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BseJleHue 

B KBaHTosoa sneKTpOJlHHaMHKe nonbayeTCR BHH~aHHeM cneJlymmaR aa

Jla'la. PaccMaTpusamTCR JlBa aToMa 1 H 2, paaJleneHf hie paccToRHHeM R • 

B MOMeHT BpeMeHH t =0 aTOM 1 B036y)KJleH, aTOM 2 f aXOJlHTCR B OCHOBHOM 

COCTORHHH. VfCCJleJlyeTCR BepORTHOCTb w( t) B036y)KJli!HHR aTOMa 2 K MOMeH-

/1/ 
Ty BpeMeHH t>O (eM. B KHHI"e B.faATnepa KOHeU §20 H JIHTepaTypy,UH-

/2/ 
THpyeMym M.H.lllupoKOBhiM B pa6oTe ). B coi"naCHil c penRTHBHCTCKoa 

npH'IHHHOCTbiD 0 npH npH6JIH)I{eHHhiX Bhi'IHCJleHHRX B pall!KaX nepBOI"O HeHC'Ie-

3aJOWei"O npH6JIH)KeHHR TeOpHH B03MymeHHa B STHX pa5oTaX 6bJJ10 nony'leH01 

'ITO B HHTepBaJle BpeMeHH 0</.<R/c W(t) = 0 
/2/ . 

B pa6oTe noKa3aHo, 'ITO TO'IHOe Bhi'IHCJieHHe B paMKax TOI"O )l{e 

npH6JIH)KeHHR He JlaeT CTpOI"OI"O HYJIR JlJlR w(t) B 9TOM HHTepBane ( CM. TaK

/3/ 
)Ke cTaTbiD B. <j)eppeTTH ). 

/2/ 
B pa6oTe 0 KaK H BO BCeX OCT8JlbHhiX pa60TaK 1 HCnOJib30B8Jl8Cb Teo-

PHR B03MymeHHH C 06hi'IHhiM !J>opMaJIH3MOM "I"OJlbiX"' COCTORHHa (co6CTBeH

Hhie BeKTOpbl CB060JlHOI"O I"aMHJlbTOHHaHa) 0 nOSTOMY E CBeTe TeopeMbl Xa

/4/ 
81:'8 ( CM., HanpHMep, I"JI. 19 B KHHI"e f.BapTOHa ) MO)I{HO nOJlBepi"HYTb 

KpHTHKe 06hi'IHOe paCCMOTpeHHe 9Toa 3all8'1H C nOMOU!biD onepaTopa 9BOJ1ID

A 

UHH B KapTHHe B38l!MOJleacTBHR U (t,O) • 
/5/ 

H8CTORmaR pa6oTa RBnReTCR npOJlOJI)KeHHeM pa60Thi , rile 6hma 

npellJIO)KeHa TO'IHO pemaeMaR MOJlenb KBaHTOBOii sneK'"POilHHaMHKH. Mollenb 
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paCCMBTpHBaeT JlBB HEpeJISITHBHCTCKHX SJieKT)JOHa B OCUHnJISITOpHbiX SIM8X Ha 

paccTOSIHHH R npyr or npyra, B3aHMoneilcTBYJOlllHX c BTopH'IHOKBaHTOB8HHhiM 

x/ 
sneKTpOMBrHHTHhiM ITOTJeM, H OITHCbiBBeTCSI raMIWbTOHHBHOM ( 1) : 

1 ... [~2-+ -il---) 2 
H ph = --- f dx E ( x)+ (rot A ( x)) ]. 

8rr 

(l) 

B ( 1) npHHSITbi TaKHe enHHHUhi, 'ITO h = 1 H c = 1 , H Bht6paHa KynoHoB-

CK8SI K8JIH6pOBKa; (+c0 
-> 

H (- d) - UeHTpbl OCUHnnSITOpHblX ITOTeHuHanoB • 

J2 J I= R • 
-> 

B MonenH npHHSITo n:~rnonbHOe npH6nH~eH:~re: A 6epeTcSI He B TO'fKax 

HBX O~AeHHSI sneKTpOHOB, a B TO'fKBX ( + d
4

) H (- /) o B STOM npH6JIH~eHHH 

3BKn!O'fB8TCSI HaH6one~ Cepbe3HOe OTJIH'IHe npenno~eHHOH MOJl8Jill OT KBBH

TOBOil sneKTponHHBMH<H. CnenyeT o~HJlBTh, 'ITO oTnH'fHe 6yneT He6onbWHM 

JlJISI scjl!jleKTOB C cjJOTOJI8MH MBJihlX SHeprHil k , ecnu B qneHbi B3aHMo-

neilcTBHSI e p 1l( +d) H ep2 A( -d) BBeneHa cpyHKUHSI g ( k ), o6pe3aJOuraSI 6onb-

w:~re k 

EcnH OITHCb!BBTI· H8'fBJibH08 H KOH8'IHOe CDCTOSIHHSI 38LW'IH C ITOMOIUb!O 

"rOJibiX" COCTOSIHHH 1 ro OK83b!BBeTCSI 1 'ITO BepoSITHOCTb W ( t) o6Hapy)lmTb 

BTOpoil SJieKTpOH B03 5y~neHHhiM B MOMeHT BpeMeHH t > 0 OTJIH'fH8 OT Hy

JISI1 na~e ecnH ITpH I= 0 rrepBb!H He 6bin B036y~JleH. 3TOT tPBKT MO~HO pac-

CM8TpHB8Tb TOIThKO ~aK eme OJlHO YKB3BHHe HB HeaorryCTHMOCTb HCITOJib30-

BBHHSI .,ronbiX"' COCTC SIHHH B TeopHH CO B3BHM0Jl8HCTBH8Mo 

/5/ 
0CHOBHOe COQe[~BHHe pa60Thl COCTaBnSieT BBBDBHHe orrepaTOpOB 

po~aeHHSI-YHH'fTO~eH:rSI, BaKyyM KOTOpblX COBIT8Jl88T C BBKYYMOM MOL18JIH Q o 

0ITHCbiBBSI C HX ITOMOWb!O HB'fBJihHOe H KOH8'fH08 COCTOSIHHSI 3BL18'fl1, nonyqa-

x/ 
CTOHT OTMeTHTh, 'ITO raMHnhTOHH8H ( 1) He SIBJISIBTCSI TpaHCnSIUHOHHO HH-

BBpHBHTHbiM, TBK '-ITO npennoCbinKH TeopeMbl Xaara He Bb!ITOJIHeHblo 
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eM 06bi'IHYJO npH'IHHHO-cneJlCTBeHHYJO CBSI3b: BTOpoii aneKTpOH MO)KeT 6bJTb 

H8itJleH B B036y)KJleHHOM COCTOSIHHH npH t > 0 TOnbKO B TOM cny'lae, ecnH npH 

t = 0 nepBblll aneKTpOH 6bin B036y)KJleH H K TOMJ )Ke K MOMeHTY no-

TepBn csoe sos6y)!(Jl9HH~ 

raMHnbTOHH8H MOJl9nH B tPH3H'I8CKHX onepaTopax BbJITHC8H B § 1, rJle 

H3naraeTCSI 'IHCneHHblll paC'I~T TO'IHOrO peu;~~HHSI paCCM8TpHBaeMOH 38Jl8'1H 

npH OJlHOM KOHKpeTHOM 3H8'1eHHH R • Tiony'IeHHbitl f eaynbT8T cpaBHHB89TCSI 

C peaynbT8TOM nepsoro H9HC'I938lOJII9rO npH6nk)K8HH!I T90pHH B03MyiiJeHHll 

( §2) • 0K83biB8eTCSI 1 'IT0 1 BO-nepBbiX, 38TyX8HH9 0 COi19p)K8JII9eCSI B TO'IHOM 

pemeHHH, He HMeeT HHKaKoro sHa'leHHB JlnB o6cy)!(Jl83Moro stjltjJeKTa (nose

Jl9HHB w ( t) npH 0 < t <RIc ) ; BO-BTOpbiX, 6one3 npocTaB tjJopMyna Teo

pHH soaMymeHHA JlOCTaTo'IHO xopomo rrepeJlaeT rroseleHHe w ( t) rrpH O<t<R/r;. 

TI09TOMY Jlanee HCCneJly9TCSI HMeHHO 9T8 <f>opMyna. ffpH Jl0CT8TO'IHO 6onb-

mHx aHa'leHHBX R H B HeKOTOpoit o5naCTH 3Ha'leHV.tl , 5nH3KHX K R , 

OK83biB8eTCSI B03MO)!{Hb!M rrony'll!Tb npOCTOe 11pH6nH:ll< 91!HOe Bblp8)KeHHe JlnB 

W ( t) 1 KOTOpoe H CJly)KHT OCHOBOil: JlnSI 38KnJO'I9HHSI 0 TOM 1 'ITO 06Cy)K-

Jl89MOe nOB9Jl9HH9 W ( t) SIBnBeTCSI M8KpOaKayaanbHI>IM ( CMo o6cy)!(Jl9HH9 

B KOHUe §2). 

