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1 BBe,neHHe 

Cneiur¢nqecKOe :meKTpoMarHHTHoe ~nny"leHne, B03HHKaromee npn .nsnJKeHHH BhiCOKO: 

:mepreTH"leCKHX 3JieKT)JOHOB B cpe.ne, 6hlno OTK)JhiTO C.ll. BaBHJIOBJ¥M n II.A. qepeH­

KOBhiM B 1934- ro.ny [1]. ll.E. TaMM H ll.M. <l>paHK [2] ~enmnn ;a,naqy ~6 ~JnyqeHHH . ' . . 
TO"le"li!OI'O 3apma, paBHOMepHO ~BHJKymeroCll B .D;H3JieKT)JHKe C llOCTOlllii!Oll (TO ~CTb He 

JaBHCliiileH OT qacTOThl) 3JieKT)J:H"leCKOH ll)JOHHnaeMOCTbiO fo. 0HH IIOKa3aJIH, "'TO TaKOll 

3apli.D; H3JIY"laeT, eCJIH ero CKO)JOCTb npeBhiiDaeT CKO)JOCTb CBeTa B semeCTBe. B OTCYT­

CTBHe .D;HCIIe)JCHH 3~eKTpOMariiHTI!hle llaii)JliJKeHI!OCTH HMeiO'J:' 0~ 00pa3Hhle ~co6e~~OCTH 
Ha IIO~epXHOCT~ TaK Ha3hiBaeMOI'O qepeHKOBCKOI'O KOHyca. BHyT)JH 3TOI'O KOHyca Haiipll~ 

JK~HIIOCT:H 3JieKT)JOMar~HTHOI'O II~JIJi: (3MII) y6hiBaiOT Ha OO~biDHX paC~TOlii!HliX KaK r-
2 

~ . " ., . . ' . ' . 

11 IIOTOMY He ,naiOT BKJla.D; B H3Jiy"leHHe. 

Coo6meHne o6 3TOM y.nnsnTeJibi!OM liBJieHH:H 6h!JIO c.nenano B 1937 ro.ny ll.M. <l>paH~ 
KOM :Ha BTopoii Bc~~oroJHoii KoH¢epeHU:H:H no aToMHOMY ~py [3].' AHanoroM n:oro liBJie­

H:Hll_ Jl aKycT:HKe liB~lleTcll y.napHall BOJIHa, B03H:HKaromall npn _.nBHJKeH:H:H _Tena co· cBepx­

JByKoBoii CKO)JOCTbiO B aTMOC<lJepe. 3Ta y,napHall BOJIHa :HMeeT <lJopMy TaK Ha3hiBaeMoro 

KoHyca M~xa, B Bepm:HHe KOT~p~ro Ha~~.nn~cll ,nB:HJKymeecll T~no. MeJK,ny npo"l:HM, n3-
.' .. ' .. '. '· . . 

BeCTHO, "lTO y,napHall BOJIHa B03HHKaeT He TOJibKO II)JUIIpeBhiiDeHUH CKOJlOfT:H,3ByKa u., 

HO H B TOM CJiyqae, KOr,na CKO)JOCTb TeJia CHHJKaeTCll HHlKe V,. B 3TOM cnyqae y,napHall 

BOJII!a OT}J.eJllleTC~ ~T ~B~lKymerocl!•;e~a H ~a~npoc~panlleTCll CO C~O~OCTblO 3ByKa (6hl-. 
• • ~ • ~ • ,. : ' '. • • ' ' • 0 • c ' 

Tos'oii II)JHMep: 3BYKOBhle XJIOIIKH OT CBepX3BYKOBOI'O caMOJieTa). IlOIJ.06Hall CHTyaUHll 

HM~eT MeCTO n B 3JieKT)JOIJ.HIIaMnKe [4]. , . . . . , . . - , . , , . . . 
. . , ·. ·; .. .;. •I' • . ' ' , . • 

Cne.nyeT. ynoMliHyTh, "lTO B oTcyTcTBHe .nncnepcun _q Mil JapJJ;~eHHoii _:oiacTnn:pr, p;BH--

JKymeiicll paBIIOMepHo.~ Bemec_TBe_c np~H3~0JibHoic~9.P<;>~ThiD, (:s TOM_qncn~, ~ Fo.~;Ko-: 1 
)JOCThiO, 6o:rrbmeii CKO)JOCT:H CB~Ta B BemecTBe), .6hiJIO .Hah.neHO XeBHCaii.ZJ;OM B- KOHne 

npomnoro BeKa [5]. Ilo.zlpo6Ho 3T~T_.BO~poc 6~~ HC~~.n~~~ A.A., ~~_n~n~hiM .[6]: .BBn.ny 

TOI'O, "lTO B OTCYTCTBHe .D;HCIIepcHH 3JieKT)J9MarHHTHhle Haiipl!JKeHH()CTJi. C:HHry_Jili)JHhl Ha: 

K~Hyc~ Ma~a,. ~H;erp~hl --~T- nx npo:H3~e,neHd pac~~.n~T~ll •.. 3ro, B .qacTHOCTH, OTHO: 
, ' . : ~- - . ~ -~ . ; 

CHTCll li K IIOTOKY ,:meprHH (~hiUMeeM B
0
BHAY B~KTOp :H3liY:'J:e~Hll YMoBa 7 Ilo_i!.HJHHra 

§;;, c(E x H)/47r). qTo6hl n36eJKaTh :JToii. Tpy,nHocTn,TaM:M,.H <l>panK c.nenann <l>ypbe- • 

npeo6p~OB~Hlle ~OMII~HeH; 3MII H.:HHCJ:erp:~p()BaJill KOMIIOHeHThl·Hanpl!JKe~IIOCTeii IIOJ!ll 

}J.O HeKOTO)JOH rpaHH~IHOll qacTOThl Wo. 

Uenh ,naHHOro paccMoTpeH:Hll cocToHT B n3y"leHH:H S.MII, B03HHKaromero npn paB­

HoMepHoM .D;BHJKeHH:H TO"le"lHOI'O 3apl!L{a B }J.ll3JieKT)JHKe (J.I ::: 1), CBOHCTBa KOTO)JOI'O 

OII:HChiBaiOTCll cne,nyromeii, 3aBHCllllleH OT qacTOThl, :meKT)JH"leCKOH II)JOHHUaeMOCTbiO: 

w2 
!(w)=1+~· w0 -W 

(1.1) 

Mhl orpaHH"lHMCll KnaccHqecKoii TeOpHeii HJJiy"leHHll BasnnoBa- qepeHKOBa. Ilpe.nnona­

raeTcll, "lTO pasHoMepHoe ,nB:HJKeHne qacTHUhl B cpe.ne no.n.nepJK:HBaeTCll HeKoTOpoii BHem-

f Cttc~: .. ~1~h:;..fi t;:,::hiJi-:-( 
~~ ~l\«:~iiJK UC~ _,~~Ui>:lBli~ . £ 
l1 SHSJli-IOTEKA ' 
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neft ennoft, nponexoJKnenHeM KOTopoJi Mhl ne HHTepeeyeMeJI. BhlpaJKeHHe (1.1) JIBJIJieTeJI 

yno6noft nnTepnonJinneJi MeJKny eTaTn<JeeKnM (w = 0, £(0) = 1 + wi/w5) H Bh!eo­

Ko'!aeToTHhiM (w = oo, f(w) = 1) npeneJiaMH • 06h!'IHO WL HHTepnpeTHpyeTeJI KaK 

UJia3MeHHaJI 'JaeTOTa: wl = 4rr N.e2 fm. 3neeb N.- 'IHcno :meKTpOHOB B e):IHHHUe o6beMa 

aemeeTBa, m n e - Maeea :meKTpona n ero Japlll\; w0 ~ neKoTopaJI peJonanenaJI <JaeToTa. 

KBaHTOBOMeXaHH'JeeKH OHa HHTepiipeTHpyeTeJI KaK :.meprHJI B036yJKJ:IeHHJI HHiKaJi~ero 
aTOMHOI'O ypoBHJI. Harne noi:nenyromee H3JlOlKeHHe He 33BHeHT ~T :noft 'JaeTH~H HHTep­

np=annn WL n wo. 

