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Peghepam—TexHoJ10rii HaHeCEHHSI TOHKHMX ILTIBOK OCTAHHIM 4acoM IIMPOKO 3aCTOCOBYIOTH iMIYJIbCHI pe:KHMH oca-
nxeHHs. Taki peskuMu MawTH psl NMepeBar nepex TPAIUUIHHUM MArHeTPOHHHM OCA/’KEHHSIM HA MOCTiIHHOMY cTpyMi, a
TaKOK I03BOJISI0ThH Peali3oByBaTH HeliHiliHi edekTH. AJie iCHYIOTh eBHI TPy HOILII NPU 30yJKeHHI iMIIyIbCHOT0 MarHeT-
POHHOI0 PO3pPsAY, 0 OB A3aHI 3 FeHepaliclo BILHUX HOCIIB 3apsily Ha I0OYATKOBOMY €Talli ii0ro po3BUTKY.

151 BU3HAYEHHSI YMOB BIIEBHEHOT'0 30y/IZKeHHsI iMITyJIbCHOTO MATHETPOHHOT0 PO3psiAy 6e3 MATPUMKH CIa6KOCTPYMO-
BUM ()OHOBHM PO3PsiIoM 0yJia CTBOPEHa MO/Je/Ib TAYHICEHAIBCHKOT0 PO3PsiAy, 0 BHHHKAE HA CAMOMY MOYATKY iMITyJIbc-
HOT'0 MAaTHETPOHHOT0 PO3psi1y Ta 3abe3Nevye ioro BilbHUMH HOCISIMH 3apsiay.

B pe3yabTati po3paxyHkiB 0y/iu BcTaHoBJIeHi: 1) Hanpyra, npu sAKiil Bin0yBaeTbes cTadinbHe 30y1KeHHsA caMOCTiliHOro
iMITyJIbCHOr0 MarHeTPOHHOI'0 PO3psAAY; 2) Hiana3oH HANPYT, NPH AKUX 30y KEHHSI CAMOCTIi{HOr0 iMITyJIbCHOT'0 MATHETPOH-
HOI'0 PO3ps1y HOCUTH HeCTAOUIbHUI XapaKTep i MoKe MPU3BOIUTH /10 3aTPUMKH 30y/I:KeHHS PO3ps1y Ha NPOTA3i iMmyJbcy,
a00 B3araJi a0 ix nponyckis; 3) Hanpyra, Npu AKiil IPAKTHYHO HEMOXJIMBO 30yIMTH iMIIYIbCHHII MATHETPOHHUI PO3ps/

0e3 CTOPOHHIX J:KepeJl BUILHUX HOCIIB 3apsany.
Bioa. 12, puc. 5.

Knrouogi cnosa — imnynvcruii mMaznempoHHUuil po3pad; MAyHOCEHOIBCbKULL PO3PA0; MPAEKMOPIA e1eKmpoHie.

I.  BCTVYII

OcCTaHHIM 4acoM B TEXHOJIOTil iIOHHOTO OCaKeHHS
BCE YACTIIIE 3aCTOCOBYIOTH IMITyJIbCHE 30Yy/KEHHS Mar-
HETPOHHOI'0 po3psAy. IMITyJIbCHUN MarHeTpOHHHUU pO3-
PsiI Ma€ MeBHI IepeBaru nepesy MarHeTPOHHUM PO3PSI0OM
Ha roctiiiHoMy cTpymi. Takuii BHI po3psiy H03BOJISIE
3HU3UTHU TEIJIOBE HABAHTAXXCHHS Ha MiJKIAAKY HUIIXOM
301IBIIEHHS HINMApyBaTOCTI IMITYJIBCIB.

VY BHUMaAKy OIMONAPHHUX IMITyJIBCIB MOXKIIHBO OTpPH-
MaTd JBOKOMIIOHEHTHE TOKPUTTA ULLISIXOM IOYEpProBOi
oJ1a4i IMITYITBCIB Pi3HOI MOJIIPHOCTI HA JB1 Pi3Hi MiIlICHI.
baraTokOMIIOHEHTHI TOKPHUTTSI TaKOX MOMIIUBO OTPH-
MaTd IUBIXOM MOYEProBOr0 KOPOTKOIMITYJIBCHOTO PO3-
MUICHHS JEKUIbKOX MinreHe#. /laHa TeXHOJOTIS 103B0-
JIsI€ OTPUMYBATH IUTIBKY Oy1b-IKOTO CKIIATy, PETyJIIOI0YH
JIOBKUHY IMITYJIBCIiB Ha KOXKHY 3 MillIeHEW, KOMIICHCYIOUHN
TaKUM YMHOM DI3HUIIO KOE(ili€HTIB PO3MMICHHS JUIs
pi3HHX MaTepiaiB.

