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MOJEJTUPOBAHUE B3AUMOJENHCTBUSI IOTOKA PA3PEKEHHOM
IJIA3MbI C OBTEKAEMBIM 3APSIXKEHHBIM ITPOBO/ISIILIUM
LUJIAHIPOM BEJIN3HU MPOBOJSILIEN NOBEPXHOCTH

IpennoskeHa METOAUKA IBYMEPHOTO YHCICHHOTO MOZAEIHPOBAHHS B3aHMOACHCTBUS pa3pesKEHHOH IIIIa3Mbl
C 3apsHKCHHBIM TEJIOM BOJM3M MPOBOJAIICH ITIOBEPXHOCTH. MeToJMKa OCHOBAaHA HAa PEIICHUH KOHEYHO-
Pa3HOCTHBEIM METOJIOM YCTAaHOBIICHHS C pacIIeIUICHHEeM IO (pU3HIECKHM IIpoIeccaM Ha BIOXKEHHBIX IPOCTpaH-
CTBEHHBIX ceTKax ypaBHeHH BrnacoBa—Ilyaccona. B ureparnuonHom nporecce ajst pacuera caMocoriiacoBaHHOro
INIEKTPUYECKOT0 OIS HCHob3yeTcest npubmpkenue [Tyaccona—bonbiMaHa ¢ MOJEIBEHBIM paclpeaeleHHeM KOH-
LEHTPALKU 3JICKTPOHOB B LEHTpaibHOM moiie. O6ocHOBaHA 3()(EKTUBHOCTh METOMUKHU JJIi MOHOTOHHOTO 3JICK-
TPUYECKOTO IOMSI B OKPECTHOCTH 3apsDKEHHOTO IIMHJpa. IlokasaHo, 4To BOIM3M HMPOBOAAIICH MOBEPXHOCTU
3aMETHO MEHSETCs 3Ha4YCHUE IUIABAOIIETO NMOTEHIINAIa ¥ HAKJIOH 3JIEKTPOHHOH BETBU BOJBTAMIIEPHOW XapakTe-
PHUCTUKH IHIMHAPHYECKOTO 30HAA. IIpakTHueckoe NpHMEHEHHEe METOMVKH ITO3BOJUT IOBHICHTH WH(OPMATHB-
HOCTb 30H/IOBBIX U3MEPEHHH.

3amporoHOBaHO METOAMKY ABOBHMIPHOTO YHCEIBHOIO MOJIE/IIOBAHHS B3a€MOJIIi PO3pPiMKEeHOI M1a3Mu 3 3a-
PSUDKEHHM TLIOM HOOMU3y MpOBifHOI MoBepxHi. MeTonuKa 3aCHOBaHA HA PO3B’S3aHHI KiHIIEBO-PI3HHUIIEBUM Me-
TOZIOM YCTaHOBIICHHSI 3 PO3LICIUICHHSAM 32 (hi3MYHHMH MPOLECAMH Ha BKJIAZCHUX IPOCTOPOBHUX CITKAX PIBHIHB
Brnacoa—Ilyaccona. B iTepauiiiHoMy mporeci Uit po3paxyHKy caMOy3roJUKEHOTO €IEKTPUYHOTO I10JIsi BUKOPHC-
TOByeThCsl HabmmkenHst [lyaccona—bospimana 3 MOIEIbHIM PO3MO/IIIOM KOHICHTPALT €IeKTPOHIB Y LEHTPallb-
HOMy 11oii. OGTpYHTOBaHO e()eKTHUBHICTh METOJHUKH JUII MOHOTOHHOTO €IIEKTPHYHOTO OISl HABKOJIO 3apsKEeHO-
ro muniagpa. [lokaszaHo, 1o modau3y IpoBigHOT MOBEPXHI MOMITHO 3MiHIOETHCS 3HAYEHHS IUIABAI0OYOr0 MOTEHIII-
Iy 1 HaXWJI eJIEKTPOHHOI T'JIKK BOJIbTaMIIEPHOI XapaKTepUCTHKH LIIIHAPHYHOTO 30HY. [IpakTnduHe 3acTocyBaH-
HSl METOAMKH JJ03BOJIUTH IiABUIIUTH iHYOPMATHBHICTh 30HI0OBUX BUMIPIOBaHb.

The technique of the 2D numerical simulation of interactions between a rarified plasma and the charged
body near the conducting surface is proposed. The technique is based on the solution of the Vlasov—Poisson
equations by the method of finite differences with splitting on physical processes on the nested spatial grids. In
the iterative process the Poisson—Boltzmann approach with a simulated distribution of the electron concentration
in the central field is used for computation of the self-consistent electrical field. Efficiency of the technique for a
monotonous electrical field near the charged body is proved. It is shown that the value of the floating potential
and the slope of the electronic branch of the voltage-current characteristic of a cylindrical probe is considerably
varied near the conducting surface. Practical application of this technique improves the informativity of probe
measurements.

30HI0BbIE METO/IbI TMArHOCTHKH TUIa3Mbl aKTHBHO HCHOJIB3YIOTCA B 3a7jadyax
MOHHUTOPHHTA MapaMeTpPOB OKOJO3EMHOTO MPOCTPAHCTBA Oyarojapsi TakuM Tpe-
MMYIIECTBaM, KaK MPOCTOTa U3MEPUTENHHON ammapaTypbl, BO3SMOXHOCTh H3Mepe-
HUsI OCHOBHBIX NapaMeTpOB MOHOC(EpPHOH TIIa3MBbl, JOCTATOYHO BBICOKAsl JIOCTO-
BEPHOCTH pe3ynbTatos [1, 2, 3].

