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§ 1, Bae.o:eaue 

nycTb KBaHZoBaHHoe sneKTpoMarHHTHoe none A H sneKTpOHHOe 1/J 

B38HMO.O:eiiCTBYIDT He TOnbKO Mem.o:y co6ofi (raMHnbTOHHSH B38HMO.O:efiCTBHH 
• I • fj A) 

HO H C BHeWHHMH HCTO'lHHKSMH, ae H3MeHHIDWHMHCSI npH B38HMO.O:eiiCTBHH, BsaHMO-

.[19iiCTBHe C nnOT!tOCTbiD BHemaero TOKS J (: , t) 6y.o:eT OTpameHO 38M9HOii 
0 

sa f<i + J )A (~osMomea H .o:pyron cnoco6 1-ofj(A+U) , rne U -cooT-

aeTCTI'IYIDWHfi TOKy J BHeWHHii · noTeHUHan: QU = - J ) • Ey.o:eT yqTeH TaKme 

H cnyqaA HSnH'lHH CB060AHOrO KnSCCHqeCKOrO BHemaero noTeHUHana V 1 He npOHC-

xonnmero oT KaKoro-nu6o HCTO'lHHKa: 0 V = 0 

none, CB060AH8H sneKTpoMarHHTHSSI.BOnHa). 

{nOCTOHHH09 BCIDAY MSrHHTHOe 

Caoefi uenbro Mbi nocTSBHM nocTpoeaue annapaTa, .npnronuoro nnn pemeunn 

38A8'1 KomH B CrrY'lSe npOH3BOnbHO 38BHCSIWHX OT BpeMSHH BH9WHHX TOKOB H noTeH-

unanoa. 

Han6onee H3BeCTHhlM cnoco6oM pemeHHH TSKHX 38A8'1 HBnHeTCH annapaT Kap-

THHbl B,38HMOA9ACTBHSI: onepaTOpb! noneii nOA'lHHSIIDTCSI CB060AHbiM ypaBHeHIIHM II UO 

TeOpllll B03MYW~HIIIt Y'liiTbiBSeTCH KSK B3811MoiteilCTBIIe f j A . .TSK II B3811MOA9fi­

' 
CTBH9 ~ BHelliHIIM TOKOM II noTeHUHanoM, B p8CCM8Tp11BeMOii TeOpllll C raMIInbTOHII-

SHOM 

H=H
0 

+H:+J·jA+fJA+JJV 
ph { 1.1) 

cymeCTByeT II npyraH B03MOmHOCTb. lia H MOmHO BbiAeniiTb raMIInbTOHIISHbl 

H =H 0 +JJA 11 H =H:+JJV 
' ph ph e 
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TO'IHO pewaeMblX Moneneii: snexTpoMaraaTaoe none c aaewaaM TOKOM a snexTponaoe 

none ao aaewaeM noTeauaane. Hcnonb30Baaae p~weauii sTHX Moneneii noaaonaeT 

aaneaT~ca y'leCTb aaaaMoneiicTaua c J 
Teopua aoaMymeauii. 

H V 6onee To'lao, 'leM npocTO no 

B nuTepaType MO)!{HO · aai!Tu paaable cnoco6bt TO'Iaoro peweaua. Mbt ucnonb3yeM 

annapaT, ocao~aaablii aa noaaTuu 'oneThlx',unu ~aauqecxux qacTHn STHX 
/1,2,3/ u . 6 . . 2 

Moneneii •. nano)!{HM ero cxeMy,· no KoTopoii yneT noCTpoeao aano)!{eaue § 

H § 3, llna .£6eHX Monenelt MO)!{HO HSiiTH onepaTOpbl a P , o6nanaromB;e caoiicTBOM 

'nuaroaanuaupoaaTb' onepaTop nonaoii saepruu ivlonenu H (paBHhlii H ana 
M ph 

H ) , T.e, npHBOllHTb HX K KB83HCB060llHOMY BUlly ( 2.8) H (3.10), CM nanee. 
e . 

Ecnu nna aP npuHHTb o6bl'IHoe (xaaoaaqecxoe,anu ~oxoacxoe).npencTaaneaae 

C aeKOTOphiM BSKYYMHhiM BeKTOpOM 0 ( TSK 'ITO a 0 = 0 ) , TO BeKTOpbl 
' p 

0 , a + 0 H T.ll. OK83biB810TCH C06CTBeHHbiMH COCTOHHHHMH . H • Tipa 
p M 

STOM 0 6yneT COCTOHHH_ElM C HSHMeHbWeii nonaoii. saepraeii, T.e. ~H3H'IeCKHM B8-

KyyMOM Monena. 0llHO'I8CTH'IHbiMH ~H3H'IeCKHMH COCTOHHHBMH 6ynyT H83biB8TbCH 

COCTOHHHB a + 0 
p 

/2 3/ • 
H HX cynepn03HUHH ' • KoaKpeTHbiH CMbiCn HHileKCOB .p 

aaBHCHT, xoaeqao, OT Monenu. Cnoco6 xopnycxynapaoii uaTepnpeTanua KBaHTOBaa­

HbiX noneii, npHHHMSeMblfi B 06bi'IHOfi K8pTHHe B38HMOllefiCTBHB, MO»<:eT 

paKTepaaoaaa xax ocaoaaHabiii aa onepaTopax, KOTOpbte nuaroaanua yroT 

6biTb oxa-

Ho 
M 

axonamnii B H 

Ho aaiiTH nro6oe 

, Tipu STOM nonyqaeTCH, 'ITO B ·;pH3H'IeCKOM BaKyyMe 
M 

P. MO)!{-

qacno 'ronbtx' qacTan. CocToaaue )!{e 0 
0 B KOTOpOM HST . 

'ronbiX' 'ISCTHn (MaTeMaTH'ISCKHH BaKyyM), He BBnHeTCH CT86HllbHblM, C TeqeaHeM 

Bp8M8HH B aeM MO)!{HO o6aapy)!{HTb '18CTHfibl, Tiono6Hbl8 H3B8CTHbl8 aeynoaneTBO­

pHTenbHble cnellCTBHH HHTepnpeTSUHH B TepMHiiSX 'ronbiX' '18CTHU 38CT8BnHIOT HSC 

ucnonhaoBaTb B Teopuu onepaTopbi, nuaroaanuayromae H · • B nanbaeliweM 
M 

Mhl HX oyneM H83biB8Tb ~H3H'IeCK!lMH onepaTOp8MH H nonb30B8TbCH COOTB8TCTBYIOWH-
f , II ,_II . "' . 

MH TepMHHSMH ~H3H'IeCKHfi BSKyyM H ~H3H'I8CK8H '18CTHU8, CTSBH 9TH CllOBa B K8Bbi'I-

Kil, KOrna OHH 6ynyT H~nonh30B8ThCH B annapaTe TeopHH C raMHllhTOHHSHOM (1,1) 1 

xyna H H H BXOilHT TOllbKO KSK COCTSBHbie '18CTH ( HSCTOHWHH ~H3H-
P h e 

qecxult aaiyyM sToii Teopua non)!{ea OhiTb. co6cTBeHabiM BeKTopoM . ( I~ 1) ). 

nanbaenwee nocTpoeaue annapaTa Monenu B wpenuarepoBcKoii xapTuae npo _ 
+ 

H3BOllHTCH cneJiyro_muM · o6paaoM. BhlweynoMHHyThte BeKTOpbi 0 , a P· 0 a T.n. 

38BHCHT OT BpeMeHH ( o603H8'1BM BX cp n ( t) ) , ecnH . H .M HBHO 3SBHCHT OT 

4 

·-

I 

l 
i 

I 
J 

·' 

BpeMeaa ( qepea nocpencTBO · J (;, i ) 

H. (t) cf> (t) 
M n 

E ( t) 
n 

<f>aaaqecxuii CI\<fbiCn non)!{ea HMeTb ae caM 'm 
141 . 

ero npoexnaa aa </> n ( t ) ; llpyrHMH cno 

.qon)!{Hhl OnHChiBSTbCH cynepnoaanuaMu Bana 

IJ'(t)=S </> (t)F 
n . n 

rne S n oaaaqaeT cyMMHpoBaaae no nucKJ 

no aenpephlBHhiM. Tipoexnaa F ( t) as BeeT 
n . 

Ha (I. 2), ( I.3) u ypaaaeaua IIJpenuarepa 

nna cTon6ua <f>oxa ua Fn 

c onepaTopoM 

. a 
1- 'P(t)=l' 

at 

nonyqaeTca . Yl 

i~F ,;,KF 
at 

B uanaraeMor. K .f HM 
/4/ 

nanaeT c onepaTopoM nonaoii saepruu 

Teopua npome BhtrnHnHT B reliaea6epl 

B HSCTOBWelt pa6oTe, B K8'18CTBe nocTOHHH 

HHSI CHCTeMbl B K8)!{1l0li KOHKpeTHOlt aanaqe 

BeKTOp. Oa MO)!{eT 6b1Tb 38ll8H KSK C06CTB 

pH3H'IeCKHX reltaea6eproBCKHX onepaTopo 

OTHeceaabiX K aa,janbHOMY MOMeHTy t 
0 ·. 

pa SBOlliOUHH B STOH K8pTHHe COOTBeTCTBYE 

5 



, 

BBeWBHM TOKOM H ~meKTpOHHOe 

aTHX MoneneA ll03BOJIHeT 

TO'IHO, 'leM npocro no 

peweaus. Mbx ucnonhayeM 

STHX 

uano:H<eaue § 2 

a , o6nanaromae caol!:cTBOM 
p 

H ( paBHbli!: H unu 
M ph 

H (3.10), CM nanee. 

unu ·~oKOBCKoe) npencTaaneaue 

Cl p {! ~ 0 ) , TO BeKTOpbl 

H M. llpH 

_ aaepruel!:, T.e. ~H3H'IeCKHM aa-

MO)KeT 6biTb oxa-

Ho 
M 

BaKyyMe P. MOlK-

{! O B KOTOpOM HeT 

cTa6unbHblM. C TeqeaueM 

uaaecTHble aeynoaneTao-

aacTaBnHIOT HaC 

H · • B nanbaeilweM 
M 

llOJib30BaTbCH COOTBeTCTBYIOillH-

CTaBH STH CJIOBa B KaBbi'I-

( 1.1)' 

'laCTH (HaCTOBillHi!: ~H3H­

BeKTopoM _ ( 1~ 1)). 

wpenuarepoacxon KapTuae npo -
. + 

e B9KTOpbi {! , a {! 

, ecnu 
P· 

H T.n. 

H BBHO 3aBHCHT OT .M 

·! 

I 
1 

I 
I 

;.. 

apeMeHH ( qepea nocpencTBO J ( x, t ) aanp_HMep) 

H (t) </> (t) s E (t) </> (t). 
U D tl D • ( 1.2) 

- <f>H3H'IeCKHli C¥biCJI llOJI:H<eH HMeTb He CaM ·wpenuarepOBCKHi!: BeKTOp C_OCTORHHB, HO 
141 ' 

ero JJpOeK!lHH HS </> n ( t) • npyrHMH CJIOBSMHt ~H3H'IeCKHe COCTPSIHHSI IJ' ( t) 

llOJI:H<Hbl OnHCbiBaTbCSI cynepn03HllHHMH BHna 

IJ'(t)eS </> (t)F (t), 
D . D D ( 1.3) 

rne S oaaaqaeT cyMMHpoaaaue no nucKpeTHbiM uanexcaM H HHTerpupoaaaue· 
n /1/ 

no aenpepbiBHbiM. llpoexnu11 F,. ( t) RaaecTHbi non aaaaaaReM aMnnRTYn <f>oKa • 

Ma ( 1.2), ( 1.3) H ypaaaeHHR IIJpenRarepa 

nns cTon6ua <f>oxa ua Fn 

. a 
1-

at 
IJI(t)=H IJI(t) 

M 

nonyqaeTcH ypaaaea11e 

i~F =KF 
at 

( !.4) 

( 1.5) 

c onepaTopoM K .f H , a RanaraeMoM annapaTe onepaTop aBonroUHH ae coa-
M /4/ 

nanaeT c onepaTopoM nonaol!: aaepr1111 

TeopHB npome BbiPJIB!lHT B rei!:aea6eprOBCKOH KSpTHBe, KOTOpaH H npHHBTa 

B HSCTOBilleil pa6oTe. B Ka'!eCTBe JlOCTOHHHOPO Tei!:aea6eproBCKOPO BeKTOpa COCTOH­

HHB CHCTeMbl B KalK!lOH KOHKpeTHOi! aanaqe KOWH MOlKeT. 6b!Tb B3SIT BS'IaJibHblH 

aexTop. On Mo:H<eT 6b!Tb aanaa xax co6cTaeaaoe cocTORHHe aexoToporo aa6opa' 

dJH3H'IeCKHX rellaea6eproacxux onepaTopoa ('IRena 'ISCTHll; RMnynbca 11 T.n.), 

OTHeceHHbiX K Ha'!aJibHOMY MOMeHTy t o- BbxweynoMSJHYTOMY H3Meaeauro onepaTo-

pa SBOJIIOUHH B STOll: KapTHBe COOT~eTCTByeT H3Meaeaue ypaBHeHHi! llBH:H<eHHB llJISl 
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¢uauqecKHX onepa~opoB po~eaua-yauqTo~eBHH no cpasaeauro c ypasaeaHHMH ., 

una "'ronblx"'. 

