AKTHBHAf CTA0WIM3AIUA YACTOThI TeHEPALNH Jia3epa (MPOI0IKEHHE).

Crabunuszanysg 4acTOThl TE€HEpalMy Jia3epa MO0 YacTOTe MNPONYCKaHMs
untepdpepomerpa Padbpu — Ilepo.

[Ipoctetimuit  unTephepomerp Dadbpu — Ilepo — 310  mpo3padHas
IJIOCKONAapasuielibHas IUIACTUHKA, Ha MapajUIeibHbIE TPAaHU KOTOPOW HAHECEHBI
MHOT'OCJIOMHBIE JUAIEKTPUUECKUE 3€PKaTbHbIE TOKPBITHSI.

[MpuHiunuanbHas cxema CTaOMJIM3allMM YacTOThl TEHEepaluu Jiazepa 1o
gacToTe npomyckanus naTepdepomerpa ®adpu — Ilepo npeacraBieHa HIKe:

nasep
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PaccMoTpuM Ha ogHOM rpaduke ABE 3aBUCHMOCTH OT YaCTOTHI. 3aBUCUMOCTH
MOIITHOCTA TE€HEpallMu Jla3epa H 3aBUCUMOCTh KOI(PPHUIMEHTa MPOITYCKAHUS
unrepdepomerpa ®adpu — Ilepo.
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npollyckaHHe HHTepheponerpa ®abpu-Tlepo

MomHocTh CcBeTa Ha NPUEMHUKE U MPONOPLMOHAJIbHASA €H BeIMYMHA
HaAMpsDKEHUs] Ha IUTIOC-BXO/€ NU(PPEpeHIINaNIbHOrO0 YCUIUTENS BeayT cels, Kak
POU3BEJCHUE MPE/ICTABICHHBIX BbIIIE ABYX ()YHKIIMIA:




30ech @) U @) — BO3MOXKHBIE CTAOMIM3HPOBAHHBIE YaCTOThI FE€HEPALUH, IS
KOTOPBIX CUTHaJI olKMOKH paBeH Hymo U, —U_ =0, 1 2TU NON0KEHUST paBHOBECHUS

CHUCTEMbl CTaOWIM3allMM YCTOWYMBBI, €CIM YacToTa Jia3epa BO3PACTaeT C
YBEJIIMYEHUEM HAINPSLKEHUS HA MbE30KEPAMUKE C JIA3EPHBIM 3€PKaJIOM.

W3 pucyHka BUIIHO, YTO NMPU U3MEHEHUU YCUJIEHHUS Ja3€pHOM CpEellbl 4acToTa
reHEepaluy Jia3epa HE MOXKET U3MEHUTHCSA CUJIbHEE, YEM HA MOJIOBUHY LIIMPHUHBI MTHKA
npornyckanusi uaTepdepomerpa ®adpu — Ilepo. B 3ToM 1 cOCTOUT MpeuMyIIeCTBO
JAHHOM CXeMbl CTaOMITM3AIMK YaCTOThI FEHEPALIUH JIa3epa.

Crabunu3zanys 4acTOThl TeHepalliy ja3epa B ABYXMOJIOBOM PEKUME.

B nponaxe npencrasinen He-Ne nazep, cTaOuIM3upoOBaHHBIN MO 3TON cXeMe:

A

|| 3epKaTbHAA I
TIPH3Ma -

nasep
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Hcnons3yemblil B 3TOM cxeMe Jiazep HE UMEET OPIOCTEPOBCKUX OKOH. 3epKalia
Jazepa MpPUKIEEHbl K pa3psaHoil TpyOke. B Takom ciyuyae ymnpaBidTh AJIMHON
PE30HATOpa M YAaCTOTOM T€HEPALMU Jia3epa C MOMOIIBIO MbE30KEPAMUKHU HE YIAETCA.
JIist ynipaBieHuUsl 4aCTOTOM T€Hepallid BOKPYT pa3psAIHON TpyOKHU jazepa HaMOTaHa
HUXPOMOBAsl CIUpajb — JJIEKTpUUeckas nedka. [leyka nmpu HarpeBaHUM U3MEHSET
TEMIIepaTypy pas3psaHoil TpyOKM U dYepe3 TeMIepaTypHbIi  KodduimeHt
pacUIMpEeHHUsl CTEKIJIA pa3psIHON TPyOKH U3MEHSIET €€ JITHHY.

A
Ha AJIMHE PE30HAaTOPa YKIAAbIBACTCA LCJI0€ YHCJIO ITOJTYBOJIH L= mz . Tonbko

B 3TOM CJIy4ae BOJIHA, MPOXOJIS PE30HATOP B 00OMX HANPABICHUSAX, HACTYIACT cede
Ha XBOCT B TOH ke (hase, TO eCTh OKa3bIBaeTCs B (aze cama ¢ coOoi. M3meHeHue
JUTMHBI PE30HATOpA W3MEHSCT JJIMHY BOJHBI W3nydeHus. C WU3MEHEHHEM JUJIMHBI
BOJTHBI H3MEHSETCS YaCTOTa U3TyUeHUS Jiazepa.

HampspkeHre muTaHus Ha 3Ty MEUYKY MOJAeTCs ¢ BBIX01a JU(PEpPEeHIINATHLHOTO
ycwutenst. Ha 1Ba BXoja yCHIIUTENS TOMAIOTCS HANPSDKEHUS ¢ JBYX NMPHUEMHHKOB
U3ITyYeHUS.

Nznydyenne nasepa 0€3 OPIOCTEPOBCKUX OKOH COJIEPKHUT JIBE JIMHEHHBIC
MOJIAPU3AIIMU  OPTOTOHAIBHBIC IPyT APyry. M3iydeHue STHX IBYX MOJSPH3AIIMA
pPa3HOCUTCS  MPOCTPAHCTBEHHO B  pe3yjbTare JABYIYYCTIPCIOMIICHHS  IPH
MPOXOXKJCHUN JIa3epHOrO JIy4a dYepe3 IUIOCKOMAPAIIICIbHYI0 KPUCTAIUTMYCCKYIO



IJIaCTUHKY. Pa3HeceHHble MPOCTPAHCTBEHHO JIyYM OTPAXKAIOTCS  3€PKaJIbHOM
IPU3MOM Ha IBA TPUEMHHUKA U3JTYyYEHHUS.

