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!lHCC8pTaW111 DOCBSllll8Ha HCCne110BaHHIO H&llOTophlX BOllpOCOB ynpyroro B aeynpyroro 
/1-7/ 

paCC&SIBHSI anellTP0H0B Ba 1111pax. HaDHCaHa Ha OCB0Be pa60T • 

B nocne11Hee apeM11 BHHMaHHe ij>ua■ll0B ace 6om.we np■anegaeT B03M0lKBOCTb ■ayqe

HHSI 1111epaoa CTpYKTYPhl C D0M0UU,10 pacceliUl■ SI aneKTp0B0B Ha 1111pax, 3TO Bhl3Baao T8M, 

WO B38HM0lleACTBHe anexTp0Ha C aygnoaaMH 1111pa BOCHT anexTpoMarHHTBhlA xapaxTep •• 

B 0Tllllq■e OT Slllepeoro B3aHMOlleACTBBSI, xopowo H3B8CTH0, a TaKlKe "TEIM, qTo DpaKTBqecxH 

M0lKH0 nonyqaTb HHTeHCHBHhle DY'IKH anexTp0R0B 6om.woa aaepr••· 

Ha~eHHe ynpyroro pacceSIBHSI anellTp0H0B 1189T Taxee BalKHeAmae •cTaTH-CKHe• 

xapallTepacTHKH 1111ep, xaK cpe11Hexea11paTHqHYA pa11Hyc • ~pMa pacnpe11eneeH11 anexTpH
~/ 

qecxoro aap1111a a MarHHTHoro M0MeHTa 1111ep , Ha Heynpyroro pacceS1HB11 anexTpoeoa 
t • 

C B036YlK118HHeM 11HCKp8THblX ypoeeell M0lKH0 onpe11enHTb pllll ·11HH8M■qec11Hx· xapaxTepH- ,. 

CTHK 1111ep xax, HanpHMep, aeeprHJO, WHp■BY B CDBH 1111epe1,1x ypoeaea, MynbTBDom.HOCTH 

nepeX0ll0B H 11p. 

TeopeTHqecxoe onHcaeHe aTHX nponeccoa, 011aa1to, Hem.all cq■TaTb enonee y11oaneTeo

PHTen&HblM, ToqH1,1A M8T0l1 ij>e30B0ro aeallll38, C nr,M0lllbJO K0Toporo 061,1qHo 0DHCb1B88TCSI 
/9/ 

ynpyroe p8CC8llHHe , BCTpeqaeTCSI C !Som..WBMII 3aTpy11aeH■SIMB npB 6om.wax yrnax paCC8llHBR. 

C 11pyroa CT0P0Hhl, 9T0T MeT0ll ~cneHHhlA, B OTCyTCTBHe 8B8nHT■qecxHX ~Myn He 11aeT 

B03M0lKHOCTH ycTaH0BHTb ij>yHK1lHOHam.ey10 CBB3b M8lKJ1Y ceqeueM H Bhl6paHJlhlM DOTeen■a

noM (an• paenpe11eneeHeM anexTpaqecxoro aap1111a), qT.o oqeHb aalKH0 xax npH conocTan

ne&HH c axcnepHMeHToM, Tax H 11n11 npoae11ess11 6onee o6msx TeopeTHqecxsx accne11oaaua, 

/10/ 
B nocne11&He ro111,1, saqaHa11 c pa60Thl , pa3BHB8JOTCSI 11pyrse (no cpaaseRHJO c 

ISopBOBCKHM DpH6lllllK8BB&M) npH6n&lK8HBble M8T011hl B8X0lKJ1eBBSI 8MDllllTYllhl npH 6om.wax 

9HeprHSIX pacceHeaeMoro anexTp0Ha
1111

• 0c:HOBH8SI oco!SeHROCTb 8TBX D0l1X0110B COCT0HT 

B TOM, '!TO yqHTb1B8eTC11 ·acxalK8HB8" ,11BHlK8HHSI aneKTp0H8 B xynoBOBCK0M none 1111pa, 

O11Haxo 110 CHX nop 8TH MeT0llbl He M0ryT 118Tb DpOCThlX asanaTHqecxHX Bblp8lK8H■A JlnSI 

ceqeHHA p!coe11BHB B cnyqae peam.Horo pacnpe11eneHa11 nnOTHOCTH anexTpHqecxoro aap1111a 

Slllpa (Ull~■Mep, ij>epMHeBCKOrO pacnpe11ene&11B), 

s 
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1. 

L 

llo CBX nop B 3a,llaqe pacceBBBll sneKTpOBOB ee BCODeAOBaDCll BODpOC BDHBBBll B036ylK

A8BBlblX ypoaaell ea ceqeBBe ynpyroro a eeynpyroro pacceBBHB (3a11&qa o •caR38eewx• 

ypOBBlllt) 0 'ITO MOlK8T OKa3aTbCII CYIJlecTBeBBlblM npa pacceBBBH ea TlllK8DlblX SApax. 

