ME e %! Sy 1+i@£ e,
@y Oy T & M, H, &,
Hasg MaTpuna A MO oNpeleleHHI0 UMeeT (16)
BUJI:
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1
a22 :EX
X[[I_HHM [3] iizl_i_iM(l_iMEjeiézz}.
[T & Ky, w, &,
(17)

Jlns onpenenenus CBsA3U KOIPHUIIUEHTOB
nepBoOToO clnos ¢, d, Ha nepuonge n = 1
C HEM3BECTHBIMU KOXP(PUIIHEHTAMUA BTOPOTO
CII0sl @,, b, 9TOTO K€ NMEPHOa BOCIOIb3YEMCs
I'pPaHUYHBIMH YCJIOBUSAMH ISl TAHT€HIMAIbHbBIX
KOMIOHEHT Tone £ u H| (6), (7) B mnockoctu
X = nl , TOrN1a NOTYYUM CIIeTyIolee MaTPUIHOE

YpaBHEHUE:

—i&ya i&sa

e e

) o
(1_‘_1 Moo B jexiza —[l—ihﬁ]eliza
H, &, u, &,
X Cl =
d,
e*ii,a ei‘ila
- Qﬁ[lﬂ-hﬁ]ew _iﬁ[l_ihﬁ]ew x
ST [T & Ky u &

(18)
Omnpenenum 0OpaTHYIO MaTPUILY:
e—igza eigza -l
[lﬂ Haz 'B]e"gza —[l—ihﬁje@“ -
W & w &,
(l_iQEJeiéza ei?’;za
_l W, &,
2 . ]
(14_1 Haz B je—ziza _e—zéza
U, az
(19)

B pesynbrare ypaBuenue (18) npencranis-
eTCsl B BUJIE:

c b, b a
1 — 11 12 1 , 20
o ey e

Tac:

1

bll :EX
x{[l-i@ﬁ}.’.é&[l_’_iﬁEj:leiﬁzae—iﬁla’
w, &, & My, u &
(21)
1
b12 :EX
x{[l_iﬁﬁj_Sﬂ[l_iﬁﬁﬂei&zae@a’
u, & & My, u &
(22)
1
b21 _EX

|:(1+l 2P B J_S P (1+ }’lal B J:|eiizaei51a’
u, & & 1y u &

(23)
b,, = l><
2
H“—l Hay B J S@(l_iﬁﬁ]}eiizaeiga.
MZ &2 gz MJ_] Hl &1
(24)

Uckmtouast B MaTpuuHbIX ypaBHEeHHIX (13)

c
u (20) xo>pdunmeHTsH (dl] , TOJy4HuM,
1

B o0mieM ciydae, CBI3b KOd3(QuUIUEHTOB
B O/IMHAKOBBIX CIIOSIX JUISI ABYX COCEIHUX TEPH-
OZI0B CTPYKTYPBHI:

(o} )

bnfl a21 a22 dn

_(an auj(b” b]zJ(anj_(A Bj[an]
aZl a22 b21 b22 bn C D bn

(25)

DNeMEeHThI MaTPHUIIbI

(A Bj:(an alzj[bn b12j

¢ D a, an )\b, by
BBIUUCIAKTCA 110 HpaBI/IJIy HepeMHOX(eHI/I}I
IByX Matpull. Mcmonb3ys BeIpaKCHUS IS
anemeHToB Matpun (14)—(17) u (21)—(24),

HAaXOJUM 3JIEMEHThl UCXOJHON MaTpHIlbl
A, B, C, D, a IMEHHO:
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l i“u_i_&_z My

) 2
A=15cos&,b—i + B M [ﬁ_mﬁj sin&,b e
216 1y §u, EE ML K ML W
(26)
) 2
D= cos&2b+il Sihe Sk, B (M_“M @J SinE b e,
216 1, G H, E& WK B, K,
(27)
1 2
B=i—sin&,b —2@+§@{1_,’E(ﬁ_ﬁﬂﬂ &4,
2 &, & uy L My My,
(28)
2
C:_ilsinazb —QQ'FQQ{I'FIE[M—MMJ} e_igla.
2 & My, &y ELM Ky My,
(29)

BaxxubiM cBolicTBoM Matpulibl ABCD sBnid-
€TCsAd CBOWCTBO YHUMOIYJISAPHOCTU: AD —
BC = 1. Ucnonb3ys BbIpaXeHUs AJIS 2IIEMEHTOB
marpuiibl ABCD (26)—(29) MOXHO MOKa3aTh,

4TO 3TO YCIOBHE BBIIOMHAETCA. OTMETUM, YTO
2 2 2
xoraa Benuunna & =kgp,, —p">0,10 & —

BEIIIECTBEHHOE YHCIIO M, KaK cieayeT u3 (26)—
(29), BeImoOnHsAOTCSA coOoTHOWEHUSA: A=D" u

B=C".

[TonyyeHnHoe MatpuyHOe ypaBHEeHHE (25),
onmpenensloniee CBsA3b HEU3BECTHBIX
KO?(DPUIIMEHTOB B JIBYX OJMHAKOBBIX CIOSIX
Pa3IUYHbIX [IEPUOJOB CTPYKTYpPHhI, U TEOpPEMa
biioxa-®noke no3BOIAIOT HAUTU XapAKTEPUCTH-
yeckoe (JUCIEepCUOHHOE) ypaBHEHHUE s
ONpPEICJIEHHUS] HEU3BECTHOTO BOJIHOBOTO YHUCia
K . Cornacno teopeme biioxa-®noxe [4]:

an — eiKl anfl
bn bn—l ’
rae K — OJI0XOBCKO€E BOJHOBOE YHUCIIO.
Ucnonw3ys ypaBaenue (25) u (30), Haxoaum:

A Bl(a, | 31
c oy )¢ \p) OV

—ikl

(30)

®a30BBEIM MHOXHTEIb € SIBJISIETCS
COOCTBEHHBIM 3HAYCHUEM MATPHIIBI TPAHCIISIIUN
ABCD v ynoBIeTBOPSET XapaKTePUCTUUECKOMY
YPaBHEHUIO:

A—e ™ B
SKA | T 0,
C D—e
pelIeHne KOTOPOro MPU MCIOIb30BAHUU CBO-

CTBa YHUMOAYJISIpHOCTU Matpuusl ABCD
(AD — BC = 1), npuHuUMaeT BU/I:

e :%(A+D)ii\/l—[%(A+D)} . (32)

Torna 3HaueHUs1 KOPHEU XapaKTepuCcTHYEC-
KOTO YPaBHEHHMs OIIPENEIISIFOTCS U3 BBIPAKEHUS:

K(B)=%arccos[%(A+D)}. (33)

BemectBenubim 3HaueHusm K(f) co-
OTBETCTBYIOT BOJIHBI biioxa-®noke, pacnpo-
CTpaHsAIOIINECsS B CTPYKType B Ipejenax
YaCTOTHBIX 30H MpoITycKanus. KoMIiekcHbIM
snauennsam K (B)=K'(B)—iK"(p) coorset-
CTBYIOT 3aTyXarollue BOJHBI, KOTOPbIE Ha-
XOASTCS B 3alPEIICHHBIX YaCTOTHBIX 30HAX.
['paHuLBI MOJIOC 3aIUPAHUS ONPEIENTIOTCS
pPaBEHCTBOM

1
—(4+D)=1.

[TonyyuMm qucrnepcuOHHOE YpaBHEHHUE ISt
HCCIIelyeMOM IEPUOIMUECKOMN CTPYKTYpHI. s

3TOr0 BBIYUCIIUM BEIUYUHY (A + D) /2:
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2

A+D 1 ? . :
(4+D) =cos&,bcosEa—— RS TER= N A TEY IR S sin&,bsin €, a.
216y S, E&E ML \H B My
Torna ypasaenue (33) IPUHUMAET BHL:
S Mo n Sy n |

1 1 & ny &y, . i
K(B) = —arccoscos &,bcos & a—— , , |sin&,bsiné a

! 2 " B™ Moo Ma By B

L O LT N LR VAP P8

Jlerxko moka3aTth, 4TO BhIpaxkeHue (34)
NEePEXOJUT B HM3BECTHOE JUCHEPCUOH-
HO€ ypaBHeHHE [2] nns ciaydas ABYX
MarHUTOJMDIEKTPUUECKHUX CIIOEB, KOIa U |, =

u,=0(ecmmp =p,=1).
1
K(B):;x

X arccos cosc“;zbcoséla—l{ih+2ﬁ}sin§zbsinéla .
206 &im,

(35)
3ameTuM, 4TO B ypaBHeHUe (34) npononib-
HOE BOJIHOBOE 4uCio [ (Bmosb ocu Oy) BXO-
JIUT B KBaJpaTre. DTO TOBOPUT O TOM, YTO €TO
3HA4Y€HHUE M0 a0CONIOTHONW BEIMYUHE OJMHA-
KOBO /ISl MPOTHBOIOJIOKHBIX HANpaBICHUN
pacnpocTpaHeHust BOAH. To ecTh aucnepcus
OJIMHAKOBA JJIs MPSIMBIX U 0OpaTHBIX BOJIH,
pacnpocTpaHsomuxcsa Baoib ocu Oy,
BJI0JIb cJiIoeB. OIHAKO pacmpeesieHue MmoJs
B CJIy4yae TUPOTPOMHBIX Cpell B HANPABICHUHN
MEePUOJUYHOCTHU IS MPSIMBIX U O00OpaTHBIX
BOJIH, KaK CJIeJyeT W3 HUX BBIPAXKEHUH,
pasHbIe.

Bocnosb3yemcs nanee npuHIMIIOM IiepecTa-
HOBOUYHOU ABoiicTBeHHOCTH [3]. Torna ypaBHe-
Hue (34) MOXXKHO MepenucaTh JJIsl I1a3MEHHON
TUPOTPONTHON NMEPUOJUYECKOU CTPYKTYPHI,
a UMEHHO:

K (B) = %arccos cos&,bcos&a _%

2
+ B 2 Sal
L &1&2 €\ &

(34)
e &, = Jke, u,—p* . B cayuae g ,= 0 ypas-

HeHue (34a) mepexonuT B TUCIIEPCHOHHOE YpaB-
HeHue paboTsl [4].

[TepelineM k aHanU3y PEIICHUI TUCTIEPCUOH-
HOTO ypaBHEeHUs (34).

AHAJIM3 PE3VYJIBTATOB

Ha puc. 2 u puc. 3 npuBeneHsl penieHus
ypaBHeHus (34a) B Buje AUCIEPCUOHHBIX A~
rpamm Juts citydas € ,= 0, Kora OuH CJI0i Mar-
HUTO(QOTOHHOTO KpHUCTalja MpeICcTaBisieT
co00¥ TUPOMArHUTHYIO IJIa3My, a APYToi
CIIOM — MarHUTOAMIIEKTPHUK. Jlnarpammsbl
ABIsOTCA npoekuusmMu pynkunu K(k, ) Ha
m10cKoCTh (k, B) B TpEXMEpPHOM MPOCTPAHCTBE
BOJTHOBBIX YHCEIN. 3aTeMHEHHBIE 00JIaCTH COO-
TBETCTBYIOT MOJ0CAM MPOMYCKaHUS, a CBET-
JIple — MOJI0caM 3anupanusd. JucnepcuonHbie
JMarpaMMBbl TIOCTPOEHBI JTsI CIEAYIOMINX Imapa-
MeTpoB 3amaun: a =b = 0,5, p=p, =1,e =2,
€,= 6, IITPUXIyHKTHPHAS JIMHUS ONPEIETAETCS
npsaMon P =k.fe,1, , IyHKTUPHAs JIMHUSA —

npsimoii B =k 4/81}11 . JlnaronanpHas LITpUXOBAst

nuHUA k = 3 Ha pUCYHKaX COOTBETCTBYET YCJIO-
BHIO paBeHCTBa ()a30BOH CKOPOCTH BOIHBI U
CKOpPOCTH CcBeTa. Briiie mpsimoit — 061acTh cy-
IEeCTBOBAHMUS OBICTPBHIX 00OBEMHBIX BOJIH,
a HUXKe MPSAMON — 00JacTh CyIIeCTBOBAHUS

ihjﬁ_zﬂJr

E.)Z SL] él SLZ

, |sin&,bsin&ap, (34a)

8L2 82
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11

Bl/2n 1

Puc. 2. Jluctiepcronnbie quarpammel i € >0

0 Bl 2n 10

3aMEJICHHBIX BOJH. JIJIs1 BBISABICHHS OCOOCH-
HOCTEHN pacnpoCTpaHEHUs BOJIH B TAKUX CTPYK-
Typax clieyeT pa3leisaTh JABa ciayuas JUis
Pa3JIMYHbIX 3HAYEHUI MarHUTHOTO 1oJist H , co-
OTBETCTBYIONIUX YCIOBUSIM € |, > 0 1 &,<0 (ma-
paMeTp €, ). AHajlu3 MOKa3bIBAET, YTO
KOJIMYECTBO TIOJIOC MPOIYCKAHUSI U 3alTUPaHUs
3aBUCHUT OT JAUDJIEKTPUUYECKUX TPOHUIIAEMOCTEN
Kax0ro u3 cinoeB. CyliecTBYeT JiBa pekuma
pacrpocTpaHeHus BOJIH, KOTOPhIE COOTBETCTBY-
IOT OBICTPBIM W MEJJICHHBIM BOJIHAM OTHOCH-
TEIbHO CKOpPOCTH cBeTa. Pemenwus,
COOTBETCTBYIOIINE OBICTPHIM BOJTHAM, HAXO/ISAT-
cst B obmactax kle,p, >P* u ke, >B° s

COOTBETCTBYIOLIETO cios. J{is onpenenenus 00-
JacTed pemeHud, COOTBETCTBYHIIUX
MEIJICHHBIM BOJIHAM, 3HaKH B 3THX YCJIOBHIX
CIeNyeT MOMEHATh Ha MPOTHUBOMOJIOXKHEIE.
Bo3MOXHBI TakXe pa3jinuHble KOMOWHALUU
9TUX peXUMOB. Hannuue rupoTponuu B 01HOM
3 CII0eB (&, # () MO3BOISICT YIPABIISATH MIMPH-
HOH M0JIOC, UX MECTOIOJIOKEHUEM M KOJIuYe-
CTBOM B 3aJlaHHOM jauana3oHe yactor. Ecinu
€, ,<0, TO CyIICCTBYCT 3aMEIICHHAS [TOBEPX-
HOCTHas IJIa3MEHHas BOJIHA, PaCIPOCTPAHSIO-
11ascs BOJb TPAHUIIBI pa3/ienia IByX COCEIHUX
CJI0EB CTPYKTYpBl. OTMETUM TaKXKE €IIe OJHY
ocoOeHHOCTh. 13 pemenust JucnepcuoHHOro
ypaBHeHUs (21) 1 IPOCTPAHCTBEHHOIO pacipe-
neneHus noneit (4), (5) caenyet, yTo npsamas
(B=+Re|p|) u oGparnas ([3 - _Re|B|) BOJITHEI,
PacIpoCTPaHSIOIUXCS BAOJB CJI0€B (BI0Jb OCH

|€,=8.1,8,=-4,935

Bl/ 21

Puc. 3. lucniepcronnbie auarpammel 1 € | <0

Oy), UMEIOT OIMHAKOBYIO CKOPOCTH pacipocTpa-
HEHMS, HO Pa3HYIO MOIMEPEYHYI0 CTPYKTYpPY
niosieit (Baoib ocu Ox).

JucnepcuoHHass guarpamma Ha puc. 2
COOTBETCTBYET MOJIOKHUTEIbHBIM 3HAUCHUSIM
3 PEKTUBHON AUAIEKTPHUYECKON IPOHUIIAEMOC-
TH TUTA3MEHHOTO ¢JI0si POTOHHOTO KpUcTalia
(¢ ,>0), a Ha pUC. 3 — OTPHULATCIIBHBIM 3Ha-
genmsiM (¢ | <0). Ha puc. 2 npesicrapieHs! 1sa
BapuaHTa JUarpaMMbl JJIs 3Ha4YCHUN &, = 0
u g, =3. lIepBblil ciTy4ail COOTBETCTBYET OT-
CYTCTBHIO TUPOTPOINHHN B CTPYKTYpE C AH-
AJEKTPUUYECKUMHU MPOHUIIAEMOCTSIMHU JBYX
cinoeB €, =2 u ¢ = 6. IIpambre k\/zzﬁ
u kN6 =P omnpenensaior ckopocTh CBETA B M-
AJEKTPUUYECKUX CcloAX. BO3MOXKHBI ciiydaun
BO30Y>KJIEHUS B AMDIEKTPUUYECKHUX CIOSAX TIe-
PUOIUYECKON CTPYKTYPHI KaK 00BEMHBIX, TaK
Y MIOBEPXHOCTHBIX BOJIH. DTOT CITy4ai MOIpoOHO
u3ydeH B paborax [1, 2].