B cnyqae, Korna J v HMeroT onpeneneHBbie npenenebl npu . t ... + oo 1 H -: 

MO~BO noCTSBHTb 06blqayro CT8UHOH8pHyiD aanaqy 0 pacceHBHH. B aTOM cnyqae 

¢uauqeCKHe onepaTOpbi npn t ... -·oo H t ... +eo co5nanaiDT c lo nnu out 
/3,4/ onepaTOpaMH • Ho n B aToM cnyqae In-out onepaTopbl_ asnaroTCH ¢aanqec-

. KHMH TOnbKO nml speMeH 
t .... +eo 

1 
ao ae una nro6oro MoMeaTa speMeHH. 

_,, 
. B § 4 uanaraeTCH annapaT, nonyqaromnl!cH B peaynbTaTe sseneanH MonenbHbiX 

"'¢nanqeCKHX"' onepaTOpOB po~neHHH-yHHqTO~eHHH ¢OTOHOB 0 aeraT~HOB H U03HTO-

HOB B KBSHTOBYID aneKTpOUHHSMHKY C BHeWHHM TOKOM H UOTeHUHanoM. B cnyqae x/ 

cTannoaapHbiX J H V nepsoe npu6nn~eaue aToro annapaTa cosnanaeT c .ua-
. . /1/ ' . 

secT ROll "'KapTBBOll o:l>appu"', eM. rn. 15 • Ero BTopoe npu6nu~eane naeT 

HOBbiH cnoco6 BblqHCneBHH nonpSBOK K cymeCTByiDWHM pacq~TaM B KSpTHBe . . 
o:l>appn. HanpnMep, aonoe aaaqeane nnsr BKnana··a naM6oscKHll cnsnr oT "' nonapu-

aaunn saKyyMa" nonyqaeT.CH, ecnn noBTopHTb cymecTByromnl! pacq~T, ao ae · c 

KynoaoscKHM noTeauuanoM 1/ r 1 a c noTeaunanoM 1/r + noTeauaan iOnuara 

(nocrreuHHll B03HHKaeT OT BSKYYMHOrO TOKa aneKTpOBa, CBH38HHOrO UOTeHUBanoM 

1/r ). 
ll.pyraH o6naCTb npHMeBeBHH CBH3aHa C aecTaUHOBapBb!MH J H V • TaKHe 

J H V MOryT OliHCbiB8Tb MaKpOCKOnnqeCKHe npH60pbl, nparOTOBnHID!llHe KBBBTO-

BO-MexaBHqecKHe COCTOHHHH HnH perHCTpHpyromue HX (nocpeUCTBOM BKnroqeBHH TO­

KOB nnH noTeauuanos). npennaraeMbli!: annapaT onncbisaeT KBSHTOByro aneKTponn­

aaMHKY BMeCTe C T8KHMH npn6opaMH H MO~eT paccMaTpHB8TbCH KBK·MaTeMaTH­

qeCKOe o¢opMneane Teopnn uaMepeaua nnsr KBaHToBaHHbiX nonei!:. 

§ 2. 3neKTQOMSrHHTHOe none C BBeWHHM TOKOM 

Caaqana npnaaMaeM wpeilnarepoacKyro Ka.pTnay, u6o B sell: _aanaqa nnaroaa­

naaaunn. HP h pewaeTcSI npome. Bcrony B aToll: pa6oTe ucnonhayeTCSI KynoaoacKaSI 

Kanu6poBKa onepaTopa aeKTop-noTeaunana ·A :;meKTpoMaraBTHoro nonsr, TaK qTo .-div A = 0 • MeTpnKa Torna non_o~nTenbao-JJ.e<iJaaaTHa n ae aano yqnTbiBaTb no non-

HHTenbBOe ycnOBHe nopeaua. Yfcnonb3yeTCa CHCTe~.m enHBHU b = 1 • C ., 1 
2 . 

H 

cz ~ 1/ 137 = e I 4. rr • 

x/ .. 6 . Tep~H "'aneKTpoa yneT ucnonbaosaTbCSI B Kaqec~ae o6mero aaaaaaua 
nnsr aeraTOHOB (aapsrn -.I e l } H noanToaoa· (aapsrn e). 

6 

nepBOBaqanbBO TeOpHH 

(a conpa~eaaoro onepaTOpa) 

BBTepnpeTaUHH. OnaaKO: OK83: 

-... 1 A(x)• ~ ! J 

v' 2 ( 2 rr) 3 A~l,2 

.... 
[c(k, A ) 

I 1 

JJ,aaroaanaayrolllee 
0 

H 
ph 

Bhipa>KeBHHMH: 

H 

Ho ~ ~ 
ph 

3 
~ -<~: f d k 

A 



avTome6»»·ITO CpaBHeHHID C ypaBHeHHHMH 

0npe.r:~eneHHhie npe.r:~enehi npH t ... ~ .. , 

pacceHHHH. B 9TOM cnyqae 

t ... + .. COBIT8J:I8IDT C in HllH out 

onepaTOphl HBIIHIDTCH ¢H3H'l.ec­

nro5oro MOMeHT8 BpeMeHH, 

B peaynbTaTe BBe.[leHHH MO.[IeiibHhlX•' 

¢oTOHOB, aeraT~HOB H IT03HTO-

C BHeWHHM TOKOM H ITOTeHUHSIIOM. B cnyqae 

9Toro annapaTa coananaeT c Ha-

s111. Ero BTOpoe npHOIIHmeHHB naeT 

cymeCTByiDIUHM p8C'll!T8M B K8pTHHe 

BKnana ··a fl9MOOBCKHi!: CrrBHr OT " ITOllHpH­

p8C'leT, HO He. C 

1/f + noTeHUHan 10nHHP8 

TOK8 9lleKTpOH.S, CBH38HHOrO ITOTeHUHSITOM 

c aecTaiiHonapHhiMH J H V • TaKHe 

npHoOpbl, npHrOTOBIIHID!UHB KBSHTO­

HX (nocpencTBOM BKIIID'leHHH TO­

annapaT OITHChlB88T KBSHTOByro 9ll8KTpOAH-

MO*eT p8CCM8TpHB8TbCH K8K M8T8M8TH­

J:IITH KB8HTOB8HHhlX nonefi, 

a H He HB.[IO Y'IHThlBSTb AOITOII­

hE1.ce1 H 

H83B8HHH 

I 

i 

nepBOH8'181IbHO TeopHH .[1011*118 38ITHChlB8TbCH a. TepMHHSX onepaTopa A 

(H COITPH*eHHOrO onepaTOpa) 083 HCllOIIb30B8HHH KSKOii~nHoO KOpnycKynHpHOfi 

HHTepnpeTSUHH, Oz:taaKO OK83b!B88TCH Y.!IOOHhlM BBBCTH Cpaay OOhl'lHOe pa.3l!OlK8HHeA: 

.... .... 
- ... 1 3 e A ( k) ... tk: t ... -t~i 
A ( x) • ! I d k [ c ( k, A) e + c ( k, A) e ], ( 2.1) 

y2(2" )3 A=1,2 yk 

... +.... ...... ...... 
[c(k, A ), c (k ,A)]=<\ , o(k -k ), 

I I 2 2 " '" 1 2 
1 2 

(2.2) 

0 
.oHaronanaayroruee 

Bhlp8:lK8HHHMH! 

H • Tor.r:~a onepaTop nonnofi 9Heprxm MOAenH aa.r:~aeTcH 
ph 

0 
H (t) = H. + I ( t) 

ph ph ph 

0 ! + - ... H El:fdk kc (k,A)c('k,A) 
ph 

I ( t) 

3 
= -·:£ I d k 

A 

ph 

1 

y2k 

7 

_.-4 .;...,_ 3 
I J ( X • t )·A ( X) d . X = 

c(k,A) G* (k,t)+c+(k,A)G (k,t)] 
A A 

( 2.3) 

(2.4) ' 

( 2.5) 

' 



':....., ... 1 3 1:: ... ... 
J(:s:,t)a-Jd ke G(k,t); ( 2.6) 

v< 2rd . 

.... .... ... .... ... _., .... ... .... 
GA(k,t)= (eA (k)•G(k,t)); G*(lc,t) = -·G(-k,t). ( 2.7) 

.,J 

. . ~ 

KaK BIHlHO H3 ( 2.5) H ( 2. 7), c conesonAanbHbiM noneM A B38HMO.lleftcT.:ay--eT TOITbKO coneHOHll8ITbH85I '18CTb TOK8 J .l. 1 d!V J ..l. = 0 , OnepaTop H ph 

cnaraeTCSI H3 qneaoa KBBllpaTH'IHbiX no onepaTopaM c n 1!3 naaeftHbiX. nerKo 

npoBepHTb, 'ITO llOnOnHeHHeM AO KB8Ap8TOB ero MOlliHO rrpHBeCTH K KB83HCB060AHO-

MY BHAY 

+ ~ ~ 
k c ( k, A ) c (k, A ) + 

t t 
H (t)=~Jd 3 k 

ph X 
c - 'IHCITO; ( 2.8) 

~ ~ k ~ ~ '1 ~ 
c ( k, X ) = c ( k, A ) -· v - d ( k , X) ; d ( k, A) =- G ( k , t) 

t . 2 t t . k2 h 
( 2~9) 

rrpnqeM eAHHCTBe!IHb!M crrocoooM. Ecnn BBeCTH 
. .. .. 

onepaTop A 
1 

( x) BbipamaromnlicSI 

CM!(2.1), TO nony'IHM 
.. ... 

TBK >!(e, KaK A (X) qepe3 c qepe3 c 

.. ~ ·. .. .. 1 ~ ;A ( k) 
A. (:s:)-A(x)= -· -- ~ f d k ~--

t --· . 2 · ..;< 217 > s >< - 2 k 

.... ...... ... ....... 
[ G ( k, t) e n. z + G * (k, X ) e-1 kz] ~ 

X X 

-1-·- f d 3 k _!_ G (k t) 1;; 1 . 3 JJ.· (y • t) 
--3- 2 .! • e =-- r d y ------

y(217) k 417 1 ...... 

.. 
= - u <X:t).< 2.10) 

.! 
X- y 1 

8 

' I 
l 

' 

'I 

noSI:annocb none UJ. OT TOK8 J.l ;. OAHaKO J 

KaK OTMe'IEmOCb 00 BBeAeHHJi, • B OKOH'll 

B reft3eH6eprOBCKOii KapTBHe. B Heft (2.10) 

.. 
(j <;,t> ~; <;.t> -·uJ. <; 

rAe, sanpnMep, 
.. .. 
(f = S -l A S ; 
' t l!nSI ·A81 

orrepaTop rrepexoAa S a TOITbKO ypannenne 

1 _a_ s(t) = Hwh (t) s 
at p 

Ono nony'laeTCH H3 Tpe6oaannSI; 'IT06bi ypaa 

... -1 

...,H • S ~ W 

. 
HMeno BHA ~ H .= 0 • 

TOT me Bllll 

H (t) = S-1 Hw S = ~ f d 
3

k k 
ph ph h 

ecnn ero Bbipa3HTb qepe3 reli3ea6eproncKHE 

.. 1 
a (k,A)=S-(t) 

t . 

C ITOMOmbiO ( 2; 12) H ( 2.13) MO)!(HO Ill 

KHM o6pa3oM reli3ea6eproBcKoe ypaBHenne . 

. a ct 
a

1
=-l.[a,H ]+--

. t ph at 

9 



1 
3 tk: _. _. 

d k e G ( k, t) ; ( 2.6) 

( 27T )3 

... ... ... 
G*(k,t) = -·G (-k, t). 

... 
k, t )); ( 2.7) 

_ .. 

... 
, c coneaonaanbHbiM noneM A B3aHMO.IlelicT.ay-- -ToKa J .L , div J .l. = 0 • OnepaTop H Ph 

no onepaTopaM c n na nnaeliHbiX. flerKo 

BaapaTOB ero MOli\HO 11pHB9CTH K KBa3HCB060AHO-

+ ... .. 
c ( k, A ) c ( k, A ) + 

t . t c - 'lliCnO; { 2.8) 

... . 1 
d ( k , A ) ; d ( k, A ) =- G ( k , t ) 

2 t t k2 A 
( 2:9) 

.. ... 
Ecna BBecTH onepaTop A 

1 
( x) BbrpaJKaiOIIIHiiCSI 

'!epea c , CM! { 2.1), TO nony'IHM 

.. 
d!keA(k) 

2 k 
2 

.. _... ... _. .... 
[ G ( k, t) e 1

1: "'+ G * (k, A ) e-1 kx] ~ 
A A 

... l~; 1 3 ,t)e =--(dy 
JJ. (y,t) 

I; -yl 
"' - u <X:tJ.( 2.10) 

J. 41T 

I 
i 

noSIBHnOCb none UJ. OT TOKa JJ. ; OJlHBKO He 381la3.1lbl3810!1lee, a MrHOB9HHOe. 

