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HNPEAUCIIOBUE

VYyeOHUK SIBJSIETCS BTOPOWM KHUTOH CepuUU «YHMBEPCUTETCKUI Kypc o01Ien (hu-
3UKW» U TIpeHa3HauYeH JIJisl CTYAEHTOB (PM3UYECKHUX CIelaibHOCTel By30B. OH co-
OTBETCTBYET HOBBIM ITpOrpaMMam, pa3paboTaHHbIM Ha (pr3ndyeckom dakyasrete MI'Y
um. M. B.JlomoHOCOBa, 1 OTpaxkaeT COBpeMEHHbIe TEHACHILIMU U TEXHOJIOTUM (PU3U-
yecKoro oopa3oBaHusl.

VY4eOHUK COCTOUT U3 25 TemMaTUYeCcKUX JieKIuii. Kaxnas gexiysi Conep>Kut Mate-
puan kak repBoro (6a30BOro) ypoBHsSI, TaK U BTOpPOro (MpOABUMHYTOI'O) YPOBHS,
OTpaXkaloluii JOCTUXXKEHUS COBPEMEHHOM OMTUKU.

M3znoxeHue Matepuana rnepBOro ypoBHs HAUMHAaeTCs, Kak MPaBUJIO, C O3HAKOM-
JICHUSI ¢ 3KCHEpUMEHTAIbHBIMU (paKTaMu, KOTOpble 3aTeM 00O0O0IlaloTCs B BUIE
(u3MYeCKUX 3aKOHOB U COOTHOIIEHW. [1J1st Gosiee TIyOOKOTro MOHUMAaHUSI BO3MOX-
HOCTEl ONTUYECKUX METOJIOB UCCIEIOBAHUS U MX MHOTOYMCIEHHBIX MPAKTUYECKUX
MPWIOXKEHU MPUBOAUTCS OOIBIIOE UMCIO KOJIUYECTBEHHBIX OLIEHOK XapaKTepUCTUK
(CTIeKTpaJibHbIX, DHEPreTUUYECKUX, CTATUCTUUYECKUX W JpP.) U3TYYEHUS Pa3TIUUHbBIX
CBETOBBIX MCTOUHWKOB M OMNTUUYECKUX BJIEMEHTOB (JIMH3, TMPU3M, PEIIETOK,
MHOTOCJIOMHBIX TUAJIEKTPUUYECKUX 3epKaj, a0COPOLIMOHHBIX CBETO(PUIBTPOB U TIp.),
ONTUYECKUX MPUOOPOB U NMPUEMHUKOB CBETA.

ITpu onucaHuM ONTUYECKUX CBOMCTB Ccpejl TakKe MpUBeAeHbl MHOTOUHCIIEHHBIE
KOJIMYECTBEHHbIE TTApaMETPhl U XapaKTEPUCTUKW: YACTOThI U3JIyYeHUSI U MOTJIOoLIe-
HUsI, YaCTOTHbIE 3aBUCUMOCTU MOKa3aTelisl TIpeJIOMJEHUSI U CUJIbl OCLIMJUISITOPOB,
aucriepcust ¢a3oBO U IPYIIOBOKM CKOPOCTU, KOIMOUILIMEHTHI MOTJIOIIEHUS U pac-
CesTHUsI, TIJIa3MEeHHbIE JJIMHBI BOJTH, KOHCTAHThI JUIs1 OTITUYECKON aKTUBHOCTH, BJIeK-
TPOOIITUYECKOTO U Kepp-3ddeKra, BpeMeHa pejakcaluu, JUHEeHHbIe U HeJIuHel-
HO-ONTUYECKHUE BOCIIPUNMYUBOCTU U TIP.

Martepuan BTOPOro YPOBHSI OTpaXaeT COBPEMEHHble HayYHbIe JOCTUXKEHMS
U1 3HAKOMUT YUTaATEJIsl C BBICOKOTEXHOJOTUYHBIMU ONTUUYECKUMU METOAAMM UCCie-
JoBaHMI. B yacTHOCTU, U3JI0XKEHO COBPEMEHHOE COCTOSTHUE MPODJIEM MO OCYIIECTB-
JICHUIO JIa3epHOTO TEPMOSIIEPHOTO CUHTE3a, OOHAPYKEHUIO TPAaBUTALIMOHHBIX BOJIH
C MCIOJIb30BaHUEM MHTep(hEepOMETPUUYECKHUX METOAOB, MTOCTHXKEHUSI CBEPXHU3KUX
TeMIlepaTyp Ha OCHOBE JIa3epHOI0 OXJIaXAEHMSs, CO3AAHUIO Cpell C OTPULIATETbHBIM
rokasarejieM TpeJoMJIeHUs, 00CYXIatoTcsl MpeaebHble BO3MOXHOCTU TOJTYyYEHUs
CBEPXCUJIBHBIX CBETOBBIX IMOJIEN WU MPUHUMITMAILHO HOBBIE OMTUYECKUE SIBICHMSI,
MPOTEeKaIINe B TAKUX TMOJISIX.

B cBsIzu ¢ HOBEUIIMMU JOCTHXXKEHUSIMU B O0JIaCTM TeHepalliu CBEPXKOPOTKUX
CBETOBBIX UMITYJIbCOB 1 IIMPOKOTO UX MPUMEHEHUsI Ha MPAKTUKe B KHUTE YIEJSIeTCS
BHMMaHWE METO/aM T'eHepallii CBETOBBIX MMITYJILCOB, KOMIIPECCUU U M3MEPEHUIO
JUTATEIbBHOCTEN CBEPXKOPOTKUX MMITYJIHCOB.

Kpowme Toro, mytem o06001eHMs qrdpakiinoHHoro nHTerpana ®penens — Kupx-
roda AJisi UMITYJIbCHOTO U3JTyYeHUs MoJlydeH OoJsiee TpoCcToi (YeM UCXOAHbIN) Aud-
PaKIMOHHBIM MHTETpaj, OMUCHIBAIOLIMK IU(MPaKIIMIO CBeTa C MTPOM3BOJbHBIM Yac-

3



TOTHBIM crieKTpoM. [IpowimocTpupoBaHbl MPUHLMITHAIBHBIE OTAWYUS HECTallUO-
HapHO# MHTepdepeHIUN U AUPPAKIIMA KOPOTKUX CBETOBBIX UMITYJIbCOB OT aHAJIO-
TMYHBIX SIBJIEHUI B CTydyae MOHOXPOMATUUECKOTO U3JTyYEHMSI.

IlIupokoe ucroab30BaHNE BOJOKOHHO-ONTUYECKUX JIMHUHI CBSI3U CTUMYJIUPOBA-
JIO 0OCYXAeHWE BOIPOCOB IMCIIEPCUOHHOTO PACIUIbIBAHUS MUMITYJIBCOB, MEXaHU3-
MOB dopMupoBaHUs (Ha30BO-MOAYJIUPOBAHHBIX (UYMPHUPOBAHHBIX) MMITYJILCOB
1 BO3MOXKHOCTElN pacpoCTpaHEeHUsT ONTUYECKUX COJTUTOHOB B OMHOMOIOBBIX BOJIO-
KOHHBIX CBETOBOJIAX.

JIMTeIbHBIN OMBIT MperogaBaHus o0IIero Kypca (Gu3MKu MOKa3bIBaeT, YTO CTY-
JIEHTBHI MPEANOYUTAIOT UMETh YUeOHMK, B KOTOPOM B TOJIHON Mepe OCBEIlEeHBI BCE
obcyxxaaeMble pobeMbl. CCbUIKM HA MOHOTpaU U OpUTUHAJIBHBIC HAYyYHBIE CTa-
TbU Mai03(GEeKTUBHBL: CTYAEHThI UX, KaK MPaBWIo, He YuTaloT. IToaToMy yuyeOHUK
COMEPKUT TOCTATOUHO OOJIBIIIOE KOJIMYECTBO MaTepualia, 3aMMCTBOBAHHOTIO 13 TTOC-
JIEMHUX Hay4YHbIX MyOJMKaIWii, mepepaboTaHHOTO U aAallTUPOBAHHOIO K MOTPEOHO-
CTSIM M3JIaraeMoro Kypca.

Jlexuuu crpynmnupoBaHbl B 10 pa3nesioB: 3JeKTpOMarHuTHas TeOpHUsl cBeTa (JeK-
uuu 1, 2); nsznydyeHue ceta (Jiekuuu 3—7); uHTepdepeHuus (mexuuu 8§ — 10);
audpakuus (mekuuu 11— 14); qucnepcus (Jrekumu 15, 16); onTuyeckue sIBJIEHUS
Ha rpaHulle pasiena cpel, TeoMeTprudeckas ontuka (Jiekuuu 17, 18); BoaHBI B aHU30-
TpomnHbIX cpenax (nexkuuu 19, 20); paccesHue cBeta (Jiekuumu 21, 22); HeJIMHEHHO-
OINTUYECKHUe SBlIeHUs (Jekuuu 23, 24); MpueMHUKU cBeTa (JieKuus 25).

KHura unntoctpupoBaHa, Hapsay ¢ YepHO-0eIbIMU, LIBETHBIMU (poTorpadpusiMmu
U PUCYHKAMU, CIIOCOOCTBYIOIIMMU OoJjiee HAIJISIIHOMY BOCIIPMSTHIO ONTHYECKUX
SIBJIECHUI B cllydyae KBa3MMOHOXPOMATUYECKMX M TMOJUXPOMATHUECKMX MCTOUHUKOB
cBeta. IlpuBeaeHbl TakxKe pe3yabTaThl BHIIOJIHEHHOrO Ha Kadeape oolueit ¢pu3nku
duznueckoro ¢axkynsrera MI'Y um. M. B. JIoMoHOCOBa KOMITBIOTEPHOIO MOAEIUPO-
BaHUs MHTePPEPEHIINM CBETa C Pa3IMUHBIMU CIIEKTPAIbHBIMU XapaKTepUCTUKAMMU,
IIPOCTPAHCTBEHHON (pMIIbTpaLIMM IIpU HAOIIOAEHUU (Pa30BbIX OOBEKTOB U JIp.

C m1yOoKoO# TPU3HATETLHOCTHIO aBTOP OTMEYAET MOANEePKKY MHOTMX KOJUIEeT IIpU
paboTe Haa PYKOMHUChIO YUeOHMKA, MPEIOCTABUBIIMX PSIi MHTEPECHBIX MILTIOCTpA-
TUBHBIX MaTepUaiOB U OKa3aBILUX [MOMOIIb MPU MOATOTOBKE pykonucu. Potorpa-
¢uu nasepHBIX CUCTEM, MCIIOJb3yeMbIX B Yy4eOHOM IIpoliecce Ha Kadeape oOleit
(GU3MKU U BOJHOBBIX ITpolieccoB ¢u3ndeckoro ¢axynbprera MI'Y, BEHITIOTHEHBI 3a-
BEeAYIOIIUM IpakKTUKyMoM Kadenpsl noueHToM M. B. '0JOBHUHBIM 1 IIpeaCTaBIeHbI
¢ paspelleHus 3aBeayloliero kageapoit mpodeccopa B.A. Makaposa; ¢ororpadust
BKCMEepUMEHTA 110 TeHepallMy CyNepKOHTUHYyMa B MUKPOCTPYKTYPMPOBAHHOM BO-
JIOKOHHOM CBETOBO/IE, OCYIIECTBIEHHOTO Ha TOM Xe Kadeape B 1adboparopuu GoTo-
HUKHU U HEeJIMHEIHOM CIIeKTPOCKOIIMHU, IIpeaocTaBieHa mmpogeccopoMm A. M. 2Kentu-
KOBBIM; 3KCIIEPUMEHTHI 10 AudpaKLMu cBeToBOro mmyyka He-Ne-mazepa Ha aKkycTu-
YeCKOU BOJTHE B IapaTeJITypUTe BBIMOJHEHBI B TaOOpaTOPUM aKyCTOOINTUKU Kade -
pbl GU3MKKM KojebaHuil usndeckoro ¢akynbrera MI'Y; nebaerpamma mipu aud-
paKlLMU PEHTTEHOBCKOTO M3YyYeHUs B TTOPOIIKE TUTaHA TMoJyyeHa Ha Kadenpe du-
3UKM TBEpAOro Teja (uzmuyeckoro ¢axkyiaprera MI'Y crapiium mnpenomaBaTeieM
N.B.TeneruHoit; GyHKIMS aBTOKOPPEISIUM MHTEHCUBHOCTU PACCESIHHOIO CBeTa
B BOJIE C MOJUCTUPOJIOBLIMU IIIApMKAMU 3allicaHa W MccleaoBaHa B J1abopaTopyum
CIIEKTPOCKOIMU MOJIEKYJISIPHOTO paccesiHUs cBeTa Kadeapbl (GM3UMKU MOJIUMEPOB
U KpUcTalioB pusnueckoro ¢axkynbrera MI'Y; doToHHbBII KpucTtas, ¢pororpadus
KOTOpOro IpuBeAcHa B pasaene «PaccesHue cBeTa», ObUI M3rOTOBJIEH B JaboparTo-
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puu ¢akynbreTa HayK o Matepuanax MI'Y aciupantom A. C. CHHMLKNM; pe3yJibTa-
Thl KOMITBIOTEPHOIO MOICIUPOBAHMSI U psif LBETHBIX (hoTtorpacduii mHTEpdepor-
pamMMm, IUPaKIMOHHBIX KapTUH, ABYJIy4YeNpeIoMJIEHUSI U APYTUX SIBICHUIA,
JIEMOHCTPUPYEMBIX B JIEKIIMOHHOM 3KCIEPUMEHTE, MOATOTOBJIEHbI CTApIIMM Ipe-
nmojaBarteneM Kadenpbl obuieit dusukm dpusmvyeckoro dakyinbrera MIY
A.B.CenuBepcToBbIM, B 3TOil paboTe MpUHSUIM ydyacThe cTydeHThl WM.A.Taxyp,
C.C.Ilonesuu n A. . lllanarux; ¢pororpacduu 3axoasiuero CoJiHLIA cAeNaHbl CTap-
IIAM TIperogaBaTesieM Kadenpsl obuieit ¢pusuku 0. A. KokirapoBsiM; ororpadumn
TeryioBu3opa u Tepmokapra npenoctaBieHbl OAO «[1EPTAM-MHXUHUPUHT».

ABTOp BBIpaXaeT 0JIaromapHOCTb COTpYAHUKAM (puzndyeckoro daxkynbreta MI'Y
cTaplieMy HaydHoOMY cOoTpynHUKY A.W.AxumoBy, npodeccopy B.HW.banakiuuio,
npogeccopy B.M.Topauenko, npodeccopy B.C.JHenpoBckoMy, mpodeccopy
A.B.Ko3zaprio, gouenty T. B.JlanTuHCcKOI, TOKTOpY (PM3UKO-MaTeMaTUYECKUX HayK
B. B.JIe6enenoii, npodeccopy A. H.Ilenuny, npodeccopy A.Il. CyxopyKoBy, Tpo-
deccopy D. 4. Xanunm 3a MIogOTBOPHBIE KOHCYJIBTALIUU TI0 BOIIPOCAM, BXOISIIIUM
B 00J1aCTh UX IpoGeCCUOHATBLHBIX MHTEPECOB, a TakKe KoyuieraM A. B. I'puropbeBy,
N.B. Edbumony, H.T'. ¥YBaposy u II. B. fIKyHuHY 3a 0OJIbIIIYIO IIOMOILbL B IOATOTOBKE
PYKOITMCHU K U3AAHUIO.

MckpeHHI010 NMTpU3HATEILHOCTD aBTOP BhIpaxkaeT Kotere, foueHTy A. C. XKykapeBy
3a BHUMAaTEJIbHOE TTPOUYTeHUE PYKOIMCH 1 TT0JIe3HbIe 3aMeuaHusl. Takske aBTop Osaro-
JApUT KOJIJIEKTUB Kadeapbl o01eil puznky KocTpoMcKoro rocyqapcTBeHHOTO YHUBEP-
cuteta uM. H. A.HekpacoBa u ee 3aBenytoliero rpodeccopa I1. H. benkuna, mpogec-
copa MOCKOBCKOI0 negarorndyeckoro rocyaapcrBeHHoro yuusepcuteta A. H. MaH-
CypoOBa, B3SBIIMX Ha Ce0s TPyl PELUEH3MPOBAHUS PYKOINMCU U JABIIUX IOJIE3HbIC
COBETHI MO CONEPKAHUIO KHUTU M METOIMKE M3JIOXKEHUS OTAEJbHBIX BOIIPOCOB.



PA3OEI 1
BJIEKTPOMATHUTHAA TEOPUA CBETA

JEKITUA 1

CBeT — 3JIeKTPOMArHMTHBIE BOJHbI. ONTUKA (OT Iped. ONTIKN — YYSHUE O 3pU-
TeJbHBIX BOCTIPMSATHSIX) — HayKa, M3ydalollas MPUPOAY ONTHUYECKOTO M3IY4eHUs
(cBeTa), ero pacrpocTpaHeHUe 1 B3aMMOAEICTBHE ¢ BelllecTBOM. Borpoc o mpupone
CBeTa BO3HUK €ellle B IpeBHUE BeKa, KOTIa aHTUYHBIE MBICIUTEIN MBITATMCH TTOHSTh
CYLIHOCTh ONITUYECKUX SIBIeHUI. YeoBeuecTBY NOHAA00MIOCh Oojiee ABYX ThICSUe-
JIETUI, YTOOBI YCTAHOBUTH JIEKTPOMATHUTHYIO MPUPOIY CBETOBBIX BOJIH.

Ceityac HEOCTTIOPMMO YTBEPXKIEHME, YTO ONTUYECKOE M3TYyYeHUE TPEACTaABISIET
co0oi1 2JIeKTpOMarHUTHbIE BOJHEL. I103TOMY ONTHKA SIBISIETCSI YACThIO OOIIEro yue-
HUS 00 BJIEKTPOMATHUTHOM TIOJIE.

OnTHYecKuii AMANa30H JJIMH BOJH. DJIEKTPOMarHUTHbIE BOJHBI U3JTy4aloTCsl aTo-
MaMH, MOJEKYJaMH, 3JeMEHTapHbIMU YacTULAMW M KOHIEHCHUPOBAHHBLIM Bellle-
CTBOM M OXBaTbhIBAIOT OIPOMHBIN AWAIa30H JUIMH BOJIH (MJIM YacTOT): OT PairoOBOJH
Jo TamMma-ydeit (puc. 1.1 1B. BKIL).

K ontuyeckuM BojiHaM ¢ OOJIBIION CTENEHBIO YCIOBHOCTU OTHOCST OoJiee Y3KUA
IUara3oH: OT MUKPOBOAHOB020 PACUOU3AYYEeHUs IO PeHMeeHO8CK020 usayyenus. Takoe
OrpaHUYEeHHE OIpPenessieTCs] OOIIHOCTBIO METOOB U CPEACTB, UCIIONb3YEMbIX B OIl-
TUYECKOM AHWara3zoHe. DTa OOIIHOCTh TpeXIe BCero Ga3upyercs Ha BOZMOXHOCTH
CO3MIaHUST HANPABACHHbIX NYYKO8 INeKMPOMACHUMHBIX 604H, C TIOMOIIBIO KOTOPBIX
MOXHO (pOpMUPOBATh N300paKEHUE.

Hanee OymeT moka3zaHo, YTO IIy4OK 2JIEKTPOMAarHUTHBIX BOJIH BCIEACTBUE AU(PpPaK-
LIMU PACIIPOCTPAHSIETCS C YIJIOBOM pacXoauMOCThio O ~ A/d <« 1 (A — JIMHA BOJIHBI;
d — nonepeyHbIi pa3Mep Iydka). CoBpeMeHHbIE TEXHOJIOTUH TTO3BOJISIOT (hOPMUPO-
BaTh OCTPOHANpPABJIEHHbIE IyYKU BOJH B AnanasoHe aiuH BosH 0,1 A < A < 1 mM,
MO3TOMY 3TOT AMAIMAa30H U OTHOCSIT K ONTUYECKOMY.

BunuMmast rmazom ob6nacTth criekTpa upe3BblyaiiHo y3ka (400 HM < A < 700 HM).
ITpu4uHBI 3TO# Y30CTM MOTYT OBITb OOBSICHEHBI JIUIIb C UCIIOJIb30BaHUEM KBAHTO-
BOTO TIpeACTaBlieH!s o TIpupozae cBeta. BonHbl mmnHamu 700 HM < A < 1 MM OTHOCST
K uHppakpacHomy (MK) mmnamasoHy, a BojaHbl miuHaMu 10 HM < A < 400 HM —
K ynbrpaduoneropomy (YP) nuamnaszony. boiee KopoTKue BOJIHbI TPUHAMJIEKAT PEHT-
T€HOBCKOMY IMAaIa3oHy.

BaxxHO OTMETHTD, UTO OOJIBIIOE YMCIO ONTUUYECKUX 3a1ady MOXET ObITbh PELIEHO
KaK C HMCIOJIb30BAHUEM 3JIEKTPOMArHUTHOTO (KJIACCUYECKOro), TaK U KBaHTOBOTO
MpeAcTaBlIeHus 0 mpupoae cBeta. KBaHTOBOe MpeACTaBIeHUE «MUPHO YXKMUBAeTCS»
C KJIACCMYECKUM, M 3TO TPAKTYeTCsS KaK KOPITYCKYJISIPHO-BOJHOBOM IyaJIu3M.

BMecte ¢ TeM B psde 3amay, OTHOCSIILIMXCSI TPEXKAe BCEro K M3MYYEHUIO CBETa
1 €ro B3aMMOIEHCTBUIO C BEIIECTBOM, €AMHCTBEHHO BO3MOXKHBIM SIBJISIETCS JIMIIIb
KBaAaHTOBOE IIpeJcTaBJeHME, IMO3BOJIAMOIIEe CBI3aTh MAaKPOCKOMUYECKUE
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XapaKTepUCTUKU ONTUYECKMX MPOLIECCOB CO CTPOSHUEM BEIIECTBA U AaTh aleKBaTHOE
OIMKMCAHUE 3TUX ITPOIIECCOB.

Ypapnenus Makcaellia. DJIeKTpPOMAarHUTHasl TEOpUsI CBeTa Ga3upyeTcsl Ha ypaB-
HeHussx Makcsesa:

oD
tH=—+j; 1.1
1o >t (L.1)
oB
tE = -——; 1.2
ro o (1.2)
divD = p; (1.3)
divB =0, (1.4)

rae E u D — HanpsokeHHOCTh M MHIAYKLMS 2jieKTpudeckoro mojiss; H u B — Hanps-
JKEHHOCTb Y MHAYKIWS MarHUTHOTO TIOJIST; p — OObeMHasl IJIOTHOCTh 3apsiaa; j —
IJIOTHOCTh TOKa. B cumily 3aKoHa CoXpaHEHMS 3apsiia p U j CBSI3aHbl YpaBHEHHUEM
HETNPEePHIBHOCTHU:

%mm:o, (1.5)

KOTOpOE MMeeT TaKoil Xe BUI, YTO U ypaBHEHHE HEPa3pPbIBHOCTHU IS CXKUMaeMOoM
JKMIKOCTH, OIMCHIBAIOIIEee 3aKOH COXpPaHEHUS MacChl.

3aganumcs BorpocoM: «I1o3BoISIIOT M ypaBHEHUsT MaKcBella OMTHO3HAYHO pac-
CUYUTATh BJIEKTPOMarHuTHoOe mnojie?» PopMaTbHO HAM HEOOXOIUMO OTPEAEIUTD TISITh
BekTOopHbIX BesinunH: E, D, H, B, j, 1 onHY cKajisipHY10 BenuuHy p. [ToguepkHem,
YTO peuyb MAET O TOKAaX U 3apsiiax B cpele, KOTOphbie HOKHBI ObITh COIJIaCOBaHBI
C 2JIKTPOMAarHMTHBIM ToJieM. MIX He cienyeT myTaTh ¢ 3aAaHHBIMU pacipeaeieHUsIMU
p.(x,¥,2,t) nj,(x,y,27,¢), ONUCHIBAIOIIIMMU UCTOUHUKM 3JEKTPOMATHUTHBIX BOJIH.

7151 5TOro HeOOXOMUMO UMETH MSATh BEKTOPHBIX YpaBHEHUI U OMHO CKaJIIpHOE, a
ypaBHeHus (1.1) — (1.5) mpeacTaBisiroT cOOOI JINILbL 1Ba BEKTOPHBIX M TPU CKAISIPHBIX
ypaBHeHUs1. bornee Toro, ypaBHeHus (1.3) u (1.1) cBI3aHBI MeX1y COOOI, MOCKOIBKY
UMEIOT OJMHAaKOBBIe AUpdepeHInaTbHbIe CASACTBUSA. B 9TOM MOXHO yOemuThCs,
nmpuMeHusB orepanuio div Kk odeuM yactsaMm (1.1), 1 3ateM ucrnonb3osats (1.5). Torna

MOJyYuM ypaBHeHUe (auddepeHIInaqbHOe CIeICTBHE) a(divD—p) =(, kotopoe

TaK>XKe MOXHO MONy4YuTh IUddepeHIpoBaHreM 110 BpeMeHu ypaBHeHus (1.3).
AHaJIOTUYHO MOXHO IMoKa3ath, 4To (1.4) cBs3aHo ¢ (1.2). [IpuMeHUB onepaLuio
div x ypaBHeHU10 (1.2), MOXHO BBIBeCTM BTOpOe IuddepeHIMaTbHOE CleICTBIE,
KOTOpOe mosydaeTcs U auddepeHlInpoBaHreM T10 BpeMeHU ypaBHeHus (1.4).
MarepuajbHbie ypaBHeHHS cpeabl. Tpu HemocTalolllle BEKTOPHBIE YpaBHEHMUS
YCTaHABJIMBAIOT CBSI3b MEXIY BEKTOpPaMU M Ha3bIBAIOTCS MaTepUAJIbHBIMU YpaBHE-
HUSIMU cpenbl. B o0111eM Bue OHUM 3alMChIBAIOTCS B BUAE U3BECTHBIX (DYHKIIWIA:

D =D(E); B=BMH); j=jE). (1.6)

Bun atix yHKIIMI 3aBUCUT OT CBOMCTB MaTepualbHOU Cpelibl, B KOTOPOI pac-
MPOCTPAHSIETCS BOJIHA, U MOXET ObITh BeCbMa pa3HOOOpPa3€H, a MHOTAA U AOCTATO-
YyHO cjoxeH. Hanmpumep, B ogHoOI cutyaumnu 3HaueHus1 BeKTopoB D, B 1 j B Kakoii-
JIMOO TOYKE I TPOCTPAHCTBA U MOMEHT BPEMEHM ! MOTYT 3aBUCETh OT 3HAUYEHUI
BekTOopoB E 1 H B 3TOT k€ MOMEHT BpeMeHM, HO B APYIMX TOYKaX MPOCTPAHCTRBA.
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Takas cuTyalus peaau3yeTcsl B Cpelie ¢ IPOCTPAaHCTBEHHOM CTPYKTYypOi M XapaKTe-
pu3syeTcsl Kak IpOsIBIEHUE npocmpancmeeHHol duchepcuu cpedol. CylIECTBYET U
epemennas (vacmomuas) nucrnepcus, korna D, B u j onpenensiorcs 3HayueHus MU E
u H B Toit XXe Touke MPOCTpaHCTBA, HO B MPEIIIECTBYIOIINE MOMEHTHI BPEMEHH.
B aToM ciydae cpena oGiamaeT «maMsITblO» Ha BO3AeiCTBUA. SBjleHUE 4aCTOTHO
IUCTIEPCUN M3YYalOT B CPelHEl IIKOJIE U OMUCHIBAIOT (DEHOMEHOJOTUYECKN B BUIE
3aBUCUMOCTH TTOKa3aTessl TPeOMIICHUS Cpeabl OT YaCTOThl (WJIM IUTMHBI BOJHBI).

Kpome Toro, B 0b111eM citydae CBSI3b MEXIY BEKTOpaMHM B MaTepHaIbHbIX ypaBHe-
HUSIX SIBJISIETCSl HeNTMHeitHOM. [10aToMy 9TH ypaBHEHMSI MPEACTaBIISIOT B BUAE PasJio-
JKEeHUS B psil Mo crereHs M E (mnm H) u aHaIM3UpyIoT BIUSIHUE KaXKIOTO U3 YJISHOB
pasJIoKeHMs Ha XapaKTep paclpOoCTpaHEHUsI BOJIHBI B cpelie. B 3aKmounTeTbHOM YacTh
Kypca OyIyT pacCMOTPEeHbI HEKOTOPbIE HETMHEITHbIE ONTUYeCKUe SIBIeHUS (CM. pasa. 9).

B nmaHHOI JeKIIMK MpoaHATM3UPYEM paclpoOCTpaHEHUE 3JIeKTPOMAarHUTHBIX BOJIH
B BaKyyMe M PaCCMOTPHUM OCHOBHBIE MOJEIN BOJH, U3Ty4aeMbIX pealbHbBIMU HCTO-
yHuKamu cBeTa. s Bakyyma (j =0, p = 0) MaTtepuaabHble ypaBHEHUST TPUHUMAIOT
MPOCTEUILINIA BUI:

rae € = 8,85 1072 d/M, py = 4n- 107 TH/M — 2eKTpUYECKas U MarHUTHAsl TOCTO-
ssHHble B CU.

BousiHoBoe ypaBHeHme. BO3MOXHOCTbh pacnpoCTpaHEHMsI BOJH B BaKyyMe JIETKO
JIOKa3bIBaeTCS BBIBOJOM BOJIHOBOTO YpaBHEHMS KakK i BekTopa E, Tak m mis Bek-
topa H. ITpumeHuMm orepaiiyio rot K o6erm yactsiM ypaBHeHus (1.2) 1 yuTeM ToX-
JIECTBO JUTS TIPOM3BOJILHOTO BeKTopa A: rot rot A = grad div A — AA. Torma MoxeM 3a-
caTh

rotrotE = graddivE — AE = —1 rota—H.
ot (1.8)

M3menum B mpaBoit yactu (1.8) mopsinok nuddepeHIIMpoBaHUsI TI0 BpEMEHU
oE

u koopauHatam. Hakonel, yutem, uro cornacHo (1.1) rotH =g TR a ypaBHeHUe

(1.3) moxxHo 3anucath Kak g, div E = 0. B utore ypaBHeHue (1.8) cBenercst K BUILy

’E 1

. (1.9)

BOTO U3BECTHOE 60.4HOB0€ ypaeHeHue, nogoOHoe YPaBHCHUIO, OITMCBLIBAIOIICMY
B MEXaHUKE pacClpoOCTPpaHCHUEC aKYCTUYCCKUX BOJIH. CKOpOCTI) SHGKTDOMaFHHTHOﬁ
BOJIHBI OMMPEACIACTCA MOCTOAHHBIMU €, U Uy 1 PaBHA, M/C,

1
. ~3.10%
[eolto (1.10)
AHaJoTMYHOE BOJIHOBOE YpaBHEHUE MOXHO MOJy4YuTh U AJisi BekTopa H npu uc-
MOJIb30BAaHUM PYTON Mapbl ypaBHeHU MakcBeJia.
Ecnu 3anucarb 00a BEKTOPHBIX BOJHOBBIX ypaBHEHHUS B CKaJIIPHOM BUJE,
TO MOJIyYUM IIECTh OJMHAKOBBIX BOJHOBBIX YPaBHEHUI BUA

22f
Tl (1.11)

C =



rae non f moapasymeBaeTcs Jio0as U3 LIeCTH KommoHeHt E,, E, E, H,, H, H,

3JIEKTpOMarHuTHOro mnoss. [ToaToMmy nanee paccCMOTpUM BaxkKHEMIIIME MOJEIU CKa-

JISIPHBIX BOJIH, OTTUChIBAEMbIX (DYHKIIUEH f, Ha3bIBAEMOW YPAGHEHUEM BOAHDL.
Cdepuueckue BoJHbI. [TycTh (pyHKIIMS f3aBUCUT JIUILB OT C(PeprUUIECKOi KOOPAU-

Hathl 7 = /x2 + y? + z? | torma f(x,y,2) = f(r,t). TloncraBum 3Ty (PYHKLMIO
B (1.11). ITpu BeluMcaeHUHU JariacuaHa B npaBoi yactu (1.11) yurem, 4to

9 _dodr xo. a(xi)_la x(xa2 xaj

ax orox ror ax? oax\rar) ror rlror rlor

ITostomy ypaBHeHue (1.11) MoxeT OBITh 3alMCaHO CJEIYIOLIMM 00pa3oMm:

0’ 1 92
aT{zcz;a?(rf). (112)

Ecau BBecTH HOBYIO (DYHKIMIO ¥ = Ff, TO JJII Hee BOJIHOBOE ypaBHeHuUe OyaeT
UMETb BU

2 2
OV _ 29y
or2 or?
Penrenue 3Toro BO;THOBOTO YpaBHCHUA NMPEACTABIIACT coboit CYIIEPIIO3NTINUIO BOJI-
HOBBIX BO3MYILEHUMN, IBMXYILIUXCS HABCTPEUY APYT APYTY,

(1.13)

wr,f) = v, (t—£)+\|lz(t+£), (1.14)

Iae y; U y, — MPOU3BOJIbHBIE QDYHKIIMH.
OKOHYaTeNIbHO ypaBHEHHUE chepruecKoli BOJTHBI TPUMET BUI

n(t-) wlrf]
frn=— ¢ </ (1.15)

+
r

IlepBoe cnaraeMoe B mpaBoil yactu (1.15) mpencrasisier coboii chepuuecKyro
BOJIHY, PacXOASIIYIOCS OT Havyaja KOOPJAMHAT, a BTOPOE — CXOJSIIYIOCS K Havaly
KOOpIWHAT.

BaxxHO OTMETUTD, UTO y pacXonsileicss BOJHbI BO3MYIlIeHHE ocjiabeBaeT oOpart-
HO TIPOTIOPIIMOHAJIBHO TIPOMICHHOMY BOJIHOM pAcCTOSIHUIO, a Y CXOmsleiics, Ha-
000poT, HapacTaeT. ['eoMeTpruUecKoe MeCTO TOUEeK MTPOCTPAHCTBA, IIe BO3MYILIEHUE f
OJIMHAKOBO, TIPEACTAaBIsIET cO00l chepy ¢ LIEHTPOM B Hauajie KOOpAUHaT.

Ilnockue BosHBI. Ha GOJNBIIMX pacCcTOSTHUSX OT Havajla KOOpAWHAT (hparMeHT
ceprueckoit BOJHbI MOXET ObITh MPEACTaBIeH B BUIE IUIOCKOUN BOJHBI (puc. 1.1)
(qacth cepsl ammpOKCUMHUPYETCS TUIOCKOCTBIO C 3aJaHHBIM B IPOCTPAHCTBE Ha-
TIpaBJiecHNEM HOPMAaJIi K Helt).

Ecam BBecTM eIWHWYHEIN HOPMAaJbHEIN BEKTOp €,
TO (yHKIMUS f TTOCTOSIHHA Ha TUIOCKOCTM I - € = const
Y 3aBUCHUT TOJIBKO OT KOOPIWHATHI & = T - €, OTCUMTHI-
BaeMoOil BIOJIb HAIIpaBJIeHUST HOPMaJd K TUIOCKOCTH.
ITosTOoMy ypaBHEeHUE TaKOI BOJHEI JOJDKHO 3aBHCETh
OT KOOpAMHATHI U BPEMEHM CJIEAYIOLIUM 00pa3oM:

f(r,0) = fl(r-e),t]. (1.16)




Ioacrapnsag (1.16) B (1.11) u mepexonst K oqHOM KoopauHaTe & = r- e, IIPUBO-

IVM BOJIHOBOE ypaBHEHME K MPOCTEiIleMy BUILY

f _ 20

or? 9E? "

Ero pelieHue ecTh CyMepIIo3UIIUs IBYX IUIOCKUX BOJIH, IBWKYIIUXCS HaBCTPEUY
ApYyT Opyry:

(1.17)

1@n=fl1-5] e pfrsd) (119)
rae f; u f, — Npou3BOJbHbIE DYHKIINH.
BosBpaiasice ot & K paauycy-BeKTOpy, OKOHYATEIbHO MOIydaeM

£, =1, (t—%j+f2 (z+$j. (1.19)

B otninuue ot cchepuyeckoit BOJHBI BO3MYILIEHME B TJIOCKOUM BOJIHE HE U3MEHSIET-
Csl ¢ MMPOMJAEHHBIM BOJIHOW PAaCCTOSIHUEM.

OTMmeTuM, 4TO cepuyeckasi 1 IIJIOCKasi BOJHBI SIBISIIOTCS aOCTpaKklUsIMHM, TO-
CKOJIbKY He CYLIECTBYIOT B Ipupoje. BMecte ¢ TeM 3T Molelu BOJH UTPalOT OYeHb
BaXXHYIO pojb. JIeJo B TOM, UTO BOJIHBI peajbHbIX UCTOUHMKOB MOTYT OBITh Mpe.-
CTaBJIEHbI B BUJIe CyTNIEPIIO3ULIMU JINOO chepuueckux, 1o rmiockux BoiH. [Toatomy
M3yYUM CBOMCTBA 3TUX BOJIH.

CaoiicTBa m10ckux BoJH. B mockoii BoiHe BekTophl E u H 3aBucsT ot Koopau-
HAT ¥ BPEMEHU CJIeAYIOIIUM 00pa3oM:

r-e r-e

E(r,t)=E(t$—); H(r,t)=H(t$—). (1.20)
c c

YcraHoBuM cBsI3b U opueHTalno BekTopoB E n H. Beibupas mis onpeaeaeHHO-

ctu B (1.20) 3HaK «—», OymeM TeM caMbIM pacCMaTpUBATh IUIOCKYIO 3JIEKTpOMar-

HUTHYIO BOJIHY, PAaCITPOCTPaHSIIONIYIOCS BIOJIb BeKTopa e. [ToncraBuM (1.20) B nmepBbie

JIBa ypaBHeHMs1 MakcBea. J1ist ynodcra nuddepeHLIMpoBaHUs BBeIeM HOBYIO T1e-

r-e
pemeHHylo ' =t ———. Torna
c

1 oE oH
tE=-——ex—=-py,—; 1.21
o X TR (121
1 oH oE
tH=-—-ex— =¢,—. 1.22
o ¢ TRy (122)
ITpu 3anucu ypaBHeHuit (1.21) u (1.22) ucnosib30BaIMChH CAEAYIONIE BIKIAIKU:
9_29.
ot o’

o0E, JoE, OF e oE e 1| 0E oE 1 JoE
tE — z_ y — 2| _ Y ({_ Y| _ >z —__ Z _ y —__
(rot k), dy 9z ot ( ¢ j o’ ( c) c{ a o ez] c(exat’)x
W T. L
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HMuTterpupys (rmepexonast OT IPOU3BOAHBIX K caMUM (yHKLMSIM) ypaBHeHUs (1.21)
u (1.22) n orbGpachiBasi KOHCTAHTHI WHTETPHUPOBAHMSI, OMUCHIBAIOIINE BO3MOKHO
MPUCYTCTBYIOILIME CTATUUYECKHE TTOJIS, TOIydyaeM

%exE:uoH; (1.23)

—%exH:EOE. (1.24)

IMoncraBuB ciofa BeIpaxKeHue sk ckopocTH cBeta (1.10), monyyuM odeHb yno0-
HbI€ NIJI1 3aTIOMUHAHMST COOTHOILIEHUSI

Jeoe xE = Ju H; (1.25)
Juge x H = g E. (1.26)

M3 HUX cieayloT HECKOJIbKO BaxKHEHUIIIMX BRIBOAOB. B I1ockoli 6eryiieil BojaHe:

- Bektopsl E, H 1 e B3aMMHO MepreHIVKYJISIpHBI, TTO3TOMY BOJIHA SIBISETCS
MOIEPEYHOM;

* 5TU BEKTOPHI 00Pa3yloT MPaBylo TPOUKY BEKTOPOB (puc. 1.2);

* BeJIMUMHBI HAMIPSDKEHHOCTEN 2JIEKTPUUECKOTO M MATHUTHOTO MOJIel U3MEHSTIOT-
Cs1 BO BPEMEHU CMHXPOHHO, TOCTUTasl OMHOBPEMEHHO MaKCUMAaIbHBIX U MUHUMAJb-
HBIX 3HAYECHUM.

HeiictButenbHo, contacHo (1.25) wnum (1.26) BenmnunHbl E v H cBsI3aHBI COOT-

HOILICHUEM
JeoE = Juo H, (1.27)

KOTOpPOE BBIMOJIHSIETCS U U1 chepuueckoit BosiHbl. BekTopsl E u H nexar B kacaTesb-
HOI K cdepe IITOCKOCTH, MTO3TOMY chepruyueckast BOJIHA TAKXKe SIBJISIETCS MOMEePEeYHOMA.

MonoxpomMaTiieckue BoJHbl. PaHee o0cykaanach MpoCTpaHCTBEHHAsI TeOMETPUs
BosiH. Celiyac oOpaTuMcCsl K BpeMeHHOUW 3aBUCUMOCTU (GyHKuUuUu f(r,1?).
DyHIaMEHTATLHOU MOJIETBIO BOJTHEI SIBISIETCSI MOHOXpPOMAaTHYECKasi BOJTHA, ¥ KOTO-
pO¥i HaIpsIKEHHOCTU TOJIe M3MEHSIIOTCSI 10 TapMOHUYECKOMY 3aKOHY C HEKOTO-
poii kpyeoeoti wacmomoui . Torma BoipaxkeHue (1.19) mist TMIOCKOH BOJHBI MOXET
OBITb 3aMMCaHO B BUE

f(r,t):acos{c)(tirce)+(po}, (1.28)

TIe a U ¢y — amnaumyda i Ha4aivHas ¢aza KonebaHUit COOTBETCTBEHHO.
MoHoxpoMaThuecKasi BOJTHA, KaK M3BECTHO M3 Kypca MEXaHWKHU, XapaKTepHu3y-
ercst nepuodom T = 2n/w, wacmomoi v = 1/T = o/(2n), daunoti oanvt A = cT

. ®
U 804H06bIM ulcaom k = 21/A = o/c. Ecnu BBecTH 6010601 6exmop k = ke = - e, TO
(1.28) 3amuiieTcss B 4acTO ymoTpeOJsieMOM BUJIE
f(r,t)=acoslot Tk-1r+@]. (1.29)

ITogoGHBIM 00pa3oM 3amKCHIBAETCS U ypaBHEHUE CepudecKoit

MOHOXpOMaTM‘{CCKOﬁ BOJIHbI:
H

f(r,t) = %cos[wti kr +q]. (1.30) Puc. 1.2
11



Amnaumyoda cghepuueckoil 604Hbl €CTh BeInunHa A = a/r. Paza ¢ y o6erx BOJH
oIpefieNisieTCs BhIpaKeHWEM B KBafapaTHbIX ckookax (1.29) u (1.30):

¢=0rFTKk -1+ ¢, — U5 IUIOCKOW BOJIHBIL;

¢ = ot Fkr+¢, — 11 cHepuyecKoil BOJIHBI.

[ToBepxHOCTh paBHOI (pa3bl HA3BIBACTCS (PA3060U NOBEPXHOCMbIO, VA 80AHOBbIM
@pormom. HeTpyaHO ITOHATD, YTO Y BOJIHBI 32 BpeMsI df 3Ta OBEPXHOCTh CMEILACTCSI
Ha BEJIMYMHY tdF, onipeaenseMylo u3 ycioBus d¢ = wdt T kdr = 0. I1loatomy ¢hazosas
ckopocmb (CKOPOCTb IBIKEHUSI BOJHOBOTO (DpOHTA) paBHA

dr
—=—=c (1.31)
dat| k

B cpene BoaHOBOE YMCO k 3aBUCUT TakKe OT CBOMCTB cpenbl, U (ha3oBasi CKO-
pPOCTb MOXeT OBbITh KaK MEHbIIIe, TaK 1 00Jibllle CKOPOCTU CBETA.

KomniekcHas 3anuch ypaBHenusi BoHbl. Boipaxkenus (1.29) u (1.30) mMoxHO
00BEIMHUTD, €CJIM UX 3alucaTh B BUJE

S(x,y,2,1) = A(x, y,7) cos[of — ¢(x, y,2)], (1.32)

®

Tae
A(X,y,Z)Za, (P(xa)";z):ik’r_(Po nim
A(Xay,Z)Za/’”, (p(xayaz):ikr_(pO'

B onTrKe LIMPOKO MCIIONIb3YETCsI KOMIUIEKCHOE IIPECTaBIeHUE YPaBHEHNSI BOJI-
Hbl (1.32):

(1.33)

f= %[Ae"("’""’) + Ae~i@-9], (1.34)

Ecau BBecTH KomnaexcHyro amnaumyoy

A= Ae'o, (1.35)
10 (1.34) 3anuuIeTcsl B KOMILJIEKCHOM BUJIE:

f= %[ﬁefwf + A*ein], (1.36)

IJe 3HaK «*» 03HAYaeT KOMILIEKCHO-COMNPSIKEHHYIO BETUYHHY.

CseToBble mydk. Kak oTMedanoch B Havasie JIEKIIMU, B ONTUYECKOM JuaIia3oHe
MOTYT (DOPMHMPOBATHCST HATlpaBJIeHHbIE MyYKHU CBETa, KOTOPHIE PACIPOCTPAHSIIOTCS
MPENMYIIECTBEHHO BIIOJIb OTHOM KOOPAWHATHOM OCU. B rornepeyHoM ke HarpaBieHUU
aMILUIUTyaa OBICTPO CITalaeT OT CepeAuHbl ITydyka K ero nepudepuun. Takue mydku
CO3JaI0TCS TOCTaTOYHO MPOCTO C UCIOJIB30BAHUEM JIa3epOB, TEHEPUPYIOLIUX MOHO-
XpOMaTHYeCKOe U HampaBlIeHHOe u3ydyeHue. Hanpumep, ecam mydyok pacmpocTpa-
HseTcsa BOoJab oc OZ, TO ypaBHEHUE BOJHBI MOXKET OBbITh 3allCAaHO B BUJE

f(x,y,z2,t) = A(x, y,7) cos|of — kz + @y(x, ¥, 2)]. (1.37)

B 3TOM BBIpaxkeHuUM TpearioyiaraeTcsi, 4To aMmrmianTyaa A(x, y, 7) ObICTpo yObI-
BaeT B IIockocTu Oxy mpu yaajieHuM ot ocu Oz. Kpome Toro, mpenmnosaraercs,
4TO @p(X, ¥, 7) HE3HAUUTEIBHO (IO CPAaBHEHUIO C 27) U3MEHSIETCS B IIOCKOCTH
Oxy, moaToMy (ha3oBasi TOBEPXHOCTh HE3HAYUTEIbHO OTIMYAETCSI OT IIOCKOCTHU
z = const. BojiHa B BUjie HANIpaBJIEHHOTO My4yKa sSIBJISIETCSI IPUMEPOM HEOTHOPOI-
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A/4, A/4

Puc. 1.3

HOM BOJHBI, Y KOTOPOI TMOBEPXHOCTH paBHOI (a3bl MU paBHOM aMIUIMUTYOLI He
COBITaIAIOT.

BakHemmMy MomeIIMI peabHBIX CBETOBBIX ITyYKOB SIBISIIOTCS TTYYKU C Mps-
MOY20abHbIM VI 2aycco8biM PaCTIpeielleHneM aMIUTATYIH (puc. 1.3, a, 6).

Ha puc. 1.3, a amnnurtyna A mydka paBHa A, B mpeaenaax Kpyrjaoro ceueHus: paauyca
7y, KOTOPBIN HAa3BIBae€TCS pagnycoM ITydka. BHe 3TOro ceueHus BOJTHA OTCYTCTBYET.
Ha puc. 1.3, 6 ammiryaa criagaer K nepudepun 1mo 3akoHy A = A, exp(—r?/rf)
U TIPU F = I,y yMEeHBIIIaeTCs JINIIb B e = 2,7 pa3a. Pannyc r, Ha3pIBaeTCs XapaKTepHBIM
paouycom 2ayccoéa nyyka 1o YpOBHIO e~ 11 aMIUTUTYIbI.

CaeToBble UMIYJIbChl. MHOTYI€ UICTOUHUKU CBeTa (B TOM YKCJIE U OOJIbIIIOE YUCTIO
JTa3¢pPOB) M3TYYAIOT CBETOBEIE BCITHIIIKA. DTU BCIBIIIKY ISITCS OTPaHUYEHHOE Bpe-
MsI T, M TIPEICTABIISTIOT COOOM 3JIEKTPOMAarHUTHBIE UMITYJILCHI. AMITIUTYIA BOJTHEI A
1 ¢daza @, B TAaKMX UMITYJIbCaX 3aBUCAT HE TOJIHKO OT KOOPAWHAT, HO M OT BPeMEHM.
YpaBHeHWE BOJHBI TSI UMITYJILCHOTO, HO TIO-TIpEXXHEMY HAIIPaBJIEHHOTO BIOJIb OCH
Oz M3IIyd4eHnsT MOXET OBITh 3aITMCAaHO B BUIE

f(x,y,2,1) = A(x, v, Z,t— %)cos{mt —kz+ 9, (x, v, Z,t— %ﬂ (1.38)

D10 BbIpaxeHue otauvaercst ot (1.37) Tem, 4TO, BO-TEPBbIX, B A U @y BXOAUT
sIBHAs1 3aBUCUMOCTb OT BPEMEHU U, BO-BTOPbIX, U3MEHEHUE aMILUIUTYIbI U (a3bl BO
BPEMEHMU B PA3HBIX CEUCHUSIX = CONst MPOUCXOAUT C BPEMEHHOI 3aepKKOMl Af = z/c,
HEOOXOAUMOM [JIs1 MPOXOXKIECHUSI UMITYJIbCOM PAacCTOSIHUSI OZ CO CKOPOCTBIO C.

Haubonee BaxXHbIMU MOJENISIMU, KaK U IS ITYYKOB, SIBJISIIOTCSI MOJIGNIA HPAMOY204b-
HO20 VI eayccoea VIMITYJIbCOB, U300PaXKEHHbBIX, HAMpPUMEp, ISl TOUKU x = y = 72 =0
Ha puc. 1.4, a, 6. Ha puc. 1.4, a aMniuTyaa BOJHbI TOCTOSIHHA B T€YEHUE MTPOMEXKYTKA
BPEMEHU T;, PABHOTO JIUTEJbHOCTA MMMYJbca, a Ha puc. 1.4, 6 ammiutyna
u3MeHsieTcs1 1Mo 3akKoHy A = A, exp(—t2/13). [loaToMy 1, SBISIETCS XapaKTEepHOM
0AUMEAbHOCMbIO 2AYCCO8a UMNYALCA.

A/ A/ Ay

~10/2 0 10/2 t -t 0 T t

Puc. 1.4
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OtMmeTuM, 4TO XOTSI B BhIpaxeHue (1.38) u
BXOIUT (DUKCUPOBAHHAS YaCTOTa ®, UMITYJIbC-
HO€ U3JTyYyeHUe SIBISETCS KBAa3UMOHOXPOMATH -
YECKHUM, T.€. COCTOSIIIUM U3 CYMMBI OOJIBIIOTO
Yyyucjia MOHOXPOMATUMYECKUX BOJIH, YaCTOThI
KOTOpPBIX CTPYNIIMPOBaHbl BOJM3W OCHOBHOW
4YacTOThl, a IIMPUHA ITOrO AMara3oHa 4acToT
o0paTHO TPOMOPLUUOHANbHA IJIUTEIbHOCTHU

Puc. 1.5 WMITYJIbCA U 3aBUCUT OT CKOPOCTH MU3MEHEHMUS
BO BpeMeHU (da3bl @) bosiee moapoOHO peub
00 3TOM MOWJET B MOCAEAYIOIINX JEKIIMSIX.

I'pacdhmyeckas uHTEepHpeTanys MJIOCKOH BOJHBbI. [[JIs1 XOpOILlEero yCBOEHUST U3JI0-
JKEHHOTO MaTepuajia ynoOHO MpeACTaBUTh (hparMeHT IJIOCKOW BOJHBI, pacpocTpa-
HSIIOLLIEICST B TIOJIOXKUTEILHOM HarpaBieHun ocu Oz (puc. 1.5).

31ech 300pakeHOo pacripeneieHne HampsKeHHOCTe M 2JIeKTPOMArHUTHOTO TIOJIsT B
Toukax ocu Oz B GMKCUPOBAHHBIN MOMEHT BpeMeHHU. [10CKOIbKY BOJIHA TUTOCKAs, TO
TaKoe Xe pacrpeaeneHye OyaeT U Ha JII000i psIMOii, TTapajuiesibHoi ocu Oz. C Teue-
HHMEM BPEMEHHU 3Ta KapTUHA OJKHA TepeMelaTbesl BIojib ocu (J7 CO CKOPOCTHIO C.

Taxxe nokazaHo HarpaBieHUe BekTopa rot E, KoTopblii JOCTUraeT MakCUMallb-
HOTO 3HaueHHUsI, Korga HarpsbkeHHocTh £ = 0, u HaoGoport, rot E = 0 nmpu Makcu-

. oH
MaJIbHOM HampsKeHHOCTU. BekTop 5 10 OTHOIIIEHUIO K BeKTOpy rot E Bcerma Ha-
TMpaBJieH B IPOTUBOMOJIOKHYIO CTOpoHy. O0a 3TH BEKTOpa U3MEHSIOTCS] BO BPEMEHU

cuHxpoHHO. BekTopsl rot H u m BCeraa CoOHarpaBjCHBI.

IMonapusamua soansl. Ha puc. 1.5 uzobpaxena cutyaiusi, korna Bektop E ko-
Jiebnetcs BaoJb ocu Ox, a Bektop H — Bmosab ocu Oy. B 3ToM ciiydyae roBopsiT, 4To
BOJIHA SIBJISIETCST MAOCKONOAAPUOBAHHOU, VTN AUHEIIHO NOAAPU308AHHOL, A TUIOCKOCTh
TTOJISIPU3ALINH €CTh TUIOCKOCTh, B KOTOPOU JIeSKUT BeKTop E (B maHHOM citydae TiTo-
ckocTh Oxz). BoamoxHa 1 apyras cutyamusi, Koraa Bekrop E KoneoneTcs Booas ocu
Oy, aBektop H — Bnoab ocu Ox, nipu 3ToM E, H 1 e I0OKHBI MO-TIpeKHEMY
00pa3oBBIBATH TTPABYIO TPOUKY BeKTOPOB. Cymepro3nIInsT 00eNX CUTyaINii TTPUBOIUT
K 2JIEKTPOMarHUTHO# BoJIHe, y KoTtopoil Bektophl E m H, ocrtaBasick B3amMHO
TIepITCHIUKYIIPHBIMA, MOTYT MEHSITh HallpaBJIeH!e B TuTockoctu Oxy. B aToMm ciryyae
BOJIHA OYIET 244unmu4ecKy noasapu308aHHOU.

e CTBUTEIBHO, TTYCTh B HEKOTOPOI TIJIOCKOCTH Z = CONSt 3JICKTPUUECKOE TTOIe
TIPEACTABIISIET COOOM CYTIePIO3UITNIO0 TApMOHNIECKIX TTOJIEH, KOJIEOTIOIINXCS C OIM-
HAKOBOW 4acToToi BIOJb oceit Ox u Oy:

E(f) =E, (1) +E,(?) = e A, cos(of + ¢;) + €,A4, cos(of + ¢,), (1.39)

IIIE €, U €, — €AMHUYHbIE BEKTOPHI.

Konen BekTopa E OyneT, B 0011eM ciTydae, ABUTATHCS 10 SJUIMIITUYECKOI TPaeKTOPUMN.
YpaBHeHMEe OJIs1 3TOI TpaeKTOpMHU ObUIO IOJIy4YeHO B Kypce «MexaHuKa», Koraa pac-
CMaTpYBAJIOCh CIOXKEHHE IBYyX B3aUMHO MePIIEHANKYISIPHBIX KOJIEOaHM1 ¢ OMMHAKOBOM
yactoroii. [IpuMeHUTENBHO K a5eKTprudeckoMy oo (1.39) oHO 3amuieTcs B BUIE

2 2
E. E E. . E .
(ij 4] TP aa, e )= e A
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HampaBnenue nBukeHus KoHla BeKTopa E BIOJb TPacKTOPMU U OPUEHTALIMS
BJUTUIICA OTHOCUTENBHO oceil Ox u Oy 3aBUCAT OT pa3HOCTU a3 Ag = (¢, — ©;).
Ha puc. 1.6 u3o06paxeHsl TpaeKTOPUH IIPY Pa3IMYHbIX 3HAYeHUsIX A@. Bce TpaekTo-
puun B npoctpaHcTBe E, E, 3aKIIOYEHBI B NPAMOYTOJIbHUKE 24, X 24,

ITpuHgTO OMpenensaTh HampaBlIeHUe BpallleHUs KOHIa BekTopa E ¢ Touku 3pe-
HUSI HaOIIoAaTesss, KOTOPhIA CMOTPUT HAaBCTpeUy BOJHE, KaK 3TO M300pakeHO Ha
pucynke. Ilpu pazHoctn a3 0 < A < T KOHell BeKTOpa IBIKETCS IO YacOBOM
CTpeJiKe, U TIoJsIpyu3aliMsl HasbiBaeTcs npaesoi. Ilpn m < A@ < 2m OHa CTaHOBUTCS
aeeoil. Ilpu Ag = 0, 1, 21 syIMNITAYECKAsT MOJISIPU3aLIS MPeBpallaeTcs B IMHEWHYIO.
Ilpu Ag = /2, 3n/2 n A, = A, nonAapusauys BOJIHbI CTAHOBUTCS KPyrosoil. BonHa
B BTOM CJIyyae Ha3bIBAETCS UUPKYAAPHO NOAAPU30BAHHOLL.

IIpocTpaHCTBEHHO-BpeMEHHbIE XapaKTEPUCTHKM CBETOBbIX BOJIH. [IpuBenem He-
KOTOpbIE OLIEHKM IPOCTPAHCTBEHHO-BPEMEHHBIX IapaMeTpPOB CBETOBBIX BOJIH.

E, £,
’ / B 7
-A, o A E, L 0/ E,
_Ay e
Ap=0 0<Ap<m/2
E, E,
( \\
0 E, \\0 ) E,
S ~—
Ap=m/2 n/2<AQ<T
E, E,
( \\
0 E, ‘\0 ) E,
S~—
Ap=r n<Ap<3/2n
E, E,
— 7
0 E, C 0/ E,
/

502
Ap=3/2n 3/2n<Ap<2n

Puc. 1.6
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B BumvMoM auanasoHe AJMHa BOJTHBI, COOTBETCTBYIOIIAS LIEHTPATBHOM XKeITO-3eeHOM
yacTu cnekTpa, paBHa A = 500 HM = 0,5 MKM.

YacToTa 5J€KTPOMArHUTHBIX Kojebanuii v = ¢/A = 0,6-10° T, a nepuon 7 =
=1/v=1,6-10"¢c=1,6 dc (1 dc =1 Ppemrocekynna = 10-1> ¢). [TockonbKy yacToTa
ONTUYECKUX KOJIEOAHUI rpoMaaHa, 6oJiee YIOOHO BEIYUCIATH YaCTOTy B CM~! B cO-
OTBETCTBUU C (POPMYJION:

g em =YL e, (1.41)
c A
T.€. yacToTa vV o0paTHa JIJIMHE BOJHBI, B3STOM B caHTUMeTpax. Hanmpumep, mis niu-
HbI BOHBI A = 500 HM = 0,5- 10 cm yacrora v =2-10* em™.

IMupuHa nmyyka r, cCBEpXy OorpaHWuYeHa anepTypoi (MonepeyHbIM pa3MepoM) U3-
Jlydartenieil, nocturatoieit mopsaka 10 m. Ilpu okycupoBKe mydyka ero mMprHa B
(hokyce TMH3bI CTAHOBUTCS MUHUMAJIBHOM, OMTHAKO NM(MPAKIIMS He TT03BOJISIET CXKaTh
My4yOK JI0 pa3MepoB, MEHBIIIE JUIMHBI BOJTHBI.

JTeTbHOCTh UMITYJIbCA Ty, B MPUHIIMIIE HE MMEIOIasl OrpaHUYEHUl CBEpXy,
MOXET OBITh YMEHbIIIEHA 10 BEIMUMHBI MOPsIIKa Neproa ONTUIeCKUX KonebaHuit 7.
HMMIysibCc IMTETbHOCTHIO TTOPSIAKA HECKOIBKUX (DeMTOCEKYHI COAEPXKUT OIUH-IBA
rnepuoaa oNTUYECKUX KojebaHuii. JUTeIbHOCTh UMIYJIbCA Ty < T IPUHLIMIUATIBHO
HEIOCTUXKUMa, TOCKOJIbKY MMITYJIbC C OTCYTCTBMEM OCLMIUISILIMNA IO (BUAEOMM-
MyJIbC) PacIPOCTPAHSITHCS HE MOXET.



JEKITUA 2

IToTok 3nepruu BoJiHbI. V13 TOBCEIHEBHOTO OIbITA U3BECTHO, YTO CBETOBAS BOJI-
Ha MEPEeHOCUT 3Heprvio. KoJMuecTBEHHOU XapaKTepUCTUKOW MepeHoca IHEPTUU
SIBJISIETCS MOMOK 3Hepeuul, XapaKTepusyemblii eexmopom Ilotinmunea.

IToncunTaeM IMOTOK 3HEPIruM, MEPEHOCHMMON IUIOCKOM BOJHOI 4yepe3 cedyeHue,
OPMEHTUPOBAHHOE MEPNEHANKYISIPHO HAIPABICHWIO PAaCIIPOCTPAHEHMS BOJTHBI (OCH
07). ObsemHas naomHOCMb dHepeUU INeKMPOMASHUMHO20 NOAs PAaBHA

u:%(£0E2+uoH2). (2.1)

Ecnu nist onpeaeaeHHOCTY NPUHSITH, YTO BOJIHA IIocKonojsipu3oBaHa (E = e, F,,
H = e,H)), xaK 3T0 M300paxeHO Ha puc. 2.1, TO yepe3 3alUTPUXOBAHHYIO MOBEPX-
HOCTb IUIOIIAIM © 32 BpeMs Af OyleT TepeHeceHa SHepTUs, 3aKII0UeHHas B mapai-
JICJIETIUTIENIE JUIMHOU CAf:
AW = uceAr = (e, B2 HY)—oar 2.2
= uoeAr = = (80 EF + g H }) —— oM. (2.2)
€olo

TTocKoNbKY B IUIOCKOM BOJNHE /€9 E, =/llgH,, TOCIenHee BBIPAXEHUE JIETKO
mpeodpa3oBaTh K BUIY

1
AW =¢gyE} ———o0At = E H, GAL (2.3)
VE&oko
Koauuecmeo snepeuu, nepeHocumoil 6oaHOU 3a eOUHUUY 8PEMEHU 4epe3 NAOUa0KY
€0UHUYHO20 CeHeHUs, OPUSHMUPOBAHHYI0 NEPNEHOUKYAAPHO PACNPOCMPAHAIOWELiCs B0He,
onpedeasemcs eekmopom Ilotinmunea. B paccMaTpyBaeMOM HaMU Cilydyae STOT BEKTOP
HMMEET JIUIIb OJHY KOMIIOHEHTY BAOJb ocu Oz, KOTOpasi paBHA
AW
., =——=EH,. 2.4)
CAt
O0600611ast U3I0XKEHHOe, B O0llEeM ciydyae BbIpaxkeHue st Bektopa [loliHTHHTa
MOXEeM 3aMucarh B BUJIE

S—ExH. 2.5)
X E
Ecnu BoJiHAa rapMOHMYECKAs, TO
€ €x i G
E, =Acoslot—kz], H, = |-"E, = ceyE,. 0%, 2 — >
LL e
’ / / CAt
Torma y ’f{
S, = cggA? cos?(wf - k7). (2.6) Puc. 2.1
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HHTEHCHBHOCTD BOJHBI. [1OTOK 3HEPTUM «ITyJILCUPYET» C TEUEHUEM BpPEMEHM.
IToaTOMy Ha MpakTUKe MOJb3YIOTCS YCPEeIHEHHOM 3a Meproa BEIMYMHON TIJIOTHO-
CTY TMOTOKA DHEPIUK. DTa BeJIMUYMHA HA3bIBACTCS UHIMEHCUBHOCHIbIO 60AHb. 1 PABHA

T
I=(S,)= % i S.dt = %ceoAz. (2.7)

M HTEeHCUBHOCTh U3MEPSETC B BATTaX Ha KBaaparHbld MeTp (Bt/M?), a Hamps-
JKEHHOCTb 3JIEKTPUUYECKOTO MoJisl (aMIIUTYIa) B BoibTax Ha MeTp (B/M). B HayuHoi#t
JIUTEpaType MHTEHCUBHOCTh U3MEPAIOT Takke B (Br/cM?), a HanpsKeHHOCTh MOJIA
B (B/cMm). Ecnu B (2.7) moAcTaBUTb 3HAUYECHUS €, U ¢, TO CBSA3b MeXny / U A IpuMeT
BMI;

I (Br/m?) = 1,32- 107 (4 (B/m))>. 2.8)

Hanpumep, nHTeHcuBHOCTH cBeTa CosHIa BOIU3KM 3eMIH (COTHEYHAsT TTOCTOSTH-
Has) I = 1350 Br/M?, a aMIumMTyna 3JeKTpUYECKOro mnojs BosHbl A = 103 B/Mm.
IMockonbKy cormacHo (2.7) I<A?, TO B ONTUKE YaCTO MHTEHCUBHOCTD OIPEAEIAIOT
Kak

[= A% (2.9)

. 1
Takas 3an1ch MO3BOJISET OIYCTUTh pa3MEePHBIN KO GUITMEHT 5 cg( U OIeprpo-

BaTh ¢ Oojiee yIOOHBIMU BBIPAXXEHUSIMU, B KOTOPBIX MHTEHCUBHOCTD ONPEICISIETCS
B «HECTAHAAPTHBIX» €AWHUIIAX.

MoIHOCTb CBETOBOIrO My4Yka. B CBETOBOM ITyuKe MHTEHCUBHOCTh, BOOOILIE TOBO-
ps, U3MeHseTcd (BMecTe ¢ aMIUIMTYI0i) B MoNepeyHoM cedyeHuu. Yepes Bce Torie-
peyHoe ceyeHHe My4OoK MEePEeHOCUT B eNMHMILY BpeMEeHU KOHeUHylo aHepruio. Ilo-
3TOMY BBOJST MOHSTUE MOWHOCMU C8eIM08020 NyYKda, KOTOpasi CBsI3aHa C UHTEHCHUB-
HOCTBIO CJICAYIOIIMM 00pa3oM:

P = [[I(x, y)dxdy, (2.10)

IJe¢ MHTeTPUPOBAaHME MPOU3BOIUTCS MO BCEMY IOMEPEYHOMY CEYEHMIO Z = const.
EctecTBeHHO, UTO MOIITHOCTH M3MepsieTcs B BarTax (BT), a MHTEHCMBHOCTh MOXKHO
TPaKTOBaTh KaK MJIOTHOCTb MOIIIHOCTH.

st mydka ¢ mpsIMOYTOJIBHBIM pacrpenesieHueM aMIuTUTynbl (A = Ay 1ipu r < 1)
MHTEHCUBHOCTh BHYTPHU KPYIJIOTO CeUeHUs paauyca r, noctosiHHa (I = 1), mostomy,
cormacHo (2.10), MOILIIHOCTb TAKOTO IyYKa paBHA:

P=1I,nri. (2.11)
st rayccoBa mmyuka (A = Aoe"z/ % ) UHTEHCHUBHOCTh pacIlipejieieHa Mo 3aKOHY

I =1, 27, (2.12)

1
rne [, = EceOAOZ — VMHTEHCUBHOCTb Ha OCU My4yKa. MOIIIHOCTb TAKOro IMy4yka OyAeT
paBHa

P = [I(r)e™"1% 2nrdr = %101%2. (2.13)
0
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3nech seMeHT ruiowann dxdy = do = 2nrdr BbIOpaH B BUIE KOJBLEBOTO CIIOS
paguycoM r M LLIMPUHON dr.

CpaBnHuBag (2.11) u (2.13), MOXHO CUMTATh, YTO C TOYHOCTBIO 10 KO3 duLm-
€HTa, 3aBUCSIIET0 OT KOHKPETHOIO BUAA pacrpeneeHus] MHTEHCUBHOCTU B TIOTIe-
pEYHOM CeuYeHUH, CITpaBeUIMBa OlLIeHKa

P~ I,nrd, (2.14)

KOTOpYIO OylieM HCIOJIb30BaTh B JAJIbHEHIIIEM.

DHeprus CBeTOBOro UMITYJibca. Eciu n3nydyeHue nepeHOCUTCSI CBETOBBIM MMITYJIb-
COM, TO MHTEHCHUBHOCTbD, a CJIeNOBaTEIbHO, Y MOIITHOCTb U3MEHSIIOTCS BO BPEMEHU.
HMMmysnbc mepeHOCUT Yyepe3 MonepeyHoe CeueHne KOHEUHYIO JHepeuio

W = [ P(tydr = [[[ I(x, y, 1)dxdyd. (2.15)

DHeprusi, ecTeCTBeHHO, u3Mepsiercs B JIxxoynsax (JIx). insg uMmyiabca ¢ psMo-
YTOJIbHBIM TIpODWIeM U JUIMTEIbHOCTBIO Ty MOLIHOCTh P(f) = P, TO3TOMY

W= P()T(), (216)

rae Py — MocTosiHHasi BO BpeME@HU MOIIHOCTb, orpeaensieMas uHterpaiom (2.10).
g rayccoBa MMITYJIbCA MOIITHOCTh M3MEHSIETCS BO BPEMEHH:

P(f) = Pe /%, (2.17)

rae Py — MakcHUMalibHasi MOIITHOCTb IpH ¢ = (. DHeprus Takoro UMIMyJbca

W= [ Pe/dt = \/gporo. (2.18)

CpasuuBag (2.16) u (2.17), BUIAM, 4TO C TOYHOCTBIO 10 KO3 (PULIMEHTa, 3aBU-
CAIIEro ot (hopMbl UMITYJIbCA,

W ~ By (2.19)
Hakonen, oobennnssa (2.14) u (2.19), g OLEHOK MOJIy4aeM COOTHOLIEHUE
W ~ IonrozTo. (220)

B Ilpumep 1. MznyueHue renuii-HeoHoBoro na3epa (He-Ne-nazepa), IIMpoOKoO UC-
MOJIb3YEMOTO B YYEOHBIX ONTUYECKMUX SKCIIEPMMEHTAaX, MMEET MOIIHOCTE P ~ 1072
Br. Eciu xapakTepHbIi paiMyc IydyKa MPUHATH PaBHBIM 7y = 1 MM = 1073 M,
TO comtacHo oueHke (2.14), uarencusBHocThb I ~ 3 - 103 Br/M2, uto Gonee yeM B aBa
pasa IpeBblllIaeT THTEHCUBHOCTh COJTHEYHOI'O CBETa.

B Ilpumep 2. Becbma addeKTeH OIBIT MO MPOOOI0 BO3AyXa ¢ BO3HMKHOBEHUEM
HUCKpbI chokycupoBaHHbIM MK-u3nydeHrMeM MMITyJIbCHOIO HEOOMMOBOIO Jiazepa
(A =1,06 MKkM). DTOT J1a3ep reHepUPYeT UMIYJIbC ¢ SHeprueir W~ 1 JIX 1 IauTelib-
HOCTBIO Ty ~ 10 He = 107 ¢. Ecamm pagmyc nmyuka r, ~ 1 MM = 107 M, TO coracHo
oueHke (2.20),

W —
TcrozTO

I~ 3-10" Br/M?2,

a aMIUIMTYyAa 3eKTpudeckoro mnons A ~ 108 B/M. ®okycupys u3jiyyeHrue U yMeHb-
1Iasl paguyc Iydka B JAeCSTh pa3, Mbl YBEJIMUMBAEM aMIUIUTYAY Ha MOPSIIOK, a MH-
TEHCHBHOCTb — Ha JIBa ITOpsiiKa. Takoro IoJIs ¢ JIMXBOI XBaTaeT i SJICKTPUIECKO-
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ro mpo6os1 Bo3ayxa (B CTATUYECKOM BJIEKTPUUECKOM T10JIe BO3AYX MPOOMBAETCs MPU
HanpskeHHocTH E = 3-10° B/m).

B Ilpumep 3. Eciu B (oOKaNbHYIO IUIOCKOCTh JIMH3bI MTOMECTUTH JIe3BUE OPUTBHI,
TO UMIYJIbLC ¢ 3Heprueir W ~ 1 JIX NpoxXuraeT Majaoe OTBEpCTHE B JIE3BUU. 3AeCh
(oKycUpOBKa UCIIOJNIB3YeTCs [JIsI TOTO, UTOOBI YMEHBIINUTh 00beM (a4 3HAYUT, U Mac-
cy) paszorpeBaemMoro (gparmeHrta ne3Busl. Ecau mpUHATB, UTO paguyc mydyka B ¢o-
KaJIbHOW TUIOCKOCTH JIMH3BI CKAT [0 BeJIMYUHBI 7= 0,17, = 104 M, TO nipu TosmuHe
ne3sus d = 0,1 MM = 10 M 3Heprus UMITyJIbca MOMIOLIAETCH OYEHb MAJEHBKUM
LWIMHAPUYECKUM (parMeHTOM Jie3BUs. 3a KOPOTKOE BpeMs NEMCTBUS MMITYJIbCa
TEIUIO He YCIIEBAET PAaCIIPOCTPAHUTLCS 110 Jie3Bui0. Ecim motHocTs cramu p = 7,8 - 10°
KI/M3?, a TEIUIOEMKOCTb IIPU TOCTOSHHOM JaBJIEHUU C, ~ 103 Ix-xr' K71, To
B pe3yJIbTaTe IMOJHOIO IMOIJIOLIEHUS CBETOBOM SHEPIUM TeMIleparypa 3Toro (gpar-
MEHTa BbIpOCia Obl Ha BEJIMUUHY

/4

AT =——— ~10* K. 2.21
C prrid (2.21)

p

Takum o6pa3zoM, BeamurHa A7 HaMHOTO MPEBLICUT TEMIIEPATYPy IUIABICHMS CTaIN.

IToTok 3HepruM B KBAHTOBOM MpeNCTaBJIEHHH. B 3TOM TpencTaBieHnH MoJaraior,
YTO CBETOBAsI DHEPTHUSI IEPEHOCUTCS homoHamu, U Keanmamu céema. B cooTBeTCT-
BUU C opmyaou [lranka cBI3b MEXIY dHepeuell & (Homona N 4aCTOTOM KoJeGaHUi v
3JIEKTPOMAarHUTHOM BOJIHBI 3a1a€TC PaBEHCTBOM & = hv, rae h=6,62- 103 Ix-¢c —
nocrosiHHasg [lnaHka.

Ecau ocHOBBIBaTbCSl Ha MPUHIIMITE COOTBETCTBUSI KJIACCUUECKONW U KBAHTOBOM
TEOpHUii CBeTa, TO MOXHO YTBEpXIaTb, YTO 3aKOHBI KBAHTOBON TEOPUU IOJKHBI
MEepPEeXOAUTh B KJIaCCUUECKHe, KOTAa dHEPrusl CUCTeMbl 3HAUMTEIbHO MPEBOCXOIUT
SHEPTUIO OTAEIBHBIX KBAHTOB MPU JIEMEHTApHBIX MPOLieccax B CUCTEME.

B xBaHTOBOM TIpeACTaBIeHMU WHTEHCHMBHOCTb BOJIHBI MOXET OBbITh BbIpaKeHa
B BUIIE

1= ncé& = nchv, (2.22)

Ie n — cpeaHee YKUCIo (POTOHOB B €AMHUIIE OObEMA.
CpaBHuBag (2.7) u (2.22), 3anuiieM

nchv = %ceoAz, (2.23)
OTKY/Zla aMIUIUTYAA BOJIHBI
A= [2nhv (2.24)
€9

DTO BBIpAXKEHUE YCTAHABIMBAET CBSI3h aMIUIMTYABI M YACTOTHI KOJIEOaHUIT ¢ YuC-
JIoM (DOTOHOB B enuHM1Ie 0O0beMa. I1o cylllecTBy, aMIUIUTYAa MOXKET TPUHUMATD TSI
(pUKCHUPOBAHHOM YaCTOThI IUCKPETHBIE (KBAaHTOBBIE) 3HaUYeHUs1. Eciu yucio ¢orto-
HOB BEJIMKO, TO aMITIUTYJa MPaKTUIECKA MOXKET UMETh JT1000€e 3HAYeHNE, U TTIpUMeE-
HUMO KJIACCUUYECKOE OMUCAHNE DJIEKTPOMATHUTHOM BOJIHBI. ECin 3ke MHTEHCMBHOCTh
BOJIHBI MaJjia, TO EIMHCTBEHHO BO3MOXKHBIM CTAHOBUTCS JIMIITb KBAHTOBOE MPEACTAB-
JIeHUe.

CreroBoe naBjenne. BmecTe ¢ sHeprueit BojaHa IepeHOCUT uMnyibe. [1pu nage-
HUU CBeTa Ha MaTepHalbHOE TEJIO0 3TOT MMIYJILC (LIETUKOM WIJIM YaCTUIHO) TIepe-
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JaeTcs Tesy. B cooTBETCTBMU CO BTOPHIM 3aKOHOM
HpioToHa cBeT AEHCTBYET Ha TEJIO C HEKOTOPOit
CUJIOI, OKa3bIBasi TEM CaMbIM cgemogoe dasiaeHue.

I'unoTesa o cyliecTBOBAaHUM CBETOBOTO JaBJIe-
HUS BOepBble OblIa BeickazaHa M. Kemiepom mis
OOBSICHEHUSI OTKJIOHEHHUSI XBOCTOB KOMET B CTO-
poHy oT CosHIla. DTO OTKJIIOHEHVE BO3HUKAET B
pe3yabTaTe BO3AeHCTBHS COJTHEYHOI'O CBETa Ha Ya-
CTHULIBI, COCTABJISTIOIINE XBOCT KoMeThl. Ha puc. 2.1
LIB. BKJI. [TOKa3aHa OJIHAa M3 TaKUX KOMET.

Teopust cBeToBOTO AaBleHUs ObLIa mocTpoeHa JIxx. MakcseioM (1873). ITo sroii
TEOpPUM CBETOBOE HABJEHWE 3TO pPe3yJabTaT AEMCTBUS MOHAEPOMOTOPHBIX CUJ
CO CTOPOHBI JIEKTPOMArHUTHOTO TOJIsS Ha ABMXKYIIMECS 3apsiabl B MaTepuaIbHOM
TeJe.

Ins pacyeTa CBETOBOTO NaBJIEHUsI paCCMOTPUM HOpPMaJbHOE TMajaeHue JIMHEHHO
MOJISIPU30BAHHO TJIOCKOI BOJIHBI HAa TIOBEPXHOCTh TBEPAOTO Teja (puc. 2.2).

ITpu Bo3meCTBUM 3JEKTPUUECKOIO TOJISI HA YACTHUILY C 3apsiioM ¢, BXOISIIYIO
B COCTaB aToMa, OHa MPUOOPETET CKOPOCTh v,e,. MarHUTHOE T10Jie, BO3NEMCTBYS Ha
JBIDKYIIYIOCS YACTHUILY, HAUHET €€ «3aTaJIKMBaTh» BHYTPb TeJia. Y YacTUIIbI OSIBUTCS
Y BTOpasi KOMIIOHEHTA CKOPOCTU v, Yepes mosnnepruona U3MEHSITCS HaNlPaBJIeHUsI
BekTopoB E, H 1 v,e, Ha MPOTHMBOMNOJOXHBIE, HO MarHUTHOE TI0JIe IMO-TIPEXXHEMY
Oyner «3aTaJIKMBaTh» YaCTUILy BAOJb oc O BHYTPb Tejia. DTO U SIBISETCS IPUIMHOMN
CBETOBOI'O JaBJICHNSI.

IMoncuuTtaeM cpenHiolo 3a Mepuoi Cuiy, cuity JlopeHila, IelCTBYIOIIYIO Ha 3TOT
3apsia. MTHOBEHHOE 3HaUEHUE CHIIbI PABHO

Puc. 2.2

f=gE+gqvxB=¢qE.e, +q(v.e,+v,e, +v.e)xBe,. (2.25)

Bbruucisiss BeKTopHOe MPOM3BEACHUE M YCPEIHssl 3HAUEHUE CUJIbI TI0 BPEMEHH,
rnojyJyaem

(f) = % g f(t)dt = q(E\)e, —q(v B,)e, +q(v.B,)e.. (2.26)

OueBnaHo, uto (£, ) = 0. MoXHO TakXe MOJNOXKUTD (v, B)) = v, (B)) = 0, MOCKOJIb-
Ky 3a IepHOJ KosebaHUi CKOPOCTb U,, HAIIPABJIEHHAsI BCET/Ia BAOJIb MOJOXUTEIbHO-
ro HanpasjieHus ocu Oz, N3MEHSETCA HE3HAUUTEIILHO, B TO BPEMS KaK B, ABIAeTCA
OBICTPO OCUMJUIMPYIOLIEH (DYHKIIMEH.

Taxum 00pa3oM, BEKTOp CpelHell CUiibl HampasieH BAoab ocu Oz U paBeH

(f) =q(viB,e.. (2.27)

C Apyroii CTOPOHBI, 3JIEKTPHUYECKOE T10JIe COBEpILIaeT paboTy Haa 3apsimoM. Moll-
HocTh cwibl f paBHa sHepruu W, InepemaBaeMoii OT BOJHBI K 3apsily B €IUHMILY
BpeMeHU. [103TOMY MOKHO 3amucarhb

aw

ks f-v=qgEv, =cqv.B,. (2.28)

3z1ech yuteHo, yto E, = :L—OH ,=¢cB,.
0
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VYcepenuasa (2.28) 1o BpeMeHU M CpaBHUBasl 3TO BbIpaxkeHue c (2.27), MOXHO
3anmucaTh

0=

IIpu nepexone K eAMHULIE TIONIANM CpeaHee 3HAaYeHUe CUJIbI MOXKHO 3aMEHUTh
JaBJieHUEM, a CpelHee 3HaUYeHUE SHEPTUHU B €MIUHUIYY BPEMEHM — MHTEHCUBHOCTBIO.
ITosToMy

e.. (2.29)

c

1
p=—. (2.30)
c
Ho nmaBneHue 4uCIEHHO paBHO CPeAHEMY UMITYJIbCY, TepeaaBaeMoOMy BOJIHOM

eVHUIIE TUIOIIAAN 32 eAUHUILY BPEeMEHMU:

d
- 2K, (2.31)

IMMO3TOMY UMITYJIBC K , TIEPEHOCUMBII BOJIHOM 3a KOHEYHOE BPEMS, PaBEH
K=1 [1@)at. (2.32)
C

OtMetuM, uto popmyJa (2.30) rosydyeHa B MPEANOJOXKEHUH, YTO UMITYJIbC BOJHBI
MMOJIHOCTBIO ITIepemaeTcss MarepuajbHomy Teny. [lpm mageHMm Ha YaCTUYHO
OTpaXKaIOIIYyI0 ITOBEPXHOCTh JaBJIEHNUE YBEIMYMBACTCS, IIOCKOJIBKY YacTh MMITYJIbCa
BOJIHBI YHOCHUTCSI B 0OpaTHOM HarpaBieHuu. ITloaToMy naBieHue cBeTa OyneT 3aBUCETh
oT kKoaddummeHTa orpaxkeHnss R 1j11 MHTEHCUBHOCTH:

p= %(1 +R). (2.33)

ITpu nmageHuun Ha MaeadbHYIO 3epKajbHYI0 TTOBepXHOCTh (R = 1) maBneHue yBe-
JIMYUTCS BABOE MO cpaBHeHUIO ¢ (2.30).

Nvnyase dporona. Ecnu B (2.32) moAcTaBUTh BbIpaXXeHUE [JIS1 UHTEHCUBHOCTHU
(2.22) B KBaHTOBOM ITpeACTaBJeHUU, To nipu [ = const

K= %nchvt. (2.34)

PazyMHO MpeamnoyioXuThb, 4TO 3TOT MMITYJILC PaBEH CYMME UMITYJILCOB OTIAEIb-
HBIX (POTOHOB, YHCJIO KOTOPBIX paBHO nct. Toraa Ha JOIO Kaxaoro oToHa Mpuxo-
JIUTCST UMITYJIbC
_hv

-

Do (2.35)

Hmnyavc homona pasen e2o snepeuu, 0eaeHHOU HA CKOPOCMb C8ema, U COHANPABAeH
¢ BeKMOPOM CKOpocmu homoHa.

MoMeHT MMITYJIbCA BOJHbI. DJTUMNTUYECKU TOJSIpM30BaHHAs BOJIHA oOamaeT
Momenmom umnyasca. ETo MOXHO OTpenesuThb, UCTIONb3Ys CAEIYIOIINe pacCyKIeHUSI.
Y yactuilel Maccoit m, Bpalarolieiicss BOKpyr ocu Oz cO CKOPOCTbIO ¥ IO OKPYX-
HOCTU PaguyCcoM #,, MOMEHT MMITyJIbca paBeH

L = morye, = %ez, (2.36)
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IJIe o = v/Fy — yIJoBasi CKOPOCTb BpallleH!s YacTHUlIbl. B onTuke OyaemM cuuTaTh, 4TO
(® — YacToTa BOJIHBI, WX yIJIOBasi CKOpocTh BpaleHus BektopoB E u H.

MOMEHT MMIyJIbCa BOJHBI B €IMHULE 00beMa Tosydaerca u3 (2.36), ecau mu?
3aMEHUTh OOBEMHON TJIOTHOCTBIO YHEPTUM BJIEKTPOMArHUTHOTO Mo u. Toroa Mo-
MEHT UMITYJIbCa, TTEPEHOCUMBIN BOJIHOM 4Yepe3 eNMHUYHYIO TUIOLIAAKY B €IUHUILY
BpEMEHHU, paBeH

cu
L=—e,. (2.37)

®
Ecnu cuutath, yto L paBeH CyMMe MOMEHTOB MMMYJIbCOB (DOTOHOB, YHUCJIO KOTO-
PBIX paBHO AC, U = nAV, TO MOMEHM UMNYAbCA 00H020 (hOMOHA BEIYUCIISIOT 1O (popMyJie

l¢ _ L _ cnhv _ ie (238)

ne ncw 2 °©

MomeHT nMmyinbca PoToHa Ha3kBaIOT cnurom. CIIMH (hOTOHA HE 3aBUCUT OT Ya-
CTOTHI CBETa U SIBJISAETCA ero (hyHIaMEeHTaIbHOM KBAHTOBOM XapaKTepUCTUKOM. DKC-
TIepMMEHTAJIbHOE TTOATBEPKICHNE CYIIECTBOBAHMS MOMEHTA WMITYJIbCA Y BOJIHBI
¢ KpPYTOBO1 TTOJISIpU3alvieit OBUIO MOJYYEeHO MPY IMTPOXOXKISHNN TAKOW BOJHBI Yepe3
TTOJTYBOJTHOBYIO TUTACTMHKY, TIPWHIIVIT PaOOTHI KOTOPOU OIKcaH B pasmene 7 «Boj-
HBI B aHU3OTPOITHBIX CPEIax».

Ceityac JTMIIIL OTMETUM, UYTO TIOCTIE TIPOXOKACHUS TaKOW TTACTUHKMW HaIIpaBIie-
Hue BpameHus BekTopoB E 1 H naMeHunTCS Ha TIpoTHBOITOI0KHOe. COOTBETCTBEHHO
W3MEHUT CBOE HaIlpaBJIEHNE M MOMEHT UMITYJIbca BOJTHBI. COMTacHO 3aKOHY COXpa-
HEHUS MOMEHTa MMITYJIbCa CUCTEMBI «BOJIHA — IUTACTMHKA», TIOCIICOHSST TOJKHA
TIPUITH BO BpallleHNe BOKPYT OCH, COBMAmaolieil ¢ HarpaBIeHWEeM pacIlpoCTpaHe-
HUS BOJTHEL.

Ecam TIpomosKuTh comocTaBIeHNe KIACCUMYECKUX M KBAHTOBBIX XapaKTepHCTUK
CBeTa, TO MOXHO CIIeJIaTh CIICAYIOIINE BLIBOIBL. Y BOJHEI C JICBOW IJUTUITUIECKOMN
TIOJISIpU3aIIeii CITMHBI (DOTOHOB OPMEHTHUPOBAHEI ITPEUMYIIECTBEHHO BIOJIbL HAIlpaB-
JIEHUS pacIIpoCTpaHeHMs. Y BOJHEI C TIPABOM SITUTITHUECKON TTOISIpU3alineit mpe-
AMYIIIECTBEHHAs] OPUEHTAIMS CITMHOB CTAHOBHUTCS TTPOTUBOIIONIOXKHONW. Y BOJHBI
C JIEBO¥ KPYTOBO TOJISIpM3aliieil Bce CITMHBI HATIpaBJIeHbI BIOJIb HATIPABJICHUS pac-
MIPOCTPaHEeHMsI, a C TIPaBOM — B MPOTHBOITOJIOKHOM HarpaBicHMH. Ecim criiab
C PaBHOM BEPOSATHOCTHIO OPUEHTUPYIOTCS B OOOMX HAIpaBICHUSX, TO BOJHA TIIOC-
KOTIOJISIPM30BaHa.

Takum obpasoM, gomor odaadaem suepeueil, UMNYAbCOM U MOMEHMOM UMNYAbCA.
OH He umeem mMaccol, 31eKMpu4ecKo20 3apsaoa, INeKmputecKoeo OUNoAbHO20 U MAeHUM -
H020 MomeHmos. E2o épems JCU3HU 6 8AKYYMe He 02PAHUUEHO, NOSMOMY OMOH YCmoll-
YU8 U CAMONPOU3B0AbHO He PACNA0demcs.

JlaBieHre paBHOBECHOIO TEILTIOBOTO U3ydyeHns. [1o/1b3ysichb KBAaHTOBBIM MpeACTaBIIe-
HHUEeM 00 UMITyJIbce (hOTOHA, PACCMOTPHM 3aIauy O JaBJICHWHM CBeTa HAa CTEHKU 4ep-
HOeo0 HATPETOTO SIIHWKA, BHYTPU KOTOPOTO MMEETCST M3TydaeMoe 3TUMU CTeHKaMM
BJIEKTpOMarHuTHoe Tojie. Ecim Tmojie HaxoguTcs B pPaBHOBECUM CO CTEHKAMM,
TO YMCIO0 (DOTOHOB, M3TyJdaeMBIX (DparMeHTaMU CTEHKHW B JIFOOOM HaIlpaBJICHUH,
OyIeT B TOYHOCTH PaBHO YHCIY (DOTOHOB, JIETSIIIMX K CTEHKE CO BCTPEYHOTO
HaIIpaBIICHUs W TIOTJIOIIAeMBIX 3TUM (pparMeHTOM. TepMHUH <«JepHBIN SIIITUK»
HCITONB3YeTCST B TOM CMBICIe, YTO BCe IOIeTAlONIMe K ero CTeHKaM (DOTOHBI
TTOJTHOCTHIO UMU TTOTJIOIIAIOTCS.
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dn dn Ecnu ¢otoH, umeromuii 4yacTtoTy v, Iamaer
(v uznyyaeTcs) Mo yrjaoMm ¥ K HOpMaiu K CTeH-
K€, TO HOpMaJbHasl COCTaBJISIOIAS MOJy4aeMOro
CTEHKOM MMIIYJIbca MPY KaxKIOM aKTe «IIOTJIoIIe-

p=m

HUe — U3IyYeHue» paBHa 2 A4 cosd (puc. 2.3).
c

OpHako (OOTOHBI JIETSIT MO Pa3HbIMU yIIaMH

1 MMEIOT pa3IMyHbIe YaCTOTHI (CM. pa3aen 2 «M3-

, JIydeHue cBeTa»). Eciu uncio (poTOHOB B eIUHK-

Ilnouranka 11e 00beMa PaBHO #, TO TOJLKO MX YacThb dn 0bJa-

Puc. 2.3 JlaeT 4acTOTaMM, 3aKJIIOYEHHBIMM B WHTEpBaJe
vV+Vv+dv:

dn = nf(v)dv, (2.39)

rae f(v) — byHKIMs pacnpeaeneHus: PoTOHOB To yacToTaM. OTU dn ¢OTOHOB (CM.
puc. 2.3) JIeTIT M30TPOITHO II0 BCEM HAIIpaBJIECHUSIM BHYTPU TEJIECHOTro yria 4,
MTO3TOMY K eIMHWYHON TUTOIIAAKE TTOJETHUT JIMIITh YacTh U3 HUX

aQ
i
rae dQ = desin 9d9 — dIeMeHT TeJeCHOIo yIia, MojJ KOTOPbIM (DOTOHBI «BUISIT»
mwiomanky. Ha pucyHke n3odpakeHsbl JIMIIb ABa €IMHUYHBIX 00beMa C KOOpAMHaTa-
Mu (O, ¢ = 0) 1 (9, @ = m), U3 KOTOPBIX (GOTOHHI JEeTAT K Iutomanke. Hakownerr,

3a ¢IMHULY BPEMEHMU C TUIOLAAKON «BCTPETATCS» (POTOHBI, 3aKIIIOUEHHEIE B 0ObEMe
€ CcOos¥, YUCIIO KOTOPBIX OyIeT paBHO

dn”” =dn’ccos?. (2.41)

IlepenaBaemblit UMM UMITYJIbC OyIET paBeH 2JIEMEHTAPHOMY JaBJICHUIO

dn’ =dn dn4id(p sin 9d8, (2.40)
T

dp =2 th dn” cos V. (2.42)

C yuerom (2.40) u (2.41) 3amenuM B (2.42) dn” BeAWYUHOU dn U TIPOBEIEM
UHTerpupoBaHue (2.42) 1o yrjiaMm ¢ u 9, a TakKKe 0 4acToTaM V:

2r /2

p=_[dp =2—1n_0[d(p_([ coszﬁsinﬁdﬁ;fhvdn=%u. (2.43)

3nech u = jhvdn = n{hv) — 00bEMHasl IJIOTHOCTb SHEPTUU 3INEKTPOMATHUTHOTO
0

MoJisi, BeIMUMHA KOTOPO# (a, clegoBaTebHO, U PyHKUUS f(V)) 3aBUCUT OT TEMIIe-
patypsl cTeHOK. OHa paBHA MIPOM3BEICHNIO KOHIIEHTpAIK (OTOHOB Ha BEJIMINHY
cpenHeir aHeprun GoroHoB (Av). Popmyna (2.43) Oynmer WCTHONb30BaHA B CIIEAY-
OIIeM pasesiec PY M3ydeHUN 3aKOHOB TEIJTIOBOTO M3ITyYeHMUSI.

Ontnueckas jgesutanus. /lasieHue ceera CoiiHla, cortacHo (2.30), paBHO p =
=1Ic/c = 0,45-107 Ila (Ic — coyHeYHas MOCTOSIHHAs), OHO Ha JECAThb MOPSAKOB
MEHBIIIe aTMOC(HEPHOTO HaBJICHUS.

B 1899 r. I1.H.JIebeaeBbiM ObLIM BBITIOJHEHBI MPEUU3UOHHBIE IKCIIEPUMEHTHI
IT0 OOHAPYKEHUIO 1 MCCITEIOBAHMIO JaBJICHUS CBETa JIEKTPUUECKO Ayru. B ero ombiTax
Ha TOHKOI cepeOpsTHOI HUTH MOABEINBAIOCh KOPOMBICIIO, Ha KOHIIAX KOTOPOTO OBUTH
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YCTAHOBJIEHBI TOHKHUE TUCKU-KPBUIBIIIKH.

®dotorpadun UCIIONb3YEMBIX B OIbITaX KO-

pOMBICE TIpeACTABIeHBI Ha puc. 2.4.
Takum oOpa3zoM, U3MepUTEIbHOE YCT-

/i i b hoe gabaenic,
POJCTBO MPECTABIISIO COOOM KPYTUIbHbIE ® - (..{’m’.f."ww > Lq& %l:m 1(9 4

BEChI, IO YIJIy 3aKpy4yMBaHUS KOTOPBIX
U3MEPSIOCh CBETOBOE NaBieHue. Bechl Ha-
XOIMIIUCH B BakyyMe (p = 104 MM prT. cT.).
Bosznyx oTkaunBacs 11 yMEHbIIIEHUS TaK
Ha3bIBaEMBIX paduomempu1eckux cui, Mac-
KUPYIOIIMX CBETOBOE AaBieHue. Pamnomer-
puYecKure CUjibl 00yCIOBIEHB OoMbapau-
POBKOI KpBUIBIILIEK MOJIEKYJIaMU BO3IIyXa,
HMMEIOIIEro pa3Hble TeMIIepaTyphbl BOJU3U
OCBEIIEHHOU W TEHEBOM IMOBEPXHOCTEM Puc. 2.4

KpbUIbIIeK. [IponsBeneHHbIe U3MEPEHMS

MOKa3aJIM, YTO B 3eMHBIX YCJIOBUSIX CBETOBOE JaBJIEHME He MTpaeT HUKAKON poJu.

Bo BcenenHoit cutyanus nHasi. HanpuMep, B Heapax pacKaJeHHBIX 3BE3/ OIPOM-
Ha TUIOTHOCTb SHEPTUU 3JIeKTpOMarHuTHoro nojs. Toraa, cornacHo (2.43), BO3HU-
KaloT TPOMaIHbIe CUJIbI 1aBJI€HUsI, KOTOPbIe YPAaBHOBEIIMBAIOT OTPOMHBIE CHIIBI Tpa-
BUTAIIMM, TIPEAOTBpAIllasi TEM CaMbIM KOJIJIATIC 3BE3I.

B 3eMHBIX YCIIOBHUSIX TOJIBKO ITOCIe U300peTeHMs J1azepoB (1961) cBeToBoe naBiie-
HUE CTaJIM UCIIOIb30BaTh IS TTPpaKTUYeCKUX 1iejeil. OMHUM U3 TaKMX €ro IIpUMeHe-
HUI SBJIIETCS BO3ACHCTBME HAa Majible YaCTUIIBI Jyya jJa3epa. Eciu, Hanpumep, u3-
JlydeHMe Jiazepa coKycupoBaTh Ha YaCTHUILy PaauycoM F,, To coriacHo (2.30) cuia
CBETOBOTO JaBJIeHUs OyIeT paBHA

F = pnrg = £Tcroz ~ E, (2.44)
c c
rae P — MOIITHOCTb CBETOBOTO ITyJKa.

IMpu ucnonb3oBaHMM J1a3epa MOMIHOCTEIO P = 1 Br cuna F=3-10? H. Eciu
pannyc yactTiubl 7, = 10 Mk = 107 M, TO ee 06beM V ~ 4- 1071 M3, TIpu nnotHOCTH
p ~ 103 kr/m> mMacca yactuisl m = pV ~ 4- 10712 xr. OueBuaHO, uto cuia F~ 10%mg.
Takasi cuia MPUIACT YACTHIIE IPOManHOE yCKopeHue a ~ 10%g, a Gosee MenKum
yacTULaM ¢ ry ~ 1 MKM — a ~ 10g. CiienoBaTesibHO, BO3AECTBYS U3Ty4EHUEM JIa3epa
Ha YacTHIBLl PasiuYHOM Macchl (BUPYCHI, MaKpPOMOJEKYJIbl M T.Hd.), MOXHO
MIPOM3BECTU WX MTPOCTPAHCTBEHHOE pasIesIicHHE.

Ecau mtopcBeTTh YacTHILy JIyIOM Jladepa CHU3Y BBEpX, TO MOXHO TIpH OIpele-
JIEHHOI MOIITHOCTH M3ITy4eHHST CKOMITEHCHPOBATh CHITY TSKECTH M TEM CaMBIM YIep-
3KaTh YACTUIY B «IIOABEIIEHHOM» COCTOSTHUM. Takast «<HeBeCOMOCTL» Ha3bIBACTCS 0K~
muyeckou sesumayueti. OHa TIPUMEHSETCS IUTT MAHUITYJISIIIAN HaJ MUKPOYACTHIIAMU.

MoxHO BOOOIIE BO3IeICTBOBATh HA OTOEILHBIN aToM. B 3TOM ciiydae moHzepo-
MOTOPHbBIE CUJIbI IEMCTBYIOT Ha OCLWJIMPYIOLIMI 3JIEKTPOH B aToMe (CM. pasi. 2).
ITpu coBmajgeHMr YaCTOThI TOJISI ¢ COOCTBEHHOU 4YacTOTOM KojJeOaHUii 3JIeKTpOHA
B aTOMe BO3HUKAET Pe30HAHC CKOPOCTH KoJiebaHMi. DTO IPUBOAUT K PE3KOMY BO3-
pacTaHUIO TIOHIEPOMOTOPHBIX cuil (cM. popmyny (2.25)). Takoe pe3oHaHCHOE BO3-
JIEeWCTBME HAa aTOM WCTIONB3YeTCsT IJIST M3MEHEHUS CKOPOCTU TETUIOBOTO IBVKCHUS
aTOMOB Ta3a.
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Jlazepnoe oxmaxaenme. B xoniie 70-x romoB XX B. B CCCP B.C.JleToX0oBbIM,
B.I'.MunorunsiM 1 b./I. ITaBnrkoM ObUla BhICKa3aHa uAes U IPEIJIOXKEH METO/,
OXJIAXIEHMSI U TUIEHEHUS aTOMOB M MOJIEKYJl PE30HAHCHBIM CBETOBBIM TojieM. B
TaKOM IT0JIe Ha YaCTUIIbI JEHCTBYIOT CHJIBI ABYX TUIIOB: CUJIA CHOHMAHHOZ0 C8EMOB020
daeaenus N CUIIA UHOYYUPOBAHHO20 C68em06020 dasaeHus (O CTIOHTAHHOM U BBIHYX-
JIEHHOM M3JIyYEeHUM pedb MOMAET B JIEKLIUU S).

IlepBas cuna oOycioBeHa OTAayel MPY MHOTOKPATHOM CIIOHTaHHOM H3JIy4e-
HUY BO30YKIEHHBIM aTOMOM B CJIyJaliHBIX HAITPaBJIEHMSIX CBETOBBIX KBAHTOB YaCTO-
THI V (4aCTOTBI, COOTBETCTBYIOIIEH cepenrHe CIEeKTPaJIbHON JUHUU TPU aTOMHOM
nepexoje). B cOOTBETCTBUM ¢ 3aKOHOM COXpPaHEHUSI UMIIYJIbCa, IPpU U3IydyeHUn Go-
TOHA C UMITYJILCOM, PaBHBIM Avy/c, aTOM B MPOTUBOIIOJOXHOM HaIpaBJIeHUU TPU-
o0peTaeT TaKoM Ke MMITYJbC OTIauu.

Bo30y:xaeHue ocyliecTBIsIeTCS MPU MOTJIOIIEHNM KBAHTOB CBETAa YAaCTOThI V < V.
ITockonbKy 3Heprust U3Ty4eHHOro (poToHa MPEBOCXOAUT SHEPTHUIO MOJIOLIEHHOTO,
YacTh DHEPTUM JOJKHA 3aMMCTBOBATHCS M3 MOCTYIMATEbHOIO ABMKEHUST aToMa.

B npakTryeckoM 1uiaHe ObUTO MPeTosKeHO HAIIPaBUTh aTOMHBIN MYJOK B TIPOCTPaH-
CTBO, B KOTOPOM CO3IIAETCS CTOsSTYasi CBETOBAsl BOJIHA YaCTOThI V. Te 13 aTOMOB, TTPOEKIIMSI
CKOPOCTHY ¥ KOTOPBIX Ha HarpaBJIeHUE CTOSTUEi BOJTHBI YIOBJIETBOPsIET ycaoBuo [lorepa

Vo=V (1 + %) (2.45)

oynyT HauboJjee 3(pPeKTUBHO BO30YKAATHCS U, COOTBETCTBEHHO, 3aMEIJIITHCS BIOIb
3TOro HampasieHus. Ecau co3aaTh CTOSTYME BOTHBI BIOIbL TPEX KOOPAWHAT, TO MOXK-
HO YMEHBIIUTH MOJIHYI CKOPOCTh aTOMa.

Cujta MTHIYLIMPOBAaHHOTO CBETOBOTO JABJIEHUSI, IEMCTBYS TOJIBLKO B HallpaBJIeHUN
cTosTueit BOJTHBEI ((DOTOHBI TIpU BEIHYKICHHOM M3TYICHUH IBIDKYTCS B HAIIpaBIeHUN
Magalolnx), MOXET MPUBECTU K 3(P@eKTy NIeHEHUSI 3aMeaJIEeHHBIX aTOMOB —
UX JIOKAJW3ALMKA BOJU3U MYyYHOCTEN CTOSTYEN BOJTHBI.

M3MeHssT TJ1aBHO YacTOTY V CTOSIYEN BOJIHBI, MOXKHO ITOCJIEAOBATEIBHO 3aMe/l-
JISTh YAaCTUIBI, UMEIOIIME Pa3INUHbIE CKOPOCTU. AHAIN3 TTOKA3BIBAET, YTO MPU CKa-
HUPOBAHWM YaCTOTHI CTOSTYEH BOJNHBI OT HAYAJIBHON BEJTMUUHEI V) — AV /2 10 KOHE-
YHOM BEJIWYUHBI V) — Av/2 (Avp 1 Av — JOIJIEPOBCKAsT M €CTeCTBEHHAs IMUPWHEI
JIMHUU, TIPU 3TOM Avp > Av (CM. JIeKIUio 4)), HOpMaJlbHOE pacripeieieHue s
KOMITOHEHTBI CKOPOCTH C TE€UeHUEM BpPEMEHU OymeT cyxkartbcsd. [lajmbHeiilnee mpu-
OJIIKEHME YaCTOTHI V BOJTHBI K YaCTOTE Vv HE UMEET CMBICTIA, TaK KakK 3P (PeKTUBHOCTh
TOPMOXEHUS 3HAYUTEJIBHO YMEHBIIIAETCS.

K okoHYaHMIO CKaHMPOBAHUS cpeaHee 3HAaUeHME KBaapaTa KOMIIOHEHThI CKOPO-
CTU OyJIeT YMEHBIIEHO 10 BEJIMYMHBI

hAv

2
vy =—-.
W=7
3mece M — macca atoma, fi = h/2r. Ucnione3yst cootHomenue M (v2)/2 = kT/2, nist
KOHEYHOI1 Temneparypsl T mosydyaem BbIpakeHUe

hAv
r== (2.47)

(2.46)

e k — nocrosHHaa bonbiMana. Eciu npunarts Av/2 = 108 T'u, To TemnepaTypa npu
JIa3epHOM OXJIaXIeHUM nocturaeT BennmuuHbl 1 =~ 0,7 - 1073 K. Bpems oxiaxaeHus
COCTaBJISIET AOJU MUJIIMCEKYH/IbI.
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Puc. 2.5

PaccMoTpeHHBINT MeXaHU3M OXJIaXKIECHUST Ha3bIBAeTCS MOIJIEPOBCKUM OXJIaxkKIe-
HueM. CooTBeTCTBEHHO BhIpaxkeHue (2.47) omnpeaensieT Tak Ha3bIBaeMbIl doniepos-
cKuill npeoea.

Ha puc. 2.5 nokazaHa nHaMUKa JOCTHXKEHUM 110 JIa3epHOMY OXJIaXKIEHUIO, OCY-
IIECTBJIEHHOMY B BEAYIIMX JJAOOPATOPUSIX MUPA.

IlepBbie SKCIIEPUMEHTHI 1O AOTUIEPOBCKOMY OXJIAXIEHUIO 10 TeMIiepatypbl 1 =
=1,5 K 6bun ipoBeaeHbl B CCCP B Havane 80-x rogoB XX B. Oxj1axaeHue ocylie-
CTBJISIJIOCHh B OJJHOMEPHOM CTOSIYE BOJIHE.

B nocnenyrommx skcrepumenTax (B CCCP u 3a pyde:koM) MCITOIb30BAUCH ABYX-
MEpHbIE U TPEXMEPHBIE CTOSTYME BOJHBI, YTO TTO3BOJIMIIO 32 HECKOJIBKO JIET JOCTHYb
JIOTIJIEPOBCKOTO Tpeena.

Ha puc. 2.2 uB. BKJI. MOKa3aHa cxeMa YCTaHOBKHU, B KOTOPO OCYIIECTBICHO Mar-
HUTOOIITUYECKOE TIJIeHeHHe aToMOB. O0J1aKo aTOMOB (KEJITOE ITSITHO B LIECHTPE) yAep-
JKMBAETCs B 00J1aCTH MepeceyeHmsT TPEX CTOSTYMX BOJIH, 00pa3yeMbIX 1IeCThIO JIa3ep-
HBIMU TTydKamu. st 6onee 3¢pGeKTUBHOTO yaepkKaHus obiaka B 3TOM 00J1acTH Ka-
TYLIKAMHM C TOKOM CO3[AeTCs TaKKe HEOTHOPOIHOEe MAarHUTHOE TI0JIe.

B xonie 80-x u B nepBoii mosoBuHe 90-X romoB, MPUMEHSIS IPyTUe MOIXOMIbI,
yIAJI0Ch TIPEB30UTU TOIUIEPOBCKUI Mpeaea M MOCTeNIEHHO IOBECTH TeMIlepaTypy
atromoB 10 T=2-10% K!

JlazepHblii TepMOsIIepHBIA cHHTE3. B peakiiusx cuHTe3a siiep JEerKUX 3JeMEHTOB,
PACIIOJIOKEHHBIX B Tabaule MeHaeneeBa 10 HaruboJjiee MJIOTHO YITaKOBAaHHBIX SIIEP
(>kene30, HUKEIb U Jp.), SHEPTUsl MOKOs IMEePeXOAUT B KMHETUYECKYID SHEPIUIO
MpOAyKTOB peakuuu. [IpuMepoM sBisieTCs MPOTOH-TIPOTOHHBIN MK Ha ConHle,
B pe3yJbTaTe KOTOPOTrO BHICBOOOXIAETCSl TpOMaIHasi SHEPIUSL.

B 3eMHBIX yCIOBUSX Jierdye BCEro OCYILECTBUTh CAUSHUE M30TOIIOB BOAOpOAA —
nevitepus JI v tputua T. JleiiTepuit cogepXutcs B Boae B cooTHoueHnu 1/6 500,
a TpUTUI, UMEIOIIUI Tiepuo noaypacnana 12,4 roma, MOXXHO TMOJYYUTDb B SIIEPHBIX
peakuusx. B pe3yiabTaTe peakunu

O+T=%He+n+Q

BBICBOOOXmaeTcs sHeprus Q = 17,6 3B. [yt ocyliecTBIeHNS TaKO peaKIIny HeoO-
XOAUMO COJU3UTH Siipa, MPeoaoJieBass KYJIOHOBCKHUE CHJIbl OTTAJIKUBAHUS MEXIY
MPOTOHAMU. DTOTO MOXHO JTOOUTHCS, HArPEB BEIIIECTBO J0 BLICOKON TeMIlepaTyphl
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l T~ 108 K. Iy1g TOro 4ro0bl BBIIEIMBIIAACS SHEPTUS CPABHA-
\\ / JIach C DHEPreTMYEeCKMMU 3aTpaTaMM Ha HarpeB IJI1a3MBbl, He-
Ceer  00XOAMMO BbIMOJHEHUE KpuTepus JloycoHa:

- - nt > 10" c/cm?,
/ \ [Ie 1 — KOJIMYeCTBO yacTull B 1 cM?; T — BpeMs 3(DPpeKTUB-
r HOTO TPOTEKAHMS PeaKId CHHTE3a.

B nHacrosimee BpeMsT CYIIECTBYIOT IBa TTOAXoAa K OCYIIe-
CTBJICHUIO YIIPABISIEMOTO TepMOsIIepHOro cuHTe3a. [1pn mep-
BOM ITOAXOIE¢ MarHUTHBIM TIOJIEM CIICIIMAIbHON KOHGUTYpa-
LIMU B TeUeHUe BpeMeH! T =~ 1 — 10 ¢ yaepKuBaeTcsT BEICOKOTEMIIepaTypHasl Tura3Ma
¢ koHueHTpauueii n = 10*—10 cm3. B ycranoskax «Tokamak» (CCCP) Bomopon-
Has TIJI1a3Ma M30JMPYeTCsS OT CTEHOK YCTAHOBKM MAarHUTHBIM TIOJIEM W HarpeBaeTcs
BIICKTPUYECKNM TOKOM IO OYEeHBb BBICOKHMX TEMIIEpaTyp, TP KOTOPBIX BO3MOXKHBI
peakinm CMHTE3a.

ITpu BTOpOoM nonxone, npeayoxeHHoM Takke B CCCP H.T'. bacosbim u O. H.Kpo-
XUHBIM B Havase 60-x romoB XX B., MUKpocdepa (MHUIIIEHB) C SSAePHBIM TOTTIMBOM
00JTyyaeTcsT MHOTOKAHAIBHEIM JlazepoM. ETo mM3nydeHMe Mo HEeCKONIBKUM KaHalaM
(HampaBJIeHUSIM) ¢ pa3HBIX CTOPOH TafaeT Ha MUIIeHb (puc. 2.6). Takoit MeTox mo-
JIy4WJI Ha3BaHUe 1azepHuiidl mepmosoepubviii cunmes (JITC).

OLIEHKH TOKA3bIBAKOT, UTO IS CKATHS BELECTBA 10 TUIOTHOCTEH p = 10— 10° r/m?
u HarpesaHus 10 Temreparyp 7= 108 K Heo6xomumo cosnats nasnenue p =~ 5- 10° atm.
7151 5TOr0 MHTEHCUBHOCTH CBETA, IMAaJalolIero Ha MOBEPXHOCTb MUTIIEHH (TUIOTHOCTD
MOIIHOCTH), NOJKHA ObITh paBHa [ = 10 Br/cM? TTosTOMY A8 OCYILECTBIECHUS
JITC HeobxonuMo MCIoIb30BaTh MOIIHEIE JIA3¢PHBIC CUCTEMBI.

Buemnmit Bua ycraHoBku «IluBa» B JImBepMopckoii madoparopum (CIIA)
MOKa3aH Ha puc. 2.3 1B. BKJI. UMITyabc 3aalo01lero ja3epa Ha HEOJUMOBOM CTEKJIe
(A= 1,064 mxMm) ¢ sHeprueit 10 JIX 1mociie yTpoeHHST YaCTOTHI IO CBETOBOIAM TIO-
crymaet B 20 ycunnreseit cBeta. Ha BBIXOme KaxkIOTO YCHIINTEIS] SHEPTUs UMITYJIbCca
Bo3pactaeT g0 20 x/[>x. CBeToBbIe My4YyKW, UMEIOIIME TOCAe YCUIUTEIs AUaMeTp
40 cM, C pasHBIX CTOPOH (POKYCUPYIOTCS Ha MUIIEHbB.

IMpn B3aMMOEWCTBUY M3NMYYCHHS C MHIIEHBIO PamlyCcoOM HECKOJBKO MWIIIN-
METPOB €€ BHEIITHSS YacTh IIPEBPAIIaeTCs B pas3IeTaloIIyIocs B pa3HbIe CTOPOHBI CO

ckopocThio v ~ 10’—10% cm/c rulasMeHHyI0 KOpOHy. BHyT-

peHHMe (HeuclapeHHbIe) YacTW MUINEeHHU, Kyma W3IydeHUe

He TIPOHWKAET, MPHOOPETAIOT THAPOIWHAMUUYECKHIE CKOPOC-

TH, HalpaBJIeHHBIC K LIeHTpy MulneHU. [locmeqHre Bo3HMKA-

[OT TJIaBHBIM 00pa3oM M3-3a CBETOPEAKTUBHOTO IABIICHUS,

00YCIIOBJIECHHOTO WMMITYJIbCOM OTHAYM TIPM BBUIETE YACTHII

C TIOBePXHOCTW BHYTPEHHEM TUIOTHOM YacTh MullieHu. B pe-
r  3yIbTaTe YacTh BEIIeCTBA MUIIICHN CKUMAETCS I HarpeBaeTCsI.

Ha puc. 2.7 mokazaHo paguajbHOE pacrupeneieHnue IUI0T-
Muiuenb HOCTH p M Temmepatypsl 1 Ha cTamuu cxkaTtusi. DakTuyeckn
[// K IIEHTPY MHIIIEHNU CO CKOPOCTHIO U IBIKETCS yIapHast BOJTHA.
Ipu mpsMoM TTageHUM CBeTa Ha TMOBEPXHOCTb MUIIICHU

BeChbMa CIIOXKHO OOECITeYNTh C(HepUIECKyI0 CHMMETPHIO TIPO-

mecca cxkatus. OTKIIOHEHUS! IBUKEHWS BHYTPEHHMX YacTei

Puc. 2.7 oT chepUIeCcKN-CUMMETPUYHOTO OTPAaHWUYMBAET CHUJIBHOE

Puc. 2.6




cxarue. [1o 3Tol IPUYMHE UCITONIB3YETCST M HETIpsi-
Moe cxartve. B aToMm ciyyae usnydyeHue Jasepa
(puc.2.8) ¢ pasHbIX HaMpaBJIeHWI MOIaJaeT Ha
BHYTPEHHHUE CTEHKU ITOJIOCTH, BBIITOJIHEHHBIE 13
BellleCTBA C OOJIbIIMM aTOMHBIM HOMEPOM, Hall-
puMep 30J10Ta. DTa MOJIOCTh HA3bIBAETCS XOJIbPAYM.

Oxkono 80 % cBeTOBOII HEPTrUU IpeodpasyeT-

110JIOCTh

S
N

Puc. 2.8

Cs B MSITKO€ PEHTICHOBCKOE M3JIyYeHHUE, KOTOPOE C pa3HbIX CTOPOH IaJaeT Ha MHU-

LLIeHb, HAXOASIIYIOCSI B CEpeMHE TOJIOCTH.

Ha puc. 2.4 uB. BkJ1. mokazaHa ¢oTorpadust Xoabpayma, UCIIOJIb3yeMOIO B CXeMe
HeTpsMoro cxkatusi. KpacHble MsTHA HA ero CTeHKaX CBUIETEIbCTBYIOT O BOSHMKHO-

BECHUUN PEHTITCHOBCKOI'O U3JTYUCHUA.

B Hacrogiee BpeMsi B psie CTpaH MPOBOASATCS 3KCIIEPUMEHTHI MO CXKATHUIO
W HarpeBy BelllecTBa MulleHeit. JocTurHyThl gasneHus p ~ 108 atM u ckopoctu
cxarust MUKpocgep u > 200 KM/c, rmojydeHsl moTHocTH p ~ 102 r/em?. i peakropa
Ha ocHoBe JITC HeoOXoauMBbI J1a3epsl ¢ sHeprueil uMmynsca W~ 10° JIx u yacro-
TOI TTOBTOPEHHUSI HECKOJIBKO Tepll. Haa co3maHueM Takux CMCTeEM M paboTaloT yue-

HbI€ B BEIYIIMX JIAOOPATOPHUSIX MMpA.



PA3OEIJ] 2
N3JIIYYEHUE CBETA

JEKIITUA 3

H3nydenue 3meKTpHyeckoro aumosis. Kak M3BeCcTHO, ICTOUHMKAMU 3JIEKTpOMar-
HUTHOTO TOJISI SIBJISTIOTCSI YCKOPEHHO ABMKYILMECS 3apsiabl M MepeMeHHbIe TOKH.

Ha puc. 3.1 cxemaTnuecku n300paxkeH Mpolecc U3ydeHUs 3JeKTPOMArHUTHOM
BOJIHBI aHTEHHOM, HAa3bIBAEMOM a1eKmpuueckum ounosem. ta aHTeHHA MPEACTaABISIET
c000i1 ABa OTpe3Ka MPSIMOTO MPOBOAA, MOIKIIOYEHHBIX K MICTOYHUKY MePEeMEHHOTO
TOKa 4acToThl ®. [1o oTpe3kam B 110001 MOMEHT BpeMEHH TeKyT HEKBa3uCTallMOHAp-
HbIe TOKM (IJTMHA BOJHBI TOKA CpaBHMMA C JUIMHON aHTEHHBI).

B MomenTtnl Bpemenu t = 0, 7/2, T TOK B aHTeHHEe MaKCHUMAaJieH, a 3apsiabl
Ha KOHILIaX MPOBOAHUKA OTCYTCTBYIOT. [Ipu = T/4, 3T/4 ToK paBeH HYy/IIO, a pa3HO-
MMEHHbBIE 3apsiabl, HAKATUIMBAIOIIMECS HAa KOHIAX MPOBOMAHMKOB, TOCTUTAIOT MakK-
CUMAJIbHBIX 3HAUEHU.

YpaBHeHUss MakcBesia Mo3BOJISIIOT 3alUCaTh BBIPAKEHUS ST DJIEKTPUIECKOTO
M MarHUTHOTO TOJIeH, U3TydyaeMbIX AUIIOJEM, B BUIE:

q=0 -q q=0
E=Emax
E=0
q=0 +q q=0
t=0 t=T/4 t=T/2
+q q=0

Puc. 3.1
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H(t,r)=—$exii(t—£), (3.1a)

E(t,r) = — fi—oexH L exH (.16)
0

C&g Puc. 3.2

3neck p = gl — eexmop dunoavHoeo mMomernma, HaNIpaBJIEHHBINA OT OTPUIIATEIBHOTO

. d’p
3apsia K NONOXUTENbHOMY; [ — pacCTOsSHME MeXIy 3apafaMu; p = S e — e
HUYHBII BEKTOP, HATIPABJIEHHBIA B TOUKY, YIAIEHHYIO OT JMIIOJS HA PaCCTOSTHUE

(puc. 3.2).

®opmyst (3.1) cripaBeUTMBEI IJIST PACCTOSTHUI #>> A (A—IJTHA BOJHBI U3ITyYCHUS).
Ecim p = pycoswt, TO p = —0?p, YTO U U300paKEHO HA PUCYHKE.

Pacnpenenenue 31eKTpOMarHUTHOTO MOJI B MPOCTPAHCTBE MOKa3aHO Ha puc. 3.3.
3aech U300paXeHbl CUIOBbIE TUHUM 3JEKTPUUYECKOTO MOJIs, a TOYKaMU 1 KpeCcTUKa-
MM OTMEUEHBI «CJICAbl» CUJIOBBIX JUHUIT MAarHUTHOTO TIOJIS.

BenuunHa Bexktopa IloitHTuHra S ¢ yyetom (3.1) mojyyaercs: paBHOM

2
1 r .
=FH=———"——-| p|t—— . 32
S(r, 1) T6n7e,0r” [p (t C)sm 1‘}} 3.2)

Cpa3sy czeaeM BaXHBIA BBIBOI O TOM, uTO S =« o, mockonbky p2 = o*p?. Hau-
0oJiee CUJIBHO OMIIONb M3ydyaeT B HAIlpaBIeHWU € | p U He U3JTydaeT, eciu e || p.
3aBUCHMOCTh MHTEHCUBHOCTH OT yrja ¥ mojydaercs u3 (3.2) B BuUIe

[ =(S)=1,sin?9, (3.3)

rae /[y — MHTEHCUBHOCTD M3JIyYeHUs 10 HaIlpaBJIeHUIo e L p.

Ocuwinupyolmui
TUTIONH

Puc. 3.3
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DTy 3aBUCUMOCTb MOXHO TTPOMJLITIOCT-
pUpOBaTh C MOMOIIBIO arMarpamMMbl (puc.
3.4), koTopast TpeacTaBisieT coboi (u-
Typy BpallleHUs U Ha3bIBAETCS Ouazpammoul
HanpaeaeHHocmy U3TYYeHUs TATIONS P.

PaccuutaeM MOIIHOCTb, M3Iy4aeMyIO
nunojieM. OHa paBHA TTOTOKY 9HEPIUU Ye-
pe3 J110yl0 3aMKHYTYIO TOBEPXHOCTh
C IPOU3BOJBHBIM paanycoM r>> A. B coe-
PUYECKMX KOOPAMHATAX 3JIEMEHT €€ Iuiolanu do = r?sin © dd de. IIpoBous uHTer-
pUpOBaHUE IO MOBEPXHOCTHU cephl, M300pakeHHOM Ha puc. 3.4 IITPUXOBOM JUHM-
e, MoJay4um

Puc. 3.4

_ )
P = [(S)do = s (3.4)

3nech CKOOKM 03HAYaAIOT yCpeaHEeHUe 1Mo BpeMeHU. [1py BhIUMCIeHNH MHTerpaja
YUTEHO, YTO

(ST

Tsin3 0do =
0

H3nydyenue KiaccHueckoro ocmmuiAaTopa (aroma). M3 1MIKOJILHOIO Kypca U3BECT-
HO, UTO XOT$ BJIEKTPOH M ABMKETCS MO OPOUTE C LIEHTPOCTPEMUTEIbHBIM yCKOpPE-
HUEM, aTOM B HEBO30YKIEHHOM COCTOSIHUM HE U3JIy4aeT 3JIeKTPOMarHUTHBIE BOJI-
HbI. DTO CBUIETEILCTBYET O TOM, YTO KJIacCUYeCKas TeOPUsT U3ITyYeHUsI, TIOCTPOCH-
Hasl Ha ypaBHeHMSIX MakcBeiia, He MPUMEHMMa K aToMy.

OnHako MOXHO BCE€ € MCITOJb30BaTh KJIACCMYECKOE OMMCAaHUEe U I aToMa,
€CJIM MHTEPIIPETUPOBATh aKT U3JIy4yeHUsT (POTOHA YACTOTHI ) KaK KPaTKOBPEMEH-
HBII TpoliecC U3TYYEeHHUS aTOMOM, OOJaJarolIdM OCLUWUIMPYIOIIUM AUTIOIbHBIM
MOMEHTOM

p(t) = ex(f) = ex; cos . 3.5)

B aToit Momenu atoma TIpeArioniaracTCs, YTO BHEITHUI (ONTUYECKUI) SJIEKTPOH
C 3apsIIOM e KoJiebyieTcsl BOMM3N siipa TI0 TApMOHWYECKOMY 3aKOHY, M PacCTOSTHUE
MEXIY SIAPOM M BJIEKTPOHOM MEHSIETCSI C aMIIUTYION X, M YacTOTo . Takas
MOZENTb aTOMa KaK 3JIEMEHTapHOTO OCLWIIATOPA YPEe3BBIYAHO ITHUPOKO MCTIONB3Y-
eTCd B OITHKE.

IIpy n3mydeHUM aTOM OYIET TEPSTh SHEPTUIO, U B KOHIE KOHIIOB U3JIydeHUE
yeIMHEHHOTO aToMa MpeKpaTuTcs. [IporcXoauT 3T0 BCIeACTBAE TOPMOXKEHUS DJIEK-
TPOHA U3TYIaeMBIM 3JIEKTPOMArHUTHBIM TTojieM. [103TOMY TOBODSIT O paduayuonHom
samyxanuu ocIyuruuit. Torma Momeab OCHWLISATOpa CIIEAYeT HeCKOJIBKO YCITOX-
HUTh, BKIIOUYMB B (3.5) 3aryxaHwue.

PaccunraemM xapakTepHoe BpeMsl 3aTyXaHUS T, 3alTMCaB 3aKOH JIBVDKEHUS DJIEKT-
pOHa B BHJIE

x(1) = xpe™"* cos wt. (3.6)

IMonHass MmexaHuuyeckas aHeprust W ocLuiisiTopa Macco m (m — macca 3JI1eKT-
pOHa), paBHas CyMMe KuUHeTudyeckoir W, u moreHuuanbHoi W, sHepruii, Oymet
yOBIBaTh 110 3aKOHY

32



2,2
mmgXxg o2

W) =W @)+ W, (1) = (3.7)

CKOpOCTb U3MEHEHUSI TOI SHEPIMU BO BPEMEHH CBsI3aHa C M3JTy4yaeMOl MOIII-
HOCTBIO 3aKOHOM COXpPaHEHMSI SHEePTUU:

dw
——=-P. 3.8
T (3-8)

Breruucnss npousBogHyto (3.7) v ITOACTaBIISS clofa BbIpaxkeHUe IS MOLIIHOCTU
(3.4) ¢ yuetom 3atyxaHus (3.6), Moayyum

2.2 24,2
_2 mooXy oy €7W0X0 oy 3.9
—e =-———e " (3.9)
T 2 6meC
ITocne cokpallieHUsI UMEeEM
6rme, ¢’

0
=—F 5 (3.10)

e mg

Ecnu B (3.10) moacTtaBuTh 3HaUeHUS! (PpyHIAMEHTANIbHBIX KOHCTAHT U MPUHSATH
YacTOTy B BUAMMOM JMAaIla30He PaBHOM o, = 2mv, ~ 10'° ¢!, To

t~10%c. (3.11)

Mbl nostydmin (yHIAMEHTAIbHBIM pe3ybTaT, COCTOSIIIUN B TOM, 4YTO 20001
YeOUHEeHHbIlI amMoM nocae 8030YICOeHUs U3AYHaem IMeKmpoMACHUMHYI0 804HY 8 MedeHUe
epemenu nopaoka 1078 c.

B cootBercTBUM ¢ opmynoit (3.1) aToM HU3Iy4aeT ceemosoil uye, B KOTOPOM
aMIUIMTYIA HaIIPSDKEHHOCTHU DJIEKTPUYECKOTO M MAarHUTHOTO TOJIeil YOBIBAeT MO 3K-
CIIOHEHLIMAILHOMY 3aKOHY

E = ae " cos(wf + @), (3.12)

rIe aMIUIMTy[a a U HadajdbHas daza ¢ SBISIOTCSA CAyYailHBIMU BEJIMUMHAMM.

Ha puc. 3.5 usobpaxeHa 3aBUCUMOCTb BeIMUMHbI E OT BpemeHu. OueBUIHO,
YTO UBJIyYEHHUE aTOMa He SIBJISIETCSI MOHOXPOMATUYECKHM, XOTS B IIyTe COAEPKUTCS
t/T ~ 107 ocummnsaumii (7~ 10715 ¢ — nepuon KoneGaHwuii).

B KBaHTOBOI 2JIEKTpOAMHAMUKE aHAJOTOM BPEMEHU paavallMOHHOTO 3aTyXaHUs
SIBJISIETCSI 8peMs HcU3HU aToOMa B BO30YKIEHHOM COCTOSIHUU, COOTBETCTBYIOIIEM TIpe-
OBIBAHUIO OINTHYECKOrO 3JEKTPOHA Ha
HEKOTOPOM DJHEpPreTUYeckKoM ypoBHe. £
B cooTBeTCTBUM C npunyunom Heonpeoe-
JAeHHOCMU, €CTU BPEMSI 3KM3HHM B BO30YX-
JEHHOM COCTOSHUU OTpPaHUYEHO, r\n

T

TO 3HEpPrusl MEKTPOHA HA 3TOM YPOBHE nn m
oIIpe/iesieHa ¢ TOYHOCTbIo AW 0 UUUUnUnUnU“U"\;“u“v"u"v“v"u"v"v"wmnv

AWr=h. (3.13)

CorjacHO OJHOMY M3 TMOCTYJAaTOB
bopa, yactora usnyuyaemoro ¢GpoToHa
yIOBJIETBOPSIET ycaoButo hv = W, — W). i
Ecnu, Hanmpumep, ypoBeHb W, «pa3MbIT» Puc. 3.5
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(ero mmpuHa paBHa AW'), TO 4acTOThI UCITyCKaeMbIX (POTOHOB IPU MEPEXOAe C
3TOTO YPOBHS OyIyT 3aHMMATh MHTEPBAJ 4acTOT Av:

AWt = hAvt = h. (3.14)
Orclona
Av = 1 (3.15)
T

IMocrenusst dopMyita yctaHaBmuBaeT PYHIAMEHTAIBHYIO C8523b MedNCdy epemeHem
HCU3HU 8030YHCOCHHO20 COCMOSHUS U WUPUHOU CNEKMPAAbHO2O0 UHMEPBANa U3AYYEHUs
TP KBAaHTOBBIX TIEPEX0JaxX M3 3TOTO COCTOSTHUSA. B ciemytoleit 1eKimu 6yaeT momy-
YeHa 3Ta CBI3b TPU aHaAJIM3e CITEKTPaJBHOTO COCTaBa 3JICKTPOMArHUTHOTO IIyTa,
U300paxkeHHOro Ha puc. 3.5.

H3zinydenne ancamOyig aToMOB. PcajlbHBIN CBETOBOM MCTOYHMK MPEACTABIISIET CO-
0oi1 aHcaMOJ1b U3Tydarolux aroMoB. Hanpumep, 115 ra3opa3psigHoOi JJaMIbl B 00beMe
V=2 M~ 10* cm — mmHa Bonuel) conepxurcss N = Vi, ~ 107 atomos (n, =
=2,7-10" cm~® — uncno Jlommvuara). TTo3TOMY 3/IEKTPUYECKOE TIOJIE BOJIHBI, M3/Ty4a-
MOl 3TM MaJTbIM 00BbEeMOM, OYIEeT PaBHO CyMMe TTOJIEH OTHENTEHBIX IIYTOB:

N N
E(r) =Y E,(t) = Y a; cos(wy + ¢;) = E cos(wyf + ¢). (3.16)
i=l i=l

ITockonbky a; U @; — ciayyaliHble BeJIUYUHBI, amruryna (orubaroinas) E,

1 daza ¢ TakKe CaydyaliHble BETMYMHBI.
OnpeaenuM CTaTUCTUYECKHE 3aKOHOMEPHOCTU orudarolieit £, u dasbl ¢. [pen-
TTOJIOKMM, UTO BOJIHA pacIpocTpaHseTcs BIoiab ocu Oz. Torma B clily ee moreped-

Hoctu Tone (3.16) mpenctaBUM B BUIE

E(t) = e, E, (1) + € ,E,(1). (3.17)

[Tyctb a; = a; cosoe, +a; sinoe,, TaE o; — CIYYallHBIA YroJl MEXIY a; U OChIO
Ox. Torna

N N
E, = (Zai Cos 0; COS (p,»jcos 0ot — (Zai cos o sin cp,-]sin Oo; (3.18a)
i=1 j

i=l1

N N
E, = (241[ sin o; cos<p,-jcos Oyl — (241[ sin o; sin(piJsinmot. (3.180)

i=1 i=1

HCCJ’IGI[YCM CTaTUCTUYECKME CBOMCTBA KOMITOHEHTBI Ex: U1 94€T0o NMpeacTaBUM
€€ B BUIC

E,. = A coswyt — A, sin myt. (3.19)
3nech

N N
A =Y a;cosa; cosg;; Ay = a;coso;sing, (3.20)
i=1 i=1

1 1

— cllyyaiiHble BETMYUHBI, KOTOPbIE MPUHSITO HA3bIBATb K8AOPAMYPHbIMU KOMHOHEH-
mamu nons E,.

Eciu aToMbl U3/Iy4aloT HE3aBUCUMO APYT OT APYyra, YTO TUIIMYHO AJIA Hesla3ep-
HBIX UICTOYHUKOB, TO KBaJpaTyphl SIBJISIOTCS CyMMO OOJIBIIIOrO YUCIa CTaTUCTUYE-
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Ay w(A)c
0,6
A 0,4f
5
0 4 I
0,2}
Zy
0 1 2 3 Alc
Puc. 3.6 Puc. 3.7

CKU HE3aBUCUMBIX CIIyYalHbIX BEJIMUMH. B COOTBETCTBUU C LIEHTPAJIbHOI Tpenesb-
HOM Teopemoii TIpu N — < pacmnpelejeHue MIOTHOCTA BepOSTHOCTH CYMMBbI He3a-
BUCHMBIX CIYJalHBIX BEJIMYMH, UMEIOIIUX MPOU3BOJILHYIO CTATUCTUKY, CTPEMUTCS
K Hopmanvromy (eayccogy) pacnpedeseHuro.

IMockomnbky N ~ 107, IpUMEHUTENBLHO K KBaApaTypaM MOXKHO 3aIKcaTh BbIPaXxe-
HUS IS TUIOTHOCTU BEPOSITHOCTH CIIyYallHBIX BEIMYMH A, U A, ¢ QUcrepcueii o2
B BUIIE

2
1

Lexp [— A—] w(A,) = ! exp [— A ]
\2no 262 ) ? \2no 262 ) 321
Tereps JIETKO OMPENETUTh CTATUCTHYECKKE CBOMCTBA orubaonieil A = AL + A3

w(A4) =

A
u a3bl ¢ = arctg (f KOMMOHEHTHI E,. [I7151 9TOro Ha riocKOCTU MepeMeHHbIX A; U A,

1
BBIYMCJIMM BEPOSITHOCTh TOro, YTO orubaroias OydeT 3akilouyeHa B MHTEpBajie
(A+ A+ dA). C onHOIT CTOPOHBI, BEPOSITHOCTh MOXKHO 3aITMCATh B BUJIE

dp, = w(A)dA, (3.22)

rae w (A) — IIOTHOCTH BEpOSITHOCTU orudaroieit. C 1pyroii CTOPOHBI, 00pallasch
K puc. 3.6, BUIUM, YTO 3TO €CTh BEPOSITHOCTDH <«IIOMAfaHMsI» KBaIpaTyp B KOJIbLO
paguycoM A U IIUPUHON dA.

Ecnu yuyecTh, uTto KBampatypbl A; U A, CTATUCTAYECKU HE3aBUCUMBI, TO

dp, = w(A)w(A,)2nAdA. (3.23)

3nech w(A,)w(A4,) = w(A4;A,) — AByXMEpHasi IJIOTHOCTb BEPOSITHOCTH; 2TAdA — 1u1o-
mwaab koabua. [TpupaBHuBas (3.22) u (3.23), noiayyaeM

2
w(A) = izexp(— A—zj (3.24)
c 26

DTO pacnpeseieHe Ha3blBAIOT pacnpedesenuem Pases B yecTb aHIIMICKOTO Gu-
3uka JIx. Panest, BrepBble pelIMBIIETO CTATUCTUUYECKYIO 3aady 00 U3JIy4eHUU aH-
caM0J1s1 OCUWLISATOPOB (puc. 3.7).

OTMmeTuM, 4TO B OTJIMYME OT HOPMAIBHOIO 3aKOHA paclpeleseHUs] KBaaparyp,
rae (A)) = (A,) =0, cpenHee 3HaYEHUE OTMOAMOILEH OTVIMYHO OT HYJIS:

(A) = Tw(A)AdA = Jro. (3.25)
0
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Ecnu dopmyny (3.24) noacraButsb B (3.22), TO JIETKO MOJYYUTh 3aKOH paclipee-
JIEHUs KBajpara orubaronieii A2, uim uHTeHcuBHOCTH [ ~ A2. C yueToM CKa3aHHOIoO
BbIpakeHue (3.22) mpuMeT BUI

A A? 1 A?
dpA = ?exp(—ﬁjdA = PCXD(—F]GIA2. (326)
Takum obpazom,
dp 1 A?
)= = 5o 50 | 327

BTO pacrpeaeieHue n300paxkeHo Ha puc. 3.8.
CpenHee 3HaYeHMe KBajaparta Orubaiolleil paBHO:

(A2) = [ A2w(A?)dA? = 262 (3.28)
0
IMosromMy pacnpeneneHue (3.27) MOXHO Tiepenucath B MHOM BUJE:
1 A?
AY) = —— - 3.2
R ) )

AHaJNOTUYHOE pacripefeeHue MoaydaeTcsl U IJ11 UHTeHCUBHOCTH [:

w(l) = iexp[— ij. (3.30)
() ()
ITocnenHee BeIpaxkeHue OoJiee yoOoOHO JUISI MPAKTUYECKUX TIIPUMEHEHU.
Ilepeiinem Tenepb K 3aKOHY pacripeaeneHus dhasbl ¢. MHTYUTUBHO MOHSITHO, YTO
BEPOSITHOCTD «ITIOTaJaHUsI» KBaApaTyp B 000K (pparMeHT KoJiblla OAMHAKOBa (LISt
JI060ro yriia ¢ Ha puc. 3.6). BTO 3HAYUT, YTO IUIOTHOCTh BEPOSITHOCTU w(¢) = const
Ha nHTepBaye -1 < @ < 7. C y4eTOM HOPMMPOBKM OHA paBHA

1
wie) =5 (3.31)

OueBunHO, yto (@) = 0.

YcTaHOBUM Tereph CBsI3b MeXy (A%) u mapaMeTpaMu oclmuisitopos. Eciu mpu-
HSTh, cliemysi Panero, uto a; = a = const, a cirydaitHpl JIUIb (a3l @; U YT ¢;, TO
u3 (3.20) nonyyaem

a?
w(Ad) (A2) = (A3) = NT' (3.32)
0,5
CrenoBaTesbHO,
03 (A?) = (A}) + (A3) = Na>. (3.33)

Kak u cienoBayio oxxuaaTh, MHTCHCUBHOCTD
MU3JIy4eHUs] aHCaMOJIsI CTaTUCTUYECKM He3aBH-
CHMBIX aTOMOB paBHA CyMM€ MHTEHCHBHOCTEH
U3JIy4eHUs OTIACIBHBIX AaTOMOB.

JuarpaMma HampaBJI€eHHOCTH TAKOTO M3JIy-
YeHMsI He MMeeT BBIISICHHOTO HAIIPaBJICHUS 13-

0,1
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Puc. 3.9

A(t) T A(t+ A1)

L A

o(?) o(1+Ar)
Puc. 3.10

32 XaOTUYECKOIO PACITOJIOKEHUST DJIEMEHTApHBIX MUIOJIEH M MpeacTaBisieT co0oit
cheprueckyo IoBepxHOCThb. Ilonsipuzanuss u3aydeHus omnpenessercss (pa3oBbIMU
cooTHOLEHUAMU Mexay £, u E, B (3.17). Eciu y4ecTb, 4TO KaXIblii aTOM B CPEIHEM
u3jIydaeT B TedyeHue BpemeHu T ~ 1078 ¢, To BekTOp E; OyIeT XaOTUUECKU MEHSThH
CBOE€ 3HAUYE€HME W HallpaBJieHUWEe 3aMeTHBIM 00pa3oM JIMIIb Ha 3TOM K€ MacluTade
BpeMeHU. MOXXHO CKa3aTh, YTO HOAAPU3AUUS BOAHbL OCHAEMCsS HeU3MeHHOU AUllb
6 meueHue NPOMeNCYmKo8 8pemeHu At < T.

Bpemsa xoppensimuu. B 3aki1ioueHne 3Toi JeKIIUM 00paTUMCS K BpeMEHHOI 3aBU-
cuMocTu orubaloiieit A ot ¢aspl ¢. [y 3Toro nepenuiieM BbipakeHue (3.16) B
BUIIE

Nk
E)=YE =Yae © cos[wy(t—1)+¢;]=Eq(t)cos[my +o()].
i=1 (3.34)
3aech yuTeHO paauallMOHHOE 3aTyXaHUe M3TYyYeHHUs, KOTOPOe ST KaKIOro aTo-
Ma HAQUMHAETCSl B CIAYYAUHBIA MOMEHT BPEMEHU ;.

Ha puc. 3.9 uzobpaxkeHa cTpykTypa X-KOMITIOHEHTBI M3TyYeHUsT aHCaMOJIsI, TIpe-
CTaBJISTIONIETO COOOM XaOTUUYECKYIO MOCAEI0BATEIbHOCTD IIYTOB C PA3TUYHBIMM Ha-
MpsLKeHHOCTAMU E, (pa3TuYHbIMUA aMIUIMTYIAMU @, U pazamu @;). Llyru MoryT «Ha-
Jie3aTh» APYT Ha Apyra. B cpenHeM ux IIUMTEIbHOCTh paBHA BPEMEHU paauallMOHHOTO
3aTyXaHMS T.

Kommnonenta cymmapHoro nonst (3.34) usaMmeHsieTcsl BO BpeMEHHM TakK, KaK 3TO
n3obpaxeHo Ha puc. 3.10. Orubatoias A u dhaza @ GIYKTYUPYIOT BO BpeMEHU OKOJIO
CBOMX CPEIHMX 3HAYECHUM.

Ecau monbITaThCsl YCTAHOBUTDL ITyTEM MHOTOKPATHBIX U3MEPEHUI cmamucmute-
CKYI0 €653b CITyJailHBIX 3HaueHu A(f) u A(t + At) [1mbo ¢(f) u ¢(t + Ar)] (B MoJe-
KYJISIPHO# (bU3UKe yKe UCTIOIb30BaTIOCh IMTOHSTHE YCIOBHOM BEPOSITHOCTH), TO MOXKHO
caenath cienytolnii BeiBoa. [1o Mepe yBenuueHus: Af OT HyJIsl 9Ta CTaTHCTUYECKast
CB43b TTOCTENIEHHO YObIBAET, U TIpU Af ~ T OHA CTAHOBMTCS CYIIIECTBEHHO OCJIa0JIeH-
HOM. DTO U MOHSTHO, MMOCKOJIbKY B MOMEHTBI BpeMEHU, pa3neIeHHbIe IPOMEKYTKOM
At =T, MBI UM€EM [IEJI0 YK€ C MPAaKTUYECKU pa3HbIMU 1yramu. [1pu Az > 1 3Ta CBSI3b
(Koppesauus) MOJTHOCThbI0O Mcue3aeT. [loaToMy BpeMsl T UTpaeT pojib 8pemeHu
Koppensyuu uziyvenus. boyee cTporoe ero ornpeaejieHue OyaeT MPUBEIESHO B CIIEy-
IOIIUX JICKIIUSIX.



JEKIIUA 4

Eiie B XVII B. 1. Hp10TOHOM OB BBITIOJHEHBI 3HAMEHUTBIE OMBITHI IO pa3jio-
KEHHIO OeIoro cBeTa B LIBETHOM CIIeKTp. B pe3ynbTaTe ObUIO JOKA3aHO, UTO OEJIbIA
CBET SIBJISIETCS CYTIePIIO3UIIMEN OOJBIIIOrO YKMCa BOJH, KOTOPhIE B T€ BpeMeHa Mpe/ -
CTaBJISUIA B BUIE MOTOKA YaCTHII, CKOPOCTH KOTOPBIX U OIMPEAEIISIIOT LBET KaxKIoi
CIIeKTpaJIbHOM KOMITOHEeHTHI. Iloce mpu3HaHus BOJHOBOI MPUPOIBI CBETa yTBEP-
JIUJaCh TOUKA 3PEHUS, UTO LIBET CHEKMPAAbHOU KOMNOHEHMbL ONpedensemcs UCKAHU -
MeabHO ee 4acmomoll.

BrimmostHeHHBIE BITOCIENCTBUM MHOTOYMCIIEHHBIE OIBITHI MO M3YYEHUIO CIEKT-
paJbHOIO COCTaBa pa3HOOOPA3HBIX MCTOYHMKOB CBeTa MOKa3aiu, YTO JIH000I MCTO-
YHUK UCITYCKAeT CBETOBbIE BOJHBI, YACTOThI KOTOPBIX 3aHUMAIOT KOHEYHBIN MHTEP-
BaJl YaCTOT, WUJIU CHeKMPAAbHbLI UHMeP8all.

OO06paTUMC K CIIeKTPAIbHOMY COCTaBY M3yYeHUsI aHcaMOJist aToMOB. CrieKTpalib-
HBIM COCTaB CBETa CBSI3aH C MOBEASHUEM BO BpEMEHU HAIPSLKEHHOCTH DIEKTpOMAar-
HUTHOTO TIOJIS, U 3Ta CBSI3b 3amaeTcss MHTerpajiom Pypee.

Hurerpan @ypne. M3 Kypca MaTeMaTUKKU U3BECTHO, UTO JIIOOYIO aOCOTIOTHO MH-
TErpUpyeMyI0 Ha MHTEPBAJIe — < < oo (DYHKLUIO f(7) MOXHO MPEACTABUTh B BUIE
uHTerpana Mypeoe:

f(t):l [[a(®) cos ot +b(w) sin o] do=1 [ fo(w) cos[wr—g(@)]do.  (4.1)
o o
Dyukumm a(w) n b(w) HaXOmITCST M3 00paTHOTO TIpeodpazoBaHmst Dyprhe:

a(w) = T f(t)coswtdt; b(w)= T £(@t)sin ot dt. (4.2)

Ecmm f(t) — yetnas ¢pyukums, to b = 0, a ecau HedeTHasd, To a = 0. OyHKIMN

a(w), b(w) u f, =~a*>+b? Ha3BIBAIOTCA CHEKMPANbHIMU AMAAUMYOAMU, VA (-
pove-amnaumydamu. OO6paTUM BHUMAHUE, UTO f; SABISIETCS YeTHOM (DyHKIMelN JyacTo-
THL: fy(m) = fo(—w). Paza ¢ JBsTeTCS HeUeTHOU QYHKIMEN 9acTOTh: O(®) = —@(—m).
IMocnenHee cBsizaHo ¢ TeM, uTo a(®) = a(-w), b(w) = —b(-w).

Bonee ymoOHBIM TS BEIMUCIICHHH SIBJISIETCS KOMITIEKCHOE TIpeACTaBIeHUE WH-
terpana (4.1). CpoiicTBa 4eTHOCTH fy(®) U @(®) MO3BOJISIIOT PACIIMPUTL (POPMATBHO
00JTaCTh MHTETPUPOBAHUS B 00JIACTh OTPUIIATEIBHBIX YacTOT ((PU3NIECKOTO CMBICITA
OHU HE NUMEIOT):

£ = Tln [ fo)cos[or - o(@)]do. 4.3)

BBeneM KOMIUIEKCHYIO CIEKTPAIbHYIO aMIUIMTYAy (KOMIUIEKCHYIO (Dypbe-aMIl-
autyny) fo(o®) = fo(w)e @@, Torma nHterpan (4.3) 3amuiiercsi B BUie
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1 7 ~ )
f(t) = o i fol@edo, (4.4)
Tac
fo(®) = T f(t)e- o dt. (4.5)

®opMmynbl (4.4) m (4.5) TIpemCTaBISIIOT MPSIMOE M OOpaTHOE Ipeobpa3oBaHUS
@ypbe B KOMIUIEKCHOM BUJIE, KOTOPhIE Oy€M MCIOJIb30BaTh B AanbHelnem. O6pa-
TMM BHUMAHHUE, YTO KOMIUIEKCHAs CIEKTpalbHasl aMIIUTYIa f(0) = a(o) — ib(w),
nostomy f,(®) = f,(—o) (3Be3109Ka 03HAYAET 3HAK KOMILIEKCHOTO CONPSIKEHMNS).

JIist TIpaKTUYECKUX TeNIel BBIYUCISIIOT CHeKmpanbhyio naomuocms | fo(o)|?, mo-
CKOJIbKY IMEHHO 3Ty BeIMUMHY MOXKHO 3KCITEpUMEHTAIBLHO M3MEpUTh. PaccMoTpuM
HECKOJIBKO TTPUMEPOB.
m Ilpwmmep 1. [lycte f(¢) = a, cos ®y¢. Bocroib3yeMcsl IefiCTBUTEIEHBIM TTPEICTaB-
nenuem (4.2). Ilockonbky f(¢) — yeTHast pyHkuwms, To b = 0. CienoBaTenbHO,

fo(o) = a(w) = T ay cos @yt cos of dw = Tayd(w — ). (4.6)

—oc0

3nech &(w — ) — Jdeavma-gyuxkyusa Hupaka: ecni o # oy, T0 & = 0, a ecnu
®=®), TO O — oo, IPA B3TOM _[ ddw = 1. Ilpsmoe npeodbpasoBaHue (4.1) mo3BossieT

BOCCTAHOBUTb UCXOAHYIO (DYHKLHIO

f@ = l_[a(u)) cosotdm = ao_[é}(u) — ) coswtdm = a; cos wyt. 4.7)
o 0

B (4.7) ucrionb30oBaHO CBOMCTBO AeiIbTa-(PyHKIIUM, COITIACHO KOTOPOMY WMHTET-
paJl OT IIPpOMU3BEACHHUS 0001 (PYHKIINM Ha AeabTa-(QYHKIHWIO paBeH 3HAYCHMIO T10-
IBIHTETPATbHOM (DYHKIIMM TIPU TOM 3HAYCHWHW apryMeHTa, IPH KOTOPOM JejbTa-
¢yHKUMS obpalaeTcss B 06CKOHEUHOCTD (B HAIllEM Ciydae apryMeHT m = @y).

®Oyakno f(f) MOXHO TIPEACTaBUTH B BUAE €€ BPEMEHHON 3aBUCUMOCTU JIMOO
yKa3aThb 3HAYCHME €€ CIEKTPaTbHOW aMIUTUTYIOH f(®), TTO3BOJSIONIEH, COTIACHO
(4.3), BocCcTaHOBUTH (DYHKLMIO. B TIEPBOM CIilyyae HCIONB3YETCS €€ 6peMeHHOe
npedcmaeneHue, BO BTOpOM — cnekmpanvroe (puc. 4.1).

OTMETHM, YTO B CIIEKTPAJEHOM TIPEICTAaBICHUN TT0 OCH OpAWHAT OTJIOXEHA Be-
JIMYMHA fF(w), TTOCKOJIBKY C Heli CBA3aHa M3MepsieMast B OKCIIEPUMEHTE NHTEHCUB-
HOCTb CUTHAJIa, ONMCchIBaeMoro GpyHkumeir /(). Kpome Toro, nmpu o = oy fi — oo,

£ fi(o)

Puc. 4.1
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MMO3TOMY BBICOTA «MaJ0UYKW» JOJLKHA ObITh OECKOHEYHO 00Jb10i. B geiicTBUTEIbHO-
CTU BCE CNEKTPaJbHbIe aMILTUTYIbl KOHEYHBI, TTOCKOJIBKY B IIPUPOJIE HE CYIIECTBY-
€T CUTHAJIOB, UISIINXCSI OECKOHEYHOE BpeMs.

®m IIpumep 2. PaccmoTpuM Tenepb GyHKuuO f(¢) = ae™/* cos wyt. Takas GyHKIMs
OINMCBIBAET HANIPSKEHHOCTh 2JIEKTPUYECKOro Nnoisd (£ = f) B OTAENBLHOM 1iyre u3iy-
yenust. Onpenesnum | f,(o)|?, TOIb3ysICh KOMITUIEKCHBIM TIpefcTaBieHuem (4.5):

i(l)of + e—i(x)of

folw) = T F(He i dr = aT e € e, (4.8)

Ornyckasi IPOMEXYTOUHBIE BBIKJIAAKH, TTOJTYYMM CHEKTPAIbHYIO TIOTHOCTh
o? +1/12

=
o

(0f —0?)? +4—
T

| fo(@)2 = fy(0) fy(0) = a (4.9)

Hdnsa cnaboro 3aryxaHus (wy > 1/1) ¥ Ipu ® =~ @, BeIpakeHue (4.9) MOXHO
3HAYMTENILHO YITPOCTUTH, Toaras (o — w?)? = 4w (o, — 0)?. Torma

|Fo@)? =7 P = T L(o), (4.10)
w0y - w)2 + 20
0\*o 12

rae

1

Lo) = 2 () — )% +1

(4.11)
— JIopeH1leBa (HYyHKIIMS.

I'pacduk sTO (DYHKIMHU, HA3BLIBAEMBIN /10peHyedbiM KOHMYPOM, TIPEACTaBIeH
Ha puc. 4.2.

IIupuHy A® 5TOrO0 KOHTYpa HaXOASAT U3 YCIOBUSI yObIBaHUSI (PyHKIIUMK L BABOE:

= (4.12)

Orcrona Aw = 2/t. Uem Ooblie BpeMs 3aTyxa-
HHUA, TeM yXe KOHTyp. B mpemene, mpu © —
Am — 0, KaK 3TO UMEJI0 MECTO B TIPEABIAYIIEM
puMepe.

CriexTpajibHas IJIOTHOCTh HHTeHcHBHOCTH. [Tpu-
MeHMM mHTerpait Oypbe K ONMMCAHUIO CIIEKTPaTh-
HBIX XapakTepuCTUK cBeta. Ilom dyHkumein f(7)
OyzmeM Mojapa3dyMeBaTb OJHY U3 KOMITOHEHT F(f)
HaNpssKeHHOCTH TTOJTST CBETOBOI BOTHBEL. Ho Torma
f(?) siBnsiercs ciyvaiiHoi pyHkuuen. CiydaltHbI-
MU OynyT U dypbe-aMILTUTYIbI a, b, fy 1 daza o.
Kpome Toro, B pealbHOM 3KCIEpUMEHTE BpeMst
HaOMIONeHUST OTpaHIMYEHO, TTO3TOMY Ha TIPAKTHKE
Puc. 4.2 MOXHO aHaJIu3MpoBaTh CUTHAN f,(f), TaKoi, 4TO

3-2-1 01 2 3 (e-wgr
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fi(t) =f(t) ipu 0 < £ < 1,3

4.13
f(H=0nput, <t<eo, t<0, (4.13)

IIe T, — BpeMs HaOIOIeHMS.
Bosnukaet Borpoc o BEIOOpe 3TOro BpeMeHn. Bocmonb3yeMcs paBeHcTBOM Ilap-
ceBajist, Kotopoe Toiydaercsa u3 (4.4) u (4.5):

T f(t)dt = i T | fy(0)do. (4.14)

B stom PaBCHCTBE, B JIEBOM 4aCTU BO BpPpEMCHHOM, B HpaBOﬁ — B CIICKTPpaJIbHOM
npeacTaBJICHUN, CTOUT BCJIMYMHA, CBA3aHHAA C IJIOTHOCTbIO DOHCPIMU BOJIHBI.
Ecnu npuMeHUTh 3TO paBeHCTBO K CJIyYailHOW U yCEYeHHOI BO BpeMeHM (hyHK-
o fT(t), TO MOKHO COKpPAaTUTb NPEACTIbl MHTETPUPOBAHUA 11O BPEMCHHU U 3allCaTb
Ty w |7 2
L | ff(z)dz:i | Lfoc@F ;) (4.15)
Ty} 2n Ty

—oo

3aMeTuM, YTO B MPaBOi YaCTU paBEeHCTBA CHEKTpaibHas TUIOTHOCTh TaKXKe 3aBU-
CUT OT BpeMEHU HaOJIOJEHUS U SIBIISIETCS, KPOME TOTO, CAy4yailHOU BeJTUUMHOM.

Ecnu yctpemuts BpeMsi Hab0aeHNsST K O6CKOHEYHOCTH, TO MHTerpaj cieBa Oy-
JeT CTPEeMUTBCST K TIpeiely, paBHOMY (f2), TIO3TOMY

Ty oo > b
(f?)= lim Tl [ f2@dt = | lim %dm (4.16)
n—=° Ty 0 01:”—>oo -

ClieioBaTe/IbHO, TOJDKEH CYILECTBOBATh IIPelesl Y MOIbIHTErPaJbHOIO BhIpaXKe-
HUS B TIpaBoit yactu (4.15):

7 2
. )
Ty TCTH
®Oynkuusg S(w) Ha3bIBACTCS CHEKMPAAbHOU NAOMHOCMbIO UHMEHCUBHOCU, €CTU
peyb UIET O CBETOBOM BOJIHE.
JeicTBUTENbHO, TPUMEHHUTENIBHO K ONTHKE TepernuiueM (4.16) B Bume

[=(E?= TS(m)du). (4.18)
0

B y3K0oM crieKTpajabHOM IuanasoHe dm BOJHA UMEET MUHTEHCUBHOCTD
dl = S(w)do, (4.19)

MoaToMy S(®) M Ha3bIBAETCS CMEKTPaIbHON TUIOTHOCTbIO MHTEHCUBHOCTH.

OO6cyauM BOIIpOC O BEIOOPE BpeMeHU HabmoaeHus. JIjist Toro 4ToObl BEIYMCIUTh
C XOpolIell TOYHOCTBIO ( f2), HEOOXOIMMO MPOBOAUTH U3MEPEHUSI TaK J10JITO, YTOOBI
HaOpaTh CTaTUCTUKY CIy4ailHbIX MI3BMEeHEeHUI ornbaromieii u ¢as3pl. Kak yxxe ormeua-
JIOCh, A M ¢ XaOTMYECKU MEHSIIOTCSI Ha MacluTabe BpeMeHM T. B TeueHre BpeMeH! T,
YUCIIO TaKKUX CIIy4allHBIX 3HAYEHUI OymeT nopsaka t,/1. Eciu 1, ~ (103—10%1, 10
TaKOro BPEMEHM BIIOJIHE JOCTATOYHO JUISI HAXOXIEHUST CPEeIHUX 3HAYSHUIA.

O6paiaer Ha cebd BHMMaHUe TOT (DaKT, 4TO CyLleCTBOBaHME mpenena (4.16)
CBSI3aHO C TeM, UTO TIPH T, —> oo CHIEKTPaIbHasl IUIOTHOCT | f;.|* = T,, TIp1 9TOM ee
(ayKTyarmu MOHOTOHHO YMEHBIIAIOTCS.
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CnexkTpajbHas IULIOTHOCTb, €e KOHTYp M mupuHa. [IycThb MMmeeTcsl uM3IydyeHue B
BUIIE CyYallHOM MOC/IeI0BaTeIbHOCTU ONMHAKOBBIX LIYTOB f( — ), TOe ¢, — cayJaii-
HOe BpeMs MosIBJIeHUd 1yra. PaccuuTaeM cnieKTpajbHYIO MJIOTHOCTh CIYYailHOTO
curHazia

N
F(1) = ; f-1),

rae yuciao N 4JIeHOB CYMMBI 3aBUCUT OT BpeMeHU HabmopeHust. CoriacHo (4.5)
CIIEKTpaJibHasl aMILIUTYIa

fa < . N . N k% .
Fy(w) = [ F()e ™dr =Y [ f(t—1)e7™dt =y, fo(w)e ™. (4.20)
—oo /=1 _o /=1
Torma

~ ~ ~ ~ N N .
|Fo (@) = Fy(w) Fo*(w)=|fo(0))lzlz D, et (4.21)
=1 m=1

Ecnm pnmrenbHOCTH IIyTa paBHa T, TO WX YKCJIO 3a BpeMsS HAONIOACHUS T,
B cpeaHeM paBHO N = 1,/1. Ecnu N Benuko, To nIBoiiHasi cymMmMma OyneT paBHa CyMMe
YjIeHOB NpH /= m. OcTaJbHBIE cllaraeMble CKOMITEHCUPYIOT APYT apyra. ITosroMmy npu
N — oo cHeKTpayibHas IJIOTHOCTh

|Fy (@) =| Fy(@PN =] fy (@) % (4.22)

Torna cnexkrpanbHasl INIOTHOCTh MHTEHCUMBHOCTH curHana F(¢f) OyneT paBHa

_ R _ [ fo@)®

Ty T

S(w)

(4.23)

OHa coBMaJaeT co CIeKTpaJbHON MIOTHOCTbIO MHTEHCUBHOCTU IJISI OJHOIO
myra.

Ecnu obpatutbest K mpumMepy 2 u BoipaxkeHusiM (4.10) u (4.11), To MOXHO cle-
JIaTh BBIBOJl O TOM, UTO CHEKMPAAbHAS NAOMHOCHb UAYHEHUS HeB3aUMO0eticeyioujux
amomoe Onucvleaemcs A0peHyegol yHKyuell, a CneKmpaibHas AUHUS UX UAYYeHUs
umeem A0OPEHUeBblll KOHMYpP, WUPUHA KOMOPO2o 00PAMHO NPONOPYUOHANLHA 8PEMEHU
PAoUAyUOHHO20 3amyXanus:. Aw = 2/T.

Ecm 1~ 108 ¢, 1o Aw = 2-10% ¢!, Av = Aw/2n ~ 3-107 T'u. Illupuna muHum,
CBsI3aHHasl C paJMallMOHHBIM 3aTyXaHWEM, Ha3bIBAETCSI eCcMecmEeHHOU WUPUHOU.
o nosiBieHs 1a3epoB ObLIO MPUHLIMITUAIBLHO HEBO3MOXKHO MOJYYUTh 00JIee Y3KYIO
JIMHUIO (IUUPUHOM, MEHbIIIEe eCTECTBEHHOI).

ViaapHoe ymupeHnue crieKTpaibHOM JuHuK. CaMoOll y3KOI CHEKTpaJlbHOM JIMHUENH
obJyiafgaeT My4yoK JEeTSIIUX U c1aboB3aMOAEHCTBYIONIMX BO30YKIeHHbIX aToMOB. C Ta-
KuMM TyakamMu B KoHIe XIX — Havaile XX B. OBLIM MPOBEICHBI NMPELM3MOHHEIE
BSKCIIEPUMEHTHI JIs1 CO3AaHMST STAJIOHA BPEMEHMU, JUIMHBI U APYTUX LieJei.

Ecnu ke aToMbl HaXOAATCSl B 3aMKHYTOM 00beMe, TO OHU CTAJIKMBAIOTCS C Hell-
TpaJbHBIMU aTOMaMM, MOHAMU 1 BJIEKTPOHAMMU, CO CTEHKaMHU COCYy/a, a B TBEPAOM
TeJle — ¢ KpUCTa/UIMYeckKoi peletkoil. ITpy TakuxX CTOJKHOBEHUSIX B CAMOM 11yre
MOYTHU CKAYKOOOpa3HO U3MeHsieTcsl (pa3a UCITyCcKaeMoro u3nyyeHust. MHbiMu cioBa-
MU, KaXIbIi YT MTPUOOpETAET CAyYaliHYIO (ha3o8yr mooyaayuro.
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B KBaHTOBOW 3JIEKTPOJMHAMUKE TOKAa3bIBAETCS, UTO CHIOAKHOBEHUE AMOMO8
npueoouUm K YMeHbUIeHUIO BPeMEeHU JHCU3HU 8030)JicdenH020 cOCMOoaHUs. Y MEHbILIEHUE
BPEMEHU XXU3HU BJIEUET YBEJIWUYEHWE LIUPUHbBI CIEKTPATbHOW JIMHUU W3TYyYEHUS
Kak OTAEJIbHOTO aToMma, TaK U BCEro aHcamoOJIs.

Takoe yipeHue Ha3bIBAC€TCS CMOAKHOBUMEAbHbIM, VTN ydapHsim. OHO OTHOCHUT-
cs K OJHOPOJHOMY VIIMPEHHWIO, MOCKOJbKY B OAWHAKOBOW CTENEHU YILIMPSIOTCS
KOHTYDPBI CIEKTPAIbHBIX JIMHUI U3TYYEHUS KaKIOrO aToMa.

OrnpenenuM MUPUHY 1 HGOPMY CIIEKTPaIbHON JTMHUM U3TYYeHUs aHCaMOJIsT TIpu
yuyeTe CTOJIKHOBEHUI. B raze rnpu HOpMaibHBIX YCJIOBUSIX U3TTyYEHUE aTOMa «I0JTydya-
eT» CIIydaiiHbIil cKayoK (a3bl B cpesHeM yepes Bpems 1, ~ 10710 ¢. Torga oraenbHbIi
LYT JUIMTENILHOCTRIO T ~ 1078 ¢ mpeacTaBisieTr co60il Kak Obl MMOCIEN0BATENBHOCTD
1/7. ~ 10? nyroB. JIIMTENBHOCTD KAXIOTO U3 3TUX MAJIEHLKUX LYTOB SBJISETCS CIIy-
YafHOW BEJIMYMHOM. DTO O3HAYAET, YTO IIUPUHA CIIEKTPAJTbHON TUHUN YBEINYNBA-
eTcsl MpUOJU3UTENIBHO Ha JBa MOPSAKA.

