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Tononuenue 4. CrieKTpaIbHbIEe PA3/IOXKEHHA B OINTHKE . ......oovnvnenn..,

Meron, cnexTpasbabix passoxennii (104). Ilepuonuyeckne pynkuun. Pan @y-
poe. duckperHsii cnexrp (104). Cnexrpanbubie ammarynst v gaser (106). He-
nepuopmueckue dyuxuuu. Uurerpan @ypre. Cnnomuoi crnexrp (106). Orpuua-
tesmubie yacrorst (109). Kommnekcnas sanucs (109). Kocunyc-npecGpazoBanue
®Oypoe (111). [pumepst (111). Coass MeXOy AIMTEIbHOCTHIO MMILYJIBCA K IH-
punoti cnextpa (112). Cnextp rapmonnyeckoro kosebanus (114). Jenvra-gpynk-
us u ee cpolicrea (114). Henpraobpasustit nmmoyssc (115). IlonHasa u nHenonxas
cnexkTpasbHasn uHdopmauua. CoexrpansHas mwiotHocts (116). Pasencrso Ilap-
cesana (117). Jlureparypa (118).

Tononuenue 5. U3 ucropuu dbusudeckol onTHKA.............covvnoa..

UunTtarel w3 opurnHaimbELX pafor anmnes, Makcsenna, Malikesnscona, Tep-
ua (119). Jlureparypa (124).

Yacrs I1
N3JIYYEHUE V1 TEHEPATOPBICBETA ... ..o

Jexnusa 5. Knaccuueckas (DH3UKA HBITYYCHBA . .. ..o ovevvnenrronenronanens

Onerr Depua (128). AToM kax asieMenTtapHbit ucrounuk csera (128). Kuaccu-
qeckas mogmens aroma (129). Manyuenue 3apaga. Yciosus usnyqenus {130).
Pacyer nonepevsoli xomnonenthl nosia (132). Crporoe pemenue sangaum 06
w3sywenun puuona (133). Fapmonnueckue kosiebanus punonsa (134). Homuan
MOmHOCTH Wanygenun muuons (135). Paguauuonnoe saryxauune (136). JIntepa-
Typa (138).

Jlexuus 6. Msnydenne aHCaMOA OCIHANIIATOPOB .. .. ourvnreneraneeanans

OT AMHAMUKY OCHHMIUIATOPA K cTaTHCTHKe ancambria (139). HenasepHsiit uctoy-
HHUK CBETa: HHTEHCHBHOCTD, HOJIAPU3ALMA, JHATPAMMA HAPABIICHHOCTH H3JIy4e-
pua (139). CrarucTuka U3NyYCHHA HE3ABHCHMBIX ocuuuiaTopos (142). CnekTp
uanygenus (144). Mexaun3Mpr ymupenus cnektpaibHol suumu (146). Ecre-
creenHoe ymupenre (146). Jomneposckoe ymupenue (148). Ymupenue u casur
cneKTpasbHON nuHuK, 06ycnosnenuse cronkuoseHuamu (150). Dddexr Hukn:
CTOJIKHOBUTENIbHOE CyXKeHMe JOWIEPOBCKON CHeXxTpasibHOfl JMHMM B IUIOTHOM
raze (151). Jlureparypa (155).

Jlexnua 7. JImaelnbif OCHMAIATOP B CBETOBOM TIO/IE .......ovevennrnn...

IMornoueHue cBeta ocuw/wiaTOpoM M aHcambGieM ocumwuiaropos (156). 3akon
Byrepa (159). Cnekrpockonus norsromenus (161). Ymenbmenue dpasoboit cxopo-
ctH ceera B cpege. Ioxasarems upeniomnenns (162). Heopnoponureiit ancambis
ocummnaropos (166). Oanoponxas u HeogHopoAHa s WupKHA, cnekTpa (167). Bos-
6yxnenne KOPOTKMM MMNY/hCOM. Permaxcauus aueprud u msedasuposxa (168).
ITpunimns: yacrorHOH ¥ BpemenudH cnexrtpockonun (169). Jiuteparypa (175).

Jlekuua 8. Henunelinsii ocomansaTop B CBETOBOM MOJME . ... ..c.ov'rnn.n..

Moness Henuneltnoro ocnmnnaropa (176). Meron Bosmymenunit (177). Ocuni-
JNATOP C KBaIparuqHoll HesmuHelHocTwio. ['eHepauns sropoft onruvecko# rap-
monuku (178). Ocimurarop ¢ KyGryHON HeMMHEHHOCTHIO. 3aBHCHMOCTD 4aCTO-
161 Kostebaruli or aMmiuTyas (178). DasupoBKa OCHMIUIATOPA BHEUIHHM IO-
nem (180). DddexTnt camoBozmeitcTBuA cBeTa: caMOOKYCHDOBKA CBETOBBIX
ny4Ykos, camoMmonyyianua uMnyascos (181). Penepaunmsa Tpernelt onTuueckoh
rapmonuky (182). Hesmueltnnilt pesonmanc u rmcrepesuc. Onrudeckas Gucra-
6unmbaocts (182). Iapamerpuveckas remepanua ceera. Tapamerpmueckuit pe-
sonanc (184). Kombunauuonnoe pacceanue cpera. Monesp HenyHeltHO cBA3AH-
HBIX ocrLiaTopos (187). HeonHoponusi#t ancamBin HenMHeHHBIX OCUMAILIATO-
pos. CseroBoe 3xo (191). Jluteparypa (194).
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Jlexuua 9. TensioBOEe MY UEHME . ... oouutt i enannrinnreeaneeaanaseranensn
OcHoBHble onbiTHeie (akThl. MeTonn HCCHENOBaHHA TENJOBOTO H3JIyde-
.uma (195). Manywarenpnas u norsiomarenpHas cnocobuocts ren (196). Pas-
HOBeCHOe rerioBoe ussiyuyenue (198). 3akon Kupxroda (198). Cnekrtpambhas
ILJOTHOCTH PABHOBECHOTO TEIIoBoro masyvenus (201). TepMonuHaMuKa paBHO-
BECHOTO TemwIoBoro usiyuenus (202). ®opmyna Pastea-dxunca (207). “Yonb-
tpaduonerobas xaracrpoda” (208). ®opmyna ILnanka (208). Heobxonumoctn
KBaHTOBbIX npeactasiienuit (208). 3akous Tensosoro usydenus (211). 3akon
Credana-Bonbumana (211). 3akon cmemenus Buna (212). IIpamepst (213). JIu-
Teparypa (215).
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I(panToBrie cBoiicTBa aromoB. Ilocrynare Bopa (216). CeetoBrie kBanTh (216).
CrioHTaHHOE M BBIHYXIEHHOE M3JIydeHue B kpantopoit cucreme (219). Ilpun-
uun geficTBusa M ycrpoRcTso nasepa (221). XapakTepHCTHKH JIA3€PHOTO M3JIy-
vyerns (229). lenepauus CBEPXKOPOTKHMX CBeTOBHIX mMmyJbcoB (230). JIaTepa-
Typa (236).

Homonsenne 6. DIEKTPOIFHAMMKA UBJIYTCHHMA . ... vovrenrenereneeanaaneens

HoTenuuansr asrekTpoMarHutTHOro mosisa (237). HManyuenue To4evyHOro 3saps-
Ia (239). Uanyvenne nunosia B nanmsueit sone (243). Usiyuenue poraropa (246).
Hanyuenue xsagpynons (248). JnekTpudeckoe mose 3apana, OBHUKYIIErocs
npaMosxHelHo u paBHomepHO (253). Jluteparypa (256).

Jononnenue 7. DjIeMeHTHI TEOPHH BEPOATHOCTEH ... o.ovvvvrvenrennennn..

Cnyyaituple cobpitua u BepoaTHocTs (257). Coryvaltwas senumuuna (258). Huc-
KpeTHble ciayuadiubie Beswuuubl (258). CrarucTHdeckoe cpemHee M Cpefdee
apudmerudeckoe (261). Pacnpenesnenue ITyaccoma (262). Hempepsisubie city-
qaltnpre Besaqunsl (262). IlrotHocTs BepoaTHocTh (263). Pacnpenenenue Iayc-
ca (264). IenrpassHas npenesnsHan Teopema (265). symepHas ILIOTHOCTE Be-
poaraoctH (265). IIpeo6pasoBanue pacupenesiennii seposTHocTH (266). Jlure-
parypa (267).

Hononrenue 8. Teopra cirydalHBIX DPOMECCOB. .. ....ovvvieeeerernennn.n.

Cayvaitabiit mponecc (268). ILIOTHOCTE BepOATHOCTH, CpeIHee SHAYCHAE H TUC-
nepcusa ciaydaiinoro npouecca (270). [IBymepHas IJIOTHOCT: BEPOATHOCTH H KOP-
penanuonHad GyHkunA caydaitnoro npouecca (270). CrauuoHapHsie CllyYaitubie
npouecchl (270). CpenHee 3HaYeHHe, OUCHEDCUA M KOPPEIHUMOHHAA bynKums
CTallMOHAPHOTO cayd4afinoro mpouecca (271). MuoromepHaa MJIOTHOCTH BEpo-
ATHOCTM ¥ MHOTOMEDHBIE KoppeyiaumMoHHbie dpynkouu (273). Crarmcrudeckoe
ycpenHeHMe W ycpemHeHue No BpeMenu (274). CmexkrTpsl ciydaffHBIX mpouec-
coB (276). CBA3b CHEKTpaJbHON IJIOTHOCTH M KOPPEIAUMORHOR (YHKIHH CTa-
IMOHAPHOTO city4aitnoro nponecca. Teopema Bunepa—Xunuuna (278). Ilpeobpa-
30BaHMe miyma uueiHol cucremoit (281). JImreparypa (281).

Jononsenre 9. Mooe/m CTPOCHHMA ATOMA ..........vuininrenreainrannnnn.
Mopnesns Tomcona (282). Monenr Bopa (283). Jlureparypa (286).

,H,ononHeHne 10. KBanToBast AByXypOBHeBasi CHCTeMa
M KJIACCUYECKHH OCHHMIIATOD ... .ovvevnienennanannnn..

lByxyposuesas cucrema (287). Cocroanue xBanToBo cucremnr (287). Ouzmue-
CKH€ BEeJIMYHHEI ¥ oneparTophl (288). Mamepsembie Benwuunnt (288). Ypasnenue
Hipenunrepa (289). M'amunpronnan (289). Usosmmposanustit arom (289). Yactu-
ua B moTeHuuanbHol sme (290). Iapmonuwyeckuit ocumnarop (290). Arom B
nepeMeHHOM BHemrHeM noJe (292). Marpuua muotnoctn (293). YpaBHenue s
MaTpunb! miotHoctu (294). Yuer penakcaumu (296). IpyxyposHeBas CHCTEMa
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B pe3oHaHCHOM BHemHeM none (296). Cucrema ypapHenuit nj1a NOIApH3ALNE,
nacesienHocTedt 1 mosia (298). IByXypoBHeBas KBAHTOBAA CHCTEMA B KJIACCHIE-
ckut ocumnnaTop (299). JIureparypa (300).

Hononuenue 11. I3 ncropur dpusudeckoll ontak® . ...............ceutnnn. 301
IntaTh u3 opuruBanbHbIX pabor Ilnanka u Meftmara (301). Jlureparypa (304).

Yacrs 111
HHTEP®EPEHIIN A, TUPPAKIINA, KOTEPEHTHOCTD.......... 305
Jlexunsa 11. IHTEPhEPEeHIAA CBETA .. ... oottt et iiieireieanenennnanns 306

Unrepdepenuuonnsie apaerusa B ontuxe (306). Omsrr ¥Omra (307). Unrepde-
pomerp Maiixenscona (309). Mnrepdepennua Monoxpomaraueckux posta (309).
Hurepdepenuns HeMoHOXpoMaTuieckoro csera (315). Murepdepennus cyvait-
Hoit ceeTonolt Bosunl (317). Muoronyuesas untepdepenma (323). Narepdepo-
merp ®abpu-Ilepo (326). CobcTrenHEIe MOAK! M HOGPOTHOCTD JIA3€PHOTO PE30-
naropa (329). Jlureparypa (331).

Jleruna 12. KOTEPEHTHOCTD CBOTA. ... ..ouvunenranrnnenraranresonsoneenennns 332

Bpemennds korepeRTHOCTH cBeTa. Bpems korepentHOCTHM. [I;THHA KOrepent-
Hocty (332). TIpoCTpaHCTBEHHAA KON€PEHTHOCTH CBETA H PAXMYC KOM€PEHTHO-
cru (335). Mogesns ciyyaftuoro ceerosoro nosia (335). Pacuer unrepdepeHunon-
Holt kapTuHBI B uHTepdepomerpe FOura (337). Uamepenue xorepentaoctr. Ko-
FEPEeHTHOCTD M3JIy Y€HHA PEAJIbHBIX HCTOYHUKOB cBeta (340). JInteparypa (346).

Jlekumsa 13. A PaKIMA CBOTA ... ...ttt eiir ittt ieaneerannnennnns 347

Judpaxuus xak MPOABJIEHHE BOJIHOBOM mpupomsl csera. OCHOBHBIE ONLITHBIE
daxrnr (347). Onsrr 'pumassan (348). Tpunuun Dodrenca (349). Ipmauun
Tofirenca-®penesna (349). Oudpakuuonusiit unrerpan ®penena (350). 3onm
®penena (353). Nocrpoenne nuPpPaKUHOHHEIX KapTHH TPapUYECKHM CIOCO-
6om (356). Judpakuus Ha kpawo skpasa (360). dudpakumonnas njuHa CBe-
TOBOro Mydka. Biuxnsasa u nampuasa 3oub gudpakunu (366). Judpakuuonnas
Pacxoa¥MoCTh IydKa B gajibHelt 3oHe (368). PokycHpoBKa cBeTa Kax nudpakiu-
ounoe apnenne (370). Teopua nudpaknuu Kupxroda (371). Jlurepatypa (377).

Jlexumusa 14. Indpaxupma cirabGopacXomAmaXCs TYIKOB ... .....ovvvvnrnn.. 378

TTpubmuxenne ®penens B Teopun mudpakuuu (378). Unrerpamm Openens
u cnupants Kopmio (380). Hudpakuua PpeHens Ha OOHOMEPHBIX CTPYKTY-
pax (380). Oudpakuus Ha kpaio skpaHa (380). Judpaxnua na mesm (382).
Judpaxuma Openesnsa Ha aByMepHeix cTpykrypax (385). dudpakuus Ha xBa-
apariom orBeperun (385), dudpaxumns na xpyryiom orsepcruu (386). Judpax-
musa rayccoBa nyuka (389). Jlureparypa (390).

Jlekuma 15. Judpaximsa B ganbHel 30HE. ...........oooieiiiiiiiiininin... 391

PopmupoBanue ycroitausoi xapTuHe gudpaknuu B mambHel sone (391). Hu-
¢$ppaknua Ppaynrodepa Kax NpOCTPAHCTBEHHOe npeobpasosanne Oyprne (393).
Oudpaxmua Opaynrodepa Ha OGHOMEPHBIX CTPYKTypax. Jdudpakmma Ha me-
s (395). Oudpaxuma Ppaysrodepa Ha msymepHrx crpykrypax (397). Hu-
¢$pakuusa Ha npamoyrosbroM orBepernn (399). Judpakuus Ha KPyryioM oTBEp-
cran (400). Qudpakuus rayccosa nyuka (403). Jluteparypa (404).

Jlexnus 16. Iundpakumsa Ha NePHOIMIECKAX CTPYKTYPAX ....ovvvenrrn.n.. 405

Hndpakunonnsie pemerkn (405). Pusnxa mudpaxumu csera na pemerxe (405).
VYpaBuenne nudpakunonso# pemerku (406). MaremaTmyeckoe ommcaHWe M-
dpaxunu nnocko#t Bosmel Ha pemerke (413). Cunycounamsnas pemerka (414).
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Orpanuvennas cHHycoupanpnasa pemerxa (414). IpamoyronbHas aMIumATYyn-
nas pemerka (415). [udpakuua Ha ABYMEDHBIX TEPHOMHYECKHX CTPYKTY-
pax (418). Judpakuus na TpexMepHLIX NepHOAMYEcKUX CTPyKTypax. [dudpax-
IMA PEHTTeHOBCKHX Jiyuelt B kpucrauiax (421). PenTrenosckuit cTpyxTypHEIH#
anasms (423). Jluteparypa (424).

Jlexuma 17. Anayms, npeobpa3soBaHue U CHHTE3 CBETOBBLIX ITosieH .. .. ..

CrekTpasibHOe ONHCAHWE IIPOCTPAHCTBEHHOM CTPYKTypnl mona (426). JImmsa
KaK 3JIeMeHT, BLIIOJIHAIomHm TpocTpancreennoe npeobpasosanue Oypoe (430).
Dopumupopanue onTuieckoro usobpaxenus. Teopus A66e (434). Onvirer AG6e—
IToprepa (436). MeTon remuoro nosa (438). Meron dasoporo xourpacra (439).
Paspewatomas criocobHOCTh MUXpOCKona ¥ Teseckona (441). Tosorpadua. 3a-
NUCH ¥ BOCCTAHOBJ/IEHHE CBETOBOrO noss (444). dudpaxunoHsasn pemeTka U uH-
repdepomerp Pabpr-Ilepo kKak crnexTpanbhbie npHOOpEl. Paspewaromas cno-
cobrocth u obnacts mucnepcuu (446). Pypre-cnektpockonus (452). Crextpo-
cKomuA onTHYeckoro cmemenus (452). Jinreparypa (454).

Hononuenne 12. 3oHHaA nimacTuHKa OpeHeNns U JIMH3A .. ... ...oonven.n.

3ounas miacrtunka Openens (456). Pactpopaa dokycupyiomas ontuka (458).
Touxan chepuyeckas nuusa (459).

Homonuenue 13. Judpaknusa u GoKycHpPOBKaA rayccoBa IMydKa..........

ITapaGosnwueckoe ypaBHenune. [Ipubnuxenue kpasuontuxu (462). Pemenne na-
pabosmmueckoro ypasuenus (463). Pacnpocrpanenswe m audpakuusa rayccosa
nyyka (464). Poxycnposka rayccoBa my4ka (467). Pasmepnl doxammpHoit oba-
cru un3b (468). Kpurepuit npumenuMocTy npubiuxenus kpasuontuku (469).
JInreparypa (470).

Jonosnuenue 14. 13 ucropun dpusudeckod oOTHKH . ........ovvvvvnenn....

Iurarol u3 opuruHanbHeix pabor I'abopa, Jletita n Ynaramexca (471). Jlnre-
parypa (473).

Yacrs IV

CBET U BEIIIECTBO. ... e

Jexuns 18. @Pusuka B3auMoeHcTBHA cBeTa C BEIIECTBOM ..............

Monens crmomHo# cpenst. ¥Ypauenus Makcsenna {476). Marepuasnubie ypas-
nenus (476). Knaccuduranus cpen (479). [lnockas MOHOXpOMATHYECKad CBe-
TOBaA BOJIHA B JInHefinolt ognoponHo usorponHoli cpege (480). Komnnekcuan
Iu3eKTpHiecKad NPOHNUAEMOCTD, JIMHEHHAA ONTHYECKaa BOCIPEAMIMBOCTD U
KOMIJICKCHBIR MOKa3aTesb npesiomyiennn cpensl (481). Knaccuueckas ocumns-
TOpHas mopens cpeasl (485). Jlureparypa (487).

Jlekius 19. CBeToBble BOJHBI B JHHelHOK u3oTponuoit cpene..........

Oucnepcus n noryiomwenue ceera B nuHelHON n3orponHoit cpene (488). Pakrsr,
HoATBEp kK Karomue Teopuio aucnepcuu Jloperua (493). Meronpl naydenns muc-
nepcun M nornomedus csera. OnTudeckan cnektpockonus (498). Pacnpoctpa-
HeHHe CBETOBOTO HMIIYJIbCa B Aucneprupyomei cpeae (501). Jlureparypa (510).

Jlekuua 20. OnTHYecKNs ABJIEHUA HA TDaHMIlE pPa3jiesia cpem,...........

OrpaxeHue K [IpeJIOMJIEHHE CBETa Ha rpaHuie pasmesa (511). I'panuunsie yco-
 BHA 1A 3s1ekTpoMaranTaoro nons (512). T'eomerpus oTpaxenus H OpesioMJIe-
Hus. 3axon Cresummyca (513). Iosmoe sayTpennee orpaxenne (514). Duepre-
THKA OTpaXeHHA M npeyiomyenuda. Qopmynst Ppenens (515). Dddexr Bpio-
crepa (519). Usmenenne dassl cBeTOBON BOJIHEI IPH OTPAXKEHUH M IIPEJIOMIIC-
aun (521). Orpaxenne cera npu HopMassroM nagenun (521). Ilpocsernenne
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onrugn (522). Orpaxkenne cera npu HaxjoHHOM nagenus (523). Orpaxenue
csera o1 noBepxHocTH metarwia (524). Jlureparypa (526).

Jekuusa 21. ONTUKA aHHB3OTPOITHBIX CPEIL. . .0 crver v errarerernrransansens 527

Auusorponusie Matepuans. Ocuopumie sddekTst kpucrauioontukn (527).
CrpyxTypa CBETOBOH BOJIHBLI B aHm30TponHoM kpucrajure (529). Marepuass-
Hoe ypasHenue annsorponnoit cpenst (531). Knaccuduxanua kpucrannos (535).
Co6cTBeHbIe COCTOMHKA NOJIAPU3ALUN CBETOBOH BOJIHLI B aHU3OTPOINOM KPH-
crasne (536). O6pikHOBeHHaA ¥ HeoObIKHOBeHHAA Bosbl (541). HBoknoe sryye-
NpeJIOMJIEHHE CBETa Ha IPaHAMUE C aHu3oTpomHo# cpemoit (545). IMomyyenne u
AHAJIW3 NOIAPU30BAHHOrO cvera (549). Hurepdepernua nmonapr30BaHHBIX JIy-
velt (556). Hanenennas annsorponns (557). Jiureparypa (559).

Jexuua 22. HenuHeHHasmt ONTHKA. . ......vivtiit i iiieeieneeans, 560
Ocnosunte adhdexrn Hesmaeknoh onruxu. Mexanusmbl onTuyeckoi Henunehuo-
cr (560). Hapymmenue npuHunna CynepnosMnyn AJia CHIBHEIX CBETOBBIX BOJIH B
cpene (565). MarepnanbHoe ypaBHenne HesmHelHoM cpenwr (566). Henuneltnas
nonapusanun (568). Hemuneltnaa socnpuumunsocts (569). Knaccuveckaa mo-
xens Henvse#inol cpenpi — ancamGiib HesmHeinbx ocunssropos (572). OnTu-
yeckoe meTekTupoBanre (578). Jiureparypa (578).