Onpei:teneeewll aBTepec npei:tcTa&nBeT TaKlK8 aonpoc a3yqeea11 pacceRBBB nonspH3oeae

BhlX snexTpOBOB ea opaeBTapoeaBBlblX 9APax, Tax xaK B STOM cnyqae MOlKHO nonyqaTb 60-

nee wapoxy10 ae4jlopMallBJO o SAepeoll CTPYKTYPe• 

Uen&JO eaCTOIIIJlell ABCCepTallBB 11Bnll8TCII paCCMOTpeBBe STilX Bonpocoa. 

llaccepTallBll COCTOBT 83 BBei:teea11, ri:te TaKlKe .llSB KpaTKBII o63op DBTepaTyphl no 

3aTparaaaeMlblM BonpocaM, qeTblpex rnaa, 3aKnJOqeBBB H 3-x npBOOlKeHall. 

8 nepeoll rnaee paCCMaTpHB&eTCII ynpyroe pacce11HBe sneKTpOBOB ea cpeAHHX B Tll

lK8DblX BAP8X B npa6nalKeHBB 60DbWOII seepraa / E >> U / • AMDDBTyAa pacceRBBll B STOM 

npa6DHlKeHBB HMeeT BHA 

E lq•""+1<l1(;) - 3 
f(8)._Jg(x")e V(x)d ll, 

217 

r11e <l>YHKllBB g(i) B <ll(x) yq&TblBalOT 'ecxalK8HBe" snexTpOHHOII BODHbl B xynOHOBCKOM none 

BApa. 3TB <j>yHKllBH HaXOAllTCll B IIBBOM BHAe 

DOTeHUBanoM 
2 p(t) 3 

V(d=-Ze f __ d r 

pewesaeM ypaeseuaa LlepaKa c 3aAaHBWM 
/11/ 

B KBa3BKnaCCB'leCKOM npe6nelKeHBB • 

Llanee c uen&IO nonyqeuaa aaarlbaitcxoro BblpalKeHBB i:tna sToll aMnneTyA&I ecnon&3yeTca 

cnei:tyIOIJlBII M8TOA. nyTeM DOBTopsoro HRTerpepoeaBHll no yrnOBblM nepeMeRRblM no 'ISCTllM 

YA88TCB nonyqeTb SCHMDTOTHqecKoe pa3nolKeHBe, KSlKAblll qnee KOTOporo COAeplKBT OARO

Mepe&1e BBTerpan1,1 OT <j>yexuell, BKn10qa10wex e ce6e nnoTHOCTb pacnpei:teneHHB 3apSAa 11QPa. 
x-R ·1 

Llna e1,16pauuoll <j>epMBeBCKOII nnOTHOCTH p ( ll) = p [ 1 + exp __ l 9TH ell'terpam,1 
o b 

C lfOMOIJlblO BblXOAS Ha KOMnneKCRYIO nnOCKOCTb no ll yi:taeTCB Bblp83HTb qepe3 CYMMY 

B&1qeTOB B nonlOCaX nnOTHOCTB ll = R + i{21t1-l),r b B TaKBM o6pa30M DOffY'IBTb Anll aMnna-
s -

TyAbl pe3yn&TaT B auaneTeqeCKOM BB.Ile. 

LlnB anmocTpauHH OCHOBHblX qepT MeTOAa cneuan&HO paccMaTpBBaeTCll cnyqall 60pHOB-

CK0ro npa6nalKeHHll / g (;)=a• a ; <ll(i).0/ ( § 2). KOTopoe BMeeT T8KlKe CSMOCTOBTenbHblll 
f I 

HHTepec i:tnB onacaHBB pacceBHHB Ha nerKBX SApax. 3i:tec& nonyqaeTCB npocToe aHaneTeqe-

CKoe BblpSlKeHee i:tnB Ce'leBBB B cnyqae <j>epMBeBCKOII nnOTHOCTH pacnpeaeneHHB 3apBAa: 

du 

dO 

do &,2 (_) I- p Rb( cosgR 
d Cl M q O 11bq -"bq e -e 

~Sin qR 
R 

l'bq JTbq 
e + e 

( /"'bq _ e •trbq ) 2 

> I 2, 

do z 2 2coa:tl/2 
rae ( _) -<~ ) --- - ceqeeae MOTTa, R H b - napaM8Tpb1 nnOTHOCTH p (;). 

dCI M 2E sin 48/2 

B § s 00'1)''1880 npe6nalKeHHoe aHaOBTBqecxoe BblpalKeHBe .Qnll ceqeRBB B o6weM 

cnyqae, Kofflill' yq■TblB88TCll BCKalKeRBe sneKTpOBBOII B0DBbl B KynoHOBCKOM none R.Qpa. 
' A--,, 

,. Oeo eMeeT cneay10well BRA 

4 

, . 
,' 

·iri 

I 
l• 
t~I: 

f 
f 
',i 

f1 

,,,. 