BhlpaJKenne (1.1) JIBJIJieTeJI eTannapTnoii napaMeTpnJarrHeii :meKTpH'IeeKoii nponH­

naeMoeTn, onneh!Baromeft MHOJKeCTao onTn'le~KHX JIBJienHJi [7]. Ono enpaaennHBo, Korna 

,ZJ;JlHHa BOJIHhi3Mil, HJny'IaeMoro 3aplll\OM,' 3~a'IHTeJibHO 60JihUie paeeTOJIHHJI MelK.ZJ;Y 

<JaeTHrraMH epenhl, na KOTOphlx :iTo 3MII paeeeHBaeTeJI. Cne.ZJ;yromHe oneHKH [8] noKa-

3h!!iaroT, 'ITO cpH3H'leeKHH HHTepBan H3MeHeHHJI W npOeTHpaeTeJI 3Ha'lHTeJibHO ,ZJ;anbUie 

wo. THnH'IHhle aTOMHhle pa3Mephl nMeiOT noplll\OK a "' /if mea (a = e2 /lie- noeTOJIHHaJI 

TOHKoii eTpyKTyphl).· Ilo3TOMY ycnoaHe npnMeHHMOeTn (1.1) HMeeT BH.ZJ; A= !!;>>'a 
nnH ~ < < w1 = ef a = mc"lafli ·~ 5 • 1018eeK-1• TnnH'IHhle aTOMHhle 'laeTOThl noplll\Ka 

WoN miljna2 ~ 1016eeK-1
• IloeKOJihKY Wt >> Wo, TO cpH3H'leeKaJI o6naeTb H3MeHeHHJI 

w npoeTnpaeTeJI .ZJ;aneKo Ja wo. Ilpn w >> wo nMeel\1 €(w) ~ 1. 3To o:i~a'laeT, 'ITO 

npH TaKUX .JaeTOTaX aTOMhl epe.ZJ;h! Re yeneBaiOT B036y.ZJ;HTheJI. 3KeTpa11~JIJIUH; (l.1) 

na Bee· 'laeTOThl. o3na'laeT, 'ITO Mhl npene6penleM: BoJ6yJK.ZJ;enHeM JI.ZJ;epnhlx 'ypoinieii n 

.ZJ;HeKpe'rnoJi cTpyKiypoft BemecTsa~ 
HTaK; Mhl paeeMc>TpnM ene.ZJ;eTBHJI, B03HHKaromne npn paanoMepH~M .ZJ;BHiKe~nn ~o­

'le'lnoro 3aplll\a B .ZJ;H3JieKTpHKe e npOHHrraeMOeTbiO (1.1). Ilpe,ll;llOJiar~M, 'ITO 3~0 ,ZJ;BH-

Jl<eHHe no.ZJ;.ZJ;epiKHBaeTeJI HeKoTopoii BIIeUineii ennoii, nporiexoJK.ZJ;eiiiieM KoTopoii Mhl He 

HHTepeeyeMeJI. qaeTil'IHO 3TO 6h!JIO e.n;en~~o 3. cl>epMH (9}, KOTOphlfi IT0Ka3~, 'ITO npn 

TaKHX yenoBHJIX paBIIOMepiio .ZJ;BHlKYIIIHH~JI Japlll\ nJny'laeT nim m06oft eKopoeTn. OII 

TaK~e ll0Ka3an, 'ITO llOTepn 3l!eprHH · l\~K cpyiiKrrHJI eKopoeTH 3aplll\a OK~!3h!BaiOTeJI ey­

riJ.eeTBel!l!O MeiihiiiHMH, 'leM Te, KOTOphle npe.ZJ;CKa3h!BaroTeJI ieopHeii8opa [10]. 

0.ZJ;!IaKo · cnenyromHe Bonpochi oeTanneb 6e3 oTBeTa: 

1. .KaK 3neKTpoMar!IHTilhle IIarrpJiiKeunoeTn u no'l'oK nJny<laeMoJi 3HeprHn pacnpe.ZJ;enenh! 

B:npoeTpallc_TBe? B 'laCTnoeTH, KaKoBo nx yrnoaoe pacnpenene!IHe? 

2. ·KaK 3TH-BeJIIf'I~IIhl 33BHCJIT OT CKOpoeTH 3apJilKe!IIIOH 'laeTHUhl? B tiaeT!IOCTH, KaKOBO 

nx OTJIH'lHe. npn cKopocTH 'laeTHrrhl, .Menhmeii n 6onbUieJi cKopoeTn eBeTa 8 BemeeTBe? 

PaceMoTpe!IHIO 3THX BonpocoB n nocBliiiiena .ZJ;aHIIaJI pa6oTa. 

2: 

. 

I 
r 

2 Heooxo.z:urMble M:aTeMaTIPiec:KHe cae:zienHa: 

Pacel\loTpHM TO'Ie'lllhiH 3apJI.ZJ;, .ZJ;BH&YUUIHCJI paBHOlllepno 'co CKOpOCTbro··v B.Qonb oc1i z. 
IlJIOTIIOCTll 3apJI.ZJ;a H TOKa paB!Ihl 

p(T, t) = ea(x).S(y).S(z- vt), j. = vp. ·. . :. (" 

Hx ljlypbe-o6pa3hl paBnhl 

p(k,w) = j p(i",t)exp[i(kr- wt)]d3rdt = 2r.e.S(w- kv), j,(k,w) = t•p(k,w). '(2.1) 

3neKTpOMarHIITHLie HaUpll&e!IHOCTII .ZI;BH&yiiiel'OCJI 3apli.ZJ;a YliOBneTBOpliiOT ypaBHe!lllliM - . 

1\faKcBenmi 

divD = 4r.p, divE= 0, 
~ I :. 

curiE= --B, 
e 

~ I :.. <4r.~ 
curlll = -D + -j. 

e c 
(2.2) 

IlocKOJILKY paccMaTpnaaeMaJI cpena- ne MarHHTHaJI, To· B = 'ii.•· BTopoe H TpeTbe 

ypaane!IIIJI MaKCBenna BhiiTOJIHliiOTCJI aBToMaTl!'IecKn, ecnn rrono&HTL 

H ;= V X .4, ~ ~ I :. 
E = -'V<P- -A. 

c 

3neKTpH'!eCKoe none. E l\BHlKYUJerocl! 3apllna_ npHBOl\HT K rronllpmaunH cpenLI P(T, t), 
KOTopall BMeeTe e .E eoJ.ZJ;aeT. ;JieKTpH'IecKyro lllll\YKUIIIO D ·7'. E+ 4r.F. 06bl'mo c•mTa­

eTCll (eM., HaiipiiMep,[llj), 'ITO W~KOMIIOHI'IITLI p II E. 

P.., =Je-iwtj'5(i",t)dt, E...,= ~~-i"'1 E(r,t)dt 

CBJI3aHbl COOTHOIUeHHeM 

B'(k,w)-npencTasnennn :m~iiTpoMarnHTii.LIC ~o1-euuiianLI ·pa1ni•~ ([I2)). 

<P(k,w) = 411'. p(k,w) 
f. k~:.~ ;;-~.: 

. ,•··'" 

· ~ · .. · : p(k,w}' · •. · : 
.4,(k;w) = 1r.J1~, J] =:= P/c. 

. ,.:. k2 -::;>l·.-·· ;.. .. . :-. 

(2.3) 

' ~(2.4) 

(2:5) 

3.necb £(w)- 3neKTpn'lecKall rrpmmnaeMOC1'L cpenhl. ~e 3asu'cu~IocTI:'oT\a~,:o:n.I Bt~fi;._ 
paeM B cTaH.ZJ;aprnoM Bnne (1:1)~ B cTaTn'!eCKo~ ~pe.nene l(w) .; .. jj~~on•;~: n c,;,; ~(~:,;; 
0) = l+wlfw5. ll~ee, f(w) HMeeT nonroca ~pri';_,';,. ±~.'.t(~); 6yn}:~m nci~blKirr~m.t~oii 
npn w2 < w5, H3MeHl!eTcii eKaiJKOM OT +cio' no _ex) ;pn npbioit.n~unn' TO~I ... ;J ,,/,;, w~: ·' 
f(w) o6painaeTcJI B liYJib ripn w2 ::;'w};, '-'5+wzu CTpCMI!Tc/Ii l'np;; w '"-+·~: liJd~· 
pall\eHHe (1.1) .ZI;JIJI f{w)oTpliUa~eJibll~ np;l W~ ~i,Jz < ;:.;;:, 3To' ;IJ;I;~~~l;IT~ ~aTy;ai;IIIO 
CBo6o~noii 3JieKTpmtarHHTHOM BOJI!Ii.l naiKenpn B~llle~TJlellllbiX c(.:.;)(~Ai •• '.ianj~ .• [ i I: I :l]). 
O'JeBH.QIIO, 'ITO l-1(w) = 1.:...wl/(wF'W2 )i:l;.leCT llYJIL npir w 2 ,;,'w~ ii.IIO~~Kl~~;pi;~z ·:,;, .: ... r 
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YCJioBHll 3aTyxaHHll 3MII ToqeqHoro 3apll.na, paBHoMepHo .llBHJKymerocll a.cpe.ne, Mo.nn-

. qmUHpyiOT~' 0Ka3lJB~TCll [14], laTyXaHne HMeeT MeCTO IIpll l-tJ2~ ,>.0 •. B npOTHBHOM 

cnyqae (1- ,82f .< 0) 3aTyxannll HeT. . . · . 

Haii.neM o6nacTH, r.nel- ,82c. > 0 H 1- ,82f ·< 0. 

II pH {J < .Be HMeeM: 1 - /32f > 0 npn w 2 < w~ n npn w2 > w~ ; 
1 - fJ2f < 0 npH w; < w 2 < w~. · 
Ilpn ,8 > .Be nonyqaeM: 1 - ,82f > 0 npn w 2 > w~; 1 - {32f < 0 npn 0 <w2 < w~. 
3.nech .Be= ~112 

= 1h/1 + wlfwJ, We= wov'1- l, f = {32-y2/f3;"f;, 

12 = (1 _ 132)-1, 1; = (1 _ 13;)-1. 

