Hueapo 2013 2.

Tom 183, Ne 1

YCIHHEXMN PUZNYECKHNX HAVYK

OB30PbI AKTYAJIBHBIX ITPOBJIEM

HepaBHOBQCHbIe KOJIMOI'OPOBCKOI'O THIIA paclpeac/JICHUA YaCTHIN
N NX NPUIOZKCHUS

B.E. 3axapos, B.1. Kapacs

Ilpedcmas.neno cospementoe cocmoAanue uccAe008aHuil HepagHo8ecHvlx (KOAMO20POECKO20 MUNa) CrayuoHAPHbIX
U HeCAYUOHAPHBIX PAcnpedeeHuti uacmuy, 63aumooeticmgyrowux no sakony Kyaouna c yuémom cmamuueckozo
IKPAHUPOGAHUA U AGAAIOWUXCA MOUHBIMU PEULCHUAMU UHMEe2PAA08 CMOAKHO8eHull Boavymana uiu 6 gopme
Jlanoay ¢ ucmouHuKom u cmoKom, 00eCReuugaiowuMu ROMOK dHepeul No CHeKmpy 8 UMNYAbCHOM NPOCMPAH-
cmee. I[Iposedén anaaus npeumyuecms Hogo2o (0CHOBANHO20 HA HEPAGHOBECHBLX PACHPEICACHUAX) CNOCOOA NPeood-
Dpa306anuA dHepeuy U HepaeHo8eCcHOl HeCMAYUOHAPHOU KUHEIMUKU IAeKMPOH-(hOHOHHOU CUCTeMbl KPUCNAAAA 8
CUABHOM DACKMPUUECcKOM no.e (I4eKmponiacmudeckozo sgghexma).

PACS numbers: 47.11.—j, 47.27.—i, 47.27 ek, 52.25.Dg

DOI: 10.3367/UFNr.0183.201301¢.0055

Conepxanne

1. Bseaenue (55).

2. Teopernueckne nccaeT0BaHAs CTANMOHAPHBIX HEPABHOBECHBIX (YHK-
1Hii pacnpe/e/ieHnst YaCTHII € TOTOKOM 1o cnekTpy (56).
2.1. Tounsle pemieHHus IS MHTErpajia CToJKHOBeHUH Jlannmay.
2.2. TouHble pellIeHUs IS MHTErpajla CTOJIKHOBeHUH BoJbliimaHa.
2.3. YcnoBust GOpMUPOBAHUS CTAIIMOHAPHBIX HEPABHOBECHBIX (DYHK-
it pacmpeze e Hus] YacTHI, B KOHEUHBbIX SHEPTeTHYECKHX HHTEpBa-
Jax.

3. Teopernueckne Hcc/Ie0OBAHHSI HeCTANHOHAPHBLIX HEPABHOBECHBIX
(yHKIMii pacnpe/ie/IeHHs YaCTHI € TIOTOKOM Mo cnekTpy (60).
3.1. Yncnennoe MojeupoBanue GpopMupoBaHus GpyHKIMIT pacipe-
JIeJICHUs1 YacTHIl 1Ji ypaBHeHuit tuna Jlannay — ®okkepa —Inanka.
3.2. Yucnennoe MojenupoBaHue GOPMUPOBAHHS HEPABHOBECHBIX
($yHKIUI pacnpeneseHHs YacTHI [UIS CTAIMOHAPHBIX COTJIACOBAH-
HBIX ICTOYHHKOB U cTOKOB. 3.3. Unciennoe MozaempoBanue GpopMu-
pPOBaHUSI HEPABHOBECHBIX (DYHKIUH pacHpeieseHns] YacTHI[ JJIs
HECTAIMOHAPHBIX HECOIrJAaCOBAHHBIX HCTOYHUKOB H CTOKOB.
3.4. Mexanu3M GOpMUPOBAHUS 3JIEKTPOHHOM (QYHKIUH pacupesaesie-
HUSI IPU B3aUMOJAEHCTBAU MOTOKOB 3JICKTPOMATHUTHOTO U3JTyYCHHS
¥ OBICTPBIX 3aPSDKEHHBIX YaCTHI[ C TBEPAOTEILHOM IJIa3MOiA.

4. DKcnepHMeHTAJbHbIE HCCJIeJOBAHHSI HePAaBHOBECHBIX (DYHKIMIT paciipe-
nesienns yactuy (72).

B.E. 3axapos. ®usnueckuii uncTuTYT UM. [1.H. JIebenea PAH,
Jlenunckuii npoc. 53, 119991 Mocksa, Poccuiickas ®enepanus,
Wucruryt Teopernyeckoit pusuku um. JI.J. Jlangay PAH,
142432 Yepuoromnoska, MockoBckas 001., Poccuiickas denepanus
Ten. (499) 132-67-51

E-mail: zakharov@itp.ac.ru

B.U!. Kapacek. HanroHa1bHbIH HayYHbIH HEHTP

"Xapbkosckuii pusuko-rexuudecknii nacrutyt" HAH Vkpanusi,
yi1. Axagemuyeckas 1, 61108 XapbkoB, Ykpauna

Ten. +38(057) 700-11-46. daxc + 38 (057) 335-35-64

E-mail: karas@kipt.kharkov.ua

Cmamova nocmynuaa 23 dexabps 2011 2.

4.1. DxcriepIMeHTaJIbHbIE HCCIIEAOBAHNSI HEPABHOBECHBIX (yHKIMIA
pacmpezeseHts 3JIEKTPOHOB 3MUCCUH, UHIYIMPYEMOH Jia3epHbIM
u3ayueHueM. 4.2. DKCrepuMeHTaIbHbIC UCCIIEIOBAHUSI HEPABHOBEC-
HBIX (pyHKIUHA pacrpeeseHus! 3JICKTPOHOB SMUCCHH, HHAYIHPYEMOH
MOTOKaMH OBICTPHIX HOHOB. 4.3. IIpsiMoe npeoOpa3oBaHue KHHETH-
YEeCKO# SHEPIMU YaCTHUI[ B JICKTPUUYECKYIO JHEPIHIO Ha OCHOBE
HEPAaBHOBECHBIX PACIPE/ICIICHUI YaCTHIL.

5. Kunernka 3/1eKTpoH-()OHOHHOIi CHCTEMBI KPHCTAJIIIA, HAXOASAIIEr ocsl B
CHJILHOM 3JIeKTpH4ecKkoM noJie (78).
5.1. Kuneruueckoe omucanue 3¢pQHeKTa 3JIeKTPOIUIACTHYECKOM Jie-
¢dopmamuu. 5.2. MatemaTrueckast Moziesb. 5.3. Pe3ybTaTel uncien-
HOT'O MOJIEJIMPOBAHUS U UX OOCYXKIECHHE.

6. 3axJuouenne (83).

Crucok anrepatypsl (84).

1. BBeaenne

B cBs3u ¢ pa3paboTKOi M IIMPOKMM HCHOJIB30BaAHHEM
MOIIHBIX MCTOYHMKOB YaCTHI[ U 3HEPTHM B HACTOSsILEE
BpeMs HEYKJIOHHO BO3PACTaeT MHTEPEC K HEPABHOBECHBIM
COCTOSIHUSIM Pa3HOOOPa3HBIX (PU3UUECKUX CUCTEM.

Bnepsrie A.H. Konmoropossium [1] B Teopuu TypOyJieHT-
HOCTH HEC)KMMAEMOU XKUIAKOCTH B MHTEpBaje MaciTaboB
2n/k, IPOMEKYTOUYHBIX MEXIY MacumTabamMu Bo30yxIae-
MBIX U 3¢ (HEKTUBHO 3aTYXAIOIINX ABUKEHUH, OBLIO TOCTPOE-
HO YHHBEpCaJbHOE (He 3aBHCSAIIEe OT CTPYKTYPBI HICTOUHUKA
W CTOKA) CTAIlMOHAPHOE HEPABHOBECHOE pacCIpeiesieHIe
9HEPIHU MO BOJHOBBIM YUCIIAM &) VI3BECTHBIH KOJIMOTOPOB-
CKHUl CIEKTp TUAPOIUHAMUYECKONW TYpPOYJIEHTHOCTH MMEET
BUJ

g = APk (1.1)
rae A — nocTosiHHast, P — MOTOK 3HEPTHH 110 CIEKTPY, kK —
BOJIHOBOE YHCIIO.

ITpu BeiBOse opmybl (1.1) ucnonb3oBaHa runoTe3a o
JIOKaJIbHOCTH TYPOYJIEHTHOCTH, T.€. O TOM, YTO CYIIECTBEHHO
B3aMMOJICUCTBYIOT MEXJy COOOW TOJbKO OJIM3KHE MACIII-
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TaObl. DTa TUNOTE3a IS Ciiydasi TypOYJIEHTHOCTH B HECKHU-
MaeMoi XHUAKOCTH (CHJIbHON TYpOYJEHTHOCTH W T.II.) HE
JTIOKa3aHa.

B ¢usmueckux cucremMax, B KOTOPBIX B3aMMOJICHCTBHE
BOJIH WJIM YaCTHIl MOXHO ONMUCATh KMHETHYECKUMHU ypaBHE-
HUSIMU JUUTS BOJIH, KBa3MYACTHIl WJIM YACTHIL, MOCTPOCHUE
CTAllMOHAPHBIX HEPABHOBECHBIX paclpe/ieIeHIil CBOIUTCS K
PpellIeHHIO KHHETHYECKNX YpaBHEHNH. B 9TOM cityuae 10Kaib-
HOCTH CTAIIMOHAPHOT'O HEPABHOBECHOTO PACIpPEICNICHUs OT-
BEYACT CXOJUMOCTH HMHTErpaja CTOJKHOBEHWIl. YHUBEp-
caJibHbIE CHEKTPBI BOJIH, KOTOPBIC SIBJISIFOTCS DPEIICHUSIMHU
JUIsS. MHTErpaja CTOJKHOBEHHH MEXAy BOJHAMH, B paMKax
TeopuH cjaaboi TypOyJICHTHOCTH OBLIN BIEPBBIC IOJIYyYCHBI
B.E. 3axapossim [2].

2. TeopeTuveckune HCC/IeIOBAHUS CTAIMOHAPHBIX
HepaBHOBECHBIX ()YHKIMIi pacnpeie/ieHUs1 4aCTHII
C MOTOKOM IO CHEKTPY

TepMoauHaAMHUYECKH PaBHOBECHOW (pyHKIMEH pacmpejerie-
HHS 3JIEKTPOHOB B BBIPOXKIEHHOH WJIN KJIACCHYECKOU TIa3Me
B HU30TPOMHOM MNPOCTPAHCTBEHHO-OJTHOPOJTHOM CJiydae
sBisercs QyHkuus pacnpepaesenus ®epmu— Jupaka uinum
MakcBeia, KOTopasi peAcTaBiisieT CO00M TOYHOE pellieHre
COOTBETCTBEHHO KBAHTOBOT'O MJIU KJIACCHYECKOT'0 MHTETpasia
cTtonkHOBeHU bosbmmMana [3-7]. usa kiraccM4eckoro
(HEBBIPOXKICHHOTO) Ta3a KWHETHYECKOe ypaBHeHUEe BoJibi-
MaHa UMeeT BU]T

I (p
% = J dpl dp2 dp3 W(pv P | p27p3) x

X [f(2)f(p3) =/ (p)f ()] %

XS(E+E —E—E3)o(p+p —P—P3), (2.1)

rae W(p,p;| Py, P3) — BEPOSTHOCTb IEPEXOIa BCICACTBUE
CTOJKHOBEHHH, f(p) — (YHKIUSI pacupeesieHust JIeKTPO-
HOB, p;, E; — UMIyJIbC U 9HEPIuUsi /-ro 3J1eKTpoHa, J(x) —
nenbra-QpyHknus Jupaka.

DyHKIMS pacipeaeieHus, KOTopas yI0BIECTBOPSET yCIIO-
BUIO

f(p2)f(p3) —f(p)f(p1) =0, (2.2)

SIBJISIETCS CTAIIIOHAPHBIM pellieHneM ypaBHeHus (2.1).

Jlerko yBuieTh, uTO (PyHKIIMOHAIBHOE ypaBHeHue (2.2) ¢
yI€TOM 3aKOHOB COXPAHEHHsS JHEPTrUM W UMITYJIbCa TPHU
CTOJIKHOBEHHSIX YACTHI[ TPHUBOJIUT K TEPMOIMHAMUYECKU
paBHOBECHOH (pyHKIIUU pacripeaesieHus MakcBeslia.

Bonpoc o HepaBHOBeCHOH (PyHKIIUM pacnpe/ieieHust Ma-
JIOM 4acTH 3JIEKTPOHOB, KOTOPLIE PEJIAKCHPYIOT HAa OCHOB-
nom "done" (B 3TOM ciryuae MHTErPAJI CTOJKHOBEHUN MOXHO
JINHEAPU30BaTh), C YUETOM IOCTOSIHHOTO B HMITYJIbCHOM
MPOCTPAHCTBE MOTOKA HEPTHH /|, BO3ZHHUKAIOIIETO BCJICH-
CTBHE TPOIECCOB MOHU3ANUU U PEKOMOWHAINH, M3y4aJics
panee (cMm., HanpuMep, [8]). bimskue Bompockl 0 GyHKIUU
pacnpeeseHuss HEHTPOHOB B KPUCTAJIAX PACCMATPHUBAJIHNCH
A.W. Axunezepom u U.51. TTomepanuaykom [9]. B aTux ciryqasix
(GyHKIUST pacmpesieSIeHusT MOXKET 3aMEeTHO OTJIMYAThCSI OT
TEPMOJIMHAMHUYECKA PABHOBECHOM, HO MpH 3TOM €€ BHII 3a-
BUCHUT OT CTPYKTYPBbI UCTOUHHUKA U CTOKA.

VHuBepcajbHble HEPABHOBECHBIE CTAIIMOHAPHBIE CTe-
TeHHEIe pacrnpeesenns qactui (/= Ap? ), KOTopsle SBIIs-
IOTCSl TOYHBIMH PEIICHUSMH WHTETpalia CTOJKHOBEHHI

BosbiMaHna, ObLIM BIIEPBBIE METOJIOM TPYMIIOBON CHMMET-
puu nosyyensl A.B. Kanem, B.M. Kontoposuuem, B.E. Ho-
BukoBbIM, C.C. MowuceesbMm [10, 11]. dns popmupoBanus
TaKuX pachpeiesieHnii He0OXOJMMO UMETh B HMITYJIbCHOM
MPOCTPAHCTBE UCTOYHHK W CTOK YACTHII FUIA JHEPTHH, KO-
TOpPBIE 00ECTIEYMBAIOT MOCTOSIHHBIN MO CIIEKTPY MOTOK.

Jus onpezesieHus okas3aTesisi CTEIeHH § B Cllydae Bepo-
STHOCTH TepexXo/ia, KOTopas sSBJISETCS OTHOPOAHON (hyHK-
[Ueil UMIYJILCOB CTENEHH 71, ECTECTBEHHO IO MHTETPaIoM
UCIOJIB30BaTh INepeMenHble p;/p. Torma ypaBhenwe (2.1)
CBOJMTCS K MHTErpajy, He 3aBUCSIIEMY OT p, U MHOXHUTEITIO
pH+4 Haiiném notoku uacTtui Iy 1 sHeprun I B UMITYThC-
HOM TIpocTpaHcTBe. [ToTOKH onpeaesroTcs Yepe3 HHTErpal
CTOJIKHOBEHHI CJISTYIOIIM 00pa3oM:

(P (o

d ) T [y o e 2.3

w(io®) =-£(3) . 23
rae I; = 4np?j;, a E — oueprua 4actum. Pemas (2.3),
noJiy4aem

. R(s,n) ‘ i
].:AZ 1—i ) 4s+n+942(i—1) 2.4
A vt or2i-nt o (24)

r7ie o = const, 1 — MOKA3aTeJb OTHOPOTHOCTH BEPOSITHOCTH
mepexona.

N3 (2.4) cnenyet, 4yTo AJIs S;, KOTOPBIE YJIOBJIETBOPSIFOT
YCJIOBHUIO

yo=4si+n+9+2(i—-1)=0, i=0,1, (2.5)
NMOTOK /; 1100 MOCTOSIHEH B UMILYJIbCHOM INIPOCTPAHCTBE,
b0 paBeH HyJtO, eciu R(s,n) UMeeT HyJb HEPBOTO IO-
psaaKa npu s = s; (IpY 3TOM MHTErPaj CTOJIKHOBEHHUH paB-
HsieTca Hymro). DyHknusa pacrnpenenerus Ap? oTBeuaer
HEPABHOBECHOMY CTAllMOHAPHOMY CJIy4alO0 C IIOCTOSIHHBIM
MOTOKOM 3Hepruu wiM 4dactull. IIpu 3ToM HampaBieHue
IOTOKA OIpelesisieTcs 3HakoM npousBogHoit dR/dy, mpu
ys = 0, a A onpenesisieTcs BBIPAXKECHUEM

dr|™!

dy,

A% = Lo lim

7,—0

(2.6)

IToxaxeM HEMOCPEACTBEHHBIM BhIYKCIeHHeM [12, 13], uTo
JUIsT MHTErpaJioB cTojkHOBeHMl bonbumana m Jlanmay B
cJjlydae HEPaBHOBECHBIX CTENEHHBIX pacrpeleiieHuid (yHK-
st R(s,n) yIOBIETBOPSIET MPUBEAEHHBIM BBIIIIC YCIOBUSIM.

2.1. Tounsble pemeHus

JUISl HHTErpaJia cToJIkHOBeHuil Jlannay

XOpoIIo U3BECTHO, YTO B CJIydyae IJIa3Mbl HHTETPajl CTOJIK-
HOBEHUM, ONHMCHIBAIOIINN B3aMMOJIEUCTBUE 3aPSKEHHBIX
YACTHIl, MOXET OBbITh 3amucaH B gopme Jlanmay (cm.,
Hanpumep, [3]):

af(p) ce . Mzé,‘k — UjUf
(T . = —le‘]O7 ]0,':1'[84/1] dp,TX

SCE e

raeu = (p—p’')/m, A — KyJIOHOBCKHii Jorapudm, m u e —
Macca u 3apsi 3JieKTpoHa. [ToacrtanoBkoit B (2.7) uzorpor-

HOI CTemeHHON (YHKIHM pacmpeneieHus Ap> mocie jo-
BOJIBHO HECJIOXHBIX BBIYMCIICHUH MOXHO MOJIYYUTH CJEIY-

(2.7)
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FOIIICE BBIPAXCHUC!

(U0 rortmetanrys I

(s+1)(2s+3)(2s+5)

16 2 4AA2 4s X 2 25+3
n T “me P 2s Pi ) n
3 no 2s+3 \ p

+(2s+1)s 2] 25+2_2s+3 2 23_
2542 2 p

p

(25 _ 2) s (1 25+5
2545 ( p ) }
N3 (2.8) BHaHO, YTO MepBOe cjaraeMoe WHTerpaja
CTOJIKHOBEHHH, T.€. HpyHKIHsE R(s,n), IEHCTBUTEIBHO COAEP-
KHUT MHOXUTENH 45 + 51 4s + 3, npu4€M B IEPBOI CTENECHN.
D10 obecneunBaeT, C OAHON CTOPOHBI, TIOCTOSIHCTBO IOTOKA
9HEPIHH, a C APYroil CTOPOHBI, OOpalleHNe B HyJIb HTerpaja
CTOJIKHOBEHHH /TSI OKa3aTess cTeneHu s = —5/4. Uto xe
KacaeTcs MoKasaTelss CTeneHu s) = —3/4, TO OH COOTBET-
CTBYET HEJIOKAJIbHOM (DYyHKITMN pacipeiesIeHus, 111 KOTOPOH
HMHTErpajl CTOJKHOBEHHHM pPAacXoOuTCsl (BTOPOH WIEH IO
3HAKOM IIpejiejia HEOTpaHUYEH).

ot

(2.8)

2.2. TouHble pemieHust

JUISl HHTErpaja cToJikHoBeHuii boabiumana

Hcnonb3yst BeIpaXKeHUE JJIsi MHTErpaja CTOJKHOBEHUN
Bosabimana (2.1) ¥ MOACTABUB CTEMEHHYIO (YHKIIMIO pac-
npefieSieHus YaCTHIl B BuAe Ap*, ¢ TOMONIBIO §-(DYHKIHH,
BBIPAXKAIOIIEH 3aKOH COXPAHEHUS! MMITYJIbCa, TIPOUHTET PH-
pyeM (2.1) mo p,. Beens 3ateM BMecTO p;, p; HOBBIE Ilepe-
MEHHEIE P, (, 3aIHIIEeM HHTET paj CTOJIKHOBEHUIT B BHIE

of
%: —mAzjdpl dqW(p.pi[p+4a. P —q)x
X[| + 2s a2 2s 2s 5 N 2.9
p+a”lpi —al” = [p"I1[*] o(a(pr —p—q)), (29)
re q = p; — P3- APryMeHT J-(QyHKIIMH MOXKET OOpaTUTHCS B

HyJb Tipu p; —p—q =0 umu q(p; —p —q) = 0. Ilepsborii
ciIyyall HEMHTEpEeCeH, TaK KaK COOTBETCTBYET MPOCTO Mepe-
CTAHOBKE YaCTHUI] MECTAMH B Pe3yJIbTATE CTOJKHOBEHHMS, YTO
oOpalaet B HyJIb BbIpaXKE€HIE B KBaJIPATHBIX CKOOKax (T.e.
oTBevaeT ycinomro (2.2)), a 3raynt u (0f/01), = 0.

Beeném yriel 0, 0; Mexay BEKTOPOM ( M BEKTOpaMH
cootBeTcTBeHHO p U p;. [locne mepexoma x chepudeckum
koopauHaTtaM B (2.9) s p; W q, UHTETPUPOBAHUS TIPHU
nomomu J-QyHKIIMKA TO p; U Tepexoja K Oe3pa3MepHOi
nepeMeHHoi ¢ (¢ = gq/p) mostyuaem

of (p) 2 4 4[8~ ~J J -1
L — At p BT dg| dOo | dOWW
ot ma-p 0 1% ! os 04 %
cosf + ¢ : ~ ~2s
x (W) {[\1 +2Gcos O + ' | x
cos0+q\> .. ol cos + [
ERVTE) o 0 |22V
% ( cos 0, > qlcos0+q) +4q cos 0, ’
(2.10)
IIe ¥ — Pa3MEpPHOCTh BepoaTHOCTH W mepexoma, dO; =
= sin 0;d0;de,.

Haiiném notox wactun Iy u sHEpruu /; B UMITyJIbCHOM
MPOCTPAHCTBE, YUYUTHIBAS, YTO B PACCMATPUBAEMOM CJIydae
MOTOKH BBIPAXKAIOTCS 4Yepe3 HMHTErpajl CTOJKHOBEHHUH CO-
riacHo (2.3). Juist BeposiTHOCTU W, SIBJISIFOIIEHCS] OJTHOPOI-
HOI QyHKIMeEl nMIyIbcoB crenenu n, W= Cq", tne C; —

HOCTOSIHHASL BEJIMYMHA, 1 — JIFO0OE BELISCTBEHHOE YHCIIO
(mpu 3TOM n = r), UHTErpaja crojkHoBeHuit (2.10) snerko
HHTErpupyeTcs 110 0, ¢, (| ¥ 3aMIChIBAETCS KaK

a_f _2112mC1A2
al st B

4s+n+4 [J(l)
s+1

1
J :J 1 deO dg g1+ 2gx + G |x*T2,

—J91,

1 00
J® :J dxj d(](}”+1|x+(j|2s+2, x=cos0.
-1 0

Uarerpan J ) Bripakaercs uepes Gera-pynkuun B(x, y)
KaK

J¥ = (25+3) [B2s+4,n+2) -

—B(-2s—n—52s+4)+B(n+2,-2s—n—735)].

Ipu Beraucnenun J V) yno6HO BHAYAe MPOBECTH MHTE-
TpUpOBAHUE MO § (CM., HATIpUMED, [14]), Toraa moayuyum

1 -2
JW = 2’(2”'>/2F<72 g) B(n+2,—n—2s—2)x

1
X[ dx xB2(1—x2) D/ [Px+1/2 (
0

s+1/2
o2 () P (0]

n+s+3/2

rue P!(x) — maposas ¢yHkims. Bocrosbs3oBaBiuucs cBoii-
CTBOM MIAPOBBIX (PYHKITUI
sin (1tv)
PH(—x) = — = P#
H0) = = G DA+
sin (n(v+p) T(v+pu+1)
sin(mu) T'(v—pu+1)

—p
P (x)
¥ BBIYHCIIMB UHTETPAJIbI 1O X, TIOJydaeM

_B(n+2,-n—2s-2) sin (n(s +n+ 3/2))
J0= 25 +3 [(1_ sin (m(s +1/2)) )X

n+2 n+2s+2 1—25 25+5
X3F2 2 y T 2 , 13 71 +
I'2s+n+3)I'(1/2—5) (s+5/2)

(9+2)
22H T (n+2) T ((ds +n +7)/2) T((25 — n+3)/2)
sin (n(2s + n + 2)) }

sin (n(s +1/2)) |

rne pFy(o, ..o 05 By, ..., By;2) — rumepreomerpuueckas
¢yaknusa. Takum oOpa3om, BhIpakeHHE I (QYHKIIUU
R(s,n), BXOISIIEH B YacTHOE peILlIeHue I MOoToKa [; (CM.
(2.4)), ¢ yuétom korKpeTHBIX popmyn mus J (D u J@ mmeer
BUJI

—41‘E3C1
(s+1)(2s+3)

—B(-2s—n—52s+4)+B(n+2, -2s—n—35)—

R(s,n) = {B(Zs +4,n+2)-

- {B(n—l—z, —n—2s—2)<1 B sin-(n(A¥+n+3/2)) ) y
sin (m(s +1/2))
X3F2(n+2 n+2s+2 L 1-25 2545 1)+
2 ) 2 ) b 2 ) 2 )
(4s+n+T7)(4s+n+9)n>(2s+ 1)(2s + 3)

T ST (20 T (st 11)/2) T((2s —n 1 3)/2) "
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B paznene 2.1 Mbl paccMaTpuBaJid KBaAPATUUYHBIN 3aKOH
nucnepeuu s dactuil. OOO0OIeHMe Ha MPOU3BOJIBHBIN
3akoH aucnepcun E = p' /oy (x), § — HEKOTOpBIE KOH-
CTaHTBI) HE NPHUBOAUT HHU K KaKUM TPUHIUIHATIHHBIM
CJIOKHOCTSIM, XOTsI BbIpaxxeHue st R(s,n, ;) MOXeT ObITh
6ostee rpomMo3IKuM. UTO ke KacaeTcs OKa3aTess CTEIICHH §;
B (DYHKIUM pacHpeaesieHUs] YaCTHUll, TO OH JJIsl MPOU3BOJIb-
HOTO 3aKOHA JMCHEPCHU OTPENESIETCs] BRIPAXKCHUEM

n+94q(i—1)

= , 2.11

ITosy4eHo, 4TO JIOKAJTbHBIM HEPABHOBECHBIM (DYHKITUSIM
pactipeiesieHus1 4acTuI (MHTErpajl CTOJKHOBEHUH U1 HUX
CXOOMTCSI) OTBEYAIOT MOKA3ATENN CTEIICHH S, YIIOBIETBOPSI-
FOIIIHE YCIIOBUSIM:

3 3 5
_§<SO<_1, —§<Sl<—z.
Nupexest 0 (1) orBeuator Iy (/1) = const.

Cornacuo (2.5), mokazateisiM CTENeHH W3 JWarna3oHa
(2.12) orBevaroT ciemyrollue MOKa3aTesd OJHOPOIHOCTHU
BEPOSTHOCTHU IEPEX0/Ia:

(2.12)

—3<n< -1, Iy=const,

(2.13)
—4<n< -3, I =const.
2.3. YciaoBusi GopMHPOBAHHUSI CTAIMOHAPHBIX
HepaBHOBeCHBIX (PYHKIMIl pacnpeesieHHs] YACTHL
B KOHEYHBIX JHEPreTHYeCKUX HHTepBaIax
B ciyyae kyJIOHOBCKOTO B3amMojedcTBus (n = —4), Kak
BHJIHO U3 NPUBEIEHHBIX HepaBeHCTB (2.13), nHTErpas CToJK-
HOBeHUH pacxonutcsi (M3BeCTHas ocobOeHHocTh W nis
MaJibIX MEpeIaHHbIX MMITYJIbCOB). B pabotax [10, 11, 15]
BBICKA3aHO TpenoiokeHue, a B [12, 13] moka3zaHo, 4To 3Ta
PacXOIUMOCTb YCTpaHsieTCs 1e0aeBCKON IKPaHUPOBKOM.
PaccmoTpum nHTETpan crosikHoBenuit (2.10), 1715 BEpOSITHO-
CTH mepexoia, KoTopasi OTBEYaeT SKPAHUPOBAHHOMY KYJIO-
HOBCKOMY moTenmmany, W =2e*/(q? +a?)* (¢ — nepe-
JTAHHBIN UMIYJIbC, ] — Je0ACBCKUI UMITYJIbC) UMEEM

0 [ 2e*
—f(p):fmAZp““J c}qudOJdQ = %
ot 0 (q* +a?)
|2
X ! cosl+q |1 +2Gcos 0+ G*|" x
cos 04 cos 04
cosO0+q\> .. L
VTGN _H 0 _
x'( cos 01 ) G(cosO0+q)+4q
cos+gl|*
_ -1 2.14
cos 0, }’ (2.14)

rae g =q/p,a=a/p.

IMpoBeném mHTerpmpoBaHme no yriaaMm 0p, ¢, ¢, 0,
WCIOJIb3YSl CTaHJIapTHBIE MHTErpassl [14], u npeobpaszyem
(2.14) x cymMe IByX UHTETPAJIOB:

af(p) _ —81t2me4A2 4s ] déf] ~2\S
o0 ‘<&+n@s+3ﬂ’{L)@z+aa2k1+q)x

.
x (2F1(—s,2s—|—3;2s+4;—rqqz)+

2q
+2F1(—s,25+3;23+4;rqz>>_

1 ~ ~—25—2
. 12 dgq
—+aF (- 23+3]+J %
(1+9) (1-4) 0 a1 1)

X {cf(l +c}2)s<2F1 <f s,2s+3;2s+4;77qq)+

2q
+2F1(fs,2s+3;2s+4;rgz>>f

- a- g2 | @15

st monydeHust 00JacTeil CylIeCTBOBAHMS CTEICHHBIX
GbyHKIMIA pacnpeaenenus, COOTBETCTBYIOIINX IBYM pa3Jiny-
HBIM ACHMIITOTHKAM BEPOSTHOCTH Tepexoma W, ciemyer
pPaccMOTpEeTh MHTErPaJl CTOJKHOBEHUH ISl IBYX Hpeieiib-
HBIX ciiydaeB: @ <€ 1, a > 1. BHauase 1j1st MaJbIX 3HAYCHUH ¢
(a < 1) HalAéM 3aBUCHMMOCTb WHTErpaja CTOJIKHOBEHUU
(2.15) ot a. JIerko yBHJIETh, YTO OCHOBHOM BKJIa/I IIPH 3TOM
naét mepBbId uHTerpan B Bbipaxenuu (2.15). Ilposoas
pa3JIoKeHUe TOIBIHTEr PATHLHON (BYHKIMA IO CTENEHSIM ¢ U
MOYJICHHO WHTETPUPYS MOJTYUUBIIHIACS DS, HAXOMM BbIpa-
JKEHHE IS HHTerpajia CTOJKHOBEHHIA:

of(p)  8m?me*4?  , f (4s+3)(4s+5) 5
a1+ 1)(2s5+3) { 2545 {ln‘“r

N (25 +1)(25 4+ 3)(25 + 5) n2T(s + 2) ]
22450 (=25) T((25+7)/2) T((4s+7)/2) sin’(n(2s+1)/2)

+Ki(s)a’lna®+ ... }

Borumcisisi motok sHeprum corJiacHo (2.4), HaaéM, 4TO
MOTOK 9HEPTUU OTPHUIATEIICH U OIIpeIeIIIeTCs JIorapupmMmuye-
CKHM cJIaraeMbIM TOJILKO npu a” < 0,005. B untepBase xe
0,005 < a? < 0,1 HanpapJeHKe HOTOKA SHEPI UM IPOTUBOIIO-
JIOXKHO (MIOJIOKUTENLHO) €r0 HATPABJICHUIO IPH OOJIBIIUX
UMITYJIbCAX.

Taxum oOpazom, nokazano [12, 13], uyTo Ha ywacTke
UMITYJIbCHOTO TPOCTPAHCTBA p > a; JebaeBcKasi IKpaHH-
pOBKa, BO-NIEPBBIX, YCTPAHSET KYJOHOBCKYIO DPaCXO/IH-
MOCTb, a BO-BTODBIX, HE BJIMSICT HA TMOKA3aTeJIb CTENCHU
HEPAaBHOBECHOW CTAIMOHAPHON (YHKIUM paclpeeeHus
YAaCTHUI] C MOCTOSHHBIM IOTOKOM 3HEPTUU B UMITYJILCHOM
npoctpaHcTBe. [lokaszatenb creneHu 3TOW (YHKIMH OTBe-
YaeT acUMITOTHKE W ¢ mokazarteneMm cTeneHu n = —4.
Kpome TOro, ycTaHOBJIEHO, YTO HAa HEKOTOPOM Yy4acTKe
WMIYJIbCHOTO MPOCTPAHCTBA HATIPABJICHUE MOTOKA SHEPTUU
TPOTHUBOIIOJIOKHO (MTOJIOKUTENIbHO) €ro HAINPABJICHUIO IS
GopIIMX MMITYJIbCOB. [Ipy 3TOM CylecTBYeT JIOKaJIbHOE
cTemeHHOe pachpee/ieHne, MIOTHOCTh YaCTHUIl B KOTOPOM
ONpeNesIsAeTC HMHTCHCUBHOCTBIO TMOTOKa. KoHcepBaTuB-
HOCTB K€ MOTOKAa O0ECIeUYnBaCTCS UCTOYHUKOM U CTOKOM,
pPACHOJIOKEHHE KOTOPBIX [OJDKHO OBITh COTJIACOBAHO C
Hal{ICHHBIM €T0 HAIPABJICHUEM.

Bo MHOTMX KOHKPETHBIX (PU3NUECKUX 3a/1a4aX BO3HUKAET
BONpPOC O (GOPMUPOBAHMM, B PE3yJIbTATE JICHCTBUS B UM-
MyJIbCHOM TPOCTPAHCTBE HCTOYHMKA U CTOKA, CTEIECHHBIX
pacnpeniesieHnii 4acTUll B OTPAHMYCHHBIX 3HEPreTHYECKUX
WHTEpBaIaX, KOTOPbIE OKPYXEHbI YIACTKAMU C TEPMOIMHA-
MHYECKM PaBHOBECHBIMH pacmnpenesieHussMu dactui. Mure-
rpajl 3JIEKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHHMU ISl TBEPO-
TEJIbHOM TJIa3MBbl BBIYUCIISICTCS B IPUOJIMKCHUU KBaApaTHY-
HOTO 3aKOHAa AUCIepcHd. PacxoauMMOCTb, OOYCIIOBJICHHAS
KYJIOHOBCKMM B3aMMO/ICHCTBUEM, YCTPAHSETCSl BBEICHUEM,
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KaK ¥ BBIIIe, MATPUYHOT'O 3JIEMEHTA, ONKCHIBAIOIIETO IKpa-
HUPOBAaHHOE KYJOHOBCKOE B3amMoJeiictBue. WHTerpas
CTOJIKHOBeHUH BoJibIIMaHa B cilyyae KBAHTOBOM CTATUCTUKU
(cm., Hampumep, [3]) MOXKHO TIPEICTaBUTh B BUIC

6;76(:)) (anh) Jdpl dp, dps W (p, p1| P2, ) X
x [n(p2) n(p3) (1 = n(@)) (1 = n(p1)) — n(p) n(py)x
x (1= )(1 —n(py))] x
X S(E+E, —Ey— E)8(p+p, —pr— p3), (2.16)
e W= (2nh)*2e*(|p; — ps* + af) " — MaTpuumbiii e-

MEHT, ONHUCHIBAONINI IKPAHUPOBAHHOE KYJIOHOBCKOE B3aW-
MozeicTBue, 77(p;) — YKCIIA 3ATIOTHEHHUSI.

