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JIEKIINST 9

KsanToBelii ociimiigarop. IIpousBoamas omepaTopa 1o BpeMeHM!.
CooTHolteHne HeolpeeJIeHHOCTEN NI SHEPTUU 1 BpeMeH!’

9.1. KBaHTOBBIII OCHUJLJISITOP
Breimuiem HeKOTOpbIE COOTHOIIEHNS, IOy YeHHbIE Ha IIpeabLayIeii ek, Omeparop

lamusToHA JJIgd KBaJIPpaTUIHOI'O IIOTCHIINAJIa (OCHI/IJIJIHTOpa)Z

9 2
A P mw” o
H=— .

2m+ 2 v

PasmepnocTb sneprum, UMIIyjibca U KOOPJHMHATHI COOTBETCTBEHHO paBHA:

— h
[EU] :hw7 Po = mhwu Ty = )

mw

[IO3TOMY YJI00HO BBECTH O€3pa3sMEPHBIN UMITY/ILC U KOOP/IMHATY
.4 )
Q==, P=2L

Zo Do

HerpynHo nmokazarh, 9TO B 9TOM CJIydae:

IR 1 / —ih

lamunbronnan B 6e3pa3MepHBIX KOOPJAUHATAX HMPUMET CJICTYIONUN BUT:

H = —hw(P? + Q%) = hwH,, (9.1)

rne Hy — Ge3pasmMepHbIil TaMUIbTOHUAH.
Baezem onepatopbl
a=— -, a' = ———.
V2 V2
Tak>ke OBLIO TOJIyUYe€HO BBIpaXKeHUE JIJIsi ITPOU3BEJIEHUs JBYX ONEPATOPOB B TOM U B

JOPYTOM MHOPSAJIKE:
1 - A
aa' = 5 PP+ Q@ +1)

e 1 - ~
a'a = 5(7’2 +Q*—1).
CureoBaTeIbHO, BeJIMYUHA KOMMYTATOPa,
1 1
A /\T oA /\T /\T A o
a,a'l=aa' —ad'a=-—-——=|] =1
B stom ciryaae, cormacuo (9.1), raMuIbTOHRAH MOYKHO 3aIIICATH B CJEYIOMEM BH/IE:

~ 1 ~
H = hw (@Ja + 5) = hwH,.
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A

bBrin Takxke BBejien onepaTop N:

5 -1
N=ada'a = H=h N+3 (9.2)

Permenne 3ajiauu 0 KBAHTOBOM OCIMJUISITOPE OMEPATOPHBIM METOIOM (a He MEeTOOM
[PSIMOTO MHTErpUpoBaHus ypasHenus [1IpeauHrepa) okasbiBaeTcs MOJIE3HBIM B JaJbHeil-
mem. [Ipu paccMOTpeHNN 3JIEKTPOMArHUTHOTO M3JTyI€HUs, 9JIEKTPOMArHUTHOT'O TTOJIsT KaK
cocTosImero u3 (bOTOHOB, OIEPATOPLI & U & GyIyT HrpaTh BazKHYIO POJIb.

Yro0bI HAMITH COOCTBEHHBIE BEKTOPA OllepaTopa H (9.2), oueBUIHO, HEOOXOIMMO HANTH
CcOOCTBEHHBIE BEKTOpa Olleparopa N.

Bajiada 0 cOOCTBEHHBIX 3HAYEHUSIX B 9TOM CJIydae IPUMET CJIeLyIOIuil BII;

afa = AN, (9.3)

rje |\) — HEeKOTOpBIH BEKTOD COCTOSIHUS, KOTOPOMY COOTBETCTBYET COOCTBEHHOE 3HAUE-
HUE .
CdopmymupyeM n JI0KazKeM HEeCKOJIBKO YTBEPKICHUIA.

YrBepxkaenue 9.1. [TokazkeMm, 4T0 cOOCTBEHHBIE 3HAUEHUsI ortepaTopa [N HeoTpUIaTe/ h-
HbBIE:

A > 0.
[0 YMHOXKUB JIEBYIO U MPaBYIO 9acTh Bhipazkenus (9.3) Ha Opa-BekTop (A|, mosrydamM:
(Matalh) = M) = A, (9.4)

HOCKOJIBKY (A|\) — cKaJjisipHOE TIPOM3BejIeHne BEKTOPa COCTOSIHUS € CAMUM CODOit, HOPMU-
POBAHHOE Ha eIMHUILY
Bripazkenue B j1eBoit actu (9.4) Taxke OOJIbIIe HyJIs

(Nata|\) = (aX|ar) >0,

IIOCKOJIBKY 3TO BbIparKeHNe TaKKe ABJISAeTCH CKaJsPHBIM ITPOU3BE/IEHNEM, XOTh 1 HEHOD-
MUPOBAHHBIM Ha eauHuIly. ClemnoBaTesbHO, cCOOCTBEHHBIE 3HAUYEHM orepaTopa [N HeoT-
puniaresbuble.

Vreepxkaenue 9.2. Pesynbrar neiictsus oneparopa af ma BekTOp cocTogHma |\)

ot

a'|\) (9.5)
TaK>Ke sIBJIsIeTC COOCTBEHHBIM BEKTOpPOM otneparopa N.

