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BBe.[(eHue 

Ill 
B paooTe obmo noKa3aHo, 'ITO cornaciio Teopi:rn KBaHTOBofi sneK-

TPOAUHaMHKU aTOM-AeTeKTOp 2 MO)KeT nony'IUTb B035yX<AErnue OT aToMa-uc-

TO'IHUKa l HeCKOnbKO paHee BpeMeHU R/c , rae R - paCCT051HHe Me)K-

ay aToMaMu. To11Hee, ecnu BHa11ane, npu t ~ 0 , TOnbKO aToM l ohm BOS-

5y)KaeH, TO B MOMeHT t> 0 aTOM 2 MO)KeT OKa3aTbC51 B030Y)KAeHHhIM, 

aa)Ke ecnu t<. Rfc • · 3Ta saaa11a Koum ohma pellleHa B paMKax TaKofi 

Moaenu: 11 
aTOMbI" COCT051T U3 Hepen51TUBUCTCKUX 5eccnuHOBb!X sneKTpOHOB, 

H8XOA51IUUXC51 B ocuunn51TOpHbIX noTeHuuanax. 3Tu sneKTpOHhl B38UMOAeHCT

BYJOT C KB8HTOB8HHhIM sneKTpoMaf'HHTHb!M noneM, npuqe~ TOnbKO aunonbHO. 

OnucaHue B03oyX<AeHHh!X U OCHOBHh!X COCT051HHH a TOM OB U KOpnycKyn51pHa51 

UHTepnpeTaUH51 sneKTpOMarHUTHOro non51 ocyruecTBn51nUCb He C noMO!UbJO 

"ronhrx" onepaTopoB po)KaeHU51-YHH'ITO)KeHU51, a nocpeacTBOM "cjmsu11ecKux" 

onepaTopoB, BaKyyMHhlll BeKTOp KOTOpb!X COBnaaaeT C cpU3U'IeCKHM BaKyyMOM 

raMunbTOHHaHa Moaenu. ITpu11uHb1 ucnonbSOBaHH51 TaKoro noaxoaa, a TaK)Ke 

B8)KHb!e K81IeCTBeHHhie U KOnu11eCTBeHHble OTnH'Ill51 OT pesynbTaTOB O0hl'IHO-

ll/ 
ro noaxoaa ( "ronhrfi" cpopManusM) ohmu usno)KeHhI Bo BBeaeHuu K 

TaM )Ke eCTb KpaTK851 HCT0pUH 3TOH 38.QB'Ill KolllH ll CChinKU Ha nHTepaTy

py. 8 H8CTOHIUefi paooTe T0)Ke ucnonb3YJOTCH cpU3H'IeCKHe onepaT0pbl U 

Ill 
npeanonaraeTCH 3HaK0MCTB0 C paoOTOH 
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3aAatJa Kornn 51Bn51eTC51 HAeanH3HpOB8HHblM orrncaHHeM 8KCIIepHMeHTa 

no nepeAatie CHI'Hana. ITpeAnonaraeTCH, 'ITO B MOMeHT t = 0 HMeeM HeKO

Topoe 3aAaHHOe HatianbHOe COCTOSIHHe, a HMeHHO: ocuunnHTOp 1 OAHOKpaTHO 

B035YMAeH, B 8KCnepuMeHTe Me COCTOHHHe ¢uKCHpyeTC51 HeKOTOpb!M npo

ueCCOM npHI'OTOBneHHSI, B pe3ynhT8Te KOToporo He o5513aTenbHO nonytiaeT

CSI tJHCTOe OAHOKpaTHOe B035yMAeHHOe COCTOSIHHe, C TO'IKH 3peHH51 Teope

THtJeCKOI'O onucaHHSI caMhifi npocToii: cnoco5 6b1crporo npuroTot:.TieHHSI B03-
. xi 

5yMAeHHOI'O COCT051HH51 - B03AeHCTBHe BHellIHHM KnaccntieCKHM noneM , 

ITyCTb Hap51AY C OCHOBHbIM ocuunnSITOpHbIM IlOTeHUHanoM Ha rrepBblll sneK

TpOH HaKnaAbIBaeTCSI BHellIHee sneKTpHtieCKOe none, KOTOpoe B Manofi 06-

naCTH e = 1/;;;; K, , I'Ae noKanH30BaH rrepBblll sneKTpOH, rrpu5nuMeHHO 

HMeeT BHA A05aBOtJHOI'O ocuunn51TOPH0I'O rroTeHuHana. HanHtJHe T8KOI'O lI3-

MeH51IDilleI'0C51 BO BpeMeHH sneKTplltieCKOI'O rron51 MOMHO OTo5pa3HTb BBeAe-

HHeM 3aBHC51illHX OT BpeMeHH rrapaMeTpoB 'Jl1x(t} , Jer~(t} u ~~ (t) 

ocuunnHTOpHOI'O IlOTeHuuana !!l.[ Je;; X2 + ,;e,; ll'z.+ ..1ei; {g-d) 2} An51 nepBO-
xxl 2 , ti 

ro sneKTpoHa 

B 8TOH pa5oTe pernaeTCSI cneAyIDIUa51 3aAatia, Do M0MeHTa t-=: 0 
o5a aTOMa He 5bmlI B035YMAeHb! II ¢oTOHb! OTCYTCTBOBanu. TaKoe COCTOSIHHe B 

"¢u3H.tJeCKOH" KoprrycKyn51pHOH HHTepnpeTaUHH OITHCbIBaeTC51 CTa5unbl!b!M 

xi 
MOMHO B035YMA8Tb aTOM BHe3anHo H8ABHI'aeMb!M rrytJKOM ¢oTOHOB unu 

sneKTpOH0B, Ho 8TO 03HatiaeT, 'ITO BOilpoc O IlpHI'OTOBneHHH rrepeHOCHTCSI 

Ha 8TOT rrytioK. Ecnu OH ¢opMupyeTC51 ll OTKnOH51eTC51 BHellIHHM noneM, TO 

Mb! 0Il51Tb IlplIX0AHM K BHernHeMy nonro KaK HCXOAHOMY IlpHI'OTOBnSIIDilleMy 

¢aKTOpy. ITpome cpa3y npHHSITb, 'ITO eCTb BHernHee none, HerrocpeACTBeHHO 

B03AefiCTByromee Ha aTOM. 

xxl
6 

• • 
yKBanbHO 8T0 03HatJaeT, 'ITO AeHCTByIDilllllI Ha sneKTpOH IlOTeHunan 

MeH51eTC51 OAHOBpeMeHHO BO BCeM rrpocTpaHCTBe. OAH8KO MOlliHO rronaraTb, 

'ITO 8TO AOCTaTotJHO xopornee orrucaHne AeHCTBHSI BHernHero non51, nOCKOnhKY 

An51 sneKTpoHa, yMe HaXOASIIUeroCSI B ocuunnSITOpHofi 51Me, · cymeCTBeHHO 

rroBeAeHne rroTeHuuana B Manofi o5nacTn oKono TO'IKH + d. . A Hanoruti-

Hoe rrpeArronoMeHue neMHT B ocHoBe Bcex ¢u3ntieCKHX rrpnMeHeHHH ocuunn51-
TopHbIX IlOTeHUHanoB, 
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BeKTOpOM q>l:131:!"leCKOI'O BaKyyMa, B MOM0HT t = 0 napaMeTpbr Je,x 
Je,3- :Je,i Ha"l1:1Ha10T 1:1sMeHSITbCSI co BpeMetteM. TpeoyeTcsi Hau-r1:1 Be-

posiTHOCTb wCtJ TOI'O, 'ITO BTopou a TOM B MOMe_HT t > 0 OKa)KeTCSI 

B030Y)l(Jl0HHbIM. Mb! orpaHl:!"11:!MCSI pe!IIeHl:leM B nepBOM Hel:IC"le3a!OIIIeM np1:16-

lll:l)KeHl:!1:1 TeOpl:11:1 B030Y)l(JleHl:IH. Mo)KHO nyMaTb, 'ITO OHO 

/1 2/ · 
lllee, neHCTBl:IT0llbHO, B ' "11:!ClleHHbIM paC"leToM· OblllO 

B8lIO, 'ITO TO"IHOe x/ pe11IeH1:1e sana"l1:1 Ko11I1:1 npn: t ~ Rfc 

Jl0CT8TO"IHO xopo

nponeMOHC Tp1:1po

c TO"IHOCTblO 

He xy)Ke 1 % COBnanaeT C pe3j'!!bTaTOM nepBOI'O Hen:cqesa10rrrero npn:6nn:)Ke-

Pesym;TaT OKa3bIBaeTCSI TaKHM )1(0 aKaysanbHbIM, KaK 1:1 B 3a)la"le Ko

llll:I, CM, nanee (33). 

B OTllH"IHe OT HaCTOSIIIIeH KBaHTOBOH 9lleKTp0JlHHaMHKH B OOCY)l(JlaeMOH 

Monenn: eCTb Jll:!IlOllbHOe npn:6nn:)KeHn:e 1:1 aneKTpOHbl omi:caHbl HepenSITHBHCT

CKH. OnHaKO JlllSI 9q>q>eKTa 9TO He S!BllS10TCSI cyrrreCTBeHHbIM, CM. §2 paoOTbl . 

aBTOpa 
131

, rne 9TO OblllO noKa3aHo, npaBna, B paMKaX 
11

I'OllOI'O
11 

q>OpMa

lll:13Ma. 