IMmynbcHe  30y/DKEHHST MarHeTPOHHOTO — PO3pSIy
JTO3BOJISIE CYTTEBO 3OUMBIIMTH IIUTBHICTH PO3PSITHOTO
CTPYMY, @ TaK0oXX 30UIbIINTH CTYIIHb i0HI3a1ii podoyoro
razy Ta pos3nuieHoro matepiany 3 1%-10% nmst 3Buuaii-
HOT'O MarHeTPOHHOT'O PO3PsAY Ha MOCTIHHOMY CTPyMi 10
30%-90% mst iMITy TECHOTO 30y PKEHHSI MarHETPOHHOTO

pospsny [1] [2].

[HIII0¥0 3HAYHOIO OCOONUBICTIO IMITYJIECHOTO MarHeT-
POHHOTO PO3pPSIy € 3AAaTHICTh 3HAYHO 3HU3UTU BipOTiJI-
HICTh TYTOyTBOPEHHS Ha KaTOJi MPH POOOTI MarHETPOHY
B CepeIOBHIII peaKTUBHUX Ta3is [3].

ImMmynbcHe  30y/KEHHS MAarHETPOHHOTO — PO3PSLy
MOXJTMBO TaKOXX 3aCTOCOBYBAaTH JIs peattizallii HesiHil-
HUX e(eKTiB, 0 00YMOBIICHI HETIHIHHOIO 3aJICKHICTIO
JIeSIKMX MOro MapameTpiB BiJi MUTTEBOI MOTYKHOCTI po3-
psny posmwieHHs. Hampuknazn, 3aJeXHiCTh HIIUIBHOCTI
YIaKOBKH, MEpeBaKHOI OpieHTaii, CKIagy Ta mapaMer-
PiB PELIITKH TOHKOI ILTIBKH, 110 OCAJKY€ETHCS OHOYACHO
3 ioHHUM OoMOapIyBaHHSIM, BiJ €HEPrii OKPEMHUX 10HIB
npyu 30epeKeHH] KUTBKOCTI €Heprii, 10 MepelacThCst 01-
HOMY aroMy TIpH oOcaukeHHi[4], 3amexHicTs posmipy
TU1a3MoBOi 00acTi i MMPUHYU 30HM €po3ii MillIeHi Bix
BEITMYMHHI MUTTEBOT MOTYXHOCTI po3psiay[5] [6], Ta irmri.

IMpn immynbcHOMY 30YMKEHI MarHETPOHHOTO PO3-
psnay, SIKIIO mepion Mix iMmyibscaMu >1 Mc, crioctepira-
€ThCSI HECTAOLIBHICTh WOTO BHHUKHEHHS, IO O0YMOB-
JeHa Maibke TOBHOIO NEiOHI3aIl€0 MiXKEIEKTPOIHOTO
npocTopy. B cBoro yepry, 1e npu3BOAUTH J0 3MIHH JTOB-
JKUHH IMITYJIbCIB, a 1HKOJH 1 IX IPOITYCKY.

YHUKHYTH BUILE3raJaHoi IpoOJieMH MOXKIIMBO ILJIs-
XOM 3aCTOCYBaHHS CJIAOKOCTPyMOBOTO (DOHOBOTO pO3-
psny, 30UIBIIEHHSM THUCKY poOodoro rasy abo HampyrH,
T/IBUIEHHSM YacTOTH IMITYJICIB Ta 3MEHIIEHHSIM TOKO-
BOI May3H.

B poboti mocmimxkeHo ymoBH cTaOimbHOTO 30y-
JOKEHHS IMITYJIBCHOTO MarHETPOHHOTO po3psiay 0e3 ci1ab-
KOCTpyMOBOTO (hOHOBOTO po3psay. Take cradinbHe 30y-
JDKEHHSI MOJKIIMIBE, SIKIIO €IEKTPOHU MalOTh €HEPTilo, sKa
BIZINOBi/Ia€ MaKCUMAJIBHOMY TIOIIEPEYHOMY Iepepizy io-
Hi3allii aTOMIB aproHy enekrpoHamu. Po3risiHyTo nepuri
JIECSATI 0JTI MIKPOCEKYH/H PO3BUTKY PO3PSiLy, KOJIH PO3-
PsiI Mae XapakTep TayHICEHIIBCBKOIO PO3psLy, BILIMB
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MAarHITHOTO Ta eIEKTPUIHOTO TOJIiB HA MPOIEC HOTO Po-
3BUTKY.

