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1. BBC,!J.CJIHC 

. ·cpeJU{ 60JibllIOro pa:mrio6pa:nrn pa6o'i'-rro Hj!HTIJOHHOH_ oirru:ke HeCKOJibKO . , 
. oco6oe iroJio.JKem1e 3aHHMaJOT · nceJie,n;onaHmI B3aHMo,n;eficrimi: _HefirpoHoB. c -· 

-- ftBIDKYIUID.fl'!C5I o-6pa3UaMH (2-9]. _Oc~OBHbie pe3yJibTaThI.3THX pa6oT CBOMTC5I-K _ 
.cJie.nyJOmeMY, IlocryrraTeJibHoe p~BHOMepHoe ,n;nH.JKe1rne 06pa3ua rrpnno,n;HT K 
H3MeHeHHJO qJa3bl ~porneirnefi BOJIHbl. HcXOM -H3 o6i_nerrpHH5ITOfO 3aKOHa 
,n;Hcrrep<::HH Heii:rpoHHbIX noitH B Herro,n;BH.JKHOM'Bemecrne (10] · 

- - - ,' 2 2 - -- < · - . - -

,ki := k 0 - 41tpb, b_ = const, (Li) 

r,n;e p .-: rrpo~aH~BeHHM IlJIOTHOCTb -pacceH~aJOIURX' 5!,l{ep B Bell(eCTB~, b -
'cpe,n;IDUI, no ofrbeMY _HX KOrepeHTHM .zinnHa pacce5IHH5I, lcj H ko - _BOJifIOBbie 
<incJia ttef1rp0Ha ·a· cpe)ie ii' B _BaJ<YYMe coornerCTIJeHHo, Jierirn rroKa3aTh, qro · 

--~rairne· _H3MeHeHHe cpa:11,1 __ HMeer Mecro roJibKo _ 3a cqeT, ,n;nH.JKeHmr roamru 
nemeCTBa. Ilo3TOMY tta6JI10,n;eHne qJH3ttqecoo. HBJieHnfi, BOJHHKaJOIUHX _rrp11 
,n:BIDKeHHH o6pa3ua rreprreH,n:HKYJUIPHO HarrpaBireHHJO .l{BIDKeHmI HeHlJ)OHa, 
CBH,neTeJibCTBOBaJIO 61,1 0 HecrrpaBe,nJIHB0CTII 3aKOHa .l{HCIIepCHH (1.1) [11,12]. 

Xoporno H3Be_crno, 'Iio crreuifqmqecKHif ·3aKoH ,n;ncrrepcmi (1.1) II03BOJI5IeT 
OIIHCaTb B3aHMO,n;efiCTBHe HeHtpOHa CO cpe,n;oif C IIOMOIUhJO ee 3qJqJeKTHBHOfO 
rroTe~HaJia (cM., HarrpHMep, (13]) . · · " ' ' ' 2·· 2 -, ' -

. rc!i - ... 
;U = -_-pb., -(1.2) 

I m , • 
, 3TO _ yrrpoma10mee _ 06CTCmTeJib~O, .: - a· TaK.JKe; cymecTBeHHO 

HepeAATHBHCTCKHH xapa19'ep rrpo6JieMbI II03BOMJOT paccMarpm~aTh 3a,n;aqy ·o 
-B3aHMo,n;eHCTBHH HeiITpoHa c p;i,BHOMeptto -.nnIDKYIUeifcH . cpe,n;ott, kaK <iHcro 
1arneMarnqeceyro. B YKaJaHHI,IX yc.rrOBlUIX .rinH.JKeHHe nemecTBa C IIOCT05IHHOH · • 
CKOpOCThJO V=const HHKOHM --o6pa30M He CKa3bIBaeTC5I. Ha 'qJH3HtJ:eCKHX 
rrpoueccax, _qro '.H _rro,n;TBep)IQJ:aetc5I. OIIhITOM .• IlpH 3TOM -Ii3Mf!HeHne. qJa3bl 

. BOJIHbl, rrporne,n;rneif qe_pe3 .l{BIDKYIUHHC5I o6paieu, 5IBJUieTC5I e,n;HHCTBeHHbIM- a ' ' 
IIIJHHUUIIe :Ha6mo,n;aeMblM HBJieHHeM. 3ToT BbIBO.l{ rrpe,n;CTaBJI5IeTC5I oqeBtt,n;HbIM, · 

I . . , - . .. ~ , ~ . 

IIOCKOJibKY KOHetJHbie peJyJibTaThI He · MQryT BbIXOJU{Th 3a paMKH _ H3BeCTHOro _ 
raJIHneeBCKOro rrpeo6pa30BaHmI BOJIHOBOH <PYHKURH IIpH rrepexo,n;e H3 0,l{HOH 
HHepu»aJibHOH CHCTeMbl OTC'Ieta a·,n;pyryro [14]. ,, · 

3aMeTHM, . - qro' H3yqeHHe ' . TOJibKO CJiyqa5I paBHOMepHoro .l{BH.lKeHmI 
crroco6CTBoBaJIO noHBJieIIBio 06Maffli:i1Boro nrreqaTJiemrn, 6y,n;ro 61,1 HeHTpOHY _ 
B006IUe ,n;ocraToqHo BbIHTH H3 aemecTBa HapY)KY, qro6bI o6pecm rrpe.JKHee, 
rrepBttqHoe 3HatieHHe. ero 3Hepnm. Ha caMoM xe ,n;eJie, B c1rny 'npHHUnrra 

: fanHJie5I·, -cnyqait. V=const CJIHIUKOM crreumpH'ICH. -B ueJioM .JKe · rrpo6JieMa -
roam.10,n;eifCTBmI HeifrpoHa c · ,n;BIDKYIUHMC5I nemeCTBoM _H3yqeHa He,n;ocrarotJHO. 
- . Ilo-BH,n:HMOMY, - BOCIIOJIHeHHIO - TaKoro rrpo6eJia IIOJIO.JKHJia HaqaJio· 
.He,n;aBHAA reopernqecKM pa6ora KoBaJibCKOro [1]. OI-i_· paCCMOtpeJI BOIIpoc 0 

-, npOXO)IQJ:ei1iiH HeHtpOHOB , qepe3 MarepHaJibHbIH · CJIOH, .l{BIDKY!UHHCH C 
ycKopeHHeM:- "AneJIJinpy5I rJiaBHbIM o6pa30M KO . BpeMeHH pacrrpocrpaHeHml--­
HeHtpOI-IOB OT HCTO'IHHKa .no ,n;ereKTopa; anrop rrpHUieJI · K. BbIBo,ny, 'ITO Ha 

- BbIXO,l(e H3 _IIJiaCTHHKH HX 3Hephrn QTJittqaercH OT HaqaJibHOH Ha BeJittqHHY 
~ ' ' , - ' , - " - . . 
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~£ = mWL(l - n) . (1.3) 

3.n:ecb m - Macca Heil:rpoHa, W - yci(OpeHHe rmacTHHKH, HarrpaBJieHHoe rro 
CKOpOCTH Heil:rpona, L - TOJIIUHHa rmacTHHKH, n _; IIOKa3aTCJih rrpeJIOMJieHmI 
cpe,n;bI, paBHblH IIO onpe,n;eJieHHJO 

k, 
n=-'. (1.4) 

ko 
Borrpoc o q:,a3e Heil:rpoHHOH BOJIHhl, nporne,n;rneif 1Iepe3 ycKopeHHbIH cJioil: 

nemecrna, pacc1rnrpunaJic5I B He,n;anHeif pa6ore [15], o,n;HaKo B03MO.lKHOCTb 
H3MeHeHHH 3Hepmn neil:rpoHa B HeH He o6Cy)IQJ:aJiaCb. 

B HacroHmeif pa6ore reopeTH'IeCKH paccMarpHnaercH rrpo6JieMa. 
B3aHMO,n;eHCTBH5I Me,nJieHHbIX HeHtpOHOB C IIPOH3BOJibHO .l{BIDKYIUHMC.H 
IIJIOCKOIIapaJIJieJibHbIM CJIOeM nemeCTBa. fJiaBHOe BHHMaHHe y,n;eMeTC5I norrpocy 
06 3HeprerHqecKOM crreKtpe Ilp0B3aHMO,l{eHCTBOBaBlllHX HeHrpOHOB. 

2. Ilpoxo1K)].eHHC neii:TIJOHOB 11epe3 ,IJ.BJDKYIIUIHCJI CJIOH nemecTBa. 
K.JiacclI'IeCKOe paCC!'tlOTpCHIIC 

Ilpn B3aHMO,l{eHCTBHH C IlpOH3BOJibHO .l{BIDKYIUHMC5I nemecTBOM HeHtpOH 
Haxo,n;HTC5I B rrepeMeHHbIX BHellIHHX ycJIOBmIX, H 3a,n;aqa, Boo6me ronop5I, 
HBJI5IeTC5I HecrauuoHapHOH. CooTBeTCTByJOIUHe KBaHTOBhie 3q:,q:,eKTbI MOryT 
6bITh BeCbMa 3Ha'IHMhlMH. B qacTHOCTH, B pa6ore [16] paccMorpeHa 3a,n;aqa 0 
pacce5IHHH qacTHU Ha OCUHJIJIHpyromeM B rrpocrpaHCTBe IIOTeHUHaJie. 
KBaHTOBbie 3q:,q:,eKTbI rrpn orpa.JKeHHH HeHtpOHOB OT OCUHJIJIHpyromeif 
IIOBepXHOCTH Ha6JIJO,L{aJIHCb B 3KCIIepuMeHTe (17]. 

0,n;HaKO nee 3TO OTHJO,L{b He l[CKJIIOlJaeT H B03MO.lKHOCTb KJiaCCttqeCKOro 
rro,n;xo,n;a K ,n;aHHOH rrpo6JieMe IIPH co6JIJO,n;eHHH orrpe,n;eJieHHbIX YCJIOBHH. 
KJiaccnqecKHe 3q:,q:,eKTbI MOryT ,L{OMHHHpOBaTb, rrpnMepoM lJeMy HBJI5IeTC5I 
pe3yJibTaT KoBaJibCKOro [1]. 06 3TOM CBH,neTeJibCTByeT Bbma,n;eHHe IIOCT05IHHOH 
IlJiaHKa H3 ero pe3yJibtaTa (1.3). IlpnMep rmactttqHoro rrepexo,n;a KBaHTOBoro 
5IBJieHmI B KJiaCCHlJeCKOe rrpH H3MeHeHHH qacTOTbl HJIH aMIIJIHty.l{bl BH6pauHn 
HeHtpOHHOfO 3epKaJia rrpHBO,L{HTCH B UHTHPOBaBllleHCH Bblllle pa6ore [17]. 

