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Jlekusa nepsas

1.1. CBeTOBbie BOAHbI W (hOTOHDI

CBetoBbIe BOJHBI. C NOHATUAMH CBET WIH onmuuecxoe usay-
YyeHue CBA3BIBAIOT 3/1eKMpPOMAcHUMHbBIe 80AMbl, JUTMHA KOTOPbIX
HAXOJMTCS B AManasoHe 3HaueHH# rpumepHo ot 0,01 ao 100 Mmkm
(1 MkM = 1076 M). 3TH BOJIHBI HA3BIBAlOT CEEMOBLIMU 80AHAMU.
YesoBeueckUil I/a3 BOCIPHHHMAET TOJLKO T€ CBETOBBIE BOJIHBHI,
JUTHHA KOTOPBIX A yzosyerBopseT ycinosuio 0,4 < A < 0,75 Mkm
(o6snacts BuguMoro csera). Ecim A < 0,4 MKM, TO CBETOBbIE BOJI-
Hbl TIONagaT B yabTpacdnosieToBylo 00JacTh CleKkTpa, a ecju
A > 0,75 MxM — B uHdpakpacHyio 06s1acTh.

HanoMHHuM HeKOTOpbIe CBeZleHUs 00 3/1eKTPOMAarHUTHBIX BOJI-
HaXx, ¥3BEeCTHBIE U3 Kypca GU3HKH. DJIeKTPOMATrHUTHAA BOJIHA IIpe-
cTaBiseT cob0H pacpoCTPaHAIOIIYIOCS CO CKOPOCTBHIO CBETA CHCTeE-
My NEepUOANMECKH U3MEHMAIOIIHUXCA 3JIEKTPUYECKUX H MarHUTHBIX
noJieil, OpMEHTUPOBAHHBIX NEPIEHANKYIAPHO APYT K APYTY H K Ha-
IIpaBJ/IEHHIO PACTIPOCTPaHEHUs BOJIHBIL. « MOMEHTaIbHbIN CHUMOK»

Puc. 1.1. Cxematuueckoe n3obpaxe-
HUE SAEKTPOMAarHuTHOW BOAHbLI. BoA-
Ha SBASIETCA MAOCKOM, MAGAALHO MO-
HOXPOMAaTHYHOW, MAEAAbHO MOAAPU-
308aHHOM. [MAOCKW# BOAHOBOW (hPOHT
OPHEHTUPOBaH NEPNEHANKYASPHO K Ha-
NpPaBAEHHMIO PacnpPOCTPaHEHNUs BOAHLI
(nepreHAMKYASpHO K OCH z)

Jlexyus nepeas 9

TaKOW CHCTEMBI MoJiel nmpuBeZieH Ha puc. 1.1. PucyHok maer npea-
crasyieHUe 00 3J1eKTPOMAarHUTHOM BOJIHE, KOTOPAsl pacnpocTpaHs-
€TcsA BJI0JIb OCH Z. DJIEKTPUUECKOE T10Ji€ B BOJIHE OITMCHIBAETCA BEK-
TOPOM 3JIEKTPHYECKOMH HANpPAXEHHOCTH E, a MaruuTHOe — BEKTO-
POM MAarHHUTHOH MHAYKIUH B. MoxHo cKasatb, 4To B 3JIeKTpOMAr-
HUTHOM BOJIHE COBEPLIAIOT KoJieGaHUs BEKTOPHI E u B; a1 xone-
6aHusa MPOUCXOAAT BO B3aMMHO INEPIEHANKYIAPHBIX [LJIOCKOCTSX.
Yacrora xosiebaHUit Vv CBfA3aHA C JJIMHOH BOJIHBI COOTHOUIEHHEM

V= X, (11)
rAe v — CKOpPOCTb pacnpoCTpaHEeHNA BOJIHBI (CKOpOCTb cBeTa) B JaH-
HOM cpene. HanomHuum, uto

v=—, (1.2)
n

rae n — IoKasaTesb NMPEJIOMJIEHHS Cpefibl; ¢ — CKOPOCTh CBETa
B Bakyyme (¢ = 3 - 108 m/c).

BekTops! E 1 B BLICTYNAIOT B 5/1€KTPOMArHHTHO} BOJIHE PaB-
HompaBHO. OzHaKO ¢oroxuMuyeckoe, (PoToanekTpuyeckoe, Gu-
3MOJIOrHYECKOe AEHCTBYS CBeTa CBA3aHBI IVIaBHBIM 06Pa30M C 3J1eK-
TpuYeckuM BekTopoM k. II03TOMY OTpaHMUHMCS HHIXKE PaccMOT-
penyeM uMeHHO BekTopa K. I10CKOCTb, B KOTOPOii IPOMCXO/ST
KosieGanus Bextopa B (mwockocts S Ha puc. 1.1), byznem Has3bIBaTh
NA0CKOCMbIO NOAAPUAYUU TEKTPOMATHUTHOM BOJIHBL.

H3obpaxxeHHaa Ha puc. 1.1 37IeKTpOMarHUTHasi BOJIHA €CTb
udeanusuposarHas BosiHa. OHA HEaIbHO MOHOXpOMaTHUYHA (UMe-
€T CTPOTrO ONPEAEJIEHHYIO IJIMHY A U CTPOTO ONPEAe/IEHHYI0 4acTo-
TY), UMeeT IUIOCKHI GPOHT (OH NepneHAUKYJISAPEH K OCH 2), ABJSA-
eTcs UaealbHO MOJIAPHU30BaHHOM (Kose6Ganua BekTopa B npoucxo-
JAT CTPOTO B ONIPEZIeJIEHHOH IIJIOCKOCTH). DTO eCTh NA0CKAR MOHO-
xpomamudeckan noAfpu3oeaHHan BosHa. TaKHe CBETOBbIE BOJIHBL
«CYILECTBYIOT» JIMIIb Ha CTPAHHLAX HONYJISAPHBIX KHUT U B y4eOHH-
Kax. B 1eficTBUTeIbHOCTH JKe CBETOBAas BOJIHA OT JII060T0 peanbHOro
HCTOYHHUKA CBETa XapaKTepusyercs pa3bpocom 4acToT B HEKOTOPOM
UHTEpBaJle 3HAYeHWH; ee (POHT HHUKOTAA HE SBJIAETCA WIEa/b-
HO wiockuM. Kpome Toro, peasbHble CBETOBBIE BOJIHBI OOBIYHO He



10 Inaea 1. Mpunyunsi pabome! aasepa

MMeIOT OlIpefleJIeHHOH IUIOCKOCTH INOJIAPU3alyK; OHHU SBJIAIOTCA
HeIIOJIAPU30BAHHBIMH BOJIHAMU. TaKOBBI, B YACTHOCTH, CBETOBBIE
BOJIHBI OT COJIHIIA, [UJIAMEHH KOCTPA, JIaMITbl HAKATMBAHUA.

PeasnbHyi0o CBETOBYIO BOJIHY MOXHO PacCMaTPUBATh KaK He-
KUl Habop IJIOCKMX MOHOXPOMATHYECKHX IOJSPU30BAHHBIX BOJIH
€ PasHbIMH YACTOTAMH, HAIIPABJIEHUAMH paclpOCTPaHeHM, MJI0C-
KOCTAMU nonspusanuy. Takoil moaxos yacTo UCHosb3yor. OgHako
OH B ollpeziesieHHOH crereHu ¢opmaneH. Bonee mocnenoBaTesb-
HBbIM C $H3NYECKOH TOUKH 3pDEeHHUs SBJSAETCH IpeJICTAB/IEHHUE pe-
aJIbHOM CBETOBOHM BOJIHBI B BHJE IIOTOKA MUKPOYACTHI[ (MX Ha3bl-
BalOT POMOHAMU), XapAKTEPUIYIOLIEroCs HEKOTOPOH « BHYTPeHHei
CTPYKTYpOH», onpelesnseMoil pacrpeseneHneM (OTOHOB 1O pas-
JIUYHBIM COCTOSIHUAM.

®oTonbl. POTOH 3aHUMAaET OIpeie/IeHHOe MECTO B CIIUCKE a.ne-
MeHmapusix yacmuy. OH He UMeeT Macchl TOKOS, Y HETO HeT dJIeK-
Tpuueckoro 3apsaga. B 6ol cucreMe oTcueta CKOpOCTh (hOTOHA
paBHA CKOPOCTH cBeTa B BakyyMe. Kak u 1100y10 IpyryIo anemeHTap-
HyI0 yactuuy, GOTOH Hesb3sl npeAcTaBuTh cebe HarnsagHo. He ume-
€T CMBICJIA CTABHUTDH BONIPOCHI: KK BbIIVIAAUT (POTOH? KAKOBA CTPYK-
Typa ¢doroxa? [losTomy orpanmdumcs Hosiee IPOCTHIM BOIIPOCOM:
YTO HMEHHO HaJl0 ONpe/iesuThb, YTOOBI «3a4aTh» (ONUCATh) TOT HJIH
nrBo# ¢oToH?

[1a 3TOTO HazO onpenenNTh, BO-NEPBBIX, IHEPTHIO (HOTOHA €
M, BO-BTODBIX, HAIIPABJIEHUE €r0 ABMKEHUSI, DTO O3HAUAET, UTO
HY>KHO 3aJ]aTh UMIIYJIbC (KOJIMYEeCTBO ABHXeHUs) dbotoHa p. Ha-
npaBjeHUe BEKTOPa § ecTb HalpasJeHue ABMXKeHusA (OTOHA; MO-
AyJIb BEKTOPA P ecTh SHeprus (HoToHa, AeleHHasd Ha CKOPOCTh CBeTa

B BaKyyMe:
€

= -, 1.3

p= (1.3)

Kpome Toro, Baso onpegenurs nosnspusanuio ¢orona. O6o3Ha-
YUM NOJIApHU3anUIo GOTOHA uepes 4y ; CMbICH 3TOH XapaKTePHUCTUKH
NOACHUM HeMHOro mno3jHee. Iloka 3aMeTuM Julllb, YTO OHA HpPH-
HHMaeT BCero [Ba 3HA4YEeHHs, YTO OTBEeYaeT ABYM BO3MOXKHBIM I10-
napusanusam $oroHa.
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Hrak, ytobblI «3aaTh» (HOTOH, HAZIO OIPESIETIUTE Hemblpe 8eau-
YUHbL: TPU NIPOEKIIHU UMITYIbCA (P2, Py, P,) U NONAPU3anHIo . [pu
3TOM, Kak BuAHO U3 (1.3), 6yzer onpeneneHa Takxke sHeprus GoToHa:

€ = pc=cy/pi + pj + pi.

Ecn aBa GOTOHA MMEIOT ONMHAKOBYIO YETBEPKY BEJIMYMH Pz, Py,
Dz, 7Y, TO TOBODAT, YTO 3TH HOTOHBI HAXOAATCA 8 OOHOM U MOM Jce
cocmosnuu. CenoBaTesbHO, YKa3aHHbIE YeThIPe BEJIMYHMHBI MO-
TYT PacCMaTpPHBATbCH KAaK XapaKTEPUCTHKH (HOMOMHBIX COCMORA-
Hutl. ITepexon OT OAHOTO (HOTOHHOTO COCTOAHHUA K APYTOMY CBA3aH
¢ U3MEHEHHEM XOTA Gbl ONHOMN M3 3THUX BEJIMYMH.

Paznuuute ABa (OTOHAZ MOXHO JIMIIb B TOM CJydYae, eC/d
OHH HaxoIsTcs B Pa3HbIX cocToAHUAX. Bee PoToHbI, HaxoasmHecs
B OZIHOM U TOM 3K€ COCTOSIHHUM, NPUHYUNUAABHO HEPA3AUYUMDL.

BaXHO OTMETHTH, 4TO

xapaxmepucmuxu GomoHHO20 cocmo.quwz'coomaemcmeyrom
Xxapaxmepucmuxam naocKoil MOHOXpOMamuMeckoi nonspu-
308aMHHOU C8eMOB0Tl 80HYL.

Hanpasnenue ummynbca GoToHa COBNAJAET ¢ HaNpaBIeHUEM
pacnipoctpaHeHus BoyIHbL. [lonApusanus ¢GOTOHA COOTBETCTBYET
[TOJIAPU3aLMH BOJIHBL. [[Ba BO3MOXKHBIX 3HaYe€HHMA NOJAPH3ALHH
¢dboToHA OTBEYAIOT ABYM HE3aBUCHMBIM COCTOSHHAM NOJIAPH3ALUH
BOJIHBI (pe4yb WAET O COCTOAHHAX TOJIAPU3ALHUH BOJHBI B JBYX
B3aMMHO-NIEPIIEHANKYIAPHBIX IJIOCKOCTAX). YTBepxKAeHUE «(POTOH
HaXOJAWTCA B COCTOAHHUM C NOJApPU3ALMEH Y = 7y » O3HAYaeT, 4TO
paccMaTpuBaeMblil (POTOH «B3AT» U3 CBETOBOH BOJIHBI, UMeIOLIEH
COOTBETCTBYIOILYIO MOJIAPU3anui0. JHeprua (OTOHA BBIPAXKAETCA
yepe3 4acToTy BOJIHBI CJIEIYIONHM 06pasoMm:

€= hv. (1.4)

3nmecy h — yHuBepcanbHas ¢pusnueckasn MIOCTOAHHAA, HA3bIBaEMAasA
nocmosnmoii ITnanxa; h = 6,626 - 10734 Ixx - c. IToacraBus (1.4)
B (1.3), nosy4um

p=—=—. (1.5)
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CooTtHowenus (1.4) u (1.5) oTpaxkaT KOPNYCKYASPHO-80AHOBOII

O0yanusm cBoicTB cBeTa («yayu3M» 03HavaeT «BOMCTBEHHOCTh» ),

STH COOTHOUIEHUSI CBA3BIBAIOT XapaKTEPUCTHKH MHKPOYaCTHUIIbI

(xopmycKysibl) € U p € XapaKTEPUCTHKAaMU BOJIHBL ¥ U A. [Toguepk-

HEeM, YTO CBfI3b OCYILECTBJIAETCA Yepe3 NocTosHHyIo [1nauka h.
Hrak,

naocKas MOHOXpOMAamMuMeckas noASpuU308aAHHAS C6emosasn
801Ha npedcmasnsem coboii xonrrexkmus omoHos, Haxo0n-
wuxcs 8 00HOM U MOM XHce COCMOSHULL.

PaznuunpiM QDOTOHHLIM COCTOAHHUAM COOTBETCTBYIOT pa3jiny-
Hbl€ TUIOCKHE MOHOXPOMATHUYECKHE MOJIAPU30BAHHbLIE BOJIHBI.

O ¢pepmuonax u 6030Hax. Bee cyiecTByomue B mpupoAe MHK-
pPOYACTULIBI YETKO NMOAPA3AeAIOTCS Ha ABe TPYIIIbI 110 XapaKTepy
HX NOBeJleHH B KoJUleKTUBe cebe 11o06HbIX (MM, KaK roBOpAT GH-
3MKH, 110 cmamucmu4eckum ceoticmaam). MUKpodacTULIBI OZHOM
TPYNIbl TPOABIAIOT «KpalHUHA HHAUBUAYAIH3M»: €CJIM KaKoe-TO
COCTOSIHHE Y)Ke 3aHATO MUKPOYACTHIIEH, TO HUKaKas Apyras MHK-
pOYaCcTHLIA TOTO JKe THUIIA He CMOJXKeT ITOMAaCTh B 3TO cocrosiHue. MHa-
tie TOBOPSI, 3TH MUKPOYACTHIIBI MOTYT 3aCEJIATh COCTOAHUA TOJBKO
nooduHouxe. MUKpOYacTHIbl APYroil rpynmsl BeAyT cebsi B KOJI-
JIEKTHBE COBCEM HHAaye: OHU He TOJBKO CIOCOOHBI 3aCEsIATh OFHO
H TO e COCTOsIHMEe B HEOTPAaHHYEHHOM KOJIMYeCTBe, HO, Hosiee To-
IO, BEPOATHOCTD HX IONaJIaHuA B KAKOE-TO COCTOAHHUE TeM GoJiblle,
yeM OoJibllle TAKMX K€ YACTHI] YK€ HAXOLUTCA B JAHHOM COCTOM-
HUH. MHave roBOpsA, 5TH MHKPOYACTHIHI NMPOABIAIT TEHAEHIIMIO
HaKaIUIUBATLCS B OTAENbHBIX COCTOSHHUAX.

MuxkpoyacTUllbl 11€PBOH IPyIINbl IPHUHATO Ha3bIBaTh hepmu-
oHamu (B 4eCTb HTAJIBAHCKOTO (pu3uka PepMu), a MUKPOYACTUILHI
BTOpOi1 rpynnel — 603oHamu (B yecTb uHamickoro ¢pusuka Bose).
K depmuonam oTHOCATCH, HAIPUMeEp, 3JIEKTPOHBI. 3aMETUM, YTO
MMEHHO ¢ ()€PMHOHHBIM XapaKTEpOM CTATHUCTHUKH 3JIEKTPOHOB CBA-
3aH TOT aKT, YTO Ha KaXXJOM YPOBHE B aTOMe€ MOXKET Haxo-
AuTbCs He 6oJlee HEKOTOPOrO OIpesieJIEHHOTO YMCJIA 3JIEKTPOHOB
(2,8,18,...). leno B TOM, YTO KaXKAOMY YPOBHIO aTOMa COOTBET-
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CTBYET OlpeeIEHHOE YHCIIO 3JIEKTPOHHBIX cocTOsAHMH (2, 8, 18, ...).
Ecsiu 651 He CYIIIECTBOBAJIO «3aIIpeTa» 3JIeKTPOHAM 3aCeJIfTh OJIHO
M TO K€ COCTOSIHHME B KOJIMYECTBE, NPEBBINAIOIIEM eIUHUILY, TO
BO BCEX aTOMax BCE BJIEKTPOHBI OKa3ayiuch Obl HA YPOBHE C HaH-
MeHblllel BO3MOXHOH 3Heprueil. B pesysnwraTe ucuessno 6bl Bce
MHOT00Opa3ue XMMHUYECKUX 3J1EMEHTOB.

DOTOHHBIE KOJUIEKTHBEI IOJAUHHIIOTCS MHBIM 3aKOHAM, Hexe-
JIN 3JIEKTPOHBL. Pomoubl omHocamces k 6o3onam. Yem 6Gosblie
(bOTOHOB HAXOAUTCA B JAHHOM COCTOSIHHH, TeM ¢ 6osblueil Bepo-
SITHOCTBIO OyZIeT 3acCesIAThCA 3TO COCTOSIHHME HOBBIMM (POTOHAMHU.
B pmanbHeiimeM Mbl yOeauMmcesA, uTO OO30HHBIM XapakTep CTaTH-
CTUKHU (POTOHOB UTPAET B ONTHYECKUX SIBJIEHHAX HCKIIOUHUTENTbHO
BR)KHYIO POJib,

@®OTOHLI U CBETOBBIE BOJHBI. PaccMoTpuM HekoTopoe (poTOH-
HOE COCTOSIHWE, XapaKTepuaylolieecs olpeAe/ieHHbIM HMILYJIbCOM
P u nonspudanuen y; GyneM Ha3bIBaThb €ro py-COCTOSIHUEM. JTO-
MY COCTOSIHHIO COOTBETCTBYET IIOCKas MOHOXpOMaruueckas IO-
JIApU30BaHHAsA CBETOBas BOJIHA; OyaeM Ha3bIBaTh €e pPy-BOJHOML.
Iycts Np,, ecTb 4uca0 (POTOHOB B efiuHUIEe 06beMa, HAXOAALINX-
¢ B py-cocroaHuu. Ecou

Ny > 1, (1.6)

T. €. eCJIM B IAHHOM (DOTOHHOM COCTOSIHMHM HAXOZHUTCA O4eHb MHOTO
($hOTOHOB, TO MOXKHO HIpeHeOpeUb «3ePHUCTOCTBIO» (JIMCKPETHOCTBIO)
CTPYKTYPhI H3JIy4eHUs U pacCMaTpUBaTh U3/TydeHHe B BUAE «Helpe-
PBIBHOH CpeZibl», WM, HHAYe TOBOP#, B BHJIE IUIOCKOH MOHOXpOMAaTH-
YeCKO# MoJIsIPU30BaHHOM CBETOBOH BOJIHBI (B BUZIE CBETOBOM pry-BOJI-
Hbl). Ecyin ke yeobue (1.6) He BBINOJIHEHO, TO B 3TOM CJIy4ae Ipe-
nebperarb TUCKPETHOCTBIO CTPYKTYPBI TI0JIA U3/TyYeHHs YKe HeJlb3sl.
Takum 06pa3oM, BO3BMOXXHOCTb CYIIIECTBOBAaHHSA CBETOBbIX BOJIH
CBA3aHa C TEM, HACKOJILKO TUIOTHO 3aCeJIAI0T (POTOHBI T€ WU HHBIE
cocrosiHusl. JIerko BUZETh, UTO CYIECTBOBAHUE CBETOBBIX BOJIH €CTh
npsamoe caedcmeue GO30HHOIO XapaKTepa CTaTHCTHKH (OTOHOB.
Besib ectut 661 GOTOHBI ABIANUCH hepMHUOHAMH, TO B 11060M GOTOH-
HOM COCTOSIHHH MOTJIO ObI HaxonuThesl He Oosiee ogHoro ¢oroHa.
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1.2. OnTHyeckas KOrepeHTHOCTbL

«HeynopsaaouyeHHbIEe» CBETOBbIE BOJIHbI; BOJITHOBBIE I[YTH.
PaccmarpuBas peayibHOe ONTHYECKOE M3JIydeHue, HeOOX0AUMO yuu-
THIBATh pas3nuyuHble (GPOTOHHBIE COCTOAHHUA. Belb pa3Hbie aTOMbi
Bell|eCTBa-u3JIydaresiss HCMYyCKalT (OTOHBI B JOCTATOYHOH Mepe
HE3aBUCHMO JApPYT OT /[IpYrd; €CTeCTBEHHO, UTO NPHU 3TOM TIOSB-
Jstores (pOTOHBI, pa3jHvaIINecs: U 3Heprueil, 1 HanpaBjeHueM
KHMILyJIbCa, U moaspusanued. YamyyeHue, «cocTaBleHHOe» W3 Ta-
KHX pa3HbIX (OTOHOB, MOKET ObITh HA3BAHO «HEYIOPA/IOUEHHBIM »;
€ro Hesb3s MPEACTABIATh B BHAE; IUIOCKOH MOHOXPOMATHYECKOH
BOJIHBL. [17151 HeyNOpAAOUYEHHBIX CBETOBLIX BOJIH XapaKTepeH cylle-
CTBEHHBIH pa3bpoc HomoHo8 no pasHbiM COCIMORHUSAM.

HeymopszoueHHYI0 CBETOBYIO BOJIHY YacTO MOAEJHPYIOT Kak
Habop Tak Ha3bIBAEMBIX B04HOBbIX yYyeo08. IlpeAmnosoxumM, uTO
cocTaBislolIKE H3aNydyeHHe (poTOHbBI pacmpeieneHbl (pasymeercs,
MBICJIEHHO) I10 TPYIIIaM, B KXKAYIO U3 KOTOPBIX BXOJUT AOCTATOU-
HO 6oJiblIoe YMCaI0 (POTOHOB, HAXOAAIIUXCA B OZHOM M TOM e
cocroaHuu. Kaxxmas Takas rpynna 4 ecTh BOJIHOBOM Iyr. B mpo-
CTeilllleM cJiydae BOJIHOBOM LT TIPEACTaB/AIOT B BHAE IIPOCTOTO
«Kycouka» («06pbIBKa») IJIOCKOH MOHOXPOMAaTHYECKOH BOJIHBL, Xa-
PaKTEPHCTHKH KOTOPOH COOTBETCTBYIOT XapaKTepHUCTHKAM AaHHOTO
doroHHOrO cocTosaHusA. [IpH 3TOM CTeneHp 3aceIEHHOCTH COCTOSM-
HUSA, T. €. KOJIHYeCTBO (POTOHOB B BOJIHOBOM LIyT€, YCJIOBHO CBA3BIBA-
10T ¢ AnHO# nyra. Bonbmemy uncny GoToHOB B paccMaTpuBaeMoM
COCTOSIHHMH COIIOCTaBJASAIOT boJiee ATMHHBIHN yT. CXeMaTHYeCKH BOJI-
HOBOM HyT M306pakeH Ha puc. 1.2 (7 — JIUTENILHOCTD 1UyTa, TC —
ero [pOCTPaHCTBEHHAN JJIMHA).

Puc. 1.2. CxemaTuyeckoe u3obpaxeHMe BOAHOBOMO Lyra B BuAe
«06pbIBKa» MOHOXPOMAaTUUYECKOM BOAHBI. BOAHOBOI Uyr cooTser-
CTBYET ONpeAeAeHHOMY (POTOHHOMY COCTOSIHUIO
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KorepeHTHOCTh CBETOBOIi BOJIHBI KaK ee CIIOCOOHOCTD K
nurepdepennnu. UeM Gosee «HeynmopsAAOYEHHON» SBJsieTCA
cBeToBas BOJIHA, TEM B MeHbIEH CTeneHH OHa crocobHa K co3Aa-
HHIO UHTepdepeHIIMOHHON KapTHHBI. CIocO6GHOCTE BOJIHBI K HHTEp-
depeHIMH MOXHO KOHTPOJMPOBATH, M3MEPAA KOHMPACIMHOCTL
UHTep(EPEHIIMOHHBIX II0JIOC, T. €. OTHOILIEHHE

_hLi-1I

= , 1.7
I+ I (1.7

¢

rae I — MHTEHCUBHOCTH B IIEHTpE CBETJIOH noJockl, a Iy — B LeH-
Tpe TeMHOM moJiochl. MakcumaibHas KoHTpacTHocTh ({ = 1) Ha-
6monaercs, xorna I = 0. MunuMmaneHas (HyseBasi)) KOHTpacCT-
Hocth — npu I} = Ip; B 3TOM oJiydae HHTepdepeHIUsA NOIpOCTy
orcyTerByeT. UeM Bhllle CIOCOOHOCTD BOJIHBI K HHTepdepeH1H, TeM
6osbie koHTpacTHOCTh ¢ (TeM Garke oHa K enuHune). Hanbonee
yeTkasa (HauboJsiee KOHTpACTHas) KapTHMHA UHTep¢epeHUHOHHBIX
roJioc IMoKasaHa Ha pHc. 1.3 a, HauMeHee yeTkas — Ha puc. 1.3 8.

a) ) 6)
Puc. 1.3. MutepdepeHunoHHbie KapThHbBI, OTBEYAIOILME Pa3HOMR cTeneHu
KOHTpacTHOCTH. CTeneHb KOrepeHTHOCTM CBETa YMEeHbLIAETCa OT a) K B)
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YTo6B!I pa3sinyaTh CBETOBbIE BOJIHBI IO UX CHOCOOHOCTH K HUH-
tTepdepeHnNH, BBOAAT BECbMa BAXKHYK) XapaKTEPUCTHKY — cme-
neMdb Ko2epeHmHocmu BOJIHBL. YeM Bblle CTENeHb KOTePEeHTHOCTH
cBeTa, TeM OoJsiblile €ro cnocoGHOCTH K WHTEpdepeHlnn. YMeHb-
HieHue CTeleHy KOIePeHTHOCTH CBeTa COOTBETCTBYET BO3PACTAHUIO
CTelleH! ero «Heynopsi04ueHHOCTUY.

ITnockasa MOHOXpOMAaTHYECKas MOJIsIPU30BaHHAA CBETOBast BOJI-
Ha — 3TO udeanvHo KozepeHmuan BoyiHa. OHa obagaeT HanGOb-
11e criocobHOCTBIO K UHTepdepeHInH. To — HauboJiee «ynopsaao-
YeHHas» BOJIHA. MOXXHO AONYCTUTD CyIeCTBOBAHME BOJIH HIealb-
HO HEKOTePEeHTHBIX (COBEPIIEHHO «HEYIOPAAOUEHHBIX» ), aBCoM0T-
HO HecnocoOHbIX K MHTepdepeHuUn. B 1eHCTBUTEILHOCTH XKe pea-
JIM3YIOTCA BCEBO3MOXKHbIE IIPOMEXYTOUHBIE CJIyYaH, OTBEUAKOIIIHE
pas/IMuHOM cTelneHH KorepeHTHOCTH. CTpPOro roBops, HET HU HAe-
aJIbHO KOTEPEHTHBIX, HU HJEalbHO HEKOIEPEHTHBIX BOJIH, a €CTh
YACMUYHO KO2epeHITHble BOJIHBL.

CreneHb KOrepeHTHOCTM CBETOBBIX BOJIH M XapakTep pac-
cejieHUA (POTOHOB MO COCTOAHUAM. CTeneHb KOrepPeHTHOCTH
CBETOBBIX BOJIH ONpefessieTcs Xapakmepom pacceneHus ¢Gomo-
Ho8 no cocmoaHuam. IIpu uneanbHOR KOTepeHTHOCTH, KOTOPOi
OTBeYaeT IJIOCKasi MOHOXPOMAaTHYeCKasl MMOJAPH3OBAHHAS BOJIHA,
Bce 6e3 HCcKIYeHUsS (HOTOHBI HAXOAATCA B OHOM €IMHCTBEHHOM
COCTOSIHHMH: OHM MMEIOT OJHY U Ty >Xe DHEPTuio, OfHO M TO XKe
HampapJieHHe MMIyJbca, OAHY U Ty >Ke MoJjspusanuioo. B peasnb-
HOH CBETOBOMH BOJIHE (POTOHBI PACCEIEHbI 110 PA3HBIM COCTOSHHAM;
IIPU 3TOM B OJIHMX COCTOAHMAX OKas3biBaercA Goiblie (HOTOHOB,
B IpyTHX — MeHbille. YeM cubHee BhIpaXkeHa U3bupamensHocmb
(1epaBHOMEpHOCTB) 3acesieHUA (POTOHHBIX COCTOSAHMM, MHAYe ro-
BOpSl, UeM IJIOTHEe 3acejieHbl HEKOTODBIE OTAENbHBIE COCTOSAHUA
3a cUeT OCTaJIbHBIX COCTOSAHUH (KOTOPbIE OCTAIOTCS TTOJIHOCTBIO WIN
NoYTH CBOGOJHBIMH), TEM BBILIE CTENIEHb KOTEPEHTHOCTH U3JIyue-
Husa. Ha npaxTHke Bce 5TO 03HAYaeT, YTO CTENEeHb KOrepeHTHOCTH
H3JlyyeHHUsA TeM Bblllle, YeM HIDKe CTelleHb ero HeMOHOXpPOMaTHY-
HOCTH, YEM MEHbllIe CTENeHb PACXOAUMOCTH U UEM BBIIIE CTENEHb
NnoJispru3anmnu.
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Cmenenp HeMOHOXpoMamuyHocmu BOJIHBI OIIMCbIBaeTcsa OT-
HOULIeHHueM

TAe Vo — CpeAHsasA 4acToTa, AV — 4aCTOTHBIH MHTEpBa, Xapakre-
pHu3ylomui «pasbpoc» yacror (eMy oTBeuaeT «pa3bpoc» SHepruii
¢doronoB Ae = hAv). Cmenend pacxoOumocmu U3MEPSIOT yIJIOM
pacTBOpa KOHyca, B IIpefiejlax KOTOPOrO paclpoCTpaHsAeTCs CBETO-
Bad BOJIHA; 3TOT YroJl Ha3bIBAIOT YTJIOM PAcXOAUMOCTH. UeM 6iimxke
¢opMa BOIHOBOTO QPOHTA K IJIOCKOCTH, TEM MEHBIIIE YTOJI Pacxo-
aumocty. Cmeneb noaspusayuu CBETOBOH BOJIHBI OIPENEIAIOT
Ha [paKTHKe NPH MOMOIUHU IOJAPU3ATOPA, HATIPUMEDP CHEIHasb-
HOT'O KPHCTaJlJ1a, IPOIYCKAIOIIero BOJIHLI ¢ KoJIebaHUAMH BEKTOPa
3JIEKTPHYECKOH HAaIPAYKEHHOCTH JIMILb B ONPEAETEHHON MJIOCKO-
CTH, 3a7laBaeMoOil opHeHTanueil Kpuctauia. MeHsAs OpHEHTALHIO
KpHcTania (OBOpayMBas YKa3aHHYIO IJIOCKOCTb BOKPYT Halpas-
JIEHUs! paclpOCTPaHEHHs BOJIHBI), H3MEPSAIOT UHTEHCHBHOCTD TIPO-
HIe/IIero CKBO3b KPUCTAJUI-NOIAPU3ATOP CBETA I Pa3HbIX OpH-
€HTAUMH U BRIABJISIOT MaKCUManbHOe (I .) U MUHUMaIBbHOE (Imin)
3HayeHUsd MHTEHCUBHOCTH. CTeleHb NOJIAPU3ALMM ONpENesIsieTcs
OTHOUIEHHEM
Imax - Imin
= —. (1.9)
Imax + Imin

Menc,uy CTENIEHbIO HEMOHOXPDOMATHYHOCTHU BOJIHbBI { n Jn-
TEJIbHOCTBIO T OTBEYAIOILUX 3TOH BOJIHE LYTOB CyLIECTBYET CBSI3b:

Ex —. (1.10a)
C yuerom (1.8) mepenuiieM 3TO COOTHOUIEHHE B BHJE

Av ~ (1.106)

N =

BesnunHy 7 Ha3bIBAIOT 8pemeHem KozepeHmHocmu. YeM 60/1b-
111e BpeMs KOrepeHTHOCTH, TEM BBbIlile CTelleHb KOT€PEHTHOCTH CBeTa.
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KorepexuTHble ABJIEHUA B A0/1a3€PHOI onTHKe. J[osa3epHyio
ONTHKY YaCTO HA3BIBAKOT HEKOZEPEHIMHOIl ONTHKOU. DTO Ha3BaHHUE
YCJIOBHO: CJieZIoBasi0 Obl TOBOPUTh O MaJIOH CTENIEHU KOTEPEHTHO-
ctu. Kak Obpl HM ObUta Majia 3Ta CTENEeHb, B IPUHLHIE €€ BCe-
raa MOXKHO MCIIOJIb30BAaTh YISl NOJIydyeHUsl HWHTepdepeHIIHOHHOH
KapTuHbl. HeyIMBUTENBHO, YTO fBJEHHE HHTEPDEPEHLHNH CBETa
HabJIA/IOCH ellle B 10J1a3€PHOM ONTHKE — MPH MCIOJIb30BAHUH
0OBIUHBIX HCTOUHHUKOB CBETA.

Bocnoss3yemMcs npeicTaBeHUEM O BOJTHOBBIX LyTax. Pasdiny-
Hble LyTH, UCIOYIIeHHble MUCTOYHHUKOM CBETa, CKJIAAbIBAACH APYT
C ZIpYyTOM, He NPHBOJAT K WHTepEpPEeHUNH; OAHAKO BO3MOMHA
uHTEphEpEeHIIUA MEX/ly 4acTsAMH OJHOTO U TOro ke myra. Cxe-
Ma OIBbITA, MO3BOJIAIONIEr0 OCYLUIECTBUTh YKa3aHHYIO HHTepdepeH-
1IM10, faHa Ha puc. 1.4 (A — ucrouHuxk ceera, 5 — moJsynpospau-
HOe 3epKayio, B — MOJHOCTBIO OTpaXkaroliee 3epKaio, I' — 3KpaH,
Ha KOTOPOM Hab0Aa10T MHTEPPEPEHIIMOHHYIO KapTHHY). 3epKaso
b pacuienisieT BOJTHOBO# HYT, a 3epKanio B obecrneunBaeT nocaeny-
101ee COBMelleHHe YyacTed nyra B Touke I'. UToObl B TOH TOuKe
BCTPETHJIKCh YACTH HE pa3HbIX UYTOB, a OAHOTO U TOTO XKe I[yTa,
HaJo, utobbl ObIJIO BBIIIOJIHEHO YCJI0BHE

L <re (1.11)

rae 7¢ — AyuHa nyra; L — pas-

4 5 "'W‘E HOCTb NyTeil, IIPOXOJAMMBIX YacCTsA-
= A nyra OT TOYKH paclierieHHs
Z 10 TOYKHU BCTpeuH (B JaHHOM CJIy-

5 wae [ = |BB| + |BI'| — |Br|). Tlpu

Puc.1.4. Cxema onbiTa, B koTo-  BbINIOJIHEHNH ycsiosus (1.11) Ha-
POM MOXET HabAIAATLCS MHTEp- 6nronaerca uHTepdepeHnus.
thepeHuMs MexXAy 4acTiMW OA- Wnes, nokasaHHas Ha puc. 1.4,
HOO U TOrO >X€ BOAHOBOIO Uyra  peasnusyeTcsi B noﬂasepﬂof}] OIlTH-
Ke pasHbIMH crnocobaMH, HaNpu-
Mep ¢ nnomoiusio Gurnpuamsl Openens, uareppepomerpa Matkesnb-
COHa, I1py HabsioieHuy Kojlenh Hpl0TOHA U LIBETOB TOHKHX IJIEHOK.
Bo Bcex aTux ciaydasx uHTepdepennus Habmopaercsa 6iaronaps
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TOMY, UTO paccrosiHHe L OKa3bIBaeTcsi OYeHb MaJIbIM — MHOpPAJAKa
MUUIIMETPA U MeHbllle. Benb /151 OOBIYHBIX MCTOYHHKOB CBETa
JJIMHA BOJIHOBOTO Iyra T¢ (0AuHa xozepeHmHocmu) He IpeBbILia-
€T, KaK [PaBMJIO, OAHOTO CAHTHUMETpA.

BbICcOKHE KOrepeHTHbIE CBOMCTBA JIa3€PHOI0 U3JAyYeHHA.
ITosiBneHue na3epa NPOU3BEJIO B ONITHKE NMOAJIVHHYIO PEBOIOIHUIO.
Bsiarofiapsi j1a3epy 4eJIOBeK MOJYYHI B CBOE pacnopsiKeHue OIl-
THYECKOe HU3JIy4yeHHe C BHICOKOH CTENeHbI0 KOTepEeHTHOCTH. Bpems
KOT'€PEHTHOCTH JIa3ePHOr0 U3jIydeHus aocturaer 10~3 ¢. 3to o3Ha-
4aerT, uTo AJIHHA KOTEPEHTHOCTH T¢ KOXoauT fo 105 m (o 100 km!),
T. €. Ha CeMb MOPAJKOB IIPEBBIIIAET JUIMHY KOTEDEHTHOCTH 00bIY-
HBIX HCTOYHUKOB CBETA. YTOJ1 PACXOAUMOCTH JIa3€PHOTO UBJIYUEHUA
MOXKET COCTaBJIATh BCETO OAHY YIJIOBYI0 MUHYTY.



Jlekua BTOpa

1.3. KBaHTOBbIE NEPEX0AbI M NPOLIECCHI
MCNYCKaHMA 1 MOTAOWEHNA CBETa

[T03HAKOMUBIIHCH C IOHATHEM OIITHYECKOH KOTEPEHTHOCTH, Mbl MO-
’KEM TeNeph MepelTh K pACCMOTPEHHIO TPUHIUIIOB PaboThl J1azepa.
HayHeM ¢ 06cyx1eHNsi OCHOBHBIX IIPOLIECCOB B3aMMOAENCTBUSL OTITH-
YECKOTO UBJIyYeHHUsl ¢ aToMaMH (M MOJIeKyJlaMU) BELECTBa.

JHepreTuvecKkue ypoBHU aTOMOB U MOJIEKYJI. JHEPrHUs aTOMa
WM MOJIEKYJIBI MOXET HPUHHMATh JIMIIb HEKOTODbIE OIpesiesieH-
Hble (JuckpemHbie) 3HAYEHUS. ITUM 3HAYEHHUAM COOTBETCTBYIOT
aHepeemuueckue yposHu. Ilepexon aToma (MoJieKysbl) ¢ OZHOTO
SHEpPreTUYECKOTr0 YPOBHSA Ha APYTrOH COBEPILAETCA CKAYKOM; 3TO
€CTh TaK Ha3bIBaeMblil K8aHMMOBbll nepexod. KBaHTOBbIE mEpexo-
ZIbl aTOMa MJIY MOJIEKYJIbI O0YCIJIOBJIEHB! PA3JTUMYHBIMU IPUYUHAMH.
B yacTHOCTH, IEPeX0Abl MOTYT IIPOUCXOAUTE IIPH B3aUMO/IEHCTBUH
ATOMOB M MOJIEKYJI C OIITUYECKHUM U3JYyUEeHUEM.

ATOMBI KaXXJIOTO XHMHYECKOrO 3JIeMEeHTa XapaKTepu3ylTcs
cg8oell CHCTEMOH BHEPreTHYECKHUX YpOBHel. XapaKTepHble paccTo-
SIHHS MeXy YPOBHAMH 3HEpPrMH aToOMa COCTaBJISIOT NPHUMEPHO
1-5 3B. Cucrema sHepreTH4ecKHX ypOBHEH aToMa OTPaXaeT 0Co-
OEeHHOCTH JBMIXKEHHUS 3JIEKTPOHOB B IaHHOM aTOME.

CTpyKTypa 9HepreTHuecKux YpOBHEH MOJIEKYJIbl OTPAXKAET TPH
THIA ABUIKEHHH: JIEKTPOHHBIE ABHXKEHUA, KosiebaHUs aTOMOB B MO-
Jlekyse, BpallleHue MoJseKysbl. I103ToOMy crucremMa ypoBHEH y Movie-
KyJIbl CJIOKHEe, YyeM y aToma. Hapsaay ¢ ypoBHAMH, OTBEYAIOIMMHU
31eKMPOHHLIM ABIXKEHHAM, CyLECTBYIOT K01ebamenbHble (paccTo-
siHMe Mex/ly ypoBHaAMH nopsinka 0,1 3B) u epawyamensHbie ypoBHU
(paccrosnue mexay ypoBHaAMH nopsazaka 0,01 sB u MeHslue).
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Ipumeuanue. 1 3B (3/1eKTPOHBO/ILT) — EAMHHUIA SHEPTHH, IIKPO-
KO MCIIOJIb3yeMasi B aTOMHO (pu3HKe. DTO eCTh 3HEPTHA, KOTOPYIO
npuobpeTaeT 31€KTPOH THOA [eHCTBHEM HANPSAXKEHHUA B OJMH BOJIBT.
1 5B = 1,6 - 107'° Ix. Ucnons3ya cooTHomeHue € = hv = he/A
H y4HTHIBag, uTo b = 6,626 1073* Ik ¢, ¢ = 8-10® m/c, nonyuaem,
4TO BHEepruM GoToHa B 1 3B COOTBETCTBYET JUIHHA CBETOBOM BOJIHBI,
paBHas 1,24 MxM.

Ioraomeunue csera. JI1s npocToTh 6yaeM paccMaTpUBaTh BCETO
[iBa 9HEPTeTHUYECKUX YPOBHA Hekoero aroma. O603HavYuM 5HEPTHIO
HHXXKHETO YPOBHA uepe3 E;, a 5Hepruio BepxHero — uepe3d Ej.
ITyctb aTOM HaXOAUTCA Ha HH)KHEM YPOBHe, U MycTh BOJIM3M aTo-
Ma 1poJieTaeT (GOTOH ¢ IHEepru-
el €12 = Ey — F,. AToM MOXeT
MOIJIOTUTH (POTOH U COBEPLIHUTH
KBaHTOBBIH Nepexoy ¢ ypoBHA E;
Ha ypoBeHp FE3 (cMm. puc. 1.5).
3TO ecTh 3/IEMEHTapHBIH aKT no-
2/10UjeHus ceema 8ewjecmasom.

O603HaunM uepe3 w; OTHECEHHYIO K eJUHHIIe BpEMEHH BEPO-
ATHOCTD IIOTJIOIIEHHs CBETa, CBA3AHHYIO ¢ nepexojamu E; — F,
aTOMOB BelllecTBa. YKa3aHHAash BEPOATHOCTb NPONOPLHOHANIbHA
yucay ¢oronHos. OHa MoxeT GBITH 3anMcaHa B BUJE

wy = BNegya, (1.12)

- "‘“pH @

Puc. 1.5. lNoraouieHue ceeta

rae N — uncyio POTOHOB B eAMHMIE 00BeMa, UMEIOUIHUX 3HEPTHIO
€12; B — koadduumeHT, xapaKTepU3yIOIKUH paccMaTpUBaEMBIi
nepexon B, — Es.

BeIHyKAEeHHOE MCIIyCKaHue
cBera. Eciy aToM HaxoauTes Ha
BEpXHEM JHEPreTHYEeCKOM ypPOB-
He, TO mpoJeTaiuuii GoToH C
3Heprueit €15 = Fy — B Moxer
chIrpaTh poJib CBOeOOpa3HOro
«CIyCKOBOTO KpIOYKa»: OH MO-
*eT BHI3BATh (MHHULHHPOBATh)

Puc. 1.6. BoinyxaeHHoe
ucriyckaHue ceeta
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nepexon E, — E), T e. BO3BpallleHHe aTOMa Ha HWXHHUH ypo-
BeHb. [lepexon E; — E; compoBoxzaercs HcIyckaHHeM (OTOHA
(cm. puc. 1.6). HoBslit poTOH, Kak ¥ UCXOAHBII (OTOH, UMEET SHED-
ruio €12 = E; — F;. Bosiee Toro, oH UMeeT Takoe e HanpaBjieHHe
HMITYJIbCA M TaKylO XKe NojspHu3anuio. MHEIMU c10BaMu, 8mopum-
Hbtil ¢poToH (¢OTOH, MCIYLIIEHHBIH aTOMOM B Ipolecce nepexoaa
E, — E)) oka3blBaeTcs B TOM K€ CaMOM COCTOSIHHH, B KAKOM Hax0-
auTcs nepsuvHbtil dotoH (poToH, BbI3BaBIIMN pacCcMaTpPUBaeMbIH
nepexon). B aTom kak pa3 u nposiBafercsa 6030HHBIHN XapakTep cra-
TUCTUKHU HOTOHOB — TeHAEeHIMA (GOTOHOB HAKAILJIMBATHCA B OAHOM
M TOM XK€ COCTOSIHHH.

PaccMOTpEHHBIH MPOLECC HA3bIBAIOT 8bIHYHcOeHHbIM (UHOYYU-
posamHbiM) ucnyckavuem ceema. Yem 6osblie umeeTcs nepBUY-
HBIX (POTOHOB, TEM BhIlIE BEPOSATHOCTh TOTO, YTO aTOM, HaXOAsf-
uiicss Ha ypoBHe FEj,, COBEpIIMT nepexox Ha ypoBeHb E;. 3xmech
MPOSIBJIAETCA OINpEeAie/IEHHOE CXOACTBO MEXIY BbIHYMIEHHBIM HC-
IIyCKaHHEM CBETa M MOIVIOLIEHUEM CBETA: BEPOSTHOCTH 060MX IIPO-
11eCCOB MPOMOPLHOHAIbHBI YHCTY MEepBUYHBIX (OTOHOB. BeposT-
HOCTb Wy BBHIHYKAEHHOTO MCIyCKaHHA CBETa, OTHECEHHAs K elU-
HHUIle BpEMEHH, eCTb

wyp = BNey,. (1.13)

Bripaxxenue (1.13) coBmagaer ¢ (1.12).

Urak, ecsin aToM Haxopwures Ha ypoBHe FEj, To ¢oTOH ¢ 3Hep-
ruel €12 = F; — E, Bhi3biBaeT nepexox B, — E; (u npu arom
YHHUTOXKAeTCA); eC/IM JKe aTOM HaXOAUTCA Ha ypoBHe FEj, To pac-
cMaTpuBaeMblit GOTOH ¢ maxoii dce 8epoAMHOCMbIO BHI3bIBAET I1e-
pexoa F; — E; (v npu 3TOM poxkzaercs emnie oaAuH (GOToH).

Ipeamnonoxum, 4TO UMEETCA MHOTO aTOMOB Ha ypoBHe K.
IIponeras MUMO HHUX, IIepBUUYHBIN (OTOH MOXKET MHULIMHUPOBATH
nepexoa E; — E; BO MHOTHX aroMax, T. €. MOKeT MHUIIMHPOBATH
pOKJeHUe He OJHOTO, a IeI0i nasuHbl BTOpUUHBIX GoTOHOB. Bee
atu ¢oroHs! OyAyT pOKAATECA B TOM K€ CAMOM COCTOAHHHY, B Ka-
KOM HaXoAuTcs nmepBHYHBIH PoToH. Takum ob6pazom, oauH GOTOH
MOXKET MHHULMHUPOBATL POXKJEHHE 1eJIOr0 BOJIHOBOTO Iyra, IIpH-
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4yeM JJIMHA 3TOro uyra (onpejesseMasl KOJMYECTBOM POJIMBILUXCA
BTOPHYHBIX (POTOHOB) MOKeT GBITh, B NPHHIMIE, CKOJb YTOXHO
OOABLIOH.

CnonTanHoe ucmyckanue csera. Haxoxsamuiics Ha ypoBhe Fy
aTOM MOXKeT NepeiiTH Ha ypoBeHb E; He TOJIbKO oA AeHCTBHUEM MEp-
BHYHOTO POTOHA, HO U CAMONPO-
U36041bH0, WIH, KaK OOBIYHO TI'O-
BOPST, CIIOHTAHHO (cM. pHc. 1.7).
PoauBiiuiicas npy CIIOHTAHHOM
nepexozie E; — E; ¢GoToH umeer
3Hepruio €12 = Fy ~ Ey, ocrane-
HBIE JKe er0 XapaKTePUCTHKH (Ha-
NpaBJieHHe HMITyJbca, MOJIAPH-
3al¥sl) OKa3bIBAIOTCS NPOU3BOAbHBIMU. BEPOATHOCTb CLIOHTAHHOTO
ucnyckanusa (GoToHa onpeziesseTcss TOJIbBKO CBOHCTBaAMH Iepexoaa
Ey; — E;; ee 3anuChIBAIOT B BUAE

Wy = A. (1.14)

Puc.1.7. CnoHTaHHOe
ucnyckaHue cseta

Koapouuuents! A u B, Bxoasiue B BEPOATHOCTH MPOIECCOB
UCITyCKaHUA M IOIJIOLIEHUSA CBETA, HA3bIBAIOT Koagduyuenmamu
Aitnwmetina. BaxkHO NOAYEPKHYTH, YTO 3TH KO3 DHUIMEHTHI He 3a-
BHCAT OT KaKUX-JTMO0 BHENIHUX YCJIOBHH (TeMIepaTyphl, J1aBieHus,
MHTEHCUBHOCTH ONITUYECKOI'O M3JIyYEHHA U T.IL).

Htak, BO3MOXHBI Ba THIIA NIPOLECCOB MCIyCKAHUSA CBETa aTo-
MaMH BelllecTBa — 8blHYN¥CeHHOe UCIIyCKaHHUE U CNOHMAHHOe MC-
nyckaHue. IlepBblil mponecc MOXKHO paccMaTpHUBaTh KaK yIpaBJis-
€MBblH: OH BbI3BIBAETCA MEPBHYHBIM (POTOHOM, KOTOPBIHM HE TOJIBKO
uHunuupyer nepexozn Ey; — Ep, HO U onpeaessieT XapaKTEepUCTUKH
poauBlierocs Npu 3ToM nepexoge ¢hortoHa. Bropoit mpomecc npo-
MCXOAUT CaMOIIPOU3BOJILHO: OH UMeeT APKO BhIPAXXEHHbIN cayuail-
Hbtll xapakTtep. CiryyaeH MoMeHT niepexoga Ey; — F, cayvaiiHbl Ha-
IIpaBJieHHe I10JIeTa U NOJAPHU3alHA POAUBILIETOCH IPU 3TOM Tepe-
xozie ¢oroHa. CTporo ropops, 3JIEMEHT CJIy4aHHOTO HPHCYTCTBYET
1 B MpoLieccax BbIHY>KAEHHOTO UCIyCKaHHA CBeTa: epBUYHBIHN ¢o-
TOH MO>XeT UHHIMHPOBAaTh COOTBETCTBYIOIIMH Nepexoi B JaHHOM
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aTtoMe, HO MOXKET U He HHHIIMMPOBATh 3TOro nepexoaa. Hegapom xke

Mbl Be3/ie TOBOPUM O BEpPOSATHOCTU TOTO WJIM MHOT'O IIpollecca.
IIpumeuyanme. CaMOIpOU3BOJIbHBIE ITPOLECCHI BeCbMa paclpocTpa-
HEHbl B MHKpOMHpE. JI0CTATOYHO OTMETHUTh PaJHOAKTUBHOCTb aTOM-
HBIX AZEp U CAMONPOU3BOJIbHbIE IPEBpAlleHNs Pa3/INIHbIX 1eMeH~
TApHBbIX YacTUll. HecMOTpA Ha NPUHLMIIMAIBHO CJIy4aiHbIH xapak-
Tep BCe 3TH MPOLECCHI He ABJIAIOTCA, OAHAKO, HecnpunuHHbiMU (KaK,
BIpOYEM, H BCe npoiteccs! B npupoze). [Ipuunnst, obycnapnusaioiiye
CIIOHTaHHKIE TPOLECCh], MBI He 6yZieM 31ech pacCMaTpHBaTh. YKaXKeM
JIVILb, YTO B MHKpOMHUpe J11060it 00beKT Beersa B3auMOAEHCTBYET C
OKpYXKatoueH cpeioil. 370 B3aUMOAEHCTBHE MMEET IPHHLUMITHATbHBIH
XapaxKTep W HE CBOAUTCHA K OOBIYHBIM CHJIOBBIM B3aHMOJEHCTBHAM.

1.4. MuBepTupoBaHHasn aKTMBHaA CpeAa

AKTHBHaA cpela U aKTUBHbBbIE IeHTPbI. «Cepanem» sasepa AB-
JIAETCA aKmueHMblil 31emeHm — HeKoTopas cpefia (TBepaas, uaKas
M razoobpasHas), cogepiKailas clieliuaabHOo nogobpaHHble aTo-
Mbl, HOHBI MJIU MOJIEKYJIbI, B pe3yJbTaTe BHICBEUMBAHUSA KOTOPBIX
Y BO3HMKAET JIa3epHOE U3IyYeHHe. ITH aTOMBbI (MOHBI, MOJIEKYJIBI)
Ha3bIBAIOT AKMUBHbIMU YeHmpamu. OHU COCTABJIAIOT OTHOCHTE Tb-
HO MaJIyIO IOJII0 OT BCeX aTOMOB (MOJIEKYJ1), 0Opa3yIoIuX aKTHB-
Hylo cpemy. Mx xoauuectso B 1 cmM® akTuBHOH cpeapl cocTassiser
npumepno 10'%-10!7 B razoobpasubix cpegax u 109-10%° g tBep-
AbIX U XUIKHUX Cpeaax.

ByzeM paccMaTpuBaTh TOJBKO Te YPOBHH SHEPTMH AKTHBHOTO
LIEHTPA, KOTOPbIe BaXKHBI C TOYKU 3PEHNSA BO3HUKHOBEHHSA reHepa-
MM B sazepe. [Ipexe Bcero BHIAENHNM JIBa YPOBHS, Ha Iepexoje
MeXYy KOTOPBIMH POXKJAETCA JIa3epHOE U3JIydeHHe. DTOT 1epexo,
Ha3bIBAIOT pabouum nepexodom, a COOTBETCTBYIOLIHE DHEPreTHYe-
CKHe YPOBHH — pabouumu ypoeHaMu. Pasnuyalor HUxcHull U sepx-
Hull paboune ypoBHHU. IlycTh €12 = Ey — F1 — pa3HOCTb 3HEPTHit
pabounx ypoBHell; vy2 = €12/h ecTs uacmoma pabouezo nepexoda
(uacToTa m3MydyeHHs jazepa). O603HAYMUM 4Yepe3 N, U Mg YHCIO
aKTUBHBIX LIEHTPOB B eiMHUIlE 00beMa aKTHBHOMN CpeAbl, HaXoas-
LMXCA HA HIDKHEM UM BepXHeM pabouyHx YPOBHAX COOTBETCTBEHHO;
3TU BEJIMUUHBI Ha3bIBAIOT 3aceseHHocmamu pabounux ypoBHEH.
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HHBepTHPOBaHHAA AKTMBHAA CPeAa; yCHJIeHNe CBeTOBOro
nyuyka B Takoii cpeae. Kak yxxe ormeuasnoch, GOTOH ¢ 3Hepruei
€12 = E; — E; MOXeT ¢ paBHOI BepOATHOCTHIO MHULIIMUPOBATH KAK
nepexon E; — Fg, tTaxk W nepexog E; — FE;. Bce geno B TOM,
HAa KaKOM DHEPreTHYECKOM YPOBHE HAXOJUTCHA B3aHMOJEHCTBYIO-
i ¢ GoTOHOM aKTHUBHBIM IeHTp. Ecim Ha HmwkHeM pabouem
ypoBte (F;) Haxogutcsa 6GoJiblle aKTUBHBIX IEHTPOB, YEM Ha BEpX-
HeM ypoBHe (Fs), To GyayTt mpeobianaTs mpouecchl NOIJIOUIEHUS
ceeta. Ecin ke, Hao6opoT, Ha ypoBHe F; HaxoauTcs MeHbLIE aK-
THBHBIX 1IIEHTPOB, YeM Ha ypoBHe Ej,, To 6yayt npeobiasare mpo-
11eCChl BHIHYXKIEHHOI'O HMICITYCKaHUA CBETA.

B 0OBIYHBIX YCIOBUSX U, B YACTHOCTH, IPH TEPMOAMHAMIYE-
CKOM P2BHOBECUU 33aCEJIEHHOCTH SHEepPreTHYeCKHX YPOBHEH YMeHb-
IIAIOTCA N0 MEPE YBeJIMYEHUs SHEPruH YpOBHeH, T.e. Ny < Nj.
[To3ToMy OGBIYHO MPOIECCH OTJIONUIEHMS CBeTa MpeobaaZaloT Hay,
nporeccaMy BbIHYKAEHHOTO HUCITYCKaHUS CBETa.

Ham BaxHo, uto6sl, Ha060poT, npeobradaru npoyeccsl 8bl-
HyxcOeHHo20 ucnyckanus cgema. CieoBaTeNbHO, HeOOXOUMO 1O~
3a00TUTBHCA O TOM, UTOOBI 32CEJIEHHOCTh BepXHero pabouero ypoBHs
oKaszasach Bblllle 3aCEJIEHHOCTH HWKHEro YPOBHS, T. €. YTOOBI BbI-
TTOJTHAJIOCH YCJIOBHE

ng > Ny, (1.15)

Ha3bBIBaeMoOe Yycaosuem uHsepcuu
(obpainenus) sacesieHHOCTEN pa-
f6ounx ypoBHeH. AKTHBHYyIO cpe- ¢
Iy, 71 aKTUBHBIX IIEHTPOB KOTO- >
POl BBIMOJHEHO YCJIOBHE HHBEp-
CHH, Ha3bIBAalOT UHBEPMUPOBAH- Puc.1.8. CBeToBOM Ny4OK MOXET
HOll aKTUBHOH Cpeslo. YCMAMBATBLCS, NPOX0AS Yepe3 MH-
IIpeanonoxum, YTO Npuro- BEPTUPOBAHHYIO aKTUBHYIO CpeAy
TOBJIEHA MHBEPTUPOBAHHAS AKTHB-
Has cpefa. Ilyceth B 3Ty cpefy HPOXOJHT HalpaBjieHHBIH CBETOBOH
MYYOK, UMEIOIIUIA YaCTOTY V12 U IVIOTHOCTDb TOTOKA S (cM. puc. 1.8).
Ilpexxme Bcero MOSACHUM, UTO TAKOE MAOMHOCHIL CBEMOB020
nomoxa S. OHa U3MepsieTca HHEPrueil CBETOBOTO MyuKa, Najaio-

———

D\
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el Ha eJUHULY TUIOLAAM B eAMHHULY BpEMEHH; pa3MepHOCTh S —
Jox/(m2 - ¢) = Br/m2. Ectt 0603HaUUTDL yepes p IIOTHOCTb 3HEp-
MM CBETOBOTO nossA (3Heprus B efuHHIEe 06beMa), TO IJIOTHOCTb
CBETOBOTO IOTOKAa MOXHO IPEACTAaBUTh KaK IIPOM3BENEHHUE pv,
IZle ¥ — CKOpOCTh CBeTa B JAHHOU cpezie. Panee Onisla BBedeHa
senunHa N — uucio GoToHOB B enuHuile obbema. OueBUIHO,
uto p = €N = hvN u, ciiefoBaTesIBHO,

S =hvNV. (1.18)

3aMeTuM, 4TO BeTHuMHHL S, p, N paccMaTpHBaIOTCA 1A OTIpe-
AeNeHHOM yacToThl uanydenus. Huxe GymeM mosaraTh, 4TO 9Tta
E, - E ’

P

ITpoxo0sa uepe3 UHBEPMUPOBAHHYI0 AKMUBHYIO cpedy, c8emo-
8011 NYUOK MOMcem ycuausamsca scaedcmaie npeobaadaHus
npoyeccos 8bIMYNCOEHHO20 UCYCKAHUA HA) npoyeccamil no-
210ujeHu.

4YacTroTa paBHa 4acrore pa6oqero nepexona Vg =

CyliecTBeHHO, YTO YCHJIMBAIOIIHE IY4OK (POTOHBI POXKAAIOT-
€S B TOM K€ COCTOSIHHH, B KAKOM HaxoAATcs (HOTOHBI HCXOAHOTO
CBETOBOIO IIyuYKa, UIPAIOLINE POJIb NEPBHYHBIX PoToHOB. O603HA-
yuM yepe3 W CBETOBYIO SHEPIHI0, TEHEPUPYEMYIO Ha YACTOTE Vi
B eiHULe 06beMa aKTUBHOM Cpe/Ibl B €/JHHHUILY BpeMeHH (3T0 ecTh
IJIOTHOCTH CBETOBOM MoIlIHOCTH). HeTpyaHO Iokasarh, 4yTo

W=(ny— nl)Bthufg. (1.17)

JeiicTBUTENBHO, 32 eIMHULLY BpEMEHH B eIMHHIIE 06'heMa ITPOUCXO-
JAT MWy BBIHYXAEHHBIX ITepexofoB F; — F) U nyw, 06paTHBIX
nepexonoB. IIpu kaxzaoMm nepexofe poxzaaercs (6o, HAIpOTHB,
yHUUTOXKaeTCs1) GOTOH, UMeroNUil 3Heprui0 hvyg. Takum obpasom,
W = (nw, s — nywy)hvyz. Uenonsays (1.12) u (1.13), noayyaem
orcroga peayasrar (1.17).

C yuerom (1.16) nepenumem (1.17) B Buze

Bh
W= %(nz ~ny)S. (1.18)
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Benaunuuny
Tl = —T (1.19)

Ha3bIBAIOT CeWeHUeM BBIHYK/I€HHBIX IPOLECcOB B paboueM nepexo-
Zle. ITO ecTh OTHOIIEHUE BEPOATHOCTH mnpouecca BN hvis k mnor-
HOCTY TOTOKA (POTOHOB N ¥, KOTOpble HMHUIIMHPOBAJIN PACCMATPH-
BaeMsIii mpouecc. C yuerom (1.19)

W = 0’12("7,2 - nl)S’ (1.20)

Meroasl co3gaHuss HHBepcuH, UTo6b! cO3AaTh HHBEPCHIO, HAZIO
no3abotutsca 1160 0 ToM, yTO6B! BepXHUH pabounil ypoBeHb 3a-
CeJIsUICSA aKTUBHBIMHU LIEHTPAMH MHTEHCHBHEE, YeM HHXXHHUM, THOO
0 TOM, 4TOGbI HIDKHUH pabounii ypoBeHb ouniaics (ocBoboxaas-
cfl) OT aKTHUBHBIX I[EHTPOB MHTEHCHBHee, yeM BepxHHH. B oboux
cJIyyasix JOJKHO OBITh obecrnedyeHo npeumyujecmeeHMoe 3acesie-
HHE aKTUBHBIMM LIEHTPaMH BepXHEro pabo4ero ypoBHs.

dusuyeckre MeXaHU3Mbl 3aceseHus (OUMILEHMA) IHEPreTH-
4YeCKUX YpOBHe# aoctaTouHo MHoroobpasusl. [ToaToMy cyluiecTBy-
10T pa3Hble crocobbl CO3aHUsT MHBEPTUPOBAHHBIX aKTUBHBIX CPEA
WIH, KaK OObIYHO I'OBOPAT, pasdHble CNOcO6bl HAKAWKU AKTHBHOM
cpebl.

ITpexze BCEro OTMETHM ONMUYECKYI) HAKAYKY — IpPEUMy-
IIECTBEHHOE 3acejieHHe BepxHero pabouero ypoBHs 3a CYeT CBe-
TOBOM 3HEpPTHH CIEeLHaAIbHBIX H3ayvaTened (razopaspsaaHbX HM-
MyJIbCHBIX JIAMII, JIAMII HellpeprIBHOTO ropeHus). s razoobpas-
HOH aKTHBHOMH cpeAbl YacTO NMPUMEHAIT HAKAYKY C UCNOAb308a-
Huem camonoddepicusarouje2oca anekmpuveckoz2o paapaoa. Ilpe-
MMYIIECTBEHHOE 3acesieHHue BEPXHEro paboyero ypoBHA MPOHUCXO-
JIUT IIPH 3TOM Cnocobe HakauKH B pe3yJIbTaTe HEYIPYTHX CTOJIKHO-
BEHMI1 aKTHBHBIX LIEHTPOB CO CBOOOAHBIMH 3JIEKTPOHAMH, 06pasy-
IOLMMHUCA B I1a3Me pa3paaa. CylecTBEHHYIO POJIb UIPAET TaKXKe
pe3oHaHCHbIN 0OMeH SHeprueii Npy HEYNPYTHX CTOJIKHOBEHHAX aK-
THBHBIX IIEHTPOB CO BCIIOMOTaTeJIbHBIMH aTOMaMH M MOJIEKYJIaMH,
CTEeUaJILHO BBOAMMBIMH B aKTUBHYIO cpeny. [Ipu xumuueckoii Ha-
Kauxe NPEUMYLIECTBEHHOE 3ace/leHHe BepXHUX pabo4yux ypoBHeH
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TIPOMCXOJUT B NpOLlECCe HK30TEPMHUECKHUX XHMHUYECKHUX peakiuit
B aKTMBHOH cpezie. [[pUMEHSIOT Tak)Ke CUJIbHBIN HarpeB aKTUBHOM
Cpeabl ¢ nocyieAyoumM GRICTPBIM ee oxJlaxaeHneM (mensosan Ha-
xauxa). Mcnonp3oBaHue T€X HMJIM MHBIX CIIOcOO0OB HaKayKH TECHO
CBA3aHO C XapaKTepOM aKTHBHOH cpeab! (cM. . 2).