IlycTh B MHEPIIMOHHOM HHTEpBaJIe (MEXy HCTOYHHUKOM
U CTOKOM) (DYHKIUSI pacripeaesIeH s JICKTPOHOB CTEHCHHAS,
a BHE ero — TEepMOJAMHAMUYECKH paBHOBecHas ((pepmuen-
ckas), T.e.

2nh)? ,
: 2) “\Illl/zl’ib)’

n;=ny(p;), ecm p’ < [p;| < p” (m:

ne(p;), ecma p’ > |pil, [pi| > p"”

-1
o Pr
o o] )

rae o — Ko3(pPUIMEHT TPONOPIUOHATILHOCTH, [} — TOTOK
SHEPruu, pr — (PepMHUEBCKHUI UMMYJIbC, kg — TOCTOSIHHAS
Bonbpnmana, 7 — TemmepaTypa paBHOBECHOTO Ta3a JJIEKT-
poHOB. VHTerpayl CTOJIKHOBEHHIA BBIYUCISACTCS C IEJbIO
oTpe/Ie/ICHUs] IMUPUHBI HHEPIIMOHHOTO MHTEPBAJa IS CTe-
NEHHBIX paclpefesieHui #,, MTOITOMY UMIYJIbC p, O KOTO-
pomy B (2.16) He MPOBOJMTCS HMHTETPUPOBAHUE, HOJKEH
HAXOJHUTHCSl B 9TOM MHTEpBalie, T.e. n§ = 1,(p). Beitie 06610
MOKa3aHO, YTO HepaBHOBeCHasl (YHKIMS pacHpeaesieHus
MOXET UMETb BUA 1, = A pzj JUI MeTaJla B TOW o0JiacTu
UMITYJIbCHOI'O NPOCTPAHCTBA, I'le a; < p, T.€. UCTOYHUK U
CTOK JOJDKHBI OBITH PACHOJIOKEHBI TAK, YTOOBI BBIMOJIHSIINCH
ycaosust p’, p” > pg. Ilpu Beruuciaenun (2.16) He Oymem
VYUTBIBATH TEIUIOBOE PA3MBITHE (YHKIMU paCIpeIeICHUs
depmu, Tak Kak €ro y4€T NMPUBOIUT K TEMIEPATYPHBIM
nmompaBkaM, KoTtopbele B cuiy ycioBus T < Eg (Ep —
sHeprust ®epmu) HecyllecTBeHHBI. [103TOMY B KadecTBe g
MOHO B3STh ¢IMHUYHBIC (YHKIIMU (CTYTICHbKH)
ne = 0(p¢ — 7)),

rae envHuyYHash QyHKOUs 37eCh M Jajee ONmpenesseTcs
CJICIYFOLIIUM 00pa3oM:

0, x<0,
0w ={¥ 150

[Tpeanonaoxum, 4To BO BCEM MHEPIMOHHOM HMHTEpBAJe
n, < 1. Borpaxxenue (2.16) 6yaeM BEIYUCTSTE C TOYHOCTBIO 10
Jorapu(MHUYECKHUX MO @) YJICHOB, KaK U B MHTErpalie CTOJ-
kHOBeHu# Jlanmay. DTo 3HAYUT, YTO OyJET YyUYTEHO B3aUMO-
JIEACTBUE C NIepegadeii Majgoro UMITyJIbCa NPH COYTAPEHUSIX.
Bbliiie ObLIO MOKA3aHO, YTO JJIsl CTENEHHBIX (YHKIMA pac-
Mpe/IeJIeHus] B OIPEACIEHHOM AMana3oHe M3MEHEHUs UM-
MyJIbCa, XapaKTePHOM JIJIs1 TBEPAOTEIbHOM IIa3Mbl TPOBOI-
HHUKOB, CYIIIECTBEHHBIMH OKa3bIBAIOTCS HEJIOTapUPMUUECKHEe
YJIEHBI B UHTET paJie CTOJIKHOBeHM bosbiiMana, CBSA3aHHBIE C

nepeaayeii 60JIbIIOro UMILYJIbCa IPU CoyaapeHuu. Beruncie-
HUE HeJoTrapuPpMUUECKUX YWICHOB B TAHHOM 3a1a4e CBS3aHO C
OONBIIMHU TPYIHOCTSIMU, TIOITOMY YCIIOBUSI, IPUBEACHHBIE
HUKE M TOJIyYeHHbIE IPHU y4YETe TOJbKO MaJlbIX IepeaaBa-
€MBIX UMIIYJIbCOB, OYIyT CIpPaBEIJIUBbI JJIsl TUIA3MBI T1OJIY-
MPOBOJTHUKOB, a JJIs IUIa3Mbl IPOBOJHHMKOB OHH 0OoJiee
kécTkue, yemM 3To Heobxomumo. C y4yéTOM CHEeTaHHBIX
3aMEYaHUN U TOSCHEHUU WHTETpaj CTOJKHOBEHUH MOXHO
IPEICTABUTD B BUIE

on(p) _ 2
o (2nh)°

x [nm30(p7 — pg)

J dp, dp, dp; W x
0<|pi|<p

= (1 =m)(1 — ’13)] X

XO(E+E — Ex— E3)6(p+p; — Py —P3)+
)
+—= dp; dp, dp; W x
(2mh)° Il < p”
X [’12'13 =g (1 =n)(1 = ’13)] X
X O(E+El —Ey— E3)d(p+p —p—p;)- (2.17)

Buauane BbIYMCIIM BTOpPOI MHTErpaji B MPaBON YACTH
(2.17), npoBoIst Takue ke Ipeodpa3oBaHUsl, KAK IPU BHIBOJIC
(2.10). UnTerpupys mo ¢, ¢, 1 moacTaBisis W, coOTBeT-
CTBYIOIIIEE IKPAHUPOBAHHOMY KYJIOHOBCKOMY B3aMMO/ICHi-
CTBUIO, TIOJTYYHM

p//
(M) :J qidqzjdxjdyF(y,XJ])_
ot P 0< (g <p” (g% +a?)

—J qidqz[dXdeF(%xﬂ), (2.18)
0<(x+q)y<p’(q2+a2) .

rae
16m2e* mA2 4

Fly,x,q) = W l(x + g)* x

x{(1+2qx + 42 2 (x + 0 =20 + g7 = P x + g},

q:7|p1‘p—‘p3| , x=cosl, y:(cosf)l)ﬂ, cosH:—Lﬁ)“lq" ,
1
i)
COSQ] — |p1q| , A:( Tlfh) OC|I]|1/2.
pillql 2

YrtoObl 3amucaTh mpeaesibl uHTerpupoBanus B (2.18),
HEOOXOAMMO HAWTHU OOJIACTH CYIIECTBOBAHHMS HEPABEHCTB
0<(x+q)y<p”, 0<(x+q)y<p’, yuuTbBas, UTO
p'>1Lp <l x| <1,1< |yl <oo.

Bocmosp3oBaBiichk 4€THOCTBIO yHKInu F(y, x, ¢) no y

U BBITIOJIHMB 3aMeHy IepeMeHHol z = y2(x + ¢)°, popmy.ay
(2.18) MOXHO MIPUBECTH K BUTY
5 p" -1 1 P
(’7—(1’)) :J qu de dz Fi(z,x,q) +
o/, 0 -1 (x+q)’

Pl P'—q pr
+ dq[ de dz Fi(z,x,q)—
p= -1 (x+9)°

’ ”

1-p' r'=q )4
— dg J dx J
0 —p'—q (xt+9)°

2

L+p’ r'=q
- qu de dz Fi(z,x,q),
- (x+q)®

dZFl (Z7 X, q)_

(2.19)
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rue
8nletmAp®
Fl(Z,X,(]): 3p 9 2><
(2mh) (g% + a?)

x {(1+2gx + > (z = 2qx +¢*)° — 2},

Ms! He OyZieM yYUTBHIBATH IOBEICHUE CTEHCHHON (yHK-
UK pacpe/IeICHIsI BOJIM3M NCTOYHUKA M CTOKA IHEPT UM, T.€.
mpu p’ ~1 u p” ~ 1. [1o3TOMYy ISl BBIYHUCIICHUI C TOY-
HOCTBIO JIO 4JIEHOB, JIOTApU(DMHUUYECKUX MO @, JOCTATOYHO
B35Tb UHTErPAJbl B IEPBOM U TPETHEM CJIATa€MbIX B IPABOM
yactu (2.19). TTocne MHTETpUPOBAHUS TIO z M X TIOJIBIHTET-
pajbHOE BBIPAXKCHIE HEOOXOAMMO PA3IOKHUTh 110 CTEHCHIM
¢ 1, IOCKOJIbKY OCHOBHOM BKJIa] BHOCHUT ¢ < d, yIE€CTh WJICHBI
BILIOTb JI0 MIPOIOPIEOHATLHBIX ¢°.

WHTerpupoBaHue MEPBOTO U TPETHErO CIATACMBIX B
(2.19) IpUBOIUT K CJIEIYIOLIEMY BBIPAXKEHHEO:

(an(p) )pﬁ _ 16n2e*mA>p* "

o Jy (2mh)’
(4s+5)(4s + 3) s2s+1) , , 1
X {[(2s+3)(23+5)(s+1) 31 P

3 1 1

X 3F2(—s— 1,s+§,s+ 1;s+§,S§p—,,2 1 ﬂ x

y J‘“l““’”"“m +{ it Bls D)
0 (g2 +a2)’ (25+5)(s+1)

s(4s+5)  pus 2543 Pt

12s+5 p
(25+3)(s+1) 3

X p (1+4p7)'x

5 3 p/2
X3F2(_S7S+§’S+2;S+§7S+1;])N2—H X

< [min@l?lm_ q3dq—}.
Jo (g% +a?)’

Boruncium nepsbiit uaTerpasnt B (2.17), ucnosb3ys Takue
kKe, KaK U BbIIIe, MpeoOpa3oBaHus, C MOCIEAYIOIINM HHTE-
rpupoBaHueM 1o Gpopmyie

p n n
j 7 [[0(00)) dx = FB) T] 0(ou(8)) —
o k=1 k=1

n o m

n ! a_[
) T[00out) ~ Y0 Flaf) 20D
k=1 =1 i=1 o/ (a;)|
x[10(oca))) [0(8—al) 0(af — o) —0(a] = B) O(2—a])] .
p
Bripaskenue 115 mepBoro unrterpasia B (2.17) 3anuiercs Kkak
(811(]7))”/ _ 32n2e*mAp® 4 s J”’ q*dq
0 (42 +a?)’

o (my F3

OKOHYATEJIbHOE BBIPAXKEHHE ISl MOTOKA 3HEPruu B
AMIYJIbCHOM TPOCTPAHCTBE, ONPEIEJIEHHOTO uepe3 HHTe-
rpaJl CTOJIKHOBEHHH corjiacHo (2.3), UMmeeT BU/

32n3e4A2p4.v+5
om) {

X([mm“w”) ¢’dg s paﬁlj” g’ dg }__
0 (g2 +a2)* 3(s+2) 0 (q%+a?)’

32n3e4Ap2s+5 s 3 Jp'
Qi) 3@s+5)’F

ot

45+ 3

hi= 251925 +3) s+ 1)

q° dg
o (g2 +a2)2

(2.20)

N3 cootHomenus (2.20) MOXHO MOJIYYUTh YCJIOBHE, Ha-
JlaraeMoe Ha IUIOTHOCTB 3JIEKTPOHOB BOJIM3M CTOKA (TUIOT-
HOCTb, ONpEIEINSIONass MHTEHCUBHOCTh WCTOYHHKA), MPHU
KOTOpO# MOTOK /; TIOCTOSHEH W, CJIEJOBATEIIHHO, B MHEP-
IMOHHOM WHTEpBaje (MeXIy UCTOYHUKOM M CTOKOM) pac-
npenesieHne 1, OMU3KO K YHHMBEPCAJIbHOMY. DTO YCIOBHE
OyJleT BBITIOJIHEHO, €CcJii TepBoe ciaraemoe B (2.20) 3Ha4M-
TEILHO MPEBHIIIACT ABA APYTUX:

q*dq
0o (g% +a?)’

m@)>pgs@s+3xs+1)«r~

3(4s+3)
] (qgld;)z)l.

Taxum o6pa3oMm, JIJ1s1 KBAHTOBOT'O MHTETpaJia CTOJIKHOBE-
Uil BojpiMana HaliIeHO SIBHOE BBbIpakeHUE Kak (pyHKIUU
UMITYJIbCA p, TIOKA3ATEISI CTENEHH §, UMITYJIbCca p’, KOTOPBIN
OTBEYAET CTOKY SHEPrHUH, UMITYJIbca p”, KOTOPBII OTBEYAET
UCTOYHUKY 3Heprun. [TokazaHo, 4To Ipu OTCYTCTBUH YACTHUIL
BHE OHEPIeTHMYECKOTrO WHTEpBAJId, KOTOPBIM HAXOOUTCS
MEX1y UCTOYHUKOM M CTOKOM, B I'DAHUIAX MHEPIMOHHOTO
HHTEepBaJIa

|]7”_p,‘%(5_6)pch7 Plzpchzzm, (2.21a)
MoKa3aTeslb CTENEHHU § OTJIUYACTCS OT YHHBEPCAJIBHOTO HE
6osee ueM Ha 10 %.

B paGorax [16, 17] paccMoTpen 6ojiee pacnpocTpaHEH-
HBII B TBEpAOTEJIBLHON MJIa3Me Clydald, KOrJa B UHTEPBAJIe
MEXIy HCTOYHHKOM M CTOKOM OJHEPTUH B HMILYJILCHOM
MPOCTPAHCTBe DYHKIHUS pacCIpeIesieH s 3JIEKTPOHOB UMEET
CTeNeHHON BH, a 3a €ro MpeaejaMH MPEICTABIsIET coOOM
TEpPMOJIMHAMUYECK! paBHOBecHYrO (yHkiuto depmu — JIu-
paka. ITokazaHo, YTO cTalMOHAPHOE HEPABHOBECHOE pacIpe-
JIeJIeHHe 9JIEKTPOHOB OJIM3KO K YHUBEpCAIbHOMY (s = —5/4 B
ciryyae OE3rpaHMYHOTO WHEPIMOHHOTO HWHTEPBAaJa), €Cln
PACIOJIOKEHHE UCTOYHUKA U CTOKA, & TAK)KE UX HHTCHCUBHO-
CTH YIOBJIETBODPSIIOT ONPEACIEHHBIM HIXKE yciaoBusM. Tak,
MOKa3aTeNb CTENeHM s B pacmpeaeieHuu #, (1, — 4ducia
3aMOJIHeHUS) OyIeT OTIMYATBhCS OT —5/4 MeEHbIle YeM Ha
10 %, ecsiu OyAyT COOJIFOICHBI YCIIOBHUS

" =p'| =(5=6) pen, ns(p) > 1077, p'mpar=(2-3)a.
(2.216)

Takum 006pa3oM, HEPABHOBECHOE yHUBEPCAJIbHOE pac-
TIpezieJIeHIe 3JIEKTPOHOB BO3MOXKHO JTaXKe IIPH YACIIaX 3aI0JI-
HEHHUsl, 3HAYATEIHHO (HA OJIMH—JIBa TOPSIIKA) MEHBIIUX
PaBHOBECHBIX.

3. TeopeTuueckune uccJie/10BaHUs
HECTAIMOHAPHBIX HEPABHOBeCHBIX (yHKIMI
pacinpe/ieJieHHsl YaCTHI ¢ TOTOKOM MO CHEKTPY

3.1. Yucnennoe moaempoBanne popmupoBanusi GyHKImii
pacnpe/ie/ieHls1 4acTull JJs1 ypaBHeHHil

Tuna Jlannay — ®okkepa —Ilinanka

3.1.1. IToHOCTBIO KOHCEPBATHBHBIE PA3HOCTHBIE CXEMBbI JIJIfi
ypaBHenuii Tuna Jlannay — ®@oxkepa —Ilnanka. Henuneitnoe
KUHETHYeCKoe ypaBHeHue Bbosbiimana [3—8] omuceiBaeT
CHCTEMY MHOTHX YaCTHUI], B3aUMOJCHCTBYIOIIMX IO 3aKOHAM
KJIACCHYECKOW MEXaHWKH, W SIBJIIETCS OCHOBHBIM YpaBHe-
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HUEM B MOJEJISIX JMHAMUKH Pa3pexEHHOro rasza. B obuiem
BUJC ypaBHeHHE i (HYHKIUHM pacHpeiesieHus 4acTull f,
3aBUCSIIEN OT IPOCTPAHCTBEHHBIX KOOPAUHAT I, CKOPOCTEH V
U BPEMEHH f, MOXET OBITb MPEICTABJICHO CJEIYHOUIUM
obpaszom:

CLEg F“%—(%) +5,, (3.1

or " or "m,ov \or

rae m, — mMacca 4acTwil copta o, F, — IelcTByroIas Ha
YacTHUIy copTa o CHia, S, — UCTOYHUKHU (CTOKH) YaCTHIl U
SHeprum (OTKPBITHIE cUcTeMB), (Of; /0f) — MHTErpal CTOJK-
HoBeHUH. OHO SBJISIETCS BaKHEHIIIIM YPaBHEHUEM B IPUJIO-
JKEHUSIX I MATEMAaTHIeCKOTO OMMCAHUS JUHAMUKH pa3pe-
JKEHHOT 0 Ta3a ¥ I1a3Mbl. Mo/IeTi KHHETHYECKHX TPOTIECCOB,
00YCJIOBJICHHBIX KYJIOHOBCKMMHU CTOJIKHOBCHUSIMU, 3aHU-
MaloT 3HAYUTEJbHOE MECTO B IPUJIOKEHUSX, CBS3AHHBIX
Kak C JabopaTOpHO#, TaKk M MAarHUTOCHEPHOW MJIa3MOI,
IJIA3MOXUMUEN U TBEPIOTEIbHOU TIIa3MOM.

B mrazme KyJIOHOBCKHE CTOJIKHOBEHUS C paccesiHeM Ha
MaJible Ykl (C MallbiM TepeJaHHBIM HMITYJIbcoM) OoJiee
BaXXHBI, YeM CTOJIKHOBEHHUS C U3MEHEHHEM CKOPOCTH (UM-
MmyJibca) Ha OOJIbLINE BEJUYUHBI. MIHTErpas CTOJKHOBEHUM
ISl 3apsDKEHHBIX YACTHI[ BIEpBble Obul mosydeH Jlanmay
(cM., Hampumep, [3]) U3 MHTErpajia CTOJKHOBeHUN Bouibil-
MaHa ¢ yu€TtoM 3(ddexTa MajgocTH mepenaBaeMoro IMpu
KYJIOHOBCKHX CTOJIKHOBEHUSIX UMITYJIbca U 3derTa SKpaHu-
pOBaHMs 3apsiia YaCTUIILI BHE cepbl 1e0aeBCKOTO paauyca
IPYIrUMH YacTULAMM. YpaBHeHue tuna Jlanmay mosyueHo
TakXke ¢ yI€TOM PACCEsIHUSI Ha MaJlble YIJIbI, HO JJISl TPOU3-
BOJIbHBIX TOTEHIIAJIOB B3aUMOICHCTBUS MEXY YACTUIIAMU
[18—28]. Haubouee moaxoasumM 0ObEKTOM ISt MOJIEITUPO-
BaHUs C MOMOIIbIO MHTETpaJia CTOJIKHOBEHMI THa Jlanmay
SIBJISIFOTCS Ta3bl CO CTENEHHBIMU MOTEHIIMAJIaMH ¢ OeCKOHE-
HBIM PaJInyCOM B3aMMOJEHCTBHSI MEXY YaCTUIIAMH.

Haubonee pacrnpocTpaHEHHBI METOM Uil YUCICHHOTO
MOJIEIUPOBAHUSI — 3TO (PEryJSIPHBIA) METOJ KOHEUHBIX
pasHocTeil (MeToab! TUia MouTe-Kapio obnanarot onpese-
JIEHHBIMU HEAOCTAaTKaMM ISl JAJIbHONEHCTBYIOLIUX CUJI).
OJIHAKO CJIeAYeT HCIOJIb30BATh OOBEAMHEHHBIA TOIXO/I,
KOTa amnmpOKCUMHUPYIOTCSl YPAaBHEHHMsI, ONUCHIBAIOIINE pe-
AJIbHYIO TMHAMUKY, U aJICKBATHO OTPaXaroTcs (pU3NUECKre
3aKOHBI, SBJISIFOIIMECST 0a30il pu3mvyeckoil Momaesu. DTOT
IyTb, OCHOBAaHHBI HA MCHOJIb30BAHUM KOHCEPBATUBHBIX U
MOJIHOCTbIO KOHCEPBATHUBHBIX PA3HOCTHBIX CXEM, CBSI3aH C
paboramu A.H. Tuxonosa, A.A. Camapckoro, FO.II. ITo-
noBa, A.B. bo6wuiéBa, U.®. [Totanenko, B.A. UysiHOBa 1 J1p.
[18—28].

Takoli MOAX0/ B COUYETAHNH C BBICOKOW TOYHOCTBIO AT
BO3MOXKHOCTb NOJIYYUTDb B PSAC CIydaeB aCUMIITOTUYECKUE
pelleHns] ¥ IPOBEPUTH AHAJIUTHYECKUE MOAXOAbI U APYyrHue
METOJIbI MOJIETUPOBAHMSL.

B mpocTpaHCTBEHHO-OJHOPOOHOM CiIydyae WHTErpal
cToyIKHOBeHMI BosbiiMaHa JUIsi QYHKIIMH pacrpeeieHus
f (v, t) 6bu1 3anucan B Buze (2.1), rae BepoSITHOCTD HEpPexo/1a
BCJIE/ICTBUE CTOJIKHOBeHUs1 W ompenensiercss auddepeHim-
AJbHBIM CEUYCHHUEM paccestHust ¢ (u, i), SIBISIFOIIAMCS (HYHK-
[Mei OTHOCUTENIBLHOU CKopocTH ¢ > 0 M mapamerpa u = cos
(0 < 0 < — yrox paccesnust). [TocTpoeHue cedeHus pac-
cessHust ¢ (u, 1) UIS TAHHOTO MOTEHIMAA B3aUMOJICHCTBUS
U(r) — wu3BecTHasi 3a7aya KJIACCHYECKOW MEXaHUKH (CM.,
Hanpumep, [22 —28]).

WnTerpan croskHoBeHuit B ¢popme JlaHmay ISl 4aCTHIL
OJIHOTO COpTa C 3apsoM e B MPOCTPAHCTBEHHO-OTHOPO/I-

HOM cJIyuae npHuBeaEH B pazneie 2.1 (cm. (2.7)) u umeeT BUL

F (e ) et ey ag )05}

Z/lzéij — Ui Uiy

Uij = , (3.2)

u3
rae F:2ne4/1/n12, cUMMeETpHUYHOE aApo U;; sABiseTcs
(yHKIIEE OTHOCHTEIBHOW CKOPOCTH YACTHI[ U =V — W.
I'pyObIM yciioBUEM TPUMEHMMOCTH YpaBHEHUs (3.2) CIIyKUT
HepaBeHcTBo e’n'/? < T, o3Hauarolee, YTO CpeaHAS IHEP-
TUs KyJIOHOBCKOI'O B3aMMOJEUCTBHS MaJla 110 CPAaBHEHHUIO CO
Cpe/lHel KMHETUYECKO# 3Hepruerl (7 — MJIOTHOCTh YACTHII,
T — TemriepaTypa, BbIpakeHHAs] B 3HEPTETUUECKUX CIUHH-
ax).

3.1.2. Yunciiennoe MoJe/IMpoBaHue peslaKkcanuu (GpyHKIUH pac-
npeesieHns YacTHI /151 HHTerpajia cTojKkHoBennii Jlangay —
®oxkepa —I[lmanka. PaccmaTtpuBaeTcs perakcanusi Hayallb-
HOTO pacCHpefesieHHus Ul Ta30B YaCTHUI[ CO CTETIECHHBIMH
MOTEHIHAJIAMHU B3aMMOJCUCTBUS B Cllyuae MU30TPOIMHOU
by pacnpenesenns f(v, ) = f(|v|, ), koTopast OnUCHI-
BaeTcs ypaBHeHHeM Jlannay — ®oxkepa —[11anka B cuMmeT-

pu4HOU hopme:
S { s [ awowm wron 2 - e 0
(3.3)

ot v&vo

rie Q(v, w) — CUMMETPHYHOE PO,
1

O(v,w) = g v3w3J

u? =024+ w? = 2owpu.

1 du(1 — u*) uo(u),

MoxHO yOeIWThCS, YTO B OTCYTCTBHE WCTOYHMKOB U
ctokoB u3 (3.3) cilenyroT 3aKOHBI COXPAHEHHS TJIOTHOCTH
YACTHIL ¥ JHEPTUH

00
n= 4nJ dvv?f(v,t) = const,
0

kBT:‘m—mJ‘

W dvv*f(v,t) = const, £>0.

0

EQMHCTBEHHBIM CTALMOHAPHBIM PAaBHOBECHBIM peEIlICHHEM
KHHETHUYECKOTO ypaBHeHus: BosiblMaHa sIBIIsIeTCSl pacipe/ie-
Jieane Maxkcsesuta. MccneqoBanue popmupoBanus GyHKIIAN
pacrpe/ieIeHUs] YaCTHII IPU IHEPTUSIX, CYIIIECTBEHHO MPEBbHI-
IIAOIIUX CPEITHIOK JHEPTHIO (XBOCTOB (DYHKIMH pacIpeie-
JICHUSI YacCTHUI), KpOME aKaJeMHUYCCKOro HMHTEpeca, MOXKET
OBITh MMOJIE3HO B 3a/1a4ax, CBSI3aHHBIX CO B3aMMOICUCTBHEM
BOJIHA — YaCTHUI[A, YCKOPEHUEM 3JICKTPOHOB MOJIEM 1 00pa30-
BaHUEM XBOCTOB YOETAIOIINX JIEKTPOHOB, B MPOOIeMe Tep-
MOSIIEPHOTO CHHTEe3a (IJIEKTPOH-IUKJIOTPOHHBIA HArpes,
HIDKHETUOPUIHBIN PE30HAHC, SIEPHbIC PEAKIIUN HA XBOCTAX
WOHHOU (DYHKIIUU pacnpe/ieIeHus U T./1.). 171 KyJJOHOBCKOTO
MOTEHIMAJIA TAKOe MCCileIoBaHue IpoBeaeHo B [21 —28].
PaBHOBeCHOE pellieHre UMEET BH/T

4 [3\? 3
fM:m<§) exp(—zvz), vp =1,

T Uy — TEIJI0Basi CKOPOCTh. 3aKOHBI COXPAHEHUS OTYYHM
n3 ypaBHeHUs (3.3) UHTErpupoBaHUEM OOENX YacTel ypaB-
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HEHHS IO CKOPOCTH C COOTBETCTBYIOLINM BECOM:
dn J|™ dE

dr v

0 ) Wf(v‘])’()

IMpumensis uaTerpoaudHepeHIIMaIbHBIA METOT K ypaBHE-
HUto (3.3), MOJIy4YuM CIIEAYIOIIYIO (HESIBHYIO) Pa3HOCTHYIO
cXemy:

= [Ji]il/z 3 TE )
T ’U,-2hi+1/2 Vir1/2  Vie1)2

—ZJ Jdv=0.
0

], i=2,...,M.
(3.4)

CxeMa 3ammcaHa B BUZE JIOKAJIBHOTO 3aKOHA COXPaHEHHS
YHCJIa JACTHII, a alNpoKcuManms GyHKnuu J; JoJbKHA obec-
NIEYUTDH BBINOJHEHUE 3aKOHA COXPAHEHUS SHEPTUU. 3aMEHIEM
BEpXHUI Ipees HHTerpupoBanus B (3.3) 3Ha4eHUEM CKOPO-
CTH B HOCJTeAHEH Touke. ANNPOKCUMUPYsI MHTETpajbl MO
¢dbopMysie Tpamenuu, a MTPOU3BOIAHbIE — IEHTPAIBHBIMHU
PA3HOCTSIMH, TTOTYYHM

k
Thin = Qivtjzmera 1 x
m=1
k ke
<f1+1 _f Um +/m+l Um+1 fm+]
hl+1 2

vie Qiv1/2,me1/2 = Qms1/2,i+1/2- ILIOTHOCTD YaCTHI[ 3aLIUCHI-
BaeTCs Kak

m /kvl+f1+lvl+1 )
)

hm+1 2

M=1 7 2 2
Jivi + fir1v;
n= g N 21 By

i=1

2
R

i=1

i+1 Z f’U =

MOCKOJIbKY cuuTaeM, 4to fy41 =0 u v; = 0. Takum oOpa-
30M, IMEpBasi TOYKA HE BXOJUT B PAa3HOCTHOE ypaBHEHHE.
BoeluuciuM ¢ momomibro pazHocTHOro ypasHenus (3.4)
W3MEHEHME YMCJIa YACTHIl Ha IIIare 1Mo BPeMEHH, CyMMHUPYs
00€ yacTH ypaBHEHMSI C COOTBETCTBYIOLIIM BECOM:

Jk
An — Z h fk 1) |: +l/2 3/2:| ]

Um+1/2 V32
Bynem cuutath, 4T0 J)741/2 = 0, Tak Kak Ha XBocTe fir = 0,1
bopMabHO NONIOKUM J3/5 = 0 (HUKE BBIACHAM, YTO ITO
o3Hauaer), Torna An = 0. VI3MeHeHue 3Heprun

J k

M-1
AE=3 ol (ff —f) =
i=2
2 —1
UM+1 ]
=12 g, — —2 J -2 his1J;
Sy = ; i

Ecmm YYE€CTh, UYTO 3aKOH COXPAHCHHS YHCJIa YaCTHI] BBIIIOJI-
HCH U CIIpaBCAJIMBO COOTHOIIICHUE

M-1

Z hiviJig12 =0,

i=1

10 AE =~ (. PazHocTHOe ypaBHeHwme (3.4) B Touke i = 2 3a-
MHICHIBAETCS CIIEAYIOIUM 00pa3oM:

k k—1 ]/"
fiC f, 1 i+1/2
21 ’
T vin; 1/2 UH»]/Z

=2. (3.4a)

Ham HeoO6XoauMo 3HATh TPAHUYHOE YCJIOBUE U1 (PYHKIIUU
pacnpeneneHuss B Touke [ = 1, MOJy4MM €ro M3 YCJIOBUS
J 32 = 0.

JI1st 9ucIeHHOTO pelieHus cxeMa peodpas3yeTcsl B CHC-
TeMy HEJIMHEWHBIX Pa3HOCTHBIX YpaBHEHUH, KOTOpPBIE pe-
IIAFOTCS HA KaX/IOM IlIare 1Mo BPEMEHHU U, COOTBETCTBEHHO,
Ha KaXJIOW UTepaIi METOJIOM IPOTOHKH.

IMpuBeném cxemy k (opme, yTOOHOW I YUCIICHHBIX
pacuéroB. [{uist 3TOr0 BBEIEM Clieayrolre 0003HAYCHUS:

M-1

Tt =Y 1 Qivrjami12WnSow + Vmi frns)
m=1

M-
Oi1 =Y Qivipmerja(fnst —fn)
m=1

1 1
Ai=—— (Zi —vili®;), Bi=—— (Z; +vihi0;),
Vi-1/2 hi( ) Uf—l/zhi( )
T
o = w2h Air, Bi= (A + Bit1),
vl
T k-1
Vi:TBfa lllzf .fz ) 1227“'aM_1'
vih

i

Toraa cucrema pa3HOCTHBIX YPABHEHUH 3aMUCHIBAETCS KaK

aiﬁ#l 7(1 + Bl)fl + A}/iﬁfl = l//ﬁ i=2,...,.M (35)
HpHYEM B IEPBOM PAa3HOCTHOM YpaBHEHUH
T

T
aZZTA37 ﬁ2:TB37
1)2/1,‘ Uzl’li

72=0.

W3 pasenctsa J3 o = 0 crenyer, 4o GyHKIUM B HaYaIIb-
HBIX TOYKaX CBSI3aHbI MEXAy cOOOH B 000N MOMEHT Bpe-
MEHHU CJIETYIOIINAM COOTHOIIIEHHEM:

fi=p(1-d3).

Eciu annpoKCUMHUPOBATH IPAHMYHOE YCIOBHE BTOPOTO POAa
(paBeHCTBO HYJIFO TMPOU3BOMAHON) UCXOAS M3 MOCTAHOBKHU
TOYHOM 3a[1a4H C TEPBBIM MM BTOPBIM MOPSIAKOM AMIpPO-
KCUMAIlH, MOXHO HE IMOJIYYUTh 3aKOH coXpaHeHus. UTo
O3HAYaeT ANNPOKCHUMAIUs, MOJIydyeHHass (GopMalbHO U3
TpeOOBaHUS BBIMOJHEHHUS PA3HOCTHOrO aHAIOTa 3aKOHA
coxpanenust? Takoe TpaHUYHOE YCIIOBHE, BO3HUKIIEE (GOp-
MaJIbHO, OKa3bIBAETCS BIIOJIHE Pa3yMHbBIM. PaccMoTpuM jist
OTIPEIEIEHHOCTH, HATIPUMED, 3aPsKEHHbBIE TACTHIBI U AAPO
Q(v,w), COOTBETCTBYIOLIEE KYJOHOBCKOMY B3aMMO/IEHi-
crBuro. IIpeanosioRum, 4To uMeeM (QYHKIMIO KBAa3UMAKC-
BesutoBekoro Buna fM = Cexp (—v?/v3). Toraa, ouenusas
BhIpaxenue (3.4a) u npenebperas wienamu nopsanka O(h?),

TIOJTyYNM
2
v
2
)
v
th

3aMeTHM JIIllb, YTO U3HAYAJIBHO, Ka3aJ10Ch Obl, opMalib-
HOe TpeOOBaHHUE TOJIHOW KOHCEPBATHMBHOCTU MPHUBOJUT K
0oJtee eCTECTBEHHOW AMMPOKCUMAIIIN TOYHBIX YCIIOBUH MpH
MOCJICIYIOIIEM aHaJIn3e¢ HCXOIHBIX TOYHBIX JTaHHBIX. MBI
BO3BPATHUMCS K OOCYKJIEHHIO 3TOr0 BOINPOCA MPH MOCTPOE-
HUU cXeMBbI [t ypaBHeHus Jlangay — @okkepa — [1nanka.
ITockoybKy cXxeMbl BRIOpaHBI HESIBHBIMH, IIIAT IO BpeMe-
HU T OTIpefelisieTcst TpeOyeMOoil TOYHOCThIO pacuéTa U Xxapak-

(3.6)

fIM :.f2M <1



T. 183, Ne 1]

HEPABHOBECHBIE KOJIMOI'OPOBCKOI'O TUITA PACIPEAEJEHUA YACTUL U UX IMPUJIOXEHNA 63

TepoM pacmpeneneHus. CxeMa HEMOHOTOHHA; OHA MOXET
OBITH cAeaHa MOHOTOHHOM, HO TOTJa MPUAETCS MOKEPT-
BOBAaTh BTOPBIM MOPSIKOM AMIIPOKCUMAIIMU IO MPOCTPAH-
CTBY.

ITockobKy TS yCTORYUBOCTH B (PU3MUYECKOM OCMBICIICH-
HOCTH (YHKIMS pacmpeieieHusi J0JDKHA ObITh HEOTpHUIa-
TEJIbHOH, KO3(pPHUIMEHTHI pa3HOCTHOTO ypaBHeHHs (3.5)
JTOJDKHBI YIOBIETBOPSTH yciaoBusiM o, y > 0, 1 + f > 0, nis
uero h; = v; — vi—1, by < E;/nw;. Ypasuenne Jlannay — ®ok-
kepa —[1naHka siBJsieTCs MapaboIMIeCKUM, IPH ¥ — 0O OHO
BBIPOXK/IAETCS B YpaBHEHUE MOYTH THIIEPOOIMIESCKOTO THUIIA,
MO3TOMY /I YYETa 9KCHOHEHIUAIBLHO ObICTPOTO yObIBAHUS
byHKIMIA 1718 oOecnieyeHus] TOYHOCTH IAar CIeAyeT Jaxe
yMeHbIaTh. [ pydast olieHka mara mo CKoOpocTH, KoTopasi B
KOHKPETHBIX 3a/ladyaX MOXeET OBITh 3aBbIIeHA WM 3aHU-
KeHa, umeeT BUa h < vl /nL.