B §4 noKaSbiBaeTcB, KaK K ToMy )1{9 aaKnJO'IeHHJO MO)KHO rrpHJlTH Ha 

OCHOB8HHH 'IHCTO 'IHCneHHbiX p8C'IeTOB TO'IHOrO pemelHSI 1 He o6paJII8SICb K 

noMOIIJH tjJopMyn T90pHH B03MyiUeHHllo B §3 cpaBHHB81JTCSI H9ITOCpeJlCTBeHHO 

peaynbT8Tbi1 rrony'leHHbi9 no TeOpHH B03MYIIJ9HHJl: C tPH3H'19CKHMH H •ronbi-

MH' COCTOSIHHSIMH; nOK838H01 'ITO nocneJlHHe Jl8JOT H ~llpH'IHHHblll atjJ<jJeKT B 

H9CKOnbKO pas 6onbiiJHJl:1 '19M nepBble • 

• 
TaKHM o6paaoM, yTo'IHeHHoe paccMoTpeHHe aa~a'IH B paMKax TO'IHO 

/5/ 
pemaeMoll: MOJlenH naeT no-npe)!{HeMy HerrpH'IHHHblll: pesynbTaT. CneJlyiO-

IIJHil: mar H8 nyTH K OKOH'IaTenbHOMY 38KniO'I9HHIO 0 lpH'IIIHHOCTH TeopHH -

onHcaHHe npouecca rrpHroTosneHHSI aoa6y)KJleHHoro cc,cTOBHHB rrepsoro ane-

KTpOH8 II perHCTp8UHH B036y)!(Jl9HHSI BTOporo. 
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§ J. T 0 'I H 0 e p e Ill e i He • tJ H C n e H H bill: p a C q I!! T aM II n H T y ll bl 

rrepeaa'IH Bo25Y*IleHHH. 

/5/ 
B pa5oTe 6I>mo rroKa3aHo, 'ITO B HeKoTopoM npn6nn*eHHH raMHnb-

TOHHaH ( 1) MO*eT 6 b!Tb IIpeJJ.CTaBneH B BH!le CYMMbl Tpex B3aHMHO KOMMy-

THpy10lllHX orrepaTopos: H = h + h + h 
X y Z 

• TaM *e 6bmo rronyqeHo, 'ITO 

rrocne BBeaeHHH ~H3l'leCKHX orrepaTopoB h 
X 1 HaiipHMep, HMeeT BH/l: 

h' 
X 

1/ 

h 
0 X 

__ I rB'+ a: +a. ;+ 
2 Ix Ix Ix Ix 

-+- ... ,., 00 2 -b 
E(ai a2 +<I a+2 )+J dv ~! EI(v)[ai a+b (v)+ai+a 

X X Ix X O b=I X X X bx 

..., b 
+E 2 (v)[a

2 
a+(v)+a

2
+ a (v)]l, 

x bx x bx 

( 2) 

( 2') 

(v)]+ 

(2") 

rae 1/ I H v2 - IIepeHOpMHpOB8HHbie OCUHnnHTOpHbie 'laCTOTbl sneKTpOHOB. 

PaccMaTpHBaeTCH C;Iy'lalt OllHH8KOBbiX HM: K I = K 2 = K H VI = V2 = W O 

E = cwor ( orrpeaeneHo B IIpHno*eHHH A). nanee 

(3) 

a anH ~YHKunlt E Ib H E; 
pa*eHne: 

/5/ 
B pa6oTe 5bmo HaltaeHo rrpn6nn*eHHoe Bhi-

E~ (v)~~ V 2wi v{!7g(v) 
' m (v+w.) • 

f.I(v,..B.)o. 6 , ·i=1,2, • 2 • 
(4) 
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I"Jle w 1 = w 0 (1 + £) H w 2 = ul 0 (1-c) 1 a !jlyHKUIH! Bb!IIH-

caHbl B ¢opMyne ( E.21) B rrpHno*eHHH E. 

OrrepaTOpbl a :x (I' ) ' ;; bx ( f/ ) - !jJJJ3H'!eCKHe orrep lTOpbl pO)f{JleHHSI-

c aHeprHeil v H KB8HTOBhiM 'IHCnOM 

"b", HMeJOUIHM CMbJcn, aaanorH'IHblH nonSipHaauHH, A IanorH'!Ho, onepa

Top ~; x pO)f{)laeT KBaHT B036y)f{)leHHSI (!jloHoH) IIepBOI"O sneKTpOHHOI"O OC

UHnmiTopa, TaK 'ITO a :x fl ( Haps!Jly C a; y f! H a:% 0 ) OIIHCb!BaeT 

O!IHOKpaTHO B036y)f{!leHHOe COCTOSIHHe nepBOI"O aneKTpOHlt, TaKHMH )f{e CBOH-

CTBaMH ITO OTHOUieHH10 KO BTOpoMy sneKTpOHY o6na!la10T onepaTOpbl 
-+ 
a2x 1 

l13 (2') H (2") BHJlH0 1 'ITO BaKyyMHblH BeKTOp !jJH.m'!eCKHX orrepaTO

pOB pO)f{!leHHSI-YHH'ITO)f{eHHSI COBnanaeT C <jJI!3H'!eCKIIM BaKyyMOM MOJlenH .0 

( C06CTBeHHOe COCTOSIHH9 IIOnHOI"O raMHnbTOHHaHa C H8Hf H3Uiei:t :3HeprHeH), 

B MOJlenH 1 KaK MO)f{HO HeiiocpeJlCTBeHHO IIpOBepHTb 1 COXpaHSIIOTCSI one-

paTOpbl 'IHCna KBaHTOB Ka I'<!IOI"O CO pTa 

z. 

noaTOMy, ecnH B Ha'!anbHbli:t MOMeHT 6bln OJlHH KBaHT (noTOH HnH !llOHOH) 

co pTa X 1 HaiipHM9p1 TO H B IIOCne!lylOUIHe MOMeHTb B03MO)f{Hbl TOnb-

KO COCTOSIHHSI C O!IHHM KB8HTOM 1 IIpH'I~M TOnbKO TOI"O )f{e COpTa X 

nycTb IIpH nepBbiH sneKTpOH H8XOJlHTCSI B OJlHOKpa THO B03-

6y)f{Jl9HHOM COCTOSIHHH 1 a BTOpOJ:t ~ B OCHOBHOM, TaKoe COCTOSIHH9 B pac

CMaTpHBaeMOH MO)lenH MO)f{eT OIIHCbiBaTb 1 HaiipHMep, B9K"Op aixO , Tor-

Jla K MOMeHTy t > 0 eJlHHCTBeHHOe B03MO)f{HOe COCTOSHHe C B036y)f{JleH-

"'at- o ( HbiM BTOpblM aneKTpOHOM - :3TO 2xH • nnSI aMIInHTY!Il>l BepOS!THOCTH A t) 

B MOMeHT BpeMeHH t > 0 HaHTH CHCTeMy 

ecnH rrpH t = 0 OHa HaXO!IHnaCb B COCTOSIHHH 

6bma rronyqeaa ¢opMyna: 

7 

B COCTOSHHH 

,.-t-n 
a 1 xu ' B 

;:+ 0 
2 X I 

/5/ 
rr.4 pa6oThl 



rae 

( 6) 

!l -
1_p f"" r;(v) 

w)= dv, 1,2. ( 7) 
1T 0 v-w 

p B (7) 03H8l.J8e1' rnaBHOe 3H8l.JeHHe. 

'ITO 

HHTerpan B (5) C'IHTancR c 

w
0

= m/ 10, lrw) o p. 2 /(p. 2 + w 2
), 

rroMombiO 38M E3CM-6. Ebmo rrpHHRTo, 

rae rrapaMeTp p. 2 = m (J) = 10 w 2 
0 0 

llanee p8CCMaTpHB8liC5I Cllyl.Jafi, KOr):la R =20/w0 =20A. ( A MOlKeT 6biTb Ha3-

B8H8 ):lllHHOH BOllHbl H3lly'leHH5I, HCITymeHHOrO rrepBbiM aneKTpOHOM) o 

KaK oKaGanocb, IIpH TaKHX w 0 H R rrapaMeTp f = 1,119. 10 -s 

(eM. npHnolKeHHe A: • <l>yHKUHH p. .< w ) 6bmH rrpe.osapHTenbHO Bbi'!HcneHbi no 

' 
cflopMynaM ( 7) 1 ( 6) H ( 4) o llnR HHX 110llY'I8IOTCSI rpOM03):1KHe Bb!p8lKeHHSI, 

co.oeplKamHe H8pS!llY C 3lleMeHT8pHbiMH cpyHKUHHMH T8KlKe HHTerpanbHbie CH

HyC H KOCHHYC H HHrerpallbHYIO !IOK83aTellbHYIO cpyHKUHioo lfT06bi y6e):IHTbC5I 

B rrpaBHllbHOCTH liOllyl.JeHHbiX Bblp8lKeHHH llll5I fJ. i ( W ) , HHTerpan B ( 7) 6b!ll 