KaK OTMeqanocb ao aaeneuuu, · B OKOH'IaTenbHOM BIU!e .Teopns npome Bbirnsu:tHT 

a reilaeu6eproacKoA KapTBHe. B aeli (2~10) npno6peTaeT ann 

.. 
_G c;,t> .. A c;,t> _ u.L_c;. t). ( 2.11) 

rne, aanpnMep, ci = s -l A s . 
' t 

nns nanbHelimero JlOCTaTO'IHO 3H8Tb He CaM 

onepaTop nepexona S a TonbKO _ypaaaeane nns aero 

i-a-S(t)= Hwh (t)S(t). 
at " 

( 2.12) 

0HO nony'ISeTCSI H3 Tpe60B8HHSI, 'IT06bl ypaBHeHHe JlnSI B91tTOpa COCTOSIHHSI 
1 • . 

~ H - S- ~ w HMeno sun ~ H = 0 • Oneparop nonaoli saeprHH HMeeT 

TOT JK9 BI(Jl 

-1 w 3 + _,. ... 
H ( t ) = S . H S = l: f d k k .a ( k, A ) a ( k, A ) , 

s> h ph A t t 

ecnn ero BbipaaHTb qepea reliaea6eproacKne onepaTopbt 

.. 1 .. 
a ( k , A ) = S- ( t ) c ( k, A ) S ( t ) • 

t . t 

C IIOMO!Ilb!O (2~12) H (2.13) MOlltHO Bbl'IHCID!Tb 

KHM o6paaoM reliaea6eproacKoe ypaaaeane nanJKeHHSI 

. a ct 
a =- i [a , H ] + -- =- i k a 

t -. t ph cH 

9 

a a !-at 
t 

nnSI a t • 

_,gd 
t . 2 t 

( 2.13) 

( 2.14) 

B IIOlJY'IHTb Ta-

( 2.15) 



.. •.' 

Hcno.Jib30BSH TOT ¢aKT, 'ITO KOMMYTSUHOHHbie COOTHOWeHHH llllH a . t 
TSKBe :HCe, 

'ITO B AnH c B.JIH c , eM. ( 2. 2). CooTBeTCTByromee ypaBaeane Anst ff 
t ' 

0
... ... 2... ... 

nyqaeTCH na ( 2.11) B ypaBaeann A=- J .L n V U .1. .. -·J .L : 

no-

... 2 a2 ... ... ... ... 
QG'e(V ---)G'(x,t)=U (x,t). -· a t 2 .L . 

(2.16) 

.... 

c c BbmnweM peweane ( 2.15), coBnaAaromee npn t ,; 0 
t "' 0 

... -•~ t ... 'fk t • ... n r 
a (k,,\)., e [ c (k,)..)-,.j~ J d (k,)..) e dr]. 

1 1 =o 2 
0 

r 
(2.17) 

CooTaoweanli (2.15) n (2.17) :OocTaTO'IIIO Ami peweHJm Bcex aana'I Molle.JIH. 

HanpnMep: "'Baaqane npn t .. 0 HMeeM ¢H3~'IeCKHH BaKyyM, KllKOBa'BepOHTHOCTb 

aaliTn npH t> 0 
/5/ 

N ¢nanqecKnx ¢oTOHOB ?"', cp. , rn. 15. Ha (2.15) cneAyeT, 

'ITO CTSUHOHSpHblH TOK He H31IY'IIl9T lPH3H'IeCKHX lf>oTOHOB, 'ITO H llO.JIJKHO Pb!Tb no 

npHHUHny COOTB9TCTBHH K.JISCCH'IeCK()li sneKTpOilBHSMHKe ( TO.JibKO yCKOpHIO!IlHeCH 38-

pHilbl nopOJKAil!OT OTphiBiliOllteeCH OT HHX aneKTpOMSrHHTHOe none) •. B TO JKe BpeMH 

ypaBHEmne ll.JIH "'ronhlx"' reliaea!5eproBcKnx onepaTopoB cH (i{,.\, t )= s-1 
c (k,.\) S 

COil9plKHT He npOH3BOilHYIO OT TOKS, a CllM TOK! 'rO.Jibie"' lf>oTOHbl MOryT ncnyCKSTb-

CH. H CTilUHOf!SpHhiM TOKOM. 

a161 § 9 MOlKHO nafiTH npuMep npyroro cnoco5a paccMoTpeHHH nacToHmen Mane-

nn. 

§ 3. 3neKTpOflbl BO BHeWHeM noTCHJlHS.Jie 

OnepaTop nonnofi sueprnn B wpeAnnrepoBCKOfi KapTnne nMeeT nnn 

0 3 _, ' ... ... : -# 

H +I (t)sfd xcf> (x)[-·iaV+f3m]cf>(x)-
e e . - . . 

! + ... . _, _, 
-efd xcf> (x)y r w (x,t)<?(x). 

. 0 1L p. 
( 3.1} 

10 

.I 

·I 

:I 
I 
I 

npn'IBHa ynoTpe5nean·H o5oaaaqe~HH W 

HCHO!i noTOM. 0TMeTBM, 'ITO OPbl'IHhlli 

AeliCTBBH C aneKTpOMarHBTHhiM noneM 
. 171 . ·. 

KYIIOHOBCKO!i KS.JIBPpOBKe • lloaTOMy 

qTOPhl TeopBH PblllS HHBapHSHTHC 

BMeCTO (3.1) C.JieAyeT B3HTb COOTBeTC 
· · Ill l 

CM. (8.l22a) B • Ec.JIH BB9CTB one 

o.;. -i;;V +{3 

TO OHO MOJKeT 'Pb!Tb aanucaaa. B BBile 

Hw(, t)- _!_ Jd
3 

x I. 
e - 2 • a,{3 

[ cf>* 
a 

B BCXOAHYIO·¢opMyllHpOBKY MOlle 

HOWeHBH (TaKHe JKe, KSK AIIH CBOPOAH 

... + ... ... .:. 
lcf>(x),cf> (x')l=o(x-x'l 

nonOJKHM, 'ITO Mhl anaeM COPCTBeHf!bl 

Du 
E 

llpeAUO.JIIlraeM, 'ITO W TSKOBO, 'ITO 

nonocbi co5cTBeHHbiX anaqeanfi E: 

( o5oaaaqnM TaKne co5cTBeHHbie aHa 'I 

Ot>oaaa'Il!M 'oyKBoli n ( negaton) · 

aoro aa5opa onepaTopoB, KOMMyTnpy• 

11 



COOTHOWeHHS! nnS! a
1 

TSKHe >Ke, 

( 2. 2). CooTBeTCTByromee ypanaeaue nnn ff no-
... .. 2 .. ... 

0 A = - J .l H v u .l = -· J .l : 

2 a2 · .. ... .. .. 
--)B(x,t)eU (x,t). 

a t 2 .L 

romee npH t "' 0 c c 

' lk t 

.» > -"'T! d (k, ,\ ) e 11: r 
r 

t = 0 

dr 1 • 

I (2.16) 

.... 

( 2.17) 

17) nocTaTO'IHO una peweaaa ncex aauaq Monenn. 

HMeeM <jlna~qeCKHH BaKyyM, KaKOBa·nepOS!THOCTb 
/5/ 

<jloToHoB ?', cp. , rn. 15. Ha ( 2.15) cneuyeT, 

<jlnanqecKHX <jloToaon, 'ITO H uon>KHO DbiTb no 

It aneKTpounaaMnKe (TonbKO ycKoparomneca aa­

aneKTpoMaranTaoe none). B To >Ke npeMS! 

~PnT'nl>.f"T<UV pnepaTopon CH (k,.\, t ) .. s-1 c (k,.\) s 
'ronbie' ¢oTOHbl MoryT ucnycKaTb-

cnocooa paccMoTpeang aacToamelt Moue-

B mpenHHrOpOBCKOfi KapTHIIe HMeeT DHU 

... < ... ... ..... 

(x)[- i a V + {3 m 1 ¢ ( x) -

+ .. ... .. 
x¢ (x)y y W (x,t)¢(x). 

. 0 /l /l (3.1) 

10 

I 
I 

I 
j 

,,.j 

¥1 

J,i 
i 
~I 

I 

i 

-I 
I 

.. 

llpa<maa ynoTpe6nealiS! oooaaaqeaaa W- BMecTo V (eM., BBeneane) cTaHeT 

S!CHOlt nOTOM. 0TMOTHM, 'ITO OObi'IHbllt CnOCOO BKnro<teHHS!' MHHHManbHOI'O B38HMO­

nefiCTBHS! C aneKTpOMSI'HHTHbiM noneM OllHHSKOB KaK B nopeHneBCKOA, TSK H B 
. 171 . 

KynOHOBCKOA KanaopOBKe • lloaToMy KanHopOBKY W MO>KHO HO oroaapHBSTb, 

l:.ITOObl TeopHS! Obina HHBapHaHTHOfi OTHOCHTenbHO aapS!llOBOro conpS!>KOHHS!, 

BMOCTO ( 3.1) cnenyeT B3S!Tb COOTBOTCTBOHHO CHMMOTpH30BaHHOO Bblpa>KOHHe, 
- Ill 

CM. (8.l22a) B • EcnH BBOCTH onepaTOp 

.. .. 
Da -l;;V +{J m -e(W -~W), 

0 

TO OHO MO>KeT 'Ob!Tb aanHCSHO B BHne 

Hw(, t)- _!_ f d
3 

x I. [ ¢* 
e - 2 • a,{J a 

DafJ ¢ fJ -· D af3 ¢ fJ¢*a 1 . 

(3.2) 

(3.3) 

B HCXOllHYIO ¢QpMynHpOBKY MOnenn BXOllSIT TSK>KO 

HOWOHHS! ( TSKHO >Ke, KSK nna CBOOOllHOI'O cnyqag W a 0 

SHTHKOMMyTSUHOHHble COOT­
/8/ 

eM. , rn. 14,3): 
l 

I ¢ C:> , ¢ + (;'>I ""8 (; _;'); I ¢ < i >, ~ (;')I-= I¢+(~). ¢ +c; ')I., o. 
(3.4) 

llonO>KHM, 'ITO Mbl 3HaeM COOCTBOIIHble iflyHKUHH ypaBHOHHS! 

Du ""E u 
E E 

(3.5) 

llpeunonaraeM, 'ITO W TaKono, 'ITO ecTb nne paaueneaHbie, aenepeKpbmaromne 

nonOCbl COOCTBOIIIIblX 31Ia'IOIIHlt E: nono>KHTenbHaS!, nng KOTopolt E > 0 · 

( 0003HS'IHM TaKHO COOCTBOHIIblO 3HS'IOHHS! qep~a En ) u oTpnuaTenb!Iaa 
1 

E < 0. 

06o3HS'IHM oyKBOfi D ( DegatOII) · 

p. 

<;oBOKynaocTb coocTBeHHbiX aaaqeann non-' 

aoro aa6opa onepaTopon, KOMMyTnpyromnx c D (n conep>Kamnx D ) , ecnn· 

11 



oaa coAepJKHT E • CooTBeTcTByJOmHe co6cTBeRRble «jlyRXIUIH (3.5) o6oaHB'IHM qepea 
!L '' 

u • Co6cTBeRRble- «jlyRIUlHII c -E "' EP o6o3RB'IIIM qepea: '- v. . ( poslto11 } • 
D . . : p 

3TH R860pb1 onepBTOpOB II CBMII C06CTBeRRble «jlyRKIIIIII, KBK npBBIInO, 38BIICHT-OT t 

ecn11 W 38BIICIIT OT' . (TOrAB B 38AB'Ie (3.5) cneAyeT paCCMaTpiiBBTb 

KBK napaMeTp). CllcTeMa cn11aopoB u 

MllpOBBRROH 

II V AOnlKHB 6b!Tb nonROH II. OpTOROp-

s .. .... -4 

.A I J d x u * ( x, Cl, t } u (x, a, t } "' 8 
Cl nl n2 nl,n2 

3 3 
I J d x u* v ~ 0; I J d x v* v .. 8 
a n P a P 1 P 

2 
P 1' P ~ ( 3.6) 

PaanOJKIIM orrepBTOpb! tP II tP + IIO 9TOH CHCTeMe: 

.... .... + ~ 
tP (X) "' S a (II) U (X, t) + S b (p} V (X, t } ; 

n t n p t p 
(3. 7) 

+ .. +· ... + ... 
¢ ( x ) = S n a t ( n ) u n ( x , t ) + S P b t ( p } v P ( x, t· ) • (3.8) 

Kax o6bi'IHo, U + 0603HB'IaeT CTpOKY II3 'leTb!pex KOMIIneKCHO COflpSIJKeHHb!X KOM-

noaeHT u • OnepaTopbx a n b AOnJKHbi aaanceTb oT ( TaK, 'IT06bi neBbie 

'l:BCTII (3.7) H ( '3.8) He 38BHCenll OT BpeMeHH) • .Ha (3.4) BbiTeKaeT, '!TO 

a (n ) a+(n }+ a+(n }a (n
1
),; 8 

t 1 t 2 t 2 t . n
1
,n

2 (3.9) 

12 

-, ,_. 