JJs CTeNeHHBIX MNOTEHNMAJIOB B3amMojeiictBus U =
=a/rf, roe 1 < B < 4, cummerpuunoe sapo Q(v, w) TIpen-
craBiysieTcs B Buje [24, 25]:

~a(v,w)(v+ w)" b, W) — w|"
O, w) = (m +2)(m + 8)(m +6) (37
a(v,w) = (m +4)vw — (v +w?),
_p-4

b(v,w) = (m +4)vw+ (V> +w?), n = 3
OTpunartenbHble 3HAYEHUSI 1] COOTBETCTBYIOT MSTKUM
noreHmaitaM (1 < f < 4). Ans 3apsokeHHbIX yactull ff = 1
(l/ll = —3)

Jns mutroctpanuy padoThl PAa3HOCTHON CXeMBbI HAYaJIb-
HOE pacrpe/ie/icHue BBIOMpAETCSl B BHUJE JCIbTa-(DYHKIUH,
KOTOpast alpOKCUMUPYETCSI CIIEAYIOIUM 00pa3oMm:

2

)
Vit1 — Vi-1

07 ’U,‘#].

’U,'Zl7

S (vi,0) =

I[TonoOHast anmpokcuMauuss MOAEIUPYET PA3HOCTHYIO
nenbTa-QyHKINIO, BCIEACTBHE YEro Kak MJIOTHOCTH, TaK U
SHEprusi YacTHUIl CTAHOBSTCS PaBHBIMH eauHuie. OrpaHu-
YUMCSl MPEACTABICHNEM DPE3YJIbTATOB PACUETOB C TAKUM
THIIOM HAYaJILHOTO PaCIpeC/ICHHUS.

Penakcanysi HayaJbHOrO pacnpenesieHusi K paBHOBEC-
HOMY COCTOSIHHIO SIBJISIETCSI KJIACCUUECKOH 3anavell GU3UKU
MJIa3MBbl U TECTOBOM 3a1auei 17151 JIFOOBIX MO CTOIKHO-
BUTEJIbHOM ILJIa3MBI.

3aberas Brepén, CKaxkeM, YTO IJIOTHOCTL COXPAaHSIETCS C
MAalIMHHONW TOYHOCTBIO (CiIydaifHas ommOKa), a SHeprus
3aBUCUT OT TOYHOCTH HTepanuil ¢ H3-32 HEJUHEHHOCTH
ypasHeHust. Jna 6 = 1073 oTHocuTenbHas ommbka Ae
paBHa 1072 %, a a1s 6 = 1077 ommbka Ae = 107 %, T.e.
ommbka sumepruu He npeppimaer 1077, Takas TOYHOCTB
BaXXHa, KaK MPABUJIO, TIPU UCCIICTOBAHUYN ACUMIITOTHIECKIX
3ajad.

PaccmarpuBarorcss GuHUTHBIE HayaIbHBIC YCIOBUS IS
t = 0, HauanbHas GyHkuus fo(v) = f(v,0) cocpegoroueHa B
TEIUIOBOM 00JIACTH ¥ & Vy,.

Jutst 6osbIuX BpeMEH, KOTIa B TEIJIOBOI 00JlacTu pe-
JIaKcalysl 3aKOHYEHA, YPABHEHUE B rOpsYel 00J1aCTH v > vy,
MOHO PacCMaTpHUBATh KaK JIMHEHHOE:

0 1 0 T0 A
St (a)]

3aech yuTeHoO, 4TO B ropsueit obiactu siupo Q(v, w) —
— nw3v*a(v) /6 IpM v — 00, U ISl CTENEHHOTO TIOTEHIMAIA
B3aMMOJICHCTBHUSI MCTIOJL3YETCS CEYCHHUE PACCESIHUS BUJIA
o(u, 1) = gp(w) u=F [22-25]. MoncTasnss BbIpaXKeHHe LISt
QO(v,w) B (3.3), Ipu v > vy, MOJTyYaeM OKOHYATEIbHBINA BUJI

HOCJICIHETO YPABHCHHUSL:

of ngg 1 0[5 4p(TOf .
ot 8 2w |’ m 6v+ K (3.8)
€ UCITOJIb30BAHO o0o3HayeHue
1
g=2n | dugp(i - ). (3.9)

Hamnpumep, mist xysnoHoBckoro norteHnuana (f = 1) ¢op-
Mmyna (3.9) maér g, = 32ne*L/m. B stom ciydae u3 (3.8)
clenyeT W3BeCTHOE JMHeHHoe ypaBHeHue Jlanmay—Dok-
kepa — [Imanka a1st rra3mel.

Hanee paccmatpuBaercs ypaBHeHue (3.8) s mpowms-
BONLHBIX moTeHnuatos U =a/rf, 1 < p < 4. Cxema yxe
ObL1a mpezacTaBiieHa BbImie. [ BRBIOpaHHBIX TEPEMEHHBIX
3aKOHBI COXPaHEHUSI TUIOTHOCTH YACTHUI] U SHEPT MU BBITJISIST
cJieIyroiumM o0pa3oMm:

n:J vidof(v, 1) =1, E:J viduf(v,1), t=0.
0 0
(3.10)

TemoBasi ckopocTh vy, = 1, 1 paBHOBECHOE PEIICHHE 3aIu-
ChIBaeTCA KaK

4 3\ 3
fM(U):m<§> eXp<—§1)2>.

B mavanbHBIE MOMEHT (YHKIHS, COCPEIOTOUYEHHAS B
TEIIOBOM 00Js1acTh, UMeeT BUA JeibTa-QpyHKimu: f(v,0) =
=6(v—1)/v2. Tlpu BLIGOPE TPAHMYHOTO 3HAYEHUS HHTEp-
BaJIa IO CKOPOCTSIM L ropsiyve 4acTUIbl OLEHUBAIOTCS IO
pacmpeneneHuro  MakcBesuia, 4To Haét L = (7—8) vy
Hcnonb3yercst moctpoeHHass B (3.5) pa3HocTHas cxema.
HavanpHas ¢GyHKINS anmpoKCHMHpYeTCs, KaK II0Ka3aHO
Bbimie. [Ipy Takoi anmpoKCHMAaIUy YHCIIO YacTHI[ PaBHO
€/IMHUIIE 1 KUHETHYECKast oHeprus v? = 1.

IIpuBeném pe3ynbTaThl MonenupoBaHus. JloctaTodHo
ObICTpO (QYHKIMS pa3MbIBACTCS B TEIJIOBOM 00JacTu
(0 < v < 2) u 3aTeM CTAHOBUTCS MOHOTOHHOM C MaKCHMY-
MOM B HyJIe B HCKOTOPBIII MOMEHT #), KOTOPBII COOTBET-
CTBYeT TaK Ha3bIBAEMOMY CTOJKHOBHUTEJILHOMY BpPEMEHH.
DTO0 XapakTepHOe BpeMs #j cJ1abo 3aBUCUT OT MOKa3aTes f5
B BBIpaXeHuH A7 noTennuana U = o/rf. B sToit obmactu
(dbyHKIMM pacrpenesieHus 1 pa3HbIX OKa3aTeseld JOBOJIb-
HO OJIM3KH APYT K APYTY B TEUEHHE BCETO MPOIECca pesraKca-
VK JUIS Pa3HBIX TOTeHNWaJoB. Pasimume Oosee cyre-
CTBEHHO B Ooutee ropsiuei obsiactu v > 2 UM Ha XBOCTax
pactipenenenuii. Jisi ydiero (HArJsHOTO) MpeICcTaBJie-
HUSl PE3yJbTATOB BBOAUTCS (YHKIMSI, HODMHUPOBAHHAS HA
MaKCBeJLIOBCKOe pacnpeneenue, g(v, 1) = f(v,t)/fm(v). Ha
pucynkax 1-3 mpencrasiens! rpadukn ynkuun f(v, 1) B
obiactu ckopocteit 2 < v/vy, < 5 AN pa3InYHbIX MOMEH-
TOB BPEMCHU U 3HA4YeHMI nmapameTpa f. Bce kpuBbie qeMOH-
CTPUPYIOT BOJIHOBOHM Xapakrtep pacmpoctpaHeHus g(v,?) B
00J1aCTh BBICOKHX CKOpocTeil. [[Jisi KyJIOHOBCKOTO B3aUMO-
nectBust (f =1, ny = =3, U= o/r) dynakuus g(v, ) moka-
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v/vm

Puc. 1. T'paduxu dyHkimu pacnpeneneHusi, HOPMHPOBAHHON Ha pac-
npenesenne Makcsemta, g(v,t) = f(v,1)/fm(v) B obmactu ckopocreit
2 < /vy <5 I pa3IMYHBIX MOMEHTOB BPEMEHH { (B IPOM3BOJIBHBIX
eanHANAx). BpeMs HOPMHpPOBaHO Ha BpeMs 3JIEKTPOH-DJIEKTPOHHBIX
crosikHoBeHni (3.11). Ciydail cOOTBETCTBYET KYJIOHOBCKOMY B3aMMO-
neiicteuto: ny = =3, =1, U=o0o/r.

1,0

g(v,1)

0,8

0,6

0,4

0,2

v/vm

Puc. 3. I'papuku QyHKIMU pachpeesicHusi, HOPMHUPOBAHHON Ha pac-
npezesnenne Makcsesta, g(v,t) = f(v,t)/fm(v) B obaactu ckopocreil
2 < /v <5 QI pa3sIMYHBIX MOMEHTOB BPEMEHH / (B IPOM3BOJIBHBIX
eMHUIAX). BpeMst HOpMHPOBAHO Ha BPEMS PABHOBECHBIX CTOJKHOBEHUIA
moutekyit. Citydaif COOTBETCTBYET B3aMMOICHCTBHIO MAKCBEJUIOBCKUX
Mosekys: ny =0, =4, U= a/r*.

1,0

g(v,1)

0,8

0,6

0,4

0,2

0 | |
2 3 4

v/vm
Puc. 2. T'papuku QyHKIMU pachpeneseHusi, HOPMHUPOBAHHON Ha pac-
npezenenne Makcsenta, g(v,t) = f(v,t)/fm(v) B obaactu ckopocTeil
2 < /v <5 QNI pa3sIMYHBIX MOMEHTOB BPEMEHH ! (B IPOM3BOJIBHBIX
eUHUNAx). BpeMsi HOPMHUPOBAHO Ha BpeMs 3JIEKTPOH-3JICKTPOHHBIX
crosikHoBeHu#t (3.11). Ciydail COOTBETCTBYET IUIOJBLHOMY B3aMMO/ICH-
crBmo: ny = —1, =2, U=a/r?.

3aHa Ha puc. 1. Pemrenne nmmMeer XapakTep BOJIHBI, Paclpo-
CTpaHsIoIIEHCs cO CTaOMIIbHBIM (kEcTKUM) ppoHTOM. [l
NOTEHIMAJIOB ¢ 1 < f§ < 2 peakcanusi XBocTa UAET MeIJIeH-
Hee, YeM peJlakcamusi kopa pacupedenenns. Haumnas c
2 < f < 3 9BONIONMSI XBOCTa BCE MeHee MMeeT BOJHOBOM
xapakTtep. Ha pucynke 2 BumHO, 4TO (DpOHT BOJIHBI Mel-
JIEHHO BO3PACTAET cO BpeMeHeM (B = 2, n; = —1, U = a/r?).
Jns xkécTkuxX moTeHnuaios (ff > 4) xapakTepHble BpeMeHa
peaxcanuy Kopa paciupeneseHus] 1 XBOCTa MPAKTHYECKU He
pasmuarorcs (BpemeHa 1-2). Takum obpazom, ckopocTu
pacnpoCTpaHeHUsI 1 pa3MbIBAHMS C1a00 pa3inuuMsl (puc. 3)
1 peJIaKcalysi B TSIUIOBOW M HAATEIUIOBOM 00JIACTSIX IIPOHC-
XOJHUT OTHOBPEMEHHO.

Kak MOXHO BUAETD, lIKpUHA PPOHTA A¢(f) CYLIECTBEHHO
3aBUCHAT OT TOKa3aTeNs [ MOTEHNHAasla B3aUMOICHUCTBUSI.
Tax, Ag() siBysieTCs1 TOCTOSIHHOM BesmmunHOM u1st 1 < ff < 2,

T.€. B 3TOM CJlyuae pacnpocrpaHeHue g(v, 1) IMeeT XapakTep
BOJIHBI CO CTaOWJIBHBIM TpOQHIEeM, KOTOPHI HE pPa3MBbI-
BaeTcsl BO BpeMeHH npu ¢ > 0. Dtot dakt ans f =1 Obl1
OTKDBIT IPU YHUCJIIEHHOM pelieHun B [22—-25] U cooTBeT-
CTBYIOIIEE AHAIMTUYECKOE PelleHre OCTpoeHo. Haunnasi ¢
nmokaszatessi § =2 (pOHT clierka pa3MbIBAE€TCS B COOTBET-
CTBHH CO CJIa0oi Jorapu(pMHYecKOil 3aBHCHMOCTBIO OT
spemenn: Ap(7) o vInz. TloBenenue perenust M0JKHO CO-
XpaHsTh BOJHOBOH xapaktep. CKOPOCTh pacnpoCTpaHeHUs
(bpoHTa vp(t) 6OIIBIIIE CKOPOCTHU €r0 PA3MBIBAHUSI.

Hns ymoberBa aHam3a ypaBaeHue (3.8) mpeodpa3yeTcs k
yI0OHOMY BH/Y C HOMOIIIBIO BBEICHHS Oe3pa3MepHBIX Iepe-
MEHHBIX JIJISI CKOPOCTH, BPEMEHU U (DYHKITUH pACTIPEICICHUS:

(@+5)/26 (4-)/26
x:{i} x@ps . PesA—F {1}
Uth ’ 8 B |lvm

)

(3.11)
f(Uv t) :fM(U) u(x’ T) )

rne X=2B(4—p)/(4+p)* u fu(v) — pacupeneienne
Makcsemia. [Toacrabnss (3.11) B (3.8), monyuum ypaBHeHHe
B 0e3pa3MepHBIX MEPEeMEHHBIX ISl (QYHKIMU PACIIPE/IeICHIUS
u(x,1):

w5 ou_1
ot p Ox 20x2’

N

+

=

p=2 (3.12)

~
=

Tun nocnegnero ypaBHeHUs! Ja€T MPEACTABJIEHHE O BOJHO-
BOM XapakTepe peiieHus. JleiicTBUTeNIbHO, CTOUT 3aMETHUTh,
YTO HAM MHTEPECHA ropsvas 00J1acTb x > 1 1 BpeMeHa, npu
KOTOPBIX #(x,7) &~ | U MPOUCXOOUT MEIJICHHOE YCTAHOBIIE-
HUE PABHOBECHOTO perneHus up(x) =1 Ha XBocTax, a
u(x,7) — 0 mpu x — oco. YeinoBue x > 1 yu1éM ¢ OMOIIBIO
HOBBIX TEPEMEHHBIX X = X/xo U T = r/xg, rme xo> 1 —
HEKOTOpPBIN XapakTepucTuyeckuid Macirad. Torma B ypas-
HeHuu (3.12) mepen crapiieid MpOU3BOAHOW IMOSIBISETCS
MaJIblif mapaMeTp x(’)’ 2 < 1. Otcrona BHUIHO, YTO HA XBOCTAX
X — 00 ypaBHeHue JlaHaay MeHsIeT CBOM THI U CTAHOBUTCS
ONepaTOpPOM TepeHoca. YUUThIBAsi 3TO, BBEAEM (popmalib-
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HBIA TapaMeTp ¢ epe BTOpoil mpousBoaHoil. B pesynbrate
MOy YUM

ou x'? du ¢ Q*u

—t——==-—. 3.13
ot p Ox 20x2 (3.13)
ITpu ¢ =~ 0 ypaBHenwue (3.13) cBopaunBaeTcs B ypaBHEHUE
MepBOTO MOPSIKA, M PABHOBECHOE DEIICHUE Uy (X) TPOCTO
MEPEHOCUTCS TI0 XapaKTePUCTHKAM J3TOTO ypaBHEeHWs. Tu-
MUYHOE PeIlieHre UMeeT POopMY CTYNMEHIATON (DYHKITUM:
1/p _ 4 — ﬁ
u(x,7) =~ 0(t /"’ —x =2—.
(o)~ 07—, p=27
[Mpubamxénnoe pemenue (3.14) mpaBUIBHO OTpa)XaeT
ACIMITOTUYECKAN 3aKOH, 1O KOTOPOMY IBHXeTcs (QpOHT
BonHB! Xp(7) o< T!/7, HO He ommCHIBAaeT CTPYKTYpY (poHTa.
YToO6B!I IPOAHAIU3UPOBATH CTPYKTYPY GPOHTA, ypaBHEHUE
(3.13) npeobpasyercs ¢ yu€TOM TMOJIyYCHHON paHee UHQOP-
Malyd O TMOBeAcHUH (GpoHTA BOJHBEI. BBOISI HOBBIE Tepe-
MEHHBIE

(3.14)

x—tl/p

=
\/5 )
nepenutueM (3.13) aust HoBo# yHKIMM (2, T) KaK

3p 1% 271 z \'"7 ¢
st v ) 1 E )

u(x7 T) = (b(Z, T) )

[TooxuM & MaJbIM, HO Z OCTAaBUM KOHEUHBIM. [1pu 3TOM
ycIoBHOM mipeneste popmyia (3.15) mpuBoIUTCS K BUITY

o 1 (a%/) za¢) 1-p

A ) -~ | V= 2

ot 2\dz2 o

- 3.16
0z2 T Oz p (3.16)

I'pannunble ycrmoBus st GYHKIMU ¢(z,T) UMEIOT Clie-
Iyrommi Bua: ¢ — 1 mpu z — —oo (3a pporTOoM) U p — 0
pu z — 0 (nepex pponTom). DyHKIUS P(z, T) CTPOUTCS KAK
pellieHre HAYaIbHON 3324 JJIsl BpeMeH! T > | ¢ COOTBeT-
CTBYIOIIMM HAvYalbHBIM ycioBueM ¢(z,1) = 0(—z) (cp. ¢
¢yskuueii (3.14)). CooTBETCTBYIOIIMM H3MEHEHHEM Iepe-
MEHHBIX ypaBHeHue (3.16) IpUBOIUTCS K YPABHEHHIO TEILIO-
npoBoHOCTH [24, 25]. B pe3ynbraTte mosyvaercs pelieHue
ypaBHeHus (3.16) B aBTOMO 1€ IbHOM hopme:

P(z,7) = @|z 2(?2»-)] ;o> 1,
P(z) = \/Lﬁ ro dy exp (—y?) (3.17)

Bo3sBpamasicb k mepeMeHHOW X W BCIOMHHAs, 4ToO & = 1,
HaxXOJMM KBa3UCTAIIMOHAPHOE pelieHne ypasHeHus (3.17):

x—tir [1- 1—
TTEE L ET e, y=2-—2
V2 T—17 p

(3.18)

YUtoObl MOHSATH, T/ perienue (3.18) cnpaBeanBo, chopmy-
JIUpYeM BCe MPEIIOJIOKEHH s, CIeIanHble panee. KuneTnye-
CKO€ YpaBHEHHE PAcCMATPUBAETCS IIPH X > | [1st OOJIbIINX
BpeMEH (OOJIbIINX, YeM BPEMs KYJIOHOBCKHX CTOJIKHOBEHHIA)
©> 1 B6im3n ppouta BomHe! xp(t) oc TP, x — /P < £/,
ITocrenHee HEPABEHCTBO OIPABIBIBACT MEPEXO]] OT ypaBHE-
nus (3.15) x ypaBuenutro (3.16) npu ycioBuum ¢=1 u
HPUBOAMUT K CIeAyroUMM orpanudeHusM. [losyueHHoe

u(x,7) =~ @

SVO®H, 1. 183, Ne 1

pemenue (3.18) HenmpUMEHMMO, BO-IEPBBIX, B UHTEpBaJe
0 < X < X; ¥, BO-BTOPBIX, JJIs1 YACTHI] BHE 00J1aCTH X > 2Xf.
O0a 3Tu ciydasi HEMHTEPECHBI C MPAKTHYECKON TOYKHU
3peHHs], MOCKOJIbKY C XOpOLIeHd TOYHOCTbIO MOKHO IpE-
HOJIOKUTH, 4TO u(X,7) ~ 1 B mepBoil obmactu x < x¢(t) u
u(x,7) ~ 0 Bo BTOpO# obmactu x = 2xp. MOXHO yIPOCTHTH
dbopmyay (3.18), yurs ycinosue © > 1. [TockoIbKy KOHEUHBIN
pe3yJIbTAT 3aBUCHUT OT ), PACCMATPHUBAIOTCS TPH CIIydast sl
BBEIpaXeHUs 1OoJ KopHeM B (dopmyie (3.18). Beipaxenne
(1—9)(r—17)"" mpu y < 1 crpemurcs k (1 —y)7~", npu
y>1—x (y—1)r77. Cunyuait y = 1 sBJsIeTCS MOTrpaHUY-
HBIM, OTJIMYHBIM OT APYTHX. 3aMETUM, 4TO y = 1 COOTBET-
CTBYET f§ = 2, T.e. IMIIOJLHOMY B3aMMOJCUCTBHIO. B 3TOM
MpeIeIbHOM CIIydae BBIPAKCHHE IEPEMUCHIBACTCS CIICHY-
FOIIIUM 00pa3oMm:

e —y) Inz]\ !
(R SRR OB e C I

1
=1 L

IIpn y =1 B mocrmemHemM BBIPAXKEHUU OCTAETCS TOJBKO
MEPBBINA WIEH, TOCKOJIbKY K03(pUIUEHTH B cymMe Hucue-
3aK0T JJ151 BCexX [ > 2.

Wrak, npu ycinoBuu T > 1 mojiyueHsl yIpoIEHHbIE BbIpa-
JKEHUST 11 ACHMITOTHUYECKOTO DEIleHust u(X,T), KOTOpOe
siByIsieTcsl yHKIMEH moKa3aTesst ):

_lr 1=
”(xvf)—@{x\/% TV}7 y<1;
x—t!/r 1
”(X»T):¢{T Tna(’ y=1;

—lr [y
u(x,r)—@{x\/rZ /r}’ y>1.

Hakomen, chopMyaMpyeM pe3yJbTAThbl, IOJIyYEHHBIE
BBILIE, Ui MCXOJHBIX IIEPEMEHHBLIX v, [ W s (PYyHKIHUH
pacnpeneneHus fp(v,t):

m \*? mv?
f/;(v,t)zn(m) exp(—ﬁ)x

4-p)/2
il m t@ m (4-B)/28
T’ 8 T '

ITocTtosiHHas BenumuuHa gp omperdeieHa B (3.9). OyHkmus
u(v, t) umeeT GopMy PacIpPOCTPAHSIIOIIEHCS BOJIHBI, (GPOHT
KOTOPOU JIBIKETCS IO 3aKOHY

_ B/(4=B)
w- ()"

OyHkuust u(v, ) OMUCHIBAETCS TpeMst GOPMYJIAMHU B 3aBHUCH-
MOCTH OT 3HAYEeHUI moxaszaTes fi:

(3.19)

(3.20)

u(v, 1) = @{2 i@fgﬁ) UfV<4+ﬁ>/2/3} L 1<p<2;
u(v, t) = @{% (In uf)*l/zufvm} . B=2; (3.21)

_ ol =2 2804 p )P
”(“")‘@{ ip { ) }

x o PPy )28 } , 2< <4,

X

rae V= (v—ve(t))/ve(2).
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Vcnous npumennmMocti penienus (3.21) umerot popmy
CHJIbHBIX HEPABEHCTB!

v>1, v(t) > 1, "U—Uf(l)| < (1) .

Bamerum, uto u(ve(r),7) = 1/2. Kak 06GbIYHO, OIpeenm
HIMPUHY (POHTA:

u(v, 1)
Ou(v, t)/dv

-1

Ou(v, 1)
ov

Af(l‘) =2

v=0vf v=vp

CienoBaTebHO, IJIsI CIy4aeB, PACCMOTPEHHBIX BBIIIIE,
HMEEM

nf
2-p

Ae(t) = /mlnve(t), p=2;
nf 2p(4—p)

2-F @+py

1< p<2;

(3.22)

()PP 2<p<a.

Buzno, uto mupuna GpponTa Ap(f) CyImecTBEHHO 3aBUCHT OT
nokasatelis f§ MOTeHIMaNa B3auMoaencTsus. Takum obpa-
30M, A¢(t) sIBJISIETCS] HOCTOSIHHOM BeIM4uHOM 1pu 1 < f§ < 2.
ITosTomMy B JaHHOM cilydae pacnpocTpaHeHue u(v, r) UMeeT
XapakTep BOJIHBI CO CTAOMJIBHBIM MPOQHIEM, KOTOPBIA HE
pa3mbiBaeTcs Bo BpeMenu ¢ > 0. [Ipu f > 2 ppoHT HaunHAET
MOCTENIEHHO Pa3MbIBAThCSA CO CJIA0OU JIorapupMHuuecKon
3aBHCHMOCTBIO: Ap o< vIn7. TToBeneHne pelenns TODKHO
COXpaHATh BOJIHOBO# xapakTtep. CKOPOCTh pacmpocTpaHe-
Hust pponTa ve(f) GOJIBIIIE CKOPOCTH €T0 PA3MbIBAHHUS:
aAf/at d4y

Ovr /0t T oder

3.2. Yncaennoe Mozaemposanne popmupoBanus
HepaBHOBeCHBIX (PYHKIMIl pacnpeesieHHs] YaCTHI

JUTSL CTAIIMOHAPHBIX COTJIACOBAHHBIX HCTOYHHKOB M CTOKOB
B nannom pasnese ananusupyercs: GOpMUPOBAHUE KBA3U-
CTAIlMOHAPHBIX HEPABHOBECHBIX (YHKIUH pacupenesieHus
TSI TPOCTPAHCTBEHHO-OJHOPOIHONW M M3OTPOMHOU TIa3-
MBI, COCTOSIIIEN U3 OQHOrO COPTa YaCTUll, IPU HAJIMYUY JIO-
KaJIM30BAHHBIX MCTOYHUKOB (CTOKOB) YACTHIl (IHEPTUHU) B
IpocTpaHCTBe ckopocTeld. CyIiecTBOBaHUE HEPABHOBECHBIX
(dyHKIMI pacnpenesieHus NpeanojaraeT HaJuaue B UMITYJIbC-
HOM NIPOCTPAHCTBE UCTOYHHUKA U CTOKA YACTHII MJIA SHEPTHH.
VIcTOYHUK ¥ CTOK 9HEPTHH (YACTHIL) MOTYT 00eCeYnBaTHCS
WOHHBIMHU ITYYKaMH, MOIIHBIM JIa3¢pHBIM HU3JIyYeHUEM,
TOKOM 3MUCCUH, TIOTOKAMU 3aPSIKCHHBIX YACTHII, BbIIEIsIC-
MBIX IIPU PEeaKkIMsIX CHHTE3a WM JejeHus, u T.1m. Uccneno-
BaHUE OCHOBAHO Ha ypaBHeHHM Tumna Jlanmay—®okkepa—
Ilmanka, koTopoe sBIsIeTCSI MOJeNbio ypaBHeHUsI Boibil-
MaHa [JIs MPOU3BOJBHBIX MOTEHIUAIOB B3aUMOJIEHCTBHS
[21-26].

CocpeloTOUMMCSl Ha 4YUCJICHHOM HU3Yy4YEHUM 3BOJIFOIMU
HEpAaBHOBECHBIX (DYHKIMI pacupelesieHuss U UX 3aBUCHMO-
CTHU OT Pa3JMYHBIX BXOAHBIX IAPAMETPOB — HHTEHCUBHOCTHU
WCTOYHHUKOB, CTEIEHW WX JIOKAJU3alud B MPOCTPAHCTBE
ckopocTeil m T.A. B pasgene 4 mpuBeneHo CpaBHEHHE
pe3yJIbTATOB YUCIEHHOTO MOJEIIUPOBAHUS C PE3yIbTaTaMU
KOHKPETHOI'O 3KCIEPUMEHTA IO OOJIYYEHMIO IOJIyNIPOBO-
HUKa ObICTpbIMU MOHAMHU [29—32]. [l YUCIICHHOTO MOJe-
JIMPOBAHMS HUCTOJIB3YIOTCS TOJHOCTHIO KOHCEPBATHUBHBIC
pa3HOCTHBIE cXeMbl [22 —28].

Pemaemas 31ech 3a1aya UMeeT NPUHIUNUAAIBHYIO TPYA-
HOCTb IIPH YMCJICHHOW Pean3aluy, a MIMEHHO, HEJIMHEHHOCTh
HWHTErpaja CTojJKHOBeHM. Kak ObLIO OTMEYeHO, B OTCYT-
CTBHE BHEIIHUX HCTOYHUKOB JOJDKHBI BBIIIOJHSTHCS [1BA
3aKOHA COXPAaHEHUs, HHAYe NUCCUIIATUBHBIE CBOWCTBA CXe-
MBI MOTYT UCKa3UThb PE3yJIbTAT, BHOCS BIIUSHUE (PUKTUBHBIX
CTOKOB MJIM UCTOYHUKOB. [T03TOMY HCIIOIB3YIOTCSI pa3HOCT-
HBIE CXEMBI, JOJDKHBIM 00pa30M YYHTHIBAIOIINE HEIMHEH-
HOCTh MOJIEJINPYEMOT0 ypaBHEeHUs [26].

JIJ1 4UCJICHHOTO MOJEJMPOBAHMS UCIOJIb3YeTCsl HeJu-
HeitHbIi onepaTop (3.3) ¢ cHMMETPUYHBIM s1apoM Q(v, w) ISt
CTENMEHHBIX MOTEHINAIOB B3auMoeiictus (3.7). s 3aps-
KeHHbIX yactul f = 1 (n; = —3), Toraa Q(v,w) = (2/3) w3
mpuw < vu Q(v,w) = (2/3) v npuw > v.

Hcnonb3ys oO6bIMHYIO IpOLIEAYPY NPUBEACHUS K Oe3pa3-
MEpPHOMY BUY, EPEIEM K CIIe1yIOIIUM NIEPEMEHHBIM:

B AP . L0
Vth tp ngp
1= dnvg fos = 4nvg 1S (3.23)
n 7’ ng

Juist mocTpoeHusl pa3HOCTHOM CXeMbl OECKOHEUHBIN MHTEp-
BaJl B MPOCTPAHCTBE CKOPOCTEH 3aMEHSIETCS KOHEYHBIM
oTpe3koM [0, ¥max], KOTOPBIN BBIOUpAETCS TakK, YTOOBI
Y4ECTh BLICOKOIHEPTeTHYECKUE YACTHUIIBI, U TPAHUYHOE YCIIO-
BUE I (YHKIWU pacrnpejaesicHus OyaeT MMeTb BUJT
f (Vmax, 1) = 0. UcTounuku Sy u cToku S_ GepyTCs IITaBHBIM
06pa3om B BuE 0-QyHKIINU:

I o(v—vs)

Sy
02

(3.24)

Eciu MHTEHCMBHOCTM HMCTOYHUKA M CTOKA YIOBJIETBO-
psioT cootHomenuto I, = I_v?/v?, To sHeprus, koTopas
MPUXOJUT B CHCTEMY M3BHE, pPaBHA HYJIIO, HO TJIOTHOCTh
YACTHUI[ B CUCTeMe YObIBaeT (eCJM MCTOYHUKY COOTBETCT-
BYIOT OOJIBbIIIE CKOPOCTH, YeM CTOKY), T.e. B JTAHHOW CH-
Tyalluu peajn3yeTcs aHAJIOT IOCTOSIHHOTO IIOTOKA SHEPTUH B
UMITYJIbCHOM TPOCTPAHCTBE C HECOXPAHEHHEM ILIOTHOCTHU
4acTHIl B cucTeMe. I[TOCKOJIbKY MBI IMeeM JIEJI0 C 3apsiKeH-
HBIMM YaCTHUIIAMH, IPU YMEHBIIICHUU TIJIOTHOCTH 3JIEKTPOHOB
B HEKOTOPOU 00JIACTH M3-32 BO3HUKIIETO 3JIEKTPUIECKOTO
TMOJISL TyJla HAYMHAIOT MOCTYNATh TEIJIOBBIE 3JIEKTPOHBI U3
coceqiHel o6acTu. B pamkax paccMaTpuBaemMoi OJTHOPO/I-
HOH 1O MPOCTPAHCTBY MOJIEJN 3TO MOXHO YY€CTh BBOJOM
eré OJHOr0 UCTOYHUKA C TAKON HHTEHCUBHOCTBIO Iy, YTOOBI
HE TPOMCXOIUJIO YMEHBIIICHUE YUCIIA YACTHUIl, a 3HAYUT, HE
BO3HHKAJIO 3JIEKTpuyeckoe mojie. TakumM oOpa3zom, MOXKHO
c(hOpMyIMPOBATH COTJIACOBAHHYIO MOJIEb C JIBYMSI HCTOY-
HUKaMHU C UHTEHCUBHOCTSIMU [, Iy, M OOHUM CTOKOM C
WHTEHCUBHOCTBIO /_, B paMKax KOTOpPOW He OyayT u3me-
HSTBHCS SHEPTUs U TJIOTHOCTH YacTHIl. J{JIsl 3TOT0 WHTEHCUB-
HOCTH UCTOYHUKOB U CTOKOB JIOJDKHBI YAOBJICTBOPATH ABYM

COOTHOIICHUSAM:
Iy —I +1, =0, ILoog—Tv2+TvI=0. (325

OTCIO,E[a IIOJIYYarOTCA MHTCHCUBHOCTH HMCTOYHHUKOB, BbIpa-
JKCHHBIC Y€PEC3 NHTCHCUBHOCTL CTOKA 1_:

2 2 2 2
V- — v vy —v
- TV + Y-
]+ - ]_ ﬁ 5 Ith = [_ ﬁ . (326)
Uy~ U VE T Uy

Kpowme Toro, B YNCIEHHBIX pacyéTax HHOTIA paccMaTpH-
BAIOTCS] UCTOYHUKH (CTOKH), paciipe/iesIEHHbIE [0 CKOPOCTSIM



T.183,Ne 1] HEPABHOBECHBIE KOJIMOI'OPOBCKOI'O TUIIA PACITIPEAEJIEHUA YACTUL U UX MMPUJIOXKEHUA 67
9KCIIOHEHIIUATILHO:
ln@
S oc Lexp [~ b(v—vs)?]. (3.27) 1)
—40
Takoe BbIpaXkeHUE ISl UCTOYHUKA HJIM CTOKAa YAOOHO
HCMOJIb30BaTh NPHU HCCIEIOBAHUM 3aBUCHMOCTH HEPABHO-
BECHBIX (YHKIUI pacmpenesneHuss oT GopMbl UCTOYHHKA. _s50 L
Cregyetr 3aMeTUTD, YTO, CTPOTO TOBOPSI, BBEJICHUE CTOKOB,
HE 3aBHCSIIMX OT (DYHKIHMU pacrpelesieHusi, MOXET OBITh
BeCbMa MpoOJIeMaTHYHBIM. B Takoil mocTaHOBKE MOXHO —60
CO3/1aTh HAaYaJIbHBbIC YCJIOBHS, MPU KOTOPBIX PEIICHUE CTa-
HET OTPHUIATE]bHBIM B OOJIACTH CTOKA IOCJIE HEKOTOPOTO
npoMexyTka BpemMeHH. [103TOMy 4acTO UCTOYHUKH (CTOKH) _70 L
MOJIEIAPYIOTCS CJIAraeMbIMH, TPOMOPINOHAIBHBIMA UCKO- ) L
MO (QYHKIIMU pacipe/iesIeHAs], & IMEHHO: 20 30 40 yes

o(v—vy)

Sy =1
+=1x o2

S (1)
HamomuuMm, 4TO B AMCKpeTHOM ciydae GyHKuus 6(v — vy)
OTJIMYHA OT HYJISl JIMIIb NpH v = v;. HavanbHOE pacmpere-
JIHHE BBIOMPAETCS MAKCBEJUIOBCKUM HJIA THIA O-(QYHKIHH.
CriegyeT OTMETHUTD, YTO Pe3yJIbTaThl MPAKTHYECKU HE 3aBU-
CSAT OT BHJA HavyajJbHOW (GyHKUMHM pacHpelesieHus, 3a
HUCKJIFOYEHHEM caMOM HavYaJIbHOU cTagud. Ha xaxgoMm 1mare
10 BPEMEHM IMPOBOIATCS UTEPAIUH, YHCIO YACTHUI] COXpa-
HSIETCSI ¢ MAIIMHHOM TOYHOCTBIO, & JHEPTHUSI COXPAHSETCS C
TOYHOCTBIO 710 7 — 8 3HaKA.