Jlexmua 23. TeopeTuueckasa HEITHHERHAS OMITHKR .. ... ..o.ovvrrnurenrenennns 581

Tepepauns nTopo#t onTutieckolt rapmonuxu (581). Beiny xnennoe xoMbunanuon-
Hoe pacceanue ceeta (591). Camogokycuposka csera (598). Jluteparypa (601).

Hononnenne 15. ITapaMerpuyeckuil reHepaTop CBeTa . . ....cvovvervnnn... 602
Jlureparypa {604).

Homonnenne 16. Onruka ¢dheMTOCEKYHIHBIX JIa3ePHBIX HMILYJILCOB. . .. ... 605

Ipenensro KOPOTKHME MMIYJIBCHI CBETA W CBEPXCHIIbHBIE cBeToBbie noJia (605).
Ilenepanua (peMTOCEKyHIHBIX CBETOBbIX HMIyJibcoB (606). HoBoe noxosmenue
TBEpAOTE/IbHBIX (PeMToceKyHAHbIx masepos (611). PeMToCeKyHIHBIE TEXHOJIO-
ruu (611). QeMTOCEKYHIHBIE JIA3EPHBIE UMILYJIBCH B cuektpockonmu (612).
Yupapaesue aMILTHTY0# ¥ asoft MostexyiapHbix Koebanult ¢ noMounbIo Ppem-
TOCeKYHIHBIX JIa3epHBIX uMIysbcoB (616). Hosbie wampapjieHMA HCCIIGOOBA-
Hui (625). Jlureparypa (630).

Hononnenue 17. Henuuelinaa nuaaMuka cBeToBRIX moite................ 633

CamMoopranusanus CBETOBOTO IOJIA B HEJMHEUHBIX cHCTeMax ¢ obparHo# cBA-
3b10 (633). OuTnveckas cunepreruka (637). OnrTuueckoe MoneIMpoBaHUe Helt-
pormbix cerelt (638). Jlureparypa (640).

Hononnenue 18. s ucropuu dusnyueckodf onrukm;........................ 641

uraTer 13 opurnHaneabix pabor Opaukena, Brombeprena, Axmanosa, Xoxio-
Ba (641). JIuteparypa (646).

TIDEIMETHBIE YKABATOIID . . ettt ettt s e e e eaeetaeneeenaanasranennes 647
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OpuruHa/I—MaKeT 3Tofl KHATY U3rOTOBHJIM COTPYINHUKY Kacbenpsl obwett dusuxn
u Bostiosbix npoueccos H. H. Kapruna, B. H. 3agkos, 1. B. 'onopaun u A. A. Jly-
Kamés. Hecko/Ibko OpUTHHANBHBIX HIUIIOCTPAUEE onroToBuny no Haiel npocebe
C. C. Yecunokos u U. [1. Hukonaes. BeceM uM s BHIpakaio CBOIO MCKPEHHIOO NpH-
3HATENILHOCTD. ‘

A xoren 6p1 nobnaronapurs npodeccopa A. C. Yupxuna 3a 6onblyo noMoms
B [OAroTOBKEe M3faHud KHurd 1 M. B. AxMaHOBY 3a ydyacTHe m OpYKeCKYIO NOI-
JEPXKKY.

5 6naromapen pekropary MOCKOBCKOro yHuBepcuTeTa, (Pu3n4ecKoMy (haxKysib-
rery MI'Y, Mexnynaponuomy Jlasepaomy Lentpy MI'Y, ®usuyeckomy Y4eGHO-
Hayunomy Hentpy “@PyHmameHTANbHAA ONTHKA M CHEKTPOCKONUA” 38 OPTAHMU3AIM-
OHHYIO ¥ (PUHAHCOBYIO HOMNEPIKKY U3NAHUA KHUTH, & TAKKE KOJUIEKTUBY U3IATEIb-
cTBa MOCKOBCKOrO YHUBEPCHTETA 32 IIIOKOTBOPHOE COTPYIHAUECTBO.

Mocksa, g C. 0. Huxumun
saHBapb 1998 - R



IIpenucsioBue

4 numy 5TO NPENHCJIOBUE C BOJIHEHAEM, IOTOMY YTO MOEro Y4UTeNs ¥ COABTO-
pa Cepres Anekcannposuda AxmaHoBa Her Gosibuie ¢ Hamu. OH CKOPONOCTHIXXHO
CKOH4YAJICA B pe3ybTaTe HEyOA4YHOU XUpYprudeckott omepaimu, 4 ero CMepTh CTaJia
6oabmolt morepeit I BCeX HAC — ero kosuter m apysefi. Cepre#t Anexcanaposud
6511 YAMBATEIBHO TAJIAHTAUBBIM UeoBeKOM. OH OblLjl APDKUM yYEHbIM M yMeJl TaK
IperoaaBaTh (GU3KKY, YTO OHA CTAHOBWJIACH 3aXBAThHIBAKOLIEC MHTEpecHO#. Bmecte
¢ noxoitusiM Pemom BuktoposuueM XoxsioBuim Ceprett AnekcaHnpoBuyd AXMaHOB
CTOAJ Yy KCTOKOB LIKOJIbI HeNmHeHHOo# onTuku, cosgannod B MOCKOBCKOM yHHMBEp-
cutere. B ragane 70-x rogos C. A. Axmanos u P. B. Xoxnos 6b11u yrocroens Jle-
HHMHCKOi nIpeMiin 33 paboTel o HenuHeHHOH# onTuke U, B 0cCOBEHHOCTH, 3a CO3aHHe
HapaMeTpPU4eCKOro reHEpaTopa CBeTa.

Iror yyeOHUK NpENHA3HAYEH B NEPBYIO OYepelp 1A CTYyHEHTOB (PU3MUECKUX
¢daxynsreroB yuusepcureroB. OH OCHOBaH Ha Kypce JieKmui, mrasiieMcs Ha (bu-
sudeckoM ¢akynbrere MIY um. M. B. Jlomonocosa. I'iaBnas upesa xypca — B
MaKCHMMAJIBHO [OJIHOM M UEJIbHOM BUOE H3JIOXKUTL OCHOBLI COBpeMeHHOM dusmye-
CKOH ONTHMKHM KaK OQHOTO M3 LEHTPAJILHBIX Pa3fesioB cospemenHoi ¢usukn. Taxoit
OAXOH HOTPeOOBAJI OTKA3aThCA OT TPAMMLMOHHOTO NOCTpoeHus kypca. Ilonarus
KJIACCU4ECKOI 1 KBAHTOBOI TEOpHU H3JIy4ueHus, HenuHelHoh GpusUKM, CTATUCTHKH,
Teopun nipeobpasoBanusa Pypbe BO BpEMEHHM M B IIPOCTPAHCTBE, cocTaBnsaomue 6a-
3y COBPEMEeHHOH ONTHKM U OnTHYECKOH (PU3MKH, NPOHU3BIBAIOT BCIO KHUIY. B Kypce
3HA4YMTENbHO 6oJsIbine, HeXKesu OOBIYHO B Y4eGHBIX MOCOOHMAX, COBPEMEHHOTO MaTe-
puaJja. 9To — Jasepsl, HejIMHeHHAA ONITHKA, CBEPXKOPOTKHE CBETOBbIE UMITYJILChI 1
CBEPXCHJIbHBIE CBETOBBIE [I0JIAA, HOBbIE METOIbI ONITHIECKOH CeKTPOCKonuH, pypbe-
ONITHKA, rosiorpadnd, onTuyecKas JEBUTALMA, JIA3€PHBIH TEPMOANEDHBIA CHHTES.
Y106l COXPAaHUTDb MPH DTOM Pas3syMHEIR 06beMm, aBTOpHI M3OpaNIM “TpexcTyneH4a-
TY10” CHCTEMY OCTPOEHHUsI KHHUTH.

[IepBas cryneHb OpencTaBisAeT COOOM NONHOCTBIO CAMOCOTVIACOBAHHBIM 6aso-
Bt Kypc 3 23 nexuuil, npenHasSHaYEHHBI! 1j1A IEPBOHAYAJIBLHOTO O3HAKOMJICHHMA
¢ npeaMeToM. 1o U ecTh, HAKTUIECKH, KYPC, YHTaeMbilt B MOCKOBCKOM YHMBEDCH-
TeTe B Ka4YecTBe OHOTO U3 Pa3nesioB Kypca obmel ¢dusnku. OH 4uTaeTCA B KOHIE
BTOPOrO TOAa YHUBEPCHTETCKOrO HUKJIA. DTUM ONpEenesiseTca ypoBeHb TpeboBaHmit
H MaTeMaTH4YeCKO! noaroroBku ciaymarenef. Bropasa cryneds Bkawuaer 14 no-
TIOJIHeHNH, HMEIOUMX LeJIbI0 YITyOUTh 3HAKOMCTBO C NPEAMETOM, U3JIOXKUTh MaTe-
MaTH4ecKHe NeTajii TeOPHM, IIPUBECTH COBpeMeHHble mpumepbl. HakoHen, TpeTba
CTyTeHb BKJIIO4YaeT B ceba HCTOpHYECKUi MaTepuas — OTPHIBKE H3 QyHIaMEHTAIIb-
HBIX paboT, CHIFPABIINX KJIOYEBYIO DOJib B HCTOPHM ONTHMKH. B meIoM KHMra jaer
npexcTapyieHde o pusudeckoll ONTHKE B TOM BHIE, KaK €10 MOIL3YIOTCA MPOodeccH-
OHAJIBI.

51 BrIpaxkaro rimy6oKyio 6s1aroapHOCTb HAmKM KoJuieram npodeccopy H. K. Ko-
poteesy, npodeccopy M. A. Bopouuory, npodeccopy B. A. Bricioyxy u crapmemy
HayuyHoMy coTpyanuky 0. E. JIsaxoBy, koroprie BHeCaH 6o/Ibmol BKIAL B pa3Bi-
THe Kypca “@usnuyeckas onTuka’ Ha dusmueckoMm daxyasrere Mockosckoro yum-
sepcuTeTa. Ocobasa 6naronapHocTs HameMy Gecemennomy nemoncrparopy B. C. Ko-
TOBYY 33 BEJTMKOJIENHbIA HA0OD JIEKIMOHHBIX JeMOHCTpauuit no ontuke. Bnaronapio
npodeccopa B. T. I1naroHeHKO 33 MHOTOYHCIIEHHBIE 110JIE3HBIE KOHCYIbTALMH.



> Yacernb I
DJIEKTPOMArHUTHAA TEOpUA CBeTa

B aToli 1acTH Kypca M3JIaraloTCA OCHOBHBIE ITOJIOKEHHA 3JIEKTPOMArHUTHOM Teo-
pHUH CBETA -~ TEOPMH, ieKaIell B OCHOBE KJIaCCUYeCKOH KApTUHbI ONTHYECKUX ABJIe-
nult. Mp1 HauunaeMm ¢ ¢popMmynupoBkM ypasHenu#h Makcsesna. VIMEHHO 3TH ypas-
HeHusa Janu ocoDeHHO ybenuTesbHbIE HOKA3aTE]bCTBA 3JIEKTPOMArHnTHO npupo-
oLl ceeta: “CKOpOCTB NONepeyYHsIX BOJIHOBLIX KoslebaHut B Hamelt runoTeTnyeckolt
cpelle, BHIYMCIIEHHAA U3 3J€eKTPOMarsnTHoIx onbiToB Konbpayma u Bebepa, cromn
6JIM3KO COBIANAET CO CKOPOCTHIO CBETA, BEIYMC/IEHHOR U3 onbrToB PuU30, YTO MbI €-
Ba JIM MOXKEM OTKa3aThCA OT BBIBOJA, YTO CBET COCTOMT U3 MOMEPEYHBIX KOsebammi
TOM Ke caMOolf cpenbl, KOTOpas ABJAETCS NPUIMHON BJEKTPUYECKNX ¥ MATHHTHBIX
asaennit” (. K. Makcsenn, “OnexrpomarnutHan Teopusa cpera” ). Konxpernbie
“onTudeckue” pe3yJIbTATHI 3TON0 Pas3lesia OTHOCATCH MPEXIe BCErO K CBETOBHIM
posiHaM B BaxyyMme. Ocobblif akIeHT CIeIaH Ha ONMCAHMHM M CBOMCTBAxX OBYX BOJI-
HOBBIX IPOIECCOB — IUTOCKOH 1 chepuiecKolt rapMOHNYECKHMX BOJIH. XOTH CaMH MO
cebe 9T BOJIHBI ABJIAIOTCA B 3HAYATEILHON Mepe MaTeMaTudeckolt abcrpakuyelt, ux
pOJIb B OIMMCAHUK ONTHYECKUX ABJIECHUN TPYAHO mepeouneHnTh. Bo MHOTHX CIy4aAx
peaJIbHBIK CBETOBOH ITyYOK MOYKHO PACCMATPHUBATL KakK KBASHIUIOCKYIO KBAa3UTap-
MOHMYECKYIO BOJIHY. CJIOXHbBIE BOJHOBBIC MUKW MOXKHO pAa3J/IOXHUTH B CHEKTD IO
NJIOCKMM rapMOHHYECKHM BosHaM. Kak cynepnosunmio cepuyeCKuX BOJH MOXHO
4aCTO NPENCTABUTD NOJE U3NTYUYEHHA peasibHOU cpeap!, cocroAamel u3 Bo3bYKIeH-
HbIX ATOMOB M MOJIEKYJI.

CrnencrBuamu ypasHenuit MakcBesia ABJIAIOTCA 33aKOHBI COXPAHEHHA U BLITEKA~
IOIUYMe U3 HUX [PEeICTaBJICHHA O MIOTOKE SHEPIuy, NOTOKE MMIY/IbCa M MOMEHTA MM-
OyJibCa, MePEHOCHMBIX CBETOBOH BOJIHON. DKCliepUMENTAJIbHAA PETUCTPAUHA ITHX
BESTHYMH (B YACTHOCTH, PETUCTPAUMSA 06YC/I0BIEHHOrO IOTOKOM MMILYILCA, CBETOBO-
O IaBJEHMA) ChI'PaJia BAXXHYIO POJIb B YCTAHOBJIEHUY S/IEKTPOMATHATHOH IPHPOMIbL
cBeta. Bmecte ¢ TeM MOXXHO 6€3 NpeyBeNHYEHNA CKA3aTh, YTO SHEPTUA H HMIIVIIC
CBETOBBIX BOJIH MPHOOpeH MCKIIIOYUTEIRHO 60bUIOE 3HAYEHNE B COBPEMeHHOH J1a-
3epuolt onture. CTpeMsieHNe K TOJMYYEHHIO BCe BONBbIIMX 3HAYEHMH MOLIHOCTH K
3HEepr¥M CBETOBBLIX ITyYKOB, K PEASIN3alMH IPENEILIBIX BO3MOXHOCTEH KOHUEHTpa-
LMK CBETOBOH SHEPIMH BO BDEMEHU U B MIPOCTPAHCTBE yXKe Ha MPOTAXKeHuu Gosee
9eM IBAJLATH JIeT COCTaBJAET OOHY W3 IVIABHBLIX TEHACHUMI pa3sBUTHUs Ja3epHOH
du3uku u Texnukyu. B nactosmee BpeMa co3nanbl Jasepsl, CIOCOOHBIE TeHEPHPO-
BaTb CBETOBbIE BCHBILKYU C 9HeprueRt no 10° IIx. Tlonydensl CBETOBBIE HMITY.ThHChI
amuTenbHOCTHIO 4,5 x 10715 ¢, a dokycupoBKa N1a3epHOro H3IyYeHnA BO3MOXKHA HA
niomanky BrioTs 0o 1078 cm?. B pesynsrare yaaeTcs n0My4HTh MOIIHOCTh CBETO-
Boro usnysenus 10'5 Br u unrencusrocTs 102! Br/cm?. YHEKATBHBIE BOSMOXHOCTH
KOHIIEHTPAUMH CBETOBO} 3HEPIUN OTKPLLIN COBEPUIEHHO HOBbIE NIEPCIEKTUBLI NIEPE,
ornruxoif. Crajin peaTbHOCTHIO CUIIbHBIE BO3AEHCTBHA CBETOBLIX BOJIH Ha BEMIECTBO,
OpHBOIALIAE K ero OBbICTPOMY, B TOM YHMCJE “XOJIONHOMY” , IIABJICHMIO, & TaKXe K
MTHOBEHHOMY MCIIAPeHHI0, 06Pa30BaHHIO BHICOKOTEMIEPATYPHON! IIA3MbI, CHIBHO-
My cxkaruio. [losToMy neKuun, MOCBAMEHHbIE SHEPTHH U HMITYJILCY CBETOBOM BOJIHEI,
A LTIOCTPHPYIOTCA MPUMEPAMH, OTHOCAIINMECA K TAKNM HOBBIM OOJIACTAM KaK Ja-
3epHas TEXHOJIOTHA, ONTHYECKAA JIEBUTALIMA, JIA3E€PHLI TepMoAnepHbt CHHTES.



Jlexkuus 1
CBeToBbI€ BOJIHBI B BaKyyMe

Anexmpomaznumnan npupoda ceema. Teopus Maxceeana. Onvmo. I'epya. Ypaene-
nus Mexceeana. Boarnosoe ypasnenue. Ilaocxas eoana. Chepunecxan eoana. Mo-
FYAUPOBArHBIE BOAHD U USAYEHUE DEAALHUT UCTMO4NUK08 ceéema. Cnexmpasvhoe
PA3ACHCEHUE CBEMOB020 NOAR. [IPUHYUN CYNEPNOIUYUY.

W31araoTCs OCHOBAHNA 3JIEKTPOMArHUTHOHN Teopun cBeta. [IpencrasieHs ypas-
HEHNA 37eKTPOMArHWTHOrO nosid. Jas BHBOM BOJHOBOIO YPABHEHUs U3 ypaBHeHUM
Makcsenna. PaccmaTpuBaloTcs nmnockas ¥ cdepuueckasi BOJHBI Kak (GyHIZaMeH-
TaJbHbBIE PEIUeHUA BOJHOBOrO ypasHenus. O6CyKaerca CTpyKTypa H3JLyYeHus pe-
ANBLHBIX HCTOYHHUKOB CBETA.

SD/leKTPOMarHATHasA Npupona cBera. Teopus Maxkcsemnna. Bonpoc o npn-
pone CBeTa NpencTasriAeT cob6o| Oy N3 HEHTPAJIbHBIX NpobieM du3HIecKoll ONTH-
ku. MccnenoBauns B 9TOM HANPABJIEHWH BCErNa JIEKAJIM HA MArUCTPAJIbHOM IyTH
pasBuTUA HaykKu. MHOrMe KPyHHBIE OTKDBITHA B 00/acTH (DU3HKHA TaK WIM MHAYE
CBA3aHb! ¢ MONBITKaMHU rnybxe NOHATH, YTO TaKOe CBeT.

K xomny XIX Bexa ¢usuka pacnosaraina nabopom paxToB, CBHIETEILCTBY IOIIHNX
B TIOJIb3Y 3JIEKTPOMArHuTHO! mpuponst ceera. K ux wucny ornocarcs onsitel Pa-
panes, B KOTOPHIX HaOMOJAIOCh BANAHNE MArHUTHOTO [OJIA HA DACHPOCTPAHEHUE
CBeTa B BEIECTBE, ONLITH JlefGenesa, B KOTOPBIX OblIO M3MEPEHO CBETOBOE HaBJie-
HuIe, onbIThl ['eplia, B KOTOPBIX ObLIO JOKA33HO CYINECTBOBAHUE SJIEKTPOMATHUTHBIX
BOJIH, 9KCIEPVMEHTHI IO B3aNMOAEHCTBUIO CBETA C BEIIECTBOM.

OnuuM U3 NepBbIX APrYMEHTOB B IOJIb3y 3JEKTPOMATHHTHOM NPUPOIBI CBETa
6biJI0 COBNIANEHKE CKOPOCTH 2JIEKTPOMATHUTHBIX BOJIH, BhiuucaeHHolt Makcaesnsiom,
co ckopocThlo cBera. B 1849 r. ®u30 M3MepHSI CKOPOCTb CBETA M ITOJIYyYMJ 3Ha-
genwe 315000 km/c. B 1857 r. BeGep u Konspayw usmepuiu 3j€eKTPOAAHAMMUYE-
CKYI0 MOCTOAHHYIO ¢, PABHYIO OTHOIIEHUIO DJEKTPOMATHUTHON M 3JIEKTPOCTaTHYE~
CKOlt epMuuLL 3apAnaa, k nomyyusm 3Hadenue ¢ = 310800 xm/c. B 1861 r. Makcpesut
BbIBEJI CHCTEMY YPaBHEHMH [J1s 3JIEKTPOMArHHTHOIrO IOJIA, N3 KOTOPO# BRITEKaNa
BO3MOXHOCTb CyIMECTBOBAHMA 3JIEKTPOMArHNTHLIX BOJIH, IPHYEM CKOPOCTb PacIpo-
CTPAHEHWs BOJIHBI ONPENeJIANACh 3HAYEHHEM 3JIEKTPONUHAMUYECKOR MOCTOAHHOM.
Makcsesnn o6paTin BHUMaHue Ha TO, UTO Halimennoe BeGepom n Kosppaymem 3Ha-
4yeHue ¢ BecbMa OJIM3KO K CKOPOCTH CBeTa, usMepeHHol Pu3o. D10 HO3BOJUNO eMy
3aKJII0YMTh, YTO CBET NPEACTABJIAET COOOH 3neXMPoMazHummyI0 60aHy.