JlnuHa pe3oHaTopa Jiazepa Moj00paHa TakuM oO0pa3oM, 4YTO B Tpejesax
KOHTYpa JIMHUU YCUJIEHUS CPEbl BO3MOXKHA F€HEpalrs Ha ABYX NPOJOJIbHBIX MOJIAX,

c
Z — Pa3HOCTDb 4aCTOT COCCAHUX IMPOJOJbHBIX MO/ JIa3€pa.

HpI/I CHMMCTpH‘IHOﬁ HElCTpOﬁKG 4acToOT O3TUX MOJ OTHOCHUTCIBbHO ILCHTpaA
JJUHUH YCHUIICHUS HaSCpHOﬁ cp€abl ABC MOAbI YCHIIMBAIKOTCA OAHHMH WM TCMH KC

_ Aw
MOJIEKYJIAMU C JIy4EBBIMU CKOPOCTAMH @ F kV, = @y, oTkyna V, :iT, rie Aw

— OTCTpPOMKA KaKJI0M M3 MOJ OTHOCUTEJIBHO LEHTpa JUHUM yCuiieHus. BoaHbl ABYX
Moj, Oeryiiyde MO pe30HAaToOpy Jiazepa ciieBa HaIpaBO, YCHIMBAIOTCA pPa3HbIMU

o . Aw
MoJjeKynaMu. Moza ¢ Gojbliei 4acTOTOM yCHIUBAaeTcs MoOJEeKynaMu V, :+7, a

. . Aw
MOJ1a ¢ MEHBIIEH YaCTOTON YCUIMBAETCH MOJIEKYJIaMu V, = = JInst [ByX BOJIH BO
Aw Aw
BCTPEYHOM HAaIMpaBJIEHUH, HA000poT, V, = —7 uv,= +7. B pesynprare nse

MOJbl YCUJIMBAKOTCA OJHUMH U TEMH K€ MOJIEKYJAMH, TO €CTh OTHUMAIOT YCHJICHHE
IpYT OT IpyTa Wi, KaKk TOBOPAT, KOHKYPUPYIOT.

Konkypenuus okasbiBaeTcss ciabee, €clud NOJMSPHU3ALUM  JIBYX MOJ
OPTOTOHAIBHBI JIpYyTr Ipyry. B 3TOM cilydyae oAHy MOAY YCUJIMBAKOT MOJIEKYJIbI,
HarpuMep, C BEPTUKAIBHBIM KOJeOaHUEeM AUMOJICH MOJEKYH, a IPYTyI0 MOJIYy — C
TOPU3OHTAJILHBIM KoJIeOaHWeM nurosiei. UeM MeHbIe KOHKYPEHIUS, TEM OOJbIIe
CyMMapHass MOIIHOCTh TeHepanuu JAByX Moa. [lpu 3TomM mnonspuszaumm OByX
MPOJOJBHBIX MOJ Jla3epa aBTOMATHYECKH TIOJCTPAMBAIOTCS TaK, YTOOBI OBITH
OPTOrOHAIBHBIMU APYT APYTY.

B takom ciyuyae aBa IpUEMHHKA PETUCTPUPYIOT HE MPOCTO CBET ABYX Pa3HBIX
NOJISIPU3ALIMi, HO U IBYX PAa3HbIX MPOJIOJIBbHBIX MO/JI C Pa3HBIMH YaCTOTAMH.

[Ipennonoxum, 4TO IJIMHA PE30HATOPA J1a3epa CIIy4allHO TaK U3MEHUJIACH, YTO
IBE€ MPOJOJIbHBIE MOJABI CMECTUJIUCHh MO YAaCTOTE€ OTHOCHUTEIIbHO CUMMETPUYHOMN
HACTPOMKM C 4YacTOTaMH @ U @), KOTOpblE H300pa)X€Hbl Ha PpUCYHKE

BCPTHUKAJIbHBIMU ITYHKTHPHBIMHA JIMHUAMMU.




CrioNIHBIMYA BEPTUKAIBHBIMU JTHHUSAMHU U300paKEeHBI JIBE TIPOOJILHBIE MOJIBI
Ja3zepa npv HEKOTOPOM M3MEHEHUHU JUTMHBI pe3oHaTopa. YacTOTHBIM UHTEPBAT MEKIY
IPOJIOJIBHBIMUA MOJAMH MPU 3TOM MPAKTHUECKU He u3MeHsercs. [IpomoabHbie MOJIbI
CMENIAloTCA TaK, YTO MOIIHOCTh F€HEpallMy OJTHOM M3 HMX YMEHBIIAETCS, a JPYrou
— yBenuuMBaeTcsa. Pa3HOCTh MOLIHOCTEM JBYX MOJ W MNPONOpLUOHANbHas e
Pa3sHOCTh HANPSKECHUH C ABYX NpUEMHHUKOB U, —U_ SBISETCS CUTHAJIOM OLIMOKH

Ui paccMaTpuBaeMoM cucTeMbl cTabuim3anuu. CucreMa CTaOMIM3alid CTapaeTcs
WU3MEHUTH JUIMHY PE30HATOpA Jla3epa TakK, YTOObIl MOLIHOCTH JBYX MPOAOJIBHBIX MOJ
ObuM  oguHakoBeIMU. [lpm  3TOM  cucrema  cTaOMIM3aluu  yAEp)KUBAeT
CUMMETPUYHYIO HACTPOMKY YacTOT JIBYX HPOAOJBHBIX MOJI OTHOCHUTEIBHO LIEHTpPA
JVMHUM YCUJIEHHUS Jla3epHOM cpenbl. To ecTh cucrteMa cTabuian3auuu CTaOUIM3UPYET
4acTOThI ATUX ABYX MOJ.

CTa6I/IJ'H/IBaI_II/I}I J1a3€pa 110 p€30HAaHCY HACBINCHUSA IMOTJIOMICHHA.
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B »TOil cxeme 3aBUCHMOCTh MOIIHOCTH CUTHajla Ha MPUEMHHUKE OT YacTOThI
reHEepaluuy Ja3epa UMEET CIACAYIOIMINN BUT:




3I[€CB @y — LCHTp JIMHUU IIOTJIOIICHUSA I'a3a B KIOBCTC, ITYHKTHPHAA 4acCTb
3aBUCUMOCTH — MOINHOCTL I'CHCPAIWH JIa3cpa. BOprr‘ 49aCTOThl @y B MOINHOCTH

CBETA Ha IIPUEMHHKE TOSBIAECTCS IIHPOKUM JOIUIEPOBCKUM MPOBAN JIMHUHU
IIOIVIOLIEHNsl Ta3a, HAaXOAALIErocs B KIOBETE. B IEHTpe JMHUM NOTJIONIEHUS Ha
4acTOTE )y HAOMIOJAETCs y3KUH MUK PE30HAHCA HACBIIEHHS MOTJIOMECHHUS.