B3SIT 'IHCneHHO ):IllS! HeCKOllbKHX W c rroMombiO E3CM -6. B rrpeaenax TO'!-

HOCTH p8C'I~T8 pe3yllbT8Tbl COBII8llH C pe3yllbT8T8MH1 KOTOpbie .[l8eT llllSI 

3TH X W IIOny'leHHC•e llllSI fJ. . (w) 8H8nHTH'IeCKOe BbipalKeHHe. 
t 

no pS!.OY rrpH'IIH HHTerpanbi B (5) C'IHT8llHCb OTaenbHO. B rrpenenax 

OT 0 ):10 400 3TH HHTerpanbi Bbl'IHCll5IllHCb Heiiocpe/lCTBeHHO, a HHTerpanbi 

"" 400 
f nerKO OUeHRB8IO'rCSI; HX BKll81lOM, 110 Cp8BHeHHIO C f , OK838ll0Cb 

0 
pa36HB8llC5I Hep8BHOMepH0 1 B 

400 
B03MOlKHbiM rrpeHe6pe'lb. HHTepsan [ o.400] 
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38BUCUMOCTU OT noBeAeHHR noAHHTerpanbHOfi ~YHKUFH 1 Ha 6onblliOe 'iHCnO 

(oKOnO 4 Tb!CR'i) nOAHHTepBanOB H B K8)KAOM npHMeffRnaCb 16-ToqeqHaR 

~OpMyna HHTerpHpOB8HHR no fayccy. nng OUeHKH OIJIH6KU HHTerpUpOB8HHR 

napannenbHO npoBoaunucb Bbi'iucneHHR no 8-ToqeqHofi <PopMyne u cpaBHHBa

nHCb o6a pe3ynbTaTa. B aHanHTHqecKoM Bbipa*eHuH AnR p. .(w) iflurypupyiOT 

' 
HHTerpanbHbie CHHYC H KOCHHyc, HHTerpanbHBR nOK838TenbH8R iflyHKUHR 1 KO

TOpb!e TO)Ke C'iHT8IOTCR 'iHCneHHO C HeKOTC' pofi OlliHC KOlle EbinO npoBeAeHO 

HCCneAOBBHHe BnHRHHR STOll OlliH6KU Ha pe3ynbTaT. 

Erne OAUH He38BHCUMbdl: cnoco6 OUeHKU TO'iHOCTU !J8C'i~TOB OCHOB8H 

/6/ 
118 TOM 1 qT0 1 KBK nOK838HO B paooTe 1 

f dw 
0 

->2 
E i (w) ____ _.;.. ______ = 1 

2 2 ... 4 
[w-w.+p. .. (w)] +17 E,.(w) 

' ' 

ecnu TOnbKO p. . (w) I 11 RBJIReTCR npeo6pa30B8HHeM fHrb6epTa (7) iflyHKUHH 

' -.a 
E; (w ) • TaKHM o6pa3oM 1 

B ( 5) AOn)KHbl paBHRTbCR 

np11 

1 
2 

t = 0 TO'iHbie 3HaqeHHR o6oux HHTerpanos 

8ToT cnoco6 ABI!T Hau6onbrnee 3Haqe-

-9 
( ± 2 • J0 ) · anR OIUH6KHo HHe 

nonyqeHHbiR pe3ynbTaT anR I A ( t) f , npusell eHHbiR so BTopoA KonoH-

Ke Ta6nuubi 1, Mbi o6cyauM s §4. Celiqac OH 6yaeT HY>KeH ang aeMoHcTpa

uuu npuroAHOCTH nepsoro HeHC'ie3aiOmero npu6nH)KeHHR Teopuu B03Myme-

§ 2. p e ill e H U e U 0 T e 0 p H H B 0 3 M y IU e H H fi • cJ? H 3 H q e C K H e 

onepaTopbi. 

A MnnuTyAa nepeaaqu Bo36Y*lleHHR MO)KeT 6biT, npeacTaBneHa cneJJ.y

IOIUHM o6pa30M: 

t 
A(t) =<;;+(t)O, T exp(-i fh' (t')dt')';+ (0)0>, 

2" 0 " l" 
( 8) 
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rae T - xpotonorHqecKHft 

B npellCTaBneHHH B3tHMOll9ftCTBHH, 

onepaTop, h ~ (t ') - raMHnbTOHHaH 

a+ ( t ) = exp ( i w 
0 

t ) :
2
+ ( 0 ) . 

2x " 

(2") 

B nepaoM nopHoKe TeopHH B03MymeHHft 

( 1) I 

A T l ( t ) = - i < a
2
+ ( t) 1) , f d t ' h ' ( t' ) a+

1 
!l > • 

• • " 0 " 
( 9) 

DOtlCT8BHB ( 2") B ( !l} t yqHTbiB8H 38T9M nepeCT8HOBOqHbl9 COOTHOIU9HHH llnH 

onepaTOpOB pO*ll9HHS-YHHqT0*9HHH ~OHOHOB H ~OTOHOB, a T8K*e CBOHCTBa 

aaKyyMa, nonyqaeM i)KOHqaTenbHo: 

(11 -iw 1 • -icu0 1 
tl (t)=-ite 0 E=-zte w

0
t, (10) 

T,B, 

DpH 6onbmHx R ( crv. (A .5) B npHno*eHHH A) 

(1) 8e 2 
-iw 1 

f. (t)==-it-----e o 
T.B. TT m w2 R4 

( 11) 

0 

3aKOH COXp8H9HHH, neftCTBYIDIUHft B ll8HHOH MoaenH bM. § 1), aonycKaeT TOnb

KO OllHH BHll npOM9>KyToqHbiX COCTOHHHft - a+ ( k)Q ( OllHH ~OTOH C 9HeprHeft 
bx 

k H KB8HTOBbiM •men oM "b, ) , fi09TOMY ( c"M., HanpHMep, § 29 B KHH-

re n.lllH~~/ 71 ) 

Hw0 -kJ 1 

1 e -1 
X·--- (it+-------) 

=e-iwol / dv('t/v)~(v)) 
0 
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-> -> 

(E1(v),Eiv))onpenenSieTCSI c noMO:tUbiO (3), (4) H (6.21). Y<JHTbiBaSI, "'TO 
b 

BO BTOpOM ITpH6llH)KeHHH TeopHH B03MylUeHHH BE i (v) C.. i MO)KHO 3aMeHHTb 

Ha W O 1 T,K, yq{!T HX OTllH'IHSI OT W o , XapaKTepH3YIOIIIei'OCSI · BellH'IHHOH 

£ 1 Bb!XOnHT 38 paMKH ITpH6llHll<eHHSI 1 a W O . 1 B CBOJO O'lepenb, MO)KHO 

/5/ 
38MeHHTb H8 K ITO TOH )Ke npH'IHHe ( C,M, ( 24) B ) 1 ITOlly'laeM: 

sinv R 

vR 

+ cosvR _ sin~~ l 
(vR/ (vf;)J 

( 13) 

HHTei'p8ll B (12) MO)KHO Bhl"'HCllHTb 8H8llHTH'IeCKH 1 CBenSI ero K Ta6-

llH'IHblM HHTei'p8ll8M, DonyqaeTCSI O'leHb I'pOM03nKaSI !jlopMylla 1 conep)K8lU8SI 1 

KpoMe 8lleMeHT8pHblX !jlyHKUHH 1 HHTerpallbHble CHHyc, KOCHHYC H HHTerpallb-
(1) (2) 

HYIO rroKaaaTellbHYIO !jlyHKUHIO. 3Ha'leHHSI I A T,B( t) I =.1 AT.E _( t)+ AT.B.(t) I 
nnSI paHee Bbi6paHHhiX 3Ha'leHHi!: w 0 p. 2 H R II pH paanH'IHhiX 

Bbl"'HCllSillHCb ITO 8TOH !jlopMyne C ITOMOlllbiO 38M, llnS! I< OHTpOllSI pe3yllbTa-

TOB HHTei'pan B ( 12) 6b!ll B3SIT 'IHClleHHO nnSI TeX )Ke 3fla'leHHH TaKHM 

)Ke crroco6oM, KaK H ( 5). PeaynbT8Tbi o6oHx crroco6oB fiHTerpHponaHHSI coB

nanH, nony'leHHbie I A T.B. (t) I npHneneHLI B Ta6nHue 1, olllH6Ka Bbi'IHcneHHii 

COCT8BllSieT "'±10-l~ 

CpaBHHBaSI peaynbTaTbi Bbi'IHcneHHii, rrpoBeneHHbiX B paMKax BToporo 

ITpH6llH)KeHHSI TeOpHH B03MyiUeHHH1 C TO'IHbiM pellleHHeM ( CM, Ta6n.1) 1 BH-

nHM 1 'ITO no t =-18A B npenenax TO'IHOCTH Bbl'IHClleHHH pe3yllbT8Tbl COBITa-

naiOT, a rrpH 18A ' t ' 30 A OTllll'IHe COCT8BllSieT 1% H MeHbllle, llanee 

OTllll'IHe pacT{!T CO BpeMeHeM, nocTHI'8SI 10% ITpll t = ·t50 A • no TeOpHH 

BoaMymeHHH I A( t) I pacTeT nHHei!:Ho, TO'IHOe pellleHHo pacTeT MenneHHee 1 

A ( t) nocTaTO"'HO XOpOIIlO rrpencTaBnSieT TO'I-
T.B. 