Ckxopocth cBeTa. TpyaHOCTb H3MEPEHMA CKOPOCTH CBETA CBA3AHA, C ee Ypes-
BbI4aiiHO Gonbwoft BeuunHOM, KoTopas cocrassaer okoso 300000 km/c. Ucropns
HU3MepeHuit CKOPOCTH CBETa BEChbMA YBJIEKATEIbHA, 0 Hell noapoOHO PaCcCKa3aHo B JO-
nonuennu 1. B tabi. 1.1 nepeunciiensl OCHOBHbIE METONbI U3MEPEHUH ¥ [I0JIy YeHHBIE
pesynbratsl. 3006peTenne s1a3zepa NO3BOJIKIIO BBINOJHUTE YPE3BbIYAMHO TOUHBIE H3-
MepeHnda ckopocTH cseTa. [1o nocseqHuM JaHHBIM CKOPOCTD CBETA B BAKyyM€E PaBHAa,

c=299792458 £12mfc. (1.1)

SﬂepronHHaMqucxaa MOCTOAHHAA. SHGKTPOIIMHaMH‘«IeCKaﬂ NoCTO-
AHHAA C MIMEET CMBICJI OTHOIIEHNA BJIeKTpOMaI‘HPITHOﬁ €OUHNIbI 3apAna K 3JIeK-
Tpoc'ra'rnqecxoﬂ. Me'ro,u N3MEPpEHHUA 3TOH BEJIMYUHBI NOACHUM Ha, npumMepe OnbiTa
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Tabauna 1.1
CkopocTh CBeTa B BaKyyMme

Tom | AsTop Meron Peaz::?;rau:, Omubxa
1676 | Pemep Cnyrunxu KOuurepa 214 000
1726 | Bpameit AGeppauus 3Be3f 301 000
1849 | ®uso 3y6uaroe xoseco 315000
OTkJI0HEHME NYYKA CBETA
1862 | ®yko ¢ moMomurpio Bpamalomeroca | 298 000 +500
3epxasia
1872 | Kopnio 3y6uaroe koseco 298 500 900
1874 | Kopnio OTKJIOHEHHE NYYKa CBETA 300 400 +800
1878 | Maitkenscon | To xe 300 140 +700
1879 | Maiikemncor | To xe ST 299910 +50
1882 | Hnioxomb To xe 299 810 +30
1924 | Maiikenscon | 3epkanbHasa npusMa 299 796 +30
1973 | Hsencon Jlazep 299792,4562 | +10~2

Bebepa u Konbpayma. Vimes B CBOeM paclHOpPAXKEHWHM KOHJIEHCATOD M3BECTHOH eM-
KOCTH, MOXKHO C NIOMOIIBIO 3JIEKTPOMETPa U3MEPHTb PA3HOCTb INOTEHIIAAJIOB Ha €ro
06knaaxax M HAMTH 3apsAl B 3JIeKTpocTaTHveckux enuuuuax. C mpyro#t CTOpoHHI,
TOT e CaMblll 3apsd MOXKHO M3MEPUTDb B 3JIEKTPOMATHMTHBIX €IWHMLAX, AJis YEro
clenyeT paspAIUTb KOHIEHCATOp depe3 KarymKy Oa/UIMCTHYIECKOrO rajibBaHOME-
Tpa H U3MEPHTH YIOJI OTKJIOHEH!: 3epKaJsiblia. IIpupaBanBa 3apsAnbl, U3MEPEHHbBIE
oboumu criocobamMm, MOXKHO HaliTH HCKOMOe OTHOIIEHNE eOUHUIL 3apATa.

Csoaka pe3ynbTaToB n3Mepenuil 37eKTpoOuHaMU4ecKoll mocTosAnHoM Ipencta-
pnena B Tabs. 1.2. Conocrapienue 3TUX JAaHHBIX ¢ OaHHABIME Tabs1. 1.1 noKa3bIBaET,
YTO 3/IEKTPONMHAMUYECKAA NOCTOAHHAA C COBIIALAET CO CKODOCTBbIO CBETA B BaKy-
yMe.

Ommitel I'epnia. Ilpenckasannoe MakcBensioM CymecTBOBaHHE 3JIeEKTPOMAarHUT-
HBIX BOJIH HYXJAJI0Ch B 9KCIIEDHMEHTAJIbHON mpoBepke. Ity 3agayy pemmn Iepi,
CYMEBIIMH OCYIIECTBHTH FE€HEPALMIO U IIPHEM SJIEKTPOMATHATHBIX BOJIH M MCCJIERO0-
BaBmuil ux ceoiicTBa.

B skcrnepuMenTax ¢ MCKPOBBIM Da3pAIOM MOMHON mHIyKuuoHHON KaTymku ['ep-
LY YIAJIOCH MOJIYYATh CBEPXORICTPBIE KOIeGaHUA 3IEKTPUYECKOr0 TOKA ([IepHon KO-
nebanuit oxono 1072 ¢). Ilpomonmxasn onwitsl, [epu ycTaHOBMII, 9TO TOK BBICOKOM

Tabnuma 1.2
OrHommeHne 3/1eKTPOMArHATHBIX €OMHMUIL 3aPANA K 3JIEKTPOCTATHYECKHAM

3unayeHue B
Tox | Asrop BaKyyMe, KM/C
1857 | Bebep u Kosspaym 310 800
1868 | Makcsesnn 284 300
1880 | CromeroB 298 000
1883 | Tomcon 296 400
1898 | Ileppo u ®abpu 299 870
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Puc. 1.1. Cxema omnwmita I'epua. K — nn,u;yxuuonﬁaﬂ karyuwika, P -— paspaguux, M —
MEKPOMETD

JacTOTHI B IPAMOJIHHENRHOM OTpe3Ke IMPOBOMHHKA CIHOCOOEH BHI3BATH aHAJIOIHYHBIH
TOK B IPYTrOM IIPOBOJHHUKE, yOAJIEHHOM OT IIEPBOrO HA HEKOTOPOe paccrosHue. Tax
OBL/IM OTKPBITHI JIEKTPOMATHUTHBIE BOJIHEI.

B ognom u3 onerroB I'epir ncnosnb30Bas cOBCTBEHHbBIE 3/IEKTPHYECKHE KOnebann
BUOpATOPA, COCTOAIIETO U3 IBYX OAMHAKOBBIX METAJIJIMYECKUX CTepXKHel, pasmesen-
HBIX MCKPOBBLIM IpoMeXXyTKOM (puc. 1.1). C noMompo HHIyKIMOHHO! KaTymKy obe
HOJIOBHHBI BUOPATOPa 3aPAKAaIHUCh NO BHICOKOrO HanpsxKenusa. Korna pasnocTs To-
TEHNIMAJIOB JOCTHIaJIa NPOOOHHOro 3HaYMeHNs, B pa3pANHUKE NPOCKAKHWBAJIA HCKDa,
3aMBbIKaBIIAA 06€ OJIOBUHAI BUOPATOPA, H B HEM BO3HUKAJIM 3aTYXAIOIIME 3JIEKTPU-
geckue Kosebanusa BbICOKOU wacToThl. IIpy 3TOM BHGpPATOpP UCIYCKas B IPOCTPAH-
CTBO 3JIGKTPOMArHUTHYIO BOJIHY. IlosBiIeHre BOIHBL pErHCTPUPOBAJIOCH IO BO3HHK-
HOBEHMIO UCKPbI B MEUKpOMeTPe NPUEeMHOro Budparopa.

YUTobbI J0Ka3aTh GOUHYIO CYIIHOCTb CBETOBLIX M 3JIEKTPOMAlHUTHEIX BOJH, Iepy
[OMBITAJICA IIPOAEMOHCTPUPOBATDL OTPAKEHHeE, NIPEJIOMJIEHUE U TOJIAPU3aIUI0 3JIeK-
TPOMarsuMTHEIX BONH. Mcronpsysa nmapafonudeckue 3epkania M3 HAHKOBOH ¥KeCTH,
Tepu cymest cchopMupPOBATE MYYOK 3JIEKTPOMATHHTHBIX BOJIH, MOTOGHBLY OIITHYECKO-
My. IIpu noMomu #3roToBIeHHON K3 TBEPOOH CMOMBI MPU3MBI BHICOTOM 1,5 M 1 BecoM
1,2 T on mobusicA OTKIIOHEHUA MYYKa BJIEKTPOMATHUTHBIX BOJIH, COOTBETCTBYIONIETrO
TIPeJIOCMJIEHHIO CBETOBBIX Jiydeit B crekIanHo# npuame. Hakonen, on cmor ybenurhea
U B NOJIAPU3ALKMH 3/€KTPOMATHUTHLIX BOJIH IIPY IOMOIIM NPOBOJIOYHOR cerku. ITon-
BOIS MTOT CBOMM HMCCJIEIOBAHMAM, BBINOJHEHHBIM B 1886-1889 rr., Fepu mamucas:
“...MHe IIPEICTABJIAETCA BECbMAa BEPOATHBIM, YTO OMHCAHHBIE OIMBIThI JOKA3BIBAIOT
UOEHTHYHOCTL CBETA, TEIJIOBBIX JIyuelt U 3JIeKTPOOUHAMHYECKOTO BOJIHOBOIO IBH-
KeHua’ .

Taxum 06pasom, enuHasA CYIHOCTb CBETA U 9JIEKTPUYECTBA, ObLIA IOATBEPK IEHA
aKcnepuMenTasbHO. ONTHKa MOryIa GbITh Teleph BKIIIOYEHA B 3JIEKTPOIMHAMHUKY TaK
JKe, KAK aKyCTHMKa JaBHO YK€ BOILIA B MEXAHHUKY.

Puc. 1.2 nokasriBaeT MeCTo ONTHYECKOIO JUANA30HA HAa IIKAJIE 3JIeKTPOMATHUT-
HBIX BOJH. DTOT DMANa30H npoctupaercs or 0,4 no 0,7 MKM 1o IyTMHE BOJIHBI H OT
4 x 10 no 7,5 x 10 'y o wacroTe.

Ypasuenna Maxkcsesuna. CucreMa ypaBHeHUH 115 3/1€KTPOMATHHTHOTO MIOJIS
Obuia BriBenena Maxcpesuiom B cepennne XIX B. myTem 0606meRns TaHHbIX, OJY-
YEeHHBIX B ONBITAX C JIEKTPUYECKNMH 3apANAMHA, TOKAMH M Marautamu. Jansuelt-
UIMe MCCJIEJIOBAHMA NMOKa3aJH, 9T0 ypaBHenusa MaKcBellla HMEOT OYeHs r1yboxoe
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Pentrenos- — 108
CRHE JIYIK 1 018 n
- 107
1017 S
16 - 1076 PuoneTonnlit
1077 - Cunuit
1015 - I‘o.nyﬁoﬁ
Brtpansit 3enennit
cBeT 1014
Henruut
1013 4 OpanxeBniit
12 B % KpacHbit
10%4
- 1071
1011 _
- 100
1010 -
- 10!
109
. Pagmo L 102
BOTERL 108
YacToTa Inuna BOJXHE
B repoax B CAHTHMETpax

Puc. 1.2. OnTaveckufl Quana3oH Ha MKasIe 3JIEKTPOMATHATHLIX BOJIH

du3HMyecKoe cogepaxaHue, TAJIEKO BHIXOAAINEE 32 PAMKHY TeX (PaKTOB U npe;:mTaBne-b
HU#, Ha OCHOBe KOTOPBIX ObINMM mosy4eHb! ypaBHeHHA. Oka3ajioch, 4YTO 3TH YPaB-
HEHMA YIOBJIETBOPAIOT YCJIOBHIO DEJIATHBHUCTCKOM MHBADPMAHTHOCTH, XOPOIIO OIM-
CHIBAIOT OBHICTPONEPEMEHHOE 3JIEKTPOMATHATHOE 1I0JIe, BKJIIOUAsA CBETOBHIE BOJIHBI,
MOryT GBITH ITOIOXKEHBI B OCHOBY TEOPHH M3JIy4E€HUA 3JIEKTPOMATHATHBIX BOJIH ABH-
XKYIOUMHACA 32PALAMH U TEODHH B3aMMONEHCTBHA CBETA M BEIECTBA.

B ynobHO} ny1s onTHKH rayccoBolt cucTeMe eawHuUl ypasHenus Makcsesuia mis
3JIEKTPOMATHUTHOIO II0JIA B BAKYyyME MMEIOT BHL,

16H

e 1.

ro c Ot e ( 2)
-~ 1 aE

B o= 29% |
Io P at ’ | (1 3)
i o | (1.4)
N | (15)
3aecn EuH — HaNpPAXKEHHOCTH 9JIEKTPHYECKOrO0 M MACHUTHOrO IOJeH, ¢ —

3JIEKTPOAYHAMMYECKAA MOCTOAHHAA, PABHAA CKOPOCTH CBETA B BakyyMme. YpaBHe-



16 Yacmo . IaexmpomazHUMHAR MEOPUR C8EMA

uue (1.2) npencrapnaser coboit MaTeMarnyecKky (pOPMYIMPOBKY 32KOHA BJIEKTPO-
marnuTHO# wHOyKumu. Ypasuenue (1.3) MOKa3BIBAET, YTO MATCHATHOE IOJE NOPO-
XKOAETCH NEPEMEHHBIM 3JIEKTPUYECKUM noseM. Ypasuenue (1.4) soipaxkaer ¢axT
OTCYTCTBUs CTATUYECKOIO SJIEKTPUYECKOTO TOJiA B BakyyMme. YpasHenue (1.5) no-
CTYJIAPYET OTCYTCTBHE MATHUTHBIX 3aPsIOB.
Bosnosoe ypasuenue. Ypashenua (1.2)-(1.5) nosBonAoT BHIBECTH 3aMKHY-
- o 4

ThIe ypaBHeHUs 1A nosnek E u H. [luddepenuupys ypapuenue (1.3) no spemenn u
MEHAA NOPANOK CIIEIOBaHUA BPEMEHHOH M NPOCTPAHCTBEHHBIX NPOM3BOMHLIX, UMEEM

ot Q‘_[:;. —laZE
o\ et | T e

Bocnosnbs3osasmuch ypasuenuem (1.2), momyaum
1 8’E
c? ot

TIpumensas U3BECTHOE N3 BEKTOPHOTO AHAJIM3A COOTHOIIEHHE IJIA aupepeHInaIb-
HBIX OIIEPATOPOB, NpeobpasyeM JIEBYI0 4acTh IOCHENHEr0 YPaBHEHAs K BHAY

rot rotE = -

rotrot £ = graddiv E — AE.

3necs A — oneparop Jlamnaca, KOTOphI#t B IEKAPTOBLIX KOOPAMHATAX 3aNUCHIBA-
e1cs B BUIE
o? 82 0?
A= 522 + -6—1—15 + 322
IMockoneky B paccMarpuBaeMOM CJIydae CBOOOHHBIE 3apAlbl OTCYTCTBYIOT, T. €.

~
divE = 0, pnA BEKTOpA HANPAMNKEHHOCTH 3JIEKTPUYECKOrO NOJIA MONYYaeM ypas-
HeHue

(1.6)

. 18 ' »
AE- 222 <o, .
55 =0 (L7)
Herpynuo ybenurbcs, YTo BEKTOD H YAOBIETBOPAET AHAJOTHYHOMY YPABHEHUIO
L, 18°H
AH-=2 2 o :
S 5a =0 (1.8)

Ypasnennsa (1.7), (1.8) mmueltnn no nomo. ITosToMy OHE 3KBHBaJIEHTHBI COBO-
KYITHOCTH CKaJIAPHbIX ypasHeHm# Buga (1.7), (1.8), B kaxmoe u3 KOTOPLIX BXOOMT
TOJIbKO OHA KOMIIOHEHTA HaNPAXEHHOCTH SJIEKTPAYECKOTO HJIH MATHUTHOTO 110JIA.

- —

HeficrBurensHo, samumem BexTopst £ u H yepes nexapToBbl KOMIOHEHTHI

- -

B =2E, +§oEy + B, H=2H, +joH, + 7%H,, (1.9)

rae To, Jo, Zo — eAMHHYHBIE BEKTODSHI (“OpTH” ), HApaBJIeHHbIE BIOMbL OCel T, ¥, 2z
HekapToBolt cucTemsl KoopauHat. Torma xaxnas us xomrnodenT nonet E, wmm H,
(@ = z,y, z) yIOBIETBODPAET CKAIAPHOMY YPABHEHHUIO

1 8%E, 1 9°H, _

A = i ,
E 0, AHy~ 55" =0. (1.10)

SR
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910 HeTPYIAHO MPOBEPHUTH, YMHOXAA CKaIApHO ypasrenus (1.7), (1.8) mocrenopa-
TensHO Ha Ty, fo, Z0. Ypasuenua (1.7), (1.8), {1.10) Ha3bIBAIOTCA BOAHOBVMU YPAG-
nenuamu. VIX pelleHus NMEIOT XapakTep PACHPOCTPAHAIOMMUXCS BOJH.

Ilnockas BoaHa. IIpennosnoXuM, 9TO IPOM3BOIbHAS KOMIOHEHTa 110714 f (Ha-
npumep, E, unn H,) 3aBUCAT JIMMb OT OOHOH MPOCTPAHCTBEHHOX KOODIVHATHI U
spemenH, T. e. f = f(z,t). Torua ypasHenue (1.10) ynpocTuTCA U IPEMET BHL

o _ 10°f
0z2 2 o2

Hatinem pemenue 5T0ro ypasHesus. i 9TOrO NPEACTABUM €r0 B BUIE
| 8 18\(8 19
2 W\ (242 Z V=0
<Bz th) <8z t cat) f

*i
a¢dn

e BBeneHb! nepeMenusle £ = t—z/c, n = t+z/c. Ypasuenuwo (1.12) yaoenersopsaer
dbyukuna sBuna .

= 0. (1.11)

nwm

0, (1.12)

f&m) = L&) + f2(n)

WY, B NIEPEMEHHBIX 2, 1,

f(z,t) = fi(t — z/c) + fo(t + 2/c), (1.13)

rae fi ¥ fo — npoussosibabie (OuddepenunpyeMbie) GyHKIHME CBOMX ApryMeHTOB.

®opmyna (1.13) Boipaxaer obuee pemenve ypasuenus (1.11). Hausoe peme-
HUE ONHMCHLIBAET CYIEPHO3UIMIC OBYX BOJH. IlepBas M3 HUX DPACHpPOCTPaHAETCA
BIOJIb, BTOpasA — npoTuB OCH z. CKopocTu obGeux BOJH ONMHAKOBbI M PaBHHI C.
HeiictouTensHo, BosMyInenue fj, HAXOOMBIIEECA B MOMEHT BPEMEHM f; B TO4YKe
Z1, B MOMEHT BPEMEHH (o IPUXOLMT B TOYKY 29, ONPENEIAEMYI0 COOTHOMICHMEM
ty — 21/c = ta — za/c. Otcrona npu ty > t; UMeEeM z3 > z) ¥ CKOPOCTh PACHpo-
CTpaHeHHA BOJIHOBOTO BOSMYIIEHHA DaBHA ¥ = (23 — 21)/{ts — t1) = ¢.

Oyukuun fi = fi(2,t) v f; = f2(2,1) onHCHIBAIOT nuaOCKUE B0AHM, TAK KAaK
BOJIHOBOE BO3MYIIEHUE UMEET ONHO M TO XK€ 3HaYeHHe BO BCeX ToukKax GeckoHeysOH
IUIOCKOCTH, IEPIIEH MK Y IAPHON HANIPABNEHHIO pacnpocTpanenua. KoEKpeTHbIH BUL
$yuxunit fi u fo onpenenseTCA rpAHUYHBIMA K HAYATHLHBIMY YCJIOBMAMA 330a4H.

Ilnockasa rapMoHEHYeckasa BOJHa. KOHKpeTH3MpyeM Tenepb 3aKOH H3-
MEHEHHA CBETOBOTO NOJIA BO BPEMEHM X B NMPOCTPAHCTBE. PaccMOTPUM IeKapTOBY
KOMIOHeHTY nona Eg(z,t). Ilycts npu 2z =0

E.(0,t) = Acosuit, (1.14)

T. €. HAIPAXEHHOCTh CBETOBOIO IIOJIA M3MEHAETCA [0 TADMOHMYECKOMY 3aKony. To-
rpa B cooTsercTBun ¢ dopmysno#t (1.13) B obnactu z > 0 6ymer pacupocTpaHATbCA
IUIOCKas FAPMOHKYECKAs BOJIHA,

Ey(z,t) = Acos[w(t — z/c)] = Acos(wt — kz) = Acos[wt — p(z)]. (1.15)
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B 2T0M BHIpAXKEHHH A — GMNAUMYOs 60ANY, W — KPY20668 “QCNOMA, CBA3AHHAA
¢ nepuodom T u nacmomoll xoaebarutl v = 1/T cooTHOmMEHUAMU

w=2r/T = 2nv. (1.16)

ITapamerps! k u A, onpenesiseMble Kax

k=wfc=2rvfc="2n/A, (1.17)

A=cT =c¢/v, (1.18)

€CTh COOTBETCTBEHHO 80AMHOGOE “UCAO H OAUNG 80ANs. Benuuauna,

& =wt—kz - (1.19)

Ha3bIBaETCA noanotl gazoli BonHe! u 3aBucwt 0T ¢ u 2. Pasy p(z) = kz, cBA3aHHYIO
¢ U3MeHeHueM IyTH z, npolinernoro BosHOH, 6yneM HasviBaThb Habe2oMm PHasv wiH
daszoevnim cdeuzom. I'eoMeTpuYecKoe MECTO ONMHAKOBEIX 3HaYeHHH (a3 HA3HIBAIOT
BOJIHOBEIM porTOM. B rutockolt rapMounuweckol BOIHE 3TO ILIOCKOCTD, HEpPIESHIH-
KyJIApHAaA HANPABJIEHUIO PACIPOCTPAHEHU.

Cdepuyeckaa Bosna. Herpynuo ybenursca, 9ro ypasaenuaM (1.10) ymosite-
TBOPAIOT ¥ BOJIHBI BHIA
E, = Eoz(ts "')> Hy, = Ha(ta"')’

B KOTOPBIX HAaIPAXKEHHOCTH NoJiel 3aBHCAT TOMBKO OT omHO#t NpocTpaHCTBEBHON
nepeMeHHOI — MOIyJid paduyC-BeKTODaA

=t +y?+ 22

Takue BOJIHBI Ha3bIBaIOT cfhepunecxumu. Hapany ¢ miockolt, chepuyeckas BosHA
ABJIAETCH STAJOHHOH BOJIHOM, uMeromelt 6obmoe 3HaYeHne NJIA ONTHUKH.
PaccMoTpHM CKaJIAPDHOE BOJIHOBOE YPaBHEHME

1 8%f
c? ot?
u 6ynem uckarts pemenue Buna f = f(¢,r). Hna chepuyecku cummerpuunol GyHk-
vy f omeparop Jlamsaca umeer Bag

Af - =0 (1.20)

182
Toncrasus (1.21) B (1.20), monyuum ypasnenne
1 6% 16%f

Beenem scnomoraTenbayio dyskuuio F = rf. Toroa ypasuenne (1.22) npeo6pasy-
ercs K BANY, ananoruuxomy (1.11),
8*F 1 08%F

i (1:23)
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a) . 6)

Puc. 1.3. Pacxopamasca (a) u cxomamasnca (6) chepudyeckue sosinbt. IloKkasansl HOM0Ke-
HHA BOJIHOBBIX (DPOHTOB B IOCJICAOBATENbHBIE MOMEHTHI Bpemen# ¢ < 2 < i3

H, CJ1I€O0BATEJIBHO, €TI0 061]168 peuIeHue IPpEeaCcTaBiIACTCA B BUOE CYNIEPTIO3ULUAN NBYX
BOJIH, 6EI‘yIIH'IX BO B3aHMHO IIPOTHUBOIIOJIOXKHBIX HAIPDABJICHUAX!

oy F(r,t)=F({t—-r/fc)+ F2(t +r/c). ‘ | (1.24)

Bosppamasick k uckomo#t pyHkimu f, nomydum

) = Fl(t:r/c) + Fz(t-:’l"/C).

frt

Bripaskenne (1.25) omuceiBaer e cepryecKue BOTHEL pacTodawyrocs OT Havala
KOOPAMHAT U cTodsuyrocs K Hemy (puc. 1.3). '

l'apmonuyeckas chepuueckas Bonana. Ecnu Ha cepe paguyca 7g
33Tk rAPMOHWYECKOE BO3MYIIEHUE, CHH(bA3HOE BO BCeX TOUKaX cdeph

f(ro,t) = (Ao/ro) cos{w(t — ro/c)], o (1.26)

TO BO3OyKImaeMas TAKMM HCTOYHUKOM PAaCXONAIIAACA BOJHA NIPH 7 > T'g MOXET
ObIThH MpenCcTaBjIeHa B BUIOE

f(r,t) = (Ao/r) cos[w(t — r/c)]. (1.27)

3meck B OTJIMYME OT MJIOCKOH BOJNHBI aMIUIATYJA 33BMCAT OT KOOPIHMHATHI, a ¢a3o-
Bhilt ¥ aMILTHTYIHbIH DPOHTHI NPEACTABIISIOT COOOR cdeprl.