Jlns ¢dopMupoBaHHs CHUTHalIa OMIMOKM B JAaHHOM CiIy4ae HCHOJIb3yeTCs
CUHXpDOHHOE [JeTeKTHMpPOBAaHWE CHUTHajla Ha YacTOoTe TIeHepaTopa, KOTOpoe
MPOU3BOJUTCS HA aHAJOTOBOM NIEPEMHOYKHUTEIIE CUTHAJIOB.

OmnopHoe HampspkeHue U, CHHXPOHHOIO JETEKTUPOBAHUS IOJAETCA Ha

HWKHUAW BXOJl aHAJIOOBOrO INepeMHOoXuTenss. Ha BEepXHUI BXOA MNEPEMHOMKHUTENIS
NOCTYNaeT NEPEMEHHAS YacTh HAIMPSIKEHUS C IPUEMHHUKA J1a3€PHOTO U3TyYCHHUS.

CuHycOHTaJIbHOE HAIpsDHKEHHE C TeHepaTopa IMOJAeTCs Ha NbE30KEPaMUKY
Ja3epa ¥ MOKAYMBAET YACTOTY JIa3epa C 4aCTOTOM T'eHEpaTopa. ITOM ke CUHYCOUA0U
OKAa3bIBAETCA MPOMOIYJIMPOBAHA MOIIHOCTh M3JIy4YECHUS Ha nmpueMHuKe cBera. dasza
CHHYCOHJIbI MOAYJISIHMHA 3aBUCHUT OT TOrO, HA KAKOM CKJIOHE PE€30HAHCA HACBIIICHUSA
MOTJIOIIEHUS HAXOAUTCS CPEIHEE 3HAUECHHUE YaCTOTHI JIa3epa.

Jlnst  Oonplie HATrISAHOCTH HA HIDKECICAYIOMIEM PUCYHKE PE30HAHC
HACBIIIEHUS NOTJIOMEHHS PACTSIHYT IO OCH YaCTOT.

I

13 pucyHKa BUIHO cieayromee. Eciau cpess yacToTa reHepalui HaXOqUuTCs
Ha JIEBOM CKJIOHE PE30HAHCA U KaYyHYJIACh YyTh BIIPABO, TO MOIIHOCTb HAa IPUEMHHKE
Bo3pociya. Ecimm ke cpelHss 4acTOTa HAaXOAMTCS HA NPABOM CKIOHE M KAadHYyJach
YyTh BIPABO, TO MOIIHOCTh YMEHBIIMJIACh. TO €CTh HA JBYX CKJIOHAX pPE30HAHCA
¢aza koneOaHu HAMPSHKEHUS C MPUEMHHUKA OyAET MPOTUBOMOJIOKHOM.



Ha HimxecnenyromemM puCyHKe MPUBEIEHBI HAIPSDKEHUS HA BXOAAaX M BbIXOJaX
AHAJIOTOBOTO MEPEMHOKUTENSA ISl CPEIHEN 4acTOThl F€HEpAlMd HA JIEBOM CKJIOHE
pEe30HaHCa U Ha MPaBOM CKJIOHE. {151 mpOoCTOTHI paccykJieHuid OyleM CUMTATh, YTO
OMOpPHOE HAMNpsHKEHHWE Ha HIDKHEM BXOJE€ IEPEeMHOXKUTENs uMeeT (opmy
OPSAMOYTOJILHUKOB, @ HE CUHYCOUJIBI.

U,

UpUgg

UZXUDH

3nece Uy n Uy — HanpspKEHUS HA BEPXHEM BXOJE IMEPEMHOXKHTENSA B IBYX

ClIy4dadx: Koraa 4actoTa reacpanru J1a3cpa HaXOJUTCA Ha JICBOM CKIIOHE pC30HAHCa
HACBIIICHHUA ITOTJIOMICHUA W KOI'JJda 4aCTOTa HAaXOJUTCs Ha IIPAaBOM CKIIOHC] UOI’l —

OIIOPHOC HAIIPSAIKCHHUC CHUHXPOHHOI'O JACTCKTOpA, II0JaBACMOC HaA HIKHHUI BXO[L
MMCPEMHOKUTCIIA, Ul 'UOI’I — HalIPpsKCHHUEC Ha BbIXOAC IMCPEMHOKUTCI, CCIIU

4acTOTa I'EHEPalUM Jla3epa HaXOMUTCA Ha JIEBOM CKJIOHE PE30HAHCA HACHIIICHUS
nornoenus; U, -U,,, — HanpsHKeHHEe Ha BBIXOJE, €CIM YacTOTa Ha IPABOM CKJIOHE.

Cranaxennoe RC -1eTIOYKOW HAMPS)KEHHUE C BbIXO/a MEPEMHOKUTENS SIBIISETCS
CUTHAJIOM OIMMOKK CHUCTeMBbI cTabmnu3amuu. Ilocne ycwieHuss 3TO HaNpsyKeHHE
MOJAeTCsl Ha MbE30KEPAMHUKY Jiazepa sl YNPABICHHS 4YAaCTOTOM €ro reHepalui.
Yeunurenb MOXKET ObITh MHBEPTUPYIOIIUM WM HE UHBEPTUPYIOIIUM B 3aBUCUMOCTHU
OT TOr0, B KaKyl0 CTOPOHY M3MEHSETCSl YaCTOTa T€HEpallMu Jia3epa NMPU YBEIMYEHUU
HanpspDKEHUsT Ha Mbe3okepamuke. Eciam yacrtora Bo3pactaer, TO sl MOIYy4YECHUS
OTpUIIATEILHON 00pPAaTHOM CBS3U YCUIIUTEIb JOJDKEH OBITh HE MHBEPTUPYIOITUM.

