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B pa6oTax [1-5] p;Jmomrcamur p;nHaMIIKII nep~Hoca rana B OTKphlTOII cu­

CTeMhl ap;cop6aT-ap;cop6eHT HaMn npep;nmKeHa II uccnep;oBaHa ~op;enb B3a­

IIMo~eiic'TByro~ux ap;aTOMOB II aKTIIBIIpOBaHHhxX KOMnrreKCOB (AK). Ilp11-

. BO)J;liM ypaBHeHII.ir p;iurnon MOp;enu p;mr 6epanMepHhlX KOHD;eHTpai~UH B ra-
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YpilBHenne (2) norry"leHo HaMn: Ha ocHoBe npn:MeHeHn:.a :KBaHTOBOCTaTn:-

CTH"lCCKOro raMM1IbTOHHaHa HOHHrOBCKOro THna, 

H = -p. "LN1 - c: L N1N9 , (7) 
J (!g) . 

,K KI!HeTI!Ke . ap;cop6~UU ll p;ecop6~UU "laCTII~ OTKpbiTOH CHCTCMhi, BOaU­

MOp;eHCTBYIO~IIX Me)Kp;y co6o:ii B ·ap;i:op6upoBaHHOM cocTO.HHHH na. op;Ho­

pop;noil: noBepXHOCTH [6]. IIpu ::lTOM nonaraeTC.H, "'TO Bnau~.mp;eil:cTBYIOT 
- l' - ' - . ' 

Me:lKp;y co6oi1: ap;aTOMhi, nannMaro~ne TOIThKo 6Jin)Kail:wue ap;cop6~non-

Hble ~eHTpbi. IIepexop;noe cocTO.HHIIe KHHeTIIKII cop6~n:n:-aKTIIBIIpoBaHHhiiUI 

KOMnJieKc ( AK) paccMaTpn~aeTc.a HaMn: KaK n~~M_ech Marroil: KOH~eHTpa~rm; 
. . 

XaDTH"lCCKII pan_6pocaHHOH no noBepxH<)~TH. BnanMop;eil:cTBHe ap;aTOMOB 

. c AK Y"liiThiB<J;eT<;.H . B paMKax Teop~u a6~?1IIOTHhiX cKopocTeii 8il:punra 

[7]. B TaKOM nop;xop;e yp;ae;c.H B p;~~TaTo~noil: C'~enenn: nocnep;oBaTerihHO 
,, I -; :• 

y"leCTb. KOppeJI.ll~HOHHhiC acpcpeKThi B • CIICTeMe BOaiiMO/];eHCTBYIO~IIX ap;a-
. ) / ' . 

'''roMoB. Ha ocuo:Be npep;Jio)Ke:H:Horo no~op;a B [8) 6hina• paDBn:Ta Teopn:.a 

p;n:cppaK~IIII Mep;JieHHhiX aJiel{~pOHO~ (.IJ;M8) Ha Op;Hopop;HOH noBepXHOCTII 

npn Ha1III"'IIII Ha HeH ap;cop6npoBaHHhiX "laCTII~. llpn: aTOM p;n.a ,II;M8 yp;a-
, ', . . 

JIOCb o6HCHIITb pHp; 3KCnepn:MeHTa1IbHO ycTaHOBJICHHhiX cl>aKTOB II Bnep­

Bbie nail:ni" C:- mtpaMeTp B~aiiMO~eil:cTBII.ll Me)Kp;y aToMaMn:', Haxop;H~II­

MIIcH H~ c~ceA~mi: · aKTIIBHhiX ~eHTpax,- 'miiKileil:wn:il: napmieTp Teopnix no­

BepxHOCTHhlX iBm!uuil:. llapaMeTp' e;. noii:fieHHhlH m:l :}:KcnepnMeHTMbHhlX 

p;~biX no ,II;MB, :X:opowo CCJrJiacyeic.a c c:- Haii)J,ellliOMY no 'xarropnMeTpii­

"lCCKMM nnMepeiin:.aM nepenap;a iennoTb! ap;i:op6~nn [8). OcnOBbiBMCb na 

2 
.,. <,.., 

<lTUX rpaKTaX, MO:KHO yrseplK)J.aTb,_ "'TO npep;rrmKeHbui: H3MH nop;xop; K p;nHa-