L] IToxeificTrByeM ornepaTopoMm N na ITOJIyYeHHBINT BEKTOP:
Naf|\) = afaat|h). (9.6)
BoCIo/Ib30BaBIINCH KOMMYTAIIMOHHBIM COOTHOIIEHUEM, BBIPA3HM OIepaTop Gl :
aa' —ala=1 = aa' =a'a+1.
CaetoBaresibHO, Bbipazkenue (9.6) mpumer BuI:

ataa’|\) = af(a'a + 1)|\).
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Cormmacno (9.6), |\) — cobeTsenHbIil BeKTOp omepaTopa G'd, mosTomy
Na'|A) = (A + Daf|n).

OrnepaTop N, JieficTByomuii Ha cobcTBeHHBI BeKTOp (9.4), BO3Bpalaer HOBOe CO0-
CTBEHHOE 3HAYEHHe, YMHOKEHHOe Ha TOT Ke cambiil BekTop. M

Taxum obpasom, BekTop af|\) — coBCTBEHHBI BEKTOD olepaTopa N , HO TIpUHA/IjIe-
JKamuil K 6oJiee BBICOKOMY cobeTBenHoMy 3Hadernmio. Ciie/loBaTesbHO, omepaTop al —
HOBBIMAIOIIANA OIIEPaTOP:

at|\) = CIA+1).
YrBepxkaenue 9.3. AHATOTMIHO yTBEPXKIEHUIO 9.2 MOKHO MOKa3aTh, 9TO
aj\) (9.7)
TaK:Ke ABJISIeTCsI COOCTBEHHBIM BEKTOPOM OIIEpaTopa N.

[ CroBa nozeficTByeM onepaTopoM N Ha MOy dalomuiics COGCTBEHHBI BEKTO:
Na|\) = afaal\) = (aa’ — 1)a|\) = a(afa)|\) — a|\).
Cormacuo (9.3), |\) — cobersennbiit BeKTOp omepaTopa a'd, mosromy:
Na|\) = (A = 1)alN).

CuiesoBaresbHoO, onepartop N, JleficTBysl Ha cobcTBeHHBIH BeKTOp (9.7), BO3BpaIliaer
HOBOE COOCTBEHHOE 3HAYEHUE, YMHOXKEHHOE Ha TOT Ke caMblii coOcTBeHHbIN BeKTOD. Il
Takum 06pazom, BEKTOp G|A) — cOOCTBEHHBIII BEKTOD omepaTopa N, o HpUHAIIEKA-
it 6osee HU3KOMY coOcTBeHHOMY 3HadeHuio. CregoBaTeIbHO, OIIEPaToOp 4 — IOHUXKAIO-
Uil oreparop.
alA) = CIA—1).

YrBepxKkaeane 9.4. MunuMaabHOEe COOCTBEHHOE 3HAYECHUE \,ip, PABHO HYJIIO:

O TomelicTByeM HOHUKAIOIIMM ONEPATOPOM @ Ha COOCTBEHHBIN BEKTOp |A), a 3arem
CHOBa MOJIEfiCTBYEM 3TUM Ke OIEepaTOpOM Ha MOJIydHBIIeecs: cocToguue |A — 1), u Tak
JaJee:

DS A S a2 S

TO €CTb IIOJIy9Y€eHHOE cOOCTBEHHOE 3HaYEHUe Ha KazKJIOM Hiare MEHbIIIEe IIPEIbLAYyIIero.

Ho, corsnacuo yrBep:xaenuto 9.1
A= 0.

DTO MPOTUBOpETNE PA3PEITAETCs CIeAYIOMNM 00pa30M: CyIIeCTByeT HEKOTOPOEe COCTO-
SIHUE |Apin ), OTJIMYHOE OT HYJIS U TAKOE, UTO PE3YJIbTAT JEHCTBUsI Ha HETO MOHUKAIOIIErO
OIepaTopa SIBJISIETCS HYJIEBLIM BEKTOPOM:

[ Amin) # 0 : | Amin) = 0 = 0| Apin)- (9.8)
[oseiicTroBas Ha (9.8) omeparopom @', mosyamnw:
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CrenoBaTe/IbHO, MUHIMAIbHOE COOCTBEHHOE 3HadeHne onepaTopa N paBHO HYJIO:
)\min - 07

910 U TpedboBasioch jokasarh. M
Cremyromee cobCTBEHHOE 3HAUCHHE TI0JyYaeTcs JIeficTBIEeM orlepaTopa a', To ecTh OHO
paBHO euHUIE. JIBazK bl HOeficTBOBAB OlepaTopoM G Ha | Amin) s TIOJIY MM COOCTBEHHOE
3HAYEHNe, paBHOE JIBYM, U TakK JiaJiee.
CrieoBaTeIbHO, y OlepaTopa
N =d'a
cOOCTBEHHbIE 3HAYEHNsT — IIeJIble YhCIIa.
Obo3HavunM Tereph: A
IA) =|n) = Nn)=n|n). (9.9)
B jjajibHEHIIEM YBUANM, 9TO B TEOPUU JIEKTPOMATHATHOIO HOJIs omepaTop N Gyrer
ABJIATHC omeparopoM 1ucia ¢oronos. Cormacno (9.9) u (9.2), cobcrBenuble 3HAYCHUS
FaMuIbTOHMAHA OKAYKYTCS PABHBIMIE:

N .1 1
H|n>:hw N—|—§ ]n):hw n+§)|n>

CJIG,HOB&TGJIBHO, QHEPIrusgd KBAHTOBOI'O OCHUJLJIATOPpa MOZKET IIPpUHUMATL CJICAYIOIIUE

3HAYEHUS: |
E, = hw (n + 5) . (9.10)
[Ipn maxoxKaeHnu ypoBHEN SHEPIUU MBI 3apaHee
IIPEJIIOIATaH, YTO JIJI MOTEHITAAJIA, BhIPAKEHHOTO AN V(z)

KBa,ZLpaTI/I‘{HOfI 3aBUCHUMOCTDBIO!

mw? /\ 1
V(z) = z?
: _A
MOFyT CyH_[eCTBOBaTb TOJIBKO JUCKETHDBIC ypOBHI/I
s N

Ecyii B3sTh IPOU3BOJIbHYIO SHEPTHIO F U JT00UTH- >
¢, 9TOOBI cJIeBa BOJIHOBasi (DYHKIINS Ta1aJ1a, TO JIJId
[IPOM3BOJILHON SHEPruu crpasa OyJeT Hab/IIOIATHCs Puc. 9.1.
SKCIIOHEHIMAIBHBINA pocT (eM. puc. 9.1).

JluckperHble YPOBHU OBLIU IOJIyYEHbI B IIPEJIITOIOKEHNN, YTO CYIIECTBYET KOHEUHAS
HOPMa, BEKTOPOB COOCTBEHHBIX COCTOAHUI. VIMEHHO 9TO yc/IOBHE YUIUTBIBAET, 9TO IKCIIO-

HEHIMAILHO PACTYINEEe PEIIeHne He MOXKET CYIIECTBOBATD.
Corutacuo (9.10), crieKTp ypoBHEii OyjieT SKBUJIUCTAHTHBIM: PACCTOSHUE MEXKLY YPOB-
HAME B HeM 1OCTOsiHHO (cM. puc. 9.2). CyIecTByeT HyIeBOil ypOBEeHb

E0:77

a KaXKJIbIl CJIeIyIONil YpoBeHb OOJIbINNE TPEe/IbIIyIero na hw.
Bynem nckatrh coOCTBEHHBIE BEKTOPa 9TOM 3a/1a91 1 B KOH(DUTYPAITMOHHOM IIPE/ICTaB-
JIeHnH (XOTs MOXKHO OBLTIO ObI U B MMITYJTHCHOM ):

n) = ¥(Q)|Q).
Q
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Cormacuo ycaoBuio (9.8), B HYJIEBOM COCTOSTHHN:

) \V(x) AE /
|0) : avo(Q) =0, \ /
9TO TIO3BOJIUT HaliTh HUzKHee 3HavdeHue |0). \ /
OrmepaTop \ /
. _Q+iP A\ /
e onepatop () B KOHMUIYPAIMOHHOM IPE/ICTABIIEHUH OT- T
BeJaeT YMHOXKEHUIO Ha KOOpInHATY (), a oniepaTop P ume- Puc. 9.2.
€T BUJI;
0 d
P=—i— = —j—,
oQ dQ

IIOCKOJIBKY 33Ja4dy pelraeM B OZHOMEPHOM CIIydae.
B sTom citydae onepaTop MOHMKEHUS 4 TPUMET BU/I:

e () (e)

CuresroBaTesbio, JeficTBYs OIIepaTOpOM ¢ Ha HYJIEBOE COCTOSHUE, ITOJIYYUM:

(Q+g5)wi@=0 = 2—-on

aQ
Pemmum nomydennoe nuddepenimaibHoe ypaBHeHNE IEPBOro MOPSIIKA:
d 2
%:—QdQ = 1n¢0:—Q—+1nA,
o 2

u, cjeaoBaTe/IbHO, BOJIHOBaA (byHKHHH HN2KHEI'o COCTOAHMA:

1/)0 = Ae 7.

Hopmupys sTo cocrostaue Ha euHUILy, MOJIyIuM 3Hadenne kodddurmenrta A:

+oo +oo
/]w0|2dQ:|A|2/e‘Q2dQ:1.

ik} KypCa MaTeMaTHU4I€CKOI'O aHaJIn3a U3BECTHO, 9YTO 9TOT MHTErPaJl

+oo

1
/e‘Q2dQ:\/7_r + MRVESL s A=
s

BonnoBast pyHKIINSA B HUKHEM COCTOSTHUU ITPUMET CJIEJIY NNl BUI:

Yo = %6%2. (9.11)

Buy sToro HmkHero cocroguus mpejctaBien Ha pucynke 9.3. YToObl mepeiitu ot 6e3-
pasMepHBIX BesimauH P u () K peajbHbIM BeJMYUHAM HMITYJILCOB U MEPEMEIeHni, BOC-
MOJTH3YEMCS TTOJTYYeHHBIMI Ha MPOIILIOHN JIEKIIUA COOTHOIIEHUSIMU.
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[Ipn HOPMHUPOBKE Ha KOOpJIMHATY T, a HE (), B
9TOM ciiydae, B 3HaMenarese (9.11) BosHuKHeT Besiu-
quHa, nporopruonatbuast (/7).