Cucrema craOuim3alid CTPEMHUTCS YIEP)KaTh HYJIEBOE 3HAYCHHE CHUTHAja
OIMOKHA, YTO COOTBETCTBYET CTAOMIIM3AIMKM YaCTOTHI T€HEpAIMH 10 HYIIO TEPBOU
MPOM3BOJHON 3aBUCUMOCTH MOIIHOCTH Ha MPHUEMHHUKE OT 4acToThl. Honp mepBoi
MPOU3BOJHON C XOPOIIEN TOYHOCTBIO COOTBETCTBYET LIEHTPY PE30HAHCA.

CucreMa 4acTOTHOM HNPHUBSI3KH OJHOTO Ja3epa K JIPYrOMY.




Hwxe npuBeneHa npuHOMNManbHAsg CXE€Ma JKCIIEPUMEHTAIBHOM YCTAHOBKH,
NO3BOJISAIONIASL TMOJIYYUTh YAaCTOTHO CTAaOMJIM3UPOBAHHOE W3Iy4YEHHE Jla3epa cC

BO3MOXHOCTBbIO MEJUICHHOW MEPEeCTPOMKH CTAaOUIM3UPOBAHHOIO W3JIYYEHHUS TIO
yacToTe (CKaHMPOBAHUSA 10 YACTOTE).

CHCTeMa cTabHIH3alHH

OMOPHOTO Jazepa
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TeHepaLiH Jazepa

3nech BEpXHUW TaKk Ha3bIBa€MbI OMOPHBINA Jlazep CTAaOWMIM3UPOBAH IO
PE30HAHCY HACBIIICHUS MOIJIONIEHHUs. Bcs  3leKTpoHHas 4acThb  CHCTEMBI
CTaOWIM3aIuHU OMOPHOTO Jiazepa N300pakeHa OTHUM IPSIMOYTOJIbHUKOM.

W3nyuyeHue onopHOro Jjiazepa CIIy>KUT YaCTOTHBIM PENEpOM JJIsl CTa0MIN3alun
4acTOThl TEHEpauuu (YaCTOTHOM NPUBSI3KM) HUKHEIO Ja3epa  MEMJIEHHO
[IEPECTPANBAEMOTrO 110 YaCTOTE.

Wznyuenue IByX jna3epoB UHTEp(EPUPYET Ha NPUEMHHUKE, DIIEKTPUUYECKOE
HalpsOKEHUE € KOTOPOTO IIPENCTaBIsIeT COOOM CHHYCOMJy Ha 4YacTOT€ paBHOU
Pa3HOCTH 4acTOT ABYX Ja3€poB.

C mnpueMHHKa DJIEKTPUUYECKHM CHUTHal TMOCTyMaeT Ha mpeoOpa3oBaTelib
yacToTa-HampsbkeHue  f—>U. Hampsbkenue ¢ BbeIXoma  mpeoOpazoBaTests

CPaBHUBAETCA C MOCTOSIHHBIM HAMPSKEHUEM, KOTOPOE C MOTEHIIMOMETPA MOIaeTCsl Ha
MUHYC-BXOJI TU(PdepeHIIMaNbHOr0 yCuiauTens. Pa3HOCTh 3TUX HANpsHKEHUM Ha IBYX



BXx0Max JU(PEpEeHINATBEHOTO YCUIIUTENS SIBISCTCS CHUTHAJIOM OIIMMOKH CHCTEMBI
YaCTOTHOM MPUBSI3KHU MEPECTPAauBAEMOT0 Jiazepa. Y CUICHHOE HalpsbKeHHE ¢ BbIXOoAa
i depeHnanbHOTO YCHIIMTEN TOCTYNMAaeT Ha MbE30KePAMUKY JUIsl YIpPaBIICHUS
4acTOTOM TeHepaluu ja3epa.

[TpuHiunuanbHas cxema mpeoOpa3oBaTess 4acTOTa-HAMpsHKEHUE U300pakeHa
Ha HUKECIIETYIOIIEM PUCYHKE.

1 | 2

4 5
o | 3 ; '

2ZH .

HE HE HE

Ha cnenyromem prucyHke NpUBEIECHBI HAPSDKEHUS B KOHTPOJIBHBIX TOYKax 1,
2,3,4,5.
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UYewm Ootbliie 4aCTOTa CHHYCOUIBI B TOUKE 1, TEM Yalie UMIyJIbChl B TOUKE 4 U
TeM 0OJIbIIIe TIOCTOSTHHOE HAIPSKEHUE B TOUKE 5.

B moeit sxcniepruMeHTaAIbHON YCTAaHOBKE PACCMOTPEHHAs cXxeMa He 3apadoTaia,
TaK Kak KOPOTKHE (POHTHI W UMITYJBCHl CO3JaBajM 3aMETHYI) HAaBOJKY Ha
(dboToCONpOTUBIICHHE TPUEMHHUKA CBETa. BMecTo 3TOro mcrnonb3oBaiach cxema



1l
Ra
L —5
ADES61
Cp Ry .
Uex + J_r —:Ij@/U
- BEBIX
€1 [lg, L TLOTL

B KOTOPOM KOPOTKHUE HMITYJIbCHI PACIPOCTPAHSIMCh HA OYEHb MaJlble PACCTOSHUS
(mBa koHaeHcatopa C;=3n® u OUOA MEXIYy HHUMHU) U CIYXWIUd ciaabou

nepenaronen aHTEHHOM 171 HaBOAKH; Ry =1x0Om.

dazoBast_aBronoactpoiika dactothl (PAITY) (PLL — Phase-Locked Loop)
redHeparopa yupasiisiemoro HamnpsbkeHuem (I'YH) (VCO — Voltage-Controlled
Oscillator).

B coBpeMeHHBIX cXeMaxX YacTOTHOW TMPUBS3KU HCIHOIb3yeTcs ¢as3oBas
MOJACTpOMKa YacTOThl OMEHHUsI JIBYX Ja3epOB IOJI YaCTOTy HEKOTOPOTO OIOPHOIO
reaepatopa (OI'). Takas cucremMa mpuBs3KU TpeOyeT OOJbIIEro OBICTPOACHCTBUS
JOTUYECKUX CXeM, HO o0ecredmBaeT 00Jie€ BBICOKYH) CTEMCHb CTAOMIM3AIuU
4aCTOTHI TIEPECTPAanBaEMOro Jasepa.