(1.25)

MonynupoBaHHbIE BOJIHBI U H3JIy4YeHHEe pealLHBIX MCTOYHHMKOB CBETA.
PeanpHble HCTOYHMKA CBETa MEHEPUDPYIOT W3JIy4eHNHe, KOTOPOe, Ha HepBbilt B3ryiaAx,
HMEeT MaJIo OBIIEro ¢ pacCMOTPEHHBIMHU BBIILE STaJIOHHBIMH BoaHamu. Cka3sanHOe
OTHOCHTCH B IIEPBYIO O4Yepenb K XapaKTepy M3MeHEHHUsA BOJIHOBOIO BO3MYINEHUS B
npocTpaHCTBe. Tak, CBETOBOH IIYYOK IesIMi-HEOHOBOrO J1a3epa — 3TO, KOHEYHO, He
njockas u He cepudeckasn BosHa. s MHOrMX NasepHBIX H B 0COGEHHOCTH HEJa-
3epHbIX UCTOYHUKOB CBETAa IJAJIEKa OT PEaJbHOCTH M MOJielb TAPMOHHUYECKOro Hu3-
MEHEHHA BO BPEMEHM HaNpAXeHHOCTeH 3JeKTPHYeCKOro ¥ MArHUTHOTO IOJeH uim,
KaK IPUHATO FOBOPHUTH, MOLEJIb MOHOZPOMamuneckotl soann.! Kapruna manyyenns

1 MonoxpomaTuueckuit 3naunt “omHouseTHuIR” . [IPOHCX0XK AEHNE STOrO TEPMUNA CBI3AHO C TEM,
YTO B BHAMMOM RMANA30HE IV1a3 PEruCTPHPYET M3MEHEHHE YaCTOTHl M3Ny4YEHHS KaK U3MEeHEeHHe
1IBETA. .



20 Yacmoe 1. Snexmpomazrumnan meopus ceemas

py6GHHOBOrO Jla3epa — HALMIAXHBIN IPDHMEp Takol CHUTyalmH. 3JeCh Mbl UMeeM Je-
JI0 C KOPOTKOU CBETOBOM BCHBIMIKOH, CBETOBBIM HMIIYJIbCOM -— HETAPMOHHYECKHM
BOJIHOBBIM IIPOLIECCOM, MMEIOIMM KOHEYHYIO IJINTEILHOCTD.

Kax onucarh peasibHbIE CBETOBbIE NYYKH M UMIIYJIbChI, KAKOBbI 3aKOHOMEDHOCTH
¥X pacrnpocTpasenus B npocrpascrse? Jeranpupift 0TBET HA 9TOT BONPOC HAET BOJ-
HOBaA OIITHKA, U3JIOXKEHHUIO KOTOPOH MOCBAMIEHA TPETHA YaCTh KHHUTH. YCTaHOBJIE-
HUe 33aX0HOMEePHOCTel u3tyuenun csera, Gusuku unrepdepernuv u nudpaxuua no-
3BOJIAET HATH MOJIHYIO KAPTHHY MOBEHNEHU PEAJIbHBIX BOJIHOBBIX IPOLECCOB. 31eCh
Mbl OPEANOLIIIEM TAKOMY HOCJ/IEA0BATE/IbHOMY PACCMOTPEHUIO 00CY XK IeHUe POCTHIX
Mopesielt, OCHOBAHHBIX Ha HAIVIANHBIX (PH3MYECKUX COOBpaXkeHHsaX. DTO NO3BOIAT
naTh GOPMYIMPOBKY 3334, BOSHMKAIOIKX DK ONUCAHUM CBETOBBLIX MYYKOB H UM~
nyJiecoB. OKa3slBaeTCs, YTO B OCHOBY TAKOrO ONUCAHUA MOTYT ObITh HOJIOXEHBI
MI0CKaA ¥ cepUIECKas FAPMOHMYECKUE BOJTHBL.

Ksasunsockue BOnHB. Ha npakTike HEBO3MOXHO CO3IATh UCTOYHUK CBE-
Ta, renepupyomuit none suna (1.14). Koneynasa npoTsKeHHOCTb WIH, KAK NPHUHATO
[OBOPHTBH, KOHEYHAA GNEPMYPA UCTOIHMKA, IPUBOJIUT K TOMY, YTO AMIUIMTYAA CBETO-
BuIX KoneOanuit M3MEHAETCA B IIOCKOCTH, NEPIEHINKY/IAPHO! HANPABNEHNIO pac-
[IPOCTPAHEHNA CBETA, — BO3HUKAET NPOCTMPAHCTMBEHHO MOJYAUPOSaras BoJHa. B
HPOCTPAHCTBEHHO MOXYIMPOBAHHOK CBETOBOU BOJIHE 3HAMEHHUA AMIIIMTYAB # a3kl
3aBUCAT OT KOOPIOMHATHI, T. €. HMEET MECTO CHTYyallid, NIPHHIMIMAILHO OTJIAYAI0-
maAca OT TakoBo# oA mutockolt BosHel. TeMm He MeHee, UMEIOTCA CIIydad, KOraa
AJIOCKYIO BOJIHY MOXKHO pDaCCMaTpPHBaTh HE TOJILKO KAK MaTEMaTH4YeCcKyio abcrpax-
o, Pusnyeckue coobparkeHU A NONCKA3BIBAIOT, YTO €CJIH ANIEPTYPA HCTOYHUKA, CBe-
Ta papha d, TO BoiHOBOH# npouecc Gyner obsamarh cBOfiCTBaMM IIMOCKOH BOJHLI He
TONBKO IJ1A d — 00, HO U JJId KOHEYHBIX, HO JOCTATOYHO BONbIIUX anepTyp.

Kaxko#t cMbICT B TAHHOM CIy4ae CIeAyeT BKJANBIBATH B CJIOBa “Gonbmasn anep-
Typa" (OnTHKH roBOpAT Takxke “mmpokas aneprypa”)? Benmuuny d crenyer cpas-
HUTb, OYEBHIHO, C HEKOTOPBIM XapaKTePHBIM IPOCTPAHCTBEHHBIM MacITaboM mpo-
pecca. Jjia cBeToBoff BOJIHBI B Ka4ECTBE TAKOrO MacmiTaba BHICTYNIAET A/AMHA BOJI-
mel (1.18). B BumumoMm nuanasome A ~ 10~* cm, aneprypa TMnH4HOrO NasepHOro
nyuxa d ~ 0,1 cm. Cnenosarensro, d/\ =~ 102 > 1.

C moMOmp0 ONTHYECKHX DPE30HATOPOB JIA3EPOB, PA3JIUYHBIX KOJUIMMHPYIOIMX
YCTPOUCTB yOaeTcA CO3MABATH MUPOKOAIEPTYPHLIE IMYYKH, aMILUIUTYna u dasa B
KOTOPBIX MENJIeHHO (Ha MacmTabe NAMHBI CBETOBOH BOJIHBI) MEHAIOTCA B ILTOCKO-
CTH, IEPHEeHINKYAAPHON! HAIPaB/IEHHIO PACIPOCTPAHEHHA cBeTa. B Takux ciydasx
BOJTHOBBIE (DPOHTHI Ha 3HAYMTEIBHBIX PACCTOAHNAX MAJIO OTJIMYAIOTCA OT IUIOCKO-
crelt. CrenoBaTesIbHO, MBI MMEEM JEJIO C BOJHAMH OJIM3KHAMHM K IUIOCKHM, T. €. C
KBA3UNNOCKUMY 80AHAGMU. B ciywae rapMOoHnYeCcKo#t KBASHNNOCKOR BOHEI HOJIE HA
BBIXOAQHON arepType HCTOUHHKA MOXHO 34IMCATH B BUIE

E,(t,z,y,0) = A(z,y) coswt. | (1.28)

3neck BoHOBOM (PPOHT IIOCKHUH, & AMILIMTYA2 BOJIHLI MEJIEHHO MEHAETCA B ILIOC-
KOCTH Z, ¥ C XapaKTepHbIM MacmTaboMm uaMesenua d. MoXHO OXHIATb, YTO €CJIH
d > A, T0 cymecTByeT 061aCTh He CJMIIKOM MAJIBIX paccToAHui 2 (BO BCAKOM clry-
4ae 2 3> A, z > d), IjiA KOTOpBIX BOJIHA, BO36yXxnaeMasn ucrounukom suga (1.28),
OCTaeTCA KBa3HIJIOCKOMH:

E.(t,z,y, 2) = Az, y) cos(wt — kz). (1.29)

Kpurepnit npumernmoctu Monenu (1.29) ynaercsa yCcTaHOBHTH, ML 06paIasch K
pemenuio BosiHOBoro ypasHenus (1.10) ¢ rpamuunbiM ycopmem (1.28). O6cyxne-
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HHe 3TOro Bompoca Mbl oTIokHM 1o 4. III. 3mecs ke, 3aberas Buepen, NIPUBEIEM
OIMH 3aMEeYATE/ILHBIH Pe3yJIbTAT, OMKUCHIBAIOIIMYE PACHPOCTPaHEHNE TaK HA3bIBAEMO-
IO 2GYCCOB8G C6EMOB020 NYHKG.

Mycrts npu z = 0 pasossiit GPOHT BOMHEI MITOCKHIL, 2 pa.cnpenenerme AMILIHTY AbI
OIMHCBIBAETCA rayCCOBO# KpHUBOit: R

E, (t x,y,O) Ay exp[—(z* +y2)/d2]coswt (130)

WIn

’ . Eg(t,r,0) = Agexp(— r2/d2)coswt, ‘ (1.31)

rae r? = 2% + y?, d — pamuyc nydxa.
Kak noxasano B nonossenuyu 13, npubiumkeHHOe pelieHne BOJIHOBOIO ypaBHEHHUA

1 6’E, '
| AE, — R 0 : : (1.32)
¢ rpaungHbIM yestoBueM (1.31) umeer Bun
E (t,r,z) = %Ax(r, z) expli(wt — k2)] + k. c. ‘ (1.33)

3mech coxpalgenue “K. C.” O3HAaYaeT “KOMILIEKCHO CONPSXEHHOE BbIpaxeHue”,
Ax (7, 2) — KOMIIEKCHAA aMIUTMTYH2 BOJIHBI, ONpenesaemMan GopMyJoh

Ao 7'2
o(r2) = ——— — ], 1.34
| A2 = Tt o il (-39
a
2y = kd? /2. (1.35)
Bripaxenue (1.34) MOXHO nepenucaTsh Kax
Ax(r, z) = Aexp(—ip), (1.36)
roe A M ¢ — BellleCTBEHHBIE aMITUTYOa U (a3a BOJIHBIL:
4 [ r?/d? ] e
A(r,z) = exp [— , 1.37
r.2) V1+(z/2,)? PlTTE (2/2z)? (1.31)
2 z/z,
o(r,z) = m—m — arctg(z/zy). (1.38)

Cornacso (1.37), {1.38) pacnpenenenue aMnymryas! B Gasbl B NONEPEYHOM CEIEHHH
y4Ka OIPEAEIACTCA TOJbKO OMHUM MAPaMEeTPOM — OTHOIIEHHWEM NYTH z, TpoRaeH-
HOro BOJIHOHM, K XxapaKTepHOR mymMHe z,, onpenensemoit popmynoit (1.35) u Ha3bI-
Baemoft dufpaxyuonnott daunoil ceerosoro nyuka. Ilpu z < z, BblpaxkeHHe A
CBETOBOIO 10JIA YIPOUIAETCA U NpUOBpeTaeT BUL,

E,(t,r,z) = Ag exp(—r?/d?) cos(wt — kz), (1.39)

T. €. Mbl JeHCTBUTEIHHO HMeeM BONHY Bua. (1.29).
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Uem GoJiblle BEJIHYHHA Zy, T. €. 4eM Oosibime oTHomenne d/\, TeM Gosbme pac-
CTOAHWE %, HA KOTOpPOM coxpaHsaerca miockub dasosuift ¢ppont. Hanpumep, ans
H3JIy4eHHuA reJIui-HEOHOBOTO J1asepa ¢ LiMHOM BOJIHM A = 0,63 MKM u paimycom
nyuka d = 0,1 cM mudpaxnuonnas ojauua 2, = 7d?/A = 5 M. Pacmupas nydyok 1o
d = 1 cM, noaydum z; = 500 M. Takum obpasom, pe3ynbpTaThl pacyeTa NOLTBEP-
¥ JAIOT NPEIBAPUTEJIbHBIE KAYECTBEHHDIE COO0OPAKEHHA.

3ameyaTesnbHOE CBOMCTBO TayccoBa Hy4YKa COCTOMT B TOM, 4YTO OH COXDaHseT
cBoi0 OpMy M IpH z > 2,. B coorBercruu ¢ (1.37) npu aTOM M3MEHACTCA JIMLIL
mupHBa ny4xa. B sTo#t obnacry, ogxHako, ny4ox upuobperaer csolicrsa chepuue-
cxo#t onnsl. Y3 (1.37), (1.38) caenyer, 4ro npH 2 3> 2; aMIUTHTYAA BOJHbI yObIBAET
[IPONOPLHOHANBHO IPORIEHHOMY PACCTOAHMIO:

A(r,2z) =~ Agzp/z ~ 1]z, (1.40)
a ¢rasosniit GPoHT cTaHOBRTCA cepHIecKUM:
o(r,z) ~r2/d%. (1.41)

VYxasaugnle CBOKCTBA rayccoBa Ny4Ka HLTIOCTpHEpyeT puc. 1.4, HA KOTOPOM NOKa~
3aHBI U3MEHEHHE IONEpPEYHOr0 PasMepa M HCKPUBJIEHHE BOJIHOBOTO (PPOHTA NYYKa
IIpH €ro PacIpPOCTPAHEHHH B CBOGOJHOM IPOCTPAHCTBE.

Cynepnosunusa chpepryeckux poan. Cayyaliuo MOAyIMpOBaH-
Haa BonHa. Habmogareno, HAXONAWEMYCA HAa OOCTATOUHO OOIBIIOM YIAJICHUH
OT HCTOYHUKA CBETA, NOCHENHNH! KaxeTca cBeTAmedcs Toukolil. EcrecTBeHHO OXU-
[aTh, YTO B 3TOM CJIyYae XApPAKTEPHCTHKH CBETOBOIC IIOJIA B TOYKE HADJIIONEHHMA
6ynyT 6sm3KkH k cBo#CcTBaM chepuyeckol BOMHBI. THIMYHbIM IPUMEDPOM 3IECH ABJIA-
©TCsA TpuXoIlee K 3emMie H3J1yyYeHne 3Bes.

Pesynbrarsl, IpABEJEHHBIE BhILE, NO3BOJIAIOT NPOCAENUTh Ipouecc GOpMHpO-
panus chepuyecKoil BOJIHBI LA KOHKPeTHOH MOOeNn® M3AyYeHHA, & MMEHHO MiA
rayccosa my4xa. B cuiy coorsomennit (1.40), (1.41) nabmonaresnio, paccMaTpHBa-
I0IEMY BBIXOOHOE 3ePKAJIO refuii-HEOHOBOIO Jla3epa C PACCTOAHUA Z 3> Z,, Ja3ep
NpEACTABIAECTCA HCTOYHRKOM CepHuecKol BOJIHBI.

DIeMEHTAPHBIMI ONTHYECKUMH H3NYYATEIAMA ABJIAIOTCA OTUE/IbHBIE ATOMBI U
MOJIEXyJTbl. XapaxkTepubit aToMubilt pasmep coctaBnseT 1078 cM, noatomy manyve-
HHE OTAEJIbHBLIX ATOMOB H MOJIEKYJI MOXKHO PACCMATPUBATH KaK CHEpUYECKHUe BOJIHI
yKe Ha MUKDOCKONMYECKUX Macumrabax.

Obbruno HabsonaoT usnydenue 6osbIIOro yucaa N 3/1eMEHTAPHBIX HU3JIydare-
neft. Tax, B KyBMYECKOM CAHTHMETDE ra3a IPH HOPMaJbHBIX ycnosuax N ~ 102, a
B KOHOeHCHpoBaHHOM cpene N =~ 10?2, [losToMy Masydenue OOGLIYHEIX MCTOMHUKOB
CBeTa eCTh CyNeprnosuuusa 60abmoro yucia chepuyecKHx BOJIH:

N
E.(t,z,y,2) = ¥_(Aos/r:) cosfw(t — ri/c)], (1.42)
i=1
e

ri=[&—z:)? + (- y)® + (2 — )3, (1.43)

Ti, Yi, 2 — KOODOMHATH! 1-TO H3Jy4aressa (atoma wim monekynsl). KavecTsennoe
MpeACTaBJIEHNE O BOJTHOBOM II0Jsie aHCcaMOiia usiiyyareseli gaet puc. 1.5, na Kotopom
[OKa3aHa 9BOJIIOLMA B IPOCTPAHCTBE Cynepnosuimu chepuyeckux sosd. B6iusu or
usNIyyaTenell nose IMeeT CAOXKHYIO CTPYKTYPY NPOCTPAHCTBEHHO MOAYIMPOBAHHOMK
BoJiHEL 110 Mepe ymaJjieHHA OT UCTOYHHKA CBETa ChepHuecKue PPOHTH OTUENILHBIX
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z/zA. = 0,5 . z/z.;Ix =2

Puc. 1.4. PacnpocTpanenne rayccosa cBeToBoro my4xa. KOHTyp nyuka B OPOJOJIBHOM Ce-
9enuyn (CIIOIIHBIE KPUBbIE) M BOJIHOBBIE (ponThl (myHKTHD) (a); nonepetmblﬁ npodpuibL
AHTEHCUBHOCTH H3nydennus (6)

BOJIH COBII3HAIOT Ha BCe OOsbmux mroumanax. Haxonen, npu z — oo cynepmosu-
uMA MHOTHX cepUdecKHX BOJIH XOPOILIO aNNpOKCUMUpyeTca onHolt cdepuyeckoit
BOJTHOU.

Kak onucarp kosm4ecTBEHEHO CBOHCTBA CJI0KHOIO BOJIHOBOTO 1014, IPEICTABIA-
1omero coboll Cynepnozuuuo MHOXECTBa chepruyecKux BoyH? DTO ONUH U3 IVIABHBIX
BOMPOCOB (DU3MKHK U3JIy4YeHHus cBeTa, KoTopolt moceamena 4. 1I. 3mech ke oTMeTHM
TOJILKO, YTO NOCKOJbKY MOBeeHHe GOJIBIIOH COBOKYIHOCTY ATOMOB HJIM MOJIEKYJI
HOMYWHAETCA CTATHCTHYECKUM 33KOHAM, CMAMUCTIUYECKull XapakTep HOCUT U NO-
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Puc. 1.5. Cynepnosuuus chepuyecKkux BOIH

BEAEHMEe CyMMAPHOro CBeToBoro noja. Tak B onTuKe BO3HWKAET MpEACTaBJIEHHE O
cayNaline modyauposannol cBeToBO! BOIHE — BOJIHE, AMIINTYAA M ¢a3a KoTopok
M3MEHAIOTCA HeperyJIPHBIM, CIydalHbM o6pasoM.

KBasurapMoHnYecKue BOJAHB. Kak yxXe roBOpM/IOCH, Ha ONBITE MBI
06LIYHO HMeeM JeJI0 C KOHEYHBIM N0 IJIATEILHOCTH CBETOBLIM HMIIYJIBCOM, & HE C
HaeasibHOM rapMonuyeckoll Bosino#t. Peastbible CBETOBBIE HCTOYHHKH H3JIyYaIOT BOJI-
HBI, MOJLY/IUPOBAHHEIE HE TONBKO B NPOCTPAHCTBE, HO ¥ BO Bpemenu. [lpunumas so
BHUMAaHHE TOJIbKO BPEMEHHYIO MOZYJIALMIO IIOJIA, PACCMATPHBAA PACCTOAHUA 2 K 2,

H TOYKH, HE CJIMIIKOM YAAJIeHHBIe OT OCH CBETOBOrO ny4ka (z, ¥y < d), BMecto (1.28)
MOXXHO HAIHCATh

E.(t,z,y,0) = f(t) = A(t) coswt. | (1.44)

B coorsercreun ¢ {1.13) B obnactu z > 0 ucroynuk suga (1. 44) Bosﬁymrr IJIOCKYIO
AMRAUMYOIHO MOOYAUPOSUHHYI BOJIHY

E.(t,z) = A(t — z/c) coslw(t - z/c)]’, | - (1.455

ABJIAOWYIOCA PeIleHNeM OIHOMEPHOTO BOJIHOBOrO ypasseHus (1.11). B Gonee o06-
mWeM Ciydae BO BpeMEHH N3MEHACTCA He TOJIbKO aMIJIUTYZa, HO U ¢da3a konebaunit
HCTOYHNKA
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E(t,0) = f(t) = A(t) coslwt — p(t)]. (1.46)

Toraa B IPOCTPAHCTBE BO30YKAAETCA BOJIHA, UMEIOMAA BPEMEHHYIO aMITUTY THYIO
¥ $a30ByI0 MOLYJIALHMIO.

