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'3aCTaBeHKO JI.r., 3axapheB B.H. 
TyHHe.nHpoBaHHe Me~y noTemi;mLllhHhIMH SIMaMH 

< . JJ:aercSI IIOytIHT6ibH~H miaJIH3 3a'Aa~rno A~HxceimH naKeTa, IIOCTp~eHHOro 
H3. ABYX- CBSI3aHHhIX COCTOSIHHH B ABYX pa3JIHqHhIX. Il~T~HI.J;HaJihHhIX . .s_i:Max: B 
OTJIHqHe OT CJiyqag OAHHaKOBhIX SIM naKeThl He nepeMem;alOTCSI nepHOAHqecKH 
noJIHOCThlO H3 OAHOH SIMhl B ·Apyryro, KaK qaCTo omH6oqHo · yTBep~aeTCSI 
(Hanp:n~wp; B «Am. J. Phys», 1992, 60; 88) ,· a B TaKOM ABH::>KeHHH npHHHMaeT 
ytiaCTHe JIHillh AOJISI naKeTOB,' H ;eM MeHhmasr,' qeM AaJihme_ SIMhl APYr OT Apyra 

' H qeM 6oJI:&Ii:I:e pa3HHa;a Me~y· SIMaMH~ 0TKl)hITO SIBJieHHe TYHHeJIHpoBaHHSI 
.. (_«iiepenphlmiiimmi») · BOJIHOBhIX naKeTOB qepe3 noTeHa;HaJI&Hhle SIMhl. _· .. ·. 

,· Pa6oTa B~IIlOJIHeHa B Jia6opaTOpHH,TeopeTHqecKOH (pH3HKH HM. H.H.Boro-: 
.i110601ia Olf.SUL . . . 

,IlpenpHHT 06'1.e,11me1moro HHCTHT)'Ta Sl,ICpHblX i-icCJie,IOBaHHH, ,D;y6Ha, 1994 . - ' . .. . ,. . ~ . - - -- . . 

IlepeBOA aBTopoB · 

Zakhariev B.N:, Zastavenko L.G. · 
Tunneling between Two Inequivalent Wells 

• • • - • :, . • . ~ - . : - - : ·- • . # 

.An i~structive ;halysis"of the motion of the wave packet constructed of two 
.bound states in two different potential wells is given: In contrast with the case 
of equivalent wells the packets don't go completely from one well to another (as 
is.often erroneously stated, e.g. in «Am. J: Phys.», 1992, 60, 88). Only a fraction 

. - • . . '.. . - ", I_, •-· , - , -

of packets takes part in this inter:-well tunneling and this fraction is the less the 
far from·orie another are the wells and the more is the difference between wells. 
The phenonienonof the wave pa.cket tunneling (<<jumj>'s») through the potential 
wells'is discovered . 

. The investigation has bee~ performed at the B~goliubov'Laboratory of· 
Theoretical Physics;JIN~. :' , · . · · · . 
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1.·· BCTYTIJIEHME. 

)].Jm Jiyqlllero nomiMaHIDI CTPYKTYPLI neRoTopLIX RBaHTOBLIX c1icTeM . 
· (Mo11eRY.J! · II ,n;p.) BamHo HCHO . up_c.n:cTaBJIJITL ce6e ·. ocnoiinLie oco6eHH9~ 
CTII none,n;errIDI .qaCTHD; BO BHCIIIIICM. IlOJie. C pa::!JlnqHIJMll. IlOTenn;nam.
.HLIMH HMaMnO"Illnpoiw H3BCCTCH CJIYqaii: qzzyrnaKbBLIX HM [1]; paa,n:e.:. 
·JleHHLIX noienn;nanLHhlM 6ap1epo11:;·Kor,n:a non:nonoit rraKeT, ·nocTpoen
Hhlit H3 .n:nyx 6nnaKnx no aneprnn cocToHnnn:, rrepno,miqecKn Tynnenn
pyeT H3 o,n:uott HMhl B ,n:pyryio ( TO npaRTHqecKH ncqeaM, TO IIOJIHOCTLIO 

. cocpe,n:0Toqiina11c1 n 'o.n:noit H3 JIM). ' · ·· · · · •· .·. . ·.. / .· 
, - - ' - ' •- . ' 

·. ~~t------=:... ___ .-t-~--
,· • I• 

.,;, .·\4-!(,cJ, 
r, ' , ___ A_,,. 

· ·~ Puc.I CpaBHeHHe cB11:11e~pu11uoll ( a) H necui:KeTpH~~o1t (6): ilBYllMHi.'ix cnCTeK c S
u'oTe~JinllJIBJfB, B OAJl;;anoBux .11»:ax·(a) n~sHxnaeT JzyfuieT fuiusux no snei>rHB u no DOJlllo-: 
DUK q>yn!U(HIIII CB.ll38JIHLIX COCTO.IIHHll .. Tax,D ne11oll Jll(e <l>YHllll.Hll B onpe)J.eneHBLli HOKeBT 
»:oryi 6LtTL IIO~TH paBBLl H no K~A)'IDO H no suauy' a D npanoll 6nB31lll no 110,!Q'JIJO, n~ np0TH
BOHMOll!HLl JJO 3Bal!y, Tor/:{auixeT, COC'raBJieBm,zfi H!i'HX cy111iu, 6y)J.eT 6om,lllHJl B ~enoll Jllle 
H HO'ITU p'aBBllH nymo B npaBOll: qepe3 B~BOTOpoe 11peW1 BS-Sa pasBOCTH Bpe»:ennux <}>a-
30111,1~ »:n.omxTenelt ei'1{-iE,.t) 4>YBllll.HB Jzy6neTA no11en.a10T siiaBB, B naB.eT nepe»:eCTBTC.11 · 
B. npuy~ JIHY H. Tau. 6y)J.eT 0Cll,HJIJIHpOBaTL ·KelRIJ.Y· JlHaHII co Bpe11ene11 •. · B pasnux JIHU 

.( 6) .· C /3.aJieUHHB. ypoBHJIKB ·E1' BJ <l>YHllll.HH. O'l).{eJWIHX COCTOJIBHJ( Bcer)J.a . cocp~IJ.OTO~eBLl. 
~ ,, . ~ ' - ' 