[IpunuunuaneHas cxema (pa3oBoW aBTOMOACTPOWKH YacTOThl IpPUBEICHA HA
CJIENYIONIEM PHUCYHKE, TJ€ pOJjb CUTHAJIA C TPUEMHUKAa OWEHWW JBYX Ja3epoB
BBITIOJIHSIET CUTHAJI ¢ TeHepaTopa yrpasisiemoro Hamnpsbkenuem (I'YH):
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31ech MoApa3syMeBaeTCsl, 4TO 00a TeHepaTopa TEHEPHUPYIOT MPSIMOYTOJIbEHOE
HanpspKEHUE C JIOTMYECKUMHU YPOBHSMHM. JJIsI TOyYeHUsI TaKOro CUrHaJla 4acTOTy
OueHu JBYX JIa3epoB MPOIYCKAIOT 4Yepe3 KommapaTop, KOTOPBIH MOJOKUTEILHOE
BXOJIHO€ HAIpPsDKEHHUE MpeoOpa3yeT B JIOTHYECKYIO €IMHUILY, a OTPUIIATEIIbHYIO — B
JIOTUYECKUM HOJb. Tabnuiia MCTUHHOCTH JJis JIOTMYECKUX YPOBHEH MHUKPOCXEMBbI
nckiarouaromiee MJIN:
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[TycTb pazHocTs ¢a3 reneparopoB OI' u 'YH paBHa o .
Ecmu 6p=0,T10 U, =0B.
Ecmu dp=7,10 U, =5B.

Ecmm 5¢)=% WIn 5§0=377[,T0 U,=2.5B.

OIHO W3 3TUX JABYX 3HAYEHHM — TIOJIOKEHHE YCTOMYHMBOIO PAaBHOBECHS
cucteMbl ctabmnn3anuu 4yactoTel I YH o yactore OI'.

PagnoonTuyeckuii MOCT.

Jlnst  cpaBHEHHMS ONTHYECKOW 4YacTOThl W YacTOTHl B PaJHMOYaCTOTHOM
nuanaszone k 1983 romy Obln pa3paboTaH Tak Ha3bIBAEMBIN PATUOONTHYECKANA MOCT.
[IpuHIMTIMaTbHAS CXeMa PAAMOONTHYECKOTO MOCTA MPUBEICHA HA HIDKECIEIYIOIMEeM
pPUCYHKE.
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Laser — Light Amplification by Stimulated Emission of Radiation.
Maser — Microwave Amplification by Stimulated Emission of Radiation.
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P. V. POKASOV, R. HOLZWARTH, TH. UDEM, M. ZIMMERMANN, J.
REICHERT, M. NIERING, T. W. HJINSCH, A. K. DMITRIYEV, S. N.
BAGAYEV, P. LEMONDE, G. SANTARELLI, P. LAURENT, M. ABGRALL, A.
CLAIRON, and C. SALOMON (2002) ABSOLUTE FREQUENCY
MEASUREMENTS OF A METHANE-STABILIZED TRANSPORTABLE HE-NE
LASER AT 3.39 um. Frequency Standards and Metrology: pp. 510-512.

JIns cpaBHEHHUs MOYTH KpPAaTHBIX YacTOT JIa3€pOB MCIOJIB3YETCS MPUEMHHUK
U3JIy4eHMs TUna "Komaduii yc".

OTO NPUEMHUK, KOTOPBIA pearupyeT Ha HAIPSKEHHOCTh 3JIEKTPUYECKOTO MO
CBETOBOW BOJIHBI, 3 HE HA UHTEHCUBHOCTb, KaK OCTAJIbHBIE IPUEMHUKHA ONTUYECKOTO
nauana3ona. Hanpumep, B GoTOTOKE MpuEMHUKA MOKHO MOJTYYUTh CUTHA HA 4YacTOTe
V] —3V,, €CIIU 3Ta YacTOTa JJOCTATOYHO HU3Kasl.

Cenekiys 1a3epHbIX MOJI.

Kaxnplii U3 7a3epoB paguMoONTUYECKOIO MOCTa JOJDKEH paboTath B
OJHOYACTOTHOM peXHMe TreHepanuu. [lyig mosyueHus: OJHOYACTOTHOTO pEXUMa
UCIIOJIL3YIOTCS PA3IMYHBIE METO/IbI CEJICKIIUU JIA3EPHBIX MO/,

[lonepeunble MOABI yCTPAHSIOTCA C IOMOINBIO BHYTPUPE3OHATOPHOM
UPHUCOBOI nruadparmel.

Jlnis rpyOo# CeNeKIiu MpoI0JIbHBIX MO/ BMECTO OJTHOTO U3 3€pKall, HAaIpUMep,
Ja3epa Ha KpPAaCUTENSIX 4acTO UCIOJIb3YIOT pu3My JIUTTpoBa (mpusmMa ¢ 3epKalibHOM
IPaHbI0) WIH OTPAXaTeIbHYI0 TU(PPAKIMOHHYIO PEUIETKY B aBTOKOJITMMAIIMOHHOM
pexume st CO,-nazepa.




YCHITMBAaROIIAA

IpHEMa cpena

JInrtpora

JIns BpIAEIEHUSA TEHEpAlMu Ha OJHOM MNPOJOJIBHOM MOJE HCIIOIb3YIOTCS
BHYTpUpE30HATOpHbIT uHTepdepomerp Pabpu — Ilepo wnm mapa Takux
UHTEP(PEPOMETPOB Pa3HOM MIMPHUHBI.
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DeMTOCEKYHIHBIN J1a3ep.
PexxuM CHHXpOHU3AINHY JTa3epHBIX MOJ. | ennii-HeOHOBBIH J1a3ep ¢ KPUCTAIIOM
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Oxna bprocrepa — nuHelHas monspu3anusi cBera. Moaynstop — ¢da3oBas

IJJACTUHKA YIIpaBisieMas JIEKTPUYECKUM HamnpspkeHueM. Ha monynsaTop nopaercs
CUHYCOHJIa C YacCTOTOM OWEHWN MPOJOIBHBIX MOJ (MEXKMOJOBBIX OWEHUN) HU
IIOCTOSIHHOE HamnpspkeHue. [lyCTh 3KCTpeMallbHOE HaNpsHKEHHE Ha MOZYJIATOpE
COOTBETCTBYET HYJIEBOW PAa3HOCTH IOKa3aTesIed MpPEJIOMIICHHsI MoAayJsaTtopa. B atu
MOMEHTBl BPEMEHH MOZYJIATOP OCTABJISET JIMHEMHYIO NOJSIPU3ALMI0 CBETA U HE
BHOCUT TOTeph. IIpy OCTaNbHBIX HANPSKEHUSIX MOAYJATOP  MIPOIYyCKaeT
AJUIMOTUYECKHA TOJSPU30BAHHBIN CBET, & B YCUJIECHHHM YYaCTBYET TOJBKO JIMHEWHO
MOJIAPU30BAHHBINA CBET, KOTOPBIM OPIOCTEPOBCKUE OKHA IMPOITYCKAatOT 0e3 notepb. To
€CThb IPU OCTAIbHBIX HAINPSIKEHUSX MOIYJISATOp BHOCUT mnortepu. Ilorepu
CHUHYCOUJIaJIbHO MOJYJIMPOBAHBI HA YACTOTE MEKMOJIOBBIX OMEHUH.