71 BBIYMCIIEHUS CIEKTPAIIbHOM TIJIOTHOCTU M3JIy4eHUsT OyJeM CuMTaThb, YTO

N
F(t)y=% fit-1), (4.24)
I=1
rae
acoswyl, ecnu f;, <t <t, + 1
t—1)= .
St =) {0, eCnu t<t; Ut >t +1, (4.25)

— «OOpBIBOK» TAPMOHUYECKOTO U3TyYEHMS, BOSHUKAIOIINM CITydailHO B MOMEHT Bpe-

MEHM f; U TIpeKpalaIolIUICs TakKe CIy4ailHO CIycTs BpeMs T; (T; — ciydaiiHas -

TeJIbHOCTh «00pBIBKa»). PagnalimoHHoe 3aTyxaHue B CUJTY YCJIOBHUS T; < T HE YUUTHIBACTCS.
IMpumensis k (4.24) npeobpaszoBanus (4.21), moayyaeM BbIpakeHUe

|&mW=;Mﬁmmﬁ (4.26)

3nech, B otanuue ot (4.23), N; — YUCIIO LYroB UIMTENbHOCTBIO T/, 3aPETUCTPH-
POBAaHHBIX 3a BpeMsl HaOmoneHud; f(0) — Qypbe-aMIUIUTYAa [UId TaKUX LIYIOB,
CYMMUpPOBaHHUE MTPOBOIUTCS IO BCEM JJIUTEIBLHOCTSM T,

Ecau BpeMs HaOmogeHUs BeJIUKO, TO (4.26) MOXHO 3amucath B BUIE

|&mW=;NAmmm, (4.27)
rae

ZN1| fo;((l))l2
(fo(@)?) =t (4.28)
2N
/
— cpelHee 3HaYeHue KBajpaTa MOAYJSl CIEKTPAJIbHOU aMILIUTY/bI.
N3 xypca MoneKynsipHOil (PM3UKKM M3BECTHO: BEPOSITHOCTh TOTO, YTO MEXKIY JBY-

M$l CTOJKHOBEHUSIMU MPOHAET BpeMs, COOTBETCTBYOIEee UHTepBaly (1, T; + dt)),
paBHa

dp, = Lexp(— T—’jdt, = w(t,)d1,. (4.29)

TC C
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3nech T, — CpeJHee BpeMsl MEXIY IBYMS CTOJIKHOBEHUsMU. Toraa
1 Jo@)P) = [| (@) Pw(z)dx,. (4.30)
0

BHauajie BBIYMCIUM (ypbe-aMIUTUTYIY «OOpbIBKa» (4.25) NIUTEIbHOCTBIO T/

~ t+1
f()l(m) — J‘ E(elw()t +eioo ypiol gt —
]
i, SIN(®) —w)1,/2 + el sin(wy + )T, /2
) —® W) +®

=aqe 4.30)
3nech @ = (09 — 0)(# +71,/2); @, = (09 + ©)(# +7,/2).
15t BBIYUCICHUS CIICKTPAIbHOM IUIOTHOCTU UCIIOJIb3YEM JIMIIb TOJIOXUTEIbHBIC
yacToThl. Torma BTopbIM ciaraeMbIM B (4.31) MOXHO TIpeHeOpeub U 3aMucaTh

7 221 2.2 sin(wo—w)11/22:l 272 qime? _
| fo(o)| R o —o)t/2 7 i sine (09 —w)T,/2), (4.32)

sin x

rae sinc(x) = — (byHKUMS, IUPOKO UCIOJb3yeMas B ¢usuke. KBagpar atoii

(yHKLIMY OMUCHIBAET KOHTYP CHEKTPAJIbHOM JUHUU U3TYyYEHUs, TPEICTABISIOLIETO
o001 TIPSIMOYTOJIbHBIM UMITYJILC aMILIMTYION @, 4aCTOTON ) U JJUTETbHOCTBIO T,
U uzobpaxeH Ha puc. 4.3.
OTOT KOHTYp He sIBJisIeTcs JIopeHlLeBbIM. Ero mmpuHa Ax; = m, a ciekTpajibHast
LIIMPUHA
4n
Aw, = —, (4.33)
T
T.€. 00paTHO MPOMOPIIMOHAIbHA JUIMTELHOCTH T; IPSIMOYTOJIbLHOTO MMITyJbca. [1po-
BOZSI YCPEIHEHUS MO IIUTEILHOCTIM T, B cOOTBeTCTBUM C (4.29) u (4.30), Haxomum

sincz(x)

1

-3r -2n o’ 0 T 2n 3n _(0-0gy
T
‘ Ax;
4—%
Puc. 4.3
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I fo(@)?) = —Ja T sinc? (@ —U))Tl/z)T_eXp(_T_)drl

C C

I 5, 1 1

_ 2 = —g272L 4.34
29 e —ay 1 29 @) (434
rae
L(w) = __ (4.35)
2(wy — )% +1 '
— JopeH1eBa GYyHKIINS.
Hnst aHcam0biist aToMOB, corjiacHo (4.27), uMeem
|Fy(0)? = %a%gum)z N,. (4.36)
I

TH
3a GosbllIoe BpeMsl HAOIIOAEHUS T, > T, CYMMa ZN 1= TMOATOMY TSI UCKO-
i c
MOM CHEKTPaJbHON MJIOTHOCTA MHTEHCUBHOCTHU I10JyYaeM

LFg @ 1 o p). (4.37)

S =
(@) T, 2

Taxkum obOpazoMm, KoHmyp CHeKmpAaibHOU AUHUU U3AYYEHUs aHCAMOAs CMAAKUea-
rouuxca amomos saeasemcs aoperHyesviM. OIHAKO 3TOT KOHTYP 3HAUUTENbHO YIIIUPEH.
Ero mmpuHa, orieHeHHas 1o ypoBHIo 0,5 (Ha MOJOBUHE 3TOM IIUPUHBI QYHKIUS L
yObIBaeT BABoe), U3 (4.35) mosiyyaeTcsi paBHOM

Ao, = = (4.38)

BoipaxkeHust misi crieKTpalibHONM MJIOTHOCTA MHTEHCUBHOCTH (4.37) MOXHO
¢ yueroM (4.38) u pasenctBa I, = a*>/2 (I, — VHTEHCUBHOCTb W3JIy4eHUsI BCeii
CIIEKTPAJIbHOM JIMHUM) 3aIIMUCaTh B BUIE

= log (o), (4.39)

C

rae

2 Aw,
T 4wy — )% + (Ao, )?

gr(w) = (4.40)

— HOpMMpPOBaHHasI (PYHKLIMS (I g;(w)dw = 1), KoTOpasi ONMMCHIBAET B ONTUKE A10pPEH-
Ueswvlli KOHMYp CneKmpaibHol AUHUU.

OlleHMM XapaKTepHble BpeMeHa MPU CTOJKHOBEHUSIX. ATOMBI IBUKYTCSI XaOTH-
YECKU CO CPEOHEN TEIIOBOU CKOPOCThIO

v, = M, (4.41)
nm

rae m — Macca atoMa MM MOJIEKYJIbI.
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CaM Ipolecc CTOJKHOBEHMSI IPOMCXOANT He MTHOBEHHO, KaK 3TO IpeAroJjiara-
JIOCh paHee JUISl TPOCTOTHI, a B TeUeHUEe MHTepBaia AT.. ATOMBI, CONMKAsICh, HAUU-
HAaIOT OKa3bIBaTh BJIUSHUE IPYT HA ApYra MPY PacCTOSIHUSIX d MEeXIy HUMU, KOTOPOE
IO MOPSIIKY PaBHO AXAMETpPy aToMa min Mosekyisl (d ~ 1 A =101 m). Toraa Bpemst
CTOJIKHOBEHUSI

At, ~ — (4.42)
LT
Hanpumep, 114 aToMa HeOHA ITPY KOMHATHO# TeMnieparype At, ~ 10713 ¢. B nipo-
LIeCCe CTOJKHOBEHMSI aTOM, KaK 3JIEMEHTapHbII TUIIOJb, YCIIEBAeT COBEPIINUTh He-
CKOJIbKO OCHWJIJISIITUIA.
CpenHee BpeMs MeXAy ABYMsI CTOJIKHOBEHMSIMA PAaBHO OTHOIIEHMIO CpeIHEl
JJIMHBI CBOOOTHOTO Mpobera L K CKOPOCTH U,

L 1 ymkT

T, ~—=-

vy 4 ' Jnd2p’

(4.43)

Ie p — HIaBJIeHUe rasa.

Hanpumep, naBiaeHue B razopaspsigHoil Tpyoke He-Ne-mazepa p = 0,5 MM pT. CT.
IIpu KOoMHaTHOI TemIiepaType BpeMsl MeXITy TBYMSI CTOJTKHOBEHUSIMU U3TYJarOIIX
CBET aTOMOB HEOHa

7. =0,5-10° c. (4.44)
COOTBGTCTBY}OH_[aH HIMpHrHa I[OpCHHGBOﬁ JIMHUMN HU3ITYYCHUA
Av, = A _ 1 =0,64 MTI'n. (4.45)
2t 7T,

C yBenuuyeHUeM JaBJeHMS IIMPUHA JIMHUM BO3pacTaer.

JlomiepoBcKoe ymmMpeHHe CHEeKTPaIbHOH JHHMHM. [10CKOIBKY aTOMBbI HAXOISTCS
B TEIUIOBOM JBM:KEHMM, TO HabJIoAaTeNb BeaeacTBue aggexra Jdomiepa Oyaer peru-
CTPMPOBATH IIYT'M BOJIH C pa3HbIMU YacToTaMu ®. PazymeeTcs, B cucteMe KOOpAMHAT,
JKECTKO CBSI3aHHOM C aTOMOM, 4acTOTa ero U3y4eHUsI HEM3MEeHHAa U paBHA ®y (paau-
allMOHHOE YILIUPEHWE IMHUM He yuuThiBaeM). Eciu atoM npubmskaetcst K HaOIoAaTe o
CO CKOpOCTbIO v, (pucC. 4.4), TO HabIOAATENL BOCIIPUHUMAET U3TyYEHHUE C YaCTOTOM

v
® =0 (1 + 71) (4.46)
KoMIoHeHTa CKOpPOCTH v, KIMEET HOPMAJbHBII 3aKOH PACTIPEETICHHUSI, TOITOMY
2
m my?
n=n exp| — dv,, (4.
kT p( 2kT) o (447

[JE 7 — YMCJIO U3JTyJalollX aTOMOB B €U~
Hulle 00beMa; dn — 4acTb aTOMOB C KOM-
AN ——c P> TTOHEHTOW CKOPOCTH v, B UHTepBase (v,
v, + dv).
Ecnu MHTEHCHBHOCTD U3TyYEHUsT BCEX
1 aTOMOB paBHa I, TO UHTEHCUBHOCTD 13-
JiydeHust dI yactu dn aTOMOB YAOBJIETBO-
Puc. 4.4 pseT nmponopuun




dl dn

= (4.48)

Uckmounm B (4.47) v? u dv,, BbIpasuB uX ¢ momouipio (4.46) yepes o u do.
YuutsiBas, uro dI = S(w)dw, u3 (4.48) monydyaem

S(w)dw m ¢ me* (o — wy)?
S S R L Vil .
1, kT o, exp( uTol ) (4.49)

Ecnu BBecTH 0003HaAUEHUE
2kT
Aw = —_—
® wo,/mc2 , (4.50)

TO (4.49) MOXHO 3anucaTh B KOMIAKTHOM BUIIE:

_ 2
S(o) = TS mexp( %):10@(@). 4.51)
3mech
_ 2
gp(®) = JElAm exp(—%j (4.52)

— HOpPMMpPOBaHHAsS (PYHKIINS (I gp(®)dw = 1), KOTOpast ONUCHIBAET B ONTUKE 2dyC-
C08 KOHMYp CNeKmpanbHOU AUHUU.

Zlonaeposckoe ywiupenue omHocumest K HeOOHOPOOHOMY YuiupeHuto, TIOCKOJIbKY pa3-
HbI€ aTOMBI BHOCSIT BKJIaJ B CYMMapHO€E M3JIydeHUe C pa3HbIMU YacTotamu. [llupuny
donaepoeckoll AuHUY TAaKXKe oTpeaesisiioT Ha ypoBHe 0,5 (Ha MOJIOBUHE 3TOM IIMPUHBI
¢dyHKUMSA gp YObIBaeT BABOE) MO (opMyJie

Awp =24In2Am = 24/In 2 % . (4.53)

DTa IMPUHA 3aBUCUT OT TemIiepatypsbl. s uznydyenust HeoHa npu 7= 300 K

Awp

Avp = =1,7-10° Tu =1,7 I'Tu. (4.54)

CpaBHeHUE 000MX MEXaHU3MOB YIIMPEHMS NI JIMHUU M3JTy4yeHHUs] HeoHa (A =
=6328 A) MOKa3bIBAET, YTO AOIUIEPOBCKOE YIIMPEHUE 3HAYUTEIHLHO IPEBBIIIAET
yaapHoe. OIHAKO TP BRICOKMX JaBIICHU-

X yOapHOe YIIMpEeHUEe MOXKET Ipeodia- gho
JaTh HaJ JOILUIEPOBCKUM. DTO UMEET MeC- 1,0
TO, HAIIPUMED, Ui CBETSAILErOCs YIJe- 0%8]
kucioro raza (A = 10,6 MkMm), Haxoms-

1Ierocss mpu arMochepHOM IaBJICHUM 'qa

B razopaspsigHoii Tpyoke CQO,-nasepa.

0,4f
st HarsIgHOCTH Ha puc. 4.5 IpUBEIEHO

CpaBHEHME JIOPEHIIeBa 1 TayccoBa KOHTY- 0.2

POB MpU OOMHAKOBOW WX ILIMPHUHE: A® =

= Aw, = Awp. BuaHo, 4TO B cpenHeit yactu — —

15-1.0 - —wg)/A
JOMUHUpPYET rayccoBa (hyHKIUS gp, a Ha 15-1,0-0,5 0 0,5 1,0 1,5 (@-wo)/Aw
nepudepun — JopeHieBa GyHKIS g;. Puc. 4.5
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IToHOE ymupeHdne CeKTPANbHOM JIMHIN.

Ha npakTuke yacTo peaau3yroTcsl oba ciy-

8L yasg ogHOBpeMeHHO. [loaTomy yimpeHue

He ObIBaeT MOJHOCTBIO OMHOPOIHBIM WJIA He-
| OIHOPOIHBIM.

(ol ol © Ha puc. 4.6 cxemaTnuHO M300paXkeHO He-
| Awp | CKOJIBKO JIOPEHIIEBBIX TMHUI CO CIBUTOM Ya-
CTOTHI m( BcaencTBue addekra Hortepa. DT

Puc. 4.6 JIMHUY B3aUMHO MepeKphiBatoTcs. MHTeHCUB-
HOCTBb JIMHUI pacrpenesieHa Mo HopMaabHO-
My 3aKOHY, MOCKOJIbKY Ha pHUCYHKe M300pa)keHa CUTyallusl, Koraa Aw, > Am,.
MHTEHCUBHOCTH MOJIHOTO U3JIy4YE€HUST BCEX aTOMOB B Y3KOM YaCTOTHOM JIHAra3o-
HEe ® + ® + d® paBHa CyMMe MHTEHCUBHOCTE! BCeX JIOPEHLEBBIX JTUHUM CO CMEIIIeH-
HBIMHM LIEHTPAJIbHBIMU YaCTOTAMM ®(:

dl (0,0 +do) = Iodu)_[ gr(0—-0y)gp(wy)duy = 1)g(w)dw, (4.55)
rae yHKUIMS

¢(©) = | g.(@ - 0h)gp(whdo} (4.56)

OIUCBIBAET KOHTYP CIEKTPaJIbHON JIMHWH, YIIMPEHHON 32 CUeT OJHOBPEMEHHOTO
JIercTBUSI 000MX MexaHU3MOB. OHa ompenessieTcs Tak Ha3bIBaeMOM ceepmKoil GyHK-
Ui g, U &p.

Ecnm, HanpuMep, OOTHOPOAHOE YIIMPEHUE OUYeHb Mallo (Aw; < Awp), TO B (4.56)
MOXHO TOJIOXUTh g (0 — g) = d(w — wg) (6 — menpra-dyHkumsa Jdupaxa). Torma
uHTerpai (4.56) B COOTBETCTBUM CO CBOMCTBaMU S-(YHKIIMU OymeT paBeH

2(0) = [ 80— 09)gp(@5)dw) = g5(®), (4.57)

1 BKJIaJ OMHOPOMHOTO YIIMPEHUS TTPEeHEOPEXKMMO MaJl.

®a3oBasa MOIYIAIMSA U yIIMPEHHE CIeKTpa. PaccMOTpuM BOIIPOC O IIMPUHE CIIEK-
Tpa, TMOJb3YSICh BpeMEHHBIM MpeacTaBieHreM. Ecim uMeercss UMIYNbC C JUIUTEIb-
HOCTBIO T, B KOTOPOM (ha3oBasi MOIYJISILIMSI OTCYTCTBYeT (HampuMep, CBETOBOM IIyT
(3.12), n3obpaxkeHHBI Ha puc. 3.5), TO IIUPUHA €rO CIIEKTPa 0OPaTHO MPOITOPLIMO-
HaJIbHA 3TOM JIUTEIBLHOCTH, KaK 3TO M BbIpaxkaeTcs omeHkoi (3.15) Av ~ 1/1.

Mmrynbe 6e3 a3oBoii MOAYJISIILIMY HA3bIBACTCS CHEeKMPAbHO oepanuterHbiM. Ecan
umeercs (aszoBas MOLYIALMS C XapAKTEPHBIM BPEMEHEM T, < T, TO CIIEKTP TaKOrO
UMITyJIbca paciuupsercs. Ha puc. 4.7 nzobpakeH 1yr, y KOToporo ¢asa B pe3ybTaTe
CTOJIKHOBEHUI XaOTUYHO MEHSIETCS B CPEAHEM YEPE3 BPEMA T, = T.

IlupuHa criektpa B cooTBeTCTBUU C (4.38) paBHa

Avg =20 L _ 1 (4.58)
2n mt, W,

MMnynbe ¢ u3MeHsIIoNIecs BO BpeMeHU (ha30ii Ha3bIBaeTCsl (ha3060-mo0yaupo-
eannbim. 1llprHa ero criekTpa OoJbllle, YeM y CIEKTPaJIbHO OTPaHUYEHHOTO WM-
MyJIbCA TOM XK€ IJIUTEJIbHOCTH.
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N
0 U AM\ M LA panpan AAAAMAAAAAAAA
LA ,

Puc. 4.7

Ha cootHoweHustx (3.15) u (4.58) mocTpoeHa nest cxKaTusi BO BpeMeHU (KoMITpec-
CHUM) CBETOBBIX MMITYJILCOB. Tak, eCiIu JUIMTEJIbHOCTh CIIEKTPAIbHO OrpaHUYEHHOTO
HMMITyJIbCA PaBHA T;, TO IIMPHUHA ero criekTpa Av ~ 1/1,. [Ipu coznmanuum (azoBoit Moay-
JISILIAU CO BPEMEHEM T, < Ty CIIEKTP MMITYJIbCAa PACLIMPUTCS 10 BENTUYUHBI AV, ~ 1/7,,.
Takyto 6bICTPYIO MOLYJSLIMIO MOXHO CO3JaTh JIMIIIb METOIAMU HEJTMHEMHOW ONTUKM.
Ecnu 3ateM 3Ty MOAY/ISIIMIO CHSITh B IMHEMHON TUCHEPrUpyIOIeii cpene, TO CIeK-
TpajibHas IJIOTHOCTb HE UBMEHUTCS, a JUIMTEIbHOCTh T, HOBOTO CIIEKTPAIbHO Orpa-
HUYEHHOTO UMITYJIbCA YMEHBILIUTCS:

1
T, ~F¢~r¢, <1 (4.59)

bonee noapoObHO 00 3TOM TONIET peub B pasaene «HenuHeiHo-onTuyeckue
SIBJICHUST».



JEKIIUA 5

KsanToBas npupona usiydenusa. Kinaccuueckasi Teopusl M3Ty4eHMsI, OCHOBaHHas
Ha ypaBHeHUsIX MakcBeia, He JaeT afeKBaTHOIO OIMMCAHUS MIPOLIECCOB U3IyUYeHUS
CBeTa aTOMaMM U MOJIEKYJIaMU. DTO CJEAYeT XOTs Obl U3 TOTO, YTO T10 KJIaCCUYECKOM
TEOPUH BJEKTPOH B aTOME, IBUTAsICh MO OPOUTE C LIEHTPOCTPEMUTENBHBIM YCKOpe-
HUEM, IOJDKEH MOCTOSHHO M3JIyyaTh 2JIEKTPOMArHUTHYIO BojHy. Ho Torma, Tepsis
SHEPTUIO Ha U3yYeHHMe, OH JOJDKEH yIacTh Ha SIApO.

Euie B XIX B. ObLIM M3MepPEHbI JIMHBI BOJIH MU3Ty4YeHMsI POCTEHIIEero aroMma —
BOZOPOA, UMEIOIIET0 OAUH 3J1eKTpoH. [1o Kiaccuyeckoit Teopruu OAUH OCLUUIIISITOP
(371eKTpOH) AOKEH M3JIydaTh ONHY CIeKTpalbHYIO0 JMHUIO. Ha camom nene, Kak
MoKa3aJM U3MEPEHUsI, CIIEKTP M3MYyYEeHMST aTOMa BOAOPOAA COCTOMT M3 OOJBIIOTO
yucsa CreKTPaIbHBIX JIMHUHI, IUIMHBI BOJTH KOTOPBIX (YACTOTHI) OINPENEISIOTCS KOM-
OUHAUUOHHBIM NpUHYUNOM, CPOpMyIUPOBAaHHBIM Putlem:

I v 1 1
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Lo (m2 nzj (-1
roe R=109667,6 cv~! — nocrositHHas Punbepra; m u n — ueible ynciaa. BeanunHa

R/n? Ha3bIBaeTCA mepmom aToMa BOLOPOJIA.

TToCcKOMBKY CITEKTp M3IyYEHUST MPOCTUPAETCS OT MHMpaKpacHOM 10 yiabTpadu-
OJIETOBOU OOJIACTH, JIMHWM OBITA CTPYIIIMPOBAHEI B YETHIPE CEPUN:

* cepus Jlatimana HaxoauTCs B AaibHel (HauboJjiee ynaJeHHOU OT BUAMMOM) yiib-
TpadHoJIeTOBOI yacTu criekrpa. JJuHbl BOJH 3TOU cepuu onpenesiorcs us (5.1)
npum=1,n=2,3,4, ..;

* cepus baavmepa oxBaTbIBaeT BUIAMMYIO U TIPUMBIKAIOIIYIO K Hell (OJMKHION)
yinbTpadunoneToByto obmactu. g stoit cepum m = 2, n = 3, 4, 5, ... D1y cepuio
MOXXHO Ha0II01aTh IIPU Ta30BOM pas3psiae B Bogoponae. OHa comepxut Ooiee 40 -
Huit. YacTh IMHMIT 3TOM cepry n3o00pakeHa Ha puc. 5.1 1IB. BKIL.;

s cepusa Tlawena 3aHUMaET TPUMBIKAIOIIYIO K BUIUMON (OJIMXKHIOW) MH(ppakpac-
Hylo obnacte. Anmss Hee m=3,n=4,5,6, ...;

* cepus bpskkema pacrionoxeHa B najibHeil MHMpakpacHoil objgactu. st Hee
m=4,n=5,6,7, ...

KBanToBbIle cocTOAHHSA aTOMOB. /1711 OOBSICHEHUS CIIEKTPOB MU3IYJYCHUS] aTOMOB
Jarckuii ¢usuk H.Bbop BBIIBHMHYJI TUNOTE3y O CYIIECTBOBAaHWHU Yy JIOOOro atoma
CTAlIMOHAPHEIX cocTOsTHMI. KaXkmoe Takoe COCTOSTHIE XapaKTepU3yeTCsl OTIPeaeIeH-
HOW sHeprueil. 3HaUCHUS 3TUX SHEPTUid (YpOBHU SHEPTUH) OTIMYAIOTCS Ha KOHE-
YHBIE BEJTMYMHBI (YPOBHU pa3ie/ieHbl KOHEYHBIMM WHTepBantami). Mciryckanme cBe-
Ta aTOMOM COTIPOBOXIACTCS €T0 TIEPEXOIOM M3 OTHOTO COCTOSTHUS C 3Heprueit W,
B COCTOSTHHME C 3Heprueit W), mpu 3ToM m3mydaeTcst OTOH YacTOTOM V,;, YIOBIIET-
BOpsItOllel KoMOuHayuoHHomy npunyuny bopa:

hV2] = Wz - I/I/] (52)
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CpaBnHuBag (5.2) u (5.1), MOXHO 3amucarh BbIpaXKeHUE IJIsI SHEPIMU CTaLMO-
HapHOT'O COCTOSIHMSI:

Rie

Wn:_ 2

(5.3)
n

B KOTOPOM LICJIOC YMCJIO © HA3bIBACTCA 21A6HbIM K6AHMOBbIM YUC/AOM.

H.bBop taxke cmeman gomylieHHWe, MPEAITONOXKMB, YTO OPOMTAIbHBIA MOMEHT
KOJINYECTBA JBVIKCHMS 3JIEKTPOHA JIOJDKEH IPUHUMATh JUCKPETHHIE 3HAYCHMSI:

h
L,=n—. 4
p=na (5:4)

[NonHas sHeprust 3JaeKTPOHA, Bpalllalollerocs o opouTe paauyca @, paBHa

_mvt , (5.5)

ITockoabKy MOMEHT KOJIMYECTBA ABUXKEHUSI, COMIacHO (5.4), COCTaBUT BEJIMUMHY

mav = ni, (5.6)
2n
TO, moncTasiasd (5.6) B (5.5), ¢ ydeTroM ypaBHeHUs ABIKeHMST HbioToHA
myv? e?
A 5.7
a  4neya’ (5.7)

MOJIy4YaeM BBIPAaXXEHUE U SHEPTUM CTALlMOHAPHOIO COCTOAHMS aroMa BOLOPOXA.
B Hem nocrosiHHasg Punbepra mosydaeTcss paBHOMU

me*

" 8eh?

ITpu noncraHoBke B (5.8) 3HAUEHUI KOHCTAHT IOJydyaeTcsl 3HAUEHUE MOCTOSTH-
Hoil Punbepra, coBmanmaoliee ¢ ee 9KCIepUMMEHTAIbHBIM 3HAaUYEHUEM, UTO SIBJISIETCS
JI0Ka3aTeJIbCTBOM CITPaBEVIMBOCTHU CIAETaHHBIX MPEATONIOKEHUH.

Mnes kBaHTOBaHMS SHEPTMHM aTOMOB ITOJTyYMJIa CBOE JaJIbHEMIIIee pa3BUTHE B KBaH-
TOBOI1 MexaHuKe. C TTOMOIIbIO KBAHTOBO-MEXaHNYECKUX TTOAX0A0B YIaeTCsl paccuu-
TaTh YPOBHU SHEPIMU aTOMOB M MHOTHX MOJIEKYJI, COAEPKAIIX OOJIBIIIOE KOJTMYECTBO
3JIEKTPOHOB. Takue 3amaun paccMaTpUBAIOTCS B Kypce KBAHTOBOI MeXaHUKU. MBI ke
OyleM CuMTaTh SHEPreTUYECKUe YPOBHU U3BECTHBIMU U OOPaTMMCSI K OCHOBHBIM 3a-
KOHOMEPHOCTSIM OITUYECKHUX MPOLIECCOB MPU KBAHTOBBIX MEPEXOAAX B aTOMAaX BEIIIECTBA.

CrionTanHoe n3aydeHne. B cBeTsiLieMcs 271eKTPUUYECKOM paspsiae aTOMbI ITIOCTOSTHHO
CTAJIKMBAIOTCS C IBKYILIMMMUCS DJIEKTPO-
Hamu. [Tosyyast SHEpruo Npy CTOJIKHOBE-
HUSIX, OHU TIEPEeXOasT Ha Oojiee BbICOKHE
SHepreTuyeckue ypoBHM. OmHAKO 3aTeM
Camonpou3eoavHo (CHOHMAaHH0) HaUMHaET-
¢ repexol Ha 6oJiee HU3KKME YPOBHU, CO-
MPOBOXAAIOIIUICS M3TydeHHEM KBaHTOB OCHOBHOE OCHOBHOE
cBeta. Kaxaplii repexon HOCUT Ciaydaid- COCTOSIHME COCTOSIHME
HbI xapakTep. Ha puc. 5.1 cxematnyHo a 0
M300pakeHbl SHEPreTUYEeCKIe YPOBHU. Puc. 5.1

(5.8)

w,

Dueprusa, W
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Ha puc. 5.1, a nmokaszaH npolecc Bo30yXIeHHUs aToma, a Ha puc. 5.1, 6 — oguH
M3 CIIOHTAHHBIX MIEPEXO0B, COMPOBOXIAIOIIMIACS U3TydyeHreM GhoToHa. Takoe u3-
JIydeHUE Ha3bIBACTCS CHOHMAHHBIM U3LYYEeHUeM.

ITockoabKy MOMEHT MCITyCKaHUsI (pOTOHA yKa3aTh TOUHO HEBO3MOXHO, TO MOX-
HO TOBOPUTb JIMIIIb O BEPOSITHOCTH Iepexoaa ¢ ypoBHs W, Ha ypoBeHb W,. 1151 aTOTO
BBOJIST BPEMS >KU3HU T BO30YXIEeHHOTo coctosiHusg W,. Toraa 3a Mayiblii mpoMexy-
TOK BpeMeHU df < T U3 o0lIero yucia N, aTOMOB, HaxOMSAIIMXCSl Ha ypoBHe W),
Majas 4actb, paBHas —dN,, ero TOKUHET:

dN, dt

_4va _at _ 4 )
N, 1 J (5.9)

dt
rae dpy = — — BEPOSITHOCTb aKTa CIIOHTAHHOTO MCITYyCKaHUsI; 3HAK «—» YYUTHIBAET,
T

yto dN, < 0.

Ecau B pesynbTaTe KpaTKOBPEMEHHOTO BO30YXKIeHUs N,, aTOMOB OKa3aJluCh Ha
ypoBHEe W), TO CO BpeMe€HEM MX YMCJIO HayHeT, Kak cienyeT u3 (5.9), yObIBaTh 110
SKCMOHEHIINATLHOMY 3aKOHY:

Nﬂﬂ:N%em(?) (5.10)

Beposmuocmb nepexoda 6 edunuyy epemenu, Kak ciaenyeT u3 (5.9), MOXHO 3amu-
caTthb B BHIIE:

dov 1 _ 4 5.11)
dat 1

DTa BEpOSATHOCTH (a4 TOUHEe, TJIOTHOCTh BEPOSATHOCTH) paBHA TOCTOSHHON Be-
JnuuHe A,;, TOJy4YuBIIEl Ha3BaHUE Koagguyuenma DiHuimelna 043 CHOHMAHHOO
usayyerus (B 4eCTh aBTOpA M3JIaraeMoi TEOPUH).

CorracHO TIpUHIINAITY HEOTIpeAeIEHHOCTH OTPaHNYEHHOCTh BpEMEHM KU3HH «Tpe-
OyeT» HeomnpeneJieHHOCTU AW, 3HaueHust sHepruu Wi:

AW, = h. (5.12)

Ho Toraa u yacrora ucryckaemoro (otoHa OyaeT, coryiacHo (5.2), HaXOAUThCS
B TIpeaesiax UHTepBaia

Avy = === Ay. (5.13)
h T
Takum 06pa3oM, amomom uznyuaemes CReKmpalbHas AUHUS, WUPUHA KOMOPOU NPO-
nopyuoHanvHa Kodgguuyuenmy A,,, uiu 06pamuo nPoONOPUUOHAAbHA BPEMEHU HCUHU T.
Ecnu ymHOXUTBH 00e yacTtu (5.10) Ha sHepruto (poToHa Av, TO MOJYYUM SKCIIOHEH-
LIMAJIbHBIA 3aKOH YOBIBAHUS SHEPTWH, a CJIEJ0BATEIbHO, 1 MHTEHCUBHOCTH M3JTyde-
HUS:

1(f) = I exp(—Ay1). (5.14)

ITo TakoMy e 3aKOHY yObIBa€T MHTEHCUBHOCTh M3JIyYEHHUs KJIACCUYECKOIO OC-
LHWUISTOpa ¢ paldallMOHHBIM 3aTyxaHreM. [103ToMy KOHTYp JIMHMU U3JTydeHuUs Oy-
JIET JIOPEHLIEBLIM C IIIMPUHOMN Av,y, ~ A,,. I1o aHanoruu ¢ dopmynoii (4.40) MoXHO
3anucarh
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Ay
g(V) TE4(V_V21)2 +A212 '

CrenyeT OTMETUTD, YTO 3A€Ch HE YUMTHIBACTCSI B3AUMOIEHCTBUE BO30YXIEHHOTO
aToMma C ApYrMMH aTOMaMM.

KoadppuumeHT A, MOKHO BBIYUCIUTD, €CIU UCIOJIb30BaTh KBAHTOBO-MEXaHU-
YeCcKOe MpeNCTaBJIEHUE aToMa, a DJIEKTPUUECKOE T0Jie P 3TOM CUMTATh KJIacCH-
yecKUM. B KBaHTOBOI MeXaHMKE CUMTAETCSI, YTO TIPH IIepexoaax MeHseTCs] KOH(UTY-
palms 2JIEKTPOHHOIO 00Jlaka BOKPYT siipa aToMma. 3apsia 3Toro objaka MoCTOsTHEH
U paBEH 3apsay 2JeKTpoHa. Jlajee BBOAWUTCS KBAHTOBBIM OCLHMIIISATOP, O0Jadal0IMi
3JIEKTPUYECKUM JUMOJIbHBIM MOMEHTOM Iepexo/ia

(5.15)

D1 (1) = ery, COS(ZE@I) = D)1 COS 2TV 1. (5.16)

3nech p,, = er,; — aMIUIUTYAA JATIOJBHOTO MOMEHTA, paBHas MPOM3BEICHUIO 3apsiaa
BJIEKTPOHA Ha PACCTOSTHUE Fy; MEXIY «LEHTpaMU 3apsaoB» ABYX 00JaKOB, COOTBET-
CTByIOILIMX 3HeprusiM W, u W, atoma. BenumunHa p,, paCCUUTHIBAETCS C MOMOIIBIO
BOJTHOBBIX (DYHKIIWI, SIBJISTIOLIMXCS pellieHussMu ypaBHeHus1 [IpeauHrepa.

Hcnonb3ys 3aTeM Kitaccuieckyto ¢popmyny (3.4) mist MOIIHOCTY U3JTyYeHUsT KBaH-
TOBOTO OCLWLISATOpA, TMOJydyaeM

_ 87[:3627'22]\142‘1

P
3g,c?

(5.17)

Ecau 3Ty MOIIHOCTB pa3aenuTh HAa SHEpPruio GOTOHA Av,;, TO OTHOILIEHUE OyaeT
PaBHO YMCIIy CITOHTAHHBIX KBAHTOBBIX TIEPEXOIOB B €MMHUILY BpEMEHH, a 9TO YHCIIO
00paTHO MPOIOPLUOHAIBLHO BpeMeHHU Xu3HU. [ToaTtomy
A21 _ l _ P _ 875362"22]\/%1
T hvy 3eocch

KoadduumeHT A,; 3aBUCUT OT YaCTOTHI V,; M aMITIUTYABI TUTIOJIBHOTO MOMEHTA
nepexona. Ecim g suammoro auarnasona (A= 0,5 - 10~ ¢cM) monoxuTs v, = 0,6 - 10% T,
ry ~ 1078 em, 10 Ay ~ 108 ¢,

B xadectBe mpumepa mipuBeneM KO3(POUIINEHTH A, 1T HEKOTOPBIX TUHUI aTO-
MapHoro Bogopona (cepus Jlaiimana L u banbmepa H):

(5.18)

CUMBOJI JIMHUH ........ L, Ly L, H, Hy H, Hs
Ay HM eovieeniiieeeneee. 121,6 102,6 97,3 653,6 486,1 434,0 410,2
Ay, 108 ¢, 4,68 0,55 0,13 0,44 0,084 0,025  0,0097

mns
OtMeTuM, 4TO (YHKIIMS g(V), ONMCHIBAIOIIAsl KOHTYP JIMHUH, TOJy4yaeT HOBYIO

CTaTUCTUYECKYIO MHTeprpeTaluio: g(v)dv — 3To @eposmuocms uchyckauus pomona

¢ yacmomoil 6 unmepeane Vv +V +dv 3a eOuHuyy épemenu. DTa BePOSITHOCTh MOXKET

OBITh IpEACTABICHA B BUIC

A,dv

b

Ay

rae A, — creKTpajabHas IJIOTHOCTh Ko duiimeHTa DiiHIuTeliHa A,,. OHa cBs3aHa C

KOHTYPOM JIMHUM CJienytolieit GopMyioi:

A, = Ay8(v). (5.20)
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CrnioHTaHHOE M3JIyuyeHUE SBISIETCS OCHOBHBIM MEXaHM3MOM H3JIyYEHUST MHOTHMX
HMCTOYHUKOB CBETA: ra30pa3psIHBIX JIaMIl, JIeKTPUUYECKUX AYT, TUIAMEHU U Ap.

CrHoHTaHHOMY M3TYyYeHUIO 00SI3aHO CYIIECTBOBAHME OMHOTO M3 KPaCHBEHILMX
MIPUPOAHBIX SIBJICHUIN — TIOJSIPHOTO CUSHUS. Bo BpeMsl MOJISIPHOTO CUSIHUS Ha 11IK-
potax 60— 70° HOYHOe HEOO CBETUTCS B pe3yJibTaTe MPOHUKHOBEHMUSI YCKOPEHHBIX
YacTUIl BBICOKMX SHEPTUil U3 XBocTa MarHutocdepsl B BepxHue ciaour (100 —400 k)
atMocdepnl. DTU YaCTULIBI BO30YXKIAIOT aTOMbI KMCJIOpoAa U a30Ta, KOTOpbIe HAuM-
HAalOT U3JTy4yaTh cBeT. B BuamMoii 061acTi MOMISIpHOE CUSTHUE OOYCJIOBIEHO CBEUEHHEM
aTOMapHOT0 KMCJIOpOoaa Ha JyIMHAX BoJIH 557,7; 630 u 636,4 HM M MIOHU3UPOBAHHOTO
MOJIEKYJIIPHOIO a30Ta Ha JnHax BosiH 391,4; 427,8 u 522,8 um. Ha puc. 5.2 us. BkI1.
MOKa3aHO CBEYEHME HOYHOIO HebOa B CEBEPHBIX IIMPOTAaX, WIIIOCTPUPYIOIIEE ONMK-
CaHHOE SIBJICHUE.

B penxux ciyyasix cusiHue BO3HUKAET M Ha HU3KMX IpoTax. OJHO U3 HUX HaOJIo-
nJanoch 24 oktaops 1870 r. B [Napuke n mokazaHo Ha puc. 5.3 1B. BKII. (M3 KHUTHU
K. ®nammapuona «Atmocdepar, uznanHoit B Cankr-Iletepoypre B 1900 r.)

BroinyxkneHHoe moryiomeHne. ATOMBbI BEILECTBA, MEPEXONs] B BO30YXIEHHOE CO-
CTOSTHUE, TIOTJIONIAIOT SHEPIUIO, TTOCTABIISIEMYIO BEILIECTBY PA3TUYHBIMU CIIOCOOAMU.
B yactHoCTH, TIpM MaZeHUM CBETAa Ha BEIIECTBO aTOM MOXKET IOIJIOIIATh CBETOBBIC
KBaHTbI. CKOPOCTb UX ITOTJIOIIEHMS TeM OOJIblle, YeM Bblllle MHTEHCUBHOCTh Taja-
foiiero cBeta. [103ToMy NoOrJIoNeHe HA3bIBACTCS GblHYHCOCHHBIM.

BepositHoCTh TIepexona ¢ ypoBHs1 W) Ha Kakoi-Inbo BepXHuUil ypoBeHb W, 3amu-
1IeEM B BHIIE

dpy =Blzu\,dt=—ﬂ, (5.21)

N
T #, — CIIEeKTpalbHas TUIOTHOCTh OOBEMHOM SHEPTHH U IEKTPOMATHUTHOTO TTOJISI
(cM. popmyny (2.1)). KoadbduuneHTt B, HazbIBaeTCsl Koagduuyuenmom JiHwmerina
0214 8biHyHcOenHO20 no2aouieHus. Kaxk Oyaert rnokasaHo najnee, By, cBs3aH ¢ A,;. BoIiHYyX-
JIEHHOE TIOTJIOIIEHHE B KITACCHYECKOM 3JIEKTPOAMHAMUKE CBSI3aHO C TIOTepeil SHepIun
CBETOBOI BOJIHBI TIPH COBEPIICHUM €10 pabOTHI Hal OCUWIISATOPOM — 3JICKTPOHOM.

BoinyxnenHoe uzinydenue. [Ipu 6biHyicOeHHOM U3Ay4eHuyu aToM MepexoauT (Kak u
TIpA CITOHTAHHOM M3Ty4eHWH) ¢ YpoBHSI W, Ha ypoBeHb W) ¢ BepOSATHOCTHIO

dN,
N,’
rae By, — koaghpuyuenm Jiinumerina ons eviHyscoeHHo20 uanyyerus. OH TaKxKe CBsI3aH
¢ Ko GULIMEHTOM A,.

IIpu eviHyHCOCHHOM U3AYYEHUU POXNCOAOMCS (YOMOHBL, HeOmAUHUMble OMm meX, KO-
mopoie Haxodsmces 6 nadaroujem uznyseruu. C Kaaccuveckoi mouKy 3peHus 3mo MONCHO
UHmMepnpemupogams makx, Ymo @asa, 4acmoma, cCOCMOoHUE NOAAPU3AUUY U HANpasieHUe
PACRPOCMPAHEHUs. U3AY1AeMOU 80AHbL makue dce, KaK Uy naoaroujell.

HN3nayyenue Mogekya. Y OJHOATOMHBIX Ta3oB (Harpumep, 0JaropoaHbIX Tra3oB,
TapoB METaJUIOB) CIEKTPHI U3TyJYEeHUS TIPENCTaBISAIOT co00i (Kak M y aTOMapHOTO
Bomopona) psii TMHWNA. Takoii CrieKTp Ha3bIBaeTCs AuHeluamoim. ECIV ke ra3 cOCTOUT
13 MOJIEKYJI, COMepKallnX ABa 1 OoJiee aToMa, TO CIIeKTPaJIbHbIE IWHUU TPYIIITUPY-
IOTCSI B TIOJIOCHI, ¥ CIIEKTP HAa3bIBAIOT QUHeUHamo-nosocamoim. Bo30yoIuTh MOJIEKY-
JIIPHBIE CIIEKTPBI MOXKHO B TUTAMEHU TOPENIKU, DJIEKTPUUYECKOI mayre, m3oderass mpu
3TOM pacriaga (IMCCOLMAINN) MOJIEKYIL.
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MouJteKyJIsipHbI€ CIIEKTPbI 3HAUUTEJIBHO CJIOXHEe aTOMHBIX. X MOXXHO UCTOJIKO-
BaTb, €CJIM KOPPEKTHO PAacCUMUTATh SHEPTUI0O MOJEKYJbl. DTa SHEpPrus B OoJbllIei
CTETEeHU CBsI3aHa C BJIEKTPOHHON KoHpurypauueit. OmHaKo npy 3aJaHHON KOHDU-
rypaluy MOJIEKYJIbl MOTYT UMETb Pa3Hble Y9HEPTETUUECKHUE COCTOSTHUS, OOYCIIOBJICH-
Hbl€ OTHOCUTEIbHBIMU KOJIEOAHUSIMU aTOMOB M MX BPAllIEHUEM OTHOCUTEbHO 1IeH-
Tpa Macc.

DHEepPruo MOJIEKYJbl MOXHO B TIEPBOM TMPUOIMKEHUMN MPEICTABUTh B BUIE

W=Ww,+ W,+ W, (5.23)

roe W, — sHeprus, oOyCIOBIeHHAs SHepTUEH 3JICKTPOHOB (21eKmMpOHHAs IHEpeUsl);,
W, — oHeprus, oOycioBieHHas KojiebaHUSIMU siaep (6uUbOpAyuoOHHAs IHepeus);
W, — sHeprusi, oOycioBleHHas BpallleHueM sifaep (pomayuonuas sxepeus). Bee atu
BEJTMYUHBI MOTYT TTPUHNUMATH TOBKO AMCKPETHBIC (KBAaHTOBAHHEIC) 3HAYCHUS.

Y n1ByXaTOMHOIT MOJIEKYJIBI UMeeTCsl OHa KojiebaTebHasl CTeTrieHb CBoOombl. Ko-
JiebaTeNbHasI SHEPTUS — 3TO BHEPIUsi TapMOHWYECKOTO0 KBAHTOBOTO OCIMIISITOpA

1
W, =hv, (v + 5), (5.24)
rne v=0, 1, 2, ... — KosebamenvHoe K8AHMOBOE HUCO.
IIpu BpalieHNMM MOJIEKYJIBI €€ MOMEHT KOJMYeCTBa ABWXEHUS paBeH L =
h
= o r(r+1),toe r=0, 1, 2, ... — epawjamenvroe KearHmogoe yuci0. DHEPTUS TIpU
T
5TOM BpallleHUN
1’ h?
W,=—=——r(r+1), 5.25
Y A (r+1) (5.25)

rae Jy — MOMEHT MHEPLUU MOJIEKYIIBI.
Hcnyckanue cBeTa MPOUCXOIUT C YAaCTOTOM, YIOBIETBOPSIOIIEH YCIOBUIO

hV21 = W2 - Vl/l = We2 - We‘l + sz - Wvl + WrZ - er = hVe + hVU +th. (526)

YacTtoTbl 3JEKTPOHHBIX MEPEXOJIOB V, COOTBETCTBYIOT Onu3konn MK-, Buaumori
u Y®-obnactaM crekTpa, AIuHbl BoJdH A, ~ 0,1 —1,0 MkMm. YacToTsl v, COOTBET-
ctBytoT 6nm3koil UK-obmactu u A, ~ 1,0— 50 MxmM.
YacrtoThl v, IpUHAAIEXaT MUWITUMETPOBOMY U JaXe v=2
CaHTUMETPOBOMY AManazoHy: A, ~ 50— 1000 Mxm.
B cuy aToro cTpykTypa 9HEpreTM4eCKuX ypoBHe i
MpeacTaBIsieT co00M CUCTEMBI YpOBHE (puc. 5.2). V=0
Cutyaumsl BBITJSOAT TaK, KaK €CIM Obl KaXAblii W
U3 3JIEKTPOHHBIX YPOBHEN «pacIlENWIcad» Ha KoJje-
OaTesIbHbIE YPOBHM C KBAHTOBBIM YMCJIOM ¥, a OHU B
CBOIO 0Yepeb «PaCIICTUISIIOTCS» Ha elle 6ojee TeCHO
pacrojioXKeHHbIe BpallaTeJbHbIE YPOBHMU.

W, v=1

IIpn mageHUM CBeTa Ha BELIECTBO MOXET OBITh v=2
MOJIOIIEH KBAaHT CBeTa. DTOT Mpollecc M3o00paxkeH W, v=1
CTpeJIKaMM, HallpaBJI€HHBIMU BBEpX, a JJIMHA CTpe-

JIOK OoToOpakaeT 3HEepruio KBaHTa. Pa3pelieHHbIMU v=0
OyAyT UL T€ TIEPEXOAbI, IJISI KOTOPBIX Ar = *1. DT Wer
OrpaHUYEHMST HA3bIBAIOTCS Mpasuiamu omoopa. Puc. 5.2
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ITocse morioneHNsT MOXKET BOSHUKHYTD PsiT CIIOHTAaHHBIX MePeXoa0B (M300pakeHbl
CTpeJIKaMM, HalpaBJIeHBIMM BHM3), IIPU KOTOPBLIX M OyAeT BO3HMKATh U3TyYeHME
C MOJIOCAaThIM CMEKTPOM. EcTecTBeHHO, YTO BO30YXKIATh MOJEKY/ISIPHBIE CIEKTPHI,
KakK U aTOMHBbIE, MOXHO WU APYTMMU CIIOCOOAMU: 3JEKTPUUYECKUM Pa3pPsSIIOM,
B IUIAMEHU TOPEJIKH, B DJIEKTPUUYECKOM ayre M T.I.

Ha puc. 5.4 uB. BKJI. moKa3zaHbl HEKOTOPbIE CIIEKTPaJIbHBIC JIMHUM aTOMapHOTO
HaTpusl, MapoB Meau, Tosiocatble crneKTpbl MoieKyl CN u C, B YrojabHOW myre
U I1apOB MOJIEKYJIBI Hoa.

Jliomunecuenmusa. [Tpy Bo3OyXIeHUM CBETOM TIa3bl, XKUIAKOCTU U TBepIble Teja
MOTYT UCITyCKaTh M3JIydyeHHue (B BUIE CIEKTPaJIbHBIX JUHUM, TOJOC U CIUIOLIHOTO
criekTpa). Kak rnpaBuiio, IJMHBI BOJH M3JIy4aeMOTO CBETa MPEBBIIIAIOT JUIMHY BOJTHBI
BO30YKIAIOILETO CBETA. DTO SIBJICHWE HOCUT Ha3BaHUE OMUHECUEeHUUS.

Ha puc. 5.5 uB. BKJI. KpaCHBIM IIBETOM CBETUTCSI KpUCTAJLI pyOMHA, KOTOPbIi BO3-
OykmaeTcsl 3eJIeHbIM CBETOM Ar-jasepa, MagaloimumM cieBa. OMbIT MTOKa3bIBaeT, YTO
MpU TIpEKpaIieHUN OOJydeHUsT JTIOMUHECLIEHLIUST OyIeT MPOA0IKAThCsl HEKOTOPOE
BpeMs (BpeMsl TTOCIeCBeYeHMST), KOTOPOe HAMHOTO IPEBBIIIAeT MePUO ONITUYECKUX
KOJIeOaHUI. JITUTEIBHOCTD MTOCIECBEYEHUS T, 3aHUMAET OOJIBLLION BPEMEHHOM Aua-
nazon: 107 ¢ < 1, < 10° c.

Ecnu moMuHecUeHIMs ncyesaet 6uicTpo (1, ~ 10°— 107 ¢), To oHa HasbIBaeTca
garoopecyenyuei. Ecnm e Tipoliecc MocaecBeYeHUs IIUTENeH, TO MMEET MECTO ghoc-
gopecuenyus. Takoe aejieHUe JIOMUHECLIEHLIMU BeChMa YCJIOBHO, M BpeMeHHas Tpa-
HULA LIS T, OTCyTcTBYeT. OaHaKO MexaHU3Mbl (uroopeciieHIMU U ¢dochopeciieH-
LMY TIPUHIUIUATIBLHO Pa3HbIe.

M3MeHeHue 4acToThl UCITYCKAaeMOIo CBETa MO OTHOIIEHMIO K YaCTOTe BO30YXkIa-
eMOoro cBeTa ObUT0 00HapyxeHo JIX. CTOKCOM M HOCUT Ha3BaHue npasuta Cmokca.
CorylacHO 3TOMY TMpaBUJTY CIEKTP (hIIOOPECUEHIIMU CABUHYT B CTOPOHY JJMHHBIX
BOJIH TI0 CPABHEHMIO CO CIIEKTPOM MomiolleHuss. KoMIoHeHTHI crieKTpa JIIOMUHEC-
LIEHLIMU TTOJYYWIM Ha3BaHHWE CTOKCOBBIX KOMITOHEHT. OgHaKO ObUIM OOHAPYXEeHBI
U aHTHMCTOKCOBBbIE KOMITOHEHTBI, CABUHYThIE B IPOTUBOIIOJIOXHYIO, KOPOTKOBOJI-
HOBYIO, O0JIaCTbh.

C sHepreTMYeCcKoi TOUKU 3peHUsT 00a SIBJICHUST OMTUCHIBAIOTCS COOTHOILIEHUEM

hv =hvy,-W, (5.27)

rae hvy — 2Heprus GOoToHA, BO30YXKIAIOIIEro atoM; /v — BHEPrys U3TyYeHHOTO
MpU JIOMUHECIEHIIMN (hOTOHA.

JJ1s1 CTOKCOBBIX KOMIIOHEHT 4acTh W sHepruu Bo30OyxXKaawollero (boToHa pacxo-
JyeTCs1 Ha BHYTPUMOJIEKYJISIpHBIE poliecchl. 151 aHTHCTOKCOBBIX KOMITOHEHT W< ().
B aTOoM ciydae uznydaemMblid (POTOH 3aMMCTBYET SHEPIMIO TEIIOBBIX KOJIeOaHUIt aTo-
MOB WJIM MOJIEKYJI. DTOT BBIBOJ IMOATBEPKIAETCS MOBBIILIEHUEM MHTEHCUBHOCTH aH-
TUCTOKCOBBIX KOMIIOHEHT TIpY HarpeBaHWM BEIIECTBA.

IlosiBIEeHNE CTOKCOBBIX MU AHTUCTOKCOBBIX KOMIIOHEHT WJLIIOCTPUPYETCS Ha
puc. 5.2. 3nech YacToTa CIEKTPATbHBIX IMHUI MEHBIIIE YaCTOThI BEIHYKIAIOIIIETO KBaH-
Ta, KOrma Ipolecc BO30YXKIEHMSI MOKa3aH CTpesikoil BBepx cieBa. OmHaKoO eciu
MpeaBapuTeIbHO BO30OYAUTh aTOM KaKUM-JI100 CII0OCOO0M, TO 3TU JIMHUU JTIOMUHEC-
LIEHIIMY BO3HUKHYT IIpU 00Jy4YeHMH KBAHTOM MEHbIIIel s3Hepruu (CTpelika cripaBa).

CrieKTpbl M3JIy4eHHUs] JIBYXaTOMHBIX MOJIEKYJ JOCTaTOYHO XOPOILIO paciiudpo-
BbIBalOTCS. MIX aHaIM3 MO3BOJISIET OLUEHUTh MOMEHT MHEPLIMU MOJIEKYJIbl, YACTOThI
MOJIEKYJISIDHBIX KojeOaHuit 1 T.1. 'opa3no cioxkHee CBSA3aThb CIEKTPHI U3TYYeHUs

56



CO CTPYKTYPOM MHOTOaTOMHBIX MOJIEKYJ1. PacueT sHepruii ux CTallMOHapHbBIX COCTOSTHUIM
3a4acTylo MpeAcTaBiseT coOOi BecbMa TpyAHYIO 3agadyy. KpomMe TOro, MHTEHCHUB-
HOCTb CIIEKTPaJIbHBIX JTUHUI HEBEIMKA, a Pa3IMYMe B 4YaCTOTax ObIBAET BECbMA He-
3HAUMUTENbHBIM. Bce 3TO 3aTpyAHSET N3yuyeHe MHOTOATOMHBIX MOJIEKYJI.

JInHeituaTo-nosiocaTble CNEKTPHI U3IYYalOT CPABHUTEJIBHO Pa3peXXeHHbIE MOJIe-
KYJISIpHBIE Ta3bl ¥ napbl BellecTB. C MOBBIIIEHUEM UX IIOTHOCTY BOZHMKAET B3aUMO-
JIECTBUE MOJIEKYJI, IPUBOMASIIEE K UBMEHEHUIO SHEPTETUUYECKMX COCTOSTHUIA. B 110T-
HBIX razax, XWUJIKOCTSIX U TBEPJbIX TeJIaX YPOBHU PACIIMPSIOTCS U CIIMBAIOTCS B 9HEP-
reTuyeckue 30Hbl. [Ipu nepexomax aTOMOB U MOJIEKYJT OJTHOMW 30HbBI B IPYTYIO U3TTY-
YyaeTcsl CIUIOLIHOM CIIEKTp B IIpeaeaX OrpaHUYEHHON CIIeKTpajJbHOM 00JIacTu.

JlroMuHecuupylolle BelleCTBa Ha3bIBAIOTCS AromMuHogopamu. YToObl BElIECTBO
OBLIIO CIIOCOOHO JIIOMMHECHUPOBATh, HEOOXOAMMO, YTOOBI 3HEPreTUYECKUE 30HBI
HE MEPEKPBIBAINUCH, T.€. OHU IOJDKHBI ObITh pa3leieHbl 3aMpelieHHbIMU 30HAMM.
MeTaibl, HaXOASCh B TBEPAOW U XUAKOWM (pazax, He JIOMUHECLIMPYIOT, MTOCKOJbKY
HEe MMEIOT 3aMpelleHHbIX 30H. DHeprus BO30yKIAIOIIEro CBeTa B HUX MOJHOCTHIO
MEePEXOIUT B TETJIOBYIO SHEPTUIO.

ITomumo 3TOrO, B BellleCTBE BO30OYKAEHHbII aTOM MOXKET COBEpIlIaTh U 0e3bI3Iy-
yaTeJbHbIM Tlepexo] B 00jiee HU3KUE DHEPTeTUYECKHE COCTOSIHUS, OTIaBas dHep-
TUIO IPYTMM MOJIEKYyJIaM WIM KPUCTATMYECKOM pelreTke. DTo MPUBOIUT K TaK Ha-
3bIBAEMOMY MYUWEHUI) AHOMUHECUEHYUU.

BeposTHOCTh 6€3bI3Ty4aTeIbHBIX MEPEXOI0B BO3PACTAET C MOBBILIEHUEM TEMIIE-
patypsl (TeMIiepaTypHoOe TylIeHUe), KOHLIEHTpAaLUK (KOHLIEHTPALIMOHHOE TYILLIEHHE)
U npuMeceil (mpuMecHoe TylueHue). [ToaTomy ellle OqHUM HEOOXOAUMBIM YCIIOBUEM
BO3HUKHOBEHMS JIIOMUHECLIEHIIMU SIBJISIETCS TIPEBbILLIEHE BEPOSITHOCTY U3JTydaTesib-
HBIX MIEPEXOAOB HAl BEPOSITHOCTBIO OE3bI3TyYaTETbHBIX.



JEKITHA 6

TennoBoe usiydenne. Tena, HarpeTble 10 TeMnepaTyphl Beilie 500 °C, HaUMHAIOT
CBETUTLCS T.€. U3Ty4aTh BUAUMBII CBET. XOPOIIO U3BECTHO, UTO IO MEPE TTOBBIIIEHUS
TeMIIepaTyphl YTojib B KOCTPE WM pacKaJeHHbIe MEeTaJIJIbl KPACHYIO OKPACKy CMEHSIIOT
Ha Genyro. DTO CBUIETEILCTBYET O TOM, YTO CIEKTP WX M3JIy4yeHHUs oOoraiaercs
0o0Jiee KOPOTKMMM BOJIHAMU.

OINBIT MOKA3bIBaET, YTO €CJIM B HEKOTOPOM OOBbEMe, OKPYKEHHOM OO0OJIOUKOM,
HaXOIATCS HarpeTble Tejla, TO TaM CYIIECTBYET M 3JIEKTPOMArHUTHOE M3TyYeHHUe.
Hanpumep, rpu OTKpBITUY IBEPLIbl TOMKYU APOBSHOM MEeUM OIIyIIAeTCs XKap, 00yc-
JIOBJIEHHBIN BBIXOISIIMM U3 TOIKU JIEKTPOMATHUTHBIM U3ydyeHreM. Ecin 060710~
yka OyaeT agrabaTU4eCcKOM (TeIIOHEIIPOHUIIAEMOI1), TO 110 UCTEYEHN U HEKOTOPOTO
BpEMEHU YCTAaHOBUTCS mepmoduHamuteckoe pasHosecue: meaa 6ydym umems 00UHAKO-
8YH0 memnepamypy, a uziyyeHue — 006eMHYI0 NAOMHOCMb IHepeUU, pacnpedeieHue Ko-
Mopoi no OAUHAM B80AH He 3asucum om npupoost mea U CMeHOK, a onpedeisemcs AUlb
ux memnepamypot.

Takoe nzayyeHre HaXOAUTCSI B pABHOBECHUM C HAarpeThIMU TeJlaMHM U Ha3bIBaeTCs
PABHOBECHBIM menaosvim usiyyenuem. OyHIaMEHTAIBHON XapaKTEPUCTUKONW 3TOTO
U3JIy4eHUs SBJISIETCS CIeKTpabHasl TUIOTHOCTD U,; OOBEMHOM TUIOTHOCTHA DHEPTUM
U7 DJIIEKTPOMArHUTHOTO TTOJI:

| .
up =5 (&0E? +1oH?) = Ju,rdv, (©6.1)
0

Tae u,r — YHUBEpCcalbHas (PYHKIIMS YacCTOTHI v, 3aBUCSIIAs OT TeMmnepaTypbl T Kak
OT MapameTpa.

IIpaBuno Ilpeso. IlycTh BHYTpU amuabaTHYecKoi OOOJOYKM HAXOMSITCS ABa Teja,
obagarolme pa3IMuHoi CIOCOOHOCThIO MOMIOLIATh CBET (HallpMMep, XOPOILIO MOIJI0-
LIAIOIIMI YTOJTb M MAJTO TOIJIOLLAIOLINIA, HO CMJIBHO OTPaKalolIii CBET Me, puc. 6.1).

M3 dakTa cyliecTBoBaHMS TePMOIMHAMUYECKOIO PAaBHOBECHS CIIEAYET YTBEPXK-
NEHUE: ecau 06a mena no2iouarom pasHvle KOAUYeCmea 3Hepeuu, mo U ux UCNyCcKaHue
pazauuHo. DTO yTBepXKIeHue ob10 chopmynupoBaHo B 1809 r. mBeiiiapckum ¢pusn-
koM I1. ITpeBo 1 nomyumnno HazBaHue npasuaa Ilpeso. Cnenys 3ToMy MpaBUILy, MOXK-
HO YTBEpXIAaTbh, YTO YrOJb JIy4llle U3JTyyaeT, yeM MeJl. JJefiCTBUTeIbHO, €CIU YTIolb
W MeJI HarpeThb B MeYM 10 OJAMHAKOBOM
temneparyphbl nopsaka 1000° u 3aTeM
WX U3BJIEYb U3 TI€YM, TO B 3aTeMHEHHOM
ayIUTOPUU YIoJib OyaeT OeslbiM, a MeJl —
TEMHBIM.

3akon Kupxroga. KonmyecTBeHHYIO
WHTepIpeTaiuio npasuia I1peBo MoxxHO
copMyIMpOBaTh CIEAYIOIIUM 00pa3oM:
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CITOCOOHOCTB TeJia K M3TyYEHUIO ONPeaessieTCsl TOTOKOM 3HEp-
TUU, UCITYCKAEMOW EAUHULIEH TUIOLIANN [TOBEPXHOCTU B €U~
HMILy BpeMEHHU B TejlecHOM yriie 2r. Ha puc. 6.2 cxeMaTU4HO
1300pakeH IMPOoLEeCcC U3ITYYSHUS eAMHUYHOM IIOIAAKOM Mo~ Hsnyqaroree
BEPXHOCTH TeJla, UCITYCKAIOLIEH 37eKTPOMarHUTHBIE BOJHBI, reno
1300paXkeHHbIE BOJTHUCTBIMM CTpeJIKaMU. TaKuMU CcTpeIKaMu
MPUHSTO 0003HAYaTh KBAHTHI cBeTa ((DOTOHHI).

OTOT NMOTOK E HA3bIBACTCS UIAYYAMENbHOL CHOCOOHOCHbIO Puc. 6.2
Tesla. MI3my4daTenbHasi CIIoCOOHOCTD pacIlipeiesieHa IO 4acTo-
TaM WY JJIMHAM BOJIH:

E; = TEvrdv = TE”dx. (6.2)
0 0

OHa 3aBUCHUT OT IIPUPOIBI HATPeTOro Teja U ero TemmnepaTypbl. CrieKTpajabHble
MI0THOCTU E,; 1 E, 7 OMUCHIBAIOT CHEKTP TEIIOBOTO U3aydeHus1. OHU CBSI3aHbI OUe-
BUIHBIM YCJIOBUEM:

EdeV = E}»de' (63)
IMTockonbky v = %, TO dv = _—g d\, TI0O3TOMY
}\‘2
E,r = TEM“ (6.4)

ITpu TepMoaHAMHUYECKOM PaBHOBECUHU Ha €IMHUILY TTOBEPXHOCTH TaaaeT MOTOK
€7, UIMEIOLLUI pacripenesieHue Mo yacToraM €, CocoOHOCTD Tejla K MOTJIOIICHUIO
XapaKTEePUIYETCS HO2A0UAMeNbHOl CHOCOOHOCHbIO

E,r
Ay =——, (6.5)

&vr

PaBHOI1 OTHOIIIEHUIO CIIEKTPAIbHON IJIOTHOCTU IMOIJIOIIEHHOM 3Hepruu (Ipyu paBHO-
BECHM OHa paBHA IJIOTHOCTH M3JIy4YE€HHOM 3Hepruu E, ;) K CIEKTPaTbHON TUIOTHOCTH
ynaguiero rnotoka. IlorouareabHas COCOOHOCTh 3aBUCUT OT YaCTOThI M TEMIEPATYPHI.
OIBIT MOKAa3bIBAET, UTO MPU MepMOOUHAMUHECKOM PAGHOBECUU CNeKMPAAbHAS NAOM -
HOCMb €, NAdarweeo NOMoOKa A6AAEMCs YHUBEPCAAbHOU QYHKUUEH YacmomblL vV U mem-
nepamypet T u He 3asucum om npupodsl Hazpemovix mea.
®dopmyna (6.5), 3anucaHHas B BUIE

EvT

=&y,
AVT

TTO3BOJISIET YTBEPXKIATh, YTO 0458 meaa Ar00U npupodsl OMHOWEHUe U3AYHAMeNbHOU
U NO2A0WAMENbHOU CHOCOOHOCMEN A6AeMCsl YHUBEPCANbHOU (DYHKYUel YaCmOombl U meM-
nepamypui. DTO YTBEpXIEeHUE U ABIsIeTCS 3akorom Kupxeoga.

TakuM 00pa3oM, BO IJIaBy yIjla CTaBUTCS (byHIAMEHTalIbHAsl XapaKTepUCTUKA
PaBHOBECHOTO TEIUIOBOTO M3NTyYeHUs €,7. OHa CBA3aHa CO CIEKTPAIBHOM TUTOTHO-
CTBIO U,7 COOTHOIIIEHHEM

(6.6)

&vr = ZuvT' (6.7)

59



ITonoOHOe CcOOTHOILIIEHWE CBSI3bIBAET (B MOJIEKYJISIPHON (DU3MKE) MOTOK YaCTHIL
Ha ¢IMHUILY TUIOIIAAN C WX KOHIIEHTpallMeit, KOrma CpeaHsIsi CKOPOCTb YaCTHUII PaB-
Ha c.

IMornomareasHass cIOCOOGHOCTE MOXKET CHIJIBHO pas3inyaThes (JIydllle BCETO TT0-
TJIOIIAIOT CBET OKCHMIBI METAJUIOB, caxka, yroib). Ecim A,,= 1, To Takoe TeJlo Ha3bI-
BaeTcs abcoaiomuo ueprvim. ECTECTBEHHO, 4TO 3TO (m3mdecKass aOCTpaKIms, Kak
1 abCOJTFOTHO TBEPAOE TEJIO B MEXaHWKE.

Xopoleit mmoctpaiyeit 3akona Kupxroda siBisieTcst ombIT, CyTh KOTOPOTO U300~
paxeHa Ha puc. 6.3.

Ecau B medb MOMECTUTD YTOIb M MeJI M TIPU JOCTYDKEHUH TETLIOBOTO PAaBHOBECHS
HaOJTIOIATh MX Yepe3 MaJloe OTBEPCTHE B MEUM, TO OHM OYAyT MPaKTUYeCKA Hepas-
JIMYUMBIMU. YTOJb TIOTJIOIIACT BECh MTOTOK €, M 3TOT XK€ TTOTOK M3ITydaeT. Men mo-
[JIOLLIAET TOJILKO YacTh 3TOTrO MOTOKA A, 7€, 7, @ 4acTh, paBHYy10 (1 — A, 7)€, 7, OTpaxka-
eT. Men uznyvaetr E,r = A,r€,r, YTO BMECTE C OTPAXXKEHHOI dHEPrUeil COCTAaBUT Be-
JIMYUHY €,7. Ha prcyHKe Mmagarolnme, MOmIOMIEHHEBIE, OTpaXkeHHbIe (DOTOHEBI BOJIM3U
eIMHUYHBIX TIOMIAMOK (a) M300paskeHBl BOJTHUCTHIMU cTpeKamMiu. YToOBI He Tiepe-
IpyXaTh PUCYHOK, M3JIydeHHBIE (hOTOHBI M300paskeHbl Y IPYTHX TUTOMIAN0K (6).

Eciu o6a Tema m3Bieyb M3 MeYM, TO, KAK OTMEYAIOCh paHee, B TEMHOTE YTrOJb
OyzeT OesbIM, a MeJl — YepHBIM. M3mydeHune mocjiemHero Majio, a OTpaxarh IpaKTH-
YeCKM HEYero: IJIOTHOCTh SHEPTUU DJIEKTPOMATHUTHOTO TIONSI B OTKPBITOM IIPO-
CTPaHCTBE 3HAYNTEIILHO MEHBIIIE PAaBHOBECHOI.

HanbHeiilee pa3BUTHE YICHHS O TETDIOBOM M3TYISHUM OBIJIO CBSI3aHO C yBJIeKa-
TeJbHBIM TTOMCKOM YHMBEPCAIBHON (YHKIIUM £,7, KOTOpas SBISCTCS M3TydaTellb-
HOI CITOCOOHOCTBIO YEpHOTO Teia (majee TePMHUH <«aOCOTIOTHOE» YITOTPEOIsATh
He Oynem).

3akon Credana— boabimana. [lepBblii 11ar B 3TOM HampaBjeHUM ObUT caejiaH
aBctpuiickum ¢dusukoMm H.CredaHom, KoTopselii omnbouyHo mojaran (1879), uto
U3JIydaTeNIbHas CIIOcOOHOCTE Jmoboro Tena By~ T4 TlosaHee ero cooTe4ecTBEHHUK
JI. BonbuMaH, UCMOJB3YysI TEPMOAMHAMUKY, noka3ai (1884), uto nulilb uztyyamens-
Hasi CnOCOOHOCMb YepHO20 MeAa NPONOPUUOHAAbHA YemBepMOoll CeneHly e20 memnepa-

mypet:
ep = J.evrdv =oT*, (6.8)
0
rae ¢ = 5,67- 10718 Br- m2K™.

YrBepxaeHue (6.8) coctaBisieT cyTh 3akona Cmegana— Boavymarna. Ero MOXHO
JloKazaTh CJIEIYIOIIM 00pa3oM.
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ITycTh paBHOBECHOE TEIJIOBOE U3JIyUYEHUE HAXOAUTCS BHYTPU LUIMHIPA, CTEHKU
KOTOpOro nMmetoT temmepaTtypy 7. LIunuHap 3aKpbIT YepHBIM MOPIIIHEM, TOJHOCTHIO
roryiolaInM u3nydyeHue. CBeTOBOe AaBjeHME Ha MOPIIEHb p = Uy/3. BHYTpeHHSIsS
SHEPrust TePMOJMHAMUYECKOM cucTeMbl — M3nydeHus1 U= u;V (V' — obbeM nuimHapa

oU op
of1 ropiIHeM). Bocnonb3yemMcs TepMOIMHAMWYECKUM TOXKIIECTBOM FYa =T 37 ) ” D-
Iloncragnsast B JaHHOE TOXIECTBO 3HaYeHud p u U, 3anuiiem ’ g
1,.du 1
—_r&r ., 6.
Ur 30 4T 3 ur (6.9)
Ilocne pasneneHus: mepeMeHHBIX UMeeM
44T _ dur (6.10)
T Ur
Hurerpupys (6.10), oKOHUATETHLHO TTOTYYUM
ur = [const] T*. (6.11)

PaccunTarh KOHCTAaHTY MOKHO JIMIITh WICITOJTB3YSI KBAHTOBOE TPEICTABICHUE W3-
nydenus. Ilepexonast ot ur K €5, nojgydaem 3akoH CredaHa — bosbliMaHa.

3akon cmemennsa Buna. [pensimylnmit 3aKOH yCTaHaBIMBAeT BEChbMa CHJIBHYIO
3aBUCUMOCTb OOBEMHOI TUIOTHOCTH Uy OT TeMIIepaTyphl 7, UTO MMeeT OOJIbIIoe
npakTruyeckoe 3HadyeHne. OqHAaKO OH He JaeT OTBETa Ha BOIPOC O CIEKTPATBHON
IUTIOTHOCTH U, 7. Ciemyrolas TOMBITKA ¢¢ HAXOXIeHUs ObUTa MPeaIpUHSITa HeMell-
kuMm uccienonareiem M. Bunom (1893). PaccmaTtpuBast anrabaruyeckoe cxaTue 13-
JIy4eHUST B 3¢pKAIbBHOM IWJIMHAPE C YIETOM ITOIICPOBCKOTO CMEIICHMS YaCTOTHI
MIpA OTPaXXeHWM OT ABIDKYILIETOCS TIOPIIHS, OH TPUIIE K BBIBOMY, YTO

e =cvif (%), (6.12)

rae f — GyHKIMs, BUI KOTOPOi ONpeaeauTh He yaanock. OqHako BaxkHast MH(GopMa-
. \

LM 3aKJII0YEHA B 3aBUCMMOCTH 3TOM (PYHKLIUKM OT OTHOLUEHUSI T Ecnu, cornmacHo

(6.4), 3armmcath (6.12) B BUIE

AT
o o dexT
U HaWTU TIOJIOXKEHUE MaKCMMyMa 3TOU (DYHKUUU A = A, U3 YCIOBUS o =0,
TO TIOJYYUTCSI COOTHOILLIEHUE

5
€rr :%f( ¢ ) (6.13)

T = b, (6.14)

rae b=2,898- 107 A K — nocrosHHas, He 3aBucs1Las OT TeMIepaTypbl. OHa paccum-
TBIBAETCS METOIAMMU KBAaHTOBON MEXaHWKMU.

®dopmyina (6.14) saBnasieTcss MaTeMaTUIECKUM BhIpasKeHUEM 3aKoHA cmeuernus Buna:
C NoBblUEeHUEeM MeMNepamypsbl NOA0ICEHUE MAKCUMYMA QYHKYUU €, cMeuaemcs 8 00-
aacme 601ee KOPOMKUX OAUH 604H. DTO JIETKO HAOMIONATh MPU MOBBIILIEHUUN TeMIlepa-
Typbl HarpeThiX TeJl, KOTOphble BHauaje ucnyckaioT MK-usinyyeHue um mosatomy
HE CBETSTCS, 3aTeM CTAHOBSTCS KPaCHBIMU, a TP BBICOKMX TeMIlepaTypax — Ipak-
TUYECKU OETBIMU.
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L ®opmyna Ilnanka. HeymauHble MOMBITKKA paccyu-
| TaTh CMEKTPAIbHYIO TJIOTHOCTD U, 7 WIH €, OBLIIU CBSI-
3aHBI C T€M, YTO 3aKOHBI KJIACCHYECKOW BJEKTPOIM-
HAMUKU He TO3BOJISIIOT aleKBaTHO OIMCATh IPOLecC
U3JTy4eHUs TeJ.

Panee ObLJIO OTMEUEHO, YTO KBAHTOBBIN OCLIMJIISI-
TOp UMEET IUCKPETHBIA Habop 3HaueHui aHepruu. I1o-
JIOOHBIM 00pa3oM BeJeT cebs1 M 3JIEKTPOMAarHUTHOE
nojie. OHO 00JIagaeT AUCKPETHBIM HAaOOPOM COCTOSI-
HUI ¢ ompeAeaeHHON 3Heprueil (3JeKTpOMarHMTHOE

Puc. 6.4 MoJIe KBaHTYeTCsT).

Ecau paBHOBeCcHOE TEeTUIOBOE U3JIyYeHUE HAXOMUT-
cs B o0beme B Bujie Kyba L x L x L, To 3JIeKTpOMarHuTHOE I10JIe MOXKHO IIPeICTaBUTh
B BUJE HabOpa CTOSIYMX BOJIH, WU mMo0 (puc. 6.4).

BosnHOBBIE yKMcia TaKKUX BOJH JOJIKHBI YIOBAETBOPSITH TPAHUYHBIM YCIOBUSIM

k.L=mm;, k,L=mym, klL=mm, (6.15)

e my, my, my=1,2,3, ... ..
Yucno BOJH, Yy KOTOPBIX BOJHOBBIE YMCJIA 3aKJIIOYEHBI B «00beM» dk,dk,dk,,
cornacHo (6.15) paBHO

3
dN = dm,dm,dm, == dk dk dk.. (6.16)
T

Eciv npuHSTB, 4TO Y KAXKI0M BOJIHBI BO3MOXKHBI IB€ B3AUMHO ITePIeHIUKY/ISIPHbIC
MOJISIPU3ALIMK, TO YMCIIO BOJIH (MOI) B eAuHUIIE 00beMa Kyba, Y KOTOPBIX BOJIHOBHBIE
yucia k = 2nv/c 3aKiIouYeHbl B UHTepBasie k, k + dk, oueBUIHO, paBHO

_ 2dN 4rnk 2dk

dn IE g

(6.17)

IMpu moncuere (6.17) «06beM» B IPOCTPAHCTBE BOJTHOBBIX UKCENT BEIOpAH B BUIE
1/8 cpeprueckoro cost pamryca k ¥ TOMUMHOM dK, TIOCKOIBKY K, k,, k,> 0 (puc. 6.5).

Ecam mipeamnooXXuTh, 9To CpemHsIsl SHEPTUsT MOABI, KaK Uy KIACCUYECKOTO OC-
AJUISTOPA, TIPY TEPMOAMHAMUIECKOM paBHOBeCHU (€) = kT, TO CIeKTpajIbHasT TUIOT-
HOCTb OyJeT paBHa

uyr = ey = (e) = S

T =
Y dv c3

Oty dopmyny noayumn x.Paneit (1900), a 3atem
obocHoBan /1. [IxkuHc. OHa Ha3biBaeTcs ghopmyaoti Pases—
Icunca.

Torma uznyyaTeibHasi CIIOCOOHOCTb YEPHOTO TeJa
ObL1a ObI paBHA

kT. (6.18)

2 2
e,y = iuﬁ - Cﬂsz. (6.19)

OT1a hopmyna gaeT coriaacue ¢ IKCIEPUMMEHTOM JIUIIb
npu Majbix yactotax. I[Ipu v — « dyHKuUS €, HEOTpa-
Puc. 6.5 HUYEHHO BO3pAaCTAET, YTO, €CTECTBEHHO, IPOTHUBOPE-




YUT AEUCTBUTEILHOCTU. HeorpaHnueHHOe Bo3pacTaHue U3TydaTeIbHON CIIOCOOHOCTH
MOJYYWJIO Ha3BaHUE yabmpaghuosemosoll Kkamacmpogoi.

YT1o0BbI YCTPAaHUTH 3TOT IIPUHLIMITMAIBHBIN HEAOCTaTOK, BUH MpearoaoxXui, 4To
MOZBI C Pa3HBIMU YAaCTOTaMHU BO30YXIEHBI MO-Pa3HOMY, a DHEPrus KaXKIoi MOJIbI
€, = hv. Eciiu Bocnonib3oBathes pacipeneieHneM bonbiiMana, To B (6.18) n, cienyer

. hv .
3aMEHUTh BEJIUYUHOU A, exp(—— , 4 CPEOHIO DHEPTUIO IOJOXUTH PaBHOU

kT
(eyr) = hv. Torna Bmecro (6.19) moxyuutcst
c hv 2nhv3 hv

OnpHako 3Ta ¢opMysia JTaeT coriacue ¢ SKCIepUMEHTOM JIMIIb B 00J1aCT OOJTb-
LIMX YacToT, Koraa Av > kT.
B 1900 r. M. [InaHk asMOMpUYeCcKM 3amucai CBOIO 3HAMEHUTYIO (POPMYITy

2nhv? 1
ey = = A (6.21)

MOJIyYUBIIYIO Ha3BaHue gopmysvt [lianka. Dra popMysa yIMBUTEIEHO XOPOILLIO OIH-
ChbIBaeT U3JIlydeHue yepHoro Tena. [Ipy Manbix yacrtoTax hAv <« k7T oHa coBIamgaeT
¢ (6.18), a mpu hv > kT — c (6.20).

MeTogamu KjlacCU4eCKoi UMK 3Ty (GOpMYJy MOJIYIUTh HE YAaoCh. DTO J0-
Ka3bIBaeT, YTO M3JIyYyeHUE BEIECTBA MOAYMHEHO 3aKOHAM KBaHTOBOW (DU3MKH.

®opmyny IlnaHka MOXHO MOJYYUTh, €CIM JOMYCTUTh, YTO MOJA C YACTOTOM V
MOXKET MMETh TUCKPETHBIE 3HAYeHUs 3Hepruu €, = nhv (n =1, 2, 3, ...). Bce Mmoabl
BO30Y>KIEeHbI B paBHOI Mepe (Kak U npu BeiBoae (opmyibl Panes — JIxunca). Cped-
HIOH 3HEepeur0 MoO0bl MOXHO TOACUUTATh IO (OpMyJie

> nhv
Sowvew(-4]

_ n=0 —
TS x| (_nh_v) ) exp(h—v)—l
=P\ kT

= nghv. (6.22)

31ech MCMOAL30BAHO pacrpenesieHue boibliMaHa o1 Kaxaoir moabl. Benmnuumha

-1
ny = {exp(/f—;)—l} paBHa cpeduemy uucay gpomonos ¢ mode. IlomcraBus (6.22)

B (6.18) 1 mepexons K (6.19), momydaem dopmyny Ilranka.

TermroBoe M3TydeHNE ABISECTCS CYMMOM CIIOHTAHHOTO M BEIHYKICHHOTO M3ITyde-
HUIT IPY KBAHTOBBIX TIEPEX0JaX aTOMOB BEIIIECTBA B HATPETOM COCTOSTHUN. DHepTe-
THYECKHWE YPOBHU aTOMOB YEPHOTO TeJIa JOJDKHBI TIPEICTABIISATh COOOM CILTOITHYIO
SHEpPreTYEeCKyro 30Hy. DTO CJelyeT U3 TOTO, YTO YEPHOE TeJIO JOJDKHO TOTJIONIATh
KBaHTBI 10001 3Heprun. Eciim paccMoTpeTh JII00yIo TTapy 3HEpPreTHIeCKNX YPOBHEHM
aTOMOB HArpeToro BEIIECTBA, TO TIPU ITIepeXomax aTOMOB OyIeT M3JIydaTbCs WIIN
MOMIOLIAThCSI KBAHT CBETa C aHeprueut av = W, — W,. Eciiu 4ynciio aToMOB € 3Hepruei
W, paBHO N,, a ¢ sHeprueit W, — N,, TO B COCTOSIHUM PaBHOBECHUs] 3TU 4uCsa
CO BpeMEHeM He JOJDKHEBI MI3MEHSITHCS TIPY CITOHTAHHBIX M BEIHYKIEHHBIX TIEPeXo/Iax,
ITO3TOMY
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dN,

dr = —N2A21 — B2luvTN] =0. (623)
B cocrostHum TEPMOOIMHAMHNYECKOI'0O paBHOBECHU S
N, & ( WZ_Wl) & ( hV)
N T TR )T (©29

31ecs g, 8§ — KPAmHOCMb GbIPONCOCHUSA IHEPSEMUUECK020 YPOGHS, PABHAS YUCITY YDPOB-
Heil ¢ OMHOU U TOW e 3Hepruei (MIaBHbIM KBAHTOBBIM UMCJIOM), HO C OTJIMYAO-
AMUCS IPYTMMU KBAaHTOBBIMU YKMCIIAMMU.

Boipazus u3 (6.23) u (6.24) BeIMIMHY U, ¥ TIepeins K €,r, TOIYINM

£T=£ Ay / By, ) 6.25
4 Bi,g exp(h—vj—l (6.25)
B8 kT
CpaBHuBas (6.25) ¢ (6.21), Haxomum
8mhv?
Ay = By nc—3; B8, = By &>. (6.26)

Takum obpazom, Bce KoahGULIMEHTl DUHIITEHA CBI3aHbI MEXIy CO00i. DTa
CBSI3b HOCUT YHMBEpCAJIbHBIN XapaKTep, U OHa CITpaBeluBa Jijisl JI000ro BellecTBa
BHE 3aBUCMMOCTU OT €ro arperaTHOro COCTOSIHMSI. DTOT BaXKHbIN BBIBOJ OyAeT He-
OJIHOKPATHO MPUMEHEH B JaJIbHEHUIIEM.

IIpumMeHeHHne 3aKOHOB TEIIOBOro M3JaydeHua. [[J1s1 MpakTUYECKUX LieJieil UCTOJb-
3YIOT U3JIydaTesIbHYI0 CIIOCOOHOCTb KaK (DYHKIIUIO JUIMHBI BOJIHBI. JIJ1s1 YepHOro Tea,
cornacHo (6.4), oHa paBHa

c 2nthc? 1
&ar = ngr B exp( he j_l (6.27)
AT

3aBUCUMOCTH €, (B OTHOCUTEJIBHBIX €IUHULIAX) OT IJIMHBI BOJHBI MPU Pa3HBIX
TeMIIepaTypax IoKa3aHbl Ha puc. 6.6.

ITo Mepe yBeIMYeHMsI TEMIEPATypbl BO3PACTaeT IJIOIIAAL 1MOA Kpuboil (~7%),
Y MAKCUMYM CMEILAETCS B 00J1aCTh KOPOTKUX [UIMH BOJIH. Te10 HaUMHAET CBETUThCS,
KOTIa KpUBasl «HAKPHIBAET> BUAMMBIA qra-
Ma30H JUTMH BOJIH.

T
Ha puc. 6.1 0B. BKJI. IpeaCTaBIeHbl pe-

6 3yJbTaThl KOMITBIOTEPHOTO MOJEIUPOBAHUS
st CBEUEHMSI YEPHOTO Tejla MpU TpeX pasiuy-

r=1500 K HBIX TemIiepatypax. [1pu Kaxaol Temmnepa-
4r 1700 K Type ToKa3aH ¢parMeHT KpuBoil (6.27)
3t U TIOJ Hel BMAMMAS 4YacTb CHEKTpa, BOC-

1500 K
1300 K

IIpMHNMacMasl HalllM IJIa30M. PHI[OM B KBaJ-
paTe n300paxeHa CBEeTSIIAsCS TOBEPXHOCTD
YEPpHOTIO TEJIa. BI/II[HO, YTO C IMOBBIIICHUEM
TeMIIepaTypbl YepHOE TEJNIO <«PacKajsieTcst
1 2 3 4 5 6 %, MKM  oQesar.

Puc. 6.6
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Kak ormeuasnochk paHee, abCOMIOTHO YepHOe TeJIo SBIsieTcs adcTpakuueii. Hanbo-
Jiee OJM3KO K HEMY M3JTydeHHMe HarpeToi cepuueckoli MOJIOCTH ¢ MaJbiM OTBEpP-
CcTUeM B Hel. JIeMCTBUTENbHO, MPHU IMOoNagaHWM Jydya CBETa JIIOOOM 4acTOThI 4yepe3
OTBEPCTHE BHYTPb cepbl OH OYIET UCIBITHIBATH MHOTOKPATHOE OTpaKeHUE, Tepsis
MPUA KaXIOM M3 HUX 4acTh dHepruu (puc. 6.7). CiemoBareibHO, IOIJIOIIAIOIIAS
CITOCOOHOCTD ST BCEX YacToT paBHa A, = 1.

IIpu HarpeBaHUM TOJIOCTM B Heil OydeT HAXOOUTbCS PaBHOBECHOE M3Ty4YeHUE,
KOTOpoe OyIeT BBIXOAUTH yepe3 oTBepcTHe. CornacHo 3akoHy Kupxroga, criektp
U3JIydeHus OyaeT OIMHAKOB CO CIIEKTPOM YepHoro teja. Ocobo ciemyeT Mmoauyepk-
HYTb, UTO CHIEKTp M3JIy4YeHUSI He 3aBUCUT OT MaTepuasia, U3 KOTOPOro M3roTOBJIeHA
ctepa: ero rnoryolIeHUe, OTpakeHWe U UITyYeHUEe He UMEIOT HUKAKOTO 3HAYEHMUSI.

Heckonbko B MeHbIIIEH CTENMeH! MOX0XHU Ha YepHOe TeJIO caxa, Yrojib, OKCHIIbI
MeTasutoB. Ellie GoJblile OTIMYAIOTCST OT YepHOTo Tesia MeTautbl. Ha puc. 6.8 nmpuse-
JeHbl pacripene/eHus] SHEPTUM U3TyYeHUs] YePHOTO Tejla U «Ceporo» BoJibdhpama.
BugHo, yTo cBeTOOTIAYa y BoJb(paMa CYILIECTBEHHO MeHblle. [Js ee OLIeHKU KC-
MOJIB3YIOT OTHOLIEHUE 0, = Ep/er . Y MeTamnoB 0, nexur B auarnaszoHe 0,1—0,3,
a'y 6osee yepHbIX Tes 1oxXoauT 10 0,9. YToOb! yCHJIUTh CBETOOTIAYY JIAMITBI HaKaJIy -
BaHUsI, YBEJUUYMBAIOT TeMIIEpaTypy ee HUTH. [I1 Toro 4To0bl HUTH HE pa3pyllajiach,
KOJIOY JIaMIThI 3aMOJTHSIIOT MHEPTHBIM Ta30M (rajloreHHbIe JaMIibl). IToBbIIeHNe TeM-
nepatypbl HuTH Ha 10 %, coriacHo 3akoHy CredaHa— boibliMaHa, TPUBOAUT
K yBesimueHuto E; = 0,674 noutn Ha 50 %.

3aKOHBI TEIJIOBOTO M3IYYEHUS] TPUMEHSIOT IS AUCTAHIIMOHHOTO U3MEPEHUS
TeMrepaTypbl pacKaJeHHBIX Ted. [1oCKoNbKy cBeTSIMecss OObeKThl OTIMYAIOTCS
OT YEPHOTO TeJjia, TO OINpPENessIIoT He UCTUHHYIO, a TaK Ha3blBaeMble paduayuoHHY0
U y6emogyto TeMIIePaTyphl.

Papnanmonnas temneparypa 7, BBOOUTCS IJIsI TeJla ¢ TTIOMOIIbIO 3akoHa Creda-
Ha— boJibiiMaHa

E; =0,6T* =cT?". (6.28)
HWctunHasg temneparypa
T,
Yor

Bcerma OOoJbIle pamralliOHHOMN, TTOCKOJBKY 05 < 1.

Hdnsa m3MepeHusT paguallioOHHONM TeMITepaTyphl MCIONB3YIOTCS paadallioOHHBIC
MMMPOMETPHEI, TIPEACTABIISIONINE COO0M ONTUYECKYIO CHCTeMY, HaIIPaBIISIOLIYIO CO-
OGMpaeMBIif €10 CBETOBOM ITOTOK OT MCCIIEAYeMOTro 00beKTa Ha TEINTOBOM TTPUEMHUK

(6.29)

E.1,
on?.?éz[. T=2450 K
1,0}
YepHoe
0,8}
0,61
0.4 Bonbdpam
0,2
0 1 2 3 4 A, MKM
Puc. 6.7 Puc. 6.8
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Er, (cm. ekuuto 25). [TupomMeTpom usmepsieTcst
OTH. €1l Tc=6500 K onaIarolii B HETO CBETOBOI MOTOK. OH
1,Of NpeaBapuUTEIbHO TpagyupyeTcsl Mo 4ep-
0,8+ HOMY TeJly C U3BECTHOM TEMIIEPA-TYPOId.
0.6 IIBeToBast Temmeparypa 7 UCMOJIB3Y-
eTCs IS TeJl, OJM3KUX K YEPHOMY Tely.

0.4r Omna omnpenaesieTcs Kak TeMIlepaTypa yep-
0,21 HOTO TeJia, UMEIOLLETO TaKOM K€ 1LIBET, KaK

! u ucciaenyemoe Teio. IToCKOIBKY ILIBET

0 1,5 &, MKM  ompenensieTcs pacrpenesieHueM SHEPTUU

Puc. 6.9 B CIIEKTPE, TO IS OTIPEACIIEHUS LIBETOBOM
TeMIIepaTyphl U3MepsIoT £, ;1 3aTeM Mo~
OupaT QYHKIUIO €, 7, Haubojee OJU3KO COBIAJAIOIIYIO C U3MEPSIEMOA.

Ha puc. 6.9 nmpuBeaeHo cpaBHeHME CIIeKTpoB n3nydeHUs CoTHIIA U YepHOTO Teja
mpu T =6 500 K. ITockonpky ConHIle TOX0Xe Ha YepHOE TeJI0, MOKHO MCTIOb30BaTh
3aKOH cMelleHnsT BuHa mist ompeneneHns ero TeMreparypbl. C y4eToM MTOMPaBOK Ha
TTomIOIIeHNE B aTMOCcdepe A, = 470 HM, uTo cootBeTcTBYeT 7= 6 150 K. DT1a BestmumnHa
MEHBIIIE IIBETOBOI TeMITepaTyphl, TaK KaK COHIIe He SIBISETCS YSPHBIM TEIIOM.

IMTupuna BuauMoro auanasona. Buarmasi o6J1acTh CrieKTpa Ype3BblYaliHO y3Ka —
ot 0,4 1o 0,7 Mmxm. IIpuuuH ToMy HeckonbKo. [Ipexae Bcero, cepearHa auara3oHa
MPUXOAUTCS Ha JJIMHY BOJHBI A ~ 0,5 MKM, UTO OJIM3KO K MaKCUMyMy F, r U3Ty4eHUsI
Comnua. IIpn npoxoxmeHuu cBera yepe3 atMocdepy 3eMii BOJHEL ¢ A < 0,3 MKM
roryromaTcs o30HoM O; B BepxHUX ee cliogx. [Toaromy momst sHeprun Y ®-vactu
CIIeKTpa CHJIBHO ocJtabyieHa. B mporeniiieM cKBo3b aTMochepy CBETe OKOJIO TTOJIOBH -
HBI SHEPTUHU TIPUXOIUTCS Ha MUKPOBOJIHOBYIO UaCTh CIEKTpPa, OOJHAKO MUKPOBOJI-
HOBasI 9YaCTh HETIPUTOIHA JUTS 3peHUST. DTO CBSI3aHO C KOPITYCKYJISIPHBIMUA CBOMCTBA-
MM cBeTa. BumeHme ocylecTBisieTcs 3a CUeT OTPAXKeHHOTO OT IMPEAMETOB COTHEUHO-
TO CBeTa. Y MOBEPXHOCTH 3eMJIM CYIIECTBYIOT (POTOHBI «IBYX BUIOB»: BCJICICTBHE
TerioBoro m3nydeHus ConxHia ¢ temmneparypoit 7¢ = 6 000 K n m3nygenus 3emim
npu T3 = 300 K. «ConHeuHble» (DOTOHBI MPU OTPAKEHUU OT MPEAMETOB HECYT O HUX
3pUTENTbHYI0 MHGMOPMAIINIO, a «3eMHBIe» (DPOTOHBI CO3TAIOT ONMTUYCCKUN IIIyM, Me-
LIAIOIIUN 3PEHUIO.

st paBHOBECHOTO M3TYYEHMS YHCIIO (DOTOHOB Moze (6.22):

1

Ny = ————. (6.30)
exp (h_v) -1
kT
Yucno «CoTHEeUYHBIX» (DOTOHOB Y TTOBEPXHOCTU 3eMJIM PaBHO
S Re )2 6.31
n¢c—ex hy —I(R ' (631
PLkTe

3aech yuTeHo, 4To (poTOHBI ¢ TToBepxHOoCcTU ConHua (Re — pamnyc ConHLa) JIeTIT
BO BCE€ CTOPOHBI, mod3ToMy Yy 3emiau (R — pamuyc 3eMHOW OpPOMTHI) UX

2
KOHIIEHTpalMsSTyMEeHbBIIIaeTCs B (TC) pas. [1pu oTpaxkeHUM OT MpeIMeTa «COTHEUHbBIE»
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(OTOHBI pasneTaloTcs B TeJIECHOM yIiie 27, a B TJ1a3 TOMagaloT Te U3 HUX, KOTOPhIe
JIETAT B TeJIeCHOM yrie AQ = S//% (S — miowmans 3payka; / — paccTostHUe 10 pac-
cMaTpuBaeMoro npeaMera). [1osToMy 3puTebHYI0 MHGOPMAIIMIO TIEPEHOCUT JIUIID
HeOoJIbIIasT AOJISI:

AQ
Ny c = E”cbc- (6.32)
Yucno 1uryMoBbIX (POTOHOB PaBHO
1
e -1
(47,

Eciu mocyuTaTh OTHOLUEHUE Hgy3 /Hge, TO OHO PANUKAIBHO 3aBUCUT OT YACTOTHI
(mHb BoHBI). B BuauMoM auanasone (A ~ 0,5 Mkm) mpu S=5 mm?2, [ =1 M
OTHOUIEHUE Hg3 /Hpc ~ 10722, 1 tymbl HUYTOXHO Manbl. OnHako B MK-nuamnazone
IpU A ~ 2 MKM Hg3 /Hge ~ 1, 1 3puTesbHas MHGOPMALIKA MOAABJICHA 1IIyMaMH.

HouHoe Bugenue. B HouHOe BpeMsl, B OTCYTCTBUE COJIHEUHOTO CBETa, JOMUHUPY-
IOIIUM sIBJIsIeTCS MH(paKpacHOe M3TyYeHHWe BOJM3U IUIMHBI BOJHBI A ~ 10 MKM,
BO3HMKaloIIee OT 3eMJIM U TeJl Ha €e TTOBEPXHOCTH, U3JTydYalolIuX MPU TeMIlepaType
T3 ~ 300 K. I'ma3 yenoBeka MMeeT TaKylo XKe TeMIlepaTypy U, CJIeI0oBaTeIbHO, SBIISI-
eTcsl UCTOYHUKOM I1tymMmoBoro MK-uzmydyeHus. YToObl 0clIabUTh 3TOT 1LIIyM, HY>KHO
OXJIaXIaTh IJ1a3, a 9TO clejaTh HEBO3MOXKHO.

7151 yMeHbIIeHUsT COOCTBEHHBIX 1IIYMOB IMPUEMHUKU MH(PPAKPACHOTO U3TyYEeHUS
oxJaxaalor 1o aecarkoB KeabBuHa. B aTHX npueMHMKax MH(ppakpacHoe u3o0paxke-
HUe€ IIpeodpa3yloT B BUIMMOE, KOTOpOe 1 HAOI0AAIOT IIpU OOBIYHBIX TeMIIepaTypax.

B acTpoHOMUY TIpHeMHBIE YCTPOKCTBA TEIECKOIOB OXJIaXIAIOT 10 HU3KUX (Tesu-
€BBbIX) TEMIIEPATYP C 1IeJIbI0 3a(pUKCHPOBATh OYEHDb CIa0bIl OTOK (POTOHOB OT 3BE3/,
yIaJeHHBIX Ha TPOMaIHbIe paccTosiHUA. HabmroneHus mpoBOaATCS B HOYHOE BpeMms,
YTOOBI COJTHEUHBI CBET HEe «3a0MBajl» Cladble U3TyUYEeHUS 3BE3[ U TaIaKTUK.



JEKIITUA 7

ITornomenue U ycuiaeHue cBera. Xopollo U3BECTHO, UTO TPU PaCHpOCTPaHEHUU
CBETa B MPO3PAYHBIX CpPelax €r0 MHTEHCUBHOCTb YMEHBIIIAETCI BMECTE C MPOMIeH-
HBIM BOJIHOW paccTosgHueM. HarisimHbIM MOATBEPKAEHUEM 3TOTO YTBEPXKAEHUS SB-
JisieTcs yObIBaHME OCBEIIEHHOCTU MO/ BOJOW C YBEJIMYEHUEM INTYOMHBI TOTPYKEHUS.
MHTEHCUBHOCTb COJTHEYHOTO CBETA, MPOILEIIIETO Yepe3 TOJIILY BOJbI, YMEHbIIIAET-
Cs BCJIEJCTBUE TIOTJIOLLIEHUSI U PACCESIHUS CBETA.

B BepxHUX ci0sX aTMOochephl MOMIOIIEHUE 030HOM YIbTPahHOJETOBOIO COTHE-
YHOTO M3JIyYeHUS] IPEIOXPAHSET Hallly TIJIAHETY OT HEFaTUBHOTO BO3JAEWCTBUS 3TOTO
U3JTyYEHUS.

B aTHX 1 MHOTUX ApYruMx NMpuUMepax Mpu MOMJIOLIEHUU YaCTh S9HEPTUU CBETOBOM
BOJIHBI MEepenaeTcsl cpelie, B KOTOPOM BOJHA pacnpocTpaHsieTcsd. Bo3HuKaeT ecre-
CTBEHHBI BOMPOC: «A HEJb3S JIM CO31aTh TAKUE YCJIOBUS, TPU KOTOPBIX BOJIHA Oy-
JIeT 3aMMCTBOBATh SHEPTHUIO y cpenbl?» B 3TOM cilyyae MHTEHCUBHOCTDH BOJIHBI MIPU
pacnpocTpaHEHUU YBEJIWYMBAIACh Obl, T.€. MPOUCXOAUIO Obl YCUJIEHUE CBETOBOM
BOJIHBI.

YToObI OTBETUTH HA TOT BOMPOC, PACCMOTPUM PACIIPOCTPAHEHUE CBETOBOI BOJI-
Hbl YaCTOThI Vv yepe3 cpeay. [Ipenanosoxum, 4yTo B 3TOW Cpelie Cpeld MHOXKECTBa
SHEPreTMYECKUX YPOBHEHN €€ aTOMOB CYILECTBYET Iapa YPOBHEM, pa3HOCTb SHEPIUi
KoTopbix W, — W) = hv. IlycTh B eqHULIe 00ObeMa BEIIECTBA NUMEETCS # aTOMOB, IIPU
9TOM #; aTOMOB C 3Heprueit W), a n, atoMoB Cc 3Heprueil W,. BeauduHsl 1, u n,
Ha3bIBAIOTCS 3ACeAeHHOCMAMU COOTBETCTBYIOILIUX dHEPeeMUUECKUX YPOGHELL.

ITpu pacnpocTpaHeHHWM BOJIHBI B Cpefie OyayT MPOUCXOAUTb OMHOBPEMEHHO TPU
MpoILIecca: CIOHTAHHOE Y BBIHYXXKJIEHHOE U3JTyUYEHHS, a TAKXKE BbIHYXXI€HHOE TOTJIO-
IeHue. DTH TIPOLECCh CXeMAaTUYHO M300paXkeHbl Ha puc. 7.1, a—a.

IIpu cnoHTaHHOM M3nydyeHUM (cM. puc. 7.1, a) (M3ny4yaTeabHON perakcalnn)
MOSIBJISIOTCSL (POTOHBI, YACTOTHl KOTOPBIX 3aHUMAIOT MHTEPBAJ 4acTOT, OMpPEACIIs-
IOIIUI IUPUHY JIMHUM JIIOMUHECHeHIUU Av ~ 1/1 (T — BpeMs XXM3HU aroMa B
BO30YXIE€HHOM cocTosiHUM). [Tpu B3auMoaeiicTBMM BO30YKI€HHOIO aToMa ¢ ApYyry-
MU aTOMaMH BHeprusli Bo30yximeHus W, MoxeT IlepemaBaTbCs 3TUM aToMaM 0e3
u3ydeHus poroHa. B aToM ciiydyae IMpoucxoauT Oe3bI3nydyaTeIbHas pejlakcalus.

— W, — W, — W,
N>
N> N> P NN
N N [
a 7] 8
Puc. 7.1
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IIpu ogHOBpEMEHHOM JEMCTBUM O0OUX MEXaHU3- Hy —
MOB peJlaKCallui BpeMsl XKM3HU OTpeAesisseTcs] paBeH- 1) Kz+dz)
CTBOM: n—
1 1 1 .
—=—t—, 7.1 o & z

T Tcn Teu

" Puc.7.2
I1I€ Tcrp — BpeMs U3JTydaTeIbHOM pejlakcaluy aToMa

MIpY CIIOHTAHHBIX TIEPEXONIax; Tgy — XapaKTepHOE
BpeMsI 0e3bI3TyJaTeTbHOM peaKCcallim.

IIpu pacrpocTpaneHUM (OTOHA B BEILIECTBE BCJIEACTBHE BBIHYKIECHHOTO MU3JY-
YeHUsI poXaaeTcsl TOUHO Takoi Xe (GoToH (cMm. puc. 7.1, 6), 1 CBET yCUIMUBaAETCs.
OIHOBpEMEHHO OyIeT MPOMCXOOWTb W BBIHYXKIEHHOE MorIolleHrne (GoToHa (cM.
puc. 7.1, 6). Oba mociiemHNX Ipolecca KOHKYPUPYIOT MEXAY COOOM, M pe3ybTaT
KOHKYPEHIINA 3aBHCUT OT Pa3HOCTH 1, — M.

PaccMmoTpuM pacnipocTpaHeHMe TTOCKOM BOJIHBI B BEILIECTBE, BHITAHYTOM BIOJb
ocu Oz (puc. 7.2). 3acelleHHOCTH 3HEPreTUYECKUX YpPOBHEW paBHbI #; U H,. I1ycTb
B CEUEHUU Z = const MHTEHCUBHOCTb BOJIHBI paBHa [/(Z), a B ceUeHUU Z + dZ
WHTEHCUBHOCTb (7 + dz) = =1+ dI.

1
Ecmm YUYECTD, YTO 00BbeMHasI TIJIOTHOCTh OHEPIMH SJICKTPOMArHuTHOIO MoJid U = —,
Cc

TO U3 eAVHULIBI 00bEMa 3a CAMHUNILY BPEMECHMU IIPU BBIHYKICHHOM U3JTYYEHUU BBICBO-

!
0oXIaeTcsl SHePIus - B, 8,n,hv. OnHOBpEMEHHO MOMIOILEHHAS 33 3TO BPEMSI SHED-

I/

rus Gymer paBHa — B g nhv. DHepreTmyeckuii 6ayaHc UTsl CI0s TOJLIMHON dZ TIo-
c

3BOJISIET 3aIMCATh COOTHOLLIEHUE

I
dl = ZhV(nzngzl -mg Bp)dz. (7.2)

ITo0XKM IJIsT TPOCTOTHI, YTO KPATHOCTH BBIPOXKIEHUST OTUX YPOBHEN g = g, = 1.
Torga B cuny (6.26) By, = By,. YpaBHenue (7.2) nepenuiieM B BUIE

dl
—=Gl, 7.3
dz 73
rae
hv
G:?le(nz—nl). (7.4)
Huterpupys (7.3), nonyyaem 1/10) G>0
1(z) = 1(0)exp(G2). (7.5) di
3HaK BeJIMYUHBI G, Ha3bIBaeMoOi Koagguyuenmom | G=0
ycunenus, 3aBUCUT OT pa3sHOCTU 1, — n;. Ilpu G < 0
MHTEHCUBHOCTb CBeTa OyneT yobIBaTh, a mpu G > 0 — G<0
Bo3pacTath (puc. 7.3). 5
Z

B 0GBIYHBIX (PABHOBECHBIX) YCIIOBUSIX 1, U 1 CBSI-
3aHbl pacnpeneiaeHueM bolibliMaHa: Puc. 7.3
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m _ | - W2 =W) 7.6
nl_exp[ T }<1. (7.6)

B atOoM cayyae G < 0, 1 MPOUCXOAUT SKCIIOHEHIIMATIbHOE YMEHbIIIEHEe UHTEH-
CUBHOCTH, TOAYMHsIOIIEecs 3axony byeepa— Jlambepma— bepa: 1(z) = e *, tae
o= -G — Koapduyuenm noesouweHus.

Ecau BeIBeCcTH cpely M3 TEPMOIMHAMMWYECKOTO PAaBHOBECHUS ITyTEM BHEIIIHETO
BO3AEHCTBUSI, TO MOXHO JIMOO ycTpaHuTh norjoueHue (G = 0 npu n, = n;), 1160
YCWJIMBATH CBET TIPU 1, > 1. CUTyaIus, TIpA KOTOPOIt 1, > n;, Ha3bIBACTCS UHBEpcUell
3acenenHocmu SHEPTETUYECKNX YPOBHEI aTOMOB, a cpefia — akmueHoi (YCUITBAIO-
1eit) cpemnoi.

OlLIeHVM OMana30H MOMIOIIAEMBIX VITH YCUITMBAEMBIX YACTOT (1040CYy NO2A0UIeHUS
un ycunenus). CormacHo (6.26), ¢ yaerom (5.17)

c3 B n2e2r212

= Ay =
8nhv3 ' T 3eyh

U, B OTJIMYME OT Ay, HE 3aBUCUT OT YacToThl v. OHAKO B Mpeaesax IUPUHbI CIeK-
TpaJbHON JIMHUU MOXHO BBeCTH, MoaobHO (5.19), cnekmpasvhyro naiomuocms B,
koadpuumeHTa DitHiTeliHA B,;. OHa cBsI3aHAa C KOHTYPOM JIMHUU JIIOMUHECLICH-
LIMA COOTHOIIEHUEM

By, (7.7)

B, = B, 8(v). (7.8)

CrnenoBaTenbHO, KO3(M@UILMEHTHI TOIJIOIIEHUS o, U ycuieHus G, UMEIOT KOH-
TYp, MOBTOPSIOLININ KOHTYP JIMHUM JIIOMUHECLEHIIN:

h
~o, =G, = = (1~ m)Bg(v). (7.9)

Ha puc. 7.4 cxemMaTH4HO M300paKeHbl YaCTOTHLIE 3aBUCUMOCTU G, U O,
MHuBepcust 3aceleHHOCTU co3faeTcs Hakaukou. Yallle Bcero Hakauka ObIBaeT OIl-
TUYECKOM WK ajieKTpudeckoil. [Tpu onTuyeckoil Hakauke M3Iy4YeHue MOIIIHOTO CBe-
TOBOT'O MCTOYHMKA TOTJIOLIAETCSI aKTUBHOM cpenoii. DTOT CIocod XOpolll 151 TBep-
IbIX U XUAKKUX cpen. CBETOM BO30YKIAIOTCs HE OTHENbHbIE YPOBHU, a SHEpreTuye-
CKME MOJIOCHhI WM DHEPreTUUYECKHUE 30HbI, MO3TOMY OOJIblliasl A0S CBETA WAET Ha
BO30YKIeHME aKTMBHOM Cpelbl. DieKTpruieckas Hakauyka OCYIIECTBISIETCS B razax
MyTeM CO3MaHUSl B HUX 3JIEKTpUUYecKoro paspsma. OnThyeckass HakKadyka 37€Ch
He 3¢ ¢GeKTUBHA 1U3-3a Y30CTH SHEPreTUUEeCKUX
YPOBHEN.

HMHorma HakauyKy OCYIIECTBISIIOT C TTOMO-
11IbI0 MMYYKOB CBOOOJHBIX 3JEKTPOHOB, XUMMU-
YEeCKUX peaKklUid WIW TPU MCHOJb30BAHUU
CBEPX3BYKOBOTO pacllIipeHus ra3a (ra3onnHa-
MUYecKas HaKaudka).

3 I'enepanus csera. Eciiy akTUBHYIO Cpeny I10-
MECTUTb MEXIy IBYMsl 3epkKajiamu (puc. 7.5),
m<m TO TIOJYYWUTCSl aBTOKOJiebaTeIbHas CUCTeMa,
B KOTOPOIA OOpaTHYIO CBsI3b OYIET BBIITOJHSTH
Onmu4ecKull pe3oHamop, COCTOSIIUN U3 ITUX
3epKail. Takasi cucteMa IpeacTaBisieT co0oit on-

Puc. 7.4 muueckuil Keanmoesblll eenepamop (1asep).

ny>m

N/
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B na3epe reHepauusi cBeTa BO3HMKAET B pe-  3epKaio 3epkaio

3yNbTaTe YCUIEHUS M3JIyYEeHUS JTIOMHU-

HEeCLIEHIIMH, KOTOPOE BHAYAJIE SIBJISETCS CIIOH- AKTHBHasi cpelia
TaHHBIM M3ayyeHueM. CBeT yCUJIMBaAeTCs,

POXOJIs1 MHOTOKPATHO Yepe3 aKTUBHYIO CPEy L

TIPY OTPKEHUH OT 3epKasl. B HEKOTOpBIX J1a3epax

reHepalysl OCYLLECTBISIETCS yTeM YCHICHUS Puc. 7.5

CBeTa 3a OIMH IPOXOI aKTUBHOM Cpebl.

OOBIYHO JTa3epHBINI Pe30HATOP MMEET JUIMHY, Ha HECKOJIbKO TOPSIIKOB IPEBbI-
IIAIOLIYI0 JUIMHY BOJIHBI A. Ecii pe3oHaTop COCTOUT U3 ABYX TUIOCKMX MapayliebHbIX
3epKajl, HaXOMSAIIMUXCS HAa pacCTOSHUM L, TO B HEM MOTIYT CYIIECTBOBATb CTOSIYME
BOJIHBI (MOJIBI), YACTOTBI KOTOPBIX PaBHBI

c
v, =q 3 (7.10)
rme g =1, 2, 3, ...

Te n3 Mom, KOTOpBIE TTOIAAYT B MOJIOCY YCHIEHUS (OKaXyTCsT BHYTPU KOHTYpa
g(v) nuHun), 6yayt ycunusatbes. Ha puc. 7.4 5Tu Moabl M300paXkeHbl BEpTUKAIbHBbI -
MU JMHUAMUA. VX 4yKcio Oyner 3aBUCETh OT COOTHOLIEHUSI IUMPUHBI AVy, TOJOCHI

koaduumenta ycuneHust G, u mMencmo0060i yacmoms. pe30HATOPA:
¢
2L
OGBIYHO MEXMOIOBAs YaCTOTa v MEHbILE Avy.. [I03TOMY OTHOBPEMEHHO MOTYT
T€HEepUPOBATbCS MOJIbI, YUCIIO KOTOPBIX

(7.11)

OV =V, -V

Ay,
N yox SV (7.12)

Takoii pexkuM reHepaliMu Ha3bIBaeTcs MHocouacmomuwsim. LLIprHa 1010CH ycu-
JIeHUs Avy, (CM. puc. 7.4) MeHblIe IIMPUHBI JIMHUM TIoMUHecUeHumu. [Tprunna sTo-
ro KpoeTcsl B MOTEPSX DHEPTMU CBETOBOM BOJHBI MPU OTPAXKEHUU OT 3epKal,
B I pakUM CBETOBON BOJIHBI, YACTUYHO TMOKHIAIOIIEH pe30HaTOp Yepe3 ero oT-
KPBITYI0 OOKOBYIO TTOBEPXHOCTh, B pacCesHUM CBeTa aKTUBHOM cpenoit u T.a. Ilo-
3TOMY CYIIECTBYET ITOPOroBoe 3HaueHue G, OTMEUEeHHOE Ha pUC. 7.4 TOPU3OHTATILHOM
LITPUXOBOM IMHUEH. YCUIeHUEe BO3MOXHO JUlIb pu G, > G,;,.

Bennuuna G, onpenensieTcs U3 yciogus 6asanca amnaumyo. bynem cuurathb 1ist
MPOCTOTHI, YTO MOTEPHU CBS3aHBI TOJBKO C OTPAXKEHUEM OT 3epKasl, KOA(POULIMEHTHI
OTpaXkeHUsI KOTOPBIX (II0 MHTEHCUBHOCTU) paBHBI R, 1 R,.

PaccMoTpyM M3MeHeH e MTHTEHCMBHOCTH BOJIHBI 32 OIMH TTPOXO/ pe3oHaTopa (Tyaa
u obpatHo). ByneM cunrtaTh, 4TO aKTHBHAs cpefa Takxke uMmeeT mnuHy L (puc. 7.6).

IlycTh MHTEHCHMBHOCTDH BOJIHBI, PacIpoCT-
paHSIOILENCS BIIPABO, y JIEBOrO TOPLA aKTUB- !
Holi cpenbl paBHa I;. Ee 3HaueHMe OTMEUYEeHO

. 4 2
toukoit /. Ilpy mageHWM Ha TpaBoe 3epKayio >//}
3

MHTEHCUBHOCTb BO3pOCJa M CTajla paBHOM I

5
I, = I,exp(GL) — touka 2. Ilpu oTpakeHuU o i
OT 3epKajla ¢ KO3(PUIMEHTOM OTpaKeHUS .
R, <1 MHTEHCHUBHOCTb yIajla OO0 BEJIWYMHBI Puc. 7.6
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15 = RyI, exp(GL) — touka 3. [lepen maneHrem Ha JieBoe 3epKajo OHa OISITh BO3-
pocia no BenuuuHbl [, = R,[, exp(2GL) — Touka 4, a mocjae OTpaXkeHHs OT Hero
crana paBHo#l I5 = RR,I, exp(2GL) — Touka 3.

HeobxonuMbIM yCIOBMEM reHepalliy SIBJISIETCS BBINOJHEHUE HepaBeHCTBA [5 > 1.
CnenoBaTelbHO, MUHUMAaJIbHOE (IIOPOTOBOE) 3HaUYeHHe KO3((puiMeHTa yCUIeHUs
JIOJDKHO YIOBJIETBOPSATH YCJIOBUIO, Ha3bIBAEMOMY 0A1AHCOM AMAAUMYO.

RR, exp(2G, L) = 1. (7.13)

Ecnu koadduLimeHTs oTpaxkeHus 0JU3KK K equHuile, To 2G, L <« 1. Torna (7.13)
MOXHO 3alucaTh B MPUOIKEHHOM BHIE

RR, = exp(-2G, L) ~ 1 - 2G, L. (7.14)

Ecnu, HanpuMmep, OHO 3epKajlo MOJHOCThIO oTpaxaeT cBeT (R; = 1), a BTopoe
3epKajio nMeeT KoadummeHT orpaxenus R, = 0,95, to

2G,L~1-RR, = 0,05.

TakuM 06pa3oM, 3a OIUH IPOXOJ Pe30HATOpa YCUJISHUE COCTaBJIsIeT 0KOJIo 5 %.

ITopor crieKTpanbHOM ITOTHOCTH KO3 duLieHTa yeuieHusT MpUOIMKEHHO MOXHO
OLIEHUTb M3 OUYEBUAHOIO paBeHCTBA G, = G,/Av, TIe Av — LIMPUHA CIIEKTPATbHOMN
JIMHUU.

3ameuanue. Eciu mmHa pesoHaropa L > A (Kak, HalmpuMep, B MOJYIIPOBOI-
HUKOBOM JIa3zepe), TO MOXKET FeHEPUPOBATLCSA JIMILIb OIHA MOJA.

Hacpnuenune yeunennsa. Eciiv co3nath Takyto MHBEPCHIO 3aCeIEHHOCTH, 4TO G > G,
TO MHTEHCUMBHOCTh B pe30HaTope OyaeT Bo3pacTaTh MpM Kaxkaom ero rpoxome. C
pOCTOM MHTEHCUBHOCTU MHBEPCHAs 3aCEJIEHHOCTb, & C Hel U KO PUIUEHT yCu-
JIeHus1, OyIeT yMEeHbIIAThCs, TT0Ka He JOCTUTHET BeJUYUHbI G, IPpU KOTOPO YCH-
JIeHNEe KOMIIEHCUPYET TOTepU. DTO SBJICHUE HOCUT HA3BAHWE HACHIULCHUS YCUACHUS.
JanpHelIuit pocT UHTEHCUBHOCTY IMPEKPATUTCS, U CHUCTEMa BBIMIET Ha CTalMO-
HapHbIA pEeXUM IreHepalvu.

PaccMoTpuM 3TOT Borpoc noapoOHee. byaeM cuuTarh, 4YTO HaKauyka MOCTOSIHHO
OCYIILIECTBJISIET BO30YX/I€HUE 000MX YHEPTETUYECKNX YPOBHEM, YBEJIMUMBAS 3aCEIeH-
HOCTb KaXXJ0TO U3 YPOBHEU B €AUHUILY BPEMEHM C MTOCTOSIHHOW CKOPOCTBIO O U O
COOTBETCTBEHHO.

ITpy onHOBpEMEHHOM AEWCTBMU HAKAYKWA U TPEX KBAHTOBBIX MPOLIECCOB (CMOH-
TaHHOTO W3JYYEHUS, BBIHY>KIEHHOTO M3JIyU€HUS U BBIHYXXJIEHHOTO MOTJIOIIEHMS )
CKOpPOCTb U3MEHEHMS 3aCEJIEHHOCTU KaXXA0TO U3 YPOBHEN OIMMCHIBAETCS YPABHEHU -
SAMMU:

g Lo —ny-"2 4, (7.15 a)
dt c T,
am _p Lo —ny-" 10, (7.156)
dt C T]

3mech T; M T, — BpeMeHa XU3HM ypoBHeil. HazoBeM pa3HOCTb 3aceieHHOCTe An = n, —
n; MHBEPCHOM 3aCEJICHHOCTHIO.
dn, dn,
B crauuoHapHoM pexunme g 0. BeluuTass u3 BTOPOro ypaBHEeHUs Mep-

BO€, TOJYYaEM CTAlIMOHAPHOE YpaBHEHUE IS UHBEPCHOM 3aCEJIEHHOCTU
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AnBy, %(rl +T,)+An = 0,Ty — O4T;. (7.16)

BenauuuHa, crosias B mpaBoii yacTu, 0OYeBUIHO, paBHA MHBEPCHOM 3aceleHHO-
CTU ANy = 0,T, — 0;T;, KOTOPYIO TIOCTOSIHHO MOJIEePKMBAET HAKauKa, KOMIIEHCUPYSI
pejakcalMoOHHbIE TIpoLecChl (M3TydaTeabHble M Oe3bI3nydyaTesibHbie). Eciu BBeCcTH
XapaKTEPHYIO UHMEHCUBHOCMb HACbIUEHUS

c
lyye=—""—, 7.17
“ By(t +1) ( )
to (7.16) mepenuIieTcs] B BUIE
An = Lo[. (7.18)
1+
Il

Hac

Ilpu I = I,,. ©HBEpPCHUS 3aCEEHHOCTU YMEHBILIAETCS BABOE.
CornacHo (7.4) ¢ pocTOM MHTEHCUBHOCTU OyIeT TakKXKe YMEHbIIAThCS U KO3(d-
(GULMEHT yCUJIeHUS

hvB An G
G = 621- 01 = 01 , (7.19)
1+ 1+
1HaC IHaC

rae (; — HeHaChIIEeHHBI KO3(h(GUINEHT YCUICHMUSI.

Ha puc. 7.7 mokazaHbl KOHTYphI Ko3(ddulineHTa ycuneHust G, B pexXuMe Hachl-
IIEHHOTO YCUJICHUS.

Ecau KoHTyp TMHUYM onpenessieTcs OTUIEPOBCKUM MEXaHU3MOM YIIMPEHUs, TpU
3TOM Ovp > dv; (puc. 7.7, a), To KOHTYp Gj,, COOTBETCTBYIOLIMIA HEHACHIILIEHHOMY
YCUJICHUIO, TIpro0OpeTaeT u3pe3aHHblil BUI (KOHTYp G,). lllupuHa «BbIpe30B» B KOH-
Type ONpeNeNseTCs IUPUHON dv, PE3OHAHCHOM KPUBOI ONTUYECKOIO Pe30HATOpA.
BDTO peXXUM HEOTHOPOAHOrO HAChIeHUs ycrneHust. Cutyanus Ha puc. 7.7, 6 coot-
BETCTBYET YCJIOBMIO OV p < 8v;. KOHTYp IMHMM yCUIIEHUS TIPU HACBIILIEHUM, OCTaBa-
SICh JIOPEHIIEBBIM, «KaCaeTCsI» IUTPUXOBOM JIMHUHU, COOTBETCTBYIOILIEH BeIUUUHE G,
DTO peXMM OTHOPOIHOTO HACHIIIEHUS YCUICHUS.

[upuny 061aCcT YCUTIEHUS AVy, MOXHO U3MEHSTH JINOO yCUIIMBAs WK OCJ1a0-
I Hakauky (MeHsst Gy), 1100 BapbUpysl IMOTEepU B pe3oHaTope (MeHsist G,). B pexxu-

G, G,

Goy
SVD

) i
G, /‘\
" FW@W
0 v 0 v
a o6
Puc. 7.7
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M€ OJTHOPOJHOIO HACBILIEHUS MOXHO ClIeJaTh 00J1acTh YCUJIEHUS] TaKOW, YTO OyAeT
YCWJIMBATHCS JIUIIL onHa Moaa. OmHaKo ycuiaeHue OyaeT He3HAYMTETbHbBIM.

Y1o0bl 2(p(peKTUBHO YCUIIUTH OAHY MOJIY, PE30HATOP JAeJIal0T CeJIEKTUBHBIM: yBe-
JIMYMBAIOT TIOTEPU JI BCEX MOJ, KPOME BBIIEIEHHOM. DTO, B YaCTHOCTH, TOCTUTA-
€TCs 3aMEHOI OJHOro 3epKajla pe30HATOPOM C HEOOJIbIIMM PACCTOSHUEM MEXIY
3epkamaMu. OT TaKOro ABOMHOTO 3epKayia OyIayT OTpaXkaThCsl BOJHBI TEX YaCTOT, KO-
TOpBIE COBNAAAIOT C MOAAMM KOPOTKOIO pe30HaTopa. A Tak KaKk MeXMOI0Basl 4acTo-
Ta KOPOTKOrO pe3oHaropa OoJjblliasi, TO MOXHO peajnu30BaThb YCJIOBUS, KOTAa OT
JIBOMHOTO 3epKajia OyneT oTpaxaThCs JMIb OJHA yCUJIMBaeMas Moja Jia3epa.

MoHOXPOMATHYHOCTD Ja3epHOro u3iaydenmsi. [1py BolIeI€HUM OJHOM MOABI U3JTYy-
yeHue Jlazepa OyneT Haubosee 0JIM3KO K MOHOXpoMaTuyeckoMy. OQHAKO LIUpPUHA
TeHEPUPYEMOIi CIIeKTPaJIbHOM JIMHUHU BCe-TakM OynaeT koHeuyHa. OHa o0ycJIoBjIeHa,
BO-TIEPBBIX, KOHEYHOM IIMPUHON OV, PE30OHAHCHO! KPUBOW ONTUYECKOIO Pe30Ha-
Topa («uacmomuoll wupuHoil» MOIbI), KOTOpasl, KaK U Y MEXaHUYECKOTO OCIIUJUISITO-
pa, HapacTaer ¢ norepssMu. Bo-BTOpPBIX, OHA CBSI3aHA C HEYCTPAHUMbBIMU TETIJIOBbI-
MM LIIyMaMM Jla3epa U CIIOHTAHHBIM U3JIyUEeHUEM B €r0 aKTUBHOU Cpeje.

Jl1si OLEHKM BEJIMYMHBI OV, 3alMIIEM M3BECTHOE M3 MEXAHMKU BBIPAXEHUE IS
dobpomuocmu Ha wacmome 0OHOU MOObL:

v w
—=2n ,
ovp AW

IJe v — pe30HaHCHas yacToTa (YacToTa Mojabl); W — sHeprus, 3armaceHHast B pe3o-
HaTope (Mone); AW — motepu dHepruu 3a Iepuoj KoacoaHuit.

Ecnu moiank Kaxaoro 3epkaia paBHa S, paccTossHUE MexXay Humu L, To W=
= ulLS (u —oObeMHas TIJIOTHOCTb SHEPTUU MOJIbI).

OHeprusi, Tepsemas 3a nepuod, paBHa AWy = BucS/v (P = ucS — MOUIHOCTb
BOJIHBI, MAJAIOLIEN Ha 3epKajo; f — KOO OUIHUEHT, OMUCHIBAIOIIUI TOTEPU MOILII-
HocTu). Torna 1o6pOTHOCTL pe3oHaTopa OyAeT paBHa

SLu n£
BSuc T BA’

IMotepu pezonaropa B He-Ne-nazepe B = 0,02. Eciu L =1 M, a L = 6328 A,
10 Q= 5-103% Torma dv, = v/Q = 10° 'y = 1 M. Dra BeMuKMHa Ha JBa TOPSIIKA
MEHBIIIE MEXMOIO0BOI yacToThl v = ¢/2L = 1,5- 108 I'u = 150 MTI'w.

AHanu3 paboThI J1a3epa MoKas3ajl, YTo BOJIM3U Iopora reHepaluuy IpruHa JUHUNA
WU3JIy4eHUs] OMHOYACTOTHOTO Jiazepa, WU eCecmeeHHas WUPUHA AUHUU AA3ePHO20
usayvenus, onpenensercs Gopmymnoi

0= (7.20)

0 =2nv

(7.21)

n(dv,)2hv 1
dv, = P ng + 7.22
e P (O] 1_ gznl ( )
&1
rae ng = . CpelHee YKCIIO TEIUIOBBIX (DOTOHOB B MOJE YacCTOTHI V;
eXp (k_Tj -1

1, M h, — 3aCEJICHHOCTU pabouyuX YPOBHEN; g U g — COOTBETCTBYIOIINE KPATHOCTH
MX BBIPOXKIEHUS; P — MOIIHOCTb, BKJIIOYAIOIIAS MOIIHOCTh T€HEPUPYEMOIl BOJIHBI
Y TIOTepU MOLIHOCTH B Jia3epe.
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®opmyna (7.22) BriepBble ObLIa MOIyYeHa aMepUKAHCKUMHU yYueHbIMU A. [1laBo-
BbIM U Y. TayHCOM 1 HOCUT UX UMs1. B Heli MOXKHO BBIIEJIUTH BhIpaxkeHUE

1

hv {n + —} (7.23)

b P .
1 - gyn, /(giny)

colepxallee IBa cilaraeMbix. [lepBoe ciaraemoe, Kak cieayet u3 opmysisl (6.22),

OIIPENIEIISIET CPEIHIO0 SHEPTUIO MOJEI (€, ) = My/v IPU PABHOBECHOM TETJIOBOM U3-

1

JIyUeHUU, a BTOpOE cliaraemoe Av {—
1-gom /(giny)

} — DHEPruio, o0YCJIOBICHHYIO

CIIOHTAHHBIM M3JIyYCHUEM.
Hcrnons3yst dopmyiny (7.22), OLIeHUM eCTeCTBEeHHYIO IIMPpUHY nanyyeHust He-Ne-

;} =1,5. omnarag hv =3,2- 107" Tk,
1-gom/(g117)

dv, = 10° T, P = 1 MBr, nonyuaem &v, ~ 1,5-10* I'u. DT1a BeaMYMHA HA MHOTO
MOPSIAKOB MEHBIIIE €CTECTBEHHOM ITMPUHBI TUHUY U3JIyYEHUS aTOMOB HEOHA.

OTMETHM, YTO C POCTOM MOIIHOCTH €CTEeCTBEHHAs LIMPUHA JIMHUM U3TYIeHUS
Jlazepa BHavaJie YMEHbIIIAeTCsI, OMHAKO 3aTeM CTPEMUTCS K TTOCTOSIHHON BEJIMYMHE.
DTO CBSI3aHO C HapacTaHUWEM IIYMOB TpU YBEJUYEHUM MOIIHOCTU P, yTo, Ge3yc-
JoBHO, opmyna (7.22) He ONMUCHIBAET.

®opmyna IllaBnoBa— TayHca omnpeaensieT MpeaeabHO AOCTIKMMYIO MOHOXPO-
MaTUYHOCTh M3ydeHUs. OHa He YIYMThIBAeT MEXaHWYeCKUe BUOpaALIMU 3epKajl pe3o-
HaTopa, HeCTaOMILHOCTh HAKavKHM Jja3zepa W T.A. BcaencTBue aTMX MPUUMH YacToTa
MOJIBI «IIJIaBaeT» B HEKOTOPOM JHara3oHe.

Ecau nnuHa pe3oHaropa ciayyaltHO M3MEHMTCS Ha A/2, TO 4YacToTa MOIbI CMe-
CTUTCS Ha BEJIMUMHY, paBHYIO MEXMOIOBOM yactoTe dv = ¢/2 L. I1pu qjiuHe pe3oHa-
Topa L = 1 M yacTtoTa MOABI OyleT «IjaBaTh» B Auamna3oHe ov = 150 MI'u. Dra
BeJMYMHA YK€ CpaBHMMa C €CTeCTBEHHOM IITMPUHOMN JUMHUU U3TYYEHUST aTOMa Heo-
Ha, OMHAKO OHA 3HAYUTEJIbHO MEHBIIIE IIUPUHBI JIMHUU JIIOMAHECUEHIIVH.

Hns ycTpaHeHUsl «IJIaBaHUsSI» YaCTOThl PE30HATOP aBTOMATUYECKU TOACTpanBa-
0T K KaKO#-11n00 (pMKCUpPOBAaHHOM YacToTe. YCTpaHeHe MHOTUX TEXHMYECKMX (hak-
TOPOB TTO3BOJIMJIM CY3UTh IIMPUHY CIIeKTpa U3Iy4eHHs Ja3epa A0 peKOPIHOM Beu-
YUHBI OV, ~ 1 T

MomHocTb H3My4eHusa. B Hauaje reHepallii MHTEHCUBHOCTh / BOJIHBI B pe30Ha-
Tope OymeT yBelIUW4MBaThCcs, a KOadduLmeHT ycuneHus, cornacHo (7.19), nagats.
Korna oH yMeHbIIWTCS 10 BeIWYUHBI (G, TeHEpalMs BBIMIET Ha CTAllMOHAPHBIN
pexxum. Ha puc. 7.8 kauecTBeHHO M300paXkeHa 3aBUCUMOCTb MHTEHCUBHOCTH BOJIHBI
OT BPEMEHHU.

B craunoHapHOM pexXuMe MHTEHCUBHOCTb [ MOXHO
OIpeNeNuTh U3 paBEHCTBA

nasepa. bynem cumrars, 4rto ny < 1, {

1
& =G,. (7.24)
] IHaC
1+
Otcrona
I = (@ - ljlﬂac. (7.25)
G, Puc. 7.8
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IMockombky cornacHo (7.13) 2G,L = In ﬁ, MOJCTABIISIS TOT pe3ynbTar B (7.25)

U Tiepexods K MoluHoctd P = IS (S — momepeuyHoe ceueHWe aKTUBHOM Cpebl),
MOJIydaeM JUIsl MOLITHOCTH BOJIHBI B PE30HATOPE BBIPaKEHME

P =Py %-1 : (7.26)

1
"RR,

rae P = 1yaeS — MOIIHOCTD HACHIILIEHUS.

OnHako TOJBKO YacTh 3TOM MOIITHOCTY B BUIE M3MYYEHUS ITPOXOIUT Uepes 3ep-
Kaja pe3oHaTopa. Eciu m1st IpoCcTOThI CUMTATh OJHO 3€PKaJIO TOJTHOCTBIO OTpaka-
oM (R, = 1), a y Broporo 3epkana 0 < R, < 1, To MOILIHOCTb FeHEPUPYEMOTO
JIa3epHOTO IMyyKa

Pna3 = (1 - RZ)P = PHac — -1 (1 - RZ) (727)

R,

DTa MOILIHOCTH 3aBUCHT OT 3(P(PEKTUBHOCTA HAKAYKN 1 00beMa aKTUBHOM CpPE/Ibl.
Ecan yaecTh, yTo BenmmunHa G MPOIOPIMOHATBHA KOHIIEHTPAIIUN BO30YKIaeMBIX
aTOMOB, TO MOIITHOCTb M3JIydeHUsI MPOMOPLNOHATLHA TTIOJTHOMY YHCITy «HaKauynBa-
eMBIX» aTOMOB. [10 3TO¥ MpUYMHE MOIITHOCTb JIa3epOB, pabOTAIOIINX TTPH JABJICHUSIX
~ 1 MM pT. CT., 3HQUUTEJIEHO MEHBIIIEe, YeM Y JIa3epOB, pabOTAIOIINX P aTMocdep-
HOM U 00Jjice BHICOKMX TaBICHUSIX.

Mo1IHOCTh U3Iy4YeHUST 3aBUCUT OT KoadduimeHta orpaxeHus R,. [Ipu R, = 1
MOIIIHOCTb YMEHBIIIACTCA M3-3a Majioif Tpo3padyHOCTH 3epKama. [Ipm R, < R, =
= exp(-2GyL) BenMKu MOTepu B pe3oHATOpe U reHepalus HeBodMoxkHa. CrenoBa-
TeJbHO, CYIIECTBYEeT ONTUMAIbHOE 3HaUYeHUEe R, IS TOJYyYeHUS MaKCUMAaJTbHOM
MOIITHOCTH MU3JTy4deHUs.

IIpocTpaHCTBEHHAS CTPYKTYpA Ja3epHOTO M3IydeHnsA. Pe30HATOp BEITIONHSET ellle
onHy (HanboJsee BaXXKHYIO) (PYHKIIMIO — TIO3BOJISIET TTOIYYUTh HAIIpaBICHHOE M3JTY-
YeHME, PacIIpOCTPaAHSIONIeeCS Y3KMM CBETOBBIM IMydKoM. OCh 3TOTO ITydKa MeprieH-
IUKYJIpHA TUIOCKOCTHY 3epKajl. Ecnm OB 3epKaa ObUTH HeOTpaHMUEHHO OOJIBIITMMA,
TO TeHepHPOBaJIach OBI TUTOCKas BoJHA. [10CKONIBKY OHa monepeyHast, ee Kiraccudu-
uupytoT kak TEM-BonHy (Transversal ElectroMagnetic wave).

Ecam Xe 3epkana MMEIOT KOHEYHBIE pa3Mephl, TO MOXHO TPUOIMKEHHO CUM-
TaTh, YTO BOJTHA OCTAETCS TOTIEPEUHON, OMHAKO aMITIUTYAA TTOJISI OyIeT M3MEHATHCS
B OTpAaHMYEHHOM TIOTIEPEYHOM CEYEeHWM pe3oHaTtopa. B aToM ceueHmMM y crosdeit
BOJIHBI OyIyT HAaXOMWTHCS Y3IIBI M ITYYHOCTH HATPSKEHHOCTH 3JIEKTPUUYECKOTO
W MarHUTHOTO TI0JIei. 13-3a OTKPBITOCTH pe30HaTOpa TMTPOUCXOIUT TUMPAKIINS CBETa,
W aMIUTATYIA BOJHBI K KpasstM MOHOTOHHO YOBIBAcT.

Kaxnyio crosuyro BoiHY, Wi mody pesonamopa, o6o3Hadaror TEM,,,,. Cmbicn
uHaeKca g Tot ke, uto u B (7.10). Uumekcoi m=1, 2, ...; n=0, 1, 2, ... paBHbI YUCITY
y3J10B BI0Jb oceil Ox u Oy, neprieHAUKYJISIpHBIX ocH Tydka (ocu 07).

Monsl KonebaHuit, oTInJaronecs WHAeKCaM m U A, COCTABIISIOT CeMEHCTBO
nonepeurvix mod. Hao60poT, MOJIbI, OTJMYAIOLIMECS JIUILIb UHACKCOM ¢, COCTaBIISIIOT
CEeMENCTBO npodoabHbix Mod. THOTIA nomnepeyHble MOAbl 0003HAYalOT JIMIIb ABYMS
WHIEKCAaMU M U A.
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Ha puc. 7.9 nzobpaxkeHsl Tpy MomnepeyHble MOIbI Pe30HATOPa C MPSIMOYTOJIbHbI-
MM TUIOCKUMU 3epKajaMu.

Caepxy MokaszaHo pacrpeneneHue noys £y pa3HbIX MOA B TOT MOMEHT, Korna £
JIOCTUTAET aMIUIMTYIHBIX 3HaUYeHU. BHU3Y KOHTYPBI COOTBETCTBYIOT JIMHMSIM paB-
HOM aMIUIMTYIbI 10 YPOBHIO Aoy /€ (Amax — AMIUTUTYIA B TYYHOCTH CTOSTYEH BOJHBI).
Crpenkamu 1okazaHo HampasieHue Bektopa E B 3ToT MoMeHT BpeMeHH. [TockonbKy
g > 1, TO 3TOT UHAEKC OOBIYHO HE yKa3bIBaeTCs.

Y Hu3LIeH MOIbI OTCYTCTBYET pacCIOEHUE ITOJISI, TTO3TOMY OHA 4Yallle BCEero Mc-
MOJIb3YETCS AJIsI MPaKTUIeCKUX Leaeii. YToObl OTcesITh Apyrue MOAbI, B PE30HATOP
YCTaHABJIMBAIOT auadparMy, MpoMyCKaIIylo M3IydeHUe, paclpoCTpaHsIolIeecs
BOMM3U ocu pe3oHaTropa. OcTajibHbIE MOIBl MCHBITBIBAIOT OOJbIIME TOTEPU
1 He yeuauBaloTcs. Takoi peskuM reHepaliii Ha3bIBaeTcsl 00HOM0008bim. ECTECTBEHHO,
YTO yCTAaHOBKA AuadparMbl CHMXKAeT MOILIHOCTb M3nydyeHuss. OQHOMOIOBBIN MyJOK
TEM, obnamaeT MUHUMAIbHON (IMMPAKIIMOHHOMN) PacXOAMMOCTBIO.

Ecau ogHOBpeMeHHO reHepupyeTcsl HECKOIBKO MOMEPEUHBIX MO/, TO MOIITHOCTb
My4YKa BO3pacTaeT Mo CPaBHEHMIO C OMHOMOIOBBIM PexXMMOM reHepaunu. Pacripene-
JIeHWe MHTeHCUBHOCTY B CEUYEHUU IMydYKa MPHOOpETaeT MATHUCTYIO CTPYKTYpPY, KO-
TOPYIO Ha3bIBAIOT CIIEKJI-CTPYKTypoii. Kak Oynet mokaszaHo fasee, yrioBas pacxoay-
MOCTb MHOTOMOJIOBOT'O ITyyKa OOJIblile, YeM Y OTHOMOIOBOTO.

Ha puc. 7.1 uB. BKJI. ITOKa3aHbI pa3IMYHbIE CTPYKTYPhI CBETOBOIO ITy4Ka (IoIepey-
Hble MOJBI) Tenuii-HeoHoBoro Jasepa (He-Ne-nasepa), paboTaioiiero B MHOTOMO-
JIOBOM PEXUME.

B coBpeMmeHHBIX J1azepax, B LEASIX YMEHBIIEHUST TU(MPaKIMOHHBIX MOTEPb, MC-
MOJIL3YIOTCSI Pe30HATOPhl ¢ BOTHYTHIMM KPYIJIBIMU 3epKajdaMu. Ecim paccrosHue
MEXIy 3epKajaMM PaBHO paauycy KPUBU3HBI 3€pKajl, TO PE30HATOP Ha3bIBaeTCs
KoH(pokanbHbIM. Eciii OHO BABOE MEHbIIIE, TO pe30HATOP Ha3biBaeTCs ChepuuecKrM.
Bo3moxkHa KoMOMHALMS TIOCKOTO M C(pepruIecKOoro 3epKal.

Huszmas Mona pesoHaTopa ¢ BOTHYTHIMHU 3epKajaMHM COOTBETCTBYET TayCCOBOMY
My4YKy, CBOMCTBAa KOTOPOTO OMMCAHbl B Hauaje Kypca. I1oaToMy rayccoBbl My4ykH
TeHEPUPYIOTCS OTHOMOIOBBIMU JIa3epaMHu.

E E E
0 X 0 X 0 X
TEMy TEM, TEM;,
Puc. 7.9
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I I'enepammsi cBeTOBBIX HMITYJIbCOB. CTalliOHAPHAS
reHepanys BO3MOXHa, €CJIM HaKauKOoM TTOAIepKUBa-
eTCs MOCTOSIHHBIN KO3 PuLMeHT ycuieHust G = G,,.
151 aTOr0 HAKayKa IOJKHA OCYIIECTBIISTHLCS Helpe-
pbiBHO. Eciu Hakauka neicTByeT KpaTKOBPEMEHHO,
0 { TO UHTEHCUBHOCTb U3JIy4yeHUs BeaeT ceOsl BO BpeMe-
Puc. 7.10 HU TaK, KaK 3TO M300paxeHo Ha puc. 7.10.
DTO 03HayaeT, YTo Jia3ep TeHEPUpPYyeT MMITYJIbC
JUTUTEJIBHOCTBIO Ty JIJTISI MIMITyJIbCHOTO U3Ty4YeHUs IIUPUHA &V, ~ 1/19. CpaBHUM BTy
BEJIMYMHY C MEXKMOJOBOI yacToToii dv = ¢/(2L) = 1/7, (1, = 2L/c — Bpems npobera
pe3oHaTopa B 000MX HarpaBieHMsIX). st pezoHaTopoB miuHoi L = 0,5 M BpeMst
npobera 1, = 2L/c = 3 Hc.

7151 UMITyJIbCOB JUIMTEBHOCTBIO Ty ~ 10 HC IIMpPUHA CIEKTpa MEHBIIIE MEXMO/IO0-
BOI 4YacCTOTHI. 3a BpeMs reHepalvu IMTPOUCXOAUT JUIIb HECKOJBKO ITPOXOI0B B Pe30-
HaTope yCuauBaeMou (IpakTUYeCKU OJHOI) MOIBI.

IlupuHa cniekTpa UMIYJIbCOB MUKOCEKYHIHON IJIMTEIHLHOCTU YK€ TPEBbIIIAET
MEXKMOJIOBYIO YaCTOTY Ha ABa-TpH IMOpsAKa. 3AeCh UMEET MeCTO YCHIeHNE OOJIBIIIOTO
yucaa CHHXPOHU30BaHHBIX MOJ pe30HATOpA.

Eue Gonee mmpokuil CreKTp y MpeneabHO KOPOTKUX UMITYJIbCOB IJIUTEIbHO-
CTBIO HECKOJIbKO (DeMTOCEKYHII.

I'azoBble Ja3epbl. B 3THX j1a3epax aKTUBHOM CpeHoii SIBJISIIOTCS T'a3bl, BO30YKIa-
€MBble TTPOXOISIINM 10 HUM 2JIEKTPUYECKMM TOKOM (Ta30BBIM pa3psiaoM). OTHUM U3
HauboJiee PacIpOCTPAaHEHHBIX Ta30BbIX JIA3€POB SBJISETCS TeJIMii-HEOHOBBIM Jlazep.
CxeMaTU4YeCKH ero yCTpoicTBO U300paxkeHo Ha puc. 7.11.

B razopa3spsinHoii CTEKISIHHOM TpyOKe [ HaxXo[sATCs TeIrii Mpu MapLuyaibHOM AaB-
JICHUU ~1 MM PT. CT. U HeOH npu AaBieHUU ~0,1 MM pT. cT. Topiibl TPyOKM 3aKaHUM-
BAIOTCS TIOCKOMApAIEIbHBIMU CTEKISHHBIMM TUIACTMHKAMM, HAKJIOHEHHBIMM
K ocu TpyOKM mion yeaom bprocmepa (cm. neximio 17). CBer, MOJSIpU30BAHHBIN
B IIJIOCKOCTU PUCYHKA, HE OTpaxkaeTcsl OT 3TUX IUIaCTUH. Mexny KaToaoMm 2 U aHO-
oM 3 MpUKJIambIBaeTCsl BBICOKOE HarpstkeHne 1 —2 kB, B pe3ynbraTe 4ero BO3HUKAeT
pa3psiaHbIii TOK ~10 MA. Tpybka HaxomuTcs Mexay cepuyecKMMM 3epKajlaMu C
BBICOKMMM KO3dduiimeHTaMu otpaxkeHus (R, ~ 0,98, R, > 0,99). [ToaToMy ycuneHue
CBeTa 3a OAMH IPOXOJ] COCTABJISIET JIUIb HECKOJIbKO TpoleHToB (2G, L ~ 0,01). Ha-
MpaBJIEHHBIH JIyd CBeTa BBIXOAUT MPEMMYIIECTBEHHO Yepe3 3epKaio R,.

CrieKTpaJIbHBIN COCTaB U3JTyYEHMST OIpeesisseTcsl KBAHTOBBIMU TTEpeXoaaMu aTo-
MOB HeoHa. Ha puc. 7.12 moka3zaHbl HEKOTOphIE SHepTreTUIeCKre YpoBHI aToMOB He
u Ne, nepexobl ¢ KOTOPBIX M OIPEnessTioT TpoLece TeHepalluy U3JTyYeH s Jia3epa.

IIpu mpoTekaHUU 3JIEKTPUUECKOIO TOKa aTOMbl HeoHa Bo30yxnatorcs. IIporecc
BO30Y>KIEHUSI TTIOKa3aH BEPTUKAIbHBIMU ILITPUXOBBIMU CTpeIKaMu. B pe3yibrare BO3-
HUKAeT CIIOHTAHHOE U3JTyYeHNe, IJTMHBI BOJH KoToporo A = 1150, 632,8 u 3 390 HM.
I1pu 371eKTPOHHOM BO30YKIEHNM BO3MOXKHO CO3MaTh JIMIIb MHBEPCUIO 3aCEJIEHHOC-

3 2
Rw ]wz

Puc. 7.11
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T MeXay ypoBHsIMU W, u W, 1 ocyliie-
CTBUTH T'€HEPALMIO HA JUIMHE BOJHBI A =
= 1150 Hm.

MHBepcHy10 3aCeIeHHOCTb MEXKITY Ipy-
TMMHU MTapaMy YPOBHEH MOXXHO CO311aTh B
MPUCYTCTBUM Tesus. I'enuii obiagaeT nBy-
M$ TOJITO>XKUBYLIMMU YpOBHSIMU W5 u W5
(MeTacTabMIbHBIMU ypoBHSIMU). [1pu BO3-
OyXXIEHUU TeUsI JeKTPOHHBIM YIapoOM
(rmporuiecc BO30YKIeHMsI MOKa3aH BepTH-
KaJIbHBIMU IITPUXOBBIMU CTpEIKaAMM)
JIOCTUTaeTCsl BHICOKAs 3aCEJIEHHOCTDb 3TUX
ypoBHell. Tak kak sHepruu W, u Wy
O4yeHb 01u3KM K HeprusM W, m W3, To npu ctoskHoBeHUM atomoB He u Ne
BHEPrus nepBbiX 2(h(HEKTUBHO MEPEXOIUT KO BTOPBIM (IpoliecC MoKa3aH TOPU30H-
TaJbHBIMM IITPUXOBBIMU CTPEJIKAMU).

YpoBeHb W, obiamaeT HeOOJBIIMM BpeMeHeM XKU3HU. [Ipy CIIOHTaHHOM MHepexo-
ne ¢ W, na W* BosHuKaeT sipko-opaHxeBoe cBeueHue. C ypoBHs W* aToM HeoHa
TepEeXOaUT B OCHOBHOE COCTOsTHUE W), Oe3bI3aydarebHO, CTAIKMBAsCh CO CTEHKAMU
TPpYyOKHU.

IMockonbKy Koo duumeHT DifHiTeitHa Ay, ~ v3, BEpOATHOCTb CIIOHTAHHOIO U3ITy-
YEeHHUS C JUTMHOM BOJHBI 632,8 HM mmoutH B 150 pas3 BhIllE, YeM U3JIydEHUS C JITUHOMN
BoJTHBI 3 390 HM. DTO O3HavaeT, YTO MHBEPCHSI 3aCEICHHOCTH T1aphl ypoBHel Wi, W,
Gosbiie, yeM mapbl Wi, W,. Ilostomy reneparmst MK-usnmydenus ¢ A = 3390 HM
BO3MOXHA U TIPY MaJoOTpaXkalollrxX 3epKajax, U Jaxe 0e3 HUX.

Jns >ddeKTUBHOl TeHepauun KpacHoit auHun (A = 6 328 A) ncrnonb3yioT BbI-
COKOOTpaxarollie 3epkajia, a B pe30HaTOp MOMEIIAIOT KIOBETY C BEIIECTBOM, ITO-
rowatoimM MK-n3nyyenue. Temnepatypa atomoB B paspsae 7= 400 K. ITockonbKy
JaBJieHEe HEBEJIMKO, OCHOBHBIM SIBJISIETCS AOIIEPOBCKOE YIIMPEHUE CIIEKTPabHON
aHuK: Avp = 1,5-10° T, Tpu imHe pe3onartopa L = 1 M MeXMo10Bast 4acTora dv =
¢/2L) = 1,5-10% Tu. Mostomy He-Ne-nazep MOXET IeHEpUpPOBaTh HECKOJIBLKO
MPOAOJBHBIX MO, YMCJIO KOTOPBIX 3aBUCUT OT peXXrMa ero paboThl. MOIIHOCTD Ie-
HepalMy Ha 3TOM JUIMHE BOJIHBI IIpU JyiMHe Tpyoku ~1,0 M mocturaer 30 — 50 mBT.

Ha puc. 7.2 uB. BKJI. moka3zaHa oTorpadusi paboTaroiiero 1eMOHCTPALIMOHHOTO
reJIMii-HEeOHOBOTO Jla3epa, Ha KOTOPOH XOPOILO BUIHBI BCE OCHOBHBIE 3JIEMEHTHI
€ro KOHCTPYKIIWM.

Bosee MOLIHBIM SBJISIETCS apTOHOBLIN MOHHBIN asep (puc. 7.13).

Puc. 7.12

4 TBO[[a
mE; -~ 28
’/ 1
TBoua
Puc. 7.13
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HMHBepcus B aproHe, 3akJI0OUYEHHOM B ra3opa3psiiHylo TpyOKy I, co3maeTcs mpu
GOJIBIIKX IJIOTHOCTAX pa3psaaHOro toka ~ 150 —400 A/cm?. g yBendeHHs TUIOT-
HOCTU TOKa Ha TPYOKY OJE€BalOT KaTyIIKy-COJICHOMH (Ha PUCYHKe He IoKa3zaHa),
CO3AIOIIYI0 OCeBO€ MArHUTHOE IOJie, CTSITMBAlOIIee IBUKYIIMECS 3JEKTPOHBI
K ocH TpyOKH. IToCKOJIbKY BBIAEISIETCS MHOTO TeIula, TPYOKY M3TOTOBJISIIOT U3 Tep-
MOCTOMKHUX MaTepuasnoB (KBapla, KepaMUKU U JIp.) U OXJAXKIAIOT IMpOTeKamollei
BOJIOM.

N3-3a GOJIBILIOI KOHLIEHTPALMU UOHOB Ar’*, IBIKYIIMXCS B 3JIEKTPUYECKOM I10JIE
paspsaa, co3maercs Iepernan JaBaeHusT MexXny KaTtogoM 2 u aHogom 3. J1ist BeIpaB-
HUBaHUsS JaBJIEHMS KaTOAHYIO M aHOIHYIO OOJacTH COCOVHSIIOT TPyOKoM 4.

Ipy SHEPreTUUECKMX MEPEXOIAX MOHOB Ar’* IIPOUCXOIUT TeHEPALUs HENPEPhIB-
HOTO U3JIyYeHUs C HECKOJbKMMMU JJIMHAMU BOJH OT 454,5 no 514,5 um. HaubGonee
WHTEHCUBHBIMU SIBJISIIOTCSI CIIEKTpaJIbHbIE JMHUM C A; = 488 HM (CHHSSI) M A, =
=514,5 um (3eneHast). MOIIHOCTh reHepaluu MoxeT npeBbiinarh 100 Br.

Takast MOLIIHOCTb JOCTUIAeTCs 3a CUeT OOJIbLION HavyalbHOI (HEHACHILLIEHHOM)
UHBEPCUM Any = 0,T, — 04T, U, CledoBaTelbHO, KoadduiueHta ycwieHus G,.
B aproHe BepxHHEe YPOBHHU HMMEIOT CYIIECTBEHHO OOJiblliee BpeMs XU3HU
(1, ~ 1078 ¢), yem HumxHue (1, = 3- 10710 ¢).

Kaxxnas u3 ciekTpaabHbIX JUHUM UMeeT TOIJIEPOBCKUIA KOHTYp, IIMPHHA KOTO-
poro Av, = 6-10° T'u. D10 B HECKOJIBKO pa3 Goinbiue, yeM y He-Ne-nasepa. [Tostomy
aproOHOBBIN J1a3ep MOXET FeHEPUPOBATh CIIEKTPATbHYIO JUHUIO C OOJBIINM YUCIOM
MPOAOJIBHBIX MO/,

®dotorpadus padboTaIOIIETO APrOHOBOIO Jia3epa MpeAcTaBIeHa Ha puc. 7.3 1B. BKIL

E1e Gomnbliryto MolHOCTb yaaercs moiayuntb y CO,-na3epa. YIJIeKUCIbIi ra3 uMeeT
PSI IMHUI JIIOMAHECLIEHIIMY C JUIMHAMM BOJIH BOMM3K A = 10,6 MkM. D10 MHppa-
KpacHoOe U3JIlydyeHre, KOTOPOe BO3HUKAET TpH Mepexoaax MexXay KojaedareabHO-Bpa-
aTeJIbHBIMU YPOBHSAMU MoJieKyinbl CO,. ['azopa3psimHas TpyOKa 3armoiHSIeTCsT CMe-
ChIO a30Ta, YIJIEKUCIIOTO Ta3a U Teivs MpU AaBJIEeHUU ~ 1 MM pT. CT.

Bosoyxnenue monekyn CO, MpOUCXOAUT KaK dJAEKTPOHHBIM yIapoM, TaK 1 TIpu
CTOJIKHOBEHMM C BO30OYXKIEHHBIMU TOKOM aTomMamu azotra. Hwknue ypoBHu CO,
OITyCTOIIAIOTCS TIPU CTOJKHOBEHUM C aTOMaMM TeJIus U CTeHKaMM TPYOKMU.

CO,-nazep o6yagaeT BELICOKUM KO3(DOULIMEHTOM TT0JE3HOTO IeUCTBUS, TIPEBhIIIA-
oM 10 %. BeIxomHast MOIITHOCTb B HEIIPEPHIBHOM pexkrMe MoxkeT gocturath 10 KBT.

Hznyuenue storo nasepa (A = 10,6 MKM) odeHb c1ab0 IOIJIOLIACTCS aTMOChe-
pOii, TMO3TOMY TaKue MOIIHBIE JIa3ephl HAILIM IIMPOKOE NMPUMEHEHUE BO MHOIMX
3amavyax atMocdepHoit ontuku. [lInpokoe pacnpocTpaHeHNE TOTYIMIN TEXHOJIOT U -
yeckue CO,-na3epsl, paboTatoliye pu aTMOCchEepHOM JaBJACHUN U TeHEPUPYIOLLINE
MOIIIHBIE CBETOBBIE MYYKHU.

CrenyeT OTMETUTh, YTO B KOHCTPYKIIMHU Jlazepa UCIOJIb3YIOTCS MaTepHuaibl, KO-
TOpbIE JOJDKHBI OBITH IIPO3payHbl B 3TOM JMana3oHe W 00J1agaTh OOJIBIION MIPOYHO-
cThlo. Benpb maxke HeOOIbIIOE MOTJIOIEHNE P TAKUX MOIITHOCTSIX MOXKET ITPUBECTH
K JIOKQJIbHOMY HarpeBy ONTHYECKUX BJEMEHTOB, U OHU MOTYT Pa3pyLIUThCS.

CaMbIMU MOIIIHBIMU SIBJISTIOTCSI Ta30AMHAMUYECKIE JIa3ephbl, B KOTOPBIX paOOUYMM
BEIIECTBOM CJIY>KUT ra3 mpy aTMoc(epHOM U 00Jie€ BHICOKOM AaBjaeHUU. [TOCKOJIbKY
IJIOTHOCTD ra3a BeJuKa, TO U MOIIHOCTh TeHepallii MOXKET ObITh OUYE€Hb BHICOKOIA.

MHBepcust 3aceeHHOCTH CO3MaeTCsl MpU OBICTPOM BBITEKAHWM raza M3 COILIa.
Paciupsisich, ra3 oxjaxmaercs, IIpy 3TOM Oe3bl3llydaTeslbHasl pelakcalys BepXHUX
YPOBHEI He TaK MHTEHCHUBHA, KaK HWXHMX. CiemoBaTelbHO, MPU OXJIAXKICHUM
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| AKTUBHBIA 2JIEMEHT |

ttr ot

Jlamna

Puc.7.14

CO3IaeTCsT MHBEPCHAsI 3aCeIeHHOCTh. ECIM Takoi ITOTOK HAIpaBUTh TEePIICHINKY-
JIIPHO OCU pe30oHaTopa, TO BO3HHMKAET TeHepalusi. MOITHOCTh M3TyYeHUS
razonuHammueckoro CQO,-ma3epa npesbiinaet 50 kKBT.

B 3akmoueHme ciemyeT OTMETHUTD, YTO HEKOTOPBIE Ta30BhIe Ja3epbl MOTYT pado-
TaTh TOJHKO B UMITYJILCHOM pexkmMe. K HUM OTHOCSTCS BOXOPOIHBIN jlazep (A =
=1800 A), nazep Ha mapax Meau (A, = 5106 A, A, =5782 A) u 1p. Y akTUBHBIX cpef,
STHX JIa3ePOB T, < T, TO3TOMY JIMIIb B TeUeHUE WHTEpBaia BpeMeHH Af < T, ymaeTcs
MOJAAEPXK1BATh UHBEPCHYIO 3aCe/IEHHOCTb. 711 3TOro He00X0AMMO, UTOOBI CKOPOCTh
3aCeJIeHUs 0, BEPXHETO YPOBHS TPeBHIIIaia CKOPOCTh 3aCEICHUS ¢, HVDKHETO YPOB-
He. BepxHuit ypoBeHB XOPOIIIO BO30YKIACTCS SJIEKTPOHHBIM yIapoM (OoJbIIIoe 3Ha-
YeHUE 0,). DTO TMPUBOAUT K YBEIMYEHUIO MHBEPCUM U ycwineHnio GyL ~ 10°. Inu-
TeJLHOCTh MMITYJTbCA M3TYYCHHST COCTaBIIAeT BeMMInMHy ~ 10 HC, a TTMKOBasT MOIII-
HocTh P~ 10— 100 MBT.

TeepaoTeabHbIE Ja3epbl. B 5TIX Ta3epax akTUBHOM Cpemoit IBISIETCS TBEpAOE TEJIO,
HaKaunBaeMOE MOIIIHBEIM TTOTOKOM CBeTa OT JIaMIThl HaKayKW. YCTPOMCTBO TaKOTO
Jlazepa CXxeMaTM4YHO M300paxkeHo Ha puc. 7.14. JInsa yBenndenus: 3¢p@GeKTUBHOCTUA
HaKauyKW aKTUBHBEINA 3JIEMEHT W JIaMITy MOMEIIAIOT B HMUJIMHIPUYECKYIO TTOJOCTh
C XOpollleit oTpaxkaroleil TOBepXHOCTHIO.

AKTUBHBIN 3JIEMEHT TIPEACTABISIET COOOM KPUCTAIUTMUECKUAMN WIIN CTEKIISTHHBIN
CTepXXeHb, B KOTOPOM HAaXOIATCSI MOHBI puMecH. Ha KBaHTOBBIX mepexomax 3TUX
MOHOB MEXIy VPOBHSIMH W, U W, W OCYILIECTBJISECTCA TeHepalus, a CTepXeHb
BBITIOJTHSIET (DYHKIIMIO MAaTPUIIBI, YAECPKUBAIOIIEH MOHBI.

ITpu cBeTOBOIT HaKaUYKe MOHBI TIPUMECH TTOTJIONIAIOT KBAHTHI Pa3IMYHBIX YACTOT,
TTOCKOJIBKY B TBEPIOM TeJle YPOBHHU OUeHbB IIMpoKue. s HarIsagHOCTH Ha puc. 7.15
TTOKa3aHBl KBAHTOBEIC TIEPEXOAbI TP HAJTUYWH YEeThIpEX
YPOBHE, N3 KOTOPBIX OMWH YPOBEHD IITMPOKMUIA.

IToCKOMBKY YpOBeHb 3 IMIMPOKWIA, ero BpeMs XuszHu W

HeBeaUuKo. [Ipu OGe3bl3nyuaTenibHOI penakcaluu (moka-

3aHHOW BOJIHMCTOMN CTpEJKOK BHU3) MOH TEPEeXOaUT Ha 3 M Ws

JONTOXUBYLIMIA (T, ~ 1073 ¢) MeTacTaOMIBHBINA YPOBEHD H

2. 3acelleHHOCTb HWXXHEro ypoBHs1 [ OyHeT, COIJIacCHO 2 L W,

pacnpeaeneHuto boyibliMaHa, MeHbIlIE OCHOBHOTO YPOB- I I I s

na Wy M= exp[—w} Jist co3nammst Gombiueit | 1 W
1, kT 1 !

MHBEPCHOM 3aCEeIEHHOCTU MEXIy YPOBHIMU 2 U [ Xena- 0 [l ] W,

TEJIbHO, YTOOBI YPOBEHbB [ OBLJT BICOKO PACIIONIOXEH HAll

oCHOBHBIM. IIpu Ge3bI3nydyaTeIbHOM pejlakcalii 4acTb Puc. 7.15
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w SHEPruyv HaKauyky MpeBpallaeTcsl B TEIUIOBYIO, MTO3TO-
W MYy aKTUBHBIN 3JIEMEHT HEOOXOIMMO MHTEHCHUBHO OX-

3 JIaKAaTh.
, Cyl1ecTByeT 00bII0€ KOJIMYECTBO MaTPUILIL, U SHEP-
Z Ws reTMYeCKre YPOBHU MOHOB 3aBUCAT OT CBOHCTB 3THUX
Matpuil. COOTBETCTBEHHO MPU CO3MAHUU Ja3ePOB MPH-

I
I 2 W, MeHseTcsl 0OJIbIIIOEe YMCIO aKTUBHBIX CPE/I.
I
I

694.3 CaMbIM MEpBBIM B MUpe OBLI cO31aH PyOMHOBBIN

1 W nazep (1961), akTHBHBINM 3JIEMEHT KOTOPOTO IIPEACTaB-
1

nan kpucraian camdupa Al,Os, comepxarnuit 0,05 %
Puc. 7.16 noHoB Cr*. Kak oTMeyasoch paHee, MPU OCBEIICHUUN
PYOMH JIIOMUHECIIMPYET po30BbIM cBeToM. Ha puc. 7.16

MOKa3aHa cXeMa TpeX SHepreThudeckux ypoBHeit nona Cr.

ITpu cBeToOBOIT HaKauke (YpoBeHb 3) BO30YKAAIOTCS IINPOKUE, HO KOPOTKOKUBY-
1LIMe YPOBHU ¢ SHeprusamu Wy u Wy, 3a Bpems 1; ~ 1078 ¢ mporcxoaut Ge3bI3nydaresib-
Has pellakcallys Ha YpOBEHb 2, BpeMsl KM3HM KOTOPOIo BEChbMa BEJIMKO: T, ~ 1073 ¢.
IIpu nepexonme ¢ ypoBHs 2 Ha ypoBeHb I M3Ty4alOTCSI CBETOBBbIE KBAHTHI C JUTMHOM
BOJIHBI 694,3 HM.

Hnga Hakayky MPUMEHSIIOTCSI MMITYJIbCHBIE Ta30pa3psiAHbIE JIAaMITbI, JArolIue
BCIIBILLKY OEJIOr0 CBeTa JIMTEIbHOCTBIO T, ~ 1073 ¢. 3a 3T0 Bpems 4epe3 Jaminy
paspszkaeTcs 6arapes KOHAeHCAaTopoB eMKocThio C ~ 1073 @, 3apskeHHas 10 Ha-
npsckenust U ~ 1 kB. Tlpu pa3psine 6atapeun ajieKTpuYecKasi MOLIIHOCTb COCTaBJISIET
Benuunny P,, ~ CU?/t, ~ 10° Br. Yacte s1oii MowmHocTtu (0Kojo 15 %) wner
Ha BO30OyXIeHMe pyouHa: mid 1 cM’ cBeToBasg MOLIHOCTH JOJKHA ObITH ~ 2 KBT.
YcuseHue 3a OIUH MPOXOJ 3HAYMTEbHO 0OJIbliIe, YeM Y ra30BbIX J1azepoB ( Gy L > 1).
IToaTOMy BBIXOIHOE 3epKaJlo pe3oHaTopa JOCTATOUYHO Ipo3padHoe (R, = 0,3—0,4).

Yepes HeKOTOpoe BpeMs MOCJie Hayajaa BCIBIIIKU, KOTAa HAKOMUTCS AOCTATO-
YHask MHBEPCHS 3aCEJIEHHOCTH, HayHET TeHEepUPOBATHCSI UMITYJIbC JIUTEIbHOCTHIO
Ty ~ 10° ¢. Ero sHeprus W ~ 1 JIX, MO3TOMY CpeQHAS MOIIHOCTb MMITYJIbCa
P~ W/zy ~ 10° Br.

B neficTBUTETLHOCTH 3TOT UMITYJIbC COCTOUT M3 CIECAYIOIIMX APYT 32 IPYTOM M-
MYJILCOB (MMYKOB) UIUTEIBHOCTLIO Kaxnoro ~ 10— 107 ¢. Kaxnplit muuok — pe-
3yJIbTaT KPATKOBPEMEHHOTO OITyCTOILLICHUsI BEPXHErO YPOBHSI MPU HapacTaHUU WUH-
TEHCUBHOCTH B pe3oHaTope. Takol pexkuM paboThl Jla3epa Ha3bIBAIOT PeHCUMOM C80-
000HOIl eenepayuu, VI NUUKOBbIM PENCUMOM.

ITockonbky npu 6e3bI3TydaTe/IbHOM peflakcallii aKTUBHBIN 3JIEMEHT HarpeBaeT-
csl, BpeMsl XKU3HM T, YMEHBIIIAeTCs, U YCIOBHUS TeHepaluu yxyauatorcs. I[Toaromy
aKTUBHBIN 3JIEMEHT HEOOXOAMMO oxJIaxaaTh. [1pu BO3ayIIIHOM OXJIAXKAEHWM MHTEP-
BaJl MEXIy UMIIYJbCaMM NOJDKEH OBITh HE MEHee HEeCKOJbKUX MUHYT. Ilpu Gosee
CUJIBHOM TEIJIOOTBOJE (HAIIpUMEDP, BOASHOM OXJIaXIEHWU) YacTOTa MOBTOPEHUS
HWMITYJIbCOB MOXET OBITh YBEJIMYEeHA M0 HECKOJbKUX UMITYJILCOB B CEKYHIY.

MOILIHOCTh UMITYJIbCA MOXXHO YBEIUYUTD, €CIU YIUIMHUTL KPUCTAJL (IO ompene-
JIEHHOTO TIpenesia, o0yCIOBICHHOIO HACKIIIEHWEM YCUJIEHUs ), TOBLICUTD €ro Kaye-
CTBO, YCWINTb HaKauKy. DTUM METOIIOM yIaeTcsl MOBLICUTEL dHepruto W (a cienosa-
TeJIbHO, U MOIIHOCTh P) Ha IOpsIAOK.