Ipu Ha/M4HH MIa3MEHHOTO CIost (€, =3) ero
s deKTUBHAS TUAIEKTPUYECKast IPOHUIIAEMOCTh
€, HAYNHACT YMCHBIIATHCS, YTO IPUBOMUT K Cy-
YKEHUIO 30H TPOITyCKaHUSI TPH OJJHOBPEMEHHOM
pacIIMpeHnH 3aMPEeIeHHbIX 30H.

WNnas cutyanusa HaOIOmaeTCs MPU OT-
pHLATENbHBIX 3HAYCHUSAX 3PPEKTUBHOM
AMDICKTPUICCKON MPOHUIAEMOCTH £ <0
(puc. 3). 3neck TakKe IpUBECHBI 1BA BapHaH-
Ta JUCIIEPCHOHHON TUarpaMMbl, COOTBETCTBY-
OIIUE PA3TUYHBIM OTPULIATEILHBIM 3HAYEHUSM
3¢ PeKTUBHON AMAIIEKTPUUECKON MPOHULIAE-
MOCTH TUPOTPOIHOIO CJI0 MarHUTOPOTOHHOTO
Kpucrana & . B mepBom ciydae (g, =6,6) ume-
eTcs OJlHA I0JI0ca MPOMyCKaHus. B pa3znuynbIx
00acTsAX MOJ0Chl NPOMYCKAHUS, pa3AeIEHHbIX
npsiMoii k = 3, MOTYT CyIIIeCTBOBAaTh OBICTpPHIC
U MeJJIeHHble 00beMHBbIe BOJHBI. B oOnac-
TH MEJJICHHBIX BOJIH UX (pa30Basi CKOPOCTH V
Oosbilie 3HAYEHUH (Pa30BOM CKOPOCTH B JH-
DJICKTPUUIECCKOM CIOC y = B/ k\/i , COOT-
BETCTBYIOIUX IITPUXITYHKTUPHOU NpsiMoid. [Ipu
YBEJIMYEHUHM MarHUTHOTO nonst H (yBenudyenue
BEJIMYNHBI £, ) TIOSIBISIETCSI IBE IIOJIOCHI IIPOITyC-
kanust. OJTHa U3 HUX COOTBETCTBYET OObEMHBIM
BOJTHaM (OBICTPBIM WJIM MEIJICHHBIM), a BTOpast
— TIOBEPXHOCTHBIM MEJJIEHHBIM BOJTHaM (BCS
M0JI0Ca MPOITYCKAHUS HAXOAUTCS TIPH 3HAYCHH-
ax v < B/ k~6). Pactipenenenue moss 115 Takon
BOJTHBI IMEET MAaKCUMAITLHYIO aMITIUTY/Ty Ha Tpa-
HHILIE pa3nena obnacteid. B obnactu rmasMeHHOro
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CJIOSI CYILIECTBYET ITOBEPXHOCTHASI BOJIHA, KOTOpast
pacnpocTpaHseTcsl BAOJb CJIOSI HA €ro FPaHULe
C IUAJIEKTPUYECKUM CIIOEM Ha KaXXJI0M MEepUOJIE
CTPYKTYpHbI. boree Toro, aHaym3 mpoCTpaHCTBEH-
HOTO pacmpezenenus nous (1o koopaunare Ox)
(4) mnst psivoit B =+|B| u o6parnoit B= —|B|
MTOBEPXHOCTHBIX BOJTH TIOKA3bIBAET, UTO UX CTPYK-
Typa pasnas. U3 puc. 3 cienyer, 4To ¢ yBelIu-
YCHUCM [TAPAMETPa €, TMOSBIICTCS IUIa3MCHHAsI
TIOBEPXHOCTHAsI BOIHA B ciioe (€, <0). C yBenu-
4CHHEM MapameTpa €, CyKaercs o0acTh cyie-
CTBOBAHMUS MIOBEPXHOCTHOM TJIa3MEHHON BOJIHBI
IIPY OJTHOBPEMEHHOM CY)KEHHH O0JIACTH PACIIPO-

CTpaHeHust 0ObEMHOMN BOJHBI (CiTyuait k V2> B).

Ha puc. 4 npeacraBiieHbl AUCTIEPCUOHHBIE
XapaKTePUCTHUKH MarHUTO()OTOHHOTO KPHC-
Tajljaa, Korjaa o0a ciios Ha Nepuojie sBISIOTCS
AHU30TPOIHOM MOJYNPOBOJHUKOBOM TIa3MOMN
C pasiWYHBIMU 3HAYCHUSIMH BEIUYMHBI €
¥ JM3JICKTPHYECKOl nponunaemocty &, Kax
BHJIHO, B 3TOM CJIy4ae ¢ pa3InyHON MIUPUHON
Ka)J0ro U3 CIOEB MOKHO CYIIECTBEHHO H3-
MEHSATh IIMPHUHY 3alpelIeHHON 30HbI U yIpaB-
JISITh €€ MECTOIOJIOKEHUEM Ha IUCTIEPCUOHHOM
JarpaMme.

1

e
2n

T o
nonnn
NNO O

rO=

m m
N

0 7

811 2n 0 1

Puc. 4. JlucniepcuoHHbIe XapaKTepPUCTUKH MarHUTO(OTOH-
HOT'O KPUCTAJLIA C ABYMS IUIA3MEHHBIMHU CIIOSIMU

Bl 2n

3AK/IIOYEHHUE

B paboTte pemena 3amaya Ha cOOCTBEHHbIE
BOJIHBI TUPOTPOITHOTO OJTHOMEPHOI'O MarHUTO-
(OTOHHOTO KpHCTa/LIa C IByMSsI aHU30TPOITHBIMU
TUPOMarHUTHBIMU ci1oAMHU. [lomyueHs! B aHa-
JUTUYECKOM BHJIE AIEMEHTHI MaTpUIIbl IIepe-
Jlau¥, Hali1IeHO JUCIIEPCUOHHOE ypaBHEHUE
u ero kopHH. [IpoBeneH aHam3 1MCepCUOHHBIX
CBOMCTB TakUX CTPYKTYp B 3aBUCUMOCTHU OT
MaTepHalibHBIX MapaMeTpoB clIOeB. YcTa-
HOBJIEHO CYILECTBOBAHUE IOJIOC MPOIYyCKa-
HUSI U 3allUPaHUsl U1 paclpoCTPAHSIOUIUXCS
BOJIH B 3aBUCUMOCTH OT MaTe€pUaJIbHBIX Ia-
PaMETPOB CIOEB CTPYKTYPHI C YUETOM T'MPO-
tponuu. OOHAPYKEHO IJIs OTPHUIATEIbHON

MarHuTHOW mpoHunaeMocTu (peppuToBBIN
CJION) WJIN JUAIIEKTPUUECKON MPOHUIIAEMOCTH
(mma3sMeHHBIN CJIOH) CyIIeCcTBOBaHUE MOJIOC
NPONYCKAaHUS JJis MOBEPXHOCTHOW BOJHBI
U BBISICHEHA 3aBUCUMOCTb €€ IIMPUHBI OT Mapa-
MeETpa TUPOTPOIIHH.
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PEHTI'EHOI'PAOUYECKOE UCCIIEAOBAHUE
CTPYKTYPHI U HAIIPSIPKEHHOI'O COCTOSIHUA TiN ITIOKPBITHM,
OCAKJIEHHBIX U3 ®UJIBTPOBAHHOMN BAKYYMHO-JIYTOBOM IJIA3MBbI
B I'A30BO CMECH N, 1 Ar

B. B. Bacuinbes, A. A. Jlyuanunos, E. H. Pemternsik, B. E. Ctpenbauukui
Hayuonanvnuii nayyunelii yenmp «XapbKo8cKutl (husuKo-mexHudeckull UHCImunympy,
2. Xapvkos, Yxkpauna,

[Toctynuna B pepaxuuro 23.12.2016

[IpuBeneHbI pe3yabTaThl HCCIENOBAHUN CTPYKTYPBI M HANPSKEHHOTO cocTossHMS TiN MOKPBITHI, OCax-
nennbix MetogoM Pl & D u3 ¢punsTpoBaHHOlN BaKyyMHO-IyTOBOH IUIa3MBbl B YCIIOBUSIX TIOJa4H Ha TIOJ-
JIO)KKY BBICOKOBOJIBTHOT'O UMITYJILCHOTO MOTEHIMANa CMeleHns ¢ amrutyaoi 1 kB. Merogom pentre-
HOCTPYKTYPHOTO aHaJIM3a M3yUeHO BIMSHHUE Ha XapaKTEPHUCTHKH MOKPHITHI BBEICHNS B COCTaB a30Ta
n06aBok aproHa B auarnasoHe ot 0 1o 45 %. YcraHOBIIEHO, 9TO HE3aBUCUMO OT KOHIIGHTpAIUH aproHa
B ra30BOi CMeCH, MOKPBITHS UMErOT CTpyKTypy TiN (ctpykryprbiii Turm NaCl) ¢ cHibHOM akcHallbHOM
tekeTypoit [110]. IIpu yBennuennn conepskaHus aproHa ypoBEHb CKUMAIOIINX HANPSHKEHUH B MTOKPBI-
THAX cymectBeHHO pactet ot 7 I'Tla mo 10 I'Tla, pasmep kpucramumroB TiN HEMHOTO YMEHBIIACTCS OT
89 HM 110 7 HM, a TBEPAOCTH MOKPBITUI OCTAeTCs Ha BEICOKOM ypoBHE 2732 I'Tla. Ob6cyxmaercs BIus-
HUe 100aBOK aproHa Ha ITPOIIECC POCTA MOKPBITHH.

KuioueBble ¢jioBa: BAKYyMHO-TyTOBOE OCax/IeHue, (PMIBTPOBAaHHAS I1a3Ma, BEICOKOBOJIBTHBIN NM-
MyJIBCHBIN MOTEHINAI, HUTPUIHBIE TOKPHITH, aprOH, CKUMAIOIINE HAIPsLKEHUs, HOHHAs OoMOap-
JTUPOBKA.

PEHTTEHOI'PA®IYHE JOCIIIAKEHHSA
CTPYKTYPHU I HAIIPYKEHOI'O CTAHY TiN IIOKPUTTIB,
OCAJI’)KEHHUX 3 ®LJIbTPOBAHOI BAKYYMHO-JYT'OBOI IVIA3MHU
Y TA30BII CYMIIII N, TA Ar

B. B. Bacuibes, O. A. JIlyuyaninoB, O. M. PemetHsik, B. €. CTpejibHUIIbKUI
HagezneHo pe3ysbTaTs TOCHiPKEHb CTPYKTYPH Ta Harpy»eHoro crany TiN TOKpUTTIB, 0CaKEHUX Me-
tomoM PIII & D 3 dinbTpoBaHOi BAaKyyMHO-IYyTOBOI IIa3MU B yMOBaX TOAaYi Ha ITiIKIAIKy BHCOKO-
BOJIBTHOTO IMITy/IbCHOI'O TTOTEHLIay 3MiIIEHHS 3 aMILTiTyA010 1 KB. MeTogoM peHTreHOCTpyKTypHOTO
aHaJi3y BUBYCHO BIUIMB HA XapaKTEPUCTUKH MOKPHUTTIB BBEICHHS JI0 CKJIAAy a30Ty 100aBOK aproHy y
mianasoHi Bin 0 10 45 %. BeraHoBieHo, 0 HE3aJIeKHO BiJl KOHIICHTPALlii aproHy y ra3oBiil cymilii,
MOKPHUTTA MatoTh cTpyKTypy TiN (cTpykrypHuii Tvn NaCl) 3 cuimbHOIO akciainbHO0 TekcTypoto [110].
[pu 30inbIIeHH] BMICTY aproHy piBeHb Halpy»eHb CTUCKY B TMOKPHUTTSIX 1cTOTHO 3poctae Bij 7 I'Tla
mo 10 I'TIa, posmip kpuctamnitiB TiN Tpoxu 3MEHITY€ThCS Big 8—9 HM 10 7 HM, a TBEPIICTh TIOKPUTTIB
3aJMIIAE€THCS HA BUCOKOMY piBHI 2732 ['TIa. OGroBopro€eThCs BILUTUB TOOABOK aproHy Ha ITPOIIEC 3pO-
CTaHHS IOKPUTTIB.
KurouoBi ci1oBa: BakyyMHO-yroBe 0Ca/IKeHHSI, (piIbTpoBaHa Iu1a3Ma, BUCOKOBOJIBTHUM IMITYJIbCHHUN
MOTEHIIiaJ, HITPUIHI TIOKPUTTSI, apTOH, HAIIPY>KEHHs CTUCKY, I0HHE OoMOapayBaHHSI.

X-RAY STUDY
OF THE STRUCTURE AND STRESS STATE OF TiN COATINGS
DEPOSITED FROM FILTERED CATHODIC-ARC PLASMA IN
THE GAS MIXTURE N, WITH Ar

V. V. Vasyliev, A. A. Luchaninov, E. N. Reshetnyak, V. E. Strel’nitskij
Results of studies of the structure and stress state of coatings deposited by PIII & D method from the
filtered cathodic vaccum-arc plasma flow with a high-voltage pulse bias potential with an amplitude
of 1 kV applied to the substrate have been discussed. The influence on the characteristics of the TiN
coatings additives of Ar in the range 0 to 45 % to N, medium have been studied with the help of the X-ray
diffraction method. The coatings irrespective of the concentration of argon in the gas mixture have a TiN
structure (structure type NaCl) with a strong axial texture [110]. With an increase of argon content the
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PEHTTEHOT PAOHYECKOE HCCIEOBAHHUE CTPYKTYPBI H HAIIPAJKEHHOTO COCTOAHHUA TIN ITOKPBITHH...

level of compressive stresses in the coatings substantially increases from 7 GPa to 10 GPa, the crystallite
size decreases slightly from 8.9 nm to 7 nm, and the hardness of the coating remains on an enough high
level of 27-32 GPa. The effect of the argon additives on the coatings growth process has been discussed.
Keywords: vacuum arc deposition, filtered plasma, high-voltage pulse bias potential, nitride coatings,

argon, compressive stress, ion bombardment.

BBEJIEHUE
[Ipouecc BakyyMHO-AYTrOBOTO OCaXJEHUS
HIMPOKO MCTHONb3yeTcs A1 MOAU(UKAIIUU
MOBEPXHOCTU MaTE€pUAJIOB, B TOM YHUCIIE TS
PEAKTUBHOTO OCAXJEHUSI M3HOCOCTOUKHUX
MOKPBITUI HA OCHOBE Pa3IMYHbIX HUTPHUJIOB
U OKCHJIOB Ha MTOBEPXHOCTh MHCTPYMEHTA U
nertainei MamuH. [1na3ma, renepupyemas Ka-
TOJHOM NYyrOW, XapaKTEPU3YETCs BBICOKOU
KOHI[EHTpallMell MOHOB Marepuaja KaToja,
SHEPTUsS KOTOPBIX B MPOLECCE OCAXKICHUS
MOKPBITUS MOXET KOHTPOJUPOBATHCS MyTEM
NPUI0KEHUS MOTEHIMAJIa CMEIIEHHUS K M0~
nJoxke. JlyroBoit pa3psii IpoOrU3BOIUT TaKkKe
HeOOoJbIINe KAl KaToAHOTO Marepuaia —
MaKpO4YacCTHUIIbl. DTH MaKpPOUYACTHUIIbI, TTOTIA1ast
B MOKPBITHE, IPUBOJAT K CHUKEHHUIO TBEPJOC-
TH, YBEJIUYEHUIO IEPOXOBATOCTU MOBEPXHOC-
TH ¥ YXYJLICHUIO a/IF€3UU Ha TpaHUIIe paszerna
MEXKy MOMIOKKON U nokpbiTUeM [1]. [Ipucyt-
CTBHME MAKpOYaCTHUIL AOIMYCTUMO JJIsI MHOTUX
MPOMBIIIJIEHHBIX MPUIIOKEHHUH, TOATOMY, HC-
X051 U3 cooOpakeHUH 3PPHEKTUBHOCTH U CTOU-
MOCTH, OOJTBIIMHCTBO KOMMEPUYECKHX YCTAHOBOK
JUUISI HAHECEHUS MOKPBITUNA HE HUCIOJB3YIOT
crielualibHble (PUIBTPBI, MO3BOJIAIONINE OYUC-
TUTH IJIA3MY OT MakpodacTtul. Tem He MeHee,
C KaXJbIM roJIOM TpeOOBaHUS K MOKPBHITUAM
CTaHOBATCS Ooyiee KECTKUMU, U, ClIeA0BaA-
TEIbHO, UHTEPEC K UCIOIB30BaHUIO (PHIBTPO-
BAHHOW BaKyyMHO-AyTOBOH IJIa3Mbl H© HOBBIM
METOJaM OCaXJECHHS Ha €€ OCHOBE yBEIMYU-
BaeTcs. Mcnonb3oBanue GuibTpanuu mia3mbl
MO3BOJISIET CYIIECTBEHHO YMEHBIIUTh KOJIHUYe-
CTBO MAaKpOYacTHUIl B OCaXAAEMBbIX MOKPBITUAX
Y MCIO0JIb30BaTh MPOLIECC BAKyyMHO-1YTOBOTO
OCAXJICHHS B TAKMX 00JIACTAX, KaK YIIPOUHEHUE
BBICOKOTOYHBIX HHCTPYMEHTOB, Y3JIOB TPEHUS,
W3JIEJIUI ONTUKYU U SJIEKTPOHUKH [2].

