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KOMIIbIOTEPHOE MOJAEJIMPOBAHUE SMUCCUU ATOMOB METAJLJIA ITPH
NOHHOU BOMBAPIUPOBKE MUIIIEHU

B cmamve uccnedosarn 60npoc pachvlienus Mamepuana MUery npu e2o uoHHou 60mbapouposxe.
Paccmompenst cywecmgyiowue mamemamuieckue Mooenu Ois U3y4enus 63aumooetiCmeus UOHO ¢
6eujecmeoM npu UOHHOU umMnianmayuu. Beiopana onmumanvhas mooens onpedenenus KOdppuyuenma
pacnviienus u Ha eé ocHoge co3oana komnviomepuas npoepamma "KEA", nozeonsiowas npouzeooums
pacuem sMuccu amoMo8 MUWEHU 8 3a6UCUMOCIU OM 8HewHUX hakmopos. TIposeden cpasHumenvHblil
ananuz pe3yibmamos pacuema no NOLYYeHHOU NPoepamMme ¢ OQHHLIMU U3 TUMEPANypbl.

Knroueswie cnosa: uonnas umnianmayus, uoH, IMUCCUSA, KOMAbIOMEPHAs MOOeNb, KOIQPuyuenm
pacnulnenus

AKTyaJbHOCTBH HccIenoBanus. [yl IpuIaHusi HOBBIX CBOWCTB MaTepHajaM HCIOJIb3YyeTcsl IUPOKHHA CHEKTp
Pa3IMYHBIX TEXHOJOTHH. B 3TOM m1ane oTiM4HO ce0sl 3apeKOMEH/I0Bal HOHHO-TUIa3MEeHHbIe TeXHOouoruu. OnHO# U3
MIEPCIIEKTUBHBIX TEXHOJIOTUH HOHHON 00pabOTKU MaTepualioB sBJsieTcs noHHAs uMiuianTanus. CyTh e€ 3aKiovaercs B
HAaIpaBJICHUH Ha JIETANIb IOTOKA HOHOB, CreHEPHUPOBAHHBIX B HIOHHOM HCTOYHHKE. B yclnoBUsX rirybOKoro Bakyyma npu
HanpsbkeHun 1o 1 kB cuHTE3Mpyercs mnasma w3 pabouero rasza (apros, asor, BOAOpOA U T.1.). MOHBI muma3zmbl
O60MOapAMpPYIOT MUIIEHb M3 IIEIEBOr0 MeTaimia (THTaH, aJIOMHHUHA, HUKENb, MOJUOJEH M Ip.), BBI3bIBAS SMHUCCHIO
aTOMOB U3 He€. BplOWTBIE aTOMBl MOHW3UPYIOTCS M BMECTE C HOHAMH ILIa3MO00Pa3yIoOIIEro rasa, YCKOpSSCh B
3JIEKTPOMarHUTHOM I10JI€, HAlIPaBJIAIOTCA Ha 00pabaThIBaEMyIO IOBEPXHOCTb.

O0paboTka HOHAMHU MOXKET IIPUBOJUTH K SPO3UH ITIOBEPXHOCTH, OCAKACHUIO MaTepuaia ¢ 00pa30oBaHUEM IIEHOK
W MMIUIAHTAI[MM YacTHUIl B MOBEPXHOCTHBIM CIIOW. B yka3zaHHBIX ciydasx HaONlIOAaeTcss U3MEHEHHE MUKPOTEeOMETPHH,
COCTaBa, ONTHYECKUX, (PU3UKO-XMMHUYECKUX U JIP. CBOHCTB IIOBEPXHOCTH, YTO CKa3bIBAETCS Ha (PMU3MKO-MEXaHMYECKUX U
XMUMHUYECKHX XapaKTephUCcTHUKax Matepuana. CTereHb BO3JCHCTBUS HAa TOMJIOKKY NPU WMIUIAHTAMM 3aBUCUT OT
OONBIIOr0 KONMHWYECTBa (PakTOpPOB: MaTepHana MOAJIOKKH, MaTepHalia MHIIEHH W paboyero rasa, HampsHKEHHOCTH
AJIEKTPOMArHUTHOT'O TIOJISI, JUTUTEIBHOCTH 00pabOTKH | T.J. YuecTh Bce (PaKTOpPhI B OMHON 3aBUCUMOCTHU U IPOCYUTATH
KOHEUHBIH pe3yNnbTaT 3apaHee He IPEICTaBIsIeTCs BO3MOKHBIM. [0TOMY aKTyanbHBIM SIBISIETCS TIOMCK BO3MOMKHBIX
aITOPUTMOB OIPEETICHNs] KOHEYHOTro pe3ysibTara M ONTUMAJbHOIO peXUMa pabOThl YCTAaHOBKH, B YaCTHOCTH, C
TIOMOIIBI0 KOMIIBIOTEPHOTO MOJIETUPOBAHMSI.