B .nanhneiimeM MIJ YB1l.llHM, 'iTo .Be, necMoTpll Ha ne3aBifCHMocTh OT w, 6yneT nrpaT~ 

BaJKHYIO pOJJh IIpH OIIHCaHHH 3MII 3apll.lla, paBHOMepno .llBHlKYIUei'OCll B cpe.ne C 3aBHCll­

mefi OT 'laCTOTlJ :meKTpH'IeCKOll IIpOHHUaeMOCTbiO. 8 CTaTH'IeCKOM npe.nene (w .-t 0) .Be 
COBlia,llaeT CO CKOpOCThiO c,BeTa B cpe.ne. 

nerKo BH,lleTh, 'ITO .Be MeHlleTC.!I OT f3e = 0 npH N > > 1 .no .Be = 1 npH N = 0. MIJ 

6y.neM OTHOCHTh 3TH npe,llenbHIJe CJiy'laH K OIITH'IeCKH IIJIOTHOll H pa3plllKeHHOll cpe.naM, 

COOTBeTCTBeHHO. 

CTporo rosopll, BhlpaJKenne (1.1) cnpase.nnHBO npH fo ~ 1 (HanpHMep, .llJill ra3os). 

8 ,llanhHefiiileM MlJ 6y.neM paC~MaTpHBaTh .llBHj!(eHHe 3aplllKeHHlJX 'laCTHU B Cpe.ue C 

f3e = 0.75, n = yTo = l/f3e = 1.333. OnTH'IeCKHe csoiicTBa TaKoii cpe.niJ 6JIH3KH K csoii­

CTBaM Bo.llhl, ,llJill KOTOpofi n = 1.334. Ilpn TaKOM 3Ha'leHHH IIOKa3aTemlnpenoM:neHHll 

n Heo6XO.llHMO lfCIIOJih30BaTb !f>opMyny KnayJnyca- MocOTTH (nnn nopeHTUa-nopeHua) 

([8,9,11,13]): 

. t 1 + 2a(w)/3 . wl 
f = =1+--

1- a(w)/3 wrf- w2 ' 

wl. t2 2 2 a(w) = - 2--2 , w0 = w0 - wLf3 .. 
w0 -W 

(2.6) 

8 3TOM cnyqae ycnOBHe 3aTyxaHHll 3MII BhlrJill,llHT cne.nyiOIUHM o6p<i.J~~: .1 -·{32ft> 0: 
8 IIpOTHBHOM cnyqae (1 -{32ft < '0) 3aTyXaHHll HCT.: llpH W~ < wl/3 COOTHOIIleHIIe 

1 - {32c.' > 0 B~e.na BlJIIOJIHeno, 'ITO IIpliBO,lllclT._ K OTCy~CTBHIO II3JiyqeHH.!I paBHOMepno­

.llBHj!(YIUIIMCll 3apll.ll0M. 

Ilyc_Th Teneph w~. > wl/3. Tor.zia, npH ,8 < ,8~ (/3~2 = 1- wl/(w~ + 2wl/3)), nonyqaeM : 

1 -· ,82f' > 0 KaK npn w 2 < w'( (w'; ·= wrf - f321 2wl), TaK H npn w 2 > w~2; 
1- {32c.' < 0 npii w~2 < w 2 < wrf. 
C .npy~ii ~i~p~HIJ, npii {3 > ,8~: · 

1 - /32i > 0 npH w2 > 'w[f H 1 - {32c.' < 0 npii 0 < t..~2 < wrf. 

MIJ ~HDH~, .JT~ KaqeCTBeHHOe IIOBe,lleHIIe c. ~nd f' IIO'ITH O.llHO li TO JKe, eCJIII Mhl OTo­

j!(,lleCT_BIIM .Be, 'wo II 'wL C ·{3~, 'w~ II WL, COOTBeTCTBe~HO II OTBJieqe,MC.!I OT OTCYTCT~IIll IIpii 
2 . 2 . . . • . 

Wo < WL/3 pemeHllli COOTBeTCTBYIOIUero 1 - {32c.t < 0. 3To .II03BOJilleT orpaHII'IHThCll ,, - - ·- . . .' . ' . 

IIpe,llCTasneHIIeM ,f B BII,lle (1.1). Bee IIOCJie,llYIOIUIIe Bhlpaj!(ei!IIll 6y.nyT cnpaBCIIniiBlJ ,llJill 

f
1 

B :imlie (2:6f~OIH B HII~ 3aMeHIITb .Be, Wo H W£ Ha iJ;, W~ H ;;L, COOTBeTCTBeHHO •.. 

4 
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B r, t-npe.ncTaBJieHHII il>(r, t) II A(r, t) iiMe~T Bll.ll 

il>(r,t) =..!:.... f dw eiw(l-z/v) :dk 'Jo(kp). 
1l'V f k2 + 7(1 - {32f) 

A (r t) = .!:... J dwe;,;,(t-~/•l kdk J, (kp). 
z ' 71'C k2 + ;i(1 ..:.. ,82c.) 0 . ;·\ (2.7) 

8hlUOJIHIIM HHTerp1IpOBaHIIe ITO K. lin.!! ·3TOI'O MlJ BOCIIOJih3yeMC.!I Ta6JIII'IHIJM IIHTerpa­

JIOM (15] 

/

00 
kdk 

0 

p + q2Jo(kp) = K0 (pq), (2.8) 

r.ue B IIpaBOll 'laCTII ,llOJIJKHO 6IJTh B3liTO 3Haqemre KBa,llpaTHOI'O KOpH.!!, COOTBeTCTBYIO­

mee ero nonoJKIITeJibHoii semecTBeHHoii qacnr. 

3 3JieKTpOMarHHTHble IIOTeHI(HaJibl H 

HaiipH)KeHHOCTH 

8IJIIIIIIleM HeiiC'Ie3aiOmiie KOMIIOHeHTIJ 3JieKTpoMarHHTHIJX rroienuiianoa, nanp.!!JKeHHo­

cTeii II HH.llYKUIIII: 

ej00

dw-il> =- -e""Ko(kp), 
11'V f . 

A. = .!:.._ /
00 

dc;eia Ko(kp), 
71'C .. . 

e joo . 
H¢ = {3Dp =- dwe"'kK1(kp), 

71'C . 
Ep = .!:.._ /oo dw e;"kK1(kp), 

11'V f -oo -oo 
. • 00 •. -~ • 00 

ze j · 1 ,. 
E. = --2 dww(1 - /32 )e'" K0 (kp), 

71'C f 

ze j 2 . ·D. = - 2 dww(1- /3 c.)e'" Ko(kp). (3.1) 
11'V -oo 

3.necb a= w(t- zfv), k2 = (i- ,82 f)w2 fv 2
• Orrl!Th-TaKn, k B (3.1) o3naqaeT 3Ha'leHIIe 

,fk'i, COOTBeTCTBYIOIUee Rek > 0. 3TH BhlpaJKeHIIll 6IJJIH IIOJiyqeHIJ 3.<l>epM1I (9). ·JiX 

He.uocTaToK B TOM, 'ITO MO.llii!f>IIUHposanniJe lf>YHKUIIH Beccemi K.IIMeiOT MHHMYIO 'laCTh 

.naJKe npn semeCTBeHHOM f (rrpn 1 .._ {32 c. < 0). 
Ilpe.ncTaBIIM (3.1) B .!IBHO BemeCTBeHHOll lf>OpMe (3TO :ma'IHTeJihHO ynp_omaeT BlJ'IHCJie­

HHll). llnll 3Toro Heo6xo.niiMo y.noaneTaopHTh yCJioBHIO Re~ > 0: 0Ho BIJrron-' 

HeHo aBTOMaTII'IeCKH, ecnii 1 - 'f32c. > 0. B 3TOM cnyqae apryMeHT Ko 4>YHKUHH paBeH 

~v'1 - {3 2c., r.ne IIO.ll KOpHeM KBa,llpaTHlJM: ITO,llpa3yMeB~TC.!I: em ap'lllf>MeTH'IeCKOe 3Ha-

'leHHe. 