. B 0/l.HOI B roll me Jl)fC. , ll nuieT. H3 'l'aJIJIX DOJIHOBHX q>yHBll,Hll 6y,11eT HaJIO HeHJITl>c.a: no 

· ~OA)'JIJO BO Bpe»:cn~, OCTaB~CI> npH6nJimen~o. pall;HH D n~oJi rJiaBH0:11 HOHnonen:re, Tax 
'ITO 3HJi'IBTellBllX nepe»:em;eBHlt naB.eT& H3 O~Oll JIHH• B )J.pyryIO ~e• 6y.n;;T, . . ... 

tJacTO IIpIIXOMTCH. BCT~eqa;LCH C npe~CTaBJICHiJ~M, q'f~ IIO,n:06Hoe Jl~

JieHIIe npoHcxo,n:nT. n B · cJiyqae HeCIIMMeTpnqm,IX JIM.· · TaRaH omn6Ra 
6wrn, narrpnMep; .n;orrynfena B c;aTLe [2], 011y6m1Ron~1rnott B xopomeM 

aMepnRaHCROM mypnaJie A:r~};Phys., npe,a;Ha3Ha~~HHOM ' .D;JIH pacnpo--

' o, 11t1:;r.-tii~.,14 i,;K~in'f({: 
~~lf~X· HC;,-J1e1:;:.umO, II 
~f; i1SJlf10 T.fil1t : .. J 
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·· CTp~nen1rn cp_1rnnqec~~x :niiin~tt cpe.n;n npeno,n:aBaTeJieii: q>H3HRH ll 'llP: 
: CyTL .n:eJia MoJRHo noHJITI, n.6e3 ljJopMyJI, 1mTOphle Mhl npnBeACM B 

. ~CIIOBHOM"'ieRCTe. Ilo~CHHM ee cnaqaha a,L(~CI, "na IIaJII,uax". EcJIH Il3 

<n»yx JI}.{ C pa3HhlMil yp~BHJIMH { 6y,tieM c_:qHTaTI,, :TITO B Raxmon Il30JIII

' ponannott JIMe no Ol(HOMY yponmo) co3,n;an cncTeMy .n:»yx JIM, pa3,n;e

.. JieHHLIX CJia6onpoHHI(aeMhlM 6apiiepoM, ypoBHH IlCXO,ll;HhlX. ( ll30JIIIpo-

BaHHhlX) JIM. ~aJIO, Il3MeHJI,TCll 1I cnrnyT ypoBHJU.m J:IBYSIMHOro • llOTCll- .· 

' . IUiaJia. BoJIHOBhle·_ cpyHRI(Rll TOlRC OCTanyTCJI IIOXO}IUIMll Ha cpymtl(Illl B 

. lI30JIHpOB~HlII,IX JIMax. ·61rn 6j.zzyT rrpo,n;OJIJKaTL "JRHTI," 11 :OCHOBHOM B 

IICXO,n;Ilmc: m.fax, RaR IIORa3aHo Ha pnc.16, CJia6_o upouirnaa B COCC)U{IlC . 

(n3 "cno~ii'' :iiMhl B "qynty~"), r.n:e rrpn COOTBeTC~Byromnx :meprHJIX 

. (».n:~~n ·oT ypoBHJI .n:aiuioti H30JIHpouannott ~M~) HCT 6JiaronpH1ITBhlX . 

. yc~OBilll cyIIJ;eCTBOBaHIJJI _CTOJIIJIIX BOJIII. B 'l}'filOit JIMe BOJIJihl caMn 

Ce6JI raCJIT IIpll OCI(Il;JIJII(Il~X. ,dmi: 0,lJ,~H~ROBliIX.JRe JIM,B~JIHOBhlM,q>;H~. 

RI~lI1IM O,ll,IlHaROBO xopomq "lRilllE:TCJI" ll. o6eHX JIMax. B ClIMMeTJ)lilJIIOll 

.. ~~ysrMiioii ' ·. ClICTeMe ()6pa3yeTCJI ,izy6JieT 6JIIl3RllX 'rio. anep~mi coc;o-

~lIHH .c 6Jlll3KIIMII-IIO Mo,zzym~ 'cpynRIJ,~JIMU 1Pn,.. CpaB~~Te iia·p~c~l_ 

. nn.ri BOJIIIOIIIJ:Xq>ynruintt »'cJiyqan:x O,ll,HHaROBhlX .H pa3IIhlX JfCXO,n;IlhlX 

\. JIM; ,D)m o.r(nnaKOBI,IX JIM cpyn~n:nn: n. o~nott n:{1rnx ]101:J'TII conmi;~aioT' 

a ii ,zipyrott O~HaROBhl no MO,LJ,yJIIO,_HO IIJ)OTHBOII~JI~JRHLlIIO aiiaRy •. 

1 .. 3aBIICHMOCTL cTawimiapmix cocTon:nntt OT npeMeHu··orrnchlllaeTCJI (j);i- · 

aoniiiM MHOJIIBTeJieM , • He Me~nIOIIJ;IIM a6comornott 11emPIHIIhl BOJIHonoit 

·· ... cpynitn~II.-.a JIJiill~ Bpam;a~ID;HMi cpynRn;ino B.ROMIIJieR~H~HIIJI~CROCTH : 

, 3Haqemitt tJ1,-To~Ro_·c pa3Hofi CRopocTi.IO .U.JIJI pa3HhlX ypoBHefi a;ep~ · 

rirn.' IToc~pOIIM BOJIIIOBOH 1rnite~ B '. BH,lJ,e cy~Mhl'. ,lJ,B)'X cpymrn;Hfi C~JI~ . ,- - . . . ' ·. . /· '"· - ' ' . . - . . ; ,, ' 

.· 3a:HHhlX. • cocTOJIHHfi'. .ll.JIJI _o,lJ,llnaRoBI-JX · HM.:' n OJ.):IIOH H3 IIHX . cpynRn;nn 

. 6y,zzyT 'To y,D;BannaTI,CJI (Ror.zia'.n~ecTe ccpa30BhlMH MHOJRilTeJIJIMII OHH : 

