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llenb H8CTOSIWeA pa60Thl COCTOHT B TOM, qro6hl yKa3aTb 
HB B03MO>KHbie COCTOSIHHSI 3neKTpOMBrHBTHOrO nonst, npH 
KOTOpblX ¢JOTOHbl OK83biB810TCSI nOKBIIH3088HHblMH D orpa
HHqeHHOH o6nacre npocrpaacraa. PaccMorpe Ho rpe aoa
MO>KHhlX THna IIOK81IH3aUHH: llOIIHOe OTpa>KeRHe OT aewecrsa 
npe nJ06hlx yrnax naaeHHst; nonHoe aayrpeHHee orpa>KeRe e 
B orpaHeqeHHOM HHTepsane yrnos npe HSIIHqHH CHIIbHO~ 
3/IeKTpOCTpBKUHH; BOIIHOBOH naKeT ¢JOTOHOB. .nnst IIOK81IH3a
UHH Heo6xoaHMhl onpeaeneRHhle aecnepCHOHHhle csoAcraa 
sewecraa H 6onbwast nnoTHOCTb ¢JoroHos. npe o6cy>KaeHHH 
BCeX Tpex D03MO>KHOCTe~ llO/Ie3HO HMeTb 06pa3 IIOK81IH3Q
BaHHblX cocrostHHii ¢JoroHos. TaKHM o6paaoM (H ronbKO 
o6paaoM) MO>KeT cny>KHTb wapoaast Monaest. Pacc MorpHM 
renepb nocneaoaarenbHO ace rpe rena noKanuaauee. 

nonHOE OTPA>KEHHE nPH B CEX YrnAX 
nA.nEHlHI 

3TOT THO IIOKane3aUHH TeCHO CBSI38H C aonpOCOM Xpa
HeHKSI YllbTpaxonoaHbiX ReATpOROB (YXH) B 38Kpb1TbiX 
cocyaax I ll . Xpaaeaee YXH a03MO>KRO noroMy, qro ae
wecrao ans HeArpoaoa npeacraanstercst noreRueanhHblM 
6apbepoM BbiCOTbi (1l212m)u , rae m - Macca HeArpoHa, 

U=4"Nob , No - qacno aroMoa semecrsa a eaHReue o6'be
Ma, a b - aMnneryaa ynpyroro KorepeHTRoro pacceslHes 
HeArpoHa aa stapax aemecrsa. HeArpoHHast sonHa, naaa10wast 
HB noaepxHocrb aewecrsa, pacwennHercst Ha npoweawy10 
(npeiiOMIIeRRy!O) H OTpa>KeRRyiO, npHq~M 8MlliiHTYil8 orpa
>Ke HHOA BOIIHhl pasHa 

(i.J..-i.i) / ( i1.+ i~). ( 1 ) 

rae i.1. - HOpM81IbH8SI KOMllOHeRTa BOIIHOBOro BeKTOpa, a 

i'L =V ii- U - HOpM81IbH8SI KOMllOReRTa BOIIHOBOrO BeKTOpa 

1 
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BHyTpe aewecTaa. Ecmf i~ < u , To OTpa.lKeHHe smnSJe T CSI 

nOIIHhiMj 'IT06bi OHO 6LIIIO nonHbll\.1 npH mo6biX yrnax nane

HRSJ, !lOII.lKHO Bh!n011Hs:ITbCSI yCIIOBHe U > ~ 2 • 

<P o T OHHlls:I aonua, 118llll10111851 Ha rpaHRUy oewecTsa , TO.lK e 

pacwel1nReTC51 ua 11penoMneHHYIO R o Tpa.lKeHHyiO, npH'IOM , 

eCIIH !flOTOJI 11011SipH30B8H nepi1CHJlHKY 11SipHO flllOCKOCTH 118/le

HHR, T O 8MI111HTy!l8 OTpll.lKClfHOH 8011H b l HMeOT TOT >t<O OH!l 

( 1) , 'ITO H !lllSI YXH , a ecn e ¢o TOH 11011RpH3oaau napan

nenbno 11/lOCKOCTH l1llJlCHH51, TO llM1111HTyaa OTpll.lKOIIHSI OT/IH-

'18CTCSJ OT ( 1) TOM , 'ITO nepea ~ .l. H B 'llfCIIHTene H 

3 H8MeHaTelle C T OHT n
2 

, rae 0 - 110K838 Te/lb 11p011011.11IOIH! SJ, -----
B ei1H'1Hf{8 ~l. a nSI ~lOTouoa H MeeT B H!l \ ~I-(1-n2H 2 , H Jio-

T OMy 11onuo e o Tpa.lKeHH e npH scex yrnax 11a!leHHSI so.~MO.lKIIO 
TOilbKO 11pH n

2 < 0 , Y CI108 He n2 < 0 :\IO.lKeT bb!Tb ObiOOJIHellO 

B61IR3H pe30llllflCOB * , 3TO HeTpyu HO 110K83llTb, eCIIH 

y 'leC Tb, 'ITO n
2 = ( (w) Bblpll)K8e T CSI 'lepe3 110115IpR3yeMOC Tb 

a oan oro aroMa. Corn acHo ¢opMyne flopeHI~- flopeHTua , 

t(w)= l + 4TTN 0a!(l - 4 "N
0
a/3). 

/ 2 I n onS!p H3yeMOC Tb .lKe llTOMa 3811 HCbJ08e T CSI B fiHJle 

a = ( e
2 

I m ) ! f k I ( wk2 - w 2 - i w r ) , 
e k~ O o o 

(2) 

(3) 

rae e - 3ap Sia a n e KTpoua, me - ero M a cca , w kp = ~-wp 
wk - YPOBHH 3 /le KTpoHa 13 8TOMe , r - WH[JHHa llHHHH 

rrepexoaa , a f kf - C Hna OCUJillllRTopa anst nepexoaa w k'"'w p 

eke = (2me/tt 2) h w fk lctker. 
(4) 

rae d kf - Ma T p H<JHb!H 311eMeUT < k l r If> • npeanOIIO.lK HM, 

'ITO B611H3 R nepsoro 11epexo.aa MO.lKHO OI'paUH'IHTbCSI OJlHHM 

.. CI18PaeMbl M B BblpS.lKeHHH (3), TOraa , 0603HB'IHB 
2 - 2 2 2 

4 11 N 0e fo 1 / 3m e = w , a w 01 = w
0 

, neperrHweM Bhlpa-
.lKeHHe (2) B D H.lle 

* n 2 
< 0 BbinOIIHste T C SI TaK.lKe 11pH OTpa.lKeHHH OT MeTSIIIIOD, 

3ToT <Pa KT, a T aK.lKe aHanora 10 Me.lKay QJB 3 HKoA YXH a on
THK Oif OTMel'Hil H . M . <PpaHK 1 11 •121, 