CiieioBaresibHO, BOJIHOBasi (DYHKIHUsI — pasMep-
Hasg BeJMYHHA. B 9TOM citydae Yo (x) mpumer ciesy-
IO BAJT;

1 _wzmw

Yolr) = e
Vs

Korja Besimanna i crpemutes K Hyo10, Kpubast (1)
Ha pucyHKe 9.3 CTpeMUTCs «BBITAHYThCA» B O-byHkimio (kpusas (1) na pucynke 9.3).
ITosryumM Temnephb Bce ocTasbHbIe cocTogHns. 1loneiicTBoBaB oepaTopoM a' Ha m3BecT-

~
>
T

Puc. 9.3.

HO€ HYJIEBOE€ COCTOAHUE, MO2KHO IIOJIYYUTDH CJIEeAYIOIIee I10 ITOPAIKY II€pBOE COCTOAHUE!
a'ln) = Cln +1). (9.12)

Omnpenenum Besimanny Kodddurmenta C' B 9TOM BbipakeHuu. BasgB ckaJisipHoe mpons-
BeJieHne 000UX JacTeil TOro paBeHCTBA U BHIPA3UB KBaApar Kodddunuenta C, MOy IUM:

2 (a'n|a™n)

= i~ (laaln) = (l(@a + Vi) = (o + Dinln) =0+ 1

CJIG,HOBaTeJIbHO, BeJIMYrHa

C=+vn+1.

AHaJIOrTIHBIM 00Pa30M MOXKHO HafTH KOI(MMOUIUEHT, MOy IaloNUiicss Ipu JefCTBINI
HOHIZKAOIIEr0 orepaTopa Ha COCTOSHUE |n):

alny =Din—1) = D=+/n. (9.13)

[Ipu paccMOTpeHHH 3JIEKTPOMATHUTHOIO IOJIsSI 9TH, Ka3aJ10Ch Obl, TPUBUAJIbHBIE COOT-
HOIIIEHHSI, OKA3bIBAIOT OOJIBIIOE BANAHNE Ha (DUBUIECKUI CMBIC sIBJCHUIL.

Ucnyckanue dorona, cormacuo (9.13), mponopnuoHa bHO 9ucIy (DOTOHOB B CHCTEME,
a B BbIpazkeHnn (9.12) n coOTBETCTBYET BBIHYIKJICHHOMY U3JIyUEHUIO, & €JMHIIA — CIIOH-
TAaHHOMY H3JIyI€HUIO.

Coornormenne (9.12), MOXKHO 3aIucaTh B CJIEYIONIEM BUJIE:

afln — 1) B (a")?n — 2)

n) vn Vnyn —1
Taxkum O6pa30M, MOZKHO ITIOJIYYUTDHb BbIpazKe€Hue AJjid COCTOAHUA |n> gepes3 HyJieBoe Co-
n) (ah"o)
n) = ~—+——=,
Vn!

CiietoBaTesbHO, COOCTBEHHBIN BEKTOD COCTOSHUS |N) MOXKeT OBIThH IOJIYUYeH CJIeLyIo-
muM obpaszoM. Ilo onpesenernio, B KOHMUTYPAIMOHHOM IPE/ICTaBICHNN:
d
g t@

o-w Qi)
V2 V2 V2

CTOAHUEC:

(9.14)

al =
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[ToneficTBOBaB 3TUM OIEPATOPOM Ha BOJHOBYIO (PYHKITUIO HYJIEBOI'O COCTOSIHUSA, TIOJTY-

qUM: A d
2
a0y = — (—— + Q) e T

SameTnm, 9TO

IIO3TOMY MOXKHO €~ 2 3allicaTh CJACIYIONUM 00pa30M:
Q? 2 @2
e T =e @eT,

JleitcTBre omepaTopa &' Ha HyJIeBOe COCTOSHEE B 3TOM CJIydae 3aIUIIeTCs CJIeTyIOITHM

obpaszoM:
A Q2 d 2
— AT —_ 2 - _Q
Cq|1) |0) \/56 ( dQ> e .

[ToneiicTBOBAB 3THM OIIEPATOPOM €Ile HECKOJILKO Pa3, YTOOLI IIOIYUUThL N-0€ COCTOSI-
HITe, ToJTyanM, coryiacHo (9.14), BeIpazkeHue Jjisi COCTOSHUS |n):

Q72 n mn
|n> _ e (—1) d e_QZ
A/ 2 n! dQ"

IHonunowm Jlexxauapa H, onpejendercs CaeyionuM oopa3oM:

2 d"” 2
H, = e? a0 (G_Q?) .

