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B3aumoaecTBHEe HAHO-Pa3MEPHBIX YACTHUIL B 3JIEKTPOHHO-TILLJIEBOH IJ1a3Me

Paccmompena snekmponno-nviieas niazma, cocmoawas U3 HaHO-pazMepHuIX Yacmuy u
IMUMUPOBAHHBIX UMU dNeKkmpoHos.[lokazano, umo npu 0OHOPOOHOM HPOCMPAHCMEEHHOM
pacnpeoeneHuu 31eKmpoHOs8, KOMOpoe OMKIOHAEMCA OM 0OHOPOOHOCHU MOLbKO 8 OKpec-
HOCMU yacmuy, 3aps0 dacmuy modxcem 0vimsb oOpManbHO pazdeier Ha 08e 4acmu. UHOUBU-
OYanbHLILL 051 KANCOOU YACTUYLL «BUOUMBLILY 3apsA0 U 00wull 05 8cex Yacmuy 3apsio Heli-
Mpanu3068anno2o Goua. Buoumviii 3aps0 wacmuy modicem Oblmv KAk OMpuyamenbHuiM, max
U NOJIONCUMETbHBIM, MO020a KAK NOJHBLUL 3apsa0 eéce20a norodcumenen. Beudy moeo, umo
83aumooeticmsue Yacmuy onpeoensiemcs BUOUMbIMU 3apA0aMU, 803MONCHO UX NPUMSIIICEHUe.
IIpodemoncmpuposano cocmosHue pagHoBecUs Mexcoy NPUMANCEHUeM U OMmmaikueaHuem
yacmuy.

BBenenue. DIEeKTPOHHO-NIBUIEBAS TUIa3Ma COCTOMT M3 TBEPABIX WA KUIAKUX
YacTHUIL] U YMUTUPOBAHHBIX ATUMHU YaCTHLAMHU AJIEKTPOHOB. DMHUCCHUS MOXKET MPOUC-
XOJIUTh 3@ CUET HArpeBa YaCTHUIL — TEPMOIIICKTPOHHAS SMHUCCHUS UJIM 3a CUET B3aUMO-
NEUCTBUA C U3TydeHUEeM — (GOTORJIEKTPOHHAS dMuUccus. B nmobom ciyyae Bce yacTu-
bl [IBUTK JTOJKHBI 3apSKATHCS MOJIOKUTENBHO. OJTHAKO SKCIIEPUMEHTAIIBHBIE UCCTIE-
JIOBaHUS TEPMOAMUCCHOHHOM IUT1a3Mbl, C(HOPMUPOBAHHONW B MPOAYKTAX CTOPAHMS
0JIOKa MarHus, BBISBWIM HajJu4ue OOJIBIIOrO KOJUYECTBA OTPUIATEIBHO 3apsiKeH-
HBIX yacTull [1]. DTO 00BSICHAIOCH TEM, YTO paboTa BbIXOAA OTPULIATEIHHO 3apsiKEeH-
HBIX 4acTHUL OOJIbLIE, YeM padOTa BBIXOJA MOJOKUTEIBHO 3apsLKEHHBIX YACTHIL. 3a-
pPSA YacTHIl ONpenensercsa OalaHcoOM IMOTOKOB OT YAcTHIBI — TEPMOAIEKTPOHHAS
SMUCCHSI, U Ha YaCTHUIly — OOpaTHBINA MOTOK 3JEKTPOHOB CPEBI 3a CUET CHOpaauye-
CKUX CTOJKHOBeHHUH. B pe3ynbrare, yacTuIlbl ¢ Masioil pabOTOM BBIXOJa 3a CUET Tep-
MORJIEKTPOHHON 3MHUCCUH CO3/IAI0T HACBILIEHHYIO 3JIEKTPOHAMHU CPEAY U caMu 3apsi-
KAIOTCS TIOJIOKUTENBbHO. BhICOKAsi KOHLIEHTpAIHsI JIEKTPOHOB B cpesie 00ecreynBacT
00JIBIION MX MOTOK Ha MOBEPXHOCTh YACTHI ¢ OOMBIION pabOTOM BBIXOAA, KOTOPHIHA
IPEBBIIIAET TOTOK TEPMOIIEKTPOHHOM sMuccuu. J{iis O6ananca 3TUX MOTOKOB YacTH-
112 JOJDKHA IPUHATHh OTPULIATENbHBIN 3apsl. [IOHATHO, UTO B TaKOM CHCTEME CYLIECT-
BYET NPUTSKEHUE MEXKIY YACTULIAMU C 3apsAIOM Pa3HOro 3HAKA.

OpnHako B m1a3Me BO3MOKHO NMPUTSHKEHUE U MEXKIY YACTULIAMU C OAUHAKOBBIM
3HAKOM 3apsaa. Hampumep, mpeamnosiaraercsi, 4to B KOMIUIEKCHOM Ta30pa3psaHON
IJ1a3M€ HU3KOrO JAaBJIEHUS, MOTOKM HOCUTENEH 3apsla, Ha MOBEPXHOCThb IbUIEBOM
YaCTULIBI YBJIEKAIOT 32 COOOM COCeIHHE YaCTHIIbl, YTO MOXET NMPUBOAUTH K BO3HHUK-
HOBEHUIO d(PPEKTUBHON TEHEBOW CHJIBI, MPUTATUBAIONICH yacTuilsl [2-5]. PazHoBu-
HOCTBIO TEHEBBIX CHJI SIBJIIETCA CHJIA HOHHOTO YBJIEYEHMS, BbI3bIBA€Masl IOTOKOM HO-
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HOB [6,7].B cuiibHO B3aUMOJACHCTBYIOIIEH KOMIUIEKCHOM IJIa3Me TAK>KE CYIIECTBYET
NPUTSHKEHHE OJHOMMEHHO 3apshKeHHBIX yacTull[8]. B aToMm ciiyyae B3auMoAeHCTBHE
YaCTULbl C OKPYXKAIOIIEH IIa3MOM MPUBOAUT K U3MEHECHUIO CTEIICHU WOHU3ALUU
aATOMOB B MOJIE 3APSIKEHHOW YaCTHUIIbL, KOTOPOE JOCTUTAET COCEAHUX YACTHUIl U BbBI3bI-
BAET B OKPECTHOCTH MOCIEIHUX AHWU30TPONUI0O MOHHOM M aTOMHOW KOHLEHTPalUU
KOTOpasi CO3/IaeT M30BITOYHOE JABJICHUE, 3aCTaBIISAS COMMKATHCS OJTHOMMEHHO 3apsi-
YKCHHBIE YaCTHUIIbI.