AKaysanbHb!H 9q>q>eKT Man, HO, no-BHJll:IMOMY, MO)K0T Ob!Tb yc1:1neH H 

3apern:cTpn:poBaH, CM, nanee §3. 0TM0THM, 'ITO Hann:qn:e TaKOI'O 9q>q>eKTa B 

KBaHTOBOH aneKTpOJlHHaMn:Ke He npOTl:IBOpeqn:no Obi ee SIBHOH nopeHueBCKOH 

HHBapifaHTHOCTH: H3B0CTHbI, Hanpn:Mep, KDBapn:aHTHbre Knaccn:"leCKHe Henn:Heu

HbJe Teopn:n: 1;1onsi, B KOTOpbIX CKOpOCTb CHI'Hana MO)KeT npeBb!lll8Tb CKOpOCTb 

C 141 1s;e1 
CBeTa I CM. , a T8KlKe • 

xi . . . /1/ 
OroBOpHMCSI, 'ITO B 9TOM TO"IHOM pe!IIe HHH B. HCilOllb30BallOCb _npn:6-. 

llH)K0lJHOe Bbrpa)KeHn:e nnsi I'aMl:lllbTOlIHal!a B3aHMO)leHCTBHSI, nonpaBKH K KO

TopoMy He npeBOCXOJlSIT 1 %. 8To 03HaqaeT, B "18CTHOCTH, 'ITO TO"IHOe pellle

lil:le, nony"lelIHOe· B / 11 ,. Y"ll:!TbIBaSI 9q>q>eKr 3aTyxaHHSI, naeT JlllSI COOTBeTCT

BYJOIUefi KOlICTaHTb! ( BpeMeHn:· )KI-!3HH) 3lia"leHn:e, OTllH"laJOrrreecsi OT HCTl:IHHO

I'O Ha "'1 %, 
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§ 1. MeTon peruemrn 

/1/ 
faMHnb;rOHHaH Monenu: pasnemrnTCSI Ha TpH KOMMYTHPYJOIUHX npyl' 

c npyPoM PaMHnb TOHHaHa: H = Hx + H; -t H :z 

HHX, OCTanbHbJe HMeJOT aaanOI'H'IHb!H BHll, 

, Mb! BhIIIHllleM OllHH H3 

o.1:.. m Je. :. 2. IJA~ .1.. 2. H =~+ ~tJ, +~ + m de2..xo2. +~o o 
x 2,m 2 // x 2 m 2 J-'2.X R3 P'" /2.K -f-

+ ~ Jjl< L £/(x.,d) P.zx (Kj + ~ /dK ~ £.i_q{K,d} PLlx (k} 1-,m o tl. = l,.Z Y m o q 

. ( 1) 

1 [ r"° q J 2 , {f 00 cq Jz + 2 ~ di<. i" £, Ptlx (IC} + 2 o dK. f C...z fQx('<) + HpJ,x 

H,1." = i [di(~ 1<.[ f/-t~ (K) t fR~ (1<)} 

(2) 

ct>yHKUHH t/·· cv.,dJ 
H o'6pesaHHe ;}- Cl< J 

H £.:z.q(K,d} 
/1 / 

coneplliaT KOHCTaHTY CBSI3H € 

II BhIIIHCaHhl B d= R/2, 

ITyCTb no MOMeHTa t::: 0 COCTOSIHHe OIIHCbJBanocb CTa6HnbHb!M 

B0KTOpOM qJH3H'I0CKOI'O BaKyyMa Q . B MOMeHT t = 0 Ha'IHHaJOT H3-

MeHSITbCSI rrapaMeTpb! Jei;, ' Je,:1 Je,i , Hae HHTepecyeT Bepo-

SITHOCTb 

w-ltJ = ~ J < f, s (t, o J Q > f"i 
' (3) 

Pne ~f O3Ha'IaeT cyMMy 110 BCeM COCTOSIHHSIM f , B KOTOpb!X 

aToM 2 siBnsieTcsi Bos6yllineHHhIM, S Ct., o) eCTb orrepaTop aBonJOUHH, 
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0.llHOKpaTHO B030Y2KJl0HHOe COCTOSIHHe OCUHnnSITOpa 2 MJ,I oy)leM OIIH-

C.bIBaTb B0KTOpOM a.J,c Q H I'OBOpHTb 1 'ITO HM00M COCTOHHHe C OJlHHM 

tpOHOHOM copTa 2x • .UByKpaTHO B030y2KJl0HHoe COCTOSIHHe 2 OITHCbIBaeTCSI 

~+ ~t n · ~ n 
BeKTOpOM a.21' aJ.X :JC. ( JlBa <pOHOHa COpTa 2x) • AHanOI'H'IHO a:t

1 
;JC. 

OITHCbIBaeT COCTOSIHHe "OJlHH <pOHOH cop Ta 2y" H T.Jl. 3)leCb 'ci..z.x - tpH-

/1 / 
3H'IeCKHll orrepa Top, BBe)leHHblll B • TTpoueJlypa rrony'IeHHSI tpH3H'I0CKHX 

orrepaTOpOB p02K)l0HHSI-YHH'ITO)KeHHSI <pOHOHOB H tpOTOHOB a;t H Q B 

cnyqae 3aBHCSIIUHX OT BpeMeHH rrapaMeTpOB Je,x I Je,J- OCTa-

/11 11 I 
eTCSI TOH )K0 caMoii, 'ITO H B • KaK H B , BM0CTO a,+ H a, Mb! 

oy)leM HCITOnb30BaTb 9KBHBaneHTHhie 9pMHTOBCKHe orrepaTOpb! </: H f 
TaM, I'Jle 9TO oy)leT YJlOOHee: 

OrrepaTophl KOOPJlHHaT aneKTpOHOB '/,i 
paTOpb! , tpHI'YPHPYIOIUHe B ( 1 ) , 

IOTCSI qepea tpH3H'IeCKHe orrepaTOpbl 

y BCex BenH'IHH orrycKaeTCSI): 

7 

(4) 

H 9,:z. H tpOTOHHb!e orre-

cne)lyIOIUHM 00p830M Bb!pa2Ka

i H if.~ (v} (3Ha'IOK )( 

(5 



B aTHX cjJopMynax 06'be.0:11HeHb1 Bee npeo6pasoBaH11sr, on11caHHhie B §2 pa6o

/ 1 / 
Thi • O603Ha•rnHHSI! 

Cc!,$ C4j I si·n :Jo~.,, I a = --==-- + 
" /iif I w.,_ 

si11,.Clrll 
a2.1= r;;: 

' 
cn9 uii f 

ru;; 

- COj:; L-'1f - ~i, ~ CaJ/_' 
a,2.- -~ ~- I 

S-Lii$ ~,'nf + a2.,. = ;;;; ~~C8.S;J 
1;;;' (6) 

cl>yHKUHH ~tf.(1<) I {4. (J<) 1 x; (1<., V} 11 BenH'lllHbl lq I u)-l. 

Q. 7, .2. /1/ 
V • f 6hmn: BBe,neHhl n: nonytJeHhl B • H eK0T0pbie ll3 HHX Bb!IlllC8Hbl 

B ITp11no,KeHn:11 A. 

Ecnn: t '/,, '/:z.' 1/4. (1<.) j pacnon0,KHTh CTOn6uoM, TO (5) M0,KH0 san11-

caTh B BH.O:e '/, = Qi . I'Ae CTOn0Ubl II MaTpHUb!
11 Q HyMepylOTCSI HH-

.neKC0M K , npn:Hn:MaIOlllHM .n11cKpeTHb1e 3HatJeHHSI 1,2 n: .O:Ba Ha6opa He-

npephIBHbIX 3HatJeHn:ii { a., J<} ; a. = 1,2; O<.K < 00 • l1H.neKc cTp0KH N 
(H10) ~pn:H11MaeT sHatJeHn:sr 1,2, (A, v) ; t= 1,2; O<v< 00 • B Ta-

Kn:x o6o3HatJeHHSIX C00TBeTCTBYIOlllee K8H0HHtJeCK0e npeo6pa30BaHn:e .nnsr 

onepaTopoB p HMeeT BHA p = pf 

f1 
rm 
.E:.. 
frn 

p4.("I 

{fd,W,. a.u -{~"i a,., 

: l•V<4l<l a,a. J"-1 ~..z. a" 

0 0 

f di(~ {a X,tl(K.,11)/f 

f "" I ttl x; c~,,,,J_/! 