B Hacrosiee Bpemsi gu3HyecKre MPOLECCHl U SIBICHHS, COIMPOBOXKIAIOIINE
B3aUMOJICHCTBIE HOHOC(EPHOI! MIa3Mbl C TEIOM, B II€JIOM U3BECTHBI M U3y4YeHbI. B
CBS3M C 3THM BO3pacTarOT BO3MOXHOCTH MAaT€MaTHYE€CKOI'O MOJIEIMPOBAHUS MPO-
LIECCOB B3aMMOJEHCTBUS TE€ € HU3KOTEMIIEPATypPHOM IUIa3MOM, IIO3BOJIAIOLIETO
pa3AenuTh BIUSHHUE OTIENBHBIX (HaKTOPOB HA 30HIOBBIC H3MEPEHHUS U, COBMECTHO
¢ J1abOpaTOPHBIM MOJICTMPOBAHHEM, TOBBICUTH JJOCTOBEPHOCTH WHTEPIIPETAI[H
Pe3yNbTaTOB AKCIEPUMEHTAIBHBIX CIIyTHUKOBBIX JaHHBIX. Llens HacTodmei cra-
ThU — pa3paboTKa METOAMKH YHCIEHHOTO JBYMEPHOI'O MOEIMPOBAHUS U HCCIIe-
JIOBaHHE B3aMMOEHCTBUS CBEPX3BYKOBOT'O IMMOTOKA OE€CCTOIKHOBUTEIHHOMN TIa3MbI
¢ 00TeKaeMbIM IPOBOMASIIUM IWIMHIAPOM (30HIOM), HaXOIAIIMMCS BOJIM3U KaTa-
JIUTUYECKON TTOBEPXHOCTH.

PaccmoTpuM npoBoadmuii KpyroBoil LUWIMHIAP C pajidycoOM OCHOBaHHA I .

Jnmaa mumeapa L ropasmo 6omsme ero pagmyca r, (L >> r.). Lunmuanp o6-
TEKAETCs CO CKOPOCTBIO V() MONEPEYHBIM ITOTOKOM Pa3peKeHHOI! [1a3Mbl, HOTeH-

© [. H. JlazyuenkoB, H. M. Jlazyuenkos, 2014
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[AaJ IWIAHIPA OTHOCUTEBHO MOTCHITHAIA HEBO3MYIIIEHHON TIa3MBI TTOICPIKH-
BaeTCs NIOCTOSIHHBIM, PaBHBIM (@ . BBEieM IpsAMOYTrobHYIO JEKapTOBYIO CUCTEMY

KOOpAUHAT Oxyz , OCb Z KOTOpOﬁ HaOopaBUM BIOJIb OCH IMIIMHJIPA, 4 OCh X — IO

HanpaBJIeHUIO CKOPOCTH MOTOKA. BOMM3M LMIMHAPa MOXKET HaXOAUTHCS TENo Mpsi-
MOYT'OJIBHOIO CEUYEHUs, MOJECIUPYIOLIEE 3IIEMEHT OKPYKAIOIIUX KOHCTPYKIIMH.
CxeMa pacueTHOH o0nacTu 3aa4yM MoKazaHa Ha puc. 1. Pa3meps! Tena mpeBblina-
Yk 0T pa3Mepsl nunuHapa. IlosepxHo-
Vo y CTU LUAJUHAPA U Tejla MPOBOJSIIUE,
e 3JIEKTPOHHAs AMHUCCHUSL OTCYTCTBYET.

0 \ B Takoil mocraHOBKe 3ajaya IBY-

/

MEpHasA, BCC MapaMCTPbl OMpPCaCIsa-
IOTCsa TOYKaMH Ha IIJIOCKOCTH Oxy .

4 Kaxmoii  Touke  IPOCTPAaHCTBA
YOX H X =(X,y) cTaBuTCA B COOTBETCTBHE

< L PaIIyC-BEKTOp I = /X2 +y? |

B OTCYTCTBUC BHCHIHETO Mar-

HUTHOI'O IIOJIA HPHU HEPCIATUBUCT-

CKHX CKOPOCTSX 3apshKCHHBIC KOM-

MOHEHTHI HU3KOTEMIEpaTypHOU pa3peXeHHOW IUIa3Mbl B Oe3pa3MepHBIX BEJUYH-
Hax OINKCHIBAIOTCS MaTeMaTHueckoi Mmozaenbio BnacoBa—Ilyaccona [4, 5]:

Puc. 1

%-FV@—BE@@:O, (1)
ot oX 20X ov
E%+V%+Eaﬁ%:0, (2)
B ot ox 26x av
A(P:_gz(zni_ne)’ Ny = J-fondzva a=ie (3)
QV(x

rae p=mg/m;, B=T,/T; — OTHOWIEHHE MAcC U TEMIIEPATyp 3apPSHKCHHBIX KOM-
MOHEHT TUIa3MBbl; X =(x,y) — KOOpAHMHATBI (PU3MYECKOTO MPOCTPAHCTBA;

V= (VX V. ) — KOOPAMHATHI MTPOCTPAHCTBA CKOpOCTEH; I — BpeMs; (¢ — IEKTpH-

y
4ecKuil moreHuman; §=r. / Ag — pazMep Tela OTHOCUTENILHO Je0aeBCKOro pajanyca
OKPaHUPOBAHUS Aq; Z — 3aps/IOBOE YMCIO MOHOB; K — mocTostHHas BonbimMana;
fo, m
HOEeHTpaunus:Aa, TeMIICpaTypa U pacdeTHas o0JacTh B IIPOCTAaHCTBEC CKOpOCTGfI JacCcTHUIL
copTa a (OL = | ,e). 3,[[605 HNHJICKC | OTHOCHUTCS K MOJOXUTEIbHBIM HOHAM, € — K
JJIEKTPOHAM.

QOyHKIUN pacnpeieseHuss YacTUL B HEBO3MYILEHHOM IIOTOKE I10JIaraeM

MaKCBEJUIOBCKMMHU. [103TOMy Ha AOCTATOYHOM yNaJ€HWH OT Tejla JJIEKTPOHBI U
HOHBI pacupeesieHsl 1o 3akoHy Makcaeia—bosbiMana

f;” = iexp[— = S\Z —BZ(p] T = iexp[— ‘V - x/ms‘z +(P} , (4)

or My, Ny Ty, Qy, — COOTBETCTBEHHO (YHKIMA PACIIPE/ICIIEHUs, Macca, KOH-
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rae S=V;/u; — 6e3pa3mepHas CKOPOCTb MOTOKA MJIa3MBl.