· oRa3I-JBaKJTCJI paBIIhlMH, n 3TO }Re BpcMR B·,[J,pyroif JIMC a'nn: B3aHMHO co:-
. .· . . ..\. . ' . . : ., : ' . . .. . . .. .. . " ... ,.: . . . 
. Rpan\aiqTCll, .TaK 'l'fO. BOJIHOBOH rraRCT Olta3hlBaeTCJI; cocpe,n:oToqeHHhlM 

.. B 'o,n;uott II3 JIM), TO ~c-cie3aIOT (ROI'll~ OHH OTJIH~~~OT~ 3HaROM, TOr,l(a 

.. naReT. co6npaeTC11 n /\pyroii JIMe ). .ll.JIJI HC~IH,,tMeTpH~HOI'O _C.TI}'TiaJI: B ... 
, . ,._ " , , . l , . ~ , . , . . ~ . ..: . ,.,.. : . -. 
RaJK,lJ,OH 113 JIM oy.1zyT.cRJia/JJiIBaT1,CJI 6oJII,IIIaJI H MaJiaJIIIO Mo.n:ymo (j)yn-.· 

RUHR. ( Ra K : ym:e ronopn~~Cb IllJ!IC, IIE,!!2Il~p rHII. O,ll,IIOI'~ ll3 COCTO.IIHlli'i 

lJJYHim;lIJI "filnBeT", B ~CH~BHOM B;O,Il,HOH Il3 JIM, a ~JIJI .l(pyror,r-:- D 11.PY:- .• 
rott; a co_ npeM~neM on~ 6y.n:yT JIIIIllb ~eMHoro TpanccpopilriponaTLCJI 
no Mo;zymo). .. · · .- · · · · · 
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MeaJIKJJI\IIeCJI co BpeMeneM cpa3oBLie MHO}KHTeJIH cocToJinnii crro-

. co6m.i JIHIIIL i:Ip1rnecTH R .. JierRHM ocn;HJIIDIIIJIJIM MO,LJ,yJIJI ·»en:aqnnhl na:
ReTa (MaJiaJi ROMIIOHeHTa-IIH IIJ)II RaROM (}Ja30BOM MHOJRIITeJie ne·'crro-, 
co6na ClIJII,HO H3MCHHTI, pa3Mep rraReTa, KOTOphlii B OCHOBHOM onpe.n:e-
JIJie'.fCJI 6QJII,illOH RQMIIOHeHTOil:. . . . 

2 1. OCHOBHbIE YPABHEH0JI - , ' ., . . 

····-. '.Pa~s~oTpHM npe,ll,JIOJK~HHYHl·p~~epocoM [2] rrpo~TYIO H·xop~IIIYIO MO:- . 

.. ~eJII, 1C ,lJ,BYMJI .n:emTa-o6pa:mhlMH IIOTem:i;miJII,HI,IMII JIMaMH C pa3HHMH 

_MHo>ImTeJIJIMII Vi;>. = 1, z-; p'acnoJimKeHHhlMII B ToqRax i1 = -l/2 n · 

X2' = -l /2 mi paCCTOJIHIIH I APYI' OT .n:pyral, CBJI3aHHLie · COCTOHHilJI; B 

. RaJRAO:ti OT,n;emHofi TaROH JIMe: (HJIH IIJ>II l = oo) HMeIOT 3Hepr11112: 

E'f_. = .::~2 /2." C~oTBe'rcTny10mee ypaBnenne. Illpe.n;n11repa; :aMeei 

.BH,LJ,: 

. Ci d2 ,• :• •< • C • •• •. ; • • •. ; ' .• C 

. {~-d- 2 _.:.:. Vii(x + l/2)-V26(x ~:l/2) _-:-. E}tJ,(x)= O; ½! Vi >.9i i. =J,2. 
2 x, . . • . .. ·. , . . . . (1) 

Xoi~ 3io ypa~neHne' i>ema~qr wqno, PnBep~~ .n:o,IiycTnJI oru116Ry, He~ 

IIOJib3YJI npH6JIII,KeHHJI, ROTOphle rrplIHI(IlIIHaJI.LH9 Il3MeIIHJIIl IIOBe,LJ,eHne ..: . 

rraKeTOB •. y. Hero, RaR R · B Cll~MeTpIIqHoM c.n:yqa~,. naReThl IIOJIHOCTLIO 

. rr~pexo.n;n~ ~ep.H6Mqecm ll3 'o,n;IIott JJ:Mhl B .ripy:ryro; . '. , ,. 

. To•rnoe pemeHne: ¢{ x). ypa~Hemra .( i) HM~~ pa3JDI,HLie. aIIaJIHin~ 
,qecRIIe rrpe;.icTaBJieHHJI B Tpex 06JiaCTID:: . . • . . 

. ' . ""' . .. . :,_, 

,,Ae/CZ 
/ BeKZ +ce-~ 

De-= 

npn 

.: .rrpn 

npn 

X < ~11•2•··· 
·-: ··' 

c-:...1;2 S: x S l/2; 
x'~ l/2.. · 

_(2) 
\ (3) 

·., , ' 

(4) 
·"' 

;.'... • ".' . -- ;\ ' I ,·-·- ~ - . . , . • . .' ,' . 

KoHCTaHThl A,B,C,D MOryT 6:IJTJ,•Hait.n;em,1·n3 YCJIOBilll HerrpephlBHOro 

CIIlHBaHHJI pemenntt tJ,(x) B TO~Kax X = xi H X = x~: . . 
/ 

...--' 

A= Ce,:,1+B, 

: D.~c+ Be~1 
' . ' ~~ . 

,(5) 
(6). -

__ 1_0_TO_'lll_. -o-p-eru-ae_MI,I __ -x-. _M.;..O_!I._eJill.;_X_c_.u;_e_JI&_T~~o6p'aa~ llOTeHil,HRJrum ~- Rm!1'll [3-5] 

, 20.Pm,epoc [2] HCllOJII,30BaJI S~ SHa'IeHIIJI ypoBHea OT)l;eJIJ>Hl,IX JIM RaJ< npu6Jmmemrn:e ypOBUH 
'JOIYX.aMHolt CHCTelW. Mu 6y.n.eu 'ucnOJII,SOBUh 6oiree TO'llllile SHa'IeHWI E, ~-

' - ·' . \ ' . " .. ~ - .• . . ' . . 