OnHaKo MOIITHOCTb MOXHO YBEJIMYUTH HAa HECKOJIBKO MOPSIKOB, €CIY paauKalb-
HO COKpaTUTh JUIMTEJIbHOCTh UMIYJbca. [ 3TOTrO uchoav3yrom memod mooyaayuu
dobpomuocmu pezonamopa nasepa. Miaess MeTona COCTOUT B 3a[iepxKKe Havaia reHepa-
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LIMH, YTOOBI HAKOIIMTh 3HAYUTEJIbHYIO MHBEPCHYIO 3aCEJICHHOCTh. B IpOTMBHOM CITy-
yae OHa pacTpauyMBaeTCsl Ha TeHepalrio MUYKOB.

751 5TOTO B Hayaje BCIBILIKY JJaMIThl HAKAUKKU JOOPOTHOCTH pe30HAaTOPa UCKYC-
CTBEHHO CHMKAIOT, a 3aTeéM OBICTPO IOBBIIIAIOT. Takoii pexxuM paboTHI Jlazepa Ha-
3BIBAIOT PEXMMOM C MOAYJMPOBAHHOM MOOPOTHOCTHIO. DTO MOXHO OCYILECTBUTH
pa3HBIMHU CIIOCODAMM.

Ha 3ape cozmaHust UMITyJIbCHBIX JIa3€pOB OMHO 3€PKaJI0 pe3oHaTopa Bpallaiu
¢ OoJBIION YIIIoBOM cKOpocThio (~ 500 06/C) BOKPYT OCU, MEPIICHANKYJISIPHOU OCH
pe3oHaTopa. B TOT MOMEHT Koraa 3epKajlo CTAHOBUJIOCH NTEPIIEHIUKYJISIPHO ONTHYE-
CKOI1 ocH pe3oHaTopa, J0OPOTHOCTh TOCTUTaIa CBoero MakcuMmyma. [lpaktuyecku B
5TOT MOMEHT HauMHAJIACh FeHepaltsl, KOTopas IPoaoJIKaIach B TeueHue 1, ~ 1078 c.
3a 3To BpeMsI 3aCeJIeHHOCTh BEPXHEro YPOBHSI, HAKOTUIEHHAs! OT HaKayKu, MCTOIIA-
Jlach, M TeHepalus MpeKpalianach.

B Hacrosiiee BpeMst U151 MOAYJISIIUU JOOPOTHOCTHU UCTIONB3YIOTCS 24eKMpPOoOnmi -
yeckue U aKycmoonmuyeckue Mooyasmops. ceema, TIPUHLIUIBI paboThl KOTOPBIX OYIyT
pPacCMOTPEHBI B MOCAEAYIOIINX JEKIUSIX.

IIpu Momynsiyu AOOPOTHOCTM SHEPIUsl UMITYJIbCa HECKOJBbKO CHIDKaeTcs (1o
CPaBHEHMIO C PEXMMOM CBOOOMHONM TreHepalli), HO CWIbHO COKpallaeTcs -
TEJBbHOCTb UMITYJIbCa (IO JeCATKAa HAHOCEKYHI). A 3TO MO3BOJISIET TOCTUYL MaKCH-
ManbHOU (TTMKOBOI) MolIHOCTH P ~ 100 MBT.

IlIrpokoe pacripocTpaHeHVe MOTYYMIN HEOIUMOBBIE Ja3zephl. B TakoM J1azepe MOHbI
HeonrMa Nd** UMILIaHTUPOBAHBI B cTeKJI0. KBaHTOBBIE TIEPEXOIbI MIOHOB OCYLIECT-
BJISIFOTCSI 10 YETHIPEXYPOBHEBOM cxeMe, M300pakeHHOI Ha puc. 7.15. JIauHa BOJHBI
u3nydenus (A = 1,06 mxm) Haxomutcs B UK-arana3zoHe, mosToMy Jiyd Jia3epa Ivia-
30M HE BUJIEH.

DTOT N1a3ep TakKe MOXET paboTaTh KaK B MMYKOBOM PEXMME, TaK U B PEXKUME C
MOIYJIMPOBAHHOI TOOPOTHOCTBIO. KICTIONBb3YSl ATMHHBIE aKTUBHBIE CTEKJISTHHBIE SJIeMEH-
Thl (L ~ 1 M), B IOCJIEIHEM ClIyvae yaaeTcsl JOCTUYb SHepruu umiynbca W~ 50 IIx
NpU JJTUTENBHOCTH Ty ~ 30 He. [TukoBas MolHoCTh uMnyabca P ~ W/t, ~ 10° Br.

Bbonbieil sHeprueil uMmItyabca oOnagaeT Jia3ep, aKTUBHBIA 3JEMEHT KOTOPOIo
MPEICTaBISIET CTEPXKEHb U3 UTTpUii-anmoMuHueBoro rpaHata (YAG) ¢ UMILJIaHTHU-
poBaHHLIMU MOoHaMU Nd**. DTO CBA3aHO C TEM, YTO BPEMS XKU3HU B BO3OYKIEHHOM
COCTOSTHMH Y MOHOB B 3TOM MaTpHUIIe YBEIMUMBAETCS, UTO TTO3BOJISIET TOCTUYD OOJIBIIIEH
WHBEPCHOM 3aCeICHHOCTH U, cliefoBaTesbHO, KoadduiimeHTa ycuieHus.

YAG Nd**-naszep MoxeT paboTaTh KaK B UMIIYJLCHOM, TaK ¥ KBa3UHEIPEPHIB-
HOM pexumax. B mociemHem ciydae MCIONb3yeTcsl HempepblBHAas Hakayka. Jlasep
TeHEPUPYET MOCAeAOBATeIbHOCTh UMITYJILCOB C YAaCTOTOW CJeIOBaHMsI, TOCTUTAIO-
et BenmnuuHbl ~ 10 k', OHa ompenenseTcss Y4acCTOTONH MOIYJISLIMUA TOOPOTHOCTU
pe3oHaropa, KOTopash MOXET OCYIIECTBISTHCS C MOMOIIBIO 2JIEKTPOONTHYECKUX
1 aKyCTOONTUYECKUX MOIYJISITOPOB CBETA.

Buewnuit Bun YAG Nd**-nazepa (MJITU-205), UCIIONB3yEMOTO B Y4eOHOM
npoiecce Ha kKadenpe oOIel (GU3MKU U BOJHOBBIX IMPOLIECCOB, IMpeACTaBIeH
Ha puc. 7.4 uB. BKJI. B pe3oHaTope 3TOro j1azepa y MpaBoro 3epkKajga HaXOAUTCS aKycC-
TOONTUYECKUI Moay/siTop. OH MpeIcTaBisgeT co00il KpUCTAUT KBaplia CO CKOIIEHHOM
HWXXHEN rpaHblo. B aToM KpucTasie nomnepek myyka CBEpXy BHU3 MOXET pacrpocCT-
paHATbCA Oeryiuas akycTtuueckast BojiHa ¢ yactoroi 50 MI'n. OHa Bo30yxxmgaeTcst
Mbe3032JIEMEHTOM, MPUKPEIUIEHHBIM K BepXHel TpaHMW KpHUCTalla U MHUTaeMbIM
OT TreHepaTopa BBHICOKOI YaCTOTHI.

83



IIpu pacnpocTpaHeHUU 3TOM BOJHBI B KpUCTaJJIe BOZHMKAIOT KOJIeOaHMS TIIOT-
HOCTU M, CJIeI0BaTeIbHO, MoKazaTesisa nmpeioMiaeHusl. CKOIIEHHOCTh TPaHU MO3BO-
JISIET MPeIOTBPATUTh 00pa30BaHUE CTOSUE aKyCTUYECKOM BOTHBL. M3-3a nudpakimu
Ha Oeryumx BHU3 HEOJHOPOAHOCTSX MOKa3aTessl MPEJOMIIEHUS CBET YCUJIMBAThCS
He Oyzmer. DTO O3HauyaeT, 4TO JOOPOTHOCTh pe3oHaTopa HeBenuka. Ecnu BHe3amHO
OTKJIIOUUTD IMbE303JIEMEHT OT reHepaTopa, TO TOOPOTHOCTh Pe30HaTOpa Pe3KO BO3-
pacrer.

B onuceiBaeMoOM Jiazepe ocyllecTBAsIeTCS UMITYIbCHAsI HaKauka OT JJaMITbl. Momy-
JISIIUS JOOPOTHOCTH OCYILIECTBISIETCSI CHHXPOHHO ¢ HaKayKoit yactoroit 2,5 I'ii. PoBHO
C TaKoM e YacTOTOM Jiazep reHepUpPYyeT UMITYJIbCHI, TTUTEIbHOCTD KaXI0To M3 KO-
TOphIX paBHa 10 HC, a MaKcMMallbHasE MOILIHOCTbL 0KoJjio 10 kBT.

ITorynpoBOMHUKOBBIE Jiazepbl. B oTHX J1azepax B KauecTBe aKTUBHOM CpPeIbl MC-
TOJIB3YIOTCSI TIOJYTIPOBOAHMKOBBIE KpUCTA/UIbl. KBaHTOBBIE MEePEX0Oabl MPOUCXOIST
MEXIy pa3pellieHHbIMU HEPreTUYeCKMMM 30HaMU KpHCTaJlia.

IIpu pexoMOMHALIUM 3JIEKTPOHOB MTPOBOIAUMOCTH M OBIPOK B MOJYIIPOBOTHUKAX
BBICBOOOXKIAETCS DHEPTrHUsi, KOTOpask MOXKET MCIYCKAThCsl B BUAE KBAHTOB M3JTyye-
HUS (JIIOMUMHECLIEHLIMK) WX MepeaaBaThCsl KoJIeOaHUSIM KPUCTAJIMYECKOUN pelieT-
KU (TepexoauTh B Ter1o). JIarHa BOJHBI A U3JIyYeHUs OTpeaesisieTCs IMPpUHON A Wi
3amnpelieHHON 30HbI NOJYIPOBOAHUKA: A = hc/AW;.

11 BOBHUKHOBEHUS JTIOMUHECLIEHIIMM HE00X0AMMO BO30YXIaTh (HaKauMBaTh)
KPUCTaJU1, YTOOBI 00Pa30BbIBATIMCH N30LITOYHbIE SJIEKTPOHHO-IBIPOYHEBIE TTaphbl. [1pu
Majoil CKOPOCTH OOpa3oBaHUSI M3OBITOUHBIX IMap M3JIydyaTesibHasi peKOMOMHALMs
HOCUT CIIOHTaHHBI XapakTep, YTO MMEET MECTO B CBETOU3IYYaIOIIMX AUOAAX,
MOJYYMBIIUX ITMPOKOE MPUMEHEHME B KayeCTBE KOMITAKTHBIX U 3KOHOMUYHBIX
HMCTOYHUKOB CBETA.

Hns ycuieHus cBeTa B MOJYIIPOBOJHUKE HEOOXOIMMO CO3IaTh MHBEPCHYIO 3ace-
JIEHHOCTb: 30Ha TTIPOBOAMMOCTH BOJIM3U €€ THA JOJIKHA ObITh 3aITOJIHEHA DJIEKTPOHA-
MM B OOJIbIIEH CTereHu, YeM BaJieHTHAsl 30Ha BOJIM3U €€ TOTOJIKA.

B nonynpoBogHMKOBOM Jiazepe MPUMEHSIIOT pa3JnyHble CITOCOObl HAKAYKU: WUH-
JKEKIIMSI HOCUTEJNIe ToKa yepe3 p—n-TIepexol WIM TeTeporepexo, HaKauyka IyyKoM
OBICTPBIX 2JIEKTPOHOB, ONTHYECKas Hakayka, Hakayka Mpu Mpoboe B 3JIeKTpuye-
CKOM TIOJIE.

Hawub6o:ee mmpokoe pacnpocTpaHeHUe TTOJy4mI IIepBhlid criocod Hakauyku. Jlaze-
PBI C TaKOM HaKayKON Ha3bIBAIOTCS MHXKEKIIMOHHBIMU JIa3epaMu.

Ha puc. 7.17 moka3zaHO yCTpOMCTBO MHXEKIIM-

OHHOTO Jla3epa Ha p—Hn-TIepexoe.

i OH npencTaBiseT coOO0M MOTYIIPOBOIHUKOBBIN
IO, Yepe3 KOTOPBLI B IMPSMOM HallpaBIeHUU
(oT p XK n) TeueT 3JAEKTPUUYECKHUIN TOK i.
3alTpUXOBaHO ceuyeHre O0JIacTU BONIU3U p—Hh-
rnepexoaa, B KOTOPOM MPOMCXOAUT TeHEepalus
CBeTa. Y KpUCTaJlJla UMEIOTCS IBe TIoCKOoMmapa-
JIeJIbHbIE TTOBEPXHOCTU (0Opa3oBaHHbBIE CKOJIOM
KpHCTaJljia), BBIMOJHSIOUIME POJIb 3epKaJl pe30-
HaTopa. [1oaToMy OH ellie Ha3bIBAETCS JIa3ePHBIM
JTHOJIOM.

M3-3a GonblIoro 3HavyeHUs IoKazaTessl mpe-
Puc. 7.17 JIOMJIEHUsI KpHUcTajla KO3(MOUIIMEHT OTpaXkKeHUs

IToBepxHOCTD
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MOBEPXHOCTEl MOXeT mocTuraTh BenuuuH ~ 20—40 %. WMHBepcus 3aceeHHOCTH
BO3HUKAET TPU IJIOTHOCTU TOKA ~ 1 KA/cM?.

MHXeKIMoHHbBIE Jla3epbl paboTalOT B MMIYJILCHOM PEXMME C BBIXOAHON MOIII-
HocThio 10 100 BT 1 B HenpepbIBHOM pexXuMe ¢ MolIHOCThI0 6osiee 10 BT (GaAs)
B omkHeit MK-ob6mactu (A = 850 uM) u okono 10 mBr (Pb,Sn,_ Te) B cpenHeit
HMK-o6aactu (A = 10 Mxm).

K mocTomHcTBaM MOJyIIPOBOJHUKOBBIX JIa3€POB CJIEAYET OTHECTH BBICOKYIO d¢h-
dextuBHOoCTh (0 50 %) mpeobpa3oBaHuUsl 3JIEKTPUUYECKONM 3HEPTUM B CBETOBYIO,
MPOCTOTY KOHCTPYKLIMHU, BO3MOXHOCTh ObIcTpoi (mo dactor 10 I'T') momynsium
WHTEHCUBHOCTU M3Jy4YeHUS, HaJluuyue OOJBIIOTO YHMCJa TMOJYIPOBOIHUKOB
(aKTUBHBIX Cpeld), HEMpPEepbIBHO IepeKphIBAIOIIMX AWana3oH UIMH BoaH oT 0,32
0 32 MKM.

HenocraTok cocTOMT B OOJIBIION IMPUHE JIMHUM U3TYYEHMSI, TOCKOIbKY BeJnKa
YacTOTHAs LUMPHUHA &V, MOJIBI TAKOTO CBEPXKOPOTKOIO, a IIOTOMY HU3KOI0OPOTHOIO
pe3oHatopa (cMm. popmyisl (7.20) u (7.21)). LlIupuHa TMHUY U3Ty4YEHUS] COCTABIISIET
JIecITKM HaHOMeTpoB. KpoMe Toro, Bejvka yrioBasi pacCXoIUMOCTh TeHEPUPYEMOTO
CBETOBOIO ITy4yKa (IeCATKA MWIIMpaAUaH), UMEIOIIEro Majble TToMepeyHble pa3me-
pbl B HaIpaBJIeHUH, IEePIeHAUKYIIpHOM p—n-nepexony. Ha puc. 7.17 nmokasaHa
JyUarpaMMa HarpaBJIeHHOCTU M3YYeHUS MOJYIMPOBOIHUKOBOIO Jiazepa, MMelolast
pas3Hble YIVIOBBIE pa3Mephl B IBYX B3aMMHO MEPNEHANKYISIPHBIX TJIOCKOCTSIX.

JlazepHble NMOABI HAXOMAT IIMPOKOE MPUMEHEHWE KaK MCTOYHUKW CBeTa IS
HaKauyK{ BOJIOKOHHBIX JIa3¢6pOB U B BOJIOKOHHO-OITUYECKUX JIMHUSAX CBSA3U, U3ME-
PUTEIBLHBIX YCTPOMCTBAX (HampuMmep, B JajJbHOMEpax), B Ja3epHBIX yKa3Kax, MC-
TOJIL3YIOTCS JUIST CYMTHIBAHUS IITPUX-KOMOB. KpacHble 1 3e/IeHbIe JIa3epHbIE THOIbI
MIPUMEHSIOTCS IJisI CBeTOMOPOB, CBETOBBIX Ta0JO M yKaszartejeil, MH(paKpacHbIe
U KpacHble — B npourpsiBaTensix CD- u DVD-nuckoB, cuHue — B yCTPOMCTBax
HD-DVD wu Blu-Ray.

Ha puc. 7.5 uB. BkJ1. npencrabieHa ororpadust paboTarollero CUHero JIa3epHOTo
nuona. [1pu cBoMX MMHMATIOPHBIX pa3Mepax OH T'eHepUpPyeT CBETOBOI MyYOK MOIII-
HOCTBIO ~ 5 MBT.

Boaokonnbie jasepbl. [1osiBieHne COBpeMEHHBIX BbICOKO3((MEKTUBHBIX 1 KOM-
MaKTHBIX BOJIOKOHHBIX JIA3€POB CTAJI0 BO3MOXHBIM Oj1aromapsi CO3IaHUIO CBETOBOIOB
C HU3KUMHU ONTUYECKUMHU TTOTEPSIMU M OBLIO CTUMYJIMPOBAHO TIPEXIe BCETo Moce-
JIYIOLIMM OYpPHBIM pa3dBUTHEM BOJIOKOHHO-OIITUYECKOM CBSI3U. AKTUBHOM Cpeloi Ta-
KOTO Jiazepa SIBJIIETCSl ONTUYECKOE BOJIOKHO C MTOOaBKaMM PEAKO3eMETbHBIX BJie-
MEHTOB, Takux Kak HeoguMm (Nd), utrepouii (Yb), spouii (Er), roasmuii (Ho),
Tymuid (Tm). ITpuHIUIIMATIbHOE TPEUMYILIECTBO ONTUYECKOTIO BOJIOKHA KaK aKTUB-
HOM Ccpelibl O CPaBHEHUIO C OMMCAaHHBIMU paHee OObeMHBIMM aKTUBHBIMM Cpela-
MM, HapsAay C MajbIMU TOTEPSIMU, COCTOMT TakKKe B OOJIBIIONW IJIWHE YCHJICHUS
1 MaJIOM TOINEPEYHOM CE€YEeHMH. DTO MO3BOJSIET UCIOIb30BaTh WIS 3P HeKTUBHOM
HaKauyKyd KOMITAKTHBIE JIa3epHbIE TUOIBI.

Bonblioe oTHOLIEHNME TIIOIIAAY TTOBEPXHOCTH cBeToBoa (uaMmeTpoM ~ 100 MKM)
K ero o0beMy 1aeT BO3MOXKHOCTD IT0JIy4aTh OOJIbIlIMe BHIXOAHBIE MOIITHOCTY ~ 1 KBT
MPU BO3AYIITHOM OXJIaXIEHUH, IIPU 3TOM 00eCTIeUrMBaeTCsI BBICOKOE KaueCTBO OIHO-
MOJOBOTO BBIXOIHOTO ITyyKa.

B Hacrosiee BpeMst pa3paboTaHbl MOIIIHbIE HETTPEPBHIBHBIE M UMITYJIbCHBIE TTMKO-
1 (peMTOCEeKYHIHbIE JIa3ePhl.

IMpuHLMIIMATBLHAS cXeMa BOJIOKOHHOTO Jladepa nmpuBeneHa Ha puc. 7.18, a.
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Puc. 7.18

HMcToyHMKOM Hakauyku sSBJISIeTCS OUOAHBIN ja3zep 1. M3nydeHue Hakauyku yepes
BBIXOJIHON BOJIOKOHHBIN CBETOBOJ 2 IMAaMETPOM CepalieBUHBI ~ 200 MKM MOCTymnaeT
B aKTUBHBII cBeTOBOM 3. ZKUPHOI TOUKOM OTMEUYEHO MECTO CIlasi ABYX BOJTHOBOJIOB.
CeueHue BOTHOBOJA U300pakeHO Ha puc. 7.18, 6. OH COCTOUT 13 TOHKOI cepAlIeBU-
HBI 5 TMaMeTpoM 6 — 8 MKM, colepKallieil MOHbI PeIKO3eMeIbHBIX 3JIeMeHTOB. Cep-
NIIIEBMHA OKpYKeHa MepBoil 000710YKOI 6 M3 YUCTOTO KBApIIEBOIO CTEKJIA C IUaMeT-
POM B HECKOJIBKO COTEH MUKPOH. B cBoIo ouepenb 3Ta 00010YKa OKpY:KeHa BTOPOM
000J104KOif 7 U3 MOJUMEPHOI0 Marepuaja ¢ roKasaTejeM IpeIoOMJIeHUs 3Hadyu-
TeJbHO 0OJiee HU3KUM, YeM y KBaplieBoro crekyia. CHapy>Xu HaXOIUTCS 3allUTHasK
oboJsouka §&.

MznydyeHue nazepHOro auMoia paclpoCTpaHSIETCsl MO KBapleBOil 000JIOYKe aK-
TUBHOTO BOJIOKHA, UMEIOIIETO JTMHY HECKOJIbKO NE€CSITKOB METPOB. DTO U3JIyUYEeHHUE
[0 BCEH [JIMHE NMPOHMUKAET 4Yepe3 TpaHully pasfena OO0OJOYKU U CEepALICBUHBI,
B pe3yJIbTaTe Yero co3maeTcss MHBEPCHas 3aCeJIeHHOCTb MOHOB PEIKO3eMEJIbHBIX dJie-
MEHTOB. boiiee moapoOHO pacopocTpaHEeHHUE CBeTa BAOJb ONTUYECKOrO BOJIOKHA OYy-
JIeT 00CyX/IeHO B jekuuu 17.

Ha xoHIIax aKTMBHOTO BOJIOKHA CO3MAIOTCS Op3eeosckue peuiemiku TOKa3aTes
TIpeJIOMJICHUS 4, BBITTOTHSIONIME (bYHKIIMK 3epKaj pesoHaTopa. Kaxkaas u3 Hux rpen-
CTaBJIIET COOOM CO3IaHHYI0 UCKYCCTBEHHO HEOOJbIIYI0 00JIaCTh, B KOTOPOU BHOJb
OCH BOJTHOBOJIA MEPUOINIECKU U3MEHSIETCS TToKa3aTes b IPeJIOMIEHUS CEPALICBUHBI.
MeTon ee co3maHMsI TTI0Ka3aH Ha puc. 7.18, 6.

Ha BonHoBOA nox ymioM & APYT K APYTY HANIPABJISIIOTCS ABA OAUHAKOBBIX JIa3ep-
HBIX YJIBTPa(UOIETOBBIX My4YKa C JUIMHOM BOJIHBI Ay. B oOnactu mx mepeceueHust
OynyT (popMHUpOBaThCsl MHTEPPEPEHLIMOHHBIE MOJIOCHI, PACCTOSHUE MEXIy KOTO-
PBIMU AX = Ayy,/n0 (n — TOKa3aTesib MPEJOMIIEHUS HEOOIYYEHHOM CEPALIEBUHBI; CM.
dbopmyny (9.1) B neximu 9). M3-3a pOTOYYBCTBUTEIBHOCTH BOJIOKHA B MECTaX Ha-
XOXIEeHUsI MHTepGhePEeHIIMOHHBIX MAaKCUMYMOB MOKa3aTeNlb MpeJIoMIeHUsT HeoOpa-
TUMO YBEJIMYMBAETCS.

Bparrosckas perneTka, Kak ¥ MHOTOCJIOMHOE TURJEKTPUYECKOE 3ePKaIO (CM. JIeK-
uuio 17), Xopolo oTpaxkaeT U3TydeHue C JJIMHON BOJHBI (B BOJIHOBOAE) A = Ay/n =
=2Ax (\y —IIvHa BOJIHBI B BakyyMe). ITocnenHee ycioBue CeJIeKTUBHOTO OTPaXKeHUS
Ha3biBaeTcs ycioBueM bparra. Dto ycioBue OymeT HEOMHOKPATHO MCIIOJIb30BaHO
B TIOCJIEAYIOIINX JIEKIIHSIX.
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B Hacrosiiee BpeMst JUIsl CO3MaHMST MOIITHBIX JIa3epOB HAaMOOJIblIee pacipocTpaHe-
HUE TIOJIYYUJIA BOJJOKOHHBIE CBETOBOBI C Yb, TTO3BOJISIONINE TeHEPUPOBATh U3JTyUe-
HUE C JUIMHOW BOJIHBL Ay = 1,1 mMxm. Ilpu coBmecTtHOM ucnosb3oBaHuu Er mYb
JUTMHA BOJIHBI MOXKET 3aHMMaTh auara3oH 1,5—1,6 mxkMm, a B ciyyae Tm u Ho
Ao ~ 2 MKM.

Hocturaytbie MoiHocTH ~ 1 KBT B ciektpanbHOM auarazone 1,06 — 1,1 MKM siB-
JISTIOTCSA Jaieko He npeaeabHbIMU. CoBpeMeHHbIE TEXHOJIOTMHY Aal0T BO3MOXKHOCTh CO3MIaTh
HOBBIE CTPYKTYPhI CBETOBOIOB, MO3BOJISIIONINE YBETUYUTb MOITHOCTD 10 10 KBT!

Bricokast ctabuiabHOCTh U 3((EKTUBHOCTD B COYETAHUU C KOMITAKTHOCTBIO, 00JIb-
IIOM MOIITHOCTBIO M XOPOIIMM KauyeCTBOM OIHOMOIOBOIO CBETOBOIO IMyYyKa AEJIaloT
BOJIOKOHHBIE JIa3ephl 60Jiee MPEearOYTUTEIbHBIMU 110 CPABHEHUIO C MHOTUMM JIPY-
TMMU Jla3epaMH, B TOM YMCJI€ M C MOIIHBIMU TEXHOJOTWYECKMMM JiazepamMu, Ha-
npumep CO,-nazepoM. Beab B TeXHOJIOrMYECKOM Ipoliecce BaKHA T'MOKOCThb MPH
JIOCTaBKe JIa3epHOI0 U3IyYeHUsI K o0pabaThiBaeMOMy 00beKTy. HakoHell, BOJTOKOH-
HbIE JIa3epbl MOTYT UMETh 1 60Jiee HU3KYIO CTOMMOCTb.

KuakocTHble Ja3epbl HA KpacuTe sax. B oTux jazepax akTUBHOM CpeIoi SIBJISIIOTCS
CJIOKHBIE OpPraHMYECKUE COCOMHEHMS, DHEepreTuyeckass cxeMa YpPOBHE MOJEeKys
KOTOPBIX KaUeCTBEHHO M300pakeHa Ha puc. 7.19. Hakauka ocyIlecTBsIeTCs] CBETOM.
M3-3a OomblIONM KUPUHBI YPOBHS 2 (MPEACTABISIOLIET0 CUCTEMY KoyiedaTellbHO-
BpalllaTeIbHBIX YPOBHEH) mosioca norioieHus uMmeet wnpuHy 100—200 HM 1 Ha-
XOIUTCS B BUAMMOI O0JIACTHU.

3a Bpemst ~ 107! ¢. MoeKy/Ibl GE3bI3IyYATENIEHO MEPEXOAAT HA CAMbIil HIKHUIA
MOIYPOBEHb COCTOSIHUSL 2, BPEMsI XU3HU KOTOpOro T, ~ 10~ c¢. [lajnee BeliecTBO
JIIOMUHECLUpYeT, mepexoas B coctosiHue 1. Ilojoca JMOMUHECLIEHIMU CABMHYTA B
o0JyacTh 0oJsiee IIMHHBIX BOJH MO OTHOIICHUIO K T0JIoce morolieHus. OgHoBpe-
MEHHO C JJIOMMHECLIEHIIENH MOJIeKyJla MOXET MEPeTH B METaCTaOMIBbHOE COCTOSTHHE
3, a 3aTeM IOMIOTUTh KBAaHT CBETa JIIOMUHECLEHLIUU U TMEePEeUTH B COCTOSHUE 4.
YT1oObl 3TO MPEAOTBPATUTH, HEOOXOMMMO 3a BpeMs 1077 ¢ HaKayaTh ypOBEHb 2.

Jlazepbl Ha KpacUTeJISIX MOTYT HaKauYMBaThCs HAHOCEKYHIHBIMU UMITYJIbCAMU IPY-
TUX JiazepoB (pPyOMHOBOIO, HEOAUMOBOIO) 1 MX TapMOHUKaMU. JIUTEIbHOCTh TeHe-
pauuu coctapiser 10 He, a MomHocTb 10*— 10° BT. MoXHO HaKauMBaTh U UMITYJIb-
CHBIMM JIaMIIaMU, OOECTIEYMB HApACTAHME BCIBILIKM 3a Bpemsa < 107 c.

I1pu mornoIeHy IMPOKOTo CIeKTpa U3TyUeHMS JIAMIThl KpacUTEIbh HarpeBaeTcs,
U MOJIEKYJIbl MOTYT AMCCOLMMPOBaTh. YTOOBI 3TOr0 HE IPOM3OIILIO, KPacUTENb
MPOKAYMBaIOT Yepe3 KIOBETY, HaXOIAIIYyIocs B pe3oHaTope. [1pu ObICTpoli mpokadyke
MOXHO JOOMTbHCSI HEMPEPBIBHON reHepanuu. Pazy-
MeeTcsl, Hakayka TakXe IOJDKHA ObITb HENpepbIB- 7
HOM.

Ha puc. 7.20 uzobpakeHa cxemMa HEIpepbIBHOTO %2
Jlazepa, HaKauMBaeMoOro M3JTy4yeHHEM aprOHOBOTO i
J1aszepa. I

|
I
I

—5—4

ITpoiing yepes muH3y JI,, ero nsnydyeHue POKycH-
pyeTrcs B KioBeTy K, 4yepe3 KOTOPYIO CO CKOPOCTBIO
v IpoTeKaeT Kpacutenb. [Ipu pazmepe myyka apro-
HOBOTO Jla3epa B (DoKaNnbHOM MIocKocTu d ~ 10 MKM

|
. |
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u ckopoctd v ~ 10 M/c MojeKyna HakKauuBaeTCsl 7
B TeueHue T ~ d/v ~ 107 ¢, 3aTeM U3NTydaeT ¥ yXOnuT
U3 pe3oHaropa. Puc. 7.19



Jh Haxkauka

3

T Kpacurenb

Puc. 7.20

PesoHnaTtop cocrout us chepuueckoro 3, U MiIockoro 3; 3epkaji. Ecinu 3epkana
OTpaxaloT BCe KOMITOHEHTHI IMMPOKOW JIMHUM JIIOMU-HECUECHIINN KpacuTel,
TO TIoyioca reHepanuu goc-turaet 30— 50 HM.

Ecau BHYTpE pe3oHaTopa MMOMeCTUTh TTpu3My /1 v TupakKIIMOHHYIO PEIIeTKY
(Ha puCcyHKe He TOKa3aHa), Ha KOTOpYIO MamaeT TMapauleJbHBIA IMydOK YCUJIMBA-
eMoro cBeTa (TTocjie TPOXOXKIEHUS JMH3B JI|), TO ToJloca TeHepaluu CY3UTCS
10 0,1 —0,2 uM. YcunuBaTbest OyayT T€ BOJHBI, KOTOPbIE Maaa0T NePIeHANKYISIPHO
Ha 3epkayio 3,. [loBopaumBas mpusmy (MJIM pelIeTKy), MOXKHO IUTABHO TIepecTpanBaTh
JUTMHY BOJTHBI M3ITyYeHMS JIa3epa.

Ha puc. 7.6 uB. BKIJI. TOKa3aH (pparMeHT Takoro Jrazepa. Kpacureab opaHkeBOTO
LIBETa IIPOKAYMBAETCS Yepe3 KIOBETY, KOTOPas OCBEIAETCsS CBETOBLIM ITyYKOM apro-
HOBOTO Jiazepa.

IlInpoko pacrpocTpaHeHHBEIM KpacuTelieM sBisieTcst pogaMuH 6G. Ero nmmHus
JIIOMUHECIIEHIINN 3aHUMaeT auara3oH 520 HM < A < 620 HM. B kadecTBe akKTUBHOI
Cpebl UCTOJIBb3YIOTCSI pa3IMuHbIe €ro pacTBOpbl. Bricokast apdeKTuBHOCTH Mpeos-
pa3oBaHMS SHEPTUU BOJIHBI HAKAYKW B HEPTUIO TEHEPUPYEMOIT BOJHBI TTOTyJaeTCs
IIPA WCITOJIb30BAHWM B KauyeCTBE PACTBOPUTEINS 3TaHoda. [1pu mMoBopoTe MPU3MBI
IIBET CBETOBOTO TyYKa Jlazepa ¢ TaKOM aKTUBHOM Cpemoil M3MEHSIETCS OT 3eJIEHOTO
JI0 KpacHOTO.

Ecam ncrions30BaTh KpacuTeNlb OKCAa3WH, TO MOKHO TTepeCTpanBaTh ITMHY BOJTHEI
n3TydeHus B auara3one 660 — 760 aM. [Tomerriast B pe30HATOp pa3TUIHBIEC PACTBOPHI
KpacuTesieil, MOKHO OCYILIECTBUThL TeHepalnio Ha JI000# ITUHE BOJTHBEI BUIUMOTO
u ommkHero MK-auanasoHa.



PA3SIOEI] 3
NUHTEPOEPEHIINA CBETA

JEKIIUA &

OnHuM U3 HauboJsiee BaXKHBIX SIBJICHWI, TTOATBEPKAAIOIINX BOJHOBYIO MPUPOLY
cBeTa, gABisgeTcsd uHTepdepeHuys. [lon uHTephepeHIMeli TOHUMAIOT SIBJIeHUe Ha-
JIOXXEHUS BOJIH, TIPUBOJSIIETO K TepepacIipeie/IeHUIO B ITPOCTPAHCTBE TJIOTHOCTH
SHEPTUM DJIEKTPOMATHUTHOIO TOJIS.

B conHeuHylo morogy Hepeako MOXKHO BUIETh MPUYYIIMBYIO OKPACKy TOHKMX
MacCJISSHBIX TISITEH Ha MOKpOM acdanbTe WIM Ha IMOBEPXHOCTH JyXK. PazmunyHbIMM
LIBETAMU PaIyTH MePeIMBaIOTCS My3bIpU HA BOIHOUN MOBEPXHOCTH. MHOTUM XOPOIIO
M3BECTEH KJIAacCUYeCKUil onbiT HbloTOHA, B KOTOPOM HAOMIOAAIUCH KOHIIEHTpUYE-
CKME KOJIblIA MPU OCBEILIEHUM BBIMYKJION JIMH3bI YEpe3 MPUXKATYIO K HEW CTEKJISTH-
HYIO TIJTaCTUHKY.

B nmomaiHux yciaoBUsSIX MOXHO HaOJtonaTh MHTEp(EpeHLMIO CBeTa, €C/Iv, Ha-
TIpUMeED, Jy4 OT Jla3epHOI yKa3KW HaIllpaBUTh Ha JIMCT IUIOTHOM OymMaruv, B KOTOPOM
MPOKOJIOTHI IBa OJIM3KO pacMoIOXKEHHBIX OTBepCTHs. Torma mo3aau JIMCTa Ha CBET-
JIOW CTeHe WM dKpaHe MOXHO HaOJI0JaTh CEMEMCTBO UYEpEemyIOLIMXCS CBETJIBIX
1 TEMHBIX MOJIOC.

Bo Bcex mepeuyrcieHHBIX CIydasiX MMeeT MeCTO HaJIOXKEeHME B IIPOCTPAHCTBE CBe-
TOBBIX BOJIH.

PaccmoTpum 06ojiee mogpoOHO OCHOBHbIE 3aKOHOMEPHOCTU MHTepdepeHIInH,
0o0paTUBIIMCh CHAYala K PacCMOTPEeHUI0 MHTepdepeHInn AByX BoiaH. Ha puc. 8.1
CXeMaTHMYHO M300pakeHbl ABa BOJHOBBIX I1IyTa, MepeceKaroliecs: B Touke P.

Ecnu Bektops! E; u E, opueHTHpOBaHbI NEPHEHANKYJISIPHO INIOCKOCTU PUCYHKA,
TO HaIPSLKEHHOCTh CyMMAapHOTIO TIOJISI B 9TON TOUYKe

E\ (1) = E\(1) + E5 (1) (8.1)

J1000#t mpreMHUK U3JIydeHUs], HaXOAsIIuics B Touke P, OymeT pearupoBaTh
Ha CPEIHIOI BEJIMYUHY

_ 1 Tnp
E? = — [ EX(vydt, (8.2)
Tup
TIE T, — BPEMs OBICTPONEHCTBUS MPUEM-
HUKa. [ Bcex MpUEMHUKOB CBETA BpeMsI
T,p 2 1072 ¢ u, ciaemoBaTenbHO, 3HAYM-
TEJIbHO TIPEBOCXOAUT TEPUOJ ONTUYECKUX
KOJIeOaHUIA.
IMoncraBus (8.1) B (8.2), moayuyum

E2,=E}+E?+2EE,. (83)
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IMocnenHee cmaraemoe B TpaBoii yactu (8.3) Ha-
3BIBACTCS UHMEPpepeHYUOHHbIM YaeHom. Takum obpa-

\ . ol 30M, HeobX00uMbIM yca08uem urmeppepenyuy s161s-
1
5| emcs omauyue om HyAs UHmMephepeHyUOHHO20 YaeHa.
r HNnrepdepernms KBa3UMOHOXPOMATHYECKHX BOJIH.

PaccMoTprM OCHOBHBIE 3aKOHOMEPHOCTHU UHTEpde-

PEHIIMU, UCIIOJIb3YSl KIACCUYECKUI OIIBIT, BBIMOJ-

HeHHbIN aHrnuiickuM ¢usukom T.HOnrom (1801).

CBeT OT TOYEYHOI0 MCTOYHHMKA S MOTManaeT Ha K-

paH ; ¢ ABYMSI MaJIBIMM OJIM3KOPACIIOIO0XEHHBIMU

Puc. 8.2 OTBEPCTUSIMU, a Ha BTOPOM dKpaHe 2, (hopMupyer-

cg nHTepdepeHIIMOHHAasT KapThHa (puc. 8.2).

BosiHOBBIE BO3MYIIIEHHUS B TUIOCKOCTH OTBEPCTUIT SKBUBAJIEHTHBI TOUEYHBIM HMC-

TOYHUKAM S; U §,, TTOCBUIAIOIIUM B TOUYKY P BOJHBI

E\(?) = a|(H)sin[ogf — kory +9,(1)];
E, (1) = ay(t)sin[wyf — ko, + @5(1)].

9 9,

8.4)

Beipaxkenust (8.4) onMChIBAaIOT KBAa3MMOHOXPOMATUYECKHUE BOJHBI, Y KOTOPBIX
aMIUIMTYIbI @;, @, U Pasbl @), @, ABISIOTCI MEUICHHO MEHSIOIMMUCS QYHKUIUSIMU
BpeMeHU. BpeMeHHO#t MaciTad ux u3MeHeHus T, ~ 1/Av (Av — 1lIUpUHA CIIEKTpaib-
HOM JIMHUM U3JyYeHMSI UCTOYHMKA S). M3 TIpenbIayIero pacCMOTpEeHUsI CTaTUCTH -
YECKHUX CBOMCTB CBeTa CJEAYeT, YTO BpeMsl T, U3MYYSHMS Pa3IMUHBIX HEKOTE€PEHT-
HBIX UICTOYHMKOB CBeTa (Iyru, ra3opa3psimHOi JIaMIIbI U [Ip.) TIO TOPSIAKY BETUYM-
HBbI COBITaAaeT JUOO C JUIUTEIBHOCTBIO IIyra T (CO BpeMeHEM paauallMOHHOIO 3aTy-
XaHUs), MO0 CO CPeIHUM BPEMEHEM T, < T MEXIY ABYMsSI CTOJKHOBEHUSIMM.

ITone B Touke P OymeT paBHO

E]+2(t) = ASln(O)Ot + (D), (85)
rae
A? = at + a3 +2a1a, cos[(@, — 0,) + ko(r, —1)]; (8.6)
ted= a; sin(@, — ko) + a, sin(@, — kory) . (8.7)
a; cos(Q; — kory) + ay cos(@, — kory)
MHTEHCUBHOCTDL BOJHBI, B COOTBETCTBMU C (8.6), paBHa
A2
I = EEE I+ 1, + 2115 cos[(@; — @2) + ko(ry — 1), (8.8)

rne I, = at/2; I, = a3/2. BenuunHa r, — r; HA3BIBAETCS PA3HOCMbIO X004.

D710 pacrpenesieHue MHTEHCUBHOCTHY B IMPOCTPAHCTBE U ONMCHIBAET uHmMepgphepeH-
YUOHHYIO KapmuHy, VN uHmepghepoepammy, HabII0AaeMyl0 Ha dKpaHe ;.

Ecnu 661 pazHoCTh (ha3 @, — ¢, HE MEHsSJIaCh CO BPEMEHEM, TO KapTWUHA ObLia
Obl HemoABMXKHOM. Ha camMoMm gesie 3Ta pa3HOCTh MEHSIETCSl CydallHbIM 00pa3oM,
MO3TOMY MHTep(depeHLIMOHHAsI KapTUHA OyIeT XaOTUYeCKH ABUTAThCS B pa3HbIE CTO-
POHBI 11O 3KpaHy 9,. [IpueMHUK MOXeT 3a)MKCUPOBaTh TaKyl0 TMHAMUYECKYIO0 MH-
TepPEPEHLIMOHHYIO KapTUHY, €CIIU Ty > Ty

Ecnu McTOYHMK CBeTa TEIJIOBOM, ra30pa3psiIHbIA U TIp., TO IIMPUHA JTUHUU €r0o
msnydeHust Av > 10'°— 10" T'u, a Bpemst 1, < 107''— 1071 ¢. Ecim 1, < 1, TO npHEM-
HUK 3aPETMCTPUPYET YCPEAHEHHYIO 32 BPEMS Ty, «Pa3Ma3aHHYI0» KapTHHY.
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KavecTBo KapTWHBI OyneT TeM BBIIlI€, YeM JIy4llle BBITIOJHSIETCS HEpaBeHCTBO
lo; — @ < 2n. Ecnu, Hanpumep, pasHOCTh (a3 M3MEHMTCS HAa BEJIUYMHY +T,
TO KapTHWHA CIBUHETCS Ha TOJIOBUHY PACCTOSIHUS MEXOY MHTepdepeHLIMOHHBIMU
MoJIOCaMH, a YyCpelIHEeHHasl KapThuHa OyJeT CUJIbHO cMa3aHa. YToObl yCTpaHUTh 3TO
cMasbiBaHUEe, B MHTEePGEPEHLIMOHHBIX OMNbITaX C TEIJIOBBIMM, Ta30pa3psIHbIMHU
U OPYTMMHM MCTOYHUKAMM MCITOJIB3YeTCS MHTep(EPEHIIUs ABYX BOJH OT OJHOTO
HWCTOYHUKA.

vprHa TMHAM J1a3€PHOTO U3JYYEHUS CYLIECTBEHHO MEHbBIIE, U YCJIOBUE Ty > Ty
MOXET OBITh BBITIOJTHEHO. BCcKope 1ociie mosiBiaeHus Jla3epoB ObLIY ITPOBENCHBI OITbI-
ThI TIO UHTEpGhEPEHIIMU CBETa OT ABYX He3aBucuMbix He-Ne-sazepos.

Hurepdepennnonnnie mosockl ¥0nra. IMpoananuszupyem pacripeneneHnue MHTEH-
CUBHOCTHU B MHTep(depeHLIMOHHOI KapTuHe. BHavaje OyneM cuuTaTh, 4To 4, = a; =
=a= const, ¢; = @, = ¢ = const. DTU IBa yCIOBUS COOTBETCTBYIOT MHTEphEepEeHIIUN
MOHOXpoMaTtudeckux BoJiH. Torma (8.8) 3anuiuercs B BUae

T = 21,1+ cos(ky(ry — 1))]. (8.9)

3neck Iy = a*/2. B unmepgeperyuonibix makcumymax AHTEHCUBHOCTS [ = 41,. VIX mosio-
JKEHUE OTpenessieTcsl yCIOBUeM ky(r, — ) = 2nm, WIM r, — 1y = mAgy, Tne m = 0, £1,
12, ... llenoe uncno m onpenensieT nopsdox unmeppepeHyuoHH020 MAKCUMYMA, VTN
nopsadok unmepgpepenyuu. Ecnu xe ko(r, — 1) = 2nm + ©, WIKA 1, — 1 = MAy + Ao/2, TO
OynyT unmepghepeHyuoHHble MUHUMYMbL, B KOTOpBIX [ = 0.

HMHTepdepeHIMOHHBIE MAKCUMYMBI 7-TO TIOPSIAKA PacIojioKeHbl Ha Tapaboiou-
Jie BpallleHUsl 7, — 1| = MA C OCblO S;5,. Ha akpaHe B2, OymyT BUAHBI MPaKTUUECKU
TrapaJijieJIbHbIe TI0JIOChI, Ha3bIBaeMble norocamu FOnea. OHM MepIIeHIUKYJISIPHBI TI10C-
KOCTU pucyHKa. PacripeneneHue MHTEHCUMBHOCTU I(x) BOoJb ocu Ox TMOKa3aHO Ha
puc. 8.3.

KoopanHaTHI X, 3TUX MOJIOC MOKHO JIETKO BEIYUCIIUTD, €CJTA 3KpaH 9, pacIioao-
XKUThb B danvHeli 3one. ToHSTHE HanmbHEW 30HBI SABISIETCS UPE3BBIUAHO BaKHBIM
B TCOPHWU BOJIH.

CoBMeCTUM HaAYaJio OTCYeTa KOOPAWHATHI X ¢ MHTepDEepeHIMOHHBIM MaKCUMY-
MOM HyJjieBoro nopsiaka. Tyaa xe nmomectum Touky P (puc. 8.4).

Ecnu yBeanuuBaTh paccrossHue L, To oTpe3Ku s;P u s, P OynyT cCTaHOBUTBHCS BCe
GoJree MMOXOXXMMM Ha TIapaJljieIbHbIE, a VX IJTMHA 7 TIPUOIKATLCST K paCCTOSTHUTO L.
Onpenenum o6gacTb paccTossHuit L, mpu KOTOphIX ¥ — L <« A. IIpu pacctosiHum d
MEXIY OTBEPCTUSIMU MOKEM 3aIicaTh

2
dT:rz—Lz:(r—L)(r+L)z2L(r—L), (8.10)
rne r+ L = 2.
X
m=1

| .4
2 2 om=0 S)— r
s 1) - P

II m=-1 52 r
9 9

L
Puc 8.3 Puc. 8.4
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Torma nCKoMoe pacCTOsTHUE YIOBIETBOPSIET HEPABEHCTBY

d2
r—L:8—L<< Ao- (8.11)
OTcroga HaxoouM
d2
L > LO = 8_M (812)

Benuuuna L, uMmeeT pasMepHOCTh JUIMHBI. C ee MOMOILBIO BBIACIISIOT TaK Ha3bIBa-
eMble OmmkHIow (L < Ly) u ganbHIo (L > L) 30Hbl. Eciu d ~ 2 MM, Ay = 500 HM,
To Ly = 1 M. Korina Touka P HaxoauTcd B AajJibHEW 30HE, MOXHO MPUOJIUXKEHHO
CYMTaTh, YTO BCE OTPE3KHU, MAYIIME M3 00jacTh pasMepoM d K Touke P, umMeroT
OIIMHAKOBYIO IJIMHY, paBHYIO L. DTO MpUOIMKEHUE TTO3BOJISIET CYIIECTBEHHO YIPO-
CTUThH pellieHMe MHOI'MX MHTepdepeHLMOHHbIX (M nu¢pakiuMOHHbIX) 3amad. Eciu
B paccMarpuBaeMoil HTepMEPEeHLIMOHHON CxeMe 3KpaH J; MOMECTUTD B JaJIbHIOI
30HY (puc. 8.5), To Mg TOUKM P ¢ KOOpAWHATON X, B CHUIIy MapajuieibHOCTH §;P
U 5, P, MOXHO TIpUONMDKEHHO 3alucaTh

X_h-n 8.13
7 7 (8.13)
Torma (8.9) MOXHO TIpeACTaBUTH B BUEC
2n d
I(x)=21,|1+ ——x||. .
(x) 0[ COS(XO 7 xﬂ (8.14)
I'padpuk 3aBucumoctn (8.14) mpeacTasieH Ha puc. 8.6.
KoopanHaTa m-To MakcuMyMa paBHa
mAL
=—= 8.15
Xn == (8.15)
a wWupuHa uHmepgepeHyUOHHOU NOA0Ch!, VI PACCTOSTHUE MEXIYy MaKCUMyMaMu,
AL
Ax:xmﬂ—xm:j. (8.16)

IlIuprHa mosoc yBeIMYMBAETCS C YMEHBIIEHUEM PACCTOSHUS d MEXIy OTBEp-
CTUSIMU U yaajieHueM sKpaHa B,. [TogobHoe pacrnpenelieHue UHTEHCUBHOCTHU OyIeT
U MPU UCITOJIb30BaHMM dKpaHa J; ¢ ABYMS MapaieIbHBIMU IIEJISIMU.

Pa3zmbiBanne uaTephepennmuonHoii kKaprunbl. [Tonockl FOHra, n3o0pakeHHbIE Ha
puc. 8.6, COOTBETCTBYIOT MICaJbHOM CUTYallMM, KOTJIa M3JIydyeHHe MCTOUHHMKA IIPO-

X an Ax
r P 4
ng——————7n |
d | 0
5 — L> L, 2r
0 Lax | x
Puc. 8.5 Puc. 8.6
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KUCXOAUT HAa OHOM UIMHE BOJIHBI Ay (MM YaCTOTE (). g

Kak yxxe ormeuanoch, peajbHble UICTOYHUKUA B JTy4- Al

1IeM CIyJae SIBISIOTCS KBa3MMOHOXPOMAaTUYECKMMU, e I

MO3TOMY MHTepdEepeHIIMOHHAs KapTUHA pa3MbIBaeT-

cs. Pa3aMbIBaHME MOXHO OIMCATh, TTOJIb3YSICh BPEeMEH-

HBIM U CIIEKTPaJIbHBIM IMPEACTABICHUSIMU KBAa3UMO- 0 Y -

HOXPOMAaTHUYECKOTo u3nydyeHus. CrekTpaabHOe OIMU-
CaHMe CBOIMUTCS K CYNEPIO3ULIMY UHTEpPepeHLINOH- Puc. 8.7

HBIX TToJ1oc FOHTa 1151 pa3HBIX JIMH BOJIH. B MeToau-

YECKOM ILJIaHE OHO 0oJiee HarJIIIHO, TTI03TOMY LIese-

Cco00pa3HO C HEero W Hayarh.

Cnexmpaavnoe onucanue. /11 MpocTOThl OyIeM CUMUTATh, YTO JIMHUS U3TYYEHUS
UMEET MPSIMOYTOJIbHBINA KOHTYP C LUEHTPAIBHOW IJIMHOW BOJHBI Ay U IHMPUHON AA =
= 7L2 - 7\«1 (pI/IC. 87)

HanmomHuM, 4TO crieKTpajibHas MJIOTHOCTh MHTEHCUBHOCTHU CBSI3aHA C KOHTYPOM
JIMHUU 3aBUCUMOCTBIO

SA) = Ig(h). 8.17)

Ecnu BbIIeUTD Y3KUIA CIIEKTpaIbHbIN MHTEpPBa d A, TO MUHTEHCUBHOCTbD JJISI 3TO-
ro uHrepBaia dl, = S(A\)dA. Kaxaplii MOHOXpOMaTUYECKNIT UICTOUHUK CBETa C TaKOM
WHTEHCHUBHOCTBIO U IJIMHOW BOJHBI A C(DOPMUPYET CBOIO BJIeMEHTapHYI0 UHTepde-
PEHLMOHHYIO KapTUHY, CAMMETPUYHYIO OTHOCUTEJbHO Hauasia KoopauHat. [TonHast
KapTUHa OyIeT SABJISAThCS CYNepHo3uLIMel a1eMeHTapHbIX KapTuH. OgHaKO 3TU Kap-
THHBI, coriacHo (8.16), OyayT MMeTh pa3HbIe pacCTOSHUS Ax MexXay roocamu. I1o-
3TOMY IpHU yAaJeHUU OT Hayajla KOOPAMHAT UHTep(hepeHILIMOHHbIE TTOJIOChl CyMMap-
HOI KapTHUHBI OYAyT paclIUpSIThCS U B HEKOTOPOM MHTEp(hEPEeHIIMOHHOM TMOPSIIKe
Myax COBIOTCA. [Ipy m > m,,,, KapTHa OyAET MOJHOCTBIO CMa3aHa.

OLeHUM My,,,. d7s aTOoro OyaeM cuutath, UTO B TOUKe P peanusyercs: m-i Mak-
CUMYM JJIS1 JUIMHBI BOJIHBI Ay W (m+1)-1i — IJI0 JJTMHBI BOJHBI A

(r2 - rl)max = mmaxx'2 = (mmax + l)7\'1 (818)
Bnauane OLUEHUM MAKCUMANbHbLI I’lopﬂaOK uHmequepeHuuu:
A Ao
m = = —, 8. 19
max }\-2 _ )\’] AL ( )
STOMY nopAAKY COOTBETCTBYET MAKCUMAAbHAA pA3HOCHb xoda
Ad

(8.20)

(’"2 r])max - mmaxxz - A?\,'
®opmyiel (8.19) u (8.20) umeroT dyHIaMEeHTaTbHOE 3HAYSHUE — OHU CBA3bl6A-
om MakcumaibHvle NOpAOKU uHmepgepeHyuu u npedeavHble pasHOCMU X00a ayuell
C WUPUHOU CNeKMPAAbHOU AUHUU UCMOYHUKA céema.
He cocraBnsieT Tpyma mojayduTh pacripenejicHre MHTEHCUBHOCTY TIPU 3aJaHHOM
CIIEKTPaIbHOM TUIOTHOCTH. 3/1eCh yIOOHEe BOCTIONB30BAThCS CITEKTPATBHOM ITOTHO-
cTbio S(w). BHauasne nepenuiiem (8.9) 111 MOHOXpOMATUUYECKOTO U3JIyUeHUS B BUE

1(7) = 21[1 + cos(wyT)], (8.21)
rae T = (r, — r)/c — BpeMsl 3alepKKH, IMPONOPLUUOHATIBHOE PA3HOCTU XOJA.
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7151 KBAa3UMOHOXPOMATUUECKOTO M3TydeHus 3aMmeHuM [y Ha dly(t) = S(w)dw. Toroa
dl (1) = 25 (0w)dw[l + cos(wt)]. (8.22)

HMuterpupys (8.22) 1mo BcemM yacTtoTaMm, IojaydyaeM
1(v) = [dI(x) = 21, +2] S(w) cos(wr)do. (8.23)
0

B xauecTBe mpumepa paccunraeM /(T) UTSI U3TYIeHUS C TIPSIMOYTOJTbHBIM KOHTY-
POM JIMHUM, N300pakeHHOM Ha puc. 8.7. [lonarasi, yto npu ®; < ® < 0, S(w) = I,/A®
(Aw = ®, — ®;), TOocJie TTOACTAHOBKU B (8.23) U MHTErpUPOBAHUSI UMEEM:

(&)
I(v)=21, + 1—02_[ cos(wt)dw =21 +21,sinc (%)cos(wor). (8.24)
o

Ha puc. 8.8 npeacraBieHo pacnpenejieHe MHTEHCUBHOCTH (8.24).

ITpu yBeMueHUM T Ka4eCTBO KapTUHBI (KOHTPACT) CHUXKAETCS, U MPU 3aJepKKe
T, = 2n/Am® = 1 /Av KapThHa cMa3biBaeTcsl. OTMETUM, UTO MPU JajbHEHIIeM yBeTUUEHUU
T KaueCTBO HECKOJIbKO MOBBICUTCSI, HO He3HauuTeapHO. HazoBem Bpems T, epemenem
Koeepenmuocmu usayyenus. OHO CBSI3AHO C ILIMPUHON MPSIMOYTOJBHOTO CHEKTpa
COOTHOILIEHUEM

1
AV’
BpeMsi KOrepeHTHOCTH ONpeeseT MacluTad BpeMeHU, Ha KOTOPOM CYILIECTBEH-

HO M3MCHAIOTCA aMIUINTyda U (1)832[ KBa3MMOHOXPOMATUYECKOTO N3JTYYCHUA. BTOMY
BpPEMCHU COOTBETCTBYET PAa3HOCTb XOJa, Ha3bIBa€Mas OAuHoU KOcepeHmHocmu

(8.25)

Tk

c
le=ct =—. (8.26)
Av
. c A A
OueBUIHO, UTO / = () — 1) max- JEVICTBUTENBHO, IOCKOJBKY Ay = —, TO X_X =|2Y.
Vo 0o Vo

c ¢ Ay A§
AV vy AL AL
O1leHUM BO3MOXHOCTH TOJyYeHUs] UHTep(hepEeHLIIMOHHON KapTUHBI C MPUMEHe-
HUEM pa3IMYHBIX UCTOYHUKOB:
s benvtii ceem: hy = 550 HM, AA = 700 — 400 = 300 HM, M, = 2, IJIMHA KOT€PEH-
THOCTH [, = My A = 24 = 1 MKM. TakuM 00pa3om, B OMbITax ¢ O€JbIM CBETOM MOXHO
MOJIYYUTh HECKOJBKO MOJIOC CAMBIX HU3ILIKUX MOPSIIKOB;

I/
4

IMostomy [/, =

Puc. 8.8
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* benviii ceem + ceemoguavmp. OObIMHBIN PUIBTP (LIBETHOE CTEKJIO) MPOITyCKAaeT
WHTEepBaJI JUIMH BOJH AL = 50 HM. IlostomMy my,,, = 10, [, = 10A. Yucno moaoc
¢ IpUMeHEeHUEeM (UIBTPA YBEJIMYMBACTCS B HECKOJBKO pas;

* 2azopaspsonas aamna. lllupuHa crieKTpaabHOM! JTUHUM 3aBUCUT OT TEMIIEPATyPhI
u nasienus raza. [Momaras Av = 10! T'u, monydaem 1, = 1/Av = 107! ¢, mmuHa Kore-
PEHTHOCTH [, = 3 MM, @ My, = L /A = 6-103;

s nyuok ceemsawuxcs amomos (amomubvii nywox). EcTecTBeHHas IIMpUHA JIMHUN
ux usnydeHus Av = 10° I'y, BpeMst KOTepeHTHOCTH T, = 10~ ¢, IUIMHA KOrepeHTHOCTH
.= 30 cM, my,, = 10%;

e He-Ne-nazep. IllupuHy nuHUM OOBIYHOTO (0€3 aBTOIIOACTPOMKU pe30HAaTopa)
Jasepa npuMeM paBHOi Av = 107 T, 1, = 1/Av = 107 ¢, [, = ¢t = 30 M, my, = 107.
Ecnu nazep ¢ aBTonmoAcTpoilkoil u crabuiauzamuei, To Av = 1 T'u, 1, = 1 c,
[~ 3108 m.

st onmcaHMs KauyecTBa KapTUHBI A. MaiiKeJIbCOH BB )yHKUUIO UOHOCMU, OT1-
penensieMylo Kak

V(T) — lmax (T) — 1min (T) , (827)
Imax (T) + Imin (T)
e I U Iy, — MHTEHCUBHOCTU B MHTEP(MEPEHLIMOHHOM MakCUMyMe U OJvKaii-
1IeM K HeMy MUHUMyMe. 11 pacripeaeneHust MHTeHCUBHOCTH (8.24) GhyHKILIMS BUI-
HOCTH MOJIy4aeTcs paBHOM

V(v =

sinc (%)‘ (8.28)

I'paduk pyHKkuMHM M300paxkeH Ha puc. 8.9.

Ha puc. 8.1 uB. BKJI. TOKa3aHbI MOJIYYEHHEIE C TTIOMOIIBI0 KOMITBIOTEPHOTO MOJIE-
JIMPOBAHUS pacIipefesIeHss MHTEHCUBHOCTA [(T) M MHTepdepeHIINOHHBIC TTOJIOCH!
JUIS CTIeKTpa, COCTOSIIIEro U3 ABYX JUHUM (puc. 8.1, a), a TakKe MpsSMOYTOJIbHOIO
(puc. 8.1, 6) u rayccona (puc. 8.1, ) criekTpoB. [Ipy 3TOM BO BCEX TpeX CUTyaLUSIX
cepeliHe CIeKTpa COOTBETCTBYET JIJIMHA BOJHBI Ay = 525 HM, a LIMPUHA CHEKTpa
AL = 50 HM.

B mrepBoM cityyae ¢ yBemueHMEM BpeMeHU 3aIep KK (DYHKIIVST BUTHOCTH TIepH-
OINYECKH M3MEHSETCA OT CIMHUIILI 10 HyNSA. I TpSMOYTOJIBHOTO W TayCCOBOTO
CITEKTPOB BUTHOCTh KapTUHBI yXyamraeTcss. OTMETHM, UTO B TIOCIIEAHEM clTydae (pyHK-
VST BUTHOCTH SIBIISICTCST TAKKE TayCCOBOM.

Bpemennoe onucanue. B oribite FOHTa M35IydeHNE KBa3UMOHOXPOMATUIECKOTO HC-
TOYHMKA TIOCTyIaeT Ha JiBa OTBEPCTHsI, TocJie Yero cobupaercsi B Touke P. Eciu
HaNPSSKEHHOCTD TT0JIST MCTOYHUKA MEHS -
eTcsl BO BpeMeHU 1o 3akoHy FE(7), To E|
u F, ¢ pa3HOIl BpeMEHHOU 3amepKKoi 4
noBTOpPAIOT 370 Tone: E\(7) = E(t — A?); 1
Ex(t) = E(t — At + 1), Toe At — Bpewms
MTPOXOXXIEHMST BOJTHEI OT § Yepe3 §; K TOU-
ke P, T = (r, — r)/c — BpeMsl 3aIepXKKHU,
ompenessieMoe pa3HOCThIO xona. [Toncras-
asaa Ey u E, B (8.3) U yuyuThIBasi, 4TO
pe3yNbTaT yCpeaAHEeHNS OT Af HE 3aBUCHT,
MoJiyyaem Puc. 8.9

=2n/Aw 0 2n/Aw T
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I(t)= Er, =1, + 1, + 2EE(f + 7). (8.29)
DyHkuMa
B(t)= EQE@F+7) (8.30)

Has3bIBaeTcs gynkyueli agmokoppeaayuu noas E(t). OueBunHul ee cBorictBa: B(0) = /;
B(—1) = B(t); B— 0 mpu 1 — oo.
CpasuuBag (8.29) u (8.23), HaxoauMm

B(1) = [ S(w) cos(ot)d. (8.31)
0
s MmoHOXpomaTuyeckoro uanydeHus S(m) = [)d0(ow — my), T03TOMYy
B(1) = I, [ (0 — 0p) cos(@1)dw = I, cos(wT). (8.32)
0

st IpssIMOYTOJIbHOTO CIEKTpa, KaK 3To cpa3y cieayeT u3 (8.24),
B(x) = Iosinc(%)cos(wot). (8.33)

O6o6mas (8.33), oTMEeTUM, UYTO JJIsI KBa3MMOHOXPOMATUUYECKOTO H3Ty4YEeHUS
C IIEHTPAJTLHOM YaCTOTOM My ¥ IMMPUHOM A® < ) (PYHKIINS aBTOKOPPEIISAIINA UMEET
CJIECAYIOLINA BUI:

B(7) = Iyy(t) cos[wyT + ¥(1)] (8.34)

(BBIBOJI 3TOTO BBIPAKEHMS TIPUBENEH B MPUJIOXKEHNM B KOHIIE 3TOH JieKIun). Men-
JIEHHO M3MeHstolasacs GyHkuus y(t) Ha Maciutade T, ~ 1/Av Ha3bIBaeTCsl cmeneHvio
Koppeaayuu. CTereHb KOPpeJsiuy u3MeHsietcst B auanasore 0 < |y| < 1. B ombite
IOnra |y| = V.

C moMoIIIbI0 Y MOXXHO BhIPa0OTaTh KPUTEPU KOTEPEHTHOCTH MHTEPhEPUpPYIO-
X BOJIH. B mpmpome HeT abCOMIOTHO KOTEPEHTHBIX BOJH, a CYIIECTBYIOT JIUIIIh
yacmuuHo KoeepeHmuole 60aHbl. CTETIEHb MX KOTEPEHTHOCTU XapaKTepU3yeTcsl BEJT-
YMHOIA |y|: yeM Giuke |y| K eanHuUIEe, TeM 6ojiee KOTePEeHTHBI BOJHBI.

Ecnu 3agepxka t < 1., To nosst £, u E, B Touke P comepxkaT OOJblIOe YUCTIO
OIIHMX M TeX Xe LYroB. B aToM citydae nmeeTcs 6osbluas Koppessauus (CTaTuCTuye-
cKas CcBsi3b) oTUX noneil, u E E, # 0.

Haoboport, mipu T > 1, 9Ynciio nHTephepUpyOINX ONMHAKOBBIX IIyTOB B TOUKe P
HE3HaYUTENIbHO, a MPEBAJIMPYIOT Pa3HbIe 1yTH, CTATUCTUYECKU He3aBucuMble. B aTom
ciydae Koppensiuus noneir £, u E, otcyreryer u E, E,=E, E,=0.

®ypbe-cnekrpockonusa. MHTerpan (8.31) MOXeT OBITh MCTOJIKOBAaH KaK pasioxe-
HUE YeTHOM (yHKIIMU B(T) 1Mo yacToTaM, B KOTOPOM (hypbe-aMILTUTYION SIBJISIETCSI
S(w). CaemoBaTeIbHO, OHA OMIPENCNISIeTCsST 00paTHBIM TTpeodpasoBanreM PDyphe:

S(w) = %TB(T) cos(mt)dT. (8.35)
0

Ha atoM npeoGpa3oBaHiK OCHOBaHA Qypbe-chekmpockonus. sl SKCTIepUMeHTaTb-
HOTO ONpeAeNeHUs] CIEKTPaIbHOM IJIOTHOCTH MHTEHCHMBHOCTH S(®) KaKOro-jinbo
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HMCTOYHHMKA CBETa MCIOJb3YIOT MHTeP(hepeHIIMOHHYIO 3, ez

cxemy. Mamepstotr nuntepdeporpammy I(t), onpene-

JISTIOT (DYHKIIMIO aBTOKOppEIsILMK 110 hopmyiie (8.29)
- vV

B =12y, S

2

1 3aT€M PacCUUTHIBAIOT S().

OCHOBHBLIM 3JIeMEHTOM (ypbe-CeKTpOMeTpa
sIBJIsIETCS MHTepdepoMeTp MalikenbcoHa, ChIrpaB-
LW OOJIBIIYIO POJIb B OMBITaX MO OIpPENeJeHUIO
adupHoro BeTpa (puc. 8.10).

CBeT OT MCClieIyeMOro UCTOYHMKA § HalpaBiseTcss B MHTeEpGhEPOMETp, B OTHOM
M3 TUIeY KOTOPOTO HAXOAMTCS JABMIKYIIEECS C IMOCTOSTHHOM CKOPOCTBIO 3epKajio 3.
Ll TprxoBoii TMHMEN MOKa3aHO ero HayaJbHOE TMOJOXEHHUE, TIPU KOTOPOM OITHYEC-
Kve MyTH 00ouX Jiyyeil onrHakoBbl. CMEILEHUIO 3epKajla Ha pacCcTosiHUEe L COOTBET-
CTBYET BpeMeHHas 3aaepxka T = 2L/c. [IpueMHMK, Haxoosch B Touke P, OyneT usme-
pATh uHTepdeporpammy /(t), MOCKOIBKY MPHU ABUKEHNUU 3epKajia IMOJI0Chl OYIyT Takke
nepemMeniatbcsi. CurHan oopadbaTbIiBaeTCsl KOMITBIOTEPOM, KOTOPBIM BHIYUCISIET S(m).

OnHako paccunTaHHas QYHKIMS OyAeT OTIMYAThCS OT UCTMHHOM. [leso B ToM,
YTO CIIEKTPOMETP HEM30eXKHO BHOCUT anmnapaTHbie MCKaxkeHUs. [ 1aBHOe U3 HUX CBSI-
3aHO C OTPaHUYEHHOCTBIO TIepeMeIleHUs TTOIBUXKHOTO 3epKaJa.

YToObI MPOaHAIM3UPOBATh UCKAXKEHMS, pACCUMTACM annapamHyro yHKuuw cnex-
mpomempa. OHa oIpeaessieTcsl Kak OTKJIUK Mpuoopa Ha MOHOXPOMAaTUYECKOe U3JTY-
yeHue. [1peanonoxum, 4To MCTOYHUK MU3TyYaeT CBET Ha OMHOM yacToTe ®,. Toraa
CIIeKTpabHasl TJIOTHOCTh 3TOro u3nydeHus S(w) = [,6(o — o). KoppensuuoHHast
¢byHKIIMA B 5TOM ciydae, coryacHo (8.32), paBHa B(t) = I, cos(wyt). OmHaKO CIieK-
TPOMETP 3aMMUIIET JUIIb «yCEYEHHYIO» (DYHKLINIO

3

Puc. 8.10

B(v), mpu |1 <1, = 2%;

B, (1) = (8.36)

0, mpu |T| > T4,

roe L, — MakCUMalbHOE CMeEIIeHNe MTOABUXKHOIO 3epKaa.
IMoncrasnsas (8.36) B (8.35), HaxoguMm

S (@) = Ig 2 [fsinclt , (0o — ®)] +sinc]t 4 (g + 0)1}. (8.37)
T
an/I ® ~ My MOXKXHO HpeHe6pqu> BTOPBIM CJIara€MbIM:

S, (@) = Iyg4(0g — ®) = I %|SinC[TA((Do ~ )], (8.38)

T4
e g4(® - 0g) = —4[sinc[t4(0) — ©)]| — nckomas anmapatHas GyHKLMS.
T

HetpynHo BunmeTs, 4To Jg 4(0— 0y)do = 1. I'paduk pyHKIMM TTOKa3aH Ha puc. 8.11.
Hlupuna annapamuoii ¢hynkyuu nonaydaercs u3s (8.38) paBHOI

Aoy = —. (8.39)
T4
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& DTa WIMpUHA ONpeessieT pa3peliamilyio
CMOCOOHOCTh (yphe-CIEKTPOMETPA, WIH pa3pe-
HIAIOLIYIO CUTY.
B cniektpockonuu paspewarowas cnocobHocms
CNeKmpanbHo20 npubopa OTpenessieTcsl Kak oT-
HOIIIEHUE YacTOThl @, (MU IJIMHBI BOJHBI Ay)
K MUHMMAaJIBHOW Pa3HOCTU YacTOT AW, (Win
‘ Pa3HOCTU IUTMH BOJH Al;,) ABYX CHEKTpab-
0 oy ®  HBIX JIMHUH, KOTOPbIE TPUOOP MOXET Pa3pPEIIUTh
Awy (pa3nuumnTh):

Y/

Puc. 8.11 R _-_® _ %o
AO~)min A}\'min ' (840)

M3-3a KOHEUHO! LIUPHHBI anfapaTHOU QYHKIUU A®y;, = A®4, TTO3TOMY

(ON) T4 2L
=—=—2% =", (8.41)
A(,l)A 27 7\«0

Ecmu L, =0,5M, A= 1 MkM, To R = 10°. Takum o6pazom, 3ToT mpubop obaazaeT
BBICOKOW pa3pellarollei CUION.

Ecnu KBa3MMOHOXpOMATUUYECKUIA MCTOUYHUK W3TYYAET CIEKTPATbHYIO JIMHMIO,
KOHTYp KOTOpO# g(®), TO Ha BbIxoae (ypbe-CIIEKTPOMETPA C YUETOM arlmnapaTHBIX
HWCKAXEHU, 3aIaBaeMbIX allapaTHoOil (GyHKIUen g4(® — m;), OymeT moyrydyaTbes
UCKAXXCHHBIA KOHTYP

@) = [ 240 - 0y)g(0y) do,. (8.42)
0

CrenoBaTenbHO, €CIM U3BECTHA alnapaTtHasl (GyHKIMS, TO MOXHO BOCCTAHOBUTD
UCTUHHBIA KOHTYP CHEKTPaJbHOM JIMHUU.

Dypbe-crneKTpoMeTp SIBJSIETCS MHOTOKaHAIBHBIM TpubopoM. Eciu mmpuHy Av
CHEKTPATbHOM MIOTHOCTU S(V) U3Ty4YeHUs] UCTOYHMKA pa30UTh Ha OTHEIbHbIe Oec-
KOHEYHO MaJjible MHTEPBaJIbl dv < Av, TO CIIEKTPOMETP OJHOBPEMEHHO 00pabaThiBa-
eT N=Av/dv > 1 Takux untepBaios. [1o cpaBHeHUIO ¢ OAHOKAHAJBLHLIMU ITpHUOOpa-
MM, KOTOpPBIE€ IMOCAEAOBATEbHO aHAIM3UPYIOT MHTEpBaibl dv (CM. dajee, Halpu-
Mep, ckaHupyemblii nHTepdepoMerp Padbpu— [lepo), Gypbe-cieKTpoMeTp UMEET
OOJIBLIYIO UYBCTBUTEIBLHOCTb. ECIM NMPUHSTD, UTO BpeMsT M3MEPEHUs Ha 000UX MPH-
0opax OAMHAKOBO M paBHO Af, TO B CKaHHPYEMOM OIHOKaHaJIbLHOM IIpHOOpe
Ha U3MepeHre UHTepBaia dv TpaTUTCS MeHbliiee BpeMs At/ N. [1py HaTuIuy 1IyMoB
5TO CHMXKAeT YYBCTBUTEJIbHOCTh OMHOKAHAJIBbHBIX MIPUOOPOB IO CPABHEHMIO C pac-
CMaTpUBaeMbIM MHOTOKAHAJIbHBIM CIIEKTPOMETPOM.

Oco0eHHO YCNEelIHO UCIONB3YITC Gypbe-criekTpoMeTpbl B MK-o6nactu, rae
(bOTOHHBIE IITYMbI HEBEIMKU. B cOBpeMeHHBIX KOHCTPYKIUSX IpU L = 1 M IpUEeMHUK
MOXeT peructpuponathb 10 10° Touek uHTepdeporpaMMbl. Takoii 60bILION 00bEM
“HGOpPMAIIMKM TTPEBOCXOAUT MH(pOPMAIINIO, TOJYYEHHYIO C TIPUMEHEHUEM APYTUX
CIIEKTPOCKOMUYECKUX METOIOB.

IIpunoxenue. BoiBoa BeipaxkeHus: B(t) WSt KBA3UMOHOXPOMATUYECKOTO U3JTyye-
HUSI.
Ilycte E(f) = a(f) cos[myt + @(7)]. Toroa
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E o, =E@)+E(t+1)=

= a,(f) cos[wg? + @, (1)] + a,(f + t) cos[wy( + 1) + 0, (f + T)] =

= A(r) cos|wyt + D(7)].
INepexonst K MHTEHCUBHOCTH, TI0 aHayloruu ¢ (8.8) momydaem
2 2 2
I=E%, = AT = %1 + %2 +a;(t)ay(t + 1) cos[myT + Ap(2,T)],

e Ap = @2 — @y
MHuTepdepeHLIMOHHBIN YieH mpeodpa3yeTcsl K BULY

a,a, cos[®,T + AQ] = a;,a, COS AQ COS (T — a;a, Sin AQ sin ®,T =

= @2 @ [C(t) cos )T — S(1) sin 1] = ya2a2 y(t) cos[®yT + w(T)].
3mech

Clr) = a;(Ha(t +1)E)s Ao(t, 1) . S(t) = aj(Ha(t +i)s_in Ao(t,T) :
ata3 yata3
10 = 2@ + 570 tew = .

HMutepdeporpamma (8.21m) 3anuileTcss B BUIE

I(v)=1,+1,+2JI,1,y(t) cos[myT + y(T)].
BugHoCTh KapTUHBI

A,V
V(r)= 2m¥(7)-

DyHKIIUS KOppeasun

B() = I,1,y(1) cos[wgT + w(T)].
ITpu I, = I, = I, oHa coBmnagaer c (8.34).

(8.1m)

(8.2m)

(8.3m)

(8.4m)

(8.5m)

(8.6m)

(8.7m)



JEKIIUA 9

715 mpakTUYeCKUX 1eJieil TPUMEHSIOT MHTep(PepeHIIMOHHBIE CXeMbI, B KOTOPBIX
IIPOMCXOAUT MO0 JAejieHrue BOJTHOBOro (ppoHTa, JMOO AeIeHUE aMIUIATY/bI.

Cxembl ¢ nejeHueM BoJiHOBOro ¢ponra. B paccmorpenHoit paHee cxeme FOHra
C IBYMSI OTBEPCTUSMU BBIIESAIOTCS (hparMeHThl BOJIHOBOTO (hpoHTa chepruuecKoit
BOJIHBI OT MCTOYHMKA S. Takas Xe uaest 3ajiokeHa B MHTeP(PEepeHIIMOHHBIX CXeMax,
B KOTOPBIX JE€JIUTEISIMU BOJIHOBOTO (PpOHTA SIBJISIOTCS OMIIpu3Ma, OUJIMH3a U Ou3ep-
Kajo. Xon ayJyeit B MuHTepepeHIIMOHHOM cXeMe ¢ OMIPU3MOii TToKa3aH Ha puc. 9.1.

bunpusma — 2T0 nBoitHas mpu3Ma, GOPMUPYIOLIAS ABE BOJHbBI, UCXOISIINE
13 MHMMBIX M300pakeHU §; U §, UCTOUHMKA S. KoopauHaThl MHTEphEepeHIIMOHHBIX
MaKCUMYMOB X,,, coriiacHo (8.15), BbIpakaloTcsl yepe3 pacCTossHue d MEXIy §; U S, U
paccrosinne L 1o sKkpaHa. [lpemocTaBisisi YyUTATeN0 BO3MOXKHOCTb CaMOCTOSITETLHO
BBIYMCIIUTD 3TH JIBE BEJIMUMHBI, YKAXKEM TOJIBKO, UTO MPY MaJIOM TIPEJIOMJISTIOLIEM YTJIe
o (o~ 1" yron © = 20(n — 1), tme n — 1moKazaresb MpeJIOMICHUST MaTepuasa IIPU3MBbI.

ITonoOHBIM 0Opa3oM GOPMUPYIOTCS MHTEp(Eepupylole BOJIHBI C ITOMOILIbIO
OMJIMH3BI U Or3epKaia.

Hurepdepennusa miockux BoJaH. Eciu B onbiTe FOHra yBenmuumBaTh paccTossHUE
L, coxpaHsisi HEUBMEHHBIM d, TO MHTepDEepUpoOBaTh, MO CYIIECTBY, OyIYyT ABE IIOC-
KHe BOJIHBI, pacIipocTpaHsoluecs moj yriaoM © = d/L (puc. 9.2).

IInprHa nHTEpGhEPEHIIMOHHBIX TTOI0C, cornacHo (8.16), paBHa

Ax =—. (CAY)

C yBenmmueHHEM yIiia O WHTepdeporpaMMa CTAHOBUTCS Bce OoJiee METKOM.

HNurepdepomerp Panea. Dror mATephepoMeTp MpeTHa3HAUYCH I U3MEPEHUS
TToKazaTesis TIPeJIOMIICHUS Ta30B, TTO3TOMY €ro Ha3bIBaloT pedpakroMerpom. CxeMa
nHTepdepomeTpa Panes npencrasieHa Ha puc. 9.3.

T I

A

Puc. 9.1 Puc. 9.2
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5 ! m o on
Puc. 9.3

IMapamienbHbI TY4OK CBETa OT MCTOYHHUKA S, POPMUPYEMBIi JTUH30M JI;, TIPO-
XOJUT 3KPaH C ABYMS LUETSAMU S| U S,, MEPIEHAUKYISAPHBIMU TIJIOCKOCTA PUCYHKA.
3areM JBa CBETOBBIX MyYKa pacpOCTPaHSIOTCS BIOJb BBITIHYTHIX KioBeT K| U K,
MMEIOIINX ONMHAKOBYIO UIMHY /. Jlajgee o0Oe BOJIHBI MPOXOASIT Yepes3 IIocKonapai-
JIeJIbHBIE CTEKJISIHHbIEe TUIACTUHKU 1} n I1,, u B oKanbHOM TTockocTy DI nuH3bI
JI, ob6pazyroTcst nHTepdEPEeHIIMOHHBIE MOJIOCH], apajlieJIbHbIE 1IEIISIM.

M3-3a HEOOXONMMOCTH MCITOIb30BaHUS KIOBET PAcCTOsIHUE d MEXIY IIeIsSIMU
BEJIMKO, MMO3TOMY MHTep(hEpPEHLIMOHHA] KapTuHa MeJikas. Jis ee yBeJIMueHus ycra-
HaBJIMBAIOT UAJIMHAPUYECKYIO TUH3Y JI; (OXOXKYI0 Ha KPYIJIYIO CTEKJISIHHYIO MaJIOUKy-
) ¥ MOJIy4aloT yBeJMYEHHYI0 MHTepdeporpaMmy.

Ecnu ogHy u3 KtoBeT (Harpumep, K|) HAITOJIHUTh ra30M C HEM3BECTHBIM TTOKa3aTe-
JIEM TIpEJIOMJIEHUS 1, TO BOBHUKHET JOMOJHUTEIbHAS ONTUYECKAs Pa3HOCTh XOJa U
KapTuHa cMectuTcs. Eciu ucxomHas pa3HOCTh x0/a B TOuke P, coBnamamooliei ¢ uH-
TepPepeHIMOHHBIM MaKCUMYMOM M-TO TIOpsiAKa, Obula paBHA Mg (Ay — JUIMHA BOJI-
HbI B BaKyyMe), TO TOCJIe 3alOJIHEHUSI KIOBEThl Ta30M OHA M3MEHUTCSI Ha BEJIMUMHY

I(n—1) = dmA,. 9.2)

ITpu 6m = 1 kapTMHa CABUTAETCSl Ha pacCTOSIHME, PaBHOE ILIMPUHE TTOJIOCHI.
Ecnu 3acdukcupoBaTh Majioe cMellieHue, mpu kotopom dm = 1/40, o ipu [=1 ™M
u Ay = 500 HM nonyyaem

_ 6m7\‘0
]

Takum o6pa3oM, IoKazaTesdb IIPEJOMJICHUSI Ta30B MOXET ObITh U3MEPEH C TO-
YHOCTBIO 10 BOCBMOTO 3HaKa MOCJIe 3alsTOMH.

st ymoOcTBa M3BMEPEHMI CTOJIb MaJIbIX CMELLIEHUI T1acTuHa [1, MOXeT moBopa-
YUBaTbCS BOKPYT OCH, IMapauIeIbHOM 1IeIsIM, KOMIIEHCUPYSI CMellleHUe MHTepde-
porpaMmbl. IIpu cOOTBETCTBYIOIIECH TpanyMpOBKE BeIUUYMHA Om OMpeAesseTcs
10 YTy TTIOBOPOTA IIJIACTUHBI.

3Be3anblii uaTepdepomerp MaiikeabCOHA.
Ecnu 00beKTUB TellecKona 3aKphiTh auadpar-
MO C JOBYMSI OTBEPCTUSMU, HAXOMSIIIUMUCS
Ha pacCTOSIHMM [/, TO M300paxkeHHe OaaeKoi
3Be3Ibl B €ro (QOKaJbHOU IUIOCKOCTU OymeT
MPEACTABIISITH COOOI MATHO KOHEYHBIX pa3Me-
pPOB, M3pe3aHHOE UHTEPGhEPEHIIMOHHBIMU ITO-
Jjocamu (puc. 9.4). Ha pucyHke pa3mepsl IIsIT-
Ha ¥ TI0JIOC CWJIBHO TIPEeyBEINYECHBI.

n-1 =108 9.3)
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IlIupnna momocel, cornacHo (8.16), paBHa

M

Ax
/

9.49)
rae f — (pokycHoe paccTosiHue 0ObeKTHUBA.

YT10BO# pazMep TMONOCH (Yrojl, o[ KOTOPEIM OHA BUIHA C MECTa HaXOXIEHUS
00BEKTUBA)

ﬁ():

Ax
— 9.5
7 9.5)

~| >

Eciau Ha 00BEKTUB MamaeT CBET OT BTOPOM 3Be3Ibl (JIy4M IMOMEUYEHbI IITPUXOBOM
JINHUEI), TO M3-3a HEKOTEPEHTHOCTU CBeTa HE3aBMCHMBIX MCTOYHUKOB (3Be3M)
B (hOKAJIbHOM TVIOCKOCTH OyIeT MPOMCXOAUTh HAJIOXXEHUE NBYX MHTepdeporpaMm.

ITpu yrnax 9 < 9, cymmapHas uHtepdeporpaMmma He Oynet pa3mbita. [1pu ysenau-
YeHUM yria O MHTepdeporpaMMa CMaxeTcsl, Koraa MHTephepeHIMOHHbIE MaKCH-
MyMbl MHTepdeporpaMMbl OT OJHOM 3BE3[bl COBMAAYT C MHTEP(MEPEHIMOHHBIMU
MMHUMYMaMHU UHTepGheporpaMMbl OT APYTroil. DTO MIPOU30MIET MpU

DA 9.6)
2 2!

DT1a dhopMmysa U SABISIETCS KIIOUYEBOM MPU MCIOJB30BAHUU 3BE3MHOTO MHTEpde-
poMeTpa IS ONpeeSieHUs YIJIOBbIX pa3MEPOB JBOMHBIX U MaJIbIX 3BE3/I.

ITycts O — ymioBo#l pa3mep ABOMHOM 3Be3abl. 1 ero u3MepeHus MOCTENEHHO
YBEJIMUUBAETCS paccTossHUE [ 1 uKcupyeTces KauecTBO MHTepdeporpaMmel. [lepBoe
CMa3bIBaHUE HMHTepheporpaMMbl MPOU3OUIET MPU paccTosiHuM [ = [, ompenensi-
€MOM U3 YCJIOBUS

_ M
2,

OTclofa M pacCUMTHIBAETCS YIJIOBOM pasMep 3Be3dbl .

YToObl M3MepITh Mallble YIJIOBBIE pa3Mepbl, HEOOXOAMMO YBEJMUMBATh / 10 Je-
caTKa MeTpoB. [1oaTOMy BMECTO 3KpaHa C AByMSI OTBEPCTUSIMU Tepen 00beKTHBOM
TeJIeCKora yCTaHaBIUBAIOT cucTteMy 3epkan (puc. 9.5). B 1920 r. A. MaiikenbCOH u3-
MepUJI YIJI0BO# pa3Mep 3Be3nbl [BoitHoit Kamemnsr: 8 = 0,042

Ecnu tpebyeTcst onpeaenuTh YIJoBOM pa3Mep OMHOM 3Be3bl, TO Ty 3BE3AY MOKHO
MBICJIEHHO Pa30MTh Ha Maphbl IBOMHBIX 3B€31, CUMMETPUYHBIX OTHOCUTEIBHO LIEHT-

O 9.7

Q pa 3Be3nbl. OTaMYMEe OT IPEObIAYIIEro PacCMOTPEHUS
R 3aKJII0YaeTCs B TOM, UTO IIPU YBeIMYeHUU [ OyaeT OmHO-
KpaTHOE CMa3bIBaHUe UHTepdeporpaMMbl. EcTtecTBeHHO,

" A YTO YIJIOBOM pa3Mep 3Be3Ibl PACCUMTHIBAETCS TMO-TIpe-

%% xHemy mo dopmyie (9.7). JloBenss ¢ MOMOIIBIO 3epKal

paccrostnue [ 1o 6 M, MaiikeJIbCOH OTpeAesIvIT YITIOBOMI
pa3mep 3Be3abl betenbreiize: O = 0,047

B HacTosiee BpeMs 6aza UHTepHEpOMETPOB JOCTH-
" Y f raet BeJIMYUHBI / ~ 20 M. DTO MO3BOJISIET U3MEPSTH YIJIO-
Bble pa3Mepbl O ~ 10737,
& IIpocTpancTBeHHass KorepeHTHOCTb. IlocMoTpuM Ha
Puc. 9.5 pe3yJbTaThl ONBITOB MaiikebcoHa MHBIM 00pa3oM. CBeT



3BE€3Ibl WX Taphl 3B€3/ MaaaeT Ha auacdparMy ¢ oTBep-
CTUSIMU, pa3HeCEHHBbIMU Ha paccTosiHue /. [1pu yBenuue-

d Iy
HUU paccTossHKA [ MHTepdEpOorpaMMa yxXy/aIaeTcss U ucye-
3aeT 1pu L |
A
l,=—. 9.8 Puc. 9.
70 9.8) nc. 9.6

DTO MPOUCXOAUT TTOTOMY, UTO C POCTOM / yXy[IIaeTCsl B3aUMHAasi KOTePeHTHOCTh
KoJIeOaHUI 3JeKTPOMArHUTHOTO TOJIS 3B€31 B 00JACTSIX, TIAe pacrooXeHbl OTBep-
cTvs. B aTOM ciydyae roBOpPST O MpOCMpaHCMEeHHOU KoeepeHMmHOCMU, XapaKTepu3y-
€MOIi BEJIMYMHOM /.. DTa BeJIUUMHA HA3BIBACTCS paouycom npocmpaHcmeeHHol Koze-
peumHocmu. YeM MeHbIIIE YIJIOBOI pazMep O CBEeTSIIENCS 3Be3Ibl, TeM OOJIblle pa-
JIUYC TPOCTPAHCTBEHHOI KOTEPEHTHOCTU €€ M3JIyUYeHHUs Y MOBEPXHOCTU 3eMJIU.

DTOT BBIBOJ, CIIPABEIINB IS JIIOOOTO TETUIOBOTO MJIM ra3opa3psiiHOr0 UCTOYHM-
Ka. Ha puc. 9.6 nsobpaxeH CBeTSIIUICI AUCK TMaMeTpa d, yIaJeHHbIM Ha paccTo-
siHAe L OT HEKOTOPOil MJIOCKOCTH, B KOTOPOIl paanyc NPOCTPaHCTBEHHOM KOrepeH-
THOCTH [, cormacHo (9.8), paBeH

AL
© 2

YeM MeHblIIe pa3Mep UCTOYHUKA, TeM OOJIbllIe paanuyc MPOCTPAaHCTBEHHOM Kore-
peHTHOCTH. I1pu yaajeHnn oT MICTOUHMKA OH BO3pAcTaeT, a MCTOUHUK MPUOIKAeT-
CsI IO CBOMM CBOIMCTBaM K TOUEYHOMY UCTOYHUKY. [1pu MPpUOIMKEHUN K UICTOUYHUKY
Ha paccrossHue L < d ¢opmyna (9.9) craHoBUTCS HecnpaBemanBoil. OTMETUM, UTO
paauyc /[, ¢ yMeHblIeHreM L coKpalllaeTcsl M JOCTUraeT MUHUMAJIbHOTO 3HAUYEeHUS
I, ~ A y TIOBEpXHOCTH MCTOUHUKA.

OlLleHVMM paaryc MPOCTPAHCTBEHHON KOT€PEHTHOCTH COJTHEYHOrO CBeTa Y IIO-
BepxHoctu 3emn. [Monarag d = 1,5-10° km, L =150 - 10° kM, A = 500 HM, noJTy4aem
[, = 25 MKM. DTO 03Hay4aeT, YTo OMbIT KOHTa ¢ COJTHEUHBIM CBETOM MOXKHO OCYIIIE-
CTBUTD, €CJIU PACCTOSTHUE MEXIY IIEISIMU He TIpeBbIaeT 25 MKM. MHTepdeporpam-
Ma OyIeT COCTOSITD JTUIIb U3 HECKOJIbKUX LIBETHBIX Nosioc. C yBeIMUEHUEM PACCTOSI -
HUST MEXIY LIeJIMUA KauyeCTBO BCEX MOJIOC OyIeT yXyAlIaThCs.

CoBceM MHaye OOCTOMT AEJIO C Ja3epHbIMM HMCTOYHMKaMmu. Ecnu nazep reHe-
pUpyeT rayccoB IMydok (reHepupyeTcss Huslias TEM,, — Moma), To Ha BBIXOJE
13 pe30HaTOpa PAaNyC MIPOCTPAHCTBEHHOM KOTEPEHTHOCTH /, TIPAKTUUYECKHU COBMAIaeT
C paauycoM Ityuka r,. Ecim nasep paboTaeT B MHOTOMOJOBOM PEXUME, TO MOXHO
nonoxuth mliN = mrg (CymmapHas ruiommans N nsaTeH
pa3MepoM ~/, paBHa TUIOLIAAM CEUYEHUS ITy4yKa), WU
l=ny / VN, tie N — 9HCII0 TOMepevHbIX MOLL. _ﬂ

Bonee cTtporo mpocTpaHCTBEHHAs KOT€pPEeHTHOCTH
U CIIOCO0O ee oInucaHus OyayT oOCYXKIaThCsl Jajiee.

CxeMbl ¢ JiejieHHeM aMILUTATYabl. B Takux cxemax aBe
UHTepGhEepUpPYIOIIME BOJHBI CO3AAIOTCS MPU OTPaXKeHUH
najarolleil BOJHBI OT ABYX ITOBEPXHOCTeH. AMIUIMTYAA
KaxIoi U3 MHTep(epUpPYIOLINX BOJH MEHBIIE aMILIATY-
bl UCXOIHOI BOJIHBI.

Ha puc. 9.7 cBeT oT TOueYHOro MCTOYHUKA § OTpaXa-
€TCSd OT JABYX NOBEPXHOCTEWM IPO3PAYHOUN IUIACTUHKMU.
B Touke P oTpaxkeHHbIE BOJIHBI CKJIAIbIBAIOTCS. Puc. 9.7

9.9)

s P
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Puc. 9.8 Puc. 9.9

IMockombKy pa3HOCTH Xoma MHTepGhepUPYIOIMNX BOJH MOPSAKA TOJMIIWHBI TITa-
CTUHKM [, JUTMHA KOTEPEHTHOCTH CBETA /, TOJDKHA OBITH OOJbBIIE STOM TOJIIIMHBI.

IMpu MpoU3BOTHLHOM TTOJIOKEHNN UCTOYHHMKA § U TOUYKK P pacueT pa3HOCTH Xona
(1 naTEphEpOrpaMMBI) SIBJISIETCS TOBOJIBLHO TPOMO3IKOI TTpolieaAypoii. B mpakTnye-
CKOM OTHOIIIEHWH HambOoJjiee BaXKHBI ABa TPeIeIbHBIX CIIydas.

Jlunuu pasnoeo naxaona. Ilpy ynajeHUM TOYKU P OT TOBEPXHOCTHM TUTACTUHBI
UHTepdepupylolre JIyuu CTAHOBITCS Bce OoJiee mapasuiebHbIMU. Ha puc. 9.8 roka-
3aHa OIHA M3 MHOTOYMCJICHHBIX TIap MHTep(epUpPYIOIINX BOJH B BUIE TTapajlieib-
HBIX Jyyeit [ u 2.

Ornrryeckast pa3HOCTb X0OAa MEXKIy HUMU paBHA

A:(AB+BC)n-ADi%, (9.10)

A
rJe # — MoKa3aTesb MpeJOMIICHUs MaTepraa MIaCTUHKHU, ClaraeMoe 170 YUUTHI-
BaeT HalOer ¢asbl 1 npu oTpaxkeHuu(cM. Jlekuuio 17).
Ecau TomuuHa MIacTUHKU B MECTE MaJeHUsI paBHA /, a Yroi majaeHus ¢, TO

A_

= n—2ltgwsin(pih:21ncoswih. 9.11)
cosy 2 2

B (9.11) ucnonb30BaH 3aKOH MpeJoMIeHUs sin ¢ = nsin y . Takum o6pa3zoM, pas-
HOCTb XO/la 3aBUCUT OT TOJIIMHBI IJIACTUHKM /, TOKa3aTesl MPeJIOMJICHUST 7 1 Ha-
KJIOHa UHTepGhEPUPYIOLIUX JYUYeid, 3aaBa€MOT0 yIJIOM TPEJOMJICHUS .

Ecnu rmactTuHka riockonapasuiesibHas, TO Ha YIQUIEHHOM 9KpaHe OyAeT UHTep-
deporpamma, mpeacTapisionias co00l CEMEWCTBO JIMHUM, IS KOTOPBIX COSY =
const. [ToaToOMy 5TW JTUHUM HA3BIBAIOTCS AUHUAMU PABHO20 HAKAOHA.

g ux HaGMoAeHUs 9KpaH OTOABUTAIOT KaK MOXHO Jajbliie OT MjacTUHKU. [To-
5TOMY MHOTA TOBOPSIT, UTO AUHUU PABHO20 HAKAOHA AOKAAUZ0BAHbl 8 OECKOHEYHOCMU.

B cxeme, n3obpaxkeHHO# Ha puc. 9.9, IMHUU paBHOTO HAKJIOHA UMEIOT BUI KOH-
LEHTPUYECKUX OKPYKHOCTEH.

3aech pacxXomsdIIUiics My4oK CBeTa OT MCTOYHMKA S MPOXOIUT CKBO3b dKpaH 9
c otBepctueM. Ilocse oTpaxxeHus OT MIocKonapauieibHOW MIaCTUHKKU [1 Ha SKpaHe
HabmoaaTcsd MHTepdepeHIMOHHbBIE KOJblia. VX TToJIoXKeHWe OMpeaessieTcsl yCIOBUEM

A =2lncosy ik—zo = mh. 9.12)

104



CaMoe MeHblllee KOJIBIIO MMeeT MaKCUMAaJbHBIN TOpSA0K MHTepGhepeHIInH,
a C yBeJIMYEHUEM paauyca KoJiblla MOPsIIOK MHTep(epeHIMN YObIBAET.

Ecau uctoyHuK cBeTa M3Iyv4aeT HECKOJIbKO CIEKTPaJIbHBIX TUHUM, TO IS KaXK-
Joit U3 HUX (popMupyeTcs cucTeMa KoJjell. IIpakTuyecku aTa mpocTeifiias onTuye-
cKasl cucTeMa MpeAcTaBiIsieT COOOM CIIeKTpajbHBIM IMPUOOpP, KOTOPBI pasiaraet
CIIeKTpP B mpocTpaHcTBe. OMHAKO pa3peliaiolasi CliocoOHOCTh Mpubdopa, B KOTOPOM
WHTepGhEepUPYIOT JIMIIb 1B JIydya, O4YeHb HEBBICOKA.

OTMeTHUM, YTO TOTMEpeYyHble pa3Mepbl UCTOYHUKA § TPAKTUYECKU HE BIUSIOT
Ha KauyecTBO MHTepdeporpaMmbl, MOCKOJIbKY 9KpaH HaXOAUTCS AaJIEKO OT TUIACTUHKH.

JIuHMM paBHOTrO HAKJIOHA MOXKHO MOJYYUTb U BOJM3M TIJIACTUHKM, €CIIM Ha ITyTH
napajjiejbHbIX MHTepdepUpyIOIINX JIydeid MOCTaBUTh COOMparollylo JuH3y. Toraa
9T JINHUU OyAyT HaOI0JaThCs B ee (POKATbHON TIJIOCKOCTH.

Junuu paenoii moawgunst. Ecniu Touka P HaxoguTcsl BOJIM3M MOBEPXHOCTHU ILIA-
CTUHKH, TO UHTepdeporpamMma OyIeT COCTOSITh U3 JIMHUI paBHOW TOMIIMUHBL. B cxe-
Me, n3obpaxkeHHoI Ha puc. 9.10, ABa Jy4ya OT UICTOYHMKA § TTOCJIe OTpaXkeHUs Tepe-
CeKaloTcsl BOJIM3U IOBEPXHOCTU B TOUKe P.

Ecnu ucTOYHMK MpOTSLKEHHBIM (OT s 40 §7), TO Apyryue mapbl Jydeil oTceKaloTCs
nuacdparmoit /[, GUKcupysl TeM CaMbIM YIoJ MaJeHUs] UCXOAHON BOJIHBI.

PaszHocTh xona npuOIMKeHHO onuchiBaeTcst BeipaxkeHueM (9.11). CnegoBarenb-
HO, /Uil 00pa3oBaHUsl UHTEP(HEPEHLIMOHHBIX MAKCUMYMOB HEOOXOAVMMO BbIMOJIHE-
HUE YCIIOBUS

A:2lncoswik—2°:mko. 9.13)

B otnuuue ot (9.12) 3mech yrom y = const, a TOJIIMHA [/ MOXET U3MEHSITHCS.
IToaToMy MHTEpdEepeHIIMOHHbBIE MAKCUMYMBbI OYIYT UMETh BU JTUHUI, IPOXOASIIINAX
4yepe3 T€ YYaCTKM MOBEPXHOCTHU, [I€ TOJIUUHA TUIACTUHBI OMMHAKOBA U YIOBJIETBO-
pset ycnoBuio (9.13). IToaToMy 3TU JTMHUW HA3BIBAIOT AUHUAMU PAGHOU MOAUUHBIL,
OHU N0KAAU308AHbI HA NOBEPXHOCMU NAACMUHKU.

OOBIYHO [1J11 HAOIOAEHUST MCIONb3YIOT JTUH3Y JI, TI03BOJISIOLIYIO MOJIYYUTh YBe-
JIMYEeHHOE M300paxxeHue MHTepGeporpaMMbl B Touke P,.

B ecTecTBeHHBIX YCIOBUSIX MPU MaJEHUM COJTHEYHOIO CBETA HA TOHKKME MACJISTHbIE
rieHku (/ < [, ~ 1 MKM) Ha TTOBEpXHOCTU MOCJIETHUX HAOIIOMAIOTCS TTPUUYIINBhIE
pPa3HOLIBETHBIC JIMHUM PaBHOM TOJIIMHBI, N300paxkeHHbIe Ha puc. 9.1 1IB. BKIL.

ITosockl paBHOM TOJIIMHBI MOXXHO HaOJIOJAaTh HAa MOBEPXHOCTU CTEKISIHHOTO
KJIMHA MPY HOPMaJIbHOM TafgeHnu cBeTa (puc. 9.11). OObIYHO TIPETOMIISIIOIIMEI YTOJI
o oueHb MaJl. TomimHa KinHa /= ox (X — KOOpAMHaTa, OTCYMThIBaeMasl OT BEPILIMHBI
kirHa). [1pyu HopManbHOM nameHuu yroi y = 0.
[ToaTOMYy MoOJIOXKEHVE MAaKCUMYMOB OTIPEIesis -
€TCS U3 YCIOBUS

2axmn—x70 =mhy, m=1,2,3,....(9.14)

2
Ha 7T NPU OTPak€HWHU OT BEepXHEelH IMOBEPXHO-

ctv kimHa. KoopauHatel monoc u3 (9.14) mo-
JIy4alOTCs paBHBIMU

Ao
Cnaraemoe | — —- | YUMTBIBACT CKA40K (hasbl
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Caer /

Caer Rl’rl

X 0 r

Puc. 9.11 Puc. 9.12 Puc. 9.13

2)2oan"

IMpu ocBellleHNN KJIMHA KBa3UMOHOXPOMATHYECKNM CBETOM C YBEJTMYCHHUEM TI0-
pSAIKa m TIOJIOCH PACIIIMPSIOTCS U TIPH My, = Ag/AN TIEpeKpBIBaOTCA. B 3TOM MecTe
TOJIMHA KIUHA [ = ox, = [ /2n.

Hckpusienne nAaTephepeHIIMOHHBIX TTOJI0C CBUIETETLCTBYET O HEPOBHOCTSIX T10-
BEPXHOCTH KJIMHA. Ha 3TOM OCHOBaH METOMI ONITHYECKOTO KOHTPOJIS Ka4eCcTBa TTOBEPX-
HOCTH, CYTh KOTOPOTO B CJIEAYIOIIEM: K TTOBEPXHOCTH TT0 HEOOJBIITNM YIJIOM CBEPXY
MIPUKJIAABIBAIOT TUTOCKOTIAPAJIICTbHYIO CTEKIITHHYIO TTACTUHKY BHICOKOTO KauyecTBa.
Mexny IUTaCTUHKON M MMOBEPXHOCTBIO 00pasyeTcss BO3OYIIHEIN KiauH. [1pn mame-
HUU CBeTa Ha IJIACTUHKY Ha e¢ HIKHEW CTOpoHe HabromaroTcs MHTephepeHIIN-
OHHEBIE TIOJIOCHI, (POpMa KOTOPBIX CBHIETEIBCTBYET O KaUueCTBE MMOBEPXHOCTHU. Ta-
KAM METOIOM MOKHO KOHTPOJHUPOBATh HEPOBHOCTH TTOPSIIKA ACCATHIX TOJICH M-
HBI BOJTHBI.

IMokaszaTteeH B 3TOM CMBICIIE OITBIT, BEITIOMHEeHHEIH . HpioTonoMm. K mmockoit
TTOBEPXHOCTH OH TIPYJTOXUJ TIJIOCKO-BEITTYKIIYIO JIMH3Y C PaglyCcoM KPWUBHU3HBI R
(puc. 9.12).

B Touke P BOJTHBI, OTpaskeHHBIC OT 00eMX TTOBEPXHOCTEM, CKIIambIBatoTcst. B pe-
3yJIbTaTe TOSIBIISIIOTCS KOJIbIIA PABHOM TOJIIWHBI, TTOJYYMBIINNME Ha3BaHHME KOJIEI]
HrroToHa.

Ha puc. 9.2 uB. BKJI. moka3aHbl ¢ororpadpun Kosnell HeloToHa Ipu OCBElLIEHUN
CHUCTEMBI «JIMH3a — IJIaCTUHKa» OeJibiM cBeToM (puc. 9.2, a). BuaHo, 4yTo yucio Ko-
Jiel] HeBeJnKo. Korma cBeT mpoXoauT MpeaBapuTeIbHO yepes 3eeHbIi (puc. 9.2, 6)
WM XeNTbli (puc. 9.2, 6) cBeTOMUIBTPHI, YUCIO KOJIell YBeIUUUBAETCS, TTOCKOJIb-
Ky BO3pacTacT MOHOXPOMAaTUYHOCTH CBeTa. B ciyyae ocBellleHUsSI CBETOM PTYTHOM
JlamIibl (puc. 9.2, 2¢) BO3HUKaeT OOJIbIIOE YUCTO «HeCMa3aHHbIX» KoJjel HbroToHa.

Ecam pagmaabHyIo KOOPIWHATY OTCYMTHIBATH OT TOYKHW COIMPUKOCHOBEHMST JIMH-
3Bl C TIOBEPXHOCTHIO, TO BO3AYIIHBIN 3a30p / 1ipu yciioBum ¥ < R (puc. 9.13) paBeHn

2
l:R—x/Rz—rzzR—R(l “j !

X, :(m+ljﬂ (9.15)

2

- = (9.16)
2 R? 2R
Torga ¢ yueToM ckauka pa3bl Ha T IPU OTPAXKECHUM OT IUIOCKON IOBEPXHOCTH
Pa3HOCTb X0J1a

A A
A=21+20 =
M)

2
%+7. 9.17)
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Bripaxxenue (9.17) ynobHO MCHONb30BaTh ISl ONpEAesIeHUs paauycoB TEMHBIX
KoJiell (MHTepdepeHIIMOHHBIX MUHUMYMOB). B aTOM cityyae panuyc r,, TEMHBIX KOJIEL]
orpenessaeTcs U3 yCaoBUs

2
.o A 1
2+ —=Im+= Ay, m=0,1,2,.... 9.18
® ( 5 Mo (9.18)
CrenoBaTesbHO,

r, = NmAR. (9.19)

M3-3a ckauka ¢a3bl B LIeHTpe nHTepdeporpaMmbl OyneT TeMHoe nsaTHo. KoHlieHT-
PUYIHOCTBH KOJIEIT CBHACTETECTBYET O BHICOKOM KAU4eCTBE BBITYKITOH ITOBEPXHOCTH JIMH3BL.

Ha puc. 9.14 npuBenena dororpacdust konen, HeroroHa, moaydeHHBIX TP KOH-
TaKTE TECTUPYEMOM BBINIYKJIOM JIMH3BI C TIOCKOW MOBEPXHOCTDBIO.

HckpuBneHne Kojell Ha MHTepdeporpaMMe CBUIETEILCTBYET 00 OTIMYUU TI0-
BEPXHOCTH JIMH3BI OT CPepUIECKOIA.

HNurepdepomerp MaiikenbcoHa. C ero nmomouibio MoXXHO (opMUpOBaATh JTUHUU
paBHOI TOJIIMHBI WM KOJIBIIA PaBHOTO HAKJIOHA. DTO 3aBUCHUT OT IOCTUPOBKHN WH-
TepdepoMeTpa U HACTPOUKHU 3pUTeNIbHOM TpyObl T, yepe3 KOTOpYyro HAOMIOAAIOT UH-
tepdeporpammy (puc. 9.15).

Ha pucynke mrpuxoBoit TnHME n300pakeHa TIOCKOCTh 3, COTPsTKeHHAs 3epKa-
Iy 3,. DTO 03HAYAET, UYTO TTPU MBICIIEHHOM ITOBOPOTE MHTEpGhEepOMeTpa OTHOCUTETEHO
ocH, Mpoxoasdiei yepe3 Touky O, 3epkajo 3, COBNaaaeT ¢ MI0CKOCThio 3. JIist KoM-
MEHCAllM Pa3HOCTU XOHa, BHOCHMMON pas3ne/MTebHON IuTacTMHKOW [I, B OOHO
13 TUTeY MHTepdepoMeTpa yCTaHABIUBAeTC KOMITEHCAIIMOHHAs TutacTuHKa K71

Ecnu 3, u 3 napannenbHbl, a Tpy0a HacTpoeHa Ha HabJIOIeHE JaJleKUX MTpeaMe-
TOB, TO B TUNTOCKOCTH M300paKeHMs ee OKyJIsIipa OynyT MHTep(hepeHIIMOHHBIC KOJIBIIA.

Ecnu 3, u 3 oOpa3ytoT KJIMH, a Tpybda HacTpoeHa Ha HaOJoJAeHUEe MPeaMETOB,
HaXOISIIMXCS BOJIM3U IJIOCKOCTH 3, TO OyIyT HAOMIOAAThCS ITOJIOCkl. B aTOM citydae
M300pakeHNe MHUMOE, TTOCKOJIBKY BOJIM3U TUIOCKOCTH 3 TTOJOCHI OTCYTCTBYIOT.

Kak yxe oTMedasoch mpu onmucaHuM (Qyphbe-CIeKTpoMeTpa, OMHO M3 TIied WH-
TepdepoMeTpa MOXET VIUTMHITLCS Ha BETMINHY ~1 M. DTO TTO3BOJIMIIO CO3IATh OIT-
THYECKWI 3TaJIOH, KOTOPBIM Oojlee yIoOeH W TOYHee BOCIIPOM3BOANM, YeM Bellle-
CTBEHHEBIN 3TajoH LMHEI 1 M. [lepemelnas 3epKajo OoT Havyaja A0 KOHIIA BEIEeCT-
BEHHOTO 3TaJIOHA, ObLIO YCTaHOBIEHO, uTo 1 M = 1650 763,73, rae A,, = 6056 A
— DJTaJIOHHAs IJIMHA BOJHBI, COOTBETCTBYIONIAS M3IYYCHUIO aToMa KPUIITOHA 86

=== 3,

-+- 3

—r— K]]I

Puc. 9.14 Puc. 9.15
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TIpU €0 TIEPEX0e MEXIY YPOBHSIMU 2po U 5ds. OTHOCUTENIbHASI TOYHOCTH BOCIIPOM3-
BEJICHMS METPa C IOMOIIBIO KPUIITOHOBOTO 3TanoHa cocTasisger 3 - 1078 (1960 r.).
BriocsieicTBUM TOYHOCTH ObLI1a MoBbIeHa 10 10710, mocie Toro Kak cKopocTh cBeTa
B BaKyyMe Obljla TIOCTYyJMpoBaHa paBHOU ¢ = 299792458 M/c, a 1 M = ct, Tie f =
=1/299792458 ¢ (1983 r.).

Ha 6a3e untepdepomerpa MaiikellbcOHa BO MHOTHUX CTpaHaX MHUpa MOCTPOEHBI
rpaBUTAllMOHHbBIE aHTEHHBI. DTU aHTEHHBI CIYXKaT IJIs1 PerMCTpally TPaBUTALIMOH -
HBIX UMITYJIbCOB, BOBHMKAIOIIMX MPU B3aMMOIECUCTBUU YEPHBIX AbIP C HEUTPOHHBI-
MM 3Be3gamMu. CorjacHO TEOPETMUYECKMM pacueTaM, IJIUTETbHOCTb I'PaBUTAIMOHHO-
ro MMIyJbca JOCTUTaeT JecsAITKa CEeKyHI, 4acToTa KojJeOaHWil rpaBUTALIMOHHOTO
MOJIs1 JIeXUT B nuanazone 50— 150 I

M3 obuieit Teopuu OTHOCUTEIBLHOCTH CJEAyeT, YTO B TOT MOMEHT, KOTha MM-
MyJIbCHI TOCTUTAIOT TTOBEPXHOCTU 3E€MIIM, paccTosiHUEe L MeXay JIIoObIMU OOBbeKTa-
MU U3MEHUTCA Ha BeauuuHy AL/L ~ 1072!. D10 u3aMeHeHue U JOKHBI 3aUKCUPO-
BaThb rpaBUTALIMOHHBIC AHTCHHBI.

Cxema anteHHbl LIGO (Laser Interferometer Gravitational Wave Observer),
pacnonoxenHoi B CIIA, npuseneHa Ha puc. 9.16. Jlyu YAG-Nd-nazepa (MOIIHOCTb
P =10 Br, nnuna BoiHb A = 1,064 MKM), paGOTaIOIIEro B HEMPEPLIBHOM pEXUME,
HampaBpJjsieTcsd B UHTepdepoMeTp MaiikeabcoHa U TOCe OTpaxkeHMs OT 3epKai 3,
u 3, nonagaet B ¢otoaeTekrop D/, perucTpupymoluii uHTepheporpamMmmy. IamHa
Kaxumoro revya L =4 k. 715 ee yBeIuueHUs JOTIOJHUTEIBHO pa3MellaoT 3epKaja
37 1 35, KoTophle ¢ 3epKajamMu 3; U 3, COOTBETCTBEHHO 00pa3yloT ABa UHTepdepo-
MeTpa (pe3oHaropa) ®adbpu — I[1epo. Yucao npoxomoB CBETOM KaXKIOro M3 pe30Ha-
TOPOB MOXET JOCTUTaTh HECKOJBKHUX AECATKOB, MO3TOMY 3¢ (heKTUBHAS JUIMHA TIIe-
ya L,y ~ 10? km.

s TOBBILIEHUST YYBCTBUTENBHOCTH MACCHMBHBIE 3epKajia M JeJuTesIbHas Tija-
ctuHKa [1 (Macca Kaxaoro U3 3JIeMEHTOB O0KoJio 20 KT) TOABEIIMBAIOTCS Ha KBap-
LIEBBIX HUTSIX, 00€CTIeYMBAIOIINX BHICOKYIO JOOPOTHOCTh MAaITHUKOB KauaHMs (3epKaj
Ha HuUTAX). Kpome Toro, obGa nydya pacnpoCTpaHSIOTCSI BHYTPU MJIMHHBIX TPYO,
B KOTOPBIX TOANEPXKMUBAETCS BHICOKUI BakyyM (maBieHue ~ 1077 MM pT. CT.).

Bun Ha nntepdpepomerp VIRGO, pacnonoxeHHbiii B Utanum (oaMHa Kaxmoi
TPYOBI OKOJIO 3 KM), C BBICOTBI IITUUBETO MOJIeTa ToKa3aH Ha puc. 9.3 uB. BKI. [Ipu
MomnagaHuy B MHTepGEpOMETp rpaBUTALIMOHHOTO MMITyJbca 3epKaja OyayT packa-
yMBaThes € aMIMTynoi AL ~ 1072'L,, ~ 107" cm. Tak kak A ~ 107 cm, TO
AL/\~ 107, CoBpeMeHHbIE METOIBI TIO3BOJIAIOT 3a(UKCUPOBATH CTOJIb HUYTOXHO
Majioe cMellleHue nHTepdeporpaMMbl. OTMETUM, YTO CMeEIlleHUE 3epKasl Ha IIeCTh
MOPSIAKOB MEHbIIIE pa3MepoB aTomal!

IToxka rpaBUTallMOHHBIE BOJHBLI HE OOHaApy-
JKEeHBI, TTOCKOJbKY UYBCTBUTEJIBHOCTh aHTCHH
TaKoBa, YTO BO3MOXHA JIMIIb PETUCTPaLUs OT-
HOCHUTEJIbHO MOIIHBIX MMITYJIbCOB, KOTOpPBIE
KpaliHe peIKo TOCTUTAIOT IMTOBEPXHOCTH 3eMIIN.
B 6muxaiiiem OyayleM 4yBCTBUTEIbHOCTh aH-
TE€HH OyIeT yBeJIuWdyeHa Ha MOPSIIOK, U BepOsIT-
HOCTbh OOHapY>KeHUS TPABUTALIMOHHBIX BOJTH pe3-
KO BO3pacTeT.

HNnreppepomerp Maxa — Iennepa. Ero cxe-
Puc. 9.16 Ma MokasaHa Ha puc. 9.17.
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CBeT OT TOYEYHOIO0 MCTOYHMKA S MPOXOIMUT
yepe3 KOJJIMMUPYIOUIYIO JIMH3Y JI M Tamaer
Ha TOJIYIIPO3PauyHylO JEIUTEJbHYIO TUIACTUHKY
11,. Obpasywoluecs IBa Iydka ¢ IJIOCKUMHU da-
30BbIMU (DPOHTAMM (OTMEUEHBI INTPUXOBBIMU JIM-
HUSMM) MOCJEe OTpaxkKeHUsl OT 3epkKal 3; u 3,
MOManalT Ha BTOPYIO MOJYIPO3pavyHylo Iuiac- -
TuHKY I1,. Eciin Mexnay 3epkanamu 3; u 3, ume- -
€Tcsl HEOOJIBILIOW YroJl ¥, TO TAKOM K€ yros OyneT -
MeXKIy BOJTHOBBIMU (PPOHTAMU IBYX ITyYKOB, MO~ -
Mmagaroimux Ha akpaH 9. CornacHo (9.1), nHTEp- T
(eporpamma GymeT IpeaCTaBIsITL COOOM ceMeli- EA\ SR
CTBO NapaylJieJbHbIX TOJIOC IIMPUHON Ax = A/9.
Ecnu nmokaszatens MpeoMIIeHUs cpelbl Ha ITyTH
OIHOTO M3 JIyuyeil M3MEHMTCS, TO 3TO IMPUBEIET
K COOTBETCTBYIOIIEMY M3MEHEHUIO KaPTUHBDI.

ITockonbKy paccTrossHue MexXay UHTepdepur-
PYIOIIMMHU TTyYKaMM BEJIMKO, MOXHO M3MEPSITh paclipeacsieHne TUIOTHOCTU B TTOTO-
K€ CXKMMaeMoro rasa. B TexHnyeckoMm BapuaHTe B OJHOM M3 IIed UHTephepoMeTpa
MOXKET ITOMEIIAThCs paboyasi CeKIMs adpOoAMHAMMYECKON TpyObl, WJIU TPYOBI,
B KOTOPOi1 BO30YXIaloT ynapHble BoJHbEL. Ha puc. 9.18 moka3zaHa nHTepdeporpamma,
BO3HUKAIOIIIAs TTPU CBEPX3BYKOBOM OOTEKAaHMU I1apa MOTOKOM BO3ayxa, yuciao Maxa
paBHO 5,7 (3 kHuru M. Ban-/laiika «AnTbOOM TeueHMIA XXUAKOCTU U raza»). OTuer-
JINBO BUIHA CTPYKTypa IOTOKA, B TOM 4Huc/e U PPOHT yaapHOH BOJHBI.

Jlazepnbiii rupockon. Ha rutatpopMe, CriocoOHOI ITOBOpauyMBaThCsI C HEKOTOPOM
VIJIOBOM CKOPOCTBIO, PACIIONIOXKEH Jla3ep, pe30HAaTOp KOTOPOTo MpeACTaBsIeT co00i
YyeThlpe 3epKaya U yCTpoicTBO [I (Hampumep, Impu3Ma) IJis BeIBoAA MHTephepupy-
IOIIMX BOJIH (puc. 9.19).

Takoii pe3oHaTop Has3bIBaeTCsl KOJbIEeBbIM. OH, BOOOILE TOBOPsI, MOXET OBITH
0o0pa3oBaH TpeMs WM 0oJiee OTpaXKalolIUMU 3JleMeHTaMu. [1pu COOTBETCTBYIOLINX
YCJIOBUSIX B TpeJiesiaxX IUMPUHBI JIMHUM YCUIIEHUS Avy Jlasep OyleT reHepupoBaTh
OJIHY TIPOJIOJIbHYIO MOy € YacTOTOM Vv, = ¢/(4/), TaK KaK IJTMHA KOJIbLIEBOTO pe30Ha-

Puc. 9.17

\\m\\\\

p———
—
—_—
_—
—_——
e —
_
=
e
_
=

AKTUBHas cpeia

Puc. 9.18 Puc. 9.19
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Topa L =4/, mpuyemM reHepupyeMble BOJIHBI MOTYT PacIpoOCTPaHSAThCS B MPOTHUBOIIO-
JIOXKHBIX HaIpaBJICHUSIX.
OnHako ecau y MmiaTdhopMbl MOSIBUTCS YIJIOBasl CKOPOCTh Q, TO aKTUBHAas cpena

MPUOOPETET JIMHEMHYIO CKOPOCTh U = Q 5 B cootBetcTBUMM € adhdekToM [domnepa mist
HaOJTIOAATeNs, TBIZKYIIIETOCST BMECTE CO CPENOi, YaCTOTHI BOJTH CTAHYT Pa3IMUHbBIMU:

Vi =V (1—2); Vi =V (l+2). (9.20)
c c

DTO 03HayaeT, YTo OyAyT T€HEepUpPOBATHCS ABE MPOAOJbHBIE MOJBI CO CMEIIEH-
v
HBIMUM YaCTOTAMU, TaK Kak Av,. > 2v,—. Torma doronerekrop Oyaer GDUKCUpOBaTh
c
WHTEHCUBHOCTb CYMMAapHOTO 10151, KOTOpash M3MEHSIETCS C YacTOTOM OMeHUit

Av =v, -V, :2v0%. 9.21)

Eciu BeKTOp yIJIOBOi CKOPOCTH (2 COCTABISIET YroJl O ¢ HOPMAIbIO K riatdop-
M€, TO CKOpOCTb v 3aMmeHsieTcs B (9.21) Ha vcos®. C yyeToM ee BEIUUUHBI U = Q —

(9.21) 3anmiiercs B BUie
Av = 2v, glcosﬁ = 4VOQ£COSI9, 9.22)
2c L

rae S = /2 — miowmans KOHTypa, OXBaThIBAEMOTrO Jiydamu; L = 4/ — ero nepuMerp.
HetpynHo mokasaTh, yto ¢dopmyna (9.22) crnpaBemivpa sl JI0OOTO KOJbIIEBOTO
pe3oHaropa. J1Jis mpakKTU4eCKHUX LieJiei ee 3alKiChIBalOT B BUJIE

_ 8§ Q

Ay = 222 22
VS L 2n

cosV = Fgcos 0, (9.23)
21

IMpu ucnonsszoBanun He-Ne-nazepa (Ay = 0,6 - 10 cm) npu wmmne L = 0,25 m
noayyaeM I' = 2,6-10°. Eciin cyTouHOe BpallleHHMe 3eMJIM MPOUCXOAUT C YIJIOBOW
CKOPOCTEIO Q3 = 15 rpam/4, To Ha mmpote ¥ = 60° gactota Av = 15 I'1. [TosTomy ecim
OChb THpoOcKoma HampaBuTh Ha CoOJHIE, TO, M3MepAsT AV, MOXHO C TOYHOCTBIO
JIO IOJICH Tpamayca OIpeaeINTh IIMPOTY & MeCTa, TIe PacIToNIOKeH TMPOCKOIT. MOXHO
paccYnTaTh TAaKKe YTOll @ = JQ(t)a’t ITOBOPOTA THPOCKOTIA 32 KOHEUHOE BPEeMSI, TIPO-
BOZST MHTETPUPOBAHME 10 BpeMEeHU CUTHAJIA (hOTOMETEKTOPA.

IIpemen 9yBCTBUTETHHOCTA THPOCKOITOB OMPEICISIeTC IIUPUHON JTUHUN U3ITY-
YEHMS.

IMpakTyecKy MUPUHY JTUHIN MOXHO JOBECTH 10 BeTWINHEI TTopsiaka 1 I'u. Crre-
JIOBaTeIbHO, 1 MUHWUMAaJIbHAsI 4acToTa OMEeHWI, KOTopass MOXET OBITh M3MepeHa,
AVin ~ 1 T, OTOM YacToTe COOTBETCTBYET Q i ~ 1 Tpaa/u. CrieliiaJbHbIMU METO/Ia~
MM 00pabOTKM CUTHAJIa MOXHO TOBBICUTL TOYHOCTB 10 10~ rpam/u.

TOYHOCTBH ONITHYECKUX TMPOCKOITOB YCTYITaeT JIyYIINM 00pa3iiaM MeXaHWIeCKIX
TUPOCKOIIOB, HO y HUX MUMECTCS PSAI TIPEUMYIIECTB. OTCYTCTBUE ABVIKYIINXCS Ya-
cTeil, 0e3bIHEePIIMOHHOCTD, OBICTPOTA 3alTycKa, HameXXHOCTb W CTaOMILHOCTH TPU
BBICOKMX YCKOPEHUSIX W KOJIEOAHMSIX TEMIICPaTyPHI.

OnrTnyeckre TUPOCKOITHI TIPUMEHSIOTCS He TOJTBKO KaK MHIWKATOPHI ITOBOPOTA,
HO M KaK TUPOKOMIIACHI M CEKCTaHTEHI.



JEKITHUA 10

PaccmarpuBas ¢uznyeckue MpUHLMIIBI MHTepOEepeHUIMU U YCIOBUSL (DOpMUPO-
BaHUs MHTepdeporpaMM, Mbl BBEJIU TTOHATHS CHayaja BPEMEHM KOT€PEHTHOCTHU Ty,
a 3aTeM W paamyca IpOCTPaHCTBEHHON KOrepeHTHOCTH /.. O0e 3TH BEIMYMHBI SIBJISI-
I0TCSI BaXKHEHIIMMU XapaKTepUCTUKAMU HPOCMPAHCIMBEHHO-8DEMEHHOU KO2epeHMHO-
cmu c8emoeo2o Nosl.

IIpocTpancTBeHHO-BpeMeHHAs (DYHKIMA KOrepeHTHOCTH moJid. I1ycTh B mpocTpaH-
CTBE MMEETCS JIEKTPOMArHUTHOE T0JIe, HANpPsSIKEHHOCTh KoToporo E(r, t) sBisier-
cs HeKOTOpoit yHKIIMeH KooparuHAT U BpeMeHU. KakoBa KOrepeHTHOCTh 3TOTO TOJIst
B pa3HbIX TOYKaX MPOCTPAHCTBA I'} U I ¥ B Pa3IMUHbIe MOMEHTHI BpeMEHHU #; U t,?
OTBeT Ha 3TOT BOMPOC MOXKHO TOJYYUTh, BOCIIOJIb30BABIINCH MHTEPhEPEHIIMOH-
Hoit cxemoii FOnra (puc. 10.1).

OTBepcTUs B 2KpaHe J; COBMEIAIOT ¢ TOYKAMU I} U T, 8 MOMEHTBI BpeMEHU
OIPENEeNSIOTCS MOJOXEeHNEeM TOYKM P 1 MOMEHTOM BpeMEHU { perucTpaluu B Heil
uHteppeporpammbl. O603Hauum E; = E(r\,t;)) n E, = E(r,,t;) U paccuuTaeMm
nHTEepdeporpaMmy. N N

s ynobcTBa pacueTa nepeiieM K KOMIUIEKCHBIM BesimuuHam E| u E,. Torna

| [JPSE 1~ =
B =5(E +E); Ey=(Ey+ EY), (10.1)

Ile 3Hau0K * 03HauyaeT KOMILIEKCHOE CONPsLKEHUe.
Ecnmu E| = ae/©+) E; = aye’®n+92) tne a u ¢ — MeJIEHHO MEHSIoLIecs
¢GYHKIMM BpEMEHU, TO

a 1= a? 1=
I, ==L =Z|E\|% I,==:==|E,]. 10.2
122|1| 222|2| (10.2)
IMTockonbKy cymMmapHOeE ToJie
E=E, +E,, (10.3)

MHTEHCUBHOCTDb

=5 1,5 o . 28%« 3 | QPN | RUPNHPN
1= §|E|2 = E(El +ENET+E3)=1,+1, +§(E1E’§)+§(ETE2). (10.4)
BBeneM xomnaexchyro yHkyuro 63aumHoll KocepeHmHocmu nos
1 = =
Torma Beipaxxenue (10.4) mpumer BUI

[=1+1,+2Rel,. (10.6)
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0 x
z
| n=r-1,/cC p|,
ry 1 I L
L, ™ 0
(0] y \ocﬁ
5 r 1
1 tzZI—Lz/C
2 9
Puc. 10.1 Puc. 10.2

st KBa3UMOHOXPOMATUYECKOr0 M3ydYeHMsT oO1uil Bua GpyHKIUM I}, MOXHO
MOJIYYUTh, BHITIOJHSS MPOLEAYPY YCpeaHeHUs (cM. mpuJl. K Jiekiuu 8). Boast 006o-
3HayeHus T = (L, — L))/c, Ap = ¢, — @,, TIOJlydyaeM

|l —— . 1 (5= aqae™ .
Ty, = —ayae % = —\Jal a3 T 2——e™ =
2 2 lata;
= I\1; [e;p(v) = isip ()] €™ = 111,y (T)e ™. (10.7)

3nech v,(t) — KomnaekcHas cmenens koeepenmuocmu. OHa 3aBUCUT KakK OT BpeMe-
HU 3aIEpKKU T, TAaK ¥ OT PACIIOJIOXEHUS TOYEK Iy U T,. Monyib |y,,| usmensiercst
B manasoHe 0 < |y;,| < 1. Ero BenmmumHa XapakTepusyeT IpOCTpaHCTBEHHO-BPEMEHHYIO
KOTE€pPEeHTHOCTH ToJieit E) u E,.

Pacnipenenenne nntencusHoctu (10.6) mpuMer BUA

[ =1, +1,+2|yp|cos[oyT + y(1)]. (10.8)

Bunnocth uHTEpheporpaMmMbl
«/I 1
Via(1) = - |Y12(T)| (10.9)

TakuM 06pa3oM, MOAYJIb CTETIEHN KOTEPEHTHOCTA MOXHO PacCUMTaTh, U3MEPsIs
BUIHOCTh MHTep(PEPeHIIMOHHON KapTUHEL.

B xauecTBe mpuMepa mpoaHaIM3UpyeM KOTepeHTHOCTH TTOJISI Ha 9KpaHe J;, U3Jy-
JaeMOTO OTHOMEPHBIM TETUIOBBIM MCTOYHUKOM, M3JTydaTeIbHast CIIOCOOHOCTh KOTO-
poro E,r3aBUCHUT OT KoopanHarts & (puc. 10.2).

B akpane mipozesiaHbl 1Ba HEOOJBIITMX OTBEPCTHSI, PACCTOSTHUE MEXITYy KOTOPHIMU
paBHo /. [TycTh cBeTsIIasics monocka d€ namydaer moTok ~£, r(§)d&, a THTEeHCMBHOCTD
3TOI BOJHBI BOJIM3M Kaxkmoro u3 otBepctuit dly = I,g(§)dE. 3nech g(&) = const - E,7/ Iy —
HOPMMpOBaHHAsI (PYHKITUS, OTMCHIBAIOIIAS TTPOCTPAHCTBEHHOE pacIipenesieHne 13-
JIyyaTeabHON COCOOHOCTH (J g(&)dE = 1), koHcTaHTa OMpeAeIsIeTCsT yaaJleHeM KpaHa
OT CTOYHMKA. Ee BeMunHa B HAIIMX pacCyXIECHMIX He MMeeT 3HAUCHUS.

DrieMeHTapHass WHTepdeporpaMma OT CBETSIIIeHCs TOJTOCKM B COOTBETCTBUM
¢ (8.14) omuchiBaeTcs BbIpaxkeHUEM

dI(x) = 2]0g(§)d§{1 +cos 275( AXO‘E" )} (10.10)

rae Ax = AL/l — mmpuHa nHTephepeHIIMOHHO noyiockl; o= L/L’; o — cMellieHne
TI0JIOC BIOJIb KOOPAMHATHI X.
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HMurerpupys no &, monydyaem

1(x) = jdl(x)_210+210jg(§){1+cos2n( “éﬂda. (10.11)

Ecny MCTOYHUK mpeAcTaBisieT co00il OAHOPOMIHO CBETSIIYIOCS MOJOCKY IIPU-
Hoit d, To g(§) = 1/d. I[loaTomy

dj2
1 x—0of . (mod X
I(x)=21,+21, —{1+cos Zn( ﬂd&=210+210s1nc(—)cos2n—. (10.12)
_(-J‘/zd Ax Ax Ax

IMoncraBnsas B (10.12) BbIpakeHuUs IJIsT o0 U AX U YIUTBIBAsI, 4TO 27X/Ax = T,
MOJIyYrM

I(l,7) =21, +21,sinc (?—ljcos W)T. (10.13)
3nech
AoL’
] =40~
: d

— paamyc TIPOCTPAHCTBEHHON KOTEPEHTHOCTH TIOJNA Ha dKpaHe 3.
CpasnuBas (10.13) u (10.8), nonyyaem

sinc il
I

Taxkum 06pa3oM, cTeneHb KOTEPEHTHOCTH ¥;, HE 3aBUCUT OT T, MIOCKOJIbKY UCTO-
YHUK MOHOXpoMartrdyeckuii. C yBermyeHueM / MOLYIIb CTENEHN KOTEPEHTHOCTH |Y;,(/)|
yOBIBAaET U CTAHOBUTCS PaBHBIM HyIO Iipu [ = /.

Ecau Ttereppb yyecThb, YTO UCTOUHMK MMEET KOHEUHYIO IIUPUHY CIIEKTpa, TO BUI-
HOCTb KapTMHBI MPU (PUKCUPOBAHHOM PACCTOSIHUM [ OyIET yXyIILIaThCs C yBeJMYe-
HUEM BPEMEHU 3a1epXKHU. B aToM ciyyae dhyHKLMs |y;,(/, T)| Oyaer yobIBaTh Kak mpu
YBEJIMUCHUU [/, TAK U TIPU yBeJWyeHUr T. MaciurtabaMu ee M3MEeHEHUsI, OYEBUIHO,
OyIyT paguyc NMpPOCTPAHCTBEHHON KOTePEHTHOCTHM /, M BpeMsl KOTEPEHTHOCTH T,.
Ha puc. 10.3 u3obpaxkeHbl KaueCTBEHHO (PYHKLIMU BUAHOCTU [JII UCTOUHUKA C
rayCCOBBIM CIIEKTPOM HU3JIyYEHUS TIPY IBYX Pa3JIUUHBIX PACCTOSIHUSIX /.

TakuMm 06pa3oM, MpU MPOU3BOIbHBIX [ U T GyHKImMKU Viy([, 1) u |y,(L, )|, cBsI-
3aHHBIe cooTHolIeHueM (10.9), xapakTepu3yIoT NPOCTPaHCTBEHHO-BPEMEHHYIO KO-
repeHTHOCTh. Upe3BbIUaiiHO BasXKHBIMU SIBJISIIOTCS IBA MIPEAETbHBIX CyJasl.

Ecmu |/ < [, Kak, HampuMep, B CXeMax C JeJeHUEeM aMIUIUTYAbl, TO MOXHO
nosioxuTh /= 0. Torma V;,5(0,7) 1 |7y;,(0,7)| XapakTepU3yIOT 6pemenHyo K02epeHmHOCHb.
OTU BEJMYMHBI MO3BOJISIOT PAaCCUMTATh CIEKTPaTbHYIO
IJIOTHOCTb MHTEHCUBHOCTH S(®) (M1 KOHTYp g(w) CreK- ¥,(l, )

TPAILHOM JIMHUU U3JTyYEHMST).

Ecmu 1 <« 1, KaK B pacCCMOTPEHHOM BBILIIE ClIy4ae, TO
MOXHO TonoxuTh T = 0. Torma V},(/, 0) u |y;,(/, 0)| xapakre-
PUBYIOT NPOCMPAHCMBEHHYI) KO02epeHmHOCMb. DTU BEINYM-
HbI MMO3BOJIAIOT, cormacHo (10.11), paccunrtaTh (QYHKIIUIO
g(€), xapaKTepu3yIolllyl0 pacrpenejeHue U3nydaTeIbHOR
CITOCOOHOCTY BIOJIb IMOBEPXHOCTH TETJIOBOIO MCTOYHHMKA.

|Y12(1)| = =V (). (10.14)
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Puc. 10.4 Puc. 10.5

MpHuorouryueBasi unTepdepennus. B paccMOTpeHHBIX paHee cxeMaxX UHTepeprupo-
BaJIU JIBe BOJIHBI (U1K ABa jy4ya). IlIuprHa MakCMMyMOB B MHTepdeporpaMmax obuia
MPaKTUYECKU TaKOM XKe, KaK U pacCTOSTHUE MEXIYy HUMMU.

s mpakTUYecKuX lieJiel YacTo HEOOXOAMMO TIONYYMTh Y3KHe U SIpKUEe MHTEp-
(bepeHLIMOHHBIE MaKCUMYMBI, OTCTOSAIIME APYr OT ApYyra Ha PacCTOSAHUA, 3HAYU-
TeJIbHO TPEBBILIAOIINE ITMPUHY CAMMX MAaKCUMYMOB. DTO JOCTUTAETCs NIPU MHTEp-
¢epeHIM OOJIBIIOTO YKCIa BOJIH.

OnHa 13 BO3MOXHBIX CXeM OCHOBaHAa Ha MHOTOKPATHOM OTPak€HUU U MPeJIOM-
JIeHMY Manalieil HAaKJIOHHO BOJIHBI Ha IJIOCKOMNapalIeIbHYI0 TTPO3pavyHylo Tuiac-
tuHy (puc. 10.4).

ITpu cooTBeTcTBYIOIIEM NTOAGOPE KOI(PPUIIMEHTOB OTPAKEHUS OT €€ TTOBEPXHO-
CTeil MOXHO IOJNIYYUTh Oosblioe yncio (~10%) uatepdepupyommx aydeit. MHTep-
(hepeHIIMOHHBIE TTOJIOCHI MM KOJblia OOBIYHO HAOMIOAAIOTCS B JajlbHEM MoOJie, IO-
5TOMY OHM SIBJISIIOTCSI JUHUSMU PAaBHOTO HAKJIOHA. DTU JUHUM MOXHO HaOII0AaTh
KakK B OTPak€HHOM, TaK U TPOXOMISIIEM CBETe.

Hpyroit BOBMOXHOI1 CXeMOU SIBJISIETCSI CXeMa, B KOTOPOM IIOCKasi BOJIHA MagaeT
Ha CTOITy IUIOCKOTApAaJUIeNbHbIX CTEKJISIHHBIX TutacTuH (puc. 10.5).

Yucno mnactuH B crome ~20— 30, mo3ToMy YKMCIO MHTEepGEpUPYIOLIUX JTydeid
HECKOJIbKO MEHBbIIIE, YeM B CXeMe C MHOTOKPATHBIM OTpaXkKeHUEM.

Hurepdepomerp @adpn — Ilepo. B sToM nnTepdepomeTpe peanzoBaH MPUHIIAT
MHOTOKPATHOTO oTpaxkeHusi. KOHCTPpYKTUBHO OH BBITIOJIHEH B BUIE ABYX IUIACTUH [T,
u I1,, BHyTpeHHME MOBEPXHOCTH KOTOPBIX YCTAHOBIIEHBI NapaieabHo (puc. 10.6).

Ha nmoBepxHOCTH HAHOCST OTpaXkarolye MOKPHITUSI, 00ECIIeUnBAIOIINE BEICOKMI
K03 duLmeHT oTpakeHus ceera. MakTuyecku MHTEPGEPOMETP SABIISIETCS TIOCKUM
OINTUYECKHUM PE30HATOPOM.

IInacTuHKM nenaroT cierka KIMHOBUIHBIMU, YTOOBI HE 0Opa30BBLIBAJICS BTOPOM
pe30HATOp MPU OTPaKEHUHM CBETA OT BHEILIHUX MOBEPXHOCTEH. MexXay rmiacTUuHaMKu

YCTaHABJIMBAIOT CMEHHBIE KOJIbIIA Pa3TUIHOMN

e 1 1 3 TOIILMHBI, C MOMOILUBLIO KOTOPBIX (DUKCUPY-

I'~—] § [ .2 10T NapajuIesIbHOCTb IIOBEPXHOCTEN U paccTo-

| —1 SHUE MEXAY HUMMU.

IIpu nageHun Ha MHTEPGHEPOMETP Pacxo-

s v/} JISIIErocs My4dKa JIyyer B TIPOLUEAIIEM U OT-
PaXEHHOM CBETE HaOJIIOJAIOT KOJIblA PaBHO-

I ro HakyioHa. MIX mosioXeHre 3aBUCUT OT T~

Hbl BOJIHBI A, TTOKa3aTessl NMpEeJOMJIEHUS 7

Puc. 10.6 cpedbl BHYTpU MHTepdepoMeTpa U pacCTos-
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HMS L MEXy TUIacCTUHAMU, a SIpKOCTh U - /1
prvHa — OT KOo3(dduIIMeHTa OTpaXkeHUsT To-

BEPXHOCTEM. L0
PaccuntaeM mHTEpeporpaMmy mJIst Ipo- 0,5
weAmero ceera. IlycTh moa yrjaiom y K ocu
pe3oHaTopa TaaaeT MOHOXpoMaTUYecKas 0 5

TIJIOCKasl BOJTHA C IJTMHOM BOJIHBI Ay (MJIX Ya-
CTOTOI )y = 21c/Ay). [Ipeanonoxum, yTo HA-  r r rn 0
MPSDKEHHOCTD €€ 3JIEKTPUYECKOTO T10JIST IIPU Puc. 10.7

MaJicHUM Ha JIEBOe 3epKajio MHTepdepoMeTpa

paBHa E, = aye™. Ecnu 3amaHbl Ko3guyuenmo. ompajiceHus r i nponycKauus t,
TO HANPSLKEHHOCTH IO BOJIHBI IIPY OMHOKPATHOM OTPaKEHWU OT 3epKajia U Ipo-
XOXIEHUU Yepe3 Hero OyayT paBHBI COOTBETCTBEHHO

EoTp = rEnan; Enpom = tEna;p (1015)

rae £, — HanpsKeHHOCTh MOJIsl Majatollield Ha 3epKajio BOJIHBIL.

Torza 1osie nepBoii BOJHBI, IBaX/Ibl IPOLIEILIEH yepe3 3epKaia, pasHo E, = t*E,.
Bropas BoiHa, KoTopast UCIIBITHIBAET €111€ M OTpaxkeHHe OT 00OUX 3epKajl, Ha BbIXO-
Jie IproOpeTeT MONOIHUTEIbHbIN HaOer (ha3bl

) :i—n2anosw, (10.16)
0

MO3TOMY HaNpPsKEHHOCTh ee nons E, = 2r2e'®Ey. CnenoBartenbHO, U p-ii BOJTHBI
E,= 12r2r-2ei (- F (10.17)
Tormna cymmapHoe moJie

t2

E=E +E,+E;+...= Egt>?(1+r2%®+rte?®+ )= age’™ =ge™’. (10.18)

l_rzeid)

l'[epexoL[ﬂ K MHTCHCHUBHOCTH, ITOJIy4YacM

1 P = at 1

[=—ap =% .
2 T A=) s 42 sin (D)2)

®opmyna Diipu. Beona R = 12, T = > — Ko3hOULIMEHTH OTPAXEHUA U TPO-
MyCKAaHUS 10 UHTEHCUBHOCTU, WU 9Hepeemuyeckue Koagguyuenmsi, 11 KOTOPbIX
T+ R =1, v MHTEHCUBHOCTb I, = af/2, MOy4aeM BbIpaXEHHE

Iy

4R . ’
1+ WSIHQ(Q/Z)

(10.19)

(@) = (10.20)

HasbIBaeMoe popmynol Jipu.

Ha puc. 10.7 npencraBneHa 3aBucumocts (10.20).

BHM3y ykazaHa paguanbHasi KOOpAMHATA F, OTCUMTHIBacMasl OT LIEHTpa KOJIell,
Y YKa3aHbl PaguyChl | U F; IBYX KOJIEIL.

[IpoaHanu3upyeM IONyYeHHBI pe3ynbraT. BBenem ¢gaxmop peskocmu, win pes-
Kocmb,

4R

F:m.

(10.21)
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OH ornpeaensieT IUMPUHY UHTepdepeHINnOHHOM noyockl AD , B equHunax @ (cm.
puc. 10.7). ITo yposHio 0,5 ona onpegensiercs u3 (10.19):
1 1
1+ Fsin?(AD ,/4) 2 (10:22)
Mpu AD, <1 sinX(AD,/4) = (AD ,/4)2, nostomy AD, = 4/~ F. Ecan npuHsTh
R=0,98, To F = 10* Iupuna xonsua AP, = 4- 102 1 Ha aBa MOpsAKA MEHbILIE
paccTosIHUSI MeXAy KoJjibllaMu. MakcuMaibHasi MHTEHCUBHOCTb B KoJble I, = I,
a Mexny Koibuamu I, = I,/F ~ 107*1,. Takum o6pa3oM, uHTepdeporpamma mpe-
CTaBJISIET COOOI CEMEMCTBO IPKUX M OUYEeHb Y3KMX KOJIEII.
Takoit uHTepdhepoMeTp MPOKO UCTTONB3YETCS ISl CIIEKTPAIbHOTO aHanu3a. Eciu
B CMEKTPE MaJalollero cBeTa MpUCyTCTBYIOT ABe JUIMHbI BOJHBI A U A,, TO BOBHUKHYT
IIBe CCTeMBI KoJjiell. M3-3a KoHeuHoi#t mmpuHbl AD , = 4/ JF uHTepdhepoMeTp paspe-
AT (Pa3aeauT) 3TU ABE BOJHBI, €CIU A, — A = Ady,;,. BennunHa uHTepBana Ai;,
ompenensercd mmpruHO# Kombia AD . [To cymectBy AP, — ImMMpHUHA aIapaTHOMN
¢dyHkuMM uHTephepomeTpa, a cama (YHKIIMS

1
D)y~ ——
g4(®) I Fsin’(@)2) (10.23)
OnpenennM BeTUIUHY Al M3 (10.16) momyyaem AD = —%Ak -2Lncosvy. 3a-
MUILEM YyCJIOBUE pa3pellieHUus (pa3feieHusi) B BUIE 0
|AD| = z—mein 2Lncosy =AQ, = 4 (10.24)
X JF
IMepexonms x paspelaiieii cuie, MoryJaem
R . M _2Lncosy = 2Lmm JR (10.25)

A o N I-R

3aech paspeliaroliiasi cuja BblYMCIEHA B caMOM OOJIbLLIOM TOpsiiKe WHTepde-
peHuMy BOIM3KM ocu Kojtel, rae y = 0. Tlpu L =1 cMm, Ay = 500 am, F= 104, n =~ 1
R ~5.10°. Paspemaroliyio criocoGHOCTb MOKHO YBEJIWYUTb, pa3ABUTasl TUIACTUHEI
nHTEpPEpOMeTpa.
3ameuvanue 1. B popmyne (10.25) otHolueHue 2Ln/Ay= m — NOPSIAOK UHTEP-
depenuuun, 1 — R = T — 1051 S3HEPTUU, YXOASIEH C Kaxaoi uHTepdepupyolei
BoJjiHOM. Yuncyio N Takux BOJH MPUOJIU3UTEIBHO PaBHO
1 1
N===——. .
7 1_R (10.26)
CrenoBaTesbHO,
R =~ mN. (10.27)

Taxum obGpazoM, pazpewarouas cuia paeHa nPou3ge0eHuro nopsaoKa uHmepgepeH-
yuu u yucna unmepghepupyrouwux ayqei. Ilpn R= 0,98 nonyuum N = 50. Ecniu L =1 cm,
M=0510%cm, Tom=4-10"uR =~2-10°.

GameuvaHue 2. Ecnu o6paTuthest K AOOPOTHOCTH pe3oHaTopa (CM. JIEKIWIO 7),
B KOTOPOM TOTE€pU OOYCJOBJIEHBI TOJBKO OoTpakeHueM, To B (7.21) koadduimeHT
notepb B =1 — R. YuuTsiBasi, 4to A = Ay/n, MoIydaeM st JOOPOTHOCTU BbIpaKeHUE

116



2nln Y

(10.28)
Cpasnusas (10.28) u (10.25), MoxeM caenath BbiBof, uto R =~ Q. IllupuHa ov,,
PE30HAHCHOM KPMBO#i OJIM3Ka K LUMPUHE armapaTHoi GyHKUMM (3v, = dv,).
IMTockonbky nHTEpdepoMeTp 00IagaeT OOIBILION pa3pellarolleil CHOCOOHOCTHIO,
OH TIPUMEHSIETCS JJIsI U3YYEeHUsT TOHKOW CTPYKTYpPbI CIIEKTpaslbHBIX JUHUM. Cama
LIIMPUHA JIMHUU AA TOJKHA OBITh TAKOM, YTOOBI KOJIbIA Pa3HBIX MOPSIKOB HE Nepe-

kpoiBasich. CornacHo (8.20), mepeKpbITUe KOJell HACTYIAeT TIPU M > M.y, T
A
Minax = A—;. (10.29)

IToaTomy

AN < Aoy = Ho

max

(10.30)

Benaunuuna AL, Ha3bIBaeTCs odaacmoio c600600HoU ducnepcuu. TIOCKONBKY M,y =
=2Ln/\, ~ 10%, 06macTb CBOGOAHOM AUCTIEPCUM MaTA: Ady,, ~ 10744 ~ 1 A.

Ha puc. 10.8 nzodpaxeHa ToHKas cTpykTypa usnydeHust He-Ne-nazepa.

Kaxnoe uHTepdepeHIMOHHOE KOJBIO COCTOMT M3 IBYX TECHO MPUMBIKAIOIIMX
Kosell. Mx TosiBJieHWe CBSI3aHO C TeHepalMell JIa3epoM HECKOJBbKUX MPOMOJbHBIX
moz. Ipu wmne L ~ 0,5 M MexMonoBas yacrora, cortacHo (7.11), v = 3- 108 I'n.
st JUTMHBI BOJIHBL A = 6328 A uacrorta Vo = 5-10" T'u, mostomy i HaGIIOAEHUS
STUX MPUMBIKAIOIINX KOJIEI pa3peliaioliasi ClIoCOOHOCTb MHTepdhepoMeTpa J0JIKHA
ouITh R > vy/(8v) ~ 2-10°.

st ynobcTBa CHEKTPaJIbHOIO aHajlu3a MPUMEHSIIOT CKaHMpyeMble MHTEep(hepo-
METpPhI, B KOTOPBIX MOHOTOHHO M3MEHSIETCSI ONTHYecKas pa3HOCTh xona 2Ln. Torma
paauyc MHTephEepeHUMOHHBIX KoJell JUOO yBeIWYMBaeTCsl, MO0 yMEHbIIAeTCs,
1 C TIOMOIIIbIO HETTOABMKHOTO (POTOAETEKTOpPA MOXKHO 3aIlKcaTh YacThb MHTEphepo-
IpaMMbl, COOTBETCTBYIOILYIO KaKOMY-JTHOO TOPSIAKY MHTepGhepeHIINH.

Ecmu mmuna L > 1 cM, TO CKaHMPOBaHME OCYILECTBIISIETCS 3a CUET U3MEHEHUS A.
B aToM ciyyae Bo3myx MeXIy 3epKaiaMy MIOMEILAETCs B KIOBETY M UBMEHSIETCS €TO0 IaBJie-
HUe B npeesax 1 MM pr. cT. < p < 100 MM pT. CT.

Eciu L < 1 cMm, TO u3BMeHeHue n He IPUBO-
IUT K 3aMETHOMY CABUTY UHTepGhepOorpaMMbl.
ITosTOMy OIHO 13 3epKajl MPUKPEILISIOT K Ibe-
302JIEKTPUUYECKOM TJIACTUHKE, U3MEHSSI C
ee TOMOIIbI0 paccTosiHue L B Mpeaenax He-
CKOJIbKMX JUTMH BOJIH.

B HekoTophIX MHTEpdEpOMETpax BeINUMHA
L dpuxkcupoBaHa U U3MEHSITHCSI HE MOxXeT. Ta-
Kre UHTephepoMeTphl Ha3bIBAIOTCS ATajOHA-
mu ®adpu — I1epo.

HWnrepdepennysa cBeToBOro ummyJabca. [1pu
MajeHu Ha MHTep(EepOMeTp CBETOBOTO UM-
MyJibca MHTep(hepeHIIMOHHAs KapTUHA MOXET
OTJINYATBCSI OT PAaCCMOTPEHHOM BhIlIe. Pexxum
UHTepGEepPEeHLIMU 3aBUCUT OT COOTHOIICHUS Puc. 10.8




JUTUTEIBHOCTU MMITyJIbCa T, U BpeMeHU Af = 2Ln/c, HEOOXOoaMMOro sl Mmpobdera
pe3oHaTopa CBETOBBIM MMMYJILCOM. Bhinenum Tpu pexuma:

 cmayuonapubiil (ty > At). PactipeneneHre MHTEHCUBHOCTEN B TeUEHUE BPEMEHU
T, OyaeT omuchiBaThCs GopMyoit Diipu, B KoTopoil Iy(f) — (PpyHKIIMS BpeMeHH,
OIKCHIBAIOIIAST OTMOAIOIIYI0 UMITYJIbCA;

* kgazucmayuonapuwiil (Ty > At). B 3ToM pexxume B TeueHHe BPEeMEHHU T, B pe30Ha-
To CTo
Tope chopMupyeTcsl MeHbllle MHTepdepUupyrolux BoaH. Ux uncino N, = NI
n
Cormacuo (10.26), cutyanvst 5KBUBaJICHTHA TIPEABIAYIIEMY CIIydar0 ¢ YMEHBIIEH-
HBIM K03 duiineHToM oTpaxkeHust R. CiienoBateibHO, pe3KOCTb MHTEpdEporpaMmMbl
YMEHBILIUTCS;

* umnyabcubill (T < At). B aToM pexxnme nHTepdepeHiius HeBo3MoxHa. M3 nHTep-

¢epomMerpa OymyT «BblIeTaTb» N ~ 1_R UMITYJIbCOB, CJIENYIOLINX OPYT 3a APYrom

C UHTEPBAJIOM BpeMEHU Af.



PA3OEN 4
NINOPAKIIAA CBETA

JEKITUA 11

Hnsa onucanusi nHTepdEepeHIIMKM ObLIM MCIOJb30BaHbl ABE BasKHEUIIMEe MOIAECIN
BOJIH — TIJIOCKUE U chepuueckue. B HeKOTOpbIX MHTepGhEePEHIIMOHHBIX cXeMax (MH-
tepdepoMerpsl Panest 1 Maxa— LleHnepa) 13 chepudeckoil BOIHBI (hOpMUPOBAJICS
HampaBJIeHHbIA KOJUIMMUPOBAHHBINA CBETOBOM IYyYOK, ITONEPEYHBIA pa3Mep KOTO-
poro d 3HaYMTEIBLHO TPEBOCXOAWI JUIMHY BOJHBI A. DTOT MyYOK TPEACTABISIET CO-
00l IUIOCKYI0 HEOTHOPOIHYIO BOJIHY, MOCKOJbKY aMIUIMTyda BOJIHBI OTJIMYHA
OT HyJIs JIMIIb B TIpe/esiaXx ero IoIrepeyHoro CeueHus, Ho 3aTeM OBICTPO YObIBaeT
BHE 3TOTO CEYECHUS.

OIBIT TTOKA3bIBAET, YTO IJIOCKasH BOJIHA C OTPAaHUUYEHHBIM pa3MepoM d ee BOJTHO-
Boro (poHTa (Hampumep, MpoIllUeAlIasl Yepe3 KpYyrjioe OTBepCcTUe AuamMeTpom d)
10 Mepe pacrnpocTpaHeHUs OyIeT MOCTeNeHHO TpaHC(hOPMUPOBAThCs B cepuye-
cky1o. Ilpy mpoxoxXaeHUHM MJIOCKOM BOJHBI 4yepes3 Iieab ee (a30BbIM (PpoOHT
13 TIJIOCKOTO TMOCTEeNEHHO TpaHCGhOPMUPYETCS B HUIMHAPUYECKU. B 3TOM Jlerko
yOenuThCs, HaNpaBUB KOJUIMMUPOBAHHBIM JTy4 Jlazepa (J1a3epHOil yKa3Ku), UMeEIo-
LM TUIOCKWU (pa30BbIi (DPOHT, HA HEMPO3PAYHBIN PKPAaH C Pa3IBUXKHOM ILIENBIO.
Ecnu mmmpuna d menay 0yaeT MOHOTOHHO YMEHBIIIAThCS OT HayaJbHOTO 3HAYCHUS,
pPaBHOTO MPUOJU3UTENIBHO IIIMPUHE JIA3€PHOTO Jy4ya, TO Ha CBETJIOM dKpaHe Mo3anu
IIeJM OCBEIIeHHAas 00JacTb OyIeT paclIMpsTbCS B HampaBIeHUM, MEePIEHINKY-
JIIPHOM ILIEJIH.

Teneps BUAOU3MEHUM BTOT ONBIT. 3aUKCUpyeM IIUPUHY d 1IENU, ClOesiaB
€e B HECKOJIbKO pa3 MEeHbllle IIMPUHBI CBETOBOrO Nyuyka. bymem yBenuuuBaTh
paccrosiHue L MexXITy 1LIEJIbIo M CBETIIBIM 9KpaHoM. I1py Majibix paccTosiHUsSIX L pazMep
OCBEIIIEeHHON O0O0JIacTM B HamlpaBAeHUU, MEPHEHAUKYIIPHOM IIeIu, OymeT
MPUOIM3UTENBHO PaBEeH IIIMPHUHE ILEU U C YBETMUYEHUEM PacCTOSTHUS L TTPaKTUYECKU
He U3MeHseTcsd. 3aMeTHOE paclllMpeHue OCBEIlleHHOH 00JacTh B yKa3aHHOM
HamnpaBJIeHUU pa3BUBAETCS JIUILb Ha PACCTOSTHUU

2
L>L0zd7, (11.1)

rne L, — xapakTepHas [UIMHA. DTa IJIWHA YyXe Obla MCIOJb30BaHA B JIEKLIMU 8§
(cM. popmyny (8.12)), mosroMy HepaBeHcTBO (11.1) oTHOCHTCSI K OanbHeil 30HeE.
OnucaHHBIA OIBIT CBUIETEILCTBYET O TOM, YTO Ha HEOOJBIINX pacCTOSHUSIX L < L
(bpOHT BOJHBI OCTaeTCs IJIOCKUM, a Ha pacCTOSHUSIX L > L, (ppOHT 3HAYUTENHHO
HWCKPUBJISIETCSI U BOJTHA CTAHOBUTCS pacXomsiieiics.

PaccmoTpum enie oguH onbIT. [Ipy ocBellieHUM KOJUIMMUPOBAHHBIM ITy4YKOM Ma-
JIEHBKOTO 1IapuKa IUaMeTpoM d, MEHBIIIMM B HECKOJIBKO pa3 IIMPUHBI MMy4yKa, CBET
HETIOCPEICTBEHHO 3a IIapUK He TPOHUKAET. DTO MPOUCXOIMUT IMOTOMY, UTO (ha3oBbIi
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(poHT mpolleaieil MUMO IIapuKa YaCTH CBETOBOTO ITyyKa BHayajie OCTaeTcs Ipak-
TUYECKHU TUTOCKMM M CBET HE 3aXOIUT B 00JIACTb TEOMETPUUECKON TEHM, CO3aaBae-
Mo mapukoM. OnHako Ha paccTossHUM L ~ d?/) Ga30Bblil (PPOHT 3aMETHO UCKPUB-
JISIETCSl M CBET MPOHUKAET B 00J1acCTh TeHU. B yacTHOCTH, Ha OCH ITyyKa MOSBISETCS
CBETJIOE MSTHO, MOJyYMBIIIee, IO UPOHUU CyabObl, Ha3BaHue namua Ilyaccona. leno
B TOM, YTO C TOMOIIIbIO MOAOOHOrO OIbITa OMHOMY M3 OCHOBAaTeleil KOHLEMIUH
BOJIHOBOM TIpUPOJIHI cBeTa ¢ppaHiy3ckoMmy ¢usuky K. Q. DpeHeno yaaaoch J0Ka-
3aTh CBOEMY He MeHee MMeHUTOMY cooTedecTBeHHUKY C.I.IlyaccoHny cripaBemiu-
BOCTb BOJIHOBOI Teopuu cBeTa. I1ponemoHcTpupoBanHoe PpeHeneM orunbaHue BoJI-
HOM NPENsITCTBUS HEBO3MOXHO OOBSICHUTD B paMKax KOPITYCKYJISIPHON TeOpuH, KO-
TOpOI BHavaye npuaepxusaics IlyaccoH.

Pa3zMepbl BOJIHOBBIX (DPOHTOB OMPEIEISIOTCS TMOMEPEUHbIMU pa3MepaMu JIMH3,
3epkaj, auadparM, aKTUBHBIX Cpell JIa3epoB, lejeit, oTBepcTuii U T.A. OHU MOTYT
M3MEHSTBCS OT AeCSITKa MUKPOMETPOB 110 AecsaTKa MeTpoB. COOTBETCTBEHHO JTMHA
L, u3MeHsIeTCsl OT COTEH MUKPOMETpoB 10 108 m.

00600111331 pe3yIbTaThl OMTMUCAHHBIX 9KCIIEPUMEHTOB, MOXKHO CIEIaTh CICAYIOIIMI
BbIBOA. EciiM myyok mpoxoauT pacctosinue L < Ly, TO MOXHO MPUOJIUXKEHHO CUU-
TaTh, YTO BOJTHOBOI (DPOHT OCTAETCS TUIOCKUM, a IYYOK pacpOCTPaHIETCs MPsIMO-
JIMTHEHO BIOJIb CBOEH ocU. B 3TOM cilyyae my4yoK MOXKHO 3aMEHUTD €TI0 eeomempute-
CKUM 00pazom — Ay4oM, COBIAAIOIIMM C ero ochlo. [lajmee MOXHO chopMyIMpoOBaTh
3aKOHBI €r0 OTPaXXeHUS U MPEJOMICHUS U TIOCTPOUTD TEM CaMbIM 2e0Mempu4ecKyio
onmuky. Ha pacctosiHusix L > L, reoOMETPUYECKOE OMMCAHUE CTAHOBUTCS HECTIPABE/I -
JIUBBIM M HEOOXOAVMMO HCIIOJIb30BaTh BOJHOBYIO TEOPUIO JJIsSI ONMMCAHMST PacIpoCT-
paHeHHus CBeTa.

I'eoMeTpuyeckast onTuka SIBJAIeTCS UCKIIOUUTEIBHO TUIOAOTBOPHBIM MHCTPYMEH-
TOM, UCIIOJIb3YEMBIM ISl OTTMCAHUS PaCIIpPOCTPAaHEHUST CBETa B ONTUYECKUX CHUCTe-
Max, 3a MCKJII0UeHreM o0sacTeil BOJIM3M (OKAIbHBIX TOYEK, INIe MONepPeYHbIid pa3-
Mep IyyKa MOXET ObITb COM3MEPUM C IIJTMHOM BOJIHBI.

HMcTopuuecku Bce MPOM3OIILIO ¢ TOUYHOCTBIO 10 HA0OOPOT. 3aKOHBI OTpaXkKeHUs
CBeTa ObLIM M3BECTHBI €Ille TpeKaM B aHTMYHbIC BpeMeHa, a 3aKOH IPeJIOMIICHUS
cBeTa ObUT 9KCIIEPMMEHTAIBHO YCTaHOBJeH B 1621 r. royutaHackuM yyeHbM B. CHe-
suycoMm. OTCTyIUIEHHUE OT MPSIMOJMHEHHOTO pacnpocTpaHeHUs ObUIO OTKPBITO MO-
3IHee UTaabsHCKUM dunocodpoMm u ¢puzukoM ®.Ipumanbau. Pesynbrarsl ero uc-
CJIeTOBaHMI ObLTA OIMyOIMKOBAHbI MTOC/IE €ro cMepTH B 1665 T.

DTO OTCTYIUIEHWE U ObUIO Ha3BaHO dugpaxuueii (ot nar. diffractus — pazmomaH-
Hbilt). Ha camom nmene, nudpakiiusi — HEOThEMJIEMOE CBOMCTBO BOJIH JI000M Mpu-
POIBI CTPEMUTLCS PACIIPOCTPAHSATHLCS BO BCEX HAMPABICHUSIX, 3aX0/s B 00J1aCTh Ieo-
METPUYECKOI TeHU, Orubast MpemnsiTCTBUS U T. 1.

El1iie 6osee sipko audpakiivs IposiBISIeTCs IPU PaclpOCTPaHEHUH TTIOCKOM BOJTHBI
(KOJUIMMUPOBAHHOI'O TIyYyKa) uyepe3 Mpo3payHble OOBEKTHI, MOAYJHUPYIOIIUE
aMIUIMTYIy WIM (pa3y BOJHBI B TNIOCKOCTH, MEPNEHANKYISIPHON HANIPaBICHUIO pac-
npoctpaHeHus. I1pu pacnpocTpaHeHUM TaKUX TMPOCTPAHCTBEHHO MOAYJIMPOBAHHBIX
BOJIH TIPOMCXOIMT TepepacrpenejieHrue O00beMHON TUIOTHOCTU 3HEPTUU BJIEKTPO-
MarHMTHOTO TOJISI B TIPOCTPAHCTBE MOIOOHO TOMY, KaK 3TO IPOUCXOAWIO TIpU UH-
TepdepeHLINH.

Mnes cBecTu 3agavy o pacinpocTpaHeHUM BOJIHBI K MHTEphEepeHIIUU BOJH (PUK-
TUBHBIX BTOPUYHBIX MCTOYHUKOB, paclpeAesIeHHBIX Ha IMOBEPXHOCTU BOJHOBOTO
¢ponra, npuHagnexxutr Ppenento (1815). OH HAMOJHUI U3BECTHBII KMHEMaTHUYe-
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CKUI IPUHIUI ToJ1aHacKoro ¢usuka X. [foiireHca HOBBIM colepkaHueM. DTo T0-
3BOJIJIO KOJIMYECTBEHHO OOBSCHUTH PiA AU(PPaKLIMOHHBIX SIBJIEHUIA, YTO B CBOIO
OoYepellb ChIrpajo BbIAAIOIILYIOCS POJIb B OKOHYATEJIbHOM CTaHOBJIEHUU KOHLIEMIIMU
BOJIHOBOM IIPUPOJIBI CBETA.

IIpuamun Toiirenca — @penens. PaccmoTpuM pacripocTpaHeHue chepudecKoit
BOJIHBI OT TOUEYHOTO MOHOXPOMATUYECKOTO UCTOYHUKA B Touke P, (puc. 11.1).

B Touke P HanpszKeHHOCTh 3JIEKTPUUYECKOTIO I10JIs OyIeT paBHa

E(P) _ l(u)t kr) _ Aelmt (1 12)

—ikr

C
rne A=—e — CKallgpHasl KOMIUIeKcHas amrutyaa; C — KOHCTaHTa, 3aBUCS-
r

1Ias1 OT MOII[THOCTU UCTOYHMKA.

ITpouecc pacnpocTpaHeHUsT BOJHBI B TOUKY P MOXHO MpeACTaBUTh TaKXe B JIBa
aTana.

Ha nepBom 3Tamne cdepuyeckas BoJHA JOCTUIAET HEKOTOPOW MPOU3BOJIBHOM
cheprueckoil MOBEPXHOCTU X, OXBaThIBawlleil UCTOYHUMK. Ha 3Toil moBepxHOCTU
Kak Obl MOSIBJISIIOTCS 8MOpUUHbIE UCHOYHUKU.

Ha BTOpOM 3Tamne BTOpUYHbIE UCTOYHUKU MCIYCKAIOT CBOM C(epuyecKue BOJI-
HbI, KOTOpbIe UHTePGhEPUPYIOT B TouKe P. OgHaKko, KpoMe YacTOThI CBETa, IapaMeT-
PBI 9TUX UCTOYHMKOB HeU3BeCTHbI. DpeHes b MPEAIoNI0XUI, YTO BO3MYIIEHUE, TTO-
CchbUTaeMOe 3JIEMEHTApHOM TUIOLIAAKON, MPOMOPLUMOHAIBHO €€ TUIOIAaN de 1 3aBU-
CUT OT yIjla HaKJIOHA ¢ MEXAY HOPMaJblo K IUIOLIAAKE W HAalpaBJeHWEM B TOUKY
HaOJIIOCHUS.