1.  AHAJI3JITEPATYPHUX JAHUX

[Ipu iMmmynbecHOMY 30yMKEHHI MarHETPOHHOTO PO3-
Py MOXIIMBO BHIIUIMTH TPU OCHOBHI MEPIOAM: MOYAT-
KOBHH, KBa3icTalioHapHuii Ta nicisipo3psiiauid. Ha moya-
TKOBOMY €TaIli 332 YMOBH, IO TEpioJi MK IMITyJbCaMH
JIOCTaTHbO BEJIMKHH, KOXKEH pa3 BinOyBaeTbcs (opMy-
BaHHS IMITyJILCHOTO PO3Psily Yepe3 Mally KilbKiCTh BiJlb-
HHUX HOCIiB 3apsay. Lle mpu3BoauTh 10 3HAYHOTO 3ari3-
HEHHS BUHUKHEHHS PO3pPSAy i, B CBOIO YEpry, A0 3MiHH
JIOBKMHH IMITyIIbCIB Ta HaBiTh iX mpomyckis [3] [4] [5].

Jlns 3MeHmIeHHs 9acy 3aTpUMKH Ta HecTaOlIbHOCTI
BUHHUKHEHHSI PO3PSIY 3aCTOCOBYIOTH CIIa0KOCTPYMOBHI
(hoHOBUI PO3psA, KU 3a0€e31euy€e MOYaTKOBY KOHIICHT-
parito 3apsHKEHUX YaCTHHOK.

[pwu 36inbIIeHH] THCKY HECTAaOUTBPHICTD BUHHKHEHHS
IMITYJILCHOTO PO3psily 3MEHIIYETHCS 32 PaXyHOK 301J1b-
IICHHS 9aCTOTH 31TKHEHB €JIEKTPOHIB 3 MOJIEKYJIaMH PO-
6ouoro raszy. Ilpm 30iibLICHHI HANPYrH IMITYJIbCY
30yIUKEHHST PO3PSAAY HECTaOUTBHICTh 3MEHIIYETHCS 3a
paxyHOK Koe(illleHTy BTOPHUHHOI 10HHO-EJIEKTPOHHOT
eMmicil kaTona-minieHi [6].

[TigBuIIyIOYM YacTOTYy IMIyJbCIB Ta 3MEHIIYIOYH
CTPYMOBY T1ay3Y, TAKO>K MOYKHA ITiIBUIINTH CTa0UIBHICTh
30yIKEHHST IMITYJIBCHOTO MarHeTPOHHOTO po3psay [11].
Ilpu  3MeHIIEHHI  iHTepBAIy MDK  IMIyJbCcaMH

30UIBIIYETHCS 3aJMIIKOBA KOHIIGHTpALlis 3apsKeHUX
YaCTHMHOK 1 BiJIIOBIHO 3MEHIIYETHCS HECTAOLIBHICTBH
po3psany. Ilpu

BUHUKHEHHS 301IBIIEHH]  YaCTOTH

puc. 6 ['eomeTpu4Hi MapaMeTpu MOJEI MarHETPOHY.

iMmoyneciB monan 20 k[ TOpakTHYHO — 3HHKaEe
HEOOXiTHICTH B CTOPOHHBOMY JDKEpeNi 3apsaKeHUX
YAaCTHHOK, HANpHUKIIAJ, TaKoMy, SIK CIa0KOCTPYMHHH
¢donosmit pospsn [7] [4]. Arne, Hanpuknam, y BUIAIKY
YyTIMBOI [0 TIEpPerpiBy IMiAKIAIKA TaKUd METOJ
HEMOXIIMBO  3aCTOCOBYBaTH  4Yepe3  30LIbIICHHS
TCIJIOBOT'O HABAHTAXXCHHS Ha Hi}IKJ'IaI[Ky.

I1l.  METAI3ABJAHHA JOCHIJPKEHHA

Meroro poOOTH € BU3HAYEHHSI YMOB HAOYTTs €JIEeKT-
pOHaMH €Hepril, sIka BiAMOBiJa€ MAKCUMAIILHOMY IIOTIe-
peuHoMy Tepepidy IioHi3amii atomiB poOouoro razy
(aproHy) eneKkTpoHaMH B IEpPIIi AECATI 01 MIKpOCEKy-
H/IY, 1110 BiINOBiAae nepioay GopMyBaHHs OYATKOBOTO
TayHJCEHIIBCHKOrO po3psay. JocmimKeHo iHTepBal po-
6ounx Hanpyr Big 300 B mo 1800 B 3a ymoB, xapaktep-
HHX ISl MATHETPOHHOTO PO3PSY.