IMocranoBka mpo6iaembl. OCHOBHOI NpOOJIEMOM TPU OMHMCAHWUH MPOLECCOB, COMPOBOXKAAIOIINX HOHHYIO
UMIUIAHTAINIO, SIBJSIETCS OTCYTCTBHE BO3MOXKHOCTH HEIOCPEICTBEHHOrO HAOJIONEHWS 32 HMOHAMH M U3MEPEHUS
TIyOWHBI BO3JEHWCTBHA. [Iporiecchl, NMpoHMCXoAslIvMe IpU yKa3aHHOW 00paboTKe, CIOXKHBI Ui MaTeMaTHYeCKOTo
OITUCAHUS. M TOTOMY, ISl TIONYYEHHS IIEIOCTHON KapTHHBI MPOUCXOJSIIET0, KpalHe HEOOXOIMMO HCIIONb30BATh
KOMITBIOTEPHBIE MOJIEIH.

Teopernueckuii anaym3 ucciaegopanus. HecMoTps Ha npoOsieMBl, CBSI3aHHbIE CO CIOKHOCTBIO IPOTEKAIONIHUX
MIPOLIECCOB, SMIUPHYECKUE JJAHHBIE TTO3BOJIMIM BEIpA00TaTh HEKOTOPHIE MOZIETH U pacueTHble 3aBucuMocty [1-7]. Tlpu
OIpeJIeJICHUH TJIyOWHBI NMPOHUKHOBEHHS COBOKYITHOCTh B3aMMOJICHCTBUI MOHA C MaTepHaloM MOAJIOXKKH XOpOIIO
omuckiBaercs Mozenbto fOnuna B.B., corilacHO KOTOpo# MOJHEIH npoder yacTuipl R onpenessieTcss U3 COOTHOLIEHUS
[8,9]:

Ey dE

R:ij—
N5 S, (E)+S.(E)

()

rae R — monHbIi npober noHa ¢ HavanbHOU 3Hepruei Eo;
Se, S, — monepeyHoe cedeHne IIEKTPOHHOTO TOPMOXKEHUsI (3JIEKTPOHHASI TOPMO3HAs! CIIOCOOHOCT) M MOIIEPEYHOE
CeUYeHHe SIIEPHOTr0 TOPMOXKEHUS (siIepHasi TOPMO3Hast CIIOCOOHOCTH) COOTBETCTBEHHO.

Mogens Jlunxapna-Illapda-IlInorre (JIILII) [9, 10] ans omucaHus MOBEACHHWS WOHOB NPH HMMILTAHTAIMA
MIPUMEHUMA NIPH CIIEAYIOIIUX JOMYIISHUSIX: MUIIIEHh CYMTAETCsl aMOp(HOM; SHEprus, nepeaaBaeMasi aToMaM MHUIICHH B
MpoLIeCCe CTOJKHOBEHHWH, MHOTO MEHbIE KHHETHYECKOW DHEPrMH HMOHA; OCHOBHBIMH MEXaHM3MaMH TOPMOXECHUS
YacTHIl B TOJJIOXKKE SIBIISIIOTCS HEYNPYrHe COYIApeHUsi C JIIEKTpOHaMH (JEKTPOHHOE TOPMOXKEHHE) W YIPYTHe
coymapeHusi ¢ sipaMu  (silepHOE TOPMOXKEHHWE); TPH ONUCAHWUM B3aMMOJCWCTBUST WMOHA C aTOMaMH IIO/UIOKKH
UCTIONB3YeTCsl KIIaCCHYeCKoe NpHONIMKeHne OWHAPHBIX CTONKHOBEeHWH. COrjacHO NaHHOM MOAEIH MpOoOer MOXKHO
OITPEJIEIIUTh 110 3aBUCHMOCTH:
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Jlns onpeneneHusl KOHIEHTPAaMK NPUMECEH B ClI0e HEOOXOIUMO BOCIIOIb30BATHCS 3aKOHOM HOPMaJbHOTO
pacnpenenenus ["aycca [8, 9]:
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rie C(X) — KOHIEHTPALHS MMIUIAHTHPOBAHHEIX HOHOB HA LITyOHHE X, CM ;

D — /1032 MIMIUIAHTALIAH, CM ;

R, — mpoeKTHBHBIi mpober, cM;

AR, — qucriepcHs MpOEKTUBHOrO Mpobera, cM;

X — [NIyOWHa, JUIsl KOTOPOU BBITIONHSIETCS pacyeT KOHIIEHTPAIUH [TPUMECH, CM.