IlycTh Teneph 1-{32 c. < 0. PacCMOTpHM.CHa.qana cnyqafi, Kor:Ua f 'nMeeT MHIIMYIO 'laCTh: 

wl p :> 0. c.(w) = 1 + wJ -w2 + ipw' (3.2) 

5 



IJoJI02KI:ITCJlhHOCTh p IIpHBO.l{HT K TOMJ, _'ITO IIOJIIOCa f{w) JIC2KaT TO.f!bKO B Bepxneif W­

KOMIIJICKCIIOH IIOJIJIIJIOCKOCTH. ::ho HCOOXO.l{HMO, 'ITOObl J.IlOBJICTBOpliTh JCJIOBHIO IIpH­

'IHH!IOCTH (rro.npo6HOCTH CM., Harrp., B [I6j). IfHor.na B ¢H3H'ICCKOH JIHTepaType (11, 
I6] BCTpeqaeTC.II JTBep2K.zienue, 'ITO ycnoBue rrpn'IHHHOCTH BhiiiOJIH.IICTC.II, ecnn non10ca 

W JIC2KaT B H112KIICH W-IIO~JIIJIOCKOCTII. 3TO 00.113aHO HHOMJ onpe.neneHHIO ¢Jpbe- npe­

o6pa30BaHH.II, KOTOpoe COOTBCTCTBJCT IIpOTIIBOITOJI02KHOMJ 3HaKy W B 3KCITOHCHI.{l!aJihl!OM 

MII02KIITeJIC B (2.3) •. IJepeiTHillCMl- {3 2 f. ~ BH.l{C 

I- {32f. =a+ ib= .Ja2 +b2(cos</>+isin¢>), (3.3) 

r.ne 
. 2 2 

. 2 2 2 Wo - w 2 2 wp 
a= I- (3 -.(3 wL(w5- w2)2 + p2w2' b = (3 wL(w5- w2)2 + p2w2' 

0 
a b ·· 

cos¢>=,~· sin¢>= ~· 
va2 + b2 ya2 + b2 

Tenepb II3BJie'leM KopeHh ·KBa.npaTiihlii JI3 I - (32L Ilon02KHTCJihHOCTh Re.,jl - (32f. onpe­

.nen.lleT ero O.IlH03Ha'IHO: 

. Vl- {32
f = (a2 + b2)114(cos ~ + i sin~), 

q, I a )1/2 
cos 2 = .J2(I + .Ja2 + b2 ' 

• ¢> I b a )112 
sm 2 = .J21bf(I- .Ja2 + b2 . (3.4) 

Ilo:~ToMy apryMenT K ¢YHKI.{nii, BXO.Il.IIIIIJIX B (3.I), paBen 

p 1:1 (a2 + b2
)

114
( cos~ + i sin~). (3.5) 

XOT.II IIO.l{biHTerpanbHbiC Bhlpa2KC!III.II B (3.I) - KOMITJICK.CIIhl, IIHTerpanbi, OIIpC.IlCJI.IIIOll.{UC 

3JICKTpOMarHHT!IbiC ITOTCHI.{llaJibl ll Hallpll2KCHIIOCTU,- Bell.{CCTBCH!Ibl ( CM. (I4]). 3To CBll-

3aHO C TCM, 'ITO f(-w) = f.•(w). 

Teneph nepeii.neM K npe.neny p -t 0+. IlycTh il 3ToM npe.Qene 1- {Pf. > 0. Tor.na, 

a >0, b -t 0, COS~~ 1, sin~ -t 0 I:! .,ji.- (32c. COBITa,l{aeT CO CBOUM apn¢MeTU'ICCKl!M 
3Ha'ICHUCM. 

IlycTh Tenepb I - {32
f < 0 npn p -t 0. Tor.na: a < 0, b -t 0, cos~ -t 0, sin~ -t bflbl 

u ~ = iVIl- {32fl sign(w) (npu 3TOM 6b!JIO npnH.IITO ao BHl!MaHne, 'ITO p > 0). 

Ilo:~ToMy K-¢yHKi.\uu, BXO.Ill!IIIHC B npaByJO qacTh (3;I), CBO.IlliTCll K 

Ko(ip I: I Vll - {32fl) =- i;H~2)(pl:l Vll- (32fl), 

Kt(iplwl VII- (32fl) = -~H~2J(p lwl Vll-; (32EI) 
v . . 2 v 

6 

l 
11 
r 

npu w'> 0 II 

Ko( -iplwl VII - (32fl) = i7r H~t)(plwl VII - (32fl), 
v 2 . v 

Kt(-ipfwl VII- (32ff) = -~H~t)(plw[VIl- (32fl) 
. v 2 v . . . 

npu w < 0. 

Tenepb Mbl MOlKCM 3anncaTb 3JICKTpoMarHUT!Ible ITOTC!Il.{IIanbl II Hanplli!iCHIIOCTK B Be­

ll.{CCTBCIIHOM BU,l{e. IJpn (3 < f3c HaXO.l{liM 

We 00 WO 

q,(r, t) = 
2

e <J + J> dw cos o:l\"0 +!:. j dw (sin oJo- cos a No), 
7rV · • f. V f. • 

0 WO We· 

•) We: 00 , . WO .. 

A.(r, t) = -e <J + jJdw cosa/\0 + :_ jdw(sinaJo- cosaNo), = . . c . (3.6) 
0 WO We 

H.p(r,t) = ~(j"''+j
00

)wdwVI1-iJ2EjcosaK1 + -=-j""'w_ dwVIl- (32fl{sinaJt-C~saNt), 
7r~ . ~ 

0 WO We 

E.= 
2

e2 {j"\ j
00

)(I·-. (3I2 )w'dw~inal\.o -A j"'"(I-
13
1 ~)wdw(Nosin a+ Jocosa), 

1l'C f. ·· . C ( 
. 0 "'<> . ~ . 

We'oo' .:< · wo · 

Ep = 
2

e2 </ +])dw~VII -:- {32fj cos a/\1 + e2 Jaw~VIl - /32fl{sin aJ1•'- cos a_Nt ). 
7rV · ( .'· · V · ( · 

0 WO . We· ' ' . · 

C .npyroii CToponhl, npu {J> f3c nonyqaeM:. 

· .~oo· . · .. · · wo ·.. · . 
.... (- ) 2e j dw ,. e J dw(.. J., · .,.) · 
"Y r,t_.=- -COSai\o+- - Sllla o-COSOJ•o, 

· 7rV . · f. . .. . V .f. 
. "'<> ·;.. 0 . . . 

. . .•. ·. . ... 00- . . .· ·__ - . .: ·_' iJo . 

A,(r,t)= 
2

e j dw~osako + ;.jdw(si~aJo :__ cosoNo), . (3.i) 7rC . ·· C 
"'<> 0 

00 . . WQ. • . "' ·_.. . ' ' 

H.p(r,t) = :: j wdwVfl ;- /32fj ~osaK1+ :vi~dw';jp ;- {32cf(sit!oJ1 -cos oN!), 
.- . . ·. WO" • O· . 

. 2 . 00 I •. ..· •. · " !""' , l·' . . . .. .; 
E, = 7r:2J(l - f.{3 2)wdwsina/\0 - -~}(I...:. ((32 )wd~(i\'0 sino:+ J0 c:os o), 

. ,: ' .;::: . .-; ·.- .·' '' ~. : 0~,,_-·' .--:~·,.·. <'. • •• 

· E;, = ::2 j dw;v11 -'-.~2(1 cos~/\1 +_:2Jaw,7VI~-: {1~f[(sin ciJ1 -'cos oN1 ). 
' WQ . • .. • 0 . 

3.nech a= w(t- zfv). Apry~~HT~~e~ cfly~IKJnii EecwtipaB~nJil ;fJltl;~/r•. 
On.JeT:uM, ·'ITo HuTerpanw;·co.nepJKiuul!e ·oohi;Iin;ie (J, · N) •i iiio.Ii•icti•iiiii,>o8aiiuw<: · ( K) 

7. 



!j>ynKrmu Eeccenx, 6epyTcx no o6nacTHM npocTpancTaa, r.ne 1 - {P( < 0 u 1 - !P( > 0, 
COOTBeTCTBeHHO. 

PaccMoTpuM qacTHh!e cnyqau :nux Bhipa;Keuuii:. 

Ilpu WL -t 0 HaXO.llHM: ( -t 1,/3e -t l,We -tWo, 

oo e 

~ = ~: J dwcosaKo(:;) = [(z _ vt)2 + P2h2)1/2' A.= !3~. 'Y = 1/V1- /32 , 
0 ~ 

TO eCTh nonyqaeM none Japma, paBHoMepuo .nau;Kymerocx a aaKyyMe. 

IlycTh v -t 0. Tor.na We = Wo u .. 
2e /oo · wz , pw e 1 

~ =- dwcos(-)Ro(-) = ~· A.= 0, 
7r(o 

0 
c c (o p + z 

To ecTh nonyqaeM none Japx.na, noKoxmerocx a cpe.ne. 