.!2:....-(~) j 4.- 2p qb I 
d Cl dfl M o ..,_..I 

G ( x , ) lfqx 0+ 141<• ,) 2 .x
0 
__ o_ e o I 
q 2 (xof) 

Ill",.._ 
( ... 

rae <j>yHKUBB G(x) B qat (x) Bblpa>KalOTOll qepe3 H3BeCTRble <j>yHKUHB g(x) 

x•R+iwb 
0 

- 6nalKalwee K aellCTBBTen&eol OCR ll J;IBa KOMnneKCRO-

nonlOCs MOTHOCTB, 

3aecb MbJ orpsHaqanecb yqeTOM TOObKO ABYX nonlOCOB, OcTsnbRl,Je DC 

9KCnoHeHURSObRO MSnbJII BKnaa nopl!J:IKS e·<
2

-+l)lrbq /trbq » 1/ • 

OTMeTBM, 'ITO nonyqeeable <l>opMYnbl .Qnll AH<i><l>epeauHSObRbJX ceqeeaA 'I'. 

aeBHB cneay10wax ycnoeeA: E >> U , qR>> 1 , npaKTB'leCKB 9TO 03BS'l8eT, 

DOOb30BSTbCll npe cpaeaeHBH C 9KCnepaMellTOM B 6on&WOM RHTepesne yrnoe 

npe ycTpeMneeaa nspaMeTps b K ayn10 <j>epMBeBCKSll nnOTHOCTb 3SpllAI 

CTyneH'laTyIO cl>oPMY / p (x) m p , ll < R ; p (x ) • 0 , 
0/11/ -

ll > R / 0 S Ce'leHB4 

B H3BeCTH08 pseee Bb1palK8Hile 

8 § 4 pe3yn&TaTbl pacqeTOB no HSIIAeBHbJM q,opMYnSM .Qnll .QHlj,cpepeena, 

ynpyroro pacceBHHll aneKTPOBOB ea BAPSX Ca , Co a Bl cpaBHHBaIOTCII c 

<j>a30Boro aHana3a H .QalOT xopowee coenaaeuee, 3To H eCTb OCHOBHOII pe3yl 

cepTaUBB, Oxa3blB88TCB, 'ITO Ce'leHBe npe 6on&WHX yrnax pacceRBHll BMeeT 

axcnepeMeHTan&HO aa6n10aaeMblA 9KCnoHeHUHSnbffbJA cnaa, KOTOpblll HeB03M• 

anB CTyneH'ISTOro pscnpeaeneHHll nnOTROCTB sapll/;ls, 'laCTO BCnOn&3yeMoro 

po.as npe6nelKeHHblX nOAXO.QSX, npeeeaeHbl T8KlKe KpHBbie, psCC'IHTSHHble 

npe6nelKeHBH .Qnll Bb16psHHoro <j>epMB8BCKoro pscnpei:teneHHII 3SpBAs, KOT0pbl 

TepHble .QB<j>pSKUHOHHble ayne. Cps3y o6HspylKHBSeTCII, 'ITO B 9TOM cnyqse, I 

OlKBAaTb, HR O KSKOM cpSBHeHHB C 9KCnepHM8HTOM .Qnll cpe.QHHX H TlllKenbD 

yrnsx 8 > _t _ He MOlKeT 6bJTb H pe'IH, 
kR 

11TSK, MOlKHO Ci:tensTb BbJBO.Q, 'ITO nony'leHHbl8 B rn, 1 <l>opMYnbI xopo 

AH<l><l>epeHllHSnbffble Ce'leHHII ynpyroro psccel!RHB sneKTPOHOB HS cpe.QHHX HT 

HMH yao6HO non&30BSTbCII .Qnll sasnH3S 9KCnepeMeHT8n&HblX .QSHHbIX, nocKoru 

OT nspsMeTpOB <j>epMHeBCKoro pscnpei:teneHHII nnOTROCTH 3Spl!J:18 R H b e 

BBRbJM o6ps30M, 

Bo BTopoll rnsee eccneayeTCB eeynpyroe pacce11HHe 6blCTphlX aneKTpOI 

C B036yll<AeHBeM 

MO.Qenell. 

B HBX ypoeeell, KOTOpble onHClblBSIOTCll C noMOIJlbJO xonn, 

8 KS'leCTBe .QHRSMB'leCKBX nepeMeHHblX B TSKBX MOi:tenlllt BbJCTynslOT m 

cj,opMbl noeepXHOCTB a /Ip , onpei:tenmowae PSABYC IIAPS 

5 



anHIIIIRSI aoatiylK-

0 • CB 5138.HHblX • 

blX .11J:1pax. 

51HHSI nonBpH30BaH

HO nony'laTb 60-

OBo 

HTepaTyphl no 

a cpenHHX H TB-

CCe51HHSI 8 &TOM 

KynoHOBCKOM none 

C 381laHHblM 
/11/ 

npH6nalKeHHH • 

bl HCnOn&3yeTCSI 

eHHblM no '18CTSIM 

conep>KHT OllHO

eHHSI 3ap.llJ'.la Slllpa. 

&TH HHTerpanbl 

'1epe3 CYMMY 

ny'IHTb nnB aMnnH-

CB cny'laA 6opHOB

C8MOCTOBTen&HblA 

CTOe aHanHTH'le

neHHSI 3apB11a: 

> I 2, 

) 2 

TH p (x-) • 

HSI a o6meM 

none Bllpa. 