Hanee 00cyaat0TCsl OCHOBHBIE PE3YJIbTAThI YUCIEHHBIX
PpacuéToB NPU HAIMYNAU B UMITYJILCHOM IPOCTPAHCTBE MOTO-
KOB 3Hepruu 6o yactui [29 —31]. B npaBoii yacTu KUHETH-
4ecKuX ypaBHeHui (3.3) MMEIOTCS UCTOYHHK Sy M CTOK S_
JUIs oOecrievueHns] TOTOKa B UMITYJIbCHOM MPOCTPAHCTBE.
BHavaje pacCMOTpPUM pe3yJIbTaThl PEIICHUs, KOTAa UCTOY-
HUK ¥ CTOK COTJIACOBAaHBI C HANPABJICHHUEM IOTOKA B M-
MYJILCHOM IPOCTPAHCTBE, IEPEHOCUMOM B PE3yJIbTATe CTOJI-
KHOBEHH. 3aMeTHM, 4YTO AaHAJUTHYECKOE PACCMOTpPEHHE
YpaBHEHWI JJIs1 JIOKAJIM30BAHHBIX UCTOYHUKA U CTOKA NAET
MpaBUJILHOE HAMPABJICHUE MOTOKA — OT OOJIBIIUX CKOPOC-
Tell kK MasibIM. Ha pucyHnke 4 MOXXHO YBUIETb, YTO B UHTEP-
BaJIe MEXIY UCTOYHUKOM U CTOKOM CO BPEMEHEM yCTaHAB-
JINBAETCSl CTAIIMOHAPHOE HEPAaBHOBECHOE DAaCIpeIeIeHNe
(KOJIMOTOPOBCKOTO THIIA) YACTHIl, COOTBETCTBYIOIIIECe HAJIM-
A0 MOTOKA JHEPTUM B UMITYJILCHOM IMPOCTPAHCTBE, B TO
BpeMs KaK BHE 3TOrO MHTepBasa (YHKIMS paclpereIeHus
SIBJISIETCSI TEPMOJIMHAMUYECKU paBHOBecHOM. UTOOBI emié pa3
y0ennThes B HEOOXOIMMOCTH COTJIACOBAHMS PACTIOIOKEHHS
HWCTOYHMKA M CTOKA C HANIPABJICHUEM TIOTOKA B IMITYJILCHOM
MPOCTPAHCTBE, ObLIN MPOBEICHBI PACYETHI C TIPOTUBOTIOJIONK-
HBIM PACIIOJIOKEHUEM B IPOCTPAHCTBE JHEPT Wi ICTOYHHUKA U
croka. Ha pucynke 5 npuBenéH siorapudm QyHKIUM pacrpe-
JIeJIeHUsl B 3aBUCUMOCTH OT KBajpata (0e3pa3mMepHoil)
CKOPOCTH TIPH HETPABUILHOM DPACIOJIOKEHUN UCTOYHUKA U
cToka. BuaHo, uto QyHKUMS pacnpeesieHus] YaCTHIl OCTa-
€Tcsl TepMOJIMHAMUYECKM PABHOBECHON TNpU W3MEHCHUU
MHTCHCUBHOCTH TOTOKA Ha HECKOJIbKO TMOPSIAKOB — 3TO
MOATBEPXKIAET BAXKHOCTH COTJIACOBAHHOIO PACHOJIOKEHHS
HACTOYHHKA U CTOKA.

s BapuaHTa, PeACTAaBIEHHOT0 Ha puc. 6, GyHKIHO-
HaJIbHAsT 3aBUCHMOCTh HMCTOYHUKA U CTOKAa OT CKOPOCTH
UMeeT IKCTIIOHCHIMAIbHBIN Thll. ICTOYHUK Sy pacnoJioxeH
B "y3koi" oGsactu BGJIM3M SHEPrUii, COOTBETCTBYIOIIUX
CeMH TEIUIOBBIM CKOPOCTSIM, & CTOK S_ TOXe JOCTATOYHO
JIOKaJIM30BaH B OOJIACTH YETBIPEX TEIUIOBBIX CKOPOCTEH.
O06acTh JOKaIM3aIMA UCTOYHHKA W CTOKA DPETrYJIHPYETCs

5*

(3.28)

Puc. 4. 3aBucumocTb Jorapudma cTalMoHapHO# HepaBHOBECHOI (yHK-
LUK paclpe/ieIeHusi, HOPMUPOBAHHON Ha 3HaveHHe GyHKknuu npu v = 0,
OT KBaJpaTa O6e3pa3mepHoii ckopocTu. Pacuér crenan ais MakcBesIOB-
CKOW HavagbHOH (YHKIHMU pacmupefeieHuss W (YHKIHH HCTOYHHKA C
I=10"'% v_ =5, v, =6, nna ypasuenus Jlannay — ®okkepa — [1nanka
B MOMEHTHI £, = 100 (crutoniHast JuHus), 11 = 25 (IUTPUXOBAs).

lnf(i)

(0)
-20

—40

—60

—80

—100

1 1 1
0 20 40 60

O

Puc. 5. 3aBucuMocTb OT KBajipata 6e3pa3MepHOil CKOPOCTH CTaIMOHAP-
HOI (pAaBHOBECHOIT) (QYHKIMH PACIPEEICHUS IPH HENPABUILHOM PACIIO-
JIOXKEHUHN UCTOYHUKA M CTOKA, vy = 5, v_ = 7, MOJy4YeHHOU NpH pacuéte
o ypaBHeHuto ®oxkepa —I1nanka, a Taxxke no ypasHeHuro Jlanmay niist
p=1,23.

lnjm
A0)

—40

—80

—120 L L
0 40 80

v/,

Puc. 6. OyHKIUS pacnpesesieHus], pacCUMTaHHAs 10 ypaBHEHUIO Dok-
kepa—Ilnanka Uit ucrouHumka (croka) Sy ~ Iyexp{—o(v— vi)z},
o =100, v— =4, v, = 7. llTpuxoBas JUHUS COOTBETCTBYET MOMEHTY
Bpemenu ¢ = 25, crutonHast — ¢ = 100.
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" 1) Ta6mua 1.
1(0)
1 £(3,95) S(7.95) f(8)
20 10 0,393 x107° 0,417 x10710 0,417 x10710
1 0,475 x107° 0,144 10710 0,144 x 10710
0,1 0,508 x10~° 0,189 x10~!! 0,189 x10~!!
—40 0,01 0,517 x107° 0,197 x10~12 0,197 x 10712
0,001 0,518 x10~° 0,198 x10~13 0,198 x10~13
0,0001 0,519 x107° 0,196 x 10~ 0,196 x10~14
—60
HEPBBIX, YMEHBIIEHUEM KYJIOHOBCKOIO CEYEHUS PACCESHUS C
_g0 L POCTOM CKOpPOCTH (~ v™3), a BO-BTOPBIX, C MMEIOIIIMCS
BCErJa MOTOKOM JHEPTMH M YaCTHL (H3-3a KyJOHOBCKOI
| | | | maddys3un) B 061acts 0CHOBHOM, "donoBoi" paBHOBECHOM

0 20 40 60 O

Puc. 7. ®yHkuus pacupeaesieHust, paccuuTaHHas 1o ypaBHeHHI0 Pokke-
2
pa—Ilnanka st ucrounuka (croka) Sy~ Iy exp {—oy(v—vs)"}, o =10,

v_ =3, v, = 5. lllTpuxoBast JMHUS COOTBETCTBYET MOMEHTY BPEMEHH
t = 25, citomHas — ¢t = 100.
ln@
S0)
_35 |
1
_45
2
—55 | | | |
20 25 30 35 40 vz/vfh

Puc. 8. Cranmonapsasi QyHKIMs pacipee/eHus], MoJIyYeHHasl U3 ypaB-
Henus Jlanaay npu ff = 2 i1 ICTOYHKMKA (CTOKA) B BUJIe d-(pyHKimu (3.24)
NIPH PA3JIMYHBIX HHTEHCUBHOCTSIX moToka I = 0,01 (7), 0,001 (2) mv_ = 4,
vy = 0.

3Ha4YeHUEM KO3 QUIMEHTA ¢ B 3KCIHOHEHIMAJIbHOU (yHK-
nun. B nanHOM ciydae k03(hGUIMEHT o) OUeHb BEJIHMK (paBeH
100), uTo obecnieynBaeT X CHIIbHYIO JoKaau3amuto. ccie-
JTyeM 3aBUCUMOCTH (DYHKIINY pacrpeiesieHus JIEKTPOHOB OT
CTENEeH! JIOKAJIU3aluy UCTOYHUKA M CTOKA B IMPOCTPAHCTBE
sHepruil. [ljs 3Toro B cClEayrollleM pacuy€Te BeJIMYMHA
koo dunuenta o; ObUTa yMeHbIeHa Ha MOpsAok: o = 10.
W3 cpaBHeHHs pe3yJIbTATOB, IPEACTABIICHHBIX HA pUc. 6 u 7,
BUJIHO, 9TO XapakTep CTAIMOHAPHOTO HEPAaBHOBECHOTO pac-
TpelieIeHNs] B OCHOBHO#M 00J1acTH MeXJIy HUCTOYHUKOM U
CTOKOM HE 3aBUCUT OT CTEHNEHHU JIOKAJIM3ALUH HCTOYHHKA
(cToka), YTO CBHUACTEJILCTBYET O JIOKAJBLHOCTU (DYHKIUU
pacnpeeseHusl.

Ha pucynke 8 mokazaHa 3aBUCHMOCTDb (DYHKIIMI pacrpe-
JIEJICHUs OT KBagpaTa 6e3pa3sMepHOi CKOPOCTH IPH pa3Jiny-
HBIX MHTEHCUBHOCTSIX IIOTOKA. YCTAHOBJIEHO, YTO MpPHU Ma-
JIBIX THTEHCUBHOCTSIX UCTOYHUKA [ (CTOKa /_) yHHBEpCab-
HOE HEpaBHOBECHOE pacmpeneseHne ¢GopMupyeTcs B
OKPECTHOCTH CKOpOCTed v < v;, 4YTO OOYCIIOBJIEHO, BO-

¢dyHkIuM pactpenesneHus. [103ToMy ¢ pocTOM HHTEHCHBHO-
CTU YHHUBEPCAJIbHOE HEPABHOBECHOE PACHPEIEJICHUE YACTHIL
dbopmupyetcs, 3aHuMasi BCE OOJBIIYIO 00JACTH MEXIY
HACTOYHUKOM U CTOKOM, YTO CBSI3aHO CO CHIDKCHHEM OTHOCH-
TEJILHOW JOJIM TOTOKAa, YXOJsmiero (IepeaaBaeMoro) B
"honosyro" mnasmy. CreyeT OTMETUTh, YTO C TOBBIIIIE-
HHEM HHTEHCHUBHOCTH BO3PACTACT M BeJIMYMHA HEPABHOBEC-
HOM QyHKIMU pacnpenesieHusl, Tak Kak OHa IPONOPIMOHAIIb-
Ha BeanmuuHe noToka (2.6). HekoTopble YnciieHHbIC 3HAYCHUST
HEPABHOBECHOW CTAIMOHAPHON (DYHKIIUU paCIpeac/ICHus,
TOJIYYeHHO! U3 pereHnid ypaBHeHus Jlanaay, npuBeIeHbI B
Ttabi. 1, 2. Pe3yabTaThl npeacTaBisitoT coboil moapobHoe
HCCJIEIOBAHUE 3aBUCHMOCTHU PEIIEHHs] OT MEHSIoLIeics B
IIUPOKUX Tpeaesax MHTEHCUBHOCTU NMOTOKOB B HMITYJIbC-
HOM TpPOCTPAaHCTBe. B kauecTBe (yHKIMU MCTOYHMKA (CTO-
Ka) vactul BelOpana ¢yHkmus (3.24), cTOK HaxXoAWTCsS B
Touke v_ =4, a UCTOYHMK — B Touke v, =8, AE=0.
[TocneaHee paBeHCTBO O3HAYAET, YTO MOTOK JHEPTUHU B MM-
MYJIBCHOM NPOCTPAHCTBE OCTAETCSI MOCTOSHHBIM, OJTHAKO,
TOCKOJIbKY HE HCMOJIb30BAJICs AOMOJTHUTENbHBIN UCTOYHUK
B TEIUIOBOH OOJIACTH, IJIOTHOCTb YACTHI[ HE OCTaBaJach
TIOCTOSIHHOM.

N3 Tabnuie! 1 BUAHO, YTO 3HAYCHUS (PYHKIIUU pacipee-
JIEHUS BO3PACTAIOT € yBEJIMYEHUEM HHTEHCUBHOCTH ITOTOKA /,
€03/1aBa€MOro UCTOYHUKOM U cTOKOM. IIpu HU3KOU MHTEH-
cuBHoCTH (110 0,1) 3HavYeHUs (QYHKIMM pacrpeesieHUs] BO3-
pacTaroT MPOMOPIMOHATBHO /, TOTOMY 4TO OOJIBIION BKJIA]
NMaéT B3aMMOICHCTBIE HEPABHOBECHBIX YACTHII (T.€. YACTHIT
U3 HHTEPBAJIa MEX Y KICTOYHUKOM U CTOKOM) ¢ ""hoHoBbIME"
YaCTULAMM, KOTOPbIE UMEIOT TEPMOINHAMUYECKH PABHOBEC-
Hyto QyHKIMIO pacupenenenus. [Ipu cpeTHIX HHTEHCUBHO-
ctax (ot 0,1 mo 20) ¢yHKumsS pacmpeneneHus SBIISIETCS
YHUBEPCAJILHOW BO BCEM HHTEpBAje MEXIYy UCTOYHUKOM U
CTOKOM W MPOTOPIHMOHAJbHA KBAAPATHOMY KOPHIO M3 WH-
TEHCUBHOCTH MOTOKA, B COOTBETCTBHUH C BbIpaxkeHueM (2.6).
ITpu 60aBIIMX UHTEHCUBHOCTSIX (GYHKIMSI paclpeesIeHus He
SIBJISIETCS.  TIPOTIOPIMOHANILHOW KBaApPAaTHOMY KOPHIO W3
MHTEHCHBHOCTHU MOTOKA, TOTOMY YTO MHTEHCHBHOCTH CTOKA
caMa 3aBUCHT OT (DYHKITUH PACIIPE/ICIICHNS B COOTBETCTBHH C
BBIOpAaHHBIM BUIOM CTOKa (3.28).

PaccmoTpum GopmMupoBaHue HEpaBHOBECHOW (YHKIIUU
pacopeieneHnss YacTHL, COOTBETCTBYIOIIEH HOCTOSHHOMY
notoky sueprun (AE=0, I, =1_v? /vi) nim yactur] (AN =0,
I. = I1_). 1ns cpaBHEHHSI PE3YIHTATOB YIOOHO MPEICTABUTH
rpaduyecku GyHKIMIO pacipeesieHrs, HOpPMHUPOBAHHYIO Ha
3HaueHue (yHkuuu B Hysde (puc. 9). Bunno, uto kak uIst
MOTOKA YACTHII, TaK U ISl MOTOKA YHEPTUU (POPMUPYIOTCS
MEJIJICHHO YOBIBAIOIIINE pacIpeiesIeHHs ¢ OIM3KUME oKa3a-
TEJISIMU S.
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1nf(v) ln%
A0)
—30
1 -20
2 1
—40 -
2
—40 3
—50
—60 | | | —60 1 1 1
0 20 40 60 DO 0 20 40 60 v vl

Puc. 9. Cranmonapnast QyHKIUs pacupeeieHns], IOJydeHHAs] U3 ypaB-
Henus Jlampay npu = 1 s ucrounHuka (ctoka) B Bume J-pyHKINH
(3.24); |I+| = 0,01, v_ = 4, v, = 8. KpuBasi / COOTBETCTBYET IOCTOSIHHO-
My noToky sHepruu (AE = 0), kpuBasi 2 — HOCTOSSTHHOMY TIOTOKY YaCTHIT
(AN =0).

Puc. 10. 3aBUCUMOCTbH CTAI[MOHAPHBIX HEPABHOBECHBIX (DYHKIIHIA pacipe-
JIeJICHUsT OT KBaJapaTa CKOPOCTH JUISl IOCTOSIHHOTO IOTOKa JHEPIUH
uHTeHCUBHOCTBIO [ = —0,01, ms ucrounuka (ctoka) B Buae (3.28) u
v_ =4, vy = 8. Kpuble nmostyyeHsl npu pacuére no ypaBHenuto Jlanmay
Ut mokasatenet f = 1 (1), 2 (2), 4 (3).

Ta6mna 2.

B 1 1.5 2 3 4

£(8)10,197x10712{0,123x10713{0,266 x10~14] 0,771 x10715 0,384 x10~13

WHTEepecHbIM SIBJISIETCSI UCCJICJOBAHUE BHAA (DYHKIUH
pacripesiesieHis] IPU PA3JIMYHBIX 3aKOHAX B3aMMOJICHCTBUS
YaCTHUI MEX 1y co00i. PaccMaTpuBaroTCs 3HAYCHUS TTOKA3a-
tens crenenn | < ff < 4. Hanmomuum, uto ff =1 coorBer-
CTBYET KYJIOHOBCKOMY MOTEHIIAAY B3aUMOJICHCTBUS, f§ = 2
— JIMNOJIBHOMY B3aMMOJICHCTBUIO, a [ =4 omnmuchIBaeT
B3aMMO/CHCTBUE TaK HA3bIBAEMBIX MAaKCBEJJIOBCKUX MOJIE-
KYJL

B Tabmmme 2 mpencraBlieHa 3aBHCHUMOCTH (DYHKIIUU
pacnpeneneHus f(v4) OT HOKa3aTessi MeKYACTUYHOTO B3aHu-
moneiictsust f npu / = 0,01. Buano, 4To npu oHOM 1 TOH ke
WHTEHCHUBHOCTH HCTOYHMKA M CTOKA 3HA4YCHUS (YHKIUU
pacrpesieJieHusi IpA OJTHOM M TOM XK€ 3HAYEHHU CKOPOCTHU
YMEHBIIIAIOTCS IO MEPEe YBEJIMUEHUS TIOKa3aTes f§ TOYTH HA
Tpu nopsinka. Ha pucynke 10 mpeacTaBiieHbl HEpAaBHOBECHBIE
(byHKIUM pacrpeesieH st IJIsl TOCTOSHHOTO TTOTOKA SHEPTUU
nHTeHCUBHOCTHIO I = 0,001 (cTOK M ucTouHUK B Bue (3.28) B
TOoukax v_ =4, v, =8 COOTBETCTBEHHO) M IOKa3aTeyel
p =1, 2, 4. Buano, 4TO AJ1s1 BceX 3TUX 3HaueHuid § popmu-
pYIOTCSI HEpaBHOBECHbBIC (DYHKIIUU PACTIPEACIICHUS C OJIU3KH-
MH [TOKA3aTEJISIMHU CTETICHH §, YTO HAXOJIUTCS B COOTBETCTBUU
¢ BeiBogamu [30]. C pocrom mokaszatesis f§ aOCOJFOTHAS
BEJIMUMHA HEPABHOBECHOI'O ydacTKa (DYHKIMH pachpejeie-
HUSl YMEHBIIAETCS. DTU PE3YJIbTAThl HAXOIATCS B KAUYECTBEH-
HOM COTJIACHH C TIPUBEJIEHHBIMH BBIIIE AHAJIUTHYECKUMU
pe3yJIbTaTaMH.

PaccMoTpuMm 3BoJTIONMIO (DYHKIMH pachpe/iesicHus] B
paMKax M3JI0KEHHOM BBIIIE CAMOCOTIACOBAHHOM, OTHOPO/I-
HOU MO MPOCTPAHCTBY MOJIEJIH C ABYMSI HICTOYHUKAMHU C MH-
TEHCUBHOCTSMM [, [, 1 OJHUM CTOKOM C UHTEHCUBHOCTBHIO
I_, B XOTOPOH 9HEPTHsI U ILTOTHOCTD YACTHUI] HE U3MEHSIFOTCS
co BpeMeHeM. [Ipm 3TOM HHTEHCHBHOCTH HWCTOYHUKOB,
BBIPQ)XEHHbIE Yepe3 MHTEHCUBHOCTH CTOKA I, YIOBJIETBO-
psiroT cooTHoIIeHUsM (3.26):

v? - v2 02 — 2
L= 5—75 In=L—5—3%
vy — vy — 0
+ th + th

200

B\ HFINFHIEIR,

0110 100 80 70 60 50 40 30 20 10
E

Puc. 11. BpemeHHAs 3BOJIONUST HEPABHOBECHON (DYHKIMH pACIpEIeIie-
HYSI, TIOJTy4eHHOU 3 ypaBHenus Jlannmay npu = 1 [UIsl HCTOYHUKOB U
croka B Buje o-¢yHkmmu (3.24); I- = —0,001, v =2, v =1, v, = 7.

Ha pucynke 11 npuBeeHa BpeMEHHAS 3BOJIFOIIUS B paM-
Kax caMOCOTJIACOBAaHHON MOJEJIN HEPaBHOBECHOH (pyHKIUU
pacupezesieHus, MOJyYeHHOW M3 ypaBHeHus Jlanpmay s
f =1 u 1Jist ICTOYHUKOB U CTOKA B BuJe J-pyHKIuu (3.24),
Npu MHTeHCUBHOCTH cToka /- = —0,001, pacnosioxeHHOro B
TOYKe v_ =2, JUTSI ABYX HCTOYHUKOB B TOUKAX vy =1, v, =7
C COOTBETCTBYIOIIUMU (MIPUBEIEHHBIMU BBIIIE) HHTEHCUBHO-
cTaMu. BunHo, 4to GyHKIMS pacnpeaesieHus BHE HHEPLUOH-
HOTO MHTEpBaja SBJSIETCS TEPMOIMHAMUYECKH DPaBHOBEC-
HOW, TPUIEM TeMIIepaTypa COBMAAET C IePBOHAYATHHOM.

B mHEpHMOHHOM (COOTBETCTBYIOIIEM MOCTOSIHHOMY TO-
TOKY BHEPTrUU MEXJy HCTOYHUKOM WM CTOKOM) HWHTEpBaJe
YCTAHABJIMBACTCS MPAKTUYCCKH HE U3MEHSIOIIASICS C U3Me-
HEHHEM CKOpOCTH (yHKIUS pacnpesesnenus (miato). Haubo-
Jiee ObICTPO (PYHKIIUS pacrlpejiesieHus] CTAHOBUTCS CTAIMO-
HapHOW BOJIM3M UCTOYHHKA, (HOPMHUpPOBaHUE Ke (YHKIHU
pacopezeneHuss B 0OJIACTH CTOKA COCTABJISIET HECKOJBKO
coTeH Oe3pa3MepHbIX eIUHNI BpeMenu (puc. 12, 13). Vpesu-
YeHUe MHTEHCUBHOCTU INOTOKa (CM. puc. 13) mpuBOIUT K
yBEJIMYCHUIO (DYHKIUU paclpelesieHus, P 3TOM COBEp-
LIEHHO HE BJIMSET HA TEMIIEPATYPY PABHOBECHOH (GyHKIHMU
pacrpe/ieieHusl.
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Puc. 12. 3aBUCUMOCTD OT HEepruu Jorapudma HepaBHOBECHOH (PYHKIIUU
pacnpenesieHns, NOJyueHHOH u3 ypaBHenus Jlawmay npm =1 mis
HUCTOYHUKOB M cTOKa B Buae o-pynkuuu (3.24), I_ = —0,002, v_ =2,
viy = 1, v,, =7, B pasnuiable MOMeHTHI Bpemern ¢ = 0,001 (7), 10 (2),
20 (3), 200 (4).

|
0 10 20

30 40 50 60 70 80 90 100

Puc. 13. DBomronust GyHKIUK pacipene/ieHHs P ASHCTBUU HECTAIHO-
HapHBIX MCTOYHUKOB M CTALUOHAPHOTO DPACHPENEJIEHHOIO CTOKA IS
pa3IMYHBIX MOMEHTOB BpeMeHu: ¢ = 5 (1), 20 (2), 30 (3), 35 (4), 50 (9),
100 (6). MomeHT BpeMeH#H ¢ = 30 COOTBETCTBYET BPEMEHH BBIKJIFOUEHUS
UCTOYHUKOB. VICTOUHMKHM C paBHBIMU MHTeHCHBHOCTsIMU /1> = 0,01 Jj0-
KaJIM30BaHBI IPH CKOPOCTSX v+ = 3,5 ¥ vo; = 7,0, CTOK IPONOPLUUOHA-
JIeH (DYHKIUH pacIpeiesIeHNsI H ASHCTBYeT B 00IacT v_ > 2.

3.3. Uucjiennoe moaemmpoBanne (popMHpoBaHusi
HepaBHOBECHBIX (PYHKIMIl pacnpeaeieHHs] YACTHI JIJIsSt
HECTAIMOHAPHBIX HECOTJIACOBAHHBIX MCTOYHHUKOB H CTOKOB
B mpusenénnoMm B pazzenie 3.2 YUCIEHHOM MOJICIMPOBAHUI
paccMaTpUBAJIUCh JIUOO HEBBICOKME MHTEHCUBHOCTH UCTOY-
HHUKa — CTOKA, TNOO caMOoCOoTJIacOBaHHASI MOJIEIb, B KOTOPOH
HACTOYHHKH U CTOKH, BO-TIEPBHIX, JIOKAJIA30BAHBI B IMITYJIbC-
HOM MPOCTPAHCTBE, BO-BTOPBIX, COTJIACOBAHBI IO NHTCHCHUB-
HOCTH, T.€. UMeJIa MECTO B YUCTOM BH/IE CUTYAITUS TIOCTOSH-
HOTO TOTOKA JHEPruM (YacTHIl) B UMITYJILCHOM HPOCTpPAH-
cTBe. B 3TOM cnydae ¢ TeueHHeM BpPEMEHH B WHEPIHOHHOM
“HTEepBaje GPOPMHIPOBAIUCH CTAIIMOHAPHBIE HEPABHOBECHBIE
(yHKIM pacrpeieIeHusl.

Kaxk nokasaHo B pa3zere 4, B peajbHOI 9KCIIepUMEeHTaJIb-
HOM cuTyanuu (HanpuMmep, o0JIydeHre TBEpAOTEIbHOM II1a3-
MBI TOTOKOM OBICTPBIX HOHOB) MBI HIMEEM [1eJI0 HE TOJIBKO C
HECOTJIACOBAHHBIMH 110 MHTEHCUBHOCTH UCTOYHUKAMH U CTO-
KaMH, HO JIake C HECTAIMOHAPHBIMH, T.€. C HCTOUYHHKAMH,

JIEUCTBYIOIIMMH B TEYEHHE KOHEYHOI'O0 IPOMEXYTKa Bpe-
MEHM, 3aMETHO MEHBIIEro, YeM BpeMs JEUCTBUSI CTOKOB.
Kpome Toro, crokd, a MHOTAA U UCTOYHHKH, MOTYT OBITh
pacrpeieJIeHbl TIOUYTH O BCEH paccMaTpHBaeMoil 00JiacTu
UMILYJIbCHOT O IpocTpancTBa. Kak OyaeT BUIHO U3 JajIbHE-
mero usjoxeHus [29—31], B aTom ciryyae GyHKIMU pacripe-
nesieHust OyayT KBa3sHUCTALMOHAPHBIMU MJIM HECTAallMOHap-
HBIMU.

[Ipoanamu3upyeM IBONIOIMIO (HYHKIUH PACIPEIeTICHUS
npu fi; 5 3=1,2,4 nox aeiicTBUEM JIUIIL HICTOYHUKOB HEOOIIb-
II0M MHTEHCUBHOCTH. POpMHUpOBaHNE HEPABHOBECHOTO Pac-
IpelesIeHusT MOXET OBITh pa3/ieieH0 Ha TpH craauu. B
TeYeHHre IIEPBOrO0 KOPOTKOIO IepHoaa cucrema "moMuut"
HavyaJibHble YCJIOBHUS. JJIMTENBHOCTH 3TOTO IEepUoja He
OYeHb OTJIMYAETCS JUIS PA3HBIX TOKazateleid ff W paBHA
MpUOIM3UTENILHO ¢ &~ 1. B TeyeHne BTOpPOU cTaauu mpouc-
X0IUT (OPMHUPOBAHUE OCHOBHOM 4YacTU paclpenesIeHusl.
TTpoAOKUTETLHOCTh 3TOM CTAJIMU CYIIECTBEHHBIM 00Opa-
30M 3aBHCUT OT MECTOIOJIOKEHHMS] HCTOYHHMKA v; W TpU
HEOOJIBIINX MHTEHCUBHOCTSIX HE 3aBUCUT OT €r0 HHTEHCHUBHO-
ctu. OyHKIUS pacipe/ieieHus IpUHUMAET (HOPMY MIIATO WU
AMeeT €1ab0 YOBIBAIOIIYIO 3aBUCUMOCTb MEXIY HCTOYHH-
KOM M XOJIOJIHOW OOJIACTBIO OT BEJUYMHBI HHTEHCHBHOCTH
HUCTOYHUKA. Y CTAHOBJIEHHE KBAa3UCTAIIMOHAPHOTO pacipe/ie-
JIeHHs 3aKaHYUBaeTCs HOPMUPOBAHIEM XBOCTA pacHpeeie-
HUA. IUTeIbHOCTD 3TOUW CTAIUU CYIIECTBEHHO 3aBHCUT OT
moka3aTeJtst . DBOJIIOIMSI OCHOBHON YaCTH PACIIpE/IeJICHNUS B
0Oe3pa3MepHBbIX EAMHMIAX 3aKaHYMBAETCA NpHU ¢ ~ 50 s
p=lLnput~2aaf=2unput~1a1ap =4

3.4. Mexanu3m (popMHPOBAHHUS 3JIeKTPOHHOH (yHKIMH
pacnpe/ieieHus IpU B3aUMO/AeiiCTBHA OTOKOB
3JIEKTPOMATHUTHOTO M3JIy4eHHsI H OBICTPBIX 3apsKeHHBIX
YacTHI C TBEPAOTEIbHOMH NJIa3MOM
B nmamHoMm paspgene Mbl XOTUM OOpATUTH BHUMAaHHE HA
0COOEHHOCTH MPOBOASIINAX 1 IMIUCCHOHHBIX CBOWCTB, BO3HH-
Karolye MpH JCUCTBUM HA MOJYIPOBOJHUKOBYIO IJIA3My
WHTEHCUBHBIX MOTOKOB YaCTHI UJIU JIA3€PHOTO U3JIYUCHHUSI.
1. CpaBHUM BpeMeHa peJlaKCallid SHEPTUU 3JIEKTPOHOB
3a CU€T OJJIEKTPOH-IJIEKTPOHHBIX M 3JEKTPOH-(HOHOHHBIX
cTrojikHOBeHUH. Ilpu B3auMoneHCTBUM TOTOKOB MHTEHCUB-
HOT'O 3JIEKTPOMATHUTHOTO M3JIyYeHUs BCJIEACTBUE MOHU3A-
U 00Pa3yIOTCS AJIEKTPOHBI € 3HEprusiMu E = fiw, Tie o —
4acToTa U3JIydeHus. B ciyuae 00s1yueHns TOTOKAMU 4aCTHUI]
CHEKTp 3HEepruu oOpa30BaBLIMXCS 3JIEKTPOHOB MPOCTHPA-
€TCSl OT JECATKOB AJIEKTPOHBOJIBT 10 AECSTKOB KHJIOIJIEKT-
pouBoJibT. CoryiacHo [33], Jist 3JIEKTPOHOB, 00JIaTAFOIINX
noctaTouyHo Oosbimmmu SHeprusmu E (E > kgT), nupu
BbICOKHX Temrepatypax 1 > Tp (Tp — Temmeparypa
Hebast) yacToTa 3JIEKTPOH-3JIEKTPOHHBIX COYIapEeHUl orpe-
JiessieTcsl BBIPaXKeHUEM

2
YO(E,T)=y5(T) |1+ (/q%’) , (3.29)

rae 7¢ (7)) — kaccuueckasi BLICOKOTEMIIEpATypHAS 4aCTOTa

MEKIJIEKTPOHHBIX COYAapeHuii, mpornopuuoHanbaas 172,

YacToTa 37MeKTPOH-POHOHHBIX CTOJKHOBEHHH B TeX XKe

YCJIOBHUSIX 3alHChIBAETCA B Bue [34]
per =t (Tp) T

Tt (3.30)

rze f(Tp) — Kxj1accuyeckast BRICOKOTEMIIEpaTypHast 4acToTa
coynapeHuii anektpoHa ¢ ¢pononamu nupu T = Tp. Hus
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00CY)/1aeMBbIX TPOLIECCOB BBIMOJIHEHBI YCJIOBHS, HEOOXO0I1-
MbIe 11 cripaBeamBocTa Gopmyi (3.29) u (3.30), Tak xak
E>105B, T=300 K, Tp =200-300 K. OrmeTum, 4TO
BEJIMYMHBI, OOpaTHBIE YaCTOTAM COYIApEHUH, OmIpenescH-
HBIM corjiacHo (3.29) u (3.30), B obOmiemM cirydae He cOBIa-
JAIOT C BPEMEHAMH DeJIaKCalliy SHEPTUU 3JIEKTPOHOB, TaK
KaK CJIEJyeT elI€ y4ecTh YHCIIO CTOJIKHOBCHUH, HEOOXOIH-
MBIX JIJIsE IOTEPH 4YacTUIell cBoei sneprum E, T.e. pakTop
¢ = E/E| (E, — sHeprusi, TepsieMasi 3JISKTPOHOM IIPU OJTHOM
coynapenun). CoryiacHo aHHbIM [34], B paccMaTprBaeMOM
ciydae

ef - . ce

PR 7> (3.31)
Toraa Kak Gaktop & IS 3JIEKTPOH-3JIEKTPOHHBIX COyIape-
HUUA MOXET OBITh MOPSIAKA SAVMHUIIBI, a IS 3JEKTPOH-
¢dononubix — E/kgTp > 3 X 10%. TakuMm o6paszoM, B JaH-
HOM cJlydae BpeMsl peJIaKCAIlH SHEPrUH JIEKTPOHA 34 CUET
9JIEKTPOH-3JICKTPOHHBIX COYAAPEHUI 3HAYUTEIHLHO MEHbBIIIE
BPEMEHH pejlakcanuu 0Jiarogapst 3JIeKTPOH-(GOHOHHBIM IIPO-
eccaM.

CpaBHeHHE XapaKTepHOT O BpEMEHU HOHU3AIMU U BPEMEH
pelakcanuy MOKa3bIBaeT, YTO JIEKTPOHHAST (YHKIMS pac-
TpesiesieHns] B HAIeM ciiyyae OyneT KBa3UCTAIMOHAPHOM,
OTpEACIISIIONIEHCSI B OCHOBHOM JJIEKTPOH-DJIEKTPOHHBIMHU
coynapenusimu. ClieIoBaTeIbHO, OHA MOXeT OBITh HaleHa
W3 YCJIOBHSI OOpallieHusi B HYJb MHTErpajia CTOJKHOBEHUIA
Bonbumana (Jlangay — ®@okkepa — [1nanka).

W3 npuBenéHHoro ananusa cieayer, YTO JJIsl MOJIYIpo-
BOJIHUKOBOW TMJIa3Mbl B 00jacTsax sHepruii E — Eg > Ep
MOXET CYIIECTBOBATH CTENEHHOE paclpe/eicHue, OTBeYa-
FOIIlee OCTOSIHHOMY TMIOTOKY SHEPTUH WUJIH YACTHIL B UMITYJIb-
cHoM mpocTtpaHcTtBe. [lpu 3TOM pacmpeseicaue OyneT
(hopMHpOBaTHCS KaK 3a CUET COYTAPEHUM C JICKTPOHAMHU C
SHEPI'UsIMU, YAOBJIETBOPSIOIIMMHU YyClIoBUO E — Ep > EF,
TakK W 3a CUET COYNAPEHUil C 3JIeKTPOHAMH OCHOBHOTO (hoHa
(paBHOBECHBIMH).

IToka3aHo, YTO HEpaBHOBECHAsI (DYHKITUS pacCIpeIeICHUs
3JIEKTPOHOB OJIM3Ka K YHMBEPCAJIBHOMY paclpeliesIeHuIo,
€CJIN UHTEHCUBHOCTH OTOKA B UMITYJIbCHOM IPOCTPAHCTBE,
€03/1aBa€MOT'0 UCTOYHUKOM U CTOKOM, JOCTATOYHO BEJIUKA.