MaxkcumainbHast KoHIeHTpaims mpuMecd C,x, KOTOpasi COOTBETCTBYET IIyOWHE paBHOW HOPMaJbHOMY MpoOery
R,, paccuutsiBaercs mo opmyie:

D
Coax =—7——— (6)
. \/ZﬂARp

HpI/I pacCMOTpECHUU HaKJIOHHOU UMIUTaHTalUW YYUTBIBACTCA YIrojl NaACHUSA MOHHOI'O IMOTOKa O K HOpMaJu U
pacnpeaciCcHue UMIINIAHTUPOBAHHBIX HOHOB ONPEACIACTCA 110 cnez[yfomeﬁ 3aBUCHUMOCTH:
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rne AR — cpenHekBagpaTHIHOE OTKIOHEHHE TOIHOTO Ipodera.

B paGore [11] Ha ocHoBanmu moxeneit Oauna m JIIIII mocTpoeHa KOMIBIOTEpHAS MOJENb, MO3BOJSIONIAS
TOYHO, COIJIACHO JKCIIEPUMEHTAIILHBIM JaHHBIM, PacCUUTHIBATh TIyOMHY paclpeleieHusi 1 KOHIEHTPAIMIO HOHOB B
MaTepHualie MOIOKKH B IUPOKOM CIEKTpe pabounx HampspkeHwid. [Iporpamma "RIO" Ha OCHOBaHUM JaHHOW MOICTH
TIO3BOJISIET ONPENENATh HeOOXOMMbIe MapaMeTphl MPU HOPMAaJIbHOW, HAKJIOHHOW MMIUIAHTAIMH, a TaKXKe YYUTHIBAET
muddy3uro yactui B ciioe ¢ TedyeHneM BpeMeHH. Kpome Toro, B mporpaMme 3ajio)keHa BO3MOXKHOCTH pacyera JUis
MHOT'OCJIOMHBIX HOJJIOXKEK, TO €CTh, PEaIU30BAH BAPUAHT MOCIEI0BATEIbHON UMIUIAHTALIUH.

TakuM 00pa3oM, C MOMOIIBIO YKa3aHHBIX METOOB pEIIaeTcs BOIPOC B3aMMOICWCTBHS MOHOB C ITOJJIOMKKOM.
OpHako cymiecTByeT mpoOiieMa, CBS3aHHAas C TEM, YTO INPH HOHHOW WMIUIAHTAllMd METAJJIOB ITOTOK HOHOB,
TeHepUPYEMbIi B HCTOYHHKE HOHOB, IOIYTHO COAEPXKHT TaKkkKe M HMOHBI pabouero raza. B stom ciydae B
BBIIICTIPUBE/ICHHBIE 3aBUCUMOCTH HEOOXOIMMO BHOCHTh KOPPEKTUBBI, CBSI3aHHbBIE C TIPUCYTCTBHEM B MOHHOM ITOTOKE
Pa3IMYHBIX HOHOB, YTO MPUBOAUT K HEOOXOJMMOCTH HCCIIEI0BATh U ITOCTPOUTH MOJIENH MPOIIECCOB, MMPOUCXOIMIINX HA
MHUILEHN — HCTOYHUKE HOHOB.

Hean crarbu. Llenplo qaHHO# paOOTHI SBISIETCS W3YYSHUE MTPOLIECCOB, MPOTEKAIONIMX HA MUILIEHH C IEJIEBBIM
KOMITOHEHTOM, M TIOCTPOEHUE MOJEJH, MO3BOJSIIONICH MPOrHO3MPOBATh M MOJAOHpATh PEXUM Uil TeHEPUPOBAHUS
MOHHOTO My4YKa MpH MPOBEJCHUU HOHHON UMIUIAHTAIHH.

3agaunm  wuccaegoBaHusl. 3aJava  JAHHOTO HCCIEAOBaHHS — CO3JaHHE KOMIIBIOTEPHOW MpPOTpaMMBI,
MOJIENTUPYIOIIEH IMHUCCHIO HOHOB 1I€JIEBOI0 MeTajljla U3 MUIIECHU.

MartemMaTH4eckasi Moedb npouecca. PU3NUECKH MPOLecC IMUCCHHA HOHOB M3 MUIIEHHU BBITIAAUT CIEAYIOIIUM
00pa3oM. B ucTOUHNKE HOHOB TP OMpPEeICHHOM JAaBJICHUH U HAIPSDKEHHOCTH AJIEKTPOMArHUTHOTO TTOJISI IIPOUCXOUT
TeHepHpPOBaHUE pa3psga MEXAYy aHOAOM M KaTOAOM-MHUILIEHBIO. ATOMBI pabodero rasa, nomajgas B pa3psaHbINA
MIPOMEXYTOK, MOHM3UPYIOTCS W HANpaBIISIOTCS BHEIIHUM II0JEM Ha KaToA. ATOMBI MHIIEHH, Jexalue OIU3KO K



TIOBEPXHOCTH, TOJYy4ar0oT OT WOHOB DHEPIHUIO JOCTATOYHYIO JUIS BBIXOJA U NMOKHIAIOT €€. DTO SIBIICHWE HA3bIBAETCS
pacIblIEHHEM MHUIICHH.