B paccMOTpeHHBIX Ciaydasx NPUTSHKEHUE OJHOMMEHHO 3apsKEHHBIX YaCTHIL
0OyCIJIOBJIEHO CHUJIaMH, CBSI3AHHBIMU C MOHHBIM B3auMojeiicTBUEM. B mpeacrasieH-
HOM paboTe paccMaTpPUBAETCS BO3MOXKHOCTh MPUTSKEHUSI OJHOMMEHHO 3apsyKEHHBIX
YaCTUI] TP OTCYTCTBUU B IJIa3ME MOHOB, T.€. B AJIEKTPOHHO-TIbUIEBOM M1azMe [9].

Onucanue 3JIeKTPOHHO-NIBLIEBOI MIa3Mbl. OnMCaHUE IEKTPOHHO-BLIEBON
TJIa3MBbl SBJISIETCS HEMPOCTOM 3afauen. Koraa sneKTpOHHBIN ra3, HAXOAUTCA B PaBHO-
BECUM C 3apsHKCHHBIMM ITBUIEBBIMU YACTHUIIAMU, JUIS 3JIEKTPOHOB CIIPABEIIMB 3aKOH
pacnipenenenust boxeumana n, ~exp(ep/kT), rne n, - KOHIEHTPALHS JIEKTPOHOB,;
e - BJIEMEHTapHbIN 3apsi; @ - NOTeHIMAN; k - noctostHHas boneuMana; 7' - Temnepa-
Typa KenbBuna. B TakoMm ciydae, KOHEYHON Pa3HOCTH MOTEHIMAIOB COOTBETCTBYET
KOHEYHOE OTHOILIECHHE KOHUEHTPAUWW 3JIEKTPOHOB, MO3TOMY HYJIEBOMY 3HAUYEHUIO
KOHIIEHTpAI[MU Ha 0ECKOHEYHOCTH JOJIKHA COOTBETCTBOBAThH HYJIeBasi KOHIICHTpAIUs
y MOBEPXHOCTH YaCTHILIbl; B IPOTUBHOM cCilydae, yCioBHio 71,(0) =0 cooTBETCTBYET
yCJIOBHE ((0) —> —00.,

[Toxoxast mpobiiema OblTa W3ydeHa DUHITEHHOM B KocMosoruu [10]. Jlms
pa3peleHns IPOTUBOPEYHS OH MPEIIIOKUI 3aMEHUTh ypaBHeHue [lyaccona

Vg =47Kp
MOIU(DUITMPOBAHHBIM YpaBHEHUEM
V¢—Adp=4nKp,
rae pemrenue @, =—47Kp,/ A cOOTBETCTBYeT paBHOMEPHOMY PAaCHpEAeICHUIO Bellle-
CTBa BO BCEJIGHHOW C TUIOTHOCTBIO p,. Toraa, HEpaBHOMEPHOCTH B pacHpeaeieHUN
MaTepHH CJIeayeT OMUCHIBATh TPABUTALMOHHBIM MOTEHIHAIIOM @ + ¢, .

DTOT MoaX0/1 ObLT UCTI0JIB30BaH B [11,12] mi1s onvcaHus 3J€KTPOHHO-TIBLICBOM
1J1a3Mbl. BeUIO MpeIokeHo cuuTaTh, 4YTO JIEKTPOHHBINA Ta3 B MPOCTPAHCTBE pacipe-

JeJICH paBHOMEPHO C KOHIIEHTpANUeH 7,,, U TOJIBKO BO3JIE 3apsDKEHHBIX YacTHI] CY-
IIECTBYET OTKJIOHEHHE OT PABHOMEPHOIO paclpeae/icHus,
e(p—o,)

n,=n, eka—T. (1)

Torz:a, PaclpCcaACaCHUC IIOTCHIMAIA Y ITOBCPXHOCTHU BapH)I(CHHOﬁ HJaCTHUIbI
OIINCBIBACTCA YPABHCHUCM HyaCCOHa B BHUJC:

Vip=4re(n,—n,)= 47zeneo(exp % = 1) ) 2)

rae® =@ — @y, P,- 0000IICHHBIN TOTCHIIUAI TIA3MBI.
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B stom ciydae ycinosue n, —0 3ameHseTcs ycioBHEM n, —> n,,, IPU KOTO-

pom ypaBHenue (2) TpaHchopmupyercs B ypaBHeHue Jlammaca, W TEHACHIIUS
@ — —o0 3aMeHseTcs TeHAeHImerH @ — @, (¢ — 0).