2 

2 - 2 2 - 2 2) n = 1 +3w / (w
0

-w - w , (5) 

OTKyaa cneayeT, 'IT O n 
2 < 0 11pH <c>~ -~2 <w2 < w~+.2ill2. B Bblpa.lKe

HJHI ( 5) 6bJI10 11peHe6pe.lKeHo WH P HHOH r . 3 TO 11peHe6pe.lKe

HHe aol1yCTHMO, H 60 r X8p8KTepH3 yeT CKOpOC Tb 38 TYX8HH51 

H8'i811bHOro COCTOSIHHSI, KOTOpyiO MO.lKHO Bbl 'iHCII.HTb Hel1o

cpeaCT8eHHO 110Cile T OI'O, KSK H8'i811bHOe COCTORHHe HaAaeHO. 

B Ql.H3.HKe YXH. H811pHMep, 8H81IOrOM r S!Bils:IeT Cs:I Im b , 
KOTOp851, K8K 110K83bi8810T Bbi'IHCI1eHH510 OCHOB8HHbie H8 

11epBOH8'i811bHO aeAC TBH TellbHOH 8MI111.H TyJle b , aOII.lKH8 CO

nep.lK8 Tb ce'ieHHs:I 11ornomeHHS1 H Hey11pyroro pacceSIH.HSI H 

He non.lKHa coaep.lKBTb ceq eHH A y 11pyrHx npoueccos. 

npe!lCTBBHM ce6e , 'ITO 11pH HOpMallbHblX YCIIOBH.stX B HYTPH 

ra3a, MOileKyllbJ KOTOPOI'O 06118Jl810T pe30H8HCHOH 'laCTOTOH 

WO , 06pa30B8118Cb 110 /lOC Tb , 3ai1011HeHHaR QJOTOH8MB C '18C

T OT8M B, lle.lKSWH M .H B HHTepaane wg<w2 <w~ + ~2.Toraa TaKOe 

o6pa3oBaHBe 6yaeT C Ta6enbHbtM, ecnH H31ly 'le HHe 6yaeT 

B bJTaiiKRBaTb 8T0Mbl H C03aasa Tb aaan eHHe, ypaBHOBeWHB810-

Wee aasneHHe raaa. EcnH 11/lO T HOC Tb ¢oT oHos o6oaHa'iHTb 

N0y, To aasneHHe HX MO.lKHO aai1 Hca Tb s B Rae Py =(113)Nay1ku. 
4 T06 hl a T o aasneHHe ypasHosew Ms ano ra3osoe, Heo6xoaeMo 

HMeTb Nay1iw/3=~ k8T, T, e . 11pHMepHo No}' == 1018 cM - 3 . 

3aMeT.HM , 'iTO s naaepe MOWHOC TbiO 100 MBT H 11011epe'1HbiM 

Ce'ieHReM 11Y'IKa } CM 2 11pH anHHe BOIIHbl 1 ,9 MKM 111IOT

HOC T b QJOT OHOB COCTSBIISie T-3 • 10 16 CM - 3, 

nocMoT p H M T e11epb , KSK aeACTBYIOT QlOTOHbl B 1101IOCTH 

Ha HH!lHBHayallbHble a TOM b! raaa. 0KS3 bJBae T CSI, 'ITO B Bbl-

6paHHOM H HT epsane 'laCTOT H31ly'leHHe 6yae T Bb! T 81IKRB8Tb 

8TOMbi, H8XOaSIWHeCSI B OCHOBHOM COC TORHHH , H BTS!rHBaTb 

B ce6SI STOMbi B B036Y.lKJleHHOM COCTORHHHo To, 'ITO aeACT

BHe H8 8T0Mbl B B036y.lKaeHHOM H Heaoa6y.lKJleHHOM COCTOSI

HBHX 6yaeT p831IH'IHO, CneayeT H3 BbipS.lKeHH51 ( 4) anSI CHilbJ 

OCUHIIIISITOpa, KOTOpoe HMeeT pa3Hb1H 3 HaK a nSI pa3HbiX 

H811p8BileHHH 11epexoaa. 3HeprHR B3aHMOaeHC TBHSI STOMa C 
2 

11oneM pasHa - dE=-a E , RIIH , c y 'leTo M peaoHaHca 

-( e
2 

f 01 I me)Nyo . 8rr1\w /(w~-w2 )=[ 18w 2/(w~-w2 )]k J'· 
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H B paCCMaTpHB8eMOH oonaCTM '18CTOT HMee T eenH'IHHy 

> £8T.3uaMeua r enb a 3TOM Bbipa)l(eHHK 6yaer oTpHuarenb

HbiM, a 'IHCnarenb - oTpHuarenbHbiM anSI Heeoa6y>t<.aeHHbiX 

H nonO>KHTenbHbiM - .anSI B030y)l(aeHHbiX a T OMOB, 

Docxonbxy B030Y)I(.lleHHbie aTOMbl BT SII'HBalOTCSI B nonOCTb, 

TO B03HHxaeT BOllpOC - .llO xaXOH nnOTHOCTH OHM MOryT 

B HeA uaxanm -IBaTbCSI, DycTh 3Ta nnoTHOCTb pasHa N+ , 
ror.aa B3aHMO.aeucrsa e c O.llHH M a r oMoM HY)I(HO n Hca Tb 

HCXO.llSI H3 TOI'01 'ITO B COBOKyntiOC TH a TOMOB nonS!pH3ye

MOCTb oauoro aroMa .aaercSI ~opMynoA flopeuu- flopeuTua 

a =a/(1-477N+a / 3), T, e , 3HeprH SI B3aHMOaeHCTBHSI oauoro 

B036y)l(.aeHHoro aroMa c noneM pasHa 

-dE=- 18~ 2/(w20 + 1w;l -w 2 ), (6) 