ITepemennnie 3aqaun (1) — (4) OTHECEHBI K CIIEIYIOIIUM XapaKTEPHbIM BEJIHU-
YHUHaM: KOHIEHTPALMHA HOHOB M 3JIEKTPOHOB — K KOHIIEHTPALMH B HEBO3MYIIIEHHON
nigasMe Ng, CKOPOCTH KOMIIOHEHT IUIa3Mbl — K MX TENJIOBBIM CKOPOCTSIM

U, =+/2kT, /M, , MPOCTpaHCTBEHHbIC KOOPAMHATHI — K PAJHyCy LWIMHAPA I,
3JIEKTPHYECKU MmoTeHman — k BenuunHe €/KT,, BpeMst — K BenauuuHe U; /fe .

3nmech € — anmeMeHTapHbIi 3apsa; K — mocrosuHas bonbiMana.

Ha rpanmmax pacderHoi obmacté B (PU3MYECKOM IMPOCTPHCTBE OIMPEIEICHBI
TPaHUYHBIE YCIOBHUS: TOTJIOMICHHE 3apsana (YCIOBUS KaTATUTHIHOCTH) M YCIOBUE
HnoJJepKaHus 3aJaHHOrO IOTEHIHUala (¢, Ha IOBEPXHOCTU IIPOBOJAIIEIO TENA;
pacnpenesieHue YacTHll 10 CKOpPOCTAM M HYJIEBOM MOTEHLHMaN Ia3Mbl (yClIoBHE
KBa3MHEHTPaTbHOCTH) Ha BHEIIHMX IPAaHHUIAX pacueTHOH obOiacTu. B HavyanmbHBIHA
MOMEHT BPEMEHH (YHKIHs paclpeieCHUs] HOHOB 3a/aeTcs C HCIOIb30BaHUEM
aHATUTUYECKON Mo/eIn 00TeKaHHUs HMIMHAPA HEUTPAIbHBIM Pa3peKEHHBIM ra3oM
[4, 6]. DnekTpoHbI B HAYAIBHBIH MOMEHT BPEMEHH IOJIATal0TCs pacipe/ieIEHHBIMU
o 3akoHy MakcBemta—bomnsiimana (4).

BBuny cymiecTBeHHOro pasjinyvs Macc (u<10_3) U XapaKTEPHBIX BPEMEH
KHHETHKHA MOHOB U DJIEKTPOHOB, IpH perneHuu 3agaun (1) — (3) gacro ymaercs
3HaYUTEIHHO COKpAaTUTh HEoO0XOA1MBbIE BBIUHCIIUTEIbHBIE pecypchl
UCIIOJIb30BaHUEM MOJICIBHBIX PaclpelieIeHN JIEKTPOHOB BOJIM3UM OOTEKaEMbIX
Ten [4,5]. B oaToM ciuywae 3amaua Ay 3apsOKEHHBIX KOMIIOHEHT TILIAa3MBI
omuckiBaeTcss Mojaenbio BracoBa—Ilyaccona—bonbumana [1, 4]. Ilpu 3amanHOM
IPOCTPAHCTBEHHOM PACIpe/IeIeHNH HOHHOM MJIOTHOCTH N; (X) Y MOJIEIEHOM pac-

MMPpEACICHNN KOHICHTPALUNU 3JICKTPOHOB ne(X,(P), pacyeT CaMOCOIIaCOBAHHOT'O

3NIEKTPOCTATUYECKOTO IOJII BMECTO perieHus 3anaun BiacoBa—Ilyaccona (2), (3)
cBoauTcs K Mozenu [lyaccona—bonbimana [4]

Ap=—-E(zn; (x)-ne(x,0)), (5)

C COOTBETCTBYIOIIUMH I'PaHUYHBIMHA YCJIOBHUAMMU JJId NOTCHIIMAJIA HAa ITOBECPXHOCTU
TeJla U B HEBO3MYIIEHHOM IJ1a3Me.

MakpomnapameTpbl (KOHIIEHTpAIHsI, NIOTHOCTh MOTOKA YACTHI[ U IIOTHOCTH
TOKa) BOIM3HU MMOBECPXHOCTH TEJIa BBIYUCIAIOTCA 4Y€PE3 MOMCHTEI Haﬁ[{eHHBIX u3
monenu Brmacosa—Ilyaccona (1) — (3) dyHKIuil pacnpenesieHuss o CKOPOCTSIM.
Hns pacyera mMakporapaMeTpoB Ha MOBEPXHOCTHU LMJIMHJpA BBOJUTCA MOJSpHAs
CHUCTEMa KOOpIMHAT (r ,6) C IEHTPOM Ha OCH IWIHHJpPA. YTOI O OTCUHUTHIBAETCS
0 YaCOBOW CTPENIKE OT HAmpaBJIeHUs MPOTUB MOTOKa (cM. puc. 1). ILtoTHOCTH TO-
Ka | 0L(G) YaCcTHUI[ cOpPTa O, Ha MOBEPXHOCTh LWIMHJpPA U UHTEIPAJbHBIM TOK Ha

OUJIAHAD e,[[HHH‘IHOfI JJIMHBI | o B 6e3paSMepHBIX NEPEMCHHBIX PACCUUTBIBAOTCS
HUHTCTPUPOBAHUCM COOTBGTCTBy}OH_ICf/i q)YHKL[I/II/I pacripeacjaCcHus Ha KOHTYpEC Teaa:

i (0)=2, J-vsfa(v)dv, Iasza(e)de, a=ie,

QVoc
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rae Vg =SV — IPOEKIHUs BEKTOpa CKOPOCTH V Ha BHEILIHIOIO HOpMallb S B TOUKE
(1, 9) NOBEPXHOCTH LMIMHIPA, Z, — 3apsAJ0BOE YHCIO YacTHL copra o (I
HOHOB Z; = Z , A71s YIEKTPOHOB Z, =—1).

CymMapHsbIii TOK |y 3apsykeHHBIX KOMIIOHEHT IUIa3Mbl HA IUIMHIP €IHHHY-
HOW JITHHBI, 00€3pa3MepeHHBIN Uepe3 mapamMeTphl JICKTPOHOB, COCTABHUT

Iy = Ju/Bl; +1.