HYIO aMrrnHTyny A(t) B o6naCTH 3Ha"!eHHH no R. H OKOllO R. 1 KO-

TOpbie ll rrpenCT8BllSIIOT nnSI HaC OC06b!H HHTepec, 0K83 ~IB8eTCSI 1 'ITO nnSI 
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tli>o 1/(tJI lAT. A. (t) I I A r.A. (t} I 
0 f,.~·IO-fD 0 0 
2 I, 9·10-8 1.921·10-8 , I. 210-10-7 

4 2.2 ·to-a 2,208·10-8 6,032·f0-8 

6 C, 6 ·10-8 0,596·10-8 3 !30·10- 1 
J 

8 ;4·10-8 2.479·10-1 f, 872·10-7 

10 4. o ·lo-a 3,988·10-8 :3,877·/{)- 7 

12 4,0·10- 8 3,969·10-8 7,5{}/f·I0- 7 

14 &:0·10-8 9,053· !0-1 p_457·to-? 

16 ::,28·10' 1 2,277·10-7 f, 161·!0- 6 

18 7. 78-10- 7 7, 765·10-7 2,971·10-6 
} 

20 8, S/3 ·/0-6 8,8!2-10-6 8, !07-10-6 

22 3, ?1{)10-s :3,723·10-6 .3, 297· 10-s 

24 6, i.72!r t0-5 (),836·10-5 6, 712·10-5 

26 I, CO{)- tO-if 1,0!1-10-lt 1,007·10-lf 

28 I, 3.37-IO-" t. 31ft to-" t,33f · m-4 

JO /, 61>5·10-4 1,670-10'4 /, 685 . to-4 

200 2 8•'J3-I0-3 2.083·10-3 

450 8.4?2·10-3 7.125·10-J 
J 

AT.8 _(t) Mbi MO)I{eM rnny'IHTb rrpH6nH)I{eHHoe Bbrpa)KeHI!e rrpH R >> ,\ ( T.e. 

KOrJla "'aTOMbl"' JlOCTaTJ'lHO JlaneKH Jlpyr OT Jlpyra) H !Ipli T8KHX t 1 KOr-

Hcrronb3YH aCHMITOTH'IeCKHe pa3nO)I{eHHH HHTerpanbHhlX CliHYCOB H KO

CHHyCOB 1i HHTerpanbtO~ IIOKft38TenbHO~ ~YHKUHH 1 MO)I{HO rrony'lHTb JlnH 

e2 /l 2 i(R-t) K 
i- ·---e K(t-R), t>R;(R/,\)»1. 

2mR r 2 + K
2 
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B ( 14) BblliHCaHbi TOllbKo caMbie rnaBHbie qneHbi B K l)Kt:lOH ot5nacTH 3Ha'le-

HHll: JL - ITapaMeTp ot5pe3aHHsr. 

0ITHllleM ciTocot5 ITpHOliH)KeHaoro HHTerpHpoBaHHSI KOTOpbill: cpa3y ITpH

BOt:lHT K <jlopMyne ( 14 ). Tipe)K.ne Bcero 3aMeHsreM B ( · 3) sin v R H cos v R 

HX ITpe.UCT8BlleHHSIMH qepe3 9KC!IOHeHTbi: 

i(K-z) I • 
e -1-tt( K- z) 

X 
(K-z).~ 

LRz 1 i ] -iR"i" 1 1 (15} 
x I e [- i +- + -- + e ti+ -- - --) I . 

zR (zRyl zR (zR) 

Hcxo.nHl>Ill: KOHTyp HHTerpHpoBaHHsr - .neil:cTBHTenbHasr ITonyocb (0, "" ) 

Ey.neM paccMaTpHBaTh ITO.UHHTerpanbHYIO <jlyHKUHIO B ( 15) KaK cyMMY qeThi

pex qneHOB1 coaep)K8llJHX expiRz,exp.(-iRz), exp(-i(J1+t)z) H expi(R-t)z. 

Tor.na HHTerpan ITO (0, oo) MO)KHO CBeCTH K HHTerpa.naM ITO nyqaM C' ( t:lliSI 

qneHoB1 coaep)Kall!HX expiRz H expi(R-t)z 1 Kor.na t < R ) H C" (.nnH qne

HOB C exp(-iRz) 1 ex,p(-i(R+t)z)H expi(R-t)z ITpH t>.R ) 1 CM.pHC. l 1 T.K. 

® 

Puc./ 
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Ha ayrax C ~ H Cp 6onhll!OrO pa.QHyca p KB~fihlfi paCCM8TpHB8BMhlfi 

qneH CTper--<HTCS! K Hy.IIO llpH p-> oo • Y lluJlHHTBrpanbHOfi iflyHKUllH B ( 15) 

HBT non10ca B TO'IKe z = K , Ho y Ka~aoro ee cnaraeMoro, paccMaTpHBa-

eMoro oTnenhHO, B ;: = K - rron10c BToporo rrop5!AKa • noaToMy, 'IT06bi HMBTh 

B03MO~HOCTb HHTerpHpOB8Tb 110 (O,oo) B K8~AOM cnaraeMOM 1 Mhl CMBlliBBM 

8TOT ITOnJOC B HH~HIOJO ITOnyiTnOCKOCTb 1 38MBH5!5! B ( 15) B 3H8MBHaTene K-Z 

' n 6 AJ2
! (n ) Ha K-q-z • onyqaeM T8KHM 0 p830M T.B • . 1 1 ITpH'I(!M, KOHB'IHO, 

· Ar2J.1 \=A:! H C' C" 6 l1m T 1)1- B a 1'1 COOTBBTCTBYIOIUHB 8KCITOHBHTbl YAYT 6biCTpO 38-
~0 • • • 

TyxaJOIUliMH ¢YHKUll5!Ml!, IT08TOMY ITpH ycnoBHH, 'ITO K R>> 1 ll Kl R-t I» 1 

OCHOBHOfi BKnaA B HHTerpanbi 6ynyT BHOCHTb TOnbKO Te Z 1 MOAynb KOTO-

pbiX I z I << K • 8To IT03BOn5!eT 3HB'Il!TenhHO yiTpocTHTh ITOAHHTerpanhHoe Bbi-

pa~eHHe B (15), B 'ltCTHOCTH, 38ME'HllTb MHO~HTBnhg 2(z)I(K-z/(K+Z)
2 

Ha 1 I K 4 , rrocne , ero Bee llHTerpanbi OKB3biBaJOTC5! y~e Ta6nn'IHblMH. 

nocne HeaonrHx Bbi'Il cneHHil rronyqae~ ( 14). 

06cyaHM rrony'IGUH!-Ie pesynhTaTbi. CaM ITO ce6e pesynhTaT q:l!:cneHHoro 

C'IATa AnR OAHOrO KOfKpBTHoro 3H8'1BHHR R 1 ITpOBBABHHhlll B §1, BIUB Hi'! 

0 'leM HB rOBOpHTe lleno B TOM, 'ITO ITpH BBBABHHH ifJH3H'IBCKHX OITepaTOpOB 

6binH cnenaHbl .[IB8 ITf H6nH~BHllB: Bo-nepBbiX, B pasnO~BHHH KynOHOBCKOrO 

B3aHMOABilCTBHSJ ITO CTBITBHSJM 1 I R He y'IHTbiBanHcb qneHbi, ITpoiTopuHoHanh-

H BIUB MI)Hbll!HB H, BO-BTOpbiX, B K8'1BCTBB Bbipa~eHHll AnSI 

b 
H E 2 (v) 6pa.JHCh HX HynBBbiB ITpH6nH~BHHSJ, H8HHll3ll!HB ITO e

2 

0T6pOlllBHHbiB 'lnBHbl "O)KB ABIOT BKnaA B 8MilnHTYAY ITBpBAB'IH B036y~ABHHR, 

IT08TOMY HBAO eme yf. BAHTbCSJ, 'ITO Bbl'IllCneHH8SJ aMITnHTyAa A ( t) MHoro 

6onhll!B B03MO~Hb!X ITOITpaBOK 38 C'leT OT6poll!BHHbiX 'lnBHOB, 

I. BKnan B A ( t) oT HeyqTeHHbiX qneHoB B pasno~eHHH KynoHoBCKoro 

B38HMOABHCTBHSJ MO~E T 6b!Th OUBHBH ITO TBOpHH B03MYIUBHHH. 0Ka3anoch, 

'ITO BKnan OT nepBoro ( -4) 
HeyqTeHHoro qneHa ITponopuHoHanhHoro R Bo-

2 
o6me HyneBoi1, a oT cnenyJOmero cocTaBnSJeT i 27e • _t_. CpaBHHBaR ITo-

16 K 2 m 2 R' 
CnBAHIOIO BBnll'IHHY C TeM, 'ITO ABBT ( 14), y6e~A8BMCSJ 1 'ITO H8ll60nhll!Hll 
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BKnan OT Hey~TeHHhlX ~neHOB B paano~eHHH KynoHOBCKOrO B38HMOJJ.eHCTBHH 

3Ha~HTenbHO MeHbllle, ~eM Bbi~HcneHHaH aMnnHTyna, Ko··na t 6nH3KO K R. 