Ii x,tt (k, v) Irv 

8 

f1 

~ Pa. 
• (7) 

,., 
p,(11) 



XoTsr Bee orrepaTOpbl B (5) H (7) rupe/lHHI'epoBCKHe, HO cfiH3H'IeCKHe orrepa-
,.. ~ 

TOpbI '/, 1 p 3aBHCSIT OT BpeMeHH, IIOTOMY 'ITO Q H p CYTb 

cfiyHKUHH apeMemr, ecn11 Je,x 3aBHCSIT OT BpeMeHH, 

lfepea cfi11a11qecKue orrepaTophI raMHnbTOHHaH Hx BhIPa*aeTcsr 

cne1:ty10m11M o5paaoM: H{j) == H0 (t) t- H,;,t {t} (_aHa'IoK x OIIHTb orrymeH), 

(9) 

(10) 

E. = w. - t.o 
I 2, :Z.. .Sc.n2/ 

/1/ . 
(cM. §3 B ) • B 1:tanbHeHllleM 5y1:teM C'IHTaTb, 'ITO KOHCTaHTa Je.z. acer-

Ila 5onhrue Je1 Ct) . Harrp11Mep, rrycTb ~.z.::: 2,.Je , a J{J. rrp11 acex 

HHTepecyIOIUHX Hae BpeMeHaX 5nH3KO K KOHCTaHTe )e I TaK 'ITO ~.z. -Jt,~) 

>> e.z )f • B 9TOM cnyqae cfiyHKUHH s.f H E/ 113 ( 10) B rrepBOM 

( 11 ) 
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TTepeHOpMHpOBaHHble ti:aCTOTbl ocunnnsITopoB V, (t) ll 11 (t j B ( 9) 

6nH3K a K Je, (#-) ll Je2. COOTBeTCTBeHHO, 

MHOI'He .aMrrnaTyAbl B (3) paBHbl Hymo, B §2 Mb! yBaAaM, 'ITO paBHa 

Hynro aMnnaTyAa nepexoAa ll3 Q B COCTOHHHe "OAHH ¢oHOH copTa 2 nnn 

1" nna "OAaH ¢oToH", T,e. B OAHOKBaHTOBbJe COCTOHHHH, KaK Mb! RX 6yAeM 

Ha3b!B8Th, Boo6me paBHbl Hynro BCe aMnnaTyAbl nepeXOAa B COCTOHHHH C 

Heti:eTHblM 1mcnoM KBaHTOB copTa )(. (nna copTa ~ , nna cop Ta z! ) • 

l1s ABYXKBaHTOBb!X KOHe'IHb!X COCTOHHHfi f 
3b!B8IDTCH COCTOHHHH ii!,- 2i,t Q I 

Han6onee BepoHTHhlMa OKa

r= x, i, 2 (oAHH ¢oHOH copTa 

2r a OAHH ¢oHOH cop Ta 1 r ). ilnH HalliHX ueriefi AOCTaTO'IHO ycTa-

HoBaTh, ti:To B cyMMe (3) He paBHo Hynro npn t< R le 
as cnaraeMbIX, HanpaMep c aMnnnTyAofi 

XOT H 6bI OAHO 

A&J= { a.;,JtJ a/~ltJQ(tJ, S(t, o) Q C()J) . 
( 12) 

Cefiti:ac Mb! HBHO OTpasann TOT ¢aKT, 'ITO ¢asati:eCKae rnpeAHHI'epOB

CKae onepaTOpb!. HBHO SaBaCHT OT BpeMeHa, KaK a ax BaKYYMHblfi BeKTOp 

52(t) 

HenocpeACTBeHHblfi nyTh Bbiti:acneHaH ( 12) TaKOB: 

1. HaAO HafiTH Bbipa)KeHaH a.Ct) a a,-t(t) ti:epes a.Co) a 

a+(o} , l1x MO)KHO Bbmaca Th, 3HaH Bbipa)KeHHH j{fJ' f[t} ll 

'f,&J ' p {pJ , ti:epes 't ' p , CM, (4), (5) a (7), 

2 • 3Ta Bb!pa)KeHaH HaAO BCTaBaTh B 
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( 13) 

TaK, 'IT05bI B S(t, DJ ¢urypupoBanu TOnbKO 

3 • O!H!Tb )1{0 C noMOIUb!O 9THX Bblp8)1{0HHH MO)KHO nony'IHTb pa3nO)Ke-

HHe fl(t) no BeKTOpaM Q[pJ J a_+g,JQ{g) I a,+~)a+[p).Q{o) . ., • 
4. Tiocne 9TOrO ( ]2) 5y.rteT npe.rtCTaBneHO TOnbKO 'l0pe3 onepaTOpbl Q.(oj 

H BeKTOp Q (g} • 3To rpOM03.rtKoe Bblp8)1{0HHe B03MO)KH0 Bbl'IHCnHTb 

TOnbKO no TeOpHH B03MYIU0HHH, nO-BH.rlHMOMy. 

M bl Bbl'IHCnHM ( 12) no-apyroMy. Ha:ii.rteM CHa'lana ypaBHeHHH, KOTOpb!M 

nO.rt'IHHH!OTC SI 'lj, u p KaK ¢YHKUHH BpeMeHH. Llu~epeHuupyH 'J= Qlj 
no BpeMeHu, nony'IHM 

OTKy.rta 

ITOCKOnbKY Q pr= 1 ( ycnoBHe KaHOHH'IHOCTH npeo5pa30B8HHH (5) H (7); 

MO)KHO ero npoBepHTb Henocpe.rtCTBeHHO)' TO Q-L = pr. TaKHM o5pa30M 

nony1:1aeM 

M /'I p T 1 pr /"J::J • 0)KH0 npoBepHTb, 'ITO HapH.rty C 4' : HM00T MeCTO T8K)K0 H lt' 

Llu¢¢epeHUHPYH P7 Q = 1 no BpeMeHH, nony1:1aeM pr(J =- pr Q . Bu-

.rtHM, 'ITO .rtnH BhI'IHCneHHH d 'lj./ 'Jt u 9 f /~t .[(0CT8TO'IHO Bbl'IHCnHTb . . 

"MaTpuuy" M = Q7 P ; df/2t=-~ p H Jlf/2t::: MTij . Llanee MO)KHO He-

nocpe.rtCTB0HHO npoBepHTb, 'ITO npaBbl0 '18CTH 9THX COOTHOIIl0HHH MO)KHO 

npe.rtcTaBHTb KaK -i [ p, h] u -i [ f, J;] cooTBeTCTBe~Ho, r.rte 
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k == ~ MNiV' ( if N ~I + ~I f N ) • (14) 

ITonpasyMeBaeTCH CBepTKa no HHneKCaM N N' 
J 

, orrpeneneHHhIM BbIUie, 

rrepen (7). "MaTpnua" M BhPrncneHa B ITpnnm1rnHHH 13. 

Ecnn Terrepb rrpOH3BeCTH yHHTapHoe rrpe96pa30B8HHe 

V i == V $ v-1 V P = v F v-1 
(15) 

'-' 

ynoBneTBOpHeT ypaBHeHHIO i d V/Jt = h V rne V (t) HllH ,ti= vl 
TO oKa)KeTcH, 'ITO 'ai/,f'Jt == 'Jpf'Jt =O. ITpeo6pasoBaHHe (15) 

O3Ha'IaeT rrepexon B KapTHHy, rne "~H3H'IeCKHe" orrepaTOpbl He 38BHCHT OT 

BpeMeHn:. ,ITOCKOllbKY HCXonHaH KapTHHa 6hwa UipenHHrepOBCKOH, TO HOBYIO 

MO,i(HO Ha3B8Tb ynbTpaUipennHrepOBCKOH. KoHe'IHOe COCTOHHHe B ( 12) B 9TOH 

KapTHHe OT BpeMeHn: He 38BHCHT: 

'-' v a:- Ct J at. {t:J Q Ct> '-' ..., f""I ::: a.: a1 .)L 

BeKTOP 

V 

Q = V[tJ52(t) He 3aBHCHT OT BpeMeHn:, T.K. OH HBll,!!eTCH 

BaKyyMHblM BeKTOpOM He 38BHCHIUHX OT BpeMeHn: orrepaTopoB: a.Q::o. 
.., -J 

HoBbIH orrepaTop aBon10un:n S (t, 0) == Vlt) S(t, 0) V {p) rron'IHHHeT-

CH ypaB!JeHHIO 

iJSi;)t ==(ii-1:.J;Js 
I1 rroaToMy 

.....,........ t ..... '-- '"" 
A (t) ::: < a;" Q,t 52' Pexr [-i.l clt' [ H((J + l,(t 'I J l _Q > . (16) 
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V ,._ .., 

Terrepb 061,S1BHM HOBbrM raMttnhTOHHaHoM BaauMo.c1ei1cTBH51 cyMMYH.-_t + h = H~ 
.... ..., 

T,e. CYMMy orrepaTopoB, KOTOpb!e TaK )Ke 38BHC51T OT '/, H p 
I 

KaK 

(10) H (14) 38BHC51T OT ij H p . 1-lTO0b! Bbl"iHCnHTb (16) no TeOpHH 

B03MyIUeHHii, c.c1enaeM O0bl"iHOe rrpeo6pa30BaHue w B KapTH:Hy B38HMO

.c1eiic TBH: 51: 

<J, Ct) ::: w-t (t/ f W (t) 

u (t, o, = w-1 ltJ .S(t, o J w&, 

V 

OrrepaTop H0 TaK )Ke 38BHC0:T OT H 

( 17) 

a+ 1 K8K OT ci 
H at , CM, (9). OrrepaTOpb! 3TO:ii KapTHHbl Mb! He CHa0J:IHnH H0:K8KHMH 

J:IOITOnHHTenhHblMH HH.[leKcaMH, Ha.c1eeMcS1, ."iTO HX Henb351 6y.c1eT ClIYTBTb C 

orrepaTopaMH B ( 1), nn51 HOBb!X OITepaTOpOB YHH"iTO)KeHH51 a{_t) 
HMeIOT-

C51 ypaBHeHH51 'da/a-c :; - l [ a, Ho] 
1 

OTKy.[la 

t 
a,.(t) = e.xp[-i1 dt' 'ilt'JJ a,.{pJ~ exp {-iJ.e1..t-)a,.(o); 

(18) 
Ct,d v, t) = ~" p ( - i vt) [q ( v, o) . 