:, 

j 

I 
i 

!l 

\ 

·• 

! 
r 

·r 

•• 1 

I ., 

"( 

Pe3ynhTBT noACTBHOBKH (3.7) H 

+ -
at (II} at ( 11} 

.Hw(t)=SE 
e n n 

!... f d
3

x [s E. u+u 
2 .n n n 1 

TaK JKe KBK B ( 2.8), y HBC flOHBHnCH 
1 . w . 

H., • Oaa HBnHeTcH HOpManbRO yrroi 

rronoJKHTenbHo-orrpeAeneaaol!, 'ITO Aae· 

oTpnnaTenbHbiMH aaeprHHMH. PeaynhT< 

BanH HMeaao paanoJKeane ( 3. 7): AHar• 

orrepaTopHbie xoa«P«jJHuHeHTbl paanoJKeHJ 

nanbHefimee p83BHTHe arrrrapaTa 

ITocxonhKY rel!aea6eproBcKni! orrepaTO 

S -orrepaTop rrepexolla na mpeAnare 

paanoJKeane 1/J 
1 

COOTBeTCTByJOmee I 

1/J(i",t)=S A (n)u (;,t} 
n t n 

A ( 11 } .. S "'"1 a ( 11 } S 
t t 

AHTHKOMMYTBUIIOHHbie COOTHOWeHHll Al 

BIIA, '!TO H AnSI a t II b t (eM. (: 

neane HMeHHO 9THX orrepaTOpOB Mbl IIC 

MOAena. MoJKHO YBIIAeTb, '!TO BBKYYMH , . H 
co6cTBeliHbiM BeKTopoM H (t) c sa 

e 
6yAeT «jJH3H'l:eCKIIM BBKyyMOM MOAenH ( 

13 



co6CTBeHHbie c!lYHXIUIH (3.5) o6o3JIS'IHM '!epe3 

o6oaaa'IHM qepea: 'v P (positon ) • 

¢yHKnHH, KSK IlpSBHIIO, 3SBHCRT OT t 

B aana'le (3.5) cnenyeT paccMaTpHBSTb 

u II V nonJKHa 6biTh nonHoii u opTOHop-

' t ) u . (i", Cl ' t ) ~ 8 
D 2 D t' D 

.... 

J d
3
x 8 v* v 

p1 ,P_2 pl, p 2· (3.6) 

rp + IIO 3TOfi CHCTeMe: 

'(3.7) + .. 
t) + S b (p) V (X 1 t ) i 

P. t p 

.. + ... 
(X, t ) + S b ( p) V ( X, t·) • 

P. t p 
(3.8) 

H3 'IeTb!pex KOMIIIIeKCIIO COIIpRJKeHHbiX KOM-

J:IOIIJKHbl 3SBHCeTb OT ( TSK, 'IT06b! neBbie 

OT BpeMean). Ma (3.4) BbiTeKaeT, 'ITO 

+(n )a (n
1

)-=8n ,n 
t 2 t 1 2 (3.9) 

I 
•\ 
I 
i 

I 
II 

I 
. ' 

\ j 
''I 

I 
. I 

J 
h 

.'i 

~ 
•) 

<( 

f. 

t 
; 
!· 

PeaynhT~T HOACTSHOBKH (3.7) H (3.8) B (3.3) MOJKHO npeJ:(CTSBHTb B Btm.e: 

. H w (t) ~ S E 
e n n 

+ . 
a, (n) 

+ . 
a, ( n) + S P I 'E PI 'b t ( p) b t ( p) -

1 

2 
3 + + f d x [ s E u u -s E v v 

nnnn PPPP (3.10) 

TaK JKe KSK B ( 2.8), y HSC IIORBHIICR C -'IHCIIOBOl! no6aBOK K onepaTopHOl! ·'IaCTH 
w 1 

He • · Oaa nBnneTC.Il aopManhHO ynopnnoqeaaol! no onepaTopaM a t n b t n 

IIOIIOJKI!TeiibHO-OHpeneneJIJIOl!, 'ITO naeT 06bi'IHYIO HIITepnpeTOUH!O pemeHHSIM ( 3.5) C 

OTp!!IlaTenbiibiMH aaepr!!Rr;m. PeaynbTaT ( 3.10) 06'bSICHSieT, IIO'IeMy Mbl HCIIOIIb30"':" 

Banu HMeaao paanoJKeane ( 3. 7): nnaroaannayroT Hw KaK pas cooTBeTCTByromne e . 

orrepaTopBbie Koac!l¢nuneaTbi paanoJKeHnH rp (x) nMeuuo no u 11 v • 

llanbueiimee paaBHTHe arrnapaTa npoBOAIIM B rel!aeu5eproBcKoii KapTnue. 

IIocKonhKY reiiaea6eproBCKttii oneparop t/1 ( x, t) paBeu S - 1¢ ( x ) S , rAe 

S -onepaTop nepexol\a na mpenuarepoBcKoii .KapTHHbi B reiiaeu6eproBcyro, To 

paanoJKeune t/1 cooTBeTCTByromee (3.7), nMeeT Bnn , 

...., ~ + ... 
tfr ( x, t) = s A ( n) u ( x, t) + s B (p) v (x, t ) 

n t n n t p 
(3.11) 

A ( n ) ~ S - 1 a ( n ) S 
t t 

+ -1 + 
B,(p)~s b,(p)S. ( 3.12) 

AIITHKOMMYTSUIIOIIHbie COOTHOWeHIISI J:(IISI At II Bt I!MeiOT TOT JKe o6bi'IHbiH 

Bnn, 'ITo u nnH at n b, (eM. (3.9)). KauoanqecKoe (poKoBcKoe) npencTaB­

neane nMeHJIO 3THX onepaTopOB Mhl ncnonhayeM AnSI KopnycKynnpuoii ~HTeprrpeTaunn 

MOJ:(enu. MOJKHO YBHJ:(eTb, 'ITO BSKYYMHhlii BeKTOp 3TOrO rrpeJ:(CTSBIIeBI!SI RBIISieTCR 
' H 
co5cTBeltabiM BeKTOpOM H (t) c uaHMeHblliHM co6cTBeHHhlM· aaaqenneM, T.e. 

e . H W 
6yneT ¢nan'!eCKHM BaKyyMOM Monenn (aaMeTHM, 'ITO H ~ s-1·H s 
. e e 

13 



qepea A 1 11 B1 BbipaJKaeTcR TaK JKe, KaK 

(3.10)). 

Hw qepea .. a II b .eM. 
t ' 

YpaaaeHIIR AllR A 1 II B t MOlKHO Haif'rn, All<jl<jlepeJIIlHPYR ( 3.12), cp •. §. 2 •. 

O.naaKo, ecn11 C'iHTaTb naaecTBbiM ypaaaeane Ann 1/1 

( · i p y - i e y W + m ) .p (X", t) ~ 0 
p. p. IL p. 

HllH i.p = D 1/J , .(3.i3) 
_.. 

TO HX MOlKHO nony'iHTb npome. BcTaBHM B 

IIOlKHM HOllY'i9JIH09 COOTIIOlli911119 Ha U + 

ii/J = D 1/J paanoJKel~ne ( 3.11), yM-

u npoHHTerpnpyeM no x , 'iT05bi 
n 

Hcnonb30BaTb (3.6). IIony'iHM 

i.~ (n')+iS A (n')<u ,;u >+iS B (p)<~ ,;~>=A (n')E(n'). 
t nt n n pt n p t 

llnH H8XOlKA91IIIH < U ,, U 
n n 

nponH<jl<jlepe!InnpyeM no apeMean ypaaaeaHe (3.5): 

EcnH n'.;, n , 

(D_:E )u =[E (n)-D]u. 
t n t n 

TO OTCIDAa cnenyeT < u , u > a y , I E ( n ) - E (n,). 
n n n, n 

y , 
n, n 

.... 
=<u ,,Du >=<u, ,-e(W -aW)u >. 

n n n 0 n 

ByneM npennonaraTb, 'iTO y <jlyHKilHft u n <jlaabl nono5pa!Ibi TaK, 'iT05bJ 
. /~ . 

< U n , U n > = 0 1 CM. • 0KOH'i8T9llbHO nonyqaeM 

v, A(n) 
n ,n . t 

A (n')=-_IE,(n') \(n')-Sn;/n' E(n)-E(n') t 

' + Y, B (p) 
n , p t s 

p 
E(p)-E(n') 

14 

(3.14) 

(3.15) 

•(3.16) 

'f 
~~ 
B 
t 

: 
j 

~. 

·~ 
.) 

I 
t 
1 
v 
d 

~ 
·I' ./. 

i 

I
I. 

f 

l 

I . 

~ I . . 
A 

\,', 
l:·· 
\:'~· 
\~ 
. r 

l, 

\ 

\ 
i 
f 

Aaanornqao nony'iiUOTCR ypaaa• . 
oaaaqaeT, 'iTO ecnn W .f, 0, . 
W c 0 1 HO. W .j 0. 

1 TO OBI! 

TOHHIIR C onpe.neneHHblM IIMnyn 

llllH p : 0 He KOMMyTHpye· 

6onee HSrllR!lHO 3TO BHAHO H3 

RHIIR B llip9AliHrepOBCKOft KapTI 

a 
i-F~KF, K=S 
.at 

+is s 
n.;,n' 

+ 
y , a I 

n ,n 

E (n ') 

+iSS [Y a+(n) 
n p n, p 

l1an_eKCbi t y onepaTopoa 

, B.BIIAY <jlOKOBCKOe npencTSBll9f 

( MaTpll'ilibie· aneMeHTbi a 

Ypaaae!Ine lllpeAnurepa r 

UM99T ~IIA ( 1A). rne HM 

W no caMo W • Oao oauaqa 

BaKyyMa no naJKe ecnn n 

B aTOM cnyqae ocTaeTcH cTa5: 

CH napbl <jl1!3ll'i9CKHX !I9r8TOHO 

CTByeT. 

x/ Bonee TO'JIIO: cnenoaaJ 
'i91IH9M 'qeTaon' qac~ 
MaTpH'lllbie aneMeJITbi 
CToHT e!lle OTMeTHTh, 
merocn noTeBnHana oc 

Tbl pOlK!l9BIIR nap • 



Hlll qepea 
e 

a t H b .CM. 
t ' 

AH<jl<jlepeHUHpyli (3.12), cp •. §. 2.~ 

Anll 1/J 

11[;., D 1/1, !3. i3) 

.~ 

M a 
+ 

i,P ~ D 1/J paanmKei~He ( 3. 11), yM-

II IIpOIIHTerpHpyeM no x· , 'lTOObl 
n 

S B (p)<~ ,; v >~A (n') E (n'). 
p t n p t 

peaunpyeM no apeMean ypaaaeaiie ( 3.5): 

(n)-D]u • 
t n 

. 
< u ,.. un 

n 

. 
>;= y, I E(n )-E(n'), 

n , n 

..... 
<u, ,-e(W -aW)u >·. 

n 0 n 

u n <Paabl noAoopanhr TaK, 'lTOobr 

nonyimeM 

Y , A ( n ). 
n ,n t 

• + 
Y, B (p) 

n , p t s 
E(n)-E(n') p 

E(p)-E(n') 

(3.14) 

(3.15) 

•(3.16) 

t 
~ 

~~ ll I, 

J 
·~ I 
J 
i 
t 
f 
I • • 
0 
~ 

·~ 

't 
t 

i: 
j 1' , . 

'I 
I I . 
~ 
lj 

~ 
I 

'AaanorH'lHO nony'laK>TCli ypaaneHIIli AnSI . 
+ 

B, II B~.YpaaaenHe (3.16) 
+ 

• A t. 

03HS'lSeT, 'ITO ecnii w I< 0. TO sneKTpOHhl MoryT HC'leaaTh H polKASThCli. Ecnii . 
w .. O,ao W-{.0, TO OHII MOryT TOnbKO pacceHBSTbCli BBHAY Taro 0 'ITO COC-

TOliHHli C onpeAeneHHblM HMnynhCOM He eCTb COCTOliHHli C OIIpeAeneHHblMH n 
x/ 

HnH P : D ae KOMMyTnpyeT C onepaTOpOM HMIIYIIbCa • Bo3MOlKH0 0 'ITO 

f5onee aarnliAHO STO BHAHO H3 COO~BeTCTByromero ypaBHeHHli AIIli BeKTOpa COCTO­

liHHli a mpeAnnrepoacKoli KapTHHe, KOTopoe Mhl npnaeAeM 6ea BbiBOAa: 

1-a-F~KF, K~s E(n)a+(n)a(n)+S lt(p)lb+(p)b(p)+ at n P. 