' 
J. 

' 
,3 

. \ 
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H ycJio~nii: cxariiio~3 l:l1;;, ( xi) ~ -2¼?/J( Xi} B Tex :me ,To~rnax .l(JIJI npo, · 
_ .ll3BOJUihlX -'Ip: ( X) ; : ,• , ',' . 

. A~}-,r,l/2 =-:-C,-;,e/li + B~e~~l/2 + 2½,Ae~~l/2; 
;.,Jj~~"'1' 2 = -C,-;,e_·;t1;i + Be"-112 "7 '2V2De.:.,,,r12 . . 

. . . . . . -

(7) 

:(8) 

Ilo.u.c;aBmiH A ~ D H3 ypanneanii (5,6) B ypaBHCIIHJI, (7,8), IIOJiyriaeM · 
. , -· . '·~--· . . . 

C(,-;,-Vi)-BVie"'1 =.0·, 
_ --CVie"'1 - B(Vi ~-,-;,) = 0. 

'1;. ,,• - . " •'·•· . 

. (9) .··. 

(10) 

Hy.rm )I.eTCpMHHaHTa :MaTpll:D;hl R03ql<pHTI;HE!HTOB ·,naii: CHCT~Mhl •,l(aIOT .. ·_ 
)J,Ba 3Ha~CHHJI napaMeTpa. K , i·1 H K2 ·. ll COOTBCTCTB}'JOIUHC :rnaqen:HJI 
yp~rnnett 3Hepr~H Ei H E 2: · - ' -·• 

"c'/, ·;V,,,.)_( .• TT)•· ;'V,~T -2,i' 
,-;, - · 1 K - vz = 1 v2e• .. _ • , - ' . . -

· II~perrm11eif (ll)n BH.ll.e 
_,, '· , ··-•-

V1 ; ~2,_.± ✓(fi--'¼_)2 {4 -t- ViVie2~1'. . 

cho ypamiemie JierRO peiIIHTJ/'IHCJieHHO. ,ll;JIJI, 6om,mHx I Mhl ~OlRCM ~:c xopomeii: TO'IHOC:rI,10 i,i{eJiaTL 3aMeny ~l = V1. H K;i 1 Vi 11 \~aJIOM 
: · CJiaraeMOM ~o.u. KOpH~i.t:11 np~BOH~'IaCTH ypa~HeH~i (l:2)_:, 

> .. _. ·. _. ; . _ _ _ _ --~ ~>.(l)-'::; K,x(oo)= 
I_=·( ....:1)>.-1{.Vi Viexp(-2V>,i)}/{J(Vi 7 Vi)2/4+Vi Viexp(-:-2Vil)} +: .. ; 

_.. -,,, - - , .·' .. ·, . . ·. . . .· " 

· : 3.u.ec1, :Mhl IlOJiaraeM it > -Vi; ECJIH' . 

l~:-~1+½ 
I 2ViV2 

. 1 "'' {14) 

ypaimenue ( 11) · HMeei ;uja noJimrui:T~JihHhIX ROpHH·, ~TBeqa10m11x ,zuiyM · 
CBH3aHHhlM COCTORIIHJIM. ,LI:JIJI MeIIhlllllX:, :ina'IeHIUt .1 UMCCTCH TOJll,KO 
o~o cBJia.aimoc' ·cocToJin~-~ B~. cnc.:i:eMe iayx .n:e.rrLTa~ HM.< 8TO HCHo H 
HIITYHTHBHO: ,O:JIJI .l=O. ;u3e .u.e~rn.'.a.Mhl CJIJIBaJOTCH' ~. OJJ:HY ;eJihTa-JIMy· 

• .'' - : •• - ' • ,. • • • -. ' • < ~ 

. 
33ni' CR3'll<H _npocro l)'Ony<In10TCJ1 npH ·i.nrerp11ponamm ypaBBemut .(1) • B. npeJ(ene H;;,,3aJOllte 

:_MaJIOro_ l!HTepB8Jl1l HHTerJHipoBaHHJI B ORpeCTHOCTB TO'ICR X =~it H X,; ~2• CM. TaIDRe [3,4j. .. . 

/ 

\: 
,< 

,. 
l 

-~,,_ •.. ·., . ' 

f 

1-

.'1_ 

' 
' t'Ji_·• 

·Jf 
j_ 

_,.,---· 

C MilO}I{llTCJieM Vi + Vi (cyMMapii:on cm1cii1) li'O,llJilfM CBJI3aHIIhlM co-
' CTOJIH~e~ (n ll30JJilponaHHOtl: )I.CJihTa~~MC.MOlRCT .fihlTI, .TOJibRO O~IIO CBH.: ·. 

3aHIIOe CQC+<iHUHe ). · B lll)C)I.CJIC 60JIIillIHX paCCTOJIHHH 1 MC.IR,!zy 'irMaMH, 
3Heprnn cnmmmn,1x co~TOHI~ttii,rrpri6JJnffia10Tcir K 3~aqenHRM no'i,ue~-

_nhlx JIMax C 3RCIIOH~IInttaJII,J]Q MaJihlM~ rioupaBRaMH.: . . 

K; ';= ¼/2+ 4 ViV2 exp[~lV i] . . .· · 
: - : . . . . /' - .. , ~ '"':. 

,LI:JIJI' OTIIOlIICllllJI. Ro'3cp<}rnnnenTOri D;/ A,, 'K,.OTOphle rny~aT 'MEipon OT
HOCHTCJII,HOH nepORTHOCTH rraiirn ,'tJ:acimzy B6Jill3ll. JIM ·2 · H 1, Mhl. IIOJii 

'• • , '\'. < • ' ,, 

qaeM: · • ,· 

· D_. 1Vi(;~;:,i~ 1)·+2~· -' ·= el<i . . . ' 
Ai \ .·· 1 2hi -, 

.. _._· - ·, (ViViV:1) e~~l -~ /..(JJJI OCHOBHOro COCTORHHH, · . . 
. {. ; ' ·. 2 •, . 

= ·. · · · · · _ . . , . .., (15) 
'·. . ,( Vi ~v, }7e-'-"'21 

' )\JIJ!' li036,Y»m6unoro cocjoJIHllJI . 