3.c1ecb Y"iTeHo, "iTO 

CM, ITpuno)KeHHe B, 

He 3aBHC0:T OT t 

t V. ~ ~ O"ieHb cna6o 38BHCHT OT : 'J. = Ui = ~ 
n . , 

BaKyyMHbI:ii BeKTOp .:ic. KapTHHb! B38HMO.[leHCTBH51 

, ecnu IllKana aHepruu BbropaHa TaK, "iTO H"S').::: 0. 
nm1 HCKOMOH BMITnHTYJ:lbl rrony-qaeM 
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ACt> = e.xp[-L·.{,tv,(t')dt') expf-i~ tJ. 
. <a;1( Ma,~ &JS2, Pexp [-i[~t ' { H: + ff,,' + /./

2
')] S2 ) . 

(19) 

3To Bb!pa)Kemre Mb! II Bbl'IHCnn:M B nepBOM HeHC'Ie3aIOIUeM npn:6nn:)KeHIIH 

Teopn:n: B03MyIUeHn:fi. B 1I3nO)KeHHOM MeTO/le Mb! He TOnbKO n:a6e)Kann: 9Ta

ITOB 2 n: 3 Henocpe/lCTBeHHOI'O nyTII Bbl'IIICneHn:51 ( CM. Bblllle, CTp. 6). p aHee 

raMn:nbTOHIIaH 'ii, , CM. ( 9), MOI' nplIBO/llITb K nepexonaM Bll/l8 52-
➔ a,-t a; t Sl ~ BBII/lY 38BHCIIMOCTH Q

1 
OT t • Tenepb n: 

TaKn:e nepeXO/lbl ocyrueCTBn51IOTC51 'l!epe3 nocpe/lCTBO HOBOI'O I'8M1InbTOH1IaHa 

B381IMO.!leficTBII51 H,nt + It 
MyIUeHHll, 

II MOI'yT Bbl'I1ICn51TbC51 no Teopn:n: BO3-

§2. TTpn:6nµ)KeHHOe Bbl'IHCneHn:e aMnnn:Tyllbl nepena'IH 

B036y)KneHII51 

Bbmn:111eM npn:6nn:)KeHHoe Bb1pa)KeHn:e nn51 H; = HL·nt ~ -t hx . C ca

Moro Ha'Iana onycTn:M Bee 'IneHbI, conep)Karun:e Benn:'IHHbl nop51/lKa e3/ R i' 

( n:nn: nop51/lKa ~ , CM. TTpn:no)KeHn:e E) n: erue MeHb111n:e. TToTOM Mb! 

YBH/lHM, 'ITO nonpaBK8Mll OT Bb16po111eHHbIX 'IneHOB MO)KHO 6yneT npeHe6pe'Ib. 

H' = _fdv t { E/Cv}[ Cl,CtfcvJ t a/ai'{vJ]+ ~ 1( vJ[a1.aJ(vJ+ af a,{vJ]j+ 

~ft} i ( 
+ 2 · 2 Q, il, -ct/a,+)+ 

(20) 

+ ~Ikt i f.'(vJ.~ f [~ ai {t;J-a,~a:{vJ) + [a, a/{vJ -tr/a,{v)JJ + 
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·+{dvf dv'fj, ,ft X { v~ v'111 { ct, { v) fr {vt/ -t- ft' ( v')f,6 ( v) J 
I 

l1HJleKC X noJlpasyMeBaeTcSI. l1cnonb30BaHo Bhipa)KeHHe (B.6) )lnSI 

MaTpHUbl M , CM. flpunO)K8HHe B; ;\~) := ;;, (t) /x,{!) • 

H, fl' H' . flocKonbKY ~ , , , 2 cyTb 6HnHH8HHbie cpyHKUHH one-

paTopoB PO)i(Jl8HHSI-YHH'ITO)K8HHSI, TO B mo6oM llOpSIJlKe TeopHH B03MYlll8HHH 

BMllnHTyJla nepeXOJla THlla < tl i_,c Q 
1 

Pe.xp.[-i .I;, ~t' H'ft'JR) paBHa Hymo, 

KBK H BCe aMnnHTYJlbl C He'leTHb!M 'IHCnOM KBBHTOB cop Ta X. ( HnH cop-

Ta 

OnepaTophI 

ryT C03Jl8B8Tb H3 

) B KOH8'IHOM COCTOSIHHH 0 

H3 , H2' 

BeKTOpa .2· 
H HX cTeneHH, <pHrypupyIOlllHe B ( 19), MO

nH60 OilSITb Q , nH60 COCTOSIHHSI C 

TeM unu HHbIM 'IHCnOM KBBHTOB copTOB :J- HnH z! • 3TH COCTOSIHHSI Op-

TOPOHanbHbl K • flocKOnbKY Mb! co6HpaeMCSI orpaHH'IHTbCSI 

HaHHH3IllHM llOpSIJlKOM TeOpHH B03MymeHHH, TO MO)K8M 38M8HHTb B ( 19) 

P(?X/' Ha Pe."f'[-if dt' H;{t'}] H )lanee BCIOJlY onycKBTb HH-

Jl8KC )(. 

l1HTepecyI01UHH HBC nepeXOJl Q ➔ a: q} .52 COCTOHT B yBenH'leHHH 

'IHcna KBaHTOB Ha JlBa. CTapbie qneHhI B3BHMOJleticTBHSI HL"n.t (nepBaSI 

CTpOKa B (20)) MOPyT 52 nepeBeCTH TOnbKO B Q I T.K. H,MQ=O, 
OcTanbHhie 'lneHhl B (20) MOPyT yBenH'IHTb 'IHCno KB8HTOB Ha )lBa, HO HH 

OJlHH H3 HHX CBM no ce6e He llpHBOJlHT K IlOSIBneHHIO cpOHOHa copTa 2. floa

T0MY B nepBoM nopSIJlKe TeopHH BosMymem1ti aMnnHTyJlaA (£) paBHa HynIO. BTopoti 

llOpSIJlOK 

(21) 
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)laeT cne)lyIOIUHe npoMe)KyTO'IHbie COCTOSIHHSI: 

a) )lBa cpoHoHa cop Ta 1 ( BTopoii: 'lneH B H '(t2.) , nopSIJlOK ManocT11)t\ · . '! , 
6) cpoHOH cop Ta 1 H cpoTOH ( TpeTHii: 'lnea B H '{fzJ , nopSIJlOK e J ) ; 
B) )lBa cpOTOHa ( 'leTBepTblll 'lneH B H' (tz) ' nopSI)lOK e 2." ) . 
nanee onepaTop H'(t.) B (21) H3 BCeX STHX COCTOSIHHll MO)KeT 

npeBpaTHTb B a: a,t 2 TOnbKO COCTOSIHHSI ( 6) ( '18pe3 IlOCpe)lCTBO nep

BOrO 'lneHa B (20), nopSI)lKa e· 1 cpOTOH nep0B0JlHTCSI B !pOHOH COpTa 

2). 8To JlaeT BKnaJl B /I{!.) nopSIJlKa e..z. A . 3aMeTHM, 'ITO H'(t:,) 
MO)KeT nepeBeCTH ( B) B Jlpyroe B03MO)KHOe COCTOSIHHe f B ( 3) I a 

HMeHHO B a: a/ { 1/) 52 , HO COOTBeTCTBYIOIUaSI aMnnHTy)la 6y)leT HM0Tb 

M0HbllHill IlOpSI)lOK e 3 ~. 

0Ka3bIBaeTCSI, 'ITO Tpenrii: nopSI)lOK Teopmr B03MyIUeHHll TO)Ke )laeT B 

fl(t) BKna)l "'e 2 ,\ qepe3 TaKyIO UeilO'IKY COCTOSIHHii:: 

.Q ~ )lBa cpOHOHa cop Ta 1 ( >.)-+. cpOHOH 1 + cpOTOH ( e) ➔ cpOHOH 1 + 

(22) 
+ !pOHOH 2 ( €) . 

TaKHM o6pa3oM, HaH6onee BepOSITHblll "MeXaHH3M" IlOSIBneHHSI B036y)KJl0HHSI 

y BToporo ocuunnSITopa TaKoB. Caa'lana B036y)KJlaeTcSI nepBbiii: ocuunnSITop 

(JlBYKP8THO HnH O)lHOKpaTHO BM0CTe C noHBneHHeM cpOTOHa). 3aTeM C no

MOIUblO B38HMO)leii:CTBHSI 'lepe3 sneKTpOMarHHTHOe none O)lHH KBaHT nepena

eTCSI aTOMY 2. 11 TaK, Mb! nony'laeM H3 ( 19) cne)lyIOIUYIO cpopMyny )lnSI 

Alt) : MOJlynb A (t) paBeH MOJlyn10 Bbipa)KeHHSI 

lat(o)a/&JS2, {-f';it, a1{t,J(~ci.)t f:Jt'- ~Cl/{tzJ(ta.%+ 
' 0 I O 2 W,lt.d "2 

(23) 
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f10Jl CKans:rpHbIM npOH3Be)leHHeM BHJla ( ~ a) 3)leCb IlOJlpa3yMeBaeTCSI 

(24) 

C y'IeTOM (18) H KaHOHH'IeCKHX nepeCTaHOBO'IHblX COOTHOIIIeHHH nnsr a +(0) 

H a ( 0) nonytraeM 

/ A (t) / "' ( /
0 

~Jj~t
2 
f

0
.