MilKe cop6~un: ra:Ja npuo6peTaeT cTaTyc o6ocHOBaHHOro. B pa6oTax [2,3], 

B paMxax npep;rro)Ke~iloil: ~op;erru, B Tpex npn6rrn:lK~Hu.ax y"leTa xopperr.a~u­

OHHhiX <l<Pcl>eKTOB- B nomiHOMIIa1lhHOM pac~enrreHIIII (TIP),. KB8?JIIXIIMII"le­

CKOM npn6rru)Kemm (KXII) n npu6rrmKennn Moneeyrr.apuoro norr.H (IIMII), 

"liiCJieHHO norry"leHhi unoTepMhi ra:Ja p;JI.H pa:31III"lHhiX 3Ha'leHHii ::lcpcpeKTn-

BHoro napa:MeTpa B::mm.1op;eii~T~II.ll ap;aTOM-ap;aToM f3c: ({3 :::;::.(kBT)-1
) .. Pe­

oynhTaThrpa6oThi [3] nOr,<a::Jarrii cy~eCTB~HHYIO HTrr:~meil:eyro,~~B~cn~oc-::b 

CTeneHII nanorrHelllUI noBepXHOCTII fJ OT KOH~e~Tp~IIH ra:J<~: ~ C pOCTOM {Jt: 

(pe)KHM '?_cTp?-H~oro .~T.TpaK~opa~')~ B pa6o~~ ,[~],;~a oc~?B~ :ucneunoro 

peweHII.ll CUCTCMbi ypaBHCHIIH (1)-(6) p;mi .0/];HO~eHTpOBOH (cpnnH"lCCKOH) 
. . - ' .• ' . . ' . . • . . . ; ' • - • i. .. . . -~ . • . ' : ' .;._ ; ~ • 

ap;cop6~IIII,06H;:tpy~eH.':c~pbiT~H" M:~Xa1iiiO.M o6pa:JOBaHII.!I BOJIH KOH~eH- . 
~ • \ • •' ,• 0 ' > ' ' ' e • ~ • • • • • < ' > \ >' 

Tp~uii, o6ycJIOBJieHHhiH BJIII.HHIICM napaMeTpa.{Jc:. 3aMeTIIM, "'TO CK.a"'KH 
~: ;· ' < ,· .,• '. : ,> • '; ; - • ~, ~; : f • ' ; -' 

. KOH~eHTpa~IIH IIMCIOT MCCTO;npn: Tex· ){{~ OHa"l~HII.HX,8c!;~orp;a B CliCTeMe 

no.HBJIHeTc.a cTpaHHhiH aTTpaKTop. To, ecTh narru~o onpep;eneil:Has: .Koppe-
• ~ • ' ~ • ' • ,, • • • • •• • •• •' ! -·. • • : • • ' -' • ! ~ 

JIH~II.ll MC)K)J;Y a_TIIMII p;B~M.ll p~)KIIMaMII. , ; , {, 

· ·B p;aHHOH pa6oTe Mhi o6o6~aeM aTII penyJihTaThi, nonaras:. CTOXaCTWI-
, . ',.. ··- .. " " . '" ' ~. ~ '"' ' : ' 

HOCT~ nepeuoca ra:Ja B cop6upyro~eii cucTeM_e.)I _aTo e,cTeCTBeHHO, no~ 

CKOJlhXY Ha npaKTIIKC BO MHOI'IIX pearrbHbiX CIICTeMax_ npo~eC.Chi, nep(!HOCa 

"la~e BCero npoTeKaiOT nop; B1IIIH~IICM II~CHHO npocTpaHTBeHHO-BpeMeHHbiX 

ueop;uopop;nocTeii cpe~hi. CToxac-rn:"lecKnii' npo~ecc B OTKphiTOH cncTeMe 

ap;cop6aT-ap;cop6eHT MOp;eJIIIpyeM BBep;eHIICM CJIY"laHHhDC BOaiiMOp;eii:cTBIIH 
' ' ' / . . .. 