IlycTh Wo -t 00, WL -t oo, HO W£/Wo - KOHe'!HO. Tor.na: 

We = woJ1 - /32-y2wl/w5 -too, ((w) -t (o n 

oo e 1· 
~ = ~~dwcosaKo(pw Vl- f32(o) = £o [(z- vt)2 +p2h~JII2' 7rV(o o . v . A.= /3fo~ 

npu /3 < f3e u 

~ =' :..!:.._ i dw(sinaJo-cosaNo) = 2e [( )2 
1 

2 I 2jl/2 e(~t-z-phn):', : A. = /3fo~ 
Vfo 

0 
fo z- vt - p 'Yn . .. · ·· 

npu f3 > f3e· 3.nech 'Yn = 1/JI1-j3~j, f3n = v/en, Cn = cf..fiO .. 
B nTore nonyqaeM none Japma, paBH~Mepuo .nau;Kymerocii a cpe.ne c nocToxuuoii: 3neK­

TpnqecKoii: npouuuaeMOCThiO ( = (0 • Ilo.nqepKHeM, 'ITO HHTerpupoaauue no seeM w ueo6-

xo.nnMo, .'IT06bJ nOJIJ'IIITh npaBUJihHble .'!aCTHble CJIJ'IaU II rapaHTHpOBaTh o6paTIIMOCTh 

<Pyphe-npeo6pa3oaauux. ··, 

Pacnpe.neneuux uanpH;KeHHOCTH MarHHTHoro nonx H.p. B JaaucuMocTn OT z- vt ua 

noaepxHocTn uunnu.npa C.P pa.nuyca p (puc. 1) noKaJaHhi ua puc. 2-4., Ilpn npeue6pe,l!'e­

Hnu Ja~~c~~OCThiO (Of W (((w) = (o) 3MI1 npu j3 > /3; OTJIU'IHO ~T uyhx TOJihKO BHJTpn 

'lepeHKOBCKOI'O KOHJCa C JI'JIOM paCTBOpa 20c, sin0c = f3c/f3 (puc. 1). 3TO 03Ha'laeT, 'ITO 

Ha noaepXHOCTH CP 3M II none paauo uy~IO npu Zc < z < oo,. Zc = · '_pJ!jfi- .1. YTo 

CJie.nyeT U3 3TIIX pHCJHKOB? Ilpu MaJIOll CKOpOCTU 3apx.na (j3 ~ 0.4) Ma~HHTH~e noJie CQ­

Bna.naeT C Mai'HUTHb!M noJieM Japll.lla, .llBH;KJlllei'OCH paBHOMepHO B Cpe.ne C nOCTOliHHOll 

npounuaeMOCThiO .( = (o·· Ilpu j3 'IJTb M~Hhllie f3e (j3 ::::l 0.6) OCUIInJIHUHH nOHBnHIOTCH 

npu OTpnuaTenhHh!X Juaqeuuxx z. llx aMnnuTy.na yaennquaaeTcx c pocToM /3. Ilpn 

f3 ,::::::l, f3c BH.lleH 6(>JihliiOH IIIIK npn Z = 0 H nHKH C MeHhmeii: aMnnHTJ.llOll B o6naCTII Z < 0;; 

Ilpn f3 > 'j3: HMeeTCH 6onhliiOH nHK npn Z = Zc (To eCThB TOM MeCTe, I'.lle B OTCJTCTBUe 

8' 

r 

! 
j 
r 

.nncnepcuu cuurynxpub!ii: 'lepeHKOBCKnii: Kouyc nepeceKaeT Cp)·u Menhmue B o6nacTn 

Z < Zc. IlepUO.ll 3THX OCUHnnHUUH rrpU6JIUjf(eHHO paBeH rrepno.ny OCUHnnHUHH TIOnHpU3a­

UUH cpe.nhl T. ::::l 2rrvf3c/wo. Puc. 2-4 noKil.Jh!BaiOT KaK MarHHTHoe none pacnpe.neneuo 

ua noaepxuocTn mmuu.npa CP B !j>nKcupoaauuuii MOMeRT BpeMenn t. IlocKOJibKy a pac­

cMaTpuaaeMoii Ja.naqe Bee 3neKTpOMai'HIITHble BeJili'IHIIhi JaBIICHT OT Z II t rrocpe.ncTBOM 

Z- vt, TO B .llaHHOH TO'!Ke IIOBepXHOCTU UHniiR.llpa .llOn;KHaHa6JIIO.llaThCll rrepRO.llH'!eCKaH 

3aBUCIIMOCTh OT BpeMeHI! C rrepiiO.llOM 2rr f3el Wo. QqeBH.llHO, qTo ReCMOTpH Ra 3aBIICII­

MOCTh ( OT W, KpUTII'!eCKaH CKOpOCTh f3e = 1/ ..jfO BCe•JKe COXpaHlleT !j>H3l!qecKHll CMb!CJI. 

B caMoM .nene, npn f3 > f3c 3neKTpoMarnnTuoe Hone oqenh MaJIO BHe Konyca Maxa (3TO 

cooTBeTCTByeT o6nacTn z > Zc ua rroaepxnocTn C P) II ocunmrnpyeT BHYTPH Konyca Maxa 

(o6nacTh z < Zc ua rroaepxuocT:n Cp ). Ilpn f3 < f3c Konyc Maxa ncqeJaeT. Ilp:n 3TOM 

3MII JnaqnTeJihHO MeHhliie, qeM np:n f3 < f3c· 

Iloae.neune Marn:nTnoro nonx rrpe.ncTaBneuuoe ua puc. 2-4 · MO;Kuo' cpaau:nTh c ero 

ueocrrnnnnpyiOm:nM noae.neuneM .nnx ue Jaancxmeii oT qacTOThi rrpounuaeMOCTll ( = (0 : 

ef3p(f32(o- 1) e/3 tf(vt- z- Phn) 
H4> = " •\? ?t no • ml? 0(vt- Z- Phn) + 'Yn [(z _ vt)2 _ p2(j32(o _ 1)]1/2' 

06paTHMCH cuoaa K Bbipa;KeunxM (3.6) and (3.7). <l>yphe o6paJb! ~ :n E liMeiOT nonroc 

npn W = W3 = Jw5 + w£. 3To rrpHBO.llliT K paCXO.lliiMOCTII liHTei'paJIOB OHpe.neJIHIOlllliX 

~ n E. K cqacThro, OKaJh!BaeTcx, 'ITO TOJihKO :nx uepacxo.nxi!UieCJI qacTn ( co.nep:lKamne 

o6h!qnh!e !j>ynKrrn:n Eeccenl! Jp :n Np· .naroT BKJia.n B :nJliyqenne (eM. cne.nyiOmnii pa3-

.nen). P acxo.nllmnecJI 'lacTn ~ :n ,E, co.nep:lKamne Mo.nn!j>nrrnpoaauuue !j>ynKunn Eeccenx 

[(I', OnliCb!BaiOT 3JieKTpOMai'HIITHOe IIOJie nepeHOCliMOe .llBli;KJlllliMCJI 3apH.llOM C co6oii. 

0n:n CTaHOBJITCH KOHe'!Hb!Mll .llJIJI KOMIIneKCIIOH 3neKTp:n'leCKOll IIpOHliiiaeMOCTll (3.2)( CM. 

[14]). 

4 IloTOK 3HeprHH H qHCJIO <l>OTOHOB 

Bb!qncm!M Teneph noTOK 3Reprnn ua e.nnu:nuy .nn:nHhl noaepxuocT:n unir:nu.npa Cp (pnc. 1) 
Ja ace BpeMJI .nan;KeHnll Japma. On paaeu 

+oo 
2
• +oo 

J . rrp J. Wp = 2rrp Spdt = -:;;- Spdz, 
c ~ . ~· c 

. Sp =;;'-4 (EX H)p = --4 E.H"'. 
7r . . . 7r -oo 

Ilo.ncTaBnJIJI ciO.na E. n H4> in (3.6) :n (3.7) :n npnn:nMaH BO BRHManne, qTo 

00 J dtsinwtcosw't = 0, 
-oo 

00 J dtsinwtsinw't = rr[J(w -w') ;_ J(w +w')], 
-oo .. ,-. 

j dt coswt cosw't = rr[J(w- w') +J(w + u.l')], 

9' 

(4.1) 



nonyqaeM noTep:n :mepr:n:n na ennnnuy nn:nnw 

e2 J ( 
WP = -;;'i . wdw(1 - E/P). 