00

J.v 2.c { -:-::t==:' ==: 
., ~ 2 J Je, (tz. J 

,, 

t 
3necb y)l<e oTpa)KeH TOT cpaKT, 'ITO cpyHKUHSI E 2 B nepBoM npn5nn)KeHHH 

He 3aBHCHT OT t ' CM. (11 ). HanH'IHe MHOI'OKpaTHbIX HHTerpanoB no 

BpeMeHaM Be)leT K cepbe3Hb!M TPYJlHOCTSIM npH IlOilblTKe aHanHTH'IeCKOI'O 

BbitrttcneHHH 1/(t) . .Uo cux nop C'IHTann, 'ITO Bem1truHa J = Je, / .It; 
Mana ( trneH, conep)Ka!llH.ll " , Obin BKnIO'IeH B raMHnbTOHHaH B3aHMO

ne.i1:CTBHSI) • .Uanee 5yneM, C'IHTaTb, 'ITO He TOnbKO rrpOH3BO)lHasr "J ,;e, 1-J-t: 

Mana, HO BOOOIIIe Mano BCe H3MeHeHHe Je, ft) B HHTepecy101UeM Hae HHTep

Bane BpeMeH O<.t~ Rfc , TaK 'ITO .Je,~) = Je {1-t Jt-+ ... )=Je. . ITon 

;.. B nanbHe.i1:IIIeM IIOHHMaeTCSI IIOCTOSIHHasr, paBHasr Je, (t) / Ji, (t) 
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B TO'IKe -t = 0 .. Terreph HMeeM 

exp[i.J;~~ -t '). t')dt') =: ~"r i;et-.e.x, i.ie<l t½ =exp£' .Jet ' 

ecnH ;e.-\ t'l. <<1 HnH J Je !</· <<f BBHny t~ R . 3To ycnoBHe 

MO)KHO rrepeIIHCaTh B BHne ~ << Je / t;/_e R. J!Z. , TaK 'ITO 6espasMepHaSI Be-

nH'IHHa_ .~ I Je OK83bJBaeTCSI MHOI'O MeHhlliell e2. = ::..1,3-;r nnSI Tex 

SHatieHHii Je R > 100 , nnSI KoTopbIX MbI cMo)KeM BbI'IHCnHTh A {t). 
BBrrny ManoCTH " cpyHKUHSI Ci I ( '1 t) HS ( 11) IIpH06peTaeT BHn 

E; (v, t} = e {f V VV Cf ( V} -'fL { V) [ J +
0 1 V-Je t) . 

v+ Je <f T~ . v-ue 
(26) 

• 
AHanorrrtiHaSI cpopMyna HMeeT MecTo nnSI d~1 f 'Jt • , CM, (E.4). Mb1 BH-

ilHM, 'ITO ytieT saBHCHMOCTH E, H J ..f, / ~ f OT t osHatian 6b1 

Bb1tirrcneHrre A (t) , SIBnmomeiicSI BenH'IHHOH rrepBoro rropSinKa no .i\ 
~ , 

C TO'IHOCThlO no BenH'IHH IIOpSinKa .i\ I T.e. rrpeBbillieHrre TO'IHOCTH HC-

rronh3OB8HHOI'O IIQpSinKa TeopHH. BOSMyIUeHHll, C ytieTOM HSnO)KeHHOI'O HMeeM 

'2.1 Ef l v) £,' l v, t) = 

= 2 ,r;;;;;_ e 2. q .2. l v J. vi. [ SL'n II R -t ~ ~ 
.nm R <I" (f~ H){ v+~) vR 

Sin II ~1 (27) 

&RJ2 
(cM. (11) H (26)). 11crronhsyg eme (E.4) rrocne pSina BbIKnanoK rronytiaeM 

l A (t) I = l ei. ~ • 
Je 7lm f.l. 

if f!)<> dv v1.1.1.c v/ [ Sinv R. .,. ~ R 
o (v+ .}( JJ (v..- Jt,.) v~ 

18 
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(vR. )-Z 

(28) 



. [ -e -ivt .>e(v+ 3~) exp6,' N:z.t J -t 

(v - J() ( I/ - Jlz_ ) 

Je( //+ 3 k.) 

(v- Je J ( V- J<z_) + 
(28) 

+ v-i-2.Je le-l(Jt1..-1:JtJt--1) - f'+-1eJ2. l i(Jti.-kJt }}/ 
Je T Hz. (v- Je J ( kz.- Jt. > e -1 · 

1 ~z . 
cJ)yHKUlHI oope38HlHI ,nanee IlpHHSITa paBHOH 9- (v}=;z;;;: ,)'A>;,-J(., ilnsr 

pactJeTa B nepBoM Het1ctJeaa10meM npt16nm1<emm oopeaaHHe coBepmeHHO He-

cymecrBeHHo, ero MO)KHO obmo He BBOAHTb ( ctJHTaTb 92[11) = f HnH 

.l'-2. -= oO ) • 

/2/ 
B §2 paoOTbl . 0IlHC8H cnocoo npH5nH)K9HHOro BbltJl:ICneHl:ISI l:IHTer.-

panoB, BCTpetJaIO!Il!:IXCSI B (28) ( KOHTYP 1:IHTerp1:1pOB8Hl:ISI ( o, 00) nepeBo-

Al:ITCSI Ha ny'll:I, 6n1:13Kl:Ie K MHl:IMb!M nonyocsrM). IT pH ycnOBl:III 

1« Je/t-R/<<JtR (29) 

peaynbTaT Bb!'ll:ICneHHH MO)KHO npe,nCT8Bl:ITb npocTb!M Bblp8)K9Hl:IeM, ecnl:I 

Bb!Ill:1Cb!B8Tb TOnbKO C8Mbie rnaBHbie tJneHhr: 

[t-R I<< I?. 
I 

k.1.. { .te,._ t- 3.te) ,j2 Cote2.) ) 

(rk2.. -t- k) 2 ?'-( le) . (31) 
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ITpu Je,.=2Je H :J-2{1l,);5.$,2.CJe.} cpyHKUHSI V-(t} ocuunnupyer B 

npenenax or 1/9 no 19/9. 

PaccMoTpHM B03MO)l{Hhiii: BKnan B A (t} OT Bb16poweHHh1X ua H' 
'IneHoB, CM. HatJano aroro naparpacpa. Ynep)l{HM, HanpHMep, tJneH 

E.(ataL +a,t1f}na H,n,t ' rne E.~f ~e.t.ft(t (cM. (10) H ITpunO)l{0HHe 

E.). Bo BTOPOM nopsinKe TeopHH B03MymeHHii: ( Q ~ nBa cpOHOHa copra 1("' 
~ · ·cpoHoH 1 + cpoHoH 2 (. E:} ) nonytJHM BKnan B . A {tJ nopsinKa 

"~2./R.,'f . OH ropaano MeHhwe 'IneHa -"e~fR(R.-t)3 B (30) npn 

ycnoBHH { t-R / << R. 
PaCCMOTpHM COOTB0TCTBYIOI1{YIO aana'Iy Kown: BHatJane npH t == 0 

Boa6y)l{neH TOnbKO aTOM 1, Haii:TH BepOSITHOCTh B036y)l{neHHSI 2 K MOMeHTy 

t>o • Teneph, KOHetJHo, Je.i · IlOCTOSIHHO. B nepBOM HeHC'I038IOI1{0M 

npu6nH)l{0HHH TeOpHH B03MymeHHii: npH Jez > .lti H'IIPH ycnoBHSIX (29) 

nony'IHM 

I "'vt n -iHt ~ n )/ < a.2. .:i,, e a,+ JC. = 
2. [ .2 / 7i L ( R - t) V Je, J?.

0 

] 

3 t"' R ..... e , , 
= ~- ,r,;-. Jp.1.. f!.2.( } 

V if!: . ITlt ~ 21.(t:) 
Je, (Je2. -t Je, )( lf,-Jei) , 

l t: -~ / <:< J~ I 

t ~ R_ (32) 
I 

u (:t) = I e. '@c,-x.J(tc-R} -
.Je.1_ 1-~ ( lez..) 

~ 1.l.(J<:) I . 
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06cynHM B03MOlliHOCTb 3KCrrepHMeHTanbij0ll 

PHM OTHOllleHHe l A ' B TO'IKe t_ = 'Ye - Z° 

t-t= "le. +7:. KaK H3 (30), TaK H H3 (32) rrpH 

rrpoBepKH ( 30). P accMoT

K ] A / B TO'IKe 

i -<"' ~cle <<- R Je, ~ :::::2Je 
H j.LLJe.J'=.J 

1 
rrony'IaeM 

[ACt-J/ ~ 1 (33) 

IA(t+, 1 (!e~/ 3 

Bo3bMeM z: = 1 ¾e B Ka'IeCTBe HaHMeHblllero norryCTHMOI'O 'l: 
-6 

Torna KBanpaT (33) paBHHeTCH 10 H c poCTOM Z: yMeHbll!aeTCH KaK 

~-6 ,o 
e, • f1yCTb 3HepI'HH o'\.. cooTBeTCTByeT BH!lHMOMY CBeTy J~ i/.1e.~ 

~ 10-
5 

CM. ]13 (33) cnenyeT, 'ITO O'IeHb Mana BepOHTHOCTb orrepemeHHH 

-14 
6onbllle 'IeM Ha 10 CeK. TaKHe Manhie orrepemeHHH B HaCTOHIUee BpeMH 

He MOI'YT 6b!Tb sapeI'HCTPHPOBaHhI. OTO onHa H.'.:l rrpH'IHH Toro, IlO'IeMy 3qJ

cpeKT He Ha6monaeTCH B H3BeCTHb!X 

TH CBeTa. ITpuMeM, 'ITO orrepemeHHe 

'IeHHH TaKoro orrepemeHHH rrapaMeTp 

HerrocpenCTBeHHb!X H3MeHeHHHX CKopoc

-9 10 CeK 

VJe.Je,_ 

eme Ha6monaeMo. ilnH rrony

-9 
B cpopMyne 10 . C0K = 

nonmeH COOTBeTCTBOBaTb nnHHe BOnHhl ~ 10 CM: aTOMbl 

nonmHbl o6MeHHBaTbCH cpOTOHaMH panuoBonHOBOI'O nuarrasoHa. ITpu 3TOM cpaKT 

B036ymneHHH aTOMa 2 nonmeH 6hITb sapeI'HCTpHpOBaH sa BpeMH, He 6onb
-9 

lllee 10 CeK. B rrp1rnu0:rre 3TO MOlli0T 6h!Tb cnenaHO C IlOMOlllb!O TpexypoB-

/3/ 
H0BOll CHCTeMbI-)leTeKTOpa, rronpo6HOCTH CM. B §6 pa60Tbl • 

KaK BH)lHO, TPYilHOCTb rrpoBepKH (31) COCTOHT B He3Ha'IHTenbHOCTH 

· orrepemeHH.H H B ManocTH / A [ 2 rrpu i:<. R/c . Ceu'Iac MhI o6cynHM 

B03MOlliHOCTb ycuneHHH scpcpeKTa. 