CrenoBaresibHO, BOJTHOBast (DYHKIINS B COCTOSHUU |n) TPUMET CJIeLyTOIuil BII:

Q2

(=1)"e”* Ho(Q)
PaccMOTpuM BIJ MATPHIL OLIEPATOPOB G U 4 ¥, COOTBETCTBEHHO, Q uP. [TockosbKy
a'ln) = vVn+1|n + 1),
y omeparopa @' CyIecTBYIOT TOJIBKO CJICAYIOMINE MATPHIHBIC SIEMEHTHI:
(n+1la'|n) = vn +1,
TO €CTh CYIIECTBYIOT TOJBKO CJIEIYIOIIIEe MATPUIHBIE 3/ IEMEHTHI:
(@10, (@M, . ..

Marpuria, oTBedalomas oneparopy &', IpuMeT cieayonuil BI;

0 0
at = V2
V3 0

0

(Qln) =

So

—_
)

w
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[TockombKy
aln) = v/nln — 1),
TO y OllepaTopa ( CYIIECTBYIOT TOJIBKO CJIEIYIOIINE MAaTPHYHBIE 3JIEMEHTHI

(d)n—l,n = d()l, &12, A

CrenoBaTeIbHO, MATPHILA, OTBEYAIONIAST OIIEPATOPY @, UMEET CJIELYIOIINi BU/I:

0 V1
0\/50
0 V3

0

Q>
I

0

Marputnble 3j1eMeHTHI o1iepaTopoB () 1 P B 3TOM ciiydae INPUMYT BUJI:

Q_&erT

a+al=v2Q NG
.= PO

a—al = iv2p a—al

<
I

iv/?2

CureroBaTeIbHO, MATPUITHI OIIEPATOPOB () 1 P B SHEPreTUYIECKOM IIPE/ICTABICHUN TIPH-
MYT CJIEJIYIOITUAN BUJT:

0 V1 O 0 V1 O
V1 0 —/1 0 V2
V2 V3 po 1 V2 0 V3
. iv?2

O 0o - O -3 0

Permtenue s1oit 3a/1a1u BayKHO, IMOCKOJIBKY JIIOOOM MOTEHITMAJ BOJIU3U COCTOSIHUST PAB-
HOBECHUA LIaCTI/H_LbI (TO eCThb MI/IHI/IMYMa HOTGHLLI/IaHbHOﬁ SHepI‘I/H/I) MOXKHO HpI/I6.HI/DKeHHO
aHHpOKCI/IMI/IpOBaTb KBa,D;paTI/ILIHOI'?'I 3aBI/ICI/IMOCTBIO, TO €CTb OCI_[I/LHJIHTOpOM.

TaK}Ke 6bIJIO HOKaSaHO, qTO HOHBSyHCb KOMMyTaHI/IOHHbIM COOTHOIIIEHUEM " Tpe6OBa—

HHUEM CYIIECTBOBaHUA KOHEYHOI HOPMBI MOZKHO IIOJIY49HUTDH penieHune, HaIL/'I,ILH CIIEKTD 2HEP-
' 1 COOTBETCTBYIOIIME BOJIHOBLIE (by'HK]_LI/II/I

R 1
NG

S8

9.2. IIpousBoaHasi oreparopa o0 BpeMeHU

[IycTsb ecTh HEKOTOpAS (buzmIecKast BeTUINHA, KOTOPOIl OTBedaeT orneparop f, n HEKO-
TOPBII BEKTOP COCTOSTHUSA 1.
B sTom cocTosnum cpejiHee 3HAUEHNE BEJIMIMHBI [ ONPEJIEIeTCs CIe Y IOMUM 00Pa30M:

f=@|fl). (9.15)

['paduk 3aBECIMOCTH BEPOSITHOCTHU MOy IeHUS TOTO WM WHOTO 3HAYEHUs f OT caMoii
BesImanHBI [ TpejcTaBiieH Ha pucyHke 9.4. Eciau Benmunba f u ee omepaTop He 3aBUCHT
sJIBHO OT BPEMEHU, TO CPeJIHee 3HaUeHNe MOYKET MEHSIThCS CO BPEMEHEM.
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[TpousBoaHast mo Bpemenu, coraacto (9.15), 3amm- AV (@)
CBIBAETCSl CJICAYIOIIUM 0OPA30M:

df oy . O
= = {5 1) + <|wwwm§» /'\
7 \

ITIOCKOJIbKY

L OlY)
ot

= HJy), —Zh LWl = (|H.

%'y

CreioBaTeIbHO, TIPONU3BOIHAS TI0 BPEMEHU CPeJI-
Hero 3HaveHns: GU3NIEeCKOil BeJININHBI IPUMET B/ Puc. 9.4.

d7 af f

98-8 + LI, Al),

TO €CThb IIPOM3BOJIHASI CPEJIHEr0 3HAUEHUs] BEJIMIUHBI f €CTh CyMMa CpPEeIHEro 3HaYeHUsI
MIPOW3BO/THON OIlepaTopa MO BPEMEHHW W WIeHa, MPOMOPIIMOHAJIBLHOTO CPETHETO 3HAYEHU S
koMmmyTaTopa. CienoBaTesibHO,

<¢|Hf FH|Y) =

df o0f i, 4
e R
dt ot h
Ota hopMysia MOKa3bIBAET, UTO JayKe eCJIU OIEPATOD SIBHO HE 3aBHCUT OT BPEMEHH, &
UMEHHO TaKHue OepPaToOphl Oy/IyT pacCMAaTPUBATHCS B 9TOM KypPCe, IPOU3BO/IHAS OIIEPATOPA
110 BpEMEHU MOXKET OKa3aThCs He PaBHA HYJIIO, TO €CTh CpeHee 3HAYCHNE MOXKET MEHAThCS.
PacemoTpuM cjie/icTBUSE 9TOIO COOTHOIIEHUS.