+is s 
nf.n' 

+iSS[Y 

• + 
Y , a ( n ') a ( n ) 

n ,n 

E(n')-E(n) 

-I S S 
pf, p, 

y , b + (p ') b ( p ) 
p,p 

I E ( p , ) ~ -· ~ E ( p) I 

+ + • -1 
a (n)b (p)-Y* b(p)a(n)][E(n)+IE(p)l] 

n p n, p n,p 

+ 

(3:17) 

HnAeKchr y onepaTopoa a H b OTCYTCTBYIDT, noCKOnhKy 3AeCb HMeeTCli 

B BRAY <jlOKOBCKOe npeACTaaneane aTHX onepaTopoB aa 083HCe aaKyyMa n 
/4/

1 

( MaTpH'IHbie aneMeHThi a n b TorAa ne aaaiiCliT oT ape:MeHH, cp. ) • 

Ypaaneane lllpeAnHrepa irpii oohi'IHOii, "ronal!" KopnycKynllpHoli IIHTepnpeTaunn 

nMeeT ~IIA ( 1;4), rue H ~He+1(t), 
M 0 e 

COAeplKHT ne rrpOH3BOAHYID OT 

W no caMo W • Oao oanaqaeT, 'ITO "ronhre" aneKTPOIIhi MoryT polKnaTbCli II3 

aaKyyMa f! 0 
nalKe ecnH noTeHUnan W cTaTn'lecKnli. · ¢nanqecKnli lKe aaKyyM 

B aTOM cnyqae OCTaeTCli CTSOIIIIhHbiM. HanpnMep, B KynoHOBCKOM none He polKJlaKIT­

Cli napbl <jlH31I'IeCKHX aeraTOHOB H IT03HTOHOB, T.e. "rronllpH38UHli BaKyyMa" OTCYT-

CTByeT. 

x/E « -onee Toqao: cneAoaano.uhl roaopnTh o cocTOliHIIliX c orrpeneneHnhlM ana-
qeaneM "qeTnoll" 'laCTH onepaTopa nMnynbca, KOTopall nMeeT nyneahre 
MaTpH'lHble sneMeHTbl MelKJly neraTOHHbiMH H IT031ITOHHblMH COCTOliHHliMH. 
CTonT eme OTMeTnTh', 'ITO apSin nn rrpnonnlKenne anewaero nenaMeHSiro­
merocli noTenunana ocTaeTCli crrpaaeAniiBblM, ecnn paccMaTpnaaTh s¢<jleK­

Tbi pOlK.IlCHHli nap. 
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CYIIleCTByeT o6wnpnaH nnTepaTypa no Bbi'IHcneuuro BaKyyMnoro cpe.r:nrero OT 

. . 161 110-131 CHMMeTpH30B8HHOr0 OnepaTOpa TOK8 B o6cy:amaeMoli MO!lenu, CM, , § 10 H . , 

STo · Bbipa)l{eaue y aac noHBBTCSI noaJKe: B paMKax KBaHToson aneKTpoauaaMBKH B 

nenoM. Tyaa u nepeaocnTcSI Bell npo6neMa 'nonHpuaanun BaKyyMa' npu npuHHTOli 

KopnycKynHpaoli UHTepnpeTannu. B paMKax.JKe Moaenu npoCTo aaao !18Th TaKne 

onp~nenenim ljluauTiecKBM onepaTopaM ToKa, BMnynhca u T.n., 'ITOobi ux cpenane 

BaKyyMHbie 3H8'IeHBll Bcerna p8BHllnUCb aynro (KaK CUe!{CTBUe OTCyTCTBHll ljluan­

'!eCJj:,UX 'IBCTUU B ljlnanTiecKoM BaKyyMe). TipnMep naane>Kamero nepeonpeneneHJ!ll 
_. . 141 

onepaTopa HMnynhca 6bm o6cy:amen B · !lull Monenu CKanHpnoro nonH c ncTO'IHU-

KOM. B aannoli Mo!lenn onepaTop ToKa cneayeT onpeaenuTb K8K HOpM8UbHOe yno-

Pll!lOTieane N w o6bi'Inoro BbipaJKeHUH no dmanTiecKUM 

T8K 'ITO < 0 ' N -;;. y "' 0 > .. 0 • w p. 

onepaTopaM At u B, , 

0TMeTnM oTmPme ( 3,11) OT cnoco6a paano>KennH r/1 npnHHToro a cymecTay-
. Ill . 181 J 1141 

romnx uanoJKennHx 'KapTHHbi <Pappu', CM. , rn. 15; rn. 14; • TaM r/J 
Ill 1141 paanaraeTCH no peiiieHnHM (3.13), a ae (3.5), eM. ( 15.191) B • <Pappu yTo'l-

HHeT, 'ITO BMeiOTCli B BUlly peiiieHUH ( 3,13), KOTOpbJe B MOMeHT t ~ 0 coananaiOT 

C HeKOTOPOM nOUHOH OpTOHOpMBpOBBHHOli CUCTeMOH cnunopos, HecMOTpli Ha CTOUb . . / 

neKOHKpeTnoe onucaaue, paanoJKenne <Pappu ne MOJKeT cosnanaTb c ( 3.11): B oT-

nuque OT At u B, onepa-ropHbie Koa#uunenTbi paano>Kenun <Pappu nnli r/J 
He 3aBUCliT OT · BpeMeHH ( r/J yaosneTBOpHeT ( 3.13), noToMy 'ITO paanaraeTcli no 

ero peiiiennnM). Hx BaKyyMHbili BeKTOp, aoo6me rosopli, ae liBnHeTcli co5cTsenHbiM · 

COCTOliHHeM H" C HaHMeHbllieH aaeprneli ( MOlKIIO noKa3aTb, 'ITO paanoJKeHIIe <Pappu 

MOJKeT oaaa'!aTb u "ronyro" HHTepnpeTanmo). Hallie paanoJKeHue ( 3.11) BbiTeKaeT 

na cneunanhHoro Tpeoosanim: oao aon>Kno anaroHanua.osaTb H., • HnKaKoro co­

OTBeTcTsyromero norron!lliTenr,rmro KOflKpeTnanpyromero Tpe5osannli y <Pappn neT. 

B cTaTn'leCKOM cnyqae.,oaaaKo, paanoJKennn ¢aKTU'IecKn cosnanaroT. Hanpi!:Mep, 

( 14.60) s
181 

npencTaBnlieT co5oli paano>Kenne r/J no peiiieHIIliM (3.13), nepu­

O!lH'IecKn 3.!1BUCliWUM OT BpeMean ,II OliO COBnanaeT C ( 3,11), nOCKOUbKy B CT8TB­

'!eCKOM cny'!ae II3 (3.16) cnenyeT, 'ITO At (n) = At= 0 (n) exp [- i E ( n) t I . 

16 

§ 4. KsanTOB!HJ aneKToong 

H POTeHn 

B mpeanareponcKoli KapTUae n Kync 

aneKTpoMarnnTnoro nonli onepaTOp nonno 

_) .. 
H(t). H (t) + H (t 

ph " 

rae H p·h aaao BbipaJKeaneM ( 2.3); a 

- . . 
3 + .. 

H (t)=H 0 -eJ d x: ¢ (x) 
" e . 

3 3 + .. . __ e_-Jfd xd y :¢ (x)cp(> 
41T 

3aecb V 0003Ha'!8eT CBOOO!lHbiH noTe.IIUl 

(4,2) X8p8KTepe.ll !lnli'KyUO.IIOBCKOli K8UH5 

eT C nnOT.IIOCTbiO B.lleiiiHHX 38pH!lOB Henoc 

none. HaKonen, 

• 3 + . 
I - -· e f d x : cp ( l 

• e 2 s · s .. 
I "' -- JJ d xcl y : cp + ( x) ¢ 

c SIT 

iJTOObi HCnOub30B8Tb TO'IHbie peweHHli MOJ 

parpaljlax,· aano caaTiana nepeliTn a oco5y: 

nuareponcKo_l!: n. rel!:aea5eproncKoli. B neil 

TeM JKe ypasaennHM, 'ITO n a rel1aen5eprc 

8H8MH ,Hph · n H., T.e. ypasaennro 0, 
l 

·17 



no Bbl'i:HCII9RIIIO BaKyyMHOrO CpeaJ;Iero OT 
161 110-13/ 

o6cylKJlaeMoii Moaenn, eM. , § 10 H • 

paMKaX KBaHToBOii aneKTpoaHRaMHKH.B 

'nonnpnaaunn BaKyyMa' npn npnHRToii 

-~e Mouenn npocTo aauo aaT& TaKne 

'lTo6bi HX cpeuaHe 

aynro (KaK CIISUCTBHS OTCyTCTBHII ~H3ll­

fipHM9p aaune>Kamero nepeonpeueneaHa 

MoaenH cKanapaoro nonn c HCTo'lHH-

onpeuerrHTb 

cfm3H'l9CKHM 

KaK aopMarr&Hoe yno-

orrepaTopaM At HB,, 

t/1 . npHHRToro B cymecTBy-
' /14/ . 

rn. 14; • TaM t/J 
Ill 1141 

B • <l>appll yTo'l-

coanarraiOT 

Cl!CTeMoii CIIHHopoB. HecMoTpR Ha CTOllh 

Mo~eT coanauaTh c ( 3.11): B oT­

paanmKeHHa <Pappu am1 t/J 

( 3.13) 1 UoToMy 'ITO paanaraeTCII no 

IIBUIISTCII Co6CTBeHHbiM · 

(MOlKHO IloKa38Tb, 'ITO paarrolKeHIIS <l>appll 

IO). Hame pa~rrolKeaue ( 3.11) BbiTeKaeT 

HnKaKoro co­

Tpe5oaaaHa y <l>appH HeT. 

•aarroJKeHHa ·¢aKTH'leCKH coananaroT. Hanpi!Mep, 

t/1 no peweannM (3.13), nepH-

coanauaeT C (3.11), UoCKOIIhKy B CTaTH­

A t (n) = At, 
0 
(n) exp [- i E (it) t ] . 

§ 4. KaaBToB8SI arreKTpOQHB8MHK8 C BHe!UHHM TOKOM 

ll llOTeHUH8IIOM 

B mpeauarepoacKoA KaPTlfRe 11 KynoROBCKoA KanH6poBKe ana KBaaTnBa~aoro 

aneKTpOMarRHTHOrO DOIIII onepaTOp llOIIHOfi.aHeprl!H 3TOH T90pllll HM99T BliU 

H ( t )• H ( t) + H ( t) + 1 , 
ph e 

( 4.1) 

rae H 
p'h 

aaao Bbipa~eaHeM ( 2.3) 1 . . a 

• 0 ! + ..; ... ... 
H (t)-=H -ef d x: </> (x)y y V (x,t)rf>(x): 

e e Opp 

(4.2) 
e s s + ..... ... ..... · .... ..... - 4;" f f d X d y : </> (X) cf> (X) : J 0 (y, t) I I X - y I . 

3uecb V 06o3H8'18eT CBo60UHblii IIOT9l!UH8n, CM. BBSUSHHe. fiocrreuHHJ!: 'lii9H B 

(4.2) xapaKTSpeH a1151 'KynOHOBCKOi! K8m16pOBKH! 3II9K.TpORH09 none B38HMOUeHCTBy-

.eT c rrnoTHOCTb!O saemaux aapnaoB aerrocpeucTaeaao, a ae qepea aneKTpoMarBHTHoe 

none. HaKoaeu, 

. s +-+-f' ......... 
1 .. -· e f d x : </> ( x ) a </> ( x ) A ( x ) : + I c ; 

' __ (4.3) 

e~ s · s ..,. _,. + ... ... , .... _, 
I ., --• ff d xd y : </> + ( x) </> ( ~ x): : </> ( Y) c/J ( Y) :I I x- Y I · 

e Str 

lJTo6bi HCllOIIh30B8Th TO'lHbiS pemeBHII Moaenel!, H3no>K9HHbl9 B npeUbiUY!UHX na­

parpa~ax, aauo caaqana nepei!TH B oco6yro KapTHHy, npoME!>KYTO'lHyro MelKJly mpe­

anarepoBCKolt n. rel!:aea6eproBCKol!. B aelt orrepaTOpbi nonell: aonlKHbi rrou'lHBHTbCR 

TSM ~e ypaBHeRHSIM, 'ITO H B rell:aea6eprOBCKHX K8pTHR8X Mouerrei!. C taMHilbTOHII-

8HaMH .Hph. n H8 1 
T.e. ypaaaeanro OA • -J.L n ypaBHeRHIO anaa (3.13). 
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no aaanorHH C nepeXOAOM B K8pTHHY B38HMOAOliCTBHR,MO~HO H8HHC8Tb T8KOO 

ypasaeane Ansi onepaTopa cooTBOTCTByromero yanTapaoro npeo6pa3osannsr S. 1 

l-o-S. (t)~ [HIIIh (t)+~lll (t)] S.l(t). at 1 p • 

C'noMonihro (4.4) MO~HO nposepHTb, 'ITO rp (;,t)- s-l rp (;) s B 

(4.4) 

....,:. ... ' -1 ... ... 1 1 
A ( x, t) c S A(x) S , Aell:cTBHTenbno yAoBneTsopRIOT BbtmeynoMRHYThiM ypasae-
• 1 1 
HHRM. Ypasneane ~e AUR HOBOrO BOKTOpa COCTORHHR IJ> .. S-1 IJ> 

. ' 1 
HMOOT BBA 

l ¢ "' I ( rp , A), Ill : 