2. Ha Ta6nHUbi 1 cnenyeT, ~To scP¢eKT nponopuHoHaneH. 
;:.. ... • EcnH 

Mbl B ( 12) y~TeM ~neHbi cneny10mero npH6nH~eHHH K H E 2 , KOTOpbie 

B e 2 paa MeHb!lle ~neHoB HyneBoro npH6nH~eHHH, To nony~HM nonpaBKY 

K A ( t) nopHnKa e 4 

TaKHM o6paaoM, H3 Hano~eHHoro cnenyeT, ~To noT HaH BepoHTHOCTb w(t) 

H8HTH BTOpoi!: aneKTpOH B B036y~AeHHOM COCTOHHHH AO MOMeHTa t=Ric He 

paBHa Hyn10. 

B CBH3H C nocnenHHM YTBep~neHHeM o6cyJJ.HM TaJ;oe B03pa~eHHe! He 

HBnHeTCH nH nony~eHHbiH HenpH~HHHbli!: aljl<!JeKT cneJJ.CTBJieM 'nepeKpbiB8HHH' 

x/ ~ 
sonHOBhiX !jlyHKUHi!: aneKTpoHoB H sseneHHH o6peaaHHs· g ( w) ? OueHHM 

a<l><l>eKT, KOTOpbii!: MO~HO O~HA8Tb OT 9THX npH~HH. Hall H aneKTpOHbl noKa

nH30B8Hbl OCUHnnHTOpHbiMH noTeHuHanaMH OKOnO TO~eK '+d) H (-d) B 06-

naCTHX pa3MepoM r"' 1 I yti[i(. nocKOnbKY R >~ >. = 1 I K , TO TeM 6onee 

R >> f • BHe aTHX o6nacTei!: sonHOBbie ljlyHKUHH aneKTp moB cnana10T aKcno

HeHuHanhHo. noaToMy, ecnH 6bi Ha6n10naeMbii!: HenpH~HHHhii!: a<jxpeKT o6ycnos

nHsancH TOnbKO nepeKpbiB8HHeM BOnHOBbiX ljlyHKUHi!: ane <TpOHOB, TO npH yBe-

nH~eHHH paCCTORHHH R Me~ny HM8MH BABOe, A( t) yMeHb!llanOCb 6bi He 

B "'2 paaa, KaK aTo naeT !flopMyna ( 14) nnH t , 6nl3KHX K R , a s 
(2RJ 212f

2 
R

2 
l2f 2 

( e . I e ) paa. nnH paccMaTpHBaeMoro cny qag R = 20 >. 9TO 
5. 1600 5· 400 6000 

oTHo!lleHHe paBHO e I e = e 

BseneHHoe o6peaaHHe g 2
(w)=!L

2 1(1L 2
+w

2
) c napaMeTpoM p;=VmK paa-

M83biBaeT B38HMOJJ.ei!:CTBHe aneKTpOHOB C aneKTpOMarf HTHbiM noneM no 06-

x/ 
3aMeTHMt ~TO BHA raMHnbTOHH8Ha (1) OTpa~aeT TOT ljlaKT1 ~TO OCUHn-

nHTOpHb!H noTeHuHan nepaoro aneKTpoHa He nel!:CTB reT Ha BTopoii:, 11 aa

o6opoT. 
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nacnr TaKoro )Ke MlcKpOCKO!UI'IeCKOrO pa3Mepa 

§3, Teo pH H BosH y me H H ti, "Ton hie" orr epa Top hi. 

CpaBHHM pesyrhTaTbi 1 rrony"'eHHhie HaMH B 4JopManH3Me 4JH3H"'eCKHX 

COCTOSIHHH, C pe3yJJbT8'IaMH 06bi"'HOro 4JopM8JlH3M8 1 HCITOJlh3YJOIUero "'roJJbie"' 

COCTOSIHHSI, 

EcnH raMHJJhTOHHaH MoaenH BbipasHTh "'epes TaK H83hiBaeMbie "'ronbre" 

/5/ 
orrepaTOpb! 1 CM, ( 14 1 B pa6oTe 1 TO fiOJJY"'HM T8KOfi raMHJJbTOHHaH B38H-

MoaeiiCTBHSI: 

x/ 

h
, . s, + + + + 
, = ---;-;;<-az, a2,-az,a2, +az, a2,+al,a2,)+ 

CTOHT, BITpO"'eM 1 0rMeTHTb 1 "'TO B HaiUet!: MOL{eJJH HerrpH"'HHHhie "'JJeHbl OITII

C8HHOrO rrpOHCXOHUeHHSI B006IUe He MOryT fiOSIBHTbCSI IIpH C8MOM TO"'!IOM 

pemeHHH. B cHny aHrronhHoro rrpH6nH)KeHHSI 4JoTOHbi po)KaaJOTCSI H yHH"'To

)K8JOTCSI B TO"'K8X (±d) 1 a He B TO"'K8X1 rae H8XOaSITCSI sneKTpOHbl 

( HJJH B o6naCTSIX OKOnO TO"'eK, rae H8XOUSITCSI 3JJeKTp0Hb!1 H3-38 BBene

HHSI B TeopHIO o6pe3aJOIUero 4JopM4JaKTOpa), MO)KHO CK838Tb 1 "'TO aHITOJJb

HOe npH6nH~eHRe aenaeT TeopR~ paccMaTpHBaeMotl: MoaenH 6onee no
KanbHotr, "'eM HaC TOSIIU8SI 3JJeKTpOAHH8MHK8, 
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rae 

I 
e 2/R 3 m , r = x, y ; 

s, ( 17) 
-2e 2 /R 3m, r= z • 

r= x,y ; 

( 18) 

r= z. 

( 19) 

ctlyHKUHH H fa2 (k, lL.) eM. B rrpnno)!(eHHH E. 
2 

Terrepb H8'18nbHOe COCTOSIHHe paCOMaTpUBaeMOH 381l8'1H oyJleT OITHCbl-

B8TbCSI BeKTOpOM atx QO ; B KOHe"'IHOe - BeKTOpCM a;., Q 0 1 rae 

Q 0 - COOCTBeHHOe COCTOSIHHe CBOOOilHOro raMHnbTC•HHaHa C H8HHH3lllefi 

::meprHefi. noBTOpSISI Bhl"'IHCneHHSJ,. anano!';J<JHbJe TeM, COTOpble ObinH rrpoBe

aeHbl paHee B <jlopManH3Me <jJH3H"'IeCKHX orrepaTOpOB1 H8XOilHM 1 'ITO 

( 3aecb H B aanbneil:llleM qepTa Hall aMrrnHTyaofi A r. 8 {t) 03H8'18eT1 'iTO 

TeopHSI B03MyllleHHH paccMaTpHBaeTCSI B <jlopManH3Me rrOnbiXr COCTOSIHHH). 

Bo BTOpOM IIOpSIJlKe TeOpHH B03MyllleHHH Terrepb B03MO)!(Hbl JlBa THIT8 

rrpoMe)!(yTO"'IHblX COCTOSIHHH: a~.,(k)Q• H a1:a;.,a:.,(J:)Q 0 1 IT09TOMY 

-iK I i(K-Ic) I 
-(2) K e "" 1 1 
Ar.a[t)= f dk(t;(k)"l;(k))l--[it+...!' - 1+ 

4 0 k-K, k- K 

+ __ 1_ (it+ ei(K+Ic) I -1 

ktK k+K 

( 21) 

1 I , 
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rae (eM. (18), (19) "(B.21,22)): 

... x _.x 2e
2 

2 sink R coskR :sinkR 
(£ 1 (k)£ 2 (k))=--g (k){----,.-+-- I 

~rm kR (kR)2 (kR) 3 ' ( 22) 

l1HTerpan ( 21) e mTancR t.meneHHo Ha 3BM B3CM-6 TaKHM )i{e cno-

eo6oM, KaK (5) H (121,ami Toro )l{e eny"'aSI R=20A K=m/10 H 

_.2(k) -- ,2;(,2+ k2) 2 10 2 p 
15 .- ,- rae p. = K • eaynbTaTbi npHseaeHbi B noc-

neaHeJ:i KonoHKe Ta6nHHbi (oum6Ka Bbi"!HeneHHJ:i I A T.BJ t) I TaKaSI )l{e, 

K8K y I A (t) I 
T.B. 