,-, 

·~, •. 

,., ... -

~ -(~) I 4ir 2p qb I 
dO dO M o -1 

G ( z f) lfqx 0+ 14><• ,) 2 
.z

0 
__ o_ e o I 

q 2 (zof) 

,,.., ..... ,,,1,JJL.--•-.-, 

rne cj>yHKllHH G(x) H q&4, (;x) BblpalKlllOTCSI '18p83 H3BeCTHble cj>yHKllHH g(x) H ,4> (z) 

X =R+ilrb 
0 -

- 6nHlKaAWH8 K neACTBHTen&KOA OCH x ABa K0MnneKCHo-conpSI>K8HKblX 

nomoca nnOTHOCTH. 

3nec& Mbl orpaaa11anac& y'leTOM Ton&Ko nayx nomocoa. OcTan&Hble nomoca na10T 

&KCnoHeHllHan&H0 ManblA BKnan nopMKa e·<
2

o+l)ll'bq /rrbq » 1/. 

a 

OrMeTHM, '!TO D0II)''18HHb18 cj>opM:ynbl nm1 AH<l>cl>epeHllHan&HblX C8'18H,HA TpetiyIOT Bblnon-

HeHHSI cnenyIOIIIHX ycnoeaA: E >> U , qR>> 1 • npaKTH'leCKH &TO 03Ha'!aeT, 'IT0 HMH MO>KHO 

non&30BaTbCSI npa cpaBH8HHH C &KCnepHM8HTOM 8 6on&WOM HHTepeane yrnoe / (J > ..L. I • 

npa ycTpeMneHHH napaMeTpa b K ayn10 cj>epMHeecKaa nnOTHOCTb 3apana npHal&aeT 

CTyneH'laTyIO cj>opM:y / p (z) - p • J: < R ; p (z ) - 0 • 
0/11/ -

x> R / , a Ce'l8HBe nepeX0llHT 

B H3BeCTH08 paHee Bbipa>KeHHe 

8 § 4 pe3yn&TaTbl pac'!eTOB no aaAneHHblM cj>opM:ynaM nnB llHcl>cl>epeHnHan&HblX C8'18HHA 

ynpyroro pacceSIHHSI &neKTP0H0B Ha Slllpax Ca , Co a Bi cpaBHHBaIOTCB c pac'!eTaMH 

cj>a30BOro aHanH3a H naIOT xopowee coenaneHHe. 3To H eCTb OCHOBHOA peayn&TaT rn. 1 llHC

cepTaUHH. OKa3b1B8eTCB, 'ITO ce'!eHHe npa 6on&WHX yrnax pacceSIHHSI HMeeT xapaKT8pHb1A • 

&KCnepHMeHTan&HO Ha6monaeM&IA &KcnoHeHnHan&KblA cnan, KOTf p1,1A HeB03MO>KH0 nony'IHTb 

nna cTyneH'laToro pacnpeneneHHH nnOTHOCTH aapHna, 'laCTO Hcnon&ayeMoro e paaHoro 

po.II.a npa6nH>KeHHbIX no.11.xo.11.ax. npHBe.D.eHbl TaK>Ke KpHBbie, paCC'IHT8HH&Ie 8 6opHOBCKOM 

npH6 na>KeHHH .11.nH Bb16paHHOro cj>epMHeBCKoro pacnpe.11.eneHHll aapMa, KOTOp&Ie HMeIOT xapaK

TepH&Ie .D.Hcj>paKllHOHHbie Hyna. Cpaay o6Hapy>KHBaeTCH, 'ITO B &TOM cny'!ae • KaK H cne.11.oeano 

0>KHAaT&, HH 0 KaK0M cpaeHeHHH C &KCnepHMeHT0M .11.nH cpeAHHX H TH>KenbIX Slllep npH 

yrnax (J > _l _ He M0>KeT ti&ITb H pe'IH. 
kR 

HTaK, M0lKH0 cnenaTb BblB0ll, 'ITO nOII)''18HHble B rn. 1 cj>opM:ynbl xopowo onHCb!BaIOT 

AH<l>cl>epeHnHan&Hble Ce'leHHll ynpyroro pacceHHHll &neKTp0H0B Ha cpeAHHX H THlKenblX Mpax, 

HMH yno6HO non&aoeaTbCll nnH aHanH3a &KcnepaMeHT8n&HblX naHHblX, DOCK0n&Ky 3aBHCHMOCTb 

OT napaMeTp0B cj>epMH8BCKoro pacnpeneneHHll nnOTHOCTH aapS!lla R H b BX0AHT B HHX 

HBHblM o6pa30M. 

Bo aTopoA rnaee accnenyeTcH Heynpyroe pacceSIHae tiblCTpblX &neKTpoaoa Ha Sl/lpax 

C B036ylKlleHH8M 

MoneneA. 