[IpencraBum cebe, 4TO B pe30HATOpE Jiazepa OeraeT KOPOTKHUM CBETOBOMU
UMITYJIbC, OTPAXKAACh MEXAY 3€pKaJlaMU Jiazepa. IDTOT CBETOBOW HMITYJIBC MOXKET



NPOXOAUTh Yepe3 BHYTPUPE30HATOPHBIA MOIYJSTOP B TE€ MOMEHTHI, KOTAa
MOZYJISATOP MMEET MaKCUMAallbHOE MpoIycKaHWe. B TakoM ciydae MOIyJSTOp He
OyneT ocnabnsiTh CBETOBOW MMIYJIBC B pe3oHaTope yazepa. M3myuenue nazepa Oyner
MPEICTABISATh COOOM CBETOBBIE MMITYJIBCHI C YACTOTOM MEKMOJIOBBIX OMEHUIT Jla3epa.
CHexTp 3TOro U3Iy4eHUs] — MOHOXPOMATUYECKUE JIMHUU, OTCTOSIIUE JPYT OT Apyra
Ha YacTOTY MEXMOJOBHIX OHMEHWH. VMIMEHHO TakoW CHEKTp MPOAOJBHBIX MOJA H
npecTaBIsieT co00i N3Ty4eHHUE Jla3epa HE3aBHCUMO OT KaKOH-THO0 CHHXPOHH3ALUH
MoJl. CHHXpOHHU3AIUS KE MOJI COCTOMT B TOM, 4YTO (ha3bl MPOAOIBHBIX MOJ Jia3epa
aBTOMATUYECKU TMOACTPAMBAIOTCS Jpyr TMOJX Jpyra TakuM oO0pa3oM, dYTOOBI
copMHpOBATh M3 CHHYCOHMI MOJ KOPOTKHI WMITYJIbC, KOTOPBI MPOXOAUT Yepes3
MOJYJISITOP KaK pa3 B MOMEHT €r0 MaKCUMAIIbHOTO MIPOIYCKaHUS CBETA.

YeM mmpe yacTOTHAs MOJOcCa YCHICHHS Jla3epa, TeM OoJiee y3Kuil BO BpeMEHU
CBETOBOU UMITYJIHC MOYKHO TMOJTyYHUTh.

Turan-canupoBbIit nasep Al,O5: Ti®* , noJsioca YCUJICHHUS

A= (700 -1 lOO)HM mupuHa crnektpa usnydeHus AA=20um, JIUTEIBHOCTH

/

uMIyibsca 7 = 60¢c.
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11 10
Hakauka apronoseimM mazepom. Ilpu3mbl [ KOMIIEHCAUMK JUCIIEPCUU

rpynmnoBeix ckopocteit (JII'C) —control of group velocity dispersion. ITomoxenue
anadparmel 10 Mo BepTHKaIM — MEpPECcTpoiika CpelHel UIMHBI BOJHBI MO0 KOHTYPY
nuHun ycunenusa. Juamerp aumadparmbl 10 — 18 HACTPONKM JUIMTENILHOCTH
UMITYyJIbCA.

Paccmorpum mnoapoOHee paGoTy mpusMm 8, 9 s KOMIEHCAUU AUCTIEPCUU
rpynnoBsix ckopocteit (AI'C).



Ecnu cBeToBOI UMIYJIbC MPOITYCTUTH Y€pe3 MPO3PaYHyIO Cpey ¢ HOPMaJIbHON
AMCTIepCcUei, TO HU3KKE YaCTOThl UMITYJIbCA C MEHBILIUM [TOKA3aTeNIeM MPEIOMIICHHS
IPOXOAAT Cpely ObICTpee M OKas3bIBaIOTCSA B TOJOBE MPOIIEAIIEI0 CBETOBOTO
UMITyJbca. BHYTpU TUHUM TOTJIONIEHUS — aHOMajbHas AMCIIEPCHUsS CBeTa, U OyAeT
oOpatHbIil 3¢ dext. Ho BHYTpH TUHUM yCUIIEHUS TUCTIEPCUS OKAKETCS HOPMAJIbHOM,
u 3 eKT cHOBa OyIeT TaKUM, KakK JJI IPO3PAYHON CPEIbI.

YroObl yCTpaHWMTh pacHoji3aHHe UMIyIbca (U1l KOMIIEHCALUU TUCIIEPCHU
IPYIIIOBBIX CKOPOCTEH) MPUMEHSIOT Mapy MPU3M.

31eCch KpacHbI CBET JIOJTO MPOXOIUT BHYTPH MpPHU3MBI. [ KpacHOro Jryda
nmoyrydaeTcsi Oonblmasi JIMHA ONTHYECKOTO TyTH. KpacHbI CBET 3aJep>KUBaETCS
OTHOCHUTEIBLHO CUHETO CBETA U KOMIIEHCUPYET NUCIIEPCUIO TPYIIOBBIX CKOPOCTE.
CHHXpOHHM3AIUS MOJI.

MouHbBIM CBET HABOJAUT B YCHJIMBAIOIIEH CPEAE ONTUYECKYIO TUH3Y. KpruBr3Ha
3epKasl nmoAoOpaHa Tak, 4TOOBI yCJIOBHs reHepanuu (YCIOBUSI MIPOXOXKJIEHUS CBETa
yepe3 auadgparmy 10) ObutM ONTUMAIBHBI C YY€TOM HaBEJAEHHOUW cBeTOM JUH3bI. Ha
CJIEYIOLIEM PUCYHKE CBET NPOXOJIUT auadparMy Oe3 MmoTepb TOJbKO B cCllydae
OOJIBITION NHTEHCUBHOCTH CBETA.