ITockonbky B TOUKe P perucTpupyercsi MHTEeHCUBHOCTh [ = —|A|2 B JaJibHEl-
IIIEM MHOXKUTEJNb €'’ oIycKaeM. B COOTBETCTBUY C ABYX3TAITHBIM paCCMOTpeHI/IeM

) —ikp )
A(P) = ] C o-itn ¢ " K(g)do = ge—'kr, (11.3)
s Pi p r

rae K(¢) — Hen3BeCTHBIN Koa(dUIIMEHT, 3aBUCSIINI OT yIjia HakioHa ¢ . Ero uHorma
HAa3bIBAIOT Ko3gguyuenmom Haxaona. s BelnonHeHus: paBeHcTBa (11.3) Heobxo-
nuMo, 4toonl K(¢) OblT yObIBatolieilt dyHkiueir ¢. @peHeab MPearnosoXui, 4To
nipu ¢ = /2 K(n/2) = 0. Kpome Toro, a3ToT Ko3(hPUILIMEHT N0KEeH ObITh pa3MEPHBIM:
[K]=M". TToCKONBKY €AMHCTBEHHBIM ITAPAMETPOM C PA3MEPHOCTBIO JTMHBI SABJISET-
Cs JUTMHA BOJIHBI A, TO K ~ 1/A.

PaccmoTpum Teneps audpakuuio cepruueckoi BoJHBI Ha 9KpaHe J C OTBepCTU-
eM 1urolanbio X (puc. 11.2).

Puc. 11.1 Puc. 11.2
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7151 5TOro OKpy>kMM MCTOYHMK 3aMKHYTOI IMOBEPXHOCTBIO TLIOIIAAbI0 X' TAKUM
o0pa3oM, 4ToObl OHA IPOXOaMIa Yepe3 dKpaH. Eciau mpeamnoaoXuTsb, 4TO MaTepual
9KpaHa TMOJIHOCTBIO MOMIOIIAET CBET M caM He U3Y4YaeT, TO BTOPUYHbIE NCTOUYHUKH
Ha OTBEPCTUM TaKMe Ke, KaK U B OTCYTCTBUE dKpaHa. [ToaTomy

A(P) = ”Qe—ik(pﬁp)](((p)da (11.4)
> Pip

HMuterpan (11.4) Ha3bIBaeTCs dughparyuoHuvim unmeepaiom. JIast ero BEIYUMCIECHUS
BOCIIOJIb3YEMCSI METOAOM BEKTOPHBIX JHarpamM.

3onbl Ppenensa. Buavane paccunraeM 30Hb OpeHens. st 3TOro oKpykKUM TOUKY
P, chepoii pamuycom p; = a (puc. 11.3).

ITycth Touka P pacrojiokeHa Ha pPacCTOSIHUM b OT MOBEpPXHOCTU cdepbl. MEbIC-
JICHHO LIMPKYJIeM, OJHA HOXKa KOTOPOTO HAaXOAUTCS B TOUKe P, mpoBemeM Mo Mo-
BEpXHOCTH cephbl OKpY>KHOCTU. COOTBETCTBYIOIINE PACCTOSIHUSI MEXAY HOXKaMM

LIMPKYJISI paBHBI b + %, b+2 %, e, b+ m % Torpa cepa Oymer pazaeneHa Ha KOJIbLie-

Bble 00J1aCTU, Ha3bIBaeMble 30Hamu Dpenens.

IIpu yHTErpUpOBaHUM IO TIOBEPXHOCTH kp; = ka = const, TpousBeneHue kp Oy-
JIET U3MEHSThCS Ha BEJUUYMHY T TPU MEepexoie OT ILeHTpa MepBoit 30HbI (Touku O)
K ee Kpaio (Touke /), 3aTeM IpH Iepexojae OT TOUKU [ K TOuKe 2 U T.[I.

Paccuuraem paguyc r,, ¥ ruolanb 6, m-i 30Hbl. Paguyc 7 mepBoii 30HbI oIpeae-
JgeTcs, Kak cienyeT u3 puc. 11.3, U3 ypaBHeHU

2
a’>—(a—-3%8) =r? :(b+%j —(b+5)>2. (11.5)
TTOCKONBKY b > A, MOXHO MpeHeOpeyb BEIUYUHOM A2/4 < Ab B mpaBoii 4acTu

(11.5). B pe3ynbrare nosydyaeM

e |2y (11.6)
a+b
ITno1mans mepBoit 30HBI
o, =mr? = b . (11.7)
a+b

3amenwuB B (11.6) A Ha mA, TIOJyYUM BhIpaxkeHUE TS BHELTHETO paguyca m-ii 30HbI

ab
=,/ A .
. a+bm (11.8)

ITnomank m-ii 30HBI paBHA TIOLIAAN KOJIbLIA

op=n(r}-r2)=n=0c, (11.9)

Taxkum o6pa3oM, paauychl 30H YBETUUMBAIOTS
~+/m, a mnowmanyu Beex 30H onuHakosbl. Iocie-
JTHEe O3HAYaeT, YTO pa3Indre BKIIaAOB 30H B TUd-
pakumoHHbIM mHTerpan (11.4) oOycioBiIeHO

TOJIKO Pa3HbIMM PACCTOSIHUSIMU p,, = b + mE
Puc. 11.3 U yIJIaMUA HaKJIOHA @,,.
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I1pu vHTEerpupoOBaHUM B KaUeCTBE 2JIEMEHTA ITOBEPXHOCTU BhiOEpeM O€CKOHEYHO
y3KH1e KOJbIIa TIOIANbl0 do, KOHLEHTpUYHbIe ¢ 30HaMu PpeHens. Eciu KoMmruiek-
CHOI aMITIUTyle A MOCTaBUTb B COOTBETCTBUE BEKTOpP A, TO MHTETPUPOBAHUE CBE-
JIeTCSI K BEKTOPHOMY CYMMMPOBAHMIO:

A = [dA, (11.10)
z

IIe BEKTOpP dA 1OJ MHTErpajsoM OIIpelesieH CBOed abGCOMIOTHON BEIMUYMHOMN

dA = E K(9)do v yriioM y = k(a + p), 3a1al01MM €ro HampaBjieHUe Ha JuarpaMmme
ap

(puc. 11.4).

s mpocToThl aHaM3a (ha30BbIX COOTHOIIIEHUI MPUMEM 3a HAYaJIo OTCYeTa Be-
JIMYUHY ¥, = ka, TIOJIOXKUB €€ paBHOI Hy0. KpoMme Toro, mpenmnoaoxum, 4to pac-
CTOSIHUE b paBHO 1IEJOMY YMCIY JJIMH BOJIH, TTIO3TOMY KoJjiebaHMS IOl Ha cepu-
YeCKOM MOBEPXHOCTU U B TOUKE HAOMI0AeHUs P mpoucxoadT B (paze. DTo Mpearnosio-
JKeHUE MCITONb3yeTCsl JUIIb ISl yaoOCTBa ompeneieHusT (a30BbIX COOTHOIIEHMI
1 HE HaKJaJblBaeT KaKMX-JIMOO OrpaHMUYEHUI Ha MOJyYeHHbIE najiee pe3yabTaThl.

Bxiianm mepBoli 30HBI OTpeaessseTcs BEKTOPOM

A, = [dA. (11.11)
o]

DTOT BEeKTOp M300paxkeH Ha BEKTOpHOI auarpamme (puc. 11.5).
Bxutag mepBBIX IBYX 30H OIPEIE/ISICTCS] BEKTOPOM

A=A +A, = [dA+ [ dA. (11.12)
O 02

CoOTBeTCTBYIOILIAST BEKTOPHAd AUarpaMma n3obpakeHa Ha puc. 11.6.

Bxsanm BTOpoii 30HBI MEHbIIIE O a0COMIOTHON BelUuUuHeE: A; < A; (YBEIUUWIUCH
YIoJI @ U PacCTOSIHUE p) U CABUHYT Mo ¢daze Ha ©. Ecau npoBecTy MHTErpupoBaHUE
1o BceM 3o0HaM DpeHenst, TO BEKTOP A ONPeNesIUTCS U3 TUarpaMMbl, Ha3bIBaeMOit
crmmpainbio @penens (puc. 11.7).

3aMeTuM, YTO OTHOIIIEHUE C,,/p,, HE 3aBUCUT OT PACCTOSIHUS b. DTO O3HAYaeT,
YTO BEJIMYUHBI A, A, U T.NI. TAKXKE HE 3aBUCST OT b.

BekropHast muarpaMma TTO3BOJISIET JIMIIThL B OTHOCUTENBHBIX SIMHUIIAX OTpele-
JIUTH aMIUTUTYLy BO3MYIIEHNST B TOUKe P. AOCOMIOTHAs BeIMUYMHA A OTIpenessseTcs
u3 (11.3) u paBHa

0 (0]
Al A
dA )
Ay A A,
\
v
/
dA 1 1
Puc. 11.4 Puc. 11.5 Puc. 11.6 Puc. 11.7
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A= ¢ . (11.13)
a+b

JwnarpamMma, KpoMe TOTO, HEBEpPHO OTIpefe-
b P nset a3y Bo3MmyllleHUs1 B Touke P. Drta (asa,
KaK OTMeYaJloch paHee, NOJKHA COBIAIaTh
¢ (hazoit konedaHuit Ha chepuvecKoil MoBepX-
HOCTH, KOTOpasi paBHa HyJO (TP BLIOpAaHHOM

Puc. 11.8 Hauaje orcyeTa ¢y = ka = 0).

YrtoObl yCTpaHUTh OTCTaBaHUE BEKTOpa A
no ¢aze Ha m/2, émopuuHbie UCMOUHUKU HAOCAAIOMCA (PA308biM COBULOM «Bneped»
Ha (+71/2) BBeIeHUEM B IM(MPAKLIMOHHBINA NHTErpal MHOXUTENA e’ = j. DTOT MHO-
SKUATETh TIPUCOSANHSIOT K KO3(hGUIIMEHTY HAKJIOHA, 1 TTIOCTICIHUI CTAHOBUTCS KOM-
TICKCHBIM:

K(cp)=£f(<p)- (11.14)

s perieHUs 3aga4M OCTAJIOCh JUIb OMpeaeauTb Bua GpyHKimu f. OmHaKo 3To
BO3MOXHO ClIeJIaTh JIMIIb B TEOPUHU G pakUi, OCHOBAHHOM Ha pellieHU! ypaBHe-
Hul Makcseuia.

B cnenyronieit ek 0yayT pacCMOTPEHbBI OCHOBBI CKaJISIPHON TEOpUU AUDpaK-
MU, 31eCh OTPAaHUYMMCS aHAJIM30M MPOCTEH X AUPPAKIIMOHHBIX 3a1a4 C MCTIOJb-
30BaHMEM 30HHOI Teopuu PpeHenss U rpaduyeckoro pacuera aMILUIATYIbI audpa-
TMPOBABIIECH BOJIHHBI.

Jundpaknua Ha kpyriaom orBepctun. Eciu cepuyeckast BojiHa IagaeT Ha KpaH
C KPYIJIBIM OTBEPCTUEM Fy, TO aMIUIMTyda BOJHBI B TOYke P Ha OCH OTBEpPCTHS
3aBUCHUT OT YKCJIA OTKPBIThIX 30H Ppenens (puc. 11.8).

ITpu GuKcMpoBaHHOM MOJOXEHUHU UCTOYHUKA YUCIO OTKPBITHIX 30H U3MEHSETCS
¢ paccrostHueM b. OHO ompeensieTcsl U3 YCIOBUS

/ ab
Ty = a+bmk =7. (11.15)

m:ﬁ(lJrl). (11.16)

CrenoBaTesbHO,

Ala b

IIpu nmepemeltieHUM TOYKUA P BIOJIb OCU aMIUIMTYIa BO3MYILLUEHMSI OyAeT Iepuo-
IUYECKU U3MEHSIThCS, JOCTUTass MaKCUMyMa IIpU HEYETHOM m U MUHUMYMa — TIpU
YETHOM M. AOCOJIOTHBIA MAaKCUMYyM JOCTUTAeTCs Ha pacCTOSIHUM b, Korma m = 1.
B sTtom cnydae (cm. puc. 11.7)

o

Apax = A =24=2 .
max 1 a+b

(11.17)

Co0TBeTCTBEHHO MHTEHCUBHOCTD BOJTHBI TIOBBIIIIACTCS B YETHIPE pa3a o CpaBHE-
HUIO ¢ MTHTEHCUBHOCTHIO BOJIHBI B OTCYTCTBHE dKpaHa.

MOoXXHO cuUmMTaTh, 4YTO IKpaH C OTBEPCTHEM ITogo0eH nmH3e. OH hopMUpyeT 1300-
paxkeHre NCTOYHMKA B TOUKe P, mist kotopoit m = 1. Ecau dopmyy (11.16) mepe-
MMcaTh B BUIE
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LA (11.18)
a b r
TO 3TO BbIpaKEHUE aHAIOTMYHO (hOpMYJie JIUH3bI, Y KOTOPOi (POKYCHOE pacCTOsTHUE
f=r¢/A\ Tpu ry = 0,5 MM 1 A = 500 uM f= 50 cm.

DKpaH ¢ OTBEpCTUEM BMECTO OOBEKTHBA UCIIONL30BAJICI B (homokamepe oOCKypa
(oT nmar. obscurans — 3aTeMHsIoIMIA). Ha poTormnacTrHke MM MaTOBOI TIJIACTUHKE
MOJIy4yaJoch U300paKeHue IMpeaMeTa, OMJHAKO KaueCTBO 3TOro M300pakeHHUsl ObLIO
XYK€, 4YeM TIpY MCMOJIb30BaHUM OO0BEKTHUBA. DTO CBI3aHO C TEM, YTO MU300pakeHue
Kaxaoi Touku dororpadupyeMoro mpeaMera Ha oOpabOTaHHOI (DOTOIIACTUHKE
MPECTaBIISIET COOOM CEMENCTBO KOHLIEHTPUUYECKUX KOJEIl CO CBETJIBIM ITSITHOM
B LIEHTpe TIpu 4yeTHoM m (puc. 11.9, @) U TeMHBIM MSATHOM IPU HEYETHOM M
(puc. 11.9, 6).

3onnas mnactuHka. Eciu Ha CTEKISIHHYIO TUIACTMHKY HAaHECTU KOHIIEHTpUYE-
CKHe TeMHbIe KOJIblia, 3aKPbIBAIOIIIUE JIMOO TOJBKO YETHBIE, TUOO0 TOJIBLKO HEYETHBIC
30HbI DpeHenst, TO MONYYUTCsS 30HHAS TUlacTuHKa (puc. 11.10, a, 6).

AMIUIMTYA BO3MYILLIEHUS, HarIpuMep, VISl 30HHOM rmacTuHKu (cM. puc. 11.10, a),
KakK BUIHO M3 BEKTOPHOI auarpaMMmbl Ha puc. 11.11, OymeT 3HaUMTEIbHO OOJIbIlE

C
BEJIUYMHBI A = R C moMOIIBI0 TAKUX TIACTUHOK MOXHO TakxXke (hOopMUpPOBATh
a+

M300pakeHNe, KaueCTBO KOTOPOro OyaeT 3HAYMTENIbHO BBIIIE, YeM Y KaMephl 00-
CKypa. AHAJTOTUIHO MOXHO (pOpMHPOBATh M300pakeH!E U C TIOMOIIBIO 30HHOM TIjIa-
cTuHKHU (cM. puc. 11.10, 6).

3aMeTrM, 4TO ITIOMMMO CaMOTIO SIPKOTO M300pakeHMs MCTOYHMKA OymyT Ooliee
cabble N300pakeHNS Ha TeX PACCTOSHUSX b, 1T KOTOPBIX Ha KaXXIOM MPO3PavHOM
KOJIblIe 30HHOM TUTACTMHKM OYIET YKIAabIBaThcs 3, 5 U 6osee 30H DpeHens.

JIun3za. IlycTh utockast BojiHa (@ — ) magaeT Ha TOHKYIO COOMpAIOIIyIO JIMH3Y,
HMMEIOIIIYIO TTOTIEpEeUHbIN panuyc #, 1 (pokycHoe paccrossHue f (puc. 11.12). AMmiuTy-

Jla TUIOCKOW BOJIHBI Ay, =— , navHa BojHbI A. Ecnu Touka P Haxoautcs B okyce F
a

JIMH3BI, TO YMCIIO OTKPHITBIX 30H, cortacHo (11.16), paBHO

rd
m Y
OpHako MO CpPaBHEHUIO C 30HHON IIJIACTUHKOW JIMH3a BHOCUT CYILIECTBEHHYIO
KOpPpEeKLMIO B (pa30Bble COOTHOLIEHMS. M3-3a pa3HOCTU ONTUYECKUX MyTel MeXmy
rockoctamu 11, u I1,, HaGer da3bl y nepudepuitHOil YacTh BOJIHBI OYylIeT MEHBIIIE,
YyeM y TIpUOCEBOM, TIpUYEM BTO OTCTaBaHME MO ¢ha3e OyaeT HapacTaTh NIPU yAAJIEHUU
OT ocH my4kKa. Eciii BeIMyKI1ast TOBEPXHOCTD JTMH3bI NTapabonyeckasi, TO BCe BEKTO-

(11.19)

Puc. 11.9 Puc. 11.10
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o

7

A A; As Ay i

—_—

A
—_—
—_—
—_—

Puc. 11.11 Puc. 11.12

pbl dA B (11.11) OynyT umeTh oarMHakoBoe HampasjieHue. [ToaToMy BeKTOopHas aua-
rpaMMma TMoJy4aeTcsl BBITSTUBAHUEM M MIOJYKOJIEL CIIMPaJIM, U aMILTATY/A TTOJIsT B
¢okyce TMH3bI MOJYUYUTCST PAaBHOM

AF=§(A1+A2+...+A,,,). (11.20)

n
MHoOXuUTETb 5 KaK pa3 M paB€H OTHOLUCHUIO JJIMHBI ITOJJOBMHBI BUTKA K €TI0

auametpy. Ilomaras, 4yTo Tpy HeOOJBIIOM YUCe BUTKOB A; + Ay + ... + A, = mA,,
1 TIpMHUMAasi BO BHUMaHMe, 4To A; = 24,, ¢ yuyetoMm (11.19) nonaydaem

nrd

Af
Ecim ry =2 cM, f=20cm, A =0,5-10"* cm = 500 M, TO Ap/Ay = 1,2 10* Takum
o6pasoM, rosie B GOKyce YBETMUMBAETCS HA YEThIPE TTOPSIIKA.

OueHUM paaunyc ¥y GOKaIbHOIO IsITHA. JIJIs1 3TOro BOCIOJIb3yeMCS YCIIOBUEM CO-
XpaHEHUsT MOIIHOCTH TTy4Ka:

Ay = (11.21)

Alnrd = Apmrg, (11.22)
OTKYy/Ia MOJIy4aeM
rp = (11.23)
Ty

IoacraBus B (11.23) 3HaueHust A, f U 7y, HAXOAUM rr = 1,6 MKM, YTO TOJBKO
B TPU pasa OOoJIbllle JJIMHBI BOJHBI.

Jndpakiiys orpaHUIMBaeT CxKaTue MydKa B (DOKAIBHOM IMIOCKOCTU JIMH3bI. YMEHb-
LIIEHUE Fp JOCTUTAETCSl UCIOJIb30BaHUEM JIMO0 KOPOTKO(GOKYCHBIX JIMH3, TMOO JIUH3
¢ OOJIBIIMM TTOTepeYHbIM pa3MepoM. OIHAKO B JIIOOOM CITydyae #r MOXKHO YMEHBIIUTh
JIMIIIb 10 BEJIMYMHBI MOPSIIKA IJIMHBI CBETOBOI BOJIHBI.

Judpakuusa cBeTOBOro my4kKa C mnpsiMo-

YroJibHbIM NpogujieM HHTEHCHBHOCTH. TaKoii

7 My4yoK o6pa3uyeTca MpY HOPMAJILHOM TIaje-

4 - @ HUU TIJIOCKO BOJIHBI HA 3KpaH C KPYIJIbIM
P % otrBepcTHeM paauyca r, (puc. 11.13).

- 0 st Toukn P, Haxopmsleics Ha ocH Mmy-
YyKa Ha pacCTOSIHUM Z OT BKpaHa, aMIUTUTyIa

BOJIHBI A ompefensieTcsl U3 BEeKTOPHOU Aua-

Puc. 11.13 rpaMMBbl Ha puc. 11.7. B61u3u a3KkpaHa 4uciio
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/1y

m=5 m=3 m=1

Puc. 11.14

2

y - o

OTKPBITBIX 30H M = e > 1. [Toatomy A = Ay (Ay — aMIIMTya Nagarolieil miockKoi
74

BoJIHBI). C yBeJIMUeHNEeM Z paauyChl 30H BO3pacTaloT, U HA OTBEPCTUN OCTAeTCs BCe

MeHblIe 30H. [Ipu paccTosinum 7 = Ly = r¢/A Ha OTBEPCTUU OCTAETCS JIMIIbL NIepBast
30Ha U A = 2A,. Ilpu 7> L, amrmuiutyaa B Touke P omnpenesisieTcsl BKJIaa0M LeHTpaslb-
HOI 4acTU TepBOU 30HBI, MO3TOMY A < A,.

Ha puc. 11.14 npeacrapieHo pacnpeaeieHue UHTEHCUBHOCTU Ha OCU TTy4YKa, HOp-

1 . y
MUPOBAaHHOE HAa UHTEHCUBHOCTb [ = 51402 Mafaroieil MIoCKON BOJHBI.

Paccrosinue Ly = rd/\ Ha3bIBaIOT dughpaxyuonnoti daurnoii nyuxa. Kak v rnpu mH-
TepdepeHLIMKY, OHO JaeT BO3MOXHOCTb BBIACIUTh OMMKHIOW Z < Ly U AaJbHIOI
z> Ly 30HBI. [ToBeneHrMe MHTEHCMBHOCTH Ha OCH MyYyKa C YU€TOM COXpaHEHUs ero
MOIITHOCTH BIOJb ocl (OZ TTO3BOJISIET CAEIaTh BHIBOIBI O XapakTepe AUMpaKkIiy ITydKa.

Ipu z <« Ly (m > 1) npodunpb Iydyka ocraeTcs MPSIMOYTOJbHBIM, (Pa30BbIi
(POHT IJIOCKMM, a €ro LIMpHUHA paBHa 7. B 3T0i1 0b6acTu audpakims He3HAYUTEb-
Ha. 31ech CrpaBelIMBO MPUOJIKEHUE TeoMeTpruueckoit onTuku. OB6IacTh paccTos-
HUN 7 < Ly Ha3bIBACTCSI NPOINCEKMOPHOU 30HOU.

B 6auacneii 3one 7 < Ly (m > 1) HabmogaeTcs Kolblieoopa3Has IudpakiunoOHHas
KapTUHA ¢ TEMHBIM WIM CBETJBIM MSITHOM B cepeauHe (cMm. puc. 11.9). Pazmepsi
HApY>XHBIX KOJIEII MMEIOT TOT XK€ TMOPSIAOK BEJIMYMHBI, YTO M WCXOIHBIA pamuyc
y4Ka #.

B oanvueti 3one 7 > Ly (m < 1) NHTEHCUBHOCTb HA OCU C POCTOM Z MOHOTOHHO
YMEHbILIAeTCsI. DTO CBUAETENBCTBYET O TOM, UYTO PaIMyC IyyKa CTajl YBEJIMYMBATHCS
II0 Mepe ero pacripocTpaHeHus. Jlajee OymeT mokaszaHO, YTO MYYOK MHpHUOOpeTaeT
duppakyuoHuyo pacxodumocms, 3aaBaeMylo yIiioM 0 ~ A/r.

I/1

Puc. 11.15 Puc. 11.16
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Jndpaknua Ha Henpo3paynoM aucke. Eciy Ha MyTH IJIOCKOI BOJIHBI ITOCTAaBUTh
HENPO3pavyHbIil JUCK pamnyca ry, TO pu 7 < Ly = rd/A 3TOT IUCK 3aKPOET MPAKTU-
YeCKH BCe 30HBI U MHTeHCUBHOCTD [ = 0. HaobGoport, B nanbHel 30He Tipu Z > Ly IUCK
3aKPBIBAET JIMIITL HEOOJIBIIYIO LIEHTPAIBHYIO YACTh MEPBOI 30HBI, MO3TOMY [ = I,

I'pacdpuk pacrnpeneneHrsi MHTEHCUBHOCTU Ha ocu (07, COBIAJAIOIIE ¢ OCBhIO TH-
cKa, n3obpaxeH Ha puc. 11.15.

IIpoHMKHOBEHME CBeTa 3a NMCK B JaJibHEN 30HE MHOTAA TPaKTyeTcs Kak oruba-
HUe cBeTOM aucka. JludpakimoHHast KapTUHA 3a JUCKOM M300paxeHa Ha puc. 11.16.

B 1ieHTpe TeMHOTO MOJIsT UMEETCS c8ema0e NamHo, CylIeCTBOBaHUE KOTOPOTO Ipe-
ckazain IlyaccoH Ha ocHoBe Teopuu PpeHens.

JIndpakuua Ha kpae 3Kkpana. [lyctb ceprueckast BoHA TMagaeT Ha HEMpo3pa-
YHBII 9KpaH 9 ¢ PSIMOJMHENHBIM KpaeM, 3aKphIBAIOIIMM YacTh BOJTHOBOTO (ppoHTA
(puc. 11.17). Kpaii skpaHa nepreHAUKYJISIpeH MIOCKOCTU YepTekKa.

Pazobbem chepuueckuii GpoHT paguyca a Ha 30HbI. [J1g 3TOro u3 Touku P 1po-

. A
BelleM B IUIOCKOCTH YepTexXa OTPe3KU UIMHON b + 5 10 TIepeceueHms co chepude-

. A
CKuM (pOHTOM B TOYkax / m [’, 3aTeM OTPE3KM IJIMHON b + 25 10 MepecedeHusI

B Toukax 2 u 2’ u T.4. Yepe3 Touky Py u Touku [/ u I’, 2u 2’ u T.A. TPOBOAUM
MEepPUANOHAIbHbIC TIJIOCKOCTU, MapasuliejibHble Kpalw 3KpaHa. DTH TUIOCKOCTH pa3-
OuBalOT (POHT Ha 30HBI-AOJbKM HEPABHON ILIOWIAAW: YeM OOJbllle HOMEDP 30HbI,
TEM MEHble ee IUIolaab. PacuyeT MOKa3bIBAET, YTO OTHOIIEHUE G|:G,:O03:... =
=1:0,41:0,32:0,27:0,23:0,22:0,20:0,18:0,17. D10 O3HAUYaeT, YTO P CYMMUPO-
BaHMU B Mpelesiax Kakoi-ambo 30HbI BeanuuHa dA B (11.10) Oyaer yMmeHbIIaThCS
B TaKOM XK€ MpOMopIIMHU, MOCKOJIbKY MpUpallleHue yria v Juisl Becex dA BelOupaeTcs
OJIMHAKOBBIM.

BekTopHast nnarpamma ajisi mepBoii 30HbI U300paxkeHa Ha puc. 11.18.

ITonoOHbBIM 00pa3oM paccuuThIBaeTCSl BKJIAM JIIOOOI 30HBI.

Hns pacuera aMIUIMTYAbl B TOUKe P CTpOMTCSl BEKTOpHasl AuarpamMma, Has3biBa-
emas1 cnupanvio Kopnio (puc. 11.19).

OHa COCTOUT M3 ABYX BETBEl, MO3BOJISIOLINX YUUTHIBATH BKJIAJ KaK 30H O}, O, ... ,

TaK U 30H G|, G5, ... . JJInHA BekTOpa A, COEIUHSIOLLETO MOIIOCHl CIIMPAI, PaBHA
Py
a
-~ A(x), x<0
o
A dA A, x>0 A
P"
0 X
Puc. 11.17 Puc. 11.18 Puc. 11.19
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Pnc. 11.20

Puc. 11.21

aMIUIMTy[e majarolieit BolHbl A = ——, a JjaMHa BekTopa A(X), COEAMHSIOLIEero
a

b
TIPaBBIN MOJTIOC ¢ TEKYIIe TOYKOM cn-il;lganm, paBHa aMIITATyAe OTU¢parnpoBaHHOMN
BOJTHEL.

ITpoaHanusupyem pacrpeneneHue aMIuiMTyabl A(x) Baoab ocu Ox, meprieHau-
KyJsipHoi Kpato 3kpaHa. [Ipu x = 0 A(0) = A/2, MOCKOJbKY OTKPbITA JIUIIb MOJIOBU-
Ha ¢poHTa (OTKPBITHI 30HBI G, Oy, ...). [0 Mepe cmeleHust P BiaeBo (x < 0) atu
30HBI OYAYT TOCJEA0BaTEIbHO 3aKpbIBaThCs, U MPU X — — A(x) — 0 (Touka P’
HaXOOWUTCS Ha TIpaBoil BeTBU cripain). [1pm IBMKEHNHM BIIPAaBO TOCIEAOBATEIBHO
OTKPBIBAIOTCS 30HBI G, G3, ... . AMIIIUTYIa A(X) OCUWIIUPYET, OMHAKO 3TU OCIIWJI-
JISILIMY 3aT€M YMEHBILAIOTCS, U TIPU X — o0 A(x) — A (Touka P” HaxoAuTCs Ha JIEBOM
BETBU CITMPAJIN).

Ha puc. 11.20 mpexncrasien rpa@uk 3aBUCUMOCTH HOPMUPOBAHHOM MHTEHCUB-
Hoctr I = A%(x)/A? or KoopauHaTel x, a Ha puc. 11.21 n3o6paxeHa SKCIEPUMEH-
TaJbHO HabmomaeMas mudpakKIMOHHas KapTHUHA.

AHaJTUTHYECKH 3Ta 3amava Oblia perieHa @penesaeM. PacripeneeHue OISt O~
CBIBaeTCsS C TOMOIIBIO TaONMIHBIX WHTeTpanoB MpeHens. 3HaYeHUS WHTETPAIOB
B TpadpUecKOM TIPEICTaBICHUN 1 SIBJISIOT co00it crimpanb KopHro.



JEKITUA 12

B aToli neKuum paccCMOTPUM OCHOBBI CKAJIIPHON Teopuu AUMpPaAKIIMU, CO3MaH-
Hoii HeMelKuM ¢usukoM I'. Kupxropowm. I1o cymectBy nogxon Kupxroda ssissercs
00001eHneM npuHiuna lroiirenca — @peHens.

HNurerpanbnas teopema Kupxroda. Ilycts pacnpocTpaHsieTcss MOHOXpoMaTuie-
cKas cKaJsipHas BOJIHA

Ux, 2,0 = U(x, y,2)e™, (12.1)

rie U — KOMIUIeKCHas! aMIuiuTyaa BoiaHbl. OtmetuM, uto U MoxeT GbITh /11060ii
n3 KomnoHeHT noisg E wim H, BomHOI maBieHMii, TUIOTHOCTA B aKyCTUKE U JIp.
Ecnu (12.1) moacTtaBUTh B BOJTHOBOE YpaBHEHUeE

0U

87 = C2AU, (122)
TO IOCJIE COKpallCHUA Ha ei“” IOJIy4acTCA ypaeHeHue Te/leZO/Zbua

AU +k*U =0, (12.3)

e k* = w?/c%.
M3 kypca MaTeMaTWKM WM3BECTHO, YTO €ro pellleHWe MOXKET OBITh IOJIy4eHO
¢ noMolblo @yukyuu Ipuna G B BUAE

U
U(r)—4 H(U——Ga—jd (12.4)

Cwmbicn peureHus (12.4) nosicHsiercs Ha puc. 12.1.

Boamymienue U B Touke P, 3amaBaeMoil pagmyCcOM-BEKTOPOM I, BbIpaxkaeTcs
yepe3 3TO Bo3MylleHUe U (yHKIMIO ['prHa Ha TIPOM3BOILHOM MTOBEPXHOCTH X, OX-
BaThIBatolleil 3Ty Touky. Kpome Toro, B (12.4) BXOAAT MPOU3BOAHBIE IO BHYTPEHHEM!
HopMaju n (oOpallleHHOI K Touke P).

@yukuus ['puHa sBisieTcsl pelieHreM ypaBHeHUs [enbmronblia ¢ mpaBoil ya-
CTBIO:

AG +k*G = -4nd(r - 1), (12.5)

do DTO ypaBHEHME OITMCHIBAET BOJHOBOE BO3MYIIIE-
P Hue G(r), ucrmyckaeMoe M3 TOYKHU, 3aJaBaeMoil pa-
P T IUycOM-BeKTOpoM r’. OMHUM U3 €ro pellleHui SBIIsI-

T eTcsl PYyHKIIUS

/0 y G=Leoin (12.6)
p

OIMCHIBAIOIIAsI PACXOISIIYIOCS U3 TOUYKU I’ chepu-
Puc. 12.1 4eCcKylo BOJIHY. 31ech p = |r — 1’|
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IMoncraBuB ¢pyHkumio I'puna B (12.4), noayuyum

1 9 (e ke e %\ oU

Pemienue (12.7) o cBoeli CTPYKTYpe BECbMa CXOIHO ¢ TMMPaKIMOHHLIM UHTET-
panom ®penens (11.4). Hanmnune npon3BOAHBIX TT0 HOPMAJIM OTPAXKaeT 3aBUCUMOCTh
OT yIJIa HaKJIOHA aMIUTUTYIbl BTOPUYHON BOJIHBI, UCITYCKAaeMOI 3J€MEHTOM dG TI0-
BEPXHOCTH X.

JIndpakuuonnasa dopmyna Ppenens— Kupxroda. [Mpumernum (12.7) anst peleHust
nvdpakimoHHoi 3agaun. ITycTh cheprueckas BoJHa OT MCTOYHUKA B TOUKe P, mamaer
Ha TUIOCKUI 9KpaH P ¢ OTBepCTHEM IUIolanbio X. JUId BBIYUCIECHMST BO3MYILEHUS
3a OKpPaHOM B TOYKE P OKPY:XMM ITOCJIEIHIO 3aMKHYTON MOBEPXHOCTBIO, COCTOSIIIEH
M3 TUIOCKOro (Tutolanb X + X') U ceprueckoro (Iuiowaas X”) yyactkoB (puc. 12.2).

Ecimu pamnyc R chepuyeckoil IMOBEPXHOCTU YCTPEMUTb K OSCKOHEUYHOCTU, TO
WHTErpaJl 10 3TON MOBEPXHOCTU JOJDKEH AaBaTh MaJIbIi BKJIad. BeIMCIMM 3TOT BKIIa.
Ha nosepxHocTu X’ BesiMuuMHa p = R, TTO3TOMY

P (e—ikp) P) (e—ikp) ( l)e—ikR _ o-ikR
2 = =ik +— =ik , (12.8)
on{ p o=R pl p o=R R/) R R

MOCKONLKY k = 2m/A > R. YuuthiBas, 4to do = R?dQ (dQ — 31eMeHT TeJIeCHOro

yriaa) u U = —&, u noxactasisst (12.8) B (12.7), moaydum

on oR

1 o (e e ek \oU 1 (aU _ )e-fk"
Ml e | 1Y g = — [ kU R%Q. )
4n£ﬂ an[ ) [ )an} ° 4n4f£ oR "YU )R (125)

p p

YTOOH! ITpU R — o MHTETPaJl CTPEMUJICS K HYJIIO, HEOOXOAMMO BBIIIOJIUTD YCIOBUE

R—eo

lim R(%+ikU)=0, (12.10)

HasbIBaeMoe ycaoeuem usiyuerus 3ommepgheavda. EmMy ynoBneTBopsieT chepudeckast
ZikR
e .
BonHa U = R HUIyIIast B TOYKy P ¢ 1o00ro sjeMeHTa 3aMKHYTOM TTOBEPXHOCTH,

B TOM YHMCJIe U OT OTBEPCTHUS ILIOLIAAbIO X.
. U .
Hns onpenenenus: 3HaueHuit U u o Ha TIockoi moBepxHocTu Kupxrogom
n

OB CHOPMYITUPOBAHBI HPUOAUNCEHHBIE 2DAHUUHBIE
YCA08UST:

. oU
* Ha Herpo3payHoi yactu akpaHa U= 0 u o 0;
oU
« Un — BHYTpM IU(PPaKLIMOHHOTO OTBEPCTHS

on
Takue e, Kak U B OTCYTCTBUE 9KpaHa. [locnenHee
VTBepKAeHUE CIpaBeIMBO, €CM pa3Mep OTBep-
CTHUSI 3aMETHO TMPEBOCXOIUT IJTMHY BOJHBI.
Yr1o0bl 130eXaTh OAHOBPEMEHHOIO 3alaHus Ha

U
oTBepcTUM BeaudyuH U u aa_n’ A.3oMmepdenba

Puc. 12.2

131



MPEeMTOXKUI BRIOpaTh MHYIO PyHKuIuio ['puHa, yem (12.6). Ee MoxXHO BbIOpaTh Ta-
KOM, 4ToOBI Ha oTBepcTUH G |2 =0. Torga B (12.4) ucue3aet caaraemMoe, CoaepKa-

1iee y Ecnu xe G = G,, nns1 KOTOpoid aai =0, to B (12.4) octaHercs cnara-
nls

on
emoe, conepxaiee —. Oyaxums G OyIeT KCIToIb30BaHa B JaJIbHENIIIEM IIPY aHAI-

on
3¢ TUPPAKIMNA CBETOBBIX MMITYJIHCOB.

BO3MYH.[@HVI€ Ha 3KpaHE€ OT TOYCYHOIO MCTOYHMKA, PACIIOJOKECHHOI'O B TOYKEC
Ce_ikpl

P1

9G _ 9 (e 9 (e Lo e
= =—— cosQ=|ik+— Cos ;
on dn{ p op\ p pP) P

—ikp —ikp —ikp
ﬁ:i(ce lj:i[Ce IJCOSQIZ—C[ik-l‘lJe cos @y,
on on P1 P, P P1/) P1

Py, paBHo U = . Beruuciaum B (12.4) mpou3BogHbIE IO HOPMAJIK:

(12.11)

rae ¢, @ — YIJIbl MEXIy BEKTOpaMU P M N U p; XU N COOTBETCTBEHHO.
Kak u B (12.8), k > 1/p, 1/p,, moatomMy BenuuuHamu 1/p u 1/p; B mpaBbIX
yacTax (12.11) MmoxHo npeHeOpeub. B pesynbrare (12.7) nmpuobpeTtaeT BUL
—ik(p1+p)
U(P)=J.J.Ce—L[COS(pl+COS(p]d6. (12.12)
s PP 2A
DT0 BEIpakeHHUE Ha3bIBaeTCs dughpakuyuonroti ghpopmyaou Ppenenss— Kupxeogpa. OHa
coBMagaeT ¢ AudpakiMoHHLIM MHTerpaaoM dpenens (11.3), ecnu B HeM Koaddu-
LIMEHT HaKJIOHA TTOJOXUTh PaBHBIM

K@) = 51 +cosol, (12.13)

MOCKOJIBbKY IS cpepruiecKoil moBepXHOCTH yroa ¢; = 0.

3ameuanue 1. Popmyna (12.12) cuMMeTpUYHa OTHOCUTEILHO TOUYeK Py u P:
€CJIM UCTOYHUK M TIPUEMHUK MOMEHSATh MecTaMu, TO BeanunHa U ocTraHeTcs Tpe-
JKHEW.

3ameuvanue 2. Eciu caenaTh 9KpaH MOTHOCTBIO MPO3paYHBIM, TO

Ug(P)=[ + [ =UP)+Uy(P), (12.14)
DI
rae Uy(P) — Bo3myllleHUe B OTCyTCcTBUE 3KpaHa; U;(P) — BO3MyIlllEHUE B MPUCYT-
CTBUU HEMPO3PAYHOTO MPEISITCTBUS, 3aMEHSIIOILETo OTBepcTre. Takoe MpensaTCTBUe
SIBJISIETCSl JIOMIOJTHUTEbHBIM 3KPaHOM IO OTHOIIEHUIO K 3KpaHy C OTBEPCTUEM,
dopmupytomemy BosmyieHne U(P). @opmyna (12.14) — MaremaTnmdecKoe BbIpa-
>XeHue npunyuna babure, KOTOPBII OyJAET UCMOJb30BAH B JajIbHEUIIIEM.
IMpuommkennss Ppenens nm Dpaynrodepa. [Ipu pemeHum 3amaun audpakin
Ha ocHOBe TudpaknoHHoi GopMyiel DpeHess — Kupxroda MOXHO BBIIETUTh IBA
MpeaeabHbIX ciydast. st 3Toro paccMoTpuM IUMPaAKIKUIO BOJIHbBI TOUEUHOI'O UCTO-
YHMKA Ha 3KpaHe C KPYIJbIM OTBEpPCTUEM paauyca r,. Touku P, u P jgexar Ha ocu
OTBEPCTUSI Ha PACCTOSIHUSIX a > y U b > 1y (puc. 12.3). Ilpu UHTErpupOBaHUU p; U P
B (12.12) u3MeHSI0TCSl B CAEAYIONIMX Mpeaeiax:
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2
. r
asp <pp=a+—=—; T

2a (12.15)
b<p<py=b+ ﬁ
=P=Po= 2b° P10 M
PO
r2 r2 P1 p
rae -~ u -> — Majble 3a30pbl MEXIy chepaMud P >
2a 2b 0 a i b

paguycaMM a U b M IUIOCKOCTBIO 3KpaHa (CM.

(9.16)), korma Touka MHTErpupoBaHus M Haxo-

JIUTCSI Ha Kpalo oTBepcTust (cM. puc. 12.3).
3HaMeHaTe b MOAbIHTErPAaIbHOIO BhIPAXKECHUS

B (12.12) u3MeHseTCsI HE3HAYUTEJIbHO, TTO3TOMY Puc. 12.3

B HEM MOXHO TMOJIOXUTh p; = @, p = b. OMHaKO B

yucnuTeae (M3-3a OONBIIOrO 3HAYeHUS k) DKCHOHEHLMaJdbHble (QYHKIUU

e~*P1 y e~kP MOTYT U3MEHATHCS BeCbMa 3HAYMTENbHO. Eciu

2
LN % > A (12.16)

TO TIPY MHTErpUPOBAHUU SKCIOHEHIMAIbHbIE (DYHKIHUM OyIyT MHOTOKPAaTHO OC-
mwIpoBath. Yciosust (12.16) peannsyorcs, eciu

a<<ﬁ—L' b<<ﬁ—L (12.17)
7\'_ 0> 7\'_ 0> .

rne L, — nudpakiMoHHas IJMHa, BBeIeHHas paHee MpU pacCMOTPEHUM Audpak-
LIMU TIJIOCKOM BOJIHBI Ha KPYIJIOM OTBEPCTUM.

CornachHo (11.15), Ha OoTBEpCTUU B 3TOM ClIydae MOMEIIAEeTCsI OObIIOE YMCIIO
30H @peHens. Takoe npubIMKeHNe Ha3bIBaeTCs npubdauxcenuem Ppenensn, Unn ough-
pakyuei Ppenens. TakuM obpazoMm, 3To NpUOIMKEeHUE peannsyercs, eciu Py u P
HaxoAsTCs B OJIMXKHEN 30HE.

ITpu yBenMueHUU pacCTOSIHUMN a U b 3a30pbl yMeHbIIaOTCs. [1pn

a> Ly, b> L (12.18)

cepsl JOCTATOYHO XOPOIIO MOTYT aIPOKCUMUPOBATHCS TIOCKOCTSIMU, TTOCKOIb-
KY 3a30pbl CTAHOBSTCS MHOTO MEHBIIIE JJTMHBI BOJHEL. Pamnyc mepBoit 30HBI 3HAYM -
TeJBHO TIPEBBIIIAET PAINYC OTBEPCTUSI.

D10 TIpUOIKEeHNe HasbIBaeTcs npubausxcenuem Dpayneogepa, vima dugpaxyueti
Dpayneogpepa. Horma oHO Ha3bIBaeTCs AM(PAKLIAEH B MTapaUIeIbHBIX JIyJ9ax, 4TO OTpa-
>KaeT OIMHAKOBYIO YAAJICHHOCTb 3JIEMEHTOB dG OTBEPCTUS OT Touek Py u P, pacroso-
SKEHHBIX Ha ero ocu. TakuMm 00pa3oM, 3To MpHOIKeHNe UCTIob3yeTcs, ecii Py 1 P
HaXoAdITCS B AaJIbHEM 30He. OTMETHM, YTO BO MHOTHX ONTUYECKUX ITPUOOpax M yCT-
pOMCTBAX peaNm3yeTcsl CUTyallrsl, COOTBETCTBYoIIas npubmmkernnto ®payHrodepa.

Judpakuus Ha KpyriioM otseperan. Vcrions3ys nudpakimmonayto gpopmyry @pe-
Henss — Kupxroda, paccuntaeM WHTEHCUBHOCTb B AUMPPAKIIMOHHON KapTWHE TIPH
MageHM c(pepruIecKoil M TUIOCKOM BOJTH Ha 9KpaH C KPYIJIBIM OTBEPCTUEM.

Cepepuneckasn 6oana. IlpennosaoxxuM BHauUaje, 4To TOUKU Py 1 P HaxomaTcst Ha ocu
OTBEPCTHSI, KaK 3TO M300paxkeHo Ha puc. 12.3, Tpu 3TOM a U b MOTYT UMETb NPOX3BOJIb-
Hble 3HaueHwus. st ynoocTBa nHTerpupoBaHus (12.12) BBeaeM HOBYIO TIEPEMEHHYIO

v =k[(p, +p)—(a+D)], (12.19)
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MPeACTABISIONIYIO COOOI Pa3HOCTH (ha3 MEXIY JIydaMu, MPOXOASIIMMU Yepe3 LIEHTP
otBepctust O M TOUKY MHTerpupoBaHust M. Torna

dy = k(dp, +dp) = k (pi + éjm’r, (12.20)
1

TOCKONBKY p;dp, = pdp = rdr. [Ipy UHTErpMpOBaHUH TI0 paauaIbHONW KOOpAMHATE F
BJIEMEHT TUTOIIAAN do = 27nrdr, TIOATOMY

. C Y a+b[cose +cosp| _;
UP) =i s evdy,  (1221)
a+b 0 P1tP 2
e
Yo = k[(Plo +Po)—(0+b)] (12.22)

— MaKCHMMaJIbHasA pa3HOCTb (1)3.3, Koraga Toyka M HaXoguTCsd Ha Kparo OTBEPCTHUS.
MHoXuTebh 1101 3BHAaKOM HMHTETpaia

a+b cosp; +coso
pL+p 2
SIBIISIETCS MEIUIEHHO MEHSIIOLIENCS, 10 CPABHEHUIO C eV, HeaBHOM (DyHKUMEN .
Ee xauecTBeHHBIN BU TTOKa3aH Ha puc. 12.4.
Mpuy=0F=1l,anpuy - o F— F,,<1.
HMuterpan B (12.21) BBIUMCIUM IO YaCTSIM:

F(y) = (12.23)

i J F(y)e Vdy = —F(y)e |\Vo + J. *dF(y) ey
dy

B cuny manoctu dF/dy BTOpbIM ciaraeéMbIM MOXHO npeHeopeub. Torna

C . .
U(P) = me-f’dm) [1- F(yg)e ™o ]. (12.24)
HGDGXOI[H K MHTCHCHUBHOCTH, ITOJIy4YacM
1 .
I(P) = §|U(P)|2 =1, [(1 — F(yy))’ +4F(y,)sin> %] (12.25)
2
Tac [ 0= ﬁ — MHTCHCHUBHOCTb B OTCYTCTBHUE OKpaHa.

IIpoaHanu3upyeM MojrydeHHbI pe3yabTaT. I1ycTh MmojioxkeHre MICTOYHMKA (PUKCH-
pOBaHO, a U3MEHSETC JUIIb paccTosiHue b. Eciu b < ry, T0 ¢, > 1. Torna F= 0 u
I = I,. DKpaH c OTBEpPCTHEM He OKa3bIBaeT HUKAKOTO BIMSHUSI — HA OTBEPCTUH HAXO-
JUTCS GOJIBIIOE YUCIIO OTKPBITHIX 30H ®penens (m > 1). Ecim ry < b < Ly = rg/\, TO

2n rzj (1 1)
F 0 1, — 1. 122
Vo= (2a+2b rlo(5ty) (1220

! \ Ha Tex paccrosHusx b, rae y, = mm (m = 2,

4,6, ..), sin2%:0. VuureiBast, uto F = 1,

0 2r dnbr ¥ nomywyaem /= 0. Ha apyrux pacctostHusix b, rie

Puc. 12.4 yo=mm (m=1, 3,5, ..), sinzgzl, I =
134



=4F(yy)l, = 41,. B nepBoM ciyyae Ha OTBEPCTMHM IOMEIIAETCS YETHOE YMCIO 30H
®dpeHensg, a BO BTOpPOM — HEYETHOE.
Ecmu b > Ly, 10, cornacHo (12.26), v, = v, + €, tae y, = nly/a, € = nly/b < 1.

2Wa+£

. € .
Torma sin =3 sin y,. CnnegoBaTeNbHO,

2 nl, .
1(P) :IO[(I—F(wa)) +4F(wa)2—b°sm2 wa}. (12.27)
IIpu ynaneHuun ot 3KpaHa MHTEHCMBHOCTh MOHOTOHHO yMeHblaercs: { — 0.
Iliockas 6oana. B ciyyae TI0CKOM BOJIHBI B TTOJYYEHHBIX BBIPAXKEHUSIX MOXKHO
clesIaTh MPeNeNbHBIA Nepexoa NMpu a — . Torma I, = ¢*/2a*> n He 3aBUCUT OT b,
= nLy/b. PactipeneneHre MTHTEHCUBHOCTY Ha OCH OTBepcTUs nosydaercs us (12.24)

pPaBHBIM
I(P) =1, {(1 - F("TLO)T +4F ("TLO)sinz (“Tfoﬂ (12.28)

I'paduk sToli PyHKIUM yKe ObLT IIOCTPOEH Ha OCHOBE 30HHO Teopun MpeHens
(cM. puc. 11.14). B nanbHeM nosie ipu b — oo F— 1, a I(P) ~ 1/b> — 0. [l nanaromiei
TLUIOCKOM BOJIHBI 3TO 03HAYAET, UTO IOMNEPEUHbIN pa3Mep JU(PPaKIIMOHHON KapTUHBI
BO3pacTaeT MPONOPIMOHAIBHO PACCTOSIHUIO b.

st Touku P, He jexallleil Ha OCU OTBEpPCTHsI, MHTErpajl MOXKET ObITh BEIYUCIECH
Ha DBM. Ha puc. 12.5 mokasaHbl pacrnpeneieHns] UHTEHCUBHOCTU B IIJIOCKOCTH,
MePIeHANKYJISIPHON OCH OTBEPCTHSI IIPU Pa3IMUHBIX pacCTOSTHUSAX b. 3aech m = Ly/b.
dakTyecKu peyb UAeT O AMGPaKIIMOHHOM pPaclpOCTPAaHEHWM KPYIJIOTo ITyyKa
C MPSIMOYTOJIbHBIM TIPOUIeM MHTEHCUBHOCTU.

B nipoxkekTopHoii 30He (m > 1) npoduib UHTEHCUBHOCTHU TTy4Ka OCTaeTCs Ipsi-
MOYTOJIbHBIM, a (a30BbIi (OPOHT (HA PUCYHKE He TT0Ka3aH) — IUIOCKUM. B OmkHei

I/l /1y
/1y oL 4L
m=10
1 m— o
2 F m=5
| | | |
1 0 1 r/ny 1 0 1 1/n 0 1 2 r/n
I/ I/
4+ 4 me?
2 H m=4 2 L
m=1
| | |
0 1 2 r/ny 0 1 2 r/n
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30He (m > 1) mpodraIb HAUMHAET «M3pe3aThCs», TPU YETHOM M Ha ocu mydka /[ = 0.
IMosBasioTcss AMMPaKIIMOHHBIE KOJIbIA, KOTOPhIE IUIOTHO «yIaKOBaHbI» MpaKTHUYe-
CKM B mpenesiax Kpyra pamguyca r,. Ilpy m < 1 npodunb myyka HaYMHAET 3aMETHO
pacron3atbecsi. BMecTe ¢ HUM pacrnonzaioTcs 1 nudpakiuoOHHbIe Koblla. IHTeHCUB-
HOCTb Ha OCH My4YKa 10 Mepe ero pacrpocTpaHEeHUsT yMeHbIlaeTcsd. B nagbHeil 30He
(m <« 1) pacnpeneneHre UHTEHCMBHOCTU HECJIOXHO pacCUMTaTh U aHAJTUTUYECKU.
DTo U OyIeT cAenaHo aanee.

Jundpakuua Ha Kpyriaom aucke. Eciu BojiHa magaeT Ha KpyIJblid AUCK pagudyca
7y, TO MOXHO, HE TIPOBOIISI MHTETPUPOBAaHUS B Tpenesax , < ¥ < oo, BOCIIOJIb30-
BaThcsa npuHUMIoM babune. Torma u3 (12.24) nonyyaem

C . C . .
U (P)=—— —lk(a+b)_U Py=——_ —lk(a+b)F —ivo | .
(P)=——e¢ (P) = — e D F(y)e (12:29)

VHTEHCMBHOCTL Ha OCH MCKA
1i(P) = 1,F*(yy). (12.30)

ITo Mepe ynajieHUs1 OT AMCKA UHTEHCUBHOCTb /| MOHOTOHHO yBeJIMUMBaeTcs (CM.
puc. 11.15). B cayyae miockoit BojHbI iy = nLy/b. Tlpu b = L, dynkuus F(rw) = 1
u I=1,. Ha aToMm paccrosiHuM TjIocKasi BoJiHA orubaeT Hempo3payHbIi AUCK. DTO
00BsICHIET MosiBNieHNe TisiTHa [Tyaccona (cm. puc. 11.16).

Judpakuuonnas kapruaa ®paynrodepa kak ¢ypbe-o0pa3 cBeTOBOro mojsi Ha
IudpakmmoHHoM 3kpane. Jndpakumonnas gopmymna Ppenenst — Kupxroda moxer
OBbITb 3HAYUTEJIBHO yMIpolleHa, eciu Py 1 P HaxodsaTcsl B JajJibHEM MoJie, TTpuueM
Heo0s3aTeTbHO Ha OCH OTBepcTHs (puc. 12.6).

B sTtoM ciywyae nBe cdepuyeckre MOBEPXHOCTH XOPOLIO alMpPOKCUMUPYIOTCS
miockoctamu 11y v 11.

CoBMeCTHMM IUIOCKOCTb Oxy NeKapTOBO#l cucTemMbl KoopAuHAT Oxyz ¢ TIJIOCKO-
CThIO BKpaHa I, Hayaj0 KOOPAUHAT MOMECTUM B HEKOTOPYIO TOUKY OTBEPCTUS TPO-
MU3BOJIbHOW (hOpMBI, UMEIoLIEro iolanb . Jist 3ananust HanpasiaeHuit P,O u OP
BBeEM €IMHUYHbIE BEKTOPbI €, U € COOTBETCTBEHHO. DTH BEKTOPHI, BOOOILIE TOBOPSI,
He JiexXaT B IUIOCKOCTU PUCYHKa.

3agaauM UX HampaBeHUs C TOMOIIBIO HAMPaBJSIOLIUX KOCUHYCOB:

€y = {e()xa eOya eOz} = {COS O, COSBOa COSYO};

e={e, e, e} ={cosa, cospP, cosy}.

Bynem cuutath yriiml ¥, 1 y MansiMu. Kak
YK€ OTMeuanoch, MOXHO CUYUTaTh, uto PyM ||
PO, a MP || OP (M —Ttouka, TIpyMHajexa-
11ast 3JeMeHTy TIolaau dxdy).

Tornma

P

z pi1(x,y) = a+egX +eg,y;
(12.31)
p(X,y) =b- €xX _eyy'

Hanee yyreM, 4TO

Ce—ikpl C _Ak(
= _*e ik (a+eqxx+egyy) =U<(x 12.32
Puc. 12.6 P a 2 )

136



SBJIIETCA KOMIUIEKCHOW aMIUIMTYIOM IJIOCKOW BOJIHBI, Iadarolleid HAaKJIOHHO
Ha sKpaH. IToacraBus (12.31) B (12.12), ¢ yueroMm (12.32) nomyuum

UP)=——— j [Us (x, y)e™" dxdy, (12.33)

e k, = ke,, k, = ke,, B 3HameHatese (12.12) nonaraem p = b, (cos @, + cos 9)/2 = 1.
Beenem dypowe-ammiutyny pynkuuun Us(x, y):

Us (ky,k,) = j [Us(x, y)e™" dxdy. (12.34)

CrenoBaTesbHO,

i e—lkb

U(P) _XTUZ(kx’ky)' (12.35)

Cama ¢ynkuusa Us(x,y) MOXET ObITb NPEACTaBleHA B BUAE JABYXMEPHOIO WH-
terpana Pypbe:

1 —ik X —il
Uz(X,J’)=W [[Us (k. ke % die dk,. (12.36)

3ameTuM, 4To BbhIpaxkeHue (12.35) cnpaBeaiMBO U AJIsI TPOU3BOJIBLHOTO BO3MY-
mweHust Ug(x,y), BOSHUKAIOLLIETO MPpU MaJeHUM HA0opa MIOCKUX BOJH MOJ HEOOJb-
LIMMHU yTaaMu K ocu Oz.

MHTEHCUBHOCTh B IU(PAKIIMOHHOW KapTUHE B JAJIBHEM I10JI€ MOJyYaeTCsl paB-
HO

|U2 (kxs k )|
7»2b2 2

Bripaxenue (12.37) nokasbIBaeT, YTO UHMEHCUBHOCb NPONOPULUOHANbHA NPOCIMPAH-
CMBEeHHOU CNeKMPANbHOU NAOMHOCIMU 803MYUEeHUSl 8 NAOCKOCMU OUPPAKYUOHHO20 OM -
6epcmus. BennuuHel k, = kcos o u k, = kCos 3 Ha3bIBAIOTCS NPOCMPAHCMEEHHbIMU HaC-
momamu, a CeKTpabHast II0THOCTb | Us(k,, k,)|* onuchIBaeT yero6oii cnexmp.

Takum obpasoM, dughpaxuyus Dpayneogepa s6151emcs 60AHOBbIM NPOUECCOM, NPU-
600AUWUM K (DOPMUPOBAHUIO Yen08020 CNeKMPA HA IKPaHe, HA KOMOPOM Habawdaemcs
Jughpaxkuuonnas KkapmuHa.

UpesBblyaifHO BaskHO OTMETUTD, YTO BO MHOTHUX ONTUYECKUX CXeMaxX AUdpaKiim-
OHHYI0 KapTuHy PpayHrodepa IMojydaloT B (HOKAJTBHON IIJIOCKOCTA COOMparolIei
JIMH3bI, TTIOMELIAeMON To3aau AUdpakIMOHHOTO 3KpaHa. JIMH3a coOupaeT mnapai-
JIEJIbHBIE JIyUM, WAYIIME OT BTOPUYHBIX MCTOUHUKOB, B CBOEH (hOKaJIbHOM IJIOCKO-
ctu. B aTom ciyuae B (12.37) pacctosiHue b paBHO (POKYCHOMY PACCTOSTHUIO JIMH3HL.
CrenoBaTenbHO, OTNAAAeT HEOOXOAMMOCTD JaJIeKO OTOABMTIATh 3KpaH s HAOJ0-
nenust KaptuHbl @payHrodepa, TeM Oosee 4To B psae 3amady L, MOXET JOCTUTaTh
JIECSITKOB U 00Jiee METPOB.

Jndpakuua @paynrodepa Ha npAMOYIroJabLHOM oTBepeTHH. [1yCTh Iockast BoaHa
IajaeT HOPMAJIBHO Ha 9KPaH C MPSIMOYTOJIbHBIM OTBEPCTHEM pa3zMepoM d; x d,. Torma

UO) |X| Sdl/z’ |y| Sd2/2a

Us(x,y) = 12.38
> {O, |x|>d,/2 wma |y|>d,/2. ( )

I(P) = |U(P)| (12.37)
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IMoncrasnas (12.38) B (12.34), npousBoast MHTETPUPOBAHUE U TEPeXOasl K UH-
TEHCUBHOCTH, IIOJIydaeM

2
I(P) = I(ky,k,) = 10(‘1“122) sinc? (kxd' jsincz (@) (12.39)
A°b 2 2

JByxMmepHOe pacrpeneieHue MHTeHCUBHOCTU (12.39) XOpolllo OMUCHIBAET IKC-
MepuMeHTaJIbHO HabJoaemMyo IM(pakIIMOHHYIO KapTUHy (puc. 12.7).

CrenaeM akIEHT Ha TPeX BasKHBIX MOMEHTAX.

1. OTMETHM TIPOCTPAHCTBEHHO-BPEMEHHYIO aHAJIOTUIO CIIEKTPATbHOM INTIOTHOCTH
|Us(k,, k,)* 1 cniextpanbroit wiotHoctH |U(w)|* ummynbea U(f) WIATEIBHOCTBIO T

UO: |t| < T/27
U(t) = (12.40)
0, |t>1/2,
IUTSL KOTOPOTO
U(w) = Ugr? sinc? (%Tj (12.41)

B (12.39) npocTpaHCTBEHHBIE YaCTOTHI k, U k, aHAJIOTMYHbI YacToTe ® B (12.41),
BEJIMYVHBI d| U d, aHAJIOTUYHBI T.

2. [NonoxeHus: MUHUMYMOB MHTEHCUBHOCTH ONPEAE/ISIOTCS HAIIPABICHUSIMU, TSI
KOTOpBIX kx,d,/2 = Am,, ky,d,/2 = Am,, unu

kxm _mlx. _kym _m27\'
K od s P

OCHOBHAas1 MOIILHOCTb BOJIHBI CKOHLICHTPMPOBaHa B Mpejesiax LEeHTPaIbHOTo Aud-
PAKIIMOHHOIO IISITHA-IIPSIMOYTOJIbHMKA, YIJIOBBIE pa3Mepbl KOTOPOIO OIPEIEISIIOT-
ca u3 (12.42) npu m; = +1, m, = +1. YeM MeHbllIe pa3Mephbl OTBEPCTUSI, TEM OOJIbIIIE
VIJIOBBIE pa3Mephl 3TOTO MATHA (U Bcell TMMPaKIIMOHHOM KapTuHbI). YcioBus (12.42)
03HAYaloT, UTO B crieKTpe Bo3mylueHus (12.38) mpocTpaHCTBEHHbIE YaCTOThI, KpaT-
Hble HU3IIMM YacToTaM 2r/d, u 2m/d,, OTCYTCTBYIOT.

3. MuteHcuBHocTh 1(0, 0) B IeHTpe KapTUHBI MeHblie /. Benuuuny /(0, 0) Mmox-
HO OLIEHUTb, MCXOISI U3 COXPAaHEHUs ITOJHON MOIIHOCTU [yd|d, BOJIHBI, TIPOILIEI-
1Ieil yepe3 MPSIMOYIOJIbHOE OTBepcThe. JIMHEelHbIe pa3Mephl LICHTPAIbHOIO IISITHA
Ha pacctossHuM b paBHBI df = 2bcosa,, = 2bA/d,; d; = 2bcosP,, = 2bA/d,. Ecin
MPUHSTh, YTO MOLIHOCTh CKOHIIEHTPUPOBAHA B TIpeeiax MpSIMOYroJibHUKA d{/2 X d;/

cos L, = m,my, =1, +2,+3 ... . (12.42)

2, TO
Iodid, = 100,004 % (12.43)
22
ITosTomy
Iy(dids)?
1(0,0) = % (12.44)

U COBITAJAeT ¢ aHAJIOTUYHOI BeJTMInHoM B (12.39).

Ecnau npsiMoyrojibHoe OTBEPCTHE CUJIBHO BbI-
TIHYTO (d, > d,|), TO TOBOPKT O 1IN IUPUHOM d|.
Puc. 12.7 MakcuMyMBbl BAOJIb HalpaB/IeHUs, ITapauieIbHO-
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|. ‘.

Puc. 12.8

ro ocu Oy, pacmoyaralotTcss HacTOJbKO OJIM3KO, YTO AUGpaKIIMOHHAs KapTUHA
CTaHOBUTCSI OMHOMEpHOI (puc. 12.8).

JIndpakuus @paynrodepa Ha KpyriaoMm orsepcTun. [1ycTh B 3KpaHe uMeeTcsl KpyT-
JIoe OTBepCTHe panuyca ry. [IpoBomst ”HTErpUpoOBaHUE C UCITOIB30BAHUEM TTOJISIPHBIX
KOOPIMHAT, MOXHO MOJYYUTb pacripenejeHrue MHTEHCUBHOCTU B BUIE

2
I(P)=I(k,) = Lo(@r)? {211(’“0)} . (12.45)

A2b2 k. r

3nech k, =k +k} = ksin®d, O — yron Mexay ocbio OZ ¥ HAalpaBJIeHUEM B TOUKY
P. Tlo cBoeir cTpykType Boipaxkenue (12.45) ouenp moxoxe Ha (12.39). Oyukims
J1(§) HaswpiBaeTcs pyHkumeit beccens nepsoro nopsaka. Ha puc. 12.9 npencrapieH
2
{21 i (&)}
g

rpa¢yK 3aBUCUMOCTH OT BEJIMUMHEI &.

dundpakunoHHas KapTUHa B JaJbHEM I10Jie MPeACTaBIsieT co00i MU paKIMOH-
HbIe KOJIbIIA, OKPYXKAIOIIUE SIPKOE KPYIJIoe IMSTHO.

Ha puc. 12.10 mokazaHa 3KcriepuMeHTAIbHO HabonaeMast AudpakiiMOHHAS KapTHUHA.

JndpakiiMOHHBIE KOJIblA HA3LIBAIOTCS Koabuamu Iiipu. YTIOBOI pa3mep LIEHT-
paJbLHOIO TISITHA OMPEeISIeTCsS U3 YCIOBUS

& =k,ry = krysind, =1,22m. (12.46)
Otcrona
sinY, = 0612 (12.47)
"o

271/

1,0

0,8

0,6

0,4

0,2

3
Puc. 12.9 Puc. 12.10
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m<1

m>> 1/ ’ m>1
0] -1 10 ***********************************
0 1 1

XapakTepHast
rpaHuua

Puc. 12.11

OOBIYHO 7y > A, TOATOMY

0,611
I '

sindy = 9y = (12.48)

Panuyc uenTpasibHOro msiTHa ry, (M APYrux KoJjiell) JUHEMHO HapacTaeT ¢ pac-
CTOSTHUEM b: 1y, = Oyb. 32 9KpaHOM C OTBEPCTUEM PACIIPOCTPAHSIETCS PACXOMSIIIMIACS
CBETOBOI MYYOK, OCHOBHAsI MOIIHOCTb KOTOPOI'O 3aKJl0UeHa BHYTPU KOHYyca C yT-
JIOM 29, TIpU €ro BepIIMHE. DTy YIJIOBYIO paCXOAWMOCTb Ha3bIBAIOT Ju@pakytioHHOU;
OHa XapaKTepU3yeTcs YIJIOM Oy, WU yeroM OuGpaKyuoHHoU pacxooumocmu.

Ha puc. 12.11 cxeMatTn4HO M300pakeHO pacIpocTpaHeHUe BAOJb ocu 07 mydyka
C TIPSIMOYTOJIbHBIM MPOGUIeM UHTEHCUBHOCTH. 1151 60bIeit HAIJISIHOCTH IUTPU-
XOBOM JIMHUEN BbIAeNeHA UIMHIPUYECKas 00JacTh C paIuycoM, PaBHBIM Havallb-
HOMY paauycy r, CBETOBOIO ITy4yKa, U OTTeHEHa 00J1acTh Ha rpadukax /(7), B KOTOpoit
3aKJIIOUeHa OCHOBHAsI MOIIHOCTD Iy4YKa.

BuaHo, 4TO OCHOBHAsI MOIIIHOCTh 3aKJII0YeHa BHYTPU MPOCTPAHCTBA, XapakTep-
Hbl€ TPAHUILI KOTOPOTO M300paKeHbl ABYMSI U3TMOAIOIIMMUCS JIUHUSIMU, CTPEMSI-
LIMMUCH B JaNbHeM 1one (z > Ly = r¢/A) K aCUMIITOTaM C YIJIOM 20, MEXIY HUMMU.

Ilosie B (hokaNbHOM MIOCKOCTH JIMH3BI. [Ipy MageHnM MI0CKOI BOJHBI HA COOU-
palolIyIo JTUH3Y C PaauyCcoM #y U (POKYCHBIM paccTOssHUEM f B ee (hOKaIbHOM TI0C-
Koctu opMupyetTcs audpakiimoHHast kaptuHa MpayHrodepa.

HeicTBUTENBHO, JIMH3a, C OAHON CTOPOHBI, BBITIOJTHSIET POJIb KPYIJIOTO OTBEpP-
CTHUSI paguyca ry, a ¢ Apyroil — cobupaer B (POKAIbHON TJIOCKOCTH MapaljiebHbIe
JIy41 OT BTOPUYHBIX UCTOYHUKOB. [ToaTOMY B €€ (hoKaIbHOM IIJIOCKOCTH OyAeT pac-
MOJIOXKEHO LIEHTPaJIbHOE MSTHO, OKPYKeHHOE KoJbllaMu Diipu. Panuyc 3Toro nstHa
roJryyaeTcsl TIpu b = f paBHBIM:

0,611
)

I‘p :ﬁof: f (1249)
Ha puc. 12.12 nmokazaHa cxeMa (pOKYCUPOBKU KOJUIMMUPOBAHHOTO My4YKa COOU-
parmlLeit JTMH30M.
KpuBbIMU JTMHUSIMU OTMeUeHa rpaHu1lIa 00J1acTh, B KOTOPOM cocpeaoToueHa oc-
HOBHAasi MOIITHOCTH BOJIHEI. [Tocie (pokaabHOM MIOCKOCTH ITy4OK IproOpeTaeT 00Jb-
LIYI0 PacXOAMMOCTb

'ﬁpzl. (12.50)

rp
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Eciu OBl IMH3BL HE OBLUIO, TO ITYYOK B Jajlb- 1o

HEM MoJjie Ipruodpe Obl MEHBIIIYIO PACXOAMMOCTb 95 e S
Oy ~ A1y < Op, TIOCKOJIBKY Ff < Fy. E
OLeHUM paguyc MsATHA B (hOKATbHOM ILIOC-
KOCTH JIMH3bI, UCIIOJIb3ysl CBOMCTBO OOpaTUMO- S
CTH PACIpPOCTPAHEHMS BOJIHBI, 3aJIOKEHHOE B
ypaBHeHUsIX MakcBesuta. DTO 03HA4aeT, 4To Puc. 12.12

IMy4OK, UCITYIUEHHBIA 13 (pOKaTbHOM MIOCKOCTU
B HampaBJieHUU JIMH3bI (COpaBa HajleBO), MOXET MPEBPATUTHCS MOCJE JUH3bI
B WCXOJHBIMA TYyYOK C MPSIMOYTOJBHBIM TMPOGMUIEM MHTEHCUBHOCTU U TJIOCKUM
dpoHTOM. 17151 3TOrO pacmhpeneseHre HAMPSDKEHHOCTH CBETOBOTO MO (aMILTUTYIbI
" $a3bl) B (POKAJBHO TJIOCKOCTU JOJKHO OBITh TAKUM K€, KaK 1 B JU(PaKIIMOHHOMN
kaptuHe PpayHrodepa, oOpasyroIleiics mo3aau Kpyrjaoro oTBEpCTUs.

BOau3u nuH3bl AudpakiiMoOHHAas pacXOAMMOCTb My4yKa, C OAHOW CTOPOHBI, OI-
penensietcst dopmynoii (12.50), a ¢ apyroii, Kak 310 cienyeT u3 puc. 12.12, paBHa

Vp = ? (12.51)

IMpupaBugas (12.50) u (12.51), nonyuum
rp = M (12.52)

o

DTa olleHKa COBIAHaeT C MPOBEACHHBIMU paHee OLEHKAMU C MCMOJb30BaHUEM
30HHOI Teopuu U JUPpaKIMOHHOTO MHTerpana ®penens — Kupxrodga.
JIndpakuusa rayccosa myuka. [Tycts B ruiockoctu Oxy BO3MyllIEHUE

2 2
Us(x,y) = U, exp(—xr#). (12.53)
0

DT0 BO3MYILIEHUE COOTBETCTBYET HAYAJIbHOMY paclpeaeIeHIIO MO B TayCCOBOM
nyuke. Ero dypbe-amrumtyna

AN k2 Y
Us(k,,k,) = Uqnri exp # exp # ) (12.54)

Kaxk u cnepoBano oxuaaTb, ¢Gypbe-aMIUIUTYIa OT raycCOBOM (DYHKIIMU TaKXKe
siBJisieTcsl rayccoBoit (pyHkumeit. CornacHo (12.37) MHTEHCUBHOCTD B IaJIbHEM IT10JIe

Io(n"oz)z

I(P)=I(k,,k,) = 22 exp[—r&(kﬁ +ky2):|. (12.55)
Hnsg Toukn P c KoopauHatamu X, y, Z UMeeM b = z, k, = 27755; k, = 27751. ITo-
< <

3TOMY

22
xt+y
37,0 ) (12.56)
1 2%/
e zp = mrg/A — ougpakuyuonnas dauna 2ayccosa nyuka. EcrectBeHHO, uTo (12.56)
CIIpaBEeIIMBO IIPU Z >> 2.

Takum obpazoM, B JaJbHEM MOJIE€ TayCCOB MyYOK OCTaeTcs rayccoBbiM. Ero mm-

pUHA 1y, = 1yZ/Zy (CM. pUC.) BO3pacTaeT MPONOPLMOHATIBHO MPOMIEHHOMY BOJHOMN
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PacCTOSIHUIO, @ UTHTEHCUBHOCTb Ha OCU YObIBA€T OOPaTHO MPOIMOPLUMOHAIBHO KBAAPATy
3TOTO PAaCCTOSTHUSL.

Keazuonmuueckoe npubauxcenue. J1j1s1 onvcaHusi pacrpocTpaHEeHUsT HampaBIeH-
HBIX MTyYKOB CBETa NMPUMEHSIETCS] KBAa3MONTUYECKOE NMpudauxeHue. Beaencraue ma-
JIoM TMDPaKIMOHHON PaCXOAUMOCTU TaKUE ITyUYKU MPEACTABISIOT OO0 KBAa3UILIO-
ckue (MOYTH TUIOCKME) HEOJHOPOIHbIE BOJIHBI.

ITycte Boonb ocu OF pacnpocTpaHSIeTCs] MOHOXPOMATUYECKHUIA TTyYOK CBeTa:

U(x,y,2,t) = A(x, y,2,t) exp [i(of — k7)]. (12.57)

AMIUINTYIA BOJHBI B IUIOCKOCTH Oxy M3MEHSIETCSI Ha MacluTade IMMPUHBI ITyYKa
ry, @ BIoab ocu Oz — Ha MaciuTade JUpPaKLUOHHON MIMHBI Ly ~ r§/A > ry. D10
MO3BOJISIET MOJIYYUTh M3 BOJIHOBOTO YpaBHEHMS

U ,(0*W 9*U oW
2 = ¢ rt T2
ot 0x oy 0z
0oJiee MpocToe MPUOIMKEHHOE YpaBHEHME IS KOMIUIEKCHOI aMILIUMTYIbI A.
7151 TOr0 BHIUMCIMM TTPOU3BOIHbBIC:

(12.58)

a;le] = (i0)U,; 3272] = Zz—exp[z(mt - kz2)]; 2272] = %exp[z(mt - k2)|;
az—U (82—A—2k%—k2/1)exp[i(mt—kz)]. e
0z?  \9z? 0
OLEeHNUM 3HAYEHUS TTPOU3BOIHBIX:
R O | WO % | B O % | 2 §
ox2| |oy?| rd’ |oz| Ly |0z*| L3

2
ITosToMy B (12.59) MOXXHO TIpeHEeOpeYb YJIEHOM g—/j IMocne noacranoBku (12.59)
4

B (12.58) u cokpallleHus1 Ha SKCIMOHEHLUATbHbBIA MHOXHWTEb MOJYy4YaeM UCKOMOE
YpaBHEHUE

2 2
AL (a 4 aA) (12.60)

9z 2ik\9x2  ay?

DTO ypaBHeHWE HA3BIBACTCS napadosutecKum ypasHeHuem 04s KOMHACKCHOU aMn-
Aumyobl.

IMpouecc mudpakiumm, ONMUCHEIBAEMBIN 3TUM ypaBHEHHEM, WUMeeT HATISITHYIO
aHaJIOTUIO C PACTIPOCTPAaHEHWEM TeTula Ha TIOCKOCTH Oxy ¢ TeYeHWEM BpeMeHU .
YpaBHeHWE TETUIONPOBOTHOCTHA B 3TOM CJIydae UMEeT BUI

oT 90’T 9T
— =y = +t=— 12.61
ot (axz ay? j ( )
rne 7 — Temmepatypa;  — KOd(h@UIIMEHT TeMIepaTypornpoBOAHOCTU (Auddy3un
Temriepatypbl). Eciu B MomMeHT ¢ = 0 BOIM3M Hayaja KOOpAMHAT OCYILECTBUTH JIO-
KaJIbHbIM HarpeBs, co3naB Mpoduiab Temnepatypbl 7(x, y, 0), To ¢ TeueHUEM Bpeme-
HU 3TOT npoduiab T(x,y, ) OyaeT pacruibIBaThCS.
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AHanornuHo, HavyajabHOe pacrpeneneHue A(x,y,0) npu z = 0 mo Mepe pacrpo-
CTpaHeHWUs OyeT pacIUIbIBaThCs BCJIEACTBUE TU(BPaKIIMUA. AHAJIOTOM ) 3[€ChH SIBJISIET-
¢l MHUMBIIA KoadduuueHt 1/(2ik) nuddy3um ammautyasl. PaccMoTpuM aBa Bak-
HBIX IpUMeEpa.

Jugpparxuus eayccoséa nyuka. J1;1s1 rayccoBa KOJJTMMMPOBAHHOTO TTyYKa ¢ Havyasb-
HBIM paclpeacieHUueM aMIUIMTYIbI

2
A(r,0) = 4 exp(— :—zj (12.62)
0
petenune ypaBHeHus (12.60) mMeer Bun
2
A(r,z) = ﬁexp(—r—z,;j = |A|exp(-i®D). (12.63)
1-iz/z ¢ 1-iz/z

3nech r = /x? + y?, 7y = nr¢/A. TIpoduab MHTEHCUBHOCTH
1, 2 1 r?
1(r,2)==|A' = —2 —exp| -—————+—— |, 12.64
003 = oot ) (1269
a (aza
_r’ 2z
5 1+22/23
M3 (12.64) crienyeT, 4TO NIPU paACnpOCMPAHEHUU NYYOK COXPAHAEM CE0l 2ayCcco8
npoghunv npu aoéom z. 13-3a nudpakumy ero LMpuHa ry, yBeJIuunuBaeTCs:

ro. = Ry1+2%/2¢, (12.66)

a MHTEHCHUBHOCTD NanaeT. B maapHeM moie (7 > zy) (12.64) coBmanaer ¢ (12.56).
Mughpaxyuonnas pacxooumocms n3 (12.66) monydaercs paBHOM
dry, A

tg'ﬁo = '60 = . (1267)
dZ > L Ty

—arctg(z/zy). (12.65)

Cornacho (12.49) nipu pokycupoBKe Mmydyka JUH30H B ee (DOKaTbHOM MJIOCKOCTU
IIMPUHA TayccoBa ITydyKa paBHA

rF:'ﬁof:M. (1268)
7,

DTa BeIMYMHA C TOYHOCTBIO JO KO3(hGHUIIMEHTa COBIAgacT C MPUOIMKEHHOMN
oueHkol (12.52) u o6HapyxuBaeT nojHoe coBraaeHue ¢ (11.23). MHoraa Hauboee
Y3KYIO 9acTh ITyYKa B (POKATBHON TIOCKOCTH JIMH3BI HA3LIBAIOT HePemsadcKoil, a Be-
JTIAYWAHY Fp — paouycom nepemsjicKi.

®a30BHIiT QPOHT, Kak ciaemyeT u3 (12.65), U3 TUIOCKOTO MOCTETICHHO TIpeBpalla-
eTCS B TTapaboJIMUeCKUii, XOTS B COOTBETCTBHU C TeopHeit MMMpaKIMU OH JOJLKEH
OBITH cheprueckuM. B miproceBoli 001acTu ITydka, Iie CKOHIIEHTPHMPOBaHA €ro OC-
HOBHAasI MOIITHOCTb, TTapaboImdecKuit 1 cepruecKuii ¢pa3oBbie (DPOHTHI COBITaIA-
0T, YTO CBUAETEECTBYET O CITPaBEIVIMBOCTH KBa3MOIITUUECKOTO oncanys. B mais-
HEM TI0JTe

rtzy 1r?

= =~k .
e (12.69)

143



CrenoBaTenbHO, paanyc KpMBU3HBI (poHTA R = 7 U YBEJUUYUBAETCS C MPOMIEH-
HBIM BOJIHOM PACCTOSIHUEM.

Jundpaknua yacTHIHO KorepeHTHoro myuka. Eciu j1azep paboTaeT B pexXume re-
Hepaluy OOJIBIIOTO YHucia TMOMepeYHbIX MOJ (MHOIOMOIOBOM PEXUME), TO TOIe-
pEYHOEe pacripeie/ieHUe oIS B MyYKe MOXET U3MEHSThCS ClydyaliHbIM 00pa3oMm. [Tpen-
MOJIOXXKMM, YTO Ha BbIXOAe Jiazepa npu z =0

A(r,0) = Age™"Tin(r), (12.70)

rae n(r) — cnyvaiiHasg QyHKIUS KoopauHat. Ee cpenHee 3HaueHue 1 = 0, a qucnep-
cus o2 = 1.
ITycth cTeneHp MPOCTPaHCTBEHHON KOTepEeHTHOCTH (CM. Jiekuuio 10) uMmeeT Bua

Y12(£,0) = n(rn(r, +1) = exp(=1%/r), (12.71)

TIE Fyy — HAYAABHBIL paouyc npoCmpaHCMeEeHHOU K02epeHMHOCHU.
Pemrast ypaBaenue (12.66) ¢ HauaabHBIM yeioBrueM (12.70), TTonydaeM pellieHHe
A(r, z), sBisitolieecs caydyaitHoi pyHkumein koopauHat. C yuetom (12.71) mast npo-
CMPAHCMBEHHOU KOPPeAAUUOHHOU QyHKYUU amniumyost A(r, 7) TIoJydaeM BbIpakeHue

A(ry, ) A*(r,, 2 re+rg (r,—-1)?
1"12_ (1 )2 (2 ) Ioexp|:— lro2 2 _( 2r2 1) (1272)
Zz KZ

IluprHa myyka ry, ¥ paguyc ero IpOCTPaHCTBEHHOW KOTepEHTHOCTH F,, BO3pa-
CTalOT C MPOMAEHHBIM BOJTHOM PAaCCTOSIHUEM IO OAMHAKOBOMY 3aKOHY

For = o1+ 22/112;

(12.73)
Fee = Feoy1+22/22.
3nech
L sy (12.74)

BGEE

— OUuppaKyuoHHas OAUHA HACMUYHO K02epermHo20 nyyka, 3PGEKTUBHAS IIUPUHA 7y,
OTIpeesisieTCs] COOTHOIIIEHNEM
1 1 1
sy Ko 2r0
Y TpoCTpaHCTBEHHO KOTEPEHTHOTO (OXHOMOIOBOTO) TayccoBa MYYKA F > 1.
Torna r,, = \/Ero " 7, = %y, KaK 3TO OBIIO TOJy4YeHo paHee. JIJIT MHOTOMOZOBOTO
1 mryho
2.
N
Pacxooumocmov yacmuuno koeepenmuoco (MH020M0008020) nyuKa 6 OanbHeMm Hoae
(2> zy) npesviwaem pacxodumocms &y K02EPEHMHO20 NYYKA MO0 dce paoduyca.

dr, 7 A A
ﬁl — %0z :_0:—>190:—, (1276)
dz 71 2nmry, TTHy
Takum obpazoMm, dughpakuuorunas pacxodumocms By 00HOM0O0068020 NYHKA A6AS€m-
csl MUHUMANBHOU pacxodumocmbro. PeabHble TIydky 00J1amaloT OrpaHUYEeHHOM TIpo-
CTPaHCTBEHHOM KOTEPEHTHOCTEIO (Fy < #y), TTOATOMY MX PACXOAUMOCTD TTPEBHIIIIACT

IUPPaKIMOHHYIO.
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JEKITUA 13

JIndpakuua Ppaynrodepa Ha nepuoaMYEcKUX CTPYKTypax. Cpeiy MHOTOUYMCIIEH-
HBIX AU(PPAKIIMOHHBIX SIBJIEHUH 0C000€ MECTO 3aHMMAaeT Audpakiysg Ha TTepUOaH-
yecKux cTpykrypax. Ilpu pacnpocTpaHeHUM (OTpakK€HWM) IUIOCKOK BOJIHBI 4yepe3
OIHO- WIN IBYXMEpPHbIe CTPYKTYphl Bo3MylleHue B (12.33) nmpuobperaeT nepuoau-
YEeCKYI0 MOAYJISILIMIO aMILTATYIbI U a3kl B IIocKocTu Oxy. B pesynbTare B yriIoBOM
crektpe |Ug(k,, k,)|* MOSIBISIIOTCS SIPKO BbIPaXEHHBIE TIPOCTPAHCTBEHHBIE YAaCTOTHI.
HdundpakiiMOHHbIE MAKCUMYMBbI, COOTBETCTBYIOIIIME 3TUM 4YacTOTaM, OynyT Y3KUMU
1 MHTEHCUBHBIMHU.

B aTOM slerko ybenuThbcs, HalpaBuB JIy4 Jla3epHOIl yKa3Ku HAKJIOHHO Ha IOBep-
xHOCTh CD-nucka. OT ero moBepxXHOCTU OYAYT OTpaxkaThbCs B pa3HbIX HAMPaBICHUSX
HECKOJIbKO CBETOBBIX JIyueil. DT HallpaBjieHus1 OyayT COBIIagaTh C HaIpaBIeHUSIMU
Ha IU(pPaKIIMOHHbIE MAKCUMYMBbI.

ITockoabky monoxeHue 1MbpakiIMOHHbIX MAKCUMYMOB 3aBUCUT OT JUTMHBI BOJI-
HbI, 1(paKIys MOKET ObITh MCIIOJIb30BaHAa IJIsI CIIEKTPpaIbHOro aHaiu3a ceera. Kpome
TOrO, MPU M3BECTHOW UTMHE BOJIHBI MO TOJIOKEHUI0 MaKCMMYMOB MOXHO CIeIaTh
3aKJIIOYEHME O TIeproaax MPOCTPAaHCTBEHHONM MOAYJISIIUY U TEM CaMbIM MCCJIEIOBATh
caMy MepUOIUYECKYI0 CTPYKTYpY.

JIndpakuponnsie pemeTku. Juppakyuonnoil peuwiemioli IBIsieTCs M1000€ yCTPOii-
CTBO, o0ecreurBalollee MepruoanIecKyo MOIYJISLIMIO BIOJIb OMHOTO HaIpaBJIeHUS
aMIIUTYabl U a3kl nagaroieit BoaHbl. Ha puc. 13.1 pellleTka cxeMaTU4HO M300pa-
XE€Ha B BUIEC MPO3PAYHOMN IIACTUHKU C MEPUOIUNYECKU MEHSIOLIECHACS TOJILMHOMN
BIOJIb ocu Ox.

IIpu naneHn Ha pelIeTKY IUIOCKOH BOJHBI BO3MYIIIEHUE HA €€ TTOBEPXHOCTU

U(x,y) = Upe "o kenr (13.1)

MOILYJTSIHI/IOHHI)IC CBONCTBA PCIICTKM 3a0ar0TCA KOMIUIEKCHOM (bYHKHI/Ieﬁ

1(x) = L25D) oy i), (13.2)
U(x,)
rae Ug(x,y) — BO3MylleHUE, MPOXoadilee uepe3 x
PELIETKY. us(x,y)
®dynxiwms (13.2) nepuonnyueckast: u(x, y) %j/
1(x) = t(x + d). (13.3) /0 -
z
BenmunHa d Ha3BIBAETCSA nepuooom peuiemiu. M .
Yucno N Takux TnepuoaoB (LLITPUXOB) OOBIYHO
Besnko: 10?2 < N < 10*. MHorue peleTku oTpaxa- /

10T cBeT. B aTOM cityuae ¢yHKIius £(x) OyAeT onu-
CBIBaTb MOJYJISLIVIO BOJIHBI TIPU OTPaXKEHUH. Puc. 13.1
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[To xapakTepy MOLYISILIUM PEIIETKU MOAPA3NEISIOTCS Ha aMuAumyoHsie U ¢hazo-
gble. [Inst aMIUIMTYIHBIX peeTok P(x) = 0, mis (asosbix |#(x)| = 1.
B pesynbrare nudpakuum Bo3myllieHNe B AalbHeM moie, cornacHo (12.33), paBHO

U(P) = Le_[] J‘elk(ey—ew)dyj' t(x)e*ex—ea)x g (13.4)

rie npeneiabl MHTerpupoBaHus L, u L, onpenensiorcsl pasMepaMy PELIETKH, BbI-
MMOJIHEHHOM B (hOpPME MPSIMOYTOJIbHUKA. ECIU I IIPOCTOTHI MOJOXNTh, YTO BEKTO-
Ly

PbI €, U € JIEXAT B IJIOCKOCTU PUCYHKA, TO e, = ¢, = 0 u j dy=1,.

. 0
Jpyroit mHTETpay MPEeACTaBUM B BUIC

L d 24 Nd
J = _[t(x)e”‘”"dx + _[ o+ _[ =
(N Ziyd
eikpdN
= jt(x)e”‘/’xdx [1+e®d 4 4ehrd(N-D] = _[t(x)e”‘”xdx — il (13.5)

3mech p =e, —ey, =Sin@—sin@,; ¢ U ¢, — yrJbl, 0Opa3yeMble BEKTOPaMHU € U €
¢ ocblo Oz cOOTBETCTBeHHO, L, = Nd. Eciu Obl pelierka cocTosijia U3 OJHOTO Mepu-
o/la, TO BO3MYIlleHUEe ObUIO OBl PaBHO
—lkb d

- j H(x)e* P dx. (13.6)

U](P)__UOLZ

ITpu Hanuuuu N WITPUXOB

l-¢ ikpdN

U(P) = Ul(P) (13.7)

1kpd '

Boamyiienue U omnpenensiercs: mpousBeaeHrueMm U (P) Ha KOMILIEKCHYIO (yHK-
LIMI0, OTIMCHIBAIOLIYI0 UHTeP(hEPEHIIUIO BOJH OT LIEMOYKNU N BTOPUUHBIX TOUEYHBIX
HWCTOYHMKOB, PACIOJIOXEHHBIX HA OJMHAKOBOM PAcCTOSTHUU d APYT OT Apyra.

Ilepexons B (13.7) K MHTEHCUBHOCTH, TMOJYUYUM

2

. kpdN
Sin ) kp d
I(P) = |U(P)| =P —p | = [l(P)H( 5 ) (13.8)
sin ——
2
3nech
2
1 L2 T ikpx
L(P) =253 g 1(x)e™dx (13.9)
— UHMEHCUBHOCMb NPU OUGPaKyuu Ha 0OHOM Wmpuxe peuemxu,
sin kpdN 2
kpd _ 2
HIN. =39 = | —pg (13.10)
SlnT

146



T

4, B

0 n 2n 3n 4n 2
Puc. 13.2 Puc. 13.3

— ¢hyHKyus ézaumodeticmaus, ONUChbIBawllasg nHTepdepeHumno N BoJaH, nudpa-
TMPOBaBIIMX Ha Bcex 1ITpuxax peuieTku. Ee rpapuk npu N = 10 npeacraBieH
Ha puc. 13.2.

Taenvie maxcumymor 310l GyHKUMU (H,,, = N?) peanusyiorcs mpu

kpd
2

rne m =0, =1, £2, ... — nopsadok Jugppaxyuu.

Vcaosue (13.11) o3HavaeT, 4YTo pa3HOCTh xoaa A, B, — A, B, Mexay napoi Jiydeid,
pa3HeCEHHBIX Ha PacCTOSHUE d B TNIOCKOCTH PEIIeTKH, paBHA IEJIOMY YMCITY IJTUH
BOJIH (puc. 13.3).

B aToM ciyyae BOJTHBI, M parupoBaBIlIie OT Pa3HBIX MITPUXOB, CKIAIBIBAIOTCS
B (pase, ¥ cyMMapHOE BO3MYILIEHUE BO3pacTaeT B N pa3, a UHTEHCUBHOCTh — B N2

=mn, wum d(sin@ —sin@,) = mA, (13.11)

pas.
MuHuUMYMBI 00pa3yloTCsl TP
@ = nn, i Nd(sin ¢ —sin @) = nA, (13.12)

rme n==+1,%+2, ... x(N-1), 2(N+ 1), (N + 2), ...

Mexnay nByMsl COCETHUMU MakcumyMamu Haxonsitcss (N — 1) munumymos. Hem
OOJTBIIIe YMCIIO TIEPUOAOB, TeM OOJbIlle MUHUMYMOB, M TeM YK€ M BHIIIC TJIaBHBIC
MaKCUMYMBI.

VYcaosue (13.12) o3HavaeT, 4TO pa3HOCTb XOJa MEXAY Jy4aMM, pa3HECEeHHbIMU
Ha paccTtossHMe Nd, paBHa LIeJOMY YUCIY IJWH BOJH, 32 UCKJIOUYeHHEM n = +N,
+2 N, ..., KOTa MOSBIISIOTCS TJIAaBHBIE MaKCUMYMEL. MHTepdepupylole BOJTHBI OT
LIEMOYKY UCTOYHUKOB B HAaMpaBJIeHUsIX, onpeaeisieMblx u3 (13.12), racsar apyr apyra.

CrniekTpajibHble XapAKTEPHCTHKH pemeToK. [10CKONBKY TJIaBHbIe MAKCUMYMBI Y3-
K1e, TIpU HeOOJIbIIIOM M3MEHEHHMH JJTMHBI BOJTHBI MOXHO 3a()UKCHUPOBATH UX CMe-
meHue. I[ToaToMy pelieTku IKUpOKO UCTIONB3YIOTCS TSl CIIEKTpabHOTO aHau3a. Pac-
CMOTPUM BaXHEHIINE CIIeKTpaTbHBIe XapaKTePUCTUKH PEIIEeTOK.

Annapamnuas @ynkyusa. Kak orMeuasioch paHee, annapaTHasl GyHKIIMS XapaKTe-
pU3yeT OTKJIMK TTPMOopa Ha MOHOXpOMaTHIecKoe Bo3myleHue. [1py crieKTpaaTbHOM
aHajM3e KaxaoM JyIMHe BOJHbBI, B cooTBeTCTBUU ¢ (13.11), mpunuchiBaeTcsl yrioBas
(unu TuHeNHas) KoopAauHarta.

IlycTh s CIIeKTpaTbHOTO aHAIM3a UCTTONB3YeTCS m-1 TTOpSIoK audpakuvu. [Tpu
OCBEILIEHNA MOHOXPOMATUIECKIM CBETOM C JUTMHOM BOJIHBI Ay Ha 9KpaHe, Tae UK-
cupyeTtcs audpakIIMoHHas KapTUHa, OyleT «pa3Ma3aHHas» 110J10ca, IMPUHA KOTO-
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poli MponopuMOHadbHA YIJIOBOM 1IMPHUHE m-To MakcuMyMma dyukuuu H. TMonoxe-
HUE CepeMHbI 3TO TMOJOCHI OMPENESIETCS YCIOBUEM

Pnd =d(sing,, —sing,) = mh,. (13.13)

Bonu3u xoopavHathl kp,,d/2 dyHkuuo H MOXHO MpeACTaBUTb B BUIE

sin NVeo (P~ Pw)d - ko(p—pw)d
— N2 2 2 ~ NZsinc? [M}, (13.14)

Nko(p=pw)d o Ko(p = Pw)d 2

2 2

2

H

e ky = 2m/)y; sinc [M} ~1.

HMcnons3ya (13.11) u (13.13), MoxXHO 3amucatb

H, = N?sinc? {nmN A ;07“0}. (13.15)
BBenem dughpaxyuonnyro annapamuyio QyrKuur
gA(l—ko)=A+usinc2 (n xA_Xioj' (13.16)
3nech
AL, = 2_1(1/ (13.17)

— LIMpUHA annapatHoil ¢pyHkuuu. Toraa
H, = N>AL ;g (k= Xy). (13.18)

Paspemarowas cnocobnocms. Eciiv CIIeKTp aHaJIM3WUPYEMOTO CBETAa COCTOUT
M3 IBYX CIIEKTPATbHBIX JTUHUI ONMHAKOBON MHTEHCUBHOCTH, HO C pa3HBIMU [UTMHAMM
BOJIH Ag; U Agy, TO

H, = N2AL 4[g4(M = Ngp) + 84(A = Lgp)]. (13.19)

Ipu Ay, — Ay = AL, MakcuMyM GyHKUUU g4(A — Ay) COBIAgaeT C IMEePBLIM
MMHUMYMOM (pyHK1IMU g4(A — Ag;), KaK 3TO NOKa3aHO Ha puc. 13.4.

B atoM ciydae «ripocenanue» ¢yukuuu H,, B cepenrne nocturaet 20 %. Hamnuue

JIBYX MAKCUMYMOB IIpY TAKOM KOHTPACTE BIIOJIHE YBEPEHHO (PUKCUPYETCS KaK BU3Y-

aJlbHO, TaK M C MCIOJIb30BaHUEM (POTOAETEKTO-

Hyy/N? poB. Ha aToM ocHOBaH kpumepuii Pases, cornac-

HO KOTOPOMY MUHMMaJIbHasl pa3HOCTb [UIMH BOJIH,

1.0 KOTOPYIO MOXHO U3MEPUTH C MOMOLIBIO PELIET-
KU, paBHa
0,5 A
AN = AL, = —2—. (13.20)
mN

Ecnu Ay, — Aoy = Ahpin, TO pelLIETKA pas3iesisieT
JMHUU. B COOTBETCTBUY C OIpeNeieHneM paspe-
Puc. 13.4 1Iaro1Iasi CrmocoOHocTh (cM. Takke (8.40))
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_ M mN. (13.21)
A)"min

Kak n y mateppepomerpa ®@adpu — [epo (cm. (10.26)), paspelmaroriast criocod-
HOCTB paBHa MMPOU3BEACHUIO TTOPSIIKA /1 Ha YHCIIO MHTePhEepUPYIOIINX JTydeit (Jmc-
JIO TIEPUOMIOB).

HyXH0 OTMETHUTB YCIIOBHOCTDH KpUTepust Paes, TOCKOJBKY B COBPEMEHHOM 3K-
CIIEpUMEHTE BO3MOXKHO pa3pellleHre 3HAYMTEIbHO 0ojiee OIM3KUX CIEKTPATBHBIX
JIMHWI, Korma npoBan ¢yHakuun H,, meree 5 %.

DTOT KpUTEPUIT MOKHO cPOpMyIMpPOBaTh B OOIIEM BUAE, YIOOHOM IJis OLICHKHU
paspelaroleil CIToCOOHOCTH Pa3IMIHBIX CIIEKTPATBHBIX TTprOoopoB. [1ycTh B HaIpaB-
JIEHUH, 33aBa€MOM YIJIOM ¢, IS JUIMHBI BOJHBI A; (hopMupyeTcs AudpakiimoH-
HBII MAKCUMYM m-TO TIOpSAKa:

Nd(sin @ —singy) = Nmh,, (13.22)

a JUIsl JUIMHBI BOJIHBI A, OJIVDKAMIIMA MAHUMYM:
Nd(sin —sin @y) = Nmh, + A,. (13.23)

IMonmarast AN, = Ay — A, Ay = Ay, TTOTYYAEM [JIS1 PA3PELIAIOLLEH CUIIbI BBIPAXE-
Hue (13.21).

Takum ob6pa3oM, Kputepuit Paness MoxXHO copMyIupoBaTh CIeAyIOIIUM o0pa-
30M: U3BMEHeHUe PA3HOCMU X00a mexlcoy KpauHuMu ay4amu ougpazuposasuieii 80aHbl
npuU U3MeHeHUU OAUHbL BOAHbI HA BeAUYUHY Ay, 00AXCHO Obimb PAGHO UeAOU OauHe
B0/HYL L.

Ecnu manmaroiiuii cBeT XxapaKTepu3yeTcsl HEKOTOPOU CIIeKTPabHOM IUIOTHOCTBIO
S(\) = I,g(A) (g(A) — KOHTYp CIeKTpaJibHOI JuHMH), To BMecTo (13.19) nmeem

H, = NzAxAng(k —Xo)g(ho)dry = N2AX ,g’(M), (13.24)
rae
g0 = [ g4(h=1o)g(ho)dN (13.25)

— MCKaXEHHBI KOHTYpP CIIeKTpaJibHO# JMHUM (cM. Takke (8.42)). U3mepsisa g’(A),
MOKHO BOCCTAaHOBMTh UCTMHHBIN KOHTYpP g(A).

Yeaosasa u auneiinaa ducnepcus. Yenoeasn ducnepcus D, XapaKTepU3yeTCsl U3MEHE-
HUEM YIJIOBOTO IMOJOXEHUS AUPPAKIIMOHHOTO MaKCUMyMa TpU U3MEHEHUM JTUHBI
BoJiHbI. OHa moyvaetcs u3 (13.11):

D, _d%_ m (13.26)
oL  dcoso

B criekTpanbHBIX TIpUOOpPaX ¢ MPOCTPAHCTBEHHBIM Pa3JIOKEHUEM CITeKTpa Iud-
pPaKIMOHHAS KapTHHA PeTUCTPUPYeTC B (DOKATHLHOM ITOCKOCTH COOMPAFOIICH JIMH-
3Bl (KamepHoeo obseKkmuea), yCTaHABIMBACMOM TTO3aI1 pellieTKI. Kaxkmoit aymiHe BOJTHBI
A CTaBUTCS B COOTBETCTBUE JIMHEWHas KoopanHata /. M3MeHeHMe 3Toi KOOpAMHATEI
MpU U3MEHEHUHU JUIMHBI BOJIHBI XapaKTepU3YETCsl AUHelHOU ducnepcueli

ol
oA
rie f, — GOKyCHOe paccTosiHuE KaMepHOro oobekTuBa. Ilockonbky D, u D, 3aBUCAT OT
@, 3aBUCUMOCTb KOOPJIMHATHI OT IJTMHBI BOJHBI /(\) SIBISIETCSl HETMHETHON (hyHKIIMEA.
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Obaacmb c6é0600n01i ducnepcuu. JndpakunoHHbIE MAKCUMYMBI, IIPUHAIJIEKAIIIIE
K pa3HbIM JUIMHAM BOJIH, MOTYT IIEPEKPBIBATbCS B HEKOTOPOM m-M nopsiake. Eciu
CMEKTP U3JIYYEHMS] 3aHUMAET JMANa3oH JIJIMH BOJH A; < A < A,, TO yCJIOBUE NEpe-
KPBITHUS 3alUIIEeTCs B BUIEC

d(sin@ —sin @) = (m+ A, = mk,. (13.28)
3aech (m+1)-it MAKCUMYM ST A «Hae3xKaeT» Ha m-il MAaKCUMYM ISt A,. Bennunna
AN max = (A, _xl)max :h:h (13.29)

m m

Ha3bIBAETCS 001acmbto c80000HOU duchepcul. 30eCh Ay — CPeaHsIs JUTMHA BOJHBI. C 2Toit
BEJMYMHON MBI YK€ BCTpeuyaauch Mpu u3ydyeHuu uHrepdepomerpa Padcpu — Ilepo.
Ha mpakTuke MakCMMyMBbl MEIIAIOIIMX MOPSIIKOB YCTPaHSIOTCS JMOO TpenBapu-
TeJbHBIM CY>K€HHEM ILIMPHMHBI CIIeKTpa (Harmpumep, CBETODWILTPOM), JUOO TIpH-
MeHUeM (HOTOAETEKTOPOB, HEUYBCTBUTEIbHBIX K HEHYKHON 00JIaCTH CITeKTpa.

AMnyTyaubie nugpakuHoHHbie pemeTkKH. [lepBbie pelleTKd, M3rOTOBJICHHBIE
HemeukuM dusnkom U. DpaynrodepoM Bo Bropoit monosuHe XIX B., GbLIN BbI-
MOJTHEHBI U3 OYeHb TOHKOI ITPOBOJIOKM, HABUTOM Ha JBa MapasieibHbIX BUHTA. [1o-
3MHEe YYEHBbIN C TTOMOIIBIO JeTUTEIbHON MaIIMHBI TTPOYEePUYMBAJ IITPUXU Ha 30J10-
TOM TIJIEHKE, HAHECEHHOM Ha CTEKJISTHHYIO IUIacTUHKY. IIpu mpoxoxaeHuuw cBeTa
9TU PEIIeTKY MOMYJIUPOBAIM aMIUTUTYLy BOJIHBI. Eciu d; — mmpuHa mpo3payHoro
wtpuxa (I1Ieau), TO B npeuenax LITpUXa t(x) =1m

e-ikb ikpdy kpd
U(P)=— UOL2 jl etk = Uola—dleZ smc( 1]. (13.30)

Torna

2
1(p) = o) G 2 (@) 1(0)sinc (kpdl ) (13.31)
A2b2 2 2

C yuerom (13.31) Ha puc. 13.5 mokazaHo pacnpenejieHre MHTeHCUBHOCTH (13.8)
JIJIS1 pellieTKM C IUPUHONM Tpuxa d; = d/5 u yuciom wmtpuxos N = 10.

B mmndpaknmoHHONM KapTWUHE TIOSBWINCH 21d6Hble MUHUMYMbL, OTIpeIesisseMble
U3 YCIIOBHS

kpzd, = gn, WK di(sin@ —sin @) = gA, (13.32)
rae g = +1, +2, +3,

B aTix HampaBIeHHUSX pa3HOCTb XOAa MEXIY KpaifHUMU JIydaMH B TIpeeitax Ofl-
HOI 1IIeJTM paBHA IIeJIOMY YHMCITY JUTMH BOJTH, TTO3TOMY BCE BOJTHBI, MIYIIKME OT OMHOMN
IIeIN, TacAT ApYT ApyTa.

HawubGoee sipkre nudpakiimoHHbIe MAKCUMYMBI COOTBETCTBYIOT HU3IIAM TIOPSIII-
KaM. DTO MO3BOJISIET HAOI0AaTh TU(GPAKIMOHHYIO KapTHHY JaXXe OT UCTOYHUKA Oe-
Jioro cBeTa. Ha puc. 13.1 1B. BKJI. moka3zaHa AudpakiMoHHasl KapTUHA OT UCTOYHUKA
Oesoro cBeTa. B 1ieHTpe pacnosioxkeHa Oenasi (axpomMaThueckas) moyjoca, MocKoJbKy
TTOJIOKEHME HYJIEBOTO MaKCUMyMa TSI BCEX ITMH BOJH OIMHAKOBOE.

®a3oBble pemieTkH. [1oab3ysachk anMmasHBIM pesiioM, ®payHTodep HAHOCUI TTa-
paJuTeTbHBIe ITPUXW M Ha TIOBEPXHOCTh CTekia. [Ipy TpoXoXIeHWM CBeTa Takasl
peleTKa y:ke MOIYJIUpOBajia TTPeUMYIIeCTBeHHO (pa3y BOJTHEL.

3HaYNTETHLHBIX YCIIEXOB B M3TOTOBIIEHNHN PEIIETOK JOCTUT aMepPUKAaHCKHUI (DU3NK
I'. Poynana. C moMoOIIbIo TpaBUPOBATBLHON MAITMHBI OH M3TOTOBIII PEIIETKY IITUPH-
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1(0)1\72l !

M‘L | NAY L A N N |

0 2 2 A 2 p=sing-sing,
d d 4 4
Puc. 13.5

Ho#t L, =15 cM, Ha KOTOpoii Npope3an WTpUuxu ajauHon L; = 10 cM ¢ nepuoanyHo-
ctbto 1/d = 800 wtpux/mMM. B 1882 r. oH n300pes1 BOTHYTYI0 AM(PPaKIIMOHHYIO pellieT-
KY, YTO TTIO3BOJIMJIO OTKA3aThCs OT ABYX JIMH3 B CIIEKTPaJIbHBIX TTpUOOpax (CM. najee).

Ecnu niepBbie pelieTkyd TpaBUpPOBAJIMCh HA CTeKJIe WM OTIIOJMPOBAHHOM MeTall-
Jie, TO TI03/IHee TOSIBWIMCH PELIETKU CO IUITPUXaMU, HAaHECEHHBIMU Ha CJIOM HaIlbl-
JieHHoTo antoMuHus. CoBpeMeHHbIe OTpaXaTeJlbHble PELIeTKU UMEIOT IITPUXU OIl-
peaeaeHHOro mpoduJisi, MO3BOJISIONIETO HAIIPaBUTh OmJIbIIYIO YacTh CBETa B OJUH
nin 1Ba mopsimka. Ha pmc. 13.6 mokasaH Tpoduiab pelieTK, TPU OTPaKeHUN OT
KOTOpO#1 MakcuMasbHOe 3HaueHue [;(P) COOTBETCTBYET HampaBIeHUIO 3epKabHO-
TO OTPAXEHUST @ = Qg + 20, AJISI KOTOPOTO MOPSIIOK UHTepdepeHu m > 1.

Ha puc. 13.2 uB. BkJ1. nipeacrasieHa ororpadpust nudpakiiny 1ydya aproHOBOro
Jazepa. JIyd magaer ciieBa HarpaBo Ha MOBEPXHOCTh HaKJIoHeHHOoro CD-aucka, npea-
CTaBJISIIOIIETO COOOM MO CyTU OTpaxaTeabHYI0 (a3oByl0 AU(PPAKIIMOHHYIO PEILIeTKY
C PACCTOSIHUEM MEXIy JOPOXKKaMU B HECKOJBKO JUIMH CBETOBOI BOMHBI. [1pu aud-
pakiuu (GopMUpPYETCST PsiJi CBETOBBIX MYYKOB, PACIPOCTPaHSIIOIIMXCS B Hampabe-
HMSIX TJIABHBIX TU(PPAKIIMOHHBIX MAKCUMYMOB. [1p1 yBemmueHN TopstaKa T paKkiiim
(TTpOTHUB YaCOBOM CTPEJIKM) BO3pacTaeT Yyrojl MeXIy CIeKTpabHbIMU KOMITOHEHTA-
MU (COOTBETCTBYIOIIMMU Pa3HbIM TMPOAOJbHBIM MOAAM) JIa3€PHOTO U3IYYEHMSI.

st BUIMMOM 4acTU CIeKTpa Hape3aloT aJlOMUHUEBbIE MOKPBITUSI HA MOJIUPO-
BaHHOM CTEKIISTHHOM MOBEPXHOCTH ¢ MepuonandHocThio 600 mmm 1200 mrpux/Mm.
Hnsa YP-mranazoHa UCTTOIB3YIOT JIOPATIOMIHUMN, MeIb, HEPKaBEIOIIYIO CTalb 1 JIp.
Hnsa UK-auanazona, rae JjauHa BojHbI 6ombwast, 1/d = 1 —10 wrpux/mM. Peniet-
KU, paboTaroulre B OAUH-ABA MOPSAKA, HA3bIBAIOTCS Juieremmami.

Paspemaromas cuia pelieTkd AOCTUTAeT
pesmunHbl R ~ 10°. Erie 6071b10y10 CHTy UMEIOT o
suteauy. DIIETN TTOT00HBI M300paxkeHHOM Ha pHC. |
13.6 pemreTke, OQHAKO CBET IamaeT ITOJ 0T~
OOJIBLLIMMU YTJIAMU Py HOPMAJTIbHO K Y3KOH CTYy-

TTeHbKE. DTUM JOCTUTAIOTCS BEICOKHE TTOPSIIKI %
midpakuyu  (m ~ 10°). Dwens ¢ pmHON L, = i
=25cMm ud=0,25mm umeer N =10’ wrpuxos

u R =10°. Dienn ucnonb3yoTes B pasIMYHbIX Puc. 13.6
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JIuarna3oHax Ijis UCCIeIOBaHUs CBEPXTOHKON CTPYKTYpPBI CIIEKTPOB, Ile TpedyeTcs
BBICOKAs pa3peliaroiiasi CltoCOOHOCTb.

JI100OTIBITHO OTMETUTD, YTO MPOLIECC U3TOTOBJIEHMS PEIIETOK 3aHUMaeT MHOTO
BpemeHu. Hanpumep, mist tunmyHoi pemetku ¢ L, = 10 cm, L, = 15 cm nipu 1/d =
= 103 wTpux/mm, peselt 1oKeH Hape3ath N = 1,5 - 10° IurpuxoBs, Mpoxos Mpu 3TOM
nyts L;N = 15 km! Ecau BpeMs Hape3aHUsI OJHOIO IITpUXa MPUHSTh PaBHBIM 5 C,
TO mpollenypa 3aiimeT 9 cyT!

OOBIYHO MPU Hape3Ke IITPUXU ClIerka pas3andaroTcs Mo MpodWIo U He CTPOro
napajuieibHbl. DTO MPUBOIUT K 3aTyMaHUBAHMIO (CHUKEHUIO KOHTpAacTa) KapTUHBI.
Ecau e uMeercs cuctemMatryeckas olIMOKa B MepHoOJe CIeI0BaHUS IITPUXOB, TO
B KapTUHE MOSIBIISIOTCS JOTIOJHUTEIbHBIC TUHUU, Ha3bIBaeMble TyXaMu. DTH JIUHUMU
WHOTAA TPYAHO OTIMYUTEL OT HACTOSIIMX CIIEKTPATbHbBIX TUHUIA.

Jundpaknusa na yapTpa3BykoBoii BojiHe. [1ycTh I1ocKasi BojIHA pacipoCcTpaHsIeTCs
B IIPO3pavyHOl yIIpyroi cpese, rue B MOMepeyHoM HarpaBlIeHUH BO30yKaeHa Mpe-
BapUTEJbHO CTOSIYAs YIbTPa3ByKOBasi BOJHA C BO3MYIIIEHUEM IUIOTHOCTH dp B BUIE

dp(x, 1) = (dp)y sinzxnxsin Qt. (13.33)

3nech AMHA BOJHBI A M YacToTa Q aKyCTUYECKOIl BOJHBI CBSI3aHBI Yepe3 CKO-
POCTb 3BYKA Uy, A = 210, /Q = 0, /frs, s — YACTOTA YIBTPa3ByKa.

Ha puc. 13.7 cBeToBast BoIHA TagaeT Ha YIIPYyrylo cpedy ToiauHou /. K ogHoMy
13 ee TOPIIOB MPUKpPEIIeHa Mbe303JIeKTpUIecKas IJIacTUHKA, COeIMHEHHAsI C TeHe-
paToOpOM YJIbTPA3BYKOBBIX YACTOT fi,. [L1s1 HAIJISIMHOCTU OTTEHEHBI 00JIaCTH B IIac-
TUHKE BOJIM3M My4YHOCTEl BO3MYILEHUS TJIOTHOCTH, KOTOPOE M300paXkeHOo CIipaBa
OT TUTACTUHKM.

BoamyliieHre MI0THOCTH MPUBOAUT K NIEPUOAMYECKOMY U3MEHEHUIO MoKa3aTest
MPEJIOMJICHUS 1 = Hy + On, TOE

on=2"5p; (13.34)

1y, — TMOKa3aresb NPeJOMJIEHUS YIIPYTOil Cpeibl.

Kaxnprii pparMeHT Tagarorieil BOJTHBI, TTPOXOAS MEXIY TIJIOCKOCTSIMU, CTpe-
MUTCS AU(PArupoBaTh, MPU 3TOM AUbpaKLUMOHHas AirHa 6yneT ~ A2/A. Eciun Ton-
mmHa cpensl [ < A?/A, To 1ndpakiys HE3HAYUTEIb-
Ha. Y TpOIIeIIIeil BOJHBI TIOSIBJISIETCS JIUIITh MOJTYJISI -
st paset O = O + 6D = kyl(n, + 6n), Ipu 3TOM

|

< 3D = kylon = (3D), sinz—Ixsin Q1. (13.35)
B 5 Takum 06pa3oM, yripyrast cpefia BBITIOJTHSIET POJTb
Caer << - TOHKOH (ha30Boit peleTku ¢ nepuoaoM d = A. Ilpu
< HOpPMaJIbHOM MaJieHUHU 11ockoi BojiHbl U(x, y) = Uy =
- = const BOJITHOBOE¢ BO3MYIIEHUE TOCITE TIPOXOKICHMUS
cpenbl OyaeT paBHO
7] Us(x,y) = Upye " 0®+®0) (13.36)
Ecmu (6D), < 1, TO
Puc. 13.7 Us(x,y) = Uje o[l — idD]. (13.37)
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IMoncrasnas (13.37) ¢ yuerom (13.35) B (12.34), monyyaem

Uy (k,) = Uye® {S(kx) " @sm 2nf33{5(kx - 27”) - S(kx + %"ﬂ} (13.38)

rae 6 — nenbTa-pyHkimsa Jupaka.
Taxum o6pa3oM, YIJIOBOM CIEKTP COAEPXKMUT TPM MPOCTPAHCTBEHHBIE YaCTOTHI:
2n 2m
k., =0, A DTO 03HavaeT, UTo goaHa bydem dugppazupoeams no mpem HAnpas-
Jaenusam. B mambHEM 10JIe TIOMMMO IIEHTPaJTBLHOTO TISITHA OYIEeT JIWIITh ABa TN PaKIIN-
OHHBIX MAaKCHMyMa TIpu
2n . 2n . A
k., ===sing=+==, uiu sin¢p = +-—. 13.39
x =5 sing=£5, ¢=% ( )

CrenyeT momyepkKHYTb, YTO B OTJIMYME OT CTATUYECKOM pellIeTKU, HaBeAeHHas
aKyCTUUYECKOI BOJTHOM pelleTKa rmoKa3aTess MPeJIOMIICHUS SIBISeTCS JuHamu4ecKou.
OHa «IBIIINUT» BO BpeMeHHU ¢ 4acToToil 2f;,. [103TOMy U MHTEHCUBHOCTh B TU(ppaK-
LIMOHHBIX MaKCUMYMax, orpezaenseMbix ycaopueM (13.39), takxke OyaeT M3MEHSIThb-
Csl € 4acToTou 2f;,.

Eciu cpenoii aisgeTcs KBapll, T0 vy, = 5 - 10° m/c. ITpu yacToTe yabTpasBykKa f,, =
=100 MI'u A = 50 mxm. Torma npu A = 0,5 MKM yruibl Audpakiuuu sing = ¢ = +1072 =
~ +0,5°. JlorycTrMasi TOJIILMHA cpeabl [ < A2/A = 5 MM.

ITo mMepe yBennueHUss THTEHCUBHOCTH aKyCTUYE€CKOM BOJIHBI MOSIBISIOTCSI MaK-
CHUMYMBI 00Jiee BBHICOKMX MOPSIAKOB (XOTS U MeHee sIpKve), HallpaBjeHre Ha KOTO-
phle ompenenseTcss yCa0BUeM

o =mhl
sing = m=-, (13.40)

roe m=0, £1, £2, 3, ... Kak moka3bIBaeT OIBIT, B MOPSIAKAX C M = 2 UHTEHCUBHOCTh
OyIeT M3MEHSThCS C YaCTOTOM 4f,,, B IOPSIAKAX ¢ m = 3 — ¢ 4acToToil 6f;, 1 T. 1.
DTO CBUAETENBCTBYET O TOM, YTO OU(pPaKIMOHHbIE MAKCUMYMBI ¢ m = £2 00pasy-
I0TCSI TIPY TIOBTOPHOM AM(MPPAKIIMKA BOJHBI, MTHTEHCUBHOCTh KOTOPOH YK€ BHYTPH
cpenbl BCIEGICTBHE «TIEPBUYHON» OU(pPaKIUM U3MEHSIETCS ¢ 4acToToi 2f,,, U T...
ITo cyiecTBy, MPOUCXOOUT Kackaodwwiii npoyecc GOpMUPOBaHUS I parupoOBaHHBIX
BOJTH pa3JIMYHBIX MOPsAKOB. [103TOMY YeM BbIllIe MHTEHCUBHOCTb 3ByKOBOI BOJIHBI,
TeM OOJIblle MOSBISIETCS TU(MPAKIIMOHHBIX MAKCUMYMOB.

Ha puc. 13.3 uB. BkJ1. noka3zaHa audpakunoHHas KaptuHa leddepa -beprmana,
BO3HMKAIOLIAS MIPU PaCIpOCTPpaHEHUU ITyYKa TeJiMii-HEOHOBOTO Jla3epa yepe3 KpUc-
tajn mapatemnyputa (TeO,), B KOTOpoM BO30YXKIeHa cTosiuasi aKycTU4ecKasi BOJIHA.
B nenTpe — HyJeBo nopsaok audpakiyu. SpKue TOYKM CIIpaBa U cjieBa — MaKCH-
MYMBI +1-ro 1 —1-ro mopsinkoB. Po3eTka B BHIle YEThIPEXJIONACTHOrO MpoIiejuiepa
MpeACTaBIsIeT COO00M CEMENMCTBO Map BTOPUYHBIX AMMPAKIIMOHHBIX MaKCHMYMOB,
BO3HMKAIOIIMX M3-32 MHOTOKPATHBIX OTPaKeHUI aKyCTUUECKUX BOJH OT MOBEPXHO-
CTU KpUCTAJIJIa B pa3IUYHbBIX HaMpaBICHUSIX.

HMHTepecHO OTMETUTb, YTO JUIMHA OTpe3Ka, CBA3BIBAIOLIETO MU(MPAKIIMOHHBIN
MaKCHUMYM HYJIEBOT'O MOPsSIAKA Y BTOPUYHBIM MAaKCUMyM, OOpPaTHO MPOMOPLIMOHAIb-
Ha IJIMHE 3BYKOBOI BOJIHBI U, CJIEIOBAaTEIbHO, CKOPOCTH 3ByKa BIOJb HAIPaBICHUS
oTpeska (cM. popmyiy (13.39)). BugHo, uTo B mapareurypute UMEIOTCS 1Ba B3aUMHO
TepIeHINKYISIPHBIX HarpaBieHUs (BIOJIb JETIECTKOB PO3ETKM), B KOTOPBIX CKOPOCTh
3ByKa MUHWMaJIbHA W COCTAaBJIIET BeMYMHY nopsaka 600 M/c.
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IIpu yBeIMYeHNM MOIIHOCTH aKyCTUUECKON BOJHBI, KaK U CJIeI0BaIO OXUAATh,
TOSIBJISIIOTCSl MAKCUMYMBI 00Jiee BHICOKMX TTOPSIIKOB.

Takum obpaszom, cuHycoumanbHas Ga3oBasi pelieTka opMupyer Tu@pakIMoOH-
HYIO KapTUHY, COCTOSIIIIYIO U3 LEMOYKM Tr(paKIIMOHHBIX MAKCUMYMOB B HaIlpaBJie-

. . 2n
Husix (13.40). CuHycouaaabHas pelieTka, y KOTopoit (x) = sin Xx, KaK 3TO BUJIHO

u3 (13.38), ¢popMupyet nmuiib ABa IUPPaKLIMOHHBIX MAKCUMYyMa.

PaccmoTpeHHOE NpUOIKeHKE TIpy [ < A2/ X COOTBETCTBYET dughpaxyuu Pamana-
Hama. Ecnu [ > A%/ L, TO HEOOXOIMMO YYUTHIBATL UCKPUBJIEHUE (HA30BOro (PpoHTa
BHYTPU Cpelbl U TOSIBJIEHHWE aMIUIMTYIHON Momyssuuu. B aToM ciyyae roBopsT
0 dugpaxuyuu bpseea.

Ilepexon ot mudpakuun Pamana-Harta xk mudpakuum bparra MoxXHO ocyile-
CTBUTD, TUIABHO YBEJIMYMBAs YaCTOTY f; 3ByKa (yMeHblas A). [1To mepe pocTa 3ByKo-
BOI YacTOTHI AU PaKIIMOHHbIE MAaKCUMYMBbI Pa3be3KaroTcCs, MPU 3TOM MOCTETIEHHO
0CIa0JISAIOTCSl BHAYaJle MAaKCMMYMbI BBICOKMX, a 3aTeM U 00jiee HU3KUX TMOPSIIKOB.
Ipu [ > A%/\ oCTaHETCS MAKCUMYM HYJIEBOTO IOPSIKA, MHTEHCUBHOCTH KOTOPOTO
HE MEHsETCS BO BpeMEHM. DTO MPOUCXOIUT TOTOMY, UTO TPU A < A cpela CTaHO-
BUTCS TIPAKTUYECKU OMTUYECKU OJHOPOIHOIA.

PaccmotpuM Tenephb Audpakilnio CBeTa Ha Oerylieil akyCTuyecKou BoHe. Takoi
pPeXUM MOXKHO OCYIIECTBUTb, €CIU, HalpuUMep, TOopell KpucTajia, yaaJeHHBIH
OT TBE30IIaCTUHKM, clejaTh CKOIIEHHBIM. DTO TO3BOJISIET HANPAaBUTh B CTOPOHY
OTpaXXeHHYIO OT Topiia BoJHY (puc. 13.8).

IIpu mudpakuum Pamana-HaTta Tak:ke BO3HUKHET CeMECTBO NM(ppaKIIMOHHbBIX
MAaKCHMYMOB, TTOJIOXKEHHUE KOTOPbIX onpenesnsercs ycaosueM (13.40). M3-3a adpdek-
ta Jloruiepa, BO3HUKAIOIIETO MpHY NG paKIIMK CBeTa Ha ABMXKYILIECS 3ByKOBOI BOJIHE,
M KacKagHOTO MeXaHM3Ma oOpa3oBaHMsl AMGMPAKLUMOHHBIX MOPSIKOB, 4acToTa
CBETOBOI BOJIHBI B MakKCHMMyMax OymeT paBHa v,, = vV + mf,,. B Makcumymax, mis
KOTOpbIX m > (), yacTora v,, OOJIblle YacTOThI Magarollell BOJHBI, 4 B MAKCUMyMax
(m<0) — MeHblile.

DTO JIETKO TOHSTH C TTOMOIIIBIO TIPUHIIUITIA cyTieprio3uiinu. I1oje cBeToBoit BOI-
HBI TIpU IUPaKLINU HA CTOSIYEl BOJIHE SIBJIIETCSI CYIepHo3uLIMeii mojeii 1ByX aud-
parupoBaBILINX CBETOBBIX BOJIH Ha OETYIIIMX BO BCTPEUHBIX HAMPABIECHUSIX 3BYKOBBIX
BosTHax. I1pu HaJTOXeHUU ABYX MU(ParupoBaBLINX BOJH CO CMEILIEHHBIMM YacTOTA-
MM TG pakKIMOHHBIE MAKCUMYMBI COBITaAyT, @ UHTEHCMBHOCTD B KaXKIIOM MaKCHUMY-
Me OyIeT MPOMOIYJIMpPOBaHA C YaCTOTON OMEHMI, paBHON 2mf;,.

IIpu yBenMueHUN 4acTOThI 3ByKa OYIyT MOCIeI0BATEILHO OCIA0IAThCS MAKCUMY-
MbI, HAUMHAas C BBICIIUX MOPsiAKoB. Ilpu nudpakiiuy bparra nmpakTmyecky 0CTaHyTCsI
JIMILIb 1BAa MaKCUMyMa 1 TOPSIAKOB M OCJIa0JIeHHBI MaKCUMYM HYJIEBOTO MOpSIIKA.

BDTO 00CTOSITEILCTBO UCIOJIB3YeTCSI B OPIITOBCKUX
aKyCTOONTUYECKUX MOAYJIsSITOpax cBeta. Eciu, Hampu-
Mep, KPUCTaJI, B KOTOPOM BO30y:KIeHa Oeryiast 3By-

m=2
Cger m=1  KOBasl BOJIHA, IOMECTUTh BHYTPb PE30HATOpA JIa3epa,
Zil TO TOOPOTHOCTH pe30HaTopa OymeT HU3KOM U reHepa-
m=-2 1Ms1 HEBO3MOXHa. [Ipn ObICTPOM BBIKIIOUEHUM TE€HE-
n | partopa 3BYKOBBIX BOJIH KPUCTAJLI CTAHOBUTCSI ONTHU-
YeCK1 OTHOPOIHBIM U JOOPOTHOCTDH PE3KO BO3pacTaeT.
Takue MomynsATOpbl HALIA IIUPOKOE NPUMEHEHUE B
Puc. 13.8 WMITYJIbCHBIX JIa3epax ¢ MOAYIUPYEMOM JOOPOTHOCTHIO.
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IIpn HaKJIOHHOM TMaAeHUM CBeTa Ha KPUCTAUI ¢ Oeryiieil B HeM aKyCTUYeCKOM
BOJIHOI HapylIaeTcss cumMmeTpus 3agadu. I1pu nudpaxkiym bparra "HTEHCUBHOCTL B
MakcuMyMax +1 mopsiiKoB OyAeT CylLIeCTBEHHO pa3HOM. IIpakThuiyecKu MOXHO CUM-
TaTh, YTO OCTAHETCS OAWH AU(PPAKIIMOHHBI MaKCMMYyM, HallpaBJIeHUe Ha KOTOPBIM
3agaercs ycioBueM bparra. bojee moapoOHO peub 00 3TOM IOUAET Jajiee Mpu 1U3y-
YEeHUM paccessHUs CBeTa Ha OETyIMX aKyCTUYECKHX BOJHAX.

Judpaxuusa peHTreHOBCKHX BOJH. B 1912 r. Hemeukuit ¢pusuxk M. Jlays npemio-
SKWJI MCTIOJIb30BaTh KPUCTAIbI KaK TpeXMepHble OU(GPaKIUOHHbIE PEIIETKH IS
PEHTTEHOBCKMX JIy4eil, JUIMHA BOJIH KOTOPBIX MEHbIIE Mepruoaa KpUCTaUTMIeCKOon
penreTky. Bckope ero Teopust mosydyniia SKCIepuMeHTaIbHOE IOATBEPKIESHHUE B OITbI-
Tax cooreuecTBeHHUKOB B.®puapuxa m I1. KHunmura. DTo OTKpBITHE MPUBEIO
K CO3MaHMIO METONa MCCIIeI0BaHUs KPUCTALIMYECKON CTPYKTYPbl KPUCTALIOB —
PEHTTeHOCTPYKTYpHOro aHaiu3a. KpoMme Toro, mpu M3BECTHON CTPYKType
KPUCTAIMYECKOM PEeIIeTKH MOXKHO OIpeAessITb IJIWHY BOJHBI PEHTIE€HOBCKOTO
u3nydyeHus. 3a 3to otkpeiTe M.Jlays B 1914 r. ynoctoen HoGeneBckoit mpemMun.

Ha puc. 13.4 uB. BKJI. CXeMaTUYHO TTOKa3aHa IUMPaKIUs peHTTEHOBCKOTO ITyuKa,
M3JIy4aeMoOro peHTTeHOBCKOM TpyOKoi, B KpucTauie. [ co3naHus HarpaBiIeHHOTO
My4yKa MPUMEHsSIeTCSl CBUHLIOBBIN 3KpaH ¢ HEOOJIbIIUM OTBepcTHEM. [IndbpaKiiMoH-
Hasl KapTuHa, opMupyemas MpU paclpoCTpaHEHUM B KPUCTaJUIe MapauieIbHOTO
PEHTTEHOBCKOIO My4Ka, n3oopaxkeHa puc. 13.9.

OHa npencTapisieT co00il CeMeMCTBO TOYEUHBIX MU(PPAKIIMOHHBIX MAaKCUMYMOB U
HasbIBaeTCs aayaepamma. ITporcxoxaeHue JaysarpaMMbl MOXKHO OOBSICHUT, €CJIH TPH-
HSITb BO BHUMaHUe MHTepMEPEHIINIO BOJIH, TIepen3TydaeMbIX aTOMaMU PEILETKH. ATOMBI
B 3TOM CJTy4ae SIBJISIIOTCS pealbHBIMIA BTOPUIHBIMU MCTOYHMKAMU PEHTTEHOBCKMX BOJIH.

ITycTh peHTreHOBCKUI JIyd MajaeT Ha KpUCTAJUIMYECKYIO CTPYKTYpY (puc. 13.10).

Ee arombl MorsomanT SHEPrUio Nanarolleil BOJHLI, a 3aTeM MepeustyJyaroT chepu-
YyecKue BOJHBI. B KprcTasie MOXXHO ONpeneuTh KprucTautorpaduyeckye miockocTu 11,
u I, Takum oOpa3oM, YTOObI BOJIHBI, UCITYILEHHbIE ABYMsI aTOMaMM, HaXOISIIMUCS
Ha pa3HBIX TUIOCKOCTSX, MMEJM Ppa3HOCTh XO[a, PaBHYIO 1IEJIOMY YUCITY JUIMH BOJIH.

Kak cnenyet u3 (9.11), pasHOCTb X01a paBHA

A =2dcos¢ =mh, (13.41)

MOCKONBbKY n = 1, y = ¢, a Haber ¢a3 orcyrctByer. YciaoBue (13.41) HasbiBalOT
yenoguem bpseea.

Pnc. 13.10
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Puc. 13.11

JndpakiuMOHHBIIA MAaKCUMYM m-TO MHopsiaka opMuUpyeTcsi UHTeppepupyroLIm-
MM BOJIHAMM, U3JIydaeéMbIMM MHOTHMHU aTOMaMM, MpUHAMJIEXKallUMU CEMENCTBY
TJTIOCKOCTE, TMapauleIbHBIX IBYM BblAeJeHHBIM. JIJIsT 3TOro HeoOXOIMMO, YTOOBI
paccrosiHve d MEeXIy COCETHMMM TUIOCKOCTSIMM M HAKJIOH TIJIOCKOCTEH yIOBJIETBO-
psiu yeiaoBuio bparra. B MoHOKpUCTasie TaKuX CeMENCTB, YIOBIETBOPSIOIINX YCIO-
Buio (13.41), MOXeT ObITh JOCTATOYHO MHOTO, TTIO3TOMY JIay3rpaMMa COIEPKUT MHOTO
I paKIMOHHBIX MAKCUMYMOB.

ITpu nudpakyy peHTIeHOBCKUX JIydeil B MOJMKPUCTAJLIe ardpakKiIMOHHAs Kap-
TUHA HAa3bIBaeTCs debaeepammoil B 4eCTh HeMelKoro ¢uszuka u xumuka I1.Jlebas,
pa3paboTaBIIEro MeTOA MCCICIOBaHUS MOJMKPUCTAULIAYECKUX MaTepuasoB ¢ IO-
MOIIIbIO PEHTTEHOBCKUX Jy4yeil. Jlebaerpamma moyydyaercs B pe3yJibTaTe Judpakiiuu
Ha MaJIeHbKHMX MOHOKPMCTAJIJIaX, MOBEPHYTHIX HA Pa3HbIe YIJIbl OTHOCUTEIbHO Ha-
TMpaBJIeHUs Tagaloliero jJyJa.

Ha puc. 13.11 npeacraBieHa nedbaerpaMma, MoJjiydeHHast pu IUpakiium B T0-
poIIIKe TUTaHA, HAHECEHHOTO TOHKUM CJIOEM Ha TMOJUIOXKKY.

BcaencTBue xaoTUYHON OpUEHTALIMN MeETbUalIlIMX MOHOKPUCTAIJIOB TUTaHA N1 -
paKkIMOHHAS KapTHHA MPEACTaBIsIeT COO0M CeMENCTBO AYT, SIBJSIOLIMXCS YaCTIMM
KOHLEHTPUYECKUX OKPY>KHOCTEN.

Hecranponapuaa mudpakmua. 1o cux mop Mbl paccMaTpuBain IU@pakLno Mo-
HOXPOMAaTUYECKHX BOJIH. MeXIy TeM, B COBPEMEHHBIX 3KCIIEPUMEHTAX UCIIOIb3yeT-
Cs UMITYJIbCHOE W3JTydeHME, CIIEKTP KOTOPOro TeM IIHMpEe, YeM MEHbIe IIATEb-
HOCTb UMITynbca. [Ipu nudpakunm Takoro uMIyJsbca 1M pakIMOHHAs KapTUHA Oy-
JIET MEHSTLCS BO BPEMEHU, NTO3TOMY NM(MPAKIIUS Ha3bIBa€TCS HECTAlIMOHAPHOM.

[ns ornucanus HectalyMoHapHoU audpakuuu GyHkuuio ['puHa B (12.4) BEIOE-
peM Takoi, yToonl G |Z = 0. Torma nmoa MHTErpaJioM UCYE3AET CaraeMoe, coaepxka-

ee aa—U Bmecro (12.6) 3ammmiem ¢yakunio G, B BUIe
n

e—ikp e—ikp*
G, = - (13.42)
p p
3nech p = |r -1, p*= |l"’< —Tr’|; pammyc-BeKTOp r* TpoBefeM B TOUKy P*, saBis-
IOIIYIOCST 3epKaJIbHBIM OTpaXkeHHeM Touku P B rtockoctu Oxy: r* = {x, y, —z}. Cne-

JOBAaTCJIbHO,
9G, _d(e*Yop| _ d (e™op*
on dp\ p )oz'|lz=0 dp*\ p* )97’ |r=0
—ikp o —ikp* _ 5’ -
=[,-k+lje_M _(ik+i*je_*2(1_ﬁ 2dkpS—2. (13.43)
p 2p o0 p*) p 20* oo
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3necy npu 7' = 0 p* = p. YureHo Takxke, uro k > 1/p, 1/p*. @opmyna (12.4)
MPUMET BUJI:

U(P) = jjU( )——do (13.44)

®ynakuns U(x, y), O CyIIeCTBY, MOXET pacCMaTpUBaThcs Kak (ypbe-aMIDTATY-
Jla BOJIHBI YaCTOThI ® = kc:
U(x,y,t) =U(x,y,m)e’, (13.45)

rie Ux,y, o) = U(x, y). ‘
YMmHuoxuM nHTeTpan (13.44) Ha e 1 TIPOMHTETPUPYEM IO BCEM YaCTOTaM, TIPU-
CYTCTBYIOIIIMM B CIIEKTpe UMITyJibca. Toraa nmose audparupoBaHHON BOJIHBI

10 ei(’)(t_p/c) z
UP,t) = —U(x,y,0)———=dodo =
-g;[hc p P

HJ— (x,7,0)

IIpoBoas MHTErpUpoOBaHUE MO YaCTOTe, OKOHYATENIBHO TOJIyYyaeM

tm(t /c)
T 2 odo. (13.46)
p

UP,1 = | %U(x, Yt - p/c)pizdo. (13.47)

DTOT UHTETpaj SABISIETCS 0000ueHubim unmeepaiom Ppenens— Kupxeogpa (12.12)
Y TIPUMEHUM JUISI TIPOU3BOJIBHOTO 3JICKTPOMArHUTHOIO BO3MYILIEHMS, IIpeTepIieBa-
I01lIero Tudpakinio Ha IJIOCKOM 3KpaHe.

Jdudpaknua mmmyabca Ha KpyrjoM oTBepcTHd. IIycTb cBeTOBOIT MMMYJIbC IJIM-
TEJBbHOCTBIO T, MagaeT HOPMAJIbHO Ha 3KpaH C KPYIJbIM OTBEPCTHEM pamuyca #.
Ecnu mose B MMITyJibce He 3aBUCHUT OT IOIEPEYHBIX KOOpAMHAT X U y, To U(x, y, t)
= = Uy(t), u mng Touku P, Haxomsueica Ha ocu Oz, uHrerpan (13.47) nerko
Bbruncnsercs. Ecnu ydects, uto do = 2nrdr = 2npdp, TO

o Z
U(z,t) = — —U,(t - = 2npdp. 13.48
@0 =30 ] g Yot =p/e) 5 2mpdp (13.48)
Z d d
IMonarasg = = 1 u 3ameyasi, YT0 — = —c — , TIOJIy9aeM
p ot ap

UGn== [ 55 Ut=p/0Mdp=Un(t~3/e) Ut~ 1 /c). (1349

z

Takum o6pa30M, Ha OCH IIOABJIAIOTCA ABa PAa3HOIIOJAPHBIX MMITYJIbCa, TOXIC-
CTBCHHBLIX ITagaromieMy, OAHaKO pa3aC/JIC€HHbIX ITPOMECXKYTKOM BPCMCHMH, BCINYMHA

KOTOPOTO TpH 7 > 7,
2 2 2
Aap= NI 21 (13.50)

c c 2zc
YMEHBIIAETCA ¢ NMPOMAEHHBIM UMITYJIbCOM PACCTOSTHUEM.
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W/ W,

2
1 L
0 2 4 6 8 103 0 1 2 3 1n
Puc. 13.12 Puc. 13.13
i
Ecau At > 1), TO UMITYJIbChI HE TIEPEKPHIBAIOTCS B OJIDKHEM MOJIE, Te T < Zg = 2ers
0

BennuuHa z, siBseTcs aHajaoroM mudpakiMOHHOM UIMHBI, B KOTOPO# ¢Ty = [y —
JUTMHA UMITYJIbCa B MPOCTPAHCTBE. I[IIOTHOCTh SHEPTUU, MIEPEHOCUMOM BOIM3U OCU
Oz, BOBOE IPEBHILIAET IUVIOTHOCTh SHEPTUU MAAIOIIEr0 UMITYJIbCA.

ITo Mepe yBeIMYEHUSI 7 MMITYJIbCHl HAYMHAIOT IEPEKPHIBATHCA, U MPU T — oo
AMITYJILCHI «Hae3XaroT» Ipyr Ha apyra, a U(z, t) — 0.

Eciy nmagaroniii MMITyJIbC COCTOUT U3 OJHOIO Iepruoa KojeOaHMii

U, sin@, 0<1<1y;
Uy (1) = T (13.51)

0, t<0ut>nrg,

TO HOPMUPOBAHHAs TJIOTHOCTh SHEPTUU

W) JUXz 0
Wy — [Uat

(13.52)

UMeeT BUI, U300pakeHHbI Ha puc. 13.12.

3aBUCUMOCTb TUIOTHOCTM SHEPTMM OT TMOTMEPEYHON KOOPAMHATBI F = /X% + y?
n3obpaxkeHa Ha puc. 13.13.

Ecnu B OmkHelt 30He (popMUpyeTCs KOJIbLO, TO IPU Z — Zy OHO ucyesaet. [1pu
7> 7o W(r) umeet opmy, GIM3KYIO K TayCCOBOi, MpUYeM LIUPUHA ITOTO pacIlipe-
nesneHus (1o ypoBHIO e') yBelMuMBaeTcsl ¢ MPOMIEHHBIM PACCTOSHUEM TI0 3aKOHY

2
Foo = 1y 1+(5z0j . (13.53)

DddexTrBHAS JTMHA AUPPAKIIMOHHOTO paciuibiBaHus (o aHamoruu ¢ (12.66))
Oynet paBHa 5z;. C yMeHbIIIEHHEM JUIUTEJIbHOCTH UMITY/IbCa 3Ta JJIMHA YBEIMIMBACTCSI.



JEKIIUA 14

CrnekTpajibHbie MPUOOPHI C MPOCTPAHCTBEHHbIM pa3jiokeHHeM cmekTpa. CriekT-
pajbHble TTPUOOPHI TTpeaHAa3HAYEHBI 11 BBIACJIEHUS Y3KO CIEKTpaTbHOM 00MacTh
usyyeHus. Hauboliee pacrpocTpaHeHbl CHEKTpaJibHble MPUOOPHI C MPOCTPAHCT-
BEHHBIM pa3lejeHUEM BOJIH C Pa3HOM IJUHON BOJHBLI. OCHOBHOM JETallbl0 B HUX
ABIISIETCS ducnepeupyrowuii snemenm (pelieTka, TIpu3Ma M Ipyrue ycTpoiicta, 00-
JIajaoliie yriaoBoU JUCIepCUeii).

Ha puc. 14.1 nmokazaHa cxema Takoro npuoopa.

IMapamiensHbIl CBETOBOM MYy4YOK, IMagalolinii Ha IUGpakiMOHHYIO pelueTky P
WM IPYroi NMCIEPTUPYIOLINKA 3JeMeHT, dopMupyetcs koatumamopom. OH Tpen-
CTaBJsieT coOO OCBEIIaeMyl0 BHEIIHUM MCTOUHMKOM IIeJIb S U KOJUIMMATOPHBIN
00bekTuB O, ¢ (poKycHBIM paccTosiHueM f,. Lllenb pacronoxeHa B (hoKaabHOI ILIO-
CKOCTU OOBEKTUBA.

BosHbI ¢ pasnuyHBIMU JIMHAMM A, Tudparupys oA pasHbIMM yIaaMu ¢, TIpo-
XOISIT Yepe3 KaMepHbIil 00beKTUB O, U (POKYCUPYIOTCS B TUIOCKOCTH /1, HaKJIOHEH-
HOW 1oJ HEOOJBIIUM YIJIOM € K IIJIOCKOCTH, NMEePHEHAUKYISIPHON ONTUYECKON OCU
o0bekTuBa 0,. HakjIoH CBSI3aH ¢ 3aBUCUMOCTBHIO (DOKYCHOTO PacCTOSIHUS f, KaMep-
HOTo OOBEKTHBA OT JUIMHBI BOJHBI.

KoHcTpykuus mpubopa TakoBa, YTO B IUIOCKOCTU [1 (popMupyeTcs KapTHHA,
COOTBETCTBYIOILIAs] KAKOMY-TM00 TU(paKIIMOHHOMY MOPSAKY m. Kaxxaoii 11MHe BOJIHBI
A TIpUMUCHIBae€TCS KOOpAUHATA /, OTCUMTHIBaeMas B 3TOi MiockocTr. DyHKuus /(L)
orpenesseTcsl KOHCTPYKIIMe mpuodopa.

Ecnu Obl 1ienb Obula OECKOHEYHO Y3KOM, TO JJIsI BCEX A Yrojl MajaeHus ObLI
ObI paBeH @y, a B TJIOCKOCTU [I Habmomaauch Obl JU(MPAKIIUOHHBIE MOJOCH M-TO
Ao
mN’
OnHaKo MHTEHCHUBHOCTD B 9TUX MOJIocax OyAeT ucuesalliee Majioii, 4to, 6e3ycioB-
HO, SIBJISIETCSl KpailHe HeraTUBHBIM (DaKTOPOM.

MopsijiKka, CrieKTpajibHasl LIMPHUHA KOTOPbIX, coriacHo (13.7), paBHs1ach AA 4 =

Puc. 14.1
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ITpu yBennueHUH IUPUHBI S 1IEJIM MHTEHCUBHOCTD OYyIeT YBeIUYMBaThCS, a MO-
JIOCBI — paclIUpSAThCS. YIIMPEHUE MOJI0C 3aBUCUT OT ITPOCTPAHCTBEHHON KOTepeH-
THOCTH TIOJISI HA IIENH.

Hexkocepenmmnoe oceewjenue. I1py TaKOM OCBEILLIEHUM PaaWyC MPOCTPAHCTBEHHOMN
KOTE€PEHTHOCTH TTOJISl Ha 1IEJIM 3HAYMTEIbHO MEHBIIIE ee IIUPHUHBI 5. BDTO 03HaYaer,
YTO Ha PElIeTKY IMagaloT HEKOrepeHTHBIE TJIOCKUE BOJIHBI MOJ pa3HBIMM YIJIAMU,
MOpOXIaeMble KaxXIbIM ¢pparMeHTOM Ieiu. JluamnasoH yrjioB maaeHus orpaHUYeH
UHTEepBAIOM AQ, = S/f;.

g ¢pruKcupoBaHHOM JIMHBI BOJHBI Ay 3TO MPUBEAET K YIIMPEHUIO anapaTHOW
dyukumu (13.16). PaccunTaem yimpeHHyIo amnmapatHyo GyHKUIn0. 11 3Toro cHa-
yajia B (13.16) 3aMeHuM A KoopmuHatoit /, ucroinsys (13.27):

Doh =08/ u D;(A—Ay)=(—-1). (14.1)
M3 paBeHcTBa
8a(h=2o)SA = g 4(I = 1y)8! (14.2)
¢ yueroMm (14.1) nmonyyaem
1 . -1
gA(l—lo)=D,-1g,4(x—xo)=A—lAsmc2 (n AIAOJ, (14.3)
rae
m A
Mockonbky D; = D, f5 = dccj)z(p’ ANy = ﬁ, TO
Mo f: Ao f:
= 22— = 202 14.
4 Ndcosp  Nd (14.5)

3nech cos@ = 1, Tak Kak yroia ¢ Mal.

Hudpakunonnas anmnapatHast GyHKus (14.3) cooTBeTcTBYeT (PUKCUPOBAHHOMY
YOIy nageHus ¢p. [1pu M3MeHeHUr 3TOro yria Ha BEJIWYUHY A@, = S/f; HACTOJbKO
K€ UBMEHMUTCS M YTOJI ¢ B HaNpaBiIeHUU IU(PaKIIMOHHOTO MakcuMyMa (A@y = AQ).
CnenoBaTelbHO, KOOpAMHATA [, CMECTUTCS BIOJIb / HA BEJIMUMHY

S, :A(sz :A(Pofz :SQ (146)
/i
BenuunHa S’ ecTh 1mMprHa U300paXkKeHus 11eJIM B TUIOCKOCTU HaOJI0IeHNS.
BBenem nopmanvhyto wupuny S, weau. OHa onpenessieTcs U3 yciaoBust S” = Aly:

S _ ok Jiho
L= , wm S, =——.

“fi  Nd " Nd
IIpu npowusBonbHON 1IMpUHE S anmnapatHas GyHkuus gg(/ — ) Oymet ompene-
JaThes cymMMoi ¢yHKLMN (14.3), MOCKOJIBKY NP HEKOT€PEHTHOM CJIOKEHUM BOJH

CYMMMPYIOTCS MX MHTEHCUBHOCTU. B 9T0i cymMMe (MHTerpasie) M3MeHsIeTCsI KOOPIU-
HaTa [, B Tipeaenax

14.7)

S’ S’
ly——<Il, <, +—.
U 0 o+2
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gs(I-19)/gs(0)
1,0

Puc. 14.2 Puc. 14.3

Ha puc. 14.2 uzo6paxkeHbl HOpMUPOBAHHbIE allMapaTHble (PYHKIUU MPU Pa3HBIX
3HAYEHUSIX IIUPUHbI LIEIH.

IIpu 0 < § < S, mupuHa msobpaxenus wean 0 < S < Al,, MosaTOMy TIpU
M3MEHEHMH S IIMPYHA anmnapaTHOM (DYHKIIMK U3MEHSIETCs] He3HauMTeabHOo. Ecimn
BBECTU 1UIMPUHY Alj,, Ha yposHe 1/2, To npu S =0 A/, = 0,86Al,, a pu § = S,
All/2 = 1,12AIA

3aMeTHOe paclIupeHue TIPOUCXOoauT Ipu S > S, korma S’ > Al,. Hanpumep, npu
S =4S, mmpuna Aly, = 8" = 4Al,. YBenudenue S NpUBOIUT K CHUXKEHUIO pa3pella-
IOLEN CIIOCOGHOCTH CHEKTpajlbHOro mpubdopa. OmHAKO IPU 3TOM YBEIMYMBACTCS
MHTEHCUBHOCTh (WM OCBEILIEHHOCTh) KapTUHBI. EC/ MPUHATD 32 €AMHMIY UHTEH-
CHUBHOCTB TIpH S — oo, TO TIpu S = S, oHa paBHa 0,77, a ipu S = 45, paBHa 0,96.

[ToaToMy B 9KCHIEpHMEHTE MCXOMISIT M3 KOMITPOMMCCA MEXKIY BRICOKOM pa3pelatoieii
CMOCOOHOCTBIO M AOCTAaTOUHOI ocBellleHHOCThI0. Ha mpakTtuke S = (1,5—2,0)5,.

3aMeuaHue. [Ipy HOpMaIBHOM IIUPHUHE 1LEIN PAANYC IIPOCTPAHCTBEHHOM KO-
TePEHTHOCTH TI0JIST BOJM3M MOBEPXHOCTH o0bekTHMBa O;, cornacHo (9.9), paBeH

:M—MM{—E. (14.8)

© 28, 2R 2

CnenoBaresibHO, MMM PaKLIMOHHAS PEllIeTKA OCBEIAEeTCS TPAKTUUECKU ITPOCTPaH-
CTBEHHO KOTEPEHTHOMN CBETOBOI BOJIHOMA.

Kocepenmnoe oceewenue. B 3TOM ciydyae BHavaje MPOUCXOAUT AUGpPaKIUs
Ha 1en, 1 'y oobektuBa O; OyaeT hopMUpoBaThes TUMpaKIMoHHasT KapTuHa PDpa-
yHrogepa (puc. 14.3).

IMonympuHa x, LHEeHTpaJIbHOW CBETJION MOJIOCHI, Kak 3To cieayeT u3 (13.32),
npu g=1,d, =S, ¢, =0, ¢ = Xo/f;, paBHa

A
Xo= ?Ofl, (14.9)

C yBenmueHHeM S KapTUHA CXKUMAETCs M BO3pacTaeT CBETOBOM MOTOK, ITPOXOIsI-
it yepes nuH3y O,. [lpu S =S, x, = Nd/2, a ipu S > S, CBeTOBOI MOTOK OJIM30K
K MaKCUMaJIbHOMY.

YT1o06bI paccunTaTh anmnapaTHylo GyHKIIMIO gg, HaI0 BHAYaJIe CJIOXUTb BOJTHOBbBIE
BO3MYILEHUS OT pa3HbIX KOTEPEHTHBIX TUIOCKMX BOJIH, MANalOIIMX Ha PEIIeTKY IO
pa3HbIMM YIJIaMH, a 3aTeM BBIYMCIUTDL KBaIpaT MOIYJS 3Toi cyMMbl. Kaxmoe BO3-
MylleHUe onuckiBaeTcst ¢popMmynoit (13.7).

ArnmapartHast pyHKUMS OyIeT MMeTh BUI, MOKa3aHHbIN Ha puc. 14.4.
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gs(l-19)/gs(0)

[Ienb P

Puc. 144 Puc. 14.5

IMpu §= S, Al,=0,87Al;, anpu §= 45, Al,;, = 3,38Al,. UnTeHCUBHOCTH OyzneT
paBHa 0,75 u 0,87 COOTBETCTBEHHO.

Takum obpazoM, rpu S = S, MOXKHO JOOUTHCS MPAKTUUYECKU TIpeAeIbHOMN pa3pe-
wasoweir cuiel R = mN, umea npu 31oM 75 % OT MaKCUMaJIbHOI BO3MOXHOI
OCBEILIEHHOCTH.

Pa3zpemaiomas ciocodHocTh Mpu3Mbl. M3 onbiTa MI3BECTHO, YTO TIpM3Ma pasJiara-
eT OeJblii CBET Ha ero cocTaBisiolre. Ha puc. 14.1 1B. BKJI. TOKa3aHO MPOXOXKAEHUE
Imy4yka 0ejioro cBeTa yepes3 npu3my. Beixomsiiue Imyyku ¢ 0ojiee KOPOTKUMM JUIMHA-
MM A OTKJIOHSIIOTCSI K OCHOBaHUIO TIpY3MBbI cuiibHee. [103ToMy nmpu3ma Takke IMpo-
KO MCIIOJIb3YeTCs B CIEKTPaJIbHBIX NMPUOOpax B KayeCTBE AUCIEPTUPYIOLLETo dJie-
MEHTa.

Paccuurtaem ee paszpemaroliyto crocooHocTh. ITycTh miockas MoOHOXpoMaTuye-
cKas BOJIHA, MPOMWIS yepes Ilesb, MamaeT HOPMaJbHO Ha OAHY M3 TpaHeil MPU3MbI
(puc. 14.5).

B nanpHeM mosie, i (poKanabHOM IJIOCKOCTU KaMEPHOTO O0beKTUBA, OyneT chop-
MMpOBaHa IudpakiIMOHHAas KapTUHA OT 1IeJIU IIUPUHON d;, paBHOMI LIIMPHUHE OCBe-
LIIEHHOM 00JIAaCTU Ha BBIXOAHON I'paHU IPU3MBbI.

ITonoxeHre eHTpaTbHOTO MaKCMMyMa OIpeaesIsIeTCsl U3 YCIIOBUS PAaBEeHCTBA HYJIIO
ONTUYECKON Pa3HOCTHM XOJa MeXAy KpallHUMU JydaMu, MPOLIEAIIUMH Yyepe3 Mpu-
3MYy:

d\sinQpa — n(A)(L, — L)) = 0. (14.10)

IMonoxeHue Oamxkaiiero MUHUMyMa, coracHo (13.32), npu ¢ = 1 onpeaenutcs
W3 YCJIOBUS

d\sinQui, — n(M(L, — L)) = A (14.11)

Ecnu Ha mpusMmy nagaloT ABe BOJHBI C JJIMHAMU A; U A, (A, > A;), TO OHU OyAyT
pas3pelleHbl IPU3MOM, €CIU Qg AT Ay OYIET paBeH @i, 151 A,. Torma us (14.10)
u (14.11) nmonyyaem

[n(A)) —n(A)I(L, — Ly) = Xy (14.12)
Pa3HocTh TTOKa3aresieil mpeoMIEHUST MOXHO TIPEACTaBUThL B BHIE
dn
n(h) —n(k;) = 7 (A = My). (14.13)
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Torma pa3peluaioliast Cuia Ipu3Mbl

R=—22_—(1,-1)

14.14
Py (14.14)

dn
di|

YToOBI MOJIYYUTh MAaKCUMAJIBHYIO pa3pelliarollylo CUIy, Haao MPU3MYy ITOJHO-
CTbIO 3aMOJHUTH cBeToM. Torna L, — L, = L, tne L — njivHa OCHOBaHUS MPU3MBI.

3aBUCHUMOCTb TTOKa3aTessl MPEeJIOMJIEHUST # OT IJIMHBI BOJHBI A JJII HEKOTOPBIX
MPO3payHbIX MATEPUANIOB B BUAMMOI 061acTy moka3aHa Ha puc. 14.1 uB. Bki1. Eciu

ITOJIO2KUTb

Z—;‘ ~103cm!,a L=5cm, To R ~5-103. Takum obpasom, paspelaio-

mas cujia MPU3Mbl Ha HECKOJbKO TMOPSAKOB MEHbIE pa3pellarmlleid CHUIIbI
IU(pPaKIIMOHHOM pelIeTKH.

Jameuanue. [Ipu 3anmoJHEHUU TIPU3MBI CBETOM BeJIWYMHA d; JOCTUTaeT He-
CKOJIBKMX CAHTUMETPOB, MO3TOMY AU(MPPAKIIMOHHAS KapTUHA HACTOJIBKO CXKaTa, YTo
CTaHOBUTCS HepazIMuuMoil. HabmomaeTcs IUIb HeHTPaIbHBI MAaKCUMYM HYJIEBOTO
ropsiaKa.

OOBIYHO B 2KCIEPUMEHTE MPHU3Ma OCBEIAeTCs MyYKOM CBeTa, (DOPMHUPYEMbIM
KOJUIMMATOpoM. M3-3a KOHEYHOM IIMPUHBI €r0 1IeJM Ha MPU3My MaaatoT MJIOCKHE
BOJIHBI TTOZT pa3HBIMU yriaMu. [Toatomy mmMprHa audpakiiMoOHHOTO MaKCUMyMa MO-
KET ObITb HAMHOTO OOJibllle €ro AU pakuMOHHOM WUPUHBL. [Ipy ocBelieHUu Imy-
YKoM 0eJioro cBeta nudpakioHHas KapTUHA MPeacTaBiseT co00i MHOXECTBO MPpH-
MBIKAIOLIMX OPYT K APYTY LBETHBIX MOJOC (LBETHOW CIIEKTD).

Tunsl cneKTpajbHbIX npudopoB. CreKTpalibHbIE MPUOOPHI MOXHO pa3neluTh
Ha HECKOJIbKO THIIOB:

* CNeKmpocKonbsl, KOTOPbIE MCITONb3YIOTCS IS BU3YaIbHOIO HAOMIONEHMSI CTIEKT-
pa ¢ TIOMOILBIO OKYJISIpa, YCTaHABJIMBAEMOTO 3a (DOKaIbHOMN TJIOCKOCThIO KAMEPHO-
ro oobekTuBa. IIpyMepoM Takoro Ipudopa SIBJISIETCSI CTWJIOCKOM, MpeaHa3HaYeH-
HBII 1J11 OBICTPOTO aHAIM3a MapKU CTaIU U IPYTHX CIIaBOB. AHATU3UPYS BU3YaIbHO
MOJIOXXKEHUE CIEeKTPaJIbHbIX JUHUNA U CpaBHMUBAsI UX SIPKOCTb, MOXHO CHeNaTh 3aK-
JodyeHne o Hanuuuu rpucagok (Mn, Ni, C u 1p.) U UX OTHOCUTEILHOM KOJIMYECTBE
1 TEM CaMbIM OMPEeTUTh MApKy CTAJIM WU CILIABOB;

e cnekmpoepagost, B POKATBLHON IIOCKOCTU KOTOPBIX ITOMeIaeTcsl (pOTOIIACTAH -
ka. Crniektp ¢ororpacdupyercs U 3aTeM obpabaTbiBaetcs. [lonoxkeHue Mojaoc U Ux
MOoYepHEHNE Ha IJIACTUHKE MAIOT BO3MOXHOCTb PACCUMTATh IUTMHY BOJIHBI 1 MHTEHCUB-
HOCTb CIEeKTpaIbHBIX JIMHUM. CrieKTporpadnl MO3BOJISAIOT AaTh 3aKJIIOUEHUE O KOJIH-
YEeCTBEHHOM COCTaBE MCCJIEIyeMOro BEIeCTBa;

* MOHOXPOMAMOPbl I CReKmpomempsl. DTU TIPUOOPHI MOTYIWIN IIMPOKOE pacipo-
CTpaHEHHe, IMO3TOMY HECKOJIBKO MOApOOHee OCTAaHOBHUMCSI Ha MX YCTPOMCTRBE.

MoHoxpoMaTopsl MpeaHa3HaYeHbl I/ BBIASJEHUS Y3KOTO CIEKTPAJIIbHOTO V-
ana3oHa. [lyist aToro B (hoKajabHOM IVIOCKOCTH KaMepPHOro oObeKTHBa YCTaHABIMBA-
€TCs1 HeMOABMXHA 11eJb. OOBEKTUB U 11IeJIb (DOPMUPYIOT BHIXOAHON KOJIUMATOP.

Aucneprupyroiuit 3JJeMeHT MOXeT ToBopaunBaThes. [1py moBopoTe n3MeHsIeTCs
YroJl TafieHusI @y ¥ CIEeKTp TMepeMelaeTcs yepe3 Iejb BhIXOMHOro KOJIIMMAaTopa.
Ecnu nmoBopaunBaeTcsl, Hanpumep, pelrerka, To u3 yciaoBust (13.13) MoxHO pac-
cyuTaTh A(Qy) U MO YIJIy ITOBOPOTA ONPEACTIUTh JUTMHY BOJHBI U3TYYEHMS Ha BBIXOI-
Ho# 1meau. Takyo 3aBUCMMOCTb MOXXHO PacCUMTaTh M MPU UCIIOJIb30BAHUM APYTUX
JTHCTIEPTUPYIOIINX DJIEMEHTOB.
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BrixomHoi KotMMaTOp MOXET UMETh HECKOJIBKO 1ieieii. Torga mpudop Ha3bIBa-
eTcst noauxpomamopom. Eciv y BBIXOIHOM 1IEM yCTAHOBJIEH (POTOAETEKTOP, TO MO-
HOXpPOMAaTOp CTAHOBUTCS CIIEKTPOMETPOM. B 3TOM ciryyae MOXKHO U3MEPSTh KaK JITH -
HbI BOJTH, TaK M1 MHTEHCUBHOCTD CIIEKTPaJIbHBIX JTUHUIMA.

HexkoTtopbie crieKTpoMeTpbl UMEIOT BCTPOEHHBIN MCTOYHUK CBETa C M3BECTHBIM
crekTpoM. Ilomelast mocje AUCIIEPrUPYIOLIEro 3JIeMEeHTa pa3IMuyHbie BEIECTBa,
MOXHO MCCJIEOBATh CIIEKTPhI UX MOIJIOIeHNs. Takoil mpubop Ha3bIBAETCS CHEeKmMpPO-
gomomempom.

Ontuyeckue npudopsl, Gopmupyomue n3oopaxkeane. OCHOBHBIMU 3JIeMEHTAMU
B TaKMX NpUOOpax SBJISIOTCS JIMH3BI (CoOMpalole U paccerBalolliue) U 3epKaia
(BOTHYTBIE U BBITYKJIBIE).

I1pu mageHnu IIOCKO# BOJHBI Ha JIMH3Y B €e (DOKATBLHOM TJIOCKOCTH (hOPMUDPY-
eTcst IupaKMOHHAs KapTUHa Diipu. YIIoBo# pa3mep LIeHTPaJIbHOTO TISITHA (IucKa
Biipn) omnpenensercss hopmyrnoit (12.48)

0610
-

By

AHanornyHasi KapTuHa OyAeT U B (DOKAJIbHOMN MJIOCKOCTU C(PepUIECKOro BOTHY-
TOro 3epKaja paauyca r,. HamomHuM, 4yto ero okycHoe paccrossHue f= R/2 (R —
paauyc KpUBU3HBI 3epKaia).

Hudpakumsi mo3BojsieT cPoKycupoBaThb MapajuiebHbIA MyYOK JIMIIL B TISITHO
KOHEUHBIX pa3MepoB, MPU 3TOM MUHUMAJIbHBIK pa3Mep MATHA MPaKTUYECKU paBeH
JJIMHE BOJHBI. DTO OOCTOSITEJIbHO HaKJIaAblBaeT OTpaHMYEHUEe Ha MpeaeSbHbIE BO3-
MOXHOCTH ONTUYecKuX Mpubopos. [Toa 3TUM yriaom 3peHust pacCMOTPUM ABa Bax-
HeH1ux pubdopa: TeJeCKON U MUKPOCKOII.

Teaecxon. TlepBble TeIECKOIbl COCTOSUIM U3 ABYX JIMH3: OOBEKTHMBA U OKYJSIpa.
Xom JTydeit OT IBYyX yOaJIeHHBIX O0BbeKTOB [ M 24epe3 0OBheKTHUB IMOKa3aH Ha puc. 14.6.
B ero ¢dokanbHOl MI0CKOCTU (POPMUPYIOTCS ABE KapTUHBI DWpU, KOTOPhIE Mepe-
KpbIBaKOTCS.

st Toro 4toObl pa3neauTh (pa3pellinTb) ABa 00beKTa (Harpumep, ABe yaaaeH-
Hble 3Be3/Ibl), HEOOXOAMMO, YTOOBI YroJl © YAOBIETBOPS YCIOBUIO

0,611
I .

93>0, = (14.15)

OKyJsip Tesieckora He BHOCUT CYIIECTBEHHBIX TU(PAKIIMOHHBIX UCKaKeHU. Pa3-
peularoujeli cnOCOOHOCMbI0 Meaeckona Ha3bIBaeTCsl BeJUYMHA

1 0
=—-= . 14.16
Y, 0,611 ( )
o
1 Yem Oompllie paguyc OOBEKTHUBA, TEM
P ’/V 2 pplle paspernaroiias cvna. Ha puc. 14.7, a—

6 TI0Ka3aHbl U300pakeHUsl TpeX YAaJeHHBIX
) I cBeTAIIMXCsI OOBEKTOB MPU PA3HBIX paguycax
KPYIIbIX AuacdparM, pacrioyIoKeHHbBIX Mepe
7 O0OBEKTUBOM.
XOopol110 BUIHO, KaK MpPU YBEJIUYEHUN pa-
nuyca auagdparmMbl TOCTENEHHO YJIydlliaeTcs
Puc. 14.6 paspeniamoliast cujaa o0ObEKTHUBA.

164



a 0 8
Puc. 14.7

B Hacrosinee BpeMs UIsl HAyYHBIX MCCIENOBAHUM LIMPOKOE PaclpocTpaHEeHHUE
MOJTYYWIN TeJIeCKOIbI-pedeKTophbl. Takoil TejrecKon uMeeT MmepBUYHOe 3; U BTO-
puuHoe 3, 3epkajia. Ero cxema nokasaHa Ha puc. 14.2 uB. BKJI. ITydok cBeTa, mocieno-
BaTeJbHO OTpaxasiCh OT ATHUX 3epKaj, C MOMOIIbIO BCIIOMOIaTeJIbHOIO 3epKaia 33
nonazgaeT Ha ¢otoaerekrop D/l

[ns yBenuueHUs1 nMaMeTpa MepBUYHOE 3ePKajo MOXKET COCTOSITh M3 MHOXECTBA
CEerMEHTOB. DTHU CErMEHTHI MOTYT CJIeTKa TepeMellaTbcs, YTOObl KOMIIEHCUPOBATh
HCKaxXeHus pa3oBoro (ppoHTa IMy4yKa CBeTa IPU €ro paclpoCTpaHEHUU Yepe3 Typoy-
JIEHTHY10 aTMocdepy. Takoe 3epKayio Ha3bIBAeTCsl adallTUBHBIM.