B nensax ganpHEHIIero NoOBLIIIEHU KaUYeCcTBa
Y a/IF€3UH K MOJII0KKE HAHECEHHBIX BAKYyMHO-
JIyTOBBIX MOKPBITUI B MOCJEIHEE BpEMS UC-
MOJIB3YIOT MOAXO0J, COYETAKIIUN IPOLECCHI
OCaXJECHHS U MUMIJAHTAIlUU, KOTOPBIM SIB-
nsetcs ocHoBoi merona PIII & D (Plasma

immersion ion implantation and deposition)
[3—6]. IIpu Takom moaxo/ie rIaBHOW OTINYH-
TEJIbHOI 0COOEHHOCTBIO SIBIISICTCS UHTCHCUBHAS
MOHHasi 00MOApIUPOBKA BO BPEMsI HAHECEHUS
MOKPBITUS, KOTOpasi o0ecreynBaeTcs nmyTeM
MOJa4u Ha MOJI0KKY BBICOKOBOJIBTHOTO MM-
MyJIbCHOTO MOTEHIMaJIa CMEIEHUs, YTO MO0~
3BOJISIET CHHTE3UPOBATh MOKPBITHS C INTIOTHON
CTpyKTypoil. I3MeHeHne napaMeTpoB UMILYJIb-
CHOI'O MOTEHIIMAaja J1aeT BO3MOXHOCTb PEry-
JINPOBAaTh YPOBEHb OCTATOYHBIX HAIPSKECHUU
B MOKPBITUAX, YPE3BBIUAITHO BBICOKOE 3HAYE-
HHUE KOTOPBIX MOXKET OBITh MPUUYMHON HUZKUX
JKCILTYyaTallMOHHBIX CBOMCTB U JIaXKe pa3pyliie-
HUS ITIOKPBITUH.

[lepBBIl, U 10 CUX HOp MONMYJISPHBIN,
MaTepuall Cpead BaKyyMHO-AYTOBBIX ITO-
KpBITUA — HUTpU TUTaHa TiN, KOTOpbIil co-
yetaeT B ce0Oe JIeKOpPaTUBHBIN 30JI0TOM I[BET
C OTJMYHOU KOPPO3UOHHOU CTOUKOCTHIO
U BBICOKOUM M3HOCOCTOWKOCTHIO [1, 2]. B mo-
CJI€JJHUE TOJbl aKI[EHT UCCIEI0BaHUM cMec-
THJICS OT TMPOCTBIX OAHOCIOWHBIX MOKPBITUI
K MHOTOKOMIOHEHTHBIM, MHOTOCJIONUHBIM
U HAaHOKOMIIO3UTHBIM TOKPBITHAM [7, 8].
OpHako naxke cerofHsl 00JbIIOe KOJIUYECTBO
nyonuKanui no-npexuemy cpszansl ¢ TiN
1 HOBBIMHM METO/aMU €ro ocaxxjaeHus. Kpome
TOT0, 3TOT MaTeprall ABIIAECTCS XOPOUIEH Mojie-
JIBIO /17151 IOHUMAHUS BIUSHUS YCIOBUN OCaXKe-
HUS Ha CTPYKTYPY U CBOMCTBA MOKPBITUI Ooee
CJIO’KHBIX CUCTEM.

YacTo, Ans TOro, 4ToOBl CTaOUINU3UPO-
BaTh FOPEHHUE BaKyyMHOT'O JyTOBOIO pa3psija
B IIPOLIECCE HAHECEHUS NMOKPBITUNA B XUMH-
YeCKHM aKTUBHBIN pabouuii ra3 (a30T, KHUC-
JO0poJa, METaH) A00aBIAIOT UHEPTHBIN Ta3,
B OCHOBHOM apros. B aTom ciryyae Hannuue
aproHa yCUJIMBaeT UOHHBIH 0OpAaTHBIA MOTOK
K KaToJy B HEMOCPEJICTBEHHOM Onm30CTH
OT KaTOIHBIX HATEH AYTH, TEM CaMbIM, yBeE-
JTUYMBasi BEPOATHOCTh 0Opa30BaHUS HOBBIX
SMUCCUOHHBIX LIeHTpOB [2]. K ToMy xe npu-
CYTCTBUE MHEPTHOTI'O I'a3a BIMIET HA MPOLECCHI
AKTHBALIMU IJ1a3Mbl, HIOHU3ALMH PEAKIIMOHHOTO
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rasa, nepeHoca Imia3Msl K MOJI0KKE, HOHHON
60MOapIMPOBKHU TOBEPXHOCTH MOKPHITHS B TIPO-
1IECCE €r0 pOCTa, YTO BCE BMECTE OMpeAesieT
CTPYKTYPY M CBOMCTBA OCaXK/1a€MbIX TOKPBITUI
[9]. U3BecTHO, UTO XMMHUYECKUHN COCTaB,
(ha3oBEIl cCOCTaB, CYyOCTPYKTypa U MPEATIOYTH-
TeJIbHAsl OPUEHTALUMSI HUTPUIAHBIX NOKPBITUI
3HAUYUTEIbHO MEHSIOTCS B 3aBUCUMOCTH OT
W3MEHEHHUH B COOTHOIICHUHU a30Ta W aproHa.
CTpyKTypHBIE H3MEHEHUS OKa3bIBAIOT CyIIE-
CTBEHHOE€ BJIMSIHUE HA TBEPJOCTb, aJIT€3HI0,
M3HOCOCTOUKOCTh U TPHOOTEXHHUECKHE XapaK-
TepucTuku NokpeiTuid [10—15]. HecMmotps Ha
OYEBUIHBIE U3MEHEHUS B CTPYKTYPE MOKPHITUH,
MEXaHU3M HTOTO BIUSHUSA IO CUX TOP JI0 KOHIIA
HE W3YYEH.

Lenbto nanHOW pabOTHI SBISIIOCH H3y4e-
HUE BIUAHUA 100aBOK Ar K N, Ha CTPYKTypy
u cBolicTBa MOKphITUM TiN, OCaXJICHHBIX U3
(UITBTPOBAHHON BaKyyMHO-IYTOBOMU IJIa3MbI
MPH 10JIa4€ BHICOKOBOJIBTHOTO HUMITYJIbCHOTO
MOTEHIIMAalla CMEIEHUsI Ha MOANIoKKY. Ocoboe
BHHMAaHHE YAENSIOCH aHATU3Y BIHSHUS J00a-
BOK aprOHa Ha YPOBEHb OCTATOYHBIX HaMpsIKe-
HHUI B TOKPBITHSAX.

METOAUKA SKCIIEPUMEHTA
[ToxkpeiTus TiN ocaxmganuch BaKyyMHO-
JyTOBBIM CIIOCOOOM C HMCIOJIb30BAaHUEM Ka-
TOJa U3 TEXHUYECKH YUCTOTO TUTAHA Ha
MOJIEPHU3UPOBAHHOM yCcTaHOBKEe THNa «bynar-
6», 000pyAOBaHHOW MNPSIMOJIHUHEHUHBIM
MarHMTORIEKTPUUECKUM (UIBTPOM IUIa3Mbl OT
Makpouactull [ 16]. Ocaxenue npoBOJUIOCH
ripu Toke 1yru 100 A B ycnoBHsX 1oa4u OTpHU-
L[aTE€JIbHOTO BBHICOKOBOJILTHOTO UMIYJILCHOTO
MOTEHIIMAJIa CMEIEHUs Ha TOJIJIOKKY (METOJ
PIII & D). Bce akcriepiMeHThI OCYIECTBISUIUCH
IIPU aMILUIUTYAE UMITYJIbCHOTO MMOTEHIMaIa —

1 kB, yacTora noBropeHus uMmyiabcoB 12 kI,
JUTUTEBHOCTh UMITYJIbca 6 MKC. B mpomexyT-
Kax MEXAy UMIYyJIbCaMM IMOJJI0KKA HAXOu-
Jach MPU CaMOCONIACOBAHHOM «IIJIABAOLIIEM»
notenuane — (3—20) B. bbuin ucnonb3oBanbl
noanoxku u3 cranu 12X17 pazmepom 17 x
20 MM u TonuuHou 2 mM. Ilepen HaHeceHnem
MOKPBITHI Ha TOBEPXHOCTb MOAJIOKEK B TEUEHUE
4 MUHYT HAaHOCHWJICSI TOHKUHM MTPOMEKYTOUHBIN
cioii Ti. Bpems ocaxaenust mokpsituid TiN co-
ctaBisuio 30 munyT. TonimHa BceX MoTy4YeHHBIX
MTOKPBITUH ObLIAa OKOJIO 3 MKM.

OcaxJeHue MOKPhITUIA MPOBOMIOCH B ra-
30BOI CMECH a30Ta M aproHa MpH pa3IuYHbIX
NMapUyaNbHbIX AaBJICHHUAX Ta30B. [lomada ra3os
B BaKyyMHYIO KaMepy OCYyIIECTBIsIACh Yepes
KaToMHbIN y3en. Mcmonap30Banu 1Ba 3HAYSHUS
napuuanbHoro gasienus N, — 0,03 [Tau 0,1 ITa.
[TapumanpHoe naBieHue Ar ObIIIO BHIOpaHO
TakuM 00pa3oM, 4TO €ro KOHIIEHTpPAIIUs B ra30-
Boii cMmecu coctasisiia 0, 10, 20, 35 u 45 %.

CTpyKTypHBIE HCCIed0BaHUsS 00pa3loB
B paboTe OBLIM MPOBEAEHBI METOJOM PEHT-
T€HOCTPYKTYpPHOT'O aHaiau3a Ha AU(PpPaKTo-
meTpe Philips PW 3710 B uznyuenun Cu-Kao
C UCIIOJB30BaHUEM CheMOK B 0—20 U CKOJIb-
3smiedt reomerpusx. Pasmep oGmacTeit kore-
penTHoro paccesHus (OKP) B mokpwITHAX
(L) paccuutsiBancs u3 cootnomenus Llleppepa
no ymupenuro nukos (220) ma 6-26 nudpak-
TOrpaMmax. YpPOBEHb OCTATOYHBIX HAIIPSKECHUN
B MOKPBITUSX (G) OMPENETSIICS METOIOM PEHT-
T€HOBCKOM TEH30METPHUHU C MCIOIb30BAHHU-
eM sin®y crmoco6a, MOAM(PUITUPOBAHHOTO JIJIs
CKONB3simmel cxeMbl TUPpPAKIUU PEHTTE-
HOBCKkuX aydeir [17, 18]. CremMku mpo-
BOJAUIHNCH NMyTeM 20 CKaHUPOBAHUS NpPU
(UKCUPOBAHHOM yTJie MaJeHUs] PEHTTE€HOB-
CKOTO M3Jy4eHUs: Ha o0pa3erl o, KOTOPBIA CO-
craBiyisil 2 rpan. s pacyeTra OCTaTOYHBIX
HaMNpsHKeHUN TPOU3BOAMIOCH MOCTPOCHHE
a-sin’ y rpadukoB. [Ipu 3TOM HCHONTB30BAUCH
BCE MMEIOIIHNECS OTPAXEHHUS, & YTOJl MEXIY
HOPMAJTBIO K OTPAXKAIOIIUM TUIOCKOCTSM U HOP-
MaJblo K MTOBEPXHOCTH o0pa3na JJIsl KaKIaoro
orpaxkenus (hkl) onpenensics kak: y = 0" — ¢,
rae 0" — yron nudpakiun. ATIpOKCUMAIHS
TOYCK Ha rpaduke mpsIMol MTPOU3BOIUIACH C
Y4€TOM TOTO0, UTO MOTPEUTHOCTh ONpeeIeHuUs
Mepuojia PeIIeTKN YMEHBIIACTCS C yBeInuYe-
HUeM yria nudpaknun: Aa/a ~ —ctgd(A6). Ha-
MPsKeHUsI ObUTH pacCYUTaHbl B TPUOIHKEHUU
CUMMETPUYHOTO JABYXOCHOTO HAMPSKEHHO-
rO COCTOSIHUS. YHpyrue KoHCTaHThl 1ist TiN
C MpeuMYyIIeCcTBEeHHOW opueHTanuei (220),
HEeoOXOoMUMBbIEe IS OIEHKU HAMpPSKEHUM,
ObLIH B3STHI U3 paboThI [3]: Moayns FOHra —
424 I'Tla, koaddumuent Ilyaccona — 0,2.

Tepmocts (H) 1 monynb FOura (E) mokpbIThit
m3mepsui Ha HaHonHzaeHTope G200 mpou3BoicTBa
(upmb1 MTS metonom CSM (HenpepbIBHOTO M3Me-
PEHMS J)KeCTKOCTH ). 3HadeHue H Opanu Ha ITyOHnHe
uHeHTauu, paBHoM 10 % OT TONIIMHBI TUICHKH.
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PE3VJIBTATBI U UX OBCYKJAEHUE

Ha puc. 1 npusenens 020 nudpaxrorpammsl
MOKPBITUM, OCaXK/IEHHBIX MPU J1aBJICHUU a30Ta
0,03 ITa ¢ pa3nu4yHON KOHIEHTpAIIMEH aproHa
B nuarnasone ot 0 1o 35 %. Audpaxrorpammsl
MOKPBITUH, OCAKIEHHBIX MPU OOJIbILIEM JaBIIe-
Huu azora — 0,1 I1a, mnentuansl. Ha Bcex nud-
paKTorpaMMax BUIHBI clIaOble JIMHUH TOATIOKKH
1 TIoACHOs U3 0-T1, @ TaK)Ke JTMHUU TIOKPBITHS —
Hutpuaa TiN ¢ KyOudecKko CTPYKTypou TUIa
NaCl. CooTHoleHEe UHTEHCUBHOCTEN JTMHUIMA
HUTpHIA HA TU(paKTorpaMMax MOKPHITHH OTIIU-
Y4aeTCsl OT 3HAYCHUH, XapakTepHbIX 1 TiN co
CIIly4YailiHOM OpUEHTALMEN KPUCTAJUIUTOB, JJIS
KOTOPBbIX Hanbosiee UHTEHCUBHOMN SIBIsIETCS
nuaus (200). JudpakTorpaMMbl MOKPHITHHA
HMEIOT TOJIBKO OIHY CHIIbHYIO JTMHUI0 — (220),
a octaibHbIe oTpaxkeHus TiN oueHb cladkbie.
KpuBas kauanus orpaxenus (220) cuue-
TEJIbCTBYET, 4TO B MOKPBITUAX TiN obpasyercs
TEKCTypa akCuajabHOro Tuma c ocbto [110] B Ha-
MIpaBJIEHUH HOPMAJIU K IOBEPXHOCTHU MOKPBITUS
u ¢ ymioM paccesHus ~10 rpagycos.
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Puc. 1. Pentrenosckue 620 mumdpakrorpaMMbl TOKPBITHI
TiN, ocaxnennpx npu gaenenun N, 0,03 Ila u pasnmaroi
KOHIICHTPALIX JOOABKH Ar.

BBenenue aprona B cocTaB ra3oBoit ¢a3bl
NIPY OCAXKICHUH TIOKPBITHI HE IPUBOIIUT K U3Me-
HEHUIO 00111ero BUIa TMPPaKIMOHHON KapTHHBI,
HO TIapaMeTpbl HUTPUAHBIX AU(PaKIINOHHBIX
nuHui MeHstoTcs. C yBeTUYeHHEM colepiKa-
HUS aproHa B Ta30BOM cMecH Au(paKIIuOHHBIC

nuaun TiN cMmemarTcs B CTOPOHY MEHBIIIHUX
YIJIOB, UX UHTEHCUBHOCTh HECKOJIBKO CHUXKA-
€TCs, a MUPUHA BO3PACTAET, YTO YKa3bIBACT Ha
uzMenenue pasmepa OKP u ypoBHs Hanpsixke-
HUI B MOKPBITUAX. Pe3ynbrarsl onpeneneHus
pa3zmepa OKP nokazansl Ha puc. 2a. Bo Bcex
nokpbITUsix pazmep OKP ne npesbimaer 10 HM.
Buano, 4to ¢ yBenuueHneM KOHIIEHTPALUH ap-
rona pasmep OKP ymenbmiaercs. [Ipu nasne-
Huu a3ota 0,03 Ila ot 9,2 1o 7,1 M. [1pu Gomnee
BeicokoM naBiienuu 0,1 Ila 3Tu u3menenus
MEHEE 3HAYUTEILHEl — OT 7,7 10 7,1 HM.