B RHX ypoaHeA, KOT0p1,1e 0llRCb1B8IOTCll C Il0M0IIlblO 1tonneKTRBHblX M8Kp0-

8 K8'1eCTBe ABBaMR'leCKHX nepeMeHHblX B TaKRX MonenSIX BblCTynaIOT napaM8Tpbl 

cj,opMbl noeepxHOCTR cz >.,. , onpenenH10wae pa.11.ayc Mpa 

5 



l 

R - a+ R x I cz>- Y, .. co>-c-1f_1_ cz, .. czL__,. 1 • 
0 0~ ..,. ..,. 4• ..,. ~ 

0rpaR■'lffB811Cb paCCM0Tp8BB8M TonbXO RR3XonelllalllHX B036ylKll8ffRl,IX COCTOHB■II, 

6u 
MOlKJIO nom.30B8TbCll 81lff86aTR'l8CXffM np■6n■lKeRH8M ( ecn■ --<< l 1 6 E - aaepr■ll 

he 
B036YlKll8RHll Bllpa), H 38UHC8Tb aMnn■TYIIY aeynpyroro pacCellRRll cne4YJOIIIHM o6p830M 

,aeynp«n-<•, ((l, ,Y-npj6, e) 'PI (e)) ' 

r4e 'P (a -BORROBb18 cj,yRXllHH BIIP8, 38BHCSIIIIH8 OT xonneltTHBRblX nep8M8HHblX e • I CZ J, 
~I ~ 

nom.ayllCb H3ROlK8RHblM B rn. 1 M8TOIIOM HHTerp■pO&aHHll, Yll88TCll nony'IHTb B § 2 

llBHbl8 aaan■TH'18CKff8 Bb!p8lK8RJl!ll 11n11 C8'18HHII C B036YlK118RH8M xonneltTHBRblX ypOBH811 

llllpa K8lt cyMMbl Bbl'l8TOB B non10cax 4>epMH81l,CKOrO pacnpe11eneRHll nnOTHOCTH aaplllla, 

3TH ljlopMynbl cnpaB811RHBbl npH yrnax paccellRBII 6 > _ 1_ H 3ReprBH 3n8KTpOH8 E » u • 

a TaltlK8 npR Bl,IUORH8RHff ycnOBHII a11aa6aTH'IHOCTH, 
kR 

8 § 4 118RO cpaBH8HH8 nony'leHHblX peaynbTaTOB C peaynbT8TaMH TO'IROro p8C'18Ta 

cj,aao&oro aHanffaa ff nony'leffo xopowee coena11eHffe, KpoMe Toro, c11enaffo cpaBH8Rff8 c 

/12/ 
31tCU8pffM8RT8nbHO R8AA8RRblMff cj,opM+a1tT0p8MH Heynpyroro paCC8llRHll 3R8KTpOROB Ha 

' 52 
1111pe Cr , r11e TaKlKe nony'leHo xopowee cornacffe BnnOTb 110 yrnoe e paAoHe nepaoro 

llffcj,paKUHOHHOro MffHHMYM8 H Hall11eHH08 OTCJOlla 3Ha'l8HH8 B8p011THOCTH nep~xo11a 

..1. B (E 2,0 -2) • 118 f 
4 

cornacyeTC!I c 118HRl,IMH 11pyrax H3M8P8RHII. D.Rcj,4>epeH1XHanbHblf 1 !( 
e2 + ·+ 
C8'18HHII C B036YlKll8HH8M 11eyxcj,OHOHHblX (a paMxax BH6paUHORHOII M011enH llllpa) 0 R 2 

COCTOllHRA yxa31,1ea10T Ha B03MOlKJI08 paCXOlKll8HH8 C axcnep&M8HTOM npR 6om.wex yrnax 

paCCC811HHII, no-BHIIRMOMY, 0UffC8HR8 3THX ypoeeell B paMK8X KonneltTffBHl,IX M8KPOMOll8R811 

llAPa smnlleTCII Cn&WKOM rpy61,1M e, BffllHMO, Tpe6yeT Bbll18neee11 H8CKOnbY.RX HyKnOHOB BH8 

'xopa' ARll 6onee nocne110B8T8RbHOro ORHC8HHll pacceHH■ ll, 

OrMeTHM, 'ITO B llaHHOM paCCMOTpeBRH Heynpyroro paCC811Hffll 31181tTPOHOB OTCYT-

CTBYJOT CB060AH1,18 napaMeTpbl I ROCKOnblty aeo6xo11HMN8 nap8M8Tpb1 R ff 

IOTCll H3 ynpyroro paccellRffllo 

b onpe11enB-

· Heynpyroe pacceHHffe npa ae6om,wex yrnax ■ Tax Haa1,1eaeM1>1e 'xpaTH1,1e" nepexo111>1 

paCCMOTp8Hbl B § 8, 8 9TOM cny'lae aMnn&Ty11a paccel!HHII H8nHHellea DO B3affM011811CTBHJO, 

npRBOlllllll8MY It nepeXOll8M B Bllpe, 3TO npRBOIIHT K ROSIBR8HHJO B C8'18HHR eaplllly C M8T