IpuHuMNUATBHbIE CXeMbl YPOBHEiHl AKTHMBHBIX I€HTPOB.
B xauecTBe aKTUBHBIX LIEHTPOB HCIOJIB3YIOTCA PA3/IMYHbIE aTOMBI,
HOHBI, MOJIeKyJ1bl. OHM UMEIOT CBOU (M IT0Z{Hac JOBOJIBHO CJI0JKHEIE)
CTPYKTYpbl 3HepreTueckux yposHei. OxHako Bce pa3HooGpa3sue
BTHX CTPYKTYP MOXHO (PaKTHYECKH CBECTH K HECKOJIbLKHM BecbMa
YIIPOILEHHBIM CXeMaM, KOTOpblE HECMOTPSA Ha IPOCTOTY MPaBUILHO
OTpaXkaioT IPUHIIUIINAIBHYIO CTOPOHY /iejla, He YUUTHIBAasA pa3iuy-
HBIX HE OYEHb CYIECTBEHHBIX ZleTajsieil. TH YIPOLIEHHbIE CXeMBbI
COAEpKAT BCEro TPH WIM YeTbipe ypoBHA (cM. puc. 1.9). Ha pu-
CYHKE HCIIOJIb30BaHbl cienyloiye obo3HayeHusa: 0 — OCHOBHO#H
ypOBeHb, 1 — HIDKHHUH paboumii ypoBeHb, 2 — BepxHHi1 pabouunit
ypOBeHb, 3 — YPOBEHb Bo36ykaeHus. BepTUkaibHasA CTpesIKa BBepX
o3HauaeT Bo36yxaeHne (HakaykKy), BEpTHKaJIbHAas CTPEJIKA BHH3 —
pabouuii mepexos, KOCble CTPEJIKU — BCIIOMOTaTesIbHble [1epexXobl.

J J
2 2:3 2

0 7
a) 6) 8)

Puc. 1.9. YnpouweHHbie NPUHUMNUAABHBIE CXeMbl YPOBHER aKTUBHOTO
ueHtpa. Pabouni nepexoa — nepexoa 2 - 1

PaccmoTpum mpexyposHesyio cxemy, NOKa3aHHyo Ha puc. 1.9a
Cucrema Hakauk® (3TO MOXKeT GBbITh, HallpUMep, ONTUYECKAs Ha-
KauKa) NepeBOAUT aKTHBHBIE IIEHTPHI HA YpOBEHb BO36GyxIeHus.
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B TeueHue OTHOCHTEJILHO Masoro Bpemenu (mopsaaxa 1078 ¢) ax-
THUBHBIE LIEHTPBI NEPEXOAAT C YPOBHSA BO30OYXJEeHHMA Ha BEPXHUMH
pabounii ypoBeHb, epesiaBast N30bITOK S3HEPruH, HallpuMep, KoJje-
OaHMAM KPHUCTAJUIMYECKO# pelleTKH (B TBEPJOTEJIbHOH aKTHBHOH
cpene). Ha BepxHeMm pabodeM ypoBHEe aKTHBHbIE LIeHTPHI Kak Obl
«3acrpeBaioT» (Ha Bpems nopsaka 1074-10-2 c); B pesysbTa-
T€ TIPOMCXOJUT HAKOIUIEHUE aKTHUBHBIX IIEHTPOB Ha STOM YPOBHE
¥ BO3HHKAeT MHBEpCHSL.

Hmxuuii pabounit ypoBeHb B paccMarpuBaeMoil cxeme 060-
3HaYeH Ha pucyHke aBymsa nudpamu — 0 u 1. Tem cambIM noka3sa-
HO, YTO 3TOT YPOBEHb ABJIAETCA 00HO8PEeMeHHO U OCHOBHBIM YPOB-
HeM, U HIDKHUM pabouum ypoBHeM. Takoe «COBMECTHUTENIBCTBO»
HMEET OTPHULIATeIbHYIO CTOPOHy. Benp HuxHUH paboumii ypoBeHb
JI0JIKEH HUMETh MaJIYI0 3aCeJIEHHOCTb; B TO K€ BpeMs OCHOBHOM
ypOBeHb 00BIYHO 3acesieH AOCTaTOYHO MJIOTHO. UTOoOb! co31aTh MH-
BEPCHI0 B JAaHHOH cXeMe YpOBHeH, HaZo «ybpaTb» C OCHOBHOTO
ypoBHs1 60Jiee TOJTOBUHEI BCEX aKTHBHBIX LIEHTPOB.

B atom cmbiciie 6osee ynobHa TpexypoBHeBasi cxeMa, IOKa-
3aHHasA Ha puc.1.96. 3aecs MOxHO AO6UTBCA TOTO, YTOOBI HIK-
Hu# pabouuit ypoBeHb BCeraa MpPaKTUYECKH IyCTOBaJ; IIonaja-
IOI[HE HA 3TOT YPOBEHBb AKTHBHBIE LIEHTPHI MOTYT OTHOCHTEJIHLHO
OBICTPO IEPEXOAUTh HA OCHOBHOM ypoBesb. OJIHaKO JlJaHHAs cxe-
Ma HMeeT CBOH (M IpPUTOM JOBOJILHO CYIECTBEHHBIH) HemocTa-
TOK: OJHH M TOT K€ YPOBEHb SIBJIAETCSA OJJHOBPEMEHHO YPOBHEM
B030yxIeHua ¥ BepxHUM pabounm ypoBHeMm. Kak ypoBeHb BO3-
OyxaeHusA OH JMoJoKeH Gbul GbI MMETh 3aMETHYIO IIMDHHY, T. €.
nIpeAcTaBaATh coboi, 110 CyTH Aes1a, IHepreTudecKyio noJocy (uro-
Obl a¢deKTHBHEE MCIIOJB30BATh SHEPTHI0 Hakadku). Kak Bepx-
Huil pabouuii ypoBeHb OH, HAIIPOTHUB, JOJKEH OBITH OUYEHb Y3KHUM
(urobBl «BpeMs KU3HU» AKTUBHBIX LEHTPOB HA JaHHOM YPOBHE
ObIJI0 ZOCTATOMHO OONBINNM). YKasaHHble TpeOOBaHUS OKa3bIBa-
I0TCA HECOBMECTUMBIMHU.

ITo3TOMy ONTUMANBHOH MPEACTABIISIETCS YEMblPexyposHesan
cxema (cM. puc. 1.9 6). Brpouem, B OoT/IMYMe OT TpeXypOBHEBBHIX
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cxeM, B JaHHOM cxeMme GoJIblie BCIIOMOTraTeIbHBIX IEPEX0IOB. A KaXK-
[biii JIMIIHUYN 1epexoll — 3TO AOTIOJIHUTEJIbHbIE [TI0OTEPH IHEPTUH.

Takum 06pa3oM, KXK/Jas N3 TOKa3aHHBIX HA PUCYHKE CXeM MeeT
CBOM HEZIOCTATKH U CBOH I0JIOXKHTEIbHBIE CTOPOHEL. Bo Bcex cxemax
«BpeMs XHU3HH» aKTUBHBIX LIEHTPOB Ha BepxHeM paboueM ypoBHe
JIOJIXHO ObITH OTHOCHTENBHO OOJIBIIMM — HHauye He IPOU30HAET
HAKOIUIEHHE UEHTPOB Ha JAaHHOM YPOBHe, HeOOXoauMoe IUIfi CO-
3aHusl uHBepCUH. TakHe YPOBHM Ha3bIBAIOT MemacmabuibHbMU.

3ameTuM, uTO 08YXYpOBHesan cxeMa MPUHIUIIHAIBHO HelpH-
roaHa. B Takoil cxeme H3jIyueHHe HaKaykW, C OAHOM CTODOHBI,
nepeBoAwsI0 Obl AKTUBHbIE LIEHTPbI C HIDKHero pabouero ypoBHs
(oH xe 0CHOBHOH ypOBeHb) Ha BepxHHI pabouuii ypoBeHb (OH e
ypOBEeHb BO30YA€HMSA), a C APYTOH CTOPOHBI, MHUIIUHPOBAIO 6bl
obpaTHbie nepexoAbl — ¢ BepxHero paboyero ypoBHS Ha HHXKHUM.
HHaue roBops, U3Jy4eHHe HaKauKy OJJHOBPEMEHHO OBl 1 3aCesIsIo,
U OuMIIaI0 BepxHuii pabounii yposeHb. Co3zaHHe UHBEPCUU NP
5TOM OKa3bIBAeTCHA NPUHUMIIHAIBHO HEBO3MOXHBIM. BoT mouemy
BO BCEX CXeMax yacTora paboyero nepexoia OTIMYAETCS OT YacCTo-
THI IIEPEX0Ja HAKAYKH.

Jlexuus TpeTbs

1.5. Bo3HMKHOBeHHe Aa3epHON reHepaLmu.
Ontuueckui pesoHarop

OT CHOHTaHHOrO UCITYCKAHUA K JIa3ePHOI reHepaluu B UH-
BEPTHUPOBAHHOM AaKTHBHONM cpeae. Kak 6bU10 ycTaHOBJIEHO,
CBETOBOM Ny4OK, IPOXO/sA Yepe3 HHBEPTHPOBAHHYIO aKTUBHYIO Cpe-
Iy, MOXKET yCHUJINBAThCA BCJIEACTBUE NpeobajlaHus PONECCOB BhI-
HY/IEHHOTO HCITyCKaHHs HaJl IpoLieccaMy MOT/IoUIeH s cBeTa. Tem
cambIM 651 pakTHUECKH 0OBACHEH NPUHIMI PaboThl KBAHTOBOIO
onrtuyeckoro ycwinress. Teneps obpatuMes K nasepy.

B oriuuMe OT ycuiauTens B Jla3depe HeT IEPBUYHOTO Kore-
PEHTHOTO CBETOBOTO IyuyKa, KOTOPbIH MHHIMHMPOBaJ Obl Hapsay
C NPOLECCAMHU TOIJIOIIEHUS CBETa TAKXKE IMPOIECCHl BBIHYMXKAEH-
HOro ucnyckaHus. YUToObl MOHATH, KAaKMM 06pa3soM HauMHAaercs
(TouHee roBops, 3apoXKaaeTcs) Ja3epHas reHepalusa, Heo6X0AMMO
06paTUTLCA K MPOIECCAM CNOHMAHHO20 ucnyckanua ceema. Poinb
HePBUYHBIX (HOTOHOB, HHHIMHUPYIOLINX BHIHYXKJEHHOE UCIIyCKaHHE
HOBBIX (OTOHOB H TEM CaMbIM JAIOLIHX HAYAJIO IIPOLECCY JIAa3€PHOH
reHepalyu, UrpaT HOTOHB, CAYYAHHO POJUBIIMECH [IPH CIIOHTAH-
HBIX IlepexoZlaX aKTHBHBIX LIEHTPOB C BepXHero paboudero ypoBHs
Ha HKHMI. Kaxap1ii cnOHTaHHO poguBmIMiics GOTOH MOXKET UHH-
LUUPOBATh (B UHBEPTHPOBAHHOMN aKTUBHOH cpeZie) MHOXECTBO BbI-
HY»X/leHHBIX nepexoioB F; — E) U, Kak CJIEACTBHE, MOXeET 00ycsIo-
BUTb IIOSIBJIEHHE UEJION 21a8UHbI BTOPUUHBIX (POTOHOB, HAXOAAIIMX-
Csl B TOM JK€ COCTOSIHUH, YTO U MEPBUYHBIH «CIIOHTAHHBIN» (HOTOH.

OpHakKo CrIOHTAHHO poxAaIIrecs (GOTOHBI UCIYCKAIOTCA aK-
THBHBIMH LEHTPaMH He3deUCUMbIM- 00pa3oM B CaMBIX DPA3HbLX
HanpapJyieHusAx. Cle10BaTebHO, B CAMBIX Pa3HbIX HallpaBJIeHUAX
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6yZyT pacrpoCTPaHATHCA U JIABUHBI BTOPUYHBIX («BBIHY)KIEHHBIX»)
(OTOHOB, COOTBETCTBYIOLINE Pa3/IMYHBIM CIOHTAHHBIM (POTOHAM.
Huaue rosopsi, «pa3bpoc» CIIOHTaHHBIX (POTOHOB IO Pa3TUYHBIM
COCTOSIHUAM JOJIKEH INPUBOAUTH K COOTBETCTBYIOIIEMY «pa3bpo-
Cy» 10 COCTOSIHMAM U JIaBMH, OOpa3OBAHHBIX «BBIHYXJEHHBIMH»
(doronamu. ManyueHnue, cocrosinee U3 TaKMX (OTOHHBIX JIaBHUH,
OuYeBU/IHO, He 00J1aZ1aeT BbBICOKUMM KOT€PEHTHBIMH CBOMCTBaMHU.

Yrto6bl OJYYUTh KOTEPEHTHOE U3JIydeHHe, He0OXOAMMO Kak-
TO YNOPAAOYHTh ONUCAHHYIO KapTHUHY. [Jis 3TOro Hajo no3abo-
TUTbCA 06 usbupameavHocmu i GOTOHHBIX cocrosHuit. Ipea-
MIOJIOXKMM, YTO KaKHMM-TO 00pa3oM Ul HEKOTOPBIX (OTHOCUTEJIBHO
HEMHOTrHX) (POTOHHBIX COCTOSIHMHA CO3AaHbl OJIaroNpUATHbBIE YCIIO0-
BUS JUUIA Pa3BUTHUA IPOLIECCOB BBIHYXIEHHOTO MCIYCKaHMA, TOTAA
KaK Ul OCTaJIbHBIX (OTOHHBIX COCTOSHM#, HAIIPOTHUB, CO3/]aHbl He-
GyiaronpuATHbIE yesIoBHA. Jnsa kpaTkocTH Oy/ileM roBopuTb, COOT-
BETCTBEHHO, O 8bl0e/1eHHbIX 1 HeabloeneHHblx GOTOHHBIX COCTOSHU-
ax. Cnonrannble GOTOHBI, CJIydalHO pOAMBIINECS B BblJeJIeHHbIX
COCTOSAHHUAX, MHUIMHUDYIOT TIOABJIEHUE B 3THX COCTOAHHAX OO0JIb-
ILIOTO YHCJIa BTOPUYHBIX (POTOHOB B pe3YJIBTATE BBIHYXKIEHHBIX
epexo/IoB aKTUBHBIX eHTpoB. Te ke ¢OTOHBI, KOTOpHIE CiTyvaii-
HO POAMINCH B HEBBIZIEJIEHHBIX COCTOAHMSAX, CPABHUTEJIBHO CKOPO
«BBIXOJAT U3 UTPhI», HE IPUBO/A K MMOABJIEHHUIO B 3TUX COCTOAHUAX
CKOJIbKO-HUOY/Ib 3HAUUTEIBHOTO KOJIHYECTBA BTOPHUYHBIX (POTOHOB.

IToTok BTOpHUYHBIX (POTOHOB B BBIZIEJIEHHBIX COCTOSIHUAX, OUe-
BH/JIHO, ¥ €CTh JladepHOoe u3asmyueHue. UeM MeHbllle YHCJIO Bblfie-
JIeHHBIX (OTOHHBIX COCTOSIHUH, YeM JIy4Ille OHM «BbIJIeJIEHbI», TEM
JKECTYE peasu3dyeTcs U36MPaTeIbHOCTD H, CJIEA0BATEIbHO, TEM Bbl-
1ie CTereHb KOT€PEHTHOCTH H3JIyUeHHs!, TeHEPHPYEMOTro J1a3epoM.
Ecnn Obl yAanoch BBIAEHTh BCETO JIMINL OAHO (POTOHHOE COCTO-
fIHME, TO TeHEpHpOBajach Obl MeasbHO KOTePEHTHAs CBETOBas
BOJIHA — IJIOCKas MOHOXPOMAaTHuEeCKas BOJIHA C OIlpefeseHHOM
MoJIApU3anMei.

OnTuueckuii peaoHaTop. Briaenenue ogHux GOTOHHBIX COCTOSI-
HUH U NOAaBJIeHHE OCTAIBHBIX OCYILECTBJISIOTCH Ha IPAaKTHKE NPH
TIOMOIIY ONMUYECK020 Pe3oHamopa — NPUHIUIIHAILHO BaXKHOTO
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Puc. 1.10. OnTuueckuii pe3oHaTop BblAGASIET B NPOCTPaHCTBE Hanpas-

AeHUe AazepHoli reHepauuu (ock pesoHatopa OO) u co3aaeT Hambonee

6AAronNpPUSITHbIE YCAOBUS AAS Pa3BUTUS MPOLIECCOB BbIHYXXAEHHOFO UCMYC-
KaHWS UMEHHO AAS AAHHOTO HanpaBAEHMs!

ajleMeHTa Jjiadepa. B mpocreiiiiemM cylydae onTHYeCKHUH pe3oHATOP
npezcrapaser coboii napy sepkan Ha obwell onmuyeckoll ocu, Ko-
Topas (PHKCHUpYeT B IIPOCTPAHCTBE HAIpaBJIeHHe JIa3ePHOIo JIyya.
Mexay 3epkajiaM{d ONTHUYECKOro pe30HaTopa IoMeliaeTcs akTHB-
HBbIM 371eMeHT. TBepAOTe/SibHble aKTHBHBIE 3JIEMEHTH MMEIOT 4a-
ule Bcero opMy LIUITMHAPHYECKOTO Teja, OCh KOTOPOrO COBIaAa-
€T C ONTHYECKOH OChI0 pE30HATOpa; IUIMHA LMWJIMHIApA NPUMEPHO
Ha nopsagok 6ossine ero Auamerpa. ITo kpaitHell Mepe OfHO U3 3ep-
KaJl ONTHYECKOro pe3oHaTopa 00JiaziaeT HEKOTOpOH IIpOo3pavHO-
cTblo. Uepes 310 3epKasio (ero HA3BIBAIOT 8bIXOOHBIM 3€PKAJIOM)
M3 PE30HATOPA BBHIXOJUT U3JIyUeHUeE.

ITpocTeAmni onTHYECKHii pe30HaTOP (BMecTe ¢ aKTUBHBIM 3J1e-
MeHTOM) mokasaH Ha puc. 1.10. CnionTraHHbsle HOTOHBI, CIYYAHHO
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poaMBIIMecA B HanpasiaeHWH ocH OO0 WiIH AOCTATOYHO 6IM3KOM
K HeMy, OyZayT IpOXOAWUTh BHYTPM AKTHMBHOIO 3JIEMEHTAa OTHOCH-
TEJILHO GOJNBLION IMyTh, KOTOPbHIH, K TOMY )K€, CyIeCTBEHHO YBe-
JIMYMBAETCA M3-32 MHOTOKPATHBIX OTPaXKEHUI M3JIydeHHUs OT 3ep-
KaJ1 pe3oHaTopa. BaaumoseiicTsys ¢ BO30yK/IeHHBIMU aKTHUBHBIMU
1eHTpaMy, 5TH (POTOHB HHHIMUPYIOT B KOHEYHOM CueTe MOIIHYIO
JIaBHHY BBIHYM(IEHHO HCHYIIEHHBIX GOTOHOB, KOTOpasa U ob6paayer
NazepHbId s1yd. UTO Ke kacaercs TeX COHTAHHBIX (GOTOHOB, KOTO-
pble cy4ailHO POAMINCH B MHBIX HaNpaBJIeHMAX, TO OHU (M COOT-
BETCTBYIOIIME JIAaBHHBI BTOPUUYHBIX (JOTOHOB) IPOHAYT B aKTUBHOM
3J1eMEeHTe OTHOCHTEJIBHO KOPOTKHUI MyTh K GBICTPO «BBIMIYT U3 HT-
pbI». ATO XOPOLIO BUAHO HA puc. 1.10.

Utak, onTuyeckuii pesoHaTop obecreunBaeT u3bHpaTeIbHOCThL
A1 (POTOHHBIX COCTOSAHUH MpeXx/ie BCEro ¢ TOUKH 3peHHs HalpaB-
nenus apmxeHus ¢oToHoB. OH BhIAENAET B MPOCTPAHCTBE OIpe-
JleJieHHOe HallpaBJieHue, BA0JIb KOTOPOI'o M peayin3yercs JasepHas
reHeparus.

Ontuueckuii pesoHaTop obecneynBaeT H3OUPATENBHOCTD H 110
APYT'MM XapakTepHUCTHKaM uanyuenus. KoHeuno, n3abuparesbHOCTD
no sHepruam ¢oToHOB obecneyeHa noaA60POM aKTHBHBIX LIEHTPOB
C COOTBETCTBYIOLIEH MM CHCTEMOH 3HEPreTHYecKUx ypoBHei. Ogx-
HaKO B JeHCTBUTEIBHOCTH CHCTEMAa YPOBHEH AKTHBHBIX LEHTPOB
CYILIECTBEHHO CJIOKHEe, YEM HNOKa3aHHble Ha pucC. 1.9 cxemsbl. Pe-
aJibHble AaKTHBHBIE LIEHTPbl MOTYT HMETh HE OZINH, 4 HECKOJBKO pa-
6ounx nepexonoB. UTOGBI UCKIIOUHTH JIMIIHHUE TEPEXOBI, MOXKHO,
HaNpHMep, MCNOJIL30BaTh B pe30HATOpe 3epKasi, K03pdulUeHT
OTpa)KeHUs KOTOPBIX M3MEHAETCA C YacToTOH manydenusa. Taxkue
3epkasia obecneyar Heo6xoAMMYyI0 M3OHMpaTEILHOCTD MO HHEPTUHU
(POTOHHBIX COCTOAHMIA.

Taxum o6pa3om, onTHYECKUH PE30HATOP BHINIOJHAET IPHUHITH-
NMaJIbHO BOXKHYIO posb. BypHO pa3BuBaloiecs B HHBEPTHPOBaHHOMN
aKTHBHOM cpefie MPOIeCcChl BBIHYKIEHHOTO UCITyCKaHHs (MHUIUUPO-
BaHHbIEe CIOHTAHHO POAMBIIMMHCH (HOTOHAMM) PE30HATOP Kak Obl
YTIOpAZOYHBAET, HANPABJIAET B «Hy;KHOE PyCJIO» U B UTOrE (hopMUpy-
em ja3epHOe U3JIydeHHE C BBICOKUMH KOTE€PEHTHBIMH CBOHCTBaMH.
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3aberas Bnepes, 3aMeTHM, UTO pe30HATOp (POPMHUPYET H3JIY-
YeHHe He MPOCTO C BHICOKKMH KOT€PEeHTHbIMM CBOMCTBaMH, HO H C
onpedeneHHOU CTPYKTYpOH CBETOBOTO NOJIsA. TO O3HAYAET, YTO pe-
30HaTOP OCYLIECTBJIAET TAKXKE YnpaseHue 1a3epHbIM U3JIyUeHUEM,

Jo6poTHOCTE ONITHYECKOr0 pe3doHaTopa. OcTraHOBUMCA Ha He-
KOTOPBIX XapaKTEPHUCTHUKaX ONTHYECKOr0 pe3oHaTopa. Baxkueimeit
XapaKTepUCTUKOH fABJAeTcA 006pomHoCcM®.

IIycry U(t) — sHeprus mosns uanydeHus (Ha dactore pa-
6ouero mnepexoja), MMeIOIAsACA BHYTPH pe30HaTOpa B HEKOTO-
polit MOMeHT Bpemenu {. Boobpa-
3UM, UTO AKTHBHbIE LIEHTPHI Iepe-
cTasin JieficTBoBaTh (Kak ecyu Ol TW“~~ oo

r

OHH BAPYT HCYe3nu), T.e. paccmar- Ul

; 1
pHBaeMbIil pE30HATOP CTaJl, KaK IIPH- L  ———
HSATO TOBOPUTH, NACCUBHBIM. B 3TOM L g

H3JIYYCHUA
Grytae SHEpruf oy v Puc. 1.11. DcknoHeHumaAbHOe

BHYTPH pesoHaropa Gyxer ¢ Tede- 3aTyxaHue CO BPEMEHEM 3Hep-
HHEM BDEMEHM YMEHBIIATHCA H3-32 1y noan M3AYMEHS, HaXOAS-

pasiM4HOro poaa motepb. O603Ha- erocs BHYTPM NacCUBHOTO pe-
yum yeped AU H3MeHeHHe SHEPTHH 3o0Hatopa

10J1s1 32 MPOMEXYTOK BpeMeHM OT

no t + At. Uamenenne AU nponopiHOHAIBHO JJIHTENBHOCTH IIPO-
MexyTka Al ¥ SHepruu, MMeBLIelcA B Pe30HATOPE B MOMEHT t:

U@t
U

AU = - (1.21)
3HaK MHHYC O3HayaeT, 4To U n3MeHseTcAa B CTODOHY YMEHBIIEHHA
(AU < 0). MoxHo noka3satb, uto u3 (1.21) cieayer 3KCIOHEHIIH-
aJIbHBIA 3aKOH 3aTyXaHHSA SHEPIHM I10JI CO BpEMEHEM:

U(t) = U(0)e ™. (1.22)

ITapameTp 1/7, XapaKTepH3yeT CKOPOCTb yMeHbIIEHHS 3HEPrHH
10/ U3JTy4eHHs B MaCCHBHOM pe3oHaTope. 3a BpeMs, PaBHOE Tp,
3Ta SHEprus yMeHblaercs B € pa3 (cM. puc. 1.11); e = 2,71828...
(uucsI0 e — OCHOBaHME HATypaJIbLHOTO Jorapudma).



36 Ihaea 1. Mpunyunst pabomet Aasepa

BespasmepHyio BeJIHUUHY
Q = 27vT, (1.23)

(v — yacroTra u3JIyueHHs) Ha3BIBAIOT 006POMHOCMbIO pe3oHamo-
pa. Yem MeqjieHHee 3aTyXaeT SHEPrus MOJiA H3JIyYeHHUs B pe30Ha-
TOpe (YeM MEHbIlE IOTEPH B PE30HATOPE), TEM MeHble 1/7, U TeM,
CJ1eI0BaTEeIbHO, BhIlIE ZOGPOTHOCTH PE30HATOPA.

ITorepu BHyTpH pe3oHaTopa. PacnpocTpaHA[ch 110 MacCHBHO-
My pe3OHaTOpy, CBETOBOH ITy4OK ITOCTENEHHO ociiabisercs ¢ pac-
CTOSTHUEM H3-3a pa3/IMYHBIX NOTEPb, HANPUMEP BCJAEACTBHE IIO-
TJIOLLIEHUA CBeTa B cpelle, HaxoAsAlleHcsa BHYTPH pe30HAaTOpa, HJH
paccesiHUA YacTH U3JIyudeHHA yepe3 GOKOBYIO MOBEPXHOCTb. MOXK-
HO IT0Ka3aTh, YTO IJIOTHOCTh CBETOBOT'O MIOTOKA YMEHbIIAETCA NpU
9TOM IO 3KCIOHEHIIUAJIBHOMY 3aKOHY:

S(z) = S(0)e™™ (1.24)

(och z coOBmamaeT ¢ ONTHYECKOH OCHI0 PE3OHATOpA; CBETOBOM MO-
TOK PaclpocTpaHAeTcA BAOJb ocH 2). Koadduuuent 5 naswisaior
KoagppuyueHmom nomepsb; OH UMeeT Pa3MepHOCTh, 0OpaTHyIO pas-
MEPHOCTH JUIHHBI.

HerpynHo ycTaHOBHUTH CBA3b MeXIY 1) U Tp. 3a BpeMs T, CBe-
TOBOM MOTOK NPOXOAUT IYTh 7T,¥. 3a 3TO K€ BpeMA SHeprus Mojs
BHYTPH pe30HATOpa yMeHbluaerca coriacHo (1.22) B e pas. Ecre-
CTBEHHO NIPHHATb, YTO IIPHU 3TOM H IUIOTHOCTH CBETOBOIO IOTOKA
yMeHblaercs B € pa3s. Ho coriacHo (1.24) oHa ymeHsiaercs B €
pa3 Ha IyTH 1uHOM 1/7. CnegoBaTenbHoO,

1
TV = —. (1.25)
n
Hcnonnsys (1.23) u (1.25), a Takxe (1.1), moayyaem
1 M
— = —, 1.26
Q" on (1.26)

ByzneM passinuaTh pa3Hble THIIBI HOTEPD (HAIIPHUME, ITOIJIOLIE-
HUe M paccesiHMe yepe3 GOKOBYIO IIOBEPXHOCTD), CBA3BIBAA C KaXK-
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[BIM THIIOM CBOM KO3(h(HIHEHT NIOTEPH 7); ¥ CBOIO JOOPOTHOCTD Q;
(uHAeKc 1 QUKCUpYeT -i THUN IOTEPD):

1 A'I],'

Qi 2«
Eciu motepu pasHBIX THUIIOB MOXHO paccMarpHBaTh He3aBMCH-
MO ApYT OT Apyra, TO B 3TOM CJIydae De3yJIbTHpYlollee H3MeHe-
HHE DHEPruM MOJIA B IIAaCCUBHOM pe30HaTOpe €CTb CyMMa M3MeHe-
HUii, OTBEUAIOIMX Pa3HBIM TUIaM noteps: AU = Y, AU;. Otciona
BU/IHO, YTO

(1.27)

1 1

TP i TP-'

H, CJIefI0BaTEbHO,
1 1
= W = = —. (1.28)
=M g2

Utak, nIpy yueTe pa3JIU4HbIX THUIIOB IOTEPh CKJIAJBIBAIOTCA COOT-
BETCTBYIOIIME STHM THIIaM K03(GHIIMEHThI OTePh, UYTO IKBHBA-
JIEHTHO CJIOKEHHMIO OGpPATHBIX BEJIMYMH AOOPOTHOCTEH, OTBEdaro-
IIMX Pa3HBIM THUIIAM IIOTEPb.

HaayuaresabHble NOTEPpH. HacTs 3HEPTHH N0JIA M3IyUYEHHA 110-
KHZIaeT pe30HaTOop uepe3 BBIXOAHOE 3eEPKAI0 — B BU/IE€ TOTO CAMOI0o
JIa3epHOTO M3JIyYyeHus, pagy MoJydeHHsa KOTOPOro M Co3JaeTcs Jia-
3ep. [lns nasepa BHIXOZHOE M3JIydeHMe IpeJcTaBiser coboil eme
OJIMH THII NI0TEPb; UX HA3BIBAIOT U3AYUAMENbHLIMU NOMEPAMU.
Oxa3sbiBaercs (e 6yZeM 5TOro MOKa3bIBaTh), UTO MU3JIydaTesib-
Hble MOTePH MOXHO ydecth B (1.28) kax /IONOJHUTEJbHBIN THII
noteps. OTBeYAOLINH 3TUM NOTEPAM KOIPOUUHMEHT 7yan HMEET

BUL
In ( 1 )
Nouan = _\RJ (1.29)
nan 2L ’

rae L — pnuHa pedonatopa (cMm. puc. 1.12); R — xoaddunueHt
OTPa’KEHHA BBIXOIHOTO 3epKasia (OTHOIIEHHEe CBeTOBOM MOIIHOCTH,
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OTpa’keHHOH 3epKajioM, K CBETOBOH MOIIHOCTH, MaZalolieil Ha 3ep-
Kaso); In — siorapudm no OCHOBaHMIO €.

AundpakiiMoHHbIE HOTEPH.
Cnexyer ocobo BHIAENUTH I10-
TepH, 06yCJIOBJIEHHBIE TEM, UTO
aneprypsl (nmonepeuyHsie pa3me-
pbI) 3epKajl, Kak U BCex dJe-
MEHTOB Pe30HaTOpa, MMEIOT KO-
HeuHble pasmepsnl. [Ipu nane-
Puc. 1.12. PesonaTtop, ob6pa3oBaH- HHM CBETOBOTO Iy4Ka Ha 3epKa-
HbIFi ABYMS BOTHYTbIMM ChEPUYE-  J10 ¢ KOHEUHOL aneprypoii He-
CKMMH 3e€pKaramMK, UMEIoWIMMHU pas- H36€)I(Ha 1oTepsi YacTH 3HEp-
Hble pPaAHYCbl KPWBU3HLI U pa3Hbie TMM Tyuka H3-32 IIH(bpaKHHI’I

anepTyp! Ha Kpae 3epkasa. CBeTOBOH my-
YOK MOKeT OBbITh «HallesIeH» Ha LIEHTP 3epPKasia, 0/IHAKO BCIEICTBUE
BOJIHOBBIX CBOMCTB CBeTa 4acTh 3HEPrUM Nyuyka Gyzer kak 6bl «06-
TeKaTh» 3€PKajio M BBIXOAWTb 3a ero kpas. B pesysibraTe uacTh
3HEPruH CBETOBOTO Iyuka OyZeT BHIXOAUTb M3 pe30HATOpA, MPH-
BOJA TeM CaMbIM K JONOJHUTENbHBIM NoTepsaM. Ux HasbIBalOT Ou-
PpaxyuoHHbIMU nomepamu.

JudpakuiionHble MOTEpH BO3PACTAIOT C YMEHBIIEHHEM AHa-
MeTpa 3epKajla, yBeJIMYeHHUEM JUINHBI BOJIHBI U3JIYYEHHUA U JIJIHHbI
pes3oHaropa. Yea0BHe MAIOCTH AMPaKIMOHHBIX IOTEpPb 3aIMMChHI-
BAlOT B BHJE

2

2 1 (1.30)
4\L )
(a — nnamertp 3epkasia). BeapasmepHblil mapamerp
a2
Ng = —— 1.31
°= 15 ( )

Ha3bIBaIOT uuc/1oM Pperens.

3aMeTuM, 4To yucao PpeHesis — He eAUHCTBEHHBIH KPUTEPHt
oueHKH JH¢paKIHOHHBIX 11oTepb. Haflo YIHTHIBATh Tak)Ke reoMeT-
PHIO pe3oHaTopa, OnpeziesisieMylo JUIHHON pe30HaTopa M paguyca-
MU KDHBH3HBI ero 3epkas (B Ja3epHBIX Pe30HATOPaX MPUMEHAIOT
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06bIuHO He IIocKHe, a cepuueckue 3epkasa). [lBa pesoHaTopa
C OHUM M TeM e uyuciaoM PpeHesist MOTYyT XapaKTepH30BaThCA
pa3HbIMH AUGPAKIMOHHBIMYU IIOTEPAMH — B 3aBUCHMOCTH OT Teo-
Merpuu pesonatopoB. Ha puc. 1.12 nokasaH pesonarop, oGpazo-
BaHHBIN AByMs cepuuecKMMH 3epkanaMu. [Ins o61HocTH 3epKa-
Jla UMeIOT pa3Hble anepTyphl (a1, 62) ¥ pa3Hble paguyCchl KPUBU3HEI
(74, 72). Pe3onaTop xapaxrepusyeTcsa TpeMsa OCHOBHBIMH IIapaMeT-
paMu:

4 aaz
No=0°
ay L
Gi=—[(1-—1];
{ Gi az( rl) (1.32)
a L
G2=—2(1-——).
\ a T2

lBa pe3oHaTropa HMEIT OAHUHAKOBLIC Z[Pl(l)paKIIHOHHbIe IIOTEPH TO-
rga, Korga y HIX OJUHaKOBbI BC€ YKa3aHHbI€ I1IapAMETPOBI. Takue
PE€30HATOPHI HA3bIBAIOT IKB8UBA/IEHIMHbLIMU.



Jlekuusa dyerBepTas

1.6. OcHoBHbIE CBeAeHHS O Aa3epe
dyHKkIMOHANIbHAA cXeMa Jla3epa NpeAcTaBjeHa Ha puc. 1.13.

Puc. 1.13. OyHkuMOHaAbHas cxema Aasepa: A3 — aKTUBHbLIA 3AEMEHT;

CH — cuctema Hakadku (cuctema BO36YXKAEHUS| aKTUBHbLIX LIEHTPOB);

O3 — nOAHOCTbIO OTpaxaiollee 3epkaro pe3oHaTopa; B3 — BbixoAHOe

3epKaAc pe3oHaTopa; A — AONOAHUTEAbHbLIE SAEMEHTbI, BBOAUMbBIE BHYTPb
pe3oHaTopa

KoaddpuumeHT ycryreHus. PAcCCMOTPUM pAJl BaXXHBIX XapakTe-
PHUCTHK Jla3epa, OrPaHHYHMBAACH [UIA IPOCTOTHI CJIydyaeM Herpe-
PHIBHOH reHepauuu (KOrza mpouecc reHepanuu CTaljMoHapeH BO
BpeMEHH).

OpnHoM U3 TAaKUX XapaKTePUCTHK ABJIAETCA Koagduuuenm ycu-
neHus. PaccMOTpPHM IUIOTHOCTb CBETOBOTO IOTOKA (Ha yacTtoTe pa-
6ouero nepexoza), paclpoCTPAHAIOLIErOCs BAOJIb OCH 2 B UHBEPTH-
POBaHHOH aKTHBHOH cpefie. Boigenum ciof cpefibl TOMMHON Az
(oT ToukM z A0 z + Az). B cnoit BXoaMT NOTOK MJAOTHOCTBIO S(2),
a BBIXOJUT MOTOK IUIOTHOCTBIO S(2) + Az (puc. 1.14). Ilpupauie-
HHE IJIOTHOCTH CBETOBOTO NOTOKAa AS MPOMOPIHOHANBLHO BXOAHOKM
IUIOTHOCTH NOTOKa S(z) ¥ TONIIMHE YCUIMBAIOIIETO CJI0S AZ:

AS = xS(2)Az. (1.33)
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[TapaMerp ¥ Ha3bIBAOT KO3PPuyueH-
MOM ycuneHus; OH UMeeT pa3MEPHOCTb,
0b6paTHYI0 pa3aMepHOCTH JJTHHBI.

B TO ke BpeMs npupalieHHe MIoT-
HOCTH moToKa AS, NMOMHOXEHHOoe Ha
IJIoIaAbL CedeHusl IyvkKa §, eCTbh CBe-
TOBasg MOIHOCTb, reHepupyemas B 00b-
cme 8sAz (3a cuer npeobnaganusa npo- Puc.1.14. Ycuaenue ceeto-
11eCCOB BBIHY»>KAEHHOI'0O MCITyCKaHUs Haji BOrO NOTOKa B TOHKOM CAGE
lpolieccaMy MOIJIOMIEHHMA Ha pabouem “HBEPTMPOBAHHOW aKTWB-
nepexoze). Takum o6pasom, HOM Cpeabl

ASs = W(z)sAz (1.34)

(W — cBeTtoBasi MOIHOCTD, FeHEpHpYeEMasi B elUHHIE 00beMa aK-
THBHOH cpeapl). CpaBHuBas (1.33) u (1.34), nonyyaem

W(z) = #S(2). (1.85)
Hakownen, cpasuuBas (1.35) c¢ (1.20), Haxoaum
H = 0'12(712 - nl). (1.36)

JaMeTHM, YTO B HCIOJIB3YEMBIX COOTHOILUEHHAX IOJYEPKHBAETCS
SABUCHUMOCTb (PYHKIMHA OT IMPOJOJIBHOH MPOCTPAHCTBEHHOH KOOP-
JIMHATHI Z; YTO ke Kacaercst Toro ¢akra, uto W u § paccmarpusa-
10TCA U1 4acTOThl pabouero nmepexoaa vyo, TO 3TO 3€Ch U B Aa/b-
neiieM OyaeT noApa3yMeBaThCA.

Cy1iecTBEHHO, YTO Pa3HOCTh 71y — N He SABJISAETCA NMOCTOAHHOIM
nesuunHoi. ITo Mepe Bo3dpactaHus S BHIHYXIEHHbIE NEPEXOAbl
k; = E, n E; > E,; y4yamaoTca U IPOUCXOLHUT IOCTENEHHOE BbI-
PABHHBaHHE 3aCEJIEHHOCTEHl BepXHEro u HUXKHEro pabo4yux ypos-
neil, Takum o6pa3oM, pa3HOCTb Mg — M; YMEHBIHAETCS IO Mepe
ynenndeHus S. MoxHO MokasaTh, 4YTO

Nog— N
ng—ng = —=> 10 (1.37)

1+<%>s
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TZie Mg ¥ Ngg — HadaJbHbIE 3aCeIEHHOCTH pabouunx ypoBHel (npu
S = 0), a — xapaxTepucTiKa pabouero nepexosa, Ha3plBaemMas napa-
MempoMm HeauHelimocmu. Beogs obosHauenue »g = 013(ngg — Nig)
(Tak HaspIBaeMBI HauaabHbLll Ko3gPuyueHm ycurenus), nepernu-
memM (1.36) ¢ yuerom (1.37) B ciieayroieM BUJE:

= — 10 (1.38)

- ()

IIpumeuanue. Bo n3bexxaHue BO3MOXKHOU NyTAHUIIBI TOJYEPKHEM,
YTO HAZI0 Pa3jiNyaTh NOIVIOLEHHEe H3JIydeHHus1 Ha pabouem nepexoze
B aKTHBHBIX LEHTPAX U MOIJIOEHHE H3JIYyYEHUs MMPOYUMH aTOMaMU
M MOJIeKyJ1aMH, HAXOJSAIUMHUCA BHYTpU pesoHaropa. [lepsoe norso-
ILIleHUe BCerla pacCMaTpPUBAIOT BMECTE C MPOLECCAMHU BHIHYK/IEHHOTO
UCITyCKaHUSA: BMECTe € 3TUMH MPOLECCAMU OHO YUYHTHIBAETCA B KO-
spduumenTe ycuneHusa x. BTOpoe NomoleHNe OTHOCHTCA K pas-
pAAY NOTEPb: OHO YYUTHIBAETCHA B COOTBETCTBYIOIEM KoaddHlMeHTe
MOTEpPS 7).

Boipaxkenus (1.33) u (1.34) 3anucaHbl B NPEANOJIOKEHUH, UTO
B aKTUBHOH cpeJie HeT NoTepb (a ecTh TOJIBKO BHIHYXKIAEHHOE HCITyC-
KaHHe U IOIJIolIeHHe Ha paboueM mepexo/ie B aKTHBHBIX LEHTPax).
B nporusHoM cnyuae BMecto (1.33) cienoBano Gbl MCIIOAB30BATD CO-
OTHOILIEHHE

AS = (% — 7)S(2)Az. (1.39)

3ech XOpOLIO BM/IHO, YTO VIS YCUJIEHUA U3JIyUeHUs B cpefie Heob-
XOIHMO BBINOJIHEHHE ABYX yIoBMiH. Bo-nepebvix, Hazio, 4ToObI TIpo-
LecChl BBHIHY»KEHHOTO HMCIYCKaHHS Npeobsafiany Haj mpoleccamu
NOIJIoIIeHHA HAa paboueM mepexoze B aKTHBHBIX IeHTpax (B 3TOM
caydae x > 0). Bo-emopbix, Hago, 4ToObl KO3DMHUUHEHT yCHIeHUs
6611 6obie KO3gPuLUMeHTa noTeps (% > 7).

Ilpu yuyere morepr B akTHUBHOI cpepe Bmecto (1.34) ciexoba-
J10 OBl UCTOJIB30BATH COOTHOILIEHHE

AS = [W(z) - W,5(2)] Az. (1.40)

rae Wi(z) — IUIOTHOCTD MOLLHOCTH, TepsieMas 3a CYeT MoTepb. YuH-
ThiBad, yto W,(2) = 78(z), MmoxkHo nepenucars (1.40):

AS = [W(z) - 15(2)] Az. (1.41)
Cpasuusas (1.39) u (1.41), nonyuyaem Bce TOT xe peaynsrar (1.35).
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MoumHOCTh FeHepalHH; YCJIOBHE BO3HHKHOBEHHUSI reHepa-
uuu. Ucnosnays (1.85) u (1.38), MOXKHO UCKJIIOUUTD S M BBIPa3UTh
[JIOTHOCTh MOIHOCTH W TOJBKO depe3 KO3 PUIIUEHT YCHIEHUA:

W(2) = (%)(%0 — ). (1.42)

[lycrs V — 06BbeM aKTUBHOM cpelibl, 3alI0JTHEHHBIA H3JTy4eHHeM.
TeHepupyeMyio B 3TOM 00'beMe CBETOBYIO MOIIHOCTb MOXKHO Ipefi-
cTaBUTh corsacHo (1.42) B creaylonem BHUAE:

W' = (g) V(10 — (1)), (1.43)

rae () — ko3ddHUIHEHT yCHICHUs, YCPEAHCHHBIA 10 JUIMHEe aK-
THBHOTO 3JIEMEeHTa.
ITocsie 3aBepleHUs MOAHOroO 00Xo/la pedoHaTopa, HallpuMep
OT JIEBOTO 3€pKajia K MpaBoMy M 0OpaTHO, MJIOTHOCThL CBETOBOTO
NOTOKA NPUHMMAaeT UCXoAHoe 3HaueHue. Orcioga cienyet (He Oy-
JIeM TIPHBOAMTH JIOKA3aTeJbCTBA), YTO yCpeAHeHHbIH koadduum-
€HT YCHJIEHUS JJOJDKeH OBbITh PaBeH CYMMAapHOMY KO3(PQHILHEHTY
oTeps:
(}C) =N + Nuan (1.44)

(uznyuaTesibHbIE IOTEPH BbIEJIEHBI 37IECh B BHJle OTAEIBHOTO CJ1a-
raemoro). Hcnoansys (1.44), nepenumiem (1.43):

W' = ('Z‘) Vixo — 1 + Nuanl- (1.45)

O4eBHAHO, YTO HE BCA CBETOBas MOIIHOCTb, TeHepupyeMas
B AKTUBHOM 3JIEMEHTE, BHIBOAMTCA depe3 BBIXOJHOE 3€PKaJI0 pe-
sonatopa. Ilotepu OPHUBOAAT K TOMY, YTO 4acTb TeHepHUPyeMOH
MOIIHOCTH yTpayuBaeTrca. /oy CBETOBOH MOITHOCTH, BHIBOLUMOMH
13 Pe30HATOPA B BUAE JIA3€PHOI'0 U3JIyUeHHUA, PABHA Nuan/ (7+Muan).
Taxum o6pasom,
W"’]H:m

. (1.46)
17 + nHS}I

BbIX
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Moacrapnsas cioga (1.45), mosyuaem citesyioliiee BblpaskeHUe IJiA
CBETOBOIT MOLLUIIOCTII, BRIBOUMOIT uepe3 BbIXOJHOE 3epKajIo pe3o-
Hatopa (ana mowjrocmu 2erepayuil):

v Ui
Wix = -C; V[”O —(n+ 7]11311)] ﬁ; (1.47)

Ha I10J1Iy4e€HHbIX COOTIIOUICHHH JIET'KO YCMAaTpHUBAETCA YCJIOBUE
BO3I1HKHOBEIIWS I'CEHCPAaIIMH B Jla3depe:

%o > (1 + Muan)- (1.48)

Jtst BOBHUKHOBEHUSA reiepanuuyu Hazao, YTOOB!

navanvhbtil xoagduyuenm ycunrenus oxasanca boavue cym-
MapHozo koagduyuenma nomeps.

OnTumMaabHOe 31avenye Koddppuuuenra uaayJare/ibHbIX
noreps. [Toabupas To Wi UHOE 3HaYeHUe koapduiueHTa oTpa-
»eHusl R BBIXOAHOTO 3epKajia pe30HaTOpa, MOXKHO PEeryJinpoBaTh
K03 (PHUIHEHT H3TyYaTeNbHBIX NOTEPD Tya, [cM. (1.29)]. XKenas
CHHU3HTDb MOTEPH H TEM CaMbIM YJIYUIIMTb YCJOBUSA I Pa3BUTUA
reHepaliy, MOXHO MONpo60BaTh YMEHBIIATD fy3, 32 CUET yBeJIu-
yenust R. JJoGpOTHOCTL pe30HATOpA YBEJIUUUTCA, OZHAKO IPH 3TOM
YXYZAIIATCS yCJIOBUS BBIBOAA HU3JIyYEHUS depe3 BBIXOJHOE 3epKaslo
[yMeHbIIUTCA OTHOIUEHHE 7135/ (74 Tyzn)]. B pe3ysibTaTe MOIIHOCTD
Wik CHu3HTCH. Ec/iM xKe, CTpeMsch YIYYIIMTH YCJIOBHS BBIBOJA
M3JIyYeHHUs1 Yepe3 BBIXOAHOE 3€PKaj0, YBEJIUYHUBATD 7y, (32 cUeT
ymeHbwienus R), To 6yayT yXyAlIaThCs yCIOBHS ISl Pa3BUTHSI re-
HEepaLKH BCJIEACTBUE BO3PACTaHUA NOTEPD. [IpM YMEHBIIEHUH T3,
yBesHuuBaeTcs MHOXkHTesb W' B (1.46), Ho 3aT0 yMeHbllIaeTCs MHO-
WUTEIb Nyan/(N + NMuan). TIPH YBETUUEHUHU 1)y5,, HAIPOTHUB, pacTeT
MHOMCHTEND Nyan/ (1] + Muan), 110 3aTO yMeHbLIAETCA MHOXHTEND W',

Orcioga cjieAyer, YTO AOJ/DKHO CYIIECTBOBATH ONTHMAaJIbHOE
3HaueHne K03 PUIIHEeHTa U3JIydaTebHbIX I10TEPD (ngg;), MnpH KO-
TOPOM MOIUHOCTb Wy« MpHHHMaeT HauboJiblllee 3HAYEeHUE. ITOT

Jlexyua wemaepmas 45

BbIBOJ| JIETKO IMPOBEPHTH, MOCTPOHB rpaduk 3aBHCUMOCTIL Wy«
OT Ny3x B coorBetcTBUII ¢ (1.47). MakcumyM dynxuunit Wi« (yan)
JIOCTHTACTCA TPH

Mhan = Vo1l — 1, (1.49)
npu 3TOM
v
= = V (V%o - V). (1.50)

(cm. puc. 1.15). Ucnoassys (1.29), nonyyaem us (1.49) Buipaxeliue
JJ1S1 ONITUMAJILHOTO KO3 HIIMEHTa OTPAXKEHUSA BBIXOAHOTO 3ePKaIa

Romr = o2 (vam-n) (1.51)

3aberas Bnepes, 3aMeTHM, UTO NIPH AOCTATOYHO BBICOKIIX KO-
abdunreHTax yCHIEHHUsA, KaKUMH XapaKTepU3yloTcs, Harpiimep,
HEOJIUMOBEIE J1a3ephl C UMILYJIbCHOM HakKauykod, Ronr MOXKCET ObITh
oTHocuTesibHO ManibiM (10—20 %). [Ins resnii-11€0110B0T0 J1a3cpa,
rae Ko3QQUIUEHT yCHJIEHHS MaJl,
Ry nocturaer 99 %.

B
"
JInnua ycuserus. /1o cux nop Mol
HUMeJIH AeJI0 C UeabHbIMK SHepre-
THYECKHUMH YPOBHAMH. B geiictBu- |
TEJIBHOCTH, OAHAKO, KAXKAOMY YPOB- [i 7 ¥n
HI0O DHEPrHH COOTBETCTBYET HE Ka- - %o ,
KOe-TO CTPOro onpezxenenncie BHAYE- o 1.15. 32BUCHMOCTS MOLLL-
HHe BHEpIilH, 2 HEKOTOPBIA MHTED- octy reHepauny OT M3nyya-
BaJ1 3HAYEHHUH, B CBS3U C UEM TOBO-  TeAbHbIX NOTEPb, OMpPEAeAsie-
PAT O «pa3MbITHH» («YLUIMDEHHH») Mbix Ko3dduumeHtom orpa-
ypOBH}I, 0 «IUHPpUHE» YPOBHA, caMo KEeHHA BbIXOAHOIO 3epKaaa pe-
INOHATHE «YPOBeHb» mpuobperaer 30HaTopa
IIPH 3TOM 1ICKOTODYHK) YCJIOBHOCTb.
Orcioma cie/lyeT, 4To, CTPOTO TOBOPA, HAZIO PACCMaTPUBATH He Ka-
KYIO-TO OIPC/IC/IEHHYIO YacTOTy pabouero nepexoza, a HEKOTOPbIIT
HHTEPBaJI YacTOT, COOTBETCTBYIOUIMI JaHHOMY IIepeXOy.
Asnsomyecs xapaKTepHcTHKaMH Iepexoza ko3¢)¢HIHEITD
JiinmTeiiHa A 1 B paccMaTpUBAJIMCh paHee KaK lIEKHe HUCAd.
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A\ _A
\ l;#vm
v
Puc. 1.16. AnHuUs ycuaeHus. Hem Boillle ypOBEHb NOTEPL, TEM MEHBbLItE
WMPHMHA U MHTEHCUBHOCTb AMHWUM YCUAEHMSA

B ZeliCTBUTENILHOCTH XK€ OHHU SIBJISIIOTCH (OYHKYUAMU YACTOThHI U3-
JIy4eHHs, pacCMaTPUBaeMbIMH Ha HHTEpPBaJIe 4acTOT, OTBEYAIOIEM
aanHomy nepexony. Otciofa ciiefyeT, B YaCTHOCTH, YTO M ceue-
HHE 0, 1 HauaJbHbIH KO3(PUIHEHT yCUIIEHUA X TaKXKe ABJIAIOTCA
He uMucJiaMy, a GYyHKYUAMU Yacmomal.

XapakrepHblit BUA QyHKIMH %o(v) noka3aH Ha puc. 1.16. Jra
(pyHKIMA 3aAa€TCA BRIpAXKEHUEM

VAO

—(_II———_IIO)Z——{—A(%’ (1.52)

*o(v) = const

rzie Yo — LEeHTPaJIbHAA YacToTa Iepexoza (et COOTBETCTBYET MaKCH-
MyM QYHKINK); Ag — MOMYMIMPUHA QYHKIUH HA MIOJIOBUHE €€ Bbl-
cotbl. Ha pucyHke npoBezeHa ropu3oHTanbHas npaman AA, ¢uk-
cHUpYyIollas ypoBeHb oTepb. YacTh KpUBOi ¥o(V), OKa3bIBAIOIASICS
Haz npaMoit A4, onpeznenser Tak Ha3bIBAEMYIO AUHUIO YCUNEHUA
(na pucyHke oHa 3amITpuxoBaHa). B coorBercrBuu c (1.48) He-
06X0ANUMO paccMaTpHUBaTh B FeHEPHUPYIOUIEM Jia3epe UMEHHO JIH-
HUIO ycuieHud. BenuumHa Av HasblBaeTCA WUPUHOL AUHUU YcU-
AeHua. JIns HEOAUMOBBIX J1a3epoB Av & 1010 I'y u, cremoBaTesn-
HO, Av/vy = 0,005 %. [I/1s 1a3epOB Ha OPTaHUYECKUX KPACUTEJAX
Av/vy pocTuraer HeckoJIBKHMX npoueHToB (Av = 1012-1013 I').
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Pe3onancHbie YacToThl. ONTHYECKHI PE30HATOD BhIIEJIAET B IIpe-
JieJiax IIMPHHBI JIMHUK YCWIeHHs HaGop pe3oHaMcHbix wacmom.
[Monaras npubaMKEHHO, YTO I0JI€ U3JIydeHNsA BHYTPH pe30HaTopa
OIMCBIBAETCA IVIOCKKMMH BOJIHAMH, PACIIPOCTPAHSAIOIUMHUCH CTPOTrO
B/IOJIb OCH PE30HATOPA, 3alHIIEM YCJIOBHE Pe30HaHCa:

L= Q‘l, (1.53)
2
rAe ¢ — LieJIble MOJIOXKUTeIbHbIe uucaa (¢ > 1); L — anuHa pe3so-
HaTopa; Ay — Pe30HAHCHbIE JUTMHBI BOJIH. Yenosue (1.53) o3Havaer,
YTO Ha JUIMHE Pe30HATOpa YKJIAAbIBAeTCs LIeJ10e YHCIO MOJTYBOJIH.
C yuerom (1.1) u (1.2) nomyuaem u3 (1.53) BopaxkeHHe 11 pe3o-
HAHCHBIX YACTOT:

qc
Vg = —— (1.54)
7 2Ln’
r7ie n — IMOKAa3aTeslb IIPeJIOMJIEHHA CPelbl, 3aIIO/IHSIONE pe30HaTop.
CornacHo (1.54) cneKTp pPe30HAHCHBIX YACTOT 3KBUOUCMAHMEH:
PasHOCTb MEXAY COCEJHHMH HacToTaMH nmocrofaHHa. OHa paBHa

c

AV = —.
v 2Ln

(1.55)

Boizesnsis HaGOp pe30HAHCHBIX YaCTOT, PE30HATOP MOXKET Ipe-
o6pa3oBaTh JMHHIO yCUJIeHMA, TIOKa3aHHy0 Ha puc. 1.16, B coBo-
KYIHOCTb OTHOCHTEJIbHO Y3KHX JIMHHH — TaK Ha3blBaeMBIX Cnek-
mpanasHbix AuHuil pesonamopa (puc. 1.17). MakcUMyMB! 3THX JIH-
HMi1 COOTBETCTBYIOT pe30HaHCHBIM 4acroraM. IlIupuHa oTaenbHOM
Taxoi iuHMK (Avp) onpeaesseTca NOTePAMHU B pe3oHaTope. Mox-
HO IIPHMHATH, 4T0 AVp X 1/7, uny, ¢ yuerom (1.23),

27 Vo
Q ’
rae Q - I[OﬁpOTHOCTb pe3onaropa. IIpy OTHOCHTEJIBHO BBICOKHX

noTepsix ¥ B HEOAHOPOJHBIX cpefiax HabJIojaeTcsi B3aUMHOE Tiepe-
KpbIBaHHE CIIEKTPAJIbHBIX JIMHUH pe30HaTOpa.

(1.56)

Ay, &
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Mopaps! (Tunsl koaeGanuit) onTuyeckoro pesoHaropa. Mnt
ybenunuce, YTO pe30HATOp Jla3epa CYIEeCTBEHHO BJIMAET Ha Bbi-
XOJHYIO MOLIHOCTb M3JIy4eHHs, a TAKXKE Ha CIIEKTPAIbHbIE XapakK-
TEPUCTUKH U3JITy4yeHus. B AeiicTBUTEIbHOCTH BINAHNE Pe30HATOPa
Ha CBOKCTBA JIa3epPHOTO M3JIyYEeHHs ABJIAETCA ele Oosiee 3HAYM-
TEJIbHBIM M NPUHIMIKAILHBIM. Pe3oHatop diopmupyem onpede-
/leHHble COCMOSHUR NOAA U3AYHeHUR; UX Ha3bIBAIOT Modamu (mu-
namu xosnebawuil) pe3oHaropa.

OtnenpHas mona o6osnavaercst Tak: TEMy,,,, T1€ M, 1 —
nonepeuMble UHIAEKCHl MOABI, a ¢ — NPOOOAbHbLIL HHAEKC — 3TO
TO caMOe YHUJIO ¢, KOTopoe (pUrypupyer B cootHomenusx (1.53) u
(1.54). Kaxxnas mMozna xapakrepusyeTcsl ONpefie/ieHHOH npocmpa-
cmeenHoll cmpyxmypoil NoJisA — OIpe/ieIEeHHBIM pacnpesesieHHeM
aMIUIMTYAB! M ¢a3bl NOJIA B NEPNEHAUKYIAPHOR K OCH pe30HaTo-
pa IUIOCKOCTH, B YaCTHOCTH, Ha MOBEPXHOCTH 3€PKasl pe3oHaTopa.
Cnenuduky 3TOH CTPYKTYphl (MKCHPYIOT NOIlepedYHble HHAEKCHI
MOZABL M U N.

KoHKpeTHOMY cOueTaHUIO HHAEKCOB 1 U 7t COOTBETCTBYET PALL
MO/l C Pa3HbIMHM 3HaUEHMAMH HHIEKCA ¢; 3TO NPo0oAbHble MOOb
(ux Ha3BIBAIOT TAKIKE AKCUANbHBIMU MOOamu). B criexTpe renepa-
I[MH KaXKA0H U3 HHUX OTBEYAET CBOS CIIEKTPAJIbHASA JIMHUA pe30Ha-
Av, topa. Hanipumep, Ha puc. 1.17 npencras-
JIeHb! 7 IPOAOJBHBIX MOZ; MOJIa, COOTBET-
CTBYIOIIAsA HacToTe ¥y, ECTh YeHMpPaIbHaR
MpoJI0JibHAs MOZa.

COBOKYyNHOCTh NPOAOJIBHBIX MOZ C
J@aHHBIM COYETAHHEM HHAEKCOB M U n
0o6'beAMHAIOT 110 Ha3BaHUEM nonepeuHotl
MoObt. Tlonepeunas moza o6o3Hauaercs
Kak TEM,,, Kaxnpiifi T™an mnonepeuHoi
Puc.1.17. Ontuueckup ~ VOABI MMEET OTIDENEIIEHHYIO CTPYKTYPY CBE-
pesoHaTop npeepawaer  TOBOTO ISITHA HA 3ePKasie Pe30HATOPA. Ha
AMHWIO ycuAehusi B Ha-  PHC. 1.18 nokasaHa cTpykTypa Habmoaae-
60p CnekTpaAbHbIX AM- MOTO Ha KPYIJIOM 3epKajie CBeTOBOTO HSAT-

HUI pe3oHaTopa Ha ZI9 HECKOJBKUX Haubosiee NMPOCTHIX
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Puc.1.18. CipyKkTypa CBETOBOIO NATHA, HABAIOAAEMOTO Ha NOBEPXHOCTH
KPYrAOro 3epKaAd AASl HECKOABKUX PA3AMUHBIX MONEPeUHbIX MOA

(Hu3IIKX) IMONepeYHbIX MOZ. BHAHO, UTO YeM MeHbllle 3HauYeHHs
NOMnepeYHbIX HHAEKCOB, TEM CHWIbHEE CKOHIIEHTPUPOBAHO MOJIe MO-
Abl BOJIM3K LIEHTpa 3epKaja.

IMonepeunyio moay TEMgy HasbIBalOT OcHOBHOU Mo0oll. [na
Hee xapaKTepHa HauboJiee IPOCTas CTPYKTYpa CBETOBOIO IATHA.

HaGmogaeMass B peasbHBIX YCJIOBHAX CTPYKTYpa CBETOBOTO
MATHA YacTO NPEACTaBJAeT co00i Cynepno3unuo HECKOIBKUX I10-
nepevHbIX MOZ (MHO20M0008blll pesKUM reHepanuu). CliekTp reHe-
PHPYEMOT0 M3JIyYeHUs COAEPIKUT OGBIYHO HECKOJIBKO CIIEKTpaib-
HbIX JIMHH# (MHOTOYaCTOTHBIH PEXUM reHepaluH).

1.7. K ucropnm cosaanns Aasepa

IlepBhle maru Ha IyTH K Jasepy. Cj0Bo «jaszep» COCTaBJIEHO
M3 HavanbHBIX OyKB B aHIVIMHCKOM cyloBocoueraHuu Light Am-
plification by Stimulated Emission of Radiation, yt0 B mepeso-
Jle Ha PYCCKHii fA3BIK O3HAUaeT: ycuneHue ceema nocpeocmeom
8biHYyxHc0enHo20 ucnyckaHus. Takum o6pa3oM, B CAaMOM TepMHHE
«jla3ep» OTpakeHa Ta PyH/IaMeHTAIbHAA POJIb NPOLIECCOB BHIHYXK-
AEeHHOTO MCIYCKaHHA, KOTOPYIO OHH UIDAIOT B reHepaTopax M ycH-
JINTEJIAX KOrepeHTHOro cBeTa. I103TOMy MCTOPHIO CO3AaHUA a3epa
clenyer HauMHaTh ¢ 1917 r, Koraa AnsbepT DUHINTEHH BlepBLIe
BBeJI [IPEACTaBJIEHHE O BbIHYXK/IEHHOM HCIIYyCKaHUH.



50 Inasa 1. Mpunyunst pabomut aa3epa

9to GbUT MepBBIH LIar Ha NMyTH K Jiazepy. Cneayomuil mar
caenan coserckuit dpusmk B. A, PabpukaHT, ykasaBmuit B 1939 r.
Ha BO3MOXXHOCTh HCIIOJIb30BAHUA BBIHY)K/IEHHOTO MCITyCKaHMs A1
YCWIEHHs 3JIEKTPOMArHUTHOTO M3JIyYeHHA INPH IIPOXOXKAECHHUH de-
pes Bewlectso. aes, Bbicka3aHHas B. A. ®aGpukanroMm, npeamnona-
raja MCloJb30BaHUE MHUKPOCHCTEM C MHBEDCHOH 3aCe/IeHHOCTbIO
ypoBHei. Ilo3zgHee, nocwie okoH4YaHMA Besmkoil OTeuecTBeHHOI
BOitHbI, B. A. PabpyKaHT BepHYJICA K 3TOH HAee M Ha OCHOBE CBO-
ux ucciaenosaHui moxan B 1951 r. (Bmecre ¢ M. M. ByasiHckum
u ®. A. byraeBoii) 3aaBKy Ha u3obpereHue crocoba ycuneHusa u3-
JIydeHHs [IPH IIOMOLIM BHIHY)XAEHHOTO Hcnyckanusa. Ha sty 3aaBky
610 BBHIJAHO CBHAETEJILCTBO, B KOTOpOM nof pybpuxoit «Ilpex-
MeT u3obpereHusa» 3anucaHo: «Crnocob ycHIeHus 371eKTPOMarHuT-
HBIX M3JIy4eHud (ya1pTpaduoseToBoro, BUAUMOro, HH(ppaKpacHOro
¥ paZiMOAHANIa30HOB BOJIH), OT/IMYAIOLIUHICA TeM, UTO YCHIMBae-
MO€ H3JIy4eHHE NPOIMYCKAIOT Yepe3 Cpeny, B KOTOPO#H C IOMOIIbIO
BCIIOMOTATEJIbHOTO M3JIyY€HHA WIH JPYTHUM MyTeM CO3aloT u3bbi-
TOUHYIO [0 CPaBHEHHIO C PABHOBECHOH KOHIEHTPAIMIO aTOMOB,
JpPYTHX YaCTHI[ WX UX CHCTEM Ha BEPXHHMX 9HEPreTHYECKHX yPOB-
HSX, COOTBETCTBYIOIIUX BO36YXIAEHHBIM COCTOSHHAM».

Cospanme ma3epa. [lepsoHayaygbHO 3TOT CMOCOO YCH/IEHHS M3-
JIYYEHMs OKAa3aics PeaIM30BAHHBIM B paguofuanasoHe, a Tou-
Hee B Auamnas’oHe cBepXBbICOKMX uacToT (CBYU-amanasone). B mae
1952 1. Ha Ob11ecor03HOH KOH(EpeHIMH O PaIHOCIIEKTPOCKONNHI
coBerckue ¢usuku H.T. Bacos u A. M. IIpoxopoB caesiaIn JOKIaJ
O IPUHIUIINAAIBHON BO3MOXHOCTH CO3JaHUA YCWINTENA U3/Iyue-
uus B CBU-auanazone. OHH Ha3BaJIM €r0 «MOJIEKYJIADHBIM reHe-
paTopoM» (IIpeAIro/IaraJoch UCI0Ib30BaTh MyYOK MOJIEKYJl aMMU-
aka). [IpakTHyeCKH OZHOBPEMEHHO IpeZyioXkeHue 06 HCroab30Ba-
HUU BBIHY>KZAEHHOTO HCIIYCKaHUSA IJIS1 YCHIEHHA U FeHepUpOBaHuUs
MWLJIIMETPOBBIX BOJIH OBUIO BbICKa3aHo B KosymGuiickom yHm-
Bepcurere B CIIIA amepuxanckum ¢usukom 4. Tayrcom.