10

L, Hm

o, Ma

Ar, %
o
Puc. 2. Bousnue no6asku Ar k N, npu ocaxnenuu TiN
MOKPBITUI HAa MX CTPYKTYPHBIC XapaKTCPUCTUKU: a —
pasmep OKP; 6 — coxumaroiue HanpsHKeHUs

ITo nonoxxeHuto TUPPaKIIMOHHBIX MaKCH-
MyMOB Ha 0-20 nudpakrorpaMmax MOKpPHITUN
C MCIIONIb30BaHMEM ypaBHeHHs Bynbsga-bperra
ObUIO pacCUMTaHO 3HAYCHHE MapaMeTpa KpHc-
TAJNINYECKON PENIETKU B HAIPaBIEHUM HOP-
MaJiH K noBepxHoctu nokpseitus (y = 0). Bee
pacueTHble apamMeTpbl ObUIM BBILIE, YEM 3Ha-
yenue 0,424 HM, KOTOpOE XapaKTEPHO JJIsl Mac-
cuBHOTO TiN CTEXHOMETPUYECKOTO COCTaBa,
YTO 00YCJIOBJIEHO HAJIMYUEM BHYTPEHHUX CHKU-
MaIIUX (MaKpOCKOIUYECKUX) HAMPSKECHUN
B MOKpbITUAX. C yBeIMUEHHEM KOHLIEHTpALUU
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aproHa B COCTaBe ra30BOM CMECH IapaMeTp
pelIeTKH yBennuuBaics B quana3one ot 0,428
10 0,431 uM. [l onpeneneHus HanpsKeHUH
B TIOKPBITHSIX OBUTH UCIIOJIB30BaHbI PE3YIILTAThI
CBhEMOK B CKOJIB3SIIIIEN CXEME, TIOTYUYEHHBIE IIPU
(UKCHPOBAHHOM YTJIE TIAJCHHS M3TyYeHUS Ha
MOBEPXHOCTH 00pasia 2 rpajl. B LIMPOKOM JHa-
na3oHe yrioB audpaxmuu 260 ot 25 no 140 rpa-
nycoB. Ha puc. 3 nokazaHa ogHa U3 TUIHYHBIX
mudpaKTorpamMmm, OTydeHHAst TAKAM CTIOCOOOM.
Tak kak Ipu CKONIB3SIIEN TEOMETPUHN CHEMKHU
[TyOMHA CJI0s1, KOTOPBIA y4acTBYET B (hOpMHUPO-
BaHUU TU(GPaKINOHHONW KapTUHBI, HA TOPSIOK
BEJIMYMHBI MEHbIIIe, 4yeM rpu 0—20 ckanupoBa-
HUM, HA TTOJYYSeHHOH TU(PAKIIMOHHONW KPUBOU
OTCYTCTBYIOT JINHUU MaTepualia MoIjI0KKHU U TH-
TAaHOBOTI'O MOACIIOS. B TO e BpeMmsl, Ha HEeW pHu-
CyTCTBYIOT Bce nmuHUM TiN, XapakTepHbIe 1Jis
PacCMOTPEHHOIO Mana3oHa yriioB, KOTOpbIE
HMMEIOT JOCTAaTOYHO BBICOKYIO MHTEHCUBHOCTb,
YTO MO3BOJSAET KOPPEKTHO ONPENENIATh UX
YIJIOBO€ TOJ0KEHUE U BBIYUCIATH COOTBET-
CTBYIOLIUI MEPUOJ KPUCTAJUIMYECKOU peleT-
ku. Takum 00pazom, 1St BCeX MOKPBITHIA ObUTH
MMOCTPOEHBI TS a-Sin*\y TpaduKy IS 3HAUCHHI
v B auamnaszoHne ot 0 1o 60 rpaaycoB, KOTOpbIe
OBLIIM KUCTIOIB30BAHbI VISl ONIPENENEHUS YPOB-
Hs HanpsihkKeHUU. Pe3ynpTarsl TaKOro pacuera
npuBeaeHbl Ha puc. 20. be3 no6aBok aprona
B COCTaB paboYero rasa ypoBeHb CKUMAIOIINX
HaNpsOKEHUH B TIOKPBITHSIX /17151 000MX 3HAYCHUIN
JlaBJeHus a30Ta B kamepe cocrasisieT — 7 ['Tla.
[Ipu nobGaBiaeHun aproHa ypoBeHb HampsixKe-
HUH pacTeT U 3TO YBEIUUCHHUE sIBIIgeTCs Oolee
pe3kuM mpu Gosbiem aasiaenun azora 0,1 Ila,
a 3Ha4YuT, U OosbIIEM OOIIEM J1aBIIEHUH T'a30B
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Puc. 3. ludpaxrorpamma, rosydeHHast B CKOIB3SILECH reo-
METPHH CheMKH, Juisi MOKpBITHs TiN, OCaXIeHHOro mNpH
napuuansHom gasienud N 0,03 Tla Ge3 noGasku Ar.

B kamepe. [1o mepe yBenuyeHus: KoauyecTBa
aproHa 3aBUCUMOCTb YPOBHSI HalpsI)KEHUI OT
MPOLEHTHOTO COJEpKaHUs AT BBIXOJUT Ha
HaChIIlIeHHUE, gocTturas yposHs okoisio 10 I'Tla.

N3BecTHO, 4TO pa3Mep 3epeH U ypOBEHb Ha-
MPSKEHUH B MOKPBITUSX MOTYT OKa3bIBaTh 3HA-
YUTEJIBHOE BIMSIHUE HA TBEPAOCTbh MOKPBITUH.
YMeHbllIeHHE pa3Mepa 3epHa U yBEJIUYEHHE
HalnpsHKeHUN cKaTus, Kak MpaBuio, odecme-
YUBAIOT HEOOJbIIOE YBEJIUYCHHE TBEPIOCTHU
[7, 8]. B Hammx skcriepuMeHTax Mbl HE HAIIUIA
TaKyl0 Koppessiuuio. Pe3ynbrarsl HAHOMHACH-
THUPOBAHMS TMOKPBITUN TTPUBECHBI B Ta0JI. 1.
Bce mokpeITHs UMEIOT JOCTATOYHO BBICOKYIO
TBEPAOCTh. {1 MOKPBITUH, ITOTYy4YEHHBIX IPU
napuuansHoM aasienun N, 0,03 Ila, tBep-
noctb coctasiser 30-32 I'Tla, a npu naBneHnn
0,1 ITa TBEp1OCTH MOKPBITHS HEMHOTO HIXKE —
27-31 I'la. 3nadenust momysnst FOHra nokpbeITuit
HaxomsTcs B quanaszone ot 333 mo 416 I'lla,
YTO HECKOJIBKO HI)KE 3HAYCHUSI, XapaKTEPHOTO
st TIN. C yBenM4eHHEM COepKaHMs aproHa
MMEEeTCs] TEHJEHIMS K YMEHbIIECHUIO 3HAYEHUS
monynst FOnra. B pesynerare, orHomenue H/E
Bo3pactaet ot 0,077 no 0,083.

BaxxHOM XapakTEpUCTUKON CTPYKTYPBI
MOKPBITHI, KOTOpasi MOXET ObITH OMpe/eicHa
u3 a-sin*y rpauKoB, ABIAETCS MapaMeTp pe-
IIETKK ¢, B CEYCHUH, 3aJAHHOM T1apaMeTPOM
sin’y,, rae ynpyras aedopmaius paBHa HyJIo,
T. €. IapaMeTp pelIeTKH MaTepraia B HeHanps-
)KCHHOM COCTOSHMH. 3HaYEHHUE Sin*y, onmpen-
eJsieTCsl yIPYTMMH TTOCTOSTHHBIMU MaTepuania.
Jla TiN ¢ tekcrypoii [110] u 3HaueHUsIME yTIpY-
TUX KOHCTAHT B COOTBETCTBHH € paboToi [3]
sin’y, = 0,33. Kak nokasano B pa6ote [18], npu
WCCIICZIOBAHUH HUTPHUIHBIX MMOKPBITUIA, KOTOPBIE
OCaXXJAI0TCsl HOHHO-TJIa3MEHHBIMH METOIAMHU
B YCJIOBUSX WHTEHCUBHOW MOHHON OoMOapau-
POBKH, MpeacTaBisieTcss 6oyee NpaBUIbHBIM
ONpE/IENIEHHUE 3HAYEHNS ¢, B TOUKE Ha rpaduke,
COOTBETCTBYIOIIIEH 3HAUCHHUIO Sin*\y", KOTOpOe
omnpeensoT rpaduyecKy Kak TOUKy repecede-
HUS a-Sin*\y TpapUKOB JJIsl MOKPBITUS B UCXOJI-
HOM COCTOSIHUH U IIOCJIE OTKUTa. TaKoH ITOIX0I
o0ecrieynBaeT orpe/esieHue HCTUHHOTO, «HeHa-
MPSKEHHOT0» MapaMeTpa pPeleTKH.

OO6pa3ubl ¢ nokpeiTusiMu Ne 1 u Ne 4
(cM. Tabma. 1), kKOTOpBIE OCAXKIAATUCH B OTCYT-
CTBHE AT U IIPH COAEP>KaHUU Ar B Ta30BOI CMECH
35 %, COOTBETCTBEHHO, OT)KUTAJIM B BaKyyMe
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Tabmuna 1

PesyabTarel HAHOMHAEeHTHPOBaHUs MOKPLITHH TIN
No obpasma 1 2 3 4 5 6 7 8
Hasnenue N, [Ta 0,03 0,1
% Ar 0 10 20 35 0 10 20 45
H,I'Tla 31,7 30,1 32,2 31,9 28,3 31,3 26,7 27,5
E,TTla 413 396 409 383 370 416 351 333
HIE 0,077 | 0,076 | 0,079 0,083 0,076 0,075 0,076 0,082

npu temmneparype 650 °C B Teuenue 1 yaca.
JudpaxTorpaMmbl MOKPHITHHA 0 U MOCTE OT-
KUTa TMOKa3aHbl HA puc. 4, a CTPYKTypHBIE
XapaKTEPUCTUKH MOKPBITHH, TOITY4YSHHBIE 1O
pesyiabTataM 00paboTKH TUPPAKTOMETPHUECKUX
JTAHHBIX, IPUBECHBI B TAOIUIIE 2.

& - NCXOOHbII
1E A rocre oTxura
§ 1
I
T e
E
o 4
I
o
=
(&)
g _~___.__._/\_/"\h_~f~1"\ .
el
I
=
7 T T T T T 1
30 40 50 60 70 80
20, rpag.
a
g NCXOOHbIV
1z nocre omxura
5
g | .
< &
s
5 {2
o 5
[ <
o 58 59 60 61 62 63 64
o
T 26, rpag.
o | A
o b | I\
I h ﬁ\
e N W | L)
I
o
L T T T T T 1
30 40 50 60 70 80
20, rpag.
o

Puc. 4. Pentrenosckue 020 mudpakxrorpammsl TiN mo-
KpBITHH, OCaXIEHHBIX TP TapUuaibHOM AaBneHun N,
0,03 ITa ¢ pa3nuIHBIM cofepkaHHeM Ar 10 ¥ TIOCTe OT-
skura: a — 0 % Ar; 6 — 35 % Ar

BunHo, uto o6muii Bua audpakrorpamm
B pe3yJIbTaTe OT)KUra HE MEHSIETCS, T. €. KpUC-
TaJlauyecKasl CTPYKTypa U TEKCTypa C OChIO
[110] B mOKpBITUSIX ABISAIOTCSA CTAOMIBLHBIMU.

NuTtencuBnas nudpaknuonHas jgunus (220)
MOKPBITUH MOCTIE OT>)KUTa CMEIIAETCS] B CTOPOHY
OOJIBIINX YIJIOB. DTO CMELICHHE JIJTsl TOKPHITHS
No 4, ocaxkIeHHOTO MPHU BBICOKOM KOHIIEHTpa-
MU aproHa, OoJblie, YeM AJisi MOKPBITUS Ne 1,
MIOJTyYEHHOTO B €r0 OTCYTCTBUU. B TO e Bpemsl,
JU1st MOKPBITHS Ne 4 IMprUHA U MHTEHCUBHOCTh
muHuY (220) mpU OTIKUTE MTPAKTUYECKU HE Me-
HSETCSI, B TO BpeMsi, Kak i MOKpbITUs Ne 1 aTa
JIUHUS CTAHOBUTCS O0JIee y3KOW M MHTEHCUBHOM,
YTO yKa3bIBA€T Ha COBEPILIEHCTBOBAHUE KPHUC-
TaJUINYECKON CTPYKTYPBI B IOKPBITHU. JleiicTBH-
TenbHO, pazMep OKP B MOKpbITHH, MOTYy4YEHHOM
0e3 mo0aBleHUs aproHa, B pe3yJbTaTe OTKUTa
yBeauumiics B 2 pasza ¢ 9,2 no 17,6 um. I[lpu
Hanuyuu aprona npoiecc pocta OKP ycnox-
HSETCSl, UYTO MPUBOJIUT K MEHEE 3HAUUTEIIbHBIM
u3mMeHnenusMm ot 7,1 no 8,7 um. TBepagocts H
1 BenrmunHa H/E B po1iecce OTKUTA TTOKPBITUS
YMEHBIIATCS, TPUOTUKASICH K 3HAYCHUSIM,
XapakTepHbIM 17151 MacCUBHOTO TiN.

a-sin®y rpaduku 00pa3IOB C MOKPHITHSIMH
Ne 1 u Ne 4 B ucXolHOM COCTOSIHUU U TOCJTE
OT)KMTra MpuBeleHbl Ha puc. 5. Jusg oboux
MOKPBITUI B PE3YJIBTATE OTHKUTA HAKJIOH MPSMOIA,

0 % Ar ncxoaHbIn

35 % Ar ucxoaHbin

0 % Ar nocne omxwura
Y 35 % Ar nocre omxura

D

w

N

.

a
em OO

a, 107" Hm

sin®y

Puc. 5. a-sin®y rpaduky TOKPBITH, OCKICHHBIX IPH pa3-
JIMIHOM COZIEpKaHMH AT B cMeCH N, B HICXOIIHOM COCTOS-
HHH ¥ TIOCTIE OTXKNTa
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TaOmuma 2
CpaBHenne xapaktepucTuk TiN HOKpBITHIA 10 M ITOC/IE OTKUTa
Ne obpasiia 1 4
Jlaierane N, 0,03
Pa

% Ar 0 35

o nocie . nocie

HUCXOJHBIN HCXOJHBIN
OTXHUra OT>XHUra

L, am 9,2 17,6 7,1 8,7
o, ['Tla 7,1 2,8 10,1 3,0
a,, HM 0,4242 0,4253
H,I'Tla 31,7 26,1 31,9 20,7
E, T'Tla 413 433 383 322
H/E 0,077 0,060 0,083 0,064

aNMpOKCUMHUPYIOIEN IKCIEPUMEHTAIbHBIE
TOYKH Ha TpaduKax, yMEHbIIACTCS, YTO CBH/IE-
TEJIbCTBYET O CHM)KEHUU YPOBHS HallPsHKEHUU.
PacueTsl mokazanu, 4To HE3aBUCUMO OT ITPUCYT-
CTBUS aproHa B pabo4eM rasze ypoBeHb CKMMa-
IOLMX HAMpPsHKEHUH MOCIe OTXKUTa CHUYKACTCS
o 3 I'Tla.

MOo’KHO BUAETH, YTO AJIsl 000UX MOKPBITUI
3Ha4YeHHE Sin’y’, ompeaeaeHHOE KaK TOYKa
nepeceyeHus rpa)uKkoB 10 U MOCIE OTXKUTa,
BhIIIE, 4eM sin’y = 0,33, KOTOpOE BBIUUCICHO
UCXos U3 ynpyrux moctossHHbIX TiN. 3Ha-
YEeHHUE MapaMeTpa PEUIeTKH JJIsl MOKPBITHS,
OCa)KJIEHHOro 0€3 aproHa, COBNajaceT CoO 3Ha-
yeHueMm st MaccuBHOTO TiN (a = 0,4242 um)
[18]. oGaBnenue k azoty 35 % Ar npu ocax-
JI€HUU NPUBOJUT K YBEJIMYEHUIO ITapaMeTpa
pemeTku nmokpuiTus A0 0,4253 um. Ckopee
BCET0, 3TO CBA3aHO C MMILJIAHTAallUE€ UOHOB
aproHa B MokpeiTue. MIMeHHO Hanuuuem
MMILJIAHTUPOBAHHBIX YaCTHI] aproHa, KOTOpbIe
CO3JAaI0T CWJIBHOE UCKAKEHUE KPUCTAIIINYEC-
kol pemretku TiN, mpenaTcTByOIIEe ABUKE-
HHUIO TUCJIOKALIMHA, MOKHO OOBSICHUTH CIA0BIN
poct OKP B miporiecce 0TKura 3Toro noKpbITHS.
JleicTBUTENBbHO, KaK MOKA3aJu pe3yabTaThl
3JIEMEHTHOTO aHajlHu3a Ha CKaHUPYOUIEM
ANIEKTPOHHOM MuKpockore Zeiss EVO MA1S ¢
CUCTEMOM PEHTTE€HOCIEKTPAIbHOIO MUKPOAHA-
mu3a JED 2200, B TiN MOKpPBITHSIX, OCAXKISHHBIX
rpu 10 % aprona B cocTaBe razoBoil CMECH, CO-
nepxkurcs 1o 0,5 at. % aprona.