) • Cpaay 6pocaeTCSI B rnaaa, "'TO HenpH"'HHHbiA a!jl!jleKT 

B !jlopManH3Me "ronbiX'' COeTOSIHHA B HeeKOnbKO pa3 1 HHoraa Ha uenbiA no

pRaOK1 6onbllle, "!eM np>r onHeaHHH c rroMOlllbJO $H3H"!eeKHx coCTOSIHHA. Eo

nee aeTanbHO 06 aTO~ eBHLleTenbCTByeT aeHMIITOTH"!9eKOe IIpH6nH)I{9HHe 

llnR A ( t) : 
T.B. 

2 1 e -iKt ; .\«.I R- t I« R '• cos K t e , t< R 
211m R K(R-t) 

AT.B ftJ"' 2 2 ( 23) l e p. ilR-t) K 
K ( t - R ) , t> R ; R» A-. ---· e 

2m R p.2+K2 

CpaBHHBaSI ( 23) H ( 14), BH,llHM, "'TO B o6naCTH t ·> R BbiiTHeaHHbie caMbie 

rnaBHhie "!neHbi y X (tJ 
T.B. 

H A (t) 
T.B. 

OaHHaKOBhl (eM, TaK)I{9 Ta6n,l) 1 

a o6naeTH t .< R HMeE·TeR cyweeTBeHHoe paanH"!He, B 'ronoM' ¢opManH3-. 

-1 
Me HenpH"'HHHaR "!aeTI. aMnnHTYLlbi rrponopuHoHanbHa ( R- t) , a B ¢HaH-

"!eeKOM - ( R- t) -J. 

§4, l1 e C n e a 0 BaH HE 3 a B He H M 0 e T H T 0"' H 0 r 0 p e Ill e H H S1 0 T e2 H R , 

B npHno)l{eHHH J, noKaaaHo, "'TO f - senH"'HHa nopRaKa e 2 I R 4 
• 

TaKHMH senH"'HHaMH ~lbi rrpeHe6peranH, Koraa BbiiTHebiBanH A ( t) B !jlopMe 
(1) 

( 14), roaHoii rrpH R > 1000).( B qaeTHoeTH, Mbl II!)eHe6peraeM A ( t) - t). 
T.B. 
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XoTH ( 14) ue ronnTCH llJIH R = 20 A , Ho Bee :>Ke MO:>KHD o:>Knnarh, '-ITO npn 

t , 6Jlli3KHX K R 0 Y'-I~T He 6yneT KaqeCTBeHHO H3MeHHTh ITOBeneHne 

W ( t) , 00CKOllhKY '-IHCJieHHhiH paC'-IeT B rrpeniiOllO:>KeHn:l E= 0 ITpOUie, TO rrpn 

nccnenoBaunn saBncnMOCTJI A (.t) OT e 2 n R 3TO 6) neM rrpenrronnraTh, 

B 3TOM CJiy'-lae r I= r + y H r 2 = r- y . rnc 

y (w) = .2... r<w) l 
2 

3m 

sinwR 

wR 

cosc,>R 
+----

(wR)2 

cooTBeTCTBeHHO, p. I=.\+ A· , a p. 2 =A -A 

sin wR. 

(w R)3 
I, 

, rne 

1 "" r<v) 
A(w )=- P f dv --, 

' 1 "" y(~) 
A(w ! = - P J dv -- , 

0 v-w 1T 0 v-w 

(24) 

( 25) 

( 26) 

n (5) rrpno6peTaeT BHLl (A(t) npn E= 0 6yneM o6osHa'-I.!Th qepes A0 (t)): 

HHTerpan (27) cqnTancH qncneHHo no 

B8HHH T8KOH :>Ke, K8K IIpH Bhi'-IHCJieHHH 

rrpnBeneHw B Ta6nnue 2; B ee TpeTheii 
(1) 

MeTogy faycca (rrpouecc HHTerpnpo
x/ 

(5) B §1 ), PasynhTBThi nm1.JA (t)J 
(2) 0 

KOJIOHKe LlJIH cpt BHeHnH naHbi I AT.£~JI, 

T,e, AT. 8 _(t) 6es '-lneHa A T.B. ( t) - E • Oum6Ka Bhi'-IncneHHii COCT8B-

-11 
nHeT ::!:_3,10 • 

x/ 
A,H,lllnpoKoBoii (nBTA OH.HH) 6hiJI rrpoBeneH HesaBHCHMbtii pacqeT nHTe-

rpana ( 27), naBmnii Te :>Ke pesynhT8Thi B npenenax omn6oK Bhi'-IncneHnii, 
nonh3YJOCh cnyqaeM ho6naronapllTb A.i1.lllnpOKOBY 28 9TH MHOI'O'-IHCJieH
Hbie pac'-leThi, 
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tG~o IAo(tJI IA~~(t)l 
~ 

0, 9-10_, (I 0· ,, 1,99·10-8 1,996·10-1 
,;; 

~: 582·10-8 5,816·10-8 

li it8·10-8 7,f8fl0-l 
t 7,05·10-1 7,072·10-1 

to t J3t· t0-7 t. J35·to- 7 

f.? "636·10-'f 1,634·10-7 

f•f 0,660-10-? 0,863·f0- 7 

m 3,237·10-7 .3, 263·10-7 

IU 9,422·10-7 9,3fl7·f0-7 

2'J 8 j()$·10-6 8, lf{}1·10 -6 

22 J: 7f9f0- 5 3, 723·10-s 
~~ (),828 ·10-5 6,8'11 ·f0-5 

25 f,O()()·I0-4 I, 012 ·10 -t, 
2g t, 33B·to-" 1, 3'12·10-* 
JO t, 666 ·tO-" 1,671·10-4 

CpaBHHB8R BTopy~ KOnOHKy TaOnHUhl 2 CO BTOpo~ KOnOHKO~ TaOnHUhl ] 1 

BHilHM 1 qTQ IlpH t > Jt; ,\ yq~T f He MeHReT KaqeCTBeHHO K8pTHHhi, KaK 
(2) 

H o:11maanocb • .ilanee, senHqHHa A T.Bf t) aocTaToqHo xopowo rrepeaaeT ( 27). 

KaK Y*e yrroMHianocb, rrpH HanHqHH B MoaenH asyx rrpH6nH*eHH~ 

( CMo §2) HeOOXOilHMO Il0K838Tb1 qTo BblqHCneHH8SI 8MilnHTYil8 aeACTBHTenb

HO rrpellCTaBnReT OCH )BHy~, rnaBHY~ qaCTb 8MilnHTYilbl rrepeaaqH B030Y*

IleHHRo B §2 9To ObillO caenaHo c rroMoWb~ ljJopMyn TeopHH B03MyweHH~ 

anR acHMITTOTHqecKor) cnyqaH, Koraa R »A , 1 «I R- ti/A«R/A (IR-~f,\)3 <<(Rf,\)
2 

• 

01lH8KO MO*HO BOBCe He o6pawaTbCR K TeopHH B03MyWeHH~ H He orpaHHqH

B8TbCR 8CHMIITOTHqecKHM IlpHOnH*eHHeM, 8 IIOnyqHTb npellCTaBneHHe 0 38-

BHCHMOCTH ToqHoro p ~weHHSI I A 0 ( t) I oT R H OT e
2 = a qHcTo qHcneH-

HbiM MeTOilOM. C 9TO 11: uenb~ KpoMe R = 20 A OhinH rrposeaeHbi pacq~Thi 

anH R = 40 A H R = 2tKJA rrpH" a;= 1/137 • .ilanee, rrpH QJHKCHpoBaHHOM R =20 A 
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KpoMe cny'laH a= 1/137 6I>InH paccMoTpeHbl cnyqan, t:orna a =1/2•137 

n a-= 2/137 • PeaynbT8Tl>l llpHBe)leHbl B Ta6nnuax 3 H 4 ( B BblliHCaHHblX 

'!ncnax Ta6nHu He eepHa rrocnenHHH un¢pa). 

tUJO 
lt{(t)l 

If =20~ I{= 40A 
If-lOA. f. 331-10- 7 .3,3·10-8 

/f-5A. t 372·10- 7 -
R 8, 5032·10-6 -'1,201-10- 6 

/(r5A. J,-953112·10- 5 -
/friO// I, 665392-10-1( 8, 308{)·10-s 

fw" lA f/H1 ft J! I A 21m (t Jl IA21ml 
!At;ml 

5 7.0l ;o-' f./10.3 · fO -7 2,00 
10 1. 331·10- 1 2,656·10- 7 J,gg 
15 I. 372·10-7 2. 699·10- 7 /, 97 
20 J, 5082·10-6 f, 70263·10-5 2,001 
25 8, ¥-5.3~2·10-5 f. 686928· 10 -It I, !J(l55 
JO I, 86581f2·10-l( 3, J201;f0· 10 -If /, 9932 

~ 
1,9· 
(,15 

c£~ 
8, Ja 
I, 6.5 

'=200A. 
to-9 

·10-8 

0 10" 1 

27 ;o-(J 
948·!0-!i 

I A ,f2.m rtJ! 
.3, 119 10-8 

(},6'3·10-8 

6, 8/-10 -II 
4, ?5110·10-(/ 
~;, .?3153-to·s 
8 YIJ!I-7·10- 5 

' 

IA,;ml 
lA,/2-ml 

2,01 
2,01 
2,01 
2,000 
I, 9977 
1,9{;+55 

Terrepb, pacrronaraH naHHblMH Ta6nHu 3 H 4, o6cym M rrpH6nH>KeHHH 

Monenn. 