TypOyneHTHBIE MUCKaXKEHUsI OTCYTCTBYIOT IJISI TEJECKOIIOB, YCTAaHOBJIEHHBIX Ha
KOCMUYECKHUX JIeTaTeJbHBIX alraparax, Halpumep Ui Tejeckomna «Xabom», ume-
IOIIEro AUaMeTp MepBUYHOTO 3epKaja 2,4 M.

B 1973 r. 8 CCCP 6bu1 ITOCTpOEH caMblii KPYITHBIN B MUPE TEJECKOIT C TMaMETPOM
BOTHYTOT'O 3epKayia 6 M, KOTOpbIi 66T ycTaHoBIIeH Ha CeBepHoMm KaBkase. HemaBHO
BBeIeHbI B JCHCTBUE Ba TejecKomna ¢ auameTrpoM 3epkana 10 m (I'aBaiickue octpo-
Ba) U HECKOJIbKO 8-MeTpPOBBIX TEJIECKOIIOB.

Ha puc. 14.3 uB. BKJI. ipuBeaeHa ¢otorpadust EBponeiickoii 10:xHOI 06cepBaTo-
puu, pacIojiokeHHOM Ha BepiunHe ropsl [apanans (Yunn). B odbcepBaropun nme-
I0TCSI YeThIpEe 8-METPOBBIX TEJIECKONAa U HECKOJIBKO MEHBIIIMX BCIIOMOIaTeIbHBIX Te-
JeckoroB. [1pu coBMecTHOI (POKYCHPOBKE TEIECKOIIOB YIJIIOBOE pa3pellieHUe CUCTe-
MBI TEJIECKOIIOB CTAHOBUTCS TAKUM K€, KaK U Y TPOMAJTHOIO (BUPTYaJIbHOIO) Teje-
CKoIla ¢ IMaMeTpoM 3epkaja okoso 200 M.

ITockoabKy M3 KOcMOca ITOCTOSTHHO MTPUXOAMUT PanuoU3ydeHue, TO IJIs1 ero Tpy-
€Ma U aHaJu3a MCMOJIb3YIoTCs panroTteaeckonsl. [lepBolit paguoTeneckor-pedek-
TOp ¢ muamMeTrpoM 3epkana 9,5 m 6bu1 moctpoeH B CIIA (1937). Ilocne aToro
B pa3HBIX CTpaHax MUpa ObLIY MOCTPOEHBI pa3HOOOpPa3HbIe TeeCKONbl. B yacTHOCTH,
BCCCP Ha Tepputropum ApMeHUM OB yCTaHOBJIEH pedaeKTOPHBII
panuoreneckon PATAH-600 c¢ oTpaxalolieil MOBEPXHOCTbIO B BUIE KOJIbIA
nuametpoM 600 M 1 IIMPUHOM 7,5 M ISl IprueMa paauon3IydeHusI ¢ JJIMHAMU BOJIH
0,8 —30 cm.

Ha puc. 14.4 uB. BKII. npeacTtapiieHa poTorpadust paguoTeneckona (ImaMeTp 3ep-
kajna — 300 M) ¢ HermoABMXKHOM vallleil, COOPY:KEHHOro B KpaTepe ByJKaHa B Ape-
cn6o Ha octpoBe B [1yapro-Puko. Ha Beicore 150 M Ham yalei Ha CTaIbHBIX TPOCAX
yKperieHa riatgopma maccoit 600 T, TTo pesibcaM KOTOPO# MOXKET TepeMeIaThes
yrpaBisieMas KOMITbIOTEPOM KaOWHA ¢ U3JIyYaTeIsIMM M MIPUEMHUKOM. DTUM OCY-
LIEeCTBJISIETCS] HaBeAeHUE TeJecKomna Ha HccieayeMblii o0beKT. [IanHa BOJHBI
u3nyyeHus 10 cm.
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B pexxume mpuema TeecKomn MCIOIb3yeTcsl Kak JIOKaTop Mpy KapTorpadpupona-
HUMU 1iaHeT. M3-3a HEMOABMUIKHOCTU aHTEHHBI HAOJIIOAEHUS BbIAEJEHHOTO 00bEKTa
HEe MOTYT NPOIOJIKaThes OoJiee 2 4. B pexxnMe pagmousiydyeHus ¢ ero IOMOIIbBIO
BBITTOJTHEHBI YHUKAJIbHBIE 9KCIIEPUMEHTHI 1o paauonokanuu ConHua, JIyHbI 1 11a-
HeT COJIHEUHOH CUCTEMBI.

Mukpockon. DTOT ONTUYECKUI TIPUOOP CIYKMUT IIJIs1 HAOMIOACHUST BECbMa MaJIbIX
00BeKTOB. MUKPOCKOIT COCTOUT U3 00BEKTUBA U OKYJIsipa, OMHAKO OCHOBHOE YBEJIM-
yeHHe JOCTUraeTcs 3a cueT oO0beKTrBa. M3-3a nudpakium cBeTta Ha OObEKTUBE CYy-
IIECTBYET OrpaHUYEHUE CHU3Y HAa MMHUMAJIbHBIN pa3Mep 00beKTOB, KOTOPhIE MOXK-
HO Ha0JII0IaTh B MUKPOCKOIT. DTOT pa3Mep 3aBUCHUT OT YCIIOBMI1 OCBEILIEHUST O0bEKTa.

Hexozepenmnoe oceéeuienue. Xon aydeii OT IByX TOUYSUHBIX (pparMeHTOB [ 1 2 00beKTa
yepe3 00beKTUB MUKPOCKOIIA TTI0Ka3aH Ha puc. 14.8.

OOBEKT HAXOAUTCI HA PACCTOSIHUM @ BOIM3U (DOKANIbHON TOUYKU F, a ero yBenu-
YeHHOE U MepeBepHyTOe N300pakeHUe — Ha paccTosiHUM b > f. Ecniu o0beKT ocBe-
IIAETCS CBETOM, MaJalollM C pa3HbIX HampaBieHUil, To ¢pparMeHTsl [ U 2 Ucmyc-
KaroT (OTpaxaloT) CBETOBbIe HEKOI'€pPEHTHBIE BOJIHBI. Toraa nzodopaxeHue 3Tux dpar-
MEHTOB OyIeT MpencTaBsaTh HaloXKeHue TUMPAKIIMOHHBIX KapTUH DpH, COOTBET-
CTBYIOIIMX UM PaKIIMM CBETA Ha KPYIJIOM OTBEPCTUHU C PaIyCOM, PAaBHBIM PagnyCy
o0bekTuBa. [1pu Manom pacctostHumM d MexXay (pparMeHTaMU JUCKU DUpU TIepeKpo-
I0TCSI U (pparMeHThI OyayT Hepa3INYMUMBIL.

PaccuntaeM MMHHUMAaJIBHOE paccTosTHUE d, BOCIOb30BABILIMCH KpUTepreM Paes.
JIBa nzodpaxkeHus1 OyayT pa3iduMMBbl, €CJIM PACCTOSTHUE MEXAY HUMU

0,61h ,

d,:ﬁob: ;
nr

(14.17)
rae ¥, — YIJI0BO# pa3Mep aucKa Diipu; n’ — MoKasaTelib IIPeJOMICHUS CPEAbI CIipa-
Ba OT OOBEKTHUBA; ¥, — PaanyCc OOBEKTUBA.

Pasmepsl 00bekTa d 1 ero n300pakeHus d’ CBSI3aHbl YCAOBUEM CUHYCOB

dnsin® = d’n’sin 9’ (14.18)
IMonaras B (14.17) ry/b = sin®’, ¢ yuetom (14.18) mosyyaem
d= m (14.19)
nsin ¢

BenuuunHa # sin® Ha3bIBaeTcs yucao6ou anepmypoii. ITOCKONbKY €€ BeJIMYMHa I0-
psnKa equHULb, TO d ~ L. TakuM o6pa3oM, MUHUMAaJIbHOE PACCTOSTHUE MEXIY pa3-
JIMYHBIMU (pparMeHTaMu paBHO JOJISIM IJIMHBI CBETOBOI BOJIHBI. B BUAMMOM mauamna-
30He d ~ 1 MKM.

I '

\ 2 Y n 0 n _ly
o= 4,
BET 1 F

P hy P

. 7
| a b
Puc. 14.8
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Koeepenmnoe oceewenue. Takoe ocBellieHHE€ MOXHO OCYIIECTBUTb, HampUMeED,
IIPOCTPAHCTBEHHO KOTepeHTHOI BOJHOU. MHOIrIa 00BbeKThl OBIBAIOT CaMOCBETSIII-
MMCSI, TP 3TOM PaaUyC MPOCTPAHCTBEHHO KOTEPEHTHOCTH BOJHBI MOXKET OBITh
0o0JIbllie MUKPOHHBIX pa3MepoB 00beKTa. B 3ToM cilyyae B INIOCKOCTH U300paKeHUsI
CKJIaIbIBAIOTCS I0JIs1 I parupoBaBIInX BoJiH. Kputepuii Panest npuBoauT K MUHU-
MaJIbHOMY pasMepy d, oIpeneasseMoMy Kak

d= m (14.20)
nsin ¢

Takum o0Opa3oM, KOTepeHTHOE OCBEIlleHVWE He TOBBIIIAeT MPOCTPAHCTBEHHOE
paspelieHrne MUKpPOCKOTa.

YMeHbllIeHUs d B HECKOJIBKO pPa3 MOXKHO TOCTUYb YBeTUMYEHUEM YMCIOBOM amep-
TYpBI, 3aMOJHSIS MPOCTPAHCTBO CJeBa OT OOBEKTMBA MMMEPCUOHHON KHUIKOCTHIO
¢ OOJIBIIMM TTOKa3aTesieM TPeJIOMIICHMSI.

Teopus Aobe. [1py KorepeHTHOM OCBELEHUH 3a1a4y (POpPMUPOBAHUS N300paKe-
HUSI B MUKPOCKOIIE OPUTHMHAJIBHO PeIln HeMelKuii ontuk D. Ao66e. CyThb npeaio-
JKEHHOW UM TE€OPUHU CBOAUTCS K CIIEAYIOIIEMY.

ITycTh HaGIIOMaeMbIM O0BEKTOM OyAeT AudpakKLMOHHAsI pelleTKa, ocBelaeMas
IUIOCKOM BOJIHOM TaK, KaK 3TO U300paxkeHO Ha puc. 14.9.

Ecau ammuTtyna mapatoieit BoaHbl U, = const, a GyHKUIMS MPOMYCKaHUS pe-
IIETKH #(X), TO cpasy rnocie peieTku amruutyaa Us(x) = Uyt(x). B mockoctu nzobpa-
xxeHuti 11 cpopmupyercs BosmyiieHue Ugt’(x”), pu atoMm x” = xb/a. Ilpu oTCyTCT-
BUU UCKaKeHUI (PyHKIMS ¢'(x”) B yBeIMUEHHOM MacllTabe ToBTopsieT (PYHKLUIO 7(X).

D.A00e Ha3zBaj M300pakeHue, omuchiBaeMoe Bo3mylueHuem Ugt'(x”), emopu-
YHbIM, A LIETIOYKY OU(MPAKIIMOHHBIX MAKCUMYMOB B (hOKaJIbHOM miockoctu DI —
NnepeuUtHbIM U300PANCEHUEM.

DeMeHT (OKaIbHOM TIJIOCKOCTH, TIe PAacIoioXXeH MaKCUMYM, MOXET paccMmar-
pUBaThCS KaK TOYEUHBIN MCTOUHMK. AMIUIUTYA MOJIS1 B 9TUX MaKCUMyMax, Kak clie-
nyer u3 (13.4), mporopLmoHanbHa Qypbe-aMILUINTYAe QYHKIUU #(X):

t,,,:t(kx,,,)zt(%nm), m=0,+1,+2, ..., (14.21)

rae d — Tepuos pelIeTKH.

MuTtepdepeH1ius BoJIH «<MCTOYHUKOB» 1, TIPUBOAUT K 00pa30BaHUIO yBEIMUYEHHO-
ro U300paxkeHusT pelieTKy B Tockoctu /1. YtoOwl #'(x”) Obl1a mogobdHa #(x), HeoO-
XOAUMO 00eCIeUnTh MHTep(EePEeHIINIO BOJIH OT BCEX MCTOYHMKOB. OIHAKO M3-3a Mpe-
JIEJBHOTO yIyia O MaKCUMYMBI BBICIIMX TTOPSIAKOB OYIYT «OTpe3aThCsl». UeM MeHblie

Uy 1)

,
Caer n n' d

Puc. 14.9
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MEePUO PEelLIeTKH, TeM OOJiblle YIJIbl AU(MPAKLIUKU U TeM OOJIbIe YUCIIO «OTpe3ae-
MBIX» MaKCUMYMOB.

Ecau d HacTonbKO Majio, 4YTO OCTaHETCS TOJIbKO OOWH MaKCUMYM £, To Ujt'(x’) =
= const. CremoBaresibHO, MH(pOPMALIUS O TIEPUOIUYHOCTHU #(x) OymeT yrepsiHa. [Tpu
COXpaHEHUU BMECTe C f, €llle U #; U f;, B IJIOCKOCTU M300paxkeHMUS MOJyYUTCS
nHTepdepeHIMOHHas KapTuHa B Buie nosioc FOHra ¢ mepuogoM d’ = db/a. OHa
OyzmeT cMa3aHHBIM M300paKeHMEM pellleTKH, B KOTOPOM OTCYTCTBYIOT MEJIKME IeTa-
. YToOBl OHM MOSIBWIIMCH, HAlIO «3aXBaThIBaTh» MAaKCUMYMbI 00Jiee BBICOKUX IO-
PSAIKOB, YBeIWYMBAsl pamguyc OOBEKTHBA.

MuHuManbHOe 3HaUeHUe Teproaa d peleTky, Ipu KOTopoM (popMupyercst u300-
paxkeHue B BuIe rmojoc KOHra, rmosydaercs U3 yCIOBUs «3axBaTa» OOBEKTUBOM MaK-
CUMYMOB #| U 1_;:

dsimf}:h, WIN dzﬁ. (14.22)
n nsin ¢

Ota oueHKa M d mpakTuyecku coBnanaet ¢ (14.20).

Ha puc. 14.10 nokazansl ¢oTorpacduu, WITIOCTPUPYIOIIVE U3I0XKEHHOE.

B akcniepuMeHTe B KauecTBe 00bEKTa NCIOIb30BaTaCh MMPOBOJIOYHAS CeTKa C KBal-
patHbIMU siueiikamu (puc. 14.10, a), ocBemaemas myukoMm He-Ne-nazepa. [MepBuu-
Hoe m3oOpaxkeHue Ao0Ge (puc. 14.10, 6) PUABTPYIOT C TOMOIIBIO CHELUATBHBIX
Macok. Eciii Macka nmpormycKaet JIMIIb BepTUKATbHYIO 1IETIOYKY MaKCUMYMOB £,, (pHC.
14.10, 8), TO BTOpUUHOE M300pakeHWe MMEET OJHOMEPHYIO CTPYKTYpy B BHUIE Ce-
MeHCTBa TOPU30OHTANIBHBIX TUHUM (puc. 14.10, ¢). I1pu ucnonb3oBaHuu 6osee CIOX-
Hoit Macku (puc. 14.10, d) nonydaetcst uzodpaxkenue (puc. 14.10, e), Koropoe HeceT
WHGOPMALIUIO O CTPYKTYPE CETKMU.

Teopust A6Ge MMeeT MHOTOYMCIEHHbIE TIpUMeHeHUsI. MOXHO MCKYCCTBEHHO Ma-
HUITyJIMPOBaTh TU(GPAKIMOHHBIMM MaKCUMyMaMM B (POKaJIbHOHN TIOCKOCTH (OCYy-
IIECTBIISATh NPOCMPAHCIMBEHHYI0 QUABMPAUUIO Ye106020 CNeKmMpa) C LIEIbI0 U3BMEHUTh
n3obpaxkeHue. DTO aKTyalbHO, KOIa HAOMIOOAEMbIil OOBEKT SIBJISIETCS MPEeuMYylle-
CTBEHHO (a30BbIM, T.e. CJIabo MOIYIUPYIOIIMM aMIUIUTYAy MHafaloliieid BOJHBI
U CUJIbHO MoayaupyooluM ¢aszy. Takoit o0beKT MpakKTUUYEeCKU HepazIuduM IIpU
HaOmogeHun B Mukpockomn. IToatomy st (pa30BBIX OOBEKTOB MPUMEHSIIOT
cIielMaJbHble METOMIbl HAOMIONEeHNS.

Mertox ¢aszoBoro koutpacrta. [1ycts (pyHKLMS MPOMYCKAHUS

1(x) =1 -iD(x) = /1 + P?(x) e P, (14.23)
riae O(x) = O(x + d) — BeutecTBeHHas nepuoanydeckas Gpynkuus. Ecmu |P| <« 1, o

aAMITIMTYIHAsT MOLYJISILIAS HEBEJIMKA 110 CpaBHEHMIO ¢ (a3oBoii u |f| = /1 + D2 = 1.
DTO 03HAYAET, YTO B IUIOCKOCTH M300pakeHUs OYIET JINIIL OTHOPOIHBINA CBETIIBIIN
(OH, TIOCKOJIBKY MHTEHCUBHOCTD [’ o< |1]? o< |£]? = 1.

Puc. 14.10
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IMepuonuueckyio GyHKIUIO #(X) pas3sioXUM MO MPOCTPAHCTBEHHBIM YacTOTaM

2 .
kyn = Em, KpaTHBIM OCHOBHOI 4YacToTe, B psm Dypbe:

(x)=Y t, exp(ih—mx). (14.24)
— d

OueBugHoO, uTO 1) = 1, £, = t.¥, mockonbKy @ — BelecTBeHHasT QyHKLMS. 3Be3-
JIOYKa O3HavyaeT KOMILJIEKCHOE COTpSIKEeHUeE.

Eciu B ¢okanbHON TJIOCKOCTH TOMECTUTh TOHKYIO TMPO3payHylO TUIACTUHKY,
BBI3BIBAIOLLYIO Y UCTOYHUKA f, OTCTaBaHUE WU orepexkeHue daspl Ha +1t/2, TO TIep-
BUYHOE M300paxkeHue OyIeT COOTBETCTBOBATh MOAM(ULIMPOBAHHON (M3MEHEHHOM)
(YHKIIMY TPOITyCKaHUS

fuon (X) =152 — jD(x) = +i — i D(x). (14.25)
Takas pyHKIIMS ONMUCHIBAET OOBEKT YK€ C aMIUIMTYIHOU MOAY/ISILUEN, TOCKOIbKY
[tyon (X)? = (1 £ D(x))? = 1 £2D(x). (14.26)

B mockoct n300pakKeHuss THTEeHCUBHOCTD
I(X) ~ [Eioa (XN ~ [ty00 (0] = 12 20D(x). (14.27)

Orcrona cleayer, UYTo usmeHeHue (hasvl 8 nA0CKOCmuU Hada0aemoeo odseKma npe-
8pauaemcs 8 UsMeHenue UHMeHCUBHoCmuU 6 naockocmu usoopaxcenus. Ipu orcraBaHun
a3l B HyJeBOM ToOpsiike (3HaK «+» B (14.27)) obmactu ¢ OOJbllIeil ONTUYECKOM
TOJIIMHON KaXXyTcd spye Ha (DOHE CpelHeil OCBEIEHHOCTH, a IIPU ONepeKeHUU —
TemHee. [ToaToMy 3TOT MeTOA MOJyUWJI Ha3BaHUE Memoda az0602e0 KOHmMpacma.

Heob6xonuMo oTMeTUTh, UTO B OTCYTCTBUE (pa30BOM KOPPEKLIMHU, KaK 3TO Cleay-
eT u3 (14.23), Bce Xe ecTb HeOOJblINE U3MEHEHUs] UHTEHCUBHOCTHU

1(x') ~ [1x)? = 1+ D2(x). (14.28)

Opxako B cuty Majoctu @ uzmeHeHus I B (14.28) 3HaUMTEILHO MEHbIIIE, YeM
B (14.27).

MeTtoa TemHoro noas. Eciu momMecTuTh B (pOKaJbHOM INIOCKOCTH HEIIPO3PauyHYIO
MaJIeHbKYIO IIACTUHKY, 3aKPbIBAIOIIYI0O MAaKCUMYM %, TO

ton (X) = i D(x). (14.29)
IMTosToMy
I’(X,) - |tM(),£[(‘x)|2 = CI)Z(X).

M3MeHeHUs ”THTeHCUBHOCTHU OyIyT TaKMMU Xe MaibiMu, Kak 1 B (14.28), onHa-
KO 0OoJjiee 3aMETHBIMHU, MOCKOJIbKY CPEIHSISI OCBEIIEHHOCTb OTCYTCTBYeT. [loaToMy
Takoil MeToa (WIbTpaluuu MOJYyYUSl Ha3BaHUE Memooa MemMHO20 HOA.

Ha puc. 14.11 npencraBiaeHbl pe3yJbTaThl YUCIEHHOTO MOAEIMPOBAaHUSI, ULITIOC-
TpUpylollre 00a ONMUCAHHBIX METO/A.

B kauecTBe ocBelllaeMoro oobekTa MCIOJIb30Bajach Mpo3pauyHasi KBajapaTHas
mwiactuHKa (puc. 14.11, @) nepeMeHHOI ONTUYEeCKOM TOMIIMHEL. [Ipu mpoxoxkaeHUn
yepe3 IUIACTUHKY TIJIOCKOW BOJIHBI €€ (PPOHT MCKPUBJISUICS BCIEACTBUE TOSIBIISIO-
meiics pazoBoit Moayisiiu (puc. 14.11, 6). OgHako 3Ta MOAYISLIUS HE MOXET ObITh
OOHapyXeHa BO BTOPMYHOM M300pa>k€eHUU TUIACTHH.
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Puc. 14.11

Ecau xe ycTpaHUTh MaKCMMYM HYJIEBOTO TOPSIAKA f;, TO U300paxkeHUe MpuMeT
BMII, ITOKa3aHHBIN Ha puc. 14.11, 6. Ilpu caBure ¢a3bl B 3TOM MakKCUMyMe Ha /2
MOJTyYaroTCs U300paxkeHusl TUIACTUHKY, ToKa3aHHbIe Ha puc. 14.11, ¢, d. B nepBom
cJIydae TOBOPSIT O MeMHOM (paz080M KOHmMpacme, a BO BTOPOM — O C8EMIIOM.

Tonmorpadms (ot rpeu. holos — Bech, MONHBIN) PEACTABISIET COO0I METO, TTOJTY-
yeHUs1 00beMHOro n3o0paxkeHus oobekTa. Maess aToro MeTona Oblla BhICKa3aHa B
1948 r. anrnmuiickum ¢usukom . a6opom. OmHaAKO METOM MOJYyYMI MPAKTUIECKOe
MpUMEHEHUE JIMIIb TTOCIe U300peTeHHSI JIa3epOB, U3TyYeHUE KOTOPhIX 00J1anaeT Xo-
polIeit IPOCTPaHCTBEHHO-BPEMEHHON KOTepeHTHOCThIO. 3a cBoe n3o0pereHue l'a-
6op B 1971 r. 6611 ynocroeH HobeneBckoit mpemMuu.

o n3zobpereHus rojorpaduu eIMHCTBEHHYIO BO3MOXHOCTD 3aIle4yaTieTh U300-
paxxeHue MmpeaMeTa npeaocTaBisl poTorpaduyeckuii MeToa. 3mech Kaxaash Tou-
Ka 00BbEeKTa MOCHhIJIAaeT OTpaXkeHHYIO0 c(hepruecKylo BOJIHY, KOTOpas IMOCje Mpo-
XOXIEHUS Yepe3 ONTUUYECKYI0 CUCTeMy TonaaaeT Ha (goToruiacTuHky. [TouepHe-
HUE TJTACTUHKU MPOHMOPLUMOHAIBLHO JOorapuMy UHTEHCUBHOCTHU CBeTa, IMTO3TOMY
MoyepHeHUe M300pakeHWi pasHOyAaJleHHBIX TOUeK OymeT MpaKTMYeCKH OIMHA-
KOBBIM.

MHubopmalisg o pacCTOSIHUM [0 JII000 TOYKU OObEKTa 3aJ0XKeHa B KPUBU3HE
1 HaKJIOHE BOJIHOBOTO (DpOHTA OTpaxkeHHOM BOJIHBI. DTa MH(OpMAIIMS MOJHOCTbIO
yTepsiHa B (ororpapuyeckoM Merode. TakuM oOpaszom, TpexMepHble OOBbEKTHI
Ha GOoTO OYyIyT PerucTpUpPOBaTHCS KaK ABYXMEPHBIE.

HMudopmanmio o dhase BOJIHBI MOXKHO 3aMCaTh JUIIb ¢ IPUMEHEHUEM UHTepdhe-
peHuu. IToaToMy B 0OCHOBE rojorpaduu jexar 3arnuch MHTepheporpaMm U I10cie-
Qylolliee BOCCTAHOBJIEHUE C UX TTOMOIIBIO AEHCTBUTEILHOTO UM MHMMOIO M300pa-
JKeHUs TpeXMepHOro oobekTa. Takas mpollenypa Ha3bIBAaeTCS 20402paghuposanuen.
PaccMorpuM BHavaje ronorpadupoBaHue MIOCKON U cepruecKoi BOJIH.

Toaoepaghuposanue naockoii éoanst. I1ycTh TIIOCKasI BOJIHA, Hecyllas MH(opMa-
LU0 00 00BEKTE (Ha30BEM €€ CUTHAJIbHOM BOJIHOI), pacIipOCTpaHSIETCs IO YIJIOM
O K ocu Oz (puc. 14.12, a).

Yr1oObl 3anucaTh HHGQOPMALIUIO O Hell Ha (OTOIUIACTUHKE, UCIIOIb3YEM BTOPYIO
(OmOpHYI0) BOJIHY C TOHM e JUIMHOW BOJIHBI, KOTOPYIO HAlpaBUM IEePIIEHANKYIISIP-
HO miacTuHKe. Torma Ha IJTaCTUHKE OyayT MHTepdEepeHIIMOHHBIE TTOJI0ChI, PACCTO-
SIHHE MeXIy KOTOPhIMU (WM LIUpUHA), corjacHo (9.1), paBHO Ax = A/90.

ITocne nposiBneHus: U 3aKperuieHusT (POTOIIaCTUHKA OyeT MpeACTaBIIsITh cOO0M
IUGPaKIIMOHHYIO pelIeTKy, (GYHKIUS NPOIyCKaHWs KOTOPOM, KakK CileayeT
U3 CBOMCTB (POTOIIACTUHKMU, #(X) o< |I (x)|7Y/ 2, rae /(x) — MHTEeHCUBHOCTb CYMMAapHOM
BOJIHBI; Y — KO3Gh@UILIMEHT KOHTPACTHOCTU oTormacTuHku. O6pabotaHHas GoTo-
TJIACTUHKA HA3bIBACTCS 20102PAMMOLL.
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Ecnu Ha ronorpaMmy IajaeT HOpMaJIbHO ILIOCKAasl BOJIHA, TO OHa OymeT audpa-
CUPOBaTh I10 TpeM HarpaBieHUusIM (puc. 14.12, 6):

dsing =Axe=m\, m=0,+1,-1. (14.30)

DTO CBSI3aHO C TEM, YTO TOJIOTpaMMa SIBJISIETCS] aMTUTUTYTHOM «rapMOHWYECKOM»
pelIeTKOM, Momo0HO0 To#, KoTopas (GopMUPOBaIach B Cpelie CO CTOSUCH YIbTpa3By-
KOBOI#1 BojiHOM Tiput || < 1. OgHa M3 BOJH, T KOTOpoi m = —1, @ = -9, u Gymer
BOCCTAHOBJIEHHOUW CUTHAJbHOW BOJIHOM.

Toaoepagpuposanue chepuueckoii éoanst. Ilpu nuTepdepeHIUU cHepUIECKOn CUT-
HaJIbHOM BOJIHBI M TUIOCKOM ormopHoU (puc. 14.13, a) oOpa3yeTcs natepdeporpamma
B BHI¢ KOHIEHTPMUYECKHMX KOJIell, MHTEHCUBHOCTb KOTOPBIX BIOJb pamuyca OydeT
W3MEHSITHCS TI0 TAPMOHWYECKOMY 3aKOHY.

Ecnu B LieHTpe KapTUHBI BOJIHBI TacsT Apyr apyra (I = 0), To paguychl TEMHBIX
Kosretl, coraacHo (9.16), TOKHBI YIOBJIECTBOPATH PaBEHCTBY:

i:(2m—l)& m=1,273 (14.31)
R > ,2,3, ... .

Ilocne mpossBKM Ha MecTe TeMHBIX KoJiell TTouepHeHHe OyIeT MUHUMAJIbHBIM,
a Mpo3pavyHOCTh — MaKcuMasbHOM. ['oorpamma OyaeT MpeAacTaBiIsiTh 30HHYIO Tap-
MOHMYECKYI0 pelieTky (puc. 14.13, 6). Ilpu ee ocBellieHUM TUIOCKOI BOJHOM U3 Tpex
JudparuposaBiiux BojH (puc. 14.13, ¢) pacxonsiuasicss U OyIeT COOTBETCTBOBATH
CUTHAJIBLHOM BOJIHE.

N BoccranosinenHast

"

Py

a 7 8 \L

Puc. 14.13

A
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Puc. 14.14

Toaoepammor Dpeneas. B sxcriepuMerTe IMMPOKHI TTAPAJUICTBHBIN JIa3epHBIH ITy4OK
pasmessieTcss Ha OMOPHBIN M OCBEIIAOIIN 00BEKTH METOIOM JAeJIEHUS BOJHOBOTO
¢poHTa (puc. 14.14, a).

Ot Kaxnoi Touku Py 00bekTa Ha (DOTOIUIACTUHKY MajaeT CUTHaIbHas cepuye-
cKag BoiHA. ['ojorpaMma OymeT TpeACTaBIsITh HAIOKEHIE 30HHBIX TapMOHUYECKIX
pemieTok. KpoMe Toro, Ha rojjorpamme OyneT cinaObiii (POH, 00YCIOBICHHBINA MHTEP-
depeHuei cheprnIecKIX BOJTH MEXKIY COOOI.

ITpu ocBelieHUM ToJOrpaMMBbl OMOpHOI BoJiHOM (puc. 14.14, 6) dopmupyroTcs
IBa m3o0paxkeHnsI. MHIMOe M300paskeHe MOKHO HAOOIATh CKBO3b TOJIOTPAMMY,
a IeWCTBUTENIbHOE — Ha 3KpaHe. [1pm TrepeMellieHnHn T71a3a paKypc MHIMOTO M300-
paxkeHNST M3MEHSETCs, KaK 1 JTOJDKHO OBITh B ClTydae TPEXMEPHOTO OOBEKTa.

Toaoepammot Dypve. Ha puc. 14.15, a mokazaHa cxema 3aIlCH TOJIOTPaMMBI TITO-
CKOTO TIPO3pavyHOTO 00BEKTa, B KOTOPOI MCIONB3YeTCs OMOpHas cpeprmyecKast BOJI-
Ha, hopMupyemasi coouparoieii JIMH30M.

Ecam pagmychbl KpMBHU3HBI BOJHOBBIX (DPOHTOB OMOPHON M CUTHAJIHLHOM BOJH
OIMHAKOBBI, TO KaXXIOM ToUKe P, 00beKTa OyIeT COOTBETCTBOBATh MHTEp(deporpaMma
B Buze mosioc FOHra. MoxXHO TTOKa3aTh, 4TO paclipeneicHre WHTEHCUBHOCTH Ha
¢otomnactuHke nponopuuoHaibHo Us(k,) Ha o0bekTe. [ToaTOMy rojorpamma Ha-
3pIBacTCA Toorpammoii dypoe.

Ecnu 6b1 Ha rosiorpaMme ObUIO 3aMMcaHO M300paxkeHue OJHOM Touku Py, To rpu
ee OCBEllleHM HOPMAaJIbHO Tamarollleif BOJTHOM ObUIM OBl TpW IHM(parnpoBaBIIHeE

R

|
OO6beKT ®doTonIaCTUHKA
x
a
Po Alp;
\ P
Py Py 2
6 6
Puc. 14.15
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riockue BoJHEI ¢ m = 0, +1, —1. YToObI NOJIyYUTh ABa AEHCTBUTEIBHBIX N300pake-
HUS TOYKM P, TTociie rojjorpaMMbl yCTaHABIMBAIOT COOMPAIOIIYIO JIMH3Y.

B o6111eM citydae BoccTaHOBIIEHME M300pakeHMSI IPOU3BOJILHOIO IUTOCKOIO O0OBEKTa
OCYILECTBJISIETCS C TIOMOILbIO CXeMbI, TTOKa3aHHOI Ha puc. 14.15, 6. 3nech mpeacTas-
JIeHbI U300paxkeHus UUPpPHI 7, TTojydyaeMblie B (DOKAIBHOMN TIJIOCKOCTHA COOMpalolIeii
JIMH3BL. OHU PacTONOXEeHBI 36 PKaTbHO-CUMMETPUYHO OTHOCUTEIBHO TOYKU P, B KO-
Topylo poKycupyetcst BoyiHa ¢ m = 0.

Toaoepamma Jlenucroxa. Eciiv rosiorpaMMy 3aruchiBaTh Ha TOJICTOCTOMHYIO OMYJIb-
cHIO, TO mocJjie ee 00paboTKM OyneT chopMHrpoBaHa TpexMepHas pelieTka. Boccra-
HOBUTb CUTHAJIBHYIO BOJIHY MOXHO, OCBelllasl pelleTKY BOJHOM, MOJ0OHOI OIop-
HOI1 (TOM Xe JIMHBI U MaJalolleil Mo TeM XKe YIJIoM). DTO MO3BOJISIET AJISl OCBellle-
HUS UCIIOJIb30BaTh COJHEUHBIN CBET: pellleTKa «cama BBIOMpaeT» U3 HEro HyXXHYIO
MOHOXPOMAaTUYECKYI0 KOMITOHEHTY. OcTajbHble KOMIIOHEHTHI COJTHEYHOTO CITeKTpa
B (hOopMHUPOBAHUM M300pakeHUs] y4acTBOBAaTb HE MOTYT. DTa uiesi ObUIa BIIEPBbIC
copmyupoana B CCCP 0. H. lenuciokom (1962). IToaTomy TpexmepHasi rojio-
rpamMma Ha3BaHa €ro MMEHEM.

I'onorpamma JleHucioka, chororpacdupoBaHHas IIPU Pa3IMYHBIX paKypcax, mpe-
cTaBjieHa Ha puc. 14.5 1B. BKJI. OTYETIMBO BUAHO U3MEHEHHNE B3aUMHOTO PACIIOJIOXKe-
HUS AeTajell 00beKkTa Mpu U3MEHEHUM paKypca.

Paspewarowas cnocobrnocmp 2oaozpagpuu. OlieHUM MUHUMAaIbHOE paccTossHue d
Mexay ToukaMu I u 2 o0beKTa, KOTOpbIe MOXHO pa3pelliuTh B BOCCTAHOBJIEHHOM
n3obpaxkeHuu. is1 3Toro uHTEpGhepeHIIMOHHBIE KapTUHbI B IJIOCKOCTU (DOTOILIA-
CTMHKM OJDKHBI OBITh CIBUHYTHI HE MEHbIIIE YeM Ha MOJOBUHY IIMPUHBI MOJIOCHI.
Hnsa Touku M Ha Kpato rojgorpaMMsbl (puc. 14.16) 3TOT CIBUT caMblii GOJIBLIION.

3neck @, u O, — chepuueckue GazoBbie PPOHTHI CUTHATIBHBIX BOJH OT TOYEK /
U 2 — HauboJjee yaajieHbl ApYT OT Apyra Ha paccTossHue A = dsin®, paBHOe pa3HO-
CTU Xo1a BOJIH B Touke M. CABUT Ha TOJOBMHY IMOJOCH SKBUBAJCHTEH YCIOBUIO

A:dsinﬂ:%. (14.32)
Orcroia MUHUMAJIbLHOE pacCTOSTHUE
A
= . 14.33
2sin 9 ( )

BenanuuHa d mo mopsaKy BeJIMUMHBI Ta XKe, YTO M 11 MUKpockorna. EctecTBeH-
HO, YTO YacTbh roJIOrpaMMbl TakKXe OyIeT BOCCTaHABIMBATh M300paxkeHHE, OTHAKO
€ro KauecTBO OyAeT XyxKe, YeM IpU MCITOJIb30BaHUM L0k
rOJIOTPaMMBI.

Eie ogHuM (hakTOpoM, orpaHUYMBAIOLINM pa3pelai-
1IIy10 CMTOCOOHOCTD rojiorpaduu, BisieTcsl KauecTBO (HOTO-
MaTeprajgoB, XapaKTepu3yeMbIX YMCIOM N pa3periaeMbIX P
muHuii Ha 1 Mm. st ronorpadum npuMeHsiiot GoToamMynb-  4~9
cum ¢ N = 10°—5-103 mm~'. CiienoBarenbHO, MUHUMAJb- 1
HOE PacCTOAHME MeXay JUHUAMU € = N7 ~ 2—10 MKM.

Kak cnenyer u3 (14.31), paccrosHue or = r,,,| — ,, MEXIY
KOJIbIITAaMM 30HHOM PEIIETKU OMNpeaessieTcss U3 paBeHCTBA

r2., —r2 =2r,8r = 2\R. (14.34) Puc. 14.16

@1 (DQ

®2<D1 M
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[Ipu yBenuueHuu r,, BenuuuHa &r — 0. DTO O3HAYAET, YTO MPU Or = € KOJblIA
panuycamu
AR
r>r,=— (14.35)
€

Ha ToJIOrpaMMe COJIbIOTCS. YTJIOBOM pa3Mmep 1, KOJIbla PAINyCOM F,, OIIPEICIISICTCS
pPaBEHCTBOM
T A

inv, === 14.36
sin 9, = = = (14.36)

Ecmu 9, < ¥, To B ¢opMUpOBaAaHUM U300pakeHUs] OyIeT ydyacTBOBaTb JIMIIb
LIEHTpaJbHAasl 4YacTh ToJiorpaMMbl. Torma KauyecTBo pa3pellieHust CHuxkaercs (cM. op-
myny (14.33)):

__ A _e_ 1
2sin®, 2 2N’

IMpu N=103 mm~! d = 5 MKM. DTO Ha MOPSAIOK BHILIE, YEM MUHUMAILHOE PACCTO-
sHue d B (14.33), tne d ~ A = 0,5 MKM.

(14.37)



PA3SIOEI 5
JAUCIIEPCUA

JEKITUA 15

IIpoliecc pacmpocTpaHeHMsI CBeTa B MaTepUabHOM cpelae OOYCIOBJIEH BO3IEi-
CTBMEM I10JIs1 BOJIHBI Ha aTOMbI M MOJIEKYJIbI BellecTBa. [loriolast cBETOBYIO SHep-
TUI0, OHU TIOTOM €€ Teper3IydaroT, CTAHOBSICh NICTOYHUKAMU BTOPUYHBIX BOJIH. Ta-
KHM 00pa3oM, B BEILIECTBE 3JEKTPOMArHMTHAs BOJIHA SIBJISIETCS CYIEpPIO3UIIei
MpeTepreBaolleil YaCTUUHOE TOIJIOIIEHWE Taalolleid BOJHbBI 1 MHOXECTBA BTO-
PUYHBIX KOTepPEHTHBIX BOJIH. [1oaTOMY pacrnpocTpaHeHue cBeTa B Cpelie OTJIMYaeTCs
OT €ro pacrpocTpaHEHMsI B BaKyyMe.

DTO OTANYME TIPOSIBIISIETCSI B TAKUX SIBJICHMSIX, KaK 3aBUCMMOCTb CKOPOCTH pac-
MPOCTPaHEHMST BOJHBI OT €€ 4acTOThl (ducnepcus 604Hbl), TIOTJOIIEHWE W pacce-
SIHUE, BpAILEHUE TUIOCKOCTU MOJISIPU3alIMU, MOSIBJIEHUE JBOMHOTO Jy4erpeaome-
HUS U Jp.

MHorue 13 3TUX SIBJIeHUIT MOXKHO HaOI101aTh B ITIOBCEAHEBHON X13HU. Harpu-
Mep, KpacHbIii 11BeT CojiHIIa Ha BOCXOAE M 3aKaTe CBA3aH C T€M, UTO MOJIEKYJIbI
Bo3nyxa (Moa NEMCTBMEM CBeTa) MPEACTaBISIOT COOOH OCUMIIMPYIOIIME TUMOJIHU.
OTU JUMONU TIEPEU3ITyuaroT CBET B pa3HbIX HAIIPABIICHUSIX, TTpUUYEM, coryiacHo (3.2),
BearMurHa BekTopa [ToiHTrHra S =« w*. DTo U ecTh paccessHUe CBETa, TIPUYEM pacce-
MBAIOTCS CUJTIbHEE 00Jiee BHICOKOYACTOTHBIE KOMITOHEHTBI COJTHEYHOTO criekTpa. Korma
CoJtHIIE HAXOAUTCSI HU3KO Hall TOPU30HTOM, €0 JIY4M IPOXOIsT B aTMochepe 00Ib-
II1e PACCTOSHUS, TIPU PACCETHUU <«TEPSIOT» KOPOTKOBOJIHOBBIE KOMITOHEHTHI,
u ColnHile KaxkeTcsl KpacHbIM. Ha puc. 15.1 1B. BKII. IpeacTaBIeHbI ITOCIeI0BaTeIbHbIC
cranuu 3axona ConHua. YeM OHO HUKe HajJ TOPU30HTOM, TeM OOJIBILIMI MYTh MPOXO-
IUT COJIHEUHBIN Jy4 B aTMocdepe 1 TeM CotHLIe KpacHee.

Korna CosHile BBICOKO, paccessHWe BOJIH, IMagaloliMX Ha MOBEPXHOCTh 3eMJIH,
MPOVCXOMUT JIMID B cJioe aTMochepnl ToauHOR 10 kM. TTocKONbKy «ImoTepsi» KO-
POTKOBOJTHOBBIX KOMITOHEHT MeHbIle, COJIHIIE BBITJISIAUT OCJIbIM.

ITpu paccesiHUM Xe BOJIH, CKOJIb3SIMX BAOJb 3eMHOW MOBEPXHOCTH, IJ1a3a yesio-
BeKa JOCTUTAIOT MPEUMYIIIECTBEHHO pacCessHHbIe KOPOTKOBOJIHOBBIE KOMITOHEHTHI,
1 HeOO KaxeTcs roflyobIM (puc. 15.2 1B. BKIL.).

He meHee KpacoyHO M Apyroe sIBJ€HMWE: paayra Ha HeOe B COJTHEUHYIO MOToay
nocie goxasa. ITpoucxoxneHue pamyru, Kak OyaeT 6oiee moapoOHO MOKa3aHO Ja-
Jiee, CBSI3aHO C MPEJIOMJIEHUEM U OTpakeHMEM CBeTa B MOXKIEBBIX KaIlIsx, TpuyeM
pa3IMyHbIe CIIEKTPaIbHbIE KOMITOHEHTHI COJIHEUHOTO CBETa MPEJIOMJISIOTCS IO pa3-
HBIMHU YIJIaMHM. DTO CBSI3aHO C 3aBMCHMMOCTBIO CKOPOCTH PacCIpOCTpPaHEHUSI CBeTa
B BOZI€ OT €ro 4acTOTHI.

B xavecTBe eliie oqHOro IpuMepa MOXKHO ITPUBECTH YIIOMUHABIIIEECs paHee yMEHb-
IIEHUE OCBELIEHHOCTH IO/ BOJIOH MPU YBEJIMYEHUM TIIyOUHBI TTOrpykeHus. B Bomo-
eMax, e repeMelIMBaHue BOAbl HEBEJIMKO, HETPYIHO OOHAPYXXUTh, YTO B XKAPKYIO
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MOTroy TeMIlepaTypa BEpXHUX CIOEB BOIbI BBIIIIE, YEM HIDKHUX. DTO CBUIETEILCTBY-
€T O TOM, YTO OOJIbIIIAsl YaCTh CBETOBOI SHEPTUHU IMOIJIOLIAETCS BEPXHUMU CIOSIMHU
BOJIBI.

ITocne n3obpereHMs na3epoB ObUIM OOHAPYXKEHBI HOBbIE ONTUYECKUE SIBJICHUS,
BO3HMKAIOIIVE TIPY pacIpoCTpaHEHUM WHTEHCUBHBIX BOJH B cpefe. M3-3a Bo3neii-
CTBMS TOJISI MTHTEHCUBHOM BOJIHBI HA aTOMBI M MOJIEKYJIbI PacIpoCTpaHEeHUe Ja3ep-
HBIX TTYYKOB 1 UMITYJIbCOB MOXET KapAWHAJIBbHO OTJIMYATLCS OT paclpoCTpaHEeHUsS
c1aboMHTEHCUBHOTO cBeTa. HampumMep, B aKTUBHBIX Cpeax MOXHO YCUIUBATh CBET,
B TO BpeMs KaK B OOBIYHOI Cpelle MHTEHCMBHOCTh CBETa BCETIa YMEHBIIAETCS (CM.
JIEKLIMIO 7).

IMocnenyiolne JeKIMKU MOCBSIIEHBI M3TOKEHUI0 OCHOBHBIX 3aKOHOMEPHOCTEH
pacrpocTpaHeHUsT U B3aMMOAECHCTBUSI CBETa C BEIIECTBOM, OMMCAHUIO MHOTOYMC-
JIEHHBIX ONTUYECKHUX SIBJICHUN U UX MPAKTUYECKOMY MPUMEHEHUIO.

Kak ormeuanoch B jekuuu 1, MHOrue u3 oOCyxKAaeMbIX aajnee MpoOJeM MOIYT
OBITb UCCIEAOBAHBI B paMKaX KJIACCUYECKOTO MpeacTaBieHus. s aToro Heooxoau-
MO pelaTh CUCTeMY YpaBHeHUI MakcBejla COBMECTHO ¢ MaTepuabHbIMU ypaBHeE-
Husmu (1.6).

MarepuajibHbie ypaBHeHHS cpelbl. B onTryeckoM auara3zoHe MarHuTHas IPOHU-
11aeéMOCTh cpenbl [L = 1. BTO CBSI3aHO C TeM, UYTO XapaKTEepHbIN pa3Mep d CTPYKTYphI
BelllecTBa (PacCTOSTHME MEXAY aTOMaMM WM MOJIEKYJaMM) Ha HECKOJIbKO TTOpPSII-
KOB MEHblIIe JUIMHBI BOJIHBI A. [T03TOMY OOBIYHO MaTepUaibHOE ypaBHEHHUE JJ1s1 Mar-
HUTHOTO TIOJIS1 3aITUCHIBAETCS B BUIIE

B =p,H. (15.1)
Ecau HanpskeHHOCTh E CBETOBOI BOJIHBI 3HAYUTEILHO MEHDBILE HANPSAICEHHOCMU
e
E, xapaxmepnoeo enympuamomnoeo noaa (E, = P 10" B/M — HampsikeH-
TEpa

HOCTB TTOJISI, CO3laBaeMas Si[pOM atoMa Boaopoja Ha pacctossHuu a ~ 10710 M, pas-
HOM pagnycCy TepBOii OOPOBCKOI OPOMTHI 3JIEKTPOHA), TO ABA APYTMX MaTeprab-
HBIX YpaBHEHUS 3aIIMCHIBAIOTCS B BUIE:

3 oo oo
Di(t,x) =gy, [dt’ [ e;(t",¥)E;(t = t',x - '), (15.2)
Jj=10 —o0
3 oo oo
Jit,r) =Y [dr [ oyt . W)E;(t -1, x = x')dr’, (15.3)
Jj=10 —oo

IIE €; U G; — KOMILUIEKCHbIE KOMIIOHEHTBI TEH30pa 0u3AeKmMpUH1ecKoll npoHULaemMoc-
mu M 31eKmpu4eckoll nposodumocmy Cpelibl, COOTBETCTBEHHO; €, — 3JIEKTpHUUecKast
noctosiHHast. Beipaxenus (15.2) u (15.3) oTpaxkaloT cieayiolle CBOMCTBA Cpe/bl:

« B 00111eM ciyyae cpena aHuzoTporiHa. Iloatomy BekTopsl D u J, He coBnana-
IOIIME M0 HampaBlIeHWIo ¢ BeKTopoM E, CBSI3aHBI ¢ 3JEKTPUUYECKUM TOJIeM 4Yepe3
KOMITOHEHTBI COOTBETCTBYIOILIMX TEH30POB;

e MHOYKIMS D M TJIOTHOCTH TOKA J B MOMEHT BpeMEHHU ¢ OTIPEaeISIOTCS CyMMO
BO3IEUCTBUI 3JIeKTprUecKoro nosist E B mpeaiiecTByolme MOMEHTHI BpeMeHU £ — t'.
MHuaue, cpena «obaagaeT naMsThlo» B TEUEHUE BPEMEHU ~T (T — XapaKTepHOE BpeMs
3aTyXaHUSl WM YCTAaHOBJIEHUS KOJeOaHUI ONMTUYECKOro 3JIeKTpoHa B atome). [1pu
' — oo el - 0m oyl — 0;
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D u J B TouKke r ornpenensitoTcs CyMMapHbBIM BO3JeicTBUEeM Ha cpeny nojis E B
JIpYyTUX TOYKax r —r’.

YacToTHAA M MPOCTPAHCTBEHHAA AUCHepcHs cpeabl. CMBICT MaTepUaIbHbBIX YpaB-
HeHwuii (15.2) u (15.3) craHeT OoJiee TIOHSITHBIM, €CJIM PACCMOTPETh PacIpoCTpaHe-
HUE B cpelie TUIOCKON MOHOXPOMAaTHYECKON BOJIHBI HAIPSLKEHHOCTHIO

E(t,r) = Ejexp[i(of — k- T1)]. (15.4)
IMoncraBus (15.4) B (15.2) u (15.3), moayyum

D,(r,1) = eoieij(w,k)on expli(of —k-1)]; (15.5)
=

J,(r,1) = i 6, (0, K)Ey; expli(wf -k -1)]. (15.6)

J=1
B atnx BBIPA>KCHUAX

g;(0,k) = [dt’ [ e;(t', ") exp[-i(wr —k-1)]dr; (15.7)
0 oo

o;(0,k) = [di’ [ o', v exp[-i(wr —k-r)]dr’ (15.8)
0 —oo

— (ypbe-aMIUIMTYIbl KOMIIOHEHT TEH30POB €; U G, 3aBUCALIME KaK OT YaCTOTHI ©,
TaK U OT BOJTHOBOTO BekTopa K. DTU 3aBUCHMMOCTU OTPaXalOT HaJUUUE GpeMeHHOU
(uacmommoil) U npocmpancmeeHHol ducnepcuti Cpelibl COOTBETCTBEHHO.

YacToTHasT AUCTIEPCHS CTAHOBUTCS CYIIIECTBEHHO, KOT/Ia YaCcTOTa BOJHBI O1M3Ka
K COOCTBEHHBIM YacTOTaM KoJieOaHMIT aTOMHBIX OCHMUISTOPOB (3JIEKTPOHOB B aTOME).
ITpocTpaHCcTBEHHAs! IUCTIepCUs MPOSIBISIETCS, KOTJa BOJIHOBOE YUCIO k = =21/A (A
— JIJIMHA BOJIHBI B cpejie) ONM3KOo K BeanuuHe 2n/d (d — pa3mep MpOoCTpaHCTBEH-
HOM CTPYKTYpPBI, HAIpUMep pazmep MosieKyabl). OObIYHO A > d, U TIPOCTPAHCTBEH-
Hasl TUCTIEpCUs Maa.

ITpocTpaHcTBeHHas aucniepcust OyaeT yuTreHa B JieKiuu 20 Mpu 0ObsICHEHUU OIl-
THYECKOI aKTUBHOCTH CpeIbl, B KOTOPOI ITOBOPAYMBAETCS TUIOCKOCTD TTOJISIPU3AIIN
CBETOBOI BOJIHBI. Jlajiee pacCMOTPUM JIMIIb YaCTOTHYIO TUCIIEPCUIO.

PacnpocTpaneHrne MOHOXpPOMATHYECKOH BOJIHBI B M30TPONMHOM cpelie C YACTOTHOM
nucnepcueii. [TooyduM BOJIHOBOE ypaBHEHME, OMMCHIBAlOIEe paclpoCTpaHEeHUe
MOHOXPOMAaTHYECKOM BOJTHBI B MU30TPOITHOM OTHOPOIHOI cpene. Ecnm yacToTa BOTHBI
paBHa ®, TO AUBJIEKTpUUYECKasl MMPOHUIIAEMOCTb € = &(®) 1 MPOBOAUMOCTb G = O(®)
SIBJISTFOTCST M3BECTHBIMU TIOCTOSTHHBIMU (IUTSI 3TOM YaCTOTHI) BEIMUMHAMM.

VpaBHeHuss Makcemia (1.1) —(1.4) 3anuinyTtcst B BUze

rotH = eoe%—lf+cE; (15.9)
oH
tE=-u,—; .
ro o o (15.10)
div(eyeE) = p; (15.11)
div(p H) = 0. (15.12)
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ITocKonbKy B OMHOPOIHOI Cpelle € U G He 3aBUCIT OT KOOPAMHAT, IJIOTHOCTh
cBOOOIHBIX 3apsanoB p = 0, a ypaBHeHue (15.11) npumert Bua div E = 0. I1lpumeHusn
orepalmio rot K oderm vyactam (15.10), momryuyum

rotrotE = grad divE — AE = —, rot%. (15.13)

IMoncraBuB B mpaByto yacthb (15.13) ypaBHeHue (15.9), ¢ yuetom paBeHcTBa div E
= 0 moayyum

AE- =" —~__~ "~ _ (15.14)
c? orr gyt ot
e ¢ = (goug) .
DTO ypaBHEHHE OTIIMYAETCS] OT BOJIHOBOro ypaBHeHus (1.9) HaauuueMm € BO BTO-
pOM cjaraeéMoM W TIOSIBJIEHMEM TPEThEro cjaraeMoro, oOyCIOBJIEHHOTO 3JIeKTpH-
YeCKOU MPOBOAMMOCTDBIO. PellieHrneM ypaBHEeHUsI, B YaCTHOCTU, OyIeT BhIpaskeHUe

E(z,7) = Ej exp[i(wf - kz)], (15.15)

OIUCHIBAlOLIEEe IUIOCKYIO BOJHY, PACIIPOCTPAHSIIOLILYIOCS B TTOJOXUTEILHOM Hampas-
Jenuun ocu Oz.

IToacrasus (15.15) B (15.14), HaxoouM CBSI3b MEXAY BOJHOBBIM YHCJIOM Kk
U YaCTOTOW (0, HA3bIBAEMYIO OUCHEPCUOHHBIM COOMHOUICHUEM:

2
k%ig&qil} (15.16)
C €00

Kaxk ormeuanoch paHee, BEIMUMHBI € U G KOMIUIEKCHbBIE: € =€ + ie”, 6 = 6" + io”.
BenuunHbl € ¥ 6° Ha3bIBAIOT AKMUGHbIMU COCTABIISIIOIIMMU IU3JEKTPUUYECKON TTPO-
HULIAEMOCTU U TIPOBOAVMMOCTH, a €” U 6”7 — peakmuenbimu. VI3-3a HaIM4us MOCe-
HUX KoJe0aHUsI UHAYKIMU D U TIJIOTHOCTU ToKa J CABUHYTHI MO (pa3e OTHOCUTEbHO
kosnebanuii E. Torna

2 ” ’ 2 ~ 2
= e O i O e ][22 i O =2, a5.17)
2 2 2
c 0] 0] ¢ W] ¢

rae

€=¢"+ ; 6=0"-¢e"yw; €, =€—-i— (15.18)
O] 0]

— KomnaekcHas 3pgexmuenas OUINEKmMpuvecKas NPOHULAeMOCMb, OOBEeIUTHSIONIAST
COOCTBEHHYIO IUAJIEKTPUUECKYIO IIPOHUIIAEMOCTh U TTpoBoAMOCTh. M3 (15.16) Bo-
HOBOE YMCJIO MOJIY4aeTCsI pABHBIM

k:%ﬁi:%@z%m—my (15.19)

3nech n, = \lék — KOMNAEKCHbI NOKa3amend npeaAomaeHuA. Ero nmeiicrButenbHas
1 MHUMas 4aCTU OIIPEACIIAIOTCA BbIPAKCHUAMMU:

(15.20)
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IMoncraBuB (15.19) B (15.15), moayyum

) . n
E(z,t)y=E, GXD(—X—ZJQXD[I(D(I‘—Z—)] (15.21)
c c
BenanumHa n HasbIBaeTcs nokazamenem npeaomaenus. OHa onpeneisieT (pa3oBylO
CKOPOCTb BOJIHBI:

v=—. (15.22)
n
BenanuunHa y onmuchiBaeT yMEHbBIIEHUE aMIUTATYIbI BOJIHBI BAOJb ocl O U Ha3bl-
BaeTcsl nokasamenem noaaouienus. Y13 (15.21) ciaeayeT, 4TO MHTEHCUBHOCTb BOJIHBI
yOBbIBaET 110 3aKOHY

1(2) = Iye™=, (15.23)

MoJIydyMBILIeMY Ha3dBaHUe 3akora Byeepa-Jlambepma-bepa. 3nech o = 29;( — K09¢h-
Quyuenm noeaoweHus. ¢

[Monsipu3yeMoCTh 1 AMIJIEKTPIIECKAS POHAIAEMOCTD Cpebl. B muanekTprukax amek-
TpUYecKasl IIPOBOAMMOCTb Majia, TI0O3TOMY MOKHO TIOJOXUTh ¢ = 0. JIusmekTpude-
cKasl TIPOHUIIAeMOCTh £(®) OMMChIBaeT (heHOMEHOJIOTUIECKU TTOJISIPU3YEMOCTh Cpe-
IIBI B TIOJIe CBETOBOI BOJIHBLI. BBIpa3zuM BHauajie € yepe3 MUKPOCKOIIMYECKHE Tapa-
METPHI Cpebl.

Ioasapuzyemocmo moaexyavt. B ycTaHOBUBIIIEMCST peXrIMe MOJIEKYJIA TIOM JAEMCT-
BHMEM CBETOBOTO ITOJISI YACTOTHI ® IPUOOPETACT OCHWITUPYIONINIA TUTIOBLHEINT MOMEHT

3
pi =20, a;E,;, (15.24)
j=1

rae a;(w) — KOMIIOHEHTA TeH30pa 0us1eKmpu4ecKoi 60CHPUUMUUE0CMU, VA NOAS-
pu3yemocmu MOJIEKYJIbI, SIBJISIIOIIENCS B OOLIEM Clydyae aHU30TPOITHOM. DTa KOMIIO-
HEHTA 3aBUCUT OT YaCTOThI ® CBETOBOM BOJIHBI; E,j — 5(PheKTUBHOE (IeHCTBYOLIEE
Ha MOJIEKYJIy) Tojie, BOOOIlle TOBOps, OTJIMYAOIIEeCs] OT CPeIHEro MaKpOCKOITH-
yeckoro nosst £ B cpene (cM. ganee).

IMocKonbKy YyacTota BOJaHB 0 ~ 101 ¢!, To nongpusanms MoJieKy/1 OCyLIeCTBIIsI-
€TCS B pe3yJbTaTe CMEIIESHHUs 2JIEKTPOHOB B aToMe (TOJISIpU3alvsl 3JeKTPOHHOTO
cMmeuleHus). Eciu Mosekyna ob6siagaer cOOCTBEHHBIM JUIIOJbHBIM MOMEHTOM Py,
TO 13-3a OOJIBILION YAaCTOThI CBETA OHA HE yCIIeBaeT OPMEHTUPOBAThCS (XapaKTepHOe
BpeMs opueHTtauuu ~107'2 ¢).

TeH30p a; MOXET ObITh KOMIUIEKCHBIM. DTO 03HAYAET HAJIMYME 3aTyXaHus (CMe-
LLIeHVe 2JIeKTPOHa 110 (a3e He CoBIanaeT ¢ Konebanusimu noinst E,,). Benmnunny |a;)
MOXHO OIICHWTh, BOCHOJIb30BABIIMCh MOJEIBI0 MOJIEKYJIbl B BUIE MPOBOISIIETO
mrapa paguyca r, = 10719 M. Takoii map B 2J1€KTPUUYECKOM I10JI€ HANPSIKEHHOCTLIO £
MpUOOpeTaeT AUIOJIbHBIA MOMEHT

p=¢eydnrsE. (15.25)

Torza |a;| = 4nrg ~ 107 M3

Jusrexkmpuueckas nponunaemocms cpeodwt. I10Jsipru3yeMOCTb IU3JEKTPUKa OIpe-
JiesisieTcsl AUTMOJAbHBIM MOMeHTOM P enuHMIIBI ero obobema (BEKTOPOM ITOJsIpU3a-
uuu). Ecnu N — 4uciio Mojiekya B eiMHUlIe 00beMa, TO
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N
P = zpil = N(pi), (15.26)
I=1

Tae (p;) — cpemHee 3HAYeHWE TIPOEKIIMU IUTIOJIBHOTO MOMEHTa MOJIEKYINBI (YyCpem-
HEeHUE MPOBOJMUTCS IO BCEM OPUEHTALIUSIM MOJIEKYJ B elnMHU1Ie oObema). PesynbraTt
YCpeIHEeHUs 3aBUCUT OT arperaTHOTO COCTOSTHUS BelllecTBa.

B raze Bce opreHTaIMM MOJIEKYJT paBHOBEPOSATHBI. [ToaTomy

3
a1 tay +as;
(pi) = 802<aij>E3(1)j =€ fan)i- (15.27)
j=1
1 KOMIOHEHTHI BeKTopa Tossipu3aunu (15.26) monydaem
P =¢yNaEy;, (15.28)
_ Oy tay taxs

TIe a = ———==———= — CpeIHsIs OJIPU3YeMOCTb MOJIEKYJTbI. TaknuM oO0pa3oM, ras,

3
COCTOSILUNA U3 AHM3O0TPOITHBIX MOJICKYJI, ABJACTCA M30TPOIMTHBIM BEIICCTBOM.

B xuaxocTsix cyiiecTByeT OJMXKHUIM MOPSIIOK, TIO3TOMY 3a/1aya YCPeTHEHMST CIOX-
Hee, yeM B razax. OgHaKo >KUJAKOCTb TakKKe SIBISIeTCSl U30TPOIHON Cpefoit 1 AJisl Hee
crnpaBeyiuBo BbipaxkeHue (15.28), B KOTOpOM a — cpefHee 3HaUeHUE ToJspusye-
MOCTU MOJIEKYJIbI XKUIKOCTH.

B xpucrannax aroMbl OpMEHTUPOBAHbI OIMHAKOBO, TTO3TOMY

3
})i = EoNZ ayEad)j (1529)
Jj=1

OrnpeneuM Ternepb MaKpOCKOITMYEeCKHE XapaKTEPUCTUKK CPEIbl: OIS PU3YeMOCTh
& W JUDJIEKTPUYECKYIO TTIPOHUIIAEMOCTSD €. JIJIsI 9TOro BoCcHoJib3yeMcsl U3BECTHBIMU
COOTHOIIEHUSIMU

P=¢gyxeE;, D=¢E+ P=¢y(1 + ®)F = ¢geL. (15.30)

B stix cootHoleHUsX FE — HaANPSKEHHOCTD CPEIHETO MAKPOCKOITMUECKOTO OISt
B OVBJIEKTPUKE, KOTOpasi, KaK OTMEYaJIoCh paHee, MOXET HE COBITAIaTh C BETNIM-
HOW E,g.

s paspexeHHbIX ra3oB E,, = E. Torna us cpaBHenud (15.28) u (15.30) momny-
qaeM

&= Na; ¢-1= Na. (15.31)

IMpu HopmanbHEIX yeaoBusax N ~ 102 M3, TTockonbky a ~ 1072 M3, To & = ¢ — 1~
~ 10*. InanextpuyecKas MPOHULIAEMOCTb ra30B OTJIMYAETCS OT €AMHULBI JIUILb B YET-
BEpTOM 3HaKe ITOCJIe 3arsTOMA.

s TUTOTHBIX Ta30B, KUOKOCTEHM, HEKOTOPBIX KPUCTAIOB (KyOMYECKON CHM-
METPHUM)

P

Ey=F+—, 15.32
® 380 ( )

. P

T.€. TIoJIe, AeMCTBYIOIIee Ha MOJIEKYIY, OOJbllle MO £ Ha BETMYMHY T orpeje-
€9

JISTIOLIYIO HATIPSIKEHHOCTh TMOJIST COCETHUX MOISIPU30BAHHBIX MOJIEKYJT. DTO ITOJIe Ha-
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3bIBaeTcs noaem Jlopeunya (B yecTh HUAEpIaHACKOro ¢pu3nka-teoperrka X.JlopeHia,
co3aaTesisl KJIaCCUYECKON 3JIeKTPOHHOI TeOpUHX CBOMCTB BEIECTBA).

IMoncrasnsas (15.32) B (15.28) u omyckast MUHAEKC i, TIOJy4aeM JJisg M30TPOMHOMN
cpenbl

PZSONa(ij_ (15.33)
380
Orcrona
Na
P=c¢ —NE =gy E = gy(e — 1)E. (15.34)
| Na
3
CrenoBaTesbHO,
Na
S—I—I_—N_a. (1535)
3
ATty hopmyny yalle UCHONb3YIOT B BUIIE
e—1 Na

IMocnennsist hopMyna HaseiBaeTcst hopmynoii Jlopeny — Jlopenya. OHa Oblna rpe-
JnoxeHa B 1869 r. marckum ¢usukom JI.JlopeHiiom. HarmoMHuM, 4To € SIBIsI€TCS
(byHKIIMElH YacTOThI, TaK KakK a = a(w).

B cratuueckom mosne (o = 0) (15.36) coBnanaet ¢ gopmyaoti Knayzuyca— Moccomu,
Ha3BaHHON B 4YeCTb UTAJIbIHCKOro ydyeHoro O.MoccoTH, KOTOPBIE COBMECTHO
¢ HeMelkuM ¢usukom P.Kiaysnycom B 1864 1. pazpaboTan TeOpUIO MONSpU3ALIAN
TADJIEKTPUKOB.

3ameuanue. Ecin Mmonekyna obiagaeT COOCTBEHHBIM AUITOJILHBIM MOMEHTOM
Do, To B UK-06actu, e yactorsl o ~ 1012—10'3 ¢!, Mosiekysa MoXeT coBepliath
BpalllaTebHble KayaHus. Toraa moiasipu3yeMoCcTb a MOJIEKYJIbI ONIPenessieTCs ABYMsI
MeXaHW3MaM# — B3JIEKTPOHHBIM CMEIEHMEM U TTOBOPOTOM MOJeKynbl. Hampumep,
B rase, HaxoAsdIIEeMcsl B paBHOBECUM MPU TeMriepatype 7, MojHas MoJiIpu3yeMoCThb

_ . P
aZ_a+3kT’ (15.37)
I1e MocjeaHee ciaraeéMoe pacCUMThIBAeTCsl U3 pacrnpeneneHus: boabliMaHa.

Moaekynsipuas pedpakuusi. Benuunna N B (15.33) 3aBUCUT OT IIJIOTHOCTH Bellle-

cTBa p:

N ap
u

rne Ny, — uuciao ABoraapo; L — MOJIEKyJsipHasi Macca.

Ecaum yacToTa BOJTHBEI HAXOOUTCS BOATW OT COOCTBEHHBIX YACTOT ); AaTOMHEIX OC-
UJIIITOPOB (CM. majee), TO IorjioleHne Mano. Torma a m € — NelCTBUTEIbLHEIC
BesnuuHbl. Kak ciemayer us (15.20), npu o =0

n=4e. (15.39)

N = : (15.38)



C yuerom (15.38) u (15.39), dopmyna Jlopen — JlopeHIia MoXeT ObITh 3amcaHa
B BUJIIE

—lu Naa
n+2p 3

= Ryon> (15.40)

rae BeauurMHa R,,,, HE 3aBUCUT OT maBieHUs. OHa Ha3bIBAETCS MOAEKYAAPHOU pegh-
pakyueti. Ecan, cornacuo (15.25), monoxuTs a = 4rrg, To MOJIEKyAsApHas pedpakiiys
paBHa 00BEMY BCEX MOJIEKYJ, COAEPXKALIMXCI B OJHOM MOJIE BELIECTBA.

IMopsinok BenmuuuHbl R, COBIIAJaeT C MOMpaBKOW b Ha 00BEM B ypaBHEHUU
Ban-nep-Baansca:

BeuiectBo ................. H, CS, H,0 NH;
Rons CM3/MOJIB ....... 2,0 21,7 2,37 5,6
b/4, cM3}/MOTIB .......... 6,5 19,5 7,70 9,5
Ecam BellecTBO COCTOUT M3 CMeCH HECKOJIBKUX KOMITOHEHT, TO
N=N+N"+...=N@@ +a”+..), (15.41)
, N/ . ” .
e o = T o = N U T.]I. — KOHIEHTPAIINA KOMITOHEHT. [1JTOTHOCTB 3TOi cMecHn
NW+N"W+... N
AN " A (15.42)
Na Na
3nech
u=po +u’a” +. (15.43)

— MoJeKynsipHast Macca cMecu. Torga ypaBHeHue (15.40) MoXeT OBITH 3alKCaHO
B BUIEC

-1 B_ NA (@o’ +a”a” +..) = R0 + Ry, 0" +... (15.44)
n>+2p
Takum oOpa3om, MoJeKyIsipHasl pedpakliys CMECU aaauTUBHA:
Ryon = Rlion®” + R 07+ ... (15.45)

B ciiyuae cuctem, cocTosilMX U3 IBYX BeleCTB (OMHApPHBIX CUCTEM), U3MEPSIs A,
MOXHO OINPEEATh C BBICOKOI TOYHOCTBIO KOHIIEHTpaunu of u o (Ao/o ~ 1073).

OcHOBBI 2JIEKTPOHHOIT Teopun aucnepcun. Kiraccmyeckast Teopus IUCIIepcrn 0a-
3UpPYeTCsT Ha pacCMOTPEHUN BO3IACHCTBHS CBETOBOTO ITOJIST HA ONTUYECKUI DJIEKT-
pPOH B aroMe (aTOMHBIN OCUMIIISITOP), 00JagalolInil OCHMIITAPYIOIMINM TUTIOJTEHBIM
MoMeHTOM p(f) = ex(t) (cMm. (13.5)). B anexTpomarnutHoMm mone E,u(7) = Eje'
OH COBepIlaeT BEIHYXICHHBIE KOJIeOaHMsI, KOTOPBIE ONMMCHIBAIOTCS YpaBHEHUEM

mx + Ix + kx = eEje™, (15.46)
IJIe m U e — Macca U 3apsij 2JIeKTPoHa; kK — KO3(MPULIMEHT «ynpyroit» cunbl;, I’ —
KO3(p(PULMEHT, ONUCHIBAIOIIUI CUITY «paddallMOHHOTO TPEHMUSI».
Ilepexons K OUITOIBLHOMY MOMEHTY, Tieperuiiem (15.46) B Buae

2
P +28p+wdp = %Eoe"‘”’. (15.47)
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3nech & = I/2m — mokazaTtenb 3aTyxaHUs; ®, = \/kK/m — COOCTBEHHas yacToTa
KoJIeOaHUIA 2JIEKTPOHA.
Pemienue (15.47) umeer BUI
e? 1

p(r) =—

I imt‘ .
m o} — o> +2idw 0¢ (15.48)

Torma cpemHsia moasgpusyeMocTh, cornacHo (15.27), paBHa

e? 1

= . 15.49
() mey ©F — w2 + 2idm ( )
Haxkoneu, ¢popmyna JlopeH—JlopeHlia nmproOpeTaeT BUI
_ 2
e-1 Ne 1 (15.50)

e+2 3mey of -0 + 280

HuanexTpruyecKkas IPOHULIAEMOCTh KOMIUIEKCHA, YTO O0YCIOBJIEHO MOIJIOLLIEH -
eM. OHa CUJIbHO M3MEHSIETCSI C YaCTOTOM, KOrjga  IMpUOIMKaeTcss K COOCTBEHHOM
yacToTe o). Ec/ii BBECTH KOMIUIEKCHBII IMOKA3aTe b IPEJIOMICHUS n;, = /€, TO TOC-
JenHsist (popMyia 3amuIIETCS B BUIE

nf -1 _ Ne? 1
nt+2  3mey, 03 —0? +2ido’

(15.51)

Jlucnepens ra3os. B paspexkeHHBIX razax HanpspkeHHOCTD £,y = E, ale| ~ 1. Tlostomy
B (15.51) MOXHO TOJOXUTH nf +2 =3, (nf —=1) = (n, —1)(n, +1) = 2(n, —1). B pe-
gyapTate (15.51) ynpocturcs:

Ne? 1

= . 15.52
2mey 0f — 0% + 2idw ( )

nk—l

[MpencraBuB KOMIUIEKCHBIN TTOKA3aTelh TIPEIOMIICHUST B BUIE M, = 1 — i (CM.
(15.19)), nns nokazarteisi IpeJIOMJEHUS U ToKa3aTesis MOrJOLIEeHNUS HaX0AUM
Ne? 0 — 0? Ly = Ne? 280
2me, (0F — 0?)? + 48%w?’ 2mey (0F — ©2)% + 48%w?
BenmmuuHBL 71 1y U3MEHSIIOTCS HanboJiee CIJIBHO, KOTIa  MPUOIIKAETCS K (.
B aroii obnactu yactoT BeipakeHUs: (15.53) MOXHO CUIBHO YIPOCTUTh, MOJOXUB

n=1+

(15.53)

of — 0> = (0) — 0)(0) +0) = 20(0) - ©);
200 = 206my;

15.54
(0] — 0?)? +48%0? = (0) - 0)* (0, + 0)? +45°w? = ( )
~ 40y [(0, — ®)? + 82 ].
e2
ITockonbKy BeIMYMHA o MMeEET pa3MEepPHOCTD [c72], BBEIEM TaK Ha3bIBAEMYIO
NAG3MEHHYIO 4ACMONMY M. 0
2
02 = Ne”. (15.55)
me
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Beipaxkenus (15.53) ¢ yyetom ympoiueHuit (15.54) u (15.55) npumyt Buf

(09 — 0)
} 5 L 9 1
408 (0g — ) .’ x= 40,8 () — )?

8—2 +1 T +
IMoctpoum 3aBUCMMOCTU #(®) U % (®), UCTIONB3Ys] TUIIUYHbBIEC (PEaTUCTUIECKUE)
napameTphbl razo00pasHoii cpeanl. ITonoxum oy = 10 ¢! (310 coorBeTcTBYET YD-
nuanasony). ITpu Bpemenu 3atyxanus T = 107" ¢ Besmmumna & = 1/1 = 10! ¢! Eciu
npuHath N = 103 M3 (pu HOPMAJIbHBIX YCTOBUSIX N =2,7-10% m7), 10 0} =

n=1+

(15.56)
1

@)

=(2,93-10"%)? ¢2. CnenoBaTesbHO, =0,08. Il 5TUX 3HAYEHUIl MTapaMETPOB

COOTBETCTBYIOIIME TpadKyM 3aBUcUMocTei (15.56) mpemcraBieHsl Ha puc. 15.1.

OO6acTh 4acToT, TAe MoKazaTe/b MPeJOMJIEHUST 7 YBETMUMBAETCSI C YaCTOTOM ,
HA3bIBAETCS 001aCMbI0 HOPMAALHOU duchepcuu. B 3T0i 0671aCTH MOKa3aTes b MOIJIolLe-
HUA ) (M Koo PuLMeHT noroleHus: o) Mai. O6JacTh YacTOT, T1I€ # YMEHbIIAETCS
C YaCTOTOM ®, HA3BIBAECTCS 004aCMbI0 AHOMAALHOU duchepcuu. 31eCh TTOKa3aTesb Mo-
[JIOLLIEHUSI CUJIBHO BO3pacTaeT; BellleCTBO 00JadaeT JMHUEH TOMIOIIeHUsI, KOHTYD

, 2oy (w)
KOTOPOI OIMUCHIBAETCSI 3aBUCUMOCTBIO Y () (M ofw) = T).

3aBucuMocTb #(w) 3HEKTHO TEMOHCTPUPYETCS B OIBITE, CXeMa KOTOPOTO M300-
paxeHa Ha puc. 15.3 uB. BKJI. 31eCh UCTIOJIb3YETCS METOJ CKPEIEHHBIX TTPY3M, TIpei-
JoxeHHbI HeroToHOM. ITy4ok Ges10ro cBeTa BHavaje pas3iaraeTcs IepBoOi IpU3MOn
II, B ceMeiCTBO MyYKOB C pa3HOil IIMHOU BoMHBI. Ilocie mpoxoxXaeHUs 3TUX My-
YKOB uepe3 BTopylo npusmy I1, Ha s3KkpaHe (popMUpyeTCs UICKPUBJIEHHAsI pa3HOILBET-
Hasl ToJjioca, Hecyllasi MHQopMaluio 0 3aBUCUMOCTU #(®) MaTepralia, U3 KOTOPOTro
WU3TOTOBJIEHbI MPU3MBI.

Hucrniepcust BOJIM3U JUHUM TIOTJIOLIEHUS] IEMOHCTPUPYETCS] B BUTOU3MEHEHHOM
OIbITE, CXeMa KOTOPOTo ToKazaHa Ha puc. 15.4 1B. BKJI. 3aech pojib NMpu3Mbl [1,
BBITIOJTHSIET TJIaMsl HATPUEBOM TOPENKU, B KOTOPOW KOHLEHTpalLUsl MapoB HATpus
YBEJIMUIMBAETCS CBepXy BHU3. [1py 3TOM TTapbl HATpUS UMEIOT MHTEHCUBHBIC JIMHUM
MOMJIOIIEHUS], COOTBETCTBYIOLIME XKeATOl yacTu crekrpa. [ToaToMy Ha 3KpaHe MosIB-
JISIIOTCSI IBE 3aTHYThI€ B Pa3HbIE CTOPOHBI MOJIOCKM, COOTBETCTBYIOIII€ HOPMaIbHOM
aucriepcud. B obyiiactTu aHOMabHOM AVMCIIEPCUU MMPOUCXOAUT CUJILHOE MOTJIOIIEHNE
CBeTa.

M3znoxeHHas1 Bblllie KJaccUueckKasi TEOpUsl AUCIEPCUU TPaBUJIbHO OIMUCHIBAET
MOBEJECHUE /1 U Y BOJIU3U OAHON JUHUM NortoleHus. ONHAKO peaibHbIe BellleCTBa

00J1a1a10T HECKOJIBbKUMU JIMHUSIMU TOTJIOLLIe-

) 1 HUs, OOYCJIOBJIEHHBIMU DPa3HOOOPA3HBIMU
Loal 7 |00y KBAHTOBLIMIM NIEPEXOIAMHU B ATOMAX M MOJIe-
Loo . ’ Kynax. [103ToMy aieKBaTHYO TEOPUIO TUCTIED-
100 L 10,06 cHM MOXHO TOCTPOWMTH JIMIIL HA OCHOBE
0.98 | 10,04  KBAHTOBbIX TMPEICTABIECHUIT O CTPOEHUM Be-
0,96 |- 002  IECTBA.

T OIHAKO MOXHO TOTIBITATHCS «UCTIPABUTH>

3 2 -1 0 1 2 3 @8 KIACCHUECKYIO TEOPHIO, ECIH IOMYCTHTD, HTO

13 N MOJIEKYJ] CPelbl B €IMHUIIE 0ObeMa
Puc. 15.1 yacth u3 Hux fIN (fy < 1) umewoTt
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COOCTBEHHYIO YaCcTOTY ®) U KO UIMEHT 3aTyXaHUs d;, Apyras yacTb f,N — vac-
TOTY g, U 6, U T.1. Torma popmyny (15.50) MOXKHO 0OOOILINTH, 3aITMCaB €€ B BUIE
e—1 _ Ne? /i

= . 15.57
e+2 3mey T 03 — 0’ +2i8,0 ( )

Benvuuna f; Ha3bIBaeTcs cunoii ocyuatamopa. OHa usMeHsieTcs B muarasone 0 < fi< 1.
Ee pacyer MoxeT ObITh BBHIIIOJHEH METOAAaMM KBAaHTOBOU MexaHUKU. Eciau yactoTe
; TOCTaBUThb B COOTBETCTBME YACTOTY ,; KBAHTOBOTO Mepexoa, TO CUjia OCIIUIIIS -
TOpa f5; IPU TaKOM MEpeXoje CBsI3aHa C AUIMOJbHBIM MOMEHTOM p,; = ery; Tiepexoa
(cMm. (5.16)):

fon = 0P} (15.58)

Cusia ocuMJIISITOpa, Tak ke Kak Ko3hdulMeHTbl DiHIITeiiHa Ay, B, B,
nponopuMoHanbHa p3;. TTosToMy KoahdGUIMEHTH DIHINTEHA TPOTOPLIMOHATBHEI
cuiie ocuusitopa. KBaHTOBOMeXaHMYECKUI pacyeT MOKa3bIBaeT, YTO Z =2 (Z
— 3apsa gapa atoMa).

Ha puc. 15.2 xauecTBeHHO U300paxeH (parMeHT 3aBUCUMOCTU #(w) B 00JIaCTH,
OXBAaTHIBAOIIICH IBe COOCTBEHHBIE YACTOTHI ) W ().

s mpakTUyeckoro mpuMEHEeHUsT 3aBUCUMOCTU H(®) U ¥ (w) BOJIU3U OIHOU U3
COOCTBEHHBIX YaCTOT 3aITMCHIBAIOT B BUIE

, (wg; — ) )
n=ny+ /1 R —; X = all fi —. (15.59)
4w,0, (0)0, - 0) 4wy0; (W — )
—r 41 — s+l
87 d;

3nech ny — TokazaTesib MPeJOMJICHUS Cpebl, 00YCTOBICHHBIN BKIaIOM OCTab-
HBIX OCUMJIISITOPOB. B mokasaTesb MOrOIIeHUs  UX BKJIaJQ HUYTOXKHO MaJl.

B 3akmoueHue caenaem aBa BasKHBIX KOMMEHTApHsl K OMMCAaHHOM TEOPHH.

1. Jlug mosiydeHUs peaJMCTUYECKUX 3HAYeHWil n B rasax Ha ocHoBe (15.56)
Mbl rtojaraau N = 102 M=, Ecam 6b1 MBI MCTIOJIB30BaIN BeimuuHy N = 2,7 - 105 M3
YTO COOTBETCTBYET HOPMAJIbHBIM YCIOBMSIM, TO O€3 UCITOIb30BAHUS CHJIbI OCITUIIIS -
Topa f< 1 Moay4min Obl CYIIECTBEHHO 3aBBIIIIEHHYIO OLIEHKY BeJIMUMHBI #. Hannuue
/i B dopmynax (15.57) u (15.59) ycTpaHsier 3Ty TpyaAHOCTbD.

2. MakcuManbHOE TIOTJIOIIEHWE MOCTUTAeTCs B CepeAuHe JUHUU TPU M = Oy,
1 paBHO

Omax = 0UW0;) = ﬁ (15.60)
26,

Taxoe noryoleH!e Ha3bIBAETCS Pe30HAHCHBIM.
Ecmu monoxuts 0if; = 107 ¢2, §, ~10'" ¢!,
TO Olpay ~ 107 cM~!. D10 3HAUMT, YTO ITyOMHA
NPOHUKHOBEHUS BOJHBI B CPEAY T =0y
~107 ¢M, YTO MMeEeT TOPSIOK IIMHBI CBETO-
BOI BOJIHBI.

CBs13b KO3 PULIMEHTOB DUHINTEIHA C
CUJION COOTBETCTBYIOILIETO OCLIMJIISTOPA MO~ Puc. 15.2

o o] 02 ©
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3BOJISIET CENaTh BBIBO: 4YeM 6blile UHMEeHCUGHOCMb AUHUU 8 CNeKMpPax UCHYCKAHUS,
mem cuabHee 3mu AUHUU U3IYHeHUs eeulecmeo nozaoujaem. B skcnepruMeHTe CUJIBL OC-
LWJUISITOPOB OIPEACISIOT MyTeM U3MEPEHUS MHTETPabHOT0 KO3 dpuimeHTa morio-
LLEHUS BCEU JTUHUU:

° o3
Oty = !a(m)dw =5 (15.61)

DTOT KO3 GUIIMEHT HE 3aBUCUT OT LUUPUHBI TUHUU ToroleHus. Eciau nuHus
yiMpeHa BcieactBue addekra Jormiepa, To f; oueHb ¢/1abo 3aBUCUT OT AABJIECHUS.
IIpu yuimpeHUU BCIeACTBHE CTOJKHOBEHWM BEJIMYMHA f; 3aBUCUT OT AaBieHus. [1o-
3TOMY JUISl OTIpeAesIeHUs] UCTUHHOTO 3HAUYEHUS f; U3MEPSIIOT Ol TTPY BCE YMEHbBIIIA-
IOIIMXCST TaBJACHUSIX p U 3aTeM SKCTPAIOJUPYIOT 3aBUCUMOCTb fi(p) mipu p — 0.

CnekTpsl norjomenus ra3os. B 1802 r. anmmiickuii ¢pusuk Y.BosiactoH, aHanu-
3Upys criekTp uznydeHus CoyHLa, OOHApYXXWJI Ha 3TOM CIEKTpe TeMHbIE JTUHUU.
OHM SIBWINCH Pe3yJbTaTOM CEJIEKTUBHOIO TTOTJIOIIEHMST CBETa ra3aMu, BXOISILMMU
B cocTaB 3eMHOI atMocdepsbl. [TozaHee, B 1814 r. 3TU TMHUU ObLIA MUCCIIEAOBAHbBI U
ONMCcaHbl HeMelKUM yueHbIM V. dpayHrohepoM 1 BIOCIEACTBIN HA3BaHBI €T0 NMe-
HeM. Yucno takux nuHuii nipesbiiiaet 20 000.

Hawnbonee nHTteHCHMBHBIE (hpayHTroepOBhI JMHUM B BUAUMOI YaCTH CIIEKTpa IToKa-
3aHbl Ha pyc. 15.5 1B. BKIL JInHMsA ¢ A = 687 HM COOTBETCTBYET HOIIOILIEHIIO aTOMAPHBIM
KUCJIOPOIOM, JMHUS ¢ A = 653,6 HM — 3710 JuHus H, cepum Baibmepa aroma
BOAOpOAa, AyOJIeT JIMHUM B XenToi yactu crekrpa (A = 589 uM, A” = 589,6 HM)
CBfA3aH C TOIJIOLIEHUEM HATPUEM, a JIMHUA ¢ A = 486 HM — JuHMA Bomopona Hj
U T.1.

Ilo cnekTpaMm MOMIOIIEHUS MOXHO CYIUTh O XMMHYECKOM COCTaBe BelleCTBa.
Takoit MeToa rccieoBaHMS Ha3bIBAETCS CIIEKTPOCKOMMeit rmorsoieHus. Ha nmpaktuke
U3MePSIOT nponyckarue T, paBHOE OTHOIIEHUIO MHTEHCUBHOCTH BOJIHBI, TIPOLLIEAIIeH
yepes cpedy K MHTEHCMBHOCTH MaJalollero ceera. B cootBeTcTBUM ¢ 3aKoHOM byrepa -
JlamGepTa-bepa (15.23)

T=e", (15.62)

rae [ — tomuuHa cpeabl. BenuunHa D = o/ Ha3bIBAETCSI onmu4eckoil nAOMHOCHbIO
Cpenpbl.

B kauecTBe mpumepa MOXHO YIIOMSIHYTb, YTO IS MIOMCKOB CJIEOB >KU3HU Ha
IJIaHeTaX, BpallalolinuXxcsl BOKPYT 3Be3l, HEOOXOMMMO 3aperMCTpUpOBaTh JTMHUM
TOTJIOLIEHUST BOABI, KMUCJIOPO/a, YIJIEKHUCIIOro Ta3a U 030Ha, MPUCYTCTBUE KOTOPBIX
MOXKET CBUIETEILCTBOBATh O HAIMYUM YCIOBUI [UIST TIOSIBJICHUS SKU3HMU.

YTo06bI OTCEUb CBET 3B€3]1, MEILIAIOLIMX HAOIIOACHUIO, UCCIIENOBAHKS IPOBOMST B
HMK-munanazone (A = 7— 20 MxmM). B 3T0i1 061acT HaxXoAATCS MOJI0CA MOTJIOIIEHUS
H,0 B6au3u A = 8 MkM, JuHus noromenust O; ¢ A =9,6 Mkm 1 CO, ¢ A = 15 MKM.

Hampumep, crieKTpoMeTp, YCTAaHOBJEHHBI Ha OOpPTYy JIeTaTeJIbHOIO KOCMMYE-
CKOTO armrapaTa, perucTpupyeT B CIEKTpe TMOIJIOIIeHUST aTMochepbl 3eMIu CUJTb-
HYIO TI0JIOCY TIOTJIOIIEHMS TapoOB BOMBI, JUHUIO 030HA (CBUAETEILCTBO OOJBIIOTO
KOJIMYeCTBA KUCIOpOAa) U YIJIEKUCIOro rasa.

Xopowio uzBectHo, 4To B CoNHEUHOI cuctemMe atMocdepa, MOMUMO 3eMIIH,
coxpaHuiiachk y Mapca u BeHeprhl. B criekTpax morionieHus1 aTMocgep 3TUX IJIaHEeT
TepBbIe IBE JUHUU TOMIOLIEHUS OTCYTCTBYIOT.
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Cpenpl ¢ oTpHIATEILHBIM NOKa3aTeem npejomienns. B 1968 r. 8 CCCP B.T'. Be-
cejaro ObUTa BBIABUHYTA MIEs] O BO3MOXHOCTHM CO3MaHUs Cpel C OTPUIIATebHBIM
rokazatesieM mpenoMiaeHuss. OHa cBomuiiach K ciaenytoiiemy. Eciau matepuaibHOe
ypaBHeHue (15.1) 3anucats B Bune B = puoH (1 # 1), To 17151 mokaszatesns mpeaomiie-
Hus BMecTo (15.39) monyyaeTcsl BhIpakeHuUe

n = Jue. (15.63)
Ecau popmanbHo monoxuth u < 0 u € < 0, TO
n =t Jue. (15.64)

Takum obpa3zoM, cpeia ¢ OTpULIATEIbHBIM TOKa3aTeaeM IpeoMIeHUs JOJIKHA
UMETh OTpHULIATEIbHbIe 3HAYEHUST BEJIUUUH AUDJIEKTPUUECKON U MATHUTHOM TTPOHU-
LIAEMOCTEN.

OcTaHOBUMCSI HECKOJIBKO MOpOOHEee Ha TeX YCIOBUSIX, TIPU KOTOPBIX BO3MOXKHA
peanuzanusi MOJOOHBIX Cpel.

B ectecTBEeHHBIX JUCTIEPTUPYIOLINX CPelaX MEKaTOMHOE pacCTosiHUE d B THICSTUU
pa3 MeHblIIe JJIMHBI CBETOBOM BOMHBI A. [I03TOMY MarHuTHasi MPpOHULIAEMOCTb [L = 1.

B nucrnieprupyolnx KCKYCCTBEHHO CTPYKTYPUPOBAHHBIX Cpefax, Y KOTOPbIX OT-
Howenne d/A > 107" (d — mepuom CTPYKTyphl), HE TOJBKO €, HO W L 3aBUCHUT
OT YaCTOThl. 3aBUCUMOCTD L(®) BHITEKAET U3 MATEPUATBHOTO YPABHEHUS JIJISI BEKTO-
poB B u H, xoTopoe B 3TOM cilyyae UMeeT BUJ, aHaJOTM4HbIN (15.2):

3 oo oo
Bi(t,r) = ZJ @ ) H (e =1 —)dr. (15.65)
Jj=10 oo

Heob6xonuMo ocob0 MoguepKHyTh, UTO uHAyKuus B obyciroerena He macHUmMHbIMU
CBOLICMBAMU AMOMO8 UAU MOACKYA, A INEMEHMAPHBIMU MUKPOCKONUYECKUMU 2AeKmpU-
YecKuUMU MOKaMU, BOSHUKAIOIIMMHU B OTAENBHBIX 3JIEMEHTaX CTPYKTYPUPOBAHHOM
cpedbl. AHAJIOTMYHO B MaTepualibHOM ypaBHeHUU (15.2) umdykyus D obycaosaena
noaapusayuel 21emMeHmoes cpeobvl.

DT 37IEMEHTHI BBITIOJTHEHBI M3 MMPOBOJIHUKOB CIIELMATLHON (POPMBI (HampuMep,
pa3pe3aHHBIX TIPSIMOYTOJIFHUKOB WX KoJiell). [1o cBomM 3J1eKTpOMarHUTHBIM CBOW-
CTBaM OHU SKBMBAJIEHTHBI 3JIEMEHTAPHBIM KOJiebaTeIbHbIM KOHTYpaM. Cpena B 1ie-
JIOM MOXKET paccMaTpMBaThCS KaK CHUCTeMa CBSI3aHHBLIX KOHTYpoB. OHa OyneT oba-
JIaTh HA0OPOM PE30HAHCHBIX YaCTOT (), BOJM3M KOTOPHIX U BeJIMKa aucrepcus. Ta-
Kas cpela TIoIydia Ha3BaHUe Memamamepuand.

O06beMHas TUIOTHOCTD SHEPTUU 3JICKTPOMATrHUTHOTO TIOJSI (CpeaHsIST 3a TIEpHO.)
B M30TPOITHOI AVCIIEpTUPYIOLIEi cpele (KaK MOXKHO IOKa3aTh U3 ypaBHeHUi Mak-
CBeJlJla ¥ MaTepHaJlbHBIX YpaBHEHMIT) paBHa:

u(t)=%[8 d;we)Eo(t) 1 dg””)m(t)} (15.66)

3nech Ey(t) u Hy(t) — aMIuMTyabl KojeOaHUil HaMpSKEHHOCTEH 3JeKTpuyec-
KOTO M MarHMTHOTO MOJIEi, KOTOPbIE Y peajlbHbIX KBa3UMOHOXPOMATUUECKUX BOJIH
SIBJISIIOTCSl MEJIJIEHHO MEHSIIOIUMMMUCS (DYHKLIUSIMU BPEMEHU.

Ecnmm nucrniepcus € u | mMana, To

u(t) = 3w B30+ uon H3()]. (15.67)
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INocnenHee BrIpaXkeHUE XOPOIIO M3BECTHO U3 Kypca 3JIEKTPOMArHeTH3Ma.
IMockonbky u > 0, To B cpenax ¢ IUCIIEPCUEii € U (L TOJIKHBI BBIIOIHSITHCS YCIOBHS:
d(me de d(o d
( ):co—+s>0; ﬂ:m—u+u>0. (15.68)
do do do do
CrenoBaTebHO, OTpUIIATENIbHBIN TTOKa3aTe b mpesoMiaeHus (€ < 0, i < 0) MOxXHO
peann30BaTh B OTPAHUYCHHOM YAaCTOTHOM MHTEpBaJie, B KOTOPOM
du

mj—i>—e>0; m%>—u>0. (15.69)

YacToTkl B 3TOM MHTEPBAJIC JOJ2KHBI HECKOJILKO IMPE€BLIIATL OAHY U3 COOCTBEH-

. de d
HBIX PE30HAHCHBIX YaCTOT ) MeTamaTepruaya, BOJIM3U KOTOPOM I >0u d—u > 0.
) ®

HeratuBHBEIM (paKTOpPOM B 3TOM YaCTOTHOM WHTEpBaJie SABISETCA OOJBIIOE TTOTII0-
IIIeHNEe CBETOBOIM BOJIHEI, OKa3BIBAIOIIEH PEe30HAHCHOE BO3IEICTBHE Ha CpPEmdy.

B 2000 r. BeIcKa3aHHast paHee uues Obula peajn3oBaHa B MUJUIMMETPOBOM JIHara-
30HE IJTMH BOJH. MeTomaMu MHKPOS3JIEKTPOHNUKI OBLTM M3TOTOBJICHBI TIEPHOIMYE-
CKHE CTPYKTYPBI, B KOTOPBIX oTHOIIEHUE d/A ~ 107, B mocnenyrooiem MeTamarepua-
JIbI OBIJTM CO3MIAaHbI U JJII IJIMH BOJH A ~ 1 MKM.

Ha puc. 15.6 uB. BKJI. mokazaHa dororpadus MeTamMaTepyrajia, U3rOTOBJIEHHOTO
B yHuBepcutete B CaH-/Iuero (CIIIA). OH mpeacTaBiisieT coboil ceMeicTBO TIaT.
Ha ogHy cTopoHy Kaxkaoil W3 IuiaT HaHeceHa TOHKas MeIHas TIoJIocKa, a Ha ApY-
T'YI0 — HECKOJIbKO MEIHBIX KBaJIPAaTHBIX KOHTYPOB C pPa3pe3aMu.

Ecam m3 aToro MaTtepuana M3roTOBUThH MPU3MY, TO Tagalolas Ha Hee DJIEKTPO-
MarHWTHas BOJTHA OyleT OTKIIOHSTLCS He K OCHOBAHWIO TIPM3MBI, a K €€ BepIIIHE.
DTO CBUAETEILCTBYET O TOM, UTO TTOKa3aTeb MPEIOMIICHIS MeTaMaTepyaia OTpH-
IaTeJieH.

B Hacrosee BpeMst hyHIaMEHTATBLHOM 3amadeii SIBIISICTCS CO3AaHe MaTepruajioB
C OTPUIIATEIHLHBIM TIOKa3aTelleM MPEJIOMJICHHUS B BUAUMOM M YIbTPadHOJICTOBOM
Iramna3oHax. VX mosiBlieHre OTKpOET HOBBIE BO3MOXHOCTH CO3IaHMS YHUKATBHBIX
OINTUYECKNX TPUOOPOB M yCTpPOHCTB. JoCcTaToOuHO, HANlpUMEp, OTMETUTH, UTO,
cornacHo (15.22), npu n < 0 dazoBast ckopocTh v < 0. BT0 03HavaeT, 4yTo (azoBast
CKOPOCTh HaITpaBJIieHa MPOTUBOIOJIOXKHO HAITPABICHWIO IBVDKEHHST SHEPTUH CBETOBOM
BOJTHEL.




JEKITHA 16

IIpakTHyeckne dopmyanl nucnepcun. s mpakTudeckux 1eieil BMecto (15.57)
HCIIOJIL3YIOT OoJiee yonoOHbIe (hOPMYJIbI 111 JUCIEPCUN TToKa3aTesl MPeIOMICHUS.
OpHa 13 Takux ¢opMyll Oblia moiydyeHa 3enMeiiepoM U HOCUT ero umsi. OHa BbIBO-
autcst u3 gopmyinbsl (15.35), KoTopylo TpH TOJACTAHOBKE B Hee MOJISIPU3YEeMOCTHU
(15.49) MoxxHO 3amucaTh B BUAC

2
e-1= 2 . (16.1)
O 2 9;
0} - —-L - w? +2idw
3
IMocie BBeAEHUS CUIIBI OCLMUIATOPOB f; U CYMMUPOBAHUS TI0 PAa3IMYHBIM OC-

OUWJJIATOpaM IJId 1oKa3aTeysl MPpEJIOMIICHUSA ny, = \/g TIOJIYy4YnM

2 1= 2 fl ,
i w”; oy — 0’ +2id,m (16.2)
rue
2
mﬁzm@—wfR (16.3)

B obnactu, rae |(o6§ - (o2| > §,m, TIOMJIOLIEHUEM MOXHO npeHeopeub (6, = 0). TTe-
pexomst OT YacTOT ®p; M ® K COOTBETCTBYIOIIMM UIMHAM BOJIH A} M A, TTOJIydaeM
HUCKOMYIO ghopmyay 3eametiepa:

R T N { 16.4
n z{: Y (16.4)
3nech n — OEWCTBUTENIbHAS YaCTh Hy,
0)2 x/Zf
’:"fﬁfi' (16.5)

B psne ciydaeB aucniepcus mokasaTesisl IpejIoMIeHMsT OMUChIBAETCS AMITUPUYe-

CKoOM (hopmyJioit BUIa
B C
n=A+ + +D)\? + EA* 16.6
7\2_7“2) (xZ _7\(2))2 ’ ( )

rne A, B, C, D, Eu Ay — KOHCTaHThI BelleCTBa.

®opmyna (16.6) amekBaTHO OMMUCHIBAET AWCIIEPCHUIO B NMAlla30He JIMH BOJIH,
He O4YeHb OJIM3KO PACIIONIOKEHHBIX K JUTMHE A, TJ€ MOMIOILEHUE CPeabl 3HAYUTETHHO
BO3pacTaer.

B xauecTBe miutocTpanyu Ha puc. 16.1 mokasaHa 3aBUCHUMOCTh ITOKa3aTesst mpe-
JIOMJICHUSI KPEMHUSI OT JUIMHBI BOJIHBI. DTa 3aBUCUMOCTb MOXET OBbITh orrcaHa (op-
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n T
0,61
0,5
3,460 | 0.4l
0,3}
3,440
0,2+
3,420 | 0.1
3.410 | | | | 0,0 ! ! ! ! ! ! ! ! ! ! !
’ 1 3 5 7 9 X, MKM 0 2 4 6 8 10 12 14 16 18 20 22 X,MKM
Puc. 16.1 Puc. 16.2

Mmyoit (16.6), B kotopoit A = 3,41696; B=0,138497; C =0,13924; D =-0,0000209;
E=0,000000148; Ay = 0,167 MKM™.

ITpu npubnamkeHun A K BUAMMOMY JMaNa30oHy MOKa3aTelb MPeJOMJICHUS YBEIU -
yuBaetcs. OMTHOBPEMEHHO OyIeT BO3pacTaTh U MOTIJIOIIeHNe KPEMHUSI.

Ha puc. 16.2 nokasaHo cnexmpanvroe nponyckanue T(\) IUIsE KpeMHHEBOM ILia-
CTUHKM TOIIMHON /= 0,5 MM (cM. popmyiny (15.62)). Xopoll1o BUAHO, YTO C YMEHb-
LIeHWEeM A B o0acTu A < 1 MKM mpoIycKaHWe pe3Ko yMeHbluaercs. s BusmuMoro
CBE€Ta KPEMHMI HEIIPO3PaAYCH.

Ao0copOouuonnbie cBeTOGUILTPLL. B XXMIKOCTSIX U TBEPIBIX TeIaX, KaK OTMEUaJioCh
paHee, TUHUM U3TYYEHUS] MOTYT CIMBAThCS B TMojochl. CleaoBaTeIbHO, U JIMHUM
nornouieHust (abcopbyuu) OyAyT TaKKe CIMBATLCS B MOJIOCH.. MexXay mojocaMu Io-
[JIOLIEHMST OyayT PacIiooXXeHBI MOJIOCHl MPOMYyCKaHMs, I KOTophix 7(A) mocra-
TOYHO BEJIUKO.

Ha sToMm nmpuHumIie paboTaioT abcopbyuonHble ceemoduabmpsl, TIpeaHa3HAYEH-
HbI€ JUIS MPOITYCKAHUS YaCTH CBeTa B Y3KOM CITEKTPaJIbHOM auariazoHe. Takue cBe-
TODUIBTPHI U3TOTOBJSIOT U3 CTEKOJ, COAEPXKAILMX MPUCAIKU (KaK MpaBUIO, OKCH-
IbI MeTaJII0B). OOBIYHO OHU TPEACTABISIOT COOOM LIBETHBIE TJIOCKOMApalaebHbIe
OTIOJIMPOBAaHHBIE TJIACTUHKU. B KauecTBe CBEeTO(PMIBTPOB UCTTONB3YIOTCS TAKXKE KIO-
BETHI C TOMIOLIAIOIIMM PAaCTBOPOM.

VY3KkononocHble QUABTPBHI XapaKTepU3YIOTCS JUIMHOW BOJIHBI Ay, MPU KOTOPOK
T(Amax) = Tinax (IPOITYCKaHME MAKCUMAJIBHO), Y TOIYLUIMPUHON MPOMYCKAHUA AL /5.
Ona omnpenenseTcs u3 ycaoBHsl, YTO MPU A = A,y + AL, Tiponyckanue T'= T, /2.
s xapakTepucTUK (UIBTPOB, OTPE3AIOIIMX JUIMHHOBOJIHOBYIO UM KOPOTKOBOJ-
HOBYIO YaCTH CIIEKTPA, UCIOJb3YIOT JUIMHY Ay, TIPU KOTOpOit T = T, /2.

HaubGonee pacrpocTpaHeHbl CTEKJISH-

T HbIe CBETO(MMJIbTPHI, BBHIIIOJIHEHHBIC W3
C3C21 5

1.0} KCl1 LIBETHBIX cTeKoJ pazmMepoM 80 x 80 MM~ niu
sl 40 x 40 MM?, BXxomdinue B coctas 117 mac-
’ MOPTU30BAaHHBIX 00pa3LioB. B KauecTse nmpu-
0,6 - Mepa Ha puc. 16.3 mpeactaBieHBl CITEKT-
0,4 X303 panbHble KO3(G@OUIMEHTHI IIPOITYyCKaHUS
02 L T(\) nna cune-3eneHoro C3C21 (A =
’ =440 uM, AL, = 30 HM), XKENTO-3€JIEHOTO

0’0 | | | | — —
300 400 500 600 700 e K3C9 (Mmax = 540 HM, ALy, = 50 1HM)
u kpacHoro KC11 (A, = 608 Hm) dbuibt-

Puc. 16.3 POB, UMEIOLLIMX TOJILUHY /= 3 MM.
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LIBetHBIe boTOrpacpum stux ceeropunbr- 7T
POB IpeacTaBiieHb! Ha puc. 16.1 uB. Bk, OTMe- 1.0
THUM, YTO Yepe3 00JIaCTb UX MEePEeKPHITUS CBET
MPaKTUYECKN HEe TPOXOIMT, U 3Ta 00JACTh
BBITJISIAUT TEMHOM.

B GosnbluMHCTBe ciydaeB BeqmumHa Ad;, 04
COCTaBJIIET OECITKM HAHOMETPOB, Mo3TOMYy 0,2

0,8}
0,6 -

CBETOMMIILTPbI UCTIONB3YIOTCS JUIS TPyOOii MO- 0 w w ‘ ‘
HOXPOMATU3ALUK U3TydeHHs. B Tex ciydasx, 300 400 500 600 700 A,um
KOTJa Haao YMEHBLINTh B OJMHAKOBOIl Mepe Puc. 16.4

MHTEHCHUBHOCTb KaXXKIOM CIIEKTPaJIbHOU KOM-
TOHEHTHI, TIPUMEHSIIOT HEeUTpaJbHbIe CTEKISIHHBIE CBETOMMILTPBI. CreKTpaJbHBIN
KO3(GULIMEHT NpOITycKaHus I HeiTpanbHoro ¢puabtpa HC1 nokasan Ha puc. 16.4.
PacnpocTpaHenue cBeTa B H30TPONMHBIX THIJIEKTPUKaxX. bynem cuuTtaTh, 4yTO Mpo-
BoauMocTh ¢ = 0. KomIiekcHast auaiekTpuueckasi IpOHUIIAeMOCTD € = € + ie” B -
eTcsl CKalsipHOM (pyHKuMeN yacToThl: € = €(w). Kak cienyer U3 AUCIEPCUOHHOTO
cootHomeHus (15.16) u Beipakenust (15.19), Takast cpena XapakKTepU3yeTCsl KOMII-
JIEKCHBIM TTOKa3aTeJIeM MPeIoMICHUS

n, =e=n-iy, (16.7)

MPY 3TOM €TI0 JACHCTBUTEIbHAS 1 Y MHUMAS ¥ YaCTH OIPEIC/ISIIOTCS BhIPAXKSHUSIMHI
(15.20). IIpuMeHUTENIBHO K paccMaTpPUBAeMOM CUTyallM OHU 3aIlMIIYTCS B BUIE

) (16.8)

MOCKOJIBKY € = &’, 6 = ¢&”.

®a3zoBas u rpynnosas ckopoctu. Eciv Bnosnb ocu Oz B TaKOM cpejie pacpocTpa-
HSIETCS TUIOCKAsi MOHOXPOMAaTHUYeCKasl BOJIHA, TO HAIIPSDKEHHOCTh €€ 3JIEKTPHUYECKO-
ro TOJISI ONMUCKHIBAaeTCd BhIpaxkeHueM (15.21):

® . n

E(z,t) = E, exp(—xz)exp[zm(t - )}
c c

IMockomnbky 1 = n(w), ¢azoBast cKOpocTb V(®) = ¢/n(m) TakxkKe sABISIETCS GYHKII-

el yactoTel. Ee yacToTHasl 3aBUCUMOCTD Ha3bIBAETCs ducnepcuetl pa3o8ol ckopocmu.

. dn
B oGnactit HOpMaJIbHOM AUCIIEPCUM TTOKA3aTeNs MIPEJTOMIIEHNS, T 0 >0, daso-
)

dv .
Basi CKOPOCTh YMEHBIIAETCSI C pOCTOM 4acToThl: — < 0. B oGnactu aHOMaJIbHOI
)

dn dv .
JUCIiepcuu, Tae 1 <0, s > (. B aT0i1 0051acTH CMIILHO Bo3pacTaeT Koadduim-
® ®

0 . .
€HT MOMIOUIEHUd o = 2 — ¥ (), ABISOIUNACS Takxke (PYyHKUIMEH 4acTOThI BOJIHBI.
c

Ipynnosasa cxopocms. MoHOXpoMaTHYeCKasl BOJIHA sIBJIsIeTCsT (DU3UUECKOM abCT-
pakuueit (Moaesblo), KOTopasi JOCTaTOYHO XOPOILIO OMUCHIBAET BOJHY C OYEHb Y3-
KM YacTOTHBIM CHEKTpOM. PeanbHble KBa3MMOHOXPOMATMUECKHME BOJHBI MOXHO
MPEACTaBUTb B BUIE CYyNepHO3UIIMU (TPYIINbI) BOJH, YACTOThl KOTOPBIX 3aHMMAIOT
KOHEUHbIA MHTEepBaJ Aw® BOJIM3M OCHOBHOI 4acTOThl . LIIMprHa MHTEpBaIa A®
00paTHO TPOINOPIMOHATbHA BPEMEHNU KOT€PEHTHOCTH U3JIy4YeHUs T,. B ciyyae um-
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Puc. 16.5

MyJILCHOTO M3JIy4eHUSI 3TOT MHTEPBAJ MOXET ObITh €llle LIUPE, €CAU JIUTETbHOCTh
UMITyJIbCa Ty < T,.

B nucneprupyioliieit cpeae Kaxaasi U3 BOJH TPYMIIbl UMEET CBOIO (Da30BYIO CKO-
pPOCTb, MO3TOMY KBa3MMOHOXpOMaTHUYeCKasl BOJIHA WU UMITYJIbC ABUXKYTCSI C HEKO-
TOPOM CKOPOCTBIO, TOJYYUBIIECH HAa3BaHUE TPYMIIOBOMN.

YToObI €€ BBIYMCINUTD, PACCMOTPUM MPOCTEHIIYIO CUTyallul0, KOTAa Tpymra co-
CTOUT M3 JABYX IJIOCKUX BOJH C OJIM3KUMM YaCTOTAMU ®; U 5, PACTIPOCTPAHSIOILINX-
csl B MIOIMYTHOM HarpaBieHuu (Baojb ocu 07). B obaactu HopManbHON AUCTIEPCUU
rokasaTteJsis MpejoMiIeHus npeHebpexeM morsolieHueM BoiaH (x = 0). bynem mis
MPOCTOTHI CUUTATh UX AMILIUTYAbI oArHAaKOBbIMU. CoracHo (5.19), BoJIHOBbIE UMCia
3TUX BOJIH PaBHbI

ki = %n(wl); ky = %n(w». (16.9)

Torpa mone paCCManHBaCMOﬁ I'PyHIibl BOJIH MO2KHO 3armmcaTtb B BUJC

E(Z, t) = EO Sin((,l)lt - k]Z) + EO Sin(ﬂ)zt - kzZ) =

=2F, cos (A—Zwt - A—zkz)sin(ooot —kyz) = A(z,1)sin(®yf — kyz). (16.10)
3nech Aw = w, — o; Ak = ky, — ki o :%; ky :k‘;zkz. Oyukums A(z, 1)

Has3bIBaeTCs oeubaiowel TPyl BojH. Ha puc. 16.5 n3obpakeHa 3ta rpymia B pUK-
CHPOBAHHBIM MOMEHT BPEeMEHM.

Touka M cOOTBETCTBYET 3HAUCHUIO (Da3bl @y = Wyt — kyZy = const, IpU KOTOPOK
sin @, = 1. CKOpOCTb 9TOl TOYKHU, WK (ha30Basi CKOPOCTb, OMPENEISETCS U3 YCIOBUS
doy = wodt — kydzy, = 0 1 paBHa

M9

_dzy _
v=—1 = (16.11)

Takum obpazom, azoBasi CKOPOCTh I'PYIIIBI paBHA OTHOLIEHUIO CpeIHEN 4acTo-
. 0
Thl () K COOTBETCTBYIOLEMY €l BOJTHOBOMY YUCIY k| = -0 n(wg).
c

Touka R HaxoauTCs Ha BeplLIMHE Orubarolleii, MoKa3aHHOU IITPUXOBbIMU JTMHU-
saMu. J1J1s1 Hee TTIOCTOSTHHBIM SIBJISIETCSI apryMeHT (yHKUUU A:

A—zmt—A—zsz = const. (16.12)

CrnenoBaTeIbHO, CKOPOCTb BEPIIMHBI OTMOAIOLIeil MOXKHO IOJYUYUTh, Audde-
penypys (16.12):
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Ak k
20 gt - 28 dzg = 0. 16.13
2 ® S-dzg =0 (16.13)

CKOpPOCTb BepllMHBI OTHOAoIIei paBHA ]1;2) ””””” Kacarenbhas

_ & Lo 1614
dt Ak’ ’

DTa CKOpOCTb M Ha3biBaeTcsl epynnosoi. C
TPYIIIOBOM CKOPOCTBIO TIEPEHOCSITCS SHEPTHUSI Puc. 16.6
1 MHOOPMAIUS 3JIEKTPOMATHUTHOI BOJHOIA.

Ha puc. 16.6 npencrasiieH ¢pparMeHT rpadmka 3aBUCIMOCTH BOJTHOBOTO UHCJIA OT
YaCTOTEHL.

I'pyrmoBast CKOpOCThb YMCIIEHHO paBHA YIITIOBOMY KOG GUIIMEHTY KacaTeJbHOM B
TOuKe P, XapakTepu3yolleMy HaKJIOH KacaTellbHO# K ocu Ok. da3oBast CKOPOCTh
YUCJIEHHO paBHA yIJI0BOMY KoadduliimeHTy orpe3ka OP, HakJoHeHHOro K ocu Ok.
OueBHIHO, YTO B 00JIaCT HOPMAJILHON IMCIEPCUU U < V.

B oGnactu aHoManbHOM aucriepcuu u > v. OnHAKO 3/1eCh HEKOPPEKTHO TOBOPUTH
0 KaKkoM-JIMb0 CKOPOCTH TPYIITHI BOJTH. BOo-TIepBBIX, BCIIEACTBUE CHIIBHOM 3aBICUMO-
cti n(w) ormbaroiast B TIpollecce PacIpoCTpaHEHHUST CUJTBHO M3MeHsieTcs. Bo-BTo-
PBIX, TIOTJIONIEHNE CTOJb BEJMKO, YTO O PAaCHpPOCTPaHEHUM TPYHITBI TOBOPUTH
HE TPUXOIUTCS.

O600IMM TIpOBeCHHBIE PACCYXACHUS TSI TTPOU3BOJIBEHOIM TPYIIILI BOJIH, Xa-
paKTepU3YIOIIEHCS IIEHTPATLHOM YaCTOTOM ) M MHTEPBAJIOM YacTOT A® <« ;. BMme-
crto cymMMmbl (16.10) TIpeacTaBUM moJjie TPYMIITBEI B BUme nWHTerpaia Dypbe:

E(z,0) = % ]f Ey(o)expli(of — kz)|do =

= 2i T Ey(w)exp[i(w — wy)t — (k — ky)z]doexp[i(of — kyz)] =
= A(z,t)exp[i(oot — ky2)]- (16.15)

BonHoBoe uncio siBasieTcs (yHKIMEH 4acTOThI:

k(o) = %n(w). (16.16)

Hucnepcruonnoe cootHomreHre (16.16) mpencraBuM B Buae psima Teitmopa:

dk d’k
k(w) = ky + (d(ﬂ)wo (0 —mg) + 2((10)2 )wo (®—w0p)2+...=
k 2
=ky+— (u) m0)+—(03 wg)? + (16.17)
3nech
-1
:(%) :(d_w) (16.18)
do )y, dk Ji,

— TPYIIIOBasi CKOPOCTh;

193



kzz(d%) (16.19)

dw?

— K03GpGULIUEHT, XapaKTepU3YIOLIUI ducnepcuro epynnosoil ckopocmu (ee 3aBUCH-
MOCTb OT 4acCTOThI). JIeiCTBUTEIBHO,

d 1 (du
o=y, = L8 1620
i N (16.20)
rae uy = u(wy).

Ecnu BHavazne npeHeOpeub aucriepcueii TpynmoBoit ckopoctu (k, = 0), To mipu
noactanoBke (16.17) B (16.15) mna oruGaroieit A(z, t) moaydyaem

A(z,1) = i ]: Ey(w) exp[i(o) - o)o)(t —gﬂa’m = A, (t —gj, (16.21)

rae Ay(f) — orubarouias Ha Bxoae B cpeny (mpu z = 0). CiaenoBaTenbHO, 8 omcym-
cmeue ducnepcuu epynnosoti CKOpocmu 02udaowds NPoU360AbHOU epYNNbL OBUNCEMCS C
2PYNNO0B0L CKOPOCMbI0, NPpU IMoM ee ghopma coxpansemcs. YeM MeHbllle OTHOLIEHUE
Aw/w,, TeM 00Jiee CIIpaBeUTMBEIM SBJISIETCS COeJIaHHOE TOIMYIIeHUE.

JlucnepcHoHHOE PaCIUILIBAHAE UMITYJILCOB. JlVicTIepcHs TPYIIIOBOI CKOPOCTH CTa-
HOBUTCS CYIIIECTBEHHON MPY pacIIpOCTPaHEHUN UMITYJIHCOB ITMKOCEKYHIHOU U (peM-
TOCEKYHIHOM ITUTEIHFHOCTH. JIJIST TAKMX UMITYJILCOB IIIMPUHA YaCTOTHOTO MHTEpBaja
A® CTOJTb BeJTMKA, YTO HEOOXOIMM yUeT 00JjIee BEICOKHX YWICHOB B pasjioxkeHnu (16.17).
31ech Ke OrpaHUINMCSI CITaTaeMbIM C k,, TTO3BOJIIONIAM YUECTh AUCIIEPCHIO TPYIT-
TTOBOI CKOPOCTH B TIEPBOM TTPUOIKCHIN.

UToObI N36eKaTh CIOKHBIX MATEMATHIECKIX BHIKIIAIOK, BO3HUKAOIINX TIPY MO -
craHoBke (16.17) B (16.15), Bocmomb3yeMcsl TIPOCTHIMU paccykaeHusAMHU. [1ycTh
B Cpelie pacIpoOCTpaHseTCs KOPOTKUIA CBETOBOI MMITYJIBC C HECYIIIe 9acTOTON
W JUTUTEIBHOCTBIO T). IIIMprHa ero 9acTOTHOTO CIieKTpa

1

A® = ®, — ®; ~ pat (16.22)
0

Ha sTtoM umHTEepBajie 4acTOT ®; < ® < ®, T'PYMIIOBas CKOPOCTh M3MEHSIETCS

OT BEJIMIVHBI U, = (Z—;:) JIO BEJTMIWHBI U, = (fj—;:j (cM. puc. 16.6).
ky

ky

Eciu stoT HMMITYJIbC IMMPEACTABUTDL B BUAC CYMMBI IBYX MMITYJIbBCOB C Pa3JIMYHbIMHN
HECYyIIMMHM 4aCTOTaMM1 ®; 1 ,, TO 3TN MMITYJIHChBI 6yI[yT ABUTATHCA CO CKOPOCTAMU
Uy U Uy, IPUYEM U; > Uy. DTU UMITYILCHI JOCTUTHYT CEYEHUS Z = const HE OTHOBpE-
MCHHO, a C BpECMCHHbBIM 3aIria3ibIBAHNECM

a=2_% (16.23)

U U
Yewm OoJblile KoopAuWHATa Z, TeM OoJiblle BpeMs 3amasfabiBaHus Af. Ha HekoTo-
pPOM paccTosiHUU L, TTOJIy4YMBILIEM Ha3BaHUE OuUCHEepCUOHHOU OAuHbl, BpeMs At TOC-
TUTHET HAYaJbHON JUIMTEIbHOCTU UMIYJIbCA Ty:
Ly _Ly

At==2 =1,.
Pl (16.24)
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CrenoBaTebHO, HA 9TOM PAaCCTOSSHUM JUTUTEILHOCTb UMITYJIbCA CTaHET MpUOJIu-
3UTEJBHO BABOE 00JIbllie HAYAIbHOMN. ¥YBeIMUEHME JUIMTETLHOCTU UMITYJIbCa C TPOK-
JNEHHBIM PaCCTOSTHMEM Ha3bIBACTCS JUCHEPCUOHHBIM pACHAbI8aHUeM umnyabca. IToMrMo
3TOT0 UMMYJIbC U3 CHEKTPAIBHO OTPAHUYEHHOTO TMPEBPAIIAETCS B YACTOTHO-MOY-
JIMPOBaHHBIN ((pa30BO-MOAYIMPOBAHHEII). B camMmoM aene, yacToTa roJIOBHOM 4acTu
OyaeT O6aM3Ka K ®;, a XBOCTOBOW — K .

Ouenum u3 (16.24) nrcnepcUoOHHYIO TIUHY. 15T 5TOro MCIONb3yeM O4YeBUIHOE
MpUOJKEHHOE PaBEHCTBO

1 1 dk dk dzk) k,
A1 _(ak) _(ak) _ sy
U, u (dm)wz (d(l))wl (dwz o o T (16.25)
IoacraBus (16.25) B (16.24), noiayunm
L-3 (16.26)
"k .

CrenyeT OTMETUTh, YTO B OOJACTM HOPMAaJbHOM NMCIEPCUMM TOKa3aTessl Ipe-
JIOMJIEHMSI, B KOTOPOIl M TPOUCXOAUT TUCIIEPCUMOHHOE pacIUIbIBaHME, BeJIMUMHA K,
MOXET ObITh KaK MOJOXUTEIbHOM, TaK U OTpULIATeIbHOI. B coBpeMeHHOI1 tuTepary-

pe TIpUHSTA Cleayolas TEpMUHOJIOTUS: ecin k, > 0 (cMm. puc. 16.6), To, cortacHO

(16.20), 3—” < 0. B aTom ciyuae ducnepcus epynnoeoti ckopocmu Ha3blBaeTCsl HOPMAAb-
®

. du .
nou. Ecim k, < 0, TO 0 >0, ¥ ducnepcus 2pynno6oil cKopocmu aHOMAAbHAA.
0

B o6oux ciaydasgx MpOMCXOAMT AUCIIEPCUOHHOE pacIUIbIBAaHWE Ha XapaKTepHOM
IUTUHE

_ T
|k,

®dazoBast monmynsiuMsl pasnudHa: npu k, > 0 yacrora Bo3pacraeT OT Hayala
K KOHIIy UMIIyJibca, a npu k, < 0 oHa, HAOOOPOT, YMEHbIIIACTCS.

IIpocTpancTBEeHHO-BpPEMEHHAs aHAJIOTHA. [[VicTIepCMOHHOE pacIIbIBAaHUE UMITYJIb-
COB NOIOOHO MMM PaKIIMOHHOMY PaCIUIBIBAHUIO BOJTHOBBIX IYYKOB, Il XapaKTep-
HBIM PACCTOSIHUEM SIBISAETCH QU(PaKUMOHHAsA JIUHA Ly ~ r/A. JIUTENBHOCTD M-
MyJIbCa T, aHAJOTMYHA IIUPUHE TyYKa Fy, a |ky| — IUIMHE BOJHBI A.

Anastor ypaBHeHus (12.60), onmuchIBamIIero AU pakiuio MyYKOB, — YpaBHEHKE
JIJIs1 oruodarolleid UMITyJIbca, KOTOpoe MPUBOAMM 0e3 BhIBOJA:

04 k, 9’4
o7 2iot'?’
rme ' = t — z/u — BpeMs, aHAJOTUYHOE TIOTIEPEYHON KOOpAWMHATE B YpaBHEHUM
(12.60). YpaBuenue (16.28) mo Bumy coBmamaet ¢ (12.60), ecimm B mocieaHem A
3aBUCUT JINIITH OT OTHOU TTOTIEpEYHON KOOPAMHATHI (X WIIH V).
Temnepb HECITOXHO OMMCATh TUCIIEPCMOHHOE PACIUIBIBAHNE MMITYJIbCa, TTPOMIIIH
KOTOPOTO Ha BXOJIE B CPEIy SIBJISIETCST TayCCOBBIM:

A(z,1) = Ay exp(-12/1}). (16.29)

Pemenne ypaBHenus (16.28) Gyner nMeTh BUI, aHAIOrMYHbIN (12.63), oTiinya-
SICh JIMILb 3HAKOM II€pe] MHUMOWM €IUHULICHA:

L, . (16.27)

(16.28)
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1?
Az, 1) = 1Jr¢exp( ;] = |Alexp(iD), (16.30)

iz/ 2y 13 1+iz/z,
rae
15
Zp = k_2 (16.31)
ITpodunb MHTEHCUBHOCTHU
~ 102 I 12
[(Z,t)=§|A| :mexl)(—m} (16.32)

OCTACTCA IrayCCOBbIM, OJHAKO MJIMTCIbHOCTH UMITYJIbCAa YBCINYMBACTCA C HpOﬁI[eH—

HBIM PaCCTOAHUEM:
Ty, = To1 +27/23 (16.33)

1, KaK CJeACTBUE, YMEHBIIAETCSI MHTEHCUBHOCTD.
®aza 3aBUCHUT OT BPEMEHU 110 3aKOHY, aHajormuHomMy (12.65):
72
D(z,t') = %% — arctg(z/z)- (16.34)
w9 1+22/%5
OngHako (PU3MYECKUI CMBICT 3TO 3aBUCUMOCTU MHOM, 4eM IMpU Audpakuuu,
r1e 3aBUCUMOCTD (ha3bl OT MOMEePeYHO KOOPAMHATHI O3HAaYaeT UCKPUBJIeHHE (a3o-
BOro (PpOHTA.
3aBUCUMOCTb (Da3bl OT BpEMEHM O3HAyYaeT, yto orubamoias A = |Ale’® usmenser-
Cs C MTHOBEHHOM 4acToTOMn

0P _ 2 z/z
o 3 1+7%/z8

Q') = =B, (16.35)

27

1§21+ 22/23)
CTOThI B TCUCHUEC MTJIUTECIBbHOCTU I/IMHy.T[bCS..

roe B = — MapaMeTp, XapaKTepU3yIOLIUi JIMHeHHOe U3MEHEeHNE Ya-

>0

Puc. 16.7
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Ecnu k, > 0, To B > 0, 1 yacToTa Q HapacTaeT co BpeMeHeM ¢’ (0T Havajga K KOHILY
umnyisca). [pu &k, < 0, B < 0, u Q yObIBaeT.
ITone cBeToBOro MMIyJbca OyaeT OCUMLIMPOBATh C YaCTOTOM

o(t) = o, + Bt (16.36)

Da3060-mM00YAUPOBAHHDBILL UMNYABC C AUHEUHBIM 3AKOHOM U3MEHeHUsl 4acmombl Ha-
3bIBaeTCs yupnuposarHvim (OT aHTJ. chirp — yuMpukaTh). [TogoOHBIE aKyCTUUYECKME
YaCTOTHO-MOAYJIMPOBAHHbBIE UMITYJICHI (DOPMUPYIOT NTHULIBI TPU YUPUKaHUU. Ecimn
B > 0, TO UMpn cUUTAETCS TMOJOXUTEIbHBIM, a MpH B < 0, COOTBETCTBEHHO, OTPU-
LIaTeJIbHBIM.

Ha puc. 16.7 mokazaH HayaJabHbIM raycCoB UMIMYIILC MpH Z = 0 ¥ YNpIIUPOBaHHbBIE
WMITYJILCHI B cpefe (z > 0) mpu pa3IuyHbIX 3HaKaX JMCIIEPCUU TPYIIOBON CKOpPOC-
TH.

OneHKH XapaKTepHBIX BeJWIrH. /IS TOJHOTHI U3J0KEHUST OLIEHUM BO3MOXKHO-
CTU PaCIIPOCTPAHEHMST UMITYJIbCOB B IUIABJIEHOM KBaplle, SBISIOIIMMCS OCHOBHBIM
MaTeprajgoM JUIsl BOJIOKOHHBIX CBETOBOIOB. DTH CBETOBOJBI MCITOJIL3YIOTCSI B BOJIO-
KOHHO-ONTUYECKMX JTMHUSX CBSI3H, CIIOCOOHBIX MepeaaBaTh UMITYJIbChl HA OTPOMHBIE
paccTosTHYSI.

Hucnepcust (a3oBoit U rpymnIoBOi CKOpOCTell B IUIaBJIEHOM KBaplie MoKa3aHa
Ha puc. 16.8.

Ha miune BomHbl A = 1,5 MkM k, = —0,03 nic?/m. TTosToMy NpH AIUTETBHOCTH
umyiabea 1) = 1072 ¢ = 1 nc aucnepcuonHas umHa Ly = 13/|k,| = 30 m. Ha niuune
BOJIHBI A = 1,06 MKM k, = +0,06 nic?/m u Ly = 15 m.

ITpu nnuHe BoiHBI A,y = 1,27 MKM k, = 0 1 HEOOXOAUM yUYeT CJIeAYIOLIEro MpuoIu-

JKEeHUsl OUCIEPCUM TPYIIOBO# ckopocTu. st atoro B pasnoxenun (16.25) Hamo
. (d3k
HCTIOJIb30BaTh YWEH, COAePXKAIINI (— . AHaIM3 MOKa3bIBaeT, YTO XOTS AUCIIEP-
)

(,03
CHOHHOE pacIUIbIBaHME 3HAUMTEJbHO YMEHBIIIaeTCsl, ONHAKO (hopMa UMITyJIbca U3-
MEHSIeTCsI, Y OThbarolieil MOsBISIOTCS OCHUJUISIUMMY U T. 1.

PacnipocTpaHeHMI0 MMITyJIbCca MPEMSITCTBYIOT TOTEPU, CBSI3aHHBIE C TOMIOILE-
HUEM M paccessHUEM CBeTa B BOJIOKHe. PaccesHue OymeT oOCyxXIaThCs B pasaese
«PaccesHue cBeta». Celiuac ke orpaHMUYMMCS 3aMeYaHUeM, YTO MUHUMAJIbHOE OC-
JabJeHue cBeTa JOCTUTaeTCsl Ha JJIMHE BOJHBI 1,55 MKM.

BaxxHO momuepKHYTh, YTO B ONTUYECKOM BOJTHOBOJIE, COCTOSIILIEM U3 CEPIALIEBUHBI
1 00O0JIOYKH, TUCIIEPCUOHHOE COOTHOLIEHHE (k) OMMCBHIBAETCS BBIpAKEHUEM, OT-
JIHBIM 0T (16.16). OHO ormpeesieTcsT He TOJIBKO MaTepUaIbHOM JUCIIEpCHEN cpe-
IbI (3aBUCUMOCTBIO #(®)), HO M TaK Ha3bIBa€MOI BOJHOBOTHOW AHCHIEpPCUEid, CBS-
3aHHOM ¢ MapaMeTpaMM BOJIHOBONA. DTO MO3BOJISIET U3MEHSTh 3HAYEHUE JJTUHBI BOJTHBI
A, (Ipx KoTopoii k, = 0) myTeM COOTBETCTBYIOIIIE-
ro UBMEHEHUST KOHCTPYKIIMU BotHOBoa. [ToatoMy  »

OINTUYECKME BOJOKHA M3TOTOBJSIOT TaKUM oOpa- 1,49

30M, YTOOBI 3HAYEHUE A, CTAJIO TAKXKE PABHBIM 1,48\/C/u
1,55 mxm. Torma v moTepu, ¥ AMCIIEPCUOHHOE pac-  1,47¢ T

IUIbIBAaHME OyAyT MUHUMaJbHEL. bojee Toro, muc- 1,46\-}*
MEPCUOHHOE pACIJIBIBAHUE MOXHO MOJaBUTh 3a 1,45t ] ¢/v
CYET HEJMHEMHBIX ONTUYECKMX CBOMCTB TuaBne- 144 1

0,6 0,8 1,0 12714 A MKM
Horo KBapia. Onucanue 3Tux 3¢@eKToB OyaeT JaHO
B pasnaelne 9 «HennHeitHO-onTUYeCKUE SIBICHUS». Puc. 16.8
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BoJioKoHHO-0ONTHYECKHE CHCTEMBI CBA3H. B HacTosIIee BpeMst MeXIy BCeMU KOH-
TUHEHTaMM TPOJIOKEHbBI TTOIBOIHbBIE BOJJOKOHHO-ONTUYECKUE KaOelH, M0 KOTOPhIM
OCYILECTBIIsIETCS Tepenada nHGopMalu ¢ O0JIBIION CKOPOCTHIO.

IlepBblii TOABOOHLIN KaOesb yepe3 MpoauB Jla-MaHill, NO3BOJMBILIMKI OCYIIIE-
CTBUTH TenerpadHyto cBsi3b AHrmu ¢ EBpomnoit, 66u1 mposoxeH B 1851 r. Yepes
ceMb JieT TejerpadHblii Kabenb Mo OIHY ATIAHTUUECKOTO OKeaHa cBs3all EBporry
¢ CeBepHoit AMepukoii. C 1866 r. MexIy KOHTUHEHTaMM ObLTa HalaskeHa YCTOMYMBast
TesierpadHasi CBSI3b ¢ TTIOMOILbIO a30ykKn Mop3e. CKopocTh nepenadyr MH(GOpMAaLnH,
OCYILECTBIISIEMOI TTOCPEICTBOM DJEKTPUUYECKMX MMITYJILCOB, COCTaBisIa Bcero 17
CJIOB B MUHYTY.

B 1956 r. mpoBezieH nepBhlil TeaeOHHbIN Kabelb. 3aTeM BCICACTBUE PACTYILIUX
noTpedbHoOCTeil oOMeHa MHpOpMaLIMell MEeXAY 3TUMM KOHTMHEHTaMU OBbLIO IPOJIO-
JKEHO ellle HECKOJIbKO TeeOHHBIX Kabesei.

IToMuMoO 1IMpOYAKIIIEro MPAKTUYECKOrO MPUMEHEHMS TeslerpacdHbIX U TeJe(hOHHbBIX
JIMHUM CBA3M MX TIPOKJIaKa 1O IHY OKeaHa IPOIEeMOHCTPUPOBAIa TEXHUYECKYIO
BO3MOXHOCTb OCYIIECTBICHHUS TJI00aTbHOM CBA3U MEXIY Pa3IMYHBIMM KOHTUHEH-
taMu. B 1988 — 1989 rr. BBeneHbI B CTPOIi MepBbIe TpaHCATIAHTUYECKAs U TPAHCTUXO-
OKeaHCKasl BOJJOKOHHO-OIITUYECKUE CUCTEMBI CBA3U. CKOPOCTD TNepenayu nHpopma-
LIMK TIOCPEACTBOM CBETOBBIX MMITYJIBCOB B KaXKI0i JTMHUU npeBbilana 100 MouTt/c.

B 90-ronp1 XX B. 66110 TIposioxkeHo 6oiee 350 ThIC. KM BOJIOKOHHO-OITUYECKOTO
Kabenst, coenuHuBiiero 6onee 70 ctpaH. Bce MaTepuku cBS3aHBI TTOABOAHBIMU BO-
JIOKOHHO-ONTUYECKUMHM KabeasaMu, o0las MpOTSKEHHOCTb KOTOPBIX B HECKOJIBKO
pa3 MpeBOCXOIUT IJIMHY DKBaTOpA.

ITpakTUuecku Bce COBpeMEHHBIE CUCTEMBI CBSI3U pabOTalOT Ha JJIMHAX BOJH 1,3
u 1,55 MxkM. B HUX OCyllIeCTBIEHO CIEKTpajbHOE YIUIOTHEHUE KaHaloB. I1puHLIMIm-
ajJlbHasI cXeMa JIMHWM CBsI3U MOKa3aHa Ha puc. 16.9.

MznyyeHue pasHbIX IJWMH BOJIH (KakK MPaBWIO, OT Pa3IMYHbIX NCTOUHUKOB CBe-
Ta) C MOMOIIBIO YCTPONCTBA, HA3bIBAEMOIO MYJBTUILIEKCOPOM, BBOIUTCS uepe3
YCWINTEb B BOJIOKOHHBIM cBeToBOI. Kaxkmoil mJIMHE BOJHBI COOTBETCTBYET CBOM
KaHaJl CBSA3U. Pa3HOCTb IJIMH BOJIH COCEIHMX KaHAJIOB cOCTaBiseT okoyio 0,2 HM.
B KoHIIe TMHUM U3JTydYeHUe BHOBb YCUJIUBAETCS, 3aTEM C TIOMOIIBIO AeMYJIbTUILICK-
copa pazneiisieTcsl 1o JUIMHAM BOJIH, U Aajee nHpopMaluss oopadaTbiBaeTCs.

ITo omHOMY KaHaJly ¢ TOMOIIIbIO CBEPXKOPOTKMX UMITYJIbCOB CBETa B HACTOSIIIEE
BpeMsl yIaJloch JOCTUYb CKOPOCTH Tlepeaaur nHdpopMauuu mnopsiaka 200 I'our/c.
KonuyecTBo KaHAI0B OrpaHMYEeHO IJIABHBIM 00Pa30M MOJIOCOM YCUICHUS YCUIUTe-
Jisl 1 B COBPEMEHHBIX CUCTEMaX IOCTUTAeT HECKOJIbKUX JECATKOB.

®pannysckue uccnenosarenu (C. buro u ap., Alcatel Corporate Research Center)
00beIMHWIN B OJHOM cBeToBoe 150 KaHaloB, IIPOITyCKasl TTI0 CBETOBOIY U3JIyUeHUe
oT 150 rmoaynpoBOAHUKOBEIX J1a3epoB. JIg 5TOr0 MCHONb30BaICsI SpOUEBBII ONTHU-

Hctounuxkn ITpueMHUKH
M CseToBOZ A

. Ycunurenb Ycunurenab .
) I:I/V i
hy MyIbTUILUIEKCOD JeMyJIbTUILIEKCOD hy

Puc. 16.9
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YecKUil ycunuTenb (CM. Jiekuuio 24), uMeroinuii nosnocy ycuneHus 80 Hm. CKopocThb
nepegauyn MHGOPMaIUKM MO OAHOMY KaHay gmocturana 10 I'out/c, a 1o BceMm KaHa-
nam — 1,5 Tour/c.

CrnenyeT OTMETHTh, YTO IJIMHA BOJHBI M3TYYeHUS TOJTYIIPOBOIHUKOBBIX Ja3e-
POB, 3aBMCSIILIAs OT TEMIIEPATyphl TTOJIYITPOBOAHMKA, HE JOJKHA B TIpoliecce paboThl
n3MeHsThes 6osee yuem Ha 0,05 HM. C 3TOM LEeNbIo IPUXOIAUTCS UX TEPMOCTAOMIN3H -
poBaThb, 4TO, 0E3yCIOBHO, MPUBOIUT K TMOBBIILIEHUIO CTOUMOCTHA CHUCTEMBI. DTOTO
HeIoCTaTKa JIMIIEHbl KOMITAKTHBIE BOJIOKOHHBIE Ja3epbl, KOTOpPble HaKauYUBAIOTCS
JIa3epHBIMU JUOJAMU (CM. JIEKIUIO 24).

BrIcTphlii Iporpecc B pa3BUTUM BOJOKOHHO-ONTUYECKON CBSI3M TMO3BOJISIET CBE-
CTU K MUHHUMYMY TIOTEpPU B KBaplLieBOM BOJIOKHE B CIIeKTpalibHOU obaactu 1200 —
1700 aM (cM. exkiuio 22). DTO 03HAYAET, YTO YHUCIIO CIIEKTPATbHBIX KAHAJIOB MOXKET
npocturats 2 500! ITpu ckopoctu nepenaur THOOPMALIMU MO KaXKIOMY KaHATy OKOJIO
200 I'6ut/c cyMMapHasi CKOPOCTb JOCTUTHET OrPOMHOI BemuuHbl ~0,5 - 101 6ur/c =
= 0,5 Ilour/c.

PacnpocTpanenue BOJH B MeTaIaX M mia3me. B Takux cpegax uMmeeTcs: 00JIbIIoe
YUCJIO0 CBOOOMHBIX 2JIEKTPOHOB, 00ECIIEYMBAIOIINX XOPOIIYIO JIEKTPUUYECKYIO MPO-
BOAMMOCTb. B qucrnepcroHHOM cooTHoleHrH (15.17) MoxXHO TipeHeOpeyb €” Mo cpaB-
HEHUIO C 0'/(gy®), a TAKXKE PEAKTUBHON COCTaBJISIONIEH DJEKTPUUYECKONW MPOBOIM-
Moctu ¢”. Torma (15.18) mpumeT Bug

4

. , ;O
€, =¢ 1800), (16.37)

TJie MHAMasI 9acThb £, 00YCJIOBJIEHA SJIEKTPUIECKON MPOBOMUMOCTRIO. JlelicTBUTETh-
Hasi 1 MHUMas 4aCTW MoKaszaTelisl MpejoMiieHus1, coraacHo (15.20), paBHbI

1 c’? 1 c’?
n=—| [e?+ +e' |y yr== g%+
2,2 ) 2
2 €00 2 )

m— (16.38)

BenuunHbl € 1 6° MOXHO BBIPAa3UTh Yepe3 MUKPOCKOIMMYECKNE XapaKTEPUCTUKU
cpelbl, BOCIIOb30BaBIIUCH (hopMyioit JlopeHi — Jlopenua (15.50), moaoXuB B Heil
@y = 0 (ITOCKOJIBbKY 37I€KTPOHBI CBOOOIHBI) U € + 2 = 3, TOCKOJBKY € ~ 1. B pesynbrate
MOJTYYUM

=1+ —=2 16.
¢ -0? +2idw (16.39)
Ne? .
rae o, = P mrasMeHHast gactora (cM. (15.55)). Beimenus B (16.39) meitcTBu-
0
TEJIbHYI0 U MHUMYIO 4acTu U cpaBHUB ¢ (16.37), umeeM:
2.2 , 25mm2
g = &> . 9 batad’ (16.40)

0t +43%0%° g o +48%w?"
Ecnu yyecTb, 4TO ® > 8, TO OKOHYATEILHO MOJIyYaeM

2 2
£ =1-22 o' =2ed—L. (16.41)
(O] (O]

[Tpoananu3upyem Nony4eHHbIH pesybTar. Ecin yactora BoMHBI @) < @, T0 € < 0.
DT0 03HayaeT, 4To MoJie, CO3AaBaeMoe MaJOMOABUKHBIMU MOHAMU U KOJIEOJIOIIM -
MMCS DJIEKTPOHAMU, HaIpaBJIEHO MPOTHMBOIOIOXHO MO0 MaJaroleil BOJTHBHI.

199



[ [ DTO JIETKO TOHSTh, €CJIM PACCMOTPETh TPOCTEMIITYIO CH-

+ - TyallMio, KOrJa K OrpaHWYeHHOMY OOBbEMY Cpelbl B BHIIE
E |! E |7 E, TDapaulenenunena B MOMEHT BpeMeHH 7 = () IPUIIOXKEHO CTa-
H - TUYECKOE DJIEKTPUYECKOE TIOJIE HANpPsKeHHOCThIO Ey. Tox
H n JIeiCTBMEM 3TOTO TOJIsSI 3JIEKTPOHBI, TBUTAsICh YCKOPEHHO,
H . CMECTSITCSI Ha PacCTOSTHUE
+ -
2
at ek
Puc. 16.10 [="— =", (16.42)
2 2m
Ha puc. 16.10 cxemMatnyHO M300paskeHbI HEIIOABYIKHBIE MOHBI M CMEILIEHHbBIE JICK-
TPOHBI.

Cuctema 3apsiioB co3IaeT cBoe nojie £, KoTopoe Momo0HO Moo KOHAEeH caTopa,
3apsi IJIACTUH KOTOPOTO paBeH

0 = eNIS, (16.43)

rae N — KOHIIEHTpalus 3JIEKTPOHOB; S — IUIOLIAAb CEYEHUS CPebl, MepHeHaUKY-
JISIPHOTO BHEIIHEMY TOJIO.

HanpstxeHHocTh E CO3MaHHOTO MOJIs1, HATPABJIEHHOTO MPOTUBOIOIO0XHO BHEIII-
HEMY MOJII0, paBHA

eNl 1
Q9 M _1pp, (16.44)
S € € 2

B HEKOTOpPBIA MOMEHT BPEMEHU £, ITO TOJIE CKOMIIEHCUPYET BHelHee: E = E,

YTO TMPOMU3O0IIET B MOMEHT BpEMEHU

E

ty = 32 (16.45)

CootHoieHue (16.45) mo3poJsier rpyd0 OLIEHUTh BpeMs f;, TIOCKOJIbKY HE y4Iu-
THIBAJIOCh, YTO B MPOLIECCE CMEIIEHUST Ha DJIEKTPOHBI OyIeT AeiCTBOBATh yMEHbIIIA-
IOIIEECS CO BpEMEHEM cymMmMapHoe nose Ey — E, u ux npuxeHue He OyneT paBHOYC-
KOPEHHBIM.

Ecnu tenepb BHellIHee Tosie OyaeT M3MEHSThes ¢ nepuoaoM 71 = 2w/m, TO TIpu
4acToTe ® < w, nepuond 7T > 4 ¥ TUIa3Ma «yCIEBAeT»> KOMIIEHCUPOBATh BHELIHEE
noje. [ToaToMy BoJIHA B cpefie He MOXET pacIpocTpaHsAThbcs. s ee pacrpocTpaHe-
HUA HeoOxomumo, 4Tobbl € > 0. B oTOM ciyyae @ > ®, U 3apsbl «He YCIEBAIOT»
CKOMITEHCHPOBaTh BHEIIIHEE TT0JIe.

Hexomopuie ouyenxu. I G0NbIIMHCTBA METALJIOB TPOBOAMMOCTDb G’ U3MEHSIETCS
or 6’ ~ 10° Om™'- m~! (B BUmMMOM auamnasone) 10 ¢” ~ 107 Om~'- m~! (B UK-auanaso-
He 1 0oJiee HU3KUX YacTOTax BIUIOTh A0 CTaTUYeCKUX noseit). Hampumep, 1isl JIMHBL
BoJIHbI A = 10 Mkm (MK-auanasoH) npoBoauMocTh cepedpa ¢’ ~ 6,8 - 107 Om™'- M.
IMostomy, monarass B (16.38) ¢’/(gyw) > €', moiydyaem

o’ o'A
=y = = ~1,4-102
X 2e4m 4meqc
KoadppuumenT mornoiieHns
oc=29x=ﬂ =175 mxm~!.
c A
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I''mybuHa MpOHUMKHOBEHMSI A BOJIHBI B CepeOpo OLIEHMBAeTCsl KaK pacCTOsSIHUE,
IIpY KOTOPOM €€ MHTEHCHBHOCTb YObIBaeT B e pa3. Kcmoib3ys 3akoH byrepa—
Jlam6epra-Bepa, noayyaem e = ¢!, Torna A = o' = 5,710 mxm = 57 A. Dra
BeJMYMHA HAa HECKOJIBKO MOPSAKOB MEHBIIIE IJIMHBI BOJTHBI.

An3neKTpuuecKyo MPOHUIIAEMOCTb € MeTaJUIOB HEIOCPEACTBEHHO M3MEPUTh
HEBO3MOXHO, HO MOXHO paccuyuTaTh, €Cly ydecTb, uTo u3 (16.38) oHa paBHa

e =n> -y (16.46)

Hemeukuit pusuk-akcrnepumenTatop A. KyHar Bo BTopoii mojoBrHe XIX B. BbI-
MOJIHWJI ONTUYECKHUE SKCIEPUMEHTBI C METAINIMUECKUMU MPU3MaMU U 10 YTy Tpe-
JIOMJIEHUSI CBE€Ta U3MEPWI 1 U ) U 3aTeM paccuuTai €. Jpyrasi BO3MOXHOCTb OMpe-
JeneHust € — U3MepUTb KO3 (PUIIMeHT OTpaXeHUsI CBeTa OT MeTajlla, KOTOPbIi,
Kak OyIeT MokKa3aHo Jnajiee, CBSI3aH C 1 U .

B kauecTtBe wimocTpalu B TabJIUIE MPUBEACHBI 3HAYEHUS A, X U € ISl JUIUHBI
BOJIHBI cBeTa A = 5893 A, cooTBeTcTByIONIEH D-TMHUM M3TydeHUsT HaTpusl. BumHo,
YTO BO BCEX CJIyyasix x > #, MoatoMy € < 0.

Al Au
1,44 0,47
5,23 2,83
-5,0 -2,8

BwmecTo mia3MeHHOM 4acTOTHI BOCITOJIB3YyEMCSA TJIA3MEHHOMN TJIMHOM BOJIHBIL:

2ne
, = (16.47)

®,

A

Ecin nonoxuts wist Metamwio N = 103 M7, 10 o, = 1,8- 107 ¢!, a 4, = 100 A.
TakuM 00pa3oM, MeTaUTbl IPO3PAYHBI JIMIIb TSI OYeHbh KOPOTKMX BOJIH. CaMbIMU
OONIBIIMMU TUTA3MEHHBIMU JIJTMHAMM BOJIH 00JIafaloT ILIEJIOYHbIE METAJUIBI, Y KOTO-
PbIX HM3Ka KOHLEHTpalKsl CBOOOAHBIX 3J1eKTPOHOB. Tak, A, = 2050 A (Li); 2100 A
(Na); 3150 A (K); 3600 A (Rb); 4400 A (Cs).

[MonBoxns uTor, OTMETUM, YTO IPU A > A, BOJTHA IPOHMKAET HA HE3HAUUTEIIbHYIO
TJIYOMHY, TTOPSIIKA TONIIWHEBI cKuH-cA05. T1oTToleHne SHEPTUM B 3TOM CJIoe HeBe-
JINKO, U MIPaKTUUYECKN BCS Mafaloliasi SHEPIUsT BOJIHBI OTpaxaeTcsl Ha3azn. [1oaTomy
M3 METAJTTMUECKUX TIJIACTUHOK M3TOTOBIIIOT 3epKaia, 00J1agalone BBICOKUMU OT-
paxkaTeJbHBIMU CBOMCTBaMMU.

B 3akmmoueHme TIpuBemeM IBa IIpuMepa, WNTIOCTPUPYIOIINX U3JTOXKEeHHOe, 00pa-
TUBIIKCH K PACIIPOCTPAHEHMIO PAJMOBOJIH B TPOBOASIINX cpeaax. BeIBoabI, caenaH-
Hble paHee, IPUMEHUMBI M K pacCMaTpUBAEMOI CUTYallNU.
® IIpumep 1. Ilpu A < A, paavoBOIHA NMPAKTUYECKU HE OTpaxaercs, a BCI
ee DHEPTU TIOTJIONIAETCS B MPOBOASIIEH cpene. DTO MCITOIb3yeTCsS B COBPEMEHHBIX
TEXHOJIOTHSIX, TTO3BOJISTIOIIMX CENAaTh HEBUIUMbIMU JIJIST PAAMOIOKALIMOHHBIX CTAHLIAIA
(PJIC) neratenbHble anmapaTbl U KOpaOJIu.

Eie Bo BpemMst BTopoit MUpOBOIT BOMHBI HEMIIBI MOKPBIBAIN PYOKM MOJBOJHBIX
JIONOK YW JIpyrye 4YacTH, BBICTYMAIOIIME HaJ BOJOM, CIELMaJbHBIMM MaTepualaMu
Ha OCHOBE ITPOBOsIIEro rpacdura, noriomaiimmu nsnydenne PJIC.

B 1966 r. coBetckuit MatemaTuk I1. Ydumies omybankosaa paboTy, B KOTOPOt
MOKa3ajl, YTo amnmnapaThbl, MU3TOTOBJIEHHbIE U3 TIOCKMX ITaHeseil, HAKJIOHEHHBIX IO/
OTpeJieJICHHBIMM yIJIaMU, He OyayT oTpaxkaTh M3dydeHue B HampasiaeHuu Ha PJIC.
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DTa paboTa Jieryia B OCHOBY aMepMKAHCKOM Tex-
Hosorum crejic (OT aHr. stealth — CKpBITHOCTB),
uB 1977 1. OBUIM CO3MAHBI CAMOJIETBI-HEBUIUMKU
F-117. OnHako 3TH caMOJIEThI M3-3a CBOei (hOpMbI
00J1a1alI0T MaJIoi CKOPOCThI0O M MaHEBPEHHOCTHIO
U YIOPaBISIOTCS JUIIb C MOMOIIbIO MOIIHBIX
OOPTOBBIX KOMITBIOTEPOB, MPOCYNTHIBAIOIINX MOBEICHNE MALIMHBI B BO3IYyXE.

B Poccuu pazpabGoTaHbl T€XHOJIOTUM, OCHOBAaHHbIE HAa NMPUHLUMNHAAILHO WHBIX

unesx. Boausu jeTaTeNbHOrO amrapara Cco3maeTcs d9KpaH U3 IUIa3Mbl, XOPOIIIO
nortoiaronieit usnmydenre PJIC. [Tna3ma oOpasyeTcs B pe3yabTaTe MOHM3ALMKU BO3ayXa
MOIITHBIM ITYYKOM 3JIEKTPOHOB, CO3IaBaeMbIM OOPTOBBIM reHepaTtopoM. KoHCTpyKIIus
MoJIy4YrIach HeOOJIbIION U Jierkoii. B Havaje paboT mia3MeHHOe 00JIaKO MpPEIsiT-
CTBOBaJIO KauyeCTBEHHOI pamMoOCBsI3U ¢ 3eMJyell, HO To3IHee 3Ta Mpobiema ObLia
YCIEIIHO pellleHa.
B [Ipumep 2. OtpaxkeHue OoT HOHOCGhEPHI TTO3BOJISIET OCYIIECTBUTD JATbHIOK pagnuo-
CB$I3b HA OTPOMHBIX PACCTOSIHUSX B THICSTYM KUJIOMETPOB. DTO OOBSCHSETCS TEM, UTO
Ha BeicoTax 50 kM < H < 6 000 KM ITpOMCXOAUT MHTEHCUBHASI MOHM3ALUS aTMocdep-
HOTO a30Ta COJIHEYHBIM M31yyeHueM. B pesynbrate oOpasyercss noHocdepa (rias-
Ma), UMelollasl CIIOUCTYI0 CTpYKTypy. B camom HumkHeM D-cnoe (50 xm < H < 90
KM) KOHIIEHTpaLus 3JeKTpoHoB N ~ 108—10° M3, B E-cioe (90 km < H < 140 km)
N~10" M3, B F-cnoe (H > 140 xm) N ~ 2-10""—10"> m~3. B HOouHOe BpeMs 3TU
KOHIIEHTpallMK YMeHbIIaoTcs. [1nasMeHHast IIMHA BOJIHBI, Harmpumep mist E-cios,
A, ~ 10 M. CnezoBatesbHO, pagroBOJIHBI ¢ A > 100 M OyayT OTpaxkaThCsi OT STOTO
ciiosi. boiee KopoTKue BOJIHBI OYAYT OTpakaTbCsl OT HYDKHEro D-CIIosl.

Ecau paguonyd ot pannoctaHuuu PC, yCTaHOBJICHHOM Ha MOBEPXHOCTHU 3€MJIH,
HaNpaBUTb MOJ YIJIOM K BepTHUKAJIM, TO OH OyIeT MHOTOKPATHO OTPaXKaThCsl MOCe-
JIOBaTEIbHO OT MOHOC(MEPHI M OT MOBEPXHOCTH 3emin (puc. 16.11). B pesynbrate oH
MOXET IOCTUYb ITpMeMHUKa [Ip BOJTHBI, HAXOMSIIIErocs JajeKo 3a JMHUEH TOpu30HTa.
JnvHHBIE pagruoBOJHBI (A ~ 1 KM), BCAEACTBUE 3HAUUTEIbHONU AU(PaKIIMU, TPOCTO
ornbaT MOBEPXHOCTh 3eMJIM U MOTYT TakKe IepedaBaThbcsl Ha ThICSYM KUJIOMET-
pOB.

Puc. 16.11



PA3IOEIJ] 6

OIITUYECKUE ABJEHUA HA I'PAHULIE PA3JEJIA CPEN.
TEOMETPUYECKAA OIITUKA

JEKITUA 17

M3 MHOTOYMCIIEHHBIX OTTBITOB U3BECTHO, UTO TIPH MTaJcHUM CBETOBOI BOJHBI Ha
TpaHUIly pasaenia ABYX Cpell BOZHMKAIOT, B OOIEM ciyJae, IBE BOJIHBI — OTpaXKeH-
Hasl ¥ TIpOXOISIIasl yepe3 3Ty TpaHuIly. HampaBiaeHnust pacrpocTpaHeHUS STUX IBYX
BOJJH W WX WHTEHCHBHOCTHM 3aBHCSIT KaK OT HaIlpaBJieHUs ITamarollieii BOJHBI M
ee MHTEHCUBHOCTH, TaK M OT ONTUYECKNX XapaKTePUCTUK ABYX CPEI.

Hawn6Goee pocTo 3TO MOXKXHO TIPOAEMOHCTPHPOBATh, HAIIPAaBUB JIy4 Jla3epHOI
YKa3KM Ha TTOBEpXHOCTh BOABI B cTakaHe. Ha moToKe MOXKXHO 3apermcTprupoBaTh
OTpaXeHHEBIN JIyd, a Ha JHE CTaKaHa — TIpeJOMJICHHBIN. M3MeHssT yroa mameHus
Jlyda Ha TTOBEPXHOCTh BOIBI, MOXHO OOHAPYXXHUTb HE TOJHLKO CMEIIeHHNe ISITeH Ha
TTOTOJIKE M JHE CTaKaHa, HO Takke M M3MEeHEHHMe MX SIpKocTHU. B wactHocTH, TTpm
HAKJIOHHOM TTaficHUM JIy4a SIPKOCTh OTPaXKeHHOTO JIiyda OyAeT HAaMHOTO OOJIbIIe,
yeM TIPY BEPTUKAIBHOM TAeHUH. DTO CBUIETEILCTBYET O TOM, UYTO KO3(PPUIIHMEHT
OTpakeHWsI TIPW HAKJIOHHOM TIafcHUM OOJIbIlle, YeM TpH TageHWH, HOPMaJTbHOM
K TTIOBEPXHOCTH. DTUM OOBACHSICTCS TOT (DaKT, YTO MMacCaXXUp B BaroHe METPO, Ha-
XOISICh BOJIM3W OKHA, BUAWT B HeM Oolree sIpKre M300pakeH!Us yOaJeHHBIX OT HETO
JIPYTUX MAcCaXXUpPOB IO CPABHEHHUIO CO CBOMM COOCTBEHHBIM.

Pemrenne 3amaum o TpoXoOKIEHUH BOJHBI UYepe3 TPAHUILY pas/eia MOXKXHO OCYIIe-
CTBHTB, UCTIONB3YSI epanu4Hble YCA08Us JUISI BEKTOPOB JIeKTpudeckoro E m maramT-
Horo H mogeit, BeITeKaomme M3 ypaBHeHNT MakcBea.

I'panmunbie yeaoua. [1ycTh KOITMMUPOBAHHBIN MOHOXPOMATUYECKUM CBETOBOM
MMyYOK TajaeT HaKJIIOHHO Ha IIIOCKYIO TPaHWIY pasiena AByX cpend. Jdwmdpaximeit,
B CHJIY MaJIOCTH PACCTOSTHUI OT TPaHUIILI pa3zielia, MOXHO TpeHeOpeus. Ecam amr-
JINTYyA BOJHBI B CEYCHUM ITyYKa IMOCTOSTHHA, TO TAKOMY ITyYKY MOKHO TTOCTaBUTH
B COOTBETCTBUE .1y4 ceema — OMPe30K HNPAMOU, HANPABAEHHbI 8004b OCU NY4KA
6 copoHy e2o pachpocmparenus. TaKUMU JTydaMu OyJieM OTTICHIBAaTh M HATIPABIICHUS
pacIpocTpaHeHUs TIPOXOAAIIEH U OTpaskeHHOI BOJIH.

Brauame paccMoOTpuM CcUTyallMIo, KoTaa 00e Cpembl z
ABJIIOTCS MIPO3PAYHBIMU JUIIEKTPUKAMM C M3BECTHBIMU €
3HAUYCHUSIMH OEHCTBUTENBLHON YacTW MOKa3aTes L7
TIPEIIOMJICHUS 1) U 1, . T1oTJI0IeHe MOKHO He YINTHIBATD,
TTOCKOJIBKY OyIIeM paccMaTpHBaTh IMOJIST TPEX BOJTH HEITOC-
pPEACTBEHHO BOJIM3M TPAHUIILI pa3zera. Y *

ITycTe rpanuua pasgena cpen I U 2 HaXOAWUTCS B TIJIO- L0;| Dy
ckoctu z =0 (puc. 17.1).

IMagaroiuii y4, aexaiuuii B miockoctu Oxz (naocko- e; e,
cmu nadeHus), COCTaBJISIET Yo ¥; ¢ HOPMaJIblo K T'paHU-
e pasneiia. Ero HanpaBiieHne 3amaeTcs e ITMHAYHBIM BEK- Puc. 17.1
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TOpOoM e;. OTpaXkeHHBbIH JTyd OPMEHTUPOBAH B HAIPaBJICHUM €AMHUIHOIO BEKTOpA €,,
COCTABJISIIOILETO YTOJ ¥, C HOPMAJIBIO, a MPEJIOMJIEHHBI — B HAIIPABJICHUU €, TIOJ
YIJIOM ¥, K HOpMaJu.

byneM cumTaTh magarollylo BOJIHY TUIOCKO MOJisipM30BaHHON. HanpstkeHHOCTh
€€ JJIEKTPUYECKOTO TIOJISI UMEET BUJL

. r-e;
E, =A;exp|io|t——||. (17.1)
(4]
BekTop A, cocTaBisieT HEKOTOPBIM YTOM o, C TIOCKOCTBIO TrameHms. COOTBeT-
CTBEHHO [IJIST OTPAasKEHHON M TIPEIOMJICHHOI BOJIH MOXEM 3aITicaTh

E, =A, exp{im(t - iﬂ, E, =A, exp[im(t _re ﬂ (17.2)
4] U

B Beipaxkenusx (17.1) u (17.2) v, = ¢/n,, v, = ¢/n, — Ga30Bble CKOPOCTU BOJIHBI
B MepBoit 1 Bropoil cpenax. Ilojie B mepBoOil cpele eCTh CymMMa MoJel Magarollei
U OTPAKCHHOM BOJIH, a BO BTOPOM Cpeae OMNpEeneIsieTCs I0JIEM JIUIIb OJHOUN IIpe-
JIOMJIEHHOM BOJIHBI:

E =E;, +E,; E,=E;
H] :Hi+Hr; H2:Ht.

I'panuyHBIE YCIOBMSI TPEOYIOT HENPEPHIBHOCTM TAHTEHIIMAJIBHBIX (JIeXkKallnx
B MJIOCKOCTH OXxy) KOMIIOHEHT:

Elr = E21:; H]‘E = H2r' (174)
3aKoHbI reoMeTPUYeCKOil ONTHKH. YCTaHOBUM CBSI3b MeXy yriiamu O,, O, 1 3a-

JaHHBIM yriioM naaeHust ¥;. CooTtHouueHus (17.4) OyayT BBITIOJHSITBCS, €CJIU apry-
MeHThl dyHkumi (17.1) u (17.2) onrHAKOBBI B JII0OO MOMEHT BPEMEHMU:

(17.3)

r-e; r-e r-e
7 R r—f_ L (17.5)
vy 21 (%)

1

rae r JeXuT B Twiockoctu Oxy. Torma e-r = e, u (17.5) 3anuiercsa B BUae

Cin _Cre _Cn (17.6)
L2 T T )

OueBUAHO, YTO BCE MPU eOUHUHHbIX 6EKMOPA NeHCam 6 OOHOU NAOCKOCHU NAOeHUS
Oxz. Ilockoneky e;, =sin9;; e,. =sinv,; e, =sin¥,, MOXHO 3aIIUCATh BA COOTHO-
LEHWS MEXIY YIJIaMU, ONPEACISIOIINe COAEpKaHWE IBYX 3aKOHOB TeOMETpUYe-
CKOW OINTUKW: 3aKOHA OMPAdICeHUs

Y =10, a7.7)
Y 3aKOHA NpeaoMAeHUs
sind; v, n
=12 (17.8)
sind, v, m

TIOJIyYMBIICTO HAa3BaHUEC 3AKOHA CHe/z/luyca B YECTb T'OJUIAaHACKOTO YY€HOIO B.Chen-
JInyCa, OTKPbLIBIIETO 3TOT 3aKOH 3KCIICPUMEHTAJILHO B 1621 r. 3akoH OTpaXXCHMA CBETA
OBUT M3BECTEH €l JPEBHUM I'p€KaM, KOTOPLIC YCIIECITHO €ro NIpUMCHAIN Ha ITPAKTUKE.
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SApKUM BKCIepMMEHTAIbHBIM TOATBEPXKIeHNEeM 3akoHa CHesuimyca SIBisSeTCs
BBIIIOJIHEHHBIN . HbI0TOHOM 3KCIIEpMMEHT I10 Pa3JIoXKeHUIO OeJIoro CBeTa Ha 1LIBeTa
C TIOMOIIIbIO CTEKJISTHHOM Mpu3Mbl. PasznoxeHue 0en0ro cBeTa B CIEKTP MOKa3aHO
Ha puc. 17.1 uB. BKJL.

Ecnu cBeT magaeT 13 onTuvecky 0osiee TUIOTHOM Cpeibl B MeHee IJIOTHYIO (1, > 1y),
TO yron 9; < 9. Ilpu 8, =1/2 npeaoMIeHHbII JTy4 CKOJIb3UT BIOJIb TPAHUIILI pa3aea.
DTO NMPOUCXOIUT INPU YIiie NaaeHus ¥; = Vyyp, IPU 3TOM

SinBgr = 2 < 1. (17.9)

n

Yron ¥,,, Ha3bIBAETCS yan0m NOAHO20 6HymperHe20 ompaxcenus. I1pu yriax nane-
HUA O; 2 Uy, KaK OYNET MOKa3aHO Jajiee, MHTEHCUBHOCTb OTPAXEHHOM BOJHBI
paBHa MHTEHCUBHOCTHM Tapatomieit. [IpemomieHHass BolHA MPOHWKAeT B MeHee
IUTOTHYIO Cpely Ha HeOOJBIIYI0 TIIyOUHY TOPSAKA JIMHEI CBETOBOI BOJTHBI.

C mpenoMJIeHMEM M TIONIHBIM BHYTPEHHHMM OTpaXkKeHHEM CBS3aHO TIOSIBJICHHUE
Ha HeOOCKITOHE LIBETHOM pamyTy Tocie ToXAs. JIyd 6eJToro CoTHEeIHOTO CBeTa, IoTanast
BHYTPb JOXKIEBOI KA, BeAeT ceOsl ABOSIKO, KaK 3TO M300paxkeHOo Ha puc. 17.2 1B.
BKJI. ECTM OH WMCIIBITHIBAET ABa MPEIOMJICHUS M OOHO OTpaXkeHWe BHYTPH Kalliu,
TO YeJIOBeK, HaXOMsICh CIIMHOM K COJHILY, YBUOWUT pamyTy, KpacHYIO CBEpXy U CH-
HIOIO CHHM3y. DTa paayra HasbIBaeTcs mepBUYHON. Eciam cBeT oTpaxkaeTcss BHYTpH
KaIlTi Ba pa3a, TO Hall IepBUYHOI ITOSIBUTCS MeHee sipKasl BropnyHas pamyra. OHa
HECKOJIbKO OOJIbIIe TICPBUYHOM M OTIIMYACTCS TTPOTUBOITOJIOXHBIM TTOPSIIKOM Clie-
JIOBaHUS IIBETOB.