Ilp05ICHH'.fb CHtyaUHJO H HaHTH YCJIOBHe npeHe6pe.lKHMOCTll KBaHTOBbIMH 
3q:,cpeKTaMH IIOMOraeT aHaJIOrmI C o6bI'IHOH KBa3HKJiaCCHKOH. IIIHpoKO 
H3BeCTHO (CM., narrpnMep, [151), 'ITO B COCT05IHmIX BH,na 

i J k(x)dx 2 dk 
'I' ex: e , [k(x)] >> - (2.1) 

dx 
<PYHKUmI hk(x) HMeer c YKaJaHHOH TO'IHOCThJO qJH3HtJecKHH CMbICJI Mecrnoro 

HMIIYJibCa qaCTHUbl. IlocJie,n;HHH orrpe,n;eJI5IeTC5I ror,n;a ,n;HcpcpepeHUHPOBaHHeM 
q:ia3bl BOJIHOBOH <PYHKUHH IIO rrpocrpaHCTBeHHOH KOOp,n;HHaTe X. fio,n;o6Hhle Xe 
coo6pa.JKeHJffi OTHOC5ITC5I H K npeMeHHOH 3aBHCHMOCTH. Ilo BOJIHOBOH <PYHKUHH 

rnrra 

Oln,u::1,n, .. i.l 1;~.d_. rJT 1· 
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, -i J ro(t)dt 
'I' oc e . , (2.2) 

KOTOpruI C Jl3BeCTIIOH ToqHOCTbIO peaJIJl3yeTCH 061,JqHo Henocpe.nCTBeHHO 3a 

,ll.BJDKYIIIHMCH MaTepJlaJIJ,HblM CJIOCM, MO)KHO aHaJIOrJlqHJ,IM o6pa30M 'Haii:TH 

nepeMeHHYJO qacTh 3HepmJ1 E(t), ecnn 

[ ]
2 dE 

E(t) » lidt . (2.3) 

EoJiee KOHKPCTHO 3TO BbirJIH,ll.HT CJie.nyIOill;HM. ofipa30M. fiycTb 't - OU:eHKa 

BeJIJlqHHbl HeKOToporo xapaKTepHoro BpeMeHH, 3a KOTOpoe cyrn;ecTBeHHO 

MeHHCTCH nepeMeHHOe CJiaraeMoe E(t) 3HepmJI Ht!HTJ)OHa. Tor.na TJ)efiyeTCH 

Ii 
E(t) » - . (2.4) 

't 

Oco6o OTMeTHM CBoeo6pa3HOe, HO Bee :lKe ,ll.OBOJibHO HarJIH,ll.HOe 

HCTOJIKOBaHHe KPHTepHH (2.4), cnpaBeA)UIBOe B cnyqae KOJiefiaTeJibHOro 
2x · 

,ll.BH:lKeHHH o6pa3u:a C nepHO,ll.OM T = - . B 3TOM Ba)KHOM qacTHOM cnyqae n 
HMeeM 

E(t) » liil. (2.5) 
,[{eno B TOM, qTo 6naro.napH 3aKOHY coxpaHeHHH KBa3nsuepmn (cM., HanpnMep, 

(1,8,19]), nocne. npoxo:lK,ll.eHHH neHTJ)OHOM ofipa3u:a, ypoBHH ero ToqHott, 

HCTHHHOH 3Hepmn ,ll.HCKpeTHhl JI pacnoJIO:lKeHbl 3KBH,ll.IICTaHTH0 C HHTepBaJI0M 

liil. TeM He MeHee, KaK Il0Ka3bIBaeT aH3JIH3, OIJ)YfiJieHHruI HepaBeHCTBOM (2.5) 
. nepeMeHHrui:,coCTaBJIHromrui: sHepmn HCHTJ)OHa E(t),coxpaHHeT B 3TOM cnyqae 

CMblCJI KJiaCCINCCKJl MeHHIOrn;eii:cH BeJIJlqHI:lbl. <l>yttKu;HH E(t) ofina.naeT TeM :lKe 

rrepU0,ll.OM T, a ee KOHKPeTHbltt: BH,ll. 6y.neT naii:.nen B pa3,ll.eJie 3. 
Ey.neM HCX0,ll.HTh H3 npe,ll.Il0JI0:lKeHHH 0 cnpaBe,ll.JIHB0CTH ycJIOBHH 

KBa3UKJiaccuqnoCTH (2.4). Ilo.npa3YMCBrui:' Be3,ll.e HH:lKe T0JlbK0 O,ll.HOMepHblH 

cnyqatt:, paCCM0TJ)HM np0H3BOJlbH0 · ,ll.BIDKyrn.HHCH IlJIOCKOnapaJIJieJibHblH CJIOH 

Bern;ecrna, OIJ)annqeHHhlH IlOBepXHOCTHMH 1 JI 2. IlycTb ua uero na.naIOT 

Heii:TJ)OHbI co cKopocn,10 v0. Ilocne nocne.nonaTeJibHoro npoxo:lK,ll.eHHH 

nonepXHOCTeii: 1 "JI 2 CKopocn, HeHTJ)OHa v, Boo6rn;e ronopH, MeH.R:eTCH. Ee 

oKomaTeJibHoe 3naqenue vr · Mo:lKeT 61,rr1, Haii:.neno Jl3 npoCTbIX ~mccnqecKHx 

coofipIDICennii. · 

B CHJIY 3aKoHa coxpaHeHHH sneprnn BJIHHHHe 3q>q>eKTHBHOro IlOTeHU:HaJia U 
npn BX0:lK,ll.eHHJI HeHTJ)OHa B Bern;eCTBo, B' qaCTH0M cnyqae Heno,ll.BH)KHOH 

ll0BepXHOCTH pa3,ll.eJia, CBO,ll.HTCH · K. H3MeHeHHIO KBa,ll.paTa ero CK0pOCTH Ha 

,HeKOTOPYJO Il0CTOHHHYJO H xapaKTepnyro AJIH .naHH0ro Bern;eCTBa BeJinqnny 

2.W 6) ~=-. ~ 
·m 

B nan6onee pacnpoCTJ)aHennoM CJiyqae b,U>O nern;eCTBCHHYJO n 

ll0JIO:lKHTeJibHYJO BeJinqntty vb npHHHTO Ha3hlBaTb IJ)annqHoii: CK~pOCTbIO 

.naHHoro nemeCTBa. 

... ...c--- ~. --.,. _._.,. ,,. •. 
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BBe,ll.eM ,ll.BH:lKyrn;YJOCH co CKOpOCTbIO V1 .CHCTeMY OTcqeTa (llITJ)HXOBaHHYJO), B 

KOTOpOtt: nonepxHOCTb 1 IlOKOHTCH B MOMeHT t=t1 nepeceqeHHH ee Heii:TJ)OHOM. 

llMeeM 

, V ,2 ,2 2 (2 7) . 
Vo= Vo - 1, Vo = V1 + vb . 

IlocKOJibKY ,ll.BH:lKeHHe o6JiaCTH IlOTeHU:HaJia He CKa3bIB~eTCH Ha BeJIJlqHHe Vi' B 

JiafioparnpHott: CHCTeMe CKOpOCTb HeHTJ)OHa BHYTPH o6pa3u:a COCTaBJIHeT . , ' , 

Vj =Vi+ V1 .' AHaJIOr«qHJ,IM o6pa30M, no ,ll.OCTH:lKeHHH Heii:TJ)OHOM 

nonepXHOCTH 2' B MOMeHT t=t2 CKOpOCTb CJIOH paBHa Y:lKe V2. B CHCTeMe, 

,ll.BH:lKyrn;ettc.R: C TOH :lKe CKOpOCTbIO V2, npn BblXO,ll.e H3 nern;ecTBa 
11 V 112 112 2 

V1=V1- 2, Vr =V1 +vb (2.8) 

IlocJie HeCJIO)KHJ,JX BblKJia,ll.OK nonyqaeM COOTHOllleHHe 

vr = V2 + 1 /v~ -2V1v0 + v;-2(V2 -v1{ V1 +,J(v0 -V1)
2 

-v~ J, (2.9) 

ne co.nep:lKamee HBHO BHYTJ)eHHeii: CKOpOCTH Vj-
' Cocpe,ll.OToqnM IlOKa BHHMaHne Ha cnyqae cpaBHHTeJibHO Me,ll.JleHHO 

,ll.BH:lKyrn;eroc.R: CJIOH. Tor.na H3MeHeHHe CKOpOCTH HeH1J)OHa • 

.J 2 2 
Vo - Vo -vb ( ) vr-Vo=--'--~-- V2-V1' 

~-- ~1~ 
V1, V2 << .Jv~ -v~, v0 , 

noofime ronopH, MaJio, TaK. qTo coorneTcTBYJOrn;ee Jl3Menenue sHeprnn 

C0CTaBJIHeT 

Er - £ 0 = mv0 (vr -v0 ). (2.11) 

JlerKO BH,ll.eTb, qTo B .naHHOM cnyqae BeJIJlqHHa 't, BXO,ll.Hill;ruI B ycJIOBHe 

KBa3ttKJiaccnqHocTH (2.4), ecTh, no CY™ .nena, npeMn: cyrn;ecrneunoro 

H3MenenHH xapaKTepHCTHK ,ll.BH:lKeHHH CJI0H. Kor.na ero T0JIIll;HHa L He 

CJIHllIKOM BeJIHKa, no.nofinoro 3HaqnTeJibH0ro H3MeHeHHH He rrp0HCX0,ll.HT 3a 

npeMH nponeTa. llnaqe ronopH, HepaneHCTBO 

L .Jv2 - 2 <<'t 
o Vb 

(2.12) 

ll03BOJIHeT 3aMeHHTb MaJIYIO pa3H0CTh CKOpOCTeii: V2 - V1 B (2.10) Ha 

nennqntty, hponopu:noHaJibffYIO MrH0BeHHOMY ycKopennro cJioH W(t) = dV, . ill 
~ 

Yr -V0 =Vo~• LW(t). (2.13) 
V0 v~ -v~ 

,[{JIH H3MeHeHHH 3Hepmn HMeeM 

5 



v - 1v2 -v2 

Llli=Er-Eo= o✓ VO bmW(t)L. 
v2 v2 0- b 

(2.14) 

,[(JUI cpaBHemrn: C pe3yJibTaTOM KoBaJibCKoro 3TOT pe3yJibTaT HMeeT CMbICJI 

JanncaTh B onTnqecKHX TepMHHax. IIocKOJibKY BbiproKeHne no)]; 

KBaJ];paT CKOpOCTH HeHTpOHa B nern.ecrne, TO yqHTbIBaH 

noKa3aTeJIH npenoMJieHnH (1.4), nonyqaeM 

1-n 
LIB= mW(t)L--. 

n 

KOpHeM ecTb 

onpe,!l;eJiettne 

(2.15) 

IIepell,!l;eM HaKOHeu K BblCOK03HepreTnqecKOMY npeJ];eJiy Eo >> 1u1' B 

KOTOpOM 3cpcpeKT JIHHeapn3yeTCH no noTettunany. Toma 

ULW(t) 
Ve-Vo= 3 ' 

mv0 

AD:::: ULW(t) 
L.l.lc, _ 2 ' 