Xopouio u3BeCTHO, UTO HOHHAs Gombap-
JMpPOBKa B MPOLECCE HAHECEHUS MOKPBITUS
CYLIECTBEHHO BJIMSET HAa UX CTPYKTYPY U CBOM-
CTBa, IPUUYEM PE3YyJbTaT BO3IEUCTBUS, B MEp-
BYIO OY€pE]lb, ONPEIEIISAETCS SHEPTHEN YacTull
[1-3, 7]. IIpu HU3KOM TeMmepaTrype MOMI0K-
KA TpU OCHOBHBIE dPdeKxTa MOTYT UMETH
MECTO IMOA JeicTBHEM OOMOapAMPOBKH MPH
BAKYYMHO-JIyTOBOM OCaXJACHUH HUTPUIHBIX
NOKPBITUH. Bo-mepBbIX, 3TO pacnbliieHUuE
pacTyIieil MOBEpXHOCTH, B TOM YHCIIE CEJIeK-
TUBHOE. B pesynpTare MoxeT HabioAaThCS
CHUKEHUE CKOPOCTH OCAKJAEHUS MOKPBITUH U
YMEHBUIEHHE KOHIIEHTPALIUU JIETKUX JIEMEHTOB
(B manHOM citydae a3ora). YacTo 3T0 IpUBOIUT
K 00pa30BaHUIO HUTPUOB, 0OOTAIIEHHBIX Me-
TAJUINYECKUM KOMIIOHEHTOM, U K HEKOTOPOMY
CHIKEHHIO TBEPAOCTU MOKPBITUH. BO-BTOPBHIX,
MOHHAasi 60MOAPIMPOBKA MOXKET MPUBECTH K U3-
MEJIBUEHHIO 3€PEH U MTPEPHIBAHHUIO CTOIOUATOTO
pOCTa B MOKPBITHUSIX 33 CUET YBEIMUYEHUS TUIOT-
HOCTH 3apojipliieo0pazoBanus. B coorBeTcTBUN
¢ 3akoHOM Xoiuta-IleTya ¢ yMeHbIIEHUEM pa3-
Mepa 3epeH TBEPAOCThb pacTer, OGnaromgaps
OJOKMPOBaHUIO AMCIOKaLU. B-TpeTbux, 6oM-
OapAMpoBKa OKa3bIBAaeT BIUSHUE HA (POPMUPO-
BaHue Je(EKTOB KPUCTAIUITMUECKON CTPYKTYpPbI
B pe3ysbTaTe uMIIaHTaluuu yactull. Kak cnen-
CTBUE — POCT CXKHMMAIOUIUX HaNpsKEHUN
Y U3MEHEHUS B TEKCType MOKpbITU. PocT Ha-
MPSKEHUHN, KOTOPBIN CBSI3BIBAIOT C YBEJIIMUEHU-
€M KOJINUECTBAa MMIUIAHTUPOBAHHBIX YaCTHII,
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TaKX€ MOYKET IIPUBOJIUTH K YBEJIUUYECHUIO TBEP-
JOCTH MOKPBITHI. Bnusaue 6oMbapaupoBku
Ha TEKCTYpY MOKPBITHH, MOTyYSHHBIX HOHHO-
IJIa3MEHHBIMU METO/IaMH, OOBSCHSIIOT Ha OCHO-
BE TEPMOJAMHAMUYECKOTO U KUHETUUYECKOTO
MOAXOJ0B. TepMOAMHAMUYECKHI TOIXO IIPE-
T10JIaraeT, YTO MPEUMYILIECTBEHHAs! OPUEHTALUs
onpenenseTcs MUHUMYMOM oOmIel SHeprun
MOKPBITHS, KOTOPasi COCTOUT U3 CBOOOIHOI 110-
BEPXHOCTHOW PHEPIUH, FIHEPrUuu redopmanuu
U SHEpPTUH, CBA3AHHOW C KaHAJIUPOBAHUEM
B KpPUCTAJJIMUECKUX 3epHax. B ocHOBe kuHeTH-
YECKOI0 IOJIX0/A JIEKUT MOZEIb IBOJIFOLIMOHHOTO
otbopa, Kak pe3ynbTara pa3audus CKOPOCTH
pocTa pa3HbIX KPUCTAILIOrPaAPUIECKHUX IIIOCKO-
CTEl Ha IMOBEPXHOCTH IIJIEHKU B IPUCYTCTBUU
peakIMOHHOrO rasza. B qo0oMm ciyuae npenmy-
LIECTBEHHAs] OPUEHTALUSI OKA3bIBACT CUIIbHOE
BIIUSIHUE HA TPUOOJOTUYECKHUE CBOMCTBA U U3-
HOCOCTOMKOCTb MOKPBITHL [6, 12].
Paccmotpum BiusiHEE Ta30BOM atMocdepsr
B BaKyyMHOM Kamepe Ha npoiiecc GopMUpoBa-
HUS NOKPBITUA. IOHBI METaNI0B, SMUTHPYEMbIE
KaTOJAHBIM MSATHOM BaKyyMHO-JYTOBOTO HC-
TOYHHUKA IJIa3Mbl, UMEIOT 3HAYUTEIbHYIO
[IEPBOHAYAJIIBHYI0 KUHETUUECKYIO DHEPTHUIO,
KOTOpasi 00BIYHO HAaXOAMUTCS B Auana3zoHe 20—
150 »B. IIponecchl paccessHUsSI METAIITAYECKUX
HMOHOB HAa MYTHU OT KaToAa /10 MOJJI0XKKH MPHU-
BOJIAT K AMCCOLMALINHU, BO30YK/IEHNUIO U NOHU-
3aru yactull raza [9]. Kpome Toro, noHuzaiuio
ra3oBbIX MOJIEKYJ BBI3bIBAET UX B3aUMOJICH-
CTBHUE C IIEKTPOHHON KOMIIOHEHTON BaKyyMHO-
JTyToBO#1 1i1a3mbl. [1o 3Toi mpuyrHe B miporiecce
pOCTa IJIEHKN PACTYIIYI0 TOBEPXHOCTH MOTYT
O6omOapaupoBaTh KaKk METAIMYECKUE, TaK
Y ra30BbI€ HOHBI. YBEJIUYEHUE 00IIEro /aBiie-
HUsI B BAKYYMHOU KaMepe MPUBOIUT K Oomee
WHTEHCUBHOMY PACCESIHUIO U, CIEJ0BaTElb-
HO, K 0oJiee BHICOKOW KOHIIEHTpPAI[MU UOHOB
rasa (azora u aprona). [Ipuioxenue orpura-
TEJBHOI'O MTOTEHLIMAJa CMEIIEHUS Ha MOJIOKKY
NPUBOJUT K YCKOPEHUIO BCEX THIIOB MOHOB.
DHeprusi MOHOB 3aBUCHUT OT TUIIA U BETUYUHBI
MOTEHIMaJIa CMELEHUsI U OyAeT BblLIE A
HMOHOB C OOJbIIIeH Maccoi U 3apsaom [2].
Takum oOpa3om, B mpolecce ocaxjae-
HHS TTOBEPXHOCTh MOKPBITUN MOABEPraeTcCs
OomMOapIMpOBKE HOHAMHU METAJIOB (THTaH),
SMUTHUPYEMBIX KaTOJIOM, U Ta30BbIX HOHOB (30T
u aproH). B orcyrcTBHE aprona 0CHOBHOM BKJIa

B co3janue HampspkeHUW B TiN moOKpweITHH
JalT MOHBI THTaHa U a30Ta, IPU ITOM
[IPEUMYIIIECTBEHHbIN BKJIaJ BHOCAT UOHBI Me-
TaJljla U3-3a UX BHICOKOM KOHIIEHTPAIMU U OOJIb-
o maccsl. [Ipu noGaBneHuu B pabouuii ras
aproHa B MTOTOKE OCAKIAEMOM IIa3Mbl 00pa3y-
I0TCS MOHBI aproHa, UMerolue 0oiee BEICOKYIO
110 CPaBHEHHUIO C a30TOM Maccy. Beinencrsue
3TOTO POJIb Ta30BOM KOMIIOHEHTHI B ()OPMHPO-
BAHWUM HANPSIKEHUU B MOKPBITUM BO3PACTAET
U CTAaHOBUTCSI CPAaBHUMOM C POJIbIO HOHOB THU-
taHa. UeMm BbllIe copepkaHue Ar 1 CyMMapHOe
JIaBJICHUE Ta3a B KaMepe, TeM 0oJibIlle ypOBEHb
HaNPsDKEHUS B OCAKIAEMOM IOKPBITHH.

B pabore oOHapykeHO, YTO B paccMmo-
TPEHHOM Juala3oHe NapaMeTpOB OCaXKJe-
HUS J00aBlIeHHUE aproHa NMPaKTHUYECKU He
OKa3bIBAaeT BJIMSHUSA HA CKOPOCTb OCAXKJECHUS
u (pa3oBBIl COCTAaB MOKPBITUN, 3HAUHUT
IIPOLIECCHI, CBSI3aHHBIE C PACTIBIIIEHUEM PACTy-
LW MOBEPXHOCTU U aKTUBALMEHN a30Ta, IpHU
BBEJICHUH aproHa Majo Mensaworcs. [Ipakruuec-
KM HE MEHSETCS TBEPAOCTD U IIPEUMYILECTBEH-
Hasi OpUeHTalMs B NOKpbITUAX. [lonyueHHbIe
JKCIIEPUMEHTAJIbHBIE IAHHBIE CBUIETENIbCTBYIOT,
41O 100aBKa aproHa OKa3bIBAaeT CyIIECTBEHHOE
BIIMSIHME HA MUKPOCTPYKTYPY HOKPBITUHM U YPO-
BEHb OCTATOYHBIX HANPSKEHUH B HUX, TO €CTh
IIPOLIECCHI, CBSI3aHHbIE C MOHHOW MMIUIaHTalMen
u oOpazoBanuem aedekros. B orcyTcTBHE apro-
Ha MOKPBITUS HACBILIEHBI Je(hEeKTaMU U UMEIOT
BBICOKH YPOBEHb CXKUMAIOLIUX HANPSKEHUH,
KOTOPBIN OMpEAESIeTCS KOHKYPEHIIMEN po-
LIECCOB, CBSI3aHHBIX C reHepanuei 1epeKToB
IIpY MOHHOW O0MOapaIUpPOBKE U YACTHUHOM MX
penakcarueit [19]. B cuiibHO UCKa)K€HHOM Jie-
(hexTaMM KpUCTANIMUYECKOM pelIeTKe IBUKe-
HUE TUCIIOKAIMH 3aTPyIHEHO, 4TO 0OBSICHSET
BBICOKYIO TBEPAOCTb MOKPBITUH. OHAKO, TaKas
nedekTHasi CTPYKTypa MOKPBITUH SBIISIETCS] Me-
tTacTabunpHOU. Harpes mokpbITUS TPUBOIUT
K OT)KUTY A€(EKTOB, pelakCaIlliy HAPSHKSHUN
U CHWKEeHUI0 TBepAocTH. [Ipu nobaBnenun Ar
B cocTaB pabouero rasza 3gdekr or Gombap-
JUPOBKU MOHU3UPOBAHHBIMU YAaCTULIAMU YCHU-
JINBAETCS: 3€pHA U3MEJIBYAIOTCS, HANPSHKEHUS
pacTyT.

BbIBO/IbI
MeTtonaMu peHTI€HOCTPYKTYPHOIO aHaJIU-
3a HCCIEN0BAaHO BIMAHUE BBEICHUS aproHa
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B arMoc(epy peakimoHHOTO Ta3a (a30Ta) mpu
OCa’XXJI€HUU BAKYYMHO-AYroBbX TiN
MOKPBITUM HA UX CTPYKTYpPY M HaNpsKEHHOE
cocrosiHue. [TokpeITHS OCcaxkaanuch METOAOM
PIII & D u3 ¢punsTpoBaHHON BaKyyMHO-yTO-
BOI1 TU1a3Mbl B YCIOBMSIX 110/1Ia4U HA MOAJIOKKY
BBICOKOBOJITHOTO MMITYJIbCHOT'O MOTEHLIMANa
CMeIleHus ¢ amIunTynon 1 kB.

OOnapyxeHo, 4TO IpU U3MEHEHUHU KOH-
LIeHTpaluu aprona B uHTepsaie ot 0 1o 45 %
($a30BbI COCTaB MOKPBITUH HE MEHsETCH,
U €IMHCTBEHHOMU (pa30l B MOKPBITUSAX SABISETCS
HuTpua TiN ¢ KyOM4YEeCKOW CTPYKTYypO# ThIa
NaCl ¢ cunbHO# TeKcTypol aKCHaJIbHOTO THIA
c ockio [110] B HapaBIeHUN HOPMAJIU K T0-
BEPXHOCTH MOKPBITHS.

[Ipu yBenuueHun conepkaHusl aproHa pas-
Mep OKP B MOKpBITUSIX CHU)KAETCS, YPOBEHb
OCTATOYHBIX HAIpPSKEHUUN YBEJIUUYHUBAETCS OT
7 I'lla no 10 I'Tla. HecmoTps Ha 31O, cornac-
HO JaHHBIM HAHOWHJEHTUPOBAHUS, TBEPAOCTh
MOKPBITUI CYLIECTBEHHO HE MEHSETCS.

CTpyKkTypHBIE U3MEHEHHUS, HabltoJaeMble
npu 100aBICHUN aproHa, 00yCIIOBICHB HHTEH-
cuuKaIei mporeccoB, CBsI3aHHbIX ¢ OoMOap-
JMPOBKOI IOBEPXHOCTH PACTYILETO NOKPBITUS
ra3oBbIMU HOHAMU, TEHEPUPYEMBIMU IIPU B3aU-
MOJIEHCTBUY Ia30BOM KOMIIOHEHTHI C IIOTOKOM
BaKyyMHO-YToBO# 11a3Mbl. C pOCTOM KOHIIEH-
Tpanuu Ar ¥ 00IIEro JaBJICHUS ra3a B Kamepe
addext or 6oMOAPAUPOBKHU ra30BEIMHU YaCTHIIA-
MU yCHUIIUBAETCS.
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BJIMSTHUE IIJIASMEHHBIX BAKYYMHO-JIYTOBBIX IIOKPBITUI
CrN, CrAl 1 Al1,O, HA TPOLHECC HACBILIEHU A JEUTEPUEM
CIIJIABA Zr +1 % Nb

B. A. Baprax!, I. /I. Toacroaynkas®
'Hayunwviii pusuxo-mexronocuuecxkuil yenmp MOH u HAH Ykpaunul,
Xapwvkos, Ykpauna,
2HayuonanvHwitl HaAyyHblll yeHmp « XapbKoSCKUl QU3UKO-MEXHUYECKUL UHCIMUMYM »,
Xapvkos, Ykpauna
[Toctynuna B pegakuumio 23.12.2016

B pabote 6b11a nccnemoBaHa BOIOPOIHAS IPOHUIIAEMOCTD IIA3MEHHBIX OeCKaeIbHBIX MOKPLITHi CrN,
CrAl u Al,O,, ocaxnennbIx Ha cruias Zr + 1 % Nb. Jlns usmMepenus mpocTpaHCTBEHHO-KOHIIEHTPAIIH-
OHHBIX PacCHpe/eNICHUI ISUTepHs B HCXOIMHOM CIUIABE IIMPKOHUS U B CIUIABE C MOKPBITUSMH ITOCTIEe Ha-
ChIILIEHH U3 ra30Boi (a3zsl mpu Temiieparype 300—-600 °C Opi1 HCIIONB30BaH METOJ SIIEPHBIX PEAKLIMH.
HaceIenue ocymecTsisiock npy Aasinenuu aeitepus P = (2-9)-10 [1a, Bpems HachIlLEHUs COCTABH-
710 120 MHH; TaKXKe UCTIONB30BAJICS METO/I HFOHHOM MMILTaHTAIMK. Bb11o BeIsiBIICHO, 4TO MOKphITHS CrN,
CrAl u AL O, BBICTYNarOT 3alIMTHBIM 6apbEPOM, 3AIUINAS IMPKOHHH OT B3aMMOIEHCTBHSA C H30TONOM
Bomopoa. Jleirepuit He MPOHUKAET B 00BEM 00pa3IIoB C IIOKPBITHAMH, aJICOPOUPYSICH B HX TTPHUITOBEPX-
HOCTHBIX 00JIacTsIX.