IV. MOJEJIIOBAHHS PO3PSITHOIO [TPOMI-
KKY (OCHOBHA YACTHHA)

HocnimxyBanach MOZEIb [UIAHAPHOTO MAarHETPOHY,
110 300paxeHa Ha puc. 1. Mojens MarHeTpoHy Mae Ha-
CTYIHI XapaKTePUCTUKH:

e Pozmoxin MII 3MozenboBaHui 3 eKcriepiMeHTa-
JIBHO BUMIPSHOTO MarHETPOHY.

e MaruiTHa cucTeEMa MAara€Tpony 30a1aHcoBaHa.

e Iunykuis MII B o6nacTi eJIeKTpOHHOT MACTKH Opi-
entoBHO ckianae 0,04 T.

-100
100

(®
L@ﬁ Copyright (c) 2017 bes3a O. M.


http://creativecommons.org/licenses/by/4.0/

14 BakyymHa, nna3moBa Ta KBaHTOBa €NeKTPOHiKa

o Karomom-MIiIlIEeHHIO € MigHa IJIacTHHA 3 PO3Mi-
pamu 154 x 98 mm?,

e Hampyra Ha KkaTtoji-MillleHi 3MiHIOBaNach Bif -
300 B n0 -1800 B 3 xpoxom 250 B.

e AHOZOM € IPSMOKYTHA IUTaCTHHA 3 IUIOLIEIO, L0
JIOPIBHIOE IIJIOIII KaTOAy-MillleH], SIKUil po3Tario-
BaHWIl Haq HUM Ha Bigcrani 60 MM. Take posra-
LIyBaHHS aHOAY 3a0e3redye MakCUMalbHy OpTO-
TOHAJBHICTH €JIEKTPUYHOTO Ta MAarHiTHOTO TOJIiB,
IO € XapaKTEepHOI0 OCOOJIMBICTIO KOHCTPYKIIT
MarHeTpOHiB.

o [lnactuHa aHOMY 3HAXOAWTHCS TiJ IMOTEHIIATIOM
3eMIJII.

e Mogens MicTuTh po3paxoBaHe EIl Bcepenumi
00’eMy, III0 MOZIEITIOETHCS.

Mopens MictuTh po3paxoBaHe MII. IpuiiMaeTbes,
110 BEJIMUMHA CTPYMY, SIKUH YTBOPIOIOTh €IEKTPOHH, HE-
3HaYHA i He BHOCHUTH CIIOTBOPEHb B KapTHHY MPOCTOPO-
BOTO po3noxairy MII.

e Tuck poboyoro razy aprony craHoButb 0,67 Ia.

e UYacoswmii iHTEpBaJ, B SKOMY PO3TIISIIAETHECS MO-
nenb, Big 0,01 Mmxc 10 0,1 MKC, B 3aJI€5KHOCTI Bij
HAIpyTH, IO NpUKIaNeHa A0 KaToXy-MillleHi,
BIJINIOBIIa€ Yacy BUJILHOTO IMPOJILOTY E€JIEKTPOHY,
TOMY B MOZEJI HE PO3TILIIAIOTHCS MPOLECH, SIKi
BiIOyBalOTbCSI ~ NPU  3ITKHEHHI  €JEKTPOHY
3 IHITUMH €JIEMEHTAPHUMH YaCTHHKaMHU.

e Jlna MoxentoBaHHs pyxy enekTpony B EII ta MII
6epyTtecs 100 enekTpoHiB 3 HYIBOBOIO ITOYATKO-
BOIO HIBUJKICTIO, SIKi BUIIAIKOBUM YHHOM PO3Mi-
IIYIOTHCS Ha TIOBEPXHI KaTOy-MIiIICHi.

YMOBOIO BUHHKHEHHS MOYAaTKOBOT'O TayHICEHIIBCh-
KOT'O pO3psiLy, SIKHi, B CBOIO Yepry, TeHEpye HOCI{B po3-
psny, mo HeoOXimHi Ans (OpMyBaHHS MarHETPOHHOTO
PO3psiLy, € HAOYTTS EJIEKTPOHAMH €HEPTii, BEIMYMHA SKOT
BINIOBiJa€ MaKCHUMAaJFHOMY IIOTIEPEYHOMY Iepepi3y
ioHI3alil aTroMiB aproHy eJleKTpoHaMu. Sk BHIHO
3 puc. 2 [7], eHeprist eneKTPOHIB, KA BiAMOBITAE MaKCH-
MaJIbHOMY HOINEpeYyHOMY Iepepi3y aTOMIB aproHy, KOJlu
BiIOyBa€eThCS iX 10HI3aIIis, JIEKHUTH B IPOMIXKKY Bix 30 eB
1o 200 eB. Ilpu eneprisix enektponi MeHiie 30 eB ioHi-
3amig aToMiB aproHy abo B3araxi He BigOyBaeTbcs, abo
Ma€ Majy BIpPOTiJHICTb, @ HPU EHEPTisiX eJNEKTPOHIB
oimemre 200 eB pi3ko 3MEHITyeThCS 3arajbHHUN Tepepi3
B3a€EMOJIii €JIEKTPOHIB 3 aTOMaMH aproHy i ioHizamii
B TOMY YHCIIi.