B 1954 . MoJIeKyIApHBIH reHepaTop, Ha3BaHHBIH BCKOpE Ma-
3epoM, ctasn peasibHOCTBIO. OH 6bUI pazpaboTaH ¥ cO3/1aH He3aBUCH-
MO ¥ OZ]HOBPEMEHHO B AABYX TOUKAaX 3eMHOTO 1mapa — B Pusnueckom
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uHcrutyre umenu IH. H. JleGemeBa Axamemun nayk CCCP (rpym-
noit nmog pyxoeozacrsoM H. I BacoBa u A. M. IIpoxoposa) u B Ko-
nymbuiickom yuusepcutere B CILA (rpynmoit nox pykoBOACTBOM
Y. TayHca).

BriocseacTBuM OT TEPMHHA «Masep» M IIPOU3OLIEJ TEPMMH
«Jiazep» B pesyJsTaTe 3ameHbl OyKBbl «M» (HadasbHad 6yksa ci1o-
Ba microwave — MuxpogonHosoil) 6ykeoii «L» (HauasipHas Oyksa
cnosa light — csem). B ocHoBe paboThl kak Ma3epa, Tak u jlazepa
JIEKHT OZUH M TOT XKe MPUHIUI — NMPHUHLIMI, cHOPMYIHPOBaHHbIH
B 1951 r. B. A. ®abpukanroMm. IlosBieHne mMasepa 03Ha4yaIo, YTO
POAWIOCH HOBOE HampaB/ieHHE B Hayke M TexHHKe. BHauae 3ToO
HanpasJIeHHe Ha3BAIN K8aAHMOeoil paduogusuxoil, a IO3/IHEE CTa-
/1M Ha3BIBATh K8AHMOBOI 3NEKMPOHUKOLL.

IllecTs JleT HANMPAXKEHHBIX MccaexoBaHuii. Cnycrs gecsaTb
JIET TIOCJIE CO3AaHUA Ma3sepa, B 1964 r, Ha nepeMOHHH, NOCBAIIEH-
Hoi Bpydyenuio Hobenesckoit npemus, akanemuk A, M. IIpoxopos
ckaszan: «Kasamocs Obl, 4TO noc/Ie CO3AaHMA Ma3epoB B paavoaHa-
nasoHe Bckope 6yAyT co3/iaHbl KBAHTOBBIE I€HEPAaTOpPhl B OINTHYE-
cKOM Auanasone. OmHaKo 3Toro He cayunsnock. OHM GbUTH CO3AaHBI
TOJILKO Yepe3 MATh-11ecTh JieT. YeM 310 o6pAcHAeTca? 3aech Obuin
ase TpyaHocTH. IlepBas TPyAHOCTD 3aK/I04aaach B TOM, UTO TOTJa
He GbUIM IpeyIokKEeHb! Pe30HATOPHI JIs1 ONTHYECKOro AuanasoHa
JUIHH BOJIH, U BTOpas — He ObLIHM NpeyIoykeHbl KOHKPETHBIE CHCTe-
Mbi M METO/IbI HOJIyHeHNUA WHBEPCHOMH 3aCeJIeHHOCTH B OIITHYECKOM
ZManasoHe».

Vnomsuytsie A. M. IIpOXOpOBBIM IIECTh JIET AEHCTBUTEIBHO
ObLIM 3allOJIHEHBI TEMH HCCJIEIOBAHUAMH, KOTODbIE IO3BOJIMIM
B KOHEYHOM CueTe NepeiTH oT Ma3epa k sa3epy. B 1955 r. H.T. ba-
coB u A. M. IIpoxopoB 060CHOBaJIN NpUMEHEHHE METOJa ONTHYe-
CKOM HaKauyku AJIA CO3JAHMsS MHBEPCHOU 3aceIeHHOCTH YDOBHeRi.
B 1957 r. H.T. BacoB BuIABHHYJ K€ HUCNOJIB30BaHUSA IOJIYIIPO-
BOJHUKOB JJIfi CO3ZJaHHUA KBAaHTOBBIX I'€HEpPaTOPOB; IPH 3TOM OH
NPEAJIOKH HCIOJIb30BAaTh B KauecTBe DE30HATOpa CIIEIHaJbHO
o6paGorannble mOBEpXHOCTH caMoro obpasua. B Tom ke 1957 r.
B. A. ®abpuxaHT u ®. A. Byraesa Habmonanu adpdexT onTuIecKo-
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TO KBAaHTOBOTO YCWIEHHS B ONBITaX C 3J€KTPUUYECKUM pas3psaioMm
B CMeCH NIapoOB PTYTH U HeDOJIBIINX KOJIMYECTB BOAOPO/A M Teud.
B 1958 . A. M. [IpoxopoB B HE3aBHCHMO OT HEr0 aMepUKAaHCKHE
¢usuku A. IllaioB u Y. TayHc TeopeTHyeckd 060CHOBAIH BO3MOX-
HOCTh IPUMEHEHUS ABJEHUA BBIHYKJEHHOTO UCIIyCKaHMA B OIITHU-
YEeCcKOM AuanasoHe; oHM (a Taxke amepukasen P./Iukke) BbBU-
HYJIX UJIel0 TPUMEHEHHs B ONTHYECKOM JHATIA30HE He 06BeMHbLX
(kax B CBY-auana3soHe), a OmMkpbimbiX pe30HATOPOB. 3aMETHUM,
YTO KOHCTPYKTHMBHO OTKPBITBHIH pe30HATOp OT/INYaeTcs OT obbeM-
HOTO TeM, uTo y6paHbl 60KOBble NMPOBOZALIHE CTEHKU (COXpaHEHbI
TOPLIOBblE OTpaXKaTesiy, GUKCUPYIOIINE B IPOCTPAHCTBE OCh Pe3o-
HATOpa) Y JIMHEeHHble pa3Mepbl pe30oHaTopa BhIGpaHBI GOJBIIUMM
10 CPABHEHHIO C JJIMHOHN BOJIHBI U3JIydYeHMs.

B 1959 r Beiwia B cBer pabora H.TI. Bacosa, B. M. Byna,
1O0. M. ITonoBa ¢ TeoperuueckM OOOCHOBaHMEM HJeH IOJIYNPO-
BOAHHUKOBBIX KBAHTOBBIX I'€HEPATOPOB M aHATM30M YCIOBHH HX
co3aauus. Hakoneny B 1960 . moABmnack o6CTOATENbHAN CTAThA
H.T. Bacosa, O. H. Kpoxuna, 10. M. ITonosa, 8 xoTopoii 6111 Bee-
CTOpOHHE PacCMOTPEHbI MPUHIUIIBI CO3/IaHUS U TeODUA KBAaHTOBBIX
TeHepaToOpOB U ycunuTesel B MHPPaKpacHOM M BUAMMOM JHaaso-
Hax. B xoHUe crarby aBTOPSI NUcaH: «OTCYTCTBHE IIPHHIUITHAIIb-
HbIX OTPAHUYEHHUH MO3BOJIAET HAAEATHCA HA TO, YTO B Onmikatiuiee
Bpems OyJyT co3ZiaHbl reHepaTopbl M yCHINTENH B MH(PAKPaCHOM
Y ONTHYECKOM AMAINa30HAX BOJIH»,

IlepBbie nazepsol. Takum 06pa30M, HHTEHCHUBHEIE TEOPETHUECKHE
u sxcnepumeHTanbHble ucenenoBaHuss B CCCP u CIIIA B camom
KoH1e 50-x It XX B. BIVIOTHYIO ITOABEJIM YUYEHBIX K CO3/JaHUIO Jla-
3epa. Ycmex BbINaJ Ha JI0JII0 aMepukaHckoro ¢usuka T. MeiimaHa.
B 1960 r. B AByX Hay4HBIX XKYDHaJ1aX MOABIIOCH ero coollieHue
0 TOM, YTO eMY YAaJ10Ch MOJYYHUTh Ha pPyOHHe reHepanuio uayde-
HUS B ONITUYECKOM AHana3oHe. Tak MUp Y3HAI O POXKAEHUU NEPBO-
ro «OITHYECKOT0 Ma3depa» — .aa3epa Ha pybune. Ilepssiii o6pasery
Jlazepa BBITJISAAEN JOCTATOYHO CKPOMHO: MajieHbKHH PyOMHOBBIH
kybuk (1 x 1 X 1 cM), ABe IPOTHBONOJIOXKHbIE TPAHU KOTOPOT'O
nMenu cepeGpsHoe NOKphITHE (ITH IPaHU UTPAIH POJIb 3EPKAJ pe-
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30HaTOpa), mepUoANYecKH 0bJyyasca 3eJieHbIM CBETOM OT JIaMIIbI-
BCITBILIKH BBICOKOIH MOIIHOCTH, KOTOpas 3Meeil oxXBaThiBasia py6u-
HOBBIH KyOuk. IeHepupyeMoe usjydeHue B BH/E KPaCHbIX CBETO-
BBIX MMITYJIbCOB HCIYCKaJIOCh Yepe3 HeGosIblloe OTBEPCTHE B OHOM
13 nocepeOpeHHEBIX rpaHeil KyOuKa.

B ToMm xe 1960 r. amepukanckuMm ¢pusmukam A, Jlxxasany, B. ben-
Hety, [. 9ppHOTY yAAI0Ch NOJIYYUTh FeHEPAlUI0 ONTUYECKOro 13-
JIydeHUs B BJIEKTPUYECKOM pa3psAfe 8 cmecu z2eausn u HeoHa. Tak
poAMICs NepBBIH ra30BbIi J1a3ep, NOABIEHHE KOTOPOro 6b110 ¢pak-
TUYECKH TOATOTOBJIEHO 3KCNEPHMEHTAJIbHBIMH HCCJIEOBAHUAMH
B. A. ®abpukanTa u ®. A. byraeBoil, BoinnosHeHHBIMY B 1957 .

Hauunas c 1961 r, sazepbl pa3HbIX TUNOB (TBEPAOTENbHBIE
¥ razoBble) 3aHUMAIOT AOCTOHHOEe MeCTO B onTHueckux Jabopa-
tTopusx. OCBaUBaIOTCSA HOBbIE aKTHBHbIE CpeAbl, pa3pabaThiBaeTca
Y COBEpIIEHCTBYETCA TEXHOJIOTHA H3roTOBJIeHNUs J1a3epos. B 1962—-
1963 rr. B CCCP u CIIIA ogHOBpPEMEHHO CO3JAI0TCA MEepBhbIE noAY-
nNpoB8oJHUKOBble J1a3ephl.

Tak HauasICs HOBBIH, «J1a3epHBIH» NEPHOA ONTHKM.
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Jlexiiua nsaras

2.1. Tunbl Aa3epoB M cnNOcobbl HaKauKM
(o6wmre 3ameyanms)

B Tabnuiie Ha puc. 2.1 nepeyncieHb! TUIIBI J1a3epOB, aKTUBHEIE Cpe-
Il ¥ IpuMeHseMble criocobel Hakauku. Kinaccudukanua 1asepos
MPOM3BOAUTCA € YUETOM KaK THUIIA aKTUBHOM CpeAbl, Tak U crnocoba
ee Bo30yxeHusa (cnocoba HaKaukH).

B nanHoOl I71aBe pacCMOTPHM pa3JNYHble TUIILI JIa3€POB U CO-
OTBETCTBYIOII[HE CIOCOOBI HAKAYKH, /IS KaXKAOTrO THIA NpUBEIEM
KOHKpeTHbIe nmpuMephl. IIONyTHO pasbACHMM IOKa3aHHYI0 Ha
puc. 2.1 cucreMy B3aHMOCBA3eH MeXIy pasHbIMM crnocobamu Ha-
KaukH (oHayasy OHa MOXKET NOKa3aThCs AOBOJIBHO CJ103kHOIH). [To-
CJIe TOTO KakK JlaHHaA r/1aBa OyJer MpOYMTaHa, PEKOMEHIYEM Bep-
HYTCA K 3TOMY PUCYHKY U ellle pa3 BHUMAaTeJIbHO PacCMOTPETH €ro.

U3 yka3zaHHBIX Ha PHCyHKe cIocobOB HakauyukH CJieAyeT Ipe-
JKJle BCEro BHIAENHTD ABa cnocoba — onmuueckylo Haxauky U Ha-
KAuKy € UCNONb308AHUEM CAMOCMOAMEAbH020 3NEKMPUUECK020
paspada. OnTuueckas HaKayka MMeEeT YHUBEPCAJIbHBIM XapakTep.
Ona npuMeHnMa /7ig BO30OYKAEHUA CAMbIX Da3JNYHBIX aKTHBHBIX
Cpeal — AM9JIEKTPUYECKHUX KPHUCTAJLIOB, CTEKOJI, I10JIyIIPOBOJAHMKOB,
UKOCTEH, ra30BbIX cMeceit. OnTiueckoe BO36yxAeHUE MOXKeET HC-
II0JIb30BATLCA TAKIKE KaK COCTABHOM 3JIEMEHT HEKOTOPBIX APYTHX
cnoco60B Hakauku (HanpuMep, 3/1eKTPOHOHH3AIMOHHOIO ¥ XUMH-
yeckoro). Hakauka ¢ MCNOJIb30BaHHEM CAMOCTOSTEIBHOIO 3JIEK-
TPHUUECKOrO paspsA/a IPUMEHAETCA B Pa3PEXKEHHBIX Ia3006pas3HbIX
aKTUBHBIX cpefiax — npu AapaeHnax 1-10 mm pr. cT. CooTBeTCTBY-
I0lIMe THIH JIa3epoB (Ha aTOMHBIX Ilepexozax, HOHHbIE, MOJIEKY-
JIApHBIE) OOBEIUHAIOT OOIUM TEPMUHOM 2a30pa3pAdHble Aa3epbl.
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Puc. 2.1. Kaaccudpmkaums razepos

Hapsany ¢ TBepAOTe/NIbHBIMH, XXHUAKOCTHHIMH U IIOJIYHPOBOAHHKO-
BbIMM, ra3opaspsAfHble Ja3epbl WIHPOKO NMPUMEHAIOTCH B CAMBIX
pa3nuYHbIX 00J1aCTAX HAYKH U TEXHHKH.

PaccmarpuBas crmoco6bl Hakauky, Hafl0 KMeThb B BHZY, YTO
OZIMH M TOT e crocob MoeT ZIonycKaTh, B CBOIO O4Yepeib, 1Ba BUAA
HaKauKu — UMNYALCHY! U HenpepbléHyro. Tak, UIs ONTHYECKOH
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HAKauYK{ MCIOJB3YIOT KaK ra3opa3psiiHble UMIIYJIbCHBIE JIAMIIbI,
TAK W JIAMITbI HENpPepHIBHOrO ropeHus. IIpu Hakauke ¢ MCNOJIb-
30BaHHUEM 3JIEKTPHYECKOTO Pa3paia MPUMEHSIOT KaK UMIIY/IbCHbIE
paspsabl, TAK U cTalOHapHble (KBasucranuoHapHble). [Ipu um-
My/IbCHOM HaKauke dHEPrus Bo30Y)XAEeHHS IOCTyNaeT B aKTHBHbIMH
BJIEMEHT NOPIUAMHE, UMITy/IbCAMHU, & IIPY HENTPEPHIBHOM HaKauke —
HenpephIBHO, CTAGUIIBHO.

UmnynbcHasa Hakadka obs1az1aeT psoM IPeuMyIIEeCTB 110 CpaB-
HEHHIO ¢ HenpepbiBHOH. IIpH UMNy/bCHON Hakauke, KOTAa UHBEp-
CHSfl peaiu3yeTcs JIMIIb B TeUeHUEe HEKOTOPHIX IIPOMEXKYTKOB Bpe-
MEHH, MOJKET OKa3aTbCA HECYIleCTBEHHBbIM TpeGoBaHHe ObICTPOro
ouMilleHMs HUXKHero pabouero ypoBHA. Ilpeanosioxum, 4To 1IpH
BKJIIOUEHHH CBETOBOTO MMITYJIbCA HaKauyKM CKOPOCTb, C KOTOPOii
3acesisieTcsa BEPXHUH pabounii ypoBeHb, OKa3bIBAETCS BBILLIE CKOPO-
CTH 3ace/ieHUsi HWKHero pabouero ypoBHsd. B aToM ciyvae jsasep
MOXKeT paboTaTh 32 cUeT MHBEPCHM, BO3HHUKAWOIIEH 8 Hauane um-
nyasca so3byxcdenun. IlonpobHasA cuTyanus mokasaHa Ha puc. 2.2.

W3 pucynka BHAHO, YTO HH-
BepCHs peasiu3yeTcsl B Ha4ajle UM-
myJsibca BO30yXkZeHHsA — B TeueHue

J, 7 MIPOMEXYTKa BpeMeHH £y . IcHO, uTO

B /JAaHHOM CJIydae CKOPOCTb OuHIle-
HMA HIDKHEro pabouero ypoBHs He-
7% L CyLIecTBeHHA.

' IlpuBeeHHBIH TpUMeEp MOSAC-
Puc. 2.2. Bo3HukHOBEHME MH- HsET, MOYEeMYy NPHU HCIIOJIb30BAHUU
BEPCUU B HaYaAe UMNYALCA BO3-  pMIy/IbCHOM HaKayKM BO3MOXKHO
GyxaeHusa: 1 — 3aCEAGHHOCTb  nonvvenye reHepaluy B GoMbIIEM
HUXHero pa6oyero yposHs; 2 — YHCJle aKTUBHBIX cpex U Ha 60Jib-
3aCeAeHHOCTb BepxHero pabo- w
4ErD YPOBHS; 3 — MMITYALC BO3- IeM d4ucsie IepexofoB B JIaHHOI;I

ByxaeHHs cpeAe, HeXeJIH NP HelnpepbIBHOMH
Hakauke. [oBOpA 0 mpeuMyIecTBax

WMMYJIBCHOH HaKadkH, HaZl0 OTMETHUTb H TOT (PAKT, UTO €€ JIerde
peasin30BaTh ¢ TEXHUYECKOH TOUKHU 3peHus. HernpepbIBHBIH U IpH-
TOM JIOCTaTOYHO CTaOMWIbHBIN NMOABOZ 3HEPruM BO30YXKJEHHs K aK-
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TUBHOM Cpefie, KaK MpPaBUJIO, TEXHUYECKH CII0MKHEE MMITYJIbCHOTO.
Kpome TOro, npu HMIyJAbCHOM Hakauke OOGLIMHO OTHAJAeT Heob-
XO[AMMOCTb B IPHHYAUTEIBHOM OXJIAX/IEHHM HATPEBAIOLIErocs aK-
THBHOTO 3JIEMEHTA.

HMmmysbcHast HaKauKa [103BOJISAET PEasH30BaTh PA3JIMUHBIE UM-
NYAbCHbIE PEXKUMBI I'eHepallii — KOT/a Jia3epHoe uasyuenue ¢op-
MHpYeTCcs B BUZie OAMHOYHBIX CBETOBBIX MMITYJILCOB HJIM B BHJE MO-
CJ1elOBATEIBHOCTH HUMITY/IbcoB. [IpH 3TOM yzmaercs oCyIecTBIIATh
HCKJIIOYUTESIBHO CHJIBHYIO KOHIIEHTPAILMIO M3JIy4aeMoii CBETOBOX
9HEPIUM BO BPEMEHH M MNpocTpaHcrse. Tak, HampuMep, peatu-
30BaHbl PEXUMBI T€HEPALUH MOIIHBIX CBEDXKOPOTKHUX CBETOBBIX
MMIIYJIbCOB, MMEIOIHUX JuTensHocTh 10711-10-12 ¢ u mommocTs
no 10!2 Br.

2.2, TaepAoTeAbHble Aa3epbl

TeepOomenvHbIMU HA3BIBAIOT JIA3€Phbl, AKTUBHAA CpeNa KOTOPBIX
npezcrasisier coboit AUIEKTPUUECKHUH KPHCTAJLT WIH CTEKJIO, B KO-
TOpble BBeZieHb! (B Bue IPUMeECH) ClIela/IbHble HOHBI, UTPAIOLIHE
POJIb aKTHBHBIX LIEHTPOB. B TBEPIOTE/IBHBIX J1a3epax NPUMEHAETCS
TOJIBKO ONTHYECKas HaKauKa.

OnTnueckasa Hakauka. IIpy onrHueckoil Hakauke MPOUCXOAUT
B030y>KieHHE aKTHBHBIX IIEHTPOB 3a CYET MOIJIOLIEHHA H3JTydeHHs
OT CIIENHAJIbHOTO MCTOYHHUKA cBeTa (MCTOYHMKA M3JIyUYeHHs HaKay-
KH). B kauecTBe TaKUX HCTOYHHUKOB MCHOJIL3YIOTCA ra30paspagHbie
UMIIy/IbCHBIE JIAaMIIBI, JIaMIIbl HENpPEepHIBHOIO ropeHus (razopas-
psfHbIE M HAKaJIMBaHMA), UCKPOBBIE DA3PAAHUKH, IJIAMA U T. A,
McTOYHMKOM HaKauMBaIOIEro M3JIyYEeHNA MOXKET CJYXKHUTh TaKxKe
BCIIOMOTaTeJIbHBIH J1a3ep.

Yrobbl onTHYeckas Hakauka Gbuia addexkTuBHOM, HeobXoau-
MO BBIIIOJIHEHHE ABYX YCJIOBHMH. Bo-IIepBLIX, YPOBEHD BO36YXKACHHUA
aKTHBHOTO LIEHTPAa [OJKEH MMETh JOCTAaTOYHO GOJBLIYI0 IIMPH-
Hy. MHade roBops, JIMHHH NMOIVIOMIEHHA HAKaYMBAIOILLETO MU3JTyye-
HUA JOJIKEH COOTBETCTBOBATh OTHOCHTEJILHO IIMPOKHM Y4acTOK
Ha IIKaje 4yacroT (lIkaje JJIMH BoOJIH). Bo-BTOpBIX, Heo6xoauMO,
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y¥TOOB MAaKCMMYM JIMHUH NOTJIOIIEHHs aKTUBHOTO LIeHTpa Nomazan
B 06/1aCTh CIEKTpa YaCTOT HAKaYMBAIOLIEro M3JIyuYeHHs, XapaKTe-
PH3YIOLIYIOCS BBICOKOH MHTEHCHMBHOCTBIO. TOJIBKO NMpH BHINIOJIHE-
HUH 3THUX YCJIOBHH ONTHYECKasA HaKauka MOXKET CTaTh AOCTATOYHO
3¢ dexTHBHOMN, B MPOTUBHOM CJIydae J0JIS MOJIE3HO PacXOXyeMoii
MOIIHOCTH HaKa4YMBaIOIIEro H3IydeHus OyzeT He3BHAYNTENIbHOA.
B TBepz0TE/IbHBIX J1a3epax 00a YKa3aHHBIX YCJIOBUA BHIMOJHSA-
1oTcd. 11 TBEpAOTENbHBIX aKTUBHBIX CpeR WHPHHA JHHUHM (11010~
cbi) norommeHus nopaaka 0,1 mxm. IMoaGupas A1 KaXKAOro KOH-
KpeTHOro js1a3epa H3JIydeHHe HaKauK{ C COOTBETCTBYIOLIMM CIIeK-
TPOM HacCTOT, yiaeTcst Z06UThCA TOro, YTOOb! BO36YKAaJICA IPAKTH-
YeCKH JIM1Ib ypOBeHb BO36y>kieHHA aKTUBHOTO LieHTpa (11n onpeae-
JIeHHas rpyTina ypoBHei, Mrpaiolias pojib «ypoBHs BO30YXACHUSA »).

TBepaoTe/IbHBbIH J1a3dep. B TBEpAOTENILHOM aKTUBHOM 3JIEMEHTE
passmuaior Matpuuy (OCHOBY) M BBEJAEHHBII B MATpHIy B BHE
IIpMMecH akTHBaTop (axTHBHBIE LeHTPbI). FIcnosp3yioTes Kak KpH-
cTajulMyecKue, Tak U amopgHbie (CTEKIAHHbIE) MATpUlbl. B Ha-
crosiee BpeMs 3¢ deKT BHIHYKIAEHHOTO MCIYCKaHUA oOGHapy»xeH
npumepHo y 300 Au31eKTPHUECKUX KPUCTA/UIOB, AKTHBUPOBAHHBIX
IpUMecsaMHU HOHOB NlepexoAHbIX rpynn. Hanbosee minpoxo uenosn-
3y10TCSl TaK Ha3bIBaEMble OKCHAHbIE KPUCTAJUIBI C YIIOPAAOYEHHOM
CTPYKTypoH. K HUM OTHOCATCSA, B YaCTHOCTH, KPHCTAJLI OKHCH aJii0-
muHus (Al;O3), akTuBHpOBaHHBIH HOHamMK xpoma (Cr3t), a rawoke
KpHUCTaJUT UTTpHiil-amoMmunueBoro rpaHata (Y3 AlsO,3), akTuBupo-
BaHHbIH HoHaMK Heoauma (Nd3+). INepssiit KpHCTAIII €CTh AKTHB-
HbIH 371eMeHT 1a3epa Ha pybuHe, a BTOpPoil — na3epa Ha epaname
¢ MeoOumom. YkazaHHbIE Jia3epbl ABJIAIOTCA, N0y, Hanbosee
HIYPOKO NPHUMEHSIEMBIMH TBEPAOTEJIBHBIMHU JIa3€PAMM.

Ha puc. 2.3 nokasaHo, kax peaynusyeTcss ONTHYECKasa Hakay-
Ka TBEPAOTEJIbHOro Jjasepa. McTouHuk Hakauku (Hanpumep, ra-
30pa3psaHas JlaMIia-BCIbIKa) uMeeT GOpMy MPAMOro LHWIKHAPA
U TIOMellaeTcs NapajulejibHO aKTMBHOMY 3yieMeHTy. U slamna Ha-
KauyK{, ¥ aKTUBHBIH 3JIEMEHT HaXOAATCA BHYTPH ompajxcamens,
pabouast NOBEPXHOCTh KOTOPOTO NpeAcTaBiseT co6oit 60koBy10 mo-
BEPXHOCTb LIWIHHApPA ¢ OCHOBaHUeM B opme araunca. Caenaem
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Puc. 2.3. MNpakTuyeckas peaansauns ONTUHECKOR HaKauku
B TBEPAOTEABHOM Aa3epe: 1 — aKTUBHBIA 3AEMEHT; 2 — Aamna HakayKu

MBICJIEHHO CeueHHe IIOCKOCThIO, IEPIEHAUKY/IAPHOM K OCH aKTHB-
HOTO 3JIEMEHTAa. B 3TOM CeyeHHMH NOBEPXHOCTH OTPa)kaTess €CTh
QJIJIUIC, aKTUBHEBIH 3JIEMEHT U JIaMIIa-BCIbIILUKA HAXOAATCA B fo-
kycax asuunca. I3BeCTHO, YTO CBETOBBIE JIYYH, BHIXOAAIHE U3 Of-
Horo ¢oKyca, 1OCIe OTPAXKEHUS OT AJUIUITUYECKOH IIOBEPXHOCTH
NPUXOAAT B Apyroi ¢okyc. B pesyssraTe HaKauMBaIOIIEe HU3JIyde-
HHe OKa3BIBAETCH MaKCHUMaJIbHO COKYCMPOBAaHHBIM Ha AKTHBHOM
anemenTe., Ha mpakTHKe NMPUMEHAIOT OTPaXKATENM Da3HBIX KOH-
crpykumit. Ucronsayercs, HanpuMep, ABYXJ1aMIIOBbIM OTpaXkaTesib:
[0 CPAaBHEHMIO C OJHOJIAMIIOBBIM OH IIO3BOJIAET IOBBICHTH MOII-
HOCTh BBIXOAHOTO HM3JIydeHHUs. B KOHCTPYKIMAX TBEPAOTEJILHOrO
nazepa (cM. puc. 2.3) poJsib 3epKajl ONTUYECKOrO PE30HATOPA BbI-
IIOJIHAIOT CHelHaJIbHO 06paboTaHHbIe TOPLLI AKTHBHOTO 3JIEMEHTA,
B 3TOM CJIyyae JUIMHA PEe30HATOPA COBNAZAAET ¢ JJIHHON aKTHUBHOTO
a/IeMeHTa.

Jlazep Ha pyGuHe. YXe OTMEYaJIOCh, YTO BIIEPBHIE Jia3epHas
reHepanusa ObLia ocyllecTsieHa Ha pyOune. bnarogapsa 6osbiioi
MexaHu4ecKo# IIPOYHOCTH M TEIUIONPOBOAHOCTH KPHUCTAJUIOB Py-
61Ha, BO3MOXHOCTH BbIDALI[UBAHUA KPHCTALINYECKHX 06GpasioB
C BBICOKHMM ONTHYECKUM KauecTBOM, JIa3ephl Ha py6HHe 0 CHX IIOp
IIMPOKO MCMONb3YIOTCA HA NpaKTHUKe. PY6uH — OKUCH aJIIOMHHUA,
coaepaxamas B KayecTBe IIPMMeCH HOHBI Xpoma. B jsazepax o6pru-
HO MCHOAB3YIOT PO30BHIH pyOMH ¢ coaepxkaHmeMm xpoma 0,05 %
(1,6 - 10'® monos xpoma na 1 cm?).
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Ha puc. 2.4 npeacrasseHa cxe-
Ma yposeMeil axmueHo20 yeHmpa
(nona xpoma) B pybune. Ilo Bep-
THKQJIbHO# OCH OTJIOKEHBI 3Haue-
aua 1/ B Mxm ™!, Ilepexoa ot 1/A
K sHepruu E ocyluecTBiadercs 10

YA, w4
251

20k

15

] § 3 ¢dopmyne E = he/A. B mpomecce
10 § % ONTHYECKOH HAKaYKH BO30YKAAKOT-
a5+ S|_s ca cocrosnus («ypoBHM»), 0603Ha-

& = yaemble kKak ‘F; u *F,. Kaxnoe
oL V% U3 3THX coCcTOsIHUHM H306paxkeHO HA

Puc.2.4. Cxema yposHeiinona PHUCYHKE B BHJIE HEKOTOPOM 3HED-
Xpoma B pyﬁuHe U OCHOBHbIE TETHYECKOH IT0JIOCHI, mrUprHa KO-

nepexoAb! TOpPO# 0TBEYAET «Pa3MBITHIO» COOT-
BeTcTByIOLIero ypoBHsa. Ilepenaran

YacTh 3HEPTHUH TEIJIOBBIM KONe0aHHUAM KPHUCTA/UINYECKOH PElIeTKH
pybuHa, Bo30y»/AeHHbIE HOHBI XpPOMa OTHOCHUTEJILHO OBICTPO mepe-
xonAT u3 cocrosHuit ‘F; u *F, Ha ABa 6JM3K0 PACIOJOXKEHHBIX
MeTacTabHJILHBIX YPOBHA, YOIOBHO o60o3Hauaembix 24 u E. Otn
YPOBHH MTPAlOT pOJIb 8epxHux pabouux ypoBHeit. HuxcHuil pabo-
yuil ypoBeHb 06osHaueH *Fy, OH ABIAETCA TAKXKE OCHOBHbLM YPOB-
HeM. Takum o6pa3om, nazep Ha pyGrHe MOXET ObITh OMMKCAH TPEX-
YPOBHEBOH cxeMoOH, KoTopasd Gblyla moKa3aHa paHee Ha puc. 1.9 a.
Ha puc. 2.5 a npeacrasiieH cnexkmp noaaoweHus WoOHa Xxpoma

B pybune. CriekTp MMeeT Ba MaKCUMyMa — JJIfl COCTOAHMH *Fy
u *F,. DT MakcHUMyMBbl OTBeYalOT JJIMHAM BoJaH X = 0,41 Mxm
(cunsiga nosioca morsouienus) u A’ = 0,55 MM (ceamo-3ene-
HaA 1osoca norsomenus). lInpruHa Kaxa0H NOJIOCH MOTJIOUIEHHSA
cocraBiser npumepHo 0,1 mkm. [ljis Hakauky pyOUHOBOro Jaze-
pa NPUMEHSIOT ra30paspAAHYi0 KCEHOHOBYIO siaMmmy. Ha puc. 2.5 6
MOKa3aH CIEKTP H3JIydeHHUs, CIIOHTAHHO HCIYCKAEMOro WOHaMHU
xpoma Ha pabouem mnepexoze (cnexmp AOMuHecyeHyuu Xpoma
B pybune). B cnexTpe mmeloTcs ABe JIMHMM. MakcHMyM OOHOM
M3 HHX COOTBETCTBYET JIMHE BOJIHBI 0,6943 MKM (Tak HasbiBae-
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Puc. 2.5. Cniextpel roraouweHus noHa xpoma (a)
U AlOMUHecLeHUMH xpoma (6) B pyGuHe

Masa R;-1uHUA), MAKCUMYM ApPYro# — JUIHHE BOMHBI 0,6929 MM
(Rg-nunus). Ipu 1a3epHOi reHepaly PeaTu3yeTca IPaKTHYECKH
TONBKO R;-s1vHMA,

IIpumeuanue. CymecTByOT onpe/ieJieHHbIe IpaBuia JsA 0603Ha-
YEHHA TeX HJIM HHBIX COCTOAHUN HOHOB, aTOMOB, Mosniekys1. He 6yzem
3mech OOBACHATD 3TH NpaBuia. YHuTaTesb, He 3HAKOMBIiA ¢ HUMH, MO-
JKeT BOCIIPUHMMATDb BCTpeualomuecss o603HaYeHUs cOCTOAHMM (Ha-
npumep, ‘F, u *F,) dopManbHO — NpPOCTO KAaK HeKHe NPHHATHIE
obo3nauenus. Pasymeerca, B TaKOM c/1ydae MOxHO Gbisto 661 0603Ha-
yaTh pa3JIMYHbIe COCTOSIHUA Nonpocty ynciaams (1, 2, 3, ...). Onnako
NpeZIIOYTHUTENBHO UCIIONB30BATh (31eCh M B AasibHeiineM) Te 0603Ha-
YEeHHS COCTOSHUH, KOTOphIE MPUHATHI B HAYYHOH JMTEpaType.

Jlazep Ha rpaHare ¢ HeoaAuMOM. Jlazep Ha UTTpHl-aIIOMHUHKE-
BOM rpaHare, akTHBHDOBaHHOM MOHaMH HeOAMMa, SIBJIAETCA B Ha-
crosiiee BpeMs Haubosree LINPOKO MPUMEHSEMBIM TBEPAOTETbHBIM
nazepoM. OH MMeeT CpaBHUTENBHO HU3KHH NOpOr BO36GYKIeHHA
M BBICOKYIO TEIIOIIPOBOAHOCTD, YTO IIO3BOJISET pean30BaTh reHe-
pauuio nmpu GoJIBILION YacTOTe CIe0BAHUS CBETOBBIX MMIIYJILCOB,
a TaxoKe reHepaluio B HenmpepbiBHOM pexxume. KIT/I sazepa cpas-
HUTEJILHO BBICOK: OH JOCTUraeT HECKOJIBKHMX IPOLEHTOB.

Cxema yposHeli axmueHoz0 yeumpa (MOHA HEOAHUMA) B rpaHa-
Te TNoKa3aHa Ha puc. 2.6. PakTHuecky Ha PUCYHKE NPEACTABIEHBI
He YPOBHH, a 3HepreTHYecKue MOJIOCHl pa3Hoi wmpuHbl. Kaxzaoii
U3 3THX MOJIOC B JeHCTBUTEILHOCTH COOTBETCTBYET Lieslas Tpymia
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Puc. 2.6. Cxema yposHei noHa HeoAuMa
B UTTPUIA-AAIOMUHWEBOM FPaHaTe M OCHOBHbIE MEepPEXOAb

ypoBHei1 oHepruu. ByzieM Ha3bIBaTh KaXIyI0 TaKyIO IPyIIy ypoBHeit
(kaXk/Iy10 M3 TOJIOC, TIOKA3aHHBIX HA PHCYHKE) QIMOMHbBIM MEPMOM.

B mpouecce onTHueckoit HaKaYKM MOHBI HEOAMMA IIEPEXOAAT
M3 OCHOBHOT'O COCTOSIHUA (aTOMHBIH TepM %Ip/2) B HECKOIBKO IPymn
COCTOSTHUIA, KOTOPBIM COOTBETCTBYIOT ATOMHEIE TEPMEI 4Gy /2 e 7/25
4832+ 4Fy2, Fsj2+ 2Hgyp, 4 F3/2. DTUM [ATH IPynnam cOCTOAHHUH
OTBEYAIOT IATH I10JIOC B CNexmpe noaaowjeHus HeoAuMa B rpaHare,
XOpOIlI0 IpOCMaTpUBaeMbIX Ha puc. 2.7 a. ToHKas CTPYKTypa 1010
OTpakaeT TOT (AKT, YTO ATOMHBIE TEPMBbI COCTOSIT U3 TPYIIIl SHEp-
reTHYEeCKNX YPOBHEH.

Ponb eepxHeeo pabouezo ypoBHs urpaer TepM *Fyjp. HoHBI
HeOJMMa BBICBEYHBAIOTCA, MEPEXOAA C 3TOT0 YPOBHA Ha YpPOBHH,
coorBercTBylomue tepMam *I11/9,% Igja, *113/2, *I15/2. Tockonbky
Ka)KAOMY U3 9TUX TEPMOB OTBeYAET HECKOJIBKO SHEPreTHYECKUX YPOB-
Helt, obmee 0 paboumx MEpPEXOA0B AOCTHUraeT ABYX AECATKOB.
OcnoBHas nosnsa 3Hepruu (60 %) BBICBEeuMBaeTcA B IlepeXOAax
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Puc. 2.7. CriekTpbl NOFAOLIEHWS MOHA HeoanMa (a)
M AlOMUHECUEHUUS Heoanma (6) 8 rpaHate (cnekTp
AOMWHECLIEHLIMM AdH AASI NePex0a0B *Fyp —* Ih4/3)

4F3/2 - 4I11/2; [O3TOMY B KauecTBe HUMCHuXx pabovuux ypoBHei
IIPHUHATO PacCMaTPHBATh YPOBHH, COOTBETCTBYIOUME TepMy *1;1/2.

Ha puc. 2.7 6 mpexcrasiieH cnexmp AlOMuHecyeHyuu MOHOB
HeoAuMa B rpaHaTe AJif NEPEXOHOB 4F3/2 - 4111/2. Cuoektp co-
Aepxut cemb auHui. Hanbosee nHTEHCUBHBI JiuHMH 1,0615 u
1,0642 mxm (undpaxpacHoe usnyderue). Hapsagy c mepexoma-
mu 4F3/3 — #1112 ONpeReseHHyI0 POJIb UTPAIOT TAKXKe MePexXOAbl
4F3/2 — 4I,3/2 (reHepauus Ha JUTUHE BOTHBI 1,3 MKM) U nepexofb!
4F3/2 g 419/2 (0,9 MKM)

ITpu ynpoleHHOM pacCMOTPEHHH Jiadepa Ha rpaHaTe ¢ Heo-
AUMOM MOXXHO II0JIb30BATBhCS YemblpexyposHesolu cxemotl, MoKa-
3aHHOH paHee Ha puc. 1.9 a.

J1a Hakauky paccMaTpHMBaeMOro Jiadepa NMPHUMEHSAIOT KPHII-
TOHOBbIE JlaMnbl. IHOTAA B KPUCTAJUIMYECKYIO PELIETKY rpaHara
(copmepacamyto B BUAle IpUMeCH HOHbI HEOAMMA) AOIOJHHUTENBLHO
BBOJAT ellle OJHY NPHMech — HMOHBI XpOMa, YTO NO3BOJISIET MPH-
MEHATb U1 HaKayku KCeHOHOBble ylammbl. MOHBI Xpoma B rpa-
HaTe UMEIOT /iBe JOBOJIbHO LIMPOKHX IOJIOCHI NOrsomeHus (pu
A = 0,43 u 0,59 MKM), XOPOLIO COTJIACYIOIHECS CO CIIEKTPOM H3JIY-
YeHUs KCEHOHOBBIX Jlamn. Bo36y»xeHHble HOHBI XpOMa IEPEAAIOT
SHeprui0 Bo30yXIeH!s aKTUBHBIM I[eHTPaM — HOHAM HeoAuMa.
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Jlazeps! Ha cTekax. JJOCTaTOYHO IHWPOKO NMPUMEHSAIOTCA Jiade-
pbI Ha CTeKJ1axX, AKTUBUPOBAHHBIX PEIKO3EMEJIbHBIMHU 3JIEMEHTaMH,
B YaCTHOCTH HeOAMMOM. Jlasep Ha cTekJIe ¢ HEOAMMOM, KaK M Jla3ep
Ha rpaHare ¢ HEOZUMOM, paboTaeT IO YeTHIPEXyPOBHEBOH CXeMe.
Tenepupyemoe usnyueHue umeer A = 1,06 MKMm.

Hcnonbaylorest pa3inyHblie creksa: 6opaTHble (Ha OCHOBE OKHC-
Ji0B 60pa), cBHHIOBbIE (HA OCHOBE OKHCJIOB CBMHIA), QocdaTHbie
(na ocuose oxucyos ¢ocdopa), propucrsie (Ha ocHoBe pTOpHAA
6epwiius), kBapuepble U Ap. CTeKIAHHble aKTHBHBIE 3JIEMEHThI
OTHOCHUTEIHO JelleBbl, JIETKO U3rOTABJIUBAIOTCA B BHJE JJIMHHBIX
crepxHel (u1nHOI 60s1ee 1 M), ONTHYECKH OAHOPOAHDI; OHH JI0NyC-
KalOT BBEJIEHHE aKTHBATOpa B GOJIBIIMX KOHIEHTpanuax. IaBHbIi
HEAOCTATOK CTEKOJI — MX HUBKafA TEIJIONPOBOJHOCTb, BCJIEICTBHE
Yero OHH HCIIOJb3YIOTCA JIMIIb B MMIYJIBCHBIX pEXXMMax ¢ OTHOCH-
TEJIbHO HM3KOW 4acTOTOH CJIefJl0BaHUA MMILY/IbCOB.

Jlekiiug uiecras

2.3. XXMAKOCTHbIE Aa3epbl

B scudxocmubix nasepax B KayecTBe AKTUBHOM CpeZibl HCIIOJb-
3y10TCA XKHAKOCTH: W60 pacmeopvt opaaHuveckux Kpacumeneil,
160 crnenuanbHble KUAKOCTH, aKTUBUPOBAHHBIE HOHAMH PEAKO-
3eMeJIBHBIX 2J1eMeHTOB (Hanpumep, Eud+, Nd®+). Pasmuuator asa
THIIA TAKHX CIEHAIBHBIX XHAKOCTEH — MemannoopeaHuuecxue
(xerammovie) u Heopeanuuecxue (anpomouHsie). B KHUAKOCTHBIX
Jla3epax MMPUMEHSIOT ONTHYECKYI0 HAKAuKYy.

PacTBOpEI OpraHH4YeCKMX KpacHTeJIeH Kak aKTMBHEIE Cpe-
Abl JaadepoB. Cpeau >XMIKOCTHBIX JIa3epOB HaubGosiee MIMPOKO
IIPUMEHSAIOTCA JIa3epbl Ha PacTBOpPaX OpPraHHYECKHMX KpacHTeseH.
AXTHBHaA cpeJla TaKHX JIa3epOB NpeACTaBasgeT co60H KUAKui pac-
TBOpHTEJDb (BOZa, 3TaHOJI, METAHOJI, TOJTyoJI, GEH30J1, ALIETOH M Jp.),
B KOTODOM HaXO/ATCA MOJIEKYJIbl OPraHUYeCKOro KpacuTess, Urpa-
I0IIIHE POJIb aKTUBHBIX LIEHTPOB.

Kpacumeau — cnoxHble OpraHHYecKHe COeAUHEHHUs, Xapak-
TEPHU3YIOIHeCs IMHPOKMMH I10JIOCAMH MOIJIOIIEHHUA B BUAMMOM
n GmxHeit yavTpaduoseToBoil obsactax cnexrpa. Jinsa xumude-
CKOTO CTPOEHHs MOJIEKYJl KpacuTeJsIei XapakTepHO coueTanue GeH-
30JIbHBIX, TUPUAHHOBLIX, a3MHOBbIX ¥ APYTHX KOJIEL, pacIoJiarao-
muxca B ofgHOM mockoctu. HauGonee ag¢dexkTuBHO BhICBEUNBaO-
UTHECH KPACUTENH PACIIPeesiAIoT 110 CJIeAyIOUINM BOCBMH KJ1accaMm:
KCaHMeHbl, NOAUMEMUHbL, OKCA3UMbL, KYMAPUHDL, BHMPAYEHDL, AK-
pudundt, asunst, maroyuanunsl. B HacTosmee BpeMs JlasepHas
reHepanua nosaydeHa 6osee yem Ha 200 pas/IMYHBIX KPaCHTEJIAX.
JIJIMHBL BOJIH, TeHepUPYEeMBIX Pa3IMYHBIMH KPaCHTEJIAMM, Haxo-
aarca B ananasone 0,3-1,3 mkM. IloabGupas cOOTBETCTBYIOLIME
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Puc. 2.8. CrpykTypHas popMyAa MOAEKYAbl poaamuHa 6G (a) u
cnekTpbl noraolwenus (kpueas 1) U AloMuHecueHuuu (kpusas 2)
MOAEKYAbl poaamuHa 6G (6)

KPaCHUTEIH, MOXKHO MOJIyUHUTh KOrepeHTHOe UatydeHue o601 aiu-
HbI BOJIHBI U3 YKa3aHHOTrO JManasoHa.

B KauecTBe MpakTUYECKY BAXKHOI'O IIpHMepa yKaXKeM KpacHTes b
podamun 6G, oTHocAmmicA K Kiaccy kcaHTeHoB. Ha puc. 2.8 a
NpuBe/ieHa CTPYKTypHasA GopMy/ia MOJIEKY/Ibl 3TOTO KPacHTeNA: OHa
OCHOBaHa Ha cucreMe GeH30JIbHBIX KoJstell. MoJieKy bl KCAaHTEHOBbIX
KpacuTeJiel OIVIOUIAIOT U3/TyYeHe HaKadyKH ¥ BbICBEUHBAIOTCA, KaK
npaBwio, B BuAuMoil obsactu crektpa. Ha puc. 2.8 6 mokasaHbt
cnexmpbl no210ujeHUs ¥ N0MUHeCYeHYUU MOJIEKYIbl poAaMuHa 6G.
Kak ¢ y TBEpAOTEJIbHBIX JIa3epOB, NIMPHHA CNEKTPa NOIJIOIIEHUs
Kpacuress nopaaka 0,1 mxM. Takylo ke IMMPHUHY HMeeT B JAHHOM
JIyyae U CIeKTD JIIOMHHECIEHLIMY, 4TO npuMepHo B 10-100 pa3
Gosibllle LMIMPHUHBI CIIEKTPA JIIOMHHECHEHIMH HOHOB-aKTHBAaTODOB
B TBepAOTENbHBIX Jadepax. HeobprualiHO Gosblas MIMPHHA CIEK-
Tpa JIIOMHHECIEHIIMH H, KaK CJIe/ICTBHE, JIMHUM YCHIEHHS — OHa
13 HauboJiee MHTEPECHBIX 0cOGeHHOCTEll MOJIEKY/T OpraHHMYeCKHUX
Kpacuresieli, HCIIONb3yeMBbIX B KaUeCTBE aKTUBHBIX LIEHTPOB.

OnTHYeckasa HAKavYKa Jia3epoB Ha Kpacuresax. /111 Bo30yx-
AeHUA KpacuTeseil MPUMEHSIOT KaK /1a3epHY1o, TaK U HeaasepHyio
(namnosyro) Hakauky. B nepBoM ciiyuae B KauecTBe MCTOMHHKA Ha-
KauMBaIOLIEro M3JIyYeHUs UCIIOIb3yeTcs BCIIOMOTaTeIbHbIH J1a3ep,
BO BTOPOM — ra3opaspsfHas sammna. [Ipu sasepHo#t Hakauke Ha-
KauuBalolllee HM3ayyeHHe uMmeer nubo yacrory pabouero nepexozna
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Puc. 2.9. Cxema NpOADALHOM Haka4ku Aazepa Ha Kpacureae:
K — kpacuteab; [1P — npu3ma NOAHOTO BHYTPEHHEro oTpaxe-
Hua; B3 — BbixOAHOE 3epKaAo pe3oHatopa

BCIIOMOTaTeJILHOTO Jlasepa, ubo BaBoe (BTpoe) Gosiee BBICOKYIO
4acToTy. B mocsienHeM ciiyuae rOBOPAT, YTO UCIIOAB3YETCs 8Mopas
(mpembs) eapMoHuKa M3JIyNMEeHHUs BCIIOMOTaTeJILHOTO Jla3epa.

B kauecTBe BCIIOMOTATEJbLHOTO Jla3epa YacTO MPUMEHSIOT Jia-
3ep Ha CTeKJle C HEOAUMOM, a TaKKe Ha rpaHaTe ¢ HeoguMoM. IIpu
5TOM peajn3yeTcs UMNYAbCHAA Ja3epHasA Hakayka. OHa MOXeT
OCYILEeCTBAATECA JIUO0 110 nonepevHoil, 1160 o npodoabHoll cxeme.
[Ipu nonepeyHO# MMITY/IbCHOI Hakauke HaKauMUBaIOlIEe Jla3epHOe
M3JTydyeHUe pacnpoCTpaHAeTcs NepNeHANKYJIAPHO K HAallpaBJIEHHIO,
B KOTOPOM IPOHMCXOJUT reHepalysa HU3JIydeHHs KpacHuTess, a PH
NpOAOJIBHONH — IapajulesnbHO. B KauecTBe mpumepa Ha puc. 2.9
1I0Ka3aH OAUH U3 BapMAHTOB MPOAOJBHON cxembl Hakauku. Kio-
BeTa C KpacHTeJIeM HaXOAWTCA BHYTPH PE30HATOpa, Y KOTOPOro
OIIHO M3 3epKaJl 3aMEeHEHO NPH3MOil MOJHOTO BHYTPEHHErO OTpa-
»kKeHMs. BrIxoZHOe 3epKajio pe3oHaTopa HOJHOCTHIO HEIIPO3PauyHO
JJ151 HaKauuBalouero uaaydenus. Hakauupaiomiee U3yyeHue, pac-
IIPOCTPaHAACh BAOJIb OCH pe3oHaTopa OO0, monajaer uepes puaMy
B KIOBETY C KpacHTesleM U BO30yx/aeT MOJIeKy/abl Kpacurens. le-
HepUpyeMoOe B KpacHTejle H3JIydeHHe BBIXOAUT uYepe3 BBIXOAHOE
3epKajio pe30HaTopa.

Hapsany ¢ uMnysIbCHOH NPUMEHSIOT TaKXKe HenpepbleHYyio Jia-
3epHYI0 Hakauky. [JI1 3TOro 4acTO HCIIOJIb3YIOT aprOHOBBIM HOH-
Hbilt s1a3ep (cM. § 2.6). Hakauusaromee usnyyenue GoKycHpYIOT
B PacTBOp KpacuTessi B npefesiax obsiactu guamerpoM 10 MkM.
Yrobbl KpacuTesNb He IeperpeBajics, e€ro OBICTPO NpPOKauuBalOT
yepe3 30HY reHepanuu. IIpoxauka pacTBopa KpacuTessa BaXKHa
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W B APYTUX OTHOLIEHMAX, HAIpUMep, C TOYKH 3PEHUA yAaJeHHus
M3 30HBI reHepallMK MPOAYKTOB ¢oTopacnasa.

2.4. DOTOAMCCOUMOHHDIE Aa3ephbi

IIpo6ema onTHYECKOI HAKAYKH ra30BbIX AKTUBHBIX CPEA.
Kak y>xe oTMeuanocs, 3¢¢eKTHBHOCTh ONTHYECKOH HaKauKH TBep-
JOTEJIBHBIX Y )KUJIKOCTHBIX JIa3epOB CBA3aHa NPEXK/Ee BCEro ¢ A0CTa-
TOYHO GOJIBIION LIMPUHOMK JIMHUM TOIJIOLEHUA — OKoJIo 0,1 MKM.
AKTUBHBIE LIEHTPHI B ra30BBIX Cpe/laX HMeIOT CyllleCTBeHHO Gosee
yY3KHE JIMHUY HOTJIONIEHNU — ITUPUHON 10-% mMxMm u MeHee. OnTu-
yeckoe Bo3byxieHHe B JAHHOM CJTydae BO3MOXHO JIMIIb [IPH yCJI0-
BUH, 4TO U3JIyueHHe HaKaykH MMeeT JIMHEHYaThbll CIIEKTp C O4YeHb
Y3KUMH JINHUAMH, U IPH 3TOM MaKCUMyM XOT# ObI OAAHOM Takoi u-
HUH, XapaKTEPU3YIOlIeHcsa AOCTATOYHO BEICOKOH HHTEHCHBHOCTHIO,
TOYHO COBIAAJeT ¢ MAKCUMYMOM JIMHHHU NOIVIOIUEHHUA aKTHBHOTO
LIeHTpa. ITO yCJI0BUE ABJAETCA BecbMa jkecTKMM. OZIMH N3 peaKux
IpUMEpPOB, KOTAA YAAeTCsl €ro BBIMIOJIHUTh, — /1a3ep Ha napdx ye-
3us. AToMBbI Lie3Hs BO30GYXKAAIOTCA U3JTydeHHEM reJIMeBOi JIaMIbl,
B CIIEKTpE KOTOpOH ecTh y3Kas HHTeHCHBHadA JIMHUA Ha JJIMHE BOJ-
Hb! 0,3888 MKM, TOYHO COOTBETCTBYIOLIEH AJIMHE BOJIHBI pabouero
nepexoa B L|e3UH.

YTto xacaercs oObIYHOM (IIMPOKOIIOJIOCHOH) HaKauKH, Xapak-
TepU3yIolleicsa NIMPOKOH M0JI0COM YACTOT, TO OHA B Ta30BbIX AKTHB-
HBIX Cpefiax AOJDKHA MPEACTAaBIATHCA, OUYEBHIHO, Kpatine Manoad-
dexTHBHOH. BesleicTBHE y30CTH JIMHUE MOIVIOIEHUS YacTHIL ra3a
AUWD HUMMONCHAA JI0JIS CBETOBOH MOLHOCTH HCTOUYHHKA HAKAUKH
fyneTr B JaHHOM CJIydae MCIOAb30BAaThCA 1 BO30Y)KIEHUA aKTHB-
HBIX LIeHTpOB. OCHOBHAs e YaCTh HAKAYMBAIOLIEH CBETOBOI MOIIHOC-
TH Oyzer Gecriosie3HO pacxoJ0BaThCA Ha HarpeBaHUe rasa U 3J1eMeH-
TOB KOHCTPYKUMH Jiadepa. UMeHHO 1103TOMY HIMPOKOIOJIOCHAdA OITH-
YyecKas HaKayka B ra3oBbIX Jla3epax, Kak IIPaBHIO, HE IIPMMEHAETCS.

B03MOKHOCTh LIMPOKOMOJIOCHON ONTHYECKOIH HAKAYKM B
razax; ¢oToaHUCCOIMOHHBIE Ja3epbl. VckaoueHneM U3 npa-
BIJIA ABJIAIOTCSA ra30Bbl€ CPEbI, COZEPIKALIE MOJIEKYJIIbI, KOTOPbIE
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B pe3yJbrare I10IVIOIEHNA U3JIYUYCHUS auccouuupyrom, T. €. «pa3-
BaJIMBAIOTCA» HA COCTABHBbIC YaCTH:

AB+ hvy - A*+B

(monekyna AB nornomaer ¢otoH hv u guccouuupyer Ha A* u B;
OAMH W3 NPOAYKTOB AMCCOLHAIIMH OKa3blBaeTcs B BO30YXKJAEHHOM
COCTOSIHUM, 4TO o0o3HauyaeTcsi 34eCh INPH NOMOILM 3BE3J0YKH).
HAucconuanusi MOJIEKYJl B pe3yJibTaTe IOIVIOLIEHUs CBETa Ha3bl-
Baercs giomoduccoyuayueti. InTepecHo, uro

npu ggomoduccoyuayuu noA0ca NO2A0WEHUS MONEKYAbL 8 2a-
3e 0Ka3bleaemcen CmoAb e WuUpoKoil, KaKk u noA0Cb. N02N0-
weHus 8 meepoblx U HUOKUX AKMUBHbIX cpedax.

ITO CBOMCTBO NO3BOJIAET HCIIOIB30BATh LIMPOKOIOJIOCHYIO OIl-
THUYECKYIO HaKaukKy. HakauuBaloiias cBeToBass MOIIHOCTD [TOTJIOLIA-
€TCs1 JIUCCOLIMUPYIOIMMH MOJIEKYJIAMH; OUH U3 NPOAYKTOB AUCCO-
I[MAIMH, KaK yoKe OTMEYAJIOCh, IIOABIIAETCA B BO30YKIeHHOM COCTO-
SIHHUH, YTO W HCIIOJIB3YETCS ISl [TOJyYeHHUst JIa3ePHON reHepaluu.
Takue rasoBble J1azepbl Ha3bIBAIOT OMOOUCCOYUOHHBIMU.

Paznnyaror ziBa THIIa (pOTOAMCCOLIMOHHBIX J1a3epoB. B nazepax
MEPBOTO TUIIA B POJIM aKTUBHOT'O LIEHTPa BHICTYNAET OAHH U3 IPO-
JYKTOB AMCCOLIMALIMH MOJIEKYJIBI (TOT, KOTOPBIil OKa3bIBAE€TCA B BO3-
6y>xaeHHOM cocTosiHMM). B 3TOM Ciiyuyae roBOpAT 0 BO36y»KAeHUU
B nepsuuHslx fomonpoyeccax. Bo BTopoM THnE POTOAUCCOLHOH-
HBIX JIa3epOB BO30yAeHHbIe aKTUBHbIE LIEeHTPhI 06pa3yloTcs B pe-
3yJIbTaTe XUMHMUECKHX PEaKlMil, B KOTOpble BCTYyNAlOT IPOAYKTHI
OUCCOLMAIUU MOJIEKYJIBI (BO30y>KIAeHHe B NPOLECCE 8MOPUUHBIX
xumuvecxkux peaxyuil). B mocnegHeM ciiyyae HCIOJIB3YeTCS Tep-
MHH fomoxumuneckuil nasep.

B kauecrBe mpuMepa (POTOAMCCOLMOHHOTO J1a3epa NepBOro
THIA YKaXKeM UoOHbtil nasep. Ilog nedcTBUeM IIMPOKOIMOJIOCHOH
onTuyeckoil Hakauku (¢ A &~ 0,3 Mrm) monekyasl CF3J aucco-
LUUPYIOT:

CF3J + hv — J* + CFj.
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Atombl Hoza o6pasylorcss B BO36Y>KAEHHOM COCTOAHHH 2P 2. Ha
Iepexoze STHX aTOMOB B cOCTOsiHHE 2P3/s M IPOMCXOAMT Jla3epHas
redepanus. JlsmuHa BOJIHBI TeHEpUpPyeMOro usayuenust 1,315 MxM.

Y ¢oroauccoumonnsix sasepos KIIJ cocranser 0,5 %. Ilo-
soitienye KIIJl BO3MOXKHO B MPUHIIMIIE 3a CUeT PACUIMPEHHS I0-
JIOCH! IOTJIOUIEHUS AUCCOLMUPYIONINX MOJEKYJ, a4 TaKXKe 3a CHeT
HCIIOJIB30BAHHUS CIEIHUAIBHBIX BTOPUYHBIX XUMHUYECKHX PEAKIHHA.

2.5. DAKTPOMOHM3ALMOHHbBIE Aa3epbl

IIpo6siema noBbIIIEHNA AaBJAEHUA B ra30BOM Jiadepe. [a3o-
paspsAnHble J1a3ephl XapaKTEPU3YIOTCA, KaK y)Ke OTMEeYasoch, HU3-
KMMH 3HaUEHUAMU JaBJIeHUs aKTHUBHOM ra3oBOH cMecH — MOPSI-
Ka 1-10 MM pT. cT. 3T0 npefonpesessieT OTHOCUTEIBHO HU3KYIO
KOHIIEHTDAIIUMIO aKTUBHbIX UeHTpoB: 101-101® cm~3, uto Ha He-
CKOJIBKO MTOPAZKOB HHKE, YeM B TBEPAOTEIbHBIX MJIM XHIKOCTHBIX
nasepax (101°-1020 cm~3). [ToBbiIeHNE KOHIIEHTPAIMH AKTHBHBIX
LIEHTPOB >XeJIaTeJIbHO /1Sl YBEJIMUEHUS MOIIHOCTH U3JIyYeHHUA, BbI-
CBeYHBaeMOro eJuHULeH obbeMa akTUBHOMH cpeabl. I[ToaTomy ecre-
CTBEHHO CTpeMJIEHHe MOBBLICUTH JaBJIEHHUE B Ta30BBIX Jia3epax.
OnHako MOBBINIEHUIO JaBJIEHUA B ra3opaspsiiHbIX Jiazepax
IPEeNnATCTBYIOT ABa 0OCTOATENbCTBA. BO-IIepBbIX, PH IIOBBLIIIEHHH
JlaBjieHus 0 HeCKOJIbKHUX AECATKOB MM PT. CT. CAMOCTOSATEIbHBIN
3JIEKTPUUECKHUH pa3ps/] OKa3bIBAETCs NPAKTHYECKH HENPHTOIHBIM
Ans Bo30yxaeHust ckonb-1ub0 6osbmiux o6beMOB rasa: paspsn
CTaHOBUTCS HeycmoiliMusbiM, pa3BUBAETCA BAOJb CTEHOK, HEe 0XBa-
TbIBaeT BHYTPeHHMX obsacreit rasopaspsaHoii Tpy6ku. Bo-BTOphIX,
HeobxonuMocTb obecrieueHus ONTUMAILHOTO OTHOIeHusn E/P Tpe-
6yeT COOTBETCTBYIOLIETO YBeJUYEHUs HANPSKEHHOCTH I0JIA TIPH
NIOBbIIIEHHH /aBjieHuA. ITo TpeboBaHue, B CBOIO O4YepeAb, IPUBO-
[UT K YBEJIMUEHHUIO IUVIOTHOCTH 3JIEKTPOHHOTO KOMIIOHEHTA IL1a3MBbl
paspszna. Ilepen3bpITOK 371EKTPOHOB — OTPULIATEIBHBIN (hakTop, TaK
Kak IIPH 3TOM YCJIOBHH pacTeT 3P PeKTHBHOCTD TAK HA3bIBAEMBIX TY-
AKX CTOJIKHOBEHHH (B YaCTHOCTH, CTOJIKHOBEHHH, IPUBOAAIINX
K OYHIIEHHUIO BEPDXHUX U 3aCEJIEHHI0 HHXXHHUX pabouux ypoBHeii).
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A/IEKTPOHOHM3AIUOHHBII MeTOJ HAaKa4YKH ra3oBbIX Jia3e-
POB BBICOKOTO AaBJIeHHA. [IpobieMy MOBBIILIEHHS JaBJIEHUS
B Ta3o0BbIX Jladepax MO3BOJIWI PELINTh 31eKMPOUOHU3AYUOHHDLU
METOJ| Hakauku. B JaHHOM Merojie Hakad- Howusupyrouee

KU CAMOCTOATE/IbHBIH 3J/IeKTPU4ECKMH pas- unty e r_;f
paz BooOle He ucmosb3yercd. [lnsa nosyuye- e "N
HUS OBICTPHIX 3JIEKTPOHOB, CHOCOOHBIX 3¢- H‘ ““H::‘:
dexTHBHO BO30YXKJaTh aKTHBHbIE LEHTPBI,  \ w2

HCIIOJIB3YIOT UOHU3UPYOUlee Uu3ayveHue B FPeaonamon
COYETAHHH C BHEUIHUM SNEKMPUMECKUM 1O~ b 5 16 Cxema. no-
nem. Vlonusupyiolee U3JIyYeHHe MOPOKAA- .\ o0 oo ASKTPOMO-
eT B aKTUBHOM Cpe/ie CBOGO/HbIE SNIEKTPOHBL,  y3aumoHHyl0 HaKay-
a 3JEeKTPUYECKOe MoJie yckopser ux. dans- Ky
HeWHIIHe Mpolecchl MPOTEKAT QaKTHYMECKH TaK e, KaK B razopas-
psZHOM J1a3epe: GbICTPbIE 3JIEKTPOHBI BO36YAAKOT ONpeaeseHHble
MOJIEKYJIbI (ATOMBI), YTO [P COOTBETCTBYIOIIUX YCJIOBUSAX IIPUBO-
[T K BOBHUKHOBEHMIO uHBepcuu. Ha puc. 2.10 npuseaeHa cxema,
MOSACHAIONIAA 3JIEKTPOMOHHU3AIMOHHYIO HAKauKY.

Ha co3ganHue opHOro cBOGOHOrO 3/1eKTPOHA 3aTpPauHBaETCA
3Heprus NOPALKA HECKOJIBKUX JIeCATKOB 3JIEKTPOHBOJIBT, 3Ta 3HED-
rua Gepercs OT HOHU3UPYIOLIETO M3aydeHusa. Kaxkaplit cBO6OAHbIN
5JIEKTPOH HCIIBIThIBAET 0 10° CTONKHOPeHHH ¢ YaCTUI[AMH aKTHB-
HOH cpenbl, Ipex/ie YeM peKoMOUHUpYeT WiH yhzeT u3 pabodero
o6bemMa. B 3THUX CTOJIKHOBEHUAX DJIEKTPOH NepeAaeT YacTULaM akK-
TUBHOI1 cpeanpl 10 10 3B, T. e. MpUMepHO Ha TpH NopsAKa 60/iblIe
SHEpTHH, 3aTPauyeHHON Ha co3haHue cBOGOHOrO 3J1eKTpoHa. Takas
Gospiian 3Heprus Gepercs OT BHELIHErO 3JIEKTPUUYECKOTO IOJIA.
D/IeKTPOHMOHU3AUMOHHBIH METO/] HaKauYKH MO3BOJIAET, TAKUM 00-
Pa3oM, OCyIIeCTBIATh /locTaTouHo 3¢ dexrusHoe (¢ KI1J no 30 %)
npsamoe npeobpaszoBaHUE DHEPrUM HJIEKTPHUUECKOrO INOJA B dHEp-
THI0 KOTEPEHTHOI'O ONTHYECKOTrO HU3JIydeHHUs.

ITpy nDpyUMeHeHHH JAHHOrO MeTO/Aa HaKayKY HETPYAHO IMOX-
JIEP’)KUBATh ONTHMaJIbHOE OTHOLIeHue E/P npy NOBbIIIEHUH AaB-
JIEHHUsI, IIOCKOJIbKY KOHIIEHTpauua cBOOOJHBIX 3JIEKTPOHOB TeNephb
He 3asucum OT HaNPSKEHHOCTH BHeluHero nons E, a onpeznenser-
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Cs1 HOHU3HMPYIOLIUM H3TydeHreM. PaccmaTpuBaeMblit MeToz] 103BO-
JIsieT OCYUIeCTB/SATh HaKayKy IIpu AaBaeHusax Ao 100 atMm. B ceasu
C 5TUM IOSBUIICA TEPMHH /1a3ePbl HA CHCATNOM 2a3e.