WNamenenus yuxuulit A(t) u p(¢t) MoryT 6prTh nocrarouno Osicrpuimu. Tak, co-
BPEMEHHBIE JIA3€PbI CHOCOGHBI MeHEPHPOBATE CBETOBLIE UMIYJIbChI JJIMTEILHOCTHIO
T ~ 10712-10714 c. Tem ne MeHee B NogaBNAIOWEM GOBIIMHCTBE CIyYa€B COOTBET-
CTBYIOHIME U3MEHEHHA aMIUTUTYIbl M (ba3bl OCTAIOTCA MeIJICHHBIMU B MacuTabe ne-
puofa ceerosbix Kosiebamnit T = 27 /w. B sumumom amanazone T ~ 1074-1071% ¢,
¥ Jaxe IJIA MAKOCEeKYHIHbIX uMIysbcos (1 nc = 10712 ¢) srmonHsAeTca HepaBeH-
crBo 7 > T. CpoiicTBa TAKNX MEIJIEHHO MOYJIMPOBAHHBIX BO BPEMEHH BOJIH OJIH3KH
K cpoficTBam rapMoHudeckott BosiHbL. I109TOMY ¥X IPHHATO HASLIBATH K6G3U2GPMO-
HUNECKUMY.

IIpamott moacTaHoBKOH MOXHO NPOBEpUTH, yTO (1.45) yOOBJIETBOPAET BOJIHOBO-
my ypasHenuio (1.10). Bun pemenns (1.45) nokassisaer, uro ¢bopMa BpeMeHHOH
MOLYJIANMH IJIOCKOH# BOJIHBI OCTAeTCA HEM3MEHHOM MK ee PacIpOCTPAHEHAU B CBO-
600HOM IPOCTPAHCTBE. DTUM NOBEIECHHUE BOJH, MOLY/IMPOBAHHBLIX BO BPEMEHH,, [IPUH-
UMIMAJIBHO OT/IMYAETCA OT MOBEINEHMA NPOCTPAHCTBEHHO MOIY/IMPOBAHHBIX BOJIH.
BMmecTe ¢ Tem B MaTepuanbHOll cpene, Kak Me! ybemmmcs B 4. IV, ¢dpopma u niu-
TeIbHOCTh CBETOBOTO MMITYJILCA MOTYT CYIECTBEHHO M3MEHATHCA.

T'oBops 0 BpeMeHHGH MONYAUMK CBETOBBIX BOJIH, KOCHEMCA M TAKOrO BONPOCA!
€ KaKoll CTENeHbIO TOYHOCTH MOXHO NPHOIM3UTHCA HA TPAKTHKE K KAeabHOM Mo-
HoxpoMaTuyeckoit Bosne? Ha nepsbift Barnan MoXeT NMoKasaThCs, 4TO pe4yb UOET O
Texunyeckol npobneme. eficrBurensro, Kazanoch Obl NOBLIMICHKUE CTAOUNBLHOCTH
napaMeTpoB OXHOYACTOTHOIO JIA3epa HerpephiBHOrO OeHCTBUA MOXKET NMPUBECTH K
reHepanuy ONTHYECKHMX KojeGaHul, CKomb yroguo 6nmu3kux K rapmonmdeckuM. Ha
CaMOM Xe JeJleé UMEeeTCs MPUHOUIHAVILHBIY Ipenesl MOHOXPOMATHYHOCTH, Onpene-
JiAeMbI KBaHTOBBIMHM (DIYKTYAlMAME B HM3JIy4alOUMX aTOMAX M MOJIEKYJIaX. DTH
bnyKTyansy OKasbIBAIOTCA NPHYMHON HEYCTPAHUMBIX aMIUTHTYAHOR 1 (pasoBoit Mo-
Dysauuit posel. Hamo ckasaTh, 4T0 cBA3aHHAA C KBAHTOBHIMU (DIYKTYaUMAMM He-
MOHOXPOMATUYHOCTH U3JIyYeHH A OTHOCHTEIbHO HepBesiuKa. OTKIIOHEHHE YaCTOThI OT
cpenseit ne npesbrmaer 102 I'u. C auMu, 0MHAKO, IPUXOONTCA CIHTATHCA B KBAHTO-
BBIX CTaHIAPTaX YaCTOThbl ¥ BPEMEHH, NPEIU3HOHHBIX ONTHYECKMX IKCIIEPUMEHTAX.
O6pamanck xe K NPUHIMIHAILHON CTOPOHE Ie/1a, MOXXHO PE3IOMUPOBATD, YTO HAE-
anbHas MOHOXPOMATHYECKas BOJIHA €CTh Takas XKe abeTpakups, Kak W HOeabHaA
nocKas BosiHa. VmeanibHasd MOHOXpOMATHYECKas BOJIHA HEOCYIIECTBHMA.

CrnexTpa/IbHOEe pa3JjioXKeHHe CBETOBOro mojd. Mrax, BO MHOrMX Ciiy4aax
cBOMCTBa N3NYYEHUA PEasIbHBIX ONTHYECKNX UCTOYHUKOB 6usky K cBoficTBaM 1moc-
Kolt wim cepuyeckolt rapMOHHYECKHX BOJIH. DTUM, OIHAKO, POJb STAJOHHBIX BOJIH
He ucdyepnriBaercaA. IIpousBosbHOE BOMHOBOE BO3MYUIEHHE MOXKHO NDEJCTABUTEH B
BUJIE CYTIEPIIO3ULMM ITAJIOHHBIX BOJIH MJIM, HHAYE MOBODA, PA3JIOXKUTH €0 B CUEKTp,
BBITIOJTHUTD CNEXMNPAALHOE DGIAOHCEHUE.

Ocoboe 3Ha9€HHE B ONTHKE MMEET DA3JIOXKEHHE BOJHOBBLIX NYYKOB M MMILYJIb-
COB IO IIJIOCKMM TapMOHNYECKMM BOJIHaM. [eslo B TOM, 4TO Takoe Dpas/IoKeHHe
OKa3bIBAETCA HE TOJIbKO ymobOHoH MaTemaTmyecko#t omepamumed, oHO daxmusecxu
OCYUW,ECTBAREMCR B PEAIBHOM ONITHYECKOM 3kcnepuMmente. OnuH U3 KJIACCHIECKHX
3KCIIEPMMEHTOB TaKOro pona — 3HaMeHuThIl onbitr HeloTOHA, B KOTOpOM HabJIIO-
JIaN0Ch Pa3jlokKeHHe B CIEKTP CBeTa C MOMOMmIBI0 CTEKJIAHHOH npusmbl (prc. 1.6).
3akmouenue HpioTOHA O TOM, 4TO “COJIHEYHEIH CBET COCTOMT M3 JiyueH pa3sIuy-
HOM IpesIoMNAEMOCTH” , HETPYIHO MEPEBECTH HA MATEMATHYECKUH A3BIK CIEKTPAThb-
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Puc. 1.6. Ommr HeroTona

HBIX pasnoxenuit. OHO 03HAYAET, YTO MOJIE IIJIOCKOH HEMOHOXPOMATHYECKOM BOJIHBI
E.(t,2) MOXHO TIPEACTABATL B BHUAE CYNEPIO3UNEM IJIOCKMX MOHOXPOMATHYECKHX
BOJIH.

HeticTBuTensso, npon3osbayio GyHKuMO f(1), ONUCHBAIOIIYIO 33JAHHOE NPH
z = ( cBETOBOE BO3MYLICHWE, MOXKHO NPEACTABUTL B BHIe uHTerpaia Pypbe (cMm.
JOTIOTTHER e 4):

f@®) = ;];— / [a(w) coswt + b(w) sin wt)dw =
0

_ = —}/f(w) cosfwt — w(w)]diu, ' (1.47)
0

T. €. PA3JIOXKHUTb B CIHEKTD IO FADMOHHYECKHM KOJebaHMAM MM, Kak Mbl Gymem
TOBOPUTB, B YACTOTHBIH CIIEKTP

fo = f(w) cosjwt — p(w)]. (1.48)

AMIUTHTYIBL KB3IPATYPHBIX CIEKTPAJIbHBIX KOMIIOHEHT a(w) ¥ b(w) unu cex rpasib-
Hele ammuryna f(w) u dasa p(w), onpenenaomue YacTOTHBIH cnekTp GyHKUHK
f(t), BoruncnA0TCA ¢ IoMopIo obparHoro npeobpasosanus Oypoe

)= [o f@)coswtdt, bw) =_[o fO)sinwtdt, (1.49)

fw) = Va*(w) + W), tgeWw) = bw)/aWw).

Kaxnaa rapMOHHYECKaA KOMIIOHEHTa 3aJaHHOro npu z = 0 Boamymenus f(t) Bos-
Oy>KIaeT MOHOXPOMATHYECKYIO CBETOBYIO BOJIHY . .
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E,(t,2z) = f(w) cosjwt — kz — p(w)]. (1.50)

®yuxuua suna (1.50) yoossieTBopseT BOJIHOBOMY YPABHEHHMIO. YOBJIETBOPAET EMY
M NOJIHOE ToJe, ABJAmEECH cyneprnosuimeit o (1.50):

xR0
Ey(t,2) = % / Eodw. (1.51)
0

Popmy:ia (1.51) Hapany c (1.45) naer eme onuH crnocob OmMCAHMA HEMOHOXPOMa-
THYECKOH IIOCKOH BOJHEL — B BUME CYNEPHO3HUIMH IUIOCKMX MOHOXPOMATHYECKMX
BoJH. IIpMHATO TrOBOPETH, 9TO BhipaxkeHue (1.45) OMHCHIBAET HEMOHOXPOMAaTHYe-
CKYIO BOJIHY BO @pemenndm npedcmasaenuy, a (1.51) — B cnexmpanvrom npedcma-
8AEHUL.

CrekTpasibHBIE Pa3/IOKEHUA €CTECTBEHHbIM 06pa3oM 0606mAaTCA ¥ Ha BOJIHO-
Bbie IyYKH — HPOCTPAHCTBEHHO MOXYJ/IMPOBAHHBIE BOJIHBL. BOJIHOBOM my4oK TOXKe
MOXXHO IPEICTABUTH B BUIE CyNEPIO3HLIMH IJIOCKHX BOJIH, HO TEmepb pedub MIET O
Pa3JIOKEHUN [0 BOJIHAM, PACIPOCTPAHAIOIMMCSH B PA3/IMYBLIX Hanpasiendax. Pas-
JIAYHBIE CIEKTPAJIbHBIE KOMIIOHEHTR! B TAKOM PA3JIOXKEHHH XADAKTEPU3YIOTCA yIJia-
MM MEXIY HANPABJIEHHEM PACIPOCTPAHEHMs BOJIHBI H KOOPOMHATHBIM ocaMu. ITo-
3TOMY IPHHATO TOBOPHTH 00 y2.060M cniexmpe NPOCTPAHCTBEHHO MOIYJIMPOBAHHOMK
BOJIHEL. 3aMEYATEILHO, 9TO PA3/IOKEHUE B YTJIOBOH CrieXTp PpU3HIECKH IPOUCXONAT
B OY€Hb MPOCTHIX NO IOCTAHOBKE ONbiTax. Tak, popMa yrioBoro CnekTpa CBeTOBOrO
OY4YKa ONPENesIAeTCa PACIPENEICHAeM OCBENIEHHOCTH HA SKpaHe, PACIOOXKEHHOM
Ha [OCTaTOYHO GOJILIIOM YHAJIEHMH OT MCTOYHMKA CBeTa (NpH 2 > 25), aubo B
doxanbuolt mockocTH ME3EL. B Takux oneiTax cBOGOIHOE MPOCTPAHCTBO H JIUH3A
BBINOJIHAIOT TAKYIO e ONepaiyio Gypbe-pasnoKeHus [0 OTHOMEHHIO K YIJIOBOMY
CIIEKTDY, YTO NPU3Ma 10 OTHOWIEHHIO K YacToTHOMY. [lompobroe ofCcyKaeHne 9THX
BONpOCOB MBI OTNOXEM 10 4. ITI; ux ananmus morpebyer Gonee meranbHBIX NPENCTa-
piieHu# 0 pU3KMKe PACIPOCTPAHEHNA POCTPAHCTBEHHO MOLYIAPOBAHHBIX BOJIH.

HNpuanan cynepnosuman. CoOriacHo STOMY IPHMHIMIY CBETOBBIE BOJIHEI pas-
HBIX YaCTOT M PasHBIX HANPAaBIEHU{ PACIPOCTPAHAITCA B BAKyyMe€ HE3aBHCUMO
Bpyr ot apyra. MoxXHO yKa3aTh MPOCTHIE SKCNEPHMEHTEI, HANIANHO HJLIIOCTPUpY-
10IAe NPUHINN Ccyneprnosnimy. Tak, Yepe3 OOHO H TO Xe OTBEPCTHE B 9KPaHE IBA
Habmonarensa MOTYyT BHOETh Pa3Hble 0OBEKTHI; IPH 3TOM HaOMONAEMBIE HMH Kap-
THHEI, BOOOIIE rOBOPA, HUKAK HE CBA3AHBI MEXIY cobolt.

MaremaTHyeCKH NPHHIMI CYNEpHO3HIMH ABJIAETCA CAENCTBHEM JIMHEHAHOCTH
BOJIHOBOTO YDAaBHEHWs, OMUCHIBAIOIIErO PACIPOCTPAHEHHE CBETOBBIX BOJIH B BaKy-
yMme. B camom nene, ecrm mosia Ey, E, ... ABJIAIOTCA PEMIEHUAMH BOJIHOBOTO ypas-
HEHHUA, TO €ro pPelmeHneM OKa3bIBAETCA M CyMMa, mosielt

. E=Y_E,
' n

B sTOoM MOXHO yOemuThCA, MONCTaBJIAA, HanpuMmep, B ypasuennue (1.10) miockue
BOJIHBI BHAS

Ezn = Apcos(wnt — kn2), kn=uwyn/c.

ITpu aTOM BONHOBOE YpaBHERUE PACHANAETCA HA HE3ABHCHMEBIC YDABHEHMA MJIA OT-
JEeJIbHBIX BOJIH. -



28 Yacmo I. Onexmpomazrnumnas meopus ceema

Iloutn TpuBHa/ILHBIRA B 3JIEKTPOMArHUTHON TEOPHH, IPVHUMI CYIEPTIO3UIMH CO-
3xaBaJi NpobJieMbl Ui CTOPOHHHMKOB KOPIyCKyaaApHo# Teopuu csera. Kasanoch Onl,
YTO KOPIYyCKYJbI, NPHHAICIKAINE DA3HBIM CBETOBBIM NYYKaM, JOJIKHBI KaK-TO
B3auMoIeicTBOBaTb, pacCeuBaThCca OPYyr Ha apyre. axe ocuoBaTemo BOJHOBOM
Teopun ['lofireHCy NPUHUMI CyNepnO3UIUHA OTHIOAb He IPEICTABJIAICA CAMOOYEBH -
seIM. B “TpakTtare o ceere” iofirenc nucan: “YamsurensHeiimee cBORCTBO CBeTa
COCTOWT B TOM, 4TO JIy4d, MOYIUME U3 PA3HBIX ¥ J1aXKe IIPOTUBOIOJOXHBIX HANPA-~
BJIERUH, TPOXOIAT ONMH CKBO3b APYro# HUCKOILKO He NPEATCTBYA 00010aHbIM nell-
creusam” . Huxe Mpt ybeaumes, uto comuenus [oltrenca umeror non cobott cepnes-
Hble OCHOBaHUA. COBpEMEHHAA J1a3epHAsA ONTHKA HAET MHOTO IPUMEPOB CHJILHBIX
HADYIIeHUH NPHHIMIA CYTIEPNO3NLIUA I/ CBETOBBIX BOJIH, PACIIPOCTPAHAIOMMUXCS B
MaTepuasbHOM cpene. KBaHTOBasA 3i1eKTpOOMHAMUKA NpENCKasbiBaeT (Mpapna, NpH
O4eHb HOJIBIINX Jaxe 110 COBPEMEHHBIM MEPKaM UHTEHCHBHOCTAX CBETA) HADYHIEHNA
NPUHOANA CYNEPNO3UIHKE U B BaKyyMe. B OYeHb MOIHBIX CBETOBBIX IOJIAX HOJIX-
HO HabIOATHCS PACCesHRE CBETa Ha cBeTe B Bakyyme.? Taxum o6pa3oM, MpHHIMI
CYNEpO3ULUN B ONTUKE OTHIOAL HE ABNAETCA YHUBEpCANLHbIM. Mb1 Oyoem cuuTaTh
€ro CpaBeIJINBBLIM JUIA BOJIH B BakyyMe. Bompoc o npenenax npuMeHHMOCTY MPHH-
LIMIT3, CYTIEPIIO3MINN B MaTepuaJjibHO# cpene obcyxuaerca B 4. IV.
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JIlexnusa 2
Ilonapusamus cBeTa

Honepesriocmv ceemosott eoanvi. Cocmoanus noaspuseyuu naocxolt 2apmonuse-
cxoll soanb. Saaunmusecxan, xpyzoeas, ausreiinas noaapusayuu. Hemonozpoma-
musecxut! ceem. Ecmecmaernas noaspusayus. IKCnepumenmartine mMemoov us-
MEPEHUR NOARPUIGYUL.

BeomuTca noHATHE NONAPH3aUMKM CBETOBOH BOJIHBL. PaccMaTpuBalOTCA COCTOA-
HHA NOJIAPH3ALMH FAPMOHHYECKOH BOJIHBI, & TaKKe HEMOHOXPOMATHYECKOTO CBETA.
HanaraiorcA OCHOBB TEOPHH U 9KCIIEPHMEHTAJIbHbIE METONB! H3MEPEHAA TI0J/1APHU3a-
HHH.

Ionepewnocts ceeroBolt BoNHEL. QopmyJtbt (1 10), (1.13) onuceiBalor noBe-
JieHue IpOH3BOJILHOM KOMIOREHTHI BekTopa i wm H B mnockoit ceerosott BosHe.
Hudopmanua, KOTOpYI0O MOXKHO IOJY4YHTH O IUIOCKOH CBETOBOH# BOJIHE M3 ypaBHe-
Huit MakcBesiia, 9THM, OAHAKO, He HcdepnbiBaerca. Ilosbsysacs ypasuenuamu (1.2)-
(1.5), MOXHO ONpeNesNTL COOTHOMIEHUA MEXK 1Y HAITPABSICHUAMY U BEJIHUNHAMY BeX-
Topos FE u H.

PaccMOTDHM IJIOCKYIO CBETOBYIO BOJIHY, PACIPOCTPAHAIONIYIOCA BIOJb OCH 2. B
Takolt Bonwe E = E(z,t), H = H(z,t). Illokaxem, 4T0o NaHHAA BOJHA ABJIACTCA
nonepexyodl, T. €. KOMIOHEHTH NMoJIeH B HAIIPABJIEHAH PACHPOCTPAHEHHA BOJHBI OT-
cyrcrByior: E, = H, = 0. [JefictsurensHo, u3 ypasHenusn (1.4) crienyer, 9to

. = OE, ©O0E, ©0E
divE = — 4+ ¥ 4 =
oz 8y Oz

Iockonbky B paccmarpmpaemolt sonse 8E, [0z = 0E, /8y =0, To u 8E,[/82=0
T. e. kOMnoHeHTa E, He MeHAeTcA B mpocTpaHcrse. Bruimucas ypasHeHue s z-H#
KOMIIOHEHTRI poTopa BekTopa H, momyqaum

- 6H, O0H, 10E,
(rot H), = —¥ ~ == .

oz oy c Ot
Tax xak OH,/0z = 8H,/8y = 0, To u 8E,/0t = 0. Orciona cnenyer, uro E,
€CTh KOHCTAHTA, He 3aBuUCAmAA HU OT z, HU oT t. [lockoneky Hac mHTEpecyIoT Gbi-
CTPOTIEPEMEHHBIE IO, €€ CIEAYET NOJIOXHTh PABHOM HYM0. AHAJIOTHIHBI BLIBOL,
MOJXKHO CIENATH OTHOCKTENILHO TPONOJILHOY KOMNOHeHTH MarsuTaoro nonsa H,. Ta-
KHM 06pa3soM, B ILUIOCKOH SJIEKTPOMATrHUTHON BOJiHE, PaCIPOCTPAHAIOMENCA B CBO-
60nHOM NIPOCTPAHCTBE BIOJIb OCH 2, OTJIMYHBI OT HYJIA KOMIOHEHTH E, Ey u H_,
Hy,aE,=H,=0.
_ Ypasrenua MaxcBesua N03BOJIAIOT HAHTH CBASb MEX/Y BEJMYMHAMH BEKTOPOB
E u H B cserosoft Bosne. Y3 ypasneruit (1.2), (1.3) umeem

=0.

g
n

0z c Bt 2.1)
2 - —aHy 1 6E= ’
(rot H); = 5 oot

ITonoburM 06pasoM ycTaHaB/IMBAEM B33AMMOCBA3h KOMNOHeHT E, u H :
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0E, 10H, oH, _10E,
82 ¢ 8t Bz ¢ 6t

Ypasuenus (2.1), (2.2) onuceiBaioT fBe HE3aBHCHUMBIE IJIOCKME CBETOBBIE BOJIHBI.
Ob6e BoJTHBI PACIPOCTPAHAIOTCS BAOb OCH 2, OAHA B3 HUX XADaKTEPU3YEeTCsA B3aUMHO
OPTOrOHAJILHBIMY KOMIIOHEHTaMu nona By, H,, a npyras — xomnonenramu E,, H,.

IlnockaAa rapMOHHYECKAaA BOJHA. PacCCMOTPHM ILIOCKYIO CBETOBYIO BOJI-
Hy ¢ Konburypauueh nona “E;, H,”. Ilonoxum

(2.2)

E; = Acos(wt ~ kz), k=wfc.. (2.3)
Ionb3sysce popmynamu (2.1), (2.3), HerpyaHO NOKA3ATH, YTO
0H, CGE,; _0E, O0H, 18E; _ 9E,
ot 9z  8t’ 08z ¢ Ot 8z
Orciona cnenyer, uto nona E; n H, MoryTr ommdYarbcs umb Ha KoHCranty. Ho
CBETOBOE TIOJIE HEe CONEPKUT NOCTOAHHOK COCTABNAIOMEH, TOSTOMY

E; = Hy = Acos(wt — k2). (2.4)

Taxum o6paszoM, B MIOCKOH rapMoHmueckoit cserosolt ponne tuna “E;, H,” obe
KOMIIOHEHTBI TIOJIA MEHAOTCA CHH(}A3HO No rapmoHMYeckomy 3akomy (puc. 2.1).
IonobusiM o6pasom s Bonusl “Ey, H;” nosyvaem

— By = H, = Acos(wt — kz). (2.5)

Cocrosans moJjiApE3anMy niaocko# rapMonmdyeckolt sosmel. dununru-
4decKas, Kpyrosasd, JuHelluaa monspusanun. [Ipe HalinenHwle HaMu oneped-
Hble BOJIHBI B, Hy u E;, H, oTnu4aloTca Apyr OT APYTa HANPABJIEHAAME BEKTOPOB

E u H, 1. e. HampaBieHUueM noAspu3ayuy. BOJHBI, ONMHCHIBAEMble YPaBHEHMAMH
(2.1)~(2.5), Ha3BIBAIOTCA AUHEUHO NOAAPUIVBAHHBIMU, TAK KAaK NPH (DUKCHPOBAH-

HOM 3HAYEHHM Z KOHeI BeKTopa E nsuxerca no npsmoi wunuu. Hanpasnenne win
-

BEKTOD MOJIAPU3AIHMHE BOJIHBI YCJIOBUMCA CBASHLIBATH C HANpaBiieHHeM BekTopa F.
Beenem Takxe IJIOCKOCTH NOJIAPH3ALHM, ONPEIEHB €€ KaK IJIOCKOCTb, B KOTOPO#
JiexaT BekTop F ¥ enuHuuHbIfl BEKTOp Zp, XapaKTepusylomuil Hanpas/ieHHE pac-
[IpPOCTPAaHEHHSA BOJHBIL. JImHeflHO MONApU30BaHHBIE BOJIHBI OyaeM Ha3LIBATH TaKXKe
TAOCKO TIOAAPUIOBAHHDIMU.