3apsi 4acTHULIbI, COIVIACHO YCJIOBHUIO HEUTPAIBbHOCTH, ONPEAEIAETCS KOJIUYECT-
BOM DOJIEKTpOHOB B sueidike Burnepa-3eittna [13], T.e. B cdepe pammycom

_ -1/3
Ry, =(47m, /3)""", xoTopas onucaHna BOKPYT YacTHIbl PaIUyCoM d;, 1€ M, - KOH-
IICHTPAIIMS MBIJICBBIX YaCTHII,

Ry
Z,=4r Irzne(r)dr ,

a;

OTKyJa, C yudeToM (2), cineayer:

1 dg\™
249
Z; =Wy =Vj)ng +—(V —j ; 3)
e dr ),
rne V,, =1/n, - o0bem sueiiku Burnepa-3eiitua; Vj =(4/ 3)7za; - 00BbEM YaCTHIIEL.
YuuTtbiBas, 4to 00bI4HO Ry, >> a, u Ha rpaHule sueriku ¢’ =0, u3 (3) cienyer,
o 1 2 _ 5
Z,=—+-a;E;=2,+7,, 4)
n, e
rne Z,=n,,/n,; - 3apsan GoHa, KOTOPBIN CO34aeTCsI PABHOMEPHO PACIPEAEICHHBIMU
snekTpoHamu; E; - 10Jie OKOJIO MOBEPXHOCTU YaCTHIbl j , KoTopoe B [11] onpene-

JICTCA Kak,

J2(a; +r,)kT v, V.
P L NSRS (5)
ea ;rp sgn(Vy,) kT kT
H, COOTBETCTBCHHO, 3apsa 4aCTHUIbI OIIPCACIIACTCA KaK
V2a,(a, +rp)kT exp 2V
e’r, sgn(Vy,;) kT kT

rae r, = (kT'/ 47ze2n60)” ? - JUIMHA SKPaHUPOBAHMS.

Z,=Zy+ -1, (6)

HOTCHHH&HBHBIP'I 6apbep Ha TpaHUIC IJIa3Mad-daCTUlld V; OonpeCaACIACTCA OT-
HOIICHUCM KOHIOCHTPAIUU 3JICKTPOHOB Y ITOBCPXHOCTHU HaCTUIIBI I’les K paBHOMCpHOﬁ
KOHIICHTpAIMHU

V, =kTIn e (7)
b - .
neO
KOHHCHTpaHI/I}I fles OIIPCACIIACTCA 6aHaHCOM ITOTOKOB 3JICKTPOHOB Ha ITOBCPX-

HOCTHU YaCTHUILBI, IPUYICM OanaHC oOecrieunBacTCs 3apAaa0M HaCTHUIbI, KOTOpBIﬁ SABJIA-
CTCA HpPI‘II’IHOﬁ IIOTCHIOIMAJILHOT'O 6apbepa Ha I'paHUIC IIadMa — YaCTHIIA. O,Z[I/IH H3
ITOTOKOB — 3TO ITIOTOK 5MHUCCHH JJICKTPOHOB C IMOBCPXHOCTH YACTUII, KOTOpBIﬁ obec-
MMCYNBACT CYLICCTBOBAHUC IJJICKTPOHHOTI'O I'a3da MCXKAY YaCTULIAMU. B TCpMH‘ICCKOﬁ
I11a3sMe 3TO ITOTOK PI/I‘Iap,Z[COHa-I[G)IIIMaHa,
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2 —
= 47 47zme(k73”) exp ud , (8)
(27h) kT

rje m, - Macca 3JeKTpoHa; i - nocrosiHHad Ilnanka; W - snexTtpoHHast paboTta Bbl-

]T

Xoza.
BTopoii moTok onpenensercs CrnopaguuyeCKUMu CTOJKHOBEHUSIMHU 3JIEKTPOHOB
C YaCTUIIEN:

I = ma’n, Sk—T 9)
m

e
Takum 0Opa3oM, TOBEPXHOCTHAS! KOHIIEHTPAIUS B TEPMOIMUCCUOHHOM TIIa3me
OTIpeIeIICTCSl PAaBEHCTBOM TOTOKOB (8) 1 (9):

—w
n.=v, expl —|, 10
o=veex| o) (10
u HOTGHHH&HBHLIﬁ 6apbep Ha I'paHUIC IJIa3Mad — YaCTUIlA:
V,=kTln2e -, (11)
neO

rae v, =2(mkT/ 271%)*"? - 3 peKTHBHAS ILIOTHOCTH COCTOSIHIIN YJIEKTPOHOB.

Wtak, paBHOMEpPHOE pacmpenesieHue IEKTPOHOB B MPOCTPAHCTBE, C OTKJIOHE-
HUEM OT 3HAY€HMs KOHLIEHTPALMH 1,, TOJIbKO OKOJO YacTHII, IPUBEIO K (pOopMaib-
HOMY pa3JeJICHMIO 3aps/ia 4acTul Ha ABe 4acTu. IlepBas wacts Z, sBisiercsa oOuiei
JUISl BCEX YACTHI] U ONPEEAETCS TOJIbKO PABHOMEPHOW KOHIIEHTPALMEH 3JIEKTPOHOB
Y KOHUEHTPAIMEN YaCTULl. Y CJIOBUEM HEUTPAIIBHOCTU CHUCTEMBI SIBIISIETCS PABEHCTBO
Zn, =n,, tae Z - cpeaHuil 3apan vactun. Torma, paBeHCTBO Zyn, = n,, MOXHO
paccMaTpuBaTh Kak ycJOBUE HelTpanuzanuu (oHa, T.€. paBHOMEPHO pacIpe/IesiCH-
HBIE JIEKTPOHBI HEUTPAIU3YOTCS YaCThIO 3apsifa 4acTull Z,,.