132 <>1 

(4.2) 

3To awpruKemre 6wno nonyqeno II. TaMMOM :n II. <I>panKoM (2]. IIoncTaBJIJIJI B nero 

E(w),·onpenenennoe cooTnomenneM (1.1), naxon:nM 

(4.3) 
e2 j""' 1 . e2w2 1 

WP = 2 wdw(1- -{32) =- 21no 2[1 + f321n(1- {32)] 
c f 2c 1-'c'Yc 

We 
J 

np:n {3 < f3c :U 

2"'o 22 1 1 
e J 1 e w0 I ( 2 )] Wp = -;;'i wdw(1 :- E{32 ) = 22 [- {32-y2 + {3 2f3'h'1. n 'Yc 

0 

(4.4) 

np:n {3 > f3c· IIono6nwe 2Ke awpa2KeHIIJI 6wnn nonyqenw 3. <I>epMn (9]. CnpasennnsocTh 

(4.2) TaK2Ke IIOJlTSep2K)laeTCJI pe3JJibTaTaMII ffiTepHXaHMepa (17] ('Ibll ypaSHeHUJI nepe­

XOJll!T s (4.2) s npenene p -t 0) II ruHJ6ypra (18]. To'IHO i'e 2Ke Sblpa2KeHUJI (4.2)-(4.4) 
ITOJIJ'Ia!OTCJI, eCJIH )lJIJI KOMITJieKCHOro E(w ), onpeneJieHHOro COOTHOIIIeHUeM (3.1 ), Sbl'lli­

CJIHTh Ha11pl!2Kei!HOCTH II pa)lUaJihHblll llOTOK li JaTeM HepeHTll K npeneny p -t 0 (14]. 
0TMeTUM, 'ITO TOJ!hKO Te 'IJieHbl S (3.6) II (3.7), KOTOpble COJlep2KaT 06bi'IHhie <i>JHKUHH 

BecceJIJI (J,. n N,.) II cooTseTCTSJIOT ycnosi!IO 1- {32
f < 0 OTCJTCTSI!l! JaTyxaHI!JI, naiOT 

BKJ!a)l S pa)ll!aJihHblll I!OTOK :mepl'l!l! 3a SCe speMJI ,UB1!2Kei!I!JI 3apl!Jla. 3TO 1!03SOJIJieT 

1!36e2KaTh TpynnocTefi, csJIJannwx c noJIIOCOM f-1 (11p11 w = w3), KOTOphiH noJISJIJieTcJI 

TOJihKO s qnenax, co.nep2KalUI!X MO.UI!<PI!UI!posanl!hle <PYHKUI!I! BecceJIJI B o6nacTI! JaTy­

XaHI!ll, r.ne 1 - {32
E > 0. 

IIpn {3 -t 0 noTepn :meprn:n WP cTpeMJITCJI K 0, Tor.na KaK npn {3 -t 1 ( HMenno :noT 

npeneJI 6biJI paCCMOTpeH TaMMOM :U <l>paHKOM (2]), OHH CTpeMJITCJI K KOe'IHOH SeJII!'IUHe 
e2w2 2 

2c213[·d ln('Yc ). 
Ha puc. 5 npe.ncTaBJiena 6e3pa3Mepnal! seJIH'IHHa F = Wf(e2w1,/c2

) KaK <PYHKUI!JI cKopo­

CTH 3apMa {3. U:n<Ppw npn Kp!!sblx 03Ha'IaiOT f3c· BepT:UKaJihHble JII!HHH c<,> cTpenKaMH 

pacceKa!OTKa2K)lJIO KpHSJIO na )lSe 'IaCTH, COOTSeTCTSJ!OlUHC llOTepl!M :mepnll! CO CKo­

pOCTJIMH {3 < f3c II {3 > f3c :n.,Jie2KalUIIe cnesa II Cllpasa OT .sepTIIKaJihHOH miHI!II. Mbi 

SHJliiM, 'ITO 3apl!Jl, paSHOMepno ,USII2KJII(IIHCJI S cpe,ne C :meKTpii'IeCKOfi npOHIIUaeMOCTh!O 

( 1.1), ll3JIJ'IaeT npn JII06ofi CKOpOCTII. . 

Be3pa3Mepnwe ~neKTpa.Jihnhle pacnpe;eJieHIIl! f(w) = w(w)J(e2w0 Jc2
) noTepb :mepriin 

W = f w(~)dw noKaJaHbl na puc. 6. liiicJia.~pii Kpii~~x OJI!a'Ia!OT {3. BII,nHo, 'ITO npn 
0 . 

f3 > f3e s noTepn :mepr11n snocJIT SKJia,n see w II3 nHTepsana 0 < w < Wo. llp1I {3 < f3c 

o6nacTh .nonycTHMhiX w cy2KaeTCJI : We < w < w0 • 

10 

l 
l 

t 
/: 
J 

~ 

i 

~ 

llOJIIIDe 'IHCJIO <i>OTOHOB Ha e)ll!HHUJ JlJIHHhl, HCIIJlUeHHbiX Ja, BCe BpeMJI JlBIDKeHHll 

Japllna, paano 

N = i:_ !""' dw( 1 __ 1_) = !:_(we- Wo + wl ln(W3 + Wo w3 - We)] 
hc2 E/32 hc2 j32-y2 2jJ2w3 W3 - Wo W3 + We 

We 

npn {3 < f3c, II 

e2 j"'o 1 . e2 Wo wl W3 + Wo 
N = t;2 dw(1- -{32) = {;2[-{32 2 + ?{32 In(--)] 

C 
0 

f C "{ - w3 w3 -w0 

npn {3 > f3c· Bnnno, 'ITO N pacTeT oT 0 npu {3 = 0 no 

N=i:_ w[ ln(w3+wo) 
hc2 2{32w3 W3 - Wo 

npu {3 = 1. Ha puc. 7 mo6palKeHa 6e3pa3Mepnall semrqnna N/(e2w0 fhc2
) KaK <PYHK­

UHJI cKopocTn 3apl!,na {3. t.Incna npn Kpnswx OJHa'IaiOT f3e· BepTHKaJihHble nunnu co 

CTpeJIKaMU pacceKa!OT KalKJlJIO KpHBJIO Ha ,USe qaCTII, COOTSeTCTSJIOIUIIe 'IHCJIJ <PoTo­

HOS, liCITJIUeHHbiX 3apl!JlOM CO CKOpOCTJIMU {3 < f3e II {3 > f3e, II JielKalUUe CJieBa II cnpaBa 

oT aepTI!KaJihHOH JIHHHI!. Mw BHJlHM, 'ITO 3apll.n, pasnoMepno .UBHlKJIUIIHCJI B cpe.ne c 

:meKTpH'ICCKOH npOHUUaeMOCTh!O (1.1), HCIIJCiiaeT <PoTOHbl npn JII06oii CKOpOCTII. 

CneKTpanbnoe pacnpe.nenemre n(w) 'IHCJia ncnymeHHhiX <PoTonos na e.nmmuy .nrinHhl 
00 • 

(N = f n(w)dw) paano 
0 

ez 
n(w) = hc2 (1 - l/f{32). 

IIpn {3 < fJe, n(w) MeHJieTCJI OT 0 npn w =We .no n(w) = e2 fhc2 npn w = Wo. llpu {3 > f3n 

n(w) ll3MeHJieTCJI OT ;~(1- fJ;/{32) llpH W =We JlO e2 fhc2 llpll W = Wo. . 

Be3pa3Mepnw~ cneK'rpanhHhic pacnpencnemrll n(w)f(e2 fhc2
) •nu·na ¢oronos noKa-

3aHbl fia p11c. 8. YIIcJio npn .nannoil Kpnsoi'r oJna'IaeT {3. Bnnno, 'ITo upn 11 > lie see 

W 1!3 liHTepBana 0 < W < W(J ,Ua!OT BKJia,U B 'IHCJIO HCflJlUCIIIIWX <!>OTOIIOB: Ilp1'1 {3 < ~c 
OOJiaCTh ,UOIIJCTHMbiX W JMCHblllaCTCJI : We < W < w0; TO C~Th TOJI.J.KO BhiCOKO:lllq>fCTII­

qccKHC <i>OTO!lbl ,na!OT SKJia,n. 

llo CHX ITOp Mbl Sbi'IHCJIJIJill f!.OJIIIbiC IIOTepll a.neprHH (TO CCTh Ja BCC Bpl'Mll JlBIIlKCIIIIJI) 

na ennnnuy .UJII!Hhl unmm.npn•recKoi'r nosepxuocTn: BoJnnKaeT sonpoc: KaK 113JI)"'Iennall 

3Heprnll pacnpe.nenena s npocTpancTBe s nanuwil ;;oMenT speMt'nn?, Parnp<'J\<'JlPIIIIJI pa­

.nnanJ.noro noToKa uP= 2TfpSp ua nosepx11ocTn llllmiHnpa CP panuyca p a Jannn~MorTn 
OT:: noKaJanw na.pn~. 9 n 10~ Dnni10, 'ITO, nenlOTJ>lll~a ~asncnMoc;., f i>T w, ~JHiTn••~ 
cKaJI cKopocTh f3e = 1/ Fa see em~ coxpaiiJICT ~liiJII'I<'CKHfi ntwcn. D ca~•o~t .ne;le. HJ;n 

{3 > f3e llOTOK :meKTpoMal'HHTIIOH 311eprnn O'lellh MaJI Bile Kollyra l\(axa ('ITO ('OOTBl'T­

CTBJeT o6nacTH :: > ::c 11~ nosepXIIOCTII Cp) 11 ·ocnnnnnpycT BIIYTJ;II Konyca 1\laxa. ( :no 
-~~-···~--»· ._.~-··'-'--
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COOTBeCTByeT 06JiaCTll Z < Zc Ha llOBepXHOCTll ill!JIIIH.llpa) •. flpu {J < f3c KOHJC Maxa I!C­

'le3aeT, a llOTOK 3JieKTpOMarHIITblll 3Hepr1111 B pa,nl!aJihi!OM HaHpaBJieHI!II JMeHhiiiaeTCll. 