2. PaccMoTpuM 1ts mpuMepa o0 IydeHne TBepIOTEeIbHOM
IJIa3MBI IOTOKOM OBICTPBIX HOHOB (CO CKOPOCTSIMU, OOJIb-
LIMMU CKOPOCTEH aTOMHBIX 3JIEKTPOHOB). IIpuBenémM Tunmy-
HYIO CUTYalluIo Ha OJHOM Tpeke noHa. IlycTh aHeprust noHa
remust & ~ 5 M3B, mortennuan Bo30yxacHus @=1003B,
JUTMHA TpoOera MOHA B BEIIECTBE Ry ~ 1073 cm. Torma Ha
JUTHHE TIpo0era MOH Telusl 6Jarojapss HOHU3AIMHA CO3/IAET
10*—10° wacTum, pagmyc Tpeka MOHH3AINH COU3MEPHUM C
JUTMHO# CBOOOAHOTO Mpobera 00pa3oBaBIIMXCS 3JIEKTPOHOB
(R ~ 107® cM), co3maHHas OJHUM HOHOM TeiHs B TpeKe
TUTOTHOCTB 3NEKTPOHOB gy & 101 —10%° cMm~ npm pasHo-
BECHOH MIIOTHOCTH 71 &~ 10%2 cMm 3. TIpm TakoM cOOTHOIIe-
HUH TJIOTHOCTEW MHTEHCHBHOCTH MCTOYHHMKA (CTOKA), Kak
BUJHO W3 TMPEIbIIYIIEro PacCMOTPEHUSs, JOCTATOYHA JIS
(bopMupOBaHNST HEPABHOBECHOM (DYHKIMM pacipe/ieICHus.

OcTaHoBUMCS TOJAPOOHEEe HA KaHAJIAaX MOTePb SHEPrUU
OBICTPBIM HOHOM B TBEPIOTEJLHON IIa3Me. 3aMeTHM, YTO
JlaXke MpU HmapaMeTpax, XapakTepHBIX ISl HHEPIUAILHOTO
TEPMOSJICPHOTO CHHTE3a Ha MOHHBIX MyYKaX, IPH B3aUMO-
JIeCTBUY HOHHBIX MYYKOB C TBEPAOTEIBHOM IJIa3MO# OTCYT-
crByeT "a¢dexT motnoctu mydka" (cp. ¢ [35]), T.e. 3aBucu-
MOCTb MOTEPb 9HEPTUU HOHA OT TUIOTHOCTHU YACTHII B MTyYKe.
IMpuHaNMAasT BO BHEMaHHE 3TO OOCTOSITENBCTBO, BBIYHCIAM

HOTEpH SHEPIUHM OTJEJbHOro ¥WoHa 1o dopmyie bere—
Bioxa. CornacHo [36, 37], sHeprusi, moTepsiHHasi OBICTPOU
HEPEJIITUBUCTCKON YaCTHUIIEH, IepeTaéTCsl BEIIeCTBY ABYMSI
myTsMu. YacTh 3HEPTUH PacxXoayeTcsi Ha BO30ykKIeHNe KOJI-
JISKTUBHBIX KOJIeOAHWI KWJIBBATEPHOM IJIOTHOCTH 3apsja,
JIpyras 4acThb nepeaaércs OTACIbHBIM 3JIEKTPOHAM, TPUBO/IS
K ux noHuzamuu. IlepBasi 4acTb COOTBETCTBYET MAKPOCKO-
MHYECKUM TOTEPSIM SHEPTUHU NPH TAJILHUX CTOJKHOBEHUSX U
MaJbIX Tepefayax UMITyJibca. Bropas 4acTb COOTBETCTBYET
CTOJIKHOBEHHSIM C OOJIBIIUMU TePETAHHBIMU UMITYJTLCAMU.
Ha B030yX/IeHHe KOJUIEKTHBHBIX KOJEOAHUA pacxomyeTcs
OTHOCUTEJILHO OOJIbIIAS YACTh MOTEPSHHON YaCTHUIIEH 3Hep-
ruu. DHepruto Agy, MPUXOJSIIYIOCS HA KOJieOaHUS KUIbBa-
TEPHOU TUIOTHOCTH 3apsiia, MOXHO TPEJICTaBUThL B BUJE

136, 37]

Aegy  1n (v/10v)
—_— =, (3.32)
Ae  21n(v/v)

rae A¢ — NoJIHAsI TOTePsl IHEPTUM YACTUTICH, v) — CKOPOCTh
3JIEKTPOHA B OCHOBHOM COCTOSIHMM aToMa Bonxopoma. M3
(3.32) BunHO, 4TO 3HEprus KojeOaHUi KUIbBATEPHOM ILIOT-
HOCTH 3apsifga Aeg MO MOPSIAKY BEJIMYUHBI CPaBHHMA C
TIOJTHOW SHEPTHEH, TIepeJaBaeMON YaCTHIICH BEILIECTBY.

IIpr mpoXoXACHNUU OBICTPON YACTHIBI Yepe3 BEIIECTBO
AMEIOTCSl JIBa PABHOMPABHBIX MEXaHM3Ma OOpa30BaHUS
MEJIJICHHBIX 3JICKTPOHOB — JIABHHHASI HOHU3AIWS U HOHU3a-
us 4Yepe3 IJIa3MeHHble KoJiebaHus. OCHOBHbIE OCOOEHHO-
CTH, BHOCHMBIE MEXaHM3MOM O0OpPa30BaHUSl 3JEKTPOHOB
MOHM3AINH Yepe3 TIa3MeHHble KOJIeOaHusl, CBA3aHbI KaK CO
3HAYUTEJbHBIM BpPEMEHEM JKU3HU KoJeOaHWil KHIIbBATEp-
HOTO 3apsifia, TaKk M C 3aMETHOH €ro NnpoCTPaHCTBEHHOU
MPOTSHKEHHOCTBIO. BoJbIlioe BpeMsl )HU3HU KUJIHLBATEPHOT O
3apsa OPUBOJUT K TOMY, YTO BTOPHYHAS HOHM3ALMS
BHYTPU My4yKa NPOMCXOAUT B TEYCHHE JIMTEIHHOTO Ie-
puoIa mocie IPOXOKICHUS YACTUIBL. 3HAYUTEILHOE YUCIIO
MEJIJICHHBIX 3JIEKTPOHOB MPH KACKATHOW MOHU3AINU TOJIY-
yaeTcsl HpU Hayajie Kackajla C BTOPHYHOTO 3JIEKTPOHA
Gombiioit 3Heprun. M3-3a 60JIbIIOr0 MOJHOrO mnpobera B
BEIIIECTBE TAKOTO JJIEKTPOHA MPH KACKAJHOH HMOHU3AIUU
OCHOBHOE 4YHMCJIO MEJICHHBIX JJIEKTPOHOB 00pasyercss Ha
paccTOSIHUSX MopsiIKa nmpodera 3nekTpoHa. [ToaTtomy nonu-
3a1Msl KUJIbBATEPHBIM TOTEHIIMAJIOM SIBJISIETCSI OCHOBHBIM
IPOLIECCOM, OIPEIEISIIOIIMM paclpefesieHue 3JIeKTPOHOB
MOHM3AIMY BOJIM3U OCH TPEeKa YaCTHUILbI, a KacKaJHas NOHU-
3a1msi 00yCIOBIMBAET paclpeieeHue dJIEKTPOHOB HOHM3a-
UM HAa PACCTOSHMSIX OT OCH TpeKka TMOopsiaka mpodera
aexkTpoHa. MoHm3amusi moeM caMoOW YacTHIBI HMeEeT
MECTO TOJIbLKO B MOMEHTBI BPEMEHH, COOTBETCTBYIOIIIHE
OPOJIETY YACTHUIIbI, & KUJIbBATEPHBIE KOJIEOAHUsI IIIOTHOCTH
3apsga UrparoT PoJb JIMHEHHOTO HCTOYHHMKA BTOPUYHBIX
9JIEKTPOHOB, CYIIECTBYIOIIETO JOJITO€ BPEMSI TOCIIE TPOXOXK-
JISHUS 3aPSDKEHHOHN YaCTHIIBI, TOITOMY MOCIIETHUE B IIOJTHON
Mepe ONpPeNesISIIOT BpeMEeHHOE TIOBEICHUEe KapTHHBI HOHU3a-
U,

Kak oTmevanocs Belllle, HECMOTPsI HA MaJIOCTh BpEMEHU
IpoJIETAa MOHOM TpeKa, XapakTepHOEe BpeMsl HOHU3ALUH U3-
32 JIABUHHOW HMOHW3alMU KUJIbBATEPHOW ILUIOTHOCTBIO 3a-
pAzia JOCTATOYHO BEJHKO, IpUOIM3uTeIbHO paBHo 10713 ¢

IIpu B3aMMOJEHCTBMM WHTEHCHBHOTO 3JIEKTPOMATHHT-
HOTO U3JIy4eHHs] ¢ TBEPJOTEJIbHON IMJIa3MOIN MPU YacTOTe
W3JIy4eHUsl, yIOBJIETBOPSIONICH ycioButo hiw > kgT, obOpa-
3yeTcst O0JIBIIIOE YUCIIO BHICOKOIHEPTETUUECKUX IJIEKTPOHOB,
KOTOpble U (OPMHPYIOT B COOTBETCTBUU C MPHUBEIEHHBIM
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BBIIIIE PACCMOTPEHUEM HEPABHOBECHYIO CTALMOHAPHYIO
(yHKIMIO pachpe/ieieHus 3JIeKTPOHOB. TakumM 00pa3om,
pH 00JIyYEHUH KaK MOTOKAMH MHTEHCUBHOTO 3JIEKTpOMATr-
HUTHOTO U3JIyYeHHS, TAK U TIOTOKAMU OBICTPBIX YaCTHIl MbI
IMeeM JeJI0 ¢ HEpaBHOBECHOU (yHKUMell pacnpeneseHus
3JIEKTPOHOB, KOTOpask GopMUPYETCsl B UHEPLUUOHHOM HHTEP-
BaJIe B Pe3yJIbTaTe AJIEKTPOH-3JIEKTPOHHBIX CTOJKHOBEHHUH,
OTHCBHIBAEMBIX HMHTETpaJIaMH CTOJKHOBeHHI Boibnvana
niu Jlangay — ®okkepa—Ilnanka, u cymecTBeHHO OTJIMYa-
€TCs OT PABHOBECHOW HAJIMYMEM OOJIBIIOTO YHCJIA BBICOKO-
SHEPreTHYECKHUX JIEKTPOHOB.

4. DKcnepuMeHTAIbHbIE HCCJIeT0BAHMST
HepaBHOBECHBIX (pyHKIMIi pacnpe/ie/ieHus YaCTHII

B paspgene 3.4 mokazaHa BO3MOXHOCTH CYIIECTBOBAaHUS
JIOKQJIbHBIX HEPABHOBECHBIX M3OTPOIHBIX CTAlMOHAPHBIX
pacrpe/ie/ieH!ii YaCTHIl B CTOJIKHOBUTEIbHOM 11a3zme. Cyiie-
CTBOBaHME TaKWX (DYHKIMH pacmupeneieHus MpeanoJiaraet
HaJIMYME B UMILYJIbCHOM MPOCTPAHCTBE UCTOYHMKA M CTOKA
YACTHUI] WIM SHEPTUU. DTO UMEET MECTO IpPHU B3aUMO/IEH-
CTBUU C IUIOTHOU IJIa3MOH MOTOKOB 3apsDKEHHBIX YACTHIL,
JazepHoro win CBU-u3nyuenus, npu npoTeKaHN! B TIa3Me
SIAEPHBIX WJIM TEPMOSIIEPHBIX peakiuii u T.1. Panee [12, 13,
15, 38] obpalajioch BHUMaHHUE HA PSI/T BAXHBIX CJICACTBUM,
KOTODBIE, C OJTHOI CTOPOHBI, BBITEKAFOT U3 TAKOT'O PAIUKAJIb-
HOTO M3MEHEHUs XapaKTepa paclpe/ieJIeHus] YacTHUIll Mo
SHEPIUsM, a ¢ APYroi, UMEIOT OO0JIbIIOE MPUKIIAJHOE 3HA-
4yeHue (BIMsHUE HA 3aTyXxaHue Jlannay, kpurepuit JlIoycoHa B
3a7a4ax YIpaBisieMOro TEPMOSIEPHOTO CHHTE3a, acTpodu-
3uYecKue MPIIOXKeHN 1 ap.). OqHako ra3oBas miazMa —
cpena KpaliHe HeycToWYMBasi, B KOTOPOU KOJIJIEKTUBHbBIC
IPOIECCHl UTPAIOT 0CO00 BaXHYIO POJIb U MOTYT "'3aTyIre-
BaTh" JeiicTBHE coymapeHuit mexay udactumamu. C 3Toi
TOYKH 3peHHusi OoJiee MPUBJIEKATEILHON MPEACTABISETCS
TBEpPJOTEJIbHAS TJ1a3Ma, B KOTOPOH MOXKHO YHPaBJISATH
HEPaBHOBECHOCTBIO CHCTEMbBI B YCTOWYMBOM peXNME. 3/1eCh
HACTOYHUK M CTOK PHEPTUu (4aCTHII) MOXKET 00ecrneunBaThCs
HOHHBIMHU IYYKaMH, MOIIHBIM JIA3€PHBIM U3JIyYEHUEM,
TOKOM 3MUCCHH, TOTOKAMU 3aPSDKEHHBIX YACTHII, BBIICIIS-
€MBIX MIPU PEaKsaX CHHTE3a WU IeJICHUS, U T.IL.

B nanHOM paspesie Mbl XOTUM OOpATUTH BHUMAHHE HA
0COOCHHOCTH MPOBOJISIINX ¥ IMIUCCHOHHBIX CBOUCTB, BO3HH-
Karolye Npu IefcTBUM HAa METaJJIbl M MOJIYNPOBOIHUKU
MHTEHCUBHBIX NMOTOKOB YAaCTHUIl WJIM JIA3€PHOTO U3JIyYECHUSI.
B cBsi3u c aTM B paznmenax 4, S paccMaTpUBaIOTCS AHOMAJIAN
B OMHUCCHOHHBIX CBOHCTBAX METAJIJIOB, KOTOPbIE IO3BOJISIIOT
CO3JaTh HOBbIE UCTOYHHUKH TOKA U IpeoOpa3oBaTeIN 3HEP-
TUH U3JIyYCHUS B 3JIEKTPUUECKYIO, IMEIOIIUE CYIIECTBEHHbIE
MIPEUMYILECTBA NEPe] TEPMOIMHUCCHOHHBIMU (CM., HAIMpPH-
mep, [39]) no ko3pdunmeHTy MOIE3HOrO ACHCTBUS U BEJIH-
YuHE TOKa smuccun [16].

4.1. DxcnepuMeHTaJIbHbIE HCCJIeI0BAHNSI HEPABHOBECHBIX
(dyHkuuii pacnpeaeseHus 3J1eKTPOHOB 3MUCCHH,
HHAYIHPYEMOii J1a3epHbIM H3/1y4eHHEeM

B pabGote [12] oOpamieHo BHUMaHUE HAa BO3MOXHOCTH
QHOMAJIBHOTO YBEJIMYEHUS (POTOIMPOBOANMOCTH IMOJIYIPO-
BOJHHUKA IPH OOJIyYEeHHH €T0 CBETOM C YacTOTOH ), Helo-
CTaTOYHOH Il MEX30HHOTO nepexona fiw < Vg, roe Ve —
LIMPUHA 3aIPELIEHHON 30HbI, 32 CYET POPMUPOBAHUS HEPAB-
HOBECHOTO pacIpeeieHHsI JIEKTPOHOB 1 IeIpok. Ha ocHo-
BAHHUHM 3KCHEPHIMEHTAJIBHBIX HCCIIEIOBAaHUN aBTOPHI PabOTHI
[40] yka3pIBaroT Ha CHJILHOE HM3MEHEHHE MPOBOISIIAX

CBOWCTB TOJIYIPOBOJHUKOB MPHU OOJYYECHUH HX O-4aCTH-
namu.

W3BectHO [41, 42], uTO npu OOJIyYEHHUH METAJLTMICCKUX
(oJIBI HAHOCEKYHTHBIM UMITYJIbCOM MOITHOTO JIA3€PHOTO U3-
nydernst Q= 10'* spr (em? ¢)~! HabImomaroTes IBA KA TOKA
asmuccud. [1epBrlif, TOUTH CHHXPOHHBIH C JJa3€pHBIM UMITYJIb-
COM, COAEPKHUT OOJIBIIOE KOJUYECTBO "OBICTPBLIX 3JICKTPO-
noB" (115 Boab(ppaMa MakcuMaiibHas sHeprus 14,5 3B). Bro-
poit TIHK, ceayroInii ¢ 3agepxkoii T ~ 10771078 ¢ oTnO-
CHUTEJILHO TIEPBOTO, COJACPKUT 3JICKTPOHBI C JHEPTUSIMU, HE
npeBblatonuMy 2 3B. YV aosieTBopurtesbHOE 00BSICHEHNE
MOSIBJICHUsI OBICTPBIX 3JIEKTPOHOB MAaKCBEJUIOBCKOW (DyHK-
1ueit pacnpeaesieHus HEBO3MOXHO [43], Tak Kak 3KCIIepUMEH-
TaJbHBIE Pe3yabTaThl [41, 42] cOOTBETCTBOBAM OBI TEMIIE-
parype T, = 30000 K, Ha mops1ok mpeBbIIIAOIIEH TeMIe-
patypy miaBjieHus Bosibdppama. UTo xke KacaeTcs BETUNIUHbBI
TOKa 3MHUCCUH, TO XOPOULIO U3BECTHBI JBA MEXaHU3MaA €ro
BO3HUKHOBEHHSI: MHOTOKBAHTOBBIN (HOTOIPPEKT U TepMO-
9JIEKTPOHHASI SMHUCCHUSI, KOTOPBIE JAIOT HA MHOTO TMOPSIIKOB
MEHBIIINE TOKH IMHUCCHUH.

IIpu ucroIb30BaHUN MEXaHU3Ma, OCHOBAHHOTO Ha (Hop-
MUpYIOIIEHCST B 3THX YCJIOBUSIX HEPABHOBECHOH (yHKIUHU
pacnpeneneHus 3JexkTpoHoB [13, 38], mosyuaercs nmpuemJe-
MBbI€ 3HaYEHUE TOKA IMUCCHH H €r0 3aBUCHMOCTD (OBICTPBIT
MUK) OT 3aJepPXKUBAIOIIEro MoTeHImata. YTo ke KacaeTcs
MEJUUICHHOTO THKa, TO, MO-BHIAMOMY, Ha €r0 HayaIbHOM
y4acTKe B TOK IMHUCCHH JAET BKJIA HE TOJHLKO PAaBHOBECHOE
pactpesenieHie (TEpPMOAJIEKTPOHHASI IMUCCHUSI), HO U HecTa-
MOHApHAsl HEpaBHOBeCHas no0aBKa, cBs3aHHas ¢ "paspa-
som" CTENEHHOrO pacupeIe/ICHHUs.

IIpu oveHb OOIBIIMX MHTEHCUBHOCTSIX JIA3EPHOTO H3JIY-
YeHHs, KOTJIa y TMOBEPXHOCTU TBEPAOro Teja obpasyercs
MJIA3MEHHBINA CJIOH, TOSIBJICHHE 3JIEKTPOHOB BBICOKHMX JHEP-
TUH MOXET ObITh OOBSICHEHO 0Opa30BAHUEM COJIMTOHA TPU
pe3oHaHcHO# Hakauke [44]. OmHAKO TaKOW MEXaHU3M UMeEET
OTPaHUYEHHYIO 00J1aCTh TPUMEHUMOCTH ¥ HENIPUTO/IeH IS
OOBSICHEHUSI IKCIIEPUMEHTAIBHBIX JaHHBIX, MOJYYCHHBIX B
paborax Hexra [41, 42].

Taxum 0Opa3oMm, MOKA3aHO, YTO PSI IKCIEPUMEHTAb-
HBIX JAaHHBIX IO BEJIMYMHE TOKA SMHCCHU M3 MeTaJla,
WHAYIUPOBAHHOM JIa3epOM, U 3ABUCIMOCTH €I0 OT 3aJIePIKH-
Baroniero norennuaia [41, 42] He Moryt ObITh OOBSICHEHBI B
paMKax paBHOBECHOW (yHKIMHU pacnpeesenus [43], oqHako
MOJIyYaloT YAOBJIETBOPUTEIbHOE OOBSICHEHUE C IMOMOIIBIO
MexaHusma [13, 38], onuparoierocss Ha HaJU4ue HEpaBHO-
BECHOM CUTYaIUU.

4.2. JKcnepuMeHTaJIbHbIE HCCIIeI0BAHNS HEPABHOBECHBIX
¢dynkumii pacnpeeseHus 3J1eKTPOHOB IMHCCHH,
HHAYIHPYeMOii TOTOKaMH OBICTPHIX HOHOB

J1st onucaHusi KHHETHYECKON 2JIEKTPOHHOM AIMUCCUU, UH[TY-
IUPOBAHHON MOHAMH, HCIOJIBb3YIOTCS TEOPHUH, TPEITIOKEH-
Hble B pabote [45] A1 HU3KUX HEPrUil HOHOB | B [46] s
rana3oHa BBICOKUX ckopocteil. CorjacHO MeXxaHH3MY
BTOPUYHOM 3MUCCUH, MPEIIOKEHHOMY B padote [46], BTO-
pUYHBIE 3JIEKTPOHBI OOPa3yIOTCs BCJIEACTBUE MOHM3AIUU
OBICTPBIMU MOHAMHU, ONHUCHIBaeMoO#l Teopueit Bopa-— bere,
3aTeM IUGGYHIAUPYIOT K MOBEPXHOCTH U BBIXOASAT B
BakyyM. Koaddunuent BTopuaHOi amuccuu A. I 3TOTO
MeXaHU3Ma MPOMOPIMOHAJICH YJEIbHBIM HOHU3AIUOHHBIM
MOTEPSIM U HE 3aBUCUT OT pabOTHI BBIX0/1A (), TPOBOAMMOCTHU
1 APYTUX OCHOBHBIX CBOHCTB BEILECTBA. 3aMETHM, YTO IS
TEPMHUYECKOTO MEXaHU3Ma 3IMUCCUU KO3(P(PUIUEHT A, Tpo-
MOPIMOHAJIEH KBAIPATY YAETbHBIX HOHIN3AIMUOHHBIX TIOTEPh
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U CYIIECTBEHHBIM 00pPa30M (PKCHOHEHIIUAJILHO) 3aBUCUT OT
paboThI BBIXOJA.

B 0030pax u 3KCIepUMEHTAIbHBIX UCCIIeIOBaHUSIX [47 —
75] 1 UATHPOBAHHOW B HHUX JIUTEpPAType HOKa3aHO, YTO
KO3(pPUIUEHT BTOPUYHON SMHCCHU A, MPOMOPIMOHAJICH
MOTEPSIM 3HEPTUU OBICTPOU YACTHIIBI, T.€. MIOJATBEPKAEH Me-
XaHU3M, ONUCAaHHBIA B pabote [46]. CiieyeT OTMETUTD, YTO
KO3 GUIUEHT MTPOTOPIIOHAILHOCTH K B 9TOM 3aBUCMOCTH,
MPAKTHYECKN HE SIBIISISACH (DYHKIHMEH JHEPTrU¥ MaaroIlero
MOHA, CYIIECTBEHHO OIPEHESeTCS MaTepHalioM MHIIICHH,
HU3MEHSSICh B HECKOJIBKO Pa3 IPH Iepexo]ie OT OJHOIO Ma-
Tepuaia kK apyromy. o uccremoBaHUl, OCHOBAHHBIX Ha
HEPAaBHOBECHBIX DACHPEIEICHUSIX YACTHIl, OTCYTCTBOBAJIO
KaK TEOPETUYECKOE, TAK M IMIMPHIECKOE BBIpAKEHHE, CBSI-
3BIBaloOIIee 3HAUYCHNE KO3 UIMeHTa mponopuuoHaIbHOCTH
K C apaMeTpaMy MHUIIEHU U 3Heprueil 6oMOapaupyroLero
HOHA.

IMposenénnoe B pabotax [65, 75, 76] Teoperuueckoe
paccMoTpeHre BTOPUYHON 3JIEKTPOHHOW IMHCCUU W3 aJfo-
MUHHUS, WHAYIHPOBAHHOW MPOTOHAMHU W 0-YACTHIIAMU, HE
MO3BOJISIET Npe/ICcKa3aTh HaOIrogarolieecs B 9KCIeprIMeHTax
3HaueHHe Kod(p(UIUeHTa K U OOBSICHUTH LIUPOKUH (OCO-
OEHHO Ha MPOCTPEJ) IHEPTETUUECKUH CIEKTP BTOPUYHBIX
9J1eKTPOHOB. OTMETHM, YTO OOJIBIIMHCTBO UMEIOIIIUXCS IKC-
MIEPUMEHTAIbHBIX PE3YJIbTATOB KACcaeTCsl IMUCCHH HA OTpa-
xenue. OqHaKo, Kak IoKa3aHo B [54], sHepreTHUECKHIA CIEKTP
BTOPHYHBIX (Ha OTpa)keHWE) 3JIEKTPOHOB HE YHUBEPCAJICH
MPU U3MEHEHUHU 3Hepruu Oombapaupyroieid yactuisl. [1pu
3ToM u3MeHsietcs (cMm. [54, 70]) naxe Takasi rpy0ast xapakTe-
pHUCTHKA, KaK OTHOIIeHne KodddumuenTa BTOpUIHON IMHUC-
CHM Ha MPOCTPeN K KOIPOHUIIMEHTY BTOPUIHON IMHUCCUH HA
OTpa’xeHHE.

Kax Ham mpencraBisieTcsl, BbIpaxkeHHeM i Ko3hdu-
MEeHTa BTOPUYHOMN B3JEKTPOHHOU smuccuu 4., UMEIOIUM
HauboJiee HATJISAHBIA (PU3UUECKUIl CMBICI, SIBJISIETCS (POpPMY-
J1a, IpeIJIOKEeHHAsl B COOTBETCTBUU C [46] 1 [59] u ucnomnb3o-
BaHHas B [55]:

de PL.

Ae =K —, K=
dx’ &

(4.1)

rae de/dx — motepst 3HEprun GoMOAPIUPYIOLICH YaCTHUIICH,
P — BepOSITHOCTb MPEOOJICHHS TOBEPXHOCTHOTO Oapbepa
BHYTPEHHAM BTOPUYHBIM 3JIEKTPOHOM, L. — TJryOWHa cI1os,
U3 KOTOPOTO BBIXOIST 3JIEKTPOHBI SMUCCUH, & — SHEPIHUS,
3aTpavyuBaeMasi Ha 0Opa30BaHUE OJHOTO BHYTPEHHETO BTO-
puvHOTO 3JIeKTpoHa. B pabote [59] mpemaraercss 6paTh &
TaKOMU XK€, KaK JIJIsi COOTBETCTBYIOLIErO BEIIECTBA B Ta30BOMU
(hasze mpu HOPMAJIBHBIX YCIOBUSIX.

Mpbl noslaraeM, 4To Ko3(ppUIUEeHT BTOPUYHON 3MUICCUI
Ae HOJKEH OBITH NMPONOPIMOHAJIEH NMOTEPsIM SHEPIHU Ha
OAMH aTOM, T.e. 3aBHCETb OT IUIOTHOCTH aTOMOB N, Kak
N, v ‘o 00paTHO MPOIMOPIUOHAJICH OTCHIUATY BO30YXkKIe-
HUsl @, YUNTHIBAIOUIEMY KOJUIGKTHBHBIN XapakTep B3amMO-
JIEACTBUS 3apSKEHHON YaCTHUIBI C 3JIEKTPOHHOM IOJICUCTE-
Moii BemmecTBa. B cooTBetcTBmu ¢ [77—79] hopmya lltepn-
rjrlacca MOUGUIMPYETCS CIIEAYIOINUM 00pa3oM:

A = é’leeff _E
e — 1/3 d )
Q)Na X p

rae (—dg/dx), — nmoTepu SHEPruA MPOTOHOM, UMEIOLIMM
CKOPOCTb, PABHYIO CKOPOCTU 60OMOAPAUPYIOIIETO HOHA; Z |eff
— 3(QQeKTUBHBIN 3aps MOHA B MHUIleHU; { — HEKOTOpas
koHcTaHTa. Ilpu stom mist (—de/dx), uwenecoobpasno

(4.2)

p

Ta6mmua 3. KoadduimenTs!, XxapakTepu3yrolye BeIecTBO MUIIICHH

BerectBo a b @
Al 2,4 0,018 0,36
Be 2,42 0,001 0,37
Ci 2,92 0,018 0,4
Ni 6,8 0,01 0,77

WCIOJIb30BATh BBIPAXEHUE, CIPABEJIMBOE B IUANA30HE OT
HECKOJIBKUX KMJIO3JIEKTPOHBOJIBT 10 50 MaB, npuBenénnoe B
[80]:

de ay + by? 43
( dx>p0,01y2’55+c1 ’ (43)
rae y — ckopocth (x 108 em c™1); a, b, ¢ — K09 dUIIEHTDI,
XapaKTEePU3YIOLIUE BEIIECTBO MHUILICHA Y UMEIOILIUE TOBOJIb-
HO Y€TKYIO TIEPHOINYECKYIO 3aBHCHMOCTH OT HOMepa 3Jie-
MeHTa Z, muiieHu. Tak, Ko3ppumueHT a moBTopsieTcs ¢
nepuojioM, 0ym3kuM Kk Z, = 18. 3nauenus koapdunueHToB
a, b v ¢ nns anromunms, 6epusums, rpadura u Hukess [80],
KOTOPBIE UCTIOJIb3YIOTCS B paszesie 4.3, mpuBe/ieHbI B TA0JI. 3.

DHepreTuyeckasi 3aBUCUMOCTh KOdhPHUIUEeHTa BTOPHUY-
HOI aMuccHu A, UCCIeTOBAHA JIOCTATOYHO TMOJIPOOHO, OTH-
caHHe e JYHEPreTHUYECKOr0 PACHPEIeICHHUS] SMUTHPYEMBIX
3JIEKTPOHOB MPEJACTABJSET IOCTATOYHO CJIOXKHYIO MpoOJie-
My. Pe3yabTaThl 9KCIepUMEHTAIbHBIX HCCIEIOBAHUNA SHEP-
TEeTHYECKOTO CIIEKTPa BTOPHYHBIX JJIEKTPOHOB, BO3HHKA-
IOIMX TPU TPOXOXIACHUM IPOTOHOB M o-YACTHI[ Yepe3
TOHKHWE IUIEHKH, MPECTABJICHBI B padoTtax [47—-79, 81—84].
OpnHako B [81—83] ciekTp u3yueH B y3KOM MHTEpBAJIE IHEP-
ruii (0— 10 3B) u U1 yKa3aHO, YTO CIEKTP UMEET HETePMHU-
4ecKyr mpupoay, a B [54, 55, 79], XoTs W TNpOBEICHBI
U3MEpEeHHsI B NIIMPOKOM HHTEpBaJie JHEPTHH BTOPHYHBIX
anexkTpoHoB (0— 100 3B), n3-3a HecoBepIIEHCTBA METOIUKH,
3aKJIFOYAIOIICHCS B UCTIOJIB30BAHUN HECHEPHUESCKOTO aHAIH-
3aTopa, 0 Buae QyHKIUHU pacIpeaesICHUsI 3JIEKTPOHOB MOXXHO
CYANTHb TOJBKO MO MHTETPAJILHOW XapaKTEePUCTHUKE, UYTO HE
BIOJIHE YIOBJIeTBOpUTENbHO. B [54] moka3zaHo, 4TO B mmpo-
KOM WHTEpBaJjie N3MEHEHU s 3HepTuH MPoTOoHOB (20— 250 k3B)
9HEPTEeTUYECKHUN CHIEKTP BTOPUYHBIX 3JEKTPOHOB HA MPOCT-
per SBJISIeTCs] YHUBEPCAJIBbHON CTENeHHOM (hyHKIHMEH, Torna
KakK /ISl SMUCCUU Ha OTPaXeHUE Takasl YHMBEpCaJIbHas 3a-
BHACHMOCTB OTCYTCTBYeT. Kpome Toro, mokazaHo, 4To Koa¢d-
(unmeHT BTOPUYHOW SMHCCHU HAa MPOCTPEN MOYTH BIIBOE
MPEBBIIIAeT TAKOBOW Ha oTpakeHwe. JIerko yBUAETH, UTO,
n3ydyasi SHEPTeTHYECKHA CHEKTP BTOPHYHBIX 3JICKTPOHOB
amuccuu (B33) cdepuueckum aHaIM3aTOPOM IS TOUEU-
HOT'O UCTOYHHMKA BDD, MOXHO NOIy4YuTh (YHKIIMIO pacipe-
JIeJIeHN S 2JIEKTPOHOB B MeTaJlte. TOK 9MUCCUY OTIpeIeIsIeTCsI
BEIpaKEHHEM

El’llle
I, = By J Ef(E)dE, (4.4)
o+Ep+q.U
rae U — 3aepxuBarolMid MOTEHIHA, B) — KOHCTAHTA,

MO3TOMY TPOU3BOJIHASI TOKA MO 3a/IEPKUBAIOIIEMY ITOTEH-
Majay MpomopIMOHAIbHA (DYHKIUU pacrpenesieHus JIeKT-
pPOHOB:

dlem
dU

=By(p+ Er+4q.U)f(¢+ Er+4.U). (4.5)
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B ciyuae, xorga ¢yHkuus pacrpeneneHusi 3JEKTPOHOB
AMeeT CTEeNeHHON BUI, IOCTpOeHHe rpaduka 3aBUCHMOCTH
dlew/dU ot ¢ + Ep + ¢ U B sorapudmMuueckux KOOpaAUHA-
Tax MO3BOJISIET JIETKO HAWTHU 3HAYCHUE TIOKA3aTeJIsl CTCIICHH
110 HAKJIOHY KPUBOW.

J1st mpoBepKU TEOPETUUECKUX MPEACTaBIEHUN O Mexa-
HU3ME (POpMUPOBAHUS JIEKTPOHHON (PYHKIIUH pachpejierie-
HUS TIPU B3aMMOJICHICTBIM MOHHBIX MTOTOKOB C TBEPJIOTENb-
HOM mma3Mol, chOpMYIMpPOBAHHBIX B pa3fenax 2 w 3,
MPOBEIEH aHAIM3 IKCIIEPUMEHTAILHBIX UCCIIEIOBAHUI JHEP-
TeTUYECKOTO CIEKTPa BTOPUYHBIX JIEKTPOHOB U 3aBUCHMO-
¢ty ko3¢ (puImeHTa BTOPUYHON 3MUCCUU HA TPOCTpe A, He
TOJIBKO OT HOTEPh SHEPIUHU (-4aCTHUI], TPOTOHOB B BEILIECTBE,
HO W IIOTEHIIHAaIa BO30yxaeHus P.

CpaBHeHHE BOJbT-AaMIIEPHBIX XapaKTePUCTHK [JIs pa3-
JINYHBIX MHUIICHEH ¢ YYETOM TEPMOIJIEKTPOHOB MO3BOJISET
cAejaTh BBIBOJ, YTO MEXAaHHM3M BTOPUYHOH SMHUCCHM HE
SIBJISIETCS. TEPMUYECKUM M BTOPUYHBIE JJIEKTPOHBI, BEIOUTHIE
W3 MUILLIECHHU ¢-4aCTHLIAMH, PACIIPEIEIICHBI IO 3aKOHY, OTIMY-
HOMY OT 3KCHOHEHIIHAJHLHOTO.

4.2.1. VicciieoBaHne KHHETHYECKOM 3JIEKTPOHHOI IMHCCHH 13
MeTaIo0B. [lepeiiiéM K M3J10)KEHUIO 3KCIEPUMEHTAIbHBIX
pe3yJIbTATOB 1O HCCICAOBAHUIO DHEPreTHYECKOTO CIIEKTpa
BTOPUYHBIX 3JIEKTPOHOB C MMOMOIIBIO cheprUIecKOro Tpéxce-
TOYHOTO aHaJm3aTopa. Takue n3MepeHus MO3BOJISIOT HAUTH
1OKa3aTeNb CTENEeHH § PYHKIUU paclpeiesieHus 3JIEKTPOHOB
M0 3HEPTUU C TIOMOIIIBIO OJIHOKPATHOTO Ju(depeHIupoBa-
HUSl BOJIbT-aMIEPHON XapaKTEPUCTHKH, MOCKOJIbKY B HaH-
HOM ciiydae mjis obOsactu, e (YHKIUS pacrpeecHus
CTENEHHAS, UMEEM

dlem
dU

rae B; — KOHCTaHTa.