/7/ 
C.T. Ma noKasan B cneny10my10 TeopeMy: ecm:1 usny'IaIOIIIHH "ToK" 

1 3aBHCHT OT BpeMeHH TaK, 'ITO ero cpypbe-o6pa3 conepmHT TOnbKO rrono-
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)KllTenhHble 'laCTOTbI, TO qiyHKUIHI pacnpocTpaHeHirn qJOTOHa .zic MO,KeT 

/3/ 
6b!Th 3aMeHeHa Ha UCTHHHo-npu•mHHYIO qiyHKUU!O .2>re:c. . B y)Ke yKa-

3bIBanoch, 'ITO TaKUX TOKOB He MO,KeT 6b!Th. B aana'!e O CKOpOCTU CHI'Hana: 

ecnu TOK 1 6hm paBeH HynJO llO M0MeHTa t = 0 , TO er-o cneKTP He MO-

,KeT 6bITh nonO,KUTenhHO-'IaCTOTHbIM. MO,KHO O,KUllaTh TeM 6onhllle.fi aKay

aanhHOCTU, 'leM 3aMeTHee npe/lCTaBneHbl OTpuuaTenhHbie '!8.CTOTbl B cneKTpe 

_ • r. ,1. ~t:Jt.t- n 
TOKa. J1. ne.fiCTBUTenhHO, B HallleM cny'lae TOK UMeeT Blill jl (! J /"V 0Lt)e , . 

(c y'IeTOM aaTyxaHuH), u er-o cjlyphe-o6paa if E.-Je+L"j'" TeM aaMeTHee 

npu oTpuuaTenhHhIX E , 'IeM MeHhllle cJe. 
3aMeTHell npu yMeHhllleHUH 'IaCTOTbl Je 

• J1 aKayaanhHOCTh CTaHOBUTCH 

' KaK Mb! TOnhKO 'ITO ycTaHOBU-. 
nu. A 'ITO 6yneT, ecnu Ji 5IBn5IeTC5I HaCTOnhKO HeMOHOXpoMaTU'IeCKUM, 

'ITO er-o 'IaCTOTHblll cneKTp Jla)Ke npu6nu)KeHHO He xapaKTepuayeTC5I KaKo.fi-

nu6o onpeneneHHOH KOHCTaHTOH ~ ? MO)KHO llyMaTh, 'ITO npu OTCYTCTBHU 

pa3MepH0I'0 napaMeTpa Je B Bb!pallieHUH nnH aMnnu·Tyllbl B o6naCTU 

t< R BMeCTO 6eapa3MepHb!X BenU'!HH BUila J. / JeR. II i/Je(f:-R_} 
MOI'Y'I'. IlOHBn5IThC5I 6eapa3MepHbie BenU'IUHbl BUila t:-/~ , y)!rn He Manhre 

npu t , cpaBHUMOM c R • EcTh paC'!eTbI, IlOllTBep)KJla!OIUHe 9TO 

O)KU/laHue. OnHaKO OHU 6binli nponenaHbl TOnhKO B paMKaX "r-onor-o" qiopMa

nuaMa. C'!JiTaH, 'ITO 9TO o6ecueHUBaeT ux 3Ha'IeHue, OI'paHU'IHMC5I uano)Ke

HUeM peaynhTaTa. Ehma .pellleHa cnenyroruaH aana'Ia. ATOM 1 HaxonuTcH no 

MOMeHTa t=o Ha MeTaCTa6unhHOM ypoBHe. OH Ha'IHHaeT 3aMeTH0 uany-

'Ia Th nocne BKnJO'IeHUH B MOMeHT t = 0 HapacTaJOIUeI'o Mat'HHTHOI'O no'nH, 

C03/laJOIUeI'O BaKaHTHblll HU)Kene)Ka!UUH ypoeeHh. rnaBHaH Ka'IeCTBeHHaH oco-

6eHHOCTh nony'!eHHOH I'pOM03/lKOH qiopMynhI nnH BepOHTHOCTU 'UT {j) no-

5IBneHU5I B036y)KJleHU5I y aTOM8 2 COCTOUT B TOM, 'ITO w(t) B o6naCTU 

BpeMeH ::t ~ ( t ( : UMeeT TOT X<e nop5Ill0K BenU'IHHbI, 'ITO U B 

R ·xi 
o6nacTu t:;? le . 
XI AHanoI'H'IHOe HBneHue UMeeT MeCTO u B cny'Iae, KOI'lla B Ka'IeCTBe 1 6e

peTC5I BHelIIHUH TOK J;(t) ~ t,e(t) • OnHaKO npH 9TOM OKa3bIBaeTCH, 'ITO 

w(t) npu t > R/c He y6brnaeT c pocToM R • 8To HenonycTuMo u 
MO)KeT UHTeprrpeTUpOB8ThC5I TOnhKO KaK yKa3aHue Ha He3aKOHHOCTh 3aMeHb! 

aTOMa BHelIIHUM HeU3MeHH!OIUUMC5I TOKOM B paCCMaTpHBaeMOH 3a/la'le. 
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Mb! 38KmoqaeM, 'ITO cymecTBeHHO HeMOHOXpOM8TR'leCKllH nany'laTenb, 

IIO-Bll/lliMOMy' Heo6XO/lliM nng ycrrexa 8KCIIepRMeHTa. 

TT p li n O M e H ll e A 

TTapaMeTpb1 ,9 , W 1 'W..z. ll cpyHKUlili ~,L 1 ~ , c no-

MOIUb!O KOTOpb!X "cpn3H'leCKlle" orrepaTOpb! Bb!p8lli8IOTC5I qepea ·"ronb1e"' 6bI

/1 / 
mr HaiineHbl B TOnbKO /ln5I cnyqag ;;e, = Je2. 8 8TOM rrpnnoJKeHllll 

OHR 6ynyT rrpu6nm1rnHHO Bbl'IHCneHbl /ln5I n106bIX Je, • KaK R B 

TeKCTe CT8Tbli, rronpa3yMeBaeTC5I, 'ITO Bee Bemr'IHHbl RMeIOT llH/leKC X 

( T.e. RH/leKc nepBoro cnaraeMoro B cpopMyne H = H x -t Hf/ + H 2 ) 

/1/ 
TTepBa5I napa HCXO/lHbIX ypaBHeHnil: 6bma BblIIRCaHa B He nng cpyHK-

UHii ~ ' t ' a /ln5I BCIIOMOl'aTenbHb!X cpyHKURU 

olt'(k.)=:/K l ~/l(1<J -t: £'! {1<)] I i::: 1 (J , -G • ( A.1) 

3To ypaBHeHll'.51 (27.1) ll (27.2) ll3 
111

• B nanbHefillleM Mb! 6yneM IIHC8Tb 

• 111 ,l., I 
, nepen HOMepaMH ypaBHeHRR ll'.3 Uli4'PY • TTepenallleM (I.27.1) R 

(1.27 .2), 5IBHO Bb!/lennB qneHbI, conepMamne MHOMHTenb (w, -w2.) ~ {), n 

BCTaBHB BbipaMeHire (I .A.3) nnH X'; 

:24 o<.C:(v) C; (v) =: 
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~q o(_,_q{v)C~q {v) == 

.r.:-~i· [,:{v) (w,-14)s,n8[CDs/J£,,'1(vJ+slhfTBt(v)] J cq 
=Vvv ~ ---=-- + --:----:--:-------=-..:...::. {v)-

a. a/-4- Wi. (v+w,' ( V+ W2.} & 

-P J;di<24[ ol,tt(1c.J-v~ [ .z1~ J ot,~_{1<JJ3i,;cvJ+ «.z~c1<Jf! _ _fcv1 
v,z_K.~ 

(A.2) 
3]lecb ( 1 l ! o6oaHatJaeT cpyHKUIIIO, y)Ke BhIIIn:caHHYIO B cp1u•ypHhIX cKo6Kax 

B_ nepBOM tJneHe npaBofi 'laCTII, HO OT ap!'yMeHTa I< ' a He V. 