Vo 

Jvbl, V <<Vo· (2.16) 

5IBHhJe Bblpa)J(eHHH .[(JIH BeJinqnHbl HHTepecyiorn.ero Hae 3cpcpeKTa MO)KHO 

noJiyqHTh, CMHfqHB, a Hepe,!l;KO . J];a)J(e H CHHB, orpattnqeHne Ha CKOpOCTb 

nern.ecrna. ,[J;eii:CTBHTeJibHO, pa3HOCTb Vr - Vo, KaK· H BCHKaH pa3HOCTb 

CKOpOCTeii:, HHBapnaHTHa. Ilepexo)];H B MfHOBeHHYJO CHCTeMy noKOH o6pa3ua, 

npnMeHHeM TaM paccMaTpnBaeMyio qJOPMYJIY. IIocJie B03Bparn.eHHH B 

Jia6oparnpHYJO CHCTeMy y6e)IQ];aeMCH, 'ITO J];OCTaToqno orpannqnTbCH JaMeHOH 

v0 ➔ v0 - V(t) (2.17) 

B npaBOH qacTH COOTBeTCTBYJOW.ero Bblpa)J(eHHH .[(JIH H3MeHeHHH CKOpOCTH 

neii:Tpona. HanpnMep, nepBM HJ cpopMYJI (2.16) npno6peTaeT TOrJ];a BM 

ULW(t) 
Vr -Vo= m[vo -V(t)]3' E 0 >> U. (2.18) 

,[J;pyroe JaMeqanne KacaeTcH J];aJihtteii:weii: . KOHKpeTnJaunn ycJIOBHH 

KBaJHKJiaccnqnocTH (2.4). Ilpn anepno)];nqecKoM, B qacrnocTn 

paBHOYCKopeHHOM xapaKTepe J];BIDKeHHH, 3cpcpeKT cyrn.ecTBeHHO. MeHHeTCH no 

J];OCTIDKeHHH MaTepHaJibHbIM CJIOeM CKOpOCTeii:, nopH,!l;Ka HeHTpOHHbIX. TaKHM 

o6pa30M, Boo6rn.e fOBOpH, 

't ~ Vo 
w 

(2.19) 

a .[(JIH KPHTepHH npeHe6pe)KHMOCTH KBaHTOBblMH 3cpcpeKTaMH nocJie HeCJIO)KHblX 

ouettoqHbIX npeo6pa3oBattnii: nonyqaeM · 

Eo k0L>>-. (2.20) u 

6 

'" 

., 

\'.· 

1 

... .. 

YcKopeHne W OTCIO,!l;a BbIIla)];aeT, H B BbICOK03HepreTH'IeCKOM cnyqae 

Eo >> U ycnonne KBaJnKJiaccnqttocTn n1nepecyiorn.ero _Hae 3cpcpeKTa npn 

npoxo)IQ];eHIIH OKa3bIBaeTCH ropa3,!l;O )KeCT'Je, qeM npHBblqHo BhlrJIMHW.ee 

k0L>>l. 

. 3. PaBHOyCKOpeHHbIH H OCIUIJIJIHpyIDDUIH 06pa:nu,1 

Ilpn B3aHMOJ];eHCTBHHX HeHTpOHOB C ,!l;BH)l(YllJ.HMHCH o6pa3UaMH MOryT 

B03HHKHYTb HBJiemrn, MHoroo6pa3He KOTOpbix OTHIOJ];b He CBO,!J;HTCH TOJlbKO K 

npoxo)IQ];eHHIO 06pa3ua nacKBOJb. 3To xoporno BH.UHO Ha Ba)KHOM npHMepe 

paBHOYCKopeHHOfO ,!l;BH)KeHHH. 

W = const, V(t) =Wt, (3.1) 
J];OIIYCKaIOIUeM HaH6onee IIOJIHOe HCCJiellOBaHHe. Ilporue Bcero HCXOllHTb H3 

o6ruero COOTHOllleHHH (2.9). IIonaraeM, 'ITo IIPH BXO)IQ];eHHH B CJIOH HeHTpOH 

oKa3bIBaeTCH B MrHOBeHHO IIOKOHIUeHCH ellle MaTepHH vi = 0. PernaH ,3aTeM 

KBa,!l;paTnoe ypaBHeHHe .[(JIH BpeMeHH ero KOHTaKTa c npyroi1 IIOBepXHOCTbIO 2, 
IIOCJie 3JieMeHTapHbIX Bbl'IHCJieHHH HaXOJll1M, 'ITO K 3TOMY MOMeHzy CKOpOCTb 

cpellbl COCTaBJIHeT f)Ke 

V2 = .Jv~ - v; - .Jv~ -v; - 2\VL. (3.2) 

B pe3yJibTaTe IIOJiyqaeM OKOH'IaTeJibHO 

v r = .Jv~ - v; - .Jv~ - v; - 2WL + ✓v~ - 2WL. (3.3) 

Tpe6oBaHHe IIOJIO)KHTeJibHOCTH Ka)IQ];Oro H3 Tpex IIO.[(KOpeHHblX Bbipa)KeHHH 

HMeeT 3,!l;eCb OT'IeTJIHBblll ,q:JH3H'IeCKHH CMbICJI. Ee3 neruecrneHHOCTH Jiepnoro 

pa,!l;HKaJia HettTpOH B006IUe He MOf 6bI OKaJaTbCH BHyTpH o6pa3Ua. B pe,UKOM 

CJiytJaC BCIUecrna C b,U<0:II0.[(06Horo BOIIpoca He B03HHKaeT, JaTO aKzyaJibHbIM 

MO)KCT CTaTb H3MCHeHJie 3HaKa TpeTbero IIO.[(KOpCHHOfO Bbrpa)KeHHH. Otto 

03Ha'IaeT, 'ITO .[(OCTHfHyB BbIXO.[(HOH IIOBCPXHOCTH 2, HdiTpOH IIapa,!l;OKCaJibHbIM 

o6pa30M OT Hee OTpa)J(aeTCH H, no OTHorneHHIO K J];BH)KflUCMYCH o6pa3UY, 

B03BparuaeTcH Ha3a,!I;. l1HbIMH CJIOBaMH, B03MO)l(Ha IlpOMC)KfTO'IHaH o6JiaCTb . 

-jv~j + 2WL < v~ < 2WL, v~ < O. (3.4) 

Otta noJ];llaCTCH HeCJIO)KHOMY TeopeTH'IeCKOMy HCCJIC.[(OBaHJtIO. 

Ho oco6eHHO cyrn.ecTBeHHa pOJib BToporo PMHKaJia · B IIpaBOH qacTH 

cpopMyJibl (3.3). l13MeHeHHe 3HaKa IIO.[(KOpCHHOro Bblpa)J(CHHH cne.uyeT 

HHTCpllpCTHpoBaTb JJleCb KaK He.[(OCHraeMocTb .[(JIH HettTpOHa IIOBCpXHOCTH 2 
H3-3a ee ycKopHIOil(erocH Y.UaJICHHH. B Htore npn JII060M 3HaKe IIOTCHUIUUia 

IlpHXO.[(HTCH paJJIH'IaTb cnyqaH TOHKHX H TOJICTbIX o6pa3UOB. 

B TOJICTOM CJIOe CHzyauirn CKJla)];bIBaCTC}! CJICllYIOlUHM o6pa30M. Hci1TpOH HC 

MO)KCT .uoruaTb yxo,!l;HIUYIO OT Hero C B03paCTaIOIUCll CKOpOCTbIO BbIXO.UHYIO 

IIOBCpXHOCTb 2. IIocJICllHHH Boo6rue Bhina,!J;aeT H3 paCCMOTpCHHH, TaK 'ITO 

o6pa3CU MO)KHO C'IHTaTb nony6ecKoHe'IHblM ~oo. YcKOpHIOIUaHCH 
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I 

Il0BepXH0eTh 1 BIT0eJie)l,eTBHH HafOHHT Hei1TpoH, KOTOphIH eH0Ba BepHeTeH 

qepe3 Hee B eBo60)I.HOe nonynpoeTPaHeTB0 e H3MeHHBilleHCH eKopoeThlO V. Peqh 

H)l.eT, TaKHM o6pa30M, 0 eBoeo6pa3HOM HeKBaHT0B0M Ha.n6apbepHOM 

0TPilli<:eHHH OT yeK0pHIOmeroeH o6pa3ua. 

Ha Hett, eJie)l,0BaTeJihH0, 3aKOH eoxpaHeHHH )l,0JDKeH 6hITh npm.teHeH 

)l,BmKL(hI. MoMeHT B03BpameHHH o6o3HaqaeM npoeT0 qepe3 t, a V -
eooTBeTeTByIOmaH eKopoeTh Bemeerna. UenoqKa )l,0B0JlhH0 oqeBH)l,HhIX 

paBeHeTB 

I 2 2 V1=vVo-Vb, v.t= Wt2 
I -2 ' 

V=2v1, 
(3.5) 

, , V , / ,2 2 , V V1=V1- , V =-vV1 +vb, V=V + 
npHB0)l,HT K npoeToMy pellleHHlO 

v = -v0 + 2.Jv~ -v~ . (3.6) 
B Bhie0K03HepreTHqeeK0M npeaene Hax0)l,HM 

. 20 
V-V0 =---, 

mv0 e0 >> O. (3.7) 

E-E0 =-20, 
KaK BH)l,HM, npH TaK0M KOJIJillHeapttOM 0TPmKeHHH (HanpaBJieHHe eKopoeTH 

HeHTPOHa noene BhIX0)l,a H3 Bemeerna He Mem1eTeH) 3qJqJeKT H3MeHeHHH 

3HeprnH onpe)l,eJISieTeH 0)1,HHM T0JihK0 Il0TeHUHaJI0M. Bhma.neHHe yeKopeHHH W 
M0)l(HO 6bIJIO npe)I.BlmeTh H H3 pa3MepttoeTHhIX eoo6pmKeHHH. 