KuroueBbie ci10Ba: 11a3MeHHbIE TIOKPBITHS, ITIPKOHUEBBIN CITIaB, ra3oBas ¢a3a, BOAOPOIHAS MPO-

HUITACMOCTb, AACPHBIC PCAKIIUH.

BIIVIUB IIJIASBMOBHUX BAKYYMHO-AYI'OBUX IOKPUTTIB
CrN, CrAl T ALO, HA ITPOUEC HACUYEHHS JEMUTEPIEM
CIIJIABY Zr +1 % Nb
B. A. Baprak, I. /I. Toiacronyubka

B poGorti nocrnimkena BoaHeBa POHUKHICTB M1asMoBHUX Oeskpanenbaux nokputtie CrN, CrAliAlLO,,
HaHeceHnx Ha cmaB Zr + 1 % Nb. Jlns BumipioBaHHA MPOCTOPOBO-KOHIIEHTPAIIITHUX PO3MOALTIB
JEUTEPit0 y BUXITHOMY CIUIaBi IUPKOHIIO 1 B CIUIABi 3 MOKPUTTSAMH TiCIsI HACHYEHHS 3 Ta30BOi (a3u
ipu Temneparypi 300—600 °C 3acTocoByBaBcs METOJ sAepHUX peakiiid. HacudeHHs 3mificHIOBanocs
3a YMOB THCKY Jeitepito P = (2-9)-107 Ila, yac nacudeHHs cTaHoBUB 120 XBHJIMH; TaKoX 3aCTOCO-
ByBaBCs METOJ| i0HHOi immutanTaii. byno Buseieno, mo nokpurrs CrN, CrAl i AL O, Buctynawors
3axXMCHUM Oap’€poM, 3axXHIAr4YM [IMPKOHIN BijI B3aEMOIIi 3 130TOMOM BOJHIO. JlelTepili He IPOHUKAE
B 00’€M 3pa3KiB 3 MOKPUTTIMH, a/ICOPOYIOUNCH B X IPUTIOBEPXHEBUX OOIACTSX.

KurouoBi cioBa: mia3MoBi TOKPHTTS, ITUPKOHIEBUN CIUTaB, ra3oBa ¢aza, BOIHEBAa MPOHUKHICTE,
SIIEPHI peaxilii.

THE EFFECT OF PLASMA VACUUM ARC COATING
CrN, CrAl AND AL O, ON THE PROCESS OF SATURATION WITH DEUTERIUM
ALLOY Zr +1 % Nb
V. A. Bartak, G. D. Tolstolutska

In this work the hydrogen permeability of plasma not drop coatings CrN, CrAl and ALO,, deposited
on alloy Zr + 1 % Nb. To measure the space-deuterium concentration distributions in the source
of zirconium alloy and alloy coated after saturation of the gas phase at a temperature of 300—600 °C
was used method of nuclear reactions. Saturation carried out under conditions of pressure deuterium
P, = (2-9):10° Pa, the saturation time was 120 minutes; also used the method of ion implantation. It
was found that the coating CrN, CrAl and Al O, serve protective barrier, protecting the interaction of
zirconium isotope of hydrogen. Deuterium does not penetrate into the bulk samples coated, adsorption
their surface areas.

Keywords: plasma coatings, zirconium alloy, gas phase, hydrogen permeability, nuclear reactions.
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BBEJEHUE

OpnHoit M3 OCHOBHBIX MIPUYMH aBapUil U CKOPO-
r'O BBIXOJIa U3 CTPOS Y3JIOB aTOMHOTO PEeaKTopa
sBIsieTCs paspyuieHue ooonouexk TBOJIoB B pe-
3yJIbTAaTe B3aUMOJICHCTBUS C U30TOMIAMH BOJIO-
pona, BBLACISIIONIUMHUCS PU B3aUMOICHCTBUM
nupkoHueBoro criasa Zr + 1 % Nb ¢ Termno-
HocuTteneM. [loronieHne TennoBbLAESIOIMU
3JIEMEHTaMU BOJOpOJa U, KaK CIEJCTBHUE,
pe3Koe yXyAlleHHEe MEXaHUUYECKHUX CBOWCTB
JAHHBIX KOHCTPYKIMOHHBIX MaTE€PUAIOB U CO-
KpallleHue CPOKa MX IKCIUTyaTalllu, ONpeIesi-
ercs peakuuen Zr + 2H 0 = ZrO, + 2H, + Q.
K HeraTuBHBIM MOCIEACTBUSAM, BbI3BAaHHBIM
MPOTEKAaHUEM JaHHOW PeaKIiy, MOKHO OTHECTH
BbIJIeJIEHNE BOAOPO/Ia U TEeIljia, OXPyMYMBaHUE
ob6omouexk TBDJIoB, CHH)KCHHE TOJIUHBI
TBOJloB 3a cueT oKuCIEeHHS, UX AehopManus
U IJIaBlIeHHE, OIOKUPOBAHUE KaHAJIOB TEIIO-
HOCHUTEJISI U MpEeKpalleHue 0TBoja Temjaa OT
TOTLIUBA.

Kpome Toro, noBsllieHne TemMneparypsl 10
900 °C npuBOAUT K BOSHUKHOBEHHIO ITAPOLUP-
KOHHEBOM PEaKIlnu, COMPOBOXKIAIOIIECHCS HAKO-
IJICHUEM B3PBIBOOIACHOTO BOAOPO/A, a TAKKe
K UHT€HCUBHOMY MOTIJIOIIEHUIO KUCIOPOa U,
KaK CJICICTBUE, K Pa3pYyIICHUIO ITUPKOHUEBBIX
U3EIUI.

IToporooi st Havana peakiuu Zr + 2H,0 =
ZrO, +2H, + Q sBusercs temneparypa 860 °C.
[Ipu noBbimienun Temmneparypsl o 1200 °C
peakius NpOXOIUT UHTEHCUBHO U SBIIIETCS Ca-
MonoaepxkuBatomeics. 3a 10—-12 MunyT peak-
1uu obdosouka TBOJIa okucisieTcs: Ha TOMIUHY
0,10-0,15 MM ¢ pa3orpeBoM 10 TeMIIEpaTypbl
e€ mrapnenns. OOpas3yonmiics BOAZOPO OYCHb
B3pBIBO- U MOKapOOMaceH U 00pa3yeT ra3oBbie
My3bIpU, TPENATCTBYIOMINE UUPKYIALUUA Te-
TJIOHOCHUTEJIS, YTO TAKXKE COMPSIKEHO C Mpe-
KpalleHHeM TenjgocheMa ¢ TomiuBa. Takum
0o0pa3oM, OHOW U3 OCHOBHBIX MPOOIEM, CTOS-
1IUX TIEpe]] MaTEepUaIOBEIaMU, UCCIIETYIOIUMU
LIUPKOHUEBBIE CIIJIABBI, SBISETCS UX 3aIlUTa OT
JECTPYKTHBHOTO Bo3fencTBus H,.

enpro nanHoi paboThl OBLIO HCCIEI0BA-
HUE€ BOJAOPOJHON MPOHUIIAEMOCTH 3aIlIUTHBIX
nokpeiTuii CrN, CrAl u ALO,, HaHeCEeHHBIX Ha
oOpasipl craBa Zr + 1 % Nb, U3roToBIeHHBIX
n3 otpes3koB TBEJIbHHX TpyOOK, B YCIIOBUSAX HX
HACBIIIEHUS U30TOIIOM BOIOpOAa — JAeUTepuemM
W3 Ta30BOM CpPEbI.

MATEPHUAJIBI U METO/IbI
NCCIIEAOBAHUA

BbuTH M3roTOBIIEHBI IUTOCKUE 00pas3Ilbl U3 OTPe3-
koB Tpybok TBDJIoB, cocrosmmux u3 crjiasa
Zr +1 % Nb. OnHUM U3 OCHOBHBIX ITANOB MO-
JITOTOBKH 00pa3I0B K HACBIIICHUIO OBLIO 00€3-
raxMuBaHW€ KPaTKOBPEMEHHBIM HArPEBOM J10
T=550 ° C npu naBnennu 3 x 10”7 MM pT. CT.

Ha ycranoske «bynar-3T» BakyymHO-
JNYyTOBBIM METOJOM C MOMOIIbIO (PUIBTPO-
BAaHHON METalJMYeCKOW MJIa3Mbl OBLIU
cpopMUpPOBAHBl HAHOCTPYKTYPHUPOBAHHBIE
CJI0’KHOJIETUPOBAHHbBIE TOKPBITUS C BHICOKOM
KOPPO3UOHHOHM CTOMKOCTHIO U TEPMOCTAOUITE-
HOCTBIO Ha OCHOBE aJIOMUHHUS U XpoMa U UX
HUTPUJIOB U OKcUJ0B. Ha miockue oOpasisl,
M3roTOBIEHHBbIE U3 0Tpe3koB TBEJIbHUX Tpy-
00k (crutaB ZrINb), ocaxnanuck OeckarnenbHbIe
MTOKPBITHS C UCTIOJIb30BAHUEM MTPSIMOITMHENHBIX
(WIBTPOB MJIa3MEHHBIX TTOTOKOB.

Hanuuue MmakpovacTull B Ii1a3MEeHHOM IOTO-
Ke SIBJISeTCS KpalHe HeKelaTeJIbHbIM BO BCEX
00JacTAX NPUMEHEHUSI BaKyyMHO-AYTOBBIX
HMCTOYHHKOB TJI1a3Mbl. Tak, mpu 00paboTKe 1mo-
BEPXHOCTEH MaKpOYaCTHIIbI 3HAYUTEIIBHO YXY/I-
LIaI0T Ka4€CTBO MOJIy4aeMbIX IUIEHOK, IPUBOJS
K oOpasoBanuio neekToB B KOHIeHcare. J{s
cernapaiuy Ijaa3Mbl U MOJTHON OUUCTKHU TIa3-
MEHHOTO NOTOKa OT MaKpOYaCTHI MCIIOJIb-
30BaJIOCh YCTPOWCTBO C ACUMMETPUYHBIMU
MarHUTORJIEKTPUUECKUMH TPAHCIOPTHPYIOIIN-
MH TOJISIMU U € TAOUPUHTHON CUCTEMOM SKpaHOB
JUIS 3a/1EP>KKH (IIepexBaTa) MaKpOYacTHII.

[lepen HaHECEHHEM MOKPBITUM TOBEPXHOCTh
00pa31oB nojBepragack 6oMOapAUPOBKE HOHA-
MU aproHa ¥ XpoMa Ip1 OTPULIATEIbHOM ITOTEH-
nuaze ot 0,5 mo 1,35 kB Takum 06pazom, 4To0bI
Temreparypa oopasios He nmpesbimana 500 °C.
TONMHBI MOKPBITUI COCTABIISIIIA IS CrAl2
5 MKM, 6 MKM U 8 MKM.

Jlanee ocylecTBIJIOCh HACBIIEHHE 00-
pas3uoB aAeuTepueM B BaKyyMHOU kamepe. Ha-
MyCK JAeUTepusi MPOU3BOJIUIICS A0 aBICHUS
P =(2-9) x 107 [1a, Temneparypa o0pa31oB npu
HacbleHun cocrasisiia 7= 350-600 °C, Bpems
HachleHusa — 120 MuHyT. 3aTeM NOCTYIUICHUS
JeUTepHs IEPEKPHIBAIOCH, HATPEB BBIKJIIOYAJICS
U cucTeMa OTKaduBajlach 0 JaBJICHUS
~3 x 10~ I1a.

Jlng AMarHOCTUKM COAEpKaHUS BOJLOPO-
Jla B CIIJIaBE€ LIUPKOHMS MCIIOJIb30BAIU METOJ
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sa/iepHbIX peakuuil. [IpocTpancTBeHHOE pacnpe-
JieJieHne eidTepus 1o ryOuHe B MaTepuaiax
M3MEepsUTIOCh TIpH oMo peakiuu *He + D =>
*He + p. OcymecTBiasioch 6omMOapaupoBaHue
oOpasia mydykoM noHOB *He+ ¢ sHeprusmu ot
0,3 no 1,4 M»B, nosiydeHHBIM TIPU TOMOIIIN
yckoputens OCY-2. [Tocne 3Toro npou3Boiu-
JIOCh JETEKTUPOBAHNE NIPOTOHOB IIPU MOMOILHU
KPEMHHEBOTO IMOIYIIPOBOIHUKOBOIO JIE€TEKTO-
pa C TONIIMHON OOCIHEHHOW 30HBI MOPSIKA
100 MM 1 TenecHbM yriom 1,5 x 102 ct. s
WCKITIOYCHUS] PETUCTPALIN 00PAaTHO PACCESTHHBIX
4acTHl Mepejl AeTEKTOpoM Oblla pa3MelleHa
anoMuHueBas (onbra TonuuHoit 0,8 M.

[Tpu pa3Hoii sHepruu my4ka *He oH npoHnka-
€T Ha Pa3HyIo NIyOUHY, I7Ie IPOUCXOIUT B3aUMO-
nevictue ¢ D. Takum oOpa3om, ObLIH OTYYEHBI
KpUBbIE BBIXOJIOB IPOTOHOB OT SHEPIUH ITyUKa
(puc. 1); Ha oCHOBE MOJy4YEHHBIX Tpa(uUKOB
OBLIIM paccUMTaHbl KOHLEHTpALUU AeiTepus
rpu nomouy nporpammsel HELEN.

W3 monmydeHHBIX PO UICH MOKHO CeaTh
BBIBOJI, YTO JEHUTEPUN PETUCTPUPYETCS HA BCEU
ryOuHe, JOCTYNHOM AJs aHAJIU3UPYIOLIUX
nonoB *He+ ¢ sueprueit 1,4 MsB, npu s3tom
€r0 KOHLEHTPALMsI BO3PACTAET C MOBBILIEHUEM
TEMIEPATYPHI.

Ha puc. 2 npuBeneHbl SHEPreTHIeCKUE CIIEKTPhI
nporonoB peakimu D(CHe, p)*He mis oOpasiion
Zr1% ND B HCXOTHOM COCTOSIHUH 1 C TIOKPBITHSMA
3 AL O,, CrAl u CrN, neiiTepupOBaHHBIMHU U3 Ta30-
BoM (hazel mpu Temmneparype 350 °C.

Kaxk BuaHO U3 CpaBHEHHUS YHEPTETUUECKUX
CIIEKTPOB MPOTOHOB JJisi 00pa31oOB B UCXO[-
HOM COCTOSIHMHU M C NOKpbITHsAMH U3 AL O,
CrAl u CrN, mocie HacBIICHHUS U3 Ta30BOU
(a3wl ipu Temneparype 350 °C cursai ot neu-
TepHst 4711 00pa3IOB C MOKPBHITUEM B 00JIaCTH
1000-2500 kaHanoB Ha /Ba MOPSAKA MEHb-
1€ [0 CPAaBHEHUIO C CUTHAJIOM ISl 00pa3oB
6e3 MokpeITUsA. BrIXxox npoToHOB M3 00pa3-
1IOB C TIOKPBITUEM OB HU3KUM, YTO TPUBOJIUT
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Puc. 2. DHepreTHueckue CHEKTPHI MPOTOHOB PEAKINH
D(*He, p)*He s 06pa3ioB Zr1%Nb B HCXOTHOM COCTO-
sann W ¢ nokpeitamMu w3 ALO,, CrAl m CiN,
JIeMTepUPOBAHHBIMHU M3 TA30BOH (ha3bl MPU TEMIIepaType
350 °C

K HEBO3MOXHOCTH €T0 OIpeIeeHHs IporpaM-
MOIi; TakuM 00pa3om, 1eeco00pa3HbIM SB-

JIIeTCSl CPABHEHHE YHEPTETUUECKUX BBIXOJIOB
MPOTOHOB (MHTEHCUBHOCTH).
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Puc. 3. Pacnipenenenue 1o ryOuHe JedTepHsi, HIOHHO-UM-
TUIAHTUPOBAHHOTO ¢ 3Heprueit 15 kaB/D npu Temneparype
350 ° C g0 mo3er 1 x 10"7cm B okpbrtie CrN

Obpaszer; Zr1%Nb nmen tommuny ~0,5 MM.
Bpewmst o6myuenust coctasusiio 0,5 4. 3a 310
BpeMsI TIPOM30IILIO Nepepactpe/iesieHne aeiTe-
pust o Bcemy obpasiy Zrl % Nb, mOCKoJbKY,
KakK BUJIHO U3 pUC. 3, C TBUIbHOM 110 OTHOIIEHUIO
K 00JIy4aeMO# TOBEPXHOCTH CTOPOHBI 00pasiia
(uKcHpyeTcs 3aMeTHasi KOHLEHTPALUs JeUTepusl.

b} . 3 =

Puc. 4. MukpodoTorpadust MOBEpXHOCTH TOKPHITHI:
a) obpaser ¢ mokpeitieM CrAl; 6) oOpaser ¢ HOKpbITHEM
CrN; 6) obpasern ¢ mokpeitaem Al O,
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BIIHSAHHE IVIA3SMEHHBIX BAKYYMHO-JIYTOBBIX IIOKPBITHH CrN, CrAl H Al,0, HA IIPOLECC HACBIIIEHHUA JEHTEPHEM

Taxol MasbIid BBIXOJT IPOTOHOB U3 00pa3IoB
C TOKPBITUSIMU CBUJETEJIBCTBYET O TOM, UTO
BOJIOPOJ] HE MPOHUKAET B MOKpbiTUEe. WH-
TErpajIbHbINA BBIXOJ IPOTOHOB JIs1 HACKIILICHHOTO
nertepueM cruasa Zrl % Nb 0e3 nmokpbITus
Ha TpH nopsijka Oonbiue, yeM st Zrl % Nb
C IIOKPBITHEM.