-2 2 
r.ae lw+ 1=4TTN~ lfotl!3me. Y ro6bi s ueprMSJ Ohina orpHuarenb-

uoA, T.e . none .aeAc Tsosano obr Ha a r oM npHTSirHBalOllle, 

ueo5XOilHMO Bbmon ueuae ycnoBH SI w5 +I z-,! I <w 2 , xoropoe 

H H8Xn8.llbJB8e T OI'paHH'IeHHe H8 nnOTHOCTb B030Y>K.lleHHblX 

aTOMOB , 

PaccMOTPHM sonpoc o apeMeHH )I(H3HH raxoro o6paao

aaHHSI. Tax )l(e , xax H B ~H3Hxe Y X H , speMSI )I(H3HH T 

onpe.aenSieTCSI apeMeHeM npooera Me)l(ay .aayMSI coy.aapeHHR-

M H CO CTeHKOH tO H K03<jlq!HUH eHT OM llOTepb p. npH O.llHOM 

coy.aapeHHH co creu xoa: T = t0 / 11 • .UnSI Bhi'IHcneHH SI Heo6-

XOilHMO paCCMOTpeTb see npoueccw y r e'IKH ~orouos. H a a -

6on ee B8)1(HbiM , xaaan ocb Obi , SJBnSJeTc SI nornollleHHe ~oroHa, 
B pe3yn h Ta Te KOTOpOr O a T OM nepeXO.llHT B B030y)l(aeHHOe 

cocTOSIHH e , O a uaxo n p H 6onhlllOM 'IHCn e ~OTOHOB Ny B n ono
C TH H3ny'leHHe BbiHY )I(.ll8eT a T OM ( BepOSITHOCTb nponopuHo

HanbHa Ny ) OT.ll8 Tb ~OTOH T OH >Ke C8 MOI1 'laCTOT bl.. no3TOMy 

peaouaucHwA aaxaa T npeacraanSieT co5oa scero nHWb 

ynpyroe pacceSIHHe. 8 03oy)l(.aeHHbiH aroM MO)I(eT nepeaaTb 

CBOIO 3Hepi'HlO H KHHeTH'IeCKHM CTeneHSIM CBOOO.llhl npH 

Coy.aapeHHH C apyrHM 8 T OMOM ('pe30H8HCHOe T yWeRHe'), 

Oauax o 6naroaapg 6onbwoMy KOllH'Iecrsy y)l(e HMelOlllHXCR 

~OTOHOB HH.llYUHpOBaHHOe H3nyqeHHe no.aaanS!eT ace OCTBnh

Hbie xauanbi nor epH 3HeprHH B035y>K.aeHHR. Mo)l(e T oxaaaTb

CR, 'ITO OCTaHe TCSI eaH HCl'B9HHWH OTXphlThlH KaHan yTe'IKH 

~OTOHOB K3 nonoCTH - 3TO XOMOTOHOBCXOe pacCeSIHH9 KBaH

TOB Ha OT.UenbHOM aTOMe, npu XOT OpOM ~OTOH nepe.aae T 

4 

2 2 - 10 
aroMy aueprKlO (1\w) / Me .. 10 s8. CranxHBaSICb c aroMa-

M H, QJOTOH llOCTeneHHO TepReT CBOIO 3HeprHlO K BbiXO.llHT H3 

yxaaaHuoro Bhiwe .llHana3oHa qacror. DnSI roro, 'IT06bi 

BbiHTH H3 :3TOI'O llHana30Ha, CMellleHHe 'laCTOTbl aoll>KHO g 

.llOCTH'Ib 0 , 1 38, T , e , ~OTOII .llOn>Kell HCllbi T8Tb OXOnO 10 
CTOnXHOBeHHH CO Cl'eHKaMH nonoCl'H H, COOTBeTCTBeHHO, 

speMSI >K.H31IH yeenH'IHBaercR ao cexyH.llbi . Ouo MO>Ker crarb 

ellle 6onbWHM 1 eCnH CHapy>KH HMeeTCSI llpHTOK B036y>K.lleHHbiX 

aTOMOB, XOTOp ble noanKTbiB8lOT nonOCTb ~OTOHaMH , YfHTe

peCHO OTMeTHTb , 'ITO eCnH TaXOH wap 06pa30BallCR B aTMQ

C~epe, T O OH 6y.ae T .llBHraTbCSI B TOM HanpaBll9HHH 1 OTKy.aa 

.H.lleT noanHTXa , H llO.ll .lleHCTBHeM BbiTanXKBalOllleH C!-Wbl -

saepx . 

PaccMOTpKM 3HeprHlO raxoro o5paaosaHHSJ, Ecna nonocr b 

He CO!lep>KHT B030y>KaeHHblX 8TOMOB, TO 3HeprHSI paBHa 

N ~(u V, rae V - o6'heM nonocru. Dpu pa.auyce 10 CM 3Ta 

auepra g cocraanSJer oxono 600 D>t< . Dycr b reneph a oxpy

>KaiOllleM npoCTpaHCTBe HMeeTCSI 3% B030Y>K.lleHHbiX 8TOMOB , 

T oraa HX noTox ua noaepxuoCTh c~pbi cocraanSieT 1025 c , 

H eCnH :3Hepi'HR B036yX<.lleHHOI'O COCTOSIHHSI pasHa 1 3 8
1 

T O 

3TO :3KBK aaneuruo ynelllf'leHHlO 3HeprHH nonocrH ua 1 M D >K/c. 