JIy1s HocTpoeHUsT MaTeMaTHYECKOW MOJIETH PACIbUICHHs (IMUCCUH) MHUIIIEHH HEOOXOJMMO Y4ecTh TOT (pakT, 4yTo
XapaxkTep BBIOMBAaHUs aTOMOB 3aBUCUT OT MHOXKECTBa (DaKTOpOB, a MEPOH Mpolecca MPU STOM CIYKUT BEIHYHHA,
Ha3biBaeMasi ko3 ¢unmentoM pacnbuieHus. Onpeaensercs KodGHUIUEHT pacibUIeHHs S KaK OTHOIIEHUE KOJIMYeCcTBa
BBIOMTBIX YaCTHIl K KOJIMYECTBY MMONABIINX Ha MHUIICHB.

Cornacuo teopuu Panpkone-3urmynaa [9, 12] koaddunment pacbiieHust S UMeeT BU:
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S=35, 1—70 (cosa)™ (8)

rae So — KodQPUIMEHT PACTIbUICHUS TIPH TEPIIEHAUKYIIPHOM O0JTy4EeHUH MHUIIEHH, HOH/aTOM;

E — moporoBoe 3HaueHUE SHEPTHH PACIIBLUICHUS, 5B,

E — sneprus nonos, 3B;

0. — YroJI OTKJIOHEHHSI [TOTOKA HOHOB OT HOPMAJIH, IPaIycChl;

N — IIOKa3aTeNb CTENeHH (1711 OOJBINIMHCTBA CITydacB paBeH 5/3).

Ilpu HOpMAaJbHOM MMAJECHUH MOHOB HA MHIIEHb B IMPEANOJOKEHUH JIMHEWHOrO KacKaga CMENIeHHH 3UrMyHI
MPEITIOKUIT 3aBUCHUMOCTb:

a(M, /M)

S, =0,42 S, (E,)-10 )

rne Eg — sHeprust cyonuManyy Marepuaia MUIeHy, 5B.
Ha ocnoBe Teopum JIIIII pa3pabGorana MeTomuka onpeneieHus KOoI(QQHUIUEHTa pacHbUICHHS C Y4ETOM
TOPMO3HBIX CITOCOOHOCTEI NOHA B MUILICHU:

3,56M,S, (e)a(M, | M)
’ (Zlo,s +Z§’5)(M1 +M,)E;

(10)

rne S,(€) — ceuyeHue yrnpyroro TOpMOXKEHUS;

M, — aToMHast Macca MaTepHrajia MULIEHH, T/MOJIb;

M, — aToMHas Macca HOHa, I/MOJIb;

o — pynkust otHoweHust (M,/M;);

7, — NopsAAKOBBIN HOMep B Tabnuie MeHeneeBa 3JeMeHTa MaTeprala MUIICHH;

Z, — IOpAAKOBbIA HOMep B Tabnuie MeHaeneeBa dIeMeHTa I1a3M000pa3yIolIero rasa.

[IpuBeneHHbIE 3aBUCUMOCTH AAIOT XOPOIIKWE Pe3ylbTaThl sl pacHbUICHHUs MaTepuaia MOAJIOXKKH, T.K. B 3TOM
Cllydae SHEeprus HOHOB COCTaBILIET JECATKH U COTHH K3B, a B MaTepuaiie npeobianaer saepHoe TopMoxenue. OqHako
IIPU PaCCMOTPEHHUHU BOIIPOCA PACIBUICHUS! MHUIIIEHH HEOOXOIMMO y4YECTh, YTO SHEPTUH B JAHHOM CJIy4ae COCTaBIISIOT
nopsiaka 1-3 k3B, a HOHBI HCITBITHIBAIOT B OCHOBHOM 3JIEKTPOHHOE TOpMOXeHHUE. [103TOMy MOXKHO YyIpOCTHTH (popmyity
JUTsL onpeieNieH st Ko HUIMeHTa paclibUIeHHs 10 BUA!

g - 20E(M, /M )Z{Z5 an
)=
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rae E — sHeprus monos, 3B;
M, — aToMHast Macca MaTepHajia MULIEHH, T/MOJIb;
M, — aToMHasi Macca HOHa, I/MOJIb;
Es — aHeprust cyOonuManmu Matepuaina MUIeHH, 5B;
7| — IOpSAIKOBBIM HOMEp B Tabuie MeHaeneeBa sIeMeHTa MaTepraia MUIIICHH;
7, — NOpsAAKOBBIN HOMEp B Tabnuie MeHeneeBa 3JeMeHTa I1a3M0o00pa3yrolIero rasa.