IIpn 3J1eKTPOMOHM3AIMOHHOM HaKayKe IIpoLecC IPOXOXKie-
HHUA 3JIGKTPUYECKOrO TOKA yepe3 MOHM3OBAHHBIH ra3 OT/IMYaeTcs
BBICOKOI YCTOMYMBOCTBIO HE3aBUCHUMO OT AasjeHusa. B pabGouem
obbeMe Pa3BUBAETCA HECAMOCMOAMeANbHblll pa3psd, XapaKTepu-
CTHKH KOTOPOT'O OCTAalOTCA NOCTOSIHHBIMMU ITpH M3MeHeHHH obbeMa
B JIOBOJIbHO UIMPOKHUX mpefesax (Hanmpumep, xo 100 ).

s nopnepxaHus pa3paga HeoOXoAMMa HOHM3aL KA ra3a, 1J1s
MIOJIyYeHHUsl MHBEPCUH HeoOXOoAMMO BO36yXKJeHHe aKTHBHBIX LIEH-
TpoB. B razopaspsanoMm Jsadepe o6e 3TH PYHKIMH BBIIOJIHAIOTCS
O00HUMU U mMeMu Xce 3JIEKTPOHAMH; IIPH 3TOM XapaKTEPHOE IJIA
CaMOCTOATEJIBHOTO pa3psAfa pacipefiejieHHe 3JIEKTPOHOB 110 3HEP-
THAM MOXeT He ObITh OJJHOBPEMEHHO ONTHUMAIBHBIM U AJISI HOHH-
3aiuy, U i Bo30yxAeHUs. B 3/71eKTPOMOHU3AIMOHHOM Jasepe
yKasaHHble QYHKIIUMY BBINONHAIOTCA pa3fesibHO — HOHHU3AIUA ra-
3a ofecrneynBaeTcsi UOHU3UDPYIOUIMM H3JIydeHHEM, a 3JIEKTPOHBL
obecrnieuuBalOT UL BO30Y)K€HUe aKTHBHBIX II€HTPOB.

AaekTpouoHN3anHOHHBIH COz-n1a3ep. DNeKTPOHOHU3AIUOH-
Haa Hakauka npumensierca B COj-ysasepax BBICOKOTO JaBJIEHHS.
dusuyeckuit MEXaHN3M BO3HUKHOBEHHS HHBEPCHA 3AeCh TAKOH XKe,
Kak u B ragopaspsagaom COz-nasepe (cm. puc. 2.19). Omiuyue co-
CTOHT B TOM, YTO ObICTpBIE 3JIEKTPOHBI, BO30yxaawimue koseba-
TeJIbHblEe COCTOSIHUA MOJIEKYJ a30Ta ¥ JABYOKHCH yriepoja, obpa-
3YIOTCA Telepb HE B CAMOCTOSITEJIBHOM Pa3psafe, a NoJ JeHCTBHEM
HMOHM3UPYIOILETO U3JIyYeHUS U YCKOPAIOUEro BHELIHETO 3JIEKTPH-
YecKoro nosisg. B kauecTBe MOHHM3HUPYIOIErO H3JIyYeHHA OOBIYHO
HCIIO/Ib3YIOT IyH4OK 3JIEKTPOHOB U3 YCKOPHTEA (3HEPTHsA 3JIEKTPO-
HoB 100-500 k3B, m10THOCTH TOKA Myyka nopsaaka 10~4 A/cm?).

Ha puc. 2.11 noka3aHa ynpoljeHHas cxeMa 3JIEKTPOHOHHU3a-
nuoHHoro COg-nasepa. B pabouuii o6weM, HaxoaAmuics Mexay
JBYMSI 3JIEKTPO/IaMH, IPOHUKAET My4YOK OBICTPBIX 3JIEKTPOHOB, IPO-
HU3BIBAIOUUH MeTalsInyecKylo (osbry. BricBeunBaHHE MOJIEKYJI
CO; B paboueM obbemMe NMPUBOAUT K BOSHMKHOBEHHIO JIA3EPHOTO
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Puc. 2.11. Cxema 3A€KTPOUOHM3ALIMOHHONO Aa- 4\

3epa: 1 — pabounit o6bem pe3oHatTopa; 2 — Bbi- 6\

XOAHOE 3epKaA0 pe3oHaTopa; 3 — My4ok ObICT-

pbIX 3AEKTPOHOB; 4 — BEpXHWt dnexTpos; 5 —

HUXXHUIA 3AEKTPOA; 6 — MeTaAanyeckas oAb-

ra, NPo3pavHas AAsl HbICTPLIX IAEKTPOHOB; 7 —
U3AyYEHME Aa3epa
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UBJIy4eHUs, BBIXOJALIETO M3 YKAa3aHHOIO 00'beMa Yepe3 BLIXOAHOE
3epKaJIO ONITHYECKOTo pe3oHaropa. (YomsHyTas Bolie ¢osibra sas-
JifeTcs YA3BUMBIM MECTOM B pacCMaTpMBAEMOM Jia3epe: OHa pas-
JlenfeT BaKyyMHbIH 00beM KaMephbl YCKOPHTeNA U pabouunii o6beMm,
HaXOASIIMKCSA IO BHICOKUM JaByeHueM.) ITo cpaBHEHMIO C raso-
pa3psaasiM CO2-71a3epOM MOIHOCTD I'€HEPHPYEMOTO U3JIyYeHHs,
NPUXOAALIAACH Ha eqUHHUIYy 06beMa aKTHBHOH CpeAbl, BO3pacTaer
B 39JIEKTPOMOHU3AIIMOHHOM Jiasepe B 105-108 pas.

B 3axtioueHue 3aMeTHM, YTO HOHU3ALUA MOXKET OCYIIECTBIIATh-
sl He TOJIbKO ITyYKOM 3JIEKTPOHOB, HO TAKXKe YJILTPa(HOICTOBLIM H3-
JydenueM (gomouonusayus). B atom cyuae ontryeckoe Bo36yx-
ZieHHe BBICTYIIaeT KaK COCTABHOH 3JIEMEHT 3J1EKTPOMOHU3aLMOHHO
Hakauku. HakoHel, BOBMOXXHA MOHHU3AUMA TAKENBIMH 3apsXKeH-
HBIMH YaCTHUAMH, ABJISIOUUMHUCS IPOAYKTAMH AAEPHBIX PEaKIUii.
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2.6. [a30Bble Aa3epbl HA aTOMHbLIX NepexoAax
M MOHHbIE Aa3epbl

Tunbl ra3opa3pAaHbIX J1a3€POB; dJIEKTPHYECKHE Pa3paibl.
Jlazepsl Ha pa3pe)XeHHBIX ra30BBIX AKTMBHBIX cpemax (C JaBJje-
HUAMH 1-10 MM PT. cT), BO30Yy>KIaeMbIX CAMOCTOSATE/IbHBIM 3JIEK-
TPUYECKHM pa3psA/IoM, Ha3bIBAIOT 2a30pa3psdHbiMu. Pasznnuaior
TPHU THIIA TAKUX JIa3ePOB: Ja3ephl, FeHEPHPYIOIINE Ha Iepexonax
MeX/ly 3HepreTHYeCKUMH YPOBHAMH HOHOB (J1a3epbl HA MOHHU3H-
POBaHHBIX raszax, WIH UOMHblE /1a3epbl); Ja3ephl, TeHEPUPYIOLHE
Ha mepexofiax MeXAy YPOBHAMH HeHTpa/bHBIX aTOMOB (s1a3epbl
HQ QMOMHbIX nepexodax); a3epbl, TEHEPUPYIOIHE HA Tepexoaax
MEXy YPOBHSIMH MOJIEKYJI (J1a3epbl Ha MOJIEKY/IAPHBIX ITepexoiax,
WJIM MONEKYAAPHDBLe na3epbl). AKTUBHBIMH IIEHTPAMH B YKa3aHHBIX
Tpex THIIax JIa3epoB ABJAIOTCS COOTBETCTBEHHO CBOGO/HbIE HOHBI,
cBo6o/IHbIE AaTOMBI, CBOGOAHBIE MOJIEKYJIBI.

Honnvie nasepsl reHepupyIOT, IJIaBHBIM 00pa3oM, B BUAMMOH,
a Taxke B OimkHell yasrpaduosieToBoit obsiactu crnektpa (npu-
MepHo ot 0,3 go 1 MxMm). Jlasepsl HQ amMOMHbIX nepexodax re-
HepMpyIOT B Oojiee IIMPOKOM /lManasoHe IuH BOJIH — OT 0,4
10 100 MkM; OCHOBHOe YHCJI0 pabounx nepexofoB MONajaeT B AHa-
na3oH 1-20 MxM.

Haubonee mmpok AuanasoH UIMH BOJIH M3JIydeHUs, TeHepu-
pyeMoro monexyaspHsimMu aadepamu. Jlazepsl, paboTatoniye Ha 1e-
pexozax Mex1y BpallaTeJbHbIMU YPOBHSMH, COOTBETCTBYIOIIMMH
OJTHOMY M TOMY K€ 3JIEKTPOHHOMY U KOJeGaTeJIbHOMY COCTOS-
HHUIO MOJIEKYJIbl (HUCMO 8pawjamenvHbie EPEXOAbI), TeHEPUPYIOT
B MHGpakpacHoil obsactu npuMepHO OT 10 MKM /10 HECKOJIBKMX
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COTEH MUKPOMETPOB. MoJIeKy/IApHBIE JIa3ephl, paboTaolye Ha Ie-
pexoaax Mexay kosiebaresibHbIMH YPOBHAMH (x0nebamenbHo-8pa-
wjamenvHble TEPEXOAbI), TeHepUPYIOT MH(PPaKpPacHOe U3JIyYeHHE,
B OCHOBHOM B AuanasoHe 5—50 MxM. MosieKyssipHble J1a3epbl MO-
T'YT TeHEpHPOBATh TAKXKE Ha IePeX0Aax MeXAy 3JIEKTPOHHBIMH CO-
CTOSIHUAMH MOJIEKY/IBI: B 3TOM CJIydae H3JIydeHHe NO0IaZaerT B BH-
AUMYIO WIH yasTpadHoseToByIo obacTH criekTpa (mpuMepHo oT 1
o 0,2 Mxm).

AKTHMBHAsA cpefia ra3opaspAAHOro Jiazepa — 1ia3Ma, oopaayio-
mascs Mpy BO3HUKHOBEHUH 3JIEKTPUYECKOT0 pa3psaza. Eciu Bpems
HapacTaHHUsA UMITYJIbCa TOKa MEHbIlIe BpeMEHH YCTaHOBJIEHUsA paB-
HOBECHA B IUIa3Me, TO TOBOPAT 00 umnyascHom paspsaze. Hapany
C MMITYJILCHBIMH HCITOJIB3YIOTCS CMayuoHapHble (KBa3ucTaloHap-
Hble) pa3pazasl. B razopaspsaaHbix Jlazepax HPHUMEHAIOT [BA THIA
CTalMOHAPHBIX pa3pAnoB — Oyz0eoll (B MOHHBIX Jia3zepax) U muie-
rowjuil (B J1azepax Ha aTOMHBIX ITIEPEXOZAX, B MOJIEKY/IIPHBIX Jla3e-
pax). Jyeoeoil paspad — CHILHOTOYHBIN BBICOKOTEMIIEPATYPHBIH
paspsj ¢ OTHOCUTEIBHO BBICOKOH CTENEHbI0 MOHHU3ALUU [1JIa3MBI.
[Is0THOCTD TOKa B paapsze cocrasiser 102-10% A/cm?, temmne-
patypa paspaga 10° K; creneHb HOHM3AlUMH IIa3Mbl (OTHOILIEHHE
KOHIIEHTpalK CBOOOAHBIX 3JIEKTPOHOB B IUIa3Me K KOHILIEHTpa-
UMM TSOKEJNbIX 4yacTull) Gosiblie eauHuubl. Threrowuil paspad —
cnaborounsiii paspazn (mwiotHoers Toka 1073-0,1 A/em?) ¢ Hus-
KOM CTeneHbl0 HOHM3aNMHU 1w1a3mel (10~3); TemnepaTypa paspsaa
COOTBETCTBYET KOMHATHOH.

B 3aBucumocTH oT crioco6a Bo30yKAeHUs, CTallUOHAPHbIE pas3-
PAADBI PAa3AEJIAIOTCA HA 8bICOKOUACMONTHbIE U NOCMOAHHO20 MOKA.
[Tepsbie BO36YKAAIOTCSA TEPEMEHHBIM TOKOM € yacToToit 10—50 MTIu,
B 3TOM (JIy4ae 3JIEKTPOABI HAXOJAATCA BHE ra3opas3pAaAHON TpyOKH
(puc. 2.12 a). Bropbie B036yXAAIOTCA NOCTOSHHBIM TOKOM (3/ek-
TPOAbI HAXOAATCA BHYTPH razopaspsanHoil Tpy6ku; puc. 2.126).

leanii-HeOHOBBII J1adep. Jlazep Ha cMecH reJiMs U HeOHa —
IIpMMep ra3opaspAZHOrO Jiadepa Ha aTOMHBIX Iepexoax. IeHepa-
U IPOMCXOJUT Ha IEPEXOAax MexAy YPOBHSAMHU amoMoe HeoHa
(oHm sABAIOTCA aKTHBHBIMHU neHTpamu). Kpome Heona B cocras
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Puc. 2.12. PacnoAoxeHHUe 3AeKTPOAOB NPH BLICOKOHACTOTHOM
B036y>KaeHWUM pa3psaa (a) M npu Bo36Yy>KAEHUM NOCTORHHBIM TOKOM (6)

aKTHUBHOHN cpenpl BXonauT OygepHbili 2a3 — eeauil. Kak Gyzer mno-
Ka3aHO, OH UTpaeT BAXKHYIO pOJib B BO30YX/IeHUH aTOMOB HeoHa.
JlaBneHue ra3oBoil cMecu nopsAjgka — 1 MM PT. CT.; DapuuaabHoe
nJaBieHue reausi B 5—10 pa3 Gosblue aAaBieHUs HeoHa. B resnmii-
HEOHOBOM J1a3epe MCIIOJIb3yeTCs CTallHOHAPHBIH TJIeloui pa3pa,
BO36Y»k1aeMbIi HOCTOSTHHBIM TOKOM.

Ha puc. 2.13 noxasaHa rasopaspsiiHas TpyOka Jia3epa, opH-
eHTHpOBaHHasA BAOJb ocd OO0 pe3oHatopa. Ha pucyHke xopouio
BUZHBI kamoO 1 aHod. Kora pa3HOCTh NOTEHLHAIOB MEXAY HUMU
(pabouee HanpskeHHe) gocTuraer npumepHo 102 B, B pabouem ka-
HNHIsApe ra3opa3psaaHoid TpyOKH, HMeIOIeM AMAMETP HECKOJIBKO
MHJIJTUMETPOB, 3aXHUraeTca Taeloluil pa3pag. [1I0CKOCTH BBIXO/I-
HbIX OKOH ra30pa3pAgHOH TPyOKH OpPHEHTHPOBAHbI HE NMepIEHAM-
KyJIIDHO K OCH Pe30HATOpa, a HAKAOHHO — TaK, 4TOObI nepreHau-
KyJISIp K IJIOCKOCTH OKHA COCTaBJAJI C OChI0 Pe30HATopa TaK Ha-
3bIBaeMbldl y2on Bprocmepa, COOTBETCTBYIOMINE MOKa3aTesio mpe-
JIOMJIEHHMS BElIEeCTBAa, U3 KOTOPOrO M3TOTOBJIEHO BBIXOJHOE OKHO
TpYOKH.

Yrsniom Bpiocrepa Ha3bIBAIOT TaKOH YTOJI NafeHUA & CBETOBOTO
Jlyya Ha ITIOBEPXHOCTD BELECTBA, /I KOTOPOTO BbINOJIHAETCA YCII0-
BUe tg a = n, rlle n — nokasaTeJb NpeJIOMJIEHH BellecTBa. B atom
cJIyyae OTPa)KeHHbIH OT IIOBEPXHOCTH CBETOBOM JIyd OKa3bIBaeT-
CA MOJIAPU3OBAHHBIM I1E€PIEHUKYJIAPHO K IJIOCKOCTH IIaJIEHHUA,
a NpeJIOMJIEHHBIH JIyd — NPEHUMYILLEeCTBEHHO MOJIAPU30BAHHBEIM
B IIJIOCKOCTH najieHud. JlaHHaa cuTyanus BhlfesieHa Ha puc. 2.13:
KOPOTKHE CTpeJIKH IOKa3bIBAIOT, YTO KOJIeOaHMA 3JIEKTPUYECKOTO
BeKTOpa IPOUCXOJAT B IIJIOCKOCTH PUCYHKA (B IUIOCKOCTH afIeHUs ),
a KPY>OYKH yKa3bIBalOT Ha KoJyiebaHUA B IUIOCKOCTH, NePIEHAUKY-
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Puc. 2.13. Aaszep Ha reaui-Heone: A — aHoa; K — Katoa;
1 — pabouuii KanuaAsip rasopaspsiaHoi Tpybku; 2 — 3ep-
KaAa ONTUYECKOro Pe3oHaTopa; 3 — razonorA0TUTeAb C Mo-
AOTPEBOM AASI MOMAOWEHUS NPUMeECei NOCTOPOHHMUX ra30os

JISPHOH K ITOCKOCTH PHUCYHKA. 3aMeTHM, YTO MPH yIie NafeHus,
paBHOM yri1y Bproctepa, oTpaXkeHHBIH U NPEeIOMJIEHHBIH JIyYH CO-
CTaBJISIIOT APYT C APYTOM IPAMOM YTOJI.

IIpumeuanne. Panee (B § 1.5) orMeuanoch, YTO ONTHYECKHH pe-
30HATODP BhIJEJNAET B NMPOCTPAHCTBE HAIpaBieHHE, B KOTOPOM OCy-
LIECTBJIAETCA TeHepaluA Jia3epHOro M3anydeHusA. OpHeHTHPYA Bbi-
XOZAHbIE OKHA ra3opa3psaaHod Tpybku moz yrioMm Bpiocrepa k ocu
pe30HaTOpa, Mbl TEM CAMBIM BBIAEIAEM TaKXKe W ONpeeseHHYIO Mo-
JIApU3aLKI0 TeHEPHPYeMOro U3JyueHus (MHaue roBOps, OCYLIeCTBJIA-
eM U36MpaTesIbHOCTD 110 NoJIApU3aLiu GOTOHOB U3IyUeHHUd J1a3epa).
[IpeanoNnoxuM, 4TO Ha IJIOCKOTIAPAJUIENbHYIO MJIACTUHKY, SABJIAIO-
HIyIOCSl BBIXOZHBIM OKHOM TDPYOKH, Najaet BAOJb OCH pe30HATOpa
(Boonb ocu Tpy6KHM) HEMONAPHU3OBAHHAS CBETOBAs BOJIHA. DTy BOJIHY
MOXHO NPeACTaBUTb KaK KOMOUHAIIHIO BYX MOIAPH30BAHHBIX BOJH,
OZlHa M3 KOTOPBIX NOJASPU30BaHA B IJIOCKOCTH MaZIeHHUsi, a APyTas —
MepneHgUKYJIApHO. [lepBas BOJIHA, UCNILITAB NPEJIOMJIEHHE, TPOHAET
BHYTPb IUIACTHHKH, BTODHYHO INPEJIOMMTCS, BHIXOAA U3 Hee, U Gy-
ZIeT TIO-NIPEXHEMY PacpOCTPaHATLCA BAOJbL OCH pe3oHaropa. Bropas
BOJIHA OTPa3UTCH OT IUIACTUHKHM M Cpa3y NOKMHET pe3oHaTop. Takum
ob6pazom, QOTOHHBIE COCTOAHHMSA C HOJSAPH3AlMel B IJIOCKOCTH INa-
JleHHsl OKa3bIBAIOTCA B JAHHOM CJIyuae ébldeneHHbimu (110 TEpMHHO-
JIOTHH, IpUMeHsABIIekca B § 1.5), Toraa xak cOCTOSIHMA ¢ TIEPIEHAN-
KYJIAPHO#H NONApU3aLHel OKa3bIBAIOTCS HesbtdeneHHbIMU. SICHO, YTO
BTOpas cBeToBas BOJsHA (Ta, KOTOpas Jo/KHA Gbia Obl OTPA3HTHCA
OT IJIACTHHKHM) He OyZeT reHepupoOBaThCs B Jias3epe: OKHA Tpy6OKH,
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cpe3aHHbIe MOA YIJIOM Bpiocrepa, Zies1aloT MOTEPH JUIA 3TOH BOMHBI
caumkom Gonbmumu. Jlazep Gyner reHepHUpOBaTh JIHMILL CBETOBYIO
BOJIHY, TPOXOJALIYI0 CKBO3b IJIACTHHKY, T. €. BOJIHY, NOJAPH30BaH-
HYIO B JIJIOCKOCTH, IIPOXO/isillieil uepe3 och pe3oHaTopa M NepheHgu-
KyJISIp K IJIOCKOCTH I1acTHHKU. Mcnonb3ys okHA TpyOKH, cpe3aHHble
noa ywiom Bpiocrepa, Mbl ZjocTHraeM cpa3sy ABe Hesnd. Bo-nepsblx,
MOJIy4aeM nNOASPU3068AHMOE JIa3epHOe H3JIydeHue. Bo-BTOphIX, Uc-
KAOHaemM nomepu HA OMpaddceHue OT IOBEPXHOCTell BHIXOLHbIX OKOH
rasopaspsanHoi TpyOku.

3amMeuaHHA 00 3JIEKTPOHHBIX KOHDUIypauuax U aTOMHBIX
Tepmax. [Ipexxge ueM mepexoauTh K IpoueccaM, IPHUBOASIINM
K BO3HMKHOBEHHUIO MHBEPCHM B ra30pa3psAAHbIX Jadepax, HeobXo-
VMO TOSICHUTb, YTO HUMEKT B BHJY, KOTAa IOBOPAT O TOM HWJIH
HMHOM COCTOSIHHM aKTMBHOTO LIeHTpa B ra3oBoit cpepe. Kaxxaoe Ta-
Koe cocTosiHHe BKJIIOuaeT B cebsa Habop aHepzemuueckux ypoe-
Heil, COOTBETCTBYIOUIUX ONpEeAEIeHHbIM QMOMHbIM mepmam. [ins
BCEeX TePMOB M3 AaHHOTO Habopa OJHMHAKOBA 3/1€KMPOHHAN KOH-
gusypayun, T. e. ORMHAKOBO pacCIpeieyIeHHEe JJIEKTPOHOB aToMa
110 COCTOAHHAM C ONpEAEIEHHBIM 21a8HbLM K8AHMOBbIM HUCAOM
37IEKTPOHA N M OIpeieJIeHHbIM opbumanbHbM K8AHIMOBLIM MiC-
/oM anextpoHa [. HeobxoauMo pasnuuarh COCTOSIHHE aToMa Kak
1esioro (OHO OMUCHIBA€TCA aTOMHBIM TEPMOM) M COCTOAIHHSL OT-
ZleIbHBIX 3JIEKTPOHOB, BXOJAILMX B COCTaB 3JIEKTPOHHO# 060104-
KM paccmaTpuBaeMoro aroma. COCTOsIHHE OTAENBHOTO 3JIEKTPOHA
XapaKTepHU3YIOT, IIpeXAe BCEro, AByMs YIIOMSHYTHIMHU BBILIE KBaH-
TOBBIMHM uucIamMu (n U ). DNEKTPOH B COCTOAHUU ¢ | = 0 mpu-
HATO Ha3blBaTh $-3JIEKTPOHOM, B COCTOSIHUU C¢ [ = 1 — p-anek-
TPOHOM, B COCTOSHHMH € | = 2 — d-371€KTPOHOM H T. A. DjeK-
TPOHHAasA KOH(HUIYpauus, 3amUChiBaeMasi, Hanpumep, kak 2p°4s,
€CTb COBOKYITHOCTh IISITH P-3JIEKTPOHOB ¢ . = 2 1 OJHOrO $-3JI€K-
TPOHA ¢ 1 = 4; OCTaJIbHbIE JJIEKTPOHBI JJAHHOTO aToma 06pasyioT
3aMKHYMYI0 3JIEKTPOHHYI0 060JI0MKY M BO BHUMaHME HE NMPUHU-
Maiorcs. CyliecTBEHHO, UTO JIaHHOH 3JIeKTPOHHOM KOHGUTypalHH,
KaK IIPaBUJIO, COOTBETCTBYIOT HECKOAbKO COCTOSHUIL aTOMa Kak 1ie-
JIOTO, T. €. HECKOJIBKO aTOMHBIX TepMOB. Tak, OTMeuaBLIeics Bblilie
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KoHpurypanuu 2p®4s cOOTBETCTBYIOT UeThIPE TepMa, a, HapUMep,
koHburypauuam 2p°3p 3pdp necarts M NATHAALATH TEPMOB CO-
OTBETCTBEHHO.

Kak B TBepAOTeJIbHBIX, TaK M B ras’opaspsJHbIX Jiazepax Co-
CTOSIHMA aKTHBHOTO LeHTpa (aToMa IWIM HOHA) IIPEACTaBIAIOTCH
SHepzemuuecKUMU N0AOCAMU, KAXAAA M3 KOTOPHIX MMeEeT CBOIO
olpejieIeHHYI0 wupuHy. OAHAKO NPOUCXOXKIEHNE SHEPTETHUECKHUX
I10JI0C B 3TUX ABYX THIIaX Ja3epoB pas3nauuHo. Kaxxaas takaa mosoca
B meepdomenvHom nasepe (cM. puc. 2.4 u puc. 2.6) COOTBETCTBYET
OZHOMY WM IBYM aTOMHBIM TepMam. IIpeBpalnesue sHepreruue-
CKHX YPOBHe}, OTBEYalOIIMX OTAEJbHBIM TepMaM, B SHEpreTuye-
CKYIO II0JIOCY €CTb C/IeZICTBHE B3aMMOJEHCTBIA aKTUBHOIO LIEHTpPA
C KPHCTaJUIMYECKOH pellleTKoM KpUcTa/uia, B KOTOPOM 3TOT aKTHUB-
HBIH LIEHTD HaXOAMTCA B KadecTBe NpuMecH. B zasopaspadnom
Jlazepe aKTHBHafA cpeZia eCTb pa3peKeHHbIH ras, I03TOMY 3/1eCh
(baKTHYeCKH HEeT B3aUMOZEHCTBHA aKTUBHOIO IIEHTPA C OCTA/IbHBI-
MH YaCTHIIAMM CDe/lbl: B pe3yJbTaTe KaXAOMYy aTOMHOMY TepMy
OTBEYAeT BEChbMa Y3KMi 3HepreTHUeCKHil ypoBeHb. B paHHOM City-
yae SHepreTUYecKas I10J10ca €CTh pe3yabrTaT «00beJHHEHHA» He-
CKOJIbKHX YPOBHEM, OTBeHalONIX aTOMHBIM TEPMaM C OAMHAKOBOM
3J1eKTPOHHOM KOH(UTypauueil.

duanyeckuil MeXaHU3M BO3HMKHOBEHHUA HWHBEPCHM B re-
JIUii-HEOHOBOM Jiadepe. Ha puc. 2.14 nokasaHbl 0CHOBHblE nepe-
x00bl, MPOMCXOAALIME B aKTUBHOH Cpe/ie reIuii-HeOHOBOr'O J1azepa.
B neBoit mosioBHHE PHCYHKa IIPEACTaBJIEHbI IEPEXOAbl B aTOMax
rejus, a B mpaBod — B aTtomax HeoHa. COCTOsAHMA aToMa Heo-
Ha INpe/CTaBJIeHbl YHEPreTHYECKHMH II0JI0CAMH, KOTOPBIE YCJIOB-
HO 0603HavaloT Kak 18 (3sexTpoHHas KoHpurypauus 2p°3s), 2s
(xoudurypauus 2p®4s), 3s (xoudurypauua 2p°5s), 2p (koudu-
rypauusa 2p®5p), 8p (xomdurypamus 2p°4p). Kaxpasa s-mosoca
COCTOMT M3 uYeThIpeX ypoBHeil (UeThIpe TepMa), a Kakaas p-1oJo-
ca — M3 JlecATH ypoBHeH. Posnb sepxHux pabouux ypoBHEH UrpaioT
IOJIOCH! 38 M 28, a POJb HUMCHUX pabovux YpOBHEH — MOJIOCHI
3p u 2p. OcHoBHble paboume nepexonsl: 38 — 3p (3,39 mMkm),
28 — 2p (1,15 mxm), 3s — 2p (0,68 MKM; KpacHas JTUHUA).
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Puc. 2.14. Cxema ypoOBHel U OCHOBHbIX NEPEXOAOB B aKTUBHOM
cpeae reAuit-HeOHOBOTO Aasepa (paboume NepexoAbl BLIAAEHb
TOACTBIMU NPAMbIMK CTPEAKaMU)

HHBepcua B renui-HEOHOBOM Jladepe BO3HHKAET 3a CUET TOro,
YTO CKOPOCTb 3aceJieHHs] BEPXHHUX pabouMX YPOBHEH 3HAYMTEILHO
BbILLIE CKOPOCTH 3acesieHMs HIKHHX. OOpasyloluecsa B rasopas-
pPAAHOH I1a3Me CBOGOJHBIE 3JIEKTPOHBI CTAJIKUBAIOTCA C AaTOMaMHM
reJius ¥ HeoHa M BO36GYXJAlOT HX, mepelaBasd UM 4YacTb CBOEH
KMHeTHuecKoH 3Hepru. HeomrTnueckue mnepexoinl, OTBevalolye
IponeccaM 321eKmpoHHO20 8036YicoeHUA, TTOKa3aHbl Ha pHC. 2.14
HITPUXOBBIMH CTPEJIKAMH.

dneKTpoHb! BO3GYXKOawT ypoBHH 'Sy u 2S; B resum, a Tak-
’Ke pas/IMYHble 3HEPreTHUEeCKHe N0JI0CH HeOHa (COOTBETCTBYIOIME
KaK BEPXHHUM, TaK U HUXKHHM pabouuMm ypoBHAM). Bo3byxaenubie
aTOMBI reJIusf, CTAJIKHMBasCh ¢ HEBO3OY)XJEHHBIMH aTOMaMH HeOo-
Ha, PE30HAHCHO TNEepeAaloT UM CBOIO 3HEPrui0 BO36GYXAEHHS, 4TO
YCJIOBHO IOKa3aHO Ha PHCYHKE IIOJIYKPYIJILIMH CTpeixaMu. Peso-
HaHcHaA nepedava 3Hepauu OmM 2eAuUs X HeOHY W ABJISETCH TEM
pewaromum ¢akTopoMm, 6saroaaps KOTOPOMY CKOpPOCTb 3acejie-
HHS BEPXHHX pab04MX ypOBHell HeOHa OKa3bIBAeTCs BbIIE CKOPO-
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CTH 3acesleHus HUKHUX pabouux yposHeii. [Iporeccy pesoHaHcHOMR
Iepefayy SHEpPrUM OT Iejiufl K HEOHy 0JarompUsTCTBYIOT TPH 06-
CTOAITEJIbCTBA: 6JIM30CTh COOTBETCTBYIOIIMX YPOBHEH 3HEPryUH aTo-
MOB TejiMd ¥ HeOoHa; MeTacTabHIbHOCTh BO3OYKAECHHBIX YpOBHEMH
aTOMOB resius (OHH OTHOCHUTEIbHO MeJJIEHHO OYMILIAIOTCSA Mpolec-
caM¥ CIIOHTAHHOTO MCITycKaHUs); Gosiee BBICOKOE [IaBJIEHUE TeJIUsA
B I'a30BOH CMECH, BCJIEJICTBUE YETO YMEHBIIAETCHS BEPOATHOCTH 06-
paTHOH nepefaun 3HepruM (OT HEOHA K TeJIHI0).

CrnioHTaHHOe HCIIyCKaHUe Ha repexojax 3s — 1ls u 25 — 1s
IPOUCXOAUT 3HAUUTEJIBHO Mel/IeHHee, YeM Ha nepexoaax 3p — 1s
U 2p — 18, nosTomy HmkHUe paboure YPOBHM HEOHA OYMINAIOTCA
beicTpee, ueM BepxHue. OuniileHue ypoBHel B 18-10J10ce sABjIsAeTcs
«Y3KMM MECTOM» B reJIMH-HEOHOBOM Jladepe. DTO OUMILlEHUE IIPO-
HUCXOAMT 32 CUET NPOIECCOB 3JEKTPOHHOIO AeBO30YxaeHus (me-
perauyy SHepPrud OT aTOMOB HeOHa K CBOOOJHBIM 3JIEKTPOHaM),
a TaKXKe 3a CYeT CTOJIKHOBEHMH aTOMOB HEOHA CO CTEHKaMHU TpyO-
ku. [Tocstennue npoueccol (OHM IOKa3aHbI HA PUCYHKE yHKTUPHOM
CTpeJIKOi1) BecbMa CyILleCTBEHHBI: HEZAPOM MOIIHOCTb I'eHepalluu
reJIMi-HEOHOBOTO Jla3epa YMEHbIIAETCS C YBEJIMUEHUEM JHaMeTpa
pabouero KanwuIspa razopaspsagHoil TpyOKH.

AproHoBbIi Ja3ep. B kauecTBe mpumepa MOHHOTO Jazepa pac-
CMOTpHM Jia3ep, reHepupylomuil Ha nepexoaax B Ar II (Ha nmepe-
X0AaX MEXAY YPOBHAMHU OZHOKPATHOrO uoHa Ar™).

Jlazep cxemaTHuecKH IIOKa3aH Ha pHC. 2.15; 371eCh UCIIOJB3Y-
eTcsl CTAllMOHApPHBIA AYroBOH pas3psj NOCTOAHHOTO TOKa. Paspsan

Puc. 2.15. AproHosbiit Aasep: A — aHoa; K — katoa; 1 — pabounii
obbem rasopaspsiaHoi Tpybku; 2 — CUCTEMA BOASHOTO OXAAXAEHMUS;
3 — 06B0AHOI KaHaA; 4 — 3epKaAa ONTUYECKOro pe3oHaTopa
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Puc.2.16. Cxema ypoBHe#t MOHA aproHa U OCHOBHbIE MEPEXOAb
(pabounit Nepexoa BbIAEAEH TOACTOM NPAMOI CTPEAKOHM)

ABJIAETCA BBICOKOTEMIIEPATYPHBIM, MO3TOMY NMPHUMEHSIETCA CHCTe-
Ma BOASHOro oxyakaeHus. Umeercs 06BoJIHOM KaHasl, npeiHa3Ha-
YeHHBIH /151 BBIPABHHUBAHHSA JIaBJIeHUs 110 JUIMHE ra3opaspsaHoi
TPyOKH. B OTCyTCTBHE TAKOTO KaHAJIA ra3d CKOMIAscs 6bl B aHOAHOM
yacTH TpyOKHM BCKOpe NOCJe BKJIIOUEHUSA pa3psja.

Ha puc. 2.16 noka3aHbl 0CHOBMblE Nepex00bl MEXAY COCTOSHH-
SIMM MOHA aproHa (IUTPUXOBBIE CTPEIKM — TEPexojibl, CBA3AHHbIE
C 3JIEKTPOHHBIM BO36YK/I€eHHEM; HellpepbIBHbBIE CTPEJIKH — ONTHYE-
ckue nepexozst). Ha pucyHke mpezicTaBieHO DATh COCTOSIHUE (ATH
9HEPreTHYECcKHUX 110JI0C), KAXKAOMY COCTOSIHHUIO COOTBETCTBYET CBOS
3JleKTpoHHas KoHdwurypaumus. Kak v npH paccMOTpeHHH resiuii-
HEOHOBOTO JIa3epa, BBEJEM COKpallleHHble YCJIOBHbIe 0003HaUeHHA
aTux cocrosuuit. CocrogHue ¢ Koudurypanuei 3pt4p 6ynem nasi-
BaTh 4p-10JIOCOH, 3TO €CTh 8epxHull pabouull yposetb. CocTosinue
¢ xoudurypauueit 3pi4s Hazoem 45-T0JIOCOMH, 3TO €CTh HUNMCHUIL
pabouuii ypoBeHb. HannoMHHUM, YTO TepMHH «YPOBEHb» YymoTpel-
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JisleTcs 3/1eCh YCJIOBHO: B AEHCTBUTEJIBHOCTH K€ KaXAOH IoJoce
COOTBETCTBYIOT HECKOJIbKO DHEPreTHYECKUX YPOBHEH MOHA aproHa
(Heckonbpko aToMHbIX TepMmoB). Tak, 4p-mosoce COOTBETCTBYIOT 15
TEPMOB, a 4s-nosioce — 8 tepmoB. [IosTomy pabouemy mepexony
4p — 4s orBedaeT uesblii HAOOP CIEKTPAJIBHBIX JIMHUH, T€HEPH-
pyeMbix JsiadepoM. Haubosiee MHTEHCHMBHBIMHU ABIAIOTCA 20aybas
auaug ¢ A = 0,488 mMxM (OTHOCHUTENbHAA MHTEHCUBHOCTh 45 %)
U 3eneHas MuHHA ¢ A = 0,515 Mkm (35 %).

Ha pucyHke mokasaHbl Taxxe noJiocsl: 4d (kxoHbUrypaius
3pi4d), 3d (3p*3d), 3p (3p*3p). Bepxuwuii paGoumnii yposeHs (4p-1no-
Jloca) 3acesisieTcsl 3a CUET HECKOJIBKMX ITPOLIeCCOB: Iepexona 3p — 4p
(npsimoe anexTpoHHOe BO3OYXIeHHe), Nepexona 3p— 4d—4p
(kackadHoe 3ekTpoHHOE BO30YKOeHHue) U nepexoaa 3p— 3d — 4p
(cmynenuamoe anexTpoHHOe Bo30yxeHue). [IppMeyarTesibHO, YTO
CKOPOCTB 3J7IEKTPOHHOTO BO30Y>KZIeHUA BepXHero paboyero ypoBHs
OKa3bIBaeTcsl B JaHHOM CJIydae NPUMEPHO BABOE MeHbllle CKOPO-
CTH 3JIEKTPOHHOTO BO30YKAEHUA HIDKHero pabouero yposHs. Mn-
BepCHUs BO3HMKAET 3a CYET TOro, YTO HMXKHUH paboumil ypoBeHb
3HAYUTENHHO GBICTPEE OYHIIAETCS: CKOPOCTh OUHIEHUA HHMXKHETO
pabouyero ypoBHA B JecATb pa3 Bblllle CKOPOCTH OYHMILEHHUS BEpX-
Hero paboyero ypoBHsa. Ouuiienne pabo4ux ypoBHeH MPOUCXOOUT
[JIaBHbIM 00pa30M 3a CYEeT CIIOHTAHHOIC HCIYCKaHHUS.

Hrak, B aproHOBOM Jiazepe MHBEpPCUSA BO3HHKAET HE BCJIEA-
CTBHE IIPEUMYIIECTBEHHOTO 3ace/ieHUs BepXHero pabouyero ypoBHs
(xak, HallpyMep, B reJIMH-HEOHOBOM Jiasepe), a Giaropaps mpe-
HMYLIECTBEHHOMY OYHIIEHUI0 HIKHEro pabouyero ypoBH4.

2.7. MoaekyAsipHble Aazepbl

MoJsekyApHbIi Ja3ep Ha AByokucHn yriepoaa (CO;-ia-
3ep). MNzopaspagusiit COg-na3ep NO3BOJIAET NOJIYYaTh BBICOKYIO
MOIIHOCTb l'eHepaliy B HenpepbIBHOM pexxume (Ao 10 kBT), oH xa-
paxrepuayercs OTHOCHTENbHO BbicOKHM KIIM (o 40 %). AxTuBHas
cpena COg-na3epa — ra3oBast CMECh, COCTOAIIAA U3 IBYOKHCH yTJIe-
poJia, MOJIEKYJIAPHOTO a30Ta U pa3jIMYHbIX A006aBoK (resuii, mapsel
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Puc.2.17. Asasapuanta CO;-Aa3e-
N, pa: a) c pasaeaeHnem obAacTedn pas-
psaa u pabouero obvema pesoHarto-
pa (1 — cucTema Npokayuku ABYOKM-
D 5_"' CHU YTAEpOAa, 2 — CHCTeMa NPoKayku
a) asota, 3 — 06AacTb BbICOKOYACTOT-
copr, ol HOFO TAIOULLETO Pa3psAa, 4 — pa6o-
p PR 4 06bem pe3oHaTopa, 5 — BbIXOA-
,{g yl, m ﬂ HOE 3epKaAO pe3oHaTopa); 6) c cos-
1 ﬁlz‘_" meueHnem obaacTedt paspsaa u pa-
hf 6ouero obvema pesoHatopa (A —
0) aHoA, K — katoa, 1 — pabouuit 06b-
€M pe30HaTopa, 2 — BbIXOAHOE 3ep-

KaAO pe3oHaTopa)

4
1
ﬂfﬁir- CO,+N,

BOABI U Ap.). AxmuseHble yeHmpst — mosekyasl COg, u3yyalo-
1¥e Ha Nepexojiax Mexay koJsebaTrebHbIMH YPOBHAMM OCHOBHO-
TO 3JIEKTPOHHOTO COCTOAHHA. A30T UrpaeT posib OydepHozo rasa,
MOJIEKyJIBl KOTOPOTO PE30HAHCHO NEPeAaloT SHeprui Boabyxie-
Husi mMosiekysnam COjp. Jlna Bo3Gyxaenus COjz-1a3epoB 0GBIYHO
MCIOJIB3YIOT TIEIOUINH pa3psaz,.

Ha puc. 2,17, a cxeMaTH4eCKH NOKa3aH OAUH U3 1nepBbIX Ba-
puantoB CO;-y1a3epa C BBICOKOYACTOTHBIM TJEIOLUM pa3paaoM.
Jlasep uMeeT cHCTeMbl NMPOKAYKH ABYOKHCH yriiepoaa M (OTaesb-
HO) a3ora. Mosekysbl a30Ta CHayasa 1ONanaoT B 06yacTh 3J1eK-
TPUUYECKOTO pa3psAna ¥ BO30YKAAIOTCSA B pe3y/bTaTe CTOJIKHOBEHUI
C 9/1eKTpOHaMU. 3aTeM BO36y»/IeHHbIe MOJIEKY/IbI a30Ta MONAAAIOT
B pabouuit 06beM, Il CMELIUBAITCA ¢ HEBO3OYKAEHHBIMHU MO-
sexynamu COg. IIpu CTOJIKHOBEHHAX MOJIEKYJ a30Ta M BYOKHUCH
yIJIepoAa MPOMCXOAMT Pe30HAHCHAsA Nepefaya SHepruH Bo3byx/e-
HUsA OT a30Ta K JBYOKHCH YTJIEpPOJia, T. €. IPOHCXOAUT BO36yKaeHHe
aKTHUBHBIX LEHTPOB. [ToquepkHeMm, yTo B AaHHOM BapuaHTte CO;-s1a-
3epa 3/IEKTPOHBI B pa3psazie Bo30y»KAAIOT TOJIBKO MOJIEKYJIBI a30Ta,
a 3aTeM, yxe B Ipyroi o6;1acTH IPOCTPAHCTBA, BO36YXIEHHbBIE MO-
JIEKYJIbl 230Ta Nepe/jaloT 3HEPIHI0 aKTUBHBIM LIEHTPaM.

B mocneaytomux Bapuantax COz-1a3epa IpUMeHAICSA pa3pan
B cMecu COy + Ny. ITpu 3T0M, Kak IIpaBuio, HCNOJIb30BAJICH TIIEIO-
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INMH paspaj NOCTOAHHOTO Toka. Cxema Takoro COj3-sa3epa moka-
3aHa Ha puc. 2.17 6. Kak u npeasiayias, aHHas cXxeMa OCHOBaHa
Ha NIpOKayKe rasa uepes pabouuii 06veM. IIpokauka no3sosiser us-
HexaTh HeXkesaTeJIbHOTO U3MEHEHHA XUMHUYECKOTO COCTaBa aKTUB-
HOHM cpe/ibl, IPOUCXOAAIIETO, B YACTHOCTH, B PE3YJIbTaTe PeaKIMU
2C0Oz = 2C0O+0q. B HacrogaIiee BpeMs MUPOKO IIPUMEHSIOT OTIIA-
auHble COy-na3epsl (6e3 mpokauky razoBoit cMecH). Cpok cy»k0b1
TakuX TpyOOK MOKeT ObITh AocTaToO4HO GosabpminM — a0 1000 4
u 6osee.

Tunsl koJ1e6aHNiT MOJIeKyJ/Ibl ABYOKHCH yTiiepoaa. MoJsiekya
CO; xapakTepu3yeTcst TpeMsl THIIAMM KoJIeDaHM: cuMMempuuHbt-
Mu, OeOpMAYUOHHbIMU, acummempuuHbmMu. PaccmaTpuBaemas
MOJIeKyJla SIBJISeTCSl AUHelHOU — BCe ee aTOMbl PACIIOJIOMKEHBI
BA0Ab 061ed npsmoi (ocu Mosiekysbl). IIpH CUMMETPUUHBIX KO-
nebaHUAX aTOMBI KHCJIOPOAA COBEPIIAIOT KOuebGaHWUsS BAOJIb OCH
MOJIEKYJIBl, OZJTHOBPEMEHHO OTKJIOHAACH OT HAXOASAUIETrOCs B IIEH-
TPe MOJIEKyJbl aToMa yryiepoaa (M OZHOBPEMEHHO NpHbJIMKasch
K HeMy) (cMm. puc. 2.18 a). Ilpu AeopManMOHHBIX KOIebaHUAX Bee
TPH aTOMa COBEPLIAIOT KoJjeGaHUA NMepPNeHANKYJIAPHO OCH MoJie-
KyJibl (cM. puc. 2.18 6). TIpu acHMMeTpHUYHBIX KOJIe0aHUAX aTOMBI
CMeIaTCs BAOJIb OCH MOJIEKYJIbI: IIPH 3TOM aTOMbI KHCJIOPOZA
CMeILAIOTCS] OZHOBPEMEHHO B O/IHY CTODOHY, a aTOM yrIjiepoja —
B IIPOTUBOIIOJIOXKHYIO CTOPOHY (cM. puc. 2.18 8). O603HaUMM YacTO-
TY CUMMETPHYHBIX, Z1e(pOPMALIMOHHBIX U aCHMMETPHYHEIX KoJe6a-
HUU COOTBETCTBEHHO 4epe3 Vi, Vg, V3. OtMerum: hv,; = 0,163 3B,
hvs = 0,078 3B, hvy = 0,276 3B; vy ~ 2v,.

O603HauuM KosiebaTesibHbIE COCTOSIHUA MoJiekynbl CO, Ha-
6opoM M3 Tpex KosiebaTesIbHBIX KBAHTOBBIX YHCEJI: ¥, Vg, V3. DTH

oo by oo
a) 6) 8)

Puc. 2.18. Tpu Tmna koaebaHui morekyabl CO;:
a) CUMMETPUUHBIE; 6) AehOPMALMOHHLIE; B) aCUMMETPUUHbIE
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Puc. 2.19. Cxema ypoBHei U OCHOBHbIE NEPEXOAbI
B akTMBHOM cpeae CO2-Aa3epa (paboune nepexoas
BbIAGAEHBI TOACTBIMM MPSIMbIMKM CTPEAKAMM)

! el

7=

YHeIa paBHBl KPaTHOCTH BO3OYMKIAEHHSI COOTBETCTBEHHO CHMMET-
PHYHBIX, AeDOPMALMOHHBIX M aCUMMETPHUYHBIX KoJsieGanuii. Ha-
npuMep, B KoaebateabHoM coctoauuu (020) (v =0, v3=2, v13=0)
JBYKpPaTHO B030YyxAeHb! Ae¢OopMalOHHbIE KOJIe0aAHHA MOJIEKY/IbE
M He B030YX/IeHbl CUMMETPHUYHbIE H ACUMMETPHUHbIE KosiebaHus.

dusuueckmnii MexaH3M BO3SHUKHOBeHUs NHBepcuu B CO2-
saa3epe. Ha puc. 2.19 noxasansl ypoBHH 3Hepruu Mosekysbl COg,
OTBevaIollMe TPEM PABHBIM THIIAM KOJ1ebaHMiA, a TAIOKe NEPBBIH BO3-
Oy>xaeHHbIN KosiebaTeNbHblil YPOBEHb MOJIEKYJIBI a30Ta. BepxHum
pabouum ypoBHeM siBasiercs ypoBeHs (001), HuiCHUM — YPOBHH
(020) u (100). Ha nepexoge (001)—(100) renepupyetcs usayde-
Hue ¢ A=10,6 mkMm, a Ha nepexoze (001)—(020) — ¢ A=9,6 MxmM.
Bo36yxzaenue (3acesienue) ypoBHs (001) mpoucxoaur 3a c4eT He-
YNpYyrux croJxkHoBeHU# Mosekyn CO; c asekTpoHamu, oGpasyio-
WUMHMCA B IJ1a3Me paspaza (371eKTpoHHOe Bo30yk/ieHue), U ¢ BO3-
6y>XneHHBIMH MOJIEKYJIaMM a30Ta (pe30HAHCHas IMepejava dHep-
run). [Toceanue BO36YXI2I0TCS B CTOIKHOBEHHAX C 3JIEKTPOHAMH.

Ounmienne ypoBHedt (020) u (100) npoucxoAUT B OCHOBHOM
3a CYeT pe30HAHCHOI Nepe/iauu SHepriuH HeBO30YKAESHHBIM MoOJe-
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kyaam COy — c HakoruieaneMm Mosiekya COg B coctossaun (010):

C02(020) + CO,(000) — 2C0O5(010),
C03(100) + CO4(000) — 2C0O5(010).

CooTBercTByIOlIHMEe Nepexo/ibl 0603HaYeHb!l HA pucyHKe OykBoi R.
Ounnienne ypoBHst (010) — Hanbosiee «y3koe MecTo». JI/1s ouHle-
HUS 3TOTO YPOBHSA B Ta30BYI0 CMeCh BBOZAT Cliel[HaJIbHbIe J00aBKH
(resnnii, maper Bo/bI). YPOBEHD OUMILAETCS B PE3yJIBTaTe CTOJKHO-
BEHHUH C MoJIeKyn1aMu Jo006aBOK, KOTOPBIM M I€pelaeTcsi 3HEPIrus
BO30YyKIEHHA.

3aMeTHM, 4TO VIS CO3/IaHUS MHBEPCHHM BaXKHO, YTOOBI BEpO-
ATHOCTH 3JIEKTPOHHOT'O BO36YKJEHHUS MOJIEKYJIBI a30Ta H ypPOB-
HA (001) mosnekynbr CO; ObLIH AOCTATOYHO BEJIMKH, a B TO K€
BpeMs BEPOATHOCTH 3JIeKTPOHHOTO Bo30ykaeHus ypoBHe#t (100),
(020) u (010) 6pw1M 6BI ZOCTATOUHO Mastbl. It peann3anuy 3To-
ro yCJIOBHA HaZI0 CIeNHaJIbHO NOAGHpAaTh 3HAYeHHWEe OTHOIIEHHA
E/P, rne E — HanpsKeHHOCTh 3JIEKTPHUYECKOIO I0Jis B 06J1aCTH
paspsana, P — paejieHue rasosoili cmecu. Hampumep, mas ciy-
yasl, Korja napuuajbHble JaBJcHNA a30Ta U JABYOKHCH YIJIEpO-
[ia paBHBI, OIITUMAaJIbHbIE 3HAYEHUS OTHOIEeHUS E/P coCTaBiIAIT
5-10 B/(cm - MM pT. cT.)

IxcumepHblie Jadepbl. Ocofoe MecTo Cpeid MONEKYJISAPHBIX Jia-
3€POB 3aHHMMAIOT TaK Ha3hIBaEMBIE SKCUMEPHble aa3epbl. 11 Bo3-
Gy>/eHHUsA ITUX JIa3epOB HCHOJNb3YeTCs], KaK MPaBWIOo, He paspsf,
a ITy4OK OBICTPBIX 2JIEKTPOHOB M3 YCKOPHTEIsA. DKCHUMEpHBIE Jia-
3epbl FEHEPUPYIOT Ha Nepexoax MexzAy 3/1eKIMPOHHbLIMU COCIMOoR-
HUAMU MOJIEKYJI, FeHepUpYeMOe H3JIyudeHHe INONaZaeT B YAbmpda-
guonemosyro obsacTh criekTpa. B kavecTBe aKTUBHBIX IIEHTPOB HC-
N0JIL3YIOTCSA TaK Ha3bIBaeMble pas/emHble MONeKYAbl — MOJIEKYIIHI,
OCHOBHOE€ 3JIEKTPOHHOE COCTOSHHE KOTOPBIX SABJISETCS HEYCTONYH-
BbIM. JTO 0O3HayaeT, YTO TaKW€ MOJIEKYJbl MOTYT CyU[ECTBOBATh
JIMIIb B BO30YXIEHHBIX JIEKTPOHHBIX COCTOSHMAX.
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ITepexo0a u3 8030y 0eHHO20 3/1€KMPOHHO20 COCMOAHUA 6
0CHOBHOE, OHH TYT JKe AUCCOIUUPYIOT (KaK rOBOPAT, POUCXO-
AUT pasjieT MOJIEKYJIbl Ha aTOMBI).

HMi3BecTHO, UTO aTOMBI MHEPTHBIX Ta30B «He KeJyawT» 06paso-
BLIBaTb MOJIEKYJIBL. [IJIA cO3AaHMsA, HAIPUMep, MOJIEKY Arg, Kry,
Xep HAZO 3aTPATUTH IHEPTHIO. ITH MOJIEKYJIBI BO3HUKAIOT TOJBKO
B BO30Y>KJIeHHBIX 3JIEKTPOHHBIX COCTOSTHUAX — OHM SBJIAIOTCH pas-
JIETHBIMH MOJIEKYJIAMH.

Hcnonb3oBaHue pasyIeTHBIX MOJIEKYJ B KauyecTBe aKTHBHBIX
LEHTPOB BeCbMa 3aMaHYHBO. BepxHum pabouum ypoBHEM Takoi
MOJIEKYJIBI ABJIAETCA 3JIEKTPOHHO-BO30YKACHHOE COCTOSTHHUE, a HUMNC-
HUM — OCHOBHOE 3JIEKTPOHHOe cocTosgHMie. OUeBUAHO, YTO HHBEp-
cuA Ha pabouem nepexoze Gyaer HabMIOAATHCA IIPU 11000M KOJTHYE-
CTB€ MOJIEKYJI, CO3/JaHHBIX HAKAYKOl Ha BepxHeM paGoueM ypoBHE
(B 271eKTPOHHO-BO30YKIEHHOM COCTOAHMHU). Kak TOJIbKO MoJIeKysia
[IEPEeXOJUT HAa HHWXKHUH paboynil ypoBEHb, OHA TYT K€ MOKHAAET
€ro BCJIe[ICTBHE pasieTa Ha aTOMbI. AKTHBHAA Cpe/ia Ha pasjIeTHbIX
MOJIEKyJIax — 3TO CPe/ia C NOCMOAHHO NYCMYOWUM HUNCHUM Da-
6ouum yposHem.

OKCHMepHBbIe JIa3epbl TeHepUPYIOT Ha IepexoAax MOJIEKYJ
HMHEPTHBIX Ia30B U rajJloreHUAbl UHEePTHBIX ra3oB (Arz, Kry, Xeg,
XeF, XeCl, KrF, ArCl u ap.). B sxcuMepHbIX Jlazepax peain3oBa-
Hbl Haubosiee HU3KHE 3HAYEHHS] FeHEPHPYEMBIX JUIMH BOJH. Tak,
B Jsa3epe Ha Mosekynax ArCl Habsiofanach remepanusa Ha A =
= 0,175 MKM, a B J1a3epe Ha Ars — Ha A = 0,126 MKM.

Jlekiusa BocbMas

2.8. [azoAanHamHnueckue Aasepsbi

Telvi0BbIEe METOABI CO3ZaHUA HHBEPCHH (TErmIoBasa HaAKaY-
ka). [Ina pocratouHo a¢dekTHBHOrO 3aceseHus KosebaTeNbHBIX
Y BpallaTe/IbHBIX COCTOSTHUMA MOJIEKYJIBI MOXKHO HCIIOJIb30BATh Tell-
JI0BOe Bo36yxeHue. [[ig pealH3aliy 3TOTO MeXaHH3Ma HaJo Ha-
IpeTh rasoByIO CMeCh /10 TeMIepatyp npumepHo 10002000 K. Ox-
HaAKO IIPOCTOE NOBBILIEHHE TEMITEpATYPhl ra3za camo 1o cebe He MO-
et obecrneunTh HHBEPCHH, BeAb 3aCEJIEHHOCTh YPOBHEH yObiBaeT
c yBesaudenueM 3Hepruy. Kak Onl HHM HOBBIIAJIAch TeMIEpaTypa
ra3a, Bce paBHO 6osiee HU3KHe YPOBHH OynayT umeTb Oojiee BbICO-
KYIO 3aCEJIEHHOCTD.

Honycrum, yro ras HarpeBaercst Ao temneparypbl T3, a 3a-
TeM O4eHb BLICTPO OXJIaXKAAeTCs 0 HEeKOoTopod temieparyps! 1.
Ilycte 7 — Bpems, B TeueHHE KOTOPOIrO TEMIIeparypa rasa MeHs-
erca ot Ty po T. B paccmaTpuBaeMoM rase HaxXOAATCA AaKTHBHbIE
UeHTphl: E) u E; — DHeprus HHKHEro W BepxHero pabo4yux ypoB-
Hell COOTBeTCTBEeHHO. [IpeanosoxuM Tenepb, 4T0 CKOPOCTh OUHILe-
HHA ypoBHA E, (pm oxyiakAeHWH rasoBOil CMeCH) CyIIeCTBEHHO
MeHbIlle CKOpPOCTH OuHieHHus ypoBHs E). O6Go3HaunM 4yepe3 Ty
M T; XapaKTepHble BpeMeHa OYHIIeHusA 9THUX ypoBHel. IlosoxkumMm,
yto 73 < T < T2. B 3TOM CyIyuae 3acesleHHOCTb YpoBHA F; Oyner
IpY OXJIKIEHHH rasa ¢/1e008amb 3a U3MeHeHUueM memnepamy-
Pbl, TOTAA KaK 3aceJIeHHOCTh YpoBHA Fy ocmaxemces npu 6vicmpotl
u3MeHeHUU memnepamypsl npaxmuyiecku npedxcHell (COOTBETCTBY-
joleid BHICOKOH TeMmmepaType). B pesysisraTe MOKeT BO3HHKHYTh
HHBEpCUS Ha ltepexoje Mexy ypoBHAMU F, u E;.
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s 6eicTporo oxyaxAeHus yno6Hee BCero HCIOJIb30BaTh IPO-
necc aduabamuyecko2o pacliupeHus rasa IpH BHIXOJE €ro u3 y3-
KO# mesny K coria. IMEHHO 3TOT BapHaHT TEIUIOBOH HaKauKH
H JIEXKUT B OCHOBE JIeHCTBHUA 2a300uHamMuveckux n1a3epos. OTMETUM
TaKXXe BO3MOXXHOCTb CO3JaHMA MHBEPCHH IIPH GBICTPOM HarpeBa-
HHUY Tasa INPH YCJIOBHH, YTO CKOPOCTb TEILJIOBOTO BO36YXAEHHUS
BepxXHero pabo4yero ypoBHS aKTHBHOIO IleHTpa 6oJiblie CKOpPOCTH
TEIUIOBOTO BO30yxIeHNA HIDKHEro pabouero ypoBHA. JJOCTATOUHO
OBICTpBIH HAarpeB ra3oBOH CMECH MOXKHO OCYIIECTBJ/IATh, UCIO/Ib3YS
BOJIHBI.

lasoaunamuuecknii COz-1a3ep. AKTUBHOI Cpeaoii Takoro Jya-

3epa asiaserca cmech COg + Ny + HyO. XapaxrepHble nponopuun

KOMITOHEeHTOB cMecH (110 06bemy): COz — 8 %, Ny — 90 %, H, O —

4 2 %. AKTUBHBIMH LIEHTPaMHU CJTY>KaT MO-
aexynnt COgq.

YhpoieHHas cxeMa razoauHaMuue-

CKOro Jadepa IlOka3zaHa Ha puc. 2.20.

B dopkxamepe akTHBHasA raszoBas CMeCh

IIPUTOTOBJIAETCS B HCXOAHOM COCTOSTHHH

(remmniepatypa T; = 1500 K, mapjienue

P, = 20-30 artm). I'azoBas cmechb mpo-

Puc. 2.20. Cxema rasoau- XOAUT uepe3 COIUIOBBIA O6J10K (IuMpHHA

Hamunueckoro Aasepa: 1 —  orieIbHOM BBIXOAHOM miesn B 6J10Ke co-

popkamepa; 2 — COMAO;  crapszer Beero 1 MM) M pacmupsercs

3 — pabounit obbem pe- g ,a66uen obweme. TIpu 3TOM TeMIepa-

30Hatopa; 4 — andchysop; o

Typa U AaBjieHHe NajaloT A0 3HA4eHHH

|
17
7N

L2 o~
<——<~d4/

¢

5 — BbIXOAHOE 3€pKaAo
Pe3oHaTOpa; 6 — u3AyUe- Ty = 250-300 K, P, = 0,05-0,1 arm;
Hue Aasepa CKOPOCTb I'a30BOrO ITIOTOKAa Ha BBIXOAE

13 conoBoro 6;oka — 1200-1500 m/c.

B pabouem obGneme mnpoucxoauT BeicBeumBaHue Mosiekya COj.

Huddysop mpenHa3HauyeH iA TOPMOXKEHHs MOTOKA rasa M CO-
IJIaCOBAHHA €0 JIaBJIeHHUsA C JlaBJIEeHHEeM Hapy»KHOTO BO3/yXa.

CymecrByromue rasoguHamuuyeckue COg-j1azephl AT pe-

KODAHYI0O MOILHOCTh HM3JIy4eHHSA B HENPEpPhIBHOM peXHMe reHe-

pauuu — no 100 xBr. Ilpasza, KIIJI razoguHaMHYEecKHX Jiaze-
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pPOB HEBLICOK — OH He npesblmaer 1 %. Iocnennee o6bacHAETCS
psagom mpuuuH. IIpexxzie Bcero, Gecriosie3sHO mponajgaeT SHeprus
MOCTYIIATEJIbHOTO ABMOXKEHHs ITIOTOKA rasa, IMPHXOAALIEro B Aud-
¢dysop. Kpome Toro, ¢ moTokom rasa U3 pesoHaTtopa (13 pabouero
obbeMa) ynaysercss HeKOTOpPOe KOJIMYeCTBO BO30YKAEHHBIX MoJe-
Kya1 Ng, He yCIEBIIUX NepeaTh HEPTHI0 BO30YXKIEHHS MOJIEKy-
saM COy, a Tak:ke HEKOTOPOE KOJIMYECTBO BO30YKAEHHBIX MOJIEKYJI
COg, He yCIIEBIINX BBICBETUTRC.

PduszuyecKknii MEXaHN3M BO3HUKHOBEHHS MHBEPCHHU B ra-
soaguHaMuvueckoMm COq-yna3epe. Kak u B Apyrux tunax COp-na-
3epoB, HHBepCUA co3aaeTcs Ha mepexozgax (001)-(100) n (001)-
(020) monexynsr CO;z. B 3acesenun BepxHero pabouero ypoBHs
(001) BakHYI0 pOJIb HIpPAlOT NPOIECCHl PE30HAHCHOW Iepejadx
sHepruu Bo30yxzeHus ot Ng. BBoaumele B cmech Mosiekysibl Hy O
crocoBCTBYIOT YCKOPEHHIO ounieHus yposHsa (010).

Cnenuduka TersioBoid HaKayKH IIPOABJIAETCS B TOM, YTO Te-
neps kosiebaresbHble YPOBHH Mosiekyn Ny u CO, 3acensAwoorcs 3a
CUET Men106020, a He 31eKkmpoHHo20o Bo3byxaeHns. CylecTBeH~
HO, 4TO BO30YXIeHHBIH KoyiebaTeslbHBIH ypOBeHb MOJEKYJbl Ny,
a takxe yposeHs (001) mosexynsl COy OUHIIAIOTCA 3HAYUIMENBHO
MeOneHHee, Hexxeny yposHH (100), (020), (010). IIpeanonoxum,
yto cMmech CO; + Ny, Harperas mo 1500 K, 6wicTpo pacmups-
eTcs, nIpoxozasa vepe3 comno. IIpu 3ToM pe3ko BO3pacTaeT KHHE-
THYEeCKas SHEPTrys MoJIeKysl (HallOMHHM, UYTO M3 COIJIA BBIXOAUT
IIOTOK ra3a co CBEPX3BYKOBOH CKOPOCTHIO 0K0JI0 1500 m/c). DHep-
THA NOCMYNAamenbHO20 [BIDKEHWA MOJIEKYJl deprnaercd 3a CUeT
SHEPruHu KoaebamenbHo20 ABHKEHWs, 3TO O3HAYAET, YTO IIPH BhI-
X0Jle U3 COIUIa MPOHMCXOAUT OBICTpOE OYHINEHHe KoJeOaTebHBIX
ypoBHeii. CymecTBeHHO, UYTO OBICTPO OYMILIAIOTCA HE BCE YPOBHY,
a UMEHHO Te, JUIs KOTOPHIX XapakTepHa 6osiee BBHICOKas# CKOPOCTh
OYHILIEHHA, T. €. HUKHHe paboune ypoBHH MoJiekysbl COy. UTo xe
kacaercs ypoBHA (001) monexynsl COp 1 kKoneGaTesIbHOTO YPOB-
Hfl MOJIEKyJIbl N2, TO IIpDH O4YeHb OBICTPOM pacIIMpeHUH ra3a OHH
IIONPOCTY He YCIEBAIOT CKOJIb-INO0 3aMeTHO OuHCTHThCA. B pabo-
yeM e o0beMe, T. €. B JOCTATOUHO Pa3peXeHHOH ra3oBOi cpefe,
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9TH YPOBHH ITPaKTHYECKH BOOOIIE He OUH-
miaoTed (Kak rosopAT, Habnionaercs «3a-
MOpaXuBaHHe» KosiebaTeJTbHOTO COCTOA-
HUA MOJIEKY/N a30Ta M cocrogHus (001)
mosiekya CO3).