PH'IHblMR aneM8HT8MR 'up11Moro• nepexo11a T81tRX M8Tpff'IHblX sneM8RTOB, KOT0pb18 MOlKHO 

ffHTepnpeTRpOB8Tb lt8K OTB8'1810111ff8 BRpTy8nbRblM K8CK811BblM ffnff 'xpaTHl,IM" nepexo11aM, 

nbcKOnbKY ORB RAyT '18p83 xaxoA-n■6o npoMelKyTO'IBl>IA yp088Hb BIIP8, D.n11 'l■cnesaoll 

oneaxa. ,Texoro po11a nepexo11oe 61,1ne c11enaBbl 
,.,e., + + 

11e•• IIBYX4ioHOBHblX O H 2 · ypoBH811 B H.QJ>e 

6 

xoTfeTBble pac'leT1>1 ce'leB■ll B036ylK

Cr , Bxna11 'xpaTBblX • nepexo110B 

.,;_-, 

I 

B A8HHOM cny'lae HeBena·x ( •Z/137 no cpa&H8RHJO C 'npHMblM') • cl>a1tTR'18C 

'leeae np11M1>1x nepexo11oa npeMepHo ua 1 %, se M8HHH yrnoeoro pacupe11ei 

nepexo11oe 6y11eT 6onee owyTaMoll npe pacceHHea Ha THlKen1,1x 51llJ)ax. 

8 § 5 B CB513R C ycnewHl>IM p83BRTH8M MOA8n& H88KCffanbHblX llll8p J 

R COTpyAHRKaMR CR8UR8nbHO paCCMOTpeao paCC8HHRe 91181tTPOHOB Ha T8KRX 

/18/ 
l18HH8N KBa11pynonbBblX R MOHODOnbHl,IX nepeXOAOB • 3To paCCMOTpeHRe 

HOBCKOM npe6n&lK8HHH B R09TOMY HM88T orpaHH'l8HHyJO o6nacTb RPHM8HRMC 

nepeoro 1111cj,pa1t11RoHROro MffHRMYMa ). IlOK838HO, 'ITO B8RH'IRBbl C8'18HHII C 
+ 24 

nepeoro ff BTOporo 2 ypOBHell B Mg OTIIH'l810TC51 6onbwe, '18M Ha DOpHj 

9KCR8pffM8HTanbH08 ROl1TB8PlKll8BH8 9Toro p83YnbT8Ta Morno 61,1 cnylKBTb : 

cnpaee11nffBOCTb 91,16paeeoll MOl18n&, PaCC'IHTaHbl TaKlK8 C8'18HHII C B036ylKJ 

BH6pa11ffOHHNX ypoaeell B . llllpe Gd I on■c1,1ea8MblX B8allffa6aTH'l8CltOII MOIIE 

rnaea Ill nOCBlllll8Ha eonpocy eaxolKAeH■ ll aMDnRTy/lbl paCC8llRHll 

3aHHblX' ypoeeeA. noxaaaeo, 'ITO B npH6nHlK8HHH 6onbWOII SHepl'ffH IE>> U1 

llHTCH K peweHHJO CHCT8Mbl nHH8ABblX OAHOpOllHblX Affcj,4>epeHllffanbHblX ypaei 

nopllAKa Dpff COOTB8TCTBYJOlllffX rpaHH'IHblX ycnOBHllX, 

8 § 2 118HO pew8Hff8 STOA CffCT8Ml,I B '18CTHOM cny'lae cj,aKTOpH3YJOIIII 

sneM8HTOB B38ffMOA811CTBff51 V , lrJ= C ,vliJ( a,n' - HHA8ltCl,I BllepHblX coc 
nn nn 

HM88T M8T011ff'l8CK08 3Ha'l8Hff8, 8 STOM cny'lae aMnnffTylla ffM88T BffA (B I 

Man1,1x yrnoe 6 < I 

f 
nO 

(O)=I Q<•> F (q) 
I I n .. 

F
1 

(q)= f J ( qp) ( / 1 f v(p,t)dt 
0 -oo 

r 
-l)pdp, 

0 

(n) 
r11e QI ff A, - KOScj,cj,ffUff8HTbl, 3aBHCSllllH8 OT CTpyxTypbl llllpa, J o(x) - t 

WHKURB !Seccenll, 

Ecn■ aenffl'IHHN V , Man1,1, aa HCKnJO'leHHeM V .. V a v (T, 
nn nn O O On 

D -Toe B036YlK118HHoe COCTOllHH8), TO nony'l8BH8ll TOl'Aa CHCT8Ma ff3 11ey, 

waeTCH TO'IHO ff B § 2 npffB8118H!,1 COOTB8TCTBylOIIIH8 &MnnffTylll,I paccellQ 

rnae1,1 118H KOHKp8THblli paC'leT (c Y'l8TOM llBYX CBll38HHblX ypoeeell) C8'18E 

+ 40 200 
anexTpOHOB C B036YlK118HH8M O COCTOIIHHII B Ca B Hg • 0rM8TffM, 

'188 aMnneTy11a 
1 

f (6) • f 
o-t;.o+ 

0 

2 3/2 1x1t> 
J

0
(qRt) Sin I 1t 0-t) I e 

1 

dt 



"lp "J>..i,. 
I. 