Kunernueckue ypaBHeHusi BnacoBa u ypaBHeHus IlyaccoHa pemaroTcsi Ko-
HEYHO-Pa3HOCTHBIM MeTonoM [9]. PacuerHsie o0nactu B (hpu3nIecKOM HpOCTpaH-
crBe (Q, U B IPOCTPAHCTBE CKOPOCTEH (2, BBIOMPAIOTCS TaK, YTOOBI O BO3MOXK-
HOCTH OXBaTHTh 00JaCTh BO3MYIICHHUS IUIa3MbI U 3JIEKTPOCTATHUECKOTO TOJIS MPH
00TEeKaHNH 3apsDKEHHOTO UIMHApa. [Ipy 3TOM Ha rpaHHIaX pacueTHBIX oOnacTen
3aJal0TCs COOTBETCTBYIOIINE PU3HUYECKHE KPAaeBbIe yCIOBUSI.

B paccmaTpuBaeMoil mocTaHOBKE 3a[aud JICKTPUUECKUI MOTEHIMAN B 3JIEK-
TPOHEHUTPATIBHOH cpejic Ha OECKOHEUHOCTH HEOTPaHWYCH, OCIabJICHHE HANPSIKCH-
HOCTH TIOJIS TIPOUCXOJAUT TOJIBKO BCJEJCTBHE JAe0aeBCKOro skpanupoBaHus. [lo-
3TOMY NpH MalblX & (TOHKWI MUIUHIP), KaK U TpU OOJBIINX CKOPOCTIX 0OTeKa-
HHUs S, O6H3CTB BO3MYIICHUA IIJIa3Mbl, KaK MPaBHJIO, BBIXOAUT 3a MPCACIIbI
pacuérHoit obnactu. Ha Takux y4yacTkax rpaHHULBbI 3aJal0TCSI HCKYCCTBEHHBIE
KpaeBbie yclioBusi. B ciryuae Manelx § Ha TpaHHIe pacdeTHOU oOmactu Qu3mde-

CKOTO MPOCTPAaHCTBA OC),, 3a1aI0TCsI ACUMIITOTHYECKUE YCIOBUS IS TIOTEHIMANA
[7]
! .
[of +o/r Lo, =0;

npu OONBIIMX CKOPOCTAX S Ha y4yacTKax BhIXOJa clie/la 3a TPaHUIly pacyeTHOH
00J1aCTH UCHOJIB30BAIOCHh YCIIOBUE KBAa3HHEUTPAIbHOCTH IL1a3MbI [4]

[(P— In(n, )]agoo =0.

Pemenne kmHetnyeckux ypaBHeHu# (1), (2) um ypaBHEHHH SJIEKTpOCTATHYE-
ckoro noist (3) win (5) mpoBOAWIOCE B MIPSIMOYTOJILHOM JIEKapTOBOW CHCTEME KO-
OpIMHAT Ha PaBHOMEPHBIX BIIOKEHHBIX CeTKaX. PacueTHas 001acTh MOKPHIBAETCS
TPYIIION BIOKEHHBIX JIPYT B IPyTa CETOK C MOCIEI0BATEIbHO YMEHBIIAIOMINMCS B
JIBa pa3a [IaroM (U1t IPOCTOTHI H3JI0KEHHS Oy/IeM CUMTATh CETKH KBAIPATHBIMH).

Ecmu Q[ — obnactsb, nokpbiBacMasi P —ii BIOKEHHON CETKOW Sy, TO IPyIINa BJIO-

p 9
KEHHBIX ceTOK G ompenensieTcst yCIoBUEM Qp c Qp,l , p=1,P, rne uagexc p

OIpeaAcIsaCT YPOBCHb BJIOJKCHHOCTU CCTKH, a P — xoanuectBO ypOBHefI BJIOXKCH-
HOCTH B TIpyIlIme G. Illaru BIIOKEHHBIX CETOK CBS3aHBI COOTHOIICHHSIMH

hp=hg -27P, rne hy — mar camoii rpy6oii ceTku B IpyIIIe, COOTBETCTBYOMIEH
00J1acTH HYJIEBOIO YpOBHS BilokeHHOCcTU Qo =(2 . Kaxable nBe coceqHue Bio-
KCHHBIC CETKH Sy, Sp,q (p=0,P-1) moxHO paccMarpuBaTh Kak "OCHOBHYIO"
CeTKY Sp, U "BJIOKCHHYIO" B Hee CETKY Sp,; . I'paHHIBI pacueTHOit obnactu €24
"BIIOXKCHHOI" CETKH Sp,; COBIANAIOT C KOOPJWHATHBIMU JIMHHUSMH "OCHOBHOW"

ceTku S, . Bpons rpannier obmactu p.q BBIICIMM NPUTPAHAYHYIO 00IACTh
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®p41 — TOJIOCY IMPHHON 2hp. T. 0., 061aCTh ® ;1 CONCPXKHT 3 y371a CCTKH Sy, U

P+
5 y3II0B CETKH Sp,1 CO CTOPOHBI CONPSIKCHUS "OCHOBHOI'" 1 "BIIOKCHHOI" CETOK.

CXemMaTH4HO CONPSDKECHHE BIOKCHHBIX CETOK Sy M Sp,q TOKa3aHO Ha puc. 2. B

NPUTPAHUYHBIX y3JIaX OKOJIO KPUBOJMHEHHBIX MOBEPXHOCTEH TBEPIBIX Tel B (u-
3MYECKOM MPOCTPAHCTBE W BOJIM3U MOBEPXHOCTEH pa3phiBa (PyHKIMU pacrpe/ere-
HUSI B IPOCTPAHCTBE CKOPOCTEH HCIOIh30BAIMCh HEPABHOMEPHBIE CETKH.