[iana3oH THCKY po0OOYOTro rasy Jjisi MarHeTPOHHOTO
po3psany yiexuth B inTepBai Big 0,5 [1a mo 1 ITa. Tlpu
TaKOMY THCKY CEpeIHS JIOBKHHA BIIBHOTO IPOJIHOTY
CJIIEKTPOHY 3TiHO 3 BHPa30M

szrz%c,

IIe A — cepemHs TOBXHUHA BUTBHOTO MPOJBOTY, V — IIBH/I-
KICTh €JIEKTPOHIB, T— CEPeAHil Yac MiXK 3ITKHEHHIMH,
N — TyCTHHA Ta3y, o — nepepi3 3iTkHeHb [6], ckaanae Big
188 MM 10 377 MM.

Sk nokasano B [6], B oproronanpuux EIT Ta MII ere-
KTPOH 3 HYJILOBOIO TOYATKOBOK IIBUJIKICTIO PYXAEThCA
0 TpaeKTOopii, BioMil mix Ha3Boro "mukioiga". Luxio-
ina sBjse cO00I0 TPAEKTOPIIO TOUKU KOJIa, IKE KOTHUTHCS
B HanpsiMKy [EB], o ckinanae 3 Bekropamu E Ta B mpaBy
cucremy. [iamerp xona D,,, mo korutbes, mMoxHa

3HAWTH 32 BUPA30M:

2mE
Duezer??zhue‘(’”)z
12 E(B/ )’ @
B?(T)

Je hy — BUCOTa LUKIOIAM, M — Maca eJIeKTpoHy, B —
inpykuis MII, E — nanpyxenicts EIL

=11,36-10"

A nepiox uMKIOTPOHHOrO ObepranHs T, 3Haxo-

JIUTHCS 32 BUPA30OM:

2mm
=—. 2

Sk BuruBae 3 Bupasis (1) Ta (2) Ta 32 yMOB, THIIOBUX
JUISt MarHETPOHY /10 BAHUKHEHHSI pO3psiLy, TOOTO 32 YMOB
TayH/ICCHIIBCHKOTO pO3psAy, KOIM Hampyra majae
PIBHOMIPHO Ha BCi JOBXKHHI PO3PSAHOTO IMPOMIKKY
i wmarnitHa iHaykois <0,1 T, nuMkiIOTpOHHAa dacToTa
enexTpoHiB ckiagae gecatku I TL[, Tobro mepion
IUKIOTPOHHOTO OOEPTaHHS CKIIAJA€ COTi Ta ECHTi IO
HaHOCEKYH/IH, @ BUCOTa IUKNIoinu cknanae 10°m. To6To
B IHTEpBaJIi Yacy, SKHHA PO3IIIANAETHCA B MOJEMI, Ta 3a
YMOB, HaBEJICHUX BHILE, PyX CJIEKTPOHY B Mojei
MOTPiOHO PO3TNIANaTH K Apeiid B3AOBXK CHIOBUX JiHIN
MIL.

3  BHUKOPHCTAaHHSIM  pO3paxyHKiB Mozem Ta
BU3HAYCHOI 3 HUX IIBHJKOCTI €JIEKTPOHY JUI DI3HUX
3HaueHb HarpyskeHocti EIl Oymno BcraHoBieHO, o mpu
TUIOBHUX 3HaYCHHSIX TUCKY Ar Ta HanpyxeHocti MIT uac
BUTBHOTO TPOJBOTY €JICKTPOHY CTaHOBUTH Bix ~0,5 MKkc
npu 1800 B 1o ~1 mxc npu 300 B. ToGTo B iHTEpBani Bix
0,01 mxc 1o 0,1 MKc, B SIKOMY 3IiiICHEHO PO3PaXyHOK MO-
JIelTi, pyX €JeKTPOHY MOXKHA BBa)KATH BUIBHUM IPOJIBO-
TOM.
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puc. 7 ExcriepuMeHTaNbHI 3HA4YEHHS Iepepidy 3iTKHEHb eJIEeKTPOHIB
3 aromamu aprouy [7]. HaBexneHni 3HaueHHst 3aranpHoro mepepisy 30y-
JDKEHHS, 10 JOPIBHIOE CyMi nepepi3iB 30yIKEHHS OKpEeMHUX CTaHiB.
Bich opaunar — nonepeunuii nepepis (10726 cm?), Bich abeuuc — eneprist
eNleKTpoHiB — (eB).