Bee npttBe)l,eHHhie )1,0 eHX nop BhlpmKeHHH )l,JIH H3MeHeHHH eKopoeTH 

HeHTPOHa, OTH0eHmtteeSI . K (pHKettpoBaHHOMY M0MeHTY BpeMeHH . ero 

BX0)l{)l,eHHH B BemeeTB0, H0eHJIH B H3BeeTH0M eMhieJie HeeK0JihKO a6eTPaKTHhIH 

xapaKTep. PeaJihHO )Ke 3a Bee BpeMH anepH0)l,HqeeKoro (HH(pHHHTHOro) 

)l,BJI)KeHHH eneKTP np0B3aHMO)l,eHeTBOBaBillHX HeHTPOHOB 0Ka3hIBaeTeH 

HenpephIBHhIM. Ilpe)l{)l,e Beero BhlqHeJIHM ero B HaH6oJiee aKzyaJihH0M enyqae 

npoxo)l{)l,eHHH qepe3 T0HKyIO IlJlaeTHHy. ,[LrrH npoeT0ThI HeX0)l,HM H3 

Bhie0K03HepreTttqeeKoro npeaena 3(pqJeKTa (2.18) H nonaraeM . )l,JIH 

K0HKpeTHoeTH O>O. 
IlpH H0pMHP0BKe IlJIOTH0eTH nepBHqHoro nyqKa HeHTPOH0B Ha e)l,HHHUY 

qHeJio aKT0B npoxo)l{)l,eHHH M0)l(H0 3antteaTh KaK 

dN={v0 -V)dt. (3.8) 

O6pamaHeh K (pOpMyJie (3.13), OTMeqaeM, qTQ OT BpeMeHH B Hell 3aBHeHT 

T0JihK0 3HaMeHaTeJih (W=const). Ilepexoa K )I.HqJ<PepeHUHaJIY dv r 
onpe)l,eJIHeTeH Il03T0MY npOH3B0)l,HOH 

d(vr -v0 ) = Wa{vr -v0 ). 

dt av (3.9) 

Iloene )l,H(p(pepeHUHPOBaHHH pa3H0eTh Vo - V eneayeT Bhipa3HTh qepe3 

eneKTPaJihHyIO nepeMeHHyIO v r - v O no TOH )Ke <iJopMyJie (2.18). B HTOre 

HMeeM 

8 

,~ 

~) 
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0 .. , 

dN = _! UL ~ 
( )

2/3 

3 m.Jw (vr -vo)513 (3.10) 

KoeHeMeH BKpaTue Bonpoea o IlJloma.ntt no)), eneKTPoM (3.10) . .[(oernToqHo 

peantteTHqHo BhirJUl)l,HT enyqaH, K0r)l,a paBH0YCK0peHH0e )l,BJI)KeHI~e 06pa3ua 

(3.1) HaqHHaeTCH JIHillh c ToqKH ero MrH0BeHH0fO Il0K0H (O<t<oo). IloJIHOe 

qHCJIO HeHTPOHOB, npollle)l,IllHX C H3MeHeHHeM 3HeprnH, OKa3hIBaeTCH T0r)l,a 

K0HeqHhIM. OHO C0CTaBJIHeT 
v,/W V2• 

1N = f (v0 - V)lt = 
2

~ . (3.11) 
0 

3TO eBH3aH0 C TPHBHaJihHhIM o6cTmITeJihCTBOM: npH V > VO CJIHillK0M 

6hICTPO yaami:10mHHCH eJIOH CTaH0BHTeH He)l,0CHraeMhIM )l,JIH HeHTP0HOB, H OHH 

nepeCTalOT npoX0)l,HTb qepe3 Hero. IlpaB)l,a, H3-3a KBaHTOBhIX 3(p(peKTOB 3TOT 

0TPhIB OT nepBJiqH0ro nyqKa He HBJIHeTCH Ha caM0M )l,eJie a6COJIIOTHO pe3KHM. 

O)1.HaKO qJaKTHqecKH pe3yJih'.l'HPyIOmHii: cneKTP 0Ka3aJICH HaCTOJlhK0 pe3K0 

na.na10m11M, qTQ )l,eTaJihHhIH aHaJIH3 3TOro T0HK0ro 3qJ(peKTa npe)l,CTaBJIHeTCH 

3)1,eeh He nnonHe ueneeoo6paJHhIM1• 

HopMHPOBaHHhIH eneKTP HeHTP0HOB, nporne)I.IIIHX paBttoycKopeHHhIH 

06pa3en; B 0)1,HOMepHOH reoMeTPHH, )l,aeTeH 0TH0IIIeHHeM BhipmKeHHH (3.10) H 

(3.11) 

)

2/3 
2 UWL ·dvr 

dw=- --3- st3' 3( mv0 (vr -vo) (3.12) 

Eo >> 0, 
2 

Eo Vo -Xo<<L<<-. 
0 w 

3aech X0 = k01 
- ae6poHJieBCKaH )l,JIHHa . B0JIHhI Heii:TPoHa. O6nacTb 

npHMeHHM0eTH, npaKTHqecKH )l,0B0JihH0 IIIHP0KaH, HMeeT MeCT0 npH He 

qpe3MepHo 6oJihlllHX ycKopeHHHX MaTepHaJihHoro cnoH 

W 
v0U 

<<--. 
Ii 

(3.13) 

Pe3yJihTHpyIOmHii: cneKTP cKopocreii: H3o6pmKeH Ha pttcyttKe 1. XapaKTeptto 

HaJIJiqJie meJIH ~<<Vo, OT)l,eJIHIOmeii: ero OT nepBJiqH0ro 3HaqeHHH Vo. 
illHpHHa menH aaeTCH nepBOH 113 <POPMYJI (2.16), TO ecTb Henocpe)l,CTBeHH0 

BhipmKaeTCH qepe3 Il0TeHn;HaJI nemeCTBa. IlyttKTHpOM mo6pmKeH . HeCK0JlhK0 

aKa.neMJiqHO BhirJIH)l,HlUHH cnyqaii: B03BpaTHo-noczynaTeJihH0fO )l,BJI)KeHHH 

o6pa3i:J;a, KOf)l,a paBHOYCK<>peHHhIH 3aK0H (3.1) HMeJI 6hI J',{eCTO BO BCeii: o6naeTH 

-oo < t < .!!!.. • TaKoii: eneKTP 6hIJI 6hI ~e HeHopMiipyeMhIM H3-3a 6eeqHcJieHttoro w . . 

1 .HBJiettne OTphIBa OT ttB~erocH o6pa3ua (3epKaJia), Kortta KJiaccH'leCKHii: cneKTp 
OTpaJKeHHhlX qaCTHU na,n;aeT no HanpaBJieHHIO K roqKe ero OKOffqaHHH no 6oJiee Me/llleHHOM)' 
JIHHeii:HOM)' 3aKOH)', 6ytteT paCCMOTpeHO HeCKOJihKO nottpo6Hee a p~eJie 6. 
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MHO)KeCTBa CTOJIKHOBeHlfi! Heil'rpoHa lf CJIOH, .IJ;BIDKYID,lfXCH HaBCTpeqy .n;pyr 

.n;pyry. 

dW /dVr . 

Vo 

\ 

\ 

' 
t < o', 

. .8_ 

t, V > 0 

Puc.I. CneK'fl) cKopocTeii ueiiTPOHOB, npome,ll,IDHX 11epe3 TOHKHii 
pauuoycKope1111L1ii CJIOii uem.ecTBa 

Vr 

O6paTIIMCH Tenepb K cnyqaIO TOJICToro CJIOH. KaK OTMeqanocb BbIIIIe, OH He 

MO)KeT nponycTHTh HettTpOHhI HaCKB03h, a B KOHeqHOM cqeTe OTpa)KaeT 

na.n;a10mtte Ha Hero qacTHUhI. B nepBott lf3 qiopMyJI (3.7) npottJBO.IJ;HM JaMeHy 

(2.17). LI.anee, opneHTHPYHCb B OCHOBHOM Ha COOTHOIIIeHHH Tlfna (3.9) tt (3.11), 
nocne HecnmKHhIX npeo6pa3oBaHtttt nonyqaeM Bhipa)KeHtte MH cneKTpa 

.IJ;OCTaTOqHo Ha,n;6apbepHbIX HettTpOHOB, HeKBaHTOBO OTpa)KeHHbIX OT 

ycKopHIOlllettCH nonepXHOCTlf 

( )

2 
2U dv 

dw=2 -- 3 , mWL>Eo>>U. (3.14) 
mv0 (v0 -v) 

Ilo,n;qepKHeM no tt36e)KaHtte He.n;opaJYMeHHtt, qTo paccMaTpttBae1-1oe oTpa)Keirne 

HBJIHeTCH cymeCTBeHHO 3anaJ.IJ;bIBaIOllllfM. Pe3MHCCHH C noBepXHOCTlf 

Haq1rnaeTCH JIHlllb B MOMeHT ee OTpbIBa OT nepnlfqHoro nyqKa, a 3aKaHqnnaeTCH 

KO npeMeHlf, KOTopoe eme B .n;na pa3a 6oJibIIIe2. 

2 3KcnepttMeHTaJJ.bH0e o6HapyxeHtte TaK0f0 He06bl'IHOfO 0TpaJKemrn Heil.TpOHOB M0)KeT 

HaT0JIKHYfbCll Ha cepbe3Hbie npaKTlfqecKlfe Tpy;J;H0CTlf. O;i;Ha lf3 HlfX KaK pa3 CBll3aHa C 

3anaJ;J;b!BaH1IeM pe3MlfCClf. Ilplf Pa3YMHb!X ycKopeHlflIX speMll npe6bIBaHlfll Heil.-rpoHa B cpe;i;e 

TaK0B0, qTo B 6oJJ.hllllfHCTBe semeCTB sepolITH0CTh ero nornomeHlfll lf3-3a pa;i;ttal\lf0HH0fO 

JaXsaTa 6y,neT yxe secbMa JuaqlfreJJ.bH0il.. 
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CneKTp CKOpOCTett, COOTBeTCTBYJOllllfH q>OpMyJie (3.14), lf306pa)KeH Ha 

pHCyttKe 2. 3HaK 3q>q>eKTa npoTlfBOnOJIO)KeH TOMY, KOTOpbIH HMeJI MeCTO MH 

npoxo)K,Il.emrn TOHKHX o6pa3UOB. IlJ,eJih B cneKTpe 

Li = 2U (3.15) 
mv0 

onpe,n;eJIHeTCH noTeHUHaJIOM Bemecrna. YcJIOBHe OTCYTCTBHH cymecTBeHHhIX 

KBaHTOBh!X 3q>q>eKTOB .n;aeTCH B .n;aHHOM C{Iyqae HepaBeHCTBOM (3.1?)-

I 
I 
I 

/3~Li 

Vo 

dW/dv 

V 

Puc.2. CneK'fl) cKopocTeii ueiiTJ)OHOB, <>TPIDKCHHLIX OT TOJICToro ycKopennoro 
CJIOH Bem;eCTBa 

BepHeMCH Tenepb K npoxo)K,Il.eHHIO HettTpOHOB qepe3 o6pa3eU. KOHeqHott 

TOJllllHHbI n o6paTHMCH K cnyqaIO q>HHHTHOro .IJ;BH)KeHHH, Kor.n;a OH KOJie6JieTCH 

no rapMOHnqecKOMY 3aKOHY 

l;(t) = a sin Qt, (3.16) 

me ~ - JllfHettHoe CMemeHne CJIOH. BepoHTHO, 3TOT cnyqaif B HaH60JibIIIett 

cTeneHn oTneqaeT ycnoBHHM peanncTnqecKoro ::iKcnepnMeHTa. ToqHhIH cneKTp 

TYT no Heo6.l{O.IJ;HMOCTH .IJ;HCKpeTHbIH. O,n;HaKO, ecJilf KPHTepntt (2.5) BbIIlOJIHeH, 

TO YPOBHH pacnoJIO)KeHbI HaCTOJlhKO TTJIOTHO, qTo HHTepecy10myio Hae 3HeprHIO 

npoIIIe.n;IIIero HettTpoHa Er(t) MO)KHO, noo6me roBopH, cqnrnTh npaKTnqecKn 

HenpepbIBHOH q>yttKUHett OT BpeMeHH. 