0XOH'IaHHe cyweCTBOBaHKSI Ta X OI'O 06pa30BaHHSI MO)I(eT 

npOK30HTK nocTeneuHo, ecnH npexpawae rcSI noanHr xa , nH6o 

nyTeM ' CXIIOObiBaHKSI" , eCnH 06paayeTCSI KaHan , no XOTOPOMY 

H3ny'leHHe H3 OOliOCTH BWXO.llHT Hapy>Ky , 

Mbi paccMor penH o6n ac r h qac r o r w~<w2<w2 +2w2, oauaxo 

n
2 < 0 H Mee T Mecro u a o6n acrH q acr o T w~-w2 <w2<w~. 8 

3 T OH o6n aC TH 1 O.llH8XO, H3nyqeHHe He BbiT8liKH B8el' He B 03-

6y>KaeHHbiH a T oM , HO BhiTanxHaaer aoa6y>K.aeHHbiH, 8 uyTp K 

llOliOC TH ra3 6y.aer HMeTh TaKylO llliOT HOCTb N10 ,npa K OTo-
2 ? - 2 

POH W <cu0- win. 3 T O MO)I(RO onpe.aeiiHTh aHaliOI'H 'IHO TOMy, 

K8K BbiWe H8XOaHli8Cb nnoTHOC Th B030Y)I(.lleHHbiX 8TOMOB, 

T axHM o6paaoM, a .aaHHOM cnyqae 6y.aer nepena.a .aaaneHHH 

HOpM81lbHOI'O raaa BHYTPH H CHapy)I(H llOliOC TH, 

Dp ~o~ 6onbwoi1: nnoruocr H ~orouoa HMelOT Mecro uena ueA

Hbre 3cp~eXTbl, 0.llH8XO B .ll8HH OM XOH1'9KC T e OHH llpHBO!lSJT 

TOllbXO X He5onbWOMy .llOllOIIHHTenbHOMY C.llBHI'Y 8HepreTH
'IeCXHX yposuea 1 14 1 . 

5 



flOKAni13AW15l nPll nonHO,v\ BHYTPEHHEJ'.\ 

OTP A)I\E Hl111 

2 0 2 npH IT > , HO npH IT < 1, OTpa)!(eHHe SIBn51CTCSI n~nllb~M 
TOnbKO anSI orpaHH'IeHHOH o6naCTH yrnon, KOrLW ~ l / ~ = 

=Cos2 (1< 1- n2, rae 0 - yron naneuHH. EcnH n2> 1, To nonHe

ro o Tpa>:<CHHSI HOT HH np11 KaKHX y rnax na.neHHH. OnllaKO, 

ecnu coe r naaaer Ha rpaHuuy pa3.nena H3HyrpH acwccrRa , 
TO OH CHOB8 MO>hCT HCI1LlTblD8 Tb nonuoe OTpa)!(ei!He , H60 

aMnnuryna BHyrpetlllei"O OTpa>:'eHHSI, KOraa cpOTOH IIOnSlpHOQ
BaH rreprreHa HKynSipHO ltnOCKOCrH nanei!HSI, nae TCSI roii )!(e 
4JopMynoii ( 1), r.ne ~ , - HOpManbHaSI KOMrroHeHra sonllo-

uoro aeKropa nuy r pu c~enLJ , a ~ ~ =\:~~ - (1-l 1n2)ii2- CHa

PY)!(H, 
npencramt\1 Ce6e, 'ITO uuyrpH l"ll38 o6pll30BilnllCb o6naC Tb 

C ITOBblWeHHOii rrnOTHOCTbtO H 6onbWH:\t 'IHCnOl\1 cpOTOHOD. 

Ecntt 'lacrora pe3ouaHcnoro nepexona ra30BLJX :-.toneK)n 
pasHa w 0 , a 11aCror a cpOTOHOB W ynoaneTBOpSleT COOTHOWC

HHtO w2 s. w~ -w 2 , r o n2 a 3 TOW o6nacrH 6yneT oenHKO, 
H r e cporoHhJ , Kor opnle pacupocTpaHHtarCH non CKOnb3stWHII.t H 

yrnaMH K rpaHHUC o6nacrH, 6ynyr HCn~T~BaTb nonHoe 
BHyr peuuee OTpa>KeiiHe (MbJ an51 npocrOThJ c•mraext , 'ITO 

cHapy>hH n2 = 1 ). Ha nepuLJtJ o3rnSILl Ka>:o;e TCH, l.f r o o6naCTb 
nooLIWeHHOro .uaRneuHH paccocercSI, ~ 2 ynaacr , rpaHHUa 

Me)!(ny ouyrpeuuen u o11ewueii o6nacTHII.!H corper cH, H ¢oro
JILl pa3neTSITC51 eo ace cropoHbJ . Ha cal\tOI\t nene 3ro 11e 

raK , H6o uemec Too npe.ucraonSler n nH ¢o r oHOR KaK 6ni IIO
r eHUHanLIIyJo S1My , H ¢oTOHhl llpH LIOCTa TO'-IHO 6onbUJOM HX 

'-IHCne C8MH ynep)!(H08t0T STy SIMy . 
l.J ro6hi noSICHHTb 3TO YTBCp)!(JlCHHC, BepHel\tCH CIIOUO K 

cpH3HKe YXH . 11 3nec ruo, t.rTO HewrpOHhl s rrpHHUHlle MO>KHO 

xpauHrb He ronbKO B oaKyyl\tJIOtJ nonocr11 , OKpy)!(eHHolf 
or pa)!(aJOWHMU CTeiiKBMH, 110 H n11yr pu sewecrsa, ecJIH aMn

nHryaa Korepeuruoro paccemntH orplmarenbna 11 uewecrno 
no orHowemtta K HeiirpoHaM npencr aanSle T co6oii noreuun-

am,uyiO S1MY • npu 3 '1'0:\1 ITOnHaSI 3Hepi'H SI ueiirpoHOB MO>KeT 
6wrb orpnuarcnhHOR, H OHH 6yayr ncn~r~aa rb nonHoe 

uHyrpeHnee o rpa)!(etme np11 ocex yrnax rranemtH 11a rpa1mny 
pa3nena. lleilrpoHhl 1 oanaKo, He xpaHHTCH ouyrp11 oemec roa , 

T. K. OH U 06~l'lli0 O'WHb fii!TelJCfiOIIO nornowaJOTCSl MPB\1 11, 

6 

H~ H3secrHbJ npyr1:1e 'iaCrHUbt , KOTOpbt e xpaHRTCSI BRJ'TPK 
semecTsa, H 3THMH 'laCTHU8MH RsnSttaTcsr aneKTpOHhJ. B 3aH

MOLleACTBHe 9nexl'pOHOB C BeWeCTBOM T8K>Ke MO>KHO 011HC8Tb 
noTeauaanoM ~ 2/ 2m e)u , r.oe me - Macca 3nexTpoaa, u = 
= 41TNob , a b - .011HH8 pBCCeSIHH.St HB O.OHOM 8l'OMe. 
E cJTB o nonO)!(IfTenbao, To eemecrso oTTanKuaaer 9neKrpo
HbJ. HpKHM npHMepoM semecrsa , OTTanKHsatamero 3neKTpo

Hbt, cny>KJIT remdi. Enaro.oapSI TaKOMY OTTanKuaaauta so3-

MO)f(HO xpaHeHue ynbT.faxono.oHhJX 91IeKTPOHOB Ha noeepxHo
cTu >KllllKoro re-nns/3 . Ho 6onhWHHcrsy sewecTs see )l(e 
CBORCraeHHO DpHTSJ)!(eHHe 9n eKTpOROB, r.e. b OTpHU8Te1IbHB. 