. . I 

ap;aTOM-ap;aTOM II ap;aTOM-aKTIIBIIpOBaHHhi:H KOMnJICKC. flpn 9TOM Mhl pac-
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CMaTpHBacl\r KaK IIpOCTpaHCTBCHHOe 

C. -+ e.( e) = n( e)e.o, C.t -+ C.t (e) = n( e)e.w, (8) 

TaK U BpeMcHHOe, 

e.-+ e.(r.) = n(r.)e.o, e1 -+ e1 ( T) = n( T )e.10 , (9) 
v~ 

CJIY'lallHbiC BOa~}.IOp;ei\:cTBIDI B CliCTCMC (eo, ew• CYTb IIOCTOJIHHbiC BC-

1III'IHHhl, Oap;alOlll;HC BcpXHIIC rrpep;enhl IIHTCHCIIBHOCTCH BOaUMO;tJ;CHCTBUJI 

ap;aTOM-ap;aTOM II ap;aTOM-AK). 

B COOTHOWCHH.IIX (8) II (9) n--GTO cny'laHHOC 'IIIC1IO, IIpiiHIIMalOlll;CC B 

npocTpaHCTBcHHOM II -~peMeH;HOM_ IIHTepBanax OHa'lcHIIJI OT 0 ;o;o 1. Pac­

rrpe;o;eneuue n oa;o;aeTCJI reuepaTopoM cny'laHHhlX 'lncen, rrpii'IcM oHo pa­

~:HoMepHo B IIHTepBane [0 +1] [9].-. 

CIIcTeMa HemiHeiiHhlx ypaBHeHnii (1)-(6)B Tpex Bhlwerrepe'InCJieHHhlX 

. IIpn6mDKCHUJIX y'lcTa'BO<UtMO;tJ;CHCTBII.II Mc)I(p;y ap;aTOMaMII 6blnapeweua 

.'IIIC1ICHHO KOHC'IHO-pruJHOCTHbiMU MCTO;tJ;aMll [2,3] Ha 8BM. 0TMCTIIM, 'ITO 

n liP II KXII Y'IIIThlBalOT xoppen.!Iu;noHHhle a<fl<f>eKThl, B liMIT xoppenJIIJ;II­

OHHbie a<fl<j>eKTbi oTcyTcTByroT: 

·a) rrpn6nn)I(eiJUe liP 

z k 

8B = { ...!:.__ - 1} L ~! Fk, or .. apo k=O 

z 

Fk = L R':,.Nm,. y ~ exp(,Be.1- e.)) -1, 
m·=k 

fl':n = A':,.C;'Bm(l- By-m, Nm = [1 + (apoexp(,Bc:m))-1t\ 

4 

,i 

> 

~ 

rp;{Am 
z ' 

C';'- 'lncno panMe~emiii n co'leTaHmut a;o;aTOMOB no z no m, a 

unoTep:M:a cop6u;uit 0 = B(ci.po) orrpe;o;~nJieTCJI uo ypaBHCHUJI Fo = 0. 

6) KXII 

80 . . 

07 
=. {v(1- 0)[1- r-+rexp( -,Be.)tz- 0) }(1 + yrY, 

8-1 + 20 
r= 

8+1 

8 = ~20)2 + 40( 1 - 0) exp(,Be.) . 

B) liMIT 

~~ = {v(1- B) exp(z,Bc:B)- B) }(1 + yBy. 

IIEPEHOC r A3A .IIPM B3AMMOJJ:EHCTBIUIX AJJ:ATOMOB, 

CJIYlfAITHhiX BO BPEMEHH 

8BC>nlOIJ;liJI KOHIJ;CHTpaiJ;11Ii v( e·, T) 11 B( e, T) IIOy'!anacb, Ha p;aHHOM 3Tarre, 

Ha ;o;ocTaTo~IHO 6onbwnx rrpoMe)I(yTKaX·BpeMe.Hn T >> 1, (t >> ro)n pac-

CTOllllllliX e >> 1, (x·>> L) ... Pac'ICTbi rrpoBO;JJ;~InUCb rrpu panmi'IHhl~. ::ma­