3aBucumMocTh (11) B3siTa 32 0A30BYIO IS MOCTPOCHHSI KOMITBIOTEPHON MOJIENTU B JAaHHO#H paboTe.

KomnsloTepnasi Moesb pounecca.

[To npuBeneHHOW METOMUKE ONpENENIeHUs 0 UOHOB B KOPIYCKYJISIPHOM IOTOKE ObUIa CO3[jaHa mporpamma
"KEA" B cpene "Delphi 7", koropas mo3BoisieT TOUYHO onpenenuts koddduiueHT pacnsuienus mumieHu (puc. 1). s
paboThl MPOrpaMMBbI TMOJNB30BATEIIO JOCTATOYHO BBECTH JaHHBIE O MaTepHaje MUILIEHH, pabodyeM raze ¥ 3HAUYCHHs
AJIEKTPUUYECKUX MapaMeTPOB HOHHOTO UCTOYHHKA.
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Puc. 1. inanorosoe okHo nporpammel "KEA"

Jl1s1 mpoBepKu JOCTOBEPHOCTH PE3YAbTATOB pacueTa MO IMOJYyYeHHOH HporpamMme IpOBEIH CPaBHUTEIbHBIN
aHamu3 JaHHbIX nporpammbl "KEA" u naHHBIX, onmyOjiukoBaHHBIX B sureparype [13]. PesynbraTel cpaBHeHHS
npuBeieHb! B Tabmuie 1.

Tabmuua 1

CpaBHUTEIbHBIE 3HAYCHUS KO (GHUIUEHTOB PACIBUICHHUS Ul HEKOTOPBIX METAIJIOB, BHIYMCIICHHBIE IO
nporpamme "KEA" u B3sTble u3 ucroyHuka [13]

[Tagaromuii noH
Martepuan N’ ¢ oneprueit, k3B N,' ¢ oHeprueii, k3B
MUIIICHU 1 3 1 3
"KEA" [13] "KEA" [13] "KEA" [13] "KEA" [13]
Hukenpb 0,52 0,7 1,12 1,2 1,05 1,1 2,24 2,0
Monunben 0,15 0,15 0,35 0,35 0,29 0,3 0,69 0,6
Bonbdpam 0,1 0,15 0,26 0,3 0,2 0,2 0,51 0,5

W3 naHHBIX TaOIHIBI BUIHO, YTO PE3YNBTATHI pacyera Ko (GUINEHTOB pacibUICHHs [Tl HUKENsI, MOJIHOAeHa 1
BoIIb()pamMa 00JIQIAI0T JOCTATOYHOW CXOIMMOCTBHIO. B Ooibliell crenmeHW COBNajeHHE 3HAUYEHWH HaOIofaercs Npu
3HAYEHMSIX SHEPrui OJIM3KHX K 3 K3B.

BuiBonbl. B pesynbraTe NpoOBeNEHHBIX HCCIENOBAaHMH YIAIOCh MOCTPOUTH KOMIBIOTEPHYIO MOJENb,
peanuzoBaHHyto B mporpamme "KEA". Pacuer mo nmaHHOW MOjenu MO3BOJISIET MONYYaTh JOCTATOYHO JOCTOBEPHBIE
JIlaHHBIE TI0 KO3((UIMEHTaM paCIbUICHUs] Pa3IM4YHbIX 0 MarepuajiaM MHuIIeHed. biaromaps SToMy CTaHOBUTCS
BO3MOXXHBIM BapbUPOBAaHUE JOJEH II€JIEBBIX HOHOB B HMOHHOM IIOTOKE, ITOMAJafolleM M3 HCTOYHHMKA HOHOB Ha
00pabaThIBAEMYIO TIOATIOKKY.

DU3UKO-XUMHUYECKHE 1 MEXaHUYECKUE CBOWCTBA MOBEPXHOCTH BO MHOI'OM 3aBHUCST OT COCTaBa MOHHOTO MOTOKA,
TO CTh OT CTEICHU pachbuIieMocTH Matepuana mumenu (Ni, Mo, Ti, W u np.) B miasme padouero raza (N, He, H).
Takum 0oOpazom, MoaOOp ONTUMAIBHOIO KO (HIIMEHTa PacIbUICHHS TO3BOJISIET IIPOrHO3UPOBATh U KOHTPOJIUPOBATH
cBOMCTBa 00pabaThIBaEMON NETaad C TOMOINBIO peXnMa padoThl YCTAHOBKH. Pe3ymbTaThl HCCIENOBAHHS HUMEIOT
HAy4YHYI0O W TPAKTUYECKYI0 IEHHOCTh W aKTyaJbHbI B OOJAacTH MaTepualioBeACHUs, 00pabOTKH MaTepuasios,
HAHOTEXHOJIOTUH U T.1.