J.1 MeHHO 9 TH M K onpeaenSieTCSI pa6ora BblXOAa. Yf HTepeCHO, 
OLlHBKO, OTMeTHTb, 'ITO 3n eKrpOH He TOnbKO XpBHHTCSI 

BJIYTPH semecrea, HO H CaM C>KHM8e T er~. lleHCTSHTenhH O, 

ecnB 3neKl'pOH HBXOLlHTCSI S DOTe HUHa1lbHOA SIMe (11~/2me)4T~b , 
To rrpa pacwHpeHHH sewecr sa No - nnorHocrb aroMos nana

eT, AHO DOTeHUllalibHOR SIMbl DO.OHHMBeTCSI R ypoaeHb 3Hep
I"HR 3JleK:TpOHa 110SblWBe TCSI1 'ITO 3HepreTH'IeCKH HeBblrOAHO. 

O.ous- ane~t.TpOH C03naeT Manyta C:lf<RMBtamyta cuny, a ecnu 
HX MHOI'O, TO 9 T8 CHna MO>KeT CTaTb snonRe 3aMeT.If0Ho 

OueHHM, HanpuMep, CTHru satawyta cuny, c03.oaaaeMyta 
3·1!eKTpOH8MH BHCUJHel1 060nO'IKH OLlHOBaneHTHOI'O MeTanna. 
nonHaSI noreauaanbHBSI 3HeprB.Sl scex 9nexrpoHoe s KYCKe 

Meranna o6'beMa V pasHa W=(ft2 /2me)4"N~bV, u noTa-
MY CHna oTpuu.a Tenb uoro .oaeneHH SI pasHa P = dW I d V 
"" - ('n

2 
/ 2m e) u N 0 • nonara SI No .. 1023 eM-~ , nony'laeM 

semr 'IHHY nopHLlKa Mo.oynst IOHra 107 a/cM2 , npu ycnoBHH, 

'ITO LlliJfHY pacCeSIHIIH b MO>KHO nonO)!(J.fTb paBHOH pa.ouycy 
-8 

aroMa, T.e. 10 eM. 

AaanorH'IHOe crHrusaHHe semecTaa caoHCTBeHHO u cpol'o
HaM. XOTSI cpoTOHbl H He MOryT HMe Tb nonHOI1 9HeprHH 
MeHbWe HY11>1 H3-38 OTCyrCTBIISI y KHX MBCCblo CrstrHa8HHe 
aemecTaa s LlBHHOM cny'lae ny q we scero noaSirb BCXOAH 

H3 TOre, 'ITO DOTeHUHaJlbHaSt 9 HeprH SI B3 aHMO.OeHCTBHSI aTOMa 
C H31ly 'leHBeM, OITHCbiSBeMaSI cpopMynof\ -dE , OK.83biB8eTCSI 

O'feHb 601IbWOfi H OTpHUBTenbHOA. lleHCTBHTenbHO, DOnb3Y9Cb 
cpopMynoa flopeHu-flopeHTua, nony'laeM 

- dE= -aE2,.._ 8"(e 2/meHo 1N~flw (?) 
w2-w2 -w2 

0 
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OTKYA8 BHA HO, q ro npH AOC T8 T O'i HO 60n bWOH nnOTH OC TH 

<j>oToaoa N0y nor eauuan npwr snKeHH SI MO>KeT c r arb CKOnb 

yroaao 6onb W K M . O aaaKo nnoT HOC Tb aemec r aa npu a T oM 

orpaHH'iHBaeT CSI ycnoaaeM (;j2 <wg - w2. 
Yf T a K, npeacr aaRM ce6e, 'i T O Mbi HMeeM aae o6n acru 

npocTpaucTaa, pa3aeneHHbie pe3KOA c<j>epuqecKoii noaepxao

c rb~, T a K 'ITO BHY TPH a r oA o6naC TH nnoT HOC T b <j>oT OHOB 

K aeme c T aa aenHKH, a c a apy>K H Manbi . 3an uweM ypaaaeHH e 

anSI aeK rop a oro noTeHUHana AP. a BHAe 

[6 + w
2

1c 2 + fi (w )] A P. , (8) 

n
2 w 21c 2 

npeacraaneHO 8 BRAe w21c2+fi(w ) ,rae fi (w)
nonSipH3aUHOHHb!H oneparop , KOT OpbiH CHapy>KH 6yaeM C'iH

T8Tb paaabiM Hymo. E yaeM HCK8 Tb peweHHe 3TOI"O ypaaHe

HK SI a auae AP.- Yeofl. em(r)lr (aoo6me roaopSJ aeKropHbiii 

110T eHUH8n npaaHnbHee 011 HCbl8aTb wapOBhlMH 8eKTOp8MH, a 

He W8pOBblM H <I>YHKlUHIMH , HO 8 A8HHOM cnyqae 3TO HenpHH

UHn HanbHO, H MO>Ke T T OnbKO yCilO>KHHTb paCCY>KAeHH SI, He 

MeHSJSI u x no cymec Tay ) . T oraa AilS! Rem(r) Mbi non y quM 

oaaoMepaoe ypaaHeHMe 

[ 2 2 2 2 2 
d l dr +W le + fl (w)-f(£+ 1) / r ] R o = 0 (9) r.m ' 

KOTOpoe 3KBHBalleHT HO ypaBHeHH~ ABH >KeHHSI AilS! 'i8C THUhl, 

ABH>KYUleHCSI B 110T eHUHalle , yKa3aHHOM Ha pHCYHKe , 3TO 

ypaBHeHHe no CBOeH CTpyKType HH'ieM He OTilH'iaeTCSI OT 

HepellSJTHBHC T CKOro ypaaH~HH SI WpeoHHrepa, H noToMy Ail S! 

u {r ) 

Ro 
a. 