IIpennourenne, KOTOPOE OTAALTCA BEKTOPY HAIPAKEHHOCTH 3JIEKTPHIECKOrO Mo~
J1a npu HOPMYIHPOBKE 3THUX TOHATHH, €CTh NIPEXKJE BCErO BONPOC ONpPENEICHHUA.
“CpeToBbIMH BEKTOpPaMH’ B PaBHOH Mepe SABJIAIOTCA BEKTODHI EwuH. 3amerum,
OIHAKO, YTO €CJ¥ FOBODUTH O B3aMMONEHCTBHM CBETAa C BEINECTBOM, TO ONpeEIe-
JIEHHBI# [IPHODHTET NOJIAKEH GBITh OTAAH BEKTOPY K. DTO CBA3AHO C TeM, YTO CH-
na, nefcTByoman CO CTOPOHbI CBETOBOIO NMOJIA Ha BNEKTPUYECKUH 3apAl, paBHA
F = eE + (e/c) [’D’, H ] , 1 1pu v/c & 1 neficTBHe MATHUTHOrO MOJIA MHOrO ciabee,
Hexemu JefcTBie 3JIEKTPUYECKOrO.

Kaxnas us sons B, Hy u E,, H, ynoBneTBopseT BOJIHOBOMY YDABHEHHMIO. YIO-
BJIETBOPSET €MY, OYEBHIHO, ¥ CYMMa, THX BOJIH. B 9TOM COCTOMT OOHO M3 IIPOABJIE-
HUM OPUHIMOA CYNEPHO3HUIMM JJIA CBETOBBIX BOJH B Bakyyme. B ofmeM ciy4ae
y IJIOCKOM TapMOHMYECKOM BOJHBI OTJIMYHBI OT Hyna 06e xomnorentH E., E;, a
BEKTOD SJICKTPHYECKOTO MOJIA HMEET BHJL «



Jexyua 2. Iosspusayus ceema 31

v

Puc 2.1. ILnockue rapmornseckue sosun Tana Ex, Hy (o) u Ey, H; (6)
’%
E(t,z) = 20E(t, 2) + GoEy (¢, 2). (2.6)

PaccMOTpHM NIIOCKYIO BOJTHY, KOMIOHEHTHI 9JIEKTPHYECKOIO 10JiA KOTOpOoi u3-
MEHAIOTCH 110 FAPMOHAYECKOMY 3aKOHY

E.(t,z) = Arcos(wt — kz + ¢1), Ey(t,z) = Azcos(wt — kz + a). (2.7

Haltnem ypaBHEHHMe TpaeKTODHH, II0 KOTOpo# mpukercsa KoHen sekTopa E B muoc-
XOCTH z == const . Jlna aToro BseneM BcroMorarenbHoe obo3Havenve T = wt — kz U
npeobpasyem Buipaxenusa (2.7) cnemyomum 06pasom:

E;(t,z) = Aj(cosTcosyp; — sinTsineyy),

E,(t,z) = As(cos T cos s — sin 7 8in pp).

Orcona
Bs in By singy = cos 7 sin( )
4, P2 A, 1= Y2 —P1)s
E, E, L.
~—Cco8pz — —— cO8 1 = 8in7sin(ype — ¥1).
A; A

Bo3Bonsa B KBaJpaT NpaBbIE ¥ JIeBHIE JACTH STHX YPABHEHHH M CKJaJbiBas, Halkmem
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Puc. 2.2. CocTOAHUA MOJIAPU3ANMM IIOCKOH rapMonmsecko#t Bosunl (a—4)

E, 2 Ey 2 EzEy — ain2
(Z) + (Z;) 2A1A2 cos(ip2 — 1) = sin®(p2 — ¢1). (2.8)

Ypasuenue (2.8) ABnsfeTCA ypaBHEHMEM BJUIHICA. DJUIANC BIHCAH B IPAMO-
YTOJIBHHMK, CTOPOHBI KOTOPOTO NapaJlIesibHLL OCAM T, Y ¥ UMEIOT IUIMHB 24; u 24,
(puc. 2.2,a). Utak, B obmem ciiyyae NpM DPaCIPOCTPAHEHHWH ILJIOCKOH MOHOXpOMa-
THYECKOH CBETOBOH BOJHBI KOHEL BEKTOpa F B IUIOCKOCTH z = CONSt OMECHIBAET
3JIJIHIC. AHAJIOrMYHO BemeT cebA ¥ BEKTOp HANPAXKEHHOCTH MArHUTHOro mnond. Ta-
Kasl BOJIHA HA3LIBAETCA IAAUNMUNECKY NOAAPUI08GHHOTL.

JBurasace no 3JUMMNCY B IUTOCKOCTH z = const, KOHel BekTopa E Moxer Bpa-
mMATHCA IO YaCOBOH MM MPOTHUB 4aCOBOH cTpesku. s Toro 4Tobbl pa3iuiuTh 3TH
IIBa COCTOAHHs, B OIITUKE BBOAAT MOHATHUA npasol nojsipusanmy (s Habsonare-

Jis1, CMOTPAILETO HABCTpedy CBETOBOMY JIydy, BpamieHre BekTopa E npoucxomur no
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e)

Puc. 2.2. Cocrossus noIApU3auuy JUIOCKOH rapMOHIYECKOH BOJIMK

{(mpomosixenue, puc. e)

o
YacoBOM CTpeJiKe) M se6oll MONApU3auMY (BpameHue BeKTopa F B npoTHBOMONOXK-
-

HOM Hampassiennu). [TokakeM, 4TO HanpaBJ/ieHue BpalleHua BeKTopa E 3aBucuT OT
3HaKa pasHOCTH da3 ¢ = 3 — ;. BoibepeM mMoMmeHT Bpemenu tp, LA KOTOPOro
wtp — kz + 1 = 0. B sTor MOMenT, cornacuo dbopmynam (2.7),

E.t (t07 Z) = Al; Ey(t05 Z) = _wA2 sin . (2'9)
3mece Touka Hapn OykBo#t oboszHadaer auddepeHHHpOBAHAE MO BPEMEHHU, T. €.
E, = dE, /dt. U3 dopmyn (2.9) BunHO, 4TO B TOT MOMEHT, KOT/a KOHel BeKkTopa F
nocTuraeT Kpafineit mpasolt Touku coeit TpaexTopuu (puc. 2.2, a), umeeM Ey < 0,

ecmn 0 < p <, 1 By, >0, ecmn —w < ¢ < 0. OueBuIgHO, YTO NEPBBHIY U3 ITUX CILYy-
9aeB COOTBETCTBYET IIPABO IOJIAPH3OBAHHOH BOJIHE, a BTOpOH — JIeBO IIOJIAPH30-
BaHHOH. PacCMOTpHM Temneph 4acTHbIE CIIyYaH.

JInne#inaa nonapusauua. Ecnu pasnocrs a3 ¢ = 2 — 1 = mmw, rae
m =0,%1,42,..., TO 5A/HNC NEPEXONUT B NPAMYIO, ONKCHIBAEMYIO YPAaBHEHHEM

5 B _(_ymis
’ E, As
B sToM caydae BOJIHA ABJAETCHA JIMHEHHO IOJIAPU3OBAHHON MM ILJIOCKO MOJIADH-

3oBanHO#t. Ha puc. 2.2, 6 nokasaHbl ABa BOSMOKHBIX HAIIPABJICHAA TOJIAPH3ANMAM B
:LTI0CKO TNOJIApH30BaHHON BosHe, cooTBeTcTBYIOMME @ = 0 B @ = 7.

2 3ak. 350
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Kpyropas nonapusauua. Eciu A; = Ay = A u o = @2 — 1 = mn/2,
e m = £1,43,45,..., 70 ogHa U3 KOMNOHEHT BexTOpa E npoxonur yepes Max-

CUMYM B TOT MOMEHT, KOIZIa Apyras o0pamaerca B HyJib. B 9TOM ciay4ae sJMnc
BBIPOXKAAETCA B OKPYXKHOCTb, KOTOPas OIMUCHIBAETCA YPABHEHUEM

E + EI = A,

Wrak, koHen Bektopa F (pasymeercs u H ) IBMIKETCA O OKPYKHOCTH, BPAIIAACH 110
4aCcOBOM MM NPOTUB 4acoBoft cTpenkn. Takoe COCTOAHKE TIONAPU3AIMH BOJIHB! Ha~
3BIBAIOT KPYroBO# MM HUPKYJIApHON nonsipusanuelt. PaznuyaroT npasyio u aesyio
Kpyrossie nosapusanuu. g npasol nosisapusanum

- p=m/2+2mn, EW =ZEM + HBEM, (2.10)-

roe

EY) = Acos(t + ¢1), Es(/+) = —Asin(7 + ¢1). (2.11)

Ilns neso#t monApu3anuu
@=—m/2+2mn, E)=HE +HRE, (2.12)

rae

E;") = ACOS(T + (Pl), EZ(I—) = ASiIl(T + (Pl) (2'13)

Ws dopmyn (2.10)-(2.13) cnenyer, uro

E=E® 4 EC) = £,2Acos(r + ¢1). (2.14)

9710 03HAYAET, UTO CyMMa IIPABO- U JIEBO-TIOJISIPH30BAHHEIX BOJIH JaeT JIMHEHHO HOo-
JNAPU30BAHHYIO BOJIHY.

Mapamerpsr Ctokca. Chepa IIyanxape. B obmem cinydae miockas
MOHOXPOMATMYECKAA CBETOBAaA BOJIHA MMEET MPABYIO WM JIEBYIO DJLIMITHYECKYIO
nmosiApuzauuio. [loIHaA XapaKTepUCTHKA BIJIANCA NAETCA TPeMA MapaMeTpaMu, Ha-
npumep, napamerpaMu Ai, Az, ¢ WM BHIPAXKAIOIMAMUCA Yepe3 HUX MOyOCAMH
BINMNCA G, b ¥ YyIJIOM 1 MeXIy ocbio © ¥ Gonpumioft ockio 3nnmmunca (puc. 2.2, a).
YnobHo Tax>ke ONUCAHME LIUITAYECKH NOJIAPH30BAHHON BOMHBI Ha OCHOBE Iapa-
merpos CTOKCa, onpenendeMbix GopMyaamMu

So=A%+A%, SI=A%-—A%,

(2.15)
Sz = 2A1A2 Cos , S3 = 2A1A2 sin 728

HesaBrcuMBIME OKa3bIBAIOTCA TOJIBKO TPH U3 HUX, TaK KaK CIPAaBEIJIMBO TOXKIECTBO

S2=8}+82+8S;. (2.16)

Bsogs BcioMoraTenbHbIA yrog x, onpenessiemblit popmysioh

tgx = tb/a, (2.17)
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rie a u b — 1oJyoCH 3JUTHIICS, OJMAPU3ANKY, 3HaK “~+” COOTBETCTBYET MPAaBONOJIA-
pH30BAHHON BOJIHE, 3HAK “—" — /I€BONOIAPH3OBAHHON], HETPYLHO NOJYYUTDb CJIEHY-
1ome COOTHOIMEHUA N1A napamerpos Crokcal:

Sy = Sop cos(2x) cos(2¢)),
Sy = 8y cos(2x) sin(2v)), (2.18)
S3 = Spsin(2x).

Dopmyast (2.15)-(2.18) MoryT GeITh MOM0XKEHBL B OCHOBY HAIJIAQHOTO T€OMETPHYe-
cKoro mpencrasnenus nosApusamuu. [lapamerpsr Crokca Sy, Sz, S3 MOXHO pac-
CMaTpPHMBATh KakK [E€KaPTOBbI KOOPAUHATHI TOUKH Ha cdepe panmyca Sp. YIibi 2x #
21 nMeroT cMbIcst chepUYecKUX YIJIOBBIX KOODOMHAT 3ToH ToukH (puc. 2.2, €). Yroa
%) XapaKTepu3yeT OPHEHTALMIO BJUTHIICA MOIAPU3AUUN, YTOJ X — €ro 3JUIMNTHY-
HOCThL (OTHOIIEH¥E Hosiyoceft) M HanpabseHue Bpamenus. Takoe reoMmerpuyeckoe
IpeACTaB/IeHKMe NoJiApu3auuy upenyioxun Ilyankape, nosroMy usobpaxeHHyIO Ha
puc. 2.2, e cdhepy HasmBawT cepoit Ilyankape.

B 3ax/i049eHBE 3TOTO MYHKTA NEPEYUC/IMM BO3MOXKHBIE COCTOAHUA NOIAPU3AUUH
ILI0CKOH rapMOHuYecKol BonHb! (puC. 2.2): 4 — JUIMOTHYECKH NOJAPU30BAHHAA
BOJIHA, 6 — JIMHEHHO NOJIAPN30BAHHAA BOJIHA, 6 — UMPKYJIAPHO MOJIAPMU30BAHHAA
BoJiHA (IPABAas ¥ JIEBAA NOJAPU3ALNK), 2 — HJUIHITHYECKH NOIAPU3OBAHHAA BOJIHA
TIPM PA3JIMYHBIX 3HAYEHUAX PAZHOCTH (pa3 ¢ OPTOrOHAJILHBIX KOMIOHEHT N0, d —
JIMHEHRHO MOJIAPU3OBAHHASA BOJIHA KaK COBOKYNHOCTH IBYX HHPKY/NAPHO MOJIAPHU30-
BAMHBIX BOJIH CO BCTPEYHHIMU HANPABIICHUAMH MOJIADPU3ALMM, e — NPEACTAaBJIEHHE
COCTOAHHUA NOJAPU3ALMK TUIOCKOH rapmMonuyeckolt Bosab! Ha cdepe Iyankape.

Komnnekcunas sanuck cseroboit sonubs. Komnakraoe um ynobuoe
NpPEeNCTaBJIEHNE BOJIHOBBIX IMOJIefl OCHOBaHO HA NPHUMEHEHWH KOMIUIEKCHOH sanmch.
Ucnonbaysa ¢popmyay Ditnepa

1
cosa = -;— exp(ia) + 3 exp(—ia), (2.19)
3aMMIIEM JIEKTPUYECKOEe NOJIe IJIOCKOH rapMOHNYEeCKO# BOJIHBI
E = 2y A; cos(wt — kz + 1) + Jo Az cos(wt — kz + @3) (2.20)
B BHIE
. 1
E= 5(:2‘05z + Jo&y) expli(wt — k2)] + k. c. (2.21)

3aech cokpamenne “k. ¢.” o3HavaeT “KOMIUIEKCHO-COMPSXKEHHOE BbIpaXxeHue”, a
BesM4MHBl £, ¥ £, HA3BLIBAIOTCA KOMMNAEKCHOLMU GMNAUMYJaMU ¥ ONpPENesIAITCA
dbopmynamn

& = Arexplipr), &y = Azexp(ips). (2.22)

Kax BugHo U3 onpenesenua, MOLYJ1b KOMILJIEKCHOH aMITNTyAbl paBeH He’CTBUTEIb-
HOH aMILUIHTYIE, & apryMeHT — dase cBeroBoit Bonsl. s aunettno nosAapusoBas-
HOit BOJIHBI

E= %E’S expli(wt — kz)] + k. c., (2.23)

1 flonpobuoe manoxeHwe MoxHO Halith B Kaure Bopna n Boanda “OcHoBer omTukR”.
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y

Puc. 2.3. [Inockas BoHa, pacnpocTpansdiONiascs B NPOU3BOJILHOM Hanpansienny 7i. [Toxa-
3aHbI HOBEPXHOCTH IOCTOAHHBIX (a3 — IIOCKOCTH, NEPIEHAMKYIAPHEIE BEKTOPY 71

rae £ — KOMILIEKCHAA aMIUTNTYOa, € — eOUHNYHbIM BEKTOp, XapakTepusyionmii

Hanpasnenue nosapusauun (“Bekrop nosjsapusauun” ). Eciu BonHa NONApU30BaHA
o Kpyry, To

&= (% + i)/ V2, (2.24)

roe 3Hake “+" ¥ “—" COOTBETCTBYIOT NPABOMY H JICBOMY BPAIUEHHIO.

Bonuosolt BexTop. IlycTs miiockas rapMOHHYECKAs CBETOBAA BOJHA Pac-
NPOCTPAHAETCA B IPOU3BOJILHOM HANPABJICHAY, 34JABAEMOM €OUHIYHLIM BEKTOPOM
7i. IIoBePXHOCTH NOCTOAHMBIX Pa3 BONHBI MMEIOT BUJI IIOCKOCTEH, NepneHauKyasp-
HEIX BeKTOpY 7 (puc. 2.3). Beenem BosHOBOR BEKTOD

3

k= fiw/ec. (2.25)

Cornacuo (2.25), BekTop k ykasnsaer HAIIPaBJIeHAe DACIPOCTPAHEHUA BOJIHBL, 3
€ro MOZyJIb PABEH BOJIHOBOMY 4MCIy k& = w/c. OGo3HAYMM paccToAnue, NPOHIEHHOE
BOJIHOM B HANpPAaBJEHUM i, Yepe3 £ U NPOBEJEM PAIUyC-BEKTOD © U3 HAYAJIA KOOp-
OMHAT B MPOM3BOJIBHYIO TOYKY BOJIHOBOTO ¢dponra. Torna, xax BuaHo us puc. 2.3,

{=7r. (2.26)
3nech 1 nanee CUMBOJIOM &b 0BO3HANEHO CKAJIAPHOE IIPOM3BEIEHHE BEKTODOB, T. €.
ab= (&’, Z{) . Hcnonbaya (2.26), nomygaem

k€ = kiiF = kF. (2.27)
Teneph NoJie BOJIHB MOXHO NPENCTABUTL B BUIE

—

= —;—5exp[z'(wt - k7)) +x.c., (2.28)

rne £ = €€, € — BEXTOp MOJAPUIALMH.

JlaHHOe npeacTaBlIeHRe MOJIA NO3BOJIAET HOJYYUTh MOJe3Hble 0bmue cooTHOmE-
HUA DA IUIOCKOM MOHOXpOMAaTHYECKOH CBeTOBOK BONHBL. 3anumeM MATHHTHOE HOJe
B BUAe, aHajornyHoM (2.28),



Jexyus 2. Ioaapusayus ceema 37

. 1 - -
H= E’H expli(wt — k7)] + k. c. (2.29)
n noacrasuM (2.28), (2.29) B ypasuenns Makcsemia (1.2)-(1.5), npensapuresbHo

BBEIA BeKTOpHbIM nuddepeHunanbubiit oneparop “Habsa’”

- 0 L8 _0 '
V—zog +y051;+z05;. (2.30)

Toraa mia nponssom:ﬁoro BEKTOPHOTO 1oJisA &(r)
rot@ = [6,6], diva = (ﬁ,a). (2.31)

C yueroM sTHX cooTHOIeHu# ypasHeHus Maxceemna (1.2)-(1.5) moxHO mpencra-
BHTb B BUjIE

(2.32)

Heiicreue oneparopos 0/8z, 8/0y, 8/0z Ha skcnoHeHUMANBHBIH MHOXATENDb

expli(wt — k7')] CBOOMTCA K YMHOXEHHIO Ha COOTBETCTBYIOUIME JEKapTOBbI KOMIIO-
HEHTHI BOJIHOBOTO BEKTOPA:

5% expli(wt — k)] = —ikq expli(wt — 7)),

rge @ = &, y, z. [109TOMy BHIYNCIIEHHE OWBEPreHIUH BEKTOPa E nna nons suma
(2.28) naer

T 1 - = -
(V,E) == (—ik,é‘) expli(wt — B7)] + k. c. (2.33)
2
AHaJIOI‘K‘IHO BBIYHUCJIAEM POTOP E .
- 1 2 . -,
[V,E] =: [—zk,é'] expli(wt — F)] + k. c. (2.34)
Hakoneu,
aa—f = %('w)fexp[i(wt — k7)) + k. c. (2.35)

Arnanornussie Gopmysisl MOXKHO Hanucarh 4 gis sektopa H. [onwsysacs umu, cu-
cremy ypasHenuii (2.32) npencraBuM B BHE

[6]=4a  (k€)
ud
c

£4)

0,

0

i

uiH, ¢ yyerom (2.25),
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Puc. 2.4. CrpykTypa n0nA MWIOCKOY CBETOBON BOIHBI

mE]=A  (58)=0,
B B . (2.36)

[1#]=-€ (7#)=0
Tloxncrasus Beipaxenus (2.36) s £ u H B dopmys (2.28), (2.29), mony4yum Bek-
TOPHBIE COOTHOUICHUA, ONPENENsIOmUe CTPYKTYPY HOMA ILIOCKON MOHOXpOMATHYe-
cxolt cBeTOBOY BOJIHBL:

B=- [*ﬁ] (ﬁE‘) =0,

(2.37)
(ﬁ, ﬁ) =0.

CooTHOmenns (ﬁ, E) = 0, (ﬁ', H ) = 0 BBRIPAXKAOT CBOHCTBO MONEPEYHOCTH CBe-

ToBO# Bonnbl. Corviacuo dopmysiam (2.37), ansA nMNOCKOH rapMOHMYECKOH CBETOBOH
BOJIHBI, pacnpoc'rpaﬂmomeﬁc;t B BAKyyMe B IIPOU3BOJIBHOM HANPABJIEHUH 71, BEKTO-

per i, £ u H 06pasyior npasyio TPOHKY B3AMMHO MEPHEHIUKY/ISDHBIX BEKTOPOB
(puc. 2.4).

Hemonoxpomarudeckuli cser. EcrecrBenHas nonaspHszauusa. B nnockolt

MOHOXPOMATHYECKOH CBETOBOM BOTHE HANPIKEHHOCTD 31K TPHYECKOro noia £ ecrs
perysiapHas PyHKIUA KOOPAMHAT 1 BpeMenu. Takas BOJIHA HA3BIBAETCS MIOJIHOCTHIO
MOJIAPU30BAHHON UM NIPOCTO MoAdpu3osarnot. MaTepuas npenbiaymero pasiena
JaeT UCYePIbIBAIoNIEE NPEICTABICHHE O COCTOSHUAY [IOJISPU3ALUYA IIJIOCKOU MOHOXPO-
MaTuveckolt BosiHbl. B obleM ciiyvae Taxad BOAHA NOJAPUM3OBAHA BJLIANTHYECKH,
4 XapaKkTepUCTUKY JUIMICA [IOJIAPU3ALMHI ONPENEIAIOTCA AMILUIMTYHaMK ¥ (a3amMu
OpPTOrOHANLHEIX KOMIOHEHT CBeTOBOro nons F., E,.