Jlutepartypa

1. Tonkue nuenku — B3aumuas audQysus u peakuuu / [mox. pex. Jx. Toyra, K. Ty, Ix. Meitepa] — M.: Mup. —
1982. - 576 c.

2. Xupsones Jx. K. Monnas nmmnantamus /Xupsoren Jx. K. — M.: Merammyprus, 1985. — 285 c.

3enenckuid B. ®@. Papgmanmonnsie nedextsl m pacnyxanue merayuioB / 3enenckuit B. @., Hexmomos U. M.,

Uepnsiera T. I1. — K.: HaykoBa gymka, 1988. — 296 c.

4. Moaudukauys cBOKCTB METaJLIOB 10/ AeiicTBUEM HOHHBIX my4koB / [Torpe6nsk A. JI., Pemues I. E., Uncrskos C.
A. [u np.] // 3B. BY30B. ®uzuka. — 1987. — Nel. — C. 52-65.

5. Puccen X. Wonnas ummnantamust: Ilep. ¢ vem. B. B. Kiumosa, B. H. IMansanosa / X. Puccen, U. Pyre. — M.:
Hayka. ['maBHast penakims GU3NKO-MaTeMaTHIeCKOM auTepatypsl, 1983. — 360c.

6. boiiko B. V. Bnusuue neeKTHOCTH CTPYKTYphl METAIIOB Ha HpO(HIL pacrpeseeHus BHEIPEHHBIX HOHOB /
Boiiko B. U., Kamnybosuu b. E., [llamanun W. B. / ®usuka u xumus 00padoTku MarepuaioB. — 1991. — Ne 3. — C.
56-61.

7. Kocrepun K. B. PacnbuieHue TBEpBIX Tel HOHHOM GOMOapAMPOBKON: a1aTOMHbIE MEXaHU3MBI U BO3MOMKHAS POJIb
¢onono / Kocrepun K. B. // ®uznka u xumus o6padorku Mmatepuanos. — 1995. — Ne 3. — C. 43-48.

8. Huxkonenko B. A. MaremaTudeckoe MOJETMPOBAHME TEXHOJIOTMYECKHX IIPOLECCOB: MOJENMPOBAHHE B CpEle
MathCAD. Ilpaktukym / Hukonenko B. A. — M.: MUCuC, 2001. — 48 c.

9. Bob6buib A. B. ®U3HKO-XUMHYECKHE OCHOBBI TEXHOJIOTUHU MOJYIPOBOHUKOB. [IydKOBbIE U MIa3MEHHbIE TIPOLECCHI

(98]




B IUTaHapHOH TexHonoruu: Yued. [Tocooue / Boosuts A. B., Kapmanenko C. ®@. — CII6.: U3n-o [lonurexH. yH-Ta,
2005. - 113 c.

10. Pacnbizenne TBepABIX Tel HOHHOM GomOapaupokoii / [Ilox pex. P. bepuma] — M.: Mup. — 1986. — 488 c.

11. Tonuapos B. B. KomnboTepHast Mojienb HoHHON umiiantanuu / B. B. Tonuapos, A. A. Yepnsii, C. B. Mamienko
// Cy4acHi iHpopMaliiiHi TeXHOJIOTIT B eKOHOMIIII, MeHeDKMeHTI Ta ocBiTi : 111 BeceykpaiHcbka HayKOBO-TIpaKTU4HA
koHpepentis, 21 mucromana 2012 p. : Marepianu kordepenuii. — JIgis, 2012. — C.255-259.

12. ®anbkone JI. Teopus pacnbinenns / ®anvkone [l / YOH. — 1992. — T.162, Nel. — C. 71-117.

13. ®usuka TOHKHX IUIEHOK : COBPEMEHHOE COCTOSIHUE MCCIIE0BaHMIi U TeXHUUIeCKUe npuMerenus : [lep. ¢ anr. B. B.
Cannomupckoro. T. 3/ [mox. pen. I'. Xacca, P. . Tyna] — M.: Mup. — 1988. - 332 c.

VY crarti OOCHiKEHO NMTAaHHA pO3MMJICHHS Marepialy MillleHi Hpu Horo ioHHoMy OomOapnyBaHHi. PosristHyro icHyroui
MaTeMaTH4YHi MOJENi JUIsi BHMBYCHHS B3a€EMOJIl IOHIB 3 PEYOBMHOIO NpH iOHHINM immiaHTamii. OOpaHa onTHMajbHa MOJAENb
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COMPUTER SIMULATION OF THE EMISSION OF METAL ATOMS AT THE IONIC
BOMBARDMENT OF THE TARGET

The question of target material sputtering under ionic bombardment is studied in the article. The
existing mathematical models for study of the interaction of ions with matter by ionic implantation
are examined. The optimal model for determining the sputtering coefficient is selected. Based on it
a computer program "KEA", which allows to calculate the emission of target atoms depending on
external factors is created. A comparative analysis of the calculation results obtained by the
program with data from the literature is given.