P11c , 3<j>¢eKTHBHaSJ noTeHUH81lbHaSJ 

3HeprMSI f{ f+ 1)/ r 2_ fi (w).n(w) OTilH'i

HO OT HYilSI npu r < R 0· 

r 

~1 

' 

J 
~ 

He r o cnpaBeAil HBO 06bi'IHOe KBa3 HKil8CCHqeCKOe YCilOBH e 

KBaHT OBaHH SI 

Ro Ro 

f ./ 2 2 2 2 2 2 2 2 
v w l c + fi (w)-f / r dr = [\l c(w)w lc - f / r dr , 2" k, 

r 1 r 1 
(10) 

rae r 1=fclwy((w)=£1t;h, a ;t- A IIHHa BOilHbl B nyC T OTe. Y CilOBHe 

KBaHT OB8HH SI 3aA8eT COOTHOWeHHe Me>KAy p831lH'iHblMH napa

MeTpaMH, HanpHMep, MO>KHO C 'iH TaTb , ' TO OHO 3aAaeT paau yc 

Ro npu <!>uKcupooaHHOii 'iaCToTe w • • 3 cooTHoweHHSI ( 10) 
HenocpeaCTBeHHO ClleayeT COOTHOWeHHe 

..; 1 - x 2 I x - arc cos x = 2" k IP; x = r 11R o< 1, ( 11 ) 

OTKyaa Bbi T eKaeT, 'iTO npu M81lb1X k ( paCCMOTPHM, HanpH

Mep, Ha HHH3wee COC TOSIHHe c k = 1 ) , paauyc Ro no nopsulK • 

aellH'iHHbJ coonaaaer c r 1 npH acex f , H noroMy, ecllu 

Mbi XOTH M nolly'iHTb pamtyc o6pa30B8HHSI R 
0
- MaKpOCKonu qe

CKHx pa3Mep oe , T O AOil)f( Hbl Bbl511p8 Tb O'ieHb 50ilbWH e £ • 
nyc Tb Rn .. rl = 10 CM , Toraa npH A= 10 - 4 CM . e .AOm KHO 

6b1 Tb nopSIOKa 10 5 • npu 3TOM AilS! Ro nonyqaeM Bblpa)f(eHHe 

- 2 ' 3 
R0 .. r 1 [ 1 + ( 3" I v 2 e ) l , (12) 

T . e . <j>aKT H'ieCKH B A8HHOM COCTOSIHHH <!>cT OHhl 3ai10ilHSI~T 
TOilbKOy3 KH ii CllOR TOIIUlH Hbl L\R = r1 (377ly2e)213 .. 10-2 cM . 

PaCCMOTpHM Tenepb BpeMSI >KH3HH B TaKOM COCTOSIHHH. 

EyaeM C'i HTaTb , 'iTO <!>oT oaoa TaK MHoro, 'iTO ace npoueccw, 

CBSI3aHHwe c nornowea~eM , noaaalleHhl HHAyuupoaaaawM 

o6paTHblM HCnycKaHHeM, H eAHHC TBeHHblM HCTO'tHHKOM llOTepb 

S!BilSieTCSI 1'YHHellHpOB8HHe <j>OTOHOB CKB03b 110T9HUH811bHbiH, 

r . e. uear po6e>KHbJA 6apbep. Ecmt aepostraocTb TYHHen apo

aaHH SI 0603Ha'iHTb !J> = exp (-y ), TO BpeMSI )f(}{3HH MO>K.HO oue

HH T b senHquaoii T=toiP, r.ae t 0 - apeMSJ npo6era Me>Kay 

ABYMSI coyaapeHH SIMH c 6apbepoM. YttHTbJBaSJ wupKay CllOSI 

<j>OT OHOB , MO>KHO speMSI CoyaapeHH S1 OUeHHTb BpeMeHeM _
13 npo6era p8CCTOSIHHSI, paBHOrO WHpHHe CllOSI, T,e , to "' 10 C , 

q T06hl BpeMSI >KH3HH BCero o6pa30BaHHSI 6wllo AOCTaTO'iHO 

aenHKO, npHMeM, 'iTO y"' 103. B biSICHHM , npu K8KKX ycnoaHSIX 
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s T o B03MO>KHO.- B xsa3HKnacCJt'-!eCK OM npaonH>Kemut: senH'-IHHa 

Y onpeJlensteTCst Bblpa>KeHHel\t 

r2 r21Ro -
Y= 2 f V f2/~-w. 2/rdr = 2f f v x 2 - 1 dx / x 2 , (13) 

R0 1 

f'Jle r2 =fC/w= f~=Of l ' VIHTerpnpOBBHRe ITpllBOAHT K COOTHOo

WeHHJO 

y = 2f[ fn(X+vx2 -1)- v x 2-llx]; X=r21R0 .. rl r 1 .. n(w), (14) 

OT Kya.a HerrocpenCTBeHHO cnenyer oPpaHH 'ieHne ua Kos4¢e

UReHT npenOMIIeHlH! n(w )=(112)exp[l+y/2fl , KOTOpoe OTHlOAb 

He HBIIsteTCst ~8HT8CTH'-IeCKHM. npH'ieM He60IIbWOe yBeiiH'ie

HHe 0 npR~OJlHT K KOIIOCC81IbliOMy yBenJt'ieHJHO BpeMeHH 

>K H3tlH T8KOf'O COCTOSIHHst. 

PaccMOTPHM Tenep~r yrrpyr n e csol1cTsa 4loroHHOA o6onoq

K H. nm1 S TOJ'O 38nHWeM TIOIIHYJO l101'eHllH81IbHYJO SHepPH JO 

DC eX 8TOMOB B 060nO'IKe. n onb3ystCb Bbip8lKeHR eM (7), 
HAXOAHM 

W = - 6 NY 1'iw . ;;)2 /(cui -w 2 - w 2). (15 ) 

3nech N - rroruwe 'iHCIIO 4loTOHOB B o6onO'IK e . npn ysenH

'IeHHH ;;;fl 'IHCIIHTem, paC T eT, a 3H8MeHaTe1Ib y6oJB8eT, T . e. 