+ ......... 
rp a rp A ( x, t) + Ic: ( rp ) I(rp, A)•-efd

3
x 

(4.5) 

nocne aToro Mhl eme cso6oAHhl nn6o npBHRTb KopnycKynsrpnyro BHTepnpeTarinro nonell: 

rp IJ A s TepMnnax "ronhlx" qacTun, nu6o naTepnpeTannio ·cf>appn, eM. Konen 

§ 3, nn6o BHTOprrpaTannro, H3nomennyro B § 2 B 3. nocneAHRR n npnnnMaeTcR B aToll: 

pa6oTe. Bbtpa3BM A(;, t ) qepe3 orrepaTOpbi a 
1 

( k, A) eM. § 2, , 
... ... 3 -t/ 3 ... lk-: ... ... 
A(x,t)-[2(2rr)] 2 l: fd k[a (k,A)e + ac.]e (k)/-'k + A t • A v 

+ ~ .1- (X • t) ., B (;. t ) + u ..j.: ( ; • t) 

n BcTaBnM B I ( rp , A ) 

... 
• 3 + ... 
l(rp,A)c-efd x: rp arpft 

18 

3 +.... ... 
efdx:rparpU +I .l e_ 

(4.6) 

(4.7) 

Y ·aac riosrsnncsr qnen, -6unnaellnhlll: 1 

(sTopoll 'IJlen B (4.7)). On cpaKTH'le· 

HhlM TOKOM B BHOWHBM TOKOM ( U .J 

eT Ty ~e npnpoAy,.'ITO n ABa nocne 

aecea B ypasaeane AnsraneKTpoanor 

OAHOrO npeo6pa30B8HHR S2 TBKOr 

' 
lS (t)=[-•efd 

2 ' 

nocne aToro ypasaeane· AnH ane.KTP< 

npno6peTaeT 6yKB8UhHblii BRA (3.13) 

... ... ... 
w .. V+UJ.; w = v + 

0 0 

Dnsr seKTopa -~e ·cocTORHHR 'I' s-l 
2 

• _l'l'=l(l/1, 8 )'I'; I(I/I,G 

KaK AOn~Hhl cTaBHTbCH n pem 

H8'18UbHOrO COCTORHBR IJ' O M0)K01 
+ ... . + 

aanpnMep, nnn a 1 (k; A) A 1 · ( n ) ! 
0 0 

KOrO COCTORHBR B H8KOTOpoe KOH8'IJ 

< 'I'' ' u ( t , t ) 'I' > 
• 0 0 

U(t,t
0

) 

19 



53
anMoAeftCT5Hli,MOmno nanHCSTb TSKOe 

yHHTSpHOrO npeo6pa305anHH· S . '1 

(t}+~~ <t>1 s1 (t). (4.4) 

cp (;, t) a S-1 cp ( ;) S H 
. 1 1 

ynoMeTsOpHlOT BbiiDeynoMnnyTbiM ypaane-

cocTOHHIIH ell '" S-
1 ell HMeeT BHA 

1 

'JJ, ell; 

+ ..... .... .... 
x : cf> a cf> A ( x, t) + lc ( cf> ) • (4.5) 

npHHHTb KopnycKynnpayro nnTepnpeTannro nonefi 

nn6o 'nnTepnpeTannio cl>appn, eM. Kolien 

n 3. ITocnennnn n npnnnMaeTCH a aToA 

a ( k 1 A ) CM. § 2, 

t ' 

.... tk-; .... .... 
k [" ( k, >..) e + a c.] e ( k ) I v k + 

t • >.. 
(4.6) 

... 
B < ; , t > + u -1.; < ; , t > 

" 

3 . + .... 
-efdx:cf>acf>U +I 

...!. e. 
(4.7) 

y 'nac nonanncn •men, 6nnnaeiinblii no aneKTponnoMy nonro n;. ae conepmamnfi a 1 

( BTOpOft •men B ( 4. 7)) • On cflaKTH'leCKII OHIICbiBaeT B38HMOAeiiCTBBe. Me mAY KBSnToBan-

Hb!M TOKOM II BHeiDHHM TOKOM U J.. BbipamaeTcn 'lepe3 J L 
1 

CM. (2.10)), HMe-

eT TY me npnpony, 'ITO 11 naa nocnenn11x 'lneaa B (4.2) H Mome'r 6biTb Tome nepe­

neceH a ypaanenne JliiH aneKTponnoro onepaTopa. 8To nenaeTcn c noMOIDbiO eme 

OJlHOrO npeo6pa30B8HHH S2 I TBKOrO, 'ITO 

• 3 
1 s ( t) "' [ -· e f d x ¢+" cf> u.L 1 s ( t > • 

2 . 2 

ITocne aToro ypaanenue nnn aneKTpoaaoro nonll 1/1 ( x, t) = s-1 
cf> ( x·, t) S • 2 . 2 

npno6peTaeT 6yKBallbHbiii BHA ( 3.13), rAe W .. I W , W ll 0 
o6o3Ha'laeT 

... ... ... 
W=V+UJ. 

w = v + 1 J 0 ( y ... , t ) 
0 0 - f 411 ----·· d '3y • 

l·;-; I 

-1 
llnll B9KTOpa me COCTO!IHH!I lp • S 2 ell nonyqaeM ypaaneHHe 

• • • 3 +.... .... 
i'l'el(l/J, B )'I'; 1(1/J,fi)•-efd x:l/J a1/lf1 +I (1/J). . e 

(4.8) 

(4.9) 

(4.10) 

KaK JlOnmHbl cTaBHTbC!I n pemaTbC!I aana'IH B TBKOfi ·KapTnne? B Ka'leCTBe 

118'18ilbi!OrO COCTO!IHH!I lp O MOlKeT 6b!Tb 
+ ... + 

nanpnMep, l!nli a
1 

(k, ,\)A 1 (n) 0 t 
0 ' 0 0 

KOrO COCTO!IIIlill B 1!9KOTOpOe Kone'li!09 lp ' 

B31IT B9KTOp cPll3li'l9CiWrO BaKyyMa [l t 
0 ' 

n T.n. _AMnnuTyna nepexo.lla na Ta-

naeTcli cflopMyno:ll 

<'l'',U(t,to)'l'o> 
i: • 

U(t,t )= Pexp[if 1(1/J,G) dt' 1 
0 t 

( 4.'11) 
0 
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..-) 

1JI ' MOJKeT Ohl1'b T8K>Ke BaKyyMHblM COCTOSIHHeM (I t ~ HO y>Ke B MOMeHT t i 

Tax '!To B qacnmcTH a 0 -= 0 • OnepaTop a 1 (xax H A 1 H . B
1 

) .QOn>Ken 
J ' t t . • 

ObiTb Bblpa>KeH •repea a . ( COOTBeTCTBeHHO A t ·, B t ) C nOMOillbiO cjlopMynhl 
1o o a 

( 2.16), xax u onepaTOphl a , , A , , B , , BXO.Qamue B U ( t, t ) • CocToaHHe 
. t t t 0 

{} t cne.QyeT H8XO.QHTb K8K ljJOKOBCKHif CT~n6en ·Ha 083HCe BeKTOpOB 

n 
I 

0 

. + , a 
t 

0 

+ + + 
.a A B {} 

I t t t 
0 0 0 0 

n 
I 0 

( HnH K8K RX cynepnoaRUHIO) 1 Y.QOBneTBOpSIIOIIlHif ypaBHeHHSIM THna 

-ll:t 
e 

k • 
[a -v- f d 

I"' 0 2 r 
ll:r 

e dr]O -o. 
I 

3.Qech. nono>Keno t 
0 
~ 0, eM. ( 2.16). Llpyrue ypaBnenuSI -

A
1
(n)0

1
=0 H B

1
{p)0

1 
-=0 

(4.12) 

(4.13) 

MOryT 6biTb oanHC8Hbl aHanorH'!HO. PeweHHe CXO.QHOrO C ( 4.13) ypaBHeHHSI npH00-
/1/ . 

.Qeno, HanpnMep, B , eM. ( 12.31) H .Qanee. Hano>KenHaSI npone.r:typa :11 o6ecne'!HBaeT 

OO.'ree TO'!Hblfr yqeT B38HMO.r:teiiCTBHSI KB8HTOB8HHhlX ITOneii C J If V 

npocTo no Teopuu BOaMymeauii •. 

He>Kenn 

B cTannoaapHoM cnyqae, xor.r:ta J H V He 38BHCSIT 1 0 = {} 
I I O 

OT t 

H aMnmiTY.r:tB ( 4.11) H8XO.!tliTCSI T8K >Ke, K8K B OObi'!JIOJ1 K8pTHHe B38HMO.r:tei!:CTBHSI
1 

HO C yq!jTQM pSI.r:t8 OTnH'!Hft B ljleifHM8HOBCKHX npaBHnax .r:tnSI JI8XO>K,r:teHHSI U ( t 
1 

tO) 

no TeopHH B03MyllleHHif. 

1. 4>0TOHHOH nHHHH COOTBeTCTByeT OObi'!HBSI, CTapaSI ljJyRKnHSI pacnpocTpaHe~ .. 
HHSI ( nOTOMy '!TO KOMMYTBUHOHHbie COOTHOWeHHSI .r:tnll a I ( k 

1 
A )· OOhi'!Hble H 

a _,. . ... ... ... ... 
U (x, t) qepea HHX IIpeACT8BIISieTCSI C nOMOIIlbiO TeX >Ke ljlyHKilHif e A ( k) exp ( ik X)). 

2. Bep:unne no-npe>KneMy cooTBeTCTByeT y • 
' fl 

3 •. 3neKTpOHHOii MHWeHB COOTBeTCTByeT ljJyHKilHSI pacnpOCTpaHeHBSI aneKTpOHa 
w /7/ /1/ 

S e BO BnewneM none W , eM. , rn. 17.4 H ( 15.196) B • 

H 

4. B ( 4.10), xax H B nepBonaqanbHOii ¢opMynupoBKe Teopuu,no.Q : 1/1 +a 1/J : 

1/J + 1/J : cne.QyeT nOHHM8Tb 8HTHCHMMeTpH38UHICi Bhlpa>KeHHSI .r:tnSI onepa;opa 

anexTponaoro ToKa: 
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: J ll 
+ 

•- e: 1/1 Y 

EcnH We 0, TO (4.14) 

.r:teHHli-YHH'!TO>KeUHSI) 'ron 

no BBKYYMY ( MBTeMaTH'!e· 

cpe.Qnee oT (4.14) no '¢1 

BO.r:tHT K .r:tOUOnHHTenbHhiM 

- 2-7 Ill . 
HOH H8 CTp. , CM. , · r, 

Mano>:<eHHbiii .QO cux 

na.r:taeT c 'xapTHHoft .Pap 

nepBonaqanbHO nxn10qanu 

romuii eMy noTenuuan noSI: 

Topa.anexTpoMarHHTHoro· 

xax n ypaBnenue .r:tnH A 

B TOM, '!TO. B naweM ann< 

MaTeMaTuqecxHM. MoJKno 
/3/ 

cp. § 3 B • B uecTauuc 

KO!IeU . § 3. 0TMeTIIM, '!TO 

uo peweHBSIM (3.13) npa 

B none nnocxoa anexTpoM 

T8Tb STY 38Jl8'!Y C noMOI 

LluarpaMMbl BH.Qa pB 

HX aljlljleKT T8K ·>Ke, K8K H< 

H3 (4.14) ynopSI.r:tO'!eiiHYIO 

+...!_:! (y' y) {3[S 
2 a,f3 o fl a ' 



I) t ' BO Y*e. B MOM9HT ·t ; 

a, (KaK n At n . B, ) .r:tOn)KeH. 

-.,.cTseaao A 1 B t ) c noMOIIlbiO ljlopMynhl 
'o o 

sxo.r:t9mne B U ( t 1 t 
0 

) • CocTogane 

HB 6aauce B9KTOpOB 

+ + + 
• • • a A t t B t (! t (4.12) 

0 0 0 0 
_,_.<· 

... BOPHIOllU'lii ypaBHeHHHM THnS 

J d·en:r 
o r 

dr]O zO. 
t (4.13) 

~pyrne ypsBHeHHSI -

a 0 

CXO.r:tHOrO C (4.13) ypsBH9HBSI npHBe­

.r:tanee. Hano)KCHHSSI npone.r:typs n o6ecne'lnBaeT 

KBSHTOBSHHbiX n·oneii C J H V , ae*enn 

H V OT t He 3SBHCSITI {} t = (! t· 
• 0 

J 
KSK B 06bi'IHOii KapTHHe B3SHMO.r:tei1CTBHSI 1 

BCKHX npaBHliSX .r:tliSI HSXO)K.[l9HHSI U ( t 1 tO) 

o6bi'IHSSI 1 CTapsg ljlyHKUHSI pacnpocTpsae-.. 
.r:tmi a ( k 1 >. )· o6hl'IHble n . t 

TeX )Ke ~yHKUUii e .. A ( k) exp ( lk-;)) . 
.,,. . 

ljlyRKUUSI pscnpocTpsaeang aneKTpoaa 

Ill 17.4 H ( 15.196) B • 

ljlopMynnpoBKe Teopuu 1 non : 1/1 + a 1/1 : 

~THCHMMeTpnaaunro Bblps*eaug .r:tnSI onepa'fopa 

: J ,.,. 
+ 

--e:,P y y .p: 
0 fl ( 4.~4) 

e . -
.. - - l: ( y y ) [ "'. "' -·"' .p• ] . 2 af3 o fl af3 a f3 {J .a 

Ecnu we 0 I TO (4.14) pSBHO HOpManhHOMY ynopSIAO'leHHIO (no onepSTOpSM pOll{-

. 1151 
neHHSI-YHH'ITO*enHR) "ronhiX" 'ISCTHU1 eM. 1 § 19.3) ,H noaToMy cpenHe9 

no BSKYYMY ( MSTeMSTH'!eCKOMY) OT ( 4.14) · psBao- HyniO. Ecnn )1{9 W I 0 1 

cpeAH99 OT ( 4.14) IIO "ljll!3l!'l9CKOMy" BSKyyMy 06bi'IHO H9 pSBHO ayniO. 3TO npH­

BO.r:tHT K .r:tononHHT9llhHbiM AHSrpSMMSM C BSKyyMHbiMH n9Tlll!Ml! THna l!306palK9H-

HOfi liS CTp. ;7, CM.
111, rn. 15, § 7, . 