Ha puc. 2.21 noxkasaH XapakTep H3-

5h [ #*‘7,',7’;' MeHeHHsA 3acesieHHocTe#dl ypoBHe# (001)
IGTD u (020) mosexynsl CO, o Mepe nepexo-
Jia Ta30BOi cMecH M3 ¢opkamepsl (napa-
MeHenms 3aceneHHocTen  METPRI CMeCH: Ty, P;) B pabounii o6bem
BEPXHETO U HUXHEO pa- (napametpsl cmecu: Ty, Py). B nepexoa-
60uMx ypOBHe# MoAeKy- HOH obnactu (o6sacTH COMIIA) MPOHCXO-
Abl COp no mepe ne- JAWUT MIPAKTHYECKH IIOJTHOE OYHIIEHHE yPOB-
pexoaa rasosoit cmecu He (020) ¥ Bcero JIMIIb HE3HAYHUTEJIbHOE
n3 ¢popkamepbl 8 0Gbem yMeHbILIEHHe 3aceJIEeHHOCTH ypoBHA (001).
pesoHaropa B pesysibrare BO3HHMKAaeT MHBepCHs 3ace-
JnieHHocre# ypoBHe# (001) u (020).

Wrak, monekyasl COp nocrymaior B pabGounii o6bem, nMmes
NPaKTUYECKH He3acesJeHHble HIKHHe pabouyuu ypoBHH (TOuHee,
3aCeJIEHHOCTh 3THX YPOBHEH cooTBeTcTByeT Temmnepartype T ). Hto xe
KacaeTcA BepxHero pabouero ypoBHsS, TO OH OKa3blBaeTcs 3ace-
JIEHHBIM, KakK ecJii OBl raz NMpoAO/IKaT HAaXOAMTHCA IIPH TEMIIe-
patype T5. IIpu aTomM BecbMa BaXKHO, YTO OKa3bIBaeTCA «3aMOpPO-
SKEHHOM» TaK)Ke 3aCeJIEHHOCTh K0J1e0aTeJIbHOTO YPOBHA MOJIEKYJI
N;. Bo3byx/ieHHbIe MoJieKyabl Ng OyAyT pe30HaHCHO IepefaBaTh
3Hepruio Bo30yxaeHusa mosnekynaMm COz U TeM caMbIM IOJZEPXKH-
BaTh OTHOCHTEJIBHO BBICOKYIO 3aceJIeHHOCTh ypoBHs (001). Hanom-
HHM, YTO B ra30MHAMHUYECKOM JIa3epe a30T B KOJIUYECTBEHHOM OT-
HOIIIEHUH ABJIAETCA OCHOBHBIM KOMIIOHEHTOM cMecH (okosio 90 %).
IT03TOMY MOKHO CYHUTATh, YTO SHEPTHUA KOTEPEHTHOTO OIITHYECKOTO
M3JIydeHUs Yepnaercs, B OCHOBHOM, 3a cueT KoJiebaTesibHOH 3Hep-
THU MOJIEKYJ a30Ta.

Wrax, 3Heprus, 3anaceHHas B KosiebaTe/bHBIX CTENEHAX CBO-
Gozbl MOJIEKyJI, HaxoAsmuxcs B ¢popkamepe, PacXoAyercs IpH Ie-
pexoze ra3oBoii cMecH Yepe3 coIIo B pabounit o6beM creyomum

Puc. 2.21. Xapaxtep u3-
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obpazom. Ta yacTe DHepruy, KoTopas ObUIa 3amaceHa B CUMMen-
pudHbLx ¥ deghopMayuoHHbix Konebanuax monekyn COg, npespa-
LIA€TCSl B AHEPTHIO MOCTYNaTeJIbHOrO JBHIKEHHA TOTOKA, BHIXOAA-
IIEr0 H3 COIUIA. DHEPrusl, 3anaceHHas B dCUMMEMPUUYHbIX KOJie-
H6anusx mosekyn COg, a rnaBHOe, B Koa1ebaHusx Moaekya asoma,
fpeBpaniaercs, 3a BbIYeTOM NOTEPh B Pe30HATOpE, B IHEPIUIO KO-
rePEeHTHOr0 ONTHUYECKOr0 U3JIydeHHs .

2.9. Xumunueckue Aasepol

Xumpueckne coelUHeHHss — Goratble HAKOMWUTEJHM 3HEPruu. JTa
3HEepruA MOKET YaCTHYHO BbICBOOOMKAATHCA NPH [€pECTPOMKE XH-
MHYECKHX CBA3€H B 3K309HEPreTHYeCKHMX XMMUYECKUX peaKIUAX.
Becpma 3aMaH4YMBO NpeoOpa30oBaTh yKa3aHHYI0 9HEPTHIO B 3HEp-
THI0 KOTePEHTHOIO0 ONTHYECKOro M3TydeHuA. Xumuueckue Aasepbl
KaK pa3 U ABJIAIOTCA YCTPOHCTBaMH, B KOTOPBIX OCYHIECTBJIAETCS
Takoe npeoGpa3oBaHHe HEPTHU. B CyIIecTBYIOMIMX XHMHUYECKHX
Jladepax peayusyeTcs reHepanusa Ha KosebamenvHbix (TouHee, KO-
JiebaTesIbHO-BpAILaTe/IbHBIX) Nepexozax Mosiekya. HuxuaAs rpa-
HHUIA JHaNa30Ha JIMH BOJIH FeHepallH 9THX JIa3ePOB COCTaBJIAET
npumepHo 2 MkM. HMcenexyroress BO3MOMKHOCTH CO3[aHHUA XHUMH-
YecKHUX JIa3epOB BHAMMOIO JAHana3oHa (J1a3epoB, reHepHPYIOUIUX
Ha nepexojax MexX/y 3/IEKTPOHHBEIMH COCTOSHHAMH MOJIEKYJI).

XnMHUyecKHe peakiii; HHHIIMHPOBaHNE M YCKOPEeHHe pe-
akImi. B xumuyeckux Jiazepax qalule BCEro HUCNoJb3yIOTCsA peak-
yuu 3amewjenus, B peayJibTare KOTOPbIX 00pasyloTcs ByXaTOMHBIE
MOJIEKYJIBI B BO30Y»XJ€HHBIX K0je0aTenbHBIX cocTosHuAX. Haso-
BEM 3TH MOJIEKYJBl Aa3epHO-akmueHbmu YeHmpamu. Onu 11ubo
BBICBEUHBAIOTCA CaMHy, NGO obecrieunBaloT BhICBEUHBAHHE PYTHX
MOJIEKYJI, KOTOPLIM IlepefaloT 3Hepruio Bo3byxzaeHusa. B nepsom
CJTy4qae TOBOPAT O NpAMOM 06pa30BaHHH HHBEPCHH, 4 BO BTOPOM —
0 Henpsmom o0pa3oBaHHU HHBepcHH. IIpHMephl HCIOJIB3YEMBIX
B Jla3epax peakIui 3aMeleHus:

F+ H, - HF* + H; F+ D, — DF* + D;
H+Cl; - HCI' +Cl; Cl+HJ— HCI* +J
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(3Be3mouKa ykasbIBaeT Ha TO, UTO MoJieKyJsa obpasyercs B BO30yx-
JICHHOM COCTOSIHHH). '

JliA MHANMHMPOBAHUA 3THUX peaknuil HeoOXOAUMO 3aTPaTHTh
ONpe/Ie/IEHHYIO SHEPTHIO Ha MOJyYeHHe XUMUMECKU aKMUBHbIX pe-
azenmos (F, H, Cl). Kpome Toro, Hano mosaboTutbes 06 yckope-
HUH XMMHUYeCKHX ITPOIECCOB, HOCKOIbKY XHMHYECKHIA J1a3ep MOXKeT
paboraTe JMIIb Ha 6blcmponpomexaOwux peaknuax, KOTOphbie
obecneunBaloT AOCTATOMHO OLICTPOE 3acesIeHHE BepXHero pabouero
YPOBH#A BbICBEYHBAIOIMMXCA MoJIeKysl. CKOpPOCTh XHMHYECKO# peak-
IIMH IIPONIOPIOHAIbHA KOHIEHTPALMAM PEareHTOB, BCTYHAIOMIMX
B peaKnuIo, No3TOMy JUISl YCKOPEHHA DeakIUHU TpebyeTcs co3aTh
JOCTAaTOYHO 60JIBIIIOE YHCIIO XUMHYECKH aKTHBHBIX PEareHTOB.

ITpumeHAIOT pa3Hbie crIOCOGB! MHUIIMHPOBAHHSA U YCKOPEHUA
XMMHYeCKHX peakuuit (MHaue rosops, pasHble criocobbl MOIydeHus
XHMHYECKH aKTHBHBIX peareHToB). PeareHThI B aTOMapHOM COCTOA~
HHUH NOJTyyaloTes npH duccoyuayuu monexya. Haunbonee uacro mc-
noJIB3YI0T lomoduccoyuayuro, OUCCOYUAYUIO INEKMPOHHBIM NYH-
KOM UNU UMNYALCOM 8 INEKMPUecKoM pa3spade, menaoeoe uHu-
yuuposaxue.

W CTOYHHKOM ONITHYECKOr0 H3TyYeHHA IPH (POTOMHUIUHPOBA-
HHH MOTYT CJTy?>KHMTb KBaplieBble HMITyJIbCHEIE 1aMibl. Eciiu Tpeby-
ercsa 6ojlee KOPOTKOBOJIHOBAsA Hakayka (C JUTHHOH BOJIHBI MEHBbIIE
0,2 MKM), TO HCIIOJIB3YIOTCA Pa3/IMYHbIE THNBI OTKPHITHIX pasps-
A0B (HanpuMep, HCKPOBOit). OfuH U3 HanboJIee IPOCTHIX crnocoGoB
HHHUIMHMPOBAHHA XUMHUYECKHX PeaKIHii — CaMOCTOATE/IbHEIH 3J1eK-
TPHYECKHH pa3paz B rase. OQHAKO 3TOT CrI0cO6 MPUMEHHUM TOJIHKO
JU1s OTHOCHTEJIBHO HHU3KHX JaBJIeHUH M MaJbIX paGounx 06HEMOB.
IToatomy Gosnee uHTEpECcEeH €rIocO6, OCHOBAHHBIH Ha HCIIOJIb30Ba-
HHH 3JIEKTPOHHOTrO Ny4yKa. IIyvOK 3JIEKTPOHOB ITO3BOJISET UHHI(H-
MPOBATh PEAaKIHIO 33 PEKOPAHO KOPOTKoe BpeMa — 10-7-1078 ¢
(tpu caMocCTOATEIBHOM pa3psAAe JUIHTEIBHOCTh HHHIUHUPYIOIIETO
HMIynsca He meHee 1078 ¢). TertoBoe urMIMUpOBaHKe peaKnuil
CBA3aHO C TEIJIOBOH Aucconuanyeit MoeKyJ1; 3ToT cnocob yao6Ho
NPUMEHATH B Jla3epax ra3aoAHHaAMHYECKOro THIIA.
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XUMHYEeCKH aKTUBHbIE PeareHThl MOTYT CO3/IaBaThCA TaKXke
3a CUEeT ONpeAe/IeHHbIX XHMHUYECKUX peaknuil. B xauecTse npume-
pa ykaxkeM peakuuio NO +F; — NOF +F. Okucs a3ora, CylecTBy-
Io1asd MpH OGBIYHBIX TEMITEPATypax B BUAE YCTOHYHUBOrO pajjuKaaa
NO, Bcrynas B peakI[HIO C MOJIEKYJIAPHBIM (QTOPOM, obecnieunBaer
ofpa3oBaHMe XUMHYECKH aKTUBHOTO aTOMapHOTo {Topa.

IenHo XapaxTep XMMHUYECKHUX peakimii, Peakiuy, ucnoss-
3yeMble B XUMHYECKHUX JIa3epax, UMeIOT YenHoll xapaxmep: XUMHU-
YeCKH aKTHBHBIH HEHTp (aToM WIH pauKal) 60cnpou3sooumcs
B Xo/le peakiuu. IIpeAirosoxKuM, YTo B CMECh, COAEPKALLYI0 MOJe-
Kynbl Hy u Fy, BBeleHbI XMMHUYECKY aKTUBHBIE LIEHTPBI, HAlIpHMeEp
atoMsl F. MOXKHO 0KHAATh, YTO B TaKOH cMecu GyAeT pa3BUBaThCH
LelTHOH mpolecc:
F+H; - HF' + H,

H + F; — HF* +F,
F+H; = HF" +H,

Ipu co3panum onpeAeseHHOrO KOJINYECTBA XHMHUYECKH aKTHBHBIX
[IEHTPOB 3TOT LEMHOH IPOIECC MOXKET CTAaTh AOCTATOYHO OBICTPHIM,
noatomy byzaer obecniedeHO yCJIOBHE BO3HHKHOBEHHs TeHepallHH
Ha nepexozax B mosiekysnax HF*. TIoCKOJIBKY KOJIMYECTBO XHMH-
YECKH aKTHBHBIX IEHTPOB coXpaHsAeTcs (BOCIIPOM3BOAUTCS) B Liell-
HOM IIporecce, NOAB/AETCS BO3MOKHOCTD 32 CUET MHOI'OKDaTHOTO
HCIIOJIB30BaHHUA HEKOTOPOTO YHCJIA BOCIIPOU3BOAMMEIX XUMHUYECKH
aKTHBHBIX LIEHTPOB BOBJIEYS B PEAKIHMIO OIPOMHOE YHCJIO MOJIEKYJT
Hz u Fy ¥ co3aaTh TeM CaMBIM MHOTO JIa3€PHO-aKTHBHBIX LIEHTPOB
HF*. B 3TOoM ciyyae MOXKHO IIPEBPATUTE B KOTEPEHTHOE ONTH-
YecKoe M3JIy4eHHe HACTOJIKO GOJIbIIoe KOJIMYECTBO XMMHYECKOH
9HEepruH, CoAepKaiieiicsa BO (PTop-BOJOPOAHOH CMECH, YTO OHO Ie-
PeKpoeT 3aTpaThl Ha CO3JaHHe XHMHYECKH aKTHBHBIX IIEHTPOB.

' Ha npaktuke HeoGxoAuMO, OZHAKO, YYHUTHIBATh, YTO peasb-
HHIH LenHo#t mpouecc He OeckoMeveH. Bo-TmepBBIX, NMPOHCXOIHUT
yMeHBbILEHHEe YHC/Ia XHMHYeCKH akTUBHBIX HeHTpoB (H +H — Hg;
F + F — F3), noatoMy Ha/io He TOJIBKO HHHLMNPOBATh, HO H NO0-
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depiicueams XHMHYECKYIO PeaKIMIo, CO3ZaBasi BCe BPEMs HOBEIE
XUMHYeCKH aKTHBHBIE LEHTPH! B3aMeH BBILIEAUINX M3 UIPH. Bo-
BTODBIX, IIPOHCXOAMT YMEHbIIEHHEe YH(JIa JIa3ePHO-aKTHBHEIX L[EH-

TPOB 3a CYeT NMPOLIECCOB, IPHBOAAIIMX K OUHILEHNIO BEPXHErO pa-
6ouero ypoBH4.

s yIyIMHEHHA J1a3epHO-XHMHYECKHUX Niereil [esiecoo0pasHo
HCTIO/Ib30BaTh HE NPOCThIE, & pa3séemas/ieHHble UEIHbIE PeaKI[HH,
T. €. PEaKI[MH, B KOTOPBIX IPOHCXOAUT He IIPOCTOE, & PACUIUPEHHOE
BOCITPOM3BO/ICTBO (PAsmMHOMNCEHUE) XUMHUYECKH aKTHBHBIX LIEHTPOB.
Tak, npu omnpeaeneHHBIX JaBJEHHAX M TeMIepaTypax Bo ¢rop-
BOZIOPOZHOHM CMeCH MOTYT IPOTEKaTh PeaKIuy

Fz + HF - HF + F 4+ F,

o6ecneqn3axonme eéemaseHue 1ienei.

Xummuecknii 1azep Ha PTOpP-BOROPOAHOI cMecn. PaccMoT-
puM Jiasep Ha cMecH Dy + F; — CO; (Tsaxensidi Bogopoz, ¢rop,
yrJIeKHCbI# ra3) (puc. 2.22). B xamepy, rAe NPOMCXOAAT XUMHUYeE-
CKHE peakKIHH, MOCTYNaeT N0 OAHOMY KaHaIy CMech I'eJIHA U MOo-
JIeKyJisspHOro $TOpa, a 10 APYroMy KaHaly — CMeCh OKHMCH a30Ta

K yrJIeKMoIoro rasa. biaropaps pe-
Fy+He D, akuun NO+ F; -+ NOF+F B kamepe

k’ ' Ik obpasyerca aromapHbiit ¢rop. Ilpu
!
Iy
12 |
‘ J

_ BBEZICHHH B KaMepy TAMKEJIOro BOKO-
poAa BO3HHKaeT IENHOH Ipolecce

' ﬂ '. ( (F+D;—DF*+D; D+F;—DF* +F).
Bo36yxneHHbie Mosiekyani DF* me-
COy+NO peRaoT 3HePruio Bo36yKIeHHA MO-
Puc.2.22. Cxema xummuecko- J1eKyaMm COz, mocienHue BbIHOCAT-
ro Aasepa Ha chop-aoAQPQA- CsT TMIOTOKOM B OITHYECKUH pe3oHa~-
HOW cmeck: 1 — Kamepa, B KO- TOpD, TZle M BBICBeuHBaIOTCA, lenmit
TOPOA MPOMUCXOAST XWUMWYe- BBOAWTCA AJIA NMPeJOTBPAICHHA Ile-
Ckue peakumu; 2 — obbem pe- perpesa M CaMOBOCILIAMEHEHHSA CMe-
30HaTOPa; 3 — BLIXOAHOE 3€P- ¢Topa ¢ BOAOPOZIOM, a TaKKe 1A
KaAO pe3oHatopa; 4 — u3Ay- OYMINEHMA HIXHEX PabOTHX yPOB-
Henve Aasepa Helt B Mmontekynax COj.
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2.10. MNMAa3meHHble Aasepb!

PexomOGuaupyloman njasMa Kak akTHBHaA cpeaa Jiasepa.
IIpu CTONKHOBEHMAX CBOOOAHBIX 3JIEKTPOHOB IJIa3Mbl Pa3psaza ¢
HOJIOKUTEJIBHO 3apAXKEHHEIMH MOHAMH MOTYT ITPOMCXOAMTH PO~
1iecchl pexombuHayuu, B pe3yJbTaTe KOTOPBIX SJIEKTPOHBI 3aXBaThl~
BaloTcA HOHam#. ITpH 3TOM BhIAEJIAETCA SHEPTUA, paBHAA DHEPTHH
CBAI3HM 2JIEKTPOHA B aToMe, o6pa3oBaBIIeMCA NMPH 3aXBaTe HOHOM
3JIEKTPOHA. YKa3aHHas SHepPrus MOXeT NPUBOJUTh K HAKOIUIEHHIO
aTOMOB (MOHOB) B 8030Yyc0eHHbIX COCTOSHHAX. DTO O3HAYAET, UTO
m1asma, B KOTOpoi A0CTaTO4YHO 3(¢PEeKTHBHO MAYT IPOLECCH pe-
KOMOMHAI[MY, MOXKET UCIIOL30BaThCA B Ka4eCTBe MHBEPTHPOBAH-
HOH akTHBHOH cpezibl s1azepa. COOTBETCTBYIOIME JIa3ePhbl HA3bIBA-
10T NAA3MEHHbIMU. , .

IlnasMa TakuxX J1a3epoB CYyHIECTBEHHO OTIMYaeTcA OT IuIas-
MBI ra30paspAAHBIX JIa3epoB. B CBA3H C 3THM rOBOPAT O IJIa3-
Me B pexombuHayuonHom pexcume (pexoMGHUHMpYIOILEi IIazMe)
Y IUIa3Me B UOHU3AYUOHHOM pedicume. IIpu pacCMOTpeHHH CBOIICTB
I1a3Mbl BBOJAT HapAAY ¢ TeMnepaTypoii paspsaaa T, onpenesseMoi
yepe3 CPeAHIO KUHETHYECKYIO 9HEPIHIO TAXKEJIbIX YacTuIl (MOHOB,
aTOMOB, MOJIEKYJT), TAK)KE 3JIEKTPOHHYIO TeMneparypy T., onpeae-
JIAEMYIO CpefiHell KHHeTH4eCcKOH SHeprueit cBOOOAHEIX 2/1IEKTPOHOB
I1a3Mbl. B HOHH3aLMOHHOM peXKHMe BBHITIOJIHAETCS HEePaBEHCTBO
T. > T (8 Tneomem paspszne T./T ~ 100, B xyroBoM paspsaje
T./T =~ 10) — cBoboaHbIE 3JIEKTPOHEI B TaKOi Iy1azmMe ABUXYTCH
3HAYMTENBHO GRICTpEe HOHOB. B 5THX YJIOBHAX NpOLECCH PEKOM-
6uHaLMK IIDH CTOJIKHOBEHHAX 2JIEKTPOHOB K MOHOB OKa3bIBAIOTCH
MaJIOBEPOATHRIMH. JI/ifi peKOMOMHAIMH BaXKHO, YTOOBI CBOGO/HEIE
9JIEKTPOHEBI JBUTAINACH IIOMeUIEHHEe: JO0JPKHO BBIIOJIHATHCA He-
pasenctBo T, < T. Kpome TOro, BepoATHOCTh pekoMOuHanuu Oy-
AieT, O4EBHAHO, TEM BBIiLE, YeM 6oJibllle KOHHEHTPAIHA CBOOOKHBIX
3JIEKTPOHOB, T. €. YeM 6GoJible creneH» HOHM3aAIUY IU1asMbl. Ecin
B TICIOIIEM paspsAzie KOHIEHTparua CBOOGOAHBIX 3JIEKTPOHOB J0-
cruraer 101! em~3, a B ayrosom — 10!2 ecm~3, To B pekoM6GuHHpY-
IolIel TIa3Me 5Ta KOHIEHTpalus Ko/KHa 6bits 1015-1016 em~3,
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Urak, I1asmMa B peKOMOMHAIIHOHHOM pEXHMe — 3TO nAom-
HaA, 8bICOKOUOHU30BAHHAA ILIA3Ma, DJIEKTPOHBI KOTOPOH «nepe-
oxnaxcdervt» (B CBA3M C 3THM HCIOJIB3YIOT TEPMHH «XOJIOAHAs
wiasma»). COOTBETCTBEHHO IUIa3Ma B MOHH3aIIMOHHOM PpeXHMe
€CTb DA3peXceHHAan, OMHOCUMEeAbHO ¢1ab0 UOHU308AHHAA TLIA3-
Ma, 3JIEKTPOHBI KOTOPOil «nepeepemsi» («ropsAyas maasma»).

Kak akTHBHas cpefja j1a3epa pekOMOMHHpYIOas IUIa3Ma O4eHb
NpUBJIeKaTe/IbHAa. B OT/IHYHe OT OCTAJILHBIX CpPEZl OHa HE H3MEHAET
CBOEr0 arperaTHOro COCTOSHHUA ITPH CKOJIb YTOAHO BHICOKOH ILIOT-
HOCTH BBOAMMOM B Hee 9HEePruH. 3TO CBOHCTBO OTKPBIBAeT MPHHIH~
MHAIBHYI0 BO3MOXKHOCTD I CO3JAHUA 0c000 MOUIHEBIX JIa3€POB.
Kpome Toro, B pekombGuHHMpyIoNIe#l mwia3Me MOXKHO peaH30BaTh
pabouue nepexoAsl, MONajamUyie B yALTpadHOIETOBLIN K Jake
PEHTTeHOBCKMH AManas3oHBI.

ConocrasjieHHe IVIa3MEHHOI0 ¥ ra30pa3pAXHOro Ja3epos.
[puHIUNUaNbHOE OT/IMYKE IUIa3MEHHOTO Jia3epa OT ra3opaspsj-
HOTO OIpe/ie/IfAeTcsA pasjiMdueM CBOMCTB IUIasMbl B peKkoMGHHa-
ITHOHHOM M HOHM3AaLMOHHOM pexxumax. B mponecce pa6GoTsl ra-
30pa3pALHOTO Jia3epa CTeleHb HOHHU3aLMHK IUIa3Mbl 803pacmaem;
B IUIa3MEHHOM JKe Jla3epe — nadaem. B 3ToM cMEIciTe ra3opaspaa-
HEIi J1a3ep paboTaeT Ha Ilepexofe Cpelbl oM 2a3a k naaame, Toraa
KaK IUIa3MeHHBIH J1a3ep paboTaeT Ha Iepexozie 0m naasmbl K 2asy.

IIpeAros0xKuM, YTO HCIIONB3YETCA UMITYJIbCHAA HaKauka. B uM-

IyJIbCHOM Ta30pa3pARHOM Jiazepe reHepanus HAYHHAETCA IO 0~

CTHDKEHHH ZOCTATOYHO BBICOKOM MHTEHCHBHOCTH HMITYJIbCA TOKA
B pa3spsaze — Ha PpOHTEe UMIYJbca. B HMIYJBCHOM IUIa3MEHHOM
Jlasepe TeHepalisA HauHHAaeTcA Y)Ke MOCJIeé OKOHYAHUA HMITYJIb-
ca TOKa — IIOCJI€ TOTO KaK BO3HHKHET ZIOCTATOYHO BHICOKas CTe-
IeHb HOHHU3AIUH IUIa3Mbl M NPOU30HAET «oxnaxaeHue» csobox-
HBIX 3JIEKTPOHOB. VIHEIMH CJIOBaMH, IUIa3MeHHHI Jla3ep reHepH-
pYyeT B nocaeceeveHuu paspaoa.

HMnyasCHBIR IIa3MeHHbINH Jadep. id MOHM3ALHMH aKTHB-
HOH cpeAbl B 3THX Jia3epax MPHMEHAIOT GBICTPO CHajalomue HM-
IYJIBCHI 3JIEKTPUYECKOTO Pa3pAja.co CNEAYIOIHMMH XapakTePHbBIMHU
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napamerpamu: HanpsikeHue 1o 20 kB, cuna Toka ao 300 A, mau-
TEeJIBHOCTE MMITyabca — 0,1~1 mxc., VIMIynsc reHepainyid pa3BH-
Baercd, KaK y»e OTMEYaJioch, B ITOC/IECBeUeHNH pa3psaja. B kave-
CTBE aKTHUBHOH Cpefbl MCIIOJIB3YeTCA CMeCh M3 JIETKO HOHH3Upye-
MOTO JIa3€PHO-aKTUBHOI'O KOMIIOHEHTa ¥ TPYAHO HOHH3HPYEMOro
BerioMoraresibHoro (6ydepHoro) xommnonenTa. Iloctennuit HyXeH,
I71aBHBIM 00pasoM, M1 GBICTPOro OXJIAXKAEHHUA CBOOOJHBIX JJIeK-
TPOHOB B IUIa3Me.

HMmysbCcHBIE ‘ TIa3MEHHbIE JIa3ephl CO3ZAaHBI, B YAaCTHOCTH,
Ha MOHM3MPOBAHHLIX I1apax IIeJ09HO-3eMeNbHbIX MeTauioB Mg, Ca,
Sr, Ba, B xauecTBe npuMepa OTMETHM IUIa3MEHHBII J1asep Ha CMPOH-
yuti-2eauu, reHEPUPYIONIMI HA IIEPEX0/aX MeX/Iy YPOBHAMH OJ(HO-
KpaTHbIX MOHOB cTpoHnusA (Srt). enmit urpaer pons Gydepuoro
rasa. Mmynec Bo36y:xzieHHA co3Aaer IIa3My ¢ BBICOKOH KOHIEH-
Tpanuel ABYKpaTHBIX HOHOB cTpoHIuA (Sr2t). IIpoueccs pexom-
GMHAIMK NPUBOAAT K 06Pa30BaHHMIO BO30YMKIEHHBIX OZJHOKPATHBIX
HOHOB Srt, UrpamIHX posb aKTUBHBIX [eHTpos. [eHepalusa pe-
anu3yerca Ha HECKOJIBKMX Iepexofax 3THX HOHOB. OCHOBHBIMH
apnsaiores ann 0,416 mxm 1 0,431 mxMm (Puosemossvie THHUR),
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2.11. NMoAYNpOBOAHMKOBbIE Aa3epbl

CocTroaHHNA 3/IEKTPOHOB B GeCIPMMECHOM HOJIYIIPOBOXHH-
Ke. DJHEeprus 3JIeKTpOHa B aToMme (HMOHe, MOJIeKyJe) NpHHHMA-
eT AVCKpETHble 3HAYeHWs, KOTOPHIM COOTBETCTBYIOT JHepreTHue-
ckue ypoBHH. Korzia aToMbl 06pasyioT KpHCTAJUINYECKYIO PEIETKY,
9JIEKTPOHBI BHEIIIHUX 3JIEKTPOHHEBIX 060s1ouek o6obwecmsaasiomes
KpUCmMananom; IHeprust 3TUX 3JIEKTPOHOB U3MEHAETCA HeNPEPLIBHO
B IIpejiejlax HEKOTOPOro MHTepBasa 3HAYeHWH, WIH, HHa4Ye rOBO-
p#, B IIpeAesiax HEKOTOPO# aHepeemuneckol 3oMbl. Kasxkno# snep-
reTHYeCcKOil 30He COOTBETCTBYeT KOHeuHoe (XOT#A M o4yeHb 6oJib-
moe — 1023-1024) uuca0 31EKTPOHHBIX cocToAHHMM. HanomHuM,
YTO 9JIEKTPOHBI OTHOCATCA K (epMUOHAM; (JIeOBaTeJIbHO, B O/I-
HOM 3JIEKTPOHHOM COCTOAHHH MOJKET HaXOAMThCs He 6osee ofHO-
ro 5yieKTpoHa. [103TOMy MOKHO TOBOPHUTH O NOAHOM WIH Yacmuu-
HOM 3anoAHeHUU 30HbB! 3JIEKTPOHAMHU. ITO 3alI0JHEHHE IPOHUCXO-
JUT B HAIIPABJIEHUH CHU3Y BBEPX II0 lLIIKaJie SHEPTHH, KakK ecyiy 6bl
30Ha npeacTaBiaana co6oil HabGOp NMPUMBIKAIOIMMX APYT K APYTY
YPOBHEH, MMOCJIE0BATEIHHO 3aHUMAEMBIX 3JIEKTpOHaMHU (HaunHasA
oT HauboJiee HU3KO PACNOJIOKEHHBIX H KOHYas HauboJiee BbICOKO
PacIosIoXeHHBIMH).

B mMemasnax sHepreTHyeckas 30HA 3alOJHEHA 3JIEKTPOHAMH
IIPUMEPHO HAIIOJIOBUHY. B duasnexmpuxax 30Ha 3allOJIHEHA 3JIEK-
TPOHAaMH [OJIHOCTBIO. IIpH 3TOM Creayloman sHepreTHIecKas 30Ha,
PACITOJIOKEHHAA BBINIE IO IIKajle SHEPruil, BooOlue He COAEPKUT
371eKTPOHOB. Ec/i paccTosiHKE OT BepPXHero Kpas nepBoi U3 yoMs-
HYTBIX 30H A0 HIPKHETO Kpas BTOpOH He CIHIIKOM BeJHKO (OK0JI0
2~3 3B WA MeHbIE), TO B 3TOM CJIydae BO3MOXHBI KBAaHTOBBIE
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TIepexo/bl JIEKTPOHOB U3 HIDKHEHN 30HBI B BEPXHIOKO 3a CUET SHep-
MY TEIUIOBOrO ABMIKEHHA 4acTHIl. B pesynwraTe B BepxHeil 30He
MOSABJIAETCA CPAaBHUTEJIBHO He0OJbIIOe KOJIMYECTBO 3JIEKTPOHOB;
B TO )K€ BPeMs B HHKHEH 30He JI0 ee MOJTHOT'O 3aI0JIHEHHA He XBa-
TaeT COOTBETCTBYIONIETO YHCJIa 3JIEKTPOHOB, Takas cUTyanus oTse-
qaeT 6ecnpumMecHOMY NOAYNpPoeooHUKY.

Bce unTEpecHble sABieHMsA, HabmomaeMble B GeCpUMeCHBIX
MOJIyNIPOBOJHHKAX, CBA3aHbI C KBAHTOBBIMH IIEPEXOAAMH 3JIEKTPO-
HOB MeX/ly HHXKHEH M BepxHell 9HepreTHUeCKUMH 30HaMH. Hux-
HIOI0, 30HY Ha3bIBAIOT 6A/EHMHOU 30HOU, a BEPXHIOI — 30HOl
nposodumocmu. MexAy STHUMH 30HaMH HaxOAMTCA I0JI0Ca 3a-
NpeIeHHbIX 3HaYeHHUH 3HEepruH, UMeHyeMas 3anpewieHHoll 3010,
OrcyrcrBre 371€KTpOHA B BaJIEHTHO# 30He YAOGHO NpeACTaB/ATh
KaK HaJIM49He B Heil NOJIOKUTENIbHO 3apAXEeHHOH YacTHIbI, KOTO-
PYIO Ha3BIBAIOT Jbipkoil. B GecipuMecHOM MOJIYyNPOBOAHUKE YHCIA
9JIEKTPOHOB B 30HE NPOBOAMMOCTH M IBIPDOK B BJIEHTHOH 30HE,
OYEBH/IHO, TOYHO paBHEI. KBaHTOBBIN nepexoj 3/€KTPOHA uepe3
3anpelleHHyI0 30Hy CHU3Y 86epX MOXKHO PacCMaTpHBaTh Kak 2e-
Hepayuio 31eKmpoHHO-ObIPouHOLl Nndpbl — NOABIEHHE 3JIEKTPOHA
B 30H€ NMPOBOAMMOCTH M OAHOBPEMEHHOE IOsIBJIECHHE AbIPKHA B Ba-
JIeHTHOM 30He. IToABHMBIIMIICA B 30HEe IPOBOJHUMOCTH 3JIEKTPOH
NIPOABJIAET TEHAEHIHIO OIYCTUTHCA K HUXKHEMY Kpai0 30HbI; JbIp-
Ka NPOABJIAET TEHACHUHIO NOAHATLCA K BEPXHEMY Kpal0 BaJIeHT-
HO¥ 30HbI. Hapaay c mepexojamu uepes 3alpelieHHYI0 30HY CHH-
3y BBEPX BO3MOXKHBI TakKe OOpaTHEBIE IIEPEXOAbl — C6epXY 6HU3.
OJIEKTPOH MOXKET COBEPIINUTb KBAHTOBBIN MEPEXOA M3 30HBI NPO-
BOJTUMOCTH B BaJICHTHYIO 30Hy — 3TOT IIPOIECC MOXHO, OYEBHHO,
paccMaTpHBaTh Kak pexombuHayulo anekmpona u oblpKu.

OnTnyeckne nepexoas! B NOJTympoBogHHMKe., Byxnem o6iry-
YaTb NOJIYIIPOBOAHHK CBETOM TaKOH YacTOTHI, 9HEPrus (POTOHOB
KOTOPDOr0 paBHSIETCA LIMPHHE 3aNpelleHHOH 30HBI (WIM HEMHO-
O NpPEeBLIIAET 3Ty IUPHHY). Takoi GOTOH MoKeT GhITh OIJIOUIEH
3JIEKTPOHOM, HaXOAAIIMMCS B BAJICHTHOH 30He BOJIN3H ee BepXHEro
Kpasl, B Pe3yJIbTaTe 5JIEKTPOH COBEPIIUT KBAHTOBLIH Nepexo/] B 30HY
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Pﬁaﬁe///n//a/i
DY,
a)

Puc. 2.23. lMepexoabl B 6eCrpMMECHOM NOAYNPOBOAHMKE,
MHULIMMPOBAHHbIE M3AYHEHMEM: a) MOoraolleHne CBeTa;
6) BbIHYXXAEHHOE MCTYCKaHWe CBeTa

npoBoauMocTd (cM. puc. 2.23 a). IIpakTHYeCKHH ¢ TaKOH Ke Be-
POATHOCTHIO (POTOH MOXKET MHUIMHPOBATh BCTPEYHBbIH Ipolece —
MepeXoA B BaJIEHTHYIO 30HY 3JIEKTPOHA, HAXOAALLErocs B 30HE IIPO-
BOAMMOCTH BOJIM3H ee HIDKHETO Kpas; B pe3y/IbTaTe POJUTCA elle
ofuH (BTOPHYHBIH) QOTOH, MpHUYEM B TOM JK€ COCTOSIHWH, B Ka-
KOM HaxOAuTCA nepBHYHBIH ¢oToH (puc. 2.23 6). B nepom ciryuae
pedb HIeT O no2aoweHuu ceema B IOJYIIPOBOAHHUKE, a BO BTO-
POM — O 8bIHYNCOEHHOM UCnYyckaHuu ceemda. Bo3MOXHO Takke
CaMOIIPOM3BOJIbHOE BO3BpALIEHHE 3JIEKTPOHA M3 30HBI IIPOBOAH-
MOCTH B BJICHTHYIO 30HY (CIIOHTaHHOE HCITyCKaHUe CBETA).

BenepcrBue TensoBoro Bo36yxeHHUs U3 BaJeHTHOH 30HBI B
30HY NPOBOAUMOCTH IIEPEXOAUT OTHOCHUTEJHbHO HebOoJIbIIOE YMC-
JIO 3JIEKTPOHOB: KOHIEHTpAIHA 3JIEKTPOHOB B 30HE ITPOBOAUMOCTH
JlaXke y ee HI)KHEro Kpasi CyIeCTBEHHO MeHbIIe KOHLIEHTPaIlHH
3JIEKTPOHOB B BaJIGHTHOH 30He. B 3TOM ciIyuae mpoueccs! MOIVIO-
eHus cBera OyZyT B 3HAYMTE/ILHOH creneHH npeobiafath Hap
IIPOLIECCAMH BBIHYX/IEHHOTO HMCITyCKaHHUA. TaKOH MOJIYyIIPOBOAHHK
MIOIVIONIAET MIPOXOZALIEE Uepe3 Hero M3JyueHHe.

JU1s Toro uTo6B! MOJYITPOBOAHHK MOT YCHJIMBATh M3JIyUeHHE,
HaJZI0 CO3AAaTh UHBEPCUl0 — CAeNaTh TaK, YTOOB! KOHIEHTpanus
3JIeKTPOHOB BOJIM3HM HIDKHErO Kpas 30HBI IPOBOAMMOCTH OnLia
Gosbllle KOHLEHTPAIMH 3JIEKTPOHOB BOJIM3M BEpXHEro Kpas Ba-
JIEHTHOMH 30HBL. B aTOM Citydae
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npoyeccyt 8bIHYNHCOeHHO20 ucnyckaxus ceema 6ydym npeob-
aadamsy Had npoyeccamu NO2AOWEeHUS.

M HBEepTHPOBaHHEIH IIOJIYITPOBOAHUK XapaKTepusyeTcs docma-
MOYHO 8bICOKOL KOHYeHmpayueil 31eKmMpPoHO8 Y HUXKHETO Kpast 30~
HbI TIPOBOAMMOCTH M, COOTBETCTBEHHO, 8bICOKOI KOHYeHmpayueil
OblPOK y BEpXHETO Kpas BaJIeHTHOH 30HbI. TakKe oIyl POBOAHNUKH
Ha3bIBAIOT 8bIPONCOeHHbIMU., MoOryT ObITH NOJIYIIPOBOAHMKH, BBI-
POKJIEHHbIE TOJILKO IO 3JIEKTPOHAM IPOBOAMMOCTH WM TOJIBKO
110 AbIpKaM. B GecripuMeCHBIX MOJIyIIPOBOJHUKAX BO3MOXKHO, O4e-
BUHO, JIXIIE OJHOBPEMEHHOE BBIPOKAECHHE — H IO 3JIEKTPOHAM
MPOBOAMMOCTH, U II0 ABIPKaM.

TTosyIIpOBOJHMKOBBIE JIa3ePhl ¢ HAKAYKOH 3JIEKTPOHHBIM
myukom. MHBepcuio B GecIipuMecHOM NOJYNPOBOAHHKE MOXKHO
€031aTh pa3Iu4YHBIMU criocobamu. Hanpumep, UCIOIB3YIOT Onmu-
uecKy Hakauxy, obsiydas MOJIyIIDOBOJHUK CBETOM TAaKOH 4acTro-
TbI, YTOOBI 3Heprus GOTOHOB Onlya 60JIbIIEe IMUPHUHBI 3aNpelieH-
HO¥M 30HBI. Bosiee MMUPOKO IIpUMeHsETCs, OAHAKO, HE ONTHYECKas
HaKayka, a HaKauka 3AeXmMpPOHHbIM NYuKoM. BeICTpEIe 3/71eKTPOHBI
(c sueprueii oxosio 50-100 k3B), mposieTas yepes NoJIyNPOBOAHHUK,
MHHUIMHPYIOT IEePEXOAbI 3JIEKTPOHOB M3 BAJIEHTHOH 30HBI B 30HY
IPOBOAXMOCTH. VICO/B3YIOTCA MOTYyIIPOBOAHMKN — apCeHM] rajl-
nus (GaAs), cynbdug kagmus (CdS), cenennn kagmus (CdSe) u ap.

Bosbie n0J1I0BUHBI CBOEH SHEPTHUH 3JIEKTPOHBI, 6oMbapAupy-
IOIIIHe TTOJIYTPOBOAHUKOBBIN KPUCTAJLI, TPATAT Ha €r0 HarpeBaHue.
[ToaToMy HCIIOIB3YIOTCA OOBIYHO IOCTATOYHO KOPOTKHE MMITYJ/IhChI
3JIEKTPOHOB U, KPOMe TOTO, IPUMEHAETCA NIPHHYAUTEIbHOE OXJa~
XKJAeHue Kpuctasuia. Bompoc 06 oxs1asxc0eHuu nosynpoBOAHHKOBRIX
aKTHBHBIX Cpel — BeChbMa IPHHIUIHAIbHBEIN. [lesio B TOM, 4YTO
C MOBBIIIEHUEM TeMIIepaTyphl 3JIEKTPOHBI B 30H€ NPOBOAHMOCTH
Ha4YMHAKOT 3acesiATh Bee Gosiee u Gosee BHICOKME YPOBHH, B pe-
3yJIbTAaTe Yero KOHIEHTPALKA 3JIEKTPOHOB Y HIDKHEr0 Kpasd 30HBI
HNPOBOAYMOCTH YMeHBIAeTcs. B TO ke BpeMs yBeJIMUHMBAEeTCA KOH-
LEHTPAL}A 5JIeKTPOHOB Y BEPXHET0 KpasA BaJIEHTHOH 30HBI. TakuM
06pa3oM, YMEHbIIAEeTCs CTENEeHbh HHBEPCHOM 3aCeJIEHHOCTH COCTO-
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Puc. 2.24. Cxembl MOAYNPOBOAHUKOBbLIX Aa3epoOB, BO30YXAAEMbIX IAEK-
TPOHHbBIM MY4YKOM: @) C Nonepe4HON HakayKoi; 6) C NPOAOAbHOM HaKa4Kow
(1-# BapuaHT); B) C NPOAOABHOM HakaukoWH (2-i BapuaHT)

SHHUH, YTO IPUBOAUT K YMEHbIIEHHIO K03 dHUIMEHTa YCHIEHUA U,
Kak CJIeJCTBHE, K IOBBIIIEHHIO IIOpora reHepanuu. MHorue no-
JIYIIPOBOAHHMKOBbIE MaTepHa/Ibl TeHEPUPYIOT JIadepHOe U3JIyYeHHe
JIMIIb [P ZOCTATOYHO HH3KMX TeMIepaTypax. Tak, apceHup rai-
ausa Tpebyercs obbraHo oxuaxzaats A0 80 K. Cynpbua kagmus
M CeJIEHH/I KaIMHUA OXJIAKAAIOT B OT/IeJIbHBIX CJTydadx o TeMIllepa-
TypBI xuakoro resus (1o 4,2 K).

Pazjipuaror ABa THIIA [IOJIYNPOBOAHHUKOBBIX JIa3epOB, HAKa4H-
BaeMbIX 3JIEKTPOHHBIM IIyYKOM — JIa3ephl C NOnepeyHoll Hakaukoil
U ¢ npodoabHoll Haxaukoil. B 1a3epax nepBOro THIIA 3JIEKTPOHHBIH
Iy4OK W TeHepHpyeMOe U3JIydeHHe DAacIIPOCTPAHSIOTCA BO B3aHM-
HO NEPNEeHAUKY/IAPHbIX HanpasyeHusaX. IIydoK 3/1eKTPOHOB NazaeT
HOpMaJIbHO Ha OZHY M3 I'paHel MOJIyIPOBOAHMKOBOIO KPHCTaIA,
uMeroero GopMy NpsAMOYTOJIBHOIO Hapasulelenunesa; ABe Apy-
IUX TPOTHBONOJIOXKHBIX I'PaHH 3TOrO Napajulejienunena OTIONH-
POBaHbI K IIPEeACTABAAIOT OO0 3epKajla ONTHYECKOTO Pe30HaTopa
(puc. 2.24 a).

B s1azepax ¢ mpoAosIbHOHM HaKauKoil (Ha3bIBaeMBIX TAKXkKe /Aa-
3epaMmu C U3AYHAWUM 3epKanom) B KadecTBe 3epKaJl pe3OHa-
TOpa HCHOJIB3YIOTCS HE TPaHU IOJIYIPOBOAHMKOBOTO KPHCTaJLIA,
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a BHEIHHMe 3epKajia. AKTHUBHAA CpeAa B TaKMX Jlazepax MpeAcTaB-
sifeT coboil TOHKHIH I0i HOJYNPOBOJHUKA, HAHECEHHBIH HA IIPO-
3pavHyI0 NMOAJIONKKY C XOporuel TenoNpOBOAHOCTHIO (HanpuMep,
Ha IUIACTHHKY U3 candupa). Ha puc. 2.24 6 nokasaHa cxema Jiasepa
C MPOXOJILHOM HaKa4YKOMH, Iie HanpaBJieHHUe 3JIEKTPOHHOTIO IyJKa
COBIaZAeT ¢ OChI0 pe3oHaTopa (1, cenoBaTebHO, C HallPaBJIEHHEM
reHepHpyeMoro uaaydenus). B cxeme Ha puc. 2,24, 8 3/IEKTPOHHBIN
IIy4OK NafaeT Ha MPUHYAUTEIHHO OXJIaXJAeMBbIH IOJIYIPOBOAHM-
KOBBIH CJIOM 1104 HEKOTOPHIM YIVIOM K OcH pesoHaropa, IIpume-
HEHHE CXEM C NPOJOJIbHOH HAKAa4YKOH MO3BOJIAET YIYyUJIINTh OTBOA
Terna oT MOJIYIPOBOAHHUKA M yBEJIMUHUTH ero pabounii o6bem.

Jlazep na cynpduge xagmusa (CdS) remepupyeT H3IydeHHE
¢ A = 0,49 mxm; KITJl sazepa pasen 25 %. IIpu oxnaxkaeHHH
NoJTynpoBoAHKKa /10 4,2 K noporosast INIOTHOCTh TOKA COCTABJIAET
0,08 A/cm?, a mpu oxnaxzaerun a0 80 K — 0,4 A/cm?. Dueprus
9JIeKTPOHOB Iyyka — 60 kaB.

BhIpokaeHHBIE 71 -IIOJYNPOBOAHMKH M P-TIOJIYIIPOBOJAHH-
ku. JI0 cuX Mop paccMaTpUBaINCh YKcThle (GecnprMecHble) 1oJy-
IpoBOAHUKH. BHeceHHe B MOJTyTIPOBOAHHUKOBBIH KPHUCTA/LT TEX WK
HHEBIX npumeceti CyIECTBEHHO M3MEHAET ero cBoiicrsa. IIpumecn
ObIBAIOT pasHble. ATOMBI OJHMX NpHMeceH JIerKO OTAAlT B 30-
Hy IIPOBOZIMMOCTH KPMCTA/LJIa MO OJHOMY M3 CBOHX 3JIEKTPOHOB
(OoHopHble pHMecH); aTOMBI APYTHX IIpHMeceH, HalIDOTHUB, 3aXBa-
TBHIBAIOT 110 OZHOMY U3 3JIEKTPOHOB, KOTOpbIe GbLIH 06061mECTRIIE-
HBI KPHCTA/UIOM H HaxOAWINCh B BAJIEHTHOM 30He (axyenmopHble
IIPAMECH).

B 5HepreTueckoil cxeme IPUMECHBIM aToMaM COOTBETCTBYET
BHepreTHJecKU YpoBeHs (Tak HasbiBaeMblil npumecHblil yposeHs),
pacrioslaraiouuiics BHyTpH 3anpelleHHo# 3oHbl. Ha puc. 2.25 a
NpeACTaB/IeHa CXeMa JUIA TIOJTYIIPOBOAHHKA € IOHOPHOH IPAMECHIO.
TIpuMecHbIif ypOBEHb HAXO[UTCA B 3alPEIEeHHON 30HE Ha paccTo-
auuu AF oT HHXKHEro Kpas 30HBI NPoBoANMOCTH. Paccrosnue AFE
umeet nopagok 0,01 3B, T e. npumepHo B 100 pa3 mMeHblIe K-
punnt E, 3anpemeHHoit 30HEL. Masocte AE o3HayaeT, YTO OAHH
M3 BJIEKTPOHOB IIPHMECHOTO aTOMa BechbMa ¢/1abo CBA3aH C aTOMOM
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Puc. 2,25, DHepreTyeckme Cxembl AAsl MOAYNPOBOAHUKOB
C AOHOPHBIMKU (2-MOAYNPOBOAHMK) (@) M C aKULenTOpHbIMK
(p-noaynposoaHuk) (6) npumecamm

(AF xapakTepusyeT BeJIMUYUHY SHEPIHH CBA3H), TOTOMY HOCTATOY~
HO He0GOoJIBLIOro TEIJIOBOro BO30yXKIeHHs, U4TOOBl 3TOT 3JIEKTPOH
IIOKHHYJI aTOM, T. €. COBEPIIHJI KBAHTOBBIH NT€PEX0/ C IPHMECHOTO
ypOBHA B 30HY nposoaumoctd. IIpexncrasum cebe, uro Temmnepa-
Typa NOJIYIIPOBOJHUKA € JOHOPHOI IIPHMeCHIO ITOCTENIEHHO pacTeT
Hauunas ot 0 K. [Tockonbky AE < Ey, To cHauana 6yayT mpouc-
XOIHUTh NEPEXOJBl NPUMECHDIL YposeHb — 30HA nposodumocmu,;
NIEPEXO/OB € 3JIEKTPOHOB U3 BAJIEHTHOH 30HBI B 30HY NPOBOAH~
MOCTH (MeXAy30HHBIEe IIepexo/ibl) nNpakTHyecky He Gyaer. OGBIYHO
yKe Ipu Temneparypax okosio 20—50 K npumecHsIit ypoBeHb, Kak
NPHUHATO FOBOPHUTH, UCMOWAEMCS: 9TO 3HAUMT, YTO BCe IPUMECHEIe
aTOMBI yXe OTJaJIH N0 OAHOMY 3JIEKTPOHY B 30HY IIPOBOJAHMMOCTH,
Ecnu KOHIEHTpauus npuMecedl B [OJIyIPOBOAHMKE JOCTATOYHO
BhIcOKa (He MeHee npumepHo 10'8 cm~3), To npu paccmarpuBae-
MBIX TEMIIEPATYypax B HEM peajiu3yeTcs BHIPOXKIEHHE IO 3JIEKTpO-
HaM OpoBOAKUMOCTH. Takoi MOIYyIIPOBOAHHK HA3bIBAIOT 8bIPONCOEH~
HbIM N-NOAYNPOBOOHUKOM.

Ha puc. 2.25 6 npeacrasseHa cxeMa Il HOJyNIPOBOAHHUKA
C aKIenTopHoH mpumechio. JIOCTATOYHO HeGOJIBIIOro TEINJIOBOrO
BO30ykAieHHUs, YTOOBI 3/IEKTPOHEI M3 BAJIEHTHOH 30HBI COBEpLIH-
JIM TIepexoJ Ha NPHMECHBIN ypOBEHb. YPOBEHb HacCBILIAETCA yxKe
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upu temneparypax 20—50 K. IIpu 3ToM B BaJleHTHO! 30He BO3HHK-
KaeT onpezeseHHas KOHIEHTPaIKs AbIPOK, KOTOpas Moxer obec-
NeYuTh BBIPOXKIEHHE 1O AbIpKaM (IIPH KOHIEHTPAIlMH NPHMECH
He Menee 108 cm~3). Tako# nOMyIPOBOAHUK Ha3BIBAIOT GbLPONC-
O0eHHbIM P-NoAYNPOBOCHUKOM.

HH:KeKIMOHHBbIE J1a3epshl. [ cO3AaHNA WHBEPCHH 3acesieH-
HOCTel B MOJIyIPOBOAHUKOBOH aKTHBHOM Cpeie MOXHO IIPDUBECTH
B KOHTaKT APYT C ZPYIOM /[Ba BBIPOKACHHEIX IOJYIPOBOJHHKA
pa3Horo Tumna (n-noJynpoBOAHHK

H P-TIOJIYIIPOBOAHHUK). Tako# KOH- g

TaKT Ha3bIBAIOT P—N-NEpexoooM. | | 7 1

TIPHWIOKHM K p—n-TIEPEXONy dIIeK- | [= - 2

TPHYECKOE HalpsiKeHHEe TaK, Kak >
IIOKa3aHo Ha puc. 2.26 a. ITojx aen- * :M%/b F

CTBHEM IIOJIA 3JIEKTPOHBI IIPOBO- a) 6)

AUMOCTH H3 N-TIOJYIIPOBOAHHUKA
ﬁym MHXKEKTHPOBAaThCA B obs1acTh Puc. 2.26. MHXeKLUMOHHHIA Aa-
p—n-TiepexoAa; OAHOBPEMeHHO B  3€P: a) NPUHUMNUAABHAA CXeMa
3Ty e obmacth GyAyT WiskexTH- A23€Pd 6) BHeWwHUI BUA Aa3e-
pa (1 — p-nNoAYNPOBOAHKK; 2 —
POBATBCA JIbIPKH M3 p-TI0JIyNIPo- n-NOAYNPOBOAHWK; 3 — MeTaA-
BoAHuKa. B 06nacTi p—n-mepexo- 00 e KOHTaKTbl; 4 — M3AY-
Ja OyayT TMPOUCXOAMTD ITE€PEXObI yeHve Aasepa)
3JIEKTPOHOB U3 30HBI IPOBOANIMO-
CTH B BJIEHTHYIO 30HY (peKoMOMHaIHA 3/IEKTPOHOB IPOBOANMOCTH
H JBIPOK), Ha KOTOPHIX IPH HAIMYHHN OIITHYECKOTO pe30HaTOpa MO-
et GBITh peayIn30BaHa JIa3epHas reHepanus.

TakoB NPHHIHKN AEHCTBHA IOJYIPOBOAHMKOBEIX JIa3€POB, Ha-
3BIBAEMBIX UHICEKYUOHHbIMU aa3epamu. Hanbosee mIMpoko npH-
MEHAeTCA MIDKEKIMOHHBIN Jladep Ha apceBuje rawmsa (GaAs).
BBIpOXKIEHHBIH 7-IOJIYIIPOBOAHUK IOJy4aeTcs NpH BHECEHHH B
apCeHHJ ra/Ulus NPHMECH Te/UIypa; KOHLEHTPaLUsA NpUMecH —
(8-5)-10!® cm~3. BuIpoxKAEHHDIH P-TIOTYIPOBOAHMK [OIY4aeTCH
npy BHeceHUH B GaAs MpHMecH LINHKA; KOHIEHTPALUA IPUMECH —
10'® cm~3, Tenepanus oCyIeCTRIAETCS HA JTMHAX BOJIH OT 0,82 MKM
a0 0,9 MxM (uH(paKpacHOe H3NydeHue).



110 Inaea 2. Tunwi nasepos

WMHXeKIMOHHBIH Jlazep Ha apCeHMJe TayInsd MOKa3aH Ha
pHc. 2.26 6. BugHo, YTO 3epKaslaMH ONTHUYECKOTO Pe30HATOpa CJIy-
3KaT OTIIOJIMPOBaHHbBIE 'PAHM KPHCTa/U1a, OPHEHTHPOBAaHHEIE Tiep-
NEHAMKYJIAPHO K IIOCKOCTH, IO KOTOPOH KOHTaKTHPYIOT ApYT C
APYTOM N-TIOJyIIPOBOAHMK ¥ P-TIOMYIIPOBOAHMK (ILIOCKOCTH p—
n-nepexofa). VHXEKIMOHHBIH Jlasep OTJIMYAETCA CBOEH MHHU-
aTIOPHOCTBIO: JIMHeHHbIe pasMepbl IpaHell IOJIyIPOBOAHUKOBOIO
KpHUCTaJula cocTaBAloT Bcero 1 M. TonmuHa uanyqaromei obia-
cti (obnacTu mepexosa) paBHa BCero JIMIIb 2 MKM. MOIIHOCTB
TEeHEpHPYEMOT0 M3JIydeHHMA TAaKoro jasepa — mnopsagaka 10 MBr
B HENPEPEIBHOM peXHMe, B MMITYJIbCHOM PEXHME OHa JJOCTHTAeT
100 Bt. HanGosbmre MOLIHOCTH PEAM3YIOTCA IIPH OXJIAKACHHN
70 4,2 K. Paspaboransl 06pasIisl, KOTOpble MOI'YT TeHEpHPOBATb
[IPH KOMHATHBIX TeMIepaTypax (MOIIHOCTh reHepaliy IpH 3TOM
CHIKaeTcs). HKeKIIMOHHbIE JIa3epPhl XapaKTEPU3YIOTCA BHICOKUM
KIT/l, xotopsiit moxeT pocturate 50-60 %.

2.12. Tunbl ONTHYECKUX pe30HaATOPOB

Ms=1 PaccCMOTPEJIM THUIIBI J1a3€P0OB, pa3jiHYyarIuecs aKTHBHBIMH

CpeaaMHu H cniocobamu Hakaykd., Bo Bcex aTHX Jia3cpax MOryT uc-
IOJIb30BaThCA Pa3HbIC THITBI ONITHYECKUX PE30HATOPOB.

JInHelHbIe ¥ KOJIbIEBbIE Pe30HATOPHI. [Ipexze BCero onTH-
YyecKHe Pe30HATOphl NOAPA3NeNAITes Ha AuHellHble, Koabyesble,
usnomarHbie. B TMHeiHOM pe3oHaTOpe 3epKaja PacloJIOKEHb! Ha
OAHON mNpsAMOH, ABnaAmeiics obmel ONTHYECKOH OCBI0 3epKas
(oce pezonartopa). B xoyp11eBOM pe30HATOpEe CBETOBOH II0TOK IUp-
KyJIUPYET 110 HEKOTOPOMY 3aMxHymomy xonmypy. O6b14HO 3TO-
TO AOCTHraioT, UCHOJIB3YA CHCTeMy M3 Tpex (wim Gosee) sepkal,
COOTBETCTBYIOLIMM 06pa3oM pacHo/IokKeHHBIX JPYT OTHOCHTEILHO
apyra (cM. puc. 2.27 a). Bo3aMoxeH, OJHaKO, M AByX3epKaJbHbIH
KOJIbIEBO# pesoHarop (cM. puc. 2.27 6). UTo KacaeTcs H3IOMaH-
HBIX PE30HATOPOB, TO OHH MOTYT PacCMaTPHBATLCA KaK MoguduKa-
LKA JIMHEHHBIX PE30HATOPOB, B KOTOPHIX ONTHYECKAs OCh ABJIAETCH
He NpPAMOli, a4 H3JIOMaHHOH JIMHHEH.
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Puc. 2.27. KoAbueBoii pe3oHaTop: a) Tpex3epKkaAbHas
cxema; 6) AByx3epKkaAabHas cxema (AD — aKkTUBHLIN
IAeMEeHT, a@ — yroa bpiocTepa)

Jlo cHX mop pacCMaTpUBAJIMCh TOJILKO JIMHEHHBbIe pe30HaTo-
PhI, B nasnpHelimeM Takoke QakTHUECKH OTPAHHYHUMCA TOJIBKO UMH.
KoJiblieBbIE M M3/IOMaHHEIE PE30HATOPHI MOABATCA JIMIUD IIPH pac-
CMOTPEHHH HEKOTOPBIX CIIEI{HAILHBIX BOTIPOCOB.

YcroiiuuBbie M HeyCTOHYMBLIE PE30HATOPHI; AUarpaMmma
ycroMunuBOCTH, ONTHYECKMIl Pe30HATOp HA3bIBAIOT Yycmoluu-
8biM, eCJIH OH crIocoGeH yAep KHBaTh BOJIN3H CBOElH 0CH ONITHYECKOe
U3JIyyeHHe; B IPOTHBHOM CJIyuyae Pe30HATOD HA3bIBAIOT Heycmoil-
YUuBbM. YCTOHUHUBOCTh PE30HATOPA 3aBHCHT OT €ro 2eoMempuu —
¢opmnul 3epkan (IUIOCKHME, BOTHYTbHIE, BBITYKJIblE), COOTHOILEHHA
MeXIy AJIMHOH pe30HaTopa ¥ paAuycaMu KpMBH3HBI 3epkas. Ove-
BHAHEIH NpUMep HEyCTOHYHBOTO pe3oHaTOpa — pe3oHarop, o6pa-
30BaHHBIH ABYMs BBITYKJIBIMH C(PepHUECKHMH 3epKajlaMH.
BBeneMm ciefyiomupe napaMeTpsi:

L L
Q= 1 rl’ g2 = 1 7'2’ (2-1)
rge L — piuHa pe3oHaTtopa; r; — pajdyc KPHBH3HBI, HaNpUMep,
JIEBOTO 3epKajia; Ty — Paauyc KPHBH3HBI NpaBoro 3epkasia. Ecym
3epKaJo IUIOCKOe, TO 1A Hero 1/r = 0. JIna BorHyToro cdepHye-
cKoro 3epkaia r > 0, a s seimywioro r < 0.

"~ IlpoBeaeM Ha IUIOCKOCTH JBe KOOpPAHHATHBIe ocH. ITo ogHoMH
OTJIOXKUM 3Ha4YeHHA NapaMeTpa gi, a o Apyrol — napamerpa gz.
Kax1oMy KOHKPETHOMY PE30HATOpy COOTBETCTBYeT Ha 3TOH ILIoC-
KOCTH OnpeaejieHHaA TouKa. U3 Teopuu pe3oHATOPOB CeAyeT, YTO
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pe3oHaTop OKa3bIBaeTcs YCTOHYMBBIM TOTZa, KOTZa €ro napamer-
PHL g1 ¥ gz YAOBJIETBOPAIOT YCJIOBHIO

0<g192< 1. (2.2)

% ﬂ TakuM pe3oHaTOpaM Ha ILIOCKOCTH
(g1,g2) COOTBETCTBYIOT TOYKH, Jie-

o5 ’Kall[Me BHYTPH WIH Ha rpaHuue o6-

JIaCTH, KOoTOpad Ha puc. 2.28 3aITpu-

// XOBaHa. YKa3aHHEIH PUCYHOK Ha3bl-

BaIOT duazpammoil ycmoiivusocmu

PEe30HaTOPOB.

-1 Touka A Ha zuarpaMme ycToi-
YHUBOCTH COOTBETCTBYET PE30HATOPY;,
06pa30BaHHOMY AByM# IVIOCKHMH 3ep-
Kajlamu (naockonapannenvHblii pe-

Puc. 2.28. Auarpamma 30HaTOp); I Hero 1/ry =1/rp =0
YCTOWYUBOCTU PE30HATOPOB H, CJIefioBaTensHo, g1 =1, ga = 1.
: Touxka Ha fUarpaMme, coBNajaIas

C Ha4aJIoM KOODJAMHAT, COOTBETCTBYET TaK Ha3bIBAEMOMY KOHGHO-

KaAbHOMY Pe30HATOpy. ITO eCTh Pe30HaTop, 06pa3oBaHHBIN AByMSA

OJMHAaKOBLIMH BOTHYTBHIMH 3epKajslaMH, paiychl KpHBH3HBI KOTO-

PbIX PaBHBHI JUIMHE PE30HATOpa: r; = r; = L W, CJEN0BATENbHO,

g1=0,92:=0.

KondoxkanbHelii pe3oHaTop. [IpakTHyeckH BaXKHBIM IpHAMeE-
POM YCTOHYHMBOIO pe30HaTOpa MOXET CJIYyKHTb KOH(OKAJIbHBIH
pesoHaTop (cm. puc. 2.29). IIpsAMBIMH CO CTpeJIKAMH Ha PHCYH-
Ke NTOKa3aHbl HECKOJIBKO CBETOBBIX JIydell BHYTpH pe3oHaTopa. Bee
cBeToBble Jiyud (KaK NOKa3aHHble Ha PHUCYHKe, TaK H He IOKa-
3aHHBIE) COCPeZIOTOYEHBI BHYTpH o6siacTH, 60KOBasA INOBEPXHOCTDH
KOTOpO# npezcrasser coboit runep6oIouz BpalleH:us BOKPYT OCH
pesonaropa. LIITpruxoBble KPUBEIE €CTh CeUEHHE STOH NOBEPXHOCTH
IJIOCKOCTBI0 DHCYHKA. YKa3aHHYIO IOBEPXHOCTb HAa3bIBAIOT Kay-
cmuyeckoli Wiy, pole, Kaycmuxoii.

CaeToBOI IMyuoK BHYTPH KOH(GOKAJIBHOTO pe30HaTopa 3aIoJi-
HAeT 06beM, OrpaHHMYEHHbIH KayCTHYeCKOH MOBEPXHOCTHIO. [Tome-
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Puc.2.29. KoHdpokaabHbIA pe3oHaTop (3awTpuxosaHa o6AacTb,
3aHATasl MOAEM U3AYYEHUR BHYTPU pe3oHaTopa)

peuHoe ceueHHue MyIKa, B KOTOPOM OH HMeeT HauMeHBINHH paanyc,
Ha3bIBAIOT CEYEeHUEM Nnepemsdycku mydyka. Ecim anepryphsl 3epkan
pe3oHaTopa OAMHAKOBBI, TO MEPETsHKKAa HaXOAUTCA CTPOTO Iocpe-
[AWHE pe30HaTOpa; B TOM (JIyyae DaJIHyC MepPeTsKKHU MydKa

AL
=4/ — 2.3
Po o ’ ( )

rae A — JJIHHA BOJIHBI HU3JIyYEeHNA. Pa,unyc CBETOBOrO IIATHA Ha 3€p-

KaJjie pesoHaropa
[AL
p= ? = po\/ﬁ. (2.4)

Ucnoneays 3epkayia pa3Ho# anepryphl, a Takyke BBOAA JHa-
¢parMy BHYTph pe30HaTOpa, MOXKHO YIPaBJATh I10JI0KEHUEM IIe-
PeTMKKHN CBETOBOTrO Iy4Ka, nepeMeas 3To cedueHue 110 Hanpassie-
HUIO K TOMY WIH APYTOMY 3€pKaJy.