()
@ﬂ Copyright (c) 2017 be3a O. M.


http://creativecommons.org/licenses/by/4.0/

ISSN 1811-4512. ElectronCommun, 2017, vol. 22, Ne3

15

Vk(1)=300 Time=1E-7 s Particle trajectories

VK(7)=1800 Time=1E-7 s Particle trajectories

puc. 8 Po3paxoBane nepeMilieHHs e1eKTpoHiB yepe3 0,1 Mkc Bix moda-
TKy IMIIyJIbCY IIpU HaIpy3i Ha KaTomi-mimeHi -300 B.

Ha puc. 3 ta puc. 4 npuBeeHo 3pa3oK po3paxoBaHOr0
HEpEMIlIECHHs €JIEKTPOHIB B MarHeTponi wepes 107 ¢
micnst nonaui Hanpyru -300 B ta -1800 B Ha katon-
MiIlIEHb BiJIOBIIHO.

- Histogram: Particle kinetic energy (keV)
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puc. 9 Po3paxoBane nepeMilieHHs e1eKTpoHiB yepe3 0,1 Mkc Bix moda-
TKY IMIyJIbCY IIpU HAmpy3i Ha KaToxi-mimeni -1800 B.

3 PUCYHKY BHJHO, 11O €JIEKTPOHH, SIKI HE TOTparuis-
I0Th B €NIEKTPOHHY ITaCTKy, MaiKe Bilpasy MOKHAAIOTh
PO3PSLIHHUN TPOMIXOK, OTPAILISIOYH Ha aHoA, ab0 yXo-
IIITh B CTOPOHY OIYHIX CTiHOK i HE OEpyTh y4acTb B pO3-
BUTKY PO3psay.

- Histogram: Particle kinetic energy (keV)
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puc. 10 Po3nozin exekTpoHiB 1o eHeprism. Bick opauHaT — KibKIiCTb €IEKTPOHIB, Bich aOCLIC — KIHETHYHA SHEpPrisl eJeKTPOHiB B eB; a — Hampyra
Ha mimeni-karoni UK=300 B; 6 — nanpyra na mimreni-karoai Uk=800 B; B — nanpyra na minreni-katoai UK=1300 B;r — nanpyra Ha minreni-kaTomi

Uk=1800 B.
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[NopiBHSHHS XapaKkTepy pyXy €JIEKTPOHIB Haj ITOBEp-
XHEI0 KaTOAy-MillleHi Ui pi3HWX 3HA4YeHb HAlPyTd Ha
KaToZi-MillleHI MOKa3ye, 1[0 YMM Oijblla Hampyra, THM
CHJIBbHIIIE IIPUTHCKAETHCS EIEKTPOHHA MACTKa 10 HOro
MOBEPXHI, IO B IIOJAIBIIOMY IIPU PO3BUTKY MarHeTpOH-
HOTO PO3PsLy NPU3BOIUTE JI0 SBHILA JIOKAIBLHOTO PO3pi-
JOKCHHST poO0YOro rasy.

Ha puc. 5 HaBeneHO po3IOiN €IEKTPOHIB MO €Hep-
TisiM, Ky BOHH OTPUMAIOTh 3a 4Yac BUJIBHOTO INPOJILOTY
B CHCTEMI IpH PI3HMUX 3HAYECHHSIX HANpYyTd Ha KaTOMi-
MilleHi.

Po3paxyHkn mokazand, IO €Hepris OCHOBHOI Yac-
THHH eJeKTpoHiB (rmoHax 70%) B yacoBoMy iHTEpBaJi Bij
0,01 mxc mo 0,1 MKC (pakTHYHO HE 3MIHIOETHCS 1 Mae
HACTYIIHI 3HAYCHHS:

e Uk=-300B 1o 10 eB;

e Uk=-550 B —Bix 5 eB 10 15 Es;

e Uk=-800B —8ix 10 eB no 25 Es;

e Uk=-1050 B —Bizx 10 ¢B no 30 Es;

e Uk=-1300 B —Bix 15 eB no 40 Es;

e Uk=-1550 B —Bix 15 ¢B no 45 Es;

e Uk=-1800 B —Bix 20 ¢B no 55 Es,
ne UK — Hampyra Ha KaTo/i MilieHi.

JInme mpu Hanpy3i -1800 B 3’ sBiisieThcs He3HAYHA Ki-
JIBKICTB eNeKTPOHIB (0113bK0 5%) 3 eneprieto 1o 100 eB.
Sk BUIHO 3 HaBEeIECHUX PO3PaxyHKiB, CHEPTilo, siKa BiJ-
MOBiJJa€ MAaKCUMAJILHOMY IOTIEPEYHOMY TIepepi3y aToMiB
aproHy, KOIIM BimOyBaeTbCs iX i0HI3aIis, HaOyBae mepe-
Ba)kHA OLTBIIICTH €JIEKTPOHIB IPU HAIpy3l Ha KaToMi-
mimeHi Bix -1300 B i pumre. [Ipn MeHImHX Hampyrax me-
peBakKHA OUIBINICTh EJICKTPOHIB HE OTPUMYE CHEPTifo,
JIOCTATHIO JUIS 10HI3aLli1 aTOMIB aproHy.