Ortot nmpuHuMn padotaer ans auadparmel 10 TutaH-candupoBoro naszepa. B
pe3yNbTaTe MPOUCXOAUT CHHXPOHU3ALMS MO Ja3epa s (GOpMUPOBAHUS KOPOTKOTO
UMITyJIbCa C OOJIbLIOW WHTEHCHUBHOCTHIO CBETA, TaK KaK MMEHHO TaKON MMITYJbC
npoiaeT quadparmy ¢ MUHUMAIbHBIMU TOTEPSIMH.

CHavana nuadparmy AenaloT MIMPOKOM, YTOOBI IreHepalus Hayanach. 3aTeM
nuadparmy COKMMaloT, Tak 4TOObI reHepanus Obljia BO3MOKHA TOJBKO IIPU OOJIBLION
MHTEHCUBHOCTH  M3JydyeHUs. B  pe3ynprare nOponoiabHbIE MOJBl  Ja3zepa
CUHXPOHU3YIOTCSI TakK, 4TOObl CHOPMHPOBATH KOPOTKHM CBETOBOM HMITYJIbC C
O0JBIION HHTEHCUBHOCTHIO.

H3MepeHne IIUTEeabHOCTH UMIYJIbCA.

CBeToBOM MMMYJILC MPOITycKaloT uepe3 uHTephepomerp Maiikenscona. [Ipu
HYJIEBOI pa3HOCTH X0J1a HaOII0aeTCs MAKCUMYM MHTepQepeHunu aByx nyudeid. [Ipu
IIEPEMEIIEHUU OJHOIO0 M3 3€pKajl Ha 4YETBEPTh [JJIMHBI BOJHBI Pa3sHOCTh XOJa
MEHSIETCSl Ha TOJOBUHY JJIMHBI BOJIHBI M HAONIOAAaeTCsi MUHUMYM MOIIHOCTH Ha
IIpUEeMHHUKE cBeTa. llepememas oxHO M3 3€pKal, CMOTPAT, KOTAa NPOIANAXOT
Koje0aHusi MOIIHOCTH Ha mpuemHuke. KonebaHus mpomnagaroT u3-3a TOro, YTo JIBa
UMITyJIbCa NPHUXOASAT MOCIEIOBAaTENIbHO BO BPEMEHHM, a HE OJHOBPEMEHHO. IJTO
MIO3BOJISIET OLICHUTh JUIMTENBHOCTh UMITYJIbCA.

Ly

#

YcuaeHue uMnyJbca.




YuprnupoBaHue HMIyJbca Ha AUPPAKIMOHHOM pemeTke (pacTsKEeHHE BO
BPEMEHM) IEpe] YCUIEHHMEM BHE PE30HATOpa M OOpaTHOE YMPIUPOBAHUE IOCIE
YCWICHHS.

O]

CBeT npoXoaUT Mapy pelIeToK Tyna u oOpatHo. KpacHplli cBeT
OTKJIOHSIETCS PEIIETKAMH CUJIBHEE U JJIMHA IYTH JUIS HETO MEHBIIIE, YEM ISl CHHETO
cBeTa. B pesynbTaTe HMIybC pacTATHBAETCS BO BpeMeHHU. B roose umityibca 0eryr
HU3KHE YacTOThI (KPACHBIN CBET). DTO MPOIECC YUPITUPOBAHUS UMITYJIbCA.

Jlanmee ynpnupoBaHHBIN UMITYJIBC IPOXOIUT CPEAY ONTUYECKOTO ycnnmem@

[Tocie 3TOro yCUIECHHBIM HMITIYJIBC HPOXOJUT CHUCTEMY @ o0paTHOTO
YUPIHUPOBAHUS M3 JPYrMX JBYX pemeTrok. Ha 3Tux pemerkax KpacHbId CBET
MPOXOAUT 00JIee TMHHBINA My Th, U UMITYJILC YKOPAuYHUBACTCA.

Crabuiu3anus 4acTOThl reHepannu (eMTOCEKYHHOTO Ja3epa.

f n— f o™t nf r

3neck f — ApoOHas 4acTh OT JEJICHUS HECYIEH 4acTOThl T€HEepaluy J1a3epa

/, Ha 4acTOTy CIIeI0BaHMUs UMITYJIbCOB F'eHepauuu f,, n — nenoe yucao. Torna

2f n- f 2n ~ f 0-
Crabwim3zanus yasepa 10 HyJIIO f, W IOJXy4deHus rpeOHs yactor (frequency
comb — rpebdeHb 4acToT).
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JlazepHbIld UMITYJIBC MPOXOAMT IO CIIELUAIBHOMY CTEKJIOBOJIOKHY. [Ipu sTom
UMITYyJIC YKOPAuMBAETCS, @ €ro CIEKTP PacUIMpAETCs TaK, 4YTOObI B HM3IyYCHHUH
MPUCYTCTBOBAJIM YaCTOTHI, pa3MyarolIuecs B ABa pas3a. M3myueHue HU3KONW 4aCTOTHI
MPOXOJIUT HETMHEHHBIN KPUCTAIII C YABOEHUEM HYaCTOTHI.

Ha BepxHeM TmpueMHUKE CBETa PETUCTPUPYIOT  YACTOTYy  OueHui
Jo=2f,— f5,- Ha HWKHEM IpHEMHHMKE CBETa PETHCTPUPYIOT 4YacTOTy OHEHUI

COCEIHMX MpPOAOJBHBIX MOA f,. TuTaH-canupoBbIl sa3ep CTaOMIU3UPYETCs

(npuBsI3bIBAaETCA K 1I€3MEBOMY CTAHIAPTY YACTOTHI) MO YACTOTE OUEHUI MPOJOJIbHBIX
MOJ f, ¥ OZHOBPEMEHHO CTaOMIM3UpPYyETCsA HO yclaoBUiO fo=0. Jlusd BBIIOIHEHUS

000uX yCIIOBUW HYXKHBI IBE pa3HbIC PETyJUPOBKH YaCTOTHI TeHepanuu Jazepa. Omana
peryJimpoBKa — MepeMeENIEHUE 3epKaja Ja3epa YCTAaHOBIEHHOIO HA MbE30KEPaMHUKE.
JIlpyras BeposATHasi PEryaupoBKa — TMEPEMEIIECHUE Mapbl NPU3M KOMIICHCAIIUU
JUCIIEPCUU TPYNIOBBIX CKOPOCTEH.