PHnepoc. [2] CTpOHJI DOJIHOBOH naReT ll3 neB03MYIIiemmx cpynitr~llfi 
B H30JillpOBaHHhlX siiiax: ' ,/ / .. ' ' ; : / ·_. ; . --: - . - . 

. . . - :-'' - ,.,,, .·· ?< ' ', -
· / · 'W(x,t) = co(t)it>o(x)+·ci(t)</>1(x),. ··( 16) . 

, \ . . • . , . ·a •. ·, .... _, . .· . I , -- ·-.;. . .~ • - . -_', , 

a, R03cpcpnnHeHThl co(t) H c1(t) HaXO)I.JITCJI IIO)I.CTaHOBROH {16) n ypa~ 
BHCHHe lllpe,ri:imrepa C ~peMeuuott aaBHCHMOCTLJO ' . ' 

. .. . 

i~d:lH'w. ./ (17)' 

H:i-aa neopforouaJJI,HOCTil HCllOJJ1,30BaHHhlX P1rnepocoM 6'a3HCilhlX cpy~-. 
IU\llii mfay•1enHaH. CH~T,CM~ ,l(IicpcpepeHnHaJII,IlhlX ypa_B;CHlfH .UJIJI Co ( t) . 

'' H ~i ( t) '. ORa;aJTac1, CBJI3clllllOH.. vi'xoTJI llHTerpaJJ n:epcuph!TIDI HeB03,: 
Mymennn1x 6a3HCHhlX cpyriitnnit, oupe.zieJmmn:iHii :ny CBH3h; .MaJI nirn 
6oJri.mnx 1, 3a 6omm~e BpeMJI naue-i- Mor nepeMCIIJ,~ThC.H H3 b,D,noi1 ~Mhl ' 

, B ,ri:pyry10 .. B .·cJiYq?e }l{e TQqHJ,IX ~~BY5IM!Jb!X .• • pem~mitl: :Tal{aJI CB~3I, 
: paBna CTp,oro IIYJ,UO, 1'paBHeHHJI' }\JIH. Co ( t )- Il C1 ( t) pacn,emUIJOTCJ[: ' 

·. ico = Eoco • • .. 

ic1 = Ei•c1 . / (18) -

Ta« qTQ BPeMennaH 3aBHCllMOCTh c1, c1· TCJlIHO onnc1,rnaeTCJI ct>a-
aoB~lI/MIIO}I{RTCJIJIMH exp(-iE~t); , ~XJ)(-iE1t), ne MCHIH'omnMH a6-
COJIIOTHblX-3HaqeHUH , 3THX noJIHOBhlX tpynKnnii, B OTJIH'!He ClT'.f>nnepoca, . . ' - . . . . . . . . 

' 5 ::..._· 

', 

/ 



' I, 

; I 

[2], /KoToporo 3TH J{63~cpq>Hil;J:IeHThl OCil,.0JIJIHpym1· ~() MC>.QYJHO _6;,·Hym( 
.u;o HeKOTopott MaRCHMam,nott BeJIIf'IIIHiu IIO 3aRony: · , · ,. , - - . ., 

-1 ·c;(t) 12~ [1 - cos(~t)], (19) 
r~....-· 

r.u;e s - neRoTopaH Roaci'anTa.' 
B 11arneM , cJiyii:ae_ ( B 'ToqiroM pemeHHH) . ~ ., JIHHettnoii - KOM6~na1hrn 

(16), ,06pa3y10meti: rra1{eT, o.u.na qJi:err ·n mo~oii H3 .u;em,Ta-HM ·11pn 6o;i1,
. rnil:x I n· paannn;e B ·ypoBIIHX, Bcer.u;a-- oniocnTe.iJ1,no MaJI H ne' MomeT 
·,. CHJIJ,HO· ll3~emrii.. ~CIO \li(x, t): IT~cJie.u;nmI 'cocTOlIT narna,Buo.tt·•iacrn· 

( CTQHqett BO~Hhl n cooTj~CTBYIOmett HMe ~pH 6JI~rorrpnHT_HOll 3Heprnn) 
·.c· 11a~OH rrpHMCCLIO, "caMOIIOraiiien~oro". XBOCTa .z:IBYSH,~HOii · BOJIHOBOii. . 
cpyn;{IJ;HH B }Wyr~tt HMe, -1'.l(c UIHI HCIIO,ll.XO)I.JI~l.leil. 3~cprri~ 'cymecTBoBa-
HHe CTQHqe:tt BOJIHhI 110.u;aBJieHo: J13-3a 11ecoima.u;awmnx q>a30BhlX Bpef 
MeHnhlXcp~RTOJ)OB.exp(: ... .-iEnt) B .u.ilyx q.rrenax·mmeiiHoii ROM6nnanm1· ;··•, 

'npH n/pe3ROH Jtecop·a;Mepiio~TH IIPOHCXO,lVITJllllllI, 'cJia5Lie ROjie6amra' 
BeJIHqHHhl nai<eTa B RaJMOii na HM, · · · · · ·• · . '.~ : : . , 

_ . 1 . Omii6Ra 'pa6oThl [2] COCTOHT B TOM,. q-ro CBJ13aHHhle COCTOHHHH OT: : . . 
. . .ZJ;eJIJ,HhlX ,u;em,Ta-HM\JIBJIJIIOTCH He,lJ;OCTaToqHQ IIOJIHhlM Ha6opOM' ,l(JIJI , 

·~. 'ripaBHJIJ,IlOro onn~aHHJI HBJieUHJI Tynne;µrpo11aii1ra ll3 O)UIOit HMM B .u;py~ · .. 
ryIO. CJie.QYH .110.u;xo)iy Pnnepoca, IIYlRHO 6hlJIO 61,1:_pacmupHTI, 6aanc ' 
COCTOHHHJIMH. HerrpephlBHOro crreRTpa, HO_ 3TO, c,u;eJiaJIO 6hl, era pacqen,T • 
Tpy,ZI:HO.BLIIlOJIHHMhlMH; .- •. .. .. . . . ' ' 

·3 

. ' ,, ,.- ~ . ' _, - . -- '-[ .... ' 