BHCHOBKU

B naHniit po6oTi OyB MpOMO/Ie/IbOBAHUI TayH/ICCHTIB-
CBHKHH pO3psi], IO BUHHUKAE ITPH POPMYBaHHI MATHETPOH-
HOTO po3psiay. Po3paxoBaHi TpaeKkTopii Ta CHEPreTHYHHIMA
PO3MOALT eNeKTPOHIB B PO3PSAIHOMY MPOMIKKY B 4aco-
Bomy inTepBadi Big 0,01 mxc 10 0,1 MKc aJst Hanpyry Ha
katoxi-mimeni Bix 300 B mo 1800 B 3a momomororo
COMSOL  Multiphysics®. Pesynbrati po3paxyHKiB
MOKa3yIoTh, IO NP IMIYJIECHOMY 30Yy/PKEHHI MarHet-
POHHOTO PO3psIY, 32 BiICYTHOCTI BUCOKOBOJIBTHOTO (ho-
HOBOTO pO3psIIly, OTpUMAaTH eEeKTUBHY i0HI3aIlif0 AT MO-
IJIMBO TIpW Hampy3i Ha KaTtozi-mimeni Oimpme 1300 B.
IMTpu nanpyrax Bix 800 B no 1300 B kinbKicTs enexTpo-
HiB, 1110 MAIOTh EHEPTII0, sIKa BIATIOBITa€ MAaKCUMAIHLHOMY
MoTNIepeyHOMY Tepepi3y ioHi3alii aToMIB aproHy ejeKT-
poHamU, AyXe He3HaYHa i TOMY PO3BUTOK IMITYJIHCHOTO
MarHeTpoOHHOTO po3psiay Oy/e HOCUTH HECTaOUIbLHUH Xa-
paktep. ToOTo 3amamroBaHHS MOXJIHBE, aje Oynae 3aiic-
HIOBAaTUCh 31 3HAYHUM 3alli3HEHHsIM a0o B3aralii 3 IpoIry-

Hapiiiimia no penakuii 28 Tpasus 2017 p.

ckamu imnyneciB. [Ipu Hampysi menme 800 B camo-
cTiffHe 30yMKEHHS IMITyIbCHOTO MAarHeTPOHHOTO pO3-
psy IPAaKTHYHO HEMOXKJIHBE.
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NmmynbcHOE BO30YKACHHE
MarHeTpoOHHOTO pa3psjia

Berza O. H., ORCID 0000-0002-0903-1263
e-mail 0.bevza@kpi.ua

HannonanbHbli TEXHUUECKUNA YHUBEPCUTET Y KPAUHBI
"KueBckuii moMuTeXHNIeCKnit HHCTUTYT uMeHn Mropst Cukopcekoro" kpi.ua
Kues, Ykpauna

Peghepam—TexHo010THH HAHECEHHS] TOHKHX IVICHOK B IOCJIe/[IHEe BpeMs IIHPOKO NPHMEHSAIOT HMIYJIbCHbIC PeKUMbI
ocaxxieHns. Takue peskuMbl HMEIOT PsiJl NPEMMYILECTB Nepel TPAAMIHOHHBIM MAarHETPOHHBIM OCAK/IeHHEeM HA MOCTOSIH-
HOM TOKe, 2 TAK:Ke IO03BOJISIIOT Peajlu30BbIBaTh HeslnHelinbie 3¢ dexTnl. Ho cymecTByIOT onpeejieHHbIe TPYAHOCTH NIPU
B030Y:KIeHHH MMITYJIbCHOTO MarHeTPOHHOI'0 Pa3psi/ia, CBI3aHHBIE ¢ FeHepanueii cBOOOAHBIX HOCHTe el 3aps/a HA HAYAlIb-
HOM JTafe ero pasBUTHsI.

Jlns1 onpesesieHUs1 yC/10BMii yBepeHHOro BO30Y:KIeHHs] MMITYIbCHOT0O MATHETPOHHOI0 pa3ps/ja 0e3 MOJAeP:KKH c1ado-
TOYHBIM (p)OHOBBIM pa3psIoM ObL1a CO3AaHA MOJe]Ib TAYH/CEHI0BCKOT0 Pa3psiia, BOSHHKAIOIIEro B CAMOM Havajie HMILY.1b-
CHOI'0 MATHETPOHHOI0 Pa3psjia U 00ecrneYuBalouero ero CBO0OJHLIMI HOCUTEASMHU 3apsa.