JleBuanus 31€KTPOHHON KOHIEHTPALIMK OKOJIO MOBEPXHOCTHU YACTHUIIBI OMUCHI-
BaeTCs BTOPOH YACTBIO 3apsna Z j» WIS CPEIHETO 3HAYCHHUS KOTOPOH CIPAaBEUIMBO

paBeHCTBO Zn, =n, —n,,. Kak cienyer u3 (4) nosue y noBepxXHOCTH YaCTHUIIbI ONpe-

. 5 2
JICTIAETCS TOJbKO 3TOW 4acThio 3apsina: E; =eZ /a;. MOXHO IOIYyCTHTB, YTO CYLIe-

CTBYET HEKOTOPOE paclpe/IeiICHUE YaCTHIl IO 3apsaaM. Torma BO3MOXKHO, YTO 3apsijl
KaKoH-1100 YacTUIbl OKaXETCsl MEHbILE, 4eM 3apsa QoHa, Z, > Z, >0, T.e. UHIU-

~

BUyanbHas 4yacTb 3apsafa Z, <0 u mosie Bozie atoi wactuuel £ <0. Ecau, npu
ATOM COCEJIHSIS YacTUIla UMEET 3apsn Z ;> Z,, TO pacupe/esieHre OTeHINaaa MexX-

Iy 3TUMU YacTUIlaMU OyJEeT MpeCTaBICHO MOHOTOHHOM (pyHKIMeH (puc.la) u Mex-
Jly HUMU BO3HUKHET CHJIA MPUTKEHUS. 3aMETUM, YTO TMOJIHBIN 3aps] 00enX 4acTHIl
MIOJIOKUTEJIEH, HO OHU MIPUTATUBAIOTCS.

Crnenyer OTMETUTh, YTO B3aUMOJEHCTBYIOUIME YACTHUIbl «HE 3HAIOT» O CyIIe-
CTBOBaHHUU 3apsija (poHa, Tak KaKk MX B3aHMMOJIEUCTBHUE ONMPEIEISIETCS TOJIbKO YaCThIO

3apsiia Z , KOTOPYIO YMECTHO Ha3BaTh «BUAUMON» 4acThio 3apsaa. Eciu Ol HaOmI0-
JIaTeNIh HAXOAUIICS BHYTPH 3TOW CUCTEMBI, OH MOT OBI OMIPEAEIUTh TOJIBKO BUIANMBIN

155



dizuka aepoaucnepcHux cucrem. —2016. — Ne 53. — C. 152-163

4
Puc.1. Cxema BO3MOXHOTO pacmpejelieHus] MOTEHI[Mada MEXAY OJHOUMEHHO
3apsHKEHHBIMHM YacTUIAMU: a — JalibHee MPUTSHKeHHE YacTull, b — OnmkHee Ky-
JIOHOBCKO€ OTTAJIKUBaHUE.

3aps, HO He 3apsj GoHa. ITO MOXO0KE HAa CUTyaIMI0 C TEMHOW MaTrepuel B coBpe-

MeHHoU kocMmonoruu. Kak ormedeno B [14], “although we may possess measure-
2 . .

ments Vu andV~u, we cannot determine the nature of the scalar field ¢ simply from

the Poisson equation or Gauss’ Theorem.”

PacnpenesieHue HaHO-pa3MeEpPHBIX YacTHL MO 3apsaaaM. [IpuieBble YacTUIBI
B TEPMHUUYECKOH IIa3Me (HOpPMHUPYIOTCS B pe3ysibTaTe KOHJEHCAIMH U JalbHEUIIeH
KOoaryJsinuy. Takoe IPOUCXO0KIECHUE YACTULL NIPEAIIOIAaracT UxX JIOTHOPMAJIbHOE pac-
IIPECIICHUE 10 pa3Mepam:

n —(Ind —Ind,)?
d)= d__ex LEA 12
) dinov2r ' 2o (12)
e d, = 2aexp(—In® 6/2) - MeMaHa; o - CTaHJIAPTHOE OTKJIOHEHHE.

Pacnpenenenne yactuil o pazMepam MpEANoJaraeT CyleCTBOBAHUE paclpe-
JICNICHHS] 9acTHIl TI0 3apsaaM. Bo-TiepBBIX, 3apsij YacTHIIBI CBSI3aH C €€ Pa3MepoM
ypaBHeHUEM (6); BO-BTOPBIX, JJI YACTUI] MAJIOTO pa3Mepa CyIIECTBYET 3aBUCUMOCTb
AIIEKTPOHHOM pabOThI BBIXOJIA OT pajuyca yacTuisl [15]:

0.39¢>

Wr,) =W, + (13)

Cpennee 3HaueHHUE 3apsija YacTHUI] OMPEACISETCS YCIOBHUEM HEUTPaIbHOCTH
Zn, =n,, TJe CpeHee 3HaU€HUE KOHLIEHTPALUH 3JIEKTPOHOB,
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n, =Ny eXp%, (14)

U 00O0OIIECHHBIM TIJIa3MEHHBIN TMOTEHIHAN, corjacHo [12], ompenensercs KyJIOHOB-
CKOM PHEpruem, NpUuxosAIIeics Ha OJIMH dJIeKTPOH[16] U Ha HEUTpaTIU30BaHHBIN 3a-
PSA TIBUIEBBIX YACTHIL;

3
oy =2 \zini” ") (15)
2n,
Torna, npuHuMas BO BHUMaHWe, 4To0 n1,, =Z,n,, u3 .(14) u (15) cnenyer

YPaBHEHHE ISl HEUTPAITM30BAHHOTO 3apsia
2
Z(Zy) = Zyexp %n},”(zg ~2(Z)*?)|, (16)

rne Z(Z,) - cpeanee 3HaueHue 3apsaaa(o).