CiiegoBaTeNibHO, B JOrapupMuueckoM macimrabde 3aBH-
cUMOCTh (4.6) TpeacTaBiIsieT cO0OM MPSIMYHO C TAHTEHCOM
yrIja HakJoHa, paBHBIM s + 1.

DKCrneprUMeHTAIbHBIE TOYKU 3aBUCcHUMOCTel 1g (Al /AU )
ot lg(¢ + EF + q.U) nns amoMuHHEBOH U OeprUMeBOR
MHUILCHEH XOPOIIO YKIAIBIBAIOTCS HA TPHU NPSMBIE, YTO
COOTBETCTBYET PA3JINUYHBIM MOKA3ATEJISIM CTEIIEHN B MHTEP-
Bajtax 0—10 3B, 10—40 5B, 40—100 3B. I1pu sToM moxa3sa-
TeJIM CTENEHH § JUISl AJIIOMHUHUS U OCpUJIIMS Pa3/IM4aroTCsl
JIUIIb B 00JIACTU MAJIBIX S9HEPTUil.

Wcxons u3 BeipaxkeHus (4.3) Jisg MOTEpb SHEPTHM Yac-
THIIBI C YYETOM 3HAUCHUH KO3 DUIIUEHTOB «, b, U ¢, MOXHO
O0BSICHUTH OTMeuaBIIytocs B [64, 65] mis ajaroMuHUS U
HUKEJIsI 3aBUCUMOCTh K0d(durmenTa BTOpUIHON 3MuccHA
Ae. OT 3Heprum OomMOapaupyroleil yactunbl ¢ Bujga A, ~
~ ¢ 0 B mmpokom sHepreTmyeckoM uHTepBane. Ilo-
ckoibky @ [3B] =~ 13,57, [85, 86], B mnrepBaje ot 1 mo
10 M5B npober o-4acTUIbI B BEHIECTBE ONPEIEIISIETCS] IMITH-
puveckoit popmyiioii [86, 87]:

= By(¢ + Er + q.U)"™,

(4.6)

Ry = 0,174 x 107343 p 132 (4.7)

rae Am, Py — ATOMHBIA BeC M IUIOTHOCTH BEIIECTBA CO-
OTBETCTBEHHO. {7151 OTIEHOK MOKHO MPUOJIIKEHHO CYUTATH
p2/3
2 m —1
Ae~Zigy—— Vi,

Z (4.8)

rae Vy — ckopocth 6oMbapaupyroiieid yacTuiibl. @opmyibl
(4.7) u (4.8) marOT MpaBUIBLHOE COOTHOIIEHUE MEXTYy K03(h-

(unuenTaMu BTOPUYHOM sMuccuu A, 11 ajltOMUHUS, Oe-
puiutus u rpadurta. Beicokue abCoOOTHBIE 3HAUYCHUS A,
noJiydeHHbIe B [77, 79], 0OOBSICHSIOTCS CYIIECTBCHHBIM BKJIA-
JIOM B OMUCCHIO (-4aCTHII, JICTSIIUX O] YIJIOM K HOPMAJIH
MIEHKH, TAK KaK JJIsl HUX TIOTEPH SHEPTHU OOJIBIIIE, YeM IS
YaCTULl, JETSIIHUX IO HOPMAJIH.

s yeTpaneHus He0CTaTKa, UMEBIIIEr0 MECTO B paboTe
[79], koTOpBI 3aKiTFOYAJICS B YCPETHEHUH SHEPTETHIECKOT O
CHEeKTpa BTOPUYHBIX JJIEKTPOHOB MO JHEPTruu OoMOapiu-
PYIOIIMX YACTHI[ ¥ YIJy BbLJIETa BTOPUYHBIX 3JICKTPOHOB,
OBbLIM NMPOBEACHBI HKCIIEPUMEHTAJIbHBIE UCCIIEOBAHUS IHED-
TeTHYECKOTO CHEKTPAa BTOPUYHBIX JJIEKTPOHOB 3MHCCHH,
BBI3BIBAEMBIX OOMOAPAMPOBKON MHMIIIEHH ITYYKOM IPOTO-
HOB TIPH PA3JIMYHBIX YTJIaxX BbLIETA 3J1eKTpoHOB mis Al, Cu,
Be [78, 88]. M3yuanach Takxke 3aBUCHMOCTb KO3 PUIHEHTA
BTOPUYHOW 3MHCCHHM Ha TPOCTPESl HE TOJBKO OT MOTEPh
SHEPTUM MPOTOHOB C 3Heprueid 1 M»sB B BemiecTBe, HO U OT
JIPYIUX MaKpPOCKONMMYECKUX XapaKTEepPHCTUK MUIlleHH. BTo-
pUYHBIE DJIEKTPOHBI, BBIOUTHIE M3 MHMILICHU, aHAJIM3UPOBA-
JIACH IO SHEPTUSIM METOJIOM 3aI€PKUBAIOIIETO MOTEHIAIa
C HCTIOJIb30BAHMEM MaJIoANepTypHOro (4 x 104 crepamuan)
TPEXCETOYHOI O aHAIM3ATOPA, YCTAHOBJIEHHOT'O IO Pa3JIny-
HbIMH yriiamu (30°, 45°, 75°) k HanpasiieHuto myuka. Koad-
(UIEEHT BTOPUYHON SMUCCHU OTIPEIEIISIICS IO OTHOILICHUIO
TOJTHOTO TOKA BTOPUYHBIX JIEKTPOHOB . K TOKY IPOTOHOB
I,. DkcnepuMeHTHI IPOBOIMIINCH, HA MHUILEHSX TOJILIMHOM
5,6 MkM w3 amromuHMs, 9,7 MkM u3 Oepmiutas, 1,2 MKM u3
Meu. [ToyyeHHbIe 3KCIIEpUMEHTATIbHBIE 3aBUCUMOCTH I / I,
oT U mO3BOJISIIOT HAWTH MOKAa3aTeslb CTENeHU s (PyHKIUU
pacnpeneneHus 3JeKTPOHOB 0 SHEPTUSIM C IIOMOIIIBIO OJTHO-
KpaTHOTO MU depeHINPOBAHMSI ITUX 3aBUCUMOCTEH, TaK KaK
B IAHHOM CJIy4ae JIsi 00JIacTH, TJie GYHKITHS pacipeIeIeHIs
CTETEHHAS, UMEEM

d I

— *_B E U)*t! 4.9
a1, 4(0 + EF +q.U)™T (4.9)

rae B4 — KoHcTaHTa.

CrenoBatenbHO, B JiorapupMuyeckoM macmrabe rpa-
¢uk Gpynknuu (4.9) npencrapiseT coOOi MPSIMYIO C TAHICH-
COM yTJIa HakJIOHa, paBHBIM § + 1. [Toka3zaHo, 4To 3KCIEepU-
MEHTAJIbHBIE TOUYKH ISl 3TUX YIJIOB XOPOIIIO YKJIAIBIBAFOTCS
Ha TPU NPSMbIE, COOTBETCTBYIOIINE PA3JIMYHBIM MOKa3aTe-
Jisim cterieHu B uHTepBaiax 0—10 3B, 10—40 3B, 40— 100 3B.
DTH MoKa3aTesM CTENeHU ¢ Xopolueil ToYHOCThIo (~ 10 %)
COBIMAJIAIOT C MOKA3aTEISIMH CTETEHH, MOJyYSeHHBIMH C TI0-
MOIIIBIO CPEPUIECKOTO aHAIN3aTOPA MPU OOJIyUCHHUHN 0o-4ac-
THUIIAMU TeX e MuIIeHeH (cM. BeIte [77]). YcTaHOBJIEHO, YTO
MOKA3aTeJIM CTENCHH JUISl PA3HBIX MUIICHEH Pa3IMYaroTCs
Juib B o0iactu Manblx sHepruit 0—10 3B. Hapsny c
9HEPreTUYECKUM CHEKTPOM IOJIYUYeHbI 3HAUEHHUS] HHTETr PaJib-
HOM XapaKTEePUCTUKU — KO3(PPUIIMEHTA BTOPUIHON IMUCCUN
A 7151 MUILICHEH U3 aJTIOMUHHAS, MeIU U O PIILITHS, KOTOPBIE
COCTaBHMJIM COOTBETCTBEHHO 2,5; 1,6; 4,6. Kax yxe ormeua-
JIOCh BBIIE, KO3(DUIHEHT A, MPOMOPIMOHATICH MOTEPSIM
SHEPIruu ObICTPOMN YACTULIBL:

de
Ae = K — 4.10
© dx ’ ( )
rae kK — Ko3(pQUIUEHT NPONOPIUOHATIBLHOCTH, U3MEHS-

IOIIUICST B HECKOJIBKO pa3 Mpu Iepexolie OT OJHOrO MaTe-
puaia K Ipyromy.

PaccMmoTpeHnHble 3KCIEpUMEHTAJIbHBIE PE3YJIbTAThI AJIS
TpEX MHUIICHENH HAXOAATCS B COOTBETCTBUH C MOJIYYEHHBIMU
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BBIIIIE JAHHBIMU [IJIs1 AJTFOMUHUS U Oepuyuus U JaHHbIMH [70]
quist rpaguta. KoaddunueHTs! A, 11 pa3InuHbIX MUIIICHEH
COOTHOCSITCS] KaK 00paTHBIE BEJIMIMHBI IIOTEHIIAAIIA BO30YXK-
neHnst @, yMHOKEHHOTO Ha N3, Ormerm, uTo nanmble LIS
meu [88] HECKOJIBKO XyXe, HO, BO3MOXKHO, 3TO 00YCIOBJICHO
HECOBEPILIEHCTBOM IOBEPXHOCTHOTO CJIOSI HCIIOJIb3yeMOMH
MEIHOMU TUIEHKHU.

Taxum 00pa3oM, SKCIEPHUMEHTAJBHBIE HCCIIEIOBAHUS
9HEPreTUYECKOT0 CIEKTPAa BTOPUYHBIX JJIEKTPOHOB IIOKA-
3aJ1H, 9YTO (QYHKIUS pacrupeieseHus JIEKTPOHOB MO SHEPTHU
— CYIIECTBEHHO HEPABHOBECHAssE W YOBIBAET C POCTOM
9HEPrUM MO CTEMEHHOMY 3aKOHY C MOKa3aTeJIsIMH CTCIICHH,
OJMHAKOBBIMU B 00s1acTH 3Hepruid Boie 10 3B mist paziny-
HBIX MaTeprayioB MuileHei. [ToaTBepxkaaeTcs: mpemioxeH-
Hasl TeOpeTHIecKas 3aBUCHMOCTD K03 GUIIMEHTAa BTOPHYHON
OMHUCCUM OT TOTEHIHMAJIa BO3OYXJCHUS P W IJIOTHOCTH
aTOMOB N,.

N3yyanucs pacnpefeneHus 9JeKTPOHOB MO JHEPIHsIM
IPH MOHHO-IJIEKTPOHHOW 3MUCCHH, HHAYIUPOBAHHOMN My4-
kamu woHoB H' ¢ smeprusmu ot 0,75 mo 3,0 MaB u H2+ c
sHeprusmu oT 1 mo 2,5 M»sB. Tok myuka MOHOB BO Bcex
skcnepumenTax cocrasisui 0,1 —0,4 MKA, a AuaMeTp mydka
Ha MUIIEHH — 3 MM. B kauecTBe MuIlieHel BBIOMpAJIUCH
TOHKHUE (HOIBTH U3 cepedpa, MeIu, HUKEJsl U TUTaHA TOJIIIH-
HOH, MeHbIleH mmuabl npobera monos H™ u HY ¢ naunoi
SHeprueil B BellleCTBE MHMINCHU. B BakyyMHOW Kamepe
JIaBJIEHHE OCTATOYHBIX Ta30B cocTaBisiio 10~° Topp. DHep-
TeTHYECKHE PACIPEesIeHIs] BTOPUYHBIX 3JIEKTPOHOB U3Me-
PATUCH B ChepHUECKOM aHATIM3ATOPE C TOPMO3SIIIUM HOJIEM.
TopMo3zsiiiee mojie co3aBaIOCh MEX/TYy MUIIIEHBIO U IBYyMSI
noxychepamu. st mpeToTBpaeHusT dJIeKTPOHHON IMUC-
CHM TIOJT IeHICTBHEM MOTOKA HAJICTAIOIINX YACTHIL IIMJIAHID
dapajes HAXOAWICS O AHTUAUHATPOHHBIM MOTESHITHATIOM
(~ 20 B), coznaBaembiM Oatapeeii. Tok nunuaapa Papases
YCHIJIMBAJICSL 3JIEKTPOMETpHYECKUM ycuimTenaeMm. Curaan c
yeunuress nonasasics Ha [I9BM tuna /13-28. Tok asexkTpo-
HOB, IIPEOJIOJIEBIINX TOPMO3SIIee M0JIe aHAIN3ATOpa, COOH-
paJicst mepeaHeil mosycepoil M mociae YCUJICHUs CHrHaja
Takke momaBasics Ha [I9BM. U3mepsiics TOK 3Muccuu
BTOPUYHBIX DJIEKTPOHOB /. JJISI ABYX MHTEPBAJIOB YHEPIUU
anekTpoHoB U: 5—50 3B c marom 1 3B, 35—-200 3B ¢ marom
53B. CrenmanbHO pa3paboTaHHBIE IPOTPAMMBI IO3BOJIUIIN
ABTOMATH3UPOBATH OIEPAINU MPEIBAPUTEIHLHOW 00padoT-
ku. [Ipu aTOM BhIpaxenue (4.6) npeoOpa30BbIBAIOCH K BUAY

y=06+1)x+a, (4.11)
rae y =lg(dl./dU), x =1g(U+ Er + ¢), a = lg Bs, nocie
Yero HAXOJWJIMCh MOKAa3aTedb s M mapameTp a. KadecTBo
(bUTUPOBAHUS XaPAKTEPUZOBAI TAPAMETP

1 N y, 2
_ exp
O )

e JYtheor

(4.12)

3nece N, — 4HCJIO 3HAYEHHH ), UCIOJIb30BAHHBIX NPH

ONPEACITICHUM ITOKAa3aTeJIA S,

_ 1 dI _ 1 dltheor
yexP_lg(UdU)’ ytheor—lg(U dU >, (413)

rae yskuust dlineor/dU paccuntana no dopmyse (4.6) ¢
HCMOJIb30BAHUEM HaICHHBIX 3HAYCHUIA TTAPAMETPOB § U Bj.

Tunuunble TpaduKU CHEKTpa BTOPUYHBIX 3JIEKTPOHOB
AMMPOKCUMUPYIOTCS ABYMSI IPSIMBIMH B UHTEPBaJIE OT 5 10
30 3B u ot 30 mo 200 3B ¢ pa3HbIMU 3HAYEHUSIMU TTOKA3ATES
CTETIeHH.

Ta6mua 4. 3HaueHust Moka3aTesieit CTeneHu s (o MOAYJII0) B 3aBUCHMO-

CTH OT SHEPTUU NPOTOHA

E,, MaB Turan Huxkens Menb Cepebpo

0,75 5.4 5,6 7,74 6,54
2,28 1,88 1,81 2,7

1,0 5,15 4,66 6,36 6,52
2,0 1,45 1,64 2,54

1,5 5,95 5,38 5.8 6,42
2,64 2,32 0,86 1,98

2,0 7,16 5,53 5,77 4,38
2,93 2,78 2,85 2,08

2,5 6,06 4,58 5,01 5,25
2,12 1,64 2,11 1,96

3,0 5,66 4,32 5,73 6,34
1,88 1,66 2,67 2,7

Ta6mua 5. 3HaueHVs IOKa3aTeJIeil CTeNeH! s (10 MOIYJII0) B 3aBHCHMO-

CTH OT Hepruu nona Hy

Ey:, MB Turtan Huxkeib Menb Cepebpo
1,0 6,04 5,34 2,81
1,98 1,87 2,43
1,5 4,66 3,40 5,36 6,73
1,82 1,18 2,36 2,0
2,0 4,56 4,09 3,66 6,11
1,49 1,57 2,16 2,54
2,5 4,31 8,73 5,73 5,48
1,28 2,62 2,67 2,7

B Tabmuie 4 mpencTaBiieHBl 3HAUEHUS TOKA3aTels CTe-
TIEHN § [T IBYX YYacTKOB (BepXHee M HUKHEE 3HAYCHUS) B
3aBUCHMOCTH OT SHEPTHHM T1aarollero ny4uka uono HY ma
pAa3JIMYHBIX MATepUaJIOB MHMILIEHH. B Tabimie 5 npeacras-
JICHBI 3TH e JaHHbIE IS TTyYka HoHOB HJ .

Kak BumHO U3 1201 4, 5, B O0JBITMHCTBE IKCIIEPUMEHTOB
T0Ka3aTeJ b CTENICHU Ha TIEPBOM y4YacTKe (BEpXHHUE 3HAYCHUS)
YBEJIMYUBAETCSI C POCTOM JHEPreTHYECKUX MOTEPh MOHA B
BemecTBe. Ha BTOpoM ywacTke (HMXKHUE 3HAYEHUs]) CTOJIb
CTPOTOH 3aBUCHMOCTHU YCTAHOBUTH HE yAJIOCh.

4.2.2. ViccaienoBanne KHHETHYECKOM 3JIEKTPOHHOI IMHCCHH 13
NOJIyNPOBOTHAKOB. VIMerormasics B aTepatype nHGopManms
0 BO3HMKAIOUIMX MPHU OOJyYeHUN IyYKaMH OBICTPBIX HOHOB
9MUCCHOHHBIX CBOICTBAX MaTEPHUAJIOB KACAETCS B OCHOBHOM
MeTajutoB. OOpaiaer Ha ce0si BHUMAaHHUE OTCYTCTBHUE JIaH-
HBIX O IIAPOKO HCIOJIB3YeMBIX B (POTOIMUCCHOHHON U
JIEKTPOHHON TeXHWKe 3(DPEKTHBHBIX IMHUTTEpax 3JIEKTPO-
HoB. Hanbonee pacnpocTpaneHsl 3(h(HeKTUBHBIE SMUTTEPHI
BTOPHUYHBIX 3JIEKTPOHOB HA OCHOBE CYypbMSHO-LIE3MEBBIX
coenuHeHmid. Biarogaps cBOMM BBICOKUM BTOPUYHBIM (HOTO-
SMHCCHOHHBIM U 3JIEKTPOHHO-3MUCCHOHHBIM K03 hUIIIEH-
TaM, KOTOpPble OOBIYHO CBSI3BIBAIOT C MaJIBIM 3HAYCHUEM
BBICOTHI NMOTCHIMAJIBLHOTO Oapbepa Ha T'PAHHIE HOBEPXHO-
cTu 06pasna ¢ BAKYyMOM, COEIMHEHHUS TAKOT'O TUIIA AKTUBHO
HCIOJIB3YIOTCS B KQ4eCTBE (POTOKATOIOB U JIMHOIOB B POTO-
3JICKTPOHHBIX YMHOXUTEIAX U Apyrux npudopax [89, 90].
Tak, 3HaueHne ko3((UIMEHTa BTOPUYHON 3JIEKTPOHHON
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SMUCCUH COCTABJISIET JIs1 CYPbMSIHO-IIE3MEBOIO COEIMHEHUS
A. = 3—4 mpu MabIX JHEPrUsIX NEPBUYHBIX JJIEKTPOHOB
E.=100 3B, a MakcCHMaJbHOTO 3HAYEHUS Aemax = 8—10
ko3pdumment BOD mocturaer mpu sHeprusix E.=500-—
600 5B [89, 90]. Hanmnuue 3HauMTEIBHBIX KO3((HUIUEHTOB
BTOPUYHON IMUCCHH SIBJISIETCS CJIEICTBUEM HE TOJIBKO HU3-
KOi paboTHI BBIXOJA M3 3TOr0 MaTepHasa, HO U, MO-BUIH-
MoMmy, (HOpPMUPOBAHHS HEPABHOBECHBIX (DyHKIUIT pacmpee-
JICHHSI CTETICHHOT O THIIA.

UccnenoBanne QyHKuili pacrpeiesieHUs 3J€KTPOHOB,
(hopMUpyeMBIX B TBEPAOTEILHOU TIa3Me CypbMSHO-TIe3He-
BOI'O KaToJa mpu OOMOapAMpOBKE €ro Mmyykamu OBICTPBIX
JIETKAX HOHOB, IPOBOJIUJIOCH HA YCTAHOBKE, MOAPOOHO OMH-
caHHOU B pabote [32]. DIEKTPOCTATHUYECKUA YCKOPHUTETH
noHoB Ban ne I'pada, ucnosib3yeMblii B KauecTBe HCTOYHIKA
MEPBUYHBIX YACTHUI], TIO3BOJISLI MOJYYaTh MyYKH MOHOB BO-
nopona HY urenus Het. Mi3Mepenus SHEPre THYECKUX CIIEKT-
POB 3JIEKTPOHOB BTOPUYHOU MOHHO-IJIEKTPOHHON 3MUCCHU
(BDD) 6610 TpoBeaeHo ais myukos uoHos H' ¢ smep-
ruamu oT 1,00 1o 2,25 MaB u He™ ¢ smeprusmu ot 1,75 mo
2,25 M»sB ¢ marom 0,25 M»sB. Uccrmenyembiit kaTo,
UCIIOJIb3YEMBI B KauecTBE MHUILIEHH, HPEACTaBIsLI COOOM
CYPBMSIHO-LIE3UEBBIN CJI0I TOJIMHON, MPEBBIIIAIOIIEN IITU-
Hy TpoOera 60MOapAMPYIOIIUX KOHOB B IAHHOM BEIIECTBE,
HaHECEHHBI Ha MACCHBHYIO HUKEJIEBYIO TOJJIOKKY. MUIIIeHb
nuamerpoM 10 MM duKCHpoBaach B MEJHOW OIpaBKe, KO-
TOopasi Kpenujach Ha MOABIKHOM Jiepxkarese. [Tydok HoHOB,
KOJUJTUMHUPOBAHHBIH C TOMOUIBIO CUCTEMBI AnadparM, najaai
Ha MUIIIEHb U BBI3bIBAJ ¢ ¢€ moBepxHocTH BMDD Ha oTpa-
skeHue. [IIIOCKOCTh MHMIIEHW PpacHoJiarajiach INEpIeHINKY-
JIAPHO OCH TMydYka. JlmameTp IMydYka Ha MHUIIEHH COCTABIISLI
3 MM. [1JIOTHOCTH HOHHOTO TOKA Ha MUIIIEHH ObLIA He 0OJTb-
e 30 MkA cM 2. OTKauKa KaMephl OCYILECTBIISIACH MATHH-
Topa3psiiabiM  Hacocom HMJI-0,4-1 u QopBakyymMHBIM
nacocom HBIIP-16/1 ¢ a3oTtHoii moBymikoit. Bo Bcex mpo-
BeJCHHBIX JKCIEPHIMEHTAX NABJICHAE OCTATOYHBIX T'a30B B
BAKyyMHOI KaMepe CocTaBJIsao He 6omee 10-¢ Topp. DiekT-
pPOHBI, SMUTUPOBAHHBIE C TOBEPXHOCTU MMIIICHU, COOUpa-
Juchb Ha chEepUvecKkoM KOJUIEKTOPE, COCTOSIIIEM M3 ABYX
nojiychpep pammycom 100 mMm. MuiieHb Ha JepaTtelie
MOMEIAJIACh BHYTPH KOJUJIEKTOpA. 3a30p Mexay moiycde-
pamu cocTaBiisLl 15 MmM. BxomHoe okHO mostychepbl nMeno
nuametp 10 Mm. OQHOBpPEMEHHO ¢ U3MEPEHHEM TOKa KOJI-
JiekTopa Ic peructpupoaics TOK Mulienu /1. Tok MulleHn
peacTaBisieT co00M CyMMy TOKa MOHOB Iyuyka /g U TOKa
JMOCTUTIIMX KOJUIEKTOpAa BTOPHYHBIX OJJIEKTPOHOB: [T =
= |Ic| + Iy. I3mepsieMble TOKM KOJUIEKTOpa Ic M MUILIECHH
It, ycUJIeHHBIE JJIEKTPOMETPHICCKUMU YCHIIUTEIISIMU, O/~
BaJIMCh Yepe3 aHaoro-nmudpoBoii npeodpazosaress B 9BM
tuna IBM PC. 115 xanuOpoBKY U3MEPUTEILHON CUCTEMBI
3a 3ajHel mojycdepoil pacnosaraics mumHap Papajes,
TIO3BOJISIFOIINN HETTOCPEICTBEHHO PETUCTPUPOBATDH TOK ITyY-
Ka MOHOB [pc TIPH BBIBEJCHHOW M3-1IOJ IIyYka MuIeHd. [lu-
smuap ®apanes umen auamerp 20 MM u aimny [ = 130 Mm.
Tox muwmmaapa Papanes Ipc U3MepsUICS TPU MOMOIIHU
tokoBoro npubopa ®303. Koapdpunumenr BUID omnpene-
Jisics o popmyJie

lc|

Aig=—S1
ie |]C|*]T

(4.14)

W3yuast sHepreTHueckuid CeKTp 3JeKTpoHOB BUDD ¢
MOMOIIIBIO C(HEPUUECKOTO aHAIN3ATOPA JJISI TOYEUHOTO HC-
TOYHUKA 3MHCCHU, MOXHO BOCCTAHOBHUTH SIBHBIA BHJ (DYHK-
MU paclpeiesieHus] 3JIEKTPOHOB BHYTPU TBEPAOTO Teja

[16, 32, 78]. B cityuae, koraa (GyHKIUS pacipe/ieIeHUs] IMEeT
CTEICHHOM BUI, MPOU3BOAHAS TOKA 3MHCCHH 10 JHEPrHU
3extpoHoB d//d U MoxeT ObITh IpeACTaBIIcHA KaK

dr
——=B(Er + ¢ +eU)",

0 (4.15)

riae B — xoHcranta. CieloBaTeIbHO, B JIOTAapUPMHUUECKOM
maciitabe 3aBucumocthb (4.15) mpencrapisier coboit mpsi-
MYIO C TAHT€HCOM YIJIa HAKJIOHA, PABHBIM s + 1.

DHepreTUuecKue paclpeieieHUs] BTOPUYHBIX 3JIEKTPO-
HOB 3MHCCHHM Ha OTPAXKEHHE H3MEPSUIMCh PU MOMOIIU
cepuueckoro KOJIJIEKTOpa B PeXXKUME S9HEPTOaHAIM3aTOPA C
TOopMO3s1UM nojieM B uHTepBaje oT 0 7o 100 B cmarom 1 B.
TopMo3zsiiiiee JIEKTPHIECKOE MOJIEe CO3AABAIOCh MEXTY MH-
IIEHbIO U BYyMs nosrychepamu. [1ockobKy pannyc 3Hepro-
AHAJIM3aTOpa 3HAYUTENILHO TMPEBBIAJ pa3Mep MHUIICHH,
pacnpezesieHue 1noJjist Ob110 OJIM3KO K ChepruYeCKU-CUMMET-
puuHOMYy. [lepkaTeseM MHUILEHH CIYy)XHJa KepamMuueckas
TpyOKa AMAMETPOM 5 MM C HaHECEHHBIM Ha €€ BHEIIHIOKO
MIOBEPXHOCTH PE3UCTUBHBIM CJIOEM. Y JAeIbHOE COMPOTHUBIIE-
HUE CJIOST R; MEHSJIOCh O JUIMHE TPYOKW HEJIMHEHHBIM
00pa3oM Tak, 4TOObI MOTEHIMAJ JepKaTeIsl He HCKaXkas
[10JIe BHYTPU 3HEproaHaguzaTopa. MulieHb uMesa rajibBa-
HUYECKHH KOHTAKT C OJHUM KOHIIOM DE3UCTUBHOTO CJOS,
PYTo#l ero KoHem 3a3eMJIsICA. TOpMO3SIuii MOTEHITUAT
MOABOIUJICSI K MHIIICHU BHYTPH KEPAMUYECKOU TPYOKH OT
HACTOYHHMKA MWJIOOOPA3HOTO HAMPSIKEHUS, YIPABISIEMOTO
OBM. Takxum 00pa3oMm, TOK, MPOTEKAIOIIUN BIIOJb pPE3U-
CTUBHOTO CJIOS, CO3[aBaJl HEOOXOIUMOE paclperesieHne
MOTEeHIMAA BIOJb IJIUHEI IepkaTeis. B mpomecce sxcriepu-
MEHTa BTOPUYHBIE 3JIEKTPOHBI, JBUTASCH MO PaJuaIbHBIM
TPAaeKTOPHSIM, AOCTHraJid Kojuiekropa. I[Ipm momaue Ha
MHUIIICHb TOPMO3SIIEr0 HANPSDHKCHUS Ha KOJUIEKTOP TOma-
JTaJId TOJIBKO T€ 3JIEKTPOHBI, SHEPTHUsI KOTOPBIX JOCTATOYHA
JUJIsL IPEOIOJICHUsl TopMo3siero mojs. Ilporpamma, KoTo-
past OCYIIECTBJIsIIa yIpaBJieHne SKCIEPUMEHTOM, TIO3BOJISIIA
T KQXJOTO 3HAYCHUsT TOPMO3SIIEro IOJisi B TeUeHHE
7 cexyna Habupatb cratuctuky m3 100 m3mMepeHmii TOka
9JIEKTPOHOB 3MHCCHM. 3aTEM MPOTrPaMMHO IPOBOIMIOCH
ycpennenue mo 100 sxcnepuMeHTaIbHBIM TOYKAM, U TOJIY-
YEeHHOE B Pe3yJIbTaTe 3TOU MPOLEAYPHl 3HAUCHUE DIIEKTPOH-
HOTO TOKa 3aIHCBHIBAIOCH B TaMsaTh DBM. duddepenmupyst
U3MEpEHHbIE TaKUM O0pa3oM 3aBHCUMOCTH TOKa KOJUIEK-
TOpa OT 3aJEpPKUBAIOLIET0 HANPSDKEHUs (KpUBBIE 3adepiK-
K1), MOXHO HOJIyYUTh SHEPI€TUYECKUIA CIIEKTP 3JIEKTPOHOB
BUD3, a 3aTeM BOCCTAaHOBUTH (DYHKITHIO pACIPEICICHUS.

IIpoBenénnrie skcIepUMEHTATBLHBIE HCCIIEJOBAHUS JHEP-
TEeTUYECKOTO CIEeKTpa 3JieKTpoHOB BMIDD nokaszeiBarot, yTo
JUISL BCEX OHEPIHil HWCIOJB3YeMBbIX HOHOB JJIEKTPOHHAS
¢dbynkus pacnpenenenus, GopMupyeMasi B HEpaBHOBECHBIX
YCIOBUSIX B IUIa3ME€ CYypbMSIHO-LE3UEBOI'O KAaTOAA, UMEET
CTEIIEHHOM! BU/I.

Ha pucynke 14 npexacrasieHa TunuyHasi GyHKIUST pac-
Mpe/ie/ICHs] HEPABHOBECHBIX 3JIEKTPOHOB JIJIs1 HCCIIETyEMOT O
obpasna B ciyyae GomOGapaupoBku ero umonamu He™ ¢
sueprueit 1,75 M»aB.

DKCIIepUMEHTAJIbHbIE TOYKH XOPOIIIO YKJIaABIBAIOTCS HA
JIBE TPSIMbIe, COOTBETCTBYIOIINE PA3JIMYHBIM MOKA3ATEISIM
CTENEeHW B 3HepreTuveckux umHTepBantax 5—30 3B u 30—
100 3B. B pe3ynbrare 00pabOTKU SKCHEPUMEHTAIBHBIX
JIAHHBIX MOJIYYCHbI COOTBETCTBYIOINE TOKA3ATEIN CTECIICHH.
B tabnmie 6 npeacTaBiIeHbl 3HAYCHUS IOKA3ATEIICH CTETICHU
—Sp1 M —Spy O IBYX YYaCTKOB (DYHKIUH pacmpeesIeHHs,
COOTBETCTBYIOIIUX YKA3aHHBIM BBIIIE JHEPTETHYECKIM
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lg (EF+ ¢ + eU), oTH. en. 35
1,0 1,5 2,0
C T T T 3,0 -
L . 2,5 o+
L =t
[9) —&— Het
= = 201
o) =
£ 1 F °
S . S s
= o
30 i 1,0 -
e
ks
L 0,5 - .\./0———.\./.
0,1 0 ] ] ] ] 1 1 1 |
C 1,0 1,2 1.4 1,6 1.8 2,0 2,2 2.4

Er+¢+eU, 5B

Puc. 14. Tunnunas 3asucumocts 1g (dl./dU) ot Ig (Ep + ¢ +eU) nus
CyPbMSIHO-IIE3UEBOTO KATO/IA B Cilydae 60Mbapauposku ero monamu Het
¢ sueprueit 1,75 MaB. Vuactky / dyHkumu pacnpezneieHusi (MHTEpBaI
sHepruit 5—30 3B) coOTBeTCTBYeT moka3aTejb CTENeHH sz = —2,9, a
yuactky 2 (30— 100 3B) — s = —2.5.

Ta6mua 6.

HWon Oneprusi, MaB —SE| )

H" 1,25 2,9 2,5
1,5 3,0 2,5
1,75 2,9 2,5
2,0 3,0 24
2,26 3,0 2,6

He™ 1,75 2,9 2,5
2,0 2,8 2,2
2,26 2,8 2,3

WHTEPBAJIAM, B 3aBUCHMOCTH OT SHEPTUU OHOMOAPIUPYIOIINX
nonoB H™ u He™.

Kak Ham mpencTaBiisieTcs, B OOIIEeM cliydae moka3aTesib
CTENIeH! (DYHKIUH PACIPENICIICHAsST BTOPHYHBIX 3JICKTPOHOB
MOXKET UMETh 3aBUCUMOCTb OT 3HEPIuu (yACIbHBIX HOHHM3a-
[MUOHHBIX IOTEPb) OBICTPHIX HOHOB, TAK KAK HHTCHCHBHOCTH
HACTOYHHKA JIOMOJIHUTEJIBHBIX YACTHI[ B UMITYJILCHOM IPO-
CTPAHCTBE OMPEEIISIETCSI UMEHHO Y/IeJIbHBIMI MOHU3AIIMOH-
HbIMU ToTepsiMu MoHa. Kak Oblio ykazano B [13, 16, 17],
TOJIBKO TPH HEKOTOPBIX ONPEIC/IEHHBIX YCIOBHSX IOKa3a-
TEJIb CTEIICHH HE 3aBUCUT OT CTPYKTYPBI HICTOYHUKA M CTOKA.
B sTtoM ciiyuae TOBOpAT 00 YHHBEPCAJIBHOW (PYHKIIUU
pacrpeneneHus ¢ nokaszartesem crenenu —5/4 [16]. B panee
NPOBENEHHBIX JKCIHEPUMEHTAX ¢ MydkoM wnoHoB He' mu
TOHKMMH METAJUIMYECKUMHU IUIEHKAMH OBLIIM M3MEPEHBI
MOKAa3aTeNIU CTENCHHU § U IIOKA3aHO, YTO abCOJIFOTHAS BEJIH-
YMHA TOKA3aTelsl CTENCHH Sp (DYHKIUK pacipeiesicHus Ha
MIEPBOM JHEPTeTHYECKOM HMHTEPBaJie, KOTOPBIA COOTBETCT-
BYeT 00JIaCTH MeJIEHHBIX 3JIeKTpoHOB (E < 35 3B), ymeHb-
IIAETCS C POCTOM YCJTbHBIX HOHU3AIIMOHHBIX TOTEPh HOHA B
BemectBe [91]. ABTOpBI paboThI [57] yKa3bIBAIOT, YTO C
pOCTOM DJHEPIWH HAJICTAIOIIMX HOHOB BO3PACTACT [OJIs
OBICTPBIX 27eKTpOoHOB. Kak BuaHO M3 Tabi. 6, moka3zaTenn
CTENEHN Sp| JJISI PA3JIMYHBIX SHEpruil GOMOApPIUPYIOIIUX
HOHOB W, CJICAOBATEJILHO, PA3JIMYHBIX YACIbHBIX HOHU3A-
IMOHHBIX TOTEPhb HMOHA B CYPbMSIHO-LIE3UCBOM o0Opasie
pA3IMYAIOTCS HE3HAYMTEIBHO, XOTS JUIsl IPOTOHOB abco-
JIIOTHAsI BEJIMYMHA IIOKA3aTelsl CTeleHUu Bo3pacrtaeT (yObI-
Bae€T) C pPOCTOM OJHepruu (yAEIbHBIX HMOHU3AMUOHHBIX

E;, M>B

Puc. 15. 3aBUCHUMOCTB 3JIEKTPOHHOTO BBIXOA A, OT SHEPTUH NAJAFOIIHX
nonoB H™ u He™ 1714 cypbMsIHO-1I€3HEBOTO KATOIA.

noTepb). st HOHOB reNns TaKoW 3aBHCHMOCTH He HaOJTro-
naercst. Crenyer 3aMeTHTb, YTO H3MEHEHHE IOKazaTess
creneHn He mpeBbimaer 10% ¥ U1 yCTaHOBJIGHUS €ro
TOYHOI 3aBUCMMOCTH OT IIOTEPb FHEPIUU TPEOYIOTCS 1OMOJI-
HUTEJIbHbIE HCCIIEAOBAHMS.