CaMo pacnpe.neneHI!e IIHTeHci!BHOCTII pacnJihiBaeTcll, np11 3TOM MaKcUMYM HHTeHCl!BHo-

• CTII U3JIJ'leHUll HaXOJIUTCll 3a 3apli.!IOM Ha .!IOCTa'IHO 60JihliiOM y,naneHIIl! OT Hero. 3To 

noKa3aHo Ha puc. 11 ({3 = 0.6) u puc. 12 ({J = 0.4). XoTll 3TH pacnpe.neneHHll BhlrJill.llliT 

CI!JIOIIIHbiMU, OHU COCTOliT 113 MHOJKeCTBa I!UKOB. 3TO UJIJIIOCTpupyeT puc. 13, Ha KOTD­

poM npe.ncTaBJieHo pacnpe.neneHue puc. 12, HO Ha MaJIOM z-HHTepaane. 

t.ITo6hl 3aperucTpupoaaTh Sp KoMrroHeHTY S, Heo6xo.nuMo .neTeKTop noMecTIITh a Ton­

Kuii KOJIJIIIMaTop, HanpaBJieHHhlii nepneH.niiKYJillpHo ocn .nauJKeHI!ll 3apH.na. KoJIJIUMaTop 

,nOJIJKeH 6b!Th Hel!pOHUUaeM .!IJill "(-KBaHTOB C HarrpaBJieHUliMU, OTJIU'IHhiMU OT pa,nUaJih­

HOro. Jh p!!C. 9-13 CJie,nyeT, 'ITO B <jJHKCi!pOBaHHOH TO'IKe Ha UOBepXHOCTII UUJIJIH.npa Cp 

JIOJIJKHbl na6mo,na ThCll 6biCTpble OCUHJIJiliUIIII pa,nUaJihHOH UHTeHCUBHOCTII B 3aBUCUMD­

CTU OT BpeMeHU (noCKOJihKJ B paCCMaTpUBaeMOM CJIJ'lae BCe <jJU3U'leCKUe BeJIH'IUHhl n, B 

qacTHOCTu, SP 3aBUCliT oT t u z nocpe.ncTBOM z- vt). 

Bo3Hl!KaeT aonpoc, rro'leMy 3TH ocunJIJiliUHII .no cnx rrop He 6b!JIH Ha6mo.neHbl? 

Jh pUC. 9, Ha KOTOpOM rrpe.ncTaBJieHO parrpe,neJieHUe HHTeHCHBHOCTH .!IJill {J = 0.99, f3c = 
0.8, CJie,nyeT, 'ITO l!MeeTCll IIpUMepHO 20 OCUl!JIJiliUl!H B l!HTepBaJie -100 < Z < 0, r.ne 

z BhipaJKeHo B e.nnHuuax cfwo. Tnmi'IHoe 3Ha'leHne w0, B3l!Toe U3 KHnru M.M. <J:>paHKa 

[19], rrpnMepHO paBHO Wo ~ 6. 1015ceK-1• 3To .naeT cfwo ~ 5. w-6 cM. Mb! Bll.llliM, 'ITO 

yrroMliHJTbiH l!HTepBaJI no rropli.!IKY paBeH 30·5·10-6 cM ~ w-4 cM. Eb!cTpo .!IBlllKJII(liHCll 

3apll.ll (v ~c) rrpeo,noJieBaeT 3TO paCCTOJ!HUe 3a BpeMll 10-4 • c- 1ceK ~ 3 · IQ-ISCeK. flo-

3TOMJ 20 OCUUJIJiliUUH, IIOKa3aHHbiX Ha puc. 9 e,naa JIH MOryT 6h!Th B HaCTOllll(ee BpeMll 

pa3peiiieHbl 3KCIIepnMeHTaJihHO. 

06paTUMCll K 3KCIIepnMeHTaM, o6cyJK,naeMhiM B llOCJie,nHee BpeMll B <jJU3U'leCKOH JIU­

TepaType .[20-22]. B Hltx·. BhiCOK03HepreTn'lecKne 3JieKTpOHhl .naHranilch B raJe c no'ITU 

IIOCTOliHHOH 3Heprneii. ll3Mepl!JiaCh l!HTeHCl!BHOCTh U3JIJ'leHUll KaK <jlyHKUllll ,naBJICHllll 

raJ·a P, · KoTopoe CBll3aHo c rrnoTHOCThiO raJa N9 xoporno uJaecTHhiM TepMo.nnHaMn'le­

cKHM cooTHOIIIeHneM: PV = kN9 T. 3.nech V - o6oeM raJa, T.- ero TeMneparypa, k -
I!OCTOliHHall EoJihUMaHa. BeJIU'll!Hhl N., wi ll f3c, BBe.neHHhie B pa3,nenax 1 H 2, CBll3aHbl 

c N9 cne.nyiOmnM o6pa3oM: 

· N. = N9 • Z, wi, = 47r N.e 2 Jm 
w~ 

2- __ '_2-' 
f3c- w5 +wL 

r.ne Z - aTOMHhiH HOMep raJa. 

II yeTI> .nimneHue raJa,_· npu KOTopoM f3c = {3, paBHO Pc· B ynoMliHJThiX 3KcnepnMeH­

Tax. Ha6JIIO.llaJIOCh pe3KOe JMeHh!IICHl!C l!HTCHCUBHOCTU-li3JIJ'lellllll npl! ,naBJieHl! raJa 

p ~ Pc/100.. 4T06b! BhlliCHl!Th npl!'ll!HJ 3TOro liBJICHllll, o6paTUMCll K COOTHOIIIeHl!liM 

(4.3) u (4.4), KOTOpble rrpu Ja.nanHOM {3 orrpe.neJiliiOT rroTepii 3Hepruu Ha e.nuHIIUe .nnlmhl 

B 3aBUCUI•IOCTl! · OT ·KpHTU'leCKOH CKOpOCTll f3c· llJill orrpe,neJICHHOCTl! IIpl!MCM, 'ITO 3apll.ll 

12-

l 
~ 

i} 

B ra3e .!IBUJKeTCll CO CKOpOCThiO {J = 0.999, 6JIU3KOft K CKOpOCTll CBeTa B BaKJJMe. ll3 

(4.3) If (4.4) CJie,nyeT, 'ITO IIpU U3MCHCHHH f3c OT 0.99 .!10 0.9999 liOJIIIal! HHTCHCHBHOCTh 

H3JIJ'ICHHll rra.naeT npnMepHo B 100 pa3. CooTBeTCTBYIOmue pacrrpe.neneHIIll pa.nuan~r­

Horo noToKa 3Hepruu Ha rroaepxHOCTII unniin.npa CP rroKa3aHbl na puc. 14 n 15. BII.nHO, 

'ITO llHTCHCHBHOCTh B MaKCllMJMC pacrrpe,neJieHllll l!HTCHCHBHOCTll IIpUMepHO B 1000 pa3 

MCHh!IIe npu f3c = 0.9999, 'leM npu f3c = 0.99. KpoMe Taro, pacnpe.neJienue HHTencnB­

HOCTH O'ICHh J3KOe IIpH f3c = 0.99 II .!IOBOJihHO IIIllpOKoe npu f3c = 0.9999. ¢>H311'leCKal! 

rrpii'IUHa na.neHUll l!HTCHCHBHOCTII npn /3c > {3 o6l!3aHa YBeJIII'leHIIIO o6JiaCTII, B Korcipoii 

3JieKTpOMarHHTHOC li3JIJ'leHIIe paBHOMepHO .!IBHJKJII(erocl! 3apwa 3aTyXaeT. 

5 3aKJIIO't.JeHHe 

fiepe'IIICJIHM BKpaTue OCHOBHble pe3JJihTaTbl, IIOJIJ'leHHble B ,ll;aHHOH pa6oTe: 

1. IIoKa3aHo, 'ITO TO'le'IHhlii Japw, paaHoMepno .nauJKymuiicll B ,nn3JI~KTpnKe, onncbiBa­

eMoM CTan,napTHOl! 3JieKTpU'leCKOH IIpOHUrraeMOCThiO (1.1), H3JIJ'laCT IIpH JII06oft CKOpo­

CTH. XapaKTep 3JieKTpoMarnnTHro UJJiy'leHHll cymecTaenno pa3JIU'laeTcll npu cKopocTn 

'laCTHUbl v, 60Jihliieft II MCHh!IICH HeKOTOpOH KpllTll'ICCKOH CKOpOCTl! Vc, KOTOpal! 3aBHCllT 

OT caoii:cTB cpe.nhl u ne 3aBHCHT oT qacTOThl (necMoTpll na: y'leT .nucrrepcnn). IIpn v > Vc 

IIOTOK H3JIJ'leHllll MaKCHMaJieH B TOH o6JiaCTll, r,ne B OTCJTCTBHC ,ll;HCllepcnu HaXO,ll;IITCll 

'lepeHKOBCKHH CHHrJJillpHbiH KOHJC II3JIJ'ICHIIll. Ilpu V < Vc IIOTOK II3JIJ'ICHl!ll MaKCIIMa­

JICH II03a,D;l! 3apwa Ha .!IOCTaTO'IHO 60Jih!IIOM J,D;aJICHIIH OT Hero l! 3Ha'IIITCJihHO MCHhllle, 

'leM rrpu v > Vc • 

2. 3JieKTpOMarHHTHOe l!3JIJ'ICHIIC 3apl!JKeHHOH 'laCTl!II;bl, paBHOMepno ,ll;BlllKJII(CHCll B 

,ll;li3JICKTpl!Ke, COCTOI!T 113 MHOJKeCTBa OCII;l!JIJiliii;IIH, KOTOpble ,ll;OJIJKHbl Ha6JIIO,D;aThCll 3KC­

nepUMCHTaJihHO: ·yKa3aHbl IIpl!'ll!Hbl l!X HCHa6JIIO,D;e~l!ll. 