'ICHIIHX rrapaMcTpOB ,Bco'II ,8t:10 : 0TMCTliM cpany. ~ITO, IIpii o~ICHb 6biCTpbiX 

noMeiieHIIJIX ,Be• n ,Bc:1 (eM. Pnc.1) cncTeMa "ue ycrreBaeT'.' pearupoBa;rb.n 

ogeCb B HTOre M~ rrony'l11M TY )I(C KapTllHY 3B01IlOIJ;liU v( e, T.) 11 B( e, T), 'ITO 

u rrpn ,Bc:;,Be.1 =canst. IIoaToMy cny~miUIHblenHa'leHUJI ,Be: n,Bc;1·Bbl6upa­

micb C HCKOTOpoii:•oaMeTHOII IIpO;tJ;01I)I(liTC1IbHOCTb10 T~ = J.:6.r., rp;e.6.r.-. . . ·, ~ ' ' ' i -

·war ;o;ncKpeTimau;nu panuocTHOH:cxeMI>t u J( >> .l (eM .. Puc.2); Ha.Puc.3 
. . ·. ' ' ' 

rrpeP;cTaBnCHbl peoynbTaTbl paC'ICTOB p;n.!I ;tJ;CCJITUMOMCHTOB BpCMCHU .?.~ 0 
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p;O 50 C IIHTCpBaJIOM T = 5.0 npn {3e0 = l.Q, 1.5, 2.0 U (3c; 10 = 1.5, 2.0, 2.5 

(T.e. p;mr (&)0 = C:to -.eo= 0.5). KaK Bnp;Ho Im Pnc.3, KOH~CHTpa~uu Bra-

OOBOM llOTOKC II B cop6CHTC CO BpeMCHCM MCH.HIOTC.H CKa'IK006panHO. B TCX 

TO'!Kax, rp;e yBeJIII'IHBaeTc.H nHa'IeHIIe noKphiTU.H B(~, r) noBepxHocTn, npo-

ncxop;IIT yMeHhllleHne KOH~eHTpa~uu v(~, r) B ranoBoM noToKe. Pac'!eThi 

· 6hlmi: BhlllOJIHCHhi p;n.H nHa'IeHnil K = 100; 500; 1000 n 10000, II p;nHaMnKa 

CIICTCMhi BO BCex CJIY'Ia.HX IIO'ITII O)l;IIHaKOBa. 

IIEPEHOC r A3A IIPH B3AliMO.IJ:EHCTBllR:X A.IJ:ATOMOB, 

CJIY-r:rAHHbiX B IIPOCTP AHCTBE 

PenynhTaThi pac'IeTOB p;n.H Tex :a{e nHa'IeHIIil (3c:0 = 1.0, 1.5, 2.0 ( ( & )o = 

0.5). II B TOM :a{C npOMC:a{YTKC BpeMCHII C IIHTCpBaJIOM T = 10.0 npep;­

CTaBJICHhi Ha Puc.4. lin Pnc.4. BIIp;Ho, 'ITO cny'IaHHh!e Bnau~op;eilcTBII.H 

no sce:i't p;mme cop6eHTa npe:a{p;e Bcero BJlli.HIOT Ha aBOJIIO~IIIO cTeneHn na­

. nonHeHII.H noBepxHOCTII B(~, r). Ilpii Bcex nHa'IeHu.Hx:f3c:0 Mhl Ha6niOp;aeM 

.. O'ICHh 6h!CTph!e CKa'IK006panHhiC II3MCHCHU.H KOH~CHTpa~UU B cop6CHTC, 

na KOTOphiMU He ycnesaeT pearupoBaTh KOH~CHTpa~II.H B ranOBOH <J>ane. 

8BOJIIO~U.H v( ~, T) npOUCXO/];liT IIO'ITII paBHOMCpHO. 

· .· TaKnM o6panoM, BBep;eHne npocTpaHCTBCHHO-BpeMeHHhiX c~y'IaHHhiX 

BnaiiMOp;eHCTBIIH B OTKphiTOH CIICTCMC ap;cop6aT-ap;cop6eHT cy~eCTBCH­

. HhlM o6panoM BJJHlleT Ha npo~ecch! nepeHoca. Op;HaKo BpeMCHHa.H u npo-

CTpaHCTBCHHa.H CTOXaCTII'IHOCTb IIpUBO/];.HT K COBeplliCHHO panJlli'IHhiM.pe­

:a{IIMaM <f>~pMIIpOBaHIIa KOH~CHTpa~IIOHHhiX BOJIH B CIICTCMC. Ilpii.CJIY'IaH­

HhlX BpeMeHHhiX U::JMeHCHH.HX a<J><f>eKTIIBHhiX napaMeTpOB B::JaiiMO/];CHCTBII.H 

•. 6 

~ 
·~ 
'( 
: 