B ypaBH9HIISIX ( A.2) qJIII'yp11pyIOT napaMeTpbl {) ' w, ' ltJ2. ' 

]lnSI KOTOpb!X IIMeeM Bb!p8)1(9HIISI ( 1.24)' KOTOpbie MOI'YT 6b!Tb neperrn:caHhl 

TaK: 

SL'n !ltT::: 2, ls.,. .f.2. } Ir S§A 

(A.3) 

Wi 2
: i £ l ~ i..,. {,, J + (!t~2..,. ~.Z.2. ) I+ i rsiFI t 

(A.4) 

Wzz: 'i [ ( Jt/-.,. {,,) -t ~Z..
4 

-t- { 2z J]- i r $JIJ ,, 
(A.4) 

S;J-n oaHatJaeT 3HaK paaHocTn: {~.1.-t ~11 }-{ J<f+ fzz). Ecnn: oHa paBHa 

HynIO, To ,& = 45°, CM~ (f.24), II BM9CTor:Jih B (A.4) HaJlO BCT8BIITb 

2 ( S + ~u. ) • ilanee, 
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S:::; e.z./R.Jm 

r=/ i [{:Je.2·+,f,,}- (Je}+fz1.)J~+ lt{S-t{',2.)2./'Q} / 
(A.5) 

ITapaMeTpbl ,{} 1 W, _, tu,_ 3aBJICSIT OT cpyHKUllll: o(_ nnn ~ 
'Iepea rrocpe/lCTBO Benn'IHH ~lj TaKJIM o6paaoM, JJ.nSI o<.; , -o(2 ct , 

~ , W. , lt),_ JIMeeM cncTeMy ypaBHeHnii:: (A,2), (A,3) n (A,4), 

By/leM -pelllaTb ee cne/lyIOIUJIM M9TO/lOM rrocne]lOBaTenhHb!X rrpn6nJI)K9Hllii:, 

O61,srnnSieM ( nnn yra/lhIBaeM), 'ITO Bhrpa)KeHn SI 

-',Q cyTh rrepBbl9 rrpn6nJI)K9HllSI ]lnSI 0\ 

Mano OTnJI'I8IOTCSI OT ( A,6), noKa)KeM 

Hile TepMnHa "rrepBoe rrpa6na)KeHneu, 

(A.6) 

JI o(2. q : JICTJIHHbl9 3Ha'IeHJI SI o( 

STO, /laBaSI 0/lHOBpeMeHHO orrpe/lene-

1 • Bbrpa)K9HJISI ( A.6) rrporropUllOHanhHbl KOHCTaHTe CBSI3ll e { e2.= ill3"1) 
ITOCKOnhKY £tv e , CM, (1,16), Mb! 6y/leM f'OBOpllTh 1 'ITO o/.. llM9IOT 

1 

rropSI/lOK e o1.,tt. (\I e ll ol.2.'t ~ e . Ha ( A. l) cne]lyeT, 'ITO ~/< ~ e 
JI ~:/'• t\, e TO)K9! 

Jt, 

(A,7) 

Tor/la, llCXO/lSI JI3 ( A ,5)' MO)KHO ITOKa3aTh, 'ITO 
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~ .. < e 2. ,Jt,.Z. • .2/t 13m ~ 2. z. < e .z. .,l(L 2. • 2_/( 13 In. . 

(/(.8) 

2. Pa3HOCTh (A.4
1
) lI (A.4") )laeT tu,Z.-W:,.2.=.,;-'S:Jn ==·,2(S-t-ftz.) 

. S(n,Z~ • 
I1cnonb30B8HO ( A.3). OTO 03HatiaeT, 'ITO ( uJ/--l().z..l..) St.'n 28 ~ ez. 

3. Ha ( A.4) rronytiaeM, rrpeae6per'asr e n C? no cpaaaeamo 
'," "):tz. 

c ,;e,2. n J<f Ha OCHOBaHHlI (A.8): a) ecnn Je,2·- J4.2 >>.2 {s+f..aiTO 
tv,2· = .,iei. n to}·';;.Je/· ; 6) ecnn 

Hbl nnn MeHhIIIe, 'IeM 2 Ls + ~i.z. ) 

Je,2.- .kl· TOI'O )Ke rropMKa aenntin-

.,_ ,.z. ~ ,,,.z. ~ I ( •~:z. .Z.) 
, TO &.VI = &.V.,t =: - rn:1 -t-~ • 

.2 
B o6onx cnytiasrx W, lI U1_ rrpn6nnanTenhHO paBHhI .Je, n ole.z. 

COOTBeTCTBeHHO, TaK 'ITO w, + W.z. ~ Je, + rle2. 

4. ITO rrpO!ICXO)K)leH!IIO :2. {} eCTh BenntinHa, KOTopasr lI3MeHsreTCSI B 

npeJlenax { - 71/2 , + .li"/2: J IT09TOMY c,ps,{)- ~ .l/~. 
5. Ha 2), 3) n 4) cneJlyeT, 'ITO ~-Wi. }S<.'n.;} lIMeeT IIOPSiilOK 

e 

( "'{-w2.) £<'n $ :: ( S + ~,z. ) / ( J<, + Jez. ) C6j {} 

(A.9) 

I3bI'IlICneH!Ie BenlI'IlIHbl (s + ~.Z) xi 
IIOK83hlBaeT , 'ITO 

Cs ) ~ e2. 8 [ I I ] . +?12. := - • - 'Ji + -;;-
R" Ttm 1 ""-z. , 

(A,10) 

x/ oTo BhI'IlICneane Jlnsr cnytiasr Je, = X2. n3no)KeHo B rrpnno)KeHnn · A 
K /2 I. B / l / Jlnsr aToil: aenntilIHhI rrpnae)leHo aerrpaannhaoe aaatieane - e¼R~ 
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TaK 'ITO Ha C8MOM )lene 6eapa3MepHasr BenJI'lllH8 (tt',-l,()2. ) Sc_iJ ;J- /(~ -+lOz.) 

npll R (Je, -t Jfz..J > > 1 .ropa3)lO MeHbllie, 'leM e ~ 
/1/ 

6, C IlOMOlllb!O qiopMyn npHnmKeHHSI A H3 y6e)K)laeMcsr, 'ITO qiyHK-

Ulill ;/ lI Ji ·~e 'a qiyHKUlIII c,q{v) rve 0 :::L . IToaTOMY lIHTe.r-

( ) x/ - 3 
panbI B npaBblX '18CTSIX A,2 CYTb qiyHKUlilI nopSI/lK8 e , TaKOf'O 

)Ke nopsrllKa BTOpb!e cna.raeMbie B <jJH.rypHbIX CK06KaX B ( A,2 ), ITOCKOnbKY 

• Bee 9TH BenH'IIIHbl IlO9TOMY MO)KHO OT6pOCHTb no 

, VVV £,q{v)C'<( ,I r 
cpaBHeH!l!O C qneHaMH Bll)la ..:::a e V; tnOpSIJlKa 

v+w. 
e ) . 

YpaBHeHHSI {A,2) nocne aTo.ro np1Io6peTa10T BUil 

L,, £~ 't(v) - v vv £.z.q ( v) JC; ( v) == 0 . 
... V+tu..z. 0 ( A. 11) 

3aMeTHM, 'ITO BMeCTO i/ V+ w, MO)KHO nHC8Tb 
1/v-+ N, ' no-

CKOnbKY pa3HOCTb /d1 -J(1 t'V e2. , .ileTepMIIH8HT {A,11) He paBeH Hyn10, 

JleficTBHTenbHo, e.ro KBa/lpaT paBeH CJ.2. E;- '( ~- Cz_ )~ ( 'lepea C, 
o6oaHa'leH BeKTOp c KOMnoHeHTaMH C q l v), ii. ~1,2). fpoM03/lKOe BbI'IHC-

' /1/ 
neHHe 9TO.ro Bblpa)KeHHSI C noMOlllb!O qiopMyn np!lnO)KeHHSI A H3 nOK83bI-

BaeT, 'ITO OHO He MO)KeT paBHSITbCSI Hyn10 ( HO 6nH3KO K e)lllHHUe), T 8KlIM 

o6paaoM, !13 ( A.11) cneJlyeT ( A,6) II Mb! noKaaanH, 'ITO nonpaBKH K ( A,6) 

)leliCTBHTenbHO ManbI, 

CneJly10mee npu6nI1)KeHI1e K ( A ,6) BbI'IHcnsreTc sr no TaKofi cxeMe, I1 Mesr 

(A.6), Bhl'IHCn.HeM tu, u)L ll ,{} (B nepBOM npH6nu)KeHHH), a TaK-

x/B cnyqae MO)lenu C O/lHHM aneKTpOHOM /8/ 6hino noKaaa.Ho, 'ITO npll Ha-· 

•nH'IlilI o6pe3aHH.II aHano.rH'IHhlll llHTe.rpan CXO/llITCSI lI )leUCTBHTenbHO HMeeT 

TOT )Ke nopSI)lOK no e 1 'ITO ll nO)llIHTe.rpanbH8.II qiyHKUlI.II, 
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,.. __ i. 