Ilpn cpaBHHTeJibHO Me.IJ;JieHHOM KOJie6aTeJibHOM .IJ;BH)KeHHH Bew,ecTBa 

V=d~"'an«.Jv~-v;,v0 (3.17) 
dt 

y.n;o6Ho BOCnOJib30BaTbCH q>OpMyJiaMH (2.10)-(2.14), (2.16). TiepBbie .n;ne H3 HHX 

,n;aIOT 
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e, -e, ~ man( v O -,M- v: )[ cos!lt-cosn( t- ,/vi~ .J (3.18) 

,lvrn cnyqrui:, Kor.na Bpel\rn rrponern qepe3 o6pa3eU MHoro MeHhIIIe rrep110.na, 

JierKO IIOJiyqaeM 

v - 1v2-v2 
Er. - Eo = -maQ2L O ✓ -y O b sin Qt, 

. v2 v2 
0- b 

QL 
✓,=== <<1. 

V2 v2 
0- b 

Ha rrpuMepe rrpocTeiIIIIero JIHHeiIHoro no IIOTeHUHaJIY rrpu6JIIDKeHH5I 

uan2L. 
Er - Eo = 2 smQt, 

QL <<1, 
Vo 

Vo 

Eo>>U 

(3.19) 

(3.20) 

KOCHeMC5I Borrpoca O rro.npa3YMeBaeMOH MaJIOCTH KBaHTOBhIX 3<pcpeKTOB. B 
paccMaTpHBaeMOM CJiyqae KOJie6aTeJihHOfO .D:BIDKeHH5I xapaKTepHoe BpeM5I 

't :::: n-1
. ITo,ncTaBJI5I5I H3MeHeHHe 3HepruH B COOTBeTCTBYJOI.Uee HepaBeHCTBO 

(2.5) H rrpeo6pa3y5I, IIpHXO.D:HM K 

k L Vo Eo 
0 >>-­vu (3.21) 

KaK BH,nHM, KpHTepHH, II03BOJI5IIOI.UHB rrpeHe6peqh KBaHTOBhlMH 

3cpcpeKTaMH, oKaJaJICH 3,nech ,na)l(e eme 6onee )KeCTKHM, qeM B cnyqae (2.20) 
arrepHo,n11qecKoro ,nBIDKeHH5I MaTep11u. 

4. CJiyqaii npoxoQeHIDI qepe3 cynepycKopeHHLiii TOHKHii CJioii 

Bo3Bpama5ICh K CJiyqaIO HH<pHHHTHOfO .D:BIDKeHH5I TOHKOfO 06pa3ua, 

OTMeTHM, qTo COOTBeTCTBYJOI.UHe pe3yJihTaTbl rrpe,nI1IeCTBYJ01.Uero pa3,neJia 

crrpaBe,nJIHBhl He TOJihKO rrpu W=const, HO H B cpaBHHTeJlhHO nmpoKOH 

o6JiaCTH 

dW W2 

-<<-. (4.1) 
dt V0 

O,nHaKo, ecJIH IIPH rro.no6HhIX IDiaBHhIX H3MeHeHH5IX rrapaMeTpOB .D:BIDKeHH5I 

CJI05I ero ycKopeHne rrpoxo,nHT qepe3 ttyJih r,ne-To B rrpe,nenax cymecrneHHhIX 

V 
MH rrpouecca BpeMeH t $; l~I , TO cKJia,nhmaeTcH KaqecTBeHHO HHoe 

IIOJIO)KeHHe. 3TOT oco6hIH CJiyqaii: Hyx.naeTC5I B oT,neJibHOM paCCMOTpeHHH. 

Ha.nne)Kal.UHM BhI6opoM HHepuHaJihHOH CHCTeMbl OTcqern MO)KHO ,no6HThC5I, 

qTo6hI H CKOpOCTh V o6pamanacb B HYJih B TOT )Ke caMbIH MOMeHT BpeMeHH. 
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Peqh n,neT, TaKHM o6pa3oM, o cyrrepycKopeHHOM cnoe, s=const (s -
cyrrepycKopeHHe), Kor.na 

st3 st2 W2 dV 
~ - - , V - - - - , W - - - st. (4.2) 

6 2 ~ ~ 

Terrepb yxe CKOpOCTh o6pa3ua KOJIJIHHeapHa rra,naIOmeMy IIY1IKY Ha BCeM 

rrpOT5I)KeHHH rrpouecca -oo<t<oo, a ToqKH OTphIBa V ➔ v0 pacrroJIO)KeHhI 

CHMMeTpH'IHO IIpH 

t=±✓2:o . (4.3) 

Bech crreKTp CK0pocTeif TO)Ke CHMMeTp11qeH OTHOCHTeJihHO CKOpOCTH VFVo, 
OTBeqaJOmeii: HyJieBOMY ycKopeHHIO. IlpH KOHKpeTHhIX BhJqHCJieHH5IX MO)KHO 

orpaHJ1qJ1ThC5I o6JiaCThlO t, ( v r - Vo)> 0. 
B KaqecTBe HCXO.D:HOfO IIyttKTa B03bMeM cpopMyJiy (2.18). Ha 3TOT pa3 

o,nHHaKOBO cymecTBeHHa 3aBHCHMOCTh OT BpeMeHH KaK qHCJIHTeJI5I, TaK H 

3HaMeHaTeJI5I. ,[(HcpcpepeHUHaJihHhIH IIOTOK qepe3 .D:BIDKymYJOC5I IlOBepXHOCTh 

,naeTC5I cpopMyJIOH (3.8). B35IB B KaqecTBe HOPMHPOBKH TO )Ke caMoe Bhipa)l(eHHe 

(3.8), npOHHTerpHpOBaHHOe B npe,nenax (4.3), npHXO.D:HM K 

dw- 3-Jfs (v0 -V)dvr 
- 8 vf2 d(vr-v0 ) 

.dt 

(4.4) 

,lv!5I IIpOH3BO.D:HOH HMeeM Tenepb HeCKOJlhKO 6oJiee CJIO)KHOe qeM npe)K.ll:e 

COOTHOIIIeHHe 

d(vr -v0 ) 

dt 
UL[ 3W2 

s - l 
- 4+ 3 • 
m (v0 -V) (v0 -V) 

(4.5) 

Ilocne JaMeHhI, cornacuo (4.2), KBa,nparn ycKopeHH5I ua cKopocTh V, ee 

3aBHCHMOCTb OT nepeMeHHOH cneKTpa V r - Vo onpe,neJI5IeTC5I no TOH )Ke 

HCXO.D:HOH <pOPMYJie (2.18). 
,[(aJibHeHIIIHe BhIKJia.D:KH CTaHOB5ITC5I KOMilaKTHee, eCJIH o6e3pa3MepHTh HX 

ITYTeM nepexo.na K y,no6HbIM nepeMeHHhIM 

V mv512 

y=-, 1l = ffs(v,-vo)· 
v0 UL 2s 

B HHX OKouqa'feJihHhIH cneKTp BhlfJI5I,nHT CJie.nYJOI.UHM o6paJoM: 

dw = F(11)d1l, 

. ' 5 

F(1l)= 3 [l-y(11)] 
4 l+Sy(11) 

<l>yttKUH5I y( 11) 3a,naeTC5I ypaBHeHHeM 
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(4.7) 



1/6 y 
1-y = 111/3 . (4.8) 

fpacpnK cneKTpaJibHOH IlJI0TH0CTII ,!I.JUI CJI}"IlUI npoxmK,neHHfl HettTpOHOB 

qepe3 cynepycKopeHHblH CJIOH npe,nCTaBJieH Ha pIIC.3. OH IIMeeT .ll:0B0JibH0 

9cTpbIH MaKCHMYM B u.eHTpe v r - Vo = 0. 3cpcpeKTHBHO cneKTp CKOpOCTett 

cna,naeT npn 

0.8 

0.6 

-~ 0.4 -LL 

0.2 

0.0 
0 

lvr-vol"" UL.J2s mvs,2 
0 

1 2 

Tl 

·3 4 

Puc.3. fpail>nK CHCKTPllJILHOii «l>YHICIUIH F(n) AJIJ1 CJiy'laJI HCUTJ)OHOB, 
npome.n:mux 11epe3 cynepycKope1rnL1ii TOHKHii cnoii 

B .ll:aJlbHett aCHMilT0TIIKe, 6JIIDKe K ToqKaM OTpbIBa V ➔ Vo 1 Hax0,nIIM 

(4.9) 

" 

dw = .!. (UL)2/3 (2s)'l3 dv r (4.10) 
8 m vs/3 I ls/3 o Vr-V0 

B Tex )Ke 06b1qHblX e,nHHHIJ.ax. 11MeHHO TaK0ro Bn,na 3aBHCIIM0CTII lI cne,noBaJI0 

0)KH,naTb OT .n:ocmTOqHo ycKopeHH0fO 06pa3u;a (cpaBHH C cp.(3.12)). 

1-'faJIO)KeHHOe cnpaBe,nJittBO He T0JibKO IlPII CTporo Il0CT0flHH0M 

cynepycKopeHIIH s=const, Ho II BO Bceif o6nacrn 

ds s312 

-<< ,-;;-• (4.11) 
dt vVo 

r.n:e OHO He ycneBaeT cymecTBeHH0 lI3MeHIITbCSI 3a 3cpcpe.KTHBHOe BpeMfl 

npou:ecca (4.3). 
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5. BonuosaH cl>ymrn,HH neiiTpoua, npome.zuuero 11epe3 .llBIDKYW.HHCH 
o6pa3eu, 

)lna npoxo)K,l],eHilfl nyqKa CKB03b Beeb 06pa3eu. OT 0.ll:HOH: Il0BepXH0CTII K 

.n:pyroi:\. npaKTI1qecKH .n:ocTaToqHo, qTo6bI 3a BpeMa npe6brnaHilfl qacTIIU.bI B 

BemecTne nocne.n:ttee He ycneno pa3orttaTbca ,no cKopocTeiI nopSI,nKa 

HeH:TpOHHhIX. lfaJIO)KeHHOe B npe.n:Lmymux pa3,nenax He .n:aeT oco6bIX 

ocHoBattuiI coMHeBaTLca B KJiaccwiecKoiI. npI1po.n:e · pe3yJILrnpyiomero 3cpcpeKTa 

Il3MeHeHIIH 3HeprnII. · TeM He Mettee, npe,ncTaBJiaeT onpe.n:eneHHhitt 

npIIHU:IIIlUaJihHhIH: lIHTepec ycTaH0BIITh Btt.n: BOJIHOBOH: cpyttKU:1111 HeH:TpOHa B 

CB06o,nHOM npocTpaHCTBe 3a npoiI.n:eHHhIM CJI0eM. 