ITpu nageHuu cBeta B cpeny ¢ #, < 0 yroa 9, < 0. 9To 03HavYaeT, YTO MpeOMIICH-
HBIH JIyd OyIeT HaXOAUThCS MO OAHY CTOPOHY OT HOpMaJu ¢ rafgatoium. Ha puc.17.3
IIB. BKJI. CXeMaTUIHO TTOKA3aH XOJI JIy4ei OT TOUSUHOTO NCTOYHIKA Yepe3 IIOCKOoapa-
JIeJIbHYIO TUIaCTUHKY (puc. 17.3, @ uB. BKJ.) U cioii MeTamaTepuaina (puc.17.3,6 us.
BKJI.) C OTpUIATEILHBIM TTOKa3aTeieM TIpejoMieHUsA. B mociaemHeM ciaydae ciioi
dopmupyeT n306paxkeHre TOYSTHOTO NCTOUHMKA. [IpocTeimit pacyeT moKa3biBa-
€T, U4TO IIJIT 3TOr0 HeOoOXOaUMO, 4TOOk # = —1. PaccTostHre MexXay MCTOYHNKOM M
ero m3obpaxkxeHWEeM paBHO YIBOCHHOM TOJIIMHE CJIOS. BaxkHO OTMETHUTH, YTO
B OTOM cJTy4ae BCe TIPOIIEIIINE JIyIH, KaKol OBbI yToJI He 00pa30BBIBANIA MaJaloIINe
JIY4W C HOPMAaJIblo K TTOBEPXHOCTH MeTaMaTepuaja, IepeceKyTcsT B OMHOUM TOUKe.
IMTosToMy Takoif IO Ha3BIBAIOT CYMepIWH30iM. OOHAKO B OTIWYKME OT OOBITHOMU
JIMH3BI OH He (POKYCHpPYeT KOUIMMHPOBAHHBIA IMYYOK SJIEKTPOMATHUTHBIX BOJIH.

Dopmyasl Openens. COOTHOLICHUS MEXIY aMIUTMTyIaMu A, A, 1 A, TIOTyJaroT-
csl U3 TpaHWYHBIX yciioBuii (17.4). Kaxnoe u3 mojeil MOXHO TMPeACTaBUTh B BUJIE
BEKTOPHOM CyMMBI TapajuieJIbHOM (Jiexalllei B TIOCKOCTH
mageHUsS Oxz) W TMEePHEeHAUKYIIPHON KOMIOHCHT: z
E=E +E;H=H+H,. E,

Brayvasie nonoxum, uro snektpuyeckoe noie E = E;

(puc. 17.2). 0

OueBunHo H = H,, nockoinbky BekTopsl E, H 11 e o6pa- x
3YIOT MPaBYIO TPOMKY BeKTOpoB (cM. (1.25) u (1.26)). Kpo-
M€ TOro, OHU CBsI3aHbl cooTHolueHueM (1.27), Kotopoe E,,
B TURJIEKTPUUIECKOU cpefie MOXeT OBITh 3aIiCaHo B BUIE E

ill
goel = \/EH uwmwm H = cegnk. (17.10) Puc. 17.2
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Torna ycnosue E|, = E,, NIpUMET BUI
E; costd; + E, cos9, = E, cosD,. (17.11)

hi
Bropoe ycnosue H,, = H,, o3Havaet, uto H; + H, = H, . C yderom (17.10) ono
TIePENUIIIETCS B BUIIE
n]Ei” —n]E,” :ant”. (1712)

CosmectHoe pewienue (17.11) u (17.12) npu yuyere 3akoHa CHennuyca (17.8)
MO3BOJISIET MOJYYUTD ClAeAylolre 1Be (popMyIIbl:
E’H A’H _ tg(ﬁ,» - ﬁt) .

R=t=—le_= I (17.13
" E, 4, tg®;+9,) )

A i .
t“:—t“:i: . 2sin 9, cos Y, ' (17.14)
E, A4 sin(d; +9,)cos(d; - 9,)
3mech ry U #; — aMIUIMUTYAHbIE KO3(M(OUILMEHTbl OTPAXKEHUS W TPOINYCKAHUS IS

napajieJIbHOi KOMIOHEHThI 3JIEKTPUYECKOTO TTOJIs.
Ecnu teneps anextpuyeckoe nose umeet apyryio nonspusauuio (E=E;; H=H,),
TO IPaHUYHBIE yCJIOBUS OyayT oTim4yathes ot (17.11) u (17.12):

E, +E, =E,, (17.15)
-mE; cosd; + mE, cos®, =-nkE, cosdv,. (17.16)
N3 nociaeaHuX ypaBHEHWI TIOTyJaroTcs 1Be (pOPMYITBI 7St KOIMMUIIMEHTOB 7| U £,:

E’l A’l _ Sin(ﬁi B ﬁt) .

MTE T AT sin@, +9,) (17.17)

LA 1

oo E, A, 2sin9,cosd,; (17.18)
T E, A4, sin(®; +9,) ‘

Dopmynsl (17.13)—(17.14) u (17.17) — (17.18) HazbiBaoTCS hopmyaramu Dpenens.

®a3oBbie cooTHomenusa. OOpaTMM BHUMaHHWE Ha BO3MOXHOCTh CMEHBI 3HakKa
y KoabduumMeHTa r; Ipyu U3MeHeHuu yria nageHus. Ecam r > 0, To oTpaxeHHas
BOJIHAa HaxoauTcd B (ase ¢ maparoweit (cMm. puc. 17.2). Ecim 7 < 0, To BeKTOp E,”
JOJKEeH OBITh HAIpaBJIeH B IMPOTUBOIOIOXHYIO cTOpoHy. ClieoBaTeIbHO, OTpaKeHHAs
BOJTHA TPUOOpPETAET MO OTHOIIEHUIO K TMajalolieil BoJIHe CKayoK ¢ha3bl, paBHBIN T.

IIpoananuzupyeM noapodHee dazoBble cooTHolleHUs. IycTh BHaYane cBeT ma-
JaeT U3 ONTUYECKN MeHee TUIOTHOM Cpelbl B ONTUYECKU Oojiee TUIOTHYIO: A1) < M,.
Torma 9; > 9, Ilpu Maneix yrnax nageHus, xorga &; + O, < n/2, < 0u r. < 0.
ITosToMy 06e oTpaxkeHHbIe BOJHBI HaXOOATCS B MpOTUBO(dase ¢ magawouieii. DToT
CKavyoK (pa3bl YUUTBHIBAICS paHee MPU BBIUMCICHUM OINTUYECKON PA3HOCTH XOoaa
B MHTepGEpPEeHIIMOHHON cxeMe ¢ KosbllaMu HbloToHa, Korma MpoOMCXOAMIIO OTpa-
XKEHUE OT IUIOCKOMAPAUIETbHOM CTEKIISTHHON TJIACTUHKU.

IMpu O; + O, =n/2 r, =0, 1 0aHa U3 KOMITIOHEHT He oTpaxaercd. COOTBETCTBYIO-
LW yros TageHus1 ¥; = O Ha3bIBaeTcs yetom bprocmepa B 4eCThb IIOTIAHACKOTO
¢dusuka /1. Bprocrepa, oTkpbiBiero (1915) cBs3b MeXAy 3TUM YIJIOM 1 MOKa3aTess -
MU MpeIOMIIEHUS 1| U 1,. OHa noyy4daeTcst U3 3akoHa CHemnyca:
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SNV SNVp o M (17.19)
sin®, sin(n/2-03) n

Taxum obpaszom, npu nadenuu nod yeaom bprocmepa ceema, noaspuzosannoco
6 naockocmu naderusi, e2o ompaxcenus He npoucxooum. Ha 3To paHee yxke o0palaioch
BHUMAaHME TPy OMMMCAaHWM YCTPOKCTBA Ta30BbIX Ja3epoB. BbIXoaHbIE TOPIIBI ra3opas-
PSOHBIX TPYOOK JISI YMEHBIIEHUs] TOTeph NMPU OTPaKEHUW ObLIM HAKJIOHEHBI TOM
yriaoM bproctepa. I'eHeprpyemMast 1a3epoM BOJIHA TOJTydaiach MIOCKONOJISIPU30BaHHOM.

IMpn 9; > O yxke ;> 0,a r, <0.

Ecnu cBet magaeT u3 ontuuecku 6oliee IJIOTHOM B MeHee TIJIOTHYIO cpeny (1, > hy),
TO Kaxnmasi U3 KOMIIOHEHT OTpaxKeHHOI BOJIHBI Bceraa OyaeT B ¢a3e ¢ COOTBETCTBY-
Io1Ieii KOMITOHEHTOM TMaJaollei BOJIHbL. DTO CleAyeT U3 TOro, YTo KO3(pdUIIMeHThI
7y ¥ 1y TIOJIOXKUTEJIbHBI TIPY BCEX YIVIaX MaJleHuUs.

OTMeTUM, YTO TOCKOJIBKY ¥ U ¢ SBISIIOTCSI NEeHCTBUTEIbHBIMUA BEJIMUYUMHAMU,
TO TMPU TAACHUM TLIOCKOMOJISIPU30BAHHOMN BOJHBI OTpPaKeHHAas U TpeJoMJIEeHHas
BOJIHBI OyOyT TakKe TUIOCKOIOSIpU30BaHbl. Pazymeercs, 3To yTBepKIeHUE CIpa-
BEUIMBO, €CJIM He MPOMCXOAUT MOJTHOIO BHYTPEHHETO OTpaXkKeHMUS.

AMIMTyIHBIe cooTHomenus. [lpoaHanuszupyem Temnepb aMIUIUTYIHbBIE COOTHO-
meHus. s mpakTudecKux liejiell UCIIOb3YIOTCSl SHepeemuueckue Koagguuyuenmol
ompaxcenus R v nponyckanus T, KoTopble ObUIM MCIIONB30BaHBI B (hopMylie Ditpu
MpU aHaIM3e MHTepGhePeHIIMOHHON KapTUHBI B nHTepdepomeTpe Padbpu — [lepo.

B cpene ¢ nokazarenem npenomieHUs # UHTEHCUBHOCTb BOJIHBI ¢ yueToM (2.5),
2.7), (17.10):

I = (EH) = %ceonAz. (17.20)

Koadppuument R onpenenum KakK OTHOLIEHUE IJIOTHOCTEH MOTOKOB DHEPTUU
yepe3 eIMHUYHYIO TUIOIIAAKY Ha TpaHUIle pasaena:
2
_Lrcosd, A _ (17.21)
I;cost; A

Koadpuumenr 7T omnpenensieTcsl O CMbICIY aHAJIOTUYHO:

_I,cos®, _ A? ny cosd, _ 2 M oS,

= = X 17.22
I;cos®, A? n cosv,; n, cosv; ( )
C nomotirsio ¢popmyn dpeHellss HETPYAHO YOSIUTHCSI, UTO
R+T=1. (17.23)
ITpu HopManbHOM mazeHuun (&; =0) ny=r =r, {y =1, =1tn
Flim|-S0@=9) o ; (17.24a)
9,20 sin(Y; +9,) n, +m
f = im | 2800, COSO; | 2m (17.246)
9;,-0] sin(¥; +9,) n, +n
IToaTomy
n—n Y n 4nmn
R=|=2—1|; T==2p=—12_ (17.25)
ny +m m (n +ny)
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R z e;
1.0}
0,8 d
0,6
0

0,4 B / X
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T T 0 T 1 | | €; \ &r

0 10 20 30 40 S0 60 70 80 90 9;

Puc. 17.3 Puc. 17.4

Ha puc. 17.3 npencrasneHs! 3aBucuMocti R = 2 v R, = r? OT yIiia mafeHust npu
pacnpocTpaHeHUHU BOJIHBI U3 Bo3ayxa (n; = 1) B crekno (n, = 1,5).

ITpu HopmanbHOM mageHuu, Kak ciaeayeT u3 (17.25), R = 0,04 (cOOTBETCTBEHHO
T=0,96). INpn yBenmmueHnn yria ¥ KodhPUIIMEHT oTpaxkeHUsI R, MOHOTOHHO yBE-
JMYMBAETCS 10 €AMHUILIBI, B TO BpeMs Kak R, BHavase yobIBaeT 10 HyJs. Yron bpro-
crepa 9p = arctg(1,5/1) = 62°. 3atem nipu 9; > 9 R, BO3pacTaeT TaKXKe 10 eAUHULIBL.

Vroa bprocrepa u ero ¢pusuveckuii cmpici. OTCYTCTBUE MapajieIbHOM KOMIIO-
HEHTHI B OTPaKEHHOM CBeTe TIpU TTaficHNH 1o yriioM Bpioctepa HETPYIHO 0OBSIC-
HUTh, €CJIU y4eCThb, UTO OTpakeHHas BOJHA (KaK M TIPOXONSINasi) BO3HUKAET
B pe3yJIbTaTe Tepen3IydeHUs CBeTa 3JIeMEHTAPHBIMY OCIIJUTHPYIONIME TUTTOISIMI
d, nMmeroImMMuI TUarpaMMy HaIIpaBIIEHHOCTH CBOETO M3JIYYeHUS (CM. IHarpaMMy Ha
puc. 3.4). Ecnu B magatolieid BoJHe MPUCYTCTBYET JIMIIb KOMIIOHEHTA E,-”, TO U B
TPOXOJISILLICH BOIHE GYAET OHA KOMITOHEHTa E;, KOTOpask BBI3OBET BBIHYXICHHBIC
KOJ1e0aHUsT IUTIOJIbHOTO MOMEHTA B ILIOCKOCTH ManeHust (puc. 17.4).

IMpu 9, = O yron Mexny e, 1 e, 6yaet mpssMbiM. [1oaToMy THTIONE B HATIpABJICHUT
€, U3ITy4aTh He Oymer.

ITonnoe BHyTpeHHee OTpaxkeHue. PaccMOTpUM MajeHue CBETa U3 ONTUYECKU 00-

. n
Jiee TUIOTHOM B MeHee TUIOTHYIO cpeny (n; > n,). Yroa bpiocrepa Oy = arctg —2],

n
. (n
a YToJl TOJTHOTO BHYTPEHHETO OTPaXeHUsl U, = arcsin (—zj > 0. Hammpumep, npn
n
nageHuu us crekna (n; = 1,5) B Bo3nyx (n, = 1) 9 = 33°, a ¥, = 42°. Koo Ppuuu-
eHTBl R 1 R, N3MEHAIOTCS MO-pasHOMY B 3aBUCHMOCTH OT yria ¥;: R, MOHOTOHHO
BO3pAacTaeT, a R, BHayaje yObIBAaeT, JOCTUTasl HyJIA IPU ¥; = ¥p, a 3aTEM BO3PACTaET.
0O6a xoapduumenTa, kak cienyeT u3 dpopmyn Ppenens, npu ¥; = O, TOCTUTAIOT
MaKCUMAaJIbHBIX 3HAYeHW, paBHBIX eIUHUIIC.
[Mpu yrmax nagenus 9; > O, 3akoH CHeJUIMyca HENPUMEHNM, MTOCKOJIBKY YTOJI ¥,
B (17.8) TepsieT cMbIci. MOXHO TOCTYNUTh popmajibHO, 3anucas (17.8) B BuIe

2 2
cos®, =1-sin? ¥, = l—n—;sinzﬁ,- =i n—'zsinzﬁ,- —1. (17.26)

n; n;

Benanuuna cos®, ctaHoBuTCS MHUMOM. Ecim tenepsr mpeobpasoBars (17.13) u
(17.17) ¢ yuetom (17.26), TO BETMYMHBI 7 U | CTAHOBATCS KOMILIEKCHBIMUA. Mony-
7m o1UX BennuuH || = || = 1. Eciu napaionnasi BoJHa IUIOCKOMOJSIPM30BaHA, TO
OTpakeHHasl BOJIHA, B OOILEM CIyvae, CTAHOBUTCS SJTUNTUYECKU MOJISIPU30BAHHOM.
BDTO 00YCIOBJIEHO MOSIBIIEHUEM cABUTA (ha3 y KONEOIIOIIUXCSI KOMIIOHEHT F n 1 E, .
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Ipomorkast popManibHBIN Moaxomn, npeobdpasyeM BbipaxkeHue (17.2) misa nons E,.
YuuteiBas, uTO T - €, = X Sin ¥, + zcos ¥,, e cosV, onpenensercs us (17.26), nomydaem:

E A expli| o t_xsimf}t+zcosﬂ, _
t t 1)2

2
— A exp| -2z [P gin2 9, -1 exp[i u)t—z—nsinﬁ,x)}, (17.27)
A A\ n3 %
2 ., .
rie 5= = Pl JUIMHA BOJIHBI BO BTOPOIi Cpere.

Takum obpa3om, MpesoMIeHHas: BOJIHA pacnpocTpaHsieTcst Bnojb ocu Ox ¢ da-
30BOI CKOPOCTBIO ,/Sin ¥, U €€ aMIUIUTYa SKCIIOHEHIMAIBHO YOBIBAET BAOJb OCU
Oz Ha MaciITabe PacCTOSTHUN TOPSAKA JUIMHBI BOJTHBL. PacueT mokaseiBaer, 4To no-
MoK 2Hepeuu uepe3 epanuyy pasdeaa, onpenessieMblii z-KOMIMOHEHToi BekTopa [loii-
HtuHra S, = (E, xH,), ocyunraupyem 6o epemenu c usmenenuem nanpasnenus u cpeo-
Hee e20 3Ha4eHue 3a nepuod pagHo HY.

OTtpaxkeHue ecTecTBeHHOro cBeta. Eciu B magaolieil MioCKOMONSIPU30BAHHOM
BOJIHE BEKTOP A; COCTaBISICT YIOM 0 C IUIOCKOCTBIO MajeHus, T0 A; = A cosoy,
A;, = A;sino,. st otpaxeHHOW BolHbl A, = rA; coso,, A, =r 4;sino;. UHTeH-
CHUBHOCTbH BOJTHBI

I, = %ceonl |4,]> = %caonlAiz(er cos’a; +rlsin?o;) = I;R,, (17.28)

rae
R, =rcos? a; +r, sin? a;. (17.29)

CrnenoBaTeibHO, KOI(POUIIMEHT OTpakeHUsI 3aBUCUT OT YIJa MOJISIpU3aliuu o
Hns ecmecmeennoeo céema yrojl o,; XaOTMUYECKM MEHSIETCSl Ha Macliltabe BpeMeHU
KorepeHTHOCTH T,. KoadduimeHT ero orpaxeHus R, mojydaeTcsl yCpeaHEeHUEeM
(17.29) 3a npomMeXXyTOK BpeMeHU Af > T,:

R... =(R,) = %(R|| +R)). (17.30)

Ha puc. 17.3 noeneHue R.., M300paxkeHO IITPUXOBOM
JIMHUEH.

BosiokOHHBIE CBeTOBOBI. SIBJIEHUE IMOJIHOIO BHYTPEH-
HETo OTpaXXeHUsI PeaIM3yeTCs] B 6010KOHHbIX C8eMO600aX,
MpeaHa3HAYeHHBIX IS KaHAIU3alMK U Tiepeaadyn uHdop-
Malliy ¥ CBETOBOI SHEePruy Ha OoJibliine paccTosiHusl. OHU
MPEACTABISAIOT CO0ON TOHKHE JUIMHHBIE KBaplieBble HUTH.
Mx usroroisioT u3 razoobpasHoii ¢asel SiO,. BHauane
MOJIyYyaloT HWJIMHIPUYECKYIO 3aroTOBKY M3 TUIABJIEHOTO
KBaplia AMaMeTpoM ~1cM u uinHoi ~1 M. B ee cepalieBuHy
(mpuoceBylo yacTtb) nobamisior npumecu (GeO,, POs
1 JIp.) C LIeJIbIO YBEJIWYMTD MTOKa3aTelb IpesoMiaeHus. B oc-
TaJIbHYI0 4acThb (000JI0UKY) H00aBISIOT (TOPUABLL. 3aTem
3aroTOBKY BBITSTMBAIOT B TOHKYIO HUTh. B mpocTeiiiiieM ciy-
yae HUTb, CeYeHHE KOTOpOil M300paxeHO Ha puc. 17.5,
MMeeT CTYIEHUYAThIi MpoGWb TTOKa3aTessl PeJIOMIECHUSI.

Oo6oouka CepaueBuHa




OtHocuTebHast Pa3HOCTh MOKa3aTeJie TPEIOMIIEHUS HEBEJIUKA:

A=1"" 302
m

OmHako 3TOro OKa3blBaeTCsl NOCTATOYHO, YTOOBI JIyd CBETa, COCTABJISIOIIMEI C
OCBhI0 BOJIHOBOJA HEOOJIBIIION YroJ, MCIBITHIBAT TOJHOE BHYTPEHHEE OTpakeHMeE.
BonHa pacnpocTpaHsieTcsl IIaBHBIM 00pa3oM B CepIleBUHE, MPOHUKas He3HAuM-
TeJIbHO B O0O0JIOUKY.

PanuanbHOe pacripenefeHre aMIUIMTYIbl BOJIHBI OMpenessieTcs W3 ypaBHEHUI
MakcBenia ¢ COOTBETCTBYIOIIMMM TPaHUYHBIMU YCIOBUSIMU. Kak u B pe3oHaTope
Jlazepa, 9TU pacrpenesieHns] CBI3aHbl ¢ COOTBETCTBYIOLIMMU MoaaMM. Jljis camoit
HU3LIEA MOIBI pacIpefesieHue Mo B CEpILEBUHE OyIeT OJU3KO K IayCcCOBY, IUIA
0oJiee BBICOKMX MOJI TTOJISI aMILIUTYAa 0oJiee CIOKHO 3aBUCHUT OT ITOJISIPHOTO paauyca
p U ToJigpHOro yria ¢ (Ha puc. 17.5 He mokaszaH).

Yem OGosiblile IMHA BOJHBI, TEM MEHbIIIE MOJ MOXET paclpoCTPaHITLCS B BOJI-
HoBoze. [ToaToMy cyllleCcTBYeT IJIMHA BOJIHBI A, TIPU KOTOPOW B BOJIHOBOJE OyneT
pacmpoCTpaHsITLCS JIUIIL HU3IIAasi (OCHOBHAs) Mona. BenuuunHa A, Ha3bIBaeTCs 0au-
HOU 804HbL OMce4KU, TIOCKOJBbKY BOJIHBI C A > A, paclpoOCTPaHATbCS HE MOTYT.

BeauunHy A, MOXKHO ONPEAeTUTh U3 CIEMYIOIIMX COOOpaKeHU . L1 HU3LIEH MOIbI,
MOXOXeN Ha rayccoB ITy4yOK, pacripeaejeHue aMIuutynasl A(p)=<Jy(k,p), roe J, —
dyHkims beccenst HyJieBoro nopsinka; k, — norepeyHasi mpoeKIysl BOTHOBOTO BEKTOpA.
Ha puc. 17.6 noka3aH BoIHOBO# BeKTOp K 11 ero KommnoneHTa Kk, 1py mageHun BOJTHBI
U3 CEPALEBUHBI B 000TIOUKY IO/l YIJIOM ITOJIHOTO BHYTPEHHETO OTPAXKEHUA Doy

YT00b! I0JIE OBUIO JIOKAJIU30BAHO B CEPALIEBUHE, HEOOXOAUMO, YTOOLI Ha Ipa-
Hule (p = a)

Alp) = Jo(k..a) = 0.

2n n;
—n 5.
}"c nj

Haumenbiuuii kopeHb ypaBHeHus Jy(V,) = 0 ussecren: V, = 2,44. IloatoMy aivHa
BOJIHBI OTCEUKU OMpPENESIeTCs YCIOBUEM

v :%1ﬁng " nla = 2,44, (17.31)

s oOBIYHBIX BOJTHOBOIOB #; — 1y = 0,005, a = 4 mxm. Iloatomy A, = 1,2 MKM.
B TakoMm BojiokHe OyneT 0e3 audpaKiyuy paclpoCTPaHSIThCS IaycCoOB IYYOK, €CJIU
€ro JUIMHA BOJIHBI A = A, = 1,2 MKM. {7151 TaKMX WJIM OJIM3KUX JUTUH

3nech k. = k. cOS Oy, =

P BOJIH BOJIHOBOH, OyaeT odnomodoebim. OQHOMOMOBLIE BOJIOKHA B
N ] BUIVMMOM IMaria3oHe MMEIOT MEHBIINNA pagnyC CEPALEBUHBL: d =
n L, = 2 MKkM. Paguyc 060104k OOBIYHO COCTABIISIET TOPa3a0 OOJIbIIYIO
Borp BeMunHy: b = 50— 60 MKM.

X M 3-3a mOmIoIIEHUS U pacCesTHUSI CBETa MHTEHCUBHOCTD BOJTHBI
IIPY PacIpOCTPAHEHUHU YOBbIBAET IO 9KCIIOHEHIINAIbHOMY 3aKOHY:

. I(z) = Ipe.

N~

Koaphuuuenm ocaabnenus, unn Kospguuuenm 3KCmMuHKyul, o.
Puc. 17.6 CHJIBHO 3aBHCHUT OT JUTMHBI BOJIHBI.



ITepBbie CBETOBOJbI MMEJIU OYE€Hb OOJIBIIME MOTEPU: O ~ 13

~103 nb/xM. HannoMHuM, 4TO _—
10, (1 m (o
o (nb/xm) = —1g 70 =4340 (xkm7). —
<
CoBpeMeHHbIe KBaplieBble CBETOBOIBI MMEIOT MUHUMAIbHOE 3Ha- ——>
yeHue o, ~ 0,2 1b/kM Ha qyrHe BOJHBL A = 1,55 MKM. DTO 03Hauaer, L
YTO MHTEHCUBHOCTb YOBIBAET B e pa3 Ha PACCTOSHUM Z = o' = Puc. 17.7

=4,34/0,2 xm = 22 kM. Ecnu BIoJb BOJIOKOHHOI JIMHUM MTOCTABUTh

YCWJINTEM CBETA, TO MO BOJIOKHY MOXHO TIepelaBaTh CBETOBbIE UMITYJIbCHI HA OTPOM-
HbIE PACCTOSIHUS, TTPEBBILLIAIOIINE 3eMHbIE MacIITadbl. OMHAKO I 9TOrO HEOOXOIH -
MO MOAABUTH AMCIIEPCUOHHOE PAcIUIbIBAHUE WMITYJIBCOB, UTO TOCTUTAETCSl HEJIMHE -
HO-ONTUYECKUMU METOAAMM, KOTOpbIe OYIyT pacCMOTPEHHI B pasa. 9.

Murpocmpyxmypuposannste 0aokna. Hapsiny ¢ oObIYHBIMM BOJIHOBOJAMM B T1O-
cJIeHUE TOAbl CTAJM HMCIIOJb30BaThCsl BOJTHOBOABLI C KBapleBON WJIM CTEKJISTHHOM
MMKPOCTPYKTYPOI, KOTOpasli MpeacTaBisieT co00il B MOMEPEeYHOM CEUYeHUU Tepu-
OIMYECKM WIM allepuOANYECKH pacToioKeHHbIe BO3aylIHbIe oTBepcTUs. [lomooHas
CTPYKTYpa U3TOTOBJISIETCS] BBHITSTUBAHMEM T1OJIBIX BOJIOKOH.

Takue cBeToBOMIBI 00IaIAIOT XOPOIIIEH OTpaXkaTeIbHOM CITOCOOHOCTRIO. IloTepu y
STUX BOJIHOBOIOB CYILIECTBEHHO HIKE, UEM Y OOBIYHBIX. I3MEHSIST CTPYKTYpPY O00JIOUKHU,
MOXHO M3MEHUTb 3aBUCUMOCTb (k) IJISI pa3aIMYHBIX MOI, YTO OTKPHIBAET HOBBIE
BO3MOXKHOCTH B O0OJIACTM TEeJEKOMMYHUKALIMI, MO3BOJISIET CYIIIECTBEHHO YBEIUYUTh
IUIOTHOCTb HEPTUU TOJIS1 BOJIHBL B CEPALIEBUHE U TEM CaMbIM 3HAYUTEJIBHO YCUIUTh
HEJIMHEWHO-ONTUYEeCKHE B3auMOJeicTBUSI (00Jee MoaApoOHO cM. JeKuuu 22 u 24).

IIpocBeTnsiomue nokpeiTHA. HecMOTpsT Ha TO 4TO BHEpreTUYecKUil Koadpduim-
€HT OTpPaXKeHMsI OT CTEKJISIHHOM IOBEPXHOCTU COCTaBJIsIeT Bcero 4 %, orpaxareiib-
HYIO CITOCOOHOCTbh MOXKHO 3aMETHO YMEHBIIIUTD, €CJIM Ha TTIOBEPXHOCTh HAHECTH TOH -
KW CJIOI IU2JIEKTPUKA, TTOI00paB ero rMmokasaresib MpeJoMISHUS U TOIIIMHY. Takoe
MOKPBITHE HA3BIBACTCSI APOCBEMASHOULUM.

IlycTs BoJHa mamaeT HOPMaJIbHO Ha TpaHUIly paszdesia, Ha KOTOPYIO HaHeceH
TOHKUI CJIOH TONIIMHON L ¢ ToKazaresaeM mpeaomMiaeHust ns (puc. 17.7).

IMaparoiiast BojiHa OyaeT UCHBITHIBATh OTpaXKeHUEe OT o0eunx rpaHuil cios. Ha mie-
BOI1 IpaHMlIe cllosl, corjacHo (17.24a), koahGUIUEHT OTpaxkKeHUs

ny —n
3 =———, 17.32
5= (17.32)
a Ha MpaBoOU IrpaHULIC
n—nm
ry =—-——"=. 17.33
kY) 1y + s ( )

Ecnu nokasaresnb IPECIOMIICHUA CI10A

l’l3 =mn,, (1734)

o Am =
hy =TI = \/EJF\/E (17.35)

Ipu n, = 1,0, ny, = 1,5, ny = 1,22 x03DOULIUEHTHI 73 = 13, = —0,1.

TO

211



B cuny Mmastocti K03 GUIIMEHTOB OTPAKEHUSI MOXHO YYECTb JIUIIb OJHOKPATHbBIE
OTpakeHM NaJaoIleil BOJHBI OT TpaHMIL cJiosl. Torna nBe oTpaskeHHbIE BOJIHBI OyIyT
WMeThb IPUOIM3UTEIbHO paBHbIE aMIUIUTYAbI, a MX pa3HOCTh (a3 OydeT 3aBUCETb
OT ONTUYECKOU TONIIMHBI 13 L cios. Ecnu

n3L=(2m—1>%, m=1,23.., (17.36)

TO OTpaxk€HHbIE BOJIHBI MpPU MHTepGEepeHIIMM B3aUMHO KoMIleHcupyoTcs. Cloi,
yIOBJeTBOpIOWNi yeiaoBuio (17.36), Ha3bIBAIOT yemeepmubeoaHosbim. ClienoBaTelb-
HO, OTpaXk€HHasl BOJIHA MPAKTUYECKU OyIeT OTCYTCTBOBAaTh, U BCSI CBETOBAs dHEp-
M NPOHUKHET YEPE3 YETBEPTHBOJIHOBOM CJIOW BO BTOPYIO Cpefy.

ITpocBeTngiolie MOKPbITUS HAHOCATCS, HallpMMEpP, Ha MOBEPXHOCTh OMNTHYE-
CKHUX JIUH3 (hOTOANIIapaToB, Teje- U Buacokamep U np. [lokazatenb mpesoMaeHUsT U
TOJIMHY MOAOUPAIOT C TEM PACYETOM, YTOOBI OOECNIEYUTh HaWJyylllee MPOHUKHO-
BEHME IJId IJIMHBI BOJHBI A, MpUHAMJIEeXalleid K Haubojgee MHTEHCUBHOM XKeJITO-
3€JIEHOM YacTU CIEKTpa COJHEYHOro cBera. I1oCcKoIbKy B OTpaXk€HHOM CBETE 3Ta
YacTb CIIEKTpPa OTCYTCTBYET, TO MOBEPXHOCTb JIMH3bl CTAHOBUTCS OKpalIEHHOW
B CUHMIA WX (pUOJETOBBIN LIBETA.

3epkanbHble MOKPbITHA. [1yCTh YeTBEPTHBOTHOBOM CJIOM MMeEeT MoKaszaTelb Ipe-
JIOMJICHUS 3 > 1y, Hy. Torma ri3 < 0, a 13, > 0, IpK 9TOM ¢ yBEIUYEHUEM A3 OTpaxe-
HUE OT TpaHUIl cJI0s1 yBeanurBaeTcs. OTpaxkeHHbIe BOJIHBI OYAYyT HAXOOUTHCS B (hase.
ITosTOMy Takoil CjOil CITOCOOCTBYET YBEIWUEHUIO OTPAXKEHUS W BBIMOJHSET POJIb
3epKaJIbHOTO TTOKPHITHS VISl CBETa C [UIMHOM BOJIHBI A, yIOBJIeTBopsitoleii (17.36).

Yuem muozoxpammuoix ompaxcenuti om caoa. PaccuuraeM KoahGUIIMEHT OTpaxke-
HUS C YyYETOM MHOTOKPATHBIX MPOXOJAOB U OTPAXKEHUIN OT TpaHMIL CJIOSI C MPOU3-
BOJIbHOI ONTWYECKOW TOJMIIMHON 13 L. ECIM aMIIMTyna 3JIeKTPUYECKOTO T10JI1 HOp-
MaJIbHO Tafalolleil Ha CJIOM BOJIHBI paBHA A;, TO aMIIUTyda OTPaKeHHOW BOJHBI A,
MOXeET OBbITh MPEICTABICHA B BUMIE Psla:

> i®
13rpttye

Ar = AI'(’"]:; +t]3t32r3213leiq)+t]3t§r322r3]t3]ei2® +) =Ai ("13 + (Dj =A,-I‘,(l7.37)

1-13rypry e’

2n
e @ = N 2n3L; t; — K03 GULMEHT TPOMYCKAHUS CIIOST; 13 U ;) — Koo DULIMeH-
0

TBI IPOIYCKAHMUSI, oIpeaessieMble 1Mo aHanoruu ¢ (17.246). KoadpuumeHT oTpaxke-
HUS 7 CJIOS1 OTIpeAesIsieTCsl BhIpakeHHMEM B CKOOKax.
Ha puc. 17.8 mokazaHa 3aBUCUMOCTb

R SHEPTreTUYECKOro KoaduiimeHTa orpa-
0,5 KeHus1 R=|r> OT ONTUYECKOI TONIIMHEI
TUIEHKW, HAaHECEHHOM Ha MOBEPXHOCTH
cTeKkia ¢ ny = 1,5.

Ipu n; =1 u ny; = 1,5 R = 0,04, xak
1 JOJKHO OBITh B OTCYTCTBUE IMOKPBITHSI.
Eciu ny = \Jmn, = 1,22, TO 4eTBEPTHBOJI-
HOBas IUIEHKA OyIeT MpOCBETJSIONIEH,
ecnu ny = 2,0; 3,0, To — oTpaxaroliei.
ITonyBosHOBas MIeHKA paboTaeT Kak CBe-
TODUIBTP, MPOIMYCKAIOUIUIA CBET B Orpa-
Puc. 17.8 HUYEHHOM CIeKTpajbHOI 00JacTH.

0,4 n3=3,0
0,3

0,2

0,1

‘ ‘ ‘ n3=1,22
0 ro/4 A/2 0 3hp/4 Lo m3L
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JJ1st MOKPBHITUI TIPUMEHSIIOT HEOOIb-
110 HA0OP MPO3pavyHbIX TUIJIEKTPUKOB, 1,0}
CTOMKMX K aTMOC(EepHBIM BO3IEHCTBU-
M. B Buaymoli o6aacTu Iisl IpocBeTIIe-
HUS UCIIOJb3YIOT (PTOPUCTHIM MarHui
MgF, (n; = 1,38) uaum KpUOJIHUT
3NaF - AlF; (n;=1,35). EctecTBeHHO, uTO 1 5 3 "
ycnoBue (17.34) TOUHO He BBIMOIHSIETCSI.

Mnoeocaoiinote dusaexmpuueckue 3ep- Puc. 17.9

kaaa. V13 puc. 17.8 BugHO, 4T0 KO3 IU-
LIMEHT OTPaKeHUSI OT OJHOIO CJIOSI He oueHb 00JbiIoi (R ~ 0,5), TIpu 3TOM oTpaka-
I0TCSI BOJIHBI, JUTSI KOTOPBIX CJION SIBJISIETCS] Y€TBEPTHBOJIHOBBIM. 7151 MOJTyYeHUST XO-
POIIIO OTpakalollMX MOBEPXHOCTEH (3epKaj) B IIMPOKOM CIEKTPaTbHOM IMaIa3oHe
Ha TTOBEPXHOCTb CTEKJISTHHOM IJIACTUHKUA HAaHOCSIT HAMMbUIEHUEM MHOTO YepemyIOIXCs
YETBEPTHBOJHOBBIX CJIOEB JU3JIEKTPUKOB C MOKA3ATENSAMU MPEJTOMIIEHUS 13 U 13 < 13,
I1pu 5TOM nepBBEIM HAHOCUTCS CJIOM ¢ OOJBIIMM IT0Ka3aTeaeM IpeaomMiieHus. B pe-
3yJIbTaTe 00pPa3yeTCsl MHO2OCAOUHOEe JUlLeKmpPuYecKoe 3epKaio ¢ BHICOKUM Koadhdu-
LIMEHTOM OTpaXkKeHMSI.

Hampumep, npu HanbIJIeHUM Ha CTEKJIO 14 4eTBEPTHBOJHOBBIX clioeB ZnS (n; =
=2,30) u kpuonura (ny = 1,35) mosyyaeTcs 3epkajio, CIeKTpajibHas 3aBUCUMOCTh
K02 GULIMEHTa OTpakeHUsT R KOTOporo IokasaHa Ha puc. 17.9.

3nech Ay — IUTMHA BOJIHBI, JUISI KOTOPOW CJIOM SIBJISIIOTCSI YETBEPTHBOJHOBBIMMU.
B makcumyme R = 0,98. Eciu Ay = 550 HM, TO AL = 0,3, = 165 uM. Mcnomb3ys
pasHOOOpa3HbIe MOKPHITUS U YBEIUYMBAs YMCIIO CJIOEB, MOXKHO U3rOTaBIMBaTh 3ep-
Kajia, XOpOIIO OTPAKAOIIMEe CBET B Pa3HBIX CHEKTPAIbHBIX AMala30Hax.

Pacuer, KOTOpBIfi HECIOXHO TMPOBECTH, TMOKA3bIBAET, YTO TIPU YETHOM 4YHUCIIE
cnoeB 2N B OTCYTCTBHUE TIOTEPh B CIOSAX KO3GGUINEHT OTPAKEHUS

nl/ N n/ N
(5] ()
= 3 3. (17.38)

ITpu N — « r — —1. OgHaKo Npu NMPeBbILLIEHUU HEKOTOPOTO YKCJia CJI0eB OTpaxke-
HUE HAuHeT YXyIIaTbCsl M3-32 BO3pacTaHUs MOMIOLIEHUST U pacCesTHUSI.

ITo-BuauMoMy, B HacTosilliee BpeMsl TIPeAebHO BbICOKUM KO3(M(GUIIMEHTOM OT-
paxxeHUs 00JaaloT AUBJIEKTpUUECKUe 3epKaja, UCIIOJb3yeMble B OMMMCAHHON paHee
rpaButaiiioHHoit aHteHHe LIGO. Ilpu HaHeceHun 2N = 40 cnoeB AUBIEKTPUKOB
SiO, (ny = 1,41) u Ta,05 (n; = 2,10) Ha AIKMHE BOJHBI Ay = 1 MKM KO3(hGULIUEHT
otpaxeHust R~ 1—-10°=0,999999...

Memaaauueckue 3epkaaa. JIpyroii pasHOBUIHOCTBIO 3€pKaj SIBISIIOTCS TIaaKue
MeTalIndyeckue rmoBepxHocTu. KoahdUuuneHT oTpaXeHus1 OT TaKoil MOBEPXHOCTU
nojryyaetcs us opmyinl (17.24a), B KOTOPYIO HaaO MOACTaBUTh KOMILIEKCHBII TTO-
Kazareb NPEeJIOMIICHUS My, = Ny — iY):

Ry =2 "M (17.39)
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Ilepexons Kk Ko3OULIUEHTY OTpaXkeHUsI TT0 MHTEHCUBHOCTH, TOJIyJ4aeM

2
R =2 = 2=m) * 2o (17.40)
(ny +m)° +x,

B UK-agunanazone mist cepedbpa mpu A = 10 MkMm (cM. Jtekuuio 16) n, = x5, = 140,
1mosToMy R = 1. C yMeHbllIeHUeM JUIMHbI BOJTHbI KOA(M(PULIMEHT OTpaXkeHUSI METAJUIOB
YMEHbIIIaeTCs.

st navMH BOJIH A < A, (kp — MJIa3MeHHasl JJIMHA BOJIHBI) ACHCTBUTENbHAS
YyacTh MokKazaTesis MpeJoMIeHUs] MEeTaJUIOB 71, < 1. [loaToMy mpu HaKJIOHHOM Maje-
HUM BOJIHBI M3 Bo3ayxa (#; = 1) Ha MeTa/lIMuyecKoe 3epKaJlo MPOMCXOIUT TTOJTHOE
BHYTpPEHHEe OTpaXkeH!e, U B KOPOTKOBOJIHOBOM YacTH CIeKTpa Ko3(hGUIIMEHT OT-
paxkeHMsT YBEJIMUMBACTCS.

Hnurepdepennmonnnie ceeToduanTpbl. [IpocTreiiiunit unmepgepenyuonnsiii gpusvmp
npeacrasisier coboii stamoH Madbpu— [lepo ¢ MPOMEXKYTKOM MeXIy 3epKalaMH
MopsiAKa IIMHBI BOMHBL. MHTEpGhepeHIIMOHHBIE KOJIbLIAa CTAHOBATCS IIIMPOKUMU, pac-
CTOSIHUE MEXIy HUMHU YBEJMYMBAETCS, OMHAKO OTHOIIEHHME LIMPHUHBI MOJIOC K pac-
CTOSTHUIO MEXIY HUMM OIpeAesisieTCsl JMIIb KO3(hMUIIMEHTOM OTpaxkKeHMsT 3epKaj
1 HEe 3aBUCHUT OT pacCTOSTHUS MexXay HUMU. CaMM 3epKajia MOTYT ObITh KaK MHOTI'O-

CJIOMHBIMU JUBJICKTPUYCCKMMU, TaK U MCTATNIMYCCKHUMMU.

2
I1pu HOpMaNIbHOM MageHUM pa3HocTh (a3, cortacHo (10.16), @ = k—n2Ln. Host
0

TEX TJIMH BOJIH 7\.m, JUIA KOTOPBIX BBITTOJIHACTCA YCIIOBUEC D = 21cm, nim

xmzzmﬂ, m=1,23, .., (17.41)

MHTEHCUBHOCTb TIPOLLIEAIIEro CBeTa, Kak cieayeT u3 ¢popmynsl Ditpu (10.20), 6yner
MaKCHUMaJIbHOI M paBHOM MHTEHCUBHOCTU majgaloieii BoaHbl. M3 (17.41) cnenyer,
YTO (PUIBTP MOJO0OEH MOJYBOJHOBOMY CJIOI0, TIOMEILIEHHOMY MEXIY 3epKajlaMu.

IIpu m = 1 ¢unbTp HasbiBaeTcs @uabmpom I-2o0 nopsdxa, ipu m = 2, 3, ... —
¢GunbTpom 2-10, 3-10, ... TOpsAAKOB. CTEKIISIHHbBIN (UIBTP TIEPBOTO MOPSIKA, PACCUU-
TAaHHBIIA HA JUIMHY BOJHBI A; = 6 000 A, He GyneT MpoMycKaTh BOJHBI C JUIMHO A, =
A1/m, TIOCKOJIbKY OHU OYAYT MOTIJIOIIATHCS CTEKIIOM.

Huzkue nopsaky mHTepdepeHIn 00ecneunBalOT CPABHUTEIBHO IIIMPOKYIO IMO-
Jjocy mipornyckaHus. IllupuHa crieKTpajdbHOTO MHTEpBaja, Ha TPaHUIIAX KOTOPOIo
MpoItycKaHue (GUabTpa YMEHbIIAETCS Ha MOPSIIOK, B clydae cepeOpsHbIX 3epKas
AL = 100—300 A. ¥ xopolux puasTpoB ¢ AUAIEKTPUIECKMMU 3epKaJaMi OHA 3Ha-
YUTENTBHO yke: AL =~ 10—20 A.

Ilpy HakIOHHOM TIaZeHMM cBeTa Ha (GuiabTp BennunHa @ yMeHbBIIAETCs, YTO
HCTIOJIb3YETCS IJIs1 HEOOJIBIIIOTO CMEILEHMSI TTOJIOCHI TTPOMYCKaHUSI B KOPOTKOBOJIHO-
BYIO YacTh CIIeKTpa.

Ha puc. 17.4, a— e uB. BKJI. IpeCTaBlIeH OAUH U TOT K& MHTepdepeHLIMOHHbII
CBETODUIIBTP MPHU Pa3IMUYHBIX OPUEHTALIUSIX MO OTHOIICHHUIO K TajalolieMy 0eJioMy
cBeTy. OTUETIMBO BUIHO CYIIECTBEHHOE CMEIICHUE TTOJIOCHI €T0 MPOIMYCKaHMSI.



JEKITHS 18

PacnpocTpanenue cBera 4epe3 cepuyecKyio rpanuuny pasaeia cpea. Eciu mioc-
Kas BOJTHA TIepeceKaeT TaKylo TpaHMIly, TO €€ BOJHOBOI (DpOHT MpHUOOpeTaeT KpH-
BU3HY. TakmM obGpa3oM, mociie TrepecedeHns] TPaHUIIE (POPMUPYIOTCS CXOMSIIIECS
WJTY paCXOISIIINECS ITyYKH CBETa. DTOT BLIBO JIETKO TTOATBEPKIACTCS B JTIOOOM OITEITE,
B KOTOPOM KOJUTMMHMPOBAHHBIM ITy4OK CBETa TPOXOINT UYepe3 COOMPAFOIIYIO VTN
pacceuBatoliyto JuH3y. Eciyu B KauecTBe rpaHMLIbI pasjesa UCIOIb30BaTh chepu-
yeckoe (BOTHYTOE WJIM BBITTYKJIOE) 3epKajo, TO TPU OTPaXKeHWHM TIepPBOHAYAIBHO
KOJZTMMHPOBAHHOTO TTyYKa CBeTa CHOPMUPYIOTCS CXOASIIINECS VI PaCXOISIIIecs
cepryecKrie BOJHEI.

ITocKoMBKY TIPOTSKEHHOCTh TPaHMIIBI pasziesia orpaHmdyeHa (0OyCIOBIIeHa KO-
HEYHBIMU pa3MepaMM JIMH3, 3epKajl M TIp.), paduyCc KPUBU3HBI BOJHBI, CHOPMUPO-
BaHHOM TIpH TIepeceUeHNM 3TOM TPpaHWIILI, B JaJIbHEHIIIEM 13-3a TU(pakIIny OyaeT
U3MEHSIThCS.

Ha puc. 18.1 mokazaHa 3BOIIONST BOJIHOBOTO (PpOHTA CXOASIIEICS cpeprnIecKom
BOJTHEI, OTMEUYEHHOTO CILTONTHBIMY JUHUSMU. LIITpUXOBBIC IMHUM OTIPEICIISTIOT Xa-
paKkTepHBIe 00JaCTH, 3aHNMaeMble BOJTHOM (CBETOBBIM ITYUKOM).

B Touke P HaxomwTCs IEHTP KPMBU3HBI HAYaTLHOTO BOJTHOBOTO (PpOHTA, MMEIO-
IIETO pamuyc KPpUBU3HEI R;. 3aTeM Mpu pacrpOCTpaHEHUN CXOASIICIHCS BOJHBI pa-
IWyC KPUBU3HBI BHaUaJIe YMEHBIIIAETCSI, OMHAKO TIPU MPHUOTKeHNN (pOHTA K TOU-
Ke Pu3-3a ycrBaroleiics mupakiiny HAYMHAST HeOTpaHMYeHHO BO3pacTaTth. B Tou-
Ke P GpOHT BOJTHBI CTAHOBUTCS TNTIOCKUM; MUHUMAJTBHBIN pa3Mep ITydKa U COOTBET-
CTBEHHO MaKCUMaJlbHasi MHTEHCUBHOCTb OTpaHWYEHBI TU(pakuueil. 3aTreM BOJTHA
CTAHOBUTCSI pacxoisiueiics. Pagmyc KpMBU3HEI ee (DpOHTAa BHayaje YMEHBIIACTCH,
a 3aTeM YBEIIMIMBACTCS C MPONIEHHBIM BOJTHOM PACCTOSTHUEM.

Taxkum obpaszoM, cxodauiasacs 6oana GoxKycupyemcs 8 NAMHO KOHEYHbIX pa3mMepos, C
LIEHTPOM B TOUKe P. DTa ToYKa HaXOAWTCS Ha TIepeceUeHNUHN JIydeil — OTPe3KOB TIpsI-
MBIX, TIEPIIEHANKYISIPHBIX HAYaJIbBHOMY BOJTHOBOMY (DPOHTY. DTO MO3BOJISIET MCTIOIb-
30BaTh 3aKOHBI TEOMETPUUECKOMN OITUKHU, OTIEPUPYIOIIEH CO CBETOBBIMM JTydaMU, T
HaXOXIEHHS IICHTPOB KPUBU3HBI CXOISIIEHCS W pacXoAsIieiics ceprmdecKnX BOJTH.

ITpumeHUM 60.4HO60U U 2eeomempoonmu4eckuil TIOAXOABI IJI1 HaXOXIEHUsI TOUKU
(hOKYyCHMPOBKI TIIIOCKOM BOJTHEI, TIPOIIEAIIEH Yepe3 TpaHMILy pas3iesia IBYX JUAJICK-
TPUKOB C MOKa3aTeJISIMU MpeJIOMIIEHUS 1y U 1y > 1y (puc. 18.2). IToBepxHOCTh MMeeT
panuyc KpuBu3Hbl R = OC u ueHTp KpuBU3HBI B Touke C. OmnpeaenuM IMojoxeHue
TOYKH P, B KOTOpOU MHTEHCHUBHOCTh MaKCHUMAaJIbHa.

Ornrrueckast pa3HOCTb XoHa MexXay JiydamMu 2 1 1 B Tiockocta I1

’ rz
A = (m n2)2R<O. (18.1)

3aech Tpearnonaraercsa, uyro r < R. B Touke P, ymaleHHOIl Ha paccTosiHue f

OT TIOBEPXHOCTHU, TIOSIBIISIETCS JOIOJHUTEIbHAsI pa3HOCTb X0Ia
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0 R s C |
ny ny |
Jlyu
Puc. 18.1 Puc. 18.2
” r2
A" = ﬁnz. (18.2)
MHTeHCUBHOCTH B Hell OyleT MakcMMalbHa, eCiu
A+ A" =0. (18.3)
IMoncraBus B (18.3) dopmynsl (18.1) u (18.2), momyunum
1l_m-nl (18.4)

f n, R

Takum obpaszoM, TpaHUIIA pa3ena ooiagaeT GOKyCUPYIOIIUM cBoiicTBOM. DoKyc-
HOE PaCCTOSTHUE f He 3aBUCHUT OT BEJTMUMHEI # JIVIIH UTSI TIPHOCEBEIX JTy4deit, Y KOTOPBIX
r < R. Eciim xxe moBepXHOCTh MeeT (opmy ITapaboionga BpalleHUSI C pagnyCcoM
KpuBU3HBI R, To (18.4) cripaBemuBO ISl TIOOBIX MapasjiebHbIX JIydeil.

OrmpenennM MojIoXXeHWe TOYKN P Teriephb ¢ TTOMOIIIBI0 3aKOHOB T€OMETPUUYECKOI
OINTHUKH, BOCITOJIb30BaBIIMCh XOJA0M JIyuyeil, n300pakeHHbIX Ha puc. 18.3.

B reoMeTrpmueckoit onTUKe TMPUHSATO MCITOIL30BaTh MPAaBMIO 3HAKOB. [1omoxku-
TeJIbHOE HarpaBjieHue BIOJb OCU ONTHYECKOU cuctembl (mapasuiesnbHoir OC) co-
BMaJaeT C HaIlpaBJicHWEeM ITaJaloliero Jiyda (cjeBa HaIlpaBo). Pammyc KpWBU3HBI
TTOBEPXHOCTHU PACCUMTHIBAETCS OT ¢¢ BeplIMHBI O K 1IeHTpy KpuBnU3HBI C. [ToaToMy
JIJTSI BBITTYKJIOM TTOBEPXHOCTH (M300pakeHHOI Ha pucyHKe) R > 0, a 111 BOTHYTOU
R< 0. @okycHOe paccTosAHHWE f OTCUMTHIBACTCS OT BEPIIMHBI MTOBepXHOCTH O
o ¢okaJgbHON TOUKM P, B KOTOpOil Tepecekarorcs aubo camu jyuu (f > 0), 11bdo
ux npoaokeHue (f< 0). B nonepeuHoM HanpaBieHUU MOJOXUTEJIbHOE HaIllpaBieHUe
OTCUMTHIBACTCS BBEPX. DTO aHAJIOTUYHO OTCUETY B JIEKApTOBOI CHCTeMe KOOpIMHAT
Oxy Ha TUIOCKOCTH YepTexKa.

711 IpUOCeBBIX JTydel YITbl O; M ¥, MaJlbl. DTO TTO3BOJISIET 3aICaTh OUEBUIHBIC
COOTHOIIICHUS

j r
R N R S T
ﬁt n R ! f

(18.5)

ny ny>m
Puc. 18.3
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M3 Hux u nonyyaercs ¢popmyna (18.4).
Benuunna

p="2"" (18.6)
R
Ha3bIBACTCSl onmu4ecKkoll cuaoi nogepxrnocmu. Kak OyneT rmokazaHo jgajiee, Ipu Haau-
YUM HECKOJbKUX MOBEPXHOCTEH MX ONTUYECKUE CUJIbI CKIIAAbIBAIOTCS ajaredpanye-
CKU C HEKOTOPHIMU KO3 (hUIIMEHTAMMU.
Ecau cBeT mamaer m3 onTHYECKW OoJiee TUIOTHOM Cpelbl B ONTUYECKU MEHee
ioTHyto (puc. 18.4), To

v, m r r
L =2 9, =—; 9, =0,+0;, o=—. 18.7
5, R t o, o "y ( )
IToaTomy
1 n, —m 1
—=———<0. 18.8
7 n R < (18.8)
Onruyeckasi cuia MOBEPXHOCTH
n
D=2 (18.9)
f

TAaKXe CTAHOBUTCS OTPULIATEIbHOM.

OnTryeckas CHJIa CHCTEeMbI MOBEPXHOCTeiH. PaccMOTprM cUCTeMy MOBEPXHOCTEN,
LIEHTPBI KOTOPBIX JIEKAT Ha OMHOM MPSIMOi. DTa IIpsiMast SIBJISIETCSI ONTUYECKOI OChIO
CUCTEMBI, a cCaMa CHUCTEeMa Ha3bIBACTCS KOAKCUAAbHOLI.

ITycTh ny4, cocTaBISIIOILIMI Majblii YIOJI C ONTHYECKOM OChI0 KOAKCHaJIbHOU
CUCTEMBI, ITamaeT Ha c(epuyecKyro TpaHMUIly pasfeiia ¢ paguycoM KpUBU3HBI R
(puc. 18.5) B HampaBieHUU TOYKU P, a MpeloMJIeHHbIH — Touku P’

Ecnu mokaszarenm npejaoMJIeHUsT Cpel IO 00e CTOPOHBI OT ITOBEPXHOCTU PAaBHEI /1
U n’, TO MOXHO 3aI1CaTb COOTHOLICHMUS

v, _n r
—L=—; 0, =0-0; B, =0-0; O=—, .
o o 0, o 2 (18.10)

OTKyJla TIoJIy4yaeM

n-n

R r = Dr, (18.11)

no/ —no =

rone D — ontuyeckas cuia IIOBEPXHOCTH.

Puc. 184 Puc. 18.5
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CootHoureHue (18.11) MOXXHO TakKe 3amucaTh B BHUIIE

4

n n
7_7:D’ (18.12)
B KOTOpOM [/ 1 [” — paccTosiHUS OT BepluuHbl O 10 ToueK P 1 P’, COOTBETCTBEHHO.

ITycTb Tenieps uMeeTcst N IMpeOMIISIIOIINX TTOBEPXHOCTEN ¢ ONTUYECKUMU CUIaMU
D;, KoTopble JIy4 MocjenoBaTeIbHO IepecekaeT Ha paccTostHusIX #; (i=1, 2, ... ... , N).

IMpumeHsis nocaenoBaTenbHO ypaBHeHUe (18.11) K Kaxkmoil TOBepXHOCTU, TTOIyYaeM

N
n'o’ —no =Y Dir, (18.13)
i
IJIE 7 ¥ 0L COOTBETCTBYIOT JIyUy Ha BXOIE B CUCTEMY, a n’ M o — Ha BBIXOJE U3 CUC-
TeMbl. B yacTHOCTH, eCiIM TafaroMil JIyd rnapajuiejieH OCH CUCTEMBI, TO o, = 0 1

o' == Dy _ Lo, (18.14)

4
n = n

rac rp — pacCTOAHME MCXKIAY MaJarolMM Ha CUCTEMY JIYy4OM U ONTUYECKOU OCBbIO,

1 N
D rlg{D,r, (18.15)
— OITHYECKasl CHJIa CUCTEMBI.

Tonkas qmu3a. OHa TIPEICTaBIIIET COOOM npo3pauHoe meno, oepaHuyeHHoe 08yms
KOAKCUANbHBIMU CheputecKUMU ROBEPXHOCHAMU, NPU IMOM MOAUUHA AUH3bI MHO20 MeHb-
we abconomubix 3Hauenuli oboux paduycoe kpueususl. Ha puc. 18.6, a — ¢ moka3zaHBI
pa3IMYHbIe BUABI TOHKWX JIMH3 U YKa3aHBl 3HAKW PaINyCOB KPUBU3HBI OTpaHNINBA-
IOIMX TTOBEPXHOCTEN B COOTBETCTBUM C MPABUJIIOM 3HAKOB.

B Touke O, coBmagaloleii ¢ moaocaMu 00erx TTOBEPXHOCTEM, HAXOAUTCS OITH-
yecKuii 1ieHTp. [10CKOIBKY B TOHKOI JIMH3E 7| = F, = F, €€ ONITMYeCcKasi CHUJia, COrJIac-
Ho (18.6) u (18.15), paBHa

n,—ny, nHy—n, (1 1)
D=D,+D, = - =, —ny)| ——-—1. (18.16)
R, R, R R,
3mech n, M n, — MOKa3aTeJIM TIPeJIOMIICHUS MaTepraja JUH3BI U OKpYKalolei cpe-
Ib1. OGBIYHO 1, > Ky, TIOTOMY B CUTYallUU, TIpeACTaBIeHHOM Ha puc. 18.6, a, D >0
U auH3a cobupaowas, a Ha puc. 18.6, 6 m 6 D < 0 u aun3a pacceusaiowas.

Ha omtrueckoit ocn Ha paBHOM YOaJleHUH OT ONTHYECKOTO IIEHTpa HaXOOATCS
IBe (oKaabHBIE TOUKH. X TTo103XKeHMe orpeaesisgeTcss (POKYCHBIM PacCTOSHUEM f,
KoTopoe ¢ yaetoM (18.14) u (18.16) moydaeM M3 COOTHOIIEHMUS

R1>0 R2<0 Rl>0 R2>0 R1<0 R2>O
0 0 0

ny W”o ny \ ! ny ny ny
& R|>R2 )

a 1] 8

Puc. 18.6
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for o n R R
Ha3bIBAEMOTO hopmya0il MOoHKOU AuK3bl. DTa (popMyIia ClipaBeIMBa JUIIb 1T Ue-
aJbHOM JIMH3BI, B KOTOPOI OTCYTCTBYIOT abdeppayuu, Ui UCKaKEeHUs.

Abeppauny 00yCIOBJIEHbI PsIIOM HNpUYMH. Bo-IiepBbIX, MOKa3aTeab MpeIoMiie-
HUS 1 3aBUCUT OT IUTMHBI BOJIHBI CBETa. DTO O3HAUYAET, UTO pa3JUyHbIe CIIEKTPab-
Hble KOMITIOHEHTHI OyayT (POKYCUPOBAThCS HA pa3HBIX PACCTOSIHUSX OT JIMH3bI. Takue
abeppalluy Ha3bIBAIOTCS XpOMAmMu4ecKumu.

Bo-BTOpBIX, MOBEPXHOCTU JIMH3 IO TEXHOJOTMYECKUM COOOPAXKEHUSIM BBIIOJ-
HSI0T chepuyeckmu. Toraa mpy nageHWy Ha JIMH3Y NapajieIbHOTO MOHOXpPOMAaTH -
YEeCKOro myyka cBeTa mepudepuitHble Jyuu OyayT OKycUpoBaThCs Ha MEHbIIEM
paccTosIHUM, YeM mnpuoceBbie (puc. 18.7).

IToBepxHOCTh, orubdaroias IMOBEPXHOCTb KOHYCOB, M300paxkeHHasl LITPUXOBOM
JIMHUEM, Ha3bIBaeTCsl kaycmukou. Takue abeppallii Ha3bIBAIOTCS ciheputeckumi.

Ecau xe mMmeroTcss HEKOTOpbIe OTCTYIIEHUsT (DOPMBI TTOBEPXHOCTEN OT chepu-
YECKOW, TO CBETOBOE MATHO B (POKyc€ MOXET MPUHUMATh NMPUUYLIUBYIO (popmy,
Ha3bIBaeMylo Komol (Harogo0me KOMeThl C XBOCTOM WJIM 3aIlsToil).

HakoHen, ecnu Jgyyd MmamaroT noa OOJNbIIMMHU yIJIaMUd HakKJIOHa K ONTUYECKOM
ocu, To (pOKYyCHMpPOBKa B IUVIOCKOCTU MafgeHUs1 (MEPUINOHAIbHON IIOCKOCTH) OTJIM-
yaeTcs OT (DOKYCUPOBKU B TEPIIEHAUKYISIPHON (caruTTanbHoi) minockocTu. ITToHsi-
THe (POKAJBbHON IIJIOCKOCTU (IIJIOCKOCTH, TEePHNEeHAUKYISIPHON ONTUYECKONH OCHU
1 TIpoxonsdieil yepe3 (oKyc) TepsieT CMBICH: MOBEPXHOCTH, HAa KOTOPBIX Jexar
(oKychl, TIpU MEPUANOHATIBHOM M CarUTTaIbHON (POKYCUPOBKE OYIYT KPUBOJIMHET -
HBIMM ¥ HE COBIAAAIOT MEXIy co00ii. DTOT BUI abeppaliii Ha3bIBACTCS UCKPUBAEHU-
em nosepxrocmu uzoopaycerus. I1oaToMy reoMeTpryeckas ONTHMKa OrepupyeT ¢ na-
PAKCUANbHBIMU AYYAMU — TIPUOCEBBIMU JIydaMM, COCTABJISIOIIMMU MaJible YIJIbl
C OIITUYECKON OCBIO CUCTEMBIL.

Ycaosus Makcsesuia il KOAKCHAJIbHBIX ccTeM. [1ycTh HEKOTOpast onruyecKas
cuctema ¢opMHUpYyeT B TOUKe P M300pakeHue TOUKU P, HaxosIleicss Ha OnTuye-
cKoii ocu (puc. 18.8).

Ix. MakcBest chopMyIMpoBal TP YCIOBUS, KOTOPBIM TOJKHA YIOBIETBOPSITH
uneanbHas (Oe3abeppallMiOHHAsI) ONTUYECKasl CHUCTeMa:

* BCE JIyYd, UCXOASIIME U3 TOYKM P), JOJKHBI TPOXOAUTH 4yepe3 TouKy P, rae
dopmupyetcsa nzobpaxernue Touku Py. g pacokycupylolleid cuctremMol B TOuke P
JIOJIKHBI TIepeceKaThCs MPOJOJIKEHUST BCEX JTyUEld;

* €CJIM TIJIOCKHUIM OOBEKT PACIlONIOXEH B IJIOCKOCTU, MEPNEHAUKYJISIPHOU ONTH-
YECKOW OCH, TO €r0 U300pakeHre JOJDKHO HAXOAUTHCS B MapaylJIEIbHOMN MJIOCKOCTH.
Takue MIoCKOCTA Ha3bIBAIOTCS CONPANCEHHbIMU NAOCKOCMAMU,

S . ]V/ Onrryeckas \\P

—_— =~
\ CUcTeMa /

1 o D_u(l lj, (18.17)

|

Puc. 18.7 Puc. 18.8
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Puc. 18.9

 1300pakeHNE JOJKHO OBITh ITOJOOHO OOBEKTY. DTO O3HAYaeT, YTO IJIs JII0OOM
Mapbl COTPSDKEHHBIX TUIOCKOCTEH yBeIMdeHWe OOBbeKTa HE 3aBUCHUT OT pPa3MepoB
TTOCJICTHETO.

B xauecTBe MIUTFOCTpAIINU TTOCIETHETO YCIIOBUS PACCMOTPUM OITHYECKYIO CUCTE-
My, GOpMUPYIOIIYI0 M300pakeHNe TUTOCKOTO TIpeaMeTa A; B, ToKa3aHHOTO CTpell-
Kol JmHoi d; (puc. 18.9).

CasikeM pasMmep d, n3oopaxeHust A,B, ¢ pasmepom d; npeamera. JIist mapakcu-
aJTBHBIX JTy4eil MOXHO 3aIiCcaTh

9, _n,

—+ ; ﬁ,:i; ﬁ,=_—dz; b= L=
9%, n -, l 8 By

31ech BCe YIJIBI MEXAY JIydaMU 1 ONTUYECKON OChIO CUMTAIOTCS ITOJIOKUTEIbHBI -
mu. M3 (18.18) nmomyuaem

(18.18)

d]nlﬁl = _dznzﬁz. (1819)

BOTO ycjaoBME COBHaAaeT ¢ ycjaoBueM cuHycoB (14.18) mnas manbix yrioB. OHO
O3HayaeT, YTO YBEJIMYEHUE
_dh__md (18.20)

d, ny%;
U HE 3aBUCUT OT PacCTOSIHUS d; MeXny ToukaMu A, u B,.

KapaunannbHble 3j1eMeHThl ONTHYECKO# cucTeMbl. KoakcuanbHble CUCTEMBI MOX-
HO OXapaKTepu30BaTh YETHIPbMS IMapaMeTpaMM, KOTOpPbIE MO3BOJISIIOT PaCCUUTATh
KaK TOJIOXeHNe U300pakeHUs1 (CONMPSKEHHOM TIJIOCKOCTH), TaK U yBeJIndyeHue. B 601b-
IIMHCTBE CJIy4aeB IOCTATOYHO 3HATh MOJOXEHUE NBYX (POKAIBHBIX M ABYX TJIaBHBIX
TOYEK.

OnTuyeckre CUCTeMBbI MOAPA3ACSIIOT Ha TpU Kjacca:

1) nuonTpuyeckue CUCTEMbl — IIpOoMycKalolue cBeT cucTeMbl. Ilagarommii ma-
paJUIEIbHBIA MYYOK CBETA IPEBPALLACTCS B CXOASIINMNCI WIA PACXOMSIINIAC;

2) KaTOAUONTPUIECKUE CUCTEMBI — OTpakalollre CBeT cucTeMbl. Hanbomnee mpo-
CTOI CHCTEMOI 3TOro BHUA SIBJISIETCS chepruecKoe 3epKajo;

3) Teneckomuueckue cuctembl. [Ipu mameHWW TapayieIbHOrO Mydyka CBeTa
HA BBIXOJE MOJIyYAETCS MapaJUIeNIbHBIA MyYOK C APYTMM MOMNEPEUYHBIM CEUCHUEM.

PaccMoTpuM KapauMHaIbHbIE 2JIEMEHTBI CUCTEM BCEX KJIACCOB.

Jluonmpuueckue cucmemot. YCTAaHOBHMM CBOWCTBA COIPSIKEHHBIX IJIOCKOCTEN, B
KOTOPBIX HAXOISTCA IIpeaMeT (00bEeKT) U ero uzobdpaxenue. I[lepsoii hoxkarvrol nio-
CKOCMbl0 Ha3bIBAETCS TIOCKOCTh, COTIPSKEHHAsd ¢ OECKOHEYHO YAAJIEHHOM B IMOJIO-
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>KUTEJIbHOM HampaBJeHUM TJI0CKOCThi0. COOTBETCTBEHHO BTOpasi poKayibHasi ILIO-
CKOCTb COTpsIKeHa ¢ OECKOHEUHO yAaJleHHOW B OTpULIATeIbHOM HampaBJIeHUU TLIO-
ckocThio. CBeT, AYLIKUI OT 66CKOHEUHO YIaJIeHHOTO TipeaMeTa (mapasulesIbHbIi my-
4yoK), ¢okycupyercsl B ogHoil u3 dokanbHbIX miockocTeir (puc. 18.10). Ecnu Ha
BBIXOJIE TTOJIy4aeTcsl PacXOASIIMICS MYyYOK, TO MPOJOIKEHUS JTydel mepecekarTcs
B OTHOM M3 3TUX TUIOCKOCTEM.

Cpenu 6ECKOHEYHOTro 4ucja nap COMPSKEHHBIX TJIOCKOCTEN 0coboe MecTo 3a-
HUMAIOT JBE 24a6Hble NAOCKOCMU, JJIS1 HAXOXIEHUSI KOTOPBIX PACCMOTPUM XOJ JTyuei
yepe3 CUCTeMy, N300pakeHHBIN Ha puc. 18.11.

Jlyu I, uaymumit u3 nepsoro dokyca Fj, BBIXOAUT NapajuieibHO IJIaBHON ONTUYeC-
Koi ocu. JIy4 2, uayluuii napajie/ibHO IJIaBHON ONTUYECKO OCU Ha TOM XK€ yhase-
HUU OT Hee, YTO U BBIXOASAIIMK Jiyd [, mpoxoaut yepe3 BTopolt (okyc F,. Ecau
yepe3 TouKu P, u P,, Haxos11uecsl Ha MepeceyeHusIX MPOJOKEeHUS JIyueil, mpoBe-
CTU ABe 1ockocTu H, nu H,, neprneHauKyIsspHble ONTUYECKOW OCHU, TO OHU U OydayT
[JIaBHBIMU TIIOCKOCTSIMU. Touku O; u O, Ha3bIBAIOTCS 21A6HbIMU MOYKAMU.

[Ba nmyga (I n 2), npoxopsue yepe3 P;, 3areM nepecekarorcs B P,. CienoBa-
TteabHO, H, 1 H, — cornpsikeHHble TIocKoCcTU. Eciv npeaMeT pacrnosoXeH B MIo-
ckoctu H;, To ero n3odpaxkeHWe MOXKET HaXOAUThCSl B TJIOCKOCTU H,, Ipu 3TOM
koadduumeHT yBenudeHust M = 1. [TocneaHee yTBepXkaeHUe BbITEKAeT U3 PaBEHCTBA
ImuH otpe3koB O, P, u O,P,.

ITepBbIM (DOKYCHBIM paccTOsIHMEM HasblBaeTcsl BenumuuHa f; = —O,F|, a BTO-
pPbIM (DOKYCHBIM paccTosiHMeM BelnuuHa f, = O,F,. B cutyauuu, nu3odpaxxeHHO Ha
puc. 18.11, f; <0, /4 > 0.

Ecnu 3apaHbl ojoxeHUs1 (DOKaJIbHBIX U TJIABHBIX TOYEK, TO MOXHO MOCTPOUTh
XOJl JIy4eil B CUCTEME B OTCYTCTBME MHMOpMAlMU O APYTUX MapaMeTpax CUCTEMbI
(paguycax KpUBU3HBI 3JIEMEHTOB, UX KOJWYECTBE, B3AMMHOM PaCMOJIOKEHUU, MO~
KazaTeJssIX MpeJIOMJIEHUS cpell MeXX1y HUMU 1 ap.). Ha puc. 18.12 BbImosHEHO Takoe
MOCTPOEHUE.

B 1 H H,
2 Py P,
dl Fl _fl 01 02 F2 X2 A2
Ay s 1
1 \ Pl/ P2r f2 7d2
¢ ——————— 5 32
-4 h
Puc. 18.12
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IMapamnensHblii 1y4 [ oT mpeamera A, B; TIPOXOOWUT CHadajla 4yepe3 TOUKy P,
a 3aTeM 4yepe3 (PoKaJIbHYIO TOUKY F, Tak, YTOOBI Magaloluii 1 MpeJOMIEHHBIN Ty
rnepecekaanuch B Touke P, minockoctu H,. JIyu 2, cnenytomuii uepe3 F; u P/, BbIXo-
JIUT U3 CUCTEMBbI MapaijIeIbHO ONTUYECKON OCH.

BaxkHO MogYepKHYTh, UTO peaJIbHBIEC Y4 MOTYT He TIPOXOIUTh Yepe3 BCIIOMOra-
TeJbHbIE TOUKM Ha TJIaBHBIX TUIOCKOCTIX H, u H,. Eclin TOYeYHbI MICTOYHUK Haxo-
auTcs B P, To ero mzoOpaxkeHHUe IOJy4uTcs B P, NuIllb B TOM ciydyae, €ClIM BCe
BJIEMEHTBI CUCTEMBbl HAaXOISTCs MpaBee iockoctu H,.

PaccuuraeM nonoxeHue n3odpaxkeHUsT U yBelndeHue. M3 mogoOHBIX TPEYroib-
HukoB O,P/F, nu P,P/B, nmeem

“h__
T Td+d, (18.21)
AHaloruyHo, u3 tpeyroabHukoB O, F, u P) P, B, nonyyaem
S 4
Lod-d (18.22)
M3 (18.21) mn (18.22) Haxogum
ﬁ+&:l. (18.23)
L h
KoadduumeHTt ygeanueHus1 monyyaercss paBHbIM
M:&:—M (18.24)

d fl
B curyaunu, nzobpaxkenHoit Ha puc. 18.12, />0, , >0, f; <0, [, < 0, mosTOMy
M < 0. IlocnengHee 03HAYaeT, YTO M300pakeHUE TMOJyYaeTCs TTepPEeBEPHYTHIM.
®opmyna (18.23) MmoxeT ObITh MpeoOpa3zoBaHa B (popmyny HetoToHa. /s saToro
BBEIEM BEJIWYUHBI X; U X, MOIYJIM KOTOPBIX PaBHBI PACCTOSHUSIM OT IpeaMera v
n300paxkeHus A0 ommkanimx gokanbHbIx ToueK. [onarast -/, = —-x;, - fi, L =%, + f5
u noxactasisist B (18.23), nmpuxonuMm K gopmyase Hovromona

X% = fi.h. (18.25)

Y IOTITPUYECKOM CUCTeMBI Ha OIITHYECKOIM OCH CYIIECTBYIOT [IBE )3106ble MOYKU.
Ecam mamarommii HaKJIOHHO K OCH JIyd HAIIpaBlieH Ha OOHY Y3JIOBYIO TOUKY, TO
BBIXOAAIINN JTyd OyAeT Tapajuie/ieH MMagalolleMy W HallpaBJIeH Ha BTOPYIO Y3JIOBYIO
Touky. Ha puc. 18.13 nyu I npoxoauT yepe3 y3/10Bble TOUKU N, U N,.

VY310BBIE TOYKM HAXOOSITCA Ha OOWHA-

KOBOM PACCTOSTHHUH /) OT COOTBETCTBYIOIIAX

IJIaBHBIX TUIOCKOCTEH, TaK Kak O, P, = O, P,,

; Hi Hh a BBIXOJISILLMIA JIy4 MapasUiesieH MafaolieMy.
lp P, X IMonaras B (18.23) [, = L, = [y, nonyyaem

1Ay, ’
Oly 103 [Iy | —_ Iv=H+ 1 (18.26)

‘ i PaccTossHUS OT y3J710BBIX TOYEK O COOT-
BETCTBYIOLIUX (DOKATBHBIX TOUEK PABHBI

Puc. 18.13 Xy, = Iy=fi=f XN, = Iy = fo = £1-(18.27)
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B kauecTBe mpuMepa pacCMOTPHMM JBE ONTUYECKUE CHUCTEMBI: TOJICTYIO JIMH3Y U
CHCTEMY U3 IBYX TOHKHUX JIMH3.

Toacmas aunsza. Jlyd, napajuleibHbIA ONTUYECKOM OCU, MCIIBITBIBAET JBYXKpaT-
HOe TIpeJIOMJIEHME Ha KaxXJoi U3 MoBepXHOCTel MUH3bI (puc. 18.14), U3roroBieH-
HOI M3 MaTepuaa ¢ IoKa3aTejieM IpejoMIIeHUs 1, (JIMH3a HaXOAMTCS B BO3MyXe).

Onruyeckue CWIbI MEPBO M BTOPOI MOBepXHOCTEl npu 1y = 1, cornacHo (18.9),
paBHBI

D,==2-—; D,= ) (18.28)

3nech R; >0, R, < 0. [IpumeHuB cooTHoleHue (18.11) Kk mepBoil MOBEpXHOCTH,
MOJIyYUM

n,o.=Dyry. (18.29)
Ecimm L — paccrostHue MeXIy TTOBEpXHOCTSIMH, TO
rn=n-Lo=n (I—QLJ. (18.30)
M3 (18.15) cnemyer, 4yTo onTUYecKasi cuja TOJCTOM JUH3BI ¢ yyeToMm (18.30)
D:%{Dm+Dfﬁ=Der—DJbL. (18.31)
1

J

B wactHocTH, mis ToHKO# nMuH3bL L=0u D = D, + D,.
PaccrostHue /7 Mexxay BTOpOil TOBEpXHOCThIO U (DOKAJIBHOI TOUKOM F, ¢ yueToMm
(18.14) pu »n” = 1 u (18.30), monyyaeTcsa paBHBIM

o Dn D
M3 tpeyronbHuka OPF cnenyeT, uto (oKycHoe paccTtosiHue f = OF cBsI3aHO
C OINTUYECKON CUJION

(18.32)

n 1
_hn_ L 18.33
f=l-= (18.33)
Hakomnelr, pacctosiHie a MEXIY NIAaBHOM TUIOCKOCTHIO H ¥ BTOpOii ITOBEPXHOCTHIO
_DiL
a=f-r L __ m _DlL (18.34)

D D Dn,
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Jlee monkue aunzvr. XOm Jayda, Tapajie TbHOTO ONTUYECKON OCH, Yepe3 CUCTEMY
U3 ABYX COOMpaIOIIMX JIMH3 MMoKa3aH Ha puc. 18.15.
Ornrryeckasi CHjIa TOHKOM JTMH3EI B BO3MyXe ompenensercs mo dhopmyie (18.16):
1 1
D=(mn,-1)|—-—1. (18.35)
R R
Ecin D, u D, — onrtuyeckue Cujbl Kaxaol M3 JIMH3, TO OINTHUYECKas CuJia
CHUCTEeMBI IBYX JIMH3

D= LDy +Dy) = Dy + D, - DD, (1836)
h
MOCKONBKY 1, = 1y — oL, o =D,/r (cM.(18.14)). @PokanbHasi TOUKa yaajieHa OT BTO-

POl JIMH3BI HA PACCTOSIHUE

rn _nrn _1-DL

o/ Dn D
PaccrossHue mexnmy (oKalbHOM TOYKOI M TJaBHOM IUIOCKOCThio H ((pokycHoe

paccTosiHue)

I’ = (18.37)

n 1
=—=—. 18.38
C yuetom (18.36) MoxHO 3amucaTh GOPMYIY:
1 1 1 L
—=—t—-—, (18.39)
o h f hh
rne f; =1/D,, f, =1/D, — doxycHbIe pacCTOSTHUS TOHKUX JINH3.
PaccrosiHue Mexxay TiiaBHOM TUJIOCKOCTbIO U BTOPOM JIMH30M
, DL
B, \% H a=f-1 :T$. (18.40)
] ! Ompaxcameasvnote (Kamoouonmpuue-
4 ckue) cucmemst. ITpocTeiiiieit cuctemon
A, TAKOro TUIMA SIBJIIETCSl 80eHYmoe chepu-

yeckoe 3epkano. Xof Jydei oT oo0bekTa A; B,
MoKazaH Ha puc. 18.16. 3epkaiio obnamaer
ogHuM (okycom F. OOe riaaBHBIE TOYKU
O, u O, u, cienoBaTeJbHO, TJIAaBHbIC
Puc. 18.16 wiockoct H, u H, coBnanaror.
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YToOBI BEIUMCIIUTE ONITUYECKYIO CHITY 3epKalia, BOCIIOb3yeMmcs opmyroii (18.6),
B KOTOpPOW TTOJOXHUM K, = —i; = —H. DTO CJEAYyeT U3 TOro, YTO IPUMEHUTEITBHO

K OTpPaXeHMIO MOXHO (popMajbHO B 3aKOHE MpesiomyieHust 0,/0; = ny/n; B (18.5)
YTOJI TIPEJIOMJICHUS TIOJIOXKUTD PaBHBIM ¥, = —1;, YTO aBTOMaTUIECKHU BJICUET 3a COOOIM
CMeHY 3HaKa IoKasarteJis npesiomieHus. CiienoBaTebHo,

-n—n _-2n
"R R’
IIe n — MoKasaTellb IpeJoMJIeHus okKpyxatouieir cpenbl, R < 0. Eciu B (18.12)
3aMEHUTh n’ BEJIUYUMHOMN (—#), TO TOJYyIUM

l+1:2. (18.42)
I’ I R
3nechk [ = OA,, I’ = OA, — ynajneHue mpeaMeTa U ero M300pakeHUs OT 3epKayia
cootBeTcTBeHHO. Ecnu [ — o, T0 I’ — f= R/2 < 0.

C noMOIlIbI0 BBHIMTYKJIOrO 3epKaja IMOJy4aloT NeHCTBUTEIbHOE IepeBEepHYTOE
n3obpaxkeHue, ypenuueHue Koroporo M = d,/d, < 0 u 3aBucHT OT paccTosiHust OA,.
V3noBeie Touku N; u N, COBITaIAaOT C LIeHTpOM KpuBu3HbI C 3epKana. [Ipu moBopo-
Te 3epKajla BOKPYT OCH, Mpoxonsiieil yepe3 Touky C, u3obpaxeHue ocTaeTcsl He-
TTOABVKHBIM.

Teaeckonuueckue cucmemnt. Eciu ¢poxanbHbie Touku F; u F, 1ByX coOMpamolmnx
JIMH3 COBITANAIOT, TO W TMapayIeJbHBIM OCH JIy4, MPOMIs 4Yepe3 TaKyl CHUCTEeMY,
OCTaHeTCs MapayjiebHbIM. MI3MEHUTCS JIMILb PACCTOSIHUE €r0 OT ONTUYECKOM OCH
(puc. 18.17). Takas cucrema Ha3bIBACTCS TEJIECKOMUUYECKOM.

IMockonbky Ly = f, + f5, u3 (18.39) cinenyer, 4to f — . OnTHYeCcKas cujia Takoi
cucteMbl D = 1/f= 0.

Ecnu Ha Teneckonmuyeckylo CUCTeMy ManaeT Moj YIjioM ¥; K OCH MapayliebHbIA
My4OK CBETA, TO BHIXOMSIIUI 13 Hee Ma-
paJIeJIbHBIN Ty4OK OymeT COCTaBJSATh
yrox ¥, # 9; (puc. 18.18).

D= (18.41)

— F, B
M3 pucyHka cienyeT, 4To YIJIOBOE | L |
YBCIIMYCHUC 7
fi 2
_0% _ A
M_ﬁ_i_z' (18.43) Puc. 18.19
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st monyyeHUs1 OOJIBIIOTO yBeJIWYEHUSI MEPBYIO JUH3Y (OOBEKTUB) JesialoT
JJIMHHOMOKYCHOI, a BTOPY1O (OKYJIsIp) — KOPOTKO(OKycHOi. Teneckonuueckast cu-
cTeMa MOKET COCTOSITh M3 COOMPATOIIETO OOBEKTHUBA 1 PACCEUBATOIIETO OKYIIsIpa (pHC.
18.19), npu atom Ly = f; — f.

B coBpeMeHHBIX TelecKoIax-pedpakropax, Kak OTMEUaJoCch paHee, MCITOIb3Y-
I0TCA Ba cheprIecKrX 3epKaja ¢ OONBIIMM M MajbIM pagnycaMid KPWUBU3HEI,
Yy KOTOPBIX COBMellIeHbI (hoKajbHbIEe TOuKU (puc. 18.20).

Ecam paccrostHue L MexXmy TWH3aMU HECKOJIBKO OTJIMYAETCS OT BEIMIWHBI Ly,
TO ONTHWYECKast CUJIa CUCTeMBI CTAaHOBHUTCS OTIMYHON OT Hyns. Cucrema, m3o0pa-
>keHHas1 Ha puc. 18.17, mpu L < L, Oynet dhokycupyouleid ¢ 00JbIIUM (POKYCHBIM
pacctosiHueM [ L, (cM. (popmyity (18.38)). AHaIOrMYHBIM CBOMCTBOM OyIeT 00/1a1aTh
npu L > L, u cucrema, nuszoopaxeHHas Ha puc. 18.19. Otu cucteMsl OyayT 3KBHBa-
JICHTHbI JUIMHHO(OKYCHOI cOOMparollei TUH3E.

Ha sToM mpuHIIIIE OCHOBaHO YCTPONCTBO TeIeOOBEKTUBOB, TIPUMEHSIEMBIX IUTS
hoTO- M KHMHOCHEMKI YIaJleHHBIX TIPEIMETOB, KOTIa TpeOyeTCs XOopollee yBeamde-
Hue. TeaeoObeKTUB COCTOMT U3 ABYX (MHOTAA 1 6oJiee) MuH3. Kak cienyer u3 (18.31)
u (18.32), y cuctembl 1uH3 [’ < f. [TockoabKy M300paKeHUe yaaJeHHbIX MPeIMEeTOB
HaXOOUTCS BOIM3W (DOKATBHOM IIJIOCKOCTH, TO W PACCTOSTHUE MEXKIY BTOPOW JIMH-
301 ¥ TIIOCKOCTBIO M300paskeHUsT MOXET OBITH CYIIECTBEHHO MEHBIIe (hOKYCHOTO
pPACCTOSTHUSI CUCTEMEL. B 3TOM COCTOMT MPenMYIIeCTBO TeIeOOBEKTHBA TIepe IUTMH-
HOGOKYCHOM JTMH301. PaccTossHre MeXXmy TMH3aMH1 B TeJIeOOBEKTUBE MOXKHO M3Me-
HATb, BApBUPYSI TEM CaMBIM M ero (hOKYCHOE PacCTOSTHUE.

OOBEKTUBHI COBPEMEHHBIX (DOTOAIIAPATOB U BHUACOKAMEDP COCTOSIT M3 CUCTEMBI
JIMH3, PacCTOSTHUE MEXIY KOTOPBIMU MOXKET M3MEHSIThCS (BPYYHYIO MM C TIOMO-
LLIbIO BJIEKTpoIpuBoaa). Takue 00beKTUBBI Ha3blBAIOTCSI mpaHcpoxamopamu. zme-
HI9 (POKYyCHOE pacCTOSTHHE OOBEKTHBA C TOMOINBI0 (PYHKIIMKA «ZOOm» (OT aHTIII.
Zoom — Hae3Jl, MPUOTIKeHNe KaMephl K 00BEKTY), MOKHO BUAOM3MEHSATH TTAHOPA-
My TIPM ChEMKe.

Ha puc. 18.21 cxemaTtnuHO n300paxkeH pa3pe3 Bumeokamepsl. M3o0paxkeHue ¢op-
MHpyeTcs cucTeMoii TMH3. C TTOMOIIBIO IBOTHOM IMPU3MBI TTOTYJaIOTCs ABa M300pa-
>KEHUSI: OJJHO Ha dKpaHe JJIs1 BU3yaJlbHOro HabmtoaeHus, a Bropoe Ha CCD-maTpu-
e [t ero mrdpoBoii 3ammcu. Omrcanre paboTH TaKOM MaTPUIIBI OYIeT MpeAcTaB-
JIEHO B JieKUuu 25.



PA3AEJ 7
BOJIHbI B AHU3OTPOITHBIX CPEJIAX

JEKIIHUA 19

PaccMmoTpuM Ternepb pacnpocTpaHEHUWE CBETA B aHM3OTPOMHBIX cpeaax. TakumMu
cpeaMU SIBJISIIOTCS IPEX/IE BCETO ONTUYECKUE KPUCTALIbI. B HUX XapakTep pacrpo-
CTPaHEHUS BOJIHBI MOXET U3MEHSThCS B 3aBUCMMOCTU OT HampaBJIeHWS 3TOTrO pac-
MPOCTPAHEHUS W TOJISIPU3ALUN BOJHbI.

BecpMa nokaszaresieH B 3TOM CMbICIIE CJIEAYIOIINI onbIT. ECau MIacTUHKY, BbIpe-
3aHHYI0 U3 KpUCTAlJIa KaJIblIMTA, ONPEACICHHBIM 00pa3oM TOJOXWUTh Ha MOBEPX-
HOCTb PMCYHKa, TO BO3HMKHYT JIBa M300pakeHUs 3TOro pucyHka (puc. 19.1 us. BKII.).
DT0 sIBJIEHME MOJYYMUIO Ha3BaHUE 080iH020 ayuenperomaeHus. [1oBopaunBas riac-
TUHKY B TUIOCKOCTM PUCYHKa, C YAMBIEHWEM OTMEUYaeM, YTO OIHO M300paxeHue
OCTaHETCS HEMOJBUXHbBIM, @ BTOPOe OyIeT NBUTaTbCI MOCTYNAaTeJIbHO BOKPYI He-
MOJBUKHOTO.

Bo BTOpoM ombITe BO3bMEM JIBE€ OJMHAKOBBIE MPO3payHble TMJIACTUHKU, BbIpE-
3aHHbBIE OMpPeIeIEHHBIM 00pa30M M3 MOJIYIPAarolieHHOrOo MUHepasa TypMaiuHa. Ecimn
TEeNepb HANPaBUTh JIy4 COJIHEYHOIO CBETA Ha MapaliebHble TJIACTUHKU, YCTAHOB-
JIECHHBIE OJlHA 3a APYTrOd, TO MHTEHCHUBHOCTb IPOLIEILIETO CBETA MOXHO CUJIBHO
U3MEHSTh, TMOBOpPAUYMBas OJHY IJIACTUHKY B €€ IUIOCKOCTU OTHOCUTEJIBHO APYTOi.
IIpn HexkoTOpOIi B3aMMHOM OpMEHTALMM IJIACTMHOK COJHEUYHBIA CBET MPOXOAUTH
He OyIeT BOBCeE.

DTOT OMNBIT OOBSICHIETCSI TeM, YTO MOIJIOIIeHNEe CBeTa B KpUCTale TypMallHa
3aBUCUT OT OPUEHTALlMM BEKTOPA HAIPSXKEHHOCTU DJEKTPUUYECKOTO T0JI BOJHBI
OTHOCUTEJILHO KpUCTa/UIoTpadpUueCcKux oceil, T.€. oT nmojsipuzaunu ceeta. Hemossi-
PU30BAaHHBIN COJTHEYHBIN CBET MOXKHO TpeacTaBUTh, cornacHo (1.39) u (1.40), B Bune
JIBYX B3aUMHO TMEePHEHINKYISPHO MOJSIPU30BaHHbBIX BOJH, Y KOTOPBIX Pa3HOCTh (a3
¢y — @©; XaOTMYECKM MEHSETCSd Ha MacluTabe BPEMEHU KOpPPEeJsSlivK, CPaBHUMOM
C NIEPUOOOM CBETOBOI BOJIHBI.

IlepBas rTacTMHKA OHY M3 3TUX BOJH «C HYXXKHOM MOJISIpU3aLieii» MPOMyCKaeT,
a Ipyryto nomioiaet. Toraa Ha ee Bbixone chopMUpPYETCS TIOCKONOJISIpU30BaHHAS
BosiHa. ITomagass Ha BTOpYIO MJIACTUHKY, 3Ta BOJIHA, TAKXKE B 3aBUCMMOCTU OT B3a-
WMHOI OpUEeHTALIMM BEKTOPA DJEKTPUUECKOTO MOJISI U KpUCTaIorpadduecKux oceit,
nperepreBaer pa3Hoe norjouieHue. [Ipyu omnpenesieHHONW OpuMeHTallMM OHa OydeT
MOJTHOCTBIO TIOTJIOIIeHa. 3aBUCUMOCTD MOTJIONIEHHSI OT MOJIIpU3aliui CBeTa MOTyJYu -
JIO Ha3BaHUE SIBJICHUST Ouxpousma.

OnbiTHBEIM nyTeM B XIX B. ObIJI0 OOHAPYKEHO MOSIBJICHUE aHU3OTPOIUHU Y psiaa
MU30TPOIHBIX XMUJIKOCTENW U TBEPABIX TEJI MPU MEXAHUUYECKMX HATIPSKEHUSIX, BO3ACH -
CTBUSX DJIEKTPUYECKOTO U MarHuTHoro mnoJjei. Ilpyu 3ToM nosiBuiaach yHUKajdbHas
BO3MOXHOCTb «YIPaBJISITh» 3TOM aHU30Tponuei. Kak cieayer u3 onmrMcaHHbIX OITbI-
TOB, 3TO OTKPBIBAET BO3MOXXHOCTb YIIPABJIATh HAIIPABI€HWEM PACIIPOCTPAHEHUS BOJI-
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Hbl ¥ €€ UHTEHCUBHOCTBIO TIPY MTPOXOXACHUMN Yepe3 ONTUYECKHUE CUCTEMBI, B KOTO-
PbIX MCIOJIb3YIOTCS CPeIbl C MCKYCCTBEHHOM aHU30TPOIIMEH.

PaccmoTpuM Ternepb pacnpocTpaHeHHE IJIOCKOM MOHOXpOMAaTWYECKOW BOJIHBI
B ¢JIabO MOIJIONIAOIIE aHM30TPOITHOMN cpede. JIJisl BOJHBI OIpeneIeHHOM YacTOThI
OyIeM CUMTAThb U3BECTHOI (pypbe-aMIUIUTYLY

e;(0,k) = [dr’ [ e;(t", 1" exp[-i(ot’ — k- 1")]dr’
0 —oo
KOMITOHEHTHI TeH30pa AUANIEKTPUUECKOI MPOHUIIAEMOCTH, BBEIEHHOTO (heHOMEHO-
JIOTMYECKH B JIEKIMHU 15. IIpOCTpaHCTBEHHYIO IUCIIEPCHIO (3aBUCUMOCTb €;; OT BOJIHO-
BOTO BeKTopa K) yunThIBaTh 1oKa He OyaeM. DTo MO3BOJISIET UCHOJIb30BaTh 0003Have-
Hue £;(m,K) = €; ¥ 3amucaTh MaTepUallbHble YPABHEHMsI B HAUOOJIEE ITPOCTOM BUIIE.

MarepuajibHbie ypaBHeHHsl. B aHM30TpOMHO cpefie aTOMbl OpUEHTUPOBAHbBI OIT-
peaeaeHHBIM 00pa3oM, ToaTomy, cieays (15.24), KOMIOHEHTY IMIIOJBHOIO MO-
MEHTa eIMHUILILI 00beMa MOXKHO MPeICTaBUTh BbhIpaxkeHueM (15.29)

3
E = SONZ aijE3q)j,
Jj=1

B MIPaBOM YaCTU KOTOPOTO (PUTYPUPYIOT ABE XapaKTePUCTUKU BellleCTBa: KOMITOHEH -

Ta TeH30pa MOJSIPU3yEMOCTH MOJIEKYJIbl KU YUCIO MOJIEKYJ B €IMHUIIE 00beMa.
Bmecto cooTtHoueHuit (15.30) ¢BsI3b BeKTOPOB Mojsgpudauuu P u unaykuuu D

C MOPOXIAIOUIUM UX BJIEKTPUUECKUM TT0JIEM BOJHBI B KpUCTaJLJIe TpUOOpeTaeT BU/:

3 3
J=1 J=1

3nech &; U g; = §; + &; — (QYpbe-KOMIIOHEHTHI (fajlee — IMPOCTO KOMIIOHEHTBI)

TEH30POB BOCIPUMMYMBOCTU Y AUIJIEKTPUUYECKON MPOHUIIAEMOCTH.

Ecnu He yyuThIBaTh HEPreTUYECKUE TMOTEPU BOJIHBI B CPENE, TO MOXHO CUM-
TaTh, YTO KOMIIOHEHTHI £; NEUCTBUTENBHDL: €; = €. ([Janee WTpuxX 11 0603HaYEHUA
JIeICTBUTENLHOM YacTU AUAJAEKTPUYECKON MPOHMIIAEMOCTH MCIIOJb30BaTh He Oy-
nem.) Torna g, = €;. [locnenHee paBeHCTBO 03HAYAET, YTO COOTBETCTBYIOLIMM BbIOO-
POM KOODPIAMHATHBIX OCEN TEH30D €; MOXKHO MPUBECTU K IMArOHAIbHOMY BHILY:

g 0 0
0 0 €33

Hanee npuMeM OOO3HAYEHUS: €, = €1y, £, = € €; = E33.

I'naBHbIe MOKa3aTe/ M NMpeJIOMJIEHNHS U IJIaBHbIe CKOPOCTH BOJHbI. [IpoBenem npen-
BapUTEJbHO KaueCTBEHHBIM aHAJIM3 paclpoOCTpaHEeHHUs TUIOCKON BOJHBI B aHU30T-
ponHoii cpene. Ilycth BomHOBOM BekTop Kk CHayaja HampaBjieH BIOJb [NIAaBHOM OCHU
Oz (puc. 19.1).

Ecnu BonHa monsipusoBaHa B riockoct Oxz (puc. 19.1, a), To maTepuaibHOe
ypaBHeHue (19.1) umeet Bua D, = g,e, F,. CnenoBareiabHO, AJIs1 9TON BOJIHBI TOKa3a-
TeJIb NIPEJIOMIICHUS 1, = \Je, , a Ga3oBasi CKOPOCTb paBHa v, = ¢/n, = ¢/\/e, . Ecnu
K€ BOJIHA NONsIpU30BaHa B mockoctu Oyz (puc. 19.1, 6), 10 D, = €,¢,E),. [losTomy
JUIS Hee ToKasaTelb TIPeJOMIIeHNUs 1, = ([, , & CKOPOCTb v, =c/n, = c/\[e, . Takum
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00pa3oM, BOJIHA, PACIIPOCTPAHSIOIIASICS <
BIOJb ocu (OZF, MOXET, B 3aBUCUMOCTH v,
OT TOJISIpU3alIui, UMETh IBE pa3uyHbIe @
CKOPOCTH PaCIpPOCTPAHEHUSI. @

IIpu pacrpocTpaHeHUX BOJIHBI BIOJIb

ocu Ox (puc. 19.1, 6) n,= Je_, v,=c¢/n,= E, \_" %
=C\/75 y = y’ =C/}’l ZC/\/_ E; [0 Y

(puc. 19.1, o). HaKOHeLl, €CJIM BOJTHA pac- )
npocTpaHsiercs Brosib ocu Oy, To n.= [, ks

v,=¢/n,=c/\e, (puc. 19.1, 0); n, =\/_ 7 Ex @

Yy

v, y
v, = ¢/n, = c/\/e, (puc. 19.1, e). < @
BCJII/I‘iI/IHbI nx, n,, n, Ha3blBalOTCA X
,
2MABHBIMU NOKA3AMEAAMU NPeAOMACHU, Y
a CKOPOCTH Uy, V), U, — 2AA6HbIMU CKOPO- Puc. 19.1

cmAmMU BOAHb.

OTMETHM JBa BaXKHBIX OOCTOSITEJICTBA:

* UHIEKCHI X, ¥, Z Y TJaBHBIX CKOPOCTell HMKaK HE CBsS3aHbl C HaIlpaBjieHUEM
pacrpocTpaHeHus: BoiaHbl. OHM OMUCHIBAIOT JIMIIL HarpaBieHue BekTopoB E u D
BJIOJIb COOTBETCTBYIOLLEN IIaBHOM OCH;

* B 0011IEM CJTyYae, KOra BOJTHOBOM BeKTOp k MMeeT Mpor3BoIbHOE HalpaBIeHUE
B Kpuctajie, BekTopbl D 1 E He coBmagaloT Mexay coboit: BekTop D neprneHauky-
JgpeH Kk, a mexny Bektopamu D 1 E OyneT HEKOTOpBIN yros ¥, Ha3blBaeMbIid yerom
aHuzomponuu (CM. 1ajee).

IIponoikass KayeCTBEHHBIN aHaINW3, PACCMOTPUM JIBa YACTHBIX CIydas:

1) &, =g, = ¢, = ¢ (usomponnas cpeda). Torna n = Je, v = c/n = ¢/Je. V Takoit
cpenbl OUH TToKa3aTesIb MpeJIOMIESHUS U ofaHa (ha30Basi CKOPOCTh MTPHU BCEX HAIpaB-
JIEHUSIX PacIlpOCTpaHEHMSI BOJHBI U JTI000 ee ToNSIpu3aliM;

2) e, =¢,# ¢, Torna v, = v, # v, CiienoBaTeIbHO, 00€ BOJIHbI, PACIIPOCTPAHSIOLLM-
ecs1 BIoJb ocu Oz (eM. puc. 19.1, a, 6), UMEIOT ONMHAKOBYIO CKOPOCTh U, = Uy = V.
CyMMa 3TUX BOJIH MpeACTaBiIsIeT co00il B O0IIeM ciydyae BOJHY C DJITUIITUYECKOMN
MOJISIpU3alIMEN, KOTOPask ABUXKETCSI CO CKOPOCTBIO v,. Y 3TOI BOJHBI BeKTOphl D 1 E
COBIANAIOT MO HANPaBJICHUIO, TTOCKOJBKY B TNIOCKOCTU (OxZ cpeda U30TPOITHA.

He3aBucuMoCTh CKOPOCTH ¥, BOJIHBI OT €€ COCTOSIHMS TIOJSIpU3ALUK SIBJSIETCS
OCHOBaHHEM TOBOPHUTbL O BBbIIEJIEHHOM HampaBieHun O Kak 00 onmuueckoll ocu
kpucmanna. Takoe HampaBieHUE eAMHCTBEHHOE, TO3TOMY KPUCTAJLT HAa3bIBAETCS 00-
HoocHbim. Jlaiee OyIeT MOoKa3aHO, YTO B OOLIEM Cliydae, KOIJa €, # €, # €, TaKMX
HamnpaBJeHUI OyneT ABa, M KPUCTALI HAa3bIBAETCS 08YOCHbIM.

IIpu pacrpocTpaHeHUM CBeTa IMEPIEHAUKYISIPHO ONTHYECKONW OCH BOJHBI (CM.
puc. 19.1, ¢, e) pacmpocTpaHsSIOTCS MO-MPEKHEMY CO CKOPOCTbIO ¥,, a BOJHBI Ha
puc. 19.1, 6, 0 — co ckopocThio v, = v,. BosHa, ckopocTh KOTOPOI paBHA v,, HAa3bl-
BaeTCsl 00bIKHOBEHHOU, TIOCKOJIBKY €€ CKOPOCTh TakKas K€, KaK U BIOJIb ONTUYECKOI
ocH. Y BTOpOIt BOJIHBI CKOPOCTb U, # 1, TIO3TOMY BOJIHA HA3bIBAETCST HE0ObIKHOBEHHOIL.
C sTUMU Ha3BaHUSIMM U CBSI3aHBI MHAEKCH o (ordinary) u e (extraordinary) y cko-
pocTeil BOJIH.

OOBIKHOBEHHAs! U HEOOBIKHOBEHHAsI BOJIHBI OTIMYAIOTCS Tojsipusauueit. s
yI00CTBa BBEIEM 21ABHYI0 NAOCKOCHb, TIPOXOSIIYIO Yepe3 BOJIHOBOM BekTop K 1 om-
TUYECKYIO OCh. Toraa y oObIKHOBEHHOI BOJIHEI (cM. puc. 19.1, 2 u e) Bekrop E nepneH-
JUKYJISIPEH TJIaBHOM IUIOCKOCTH, a Y HEOOBIKHOBEHHOM — JIEXKUT B 3TOM IJTOCKOCTH.
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CKopoCcTh 10 HOPMAJIM M TIOBEPXHOCTH
HOpMAaJIeid. 3aBeplliasi KaYeCTBEeHHBII aHa-
JIN3, U300pa3uM ararpaMmy 3aBUCUMOCTH
CKOpPOCTEI pacnpoCTpaHEeHUs MO0 HOpMa-
11 (B HampaBjleHUM BekTopa k, mepreH-
JIUKYJISIPHOTO BOJIHOBOMY (PPOHTY) OOBIK-
HOBEHHOU M HEOOBIKHOBEHHOI BOJIH
OT HampaBJIeHUsI BOJTHOBOTO BEKTOPA B OJI-
HOOCHOM KpHCTaJie.

Puc. 19.2 ITpy TpoN3BOIEHOM HaIpaBJIEHUH BOJI-

HoBoro BekTopa Bcerna D L k. ¥V onHoit

BoJiHBI BekTophl D’ u E” napannenbHbl aApyr apyry. OHU neprneHauKyIsapHbI K I1aB-

HOH TUIOCKOCTHU U JieXXaT B IUIOCKOCTH Oxy, B KOTOPOI cpela M30TpOIHA. Y 3TOil

BonmHbl D’ = g, E’ = g,e,E’, I03TOMY ee cKOpocTh v’ = v, = c/\fe, = c/\/g

HE 3aBUCUT OT HalpaBjieHHud BekTopa K. ¥ npyroii Boiansl Bektopel D” u E” cocras-

JISIOT MEXIy co00il HEKOTOPbIi yron. OHU neXaT B TJIaBHOM IIocKocTu. CKOpPOCTh

5TOM BOJHBI v” MPU YBEIMYEHUU yIJla MeXIy ocblo O U BeKTOpoM Kk MOHOTOHHO

U3MeHsieTcsl OT v, 10 v,. KpucTaui, y KOTOporo v, > v,, Ha3bIBACTCS HOA0MNCUMENb-
HbIM, & KPUCTAIUI C U, < U, — OMPUYAMEAbHBIM.

Ha puc. 19.2 nokazaHbl nuarpaMMbl 3aBUCHUMOCTE CKOpocTei v’ M v” OT Ha-
TpaBJIeHUsT BOTHOBOTO BEKTOPA IS TOJIOXKUTENbHOTO (puc. 19.2, @) 1 oTpULIaTeTbHOTO
(puc. 19.2, 6) KpucTawIioB.

DTUM ITuarpaMMaM COOTBETCTBYIOT MOBEPXHOCTU, Ha3bIBAEMbIE HOBEPXHOCMAMU
Hopmanei (Hopmanvhvix ckopocmell) @Ppenens. OaHa U3 MOBEPXHOCTEN (1711 OOBIKHO-
BEHHOI BOJIHBI) SBIIsSIeTCS cghepoil, a BTopast (sl HEOOBIKHOBEHHOI) — (UTYpOit
BpallleHUsI, Ha3bIBaeMOM 08aroudom. Jlanee oHM OyIyT pacCUMTAHBI C TTIOMOILIBIO YpaB-
HeHuid MakcBeina.

PacnpocTpanenue miockKoii MOHOXpOMATHYECKOMH BOJIHbI. [1yCTh B aHM30TPOITHOI
cpene B HaIlpaBJIeHWH, 3aJaBaéMOM €IMHUYHBIM BEKTOPOM € (HOpMAaJIblO), pacrpo-
CTpaHsIeTCSl BOJHA C HAMPSIKEHHOCTBIO 3JEKTPUUYECKOTO TTOJIS

E(,r) = Aexp[iw(z—%nﬂ. (19.3)

B HampaBieHUM HOpMaIu CKOPOCTh BOJIHBI ¢ = ¢/, n — TIOKa3aTesb IpeIoMIIe-
HUS TI0 HOpMaJId, 3aBUCSIINM KaK OT HalpaBJIeHUs] BEKTOpa €, TaK U OT I0JsIpr3a-
1y BojiHbl. COOTBETCTBEHHO BOJTHOBOM BekTop k = wne/c.

Kaxk u B citydyae BakyyMa, BOCIIOJIb3YeMCsl YpaBHEHUSIMI MakcBeuia U IJjisl yao0-
CTBa BBeJeM MepeMeHHYyIo 1’ = f — r-en/c. Torna u3 ypaBHeHus (1.21) monyyaem
COOTHOIIIEHHE

%exE = H, (19.4)

KoTopoe otiauuaercs oT (1.23) HanuuueM n B JieBoi yacTu. Bo BTOpoM ypaBHEHUMN

Makcsemna (1.22) B mpaBoil YacTW JIOJKHA CTOSITh IPOM3BOAHAS 5 IIO3TOMY
BMmecTo (1.24) monydaem

M exH=D. (19.5)
C
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IMoncraBum H u3 (19.4) B (19.5). Torna

n2

2
C"Ho

D=-

(ex(exE))=n’,(E-eE- e). (19.6)

M3 1ocneqHero COOTHOIIEHHUSI CIENyeT, YTO BEKTOPbI
D, E u e nexar B OJHOU IUIOCKOCTH, 3alUTPUXOBAHHOM
Ha puc. 19.3.

BekxTop H nepneHauKyasipeH 3Toil miockocTu. Bek-
topel D, H 1 e, cornacHo (19.5), 06pasyloT mpaBylo Puc. 19.3
Tpoiiky BekTopoB. BekTop E, B 00111eM citydyae, odpazyer
¢ BekTopoM D yrosn aHuzorpornuu 9.

Ilepenoc sHepruu omnpenensiercs: Bekropom IloitHtunra S = ExH = EHS, Ha-
MpaBJieHue KOTOPOTO 3aJaeTcs eAMHUYHBIM BeKTOpoM s. HampaBieHHbBIN BOOIbL S
OTPE30K TIPSIMOiI1 Ha3bIBAeTCs Ay4oM. BOoab ayua u nepeHocumcs ceemoeas sHepeus.

JlygeBast CKOpoCTh M JiyueBas moBepxHocTh. HecoBmageHne HOpMau € U Jyda §
TpeOyeT HOMOJHUTEILHOTO MOosIcCHeHMs1. PeaibHas 1tockas BojiHA SIBJISIETCS CBETO-
BBIM ITYYKOM C IUIOCKUM (Pa30BbIM (DPOHTOM. B aHM30TPOITHOM cpeae IMyYOK pacIpo-
CTpaHsIeTcsl TakK, KaK 3TO M300paxxeHo Ha puc. 19.4.

BonHOBEIE MOBEPXHOCTH TIJIOCKOI BOJIHBI (TTOBEPXHOCTU paBHOM (ha3bl) M300pa-
JKeHBI IITPUXOBBIMU JTUHUSIMU. DTU TOBEPXHOCTH TepeMelaloTcsl B HalpaBIeHU U
BeKTOpa € (HopMaju) ¢ HEKOTOPOI CKOPOCThIO v. BIomb Jiydya cKOpoCTh u IepeHoca
(as3bl Ha3BIBACTCS Ayuesoll ckopocmpio. 3a BpeMsl At (Da30BbIi (DPOHT MepeMeCTUTCS
Ha paccrosgHue ab = vAt, a o n1yyy — Ha paccrosHue ad = uAt. TTocKonbKy ab =
=adcos?9, TO

v = ucosd. (19.7)

Takum obpazom, u > v.

Kaxk orMmeuanoch paHee, CKOPOCTb 10 HOpMaiu v = v (€) 3aBUCUT KaK OT HampabJie-
HUSI HOPMAaJIU €, TaK M MOJISIpU3alliy BOJTHBI. AHAJIOTMYHO, JTydeBasi CKOPOCTb U = U(S)
3aBUCUT OT HAIIpaBJICHUS JIyya § U MOJSIpY3alMU BOJHBI. DTy 3aBUCUMOCTb MOXKHO
U300pa3nTh B BUJIE TTOBEPXHOCTU, KOTOPAsk HA3bIBAETCS 1y4egou nogepxHocmoro. Ecin
B HEKOTOpPOI TouKe O BHYTPM aHM3OTPOITHOM Cpeabl B MOMEHT BpeMeHU ¢ = (0 Hauai
n3Iy4yaTh (TPOU30IILIa BCIBIIIKA) TOYSUHBI MOHOXPOMATUIECKHUIT NICTOUHUK, TO Ye-
pe3 BpeMs ¢ = 1/c BOTHOBOI (DPOHT COBMECTUTCS C JIy4EBON MOBEPXHOCTHIO.

Bcnbliika ToueYHOTO UCTOYHMKA CBETA SKBUBAJIEHTHA MPOXOXIEHWIO B MOMEHT
BpeMeHU ¢ = 0 yepe3 ToukKy O MHOXECTBa OAMHAKOBBIX IIJIOCKUX BOJIH, pacpocTpa-
HSIOIIMXCS BO BCEBO3MOXKHBIX HarpaBiieHusx. Yepes Bpems 7= 1 ¢ T1ocKue GpoOHTHI
BOJIH CMECTSTCS Ha PacCTOSIHUSI, PABHBIE V.

Ha puc. 19.5 nmoka3zaHo nosoxeHue (OpOHTOB IIOCKHX BOJH B OMHOOCHOM OTpH-
LaTeJIbHOM KpUCTajlle: IIsI OOBIKHOBEHHOU (puc.
19.5, a) u HeoObIKHOBeHHOH (puc. 19.5, 6) BoJH.

B cayuae moueunoeo ucmounuka ay4eeoul, Uiy 601-
HOBOII, NOBEPXHOCMbIO OY0em NOBEPXHOCMb, Kacamenb-
Has Kk naockum gpoumam. J1isi 0OOBIKHOBEHHOM BOJI-
Hbl OHa COBITAJIAET C IMOBEPXHOCThIO HOpPMAJEM,
a 1JIs1 HeOOBIKHOBEHHOM (€€ 4acTh M300paxkeHa
LITPUXOBOI JTMHUEHN) HECKOJIBKO OTJIMYAETCS OT MO~
BEPXHOCTU HOpPMaAJICH.
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Y miaockoil BOJHBI, pacOpOCTpaHs-
IOllIeiics B HAIpaBJIeHUU €, JIyY JOJIKEH
MPOXOAMUTh Yepe3 TaKylo TOUKY BOJTHOBOM
MOBEPXHOCTU, (paza KojaebaHUI IIOJIST B
KOTOpOM coBIamaeT ¢ ¢a3oil KojaedaHui
Ha TUI0cKoM (ppoHTe. OueBUIHO, 3TO OY-
JIeT Touka P, B KOTOpOM MIOCKMIA (ppOHT
KacaeTcsl BOJIHOBOI (JIyueBoOil) moBepx-
HocTu. [TocnenHee 00CTOATENBCTBO MO3BO-
JISIET MCITOJb30BaTh BOJIHOBYIO MOBEPX-
HOCTb B npunyune lrolieeHca 015 anuzom-
PponHwvix cped (CM. fanee).

B ciyyae nByocHOro Kpucrajiia OyayT CylecTBOBAaTh KaK M3MEHSIOIIMECs ¢ Ha-
IpaBJICHUEM € JIBE CKOPOCTU v’ U v”, TaK U UBMEHSIOLIMECS C HAallpaBJICHUEM § JIBE
ckopoctd u’ ¥ u”. OHU CBSI3aHBI COOTHOILIEHUSIMU

v =u'cos?Y; v” = u"cos?”’, (19.8)

Yo

Puc. 19.5

rae ¥ u ¥ — yribl anuzotponuu: mexay D’ u E’ y onHoit BoiHbl 1 D” u E” y npyroii.

Ypasaenue HopMaieii ®penens. [TosepxHocTs HopMaseii. [Tonyunm ypaBHeHUE,
MTO3BOJISIONIEEe YCTAHOBUTH 3aBUCUMOCTE v(e) = ¢/n(e). s aroro 3amuireM (19.6)
10 KOMITOHEHTaM:

Dyyo=n,(E., . —ex, (E-e). (19.9)
Cas3b Mexay koMnoHeHTamu BeKTopoB D u E onpenensiercst cootHoieHuem (19.1)
Dyye = €olry By (19.10)

Moncrasnsas E,,, u3 (19.10) B (19.9), monyuaem

n’ee. , . (E-e)
D,,. = 1 2 1 :

€

(19.11)

2
n PR

VYuuteiBasg, utro D L e u, cienoBaTebHO,
D-e=De,+ De,+ De =0, (19.12)

M3 MOCJICIHUX IBYX PAaBCHCTB I10JIy4YacM

L% . (19.13)

3nech v = ¢/n; vy, v, U, — IJIABHbIE CKOPOCTU BOJIHBI.
Ypasuenue (19.13) HaswiBaeTcst ypasuenuem Hopmaieu Dpenens. IlomydmMm ero
pellieHne, I 4ero npeobpasyeM K BUAY

e2(? —v})W? —v)+e; (v —vH)(W? —v})+el(v: —vy)(v* -v)=0. (19.14)

PaccMoTpuM Tpu cuTyauuu:
* usomponnas cpeda (v, = v, = v, = v,). Toraa (19.14) ynpocrurcs:

(W -v))(W? —v))(ei +e; +e?) = (v? -v7)* =0. (19.15)
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Ero peuieHue o4yeBUIHO: ¥ = v,
* 00HoOCHbI Kpucmann (v, = v, = v,; U, = U,). Torna

@ —v)[(v? —v2)(el +el)+(v2 - v2)e? | = 0. (19.16)

DT0 ypaBHEHWE MMeeT aBa peuieHus. Ecam cHavyana mojaoxuth v’ — v2 = 0,
TO TiepBoe pelieHue v’ = v,. Eciiu Tenepb BblpaKeHWe B KBaJAPATHBIX CKOOKaX Mpu-
pPaBHSATH K HYJIIO, TO

v =vl(el +el)+viel. (19.17)
Yno6Ho BBecTu yron ¢ mexay e u Oz. Torna
v”? = v}sin? @ + v2 cos? ¢. (19.18)

Eciu ¢ =0, T0 v” = v,, a Ipu @ = /2 CKOPOCTh V" = V.

IToBepxHocTb HopMadel (19.18) saBnsiercs oBasionoM. OH TTOXOX Ha 3JUTUIICOU
¥ M300paxeH Ha puc. 19.2;

* 0syocHbutl kpucmann (vy # v, # v;). AHaIu3 ypasHeHus (19.14) MoXXHO nipoBecTy,
€CJIM T10JIarath IOCJIEN0BATENbHO CHavaa e, = 0, 3arem e, = 0 u nanee e, = 0. Torna
MOXKHO TIOJIYYWUTh paclpenecHUe CKOPOCTe v’ U v” B MJIOCKOCTSX, MEePIEeHANKY-
JISIpHBIX cHauajla ocu Ox, 3areM Oy u ganee Oz. Ilocie 3TOro MOXHO TMOJAYYUTH
MPEICTABIEHNE O TPEXMEPHOM MTOBEPXHOCTH HOpMateil. Takoii aHaIu3 ITOKa3bIBaeT,
YTO B KPUCTAJIIE CYILIECTBYIOT IBa HATIPABJICHUS €, U €,, BIOJb KOTOPHIX v’ = v”. DTN
HaTpaBJIeHUs HAa3BIBAIOTCS OUHOPMANAMU, VITH ONIMUYECKUMU OCAMU 8MOPO20 HOPSAOKA.

DumMncou HopMaeii. JIBe BOJTHEI, pacIpOCTPaHSIONIAECS ¢ Pa3HBIMI CKOPOC-
TAMU v’ B v”, yIOOHO aHAJTM3UPOBATh C TIOMOIIBIO J11uncouda Hopmanel (UHOUKam-
puchbl), OTMCHLIBAEMOTO ypaBHEHUEM

2 2 2
LIPS (19.19)
€, &, €

JltvHbI TIOTyoCeit 9TOTo ITMNCOMIA &, = ¢/v,, [, = ¢/v,, \Je, = ¢/v, obpaTHO
MPOIOPLUMOHANBHBI TJIABHBIM cKopocTsaM. [IpoBeneM yepe3 Hauaao KOOpAMHAT IUIO-
CKOCTb, MEePHEeHANKYISIPHYIO0 HopMau e (puc. 19.6).

Jlunus mepeceyeHust (IUTPUXOBasi) IUIOCKOCTU M DJIIUIICOMIA OYAET DJIITUIICOM
¢ mmmHaMu nonyoceir OM’ v OM”. MoxHO noKa3aTh (2 3TO MHTYUTMBHO M TakK
yrageiBaercst), uto OM’ = ¢/v’, OM” = ¢/v”. Kpome Toro, Booab Iojiyoceit OyayT
HamnpanJieHbl BeKTopbl D’ 1 D” y 006eux BOJIH.

Y 0IHOOCHOTO KpHCTajlsla TMOBEPXHOCTh HOP-
MaJjieit OyIeT SJITMIICOMIOM BpallleHUsT BOKPYT OIl-
Taeckoit ocu (ocu 07).

[nst omHoil BOJHBI (OOBIKHOBEHHOM) IJIMHA
nojiyocu OM’ He OyneT U3BMEHSIThCS IPU U3MEHEe-
HUU HampasieHus Hopmanu: OM’ = c¢/v,. Y Takoi
BoJiHBI BeKTOp E’ || D’ (% = 0), MOCKOJIbKY B ILJIO-
ckoctu Oxy cpena uzotporrHa. JIyd s’ 1 HopMasb e
COBIANAIOT, JydeBasi CKOPOCTb U’ = 1),

Hnsa apyroit BoiHBI (HEOOBIKHOBEHHOM) M-
Ha noyocu OM” u3MeHsieTcsl MeXAy BeIUduHa-
MU ¢/v, U ¢/v,. Bektop D” neXUT B TUIOCKOCTH Puc. 19.6
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Onruueckast Y

0oChb \w/ D’ E
b srss N7y BN

/ | |
- L L L L : I UL ; 1T T T 1T T TT
ESe S RRRRRE1Eas =z U1 RREREVIREL
D, /E! /E/
D’ D’
Puc. 19.7 Puc. 19.8

naneHusi. Bekrop E” coctapnsier ¢ HUM yroi 9”. YToObl HaliTU HaIpaBIieHUE 3TOTO
BEKTOpa, JOCTaTOYHO MPOBECTU uepe3 TouKy M” KacaTeJbHYIO TJIOCKOCTh U U3 Ha-
yajia KOOpJAWHAT OMYCTUTh Ha 3Ty IUIOCKOCTh MepneHauKyasip. Baoab aToro nepreH-
IuKyisgpa u Oymer HampapieH BekTop E”. JIyu s” oOpasyer ¢ Hopmajibio yroa 9.
Ckopoctb 1o 1yuy u#” = v”/costd”.

Ha puc. 19.7 n3o0paxkeHO MoJ0XEHNE BCEX BEKTOPOB JJII OOBIKHOBEHHOM W He-
OOBIKHOBEHHOI BOJIH B OJTHOOCHOM KpUCTaJLje.

Hanmyue nByx aydyeil HOCMT Ha3BaHME IBOWHOTO JydernpenomieHust. OHO 3¢-
(ekTHO HabMOAAeTCS B clieayoleM onbiTe. KoamMMUpoOBaHHBINA Y3KU MYyYOK He-
MOJISIPM30BaHHOTO CBETa IajaeT HOPMAaJbHO Ha IJIOCKOIapalJieIbHYIO TTPO3pauyHyIo
IJIACTUHKY, BBIPE3aHHYIO U3 OTHOOCHOTO KpUcTauia. Ero onruuyeckas ocb HakKJIOHEHa
K noBepxHocTu. [Tocie mpoxoxaeHus: CBETOM TIJIACTUHKU TTOSIBJISIIOTCS IBa TapaJi-
JIEJIbHBIX CBETOBBIX ITyYKa, MOJIIPU30BAHHBIX BO B3AMMHO MEPIEHINKYISIPHBIX TIOC-
KkocTsx. I1pu BpallleHur KpucTajja BOKPYT OCH, COBHaAAlollIeil C OChIO Malarollero
My4Ka, OOWH M3 BBIXOASIIMX NMYYKOB HEMOJIBIMIKEH, a BTOPOI BpalllaeTcsl BMECTE
C KPUCTAJLJIOM.

Ha puc. 19.8 nokazaH xo1 000uX ITyYKOB, PACCUMTAHHBINA C TOMOIIBIO 3JUIMIICO-
UIAa HOPMAJIEW U TIOSICHSIOIIMMI OMMCAHHBINA OIbIT.

Terneps cTaHOBUTCSI MOHSTHBIM M3JI0XXEHHOE B Hayajie JIEKIIUM TTOSIBJICHUE JIBYX
U300paXkeHUli PUCYHKaA, HAXOMASILErocs IMoj ABYJIy4enpeJOMISIOIIUM KPUCTALIOM
KanbluTa. [1nacTuHKa BeIpe3aHa Tak, UTO ee ONTUYeCcKash OCh HaKJIOHEHA 1o HEeKO-
TOPBIM YIJIOM K MoBepXHOCTU. [ToaToOMy mpu BpallleHWM IUIACTUHKM B IIJIOCKOCTH
PUCYHKA OJHO M300paxkeHue OyaeT nepemMelaThes MoCcTynaTeIbHO BOKPYT APYToro,
HETOABIDKHOTO.

‘VpaBHeH#ue J1y4eBbix cKopocTeii. JIydeBasi moBepxHocTb. /1151 MpakTUUeCKUX Lesei
4acTO UCIOJIb3YIOT .1yueayto (801HO8YH0) TIOBEPXHOCTb, KOTOPAsl ONUCHIBAETCS 3aBUCH -
MOCTbIO U(S). DTa 3aBUCUMOCTD SIBJISIETCS PEllIeHUEM YpPaBHEHMUs JIyUeBbIX CKOPOC-
TEN.

Hns ero BeiBoma mpeobpasyeMm (19.6) takum o6pa3om, 4ToOHl BeKTophl E m D
MOMEHSIJIUCh MEeCTaMU, a BMECTO € (hUrypupoBal 06l BekTop S. Jjisi 3Toro BHavasie
ymMHOXUM (19.6) ckansipHO Ha §:

s-D=n%,E s - (e s)(E-e) = —n’e,cosHE-e), (19.20)

rae E-s=0; e-s =cos?.
Tak kak Bektopnl D, E, s jexar B 0gHOI IIJIOCKOCTH, MOXHO 3aIlicaTh

s = aE + bD, (19.21)

IJe a 1 b — HEKOTOpbIe pa3MepHbIe CKaISIPHbIE BETUYUHBI.
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VMHOXHMB 3TO PaBEHCTBO CKAISIPHO CHAyaja Ha S, a 3aTeM Ha e, IToJy4aeM
s-s=1=bs-D; e-s=cosd=ae-E. (19.22)
IMoncraBum u3 (19.22) Benmuuusl a u b B (19.21) u miepenuiiemM ero B BUIE

1 e -E D
E=—-(s-bD) = - 19.2
a(S ) cosﬁ(s s~D) (19.23)

IMoncrasnsas B (19.23) npousseaeHue s-D u3 (19.20), oKoHYATENbHO TOJIYYUM
peo0pa3oBaHHOE COOTHOIIICHUE

1

E-—
g,n% cos?

(D-s(D-s)). (19.24)

ITockonbKy ydeBasi CKOPOCTb

h=——=— = — 19.25
"~ cos®  ncosd n,’ (19.25)

BEJIMIMHY 7, = 1 COSV WHOTIA Ha3bIBAIOT noKaA3amenem NpesoMaeHUs ay4d.

IMonwaysace (19.24), nmpoBeaeM MpoOCThbie BbIKIAAKM, aHAJIOTMYHbIE TEM, KOTOPhIE
ObUIM c/ieIaHbl TIPU BbIBOJAE YpaBHeHUsI HopMateit (19.13). 3anucas (19.24) mo kom-
MOHEHTaM M UCMOJIb3ysl MaTepuaibHble ypaBHeHUs (19.10), monyyaem

Sy y..(D-8)

E (19.26)

P e, (0] —ery0)
YyutbiBasi, 4TO
E-s=Es, +E;s,+Es, =0, (19.27)
MoJIyyaeM
1S§1+1S§1+1S§1:0. (19.28)
w v:ouwr viour 0!

DTO U eCTb ypasHeHue ayueswvix ckopocmell. Ero pereHue u(s), n3o0paxkeHHOe B BUE
JarpaMMbl, TIPeACTaBIsieT co00i JTyyeByIo OBEpXHOCTh. 3anuiieM (19.28) B Buje

1 1 1 1 1 1 1 1 1 1 1 1
(L L)1 1) o1 1)1 1Y) (1 1)1 1) .
Sx(uz Ufj(uz vzz)"'sy(uz v%j(uz vzzj"'sz (uz vf)(uz v;j ; (19.29)

JI1s1 N30TPOITHOM Cpenbl vy = V), = v, = V,. [loaTomy u = v,. JlyueBast NOBEpXHOCTD
SBNISIETCS C(pepoil.
JI1s1 OMHOOCHOTO KPUCTANIA Uy = Uy = Uy, U, = V,. Torma (19.29) ceonures K BUIYy

1 1 1 1 1 1
) e P e P R

PelieHussMu 3TOr0 ypaBHeHUsI OymayT
u' =0,
1 _sin’g cos’e (19.31)
u”? v2 v2
235



Puc. 19.9 Puc. 19.10

3aech @ — yroa MexXiay BEKTOPOM § U ONTHYECKOM ochio OZ.
IlepBomy pemteHuto (19.31) coOTBETCTBYET cghepuueckas ayuesas NOGePXHOCMb,
a BTOPOMY — Jiy4yeBasl IIOBEPXHOCTh B BMIE I4AUNCOUOA 6paAuieHuUss BOKPYT OITHYE-

. . v, -V
ckoit ocu. N3-3a HeGoIb1ION BeTUUUHBI |——2| <« 1 amuncoua B (19.31) He3Hayu-

TEJBHO OT/IMYaeTcs oT oBanouaa (19.18).

Haxkonern, njsi 1ByocHOro KpucTajia, He TIPUBOIS TPOMO3AKHME BBIKIAIKU, 00-
cyauM ¢hopMy Jy4eBOI MOBEPXHOCTH, N300paxkeHHOH Ha puc. 19.9 B Bume Tpexmep-
Hoil moBepxHOCTH (puc. 19.9, a) u ee paspe3oB (puc. 19.9, 6) B Tpex B3aUMHO
NEPIEHANKY/IAPHBIX TUIOCKOCTSAX. PUCYHOK COOTBETCTBYET CIIyYalo €, > €, > €,.

BHe1rHsIs1 MOBepXHOCTh HAIIOMUHAET 3JUTUIICOUI, HO MMEET YeThIpe YIIyOaeHMsI,
B KOTOPBIX KacaeTcsl BHYTpeHHe# moBepXHOCTU. ToUKM KacaHusi M orpeaessioT Ha-
TpaBJIEHUsT BEKTOPOB §; U S,, TIO3TOMY Yepe3 TOUKU KaCcaHUsI TPOXOIST ONTUUECKHE
OCM KpHCTajuia, BIOJb KOTOPBIX #’ = u”. Y pa3HBIX KPUCTAJJIOB YIOJI MEXAY OCSIMU
MOXeT 3HAaUUTeJIbHO paszindarhcsa. Hampumep, mig Hutpara Kanust KNO; oH paBeH
7°12', a ans cynbdara xene3a FeSO, — 85°27'.

Dumncoun Ppenena. OH 3amaeTcd ypaBHEHUEM

ex?+e,y+e, 2% =1 (19.32)

U TI03BOJISIET pacCUMTaTh JydyeBble CKOPOCTU u’, u” W HampaBieHHUs BeKTopoB E’,
D’, E”, D”, eciu 3agaHo HampaBjieHHe jayda S. JJIMHBI mojiyoceil aJUIMIicouaa
1/Je, =v /e, 1/ e, =v,/c, 1/ Je, = v,/c TPONOPUMOHANLHEI IJIABHBIM CKOPOCTSIM.

Ecau mpoBecTy yepe3 Havyajo KOOPAMHAT TEPIIeHIM-

z KYJISIpHOE BEKTOpY § CE€YeHME, TO IJIMHBI TMMOJyocel 3JI-
e/ nunca ceueHuss OM’ = u’/c, OM” = u”/c (puc. 19.10).

o 4 CooTBeTCTBYOIIME 3TUM T0oJayocsiM BekTopsl E” u E”

9| HaIpaBJIeHbl BIOJb 3TUX ITojyoceii. Bektopsl D’ u D” orm-

peaensoTcs HanpaBIeHUSIMU TIEPTIEHAUKYJISIPOB, OIMYyIIEH-

HBIX U3 Hayaja KOOPAMHAT Ha COOTBETCTBYIOIIIME KacaTesb-

X HbIe IUIOCKOCTH, IIPOBeACHHbIE yepe3 Touku M’ u M”.Y ox-

Ho#i BoiHBI BekTophl D”, E” 1 €” nexar B IJIOCKOCTU I1a-

neHus, a Bektopel D’, E’, ¢ — B nepneHAUKYJISIpHOU
IUIOCKOCTU (HAa PUCYHKE BEKTOPHI € U €” He MOKa3aHHbI).

JIBoiinoe ayuyenpeaomaenue. IIpunun I'oiirenca. ITyctb

Puc. 19.11 IUIOCKasd BOJIHA MAJaeT Moi yrioM ¥; U3 BaKyyMa B aHU-
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d

Puc. 19.12

3oTpornHyto cpeny (puc. 19.11). I3 rpaHUYHBIX YCIIOBUIA CIEIyeT, YTO BOJTHOBBIE HOP-
MaJiid TpeX BOJIH JIeXKaT B OMHOM TJIOCKOCTU (TUIOCKOCTH TIafeHMS) U

c sind; ¢

v sind; v

sin 9,
sin ¥

ITonuepkHeM, uto v’ =v’(e;), v” =v”(e}), MOITOMY [JII HAXOXAEHUS YIJIOB
U7 1 97 HeoOxonuM aHaau3 (19.33) cOBMECTHO C pellleHUEM ypaBHEHMsSI HOpMaJiei
(19.13).

Hnst mydeir co ckopocTsiMu u” U u” cootHoumreHust (19.33) He BBIITOTHSIOTCS.
Pacuer HampaBieHMiT MX pacIpoCTpaHEHWST MOXKHO ITPOBECTH, pelllas COBMECTHO
(19.10), (19.11) u (19.24). '3 HUX MOXKHO HAWTU YIJIbl aHU30TPONUU ¥ U ¥, KOTO-
pble 00pasyloT Jy4yd ¢ HOPMAJISIMMU.

g mpakTuueckux Ueel MPUMEHSIOT IpUHLIMN [oireHca ayisi aHM30TPOIHBIX
cpen, KOTOpBbIi 0a3upyeTcsl Ha TpeX MOJIOKEHMSIX:

* KaKIast TOYKa IMOBEPXHOCTH aHM30TPOITHOM CPeibl, 10 KOTOPOW TOXOIMUT Maaa-
follas TIoCKash BOJHA, MOXET OBbITh TpeacTaBieHa KaK TOYEUYHBIH MCTOYHMK,
OT KOTOPOT'O PacIpoCTPaHSIOTCS B Cpeie ABE BOJHBI, UMEIOIINE pa3Hble BOJIHOBBIC
MMOBEPXHOCTH;

* IUIOCKUI (PPOHT KaXIOW M3 MPEJOMJICHHBIX BOJH COBMHAJAaeT C OTHOarolIei
COOTBETCTBYIOILIMX BTOPUUHBIX BOJIH;

* JIy4M HampapjeHbl OT TOYEYHOTO UCTOYHMKA B ABEe TOYKM KacaHusi P’ u P” ero
BOJTHOBBIX TTOBEPXHOCTEN M COOTBETCTBYIOIIMX OrMOAIOIINX.

ITpowmocTprpyeM NMpUMEHEHUE 3TOTO MPUHIIMIIA B CIyvyae HAKJIOHHOTO Maje-
HUS TIJIOCKO BOJIHBI Ha TMOBEPXHOCTh OTPUIIATEIBHOTO OJHOOCHOTO KpHUCTalia,
ONTHYECKasT OCb KOTOPOTO paclojioXeHa B IJIOCKOCTU MaaeHusl. OHa cOoCTaBisgeT
HEKOTOPBII YToJ ¢ MJIOCKOI MOBEpXHOCThIO KpucTtasuia (puc. 19.12).

B Toukax a, b, d v ipyrux HaxomsATCs TOYEYHbIE UCTOYHUKU. BOTHOBBIE TTOBEpX-
HOCTH M3JIydaeMbIX MU BOJIH OyayT cepamu U siauncougamu. Ma3oBbie GPOHTHI
F’ u F” aBnsaiorcst orubaloliMy K BOJHOBBIM ITOBepxHOCTSIM. Hopmanu K HUM e’
1 e” ynoBiaeTBopsoT 3akoHy (19.33). OnuH u3 nydel 8’ COBMagaeT ¢ HOPMAJbIO €
(3TO OOBIKHOBEHHAsI BOJIHA), a IPYroil 8” cocTapisieT ¢ €” yroia ¥ (HeOObIKHOBEH-
Hasl BOJIHA).

4

237



JEKITHS 20

JBoitHOE TydeTpeIoMIICHHE CBeTa B aHM30TPOITHEIX CpeaX IIMPOKO TTPUMEHSIET-
¢S JUTS TIPaKTUUYECKUX TIpUiIokeHui. [1py 3TOM MCIIOMB3YIOTCS KaK Cpebl, 001agaro-
€ eCTeCTBEHHOUW aHW30TPOIMEl, TaK U psI APYTUX cpeld (TBEPIOBIX TEJ, XXKUIKO-
CTeif), KOTOpbIe TTPUOOPETAlOT MCKYCCTBEHHYIO aHU3OTPOITMIO TP BHEIITHUX BO3-
JIEVCTBUSX.

IMonapusaropsl. Hammare 1ByX BOJH B aHU3OTPOITHOM KPUCTAJUIE CO B3aMMHO
TIePIICHANKYISIPHEIMA HaMpaBICHUSIMA WX TUIOCKOCTEH MOJApU3aIuy, WMEIOIINX
pa3IMYHOE TIOTJIOIIEHNE W PAaCIIPOCTPAHSIOMMXCSI, B OOIIeM ciIydae, 0 Pa3HBIM
HampaBJIeHUSIM, OTKPBIBA€T BO3MOXKXHOCTD IIJIST CO3MAHMS TTONISIPU3AIIMOHHBIX TIPH-
crocobnennii. Ecim omHy W3 BOJTH YCTPaHUTD, TO CBET CTAHOBUTCS TITIOCKOTIOJSIPH -
30BaHHBIM. YCTPOMCTBO, paboTalolee 1o 3TOMY IIPUHIINITY, Ha3bIBACTCS TTOISPH3a-
TopoM cBeTa. Hambosree pacrpocTpaHeHBI 1Ba MX TUTIA: TBOSKOIIPEIIOMIISIOLINAE TTPU3-
MBI ¥ TIOJIIPOUITHBIC TIICHKH.

IlepBolil TToasspU3aTOp M300pes LIOTAAaHACKUI ydyeHblld Y. Hukonbs B 1828 rony.
IMonspuzarop mpeacTaBisieT co00i TTPU3MY, pa3pe3aHHyo Ha IBe YaCTH TI0 TIFIOCKOCTH
a—b (puc. 20.1).

IMpu3ma M3roToBIeHA M3 MCIAHACKOTO IIMaTa — OTHOOCHOTO OTPHIIATEIBHOTO
KpHCTaa, y Kotoporo #, = 1,658; n,=1,486. 3a30p MexXIy YaCTIMH IMPU3MBI 3aT10JT-
HSIETCSI U30TPOITHEIM KaHAJICKUM 0ajTb3aMOM C MoKazaTesieM npeiaomMieHus # = 1,550.
Ornrryeckast OCh PacIioiokeHa B TNTIOCKOCTH YepTexka M HaKJIOHeHa K BXOAHOM rpa-
HU TIpU3MBbI noa yriiom 48°15'.

ITocne npenoMaeHust Ha 3TOM TPpaHU HYUXKHUM (OOBIKHOBEHHBII) JTy4 S, UCIIBITHI-
BaeT TOJIHOE OTpaskeHWe OT TPAHWILBI @ — b W 3aTeM BBIBOAWTCS M3 TIPU3MEI JTOO
TTOTJTONIACTCS e¢ HIDKHE# 3auepHeHHON TpaHbio. HeoOBIKHOBEHHBIIM JTyY S, TIPOXOIS
0e3 TIpeJIOMIICHUS depe3 TPaHuIly a— b, 3aTeM BBIXOAUT TMapaJlieIbHO TafaioieMy
nmyay. HeoGBIKHOBEHHAs BOJIHA TOJISIPU30BaHa B TIIaBHOM IUTOCKOCTH TpU3MbI Hu-
KOJISI. YTJIOBasl areprypa (Ivarta3oH yIJIOB MaJeHWs BOJHBI Ha TIEPEIHIO TPaHb),
MPpU KOTOPOI IOCTUTAETCS XOpollasi MoJsipu3aliusi, cocTaisieT okoso 29°. ITocKonabKy
KaHaJICKWi1 0aib3aM He TIpo3padyeH B Y D-amama3oHe, TO Mpu3Ma B 3TOM OUaria3oHe
HE WMCITOIb3yeTCs .

OnTuyeckast
oCh

=

Puc. 20.1 Puc. 20.2
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Bonee mmpokoe mpuMeHeHHEe TOJydusia TMOJsSIpu3allMoHHas mnpusMa [naHa
(puc. 20.2).

3aech napayienenuie 13 UCJIaHICKOro 1ITarta pa3pe3aH Mo JMaroHaJIbHOM’ TJ10-
CKOCTH Ha JB€ paBHbIE YacCTH, pasleieHHbIe BO3AYIIHBIM 3a30poM. YToi o = 50°.
Onruyeckasi oCh KpUCTaJljia MepIeHANKYISIpHA TUIOCKOCTH dyepTexka. OObIKHOBEH-
HBIH JIyd mpeTeprieBaeT MOJHOEe BHYTpeHHee OTpaXkeHWe Ha JUaroHaJIbHOMN TIOCKO-
CTH, TIO3TOMY Uepe3 MPU3My MPOXOAUT JIMIIb HEOOBIKHOBEHHBIM JIyY.

IIpeumyiiectBo nmpu3msbl I'JlaHa COCTOUT B MaJIOi JIMHE U YAOOCTBE MCIOJIb30-
BaHUs, B TOM 4ucie U B Y®-nuamnazoHe. OgHaKko yrjaoBas amepTypa COCTaBJIsSIeT
BeJIMYMHY 8°6' 1 3aMeTHO MeHbIIIe, 4yeM y mpu3Mbl Hukoms. [1pu 3anoaHeHnn 3a3opa
raepuHoM (n = 1,474) yrnoBast anepTypa yBeJanumBaeTcs 10 32°6', Ipy 9TOM yroi
a=17°20"

Cy1iecTByeT MHOXKECTBO IPYTUX MOJISIPU3ALOHHBIX TTPU3M, ITPOIMYCKAIOIIUX JTUIIb
ONIMH JIyY MOJISPU30BAaHHOTO CBETa.

OdeHb yIOOHBI B UCIIOIBb30BAHUM MOJISIPU3ALIMOHHBIE TUIEHKW, TPUHIIUIT paboThI
KOTOPBIX OCHOBAH Ha SIBIICHUU OUXpou3ma — 3a8UCUMOCMU NO2A0UeHUs ceema elye-
CmMeoM om e2o noaspu3ayuu. ITo SIBJIeHUE ObIJIO OTKPHITO B Havayie XIX B. HA MOHO-
KpHCTajlJIaX IMOJTyaparolieHHOro MuHepaa TypMairuHa. OMHOOCHBIN TypMaJIH CUIBHO
TOTJIOIIAET OOBIKHOBEHHBIM JIyY.

AnXpou3M KpHCTAUIOB MOXKHO OIMUCATh C IMOMOILBIO UHOUKAMPUCHL NO2AOUeHUS
(19.19), ecnu B Heli UCIIOIB30BATh MHUMBIE YaCTU AUBJIEKTPUUECKON MTPOHUIIAEMO-
cru g7, &) U ¢7. Torma nojayocu sjIurca ce4eHus: OyayT npornopuruoHaIbHbl KOd(h-
¢pumeHTam norouieHus o U o”. ACHO, YTO B OTHOLLIEHUU AUXPOU3MaA KPUCTAILIbI
MOTYT OBITb OMHOOCHBIMU U JBYOCHBIMHU.

AuxponyHble TJIACTUHKM M3 TypMajvHA HE HalUIM IIMPOKOTo MPUMEHEHUS
B KayecTBE MOJSIPU3ATOPOB. DTO CBSI3aHO KaK C WX BBICOKOM CTOMMOCTBIO, TaK
U Y3KOH CIEKTpaIbHOI 00JaCThIO0 MPOITYyCKAHMSI.

Bonee mmpokoe pacrpocTpaHeHUE TIOTYIWIN HAeHOUHble NOAAPOUdbl — HACHKU,
«NPONUMAHHbBLE» AHU30MPONHBIMU MoeKyaamu. ECTIN OTMMEPHYIO IJIEHKY, COCTOSIILYIO
13 IJTMHHBIX MAaKPOMOJIEKYJI, B HATPETOM COCTOSIHUY TTOABEPTHYTh CUJIBHOMY PACTSI-
JKEHUIO B OMNpelNeIeHHOM HaIpaBJeHUU, TO MaKPOMOJEKYJbl CBOMMU JIMHHBIMU
OCSIMU BBICTPOSITCSI BIOJIb 3TOTO HaIlpaBlieHUsI. 3aTeM B pa3MSTYeHHOW HarpeToi
IJIEHKE PAaCTBOPSIOT BEIIECTBO-aKTUBATOP, MOJIEKYJIbI KOTOPOTO, O0JIaIaroIIe JUX-
pPOM3MOM, TaKkKe OYIyT OpMEHTHUPOBAHBI. B MTOre OCTHIBIIAS IJIEHKA CTAaHET MOJISIPH-
3aTOpOM CBeTa.

7151 U3roToBJIeHUS MOJSIPOMAOB Yallle BCero MPUMEHSIOT TTOJIMBUHWIIOBBIN CITUPT.
Ecnu B Hero 1o6aBUTh HACHIILIEHHBII BOIHBII pacTBOp foAa, TO B IVIEHKE 00pa3yloTcs
JUTMHHBIE LIETIOYKY TUXPOUYHBIX MOJIEKYJT COEAMHEHUS] «TTOJTMBUHUIOBBIN CITUPT —
ony». Takoii moasipona 00J1agaeT XOpoILIMM ITOJISIPU3YIOIIMM IeiiCTBUEM B 001aCTU
criextpa 5000 —7 000 A. /Lnst pyroit 0671acTH CreKTpa MOAOUPAOT UHbIE AKTUBATO-
pbl. MHOTIa B KavyecTBe aKTMBATOPOB MPUMEHSIOT AUXPOUYHbIE MOHOKPUCTAJLIHI,
KOTOpBIE TaKXKe OPUEHTUPYIOTCS MPU PACTSKEHUHU TIIEHKH.

YupasjieHHe COCTOSTHHEM TOJIAPU3ANMH CBeTA. AHAJIM3 COCTOSHHUA MOJSPH3AIMH.
PaccmoTpuM ontuuecKkyio cxemy, n300paxkeHHY0 Ha puc. 20.3.

JIyu ecrecTBeHHOro (HEMOJSIPU30BAHHOIO) OEJIOro CBEeTa IMaJaeT HOPMAaJbHO Ha
TJIOCKOMapaUIeIbHYIO ITPO3PAYHYIO TUTACTUHKY TOMIIMHOM /. T1nacTuHKa n3roTosie-
Ha U3 OMHOOCHOT'O KpPUCTaJIa, ONTHYECKasi OCb KOTOPOro HampasjieHa B1ojb ocu Oz
IInacTuHKa moMelleHa MeXAy ABYyMs Iojisipuzatopamu II, u I, cxemMaTU4ecKu

239



M300pakKeHHBIMU Ha PUCYHKE B BUIE
KPYIJIBIX MOJMMEpPHBIX IUIeHOK. IlepBas
reHKa /1, Ha3bIBAETCSl HOAAPUIAMOPOM,
a Bropas I, — anaauzamopom. EctecTBeH-
HO, YTO B KaueCTBe MOJIsIpr3aTopa U aHa-
JIN3aTOpa MOTYT TPUMEHSITHCS M TIOJIS-
pU3aLMOHHbBIC MPU3MBI. [J1aBHBIE TLJIOC-
KOCTH TUIEHOK (TUIOCKOCTH, B KOTOPBIX
CTAaHOBUTCSI MOJSIPU30BAHHON BOJIHA,
MpolIealas yepe3 IIeHKN) COCTABIISIOT
Puc. 20.3 VIJIBL O U Oy C ONITMYECKON OCBhIO KPUC-
tajuia. Eciu raBHbIE TIJIOCKOCTH B3aMM-
HO MEePNEeHAUKY/SIPHBI, TO TOJISPU3aTOP M aHAIM3aTOP Ha3bIBAIOT CKPEIIEHHBIMU.
ITocne mpoxoxaeHust nonasipuszaropa /1, TMHEHO TOJSIPU30BaHHAsI BOJHA TamgaeT
Ha OJHOOCHBIN KpucTasul. B mociaenHeM BO3HMKAIOT 0ObIKHOBEHHAS U HEOOBIKHOBEH -
Hasl BOJIHBI, paclpocTpaHsiolecs Baojib Oy co CKOpPOCTIMU v, = ¢/n, U v, = ¢/n,
COOTBETCTBEHHO.
Ha Brixoae u3 Kpucramia ode BOJIHBI IpHOOpeTaloT pa3HOCTh (a3

2
Ap =9, — 0, =5 (ne =)l (20.1)

PazHocTh (pa3 3aBUCUT OT IJIMHBI BOJHBI, IO3TOMY Ha aHAJIM3aTOp OyAyT majaaTh
BOJIHBI C Pa3IMYHBIMU COCTOSIHUSIMUM TOJISIpU3AalMK (JIMHEIHOM, KPYTOBOM, DJUIMII-
TUYECKOI). DT BOJIHBI SIBJISIIOTCS CYIIePHO3ULIell 0OLIKHOBEHHOM U HEOOBIKHOBEH -
HOM BOJIH, BBIIIENIINX U3 KPUCTAJLIA.

Honst aHeprum Wi KaXIoi M3 CIeKTPaJbHbIX KOMIIOHEHT CBETa, MPOIIEAIIeTro
yepe3 aHaIU3aTop, OyIeT 3aBUCETh OT B3aMMHOM OPUEHTALIMY T[JIABHOM TJIOCKOCTH
aHanm3aropa I, 1 mojyocel 2JIIUIIca, OMMChIBaéMOro KOHIIOM BekTopa E mana-
[ollleil Ha aHanu3aTtop BOJHBL. [loaToOMy Ha 3KpaHe 3a aHaIM3aTOpOM OyAeT OKpa-
ILIEHHOE CBETOBOE IISITHO.

PaccunTaeM MHTEHCHMBHOCTBH CIEKTPAJbHBIX KOMIIOHEHT CBETa, JOCTUTAIOIIETO
akpaHa. [Ipearnonaoxum, 4To Ha BXOAHON MOBEPXHOCTH KPUCTAJIa HAMPSKEHHOCTh
nosist BoJiHbL Eg = Agcosmr. DTO Mojie pa3noXuM Ha IBe KOMIOHEHTH E, = Ecosoy
u E, = Eysino,. Ha Beixone U3 Kpucraaia 3TU KOMIIOHEHTbI OMTUCHIBAIOTCS BbIpaXe-
HUSIMU

E, = 4,cosa, cos((ot - 2lj; E,. = Aysina, cos(mt - glj. (20.2)
v

e o

HarnpstkeHHOCTD TI0JIST BOJTHBI, TIPOLIEAIIe yepe3 aHaIM3aTop, COCTaBUT BeJIy-
YUHY

E=FE cosa,+E, sino, =

= A, coso, coso, cos (mt e lj + Ay sin o, sin o, cos (o)t - 21]. (20.3)
v

o e

ITo cytu aHanM3aTOp IMO3BOJISIET OCYIIECTBUTh MHTEPGHEPEHINIO MOJISIPU30OBAH -
HBIX B JIBYX B3aMMHO TEPIEHINKYISIPHBIX HAITpaBJIeHUsX BoJH. [lepexons K MHTEH-
CHBHOCTH, TIOJIy4aeM
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[=E*=1, [cosz(az — o) —sin 20, sin 20, sin? %}, (20.4)

e Ao onpenesnsiercs BoipakenueM (20.1); Iy = A3/2 — UHTEHCUBHOCTD MANAIOLIETO CBETA.
IIpoananusupyeM 1ojiydeHHOe BbIpaxkeHue. I1ycTh rimaBHble riockoctu 1, u I,
napajieJibHbL: o = 0, = o 'Torna

=1, (1 — sin? 2ocsin? %). (20.5)

Eciu =0, n/2, tu T.4., T0 I = I,. Ecu o = /4, 3n/4, TO UHTEHCUBHOCTD [ =
= 0 115 TeX CHEeKTPaIbHbIX KOMIIOHEHT, [IJIsi KOTOPbIX AQ = (2m — 1)w, win

(ne—no)l=(2m—l)%, m=1,23.... (20.6)

AHM30TpOINHAY [JIACTUHKA, YIOBIEeTBOpsiiolas yciaosuio (20.6), Ha3bIBaeTCS no-
AYBOAHOBOU NAACMUHKOU, WIIN TIJTIACTUHKON «A/2». IIpn mageHun IIOCKOMOMSIpU30-
BaHHOM BOJIHBI Ha TaKylO IJIACTUHKY TP yIiie o = +45° mpoleainas BojHa OyneT
IJIOCKO TIOJIIPU30BaHa, OJHAKO €€ TUIOCKOCThb MOJISIpu3ali OyaeT MOoBepHyTa Ha
90° OTHOCHUTEJIHO TIJIOCKOCTH MOJISIpU3aly Tafaoiieii BoaHbl. [1oaToMy oHa U He
MPOXOAMT Yepe3 aHaIu3aTop.

IMpu Ap =(2m-1) g, W

(ne = n)l = 2m -1, (20.7)

UHTEHCUBHOCTh [ = I,. [lacTuHKa, ynosiaeTBopsitoiias yciaoBuo (20.7), Ha3bIBaeTCs

YemeepmuvB0OAHOB0l NAACMUHKOU, VA TUIACTUHKON «A/4». OHa mipu yrie o = +45°

MpeBpallaeT JINHEWHO MOJIPU30BAHHBIA B LIMPKYJISIPHO MOJISIPU30BAHHBIN CBET.
Ecnu Tenepb aHaIM3aTOp U MOISIPU3ATOpP CAeaTh ckpeujeHHbimu (0, = o + T/2), TO

I = I, sin? o sin? %. (20.8)

CpaBHeHue ¢ (20.5) mokasbiBaeT, UTO CUTyallMsl CTajla AMaMeTpaibHO MPOTUBO-
TTOJIOKHOM: Te CIIeKTpalbHbIe KOMITOHEHTHI, KOTOPEIC paHbIle MPOXOIVIN, OYIyT
3a7ePKUBATLCS ONTUYECKOUM CHCTEMOI, 1 HaOOOPOT.

MznoxxeHHOE MILTIOCTPUPYETCS B OTIBITE CO CIOASTHBIMY ITACTUHKaMU. Kommmmu-
POBaHHBIM MyJOK OEJIOTO CBeTa MoMamacT Ha ONTUYECKYIO CUCTEMY, M300paskeHHYIO
Ha puc. 20.3, B KOTOpOil B Ka4eCTBe aHU3OTPOITHOM CPeIbl UCTIONB3YeTCST CITIOMSTHAS
macTHKa. Ecim momo0parth ee TOIIMHY TaKOM, YTO OHA OYIET ITOyBOJTHOBOM TpH
A= 7000 A, To pu yrie o, = +45° ¥ MapaUIeNbHBIX IABHBIX TUIOCKOCTSX TSITHO Ha
aKpaHe Oymet cuHuM. [Ipu moBopoTe aHaym3aTopa Ha 90° MSITHO OKaXKeTCsT KPACHBIM.
[NpuHATO cUMUTATh, YTO KPACHEIN CBET SIBJSIETCS JOIOJTHUTEIBHBIM K CHHEMY, ITO-
CKOJIBKY COOTBETCTBYIOIIME WIM JJTMHBI BOJH JIeXKaT IO pa3Hble CTOPOHBI OT UTMHBI
BOJIHBI Ay = 5 500 A, 1711 KOTOpOIt B CIIEKTpe JHEBHOTO CBETA JOCTUTAETCS MAKCHMYM.

Ha puc. 20.1 1. BKJ1. MoKa3zaHO U300pakeHre Ha SKpaHe 0a00UKH, BBITTOJTHEHHOM
M3 MeJIPYaINX TUIACTUHOK Pa3IMYHOM TONIIWHEI, ONTUYECKNE OCH KOTOPBIX OPH-
€HTUpOBaHbI Mo-pazHoMy. Eciin oceliath 6a60UKy OeJIbIM CBETOM, TO €€ MaJTOKOH-
TpacTHOe M300paxkeHue Oyaet yepHo-0eabiM. [1pu moMmelneHnn ee MeXy ITOJISIPOM-
JJaMHM OHa CTaHOBMUTCS OKpamieHHO#. [Ipu moBopoTe aHamm3aTopa Ha 90° ee mBera
MEHSTIOTCST Ha JIOTIOJTHUTETEHBIC.
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W3 npuBeaeHHOIO pacCMOTPEHUS CTAHOBUTCS IIOHITHO, YTO ONTHYECKAs CXeMa,
n3obpaxkeHHas Ha puc. 20.3, MoxXeT ObITh MCIIOJIb30BaHA KaK AJISl CO3AaHUsI ITyYKOB
CBeTa C 3aJJaHHBIM COCTOSTHMEM IOJIIpU3aLK, TaK M IS pellieHus oOpaTHOI 3a1a-
Yy — MCCJICOBAHMUSI COCTOSIHUSI TTOJISIPU3ALIMU.

st pellieHusT IepBOi 3a1a4K JTOCTATOYHO MCIIOJIb30BaTh MOJIIPU3ATOP U aHU30-
TPOIIHYIO TUIACTUHKY. [IpM MageHny cBeTa Ha TaKylo CUCTEMY Ha BBIXOJE IJIACTUHKU
MOXKHO ITOJIYYUTb CBET C HY>KHBIM COCTOSIHUEM ITOJIsIpu3aLuu. [1Jjist 3Toro Heooxomu-
MO MOI00paTh BEIUYUHBI o U (11, — M,)l.

st peliieHUst 00OpaTHOM 3a1a4l MOXHO MCII0JIb30BaTh aHU30TPOITHYIO IIACTUHKY
1 aHaym3atop. Eciu uccnenyeMplii CBET JIMHEIHO IOJIIPU30BaH, TO JOCTATOYHO OIHO-
ro aHajauzaTopa. MHTEHCMBHOCTD MPOIIIEIIero cBeTa, comacHo (20.4), mpu Ae = 0

I =1,cos’a, (20.9)

IIe O = 0y — O, — YIOJ MEXIy IUIOCKOCThblo 1, aHanu3aTopa M TUJIOCKOCThIO [T,
noJsipusaunu BoiaHbl. CooTHolueHue (20.9) sBisgeTcs MaTeMaTUYeCKUM BhIpasKeHM -
eM 3akoHa Maaroca. 3aBucuMOCTb (o)) yIOOHO TPENCTaBIATh B BUAE ITMArpaMMBbl,
n3o6paxeHHoM Ha puc. 20.4.

OmHako ¢ ITOMOIIBIO JIMIIb OJHOIO aHaJU3aTOpa HEBO3MOXHO OTJIMYUTh YaCTH-
YHO MOJIIPU30BAHHBIA OT BJUIMNTUYECKU MOJIIPU30BAHHOTO CBETa, HEIMOJSIPU30-
BaHHBIN — OT UUPKYJISIPHO MOJsIpr30BaHHOr0. COOTBETCTBYIOIINE AarpaMMbl N300-
paxeHsI Ha puc. 20.5.

Ha puc. 20.5, a mokazaHa nuarpaMma ISl SJTUITUYECKU TOJISIPU30BAHHOTO
U YACTUYHO MOJISIPU30BAHHOIO cBeTa, Ha puc. 20.5, 6 — M HUPKYJISIPHO TIOJSIPU-
30BaHHOTO M HEMOJISIPU30BAHHOTO CBETA.

I[TpuMeM Bo BHUMaHWE, YTO B OTJINYME OT XaOTUUYECKHU TTOJISIPU30BAHHOM, Y BOJI-
HBI C PETYJISIPHOM MOJISIpU3aIlieil CylecTBYeT onpee/ieHHas: pa3HoCTh (a3 Ag, Ko-
JlebaHnit MeXIy ee B3aMMHO TTepITeHINKYISIPHBIMA KOMITOHEHTaAMH 3JIEKTPUUIECKO-
ro nojst. [TosTomy ecm Tiepen aHaIM3aTOPOM TTOCTaBUTh AaHW30TPOITHYIO TUTACTHUH-
KY, BHOCSIIIIYIO TOTIOJIHUTEIBHYIO pa3sHOCTh (a3 A@, TaKkylo, 9TO

2n
A

TO CBET CTaHET TUTOCKOITOJISIPU30BAaHHBIM M MOXET 3aTeM MCCIIEIOBAThCS aHAI3a-
TopoM. OmpeneanB HalpaBIeHUE ero TTIOCKOCTH MOJIIPU3auu (BeTUUUHY M) TP
M3BECTHOM A@, MOXHO PacCUUTaTh A@Q, ¥ TEM CaMbIM OTIPEIEeIUTh UCXOTHOE COCTO-
STHYE TIOJIIPU3aIlNN BOJTHEL.

YcTpoiicTBa, U3MEHSIONINE Pa3HOCTh (a3 B3aMHO TTepIIeHANKYIISIPHBIX Kojieba-
HUIT TIOJIST BOJTHBI, HA3BIBAIOTCSI KoMIieHcatopamu. [lepBbIif KOMITEHCATOp TIPEIITO-
xui (1839) dpanuysckuii dusuk u actpoHoM K. babune. Ero kommneHcarop npen-
CTaBJISUT COOOM CKOJIB3SIIIINE OTHOCUTENIHO NPYT Ipyra IBa KBaplieBbIX KIMHA, 00-
pa3yIoIINX TI0CKOMApaUIeIbHYIO TUTACTHHKY TIepeMeHHOM ToMIHE / (puc. 20.6).

A

AQy + A = Apy +—(n, —n,)l =mn, m=+1,£2,£3 .., (20.10)

Puc. 204 Puc. 20.5
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Puc. 20.6

KBapi siBnsieTcss OQHOOCHBIM TIOJIOXHUTEILHBIM KpUCTAIOM: n, = 1,544, n, =
=1,553. Ecnu ontuyeckye ocU KJIMHbEB B3aUMHO TEPIIEHAUKYISIPHBI, TO TIPU pac-
MPOCTPaHEHUN CBETOBOIO IMyYyKa ero parMeHT IpuodpeTeT pa3HoCTh a3

2 2
80 = 0; =90 = ZE(ny + o) = (ngh + meb)] = ZE[(n, = m)(y = )], (20.11)

Ha skpane 2 Oymyt yepemoBaTbCsl MOJOCHI, MPUYEM BHUIHOCTb 3TON KapTUHBI
OyzmeT TeM BbIllIe, YeM OOJIbIlle CTeNeHb MOJIIPU3allMU CBETA, Magalollero Ha KOM-
TeHcaTop.

HcKyccTBeHHAS aHH30TPONHS NMPH BHEIMIHUAX BO3JeicTBUAX. BriepBbie mosiBieHMe
HUCKYCCTBEHHOI aHU30TPOIMHU ObLIO OOHApY:KeHO HeMelKMMU ¢usnukamu T.3eebe-
koM (1813) u Bproctepom (1815). OHM OTKPBIIN ABOMHOE Jy4YeIpesIoOMIIeHE B KPH-
cTajulax Mpyu UX OTHOCTOPOHHEM CXXAaTUM U pacTsbkeHur. Takoe CBOMCTBO KpUCTa-
JIOB Ha3bIBaeTCs1 pomoynpyeocmoro. CxemMa 3THX OITBITOB MoKa3aHa Ha puc. 20.7.

ITpo3pauHbiii U3OTPOMHBIN KPUCTALI TTOMEIIEH MEXAY CKPELIEHHBIMU TTOJISIpH-
3aropaMu. B COOTBETCTBMU ¢ TIPUHSTON MPAKTUKOM MOISIPOUIBI M300pakaloT cxema-
TUYHO B BUIE TUTACTMHOK, HamoMuHaromux npu3Mbl Hukons. Eciau mx riaBHble
TJIOCKOCTH TapajuleSibHbl, TO U IMArOHajJbHbIe JIMHUM PUCYIOT TMapauieJbHBIMU,
€CJIM TIJIOCKOCTU B3aMMHO TIePIIeHAMKYJISIPHBI, TO IMaroHaJlbHble JIMHUM OPUEHTH-
pOBaHBI B pa3IMUHBIX HanpaBiaeHUsIX (cMm. puc. 20.7).

CaeT yepe3 Takylo CHUCTeMy MpoOXoauTh He OymeT. OmHaKo ecjiv, Halpumep,
K BepXHel rpaHu KpUCcTala MpUIoXKUTh CKUMarolnyto cuiny F, copueHTupoBaB Kpu-
CTaJU TaK, YTOObI HOPMaJIb K BEPXHEI I'paHu COCTaBJIsIa YIJIbl o = 45° ¢ TIIaBHBIMU
IJIOCKOCTSIMM, TO CBET HAYHET IPOXOAUTh CKBO3b CHUCTEMY. DTO SIBIISIETCSI CBUIE-
TEJBCTBOM TIOSBJICHUS ABOMHOIO JyvyemnpesoMiaeHus1. Kpucraain cTaHOBUTCS OMHO-
OCHBIM, a €r0 ONTUYECKas OCh HaIlpaBjeHa BIOJIb NEMCTBYIOIIE CHIIBI.

AHaIU3 COCTOSIHMSI TOJISIPU3ALIMKM TIPOLIEAIIEer0 CBeTa MOKa3bIBaeT, YTO

An =n, —n, :ygzyo, (20.12)
IJe Y — KOHCTaHTa BellecTBa; ¢ = F/S — Mexa-

;F

HUYECKOe HaIpsDKeHHUeE, MPUIIOKEHHOe K BepX- 11,
Heil rpaHu TUIolIanblo S. BennunHa y 3aBUCUT m
N 7

OT JUTMHBI BOJIHBI CBETA M B Pa3HbBIX BEIECTBAX
MOXKET pa3anyaThCs KaK 3HaYeHHEM, TaK U 3Ha-
KOM.

Ecnun B 00beMe KpucTajjia BHYTPEHHHUE Ha-
npskeHus (a 1Mo 3akoHy I'yka u gedopmarnun) Puc. 20.7

:
i
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U3MEHSIIOTCSl OT OJHOM TOUKU K APYTOi, TO 3TO CKaXXeTCs Ha IMOMEepeYyHOM paclipe-
JIeJICHUU MHTEHCUBHOCTH BOJIHBI, TIPOIIEIIeH KPUCTAUT M MOJISIPOUIBI. DTO TTO3BO-
JIIeT U3yvaTh pacrpeneieHue aeopMaiud B pa3HOOOPa3HBIX KOHCTPYKIIUSIX, TTPO-
3payHble MaJible MOJAEIN KOTOPBIX IMOMEIIAIOT MEXIY CKPEIeHHBIMU MOJISIpPU3aTO-
paMM M 3aTeM K 3TUM MOJIENSIM IPUKJIaabIBaeTCsl Harpyska.

IHotnannckuii ¢usuk . Kepp obHapyxun (1875) nmBoiiHoe JydemnperomieHne
y psiia M30TPOMHBIX XUAKOCTEH M CTEKOJI, MOMelIas UX B CWIbHOE ITOCTOSTHHOE
BJIEKTPUUECKOE T0JIe HANPSDKEHHOCThI0 £ (BMECTO MeXaHMYeCKOTO HaIlpsSLKeHUs ).
MM ObLUIO yCTAaHOBJIEHO, YTO BEILIECTBO IPUOOpeTaeT CBONCTBA OJHOOCHOIO
KpHUCTajlJla, ONITHYECKasi OCb KOTOPOro HaIlpaBjieHa BIOJIb BHEIITHETO JIEKTPUUECKO-
ro mnosisi. i3 aKkcneprMMeHTOB Clie0BaIo, YTO

An=n,—n, =yE?. (20.13)

BTOT 3(pdeKT MoayYnua HazBaHUe KeadpamuyHozo 3pgexma Keppa, MOCKOIbKY
An KBaIpaTWYHO TI0 TIoio. [Ipm cMeHe HampaBieHUS TTONS 3HAK BEJIWYUHBI An
He n3MeHseTcs. KoHcraHTa BelllecTBa Y MOXeT MMETh Pa3HBIM 3HAK y pasIMUHbBIX
BEIIIECTB W, KpOMeE TOTO, 3aBUCHUT OT UTMHBI BOJHBI. [1probpeTeHHAass BOTHAMU OTI-
THYecKas pa3HOCTb XO/Ia, OTHECeHHas K JUTMHE BOJIHBI A, OyIeT paBHaA

ALY g _ kg, (20.14)
A A
rne K =vy/A — nocrossHHas Keppa. [Insa 6onpiinHcTBa XuakocTeit K > 0.