Hano}lteHHbifi no cax nop snnspsT B cTsnnoaspaoM cny'Is9 ·ljlsKTH'l9CKH coB-

• • .., , I 11 X 
na.r:tseT C KSpTHIIOII ..-appn B TOM BH.r:te, KSK OilS H3ll0lli9HS B • OTSI Mbl 

nepBOIIS'ISllbHO BKliiO'ISlll! B3SHMO.r:tefiCTBl!9 C BH9llHHM TOKOM 1 BCO )1{9 COOTBeTCTBy­

IOntHft eMy rroTeaunsn noSIBHncg B ypaBneHnn nnll 1/1 • YpsBHenne lKe nng oneps-.. 
Tops an9KTpoMarHHTHoro·rronR G B aTOM cnyqae SIBnSieTCSI cBo6oAHhiM 0 G .. 0 1 

KSK II ypaBneune nmi A .B KSpTHH9 <l>sppn. E.r:tni!CTBei!HOO OTmi'!He 3SKliiO'!SeTCSI 

B TOM, 'ITO B usrneM annspsTe ljloTOHHhiii BSKYYM nBnSieTcSI "ljlnanqecKHM", a He 

MSTeMaTH'leCKHM. MolliHO noi<aaaTh, 'ITO aTo paannqne He HBJISieTcSI Im6niOnaeMbiM, 

131 
cp. § 3 B • B HecTaunonapHOM cnyqae IIMeJOTCSI cymecTBeHHhie paann'lHSI, eM. 

1161 . 
KOIIeU § 3. 0TMeTIIM, 'ITO B 8BT0pbl ljlaKTl!'!eCKH nonh30B8lll!Cb p83ll0lKOHHOM 1/1 

no peiUeHI!SIM . ( 3.13) npn psccMoTpeunn as.r:ta'lii o6 Hanyqeann !jloTous aneKTpoHoM 

B none nnOCKOi! aneKTpOMSrHHTHOi! 1lOllHbl. npe.llCTSBllS!llO 6bi IIHTepeC p8CC'IH-

TSTb STY 38.llS'IY C nOMOIUbiO uano)KeHHOrO annspaTa. 

~nsrpsMMbl BIIAS puc. 1 MOlliHO y6paTh !13 TeOplU! 303MyiUeHIIfi, Y'IIITb!BSSI 

IIX a!jlcpeKT TSK ·)l{e, K8K ncnyCKSHHe ljlo~OIIOB BII9illi!IIM TOKOM. ~llSI 9TOrO Bh!.r:tenl!M 

l!3 (4.14) yrropHAO'leiiiiYIO no "ljlH3I!'leCKIIM" onepaTopaM '!BeTh 

:j (x,t): 
fl 

N j (;,t)+ w ,.,. 

N w j 1L : 

e ..... ... .. .. 
+ - l: ( .,. )I ) R [ S U ( X 1 {3 , t ) . U * ( X 1 a t t ) - S V ( X 1 {3 1 t ) V* ( X 1 a , t ) ] • . 

2 a,f3 o fl a,_, n n n P P P ( 4.15) 
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--' 

PasHOCTb _: j : -- N j 
fl w I' MOmHO 0003Ha~Tb II qepes < 0 . , : j ; Q >' . 

t 'fl t • 
aHa paBHa cpe.nHeMy OT : J fl : no 'qmsnqeCKoMy' BaKyyMy. nna llBIIbHelimero , 

nsnomeHHH ynoonee cqnTaTb, qTo : : osHaqaeT· c caMoro Haqana He aHTHCIIM-

MeTpnsannro, a axanaaneHTHoe eli HOpMaiibHoe ynops_noqeane N
0 no onepaTopaM 

'ronblx .. aneKTponoa. Tor.na BMecTo ( 4.15) 6yAeM HMen; Bbipameane: 

N j = N j + __!_ Tr 
Op WfL 2 

+ + [s u u -s v v ly y -
nnn PPp Ofl 

e 00+ 00+-
(S u u-s v v ly y. 

nnn ppp Op 2 
Tr 

Oao nonyqaeTcH, ecnn ns Bl>Ipa>KeHns 

J 
fl 

"" N j 
0 fl 

e 
2 

0 0+ 0 0+ 
Tr [s u u -s v v ]y y 

pnn Ppp Ofl 

(4.16) 

( 4.17) 

BbiqeCTb (4:15). ¢opM8llbHO (4.17) nonyqaeTCH ll3 (4.15), ecnn TaM nOliOJKRTb 

w .. o. KoaeqHo, KaK Mbi y>Ke roaopnnR, nocneAHRli mnyp Tr B (4.16) Ha caMoM 

Aene paBeH aynro. 

BcTaBHM·Tenepb B I(!,lt,l1)ns (4.10) BMeCTo-e:l,{t+a r/J 
• k 

Bbipa>KeHHSI (4.16) HliH (4.16): 
R e: .p+.p: 

.. .. 
' ' .. (j ' .. "" ' + • w I ( t/1 , a ) • f d x N j + f d x J ' u - e f d x N t{l r/J u + I + c - qRcno 

w w 0 " 

... ... ...... 
J • < x , t > .. < n, , : J < x. t > : n , > ; u; 

+.. .. 
.. -e <0 1 ,1/J (y,t)t{l(y,t)!\> J 

(x, t) .. -- J d y 
411. ,;_y .. , (4.18) 

... w e 2 s s .. -+ + ... + ... ... ... 
I .. - ffd x d y N .p+(x, t) r/J(x, t) N r/1 (y,t)t{l (y,t)/1 it -y 

" Brr w _ W _ 
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noRBRliHCb B38RMOAeliCTBHR fJ 

qTQ H HCXOAHble B3BHMOAeliCTBHl 

aBTOMaTH'IeCKR nonyqHncR l:.ooaE 

rljJRSRqeCKOM' aneKTpOHHOM BaK; 

QqepeAHOH CMeHOH KBpTHHl 

H3 ypaBHeHRR AliH BeKTOpa COCT 

AIIR 11 (nnn AliR a
1
(k,) 

... 
0' li(~ 

nnarpaMM C BaKyy!(:!IIbiMH neTnR 

oeprOBCKRMR ypaBHeHHHMR AliR 

BHAe. .. 
0AH8KO TOK J' Bb!CTYI 

nnpoBKe ·Teopnn. B ·tiac.THOCTn, 1 

Aa1Ke CTBnHOHSpHbiM, TOKOM J' 

no_?TOMY Mbl MomeM npOAOll)!{HT! 

oOTbl: a) nonb3oBaTbC_R a annap. 

paMR; o) CTpeMHTbCH K HaH6one 

ToKaMn n rroTe!IIInanaMH, asoera 

BaeAeM noaTOMY HOBbie QJI 

MnnhTOHna!IoM H ' a H h + J 
p b p 

0 . ... ' 
CMOTpeaa MOAellb Hpb +'f J , 
n6o aTO Bbipali<eaue oTnnqaeTcs 

qneH., noaBRTCH HOBbie ljlnsUqeC! 

n HOBblit ljloTOHI!biH tjlnsnqeCKIIli 

... :. ... 
11' (x, t) "'A - I 

.. .. 
u· (x,t) .. 



N w J p. 

: J p.: 

MOlKHO 0603Ba'Il!Tb H 'Iepe3 < 0 . 1 : j ; Q >- • 
t p. t • 

no "'tjmsn'IeCKoMy"' BaKyyMy. llnn nanbnellmero . 

qTO , • osnaqaeT c caMo,o aaqana ne aaTncnM-

ell: aopManbnoe ynopSinoqeane N 0 no onepaTopaM 

sMeCTO. ( 4.15) 6yneM nMeTb Bbipamenne: 

j + _!; Tr. 
p. 2 

+ + rs u u -s v v ]y r -
11 11 11 p p p 0 p. 

_.. 

(4.16) 

Tr 
00+ 00+-

[S u u-s v v 1r r. 
ann PPP op. 

BblpalKeHHli 

jp. 
e 0 0+ 0 0+ 

Tr-[S u u -s v v ]y r 
pnn PPP Op. 

(4.17) 
2 

(4.17) rronyqaeTcSI na (4.15), ecnn TaM nono:!KnTb 

yJKe. I"'Bopnnn, nocnennnii mnyp Tr a ( 4.16) aa caMoM 

I ( 1/1, G) ns (4.10) BMeCTo :-e: 1/1+ ak r/J 

4.16): 

n e:r/J+r/J: 

.... 
j (1 + 

. ~-~ 3 + 
fd 3 x J'G ..:.efd xN 1/I 1/IU' + lw+c- 'Il!cno 

- w 0 " 

+.. .. 
.. -e <Ot, 1/I (y,t)r/J(y,t) ()t > J 

(x, t) .. -- f d y 
4JT 1;_Y.,l (4.18) 

.. 
,t):!} >; U' 

- ' t 0 

1
Y N ¢+(;, t) 1/i(~t) N l (y,t)I/J+(y,t)/i; -y l w w 
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.I 

I 

nonBBllHCb BSaHMOAeiiCTBBSI 

.. .. 
fJ, G H fN' j U' HMeromne TaKOii JKe BRA, 

.. .. w ·0 0 ! . 
'ITO a acxonnble asaaMonellcTBHR f J A H. nocnenHHfi qnen B (4.2). Y nac 

aBTOMaTH'IeCKH llOllY'IHllCSI A06aBOK K aaemneMy TOKY J HBAYUHpOBaHHbiH B 

"'ljJH3H'IeCKOM"' aneKTpOBHOM BaKyyMe 3THM TOKOM, .T.e. "'nonnp:risaUHSI BaKyyMa"' ~ 
JJ .. ' \§ H JN l U' w 0 0 Qqepennoh cMeaoli KapTHHbi MOlKHO y6paTb 

ns ypaanennn nnn seKTopa coCTonnnn,- nepenecn aTH ssaaMoneiicTBHR_ a ypaanennn 

(k,>.)) BMecTo (2.16_) nonyqnM a nnn 1/1 G (ann nnn a t nnn 

.. .. 
Qu(Lt>- uJ. -J' 

(4~19) 

llaarpaMM C BaKyy~UibiMH- neTnHMH Tenepb neT. Onn yqnTbiBaiOTCH HOBbiMn reliaeH-

ii r/J • MomHO OCTaBHTb annapaT B TaKOM n 

.. 
6epi"OBCKIIMH ypaBHeHHHMH nnn 

anne. .. J ' BbiCTynaeT B TaKOli JKe ponn, 'ITO H J a ncxonnoli ljlopMy-
OnnaKo ToK 

nnpoBKe TeopHH. B ·<iac:TnocTn, aama "'<jlasnqecKae"' ljloTOHbi 6ynyT acnycKaTbCH 

name cTaunonapBbiM, TOKOM J' (a on 6yneT cTannoaapBbiM, ecnn CTannonapea J ). 

noaTOMY Mbl MomeM npononJKHTb npn:Meneane nayx ocnoBBbiX npnnnnrroB a-ion pa-

6oTbl: a) ITO!lb30BaThCSI B annapaTe TOllbKO 'ljlnsnqeCKHMH"' BaKyyMaMH H onepaTO­

paMH; 6) CTpeMHTbCH K aan6onee TO'IBOMY yq~TY BSanMonefiCTBHH C BHeWHBMH 

ToKaMn H noTennnanaMn, na6eran npnMeneHHH Teopnn sosMymeaafi nnn aToll: nena. 