. IlpII KBaHTOB0-MexaHI1qecKOH: TpaKT0BKe 0TH0CIITeJibHlUI MaJI0CTh CK0p0CTII 

.ll:Bil)KeHilfl V o6JiaCTU Il0TeHu:uana u Il0M0raeT 3,necb He cpa3y. }lettCTBIITeJihHO, 

B paMKax ncxo.n:ttoro a.n:ua6aTuqecKoro np116nIDKeHI1fl nonyqaeTca HyneBoiI 

3cpcpeKT, qero II cne.n:oBaJI0 O)KH,naTb OT Heno,nBil)KH0fO 06pa3u;a. Otto .ll:0Jl)KH0 

6LITh nonpaBJieHo 3a cqeT cne.n:yiomero npI16JIIDKettua. IfttTepectto 0TMeTIITb, 

qTQ KOHKpeTHhIH: BH,n IICKOMOH: KoppeKU:HII npe.n:onpe.n:eneH B ,naHH0M cnyqae 

npUHU:Uil0M OTH0CUTeJibH0CTII fanirnea [14]. 
KaK II pattee, o6o3Ha1JI1M 11epe3 l;(t) JIIIHeifttoe cMemettue cnoSI, a .n:na 

na.n:a10mux HettTpOHOB 6epeM, KaK o6bl1JHO 

q,
0 

= ei(k0x-ro0t) . (5_ 1) 

IloTpe6yeM .n:anee HenpephIBH0CTII B0JIH0Bb!X cpyttKIJ.IIH Ha Il0BepxH0CTflX 1 
11 2 C00TBeTCTBeHH0. He Tpe6ya TaK)Ke HenpepbIBH0CTH npolIJB0.ll:HhIX, Mbl 

0TBJieKaeMCfl . OT JI0KaJIIIJ0BaHHoro Iiil pacCTOflHHSIX nopSI,nKa .n:e6poiIJieBCKOH 

.ll:JIIIHbl aBJieHUfl 06bI1JHOro Ha,n6apbepttoro 0TpU)KeHUfl. Otto H0CHT cyry6o 

KBaHTOBh!H: xapaKTep H He HMeeT npaMoro OTH0llleHilfl K UHTepecyiomuM Hae 

3HepreTI11JeCKIIM xapaKTepIICTIIKaM npollle,nllIIIX qacTUIJ.. Ilo3TOMy npIIB0.ll:l:fMb!e 

HIDKe B0JIH0Bbie cpyttKu;IIII cnpaBe.ll:JIUBbl JIUlllb C T0'IH0CTbIO .n:o MaJI0 

cymeCTBeHH0fO 3,necb Il0CT0flHH0ro MH0)KJITeJia. 

CMemeHilfl, 0TH0CSIIu;Ileca K .ll:BYM Il0BepXH0CTSIM, 3anullleM, Il0Ka 

HeCK0JlhK0 cpopMaJihHO, B pU3JIH1JHbie M0MeHTbl BpeMeHII: 

s1 = s<t1>, s2 = s<t2). (5.2) 
Tor.n:a Ha BblX0,ne B0JIH0BlUI cpyttKU:Ufl HMeeT Btt.n: 

m _ i[k1 (ko )-ko l(L+si-St) i(koX-COot) 
r r - e - e . (5.3) 

Ilo.n:pa3yMeBaeMb!H 3,necb 3aK0H ,nI1cnepcuI1 .ll:Jlfl HeH:TpOHHh!X B0JIH B 

tteno.n:nu)l(Hott cpe.n:e 

ki(ko) = .Jk~ -x2 
(5.4) 

OTBeqaeT npe,ncTaBJieHIIIO 06 3cpcpeKTUBHOM Il0TeHU:HaJie 

1,2 2 2 
U =::_L= mvb. (5.5) 

2m 2 
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Me)K,ll;y TeM, cneU,HaJihHhIH CJiyqaiI paBHOMepHO ,!lBH)K}'I.l.lerocH BemecTBa 

V = const, l;(t) = Vt (5.6) 
.nonycKaeT He3aBHCHMOe H B H3BeCTHOM CMhICJie TO'fHOe paccMOTPeHHe. ITpome 

Bcero JanttcaTh CHa'!ana BOJIHOBYJO q:>yttKUHIO 'I''(x', t) B CHCTeMe noKOH 

06pa3u_a. ITocJie.nyiomee ranHJieeBcKoe npeo6pa3oBattHe K. Jia6oparnpuoiI 

CHCTeMe .naeTCH cpopMyJIOH (14] 

. 'I'(x,t)='I''(x-Vt,t)ei(kx-rot), (5.7) 

- mV _ mV2 

r.ne k = --, ro = -- . ITocJie BhIXo.na HeiITPona H3 06pa3u_a ero BOJIHoBaH 
1i 21i . 

q:>yttKUHH nptto6peTaeT Bll,!l 

_ i[kiO(k0 -k)-k0 +k]L i(kox-co 0t) 
'Pr - e _ e . · (5.8) 

~H OKOH'faTeJihHOro ycTaHOBJieHHH COOTBeTCTBHH C a.ntta6aTHKOH 3,!leCh eme 

TPe6yeTCH paJJI0)l(JfTh noKa3aTeJih 3KcnoHeHThI no CTeneHHM BOJIHOBoro 'fHCJia 

k .no JIHHe:iIHhIX 'fJieHoB BKJIIO'fHTeJihHo: 

,j( k0 - k)' -x' - k0 + k as (k10 - k 0i( I+ k~.}k,0 es k;0(k0 ). (5.9) 

B npe.neJie MaJihIX CK0pocTeiI V ,!lJIH 'faCTHOfO CJiyqaH (5.6) BhJpa)KeHmI (5.8) 
H (5.3) ,!lOJI)KHhI COBna.naTh. 3TO npHBO,!lHT K . COOTHOllleHHIO Me)K,ll;y 

apryMeHTaMH 

t2 -ti= ✓ - ' v2-v2 
0 b 

L 
(5.10), 

q:>H3H'feCKHH CMhICJI K0T0poro o'feBll,!leH. ITpH nocJie.nyiome:iI no,!lCTaHOBKe B 

cpopMyJiy (5.3) onycKaeM HecymecTBeHHhJH nocT0HHHhIH q:>aJOBhIH MHO)KlfTeJih 

H 3a ,!lBH)K}'I.l.lHMCH CJIOeM BemecTBa, HO He CJIHllIKOM .naneKO OT Hero, noJiyqaeM 

OKOH'faTeJihHO 

f ++•~~[sc,i-s(i-~)]) _ 
i(k0x-root)e l 

'Pr = e (5.11) 

Kor.na BhITTOJIHHeTCH KpHTepHH KBa3HKJiaCCH'fHOCTH (2.4), MfHOBeHHYJO 

3Heprmo npollle,!llllero · HeHTPOHa MO)KH0 uattTH ,!lHq:>q:>epeHu,HpOBaHHeM q:>aJhI 

BOJIHOBOH q:>yttKUHH no BpeMeHH: 
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ii. 

,,, ~ 

Er-Eo=m(v0--Jv~-v~)[d~(t)-d~(t- L ]]· 
dt dt -Jv2 v2 

0- b 

(5.12) 

dl; . 
Ho -= V(t), TaK 'ITO pe3yJihTaT, no CYTH .neJia, COBna.naeT C Bhipa)KeHHeM 

dt 
(2.10) nocJie ero nepecqern B 3HepreTtt'fecKYJO IlIKaJiy cornacHo q:>OPMYJie 

(2.11). 

6. OTpIDKeHHe HeiiTp0H0B OT paBH0YCK0peHH0ro 3CpKaJia • 

.IlBJieHHe 0TPbIBa 

)];o CHX nop Mhl paccMaTPHBaJIH HBJieHHH, · TaK HJIH HHa'fe CBH3aHHhie C 

npoHHKHOBeHHeM HeHTPOHOB BrJiy6h MaTepnana. O.nuaKo xopollIO H3BeCTH0, 

'ITO B pacnpocTPaHeuuoM cJiyqae noJio)KHTeJihHOH ,!lJIHHhI pacceHHHH b (U>O) 
HMeeT Mecrn noJIH0e OTPa)Keime ue:iITP0HOB c 3HeprmIMH E 0 < U. TaKoe 

npaKTH'feCKH MfHOBeHHOe OTPa)KeHHe B03MO)KH0 KaK OT IIOKOHill,erocH, TaK H 

OT .!lBIDK)'lllerocH Bemecrna, 'ITO IlIHpOK0 npnMeHHeTCH, uanpHMep, ,!lJIH 

,!lOIIJiepoBCKoro 3aMe,!l.7IeHHH O'feHh XOJIO,!lHhIX HeHTPOHOB [20]. IT03TOMY 

Bonpoc 06 OTPa)KeHHH XOJIO,!lHhIX ueHTPOHOB OT ,!lBH)K}'I.l.lerocH ll,!leaJihHOf0 

3epKana npe.ncrnBJIHeT onpe.neJieHHhIH HHTepec. 

Mhl paccMOTPHM TaKOH npouecc ua KOHKpeTHOM npHMepe 3epKana, 

ycKopH10merocH KOJIJIHHeapuo na.naromeMY nyqKY vo,no npocTe:iillleMY JaKoHy 

(3.1) npn O<t<oo. OueHKa xapaKTepuoro BpeMeHH (2.19) 0CTaeTCH B CHJie, H 

orpaHH'feHne Ha ycKopeune 

W << Voeo 
h 

(6.1) 

noJBOJIHeT paccMaTPHBaTh npou,ecc KJiaccH'!ecKH. Bnpo'!eM, B 6JIH)Ka:iII1Je:iI 

0KpeCTHOCTH ToqJm OTPhIBa 3epKana OT na.na10mero rryqKa (V ➔ Vo) 
B03HHKaIOT cneu,Hq:>H'feCKHe KBaHTOBhle 3q:>q:>eKThl, KOTOphie Mhl paccMOTPHM 

HH)Ke. 

KJiaccn'feCKllil Kapnrna ,!lOBOJihHO O'feBll,!lHa'. IlpH V < Vo 0TPa)KeHHe 

OCTaeTCH aHTHKOJIJIHHeapHhIM (v<O), rrpH Vo<V<vo 
2 

2 

OHO CTaHOBHTCH 

K0JIJIHHeapHhIM, H, uaKoueu, IIPH V > Vo B3aHMO,!leHCTBHe npeKpamaeTCH 

BCJie,!lCTBHe 0TPhJBa. CJ)opMa crreKTPa onpe.neJIHeTCH 3JieMeHTaPHhIM 

KHHeMaTH'feCKHM COOTHOilleHHeM 

v=2V-v0 . (6.2) 

Auanoruquo BhIKJia,!lKaM pa3,!leJia 3, nepexo.nHM K v-I1JKane. Bee ycneBI1JHe 

npoB3aHMO,!leHCTBOBaTh HeHTPOHhI 0TPa)KaIOTCH, a OTHOCHIUHHCH T0JihK0 K HHM 

,!lHcpcpepeuunanhHhJH K03q:>q:>HU,HeHT 0TPa)KeHHH COCTaBJIHeT 
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V -V 
dRc = - 0

- 2 -dv. 
2V0 

(6.3) 

3.n;ech V > -Vo - CKOP.OCTb OTI)IDKeHHhIX HeHTI)OHOB, a V = VO - TO'!Ka 

OKOH'laHIDI KJiaCCH'!eCKOro crreKTI)a. 