Keywords: ionic implantation, ion emission, the computer model, the sputtering coefficient

Relevance of research. A wide range of different technologies is used to impart new properties to materials. In
this context, ion-plasma technologies are well-proven. Ionic implantation is one of the most promising technologies of
ionic processing of materials. Its essence is in the direction on the item of ionic flux generated in the ion source. In deep
vacuum conditions at a voltage of 1 kV plasma is synthesized from the working gas (argon, nitrogen, hydrogen, etc.).
Ions from the plasma bombard the target from desired metal (titanium, aluminum, nickel, molybdenum, etc.), causing
emission of atoms from it. Beated out atoms are ionized and with ions of the plasma gas are accelerated in an
electromagnetic field and are directed onto the surface.

Processing by the ions may cause erosion of the surface, deposition of the material with forming a film and
implantation of the particles in the surface layer. In these cases, changes in micro-geometry, composition, optical,
physical, chemical and other properties of the surface, which affects the physical, mechanical and chemical
characteristics of the material, are observed. The degree of influence on the substrate during implantation depends on a
number of factors: the material of the support, the target material, process gas, electromagnetic field intensity, duration
of treatment and etc. It is not possible to consider all the factors in one dependency and to calculate the final result in
advance. Therefore the search of possible algorithms for determining the final result and optimum operating mode of
the installation, in particular, with the help of computer simulations is relevant.

Statement of the problem. The main problem in the description of the processes, accompanying ionic
implantation, is inability of direct observation of the ions and measuring the depth of influence. Processes taking place
at the indicated processing are difficult for mathematical description. Therefore it is necessary to use computer models
to get a complete picture of the situation.

Theoretical analysis of the study. Despite the problems associated with the complexity of the processes, the
empirical data allowed to develop some models and calculated dependencies [1-7]. In determining the depth of
implantation the complex of interactions of ion with the substrate material is well described by the model V.V. Yudin,

according to which the total range of the particle R is determined from the ratio [8, 9]:
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where R — the full range of the ion with the initial energy E;
Se, S, - a cross-section of the electronic braking (electronic stopping power) and nuclear stopping cross section

(nuclear stopping power) respectively.



Model Lindhard-Scharff-Shiotte (LShSh) [9, 10] for describing the behavior of ions at the implantation is
applicable under the following assumptions: it is considered the target is amorphous; energy transferred to the target
atoms in the collision is much less than the ion kinetic energy; basic mechanisms of inhibition particles in the substrate
are none resilient collisions with electrons (electronic braking) and resilient collisions with nuclei (nuclear stopping); in
describing the interaction of an ion with the atoms of the substrate is used the classical approximation of binary
collisions. According to this model, range can be determined by functional dependence:

VE In(1+2k,k,E)
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where k. and k; - coefficients of electron and nuclear decelerating abilities:

k=

<=5 3)
0,5

ko = @)

To determine the concentration of impurities in the layer is necessary use the law of the normal Gaussian

distribution [8, 9]:
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where C(x) — the concentration of the implanted ions to a depth of x, sm™;

D — implantation dose, sm>;

Rp — projective range, sm;

ARp — the dispersion of the projected range, sm;

x— the depth for which the calculation of the impurity concentration is performed, sm.

The maximum impurity concentration Cpax, Which corresponds to a depth that is equal the normal range Ry, is

calculated as:

D
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In considering of the inclined implantation angle of incidence of ion flux a to the normal is accounted and

distribution of implanted ions is determined by the following dependence:
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where AR - the standard deviation of the total range .

In [11], the computer model, allowing precisely, according to experimental data, to calculate the depth
distribution and concentration of ions in the substrate material in a wide variety of operating voltages is built based on
models Yudina and LShSh. Program "RIO" on the basis of this computer model allows to determine the necessary
parameters at normal, inclined implantation, and also takes into account diffusion of particles in the layer over time.
Moreover, the program can calculate multilayer substrate, i.e. it is implemented option of consistent implantation in it.

Thus, using the above methods the problem of interaction of ions with the substrate is solved. However, there is
a problem that in the ionic implantation of metals ions stream, generated in the ion source, in passing also comprises the

working gas ions. In this case, in the foregoing dependences it is necessary to make adjustments related to the presence



in the ion flux of different ions, which leads to the need to explore and build a model of the processes occurring on the
target - ion source.

The purpose of the article. The aim of this paper is studying of the processes, occurring on the target with the
target component, and construction of the model that allows to predict and select mode for generating an ion beam
during ionic implantation.