IIpumevanue. Pasymeercs, y CBETOBOTO ITyuKa HET CTPOTO ONpefie-

JICHHOH rpaHMYHON MMOBEPXHOCTH. KaycTHueckas ImMOBEPXHOCTb Orpa-

HHYMBaeT 00beM, 3aHATBIH IYYKOM, B TOM CMBICJE, YTO BHE 3TO-

ro oGbeMa WHTEHCHBHOCTh CBETOBOTO ITydYKa OueHh OhIcTpo crnazjaer

10 Mepe YJaJIeHUA OT OCH Pe30HATopa.

HeycroiiuuBbIii pe3oHaTOp Tejieckonuyeckoro Tuna. [Ipume-
POM HEyCTOHUMBOrO pe30HaTopa MOXeT CJIYXKUTh MOKa3aHHBIN Ha
puc. 2.30 pesoHaTOp meseckonuveckozo muna. OH NOKa3aH BMe-
CTe C IOJIHOCTBIO 3aIIOJIHAIONIEH ero akTUBHOH cpefoii. Pe3oHaTop
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Puc. 2.30. HeyctoluusbIf pe3oHaTOP TEAECKONMUHECKOro Tuna:
fi n fa — dokycHble paccTosHus 3epKaa; Touka A — 06w oKyc 3epkaa

o6pa30BaH BOTHYTBIM 3€DPKaJIOM, Y KOTOpOro r; = 3L, M BBINyK-
JIBIM 3epKaJioM, y KOTOoporo |rz| = L. Jlerko BUAETh, uTo 06a 3ep-
Kaja umeror obmuit dokyc. [l paccMaTpuBaeMoOro pe3oHaropa:
g1 = 2/83, g2 = 2. EMy COOTBETCTBYeT Ha AuarpaMMe YCTOHYHBO-
cru (puc. 2.28) Touka b.

IMone u3y4eHHA BHYTPH PE30HATOPA TeIECKONUYECKOTO THIIA
€CTb CYTIEPIO3HUIIAA NA0CKOL ¥ clfepuneckoil cBeTOBBIX BOJIH. TTmoc-
Kas BOJIHA PAcIpPOCTPaHAETCA OT BOTHYTOrO 3epKajla K BBITYKJIOMY,
a cpepuueckas — OT BBIIYKJIOrO K BOTHyToMYy. COOTBETCTBYIOLIHE
3TMM BOJIHAM CBETOBBIE JIy4YH INOKa3aHbl HA PHCYHKe NPAMbBIMH
JIMHUAMH cO cTpesikaMu. Ob6a 3epkajia ABJIAIOTCA IOJHOCTBIO OT-
paxarlKuMH. BrIBoA HM3/ydeHHA M3 Pe30HaTOpa OCYIECTB/IAETCA
TaK, KaKk [I0Ka3aHO Ha PHUCyHKe (Tak Ha3blBaeMblil K01bYyesoil cno-
co6 BbIBOZIA M3JIyYE€HHA H3 Pe30HATOpa).

I'maBa 3

YupasiieHue
HA3JIyYEHUEM Jiazepa



Jleknusa gecsitas

s NpakTH4eCKOro NpPHMEHEHHS JIa3epOB HeoGXOAHMO yMeThb
YIIPaBJIATH JIa3epHBIM JIYYOM — OTKJIOHATH €r0 B IIPOCTPAHCTBe,
pacuieniATh, PoKycHpoBaTh Ha MuIileHb. OHAKO BOIIPOCH! YIIpaB-
JIEHVS! JIA3€PHBIM H3JIyYeHHEM 3THM He HCYepNbIBaloTCsA. B mmpo-
KOM CMBICJIE YTIPaBJIEHHEe H3JIydeHHeM Jiasepa MpeAnosaraeT nojy-
YeHHe H3JTyUeHHs C ONpeJieJIeHHBIMH WX IIepecTpanBaeMbIMHU B Ka-
KOM-TO JHana3oHe 3HAYEHHUI CnexmpaibHubMU, IHepeemuyecKu-
MU, BDEMEHHbIMU ¥ NPOCMPAHCMBEHHbIMU XAPAKMePUCMUKaMU.

Ilpu paccMOTpeHHMM BOIPOCOB, CBSI3aHHBIX C YIIPABJIEHHEM
JIa3epHBIM H3JIyUeHHEM, CJIeyeT pasjIn4yaTh sHepe3oHamopHoe U
8HYMpupe3oHamopHoe yrnpasjenue. B nepsom wiyuyae ocymiecTs-
JIAeTCA TO WIH MHOE BO3JeiCTBHE Ha H3JIyuyeHHe YXKe IOCJIe TOTo,
KaK OHO IOKWHYJI0 Pe30HATop Ja3epa. Bo BTopoM ciydae onpe-
JieJIEHHBIM 06pa30M BO3JEHCTBYIOT Ha CaM IIPOLeCC TeHEpalHH.
CHauama pacCMOTPHM BOIpOCH!, OTHOCAINMECH K BHYTPHPE30Ha-
TOpHOMY ymnpasyeHuio (§ 3.1-3.5), a 3aTeM mepeiiieM K BHEpe30-
HaTopHOMY ympasJyieHuio (§ 3.6-3.8).

3.1. BHyTprpe3oHaTopHOe ynpasAeHHe
CNEKTPaALHLIMHM XapaKTePHUCTHKaMM

IIpexxzae Bcero OTMETHM, YTO CNIEKTPAJIbHEIE XapaKTEPHUCTHKH U3JTy-
YEHHs ONpesiesIATC BEIOOPOM aKTHBHOMH Cpeibl. AKTHBHEBIE I[€H-
TPbl XapaKTEPHU3YIOTCH TOH WJIM MHOM CHCTEMOH SHEPreTHYECKHX
YPOBHEH H, KaK CJIe[ICTBHE, OIpeZieJIeHHBIM HabopoM reHepupye-
MBIX CIIeKTPJIbHBIX JIMHUH, VICNoJIb3ysa pa3/IMyHbIe THITHI JIA3€POB,
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MOXKHO MOJYYUTb KOI'ePEHTHOE H3JIydYeHHe, B NpUHNUIE, JI060H
JUIMHBI BOJIHBI, B AManasoHe npuMepHo ot 0,1 no 100 MxM u BeILIe,

ToBops 00 ynpaBjieHHHU CIEKTPaJIbHBIMH XapaKTEPHCTUKAMU
J1a3epHOTO M3JIydeHus, OyaeM paccMaTpHBaTh BO3MOXKHOCTb BO3-
JeHCTBHA Ha 4acTOTy H3JIyueHHs NOCJIe TOro, KaK BhIGpaHBI THN
Jlazepa ¥ KOHKpeTHas akTHUBHas cpeza.

Kasanocs 61, cyniecTByer npocToi criocob BO3AIeHCTBIA Ha CIIEK-
TPaJIbHBIE XaPAKTEPHCTHKHU HCITYIIIEHHOTO0 J1Ia3epOM HU3JTydeHHUs], TPeA-
TMOJIaTAIOIIMI MCII0JIE30BAHHE PA3/IMYHOTO poZia (pUILTPOB, KOTO-
pble npomyckaau Obl H3JIydeHHe JIMIIb B ONpEAEJIEHHOM JHana-
30He JUIMH BOJIH. OfIHAKO 3TOT €noco6 MaJIOHHTEPECEH, TaK Kak
cBA3aH ¢ GOJBIIMMY IOTEPAMH CBETOBOH MoufHOcTH. Ha mpaktu-
Ke [IPE/INIOYHNTAIOT YIIPaBJIATH CHEeKTPAJIbHBIMY XapaKTEPUCTHKAMH
H3JTy4eHHs], TPUMEHAA BHYTPHPE30HAaTOPHBIE METOABI, T. €. BO3-
JeiicTBys Ha mpollecc reHepanuu. BMecTo Toro 4robbl «0TCEKaTh»
CBETOBYIO0 MOILI[HOCTb, M3/Iy4Y€HHYI0 Ha «HEHYXHBIX» JUIMHAaX BOJIH,
TIPEANOYHTAIOT N103a00THTHCA 0 TOM, YTOOBI HA HHUX U3JTyYeHHE I10-
IIPOCTy He IreHepHUPOBAJIOCH.

ITopasaeHne HezkeJaTebHBIX pabouuX NMEPexXofoB. Y ak-
THBHOT'O IIeHTpa UMeeTCA, KaK IPaBWIO, HECK0AbKO pabouux nepe-
x0008. Bo MHOTHX CJIy4yasX JKeJlaTeJbHO, OAHAKO, YTOObI reHepa-
M IIPOUCXOAWA JIMINL Ha KAKHUX-TO OINPENENIEHHBIX IEpPEeXoax
WU Ja)ke Ha KaKOM-TO OAHOM mnepexoge. Ha ocTasbHbIX pabounx
nepexoiax reHepanusa He JOJKHA BO3HUKATh; 3TH NEPexoAbl, KaKk
TOBOPSAT, AOJ/KHBI OLITH N00A6/1€eHb.

B xavecTBe npuMepa BO3bMEM IeJIHii-HEOHOBBIH J1azep. ATOMBI
HEOHA UMEIOT TPH OCHOBHBIX Pab0YHX Nepexoia: MM COOTBETCTBYIOT
AuHb BosiH 3,39, 1,15 1 0,63 MxM (cM. puc. 2.12). HavanbHbI#
K03 HIMEHT yCHIEHUsA pPacTeT B JAHHOM (JIyyae C yBeJIHUEHHEM
IUIHHBI BOJIHBI. B TO e BpeMs resivii-HEOHOBBIH Jla3ep HCIOJIb3Y-
10T OOBIMHO KaK HCTOYHHK KpacHoro uanaydenus (0,63 mxm). Uro-
66! MpexOTBPaTUTh TNeHepalyio Ha nepexogax 3,39 u 1,15 MKM,
IPUMEHAIOT CllelMaIbHble CeJIEKTHBHEBIE OTPayKalollliie HOKPHITHA
3epKaJsl pe3oHaropa. B pesysipraTe reHepalus peaausyercsl TOJbKO
Ha nepexoje, OTBevyaroueM JyinHe BoaHel 0,63 MkM.
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ILraBHasa nepecrpoiika JJIMHEBI BOJHBI, Kak y)ke 0TMe4yasoch,
JUIS 1a3€pOB Ha OPraHWYEeCKHUX KPaCHUTEJIAX XapaKTepHa JOCTaTou-
HO UIMPOKaA JIMHKA JioMUHecneHnuu (okoso 0,1 Mkm). 3ameTum,
YTO TaKOM ke MOPAAOK MOXeT MUMeTh IUHMPHHA JIMHUH JIIOMUHEC-
IIEHIIUH U B JIa3epax Ha CKaThIX rasax (B 3/IEKTPOHMOHU3AIMOHHBIX
snasepax). B Takux s1azepax MOXHO OCYIIECTBJIAThH IUIABHYIO Ile-
pecTpoiiKy ZUIMHBI BOJIHBI FeHEPUPYEMOTO M3JIy4eHHUA B Ipeaesiax
[UAalla30Ha, ONpeAeIsAeMOro MUPHHOH JIMHIY JIIOMHUHECIEHIINH.
YroObl peasn30BaTh IUIABHYIO NEPEeCTPOHKY JUTHHBI BOJIHEI,
B PE30HATOP BHOCAT OUCNEPCUOHHYIO NPUSMY WIH 3aMEHAIOT NOoJI-
HOCTBIO OTP@XKaIOILlee 3ePKAJI0 Pe30HATOpa ompascamenvHoll ou-
dpaxyuonnoll pewemyoil. PaccMoTpuM nmoapobHee BADHAHT C IIPHU3-
Moii. [IpeanosokyuM, YTO Ha IPU3MY NTafjaeT HalpaBJIeHHBIHN JIyY,
B KOTOPOM TIpeJCTaBJIeHb! /IBE AJIMHEI BOJIHBL: A; H Ag; 32 NIpU3MOH
HaXOAHWTCA IJIOCKOe oTpaxkaiomiee 3depkano (puc. 3.1 a). Ilpoins
CKBO3b IIPHU3MY, CBETOBOH JIyu paclIenHTCsA Ha JBa JIy4a, KaKAoMYy
M3 KOTOPBIX OyZeT COOTBETCTBOBaTh ONpeAesieHHas JJIMHA BOJIHBI
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Puc. 3.1. Aasep na kpacuTeae C NAABHO NepecTpaMBaeMoin AAMHOM BOAHbI:

1 — KIOBETA C KpacUTeAeM; 2 — M3AY4EHME HakKauku; 3 — BbiXOAHOE

3epKan0 pe3oHatopa: 4 — NpU3Ma; 5 — MOBOPAYMBAIOIIEECH 3EPKAAD;
6 — oTpaxareAbHas AUCPPaKLMOHHas pelueTka
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(cuTyanud, u3obpakeHHas HA PUCYHKe, OTBEYaeT CJIy4alo, KOraa
A1 < Az). Mamenss coorseTcTByOmMM 00pa3oM HAaKJIOH 3epKaja,
MOXHO 06uThest, 9TOOBI 100 MeEpBBIH, MO0 BTOPOH JIyd OTpa-
ajlcA OT 3epKajia CTPOrO Hasaj H, HPOHAs CKBO3b NpuaMmy (Te-
nepn yxe B 00paTHOM HalpaBJ€HHH), COBMEINAJICA C UCXOJHbIM
CBETOBBIM JIy4OM. 3epKaji0 OPHEHTHPOBAHO TAK, YTO CTPOTO Ha3af,
OTpaXkaeTcA Jiyd ¢ JUIHHOHN BOJIHBI A;. I3MeHUB HaKJIOH 3epKaia,
MOJKHO A06UTBCS, YTOOBI CTPOro Has3ak OTPAXKAJICH JIyd C AJTHHOH
BOJIHBI Ay (CM. IITpHUXOBOE M300paxKeHHe 3epKaja).

ITpenmnosoxKuM Tenepsb, YTO MpU3Ma BHECEHA B Pe30HATOP Jia-
3epa ¥ [TOBOpavyMBaIoIIeecs 3€PKaI0 UCII0Ib3YeTCs B KAYeCTBe I0J1-
HOCTBIO OTPaKAIOIIETO 3epKayia pe3oHaropa (cM. puc. 3.1 6). ITpu
JlaHHOH OpPHEHTAINH [TI0OBOPAYHBAIOIIErocs 3epKasia OyaerT, oueBuz-
HO, TEHEPHPOBAThCA Ta JUIHHA BOJIHBI, KOTOPYIO HMeEET JIyd, OTpa-
YKaeMbIH 3epKaJloM CTPOro Hasaj. DTOT JIyd yAep>KHUBaeTcsA BHYTPU
pe3oHaTopa, MHOTOKPATHO ITPOXO/S Yepe3 aKTUBHBIN 3JIEMEHT, OH
YCHUJIMBAeTCA 3a CYET IPOLECCOB BBIHYXK/IEHHOT'O HCIIyCKAHUS CBe-
Ta. Jly4H ke ¢ APYTUMH JUIMHAMH BOJIH IIOCJI€ OTPAXKEHUS OT 3ep-
Kaja JOJDKHBI ObUIM OBl TYT K€ IIOKHHYTh PE30HATOp, MO3TOMY
Ha OCTaNbHBIX JJIMHAX BOJIH reHepalusA He pasBupaetcs. [1naBHO
NOBOpaYMBas 3epKano, MOXKHO TEM CAMBIM ILJIABHO H3MEHATD JJTH-
HY BOJIHBI U3JTy4€HHUs, TeHEPUPYEMOTO JIa3epOM.

Pasymeercs, MU 471 IPOCTOTHI TOBOPUJIOCH BhILIe 00 onpe-
JIeJICHHOM 3HaYeHUM JUIMHBI BOJIHBL B eHCTBHTE/ILHOCTH NMPU3Ma
Y IIOBOpavYMBaollieecs 3epKaio o0ecneunBaloT BCAKUH pa3 reHepa-
IIHIO He ONIpeZie/IeHHOM JUTHHBI BOJIHBI, 8 HEKOTOPOH cnexmpansHoll
AUHUU, LIMPYHA KOTOPOH cocrassger 1074-10"3 mxm. 3to mnpu-
MepHO B 100 pa3 MeHbllle IMUPHUHBI JIMHUY JIOMHUHECIEHIIVH.

ITosopauueas 3epkano, MOM}CHO NNABHO Nepemewams 2eHepu-
PYeMyio CneKkmpanbHylo AUHUI0 8 nNpedenax WUPUHbL AUHUU
NOMUHECYeHYuU.,

BMecTo npu3Msl 1 IOBOPAYMBAIOILErOCA 3epKajla MOXKHO HC-
N0JIB30BaTh OMpaXcameavHyr dugpaxyuonnyro pewemxy (cM.
puc. 3.1 8). Pemierka oTpaxaer o6paTHO B Pe30HATOpP H3JIyYEHHE,
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Iajallee Ha Hee oA YIyioM Audpakiuuu @, CBA3aHHBIM C JUITHHOIM
BOJIHEBI U3JIy4eHHsI A COOTHOIIEHHEM

2dsin@ = A, (8.1)

rae d — nepuoa pewerkd. ITpyu JaHHOM 3HaveHuH yria 6 (mpu AaH-
HOIl OpHEeHTallH pEUIeTKU B pe3oHarope) OyZeT reHepHpOBaThCA
H3JIydYeHHe ¢ AJIHHON BOJIHHI A, onpezesseMoit no ¢popmyne (3.1)
(ecstn, KOHeYHO, 3Ta JUIMHA BOJIHBI IOMNAZAeT BHYTPb JIMHHH JIIO-
MuHecneHnun). ITosopaunBas Au¢PaKUMOHHYIO PELIETKY, MOXHO
H3MEHATb YroJ § U TeM caMbIM IlepecTpPauBaTh JJIMHY BOJIHBI re-
Hepauuu.

O6paTuM BHEMaHHE Ha TO, YTO B PACCMOTPEHHBIX CJIy4Yasnx pe-
aJIu3yeTcs He TOJILKO IUIABHAS epecTpPoHKa JUTMHEI BOJIHBL. 37€Ch,
IIpeKJe BCEro, OCYLIECTBJISAETCA 3HAUMUTENIbHOE CYiceHue CIeKTpa
reHepUpyeMbIX IJIMH BOJIH, DTO Cy>XKeHHe NpoucxoauT Ge3 cyie-
CTBEHHOTO YMEHBILIEHUA BBIXOJHOH MOILHOCTH. Bmecro oTHOCH-
TEJIbHO IIMPOKOH U He CJIMIIKOM HHTEHCHBHOH JIMHHU JIIOMHHEC~
[eHIINH BHICBEYHBAETCA BeChbMa y3Kas JIMHUA, XapaKTepH3YIONas-
cA GO/IBIIOH HHTEHCHBHOCTBIO. ITH JiBe JINHUU Ka4eCTBEHHO COIO-
CTaBJIAIOTCA Ha puc. 3.1e2.

PesoHaTophI, MOKa3aHHbIE HA PHUC. 3.1 6 ¥ 6, HA3bIBAIOT cenex-
mueHbmu (0T TaTHHCKOTO Selectio — BbIGOD, 0TOOD). 3A€ECh BeAKUMA
pa3 peanusyercs ombop, WIH, KaKk Mbl TOBOPHWIH B § 1.5, abidene-
Hue ompeAesiecHHBIX (POTOHHBIX COCTOsSHHI. Briaensiores ¢oToH-
Hble COCTOSIHMA C SHEPrUAMHM, HaXOAAILMMUCA B IIpefesiax y3KOH
CIEKTPaILHOM JIMHUHY IIPH TOM WIH ZIPYTOM ee NOJIOKEHHH Ha IIN-
pHHE JIMHUH JIIOMHHecueHIHH. 1o cpaBHEHHIO ¢ OOBIYHBIMH, Ce-
JIEKTUBHbIE PE30HATOPBI IIO3BOJIAIOT OCYLIECTBAATE 60J1ee XKECTKYIO
H36HMpaTesIbHOCTD 11 GOTOHHBIX COCTOAHHM.

Cenrekiusa HEHTPAJILHOM MPOAOJIBHON MOABI 32 CUET YMEHb-
IIeHMA JJIUHBI pe3oHaTopa. Eure 6Gosbliee cyxkeHHe reHepUpy-
€MOH CIeKTpaJIbHOH JUHUM JOCTHTAETCA TOTAA, KOTAA BhIAEISAETCH
(cenexTHpyeTcs) eIMHCTBEHHAA NMPOJOJIbLHAA MOJa, T. €. KOraa re-
HEPHpYeTCA KaKasfa-To OJiHa K3 3aIUTPUXOBAaHHBIX HA pHC. 1,17 cnek-
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TPaJIbHBIX JIMHUH pe3oHaTopa. OGbIYHO CEJIEKTHPYIOT YeHmpaab-
HY10 NPOAOJBHYIO MOAY (LIEHTPIHHYIO CIIEKTPAIBHYIO JIMHHIO),

HanoMHuM, uTO MIMpHHA TaKOU JIMHHY, H3MepsieMast 110 IKa-
Jie yactoT (IUKMpHHA A, ), onpezenserca 1o gopmyse (1.56). ITona-
ras, 4ro A06poTHOCTD pe3oHaTopa @ = 10% u uto m1a A\g = 1 MM
uacToTa ¥p = 310 Ty (¥y = ¢/A¢), Haxoaum, uro Ay, ~ 10° Iy,
YT06B! OTYIHTh COOTBETCTBYIONYIO LIMPHHY AAp IO IIKaJle UTHH
BOJIH, HAJI0 BOCIOJIb30BAThCA COOTHOLIEHHEM

AlAv,

3.2)
Orcroaa HaxoAuM, UTO IMPUHA AAp, OT/IEJIbHOM IPOJIOILHON MOABI
uMeeT nopsagok 1075-10"6 mkm.

Hawubosee npocToii crioco6 cesieKnuy HEHTPAJIbHOM TPOAOIIb-
HOH MOJBI NpenoJiaraeT ymeHblieHue O0AuMbl pesonamopa. Co-
rnacHo (1.55), u3aMepsAeMoe IO IIKaje YacTOT PaCCTOAHHE MeX-
Ay COCeIHHMH NPOAOJBHBIMH MOJAMH OOPaTHO IPOMOPLHOHANb-
HO JUInHe pesoHatopa: Av' ~ 1/L. C yMeHbIIEHHEM JJIMHBI pe-
30Hatopa Av' Bo3pacraeT, cocelHHe IIPOXOJbHBIE MOABI KaK GbI
pas/BHUraoTcA. A NOCKOJIbKY HHTEHCHBHOCTb MOJ OTpaHH4Y€eHa JIN-
HHEeH yCHJIeHHA, TO TaKOe pasZIBUraHne MOJ MPHBOAHT K TOMY,
YTO MHTEHCHBHOCTb IEHTPAJIbHOH MOABI CTAHOBUTCS 3HAUUTENb-
HO 6oJsibllle MHTEHCHMBHOCTH cocefHHX MoA. Iloguumas cootser-
CTBYIOIIMM 06pa3oM ypOBeHb IOTepPb, MOXHO HCKJIIOYHTH IeHe-
palHIo 3THX COCEJHHUX MOJ.
Jns noscHeHusa oOpaTuMcs
K puc. 3.2. B nesoit noJio-
BHHE DHCYHKA [T0Ka3aHBbI JIH-
HHA YCWIEHHA U IPOJOJIb-
Hble MOABI JJI HEKOTOpOM
JUInHBl L pesoHaTOpa; mps-
mag AA — ypoBeHb IOTEDHb
B pe3oHarope. B mpaBoii o-  Puc.3.2. Ceaexuus LueHTpaAbHOW Npo-
JIOBHHE DHCYHKAa NOKAa3aHbl AOALHOW MOAbI 3@ CYET yMeHbLIeHMs
NMpoAOJIbHBIE MOZABI B CIy4ae, AAWMHbBI pe30HaTopa
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KOT/Jla JUIMHA pe30HaTopa yMeHbIIeHa BJIBOE [0 CPaBHEHHIO C HC-
XOZHO#; mpsAMas A; A; COOTBETCTByeT HOBOMY YPOBHIO ITOTEPS B pe-
30HATOpE.

JaHHbIA crocob cesleKIHK NEHTPaJbHOH NMPOAOJIBHOH MOABI
BBITOJHO OT/IHYAETCA OT APYTHX croco6oB cBoei npocroroit. K co-
JKQJIEHUI0, YMEHbIIeHHe JJIMHBI pe30HaTopa MMEEeT OTPHLATesIb-
Hble CTOPOHBI — CHHIKAeTCsl BBIXOJIHAsi MOIHOCTD, YBE&JIMUNBAETCH
pacxoxuMocTh H3ydeHHd. IToaTomy Gosiee MHTepecHB! criocobbI
CeJIEKIIHH, OCHOBAaHHbIE Ha MCIIOJIb30BaHUM PE30HATOPOB C JOIOJI-
HHTEJIbHBIMH 3€PKaJIaMH.

Cesreknusa LEHTPAJILHOU NMPOJOJLHOM MOJBI 3a CYET HC-
NMOJb30BaHHA PE30HATOPA C AONOJHHUTEIbHBIM 3€PKAJIOM,
IIpu nosABJIEHUH TONO/IHUTEILHOTO 3epKajia (OAHOTO WJIM HECKOJIb-
KHMX) HCXOAHBIH pe30HaTop NpeBpaliaercs, 1o CyTH Jieya, B COBO-
KyITHOCTb HECKOJIbKHX 83aUMOCBR3aHHbIX pe30HaTopoB. HHmep-
dieperyun CBETOBBIX BOJIH, GOPMHPYEMEBIX 3THMH pPe30HATOPaMH,
IIPHBOJHT K nepepacnpedeneHul0 CBETOBOH MOI[HOCTH MeXAY pas-
HBIMH NIPOAONBHBIMH Mozamu. IIpu cooTBercTByioleM mnogbope
Ko3ddHUIHeHTa OTPAXKEHUA U IIOJIOXKEHUs B pe30HATOpe JAONOJI-
HHUTEJILHOTO 3epKasla YIIOMAHYTOE IlepepaclpefiesieHue CBETOBOMH
MOIIIHOCTH MOXKET NPHBECTH K CYLIECTBEHHOMY BO3PAaCTaHUIO MH-
TEHCUBHOCTH LEHTPAJIbHOH MPOJAOJBHON MOABI M K YMEHbUIEHHIO
HMHTEHCHBHOCTH OCTaJIbHBIX MOZ. ITono6HbIEe METOBI CEIEKIINY Ha-
3BIBAIOT UHMeEpPEePEHYUOHHBIMU.

PaccmoTpuM B kauecTBe IpHMepPa Pe30HATOP, CXeMaTHYECKH
MOKa3aHHBIM Ha pHC. 3.3 a. ATOT pe30HATOp HMeeT TPU 3epKaja:

/ Axmubusrd 4
SHEMENT

Puc. 3.3. Ceaexumst UEHTPaALHON NPOAOALHOM MOAbI
3a CUET MCMNOAB3OBAHWUA AONOAHUTEABHOTO 3epKaAa
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IIOJTyNpO3payvHbIe 3epKaia 1 ¥ 2 M IIOJIHOCTBIO OTpaXkalollee 3ep-
Kaio 3. 3epkayo 1 ABJseTCA BBIXOAHBIM 3€PKAJIOM pPe30HATOPa,
3epxano 2 — AONOJIHUTEIBHOE 3epkaso. Ha puc. 3.3 6 npencras-
JIEHBI IIPOAOJIbHBIE MOABI JVI1 pacCCMaTpHUBAaeMOro pe3oHaropa (He-
npepeIBHBIE KPHBHIE) U JUIA TOTO K€ pe3oHaTopa, HO Ge3 Aomos-
HHUTEJIBHOTO 3epkasa 2 (IITPUXOBLIE KPUBBIE). ITU PE3Y/ILTATHI M0~
JIydeHEl [ KOHKPETHOro cJjyvas, koraa /L = 3/4, R = 0,65
(R — xo3ddunueHT OTpaskeHUs 3epkana 2).

3.2. Moayasumna A06poTHOCTH pe3oHatopa

JUia ynpasjieHHsl BpeMEHHBIMH U 3HEPreTHUECKUMHU XapaKTEPHCTH-
KaMH JIa3ePHOT0 H3JTydeHHA IHPOKO HCIIOb3yeTcA Modyasayus 006-
pomHocmu pesoHamopa, T. €. YIpaBJIeHUe [I0TEPAMH B Pe30HATOpE,

OnTuko-MexaHuYeckada MOAY IANNA fooporHocru. Ilpeano-
JIOXKHM, YTO IOJIHOCTBIO OTPakalolllee 3ePKaJi0 pe3oHaTopa 3aMme-
HEHO NPHU3MOH [TOJIHOTO BHYTPEHHETO OTPAXKEHHS, KOTOPas MOXKET
OBICTPO BpamIaTbCA BOKPYT OCH, MPOXOAAINEH yepe3 npuaMy nep-
HNEeHJHKYJIAPHO K OcH pe3oHaropa (puc. 3.4 a). B nponecce Bpa-
IeHUsA NpU3Ma JIMIIb HA OYeHb KOPOTKOe BpeMs ofecmedynBaer
BBICOKYIO JOOPOTHOCTb pe30HaTopa. TO MPOUCXOAMT TOTAA, KOTAa
BXO/IHasA TpaHb NPH3MBbl OKa3bIBaeTCA NMEPNEHJAUKYIAPHOH K OCH
pesonaTopa. ITpu noBopoTe NPHU3MBI U3 ITOTO ITOJIOKEHHA Ha YTOJI
B OJiHy YIJIOBYI0O MHHYTy AOGPOTHOCTH pe30HATOpa OKa3bIBAETCSH
y’Ke B JIBa pas’a MeHbIle MakcumanbHOH. IIpu mpomosmkarooumem-
cA TIOBOPAYMBAHHMHM NPH3MBI JOOPOTHOCTh O4YeHb OBICTPO Najaer
0 MHHHMaJIbHOTO 3HadeHHs. OueBHAHO, YTO Jia3epHas reHepa-
IMA IPH 3TOM CPbIBAETCH.

Ecnu Bpamaromasca npusma aenaer 1000 obopotoB B ce-
KyH/Y, TO BpeMs IepeKka4eHnsa 406poTHOCTH (0T MaKCHMaJIbHOTO
3HAYEHHA O MUHUMAILHOrO, a TakXKe OT MUHUMAJILHOTO /10 MakK-
CHMAaJIbHOTIO) cocTassiseT npumepHo 1077 c.

ANIEKTPOONTUYECKAA MOAYIANUA JOOPOTHOCTH. DTOT METO/
MOJYJIAIUK AOGPOTHOCTH OCHOBAaH HAa HCIIOJB30BAHHHU IJIEKTDPO-
ONTHYEeCKOro 2¢d¢eKTa — H3MEHEHHs NOKa3aTesis NpeJIOMJIEHH
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Puc. 3.4. Cnocobbl aKTMBHOW MOAYASLIMM AOOGPOTHOCTU pe3o-
HaTOpa: ONTUKO-MeXaHHYeckui (a); anekTpoonTuieckui (6, 8);
akycroonthieckui (r)

cpeAbl NOA AeHCTBHEM BHELIHENO JIEKTPUYECKOTO MoJisA. Pasnnua-
IOT ABa 3J1eKTpooNnTHYEeCKUX addexTa — xeadpamuunslii (agpgexm
Keppa) n nuneiinwiil (agpgexm IToxxenvca). B nepBom cirydae uame-
HeHHUe rnoKasareJis IIPeJIOMJIEHUA NMPONOPIHOHAILHO BTOPOH CTe-
MEHH HaNPAKEHHOCTH BHEIIHEro 3JIEKTPHYECKOro I10JiA, a BO BTO-
poMm ciyqae — nepBoil creneHd. 3¢dexr IToxkkensca cymecTsyer
JIMIIb B KPHCTAUIMYECKHX Cpefjax.

PaccMOTpHM 3/IEKTPOOIITHYECKYI0 MOAYJALHNIO JOGPOTHOCTH
pe3onaropa Ha ocHoBe 3¢ dekTa ITokkennca. [IpegBapuTesIbHO 3a-
METHM, YTO, NIoNaaas B KPHCTA/UI, CBETOBAas BOJIHA NPEBPALAETCA
B /1B€ BOJIHBI, HMEIOLIHE pa3Hbie ckopocmu (MHa4e rOBOpsI, pa3Hble
ToKasaTesld IIPeJIOMJIEHHA); STH BOJIHBI IOJIAPH30BAaHbI BO B3a-
HMHO-TIEPIIEHAMKYJIAPHBIX IJIOCKOCTAX. JTa 0CO6EHHOCTDb pacnpo-
CTPaHEHHA CBeTa B KPUCTAUTHYECKOH cpefie MPUBOAMT, B YaCTHO-
CTH, K H3BECTHOMY ABJICHHIO 08YAYUeNnpeAOMAeHUA.

Ha puc. 3.4 6 noxa3aHa cxema J1azepa. 3aech A9 — aKTHBHBI
anemeHT, I13 — mOIHOCTRIO OTparkalolee 3epkayo, B3 — BoIxogHOe
3epkano. Ha ocu pesonaropa MeXAy aKTUBHBIM 3JIEMEHTOM H BbI-
XOIHBIM 3€PKaJIOM HaXOAATCA ABa OAUHAKOBBHIM 06pa3oM OpHeHTH-
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POBaHHBIX nosspusaropa I1; u Iy, BBIAENAIOIHUX MIJIOCKOCTD I10-
nApu3anuy S, a MexXZy HUMH NOMeIlleHa TaK Ha3blBaeMas auelika
IToxkenvca — KpuCTA/UT MeXY IUIACTHHAMH KOHZIEHcaTopa. B mia-
CTHHAX HMeeTcsA OTBEPCTHE JUIA NPONYCKaHUA U3JIydeHHs .
Ipexpe, yeM nonactb B sueiKy [Tokkesnbca, H3/IydeHUe IIPO-
XOIWT uepe3 nosapusatop II; M okas3blBaeTcs NOJIAPHU30BAaHHBIM
B wiockoctH S. IlpencraBum 3To U3JydyeHHe B BHJAE CYMMBI JIBYX
BOJIH, OfJHA M3 KOTOPBIX NOJIAPDH30BaHA BJOJb OCH T, a Jpyras
BAOJB OcH ¥ (cM. puc. 3.4 8); epBas BOJIHA XapaKTEPH3YETCs BHYT-
PH KpHCTaJLIa II0Ka3aTeJIeM NPeJIOMJIEHUA 7N, a BTOpas — IOKa-
3aTejieM npeJoMieHus ng. OpHeHTanusa nossApusaTopa BeIGpaHa
TaK, YTOOBI OCh T COCTABJSJIA C IUIOCKOCTEIO S yrosa 45°. B pe-
3yJIbTaTe [IPOXOXKAEHHA Yepe3 KPUCTA/UI YKa3aHHbIE BbILIE BOJHBI
OKaXKyTCsl CABUHYTHIMH 110 ¢a3e Ha
27rl(n1 - 'ng)
D w—
rae | — JUIMHA KPUCTA/UIa 10 OCH Pe30HaTopa; A — JJIMHA BOJIHEI
H3JIydeHHs B Bakyyme. IlokasaTesnu IpesioMJIEHHA N U Ny JIHHEH-
HO 3aBHCAT OT HANPAKEHHOCTH E 3J1eKTpHUYECKOro noss B sueike
IMToxkesbca (HAalIOMHKMM, YTO B 3TOM M COCTOHT CyTh 3¢ dexra [Tok-
KeJibca):

Ay (3.3)

E E

3
3 =no+n3r E; Ng = Ng — NgT 3 (3.4)
3nech ng — NOKa3aTesb IPEJIOMJIEHUA B OTCYTCTBHUE IIOJISA, T — OA-
Ha U3 3JIEKTPOONITHYECKHX IIOCTOSHHEIX JAHHOTO KpucTasuta. UTak,

n; —Ng = ngrE. (8.5)

3aMeTHM, YTO B OTCYTCTBHE IIOJIA N = Ng, U No3TOMy Ap = 0.
Hoacraenss (3.5) B (3.3) u yuursiBas, uro El = U, rzae ue-
pe3 U 0603HauYeHO HanpsAXKeHHUe, MPHJIOXKEHHOE K KPUCTAJLIY, Ha-

XOAUM .
2rn

Ap="22 (3.6)
A

INonbepem 3HaYeHHE HApPsIKEHUA Tak, yTo6b1 Ap = 7. Takoe Ha-

NPsOKeHHEe HAa3bIBAIOT NO0AYB0/1HOB8bIM, ITIOCKOJIBKY IIPDH 3TOM BOJIHbI,
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IpolIeJiIe KPUCTA/JI, OKa3bIBAIOTCA CABHHYTBIMH ADYT OTHOCH-
TeJIBHO Apyra Ha I0JIOBHHY JUIMHEI BOJIHBL. M3 puc. 3.4 @ HeTpyAHO
HOHATD, YTO NP TAKOM CIBHIe pe3yJITHPYIOLIas CBETOBasA BOJI-
Ha, BBbINIE/IIAA U3 KPHCTAUIA M Najaiolas Ha nosspusarop I,
6yner noyisipU30BaHa B IUIOCKOCTH S, NEPNEHANKY/IAPHOH K ILIOC-
koctH S. [Iponsoen, Kak TOBOPAT, OBOPOM NAOCKOCTMU NOAAPU-
3ayuu ceema. B gaHHOM CJIydae yroJi 3Toro noBopoTa paBeH 90°.
fcHo, uto monspusarop IT; He NMPOIYCTUT CBETOBOH BOJIHBI.

Taxum obpasom, korga Ha auediky [Tokkesbca He mopmaeTcs
HanpshKeHHe (A4eHKa 8bIKA0UeHa), CBET ITOUTH GeclpenaTCTBEHHO
MPOXOAMT CKBO3b CHCTEMY M3 IOJIAPU3aTOPOB U sueiiku. [Ipoucxo-
JAUT JIMIIb HEKOTOPOE IOIJIOIEHHE CBETA B 3THX 3JIEMEHTAaX CXeMBI.
Korpa xe Ha Aueliky Ilokkenbca nopaercsa HanpsbkeHHe (Auelka
8KAl04€eHa), CBET He MPOXOAMUT CKBO3b YKa3aHHYIO cucreMy. UHbI-
MH CJIOBaMH, IIPH BLIKJIIOUYEHHOH siuelike 106pOTHOCTH pe30HaTOpa
MaKCHMaJIbHa, a NPY BKJIIOYEHHOH — MHUHHMaJIbHA. Bpems mepe-
KJII04eHUA JOOPOTHOCTH 3aBHCHT OT CKOPOCTH H3MEHEHHUA Hanps-
’KeHH, T0laBaeMoro Ha Aveiky [Tokkesibca. ITO BpeMst COCTaBJIAET
npumepHo 107° ¢, T. €. CyLIECTBEHHO MEHbLIE, Ye€M MPH ONTHKO-
MeXaHHYeCKOH MOIY/IALHH.

fAueiika [Tokkesbca B COYETAHHUH C NOJISPU3ATOPAMH AEHCTBY-
eT noo6HO 3ameopy, NPONycKaHHUe KOTOPOro MOKHO OBICTpPO H3-
MeHATh (0T MaKCHM&JIBHOTO K MHHHMaJIBHOMY M Haoboport). Hc-
MOJIB3YeTCsA TEPMUH — 3AeKmpoonmuyeckuil 3ameop.

ITpumeuyanne. Kak yke oTMe4asoch, B OTCYTCTBHE HAIPAKEHHA
HMEEM 7T; = TNip. ITO O3HAYAET, YTO B JAHHOM CJIyyae He [IPOHCXOAUT
IIpeBpalleHUA MCXOJHOH CBETOBOH BOJIHBI, MAZAIONIell Ha KPUCTAJLI,
B /B BOJIHBI, PacIpOCTPaHAIOILMECA MO0 KPUCTAUIY C PaBHBIM CKO-
poctamMu. Takoe BO3MOXKHO JIMIIB NPH YGIOBHH, YTO KPHCTALI Clie-
[OHaJbHBIM 00pa30oM OpPHEHTHPOBAaH OTHOCHUTEIBHO CBETOBOTO IIyvYKa.
Ou gosmxeH OBITH OPHEHTHPOBAH Tak, YTOGBI €ro onmuueckas ocb
6bu1a MapasieNIbHa HANPABJIEHHIO PACIIPOCTPAHEHHSA HUBJIYUEHHS.

AxycroonTuueckas MOAYJAALUA JOGPOTHOCTH. B aTOM MeTo-
Jie MOAYJAUU HUCNIOJIb3YeTCs SIBJIEHHe Jugpakyuu ceema Ha yYab-
mpassykxosoll goaHe. Ilycth B HekoTOpoil cpezme (TBepAo# mim
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’KUJKOH) pacHpocTpaHseTcs IJIOCKasA yJIbTPasByKoBasi BOJIHA, BO3-
Oy>kzaemas nbesonpeobpasoBartesieM. IIpu 3TOM B cpezie BO3HHKa-
I0T MeXaHHYeCKHe HanpsKeH!A, CBA3aHHBIE C JIOKAJILHBIMU CXKa-
THAMU U pa3pexxeHusMH. Yepes domoynpyeuil agexm nHanps-
JKEHHA BO3/IEHCTBYIOT Ha IOKa3aTesb IpeJIoMJIeHus cpeatbl. B pe-
3ysabTaTe B cpefie 00pasyloTca passiMyalolluecs 0Ka3aTesieM Ipe-
JIOMJIEHHA nepuoduvecxue caou (¢ IepruoAoM, PaBHBIM JJIMHE 3BY-
KOBOH BOJIHBI A), nepeMemaniyecs O CKOpOCThIO 3ByKa. Ilpu
MIPOXOXKEHHUH CBETA Yepe3 TaKyl0 CpeAy IPOUCXOAUT audpaxuus
Ha [IPOCTPAHCTBEHHOH NEPHOAHYECKOH CTPYKType, 00yC/I0BIeHHOH
NEepPUOANYECKMMH U3MEHEHHAMY NT0Ka3aTessa NpeIoMJIeHH.

Cxema J1azepa ¢ aKyCTOOITHYECKOH MOAYJIsNHell HoOpOTHO-
CTH pe3oHaropa NoKa3aHa Ha pHC. 3.4 2. CBeTOBass BOJIHA BHYTPH
aKyCTOOIITHYECKOTO MOAyJATOpa (€ero HasbpIBAIOT TAKXKe aKYyCmo-
onmuyeckum 3ameopom) o6pasyeT ¢ IJIOCKOCThIO HPOHTA YyIBTPa-
3BYKOBOH BOJIHBI YyTos1 @, KOTODBIH JOJ/DKEH Y/IOBJIETBOPATH COOT-
HOILIEHHUIO

2Asin 8 = ), (3.7)

TZie A — JUIMHa BOJIHEBI CBETA B cpefe. [ 3TOro 3aTBOpP OJKHBIM
06pa3oM OpHEHTHPYIOT OTHOCHTEIBHO OCH pe30HaTopa. YroJ § Ha-
3BIBAIOT Yye210M bBpazea. 3amerum, uto cooTHoureHue (3.7) ecThb
Moaudukanua coorHoueHus (3.1).

Ecnu nee3onpeobpasoBaTens abikatoueH (yAbTpa3ByKoBas BOJI-
Ha OTCYTCTBYET), CBETOBOH MYYOK NMPOXOAHT Yepe3 aKyCTOONTHYE-
ckuii 3aTBOp GecnpemnstcrseHHo. IIpu exaroueHuu nbe3onpeobpa-
30BaTesIA NaJAOIUHA CBETOBOH Iy4OK (0003HAYMM €r0 HHTEHCHB-
HoOCTb 4yepe3 Ip) OyzieT wacTHuHO npeobpa3oBeIBaThCA B Audparu-
POBaHHBIA NMy4oK (MHTEHCHBHOCTH I;), MOKa3aHHBIA Ha puc. 3.4 2
IDYHKTUpHO# npsaMoi. Yem Onmxe k eguHune orHowmeHue Iy /I,
TEM MeEHBIlle NpolryckaHue 3aTBopa. OTHoweHnne I;/I; Ha3BIBAIOT
adihexkmusHOCMBI0 aKyCTOONTHYECKOTO 3aTBOPA.

BricTpozelicTBie aKyCTOONITHUECKHX 3aTBOPOB (BpeMs nepe-
KJII0ueHHua 706poTHocTH) — npumepHo 1077 ¢. Jlis ymeHblue-
HHUsA BPEMEHH [TePEKTIOUEHH Ha/I0 YMEHBIIATh AUAMETDP CBETOBOTO
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Iy4Ka B TOH TOYKe, IZie MOMeLaeTcsa 3aTBOP, T. €. Hano doxycupo-
eamb CBETOBOH IIy4uok B 3aTBOp. Torza GyAer yMeHBLIAThCA Bpe-
M#l, B TEYEHHE KOTOPOTO Y/ILTPa3ByKOBast BOJIHA NepeceKaeT Iy4yoK
CBETa; TeM caMbIM OyZAieT yMeHbIIAThCA BpeMs, B TEUEHHE KOTOpPO-
ro Bo3HHKaeT (WIH Hcue3aeT) Au¢paripoBaHHbIH CBETOBOM ITY4OK.
OnHako cyegyeT UMeTh B BUAY, UTO NpH GOKYCHPOBKE CBETOBOTO
Iy4Ka yMeHbIaeTcsa 3¢ pexrusHocTb 3atBopa I, /Iy, T. €. yBeTHIHU-
BaeTcsA MPOIyCKaHHe 3aTBOpa B 3allEPTOM COCTOSHHH.

ITaccuBHAA MOAYAALMA JOGPOTHOCTH B Jla3epe ¢ MpPocBeT-
JamiomuMca pUaAbTpoM. PacCMOTpPEHHbIE BBILIE METOABI MOJY-
JAUMA JOOPOTHOCTH Ha3BIBAIOT AKMUEHLIMU. DTHM NOAYEPKHBA-
eTcA TOT (PaKT, YTO ympaBJIeHHE NOTEPAMHU OCYILECTBJIAETCA B pe-
3yJIbTaTe KOMaHAb! U3BHe. Hapsaay ¢ akTHBHOH NPHUMEHSIOT TaKxkKe
naccusHyo MoayaAnMio gobporaocru. OHa peayusyerca «aBTOMa-
THYeCKHU», 6e3 MCI0JIb30BaHNA BHEITHUX CHTHAIOB,

Y1065 pean30BaTh IACCHBHYIO MOAYJIALMIO IOOPOTHOCTH pe-
30HATOpa, AOCTATOYHO ITOMECTUTh BHYTPh PE30HATOPA HeAuHellHblil
3nemeHm — Pe30HAHCHBIH NOIVIOTHTEIb, CIIOCOGHBIN MPOCBET/IATE-
cA oA AeHCTBHEM IaAaOUIEro Ha HEero M3JIydeHUs, BHICBEUHBae-
MOT0 aKTHBHBIM 3JIEMEHTOM (TaK Ha3bIBaeMbI npoceemasiowjuiics
guabmp); cM. pHc. 3.5 a. BemiecTBo PHIETPA COAEPIKUT CHIEIHATb-
HbIEe noz2aoujaroujue yeHmpst (AaTOMBI WIH MOJIEKYJ/IBI), B CHCTEMeE
YPOBHE#H KOTOPBIX €CTh IIepexo] COOTBETCTBYIOIMI pabouemy ne-
PexoAy B aKTHBHBIX I[eHTpaXx.

Anmubpoit
dnemenm  Tlpoclemasmoiyud-
CR pussmp hy
6) 6)

Puc.3.5. MaccvBHas moayasums A06pOTHOCTH pe3oHaTopa
NPY NOMOLLY MPOCBETASIOWETO (hMALTPa
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Hns npocrotel 6yAeM noJiaraTh, YTO MOIVIOINAOLIME IIEHTP
MMeeT BCEro /ABa SHEPreTHYEeCKHWX YPOBHA, HA30BEM HX HUNCHUM
¥ eéepxHum. IIJIOTHOCTb 3acesleHHOCTEH 3THX YPOBHeH 0603HAYHM
COOTBETCTBEHHO 4epes Nip U Nge. KoadPuyuenm pesonaHcHoz20
noanowjeHus 7o Ha Mepexojie MeXIy pacCMaTpHBaeMbIMHU YPOBHSA-
MH MOJKHO IIPE/ICTaBUTh B BHJIE

Mo = 0o(N1e — N20), (3.8)

TZie 0p — CeYeHHe BBIHYKJAEHHBIX NPOIECCOB B AAHHOM IEPEXOZE,
Bripaxkenne (3.8) cienyer us popmyansi (1.836) aisa koadduiuenra
YCHIEHHA, €CJIM BMecTo pabodero nepexoza B aKTHBHBIX LIEHTPax
paccMaTpUBaTh COOTBETCTBYIOIUH ITEPEX0/ B ITOIVIOIIAOLIUX IEH-
Tpax GHIETPA ¥ IIPH 3TOM U3MEHUTh 3HAK Pa3HOCTH 3ace/IeHHOCTEH
YPOBHEH. YMECTHO HallOMHHUTD, UTO YCWieHUue MOXKET PaccCMaTpH-
BaTeCs KaK ompuyamenvHoe noznoujenue. Berpaxkenue (3.8) mno-
KasbIBaeT, YTO Pe30HaHCHOe NOIVIOIeHHe 00ycaoB/IeHo npeobia-
JlaHHueM IIPOLECCOB IIOIVIOIIEHUA CBeTa HaJ IPOIECCaMyl BbIHYMK-
JIEHHOTO HCITyCKaHMA.

B ucxoxnom cocroannu (korza eme He Havyajach reHepanus)
BCe NOIVIOIAIOUIUE LEHTPhl HaXOAATCA Ha HIDKHEM YDOBHe, IIO-
3aTOMY Niap = 0. 3T0 cocrosiHMe (UIBTPa HaA3BIBAIOT Henpoceem-
/IEHHbIM: OHO XapaKTePU3YeTC MAKCUMAAbHBIM 3HaYEHHEM K0oag-
(HLMEeHTa Pe30HAHCHOro NOMIOWeHuA. [IpeAnosoKHM, 4TO HM-
IyJbC HaKaYKy BO30OY/AMJI aKTUBHbIE I[EHTPBI B aKTHBHOM 3JIEMEH-
Te, obecrevns MHBEPCHIO 3aceJieHHOCTel pabounx ypoBHeil, He-
CMOTpA Ha CWIBHO BRIPa’KEHHYIO HHBEPCHUIO, I'eHepalysa II0Ka elle
He pa3BHBaeTcA M3”3a BBICOKHX IIOTEPh, BHOCHMBIX HEIIPOCBET/IEH~
HBIM (risTpoM. OnHako BO30yKIEHHBIE aKTHBHBIE LIEHTPLI MO-
TYT CaMONPOU360AbHO NIEPEXOANTh Ha HIKHUH paGouuii ypoBeHb.
CnoHTaHHO HcnyleHHble (GOTOHB HHUIMHPYIOT HOBBIE TIEPEXOALI
B aKTHBHBIX IIEHTPaX, NPUBOAALINE K IOSBJIEHHUIO HeGOIBIIUX JIa-
BHH BTOPHYHBIX (HOTOHOB. HekoTophie N3 TakUX (POTOHHBIX JIaBHH
pacnpocTpaHAIOTCA B/I0JIb OCH PE30HATOPa H MOIVIOMIAIOTCA B I€H-
Tpax ¢uasrpa. [Ipn 3TOM nocaeHHE ePEXOAT ¢ HIIKHETO YPOB-
Hfl Ha BEPXHHH, B pe3yJIbTaTe Yero PacTeT fMyp U, KaK CJIEJCTBHE,
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yMeHbIIaercs K03 pruneHT pe30HaHCHOTO NOJIOIEeHNUst GUIbTpa.
@PWIETD HaYUHAET IOHEMHOTIY npocgemaamaci. Hauasmuiica npo-
plecc MpocBeTIeHNs GIIBTpa CrocobCTBYeT, B CBOIO O4Yepesib, Aajlb-
geHuieMy pa3sBHUTHIO BLICBEUHBAEMBIX aKTHBHBIM 3JIEMEHTOM ¢o-
TOHHBIX JIABUH. B UTOre HacTynaer MOMEHT, Koraa GUiILTp Gbicm-
PO NPOCeemAsemes noAHOCMbl0, AOGPOTHOCTH PE30HATOPA PE3KO
BO3PACTaET, U IIPOUCXOAUT OLICTPHIH M OYPHBIH Npoliecc reHepanuu
/1a3€PHOTO MUMITYJIbCA.

Ha puc. 3.5 6 moka3aHo, KaK 3aceJIeHbl YPOBHH IOIJIOIAIOUHAX
[IEHTPOB B HENIPOCBETJIEHHOM COCTOAHWH QHILTpA, a Ha pUC. 3.5 8 —
p IIOJIHOCTBIO IPOCBETJIEHHOM COCTOSIHHM. B mocyepHeM ciyvae
AMEeM N1 = Nag U, CJIEZOBATEIBHO, 7)o = 0. ITO paBeHCTBO 03HA-
yaeT, YTO MPOLECCHl NOIVIOIIEHHA CBETa M BBIHYXAEHHOTO HCITyC-
KaHHUA Ha repexojie MeX/Ay pacCMaTPUBaeMbIMH YPOBHSIMH IOIJIO-
JIAIOLEro LEHTPA TENEPh 83AUMHO CKOMNEHCUPOBAHbl, U PUIBTP
He NOIJIOIAEeT K He YCHINBaeT IPOXOAALUIUA CKBO3b HETO CBETOBOM
fIOTOK Ha JUIMHE BOJIHBI FeHepaluu.

Ilocie Toro kak Jia3epHBI! MMITYJIBC BBICBETWICH, MOIVIOLIA-
OII¥e LEeHTPBhl B QIIBTPe 3a CYeT CIIOHTAHHBIX IEPEXOJOB IIO-
¢TETIEHHO BO3BpAlAIOTCA HA HIDKHHUN YPOBeHb, U (PWILTD CHOBa
[IEPEXOINT B HENPOCBETJIEHHOE COCTOsIHMe. XapaKTepHoe BpeMmf,
p TEYeHHE KOTOPOrOo (HJIBTP BO3BpAlaeTCA B HEIPOCBETIIEHHOE
COCTOSIHHE, HAa3bIBAIOT 8PeMeHeM peaaxcayuu PuisTpa.

B kauecTBe npoceemaaowjuxca cped 4acTo UCIONb3YIOTCS pac-
TBOPBI OPTraHWYECKUX KpacuTesiel — MaHWHOBLIX (prasonuaHuHa
f KPHIITOLMAHWHA) ¥ NOJHMETHHOBEBIX. [{MaHHHOBBIE KpacUTeNM
ACIIOJIB3YIOT B Jia3epax Ha pyOHHe, IOJIMMETHHOBbIE — B Jia3epax,
AKTUBUPOBAaHHBIX HEOJHMOM.

Jlexnus ogumHHAaAIaTast

3.3. leHepauus CBETOBbIX HMNYALCOB

CoBpeMeHHas Jla3epHas TEXHUKA I03BOJISAET I0Jy4aTh CBETOBLIE
HMITYJIBCBI Pa3JIHYHOM JJINTEIBHOCTH — OT MILHcekyHz (1073 ¢)
no HarocekyHz (1079 ¢) u paxe muxocekynn (10712 ¢). Peanuso-
BaHBl PEKUMbI FeHepalUH KaK OOUHOUHbIX UMIIYJIbCOB, TAK M HX
nocnedosamenvHocmeil, XapakTepU3yIOIMUXCA Pa3JIM4YHON YacTo-
TO# C/Ie0BAaHKS HMITY/IbCOB — NPHUMeEPHO A0 10 MI'y (mo 107 um-
IIyJIbCOB B CEKYHAY). B pexuMe CHHXPOHHM3aLUKY MOJ, YacToTa cjie-
AOBaHUA UMITYJIbCOB cocrasiser 0,1-1 I'Ty (108-10° umnynscos

B CEKYHAY).

Pe:xum cBoGoaHOMH reHepanmu. TepMuH «cBoGOAHAsA reHepa-
nusa» obbeAuHsAeT GAaKTHYECKH HECKOJIBKO PEXKHMMOB I'eHepalliu.
Hx obuas yepra — OTCYTCTBHE KaKOro-nnbo cneyuanvHozo ymnpas-
JIEHHUA reHepanyell, Kakoro-ubo Bo3/ieiiCTBIA HAa Hee ITPH IOMOIIH
BHEIIHUX CUTHAJIOB WIN HEJIMHEHHBIX 3JIEMEHTOB (T. e. 3JIeMEHTOB,
XapaKTEPHUCTHKH KOTOPBIX MEHAIOTCA B 3aBUCHMOCTH OT MOII[HOCTH
H3JTydeHHs, TeHEpHPYEMOTO B aKTUBHOM 3JieMeHTe). B uacTHOCTH,
OTCYTCTBYeT Kakasi-1u60 MoxynAnmsa (Kak akTUBHas, TaK U TaCCHUB-
Has) Ko6pOTHOCTH pe3oHaTopa.

IIpn uMIysbCHOR HaKayke B pexxuMe cBOOOJHON reHepanuu
BBICBEUHBAETCA HMITYJ/IbC, COOTBETCTBYIOIHHA MO JJIUTESIBHOCTH HM-
myJsscy Bo30ykaeHus. [ TBEPAOTEIbHBIX JIa3€POB €0 JJIUTEIb-
HOCTb cocTasideT 0,1-1 mMc; B s1a3epax Ha KpaCUTEJIAX, IIe UCIIOb-
3y10T 6oJiee KOPOTKHE UMITYJIbChl HAKAYKH, JUIUTEIBbHOCTh BbICBE-
YUBAaEMOr0 UMITYJIbCA MOXKET COCTaBJIATh Bcero 1 Mkc. BricBeuuBa-
€MBbIii UMIyJIbc 0OHAPY>KUBAET TOHKYIO CTPYKTYpPY: Ha Ha4aJIbHOM
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aTane OH COCTOMT M3 IOCJIEA0BATENb-
HocTH 6oJiee KOPOTKHX HMITYJIBCOB JUTH-
TeJILHOCTHIO nopsaka 0,1 mMke. 3Ta 1o~
C/IEI0BATEJIBHOCT HMMITYJIBCOB TIPEX-
crasader cobod 3amyxarowjue nynv-
4 Cayuu BHIXOAHOW MOINHOCTH, Xapax-
TepHble JUIA Hadaja Ipolecca reHe-
Puc. 3.6. Ctpyktypa cBeT0- paruu (cM. puc. 3.6). BO3MOXHbI Tak-
BOTO MMMYALCA, BICBEUMBA-  swe yezamyxaloujue TyAbCALIHA MO
EMOTO B eXMME CBOBOAHOM 1y ouy cBA3aHEL ¢ HecTAGHMBHO-
renepatm CTBIO ITAPaMETPOB PE30HATODPA U C He-
JIHHEHHOCTAMH B pe30HaTope.

lenepanmusd rMTAaHTCKUX UMITYJIbCOB, VICN0/Ib3ys aKTUBHYIO HITH
MIACCHBHYI0 MOAYJIAIMIO JOOPOTHOCTH Pe30HaTOpa, MOKHO pealn3o-
BaTh B J1a3epax ¢ HMITy/IbCHOH HaKavIKOW PeKHUM reHepalvy Tak Ha3bl-
BaEMBIX 2U2AHMCKUX UMNYAbCOS. PACCMOTPHM CHavasIa CiIydai ax-
THBHOIT Momynauuu A0GpOTHOCTHA. YTpaBifasa JOOPOTHOCTBIO De3o-
HaTOpa, NpeABapHTE/IbHO 06ECTIEYHBAIOT JOCTATOUHO BHICOKHH YPOBEHD
noTeph B PE30HATOPE, -T. €. CIeIHAJIbHO NOOHUMAom IOpOr TeHe-
paiuH. 3To yCJIOBHE I03BOJIAET PEAIN30BATh 3HAYUTE/IBHYI0 WH-
BEPCHYIO 3aCeIEHHOCTb paGoynX ypoBHEH. 3aTeM N0 CUTHAJTY H3BHE
YPOBEHb I10TePb, a C/IEA0BATEILHO, i TIOPOT TeHEPAIUH 6bICMPO No-
HUJICAOMCR 0 MHHUMAITLHOTO BO3MOXKHOTO 3HAYEHHUS; B PE3yJib-
TaTe HayaJIbHAsA PA3HOCTb Ny — N (HANOMHUHAEM, UTO N H Ny —
IJIOTHOCTh 3aCEJIEHHOCTEH COOTBETCTBEHHO HHIKHETO H BEPXHEro
pabounx ypoBHeil) OKa3blBaeTCA CyIIECTBEHHO BBIMIE HOBOTO IO~
pOra, OTBEYAIOMET0 MAJBIM IOTEPAM. B 3THX 'YC/IOBHAX BHICBe-
YMBaeTcA KOPOTKHH CBeToBoil MMmysbCc GOJIBIION MOMIHOCTH —
2uzanmexuii umnyave. Ero momHoCTh TeM Gosblie, yeM 3HAYH-
TeJIbHEE MPeBbIIEHHe HAYAaNbHOU Pa3HOCTH Ny — Ny (peann3yemoit
TpIl HU3KOH AOGPOTHOCTH PE30HATOPa) Hajl NOPO206bIM 3HAYEHH-
€M Da3HOCTH fig — 11, OTBEYAIONHM 6bICOKOil JOGPOTHOCTH pe30Ha-
TOpa. MOIHOCTb NMOJIyYaeMbIX Ha NPAKTHKE THTAHTCKHX HMITYJIb-
con gocruraer 10° BT. JIMTENBHOCTb I'MTAHTCKOTO UMIyjasca —
10-50 ne. MuHAMaNbHAS JUTUTENIBHOCTS MOXET JOCTHTraTh 1-3 He.
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- N(t) I(2)

———

alt) Nnap ()

0 < (3] (73

Puc. 3.7. Tpouecc pa3suTs Aa3EPHOTO UMIMYALCA MPY MOAYARLIMM
AOBPOTHOCTY: @) aKTMBHOM; 6) NACCUBHON; B) aKTUBHOM C MCMOADL-
30BaHMeM OTpHUATEALHOW 06paTHOM CBA3M
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Ha pwuc. 3.7 a nokasaH IpoliecC pasBUTHA BO BpeMeHH TH-
FaHTCKOTO MMITYJIbCA NPH axmueHotl modyasyuu dobpomuocmu
(npu ycnoBuH, 9TO JOGPOTHOCTH AOCTATOYHO GBICTPO H3MEHSETCH
OT MHHHMAJIBHOrO 3HaueHHA A0 MakcuMaibHoro). Ha pucyHke
IpeCTaB/IeHbl YeThlpe GYHKIKHU oT BpeMeHH: I(t) (MougHOCTD re-
HepupyeMoro uanydenus); N(t) = nq(t)—n1(t); Q(t) (mobporHOCTH
pesoHaTopa); Ny.p(t) (moporosoe 3HauU€HHE PA3HOCTH N3 — Ny ); 3a-
METHM, 9T0 Npop ~ 1/Q. B KauecTBe Ha4aJbHOTO BHIODAH MOMEHT
BpeMeHH, Koraa rpaduk ¢ysHknyuu Nyq(¢) mepecexaercsa ¢ rpa-
¢duxom N(t); IMEHHO B 3TOT MOMEHT M Ha'uHHAETCs IIPOIEeCC re-
Hepauuu. ITOCKOJIBKY 3TOT mpollecc HauyHHaeTcda, KaK yKe He pa3
IIOAMEPKHBAJIOCh, OT CIIOHTAHHBIX [EPEXOJOB WIH, KaK rOBOPAT,
om ypoeHs wymoe, TO BHauajle OH uaer MexyieHHo. Ha pucynke
XOPOLIIO BUAHO, YTO BHAYAJIe MOLIHOCTD H3/TydeHHsA HapacTaeT Mej-
JIEHHO, AUHellHO BO BpEMEHH, IPHUYEM 3Tall AUHEUHO20 Pa3sumus
HMITYJIbCA OKa3bIBaeTCAd OTHOCHUTEIIBHO JUIMTENBHBIM — IOpAAKA
100 He. ITouTH BCA 3HEpPruA rUTaHTCKOTO HMITYJIbCA BEICBEUHBAETCA
Ha BTOPOM, OTHOCHTEJIBHO KOPOTKOM (ropsAaka 10 He) 3Tamne, Ha3bl-
BaeMOM 3TaroM HeauHellno20 passumus. Yepes t; 0603Ha4ueH npo-
MEXYTOK BPEMEHHM, OTBEYAIOIMH 3Tally JIMHEHHOro, a uepe3 {3 —
HEJIMHEHHOTO0 pa3sBUTHA HMITyJbca. Ha mepBoM aTame MHBepcHas
3acejIeHHOCTb pabouux ypoBHeH ITpaKTHYeCKKX He MEHSETC; JIUIIb
Ha sropoM arane ¢yHkpusa N () ObICTPO yMeHbIIAEeTCs.

Jns peannsanuy pe)xUMa reHepaiiy MraHTCKHUX UMITYJIbCOB
pH naccueHotll Modyaayuu 0obpomHocmMu NPUMEHSIOT IPOCBET-
JiomMecss GUILTPhI, XapaKTePH3YIOLHEeCs AOCTATOYHO BBICOKOH
IJIOTHOCTBIO IOIVIOUIAIOIMX IEHTPOB H OTHOCHTEJBHO GOJIBLINM
BpeMeHeM peJIaKCallMH; KpoMe TOro, ceueHHe BHIHYXAEHHbIX Ie-
pexonoB B GHUIBTPE AOMKHO OBITH CylIecTBEHHO OoJblie ceueHUs
BHIHY’K/ICHHBIX TI€PEX0/IOB B aKTUBHOM 3jieMeHTe. IIponecc pas-
BHUTHA TMTaHTCKOTO MMIIyJIbCa IIPH HCIIOJIb30BAaHHH IIPOCBETIIAIO-
meroca QHILTPa NOKa3aH Ha pHc. 3.7 6. ATOT npoiece HauUHAETCS
B TOT MOMEHT, KOT/Jja yBeJIMUHBalouasaca 6sarogaps Hakauke QyHk-
uua N(¢) nepecexaerca ¢ dynknmei Nyop(t). Iocnenuan GyHKuusa
OTpa)kaeT 3aBHCHMOCTh OT BpeMeHH K03 dHIHeHTa pe30HAHCHOTO
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nornoueHus ¢unasrpa. B ominume OT aKTHBHOI MOAYJIALMH, B IaH~
HOM cJIy4ae JMHeHHOe pa3BHTHE MMIIYJIbCa IIPOMCXOAHT B YCJIO-
BUAX HE HU3KUX, a, HA0GOPOT, 6biCOKUX NOTEPh, TaK KaK GHILTP
IIpocBeTAerca (PaKTHUECKH JIMIIb Ha dTane HeJIMHEHHOro pasBU-
THA HMITy/Ibca (OZHOBPEMEHHO ¢ GBICTPHIM yMeHbIeHHeM yHK-
uu N(2)). IToaToMy IIHTENBHOCTD £ ITana JIMHEHHOro pa3BUTHA
HMITY/IbCA OKa3bIBAETCA IPH NACCUBHON MOAYNALMU AO0GPOTHOCTH
IIPUMEPHO Ha HMOPAAOK OoJblle, YeM NpPH aKTUBHOH MOIYJIALAH
(Tereps ¢; & 1 Mkc). UTo ke KacaeTcs AJINTENBHOCTH y 3Tana He-
JIMHEHHOTO Pas3BUTUA (IIUTE/ILHOCTH BEICBEYMBAEMOTO MMITYJ/IbCA)
¥ MaKCHMAIBHOH MOIIHOCTH HMITYJIbCA, TO OHH OCTAIOTCH TaKH-
MH 3Ke, KaK M JIPH aKTHBHOH Moayaauuu 406pOTHOCTH.