MakcumanbHbIM 3HaueHneM K = 2,2 - 1072 m/B? B BUAMMOM IMana3oHe o0Jiaia-
€T TOKCMYHASI XXKUIKOCTbh HUTPoOeH30J1. Eciu B KioBeTy JUIMHOM /= 5 ¢cM ¢ HUTPOOEH-
30JI0M OMYCTUTh OOKJIAJKU KOHIEHcATopa ¢ pacCTosIHUEM d = 1 MM MeXIy HUMU U
MPWIOXUTh pa3sHocTh noteHuuanoB U = 1500 B, To ciioit HUTpoOeH30/1a MeXIy
o6KJ1anKaMu OyeT MogobeH IUIacTUHKE «A/4», mockonbky KLE? = KLU?/d? = 1/4.
Y npyrux XuakocTeil mocTosiHHass Keppa MeHblle Ha JBa MOpsAKa, a Y ra3oB —
Ha YeTbIpe MOopsIaKa.

Addekr Keppa cBg3aH ¢ opueHTaALMEN BHEIITHUM ITOJIEM XaOTHUYEeCKU PacCIIoJio-
KEHHBIX MOJIEKYJI U30TPONHOI cpenbl. Eciu Mojiekyna He obiagaeT COOCTBEHHBIM
JIUTIOJIbBHBIM MOMEHTOM, TO TIOA AeHCTBMEM TIOJISI OHA ero rnpuobperaer. CorinacHo
(15.24)

3
pi =20 aiE.;, (20.15)
Jj=1

IJI€ a; — KOMIIOHEHTBI TEH30pa AU3JIEKTPUYECKOI BOCTIPUMMYMBOCTU MOJIEKYIIbI.
YToOBI MOHSATH, KaK IPOUCXOAUT OpMEHTALIMS MOJICKYJIbl, HApMCyeM WHIWKAT-
pucy TeH30pa ee OUIJEKTPUYSCKON BOCIIPUMMYMBOCTH B COOTBETCTBUU C YpaBHE-
2 2
Z
HUEM —5 + y_2 +—5 = 1. Tlpeanonoxum, 4to a, > a,, a,. I10J0XeHre UHAUKATPUCHI

X
MOJIEKYJIBI OTHOCUTEJIEHO BHEIIIHETO 1011 TToKa3aHo Ha puc. 20.8.

3aech TJIaBHbIE KOOPAMHATHBIE OCH CBsI3aHBI C MOJEKynoi. ITocKOIbKy p
He COBIaiaeT no HampapieHuio ¢ E, To Ha MosieKkysTy OyaeT aeiicTBOBaTh BpalllalolInii
MOMEHT cwi. MoJjiekysa OyaeT CTPEMUTBCST TIOBEPHYThCS TakK, YTOOBI HallpaBJIeHHE
ee HamOboublIel BocripuuMunBocTU (och OF) coBnano ¢ HampapiaeHueM E. D9Tto o03-
HAYaeT, YTO B pe3yJIbTaTe MOBOPOTA €, > €, €,. CnenosarensHo, An >0 u K> 0.
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3 mn .3
— ]
Py — L]
Jlazep KDP
A A2
Kiosera TMpuemHuk
NN
Puc. 20.8 Puc. 20.9

OpueHTalysIM MOJIEKYJT MEIIAIOT MX TeIJIOBbIEe IBUKEHUSI, TTO3TOMY UX IMOJISIpU-
3alI0 HEOOXOAMMO OMUCHIBATh CTATUCTUUECKU. TaKkoi moaxo ObLT BBITTOIHEH (hpaH-
uy3ckum ¢usukom I1.JlaHxxeBeHOM, KoTopbiii co3aan (1905) teopuio kepp-3¢dh-
¢dekTa IS BelIECTB ¢ 0€3AUMONIbHBIMU MOJIEKYJIaMU.

Ecnau mosekyna o6iagaeT cOOCTBEHHBIM AUIOIbHBIM MOMEHTOM Pg, TO Ha Hee
Bo3AeicTBYeT MOMeHT cul M, = pox E, cTpemsiiuiica nmoBepHyTh MOJIEKYJy Tak,
YTOOBI YCTAHOBUTH BEKTOp Py napasiebHo E. ¥V Takux mMoyekyn BEKTOp py MOXET
00pa3oBbIBaTh HEKOTOPBIN yToJ C HalpaBlIeHUEM HauOoJIbliieli BOCIIPUMMUYMBOCTU
(ockto 0z). Eciau atot yron octpslii, To K > 0, Tynoit — K < 0, nipsimoit — K = 0.

ITpu usmeHeHuun HampabieHus nojasi E Ha MpOTUBOMONOXHOE, OE3MUIOIbHbIC
MOJIEKYJIbI OBICTPO TIEPeNoNSIpU3YIOTCS (M3MEHSIT HampaBjieHWe AUIIOJbHOTO MO-
MEHTa Ha MPOTHUBOMOJIOKHOE), HE MEHSISI CBOE OprMeHTalUUu. JUIoabHbIe MOJEKYIbI
HAYHYT pa3BOpayMBaTbCsl. DTOT BBIBOJA MOATBEPXKIAETCS yObIBAHMEM IMOCTOSIHHOM
Keppa y cpeapl ¢ AMNOJbHBIMU MOJIEKYJaMU MPU YBEJIUYEHUN YaCTOThl BHEIIHETO
MoJsi U HEU3MEHHOCTbIO MocTosiHHON Keppa ajst cpeabl ¢ 0e3AMMOJbHBIMU
MOJIEKYyJIaMU.

Bddexr Keppa mHepLIMOHEH: IIpY MTHOBEHHOM BKJTIOYEHWM BHelIHero noist E
aQHU30TPOINS OYJET YCTaHABIMBATLCS 3a KOPOTKOE, HO KOHEUHOe BpeMs Tx~ 10712 c.
ITpu BbBIKJIIOYEHMHU TIOJSI OHA 3a TaKoe ke BpeMs ucuesaeT. Takoe majaoe Bpemsi
MOXHO U3MEPUTH JIMIIb C MIOMOIIBIO KOPOTKUX JIA3€PHBIX UMITYJIbCOB MUKOCEKYH/I -
Holi anautenbHOCTU. OnNTHUYecKas cxema JJisd TaKUX M3MEPEeHMU Mmoka3aHa
Ha puc. 20.9.

KopoTkuit MMKoCeKyHIHBIN JTa3epHBI UMITYJIbC C JUTMHOM BOMHBI A = 1,06 MKM
(UK-guanazon) nonagaet B kpuctaul KDP (KH,PO,), obnanatoimuii HeluHe -
HBIMU ONTUYECKUMHU CBOMCTBaMU. DTU CBONCTBA OyIyT 00CYXIaThCs Aajiee B pasfe-
Je 9. M3-3a HeMHENHbIX CBOWCTB B KpUCTaJlJie, TOMUMO OCHOBHOTO, BO3HMKAaeT
MeHee MOILLHBINA UMITYJIbC C YABOEHHOMW 4acTOTOMN, WK C IJIUHOM BOJHBI A/2 = 0,53
MKM (3eJieHast 00J1acTb CIeKTpa).

BcnenctBue pasinmyHbIX CHEKTPaJbHBIX XapaKTepUCTUK 3epKaa MoluHbii MK-
HUMITYJIbC OTpaxaeTcsl OT 3epKaji 3; U 3, ¥ TolajaaeT yepe3 Noyasipu3aTop B KIOBETY C
HCCIeNyeMOl XUIKOCTbIO, TTOMEIIEHHYI0 MEXIY CKpelleHHBIMU TMOJsipu3aTopaMu
11, v II,. HanpskeHHocThb E ero cBeToBOro moJist 10CTaTouHa, YToObl BhI3BATh 3HAYM -
TeabHbIN 3¢ dexT Keppa. Takrim 0006pa3oM BHELTHUM IT0JIEM SIBJISIETCS] CBETOBOE TOJIE.

Bbonee cnabbliii UMIYJbC 3€JIEHOTO CBETa MPOXOIUT 3epKaJlo 3, 3aTeM dyepe3s Iijia-
ctuHKy Iln mepemMeHHOM TOJMIIMHBI, BHOCSIIYIO BPEMEHHYIO 3alepXKKy, U jajee,
OoTpaxasiCh OT 3epKas 33 U 34, MOMNagaeT B KIOBETY C HEKOTOPOUl BpeMeHHO! 3aaep-
>KKOW OTHOCHUTEJIbHO MH(ppakpacHoro. Eciau Bpemst 3aaepXKu At < Tg, TO 3TOT UM-
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TMYJIbC «YCITeeT» MPOUTHU CKBO3b MOJISIPOUIbLI U KIOBETY U MOIMACTh B HACTPOSHHBIN Ha
€ro JIJIMHY BOJIHBI MPUEMHMK. MI3MeHsIs Af, MOXKHO U3MEPUTh BETUUMHY Tx. I3Mepe-
HUSI [T0KAa3ajIM, YTO, HAIIPUMED, ISl HUTpoOeH30Ma T, ~ 5- 107! ¢, mist cepoyriepo-
a C82 T ~ 2- 10_12 C.

B onucaHHOM 3KCIiepMMeHTe KIOBETa C KMIKOCTbIO U CKPEILIEHHbBIE TOJISIPOUIbI
MPEACTaB/ISIIOT COOOI ONTUYECKUI 3aTBOP, OTKpbIBaeMblii uMmyjabcoM MK-uzmyde-
Hus1. Ero BpeMs cpabaTbIiBaHUS OIPENessieTCsl BEIMUMHOM T, ITO3TOMY 3aTBOD SIBJISI -
eTcs ObicTpoAeicTByIOIIMM. OH HAXOAUT MHOTOUYMCIIEHHbIEC IPUMEHEHUS B OINITHKE,
B TOM YHCJIe IS OOCYXXIAaBILIEHCsl paHee MOIYJSLMM TOOPOTHOCTU PEe30HATOPOB
JIa3epoB, TEHEPUPYIOLIUX UMITYJIbChl HAHOCEKYHIHOW JUIMTEbHOCTH.

Hewmeuxuit pusuk K. [Tokkensc obHapyxui (1894) nBoiiHOe JydernpesoMiIeHue
B KpHUCTaJlax MPU BO3AEHUCTBUM IJIEKTPUUECKOTO TOJISI, TP 3TOM

An=n, —n, =yE. (20.16)

DTOT 3dDEeKT HA3BIBACTCS d1eKmpoonmudeckum, UK aggexmom Ilokkeavca. OH
O00OHapYXMBAaeTCsl y KPUCTALIOB, HE 00JIafaloIIMX LIEHTPOM CUMMETPUU, HalIPUMED
B LiNbO; u B ynmoMmuHaslIemcs Kpuctamie KDP. OTu kpucranibsl 061a1a10T TakxKe
MMbE303JIEKTPUIECKUMU cBoiicTBaMU. DddekT [Tokkenbca TMHEEH 10 TOJI0, U TIpU
M3MEeHEeHMM HarpapieHus 1ojist E BeauynHa An u3MeHsIeT 3HaK.

Bo3HuKHOBeHHE aHU30TPOIINH, JUHEHHOM T10 I10JI10 £, MOXKHO OOBSICHUTD, pac-
CMOTpEB IEUCTBUE MOJISI HA ONTUYECKUI 3JeKTPOH B aToMme. B jekiiu 3 ObuTo ToKa-
3aHO, YTO TPHY KJIACCMYECKOM OIMCAaHMHU PACCTOSTHUE MEXIY SAPOM U DJEKTPOHOM
M3MEHSETCS 110 TApMOHMYECKOMY 3aKOHY C YaCTOTOM . DJEKTPOH KOJIEOJIETCS OKOJIO
MOJIOXXeHUs paBHOBecus: O, B KOTOPOM €ro MoTeHIuaabHasa sHeprust U MUHUMAIb-
Ha (puc. 20.10).

Ecnu 3aBucumMocts U(X) mpeacTaBuTh B Buie

U(x) :%Fx2 +%<I>x3 +%‘I’x4 o,

i€ X — CMCIICHUEC DJICKTPOHA OT ITOJIOKCEHUA PABHOBECHUA, TO YPABHCHUC KoJieba-
HUU 3JIEKTPOHA UMEET BU/I;

.. U
mi=——=-Fx-®x?-¥x>—-....
ox
IMpu MaJIbIX aMIUTUTYIAX KosebaHuii
" F
mx =~ -Fx, ®}=—.
m
Ecy HarpaBUTh BHEIIHEE TOJIE B MOJIOXUTEIbHOM Ha-
dnpo DIIeKTPOH npasieHuH ocu Ox, TO MOJOXEHUE PABHOBECUS] CMECTUTCS
L)
0 ~ X Ha pUCYHKE BIEBO, 8a_U YMEHBLINTCS, a 3HAYUT YMEHb-
X
IIUTCS ¥ COOCTBEHHAs yacToTa . Ecau nosne E U3MEHHUT
U HaIpaBJIeHHe, TO ®, BozpacTeT. Ho npu nusmeHeHnn o, 6y-

JIET I3MEHATBCS M TIOKa3aTeNb MpeJIOMIICHUS BelecTBa. Ero
M3MEHEeHHe OyIeT MPOITOPIIMOHAIBHO TIOJI0, a 3HAK Ax OII-
penensieTcsl ero HarpaBJIeHUEM.

Ha ocnose a¢pdexra [Tokkennca paboTatoT pa3HOOOpa3-
Puc. 20.10 HbIe MOIYJISITOPBI CBeTa. IJ151 9TOro mbe30KpUCTall Bhipe3a-

[0) X
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IOT TaKUM 00pa3oM, YTOOBI €ro BXOMHas E |

1 BBIXOAHASI TPaHW ObLIM TIEPIICHINKY- |

JIIpHBI onTMYeckoi ocu. Ha rpanu, ma- ’
pajuieJibHbIe OCH, HaIlbIJIEHMEM HaHOCST \
MPOBOMASIINE CJIOU, KOTOpble 00pas3yloT &
IJIOCKUI KOoHAeHcaTtop. Ecim kpucrasmn

MOMECTUTh MEXIY CKPEIIEHHBIMU TOJIsI-

pu3aTopaMu, TO MHTEHCHUBHOCThb CBETa,

MPOLIEAIIEer0 Yepe3 TaKylo ONTUYECKYIO

cucTeMy, OymeT MpoIopLUMOHaIbHA pa3- a o

HOCTU TIOTEHILIMAJIOB, MPUKIAIbIBAEMON Puc. 20.11

K IIPOBOMSIIMM cJIosiM. Takum oOpa3om,

U3MEHSIS DJIEKTPUUECKOe HaIpsLKeHUe, MOXKHO M3MEHSTh (MOMYIMpOBaTh) MHTEH-
CHUBHOCTB TpOIIeaIIero ceera. s aToro TpedyeMble HAMpsKeHUsI COCTaBISIOT JIUIIb
JeCATKY BOJIbT. Dpdekt [Tokkenbca ManonHepiroHeH (t; ~ 10713 ¢), mosromy yacro-
Tl MOAyIALMAN v < T ~ 102 T,

OnrTryeckasi akKTHBHOCTD. Psiy1 cpen o0mamaeT IBOMHBIM JTydYenpeIoOMIeHUEM TS
LIMPKYJISIPHO TOJISIPU30BaHHBIX BOJH. B TakuX cpenax MpaBOLMPKYJISIPHO U JIEBOILIUPKY-
JIIPHO TOJISIPU30BaHHBIE BOJIHBI PACIPOCTPAHSIOTCS C Pa3HBIMU CKOPOCTSIMU 1
U U; COOTBETCTBEHHO. DTO O3HAYAET, UTO €CJU B Cpeie PaclpOCTPAHSIETCS TIOCKO-
MOJISIpPU30BaHHas BOJIHA, TO TUIOCKOCTD €€ TMOJISIpU3alUu OyIeT MOCTENEHHO MOBO-
paynBaThCAl.

JeACTBUTEIbHO, €CIIM «CMOTPETh» HaBCTPeUy BOJIHE, TO KojiebaHus ee nojs E B
TJTIOCKOCTH TIOJISIPU3AlliM 9KBUBAJIEHTHBI BPallEHUIO B pa3Hble CTOPOHBI BEKTOPOB
E, u E;, COOTBETCTBYIOIIUM LIMPKYJISIPHO MOJSIPU30BaHHBIM BojiHaM (puc. 20.11, a).

ITocne npoxoxaeHusT B cpefie pacCTOSHUS [ M3-3a pasIudusl CKOPOCTel v, U v,
BekTOpHl E, 1 E; moBepHyTCS Ha pa3Hbie YIJIbI ¢, U ¢, (puc. 20.11, 6). CiaenoBarenbHO,
BekTop E moBepHeTcs Ha yroia

<p=§(<pn—cpn>=§(%—%)1=2—“j:<nn—nn>l, (20.17)
Iae n, U 1, — ToKazaTeJu MpeJoMIeHUs MPaBOLMPKYISIPHON U JeBOLUPKYISIPHOI
BOJIH.

Cpenbl, obnamaiole CBOMCTBOM ITOBOPAYMBATH IIJIOCKOCTh TOJSIpU3AllUU CBe-
TOBOI1 BOJIHBI, HA3bIBAIOT ONMUYECKU AKMUBHbIMU, VI 2UPOMPONHbIMU. DTUM CBOM-
CTBOM 00JIafalOT HEe TOJBKO KPUCTAILJIBI, HO M HEKOTOpPhIE XUAKOCTU. DPusndeckue
MPUYMHBI ONTUYECKON aKTUBHOCTH TOCJIEIHUX JIEXKAT B OCOOEHHOCTSIX CTPOSHUS UX
MOJIEKYIL.

TUNMMYHBIMY OPEACTABUTEISIMU aKTUBHBIX Cpell SIBISIOTCS KPUCTAJUIMYECKUIA
KBapll, XXUAKWH CKUMUIAP, BOAHBIN pacTBop caxapa u Ap. Oco6eHHO MHOTO aKTHUB-
HBIX BEIIECTB CPeIv OpraHMYeCKUX coeIMHeHUil. BeliecTBa, Bpalaiolme mI0CKOCTh
MOJIIPU3ALIMA B pacTBOpax U aMOpP(MHBIX cpelax, BCerma COXpaHSIIOT 3Ty CIIOCO0-
HOCTb M B KPUCTAJZIMUECKOM cocTossHMU. OOpaTHOEe BEpPHO He BCErNa, IMOCKOJIbKY
B psie clydyaeB aKTUBHOCTb KPUCTAIIJIA OMpeaelisieTCs] UCKIIOUNUTEBHO ero KOoJIIeK-
THUBHBIM CBOMCTBOM.

BenuunHa yria moBopoTa IJIOCKOCTU TMOJSIPU3ALIMKA TIPU MPOXOXIEHUUN BIOJb
OINTUYECKON OCHU KBaplla MpU TOJIIWHE TUIACTUHBI [ = 1 MM IJIsI KpacHOTO CBeTa
¢ =15°, 3enenoro — ¢ = 27°, ¢uoneroBoro — ¢ = 51°.
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OIBITHI C KBapleM TOKa3ajM, YTO CYLIECTBYET IBE €ro
Pa3HOBUIHOCTU: IMPABOBPALLAOIINA 1 JIEBOBpALAIOLIMI
KBapll. 3aTeM ObLJIO YCTAaHOBJIEHO CYILIECTBOBAHME ABYX pa3-
HOBUIHOCTEH 711 BceX aKTUBHBIX cpell. [IpuumHoi akTHB-
HOCTH SIBJISIETCST TUCUMMETPUS KPUCTAJIOB 1 MoJieKy:1. Eciu
COCTaBUTH Cpelly, COLEPXKALIYI0 CMECh MOJIEKYJ B PaBHBIX
KOJIMYECTBaX, TO CMECh He OyIeT ONTUYECKH aKTUBHOM.

Ctporoe paccMOTpeHHUe SIBJISHUS TTOKa3bIBAET, YTO MO-
JIEKyJia MOXKET BpalllaTh IUIOCKOCTD MOJISIPU3ALIMU B TOM CITy-
yae, €CJIM OHAa He MUMeeT HU IIEHTpa, HU TJIOCKOCTH CHUM-
MeTpuu. Takasi MosieKysia MOXET «yJIaBJIUBaTh» pa3ianune (a3 KojaeOaHU CBETOBBIX
MoJjieil B pa3HbIX TOYKAX MOJIEKYJbl. B momapisiolieM OOJBIIMHCTBE ONTUYECKUX
SIBJIEHUIT pazMepaMi d MOJIEKYJIBI MOXHO IPeHeOpeYb, MOCKONbKY d/A ~ 1073, OqHako
B CJIydyae ONTUYECKO aKTUBHOCTH 3TUM IpeHeOperaTb Heslb3sl.

O4yeHb HaTISIHON MOMEbIO ONTUYECKN aKTUBHON MOJIEKYJIbI SIBJISIETCS €€ ABYX-
OCLIMJUISITOPHAST MOAENb, U300pakeHHast Ha puc. 20.12.

Y Takoit MOJIEKYJIBI IBa aTOMa HaXOJSTCS Ha pacCTOSIHUM d BIOJb ocu Oz, a ONTU-
YeCKHUe 3JEKTPOHBI MOTYT KOJIe0aThCs BIOJb IPYTMX B3aMMHO MEePHEHIUKYISIPHBIX
HanpapieHuit. Eciu, HanmpuMep, paBOLMPKYJISIpHAs BOJIHA, paCIIpOCTPaHSISICh BIOJb
Oz, OyneT mocyea0BaTeIbHO BO3IEMCTBOBATh HA ONTUYECKUE 3JIEKTPOHBI BAOJb OT-
puLaTebHBIX HampaBieHuit oceit Oy u Ox, TO NTEBOLMPKYJISIpHAs — Ha OAWH 3JIeK-
TPOH B OTPUIIATEIbHOM, a Ha IPYTOil B MOJIOXKUTEILHOM HampasBieHuu. M3-3a Hanu-
s CBSI3U MEXAY 2JIEKTpOHAMU (He MOKa3aHHON Ha PUCYHKE) OTKIUK MOJIEKYJIbI
Ha BO3IEMCTBHE BOJH OyIeT pa3IM4HbIM.

IIpoucxoxaeHne oNTUYECKOW aKTUBHOCTH Y KPHUCTAJUIOB MOXKHO MPOMILITIOCTPH -
pOBaTh OMBITOM, B KOTOPOM CBET IIPOXOIUT Yepe3 CTOITy IJIACTUHOK CIIOMAbBI, SIBJISI-
IOIIEICST IBYXOCHBIM KpHUCTAIOM. T11acTMHKY yI0XEeHBbI B CTOIY TaKUM 00pa3oM,
YTOOKI TJIaBHAsl IUIOCKOCTh MOCJEAyIolleid Oblia IOBEpHYTa Ha HEOOJIbIIOW yroj
OTHOCHUTEJIbHO IIABHOM TIJIOCKOCTM TpeAbIayllel MmiacTUHKU. CToma MOXeT ObITh
M3rOTOBJIEHA IBYX TUIIOB: JIEBOBpAIlaIollasi ¥ TpaBOBpaILlatoIIas.

OnTHyecKas aKTHBHOCTD M MPOCTPAHCTBEHHA aucnepcus. Kak oTMevanoch B JieK-
v 15, onTuyeckas akTUBHOCTh — 3TO MPOSIBJICHUE MPOCTPAHCTBEHHOMN AUCIIEp-
CHUM Cpelbl, BEIPAXKAIOIIEHCS B 3aBUCHUMOCTH IUAJIEKTPUYECKON MPOHULIAEMOCTH OT
BoJiHOBoOro uurcia. Ecinu B popmynte (15.7) Bocrionb3oBathes pasioxeHueM exp(ik - r’)
B psn Teitnopa B Touke r’ = 0, TO

Puc. 20.12

3
exp(ik - r’) = 1+i) kix]. (20.18)

=1

IMoncraBuB 510 pasnoxenue B (15.7), momyuum

3
g;(0,K) = £;(0,0) + 1Y, v;(0,0)k,. (20.19)
=
3nech
V(0,0 = [ dre=™" [ e;(t,v)xidr’ (20.20)
0 e

— TEH30p TPEThEero paHra, OMUCHIBAIOIINI MPOCTPAHCTBEHHYIO AUCIIEPCHIO.
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Ecnu npunate Bo BHuManue, 4to B (15.7) €;(¢’, r’) yObIBAET OT MAKCUMAJILHOTO
3HAUEHUS €, HA MacllTabax BpEMEHU 3aTyXaHUs OCLWJUISATOPA, WIM BPEMEHU KO-
TepEHTHOCTH T, U Ha IPOCTPAHCTBEHHBIX MaclITabax ~d, TO

£;(0,0) ~ €0 T d";

d (20.21)
|YUIkI| - EmaleKd3 x
CrnenoBaTeIbHO,
1" k
h(éj ~ % ~10°3. (20.22)

i

ITosToMy ciaraemsbie, cTosiiue 1oj 3HakoM cymMMbl B (20.19), oTBeTCTBEHHbIE
3a TIPOCTPAHCTBEHHYIO aHM30TPONNIO, HAa TP TOPSIAKA MEHBIIE TTepBOTO.
HMcnonb3zyem pasznoxenue (20.19) nnas ciaydasi MJIOCKOM BOJHBI, paclpOCTpaHs-
o1eicst BIojb riaaBHoi ocu Oz (/= 3). CoBnanarolue 1o HampabjeH!o BeKTopsl E
u D nexar B mockoctu Oxy (i, j= 1, 2). Torna KOMIIOHEHTBI TEH30pa IUAJIEKTPU-
YeCKOI TTPOHUIIAEMOCTH 3aITUIITYTCS B BUIIE
ey = &12(®,0) + iy 53k; (20.23)
€31 = €51(®,0) +iy,3k.

IIpu coBmectHoM pemeHun (19.9), (19.10) u (20.23) nmpuxoauMm K cucTeMme
YpPaBHEHUI

[n? - e(w) |E, - iv(@)nE, =0;

[n? - e(w) |E, - iv(@)nE, =0. (2029

()] (O] (O]
3nech £(®) = £1(®) = &, (w); Y(0) = ;Ym(m) = —?Yzls(ﬂ)); k= n—, 1 — TIOKa3a-

TeJIb IIPEJIOMIICHMSI, ONpeAessIolmii Ga3oByl0 CKOPOCTh BOJIHBI BI0Jab OZ.
Cucrema ypaBHeHuit (20.24) uMeeT HeTpUBHAIbHOE pELIeHUE, eCIU ee oIpee-
JIUTENIb PaBEH HYIIIO:

[n? —e(0)] g v2(w)n? = 0. (20.25)
TTOCKONBKY Y2 < €, MOTYYUM
nt; = e(w) £ y(w)/e(o). (20.26)
IMoncraBus (20.26) B (20.24), HaxoouM
Ey
2| =7 20.27
(Ex j] 2 * ( )

5

Takum 06pasom, U1l BOJHBI, ABMXKYIIEHCSA €O CKOPOCThIO vy = ¢/ny, (E,/E,) = —i,
4TO COOTBETCTBYET MPABOLIMPKYJ/ISAPHOM BOJIHE. Y JIEBOLMPKYJIAPHON BOJIHLI (E,/E) =
= +i, @ CKOPOCTb PacCIpOCTpaHEeHUs v, = ¢/A,.

Dddexr Papanes. B 1846 r. anrmmiickuit pusuk M. @apaneit 06HapyKWI Bpallle-
HYE TTOCKOCTH MOJIIPU3alMM B HEAKTUBHBIX Cpelax B MarHUTHOM noyie. Eciu Be-

249



Caer

| \ Bewectro i .( | m
| P H |

-~

It
L
Puc. 20.13

IIECTBO TTIOMECTUTD B TOCTOSTHHOE MarHUTHOE T10JI€ 2JIEKTPOMarHuTa (MMTaeMoro oT
HMCTOYHMKA ITOCTOSTHHOTO TOKa), B ITOJIFOCaX KOTOPOTO BHICBEPJIEHBI OTBEPCTHSI (PUC.
20.13), To mpu pacnpoCTpaHEeHUU IOJISIPU30BAHHOTO CBeTa BAoJab Tojiast H moc-
KOCTb MOJISIpU3allMy [IOBOPAYMBAETCs Ha YIojl

¢ =plH, (20.28)

rae / — IJIMHA TyTU CBETa B BEILIECTBE; p — MOCTOsSIHHAS Bepae, xapakTepusyrolast
BEILIECTBO.

MarHutHoe BpallleHUe TUIOCKOCTH MOJISIpU3aliiu B TOM WM MHOM CTeTNIeHU MPUCYT-
CTBYEeT y pas3HBIX BellecTB. HambGosee 3HaumrteneH sddexkr Papames B TOHKUX
(nmpo3paunbix) cnosix ¢peppoMmarHetukoB (Fe, Ni, Co). I1pu Tommune cnost /= 0,1
MKM B nojie H = 10* D (1 D = 80 A/M) ¢ = 2°. BOJBIIMHCTBO BEILECTB BPAILAOT
TUIOCKOCTh MOJISIpU3aliud BOPaBo (€CAM CMOTPETh HABCTpeuy MarHUTHOMY IOJIIO).
Takue BeulecTBa Ha3bIBAIOTCS MOJOXHUTEAbHbIMU. EcCiu mocne aneKTpoMarHuta
Ha MyTH Jy4ya MOCTaBUTb 3€pKajlo, TO MPU MOBTOPHOM pacpoOCTpaHEHUHU CBETa Yepe3
BEILIECTBO yroJl MOBOPOTA ¢ YABOMUTCSI.

SBnenne Dapames oOYCIIOBIIEHO TOSIBIICHWEM, Hapsily ¢ OCHOBHOM YacTOTOM
g, ABYX HOBBIX COOCTBEHHBIX YAaCTOT OMNTHUYECKOTO OCUMIISITOpPA, HAXOMASILIErocs
B marHuTHOM mnosne. Ha puc. 20.14 moka3aHo OBMKEHHE 3JIEKTPOHA MO KPYroBOM
opOuTe BOKpPYT Siapa.

B otcyTcTBHE OIS yIiioBasi CKOPOCTb €ro ABMXKeHUs (OHa e COOCTBeHHasl yac-
TOTa OCUMJIIATOPA) OMpeAessieTcsl U3 ypaBHEHMUS

mwir = ekE. (20.29)

IMpn rammauy ot H Ha 371eKTPOH JOMONHUTEIHLHO OyIOeT AeiicTBOBATH CUJa
JlopeHua, HampaBiaeHHasi oT ueHTpa (puc. 20.14, a) u x uentpy (puc. 20.14, 6).
[Mo3TOMY COOTBETCTBYIOIINE YPaBHEHUS IBYKCHUS TIPUMYT BHI

mw3,r = eE —ep Hogyr;

(20.30)
mwd,r = eE + epyHogr.
M3 ypaBHeHuii (20.29), (20.30) nonayyaem
® __le H+ (»2+(li sz'
01 = 2mH0 T4/0p 2muo ;
(20.31)

le le 2
QT =§%M0Hi ®5+(§;H0Hj .
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(0] (o]
woH 01 02
< (), HAXOOUM

e
VYyuteiBasi, 4To

le
o = g _E_HOH;
(20.32) ©
le H 5
MWy =0 +§EMOH a
Puc. 20.14

3ameTrM, 9TO BpallleHWe 2JIEKTPOHA 10 OKPYKHO-
CTH 3KBUBAJICHTHO HAJIMYMUIO €TO ABYX B3aMMHO-TIEPIICHANKYISIPHBIX KOJIeOaHWA
B ITOCKOCTH BpaIlleHUS, TIEPIICHANKYJISIPHOM HaIpaBIeHUIO MarHUTHOTO TT0J1s1. J1itst
KOJIeOaHUI BIOJIB TIOJISI YacTOTa HE M3MEHSIETCST M OCTaeTCs PaBHOU .

INpn n3MeHeHNN YaCTOTHI OCIIMJUIATOPA CMEIAaeTCsT ANCTIEPCUOHHAsT KpuBast #(w),
u3obpaxkeHHast Ha puc. 15.1. I npaBOLUUPKYJISIPHOM BOJIHBI, B3aMMOIECHCTBYIOLLIEH
C 2JIEKTPOHOM, TIOKAa3aTeJIb TIPEJIOMJICHUST A, YBEIMUNTCS, a JJIS JIEBOLIMPKYIISIPHOM

- _ €lo
n, yMeHbIIUTCS. B mepBoM NpUOIUXEHUU n, — 1, = ~ (0, — ®g;) = — H , ToaTOMY
m

U Yroj noBopoTa, cortacHo (20.17), ¢=<H.

Ha ocHoBe adpdekra Dapanest pazpadboTaHbl MAarHUTOOIITUYECKME METOIbLI MC-
CJIeOBaHWS TOHKUX MarHUTHBIX TUIEHOK, TIPOITYCKAIOIINX CBeT. Takue TIIICHKH CO-
CTOSIT M3 MHOXXECTBA MATHUTHBIX JOMEHOB MUKPOHHEIX pa3MepoB. [IoMeHBI SIBIISIIOT-
¢ caMM WCTOYHWKAMHW MAarHUTHOTO TIOJISI, TIOSTOMY TP TIPOXOXIECHUN Yepe3 II0-
MEH TUIOCKOCTH TTOJISIpU3allNi CBETa ITOBOpAYMBaeTCs. YTOJI MOBOPOTA OYIET 3aBU-
CeThb OT OpHeHTAIINK JoMeHa. [103ToMy aMIUINTYIa BOJIHBI, TIPOLIIEAIIIEH 3aTeM Yepe3
aHaym3arop, OymeT MPOMOAYJIMPOBaHA B TIJIOCKOCTH, TTapaJUIeJIbHOM TIeHKe. M3y-
yasl pacripenejieHre WHTEHCUBHOCTH CBETa, MOXHO JI€JaTh BBIBOABI O MAarHUTHOM
CTPYKTYpE TIJICHOK.

IlInpoxkoe pacripocTpaHeHNE MOJYYMIN ONTUYECKHE U30JISITOPHI, IPOITyCKAIOIINe
CBET JIMIIIb B OMHOM HarpasieHnr. OCHOBY UX KOHCTPYKLIMM COCTaBJISIET MArHUTO-
onTuyeckas sdeiika Papanes, MOMeIeHHAas MeEXIY ABYMS ITOISIPOMIAMMU.

Sueiika, BBITTOJTHEHHAS B BUIE MOIYJSI, COAEPKUT MTPO3pAayHOE BEIIECTBO U UC-
TOYHUK MPOAOJIBLHOIO MAarHUTHOTO TToJ1st. [1yCcTh ITpY MPOXOXIEHUN Yepe3 DTy sTueii-
Ky TJIOCKOTOJIIPM30BAHHOIO CBETa IJIOCKOCTH TMOJISIPU3aLMK [TOBOpAaYMBaeTCd Ha
yroa ¢. Eciu tenepp a1y s4eiiKy IOMECTHTh MEXIY ABYMSI IOJISIPOMAAMMU, IJIABHBIC
IUIOCKOCTY KOTOPBIX OYyIyT MOBEPHYTHI Ha TOT K€ Yroj ¢, TO 3Ta cCUcTeMma OymeT
MPOITYCKATh IUIOCKOIOISIPM30BAHHBIN CBET MPEUMYIECTBEHHO JIUIIL B OJHOM Ha-
MpaBJIEHUN.

Takoit N3019TOp, B YACTHOCTH, MCITOJIB3YETCS B BOJOKOHHBIX KOJIBLIEBBIX JIa3e-
pax, KOTopble OyIyT pacCMOTPEHbI B JIeKLIUU 24.



PA3IOEJ 8
PACCEAHUE CBETA

JEKITUA 21

B Havaze nexkuuu 15 ObUIM 3aTPOHYTHI IPUYMHBI, IIPUBOISIINE K TOKPACHEHUIO
CosHIIa, KOTIAa OHO HAXOAUTCS HU3KO Had TOPU3OHTOM, U OOBSICHEHO IPOMCXOX-
JIeHUe TOJyooro 1BeTa Heba. DTU ONTUYECKUE SIBICHWS] BO3HUKAIOT TIPU pacCesTHUU
CBETa IaXe B OUEHb YMCTOM aTMocpepe, HalmpuMep BbICOKO B Topax. B Kocmoce, rie
HET aTMoc(epbl, pacCesIHHBbIN CBET OTCYTCTBYET, U HEOO KaXKETCS YEPHBIM.

B psine npenbiayimx JeKiuid ObUIM OMMCAHBI OMBIThI C HAMPABJIEHHBIMU MyYKaMU
CBeTa, KOTOpPbIe MOXXHO COOKY TpeKkpacHO HabonaTh. OaHAKO MpU pacrpocTpaHe-
HUM B BaKyyMe JIa3epHbIA JIy4, HarlpuMep, OyaeT cOoKy He BujaeH. Bce 310 cBume-
TEJbCTBYET O HAJTMUUM PACCESIHUS CBETA B BO3IYXE.

B neK1MoOHHBIX 3KCIIepUMEHTaXx 11 JTy4Ilero HabMoaeH sl COOKY CBETOBOTO Jydya
MPOCTPAHCTBO, B KOTOPOM OH PACIPOCTPAHSIETCs, 3AMOJHSIOT IbIMOM WJIM BIIPbI-
CKUBAIOT MeJIbYailiiie KameJbKM BJlard. OTO MOKAa3bIBaeT, UTO pacCesTHUE B 3aMYT-
HEHHOW aTMocdepe CTAHOBUTCS CUJIbHEE MO CPABHEHUIO C PACCESIHUEM B UUMCTOM
BO3yXE.

B HekoTOphIX cpenax paccessHue ObIBaeT CTOJIb 3HAYUTEIbHBIM, YTO CBET BOOOILIE
4yepe3 3TU Cpelbl HE MPOXOAMUT. TUMMYHBIM MPUMEPOM SIBJISIETCS PACCEsIHUE BCEX
CHEKTPAJIbHBIX KOMIIOHEHT JHEBHOIO CBETa B MOJIOKE, BCJEACTBUE YETO MOJIOKO
HEINpOo3payHO U UMEET OEJIbIA 1IBET.

Bo Bcex nepeuynciaeHHbIX MPUMEpPaxX paccessHUe BO3HMKAET MPU HApYLIEHUU OIl-
TUYECKON OMHOPOIHOCTHU cpeabl. HeomHOpOmHOCTh HEM30EXKHO MPUCYTCTBYET B JIIO-
0oli cpene, MOATOMY paccesHUE CBETA MPUHLUMUAIBHO HEYCTPAHUMO.

ITpeacraBuM BHavasie UAEATM3UPOBAHHYIO CUTYaLIMIO: OITUYECKU OTHOPOAHYIO
cpeny. B Takoii cpese, Kak M B BaKyyMe, CBETOBOU ITYy4OK B OJIMXKHEN 30HE pacipo-
CTpaHseTcsl MPSIMOJMHENHO, a B JajbHeil mpereprieBaeT AMGPAKIIMOHHOE pac-
IUIbIBaHUE. Takoe MOBeACHUE SIBJISETCS PE3YJAbTaTOM UHTEPEPEHIIMNA BTOPUYHBIX
KOT€PCHTHBIX BOJIH, KOTOPBIC racsiaT APYr Apyra B HaANPaBJICHUAX, OTIMYHBIX
OT HaIlpaBJICHMS MATAOIEro Myyka. DT BOJHbBI, U3JlydaeMble paBHBIMU 3JI€MEH-
TapHbIMU O0BEMAMM CpEJbl, KOTEPEHTHBI, UMEIOT OJIMHAKOBbIE aMIUIMTYbl U TO-
JIIpU3aLMIO.

Ecnu xe B cpeae NMpUCYTCTBYIOT ONTUYECKUME HEOJHOPOJHOCTH, TO TOCEAHEE
YTBEPXKIEHUE CTAHOBUTCSI HEBEPHBIM: BTOPUUYHbBIE BOJHBI UMEIOT Pa3Hble aMIUIUTY-
IIbI, U3MEHSIOTCS (pa3oBbie COOTHOIIEHMST MexXay HUMU. [loaTomy mipy ux uHTepde-
PEHLIMY B HAIPaBJICHUSIX, COCTABJSIOLIMX OOJIbIIIME YIJIbl C HAIpaBJIeHWEM Taja-
IO1IE BOJHBI, B3AMMHOTO rallieHWs BOJIH MPOUCXOAUTDh He OyneT. bosiee Toro, onTu-
YeCKKe HEOJHOPOJHOCTU MOTYT UMETD CIyYailHbIN XapakTep, MO3TOMY MHTeEpdepu-
pyiolKe BTOPUUYHbBIE BOJHBI OYAYT JIMIIb YACTUMHO KOTepeHTHBIMU. [Topsimok 6071b-
LLIMX YIJIOB PaBEH OTHOLIEHUIO UVIMHBI BOJIHBI K pa3Mepy HEOJHOPOJHOCTH, T.€. 3TU
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VIJIbI SIBJISIIOTCSI, TIO CYIIECTBY, NUMPPaKLUMOHHBIMU yriaamu. JAugpakuyuro eoanbl
HA MAAbIX ONMUYECKUX HEOOHOPOOHOCHSAX HA3bI8AIOM PACCESHUEM C8ema.

B yncTtoM Bo3ayxe, BOAE M IPYruMX ra3000pasHbIX U XUIKUX CPelax ONTUYECKUE
HEOTHOPOIHOCTU OOYCJIOBJIEHBI HEU30€XKHO TMPUCYTCTBYIOIIMMU (DIYKTYaIIUSIMHU
IJIOTHOCTHU U, CJIeA0BaTEIbHO, (GIYKTyallsIMU ToKasartenis npeaomiaeHus. [Tpouc-
XOJISIIIIee B HUX paccesiHe CBETa MOyYMIIO Ha3BaHUE MOAEKYAAPHO20 PACCeSHUS CGemd.

HpyruM rprMepoM paccerBaloOLIei Cpeabl SIBISIOTCS MeaKoO0UCnepcHbie CUCTEMBI,
coiepkallye yacTulbl pasMepamMu d ~ A. Bo BpeMsi TyMaHa B BO3Iyxe HaxOASATCS
MeJbyaiie KarejabKyd BOAbl CYOMUMKPOHHBIX MU MUKPOHHBIX pa3MepoB, MOITOMY
CBET IOABEPXKEH CHJIILHOMY PacCessHUIO B TyMaHe.

Ha puc. 21.1 uB. BKJI. mpeacrapiieHa oTorpadus JIyHHOM KOPOHBI, COCTOSIIIEH 13
SIPKOTO 6eJ10ro opeoJjia, OKPY>KEHHOTO LIBETHBIMU KOJIblIaMU. Takylo KapTUHY MOX-
HO HaOJIroAaTh MPY HAJIMYMKU TOHKOM ITeJIeHbl 00J1aKOB, clerka 3aKphlBalolux JIyHy.
Ee cBet pacceuBaeTcs Ha MaJeHbKUX KareJbKax BOABI U KpUCTaUIMKAxX Jbaa. I1pu
5TOM pa3IMYHbIe CIIEKTpPaJIbHble KOMIIOHEHTHI CBETa PacCeMBalOTCS MO pa3HbBIMU
yrJIaMU. OTUM OOBSICHSIETCSI HATMYME LIBETHBIX KOJIEI] BOKPYT OpeoJa.

Ecnu cpena comepXuT yacTUIlbl pazMepaMu d < A ¢ OTJIMYHBIM OT CPeabl MoKa-
3aTesieM TpeoOMIIEHHUs, TO OHAa Ha3blBaeTCs MymHol. MyTHBIE Cpelbl, TUITMYHBIM
MpeACTaBUTEIEM KOTOPBIX SIBISIETCSI MOJIOKO, HanboJjee CUIIBHO PacCenBalOT CBET.

Ha puc. 21.2 uB. BKJI. mokazaHa (otorpacdusi IBIeHUS paccessHUs IydyKa 0eioro
CBeTa IPU ero paclpoCcTpaHEHUHN Yepe3 KIOBETY ¢ BOAHBIM pacTBOpoM caxapa. OTt-
YEeTJUBO BUIHO, YTO IO MEpe PACIpOCTPAHEHMS CHEKTP O0EIHSIETCS KOPOTKOBOJI-
HOBBIMU KOMITOHEHTaMH, pacCeMBaeMbIMM TOM OOJBIIMMU YIJIaMM, U Ha BBIXOHAE
13 KIOBETHI MYYOK CBETa CTAHOBUTCS KPACHBIM.

PaccesiHue cBeTa B TBepAbIX TeJIAX CBS3AHO TAKXKE C HAPYIIEHUEM UX OJHOPOIHO-
ctv. Hanmpumep, BelieACTBYE paccesTHUSI MOXKHO BUIETh CBET, pACIpPOCTPaHSIIOLINIA-
CsI IO OTNITUYECKOMY BOJIOKHY.

Hcrionws3ys HecnoxHble (U3NUYECKHE pacCyXACHUS, OCHOBAaHHbIE Ha KOHIIETI-
LMY U3JIy4eHUs 3JeMEHTApHbIM IUIMOJIEM (aTOMOM WJIM MOJIEKYJOi), YCTaHOBUM
OCHOBHbIE 3aKOHOMEPHOCTU paccessHUs CBeTa.

MouaekyasipHoe paccesnue. IlepBrie dyHIaMeHTaNIbHbBIE pabOThI IO PACCESIHUIO
cBeTa nmpuHamiexar Pajnero. B ero momenu paccenBaroliieit cpeibl XaOTUUECKU TBU -
JKYIIIMECST YaCTUIIBI M3TyYaloT HEKOTePEHTHBIE BOJIHBI, KOTOPbIE HE MOTYT MHTEpde-
pUpoBaTh U, CJIeAOBATEIbHO, TACUTh APYT ApPyTa.

OnHako, Kak Mo3aHee Mmokasaa coBeTckuil duszuk C. MaHaenpluTaM, 3TO CIpa-
BEUTMBO ST Majioro yucia vyactull. Ilonabckuii nccnempoBarenb M. CMOTYyXOBCKUiA
YCTaHOBWJI 3aKOHBI (DJIYKTYalIMii PAaBHOBECHBIX COCTOSTHUI MOJIEKYJISIPHBIX CUCTEM U
rokKasajl, YTO OJHOPOIHASI CUCTeMa — HauboJjiee BEPOSITHOE COCTOSTHUE CUCTEMBI,
MOABEPXKEHHOM (hITYyKTyallUsIM.

Hcxonsa us stoit uaen A. DiiHiuteitH ycraHoBu (1910) cratuctuky (GpaykTyamumii
1 MOAY4YUa (HOpMYJTy, CBI3BIBAIOIIYI0 MHTEHCMBHOCTb PAacCEsTHHOIO CBeTa C KOH-
CTaHTaMM BELIECTBA.

@DayKTyanun JU3J1eKTPHYECKOi MPOHNIaeMocTi. B 00111eM ciyyae aHU30TPOITHOM
cpelbl KOMIIOHEHTHI TeH30pa AMJICKTPUYECKO MPOHUIIAEMOCTH MOXKHO IIpeacTa-
BUTh B BUIE CyMMBI

ij

T1e g; — CpellHee 3HaueHue; Ag; — MaJlble (baykryanum.
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BoisicHUM NpUYMHBL 3TUX (PIYKTyaluid.
JWTIONBbHBIA MOMEHT eIUHUILIEI 00beMa ¢ yuyeToM (15.24) paBeH

N 3 N 3
P =PV =Y EYa =¢)Y2;E;. (21.2)
=1 j=1 =1 =1

Jj=

31ech KOMIIOHEHTa TEH30pa Z[HBH@KTqueCKOﬁ BOCIIPUMMYHNBOCTHN

N
&, = ;a,;” (21.3)

3aBUCHUT Kak OT uMcia N MoJieKyJsl B eIuHUIe 00beMa, TaK U OT OpUEeHTALIMU MOoJie-
KyJI, C KOTOPOIi CBSI3aHbl BEJTMUMHbI a,y), orpejessieMble OTHOCUTEIbHO HEMOIBUX-
HOI1 J1a60paTOPHON CUCTEMBI KOOPAMHAT (MHIAEKC / ONpeaeiieT HOMEP MOJIEKYJIbI).
OrmeruM, uto B (21.2) E; = E,j, 4TO XOPOLIO BBIMOJHAETCA /IS a30B.

HOCKOJ'H)KY JJIsd BEKTOpAa MHAYKIIMMW MO2KHO 3aIincaTtb

3
j=1

J

TO
N
1=1

3neck §; — cumBoa Kponekepa.

Kaxk Buano u3 (21.5), Gaykryauun Ae; MOTYT BOSHUKATh KaK BCIEACTBUE (PayKmy-
ayuii naomuocmu cpeabl (yucna N), Tak v GIyKTyauuit a;, 0OyCIOBIEHHBIX Clydai-
HBIMM BpallleHusIMU MoJiekyil. [locnenHue Ha3bIBAIOTCS (AYKMYauusmu aHU30mponuu.

Paccesnune Ha (IyKTyanusax IIOTHOCTH. PacCMOTpUM M30TPOMNHYIO Cpeay U y4-
TeM ee (pIyKTyaluy AUBJEKTPUUECKON MPOHULIAEMOCTU Ag, OOYCIOBIIEHHbIE JIUIITb
daykryauussMu 1iotHocTu. Toraa

£:€+A£:§+(%jAp. (21.6)
ap

3nech (S_Sj — MaTrepuajabHas KOHCTaHTa CpPEbI.
ITycts MOHOXpOMaTHUYeCKass BOJHA C YACTOTOM  paCIIPOCTPAHSIETCS BIOJIb OCH
Oz, mpoxons yepe3 oobeM V pacceunBaroneii cpeanl (puc. 21.1). Eciu BoaHa nosipu-
30BaHa B TIOCKOCTH Oxz, TO OUTIOJIBLHBIM MOMEHT Cpelbl OCLHITAPYET C YACTOTOM
BOJIHBI ® BAOJb Oocu Ox.
Bolzenum Maliblii paccerMBaroLmii 00beM v < A3.B HEM Bce OCLMIIIATOPHI KOJIED-
JoTcs B aze. [AUIoabHbIE MOMEHT 3TOro obobema

§ P /\ o
o

SN\ :

Puc. 21.1
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P, = Pv, (21.7)

a M3lydyaeMoe UM Ttoje, comtacHo (3.1), uMeeT HaNpsKeHHOCTh

E, = %PD sin ©. (21.8)
4rceyr

Bekrtop E, uzo6paxen Ha puc. 21.1, aHanoruuHo puc. 3.2. M3-3a daykTyanuit Ae
IUTIONbHBIA MOMEHT TakXkKe (hIYKTYUPYET, II03TOMY

P, =(P+AP)v =¢y(e -1+ Ae)vE, (21.9)
rae £ — HanpssKeHHOCTD ITOJIS TaJaroIleil BOJTHBI.
CrnenoBaTeIbHO,
= 4nt2r v(E-1+Ae)Esino = E, + AE,,. (21.10)

Taxum obpaszom, nosie E, Takke (QIyKTyupyeT OKOJIO CpelHEero 3HaueHus F,.
Ero ¢daykryauyuu paBHbI

2

AE, = - (fjAvaSm@, Q1.11)
4ncir\ dp

nockonbky £ = -0?E.

PaccunraeM HanpsKEHHOCTD TOJISE PACCESIHHOM BOJIHBI BCEM 00BbEMOM, TIPOCYM-
MupoBaB (21.11). HerpynHo mokaszaTbh, YTO CymMMa CpeIHUX BeJIW4YuMH F, moJKHA
PaBHSATBCS HYJIO, TTOCKOJIbKY B OTCYTCTBHE (DJIYKTyallMii pacCesTHHBIN CBET OTCYT-
ctByeT. Torma mis 1mosjst pacCesTHHON BOJIHBI MOXKHO 3aImucaTh

o? (de .
E, =) AE, =- — | E) A 0. 21.12
= 3L, =72 ]S ap,0sin @112

3nech CyMMUpPOBaHKME MPOBOIMTCS MO BCEM MasleHbKUM obObemaM. [lepexons
K uHTeHcuBHOCTH [ = E2, monydaem

- 4 de 2
I, = 1,03 ap,0) —2 [ %) sin2 v, 21.13
s 0(% pmv) (4TCC21’)2 (ap) sin ( )

m

rae l, — MHTEeHCUBHOCTD MaNaloIlero cCBeTa.

W3 (21.13) cnenyer, uto I, ~ o*, T.e. kopomkue éoanvl pacceusaromes cunvhee, yem
OnuHHbLe.

Hna pacuera BeuuuHbl I B (21.13) HE0OXOAMMO BBIYMCIUTD CpelHEe 3HAYEHHE
KBaJIpaTa CyMMBbI, SIBJISIOLLEICS CIy4YaliHON BEIMYMHON. DTO 3HAUEHHE TT0-Pa3HOMY
BBIYMCIISIETCS ISl Ta30B M SKUIKOCTE.

Paccesnue B razax. @opmyna Pajes. B razax ¢iykTyaliuu mioTHOCTH B COCETHUX
00beMax CTaTUCTUYECKU HE3aBUCUMBI, ITO3TOMY

S Ap,0)? = Y v2Ap2 . (21.14)
Kpowme Toro,
Apy _ AN
52 = N2 (21.15)

rae AN,, — ¢aykTyaluu yuciaa yactul, N,, B o0beme v.
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IIpuMeHsss OMHOMUAIBLHOE pacIipelesieHue, 3alullieM

ANZ  Npg 1 V

—m ~ = . 21.16
N2 (Np)? Nyp Ny ( )

3nech Ny — IMOJIHOE YMCIO YACTULL, BEPOSITHOCTh IOMNANaHUsI B 00beM ¥ paBHA
p=v/V< 1 nostomy g=1-p=1. C yuerom (21.14) — (21.16) Beipakenue (21.13)
3aMuIIeTCS B BUIE

o* YV .
I, =]y———|p—| —sin? ¥, 21.17
S 70 (4me?r)? (p 8p) v ( )

rae N = Ny/V — 4uciio yacTuil B eAMHULIe 00beMa.
Bocnonbzyemcst BeipaxkeHueMm (15.31) mist IusaeKTpUUECKO MPOHULIAEMOCTU
rasa, 3arucaB €ro B BUJE

e—I:Na:a%p. (21.18)

Torna

p?z(e—l)z(nz—l)zﬂn—l). (21.19)
p

IMoncraBuB dopmyny (21.19) B (21.17) 1 niepexonst OT 4YaCTOTHI ® K JJIMHE BOJI-
HBI A, TTOJyyaeMm ghopmyay Panes:

4n? V.
I, = 10k4—’i2(n—1)2ﬁsm2ﬁ. (21.20)

M3 a10ii hopMyIIbl ClienyeT HECKOIbKO BaXKHBIX CJIEACTBUIA:

* MTHTEHCUBHOCTb PAaCcCeSIHUSI CBETA 00pAmMHO NPONOPUUOHAAbHA HemBepmoll cmene-
HU OAUHBL BOAHBL,

* pacCesIHHBI CBET UMeEET dudaepammy HANPABGAeHHOCMU, W300paKeHHYIO
Ha puc. 21.2. OHa mpeacTaBisieT coboii ¢urypy BpaiieHus BokKpyr ocu Ox. CseT
pacceuBaeTCs MO BCEM HaIpaBJIEHMUSIM, 3a MCKJIIOYEHHEM HallpaBJeHHUS,
COBITaAaIoNIero ¢ ocoio Ox;

* IOCKOJIBKY TIOKa3aTesb MPeJIOMJICHUS /7 BO3pacTaeT MpY MPUOIMKEHUN K JIv-
HUU TIOTJIOLIEHMS, TO OyIeT YCUJIMBATLCS M pacCesTHUE CBETa;

* pacCesTHHbBIN CBET TUIOCKO TOJIsIpU30BaH: BeKTop E, JeXUT B MI0CKOCTH, TTPO-
Xozs1eil yepe3 ocbk Ox M HampaBJeHWE B TOUKY HaOMIONEeHUS.

Ecnu cBeT MHTEHCUBHOCTEIO [ HEe TTOJISIpU30BaH, TO AuarpamMma usMeHurcs. B ¢pop-
myste (21.20) Benmuuny 7 sin? 9 HEOOXOAMMO 3AMEHUTH BEJIMYMHOMN

2
&sinz 9, +hSiH2 9, =1, HCO—SﬂZ.
2 2 2
3nech Uy, 9y, ¥, — YIIbl MEXIY HalpaBleHUEM
B TOUYKY HaOJI0AeHMS U OCIMU KoopauHat. Cie-
JIOBaTeJIbHO,

_ 4n? , V 1+cos? 9,
Puc. 21.2 =g s -1 o ———51p. (21.21)
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Jnarpamma HampaBJIeHHOCTU AaHa Ha puc. 21.3.
PaccesiHHBII CBET pacmpocTpaHseTcs 1Mo BCeM Ha-
npapiaeHusiM. OH He TOJISIPU30BaH, 32 UCKITIOUEHM -
€M HarnpasieHuil ¥, = /2.

Ecnu nipouHTerpupoBath [, MO MOBEPXHOCTHU
MPOM3BOJILHOM cephl paauyca » ¢ IeHTPOM B TOU-
ke O, TO MOJYyYUM MOIIHOCTb PacCeSHHOM BOJIHBI

P, = [Ido. (21.22) Puc.21.3
B ceprueckux koopauHaTax
oo 4n V
P = jdq)jI r2sin9do = o N(n—1)210 =Va,l,. (21.23)
Benanuuna
- 3‘% (n ;Vl)z (21.24)

Ha3bIBAETCS KOIPghuyuenmom ocaabaeHus npu paccesHuu, i Ko3g@uuuenmom mymHo-
cmu. Ecv B paccenBarollieil cpezie BhIIEIUTh CJION TOMIMHON dz, IO IIOBEPXHO-
CTM KOTOPOTO paBHA ¥, TO YCJIOBHE IHEPreTMIECKOTro OayiaHca MOXKHO 3aITicaTh B BUE

1) =dza ()X + (7 +d7)X. (21.25)

31ech clieBa CTOMT MOIIHOCTh Majalollieil BOJHBI, KOTOpasl paBHa CyMMeE pacce-
SHHOM MOIIHOCTU M MOLIHOCTH, BhILIEAIIEH 13 ciosl. Torma yMeHbIIeHe UHTEeH-
CUBHOCTH

dl = 1(z+dz) - 1(z) = —a,l(2)dz. (21.26)

Hurerpupys (21.26), morydyaeM 3KCTIOHEHIIMATBHBIA 3aKOH YOBIBAHWS WHTCH-
CUBHOCTHU

1(z) = I, exp(~0.,2). (21.27)

B uuctoM Bo3ayxe, mpu A = 5000 A, o, ~ 2,6- 107 cm~'. DTo 03HauaeT, uTO
MHTEHCUBHOCTb CBETA YMEHBIIAETCS B € pa3 Ha PacCTOSHUU Z = o' = 40 KM.
Paccesnue B xuakoctax. @opmyaa Ditnmreitna. B xxuakocty GpayKTyaluu miort-

HOCTU CBsA3aHbI C I/I30TepMI/IquKOﬁ COKMMACMOCTBIO BT = —%(aa—[/) COOTHOLICHUEM
_ D )t
2
80 _ BrkT (21.28)
P v

IMoncraBus opmyny (21.28) B (21.14) u 3arem B (21.13), 11 HENoOJSIpU30BaH-
HOTO CBeTa IOJIyYUM ¢hopmyay DiHumeina

4n? 88 1+cos?®d
MoIIHOCTh pacCesTHHOM BOJIHBI BBIUMCIISIETCSI aHAIOTUYHO (21.23):
1 rc 88
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xr ITosToMy KO3(PDULIMEHT MYTHOCTU B >KUIKOCTSX

E ' 1n2( oY
m =——|p— kT. 21.31
| Ol 3 7\'4 (p apj BT ( )
Z
E; Jns uucToit Boasl pu A = 5000 A 1 HOpMab-

HOIl TeMmeparype BeJIuvuHa o, B 185 pa3 Goblie,

yeM i Bo3nyxa. [Ipu yBennueHUM TemIiepaTyphl U

Y MPUOIKEHUU €€ K KPUTHMYECKON yBEIUIMBAETCS

Puc. 21.4 CXKUMaeMOCTb 7, YCUIIMBAIOTCS (BGIyKTyallM TUIOT-

HOCTH M pacTeT paccesiHue. DTo sIBIIeHUe, Ha3bIBae-

MO€ Kpumu4eckoll onanecyeHyuell, VJUTIOCTPUPYET OMNBIT ¢ 3alassHHON MPOOUPKOW,

conepkalleil BOAy M HachllleHHbIN Tap. [1pu mpubarmkeHnn TeMrnepaTrypbl conep-

JKMMOTO K KPUTHYECKON TeHeBOoe M300paxkeHHe MPOOHMPKM BHE3AITHO CTAaHOBMUTCS

TEMHBIM M3-3a CUJIBHOTrO paccessHus. 1o 3Toil mpuunHe HEBO3MOXHO HaOII0IaTh
MOMEHT MCUE3HOBEHMS TPaHUIIbl pa3aesia BOAbI U Tapa.

Paccesnue nHa duaykryanusax aHu3orponuu. I1ycTh miiockonoisipu3oBaHHask BOJIHA
MajgaeT Ha pacceMBaloOlIMil 00beM, a PacCesSTHHBIM CBET PerMCTPUpYETCs B HarpaB-
nenuu ocu Oy (puc. 21.4).

AHaM3 COCTOSIHUS €To TOISPU3aliM MTOKA3bIBAET, YTO B PACCESTHHOM CBETE TMPH-
CYTCTBYIOT [IB€ B3aMMHO NEPIEHANKYISIPHbIE KOMITOHEHTH! E, u E,. Cmenens deno-
AApu3ayuy OTIpeaesieTcsl Kak

2
A= ES; <1. (21.32)

X

B razax A ~ 1072, B xunxoctsx A ~ 0,1 —1,0. Hannpumep, mis Bogopona A = 0,01,
6ensona A = 0,44 u cepoyriiepona CS, A = 0,68. [IpuunHOit germonasipu3alniy pacce-
SIHHOTO CBeTa SBJISIIOTCS XaOTUUYECKHEe BpallleHMsT MOJIEKYJT BOKPYT MX LIEHTpa Macc.
OTu BpallleHUsI TPUBOIAT K (GIYKTyalluM aHU30TPOITUMU.

Jlns [-i MOJIEKYIIbI KOMITOHEHTBI ¢; TEH30pa €€ MOIAPU3YEMOCTH OTHOCUTEILHO
JJabOpaTOPHOI CUCTEMbI KOOPAMHAT MOTYT OBITh MPEACTaBIEHBI B BUIC
a,y) =a; + Aafj’), (21.33)
Ihe a; — CpefHee 3HaYeHUeE,; Aa}” — CJy4yalHasl BeJIWYMHA.

Torna nusnexkTpuuyeckass BOCOIPUUMYUMBOCTb Cpelibl B COOTBeTCTBUU € (21.3)
paBHa

_ N

JJ1st MI30TPOIHOM Cpeabl, KaK ObUIO ITOKAa3aHO paHee,

.= Gutdntds
Y 3

BemunHa N Takxke duykryupyet, nostomy N = N + AN, rie AN oGycioBieHa
pacCMOTPEHHBIMU (PIIYKTyalUSIMU TIOTHOCTH. [ToaToMy

(21.35)

B N
@&; = Nad; + ANaj;; +[§,Aa,§”. (21.36)
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S(v)

\ Avy ‘

Bepxuwmit nipenen cymmbl B (21.36) 3aMeHeH cpenHell BelMYuHON. JnanekTpu-
yecKasl IIPOHULIAEMOCTh OyIeT ONpeaesiaThCs TEH30POM

_ N
g; =8;(1+ Na)+8;ANa + ;Aa;” = §,€ + 8,A¢ + Ag, (21.37)

rae no6aBka Ae cBs3aHa ¢ QUIYKTyalMAMM IUIOTHOCTH, a Ag; — C (QIyKTyaUUsIMU
aHuzorponuu. Eciu obe nob6aBku moactaBuTh B BeIipaxkeHue (21.10), 3amucaB ero
M0 KOMIIOHEHTaM, TO MOXHO paccuuTtath £, E, W Ienosipu3aluio CBeTa.
Ornyckast BBIKJIAAKU, OTMETUM, YTO CTEIEeHb ASMOISIpU3aliu AaeT MHGOPMALIMIO
O COOTHOILUEHUN BEJIWYUH d;;, dyn U a3, TTOKA3aTeIb MPEJOMIECHUSI — O CpeaHeil

1
BEJIMUMHE a = 5(011 +ay +az;), a noctosiHHass Keppa — 0 pasHOCTSX MOJSIpU3Y-

€MOCTEN MOJIEKYII.

IMosToMy 13 SKCIepMMEHTATEHBIX JAHHBIX TPEX PA3IMIHBIX SKCIIEPUMEHTOB MOXKHO
paccymTaTh TPY KOMITOHEHTHI TeH30pa MOJIIPU3yeMOCTH MOJIeKYIIbl. Kak oTMedanmoch
B JIEKLIMK 15, MOAsAprU3yeMoCTh MOJIEKYIIBI a ~ 41trg, 1 ipu ee pasmepe 7, ~ 10710 m
a~10"% m3 = 102 cm’. Hanpumep, g Bogopona H, a;; = ay = 6,39-10% cm?,
ay;=19,62- 107 cm?; kucnopona O, a;; = ay = 12,1- 102 M3, a3 = 23,5- 1075 cm?;
arokcuaa yraepona CO, a; = ay = 19,3-107% cM?, a3; = 41,0 - 1072 M’

CrieKTpaIbHBI COCTAB PACCESIHHOrO CBETa. DKCIICPUMEHT ITOKA3bIBaeT, UTO eCIU
MagaloIil CBET MOHOXPOMATHYECKHUI C YaCTOTOM v, TO PacCesTHHBIM CBET MMeEeT
CMEKTPaAIbHYIO TUIOTHOCTH S(V), CXeMaTUUYHO U300paxkeHHY1o Ha puc. 21.5.

TakuM 00pa3oM, cneKmpatbHAst AUHUSL PACCESIHHO20 C8ema UMeem MOHKYI CPYK -
mypy. B Hee BXOIAT yenmpaivhas KOMNOHeHmMA M Kpbiabsa, HA KOTOPBIX MOTYT PacIio-
Jaratbcs OoJee cinabble cnekmpanvivle Komnornenmsl. Ha prucyHke m3006paxkeHbl JTUIITh
JIBe TaK1e KOMITOHEHTHI.

LleHnTpasbHAasT KOMITOHEHTA 00YCIIOBIeHa (hIYKTyallusIMH TUIOTHOCTH TIPH TTOCTO-
STHHOM JaBJIcHNU. XapaKTepHoe BpeMs BRIpaBHUBAHMS TJIOTHOCTH B MaJIOM pacce-
MBAIOLIEM 00BbEME ¥ ~ A’ OINpeesseTcs BpeMEHEM BbIPABHUBAHMUS TEMIIEPATYPhI

kZ
Xt
e xr — Ko3(pOULIMEHT TeMIepaTypornpoOBOAHOCTH.
s Bosmyxa xr= 0,56 cm?/c, mostomy nipu A = 1 Mkm 17~ 1078 ¢. B xuaxocrsx
Ty~ 107 ¢. AMmuuTyna 1 ¢dasa paccessHHOM BOJIHBI OYyAyT CIy4aiiHbIM 00pa3oM U3-

MEHSIThCS Ha 3TOM MacluTade BpPEMCHMU. CJ'[GI[OBaTCJ'H)HO, CIICKTpaJIbHas IMINPHWHA
HeHTpEU'[I:HOﬁ KOMITOHCHTbBI

Avy ~ 17 ~ (107—10%) T,

T (21.38)
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DyyKTyaluyu aHU30TPOIMU MPOMCXOAST Ha MacluTtabe BpeMEHM, COBIAIAIOIIEM
co BpeMeHeM penakcauun 3¢ dekra Keppa tx ~ 10712 ¢. Dror Maciurab 6yneT npucyT-
CTBOBaTh B OBICTPBIX CJIYYailHBIX MU3MEHEHMSIX aMIUIUTYIbI U (ha3bl PACCESIHHOM BOJIHEIL.
[TosToMy B CIieKTpe MOSIBITCSI MEHEe MHTEHCUBHBIE KPbUIbsL. KX crieKTpasibHast IMpruHA

Av, ~ 1% ~10"2 T

CriekTpaibHbIe KOMITOHEHTHI (CAaTEJUTUThI) CMELIEHBI HA BEIMUMHY Avyg ~ (107 —
10'%) T, DTO cMelIeHNE MO MOPAAKY BEJIMUYMHBI COBMANAET C YACTOTOM TMITEP3BY-
KOBBIX BOJIH, HEU3MEHHO MPUCYTCTBYIOIIMUX B cpeae. B MasioM pacceuBaronieM oobe-
M€ MPOUCXOIUT aauadaTuyeckoe M3MeHeHre TIOTHOCTU

Ap = (Ap), cos Qf, (21.39)

rae Q — YacToTa TMIep3BYKOBOI BOJIHEL Iloje paccesiHHOM BOJHBI OMHUM SJIEMEH-
TapHBIM 00beMOM v, coriacHo (21.12), MOXHO IMpeacTaBUTh B BHUIIE

E () ~ EycosmfcosQf = % cos(wg — Q) + % cos(mg + Q)t, (21.40)

IIe o, — YacToTa Maaarolieil BOJHBI.

[ToaToMy B CIIEKTpe pacCesIHHOTO CBETa IOSBSITCSI IBE KOMIIOHEHTBI: HM3KOYa-
CTOTHasl (cmoKcoéa) N BBICOKOYACTOTHAS (GHMUCMOKCO8a) KOMIIOHEHTBI, CMEILeH-
HbIe Ha BEJIMUUHY AVyg = % fi; = +Q/27 OT LIeHTpaJIbHON KOMITIOHEHTHI. PaccesHue
Ha aguabaTHYeCKuX (IYKTyalMsiX IDIOTHOCTU MOJIYYMJIO Ha3BaHMe paccesnus Man-
Oeaviuumama— bpunnrosna.

CnekTpajibHasl IIMPUHA Vg KaKIOM M3 KOMIIOHEHT OMpenessieTCsl BpeMeHeM
3aTyXaHMSI TUTIEP3BYKA Ty

Vmp ~ To ~ 107" Av .

CremyeT OTMETUTD, UTO CMENICHUE Avyp 3aBUCUT OT yIJIa paccessHus ¥. DTo He-
TPYAHO OOBSICHUTD, €CITK YIECTh, YTO paccesTHHAs TIOI YIJIOM ¥ BOJTHa (DOpMUpPYeT-
cs B pe3yibTaTe MHTep(PEepEeHIINN BTOPUTIHBIX BOJH, OTPAXKEHHBIX OT BOJHOBBIX ITO-
BEpXHOCTEH OeTyIleil BOJIHBI TUIoTHOCTH (puc. 21.6, a):

Ap = (Ap), cos(Qf —q- 1), (21.41)

IJe ( — BOJHOBOM BEKTOP aKyCTUUYECKOM BOJIHBI, WA 6EKMOP PACCESHUS, § = Q/ Vs,
1,; — CKOPOCTh 3BYyKa.

JnuHa BOJHBI A, Ha KOTOPOM M IPOMCXOOUT paccesiHUEe B TaHHOM HarpaBJlic-
HMH, TOJIDKHA YIOBJICTBOPSITH YCIIOBUIO )11 MHTep(EepeHIIMOHHOI0 MaKCUMyMa Tiep-
BOrO MOPSIAKA IJISl ABYX Jiydeil / U 2, TOKa3aHHBIX Ha PUCYHKeE:

1 2Asin% =% (21.42)

V3p 2
k q Tak xe kak u (13.40), at0 yc-
_><_ﬂ \ NoBuEe Ha3bIBaeTCH ycao6uem Bpre-
) ko ea. B nekuuu 13 oTMedanock, 4To
MPpYU HAKJIOHHOM ITaJIcHUH CBETa Ha
M\% KpUCTaJJT C OErylieid B HEM aKyc-

TUYECKOU BOJHON HapyllaeTcs
Puc. 21.6 cumMmeTpus 3amadyu. [1pu nudpax-
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1y bparra MTHTEHCUBHOCTb B MaKCUMyMax +1 MOpsiIKOB OyIeT CylleCTBEHHO pa3-
HOI: MPaKTUYECKH OCTAaHeTCS OAWH AM(PPaKUMOHHBIM MaKCUMyM, HampaBiIcHUE
Ha KOTOpPHI 3aaeTcsl yciaoBrueM bparra.

YcnoBue bparra (21.42), ucnonb3ys BOJTHOBBIE uMcia ky = 2n/Ay U q = 21/A,
MOXHO TIepenucaTb B BUIC

q =2k, sin% (21.43)

PaBencTBO (21.43) ynoO6HO O0TOOPA3UTh C TMTOMOIILIO BEKTOPHOI AUarpaMMbl (pHC.
21.6, 6) u 3amucaTh €ro B BEKTOPHOM BHJIE

k=k,+q. (21.44)
+
3nech yuTeHoO, 4To k = LIELLNN ky = Do
c c

PaBeHcTBO (21.44) HaA3bIBAaeTCSl yCAOBUEM BEKMOPHO20 CUHXPOHU3MA TPEX BOJIH.
IIpu yBemueHUM yriaa ¥ yacToTa rMIep3BYKOBOM BOJIHBI, YYACTBYIOIIEH B pacCesTHUU,
JIOJDKHA Bo3pacTath. [10aTOMy HauboJbliee cMellieHue AV JOCTUTaeTCs TPy pac-
CesTHUM Haza.

M3 npoBeaeHHOTro pacCMOTPEHMST CTAHOBUTCS TTOHSTHO, YTO CIIEKTpaIbHBIN aHa-
JIU3 PACCESTHHOTO CBeTa aeT OOIIMPHYIO MHMOPMALIMIO O TeIUIONIPOBOAHOCTH U TeTl-
JIOEMKOCTHU Cpebl, MOMEHTaX MHEPILIMM MOJIEKYJ, COBEpIIAIOIINX BpalllaTeIbHbIe
JIBWKEHUS, CKOPOCTU 3ByKa U BPEMEHHU €ro 3aTyXaHWs U T.I.

JIj1st TIEHTPaIbHON KOMITOHEHTHI Vo/Av,y ~ 107 — 108, g ee uccaenoBaHus aaxe
unrepdepomerp Padbpu — [lepo, obnamamlIMii BEICOKOI paspellarolieil crocoo-
HOCTBIO R ~ 10°, He MOXeT ObITh MCIONB30BaH. [10 3TOil IPUYKMHE TPUMEHSIOT METOBI
KOPPEJISIIMOHHOM CITeKTPOCKOMUY. B HUX ¢ TOMOIIIBIO IETEKTOpa 3alMChIBAIOT (PITyK-
TyalluMd MHTEHCHUBHOCTM paccessHHOro ceeta [(f) Kak (yHKuMO BpemeHu. Takas
3alUCh MOXET JUIMThCS JECATKU MUHYT: YeM cyabee pacCessHHBIN CBET, TeM MOJbIIIe
OCYLLUECTBJISIETCS 3anuch. Jlajee ¢ MOMOLUBIO 3JIEKTPOHHBIX YCTPOWCTB, MO3BOJISI-
IOIIUX M3MEHATh BpeMsl 3aJep>KKU T U TMepeMHOXaThb 3HaUYeHUsT MHTEHCUBHOCTEH,
pPacCUMTHIBACTCS KOPPeAsyUOHHAs QYHKUUS UHMEHCUBHOCMU

B;(v) = 1,(0)I,(¢+7). (21.45)

ITockonbky cinyvaitHoe none E(t), popmupyemMoe 00JbIIIMM YHCJIOM CTaTUCTHYE-
CKUW HE3aBMCUMBIX 3JIeMEHTApHBIX IUTIONEH p,, IMeeT HOPMaJIbHBIN 3aKOH pacIipe-
JIeneHus, To By(tT) cBsI3aHa ¢ KOPPEJSILIMOHHON (DYHKIMEN MOojsi COOTHOLIEHUEM

B, (t)=1+B>() =1+ E,(DE,( + 7). (21.46)

JoKa3aTeabCTBO 3TOrO PAaBEHCTBA MOXKHO HAWTU B CIELMAIbHOM JIUTEpaType.
CrnenoBaTebHO, CHEKTpalbHasl IJIOTHOCTh B COOTBeTCTBUU C (8.34) paBHa

S(m)=%bf\/B,(r)—lcosu)rdr. (21.47)
0

AHanu3 Kpblja JUHUU Pajies u CTOKCOBBIX M @aHTMCTOKCOBBIX KOMITOHEHT MOXKET
OBITH BBHITIOJTHEH C UCITOJIb30BAaHUEM MHOTOJIYUYEBBIX MHTePGhEPOMETPOB MM pa3jiu-
YHBIX CIIEKTPaTIbHBIX TPUOOPOB.



JEKIIUA 22

Paccesnue B MyTHBIX cpeaax. B cpenax, comepKaiiyux 4acTULBI ¢ OTIMYAIOIIMCS
(OT cpenpl) ToKas3aTejeM MPeIOMICHUSI, BOSHUKAET CUJIBLHOE paccestHHue, MPeBOC-
XOJglliee MO0 MHTEHCMBHOCTU MOJIEKYJISIpHOE paccesiHue. MHade, cBeTOBasl BOJIHA
mpeTepreBaeT AU paKkiiio Ha TAKMX YaCTUILAX IO OOJbLIMMU yIIaMu.

Ecnu pa3zmephl YacTUIIBI Maibl TTO0 CPaBHEHMIO C JJIMHOM BOJIHBI, TO AU(parupo-
BaBIlI€ BOJHBI OyayT aHAJIOTMYHBI BOJIHAM, MCITYCKAE€MbIM OCLJITMPYIOIIUM OU-
MoJIeM, HaxXOSIIMMCSI Ha MeCTe YacTULbl. BHavasle paccMOTpUM MMEHHO 3TOT ClIydaii.

ITycth yacTuia B (popMe 1maprka paimycom 7, UMEET AUDIEKTPUUECKYIO TTIPOHU-
LAeMOCTb €,. Takas yacTuua npy MOMELIEHUN B OAHOPOAHOE BHEIIHEE JIEKTPUUEC-
KO€ MOJIe HaIPSDKeHHOCThIO E, Kak cieayeT U3 3JEKTPOCTaTUKM, IpUOOpeTaeT au-
MNOJIbHBIA MOMEHT

€,—¢

=3ge—L
Po =88, 20"

(22.1)

. 4
rae € — OURJIEKTpUYecKasl MTPOHUIIAEMOCTb OKPYXKAIOIEH Cpelbl; v = 3 g,

MHTEeHCMBHOCTH BOJIHBI, pacCesTHHON N TaKMMU IIapuKaMHM, M3-3a UX XaOoTHYe-
CKOTO TIOJIOXXEHUS OyIeT paBHA CyMMe MHTEHCUBHOCTE! BOJIH, pACCESTHHBIX OTHUM
IIAPUKOM.

CornacHo (21.8) u ¢ yuerom (22.1) oHa paBHa

on2e2 (e, —¢ 1+ cos29
s= | T | NP (22.2)
)4

Ecnu e MajieHbKue IIapuKy HaxOMSTCs B XXMAKOM WJIM ra3000pa3HoOii cpene, TO
OHM COBEpIIAIOT XaoTHYeckoe OpOoyHOBCKoe ABMXKeHue. IHTeHCUBHOCTD [(f) cTaHO-
BUTCS CIy4altHOM (DyHKIIMEH BpeMeHU. XapaKTepHbIi MacllTad ee M3MEeHEHMsI 3aBUCUT
OT yIJ1a paccessHus1 . DTO MOXHO ITOHSITh, BOCIIOIb30BABILINCH AHAJIOTUEN C paccestHuU -
€M Ha Oeryiyx aKkyCTM4eCKMX BojIHaX — paccessHrueM MaHaenbiutama — bpuutiosHa.

B dopmupoBaHun paccesiHHOW BOJIHBI MO YIJIOM © MPUMYT
y4yacTue YaCTHUIIbI, IBVIKYIIUECS CO CIy4allHON CKOPOCTHIO U
g B HaIlpaBJIEeHUH, TIOKa3aHHOM Ha puc. 22.1.
Bronb aTOr0 HarpapiaeHNs1 OpOyHOBCKAsI YaCTULIA CMEIaeTCs
CO BpeMEHEeM Ha pacCTOsIHUE /, yIOBJIETBOPSIOIIEe PAaBEHCTBY

X a = #t = Dt, (22.3)

rae b = 6mny, — KOHCTAHTA MPOIMOPIIMOHATBHOCTY MEXIY CHITON
BSI3KOTO TPEHUSI, TIPUIIOKEHHOM K YaCTHULIEe PaAUyCOM 7, U €€ CKOPO-
Puc. 22.1 CTBIO; 1| — BSIBKOCTL cpefibl; D= 2kT/b — koadduriueHT auddy3un.
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st ABMKYIIMXCS YACTULL BBEIEM BEJIMUUHY

1 1
g=—==——,
iz yDr,
Ie T, — XapaKTepHOEe BPEeMsl ABMXECHMUSI YaCTHLIBL.
BeMuKHA ¢ HAa3BIBAETCS K6A3UB0NHOBbIM Hucaom. TOrIa COOTBETCTBYIOIUIA K6a3u-

80/1HOBOU 6eKmop, NN eeKmop paccesaHus,  OOJKECH YIOBJICTBOPUTL YCIIOBUIO BEK-
TOPHOTO CMHXPOHMU3MA

(22.4)

k=k,+q, (22.5)

W
.0
q = 2k, smE. (22.6)
Torma u3 (22.4) u (22.6) nonydyaem
1,! = ¢*D = 4ki D sin? % (22.7)

BenmunHa 1, n OyIeT SBIATHCSA TEM MacIITabOM BPEMEHM, HA KOTOPOM XaoTH-
YecK! U3MeHstioTcst one E(f) u mHTeHcuBHOCTD /(7). B pactBopax 1, ~ 10°—107c.
CrienoBaTe/IbHO, LIMPUHA CIEKTPAIBbHOM JIMHUK PACCESTHHOTO cBeTa Av =1,' ~ 10°—
10° Tu. Ee MOXHO UCCIIE0BaTh Memo0oM KOPPeasuyuoOHHOU CReKmpoCcKOnUU.

Pacuer mokasbiBaeT, 4TO cTerneHb Koppeasauuu Y(t) (cM. popmyny (8.34)) mis
paccessHHOTO TOJIST Ha KPYIJIBIX YacTULIaX OMMHAKOBOTO paaryca TOJKHA ObITh paBHA

Y(1) = e D4t = o7, (22.8)
CJ'IGI[OBaTeJ'[BHO, CTCIICHb KOppeJadalInun ajidi NHTCHCUBHOCTH
YD) =1+7y%(t) =1+e 2/, (22.9)

Wsmepsaa Bpems T,, MOXKHO OLUEHUTb KoahduuueHT auddysuu D, pamuyc r,
Ha3bIBAEMbIil TUAPOIMHAMUYECKUM, UCCIIEIOBATh TMHAMUKY IBVKEHUS YACTHIL U T. 1.
Ha puc. 22.2, a mokazaHa cTerneHb KOppesiuuu v;(T), U3BMepeHHasl B peaJlbHOM
9KCIEPUMEHTE, BBIMOJHEHHOM B JIAOOPAaTOPUM CIIEKTPOCKOIIMHU MOJIEKYISIPHOTO
paccestHMST cBeTa Kadeaphbl (U3MKMU MOJMMEPOB U KPUCTAUIOB (hr3MdyecKoro a-
kyabereta MI'Y um. M. B.JlomoHocoBa. 31ech UICTOUHUKOM cBeTa sBisuicss He-Ne-

v/(0)-1 S(ro)
1L,0b 1,0 F———
0,8 0,8
0,6 0,6
0,4 0,4 -
0,2 0,2 +
0= . 0 |
0 2 4 6 8 101214 r,Mc 200 400 600 800 ry, HM
a 0

Puc. 22.2
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Jlazep, a pacCceMBalOlIMMU YacTUIlAMU — MAaJIeHbKHE TOJMCTUPOJIbHbBIC IIAPUKH,
coBeplalole 6pPOyHOBCKOE ABMKEHUE B BOJE.

Hns ynobGcTBa 1o ocu opavHaT oTjioxkeHa BennuuHa v,(t) — 1. Habmogaroieecst
OTKJIOHEHHME OT 3KCIOHEHILIMAIbHON 3aBUCUMOCTHU (22.9) 00yCIOBICHO pazauyueM
paguycoB MOJMCTUPOJIBHBIX 1IapukoB. Ha puc. 22.2, 6 mokazaHa (pyHKLMS pacIipe-
nenaeHus f(r,) 1IapUKOB IO paguycaMm r,, TOJydeHHas MyTeM CHelUabHON MaTe-
MaTU4YeCKOil 00pabOTKU CTEMeHN KOPpPeJsIlUM paccessHHOro mojiss. OHa IocTUraeT
MaKCUMAaJIbHOTO 3HAYeHUS IIpU Fy = 460 HM. BunmHo, 4To uMeeTcst pa3dbpoc 3HaUYECHMIA
pagnMycoB YacTHII.

Paccesinne B MenkomucmepcHbix cpemax. Eciau pasmepbl 4acTull COM3MEPUMBI
¢ IUTMHOM BOJIHBI (HarpuMep, paccMaTprBaeMble B 9KCIIEPUMEHTE MOJUCTUPOJIbHBIE
IIApPUKH), TO MPEACTaBICHNE YaCTUILIbI B BUIE OJHOTO MUTIOJNS OKAa3bIBAETCS HEMOCTATO-
yHbIM. [ToaTomy dopmynsl (22.1) u (22.2) craHOBSITCS HecnpaBeAIUBbIMU. [Ipekie
BCEro KapAWMHAJIbHO U3MEHSIETCS AuarpaMmMa HarpaBJIeHHOCTH PacCEesTHHOTO TTOJS.

M3-3a paznuuus a3 KojaedaHUid BOJHBI B pa3HBIX TOUKAX YACTUIIBI ITOCIEIHIOI0
HY>KHO TIPEICTaBUTh KaK COBOKYITHOCTb OCLIWJIISTOPOB, MMEIOIIMX pa3Hbie (ha3bl
KosiebaHUil. DTO OOCTUTAETCs NOOABIEHUEM K IMIIOJIHbHOMY MOMEHTY TaK Ha3bIBa-
€MOTr0 KBaApyMoJbHOTO MOMEHTA, YIYUTHIBAIOIIET0 Pa3HOCTh (a3 KojaeOaHMA MOJIs.
ITo mopsiaKy BeIWYMHBI OTHOLIIEHUE KBaAPYIOJIbHOIO U TUITOJBHOTO MOMEHTOB CO-
BIAJaeT C OTHOILLIEHUEM Fy/A.

Teopust paccessHUS CBeTa HA AUAJIEKTPUIECKUX Y MMPOBOASIINX cepax ObLia pa3-
paborana (1908) Hemeukum ¢dusznkom I'.Mu. OcHOBHOE OTIMYME paccessHusT Mu
OT paccessHUsl B MYTHBIX CpellaX COCTOUT B CYILIECTBEHHOM U3MEHEHUM AUarpaMmMbl
HaIpaBJIEHHOCTHU paccestHHoro cBeTa. Ha puc. 22.3 noka3zaHa TUITMYHAS AUarpaMmma
HANpPaBJIEHHOCTH TIPU PACCESIHNUU Ha chepUUeCKMX YaCTULIAX paguycoMm ry ~ 107'A.

IIpu yBenuueHnr pa3Mepa 4yacTull JuarpamMma OyneT U3MeHSThCs. B yrimoBom pac-
npeneneHun [(9,) nosiBstoTesl AMPPaKIMOHHbIE MAKCUMYMbl I MUHUMYMBI.

Ha puc. 22.4 n3obpaxeHa nuarpamMma Ipy paccesiHUM CBeTa Ha AUBJIEKTPUIECKUX
mapukax c n=1,3u ry=A.

Ilpu 7y > A DoJKHA MOJYYUTHCS AMarpaMMa, COOTBETCTBYIOLIAs TU(PAKIIMU CBe-
Ta Ha KPYIJIBIX HEMPO3payHbIX AUCKAX PAINYyCOM 7. TakuM o0pa3oM, CBET B MEIKO-
JIHCTIEPCHBIX Cpeax paccerBaeTcsl MPEeMMYIECTBEHHO B HAIlpaBJEeHUN CBOETO pac-
MPOCTPaHEHMSI.

IMonsgpu3zaiius paccesstHHOTO CBeTa Ha KPYITHBIX YaCTUIIaX 3aBUCHUT OT JUIMHBI BOJI-
HbI. DTUM OOBSICHSETCS BeChbMa pa3HOOOpa3Hasi OKpacka MOBEPXHOCTU MODSL.

(8
N/ z
Caer —_—

%‘

Puc. 22.3 Puc. 22.4
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Teopusa Mu Hallia IIMPOKOE TIPUMEHEHHUE MPU aHAINU3e PaCIIPOCTPAHEHUS CBe-
Ta yepe3 HIKHUE CJIoU aTMocdepbl, comepxKalliie Mblib, aHTPONOIeHHbIE 3arpsi3-
HEHUS M MeJIbuaiiliine BOAsSHbIE KaruIM BO BpeMs TyMaHa.

Paccesinue cBeTa B TBepAbIX TejaX. B TBepAbIx Teslax MPOSIBIISIOTCS Te 3Ke 3aKOHO-
MEpPHOCTH MOJIEKYJISIDHOTO PACCEsIHUS, YTO U B TazaxX M KUAKOCTIX. PIyKTyaluu
TUIOTHOCTU U aHU3OTPOIMUU OOYCJIOBJIEHBI CAy4YallHBIMU KOJeOaHUSIMU aTOMOB
U MOJIEKYJ OKOJIO TOJIOXKEeHUST paBHOBecusl. MI3MeHeHUsT TUIOTHOCTU BO BPEMEHM
MMeEIOT IBa BpeMeHHbIX MaciuTaba. IlepBoiit 3 HUX 0OYCJIOBIEH M300apUYeCKUMU
TEIJIOBBIMU (DIYKTYyallMSIMUA TJIOTHOCTU U OTMpeNessieTcss BpeMeHeM TeIlJIOBOi pe-
JAKCAUVH T7~ A2/% 1, X1 — KO3 PULMeHT TeMneparypornpoBogHoctu. [upuHa 1eH-
TPAJIbHOM CIIEKTPAIbHOM KOMIIOHEHTHI B CIIEKTPE PACCESIHUS CBETA AV ~ T7 .

Bropoii Maciutab onpezaensercsd nepuonoM 7= 21/Q akycTuyeckux BojH (21.38),
B KOTOPBIX KOJIe0aHUSs TUNIOTHOCTU MPOUCXOIIT U303HTpoIIMYecKu (0e3 Termiooome-
Ha DJIEMEHTAPHOIO 00beMa v = A’ ¢ OKpYXaIOLIEN cpenoii, MOCKOIbKY T < A%/ 7).
DTU BOJHBI HAa3bIBAIOTCS aKyCTUYeCKMMU (hoHOHaMU. B Kypce MoneKysipHoit (pusu-
KU OBLTIO MOKa3aHO, YTO (POHOHBI SIBJISTIOTCSI HOCUTENIIMU BHYTPEHHEN 9HEPTUU TBEp-
Joro Tena. PaccessHue Ha (poHOHAX M eCTh paccesiHrue MaHaesnblinTaMa — bpusuiosHa.

Kpome Toro, B TBepAbIX TeJIax UMEIOTCSI MUKPOHEOIHOPOAHOCTH U puMecu. Pac-
cessHMe Ha 9TMX HEOAHOPOTHOCTSX, KakK IMpaBWIO, MACKHUPYET MOJEKYISIpHOE pac-
cessHue Ha (PIyKTyalusix MJIOTHOCTU U aHU3O0TPOIUM.

KoadduumeHnt mytHoctH o (cM. (21.26)) 3aBUCUT OT JUIMHBI BOJIHBIL: 0, = C/A%,
a KkoHctaHTa C — OT ONTUYECKON YUCTOTH MaTepuasia. Eciiv NpuHATh BO BHUMaHME
1 KO3(DGUIIMEHT TOTJIOIIEHUS o, TO B TBEPAOM Tejie MHTEHCUBHOCTb YOBIBAaeT IO
3aKOHY

1(z) = 1(0)exp[—(at, + a)z] = 1(0) exp(—6iz), (22.10)

rae 0 = o + o, — Ko3gpuyuenm sxcmunkyuu (OT JaT. exstinctio — raieHue).

B xauecTBe WutrocTpaMu Ha puc. 22.5 roka3zaHa 3KCIepMMEHTaIbHO M3MepeHHAs
3aBUCUMOCTD KO3(pdulImeHTa SKCTUHKIIMY OTHOMOIOBOIO KBapIlIeBOIO ONTHYECKO-
IO BOJIOKHA OT JUIMHBI BOJIHBI.

IlTpuxoBasi TMHUS COOTBETCTBYET ONTMYECKM YMCTOMY KBapiry. YMCThII KBapil
obnagaeT noryoiieHrueM B Y®-ob6aactu u ganekoit MK-obmactu (A > 2 Mmxm). [lpu
YBEJIMYEHUN [UIMHBI BOJMHBI OT A = 1,0 MKM MYTHOCTb o yObIBaeT (o, ~ 1/A%),
a morJiolieHue o. Hepeauko. I1pu A — 2,0 MKM o, MaJTo, a MOTJIOLIEHUE O, YBEIMYMBA-
ercs. I1oaToMy Ha IjIMHE BOJIHBI A = 1,55 MKM MOTepu B KBaplie MUHUMAJIbHBbI.

PeanbHbIil KBapl objiagaeT Ha UIMHE
BOJHBI A = 1,37 MKM MakCUMyMoOM (TH-

KOM) MHOTepb, OOYCIOBJIEHHBIM JIMHUEN o+ oy AB/KM
TOTJIOIIEHUST TUAPOKCUIBHBIX rpyrmt OH,

SABJIAIOLINXCS BpeIHBIMU TTpuMecamu. Oc- 1,0
HoOBHag JiuHug nomtonieHuss OH cootBeT- 0,8
CTBYeT Ay = 2,73 mxMm. HamomHum, 4TO 0.6
1 1b/xm = 4,34 xm™' (cM. nexuuio 17). 0.4

Ha puc. 22.1 uB. BKJI. moka3aHa ¢oTo-
rpa¢usi BOJOKOHHOI'O CBETOBONIA, MO KO-
TOpPOMY pacIiipocTpaHsiercs cBeT. Eciu Ob1
He ObUIO paccessHUsI CBeTa, TO CBETOBOI
He KazaJjicsd Obl OCBEIIEHHBIM. Puc. 22.5

0,2
0 1 1 1 1
LOLI12131,4 1,5 1,6 2 Mkm
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®oTtoHHbIe KpUcTALIBI. KOoHIIeNMS (POTOHHOTO KpUCTajlia BOZHMKIIA U3 aHAJIO-
MU CBOMCTB 2JIEKTPOMAarHUTHBIX BOJIH B Cpelax ¢ MepuoANYeCKN U3MEHSIOIMMCS
MO TpeM HampaBJIeHUSIM MoKa3aTeJeM IPeJOMJICHUS M 3JEKTPOHOB B KpHUCTaliax,
00JIagaIoINX TTEPUOANIHOCTBIO CTPYKTYPHI.

IloBeneHue 371€KTPOHOB 3aBUCUT OT OTHOIIEHMS JUTMHBI BOJIHBI Ie bpotinsa A = A/p
(h — mocrostHHag [InaHka; p — MMITYJIbC 3J€KTPOHA) U Tepuoaa d Kpucrajuinde-
CKOI1 pelieTku. B cBOOOIHOM MPOCTPaHCTBE JIEKTPOH, NBUTASICh CO CKOPOCTBIO U,
UMEeT UMIYJIbC p = My U KMHETUIECKYIO SHEPIHIO

2 212
_p Ik (22.11)
2m  2m
rae k = 2n/A — BOJIHOBOE YUCJIO; /i = h/2w; m — Macca 3JIeKTpOoHa.

3aBucuMocTtb W(k) HaszbIBaeTCs ducnepcuoHHoU Kpueoii. ¥ CBOOOIHOTO 3JIeKTPOHA
9Ta KpuBas sBJsieTcsl mapabdoJioii.

B kpucranie s1eKTpOH IBUXKETCS B MEPUOINYECKOM BJIEKTPOCTATUYECKOM T10JIE,
C03[1aBaéMOM 3apsDKEHHBIMU MOHAMM, HaXOASIIMMUCS B y3iax peineTku. ITosene-
HUE BJIEKTPOHOB MOXET OBITh OIKMCAHO C TMTOMOIIBIO 3aKOHOB KBAHTOBOI MEXaHUKH.
OnuH Y3 MIaBHBIX PEe3yJIbTAaTOB MPU TAKOM OMUCAHUU COCTOUT B TOM, YTO OUCIIEP-
CHOHHasl KpMBasi IpeTepIieBaeT pa3phiBbl Ipu k = tun/d (n=1, 2, 3, ...) (puc. 22.6).
OTU pa3pbiBbl ONPEACNSAIOT 3anpeujeHHble 30Hbl — O0JIACTU 3HAYEHUI BHEPTUH,
KOTOpBIE DJIEKTPOH UMETh HE MOXKET.

HMutepBan AW, COOTBETCTBYIOIIWIT OAHOI 00JaCTH, HA3bIBAETCs IIMPUHON 3arl-
peleHHoM 30Hbl. Ha pucyHKe nokasaHbl JIulb ABe 30HbI. [IITprxoBoit 1uHMER 1300-
paxkeHa AUCIIEpCUOHHAsI KpUBasi CBOOOIHOTO 3JIeKTPOHA.

IlepeHocs1 aHaIOTHMIO Ha CBETOBYIO BOJIHY, HapuUCyeM AMCIIEPCUOHHYIO KPUBYIO
IU1s1 DHEpruM hoToHa W = fim Kak yHKIIMHU BOJTHOBOTO yucia k. B cBo6bomHOM mpo-
CTpaHCTBe k = w/c, W= hick u nucriepcMOHHas KpUBasl SBJSIETCS MPSIMOM JTUHUEH.

B onHoponHo#t mucneprupymolieit cpene k = n(w)w/c 1 TUCIEPCUOHHAS KPUBast
MOCTENEHHO OTKJIOHSIETCS OT MPSIMOI B 00JIaCTH YacTOT, B KOTOPOI HAUMHAET BO3-
pacraTh Mokasareib npejgomieHus. Eciam hOTOHBI JeTIT MepneHINKYISIPHO CI0-
HCTOM cpefie C YepeaylolnMcs 3HaYeHeM ToKa3aTessl MpeJoMIIeHUS, a TOJIIIMHA
KaXIIOTo CJ10s1 paBHA d, TO AUCIIEPCUOHHAS KpUBasi OyIeT mpeTeprieBaTh pa3phbiBbI.
Ha puc. 22.7 nokaszaH nuilb oguH pa3psiB. LLITpuxoBoil TMHUE OTMeUeHa AUCIep-
CUOHHas1 KpuBas JJis1 CBOOOJHOro (hOTOHA.

L

/
\ RN 2
h(DZ ***********
h(})l ********* / -
\ AW,
\\
2rn/d -n/d 0 n/d 2n/d k 0 n/d k
Puc. 22.6 Puc. 22.7
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Hanuuue 3ampeliieHHO 30HBI O3HAYAET, YTO BOJHBI C YACTOTOM ®; < ® < M, B
TaKOi CJIOMCTOI cpele pachpoCTPaHIThCA HE MOTYT. DTOT pe3yJbTaT He sSIBIsSeTCS
HeOoXMIaHHBIM. B jekiuu 17 6bU10 IToKa3aHO, YTO MHOTOCJIOHOE MOKPHITUE XOPO-
110 OTpaXkaeT CBET, He MPOITyCKasl €ro BHYTPb CPEIbl.

MHuTepBan yactoT Am = ®, — ®; Ha3bIBAETCId 0O0JIACTHIO OTpakeHUs. Mexay co-
CeIHUMU OOJIACTSIMHU OTpaxKEHMST HAXOISATCS OOJACTH IMPOMYCKAHMS, WJIM TOJOCHI
MpoItycKaHus. B mojioce mpoltycKaHus S3HepreTUYeCKrii Koa(PUIIMEHT POITycKa-
HUs1 T(®) 3aBUCUT OT YaCTOThI: OH UMEET PsIl MAKCUMYMOB, YUCJIO KOTOPBIX paBHO
YUCITY MePUOIO0B (CJI0EB) CPeabl. DTH MAKCUMYMbI COOTBETCTBYIOT MUHMMYMaM LTSI
koahpuumeHTa otpaxeHust R = 1 — T v mokasaHsl Ha puc. 17.9.

Ecau Teneps mMeeTcs TpexMepHasl CTPYKTypa € MEepUOIUYECKUM HU3MEHEHHEM
rokazaTeJsis IMpeJOMJIEHUS O TPeM HaIlpaBJIeHUSIM, TO OHa Ha3bIBAeTCS OMOHHbIM
kpucmansom. OH TaKKe MMeeT 3alpellleHHbIe 30HbI U COOTBETCTBEHHO ITOJIOCHI IPO-
MyCKaHWsI.

Hampumep, paccurTaHbl MOJOCH OTPaXKeHUSI U MPOIMYCKAaHUsI CTPYKTYpP, COCTO-
SIIMX U3 YITAKOBAHHBIX AUBJIeKTprueckKux cdep. [1pu onnHaKoOBOI reOMEeTpUM B OT-
HOCHUTEJIbHOM PAacMoIOXKEeHUM 1IapUKOB HAaMOOJIbIlIas IIIMPHUHA TOJIOCHI OTPaKEHUS
JIOCTUTAETCSI, €CJIM OTHOLIIEHUE 00beMa IIAPUKOB K 00BEMY BCEI CTPYKTYPHI UMEET
onrtumaiabHoe 3HaueHue f= 0,2 —0,3. B aToM ciayyae mpouCXOAUT CUIbHOE KOTEPEHT-
HOE paccestHie OT HEMOABMIKHBIX AUBJIEKTpUUecKUX cep. OTHOCUTENbHAS IIIMPUHA
A®/® TOJIOCH OTpaXXeHWs 3aBUCUT KaK OT OTHOILLIEHUS ToKazaTess MpeJoMIICHUs
1IAapOB A, K MOKAa3aTeNI0 MPEeJIOMJIEHUS /1, CPeabl MKy HUMH, TaK U OT KOapdu-
LIMEHTA f, XapaKTepHU3YIOIIero o0beMHYIO 1010 3anoiaHenus. [pu n, = 3,6, n, = 1,0
MoJioca oTpaxkeHus (3arpelleHHas 30Ha) Bo3HUKaeT nipu = 0,2. [1pu yBeauueHuw f
CHauaja Am/® yBeJIMYMBAETCSI U JOoCTUTraeT MakcumyMma Aw/m = 0,15 npu f = 0,35.
3areM Aw/w — 0, U 3ampelieHHas 30Ha ucyesaeT npu f= 0,7.

Ilepuonuyeckue CTPYKTYpbl HEPEAKO BCTPEUYAIOTCS B XKMBOI U HEXXMBOI MPUPO-
ne. CinouctbiMy (OMHOMEPHBIMU) SIBJISTIOTCSI TTIOKPBITHSI KPBUIbEB 0a00ueK, MepheB
MaBIvHA U T.M. JIByXxMepHasl CTpyKTypa MPUCYTCTBYET ¥ HATYpPaJIbHBIX KEMUYXKHH.
IMonyaparoleHHbI MUHEpPaJ onajl IPeaCcTaBsIeT CO00 TpeXMEPHBIM KOJIJTOMIHBIN
KpHUCTaJLI, IEPUOAUYHOCTh KOTOPOTO OOYCJIOBJIEHA BXOMSIIIIMMU B €ro cOCTaB ce-
pUYECKMMU TI00yJIaMU OKCHIA KPEMHUS.

B oTpaxkeHHOM CBeTe MepUOANYECKUE CTPYKTYPHI IPKO OKpAILIeHbI, TIPU 9TOM MX
LIBET 3aBUCUT KaK OT YIVIOB MaJeHUsI CBeTa, TaK U yria HabmoneHus. Ha puc. 22.2
LIB. BKJI. IpeacTaBieHa ¢poTorpacust 6ab0uKku, UMEIOIIEH Mo ONpeAeIe HHBIM YIIIOM
3pEeHUsI CUHIOI OKPACKYy.

B mocnenHee BpeMsl TPOM3BOICTBO TAaKUX CTPYKTYP OCYILIECTBIISIIOT B MCKYCCT-
BEHHBIX YCJIOBUsIX. Hapsimy ¢ HambuieHreM MHOTOCIOMHBIX TUIEHOK, IIPUMEHSIIOIIMCS
TPV U3TOTOBJIEHUU 3€PKajl, UCTIOJb3YIOT MOJIEKYJISIPHO-JTyYEBYIO SMTUTAKCHIO — OCaXK-
JIEHUE BelllecTBa U3 ra3oBoil (pa3bl HA MOBEPXHOCTH MOMTOXKHU. [IprMeHSIOT TakKe
1 XMMMYECKOe TpaBJeHHe TTOBEPXHOCTU BEIIECTBA, CO3AaBas TAKUM 00pa3oM OIHO-
MEpHbIC U IBYXMEPHBIE MEPUOANYECKNE CTPYKTYPbl. TEXHOJOTUM TPaBJIEHUS XOPO-
110 OTPaOOTaHbI IUIS1 ATIOMUHUS M KPEMHUS B CBSI3M C UX IIIMPOKUM MPUMEHEHUEM
B MUKpO3jieKTpoHuKe. [lepuon cTpyKTyp mocTuraeT Majiblx BeauunH d = 300 HM.

Hawnbosnee ci10>XHBI B U3rOTOBICHUU TPeXMEPHbBIE CTPYKTYpHL. B HacTos1ee Bpems
MIPUMEHSIIOTCS IBa METOJa UX MPOM3BOACTBA. [1epBhIii MeTO 3aKTI0YAeTCs B CIICY-
IOIIEeM: B3BECh AUDBJIEKTPUUECKUX YACTUI] OCAXKIAETCS B pacCTBOPE HAa MTHO KIOBETHI.
B pesynbTaTe 00pa3yeTcss MHOTOCIOMHBIN KOJUTOMIHBINA KPUCTAJLI, KOTOPHIA MOXHO
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HCCJIeIOBaTh HEIOCPEICTBEHHO B PacTBOpE.
CII0KHYIO CTPYKTYPY MOXKHO TIOABEPTHYTb Tep-
MO00OpaboTKe, MpH KOTOPOii CIEKIIHUECs Jac-
TULIBI 00Pa3yIOT (GPOTOHHBINM KPUCTAILI, KOTO-
Ppblii Ha3bIBACTCSI KICKYCCTBEHHBIM onaioM. st
YBeJIMYCHUSI A®/® IPOCTPAHCTBO MEXKITY Yac-
TULIAMM C TI0Ka3aTejIeM IPeJIOMIICHUS 1| 3a-
ITOJTHSIIOT BEIIECTBOM C OmbJIBIIMM ITOKA3aTeNIeM
MPEJIOMIIEHHUS 1. PoTorpadust yBeIMYSHHOTO
M300paXeHUsT UCKYCCTBEHHOIO OIlaja Ipef-

VOO OGO IOOOOCOW
T ES  craBiieHa Ha puc. 22.8.
A, rerrrrry j'ﬂﬂ@., Bo BTOpPOM MeTO/Ie HAHOCAT IBYXMEPHBIE
IUBJIEKTPUYECKHE CIIOM, TI0-PAa3HOMY OpUEH-
Puc. 22.8 TUPOBAHHBIE, MIOTOOHO TOMY KaK «KpecT-Ha-

KpecT» YKJIaIbIBaeTCs CTOIKA IOJIEHbEB.
OnucaHHbIe BbIIIE CTPYKTYPhI HAa3bIBAIOT HaHocmpykmypamu. KBaHTOBbIE ONTHYEC-
K€ MPOoLIeCChl B HAHOCTPYKTYPaxX UMEIOT Pl OCOOEHHOCTE, MO3BOJISIONINX pa3/e-
JIUTH TIPOLIECCHI Ha JIBE TPYIIIIhI.

K mepBoit rpyrme oTHOCAT 3¢ deKThl, CBI3aHHBIE C MPOCTPAHCTBEHHBIM OIpa-
HUYEHUEM ABVIKEHMS 3JeKTPOHOB. [ 3TOro nmeproa HAaHOCTPYKTYP IOJKEH ObITh
COU3MEPUM C JJIMHOM BOJIHKI e bpoiins: d ~ 1 — 10 M. B aToM citydae nosiBisiroTCs
Keanmosvle pazmepuvle 3ggexms. OHU XapaKTepU3YIOTCS U3MEHEHUEM JUMOIbLHOTO
MOMEHTA d,; KBAHTOBOTO Tepexo/ia JIEKTPOHA MEXITY IByMsI SHEPTETUUECKMU YPOB-
HSIMU. B pe3ynbTare U3MEHsIeTCS dHEPreTUYECKU CIIEKTP JIEKTPOHOB.

Hpyras rpynmna o0benuHsIET MPOLECChl, CBA3aHHbBIE ¢ U3MEHEHHMEM IUIOTHOCTH
(pOTOHHBIX cocTOsTHMIA (cM. (6.18))

dn _ 8mv?
N o (22.12)
DTa MI0THOCTh BXoauUT B opmyay Ilnanka (6.21) 1 onpeaesier CnekTp usiyde-
HUS 4epHOTOo Teia. OT MIOTHOCTH (DOTOHHBIX COCTOSTHUI 3aBUCUT W KO3(PUIIHEHT
DuHITeHA Ay (cM. (6.26)). J
n

B doTOHHBIX KpHcTaLIax 7y MOXKHO BapbUPOBATD 32 CUET U3MEHEHNS CTPYKTYPbI
\%
M UCIIOJIb30BaTh 3TO ISl U3MEHEHMS TEIUIOOTAAYM HATrPEThIX (DOTOHHBIX KPHUCTAJI-

JIOB, KaHAJIMPOBAHUS TETUIOBBIX ITOTOKOB B MUKPOIJIEKTPOHUKE U T. 1.

Ipu p371€EBCKOM PacCesTHUM CBETA B HUX OYIET HAPYLIATLCS 3aBUCUMOCTD I, ~ w?,
TIOCKOJTBKY JIJIST 9aCTOT B 3allpellleHHON 30He paccestHue OymeT nomasieHo. Hakonerr,
CITOHTAHHOE M3JTy4eHNe BeIlleCTBA B 00JIACTH 3ampellleHHON 30HBI TOXe MOXET OBITh
TIO/IaBJICHO B CTPYKTYPax C BCEHANPABIEHHO 3aITpellieHHON 30HOM (ITpH JTFOOBIX Ha-
TpaBIcHUSX K CyIecTBYeT Tostoca oTpakeHUsI Aw). BBemeHre B KpUCTalI TOUYSIHOMN
aKTUBHOM CPeIbl TTO3BOJIUT CO3AaTh MUKPOJIa3ephl ¢ BEICOKOI KOTePEeHTHOCTEIO CBETA.

MuKpOCTPYKTYpUPOBAHHBIE ONTUYECKNE BOJTHOBOABI, O KOTOPBIX IIIa PeYb
B JIeKIIUU 17, TIPEACTABISIOT COOOM IMHHBIN ABYXMEPHBIN (POTOHHBIM KPHUCTAII.
Ha puc. 22.9 nokazaHo ceyeHMe «IbIpYaToOro» BOJIOKHA.

CepmileBMHA BOJIOKHA BBITIOTHEHA M3 KBapIIeBOTO CTEKJIa, a KBapiieBast 000J104-
Ka MMeeT MHOXKECTBO BO3IYIIHBIX IMOJocTeil. X Hammume Mmo3BoisieT 0ojice deM
Ha MOPSIOK YBEJIMYUTE OTHOIIIEHUE TIOKa3aTeei IPeIOMIICHUS CEPAIIEBUHBI 1 000-
JIOYKU TI0 CPAaBHEHUIO ¢ OOBIYHBIMU BOJIOKHAMM.
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M3-32 BOBHUKHOBEHMS 3aMpEeIIeHHBIX 30H B TAKOM
BOJIOKHE M3TyYeHHE MOXET pacpOCTPaHSITLCS B OIpe-
JEJICHHBIX CITEKTPaJIbHBIX AMAIa3oHax, IIMpUHA KOTO-
PBIX 3aBUCUT OT Pa3MepoB IMOJOCTEe U MX KOJIUYECTBA.
DTO MO3BOJISIET CO3AaBaTh BOJIOKHA C HEOOBIYHBIMU IVIC-
MepCUOHHBIMU CBOMCTBAMU B IITUPOKOM CIIEKTPAIbHOM
Juana3oHe. B yacTHOCTH, MOXHO pacllUMpUTh 00JIaCTh
AHOMAJILHOM TUCIIEPCUM TPYIIIOBOM CKOPOCTH B KOPOT-
KOBOJIHOBYIO YacTh CIIEKTpA.

MUKpPOCTPYKTYPUPOBAaHHBIE BOJIOKHA HAXOMST MPU-
MEHEHME B BOJIOKOHHO-OITUYECKUX JIMHUSIX CBI3U, UC- Puc. 22.9
MOJIB3YIOTCS B BOJIHOBEAYIIMX CUCTeMax IJIsl Mepeaaqu
BBICOKOMHTEHCHUBHBIX CBETOBBIX IOTOKOB. Hanuuue 1mmpokoit poTOHHOM 3arpeltieH-
HOM 30HBI MO3BOJISIET YAEPXKUBATh CBET B BOJIOKHE TTPY OOJIBIIMX YIJIaX ero n3ruoa.

B Takux BojoKHaX M3-3a JOKaJbHOM KOHIEHTPALIMU T10JI51 CBETOBOM BOJHBI CHU-
KAIOTCS TTIOPOTU HEJTMHEWHBIX 3 (GeKTOB (cM. eKuuu 23 u 24). D10 MO3BOJSIET UX
MPUMEHSITD TSI CO3MaHMST pAMaHOBCKHUX JIA3€POB U YCUJIUTENEi, ONTUYECKUX TIepe-
KJrovaresnei, i TeHepaly CIUIOIIHOTO CIIeKTpa U3IydyeHus (CYIepKOHTUHYYMA):
OT yabTpaduosieToBOro 1o uHopakpacHoro (A = 1,8 MKM).

KomoOunanuonHoe paccesstane ceera. B 1928 r. I'. Jlanacoeprom u JI. MannesbiTa-
MoM (CCCP) u nHezaBucumo Y.Pamanom m K.Kpuinnanom (MHoust) B crekTpe
paccestHHOTO CBeTa B XXUIKOCTSIX ObLIM OOHApyKeHBI CIIEKTpaIbHble JTUHUU-CITYT-
HUKU, COMPOBOXKAAIOIINE JTMHUIO paccermBaeMoro cBeta. I1pu yactore m, rmagaroiie-
ro CBeTa YacTOThI KaXIOM TMapbl CIYTHUKOB ®; = @y £ Q..

M3mepenust mokasaau, 4TO YaCTOTHI £2; COBMANAIOT C YaCTOTaMU MOJIEKYJISIPHBIX
KoJjie0baHuii (KoJiebaHMI aTOMOB B MoJjieKyne). PaccesHHble BOJHBI ¢ 4aCTOTaMM
®; = 0y — ; TIOJYYWIN Ha3BaHUE CTOKCOBBIX KOMIIOHEHT, a BOJIHBI C YacTOTaMM
®; = 0 + ; — aHTUCTOKCOBBIX. C MOBBILLIEHUEM TEMIIEPATYPhl CPebl MTHTEHCUBHOCTh
AHTMCTOKCOBBIX KOMITOHEHT OBICTPO BO3pacTaeT. DTO paccessHue MOJydyrIo Ha3Ba-
HUue KombuHnayuouuoeo paccesnus (KP). Ilybnukauus ¢ pesynbraTaMu pabOThl UH-
JUACKMX YUEHBIX BBIIUIA HA HECKOIbKO MecsueB paHbiie. B 1930 r. Y. Paman Gbun
ynoctoeH HobGeneBckoil mpeMuu, a B 3apyOekKHOI TUTepaType paccesiHue Ha3blBa-
€TCSI paMaHOBCKUM.

C KJIacCUYEeCKOM TOUYKM 3pEHUS MOJIEKYJIbI B pe3yJIbTaTe CIydailHbIX BO3ACHCTBUI
COBepIIAIOT HOpMaJbHblE KOJeOaHUS Ha YacTOTaX, YHUCIO KOTOPBIX OMpenessieTcs
YKCJIOM CTeTeHel cBoOOIbI. 111 COOTBETCTBYIOIIEN HOPMAIbHOMN KOOpAMHATHI & (Ha-
TIPUMED, PACCTOSTHUS MEXIYy aTOMaMU B IBYXaTOMHOI MOJIEKYJie) MOXKHO HaIlucaTh
KJIAaCCMYECKOe ypaBHEHUE

d? d t
F§+28d_§+902§:%’ (22.13)

rne M — mpuBeleHHasi Macca MOJIEKYJbl; 6 — KoadduieHT 3aryxaHus; f(1) —
cllyyailHas cwa.

IIpm KpaTKOBpeMEHHOM BO3ICHCTBMM B MOMEHT BpeMeHHU ! = () HopMajbHas
KOOpAMHATa OymeT M3MEHSThCS BO BpEMEHU T10 3aKOHY

E=Epe™¥ cos(Qf + @), (22.14)
rae Q = Q2 - 8%; & 1 ¢y — ciayyaiiHble aMIUIUTYa M HavaibHas (asza KojaeOaHmil.
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@_, _@ @ Q [Monapusyemoctb Mosiekynbl a; (cMm. (21.3))
3 o
ornpenessieTcsl ee KOHUrypaumeir u, ciaemo-
BaTesIbHO, a; = a/&). [l M30TPOIHOM XUIKO-
ctu &(§) = Na(§). Torma noasgpusaius cpenbl
‘_@ @ @_' g none E = E,cosmy CBETOBOIl BONHBI OyeT
paBHa
da

@ CCS Q P = 80$E = SoNd—géE =

= sON?éoEoe’a’ cos myt cos(Qr + ). (22.15)
Puc. 22.10 S

M3 3TOro BBIpaKeHUs CleayeT, YTo IIOJIsI-
puzanms P OyaeT U3BMEHSIThCSI Ha 4acToTax @) — Q U ) + . COOTBETCTBEHHO OyIyT
BO3HMKATh CTOKCOBA M @HTUCTOKCOBA KOMITOHEHTHI.

YacToThl MOJIEKYIAPHBIX Koebanuii Q ~ 10'3—10'* ¢!, a oTHOoCcUTEIBHOE U3MeE-
HEHME 4acTOThl Q/w, ~ 1072— 107!, mosToMy /ISl perucTpaly KOMIIOHEHT He Tpe-
OytoTcs TIpUOOPHI C BHICOKOH paspeliaroliieit cuioit. [TocKoabKy aMIIUTYab &, KO-
JiebaHMsT MaJIbl M BOJIHBI, M3TYYEHHbBIC DJIEMEHTaApHBIMU O00beMaMU, M3-3a ClIydaii-
HOTO XapakTepa BO30YKIEHUSI MOJIEKYJ HEKOT'epeHTHbI, MTHTEHCUBHOCTb PacCesIH-
HBIX KOMIIOHEHT HeBeluKa. Takoe paccessHue Ha3bIBACTCS CHOHMAHHbIM KOMOUHAUU-
OHHBIM PACCesHUEM.

C KBaHTOBOI TOUKHU 3pEHUST IHEPIrus fim, Magaoliero Ha cpeay hoToHa U dHep-
rvsl iy GOTOHA pacCesTHHOTO CBETa CBSI3aHbl YCIOBUMEM DHEPreTMUYEeCKOro danxaHca

hoy = ho  hQ. (22.16)

st cTOKCOBOM KOMITOHEHTBI 3HEPIUsl /i) TOMIOIIAETCS CPEeIoi, a JJIsl aHTU-
CTOKCOBOI — 3auMMCTByeTcs y cpeabl. KojgebaHusM cpeabl ¢ 4aCTOTOM £ CTaBUTCS
B COOTBETCTBME KBa3MUacTHUIIa C 3HEPTrUel /L), Ha3biBaeMasi ONITUYECKUM (DOHOHOM.
ITosTOoMy KoMbUHayUOHHOE paccesHue nPoUCcXo0um HaA ONMU4ECKUX (OHOHAX.

HMccnenoBaHust paccesiHHbIX KOMIOHEHT (KOMOWHAIIMOHHBIX JTUHUI) TTOKa3aju,
YTO HET CTPOTOoi KOpPpeJsSiiMKA WHTEHCUBHOCTU PACCESIHHOIO CBETa C BEJMUYUHOM
Ko3(hGULIMEHTA MOTJOIIEHUS] Ha 3TUX YacToTaX (MHTEHCUBHOCTBIO JIMHUI abCcopO-

un). MHTEHCUBHOCTh KOMOMHAIIMOHHBIX JUHUM 3aBUCUT OT BETUYMHBI Z—g, a VH-
TEHCUBHOCTb JIMHUI MOTIJIOIIEHNS] — OT aMIUIMTYAbl OCUMJUISILIMI TUOJBHOTO MO-
MEHTa MOJIEKYJbl MPU HOPMaJbHBIX KoJiebaHusX. IlorioiieHue BOJHBI CBSI3aHO
¢ paboTOll MOHAEPOMOTOPHBIX CUJI, BOZHMKAIOIIMX MPU B3auMOAeHCTBUM Tons E
C IWUTMOJBbHBIM MOMEHTOM.

Ha puc. 22.10 uzobpaxeHbl KojebaHuss monekynbl CO,, 4acTOThl KOTOPBIX Q| =
=1,26-10" ¢!, Q,=2,52-10" ¢!, Q; =4,43-10" ¢

g CUMMETPUYHOM MOIBI C YACTOTOM 2, AUITOJABHBIA MOMEHT MOJIEKYJIbI
He U3MEHSIETCS U MOIJIOIIEeHHUS Ha 9TON YacToTe He IpoucxoauT. OmHaKo B CIIEKTpe
KOMOMHAIIMOHHOTO pPacCesIHUsI 3TOM 4YacTOTe COOTBETCTBYIOT NIBa CITyTHMKA, ITO-
CKOJIBKY TOJIIPU3YeMOCTh MOJIEKYJIbl U3MEHSIETCS C YaCTOTOM Q.

KombuHalmoHHOe paccesiHue MO3BOJISIET HE TOJIBKO NU3MEPSITh COOCTBEHHBIE Ya-
CTOTBI KOJIeOAHUI MOJIEKYJ, HO U UCCIIeA0BaTh X CUMMETPUIO, MOJydyaTh MHDOP-
MallMIio O MOJIEKYJISIPHOM NMHAMHKE, MPOBOAUTL aHAJIM3 COCTaBa MOJIEKYJISIPHBIX
cMmeceil (Hampumep, OEH3UHA) U JIp.



PA3IOEJ 9
HEJIMHEVNHO-OIITUYECKUE SABJIEHUA

JEKIIHUA 23

Kak orMeuanoch paHee, Ipy pacpoCTpaHEHUU BHICOKOMHTEHCUBHBIX BOJIH, Te-
HEepUPYEMBIX Jla3epaMHi, MOTIYT BO3HMKATh HOBBIE OINTUYECKHE SIBJICHUS, KOTOPBIE
HEBO3MOXKHO ObLIO HAOII0IaTh 10 M300pETeHMUS J1a3epOoB.

HMcTopuyecku epBbIM M3 TaKKUX BHEYATIISIOINX SIBJIEHUI OBIJIO yIBOCHUE Ya-
CTOTHI U3JIyUYeHUSI PYOMHOBOTO Ja3epa. B mepBbIX OoMbITaX KPacHBIN Jy4 pyOMHOBO-
ro naszepa (A = 694,3 HM) HampaBisUics B KpucTal KBapua. Ha Beixome u3
KpUCTajia ObLIO 3aperiucTpUpOBAHO YIbTpaduoeTOBOE H3AydYeHHE C IJIUHOMN
BOJIHBI, POBHO BIBO€ MEHbIIIE JJIMHBI BOJHBI M3JIydeHUs Jiazepa. HaGmoneHue
3TOTO SIBJICHMS MOCTYKIJIO HAaYaJIOM MHTEHCHBHBIX UCCIEIOBAHUH IIMPOYAIIIEero
Kpyra 3amay, CBSI3aHHBIX C pAaCMpPOCTpaHEHMEM Ja3epHOTO U3JIYYEHUST U €ro
B3aMMOJIEICTBUEM C BEIIECTBOM. DTO SIBJIEHUE TEeIMepb JIETKO IeMOHCTPUPYETCS
Ha JIEKLIUSAX, 1 00 3TOM MOHIAET peub HECKOJBKO TO3IHEe.

He meHee Bneyatnasiolmym SBJASETCS JEKIIMOHHBIA OMNBIT, B KOTOPOM JIy4 apro-
HOBOTO Jla3epa pacipoCcTpaHsIeTCs Yepe3 KIOBETY C KUIKOCThIO. I1pu Manoit MoIHO-
CTU JIy4ya TIOCJIETHMI TIOCe KIOBETHI MMEeT PacXOAMMOCTh, OIpenesseMylo aud-
pakuueit. OgHAKO €CJIM MOIITHOCTb YBEJIMYUTD B HECKOJIBKO pa3, TO CBETOBOM ITy4OK
Mocjie KIOBETHI MPUOOpeTaeT OOJBIIYIO YIJIOBYIO PacXOAMMOCTb, HAMHOIO IPEBbI-
LIAIIIYI0 JUPPAKIIUOHHYIO.

OTU U IpyTHe OMBITHI MOKA3bIBAIOT, YTO B PaMKaX paHee MCITOIb3YEeMbIX AUHEUHbIX
MamepuanbHblX ypagHeHui TIOT0OHbBIE SIBICHUST O0BSICHUTD HEBO3MOXKHO. 37IeCh yMe-
CTHO BCIIOMHMUTb, UTO MaTepualibHble ypaBHeHus (15.2) u (15.3) 3amucaHbl B mpe-
MOJIOXXEHUU, YTO HaMPSKEeHHOCTh E MOJIsi CBETOBOM BOJIHBI MHOTO MEHbIIIE HAMpsI-
JKEHHOCTH E, XapaKTepHOTro BHYTPUATOMHOTO TOJIs. [I11 BBICOKOMHTEHCUBHBIX BOJH
JMAHHOE TPEIITOJIOKEHUE MOXKET CTaTh HEOTIpaBIaHHBIM.

B none takux BoJH cBs3b Mexny BekropamMu D u E ctanoButcs xeaunetinoi. I1o-
ckonbky D = gE + P, nongpusyeMoctsb cpeibl P HEIMHEWHBIM 00pa3oM 3aBUCUT
oT HanpskeHHocTH E. @eHOMEeHOIOrMYecK 3Ty 3aBUCUMOCTh MOXHO TPEICTaBUTh
B BHIE psaa

P(E) =eq® E+egyo E? + egy3E* + ..., (23.1)

[JE & — AUHEUHAs 6OCNPUUMYUBOCID; Y, U (3 — K8AOpamuyHas Vi KyOuuHas HeauHeli-
Hble 60CHPUUMUUBOCMU COOTBETCTBEHHO.

B nexuuu 15 6buta u3noXxeHa Kjaaccuyeckasl TeOpusl TUCIIepCUr, Ha OCHOBE KO-
TOpPO paccuMTaHa BEJIMYMHA & M CBI3aHHAS C HEWM OMIJICKTpUUYECKasl MPOHULIAC-
MoOCTh € = 1 + &. [TomoOHBIM 00pa30M MOXKXHO PaCcCUMTATh U HEJIMHEMHYIO TTOJISIPU3Y-
€MOCTb, €CJIM BOCIOJIb30BATbCI HEJIUHEWHOM TEOpUEN NUCIEPCUM.
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OcHoBbl HeIMHElHOW Teopuu aucnepcur. [Ipy onucaHUM 3JIEKTPOONTUYECKOTO
addexra [Tokkenabca B ek 20 0TMEYaNoCh, UTO KOJeOAHUS 2JIEKTPOHA B aTOMe
OyIyT TapMOHUYECKUMM JIMILb MPU MaJIbIX aMIUIMTydaX. DTO CBSI3aHO C T€M, UTO
MOTEHIIMaIbHas dHeprus 2jeKTpoHa U(X) comepXUT caraembie, TPONOPIIMOHANb-
Hele x°, x* u 1.1, (cM. opmyny (20.17)), KOTOPBIMU MBI PaHee IPEHEOPErain.
B anekrpuueckom none E = Eye™ BHICOKOMHTEHCUBHOM CBETOBOI BOJIHBI POJIb STHX
cJ1araeéMbIX MOXET OBITh CyIlIeCTBeHHON. OCHMIUIATOP CTAHOBUTCSI aHTAPMOHUYECKUM,
a ypaBHEHHUE ero BBIHY>KIEHHBIX KojieOaHUil OyaeT UMETh BUIT

oU

mx = —a—+qE = —Fx-®x? - ¥x? +¢E. (23.2)
X
ITepexonst K AUMOJLHOMY MOMEHTY p = ex, ToJydaeM
2

B+ o3p+pop? +Bsp’ = - E. (23.3)

, F D b g
3nech w5 =—, B, =—, B3 = —. B ypaBHeHuu (23.3), KoTopoe SIBASETCS HENU-

m me me

HEWHBIM, MBI JJIST TIPOCTOTHI TIPEHEOPETTIN 3aTyXaHUEM.

DTO ypaBHEHNE HE MMEET TOYHBIX aHAJIMTHYECKUX PEIIEHUI, HO MOXHO TTOJY-
YUTH MTPUOIVIKEHHOE PElIeHUe, TPUHAB BO BHUMAHKE, 4TO |wdp| > |B,p?% > |Bp3).
BTO 1MO3BOJIsIET UCKaTh peliieHue (23.3) B Buae

p(t) = py(0) + py (1), (23.4)

rae p, — pelieHue JuHeiiHoro ypaBHeHus (15.47) wiaum ypaBHeHus (23.3) nipu B, =
= B3 = 0; p,,; — Majasl HeJIMHENHAS TIONpPaBKa: | p,,| < | p,l.

Paccunraem BHayae y,. [l1st 3TOro He OyIeM yUUTHIBATH caraeMoe B3 p° B ypas-
Henuu (23.3). [loacraBus ¢opmyiy (23.4) B ypaBHEeHUE, MOIYIUM

L e?
(pn +pHJ‘I) + u)(z)(pn +p1—m) +B2(pn +p1-m)2 = ZE (235)

Bocrnonbszyemcst MeTonoM nocieaoBaTeIbHbIX TPUOIMKEHU, U METOAOM BO3-
MYILEHUIA.

Ilepsoe npubauncenue. Buauane nonaraem B, = 0. YpaBaenue (23.3), unu (23.5),
nepexoauT B (15.47). OHO ONMUCHIBAET JIMHEHHYIO TTOJISIPU3ALINIO;

2
B, +oip, = E. (23.6)
m
Ero pemenue cosmangaet ¢ (15.48) mipu 6 = 0:
e? 1
pn=——5E. (23.7)
m ®y — o

Bmopoe npubauncenue. Ilyctey teneps B, # 0. B ypaBHeHuu (23.5) MOXHO IIpeHe0-
peYb MaJIbIMK CIIATAEMBIMU 2B, P, Py ¥ Bap2,. Torma
pHJ‘I +('0(%pHJ'I = _BZPJ%' (238)

DTO ypaBHEHME BBIHYXIECHHBIX KOJeOaHWI, B KOTOPOM pOJIb BBIHYXKIAIOILIEH
CUJIbI UTPAET BeJmunHa —B,p2,. Ero peienue, no anasoruu ¢ (23.7), sanuiuercs
B BUIIE
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Pun = —i B3 E>. (23.9)
7 (0 - o) (0] 40)

JWnonbHbIA MOMEHT eIMHUIBI 00beMa Cpedbl, coaepxkalleil N oCUUUISTOPOB,
paBeH

P=(py+pu)N =P + P, (23.10)
CpaBHuB (23.10) ¢ (23.1), HaxonuM
2
&= N_e%; (23.11)
mey, 0y — O
4
. P, (23.12)

~m%e (0F - 0)(0f - 40?)’

P
OlleHMM OTHOILIEHNE —X:
J

_ B _e?| B £, (23.13)

PHJ'[
P ® | m |(0)(2) - 0?) (0} —40)2)|

P

JI

Branu oT pe3oHaHCHOI YacTOTHI MPU ® <K @y

ezﬁon _ e(DEO
mod  mled

[P
Ak (23.14)

YacToTy 0y MOXXHO UHTEPIIPETUPOBAThH KAK YIJIOBYIO CKOPOCTh BpallleHUs SJIEKT-
pOHa 110 KPYroBoii GOPOBCKOI OpOUTEe paguyca a BOKPYT siapa aroma. [Tostomy

mwia = ! e—i =eFE,,, (23.15)
4me, a
e
e
- 23.16
T dnrya? ( )

— TaK Ha3bIBAeMOE BHYTPMATOMHOE II0JIe, yAep>KMBarolllee IeKTPOH Ha OpOuTe.
CrenoBaTebHO,

PHJ'[
P

JI

_ (Da2E0
= —.
eEy

Bennunna ®a?/e ~ E,;, TOCKOJIBbKY TIPY CMEILEHNH JIEKTPOHA HA BEJIMUUHY X ~ d
B ypaBHeHuu (23.2) ®a? ~ Fa ~ eE,,. Torna 0KOHYaTENLHO TIOIY4aeM

Pon ~ ﬂ (23.18)
Py Ey

AHaJIOTMYHBIM 00pa3oM MOXKHO paccuuTaTh M X3, €CIM B ypaBHeHUHU (23.3) mo-
JIOXUTB B, = 0 1 yuecTs caraemoe B;p’. Torma

(23.17)

x2Eo
&

Lo
- (23.19)

aT

XsEg
x2E¢

x3Eo
X2
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IMpu a ~ 107° m E,, ~ 10" B/m. U3 (23.18) nosnyyaem OLEHKY: |x,| ~ |&|/E,\y ~
~ 101" m/B, Tak Kak |&| ~ 1. CienoBaTebHO, MPEACTABIEHHE MOISPU3ALUU B BULIE
(23.1) ecTb pasznoxeHue Mo Majaomy napamerpy Ey/E, < 1.

s HemazepHbIX UCTOYHUKOB cBeTa Fy/E,, < 1, U cpeay MOXHO CUMTATh JTUHEH -
Hoii. 151 nazepHoro uznyyeHust Ey/E,, < 1, 1 HEIMHEWHBIA OTKIWUK CPEabl MOXKET
KapIMHAJIbHO U3MEHUTh XapaKTep B3aMMOIEHCTBMS U pacIIpOCTpaHEHUS B HEl BOJI-
Hbl. B 9TOM citydae MOXXeT BO3HMKATD Psii COBEPIIIEHHO HOBBIX ONTUYECKUX SIBJICHUIA.
Bonee Toro, mpu nmpuOIMKEHUN YaCTOThI M M3JIYyYEHUs Jlazepa K pe30HaHCHON Ya-
CTOTE @, CPelbl MOTYT BO3HUKATh CUJIbHBIC pPe30HAHCHble HeauHelHble dhgheKmbl.

[Iupokoe pazHOOOpa3ne HETMHEHNHBIX BOTHOBBIX 3(h(PEKTOB SIBISIETCS MpeaMe-
TOM MCCJIEAOBAHUS HOBOI OOJIACTU 3HAHUSI — HeAuHelHol onmuku. 31ecCh OrpaHu-
YUMCS ONMMCAaHMEM HEKOTOPBIX BaXKHBIX 2(h(eKTOB B cpeaax ¢ KBaJAPaTUYHOMN U Ky-
OMYHOI HEJIUHEWHOCTSIMU.

Henuneiinbie 3¢ ¢gekThl B cpeie ¢ KBaApaTHIHOi HeJMHelHocTbI0. KBagpaTnyHOi
HEJIMHEeMHOCTBIO 00JIaIal0T KPUCTAJUIBI, Y KOTOPBIX OTCYTCTBYET LIEHTP CUMMETPUM
(KDP, LiNbO; u fip.). DTH KpUcCTalibl, KaK OTMeUYajaoch paHee, 00J1analoT 3JIeKTPo-
ONTUYECKUMU CBOMCTBAMU U SIBJISIIOTCS IMbe303JIeKTpukaMu. [IposiBieHne HeluHel -
HocTu Kpuctauia KDP neMoHCcTpupyeTcs B CeAyIoiieM JeKIMOHHOM 3KCIIEPUMEHTE.

Ha xpucrann KDP HamnpapisieTcsl HAHOCEKYHAIHbBI MMITYJILC M3JIy4eHUsI HEO-
nuMoBoro Jyazepa (A = 1,06 mxm). Ilpu onpenesieHHOM OpuMeHTAlMKM KpUCTa/Ula Ha
€r0 BBIXOJE TOSIBJISIETCS MMITYJIbC C JUIMHOW BOJHBI A = 0,53 MKM, KOTOpBIii Ha
9KpaHe JaeT BCIIBILIKY 3eJIeHOro cBeTa. TakuMm o0pa3oM, B KpUCTaljie BO3HUKAET
(reHepupyeTcs) BOJIHA YIBOEHHOM YaCTOThI, KOTOpasl Ha3bIBACTCSI 6MOPOU 2apMOHUKOLU
uznyuenus nazepa. HarmomHuMm, uto reHepauus Bropoit rapmoHuku (I'BI) B stoMm
KpUCTa/lJIe MCIOJIb30Bajlach B ONTUYECKON cxeme, M300paxkeHHoi Ha puc. 20.9,
C TIOMOIIBIO KOTOPOI M3MEPSIIOCh BpeMs peslakcalluM Ty Kepp-addeKxra.

Ha puc. 23.1 uB. BKJI. MpeACTaBICHO sSIBJEHWE T'eHepalMy BTOPOl FapMOHUKHU,
XapaKkTepu3yeMoe MOosIBIIEHUEM U3TYYeHHUsI 3eJIEHOTo cBeTa. ['eHepalus MpoOuCXoauT
B kpucrajuie LiNbO; KOTOpBI# pacroyioxkeH B MPaBOM HMKHEM yIiy (ororpadumu.

IMomumo saBiaenus I'BI', B cpenax ¢ KBaapaTMYHONW HETMHEMHOCTHIO (KBagpaTu-
YHBIX Cpelax) BO3MOXHO B3aMMOJIEICTBHE BOJIH C YaCTOTaMU ®; U ®,. B pe3ynabraTe
MOTYT T€HEepUpPOBaThCsl TAPMOHMKHU C YacToTaMu 2m; U 2®,, BOJHBI Pa3HOCTHOM
®; — ®; U CYMMapHO! ®; + ®, 4aCTOT.

CroxeHue 4acToT 2m U ® NMporcxoauT B KpucTtaie KDP, pacnonoxkeHHOM Io-
3aau kpuctamia LiNbO; (B cepenrHe dotorpacdum, cM. puc. 23.1 1B. BK11.). B pesynbTa-
TE MOSIBJISIETCS U3TyYeHME YaCTOThI 3m = 2 + o (TpeTheli rapMOoHUKH). Ero nosisineHune
(ukcupyeTcss Ha JTIOMMHECIIEHTHOM 3KpaHe, Ha KOTOPOM BHMIHO rojiy0oe TMSITHO.

Paccmotpum 6osee nmoapooHo 3t gBiaeHus. I[lycte B Kpuctamie Broiab ocu Oz
pPacIpOCTPaHSIIOTCS IBE BOJHBI C YACTOTaMM ®; U ®,. Torga cyMMapHOe dJIeKTpUye-
CKO€ ToJie 00enX BOJIH

E(z,1) = A cos(o,f — kz) + A, cos(mf — ky2), (23.20)

rae k; = n(w;)m,/c; ky = n(m,)m,/c. BMecte ¢ aTuM noJiem B cpejie OyAeT pacrpocTpa-
HSTBCS 801HA AUHEUHOU NOAAPUBAUUYU

P, (z,1) = gg [ A cos(wt — k z) + A, cos(o,f — ky2)], (23.21)

KOTOpasi, B COOTBETCTBMM C KJIACCUYECKOM Teopuel M3aydeHUs, OyaeT MopoXaaTh
BOJIHBI C YaCTOTaMM ®; U ®,, KaK 3TO U MPOUCXOIUT B JIMHENHOMN cpeje.
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OIHAKO 801HA HEAUHEUHOU NoAAPU3AUUY
P, (z,1) = ggxal A cos(o,f — k,z) + A, cos(wyt — ky2)]? (23.22)

OyzmeT MOopoXIaTh BOJHBI C YACTOTAMU 2, 20,, ®; — O, U M) + ).
B mone nuinb ogHO# BOMHBI (BOIHBI HakKauku) F = Acos(wf — kzZ)

2
P =¢€o%o AT[I + cos(2mt — 2kz)]. (23.23)

IlepBoe ciaaraemoe omMchIBaeT MOCTOSIHHYIO TTOJISIPU3ALIAIO CPEIbl, MPOITOPILIO-
HAJIHYIO MHTEHCUBHOCTU BOJIHBI, [ « A%/2. TlogBieHUe MONAPU3aLUU HA3bIBAETCS
onmuueckum demekmuposaruem. ETo MOXKHO 3aperMCTpUpOBaTh, TOMECTUB KPUCTAJLI
MeXIy oOKjaaakaMu KOHIeHcaTopa, IMapajjeJbHBIMU HaMpaBIeHUIO
pacnpoCcTpaHeHUsI CBETOBOM BOJHBI. B MOMEHT MpOXOXIECHUS MMITYJIbCa MEXIY
00KJ1aIKaM1 BO3HUKAET PA3HOCTh MOTEHIIMATIOB, KOTOPYIO MOKHO M3MEPUTb.

Btopoe cnaraeMoe onuchiBaeT BOJHY MOJSIPU3AIMN YaCTOTON 2®, NBUXKYIIYIOCS
B Cpelie CO CKOPOCThIO

2m c
v, % n() v, (23.24)
PaBHOM CKOPOCTU BOJIHBI HaKauku v. BojHa HelMHelHOM MoJispu3alunu OyaeT reHe-
pUpPOBaTh BOJHY BTOPOI TApMOHUKU

E,(z,1) = A, cos(w,f — ky2), (23.25)

rae o, = 2m; k, = 20n(2w)/c.
CKOpPOCTb 3TOI BOJIHbI

b, o @220 ¢
"k, k, nQo)

Ecmn v, # v,, T0 3bEeKTUBHON reHepaLuy BTOPOii TApMOHUKU HE ITPOUCXOIMT,
MOCKOJIBKY MpPY Pa3HbIX CKOPOCTSIX IBMXKEHUSI MCTOYHUKA (BOJHBI MOJSIPU3ALIVN)
Y U3JIydaeMOM MM BOJIHbI HAapyllIalOTCS ONTUMaJIbHbIE (ha30Bble COOTHOLIEeHUs. [T1o-
3TOMY aMIIUTYAa A, OylIeT HEOOBIION, a UHTEHCUBHOCTD I, < A3/2, KaK IMOKa3bIBAET
aHaju3, TepruoJnYecKy OyleT HapacTaTb M yObIBaTh BAOJb ocu OZ.

Hnst aheKkTuBHON TeHepaluy BTOPOil rapMOHUKM (MOHOTOHHOIO HapacTaHMUsI
MHTEHCUBHOCTU BI0Jb OF) HEOOXOAMMO BBITIOJTHEHUE YCIOBUSI 801HO8020 CUHXPOHU3MA

V=0, WK ®, = 20, k, = 2k. (23.27)

(23.26)

s ero BBIMOJHEHUs HEOOXOIMMO, YToObI n(2w) = n(w).

DTOro MOXHO JOOUTHCS, UCTIOJB3YS SIBJICHUE ABOMHOTIO JIyYeTPEIOMIIEHUS B KPU-
crayie. Hampumep, kpucramn KDP sgsiasercs omHooc-
HbIM OTpULIATEJbHBIM KpucTaiiom (n, <n,). Ecau z
1300pa3uTh MOBEPXHOCTU HOpMAJIel I 4acTOT ® U 2,
TOo o HampasieHuto O,0,, cCOCTaBJsIoOIIEMYy yroa ¥, ¢ O,
ONTHUYECKOI ochlo, cKopocTH v'(m) = v”(2w) (puc. 23.1).

DTO HampaBIeHUE HA3bIBACTCSl HANpasaAeHUueM CUHXPO-
Huzma. Ecny BeIpe3aTh KpUCTaUT TAKMM 00pa3oM, YTOObI
BXOJHas U BBIXOHAsSI €ro TpaHu ObLUTM TEePIEeHIUKYIISIp-
HbI 3TOMY HaIlpaBJICHUIO, TO MOXHO JOOUTHCS BHICOKOM Puc. 23.1

(&)

w
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W3 ——

ANNNNNANNNNY

—»031 WHTEHCUBHOCTU BTOPOU TapMOHUKW. JIjIst

I:I —"*’2 5TOTO BOJIHA HaKaYKW IOJKHA OBITH

OOBIKHOBEHHON (MOJISpU3OBAHHONW B

Puc.23.2 IJIOCKOCTH, TMEPNEHANKYISAPHON TIaBHOIA

IUIOCKOCTHU), @ HEOObIKHOBEHHAsl BOJIHA

BTOPOW TapMOHUKHM OyAeT MoJsIpu3oBaHa B TJIABHOW MIIOCKOCTH. Takoe

B3aMMOJIENCTBIE OCYILECTBIAETCS 3a CYET COOTBETCTBYIOLIEH KOMIIOHEHTBI ;% TEH30pa
TTOJISIPU3YEMOCTH KPUCTAJINIA, SIBJISTFIOIIETOCS TEH30POM TPEThETO paHTa.

B xpuctamne KDP mrst mmrHBI BosTHBI Hakauky A = 1,06 MxMm, 9, = 40°30'. TIpu
MHTEHCUBHOCTU Hakauyku / ~ 10® Br/cM? n utnHe kpuctayuia ~1 cM 3pheKTUBHOCTD
npeobpasosanus A3/A% ~ 107", JI1g MOBBIIEHUS MHTEHCUBHOCTH JIa3€PHOE M3JTyde-
Hue GoKycupyeTcsi BHyTpb KprcTaljia (DOKYCUPYIOLLE JTUH30M.

Ecam kBampaTWIHO-HEIMHEWHBIN KPUCTAUT TTOMECTUTHh B PEe30HATOpP, KaK 5TO
“300paxeHo Ha puc. 23.2, ¥ oCcBellaTh €ro MOLIIHOK BOJTHOW HaKauKu YaCTOTON 3,
TO MOXHO CO3[aTh YCJIOBUS IIJIST TeHEpaIlid BOJTHEBI YACTOTOM M; = M3 T ;.

BosHa yacToToli ; Ha3bIBACTCS CUeHAAbHOU, a BCIIOMOTaTelIbHAsT BOJHA YacTO-
TON W, — xoaocmou. s a3ppeKTMBHOr0 B3aMMOACUCTBYS BOJIH HEOOXOZMMO BBI-
MoJjiHeHue ycioBUs ¢pazoBoro cuHxpoHusma: k; = K, + ky, w3 = 0; + m,.

OOGBIYHO XOJIOCTAsT BOJIHA YaCTOTOM , BOZHMKAET M3 ONTHYECKOro Imyma. [1pu
€€ B3aNMMOJEHMCTBUIM ¢ HAKAYKOM POKIAETCS W 3aTeM YCWIMBAETCsS CUTHAJIbHAS BOJI-
Ha 4YaCTOTOM m; = W3 T ®,, MHOTOKPATHO OTpaXkasich OT 3¢pKaJl pe3oHaropa. [ToBopa-
YMBas WIM HarpeBas KPUCTAI, U3MEHSIIOT YCJIOBUSI CMHXpoHU3Ma. [ToaTtoMy momkHa
M3MEHSITBCS 9acTOTa TeHEePUPYEMOM CUTHAJIBLHOM (M XOJOCTOI) BOJIHBI.

Takoii reHepaTop NOJyYus Ha3BaHUE hapamempuyeckoeo eeHepamopa céema. OH
TTO3BOJISIET TIABHO TIepecTpanBaTh YacTOTy TeHepanni. ['eHepaTopsl CyMMapHBIX Ya-
CTOT ®; = 3 + O WCIOJNB3YIOTCI IS TIONyYEeHUST TepecTpanBacMOTO M3ITydeHUs
B Y®-muana3zoHe, TeHepaTOPHl pa3HOCTHBIX YacTOT ®; = 3 — 0, — B MK-mnamnasone.

Ha puc. 23.2 1B. BKII. TTOKa3aH MapaMeTpUIeCKii TeHepaTop CBeTa Pa3HOCTHOM
YacCTOThI, UCITOJIb3YEeMbIi B yueOHOM TToliecce Ha Kadeape ob1iieit pUu3nKu 1 BOJTHOBBIX
npoiieccoB pusnyeckoro dakynbrera MI'Y uMm. M. B.JJomoHocoBa. Mexny 3epkaa-
MM pe3oHaTopa nomelleH Kpuctaul LiNbO;, KOTOpbIif MOXET TTOBOPAUYUBATHCSI BOKPYT
BepTUKaJIbHOUI ocu. Hakauka ocylecTBisieTcss BTOpoli rapMoHuKoi (A = 530 HM)
usnyueHus: YAG Nd**-naszepa. [Ipu mosopoTe KpucTalia [UIMHA T€HEPUPYEMOM
(curHanbpHOI) BoJHbI u3MeHsiercsi B MK-nuanazone ot 800 go 1200 HM.

Henuneiinbie 3¢dexTnl B cpeaax ¢ KyonuHoii HeJmueitHocTeio. Eciii B cpene, 1utst
KOTOpOit ¥, = 0, pacmpocTpaHsieTCss MOIIIHAsI CBETOBasl BOJHA, TO TOJISIPU3AIUS
cpenbl

P=¢gyxeFE + gy E°. (23.28)

st ynoOGcTBa BO3BEICHMSI B TPEThIO CTETNIEHb M JaJbHEUIIIEro aHajm3a IIpeacTa-
BUM T10J1€ E B BUIe

E(z,1) = Acos(of — kz) = %A?efwf + %A?*e—fwf, (23.29)

rae A = Ae™™ — KOMIUIEKCHAS aMIUIATYa, 3BE300YKa 03HAYAET KOMILIEKCHOE CO-
TIpsDKeHUE.

IMoacraBum (23.29) B (23.28) 1 cpeay MHOXECTBa cjaraeéMbIX y4TeM Te, KOTO-
pble M3MEHSIIOTCS BO BPEMEHHM C YaCTOTOM (o Mamarolieil BOMHBI. TakmMx clraraeMbIX
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Oyaet Tpu. Toraa nmoispusauusi cpeabl Ha YacToTe ® OyIeT ONMpeAeasaTbCS BbIpaxe-
HUEM

P=¢yxFE +¢, §X3A2E, (23.30)

MOCKOJNBKY A- A* = A2.
N3 paBeHctBa D = ggF + P = ge £ cnenyer, 4yTo AM3JIEKTpUYECKasi MPOHULIA-
€MOCTb paBHa

e:1+$+§x3A2 (23.31)

M 3aBUCUT OT MHTCHCHUBHOCTHM BOJIHBI.
BoruucnuM moxkazaTesib IpEJIOMJICHUA CPEODbI:

n=-e=|n +§X3A2 ~ 1y +ix—3A2, (23.32)
8 16 n,
rme ny = 1 + &.

31ech YYTEHO, UTO B ITOAKOPEHHOM BBIpaXKeHUH BTOPOE cIaraeMoe HaMHOTO MEHb-
N 1
e nepsoro. Eciu nepeiiTi K MUHTEHCUBHOCTU [ = EceoAz, TO (23.32) npuMeT BuUi,
HCIIOJIb3YyeMbIi B HAYYHOU JIUTepaType:

n=ny+ Al = ny + nyl. (23.33)

3nechb An,, = n,I — Heaunelinas dobasxka k nokazamenio npesomieHus. Kyouunas
HEJIMHEMHOCTh XapaKTepu3yeTcsl pa3MepHBIM KOG GUIINEHTOM

L= % (23.34)
8 ceyhy
W3 (23.19) cnenyer, uto 3 ~ &/E2 ~ 10718 M?/B2. Torna n, ~ 102° m?/Br. Hanpu-
Mep, uid KBapua n, ~ 3- 1072 m2/Brt, mia cepoyrmiepona n, ~ 3- 107'% m?/Br.
Kybuueckass HenmMHEHHOCTh yallle Bcero odycionieHa 3ddekrom Keppa, misa
KoToporo, cornacHo (20.13), An = yE?. JIoKa3aTeabCTBOM 3TOMY CIIYXUT COBIAIE-

HUE MOpPSIKOB BeJquuuH Y B (20.13) u %X—3 B (23.32) mng mHorux BeiecTs. st
n

0
HUTPOOEH30/1a, KaK OTMEUAJIoch paHee, mocrossHHas Keppa K=y/A =2,2-10712 m/B2.

IMpu A = 1,0 MM 7= 2,2 - 1078 M?/B? 1 110 OPANKY BEIMUMHBI COBIANAET C BEIUUM-
3 X3

HoM 6 Bddexr Keppa B 3TOM ciiyyae MPOUCXOAUT IO BO3ASCUCTBUEM TOJISI
My

BBICOKOI 4YacCTOTBI M Ha3bIBAe€TCs BBHICOKOUYACTOTHBIM. KyOuueckyio HeJIMHEHHOCTh
Ha3bIBAIOT HEJIMHEWHOCThIO KEPPOBCKOIO TUIIA.

Crnenyer OTMETUTD, UTO APYTUM MEXAaHU3MOM, MPUBOASIIIUM K MOTOOHOUN Heu-
HEIHOCTHU, SIBJISIETCS 3JEKTPOCTPUKIIMS, MPU KOTOPOM CXKaThe BEIecTBa, a CIelo-
BaTeJIbHO, U U3MEHEHNE A TPOIOPLUUOHAIBHO MHTEHCMBHOCTHU CBETA.

Cpeny MHOXeCTBA HEJIMHEMHO-ONTUYECKHUX SIBJIEHUI B KYOMYHBIX Cpelax Bblae-
JIUIM HECKOJIbKO HanboJjee BaXKHBIX.

CamodokycupoBka n camoned)oOKyCHPOBKa CBETOBOro mydka. PaccMmorpum pac-
MPOCTPAaHEHUE CBETOBOIO IyYyKa PagnlyCoOM F; C MOCTOSIHHON WHTEHCHUBHOCTBIO I
B ero ceueHuu. M3-3a zaBucumMoctu (23.33) B cpene MoSIBUTCST 00JIACTh, 3aTI0JIHEHHAS
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P n=n0+n2]0 1

o

Puc. 23.3 Puc. 23.4

MMy4KOM, B KOTOpO#t n = ny + nyly. Ecu ny, > 0, To n > ny. Takas cpena Ha3biBaeTCs
goxycupyrowei. Ilpu n, < 0 n < ny, U cpena degoxycupyrowas.

Brauane paccMoTpum ciydait #, > 0. BeneacTBue nudpakiuny My40K CTPEMUTCS
pacuputhbes. OmHaKo, HAXOMsCh B ONTUYECKU Oosiee TJIOTHOM cpele, OH MOXKET
pacIpoCTPaHsITLCS B UHAYLUPYEMOM MM BOJIHOBOJE.

OueHuM BeIMYMHY MHTEHCUBHOCTH I, (KPUTMYECKON MHTEHCUBHOCTH), KOTO-
pas HeoOxoauMa I caMoyIepXkaHMs Iydka B MpelesaX HayaJbHOTO CEUeHUs F
(puc. 23.3).

Kaxk usBecTHoO, yroi pudpakumu myyka oy = 0,61A/ryn. DTOMY yIily COOTBETCT-
BYeT JIyd4, MaJarollvdii Ha MCKYCCTBEHHO CO3JaHHYIO TPaHUILY pas3iesia IMofd YIIIoOM
¢ =m/2 — 5. YT0JI MOJIHOTO BHYTPEHHETO OTPAXKEHUS @y, YAOBIETBOPAET YCIOBUIO

. ny
op = —————. 23.35
S Porp ny +myl, ( )
st ynepxaHus mydyka HEOOXOAMMO, YTOOBI @ = @y, VTN
n
sing =sin(n/2-0;) = ————. 23.
in¢ = sin(w / 1) no + ml, (23.36)
YuureiBas, uro 9y < 1, ml, < ny, nonyyaem
ﬁZ
-2y (23.37)
2 ny
OTtclona kpumuueckas UHMeHCUGHOCMb
2
1 ny 1 ny (0,610
=052 - B0 LAY 23.38
P 2 n, A 2 ny ( mry ) ( )
Ilepexons x kpumuueckoi mMowHocmu, HaXOIUM
2
Py = Iymr? = L1617 (23.39)
2 T,

Eciu mowHocts nydka P < P,, To OH Oyzaer audparuposars, a npu P > P,
HaYHET CXKMMAaThCsl, WM CaMO(OKYCUPOBATHCS.

IlocnenHee sierye MOHSTh, €CAM MyYOK UMEET NPO(UIIb, aHAJTIOTUYHBIN TayCCOBY
(puc. 23.4).

ITockonbKy mokaszaTelb OpeJIoMJIeHUs n = Hy + Nyl OyneT yMeHbLIAThCSl OT OCU
Imyyka K Tepudepun, nepudepuitHasg o0JIaCTb MydyKa OyOeT ABUTATLCSI C OOJIBIIMMU
CKOpOCTSIMM, YeM TiproceBasl. IlepBoHaYaqbHO TJIOCKUIA (ha30BbIil (DPOHT, MOKa3aH-
HBII IITPUXOBOM JIMHUEHN, HAUHET MCKPUBIISITHCS, a MyYOK — CAMOQOKYCUPOBAMbCAL.
Cpena CTaHOBUTCSI OAOOHOM MTPOTSIKEHHOM cOOMpAlOLLeil IMH3e, HaBeAEHHOI CBETO-
BbIM ITyYKOM.
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Bennuuna Py, Ha3bIBAETCSA KpUMu4eckou, Wi nOpo2060t, MOUSHOCIbIO CAMOGOKY-
cuposku. 1nst kapua ny =3 - 102 M?/Br, ny = 1,5 u ipu A = 1,06 mxm P, = 3 - 10° Br.
Takast MOIITHOCTB JIETKO TOCTUTAETCS YKe B UMITYJTbcaX HAHOCEKYHIHOM JTUTETHHO-
ctn 1y ~ 107® ¢ mpm sueprum W~ 1 JIx.

IMpn camodoKycHpOBKe MyYOK CKUMAETCS OO ITOMEPEYHBIX pa3MepoB TTOpsIIKa
IUTUHBI BOJTHEL. [loste B HeTMHETHOM (hOKyce MOXKET MPEBLICUTL KPUTUIECKOE TIOJIC,
IIPA KOTOPOM TIPOUCXOIUT SIICKTPUUECKIIA ITPo0O0ii cpenbl. B MOIIHBIX JTa3epHBIX CH-
cTeMax caMo(pOKYCHMpPOBKa MOXKET TIPUBOIUTE K Pa3pyLICHUIO ONTHYECKAX MaTePUAJIOB.

Kak mokaseiBaeT aHajaM3, M 3TO TOATBEPKIAECTCS SKCIIEPHUMEHTAIBLHO, B PsIIe
CJTy4yaeB MOXET MPOUCXOAUTb Meakomacuimaobuas camogokycuposka. I1ydok dhokycu-
pyeTcs B Mayible OOJIACTH, BBITSIHYTBIC BIOJB €T0 OCH. DTHM O0JAcTH Ha3bIBAIOTCS
HUTSIMU. B HUTAX 0OBIYHO U IMTPOUCXOIUT pa3pyllcHNE BellleCcTBa.

O06pa3oBaHHe HUTE OOYCIOBJIEHO HEYCTOMYMBOCTBHIO CaMO(OKYCUPOBKU K Ma-
JIBIM BO3MYIIEHUSIM WHTCHCUBHOCTH B CEUEHWU ITyYKa, KOTOPbIe HEM30EKHO TIPH-
CYTCTBYIOT Y peaJTbHBIX ITyYKOB. ECli B TTyuKe paamycoM r, BOZHUKAET HEOTHOPOI-
HOCTb C JIMHEHHBIM pa3MepoM / < 7y, TO NPU MOIIHOCTM Iyuka P > P, MoXeT
CJIOKHUTBCS TaKasl CUTYallHsl, 9YTO MOIITHOCTD, 3aKJTIOYEHHAsT B 3TON HEOTHOPOTHOC-
TH, NIPEBLICUT BeTMUnHY P,,. B pesynbrare OTAeNbHbINM (PParMEHT MyyKa HAuHET ca-
MOCTOSITEJTbHO caMO(OKYCUPOBaThECS B HUTL. [1py XapakTepHOI BeTMYMHE CpeaHei
WHTEHCUBHOCTU [ 3TO TIPOM3OMIET UTS TeX HEOTHOPOMHOCTEH, 1T KOTOPBIX OyIeT
BBITTOJIHEHO yciioBue [/% > P,,. Yem Gosbllie MHTEHCUBHOCTD TIy4Ka, TeM OoJiee MeJ-
K€ BO3MYIIEHUS OyIyT (POKYCUpPOBATHCS B HUTH.

CylecTBYIOT cpebl ¢ 1, < 0. Torna mpoucxoaut oopa3oBaHue B cpeae nedoKy-
CHUpPYIONIEH JTMH3EI, W ITy4OK TTPUOOPeTaeT YIIIOBYIO PACXOAMMOCTh, MHOTIA BO MHO-
ro pa3 MPEeBbIIAIILYI0 AU(PPAKIIMOHHYIO. DTO SIBJI€HUE Ha3bIBAETCSI camodeoKycu-
poekoti. Kak 1okasblBaeT pacueT, HeJIMHeHasl pacXOAUMOCTb B TaJIbHEM I0JIe

P

ﬁHn = ﬂﬂ P—+1 (2340)
Kp

Camomoxysiys ¥ CKaTHe MMITYJIbca. Eciii cBeTOBOI MMITYJIbC pacipoCTpaHsIeT-
cs B cpelle ¢ KEPPOBCKOM HETMHEIHOCTBIO, TO MPU #, > () ero BepIiliMHa JBMXKETCS
MeJJIeHHee, 4eM TOJIOBHasi U XBOCTOBast yacTu (puc. 23.5, a). JIns HarjsgaHOCTU Ha
PUCYHKE CTpeKamMy M300paxkeHbl BEKTOPHI TPYIIIOBBIX CKOPOCTEN Tepru(epuiiHbIX
U LIEHTPAJIbHOM YacTeil UMITy/IbCa. DTO aHAJIOTUYHO JBUKEHUIO C OOJIbllIel CKOpOC-

Puc. 23.5
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ThIO TlepuGepUHBIX 00JIacTell IyYKa IT0 CPaBHEHMIO C IIPUOCEBOM 4acThlo B (hOKY-
CUpPYIOLLIEH cpene.

Ha HeGonbIIMX pacCTOSTHUSIX Z MOXKHO MpeHeOpeub audpakiueilr U gucrnepcueii.
IMTosroMy (popma mmmysbca (orudaroias) Majlo U3BMEHUTCSI, OJHAKO M3-3a Pasiv-
YUl CKOPOCTei OH cTaHeT (ha30BO-MOIYIMPOBAHHBIM, KaK IOKa3aHO Ha puc. 23.5, 6.
DT0 sIBIIeHUe Ha3bIBaeTcs pa3oBoii camomodyrayueti. 3-3a caMOMOAYNISILIMU CIIEKTP
WMITyJIbCa CTAHOBUTCS IITUpE.

Kak oTrmeuanoch paHee, MOIYJISALMIO a3kl UMITYJIbC IPUOOPETACT U B IMHEHHOMN
nucneprupytoiieii cpeae. [1py aTom yBeanumBaeTcs JUIMTEIbHOCTh UMITYJIbCA, OMHA-
KO €ro CIEeKTp OCTaeTcs HeM3MEeHHBIM. B mucneprupyioliieil cpene ¢ HOpMaabHOM
JUCTIEpCUEN TPYMITOBBIX CKopocTeir (cM. puc. 16.7, k, > 0) xapakTep MOAYISLINU
OyIeT TaKuM 3Xe, KaK U B HeIMHEeHOI cpefe ¢ n, > 0.

Ecnu ¢a3oBo-MoayaMpoBaHHBINA UMITYJILC, U300paXkKeHHbIN Ha puc. 23.5, 6, Ha-
MPpaBUTh B OUCIEPTUPYIOLIYIO cpeny ¢ k, > 0, TO MOIYJISLMS TOJIbKO YCUJIUTCS U
MMITYJIbC OyIeT IpeTeprieBaTh AMCIIEPCHOHHOE pacIUIbIBAaHUE.

OnmHako ecny Tocje HeJIMHEHON Ccpelbl UMITYJIbC TTOIaaeT B Cpeay ¢ aHOMAaJlb-
HOI IHCIIepcuei rpyIrmnoBbIX ckopocTeil (k, < 0), To cuTyauus OyaeT KapauHaJIbHO
nHoi. B 3TOi1 cpede BhICOKOYACTOTHAS (XBOCTOBAsI) YAaCTh MMITYJIbCa HAYHET JOT0-
HSTb HU3KOYACTOTHYIO (TOJIOBHYIO) YaCcTh, M UMITYJIbC HAYHET CXKMMAThCS. DTa uaes
peanqu3oBaHa B ONTUYECKUX KOMIIpECCOpax — yCTPONCTBAax, NMpeaHa3HAYEeHHBIX IS
CaTusl UMITYJIbCa.

B Bugumoii u 6mkHeit MK-0061acTsIX 0OBIMHO UCHONB3YIOT G0A0KOHHO-peulemo-
YHbLI KOMAIpeccop, N300paXkeHHBIN Ha puc. 23.6.

HMcxomHblit uMnyibc GOKyCUpyeTCs JTMH30M JI; Ha MUKPOOOBEKTUB U BBOJAUTCS
B BOJIOKOHHBIN cBeToBon BC. Ilocne MpoxoXaeHUsl CIeKTpabHO-OrpaHUYEHHOTO
UMITyJIbCa JJINTEIHOCTBIO T, Yepe3 BOJIOKOHHBIN CBETOBO OH IpeBpaiiaercs B ¢a-
30BO-MOAYJIMPOBAHHBIN MPAKTUYECKU TOU K€ JUIMTEIbHOCTH (cM. puc. 23.5, 6). Ox-
HaKO M3-3a HEJIMHEMHOTO OTKJIMKa BOJOKHA IIIMPUMHA €0 CIEKTpa YBEJIMUMBAETCS:
Av, > Avy ~ 1 /7.

B xauecTtBe cpenbl ¢ aHOMaJIbHOM AUCIEPCUEt TPYIIIOBBIX CKOPOCTE MCIOIb3Y-
eTcs mapa AupakLMOHHBIX MapajlieJIbHbIX pelieToK P, u P,, Ha KOTOpble NMITYJIbC
MoragaeT u3 CBeTOBOIA, PO Yepe3 APYrylo JUH3Y JI, U TOJIynpo3payHoe 3epKa-
JIo 3,. PazHble crieKTpajibHble KOMIIOHEHTHI UMITYJIbca TUGparupyroT Moa pa3HbBIMU
yriamu. B pesynbrate myTh, TPOXOAUMbIN KOPOTKOBOJTHOBBIMU KOMIIOHEHTAMU, MEHb-
1Ie, YeM IJTMHHOBOJTHOBBIMU. CienoBaTeibHO, JIMHHOBOJHOBBIE KOMITOHEHTHI 3a-

A A\

3

Puc. 23.6
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Ma3abIBaloT, Kak B cpene ¢ k, < 0. Ilocae orpaxkeHus oT 3epkana 3, UMIYJIbC TTO-
BTOPHO ITPOXOIUT MEXIY pellieTKaMU M BBIBOAUTCS Yepe3 MOTYIIPO3pavyHoe 3epKajio
3, u3 komrpeccopa. [Ipy MOBTOPHOM MpOX0Ae KOMIIEHCUPYETCsI YIJIoBasl pacXoam-
MOCTb Pa3IMYHBIX CIIEKTPATbHBIX KOMITOHEHT.

ITapa pemerok (WM cucTeMa TIPU3M), SBISISCH AUCIIEPIUPYIOIIEH CHUCTEMOM,
TMpeBpalliaeT UMITYJIbC BHOBb B CIIEKTPATbHO-OTPAaHUUEHHBIN, HE U3MEHSIS IIPU STOM
IIUPUHBI ero crekTpa. I1oaToMy IIUTeTbHOCTh UMITYJIbCA JOJKHA YMEHBIITUTHCS:
T~ 1/Av, < 1.

KomMmpeccopbl UCTIONB3YIOTCS UTSI CKATHUSI TUKOCEKYHIHBIX UMITYJIBCOB A0 IV -
teabHOCTel T ~ 10 pc. HeoOxommmast niivHa BOJIOKHA 3aBUCUT OT MHTEHCHUBHOCTH
CKMMaeMOT0 UMITYJIbca: YeM OO0JbIlle MHTEHCUBHOCTh, TEM KOpOoYe BOJIOKHO. B pa3-
JIMYHBIX CXEMax KOMITPECCHUM UTMHA BOJIOKHA U3MEHSIETCS OT JECSITKOB CAHTMMETPOB
JI0 COTEH METPOB.