Pacuer mnapamerpoB
prl Sp.i  3alaud Ha  BIOKCHHBIX
—— > CETKax BEIETCS IOCIIENO0-
BaTENBLHBIMU  TIPUOITIIKE-
| | | | HusmMu. Kaxnoe mpuOim-
p  JKEHHE COCTOWT W3 JIBYX
p JTAIOB: BBIYUCICHHUS Ha

Puc. 2 cetkax B '"mpsMmoit" 1o-
cIemoBaTeIbHOCTH  (OT
Hanbouee rpy6oil k Hanbosee JeTalIbHO ceTke — Sy =S =...=>Sp ) U MepecueT

napamMeTpoB Ha ceTkax B "oOpaTHOW" mocienoBaTenbHOCTH (OT Hanbosee neTalb-
HOHI K Hamboiiee rpy0oil ceTke — Sp =>Sp_; =...= Sy ). B nepsslii pa3 pacuer

napameTpoB B "IpsIMON" MOCIEIOBATENIBHOCTH BBINOJHSAETCS HA MOJHBIX CETKAX

Sp , BCE MMOCJICAYIOIHNE PACUYETHI BBINTOJIHAKOTCA B PACYETHBIX o0acTsax

o =0, /0y, 0p.), p=0,P-1. (6)

Tem caMbIM B pacyeT mapaMeTpoB Ha CETKE YPOBHS BJIOKEHHOCTH [ HE BKIIOYA-

I0TCSl BHYTPEHHHE TOYKM PAaCUETHBIX OOJIACTEH CETOK CIEAYIOIIUX YPOBHEW BIIO-
JKeHHOCTH. CBA3b PACCUMTHIBAEMBIX MTAPaMETPOB HA COCETHUX BIOKEHHBIX CETKax
ypoBHedl P u pP+1 nposoaures uepes oOLLyto sl HUX 0071aCTh ®©p,q. Ilpu

9TOM KaxkJasi pacueTHas oonacts (6) ceTku ypoBHS P mpeacraBisieT co0oi mpsi-

MOYTOJIBHHUK C TMPSIMOYTOJBHBIM BbIpe3oM. [lepenaua madopmanmu u3 oxHou 00-
JacTy B JAPYTYIO OCYIIECTBISICTCS MPH IMOMOIIY I'PAaHUYHBIX ycloBUH Jupuxie c
UCITIOJIb30BaHUEM JIMHEHHOH wuHTepnonsiud. CXOAMMOCTh TOCIE0BATENbHBIX
NpUONMKEHU TIPH pacdeTax Ha BIOXKEHHBIX CETKaX KOHTPOJIUPYETCS MO CXOJu-
MOCTH PEIICHUS] HA MHOXKECTBE OOIIHX /Ul COCEHUX CETOK y3JIOB.

B npocTtpaHcTBE CKOPOCTEH HCIIONB30BAIMCH MPSIMOYTOIBHBIE pacueTHBIE 00-
JIACTH C TIEHTPOM B TOUKE V = (S,O) 1 HanOoJbIel 0e3pa3MepHON TEIIOBOH CKO-

POCTBIO YaCTHUI] Vm. B MPUTATUBAIOUIEM TII0JIE JJIA IIOJIOKUTCIIBbHBIX HWOHOB

(o <£0) mnpunMManoOCh V,, = JU2 —zB@,, , IS OICKTPOHOB (py 20) —

Vi = \[urzn + @y, ; B OTTAJIKUBAIOUIEM IIOJI€ AJISI HOHOB U 3JIEKTPOHOB — Vi, =Up, ,
rae U, — IpeaenbHas NpU MOAEIMPOBAHUM Oe3pa3MepHas TEIUIOBask CKOPOCTh
YaCcTHUIl B HEBO3MYIIIEHHOM MOTOKe (IIPUHUMAJIOCh U, = 5).

Kunernueckue ypaBaenust Bimacosa (1), (2) pemannce METOAOM pacIieTyIeHUs
[9] BTOpOTO TIOpSAZKA TOYHOCTH TIO BpeMeHH. Tak, penieHne KHHETHIeCKOTO ypaB-
HeHust 11 noHoB (1) Ha kaxkoM mare o BpemMeHu At cocTouT u3 Tpex ITamnos:

67



1) Ha mepBOM TOJTyIIare 1Mo BpeMeHH At/2 B GDH3HYECKOM MPOCTPAHCTBE PeliacT-
csl ypaBHEHHE

@ +V % =0,
ot OX
2) Ha miare 1o BpeMeHd Al B poCTpaHCTBE CKOPOCTEH pemaercsi ypaBHEHHE
ofi z0pdf _

Ti_gsTRTh
ot 20X ov

3) Ha BTOPOM MOJIyIIAre 1Mo BpeMeH! At/2 B (pHU3MIECKOM MPOCTPAHCTBE pelaet-
sl ypaBHEHHE

@+ v @ =0.

ot OX
DJeKTpOCTaTUYEeCKUH TMOTEHIINAI (p(x) MEPECUUTHIBACTCS TIOCIIE MEPBOro MOIY-
mara mo BpeMeHHW. [l KakIoro sTama paclleruieHHs HadalbHBIMH JIaHHBIMH
CITy’KaT Pe3yJbTaThl MPEIbIIYIeTO dTara.

[Ipu anmpokcHManyyu KMHETHYECKUX WICHOB ypaBHEeHHs BiacoBa mcmoinb3o-
BaHbI OJJHOCTOPOHHKE PA3HOCTH MPOTHUB NoToKa [ 10], anmpokcuManus rpaeHToB
MoTeHIHaNa B PU3NIECKOM MTPOCTPAHCTBE U IPAAUEHTOB (GYHKIUH pacIpeielICHHs
B MPOCTPAHCTBE CKOPOCTEH BBITIONHEHA IEHTPAIbHBIMUA PAa3HOCTAMHU. BenmuunHa
mara mo Bpemenn At onenmBamace yciaoBusmu Kypanra At <hin/Vimax, TI€
Nyin — HAaUMEHBIIUH IIar MPOCTPAHCTBEHHOH CETKH, V., — HanOomibIIas CKo-
POCTb YacTHUIIBI.