9.3. 3akonbl coxpaHeHus. COOTHOIIIEHNEe HeONPeeJeHHOCTEH AJs dHepruu
U BpeMeHUu

Ecnu npeamnonoknTh, 910 cpejnee 3HaUEHHE HEKOTOPOil (DU3MIECKOl BeJIMYUHbI HE
MEHAETCS
f = const,

[IpUYeM OllepaTop 3Toi (PU3NIECKON BEJIMINHBI HE 3aBUCUT SIBHO OT BPEMEHH

of

=0
ot ’

TO OIEPaTOpP, OTBeYaloIuil (hu3nvdecKoit Besinanne f, J0/2KEH KOMMYTHPOBATDH C TaMUJIb-
TOHUAHOM:

[f,H] = 0. (9.16)

Beipazkenue (9.16) — ycsioBue coxpaHeHUsi CpeJIHErO 3HAUCHUS BeJIMIrHbL. KoMMmyTH-
PYEMOCTH OIEPATOPOB O3HAYAET, YTO COOTBETCTBYIONINE UM (PU3NUECCKUE BEJIUIUHBI OJ1-
HOBPEMEHHO M3MEPUMbI, TO eCTh (hU3MIecKas BeJudInHa f JIO/KHA OBITH OJHOBPEMEHHO
U3MepuMa ¢ dHepruei.

[Ipu paccMOTpeHNN CTAIMOHAPHBIX COCTOSHII TOBOPHUIIOCH, YTO JIJIS JTIOOOI BETMINHBI,
He 3aBUCAIIEH gBHO OT BPEMEHU, CpejiHee 3HaYeHUe IIOCTOSHHO:

W) = e ey,  Hlp) = E|y).
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B cranmonapuoMm cocTosinum,

F=(@Iflv) = (¢l fle) = const.

[IycTs cymecTByeT HecTanmoHapHoe cocrosgame. [Ipocreiinee HecTarmonapHoe COCTO-
sSIHUEe — CYIIEPIIO3UINS JIBYX CTAI[MOHAPHBIX:

.E .E
W) = Cre™ 1) + Coe ™" Tt pa).

HafmeM cpejJHee 3HadYeHnue BeJIMIUHBI f B 9TOM COCTOAHHNMN:

f= ‘Cl|2<901|f’901> + ’C2|2<902’J?|<P2>+

+ CECe T o | flpe) + CLCEe™ T s | fler). (9.17)

B obrmiem ciydae moJiydaeTcs, 9TO CpejiHee 3HaYeHUe He 3aBUCAINCH OT BpeMeHH (pu-
3UYECKON BEJIMYINHBI B HECTAIIMOHAPHOM COCTOSTHMH MOKET 3aBHUCETh OT BpeMeHH. Kcium
BEJIMYUHA f KOMMYTHUDPYET C FaMUJIBTOHUAHOM, TO y HHUX CYIIECTBYIOT OOIIue cOOCTBEH-
Hble (PYHKIUN:

flen) = file), Hlpy) = Eilgy).

B sTom ciiyuae, narpumep,

(02| 1) = fi{aln) =0,

ecJjin

B, # B,

Takum obpazom, cpejHee 3HaUeHNE (DUNIECKON BETUIUHBI OCTAECTCS MOCTOSHHBIM
TOJIBKO B TOM CJIydae, KOIJa 3Ta BeJIUUYNHA KOMMYTHUDPYET ¢ TaMUJIbTOHUAHOM.

N3 storo mpocreiiero paccMOTpeHUs CJIE/IyeT, HaIPUMeP, COOTHOIIEHUE HEeOIpe/Ie-
JIEHHOCTell MezK Ty sHeprueil u BpemeneM. [lycTs Bemmunna f He KOMMYTHPYET € TaMUJIb-
TOHUAHOM: o

[f, H] #0
U IyCTh

|Ch| ~ |Cy.

B sToM citydae BpemeHHbIEe WIeHBI (TpeThe u deTBeproe ciaaraemoe B (9.17)) OymyT BHO-
CHTD U3MEHEHHE B CpejHee 3Hadenne (pusndeckoil Beqmanunl f. V3Menenne sKCIOHEHTHI
CKasKeTCsl Ha TAKOM HMHTePBaJIe BPEMEHH, KOIJIa

j(E1—Eo)t
e h ~ s

TO €CTb

At-AE ~ h. (9.18)

DTO COOTHOIIEHNE HOCUT HA3BaHUE COOTHOIIIEHUE HEOIIPEICICHHOCTEN MEXK Ty SHEPTrHeit
U BPEMEHEM. DTO COOTHOIIEHNE TPUHITUITUATBHO OTJINIAETCSI, HAIIPUMED, OT COOTHOIIEHNU ST
HeOIIpeICJICHHOCTEl /I KOOPIMHATBI U UMILY/IbCa!