l 
l 

ap;aTOM-ap;aTOM II ap;aTOM-aKTIIBuPOBaHHhiH KOMIIJICKC npOHCXO)J.liT CKa'IKO­

o6panHhiC BpeMCHHhiC Im~eHCHU.H KOH~eHTp~:ii KaK B ranoBOH lf>ane, TaK 

II B ap;cop6aTe. B cny'Iae :a{C BOaHMo~eilcT:B~x ap;aTOMOB, CJIY'J:aHHhiX B 

npocTpaHCTBC, B ap;cop'6aTC BOn6y:a{p;~TCSr O'ICHh 6biCTphiC KOH~eHTp~II-. 

OHHhiC CKa'IKII, TOrp;a KaK KOH~CHTj>a~ B ranOBOH lf>ane IIO'ITU HC ycnenaeT 

na aTIIMII unMeHeHII.HMII. B JaKJIIO'!eHHe • OTMCTIIM, 'ITO KOH~eHTp~IIOHHhle 

BOJIHhi
1 

reHepupyeMhiC npu cJiy'IaHHhiX BpCMCHHhiX II npocTpaHCTBCHHhiX 

B::JaiiMOp;CHCTBII.HX aTOMOB, II~Cp;C~aBJI.HIOT co6o~ ;tJ;OCTaTO'IHO )l;OJirO:a{llBY­

~IIC II YCTOH'IIIBhiC o6panoBaHH.H B OTKphiTOH cop6npyiO~Cll CIICTCMC. 

... 
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1.0 ~..------:--:.----:--'--:-----, 

•{Jt: 

0.8 

0.6 

0.-4 

0.2 

T 

0.002 0.00-4 0.006 0.008 0.010 

P11c.1. Cn}"'aHHbie speMeHHbie JHa'ICHIIll napa­

MeTpa BJaHMO.ltCHCTBHll a.~taTOM - a.~taTOM 

~E = 1,0 npH K = 1 ('t* = K · d t) 

1.0 

(3c 

0.8 

0.6 

0.4 

0.2 

IL 

0.0 
0.000 

rt 

0.002 

1 

r J 
.L 

0.004 0.006 0.008 

r-

r 

T 

0.010 

P11c.2. Cn}"'aiiHbie speMeHHbie JHa'ICHHll napa­

MeTpa B3aHMOJlCHCTBHll a.ltaTOM - a.~taTOM 

~E = 1,0 np11 K = 5 {t* = K · dt) 

'8 

1.0 o.J r------------
11 v 

0.8 

0.2 .r;:: 2 .. _ =::::::::::~ 
0.6 

0.4 

0.1 

0.2 

0.0 
0.0 l·········'i'·····>····;-r...,,"';';-r.,;-;-;-;,.,..~ 

1.0 O.J .,----------------.., 

11 v 
0.8 

0.2 
0.6 

0.4 

0.1 

0.2 

0.0 

1.0 O.J .,----------------.., 

11 
.3 

v 
0.8 

. 0.2 
,0.6 

0.4 

. 0.1 

0.2 

OJ~ 
5 15 .20 s· 10. .· 15 20 

Pnc.3. 3sommum v(E;. t) 11 S(E;. t) up11 CJI)"miillhiX speMeii~IhiX 113MeiieiiiiliX uapaMeTpo8 
BJaii·Mo.UeiiCTB,Itii a,uani~l:.:_ a,uaTm; I3E II <utaTOM -- aKTIIBIIpOHaiiiihlii KOMIUieKC l3 · & 
<13Ea·:: r.o (1), 1,5 (2), 2.0 (3) 11 13 · oco = 0,5) · · · 
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0.15 
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'" 2· 
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.0.8 
0.15 

0.6 
0.10 

0.4 

0.05 
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5.0 10.0 15.0 20.0 5.0 10.0 15.0 20.0 

1.0 • 0.20 ...--...--......,.""""""""'<c="'---'--:'-----::~ 

3 " 3 
!I 

0.8 
0.15 

0.6 il 
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