B pesyabTaTe pacyeToB ObLIM YCTAHOBJIEHBI: 1) HANPsIZKeHUE, IIPH KOTOPOM IMPOUCXOJUT CTA0WIbHOE BO30YKICHUE CA-
MOCTOSITEJIbHOT0 UMITYJIbCHOI'0 MATHETPOHHOTI'0 Pa3psija; 2) IMANa30H HANPSIsKeHUH, IPH KOTOPBIX BO30YKIEHHE CAMOCTO-
AITEJbHOT0 MMITYJIbCHOTO MATHETPOHHOI'0 Pa3psiia HOCUT HeCTA0MJILHBII XapaKTep U MOXKeT IPHBOAMUTD K 3aJep:KKe BO3-
Oy:keHHsl pa3psiia BO BpeMsl HMIYJIbCA, HJIH BOOOIIe K X MPOIycKaM; 3) HanpsizkeHHe, IIPH KOTOPOM BO30YyIUTh UMITYJIb-
CHBIWi MarHeTPOH pa3psij 0e3 NOCTOPOHHUX HCTOYHHKOB CBOOOJHBIX HOCHTe/Iel 3apsAJa NPAKTHYeCKH HeBO3MOKHO.

buoa. 12, puc. 5.

Kniouegvie cnosa — umnynbcHulit MazHempoHHbLL pa3pad; MAyHOCEHO0ECKUIL pa3pA0; mpaeKmopus 1eKmpoHos.
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The magnetron discharge pulse excitation

O. M. Bevza, ORCID 0000-0002-0903-1263
e-mail 0.bevza@kpi.ua

National technical university of Ukraine "Igor Sikorsky Kyiv polytechnic institute" kpi.ua
Kyiv, Ukraine

Abstract—Pulse mode is widely used for deposition technology of thin films. These regimes have the advantages over
traditional magnetron deposition. During pulsed sputtering nonlinear effects may occur also. But there may be difficulties
in excited of a pulsed magnetron discharge. It is due to the generation of free electric charge carriers at the initial stage of
the discharge.

The purpose of the work is to determine the conditions when the electron energy corresponds to the maximum cross-
section of argon atoms ionization for hundreds of nanoseconds from begin. During this period a Townsend discharge devel-
ops. The research is conducted for voltages from 300 V to 1800 V and a pressure of 5 10-3Torr, which are typical for mag-
netron discharge.

The magnetron model has the following characteristics:

The magnetic field has a distribution as an experimental sample;

The magnetic field of the magnetron is balanced;

The voltage at the cathode-target varies from -300 V to -1800 V with 250 V step.

The anode is located at a distance of 60 mm from the cathode-target;

The anode has the potential of the ground;

The pressure of the working gas (argon) is 5:10°Torr;

Trajectories of 100 electrons were modeled. They were located on the cathode-target surface in a random manner and

had zero Kkinetic energy at the beginning.
OB oy
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The Townsend discharge is beginning when the electrons has an energy corresponding to the maximum cross-section of
argon atoms ionization by electrons. It corresponds to the interval of electron energy from 30 eV to 200 eV.

The calculations are made for the time interval from 0.01 ps to 0.1 ps after voltage was applied to the discharge gap.
They show that the energy of the main part of electrons (over 70%) has the following meanings:

For Uk = -300 V, the electron energy is up to 10 eV;

For Uk = -550 V, the electron energy is from 5 eV to 15 E;

For Uk = -800 V, the electron energy is from 10 eV to 25 E;

For Uk = -1050 V, the electron energy is from 10 eV to 30 E;

For Uk =-1300 V, the electron energy is from 15 eV to 40 E;

For Uk = -1800 V, the electron energy is from 20 eV to 55 E,

whereUK is voltage on the cathode-target.

The trajectories of electrons for the cathode-target voltage from 300V to 1800V were calculated. The samples of the
calculation results are shown in Figures 3 and 4. It shows that with increase of voltage at the cathode-target, the electronic
trap is move down to the surface of it. When the Townsend discharge passes into a magnetron discharge, this leads to the
phenomenon of rarefaction of the working gas over of the cathode- target surface.

As a result of calculating the distribution of electron energies, the following were determined: 1) The voltage of a self-
maintained pulsed magnetron discharge stable excitation. This voltage should be more than 1300 V. 2) The voltage range at
which the excitation of a self-maintained pulsed magnetron discharge is unstable and can lead to a delay in the excitation of
the discharge during the pulse, or to their passes. This is the voltage range is from 800 V to 1300 V. 3) The voltage at which
a pulsed magnetron discharge can’t be excited without external sources of free electric charge carriers.

Ref. 12, Fig. 5.

Key words — Pulsed magnetron discharge; Townsend discharge; Trajectory of electrons.
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