ITocne pemenus ypaBHeHus (16) OTHOCUTENBHO Z,, MOKHO JIETKO IOJIyYUTh
OCTaJIbHBIE TTAPAMETPhI, KOTOPHIE OMUCHIBAIOT IJ1a3My. [IycTh MbljeBbIe YaCTUIIBI CO
CPEIHMM PanycoM a = |HM | KOHUeHTpaiumel n, =10'>cM ™ HaxomsTcs B paBHOBE-
CUU C HEUTpaJdbHBIM OydepHBIM razoM aTMOC(hEpHOro JaBleHUs MPH a0COITIOTHOM
temneparype 7 =3000K. Ilycts snextponHas pabora Beixoga W, =4.33B, kak y

HEKOTOPBIX PaCIpPOCTPAHEHHBIX MeTauioB (Hampumep, Fe, Al, Mo). Ilpu Takux yc-
JOBUSIX TEPMOAJIEKTPOHHASI DMHCCHUSI C MOBEPXHOCTU YACTHUI[ 00ECIEUUT CPEIHIO0

KOHIIEHTPAIMIO JJIEKTPOHOB B Miasme 7, = 3.1x10'2cm ™, HEBO3MYIEHHYIO (PaBHO-
MEPHO PaCIpeIeNIeHHYI0) KOHIIEHTPAIUIO 71,, = 3.0x 10 cM ™ u 3apsin pona Z, =3.0.

VYBenuueHue CpeqHEero pajauyca 4acTHI[ 10 3HAYEHHUS a =S5Snm TNPUBOJIUT K
YBEJIMYEHHUIO 3apsaaa ¢poHa 10 3HaueHus Z, = 6.8 1, COOTBETCTBEHHO, K YBEIMUYECHHIO
KOHIIEHTPAIIMH JJIEKTPOHOB 71, = 8.6x 102 cM ™, n,, = 6.8x10">cm . [ycTh pacmpe-
JIeJIeHUe YacTHI] 10 pa3MepaM ONMUChIBaeTcs pacnpeaeneHueM (12) co crangapTHEIM

OTKJIOHEHUEM o = 2. PacnipeneneHus i AByX CPEIHMX 3HAYEHUU paguyca 4acTHI]
a, =1HM U a, = SHM NPEJCTABIICHBI HA PHUC.2.

[Morenuuansubiii 6apbep (11) sBaseTcs GyHKIMEH paguyca 4acTHIBI B COOT-
BercTBUU C (13). Toraa, 3aBUCUMOCTh BUAUMOTIO 3apsiia OT paauyca yacTuubl Z(a)

OTIpe/IeNIICTCS HE TOJIbKO JuHEeHHON (yHkiuen (6), Ho u 3aBUcUMOCTHIO (13). Pe-
3yNBTUPYIOIINE 3aBHCUMOCTH TMPEACTaBIeHBI Ha puc.2. B 00macT ManbIX paanycoB

gactull GyHKIUS Z(a) UMEeT MUHUMYM, T.€. YACTHUIIbl Pa3HBIX PAaINyCOB MOTYT

MMETh OJMHAKOBBIN 3apsij, YTO HAJO YYUTHIBATH MPHU MOCTPOCHHUM pPaCHpEACIICHHUS
4acTHI] Mo 3apsanaM. Takue pacnpeneneHus 4acTHI[ [0 3apsaaM IpeICTaBICHbI Ha
prc.3. Hanpune MuHEMyMa Z(a) ompenensieT TOT (aKT, 4TO 3HAYHTEIbHAs HOJ
YacTHUI] HAXOJAUTCS B 00JJACTH MUHUMAJILHOTO 3apsi/a.

Takum 00pazoM, B TEPMO3MHUCCUOHHOM IJIa3ME€ MOT'YT MPUCYTCTBOBATh YaCTHU-
bl C MOJOKUTEJIBHBIM M OTPULATEIBHBIM BUAUMBIM 3apsaoM. Kak cnenyer u3 pac-
IpeaeneHnii puc.3, 3HaUuTeNbHAs JOJIs YaCTULl UMEET MOJHBIN 3apsan Z < Z,. Mex-
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Puc.2. PacnipeenieHus1 9acTHIl 110 pa3MepaM M 3aBUCHMOCTH BHJIUMOTO 3apsiaa Z
OT paJuyca 4acTULl B TEPMOAIMHCCUOHHOM IJIa3Me JUIsl CPETHEr0 JuaMeTpa YacTHULL

d, =2HM (uepubiit) u d, =10HM (cepsrii).

Iy 3THMH YaCTHLAMHU M YaCTHLAMU C IIOJIHBIM 3apsaoM Z > Z, pealn3yeTcsl CUTya-

LIHsI, CXeMaTUYECKH TNpe/IcTaBleHHas Ha puc.la. g yactui ¢ nuameTpom 2 HM 3a-
psi HEWTpaau30BaHHOTO GoHa Z; =3, T.e. YaCTHUIIBl C MOJIHBIM 3apsafaoM Z =3 He
UMEIOT MOTEHIIMAIBHOTO Oaphepa Ha TpaHulle ¢ Ta3Moi. YacTuiibl ¢ MOJHBIM 3apsi-
I0M Z =2 WMEIOT OTpPHUIATEeNbHBI Oapbep, U YaCTHUIIBI C MOJIHBIM 3apsaoM Z >3
UMEIOT TIOJIOKUTENIBHBIN Oapbep. YBEIUYEHHE 71,, IIPU yBEJIMYEHUHM pajuyca aua-
MeTpa 4acTHIl A0 3HaueHus 10 HM MPUBOAUT K YMEHBIIECHUIO MOTEHIIUAIHLHOTO Oaph-
epa (cm. (11)) u Buanmoro 3apsia Z . Cusur GyHKIHE PACIPEACICHHs IPUBOUT K
YMEHBUICHUIO JOJM YacTULl C MAHMMAJIBHBIM 3apsAoM. B 3ToM ciydae 3apsin Heu-
Tpaju30BaHHOro (oHa Z, ~ 7, T.€. 4aCTULBI C MOJHBIM 3apsaoM Z =7 HE UMEIOT