Koneunas anepTypa PEaIbHbIX CBETOBLIX MYYKOB ¥ HEMOHOXPOMATHYHOCTH CBe-
Ta NPUBONAT K OTNHYMAM OT 3To#f nueanvuolt xapTunn. Ecnu caer nasepa OuiBaer
6130K no cBoel CTPYKTYPe K NOJIAPU30BAHHON BOJIHE, TO NONAPU3AUNA H3JYYeHU
HEJIa3€PHOr0 UCTOYHHUKA CBETa, KaK NPAaBUJIO, UCIIBITHLIBAET GhICTPhIE XaOTHYECKHE
U3IMEHEHHU I BO BPEMEHH.

Iloste HeMorOXpOMATUYECKOH CBETOBOI BOJTHBI €CTECTBEHHO PACCMATPHBATL KAK

caynatinoti nponecc. Ilna raxoft Bonnn: Ranpassiedue BekTopa E B nsiockocTd Hpos-
T2 BOJIHBI CJIy4alHBEIM 00pa30M MEeHAETCA C TeYEHHeM BpeMeHH. Ecnu npy aToM Bee
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HAaIIpaBJICHUA E okaswiBaroTcs PaBHOBEPOATHbLIMH, TO CBET HA3bIBACTCA HENOJIADU-
30BAHHBIM HJIH €CTNECTNEERHO NOARPUI0EAHHBIM. TaKOB, HaIlpyMep, COJIHEYHBIH CBeT
WM CBeT JIaMIIbl HakanusauuA. Eciau xe CymeCTBYET NIPEUMYIIECTBEHHOE HAIIDa-

BJIeHHE BEKTOpa F, TO rOBOPAT, YTO CBET YACTUYIHO HOJIAPU3OBAH.
CeeToBO€ moJie IJIOCKOH HEMOHOXpOMAaTHYECKOK BOJNHBI, pacnpocTpaHndAiomeics
BIOJIb OCH Z, MOXKHO IPENCTABUTL B BHIE

E = &E; + HoE,, (2.38)

rae

E, = %S, expli(wt — kz)] + k. c.,
) (2.39)
E, = —2-£y expli(wt — kz)] + k.c.

PaccMmaTpuBas KOMIUIGKCHBIE aMIUIMTYbI OPTOTOHAJILHBIX KOMIIOHEHT mojs &, u
£, Kak ciry4aitable byHKIME BpEMEHH, BBEIEM MAMPULY KOZEPEHMHOCTIU CBETOBOR
BOJIHBI

[ (&E (e
J = , 2.40
€ (€ (240)

£ae yriaoBbie CKOOKH 0603HAYAIOT YCPEIHEHHUE 10 BPEMEHU. JJIeMEHTHI 3Toit MaTpu-
b1 MOTYT OBITH H3MEPEHBI FKCTIEPUMEHTAILHO (CM. HIKe). MaTpHua KOTePEHTHOCTH
[OJIHOCTBI0 XapaKTEPHU3YeT MOIAPH3ALUMIO IJIOCKOR HeMOHOXpOMAaTHYeCKol cBero-
BO#l BOJIHBI.

DKcrepHMEHTAJILHBIE METONBl H3MEpEeHHA NOJIAPH3AlMU. IJKCHEPHUMEH-
TaJIbHbIe U3MEPEHU MOJIAPU3ALMH CBETA OCHOBAHBI Ha NPUMEHEHNN AHU30TPOIHBIX
Kpucrayios. [IosToMy 3mech MBI KOPOTKO KOCHEMCS OITMKH aHHM3OTPOINHBIX Cpen
(nompo6nee cM. 4. IV), -

AHU30TPONNA CTPYKTYDPbI KPUCTAIHYECKON pPeleTKn IpUBOOUT K TOMY, YTO Xa-
PaKTep PacHpPOCTPAHEHHA CBETOBOR BOJIHBI B KPHCTAJLIE 3aBUCHT OT MOJIAPU3AIMM
CBETA ¥ HAIPABJEHNUA DACHPOCTPAHEHUA CBETOBOrO My4YKa B Kpuctasue. [Tonanas
B KPHCTAJLJI, CBETOBAA BOJIHA C IPOU3BOJILHEIM COCTOSHMEM NOJIAPU3ANMM PACIana-
ercs Ha JBe JIMHe#HO NOIApHU30BaHHBIE BOJIHBI C OPTOrOHAJIbHBIMY HAIPABJICHUAMY
MOJIAPU3ALMH — TaK Ha3bIBaeMble “OOBIKHOBEHHYO” M “HEOOBLIKHOBEHHYIO” BOJIHBIL.
CkopocTH pacnpocTpaHeHHA 5TUX BOJIH Boofuie roBopa pasnuussl. Ilo mepe pac-
NPOCTPAHEHUA MEXIY OOBIKHOBEHHOM M HEOGBIKHOBEHHON BOSTHAMH BO3HMKaeT da-
30BbIfl coBur Ay, IPONOPLMOHANLHBIA DA3HOCTH CKOPOCTEH BOJIH, & TakKe IYTH,
npOAIEHHOMY CBETOM B KPHUCTAJLIE.

O6pikHOBeHHasn U HeOOBIKHOBEeHHAA BOAHB. LI KaXXIOro Hanpa-
BJIEHHMA z B KPUCTaJLIIe CYMECTBYIOT ABa “COOCTBeHHBIX” HAIPAaBNEHNA IOJIADU3AIUN
z u y (puc. 2.5). OU3NYECKHA 9T HAPABJICHUA BHIOEJEHB! TEM, YTO CBETOBLIE BOJI-
HBl, JIUHEHHO NOJIAPU3OBaHHbIE B STUX HAINPABJIEHUAX, PACIPOCTPAHAIOTCA B KDU-
cTajiie, COXPAHAA CBOe COCTOAHME Nmosapusanuu. OnHa U3 dTUX BOJNH HA3BIBAETCA
“OOBIKHOBEHHOM” : CKOPOCTbL PACHPOCTPAHEHNA 3TOM BOJIHBI OAMHAKOBA IJ11 BCEX Ha-
npagyeHuit B Kpucranne. [lpyras BOJIHA Ha3bIBAETCA “HEODLIKHOBEHHOR” : CKOPOCTH
PacIpOCTPaHEHNs 3TOH BOJIHBI 3aBHCHT OT HANPABJIEHUA B KPUCTAJLIE.

B ormuune or 06BIKHOBEHHOHR M HeOOBIKHOBEHHOH BOJIH, IPOU3BOJIBHO NOJISADH-
30BaHHAs BOJIHA W3MEHHAET COCTOSHHE [OJIAPU3ALMH [IPH PACTPOCTPAHEHMH B KPH-
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Puc. 2.5. CoGcTBeHHbBIe HAPABJIEHHA NOJIAPH3AUNHE CBETOBOH BOJIHEI B AHH30TPOIHOM KDH-
cTaJsure

crasute. Takas BoJIHA Kak Obl pacnalaeTcs Ha OOBIKHOBEHHYIO ¥ HEODBIKHOBEHHYIO
BOJIHBL, Herympe ¢ pasHbIMH CKODOCTAMH.

B mobom kpucTanne ecTh no Kpafineli Mepe omHO HanpassieHne, 4JiA KOTOPOTO
CKOpOCTH OOBIKHOBEHHOM 1 HeOOBIKHOBEHHOH BOJIH cOoBIanawT. Takoe HanpasieHue
HA3BIBAIOT OIITHYECKO#! OChIO KPUCTAJLNA. B 3aBUCHMOCTH OT YHCJIa OCell, aHN30TpOI-
Hble KPHCTAJLIBI JIEJIATCA Ha OQHOOCHBIE U IBYOCHBIE. B MOJIAPHU3ALUOHHBIX ONTH-
4eCKHX YCTPOUCTBAX Halie NPHUMEHAIOT OLAHOOCHBIE KPUCTAJIIBI, K YUCJy KOTOPHIX
OTHOCATCHA, HAIDHMED, KBapL M Kanbuut. Kak BUIOHO W3 onpeneneHwsa, B HAIpPa-
BJICHME ONTUYECKOH OCH KPHMCTaJIa MOXeT PAaCcHpOCTPAHATLCA CBETOBAS BOJIHA C
MIPOM3BOJILHBIM COCTOMHUEM NIOJIAPU3ANMY, IPUIEM DT NOJApU3anusa Oyner yCTol-
gupo#i. MHa4e roBopA, B Hanpas/ieHUH onTH4eckolt ocu Kpucrasul Beuer cebsa Kax
H30TPONHAA Cpefa. B IIPOTUBONMOJIOKHOCTE STOMY B HANPABJIEHUAX, HEPIEHIHKY-
JIAPHBIX ONITHYECKOH OCH, aHU30TPONHA KPUCTAJUIA BBIPaKeHa Haubosiee CUIbHO.

Qaz08bIit CIBUT, BOSHUKAOMUH MeXIy 0ObIKHOBEHHOH M HEOOBIKHOBEHHOH BOM-
HaMM, MOXKHO MCIOJNIB30BATH 4Jif YOpaBJeHnsa nosnspusauueit csera. Tax, nomemasn
Ha NyTH JIMHEHHO NONAPUSOBAHHOTO CBETOBOrO MyYKa KPUCTAIINYECKYIO IIACTHH-
Ky, BHOCAILYIO CIBUT Gasel Ay = /2 mexay xoMmnosentamu nons E;, E,, no-
JIyMMM Ha BbIXOJle M3 HJIACTHHKM CBET C Kpyroso#t nonsapusaumed. Eciu manee Ha
[LyTH Ny4Ka IOCTABUTD €Ile ONHY TaKYIO XK€ IUIACTUHKY, TO CHOBA MOJIyYHM JIMHERHO
MOJIAPHU3OBAHHEBIY CBET C HAIIPABJIEHHEM HOJAPU3ALUH OPTOrOHAIBLHBIM HCXOLHOMY.
[Moxbupas TOMUUHY TUIACTUHKH, MOXHO NMpeobpasoBars 3JUIMIITHYECKH NOJIAPU30-
BaHHBI{ CBeT B CBeT C JiuHeltnoft unu xpyrosoit nonapusanueit 1 naobopor.

YeTBEepTHBOJNHOBAA U NOJNIYBOJIHOBAA NinacTHHKU. IlycTs siuHeliHO
NO/IAPU30BAHHEIH CBET MAJaeT Ha NPO3PAYHBIA AHMSOTPONHLIR KPUCTALT TaK, ITO

BekTOp E HanpasJsieH nox yriioM 45° K HanpaBJeHUAM I B Y COOCTBEHHBIX HOJIAPH3a-
uui BONH B Kpuctasure. [Ipd 3ToM Ha BXOIE KPHCTAIIA BO3HMK AT OGBIKHOBEHHAA U
HeoObIKHOBEHHAA BOJIHBI, KOTOpbIE CHH(}DA3HLI ¥ ONUHAKOBLI 110 amiiuTyae. Tosmgm-
Ha KPHUCTAJLIMYECKO! MNacTHHKU noabupaercs Tax, YTO Ha BBHIXOHE PasHOCTb (a3
0ObIKHOBeHHOH M HeODBIKHOBEHHON BOJIH CTaHOBUTCA paBHOH 7/2. Tak Kak aMILIATy-
JBI 3THX BOJIH IO-IIPEXKHEMY PABHbI, TO CBET MMEET TeIePh KPYTOBYIO HOJIAPH3ALHUIO
(puc. 2.6).

IlnacTuHKY, BHINONHAIOMYIO TAKOE NPeoOpa30oBaHue, HA3LIBAIOT “YerBepTHBOJ-
HOBOM” | Tak kak BHOCHMOM efo passHocTu a3z Ay = /2 cooTBeTCTBYET PASHOCTH
XoIa BOJIH, paBHadA \/4. Takue NIaCTHHKY MUPOKO NPHMEHAIOTCA B COBPEMEHHBIX
Jla3epHBIX YCTAHOBKAX 114 npeobpasoBanus juHefiHON NoNApU3auuy CBETa B KPYro-
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Pnc. 2.6 Ilpeobpasopanue nuseltHOl MONAPH3aLMA CBETA B KPYTOBYIO

By!o u Haobopor. [InacTunky, BHOCAmME pasHOCTh a3 Ap = 7 (“nonyBosHOBBIE”),
HCIIOJIL3YIOT AJIA NIOBOPOTA IJIOCKOCTH IOJIAPU3ALMHE JMHEHHO MOIAPH30BaHHOH] CBe-
TOBO# BoOJIHBI Ha 90°.

IMonapusatTopsl, aHAMU3ATOPH, KOMINEHCATOPHI. B HEKOTOPLIX KpH-
CTaJl1aX (B YaCTHOCTH, B TYPMAJIMHE) CHIBHO OTJIMYAIOTCA KO3(PUIMEHTEI NOrIo-
meHuA OObIKHOBEHHOM ¥ HeOOBIKHOBEHHOM BOJIH. DTO MPUBOOUT K TOMY, YTO YIKe IIPH
TOJIIINHE KPHUCTAIINYECKO! NIJIACTHHKY OKOJI0 MUJUIMMETPA, OfHA U3 BOJIH NPAKTH-
YeCKU NOJIHOCTBIO MOTJIOMALTCA, & HA BHIXONE OCTAETCA PYTas BOJIHA, UMEIOIIAA JIK-
HeltHy1o mosiApusanuio. Taknm 06pa3oM, MJIACTHHKA TYPMAJIMHA BbLAEJIAET U3 CBETA
C IPOU3BOJIBHOM MoJsiApu3anueit JIMHEeRHO MONAPU3OBAHHYIO KOMIOHEHTY, T. €. pabo-
TaeT KakK noaspusamop cseTa. CymecTByloT NOJMMEPHbIE MaTepHaJibl (HanpuMmep,
oboramenHerit HOMOM CHHTETHHECKHH MOJMBHHHIIOBBIY CIIMPT), KOTOpPbIE 00/1aHAI0T
O4YeHb CUJIbHOM aHmM30TpONKelt noryomenus. 3 Takux MaTepuasioB H3rOTABIMBAIOT
nosiApounHble meHKy. Takue NeHKy MUPOKO MPUMEHAIOTCA B IOJIAPOUAAX — IIPH-
6opax, BHIOEIAIOWNX U3 CBETOBOIrO [y4Ka JIMHEHHO IO/JIAPU30BAHHYI0 KOMIOHEHTY
C 33JaHHBIM HAIIPABJIEHUEM IIOJIADU3AIIMY.

Pazynyne B 10Ka3aTeNAX NPEIOMIICHUA AHU30TPOIHOrO KPHCTAJIIA )11 OGBIKHO-
BeHHOI U HEOOBIKHOBEHHOH BOJIH MOXHO HCIIOJIB30BATD U1 Pa3neCHAA 9THX BOJIH
3a cyer 3¢ deKTa MOTHOr0 BHYTPEHHEr0 OTPAYKEHUA; IPH 9TOM TaKXKe IOJIydaeTcsa
JuHeltHO nonApn3oBaHHbIl cBeT. Ha 3TOM NpUHIMNE OCHOBaHBI PA3JIHYHBIE NOJLA-
pusanuoHHble npusMel (nmpusma Inana, npusma Huxons u T. n.), KOTOpbIE Takxke
HCIIOJIb3YIOTCA B KAYECTBE IOJIAPH3ATOPOB.

Hcrnonb3ysa MOJApU3ATOP, MOXHO ONPEAEIMTD HAIIPABJICHHE NOJIAPH3ALMM JIH-
HEHHO NOJIAPU30BAHHON CBETOBOM BOJIHBI M YCTAHOBHTH caM (akT JimHeliHOH mosis-
pusanuy. 1A 3TOro BpamaloT NOMAPU3ATOP OTHOCHTEJILHO OCH CBETOBOTO IIy4YKa H
HabJTI0aI0T 32 N3MEHEeHHAMY HHTEHCUBHOCTH MIPOLIEIIero ceeTa. EC/Id upu HEKOTO-
POM IIOJIOXKEHUH NOJIAPH3ATOPA CBET MOJHOCTHIO 33I€PXUBAETCA UM, TO MCXOOHBIH
[Oy4YOK JHMHEe#HO NOJIAPN30BaH, IPHYEM HAMPABJIEHNE NOJIAPU3AIMAHM OPTOrOHAJIBHO
Harpasjenuio npornyckanusa (“ocu”) mosApu3aTOpa B JAHHOM IIOJIOXEHMH. B mo-
IOOHBIX DKCHEPHMMEHTaX MOJIAPU3ATOD BHIMOJHAET (PYHKIMIO anasausemopa. Ilpu-



42 Yacms 1. Snexmpomaznummnas meopus ceema

6) [ ———m

o) : | ¢
NN

R N
\Z___\

Puc. 2.7. TlonApn3aTopsl ¥ aHAIM3ATOPHI

Mepbl NOJIADH3ATOPOB M aHANM3ATOPOB NOKAa3aHbl Ha puc. 2.7. 910 Typmasul (a),
nossApoun (6), npusma Inana (8), npusma Hukons (2). Byksolt “0” oGosnauena
0bblKHOBEHHA BoJHa, OykBott “e” — neobbikHOBeHHasA. CTpenka Ha onpase MoJsA-
pOUa YKA3bIBAET HANPABJIEHUE €T0 OCH, T. €. HAIPABJIEHHE NOJIAPU3ALME CBETOBOR
BOJIHBI, TIOJIHOCTBIO PONYCKAEMOM IOJIAPOKIOM.

Jna M3MepeHHMA NapaMeTpOB MOJSAPU3ANNYN DJIIMITUYCCKH [OJIAPU3OBAHHOIO
CBETa NPUMEHAIOT YyCTPOHCTBA, HA3BIBAEMBIE KOMNEHCAMOPAMU, KOTOPbIE ipeobpa-
3YIOT 3JUTUIITUYECKH NOIAPHN30BaHHEBI! CBET B CBET C nuHelHoH monapusauueit. Kom-
[IEHCATOD LPENCTABIAET COBOY MIIACTHHKY, COCTABJICHHYIO M3 OBYX KJIMHbEB AHH-
30TPOIHOrO KPUCTAJLIA TaK, YTO [IPU CABHIE OZHOTO KJIMHA OTHOCHTEIHHO IPYroro
TOJILIMHA, [VIACTUHKH MeHAeTcA. Takoe yCTPOKCTBO MO3BOIIAET IIABHO BAPLUPOBATD
TOJHLIHURY a-HI/IBOTpOHHOﬁ TLIACTUHKH M, CJIEOOBATE/IBHO, IIJITABHO MEHATH Pa3HOCThL
da3 Ay mexny 0ObIKHOBEHHON ¥ HEOOBIKHOBEHHOH BOTHAMA.
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Puc. 2.8. Komnencaropsl

Ha puc. 2.8, a nokasan xomnencamop Consetian. B xondurypauuu, nokasassol
HA PHUCYHKe, KOMIIEHCATOp BHOCUT casar daszsl Ap = (27/A)(ne — no)(he — k)
Mexay OObIKHOBEHHOH M HEOObIKHOBEeHHOH BostHamu. IlnaBHasa perynupoBka ¢aso-
BOrO CABHIa OCYLIECTBJIAETCS IIyTE€M CMELIEHMA OJHOIO KJIMHA, KOMIEHCATOPa OT-
HocuTenbHo npyroro. Ha puc. 2.8, 6 mpencrasieHa cxema xomnencamopa babu-
ne. B xoHdurypauun, nokasaHHO! HA PUCYHKE, KOMIIEHCATOP BHOCHT COBUL (Dasbl
Ap = (21 X)(ne —no) (h1 — ha) Mexkay OOBIKHOBEHHOH U HEOOLIKHOBEHHOH! BOJTHAMH.
IlnasHas perysupoBka (Has0BOroO COBUIa OCYLIECTBJIAETCS IyTeM CMEIIEHUs CBETO-
BOrO NyYKa HJIM KOMIIEHCATOPA B NONEPEYHOM HANpPaBsieHud. B npuBeeHHBIX BhILIE
BLIP2XKEHUAX IJIA (PA3OBOIO CUBUTA 7, — MOKA3aTENb NPEJOMJIEHMA AHU3OTPOI-
HOTO KPHUCTaJLJIa A;1A OObIKHOBEHHON BOJIHBI, Ne — [JISi HEOOBIKHOBEHHOH BOJIHBEL.
Komnencarops! Coneltiia u Babute U3roTaBanBalTCA U3 KBApUEBhIX KAUHBEB. s
KBapua 7 = 1,553, no = 1,544. Taxum o6paszoM, usmepenue Has3opbIX COBUIOB, BHO-
CHMBIX KOMIIEHCATOPAMH, CBOOATCA K M3MEPEHHIO CMeLleHuit: a0 CMeeHns OJIHO-
r0 U3 KJ/IMHBEB KOMIEHCATOPA, b0 CMEIeHIA KOMIIEHCATOPA OTHOCUTEIIBHO CBETO-
BOro nyuka. [TonApusoBaHHBIN CBET, HIPONYUIEHHbIY Yepe3 CUCTEMY KOMIEHCATOP—
aHAJIU3ATOD, JACT XAPAKTEPHYIO KAPTUHY YePENOBAHUS TEMHBIX U CBETJIBIX IIOJIOC
B NONEPEYHOM CEYEeHUM Myd4Ka. BECTecTBEHHBIN (HENOIAPU3OBaHHbIN) CBET B TEX Xe
yCJIOBUAX COXPAHAET ONHOPOAHOE Pacnpene/leHue HHTEHCHBHOCTH.

AHanu3 nmosspuU3allMu NJOCKOH MOHOXpOMaTHHUeCKOH cmeToO-
BO# BOJNIHBI. PaccMOTpUM IIIOCKYI0 MOHOXPOMATH4ECKYIO CBETOBYIO BOJIHY BHOA
(2.20). Kak 0TM€4aJs10Ch BBIIE, COCTOAHUE MOJIAPU3ANUN BOJIHBI (/ITMIITHYECKA,
Kpyrosas, uneiinan) ONHO3HAYHO OnNpenensercs napamerpamu Ay, Az, @ = Yo —1,
a TaK>Ke OpUeHTallnelt BeKTOPOB Ty U §o B IPOCTPAHCTBE. AHAJINS NOIAPU3ALUHA CBE-
T4 CBOOHUTCH K 9KCIEPUMEHTAIBHOMY U3MEPEHHIO 3TUX NapaMeTpOB.