Ha pucynke 15 mpencrtaBieHa 3aBHCHMOCTH 3JIEKTPOH-
HOTO BbIX0a A, OT 3HEpruy nagarommx vonos H m Het s
CYypBMSIHO-1Ie3UeBOTO KaToa. Kak BuaHO 3 rpaduka, 3Hae-
HUS1 3JIEKTPOHHOTO BBIXOAA A, JJISl UCCIIEYEMOT'O CyPbMSIHO-
LIE3UEBOTO COEANHEHNUS NMPEBBIIAIOT TAKOBBIE IS psiia Me-
Tasnueckux o0pasos [59]. [TpuunHa 3TOr0 MOXKET 3aKJIFO-
qaThCcsl B clemyronieM. Kak yxe ObLTO cka3aHO, 4acTh 00-
pa3oBaBIMXcsl npu OOMOApPIUPOBKE IyYKaMU OBICTPBIX
3apsDKEHHBIX YaCTUI] B TBEPIOTEJIbHOM IJ1a3Me HEpaBHOBEC-
HBIX 9JIEKTPOHOB TUGGYHANPYET K MOBEPXHOCTH U BBIXOIUT B
BaKyyM. DMHUCCHUSI DJIEKTPOHOB MPOHUCXOAMUT C MPUMOBEPX-
HOCTHOTO CJIOS, TOJIIIMHA KOTOPOTO 3HAYUTEJIbHO MEHbIIIE
IJIyOWHBI TPOHUKHOBEHUSI MOHOB M OMPEICIISIETCS 3aKOHO-
MEPHOCTSIMU JIBI)KEHUS 3TUX 3JIEKTPOHOB K IIOBEPXHOCTH.

B npuBenéHHbIX pe3ysbTaTax 3KCHEPUMEHTAJIbHBIX HC-
clieoBaHuil [32] Takke ykazaHa 3aBUCUMOCTD 3JICKTPOHHOTO
BeIXOJA A, DMHCCHM, MHIYIMPOBAaHHOM moHamu He' mu3
TepMaHUEBOr0 00pa3na, OT YIEJIbHbIX HOHH3AIMOHHBIX
noreps dE/dx nonos He', kotopas xopoiio anmpokcumu-
pyeTcst UpsIMOii, YTO MOATBEPXKAAET MPONOPLUOHATIBHOCTD
MeXy 3TUMHU BeaumuuHamMu. OTMETHM, YTO paccMaTpuBa-
eMble B [32] TOKM HOHHOTO TyYKa He npeBbimaroT 10 MxA. B
9TOM CJIy4ae TOK OMHUCCHH CYIIECTBEHHO H3MEHSIETCS BO
BPEMEHHU, OTpaxas HECTAIIMOHAPHOE IOBEJCHHE HCTOYHH-
KOB M CTOKOB B 3HEPreTHYECKOM IPOCTpaHCTBE. B kaxmaom
MOHHOM TPEKE JIEKTPOHHAS (DYHKIMS paCTIpeIeICHUSI UMEEeT
JIOCTATOYHO BPEMEHH, YTOOBI MPOUTH BCE CTATUM CBOETO
(dbopMupoBaHUs, MOITOMY 3aBUCUMOCTD SMHUCCHOHHOTO TOKA
OT 3a/IepKUBAIONIEr0 MOTEHNHAla, HaOIrogaemMasi B 9KCIe-
PUMEHTe, SIBJISIETCS CYNEPIO3UIUE TOKOB Ha BCEX BPEMEH-
HBIX CTaJUsAX CYIIECTBOBAHUS HECTAIMOHAPHOW (PYHKIIMU
pacupenenenust anekTpoHoB. Ha pucynke 16 nmpencrasiena
3aBUCAMOCTb TOKA4 HMHUCCHH OT 3aJICPXKUBAIOLIETO MOTEH-
nuana [29—32]. ['naBHbII pe3yibTaT CPABHEHUS TEOPETHYE-
CKHX U 3KCIEPUMEHTAJIbHBIX JAHHBIX 3aKJIIOYAETCS B TOM,
4TO Y4€T HECTAIMOHAPHOCTH UCTOYHUKOB SIBJISETCS CYIIE-
CTBEHHBIM (DaKTOPOM, MO3BOJIIOIIUM OOBSCHUTH 3aBUCH-
MOCTb TOKQ OT 3aJIePKUBAIOIIETO MOTEHIMAIA IPU UCIIOIb-
30BaHMM OJKCHEPUMEHTATIHHOW METOAMKH cOopa 3apsia,
BBLJIETAFOIIETO CO BCEH MOBEPXHOCTH IUIEHKHU 32 JOCTATOYHO
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Puc. 16. 3aBUCHUMOCTb TOKA MOH-3JIEKTPOHHON 3MUCCHH OT 3aI€PKUBALO-
LIero MoTeHImana i apceHnaa raums (GaAs), 6oMbapaupyemMoro
uonamu HT ¢ smeprueit 1,25 MsB. O6o3HaueH TOK, yCpeIHEHHBINA 3a
Bpems ¢ = 10 (myHkTupHas kpuBas), 20 (murpuxoBas), 100 (cruromHas);
3BE3/104KaMK 0003HAUYCHBI IKCTIEPUMEHTAIbHBIC PE3YJIbTATHI [32].

N(E), 1072 anextponos 3B~

0 2 4 6 8 10 12 14 16 18 20

Puc. 17. 3aBHCUMOCTb IUIOTHOCTH 3JIEKTPOHOB ¢ dHeprueit £ N(E) =
= f(v) v OT 2HEPruy IS NEKTPOHOB IMUCCHH, HHIYLUPOBAHHOI 1 k9B
9JIEKTPOHAMU U3 NOJIMKPUCTAJUINYECKOT0 aitoMuHusl. CIUomHas, INTPHU-
XOBas U MyHKTUPHAs KPUBbIE — PE3yJIbTAThl YUCIEHHOTO MOJIEJIMPOBA-
HUS, 3BE3/109YKU — IKCIIEPUMEHTAJIbHBIE JaHHBIE [84].

JUTUTEJIbHBIN (HECKOJIBKO CEKYH[T) IPOMEXYTOK BpeMeHH. Ha
pucyHke 17 cpaBHUBAIOTCS MOJYYE€HHBIE YUCICHHBIM MyTEM
IUIOTHOCTH AJIeKTPOoHOB N(E) ~ f (v, t) v Ay HecTaunoHap-
HBIX (YHKIMIA pacupeesieHrst 3JEKTPOHOB B Pa3JINYHbIC
MoMeHTHI BpeMend [30, 31] 1 Hab1ro1aeMble B 9KCIIEPUMEHTE
[84] mis BTOPUYHO-3MHMCCHOHHBIX 3JIEKTPOHOB, MHIYIIMPO-
BaHHBIX | k3B 371eKTpOHAMU U3 MOJUKPUCTAJLIMYECKOT O AJTFO-
muHAs (Al). DHeprust 06bEMHOTO 1a3MoHa paBHa 15,5 3B n
pabota BeIxoaa 5,25 9B mist Al [31, 84].

4.3. TIpsiMoe npeoOpa3oBaHne KHHETHYECKOH YHEPruu
YacTHI B 3JIEKTPHYECKYIO HEPIrUIO Ha OCHOBE
HePaBHOBECHBIX paclipe/ie/ieHHii YacTUL

Ha ocHoBe ncciienoBanuii, pe3yibTaThl KOTOPBIX MPEICTaB-
JIeHbI B pasnenax 4.1, 4.2, ObLI MPeTIoKeH BTOPUIHO-IMUC-
CHOHHBIN PaIMON30TOIHBIN NCTOYHUK TOKa [92 — 100], conep-
XKalllUi PacroJIOKEHHbI B FepMETUYHOM KOPITyCE B yCJIO-
BHSX JOCTATOYHO BBICOKOTO BaKyyMa CJIOW PaJaMOU30TOINA,
no 00erM CTOPOHAM OT KOTOPOTO MOMEIICHBI MeTaJlIinye-
CKHe SMUTTEPBL. VIX TOJIIMHA He TPeBBIIAET ITUHBI Tpodera

B MeTajule SMUTTEpa 3apsOHKEHHOW YaCTHIIBI, U3JIy4aeMOu
pamuousotonom. [1pu 3ToM KaXablil SMUTTEP BBHIIOJIHEH B
BUJE DJIEKTPUYECKU M30JIMPOBAHHBIX BAaKyyMHBIMH HpPOMe-
KYTKAMHU TI0CJIEOBATEIBHO YEPEAYIOIINXCS CIOEB IBYX
Pa3HBIX METAJIOB, K03(D(UIIMEHTH BTOPUYHON 3JIEKTPOH-
HOHl 3MHCCHM KOTOPBIX pasinyaroTcs. DPPeKTUBHOCTH
pPaIuOM30TONHOIO MCTOYHUKA TOKA TAKOrO THUIIA OHpe[e-
JIIETCSl TEM, YTO BTOPUYHBIE JIEKTPOHBI 00pa3yIOTCsI BAOIb
BCETO MyTH ABMDKEHHS 3aPSUKEHHON YaCTHIIBI B METAJLIE, T.€.
SHEprusl 3apsHKEHHON YaCTHUIIBI HEMOCPEJICTBEHHO Mpeodpa-
3yeTCsl B SHEPIUIO 3JIEKTPOHOB, KOJUYECTBO U CPEAHSS
9HEPIUsi KOTOPBIX HECOM3MEPUMO BBILIE, YeM IPU TEPMO-
3JIEKTPOHHOM 3MUCCUU. Y CTAHOBJIEHO, YTO HCIOJIb30BAHUE
TSDKENBIX YACTHUIl B UCTOYHUKAX IJIEKTPUIECKOTO TOKA MPH-
BOJIUT K BBICOKOMY K03(ppuiireHTy 00pa30oBaHUs BTOPUYHBIX
3JIEKTPOHOB M3-32 MPEHEOPEKUMO MAJIOTO PACCESIHUS ITHX
YaCTHIl, TAK KaK UX JBMKECHUE MPAKTUIECKU MPSIMOJIMHEITHO.
OyHKIMS pacnpeeIeHUs] BTOPHUYHBIX JIEKTPOHOB HEPABHO-
BECHA, MPUYEM CPEIHSISl SHEPTHSI SMUTHUPYEMBIX BTOPHUHBIX
aekTpoHOoB mpeBbimaeT 10 3B. Koaddumment noneznoro
NIEVCTBUS ICTOYHUKA YBEJIMUUBACTCS B PE3YJIbTATE MOBBIIIIE-
HUSl BTOPUYHOW 3MHCCHUU TIOJT BIIMSIHUEM O-3JIEKTPOHOB (CM.
[95-97]). [TosTOMY HAaHHBIA UCTOYHUK TOKA UMEET BBHICOKHE
9HEPreTUYecKue MoKa3aTesid, KOTOPbIe MPSIMO MPOHNOPLHUO-
HaJIbHBI KOJIMYECTBY CJIOEB smuTTepa. [TockosbKy oOmmas
TOJIIIMHA YMUTTEPA HE MPEBBIIAET TUHBI TpoOera u3yda-
e€MOH paJMonU30TONOM 3apsDKEHHOW YaCTHUIBI, YBEJIMYUTH
KOJIMYECTBO CJIOEB, & 3HAYUT, U KOIP(PUIUCHT TOJIE3HOTO
JIeUCTBUS SMUTTEPA BO3MOKHO TOJILKO 3a CUET YMEHBIICHUS
TOJIIMHBI KaXA0ro ciosi. OIHAKO NPU YMEHBIIEHHH TOJI-
LIIHBI CJIOEB IMUTTEPA OHU TEPSIFOT CBOO KOHCTPYKIIMOHHYIO
KECTKOCTB, B CBSI3H C YEM MOXKET HAPYIIUTHCS UX JIEKTpHYe-
cKasi M30JIsLMs, HapuUMep, npu nporude, Korjga coxkpa-
LIAETCs BAKYYMHBIN IPOMEXYTOK Mexay HUMU. [1o3xe ObL1
MIPEIJIOKEH BTOPUYHO-IMUCCUOHHBIM HCTOYHUK TOKa C
IOCTATOYHOW KOHCTPYKIIMOHHOU >XECTKOCTBIO AMHUTTEpPA
IIPY YMEHBIIIEHHOU TouuHe ero cioés [98 —100]. Omutrep
COCTOMT U3 MOCJIEAOBATEIILHO YEPETYFOITUXCS 3JIEKTPUICCKU
M30JIMPOBAHHBIX CIIOEB JIBYX Pa3JIMYHBIX BEIIECTB (MaTepua-
JIOB) C HEOJIMHAKOBBIMU KOA(PPUIIMEHTAMU BTOPUIHOM IJICKT-
POHHOI 3MuccUU. Mexay CI0SIMU SMUTTEPA PACIOJIOKEHBI
PEIIETKN U3 AUAJIEKTPUUIECKOTO MaTepHalia, mpeIHa3HaAuYeH-
HbIe IS DJIEKTPUYECKONH W3OJISITUH CIOEB W TOBBIIICHUS
XKECTKOCTH KOHCTpYKIMKM smutTepa. [Ipu 3ToM TOMIMHA
JURJIEKTPUYECKOI peréTky OOJIbIIe TOJIIMHBI CJIOS BeLle-
CTBa SMHUTTepa. 115l HAWJTYUIIHNX Pe3yJIbTATOB IPU peain3a-
UK U300 pETEeHNS peIETKA U3 TUDJIEKTPHUYECKOT O MaTepraia
(KepaMHKH WM TJIACTMACCHI) TOJDKHA OBITh HAHECEHA HETlo-
CPEJICTBEHHO Ha OJUH M3 CJI0EB sMuTTepa. JIIsi mOBBIILICHUS
SHEPreTH4YecKoil 3P(HEKTUBHOCTH MPEIIJIOKEHHOTO HCTOY-
HUKa TOKa JKEJIATEJbHO OAMH U3 YepeHdyHOLIUXCsl CIOEB
9MUTTEPA U3TOTOBUTH U3 METAJUIA, & APYTOM — U3 MOJYIPO-
BOJHUKOBOTO MaTepHasia ¢ KO3()PHUIUEHTOM BTOPUUYHOMN
9JIEKTPOHHON 3MUCCHH, MPEBBIAIOMINM KOIDPUIUESHT IS
MeTaJlla IEPBOTO CJI0SL.

5. KuneTuka 3/1eKTpOH-()OHOHHON CHCTEMBbI
KPHCTAJIIA, HAXO/ISIIErocsl B CHILHOM
IJIEKTPHYECKOM M0JIe

B 1960-¢ rr. 66110 0OHAPY>KEHO SIBJIEHUE PE3KOI'0 YMEHbIIIE-
HHSI CONIPOTHUBJICHHS METAJIOB IJIACTUYECKOil nedopMarum
B Cilyyae BO30OYXICHHS B HHMX IOJCHCTEMBI 3JIEKTPOHOB
MIPOBOAMMOCTH MM OOJIy4eHNEM OBICTPHIMH 3aPSKCHHBIMHA
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4aCTULAMHU, UM IPOIYCKAHUEM 3JIEKTPUIECKOT O TOKA BBICO-
koit miotnoctr j = 103 —10° A Mm~2. Ono He MOrnao GBITH
CBEIEHO K TPUBHAJIBLHOMY TEPMHUYECKOMY MEHCTBUIO (B
MAaKpPOCKOITNYECKOM MPOSIBJICHUN) TOKA, IIO3TOMY BO3HHKJIO
MPEIMOJIOKEHUE O CYIIECTBOBAHUH 3JICKTPOH-TACTIOKAINOH-
HOI'0 B3aMMO/JICHCTBUS, BIUSIOLIETO HA MEXaHUYECKUE CBOM-
crBa kpucrasia [101, 102].

SIBiieHre OBLIO MPEIIOKEHO HA3BIBATH JJIEKTPOILIACTH-
yeckuM ddpdexrom (DI13). Mexanuzm D11 cBs3wBasCcs ¢
MOBBIIICHAEM MOABIKHOCTU TUCIOKAIUKM B 00JIACTH UCTOY-
HUKOB, a TO3TOMY — C UHTeHCH(UKANIUEH padOTHI HCTOYHH-
koB. B nHambomee umctom Buae IIID wucciemomascs Ha
MeTaJUIn4eckux MoHokpuctaax Zn, Cd, Sn, Pb [101].
Ecnm B mporecce nepopmanum o6pa3noB 3THX MaTepUATIOB
Yepes HUX IIPOMYCKaTh MMITYJIbCHI TOKAa BenmuuHon 107 —
10> A Mmm—2 mmTensHOCTBIO 10~ ¢ Mt 06TyYaTh UX YCKO-
PEHHBIMU 3JIEKTPOHAMH B HANPABJIEHUM CKOJIBXEHUS, TO
oOHapyXuBaeTcs 0CiIa0JIeHUEe MPOYHOCTHU, TPOSIBIISIOIICECS
B BHJIE CKAYKOOOPA3HOTO YMEHbIICHUS JIePOPMUPYIOIIETO
HanpspkeHnsl. OCHMJUISIANA HANPSDKEHUST CBS3aHBI CO CKau-
KaMU TUTACTHYECKO JiepopManuu oObeKTOB. Y CTAaHOBIICHO,
4TO CHHXPOHHO C IPOXOXXJIEHUEM UMITYJIbCOB TOKA ¥ yMEHb-
eHueM Ae(OPMUPYIOLIETO YCUJIMS TOSBIISIOTCS TPYIIIBI
TOJIOC CKOJIbXKEHUS, & TAKXKE YTO CKAYKH Ae(pOopMHUPYIOIIETO
YCIIASL Ha yYacTKe KBA3WyNpyrou medopManud HaMHOTO
MEHbBIIIe, YeM 3a TPAHUNECH TEKy4eCTH. DTU OCHUJUISIIUAN
AHOMAJIbHO BBICOKM B pailOHe T'paHWIbI TEKYYeCTH MaTe-
puana. Cxauku 1e(pOpPMHUPYIOILIETO YCUIIMS HA JTUarpamMmax
YMEHBIIAIOTCSl NPU HCHBITAHUSX B DPEXHUME peaKcaluu
HampspkeHu. XapakTepHoil ocobeHHOCThIo DI1D B MOHO-
KpUCTAJUIaX SIBJISIETCSI OTCYTCTBHE TEMIIEPATypHOU 3aBUCH-
MOCTH B IIMPOKOoM uHTepBaJie ot 77 mo 300 K.

IToka3aHo, YTO C YBeJIMYECHHEM SHEPIHU JIEKTPOHOB 3a
MMOPOTOM BBIOMBAHUSI ATOMOB (B cilyuae nuHKa Ey. ~0,7 MaB)
Ha paJUAlVOHHYIO IUIACTU(DHUKAIMIO MeTaJljla HAKJIAJbl-
BaeTcsl 3(pQeKkT paIauanmuoHHOTO YIPOYHEHHs Oyaromaps
CO3JITaHUIO JTIOMOJIHUTENBHBIX CTOTIOPOB [IJIsl TUCIIOKANUIl B
BHUJIC TOYCUHBIX IeeKTOB 1 X aHcambJieit. [1pu yBesnueHnn
IJIOTHOCTH 3JIEKTPOHOB B OJHOI mochbuike 3((dekT panua-
IMOHHOM NacTH(UKanuy CHaYasla yCHJIMBAETCS, a MOTOM
ocnabeBaet. Ocnabnenue 3pdexTa 0ObICHIETCS BIUSHUCM
BO3MOYXHOTO YaCTUYHOTO BBIPOK/ICHUS JJIEKTPOHHOT O Fa3a B
MeTaJlJIe Ha IBIKEHHUE U B3auMo ieficTBue auciiokarmii [102].

IToka3aHo, YTO aKTHBAIIMOHHBIA 00BEM BCJICACTBUE 00-
JIydeHHS] MeTajula JJISKTPOHAMH CYILIECTBEHHO HE H3Me-
HSETCSl U YBEIMYEHHE CKOPOCTH MOJI3YYECTH OOBSCHSIETCS
YMEHBIIICHHEM BPEMEHH (BO3PACTAHUEM YacTOThI) Ipolecca
TEPMOAKTHBHPOBAHHOT'O TPEOJIOJICHUS TUCIOKAIUSIMH TIpe-
nsrcruii [102].

5.1. Kunetuyeckoe onucanue 3pdexra
3JIeKTPOIIacCTHYECKOl TedopManuu

IMnactrueckas neopManus KpUCTAIIIOB, HAXOISIIIXCSI IO
BHEIIHEW HArpy3kou, B OOJIBIIMHCTBE CJIy4yaeB OCYIIe-
CTBJISIETCS Iy TEM CKoJibxxeHus1 auciokanuii [103]. TIpu atom
OCHOBHOE ypaBHeHue (cooTHoleHue OpoBaHa), onpenesis-
foIllee KMHETHKY IUIACTUYECKON nedopMalnyy B IUIOCKOCTH
CKOJIBKEHHUSI, UMEET BUT

gdePdVd(O'*,T), (5.1)
rae & — CKOPOCThb IUTacTHYeCKoi nedopmanuu; py —
IJIOTHOCTh MOJBMKHBIX AMCIOKAIMIA; b — BeJMYMHA UX
BekTopa Broprepca; Vy(o*, T) — cpemHsist CKOPOCTb Iiepe-
MEIIIEHHUS TUCITIOKAIIMU Ha OOJIBIIIE PACCTOSHMUSI, 3aBUCSIIAST

oT 3¢ (GEKTUBHOIO CABUI'OBOTO JE(POPMUPYIOIIETO HANIPSIKE-
HUA 0" =0 —0; U Temnepatrypbol 71, ¢; — CIBUTOBbIE
BHYTPEHHHUE HAMIPSDKEHUS B IJIOCKOCTH CKOJIBKEHUS (aHATIOT
Cyxoro TpeHust). B o01acTi 40CTaTOYHO HUBKUX ¢ * JBUXKY-
Iasicsi AUCIOKALNS, CTAJIKUBASICh C JIOKAJIbHBIMU CTOINIOPAMU
(IpUMeECHBIMU aTOMAaMU WM APYTUMU AedeKTaMU KPHCTaJI-
JINYECKON CTPYKTYPHI), MOKET HAJOJITO 3aJepKUBATHCS Ha
Hux. CunmTaercs, YTO MPH HE OYEHb HU3KUX TeMIepaTypax
MEXAaHU3M UX MPEOLOJICHUS TUCIOKAINOHHBIMYI CETMEHTAMU
SIBJISIETCSl TEpMOGIYyKTyallMOHHbIM. Torna
x
Va(e*, T)=l(c",T) = lvgexp <—@> , (5.2)
kT

rzie [ — cpeliHee paccTosiHIE Mex 1y cronopamu; v(e*, T') —
4acTOTa MX TpeojposeHus. SBHblA Buj GyHkuun H(o*)
3aBUCUT OT MOJEJHU IOTEHIUAJIBHOIO Oapbepa, TOPMO3s-
LIETO CKOJILKEHUE AUCIOKAIMU (€Ero BBICOTHI U (OPMBI), a
TaKXke OT pacupelnesieHHs] dTHX 0apbepoB BAOJL JUHUU
nucioxanuu. [dmns oO6paboTku SKCHEpHMEHTAJbHBIX TaH-
HBIX, KaK IPaBUJIO, IPUHAMAIOT

o) = mf1- (2}

GCF

40

(5.3)

Ecau poJib cTONOPOB UrparoT MPUMECHbIE ATOMBI, TO Hy —
9TO JHEPTETHYECKHUH MapaMeTp IUCIOKAIMOHHO-TIPUMeEC-
HOTO B3aUMOJEHUCTBHUS; 0o — KPUTHUYECKOE HAIpSHKEHHE
06e3aKTUBAIIMOHHOIO JBMXKCHUSI JUCIOKAIMH CKBO3b CETKY
MPUMECHBIX 0apbepoB B IJIOCKOCTH CKOJILXKEHHUS; Po, o —
HEKOTOpbIE MOKA3aTeJIN CTENEHH, KOTOPbIE OIPEIEIISIOTCS
TIpU aHAJIN3€ IKCIIEPUMEHTAIbHBIX KPUBBIX.

5.2. MaremaTu4eckasi Mo/ieJ1b

1Sl KOJTMYECTBEHHOTO OMUCAHMSI ITUHAMHMKHU DJIEKTPOH-
(hOHOHHOIT CUCTEMBI MeTaJIIN4eCKOi TI€HKH B paboTe [104]
HCHOJIB30BAHO BAXHOE YNPOIIAIOINIEe MPEINOJIOKEHAE O
(bepMIeBCKOM BH/IE M30TPOIHON YaCTH JIEKTPOHHOU (DyHK-
LMW PacCIpeliesIeHNs] C 3aBUCAILEN OT BpDEMEHU 3JIEKTPOHHOU
Temrepatypoil. ABtopsl [104] oTMeuaroT, YTO BBEJICHUE
9JIEKTPOHHOW TEeMIepaTyphbl, XOTS U IKBHUBAJICHTHO 4YaCTO
HCTIOJIBE3YEMOMY TPEANOJIOKEHNIO O MTHOBEHHOH TepMaJii-
3aIiM JIEKTPOHHON TMOJICUCTEMBI, HE BCErJa MOXET OBbITh
crporo obocHoBaHo. Tak, B 00JIaCTH O4YEeHb HU3KUX TEMIIC-
patyp T. < T* (temmnepatypa T* =~ Té /EF), TO€ 3IIeKTPOH-
3JIEKTPOHHBIE CTOJKHOBEHHUS! JOMHHUPYIOT HaJ 3JIEKTPOH-
(hOHOHHBIMHU, 2JIEKTPOHHAS GYHKIHSI PACTIPEICTIEHNS TepMa-
JIM3yeTcs 32 XapaKkTepHbIe BpeMeHa dJIEKTPOH-3JIEKTPOHHOT O
B3aUMOJICUCTBHUS Tee. B OOBIYHBIX CPABHUTEIHHO YUCTBIX
metaimax 7% ~ 1 K, a B cnenuasibHO 3arps3HEHHBIX ILJIEH-
KaX, B KOTOPBIX 3JIEKTPOH-3JIEKTPOHHOE B3aMMOACHCTBUE
ycuiuBaeTcss u3-3a 3pdextoB cnaboit mokanuzanuu, T*
moxeT ObITh mopsiaka 10 K. IMpm Temmeparypax 7. > T*
(0o T. < Tp) penakcaiysi 3JEKTPOHOB B OTHOCHTEIHHO
TOJICTBIX TUIEHKAX MPOUCXOJUT BCJICICTBUE HE MPSIMOTO
3JIEKTPOH-3JICKTPOHHOTO B3aMMOJICHCTBUS, & KOCBEHHOTO,
ocyulecTBistonierocs yepe3 oomMen ¢ononamu. Panee
oaHUM u3 aBTOpOB [104] ObLIIO OKA3aHO, YTO AJIEKTPOHHAS
GbyHKIUS pacnpenesieHns, 6Jm3Kas o BUAY K pepMUeBCKOH,
dbopmupyeTcst ¥ B OTHOCHTEIBLHO TOHKUX IUIEHKAx (U3
KOTOPBIX HEPaBHOBECHBIC (POHOHBI YXOISAT B MOJJIOKKY Oe3
MEPENOTJIONICHUS 3JICKTPOHAMH) B pe3yJIbTaTe JIUIIb MPO-
necca usiydeHus GoHoHoB "ropsunmu’ ssekTpoamu. [Ipu
PpaccMOTPEHUH UCTIOIB30BAIOCH JOCTATOYHO CHIIbHOE Tpe-
TIOJIOKEHNE O TIpeoOpa30BaHNM BCEl MOJYYCHHON OT 3JICKT-
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PUYECKOrO MOJIsi JHEPIUU B TEMIIEPATYPY 3IJICKTPOHOB,
KOTOPOE SIBJISICTCSI HEOOOCHOBAHHBIM U, KaK OYET BIIHO U3
PACCMOTPEHHUSI TIPH HE MAJTBIX HAMPSDKEHHOCTSIX JJIEKTPHYIe-
CKOTO TOJISI, HE COOTBETCTBYET PeaIbHOMY PEIIICHUIO 33 TAUH.
B obOoux ciaydasix XxapaKTepHbIM BPEMEHEM TepMaIH3aIliuu
ANIEKTPOHOB SIBJISICTCS] BPEMs JICKTPOH-(POHOHHBIX CTOJIKHO-
BEHUIl Tcp. 3aMETHM TaKXe, YTO B ONTHYECKH TOJICTBIX
mIEHKAX OJHOPOJHOCTBH 3JCKTPOHHOU TEMIEPATYPHI IO
TOJIIIUHE TUIEHKU 00eCeuynBaeTCsi OBICTPBIM YXOI0M JJIEKT-
pPOHOB M3 O0JIACTU CKUH-CJIOS U BBICOKOW 3JIEKTPOHHOU
TEIJIONPOBOJHOCTBIO IO CpaBHEHUIO ¢ ¢GoHoHHOU [103].
BenencTBre AOMONHUTEIBHOTO (D (HY3HOHHOTO yMEHbIIIe-
HUS IUIOTHOCTH "Topsaunx" 3JIEKTPOHOB CKOPOCTH TEpMalld-
3aIIH JJIEKTPOHHOM MOICUCTEMBI CYIIIECTBEHHO BO3PACTALT,
U TIO3TOMY B ONTHYECKH TOJICTHIX IUIEHKAX MPUOJIMKCHUE
MTHOBEHHOU TepMam3aiuu JaéT Xopolliee COorjiacue Teope-
THYECKUX U JKCIEPHMEHTAJbHBIX Pe3yJbTaToB. B pabote
[104] paccMaTtpuBasicst ciaydait Mabix "HarpeBoB", MBI ke
npu paccMoTpenun II1D umMeeM ei0 ¢ OYeHb OOJIBIITMMU
"Harpesamu", MOITOMY HaM HEOOXOIMMO MPOBECTH TIOCTIE-
JIOBATEIbHOE KUHETHYECKOE PACCMOTPEHHE KaK JJIEKTPOH-
HOI, Tak 1 (OHOHHOM MOJCUCTEM, YTO COCTABIISICT OCHOBHOE
coaepxanue cratei [30, 105, 106].

IIpy KUHETHYECKOM OIMUCAHUH MOBEICHHE JJIEKTPOHOB
oT4UHsIETCs ypaBHeHuto BosbiMana [11s1 GyHKIMU pacmpe-
JIEJICHUsT DJIEKTPOHOB f (I, p, ) C COOTBETCTBYIOIIMMH HHTE-
rpajlaMu CTOJIKHOBEHUU

of  of dpof
o Var Tarop dee Tl e
dp _

i e[E(r, 1) +v x B(r,1)],
rae l.. — MHTerpa CTOJIKHOBEHHIT SJIEKTPOHOB C 3JIEKTPO-
Hamu, lo, — MHTETPAN CTOJIKHOBEHHH JIEKTPOHOB ¢ OHO-
HaMH, Joq — UHTErPaJl CTOJIKHOBEHMUI SJIEKTPOHOB C IIPHMe-
caMH U JedeKTaMH PelIéTKH, Y — CKOPOCTh, I — pPaIHyc-
BEKTOp, P — MMIYJIbC 3JIEKTPOHA, ! — BpeMs, & —
HATPSKEHHOCTh SJIEKTPUYECKOro MOJIs, B — MarmuTHas
HHAYKIUS. B nasbHeifineM 6yaeM CYMTATh, YTO MArHUTHOE
II0JIC OTCYTCTBYET.

DyHKIMS pacnpeneeHus: (GOHOHOB TAKXKE MOIHHIETCS
KMHETHYECKOMY YPABHEHHIO C MHTErPAJIAMHI CTOJKHOBEHHIL:

aNP(qp) aND(qp)
ot VT o

= Ipe + Ipp + Ipd 5 (54)

rjie I,e — MHTErpaJj CTOJIKHOBEHMH (JOHOHOB C 3IEKTPOHAMH,
I,, — uHTerpa crojakHoBeHuit Gononos ¢ pononamu, g —
MHTErpajl CTOJKHOBEHUI (POHOHOB C MpuUMecSIMU U Aedek-
TaMHU PEIIETKH, Vq = 10€/0q, — ckopocTh (poHOHa, q, —
uMnyiabe ponona, Ny(q,) — dyHKuMS pacnpenesenus
(HhOHOHOB. YUHTBHIBASL, YTO COYAPEHUS SJICKTPOHOB C IPUMeE-
cssMu, GOHOHAMH U JIe(heKTaMHU PUBOJAT K U3OTPOTU3AIMH
(yHKIMM pacrpesieieHus] 3JICKTPOHOB, OylIeM UCKaTh € B
BUJIE

S0 =1 (E@) + i (ER)) 7 (55)

S/‘{I/ITBIBB.SI7 YTO IpU CTOJIKHOBCHUAX OJJICKTPOHOB C
(bOHOHaMI/I nepeagava SHEPIruu OY€Hb MaJjia, YIIPOCTUM HUHTE-
rpaJibl CTOJIKHOBEHHUI 3JIEKTPOHOB C (JOHOHAMU, & UMEHHO,
pa3JI0kKUM H30TPOINHYIO 4acTh (DYHKIUHM pacrupeacsieHus
3JICKTPOHOB MO MAaJIOW mepejaye 3HEprud BILUIOTh OO KBa-

ApaTUYHBIX YJICHOB!

f(p+q,) =/ (E(p) £7Qq,) =

of (E
=/(E(p)) + f(aép)) hQ +——=

3% (E(p)) (hQ2)*
o

U HOJICTABUM 9TO Pa3JIOKEHHE B MHTETPAJIbl CTOJIKHOBEHHI.
VuréM KOHKPETHBIH BHJ 3aBHCHUMOCTH BEPOSITHOCTH Iepe-
xoma w(gp), a Takke 4acTOT coymapeHuil GOHOHOB ¢
(boHOHAMH Vpyp (¢ ):
4n’m2e?,
w(gp) =wWoqp, Wo=—""7",
2(2rnh)’p
3
Voo (Gp) = Vppoq?Z, v Ofﬁ
pp\dp) = Vppodp 5 Vppo = :
P g To M,

1Q(qp) = csqp, €14 — KOHCTaHTA Ne)OPMALMOHHOTO TTOTCH-
muana, T, — TeMnepaTypa peIéTkH, M. — cyMMapHas
Macca JIByX aTOMOB, s — CKOPOCTB 3BYKa, dgr — HapameTp
peImeTKY.