O.n;naKo, H3-3a KBaHTOBhlX 3<p<peKTOB HH caM MOMeHT OTI)bIBa, HH 

COOTBeTCTBYJOIIIaH eMy Koop,n;HHaTa 3epKan:a He MOryT 6bITh orrpe.n;eJieHbI TO'IHO. 

B KaKOM-TO KOJIH'leCTBe ,n;OJDKHhI TaIOKe IIO.!IBJI.!ITbC.!I H '!aCTIIUhI C 

Ha.n;KJiaccH'!eCKHMH CKOpOCT.!IMH V > Vo. <DopMaJihHO 3TO o6ycJIOBJieHO 

HeH36e)KllblM HapyrneHHeM KpHTepH.!I (6.1) B CHCTeMe IIOKO.!I 3epKan:a 

(:1rnepuHan:bHOH) npn V ➔ Vo. 3THM rrpOCThIM oueHKaM MO)KHO, o.n;HaKO, 

rrpH,n;aTh <pH3H'leCI(U 6oJiee .!ICHYJO q>OpMy. 

B rrpocTI)aHCTBe OTI)bIB 3<p<peKTHBHO npOHCXO.D:HT Ha npOTIDKeHHH 

paccTO.!IHH.!I IIOP.!J.D:Ka .n;e6poHJieBCKOH MHHhI, oTBe1Iaromeii: OTH0CHTeJibHOMY 

.D:BIDKeHHIO HeHTI)OHa H 3epKan:a. ,!vi.II 3<p<peKTHBHOro npeMeHH OTI)bIBa ~t 
HMeeM oueHKH 

tz 
lvo - Vltit""' mlvo - VI' LitJvo-VI 

m . (6.4) 

lfoxo.n;.!I H3 lv0 - VI""' lv0 - vi= Liv B pe3yJihTaTe npHxo.n;HM K 

(tzw)113 
_ Liv"" - . 

m 
(6.5) 

3Ta nmpHHa nepexo.n;noit o6JiacTH B cneKTI)e cKopocTett He 3an11cHT OT 

nepBH'IHOH CKOpOCTH Vo . 

qT06bI npO.!ICHIITh Cl1Tyau11ro B o6JiaCTII V-Vo >> Liv .n;an:eKO 3arue.n;rnero 

pa3BIITOfO OTI)bIBa, o6paTHMC.!I K CJie,n;yromeit H,n;ean:113llpOBaHHOH 3a,n;a1Ie. IlycTb 

3epKan:o, OTI)a)Karomee MOHOXpOMaT111IecKHe HeHTI)OHhI, np11xo.n;11T B .D:BH)KeHHe 

c nocTO.!IHHOtt cKopoCThIO V B MOMeHT npeMeHH t=O. H11Kairnx orpaHH'leHHtt 

- Ha BeJIH'IHHY CKOpOCTH 3,n;ecb IIOKa He npe.n;noJiaraeTC.!I. , 

,n;rn Y'leTa rpaHH'IHOfO ycJIOBH.!I Ha nerrpOHHUaeMOM 3epKan:e, BOCIIOJih3yeMC.!I 

6a3HCOM o,n;HOCTOPOHHHX CTO.!I'IHX BOJIH sink'x' c x' < 0 B CHCTeMe ero IIOKO.!I 

(IIITPHXOBaHHOii:). Bee ero cyrnecrneHHbie CBOHCTBa ,n;aIOTCH COOTHOIIIeHHeM 

opTOroHaJibHOCTH H HOPMHPOBKII 
0 

J sink'x' sink"x' dx' = ~(k" - k'), k' ,k" > 0. (6.6) 
2 . 

Ha'laJibHOe ycJIOBlle 3a,n;a1IH HMeeT BH,n; 

'P'(x',O) = e-ikx' sink
0
x' = J c(k')sink'x'dk', 

0 

~ mV 
r.n;e k = -- Jia6opaTopHa.!I cKopocTh 3epKan:a B k-rnKan:e. 

tz 

(6.7) 

<l>H3H'!eCKII 

paJJIH'IIIMhI TOJihKO IIOJIO)Kl!TeJihHbie k'. Ho q>OpMaJibHO OKa3bIBaeTCH 
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c(-k') = -c(k') , (6.8) 
. '!TO ~aeT B03MO)KHOCTh nepettTH K 6oJiee npHBhI'IHbIM IIJIOCKIIM BOJIHaM 

'P'(x',O) = _!_ J
00 

c(k')eik'x' dk' . (6.9) 
2i_ 

CaMH )Ke K03<p<pHUlleHThI pa3JIO)KeHIIH c(k') Bhl'-IIICJIHIOTCH B O.D:HOCTOPOHHett 

TeXHIIKe C 6a311COM (6.6). 
,Uan:ee Ka)K.D:bIH 'IJieH cynepno311Ullll 3BOJIIOU110HllpyeT co CBoeit '!aCTOTOH 

. 1ik'2 
ro' = - (6.10) 

2m · 
HaKOHeu, B03BpamaHCb CHOBa no q>OpMyJie (5. 7) B Jia6oparnpHyro CIICTeMy 

OTC'leTa, y6e)K,n;aeMCH,' '!TO TO'IHOe perneHtte .n;aeTCH IIHTerpan:oM 

'P = :i j[o(k-k0)+o(k ~ k0 -7k)-o(k + k0 -2k)-o(k + k0 )]ei(kx-cot)dk 
~ 

(6.11) 

+_!_ j [p_l __ p 1 +P 1 -P-· _l_}i(kx-cot)dk 
41t ~ k-k0 k-k0 -2k k+k0 -2k k+k0 

no k-npOCTI)aHCTBy. 3.n;ecb, KaK 06bI'-IHO, P- CIIMBOJI rnaBHOro 3Ha'!eHIIH. 

CttHfYJIHpHOCTH no.n;hIHTerpan:hHOH q>YHKUIIH OTI)IDKaIOT cneuH<pllKY 3TOH 

BcnoMoraTeJibHOH 3a,n;a1IH. Ifa-3a HHX HMnyJihCHOe pacnpe.n;eJieHHe, a TeM 

caMhIM H BOJIHOBaH q>YHKUHH KaK TaKOBaH, He HOpMHpoBaHbI no q>OpMaJihHhIM 

npH'IHHaM, :noBOJihHO THnH'!HhIM MH no.n;o6HhIX COCTOHHHH HenpepbIBHOro 

cneKTpa. 3a npe,n;eJiaMH CHHfYJIHpHOCTett '!aCTh cynepII0311UHH HeCKOJibKO 

CHMBOJill'-IHO MO)KeT 6bITb 3an11caHa KaK 

2 k k(k-k) . 'P = __ J O 
2 

_ 1(kx-cilt)dk. 

1t (k
2 

-k~)[(k-2k) -k~] 
(6.12) 

Pa3BIITOMY OTI)hIBY OTBe'!ae-r Jie)KaIIIa.!I ueJIHKOM BHe CHHfYJI.!IpHOCTeit o6JiaCTh 

k 0 < k << k, r.n;e coorneTcTByromee BhipIDKeHHe ynpomaeTcH: 

'P = _!_J ko ei(kx-cot)dk. 
21t k2 -k~ 

(6.13) 

CKopoCTh k CTI)eMttTeJihHo y.n;an:.!IIOIIIeroc.!I 3epKan:a oTcro.n;a Bhma,n;aeT. )lJIH 

q>OpMbI pacnpe,n;eJieHH.!I no CKOpOCT.!IM 3,n;ecb HMeeM 

'dv 
dwoc 2 . (6.14) 

(v2 -v~) 
Bo3BpamaHCh K npo6JieMe OTI)IDKeHIIH HettTI)OHOB OT paBHOYCKopeHHOro 

3epKan:a, KBaHTOBblH 3q>q>eKT (6.14) HOpMttpyeM no nop.!J.D:KY BeJIH'-IHHhI nyreM 

ero CIIIIIBaHIIH c BhlpIDKeHtteM (6.3) npu Vo - v ~ Liv 
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_ v0 -v 
dR=--2-dv, 

2v0 

C 
dR:: 2 dv, 

(v2 
- v~) 

C::::: tzW. 
m 

v0 -v>>Llv, (6.15) 

v-v0 >>Llv. (6.16) 

(6.17) 

CrreKTp O'TpmKeHH51 HeH'TpOHOB OT paBHoycKopeHHOro 3epKa.rra rrpe.u,cTaBJieH 

tta pnc.4. Hencc11e.u,0BaHHaH o6JiacTb lv-,-v0I ~ Liv mo6pa)Ketta Ha HeM rpy6o 

KaqecTBeHHO. 

dR/dv 

-Vo 0 Vo 

Av 

V 

Puc.4. CneKTJ) 01]1:vKCHHJI HCHTpOHOB OT paBHOYCKOPCHHOfQ 3CpKaJia 

3TOT KBaHTOBbJH 3q>q>eKT q>aKTnqecKH He TaK ~ Ma.JI, nocKOJibKY, KaK 

BH.!l.HO H3 oueHKH (6.5), · oH co.u,ep)KHT HH3KYJO cTenetth IIJiaHKOBCKOH 

IIOCTOHHHOH. OueHHBaeMaH no IIJIOJUa,!J,H no.u. COOTBeTCTBYJOIUeH qacTblO 

crre.1crpa .U.OJIH Ha.u,KJiaccnqecKHx (n Boo6me KBaHTOBoro nponcxo)K,!l,eHnH) 

l{aCTHU B o6meM O'Tpa)l(eHHH COCTaBJI51eT 

( 
tzW )

213 

v- --
EoVo 

(6.18) 

H .U,a)l(e npn npaKTnqecKH ,!l,OCTH)KHMbIX ycKopeHHHX w MO)KeT· 6bITb 3aMeTHOH. 
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B CB513H C BbJIIIeH3JIO)KeHHbIM KOCHeMC51 3.U,ecb eme 0,!l,HOfO o6CT051TeJibCTBa. 