'tI1Phlli{Rl1" • BOJIHOBhI:X-· .. ITAKETOB. 
'4EPE3 .. HMhI' 

EcJIH nocepe.u;nne MC}I{Jzy .l{BYMJI o.u;nnaROBhlMH :UeJILT8.-HMaMH IIOMe~.: 
. CTHTL TJ)CTLIO, yponemR<'.iiopott paCIIOJI01Kef;ta)IeRO ~T .1zy6mfra ·nep~·· 
. BLIX .LI.BY~, ,To . noiiu~nbic · ·cpyHRIJ;HH • .QY6JI~Ta 6y.u;yT "1KHTL'.' B: Rpail:aiix 

HMax; a B- cpe,zuiett OKaJKJTCH rrpenclipeJKHMO MamMn( CM. pnc.2)l 
' I1aKeT, llocTpOeIIllhlil: H3 _cpynR.a;H:ti .QY6JieTa ~~o,u;nHaR<JBI,IM. BecoM, , 

7 • '6y,z:i;eT, mtli H .. B OT~)'TCTime , Tpe;1,eti HMhl; "oc.a;HJIJIHponai'1," MeJR.QY 
.• · Rpai1HHMH 1IMa1rn: JIORami:iyJICI; nocire~oBaTeJII,HQ TO~ O,lUioil:; TO n .u;py- .. 
· rott, ;,·MHHYH" ~pe,u;~IOIO JIMyi B .u;eUcTBHTe.111,iio~TH noJI~OBhle IIC>T?RH·•·· 

.. 6y,n:yT ripoxo.mi!b . ( ripocaqniiai1,CH) 'qepC3 H~e, ·. no. HC3a~eino, Biin;zy · 
MaJIOCTH n ~pe,n;neii. o6Jiadn cpyii~Hii, c6cTaBJIJIIOfu~x II;Re~~· . · : ; . 
.. AnaJiorHqHoe HBneaHe 6y,z:i;eT >a B 6oJiee o6meM, CJiyqae •. He.n;aBHO ... 

·. 6hIJio·nmcneiio [6], tJTo npii c6JTH1kemrn ,tinyx ypon.Heit·cnHaanHLIX .co::. :_ · , . .. ~. . .. -• ... ·:. . ,c·'- .· ··. ·,. 
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CTOHHHH nponcxo,u;nT paa,u;eJieHHe HX BOJIHOBLIX q>yHRIJ.Hi1 Ha .n;BC qacm; 
l{OTOJ>LIC JIORaJIH3JIOTCJI BO BCIIOMorareJILHhlX HMRaX iro o6e CTOpOHLI OT 
ncxo.u;nott IIOTeiI.a;naJILHOll JIMhl ( ROTOpaa npn 3TOM necROJILRO .u;ecpop-:· 
MHpyeTCH), . <!>yIIRil,HH,_BhlpOlR,lJ;CHHhlX1 COCTOJIHH:ti (.zzy6mrra) ,ll;OJilRHhl 
6hlTL ~ BC3.ZJ:e JIO MO.QYJIIO 6JIH3KHMH .llP)'r K .llPYIY KaK pemeHHSI .... o,ro'Ioro Il 
TOro .H{C ypaniieHllH .lllpe.u.irnrepa C IlOlJTil o.u;noit H.TOtt }KC aneprne:il:. 

. ,· . ', . . 1· \ .. 

~Yct ½:: 
( 

- , C;< . ~ . - ~'-.: ,. I ' 
, ~ 5 ' t ' ==-- -- -:- '"'.' -:: ~ /G t:;.! . ·. . ' . ' . . . .. 

·, , 

, \· • ' ·' • •, ' ·. • < C \ • < . •' ' ' ' 

. P11c.2 Tpdl!MH3SI -CHCTella C ,ll,IIY!IUI OAJIHa~OBIU[li 0-JIXIUIH. no IlpUK ( C A)'6Jiero~ yp~ 
BHei Ei', E2) 11 OA]loll.OTJIJl'IHOJI JIKOli nocepeAJiHe c 6oJiee 11.eJIRHI(' YPOBHeK' .2!;3, BOJJHOBHe 
q;yu~11H 11Y6J1eta 011eur. ·KaJIH B'cpe)U{eK,K1,i:e. Ec..'Ill 1uuxx CAe~aTr. :iwJJBoBol naieT, ~o · 

OH 6y.l{eT, ll&R II B CJiy~ae pBc.1a·; nep.HO)I.B'IOCIIH ua'p~xem;aT'i.c.a H3 OAJIOlt,RpalB~ll Jll(i.B 

Apyryro,:~IIH)'.~ cpe)J.H~>IO (!}- _, cpaBnilco c~y11a~K J[)[ ROBe'IB~I mxp~HH_ ua p~c 6. H3 

. pa60Tli. [8], ~ ··-· , :> 
. -~ ."" .: ,· -- ' . ' : - ., . - . ~. /· '. . '~•'" -:.: ,.-.; ,._ •Jf~,--,· 

Ho i ~THX cpyHKIJ.Hii qHcJio Y3JIOB , pa3JIHqaeTCJI na e.u;nnmzy; · q To61-1 . 
<l>YHKIJ;Hll jzy6Jie-ra·, TeM He Iienee, 6hlJIH 6JIH3IIHMH: Ollf.(B IJ,Emipam,nofi: 
o6nacTH (B H~XOl{HOii JIMe)<>Ra~hlBaIOTCJI CJ;qeHL ~aJILIMH (B npe,neJie nf 
JieBoii. aMrimITYJUil cpannniJaIOTCJI',lJ;a1Ke c.oBceM nenoxoJRJie. cpynRIJ;Hn) • 

. ' . \ ' - , 

4 - PE30HAHCHOE PAC.CEHHI-1$ HA ,LJ;BYX_· 
.,[(EJihTA~JIMAX l1.Jll1·13APhEPAX··, :_,, 

·- ',· ,i . -- ' .- '• 

. ,CpaB~HM,HBJie.Hne_pe3oHancoB )];JIJI. Toqno peinaeMI>IX MO,ll;eJieit na·:uo: .. 
.JIYOCH r (c o.u;nott .n;eJILTa~rieperopo,u;Ro:lfV8(r - a) R Ha ncett OCH x:• 
C ,ll.BYMJI '. ,nem.Ta-neperopO,lJ;RaMH. Ha• IIOJIYOrn · ( C nyJieBLIM KpaeBhlM .. 
-ycJio~neM .,n· nyJie)-nMeeTCH .. mnm o.u;no ,cpyn,u;~e:i:i:Tam.noe, perne~e· · 
. npH JII06ott aneprmi:. Bee ocTaJThHhle cpnanqecxHe. pemeHHH OTJIHqa-7 