BCst SReprn st C pOCTOM w2 yBeiiH'IH88eTCSI ITO a6COIIJOTHOH 

Belllf'IHHe. (fipeJliTOOaraOM, '-ITO w 2 ITOK8 He llOCTHf'IIO 

npenenbHOf'O 3H8'1eHHSl s6nR3H wG -w 2, npu KOTOpOM A81Ib HeH

lllee yBenJPieH.He W 2 SHepreTH'-18CKH HeBhlf'OUHO) • noCKOIIbKY 

w 2 
nporropuH oaanhao No - 'IBCny aToMoB a eJlHHHUe ol5be-

-2 
Ma, TO yBeiiH'ieHKe W MO>KeT npOHCXOAHTb 38 C'i~T yMeHb-

weHHSl 06beMa (AOITyCTHM, 'ITO KOIIH'ieCTBO 'IACTJfll, RMe!OWHX 

HY>KffYJO pe3oHaHcHyiO 'iacrory c..u I ~HKCHposauo, n see oae 

Y*e co6panHcb sHyTpH o6ono'-IKH). Y MeHbWeHne o6beMa 

MO>KeT npOHCXOJlHTb TOIIbKO nyTeM yMeHhWeHHSI paanyca 

060II0'1KH ( TOII1UHHD npSI S TOM ~BKTH'ieCKH MeHsteTCSI MBIIO) • 

3TM paccy>~<neHJHI noK83bJDaJOT, 'iTO npencraaneHJJas:J caMOH 

ce6e o6ono'1Ka Ha'IHeT C>KHMBThCst, T.e. eti npucywe nosepx

uocTaoe uars-nKeHue. Ecnu nHyTpu o6ono<JKH HMeercst ra3, 

TO OH 6ynoT C>KJ::{M8TbC SI 110 Tex nop, llOKa nosepXHOCTHOe 

118T51>KCH!ie HO ypaBHOBOCHTC51 BHYTPOHHHM Jl8Bfl011HCM, npn

'feM pe3y1lbTHpyJOmee AllDnenHe nponopUHOHAIIbHO ITIIOTHOCTH 

10 

<florouos. BoKpyr nonolKOIHHT panuoaeCH51 BO.JMO>t<H~>J KOne6a

IIHSI c l.faCTOTOll co"'\ (cf W' dr 2)/ M , rae M - Macca ncefi o6o

no<JKII . Ecna a \tO\IeHT o6pa3osaUJHI o6onO'fKH npOH30wno 

pa3JlenoHHe 3apSinoe TaK, 'iTO BHYTPH o6onoqKa oKa3anucb 

.Japstnhl onuoro OHaKa , a cuapylKR - npyroro, ro ¢oTOHbi 

nayTpa o6ono<JKR npeaoTepamaror Hx aHHHMfJlSlUHJO, T.K. or

ranKuaaJOT 3apSIJlbl oGoHx 3HOKOB . B pcoynbTaTe MO)KeT 

o6p030138TbCSI llOIIf'O>KHHYillHli :3apstJKOIIIIbll1 CcjlepHl.feCKHH KOH-
'4 I 

/leHcarop · · , 3 HcprHH KOToporo .QOCTHraer -1 Mil>~< npH 

oap51ne 0,01 Kn. np~i pa3ph1Be o60IIO'iKH npOHCXOUHT pa3pS1Jl 

H B3pu1B. 

BOnHOBOM nAKET 

PacC\IOTplil\1 ;lHCIICpCIIOIIIIOe COOTHOIIICHii 9 JliiSI <jlOTOHOB 

B cpe,ue npH 11Bfili'lli11 Ofli!OI'O p030H8HCHOI'O ypOBHSl 

c2~2=n2(w) (JJ~ = w2 t-3w2c..>~'(cu~-;;">2 - CJJ 2), ( 16) 

rne 6bi1IO H.CIIOIIL.30B8HO 13blpal+<eHH.O (5) Ll llst n
2

(U1). npH 
2 2 - 2 

Ct> >'>C..>o - <u ::ITO Bi>lp8lKCHHe C TOIJOOiiTCst nOXOJI\~IM H8 

llH.CnepCIIOHIIOC COOTIIOWeHH.C LliiSI Cn060LlHLIX 'lBCTiiU C \lllC-
.. " 2 E9 ~ 4 ,-3 - ' •> 10 -a3 cou: c-p -= ~-m~ c , rne .\.J acca m paoHa \ flM, c-= P 

npK 11 c:; = 1 ::~B . TaKH" o6pa3o:,J 1 !f!orou MQ)I<Jro pacc.I\10Tpli 

sarb KaK .1\18CCHOIIYJO 'IOCTHUY *. II K8K T8KOB8H 1 011 l\IOlKCT 

nepcMewaTbC51 a npocrpaucrae co CKonb yroLIHO l\tanofi 

cKopocrbJO. HcstCHO, MO>I<HO IIH paccMaTpHAaTb TaKyJO Macey 

KOK rpaBI!TiipylOLUYJO, HO KBK liHepUiiOHHyJO - \JOlKHO. 

ilnH MOCC H. BHO~ l.fllCTHUhl MOlKHO 38nH.CllTb HCpCllRTHRIICT

CKOe ypaeHOHHe Wpo:luHrepa: 

[ i h a I ch ~ ( h2 
' 2m) \ 1 A II = 0. (17) 

peweHHe KOToporo (nnSl npocTOThl ML>I onSITb npcue6pc)l(eM 

BCKTOpllOCTbJO <jlOTOIIll) l\.10!1\110 HCK8Tb U B HJlO Hepacnnhl~liiO
JilOf'OC Sl BOIIH0130f'O 118KCTO / 5/ 1 HanpH.MCp 1 AH/10 

·~ nplillSITOe 3JlOCb OnpCAOIIOI!IiO MaCChi l~OTOJia OTIIH'18eTCR 

or onpenencHu5ll H CII01lb30oaHuoro o paooTc II.A\ .<t>paHKa1 1 ~ l 
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. I ' ~ I 
A C sm s r - v t ( . t... . ) 