BbIBO/JbI

HccnenoBaHa BOLOPOJHAS MPOHULAEMOCTh
MJa3MEHHBIX OecKanelbHUX MOKPBITUM THIA
CrN, CrAl n Al,O,, 0caX/IeHHBIX Ha CIJIaB
Zr1%ND B ycroBusIX 1eHUCTBUS ICUTEPHUS U3 ra-
30BOH (ha3bl. YCTAHOBJIECHO, YTO:

1) B ucce10BaHHOM MHTEpPBAJIE TEMIIEPATYP
U JIaBJIE€HUHN JeHTepHs MOKPBITHUS BBICTYIAIOT
06apbepoM M 3allUIIAIOT LUPKOHHUHA OT B3aUMO-
JIEUCTBUS C U30TOIIOM BOAOPO/A;

2) mpu HACHIIIEHUU O00Pa3IOB AEUTEpHU-
€M M3 Ta30BOM (a3bl AelTepuil He MpOHHUKa-
eT B 00beM MOKPBITUH, aACcOpOUpYsACh B UX
IIPUITOBEPXHOCTHBIX OOJIACTSIX;

3) mpu UMIUIAHTAlUM MUOHOB JAcHTEpHs
B nokpbITie CrN Ha crutaBe Zr1%Nb nabmrona-
eTcs ero (pukcarus B mpezenax npooera HOHOB,
B OTVIMYKE OT NIEPEPACIIPENEIIEHHS €10 TI0 BCEMY
0o0beMy cruiaBa 6e3 MOKPBITHSL.
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The work is dedicated to the good practice examples in the process of preparation of the future students
for the departments of Physics. It have been supposed the three stages of the secondary school students’
experimental skills development. To teach students how to make simple research the extracurricular
courses have been organised at the V. N. Karazin KhNU — SCPT Laboratory which is situated at the
Department of Physics and Technology at the premises of V. N. Karazin Kharkiv National University.
During such training students gain special profound knowledge of physics and seriously improve their
experimental skills by doing self-made experimental projects using recycled materials, simple household
objects, ordinary toys by means of real tools.

Keywords: experiences, interactive methods of teaching, students, physics.

TPU DTAIIA TIOAT'OTOBKHA
BYAYUHINX I/ICCJIEI[OBATEJIEﬁ B OBJIACTU ®U3UKHU
B IABOPATOPUU XHY UMEHMU B. H. KAPASBUHA — H®TI|
H. Ka3zaukoBa

Pabota mocesimena yraqHoMy OTIBITY B TIPUBIICUEHUH U TIOATOTOBKE ITKOJIEHUKOB K MOCTYIUICHUIO Ha
(usnueckue paxynsreTsl BY30B Ykpansbl. Beienstorcst Tpu dtarna pa3BUTHS U (POPMHUPOBAHUS SKC-
MEePUMEHTAIbHBIX YMEHHI HIKOIGHUKOB. J{J11 TONOIHUTENLHOTO 00yUeHHUs AeTel COTPYIHUKN (DU3H-
ko-Texuuueckoro dakynasrera XHY umenu B. H. Kapasuna u HOTI co3nanu cnieruasibHyto j1adopa-
TOPHIO MHTEPAKTUBHBIX METO/IOB 00y4eHUs. Bo BpeMst 3aHATHI ydanmecs Kol XapbKoBa U 00JIacTi
MTOTYYatOT JOTIONIHUTEIBHYIO TIOATOTOBKY MO (DM3MKE, CEPbEe3HO IMOBBIIIAIOT CBOM SKCIEPHUMEHTAITb-
HBIC HaBBIKH, 3HAKOMSCH C HAYYHBIM HCCIIEIOBaTeIhCKHM 00opyaoBaHueM. [1IkompHUKY 1e1aroT CBOU
[IEPBBIC MCCIICAOBATEIILCKUE TIPOCKTHI, UCIONB3YS MPEIMEThI JOMAIIIHEr0 00MX0J1a, OOBIKHOBEHHBIC
UTPYIIKH, @ TAKXKE OTXOJIbI TPOU3BOJICTBA U HEHYXHBIC YaCTH HEIOPOrO 000PYIOBaHUSI.
Ki1roueBble cjioBa: OIBITHI, HHTEPAKTHBHBIC METO/bI O0yUCHHS, YICHUKH, (DU3HKA.

TPU ETAIIN HIAI'OTOBKHU
MAMWBYTHIX JJOCJIJTHUKIB Y TAJTY3I ®I3UKHA
B JIABOPATOPII XHY IMEHI B. H. KAPA3IHA — HOTI]
H. Ka3aukoBa

PobGota mpucBsiueHa BAAJIOro AOCBiAY B 3aiy4eHHI i MirOTOBLI MIKOJSIPIB 0 BCTYIy Ha (izuuHi (a-
kynsretdt BH3 Vipainu. Buninstorsest Tpu etany po3BUTKY Ta pOpMyBaHHS eKCIIEPUMEHTAIBHUX YMiHb
mKoysipiB. st 1OMaTKOBOrO HaBYAaHHS AITEH CHiBpOOITHMKM (hizuko-TexHiuHOrO (axynsrery XHY
imeni B. H. Kapasina ra HOTL] ctBoprim crienianbHy 1a00paTopito iHTEpaKTHBHUX METOJIiB HABYAHHSL.
[lin yac 3anaTh y4Hi MK XapkoBa i 001acTi OTPUMYIOTh JOAATKOBY IMIATOTOBKY 3 (Di3HKH, CEPHO3HO
I{IBULIYIOTH CBOT €KCIIEPUMEHTAJIbHI HABUYKH, 3HAKOMIISTYHCH 3 HAYKOBHUM JIOCHITHALILKUM O0J1aTHaH-
HsiM. L komsipi poOmsiTh CBOT MepIii AOCTIIHI MPOEKTH, BUKOPUCTOBYIOUYH MPEAMETH JOMAIITHBOTO BXUT-
Ky, 3BUUaliHI irpalliKy, a TAaKOX BiXOAM BUPOOHHUIITBA 1 HEMOTPIOH1 YACTUHU HEAOPOTO O0JIaJHAHHSL.
KutrouoBi ciioBa: nocmiay, iHTepakTUBHI METOAN HaBYaHHS, yuHi, (izuKa.

INTRODUCTION been mentioned in the works of some Ukrainian
The problem of secondary school students’ and European authors [1], [2], [3], [6]. It is well
experimental skills developing during known that Physics is an experimental science
preparation of future research specialists has so the goal of the physics teaching does not
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refer only on remembering the main formulas,
it means not only reciting and enumerating basic
laws of physics but also stimulating interest in
experimental work [4], [6]. However during
last decade bringing up to use modern computer
technologies, an application of up-to-date
computer programmes, modeling of physical
processes by means of computer from one hand
and lack of financial support for Ukrainian
education from the other hand courses to the
displacement of real physics experiments from
the lessons at the 80 % of Ukrainian schools.
Moreover at ordinary secondary schools in
Ukraine physics experiments during the lessons or
beyond usually are carried out with preassembled
equipment. Also in most schools the experiments
are run using pre-assembled instructions [7].
Those activities are definitely valuable and
justified. But students who are interested in
physics, technology or engineering as their
future carrier should also have the opportunity
to carry out projects they have planned, thought
up and elaborated themselves. For that reason in
our Laboratory which offers special support for
realising those projects has been created. Besides,
the primary and secondary school students (from
7—-16) are encouraged to take part in local and
international annual Conferences, Competitions
and Tournaments with their experimental projects
for secondary school children, their parents
and university students where they can «touch
science» and find out about very serious topics
in an entertaining way.

V. N. KARAZIN KhNU —

SCPT LABORATORY

V. N. Karazin KhNU — SCPT Laboratory
has been created since 2007 as an institute of
additional physics education.

The V. N. Karazin KhNU — SCPT Laboratory
works with 23 Kharkiv Secondary schools,
where we regularly demonstrate Popular Physics
Lectures, which have the common name Paradox
Show connected with a content of Official
School Physics Curricular. During those lectures
V. N. Karazin KhNU — SCPT Laboratory’s
research workers are able to select and choose the
pupils (9—12 years old) who have capabilities for
experimental work and invite them to join regular
trainings on Saturdays at the Laboratory. Those
selected primary and secondary school students

have regular (once a week) short theoretical
lectures (45 or 60 min), giving by university
teachers accompanied by practical training (90
min) by the leadership of university teachers or
students. In addition all our students have special
English course (two hours a week), where they
learn Physics and Maths in English. It is a very
important point of their preparation as future
scientists. It is considered there are three stages
of experimental skills development.

The first stage is for all comers primary
school pupils from 9—11. At our theoretical
training we proposed them 13 interactive theme
physics lectures which have been elaborated by
the V. N. Karazin KhNU — SCPT Laboratory
colleagues. All of them have been adopted to
the primary school pupils to be understandable
for children of that age range. Every Saturday
at the premises of the Laboratory one of the
lectures (dur. 45 min) is presented to our visitors.
The topics are interesting for children: Physics
in Toys, Wonderful Mechanic, Travelling in
Sound Land, Physics in the Kitchen, Light
and Colours, Paradoxes of Magnetic Field,
Wonders of Electricity etc. At the beginning
visitors became acquainted with simple physics
principals and laws and then they are able to do
simple experiments themselves. After 5 months
training they choose the topic and prepare their
own simple research projects. They usually report
about their first «scientific results» at annual
University Conference «Junior Scientific Start-
Up» in May. At the first stage they usually do
simple experiments which are demonstrated and
explained to the audience at those Conferences.
This new approach is a successful attempt to
show that it is possible to change pupils’ and
secondary school students views about physics
with a relatively short but explicit methods (see
Fig. 1).

L | - —
Fig. 1. Simple research projects Sound Waves at the first
stage
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The second stage is for students from 11 to 14
who are selected by methods mentioned above
from Kharkiv schools and lyceums. They are
also involved in regular extracurricular (once
a week on Saturdays) short theoretical lectures
(45 min) and more serious practical training
(90 min). During such experimental training
students are taught to operate with simple tools
like handsaw, boring mill, perforator, vernier
callipers, tester. They design and help to produce
some exhibits for Physics Exhibition [7] or for
the events which organised in their schools
(Week of Physics, Science Picnic, Night of
Science) under the leadership of the students
from the Department of Physics and Technology
at the University mentioned above as also as
V. N. Karazin KhNU — SCPT Laboratory
staff. Such kind of practical trainings gain them
a lot and their experimental skills are seriously
improved by doing self-made experimental
projects using recycled materials, simple
household objects or ordinary toys (see Fig. 2).

P B
Wi

Every year the V. N. Karazin KhNU —
SCPT Laboratory staff works with 3 groups of
students. There are 68 students in each group.
They are divided according to their age range
or secondary school forms. We also take into
consideration their theoretical knowledge in
physics and mathematics. Before they start they
have to pass specially prepared short tests in
Physics and Math (for the students from 13-16).
It helps us to divide them into the appropriated
and convenient for teaching groups. There were
5 research projects in 2015-2016 years. The best
ones are followed:

— Simple experiments with sounds (first
stage research project ) reported in English by
Daria Slobodina (12), Danylo Datsenko (11) and
Andrii Konyk(11);

— Heron’s Fountain (second stage research
project) made of ordinary kitchen plastic
containers a non-typical pattern designed and
produces by Anton Rusynnyk (13);

— Creation of the experimental set-up and

Fig. 2. Working with real tools and the example of hands-on Heron Fountain from the plastic boxes as a second stage

project

The third stage of research skills
development. The prevailing lack of interest
in physics matters among adolescents from
14 to 17 is obvious and common not only for
Ukraine but also for all developed countries [8].
It most notably manifests itself in the steady
decline in the number of students at Physics
Departments in all Ukrainian universities. The
V. N. Karazin KhNU — SCPT Laboratory uses
of the machine laboratories and the electronics
repair laboratories at the Department of Physics
and Technology, subject-specific support by
scientists, lease of equipment has got lots of
advantages not only in Kharkiv, but also Kharkiv
Region.

demonstration of a «soap film liquid motor»
which has been done by the students aged 16
Maksym Peretyaha and Vitaliy Yurko. All
those projects have been done at V. N. Karazin
KhNU — SCPT Laboratory (see Fig. 3).

The third stage projects are usually much
more serious and can be compared with real
Diplomas at University. The example is «Liquid
film motor» [9]. In recent years scientists have
become interested in the physics of liquid
films. Study those films is the part of the
interesting physics section called «Physics of
Surface». When the films are subjected to the
action of various chemical, thermal, structural
or electrical factors, they display interesting

406

JKDITT XKDUIT JSPE, 2016, 1. 1, Ne 4, vol. 1, No. 4



N. KAZACHKOVA

3 | “/“" »\'
Fig. 3. Experimental skills development at the third stage

dynamical phenomena. Investigation of soap
films and bubbles is very impressive topic in
a lot of student research projects. A soap film
should be formed on a flat frame. Place the film
in an electric field parallel to the film surface
and pass an electric current through the film. The
film starts rotating in its plane (it can be seen
in figure 4 below). The phenomenon have been
investigated and explained (see Fig. 4).

Fig. 4. Elaborated liquid film motor mesuarements

CONCLUSIONS

Three self-made devices have been designed
and created during 2015-2016 years in
the Laboratory. During the extracurricular
theoretical and experimental trainings mentioned
above students have the opportunity to obtain
an insight into the real research methods of
investigation, to conduct their own research
projects and demonstrate some of their KCs
(for example basic competences in science and
technology and communication in the foreign
language) at the different local and international
conferences (Bronze medal at International
Conference of Young Scientists, April 2015,
Izmir, Turkey). Teaching methods proposed
by the authors are not contrary to the existing
Ukrainian teaching techniques, they can be
considered as an effective supplementation
to traditional methods and forms of physics
teaching. For more than 10 years of the Centre

existence 98 % of students entered in Kharkiv
and some other Ukrainian Universities and
became a good students and succesful scientists
as in Ukraine as so as some European countries.
We are proud of our ex-students who now are
working in Germany, Canada, the USA, The
Netherlands and Poland.
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MPABUJIA O®@OPMJIEHHSA PYKOIIUCIB
Y nopaHifi poOOTI YITKO 1 TMOCIIJIOBHO BHUK-
JaaloThCsl OpHTIHANBHI, OTPUMaHi aBTOPOM
(aBTOpaMm) pe3ynbTaTy, M0 PaHillie He MyOiKy-
Basucsi. Pykoruc He Mae niepeOyBaTu Ha po3riis-
JUi 10 TyOJTiKallii B iHIIIOMY BHJIaBHHIITBI.

. Po3npykoBaHuii pykoruc, 3 MmiamucamMu BCiX

aBTOpiB, HANAETHCS B | MPUM. OIHIIO i3 MOB:
YKpaiHCHKOIO, POCIHCHKOI0 200 aHTIiIHCBHKOIO.
EnexTtpoHHHE BapiaHT PYKONHUCY MOJA€THCS
Ha MarHiTHOMY a00 ONTHYHOMY HOCIi, a00 (1110
3py4Hille) HaacuiIaeThes o E-mail.

Jo pykomucy J0AalOThCS TakKi JOKYMEHTH:
HaNpaBJIeHHs BiJ] YCTAaHOBH, /i BUKOHAHA PO-
Oorta; 3asiBa Ha IM’S TOJIOBHOTO pEIaKTOpa
3 BIIOMOCTSIMHU IIPO aBTOPiB; €KCIIEPTHUH BHUC-
HOBOK PO MOYKJIUBICTh OIMYOTiKyBaHHs poO0TH
y BiAKpUTIH mpeci (aist rpomaisiH Ykpainn);
30BHIIIHS PEIICH31s, MTi/IICaHa JOKTOPOM HayK.
[TocnmitoBHICTE PO3MIIIICHHST MaTepiay JI0 py-
KOITUCY: 1HJIEKC 32 YHIBEPCAIBHOIO IECATKOBOIO
knacugikamieto (YAK), nazpa crarTi, iHiianu
Tapi3BHILE aBTOpa(iB), TOBHA TOILTOBA aApeca
YCTaHOBH, Y SIKUX BUKOHaHa poOoTa, aHoTallis,
KJIFOYOBI CJIOBA, TEKCT, IEPEIIiK MOCHIIaHb, HA01p
UTIOCTpaLii, MiAMUCH 0 PUCYHKIB Ta TaOJIUIIb.