X B036ylK/'.18HHblX COCTOSIH■A, 
f'lER H --<< 1 , /'l E - aaepr■11 

he 
,acceRRHll cneAYKllllHM o6pa30M 

'''. <e» . 
eKTHBRblX nepeM8HHblX e • I 4 ) • 

>.p 
Hp0B8HHll, y11aeTCSI nony'IHTI> B § 2 

8RH8M KonneKTBBRblX ypoeaeA 

pe11eneHHll nnOTHOCTH 38pS!Aa. 

e aeeprHH aneKTpOHa E » U , 

,, I)" 11!11 ··•·-,. ,r. -..,·-·-· 

a naHROM cny11ae HeeenHK ( -Z/137 no cpaBHeHHIO C 'npllMblM') 8 cj,aKTH'l8CKH H3M8H118T ce

'18HH8 npllMhlX nepexonoe npaMepHo Ha l'X,j ae M8Hllll yrnoeoro pacnpe11eneaa11. Pam. aTHX 

nepexOAOB 6y11eT 6onee OlllYTHMOA npH paccellHHH Ha Tll~enblX 51AP8X. 

B § 5 B CBB3H C ycnelllHblM pa3BHTB8M MOll8llH H88KCH8nbHblX llll8P A. c. D.aBblllOBblM 

H COTPYIIHHK8MH cneuHallbHO paCCMOTpeao paCC8llHH8 8ll8KTPOHOB Ha T8KBX anpax C soa!Sy~-

/18/ 
ll8HH8M Ksa11pynOllbBblX H MOBOl'J:Olll,HblX nepexonos • 3To paCCMOTpeRHe npoeeneuo B 6op-, 

HOBCKOM npa6llH~8HHH H noaTOMY HM88T orpaHH'l8HHylO o6nacTb npHM8BHMOCTH (ti< - yrna 

nepeoro nalj,paKUHOHHoro MHBHMyMa ). noxaaaHo, '!TO eenH'IHHbl ce11euaA c soa6ylKJ'.leHHeM 

+ 24 
nepaoro u BToporo 2 yposHell a Mg OTnH'ISIOTCll 6om.UJe, 'leM Ha nopSUIOK, noaToMY 

aKcnepHM8HT8nbH08 noATBep~AeHHe aTOI'O peaynbT8T8 Morno 6bl cnyJKHTI> YK838HB8M Ha 

cnpaeennHBOCTb Bb16paHHOA MOAellH. PaCC'IHT8Hbl T8K~e C8'18HHB C aoa6yll<J'.18HH8M {:j - H y -

aa6pallHOHHblX YPOBHell B S!Ape Gd , ORHCblB88MblX H88AH868TH'l8CKOII MOll8nbJO' D.aBblAOBa
1141

• 

R - rnaea Ill DOCBS!lll8H8 eonpocy H8XOlK/'.18RHll aMnnHTyAbl pacceSIHHll B M8To.Qe 'ce11-

e3ynbT8T8MH TO'IHOI'O pac'leTa 

e Toro, cnenaHo cpaeeeHHe c 

/12/ 
,ro pacceRHHll aneKTpoaoe Ha 

noTb no yrnoe e palloae nepeoro 

eepollTHOCTH nep~xona 

H3MepeHHII. D.HcM,epeHllH8llbHb18 

81lHOHROII MOll8nH S!Apa) 0+ H 2+ 

nepHM8HTOM npH 60llblllHX yrnax 

MK8X KonneKTHBHblX M8KpOMOA8nell 

,eneHHll H8CKonbY.HX HyKnOHOB BHe 

lie 

0 pacCellHHll aneKTpOHOB OTCYT-

napaMeTpbl R H b onpe11ensi-

H83blB88Mbl8 'Kp8THbl8" nepeXOAbl 

HHll uenHHellea no B38HM0118IICTBHIO, 

neHHIO B C8'18HHH H8PllllY C M8T

Hb1X aneMeHTOB, KOTOpble MOlKHO 

HblM HnH 'KpaTHblM" nepexo11aM, 

poBeHb S!Apa. D.na 'IBCll8BHOA 

8THb18 p8C'l8Tbl C8'18RHB a036y~-

8Kna11 'KpaTHhlX • gep'£xonoe 

38HHb1X' ypoeHell. noK838HO, '!TO B npH6nH~8HHH 6om,moll aHeprHH /E>> U/ 38118'18 CBO-

llHTCll K peweHRIO CHCT8Mbl naHellHblX OAHOpOAHblX 11acj>cllepeH1lH8llbHblX ypaBH8HHil nepaoro 

nopllllK8 npR COOTB8TCTBYKllllHX rpaHH'IHblX ycnOBHSIX. 

8 § 2 ll8HO peweHHe STOA CHCT8Mbl B '18CTHOM cny11ae cj,aKTOpH3YIOlllHXCll M8TpB'IHblX 

aneMeHTOB B38HMO,[lellCTBHll V ,lr)= C ,vlr"J( n,n' - HHA8KCbl anepHblX COCTOllHHA), '!TO 
nn nn , 

HM88T M8TOIIH'l8CKOe 3H8'18HH8. 8 8TOM cny11ae,~JnnaTy11a HM88T BHA (a npa6n■~8HHH 
Manhlx yrnoa O < I 

f nO (0) "' l: Q (n) F ( q ) 
I I n .. .. 