1. Ha Ta6nHUbl 3 cnenyeT, 'ITO rrpH , 6nHai<n:; K R , ~ A
0

( t)! 

y6btBaeT ropaano MenneHHee, '!eM BKnan B aMrrmiTyny rrepenaqn aoa6y)l<!le

HHH OT Hey'IT~HHbiX 'lneHOB B KynoHOBCKOM B38HMO!lel!CTB~H ( OH llpOllOpUHO-

HaneH t/R 5 ,cM.§2). 

21 



2. HyneBbie npH6lJH)KeHJHI K nponopuHoaanbHhi • a 

nonpaBKH K HHM - e" • KaK cneayeT H3 Ta6nHUhi 4, I A0(t) I c 6onbllioil: TO'I-

HOCTbiD nponopUHOH8llbBO e 
2 

nnH t < R H 6nH3KHX K R • C 9THM !flaK-

TOM xopollio cornacy!C1I'<:SI naHHbie, npHseneHHbie 13 Ta6pHue 2: nnH 0< t ~30 A 

pe3ynbTSTbi1 nonytieHHbi ~ amr I A 
0 
(t) I no TeopHH B03Myri.teaHil: B paMKax ee 

BTOpO!'O npH6lJH)KeHHSI 1 <OTOpoe OnHCbiB89T ~lf!eKTbl BTOpO!'O nOpS1t:IK8 no e 1 

COBnanaiDT C pe3yllbT8~8MH TO'IHO!'O p9lli9HHSio 

EcnH 6bi B9lJH'IHH8 A 
0

( t) 6bin8 cpaBHHM8 C TeM BKnanoM 1 KOTOpbiil: MO!'YT 

~ ~ 2 
naTb nonpaBKH K E 

1 
H E 

2 
, To oaa He 6bma 6bi nponopuHoHanbHa e 

HO -e
4 

, aanpHMep. 

TaKHM o6pa3oM, F ccnenosaHHe TO'IHoro pellieHHSI B 38BHCHMOCTH OT 

e
2 

H R nonTBep)K[(SeT BbiBOn, cnenaHHbiil: B §2 C noMO!UbiD TeOpHH 

B03MymeHHil: 1 'ITo Bbi'IH<:neHHaSI aenH'IHHa I A(t) I npencTaBnHeT ocHOBHyro, 

!'ll8BHYID 'IBCTb aMnllHT:rnbi nepenatiH -B036y)KneHHSI OT nepBO!'O STOMa BTO-

poMy. 

B 3aKnroqeaHe no.Ib3YIDCb B03MO)KHOCTbiD bona fide no6naronapHTb 

M.l1.llJHpOKOB8 38 noCTSHOBKy 38):18'1H1 a T8K)K9 38 BHHMSHHe K pa6oTe H 

o6cy)KneHHSI. 

BbitiHcneHHe e 
/5/ 

B §2 pa60Tbi t.nH HOpManbHbiX ocuHnnHTopHbiX tiacToT 9neKTpoHOB 

6bino nolytieHo: 

2 oo 2 a a 
- w 

2 
= 2 [ s + f dk k ~ ~ l r k J e 

2 
( k J 1 • 

. 0 a=l 
( A.l) 

rne 

a , 
{ . ( k) = __,.;;..... a ~ ( k) - l ~ ( k) , .i = 1,2; 

l ..;'k- l I 
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aa (k)= k{kl[-1-+_1_](a (k)+ w2-wi -(afk)! 
I 2 I 2 ) ( ) 2. ' 2 k+ WI k + W 2 ' ( k+ WI k + ·w z ( A.2) 

s H f ~ (k) orrpeueneHbi B !f>opMynax ( 17), ( 18) I ( 19). 

noncTaBHB (A.2) B (A.1), rrocne anre6pauqecKHt rrpeo6pa3oBaHHA 

rronyqaeM: 

1 "" 2 WI W2 
( w -w ). U- -- J dk 72 (k )k [ -+ ])= 

I 2 · I \2( ) . ) 2 
2w0 ° (k+wiJ k+w 2 (k+w2 (k+wi) 

( A.3) 
"" 2 2 

= .l_(S+_j_ f dk(~ (k);+(k))k( WI :z+. W2 :)b• 
w• 2 0 2 ( k + w I ) ( ~ + w 2 

B (A.3) w 0 =(wi+w~)/2 (eM. (38) B pa6oT/
51

). 

l1HTerpall C 7~ (k) B (A.3) MO)I{eT 6b!Tb nerKO oueHeH, OH OK83bl-

2 e2 w 
BaeTCSI < -- • . ...::...0. « 1 t IIpeHe6peraSI HM IIO Cp8BHe1HIO C 1, HMeeM C 

3 ll 
nocTaToqHoft TQqHOCTbiO 

w -w "" 2 2 
I 2 1 [ -. -. I wi w2 ] (: --2 S+fdk(fi(k)f 2(k))k )2+---2 1 • 

w
1

+w2 2w0 o (k+wi (k+w) · 
(A.4) 

l1HTerpan B ( A.4) 6blll BbrqucneH ToqHo rryTeM caeneH {SI ero K Ta6nHqHhrM. 

npu R >>A· MO)I{HO HCIIOJlb30B8Tb H3BeCTHble 8CHMI1TOTMqecKHe p83JlO)I{eHHSI 

anSI BCTpeqaiOlllHXCSI B IIOJiyqeHHOil: !flopMyJie HHTerpa.nb ib!X CHHYCOB0 KOCH

HYCOB H HHTerpallbHOft IIOK83aTeJlbHOil: !flyHKUHH. npeHe,)peraSI qneH8MH II0-

5 
pSinKa 1 I R H eme MeHbWHMH, rronyqaeM nn51 cnyqaSI r = x unu Y 

1 e 2 16 e 2 8e2 
(z-- (S--- + ) = 

2 3 4 .3 4 2 w
0 

R m TT m.w 0 R TT m w 0 R 
( A.5) 

nnSI rrpoaepKH BbJqHCJieHHif 6b1Jl0 IIpOBeneHO T8K)I{'~ IIpH6JIH)KeHHOe HH

TerpHpOB8HHe C 38MeHOi!: KOHTypa HHTerpHpOB8HHSI C B >IXOnOM H8 KOMIIlleKC-

HyiO IIJIOCKOCTb ( T8KOil: CIIOC06 HHTerpHpOBBHHSI OIIHC.lH B § 2) • nn51 CJiy-
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'18SI t = Z aHanOI'H'IHbl9 Bbl'IHCneHHSI .1l810T pe3ynhT8T1 OTnH'i8iOI.UHiiCSI OT 

(A.5) TOnhKO 3H8KOMo 

llnH cnyqag l~=20A f 5hmo Bhl'mcneHo c noMOI.UhJO 38M B3CM-6. 

J.1HT9I'pan (A.4) B rpe.oenax OT 0 .llO 30 C"'HTancH no M9TO.lly faycca 

( CMo § 1) 1 a 

'i9H01 'ITO ami • 3To 11Hcno 5binO nposepeHo TaK>Ke 

-8 
(A .5) .oaeT 1,16.10 • 

n pH n 0 )I{ e H H ~ B. 

8 e K T 0 pH bl e .1l By J: T 0 'I e 'I H hie <jJ y H K U H H , 

/5/ ~ ~ 
1. DpH nocTpo ~HHH MoaenH onepaTop aneKTpoMarHHTHoro nonH A( x) 

6bm pa3no>Kelf no n >nHOH 
~((1) 

CHCT9Me BeKTOpHbiX COn9HOH!I8nhHbiX .llByXTO'ie'l-

Hb!X <j>yHKUHH GAM (k, x) • nocTpoeHHbiX B 
/8/ 

pa6oTe • TaM >Ke 6bmH npH-

seaeHhi HX 3Ha'leHHsl s TOtiKax(±dJ=(± R/2) 

~(+) 

G 
1, ± 1 

~ 1 " 2 1 e 2 1/2 1 m 1 e -1 ~ ~( +) 
(d)=[(N') +(N')] [2N'N'] I =G 

1 1 1 1 '±1 1,±1 

~(+) ~ O,e -1 -+ ~(+) ~ 
G 2 ,< (d)= [2N 2 ] ( 0 =-·G 2 •0 (-d). 
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-+(a! -+ 
OcTanbHbie <PYHKUHH GAM(k,x) paBHhi Hymo B 8THX TO'!Kax. B ~iJOpMynax 

( 6.1) 

[2 N 1,m 1-1 1 ! ;,(2 L l) ,2(kd) 11/2 1 ! 1 sin2kd 2 sin
2 

kd I 1 
1 =-= - + J =--=.. +-- :::--=.12(kd), 

2y2rr ._:: 2 L 2rr..j2 2kd (kd) 2 2y2r. 
(6.3) 

1,m -1 1 00 2 1/2 1 ' 2kd 1 
[2N2 ] =--=_!l'(2L+l)j (kd)l =-11- Sin I:::-T1(kd) .. 