3agaua Ui MOHHOM KOMITOHEHTBI PElIaeTcsi METOAOM YCTaHOBIICHUs. AJTo-
PHUTM IiepecueTa MoTeHIHaIa (p(x) ocyIe TIEPBOTO MOJIyIIara o BpeMEHH B CXeMe
pacIueIIeHns 3aBUCUT OT MCIIOJIb3yeMON Mozeny miasmsl. [l mogenn BracoBa—
ITyaccona (1) —(3) moTteHIman (p(x) HAXOAMWTCSA B MPHOIMKEHUH '3aMOPOIKEH-
HBIX" MOHOB PEIICHHEM KHHETHYECKOT0 YPaBHEHUS JIJISl AJIEKTPOHOB (2) B caMOCo-
IJIacOBaHHOM anekTpuieckoM moie (3). [Ipu atom 3agaua (2), (3) pemaercst MmeTo-
JIOM YCTaHOBJICHHS C HCIOJB30BAaHMEM CXEMbl pAaCIICIUICHUs] KUHETHYECKOTO
ypaBHEHUS TSI 2yeKTpoHOB. s monenu BrnacoBa—Ilyaccona—bonbnmana (1), (5)
MOTEHIIHAT (p(x) HaxonuTcs pemeHneM ypaBHeHus [lyaccona—bombumana (5)
MPOCTHIMH UTEPALUSAMH C PeTaKcallueH.

Huckpernzanus ypaBaenus [lyaccona (3) u [lyaccona—bonsimana (5) mpose-
JleHa Ha PaBHOMEPHBIX BJIOXKEHHBIX CeTKax. B mexkapToBoil cucteme KOOpIWHAT
IBYMEpHBIN omeparop Jlammaca annmpoKCUMMHPOBAJICS Pa3HOCTSIMH Ha ISITUTOYEY-
HOM ImabnoHe. MojenbHOE pacipesiefieHHe 3JIEKTPOHOB ne(x,(p) B ypaBHEHHU

[Tyaccona—bonbimana (5) nuneapusyeTcs 1Mo MOTeHIHATY
ne(x,0)~nel.0”) (L-0"+9),

rac (P*(X) — MOJIC JJICKTPHUYECCKOT'O IMOTECHIMAJIa, OTHOCUTECIBLHO KOTOPOI'0 IIPOBO-

IuTCs TuHeapu3aius (omopHeIi" moTeHIaN).
[Ipu uTepalmoHHOM pelIeHUH JHMHEAPU30BAHHOTO YpaBHEHUs (5) MepuoInYecKH

MIPOBOANTCS KOPPEKIUs "OMOpHOTO" MOTEeHIINANa (p*(x)z o" (X) 10 BEJIMYHHE Ce-
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TOYHOW HOPMBEI ‘ne(x ok )—ne(x,q? )‘C, e (pn (x) — N -4 utepanus MOoTeHINANA.

Wrepannu npu pacderax Ha KaKJI0W M3 BIOKEHHBIX CETOK MPEPHIBAIOTCS MPH J0-
CTHXKEHUH JIMHEHHON CKOPOCTH CXOJAUMOCTH.

MonenpHbIE pacHpeelieHus] 3JeKTPOHOB B OKPECTHOCTH 3apsHKEHHOTO IIH-
JUHpa MONyYeHBl HA OCHOBE aHAIMTHUYECKHUX PEIIeHUH KHMHETHYEeCKOTO ypaBHE-
HUA (2) M1 MaKCBEJUIOBCKOTO pacHpeecHUs dJIEKTPOHOB IO CKOPOCTSIM B He-
BO3MYIIEHHOW TUTa3M€ B MPUONMKEHHH EHTPATBHOTO MMIUHAPHUIECKOTO TIOJS
(p(x):(p(r) [4, 7]. TIpu OTCYTCTBMH BOJW3W IWIMHAPA APYTHX MOTIOMIAFOIINX

MOBEPXHOCTEN KOHIIEHTpALHs 3JIEKTPOHOB HAXOJIUTCS MHTETPUPOBAHUEM COOTBET-
CTBYIOIICH (PYHKIMK pacmpeseNeHus] IO CKOPOCTSIM C YYETOM MPOCTPAaHCTBEHHBIX
Y DHEPTeTUYECKUX OrpaHudeHult [7]:

(A %]Ee_liﬁ(ro o + %ﬂj'z(e—\ug(ro ) _ aV2(ro ,Ot)}ja , @)
0 0

ol ()~ (ro /ri () sin® - plro) + _
(ro/ri ()P sin®a -1 R

rje Iy — To4Ka HaOIroAeHus; I (oc), ry (a), rs (oc) — KOOPJIMHATHI TOYEK B OKPECT-

i (o, a)=

HOCTH TeJIa, KOTOPHIM B LIEHTPAILHOM dIeKTpHueckoM nojie ¢(f ) COOTBETCTByeT
HanOOJIBIINI SHEPreTUUeCcKuil Oapbep AT MEKTPOHOB (MU I' <y SIN O — MUHU-
MaJbHBIA, IPU I >l SIN 0. — MaKCHMAaNbHBIM) HA COOTBETCTBYIOIIEH MPOCTpaH-
crBenHoM obmactr — Iy (a) €[y, 0], ry(a)e(rysina,], ry(a)e(1,0].

[Ipy HaIMYUK MOTJIOMIAOIIUX MOBEPXHOCTEH B OKPECTHOCTH LMIMHIAPA GopMyIa
(7) nomomnHseTCs MPOCTPAHCTBEHHBIMU OTPAaHUYEHHUSMU 110 YITIy O, OHpEAeNsio-
IIeMy HaIpaBJIeHHE CKOPOCTH YaCTHIBI B CIIOKHBIIEMCS JJIEKTPUYECKOM IIOJIE.
Pacuer xoHneHnTpanuu no gopmynam (7) NpoOBOAMICS YHCIECHHO; 3HAUCHHUS [ ((x)

HaXOJIUJTUCh UTEPAIMOHHBIM METOJOM BJIOJIb JTyda, COCIUHSIONIETO HAYaI0 KOOp-
JMHAT ¢ TOYKOW HaOmoxeHus [y . B ciydae orrankusaromero moiust (@, <@ <0)

JUIl KOHLIEHTPALKU 3JEKTPOHOB B OKPECTHOCTH TEJa HCIIOJIB30BAIUCH IMOTYYEH-
HbI€ B [8] mpuOIMKeHHbIE POPMYITHIL.