CaeroBast yJsi.

[Tonepexk ayya CBET CXKUMAETCS B pe3yJbTare sBICHUS CaMO(OKYCHUPOBKH,
€CIIi CBETOBOE IMOJIE YBEIMYMBAET II0KA3aTelb NpesoMiieHUust cpenbl. lIpuumnHa
COKpAIlEHUs JIUTEJIbHOCTH HMITYJIbCA COCTOMT B TOM, YTO MPH PACIPOCTPAHECHHUU
UMITyJIbCa Yepe3 HaChIAEMbIi MOrIOTUTENh (CIELHMATbHOE CTEKIOBOJOKHO) Kpas
UMITYJIbCA TOTJIOIIAIOTCS CYIIECTBEHHO CUJIbHEE, YeM IEHTP (aMIUIUTyAa KOTOPOIo
HaAMHOTO OoJibllle). DTO 3KBUBAJICHTHO YMEHBIIEHHUIO UIMTEILHOCTH HUMIyJbca. B
DKCIIEPUMEHTAaX B TUIABJICHOM KBapiie (HEMTOCEKYHIHOTO Ja3epHOTO HWMITYJIbCa
(BOMIOKOHHBIN TynueBbld Tm nazep) Ha jiauHe BoJiHBL 1800 HM MUHUMAaNbHAsS
JUTMTETLHOCTh CBETOBOW mynu gocTturia 13.5 ¢c, 94TO COCTaBISIET OKOJO JBYX
OCIMJUISIIUI CBETOBOTO MoJjsi. Jluametp cBeToBO# mynu nopsaaka 10 mxwm, amuHa — 5
MKM, BHeprugs — 0.1 Jx. CseroBas myJs CONPOBOXKIAECTCA U3IyYEHHEM
CYHNEPKOHTHUHYYMa.

Optics Letters, 38 (1), 16, (2013).
Laser Physics Letters 10, 105401 (2013).




KBanroBas anextponuka 43, 326, (2013).

Pe3oHaHChl IBYX()OTOHHOI0 MOIJIOIIEHUs 0€3 J10IJIEPOBCKOr0 YIIIMPEHHUSI.

PaCCMOTpI/IM HGO,IIHOpOI[HO yH_II/IpeHHI)Ie JIMHUUN CHGKTpaJIBHBIX H€p€XOI[OB
I'<<kU.

PaccmoTtpum crienyrolyto cxemy ypOBHEH SHEPIHH.

3

1

[lycts mepexoasl 1—2 u 2—3 paspemieHbl B JUNOILHOM MNPUOIMKEHUH.
Kak nokaspiBaeT Teopusi, B TaKOM ciaydae nepexosa 1 — 3 o0s3arenpHO 3amnperieH. To

€CThb
P12 #0
P»3#0.
p13=0

[Iycth nazepHoe H3IyYE€HHE UMEET TaKyl YacTOTy @, YTO DSHEPrusi JByX
($hoTOHOB 2/i®w MpUMEpPHO paBHA SHEPTUH Mepexoaa ¢ 1-ro ypoBHs Ha 3-K:

27 2k:T

‘2&)—(031‘ ~ kU, rne k=— — BomHOBOe umciio, U = bY  __ gambGonee
A m

BEpOSITHASI CKOPOCTh MOJIEKYJI ra3a.

[Tyctb ypoBeHB SHEPTUH 2 HAXOAUTCS OMU3KO K CepelrHe MEXIY YPOBHIMHU |
Y 3, HO pa3Inyue ropaszio 00JblIe TOIIEPOBCKON IMUPUHBI TUHUM:

@3]

T — @9 >> kU .

B »skcnepumeHTe perucTpupyercsi MOUIHOCTh CIIOHTAHHOTO H3JIYyYEHHUs] Ha
nepexoqe 3 —> 4.

Onrtuueckas cxema 3KCIepUMEHTa.
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B OKCIICPUMCHTC IIOJIYYalOT CICAYIOIMYIO 3aBHUCUMOCTbL HMHTCHCHMBHOCTH Ha
IMPUECMHHKE CBCTA OT 4aCTOThI I'CHCPAlHU J1a3€pa.
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KauecTBeHHOE 00BACHEHNE BU1a 3aBUCUMOCTH.
Curaazn cocTOUT U3 ABYX KOHTYPOB: Y3KOTO BBICOKOT'O M IIUPOKOTO HU3KOTO.
Ecnu nBa poToHA MOrnomarTes 1o 0JHOMY U3 BCTPEUHBIX CBETOBBIX BOJIH, TO
B CUCTEME OTCYETa MOJIEKYJIbl YACTOTHI (POTOHOB OYIyT UMETh 3HAYCHUS (a) - kVZ) 51

(o+kV,). Torna u3 Gananca SHEPIHH NOTYUHM:
Wo—kV,)+h(o+kV,)=hos =>

031
CO=T — yBKI/II/I II0 4aCTOTC JI&BGpa @ CHTHAJI; Vz — J'IIO60€, TO €CTh B

(OpMHPOBAHNUY CUTHAJIA YYACTBYIOT MOJIEKYJIbI CO BCEMU BO3MOKHBIMH CKOPOCTSIMH,
[IO3TOMY CUTHAJI UMEET OOJIBIIYIO aMIUIUTYAY.

Ecmu nBa ¢oTona mornomiaroTcsi U3 OAHOM CBETOBOHM BOJHBI, TO M3 OajaHca
OHEPI'UH B CUCTEME OTCUETA MOJIEKYJIBI ITOIYyYNM:

2n(w—kV,)=hws =>

20— 0)31
a — JIIO6OC, CJICAOBATCIIbHO, CUTHAJI — H_II/IpOKI/Iﬁ KOHTYP, VZ = T, TO €CThb

B (OpMHUPOBAHMM CUTHAJIAa HA KaXXJIOW YacTOTe @ Yyd4acTBYeT HeEOOJbIION Habop
MOJIEKYT C (PUKCUPOBAHHOM Jy4yeBON CKOPOCTHIO, CIEAOBATEIbHO, CUTHAI HMEET
Majyro aMILUIATYLY.