YBesmueHHe AIUTEIbHOCTH HMIIY/IbCA 32 CYeT OTPHMIA-
TeJbHOM oOGpaTHO! cBaA3HU. IIpeanosoxuM, UTO ynpaBjeHHE
NIOTEPAMH B PE30HATOPE OCYUIECTBJAETCA CJexyiouuM obpasom:
KOrZia MOIIHOCTh T€HEPHPYEMOTO U3JIyMeHHA Hapacmaem, NOTEPH
yeeauvusamcs, a KOraa MOIHOCTh M3JIyYEeHHS HawuHaem cna-
damb, noTepu ymeHvwiaromes. B aToM ciy4ae ropopAT 0 HAUIHYHH
ompuyamendHoil o6paTHOH CBA3HU.

OrpunaresnsHas o6paTHasa CBA3b OKa3bIBaE€T TOPMO3SILIEe BO3-
AefcTBHe Ha pa3BUTHE IPOLECCOB BBIHYXKAEHHOTO HCITYCKAHHA,
ITosToMy CHATHE HHBEPCHH B aKTUBHOH cpefie coseplnaercs 3a 6o-
Jiee JIUTeIbHOE BpeMsd. 9To o3HaYaer, uTo 60siee AJIUTEILHOE Bpe-
M# NpoTeKaeT npouecc GOpMHUPOBAHUA BBIXOJAHOTO CBETOBOTO HM-
HyJIbca; 0AUMeAbHOCTL UMNYAbCa 803pacmaent, €ro MakKCUMaJlb-
Has MONIHOCTh YMEHbIIAeTCs.

OrpunaresibHy1o o6paTHYI0 CBA3b MOXKHO peajiM30BaTh pas-
HBIMH crniocoGaMu. YKaXkeM OZHH H3 HUX — crocol, 0CHOBaHHBIN
Ha HCIIOJIb30BaHHU 08YX(OMOHHO20 NO210WjeHUs céema B NOJy-
npoBogHuKe. IIpeAnosoxuM, 4TO BHYTDPb JIa3epHOTO pe30HaTopa
NoMeleHa IJIaCTHHKA ITOJIYIPOBOAHMKA, IIMPHHA 3anpelieHHoH
30HB FEy kxoroporo yzoaserBopsieT ywioBHio hv < Ey < 2hv,
rae v — vacrora pabodero nepexozaa B akTHBHOM cpexe. Hampwu-
Mep, VIA JIa3epoB ¢ HOHAMH HEOAHUMa B KayecTBE aKTHBHBIX LIE€H-
TPOB YKa3aHHOE YCJIOBHE BBIIIOJIHAETCA TIPH. HCNOJIB30BAaHUH apce-



136 Ihaea 3. YnpasneHue usayueHuem nasepa

HUTa FUJLIUA U ceJIeHUTa KaaMHA. [Ipr oTHOCHTE/IbHO HeGOMBIINX
HHTEHCUBHOCTAX U3JIyueHHe Ha YacTOTe V NPOXOAUT CKBO3b IOJIY-
IIPOBOAHMKOBYIO IIJIACTHHKY, He MOIJIOMAACh, IOCKOJIbKY 3HEprus
¢oTona hv HemocTaTOUHA AJ1A TOTO, UTOOBI 00eCIIeTUTh KBAHTOBBIH
TIepeXoA 3JIEKTPOHA M3 BaJIEHTHOH 30HBI B 30HY IIPOBOAMMOCTH.
OnHako C yBeJIMUEeHHMEM WHTEHCHBHOCTH M3JIyYEeHHA IMOABJIAETCH
BO3MOXHOCTb TOT'0, YTO 3JIEKTPOH B BaJIEHTHOHN 30HE NOIVIOTHT Cpa-
3y dsa gfomona u, npuoOpera sHepruio 2hv, COBEpIIHUT IEPEXOA
B 30Hy MPOBOAMMOCTH. BeposATHOCTb AByXbOTOHHOTIO MOIJIOLIEHHSA
CBETa YBeJIMYMBAeTCA [0 Mepe BO3PAacTaHHA ero MHTEHCHBHOCTH.
3T0 03HaYaeT, YTO C POCTOM HHTEHCHBHOCTH H3JIydeHHs, reHepH-
pyeMoro B aKTUBHOM 3JIEMEHTE, YBEJIMYHUBAIOTCA (aBTOMaTHYECKH)
[IOTE€PH, BHOCHMBIE B PE3QHATOP IMOJYNPOBOAHMKOBOH ILJIaCTHH-
KOH; Habio1aeTcs ABJIEHUE 3ammeMHeHUA TIOJIYIIPOBOAHHKA.,

Ha puc. 3.7 ¢ mokasaH npouecc pa3BHTHA CBETOBOTO MMITYJIb-
ca B UMITyJICHO HaKauHBAaeMOM JIa3epe ¢ aKTHBHOH MOAynAuHeH
A06POTHOCTH, KOTZIa B PE30HATOP, HapAAY C 3/IEKTPOOITHYECKHM
3aTBOpOM, IIOMellleHa IUIACTHHKA IIOJyTIPOBOAHUKA, 3aTEMHSAIOIIe-
rocs oA JeficTBHEM CBeTa Ha JUTMHE BOJIHBI reHepanuH. baaroxaps
aBTOMAaTH4YeCKH JeiicTByIoImell B JaHHOH cxeMe OTpUIaTesIbHOH 06-
paTHOH CBA3M, F’MTAaHTCKUI MMITYJIBC PACTATHBAETCA BO BPEMEHH;
€ro JUINTEJIbHOCTL OKa3biBaeTca paBHOH 0,1-1 Mkc. CoOTBETCTBEH-
HO yMeHbBIIAaeTC ¥ MaKCHMa/IbHask MOIIIHOCTh MMITYJ/IbCa.

leHepanMa NOCIEAOBATEIBHOCTH HMITYJABCOB € BBICOKOM
yacTroTo ciepoBaHmsa. Ha npakTtuke wacro Tpebyercsa MMeThb
YIIpaBJIsAEMYI0 PETYJIAPHYIO MOCEA0BATEILHOCTh CBETOBBIX UMITYJIb-
COB, CJIEAYIOIIHMX APYT 32 APYTOM C AOCTATOYHO BHICOKOH YacCTOTOH,
C 9TOil UeNBbI0 HCHOJIB3YIOT JIa3ephl C HenpepubiéHoll HaKadKOH.
J1s reHepanMH NOC/EAOBATENILHOCTH HMILYJIbCOB B HENPEPHIBHO
HaKauMBaeMBbIX Jlasepax CHayasia INbITAJIHCh NPHMEHATh ONTHKO-
MexaHHJYeckHe (Bpamjaiommecs) MOAyAATOpbl. O/fHaKO 3TOT Me-
TOJZ, OKa3aJICI MaJIOMHTEPECHBIM H3-3a IUIOXOH BOCIPOH3BOAMMO-
CTH aMIUIMTYABI MIIYYEHHA OT OAHOTO FeHEepHPYeMOro HMITyJIbca
K ZpyroMy (4TO CBA3AHO C IUIOXO# BOCIIPOH3BOAHMOCTBIO IOJIOXKe-
HHUA OTPaKalolleil IJIOCKOCTH Bpamaiomerocsa ajemenra). Ilnpo-
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KOe NMPH3HaHHE IOJYYHJIH NOABHBIIHECA TO3JHEE aKyCTOONTHYE-
CKHe MOIYJ/IATOPBI.

XapakTrepHas 4acToTa CJIEA0BaHHUA MMITYJIbCOB NPH aKyCTOOI-
THYECKOH MOJY/ALMH OGPOTHOCTH B HENPEPHIBHO HAKAYMBAEMOM
sasepe cocrasider 10 xI'n, AIMTENBHOCTD OTAENBHOIO HMITYJ/ILCA —
0,1-1 MKc, MOLITHOCTb MMIITYJIBCA B MAKCHMyMe — riopska 103 B,
CpefiHAA MOLIHOCTh FeHEpUpyeMOoro uaaydenus — 1-10 Br.

TToBBIIEHHUIO YACTOTH! CIEJOBAHMSA MMMYJIBCOB NPENATCTBYET
TOT (PaKT, YTO KaKABIH M3 UMIIYJIBCOB JO/DKEH NPOHTH B CBOEM
Pa3BUTHH OTHOCHTEJILHO JUTUTEIBHBIH 3Tan JIMHEHHOro pasBUTHA
(cm. puc. 3.7). Ecoin He TpHHUMATD CIELHAIBHBIX MEp, HATIPaBJIeH-
HBIX Ha COKpailleHHe IIPOAOJ/KUTEIBHOCTH 3TOTO 3TaNa, TO MaKCH-
MaJIBHO IOCTHXKHMas 49acTOTa CJIEJ0OBAaHUA UMITY/IBCOB OKa3biBaeT-
¢A paBHO# nmpumMepHO 50 kI,

3HaunTeNbHO Gosiee BHICOKAs YACTOTA CJIEAOBAHUA HUMITYJIb-
COB MOXe€T ObIThb pea/in30BaHa B HENPEPHIBHO HAKAUHBAEMOM Jia-
sepe, paboraromem B pexuMe paszpysku pe3oHamopa (cavity-
dumping), HasbIBaeMOM TaKXe PEKHMOM MOOYAAYUU Ha2pY3KU.
B aToM ciyyae ucnonb3yloT BhICOKOAOGPOTHBIH pe3oHaTop, 06a
3epKajla KOTOPOTO ABJIAIOTCA NOJIHOCTBIO OTpakalouuMmH. B pe-
30HaTOpe MMeeTrca GrIcTpoAeHCTBYIOMMIT MOAYIATOP (MepekiTova-
TeJIb), KOTOPBIH IOA AelicTBHeM BHEUIHErO CHrHala BHIBOAUT B Te-
YeHHe KOPOTKHX IPOMEXYTKOB BpeMEHH 4acTh U3JTyuYeHHA U3 pe-
30HaTopa.

HomnycTnM, YTO nepeKoyaTesb He BKIIOUEH, a HaKauyka TeM
BpeMeHeM JeHcTByeT. B aTHX yc/IOBHAX NPOHCXOAMT HapacTaHHe
IJIOTHOCTH NOJIA M3JIy4eHHsA BHYTpH pe3oHaTopa (3a cueT npeob-
JIaJJaHUA IIPOLIECCOB BBIHYKIEHHOTO UCITyCKaHHsA HaJ IIPOIecCaMH
MOIJIOINEHNUA).

HenpepriBHO AeHcTByIOIas Hakayka GyzeT pu 3ToM BCe Bpe-
Ms1 IO AEPKUBATh HHBEPCHYIO 3ace/IeHHOCTh pabounx ypoBHeH Haj
IIOpOroM reHepanud. B naHHOM cirydae reHepanus (akTHYECKH
y’Ke HJeT, OlHaKO H3JIydeHHue 3anepTo BHYTpH pe3oHaTopa. Koraa
Ha KOPDOTKO€ BpPeMs BKJIIOYAeTCA IlepeKsIodaTesib, H3 pe3oHaTopa
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BBIBOJUTCA KOPOTKHIl CBETOBOH MMIYJIBC — PEe30HATOP YaCTHYHO
«Ppasrpy’kaerca» OT HAKOIUBLIETOCA B HEM H3JTyJUeHHs.

ConocraBuM pexXHMBbl aKTHBHOH MoAyaanuu Jo6pOTHOCTH H
pasrpysku pesonaropa. B nepsom ciyvae IJIOTHOCTbL NOJIS HM3JIY-
YeHHs BHYTPH Pe30HaTopa B HMCXOAHOM coctoaHHH (koraa n06-
POTHOCT: HH3Ka) OYMEHb MaJia; jla3ep HAXOAUTCA HWjice Iopora re-
Hepauuu. IIpyn nepexsoyeHHH AOOPOTHOCTH HAYHHAETCA Pa3BHTHE
reHepaliy, OTHOBpeMeHHO POpMHpYeTCA BBIXOAHOK UMITYJIbC, BbI-
CBEYHBAEMBIH uepe3 IOJyNmpo3payHoe 3epKajio pe3oHaTopa. Pop-
MHpOBaHHE MMITY/IbCa HauMHAeTCA OT YPOBHA IIYMOB, UTO U 00y-
CJIaBJIMBAeT JJINTEJIbHBIR 3Tan JMHEeWHOro pas3sutuA. B ominuue
OT pekuMa MOAYJALUH HOOPOTHOCTH, PEXKUM pasrpy3KH pe3OHa-
TOpa XapaKTepH3yeTcs BBICOKOH JOGPOTHOCTHIO pe3oHaTopa B HC-
XOAHOM COCTOSIHMH; Jlasep HAXOJAWUTCA 6blule MOopora reHepanu,
Jlo Toro xax BBHIXOJHOI HMITYJIbC Ha4HET POPMHPOBAThLCA, reHepa-
IuA yoxce udem, ¥ pe3oHATOp HamoJHeH ¢oroHamu. [ToguepkHeMm:
€CJIM B PpeXXHMe MOAYJIAIMH AOGPOTHOCTH reHepanusa HauWHAeTCHA
noc/e 1oJja4M yIpaBJAIoero CHrHaja Ha MOLYJIATOP, TO B PEXKH-
Me pa3rpy3KH pe3oHaTopa MoAyaATop (nepexstodaTesib) BKIOYA-
€TCA B YJice TeHEPHPYIOLLEeM Jlazepe. 3TO CYLIECTBEHHO coxpawjaem
npouecc ¢GoOpMHpPOBAHHA BBIXOAHOTO MMNyJbca (B pa3BUTHH HM-
y/1bca HeT 3Tana JHHeHHoro pa3suTHs). B pesysisrarte nossiserca
BO3MOXHOCTDb peanu3ainuH 6oJree BHICOKHX YaCTOT CJIEZIOBAHMA CBE-
TOBBIX UMITYJ/IBCOB.,

TunuYHbIE XapaKTEPHCTHKH peXXMMa pasrpy3KH pe3oHaTopa:
YacToTa cjiefoBaHuA UMITyabcoB — 100 kI — 10 MI', miurens-
HOCTb OTAENBHOTO MMIyJabca — 10-100 He, cpeiHAA MOLIHOCTB
TEHEepUpyeMoro usjydyeHus — 1-10 Br.

Jlexkuusa aBeHaamnaras

3.4. Csepxkopotkue (MMKOCEKYHAHbIE) MMIYALCbI

PaccMOTpHM OTHAEIBHO DPEXUM CUHXPOHU3AUUU NPOJoAbHbIX MO0,
[O3BOJIAIOIINEI reHEPUPOBATh NNOC/IEIOBATEIBHOCTD CBEPXKOPOTKHX
CBETOBBIX MMITYJIBCOB, HMEIOIIMX JINTeNbHOCTE 110 1e (10-12-
107! ¢) u mMomHOCTL B Makcumyme Ao 10!2 Br.

Pe:xuM CHMHXPOHM3AIMM NPOXOIABHBIX MOA. [Ipoao/sHEIE MO-
Zibl PACIOJIATAIOTCA 10 IIKaJie YacTOT SKBHAMCTAHTHO — pacCTos-
HHUe MeX/y TI00BIMH COCEAHUMH MOJaMH IOCTOAHHO: AV = ¢/2Ln
(cm. (1.55)). Ha mupuHe AV JHHHH YCWIEHHA IOMEILAETCA
m = Av/AV' npononbHEIX Moz, IIpeanosioKum, 4To 5TH MOABI CUH-
XpoHu3oeaHsl no @daase, T.e. pa3HOCTh (a3 ABYX JOOBIX COCEXHHX
MO/l IOCTOSIHHA. B 3TOM cirydae Gyner IIPOHCXOAUTD 83AUMHAR UH-
mepgeperyus mo0 (YHoTpebsieTcs TaKkKe TEPMHH «CUEIUIEHHE
moz» — mode locking), B pe3y/ibTaTe 4e€ro BO3HHKAET IOCJIEN0Ba-
TEJIbHOCTh CBEPXKOPOTKHX CBETOBBIX MMITYJIbCOB. JJTUTEILHOCTD T
OTAEJIBHOTO UMITYJIbCA OIPEJeJIsAeTCA IMHPHHON JIMHUK YCUIEHHS,
WIY, HHAYe TOBOPA, YHUCJIOM CHHXPOHHU30BAHHBIX MOZ;

1 1
TR — .
Ay mAV

~

(3.9)

MouHOCTE CBEPXKOPOTKOIO MMITYJIbCa OKa3bIBAETCA NPHMEPHO B M

paa GOJIBIIIE MOIITHOCTH H3JIYYCHHsA B OTCYTCTBHE CHHXPOHHU3AIMH

MOA. I'Iepuon CJIEAOBAHHS CBCpXKOpOTKHX HMIYJIbCOB
1 2In

N — 3.
AV c (3.10)
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V7! ne

a) 6)

Puc. 3.8. PeXxMm CHHXPOHM3ALUMKU NPOAOABHBIX MOA: a) TMIaHTCKUHA UM-

MYAbC W MOCAEAOBATEALHOCTb CBEPXKOPOTKUX UMMYAbCOB; 6) pe3oHatop,

B KOTOPOM MPEAOTBPALLEeHa CEAeKLIMUS MPOAOAbHBIX MOA (A3 — aKTUBHBLIA

3AeMeHT; 1@ — npoCcBETARIOWMACS (PMALTP, UCTIOAb3YEMBbIF NPKU NACCHB-
HOW CMHXPOHU3aLMN MOA)

[lupHHa THHUK YCHIEHHA JJI8 TBEPAOTEIbHBIX HEOJHMOBBIX
N1a3epoB cocTasiser mpumepHo 100 T, a ay1a 1asepoB Ha OpraHy-
YeCKHX KpacuTesax — okosio 1012—-10!8 I'y. IMonaras Av' ~ 107 I'y,
TOJIy4aeM OTCI0Aa, YTO MAKCHMAJIbHO BO3MOXHOE YHCJIO POZ0JIb-
HBIX MOJ PaBHO Ul YKa3aHHBIX JIa3€POB COOTBETCTBEHHO 103
n 1012-1018,

Ha puc. 8.8 a nano npubausuresibHoe (6e3 crpororo yuera
KOJINYECTBEHHBIX COOTHOIIEHH) CONOCTaB/IEeHHE TMIAaHTCKOr0 M-
Hy/IbCa M MOC/IEN0BATEIBHOCTH CBEPXKOPOTKHAX MMITYJIBCOB B Jla3e-
pe ¢ UMITyJIbCHOM Hakaukoil. Ha pucyHKe MOKa3aHO NMpeBpalleHne
THTaHTCKOTO UMIy/bca (OH Ha PHCYHKE 3aINTPHUXOBAaH) B moOCJIe-
ZIOBATENLHOCTb CBEPXKOPOTKHX HMITY/ICOB IIPH CHHXPOHHU3ALUH
NIPOAIOJIBHBIX MO,

Peanusanusa pexuMa CMHXPOHH3AIUM NPOAOJIbHBIX MOJ,
IMpexze Bcero HeOGX0AUMO BEHIGpATh aKTHBHYIO CpeAy ¢ AOCTaTo4-
HO WupoKoll IMHNEH JIIOMHUHECHEHIIUN, DTO MOTYT ObITh, HalIpH-
Mep, KPUCTa/Ul WIK CTEKJIO, aKTHBUpOBaHHbIe HeoxuMoM. Eme Go-
Jlee TPeAIIOYTHTE/IbHBl PACTBOPHI OPraHUYeCKHX KpacHTeseH. 3a-
TEM CJIeAyeT IPHHATD MePHl K npedomepawjeHulo ceaexyuu npo-
0021bHbIX MO0 (B AAHHOM CJTydae IPUHIIUNHAIBHO BAXKEH MHO204a~
cmommbtil pexxum reHepanuu). Peus uzer o6 unTepdepeHIMOHHON
CeJIEKIIMH MOJ, KOTOpas BCerfa NMPOUCXOAUT B OGBIYHBIX Pe30Ha-
TOpax GJaroAapsa HAIWYMIO B HUX PALA JOTIOTHHUTENILHBIX OTpaXa-
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IOIHX [JIOCKOCTEH, HanpuMep TOPIOB aKTUBHOTO 3JIEMEHTA, MOJ-
JIOXKEK 3epKaJI ¥ T. 1. Jns mpefoTBpaleHua nHTepdepeHIMOHHON
CeJIEKIIUN MOJ] CTPEMATCA YCTPAHHUTD AOIOJHHTEIbHbIE OTpaXalo-
mue iockocTd. C 3TOH LesIbl0 3epKaJbHbIE NMOKPLITUA HAaHOCHAT
Ha KIMHOBHJIHBIE NOZJIOKKH, a8 TOPUEI AKTHBHOTO 3JIEMEHTA Cpe-
3aroT nog yriiom Bpiocrepa (cM. puc. 3.8 6).

Hakownen, He06X0AMMO CUHXPOHU3UPOBAMD MPOAOJILHBIE MO-
Zibl, MHBIMH CJIOBaMH, ceasamb ux no @gase. IlpuMenserca kak
axmueHasn, Tak B naccusHaa CUHxpoHu3anusa. M3 akTHBHBIX CIIO-
c000B CHHXpOHH3alUH Hanbosee MIMPOKO HCIIONB3YIOT aKyCcmoon-
muveckuil. Kak 1 B aKycTOOIITHYECKOM 3aTBOpeE, B aKyCTOOITHYE-
CKOM CHHXPOHM3aTOpe IIPOHMCXOAUT paccestHHEe CBeTa Ha yJbTpa-
3BYKOBOH BosiHe (IIpaBja, yke He Ha Gerymeii, a Ha cTosueit). AKy-
CTOONTHYECKHHA CHHXPOHHM3aTOpD MOAYJHpPYET BO BPEMeHH NOTEPH
B Pe30HaTOpe NMPaKTHYECKH I10 3aKOHY CHHYCa; NEPHOA MOAYIALINH
noabupaloT paBHBIM BpeMeHH T, onpezesisieMOMy COOTHOLIEHHEM
(3.10). ITepuopuueckas MOAYNALMA aMIUIMTYAbI U3JIydYeHHUsA, pea-
ausyeMas Ha 4yacrote 1/7, npeBpaniaer MOAY, UMEIOILYIO YacCTOTy
V1, B TpH cuHQa3Hble MOABI — HA vacroTax vy, vy + 1/T, vy — 1/T.
YactoTs! ¥; = 1/T cOBNagaT ¢ 9aCTOTaMH MOJ, AIBJISIOITHXCA CO-
CEAHHMH I10 OTHOLLIEHHIO K pacCMaTpHUBaeMOH MoJie ¢ YaCTOTOH v,
B pesysnrraTe W NMPOMCXOAMT CHHXPOHHM3AlUA IIPOAOJIBHBIX MOJ.

IIpu naccusHoll CHHXPOHU3ALUH NPOAOJBHBIX MOJ] BHYTDPE pe-
30HaTOpa JIa3epa NOMeIaloT NpoceeTAtomuiica Guistp (puc. 3.8 6).
CyliecTBEeHHO, YTO BpeMsA peJIakcalii (PHibTpa J0KHO ObITh 3a-
MeTHO MeHbule 7. MOXXHO NOKa3aTh, YTO HCIIOJIb30BAHHE TAaKOro
¢unrTpa NPUBOAUT, KaK M IPH aKTMBHOH CHHXPOHM3aLMH, K Me-
PHOJHYECKOH BO BPEMEHH aMIUIMTYAHOH MOJYJIALMH H3JIy4eHHS
H, KaK CJIEICTBHE, K CBA3BLIBAHUIO MOA o ¢ase.

Bhige/sIeHre MOLHOrO CBETOBOTO MMITYJIbCA M3 HAYAJIBHO-
ro NpouaA HUHTEHCHBHOCTH IIOJA M3IydeHus, CymecTsyer
HaMAHoe 00bACHEHHE TOTO, KaK BO3HHKAIOT CBEPXKOPOTKME CBe-
TOBbIE HMITYJICHI B J1a3epe ¢ ObICTPO pesIaKCHPYIOLIUM NPOCBETIIA-
rowumesa GuwisTpoM. Ha aTame, npeamecTByiomeM NpOCBETIEHHIO
¢uaLTpa, BHYTPH pe3oHaTopa GOpMHpYETCs MoJie H3IyueHH, Bpe-
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a) 6)

Puc. 3.9. XapakTepHbii MCXOAHbIA NPOIHAL NOASR
Ha nepuoae pe3oHaTopa (a) 1 KoHedHbI NPodrAL NoAs (6)

MEHHOH MPOQHIIb KOTOPOTO COAEPIKUT MHOTOYHCIIEHHBIE haykmy-
ayuu UHMeHCUsHOCMU Pa3sHOW aMIUIUTYAbl. ITOT NpoduIb NpH-
6JIM3NTENBHO NOBTOPSETCA Yepe3 IIPOMEXYTOK BpeMeHH, PaBHBIN
BpeMeHH 06x0/1a H3IyueHueM pe3oHaTopa (MHaue roBops, paBHbIN
BpPEMEHH ABOMHOro npoxoza (Tyza 1 o6paTHO) U3JIydeHHs 110 Pe30-
Haropy). U3 (3.10) BugHO, YTO yKa3aHHBIA NPOMEXYTOK BpEMEHH
KaK pa3 M ecTb mapamerp I' — ero HasLIBAIOT NEPUOOOM Pe30Ha-
mopa.

XapakTepHslif HCXOAHBIH MPOGWIb NI0JIA Ha NIEPHOAE pPe30Ha-
TOpa IOKasaH Ha pHuc. 3.9 a. BUAHO, YTO OH COAEPXKHUT OJHH APKO
BbIPa’XeHHbIA ummysbe. Ha cragnu npocsetieHus puisTpa MMeH-
HO 3TOT HMITY/IBC U IPOHAeT CKBO3b (UILTD, a CJIeAOBaTEJIBHO,
JIOTIOJIHUTEIBHO YCHIHTCA 33 O4YepeHOH NpoXoj yepe3 aKTHBHBIN
aneMeHT. Ecoin Gwnsrp OBICTPO pesiakCHpYeT, TO OH TYT e «3axJI0~
IbIBaeTcA» 33 YKa3aHHBIM HMIYJILCOM H TEM CaAMBIM «IIperpakaaer
JIOpOTY» MeHee BBIPaXK€HHBIM (PJIYKTyal[HAM HHTEHCHBHOCTH I10-
s n3nydeHns. TakuM o6pa3oM, GLICTPO peslakcHUpyIoIui (GUIBTD
obnazaer cnocoGHOCTHIO 8bide1amb (KaK FOBOPAT, noduepkueams)
HanGoJiee MHTEHCHBHBbIE (JIYKTYallHH ITOJIS H3JIyYeHHsA, BO3HHK-
I¥e B HCXOAHOM IpodWie, H, HAIPOTHB, N00A6AAMb OCTAJIbHBIE,
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MeHee WHTEHCHBHBIE (uIykTyanuu. B pesynwrate mpodwib nosns
HBJIyJEeHHS OT OAHOTO IepHojia pe3oHaTopa K Apyromy Oyzer mo-
creneHHo AedopMHpOBaTLCA — 3HEPrUA, 3aK/IIO4YeHHas BO Bce-
BO3MOXKHBIX (uIyKTyauusx, 6yaer nepepacnpeneaTscs, cOCpeo-
TOYHBAACh B OJAHOM HMIyJbce: OyZeT NMPONCXOAUTH BO3PACTaHHE
HHTEHCHUBHOCTH 3TOr0 HMMITYJIbCAa U OAHOBPEMEHHO yMEHbIIEHHE
ero JuInTeNnbHOCTH. KoHeuHBIH npoduias nons uanydenus, cdop-
MHpPOBaBLIMIICA yKe Ha CTaAHH [POCBETIEHHUs (UILTPaA, MOKa3aH
Ha puc. 3.9 6. Xopollo BHeH XapaKTep N3MeHeHus npoduis B pe-
3yJIbTaTe B3aHMOJEHCTBUA H3IydeHHsA ¢ (PWILTpOM B Ipolecce
IIPOCBETJIEHHS TIOC/IEAHETO.

Wrak, Ipy HAIMYUK BHYTPH PEe30HATOpPa MaJOWHEPLHOHHOIO
¢GunbTpa MOXET Pean30BaThe KAPTHHA «TYJAIIIEro» IO peso-
HaTopy (0T 3epKajia K 3epKajly) OAWHOYHOIO CBETOBOI'O MMITYJibCa.
AMIUIMTYZ]a IMITyJIbCA BHaYasIe PAcTeT, a 3aTeM (110 Mepe TOro Kak
HCcYepnbIBaeTCA IepeJlaHHasA aKTHBHOMY 3JIEMEHTY SHeprus HM-
My/abca HaKayKH) NocrerneHHo yOuiBaeT. PeryssapHo, yepe3 nmpome-
KyTOK BpemeHH T', 3TOT MMILYJIbC IOAXO- |
ZUT K BBIXOZHOMY 3epKaJly pe3oHaTopa

M BCSAKHH Pa3 YaCTHYHO BBHICBEYMBAETCA. l
B pesyszraTe BBIXOAHOE H3JTydeHHE Jia-
3epa OyzeT UMeThb XapaKTep peryJIApHOU a)

HOC/IeZIOBATELHOCTH CBETOBBIX HMITYJIb-
COB, CJIEYIOIIUX ADYT 3a APYTOM uepes
npoMexyTok Bpemenu T' (puc. 3.10a).
B peajbHBIX YCJIOBHMAX ONMCaHHAsA
HAeasbHaA KapTHHA MOXKET HE HMETb
Mecta. Bo-mepBbIX, OHUIBTP MOMKET He
yCIeTh «3aXJIONHYThCA» Iepes 6JIM3KO
crepyiomum Gosiee c1a6GbIM HMITYJIBCOM. 6)
Torga Oyzer HaOMIOAATBHCA MOCAEAOBA- Pruc. 3.10. FlOCACAOBATEAD:
Te/ILHOCTD BbIXO/IHBIX CBETOBBIX HMIYIIb- 1\ CoenxKOPOTKHX MM-
COB, OKa3aHHas Ha puc. 3.10 6. BO-BTO-  nyaucos npu noaHoit (a) u
PBIX, QIIYKTyallHOHHAA MPUPOAA HCXOA-  HenoAHOW (6, B) CMHXpO-
HOTO NpodWiIsA MOAA UITYYEHHS MOMKET HU3ALMK MOA

E

C
~

= |
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IPHBECTH K BO3HHKHOBEHWIO ABYX Wi Gojiee OAMHAKOBO MHTEH-
CHBHBIX Ha4aJIbHBIX MMITYJIbCOB, KOTOpble B paBHOH Mepe OyayT
noAvepKuBaThea GQUILTPOM. B pesysnbrare 3a nepuoz, pe3oHaTopa
chopmMupyeTca He OAMH, a ABa WK 60J1ee MHTEHCHBHBIX KOPOTKHX
HMITYJ1bCOB (pHc. 3.10 8).

IIpumevanue. WU3n0xeHHOE OIHACAHHUE SBJIEHHS reHEePAI[HH CBEPX-
KOPOTKMX CBETOBBIX MMITY/IBCOB B JIa3epe ¢ MPOCBeT/IAIIUMCA GHITb-
TPOM MOXeT ObITb Ha3BaHO BPeMeHMbIM onucaHuem. IIpu Taxom
onmucaHuy mnpouecc GOPMUPOBAHUA IOC/IENOBATEIFHOCTH CBEPXKO-
POTKHX MUMIIYJICOB PACCMATPHBAETCA KaK IIPOLece peryaspHoro (mo-
BTOPAIOIUErocs yepes BpeMs T') BRICBEYHBAHUA YACTH S3HEPTHH MOII[-
HOro (ykTyanuoHHOro BeiOpoca B npocdusie Mojs, BBUIENIEHHOTO
H IHOAYEPKHYTOrO IIPOCBEeIAIOIUMCH GuabTpoM. Kapruna «ryins-
IOL[ero» BHYTPH PE30HATOpA MOLTHOTO HMITYJIbCa MOXET HCIIOJIb30-
BaThCA Y [IPH PACCMOTPEHHH aKTHBHOH CHHXPOHH3alMH MoA. Hamom-
HHUM, 4TO [IOTEPH, BHOCUMBIE AKYCTOOIITHYECKHM CHHXPOHH3aTODOM,
[IPOMOAYJIMPOBAHEI BO BpeMeHH ¢ mepuogoM T «yasionuit» BHyTpH
pe3oHaTopa HMITJIbLC GyAeT NPOXOAUTh CKBO3b CHHXPDOHH3ATOP BCA-
KMt pas B MOMEHT BpEeMeHH, OTBEUAIOINH HAMMEHBIIMM NOTEpPAM.

Hapsay ¢ ykasaHHBIM CIOCOGOM ONMCAHUA HCIIOJIL3YETCA Cnek-
MpaabHOe onucaHue AAHHONO PeXHMa IeHepalldH, KOTZa Ipoliece
(opMHpPOBaHHA OC/IENOBATEILHOCTH HMITY/IbCOB PacCMaTpPHBAeTCH
Kak pesyibTaT HHTepdepeHnuy GOJBIIOTO YHCIA SKBHAMCTAHTHBIX
10 YacTOTe IPOLOJIBHBIX MOJ €O CBA3aHHBIMM Gazamu.

3.5. Ynpasaenune npocTpaHCTBEHHOMH
CTPYKTYPOH NOAR M3Ay4eHMS

Cestekus OCHOBHOII momnepevHoOil Moabl. Iloxg TepMHHOM
«IIPOCTPaHCTBEHHasA CTPYKTypa NOJA» NOHMMAIOT XapakTep pac-
IpefieJIeHs IIOTHOCTH IIOTOKA U3TyYeHHA B IUIOCKOCTH HOoNepey-
HOTO ce4eHHs cBeToBOro myyka. IIpocTpancTBeHHast CTPYKTypa I10-
JIsl J1a3€PHOTO U3JTy4eHHs ONpe/esIAeTcs, I/IaBHbIM 06pa3omM, Habo-
POM TeHEPHUPYEMBIX nonepexHbvix Mo0. XapaKkTep CTPYKTYpPbl HOJIA
JUIA pasyIMYHbIX NONEpPedYHBIX MO/ OTpakaeT puc. 1.18, rae moka-
3aHa CTPYKTypa CBETOBOIO IATHA, Hab110aeMoro 118 HECKOJIbKHX
MO/, Ha TIOBEPXHOCTH 3€PKaJIa JIa3€PHOI0 Pe30HATOpA.
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Yacro xesaTeJIbHO 00eCcTevnTh reHepalyio JIMIIb OJHOH Mo-
nepevHoi Mozb! — ocHosHoll moasl TEMgg. B sTOM ciyuae peanu-
syercst Hau6osiee paBHOMePHOe paclpe/ieJIeHHe IUVIOTHOCTH NOTOKa
TI0 CEYEHMIO ITy4Ka U IOCTHTaeTCsl HauMeHbIas PaCXOAUMOCTD ITyd-
Ka. ITome monsl TEMg B HauGospimedd creneHu (10 cpaBHEHMIO
C APYTHMH TNONEPEYHBIMH MOJAaMH) CKOHIIEHTPHPOBAHO BOJIHM3HU
ocu pesoHartopa. IToatomy HaubGosiee mpocroil cnocob cesekIuu
moznsl TEMg, mpeamosiaraeT BHECEHHE BHYTPh pe3oHaTopa dua-
¢pazmbt (3KpaHa ¢ OTBEPCTHEM C LIEHTPOM Ha OCH pe30HATOpa).
IMosaByeHKe B pe3oHaTOpe AuadparMel BHOCUT OIpeJesIeHHbIE T10-
Tepu. Jns moasl TEMgg 9TH nOTepH OKa3bIBAIOTCA HAUMEHbUWUMU
(Bc/leacTBHE KOHIEHTPALMK MOJIsA BOJIKU3M OocH pe3oHaropa). Iloa-
Gupas mna guadparMbl aneprypy U NoJOoXkeHHe Ha OCH PE30HATO-
pa, MokHO obecnieunTh reHepanuio Moabl TEMgo U B TO e Bpems
NIPeZIOTBPATUTh NeHEePAIlHI0 OCTAJIBHBIX IIONEPEYHBIX MOJ,.

Hcnosb3oBaHne HEYCTOMYHBBIX Pe30HATOPOB. B cBOE BpeMs
CUMTAJIH, UTO JIa3epHas reHepauys NpH HCIOJIb30BaHUH HEYCTOM-
YHBOI'O pe30HAaTOpa HEBO3MOXHA, OCKOJIbKY TaKOH Pe30HAaTop He
yOepiicusaem BHyTpH cebs nsmyuenne. OXHaKO HCCIIE/JOBAHUA IIPO-
JEMOHCTPHPOBAIN JKH3HECIIOCOOHOCTD JIa3€POB € HEYCTONYHBBIMHU
pe3oHaTopaMu. Kak oxasasoch, Takue pe30HaTOPbl MOKHO HUCIIOJIb-
30BaTh TOT/ZA, KOT/A2 aKTHBHasA cpefa obsazaer focTaTo9HO 60JIb-
UM ycwieHneM — He Hike 10-20 % Ha Nnpoxoj Mo pe3oHaTopy.
IIpu aTom Gbu1 OOHapyKeH PAA MPENMYIECTB HEyCTOMYMBBIX pe-
30HATOPOB I€peA YCTOMYUBBIMH.

OZHO U3 TAaKHX MPEUMYILECTB — NOBBIIIEHHBIE CeAEKMUBHbIE
CBOMCTBA HEYCTOHYMBBIX Pe30HATOPOB, (JOPMHUPYIOIIMX CBETOBhHIE
MYYKH BBHICOKOH CTENEHbIO0 KOTePEHTHOCTH. C TOYKH 3PEHHA CeJIeK-
UK OCHOBHOM NOINEPEYHOIH MOAB!I BBITOAHO OOecrneYnTd YCJIOBHA,
ITPH KOTOPbIX AH(PPaKIMOHHEIE MOTEPH OTHOCUTEIBHO BEJIHKH, I10-
CKOJIBKY AUGPAKIHA NPUBOAUT K CPBIBY T€Hepaliy NPEXAE BCETO
nonepe4yHsix Moz 6Gosiee BBHICOKHX NMOPAAKOB. /1A HEYCTOHYHMBHIX
pe3oHaTopoB AudpaKLHOHHEIE IOTEPH 8Ce20a 8eAUKU: B 3THX pe-
30HATOpax yKazaHHbIE NIOTEPH BBICTYNAIOT B POJIH H3JTy4aTe/IbHbIX.
[Mo3TOMy HEYAMBHUTENBHO, YTO Jia3ep C HEYCTOHYHMBBIM pPE30Ha-
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TOPOM reHepUpyeT OGBIYHO TOJIBKO OCHOBHYIO MOIEPEYHYI0 MOAY
TEMgo. ITpr 3TOM 4acTo JAOCTHTAaeTCA NpeAeIsHO Majiasa pacxogu-
MOCTh CBETOBOTO IIy4Ka, OIpefie/iseMas allepTypoH caMoro mydka
(Tak HaspiBaeMas Ju@dpaxKyuoHHas pacxoouMocms):

A
on = 1,22 (3.11)

Es
TZe ; — YTOJ pacXOZUMOCTH CBETOBOTO IIYYKa, A — JUIMHA BOJIHBI
H3ydeHus, d — JUaMeTp CBETOBOTO ITy4Ka,

B kauecrse npumepa Ha puc. 2.30 6bUT TOKAa3aH HEYCTOHYH-
BBIH pe30HATOp TejecKonudyeckoro tHna. Kak yxe oTMmedasiocs,
M3 TAKOT0 Pe30HATOPA BBIXOAUT U3IYYECHHE C MPAKTUYECKH IIJIOC-
KMM (QPOHTOM (C TOYHOCTBIO 0 AUGPAKIIUOHHONH PaCXOAUMOCTH).

Anoausupylomue guadpparmel. Judpakius cBETOBOro Imydka
[IPH €ro IPOXOXJEHHH 4depe3 Jy00yI0 IJIOIIAAKY OrpaHHYEHHBIX
pasmepoB (6yap TO AmadparMa HWJIH TOpel aKTHBHOTO 3JIEMEH-
Ta WIH YTO-TO MHOE) MOKET NPHUBOAUTHL NpH 6OJBIIMX MOLIHO-
CTAX M3JTydeHHA K 3aMETHBIM HapYIIEeHHUAM OJHOPOAHOIO XapaKTe-
pa pacrnpe/ieJieHUs MJIOTHOCTH MOTOKA IO CEYEHHI0 Mmyuyka. Moryt
BO3HHKATh HMHTep(epeHIMOHHbIe KOJIbIA U IMOJIOCH H, KaK CJIel-
CTBHE, 3HAYUTE/IbHBIE JIOKAJIbHBIE YBEJIMYEHHA IIJIOTHOCTH IIOTOKA.
Yrto6bl MPEAOTBPATHTh 3TO SBJIEHHE, NMPHMEHSAIOT TaK Ha3bIBae-
Mble anodusupyrowue duagpasmul («MATKHe aneprypoi»). IIpo-
IIyCKaHHe TaKUX JuadparM criaiaer Ha Kpasx IUIaBHO, TOCTENEHHO,
a He CKaYKOM, KaK y OOBIYHBIX («)KECTKHUX») anepryp. AOAU3UDPY-
omue AuadparmMbl M3rOTOBJIAIOT, IPUMEHSAA HANbUIEHHE HA 1TOJ-
JIOKKY NOTJIOMIAIONIErO CJI0Si TePEMEHHOH TOJILINHBI.

AHanorom anoAusupyomux auadparm ABIAIOTCA IpPUMEHsie-
Mbl€ B HEYCTOHYMBBIX PE30HATOPAX 3ePKANd CO CeNAdCeHHbLM Kpa-
€M, T. €. 3epKaja, y KOTOPhIX KO3G@HIIMEHT OTPaKeHHUA Cliafjaer
Ha KpasX He CKavyKoM, a Iu1aBHO. Takue 3epKaja CyIECTBEHHO
YMEHBIIAIOT AUPPaKiHOHHbIe 3P (eKTh Ha Kpae BLIXOJHOTO 3€p-
KaJjla HeyCTOHYHBOTO pe30HaTopa.

Jlekuyd TpuHazAaras

3.6. MNpeobpa3oBaHre 4aCTOTbl U3AYHEHHA
B HEAMHEHHOW Ccpeae

HeauHeilHan no/iApH3anMA cpeabl. B [0sa3epHON ONTHKE
CTIPaBEA/INBO CYUTAJIOCH, YTO XapaKTEPHUCTHKH Cpe/bl He 3asucam
OT MHTEHCUBHOCTH CBETa, NMPOX0oAAIEero yepes cpeay. HenasepHele
HCTOYHUKHU CBeTa obecnedrBaM HaNPXKEHHOCTb CBETOBOTO TOJIA
He Bblme npumepHo 10° B/M, BHyTpMaTOMHbIE K€ IIOJIsS Xapak-
TepU3yloTca HanpskeHHoctamMH 108-10!2 B/m. Ilpu Takom «co-
OTHOIIIEHWH CWI» CBETOBAsA BOJIHA He MOXKET CKOJIb-TM00 3aMEeTHO
[IOBJIMATH HA BHYTPHATOMHEIE I10J14, a CJIefOBATENbHO, U HA Xapak-
TEPUCTHKH BelecTBa. I103TOMy OTKJIMK cpens! (nosspusauua P)
Ha BHeIIHee Bo3felcTBHe (HANpAKEHHOCTH IIOJIA CBETOBOH BOJI-
Hbl F) oxa3bIBaeTcd JUMElHbIM:

P =aF, (3.12)

rie @ — AU3dJIEKTpAYecKas BOCIIPHHUMUYMBOCTL cpefbl. OTciofa U
IIPOMCXOUT TEPMHUH «JIMHEHHasA ONTHKa», UCIOJIb3yeMbIH B NpU-
MEHEHHH K J10/1a3epHOH (HeKOrepeHTHOH) ONTHKe.

C nosiejieHMeM Jla3epa CUTyallMsl PajHKJIBHO H3MEHWIACh.
Bricokas cTeneHb KOrepeHTHOCTH JIa3€PHOTO M3JIy4YeHUs I03BOJIA-
€T OCYIIECTBJIATh HeOObIUaHO CHJIBHYIO NPOCTPAHCTBEHHYIO KOH-
LIEHTPaLuIO CBETOBOM MoIIHOCTH. Ha mpakTuke 3TO peaiusyercd
Osarozaps Majaoil pacXOAHUMOCTH H3JIyMeHHA M BO3MOXKHOCTH IO-
JIy4aTh CBETOBbIE HMITYJIECHI C OUEHb BBICOKOH MOIIHOCTBIO B MaK-
cumyme. Jlazeps! MO3BOJIAIOT NMOJIYIaTh CBETOBEIE M0JI HAIPSAKEH-
HocThio 710 1019-10!! B/M — Teneps HaNPAXKEHHOCTb [0Jisl CBETO-
BO# BOJIHBI y2K€ CONIOCTaBUMa C HANPAXKEHHOCTHIO BHYTPHATOMHBIX
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noJiefi. B pesysibTare AuU3IeKTpUYECKas BOCIIPHMMYHBOCT OKa3bl-
BaercsA GYyHKIMEH OT HATIPSIKEHHOCTH 0J1A BOJIHEL. Kak nokaseisa-
€T TeopH#, 3Ta QYHKIUA MOXKeET ObITh IpeACTaBjIeHa B BU/Ie CyMMBI
6bICTPO YOBIBAIOIMX CJIaTa€MBIX:

a(E) =g+ a1 F + agE2 +..., (3.13)

rae ag, @y, iz, ... — NapaMeTpsl AAHHOH CPEABI, XapaKTepu3yio-
mue ee nonspusyemocts. Orpannunmes B (3.13) AByMsA ciiaraeMbl-
MH B IIpaBoil YacTH COOTHOIIEHHA. B sToM ciywae (3.12) nmpuau-
MaeT BHJ,

P = a(E)E = aoE + o, E*. (3.14)

CymecTBeHHO, YTO cooTHOIIeHHE (3.14) ABnAeTca HeAUHEellHbIM OT-
HOCHTEJIBHO HANPAKEHHOCTH CBETOBOrO 1ojif. OTKIMK CpeJbl Ha
BHeIITHee BO3JEHCTBHE OKa3bIBaeTCs Temnepb HeJuHeHHbIM. OTClo-
Jla MPOMCXOJAT TEPMHHLI «HEJHHEHHAs ONTHKa», «HeJIMHeHHas
cpepa». Ciaraemoe

Py = oy E? (3.15)

B COOTHOIIEHUH (3.14) Ha3BIBAIOT HeAuMelHOil nonspusayueli cpe-
Jibl, a TapaMeTp @; — HeAuHellHol 80CNPUUMHUBOCTBIO.

B3anMopeliCTBUSA CBETOBBIX BOJIH B HEIMHEHHBIX cpejax.
[Ipeanonoxum, yrto No HeJIMHEHHOM cpefie (cpele ¢ HETMHEHHON
nosspusanueii) 6eXUT BAOJbL OCH 2 €O CKOPOCTBIO ¥; IUIOCKas
MOHOXPOMAaTHYeCKash CBETOBasd BOJIHA C 4YacTOTOH V. YpaBHeHHe
TakoH BOJIHBI

z
E,(z,t) = Ep; cos [27”/ (t - 5—)} (3.16)
1
IMoxcrapnsas (3.16) B (3.15) M UCOIB3Yys COOTHOILEHHE

1+ cos 2

2
cos“ B = ,
A 2

MOJTy4aeM

1 1
Pur(2,8) = 5 o B2 + 3 o, B2, cos [47w (t ~ {‘—)] (3.17)
1
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BuHO, 4TO IO CpeAe pacnpoCTPaHAETCS B TOM Ke HalpabJje-
HHHU H C TOH XK€ CKOPOCTBIO 80/1HA NOAAPU3AYUU, XaPAKTEPU3YIO-
1asAcs, OXHAKO, YaCTOTOH, paBHOH He v, a 2v. BosiHy nosisipusanuy
MOJKHO paccMaTpHBaTh Kak CBOeOGPa3Hyl0 «H3JTydalollyl0 aHTEH-
Hy», Oeryugyio mo cpezae co CKOpoCTbi0 v;. IIpH onpezeseHHBIX
YCJIOBHAX 3Ta «AaHTEHHA» MOXKET NPHUBOJMTDL K H3JIyYeHHUIO HOBOH
CBETOBOH BOJIHBL. YacToTa nepeusayueHHoll c6emoeoil 80.1Hbt byner
paBHa 4acTOTe BOJIHBI MOJIAPH3ANH. YPaBHEHHE Iepen3iTy4eHHOH
CBETOBOI BOJIHEI 3aIIUIIIEM B BHAE

FEs(2,t) = Eyz cos [41r1/ (t - 5—)] . (3.18)
2
Ammnutyzna Egg Bripakaercs yepe3 aMIUIUTYAY Fo; U HeJIMHEHHY10
BOCNIPHUMYHBOCTD (1, 4 TaKyKe uepe3 ApyrHe mapaMeTphl Cpelsl.
CxopoCTh ¥y NEPEeN3Ty4eHHOM BOJIHBI OTJIHYAETCA OT CKOPOCTH ¥y
HCXOAHOM CBETOBOM BOJIHBI, ITOCKOJIBKY IIOKa3aTesb IPeJIOMJIEHUsA
3aBHCHT OT YaCTOTH: B cooTBercTBuH ¢ (1.2)

V= ey pp = e
1= 0w 2T a2w)

HTak, B HesluHEHHOH cpefie cBETOBAaA BOJIHA YaCTOTH! V, B3aU-
MozeiicTBys cama ¢ co0oil (Mepe3 MOCPeACTBO BOJIHBI HeJIMHEHHOH
MOJIAPH3AIHMH), MOKET IOPOXKAATh HOBYIO CBETOBYIO BOJIHY C 4Ya-
crotoil 2v (Tak Ha3bIBAEMYIO 8MOPYI0 ONMUYECKYI0 2APMOHUKY).
ToBops 0 TOM, 4TO CBETOBas BOJIHA B3aHMOJEICTBYeT caMa C CO-
60oif, MBI MBICJIEHHO NPEACTaBJsgeM 3Ty BOJHY B BHJE JBYX BOJIH
OAWHAKOBOH 4acCTOTEHI.

KapTuHa B3aUMOAEHCTBHA CBETOBBIX BOJIH B HeJIMHEITHOH cpe-
ne Gyaer 60J1ee YETKOH, ecyIM B Ka4eCTBE HCXOAHBIX B3ATh /IBE BOJI-
HBI Ha Pa3HbIX 4acTOTax, HApUMep, V) H Vz. 3anuileM ypaBHeHHe
BOJIMBI, IIpeZicTaBaAomel co6oi Cyrnepno3uuio 3TUX BOJIH:

E(z,t) = Ep; cos [21ru1 (t - f—)] + Ey3 cos [27r1/2 (t - i)] )
L) Va2

(3.20)

(3.19)
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[Moacrasaaa (3.20) B (3.15), nosyuaeM

Pyy(z,t) = alEgl cos® [21r1/1 (t - ;’z_)] +
1

z
+ alEgg cos? [21w2 (t - —)] +

L)
z z
+ 2a3 Ey Eyy cos [27!‘1/1 (t - ;}—):] cos [27”/2 (t - v—)] . (3.21)
1 2
YuuThIBaA fasee COOTHOIIEHUSA
1 2 -
cos® B = %sﬂ’ cos fcosy = cos (B +7)-;—cos(ﬂ 7),

3aKJIIOYaEM OTCIOAA, YTO BOJIHA HEJIMHEHHOM NOJIspH3alyy, ONu-
criBaeMasi BhipaxkeHHeM (3.21), ecTb CynepmosHIius BOJIH Ha 4a-
crorax 2v,, 2v,, ¥ + Vg, ¥; — V;. Takue ke yacToTe GyAyT UMETDH
M TepensTyuYeHHbIe CBeTOBBIe BOJIHbI. Takum 06pa3om, B3aumozeii-
CTBHE CBETOBBIX BOJIH Ha YaCTOTax V; H Vp B cpejje C HeJIMHEHHOH
nosApusanueii (3.15) MoxkeT NPUBOAUTDL K IOABIEHHIO (reHepa-
IHH) NepeH3TydeHHBIX CBETOBBIX BOJIH. HA CyMMapHO# (v; + v3)
H pasHOCTHOH (V; — V) YacTOTax, a TaKXKe Ha 4acToTax 2v; u 2v;.

leHepanmusa BTOPOHM ONTUYECKOH rapMOHMKH B HEJHHEeM-
HOM KpHCTa/L1e. Bbllle 0TMEYasoch, UTO IPH OnpedeneHHbIX,
YCJIOBHAX BOJIHA HENMHEHHOH nosApusauuu (ypaBHEHHE BOJIHBI
(8.17)) MoxeT NOpOXKAATh BTOPYIO ONTHYECKYI0 FapMOHHUKY — e~
PeH3JIydeHHYyI0 CBETOBYIO BOJIHY Ha YacToTte 2v (ypaBHEHHE BOJIHBI
(3.18)). KakoBbI e 3TH yCJIOBHA?

HamomMHuM, 4TO BOJIHA NMOJAPU3ALHH PACIIPOCTPAaHAETCA IO
cpezie co CKOpOCThIO ¥; = ¢/n(v), a BosIHa BTOPOH rapMOHUKH — CO
CKOPOCThIO ¥y = ¢/n(2r). UTo6bl Nepesaya S3HEPTUHU OT BOJIHBI IO-
JIAPU3ALNH K TIEPEU3TyeHHOH CBETOBOM BOJIHE MPOUCXOAMIIA AOCTA-
TOYHO 3¢ PeKTHBHO, HeOOXOAUMO COBITaIEHHE CKOPOCTe# 06eHx BOJIH.
910 TpeboBaHME 03HAYAET, YTO AODKHO BHINOJHATHCA YCIOBHE

n(w) = n(2v), (3.22)

KOTOpO€ Ha3bIBAKT YyC108UeM 80/.1H08020 CUHXPOHU3IMA.
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ydl
51

Hemuneunsid Kpucmans

8)

Puc.3.11. TeHepaunsa BTOPON ONTUHECKOH rapMOHUKH
B HEAMHEHHOM KpUCTaAAe

Oanako kakuM 0GPa3oM MOKHO 06eCIIeUHTh BbITIOJTHEHHE 3TO-
ro ycioBua? OTBeT Ha 3TOT BOIPOC OKa3aiIcH JOBOJIBHO HHTEpEC-
HeIM. OH OCHOBaH Ha HCIIOJIb30BAaHHH 3aBHCHMOCTH IOKa3aTess
NpeJIOMJIEHUA CBETa OT HampaBjieHHs B KpHcTaule. PaHee oTme-
4ajIoch, 4YTO, IONAaZaA B KPHCTAJLI, CBETOBas BOJIHA IIpeBpalIaer-
cs B JiBe BOJIHBI, HMeIOIMEe pa3Hble CKOpocTH. B Gosbmioi rpym-.
ne KpHCTA/UIOB (MX HAa3bIBAIOT OOHOOCHbIMU KPUCMAAAAMU) OAHA
M3 yKa3aHHBIX CBETOBBIX BOJIH HMeHyeTcA 00bixHo8eHHOl, a Apyras
HeobbikHoBeHHOl. [TokasaTesb MpeIOMIeHHs IJia OOBIKHOBEHHOM
BOJIHBI He 3aBHCHT OT HanpaBjleHHA ee paclpOCTPaHEHHA, TOrza
KaK NokKasaTesb IIpeJIoMJIeHHA HeOObIKHOBEHHOH BOJIHBI 3aBHCHT
OT HanpasJieHus, [oBOpsA 0 HanpaBJIEeHHH PaCIPOCTPAHEHHA CBETO-
BOH BOJIHBI, MBI [IOZIpasyMeBaeM HampaBJIeHHE ee 80/H06020 8eK-
mopa, B KaXKA0# ToOuKe IIPOCTPAHCTBA 3TOT BEKTOP OPHEHTHPOBAH
NEPIEeHUKY/IAPHO K BOJIHOBOMY (POHTY.

Ha puc. 8.11 a nokaszaHO ce4eHHe NOBEPXHOCTeH mokasaTe-
Jifl IpeJIOMJIEHHA JUIA OGBIKHOBEHHOH (OKPYXHOCTB) ¥ HeOObIKHO-
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BeHHOH BosH (aumnc). Ilpamasa OA ecTb onmuueckas ocb KpH-
cra/ua. YKasaHHbIe IOBEPXHOCTH 06pa3yioT B MPOCTPAHCTBE COOT-
BETCTBEHHO cepy M 3JUTHIICOMA BpameHua Bokpyr ocu OA. Eciu
CBETOBas BOJIHA PacHpOCTpaHAETCA BJOJb ONTHUECKOH OCH KpH-
cTajuia, TO B 3TOM CIyyae OHa He «pacIleIvIaerca» Ha OOBIKHO-
BEHHYI0O U HeOGBIKHOBEHHYIO BOJIHBI. ECyIM ke BOJIHOBOH BEKTOp
obpasyer ¢ ocblo OA HeKkOoTOpHIi yros 6, TO ynoMsHyTO€ «pac-
IeIUIeHHe» NNPOUCXOANT: IIPH 3TOM ITOKA3aTeNb IIPEIOMJIEHUA IS
OOBIKHOBEHHOI BOJIHBI paBeH n°, a Jyid HeoOGLIKHOBEHHOH n¢(H).
3ameTHM, YTO HHAEKC «0» JJIA OOBIKHOBEHHOH BOJIHBI €CTh Ha-
qasibHaA GykBa aHIVIHHCKOTO cJioBa ordinary («0GBIKHOBEHHBIH» ),
a MHJEKC «€» JyIi HeoObIKHOBEHHOH BOJIHBI — HauanbHasa Oyk-
Ba coBa extraordinary («HeoGHIKHOBeHHBIH»). [l1ockocTs, npo-
XozAIas yepe3 BOJIHOBOM BEKTOP M ONTHYECKYIO OCh KPHCTALIA,
€CTh TaK HasblBaeMas NA0CKOCMb 21A68HO20 CeMeHUs Kpucmana
(910 KaK pa3 U ecTh IUIOCKOCTH pHC. 3.11 a).

HeobbvixkHoseHHan 60AHA NOASPU308AHA 8 NAOCKOCMU 2106-
HO20 ceveHus, a 00blKHOBEHHAA NepPneHOUKYAAPHO K 3moil
naockocmu.

IToxazanHoe Ha puc. 3.11 a ceueHMe MOBEPXHOCTEH MmOKasare-
JiA IPEeJIOMJIEHHA COOTBETCTBYET HEKOTOPO# YacToTe U3JIydeHus vV,
IpeanosoxuM Teneps, YTO 4aCTOTa HIMYIeHUs YBeJIMIUIach BABOE.
IokasaTtesip mpesIOMJIEHHA OOBIMHO pacTeT ¢ YBeJIMUEHHEM YacTo-
Thl, CJIEAOBATEJIBHO, KAaK-TO YBEJIMYATCA pasmephl cheprl U 3JUIHAN-
COM/Ta, NIPEACTABIAIOIMX c060i MOBEPXHOCTH NIOKa3aTesIs NIPeJIoM-
Jienns. Ha puc. 3.11 6 comocTaB/AIOTCA CedeHUs YKa3aHHBIX I10-
BepXHOCTeH 1A 4acToTsl ¥ (HenmpephIBHbIE KDHBLIE) H YacTOTHI 2V
(wrrpuxoBbie KpuBbIe). F13 puCyHKa BUAHO, YTO LITPHXOBOM 3JLIHIIC
riepeceKaercs ¢ HeMpephIBHON OKPYXHOCTBIO, OZHA 3 TOYEK Iepe-
CeYEHHA eCTh TOYKa B. 3TO 03Ha4aeT, UTO MPH PaCIPOCTPAaHEHUH
CBETOBBIX BOJIH B KPHCTaJ/UIe BAOJIb HanpasjieHus OB BbIoHAET-
€A YCJIOBHE BOJTHOBOTO CHHXPOHH3Ma:

n°(v) = n°(2v). (3.23)
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Hampasnerue OB Ha3bIBalOT HANPABAEHUEM CUHXPOHU3MA, & YTOJ
0. — yenom cunxponusma. JIna JaHHOTO HANpaBJIeHHUA N0Ka3aTelb
IIPeJIOMJIEHUA 06bIKHOBEHHOI! BOJIHBI Ha YACTOTE V PaBeH Nokasa-
TEJTIO NPeJIOMJIEHHUA HeoObIKHO8EeHHOIl BOJIHBI Ha 4acToTe 2.

Hrak, ycsroBre BOJTHOBOTO CHHXPOHM3MAa OKa3bIBA€TCA BhINOJI-
HEHHBIM, eCJIX CBETOBHIE BOJIHB! PACNpPOCTPAHAIOTCA B KpHCTaLIE
O YIVIOM f, K €T0 OIITHUECKOH OCH H eCJIH, KpOMe TOTO, Najanuas
Ha KPHUCTA/UI BOJIHA NOJAPH30BaHA IEPINEHAHKYJIAPHO K ILJIOCKO-
CTH IVIABHOTO CeYeHHA, T. €. TpeACcTaBaAeT co60it 0OLIKHOBEHHYIO
BoJIHY. CytefioBaTe/IbHO, HEOOXOAUMO BHIPE3aTh KPUCTAJIMUECKUHR
ofpasen; Tak, Kak 3TO Ioka3aHo Ha puc. 3.116 (OA — onrtuye-
cKas och Kpucrasuia, OB — Hanpas/IeHHE paclpoCTpaHeHHUs CBe-
TOBBIX BOJIH), H 103a00TUTHCS O COOTBETCTBYIOILEH NOJAPU3AIUN
cBeTa, Najawomero Ha kpucrawl. IlnockocTe pHcyHKa ecTh IIOC-
KOCTb IVIABHOTO CE€YEHUs]; BOJIHA BTOPON rapMOHUKH IIOJIAPU30Ba-
HA B 3TOH IUIOCKOCTH, BOJIHA OCHOBHOTO M3JIydeHUA N0JIAPU30BaHA
HepHeHANKYNAPHO K Hel, HenpeprIBHBIMH JIMHUAMH Ha DHCYHKE
BBIZieJIeH CBETOBOH ITyYOK Ha YacTOTe V, a WITPUXOBBIMHM — Ha Ya-
croTe 2v. [IBysIyuenpesioMIeHHe ITPUBOAUT K TOMY, YTO CBETOBOH
IMY4YOK BTOPO! TapMOHMKH MCIBITEIBAET HEKOTOPHIN CHOC B IOIIe-
PEYHOM HaIpaB/ICHHUH, XapaKTepu3yeMbIH yrioM 3, KOTOpBIH Ha-
3BIBAIOT Y2/10M aHudomponuu (HeCMOTpPA Ha 3TOT CHOC, BOJTHOBOM
BEKTOpP BTOpPOH rapMOHMKH HaIIpaBJIEH TaK ke, KaKk H BOJHOBOMH
BEKTOP OCHOBHOTO H3JIydeHus — BJOJb npamoii OB). OTmedeH-
HBII CHOC MPHUBOJAUT K YMEHBIIEHUIO OTHOIIEHHA MOIIHOCTH BTO-
PO¥ rapMOHHKH K MOII{HOCTH H3JTy4eHHUd, IafaloIlero Ha KpucTaul
(3To OTHOIUEHHE Ha3bIBAKT 3exmusHocmblo NpeobpasoBaHuA
BO BTOpYIO rapMoHHKY). CHoc orcyrcrByeT ( = 0) npu Tak Hasbl-
BaeMoM 90-2padycHom cumxpoHuame — korza 6. = 90°.

FeHepanMa YeTBEpPTO ONTHYECKON rapMOHUKH. YeTBepTas
rapMOHHKa MOeT ObITh TOJIydeHa B pe3syJbTaTe yJBOEHHS da-
CTOTHI, BTOPOH rapMOHMKM. i1 3TOrO0 MOXHO BOCIIOJIb30BAThCA
ONTHUYECKOH cXeMoM, NoKka3aHHOR Ha pHc. 3.12.