OmnucaHHas METOAMKAa MOJAEIMPOBAHUS B3aMMOJACHCTBHS Pa3peKEHHOU IUIa3-
MBI C 3apsDKEHHBIM TEJIOM OIPpoOOBaHa Ha psie MOJAEIBHBIX 3a/1a4, PELICHUs KOTO-
PBIX W3BECTHBI M MOATBEP)KICHbI MHOTOYHMCIICHHBIMU 3KCIIEPUMEHTAIBHBIMU pe-
3ysnbTaTaMu. PaccMOTpEeHBI 3aauu MONEPEYHOro OOTEKaHHUs LIIMHIPA MOTOKOM
HEUTPaJILHOTO Pa3pEeKEHHOI0 Ira3a M B3aMMOJACHCTBHA 3apsSHKEHHOTO LMIMHIPA C
MOKOSIIIEHCS] pa3peKeHHON I1a3Moi. Pe3ynbTaThl ¢ TOYHOCTBIO ammpOKCUMAaLUH
ypaBHeHHH BiiacoBa coBmanm ¢ aHaJUTUYECKMMH PELICHUSIMUA COOTBETCTBYIOLIMX
3ay1au [4, 6, 7].

[IpoBenens! mapaMeTpruyecKkrue MCCIIEAOBaHMS 337a4l B3aUMOJIEHUCTBUS paspe-
JKEHHOH IIa3Mbl C 00TEKaeMbIM MIPOBOASIINM LMJIMHAPOM B ABYMEPHON MOCTAHOBE
Bnacosa—Ilyaccona m BnacoBa—Ilyaccona-bonbeimana. PacueTsl KoHUEHTpanmit
3apsHKCHHBIX YacTHIl M TOKOB Ha IMJIMHAP MPOBEACHBI JUIS IIMPOKOTO JHana3zoHa
OIpeIeITIOINX TapamMeTpoB 3axaun — S = 5..20; ¢,, = —25..25. [Ipu aroM nmapamerp

E_, MCHAJICA B NIp€aciiax COXpaHCHHUA MOHOTOHHOCTH 3JICKTPOCTATUYECKOI'O IOTCH-
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pata B obsmactu omwkHero ciena [8]. CpaBHeHue pe3ynbTaToOB pEIICHUI ypaBHE-
Hus BrnacoBa—Ilyaccona u BinacoBa—Ilyaccona—bonbiMaHa MO3BOIMIIO 3aKJIIOUYHTh,
YTO TIPY MOHOTOHHOM MOTEHIHAJIE 3JIEKTPOCTATHYECKOTO OISl BOIM3HM TOTIIONIA0-
IUX 3apsi MOBEPXHOCTEN JOMyCTUMO HCIIOIb30BaHNE MOIETBHBIX pachpeaereHrit
JUTSl KOHLIEHTPAIMH SJIEKTPOHOB B IIEHTPAIHHOM TOJIE.

[IpoBesieHO MOJIETUPOBAHUE BIMSHUS HPOBOJAILIECH MOBEPXHOCTU Ha MOHHBIN
Y 3JIEKTPOHHBIN TOKH OJIM3KO PACTIOIO0XKEHHOTO HIHMHIPHYECKOTO 30Haa. Pemena
3amaya 00TeKaHWs TIA3MOM 3apsHKEHHOTO MHJIMHIpa BONHM3H MPOBOSIIETO Tela
IPSIMOYTOJILHOTO cedeHus (cM. cxemy Ha puc. 1). [ToBepXHOCTH Tea MOJTHOCTHIO
MIOTJIOMIAIOT 3apsi/l, TEJNO HAXOAWTCS MO MOTEHIMAIOM Iuta3Mbl. Kpome BenmauH
S, &, oy, L U P, DIONOJHUTEIBHBIMU IapaMETPaMU 3aJauul sIBISIOTCS Oe3pas-

MEpHBIE TEOMETPUYECKHUE BETUYMHBI, ONPEACISIONIEe NPOCTPAHCTBEHHOE pa3Me-
LICHWE MOTJIOMIAIOIINX MOBEPXHOCTEH OTHOCHTENBHO PAacCMaTpUBAaEMOTO LIMIHMH-
Apa: S,, S, — pacCTOSHMUs OT BEPXHETO JCBOTO yIiia 10 LeHTpa uuwmuipa, H,L —
mMprHa M JuinHa Tena. Ha puc. 3 mpencraBieHsl pacnpeleNeHHs ITOTHOCTEH
HOHHOTO () ¥ 3JIEKTPOHHOTO (0) TOKOB IO KOHTYPY UMJIMHApPA JUTs 3HAYSHUH Oe3-
pasMepHOro noreHuuana ¢, =—2,0, 2, moiy4eHHbIE B pe3yibTaTe PELICHHs 3a-
naun Brnacosa—Ilyaccona nmpu S=5, £=0,1, =1, s, =10, Sy =15, H =10,
L =100 . CryomHast KpuBasi COOTBETCTBYET MOTeHIMany ¢, =0, mrTpuxosas Kpu-
Bas — @, =2, IyHKTUPHAs KpUBas — @, =—2 . AHaJIU3 KPUBBIX II0KA3bIBAET, YTO

HaJIM4YUe TOTJIOMAIONIeH MOBEPXHOCTH MPAKTHUYECKH HE MEHSeT MOHHBIH TOK Ha
MMOBEPXHOCTh LWIMHJPA — CUMMETPHUS IJIOTHOCTEH MOHHOTO TOKAa OTHOCHUTENIHHO
mwiockoctd Y =0 coxpaHsieTcs. DIEKTPOHHBIA TOK MPH 3TOM MEHSETCS Cyle-

CTBCHHO.
0 0,6
Ji Je
-2
0,4
-4
0,2
-6
-8 L 0

0 Iy T 3ni2 g 2n
a)

Puc. 3

Ha pwuc. 4 npuBenensl B Oe3pasMEpHBIX MEPEMEHHBIX PE3YNIbTaThl pacyera
(parMeHTa BOJBTAMITEPHOW XapaKTEPUCTHKH IMIMHIPA B OKPECTHOCTH ILIABAiO-
[Ier0 MOTEHIMaj a B MPUCYTCTBUH IMOTJIOIIAIONIEr0 Tela W 0e3 HEro MpH yKa3aH-
HBIX BBIIIE Mapamerpax 3agaun S, &, B, S, Sy H, L u u=0,00055. Tox I