' . . ' . .., . '~ - ·-

/· 
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JOTCJI OT Hero .mnin, TpHBBaJihlILIM uocTOHHHiiIM MHOJRHTeJieM. Hi»mntt ,_ , . ,_ . -'' . - ' 

peaouanc B 3TOM cJiyqae oTBeqaeT 3neprm1, Ror,n:a c1:1uycon.n:am,uoe 
pemeHHe BIIJTpH MHJllCHH )J;OCTHraei ,ll;eJlbTa..:cTeIIRH upell{)J.e, qeM 06- · 
pamaCTCJl B HJJII,, r,n:e 'no pemenne JmMaeTCJI ( CKatJOR IIpOH3BOl(IIOit 
.n:o HyJIH) B cTOporiy·oT ocn r n c _c:paaott-i/2 Bhlxo,nnT no nll~~uro10 · 
o6JiacTL: Ilpll 3TOM rroeyqaeicn MaRciIMyM aMIIJIIlTy;ZJ;hl BOJIHhl.BHYTPH 
MHmenii [7] (cM. pn£.3). · · · · · · ., ,. 

>y I ':fl{ r) -v~ r. ·1 • ... 
. "" . I d t><,-cy 

t' ·" . -
I 

,· 

Pxc.3. BonH~Baa <pyH«nu.11 pesona.Hcnoro pa~ce.11uu11 Ha o-6ap1,ep~., Maxcuy11 a.xHnH
TJ'AU <pyHR~HH BHYTPH nmen11 n~Jiy11a.eTc11 npiI ·~yJicaoii npoH3BOJUI01i ~npaaa OT,6ap1,epa: 
BHy;peHHJIJI cpy11ii1.11111 llpeTepne~aeT, H3JI0.II Ha Il0TeH»;HaJILH0II neperopoAJ!e; nepexo~ B 

. , '' . ., ' . ,' . ~· . - , , ; . . , . , . 
ropH30HTaJILH0e Il0JI0IReHHe cnpaaa OT nee. 

J. 'H~.Bceiiocn·~~ee;taiill~ ~;H,naMeu'iaJI~~hlx pemeHIIH·;u1ia ~inn. 
cos. ,D;JIH o,n:uoro Ha aiix,· cnMMeTpntiHoro OTHocnieJILHO neHTpa iin
mean (,n:Byx o,n:nriaKOBhlX ~em,Ta..:6ap1,epon) MaRCHMYM aMIIJIHTY/thl BHY
Tpn MlllIIeHII 6y,n:eT rrpn 3Heprnn, Ror,n:a cpyrrRQHH BhlXO,D:HT 3a 6apLepbJ 

. B o6e CTOpOHhI ropH30UTaJihHO, KaK 3TO 6blJIO Ila UOJiyocif cupana.:' 
, Ho IIJ)H TOU JRe 3Heprnn BTOpoe He3aBHCHMOe pe~enHe 'o6parnTCH na . 
O,D:HO:li H3 CTeHOK B UyJih •.. flp:iI 3TOM OHO He. CJIOMaeTCH ll BOfi,n:eT B 
MHllieHb c TO ii me .' aMIIJIHTy;ioii, 'ITO O :u:; BO nnenrneii . o6iiacrn: 3nalJHT' 

. . peaona HC iia • nceii · OCH .He MOJKeT · COOTBCTCTBOBaTL 'i.taKCilMYMY ·. a:u11iur- · · 
TY.UIJ o6onx. c:pyH.n.aMeaiam,IIhI£p~meantt n o6Jiadn _1,I_IIIIICIIH. ·· , 

' . t 

5 HETO"l.JEl:JHhIEJIMbI 

PacCMOTp~M 'AJ3e B03~0JRUO H HepaBHh!e ·110TeHJJ.Ha~Hble HMhl, ,_B O,D:HOH .. 

na.Roiop~x · OMH · YP~Bellb COBIJa,n:aeT ·c Ka;tHM-Jm6o ypOBHeM ,n:pyrott 

. HMM, ~or.n.a :3Tll _ JIMhl ~30JJnpoBaHLI. . E~JIH C03l(aTh JIB)'~M~Y~ . . ·cn

c1:eM/ (cM. p1:1c.4), T~ rrpn 6~Jlhlll0M paCCTO~IlHII MeJK,n:y~JIMaMn 6y,n:C'l' 

~ • rr~pno,nnqecKoe BO BpeMeHH uepeT(!Kanne BOJIROBOro' naiiCTa H3 o,n:noii: 
. \ . ... . ', ' ' ' : , 

HMhl.B l{pyryro. 1 

8' 
"· 

..-c· 

,\' 

·:--.. 
•fl 

MmKH0,6bIJI0° 6LI np;;IIOJIO~nn, qTQ B CJiy11ae Tpex JIM.C'TPIDI<,ZU,I 
: Bblpom.iicHnhIM ·YPOBHeM naReT. 6y.zier noc.rie.iJ:oBaTCJIJ,HO rrepexo.n.nTL. 83 :: . 
<>}.(Hoit HMM a;coce.n:ri1010 •. O.u;naRo · 3TO irnTaR, B qeM MOJKHo y6e,nnncJI 

, c·.uoMOll{:bJO pnc.5 B3 [Sja 'MomIIo C03.ll.aTb BOJIHOBOH DaKeTH3 Tpcx 
· q>JHKJJ.Hti, 6.miaKHtt K HYJIJO ii o,nHoit H3 HM, HO on 6y;n;eT cnn1,no QT.ififqea · 
OT IIYJIJI B .n:BYX· ,npyrnx. , . . . . . .. .. . 

a ~ ' ' • ~ ' •, 

~-
V 

l 
y· 
-,_· 

'.3~~--,:- · E_ ~~-~J..:.r .. ·. · :r ~r ,~ 
7 :..;...= 

PHc.4 ~ysn.'iHaH CIICTe/118 C D~'fTH BLIP0lll,l{eHIILIIIII ypoBHJIIIH BToporo' JI Tpeuero cO,: . 