DyHKIUKM pacHpeiesieHns Kak 3JIeKTPoHOB f(g), Tak u
(bonoHOB N (gp), ABISSCH Ge3pa3sMepHBIMH, YAOBIECTBOPS-
0T CJIEYIOLIUM yCJIOBUSM HOPMHUPOBKU:

! (2’”>3/2 J:CEl/zf(E)dE:m (5.6)

o 2 i 2
TA€ n— IJIOTHOCTH 3JICKTPOHOB B BaJICHTHOH 30HE (OHa xKey
METaJJIOB SIBJISIETCSI UM 30HOU OpOBOAUMOCTH, TAaK Kak
3aI10JIHEHA JIMIIIb ‘IaCTH'{HO),

1 1 w, N d
D) (h3> Jo q, p(gp)dgp < 00,
¢p — nebaeBckuit UMIYJIbC HOHOHA, KOTOPBIN OIPEACIIICTCS
u3 paBeHCcTBa kg Tp = ¢s¢p. Jlajiee Bce BEJTMUUHBI IPUBEICHBI
JUTSL HUKEJIs (JUISE KOTOPOTrO MOXKHO CPAaBHUTBH PACYETHBIE U
SKCIIEpUMEHTAIbHBIE pe3yabTaThi [108]): ¢s = 5 x 103 cmc™!,
Tp =375 K, oTky1a MakCUMaJIbHBIH UMIYJbC (OHOHA
pasen 103 x 107 r c¢m ¢~!, mIOTHOCTL 37MEKTPOHOB B
BaJICHTHOH 30He n = 2,5 x 10*2 cM~3, WIOTHOCTH HMKENd
p =891 cM™3, MOCTOSHHAS PEIETKN (PACCTOSHHE MEXIY
coceHEME aToMami) a = 3,5 x 1078 cm.

B coctosiHUM TepMOAMHAMHYECKOTO paBHOBecUs (PyHK-
LHsl pachpeiesieHust IeKTpoHoB f(E) siBisiercst GpyHKImen
®epmu — upaka

, E — Er -

1= o (5 1]
rae Er =5 x 10712 apr, T, — TemmepaTypa 3JIeKTPOHHOI
KOMITOHEHTHI (B 3kcriepuMenTax oHa cocraniisuia 20 Ku 80 K
U coBmajajia ¢ peméTouyHoi (POHOHHOU TemIepaTypoii)
HePBOHAYAJIBHO (O BKJIIOYCHHS IJICKTPHYECKOTO MOJIS
£ =0,31CI'C3= 94 Bcm')). ITo ocTaToYHOMY CONIPOTHB-
JIEHUIO HHUKENS, pg, = 3 X 107® Om cm, Haxomum vactoTy
CTOJIKHOBEHHI 3JIEKTPOHOB C NMPUMECSMH H aedexTaMu
PEMIETKHE: Vg = 3 x 10'3 ¢!, YacToTa 31eKTpoH-()OHOHHBIX
COylapeHMii 3aBHCHUT OT BEJIMYMHBI UMIIyJbca (OHOHA
CIIE/LYFOLIM OOPA3OM: Vep = Vepo §/qDs Vepo = 2 % 1010 ¢ 1.
ITockoJIbKY YHCIIEHHOE WHTETPHPOBAHUE JJIEKTPOH-IIIEKT-
POHHOTO WHTETpaja COyJapeHWH IpeacTaBiIseT OOJIbIINe
TPYAHOCTH M3-3a €r0 HEJIMHEHHOCTH, a ero POJIb COCTOHT B
nepepacnpeieJICHUN HEPruy, IMOJYYEHHOW OT BHEIIIHEIO
AIEKTPUIECKOTO MOJIsI, MEX/IY 3JIEKTPOHAMHU (KBasHTEepMa-
JIU3aMsl), TP WHTCTPUPOBAHUH CBS3aHHOW CHCTEMBI IS
M30TPOIHBIX IEKTPOHHOH 1 (POHOHHOH (PYHKIHIA pactpesie-

(5.7)

(5.8)
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JICHUS Mbl OI'PAHUYUIIMCH YYETOM TOJIBKO 3JIEKTPOH-(POHOH-
HOTO U (HhOHOH-ITEKTPOHHOTO MHTETPAJTIOB COYIAPEHUH, HO
Ha BPEMEHHOM TPOMEXKYTKE fee, B TEUCHHE KOTOPOTO BKJIA-
JIOM MHTETrpaJia 3JIEKTPOH-3JIEKTPOHHBIX COYAAPEHUI MOKHO
npereOpeyb. [1pu 3TOM /1151 BpEMEHH f.. B35TA OLIEHKA CHU3Y
13 YCJIOBUSI, YTOOBI SHEPTUsl, BBIACIISIIOIASCS B IPOBOJHUKE
IPU IPOXOXKACHUM 3JIEKTPUIECKOT0 TOKa, HarpeBaja (mpen-
TIOJIATAETCS, YTO JIEKTPOHBI PETAKCUPOBAJIH 32 3TO BPEMS K
TEPMOJAMHAMUYECKA PABHOBECHOMY COCTOSIHUIO) 3JIEKTPOH-
HYIO TOJICUCTEMY JI0 TEMIEpaTypbl, COUSMEPUMON C mep-

BOHAYaJILHOM, T.C.
2

— fee = cp pTe,
cur
rae ¢p = 25 Ix kr~! K~! — ynembHAs TEMTOEMKOCTE HUKE-
Js. W3 (5.8) nojydaeM BbIpaKeHHE JUIsI IPOMEXYTKa Bpe-
MECHH fee:

tee = cp pTe pg“;f . (5.10)

(5.9)

Hna wanpsok€HHOCTH 3sekTpuueckoro moust & = 0,31
CIrc3=94 B cm! Bpems f. = 451p0. B 06paTHBIX YacTo-
Tax 3JIEKTPOH-(POHOHHBIX COYAAPEHUIA U TIPE/IaraeTcsi U3Me-
pATh BpeMs B YpaBHEHHSIX JJIS 3JIEKTPOHHOUW M (POHOHHOU
GbyHKIMIA pacnpenesieHusl. DHEPTHIO J1eKTpoHOB E U (HoHO-
HOB (s¢p TIPUBOIUM K Oe3pa3sMepHOMY BHAY JleJIEHHEM Ha
kg Te. Torpa cucrema ypaBHEHUN 3aUCHIBAETCS KaK

il ]

t

\\

p?
0 ﬁ 1
X ==9 = == dg ~4[N q +—]+
p{p 37 qp 9y p(dp) 3

0 —f@))ﬁ [ amay).

(5.11)

Ny (@) [* ... i i
I [* a5 {5 1001 -1+ ot +1~1 )]
ap
1L _of(p) ., 0 @f@)]}
X | —={qp —==+ T —Ax 5.12
[\/& " pop P 2pdp pop (5-12)
rac
- e2&? P
= WVep0 A~:—7 ~:—7
L e A = vevedknTe . L kel
=t
P \/2]’1/116137—‘57
2
mc
=M 0<a <25,
o T 0< g, <425

WuTerpupoBanue npuBeAEHHON CUCTeMBbI ypaBHeHu# (5.11),
(5.12) npoBOUIOCH C TTIOMOIIBIO MOJHOCTHIO KOHCEPBATUB-
HBIX PA3HOCTHBIX cXxeM. KOHCepBaTHBHOCTD CXEMEI SIBJISIETCS
00s13aTeJIbHBIM TpeOOBaHUWEM, TaK Kak OHAa OOecneuynBaeT
OTCYTCTBUE HAKOIUICHHSI OIIMOOK mpu pacu€rax Ha OOJb-
mux BpemeHax (cm., Hampumep, [107]). CyTb cocTouT B
yIOBJICTBOPEHUU HECKOJIBKUM 3aKOHAM COXPAHEHHUs, B TaH-
HOM CJIyyae peub UAET 00 yIOBICTBOPEHNH 3aKOHAM COXpa-
HEHUsI SHEPTUH U YACTHII.

5.3. Pe3yabTaTbl YHCIEHHOT0 MOIE/THPOBAHNS

U HX 00CyIK/IeHue

B pesyibrate mpoBeNEHHBIX YUCICHHBIX PACUETOB OBLIN
Hal{IeHbl HecTallOHAPHbIE (DYHKIUH PACTIPEICIICHUS JJICKT-

6 YVOH, 1. 183, Ne 1

10!

10710

1072

10730 | | |
40 45 50 55 P

Puc. 18. 3aBucuMocTb QyHKIIMU pacHpe/iesieHusl 3JIEKTPOHOB B pa3Jiny-
Hble MOMeHTHI Bpemeru (7 = 0, 10, 20, 30, 40, 50) ot Ge3pa3MepHOro
HMMITYJIbCA, KPUBBIE PACIIOJIOKEHBI CJIeBa HAIIPABO COOTBETCTBEHHO YBe-
JINYCHUIO 1.

poHOB f(p) 1 poHOHOB N, (¢,) IO MMMy ThcaM. Ha pucynxke 18
IpeJCTaBJIeHA 3aBUCUMOCTD (DYHKIIUH PACIpeAeIeHUs JIEKT-
POHOB OT 0e3pa3MePHOT0 UMIYJIbCA B PA3JINYHBIE MOMEHTBI
BpeMeHn. KpaifHsisi jeBass KpuBasi COOTBETCTBYET TEPMO-
NUHAMHAYECKN PABHOBECHOW (YHKIWH, KOTOpasl B3sTa B
KavecTBe HAyaJIbHOW MPU PEIIeHUU CUCTEMBbI ypaBHEHHU
(5.11), (5.12). I3 pucynka 18 BugHO (KpUBBIE C YBEJIMUCHUEM
MIPOMEXYTKA BPEMEHH CMEILAIOTCS CJIEBa HAMPABO), YTO CO
BpeMeHeM (DYHKIUsI pacrpeesieHus 3JIEKTPOHOB BcE Oosiee
OTJIMYAETCS OT TEPMOIUHAMUYECKA PABHOBECHOM.

Taxum 00pa3oM, yCTAHOBJIEHO, YTO JHEPTHs, MOJIyYa-
eMasi 3JICKTPOHHOW MOJICUCTEMON OT BHEIIIHETO 3JICKTpHUUe-
CKOTO TOJIsI, B Pe3yJIbTATe 3JICKTPOH-(POHOHHBIX CTOJKHOBE-
HUHM YaCTMYHO (MaJiasi YacTh U3-3a KBA3HYNPYTOCTH IJIEKT-
pOH-QPOHOHHBIX CTOJIKHOBEHMI) TepeAaércss (OHOHHOU
MOJICKCTEME, NPH 3TOM OOJbInast e 4acTh WAST HE Ha
YCTAHOBJICHHE TEPMOJIUHAMUYECKH PAaBHOBECHOHN (QyHKIIMU
pacrpeiesieHUs 3JIEKTPOHOB (KaK 3TO YaCTO MPEIoIaraeTcs
(cm., Hanpumep, [104])), a Ha GopMHUpPOBaHNE UHTCHCUBHBIX
BBICOKORHEPIeTHYECKUX XBOCTOB. Takoe KapIuHAJIbHOE U3-
MeHeHre (QYHKIH PACIpeIesIeHHs] JJIEKTPOHOB IIPUBOAMT K
(dbopmupoBannto GOHOHHON (HYHKITUH paACHIPE/ICIICHHS, OUeHb
CIUTBHO 00OTAIEHHON (OHOHAMHU C IHEpruel, OJIM3KON K
nebaeBckoil. MBI HOJIyYUIIM CYLLECTBEHHOE OTJIMYKE OT pe-
3yJabTaToB paboThl [107], B koTOpO#l (oHOHHAS (PyHKIUS
pacopenenieHdss B 3TOH 00JIACTH UMITYJIbCOB TPAKTHYECKU
cootBeTcTBYeT (pyHKINU Bo3e —DifHIITeliHA, HO UMEET TeM-
nepaTypy, OTBEYAIOIIYIO TEMIEPAType IJIEKTPOHHOU MOJ-
cucteMbl. Kak mokasaso Hallle YuCICHHOE MOJICIMPOBAHNE,
"remmepartypa" (To4Hee, CpeqHSIS SHEPIUS HIEKTPOHOB, TaK
KaKk 2JIEKTpOHHAsl (YHKIMS paclpeleseHus] CUJIBHO OTJIH-
qaeTCsl OT TEPMOANHAMUYECKN PABHOBECHOW) AJIEKTPOHHOU
(byHKIIMEM pacrpeiesieHus] N3MEHSeTCs] HE3HAUUTENIBHO, T.€.
HE MPOUCXOJUT TEPMAJU3AIMA TOJYYCHHOW OT 3JIEKTpHYE-
CKOTO TOJISI 3HEPTHH, & POPMHUPYIOTCS BBICOKOIHEPTeTHYE-
CKHE XBOCTBI, KOTOPbIE M MPUBOAST K TAKOMY KapAHHAJIb-
HOMY HM3MEHEHUI0 (POHOHHOU (PYHKIUHU pacrpeicsicHus. Y
¢byakmum pacnpenesneHnsi (GOHOHOB CO BpeMeHeM (GopMHu-
pyroTcsi Bcé OoJiee MONIHBIE BBICOKOIHEPTETUUECKHE XBOC-
ThI, TaK KaK MPH 3JIEKTPOH-(POHOHHBIX COYTAPCHUSX UMITYJIbC
nepefaércs MpH JOCTATOYHO MaJjloi mepenaye 3HEPIUY;
poxaaeTcss MHOTO ()OHOHOB TpH J1e0AEBCKON IHEPIUH, T.C.
¢dynkus pacnpenesieHuss GOHOHOB oboraraeTcss aeOaeB-
ckumu (ononamu. [Janee mpoBenéM CpaBHEHHE 3aBUCHMO-
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cTell mpousBeneHus (YHKIUU pacrpeiesieHus: (OHOHOB Ha
Ky0 6e3pa3MepHOro UMITYJIbCa 11 TEPMOJIMHAMUYECKU PaB-
HOBecHOTO ciydasi (yHkmmu Bose—DitHiTeitHa) U GOHOH-
HO (YHKIIMU B pa3JInYHbIe MOMEHTBI BpEMEHH ITOCJIe Havalia
JIEUCTBUS IJICKTPHUECKOTO 1moJist (puc. 19).

Taxum 06pa3om, ¢ MOMOIIbIO YUCIEHHOT'O MOJIEINPOBa-
HUSl 3JIEKTPOH-(POHOHHOI CHUCTEMBI, HAXOJSIIEHCS B CHJIb-
HOM UMITYJIbCHOM JJIEKTPHYECKOM T0JIE, C UCTIOTIH30BAHUEM
MOJTHOCTBIO KOHCEPBATUBHBIX CXeM Hai/IeHbl HEpaBHOBEC-
Hble (DYHKIIMH paclpelesieHus] 3JeKTPOHOB M (OHOHOB U
HOKa3aHO CIIeTyIoIIee:

— HM30TPONMU3ANUS IEKTPOHHON (YHKIMM pacrpeese-
HUSl TPOUCXOIUT BCJIEJACTBHE CTOJIKHOBEHHH C IedeKkTaMu
pemeéTKy;

— (QyHKIHS pacmpe/eieHus! JJIEKTPOHOB HE CTAHOBUTCS
TEPMOJIMHAMHUYECKA PABHOBECHOM, MOTOMY YTO 3JIEKTPOH-
9JIEKTPOHHBIE CTOJIKHOBEHUS B [IaHHOM CUTyaluu JaroT
CYIIECTBEHHO MEHBIINIA BKJIAM, YeM JJIeKTPOH-(HOHOHHEIE, a

x10°

3,0

2,5

Puc. 19. 3aBucuMoCTb pou3BeicHus (YHKIUM pacipeiesieHust GOHOHOB
(B MoMmeHTHI Bpemenu 7 = 0, 10, 20, 30, 40, 50) Ha ky6 WMIyJIbCa OT
6e3pa3sMepHOro MMITYJIbCa, KPUBBIE PACIIOJIOKEHBI CHU3Y BBEPX COOTBET-
CTBEHHO YBEJMYEHHUIO 1.

cTOJIKHOBeHHMs ¢ "uyxoi"

MaJIM3a1uH;

— (yYHKIUU pacrpeaesicHus] 3JeKTPOHOB U (POHOHOB
UMEIOT BBICOKOIHEPTeTUYECKUE XBOCTBI, MIOTOMY 4YTO IIPU
9JIEKTPOH-(DOHOHHBIX CTOJIKHOBEHHUSX MEPEeIa&TCsl UMITYJIbC
IIpHU JOCTATOYHO MaJIoil epeaye SHEPruy;

— poXJaeTcss MHOTO (POHOHOB OKOJIO J1e0aeBCKOM IHEP-
ruu, T.e. PyHKIMS pacnpeiesieHus GOHOHOB oOoraraercs
nebaeBckuMy OHOHAMU.

Tax, aa puc. 20a IS WITIOCTPAIIVK TPUBEACHBI 3aBUCH-
MOCTH MPOU3BEACHUS PYHKIIMU pactpeesieHusi GOHOHOB Ha
KyO 0e3pa3zMepHOro HMITYJIbCa ISl TEPMOJAMHAMUYCCKU
paBHOBecHOU (yHkIMKM Bo3e —DiiHIITeliHA, COOTBETCTBYIO-
el TeMrepaType MoAJIOKKH (IITPUXOBast KpUBAsi), CTAIHO-
HapHOU (OHOHHON GYHKIIUM pachpeneieHns] U3 padoThI
[107] (cnomHast kpuBasl) U HEPABHOBECHOH (POHOHHOU
¢ynkuumn pacnpenesneHust u3 padotsl [105] (Toyeuynass xkpu-
Basl, OTBEYAET MOMEHTY BPEMEHH f¢. = 50Tcpg, COOTBETCT-
BYIOIIEMY XapaKTepPHOMY BPEMEHH JHEPIeTHUYECKON peJlak-
canyy B pe3yJIbTaTe MEXIJIEKTPOHHBIX CTOJIKHOBEHHUI) OT
6e3pa3sMepHOTO HMMITYJIbca. 3aBHCUMOCTH TPHUBEICHBI JIJIS
CIEoyIOIUX HapaMeTpoB: [EHCTBYIOLIEE 3JIEKTPUYECKOE
nosie £ =96 B cm~!, TemnepaTypa noanoxku Tp = 4,2 K,
TONIMHA HEKeNeBol maéHKE d = 107* cM, smexTpoHHas
TeMIIepaTypa, KOTopasi yCTAHABIIMBAETCS, COTJIACHO Pe3yJib-
Tatam pabotsl [107], T, = 41,68 K.

N3 pucynka 20 BHJIHO, YTO MPHU JEHCTBUU IJIEKTpHUUE-
ckoro nons £ =96 B cM™! kpuBas 3aBUCHMMOCTH HpPOH3BE-
neHust (GyHKIMU pactipenesieHus GOHOHOB Ha KyO Oe3pas-
MEpPHOTO HMITYJIbCA IS TEPMOJNHAMMUYECKH PAaBHOBECHOMN
¢byakmun Bose—DifHIITeHA € TEMIIEpATYPOH IMOIIOXKKA
MPAKTHYECKH COBMANACT C Pe3yJIbTATOM JJIsl CTAIMOHAPHOM
(YJaCTMYHO HEPAaBHOBECHOIO MNpUOIMXKeHUs)) (OHOHHOMI
(dyskuu pacnpenesenus u3 pabotst [107] aist GoHOHOB ¢
MaJIbIMHI UMITYJIbCAMH U JOCTATOYHO CUJIbHO (TIOYTH Ha ABa
MOPSIAKA) OTJIMIAETCS OT KPUBOI JJ1sl GOHOHOB € OOJIBIIUMHA
nMirysibcamu. Ho, kak BumHO u3 puc. 20, 3TO He MPUBOJIUT K
CYIIECTBEHHOMY BO3pacTaHUIO 3PPEKTUBHON TeMIIEpaTypPhI,
KoTopas u omnpeaenseT 3QQGEKThl 3JIEKTPOMIACTUYECKON

MOJICUCTEMOH He MPUBOIST K Tep-
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Puc. 20. (a) 3aBUCHMOCTB NPOM3BEICHUS (DYHKIMK pacipe/iesieHust (POHOHOB Ha Ky0 O6e3pa3MepHOro UMIIYJIbca it TEPMOIMHAMMYECKA PABHOBECHOI
(ynknun Boze—DiiHIuTeliHa, COOTBETCTBYIOLIEH TeMIepaType MOIOKKU (HWKHSS ILITPUXOBAs KpUBAs), CTAMOHAPHON (OHOHHOW (yHKIMM
pacnpenenenus u3 pabotsl [107] (crutolHas KpuBasi) 1 HEpaBHOBECHOM (oHOHHOM (yHKIMU pacnpeneseHus: u3 padotsl [105] (ToueuHast kpuBasi) OT
6e3pa3sMEPHOTO UMITYJILCA Gy, IPH IEHCTBHH 9JIeKTpHIeckoro ot £ = 96 B cm . (6) 3aBUCMMOCTD YMEHBIIEHHS HATPY3KH [PH IOCTOSIHHOM CKOPOCTH
nepopManu OT IWIOTHOCTH ToKa. CIUIONIHASI KpUBas — JDKOYJIEB HATPEB; TPEYrOJIbHUKM — HEPABHOBECHOE PACCMOTPEHHE, TEOPETUYECKHUE
3aBUCUMOCTH; KPYXKH — AaHHble [27, 28] npu Ty = 78 K, KBaApaThl — 3KCIEPUMEHTAJIbHBIC JaHHBIE, M0JTy4eHHbIe JIebeneBbM npu Ty = 293 K
JUTs IOCTOsIHHO# ckopocT Aedopmartin &g = 2,7 x 1074 ¢! mmapamerpos: py =108 em~2,/ = 10%h, b = 3,52 x 1078 cm, x, = 2b, Upy=8 x 10~13 pr,

L=10"*cm, =12 x 10" quacm 2.




T. 183, Ne 1]

HEPABHOBECHBIE KOJIMOI'OPOBCKOI'O TUITA PACIPEAEJEHUA YACTUL U UX IMPUJIOXEHNA 83

nepopmaru. HepaBHoBecHasi poHOHHAst (yHKIMS pacrpe-
neneHusi u3 pa6otsl [105] maér mpomsBeaeHue GyHKIHA
pactpenesieHus: (POHOHOB Ha KyO Oe3pa3zMepHOro UMITYJIbca
BO BCeil 00JIaCTH MMIYJIbCOB (POHOHOB, OoJiee YeM Ha JiBa
MOPsIIKA TPEBBIIAIONIEE MPOU3BECHUE TSI YACTHYHO He-
paBHOBeCHOM cuTyaruu. PaccumTaHHBIM AJ1 HEpaBHOBEC-
Horo ciiyyast 3ppekT CHUKeHUsI HATIPSKeHUsI Harpy3KH Ha-
XOJIUTCS B YAOBIIETBOPUTEILHOM COTJIACHH C IKCIIEPHUMEHTA-
JILHBIMU TAHHBIMH.

[MpoBenéM cpaBHEHHWE 3aBUCUMOCTH YMEHBIICHUS Ha-
MPSDKEHUST HATPY3KKH OT TJIOTHOCTH 3JICKTPHYECKOTO TOKa,
MPOMYCKAeMOTr0 4epe3 TOHKUH MeTajumyeckuii obpasery
npu 00eCHEeYCHU! CTAIMOHAPHOW CKOpOCTH JedopMalii,
(3kcriepruMeHTAabHAS 3aBUCUMOCTH ntoJiydeHa B.I1. JleGene-
BBIM) C TEOpPETUYECKOH, moJsiyyeHHoUH B paszgese 5.3. Co-
rjlacHo paccMotpenuto mozaenn Jlannay —Nopmana [108] u
dhopmymnam (5.1)—(5.3) BbIBeIeHO BbIpaXeHUE /1151 CKOPOCTHU
MJIACTUYECKOH nehopManum:

; bL?c}? o\’
£ =panlT) exp |~ gt (17 ) |
€ c

ITockoJIBKY B 3KCHEPHMEHTaX CKOPOCTH JeopMaiun ObLia
CTAI[MOHAPHOM, MOJYy4aeM COOTHOIICHHE MEXIY CKAYKaMU
Harpy3ku u 3(pQekTuBHON TeMrepaTypoil, BbIpaXKeHue s
KoTopoii mpuseneHo B [105]:

s0=0(j=0)=0(})=10" 0. /a(j) Tea (7]~ /a(0) Texi(0) |,

2 U
o, =— =2
“ bL x.’

a(O) = Cl(Tstarl) )

a(T) =1n (fén) 4uSks

bL?c2’

rae T(j) BeIpaxkaeTcs 4epe3 [KOYJIeB HATPEB B PABHOBECHOM
CJIyYae WU Yepe3 COOTBETCTBYIOMIYIO (D GEKTHBHYIO TEMIIe-
paTypy, KOTopas OIpeessieTcsl HepaBHOBECHOW (hOHOHHOM
¢bynkumeit pacnpeneneHus. [ToacTaisis B 3TO COOTHOIICHHUE
napaMeTphl, OTBEYAIOLINE IKCIIEPUMEHTY, MTOJIY4aeM Teope-
THYECKYIO 3aBHCUMOCTb, KOTOpasi BMECTE C JIKCIIEPHUMEH-
TaJIbHBIMHU JAHHBIMU TIpUBe/cHa Ha puc. 200. V3 npoBenén-
HOTo aHajm3a u puc. 20 BUIHO, YTO 3aBUCIMOCTb YMEHbIIIe-
HUSI HANPSDKEHWsT HATPY3KW MPHU MOCTOSHHOW CKOPOCTH
nepopManuu OT MJIOTHOCTH TOKA, KOTOpas YAOBJIETBOPH-
TEJILHO MOXET OMHUCATh IKCIEPUMEHTAIBHYIO 3aBUCUMOCTb,
HEBO3MOXHO MOJIYYUTh (pa3jMyue COCTaBJsieT 2—3 mo-
psAIKa) HA U3 TEPMOIMHAMUYECKH PABHOBECHOTO MOJXOJA,
HU U3 YaCTUYHO HEPABHOBECHOTO, IIPEIJIOKEHHOIO B paboTe
[107]. ITosTOMY MJIst IOSICHEHUSI aHOMAJIBHBIX 3JIEKTPOILIAC-
TUYECKUX CBOMCTB METAJIOB M MOJIyIPOBOJAHUKOB, HAOJIIO-
JTaeMBIX B 9KCIEPUMEHTAIbHBIX UCCIEIOBAHUSX, OoJIee mep-
CHEKTHBHBIM SIBJISIETCSI HAXOXJIECHHE HEPABHOBECHOU (yHK-
MU pacrpeeieHus: QOHOHOB, KOTOPAs SBIISETCS PEIICHUEM
PACCMOTPEHHON JBYXKOMITOHEHTHOMN 3JIEKTPOH-()OHOHHON
cuctemsbl ypaBHenwuii [105, 106].

Teff(o) = Teff(Tslart) )

E(T) = bpylvo(T),

6. 3akrouenue

B 00630pe mpencTaBieHO COBPEMEHHOE COCTOSIHUE MCCIIEI0-
BaHWI HEPaBHOBECHBIX CTAIIMOHAPHBIX ¥ HECTAIIMOHAPHBIX
pacnpeesieHui 3JIEKTPOHOB € TOTOKOM I10 CIIEKTPY B TBEP-
JIOTENBHOM IMJIa3Me W HMX HCIOJIB30BAHUS AN pa3paboTKu
MPUHIUNNATIBHO HOBBIX PAJHMOM30TONMHBIX HMCTOYHUKOB
TOKa.

6*

Ha ocHoBe wuccienoBaHusi HMHTErpajla CTOJIKHOBEHUM
Bonbimana moka3aHo, 4TO B OJHOPOJHOU U U30TPOIMHOU
cpelie 1Sl HepEIITUBUCTCKUX 3aPSDKEHHBIX YACTHIL, B3AMMO-
JefcTBYrOIMX 1o 3akoHy KyioHa ¢ yu€ToM cTaTH4ecKkoro
9KpaHUPOBAHUS, ISl JIOKAJIM30BAHHBIX B IMIYJILCHOM IPO-
CTPAHCTBE UCTOYHUKA U CTOKA CYLLECTBYET JIOKAJIBHOE CTa-
IIMOHAPHOE HEPaBHOBECHOE pACIpElesIeHHe YacTHLl, OTBe-
yarolee MOCTOSHHOMY MOTOKY sueprun I1: £ (p) = A Iip>,
si=—0BD—4/p+2(i—1))/4, roe D — pa3MepHOCTb IPO-
CTPaHCTBA, § — IOKa3aTeb CTCHICHN B 3aKOHE B3aMMO/ICH-
crBus yactul (f = 1 st KyJIOHOBCKOTO B3aMMOJCHUCTBHUS),
Si=] = —5/4. DTO cTalMOHAPHOE HEPABHOBECHOE PAaCIpe/ie-
JIeHHE SIBJISIETCSl TOYHBIM DPELIeHHEeM TakXKe I WHTerpaja
cToJIKHOBeHMI B hopme Jlanmay. 1715t 91eKTPOHOB B TBEPIO-
TEIBHOW TIa3Me, B3aUMOEeHCTBIE MEXTy KOTOPBIMHU OIH-
CBIBACTCS IKPAaHUPOBAHHBIM KYJOHOBCKUM IOTEHIIUAIOM,
MOXeET OBbITb c(HopMUpOBAHA JIOKAJIbHASI HEPABHOBECHAS
(byHKIUS pacnpeaesieHnst, KOTOpasi COOTBETCTBYET MOCTOSIH-
HOMY MOTOKY SHEPrMH B UMIIYJIbCHOM IPOCTpaHCTBe. AHa-
JINTUYECKOE PACCMOTPEHHE MIPOBEIEHO I CTALIMOHAPHBIX
JIOKAJIM30BAHHBIX B MMITYJILCHOM MPOCTPAHCTBE UCTOYHUKA
U cToka. YucieHHoe MOIEIMPOBAaHUE B paMKax MHTerpaja
croskHoBeHM Jlanmay —®okkepa—Ilmanka ¢ momoribro
TIOJTHOCTBIO KOHCEPBATUBHBIX PA3HOCTHBIX CXEM IMO3BOJISIET
HaXOJUTh HEPABHOBECHBIE (DYHKIIMU PACIPEeSICHUs] YaCTHII
JUJIs1 HEJIOKAJIM30BaHHbIX, HECTAIIMOHAPHBIX U HECOIJIACOBAH-
HBIX B HIMITYJIbCHOM NMPOCTPAHCTBE UCTOYHUKA M CTOKA (Kak
9TO HMMEET MECTO, HalpUMep, MPU HOHU3ALUHN HPSIMBIMU
CTOJIKHOBEHHMSIMU M KUJIbBATepHBIMH BoJHamu). Onpenene-
HBI YCJIOBHSI CYIIIECTBOBAHMSI 1 HHTEHCHBHOCTD IIOTOKA SHEP-
TUHA B UMITYJIbCHOM MPOCTPAHCTBE, MO3BOJISIFOIIIE CHOPMHU-
pOBaTh HEPABHOBECHYIO (PYHKIIMIO PACIIPEIEIICHUS TIPU SHEP-
TUSIX 3JICKTPOHOB, MpeBbiIaromux sHepruro Pepmu. IMoka-
3aHO, KaK MOJYYeHHBIE Pe3yJIbTAThl MOTYT OBITh UCIOJIB30-
BaHbI ISl MPEICKa3aHMsl MOBEICHUS MOJYIPOBOIHUKOB C
CcOOCTBEHHOH U C MPUMECHOM MPOBOJANMOCTBIO TIPH 00TyUe-
HUM WX MTyYKaMH OBICTPBIX MOHOB HJIM JIA3ePHBIM H3JIyde-
HueM. VIMerolpecss ¥ IpUBEACHHBIE PE3yJIbTAThI IKCIIEPH-
MEHTAJIbHBIX UCCIIEOBAHUI SHEPT€TUUECKUX U YTJIOBBIX pac-
MpeaeIeHN 3JIEeKTPOHOB BTOPUYHON IMUCCUU, UHIYIHPO-
BAaHHOM MOHAMH, B TOM YHCJIE MOJIEKYJSIPHBIMA HMOHAMH,
CBUIECTEIBCTBYIOT O BAXXHOCTH MOHU3ANNYN KUJIbBATEPHBIMHA
MOJISIMH, BO30YXXIAEHHBIMH HOHAMH. DKCIIEPUMEHTAJIbHBIC
pe3yJIbTaThl HAXOASTCSl B XOPOLLIEM COOTBETCTBHUU C TeOpe-
THYECKUMH TpeJckazaHusMu. Ha ocCHOBe TeopeTHYecKux
WCCIIEIOBAHUI HEPABHOBECHBIX DACHPEICTICHUI JJIEKTPO-
HOB, MHY[IMIPOBAHHBIX TOTOKAMHU MOHOB, B TBEPIOTEIHHON
Ij1a3Me IPeJJIoKEH HOBBINA crocob mpeoOpa3oBaHUs HEP-
TUM PaJMOAKTHBHOTO pacmaja B 3JieKTpuieckyro. [Ipose-
JIEHO TOJIPOOHOE CpaBHEHHE MCTOYHUKA TOKa, Oa3upyrolie-
rocst Ha 3TOM CIoco0e, ¢ CYIIeCTBYIOIIMMH. PaccMoTpeHsl
JIOCTOMHCTBA W HEJOCTATKU KAXKOTO THIIA CYIIECTBYIOIINX
PaaON30TONHBIX HCTOYHUKOB TOKA. [loka3aHbl mpenmyte-
CTBa MPEJIOKESHHOTO MCTOYHUKA TOKA M KOHKPETHBIA MpH-
Mep €ro peaju3anuy.

WccnenoBaH u ycraHoByieH MexaHu3sM II1D B pamkax
MOJIENIA AUCIOKAIIMOHHOW CTPYHBI, MPEOIOJIEBAIOIIECH CTO-
MIOPEI B pe3yJIbTaTe BO30Y)IeHUs e€ KoyiebaHnii (POHOHAMU.
C IOMOIIBI0 YHCIICHHOTO MOJEIMPOBAHHUS 3JIEKTPOH-(o-
HOHHOM CHUCTEMBI, HAXOISIICHCS B CHJILHOM HMITYJILCHOM
9JIEKTPUYECKOM I10JIE, HA OCHOBE IOJHOCTBIO KOHCEPBATUB-
HBIX CXeM HaillieHbl HepaBHOBECHbIE (DYHKIIMU pacmpeaesie-
HUs 3JIEKTPOHOB M (POHOHOB M TOKA3aHO, 4TO (YHKIIUU
pacrpenesieHIs] 3JIeKTPOHOB M (POHOHOB HMMEIOT BBICOKO-
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SHEPreTUYECKHe XBOCTHI, T.. POKIAETCSI MHOTO (hOHOHOB
OKOJIO J1e0aeBCKOM SHEPruu U (PyHKIUS pacrupeaesieHus ¢po-
HOHOB oborainaercst 1e6acBCKUMU (POHOHAMH.

Ha ocHoBe Monenu ciiyyallHBIX TOJYKOB (B paMKax
metoja JlanxkeBeHa), KOTOPBIE B HAILIEH 3aa4e COBEPILAIOT
(hOHOHBI, TOKA3aHO, YTO

— TepPMOJUHAMUYECKUN MOAXO0J HE MOXKET ONHMcaTh 3¢-
(beKT 3JIEKTPOILIACTUYECKOM iehopManuu;

— Ha OCHOBE HAWJIEHHOI peasIbHO¥ (YHKIMH pacupeme-
JIeHUs1 POHOHOB, KOTOPAs SIBJISETCS PELICHUEM JIBYXKOMIIO-
HEHTHOI 3J1eKTpPOH-()OHOHHOM CHCTEMBI ypaBHEHHMH INpU
JIECTBUM HA METaJUI CHJIBHOTO HMITYJILCHOTO 3JIEKTpUYe-
CKOTO MOJISl, MOXKHO OOBSCHUTH aHOMAJIbHBIE AJIEKTPOILIA-
CTHUYECKHE CBOWCTBA METAJUIOB M IOJIYNPOBOJHUKOB, Ha-
OJIrOTATOIIMECS B OKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUSX, T.€.
OI12.

ABTOpBI COXAJIEIOT O TOM, YTO H3-3a OTPAHUYEHHOTO
00BEMa 0030pa HE CMOTJIU IPUBECTH HEKOTOPBIC BAXKHBIE U
WHTEPECHbIE pe3yJNbTaThl. i1 YaCTHYHOTO YyCTpPaHEHUs
3TOro MpobeIa B CHICOK JTUTEPATYPHI BKIIFOUEHBI HECKOJIBKO
0630pos [109—-114].
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The paper reviews the current state of research on nonequilibrium (Kolmogorov-type) steady and unsteady distributions of particles
with statically screened Coulomb interaction that are exact solutions of the Boltzmann or Landau collision integral with a source and a
sink ensuring the energy flow along the spectrum in momentum space. Analysis is made of the advantages of the new (based on
nonequilibrium distributions) process of energy conversion and of the time-dependent nonequilibrium kinetics of electron—phonon

system of a crystal in a strong electric field (electroplastic effect).
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