OnTrdyeckne coaMTOHbl. EC/I Ja3epHbIil UMITYJILC paclpoCcTpaHsieTcsl B BOJOKHE,
TO BO3HHUKAIOIAsd CAMOMOMYJISILINSL MOXKET KOMITIEHCHMPOBaTh (ha30ByI0 MOIYJSIIHUIO,
CBSI3aHHYIO C AMCIIEPCMOHHBIM pacIUIbIBAaHUEM HUMITYJbca, ecu k, < 0. JIjis1 kBapiie-
BOT'0 BOJIOKHA JUTMHA BOJIHBI, KaK BUIHO U3 prc. 16.8, momkHa ObITh A > Ap= 1,27 MKM.
IIpu ompeneneHHBIX YCIOBUSIX UMITYJIbC MOXKET PacIpOCTPaHSAThCS IO BOJIOKHY 0e3
n3MeHeHu s (popMbl orubarolieii. Takoil UMITY/IbC Ha3bIBACTCS ONMUUECKUM COAUMOHOM.

OleHrM mapaMeTphl couToHa. [IpenmnosoxuM, 4To Ha BXOJE B BOJHOBOM (7 =
0) uMITysIbC MMeeT rayccoBy orubaroinyo (cMm. (16.29))

2
A0, 1) = Ay exp(— ;—2j (23.41)
0
B cpenneit yactu ummtyibca (|¢| < 1)) €10 MHTEHCUBHOCTD
2 2
10,) = I, exp(— 2%) ~ I, (1 - 2%) (23.42)
1o 10

M3-3a HeMMHEIHOCTU UMMYJIbC, U300paxkeHHbI Ha puc. 23.5, 6, npuobpeTaeT
Haber ¢asnl D,

72
A(z,1) = Ay exp(——)exp(i D), (23.43)
0
rae
72
q)Hn(zat,)2_2_1.5’12]Z:2_1.5’12]0 2t_2_1 Z, t,zt—Z/U. (2344)
A A TH

da30BbIiT HAOET BCIIEACTBUE AUCIEPCUN, KaK cireayeT u3 dopmyisl (16.34), Ha
pacCTOsSIHUN 7 < |Zy| paBeH

72

D(z,1') = tt—zzi (23.45)
0 <0

e zo = 13/k; (eMm. (16.34)).
Takum obOpa3oM, TIpU OJHOBPEMEHHOM ACHCTBUM HEJIMHEMHOCTU U JUCIIEPCUU

72

Az,1) = Ay exp(— %jexp[i(cbm + D). (23.46)
0
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Hanuuue dasel B (23.46), 3aBUCsIIEll OT BpeMeHU, O3HAYAET, YTO Orubaroias
UMITYJIbCA U3MEHSIETCSI C MTHOBEHHOU 4acTOTOMN
oD, N oD

ot’ ot’

VY conmutona Q(¢’) = 0. TakuM o6pa3oM, yclIOBUE KOMIIEHCALIMA COCTOUT B TOM,
YTOObI

Q') = (23.47)

P =- aCD. (23.48)
ot’ ot’
IMoncraBnsst ciopa (23.44) u (23.45), nonyyaem
4—nn210 = —L. (23.49)
7\, <0

KommneHcalus Bo3aMoxHa, ecnu zo < 0 (ky < 0). Tlepexonst K AuCNepCHOHHOM
nvHe Ly = 13/|ky|, OKOHYATETBHO HAXOAMM

2
47 ] = 47 To
——Mblolo = — 7
A A ksl
IMpu mmTensHOoCcTH UMIyibea Tty = 10712 ¢ = 1 nic u anuHe BomHbL A = 1,5 MKM
B kBapue L= 30 M. ITockonbky n, = 3 - 1072° M?/Br, 10 I ~ 10'! Br/™2. 1151 01HOMO-
JIOBOTO BOJIOKHA ceYeHUe cepaLeBuHbl ~50 MkM? = 5 - 10~ M2, CiienoBarebHO, MOILI-
HOCTb U3JIy4E€HUsI B BOJIIOKHE P ~ 5 Bt u sHeprus ummynsca W~ Pty =5-10712 Ix.
ITosroMy ycnoBue KomrieHcamu (23.50) MOXHO JIETKO 00ECIeunThb AJisl KOpOT-
KHX UMITYJIbCOB C MaJlOii MOIIHOCTBIO.
TouHbIl aHAJIM3 TTOKA3bIBAET, YTO OrMbdarolas COJIMTOHA UMEET BUIL

n2[0 = 1 (2350)

,

A(z,1') = Agsech (’—j (23.51)
To

U OIMUCHIBaeTCcsl PYHKIMEH runepbonndeckuii cekaHc. Orubaroiiasi COJUTOHA He-

CKOJIBKO OTJIMYaeTCs OT Orubaroliieil rayccoBa MMIMyibca. BennunHa A, onpenesnso-

111251 MAKCUMAJIbHYIO (IIMKOBYIO) MHTEHCUBHOCTD Iy ~ A3, ¥ JUIMTEILHOCTb UMITYJIb-

ca T, CB3aHbBI: 9Ta CBI3b BBITEKaeT U3 cooTHolueHMs (23.50). Yem boavwe nuxosas

UHMEHCUBHOCb, MeM MeHbUle OAUMeNbHOCIb COAUMOHA.

Ecau B BOJIOKHO BBeIE€H MMIIYJIbC C MPOU3BOJBHOU (opMoM orudaroiiei,
TO MPHU TOCTATOYHOMN HayaIbHON MHTEHCMBHOCTH OH MOCTENIEHHO TPaHC(HOPMUPYETCS
B coinuToH (23.51). ConuToH yXe SIBIISIETCS YCTOMYMBLIM OOpa30BaHUEM, HE UyB-
CTBUTEJBHBIM K MaJIbIM BO3MYIILIEHUSIM.

Ecnu anuHa BosiHbI A = 1,55 MKM, TO ocabyieHre UMIYJIbCa BCJIEACTBUE pacce-
SHUS B BOJIOKHE MUHHUMAJbHO UM OH MOXET PacIpOCTPaHSATBhCS IO BOJOKHY
Ha HECKOJIbKO JIECITKOB KHUJIOMETPOB.

B BOJIOKOHHO-ONTHYECKMX JIMHUSIX CBSI3U YCTAaHABIMBAIOTCS ONTUYECKUE YCUIIV-
Teu. Torma UMIyIbChl MOTYT PaclpOCTPAHSATBHCS HAa OTpoOMHBIE paccTosiHM. TIpo-
MyCKHas CIOCOOHOCTh KaHaJIOB CBSI3U (00BbeM TepenaBacMoil MHMOpPMALIUY B €11-
HUILy BpeMEHHU) 00paTHO MPOMNOpLIMOHAIbHA JIUTEILHOCTA MMIyJbca. bosee nom-
poOGHO 00 3TOM peub MoiaeT B JeKuuu 24.



JEKIIUSA 24

TenioBoe camMmoBo3aeicTBHE U3JIydeHnsa. [Ipu pacripocTpaHeHUM CBETOBOTO MMy4yKa
B Cpelle YacTh €r0 SHEPTUH ITTOTJIONIAeTCs, M TeMIlepaTypa Cpelbl B KaHajle MyJKa
Y B TIpWJIeTaloleli 00JlacTu ToBkIIaeTcs. M3-3a HarpeBa U3MeHsIeTCS M TI0Ka3aTelh
TIPEJIOMJICHUSI CPeIbl, YTO B CBOIO OYepeb BIUSET Ha paclpoCTpaHeHE CBETOBOTO
ITy4yKa. DTO SIBJIEHWE HA3bIBACTCS MenA08bIM CAMOBO30eUCMEUEM.

ITokazarenb NOPCJIIOMJICHUA 3aBUCUT OT IJIOTHOCTU p W TEMIIEpATyphbl T CpE€abIl.
[MocenHsst 3aBUCUMOCTD CBsI3aHA C U3MEHEHUEM TTOJISIPU3YEMOCTH MOJIEKYJTBI BCJIEIT -
CTBUE CMCUICHUA COOCTBEHHBIX YACTOT ONTUYECKUX OCHIMJIIATOPOB CPCIbI. Mainsie
M3MCHCHMUA 1TOKa3aTCId MPEJTOMIICHUA MOXKHO ITPpEACTABUTL B BUIC

on on on ap) (an)
A= ap+| 22| AT =L [ 22 AT +| 2| AT =nyAT, (24,
" (apjT ‘”(aT)p (apjT(aT LA ) A = Al Q4

_(an) (20 ,(3n
ny = [apl (ar),, *(arl (24.2)

— MOJIHAs TIPOM3BOMHAs MOKa3aTesisl MpeJOMIIEHMS TI0 TeMIlepaType, SIBJISIoIasics
KOHCTaHTOM BellecTBa. IlepBoe ciaraemoe B (24.2) Bcerna oTpuiaTebHO, MIO3TOMY
9Ta KOHCTaHTa MOXET MMEeTh Pa3IMUHbBIN 3HAK Y pa3HbIX BellecTB. Cpelbl, Y KOTOPBIX
np > 0, Ha3pIBalOTCS (POKYCUPYIOIIMMU, a cpelbl ¢ ny < 0 — medoKycupylommmu.

Ecnu cBeToBOIi ITy4OK MMeeT HanOOJIbIIIYI0 MHTEHCUBHOCTb Ha OCH, TO IIPOdUIIb
TEMIIEPaTyphbl B €ro MOIMEPEYHOM CEUEHUU MMeeT KOJOKOJ000pa3Hyo (GopMy: TeM-
rneparypa yobIBaeT OT OCH My4yKa K ero Iepudepuu.

B dokycupyrolux cpeaax Takoi ke npoduib MMeeT U IoKa3aTesIb IIPeJIOMICHUSI.
IToaToMy B cpene co3maeTcs MPOTSKEHHas TeTUIoBasl cooMparollas JMH3a, MHIYLH-
pyeMasi CBETOBBIM ITydykoM. IIpu pacmpocTpaHeHUM IMy4OK OyIeT C:KUMaThCs. DTO
SIBJIEHUE HA3BIBACTCSI MENA080l CAMOPOKYCUPOBKOU.

B nmedokxycupyouux cpenax pachnpeneieHHas TeIioBas JIMH3a OyaeT OTpu-
LIaTeJIbHOM, M TYYOK MPETEPIIeBACT Mena08yi0 0e@oKyCUposKy.

TemnoByo ne¢pOKYyCUPOBKY AOCTAaTOYHO MPOCTO HaAOJMOAAaTh B BOAE, CHUPTE
U IPYyrux BelllecTBaX. B JIEKIIMOHHOM OITBITE JIyd aproOHOBOIO Jiazepa MOIIHOCTBHIO
Py~ 1 BT HampaByisieTcsl Ha KIOBETY CO CIMPTOM, MOIKPAILIEHHBIM OpPraHUYeCKHUM
KpacuTtelieM. DTo JIeslaeTcs il yBeJIndeHUs KoadduiimeHTa noraolleH s pacTBoOpa.

Ha puc. 24.1, a, 6 uB. BKJI1. ToKa3aH Ae(OKyCUPOBAHHBII ITy4OK aprOHOBOTO Jia3e-
pa nipu MoitHoctu Py = 0,5 Bt (cM. puc. 24.1, @) 1 MakcuMalibHO# MolliHOCTH 1BT
(cM. puc. 24.1, 6), Habmomaemblii B 30He DpayHrogdepa.

B nanbHeM 11o1e mydoK MpruodpeTaeT HEJTMHEMHYIO PaCXOAUMOCTD Uy, B HECKOJIbKO
pa3 MpeBBIIAILYIO TMPPAKIMOHHYIO ). OLEHUTH 3Ty PACXOIMMOCTh MOXKHO, BOC-
MOJIb30BABIINCH TTPOCTBIMU PACCYKACHUSIMM.

rae
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r g ITycTp rayccos my4yok ¢ npoduiaemM HHTEH-

’0+r§’ L ] :;:::53\:5; cuBHoctu I(r) = Iyexp(-2r?/r3) Hampasiser-
> <2_ CA B KIOBETY, 3aIIOJIHEHHYIO XUIKOCTBIO C KO-

VA — a¢duLeHToM noromeHus o (puc. 24.1).
1 T B cTalMoHapHOM pexXHMe paauajbHOe

pacnpeneneHue temreparypbl 7(r) Imoirydaer-
Puc. 24.1 Ccs1 U3 ypaBHEHHUs TEIJIOBOro OajaHca OJis
HEKOTOPOTO MBICJIEHHO BBIIECJIEHHOTO

HWIMHAPUYECKOTOo 00beMa Cpelbl MPOM3BOJBHOIO paauyca r U JIMHON [ > r:

72

dT T 2r
=2nrle, i ocl_([ 1 exp(— e

j21cr’dr’. (24.3)

BripaxkeHue B JIeBOI YacTH OTpakaeT MOTOK Teria yepe3 OOKOBYIO MOBEPXHOCTh
LWIMHApA TUIomanbio 2nrl, &, — Kod(hGUIIMEHT TeTUIONPOBOIHOCTU. DTOT MOTOK
paBeH TOMIOLIEHHON TWJIMHAPUYECKUM OOBEMOM YAacTU MOIIIHOCTU Iydka (IOTO-
KOM TeIlJla Yepe3 OCHOBaHUSI Y3KOTo LIMJIMHAPA MOXHO MpeHeOpeub). B mpuoceBoit

2r’? 2r’?
obnactu exp| ———— | = 1 — ——. JIBaxbl unterpupys (24.3), noayyaem

Iy Iy
T(r) = T(0) = 210 12, (24.4)
4,
ITokazaTenb mpenomMIeHUsI UMEET mapaboanyecKuii mpodub
_ ol
n(r) = ny —4aeT rs. (24.5)

[Ba mapajuleJIbHBIX CBETOBBIX ITyyKa, YOaJleHHBIX OT OCHM Ha PacCTOSIHUS F
U Fy+ Or, IOKa3aHHbBIE Ha pUC. 24.1, TocsIe TTPOXOXKAEHMS KIOBETHI TPUOOPETYT pa3HOCTh
xoma
allyn,
4,

_ollyn,
4z,

A= [(r +0r)? —n?]= rydr. (24.6)
3aech YYTEHO, UTO OF < F.
IIpu pacripocTpaHeHMH Jy4eil oA YoM 9, 3Ta pa3HOCTb XOAa JOJIKHA OBITh

CKOMIICHCHUPOBaHa:

_OZ{T?TT“& — 9,07 = 0. (24.7)
Otcrona
9,y = 2olnelr (24.8)
&,

HenuneitHas pacxomMMOCTh YBEJIMUMBAETCS TIPY BO3pacTaHMM MHTEHCHUBHOCTHU
myuyka. B Touke F,, OymeT HaxoauThCs (pOKYC OTpUILIATEIbHOU HEIMHEHMHON TeIio-
BOW JIMH3BI, KOTOPBIM MPUOIMKAETCS K JIMH3E C POCTOM MHTEHCHMBHOCTU CBETA.

HenuneliHas pacXooUMOCTh CTAaHOBMUTCSI paBHOHN AUMpPaKIMOHHON O = AM(Tth),
€CJIM MHTEHCUBHOCTH YIOBJIETBOPSIET YCIOBUIO

gl _ & (24.9)

2, T,
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I1pu 5TOM MOIIHOCTH My4YKa paBHA

]KpTcr()2 _ xZET

kp — T~ T .

2 |, |ol

Bennunna Py, Ha3bIBAETCSA Kpumu4eckoi MOUWHOCMbIO Menao6oll 0e(oKyCcUposKi.

Takum ob6pa3zoM, HeIUHEHHAsT PaCXOOIUMOCTh OIPenesseTcsl MPeBbIIIeHeM MOILII-
HOCTHU ITyYKa HaJ KPUTHYECKOI:

(24.10)

Bpr =) }1:0 ) (24.11)
Kp

Eciu cpena ¢oxycupyronas, 10 GOKYCMpOBKa ITy4yKa IPOUCXOIUT npu Py > P,

Kputnueckas MOIIHOCTb Y OMTMCAHHBIX TETUIOBBIX SIBIEHUM 3HAYUTEIHLHO MEHb-
1Ie, YeM B cpefaX ¢ HEJIMHEMHOCTSIMU KePPOBCKOTO TUIA. B psme ciydyaes ee Benu-
YHHA MOXET COCTABJISITh IECSITKU MUUTUBATT. [109TOMY TeIIOBbIE HEJTMHETHbIE (-
(hbeKThI COMPOBOXKAAIOT OOJIBIIIOE YUCIO PA3TUIHBIX ONTUYECKUX SIBIEHUH JaXKe MpU
HEOOJIBILIMX MOIIHOCTSIX.

TertoBast HEIMHEMHOCTD 00JIafaeT CPaBHUTEIBHO OOJIBIIIMM BpeMEHEM pelakca-
LK T, ~ 1/ % (e = ®1/pC, — KOIDOULIMEHT TeMIEpaTypOpOBOIHOCTHU CPelIbl). DTO
BpeMs HEOOXOAMMO JUISl YCTAHOBJICHUS TEMIIepaTypHOro Mpoduis B KaHae MyJKa.
B onrcanHoMm ombiTe ¢ Ae(pOKYCUPOBKOI aproHOBOTO Ja3epa KOG UIIUEHT TeMIle-
PaTypoOIpOBOIHOCTH criupTa ¥, = 7,2 - 10* cm?- ¢! v ipu 1y = 0,1 cM BpeMst ycTaHOB-
nenus 1, = r¢/(4y,) = 3,5 c.

OO6paiiaer Ha ce0s BHUMaHWE BO3HMKHOBEHME C HEKOTOPBIM 3ama3dblBAHUEM
(rocnie pasBuBIIIeiics 3a BpeMs Topsinka 1 ¢ AeOKyCHUPOBKM) OTKJIOHEHUS BHU3
U UCKaXeHUS TOPU3OHTAILHOTO CBETOBOro myyka (cMm. puc. 24.1, ¢ uB. BKI.). I1pn
9TOM €ro MpodWIb CTAHOBUTCS Ha 3KpaHe CEPIOBUIHBIM: MPHOCEBasT YacTh IMyyKa
OTKJIOHWJIACh BHU3 OOJIbllle, YeM mnepudepuitibie 00JacTh. DTO MPOUCXOAUT U3-3a
MOSIBJICHUSI BOCXOISIINX KOHBEKTUBHBIX TTOTOKOB XXUAKOCTH, MCKAXKAIOIINX TeMIIe-
paTypHbIii pogWib, a 3HAYUT, U TEIUIOBYIO JIMH3Y. [1om0OHBEIM 00pa3zoM OOKOBEIE
BETPbI MOTYT OTKJIOHSTh MYYOK B aTMOocdhepe B HAIlpaBJEHUU «Ha BETEP».

B nipotskeHHO# cpene nedoKycHpoBKa MPOUCXOAUT Ha (poHe AudpaKLuy U MOJI-
Hasl pacXoaVMMOCTb ¥ B JaJbHEM I10JIe OKa3bIBAeTCSl paBHOM

v =0) I}:—O+1. (24.12)
Kp

IIpu 3TOM KpuTHYECKass MOLIHOCTb

¥

p - "%r
© =TT —e )’ (24.13)

rae Ly = nrg/A — audpakluMOHHAs IIMHA rayccoBa IydKa.

Hampumep, B armocdepe, y Kotopoit n, < 0 (~-10"* K'), P, ~ 1 kBr,
JIe(DOKYyCHMPOBKA BO3MOXKHA JIMILb [JISI MOIIHBIX ITy4KoB. IIpy Haauuuu OOKOBOIO
BeTpa TPaeKTOPHUSI paclpOCTpaHEeHUs MyyKa UCKPUBISETCS B HABETPEHHYIO CTOPO-
Hy, a ero NMpoduib NPUHUMAET XapaKTEePHYIO CEPIIOBUIHYIO (OpMY.

71 MMIyJIbCHOTO M3JIyYeHUs JJIMTEIbHOCTBIO T) < T, TEMIIepaTypa He ycreBaeT
JMIOCTUYDb CTAIlMOHAPHOTO pacIpeAcsieHUs U TeIIOBOE CaMOBO3AeCTBME CTAHOBUT-
Cs1 HECTaMOHAPHBIM. Kpumuueckou eéeauuunou OyneT snepeus umnynvca: W, = Pt,.
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OHa He 3aBUCHUT OT TEIJIONPOBOMHOCTH CpPEIbl, MOCKOJbKY B TeUeHUE NeHCTBUS
HMMITYJIbCa POJIb TETJIONPOBOIHOCTH MPEeHEeOpekMMo Maja.

Boinyxkaennoe pacceanue Manneabmrama — bpuamosna. I1pu paccesHun Mol-
HO CBETOBOI BOJIHBI Ha TMITEP3BYKOBBIX BOJHAX BO3MOXHO IMOSIBJIEHHE OOPaTHOTO
BO3ICHCTBUS CcBeTa Ha Oeryliylo BOJHY IUIOTHOCTU (21.41), compoBokaalolieecs
YBEJIMUEHUEM €€ aMIUTUTYABI (Ap)y. DTO BO3MEMCTBME MPOUCXOAUT U3-3a DJIEKTPO-
CTPUKLIMOHHOM nedopMaliy AUSJIEKTPUKOB, IPONOPLUOHAIBHOI E2. B uszorpon-
HBIX TazaX M XXMIKOCTSIX OTHOCUTEJIbHOEe U3MEHEHME TUIOTHOCTU

4P _ BTp( ]Ez vE. (24.14)
p o 2m (dp

3nech B, — M30TepMUYeCcKas CKUMaeMOCTb. JIIsl opraHMYecKuX XUAKOCTeN (HUTPO-

6eH3011, Tonyou, Kewion) y ~ 10712 cm?/B2.

ITockonbKy B pe3ybTaTe CIIOHTAHHOIO paccessHuss MaHpaenbiiutama — bputio-
9Ha TIOSIBJISIIOTCS] CTOKCOBA Ha 4acToTe My — £ M aHTMCTOKCOBA Ha 4acToTe Wy + Q
KOMIIOHEHTHI (cM. (21.40)), To E? B nipaBoii yactu (24.14) GyneT UMeTh rapMOHU-
YEeCKYIO COCTaBJISIONIYIO C YacTOTOM Q. DTa cocTaBisoas v OyaeT yCUIuBaTh KoJjie-
0aHUs IUIOTHOCTU y Oyaylluei BOJHbBI, Y4aCTBYIOLIEH B paccesiHUM. B pe3ynbrare ycu-
JIITCSl pacCesIHHbIE KOMITOHEHTHI U T. II.

Takoe paccesiHUue Ha3bIBACTCS GblHYICOeHHbIM paccesHuem Mandeavuimama— bpua-
aoana (BPMB). T1pu BEIHYXKIEHHOM pacCesTHUU TTOSIBIISIIOTCS UHTEHCUBHBIE KOMITO-
HEHTBhI PACCESIHHOTO CBETa M T'€HEPUPYIOTCS TMIIEP3BYKOBBIE BOJHBI B pacceuBa-
foleit cpeae. EcrecTBeHHO, UTO yCHUJIEHUE MPOUCXOAUT TPU BBITTOJTHEHUN YCIOBUS
BEKTOpHOTO cuHXxpoHM3Ma (21.44). C nmoMollbIo J1a3epa yaaeTcst Bo30yKaaTh 3BYKO-
BbI€ BOJIHBI ¢ MOITHOCTBIO 10 10 KBT B XXMAKOCTSAX U TBEPABIX TeJax.

BoinyKIeHHOE KOMOMHAIIMOHHOE paccesiHue ceera. Ha puc. 24.2 1B. BKII. MoKa3aH
SKCMEPUMEHT, B KOTOPOM 3eJICHBIH JIyY Ja3epa HaIlpaBJseTcs Ha KIOBETY C XKUIKO-
cThio. Ha BbIXome M3 KIOBETHI MOSIBISETCS JIyd KPacHOTO 11BeTa, KOTOPBIA MOXKET
JIETKO (PMKCHUPOBATHCSI BU3YaTbHO.

DTO sIBJIEHHUE HA3bIBACTCS GbIHYICOCHHbIM KOMOUHAUUOHHbIM PACCEsIHUEM Ceéemda
(BKP). B omiinume ot CMOHTaHHOTO KOMOMHALIMOHHOTO PacCesIHUSI CBETAa OHO Xapak-
TEPU3YETCS TOCTATOYHO BBICOKON MHTEHCUBHOCTBIO PACCESTHHBIX KOMITOHEHT.

I1pu nepBoHaYaIbHO CIIOHTAHHOM KOMOMHAIIMOHHOM PacCesTHUM BHICOKOMHTEH-
CUBHOI BOJIHBI MOXXET IMPOUCXOAUTh YCUJIEHNE MOJIEKYISIpHBIX KonebaHuii. O600-
1eHHYo cuy f(¢) B ypaBHeHMH (22.13) MOXHO paccuMTaTh CIeAYIOIIMM 00pa3oM.
JAUmoNbHBI MOMEHT MOJIEKYJIBI p = gya(§) E B3auMonencTByeT ¢ nojemM E, u aHep-

TUS 3TOTO B3auMoaeucTeus W = —% pE. CrnemoBarenbHo,
K W 1 da
f() = — E*(0). (24.15)
e 27

[Tone E B cpene siBisieTcs Cymneprio3nIIiei Tpex BOJIH: manatolieit £y, CTOKCOBOIA
E. n antucrokcosoii F,:

E = E,cos(wyt—ky-r)+E, cos(w.f -k, T+¢.)+E,. cos(®,t—K, -T+¢,). (24.16)

IMoncraBum (24.16) B (24.15) u coxpaHUM JIMIIL DYypbe-COCTABISIOLINE CHIIBI
f(#) c yacToTamu m,, — Wy U ®y — ®,. ECIM 3TV Y4acTOTHI COBMAAAIOT C PE30HAHCHOM
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YaCTOTOM MOJIEKYJIBI ), TO pacKauyMBaHUE MOJIEKYJbl OyIeT pe30HaHCHBIM, a HOp-
MaJibHasl KOOpAMHaTa OyaeT U3MEHSIThCS M0 3aKOHY

¢ - da/ds
A3MQ,
HO CYTH, 3TO BBIPpAXXCHMHE OIMMUCBHIBACT ABC BOJIHBI MOJICKYJIAPHBIX KOJTG63HI/Iﬁ,

BO30YXXIEHHBIX B Cpelie.
JWTonbHBIIA MOMEHT MOJIEKYJIBI OyIeT paBeH

{E E, sin[Qyt—(ky =K )r+¢, ]+ E  E,, sin [Qqr + (ko —k, )r+¢,. ]} (24.17)

p=¢pa(E)E, cos(wyf — k1) =¢ Z—g&,EO cos(my?f —k-r). (24.18)

Ecnau moacraButh cioga BelpakeHue mis & u3 (24.17), To MOXHO BUIEThb, YTO
JIUTIOJIbHBIIT MOMEHT OCLHWITUPYET Ha YacToTaX @) + Qy U ®y — £, U3IyJasi CooT-
BETCTBYIOLMIE€ BOJHBL.

Bocnosib30BaBIIMCh KJIACCUYECKOM TEOpUE M3IYYeHUSI CUCTEMBl OCLUJUIAPY-
IOLLMX JUTIONEH B cpelie, MOXKHO pacCUMTaTh HAIlpaBJIeHMs], IO KOTOPbIM pacCcesiHHbIE
BOJIHBI OYIyT PaclpOCTPaHSITLCS C YCUJICHHEeM. DTH HaIlpaBJlIeHUs YIOBIETBOPSIOT
YCJIOBHUIO BEKTOPHOTO CMHXPOHM3Ma

2k =k, + K, (24.19)

CooOTBeTCTBYIOIIAS ArarpaMMa n3oopakeHa Ha puc. 24.2.

CTOKCOBBI KOMIIOHEHTBI PacCeMBAIOTCS TJIaBHBIM 00pa30oM B HalIpaBJIEHWH TIala-
TOITIE BOJTHBI. DTO MOXXHO HAOMIONATH B JIEKIIMOHHOM 3KCIIepuMeHTe. B HeM uamyyeHre
BTOpPOII TApMOHWKM HEOIMMOBOTO Ja3epa reHepupyercs B kpuctaure KDP u Ha-
TIPABJISIETCS Ha TPO3padHbIil cocyn Jproapa ¢ Xuakum a3otoM. PaccestHre mporucxonut
HA MOJHOCUMMETPUYHOM KoJieGaHuK MoJeKybl N, ¢ yactoToii Qy/2n = 7 - 10" T'u.
IMpy uMHe BOMHBI Hakayku A, = 0,53 MKM ee yacrora v, = ¢/A = 5,6- 10" T'w.
YactoTa CTOKCOBOM KOMIIOHEHTHI V, = Vo — /21 = 4,9-10'* T, mimHa BOIHBI
A. = 0,61 MKM COOTBETCTBYET OpaHXXeBOil objacTi criekTpa. [To3ToMy Ha 3KpaHe,
YCTAaHOBJICHHOM 1033l COCyIa, HaOMoMaeTcs SIpPKOe OpaHXKeBOe IATHO B MOMEHT
Jla3epHOM BCITBIIITKYU. MIHTEHCMBHOCTH CTOKCOBOI KOMITOHEHTHI COM3MEpUMa C UH-
TEHCUBHOCTHIO BOJTHBI BTOPOI TAPMOHUKM.

Paccuntaem yrom 0, TIom KOTOPBIM paccenBaeTCsl aHTUCTOKCOBA KOMIIOHEHTA.
st 3TOTO TIPEACTaBUM BOJTHOBBIE UMCIIa B BUJIE

ey = 200 g = L0780 (0 an; Ky = 200 (v an,) (24.20)
c c ¢
W 3aIvIlIeM PaBeHCTBO
k2 = 4k¢ + k2. — dkyk,. cos . (24.21)
IMoncraBnsas (24.20) B (24.21) u yuuTtsiBasd, 4to npu ¥ < 1
2
coszﬂzl—ﬂ—; &«l; A 1w %«1,
2 Wy ny ny K
HaXOIUM >3 C
Kk 2k
1 0wy—-Q 0
92 =~ ——2 "0 (An, —An,). 24.22
ny Mg +QO ( & ) ( ) Puc. 24.2
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Taxum o0pa3oM, aHTUCTOKCOBAa KOMITOHEHTa paccerBaeTcsl BIOJb KOHYyca C yT-
JioM ¥ IpU BepirHe. YeM BhIIIIe yacToTa pacCesTHHOTO CBETa, TeM OO0JIbIlle pa3HOCTh
(An,. — An,) n yron 9.

Ha puc. 24.3 1B. BKJI. CXeMaTUYHO TTOKA3aHO BBIHYKIEHHOE KOMOMHALIMOHHOE pac-
CestHME B XKMIKOCTH U3y4yeHHUs pyorMHOBOTIO Jasepa (A = 6943 A). [ina ysenuueHus
MHTEHCMBHOCTM CBETOBOM MYyUYOK C TOMOIIBIO COOMpAIOIIei JMH3bI (hOKYyCHUpPYeTCs
B CepelIMHY KIOBETHI C pacceuBarolleil KUAKOCTbI0. CTOKCOBbI KOMIIOHEHTHI JiexKaT
B MK-001acTu criekTpa 1 11a3oM He BUAHBL. B MOMEHT BCIIBIILIKY PYOMHOBOIO Jla3epa
Ha 9KpaHe OyaeT HabII0naThCsl OKpallleHHOE CBETOBOE ITSITHO, pacIipeneieHne oKpac-
KU KOTOPOTO BIOJIb Paguyca MOATBEPXKIAET CIIPaBeIIUBOCTh (24.22).

Bricokasi MHTEHCMBHOCTD paccesiHHbIX KOMITOHEHT Ipu BKP mo3BoJisieT co3na-
BaTh pa3HOOOpPa3HbIe Mpeodpa3oBaTein Ja3epHoro uanydeHus. Lupokoe pacnpoct-
paHeHHUe TMOoJyJYriIa CIIeKTPOCKOMNUSI KOTEPEeHTHOIO aHTHUCTOKCOBA pacCcesiHUs CBeTa
(KAPC). Ee nenb — ucclienoBaHue CIIEKTPOB MOJIEKYISIPHBIX KonebaHuii. Moneky-
JIIpHBIE KOJeOaHUsI Ha 4yacToTe ; BO30YXIaT ABYMS BOJHAMM C YaCTOTAMHU @,
U ®, = ®; + £, a TpeTbs (MpoOHas) BOJIHA MpeTepIieBacT KOMOMHAIIMOHHOE pacce-
SIHUE CBeTa Ha HaBeJACHHOU BOJIHE MOJIEKYJISIpPHBIX KojiebaHuil. M3meHssa BpeMs 3a-
JEPXKKM MEXIy UMIYJIbcaMy, BO30YKIAIOIIMMHU KOJeOaHUsI, 1 TPOOHBIM UMIYJIb-
COM, MOXXHO MCCJIeIOBaTh IMHAMUKY 3aTyXaHUs MOJIEKYISIPHBIX KOJeOaHUA.

I'enepamus cynmepkonTHHyymMa. Kak oTMedanoch B JeKUMHU 22, B MUKPOCTPYKTY-
PUPOBAHHBIX BOJOKHAX MOXKHO IMOJYYUTh T€HEepaInio CIUIOIIHOTO CIIEKTpa, U Cy-
MEepKOHTUHYYMA.

B sakcrniepuMeHTe, BHITIOJHEHHOM B J1abopaTopu (POTOHMKM U HEJIMHEHOM CIeK-
TpockoInuu Kadeapbl o0lIei (PU3MKM U BOJHOBBIX IPOLIECCOB (U3NUECKOTO (a-
kynbTeta MI'Y um. M. B.JloMOoHOCOBa, UMMYJbC U3Iy4YeHUSI TUTAH-CaAIl(pUPOBOTO
nasepa ¢ aauHoi BojHbl 800 HM (CM. Jajee) HapaBisiCsl B OTPE30K MUKPOCTPYK-
TYPHPOBAHHOTO KBaplIeBOTO BOJIOKOHHOTO CBETOBOJIA, HA BBIXO/IE KOTOPOIo HAbJIIO-
JIAJICST CTIIOIIHOM cITeKTp (puc. 24.4 11B. BKIL.).

s 0ObsICHEHUs 3TOTO SIBJICHUs MPUMEM BO BHUMaHME, YTO KBaplEeBOE CTEKIIO
o0JagaeT KyOMYHOM HeJIMHEWMHOCThI0. Torma OyaeT BOZBHUKATh CAMOMOIYJISILIUST M-
MyJibca, MPUBOIAIIAS K paclIMpeHUIo ero crnekrpa. KpoMme Toro, Oyaer mpoucxo-
JIUTH BBIHYXKIEHHOE KOMOMHALIMOHHOE paccesiHMe CBeTa, MPU KOTOPOM TOSIBIISIOTCS
CTOKCOBBI KOMITOHEHTbHI MEHBIIUX YacToT. M3-3a JTOoKanbHOM KOHIIEHTpALUU SHEp-
Ty Majgalolleid BOJIHBI, OOYCIOBJIEHHOU KaK MHUKPOCTPYKTYpPOM BOJIOKHA, TakK
1 KOMIIeHCAlIMe AUCTIEPCUOHHOIO PacIIbIBAHMST UMITYJIbCa, MHTEHCUBHOCTD pac-
CESTHHBIX KOMITOHEHT MOXET ObITh TOCTATOYHO BBICOKOM. [103TOMY MOXET Ipouncxo-
IUTHh U TIOBTOPHOE paccessHUe CTOKCOBBIX KOMITOHEHT, MPU KOTOPOM IOSIBISIOTCS
BOJIHBI C ellle 0ojiee HUBKMMM YacTOTaMH U T. .

Ilo cyiecTBY onTryeckast cucTemMa, M300paxkeHHas Ha puc. 24.4 1B. BKIIL., TIpe/-
CTaBJIsIeT COOOI MMMYJILCHBIN «1azep Oesnoro cBeTa». Ha BbIXoe Takoro ja3epa rnosip-
JIeTCs sipKasl BCIIbIIIKA OeJIOro cBeTa, MHTEHCMBHOCTb KOTOPOI'O Ha MHOTO TTOPSITKOB
MPEBOCXOIUT UHTEHCUBHOCTD APYTMX UCTOYHMKOB Oestoro cBeta. Kcrnoiap3oBaHKe Ka-
BBIYEK B HA3BaHWU Jlazepa IMOMYEPKMBAET HEKOTOPYIO €ro YCIOBHOCTb: MHTEHCHUB-
HOCTb MMITYJIbCa BEJIMKa, 8 0 MOHOXPOMAaTUYHOCTH CBETa TOBOPUTDH HE MPUXOAMTCS.

I'enepamyuss MMIyJIbCOB MAKOCEKYHAHOM JIMTEIbHOCTH. PaccMoTpuM mpoiiecc re-
Hepalluy CBETOBOIO MMITYJIbCA JJa3epoM, B PE30HATOP KOTOPOTo MOMeElleHa KIOBeTa
C XUIKOCThIO, KOA(PDULIMEHT MOIJIOLIEHMS 0. KOTOPOH 3aBUCUT OT MHTEHCUBHOCTH.
OH 3agaeTcsl TeM K€ BbhIpaKeHUEM, UTO U KoapuunueHT ycuneHus (7.19)
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_ %o
1+1/1Hac'

C yBeIM4eHNEeM MHTEHCUBHOCTU KOA(MMUILIMEHT MOTJIOIEHUST YMEHbBIIIAeTCs, IMo-
CKOJIBKY Pa3HOCTh 3acelleHHOCTel n, — h; — 0. KioBeTa ¢ HeIMHEHBIM MOIJIOTUTE-
JIeM Ha3blBaeTcsl npoceemasrouumcs gpuasmpom. OOBIYHO B KAYECTBE TAKMX MOTJIOTH-
TeJiell MCIIOJIb3YIOT PaCTBOPHI Pa3HOOOPA3HBIX KPACUTEICH.

DJIEKTPOMarHUTHOE TIOJIE B pE30HATOpPE Jiasepa MpEeACTaBlIsIeT COOOM CyIepro3u-
1Mo N TTpOAOJBbHBIX MO/, YaCTOThl KOTOPBIX MOMAAAIOT B MOJOCY YCUIEHHWS IIMPUHOMN
Avy..

DTU MOJIbI, BOZHUKAIOIINE TIPU CIIOHTAHHOM M3JTyYeHUH, UMEIOT CIIyJaitHbIe aMIl-
JIMTYIBI ¥ HadajibHbIe (ha3bl. I1oje B 110001 TOUKe pe3oHaTopa MOXHO 3arrcaTh B BUIE

o (24.23)

N
E(t) =Y A, cos[2nvt + (m —1)dvt + ¢,,], (24.24)
m=1
IJe Vv — YacToTa HU3LIeH Mo, dv = ¢/2L — MexmonoBas yactoTa (cm. (7.11)); N=
= Avy/8v — YMCIIO YCUIMBAEMBIX MOJIL.

IIpenmnonaoxum, 4To B MOMEHT BpeMeHHU ¢ = () BHYTPU KIOBETHI ITPOM3OLLEN CIIy-
YaiiHbI BCIUIECK MHTEHCUBHOCTU [ = E?. DTOT ciiydailHbIi UMITYJILC IIPU PACIIPO-
CTpaHEHUHU 4Yepe3 HEeJIMHEWHBIN (MIBTP MCIBITBIBAET MEHbIIIEe MOMIOILIEHUE, YeM
ocTajibHbIe (hparMeHTHI BOJIHEI B pe3oHartope (puc. 24.3, a).

ITpu xaxxmom npoxoae pe3oHaTopa (puc. 24.3, 6, 6) 3TOT UMIYJIbC OYAET YCUIU-
BaTbCs, W 3aTeM 4YacTb €ro BHEPruM ¢ UHTepBaIoM f = 2L/c OymeT BBIXOIUTh
u3 pe3oHaropa. CiienoBaresibHO, Ja3ep OyneT reHepupoBaTh MOCAeN0BaTeIbHOCTD M-
MYJIbCOB, UIMTEJLHOCTD KaXI0r0 M3 KOTOPBIX Tp ~ 1/Avy,.

Ha criekTpaibHOM si3biKe (hOPMUPOBAHME TTOCIEI0BATEIbHOCTU UMITYJILCOB 00YC-
JIOBJICHO CUHXpOHU3a1Meil Mon azepa. Ecnu nonoxuts B (24.24) A, = Ay, ©,, = @y, TO

E(t) = Ay SBNTOVE ot (24.25)
sin vt
3nech U MPOCTOTHI MPUHATO @) = 0. Torna MHTEHCUBHOCTh
sin Nndvt |°
I0=1)—-.
@ 0[ sin v } (24.26)
I'pacuk 3aBucumMoctu /() mokazaH Ha puc. 24.4.
! =0 A /1 2L/c
LI ¥ N?
“ ﬂ ﬂ
! t=2L/c
N
o6
I
=4t/c o
7 N 1 N A
| L | 0 PA) !
6
Puc. 24.3 Puc. 24.4
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Ilepuon cnegoBaHus UMMYJILCOB ¢ = 21 /c, a JUTEIbHOCTb UMITYJIbCA T, OTIpee-
JisieTcsl U3 ycioBusi Nmovt, = . OTcrona

1
NSV Avy

JI71st TBEPIOTEIIBbHBIX JIA3ePOB LIMPHHA MOJIOCH! YCUICHUS Avy./c ~ 102 M. Tlo-
3TOMY JUIMTEIBHOCTL UMMyJbea Ty ~ 0,3- 10712 ¢ = 0,3 nic. PeanbHble UINTENBHOCTH
GoJTbIIIe, TTOCKOJIBKY HE YOACTCS JOCTUYh TTOTHON CMHXPOHW3AIMN BCeX MO, TToTIa-
JAIOIINX B TTOJIOCY YCHJICHUS.

PaccMmoTpenHast cMHEXpOHM3AIIAS MO Ha3bIBaeTCd naccusHol. B KadecTse TipuMe-
pa YMECTHO TIPMBECTH TUITMIHBIC TEXHWYCCKUE XapaKTePUCTUKU PacIpOCTpaHeH-
Horo YAG:ND?*-nazepa ¢ nacCUBHOI CMHXPOHM3ALMEN MOJI.

IMpu HempephIBHOM HaKauykKe OH TeHEepHPYET MOCIeI0BaTeIbHOCTD TTMKOCEKYHI-
HBIX UMITYJIbCOB. DHEPTHUS eNMHUYHOTO UMITyJIbca W < 1 MJIX, IIMTETBHOCTh M-
nysbca 1y ~ 10 nc. TTukoBas MOLIHOCTE ummynsca P~ W/t, ~ 108 Br.

711 TTacCMBHOM CHMHXPOHM3AIIMM MO B TBepHOTEJBHBIX JIa3epax MPUMEHSIETCS
Takke KeppoBcKast rmH3a. OHa TIpeIcTaBIsieT co00i HEMMHEWHYI0 caMO(pOKYCHPY-
fo1yio cpeny (1, > 0), B KOTOpPOIT TPOMCXOANT KeppoBcKask caMo(oKycrupoBKa. B Bo-
JIOKOHHBIX Ja3zepax (CM. majiee) WMCITOJB3yeTcs TakKe HeJIWHEWHoe (3aBHCSIIce
OT MHTEHCUBHOCTH) BpalllcHNE TJIOCKOCTH TIOJISIPU3ALINN.

IMpy UMITYILCHOM HaKayKe TeHEPUPYIOTCS UMITYJIbCHI HAHOCEKYHIHOM IUTUTEIb-
HOCTH, KaXIbII N3 KOTOPBIX COCTOMUT M3 TTOCIIEAOBATETEHOCTH TTMKOCEKYHIHBIX M-
MyJbCOB (1yra), CAeAYIOIIMX C MHTepBajioM ¢ = 2L/c.

Bonpireit cTabMIIBHOCTY M YBEJTMUYSHMS YACTOTHI TTOBTOPEHUS IIyTOB JOOMBAIOTCS
C WCTIOJIb30BAHUEM AKMUBHOU CUHXPOHU3auuu mod. IInsh 3TOro BHYTPh pe3oHaTopa
JTazepa BOJIM3M OTHOTO M3 €T0 3¢pKall TOMEINAI0T aMITATYIHBINA MU (a30BEIi MO-
nynstop (puc. 24.5). YacTtora MOLYJISILIMK TOJKHA OBITH paBHA MEXKMOJIOBOI YacTOTe
dv = ¢/2L.

Amnaumyonas mooyaauusi OCYIIECTBIISIETCST 3AeKMpPOoOnmu4ecKkum VI aKyCcmoon -
muueckum 3ameopom. DIEKTPOONITUUSCKUI 3aTBOP COCTOMT M3 sfuciiku Keppa wim
IMoxkenbca, MOMEIIEHHON MEXIy ABYMS CKpeIlleHHBIMU TTOISIpU3aTOpaMu. AKYCTO-
OTNITUYECKUI MOIYJISITOP TIPEICTaBIIsIeT COOOM KPUCTAJI, B KOTOPOM BO30YXKIaeTcs
CTOsTYasl aKyCTUYecKasi BOJIHA 4acToTou f;; = &v = ¢/2L.

YcTaHOBIIeHME CUHXPOHU3ALWN TIPU TIPUMEHEHUHW MOOYJISITOPOB TIPOMCXOINT
rocaenoBarebHo. CHavaia TeHepupyeTcs MOIa B CepeInHe TMHUK YCHIICHUS (CM.
puc. 7.4). Eciu yacToTa 3TOM MOJbI paBHA V,, TO MPU MOAYJISILIUU UHTEHCUBHOCTHU C
YacTOTOM 6v BO3HMKAIOT JIBE COCTABJISIIONLINE C YaCTOTaMU V = vy £ v (CcM. Jiekiuto 13).
DTN COCTaBISIOLINE, SBJISSACH TIPOMOILHBIMA MOJAMM pe30HaATOpa, JeXaT BHYTPH
TIOJIOCHI YCWJIEHMSI IIMPUHON Avy, W, CJIeI0BaTe]bHO, OyayT ycunusathes. Pasbl
STHUX MOJ OYAyT CBA3aHBI ¢ (a30il MOIBI YaCTOTHI V. 3aTeM M3-3a MOIYJISIIANA MH-

TEHCUBHOCTH BO3HUKIIIEH ITapbl MOJI TTOSIBITCS
elle JABe MOJbI C YacTOTaMHu VvV = v, + 20v,

1 (24.27)

Monynstop KOTOpBIE TaKKe OYIyT YCUIMBATBCS U T. 1.
|] [] ﬂ ITonoOGHBIM 00pa3oM TMPOUCXOAUT
u |_| ” CUHXPOHMU3ALIMS MO U TIpU haz060tl Mody1s-
3epkato  AKTHBHas cpena 3epKato yuu. Takyro MOIYJSIINIO OCYIIECTBIAIOT
C TIOMOIIBIO BIIEKTPOONTUICCKON SUSHKM
Puc. 24.5 0e3 MoJISIprU3aTOPOB.
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Hanpumep, YAG:Nd**-1a3ep ¢ aKyCcTOONTUYECKUM MOIYJISATOPOM IIPU UMITYJIbC-
HOI HakauykKe reHepupyeT LYyT MUKOCEKYHIHbBIX UMITYJIbCOB C YaCTOTOM MOBTOPEHUS
g0 ~10 xI'u. B xaxmoM 1iyre HaxXOOUTCSl MOPSIAKA IBYX-TpeX AECATKOB MMITYJIbLCOB
C JUTUTEJILHOCTBIO KaXIOTO HECKOJIBKO NECITKOB MUKOCEKYHI U TMMKOBOM MOIIHO-
CThIO HECKOJIBKO METaBartrT.

Ha puc. 24.5 uB. BKII. TipeacTaBieHa ororpadusi TMKOCEKYHIHOTO UMITYJIbCa MPU
€ro pacIpocTpaHeHUM B Boxe, caenaHHas B 1971 r. M. [lrore B maGopatopun «bein
tenedon» (CIIA). OnbIT OB BHIIIOJIHEH C UCHOJIb30BAaHMEM HEOJUMOBOTIO Jiaszepa,
reHepUpYIOLIero MHGpaKpacHblii UMITYJIbC (A = 1,06 MKM) JUIMTEIBHOCTBIO OKOJIO
10 1c, KOTOPBIN NeUTENIbHOM TUIACTUHKOM pa3ielsjics Ha ABa UMITYJIbCA.

IlepBrbiit HampaBJIsAACSa Ha BBICOKOCKOPOCTHOM 3aTBOp (hoToamIapara, mpeacraB-
JISo1IMi coboii ssueiiky Keppa, mTOMelIeHHYI0 MEXIY JBYMSI CKPEIIEHHBIMU IO~
pounamu (cM. nekuuio 20). DTOT 3aTBOP OTKPHIBAJICS B TEUSHUE NEMCTBUS UMITYJIbCA,
T.e. B TeyeHue 10 mc.

Bropoii uMnynabc HaIpaBisUICS B HEJIMHEHHBIM KPUCTal, HAa BBIXOAE KOTOPOIro
MOJTYJYaJIOCh U3yYeHHe BTOPOM TapMOHUKY ¢ A = 0,53 MKM. 3aTteM 3TOT yXe «3efie-
HBII» UMITYJIbC PACIIPOCTPAHSIJICS CIpaBa HaJleBO B KIOBETE C BOIOI CO CKOPOCTHIO
okouo 0,22 mMm/nic. Ha xioBeTe HaHeceH MaciuTabd B MumuMeTpax. st pukcanmmu
UMITyJIbca (Kamepoii cOOKy) B BOIY I0OOABISIACH KA MOJIOKA C LIENbIO YCUIIUTh
paccesitHMe CBeTa.

ITpoTssKeHHOCTh UMITYJIbCA B BOJIE, €CJIM Obl OH HE ABUTAJICS, COCTABIISIET OKOJIO
2,2 MM. 3a BpeMsI 9KCIO3ULINU OH TIPOXOAUT ellle paccTosiHue 2,2 MMm. IToaTomy ero
M300paxkeHre pa3MbITO M TOHKAsl CTPYKTypa He BHUIHA.

KpacHoe mgatHo Ha ¢ororpadpum — 3TO uM300pakeHue, OcTaBIeHHOEe MHbpa-
KpacHBIM MMITYJIbCOM Ha (DOTOIIEHKE. DTOT UMITYJILC UCIIOIB30BAJICS TSI OTKPhIBA-
HUS 3aTBOpPA, ITOATOMY 00a MMITyJibca choTorpadpoBaHbl OMHOBPEMEHHO.

I'enepamys (peMTOCEKYHIHBIX UMIYJIbCOB. [loydeHre TaKUX CEPXKOPOMKUX UM-
nyabco6 TIOTPEOOBAIO KaK TPUBJICYEHUST HOBBIX (DU3MYECKUX UIEH, TaK U pelleHUs
psla MHXEeHePHO-TeXHUYecKuX mpobyeM. [1pu mnurensHocT mMmyibca T = 30 ¢
LIMPUHA JIMHUY YCUJIEHUSA Avy,/C = 10° cM~'. B TakoM auarna3oHe 4acToT HEOOXOIUMO
obecrevnTb (HasMpoBKY OFPOMHOTO YMCIA MPOLOTIBHBIX MOL: N ~ Av,./dv ~ 10°.

IIpu pacrpocTpaHeHUM B BO3AyXe, BCIEACTBUE MTUCIEPCUU, JIUTEIBHOCTh MM-
IMyJibca YBEJIMYMBAETCS B IIOJTOpPA pa3a Ha pPacCTOSIHUM OKoJio 15 M. B onrtuyecku
MPO3PaYHBIX KOHAEHCUPOBAHHBIX CPedax 3TO PACCTOSTHUE COKPAILASTCS 10 HECKOJIbKUX
caHTuMeTpoB. [1o 3TOl MpUYMHE HEOOXOIUMO UCIIOIB30BATh ONITUYECKHUE TEMEHTHI
C KOHTPOJIMPYEMBIMU TUCIIEPCUOHHBIMU CBONCTBAMM.

OnuH U3 BO3MOXHBIX MyTei MOTYyYeHUs] CBEPXKOPOTKUX MUMITYJIbCOB — TeHepa-
LIMSI UMITYJILCOB JIa3epaMU Ha KPacHUTENsIX, HaKaYMBaeMbIMU CUHXPOHHO MMITYJIbC-
HBIMU Jla3epaMM MMUKOCEKYHIHOU manuTeabHocTd. Ilepuon ciemoBaHus MMITYJIbCOB
HaKauykKyd paBeH WIM KpaTeH BPeMEeHU IPOXOXKACHUSI TeHEPUPYEMBIM HMITYJIHCOM
pe3oHaTopa Jiazepa Ha Kpacurese. BrIxogHoe u3nydeHue 3TOro Jiazepa npeacTaBiseT
c000i1 MmocaenoBaTeIbHOCTh MMITYJIbCOB, CJIECIYIOIIUX CHHXPOHHO C MMITYJIbCaMM
HaKauyKU.

B TunMuHBIX cxemax [J1s HaKauyKy MCTOoJIb3yeTcsl BTopasi rapMoHuka (A = 530 Hm)
usnyyeHns YAG:ND3*-nasepa ¢ akTuBHO#M cuHXpoHM3auueir moa. [lepuon cieno-
BaHUS UMITYJIbCOB HaKauKM JOJIKEH MPEeBbIIIaTh BpeMsl KU3HU BO30YKIEHHOTO CO-
CTOSIHMA KpacuTels T, ~ 1070 ¢ (eM. nexumio 7). JIuHaMuka (popMUpOBaHUS CBEPXKO-
POTKOTO UMITyJIbCca TMpeacTaBiieHa Ha puc. 24.6.
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CIUTOLIHOM TMHUEN cieBa MoKa3aH UMITYJIbC
Hakadku (puc. 24.6), a psaoM ¢ HUM IpaBee —
ycuiauBaeMbli umnyibe. IITpuxoBoit auHuUEH
“300paxkeHa 3aBUCUMOCTD OT BpeMeHU Koa(hhu-
nMeHTa ycwieHus G. ['opu3oHTaabHas ITPUXO-

t Basg JUHUS COOTBETCTBYET IOPOTrOBOMY YCHUJIE-
HUIO G

IIpy mepBBIX NMpoXomax MO pPe30oHaATOpYy
(puc. 24.6, a), Korma ycuJeHHe IpeBBIIIAET
MOTepH B TeUEHME ITUTEILHOTO IMTPOMEXKYTKA Bpe-
MEHU, YCUJIMBAEMbI UMITYJIbC TOCTATOYHO K-
pokuii. [Ipu yBeIMYeHMH €ro MHTEHCUBHOCTHU

¢ (puc. 24.6, 6) n3-3a MOSIBJIAIOLETOCST HACHIIIE-
HUST YCUJIEHUS 9TOT IPOMEXYTOK COK-palliaeTcs.
JnuTeabHOCTb TeHEPUPYEMOTO UM-TTYJIbCa 3a CYET
MPEUMYIIECTBEHHO YCUJIMBAIOILIECHCS CepeaHbBI
HMIYJIbCa YMEHbIIAETCs. DTO COKpallleHue
3aKaHYMBAETCsI, U YCTAaHABIMBAETCS CTalMO-
HapHBIA pexnm (puc. 24.6, 6).

1 Kak 1mokassIBaloT pacueThl, IJIUTEIbHOCTD T
MMITYJIbCa CBS3aHa C JJIUTEIbHOCTBIO Ty, UMITYJIb-

Puc. 24.6 Ca HAKAYKU COOTHOILIEHUEM

o = \Tula, (24.28)

rae t, — BpeMsl 3aTyXaHUsl CBOOOMHOM TOJapu3aluu; sk Kpacurens ¢, ~ 10 ¢c.

s ycusieHus UMITyJbca IIUTEIbHOCTh HAaKauKK T, JOJIKHA TPEBBILIATH BpeMsI
T, KOJIeDaTeJIbHOM peslakcalluy, 3a KOTOPOe MOJIEKYJIa KpacuTess IepeXoauT
Ha HIXKHUH TTIOAYPOBEHb cocTostHUS 2 (cM. puc. 7.19).

B peanbHBIX 3KCcIepUMEHTax yaaeTcss chOpMHUPOBATh UMITYJIbCHI JUTMTEIbHOCTBIO
7> 200 ¢dc. TeopeTudeckuit mpenesi, OrpaHUYMBAIOIINN CHU3Y IUIMTEIbHOCTh UM-
MyJIbCOB, TEHEPUPYEMBIX JIa3epOM Ha KpacuTesie Mpu CUHXPOHHOW HaKauyke, MoJy-
vaercst u3 (24.28), ecnu 1, = 1,. [lonarast 1, ~ 107 ¢, noxyyaem

TOmin = 1,Tpt2 =100 (bC. (2429)

HanpHeiilee cxxatue MMITyJbca A0 JIMTeIbHOCTEN Tp ~ S— 10 e ocymiecTnus-
€TCSI C IMOMOIIBIO ONTUYECKUX KOMITPECCOPOB.

B cepennne 90-x romoB XX B. ObUIM CO3MaHBI HOBbIE KPUCTAJLIbI, 00IamaoIIne
PEKOPIHO LIMPOKOIi Mmojiocoit yeunenus. B kpucrane Ti**AlLO; (Tutanar candupa)
nojioca ycmineHust Avy./c = 3500 cm'. CnenoBaresibHO, mpu (GasHpoBKe BCEX MOL
Jla3epa MOXXHO JOCTUYb JUIMTENBHOCTH 1) = 1/Avy. = 10 dc.

TuTtaH-candupoBblii 1a3ep HaKaYMBAeTCsI BTOPOI TapMOHMKOM Jla3epa Ha TpaHaTe
C HEOAMMOM JIM0O M3JIlydeHUEM aproHOBOro jlazepa. B HakaumBaeMoM Jiazepe yaa-
JIOCh OCYIIIECTBUTh BHYTPUMPE3OHATOPHYIO KoMrpeccuto. Henunelinasa gaszoBas Mo-
IyJISLMs BOSHUKAET B KpucTtamie Ti**Al,O5, obnanaronieM KyOuuHOW HeJTUHEHHOC-
ThIO, a €e KOMIIeHCAlUsI, TIPUBOIAIIAS K CXKATHIO, OCYILIECTBISIETCS C IOMOIIBIO
Maphl CTeKJISTHHBIX TTPU3M, TTOMEIIIEHHBIX B pe30HaTop. JIazep reHepupyeT UMITYJIbLChI
Ha mvHe BojHBI A = 800 HM, JUIMTENBHOCTh MMITYJILCOB COCTaBseT T, ~ 10 ¢dc,
asHeprusg W~ 107 JIx.
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DemmoceKyHOHbLI 6010KOHHDLI aa3ep. k>0 ky<0
Kak ormevanoch B ekunu 16, mmpoxkoe
pacrpocTpaHeHUe B KauyeCcTBE MCTOUHU-
KOB CB€Ta B BOJIOKOHHO-ONTUYECKUX JIN-
HUSIX CBSI3M TIOJYYWIM BOJOKOHHBIE Jia-
3epbl, TEHEPUPYIOIINE MMITYJIbCHI (heM-
TOCEKYHIHOM TUTEIILHOCTH.

IMpuHLMIIHATBEHAS CXeMa UMITYJIbCHO-
ro 3pOMeBOro BOJOKOHHOIO Jlazepa, COo- Puic. 247
3naHHoro B MHcTtuTyTe 0OLIell (pu3uKu
uM. A. M. IIpoxopoBa PAH, noka3zaHa Ha puc. 24.7.

M3nyyeHne HaKauykKy OT Jla3epHOro auoaa JI/[ 1o macCMBHOMY OIITUYECKOMY BO-
JIOKHY BBOAMTCS B ONTUYECKUI CIIEKTPaTbHO-CEJEKTUBHBINM OTBeTBUTENb (). Hakau-
Ka OCYLIECTBIISIETCS Ha IjuHe BOMHBI 1480 HM, a ycujeHMe M TeHepalus — Ha
JHe BOJHBI 1 550 HM, IJ11 KOTOPO MUHUMAJIBHBI TIOTEPU U JUCIIEPCUST TPYIIIO-
BOIf CKOPOCTHU B BOJIOKOHHO-ONTUYECKOM THUY CBA3U. [Ipu 3TOM 3pOMeBbIii CBETO-
BOJI MMEET TMOJIOXMUTENLHYIO JUCIIEPCHUIO TPYNIOBOi ckopocTh (k, = 0,0195 nic?/m),
MO3TOMY MMITYJIbC B aKTMBHOM BOJIOKHE BCJIEACTBHUE IMCIIEPCUU OYIET pacIlIbl-
BaTbCs U NPUOOPETATh MOJIOKUTEIbHBIN YUPI YaCTOTHI. JIOMOJTHUTEILHBINA YMPIT TOTO
K€ 3HaKa MMIIYJbC IPUOOPETeT M BCJIEACTBUE OIMMCAHHON BBHIIIE HEJIMHEUHON
dazoBoit camomony . YToObl YMEHBIIMTh 3TOT CyMMAapHbBIM YMPII, KOHIIBI aK-
TUBHOTO CBETOBOAA MPUITAMBAIOT K KOHIIAM IMACCMBHOI'O CBETOBOMA, O0JIaNal0IIeTro
OTPULIATEIBHOM AUCIIEPCUE TPYIIIIOBOI cKopocTH (k, = —0,022 ric?/m). O61as -
Ha L oOpa3oBaBIErocsl KOJIbLEBOIO Pe30HATOPa COCTaBISIET 8§ M.

B pe3oHaTtop BMOHTHPOBAH U30JISATOP, COCTOSIINMN U3 stueiiku Papaness @ u nByX
KOHTPOJUIEPOB mosipu3auu (nonsipusaropoB) I1; u II,. V3onstop obecneynBaeT
pacrnpocTpaHeHUe MMITYJIbCOB B OJHOM HampaBIeHMU, YKa3aHHOM CTpPEIKOM
(cm. nexkumio 20).

B nazepe ocyiecTisieTcsl macCMBHAas CUHXPOHU3ALIMS MOJI 32 CUET HEJIMHEMHOTO
(ITpONOPIMOHAIBHOTO MHTEHCUBHOCTH) TTOBOPOTA TIOCKOCTH TOJISIpU3AllUM CBETa
B OTpe3Ke BOJHOBOJA MEXIY NBYMsI KOHTpoJiepamu. Eciu BCIieck MTHTEHCMBHOCTH
(MMITyJIbC) B HEKOTOPOM 00JIaCTH KOJIBLIEBOTO pe3oHaTopa OyneT MMeTh 3HaueHUe,
JIOCTAaTOYHOE JUISl IOBOPOTA TIJIOCKOCTH TTOJISIPU3AllMM Ha YTOJI, PAaBHBIN YTy MEXTY
[JIABHBIMU TIJIOCKOCTSMU KOHTPOJUIEPOB, TO 3TOT UMIYJbC MPOMAECT Yepe3 U30JIsd-
TOp U OyAeT YCUJIEH.

Ecnu MmonrHocTh Hakauku nipeBbiinaeT 150 MBT, To HaUYMHaeTCs: CaMOTPOU3BOJIb-
Hasl TeHepalus UMITYJIbCOB, CIEeIyIOIIMX ¢ yacToTtoil 25 MI'u, oOpaTHOii BpeMeHU
t=2L/u (u — rpynmnoBasi CKOPOCTb B BOJOKHE) Ipobera MMIYJIbCOM KOJIbLIEBOTO
pe3oHatopa. CpenHsisi MOLIHOCTL reHepauuu P = W/t =24 mBr.

M3 pe3oHaTopa CBETOBOIl MMIIYJILC BBIBOOUTCSI Yepe3 Apyroii otBeTBUTENb O,.
711 TOYHOM KOMITEHCAllUM YMPIIa YaCTOThI U MOJYYEHHST KOPOTKOTO CITEKTPaIbHO-
OrPpaHUYEHHOTO MMIIYJIbCA M3 OTBETBUTENSI MMITYJIbC MOCTYIAET B OTPE30K BOJHO-
BOJA JUIMHOH 85 cM, 00J1afaloliero OTpULaTeIbHOM AUCIIepCHeil TPYIIIOBOI CKOPO-
ctu. B aTOM ciyyae 1mTeIbHOCTh UMITYJIbCa B KOHIIE oTpe3ka paBHa 80 ¢c. [Tockoib-
Ky t=4-10" ¢, sHeprug ogHoro ummnynsca W= Pt~ 10~ JIx.

H3mepenue JIATEIHLHOCTH CBEPXKOPOTKHX HMIYJIbCOB. IIMTETbHOCTh UMITYJIbCA
Ty OTPENENSIOT U3 KOPPEISILIMOHHON (DYHKIIMU MHTEHCUBHOCTU Bj(t) = I(1) (1 + 1),
rae /(t) — pacrnpeneneHre UHTEHCUBHOCTU B UMITYJIbCE. DTY (DYHKIUIO U3MEPSIOT
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C TIOMOIIIBIO Koppeasamopa, OfHa U3 BO3-

A MOXKHBIX ONITUYECKUX CXEM KOTOPOTO IO~
¢ P 1 KazaHa Ha puc. 24.8.

-~ <| A ‘”I] CBEeTOBOI My4yOK C MOMOIIBIO TMOTY-

32//4_U>B%'2w MPO3pavyHoOro 3epkana 3; pazaensercs Ha

wl] JIBa Imydka. [1pu oTpaxkeHuu ot npusM 11,

U 11, UMITyJIbCHI IIPUOOPETAIOT BPEMEHHYIO
3aJepXkKy T. DTa 3agepxkKa MOXeET

11

1, U3MEHSIThCS TIepeMellieHueM TTPU3MbI /1.
O06a umnynbca C MOMOIIBI JUH3bI JI
Puc. 24.8 MOMagaloT B KPUCTALU, B KOTOPOM Te-

HepupyeTcsl BTopasi rapMoHuKa. Jlnacpar-
Ma /[ oTceKaeT MMITYJIbChl HaKaukKu. DHeprus W,(T) uMIyiabca BTOPOM rapMOHUKHU
3aBUCUT OT BPEMEHU 3AAEPXKKU T:

W,(t) = [const] ]: 1) (¢t + t)dt =[const]B, (7). (24.30)

31ech KOHCTAHTa OompenessieTcs mapaMeTpaMu Koppessitopa K.

IIpu mocTerneHHOM YBEIMYEHUM BPEMEHU 3alepKKU OyaeT MOHOTOHHO YMEHb-
LIAThCSI SHEPTUS UMIYJIbCa BTOPO rapMoHUkKuU. Ecnu T > 15, TO NEPEKPHITUS UM-
MyJIbCOB HE TTPOMCXOAUT U TeHepallus BTOPOI TapMOHUKM B YKa3aHHOM Ha PUCYHKE
HanpaBJIeHUU HEBO3MOXKHA. DTO U MO3BOJISIET ONMPEACTIUTh JTUTEIBHOCTD T.

ITo 3TOi1 Xe MeTomMKe MOXHO MCCIeNOoBaTb BPEMEHHYIO 3aBUCUMOCTDb [(f) WH-
TEHCMBHOCTHM MUKOCEKYHIHOTO UMITYJIbCa. DTOT MMITYJIbC HAMpPaBISIOT B KOppEJsi-
TOP BMECTE C NMPOOHBIM (PEMTOCEKYHIHBIM UMITYJILCOM ¢ orubarnoweii /(7). danee
HU3MEPSIETCs SHEPIHST UMITYJIbca BTOPOi rapMOHUKU W)(T), MpOnopLMOHaIbHAS Kpocc-
KoppeasyuonHol (pynKuuu

B.(1) = T 1, ()1 (t +)dt. (24.31)

ITocKoabKy IIUTEILHOCTD TPOOHOT0 MMITYJIbCA HAMHOT'O MEHbIIIE IJTUTEIHbHOCTH
UCCJIElyeMOTO, MOXHO TMOJNOXUTb Iy(7) = 1,d(7) (8(f) — nenbra-pynkuus). Torna

W,(t) = [const]B,(7) = [const]T 1,0()I(t + t)dt = [const]lyI(T). (24.32)

Takum oOpazoM, U3Mepsisi IPU pa3HbIX 3alepxKKax T sHepruio W,(t) ummnynbca
BTOpPOI FapMOHUKM, MOXHO OIpPEAe]UTh pacrpeaeieHue NHTeHCUBHOCTU I(T).

CaepxcuiibHble CBeTOBble mojsi. Kak oTMeuanoch paHee, xapakKTepHasi Harpsi-
>KEHHOCTb BHYTPMATOMHOTO MOJISl, YAEP>XKUBAIOILEero 3JIEKTPOH B aToMe, paBHa E,, =

= 10" B/M. Takum moJjiem GyzieT 06J1anaTh BOJHA MHTEHCUBHOCTBIO [, = ECSOAaZT ~

~1,3-10" Br/m? = 1,3 - 10" Br/cM?, KOTOPYIO OyIe€M Ha3bIBATH ATOMHON MHTEHCUB-
HOCTBIO.

Ec/Ii MHTEHCUBHOCTL CBETOBOI BOJIHBI, MAJaloOLIeil HAa TBEPAOE BELLECTBO (MHU-
IIEHB), TPEBOCXOAUT aTOMHYIO MHTEHCUBHOCTb, TO B TIOBEPXHOCTHOM CJIOE DJIEKT-
POH MOXKET MOTEPATH CBA3b CO CBOMM atoMoM. B pesynbrare obpasyeTcs Iuiasma,
COCTOSAIIAsA U3 CBOOOIHBIX SJIEKTPOHOB M MOHOB.
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Bonee Toro, B Te4yeHMe AEMUCTBUSI KOPOTKMX CBETOBBIX MMITYJILCOB 2JIEGKTPOHBI HE
YCIIEBAIOT Pa3/ieTeThbCsl, U TUIOTHOCTb TUIa3Mbl, a CJIeAOBAaTeJIbHO, W KpUTHYECKas
yacToTa OyIyT TaKMMM XKe, KaK U Yy KOHAEHCUPOBaHHO cpenbl. Takyto miaa3My Ipu-
HSITO Ha3bIBaTh Memaitu3uposanroi. I103ToMy UMITYJIbC B Cpeie pacIipoOCTPaHSTHCS
HEe MOXeET, a OyIeT JMIIb MPOHUKATh Ha HEOOJIBIIYIO TJIYOMHY TOpsIIKa TOJIIUHBI
CKUH-CJTOSI.

s onvcaHusT B3aUMOJEWCTBUS MOJIsI C BELIECTBOM MOJE/Ib aTOMHOTO OCIIUJIIS -
TOpa CTAHOBUTCSA HempueMaeMoii. HeobxoamMo onuchIBaTh MOBEAEHUE OTPOMHOTO
yucia 3apsKeHHBIX YaCTUIL B 3JIEKTPOMAarHUTHOM I10JI€ BOJIHBI, OKa3bIBAIOIIMX TP
CBOEM JABVKEHMU B3aMMHOE BIMSIHUE APYT Ha Ipyra. DTO yaaeTcs caeaaTh ¢ UCTOJb-
30BaHMEM COBPEMEHHBIX CYIEePKOMITHIOTEPOB.

IlnazMeHHas cpema MpeacTaBsIeTCsl B BUIE MOIEIU, COCTOSIIEH U3 HECKOJIBKHUX
MUWJIMOHOB KpynHbixX 3apsaxcenublx yacmuy (particles in cells). Kaxgas takast yactuia
IBUXXETCS TaK, KaK M OTPOMHOE KOJUYECTBO PeaJbHBIX 3JIEKTPOHOB WJIM HOHOB
B 3TOI 00JIaCTU MPOCTPAHCTBA (STYEUKE).

Ecnu MHTEHCUBHOCTD BOJIHBI [ > [,;, TO 2JIEKTPOHBI MPUOOPETYT B JIEKTpOMATr-
HUTHOM I10JIe OOJIbIINE CKOPOCTU, Y UX ABMKEHHME CTaHEeT pelsITUBUCTCKUM. Ole-
HUM HaIpsLKeHHOCTD MOJISI U MHTEHCMBHOCTD BOJTHBI, TTPU KOTOPOI 3TO MPOUCXOIUT.

Ecny HanpsixeHHOCTD T0J151 BOJIHBI paBHa E = A cos of, TO pesITUBMCTCKOE YpaB-
HEHUE JABMKEHMS 2JIEKTPOHA 3aIUIIEeTCS B BUIC

% = eA cos ot, (24.33)

I1e p — PEASATUBUCTCKUI MMIIYJIbC 3JIEKTPOHA, BEJIMUMHA KOTOPOTO paBHA
eA .
p =—sin of. (24.34)
®
KuneTnyeckast sHeprus 2JeKTpoHa, KakK CJeAyeT U3 CrielaabHOM TeOPUU OTHO-
CHUTEJIbHOCTH,
— [2.4 . 2.2 2
W,, = m*c* + p’c* —mc*. (24.35)

3nech mc? — sHeprud nokod. IIposBieHue peasaTUBUCTCKUAX 3(DPEKTOB OYIET Cy-
LIECTBEHHBIM, eciu W,, ~ mc?. Ina yno6ctBa oueHku nonoxum W, = 0,4mc?
1 OTIPENIEIMM aMILTUTYIY BOJHBI A, TIPY KOTOPOI MOCTeIHEE PABEHCTBO BBITTOIHSIETCS.
M3 (24.35) nonyuaem

pe = mc?. (24.36)
IMomaras B (24.34) sin wf = 1 1 moacTasasas B (24.36), IpUXOOUM K paBEeHCTBY
eA.\ = mc?, (24.37)

KOTOpOE O3HAYaET, UTO paboma, cosepuiaemas noaem HA pacCMosHUU, cO8NA0aruem
¢ OAUHOU BOAHYI, PAGHA dHEPeUU NOKO0A 31eKmpoHa. JITs IITMHBI BOJTHBI A = 1 MKM Takoe
ToJie JOCTUTAETCS B BOJIHE, MHTEHCUBHOCTBL KoTopoii 1, ~ 10'® Br/cm?.
ITosig HaNPSIKEHHOCTHIO
mc?

E>A =" .
= (24.38)

WJIM WHTEHCUBHOCTEIO [ > [c Ha3bIBAIOTCA CEEPXCUNbHBIMU CEEMOBbIMU NOAAMU.
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I1pu B3aMOAEHCTBUU ATUX TOJIE C PEeJIITUBUCTCKOM IIJIA3MOM TOSIBISIIOTCS Ta-
KY€ HOBBbIC SIBJIEHUsI, KaK TeHepalus peHTTeHOBCKOTO U3JTy4eHMs, BOBHUKHOBEHUE
Y-U3JIy4eHUsI, peITUBHCTCKAsT caMo(OKYCUPOBKa, TeHepalysl BBICOKUX TAapMOHUK.
OTKpBIBaeTCS BOBMOXKHOCTb YCKOPSITh JIEKTPOHBI M MPOTOHBI 10 OYEHb BBICOKHX
CKOpPOCTEMi, B pe3yJIbTaTe Yero MOI'yT BOZHUKHYTb CHJIbHbIE MATHUTHBIE MOJII U Ap.

CoBpeMeHHbIE JOCTHXKEHHSA M TpeaebHbie BO3MOKHOCTH T€HEPAIMH CBEPXCHJIb-
HBbIX CBETOBbIX moJieii. Kak otMeuanock B nekuuu 2 (cM. dopmyny (2.20)), MHTEH-
CHBHOCTb CBETOBOTO MMITYJIbCa

=2 (24.39)
T§T,

711 TIOBBITIIEHNST MTHTEHCUBHOCTH MOXHO €TO YCWINBATh, YBEJIMIMBAs TEM ca-
MBIM €T0 SHepruto W, m cokpaliaTh JUIMTETEHOCTD UMITYITbca Ty Kpome Toro, cBeTo-
BOM ITyY4OK HEOOXOIMMO CPOKYCUPOBATH IIJIST TOTO, UTOOBI YMEHBIIUTD €TO PATUyC #.

MuHnManbHOE 3HaYeHWE TUIOIIAAN TIOTIEPEYHOTO CeUeHUs TMyYKa OrpaHUICHO
nudpakumein U coCTaBIAET (M) min = A2 [T03TOMY B (POKAIBLHOIM MIOCKOCTH cOOMpa-
olIeil KOpOTKOMOKYCHOI JIMH3BI MOXKHO JOCTUYh WHTEHCHUBHOCTH

4
7\«2’50 ’

Ha puc. 24.9 npeacrasneH rpaduK, ITOKa3bIBAIOLINI BaXKHEHIIIE 3TAIbl TIOBbI-
IIeHUsT WHTEHCUBHOCTU TIpU (DOKYCHMPOBKE ITyYKOB JIA3€PHBIX CHCTEM, HauyWHAas
C MOMEHTa Co3JaHusl pyOMHOBOIO Jiazepa.

B 60-¢ romer XX B. OBICTpOE YBeTMUEHNE MHTEHCUBHOCTH 0 3HAYCHUI TTOPSIIKA
10'* Br/cM? 6bUTO JOCTUTHYTO 6J1arofaps UCTIONL30BAHUIO BHAYAIE MOMYJIALIAN 100-
POTHOCTH, a 3aTeM U CMHXPOHU3AIIMU MO/, Jla3depa, MO3BOJMBIIUM YMEHbBIIUTD U~
TEJILHOCTBb MMITYJIbCA 10 BeJImunH 1y ~ 10712 c. CnipaBa Ha rpaduke 1aHa OCh 3HAYEHUIA
XapaKTePUCTUYECKOW SHEPTMU CBSI3AHHOTO C SIAPOM BJIEKTPOHA (B 3JI€KTPOH-BOJIBTAX).

B 70-¢ roger 1 B mepBoii 1ojioBuHe 80-X rogoB XX B. 3TOT POCT CYIIECTBEHHO
3aMeJITUJICS, TIOCKOJIbKY ObUI CBSI3aH C MPOOJEMOM YCUIEHUS MUKOCEKYHIHBIX UM-
MmyJabcoB. JIes10 B TOM, YTO aKTUBHAS Cpella YCUJIUTEJIS MO3BOJISIET U3BJIeUb C €AMHU-
LIl TUIOLLAAN €€ MOMEPEYHOro CeueHUs OTpaHUYEHHYI0 SHEPTUIO.

Jo0as1 akTUBHAsI cpefa YCUIIUTENs XapaKTepUu3YyeTcsl HacbiueHHOU (npedeabHoll)
NAOMHOCMbI) NOMOKA dHepeul, KOTOPYID MOXHO M3BJIeUb U3 CPebl:

(24.40)

Jrac = z_v (24.41)

I, Br/cm? Wr  tme hv — sHeprus GoToHa; G, — IUIOLIAAbL
1051 ceueHUs (WM cedyeHMe), XapaKTepU3yIOIIEero

1 T8 B3auUMOJIENCTBUE (DOTOHOB C aKTUBHOMW Cpe-

10| noit. [TogoOHas Mo CMBICTY XapaKTepUCTHKA,

1IM3B  ceyeHmne paccesiHMsI, UCIIOJB3YETCS B Kypce
MOJIEKYJISIDHOW (DU3UKU [JIsT OMIMCaHUs B3au-
1158 MOJIEVCTBHA IIOTOKA YAaCTHULL C PACCENBAIOIIEN
CpeIoN.

Hanpumep, mjiss HEOAUMOBOrO CTeKja
(0,= 102" cM?) Jype = 4 JIX/CM?, U1 TUTAHA-
Puc. 24.9 Ta cangupa, ceyeHue KOTOPOro HeCKOJbKO
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Ctpetuep

Ycunurenb

Puc. 24.10

oonble, J,,. = 0,9 IIx/cM?, 1151 KpacuTeieil, ce4eHre KOTOPBIX BBIILIE Ha TP MTOPSI-
Ka, TUIOTHOCTh SHEPIUU HACBILLEHNS OyIeT HAMHOTO MeHbIIe — ropsiaka 1 MJIx/cm?.

Ecnu ocyliiecTBasITh yCUJIEHUE UMITYJIbCOB MMMKOCEKYHIHOU MJTMTETbHOCTU B HEO-
JIMMOBOM CTEKJIE, TO MpHU Ty = 10712 ¢ MIOTHOCTH MOIIHOCTH (MHTEHCUBHOCTD)
coCTaBUT [ = Jy,o /T, = 4 - 10" Br/cm? Ecin nonepevHoe cedeHne HeOMMOBOTO CTep-
KH$I G TOJIOKUTh PABHBIM 2 CM2, TO Ha BBIXOJE YCUJIUTENS OYIeT JOCTUTHYTA MOLI-
HOCTh P = Io ~ 103 Br. OnHako Npy Takoil MOILIHOCTH, BO-TIEPBBIX, MOXET IIPO-
U30UTU pa3pyllieHue (MEKTPUYECKUil mpoOoil) HEOAMMOBOIO CTEKJIa M, BO-BTO-
pPBIX, Pa3BUThCSI MeJKoMaciuTabHas caMo(pOKYCHUPOBKa, CIIOCOOCTBYIOIIASI 3TOMY
pa3pyllIeHUIO.

YTo6bl OOOUTH 3TU TPYAHOCTU, BO BTOPOil TojoBuHEe 80-X TOAOB Obla MpeaIo-
JKeHa OpUTMHaJbHas METOIMKA YCUJIEHWS] UMITYJIbCOB.

Ilepen TeM Kak momnacth B YCWJIMTENb, UMITYJIbC TTPEABAPUTENIBHO PACTATUBAETCS
BO BPEMEHM OT THICSIYM IO COTHU ThICSIY pa3. YCTPONCTBO, B KOTOPOM 3TO OCYIIIECTB-
JIsieTcsl, Ha3bIBaeTcsl cmpemyepom (OT aHIJ. stretch — pacrtdaruBath). BenuuuHa J,.
MPU 3TOM HE U3MEHUTCS, OJJHAKO Ha MHOTO MOPSAKOB OyJIET YMEHbIIIEHA MOIHOCTh
(M THTEHCUBHOCTb) YCUJIMBAEMOM BOJHBI. DTO MO3BOJIUT M30€KaTh ONMMCAHHBIX BBIILIE
TPYAHOCTEMN.

ITocne ycuneHus UMITyJIbC HAIIPaBISIETCS B KOMIIPECCOP, B KOTOPOM CXKMUMAETCS
o ucxogHoi mmmntenbHocTh. Ha puc. 24.10 cxeMaTuyHO M300paxkeHO IOCie0Ba-
TEJIbHOE TMPOXOXAEHUE UMITYJIbca Yepe3 CTPETIYEP, YCUIUTENb U KOMIIPECCOP.

B niepBbIX 3KCIEpUMEHTaX CTPETYEPOM SIBJISUICS ONTUYECKWI BOJHOBOJ, C MOJIO-
KUTENBLHOM Aucnepcueil TpynmnoBoil ckopocTu. CIeKTpalbHO OrpaHUYEeHHBIA UM-
MyJIbC YIJIMHSIICS BO BPEMEHM U CTAHOBWICS (Pa30BO-MOAYJIMPOBAHHBIM, WA YUP-
MMPOBAHHbBIM.

ITocne ycuneHus oH HampaBJsICs Ha Napy napauiebHbIX TMPPaKIIMOHHBIX pe-
LLIETOK, BHITIOJHSBIINX POJib KoMmIipeccopa. Ha puc. 24.11 cxeMaTuyHO M300pakeHO
cXXaTve UMITYJIbca TAKUM KoMITpeccopoM. [1apa mapaiienbHbIX pellieToK 5KBUBAJIEHTHA
JUCIIepTrUpYIOLLIEH cpelie ¢ OTpULIATEIbHOM Aucnepcueit rpymnmnoBoii ckopoctu. Cre-
JIOBaTeIbHO, TOCce KoMIpeccopa (a3oBasi MOAYISILIMS HCUE3aeT U UMITYJIbC BHOBb
CTAaHOBUTCSI CHEKTPATIbHO-OTPAHUYEHHBIM.

| M

Puc. 24.11 Puc. 24.12
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ITockonbky cucrema, rokaszaHHast Ha puc. 24.10, aBiseTcst TMHEHHOM, TO CIeK-
TpajibHasl TUIOTHOCTb M3JIydyeHUs1 He uaMeHsieTcs. [103ToMy IIUTEeIbHOCTU YCUJIEH-
HOTO 1 YCUJIMBAEMOI'O UMITYJIbCOB OYIyT paBHBI.

Ecnu pellieTkn pacnoloXuTh TaK, KaK 3TO M300paxeHo Ha puc. 24.12, To sTa
cuctemMa OydaeT paboTaTh KaK CTpeTYep, pacTIruBas MMITYJIbC M IIpeBpallasi ero
B (pazoBo-MoayaMpoBaHHbIN. [1apa pelieTok B 3ToM cUTyalluu OyaeT 3KBUBaJeHTHA
JUCIIEPTUPYIOLLEH Cpelie C IMOJIOXUTEIbHON IUCIIEPCUEN TPYIIIIOBOM CKOPOCTH.

B coBpeMeHHBIX ONTUYECKUX CUCTeMax clabble MMIYJILChI C SHEepPruel Topsaka
1 5/Ix moryT yeunusarbed B 10— 10'2 pa3, mosToMy MX SHEPrus MOXET JOCTUTATh
pesinuuH 10— 103 k.

C momoIplo Takoil cxeMbl ycuiaeHuss B 1987 r. ObUIM IMOJYyYEeHBI MMITYJIbCHI
C IIMKOBO# MOIIHOCTLIO P ~ 10'2 Br = 1 TBr (tepasart). B 1999 r. 6bUIM MOIYYEHBI
VMITYJIbCHI MOIIHOCTBIO P ~ 10 Bt = 1 IIBT (merasarr).

B HacTosiiee BpeMsi B MUpe TMOCTPOEHBI Jla3epHbIe CUCTEMBI, TeHEPUPYIOIINE
WMITYJIbCHI MOILIIHOCTBIO B JAECSTKM M COTHU TepaBaTT. YXke (BYHKIIMOHUPYIOT WM
HaXOIATCS B CTAAUU CO3MaHMSI 0KOJIo 20 meTaBaTTHBIX CUCTEM.

IMpyu (HOKYCUPOBKE TAKMX CBEPXMOILIHBIX UMIIYJIbCOB B MATHO ILIOIIAALIO ~A2
B HACTOSILIEE BPEMS YAAJIOCh JOCTUYL MHTEHCUBHOCTH ~10%! Br/cm?2.

B 3akioueHre OTMETHUM, YTO CYIIECTBYET TEOPETUUECKUI Tpeaesl JOCTUXKEHUS
MaKCHMaJIbHbIX 3HAYEHU MOIIIHOCTY 1 UHTEHCUBHOCTH, OOYCJIOBJIEHHBIN HATUYM-
€M HACBILIEHHO IUIOTHOCTH 1oToKa. [Tpy mmpuHe Avy, TMHAN yCUIIEHUS aKTUBHOMA
cpenbl JUIMTEebHOCTh UMITYJIbCA TIOC/Ie KOMIIpeccopa OyldeT He MeHbIe BeJTUYUHBI
Tmin = 1/AVy, TIO3TOMY MaKCUMaJibHas (Ipele/ibHasi) MOLIHOCTb OyleT paBHa

Prax = JuacOAVy, (24.42)

a MakKCHMMaJibHasgd MHTCHCHUBHOCTL IIPpU (bOKYCI/IpOBKe MOXET JOCTHUYDb HpeHeHbHOﬁ
BCJIMYMNHDbI

J acOA
Loy = IZT;X = Hac}(; Ve > (24.43)

e ¢ — IUIOLIAb ITONIEPEYHOTO CEUYEHHsT AKTUBHOM CPEJIbL.

Hampumep, st TutanaTa cardupa, 00J1a1akollero IMPOKOii MOJI0Coii yCHIeH s,
npu ¢ = 1 cm? MoiHoCTh P, = 200 TBT, a nHTEHCUBHOCTD /)5, = 0,3 - 102 Br/cm?.
Hnst utrepoueBoro crekaa (Yb-utrepOuit, mpuHamIexalliuii K JaHTaHOUIAM) 3TU
BEJIMYMHBI OyIyT COOTBETCTBEHHO paBHbI 3 000 TBT u 3 - 10 Br/cM?.

Hcnonb3oBaHne TaKUX TPOMaIHBIX MHTEHCUBHOCTEN pacIIMPseT TOPU3OHTHI CO-
BPEMEHHOI ONTHKH, TIO3BOJISIA IIPOBOIANTH UCCIIEN0BAHMS B 00JIaCTH (DU3UKU BBICO-
KHMX DHEPIHii, KOCMOJIOTHH, OOIIEH TEOPUM OTHOCUTENLHOCTH W MHOTUX IPYTHX
00J1acTIX 3HAHUSL.



PA3IOEJ] 10
INPUEMHUKHN CBETA

JEKITHUA 25

B 3akimounTenbHOM JIeKIIMKM pacCMOTPUMM Haubosiee BaxkKHbIE TTPUEMHUKM CBETa
Y TIPUHLUIMBI UX PAOOTHI.

I'na3 yenoBeka. UenoBeueckuil Ij1a3 — YHUKaJIbHBIA BbICOKOUYBCTBUTEIbHbIN
MpUEeMHUK cBeTa. OH cXeMaTUYHO U300pakeH Ha puc. 25.1 uB. BkII. ['1a3 nmeet dop-
My, OJIM3KYIO K chepruyecKoii ¢ imaMeTpoM okoio 2,5 cM. [lepenHsist yacTh 3aiiuiie-
Ha MPO3payHbIM MOKPLITUEM, Ha3blBaeMbIM poroBulleit. Iloma Heit HaxoauTCs 3Jac-
TUYHAas Karcysa, coaepxkaiiias HeOTHOPOMHYIO XKejleoopasHyto Maccy. Kancyna nmeer
(hopMy NBOSIKOBBITTYKJIOM JIMH3bI U Ha3biBaeTcs xpycmanukom. CpenHUN MoKa3aTellb
MpeJioMJIeHUs XpycTainka paBeH 1,437. [TpocTpaHCTBO MesKay pOTOBMIIEH U XpycTa-
JIMKOM 3ar0JTHEHO KaMepHOll 61a20li 21a3a, UMEIOLLIEH TToKa3arteb rpeomieHus 1,336,
OJIM3KUI K TTOKa3aTes o TpeaomieHus Boabl. [lozanu xpycraanka pacnoioXKeHO CTeK-
JIOBUITHOE TE€JIO C TaKWM K€ IMoKaszaTesieM MpeJOMJIEHMS, KaK y BJIaru.

HenocpenctBeHHO mepen XpycTaalMKoM MMeeTcs nuadparma, TuameTp OTBep-
CTHUSI KOTOPOU (3pauok) MOXET U3MEHSTLCS B 3aBUCUMOCTU OT MHTEHCHBHOCTH Tia-
Jaroiiero cBera. OnTuyeckas: Cuiia 3J1aCTUYHOTO XpYyCTaIMKa TaKKe BapbUpYeTCs 3a
CUET BO3ACUCTBUS IJIA3HOM MBILILIbI, C KOTOPOW XPYCTAJIMK CBSI3aH.

Jlyuu cBeTa, MpeomMIIsISICh Ha POTOBUIIE U XPYCTaMKe, JOCTUTAIOT 3aIHEN MTOBEPX-
HOCTH IJIa3a, Ha KOTOPOil pacrioioxkeHa ceemouyecmeumenvhas cemka. Ee cBeTouyB-
CTBUTEJIbHBIMU 3JIEMEHTAMM SIBJISIIOTCS HAA04KU Y K0AO0UKU, KOTOPBIe BhIpAOAThIBAIOT
WMITYJIbCHI, PACIIPOCTPAHSIONIMECS TT0 HEPBHON CHUCTEME K TOJIOBHOMY MO3TY.

IManouku, pacrnonarasch B nepudepuyeckoil 4acTy ceTyaTKM IJiaza, ob0jamzaroT
0OJIBIIIOI YYBCTBUTEIbHOCTBIO, HO HE pearupyloT Ha pas3nnyus B 1BeTe. Koabouku,
HaXOISIIMECS B LIEHTPAJIBHOM YacTU CETYATKM, MeHee YYBCTBUTEbHbI, 3aTO IMO3BO-
JISTIOT pa3inyarh LIBeTa U MEJIKUE IeTalu paccMaTpMBaeMoro rpeameTa. biaarogaps
BCEMY 3TOMY UeJIOBEK O0JIafaeT ABYMs 3peHUSIMU: dHe@HbIM (CBSI3AHHBIM C pasipa-
JKEHUEM KOJI0OUEK) U cymepeuHbim (CBSI3aHHBIM C pasApakeHUEM Maloyek).

B 00bIUHBIX YCIIOBUSAX 3aAeiicTBOBaHbBI 00a 3peHMs. OQHAKO TIPU MaIbIX OCBElleH-
HOCTSIX CBETOBOE OIIyIlIeHUe (POpMUpPYeTCs 3a cueT cymepedyHoro 3peHus. I1pu mo-
MaJlaHUM B TEMHOTY B IEPBOE BpeMs 4YeJIOBEK HUYEro He BUAUT, HO uepe3 30 —40
MMH HauyMHaeT pa3lvdarh TMpeaMeThl — BKIIOYAETCS CyMepeyHOoe 3peHHe. DTOT
Tpoliecc Ha3bIBaeTCsl adanmauueil.

B 20-e rogsr XX B. Belgawouiuiicss copetckuii ¢pusuk C. M. BaBuios ¢ KomneraMu
TPOBOAII BU3YaIbHbIE MCCAEIOBAHUS KBAHTOBBIX (OJIYKTYalMi CJaO0MHTEHCUBHBIX
CBETOBBIX IMOTOKOB, BOCIMOJb30BABIINCH BBHICOKOM UyBCTBUTEIBLHOCTHIO adaIllTUPO-
BaHHOTI'O YeJIOBEYECKOro IJ1a3a. B pe3ynbrate uccienoBaHuit ObIIIO yCTAHOBIEHO, YTO
CBETOBOE OIIYIIIeHNEe Y YeJOoBeKa BO3HMKAET TIpHY ToIagaHuu B a3 3a Bpems 0,1 ¢
HECKOJIbKMX ECSITKOB CBETOBBIX KBAHTOB.
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HccnemoBaHus KBaHTOBBIX (MJIYKTYalMi CBETa MPUBEIU YYEHOTO K BaXKHBIM BbI-
BoJaM B 00J1aCTH (PM3MOJIOTMYECKOM ONTUKK. B yacTHOCTH, B 3€JIeHOM 00JIaCTU CIIeKTpa
MOPOroBoe 3HAUEHHUE 3PUTEIHHOIO OIIYIICHUS Yy Pa3HbIX JIoAeil Kojebsercs oT 8
10 47 CBETOBBIX KBaHTOB, MOCTUTAIONIIMX CeTYyaTKu Tiiasa. [Ipu aToM umcio mama-
o1Mx (oToHOB BapbupyeTcs oT 108 mo 335, ogHako Gonbliast UX YaCcTh MOTJIONIAET-
Cs1 XpyCTaJIMKOM TIJI1a3a.

ITomumo storo C. M. BaBuioB ycTaHOBUJI HOBOE CBOMCTBO rnaza. OH mokaszai,
YTO MOMMMO M3BECTHOTO MaKCHMMyMa YYBCTBUTEJbHOCTH BOJIM3U A = 500 HM ecTh
1 BTOpoil MakcuMyM BOM3M A = 380 HM. OgHaKO B 3TOil 00JacTH MaJlasi YyBCTBU -
TeJBLHOCTD IJ1a3a CBsI3aHa C OCIabJIeHMEM CBeTa B XPYCTAIMKE, MPEIOXPAHSIOIINM
CETYaTKy Ijia3a OT yJbTpaduoseToBOro U3IydyeHus.

3purenbHOe olryleHue B (Kak M 3ByKOBOE) YCUJIMBAeTCsl ¢ BO3pacTaHUEM WH-
TEHCUBHOCTHU CBETA M0 NCUX0PU3NIeCKOMy 3akoHy Bebepa— Dexnepa: B =1gl/1,,,
rae I, — NMOpOroBoe 3HaYeHMe MHTEHCUBHOCTH.

Ecau npuHsTh, 4TO B 3e/1eHOI obnactu criekTpa (A = 500 HM), B KOTOPOiI1 SHEPTUs
kBaHTa W= hc/h=4-10"" JIX, 3puTeIbHOE OLLYLIEHUE MOSBIAETCA Y YETOBEKA TIPU
NaJeHNy B €AUHUIYY BpeMeHU Ny = 10° poTOHOB, TO NIpU paguyce 3payka ry = 2 MM
IUIOTHOCTb MOTOKA SHEPIUU, MM TOPOroBas MHTEHCUBHOCTb, I, = WNd)/(nroz) =
=3.10"° Br/M2

PazrnsanpiBas CosHile yepe3 3aTeMHEHHOE CTEKJIO, OCJIabJIsoliee CBEeTOBOM IMo-
tok B 100 pa3, yenoBek 6e300JIe3HEHHO BOCIIPUHUMAET CBETOBOM MOTOK MHTEHCUB-
HOCTBIO  ~ 10 Br/M2. DTO 03HAyYaeT, 4To IV1a3 BOCIIPUMHUMAET IPOMAIHbII J1ana3oH
WHTEHCUBHOCTEN CBeTa — MHTEHCHUBHOCTb M3MeHsieTcss Ha 10 mopsakoB! Takum
YHUKAJIbHBIM CBOMCTBOM He 00JiaJaeT HMKAKOIl APYyroil MpueMHUK CBeETa.

s pervcTpaliiy CBeTa U U3MEPEHUSI €T0 XapaKTePUCTUK TTPUMEHSIOT gpomoasekm-
pudecKue npuemMHuUKU, TIpeodpasyollre CBETOBOM CUTHAN B ajeKTpyudeckuid. [TpuHimmn
JIeHCTBUS OOJIBILIMHCTBA U3 HUX OCHOBAH Ha (poToaddekTe: BHEIIIHEM U BHYTPEHHEM.
IToaToMy BHaYasie MO3HAKOMUMCSI C OCHOBHBIMM 3aKOHOMEPHOCTSIMU (poToaddeKTa.

Buenmuii gporoaddexr. B 1887 r. Hemenkuii pusuk I'. 'eplr oOHApYXKWII, UTO 31€K-
TPUYECKUN pa3ps MEXIy ABYMsI 2JIEKTPOIAMU MPOMCXOAUT MPU MEHbILIEM Hampsi-
KEHUM, €CJIM MCKPOBOM MPOMEXYTOK (2JIEKTPOAbI) OCBellaeTcsl YJbTpaduoaeTo-
BBIM CBeTOM. JlajbHelne nccaeqoBaHusl, IIpoBeIeHHbIE HEMELIKUM Y4eHbIM B. I'anb-
BakcoM U pycckuM ¢pusukom A.I. CTojeToBbIM, ITOKAa3ajaud, YTO MO JeHCTBUEM
CBeTa OCBOOOXKIAIOTCS 3apsiibl U3 3JEKTPOIOB, KOTOPhIE, YCKOPSSCH B AJIEKTpUYE-
CKOM I10JI€, CIOCOOCTBYIOT MOHM3ALIMM Ta3a MeXAy 2jeKTpoaaMu. fBieHue, oOHa-
pyxeHHoe ['eplieM, MONIy4Yna0 Ha3BaHUE GHeutHe2o homosghpexma.

B niepuon ¢ 1888 mo 1890 r. A.T'. CToIeTOB BBINMOJHMI LUK pabOT, B KOTOPBIX

OCYIIECTBWJI KOJIMYECTBEHHbIE MCCIIeIOBaHMS

1 doTosddexTa, yCTAaHOBUI €r0 3aKOHOMEPHO-

CTU U TIPEIIOXKIIT METO (POTORIEKTPUIECKO-

rO KOHTPOJISI UHTEHCUBHOCTHU cBeTa. Cxema ero
OITBITOB M300paxKkeHa Ha puc. 25.1.

@ CBeT OT BJEKTPUUYECKON AYTM IMPOXOIUT

yepe3 TUIACTMHY KOHIEHCATOpa, BBIITOJHEH-

HYIO B BUJIE IMPOBOJOYHON CETKU, U MOIMaaaeT

Ha IPYTyIO TIacTUHY. MeXy TiacTUHAMU MO/~

JepXkuBaeTcsl HeOOobIIask Pa3HOCThb MOTEHIIU -

Puc. 25.1 aJIoOB C MOMOIIbIO OaTrapeu, IIpu 3TOM OCBe-

Cset

()
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A

Puc. 25.2 Puc. 25.3

1aemasl rjiacTMHa 3apsbkeHa oTpuliaTtesbHo. BodHukaroluii oToTok 1 peructpupy-
eTcs raibBaHoMeTpoM G. B pesynbTaTe MpoBeaeHHBIX UCCIeIOBAHUI ObUIM CAeTaHbI
CJIeMYIOIIMEe BBIBOIbI:

» HanOonee 3PHEKTUBHO ACHUCTBYIOT YIbTpa(HUOJIETOBbIE JIyYM CBETA;

* cuiia (OTOTOKA MPOIMOPLMOHAIBHA OCBEIIEHHOCTU TUIACTUHBI;

* TI0f1 ACHCTBUEM CBETa BBICBOOOXKIAIOTCS OTPUIIATENIbHBIC 3aPSIIbI.

IMocnenHuii BeiBOA 3((HEKTHO AEMOHCTPUPYETCS B OMBITE C 3JEKTPOCKOIIOM,
C KOTOpBIM COeNMHEeHa IIMHKOBAs TiacTuHa. Eciu miacTuHy 3apsiinuTh OTpULIATE I b-
HBIM 3apsIoM U 3aTeM OCBETUTH YJIbTPa(MOJETOBBIM CBETOM, TO 3JIEKTPOCKOI
¢ IUIaCTUHON OBICTpO paspsautcs. Eciau ke miaacTMHa 3apsbkeHa MOJOXKUTEIbHBIM
3apsiioM, TO TIPYM OCBEILIEHUWU OHA 3apsia MPaKTUUECKU He TepseT.

s nccnenoBaHus KOJTMYECTBEHHBIX 3aKOHOMEPHOCTEN (poToa(heKTa NCIOb3y-
I0TCSl TLIATEIbHO OYMILEHHBIE IUIACTUHBI, KOTOPhIe MOMENIAIOT B BaKyyM (puc. 25.2).

Ha puc. 25.3 mokazaHa 3aBUCUMOCTb CUJIbI (pOTOTOKA [ OT MPUIOXKEHHOM K TIJIa-
ctruHaM pasHoctu noteHuuanoB U. [Ipu U > 0 BEIOUTBIE CBETOM 3JIEKTPOHBI U3 TIJa-
ctuHbl K (Katoja) yCKOPSIFOTCS TOJIEM U ABMXKYTCS K IUIacTuHe A (aHomy), a Ipu
U< 0 TOpMO3STCSI 3TUM TOJIEM.

ITpu yBenmuenun U doroTok [ Bo3pacTaeT M AOCTUTAeT BEJIMYMHBI I;, Xapakre-
pusylolieit gomomox HacviujeHus. DTO O3HAYAET, YTO BCE IJIEKTPOHBI, BHIOMTHIE
13 KaTona, nocturaioT aHoaa. [1oaToMy OTOTOK HACKILLIEHMS SIBISIETCSI OMHO3HAYHOM
XapakTepucTukoit poroaddexra. MamepeHnss MOKa3bIBAIOT, UTO cuJia (OTOTOKA Ha-
CBHIIIEHMST TIPOITOPIMOHAIbHA MANaloIIeMy CBETOBOMY TTOTOKY.

HaoGopoT, npu yBelnyeHUU 3aAep>KUBAKOLIETO Mojsg (POTOTOK ociiabeBaerT,
u nipu U= —U, oH npekpauaercs. McuesHoseHue dortoroka npu U = —U, o3Hayaer,
YTO MaKCHUMaJIbHasi CKOPOCTb .« BBIOUTBIX M3 KaToda 3JIEKTPOHOB OIpenessieTcs
COOTHOIIIEHUEM

Momax _ oy (25.1)

OTpaXalolIUM PaBEeHCTBO KUHETUUECKON 9HEPTUM BJEKTPOHA U PAOOTHI CHJI TOPMO-
3S1IEr0 3JEKTPUUYECKOTo MOJIs.

IIpu npoxoxneHUH yepe3 MOBEPXHOCTb KAaToAa 3JEKTPOHBI MPEOa0JIeBAIOT CO-
MPOTUBJIEHUE BBIXOAA, TEPSIS YACTh KUHETUYECKOM SHEepruu. DTa moreps paBHA Tak
Ha3bIBaeMoi pabome evixooa W, CrenoBaTesIbHO, SHEPTHYS DJEKTPOHOB BHYTPU Ka-
Toja OyIeT paBHa

mv}

W =T s Wy = eU, + W, (25.2)
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DTy BHEPTUIO JIEKTPOH 3aMMCTBYET y MaJalolIero cBeTa.

B 1905 r. A. DitHIITEiH TeopeTUYECKN 0OOCHOBAT KOJMUYECTBEHHYIO CBSI3b MEXIY
sHeprueit W u yactoroii ceeTa v. ComtacHo Teopuu DitHIITelHA 3Heprust W, mony-
YeHHas 2JIEKTPOHOM, paBHA 3Hepruu (OoTOoHA Av. DJIEKTPOH HE 3aMMCTBYET dHEp-
TUIO Y aTOMOB BelllecTBa Karona. I103ToMy MOXHO 3amucaTh paBeHCTBO

2
hv =%+W0 = eU, +W,. (25.3)

DTO COOTHOLLEHWE HA3bIBACTCS ypagHeHuem DuHwmetina i pomosghgpexma. C ero
TOMOILIBIO MOXHO JIETKO OOBSICHUTD MTPOMOPIMOHAIBHOCTh (POTOTOKA HACHIILIEHUS
I, magaroeMy cBeToBoMy TOTOKY. IlocieqHuil mpornopLuroHaieH YUCy KBAaHTOB,
MajalolX Ha TMOBEPXHOCTh KaToJa 3a eAMHUILY BPEMEHH.

Kak moka3sbIBaeT OmbIT, JIUIIIL Masias 4acTb (POTOHOB MepeaaeT SHEPTUIO IIEKT-
poHaM. DHeprus 0oJbliiei YacTu (OTOHOB PaCcXOAyeTCs Ha HarpeBaHUe KaTofa.

M3 ypaBHeHus (25.3) ciaenyer, 4TO CYyILIECTBYeT MUHUMAJIbHAS YacToTa CBETa Vy,
npu Kotopoii poroaddekT ucuesaer. Ilonaras v,,,, = 0, umeeM

hve = W, (25.4)
COOTBCTCTBYIOH_[E[H JJIMHA BOJIHBI

ho =5 = J€ (25.5)
vo W
Ha3bIBAeTCS KpacHou epanuyeli pomoaghgpexma. J1ns 1eTOUHBIX METAJIIOB, Y KOTOPBIX
paboTa BbhIX0Ja OTHOCUTEJIbHO HEBEJIMKA, OHA HAXOIMUTCS B BUIMMOI 00J1aCTH CITeK-
Tpa, Ayl OONBIIMHCTBA Apyrux MeTtauioB (Zn, Fe, Cu u 1.1.) — B ynbTpaduoneTo-
BOU 00J1acTH.

Buyrpennnii ¢poroaddexr. Eiie panbiie (1o oTkpbiTus I'. ['epiia) Obl1 n3BecTeH
éHympeHHUull omospghexm, KOraa onTUIECKU BO30OYKIEHHBIE 2JIEKTPOHBI OCTAIOTCS
BHYTPM TBEPIOTO Tejia. B MoaynpoBoaHUKAX U AUBIEKTPUKAX U3MEHSIETCS KOHIICHT-
palMsl HocUTesIel 3apsia Uin UX MOABUKHOCTb. BO3HUKAeT 3aBUCMMOCTh MX IIPOBO-
JIMMOCTH OT CBETOBOI'O MOTOKA, IMOJy4YHMBIIAs Ha3dBaHUE (hOTONPOBOAMMOCTH.
Ha ocHoBe 3T0ro0 siBjIeHUs co3aaHa 0oJIbliiasi TpyIa (poTope3uCcTOPOB, UCIIOIb3YEMbIX
B KayecTBe NMPUEMHUKOB CBeTa.

B HeomHOPOIHBIX MOJYIPOBOIHMKAX TTPY X OCBEIIEHUH MOXKET BOZHUKATh pa3-
HocTb TToTeHIManoB (poroBAC). OnTUuecKu BO30YXIeHHbIE 3JIEKTPOHBI U UX Ba-
KaHCUU (IBIPKU) KOHIEHTPUPYIOTCS B pa3HbIX YacTIX IMOJYIMPOBOAHMKA, BCIEMI-
cTBHUE 4ero 1 Bo3HuKaeT GpoToDC.

IIpeoGpa3oBbIBasl CBETOBYIO SHEPTUIO B 3JIEKTPUUYECKYIO, TaKue (OTOoraabBaHM-
YyecKue 2JIeMeHThI 00afgaioT goctatouyHo BeicoknM KITJ (~20 %) m mosTomy Ha-
LT IIMPOKOE MPUMEHEHNE KaK WMCTOUYHUKHU 3JIEKTPONUTAHUS (COJHEUYHBIE dJie-
MEHTBI) KOCMMUYECKMX aIlllapaToB U APYTUX YCTPOMCTB.

®DoTorneKkTpHUEcKHe NpueMHUKH. Ha ocHOBe BHEIIIHEro U BHYTpeHHero hotoad-
(hekTa co3maHbl MHOTOUMCIICHHBIE TPUEMHMKHU CBeTa, Mpeodpasyrollre CBETOBOM
CUTHAJI B 2JIEKTPUYECKUI. DTU MPUEMHUKH HA3BIBAIOTCS ghomoasekmputeckumu, VI
gomoanemenmamu.

I1epBhiii poTORIEMEHT, OCHOBAaHHBIMA HA BHYTpeHHEM (OTO3(¢deKTe U UCHOIb-
3ylOLIUi sIBIeHue (POTONPOBOAMMOCTHU, ObUT co3gaH B 1875 r., a (poTosneMeHT,
MUCTIONB3YIOIINI BHEIIHNI doTtoaddexr, — B 1889 T.
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Bakxyymuotii homosaemenm. OH sBISIETCS MPOCTENUINM TTpUEeMHUKOM cBeTa. Po-
TOBJIEMEHT COCTOUT M3 CTEKJISHHOM BaKyyMHUPOBAaHHON KOJOBI, Ha BHYTPEHHIOIO
MOBEPXHOCTb KOTOPOI HaHeceH (DOTOUYBCTBUTEINBHBIN clloli (hoTokaron). B ieHTpe
KOJIOBI pacniojioxeH aHon. KpacHast rpaHuiia orokaToga 3aBUCUT OT YMCTOTHI €T0
MOBEPXHOCTU. YTOOBI CMECTUTDH Ay B JJIMHHOBOJHOBYIO 00JIACTb CIIEKTPA, U3rOTOB-
JISTIOT CJIOXKHBIE (DOTOKATOABI, TTOBEPXHOCTh KOTOPBIX MOKPHIBAIOT TOHKUM CJIOEM
WHTEPMETAULINIECKUX COENMHEHU, OKCUIOB U Ip. DTO MO3BOJISET BApbUPOBATh A
OT KOPOTKOBOJIHOBOTO yibTpaduosera (A = 2000 A) no 6imskoit UK-o6nactu (A=
~15000 A).

Eciu Ny, — yucno nagaroimmx ¢pOTOHOB B €AMHUILY BPEMEHU, TO YMCIIO BHIOUTHIX
¢$OTO2/IEKTPOHOB

N, = N, (25.6)

rae N — Ko3(GOUIMEHT IPOIOPLMUOHATBHOCTH, Ha3bIBAEMbII KEAHMOBbIM EbIX000M.
OH xapakKTepu3yeT YYBCTBUTEJIbHOCTb (OTOKATOMA M HE 3aBUCHUT OT €ro
OCBECIICHHOCTH.

IMockonbky ¢dororok I = eN,, a cBeToBoil MOTOK ® = hvNy, TO BbIpakeHHE
(25.6) MOXeT OBITH 3aMMCaHO B BHJIE

nerd
[ =——.
hc

KBaHTOBBII1 BBIXOI 3aBMCHUT OT JIJIMHBI BOJIHBI CBeTa. BOJBIIMM KBaHTOBBIM BhI-
xogoM (n = 0,3) obnamaioT clioxXHbIE (POTOKATOABI, KOTOPhIe MPUMEHSIIOTCS B (O-
TO3JIEMEHTaX.

BaxkHeiiieit XxapaKTepruCTUKOMI (hOTORIEMEHTA SIBJISICTCS. CHEKMPAAbHASL YYECMEU-
MeabHOCHb

(25.7)

5, =L _mner (25.8)
D ke

®dotorok B 1enu GoTodsieMeHTa 00BIYHO He npeBbiiaeT 0,1 MA, TT03TOMY crieK-
TpajbHasl 4yBCTBUTEJILHOCTb U3MepsieTcss B MA/BT. Ha puc. 25.4 nokazaHa HOpMUPO-
BaHHas CreKTpajibHasl YyBCTBUTENbHOCTh Na-K-kaToma mpu pasauyHoOM Tosipr3a-
uuu (£, n E|) HaKJIOHHO Majarolero Ha karon csera. Ilpu A > Ay = 5250 A poroTox
OoTCyTCTBYET M S = 0.

MHorna ucnonb3yeTcsl uHmespanbHas 4y8cmeumenbHocms gomoxamooa K beiomy
cgemy OT JIaMIIbl HaKaJWBaHUS C BOJb(paMO-
BOI1 HUTBIO TIpu Temriepartype 2 850 K. Ona us- 3./ Simax
MepsieTcsl B MUKpOoaMIlepax Ha JJIOMEH — MKA/ 1,0
JM (JIIOMEH — eOWHMIIA OCBEIEHHOCTH).

Tasonanoanennvie ghomossemenmot u cuem-
uuku ghomonos. I1pu MaJIbIX CBETOBBIX ITOTOKAX 0,6 |
Y1CIO (POTORJIEKTPOHOB HEBEIMKO. B aeKkTpu-
YECKOM LIEMU TIOSABISIOTCS cadble MMITYJIbChI 0.4 -
TOKa, KOTOpBIE TPYAHO perucTpupoBath. Eciau 0.2
B KOJIOe (¢oTodJIeMeHTa HaXOOUTCS Tras,
TO (pOTOBJIEKTPOHBI OYAYT BBI3bIBATH €I0 MOHM-
3aluio. B pe3ynbraTe MMITYJIbCHI TOKa OYymyT
YCWJIEHBI. Puc. 25.4

0,8 -

0 |
1000 3000 5000 a, A
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Puc. 25.5

Ha mpakTrke MCITONB3YIOTCS Ta30HAMNOMHEHHBIE CUYSTUNKU (DOTOHOB, TIPEICTAB-
Jsoiye coboit cueTymk Ieitrepa ¢ poTOYYBCTBUTEIIBHBIM KAaTOIOM. 3a (PUKCHPO-
BaHHOE BpeMs M3MepsIeTCs] KOJTMUYECTBO MMITYJIbCOB, a 3aTEM PACCUMTHIBACTCS CBE-
TOBOM TOTOK. CUETYMKHU ITTO3BOJISTIOT M3MEpSTh O4YeHb Clabble CBeUYCHUS, KoTda
N, <10% ¢,

Domorrexmponnvte ymuoxncumeau (PIAY ). B ®DY Hapsaay ¢ KaToooM M aHOIOM
AMeeTCS PSAI BTOPUYHBIX SMUTTEPOB SJIEKTPOHOB /[, Ha3BIBAEMBIX TUHOIAMM (pHC.
25.5, a).

DoTO3IeKTPOHBI KaToda TIPH MOMATaHWK Ha TepBBI TWHOM /[, BEIOWBAIOT BTO-
pUYHBIE (POTOINIEKTPOHEI, YNCIIO KOTOPBIX TIPEBEIIIACT YHCIIO Magaimmx. OTHOIIIe-
HUE YMCiia BEIOMTHIX K YMCIY MamafolInX 3JIEKTPOHOB HA3BIBACTCS Koaghpuyuenmom
6mopu4HOU dmuccuy 6. 3HaueHue ¢ MOXeT mpeBbiliaTh 10 U 3aBUCUT OT BHEPIUU
TIEpBUYHBIX 3JICKTPOHOB, YIJIa MX TAafAeHUS, MaTepraia TuHoma u 1p. B ®DY smur-
Tephbl M3TOTOBJISIOT U3 MAaTepUaJiOB ¢ OOJIBITNM KOG PUIIMEHTOM G.

Bricokoe Hanpsikenue U~ 10° B ¢ TOMOIIBIO IeTUTENs TPUKIIAABIBAIOT K KaXI0-
My OWHOMY TaK, YTOOBI TTOTEHIIMA TTOCEAYIONIETO TMHOMA ObLUT GOJTBIIE TTOTCHIIN -
ajia TPeIbIAYIIero. DTO MO3BOJISIET YCKOPSITH BTOPUYHBIC 3JIEKTPOHBI M TIOCIIEA0BA -
TEJIbHO YBEJIUYMBATh UX YUCOo (puc. 25.5, 6).

Koadduument ycunenust ogHoro kKackamga DY k, = oo, e o — J0JS SIEKTPO-
HOB, TOCTUTAIONINX cieaylolero nuHona. B coBpemeHHbIx ymHOXuTesx o= 0,7 —0,9.
Ecn ®DY comepXuT n OOMHAKOBBIX KacKaJoB (IMHOIOB), TO ero Ko3(hGUIIMEeHT
YCUIICHUS

k = ki = (a0)". (25.9)

IMonaras n = 10, o = 0,8, nonydaem k = 10°. PeanbHblii KO3GhOULIMEHT yCUITEHUS
He npeBocxoaut 107 — 108

DHY xapaKkTepusyeTcsl YyBCTBUTEILHOCTBIO, WU AHOOHOU YY8CMBUMENbHOCMbIO,
olpenesnsieMoil Kak OTHOLIeHHEe (OTOTOKAa K CBETOBOMY IOTOKY, IamaioliemMy
Ha ¢orokaton. OHa paBHA MPOU3BEACHUIO UHTETPATIbHOM YYBCTBUTEIBHOCTU (DOTO-
Karoga v KoaddulimeHTa ycuieHUs 1 u3MepsieTcs B amIiepax Ha JoMeH (A/IM).

Eme onna BaxkHas xapaktepuctuka @Y — nopoeosas uyscmeumeabHocms, OIl-
penesieMasi Kak HauMEHbIIUI perucTpUpyeMblid cBeTOBOI moToK. Eciu cBeToBOI
MOTOK MEHBbIIIe TTOPOrOBOro, TO BeJIMUMHA (POTOTOKA MEHBIIIE CIyYalHBIX (DIYKTY-
anuii (IIyMOB) TOKA B LIENU (POTOYMHOXUTENISA. DTO OOBSICHSIETCSI TEM, UTO B OTCYT-
cTBUe cBeTa B Henu MDY OyaeT CylLIecTBOBATh CYYAWUHBIA mMeMHO80U MoK, BO3HU-
KalolMi KaK BCJIEICTBHE TEPMOANIEKTPUUYECKON IMUCCUM 3JIEKTPOHOB C KaToja,
TaK M M3-3a YTeUKH 3apsiIoB MEXIy BJeKTPOAAMMU.
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TepMOaIeKTPOHHYIO AMUCCHIO MOXKHO TTOHU3UTh YMEHBIIEHUEM TIIo1aan (poTo-
KaToza, a TaKKe MOHMKEHUEM ero Temrneparypbl. Harpumep, mpu oxJ1aXXaeHU Cypb-
MSIHO-1I€3MEBOI0 KaToa 10 TeMITepaTyphl KUIKOTO a30Ta TEPMOSIMUCCHUS YMEHbIIIa-
erca B 10* pa3. OxynaxneHue NMPUMEHSIETCS B CIy4ae Claboro CBETOBOIO IMOTOKA,
KOrJa TEMHOBOM TOK TpeBbIlIaeT ¢oToToK. [1pr ManibIX ”THTEeHCUBHOCTSIX CBETa YMEHb-
IIaeTcs cpeaHee Yucio N, GOTO3NeKTPOHOB, MOKMAAIOIIMX KaTOA, U YBEJIMUMBAIOT-
csl oTHOcUTeIbHbIe duykTyauuu dN,/N, =1/ \/E .

ITonHbIi TOK ¢ MOBEpXHOCTHU Kartona Iy = [+ I, aasgioluiics cyMMoit (hoToToKa
I v TemHOBOTO TOKa I, OymeT dnykryupymomuM. OIyKTyalunn, CBsI3aHHbIe C TUCK-
pETHOM TPUPOMION CBETa U JIEKTPUYECKOTO 3apsina, MOJyYWIn Ha3BaHUE dpo60602o
aghgpexma. Ecny Harpy3Koil (poTosieMeHTa SIBISIETCSI OMUUYECKOE COMPOTUBIeHNE R,
TO U3MepsieMoe Ha HeM HamnpsikeHue U= [ R OyneT Takke ¢uykryupoBaTh. Cornac-
HO ¢opmyne [llommku, HaA3BaHHOI B 4YeCThb LIOTIaHACKOrO ¢usnka B. lloTTKH, Te-
OpeTHYeCKHM TpencKaszabiiero a(phexr, cpeaHee 3HaUEHUE KBaapara ToKa, MpoTeKa-
IOIIIEero Yyepe3 COMpOTUBICHUE, OyIeT paBHO

12, = 2el,Af, (25.10)

rae Af — lMpUHa MOJIOCHI MPOMYCKAHUST YCUIUTENSI TOKA, MOAKIIOYEHHOTO K BBIXO-
ny dorosneMeHTa; [, — cpenHee 3HaU€HWE CUJIbI TOKa C KaToja.
ITockonbky cormacHo (25.8) BenmunHa ¢dororoka I = S, P, u3 paseHcrsa I, =

= /12, MOXHO OIPENEUTb NOPO2080e 3HAUEHUE CBEMO8020 NOMOKA, PETUCTPUPYEMO-
ro ®BY Ha donHe wrymoB. Ilonaras B (25.10) I, = I, > I, HaxoouMm

®,,, = V2L (25.11)

S

IToBblllIasi KBAaHTOBBIM BBIXOA 1 (YBelIW4MBas S;) M YMEHbIlIasi TEMHOBOU TOK,
MOXXHO TTOHU3UTh TTOPOTOBYIO BEJIMYMHY CBETOBOTO ITOTOKA. MUHUMAJTBHO TOCTHKM -
MBIM 3HaueHHeM siBisieTcs: D, = 1013 1M, 4TO B OGIACTM MAaKCHMyMa .S, COOTBET-
CTBYeT TTOTOKY (POTOHOB MOpPSIKA HECKOIBKIX COTEH B CEKYHIY.

Boinee cmabpie cBETOBBIE TTOTOKM MOTYT M3MEPSITLCS ¢ TToMolbio @Y, pabora-
IOINX B pexcume cuema gomonos. Ecim ypoBeHb 1mrymoB MDY man, TO KasKmblid
(boTO2MEKTPOH, UCITYIIIEHHBIN KaTOIOM, TTOC]Ie Pa3MHOXKEHUS CO30aCT MMITYJIbC TOKa,
3HAYEHME KOTOPOTO TTOABEPKEHO CTATUCTUUECKOMY Pa3opocy. DTH UMITYILCHI peru-
CTPHUPYIOTCS XOPOIIIO pa3paboTaHHBIMU B SIIEPHON (M3NKe METOTAMMU.

B MayomyMHBIX (POTO3IEKTPOHHBIX YMHOXHNTENAX ¢ 1 cM? TUIOIIAAM TTOBEPXHO-
¢ty dorokarona 3a 1 ¢ MCIycKaeTcsl B CpeIHEM IISITh-1IIeCTh TePMOIJIEKTPOHOB.
IMocKkombKyY TII0IIAamb TOBEPXHOCTH (hOTOKATOAA HE IIPEBOCXOINT HECKOJIBLKIX KB~
pPATHBIX MWJITUMETPOB, CPeIHEe YMCIIO MCHYIIEHHBIX KaTOAOM 3JEKTPOHOB 3a 1 ¢
3HAYNUTEIHHO MEHBIIe eANHUIIB. DTO TTO3BOJISIET PETUCTPUPOBATD Jake eTMHUIHBIC
(OTOHBI.

Bpemennoe paspewenue. Becbma BaxXHOI XapaKTepUCTUKON (DOTOIPUEMHHUKOB SIB-
JISIeTCSl BPEMEHHBIE pas3pellieHue, ONpenessieMoe MOCTOSHHOM BPEMEHHU Ty, OTa
BEeJTMYMHA XapaKTepu3yeT WHEPIIMOHHOCTD MTPOTEKAOIINX B HUX TporeccoB. Omm-
CaHHEBIE BBIIIIE TIPUEMHUKH, paboTalolIe Ha OCHOBe BHellrHeTo doToaddekra, aB-
JITIOTCSI OBICTpONeCTBYIOIMMHY. VX BpeMeHHOe pa3pellieHue OTpenesieTCs TIpeskiie
BCEro pa3dopocoM BpeMEHM BhIXOJa 3JIEKTPOHOB M3 KaTojaa W pa3dpocoM BpeMEHU
TpoJieTa OT KaTojla K aHOMy BCJIEACTBUE pa3HBIX HAYaIbHBIX CKOPOCTEH 2JIEKTPOHOB.
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/j‘ﬁrr‘ Ceer Hawnyudiee paspellieHre COBpEMEH-

HBIX (DOTONEKTPUUECKUX TTPUEMHU-
KOB COCTABJIAET BEJIMYMHY T, ~ 50 11C.

=

<
\h;

)

=~

1, \HTH V ¢oToyMHOXUTENEN U3-3a GOIBLION
7 Z_» ), IJIWHB Tnpobera BJIEeKTPOHOB
5/ BPEMEHHOE pa3pelIeHue T,, > 100 rc.
1 Daexmponno-onmuneckas Kamepa.

DTOT NPUEMHHUK SIBJISIETCS BBICOKO-
YyBCTBUTEIBHBIM (DOTOPETUCTPATOPOM
C MpeaeabHO HU3KUM BPEMEHHBIM
paspeLieHneM T, ~ 1 rc. Yerpoiictso
Puc. 25.6 KaMephl TT0Ka3aHo Ha puc. 25.6.

OHa HanOMUHAET 3eKTPOHHO-TTY-
YyeByI0 TpYOKy U cocTouT U3 (potokarona K, aHoga A, pokycupylolieii CUCTEMBI (Ha
PUCYHKE HE MOKa3aHa), OTKJIOHSIOWUX MiacTuH I1; u 11, v JTIOMUHECUMPYIOIIETO
sKpaHa. Ha ruracTuHbI mogaeTcsl MpoIropLUrOHAIbHOE BPEMEHHU OTKIIOHSIOIIee Ha-
npsckenre U(f). IToaToMy IIpM OCBeIEeHMM CBETOM (pOTOKATOAa N300pakeHNe TOUKHI
P ero noBepxHOCTH Ha 3KpaHe OyIeT BBIIISAETh KaK TOHKas nojocka. [Toatomy 3To
YCTPOMCTBO HA3BIBAIOT cmpuk-Kamepoli (OT aHTJI. streak — mosocka). HecnoxHo 1o-
KazaTh, YTO CMeEIlIeHWe BO BpEMEHU BIOJb ocu Oy U300pakeHusT TOUYKU P IPOMCXO0-
JIUT TI0 3aKOHY

TTonocka

IL
2od

rae U, — ycKopsiolllee HapsoKeHe MEXIy aHOIOM M KaToaoM; [ — JUTMHA TTAaCTUH
B HaIpaBJICHWM TTOJIETa BJICKTPOHOB; d — PACCTOSTHWE MEXOy TlacTUHamu, L —
paccTosiHMe OT IIJIaCTUH A0 9KpaHa (mpeamnosaraercs, yto L > /).

Ecnn 3a Bpemst At = 10~° ¢ Hanpsikenue U Bospactaer 10 1 kB, To nzobpaxeHnne
Touku P Ha skpaHe OyzeT cMmemarthbes 3a Bpems of = 1072 ¢ Ha 8y = 0,1 MM, B nipe-
JIelax KOTOPOTO MOXHO aHaJM3WpOBaTh pachpelnecHHe SpKOCTH. SApKocTb
MTOJTYYEHHOTO M300pakeHWs B BUIE ITOJOCKM 3aTeM YCUJIMBAETCS W Jajiee OO
dotorpadpupyercs, MO0 3aNMCHIBACTCS ONTUYECKMM MHOTOKAHAJIBHBIM aHaIM3a-
TopoM. M3 pacripemeneHns OCBEIICHHOCTH BIOJb IMOJOCKH MOXHO TOJYYUTH
nHOpMaIIo 00 Ormbalole M INTEIBHOCTH JaXkKe MMKOCEKYHIHBIX UMITYITbCOB,
TOCKOJIBKY BPEMEHHOE pa3pelleHue T,, = 10712 ¢ mo3BoisieT 910 caenaTh.

B Takux skcreprMeHTaxX MagarolIiii MMKOCEKYHIHBINM UMITYJIbC BHaUaje pasie-
JIIeTCS Ha IBa MMITYJIbCa, OMWH M3 KOTOPBIX 3aIycKaeT TeHepaTop OTKIOHSOIIETO
HamNpsDKEeHWSI, a IPYroil Mmocje BpeMeHHOM 3amepskKK1 mopsiaka 60 1c TomagaeT Ha
doTokaTom yepes 1Ieb, BHITIHYTYIO BIoib ocy Ox. Ee m3obpaxeHne pa3BopauynBa-
eTCS B TIEPITCHINKYJISIPHOM HaIIpaBIICHUH W 3aTeM aHaJIU3UPyeTCs.

Domopesucmopsvr. DTO TIPUEMHUKH CBETa, B KOTOPBIX IMPOUCXOINUT BHYTPEHHMI
doroadpdexr. OHM TPEeaCTABISIIOT CO00 IIJTACTUHKY U3 MOJIYIIPOBOJHUKOBOTO Ma-
Tepraja JT160 TOHKHE TUIEHKHW, KOTOPBIE TTOCIeIOBAaTEILHO C COIMMPOTUBICHNEM Ha-
TPY3KH BKITIOYAIOT B IIETTh TTOCTOSTHHOTO VT TIepeMEHHOT0 ToKa. Hampstkenune mira-
HUST HAXOOWTCS B MpeeIax OT eAWHUIL 1O COTHU BOJBT. be3 cBeTa B aJIeKTpUUeCKOM
LIETTM TeYeT C1a0blii TEMHOBOM TOK.

ITpu ocBelieHUU U3-3a BHYTpeHHEro (poTtoaddeKTa MosIBIASIOTCS CBOOOIHBIE 3JIeK-
TpoHEI. [locieqHne myTeM yaapHON MOHM3AIUM MPUBOIAT K 00pa30BaHUIO HOBBIX
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HOCUTeJel 3apsiia, M KBAaHTOBBIN BBIXOI (DOTOPE3NCTOPOB MOXET ObITh 3HAUUTEIb-
HO 0oJIbllle eAMHULBI. [I711 BOSBHUKHOBEHMSI CBOOOIHBIX JIEKTPOHOB B MOJIYIIPOBO/I -
HUKe HEO0OXOAMMO, YTOOBI dHeprus ¢oTtoHa W = hc/)\ Oblaa GoMblile IIUPUHBI 3all-
peleHHO 30HBI AW. Torma mist JTUHBI BOJHBI, ONPENEISIONIEN KpacHyo epanuuyy
éHympeHHe20 (omoapghexma, TI0Ty4aeM, MKM,

1,24
AW (3B)’

st monynpoBogHrka CdS mmmpuHa 3amnpelieHHOM 30HBI paBHa 2,4 5B, moatomy
Ao = 0,5 Mxm; miist PbS AW =0,37 2B u Ay = 3 MKM.

Bombimoe pacripocTpaHeHue OMyIiy GOTOPE3UCTOPHI M3 YKa3aHHBIX BEIIIIE CYIThb-
¢dugoB KanMmus U cBUHILIA, ceJeHunoB Kaamusi (CdSe) u ceunHua (PbSe) u ap. Ho-
GaBJIsIs B TOIYTIPOBOIHUKY Pa3TNIHBIC TIPIMECH (JIETUPYS TIOTYITPOBOIHNKN ), MOXKHO
co3maTth (OTOPE3NCTOPHI, MpUMeHsIeMBle B ganbHell MK-obmacti criekTpa.

BpemeHnHoOe paspellieHre OIpenesisieTcsl CKOPOCTSIMH TIPOIIECCOB TeHepalluu
1 PEKOMOWHAILINY HOCHUTEJIEH 3apsiIoB U IPYTUME (haKTOpaMU 1 'y PSiia JISTMPOBAHHBIX
TTOJIYIIPOBOIHUKOB MOXET HOCTUTATh T, = 10~ ¢. [Tpu 04eHb c1abbIX CBETOBBIX ITOTO-
Kax @ cuma Toka [ o« ®. [1pu yBeTMIeHNN OCBEIIIECHHOCTH CBSA3b MEXIY DICKTpUYE-
CKHMM TOKOM M CBETOBBIM ITOTOKOM CTaHOBUTCS HEJTMHEIHOI.

Domooduodsr. PoTOMNOA COCTOUT M3 ABYX CIOEB OJHOTO M TOTO K€ BEIeCTBA.
OOBIYHO TaKUM BelIeCTBOM siBsieTcsl KpeMHuil (Si) wim repmanuii (Ge). Crou
AMITIAHTAPOBAHBI Pa3HBIMU TIPUMECSIMHU, OOIagalolINMU 3JIEKTPOHHOM (71) W IBI-
POYHOI1 (p) MPOBOAMMOCTSIMU. Y CTPOMCTBO KpeMHHUEBOTo (poToAMOIA TTOKA3aHO Ha
puc. 25.7.

Ha nmomroxxy (I1acTMHKY) HAITBUISIIOT IBa CJTOSI KPEMHUSI, 3aTeM HAHOCST TUICHKY
Si0,, KoTopast urpaeT poJib MPOCBeTsIoLIeTo cosi. CBeT MagaeT nepreHAuKyJIsIpHO
K TTIOBEPXHOCTHU TICHKM [lpu TIommagaHny Ha p—n-Tiepexon GOTOHOB, 3HEPTUS KO-
TOPBIX IOCTaTOYHA JJIs1 BHYTpeHHETo (poToa(deKkTa, MpornCcXoauT MOMIolIeHUE CBeTa
¢ obpa3oBaHMEM Taphl 3JeKTPOH — IbIpKa. [lom geficTBHEeM 3JeKTPUIECKOTO OIS
(KOHTaKTHOHM pa3HOCTH TTOTEHIIMAIOB), CYIIECTBYIOIIETO B p—Hh-TIepexoie, JIEKT-
POH TIepeMeIaeTCs B TOJIOKUTETBLHO 3apsKeHHYIO p-00J1acTh, a IbIpKa — B OTPU-
IIaTeJIbHO 3apssKEHHYIO #-00J1acTh. B pedynbrare Ha KOHTaKTax, COMMPUKACAFOIITINXCS
¢ 3TuMu obacTsiMu, Bo3HuKaeT ¢poTtoDC. B anexrpudeckyro nernb (poToanoabl BKITIO-
YaloTcs ABYMSI CITIOCOOaMM.

Ha puc. 25.8, a moka3aHa snekTpuueckas cxema, Koraa (hoTonpmeMHUK padoTaeT
B (pomoouooHoM pexuMe.

3nech oT ucTouyHMKa ¢ TTocTosTHHOU D/IC K hoTOmMOMY MPUIIOKEHO 3aITMpalolee
HampspkeHre. B oTcyTcTBre cBeta yepe3 Iuom IMpoTeKaeT CTydaifHbIi TeMHOBOM TOK /.
IIpn ocBelmeHWM KOHTAaKTHAs pa3sHOCTb MOTEHIMAIOB (TTOTCHIIMATLHEBIN Oapbep)
YMEHBIIIaeTcsI M TOK [ B IIETTM BO3pacTaeT Ipo-

MTOPIIMOHAIBLHO CBETOBOMY ITOTOKY (MHTEHCHBHO- Cser
CTU CBeTa) U HE 3aBHCUT OT TPUIIOXKEHHOTO Ha-
TIPSKEeHUS. _

Kak mokaseiBaet ananus, 12 < T (T — temte- )

patypa auona). [Tostomy, oxiaxkmast IMOA, MOKHO Slnzr[\

Lo (MKM) = (25.13)

Si0,

&_*ﬁ

yMeHbIIATh TeMHOBOI ToK. [Tpu oxnaxneHuu ¢o- V NG o
TOAMOA A0 TEMIIEPATYPhI KUIKOT0 a30Ta €r0 MOXK-
HO KCIIOJIb30BaTh B peXrMe cueta (pOTOHOB. Puc. 25.7
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Puc. 25.8

Ha puc. 25.8, 6 mokaszaHa apyrast 2JieKTpruueckast cxeMa, B KOTOPOM UICTOUHUK  C
noctosiHHOM BJIC oTcyTcTBYeT. B 3TOM ciyyae ¢oroauon paboTaeT B TaK Ha3bIBae-
MOM ¢homoseHmuAbHOM PEXUMeE. 31eCh U3MEepUTETbHBIMI TPUOOpaMU M3MepsIeTCs TM0O
GoToDAC, nnbo HOTOTOK, KOTOPhIe TAKXKE MPOMOPLMOHAIBHEI CBETOBOMY IMOTOKY.
B sTOoM pexume paboTaroT Takxke KpeMHHUEBbIe (POTORJEMEHThI, MCIIONIb3yeMble B
«COJIHEYHBIX» OaTapesix.

KpemHuueBble doToauoabl o61aga0T IIMPOKONM O0JIACTHIO CIIEKTPANbHOM 4yB-
crButeabHOCTU: 0,4 MKM < A < 1,1 MxMm. IIpu A < 0,4 MKM ycuimBaeTcsl MOTJIOLIE-
HUE KPEMHUsI, TIOATOMY IIJII 3TOH 00JIaCTH AMOJ COUYeTaloT ¢ (IyopeCcUpYyIOIIUMHI
MOKPBHITUSIMU C OOJIBIIIMM KBAHTOBBIM BBIXOAOM. Y TepMaHHMEBOIo IMoaa o0JacTh
CIIEKTPaJIbHOM YYBCTBUTEJIBbHOCTH HECKOJIBKO CABMHYTA B 00JAaCTh Oosiee JIMHHBIX
BOJIH.

ITo cpaBHeHuio ¢ MDY dortoauoasl 061a0aI0T 3HAYMTEILHO MEHBIIIEel Maccoi
1 rabapUTHBIMU pa3MepaMu, MPOTUBOYIAPHOM YCTOMYMBOCTBIO M Ip. Kpome Toro,
B (OTOAMOIHOM PEeXUME OHM pabOoTalOT MIPU HEBLICOKUX HampspKkeHusx ~10—15 B.
ITocTtostHHAas BpeMeHU 3aBMCHUT OT JUIMHBI BOJHBI CBeTa, KOHCTPYKLMU (hoToamona
¥l MOXET JIOCTHTaTh BEIMYMHBI T, ~ 107 c.

CCD-mampuubt. B coBpeMeHHBIX LU(POBBIX (HOTO-, BUIEOKAMEPax, CKaHepax
1 IPYTUX YCTPONCTBAX B KAUECTBE MPUEMHUKOB CBeTa UCIIOIb3yIoTcs CCD-MaTpuiibl
(Charged Coupled Device). CBeTOUyBCTBUTEILHBIMU 3JIEMEHTAMM TaKOH MaTPULIbI
SIBJIIOTCS (DOTOAMOIBI, TIpeobpasylollie CBET B dJIeKTpuueckuil 3apsna. [lostomy
ele ynorpeonsieTcss u apyroe HaszaHue: [13C-marpuia (mpeobpasoBaTesib CBET —
CUTHAa).

CyuThIBaEMBII C MATPULIBI AHAJIOTOBBIN BJIEKTPUUECKUI CUTHAN 3aTeM Ipeodpa-
3yeTcsl B LIM(PPOBOI ¢ MOMOILBIO aHANOTo-IUPPoBOro npeodpaszosarend. s Boc-
MPOM3BEACHUST U300paKeHMsT UCIIOIb3YeTCs Mpolieccop, Mpeodpasyroluii nnudpo-
BbI€ ITOCJIEIOBATEILHOCTA UMITYJILCOB B BUIEOCUTHAI.

Ha puc. 25.2 uB. BKII. TTOKa3aH parMeHT MaTPULIbI, COASPXKALIUI TPU SIeMeHTa
(mukcenst). Ha kaxawiit cBeTOAMOMA, M300paKeHHBIN XEJIThIM LIBETOM, MaJalolIuii
CBET MoMaaaeT Mmocjie mpeaBapuTeIbHON (DOKYCUPOBKU MUKPOJIUH30M U TTPOXOXIE-
HUSI yepe3 a0COpPOLMOHHBIN cBeTOQMILTP. Mexny (hoToarmogoM M IOMIOXKON
B MUKpOsTYEHKax HaKaIlJMBAIOTCS 3JEKTPOHBI.

OnHolt U3 BaXKHEHIIINX XapaKTePUCTUK KauyeCcTBa MaTPULIbI SIBJIIETCS MaKCUMAaJlb-
HOE€ YHCJIO 3JEKTPOHOB, KOTOPOE MOXKET aKKyMyJHUpOBaTh KaxKIblii mukced. Yem
0oJIbllIe 3TO YMCIIO, TEM MEHbIlEe BIUSHUE IIYMOB, CBSI3aHHBIX KaK C pa3dpocom
yucia 3JeKTPOHOB, TaK U pa3dpocoM LHUGPOBLIX KOJOB OMMHAKOBBIX 3apsIOB IMPHU
aHaJioro-uu@poBoM Mpeodpa3oBaHUU.
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Pazperienne Matpuil, MpUMeHSIEMbIX B COBPEMEHHBIX MPUEMHBIX YCTPOMCTBAX,
coctapysieT ot 11 MJIH 10 22 MJIH TIUKCEJIeH.

TemnoBble MpueMHUKHA. [IpyHIMI ASHCTBUS TaKUX TIPUEMHUKOB OCHOBaH Ha U3-
MEHEHMU CBOWCTB BellIECTBa, U3 KOTOPOIO clejlaH MPUEMHUK, MIPU €ro HarpeBaHUM
3a CYET TOIJIOLIAeMOl CBETOBOI aHeprun. PaccMoTpum Hambosiee pacipocTpaHeH-
Hble TIPUEMHUKH ITOTO THUIIA.

boaomemper. Ix neiicTBe OCHOBAaHO Ha 3aBUCHUMOCTH 3JIEKTPUUYECKOIO COIPO-
TUBJICHUS OT TemIiepaTyphl. [1o3ToMy GoOMETp BKITIOYAIOT B 3JIEKTPUUYECKYIO LIETTh
BMeCTe C UCTOYHMKOM Toka. OcBelllaeMblii CBETOM 3JIEeMEHT OojioMeTpa (pabounii
9JIEMEHT) JOJLKEH 00JadaTh XOpOIEel IMOIJIOoLIATeIbHOM CIOCOOHOCTBIO U CYyIEe-
CTBEHHO M3MEHSTh CBOE JIEKTPUUYECKOE COTNPOTUBIEHUE MpU Harpese. I1ocKonbKy
B OTHOM BeILIeCTBE 3TH 00a YCJIOBUS peaTnu30BaTh KpailHe CIIOXKHO, pabOUMil SIeMEHT
COCTOMT U3 MOTJIOIIAIOIIETO U CBETOUYBCTBUTEIBHOTO CJIOEB, Pa3AeJIeHHBIX TOHKOM
M30JIUPYIONIeH TieHKoNW. CBETOUYBCTBUTEbHBIN CI0M MOXKET OBITh METALIMIECKUM,
MOJTYTIPOBOAHMKOBBIM M CBEPXIPOBOISIIMM U OMpeaessieT COOTBETCTBYIOIIMI THIT
0ooMeTpa.

B MeTtannmnueckux 60oMeTpax Ha TOHKYIO TURJIEKTPUUECKYIO TUIEHKY HaMbLISIOT
C OJHOMU CTOPOHBI METAJUIMYECKUIA MPOBOASIIIMI CIOU TOJIIMHOU B IOJU MUKPO-
METpa, a C IPYroM — CJIOM 30JI0TOM YE€PHU TOJIUMHON NECATKU MUKPOMETPOB,
COCTOSIIMI M3 OCAXKIEHHBIX KPYITHBIX YACTUILI CJUIIIIMXCS aTOMOB 30J10Ta. BusyaibHo
3TOT CJIO IIpelCcTaBJIsIeT COOOU PBHIXIYIO YEPHYIO MOBEPXHOCTh. Pa3zmepnl padouyero
aJieMeHTa B (opMe IMOJOCKHM HEMHOTO IPEeBBIIAIOT pa3Mepbl M300pakeHMs
CIIEKTPaJIbHBIX JUHUNA, (OPMUPYEMBIX CIIEKTpaJbHbIMU mpubdopamu. Iloatomy
LIMpHUHA MOJOCKM B BUAMMON M OmkHeid MK-061actu cocTaBisieT O0AM MWJUIM-
MeTpa, a B ganbHeit MK-obnaactu gocturaet BeJIMYMHBLL 1 —2 MM.

DJEeKTPUIECKOE COMPOTUBIEHUE MOJOCKU, U3TOTOBJIEHHOM, HAlIpUMep, U3 BUC-
MyTa, Konebsetcs B ripeaenax 200 — 300 Om. B pabouem pexkxrme (B OTCYTCTBUE CBETA)
yepe3 Hee IMPOTeKaeT JEKTPUUYECKU TOK 2—5 MA U BBIIEISETCS BJIeKTpUdYecKas
MoIIIHOCTh B auamnaszoHe 0,4—1,5 Bt. B pesynbTaTe mojocka HarpeBaeTcs Ha 40—
50 °C. Ecnu norjiomiaeMasl CBeToBasi MOILIIHOCTh OynmeT mopsiaka 1 Br, To monocka
HarpeeTcs ellle Ha TaKylo XK€ BeJIMYMHY. B 3ToM auarnasoHe TemMreparyp COnpoTHBIIe-
HME BUCMYTa BO3pacTaeT MPOIOPLMOHATLHO TemmiepaType. OHO MOXKET ObITh U3BMEPEHO
C BBICOKOM TOYHOCTBIO C MIOMOIIIbIO 2JIEKTPUIECKOTO MOCTa, B OMHO U3 TUIeY KOTO-
poro moMelapT 6osoMeTp. 3aTeM 10 TPanyupPOBOYHON KPUBO MOXKHO OMpPeaeTUTh
1 MOIIIHOCTb CBETOBOTO MOTOKA.

BricTpoaeiicTBue GooMeTpa XapaKTepu3yeTcsl BpeMeHEM YCTaHOBJEHUS TeMIIe-
paTypnl B paboyeM 2JIeMEeHTe, KOTOPOe 3aBUCUT OT €ro pa3MepoB U KoadhUIueHTa
TEMIIEPATypOIIPOBOAHOCTH MaTepHaIoOB SJIEMEHTA.

1St MOBBILIIEHUSI YYBCTBUTEIBHOCTU OOJOMeTpa pabo4Mii 3JeMEHT ITOMELIAIOT
B KOJIOy, IaBJeHue BO3ayxa B KOTOpoil 102—1 MM pT. cT. DTO MO3BOJILET CYILIE-
CTBEHHO YMEHBIIUTh TETUIOOTBOI OT paboyero sjaeMeHTa B OKPYXKAIOIIYIO Cpedy, HO
MpY 3TOM BO3pacTaeT BpeMsl YCTAaHOBJEHUSI TeMIlepaTyphl B paboyeM 3JIeMEHTE U
OBICTpOJENiCTBHE OOJIOMETpa CHUXKaeTcsl. XapaKTepHOe 3HaYeHWEe MOCTOSIHHOU
BpeMeHN T, ~0,1—1 c.

ITosrynpoBOAHUKOBBIE OOJOMETPHI, MJIM TEPMUCTOPHI, UMEIOT MOJYIIPOBOIHUKO-
BbIil CBETOUYBCTBUTEIbHbBIN c10i ToMMHOM 20— 30 MKM, KOTOpBIi HAHOCIT Ha
MAaCCUBHYIO AUBJIEKTPUUECKYIO MOIJIOXKY C XOPOILei TerIoNpoOBOAHOCThIO. YyB-
CTBUTEJBHOCTb TEPMUCTOPOB MPUMEPHO Ha MOPSAOK BhIIIE YYBCTBUTEIHLHOCTU Me-
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TaJIM4ecKUX 6010MeTpoB. I10CKOJIBKY ITOJTYIPOBOAHUKM 00J1aJa0T OTPULIATEIbHBIM
TeMIMepaTypHbIM KO3(DGUIIMEHTOM COMPOTUBICHUS, MPU M3JIUIIHEM HarpeBe TOK
MOXKET HayaTh JIJABUHOOOPA3HO BO3pacTaTb. DTO MOXET MPUBECTHU K pa3pylIeHUIO
6onometpa. [TosToMy onTuMabHast pabouast Temrieparypa Tepmucropa okoso 300 K.

M3-3a MaccMBHOCTH paboyero ajeMeHTa TepMHUCTOpa BpeMsl YCTAaHOBJICHUS TEM-
repaTypbl 3HAUUTEIBHO OOJIbIlE, YeM Y MeTaJlJInueckoro 6oaomMerpa. IloaTomy Tep-
MMCTOPBI BBITOAHO TTPUMEHSITD ISl UBMEPEHUST MOAYJIMPOBAHHOTO BO BPEMEHM CBE-
TOBOT'O MOTOKA, KOTrla MPOMCXOMUT HEeCTAallMOHAPHBIN HarpeB paboyero sjeMeHTa.
OpHako cpedHsisl TeMmIlepaTypa 2JieMeHTa OyIeT 3aBHUCETb OT YacTOThl MOIYJISLIMU
(4eM BBIIIIE YacTOTa, TEM MEHbIEe TeMIlepaTypa), U HarpeB 2JieMeHTa OyaeT MeHb-
1Ie, 4YeM MpU MageHU HEMOMIYJIMPOBAHHOTO CBETA TOM K€ MOIIHOCTU. DTO, Oe3yc-
JIOBHO, CHMXXKAeT YYBCTBUTEJIBHOCTh TEPMUCTOPA.

CaepxIrpoBoasire 60J0MeTphl 001a1al0T OYeHb BBICOKOH YyBCTBUTEIBLHOCTHIO,
MOCKOJIBKY B CBEPXIIPOBOISIIEM COCTOSIHUM MaTepuaibl MMEIOT TeMIlepaTypHbIi
ko duument conporusieHus 1 —10 K-!. Kpome Toro, npu moHWKEHUU TEMIIE-
paTypbl YMEHBIIIAI0TCS IITyMbl. BpemeHHoe paspeliieHre MOXKeT ObITh YMEHBILIEHO i (o)
Tp ~ 0,5 Mc.

Tepmosaemenmsr. B 0cHOBe KOHCTPYKIIMU TEPMOIJIEMEHTa HaXOAUTCSI TepMoTia-
pa, OMH U3 CIlaeB KOTOPOil ocBelaercs cBeToM. [1pu HarpeBaHUU 3TOTO Criasi CBe-
ToM Bo3HMKaeT TepMoDC. [y ee yBeIWYeHUST U, CIEOOBATENbHO, MOBBILLICHUS
YYBCTBUTEJBbHOCTH TPUEMHUKA TEPMOITaphl MOCAEA0BATEIbHO COSIUHSIIOT B TEPMO-
cTosouk (puc. 25.9).

B kayecTBe mMarepuanoB IS TepMoOIlap MCIIOJb3YIOTCSI, HAalpUMEpP, BUCMYT
U CypbMa, BUCMYT U TEJIyp M APYTHe C LEJbl0 ITOCTUYb KaK MOXKHO OOJbliei
TepMoD/IC 1p¥ MUHUMAIBLHOM 3JIEKTPUUECKOM COIMPOTUBICHUM M HU3KOHN Teruio-
MPOBOIHOCTH.

KOHCTPYKTUBHO TEPMOBJIEMEHT COCTOUT M3 TOIJIOLIAIONIEero caos [, MeTalu-
YECKOTO CJI0S1 2, COMPUKACAIOLIETOCS CO CTeP>KHAMM 3, U3TOTOBJICHHBIMU M3 MaTe-
puanoB Tepmornapsl (puc. 25.10).

O06a cyios M conpuKacalolrecs ¢ HUMHU B IBYX TOYKaX CTeP>KHU IMPeNCTaBsSIOT
c000i1 onuH U3 crmaeB TepMoriapbl. CTEp>XKHM OMUpaloTCsl Ha OCHOBaHUE 4, obecrie-
YUBaOIIee XKeCTKOCTb KOHCTPYKIIMU. OT cTepKHEN OTXOISIT KOHTAKTHI, C TIOMOIIbIO
KOTOPBIX MPUEMHMK BKJIIOYAETCS B DJIEKTPUUECKYIO 1ieTb. TepMOa3IeMeHT oMela-
eTcs B Oa/UIOH C BBICOKMM BaKyyMOM. DTO MO3BOJISIET YMEHbLIIUTb OTTOK Teruia
OT Harpetoro crasi K xojgogHomy. OmHAKO M3-3a MAaCCHMBHOCTM KOHCTPYKIIUM
BPEMEHHOE pa3pelIeHHe JOCTATOYHO BEJIUKO: Ty, ~ 10—50 mc.

3
o—— ——o
R % A
1 4
Puc. 25.9 Puc. 25.10
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Iluposrexmpuuecxkue npuemnuxu. Hexoro- 4
pble KpUCTAJIbI, HE O0Jafaloliue HEHTPOM A~ A
CUMMETpUHU, 00JIafaloT MOCTOIHHBIM
JUMNOJBbHBIM MOMEHTOM B HAIIPABJIEHMM MO- YV
JsipHoit ocu. [loaTomMy mpu cpese Kpucrasia
MEePIeHANKYISIPHO 3TOM OCU TOBEPXHOCTh
cpe3a OymeT 3JeKTpUYeCcKHM 3apsxkeHa K I
C TIOBEPXHOCTHOU IJIOTHOCTBIO, PABHOU HOP- a 7]
MaJbHOW COCTaBJISIOIIENA OUIMOJIBHOTO Puc. 25.11
MoMeHTa KpyrcTtauia. OqHako ¢ TeYeHUEM Bpe-

MEHU (BPeMEHM peJlakcalluy) 3TOT 3apsif IMo-
CTENEHHO HEUTPAIM3YEeTCs 3a CUET MOHOB M BJIEKTPOHOB, OCAXKIAIOIIMXCS M3 BO3MyXa,
a TaKXXe 3a CYET MUKPOTOKOB, CYILECTBYIOIIUX B KpHCTAJLIE.

ITpu OGbICTPOM HarpeBaHUM MOXKHO HAPYIIUTh OPUEHTALIUIO TUIIOJICH B KPUCTAI-
Jie M1 TeM CaMbIM M3MEHUTb IMOBEPXHOCTHBIN 3apsid. 3a BpeMsl, MEHbIllee BpeMEHU
penakcalyu, 3TOT 3apsi[ MOXKHO OOHAPYXXUTh U U3MEPUTH €ro 3HaueHue. DPQexT,
CBSI3aHHBIN C MOSIBJIEHUMEM TTOBEPXHOCTHOTO 3apsiia Ipy OBLICTPOM HarpeBaHUM KpH-
cTajlyla, Ha3bIBACTCSl NUPOILeKmpuHeckum aghgexmon.

1S MApONpUEMHUKOB BHIOMPAIOT MaTepHajbl ¢ HAUOOJbIINM MUPOITEKTPUYE-
ckuM 3(pPpekToM, XOopollel MOomIolaTeIbHON CIIOCOOHOCThIO, OOJBIIMM 3JICKTPU-
YECKUM COITPOTMBJICHUEM M MaJIOW TeIJIoNmpoBOAHOCTHIO. [IIupokoe mpuMeHeHue
noayarm taHtaiat autus (LiTaOs) u tpurnununcyabdat (NH,CH,O0H);- H,SO,.

YcerpoiicTBo TUpONpreMHUKA MOKa3aHo Ha puc. 25.11.

Kpucrammmyeckas miactuHka K MMposJeKTprKa HaKJIeMBaeTCs Ha MOAJIOXKY [1
1 TIOMeIIaeTCs] MEXIY NBYMS TJIOCKMMM 2JIEKTPOJAMM, KOTOPhIE C TTOMOIIbIO KOH-
TaKTOB TMOAKIIIOUAIOT K AJIEKTpHUUYecKoil 1enu. [1no1anb moBepXHOCTH TUIACTUHKYU B
pa3HbIX IPMEMHUKAX JEXKUT B Mpeesax oT J0Jei 10 COTHU KBaApaTHBIX MUJIJTUMET-
poB. Ilamaro1iuii Ha MJIACTUHKY CBET JMOO IMOIJIOLIAETCS CAMUM KPUCTALIOM (pMuC.
25.11, a), nmGo morjolIeHNe MMPOUCXOAUT B UepHOM cjoe Y, HaHeCeHHOM Ha OAWH
u3 a5eKTponoB (puc. 25.11, 6). [Ipu HarpeBaHUU TIACTUHKUA CBETOM Ha BJIEKTpOAaX
Bo3HUKaeT nupodJIC, KoTopas perucTpupyeTcsl UsBMepuTeIbHbBIMU ITpubdopamu. Ee Be-
JIMYMHA TIPOTNOPIIMOHAIbHA MPUpAIleHUIO TeMIiepaTypbl AT.

[TupoaneKTpruKyu NPUMEHSIOT KaK /I U3MEPEeHUsI TTapaMeTPOB UMITYJICOB, IV -
TEJBLHOCTb KOTOPBIX T < T (T — BpPEeMsI YCTAHOBJIEHUsI TEMIIEPATypPhl B MUPOITEK-
TPUYECKON TIJIACTUHKE), TaK U KBAa3MHENPEPHIBHOTO M3TYyYSHUS.

Eciu 15 < 14, TO Mo aHanoruu ¢ ypaBHeHueM (2.21) mpupalieHre TeMIepaTyphbl
AT ~ W (W — sHeprus umityiibca). st Takux usMepeH1i NCIOMb3yeTCsT MOATOXKKA
C TIJIOXO# TeTUIONPOBOAHOCTRIO U BpeMs penakcauuu tr= 0,01—1 c.

IIpu 1, > 1, npupaieHue AT ~ P (P — MOILIHOCTb U3IydeHus ). st yMmeHblie-
HUs BpeMeHM penakcauuu 10 107 ¢ cBeTOYyBCTBUTENBHBIN TTMPOINEKTPUK M3TO-
TOBJISIIOT B BUII€ TOHKOH TUIEHKM, HaKJIEMBAeMOW HEMOCPEICTBEHHO Ha MeTaJlu-
YEeCKUM 3JIEKTPo/, 00Jadalolunii BBICOKOM TEIJIOIPOBOIHOCTHIO.

IlIupokoe pacrnpocTpaHeHHE TOJYYUIM MHOTO3JIEMEHTHBIE MHPONPUEMHUKH,
MPOM3BOAUMBIE B BUIE JMHeeK W MaTpull. OHM BBITIOJHEHBI U3 OIHOM TJIACTUHBI
MUPORJIEKTPUKA, HA KOTOPOI BBIIEJIEHBI OTAEIbHbIE TPUEMHBIE 3JEMEHTHI pa3Mme-
poM 30 x 30 mxm?. CunTbiBaHME CUTHaJIa (ITOBEPXHOCTHOIO 3apsa) MPOU3BOIUTCS
CKaHUPYIOLIVM 3JIEKTPOHHBIM JIYYOM WIN CPEACTBAMU MUKPORJIEKTPOHUKU. JIMHE -

311



KM U MaTpUIbl MCIOJB3YIOTCS B Pa3HOOOPa3HbIX MHOTOKAHAJIBHBIX MPUEMHUKAX,
B TOM UYMCJIe B CUCTeMax IpueMa 1 o0paboTKKU M300paxkeHUIA.

ITupomempot u menaoguszopui. B nexiyy 6 0TMe4aaoch, YTO TeMIIEpaTypy yaajleH-
HOTO TeJIa MOXKHO U3MEPUTD paduayuoHHsiM nupomempom. BHEIITHUI BUI TMpoMeTpa
«Camor» C-210 nokazaH Ha puc. 25.3 uB. BKJI. OH ITOX0X Ha IMOPTATUBHYIO BUICOKA-
Mepy. OOBEKTUB MUPOMETPa HATIpaBJIsIeT CBETOBOM MTOTOK HA KPUCTAJLIT ITUPOIJICKT-
puka. ITocne 06pabOTKM cUTHAJIa Ha TabJ0 BhICBeUMBaeTCs LUPpa, COOTBETCTBYIO-
1as TemriepaType o0bekTa, Ha KOTOpBIN HallpaBieH upoMeTp. Juamna3zoH uameps-
eMbIx Temmepatyp: —20 — 600 °C.

B coBpeMeHHBIX TTMpOMETpax MPUMEHSIIOT Mupos3ekTpuku InSb, HgCdTe u ap.
Jnara3zoH IpUHUMAaeMbIX JJIMH BOJH ~3— 15 MKM, a Auarna3oH TeMIIepaTyp COOT-
BeTcTBeHHO —20 — 1 500 °C. TouHOCTb U3MepeHust TeMnepaTtyphl nocturaer ~0,1 °C.
B psae mpubopoB 11 AOCTHKEHUST BBICOKON TOUHOCTH TEIUIONPUEMHUK OXJIaKIa-
10T C MOMOILBIO 3JeMeHTOB IlebThe.

IlIupokoe pacrnpocTpaHeHUE TONYUUIU Mena08u30pbl, KOTOPble MOTYT «BUIETH»
Teruio. 31ech ¢ TTIOMOIIBI0 00beKTUBa (hopMUpyeTcsl MHPpaKpacHOe M300pakeHne
npeaMeTa. OTo U300pakeHNEe CUNTHIBACTCS MaTPUIIEH, SBIISIIOLIENHCS] MHOTORJIEMEHT-
HBIM NuponpreMHUKOM. Ha XXKMIKOKpUCTANIMYECKOM 3KpaHe Ipudopa popMupyer-
Cs mepmocpamma, KoTopas B HEKOTOPOH MaJIUTpe 1IBETOB MOKa3bIBAeT pacripenese-
HHUE TeMIIepaTyphl B pa3HbIX 00JIACTSIX UCCAeAyeMOro oobekTa. st ynoocTBa aHaIM-
3a MCCJIeIyeMOoro TEeIUIOBOIO IMOJISI Ha SKpaHe MMeeTCs LIBETOBasl IKanaa ¢ 0003Ha-
YeHHBIMU Ha Hel 3HAYEHUSIMU TeMIlepaTyp.

Ha puc. 25.4 uB. Bki1. nipeacrasieHo ¢oto rerutoBu3opa ThermaCAM P 640 koMm-
manuu FLIR Systems.

TepMorpamma, rokasbiBarollasi pa3JIMYHbIA HarpeB BpalllalolIUXCs AeTajaeil IBu-
rarejsi, TIpeacTaBieHa Ha puc. 25.5 uB. BkI. CripaBa pacroyiokeHa 1IBeToBasl IKaia
TeMIIeparyp.

TermnoBM30pbI MO3BOJISIOT UCCIENOBATh MPOCTPAHCTBEHHOE paclipeiesieHUe TeM-
neparyp oobekra ¢ TouHOCThIO ~0,1 °C Ha paccrosgHMsIX HaunHast ¢ 50 cM. OHU T10JTy-
YUJIM LIMPOKOE PACIpPOCTpaHEHWE B MEIUIIMHE, XUJIUIIHOM CTPOMTEIbCTBE (Ha-
XOXIeHue Ae(eKToB), B dHEpreTuke (MOHUTOPHUHT 3JIEKTPOKOMMYHUKALIUIA), TIPO-
MBILIJIEHHOCTH (KOHTPOJb TETUIOBBIX PEXXMMOB MEXaHU3MOB) M JIp.
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Puc. 1.1. lllkana 2;1eKTpOMarHUTHBIX BOJH

Puc. 2.1. Komera

Puc. 2.2. Cxema ycTaHOBKH JIJISI MArHUTO- Puc. 2.3. Ycranoska «IlluBa»
OINTUYECKOTO TUIEHEHUSI aTOMOB s JITC



Puc. 2.4. Xonbpaym

JInHa BOJHBI, HM
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Puc. 5.1. CniekTp ucryckaHusl BOIopoa

Puc. 5.2. ITonsipHoe cusinue



Puc. 5.3. CeBepHoe cusinue, Habmonasieecs B [1apke B 1970 1.
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CrnieKTp HaTpus
400 450 500 550

400 500 600

CrexTp yronbHoO# ayru (osnocel Mosiekya CN u C,)
500 600 700

CriekTp MapoB MOJIEKYJIBI ifof1a

Puc. 5.4. CriekTpbl MCITyCKaHUSI Pa3JIMYHbIX BEILIECTB
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Puc. 7.2. leMOHCTpallMOHHBII TeUii-HEOHOBBI J1a3zep



Puc. 7.3. AproHoBblii 1a3ep

[l Puc. 7.4. YAG Nd 3+—ﬂa:mp

Puc. 7.5. JlazepHblit 1uoa

Puc. 7.6. Jlazep Ha KpacuTee
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a — CIIEKTp, COCTOSIIIUI U3 ABYX JIMHUI;

6 — HpﬂMOyFOHLHLIﬁ CIICKTp; 6 — FayCCOBCKI/IfI
CIIEKTP

500 550 A, HMm 0
6

a

Puc. 9.1. JIluHuM paBHOI TOTIIMHBI HA TTOBEPXHOCTU MACIISTHOW TUIEHKU

a 7 [ 2
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a — GeJIbIM CBETOM; 0, 6 — TIOCJIe 3eJICHOTO (0) U XeNTOro (8) CBETO(PWIBTPOB,
2 — CBETOM PTYTHOW JIaMITbl



Puc. 13.1. Judpakuus nydyka 6e10ro cBeTa Ha aMILTUTYAHON TU(pPaKIIMOHHOM pelleTke

Puc. 13.2. Iudpakuus myyka aproHoBoro Jiazepa Ha CD-aucke



5

1,4
400

Puc. 13.3. Iudpakiuus rmydka reJimii-HeOHOBOIO Jla3epa Ha CTosiueit
yJIbTPa3BYKOBOI BOJIHE B KpUCTaJlJie MaparesulyprTa

CBUHIIOBBIN
9KpaH

PentreHoBcKast
TpyOKa

PeHTreHOBCKUiA dorortacTuHa
JIy4

Puc. 13.4. Cxema aKcriepuMeHTa 1o Audpakiunuy peHTIeHOBCKOTO
Iy4YKa B KPUCTaJLIE

()
Puc. 14.1. 3aBucumMocCTb TToKazaTesisi TPeIoOMIICHUS

OT JUTMHBI BOJTHBI HEKOTOPBIX TTPO3PAuHBIX
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JInHa BOJIHBI, HM



Puc. 14.3. EBponeiickast 1oxxHast
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pedekTopa

Puc. 14.4. PaguoTteneckon B KpaTepe ByJIKaHa
B Apecu6o (ITyapto-Puko)

Puc. 14.5. T'onorpamma JleHucroka rpu pa3JIMuHbIX paKypcax
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2 d e

Puc. 15.1. [TocnenoBarenbHble cTaguu (a — e) 3axoma CosHIIa
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'cic-‘zq

R-D% W,

Puc. 15.6. CtpykTypa MeTamaTepuaia Puc. 16.1. LIBeTHBIE CBETODUIBTPHI

Puc. 17.1. PaznoxeHue 6ejioro ceeta
Ha LBETa IIPU3MOI

CoJIHeUHBI# CBET CoJIHEUHBIi CBET

40,8° (buoneToBbIIt) 53,2° (KpacHblii)

42,5° (xpacHBbIit) 50,1° (puoneroBsIii) .I . = |

Puc. 17.2. Xon nyueii mpy o0pa3oBaHUN PagyTv
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a 0 8 2
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Puc. 19.1. JIBoiiHOE JTyyenpesoM- Puc. 20. 1. CmeHa 11BETOB N300pakeHUs1 0a00UKHU
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Puc. 22.1. PacnipocTpaHeHue cBeTa
10 BOJIOKOHHOMY CBETOBOLY

Puc. 22.2. Okpacka 6a604KH, UMEIOIEH OMTHOMEPHYIO
CJIOWCTYIO CTPYKTYPY TTOKPBITHS



Puc. 23.1. fIBneHus reHepanumn
BTOPOW U TPETHEW TApPMOHUK

Puc. 23.2. ITapameTpuueckuii
TeHepaTop cBeTa
Pa3HOCTHOI YaCTOTHI

Puc. 24.1. JledbokycrpoBKa Iyuyka aproHOBOTIO ja3epa B KUIKOCTH
npu MoutHocTH 0,5 Bt (a), 1 BT (6, 6)



Puc. 24.2. BoiHyXIeHHOe KOMOMHAIIMOHHOE
paccesiHUe CBeTa B KMIKOCTHU

Kunkoctb
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MepuaTeabHbIit MyCKYJT : Ceryarka

LleHTpanbHas ssMKa
Xpycranuk

3puTeabHbIN HEPB
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3pauok

CTeKJIOBUIHOE TEJIO
(B 3a1HEI MOJIOCTH)

BonsitHucrast Biara

Porosuua (B TIepeiHei MoIocTn)

Puc. 25.1. CxemaTuyHOE M300pakeHNe YeJIOBEYECKOTO I1a3a

MukpoanH3a CaetohuiibTp

CaeToaunos

')/ Mukposueiika
+

KpemHuenast
TIOITOXKA

Puc. 25.2. Cxematuunoe nzobpaxenue dhparmenta CCD-MaTpuirst

Puc. 25.3. BHewHuii Bup Puc. 25.4. Termnosuzop ThermaCAM P 640
nupomMerpa «Caaor»

48.2°C

Puc. 25.5. Tepmorpamma
23,8 °C  pgBurarens
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