2 y2rr L=1 L 2rry2 2k d 2y2rr 

1, e -1 1 00 1 2 1/ Z 1 
[2N 1 ] =-----==! 1 '-- [(L+1)jL-11Jcd)-Lj L+lkd)] I =-51 (kdl, 

2y2rr L=1 2L+l 2y2rr ( ) 
6.4 

[2N
1
'ef

1 
= -

1 -1 ~---1-[(L+1Ji {kd)-LJ (kd)J
2 

1
112

= -
1-s (kd). 

2 2..{2; L=22L+1 L-1 L+l 2..{2;2 

3necb ~- o6osHaqaeT cyMMY no aceM He'I~THhiM L - no aceM 
L=2 L=1 

'I~THbiM; Jp. (X)=} j{x)/ Vx 1 

P.+T 
T 1 H T 2 6binH Bbi'IHcneHbi c 

. /9/ 
KHHre BaTcoHa • 

- <PYHKUHf 6eccemr. CyMMhi J 1 ( x) 
p.+'T 

noMOWbiO <!JopMyllhl ( } ) B n.5.5J rn. V B 

B aToM npHno)KeHHH onHcaHbi Bhi'IHcneHHH cyM·M, <PHrypHpyiOWHX B 

(6.2) H (6.4). 

2. Bhi'IHcneHHe cyMM W 1 (x) H W 2 (~) • BosbMeJA '<PopMynhi cno)Ke-
/ 10/ 

( 6) H ( 7) B §3 n.6 B pa6oTe H.H.BuneHKHHa H nOllO)KHM B HHX 

• YlcnOllb3) SI npHB9A9HHYIO TaM 

)Ke B n.l <PopMyny ( 2), rrony'!HM cnenyiOWHe <PopMynhi: 
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00 

l (-1/-
1 L(L+1)(2L+·1)j~(xJ=v; .x{1(2x) 

L= I 
( E.5) 

H 

00 
2 4x 2 

j- ( L + 1 ) ( 2 L + 1) j ( X ) = -- .. 
L 3TT 

( E.6) 

2 x
2 

1 
IV

1 
(x)=-

3
-+ -- xj

1 
(2x). 

. TT -{2; 
(E. 7) 

CooTBeTCTBeHHO, rrpH BJ.I'IH TaHHH ( E.5) H3 ( B.B): 

2x2 1 . 
W (::)=------ XJ (2x). 

2 3TT JT; . 1 
(E.8) 

.UnH rrpoBepKH ¢or Mynbi (E. 7) H ( E.8) 6binH rrony'l:eHbi T8K)f(e .apyrHM 

CIIOC060M 0 HCIIOnb3Y!OIUliM H3B9CTHOe pa3nO)f(9HHe IInOCKOif BOnHbi, CM., Ha-

/11/ 
IIpHMep, ( 8.5) B KHHre Poy3a • 

3. Bbi'l:HcneaHe cyMM S 1 (x) HS 2 (x) 

Mo)f(HO rrpoBepHTb, 'ITo 

1 1 s 1,2(x) = 7 (IVI,2 (x) + T ,2 (x)- U,,2 (x) +-X- vl,2 (x)) , 

r.ae T H IV - H3BeCTHbie cyMMbi, 

00 

V 1,2(x) = 

Uz,2 (x) MO)f(HO CB9CTH iC H3B9CTHbiM CyMMaM: 

26 

(E.9) 
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Vl,2 (x) Bbl'lHCmi!OTCH T8K )l{e, KaK B rr. 2 Bb!'IHCnHnHCb W 1,2 (x) 
112/ 

IIOMOlliH "~opMynhl CnO)l{eHHH" (10), IIpHBeAeHHOfi B pafoTe • 

B pe3ynbTaTe rronyqaeM 

S ( x) = ...:!.... l ...:!.... + ~ + -
1
- ( 2 -~ - cos 2 x ) ! , 

l TT 3 . 2 X 2 x 2 2 X 

S ( x) = _1_1 __:__ _ sin2 x + _1_ ( ---:s:-·n_2_x __ cos 2 x ) ! . 
2 TT 3 2 X 2 x2 2 X 

( E.12) 

1 HO !IpH 

( E.l3) 

( E.14) 

( E.13) H ( E.l4) MO)l{HO rrony'lHTb ApyrHM crroco6oM. TaK, H3BeCTHo pa3-

nO)l{eHHe fepuenH rrnoCKOH BO:IHbl ITO ::meKTpH'leCKHM H M.arHHTHbiM MynbTH• 

P 
/11/ 

IIOnHM, CM., H8IIpHMep, ( 6.8) B KHHre Oy3a 

-+-+ oo L 
-> iltr L L ->(m) -> ->,e) -> 
u he =TT I"£ i y2L+1 D (¢,0,0)!A (t)+ipA fr)! 

" L=LM=--L Mp ltLM tLM 

(} H - rronHpHbiH H 83HMyTanbHbiH yrnbi BeKTOf•8 

noaToMy 

00 00 

: "
2 I "£ 

L=l L'=l 

k 

-> (m) -> ->(e) -> ->.(rn) -> ->(e) -> 
x(A (d)+iA (d), A , jd)-iA , ,':d)), 

l&LM l&LM JtL M It L M 
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.... 
rae d=(O,O,d) • TaK KaK 

211 11 L L' I-M 411 

O
f dcp 

0
J'd8 sin8 0 (¢,8, O)D, ( ¢,8,0)=(-1) --8LL,8M A((B 17) 

Ml M, -I 2L+l . .- • 

(eM., narrpHMep, § 2 9, TaM )Ke ),To rrocne HHTerpHpoBaHHR ooeHx qac-

Tell (B.16) ITO cp H 8 , rrony'laeM: 

( B.18) 

->( e) -> 

-iA lcL,-Jd)) 

HnH 

4 .sin2kd 

17 ;2kd 

_ __l__..,[(L+l)j (kd)-Lj (k-d)l
2 

I 
2L+l L-I L 

(B. Hl) 

... 
npH rrony'IeHHH (B. !9) ObinO yqTeHo, 'ITO B TOlJKe (d) OTnH'IHbl OT Hyng 

->(m) -> ->(e) -> 

TOnbKO MynbTHrronH A lc L, ± 
1 

(d) H A lc L o,± /d) , H Ohm Hcrronbaoaaa RB-

HhiH BHJl 3THX MyncTHIToneH:, CM, (3.5), (3.9) H (3.10) B paooT/
81• 

( .... ;1;/ .... -itJ 
AaanorH'IHO, ucxoJlSI H3 u 1 e )( u _

1 
e ) , rronyqaeM, 'ITO 

(B.20) 
1 2 

+--[(L+l)j (k£1)-Lj (kd)] I. 
2L+l L-I L 
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CKJI8.[lbiB8SI (6.19) H (6.20) H Bbl'lHT8SI OAHO H3 .npyroro, -38MeHSISI npH STOM 

nony'ia!OmHecSI p.HAbi WI,l H TI,l Hx cyMMaMH, nonyqaeM S I H S 2 

4. B aaKJIIO'ieHHe BbmHmeM 3Ha'ieHHSI BeKTOpHbiX .nnyxTo'ie'iHbiX <f!yHK-
... (+) -> 

UHH G • ( k,d) ' A= 1,2 : 
1\, ± I,O 

->(+) ... 1 2 sin2kd cos2kd 
G, (k,d)=--1-+[ --- + --....-

n,± I 2rr. .3 - 2kd (2kd)2 
sin2kd]li/2 ; (E.21) 
(2kd)J \±I-

1 -> 

I (k,d) ~ 
A I ± I y6rr 

->(+) -> 1 1 [ sin2kd cos2kd ] ll/~;- = _1_ I (k d)_.... ( E,22) 
G, (k,d)=---=.1- + --- .r _ , r 
"' 0 rry2 3- (2kd/ (2kd) 2 'o y'(;;-Ao 'o 

B (6,22,21) BepXHHH 3H8K nepe.n KB8Ap8THOH CK06KOH COOTBeTCTByeT 

A= 1 , a HH:>KHHH -A=2 • 
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