Borrpoc O TOM, OTKY.n"a 6epyrc51 Ha.u,KJiaccnqecKHe qacTHUbl y > VO - H3 

O'Tpa)l(eHHOfO rryqKa HJIH H3 nyqKa rra.u,aJOmero - B KBaHTOBOH MeXaHnKe B 

3HaqHTeJibHOH CTerreHn JrnmeH KO~KpeTHOfO !pH3JiqecKoro co.u.ep)KaHH51. TeM 

He Mettee, rrpe.U,CTaBJI5JeTC51 ecTeCTBeHHbIM OTHOCHTb cpopMa.JibHO K O'TpmKeHIIJO 

Beeb crrJiomHott crre.1crp, HopMnpoBaHHhIH cornacHo f dR = 1. ToHKHH nnK 

V =Vo' COOTBeTCTBYJOIUHH rrepBnqHbIM HeH'TpOHaM, CJO.U,a He BXO,!l,HT. JlerKO 

y6e.U,HTbClI, qTo B03MO)KHOe ero ymnpettne H3-3a KOHe•JHOCTH BpeMeIUI 

o6JiyqeHHH .U.BH)i(Yllieroc51 3epKa.rra • Bee paBHO · npeHefipe)KlIMo Marro no 

cpaBHCHHJO c rrpOT5J)KeHHOCTbJO Liv rrepexo.u,HOH o6JiaCTH crreKTpa CKOpOCTeH • 

TaK HJIH HHa'-Ie rrpoB3aHMO.U,eHCTBOBaBWHX HeHTpOHOB. _ 

7. 06cy.H{.l),eHne 

B CTaTbe KoBa.JibCKOro [I],' IIOHBJieHHe KOTOPOH B 3HaqHTeJihHOH CTerreHH 

CTHMYJIHpOBa.JIO HaCTOHJUYJO pa6ory, Borrpoc O B3aHMO.U,eHCTBHH HeHTpOHOB C 

ycKopeHHbIM BemecTBOM 06Cy)K,!l,a.JIC51 rro.u. yrJIOM 3peHH51 B03M0)KHOH rrpoBepKH 

npHHUHIIa 3KBHBa.JieHTHOCTH. IloKa3aB, qTo IIPH rrpoxo)K,!l,eHHlf HeHTpOHOB 

qepe3 IIJiaCTHHKY ycKopeHHOro BeIUeCTBa HMeeT MeCTO H3MeHeHne 3HeprnH 

HeH'TpOHa, KoBa.JibCKHH paCCMO'TpeJI 3aTeM CJiyqaii, . Kor.u,a B Jia6opaTOpHOH 

CHCTeMe C e.U,UHbIM ycKopettneM ,!l,BHraJOTC51 HCTOqHJIK, .U,eTeKTop H 

IIOMemeHHOe Me)K,!l,y HHMH BeIUeCTBO. IloJiyqeHHhIH HM pe3yJihTaT HaxO.U,HTC51 B 

npOTHBOpeqHn co CJiyqaeM, Kor.u,a Bee 3JieMeHTbI rrpn6opa HeIIO,!l,BH)l(HbI B 

Jia6opaTOPHOH CHCTeMe KOop.u,nHaT, HO Ha HHX .u,eiicrnyeT CHJia T5J)KeCTH. 

OT ,!l,HCKYCCHH, KacaJOIUeHC51 '3TOro acrreKTii npo6JieMbI, Mbl npe.u,rroqnn 6hI 

B03.U,ep)KaTbC51. Ilpe.U,CTaBJI51eTC51 ,!l,OBOJibHO oqeBH,!l,HbIM, qTo e.u,Ba JIM rryreM 

TeopeTH'-IeCKOfO pacqern MO)KHO IIPH.U.TH K rrpoTHBopeqmo C rrpnHUHIIOM 

3KBHBa.JieHTHOCTH xorn 6bI B CHJIY aKCH01'-i<lTH'-IeCKOfO xapaKTepa IIOCJie.u,Hero. 

CaM )Ke rro ce6e 3q>cpeKT c.u,Bnra 3Heprun (3cpcpeKT KommhcKoro) BIIOJIHe 

-MO)KeT 51BHTbC51 061,eKTOM 3KcrrepnMeHTa.JibHOH npoBepKH. C rrpaKTnqecKOH 

ToqKif 3peHH51, IIO-}lH,!l,HMOMY, Han6oJiee nepcneKTHBHO o6paTHTbC51 K BapnaHTY 

npoxo)K,!l,emrn oqeHb Me,!J,JieHHhIX Ha.u,6apbepb1x Heii'fl)OHOB qepe3 

KOJie6JIJOIUHliC51 o6pa3eU (cpopMyJihI (3.18)-(3.20)). )J.JIH oueHOK npnMeM, qTQ 

YJib'TpaxOJIO,!l,Hbie HeHTpOHbl co CKOpOCTblO .. Vo = 5 M/c npoxo.u,HT qepe3 

KPeMHHeByro IIJiaCTHHKY (vb =3.2 M/c) TOJIIUUHOH L=0.05 CM. )J.JI51 aMIIJIHTY.U.bl 

U nepuo.u.a KOJie6aHUH np11MeM,COOTBeTcTBeHH0,a=to-1_ CM H T=I0-2 c. 

IloCKOJihKY KpmepHn (3.17) u (3.21) co6JIJO.U,eH1.i:, IlO,!l,XO,!l,511.UeH OKa3bIBaeTC51 

cpopMyJia (3.19). CneuuqiuqecKoe ycJioBne ee npuMemtMOCTH (orpaHnqeime Ha 

TOJIJUHHY o6pa3u.a) BbIIlOJIH51eTC51 HC x~e. B UTore: 

Er -e0 ""-,j3sin!lt,. · (7.1) 
npnqeM xapaKTepttoe U3MeHeHue 3Hepnm HeHTpOHa COCTaBJIHeT .B .U,aHHOM 

CJiyqae 13 = 0.6 H3B. 3Ta BeJinqnHa HC CJIUWKOM .u.a.rreKa OT TJmHqHblX 

3HaqeHnii 3HepreTnqecKoro pa3pemeHnH crreKTpoMe'fPOB YXH. OTMeTHM eme, 
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'ITO B .uaI.IH0M CJiyqae KOJie6aTeJII,Horo )lBIDKeHJHI pe'lb H,lleT 06 H3Mepemm 
BpeMeHHOH 3aBHCHM0CTH :mepnm HeHTPOHa. O.ntta H3 B03MO)KHOCTett C0CTOHT 
B HCII0Jih30BaHHH rpamnaUH0HH0ro CIIeKTP0MeTPa C HHTeptpepeHUHOHHhIMH 
!pHJihTPaMH [21-22]. IIo oueHKaM, 'IYJ3CTBHTeJibH0CTh 3T0ro npu6opa K c.nnury 
3Hepnm M0.lKeT 6b!Th II0pR,llKa 10-11 113B. Heo6XO.llHMO T0JihKO, 'IT06bI pa36poc 
BpeMeH npoJieTa HeHTPOHOB Me)KJly o6pa3UOM H .neTeKTop0M 6hIJI 3aMeTH0 
MeHhllle neptto.na KoJie6aHHH 06pa3ua. 

AirrophI npH3HaTeJihHhI M.B.Ka3apttoBCKOMY H A.M.KaM'IaTHoBy 3a 
II0Jie3Hhie o6cy)KJleHmI. Pa6oTa no.n.nep.lKaHa PoccHHCKHM !pOHJlOM 
!pYHJlaMeHTaJibHhIX HCCJie.noBaHHH (rpaHT 96-09:-16469). 
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Hocos Bf. ct>paHK A.H~ . / P4-97-159 
83aHM0JleiicTsHe MeMeHHhlX iieiirpott~B c JlBH)KylUHMcsi semecTBoM 

PacCMOTpe11a npo6n.eM~ ii1a11~0JleiiCTBll51 i1em1eHHhlX 11eiiTpmios C JlBH)KY!llHMC51 
semecrnoM. KaK ::>To ·npmrnTo, JlJJH yqern BJJHHHHH cpenL1 11cnom3yeTcH noHHTHe 
3qJqJeKnIBIIOro· Il_OTeHUUami.: TToKa3aHO, 'ffO B cor'JJaCHII C pe3yJJhTaTOM :pa6oThl 

. ct>.KOBaJJhCKOrO [I] ni»! TaKOM B3all~!O!leHCTBIIII 3Hepnrn. ueihpo11a MeH_51eTC51. 
. ITp11 .3a,riaiittoM noreHill!aJJe- II_ )lJI51 II1HpOKOH, _o6JJaCTH 113MetteHH51 . napaMeTpOB 

· ' JlBH)KeJrnH ::>TO S1BJ1e1111e m.1eeT 4-HCTO Knacctt4eCKoe npo11cxo)!(Jle1111e: Il1rn HeKOTO-' 
'phlX xapai<.TepHhlX CJJy'iaeB yc~opeH!!Oro !lBll)KefUUI IIJJaC'fllHKH BemecTJia HafuleHhl 
· :mepreTi14eCKHe cneKTphI npos3a11Moneiicisosauw11x · ueiiTpottos. Cymecrnem10 
KBaHTOBhle ::icpcpeKThl. HMelOT MeCTO npH OTpa)KeHHII' 11e1'iTpo11os 01: yckopHeMoro 
3~pKapa · s ·cnY4ae oTphrna nocnenm':ro · OT. nauamme1.:_o I1Y4Ka. Haiinetta cpopMa 
c1ieKTpa 11ettTpOHHhlX CKopocn:ii_, npeBhIWalOll(HX KJJacc,H'IeCKH .UOTlYCT!fK!hle -Jiia-

. 4eimH. CTpenno)KeHbI 3Kcnep11~1e11Th1 no ,ua6nJOneuHJO H3Me11e11HH ::iueprnw ueiiTpo- · 1 ,., 

HOB nj.m_'B3a11~10neikTBirn C !lBll)KYJ.UHMIICi: 06pmua1.ni: . - ' . 

Pa6oTa BhlI10JJ.lleHa B Jla6opaTop1rn HettTpom1011 <:pll3HKH IIM.H.M,ct>pattKa 
01151H. - . ' 1 .· . . . . 
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NosoyV.G., Frank A.I ... · · . __ · , . P4-97_.159 
Interaction of ,Slow Neutrons \Vith Moving Matter. ~ 

.• . . - I. . 

The problem of interaction of slow neutrons and moving matter is •investigated.· 
A~ usual, to acco~nt fof the inf)uence of the mediu~, the notion of effe~tive,potential. 
is used. It is shciwn·that generally speaking the energy of the neutron' participating -

, in this interaction changei; 'which. is in agreement with the ~esults of. F.Kovalskii 
'[I]. For the given potentiql and a wide.range of c~anges in the parameters of motion. 
this phenomenon is of the pure classical odgin. In some .very specific cases 
of accelerated motion of a ~att!!r:plate; t~e, en.ergy spectra of the neutrons that have 
experienced interactio_n .are found. Essential . quantum· . effects take- place 
in the reflection ofneutroris_from an accelerated mirror in the ca,;e of its.separation 
from the_inciident beam. The spectrum of neutron velocities exceedi.ng the allowed 
classical .values isfound. Experiments 611 the obs_!!rvation of changes in the neutron 

. energy fciJlowing the interaction of t~e neutro~ wit~ a moving sample are proposed. - - . - ' . - ' . . . . 

The ihvestigation)!as been performed at the Frank Laboratory of Neutron 
.Physics, HNR. · . 
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