~.11Hull.' Il~11.eT H~ t[,~;; ,J,j ,1tOID!leH ocl(HJIJ111ponau 111eJRizy. ,11By.11~ lllllBIIH (~pona,1ta.ii a o,IU!oll-;-. 
I~.llll B ll,0.IIBJIJUICL ~ ,11pyrol). · , ·. . •. ' • 

> 

'I 

f 

.. P&c~5 TpelOIMHasi CHCTe.11a c no''l~ll 111,1pom,1teuu.w.11• '.-rpe1U ypo11H11.11B n 
RllB; 61,1 iio.11611HB.l(J1I «l>Y~:imill 11i.i ue. 111,16paJ111; He '.YA~eTCll saiiyJIBTI. ·BOJIH 
~yx J111ax,.c110~1.1enTpHp.~BllJI e~ B:OAHOI. KS a.i; ' .' . 

. ', .. 
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' ' :Ha pnc:6, H3 p;60TLI '[8]. npe.n.cT~rnJi:e_u .cJiy_q~:tt c6Jlli}RCIIIDI ;Top_oro 
H TJ)CTI,ero ypoBHcii B. TpexsrMHou cncTeMc. 'Bu.n.uo, BTP H3 BTopoii:' II 
TpeTJ.eii cpynKIJ;idbwnum nocTpOHTi. na«eT, Iioiop1,1it 6y.1J.eT nepexo.n.Hn; 
H3 o.u.n:ott Kpattncii JIMhl B .n.pyryio, "Mnnyn" cpe.n.mo10, cp. e- 1inc.2.- ·. 

- . - ...... _ . -
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Pac •. 6. · TpexsiM~aSI cxcrex~ ·c· ,11,Byxa · no'ITH BupolfiAeHHHIIH. aos6ym,11,eHH11.1111 · coCTO&HH~· 
. ... __ . 

•••• i 
. . . ,. . ' . ". ' 

06paTiITe BHHMaHHC Ha TO, 'f{T() IIOJIHOBM. cpyHKQHJI ,BTOporo COCTO-
JIII:HH IIpaKT)Iqe~KH'H.C1le3aeT B cpe)J.IIefi aii.e, r.n.e:y, HC~ yaeJI H ,r)J,e OHa .. 
c' ToqHoC~J,IO ·.uo ~IIOCTOJIHHOro MH~JKHTeJIJI' .n.oma• 6IJJ'ra 6hlTL; itai{ p~- • 
meHHe ypaBHCHHH Illpe]urnrepa B TOM }l{C JlHCIIIHCM IIOJie,n:p.e: TOA mf' 
uoq'TH <meprHH, IIOX01KCi1 Ha TpeTbIO qJJHRQHIO, .He HMCIO~YI~ ·. JjJia B · · 

•· QeHTpe (B .zian:HOM CJiyqae TaRoii Mll01KHTCJIJ, IlO~ITH pa1~H HJJIIO) .. ;LJ;Ji:JI 
; c.e:mHo pa.3,11,eJienHhlX JIM 3TH. MH~JKHT~JilI i.wryT 6IJTL pa3.HiiIMII '1! , pa3- , 

,,' HhlX JIMa.X; ITocKOJIJ,RY Bblpom.n.enH~ Iie -roqnoe, Bee 3TH COOTH~IDCHHJI 
· · '·Bi.mo~HJIIOTCJI npH6JIH}KeHno. · · · ·· · · .· · · .·. · 

· ABTOphl 6.ii:aro.ziapHhl B.M. Y:a6aHOBY 3a IIOJle3Hlile ,l(HCRycc:e:n, lTaKme 
P<I><I>H 3a qacTHqnyio. cpnnaaC:crn'y10 ·II0,1],,11,Cf>mRY (1.1poeRT N 94~02-. 
04788).",. · · . · · . . . · ,· · . ' , · . . 

_,,.. 

.6 ,IlPHJIOfilEHME 

(Ilpe'o6paaoBaHHe ypaBHeHHH IIIpe.nulire;a c ·o-iioTe~riria.noM 
B ypaBueuue' C ~ec_HH;yJIRpHlill.F1,10TElHUHaJI~M) ', 

. ' ', ' ' ,\ . ' ' ' . . ' ' ... ' ' ' ' 

·.n:~ IIpOlI3BOJILH~it' cpynxnmi :u (s) '-Y,11,0BJleT~opJIIO~ea: . COOTHOIDe~ 

10 

'· ~ 

,· 
'1 

---- -... ., 
HHIO •,. 

+oo • , .. I (J ( s Yds. = J , · (20) 

-oo 
- . . . :,->,,,. 

BCpHa cpopMyJJa ~JIJl ino6oitq>,YHKIJ,llllf(x) 
✓- ,, • • • • 

' ~ 

f +. 00 /~:p) u(! )dj; ~ /(o) rrpn_t ~.o. 
' •' ( . f . ' ' ·- . 

(21) 

-oo 

To ecTi. ' .. 
'1 x· · · · ·.... . · 
._-lf(:-)·=-+·b(x) :rrpn·c_~.o .... · 

t (, ' ., ·• 
(22) 

· · I1o3TOMY ,11,ciJDR~LI 6hlTI, 3RBHBaJieHTHhl ,1.J;Ba yp·aBHCHIDI Illpe,11,uri~epa Cnpn-:-t:~.:..+of . •. . . . . . . . ' ·. ·· .. 

1 'd2 · · .' . ·.• .·· ·, -,: . 
. {.,---· +· V o(x) '-E}'if,(x) = O; 

.. ··2dx2 . · · · . .· 

. 1 d2 •• V X . ',.· ·.• '. ~ . ' '·' 
· {--'--.. _· .+ -P(-':) -'-'E}tj,(xr:::;· a rrpn t~ o . 

2 dx 2 . c · c · · .•.· . · •.• · ~- ~ ,_ ' . , . ',' . " 
. ; 

. ,:.:, 
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