NOTEHIIMAIBHOTO Oapbepa Ha TpaHHIle C IUIa3Moi. YacTUllbl C TOJHBIM 3apsaoM
Z =5 uZ =6 UMeIoT OTpHUIlaTeIbHBINA O0apbep, U YaCTHUIIBI C MOJHBIM 3apsaaoMm Z > 7
UMEIOT TOJIOKUTENbHBIN Oaphep. MOHOTOHHOE pacmpejiesieHue MOTEHIMaga MEXIy
YaCTUI[AMH O3HAYa€T, YTO IOJIE HE MEHSIET HAMPABJICHUE W MEXIY TAKUMU YacCTHIIA-
MH JIEUCTBYET CUJIA IPUTSIKECHHUS.

B3aumopaeiicreue yactun. CyniecTBOBaHUE PAa3HOW BEJIMYMHBI 3apsjia 1axke y
YacTUL] OJAHOTO XMMHMUYECKOIO0 COCTaBa OOYCJIOBJIEHO pacHpeieieHHEM YacTHIl IO
pa3MepaM U 3aBUCUMOCTBIO AJIEKTPOHHON pabOThl BBIXO/a OT pajuyca 4yacTHIlbl. Ta-
Kasg 3aBHCHUMOCTb CYIIECTBEHHA TOJIBKO JUI HAaHO-PAa3MEPHBIX YaCTHIl, COOT-
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Z,,=6.8

d,=10 nm

Grain number density (10"cm®)

1 2 3 4 5 6 7 8 9 10 11 12
Total charge, Z=Z+Z0 (elementary charge)
Puc.3. PacnpesienieHnst NbUIEBBIX YACTHIL 110 3apsijaM B TEPMOIMHCCHOHHOM IIa3Me
JUTSL CPEZIHETro auameTpa yactull d; = 2HM (4epusiil) u d, =10HM (cepsiif).

BETCTBEHO, UIMEHHO TaKH€ YaCTULbI MOTYT MPUTATUBATHCS 33 CYET PAaCCMOTPEHHOTO
Mexanu3ma. Takue 3¢(HeKTsl MOTyT HaOMI0JaThCS PY KOHACHCALMY apoB, KOTJa Ha
doHe yxkKe CYHIECTBYIOUIUX YACTHUI[ 00pa3yloTCs 3apOAbIIIN pa3MEpOM MEHbIIE Ha-
HoMeTpa. Hampumep, npu roMOreHHOM TOPEHUH METAJUTM3MPOBAHHOTO TOILIMBA 0e3
MIEJIOYHON MPUCATKH MPOUCXOJUT KOHACHCAIMS OKUCIOB M3 mapoBoi Qasbl. Takas
CUCTEMa MOXKET ObITh PACCMOTPEHA KaK 3JIEKTPOHHO-TbUIeBas mia3Ma. Kak Obuto mo-
ka3aHo B [17] Ooblliass KOHLEHTPALMS KUAKUX 3apOAbIlIeH MPUBOJUT K X Koajec-
neHuu. B pesynbraTte, dopmupyeTcss OMMOIAIbHOE paCIpeesieHHe Mo pa3Mepam
3apoAbILIEH, MpUYEM CPEIHHUM pa3Mep OAHOM MOJBI ~2 HM, U CPEIIHUN pa3Mep BTO-
port moabl ~10 HM. [Ipy OAMHAKOBOM XMMHUYECKOM COCTABE ITUX 3apOJBIIICH, UX
ANEKTpOHHAs paboTa BeIXoJa OyaeT pa3Hou 3a cuet 3aBucumoctu (13). B aTom ciy-
yae BO3MOKHO BO3HUKHOBEHHE OMMCAHHOW BBIIIE CUTYAI[UH, U YaCTUIBl PA3HBIX MOJ
OyIyT TMPUTITUBATHCS APYT K APYTY, YTO TMPUBEAET K YBEIUYCHUIO WHTCHCHUBHOCTU
KOAJIECUEHLUU.

OOpazoBanue HaHO-pa3MEPHBIX YACTUIl BO3MOXKHO M B BaKkyyMe mpu (popmu-
POBaHUU KOCMHYECKOW MBLIU 32 CYET KOHAEHCAIMH ra3a. B mpucyTcTBumM u3mydeHus
3Be3/1bl (Hanpumep, CoJIHIIA) 3TH YaCTULbl OYIyT 3apsKaThCs 3a CUET BHEIIHETo (o-
To3(pdekTa. 3apsHKeHHbIE YaCTULBI U AMUTHUPOBAHHBIE UMHU JJIEKTPOHBI 00pa3yroT
AJIIEKTPOHHO-TIBLIEBYI0. B 3TOM cityyae moTok sMuccuu 31eKTpoHoB [ 18]:

I =Y, exp L (a7

rae Y - KBaHTOBBIA BBIXOA; j,, - INIOTHOCTh NMOTOKAa (POTOHOB C SHEPrUEii, NPEBbI-

HIarouIei 3JIEKTPOHHYIO pabOTy BbIX0/1a:
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(18)

27 (kTy)?
273 ,[
ch exp(x) 1
T, =5778K — Ttemneparypa ConHLA; HWKHUM @peaes HHTErpUPOBAaHUS
x;, =W(r,)/ kT .
[ToTennmanbHbd Oapbep Ha rpaHULE MIa3Ma — YacTHIIA ONpeeseTcs OaiaH-
coM mmotokoB (9) and (17):

Ton(rg) =

KT | Yon |, ) (19)
2 n, \8kT
I7Ie TEMIIEpATypy YacCTHUIl MOKHO cuuTaTh paBHou 1 ~ 280K [19].