)Ke cpyHKUI:!H ft H C 
= 1<.ilK E.J'C1<J + S,~ c~, cpurypupy10ume B (A.2). TTonaraeM o(/l(k)~ 

K + tu_;· '/ 
• n 0/lCTaBnHeM BCe 9TI:! Bb!pa)KeHI:!H B ( A.2) • 

nnSI fi./{1<)nony'IHM HeKoe Bblpa)KeHHe Il0pH/lKa e3 
• I1 Me SI YT0'IHeH-

Hhle o{ I M0)KH0 0ilHTb Il0BT0pHTb BCIO npoue/lypy. OJlH8KO npaKTH'IeCKHe 

Bhl'II:!CnHTenbHhie Tpy/lH0CTH BpH/l nu M0)KH0 npeo]loneTb ]la)Ke npH HaX0)K/le-

HRH 5';~ {Jc.) • f 

BhI'IHCnHM B nepB0M np1:16nI:1)KeHHH cpyHKUI:!I:! E.t. (v) u £! (v} 1 qJH-

rypupy10nrne B (I .28). OHH paBHhI npaBhIM 'IaCTHM ypaBHeHHii: ( I .26 .1) H 

(1.26 .2) C00TBeTCTBeHHo: 

E, 1{v) =- J¥ [ CiJJ ~f/ ( v) + r-c·n.77j[(vJ} 

E/ [v} =- {ffe [-s.t.·n;J/3/ (v) + CPJ{}"f~' (11)]. 

, 

(A.12) 

/1 / 11 
no cpOpMynaM npHn0)KeHHH A. H.:;I cpyHKUI:!I:! ✓- Bhlp8)K8!0TCH 'Iepes 

cpyHKUI:!H ~ a C( , cM. (LA.8), (IA.9), (IA.6). B nepBOM npu6nm1rn-

HHH cne/lyeT npeHe6pe'Ib Benl:l'II:!H8MH Il0pH/lKa e J 

B (JA.6), Tor/la nony'IHM 

,; /' ::::. ol.,.q I V "i i ::: o1., q: Io- . 

B KBa/lpaTHhIX CK06Kax 

(A.13) 

(~-.1& 1'~-,t TT ocne a Toro nonytJaeM npocThie Bhipa)KeHI:!H /1, = I.I\' J ::. = '-'2. . • B cny-

'Iae I Je, - Jlz. I >> e .2.~ , eJ..Je.z_ I:!M~eM ,{j ?: tf;; 0 , n T0I'/la cpyHKUllll 

/1 / l:i n E2. , cpurypupy10ume .B ( 10) ( B oHn o6osHa'Ianncb '!epes 

s, H E
2 

), coBna/laIOT c (A.12). I1s (A.12), Jr;ol. , (A.6) H 

. (I .16) nony'IaeM ]lnH HHX Bhipa)KeHHH ( 11) • 
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TT pH no :w; e H He E. B bJtIH c n e.H n: e M ::: qr P 
Q n: p 38Jl8!0TC5I COOTHOllieHHSIMH ( 5) n: (7). H errocpeJlCTBeHHOe 

• 
rrepeMHO)KeHn:e QT H p 

0 

JlaeT "MaTpauy" M ,v, ~ 

0 

Jd"[[a,,i,').a11t:1~ X 

Jdi<f flli£t'+av.~.n* X 
/jf,t<I,X(v.~,kct) K (1'a, ~ ~) 

2. a. 

( E.1) 

OCTanbHb!e o603HaqeHn:H CM. 

B (6) n: B pa6oTe Ill. TTpH rronyqeHHH (E.1) 

all Cl2z- a2., a,2. = 1/r. 
HCIIOnb30B8HO COOTHOllieHn:e 

0Ka3bIBaeTC5I JlOCTaroqHbIM Jl8Tb TOnbKO rrpa6nH)KeHHbie Bb!pa:w;eHn:51 

JlnH BenaqaH, BXOJlSililHX B M , coxpaHSISI TonbKO caMble rnaBHbie 1 HaH-

6onbll1He qneHbl. Bb1pa:w;eHn:SI )lnSI rrapaMeTpOB .fJ, r/>, u{ I k'.z. ' BXOJlSI

/1 / 
lilHX B Q,j I CM. (6) 1 6binH BblIIHCBHbl B IIpHno:w;eHn:H A H B • B 

cnyqae Jez.= :lJe , Je, ;; Jl , KOI'Jla Je/•-Jt.z.2- -;, > e2.Jf , yron {} 

OK83bIBaeTC5I Manb!M: 

(E.2) 

ilanee, yron (> TO:w;e Man: ¢~8• J(,;tlf.z./il;t,Jez_ , CM. cpOpMyny 

/1/ ,l ~ (36) B • C TQqHOCTb!O JlO BenHqHH IIOp5IJlK8 e2.Je2. n:MeeM uJ, = Je,2 
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If '42.;;;; Jez.2. . . •· ) ~ . I 
• TToaToMy {,(JI. 3' r/(1 , I0.2. == 0 If 2 = Je, 2,Je

1 

TaK!fM o5pa3oM, rrony,:rneM 

a" ~ 1/rw; a.2. ;; P5 I~ - -t>; ~ 

a2.1 = $'/~ - rf/viii, :::: i I ctu - I~. 

B rrepBOM Ilp!f5nl{)l<eHlflf ITO e f, If ~2. 

{A,7), B @TOM rrptt5mPKeHlflf ~1 :0 , a 

)la!OTCSI qiopMynaMI{ 

(E,3) 

i~.1."(K,t): ~ K.f/'(1<.)/,1-e, (k.+Jt,J :::-;\JH, E/'(K,i}/K+Je,. (E,4) 

HaKOHeU, X (ka, vt) B rrepBOM ITptt5ntt)Keffl{lf ITpO~TO paBHO Sa:c & (J<. -v}. 
ilm1 OCTanbHb!X Bentt'IHH B ( E. 1) 

lfX rropSIJlOK ManOCTH, TTprr Bbl'IHCneH!fH 

rrpnHHMaeM, 'ITO Ji. R. '>> i IT 'ITO " 

JlQCTaTO'IHO 5y)leT TOnbKO yKa3aTb 

l{CKOMOH aMITnlfTYJlbl A (t' Mb! 

O11eHh Mano: 'ii/ Je << if {Je R J2. . 
BbIITH!UeM B rropSIJlKe y5 hIBaHlfSI TpH Blf)la ManhIX 5eapa3MepHbIX KOHCTaHT, 

KOTOpbie y Hae qirrryprrpy10T: ez , J./Je If ,9- (KOHCTaHTa ,8-
cornaCHO (E.2)- ropa3)lO MeHbllle, 'leM e2. - If >--!Je : J,..,ez/ mR (.UR)~ 

Bb!'llfCneH!fSI ITOKa3bIBaIOT, 'ITO 

_g,.,J('J>i: i W.z.NA.zef}1-. 
' 

• 
xnJ~e.Z. 

3arrttllleM peaynhTlipy10ruee Bbipa)KeH!fe )lnSI M 
>--ti. 

i\¢12. -1-~IWtJw: - J 
0 

>if12 + ~ + ,0-/Wi.Jk) 
I 

~ ,\ ~.1. 

0 
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[l!,rw,-{}~) .t/L (v,_J 

if. xcv.~; ~~, 
Vz. 

{E,5) 

E,6) 



113 BCex Bb!IlliC8HHbIX sneMeHT0B B BbipaIBeHn:e (20) H3 § 2 BX0JHIT T0nh-

Ko M11 ' MIV.z. ll Mv,,~ 
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lllupoKoB M.H. P2:-5338 

K Bonpocy O CKOpOCTH ¢oTOHa 

. PaccMaTpnaaeTCH aaaaqa o CKopocTH nepeaaqu aoa6y)KaeHHH OT aToMa
HcToqHnKa 1 K aTOMy-AeTeKTOpy 2 B MOAenu, 6nH3KOii K KBBHTOBOH aneKTPOAH 
·HaMHKe. TTepBOHa.qanbHO 1 H 2 HBXOAHTCH B OCHOBHOM COCTOHHHH, a 38TeM 1 
aoa6y)KAaeTcH BHernHHM noneM. 3aaaqa perneHa B nepaoM HencqeaaroweM npu6 
nH)KeHHH TeopHH B03MyWeHHH C llOMOWbID onepaTopoB pO)KAeHHH-yHnqTO)KeHHH, 
aaKyyMHbitt BeKTOP KOTOpb1X coanaaaeT c ¢uanqecKnM aaKyyMoM. 

.PeaynbTaT aHanornqeH peaynbTaTy peweHnH cxoaHoii aaaaqu Kown (nep
aoaaqanbHo B036y)KAeH TOnbKO BTOM 1): BepoHTHOCTb nepeaaTb cnrHan co CKO~ 
pOCTbID, HeCKOnbKO npeBbJIIJaromeii CKOPOCTb cBeTa . C , He paaHa Hynro. 3TOT 
aKayaanbHblii a¢¢eKT Ma_n, HO, llO-BHAHMOMy, MO)KST 6bJTb ycnneH n aaperncT
pnpoaaH.-

IlpenpHHT 0151.e,llHHeHHoro HHCTHT)'TB 51,1t8pHhlX HCCJl8,[l0B8HHA. 

· Jzy15ea, 1970 

Shirokov M.I. P2-5338 
" ~ .. 

Op the· Photon Velocity • 

Transfer of the excitation from atom-source 1 to atom-detector 
2 in the model close to quantum electrodynamics is considered. Ini
tially 1 and 2 are in the ground state, then 1 is excited by the ex
ternal field. The· problem is . solved in the first 'nonvanishing approxi
mation of the." perturbation ~eory using the productio_n-annihila.tioh · 
operators, the vacuum vector of which ·coincides with the physical· 
vacuum. · 

The result is analogous to the result of the solution of -the 
similar Cauchy problem· (initially only atom 1 is excited): the probe.
bility of the· signal transfer with the veiocity, somewhat ·exceeding 
·the light velocity C, is not equal to· o.· This acausal effect is small, · 
but probably: can be enhanced and detected. 

;;. 

Prep~nt. Joint Institute for, Nuclear -Rese·arch . 
. ·oubna,' 1970 