. Ha3pa crarri, iHilianu Ta mpi3BUIIE aBTOpa

(aBTOpIB), aHOTAIliS Ta KJIIOYOBI CJIOBA MMOJAI0-
ThCS YKPATHCHKOIO (I TPOMaasH YKpaiHu),
pociiicekoro (mist rpomansa CHJI) Ta annmii-
cbKolO (mst Bcix aBTOpiB) MoBamu. OOcsr
aHoranii He nepesuirye 100 coiB.

TekcT pykonucy OakaHO CTPYKTypyBaTH pO3-
ninamu: BeTym, e KOpOTKO (OpPMYIOTHCS Tie-
penicropisi mpoOJieMu Ta METa JIaHOTO JIOCIIiI-
xeHHsl. OcHOBHA yacTuHa myOuiKalii, MiCTUTb
MOCTAHOBKY 3aJ1adi, CKCIIEPUMECHTAIILHUI 1/200
TEOPETUYHUHN OIKC JOCIIKEHb. BUCHOBOK,
y SKOMY BUKJIAJCHO PE3yJIbTaTH I0CHiKEHb,
BUCHOBKH, IIEPCTIEKTUBH PO3BUTKY JIOCIIIKECHb
1 MOXIIMBI 3aCTOCYBaHHSI.

. IloBHUIT 00OCIr OMIALAOBOI CTATTI HE MOBHHEH

nepeBuIyBaTH 60-TH CTOPIHOK, OPUTiHAIBLHOT
ctarTi — 20 CTOPiHOK, KOPOTKOTO MOBiJOMJICH-
HSl — 5-TH CTOPIHOK.

Bci (i3nuHi BeIMYMHY TIOAAOTHCS B OJIMHUIISX
cuctemu CI.

. Bumoru 10 odopmienns pykomnucy. Ilapa-

METpU CTOpiHKU: (opMar cTopinku — A4
(210 x 297 mm). Hons: npaBopyd — 10 mwm,

inoi — 20 mm. Hpudt Times New Roman,
MDKPSIIKOBUH iHTepBasl — NonyTopHuil. Ha3pa
CTarTi, — MPONMCHUMH, Kerib 14 pt. ABTopH,
TEKCT pyKonucy, popmyan, — 12 pt, anoranis,
NepesIiK MOCHIIaHb, 11 pt, mignuacu 1o
pUCYHKIB 1 Tabiuups — 10.

. EnexTpoHHa Bepcisi pyKomucy MOJA€ThCS Y

¢dopmarti Microsoft Word (Bepcii He Bume MS
Word 2003). [dns 3amucy ¢Gopmya Ciiifi BUKO-
pucToByBaTH BOynoBaHul penaktop Microsoft

10.

I1.

12.

13.

Equation 3.0 3 mapamMeTpaMu: OCHOBHHI Marte-
MaTHYHUNA CUMMBOJ — 12 1T, 1HAEKC, HaI- 1 ITiJI-
iHgekcn — 6 nT. dopMaT 3MIHHUX Y TEKCTI Ta
(opmynax MarTh OyTH iIeHTUIHUME (DaxkaHO
KYPCHUBOM, TPEIbKi CUMBOIH — TIPSIMI).
EnextpoHHN#i BapiaHT iUnmrocTpariiii mogaeTbes
B OKpeMux (Qaiiigax B OIHOMY 13 HACTYNHHUX
¢dopmaris: tif, cdr (CorelDraw 11) wopHo-6imi
abo 3 Tpajali€ ciporo, IPOHYMEpOBaHI Ta
MOKWMEHOBaHI MPI3BUIIEM IEPIIOrO aBTopa.
Lmroctpariii no pykommcy (pucyHkH, poTo, Ta-
OmuIi), MO SKOICh MPUYMHU HE MOXKYTH OyTH
HaJIaHi B €NEKTPOHHOMY BHUIJISINI, MAalOTh OyTH
aKypaTHO BHKOHaHi Ha OilloMmy manepi abo 1o-
JaHi y BUIIAAI skicHuX (oTorpadiit. Ixui pos-
MipH HE MOBWHHI nepeBUIyBaTH Gopmar A4.
Ha 3BopoTHOMY 0OI1i KOXHOI i7TFOCTpaIllii BKa-
3y€eThes ii MOPSAAKOBUN HOMED, MAMKC A0 PH-
CYHKY 1 Mpi3BHIIE TTEPIIOTO aBTOPa.

Ilepenik nocuinanb MOAAETHCS MOBOIO OPHUTiHA-
JIy, CKJIAJIA€THCS B TIOPSIIKY MOCHIIAHHS B TEK-
cti # BiamoBigHO 10 BUMOr BAK Ykpainu ans
6i0miorpadiqHOTO OMHCY (JUB. TOJATOK).
ABTOpHU TOBIIOMIISIFOTH TIpO cebe Taki Bizo-
MOCTI: TIpi3BIIE, iM’s, TO-0aTbKOBI, CITYKOOBY
Ta JAOMaIIHIO ajapecH, TenedoH, dakc, E-mail,
BKa3ylOTh, 3 KUM i3 aBTOpIiB OaxaHO BeCTH
CITIKYBaHHS.

Pyxonucu HanpaBIIsSIOTHCS 32 aIpecolo:
HayxoBwii ¢isuko-rexHonorigyanii nenrp MOH
ta HAH VYkpainu, maiinan CBoOoau, 6, M. Xap-
KiB, 61022, a/c 4499, Ykpaina.

E-mail: journal pse@ukr.net
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MMPABAJIA O®OPMJIEHUSI PYKOIIUCEN
B npenocrasnsiemoii pabote 4eTKo U Mocieno-
BaTEJIbHO M3JIaraloTCsl OpUTHHAIBHBIC, HEOTYyO-
JIMKOBAaHHBIE PaHEe pPe3yJbTaThl, MOTYyUYEHHBIE
aBTOopoM (aBTOpamu). Pykomuce He J0IKHA
HaXOAUTHCSI HA PACCMOTPEHUH K MyOJIMKaMN
B JIPyTrOM U3/aTeJIbCTBE.

Pacnieuarannas pykonuch, ¢ MOAMUCIMH BCEX
aBTOPOB, INpejacTaBisercd B 1 3K3. Ha OJHOM
13 CIIETYIOINX SI3bIKOB: YKPAUHCKOM, PYyCCKOM
WJTU QaHTJIMMCKOM. DJIEKTPOHHBIN BApUAHT PYKO-
MIUCH MTPEIOCTABISAETCS HA MATHUTHOM WJIM OTI-
TUYECKOM HOCHTEIE, JTH00 (YTO MPEANOYTHTE-
JbHee) HanpasisieTcs o E-mail.

K pyxonucu mpuararoTcst Cleayroume J10Ky-
MEHTBI: HalpaBJIeHHUE OT YUPEKICHHUSI, TI€ BbI-
nojHeHa pabora, 3asiBJICHUE Ha UMsI [JIaBHOTO
pelakTopa co CBEICHUSMH 00 aBTOpax, JKC-
MEPTHOE 3aKJIIOYEHHUE O BO3MOKHOCTH OITyO-
JIMKOBaHUSI pabOThl B OTKPBITOHM meyaru (st
rpaxaaH YKpauHbl), BHELIHSSI PELleH3Us, TO/-
MUCaHHast TOKTOPOM HayK.
[locnenoBarenbHOCTh pasMellleHHsT MarepHhaia
CTaTbU: UHJIEKC N0 YHUBEPCAILHON JECSITUYHOU
kinaccudukanmn (Y/K), Ha3BaHue craTbu, MHU-
anel ¥ (aMuius aBropa(oB), MOMHBIE MOYTO-
BBIE aJIpeca yUpexkKIeHUH, B KOTOPBIX BBIIIOJTHEHA
paboTta, aHHOTAIMs, KIIOYEBHIC CIIOBA, TEKCT,
CIHCOK IIUTUPYEMOU JIUTEpaTypbl, HAOOP HILTIO-
CTpaLyid, TOANUCH K PUCYHKaM U TaOJHIaM.
HaszBanwue crarbu, MHULIMAIBI U (PaMHIIHSI aBTO-
pa(oB), aHHOTAIMH U KJIFOYEBHIE CIOBA MMOJIAI0-
TCSl HAa TPeX S3bIKaxX: YKPaWHCKOM (AJISl Tpax-
JaH YKpauHsbl), pycckoMm (ans rpaxnaan CHI')
U aHTIUACKOM (IJI1 BCEX AaBTOPOB) SI3bIKAX.
OObem anHOTanuu He npesbiiaer 100 cios.
TexkecT pykonuCH KenaTelnbHO CTPYKTYpPHUpO-
BaTh paszaenaMu: Beenenue, KpaTko GopMysu-
pyrolee MpeAUCTOPHUI0 TMPOOJIEMbl M IEJb
JaHHOTO HccienoBanus. OCHOBHAs 4acTh Imy0-
JIUKAIUK, cojieprKalias IOCTaHOBKY 3aja4M,
SKCIIEPUMEHTANbHOE H/MIM  TEOPETHYECKOE
ONMCaHMe UCCIIeJOBaHUN. 3aKII0UeHre, B KOTO-
POM TIPUBOJATCS PE3yJAbTaThl HCCIIEAOBAHUM,
BBIBOJIbI, MEPCIEKTUBBI Pa3BUTHS HCCIEI0BA-
HUH U X BO3MOYKHBIE IPUMEHEHMS.

[NonHbIit 00beM 0030pHOIT CTaThU HE JIOJDKEH Tpe-
BoIare 60 cTpaHull, OPUTMHAIBHOM CTaTbll —
20 cTpaHHIL, KPaTKOro COOOILCHUSI — 5 CTPaHMIL,
Bce ¢pusnueckre BemUUMHBI ClIETyeT MPeICTaB-
JATh B equHunax cucrtemsl CU.

TpeOoBanust k odopmieHuto pykornucu. [lapa-
METpbl CTPaHHUIIBI PYKONHCH: (OpMar CTpaHH-
upl: A4 (210 x 297 mm). [osns: cripaBa — 10 M,
ocranbhbie — 20 MM. Hpudt Times New Roman,
MEXyCTPOUHBIM MHTEPBAI — MOIyTOpHbI. Ha-
3BaHUE CTaThbl — MPOMMCHBIMH, Kenllb — 14 pt.
ABTOpBI, TEKCT pyKOTHCH, (hopMyIisl — 12 pt, aH-
HOTaIMsl CHHCOK Jmreparypsl —I11 pt, moamucu
K pucyHKam 1 Tabnuiam — 10 pt.

9.

10.

11.

12.

13.

DJIeKTpOHHAs BEPCHUS PyKOIIMCH PEICTaBIISCT-
cs1 B popmare Microsoft Word (Bepcust He BbI-
e MS Word 2003). dnst 3anmcu Gpopmyi cie-
JIyeT HCIONb30BaTh BCTPOCHHBIN peraKTop
Microsoft Equation 3.0 ¢ mapamerpammu: oc-
HOBHOM MaTeMaTWYECKHH CHUMBOI — 12 1T,
WHJIEKC, HaJl- U MOAMHACKCH — 6 nT. ®opmar
MEPEMEHHBIX B TEKCTe U (QOpMyNnax IOJKEH
ObITb WACHTHYHBIM (KENaTeIbHO KYyPCHUBOM,
IpEYECKUE CUMBOJIBI — TPSIMBIC).
ONEeKTPOHHBIN BapHaHT WILTIOCTPALUN Mpeao-
CTaBIsieTCS B OTACIBHBIX (aiiylax B OZHOM U3
cnenytomux Gopmaros: tif, cdr (CorelDraw 11)
4yepHO-0elble ¢ rpafanueil ceporo, TOMMEHO-
BaHHbIC (haMHIIHEH IEpBOIO aBTOPA.
Wnnroctpaunu kK pykonucu (puUcyHkH, (oto,
TaOIUIBI), IO KaKOKH-IMOO NPUYMHE HE TIpe-
JIOCTABIIIEMBIC B 3JICKTPOHHOM BHUJE, TOIKHBI
OBITh AKKypaTHO BBITIOTHEHBI Ha Oeoi Oymare
WIN TIPEJCTaBICHBI B BU/IC KaUECTBEHHBIX (O-
Torpaduil. Mx pasMepbl HE IOJDKHBI MPEBbI-
mare ¢opmar A4. Ha oOoporHoil cropoHe
Ka)XJIO MIUTIOCTPALIMK YKa3bIBACTCA €€ MOpsia-
KOBBIM HOMEp, MOAPUCYHOUHAs! HAAMUCh U (a-
MUJIUS TIEPBOTO ABTOPA.

IlepeueHb cCHIIOK MOJAETCS SI3bIKOM OpUTHHA-
Jla, COCTaBJSIETCS B IOPSAKE YIOMUHAHHMS
B TEKCTE U B COOTBETCTBHM C TPEOOBAHHSIMU
BAK VYkpauns! Ha 6bubnurorpaduyeckoe onuca-
HUE (CM. IPUIIOKEHHE).

ABTOPBI COOOIIAIOT O ceOe CIeaYIOUINE CBelle-
HUS: (haMHIITUIO, UMsI, OTYECTBO, CIY>KEOHBIN
W JoMaIlHui anpeca, TenedoH, dakc, E-mail,
YKa3bIBAIOT C KEM U3 aBTOPOB HPEANOUYTUTEIb-
HO BECTH MEPEIHCKY.
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TeMaTH4HI HATIPAMKM:
¢131Ka noBepxHi — MoAudiKalli, MOKPUTTS, IUTIBKU, IPUIIOBEPXHI 1 MEpeX1JIHI Mapu Pi3HUX
BU/IIB, SIK PE3YJIbTAT BIUIMBY IJ1a3MU, KOPITYCKYISPHO-QOTOHHUX MOTOKIB 1 BUIIPOMIHIOBaHHS;
B3a€MO/I1sI pI3HOMAaHITHUX BU/I1B BUTIPOMIHIOBaHHS 3 TOBEPXHSAMU METaIB, HAMIBIPOBIAHUKIB,
JIEJIEKTPHUKIB;
¢131Ka 1 TeXHIKa HU3bKOTEMIIEPATYPHOI I1a3MU;
¢bi13uKa 1 TeXHIKa JIa3epiB;
(h1314H1 BIaCTUBOCTI IUTIBOK 1 TOKPUTTIB;
HaHO(]13MKa, MIKPO- 1 HAHOTEXHOJIOT1i, MIKpO- 1 HAHOEJIEKTPOHIKa;
(1314HI Ta TEXHIYHI aCHEeKTH Cy4YaCHUX TEXHOJIOT1H 0OpOoOKM MOBEpPXHi, JIarHOCTUKU 1 KOH-
TPOJIO TEXHOJOTIYHUX MPOLECIB.

TemaTuueckue HalpaBJCHHUSA:
(I)I/I3I/IK8. IMOBCPXHOCTHU — MO,Z[I/I(I)I/IKEU_II/II/I, MOKPLITHUSA, IINICHKHU, IIPUITOBCPXHOCTHBIC U ICPECXOA-
HBIC CJIOU PA3JIMYHBIX BUIAOB, KaK PC3YyJIbTAT BO3JIEHCTBUSA I1J1a3MBbl, KOpHyCKy.TI}IpHO-(I)OTOH-
HBIX IIOTOKOB U U3JIYUCHUS,
B3aHMOACHUCTBHUE paSH006p33HBIX BUJ0B U3JIy4CHHA C ITOBCPXHOCTAMH MCETAJIJIOB, IOJIYIIPO-
BOJHUKOB, JTUIJICKTPHUKOB,
(I)I/I3I/IKa 1 TCXHHUKa HI/I3KOTeMHepaTypHOI71 I1J1Ia3MBbI;
(I)I/I3I/IKa 1 TCXHUKA JIa3CPOB;
(I)I/I3I/I‘-ICCKI/Ie CBOMCTBA IJICHOK U HOKpLITHfI;
HaHO(I)I/BI/IKa, MHUKPO- 1 HAHOTCXHOJIOTUH, MUKPO- U HAHODJICKTPOHUKA,
(I)I/ISI/I‘-ICCKI/Ie U TCXHUYCCKUC ACHICKTbI COBPCMCHHBIX TEXHOJIOT UM O6pa6OTKI/I IMOBCPXHOCTH,
ANArHOCTHUKHU U KOHTPOJIA TEXHOJIOTHYCCKUX ITPOLECCOB.

Topic directions:
surface physics — modification, coating, film, near-surface and transient layers of different
kinds, as outcome of influencing of plasma, corpuscular-photon flows and radiation;
interaction of miscellaneous kinds of radiation with surfaces of metals, semiconductors, die-
lectrics;
physics and engineering of low-temperature plasma,;
physics and engineering of lasers;
physical characteristics of films and coatings;
nanophysics, micro and nanoelectronics, micro and nanotechnologies;
physical and engineering aspects of modern technologies of surfacing, diagnostic and control
of technological processes.
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