Ap-Ax ~ h.
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B sToM cooTHOIIEHUM BEJIMYUHBI & W P JIeKAT B HEKOTOPLIX HHTEPBAJIAX, MPUYIEM
u3Menenne (ysesmdenue) jucrepcun 0p (1 — 2) BeJer K yMEHbBIIEHHUIO JIUCIEPCUU OX
(' = 2') (cm. puc. 9.5-9.6).

B coornorernn (9.18) Bpemsi cunTaeTcst U3MEPEHHBIM TOYHO, TI09TOMY HE CYIIECTBYeT
HeoIpeie/IeHHOCTH BpeMenn. Beymmanna At gBjsieTcst TPOMEXKYTKOM BPEMeHH, B T€IeHUN
KOTOPOI'O CpejiHee 3HaUeHNE (PU3NIECKOI BEJIMINHBI, HE KOMMYTHUPYIOIIEH ¢ TaMUIBTOHNU-
AHOM, CYIIECTBEHHO M3MEHeTCsl.

Ala(p)[? Aep(x)? 2!
1
1/
2
= op
>p >$
Puc. 9.5. Puc. 9.6.

Hokazxkem coorHomenne (9.18) Gosee cTporo, MoOIb3ysCh ONpPeIeeHIeM TPOU3BOIHOM
oriepaTopa 10 BPeMEHU:

df  iTr

E—ﬁ[fﬂf],
npu4eM o

[H, f] #0.

N3menenne cpegHero 3HaveHus 3a KopOTKHﬁ IIPOMEKYTOK BPEMEHU:
df = [H f] At.

CyHleCTBeHHOG n3MeHeHne CpeJHero 3Ha4deHnsd o3HavdaeT, 9TO 3TO u3MeHeHue J0JI2KHO
IIPEBLICUTL BEJIMYUHY KOPHA U3 AUCIIEPCUU:

df = — [H flAt > \/6f2. (9.19)

Cor/1acHO COOTHOIIEHUIO HEOIIPE/ICTIEHHOCTEN],

Sf20E? > 411 ]ﬂf

CJIeI0BATENIHHO
57> e [ = oz L[| s
= 45E2 9 = 2 [} 5E2 .
[Moncraiistst 9170 Bbipazkerue B (9.19), mosydnm ciejiyroriee HeEPaBEHCTBO:
h 1 h
At > =
2 JoE:  AE’
CJIeI0BATEIBHO,
AEAt > h,

9TO U OBLJIO TIOJIYIEHO paHee U3 MeHee CTPOTUX COOOPaXKEHUI.
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DTO COOTHOIIEHNE MOYKHO TIPEJICTABATE B JIPYTOi
dopme: 1ycTh ¢ HEKOTOPOI cucremoii I B3anmoseii-
creyer cucrema Il (em. puc. 9.7). Ilycrs cucrema 11
commkaercs: ¢ cucreMoii I 3a HekoTopoe Bpemst At.
[TockosbKy paccTosiHre MeXK Iy CUCTeMaMU MeHsI- At
eTcsl, TO CYIIEeCTBYeT M3MeHeHue (DU3UIECKON BeJTr-
YUHBI. DTO O3HAYAET, UYTO MEXKJLy U3MEHEHUEM STOi
BEJIMYMHBI U SHEPTHeNl JIOJ2KHO BBIOJTHATHCS COOT-
HOIIIEHUE HEOIPeIeIeHHOCTE:

AtAE ~ h. (9.20) Puc. 9.7.

Takum obpaszom, ecjium B3auMOJIEHCTBUE MPOJIOJIKACTCS HEKOTOpoe BpeMs At, TO 3TO
O3HaYaeT, ITO B OOIIEHl cucTeMe CyIIeCTBYeT HeOlpee/IeHHOCTh dsHeprun AF, KoTopast
MOZKeT ObITh BbIpakena u3 coorHormenust (9.20).

CrenoBareibHO, Kakoe Obl ciaboe He OBLIO B3aMMOJIEHCTBIE, ITepBasi CHCTeMa MOKET
oIy IuTh dHepruio AF.

Kazasoch 6bl, coryiacHO KJIaCCUYeCKOMY PacCMOTPEHUIO, €CJIi BTOpasi CUCTEMa B3au-
MOJIEICTBYET € IEePBOil JIOJIbINE, TO IepBad B 3TOM CJlydae IprodpeTaeT OOJIbINE SHEPTUH.
Onnaxko, coorHomenue (9.20) MOKa3bIBAET, UTO CUTYAITHs TPOTHBOIOIOKHAS: €CJIH B3au-
MO/IEHICTBIE OYEHb MaJI0, TO MOXKET 0OKa3aThCsd, UTO B pe3yJibTaTe B3anMO/IeIICTBUS ITepBast
CUCTEMA TOJIYUUT OOJIBIIYIO SHEPTHIO.

MozkHo 6bLIO OBbI CKa3aTh, YTO Ha BPEMEHHOM ITPOMEXKYTKE

h
At ~ —
AE

SHEPIUsd He COXPAHACTCH.