Objectives of the study. The objective of this research is the creation of a computer program modeling the
emission of ions from the target metal target.

A mathematical model of the process. Physically, the process of ion emission from the target looks as follows.
In the ion source discharge between the anode and the cathode target is generated at certain pressure and the
electromagnetic field. Atoms of the working gas, getting in the discharge gap, are ionized and sent by the external field
to the cathode. Target atoms lying close to the surface, get enough energy from the ions to exit and leave it. This
phenomenon is called sputtering.

To construct a mathematical model of the sputtering (emission of the atoms) of target should take into account
the fact that the character of the removal of atoms depends on many factors, and measure of process in this case is a
quantity called the sputtering coefficient. Sputtering coefficient S is defined as the ratio of the number of sputtered
particles to the number of particles which have got on target.

According to the theory Falkone-Sigmund [9 , 12] the sputtering coefficient S has the form:

£\

S=35, (1 - fOJ (cosa)™ (8)
where Sy — sputtering coefficient at perpendicular irradiation of the target, ion/atom;
E( — threshold of sputtering energy, eV;
E —ion energy, eV,
o — angle of deviation of the ion flux from the normal, degrees;
n — the exponent (in most cases equal to 5/3).
At normal incidence of ions on the target Sigmund proposed dependence assuming a linear displacement

cascade:

S, =0,42
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s
where Eg — sublimation energy of the target material, eV.
Based on the theory LShSh and taking into account stopping power of the ion in the target the technique of
definition of the sputtering coefficient is developed:
_3,56MS,(&)a(M, /M)
o (207 +Z3°)(M, + M,)E,

where S, (€) — cross section of resilient braking;

(10)

M, — the atomic mass of the target material, g/mol;

M, — the atomic mass of the ion, g/mol;

a — function of the ratio (My/M,);

Z, — the sequence number of the element in the periodic table of the target material,

Z, — the sequence number of the element in the periodic table of the plasma gas.

The above dependences give good results for spraying the substrate material, because in this case the energy of
the ions amounts to tens and hundreds of keV and nuclear stopping is dominated in the material. However, when

considering the problem target sputtering should note that in this case the energy are of the order of 1-3 keV and ions



are braked mainly by electrons. Therefore, we can simplify the formula for determining the sputtering coefficient to
form:
_20E(M,/M\)Z}Z;5

S, (11)
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where E —ion energy, eV;

M, — the atomic mass of the target material, g/mol;

M, — the atomic mass of the ion, g/mol;

Es — sublimation energy of the target material, eV;

Z, — the sequence number of the element in the periodic table of the target material;

Z, — the sequence number of the element in the periodic table of the plasma gas.

Equation (11) is taken as the base for creation the computer model in this paper.

Computer model of the process.

For the above method of determining the proportion of ions in the corpuscular stream the program "KEA" in the
medium "Delphi 7"was created. This program allows to determine exactly the sputtering coefficient of target (Fig. 1).
For the program operation user only has to enter data on the target material, the working gas and electrical parameters

of the ion source.

Fig. 1. Dialog window of "KEA"

For the validating of the results obtained by the program calculating a comparative analysis of the data of the
"KEA" and the data published in the literature was carried out [13]. The comparison results are shown in Table 1.

Table 1

Comparative values of sputtering coefficients for some metals, calculated by the program "KEA" and taken from

the source [13]

Incident ion
B ¥ B
Target material 1 N with an energy, xeV . 1N2 with an energy, KeV3
"KEA" [13] "KEA" [13] "KEA" [13] "KEA" [13]
Nickel 0,52 0,7 1,12 1,2 1,05 11 2,24 2,0
Molybdenum 0,15 0,15 0,35 0,35 0,29 0,3 0,69 0,6
Tungsten 0,1 0,15 0,26 0,3 0,2 0,2 0,51 0,5

The table shows that the results of the calculation of the sputtering coefficients of nickel, molybdenum and

tungsten have sufficient convergence. To a greater extent coincidence of the values is observed at energies close to 3

keV.




Conclusions. Carried studies allowed us to construct a computer model, implemented in the "KEA". Calculation

on this model allows to obtain sufficiently reliable data on the sputtering coefficients for different target materials. This

feature makes possible shares variation of target ions in the ion flux incident from the ion source on a processed

substrate.

Physical, chemical and mechanical properties of the surface is largely dependent on the composition of the ion

flux, i.e. on the degree of dispersibility of the target material (Ni, Mo, Ti, W etc.) in the plasma working gas (N, He, H).

Thus, the selection of the optimum sputtering coefficient allows to predict and control the properties of the workpiece

by means of mode settings. Results of the study are scientific and practical value and relevance in the field of materials,

materials processing, nanotechnology etc.
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