- - ... _, exp 1 "' r - 1 w t . 
s l r-vtl 

( 18 ) 

rae C - HOpMHpOBO'iH851 llOCTOS!HH851, V - CKOpOC Tb naKeTa , 
lis - ero paaMep, ~ ... =mv/ fi "w=(1'i /2m)(~2+s2).<t>yHKUK51 ( 18) 

He S!BliS!eTCSI KBaapaTH'iHO HHTerpHpyeMOH, H l!OK8l!H38UH51 
ee 38BHCHT OT 'iyBCTBHTellbHOCTJ.f perHCTpupy!Owero npu6o
pa, H anpu Mep, naKer MO>Ker npeacraeliS!TbCSI orHeHHbiM 

wopoM e ron o6nacru npocrpaucr ea, rae none aocraro'iHO 
CHnbHOe, 'iT06hl Bhl3hlB8Tb J.f OHH38UJ.f!O H CBe'ieHJ.te r a3a, 

IIHreHCHBHOCTb nonS! xapaKrepu3yercSI HOPMHPOBO'iHOA no
CTOS!HHOH C , llBH>KeHHe ll8KeT8 MO>KeT onpeaenS!TbCSI B38H

MOaeiicTBHeM flOl! SI H8 XBOCTe ¢JYHKUHH C OKpy>K8!0!llHMH 
npeaMeTBMH, 

3aMe TH M ClUe , 'iTO llHCnepCHOHHOe ypaeHeHHe (16) MO>KeT 
HMeTb o r puuar eT!bHbie peweHHSI w 2< 0 npu w 2> wg , r . e . 

npH HeKOTOpLlX ycnoBHSIX 3ne KTpOM8T'HHTHOe none B cpeae 
OK83hlB8eTC51 HeyCTOH'iliBWM H MO>KeT 3KCllOHeHUH8nbHO 

HapacTaTb. HanpuMep, OHO MO>Ker Hapacrarb 3a cqer rpaeu

T8UHOHHOH 3Hepruu e aeeaaax. Orpuuarenbuoe peweHue 
w

2< 0 cywecrayer H npu y q ere wupHHbJ [' B Bbipa>KeHHH 
( 16) . 

3AKn i04 E H YIE 

K co>Kan eHH!O, noKa HH'iero KOHKperHoro He yaaercSI 

CK83aTb 0 TOM, KaK nony'iHTb 3 KCnepHMeHTallbHO YK838HH hle 
l!OKal!bHbl e COC TOSIHH S! ¢lo TOHOB. D 0-BHaH MOMY 1 MO>KHO c¢JoKy
CHpOB8Tb eHyTpb eewecrea c xopowo ewaeneHHOA liHHHeA 
nepexoaa HHTe HCHBHOe 3lleK TpOMarHHTHOe H3 l!y'ie HJ.te C 'i8-

CTOTOt\ e6nH3 H 'iaCTOT bi nepexoaa. DpH a r oM, ecnu B03HK
KaeT CeeTSI!llHfiC S! crycTOK (raKHe S!BneHH S! aeAC TB»TellbHO 
H86l!!Oa8l!HCb I S! ) , TO MO>KHO nOnbiT8TbCS! npoanHTb ero 

>KH3Hb 6oM6apaHpoeKoii eo36y>KaeHHbiMH aroMSMH. Dpeacrae

liS!ercSI HHrepeCHbiM nocMorperb pacnpeaeneHHe eoa6y>KaeHHbiX 
a roMoB e nyqe na3epa, 'iacrora KOToporo 6nn3 Ka K qacror e 
nepeXO/la 8 TOMOB • .D.nS! 3TOT'O MO>KeT 6b1 Tb aOC T8TO'iHO CKa-
Hif poearb o6nacrb BHyTpH u eHe nyqa ny'iOM apyroro na-
3epa, 'iaCTOT8 KOTOporo D0380ll51eT H0Hii30B8Tb B036y>KileH-

12 

Hble BTOMbl , M O>KHO O>KHa8Tb, 'iTO KOnli'ieCTBO 8036y>KileHIIbiX 

8 TOM OB BHyrpH H BHe nyqa 3aBHCH T OT TOT'O, no K8KY!O 
CTOpOHY OT pe30H8HC8 H8XOaii TC51 'iOCTOTa nepBOT'O l!a3epa. 

PaccMoTpeunbJe 3/leCb eonpOCbJ 6nH3KH K r eM npea

c raeneHHSIM , KOTOpwe 6hlliH H3nO>KeHhl B CBS!3H C llOflhlT

KaMJ.f o6h51CH~Tb npupoay wapoeon MOliHHH a pa6orax 
D.n,KanaUbl ? / H .D.ayCOH8 H .D.>t<OHCa / 8 / , HO H OTn.H'i8-

!0TCS! or HHX. 3(¢eK T cmaTHS! eewecr ea e peaynbrare 

3neKTpOCTpHKUHH B ¢JOTOHHOM none y>Ke H3BOCTeH B S!Blle
HHH C8MO¢lOKYCHpOBKH / 9/ . 3~¢JeKT BTHT'HB8HH R B036y>K/leH

HhlX 8TOMOB noneM l!a3epHon DOn Hhl 6hlll paCCMOTpeH 

<t>.X.renbMyxaHoet>JM " A .M .WanarHHbiM1 10~ O aHaKo O.HH 
o6parHnH BHHM8HHe Ha BTS!T'HB8HHe no l!83epHOMy nyqy H 
npOTJ.fB Hero, BCneQCTBHe OTnJ.f'iHSI Ce'ieHHS! paCCeSIHHSI B03-

6y>KUeHHOT'O H HeB036y>KlleHHOT'O a rOMa Ha 8TOM8X 6al!li8CT
HOT'O 1"838. D OMHMO 9TOT'01 UOn>KHO cyweCTBOB8Tb H BTSIT'H

B8HHe HnH BbiT8l!KHBaHHe B036y>hlleHHblX 8TOMOB nonepeK 
na3epHoro ny'ia . 

Aarop npHHOCHT HCKpeHH!O!O 6naroaapHOCTb 3a uare-

pec H none3Hoe o6cy>KneHue E .B .Bacunbeey, B.H.nywHKoay , 

M .H .DonropeuKoMy, A.B.CrpenKoe~ YI . M.<t>paHKy , a r aK>Ke 
B.r.EapwweecKoMy aa noMO!llb e pa6ore. 
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