DTO sBJIEHHE ITO3BOJIET CYIIECTBOBATHL HEKOTOPBHIM B3aMMOJEHCTBUAM — B3amMO/Ieli-
CTBUSIM, OCYIIECTBJISIONIMMCH ITyTeM obMmena dactutl. Ha 3ape pazBurtus sijiepuoit (husuku
OBLI0 HEU3BECTHO, KaK ITPOTOH U HEUTPOH MOTYT YJIEPKUBATHCS B sAJIpe — MOHIATHS sIJ1ep-
HBIX CWJI HE CYIIIECTBOBAJIO.

Heszasucumo spyr ot apyra, U.E. Tamm u /1.1, VBa- n P
HEHKO IIPEAIIOJIOXKUIN, YTO B3aUMOJIeHCTBUE HEATpOHa C
OPOTOHOM (CM. pHuC. 77) MOXKET OCYIIECTBIISATHCS CJIELyO- e~ U
UM 0O6pa30M: HEHTPOH, MPEeBPAIAIONTNNC B TPOTOH, UC-

IIyCKaeT JIEKTPOH U aHTUHEATPUHO: D n

n—+pt+e +rv, (9.21) Puc. 9.8.

a MPOTOH, MOIJIOTUB JIEKTPOH U aHTHHEHTPHUHO, MpPEeBpa- n D
MAaeTcdad B HEHTPOH.
Takoe oObsicHeHHE, OJHAKO, HE ITO3BOJIAIO 00bsICHUTH &
CBSI3U, BO3HUKAIOIIUE B sAJIPe.
Anoncknuit pusux Hkasa, y3nas 06 3Toil ujee, npe/- p
HOJIOXKIJI, 9TO HEHTPOH MOYKET UCIYCTUTH HEKOTOPYIO Ya-
cruity (7~ )-Me30H, IpeBpalasch B IpoToH (cM. puc. 9.9).
[TporoHn, moryIoTHB 7 -Me30H, IpeBpaTuTcsa B HeilTpoH. Bo Bpems FOxkapbl HE cam 7~ -
ME30H, HU CUJIbI B3AUMOJIEHCTBUS U3BECTHBI HEe ObLIH.

Puc. 9.9.
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Bbin u3BecTeH TOJILKO Pajuyc B3auMOCHCTBUS SIEPHBIX CHIT:
ro~1,4-1071 cm.

Ucxong nz Bemmaunbl pajuyca jetictsus cut, FOkaBa cMor ykazarh Maccy 9TOH 1mpo-
MeKyTOUHON vacTuilpl. [lycrs Macca 3Toit MpoMeKyTOYHON YaCTUILI paBHA fi. 1TOOBI
UCIIYCTUTDh YACTUILY, HEOOXOIUMO IMOTPATUTH SHEPIUIO

AE = uc?.
Bpewmst, Ha KOTOPYIO MOYKHO UCIIYCTHTH 9TY YaCTHUILY, PABHO

h
At ~ —

puc?”

Paccrosinue, na KoTopoe 7~ -Me30H MOYKET MPOJIBUHYTHCS ITPU JIBUZKEHUN CO CKOPOCTHIO
MOPSIJIKa CKOPOCTH CBETa, PaBHO

h N rc
T~ — ~ —
i a h
st steKTpoHa,
Te = ~4-107" e,
mec
a OTHOIIICHUE 4 10-1
Te - 107 1
—~ ——— =300 = —.
re  1,4-10713 Me

Taxum obpaszom, FOkaBa mpegckazast, 9To Macca 9acTUIBI JOJKHA ObITh mopsiaka 300
Macc 3yiekTpoHa. Ilourn cpasdy Ke B KOCMHUYECKUX JIydax JaCTHUILy C MacCoil MOPSIKa

1t ~ 200300 m.

yJIaJI0Ch OOHAPYKUTh.
[Toznee okazajioch, 9TO 9TO OblLIa JApyrasd YacTHIbI — OBbLT OOHAPYXKEH [i-ME30H.
B 1948 romy yiasioch oOHapyKUTH T~ -M€30H, PACHAIAIONIUIiCA Ha ((-ME30H U HEWTPHUHO.
B-pacnag (9.21) MOXKHO TPaKTOBATH CJIEIYIOIIUM 00-
pa3oM: d-KBapK IEPEXOIUT B U-KBAPK, UCIIyCKasi w-0030H,
paciajasichb Ha 3JIEKTPOH 1 HedTpuHO (M. puc. 9.10). Mac-
ca w-0030HA
w ~ 80 M,,

a BpeMd 2KU3HU w-0030Ha,

t ~ 10" Pcexk.

Puc. 9.10.
Takum obpazom, uzydas Moj0OHbBIE IIPOIECCHI, MOYKHO U3YYaTh MaJjble MPOMEXKYTKH
BpeMenn mopsijika t. Ha Takux MasibIx BpeMeHax IpeJICTABICHUS COBPEMEHHON (hu3uku o
MEJIBYARIINX 9aCTUIAX U UX B3aUMOJACHCTBUAX BBIIIOTHAIOTCS.
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