B sTOM citydae Takke CylIeCTBYET 3aBUCUMOCTB 3apsiia YaCTUL OT AJIEKTPOH-
HOU paboThl BBIXO/A, KOTOpPAasi OrPAaHUYMBAET MOTOK (DOTOHOB, BBHI3BIBAIOIINX YMUC-
cuto 37ekTpoHoB (18). Takum 00pa3zoMm, A 4YaCTUI] KOCMUYECKOW MBLIA MOXHO
MPUMEHHUTD M3JI0KEHHBIN BBIIIE MEXaHW3M, U JJI1 HUX BO3MOXKHA CUTYyalHs, MPOe-
MOHCTPUpPOBaHHAasi Ha puc.la, a UMEHHO, BO3MOXHO BO3HMKHOBEHHE MPUTSIKECHHE
MEX]ly YaCTHIIaMH Pa3HOTO pa3Mepa.

Cy1iecTBOBaHUE CUJIBI IPUTSIKEHUSI MEXKAY YaCTULIAMU B COOTBETCTBHUE C OIH-
CaHHBIM MEXaHU3MOM oOecneuMBaeT cOmkeHue yacTuil. OIHAKO 3TOT MEXaHU3M
paboTaeT TOJBKO B TOM CiIydae, €CIM MEXJAy YacTUI[aMH HaxoJsATCs CBOOOJHBIE
AJIEKTPOHBI, KOTOpPbIE 00ECIeUnBAOT HENTpaI30BaHHbIN 3apsa] poHa. B nmpoTBHOM
cllydae HEWTpaJIM30BaHHBIM (POH OTCYTCTBYET M IPOUCXOJUT OTTAJIKUBAHUE YACTHUIL
3a CUeT KYJIOHOBCKOTO B3aUMO/ICHCTBUS UX MOJHBIX 3apsanoB (puc.lb). Cpennee 3Ha-
YeHUE 3apsAa HelTpanusoBaHHOro (oHa ompenensercs kKak Z, =n,,/n,. Ilpu

Vb:

COJIMKCHUH JacTua UMECT CMBICII OIIPCACIINTD OTOT 3apsAa KaK (I)YHKHI/IIO PaCCTOAHUA
MCIKIAY HUMU:

noV., V.<1l/n,

= ) ) 20
Z0(%) nylng, V.21/n, 20)

rae V, = ¢ /6 - 00bEeM ILTa3MBbl, MPUXOJISIIUICS Ha OJHY YaCTHUILy, OTPEACIIeMbIii

PacCTOSIHHUEM MEXKIY YaCTUIIAMU X .
Torma, BUOMMBINA 3apsl YacTHUI] 3aBUCUT OT PACCTOSHUS MEXIYy HUMMU:
Z(x)=Z —z,(x), rae Z - NOJHBIA 3apsn. B oTom cilydae cuiay B3aMMOIEHCTBUS

JacTUll MOKHO OIIPCACIINTD KaK

P =S4 =% (a;)z][zz ~2 (0]

1)

T.€. IPU MAJIBIX PACCTOSAHMAX MEXKIY YacTULAMHU z,(x) =0 U IPOUCXOIUT OTTAJIKH-
BaHue yactull. IIpu GONBIIMX PacCTOSHUAX z,(Xx) = Z, UIPOUCXOIUT UX NPUTSIKE-

HUE.
Paccmotpum 1Be yacTuubl ¢ paauycamu g, =1 HM ua, =7 HM, KOTOpbIE Haxo-

ASITCS B TEPMOIMHUCCUOHHOH IJIa3M€, ONMMCAHHOM BBIIIE CO CPEJHUM PaAUyCcOM Hac-
il 5 HM. B aTOoM cityuae Z, = 6.8 u nosHsle 3apsiabl yactuy Z, =5 u Z, =12. 3a-
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1.2 1.4 1.6 1.8
Distance, x (um)

Force, F (10™N)

3 o

Puc.4. 3aBUcUMOCTb CHIIBI B3aUMOJICHCTBHUS OT PACCTOSIHUSI MEXK/Y YaCTUILIAMH.

BUCUMOCTH CHJIbI (21) OT paccTOosiHMS MEXIy YacTUIaMH TpejcTaBlieHa Ha puc.4.
PaBHOBecue nocturaercst Ipu pacCTOSHUU MEXy yactuiamu ~ 1.1 MkMm.
HavanbHasi KOHILIEHTpalusi 4YacTUIl B PACCMOTPEHHOM IPUMEPE COCTaBJISET

n, = 10" cm ™. COnmxeHUe yacTHI] HA PAaBHOBECHYIO JIMCTaHIMIO 0OECIIeYnBAET JIO-

12, -3
KaJIbHOE YBEJIIMUCHHE MX KOHIeHTpanuu 10 3HaueHus 1.4x10“cm . Takum obGpa-
30M, BO3MOXKHA CaMOOpPTAaHMU3aIMsS DSJEKTPOHHO-TBUICBOM IJIa3Mbl U OOpa3oBaHUE
YHOPSIZIOUEHHBIX CTPYKTYP YaCTHII.