FI (q) = f JO ( qp) ( /1! .. •(p,t)dt 

0 

- 1) p dp, 

rne 
(n) 

QI H ,\ I - Koa«!Nl>HllH8HTbl, 38BHCSllllH8 OT CTpyKTypbl BApa, J o(x) - uanHHAPH'l8CK8ll 

cpyHKllHll 6eccena. 

Ecna eenH'IHHbl V , 
"" 

Manbl, 38 BCKnt0'18HHeM V "'V H V (T.e. BbllleneHO 
nn O O On 

D -Toe B036Y~A8HH08 COCTOSIHHe), TO nony'l8BH8ll Torna cacTeMa B3 11syx ypaeaeHBII pe-

waeTCll TO'IHO B B § 2 npHB8118Hbl COOTB8TCTBYIOlllH8 8MRllHTyAbl paCC8llRHll. 8 KOBll8 ID 

rnaabl 118H KOBKpeTHblll paC'!eT (c Y'l8TOM IIBYX CBll38HHblX yposaeA) C8'18HHll pacCellHHll 

+ 40 200 
anexTpOBOB C soa6y~neHH8M O COCTOllBHA B Ca B Hg • OrMeTHM, '!TO B 8TOM cny-

'lae aMnnHTyna 

2 312 1x1t> 
f (0) .. f J ( q Rt ) Sin I 1t (1-t ) I e 
o+.o+ 

0 
o dt 
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H8nHH811Ha no napaMeTpy K , CBSl3aHHOMY co CTpyKTypoll 51.Qpa H nepeXOAHT B COOTB8T-

=syIODlH0 BblpaJKeHHH M0TOAa HCKaJK0HHblX BOnH npH 3aM8H8 sin ll • ll , p 8C'!8Tbl no 

Hamel! 4>opMYne c Hcnon&aoaaHHeM yKaaaHaoll ~aMeHw A&nH xopomee cornacae c TO'!HblMH 
/15/ 

paC'!8TaMH 

8 nocneAHell,'!eTBepTOII rnase AHCC8pTaUHH paccMaTpHaaeTCSI Heynpyroe pacC8SIHH8 

nonSipaaoBaBHbIX aneKTPOHOB Ha opHeHTHPOB8HHblX llllP8X. l13B8CTHO, '!TO B nonspH881lHOHHblX 

onbITaX, B OTnH'!He OT 06bI'!HblX, HM88TCSI B03MOlKHOCTb or.peAenHTb CaMH M8TpH'!llbI8 ane

M8HTbl. 8 C BS13H C STHM TeopeTH'!8CKOe HCCn8AOB8BH8 3THX BOllpOCOB npeACTasnaeT 3H8'!H

T8n&Hblll HHTepec, 

B STOii rnaae B 6opHOBCKOM npH6nHJK8HBH nOKaaaao, =o $QpMYna AnB Ce'!8HHB coaep

)l(HT AOnonHHT8nbHbl8 (no cpaBH8HBIO C C8'!8HH8M aenonspH30B8HHbIX aneKTpOHOB) '!n8Hbl, 

KOTOpbl8 HC'!eaaIOT npH ycpeAH8HHH no cnHHOBblM COCTOBHHSIM aneKTpOHa (Hllll 51.Qpa), T,e. • 
•1'1--

nonapH381lHOHHbl0 a~KTbl HM8IOT M8CTO Ton&KO npH OAHOBp8MeHHOII nonBpH381l.HH aneKTpO-

HOB H SIA8P, 8 K8'!8CTB8 npHM8pa BaXOABTCSI npHB8A8HHblll MaTpH'!Hblll aneMeRT, COOTB8T

CTBYIODlHII Ml nepeXOAY BAP8 / ½ + ... ½+ / , KOTOpbIII BbipalKaeTCSI '!epea 3KCnepHM8HT&nbHO 

HaMepHMbl0 B8nH'!HHbl, noita38HO T8KlK81 '!TO p83HOCTb M8JKAY C8'!8HHSIMH CO cnHHOM no 

/ du(+) /e npOTHB /du(-)/ HanpaaneHHSI ABBJKeHHSI npe ae6on&mex yrnax pacceSIHHSI nponop-

llHOHan&Ha aenH'!HH8 1 H He 38BHCHT OT KOHKp8THOII MOA8nB 51.11pa. Onp8A8n8HH8 
Sin 8/2 

MaTpH'!HblX aneMeHTOB H3 axcnepHM8RT8 no pacCeSIHHIO nonspH30B8HHblX aner'.TpOHOB B cny-

'!88 6onee cnOJKHblX nepeXOAOB (aanpHMep, Ml+ E2 nepeXOAbl) B BAP8 B03MOJKHO nyTeM 

npoBeA8HHSI H0CKOn&KHX H3M8p8HHII, 
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