BBeneM ll09TOMY BOBbie ljJH3H'IeCKHe ljJOTOHbi, paCCM8TpHB8SI Monenb C ra-

MHllbTOHIIaBOM H ' • H h + f j' 6 TO'IHO TaK me, K8K B § 2 6bma pac-
0 ... .... ... 

ph 0 p .... 

cMoTpena Monenh H +· f J A • Mol!mo 
C'IHTaTb, 'ITO H, ~ H + f ( J + J ') A ' 
.. .. - ph ph 

ph 
Hph + f J' G TOnbKO aa c -qncnoaoli 

n6o STO BbipaJi<:enne OTllR'IaeTCSI OT 

qnea.- nonBHTCH HOBbie ljlnsnqecKne onepaTopbi a nnaronannsyromne 

' nonBHTCSI H 
n HOBblli ljloTOHHbiH !\lB3H'IeCKHli aaKyyM 0' 

t 

.. ' .. 
G·c;,t> .. :\ -cul. + u1) .ii c:,t>-u~:<it,t> 

U' (;,t)= 

j, (y, t) 

1 s L 
- Jd y ---
4ii l;- Y" I 
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H' 
ph , 

(4.20) 



Bse.Qe'ane B nano:lKenai.IIf Bblllie. anna paT KBaHTOBbiil aneKTponnnaMHitK c BnemHDM 

TOKOM onepaTopOB CZ ' .BMeCTo cz 

.... 
JN J B 

w 

...... ... ... 
f N J B '+ JN J u' w w .L 

....... .... ... 
npnBe.QeT K noHsnenniO qneaa fNw'j UJ. , noxo:lKero aa JN

0
jU.L. B {4.7). 

Ero cne.QyeT npnnncaTb BMe. CTe c f Nwj U ' K H w n noBTOpKTb 
·- 0 0 e w . .. ... 

· paccMoTpeane § 3. ~aMHnl>Tonnaa He +· f N w j p. Up , U ~ • I U .£ , U
0
' I 

oTnnqaeTcH- oT H + f N j ( W + U' ) na c -'tncnoBolf 'Inen f(N j - N j) U' 
e 0 0 w 1 

H noaToMy .Qeno CBO.QKTCH It 3SMeae , Wp. . Ha W' • W + U' • HOBbie 
p. p. p. 

cjlnanqecKHe anexTpOHHbie onepaTopbi · A' , B' K 1/J '(;, t) no.Q'tHHHIOTCH. IIOBbiM 
I I 

COOTBeTCTByiOmHM ypaBnenneM. B COOTBeTCTBYIOmeli HOBOli nonyreAaea6epi'OBCKOfi 

KSpTHHe 6y.QeM HMeTb 

PP'o i ( 1/J', B' ) 'JI' ; I ( 1/J', (j ') = J d 3 x N wj'B' + I c ( t/r ' ) 
( 4.21) 

OnepannH N w oana'taeT nopManbnoe ynopH.QO'teHne no onepaTopaM A 
1 n: Bl 

a He no IIITpii:XOB8HHbiM onepaTopaM. fioaTOMy OIIHTb B03HHKIIYT .Qn:arpaMMbl BH.Qa 
- w' w 

pn:c •. J, I'.Qe I O.QIIBKO 1.QBOHHOH JIHIIHH yJKe COOTBeTCTByeT S c - S c • BCT8BII5151 

B (4.21) 

N j' 
w 1L 

N j ' + _!__ Tr [ S u ' 
w' p. 2 " " 

u'+ - S v' v ,+] y y -
" p p p 0 p. 

e + + Tr[Suu -Svv ]yy 
nnn PPP Op. 2 

(cpaB!IH C (4.16)), Mbl nony'IHM IIOBbiR .Q068BOK K BBKYYMIIOMy TOKy: 

.. 
J" <0' 

I 

.. 
N j'O' >, 

W I 
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J" 
0 

< 0, 
I 

Nj'fl'>. 
W 0 1 

( 4.22) 

(4.23) 

I 
I 

Ero MOJKHO orrHTb rrepeBeCTn B ypaBa• 

.. 
o<i· -u + 

y6npa51 T8KHM o6pa30M HOBbie IlaKyyM, 

Mbi BH.QHM, 'ITO nocne.QoBaTenbac 

Boo61Ile roBopH, x 6ecxoaeqaon npone~ 

aanpnMep, nony'IliM' 6ecxoae'tHhll! pH.Q, 

J ". Cxo.QHMOCTb• aToli rrpone.Qypb! em• 

ecnn na xaxoM-TO aTane BbipaJKeane .E 

!IbiM aymo. HarrpnMep, · J ' "' 0 , _ xor.Qa 

aoe rrone n:nn rrnocxaH anexTpoMaran:TJ 

B llpyrn:x cny'taHx N 
0 

j - N w j 

J' cne.QyeT ·rro.QpaayMeBaTb aexoTop~ 

neaay10 rro onpei:teneHRb!M rrpaBnna~. E 

xynoaoBcxoro rroTeaun:ana) ~axaa pa6o 

aa crroco6 perynapn:aaunn:, n:ano:lKeH!Ibif. 

B aaxniO'teane o6cy.QnM, 'ITO Mom 

ra BTopoe npn6nnJKe!lne nanoJKeaaoro 1 

cpaBaeaHIO· c nepBbiM ero rrpn6nnJKea.n:e 

( 4.19) ) • B rrpnaunrre Mb!CIIHMbi .QBe Bo' 

THHe <l>appn (Toe·. Y't~T BCex IIOp.ll.QKOB 

peaynbT8Tbi, ·'ITO H TO'tHbie Bbi'tii:CIIe!IH.I! 

BToporo npn:6nn:JKeansr aaxniO'taeTcsr B K 

KJIBCCOB .Q~arpaMM <l>efi!IMB!Ia K8pTH!Ibl ¢ 

nn:rre paaabie _peaynl>TSTbi. Ha rrpnMepe M 

nsrpable naTeprrpeTannn aa Borrpoc: 'Baa~ 

ll8IOT·p83!Ible OTBeTbl ("'na', ecnn 3TO.I'C 

0cTaHOBHMCH IIO.Qpo6aell Ha BKIIa.Q 

BaKyyMa' B!Ielli!IHM TOKOM. J , . MO: 

1111 ° Bcex IIOp.ll.QKaX IIO Ze , Ze -a . 

IlpH Bbi'IHCJieHHH 3TOI'O acjJQJeKTa B KapTHII, 

Ha.Qo em~ Bbi'tHCJIHTb IIOIIpaBKy 
1 

tPH3H'teCKOI'O 1 BaKyyMa fl '. 

J" 
.0 

(naMeaeJ 
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a:BllllTOBblli anea:TpOJlHllllMIIXH C Baem!DIM 

.. 
-P'wiu; 

noJtoJKero Hll JNJU.L. B (4.7). 
H w 11 noBTOpiiTb 

e K .. .. 
U 'I' , U ~ .. { U l , U0' l 

c -<~IICJIOBOii qnen f(N j - N j) U' 0 w . J 

/ 

W ' .. W · + U ' • HoBble 

I'·" .. "· 1/J '(x, t) non'IIIHIIIOTell. HOBbiM 

· nonyreAaea6eproaeKoft 

'(j , ) .. f d s X N i'B, + I ( "' , ) w c ( 4.21) 

ynopSino<~eRHe no onepaTopaM A t II Bt J 

noaTOMY onSITb B03HHKHYT n11arpaMMbi BHnll 
· w' w 

cooTBeTeTByeT S - S • BcTaBnstst 
/ - c c 

s u' u'+- s--v'· v'+] y y -
" " " p- p p 0 " 

+ 
-Svv]yy 

PPP O·jl 

no6aBOK K B8KyyMnOMY TOKY! 

J" 
0 

< 0' N j '· 0' > 
t ' w 0 t 

( 4.22) 

(4.23) 

.I 

Ero MOJKHO on11Tb nepeBeeTH B ypaaneaHst nnst 
(j'_ll-. t/J' 

.. .. 
OB'-u· +·u, -·J" 

(4.24) 

y611past TllKHM o6paaoM ROBbie _naKyyMnble neTnH 113 annapaTa. M T.n. 

. Mbt BHnHM, 'ITO noenenoBaTeJibHoe np11Meaen11e npiiHitllnoB .a) 11 6) np11aon11T 

Boo6me roaop11, K 6eeKoHe'IHOH nponenype. B peaynbTaTe nnst BaKyyMHoro ToKa, 

aanpHMep, nony'IIIM' 6eeKoHe'IHblft p11n, nepBbiMII qneHBMII KOTOporo 6yAYT J' II 

J ". CxoniiMOeTb• aToii nponenypbt eme nonneJKIIT HeenenoBanaro. Oaa o6pbtBaeTest, 
OKa3biBaeTefl. paB-

ecnn aa KaKOM-TO aTane BblpaJKeHIIe .BHAa N wl ' -· N w, j ' 

nblM aynro. HanpHMep, J ' =· 0 , Kor.na eeTb · TOJibKO anemHee noeTostnnoe Mar!DIT­
/17/ 

Hoe none 11n11 nnoeKSB aneKTpoMarnHTHaSI aonna (Bnemnero ToKa neT). 

B npyrax eny<~aSix N 0 j - N w j 
oKaabiBaeTest paexonstmiiMeSI. Torna non 

N 0 l - N w l • Bbine-, J ' enenyeT nonpaayMeBaTb aeKoTopyro Koae>iayro qaeTb 

nennyro no onpenenenHblM npaBIInaM. B enyqae Bneruaero TO'I9'1Horo aapstna (ana 
. /11/ 

KynoHoBeKoro noTeauaana) "t'aKSB pa6oTa nponenaaa B • MoJKHO TSKJKe yKaaaTb 
/12,13/ 

Ha enoeo6 perynstpaaanall, aanoJKeHBblii B pa6oTax BanaTHHa 

B 38KJIIO'Ienlle o6eynHM, 'ITO MOJK9T naTb Anfl Bbl'lllenenHSI n<lM60BCKOrO enBH-

ra BTopoe np116nnJKeaae HanoJKeHnoro annapaTa (eM. aToT naparpa~ no (4.24)) no 

X -KapTHROii <f>app11 (eM. T9KCT no 
cpaBH9HHIO e nepBbiM ero npH6JIHJKeH.H9M 

(4.19) ). B npHHitHll9 MbleJIHMbl AB9 B03MOJKnOCTH. na6o TO'Inoe Bbi'IHenenHe B Kap­

THH9 <f>appH (T.e. yqeT Beex ll?pBnKOB T90pHH B03Mymenllii) .AOJIJKHO naBSTb T9 JKe 

peaynbTaTbJ, 'ITO 11 TO'IBbie Bbi'IHeneaast BToporo npa6nHJKennB., Torna ponb · 

BTOporO npH6nHJKeHIIfl 38KJIIO'I8eTeSI B. KllKOM-TO eyMMapHOM yqeTe HeKOTOpblX 

KnaeeoB n~arpaMM <t>eiiaMaaa KapTHHbi <t>appa. nn6o a~H n~a annapaTa naiOT a npa!i­

nHne pa3Hbie peayJibTllTbl. Ha npaMepe Monenn !l 2 Mbl BHACJIH, 'ITO paanble ~opnycKy­
nSipHbie HHTepnpeTaitHII Hll Bonpoc! 'Bnaqane ~OTOHOB ReT, llOIIBBTCB Jill ORR noaJKe?' 

naiOT-pll3Hble OTBeTbl ("lla', ecJIH 3TO.rOJible' ~OTOnbl1 'neT' -ecJIH-~H3H'19CKH9). 
0CT8HOBHMCII nonpo6nei\ na BKnane B naM60BCKHii CABHr OT 'nOJIIIpH3aitllll 

BaKyyMa' BHeWHHM TOKOMo 
/11/ 

aeex nopSinKax no Ze 

J 1 MOJK9T 6b1Tb Bbl'IIICJieBO B npHBitHne TO'IHO BO 
0 

Ze -aapSIA Sinpa· aTOMS. oTIIM H orpaHH'IHBaiOTCII 

npH Bbl'IHCJI9HIIll 3TOrO a~eKTa B KllpTHne <f>appH. B annapaTe BTOporo npH6JIHJKeHHII 

J " K J ' , CBII38HHY.IO C BBeneHHeM HOBOrO 
HSAO em~ Bbl'IHCJIHTb nonpaBKY. 

• ¢H311'19CKOro • BllKY.Y.Mll Q ' 

0 0 
(113MeHeBHOrO TOKOM J ~ no CpllBHeHHIO C nepBO-
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. · Ill/ . · 
aaqanhHhiM). B noKasaao, 'ITO nepBoe npH6nBJKeaHe no Ze AnSI J ' 

0 
RBIIRel'CH yJKe AOCTaTO'lHO TO'lHhiM. MoJKao nyMaTh, 'ITO H J " AOCT8TO'IHO Bbl'IHC-

0 . 

IIHTb B TOM 11(9 npHfiiiHlK9HHH. EcnH J" 
0 

oKa}KeTcR 6onhme, 'leM cneAyromHe nopRA-

KH no Ze J ' TO 9TO 6yAeT CBHP.9T9nhCTBOB8Tb 06 ocymeCTBneHHH BTOpofi 
0 I • 

AIIH 

B03MOJKHOCTH. 

B uenoM pac'lEiT acex aTHX nonpaaoK K naM60BCKoMy cnBHry npencTaBmreT 

HS ce6H pa6oTy, cpaBHHMYIO no o6"beMy c TeM, 'ITO no cHx nop 6h!no nporienaao, 

_,, H AOnlKeH 06Cy}KJ:I8TbCH B ApyroM MeCTe. 3aM9THM, 'ITO B HBCTOHWee BpeMH HMe-

9TCH aefiOIIbWOe p831IH'IH9 Me}K]:Iy TeOpHeli: H 3KCnepHM9HTOM II3MfiOBCKOrO CA­
/18/ 
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