[lonspusoBaHHOE JIa3epHOE H3TYYEHHE, UMelolIee YacToTy V,
CHayasia MPOXOAUT deped kpuctaut K-1, B KOTOPOM I'eHepHpyeTca
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- 2y K- 2v
K-/ Pummp 2

Puc. 3.12. [eHepauus YeTBEPTOH ONTUUYECKON rapMOHMKH

BTOpas rapMOHMKA; IIPH IIOCIEAYIOIEM ITPOX0XKAEHUH BTOPOI rap-
MOHMKM 4epe3 KpUcTa/U1 K-2 reHepupyeTcs YeTBepTas rapMOHHKa.
MexAay KpUcCTa/I/IaMH HAXOAUTCA QHILTP, MPOMYCKAIOIH H3JTyde-
HMe Ha yacToTe 2v U He NMPOIyCKAIOMWH N3JlydeHHe Ha JacToTe V.
I110CKOCTH I7IaBHOTO CEYeHHA KPUCTAUIOB B3aHMHO NEPNEHAUKY-
JApHEL. IIpeanosoxkum, YTo U3JyYeHHe HA YacToTe ¥ IOJIAPU30-
BaHO NEPNEHAHKYJAPHO K IUIOCKOCTH PHCYHKa — B 3TOM CJIydae
onTHYeckas och Kpucravia K-1 10/DKHAa HAXOAMTHCSA B IVIOCKOCTH
PHCYHKa, TOT/la KaK onTudeckas och Kpuctauvia K-2 — B IJIOCKO-
CTH, NEPIEeHAHKYIAPHOH K IUIOCKOCTH pucyHKa. B kpucraute K-1
H3JIydeHHe Ha 4acTOTe V ecTh OOLIKHOBEHHAs BOJIHA, a M3JIy4eHHe
Ha vacToTe 2v — HeoOBIKHOBEeHHas BosIHA. B kpucraure K-2 us-
JlydeHHe Ha 4JacroTe 2v ecTb OGBIKHOBEHHas BOJIHA, a H3JIydeHHe
Ha vacToTe ¥ — HeOGHIKHOBEHHAs BOJIHA,
IIpumeuanne. Hcnonesys HejMHelHble KPUCTAUIBI, MOXKHO pea-
JIN30BaTh MeHEPALMIO HE TOJBKO BTOPOH WJIM YeTBEPTOi rapMOHHK
JiasepHOro uajyueHns. Hanpumep, Ha OCHOBe B3aUMOAEHCTBUA BTO-
POt TADMOHMKH € M3JIy4eHHEM Ha OCHOBHOH 4aCTOTe MOXHO IOJIYy-
YHTb H3JTyYeHHe Ha CyMMapHoii uacrote (2v+v = 3v) — TpeThIo rap-
MOHHKY. B npHHIMIIE BO3MOKHO NOJIyYeHHe FAPMOHHKH [IPOH3BOJIb-
HOH KkpaTHOcTH. CiieflyeT, OAHAKO, HMETh B BHAY, YTO C BO3PACTAHUEM
MOPAAKA FapMOHUKH oYeHb ObICTPO majaeT ee MOIHOCTE. Tak, ecin
addexTHBHOCTE Npeobpa3oBaHKsA BO BTOPYIO TAPMOHHKY COCTABJIAET
20 %, 1o 3¢ dexTHBHOCTE NPeoGpa30BaHUA B YETBEPTYIO FAPMOHHKY
B CXeMe, TOKa3aHHOM Ha puc. 3.12, cocraBut He 6onee 4 %. 310 03Ha-
Yaert, YTO OTHOLIEHHEe MOIHOCTH YeTBEPTON rapMOHMKH K MOLHOCTH
HCXOZHOI'0 JIA3€PHOI0 HIJIyYEHHS paBHO Bcero Juuis 0,04,

I'enepaTOpbl ONTHYECKHX FApPMOHMK, [eHepaia ONTHYECKHX
rapMOHHK (YMHOXEHHE ONTHYECKHX YacTOT, a TaKKe CIOKEHHE
YacTOT) pa3BHBaeTCA KaK HayYHO-TEXHHYECKOE HAIIPaBJIEHHE YKe
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6onee 15 ser. MHOrHe reHepaTopbl ONTHYECKHX TAPMOHHMK NpO-
HU3BOJATCA NPOMBILUIEHHOCThIO. OHM 0a3upyloTcA Ha pPa3BHTOR
TEXHOJIOTHH MOJyuyeHHUs Pa3HOOOpa3HBIX U 3(P¢PEeKTHBHBIX HeH-
HeHHBIX KPHCTaJJIOB, o6/1alaloX HeJIHHeHHOH BOCIIPHHMYHMBO-
CTBIO, TO3BOJIAIOLIEH NPH ONpeAeSIeHHBIX YCJIOBHAX PEayM30BaTh
s¢pdexTBHOCTE Mpeobpa30BaHKUA BO BTOPYI0 FAPMOHHUKY, PaBHYIO
20-60 %. ITH KpHCTa/UIBl XapaKTepU3YIOTCA 3HAYHTE/ILHBIM ABY-
JIy4enpesioM/IeHHEM, NT03BOJIAIOIHM OCYIIECTBIISATh BOJIHOBOH CHH-
XPOHHM3M B IOCTAaTOYHO INHPOKOM CIEKTPAIbHOM AHMana30oHe OCHOB-
Horo u3ayqeHuss. OHM XapaKTepU3yIOTCA TaKKe OTHOCHUTENIBHO BRI~
COKMMH 3HaYEHHAMH Ko03(PPHIINEeHTa TPO3PaYIHOCTH H CTOHKOCTBIO
K HHTEHCHBHOMY JIa3epHOMY M3/ydeHHI0. B kauecTBe mpumepa
yKaxkeM Kpuctauisl auruzapodocdara xamua (KHpPO4), Hasbl-
BaeMnle ycsioBHO KpucrtauiaMu KDP; auruapodocdara aMMoHuA
(NH4H;PO,), HasbIiBaeMble KpucTtasiamu ADP; auruapoapceHara
nesus (CsHzAsO,), HassiBaeMble Kpucrayuiamu CDA; mupneiitepo-
apceHata nesus (CsDyAsQ,), HasbiBaeMble Kpucrauiamu DCDA;
HuobGara sutua (LiNbg); Hopata surua (LiJO3); HuoGata Gapusa-
Hartpusa (BagNaNb;O,5).

3HauHTeNbHBI ITporpece B CO34aHUU 3¢ PEKTHBHBIX YMHOXKH-
Tesiell ONTHYECKOH 9acTOTHI CBA3AH C NOABJIEHHUEM JIa3epoB Ha UT-
TPUH-AIOMHHHEBOM I'PaHaTe ¢ HeoguMOM. UasryueHne 3THX Jlase-
posB (1,064 MkM) okasasoch BecbMa NOAXOAAIMUM 1A 3PPEeKTHB-
HOH reHepani rapMOHHK B BuAMOM (0,532 MkM; BTOpasi rapmMo-
HUKa) U ynsrpaduonerosoM (0,266 MKM; ueTBepTas rapMOHHKA)
Auanasonax. CyMMapHas 4acTOTa Jiasepa Ha rpaHaTe ¢ HEOAMMOM
M Jla3epa Ha KpacHuTeJie IOnajfaer B NMPaKTHYECKH BaXKHBbIM CHHe-
(pHoJIeTOBBIH YUACTOK CITEKTPa, I'/le reHepanysa MOLUHOIO KOTepeHT-
HOT'O H3JyYeHUsA TPaJUIHMOHHBIM criocoboM 3aTpyAHeEHa.

HIupoko pa3sBHBAIOTCSA METOABI 6HYMPUPE3OHAMOPHOLl TeHe-
panHy ONTHYECKUX FApMOHHK — KOTAAQ HeJIMHEHHBIH KPHCTA/LI 110~
MellaeTcss BHYTPH pe30HAaTopa Jiasepa, B aKTUBHOM 3JIEMEHTe KO-
TOPOTO reHepUpyeTcs U3JIydeHHe OCHOBHOM YacToThl. [lis a3epos
C HenpeprIBHON HAKA4YKOM, Iie MOIIHOCTh BHIXOZHOTO M3JIy4YeHHA
CYIIECTBEHHO MEHbllle MOLIHOCTH H3/Ty4eHHA BHYTPH pPe30HaTopa,
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TaKve MeTOAB! II03BOJIAIOT 3HAYUTEIBHO NOBBICUTE 3(h(peKTHBHOCTh
npeo6pa3oBaHNA BO BTOPYIO FAPMOHHKY.

IlnaBHAaA nepecTpoHKa YaCTOTHI H3JIYYEHHA [IPHU MOMOIM
napaMeTpH4ecKoro reHeparopa cBeTa. Bsillle 0TMeuasoch,
4TO B HeJIMHEHHOI cpeie B3aMMO/eHiCTBHE CBETOBBIX BOJIH Ha Ya-
CTOTaxX V; H V; MOXET NPUBOAUTD K IMOABJIEHHUIO MEPEU3ITydeHHOM
BOJIHBI Ha Pa3HOCTHOM 4acrore v; — Vz. COOTBETCTBYIOIEE 3TOMY
IIpolieccy ycnoeue 80HO08020 CUHXPOHU3MA TpebyeT, 4To6sI cymMa
BOJTHOBBIX BEKTOPOB BOJIH Ha YacCTOTax V; H V; — vy GbUIa paBHA
BOJIHOBOMY BEKTOPY BOJIHBI Ha 4acToTe V. Ecim monaratsh, 4TO
BCe TP BOJIHOBBIX BEKTOpAa HAIIPABJIEHBI BAOJIb OAHOH NpAMOH,
U y4ecThb, YTO BOJIHOBOI1 BEKTOpP k ZUIA BOJIHBI Ha YaCTOTE V €CTb
k= 2y _ 21r1/n(1/), (3.24)
v c
TO YIIOMAHYTOE YCJI0BHE CHHXPOHH3MAa MOXHO NPEJICTABUTE B BUJE

van(vs) + (1 — ve)n(vy — v2) = vin(vy). (3.25)

IIpumevanne. [eHepanuio Bropoii rapMOHHKH MOXHO PacCMaTpH-

BaTh KakK pe3ysipTaT B3aHMOﬂeﬁCTBHH ABYX CBETOBBIX BOJIH, HMCIOILIHX

OfiHYy M Ty e vacroTy (mycrts 310 OyAer vacrora v). BosHOBOH cHH-

XPOHH3M B JAHHOM CJTy4ae 03HA4aeT, YTO CyMMa BOJIHOBBIX BEKTOPOB

BOJIH Ha 4acToTe V NOJ/DKHA PAaBHATECSA BOJIHOBOMY BEKTODY BOJIHBI

Ha yacrore 2v. I'Ionaraa, 4YTO BCE BOJIHOBBI€ BEKTOPbI HAIIPABJICHBI

BAOML OZHOH M TOH Ke mpsaAmoil m yuurbiBas (3.24), mpeacTaBHM

yCJI0BHEe BOJIHOBOTO CHHXPOHH3Ma 1A TeHepariu BTOPOH rapMOHH-

KU B BHJe, aHatoruvdoM (3.25): vn(v) + vn(v) = 2vn{2v). Otciona

TIPHXOAUM K YoKe€ H3BECTHOMY COOTHOIeHHo (8.22).

ITomecTHM HeJIMHEHHBIH KPHUCT/LI BHYTPb ONTHYECKOTO pe-
30HaTOpa TakKMM 00pa3oMm, 4ToObl Hanpae/seHue CUHXPOHU3MA AJIS
paccMaTpuBaeMoif KOMOHHAIIMK 4YacTOT V; H V; — V3 €08nadano
¢ onmuveckoll ocblo pesoHamopa. B aTom ciyuae (OTOHHEIE CO-
CTOSIHMSA C 3HepTHAMH hvy u h(v) —v,) OKa3bIBAIOTCA 8bl0eeHHbIMU
(corylacHO TepMHHOJIOTHH, BBeAEHHOMH B § 1.5). 3anycTuM B TaKoi
Pe30HaTOp BAOJIL €0 OCH KOTE€PEHTHYIO CBETOBYIO BOJIHY OT Jia-
3epa Ha 4aCTOTe ¥; — TaK Ha3bIBaEMYIO 80/1MY Hakauxu. Bosna

Jlexyua mpunadyamas _ 157

HAKa4K{ AO/DKHA OBITH AOCTaTOYHO MHTEHCHBHOH V1A TOTO, YTO-
6b! MOTVIM IIPOABHUTHCA HEJIMHEHHbIE CBOMCTBA KPUCTA/IA H YTOGBI
6bUT NpEBHIIIEH YPOBEHD IOTEPD JUIA BBIZEIEHHBIX (POTOHHBIX CO-'
crosHKHH. KpoMe TOro, B COOTBETCTBHH C Tpe6OBaHMAMH BOJTHOBOTO
CHHXPOHHM3Ma BOJIHAa HAKaYKH AOJDKHA OBITH V1A JAHHOTO KPHCTaJI-
Ja 1100 HeoOBIKHOBEHHOU, MO0 OGBLIKHOBEHHOM, T. €. OHA AOJIKHA
ObITE cooTBeTCTBYIOUIMM 00pasoM mosnsapu3oBaHa. Eciau Bce 3TH
TpeGOBaHUA BBHITOJHEHH!, TO 32 CUET SHEPTUH BOJIHBI HAKAYKH MO-
TyT BO3HHUKHYTh KOT€PEHTHbIE CBETOBBIE BOJIHbI Ha YacTOTax ¥
K V1 — V3. BosHa Ha vacToTe ¥; — Vz €CTh pe3yJIbTaT IPOUCXOAS-
L[erc B HEJIMHEHHOM KpHCTa/Ule B3aHMOJAEHCTBHA MOLIHOM BOTHBI
Hakauky (¥1) co 1abbIM CHUTHAJIOM Ha YacTOTe Vy, KOTOPBIHA BbIAE-
JIAIETCA U3 BCeraa MMeIOLIEerocs B HAJIMYUHU 1yMa. COOTBETCTBEHHO,
BOJIHA Ha 4acTOTe Vy — Pe3yJIbTaT B3aUMOAEHCTBUSA BOJHBI HaKa4-
KM €O cJ1abhiM CHUTHAJIOM Ha YacTOTe V; — Vg, NPHCYTCTBYIOLHM
B IIIyMOBOM I10JIe. DTO €CTh fABJIEHHE Napamempuveckoll zeHepa-
yuu ceema: CBETOBas BOJIHA HA 4acToTe ¥; mpeobpasyerca B ABe
CBETOBBIX BOJIHBI — Ha 4acToTax Vy U ¥, — Vp. Ha mpakTuke 3T0
npeoOpa3oBaHHe OKa3bIBAETCA HEMOJHBIM: 00BIYHO IpeoGpa3syeT-
cfl He Gosiee 40—50 % MOLIHOCTH BOJIHBI Hakauku. Kak u B s1ase-
pe, TeHepalisA pacCMaTPHBAEMBIX CBETOBBIX BOJIH HauHHaeTCA om
YpO68HA WYyMos, TIPH 3TOM 4acToTa vy (a wieqoBaTeJbHO, U 4a-
CTOTa V) — V3) BBHIAEJIAETCA Pe30HAMOpPOM. 3aMEeTHM, UTO reHepH-
pyeMble CBETOBBIE BOJIHBI HMMEIOT ONpE/eJIEHHYI0 IOJISPH3ALHIO.
Hanpumep, BO3MOXHA CUTyalUsl, KOTZa BOJIHA HAKAYKH ABJIAETCH
HeOOBRIKHOBEHHOH BOJIHO, OZjHA M3 reHEePHUPYEMEIX BOJIH — TOXKE
HeOOBIKHOBEHHOH, a ipyras — OOBIKHOBEHHOH BOJIHOH.
Hcnosp3ys napaMeTpHyuecKylo reHepaiuio CBeTa, MOXKHO OCy-
IIECTBUTD IJIAaBHYIO ITI€PECTPOHKY 4acTOThl U3ayueHud. IIpegsapu-
TEJIBHO OTMETHM, YTO YacTOTa V; (PMKCHPOBAHA: 3TO €CTh 4acTOTa
H3JIydYeHHs Jiaszepa. UTo ke KacaeTcsi BhiJie1ieMOil pe30HaTopoM
YacCTOTEI V3, TO OHa MOXKET HMETh, B IIPHHIUIeE, JI060€e 3HaYeHHE
B NpeZiesiax HEKOTOPOro MHTEpBaJIA 4acTOT, BEPXHAA IPaHMIA KO-
TOPOTrO He NpeBbIaeT v, . [IpeAnosoKuM, YTo CyIeCTByeT yCTPOii-
CTBO, NTO3BOJIAIOLIEE [TOCIEAOBATEILHO MTOACTPAUBATh MO/ HAIIPaB-
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Puc. 3.13. Cxembl napamMeTpuyeckmx reHepaTopos ceeTta:
a) AByXpe3oHaTopHOro, 6) OAHOPE30HATOPHOrO C NPU3MOM
lhana—®yko; 8) npusma lhaHa—Dyko

JIEHHE OCH Pe30HaTopa HallpaBJIeHWs CHHXPOHH3Ma, OTBEYalolHe
KOMOHHAIIUAM, YaCTOT Vy M V) — V; NIPH PA3HbIX 3HAYEHHAX Vg,
s 3TOro MOXKHO NPOCTO CJIErKa NO8opavueamsv HeJIHHEHHBIH
KpHCTaJUl, U3MEHASA YToN 6 MeXAy ero ONTHYECKOH OChI0 M OChIO
pe3oHaTopa. Kaxxomy 3HaueHHIO yriia @ oTBe4aer cBOsA KOMOHHa-
IIHA YacTOT V3 U V) — Vy — Ta, U1 KOTOPOI OCh pe30HaTopa COB-
najaer ¢ HalpaB/IeHHEM CHHXpOHHM3Ma. IliaBHO M3MeHsnAs yron 6,
MOJKHO TEM CaMBIM ILUIaBHO IIepecTpauBaTh NeHEPUPYEMYIO YacTo-
Ty Va2 (a clIeJ0BaTe/IbHO, U YaCTOTy V) — V). ,

CylecTByeT HECKOJIBKO Pa3/IMYHBIX ONTHYECKHX CXeM Ia-
paMeTpH4yecKoro reHepartopa cBera. O/iHa U3 CXeM NOKa3aHa Ha
puc. 3.18 a. Oba sepkajsia pe3oHaTOpa IIPO3PAYHbI HA YaCTOTE Ha-
KaukH v;. A Goslee HM3KMX YacCTOT JIEBOE 3€PKAJIO SBJIAECTCH
MOJIHOCTBIO OTPAXKAIOIIMM, a NMpaBOe MMEeT HEKHH ONTHMAaJIbLHBIH
K03¢GdunueHT oTpaxkeHHA. JlaHHbIH NMapaMeTPHYECKHii TeHepaTop
CBETA OTHOCHUTCA K KaTerOPHM TaK Ha3bIBae€MEIX 08yxpesoHamop-
Hblx. THM TEPMHHOM IOAYEPKUBAETCA TOT (PaKT, 4TO 3/ech re-
HEPHPYIOTC OJHOBPEMEHHO JBeé CBETOBHIX BOJIHBI — Ha 4acTo-
Te V3 U Ha 4acToTe ¥, — v (He ABa pPe3oHATOpa, a OAHH pPe30Ha-
TOD, HO ofecrevyHBaIOIHil OJHOBPEMEHHYIO TeHEPALHIO ABYX CBe-
TOBBIX BOJIH).
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B oodHopesonamopHom mnapaMeTpHYECKOM reHepaTope cBeTa
TeHepUpyeTCcs JIUIb 00HA CBETOBasA BOJIHA, HAIIPUMEP Ha 4acro-
Te Vy. YTo6HI IpeIoTBPaTUTh FeHEePaLMIo BOJIHBI Ha YacToTe V) — Vg,
CHEI{HAJIBHO IOBBIIIAIOT INOTEPH JISI TAKOH BOJIHBL 3TO MOXKHO
cAeaTh, HallpUMep, IIOMECTHB B PE30HATOD NOAAPUAYUOHHYIO
npuamy Inana—@yxo (B ToM wiydae, Korja MoJIApPHU3aLMH ABYX
TeHEepHPYeMbIX BOJIH Pa3jIM4HBI, T. €. KOTZA OJHA M3 HUX ABJIAETCA
OoGBIKHOBEHHOH, a Apyras — HeOOGRIKHOBEeHHOI). Cxema Takoro na-
paMeTpHYeCKOro reHepaTopa cBera moka3aHa Ha puc. 3.13 6. Ilpua-
Ma Imana—®yko B 3TOH cxeMe MpOITyCKaeT BOJIHY Ha 4acToTe Vg,
HO OTKJIOHAET BOJIHY Ha 4acroTe V) — V3. Bnpouem, 0 OTKJIOHe-
HUA JeJI0 He AOXOAMT: BOJIHA HAa YacTOTe V) — Vg B 3THX YCJIOBHAX
NONPOCTY He reHepupyercs.

ITpusma [ana—®yxo npeacrasiser co6oi ABe MIPH3MBI U3 HC-
nangckoro mmnarta (CaCOgz), oTAe/IeHHbIe APYT OT ApPYyTra y3KHM BO3-
JIyIIHBIM 3a30poM (cM. pHc. 3.13 8). OnTuyeckue ocu 06eHx IIPH3M
NepHeHUKY/IAPHBl K IUVIOCKOCTH PHCYHKa, Yroa ¢ paseH 38°30',
CxBO3b IpU3My NPOXOAHUT, HE OTKJIOHAACH, CBETOBAasA BOJIHA, MOJIA-
pH30BaHHaA NEepPNeHJUKYNIAPHO K IIJIOCKOCTH PHCyHKa. BosiHa e,
MOJIAPH30BaHHAA B IIJIOCKOCTH PHCYHKA, NTPETEPIIEBAET OTPaXKeHHe
Ha IpaHHlle KPHUCTA/UIA U BO3AYLIHOIO 3a30pa.

B nacrosmiee BpemMsA WIMPOKO HCIOJIb3YIOTCA NapaMeTpHye-
CKHe reHepaTophl CBETAa Ha OCHOBE KpHUCTa/UIa HHobaTa iuTHA, Ha-
KayHMBaeMble H3JTydeHHEeM HEOJHMMOBBIX J1a3epoB. B kauecTse npu-
Mepa OTMETHM NapaMeTPHYecKHH reHepaTop Ha KpHCTasie HHoba-
Ta JIMTHA, HAKAYUBAEMbIH BTOPOH rapMOHHMKOH H3JTy4eHHs Ja3epa
Ha WUTTPHH-aIOMMHHMEBOM TpaHaTe ¢ HeoAUMOM (JUTMHA BOJIHEI
uarydeHusa Hakadyku 0,53 mkwm). [InaBHas nepectpoiika AJIMHBI
BOJIHBI peanusyercs 3Aech B uHTepBase 0,5-3,5 MKkM ¢ k03 du-
nueHTOM npeobpasoBanus o0 40 %.
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3.7. O6paimeHne BOAHOBOTO (hpOHTa M3AYHEHHA

PaccMoTpuM elnje OAHO HPHMEHEHHE HeJIMHEHHO-ONTHYECKHX AB-
JICHH# — OCyIIeCTBJIeHHe aBTOMAaTH4YeCKOH KOPPEKTHPOBKH BOJI-
HOBOTO (PpPOHTa JIa3epHOTO HU3JIyYEeHHA.

CyTb nmpoGsemsl. [Ipeano10XuM, YTO HEKHH J1a3ep AaeT BBICOKO-
KOTE€peHTHOE H3JIydeHHEe C MOYTH IUIOCKHMM BOJIHOBBIM (PPOHTOM,
KOTOpPOE, OZHAKO, UMEET OTHOCHUTEJIBHO HM3KYI0 MOLIHOCTh. [lIA
yBeJIMYEHHA MOIIHOCTH M3JIyYeHHS HCHOJIb3YIOT Kackaj, KeaHmo-
8blxX onmuueckux ycuaumeneil — aKTHBHBIX 3JIEMEHTOB, B KOTODBIX
3a cyer Hakauyku obecrieueHa MHBEpPCHasA 3aCeJIEHHOCTh PabovHx
YPOBHeH aKTHBHBIX IIeHTPOB. Manyuenye nazepa NpOIyCKAOT de-
pe3 3TOT KacKaj yCHIHTeJei, B pe3y/IbTaTe MOIIHOCTD H3JIy4eHHA
Boapacraer. K coxaseHHI0, OAHAKO, IIPH 5TOM 3aMETHO IOHMXa-
eTcsl CTeleHb KOrepeHTHOCTH u3nydeHus. HeogHopoaHocTs Gu3n-
YeCKHUX CBOHCTB MaTepHasia, U3 KOTOPOTO U3TOTOBJIEHbI aKTUBHbBIE
3JIeEMEeHTHl yCWINTeNeH, Aedopmaluy, HaBeleHHbIE B 3THX 3JIe-
MEHTaX H3-3a MEeXaHHYeCKHX M TEIUIOBBIX HaNpsKeHHH, a Takke
pAn Apyrux (axkTopoB HeH30exHO NMPHBOAAT K TOMY, YTO ITOYTH
IUIOCKHI BHa4ajie BOJIHOBOM (PPOHT UIJIydeHUA OKa3bIBaeTCA B KO-
HEYHOM CYeTe UCKadceHHbiM. C yBeJIMUEeHHEM YHCJIa yCHIMTeseH
B KacKaJie pacTeT MOIIHOCTb H3JIydeHUs, HO OAHOBPEMEHHO Hapac-
TAIOT ¥ UCKAKEHNA BOJHOBOrO QPOHTA.

O1H uckaxkeHus — HeusbexxHoe ABJIeHHUe, HabiofaeMoe NpU
pacnpocTpaHeHHH CBETOBOTO ITyYKa 110 JII0OOMY ONITHYECKOMY TPAKTY.
Moa nocnesuuM 06GBIYHO MOAPAa3yMEBAeTCA KacKaJ] YCWIHTeseH,
HO MO’KeT IOHHMAaThCA M BO3AYIIIHAA WM BOJHAA CPEAia, Yepes3 Ko-
TOPYIO NBITAIOTCA PeaJIu30BaTh, HANIPUMED, Nepefiady OITHYECKUX
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curHasioB. VickaxkeHHs BOJIHOBOro (ppoHTa B JaHHOM iydae Gyayr
o6yciioBsieHs! TypOy/IEeHTHOCTAMHM M HEOLHOPDOAHOCTAMH, IIPUCY~
muMHu mo60H ecTecTBEHHOI cpefie.

Bo3HukaeT BONpPOC: a HeJb3s JIM KaK-TO UCIIPABJIATh MCKaXKe-
HHA BOJIHOBOTO (ppOHTA, HaKaIJIMBAIOLUIHECS NPH pacnpocTpaHe-
HUM H3JIy4YeHUd 110 TOMY WIM HHOMY ONTHYecKoMy Tpakty? Henb-
31 JIM OCYLIECTBJIATH COOTBETCTBYIOLLYI0 KOPPEKMUPOBKY 80.1HOB0~
20 Pponma unaiydeHusn?

ITonoXKUTesIBHBINM OTBET HA 3TOT BONPOC ObLI IOJIyUeH, IO CyTH
Jleia, TPUALATh JIeT Ha3aA — Korza ObLIO OTKPHITO sBJeHHe 06-
paweHus 801108020 PpoHMa B HeJIMHEHHBIX cpesax. Tem caMuIiM
6bUIO II0JI0KEHO HAaYajl0 WHTEHCHBHOMY Pa3BHTHUIO HOBOTO Hayd-
HO-TEXHHYECKOTO HalpaBJIeHHsA — TaK Ha3blBaeMo# adanmueHoll
onmuxu.

IIpumevwanue, AfaNTHBHAA ONTHKA U3y4aeT QU3HKO-TEXHHYECKHE

mpobJieMbl CO3ZaHUA ONITHYECKUX CHCTEM, IlapameTpsl, PEXXKHMB! pPa-

GOTHI U Jlake caMa CTPYKTypPa KOTODBIX MOrYyT npucrnocabinBaThes

(amanTHpOBATHCA) K M3MEHAIOUIUMCA BHEIIHUM YCJIOBHAM. AjanTa-

A OCYILUECTBIIACTCA JUIA YIYYLIEHUA XapaKTepHCTHK CHCTEMBI, Ol

TAMH3aIIHH €€ ITOBEAEHUA B T€X WJIH HHEBIX YCIOBHAX.

B IIAPOKOM CMbICIE K aJAIITHBHBIM ONITUYECKHM CHCTEMAM C(Jie-

AYET OTHECTH BCE ONTHYECKHE CHCTEMBI C I{elAMH 06paTHOﬁ CBA3H,

KOTOPBIC IIO3BOAKT COOTBETCTBYIOLIHUM 06pa30M‘ KOPPEKTHPOBaTh

XapaKTepUCTUKH U MMOBEAECHHE CHCTEM. B 6onee Y3KOM CMBIC/IE TTORQ

AAaNTHUBHBIMH ONTHYECKMMH CHCTEMaMH NNOHHUMAKOT CHCTEMBbI, B KO-

TOPBIX pealn3yerci KOPPEKTHPOBKA BOJIHOBOIO ()POHTA CBETOBBIX

IY4KOB, IOABEPralOLIErocs KaKUM-THG0 HCKaKAIOMUM BO3/EHCTBHAM,

OT 06GBIMHOrO 3epKaja K «<HeJIMHEHHOMY 3epKary», oOpa-
IA0IIEMY BOJTHOBOM ¢poHT naixyaennan, IIpeanosnoxum, 4ro
Jia3ep TeHepHpyeT U3JIyuYeHHe ¢ IOYTH IJIOCKHM BOJHOBBIM (POH-
TOM. 3TO H3JIydyeHHe NPOXOAUT CKBO3b AKTUBHEIN 3JIEMEHT yCHJIH-~
TEJIA ¥ 3aTeM OTpaXkaeTcsA Hasaj IIOCKHMM 3epkajioM. B mponecce
IPOXOXKAEHHUA Yepe3 YCUIIUTETh BOJTHOBOH (DPOHT CBETOBOI'O ITy4Ka
Kak-TO HcKakaercs. Ha puc. 3.14 a mITpUX0BO# JIMHHEH NOKa3aHO
cedeHHe Takoro ¢GpoHTa BOJIM3H NOBEPXHOCTH 3€pKaja; IITPHXO-
BBIMH CTpesiKamu 0603Ha4YeHbI OTBEYAIOM[HEe paccMaTpHBAEMOMY
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($poHTy cBeTOBhIe JydH (HAMOMHHM, YTO B Ka)XAOH TOYKE NPO-
CTPAHCTBA CBETOBOI Iy neprneH/IUKyIApeH K TOBEPXHOCTH BOJIHO-
Boro ¢ponTa). IIpH oTpaxkeHHH OT 3epKaJia KaXAbIH CBETOBOH JIyd
BefieT ceGsi B COOTBETCTBHM C 3aKOHOM OTDAXKEHHUs: YTOJI NajieHus
paBeH yriy orpaxkeHus. OTpaskeHHble CBETOBBIE JIyYH ITOKa3aHBI
Ha PUCYHKe HeNpepbIBHBIMH CTPEJIKAMH.,

Teneps AOIYCTHM, YTO BMECTO IJIOCKOTO 3epKajla HCIOb3YeT-
cs 3epkajio, popMa OTpakalolell MOBEPXHOCTH KOTOPOro B TOYHO-
cTH noemopsem ¢$HopMy NOBEPXHOCTH BOJIHOBOTO (pOHTa IMydKa,
nazjaiomero Ha Hero (cM. puc. 3.14 6). Takoe 3epkano ¢ rubkoH
MOBEPXHOCTBIO, MOACTPAUBAIOIIEHCH ITOJ MAAAOIMK Ha 3epPKasIo
BOJIHOBOH (pOHT, MOXeT ObITh Ha3BaHO adanmueHuM. IIpu oT-
pa’keHHH OT aJaNTUBHOTO 3epKaJyia KaXk/Ablil CBETOBOMH JIyd OKa3bl-
BaeTcA IOBEPHYTHIM TOYHO Ha 180° — mpoucxoauT obpaujeHue
601108020 iponma. Orcioga, ¢ ydeToM o6paTHMOCTH XOja CBe-
TOBBIX JIy4€il B ONTHYECKHX CHUCTEMAX, 3aKJIIOYAaeM, UTO KaKABIH
OoTpakeHHBIH TakuM 06pa3oM cBeTOBO# Jiyd OyZeT Bo3BpalliaTh-
cfl K JIa3epy MO4HO No moil e TPaeKTOPHH, KaKyl0 OH OIHCAJ
MPH PacHpOCTPaHEHUH OT Jla3epa K 3epKajy. A 3TO 03HAYaeT, uTo,
MPOMAA ABAXKIb! uepe3 ycwiuTesib (Brepes H o6paTHO), CBETOBOH
my4ok GyZieT UMeThb B KOHEWHOM HMTOTe 1mMom Jce BOJIHOBO#H (pOHT,
KaKOH OH WMeJI, BHIXOAA M3 Jasepa. OGpaTHB BOJIHOBOH (POHT
HMy4Ka, aJanTHBHOE 3€PKaJI0 BHIIOJHWIO, TAKUM o6pa3oM, Heob-
XOAHMYIO KOPPEKTHPOBKY, YHTHIBAIOIYIO MCKaXKE€HHA, BHOCHMBIE
ycwiuTeseM. B uTore nosiyauM ycuwreHHOe o MOLIHOCTH H3JTyde-
HHUe C IePBOHAYAIGHBIM BOJIHOBBIM (PPOHTOM (MHTEHCHBHOE H3JTy-
YeHHe C BBICOKOH CTENEHbI0 KOTEPEHTHOCTH).
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OpHako kakMM 06pa3oM MOXKHO U3rOTOBUTH a/lalITHBHOE 3ep-
KaJsio, B popMe NMOBEPXHOCTH KOTOPOrO YYMTHIBINCH Obl HCKaxe-
HUA BOJTHOBOrO (PpPOHTA IyuKa, HaKaIIUBAIOILKMECA B KOHKPETHOM
onTrueckoM Tpakre? OxasplBaeTcs, YTO peasn3oBaTh IOA06HOE
3epKaJI0 COBCEM HETPYAHO, €CJIM BOCIIOJIb30BaTHCA HEKOTOPBIMH
HeJIMHEHHO-ONTUYIECKHMHU ABJIEHUAMU. [les10 B TOM, YTO HeJuHeH-
HadA cpesia Moxer obpamark BOJTHOBOH (PPOHT CBETOBOTO IIyvKa,
NIOCBhLIAEMOro B 3Ty cpeny. IHBIMU c/10BaMH, IIpH ONpeAeeHHEIX
YCJIOBHUAX

HeauHeliHas cpeda moxcem GYHKYUOHUPOBAMb KaK a0anmue-
Hoe 3epKkano.

Cy11ieCTBEHHO, UTO B JAHHOM CJTydae HeT HeoOXOAMMOCTH BhISAB-
JIATh, KAKUM UMEHHO HCKQXXEHUAM ITO/IBEPraeTcs BOJTHOBOH GPOHT
IIyYKa: «HEJIMHEIHOe 3ePKAJI0» A8MOoMAmuyecKu yYUTHIBAET 3TH
HCKaXXeHUA, ITOCKOJIBbKY JII000M CBETOBOI JIyd, ronasmmii B 06beM He-
JIMHEHHOH cpefipl, BHIHAET U3 Hee HasaZ, 110 TOH ke caMOH TPaeKTOPHH,
10 KOTOPOH OH PACIIPOCTPAHAJICH, BXOAA B cpexy (cM. puc. 3.14 8).
3/iech IPOUCXOAUT ABIMOMAMUYECKAR KOPPEXMUPOBKA BOJTHOBOI'O
¢ppoHTa, WK, HHaUE roBops, camMoxoppexmupoeka. Cienyer nom-
HHTb, YTO TEPMHUH «HEJIMHEHHOE 3epKajiO» YCJIOBEH, IIOCKOJIBKY
B eHICTBUTE/IBHOCTH 371eCh HET KaKOH-JIN60 OTpakalolel oBepx-
HOCTH; OTPaXKEHHE peaytnsyercsa B ofveme HEJIMHEHHOH Cpefbl.

HekoTopble HEJIMHEHHO-ONTHYECKHE ABJIEHUA, IPMBOLA-
ne K 06panieHnio BOJTHOBOrO GhpoHTa. YKarKeM BCero JIHIIb
JiBa TaKUX ABJEHHA. [lepBoe: 8biHYICOeHHOe paccesHue ceema Ha
akycmuueckux 604HAx (e20 06bIMHO HA3BIBAIOM BbIHYNCOEHHBIM
paccesHuem Mandeaviwumama—Bpuanosna). Ilonagas B cpefy, cse-
TOBasA BOJIHA HCIEBITBIBAET pacceHME Ha aKyCTHUECKHX BOJIHAX,
MOPOKAAEMBIX TEILJIOBBIM ABIKEHHEM MOJIEKYJI CPeABl — 3TO €CTh
CTIIOHTaHHOE paccesHue Manpenbirrama—Bpwumiosna. 3amerum,
YTO NPH PaccessHNH Ha aKyCTHUECKOH BOJIHe, pacipocTpaHAoleii-
A MOIYTHO CO CBETOBOM, YaCcTOTa PACCETHHOTO CBETa YMEHBIIaeT-
cs Ha 3Ha4YeHHe, PaBHOE YaCTOTE 3BYKa: TAKOH paccessHHLIA CBeT
HA3BIBAIOT CMOKCOBbIM KOMIIOHEHTOM (II0 HMEHH AaHIJIMHCKOro
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¢usuka Crokca). IIpH paccesHMHM Ha BCTPEYHOH aKyCTH4YECKOH
BOJIHE YAaCTOTa PAaCCEAHHOTO CBETA YBEJIMYMBAETCA — HOSBJIAET-
Cf aHMUCMOKCo8 KOMIOHEeHT. [Ipy cnoHmanHoMm paccessHUH CBeTa
o6a KOMIOHeHTa (CTOKCOB M aHTHCTOKCOB) HMEIOT He3HaYUTesb-
HYIO MOIIIHOCTbB IT0 CPABHEHHIO ¢ MOIITHOCTBIO HCXOAHOT'O CBETOBOTO
nyuka. Has xapTHHa HaOJIOAAeTCA IPU 8bIHYNCOEHHOM pacces-
HuY MaHjensmtaMa—BpwiosHa, BOZHHUKAIONIEM DY AOCTATOY~
HO BBICOKOH MHTEHCHBHOCTH CBETa, Najaioero Ha cpeay. Tepmun
«BBIHYK/ICHHOE» YKa3bIBa€T Ha TO, YTO Telleph CBETOBasA BOJIHA
paccenBaeTcs Ha aKyCTHYECKHX BOJIHAX, KOTOpbie OHa e cama
¥ Bo30yxxaaer B cpesie (3a cuer ABJIEHUA IEKTpoCTpUKuMHK). NH-
TEHCHBHOCTb 3THX BOJIH MOXKET CTaTh 3HAYUTEIbHOU; B PE3yJIbTaTe
Oyner HabmoAaThCA CYINECTBEHHOE YCWIEHNEe HHTEHCHBHOCTH pac-
CesTHHO# CBETOBO# BOJIHEI, MpUYeM (ITOJYEPKHEM) TOJILKO CTOKCOBA
KOMITOHeHTa. [IpH HEKOTOPHIX YCJIOBHAX MPOCTPAHCTBEHHASA CTPYK-
Typa CTOKCOBa KOMIIOHEHTa, paccesHHOro Hazaz (Ha 180°), 6yner
¥MeTb BOJIHOBOH GPOHT, 06pallleHHBIN 110 OTHOHIEHMIO K (GPOHTY
WCXOZHOM CBETOBOI BOJIHBHI.

Jlpyroe HeJIMHEHHO-OIITHYECKOE ABJIEHUE YHTATENII0 YXKe 3Ha-
KOMO: OHO CBfI3aHO C 83aumodelicmeuem c6emosbiX 80/1H 8 HeAu-
Hetinoil cpede. O6patumcsa k puc. 3.15 a. ITnockas cBeroBas BOJ-
Ha 1 ¢ YacToTOi 2V U BOJIHOBBLIM BEKTOPOM K; B3aHMOJEHCTBYeT
B HEJIMHEHHOH cpesie ¢ MPOCTPaHCTBEHHO-HEOAHOPOAHOH CBETOBOH
BOJIHO# 2 ¢ 4acTOTOH ¥ M BOJIHOBBIM BEKTODOM ks. B pes3yJeTarTe
HeJINHEHHAs cpefia epen3iydaeT CBeTOBYIO BOJIHY 3 ¢ 4acTOTOH v
¥ BOJIHOBBIM BEKTOPOM K3. DTa BOJIHA TIOC/IE OTPAXKEHHA OT ILIOC-
KOTO 3epKajla, OPHEHTHPOBAHHOTO NEPHeHAUKYIAPHO K BEKTOpY
k., mpeBpamiaercs B BosiHy ¢ oGpamieHHbiM (GpoHToM (10 OTHO-
meHulo K BosHe 2). BosHOBBIE BEKTOPBI CBA3aHBI APYT € APYTOM
YCJIOBHEM BOJIHOBOTO CHHXPOHH3Ma:

ky — ky = ks. (3.26)

IIpumep J1a3epHON aRANTHBHOU CUCTEMBbI, PAaCCMOTPHM B Ka-
YecTBe IIPUMepa JIa3epHYI0 afalTHBHYIO CHCTEMY, II03BOJIAIOILYIO
TI0JTy9aTh MOIHOE H3JIyYeHHE C BHICOKOH CTENEHbI0 KOI€PEHTHOCTH.
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Puc. 3.15. OGpalieHne BOAHOBOTO (hpOHTa NPM B3au-
MOAENCTBUM CBETOBBLIX BOAH B HeAWHelHOM cpeae (a)
1 NPUMeEpP Aa3epHOMN aAanTUBHOM cuctemsl (6)

B 3T0i cucreMe Hcnoss3yeTcsa obpalieHre BOJHOBOTO (pOHTa Ha
OCHOBE fABJIEHUS B3aUMOZENCTBHA CBETOBBIX BOJIH B HEJHHEHHOM
cpene. OnTuyeckas cxeMa pacCMaTPHBAEMOM CHCTEMBI MPHUBEIEHA
Ha puc. 3.156. , ‘

3azaomui MaJIOMOLIHBIH JIa3ep reHepupyeT BHICOKOKOTePEeHT-
HOE M3JIy4eHHe Ha yactore ¥, Mayuenue jlasepa nonagaer rpexie
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BCEro Ha CBETOAGNIMTENbHYIO IUTacTHMHKY CIT-1 M pacmerisercs
Ha /[Ba ITyuKa; Hanbosiee HHTEHCHBHEIN IIPOXOAHT CKBO3b IVIACTUH-
Ky, a ci1abblit oTKIOHAeTCA. [IepBhIii CBETOBOIH IyYOK JOMOTHUTE b~
HO yCHJIMBaeTcs, IIPOXOAs yepe3 yCHWINTeNb, a 3aTeM B0o36yxnaaer
B HEJIMHEHHOM KpHCTaJUle BTOPYIO TapMOHHKY (CBETOBYIO BOJIHY
Ha yactote 2v). 3epkana 3; U 33 IOJIHOCTHIO OTPAKAIOT M3JIyde-
HHeE Ha 9acToTe v, HO cBODOIHO NMPONMYCKAIOT H3/TydeHHe Ha YacTo-
Te 2v. B pesysbrare BTOpas rapMOHHKa IOYTH GecrnpensATCTBEHHO
MIPOXOAMT B HEJIMHEHHYIO CPeAy, NTPAIOIIYI0 3/€Ch POJIb « HEJIHHEH-
HOTO 3epKaJsia». TO ecTh cBeTOBas BoJiHA 1 (yacroTa 2v, BOJIHOBOMH
BekTOp Ky ).

CaeToBOif mytI0K, OTpax<eHHbIH OT IwiacTuHKY CIT-1, 3aTeM ya-
CTHYHO OTpakaeTcsl OT IAcTHHKU CIT-2, npoxoauT yepe3 KacKaj
YCHJIMTeJIEH M, OTPa3UBIIMCH OT 3epKaJia 32, BO3BPAIIAeTCA B HEJIH-
HeHHYIO cpefly — 3TO eCTh CBETOBast BOJIHA 2 (YacTOTa v, BOJIHOBOM
BEKTOp Ez) BzaumozeiictBue BosIH 1 M 2 NPHBOAUT K IIOABJIEHHIO
B HeJIHHEHHOM cpezie nepensnyqeﬂnon CBETOBO# BOJIHBI 3 C 4aCTO-
TOH ¥ M BOJIHOBEIM BEKTOPOM K3, KOTOPBIH CBA3AH C BEKTOPAaMH Ky
Hu kg cooTHomeHueM (3.26). BosHa 3 pacnpocrpaHseTcs HaBCTpe-
4y CBeTOBOM BoJIHE, uaymeil ot CIT-2 yepe3 KacKaJ yCHIHTENEH,
M HMeeT BOJIHOBOH (pOHT, obpalieHHblIH 110 OTHOLIEHHIO K (POH-
Ty BCTPEYHOH BOJIHEL. B pesysibraTe M3 CHCTEMBI uepe3 ILUIACTHHKY
CIT-2 BbIXOAWT yCHJEHHOe M3JIydeHHe Ha 4acToTe vV, HMelollee
B TO 2K€ BPEMA IOYTH HJeaJIbHbIH BOJIHOBOH (QPOHT.

3.8. OTkAOHEHHE M CKaHUPOBaHHE CBETOBOIO Ay4a

O6mue sameuanusa, OTKJIOHHUTh CBETOBOH JIyd MOXHO IIPH 1o-
MOIIH COOTBETCTBYIOLIMM 06GPa3oM OpHEHTHPOBAHHBLIX 3epkan,
npuam, oudpaxyuoHHbix peulemox ¥ T.1. OXHAKO Ha IpPAaKTHKE
yacro TpebyeTcss He NMPOCTO OTKJIOHUTD JIa3€PHBIiH JIy4, HO CAEIATh
3TO oueHb GricTpo. Bostee TOro, yacTo Tpebyercs GLICTPO U onpese-
JIEHHBIM 06pa3oM MeHSATh HalpaBJ/ieHHe Jiyda (CKaHHpOBaTh JIy4).
3aecs MexaHuveckoe OBOpaYNBaHKeE 3epKaJl WIH NIPH3M He F'OJUT-
csfl, TAK KaK OHO COBepIllaeTcs OTHOCHTEIBLHO MeAJIeHHO. B moao6-
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HBIX CJIyyadX MCIOJIB3YIOT HeMexaHu1eckue MeTOHbl YIpaBJIeHUA
JIa3epHBIM JIydOM B IIPOCTPAHCTBE.

YcrpoiicTBa, obecrieunBalonie OTKJIOHEHHE, WIH CKaHHPOBa-
HHE, CBETOBOTO JIiyua, Ha3bIBalOT onmuveckumu Oedrexmopamu
(ot natunckoro deflecto — OTKIOHAI). PasnuuaioT AediieKTOphl
HenpepbleHo20 U OuckpemHozo OTKIOHeHUA. IlepBble HCIOJB3Y-
I0TCA JUIA HEMPEpPHIBHOTO CKAHHPOBAHUA JIyda B NPOCTPAHCTBE,
a BTOpble — JUIA AUCKpeTHOro. IIpuMeHsas nocjieHNe, MOXHO N0~
CJIEZIOBATEJIBHO OPUEHTHPOBATD JIy4d B Pa3IMUHBIX ONpesieIeHHBIX
HalpaBJIeHUAX WIH AUCKPETHO MEHATHb IOJIOKEHHe Jyda B IIpO-
CTpaHCTBe NPH HEM3MEHHOM HampaBJIeHHH.

Ha npaxTike IIMPOKO UCHOJIB3YIOTCA AedJIEKTOPhI 3/1€Kmpo-
ONMUu4ecKo20 U axKycmoonmu4ecko2o THNoB. JleficTBHE 2J1€KTPO-~
ONTHYECKUX Je(JIEKTOPOB OCHOBHLIBAETCA HAa JJIEKTPOONTHYECKOM
addexTe — U3MEHEHUH NTOKa3aTeIA IPEJIOMJIEHHS Cpe/ibl IO Jeit-
CTBHEM BHELIHETO JIEKTPUYIECKOro 1oJis. B akycroonTuyeckHx Ae-
(rexTopax HcHoNB3yeTcs M3MEHEHHEe IOKasaTesA NPEJIOMJIEHUA
BC(JIEICTBHE MEXaHHYEeCKUX HaNpAKeHUH B cpejie, BOZHUKAIOUIUX
NpH paclIpoCTPaHEHHH B Hel akycrHdecKoil BosHbI. HamomHHM,
YTO 3JIEKTPOONTUYECKHH M aKycToonTu4yeckui addexThl paccMar-
puBasuch B § 3.2 — B cBA3H ¢ 06cyKeHNEM crTOcOO0B MOAYIALMH
A06pOTHOCTH J1a3epHOTO Pe30HATOPA.

AaexTpoonTuYeckue AeduieKTOpsl HENPEPLIBHOIO OTKJIO-
HeHud, [Ipocreiimnii Takoit neduiexrop npexcrapiser co6oi 06bra-
HYI0 TPEYTOJIbHYIO MPH3MY, Ha TOpIax KOTOpOHHaXOIlﬂTCﬁ MeTa-
Jinveckue anekrponsl. Ha atu anexrpo-
Abl TIOAAETCA YIIPABJIAIOUlee JIeKTpHYe-
CKO€e HalIpKEeHHe.

PaccmatpuBaeMmslii aediekTop u306-
pakeH Ha pHc. 3.16, re IITPHUXOBKOH
BRIIEJICHBl YTIDAB/AIOIMNE SJIEKTPOABL.  pyc, 3,16, DaekTpoonTu-
Jlnst POCTOTHI MOJIaraeM, 9TO CBETOBOH  yeckuit aedhrekTop Henpe-
JIyd najaeT Ha BXOJHYIO TPaHb IIPH3MBI PLIBHOIO OTKAOHEHMA
HOPMAaJIbHO; B 3TOM CJIydae YroJl OTKJIOHEHHUA JIyda OT IIepBOHa-
YyaJpHOTO HanpasaeHua (yros 6) onpeaensercs cirenymowmei ¢op-
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MYJI0ii:
# = arcsin (n sin @) — @, (8.27)

rae ¢ — npesioMIAIOUINH YTOJI HPU3MBL, 1t — I10Ka3aTeJIb NPeIoM-
JICHHsl MaTepuasia NMPU3Mbl. 3HaueHUe MOoKasaTessd NpesIoMJIeHUA
3aBHCHT OT HANPSKEHHOCTH BHEIIHETO 3JIEKTPHYECKOro nosis, Us-
MEHAA Hanps)KeHHe Ha JIEKTPoJaX, MOXKHO IUIaBHO MEHATDH NO-
KasaTesib NpeJIOMJIEHUA 7, a CJIE0BATeJIbHO, U YTOJI OTKJIOHEHHUA
Jayda 6.

IMomecTHB Ha IMyTH JIyua IOC/EAOBATE/IbHO Ba MPU3MEHHBIX
JedJiekTopa, OpHEeHTHPOBAHHBIX NMOA YIJIOM 90° ApYT OTHOCHUTEJIb-
HO Zpyra, MOXKHO OCYIIEeCTBHUTb JByMepHOe CKaHHPOBaHHeE JIyua.

B 3J1eKTPOONTHYECKUX NMPH3MEHHBIX JedJieKTopax MpUMeHs-
IOT MaTepHaJbl, 061aaonIye BBICOKOH NMPO3pavHOCThIo (B Tpebye-
MOM AMara3oHe JUIMH BOJIH H3JIydeHHA) ¥ 0OHAPYKUBAIOIIME 3HA-
YHTeJIbHBIN 371eKTpoonTuieckuit addexr. Bosbmum ananazoHoM
HM3MEeHEeHHUA II0Ka3aTeJis NpeJIOMJIEHUA NOJ AeHCTBHEM INOJA Xa-
paKTepH3yIoTcs, HalpuMep, KPUCTA/UIBI TaHTaJIaTa-HuobaTa kaaus
(ux Ha3bIBaloT TakKe KpucTauiaMu KTN; xumuyeckas popmysia —
KTa,Nb;_, O3, rae £ Moxer BapsupoBathes ot 0 710 1) ¥ TUTaHaTa
6apus (BaTiOg3). Ilpumensiorea Taxxke kpuctauibl KDP u DKDP
(KH2PO4 u KHgyy-4D2; PO4). BricTpoaeiicTBue paccMaTpuBae-
MBbIX AedJIEKTOPOB, ONpee/iAeMOe MHHUMA/IbHBIM BpEMEHEM, Tpe-
6yeMbIM 21s mepebGpoca Jiyda H3 OJHOTO KpPaHHEro I0JIOXKEHHSA
B ApyTO€, UMEET NMOPAAOK 1 MKC.

AxycroonTuvdeckue AedieKTopbl HENPEPHIBHOTO OTKJIOHE-
HuA, OTKIOHEHHE CBETOBOIO JIy4a B aKYCTOOIITHYECKOM AedJIeKTO-
pe MOYKHO pacCMaTpHBaTh KaK pe3yJIbTaT AU pakiuy cBeTa Ha YJIb-
TPa3BYKOBOH BOJIHE B cpeje. B coorBercrBuu c (3.7) 3axiiouaeM,
YTO yroJl OTKJIOHEHHUSA JIyda

A

@ =arcsin{ — ). (3.28)

2A
W3mensa 4acTOTY y/IBTPa3ByKa, a CJ€A0BaTe/NbHO, M JJIHHY BOJI-
HBI A, MOXXHO IIJIABHO MEHATDH YTOJ OTKJIOHEHHA Jiyva 8.
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Jlisa ynsTpa3ByKOBBIX 1e(pyIeKTOPOB HCIIOJIB3YIOT IIPO3payHble
MaTepHaIbl ¢ OTHOCHTEJIBHO BBICOKHMM IIOKas3aTeJieM MpeyioMie-
HHA ¥ Xopoluei ¢oroynpyroctsio. IlepcrekTHBHEIMU MaTepHasa-
MM CUMTAIOTCH, B 4aCTHOCTH, MosubaaT csuHua (PbMoO4) u napa-
tesutyput (TeOy).

BricTposielicTBHe paccMaTPHBaeMBbIX AedJieKTOPOB OrpaHuve-
HO BpeMeHeM T = d/vg, rie d — AMaMeTp OTKJIOHSEMOro CBe-
TOBOrO Iy4Ka, U9 — CKOpOCTh 3Byka B cpeae. Ecim d = 1 cwm,
vo =2-10% M/c, TO T = 5 MKC.

AnexkrpoonTrueckuii AedIEKTOP AMCKPETHOTO AEeHCTBUA.,
Ha puc. 3.17 usobpaxceHa ONTHYECKAA CXeMa 3/IEKTPOONTHYECKOr0
aedekTopa, NO3BOJIAIONIETO 32 1 MKC MEHATH MOJIOXKEHHE B I1PO-
CTPAaHCTBE CBETOBOTO JIyda IIPH COXPaHEHHHM €ro HallpaBJIeHHs.
CrpesikamMu nokasaHbl cBeToBble Jy4n. 3aech K, u K; — opuHa-
KOBO OPHEHTHDPOBaHHBIE B IIPOCTPAHCTBE ABYJIy4eNpesIOMIIAIOLIHE
kpuctasuisl (Hanpumep, CaC03), 1 u 2 — Avediku ITokkensca, Ko-

TOpbIE IIPH NOJaYe Ha HHUX DJIeK- 7 Bl
TPHYECKOTO HANpsKEeHHA MOBO- 7 2 7
paumBaioT Ha 90° IIOCKOCTD M0- g N e
NApU3anUHU Jyda (JUIS 9TOTO Ha- ¥LIF A

JI0 OPHEHTHPOBATh HaNpaBJeHue
mosia B obeux Adedkax oA yr-
JiIoM 45° K HamnpasJIEeHUIO MNOJIA-
PH3aIH HCXOAHOrO CBETOBOTO
sayda, cM. § 3.2). Opuenranus xpucrtawios K; u K, Takosa, 4To
HCXOZHBIN JIy4 ABJIAETCA U1 HUX OOGBIKHOBEHHBIM JIyuoM (mosis-
PH30BaH NEPNEHAUKYIAPHO K IJIOCKOCTH IVIABHOTO CEYEHUS KPH-
CTaJVIOB).

IIycts 06e AYEHKH BLIKIIOUEHBI (HampsiKeHHMe He MOJAHO).
CseroBO#i Jyd, mpoxozsa uepe3 kpuctauiel K; u Kj, He OTKIIO-
HAETCA, ABNAACH JUIA HUX OOBIKHOBEHHBIM JIy4OM; U3 ZediiekTopa
JIyd BbIXOAMT B nosioxkeHHH A. ITyctb obe saveiiku BxutoueHsl. Te-
niepb [IPH NPOXOXKAEHUH AYeHKH 1 IJIOCKOCTb NOJIAPHU3ALNH JTyda
nosopauuBaerca Ha 90°, OH CTAHOBUTCA AJIA KpHCTaLIa K, He-
OGBIKHOBEHHBIM JIYYOM H OTKJIOHsieTca B HeM. Ilocie mosopora

Puc. 3.17. JAeKTpOONTUHECKNUI A€~
thAeKTOp AMCKPETHOTO AEHCTBUA
(AByxkackaaHas cxema)
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IUIOCKOCTH TOJIADU3AIUH B Avelike 2 JIyd MOAXOAMT K KpHCTaJ-
gy K, xak OOLIKHOBEHHHIH H B HeM He OTKJIOHsAeTca. B wurore
13 jediiekTopa JIy4 BbIXOAWT B IOJIOXKEHHH bB.

Jlerko coo6pa3uTs, ¥TO, €CJIH BHIKJIIOYUTh AYEHKy 1, HO BKJIIO-
YHUTh AYEHKY 2, ayq BhifzeT U3 Aeduiekropa B nosoxenuu B. Ha-
KOHell, IIpX BKJIIOYEHHH A4YeHKH 1 ¥ BHIK/IIOYEHUH f4eiiku 2 pea-
Jiu3yercsa KOHeYHoe IoJiokeHue jyva I

JUiA mpOCTOTHI MBI OTPAHHMIUIMCH 08YXKACKAOHOU CXeMOH.
ITpu Hanuany B cxeme N KacKaZ0B YHCJIO BO3MOXKHBIX ITOJIOXKEHHUH
Jlyua Ha Bbixozie Aedsrexropa pasHo 2V . B coBpeMeHHBIX fediek-
TOpaX TAKOro THIIA YBEPEHHO peayiusyiorcs 1024 moJioxkeHus, 4To
COOTBETCTBYET JeCATH KacKa/ilaM B cxeMe.

YnpakHeHuA

. Kakoit Amanas3oH 4acTOT COOTBETCTBYET AUAMA30HY JJIHH CBe-

TOBBIX BoJIH 0,1-10 MKM?

JUmHa cBeTOBO# BosHBI cocTtaBiser 0,6 mkm. Uemy paBHa
3Heprua ¢oToHa?

J106pOTHOCT ONITHYECKOro pe3oHaropa — 2-107; ayiuHa BosI-
HBI u3aydenus — 0,6 mxm. Haiitn koadduieHT norepn.
Ipennonoxum, 4TO BCe JIMHEHHbIE pa3Mepsl pe3oHaTopa (ero
JUIVMHA, paAyychl KpHBU3HBI 3€PKaJl, aIIEPTYPhI 3€PKaJI) YBEJIH-
YWIKCH B /IBa Pa3a. ByAieT 11 HOBBIH pe30HATOP 3KBHUBAJIEHTEH
HUCXOJHOMY?

Ipeanonoxum, YTO anepTypbl 3epKajl Pe30HATOpa YBEJIH4H-
JIMCh B /Ba pa3a. Kak Hafo mpH 3TOM H3MEHHUTb OCTaJIbHBIE
rapaMeTphbl pacCMaTPHBaeMOro IaCCHBHOTO Pe30HATOpa, YTo-
6bI HOBBI PE30HATOP OKa3aICA HKBHBAJIEHTHBIM HUCXOAHOMY?
JivHa pesoHaTopa — 0,5 M; HayaIbHBIH K03 HUUMEHT ycH-
neuns — 0,1 m~!. Koadpduuuenr noreps (6e3 yuera ussy-
YaTe/MBHBIX 1OTEpb) paBeH 0,081 m~1. Haiitn onTMMaibHBIA
K03(pPHLHEHT OTpaXkeHHUsA BBIXOZHOrO 3epKajla pe30HaTopa.
PaccmaTtpuBaercsa s1azep Ha pyGHHe; B KadecTBe 3epKaj pe-
30HaTOpa HCIOJIB3YIOTCA CIEIHAIBHO 06paboTaHHBIE TOPIIHI
pyOuHOBOro crepxkHA. HaHTH 4acTOTHBIH MHTEpPBAT MEXAY
IIeHTPaMH JIByX COCEJHHX NMPOJOJIbHBIX MOA, €CIH JUIHHA pe-
3oHaTopa — 0,6 m. [Toxasaresns npesiomsenus pyéuna — 1,76.
ITpennonoxumM, YTO BCA CBETOBass MOINHOCTb JIAMITBl HaKay-
K1 Ge3 moTepp IOIVIONIAETCA aKTHBHBIMH I[€HTPaMH Jia3depa
Ha pyOuHe; P 3TOM aKTHBHBIE IeHTPH! (MOHBI XpOMa) nepe-
X0IAT B cocTofHue 4Fy, OTKyZia 3aTeM IMONaaaloT Ha BEPXHHH
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10.

11.

12.

13.

14.

15.

16.

17.

Ynpasxcnenusn

pabouuit yposens. Ucnions3ys puc. 2.4, ounennrs KIIJI nasepa
B paccMaTpPHBAaEMOM CJIydae.

HssecrHo, uto KII/] nasepoB Ha pybune Huxe 1 %, T e. cy-
IIECTBEHHO MeHblIe 3HaueHHs, [TOJydaeMoro B IpeblayIem
ynpaxHeHun. Uem 310 0GBsACHAETCA?

JokasaTe, 4TO IpH yrjie najieHud, paBHOM yriry bBpiocrepa,
OTpaXeHHBIN U NPEJIOMJICHHBIH CBETOBBIE JTyYH B3aHMHO IIep-
NEeHAUKYAAPHBI.

KaxoBa reoMerpus OIITHYECKOTO pe30HATOPa, MMEIOIEro Ha
auarpaMMe ycTOM4YMBOCTH (CM. pHC. 2.28) KOOpAMHATH g1 =
=gz =2?

KakoBa reomMeTpHs ONTHYECKOTO0 Pe30HATOPa, UMEIOIEro Ha
JAudarpaMMe yCTOHYUBOCTH (cM. puc. 2.28) koopAMHATH g; = 1,
gz =1/2?

Hcnonssys puc. 2.29, O1eHUTh YroJl pacXOAUMOCTH BBIXOAA-
[Iero U3 pe3oHaTOpa CBETOBOTO ITydKa, €CJIH AJIMHA BOJIHBI
usnydennsa — 0,5 Mxm, a juinHa pesoHaropa — 0,5 M.
CBeTOBOI ITy4OK IIPOXOIUT CKBO3b aKyCTOONITHYECKUH 3aTBOP U3
IUIaBJIEHOTO KBapna. /luamerp CBETOBOrO Iy4YKa BHYTDH 3aTBO-
pa— d = 1,2 MM; cKOpOCTb 3ByKa B KBapie — v = 6-10% m/c.
OuenuTts 6pIcTpOACiicTBHE (BpeMs NMepeKIIOUeHNA) 3aTBOPa.
Jlazep reHepupyer peryJApHYIO IOCJIE€0BATEIBHOCTb CBETO-
BbIX UMIIYJIbCOB C uacToToi cirenoBanus f = 1 MIM (pexum
pasrpysku pe3oHaTopa). JJIMTeIbHOCTb OTAEABHOTO MMITYJib-
ca — 7 = 20 HC, cpeAHss MOLIHOCTb MeHEPHPYEMOro HU3Jyde-
HHA — I = 10 BT. O1ieHHTh MOILIHOCTh CBETOBBIX MMIIYJIbCOB
B MakCHUMyMe, '

IllupuHa JVHUE yCHIEHHA jlasepa Ha pybune — 6 - 10° I,
Hcnonw3ys pe3ysbTat, IOJyYeHHbIH B YIPaXKHEHHH 7, HAHTH
MaKCHMAJIbHO BO3MOXXHO€ YHCJIO NPOAOJIBHBIX MOA AJIA pac-
cMaTpHBaeMOro Jia3epa.

Jlazep paboTtaer B pexcume reHepalidy TMTaHTCKUX MMITY/IbCOB.
DHeprus ummnysnbca Hakauku — 1 x/[k; KITJ nasepa — 0,5 %;
JUTHTEJIHOCTh BEICBEYHBAEMOr0 FTHTAHTCKOTO UMITyJIbca — 10 He.
OueHUTh MOMIHOCTh T'HTAHTCKOTO UMITYJIECA B MAKCHMYyMe.

OTtBeThI
(c MOACHEHUAMH)

Or 3-10'% g0 3-10' Iy,

2 3B.

HUcnonbays (1.26), HaxoauMm, 4To K03¢GOHUIHEHT IOTEPh PaBEH
0,5 m~ 1.

He Gyzer. Y HoBoro pe3oHaTopa uucio ®penens pasoe 60/1b-
uIe, 4eM y HcxoaHoro; cM. (1.32).

. Hapo yBesmmunts B 4 pasa JyIMHy pe30HaTopa U PaAuychl KpH-

BU3HBI 3epKai; cM. (1.32).

Cornacuo (1.49), onTHMaNbHBIA KO3Q@HIUEHT U3JTydaTesb-
HBIX IoTeph cocrasiser 0,009 m~!. Jlanee BoCIO/IB3yeMcs
coornomreHneM (1.51); yureM, 4To npu & < 1 MOXKHO NpHU-
HATh € = 1 + . B pesysrraTe HaXOAUM, UTO ONTHMAaIBHBIN
K03 PUIMEHT OTPa’KeHHUA BBIXOAHOIO 3epkaja paBeH B JaH-
HOM cirydae 99 %.

CorsacHo (1.55), HCKOMBI# YaCTOTHBIN HHTEpBaI paBeH 1,4 X
x108 Tu,

B paccmaTtpuBaemoM cirydae KIIJI nasepa onpezesisercsa OTHO-
[IIEHHEM 3HepPruy (POTOHA reHepUPyEMOTro H3JIyueHHA K 3Hep-
ruu GOTOHA H3TyYeHHA Hakauku. CorlacHo puc. 2.4, 3TO OT-
HOleHWe paBHO IpuMepHo 1,5/2,5 = 0,6. Vtak, MCKOMBIH
KI1/J cocraBnser 60 9.

Jlesio B TOM, YTO AQJIEKO He BCA SHEPTHUA HaKaYKH NOIJIOULAeT-
cAl aKTUBHBIMM LieHTpamMu. KpoMe Toro, wacte BO36y»AE€HHBIX
I[EHTPOB [IEPEXOAUT He Ha BEpXHMIT pabounii ypoBeHb, a cpasy
Ha OCHOBHO# YPOBEHb.
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10. Ilycrs 8 — yrou npesioMIeHHA; HAJIO ZIOKa3aTh, 410  + a = 90°
(a — yron napeHus, pasHblii yriry Bplocrepa). YaurtsiBas, 4To
sina/sin 8 = n u tga = n, 3awnouaem: sin 8 = cosa. Or-
CIOZIa BUJHO, YTO YIVIbI @ M [ AOMOJIHAIOT ApYT Apyra no 90°,
YTO U TpeGOBaJIOCh OKA3aTh.

11, U3 (2.1) cnexyer, uTo y paccCMaTpHBAaeMOro pe3oHaTopa ry =
= ry = —L. 3T0 ecTb HEyCTOHYMBBII pe3oHaTop, 06pa3oBaH-
HBIH JBYMA BBIMYKJIBIMH 3eDKajlaMH, PaZiHyChl KDHBH3HbI KO-
TOPBIX PaBHbI JUIMHE pe30HaTopa.

12. U3 (2.1) BUAHO, YTO 'y = 00 U 'y = 2L. 3T0 eCTh YCTOHUMBBIH
pe3oHaTop, 06pa30BaHHBIN IUIOCKHM 3€PKaJIOM M BOTHYTBIM
3epKaJIOM C PaJiycOM KPHUBH3HBI, PABHBIM Y/[BOEHHOH JUIHMHE
pe3oHaTopa.

13. Ucxonsa u3 puc. 2.29, 3aKi04aeM, UYTO YroJ PacXOgUMOCTH,
H3MepsAeMbli B paguaHax, IpubIMXeHHO OIpe/iesIfieTca OTHO-
menueM 2p/L. Ucnons3ys (2.4), HaX0AMM, YTO OH paBeH NpH-
MepHo 0,001 paga, uto coorBercTByeT 3,5 YIJIOBBIM MHHYTaM.

14. BpeMsa nepexsio4eHHs 3aTBOPa MOXKHO OLIEHHTb Kak d/v =
=2.10""¢.

15. MckoMyo MOLIHOCTh MOXKHO ouneHuTh Kak I/(7f) = 500 Br.

16. Oxkouno 40,

17. DHeprusa rUTaHTCKOro UMIyJbca cocrasiser 5 k. Pasnenus
3Ty SHEPTHIO Ha JUIMTE/ILHOCTh HUMITYJibCca, HAXOAHM €ro Moll-
HOCTh B MaKCHMyMe: OHa cocTasiser 5 - 10% kBT
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