3. Mhl rro,nTaep~~aeM peJyJI~>TaThl 3Kcrrep11MeHTOB no 'l_epeHKoacKoMy H3JIJ'ICHHIO, o6-

cyJK,naeMhiX B IIOCJie,D;Hee BpeMll B <jll!3li'ICCKO~ Jll!TepaType ([20:.22])_ II JKa3b!BaiOII(l!X Ha 

HaJill'llle li3JIJ'1CIIl!ll Hl!JKe 'lepeHKOBCKOro rropora. 

AaTophl 6naro.napBhl rrpo¢. 3peno:By B.II. n rrpo¢. Tl!rrKHBY A.A. 3a HBTepec K 

pa6oTe u rroJie3nhle o6cyJK,nelllill. • 
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c. 

- v 
e 

J 

Puc. 1: CxeMaTuqecKoe U3o6pa2KeHue qepeHKOBCKoro Konyca B OTCJTCTBUe .nucrrepcuu. 

Bne Konyca 3JieKTpoMarHHTHoe none paBHO nymo. Ilone U3Jiyqenull cocpe.noToqeno na 

rroBepxnocTH Konyca, 3JieKTpoMarHHTHoe none BHYTPU KOHyca He .naeT BKJia.na B U3JIY­

qenue. Ha rroBepxnocTH u;unnn.npa Cp 3JieKTpoMarHHTHOe none paBHO nymo rrpu z > Zci 

S p 03HaqaeT IIOTOK 3JieKTpOMarHUTHOH 3Hepruu B pa_nUaJihHOM HanpaBJieHUH qepe3 IIQ­

BepXHOCTb JJ;UJIUH_npa. 

10. 

a. 

6_; 

4_ 

2. 

~ 
X o_ 
J: .. 

-2. 

-4. 

-6. 

-8 

-40 -20 0 

z 

PC= 0.8 

p = 10 

20 40 

Puc. 2: Pacrrpe.nenenne nanpli2KeHHOCTH MarHHTnoro rroJill na nosepxnocTu u;unun.npa 

c •. 4nCJio npu .nannoii Kpusoii o3naqaeT {3 = vfc; z u H<t> Bbipa2KeHbl B e.nunuu;ax cfwo 

H ew'f,j f?, COOTBeTCTBeHHO. 
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Pnc. 3: To 2Ke, qTo ua pnc. 2, no .nnll {3 = 0. 7 n 0.8. 
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llc = 0.8 
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20 40 

Puc. 4: To 2Ke, qTo na puc. 2, no .nnll {3 = 0.9 n 0.99. 
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~J~~ 
0,2 0,4 0,6 0,8 1,0 

~ 

Pwc. 5: IloTepw 3Heprww B paJIHa.JihHOM HarrpaBnemm Ha e.rumwuy ,nJIHHhl ( B e,nnHHuax 

e
2
w'J/c

2
) B 3aBI!CHMOCTH OT j3 = vjc. "YIICJIO Up!! .naHHOH KpHBOH 03Ha'IaeT Kpi!TH'IeCKYIO 

CKOpOCTh f3c· 

1,0 .-~-.--~-.--~---,.--~--,.--~--, 

0,8 

0,6 

3 
;::::' 0,4 

0,2 

0,2 0,4 0,6 0,8 1,0 

(0 

PHc. 6: CneKTpa.JihHoe pacrrpe.nenemie pa,nna.JihHhlx noTeph 3Heprwn (B e.nwHnuax e2w0 /c2); 

w JiaHo B emmwuax w0 • "Yncno rrpw naaaoii KpHBoii 03Ha'IaeT f3 = vfc 
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Pnc. 7: "YwCJio "{ KBaHToB, wcrrymeHHhiX B pa,n;Ha.JihHOM HarrpaBJieuwn Ha e.nwanuy JlJIHHhl 

(B e,ll;I!HHI1aX e
2
w0 jfic

2
) B 3aBHCHMOCTH OT j3 = vjc .. "YHCJIO llpH ,naHHOH KpHBOH 03Ha'IaeT 

KpHTH'IeCKYIO CKOpOCTh f3c· 

1.o r----.-~--..--.---.---.--~-..--~-

0,8 w·=o.s 
.c ,, 

0,6 

E 
c 0,4 

0,2 

0,00,0 
0,2 0,4 0,6 0,8 • 1,0 

(0 

Puc. 8: CneKTpa.JihHoe pacnpMeJieHne ncrrymeHHhiX "{- KBaHTOB (B enHnnnax e2 /lie); "'' 
.naHo B e.nnannax w0 • "YnCJio rrpn JiaHHoii KpnBoii: 03Ha'IaeT f3 = vfc. 
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Figure 9. 
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Figure 10. 

-400 

P,=0.8 
P=O.B 
p = 10 

-200 0 

Puc. 9: Pacnpe.uenenue pa.uuanhnoro 3neKTpoMarnuTnoro noTOKa :mepruu (a e.nuHuuax 

e
2
wU2) na noaepxHOCTU unnuH.npa CP npu f3c = 0.99; z B e.nuHuuax cfwo. ·BitnHo, 'ITO 

OCIIOBHOH BKna,n BHOCHT Manble· OTpUUaTenbHhle 3Ha'leHUH Z.- Puc. 10: To JKe, 'ITO Ha 

puc. 9, Ho .nna f3 = 0.8. Bll.llHo, 'ITO pa,nuanhHhlii noTOK :mepruu pacnpe.neneH Ha 6onh­
rneM UHTepBane z. 
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P=0.6 
p= 10 

oJ I. 
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Puc. 11: To JKe, 'ITO na puc. 9, 110 .nna f3 = 0.6. Bn.n11o, 'ITO pacnpe.neneHue pa.nnanhHoro 

IIOTOKa ::mepruu IIpOCTHpaeTCH !Ia 6onhllleM HIITepsane Z II HMeeT MaKCIIMYM B o6JiaCTH 

z = -100. 
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P,=o.s 
P=0.4 
p= 10 

-600 

z 
-400 -200 0 

Pile. 12: To JKe; 'ITO na pile. 9, 110 .una f3 = 0.4. Bn.iiHo, 'ITo pacnpe.nenelliie paJUiaJihHoro 

noToKa :mepriiii npocTnpae~ca eme Ha 6onhllleM HHTepsane z, 'IeM 11a puc. II n IIMeeT 

MaKCHMYM B OOJiaCTU Z = ~300 .. 
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Pnc. 13: ToHKall cTpJKTypa pa.una.nhHoro noToKa 3Heprnn, H3o6pa*eHHoro Ha puc. 12. 

3,-~--.-~--.-~--.-~~-.--~-.--~~ 

Puc. 14: llpu cKopocTH 3aplijj(eHHoii qacTHnbl /3, qyTh Meiihineii cKopocTH caeTa B aa­

KyyMe H 'IJTh 60JihiiieH KpHTU'IeCKOH CKOpOCTll f3c, pacnpe,UeJieHHe pa,Ulla.JihHOro ITOTOKa 

3Heprun Ha ITOBepXHOCTH nHJIHH.Upa Cp UMeeT pe3KHH MaKCHMJM B TOM MeCTe , r.ue B 

OTCJTCTBHe .UHCnepCHH CHHrJJillpHbill qepeHKOBCKHH KOHJC nepeKaeT C p· 
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Pnc. ,15: llpn CKOpOCTH 3aplllKeHH?H '!aCTHnhi /3, 'IJTh MeHbllieii: CKOpOCTH CBeTa B ae{ne­

CTBe ( = f3c), Koropax, B caoiO oqepe.zu,, 'IJTh MeHhrne cKopocTn·caeTa B BaKJyMe,' pacnpe­

.nenenne pa.D;Ha.JihHOro ITOTOKa 3Heprllll pacniJ:biBaeTCll' B,ll;OJih OCH .ziBHjj(eHHll 3apgjj(eHHOH 

qacTHnbl. n pH 3TOM aMITJIHTy.na B MaKCHMyMe H3JIJ'leHHli Ha 'Tpll nopwa MeHbrne; qeM: 

Ha pHC. 14., 3TOT cpaKT HM'eeT'OTHOllieHne K 3KCITepHMe'HTaM, oOCJjj(,ll;aeMbiM B i:J:ocne,niiee 

BpeMll B cpH3H'leCKOH JIHTepaTyJ:!e ([20-22)). !' ;' .. 
•• ~ •l 
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