3akJjoyeHnue. beio moka3aHo, YTo B3aUMOJACHCTBHE TBIICBLIX YACTHIL B DJICK-
TPOHHO-TIBIJIEBOM TIIa3M€ OMPENENIICTCS UX OTHOCUTEIbHBIM (BUIMMBIM) 3apsiioM,
MIOATOMY MOJIOKHUTEIBHO 3apsHKEHHBIE YAaCTULIbI, UMEIOIINE PA3HBIM 110 BEIUYUHE 3a-
psal, MOTYT NpUTAruBaThcs. CyliecCTBOBaHUE Pa3HOUM BEJIIMUMHBI 3apsija y YaCTHIL OJI-
HOT'O0 XMMHUYECKOT0 COCTaBa OOYCIIOBIICHO paclpe/leIEeHUEeM YacTHll M0 pa3MepaMm U
3aBUCUMOCTBIO DJIEKTPOHHOW pabOThI BBIXOJA OT pajnyca YacTUIBl. Takas 3aBUCH-
MOCTb CYIIECTBEHHA TOJBKO JJIsi HAHO-PAa3MEPHBIX YaCTHUIl, HAlpUMEp, MOMpaBKa K
paboTe BeIXOAa JUIsl YacTull nuaMeTpoMm | HM coctasmsieT 1,1 3B, a mis gactur qua-
metpoM 10 HM — 0,1 3B. CooTBETCTBEHHO, YaCTULBI pasMepoM MeHblIe 10 HM MOryT
HNPUTITUBATHCA 32 CUET PACCMOTPEHHOIO MEXaHU3Ma MPU YCJIOBUHU, UTO CPEAHEE pac-
CTOSTHUSI MEXJIy YacTUIlaMHU OOJIbIe JIJTMHBI SKPaHUPOBAHUSA, T.€. BBITIOIHSIETCS yC-

J0BUE N, > 5T(K)n;/3 10°m™

Takue 3dexThl MOTyT HAOMIOJATHCS MPHU KOHJEHCAIMU MapoB, atrMmocdepe,
HampuMep, B IJ1a3Me MPOIYKTOB CTOpaHHs, B TJIa3Me€ CBapOUYHOTO a’po30Jis, WU B
pe3ynbTaTe KOHACHCAIUU MMapOB B BaKyyMe MpH (OPMUPOBAHUN KOCMUYECKOH TBLIH
B MPUCYTCTBUU U3ITydeHHs 3Be37bl. PaO0oTa BbIX0/Aa 3apObIIei MOKET ObITh 3HAYH-
TeJIbHO OO0JIbIIE, YeM padoTa BhIX0Ja COPMUPOBAHHBIX YACTHIl, YUTO 00YCIIOBIUBAET
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6OHI>HIYIO pa3Huly B BCIMYHUHC 3apAaa B, COOTBCTCTBCHHO, MOKCT IIPUBCCTH K HX
IMPUTAKCHUIO. Ha manbix PaACCTOAHUAX MCKAY YaCTHLHAMHN KOJIHNYCCTBA 3JICKTPOHOB
MCKAY HUMU HCAOCTATOYHO OJIA HGﬁTpElJIPBElHHPI qacTHul UX 3apgaa. B sTom clIy4dac
ﬂeﬁCTByeT KYJIOHOBCKas CHJIa OTTAJIKMBAHHWA, OIPCACIIACMAsA ITOJIHBIMU 3apsagaMnu
qaCTHIl.
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Vishnyakov V. I.

Interaction of nano-sized particles in a dust-electron plasma

SUMMARY

Dust-electron plasma, consisting of nano-sized particles and electrons emitted by them, is
studied. It is demonstrated that the particle charge can be suitably divided into two parts: the
own for each particle “'visible" charge and the common charge of the neutralized back-
ground with assumption of almost uniform spatial distribution of electrons, that deviates from
the uniformity only near the dust particles. The visible charge can be both negative and posi-
tive, while the total particle charge is only positive. The attraction of likely charged particles
is possible, because the particle interaction is determined by the visible charges. The equilib-
rium state between attraction and repulsion of the particle is demonstrated.

Buwnarxoe B. I.

B3aemonist HAHO-PO3MIPHUX YACTHHOK B 3JIEKTPOHHO-NMJIOBIH MJa3mi

AHOTAILIA

Posenanyma enekmponno-nunosa niazma, o ckiaoacmvcs 3 HaHO-PO3IMIPHUX YACMUHOK |
emimosanux Humu eirekmponie. Iloxazano, wo npu 0OHOPIOHOMY NPOCMOPOBOM)Y PO3NOOIiNi
eIeKMPOHI8, AKUL BIOXUTAEMBCA 810 0OOHOPIOHOCMI MINbKU 8 OKOIUYT YACMUHOK, 3apsi0 dac-
MUHOK MOodce Oymu GopmanrbHo po30iNbHULL HA 081 YACMUHU. THOUBIOVAILHUL Ol KOMCHOT
YACMUHKU «BUOUMULLY 3aPs0 T 3a2anbHUll 0718 8CIX YACMUHOK 3apPs0 HEUmpaniizo8anozo Qomy.
Buoumuii 3aps0 wacmunok mooice 6ymu K HecamuHUM, MAK i NO3UMUBHUM, MOOI K NOGHULL
3apsa0 3a82cou NO3UMUBHUI. 3 02110y Ha me, Wo 83AEMO0IA YACMUHOK BU3HAYAEMbCS BUOU-
MUMU 3apa0amu, Mmoxcauge ix npumsadsxicinusa. lIpooemonHcmposanuil cmau pieHO8a2U MidC
NPUMALY8AHHAM | BIOUWMOBXYBAHHAM YACTMUHOK.
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