Y TOTeHIHaN ¢ Oe3pa3MepHble; TOHKHE KPHUBBIE — Oe3pa3MepHBIN 3IEKTPOHHBII

TOK |, Ha IMIMHADP €AMHUYHOMN JUIMHBI, TOJCTbIE KPUBBIE — CyMMapHbIi TOK |y

Ha MWIHHAP €IWHWYHOHN JJIMHEI, 00€3pa3MEepeHHBIN depe3 MapaMeTphl JIEKTPO-
HOB; CIUIOUIHBIE KPHBBIC — IOTJIOIIANOMICTO TCJIa HET, IITPHUXOBBIC KPUBBIC — II0-
[JIOLIAIOIee TEJIO0 €CTh; TOHKAas IyHKTHpHas KpuBas — MOHHBIM Tok |, Ha nu-

70



JTWHIDP E€JIWHUYHOW JIUTHHBI, 00e3pa3MEepeHHBIH depe3 MapaMeTphbl DIIEKTPOHOB.
AHanmm3 KpHUBBIX TMOKa3bIBACT, YTO OJIM3KO PACIOJIOKECHHAS KaTaJUuTHYecKas I0-
BEPXHOCTh MOXKET 3aMETHO H3MCHHUTH 3HAYCHHUE IIaBAIONIEr0 IMOTEHIMAIa H
HAKJIOH DJICKTPOHHOW BETBU BOJILTAMIIEPHOW XapaKTEPUCTHKH IHIMHIPUICCKOTO
30H/Ia B MOTOKE Pa3peKeHHOHN Tia3Mbl. [lonmydeHHBIE pe3yybTaThl Ka4eCTBEHHO
COTJIACYIOTCSI C 9KCIIEPUMEHTAILHBIMU TaHHBIMHU paboThI [1].
TakuMm 00pazoM, MOMKHO 3aKJIIO-
S YUTh, YTO TPEIOKEHHAS METOJMKA
JIBYMEPHOTO YHUCICHHOTO MOJICIHPO-
BaHMs B3aMMOJICHCTBUSI TIOTOKA pas-
PEKEHHON TIa3Mbl € TPOBOISIIUM
MUIAHIPOM  BOJIM3M DKBUIIOTCHIIU-
ANBHOW TIOBEPXHOCTH TIO3BOJISET MPO-
BOJIUTh MOJICIIMPOBAHHE B3AMMOJICH-
CTBHSI IMJIMHIPUYECKOTO 30HIA C
TUIa3MOM  BOJIM3M DIIEMEHTOB KOH-
CTpYKIMU cryTHUKA. OCOOCHHOCTHIO
METOJMKH, TIO3BOJIAIONICH ONTHMHU-
3UPOBaTh BBIYUCIUTEIBHBIC 3aTPaThl,
SIBIISICTCS.  BO3MOXHOCTH ~ HMCIOJIB30-
BaHUs MPU HMTEPAIMOHHBIX pacyerax

-1 CaMOCOTTACOBAHHOTO 3JIEKTPHUECKO-
-4 -2 0 2 ¢ 4 ro nmoms mpubmmkenns Ilyaccona—
BoNbIMaHa ¢ MOJETBHBIM pacTpesie-

Puc. 4 JIEHHEM JIIEKTPOHOB B IIEHTPANLHOM

noje. Beruucnenne MaxpomapaMert-
POB, XapaKTEPU3YIOLINX B3aUMOACHCTBHE MMOTOKA IIa3Mbl C TE€JIOM, IPOU3BOAUTCS
Ha OCHOBE MoiHOU Mozaenu Brnacosa—Ilyaccona.

3¢ hekTUBHOCTh METOANKH U AOCTOBEPHOCTH MOJYYa€MBIX PE3YJIbTATOB IOA-
TBEPXKAAIOTCS] pacdeTaMHl MOJAEIBbHBIX 33Jad U MPUEMIIEMBIM COTJIACOBAHUEM pe-
3yJIFTATOB PAacueTOB KOHLEHTPALMU HJIEKTPOHOB B CAMOCOTIACOBAHHOM IPUTSTHU-
BAIOIIEM M OTTAJIKHMBAIOLIEM MOHOTOHHOM 3JIEKTPOCTATHYECKOM I10JIe, MOJTYy4eH-
HBIX Ha OCHOBe Mozenu BracoBa—Ilyaccona u cymecTBeHHO Oojiee MPOCTOH MO-
nenu Ilyaccona—bonbumana.

[IpoBeneHo MonenupoBaHue OOTEKaHMS IUIA3MOM LIMJIMHAPHYECKOTO 30HIA B
OKPECTHOCTHU IJIOCKOH MpoBosied moBepxHocTy. [lokazaHo, yTo 01M3K0 pacmo-
JIOKEHHAs] KaTaJMTHYecKas MOBEPXHOCTb MOXKET 3aMETHO W3MEHHTh 3HAUYEHHUE
IUIABAIOIIETO MOTEHIHMAajla M HAKJIOH 3JEKTPOHHON BETBH BOJbTaMIEPHON Xapak-
TEPUCTUKH LIMIMHIPUYECKOTO 30HA.

PazpaboranHas MeTOIMKa MOXKET OBITh MCIOJIB30BaHA MPU IMOATOTOBKE U WH-
TepIIpeTalyuy SKCIEPUMEHTOB 10 TUArHOCTHKE MapaMeTpOB HU3KOTEMIIEPaTyPHOIl
IUTa3MBl.

Pabora BbImosHEHa B paMKax mpoekta ,lcciuenoBanusi ocoOeHHOCTEH U Me-
XaHU3MOB YIpaBlieHUsT OpPOWUTAIBHBIM JBHKEHHEM KOCMHYECKHMX allapaToB B
npoBoadmeil cpene” LlenesBolt komruiekcHoM mnporpammsl HAH VYkpanubel no
Hay4YHBIM KOCMHUYECKUM HccienoBaHusiM Ha 2012 — 2016 rr. mo pacnopsbiKeHUIo
IIpesuanyma HAH Vkpauns! ot 04.03.2014 Ne 140.
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