Tlpouenypy usMmepeHutt MOXKHO IOCTPOUTH cienyromum obpaszom. CHavana ¢ mo-
MOUBIO KOMIIEHCATOPA M aHAJIM3aTOpa npeobpasyeM HAHHYIO BOJIHY B BOJIHY C JIM-
HeliHoM mosispusanueit. B arom mosiokeHun pebpa KOMNeHCATOpa 334al0T Hampa-
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BJIEHHE BEKTOPOB To H ¥y. VI3MepuB BHOCMMYIO KOMIEHCATOPOM pa3HOCTh a3, Hall-
IeMm BenuuuHy . [asiee, He MEHsA NOJIOXEHMsS KOMIIEHCATOPA, YCTAHOBHM aHa-
JIM3aTOP HA NPONYCKAHWe I-MOJIAPH3AUMY U H3MEPUM HHTEHCUBHOCTDH IIPOIIEIIIe-
ro ceera [,. 3areMm, nosepHyB asasmsarop Ha 90°, yCTAaHOBMM €ro HA IPOIYCKa-
HHE Y-TIOJIAPM3AIME U H3MEPUM MHTEHCHBHOCTD npomemnmero cseta I,,. ITocne sToro
ompenenuMm A; 1 As no dopmysnaM, CBASEIBAIONIMM MeEXIAy co0O# HMHTEHCHBHOCTh B
AMIIIMTYLY CBETOBOM BONHBI (CM. JEKUMIO 3):

I, = cA?/8m, I,=cA%/8n.

MoOXHO BBHINOJHUTH U3MepeHue U Hosiee MpocThIM cnocoboM. Bpamas aHanmusa-
TOp BOKPYT OCH CBETOBOTO Iy 9IKa, Mbl Oy1eM HAO/II0A3Th U3MEHEHNE HHTEHCUBHOCTH
CBeTa, MPOIIENIIEro Yepe3 aHAIH3ATOp. 3aMETHM HAMPABJICHUS OCH aHAJIM3ATOPA,
cooTBeTCcTBYyOmue MakCUMyMy (Imax) 1 MUHMMYMY (Imin) nHTeHCHBHOCTH. OueBU -
HO, YTO NEpPBOEe U3 3TUX HAIPABJICHHUH OnpenesiseT HampasJieHHe OONbLIIOH ocu 3J1-
JIMIC3, & BTOpOE — HanpaBleHue ero mMasof ocu. [lanee, Tak Kak WHTEHCUBHOCTh
CBeTa [TPONOPIMOHAJIBHA, KBAIPATY aMIUINTYIbI KOebaHull oJjia B cBEeTOBOM BOJIHE,
OoTHOLIEeHUe ocefl 3JIIUICA NOJIAPH3ALNHE MOXHO ONPENEIUTD 10 (POpMyJTIe

a/b =V Imax/Imin-

NsMepeune nonsApHU3alluu HEMOHOXPOMATHYECKOTO cBeTa. Kak
OTMEeYaJIOCh BHIIE, M0JI€ HEMOHOXPOMATHYECKOH CBETOBOM BOJTHBI eCTECTBEHHO pac-
CMaTpHMBaTh Kak ciaydaitusit npouecc. Ilpu 3ToM XapaKTepUCTHKAMHU CBETS, ABJLAIOT-
€ pas/IMYHbIE CPEAHNEe: HHTEHCUBHOCTDL, KOPPEAUMORRAA GYyHKIKA U T. 1. MaTema-
THYECKME ONPENesIeHAs STHX NOHATHHA Mbl mazum Huxe (cm. 4. IT). 3mech xe ocra-
HOBHMCA HA METOIAX 3KCIEPUMEHTANBHONO U3MEPEHHUS NapaMeTpoB MOJAPH3aNNH.
3aMmeTHM, 4TO C TOUKHM 3PEHUS SKCIECPUMEHTA YCPEOHEHHE MOXET OCYMIECTBIIATCA
kak npu o6paboTke 60bIIOTO YKC/Ia U3MEpEHuH, TAK U B IIPOLECCe OOHOI0 H3Mepe-
HUA 38 CUET UHEPIMOHHOCTU W3MEPUTENIBHOTO npubopa.

Ilepexona K KOMILUIEKCHOR 3AIMCH, TPEICTABUM IOJIE IJIOCKOH HEeMOHOXpOMAaTH-
yeckolt BosiHbl B Bume (2.38), (2.39). Msmepenue napameTpoB IIOJIAPU3ALHAM OCY-
IIECTB/AETCS C MOMOIBIO KOMIIEHCATOPA U aHam3aTopa. CHadana cBeTOBaA BOJIHA
[IPOIYCKAeTCs Yepe3 KOMIIEHCATOP, BHOCAIuY (Ha30Bbii CABUT Ay = £ MEXIY KOM-
nonexntamu nosa E, u E, (ocu T u y HanpasJieHbl BIOJbL pebep KOMIIEHCATOpA),
a 3aTeM — 4epe3 aHaJIW3aTOpP, HANPABJIEHUE NPOIYCKaHus (0Ch) KOTOPOLO COCTa-
BaseT yrost 8 ¢ ocbio z (puc. 2.9). Ha Bhixome aHa/JM3aTOpPa BOSHMKAET JIMHEHHO
HOJIAPH30BAHHAS CBETOBAA BOJIHA C HHTEHCHBHOCTBIO

I =1(8,¢) = (c/8n)(IE)?), (2.41)

Tae

£ =E,co88 + Eyesinf (2.42)

U yrJioBble CKOOKHM 0603HaUAIOT yCpeNHEHWe [0 BpeMeHH. VIHTeHCHBHOCTb CBETa
I =1(6,¢) nsmepserca usMepuresnbibiM npubopoMm (puc. 2.9). Taxue usMepeHus
HNOBTOPAIOTCA [UIA PA3NMYHBIX 3HA4YeHUM mapameTpos O u e. Pesynprarhl n3Mepe-
HEH MO3BOJIAIOT KOJMYECTBEHHO 0XaPaK TePU30BATh COCTOAHME MOJIAPH3AIMHA CBETO~
BOIf BOJIHBL, B YaCTHOCTH ONPEIEINThH BJIEMEHThHI MATPHIIbI KOTEPEHTHOCTH. B camom
nene, noactasus (2.42) B (2.41), nonmyqum
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CseTt

6)

Puc. 2.9. Usmepenne mosiApu3alny HEMOHOXPOMATHYeCKOro cBeTa. Cxema uamepenusa. K —
koMnencarop, A — asanusarop, II — npuemnnk (a). Opuentanusa ocu aHaH3aTopa (6)

1(0,¢) = (c/87)( Tz c08% 6 + Ty sin’ 6 +
+ Joye ™ sinf cosf + Jy.€* sinf cosf), (2.43)

rae Jzxy Jyy, Joys Jyz — 971€MeHTHl Marpuubl korepentHocty (2.40). ITosbsyack
dbopmynott (2.43), HerpyaHO HOKA3aTH, YTO

8 8
Jew = = 1(0°,0), Ty = = 1(90°,0),

Ty =7 {3l 0 1085 0] +  [1(s507) - 115 )]}, o

c
T = {%[1(45%0) - 1085°,0)] - § [1(857,5) - 1(135°. 7)) }

®opmyisl (2.44) BBIPAXKAIOT MATPHILY KOTEPEHTHOCTH Yepe3 SKCIepHMEHTAJILHO H3-
MepsieMble BeJINIUHBI.

Bapoupys napamerpst 8 U €, MOXXKHO U3MEDPHUTH BEJIMYKHY

. I(0,&)max — I(0,€)min

T 1(8,€)max + 1(6,€)amin’ (2.45)

P

KOTOpas HAa3bIBAETCA CMENEHDIO NOAAPUIAYUY c6ema. CTeneHb NONAPU3ALAN MOX-
HO BBIPA3UTD YEPE3 3JIEMEHTHI MATPUILI KorepeHTHOCTH. W3 (2.43) u (2.45) cnenyer,
4TO

417
P=,/1—- —— 4
\/ T T (e

rie OonpeneJInTeJ b MaTpHUilbl KOrepeHTHOCTH
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T = TeaTyy — TayTyz- (2.47)

PaccMoTpuM 4acTHBIE CITyYan.
HenoasapusoBaHHb# (ecTecTBenHb#) cBeT. Taxk HaswiBaeTCA CBET, y
KOTOPOro

I(6,€) = const (2.48)
Iu1a Bcex 3HaveHud 6 u £. U3 (2.43) BumHo, 4TO B 9TOM Ciydae
1_8n
Tz = Jyy = 5-[0?, ja:y = jyz = 0, (249)

roe MHTEHCHBHOCTb HCXOMHOH CBETOBOH BOJIHBI

C
IO = g(jww + jyy)-

Ilo dopmynam (2.46), (2.47), (2.49) HaxomuM P = 0. DTOT K€ PE3YJILTAT BBITEKAET
u m3 (2.45), (2.48).
HNonnocTeio nonsapusoBanubll caer. Iosoxum

& = Arexp(ivr), &, = Azexp(ip2), (2.50)

rae A1, A2, @1, @2 -— nmoctoaunsle. Iloxcrasnsa (2.50) B (2.40), nomyqaum

j _ A% | A Ay e~ ,
Al Az e A%

re @ = w2 — 1. lpuorom |J|=0u P =1.

YacTH4YHO NOMAPU3OBAHHK Y cBeT. Moesu HENOIAPH3OBAHHOTO M TIOJT-
HOCTBIO MOJIAPU3OBAHHOIO CBETA ABMAITCA UNCATU3AMAMU. PeanbHbie CBETOBbBIE
IyYKH UMET cTenenb nosapusaumu 0 < P < 1. Takofi cBer ABIAETCA YACTHIHO
nosiApu30BaHHEEIM. OTMETHM, YT0 YACTHYHO HOJIAPU3OBAHHBIH CBET MOXKHO IIPEIICTA-
BUTb KaK CYIEpIO3UIMIO HETIOIAPM30BAHHON ¥ MOJIHOCTBIO NOJAPHIOBAHHON KOM-
TIOHEHT.
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Jlexkimusa 3
DHeprus cBera

IIomox anepzuu 6 ceemosott eoane. Humencusnocms ceema. Ceemoevie nyuxu
U UMNYADCHL IFHEP2UA, MOWHOCTD, UHMEHCUBHOCMY. Konyenwmpayus ceemosoti
anepauu 60 epemeny U 6 npocmparcmee. OcHoeHbie NoHAMUR HOMOMEMPUY.

CriocobHOCTS 11EPEHOCHTD IHEPTHIO — OZHO M3 OCHOBHBIX CBOHCTB cBeta. B ek~
UMM NTOKA3aHO, KaK BO3HMKAET MOHATHE SHEPruy ceta B Teopuun Makcsenna. O6cy-
K IATCA NpeebHble BO3MOXHOCTH KOHIEHTPALMK CBETOBO HEPIMM BO BPEMEHH
¥ B ipocTpaHcTBe. [IpuBoAATCSA YUCTIEHHBIE OLUEHKH.

ITorok sHepruu B cBeroBoil Bonme. HHTeHcuBHOCTE cBera. Ilpencrasie-
Hue 006 SHEpPruM CBETOBOTO IIOJIA HENMOCPENCTBEHHO BBHITEKAET W3 ypaBHeHult Makc-
pesia. PaccMOTpEM CHavaJsia HapojAlye COOOPaikeHHs, OTHOCAMUECH K MJIOCKOH
CBETOBOH BOJIHE, a 3aTeM 06OOMWMM pe3ysbTaT Ha CJIy4yad cBeToBOro noJsiA obmero
BHIA.

IycTs mnockas CBETOBasA BOJIHA PACOPOCTPAHSETCA BIOOJb OCH Z ¥ MMEET KOM-
nonenTsl nonsA Eg(z,t) u Hy(z,t). Cornacro dopmymnam (2.1) B 9T0M Ciyyae

10E, __0H, 10H, 0K,

cdt 0z c ot 9z
YMHOXMUM TIepBOe U3 STHX ypaBHenuit Ha E, propoe — na Hy, u cnoxum. [lomyqum
COOTHOIIEHME
1 OFE OH, OH, OF.
| E puteint.2 H = = - T Y = . 1
c(zat“L.yat) (E 6z+Hy6z) (3-1)
Beegem 06beMHY10 NIIOTHOCTD SHEPTHU I10JIA
1 2 g2
w= é—ﬂ-_(Ez + Hy). (3.2
Torma coornomenxe (3.1) MOXKHO NPEICTABUTL B BULE
Ow o8
Tk (33)
roe .
¢
S = Z—%E,;Hy. (3.4)

Bersacunm dusnveckuit cMpicst napamerpa S. s 3Toro paccMOTpUM CBETOBOE II0JE
B HEKOTOpOM orpannyennol obmactu npocTpascrsa. Ilyctb 910 GyaeT npAMOyrosib-
NIl napaJsienenuien BbICOTOM z C IJIOMIAJbI0 OCHOBAHUA ¢, PACIOJIOKEHHBIN Kak
nokasaHo Ha puc. 3.1. Marerpupys pasencrso (3.3) no obwemy mapanienenuneng,
TIOJTY Y¥M

ow

5 = ~olS(t2) - 5(t,0)), (3.5)

Tae
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Y

Puc. 3.1. K BBIBOAY 3aX0OHA COXPAHEHHA 3HEPTrHH /1A CBETOBOH BOJIHEI

W= / wdV, (36)
\ %
W — sHeprusa CBETOBOrO MOJIA, HAXONAMIErOCA BHYTPM Napasulenenumena, V —

o6beM napasuienenunena. IIOCKONIbKY MBI pacCMATPUBaeM HOJIE B BaKyyMe, H3Me-
HEHHE SHEPrHH MOJIA B HEKOTOPOM 06beme MOKET ObITh BHI3BAHO TOJILKO IIOTOKOM
»Hepruyu yepes ero rpanuusl. CienosaresnsHo, BesuyauHa S B popmyne (3.5) umeer
CMEBICJT nomoxa IHepzuu ceeta. Kak BuaHO us dopmyssl (3.3), pasMepHOCTb S eCTh
apr/(cm?-c).

Isia MOHOXpOMATUYIECKOH TIIOCKOR BOJHB! PABEHCTBO (3.5) WMeeT TpuBAAIbHLIH
CMBICTI, TaK KaK B 3ToM ciayyae S(t,z) = S(¢,0) u W = const. Onnaxo nis nemo-
HOXPOMATHYECKOH BOJIHBI, B YACTHOCTH, CBETOBOI'O UMITY/IbCA, IPOR3BoaHasn OW /Ot
MOXeT ObITh OTJIMYHA OT HYJIA, TAaK KaK CBETOBOH MMIyJIbC MEPECEKAET TPAHMIIBI
napaiesienunesa B pa3sHble MOMEHTHI BPEMEHH.

Hrax, dopmyiny (3.3) MOXHO MHTEPIPETUPOBATH KAK 3aKOH COXPAHEHH A SHEPTHA
IJIs TIIOCKOR cBeToBOM BosiHBI B Bakyyme. Teneps 0606muM 3TOT 3aKOH Ha Ciy4dalt
MPOU3BOJILHOIO CBETOBOIO MOJIsA, B3AUMOLEHCTBYIOMEro ¢ 3apAXKEHHBIMYA 4aCTHLA-
mu. Bynem ucxonuth u3 ypasuenu#t Makcsesnia

< 18H - 10E  4n.
l‘OtE——E—a't—, rot H = ——5-t-+ C], (37)

rae ] — IUIOTHOCTb TOK3, CO30ABAEMOTO JBIKEHHEM 3apAIOB. YMHOXHM mepBoOe

ypaBHEHHe CKAJIAPHO Ha H a BTOpOe — Ha E u Bbrarem oo ypaBHEHHE U3 APYTOro.
Ionyuum

1 [ 0E ~0H 4m >
- EE_’_H-E—#— —]E ErotH — HrotE. (3.8)

Ions3ysch GopMyJIoit BEKTOPHOrO aHANIN3A,
div [E, I-_f] =HrotE — ErotH, (3.9)
coorHomeHue (3.8) MOXXHO mepenucaTb B BUIE

ow

5 +]E =—divS, (3.10)
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Puc. 3.2. K BrBOAY 3ak0Ha COXpaHEHHA DHEPrUH IJIA CHCTEMBl 3apAXKEHHBIX YaCTHL B
3JIEKTPOMATHHTHOM II0JIE

roe
1 2 2
= — H A1
w — 0bbeMHasa MNOTHOCTh SHEDPIUH II0J1A,
-y c -
$=+ [E H] : (3.12)

S — BexTop moTOKa sHepru, WK sexmop Iotinmunza.
IIpounterpupyem ypasuenue (3.10) nmo Hekotopomy o6wemy V. Ilomyunm

ow

5+ / FEdV = - / div Sdv, (3.13)

v |4

rae W — mosiHAs 3HEpr¥A 3JIeKTPOMATHHUTHOrO Mojis B obbeme V, onpenenseMas
dopmyaoit (3.6). [Ipennonaras, 9To 3/I€KTPUYECKNE 3aPAILI NPEACTABNAIOT cobolt
MaTepHaJIbHble TOYKM, 3AMEHHM MHTErpas B jieBOH yacTy ypasHeHus (3.13) cymmofi
IO OTHENbHBIM 3apATaM

/ JEdV =) eidiE, (3.14)
v i

rue ¥; — CKOpOCTb 33pAja €;, CYMMMPOBAHWE BENETCA 0 BCeM 3apAfaM, HaXxons-
wumca B obbveme V. Hurerpan B npaBolt yactn ypasuenus (3.13) mpeoBpasyew,
ucrosnb3ys Teopemy I'aycca

/ div §dv = / Si.do, (3.15)
1'% =

rge I, — enumMYHBIY BEKTOD HOPMANH K 3/IeMeHTY do MOBEPXHOCTH T, OrPAHMYH-
patomeit obbem V (puc. 3.2).

Hcnone3ysa ypaBHeHHE OBUXKEHUA 3apana m;U; = e; £, HerpyaHo nmokasaTs, 4TO

.x dK .
z;ewiE = —(—i—i—, (3.16)
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raoe
1
K=Y §m,~u5, (3.17)
i

K — knseTn4ecKas sHeprus CUCTeMbI 3apAnoB. Takum 0bpasoM, NPHXOAMM K ypasB-
HEHUIO

9 o

—{(W+K)=~ | Sl.do, (3.18)

ot

)
KOTOPOE II0KA3BIBAET, YTC CKOPOCTH USMEHEHUA FHEPIHI /€K TPOMATHATHOTO MO
H KHHETHYECKOil 3HEPTMHM CHCTEMbl 3apsNOB B HEKOTOPOM OObeMe paBHa IOTOKY
SHEpruy NOJiA Jepes3 MOBEPXHOCTH TOro 06beMa.
Ucnonssysa dopmyisl (2.37), 418 II0CKOK MOHOXPOMATIIMECKOR BOSTHBI MOXKHO

3alKCaTh

-

e agl=Ciglz #ll = Cma_ C g2z
S £ l6A] = L8 [rs]) - L L
Orcrona ¢ yuerom ¢gopmyist (3.11) nomyuaem
§=cwit, S=cw, (3.19)

roe 7 — eAUHUYHBIN BEKTOD HAIlPaBJIEHU:A PACIpOCTpaHeHusa Bonubl. Takum obpa-
30M, CBETOBAs DHEPIrUsA NEPEMElaeTCs B HANPAB/IEHNY PACIPOCTPAHEHUA TIOCKOM
BosiHbl. CKOpOCTH IEPEHOCa SHEPTHH CBETOBOH BOJIHOH, pacnpocTpaHAiomeiicsa B Ba-
KyyMe, paBHa C.

UurencuBHOCThL cBeTa. PacCMOTPMM MIIOCKYIO TAPMOHMYECKYIO CBETOBYIO
BOJIHY C KOMIIOHEHTAMM

E; = Acos(wt — kz), H, = Acos(wt — kz). (3.20)
B stom ciryuae monysib Bekropa Iofintuara
= £ A% cos?(wt — kz) = — A2 + £ 42 -
S= 47rA cos*(wt ~ kz) 87rA + 87rA‘ cos2(wt — kz)). (3.21)

BuaHo, 4TO MOTOK 3HEPrMM B CBETOBOH BOJIHE CONEPXKUT OBE COCTABIAIONME: NO-
CTOAHHYIO ¥ OCLUMJIIMPYIONIYIO BO BPEMEHM M B IPOCTpaHCTBe. B onTuke 4acToThi
3JIEKTPOMArHUTHBIX KoJtebanuil cocrasnaior okono 10*° T'u. UsmepurensHble npu-
GOPEI HE CIIOCOBHBI OTCIIEKMBATH CTOJIb OBICTPBIE M3MEHEHHA, TIOITOMY HA IIPAKTHKE
MOXKeT OpITh U3MEpeH UMb cpenHuil 3a nepuond CBeTOBLIX Kosebanulit moToK suep-
ruu

T
I=8= —;— / Sdt, T =2r/w. (3.22)
[0}

9Ta BEeIUYMHA HA3BIBACTCA UHMEHCUBHOCTIHIO CBETOBOM BOJIHBI.
Bulpaxenue Qi HHTEHCHBHOCTH Y€pe3 HATPAKEHHOCTH 3JIEKTPUYECKOro NONs
FE BOnHbI MMeEeT BUI
e ~

I= LB, (3.23)
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roe

T
E? = % / E2dt. k (3.24)
0

Hcenonn3ysa gaunHoe onpesesieHHe, HETPYIHO BHIBECTH COOTHOIIEHHUA, CBA3BIBAIOLIME
MHTEHCHMBHOCTH C JeHCTBATEILHON aMILIATYHOH A M KOMIUIEKCHOM ammmTymoi £
Bosael. Ilonaras

E = Acos(wt — kz), (3.25)

wm
E= %8 expli(wt — k2)} + k. c., (3.26)

TOJIY4HM COOTBETCTBEHHO .
€ 42

= — 27
I= 4, (3.27)

i
I=Zep. (3.28)

8w

Haribie hopMysabl IPUMEHNMBL 4714 IUIOCKOR MOHOXPOMATHYECKOR BOJIHBI B BaKy-
ymo. OfoBiuenne Ha Cjlydall BOJIHBI, pacnpocTpaHsaiomeiicsa B cpene, gaHo B 4. IV,
Pa:)epliocTh MHTEHCHBHOCTH, KaK M TOTOKA SHepruu, ects 3pr/(cm?-c). Hapany c
rayccopoft equHALEd H3MEPEHH, UCIIOb3YEeTCA TAKKE BHECUCTEMHAA €IWHHIA U3-
Mepenun yarencusaoctu Br/em? = 107 apr/(cm?-c).

CBeroBble MYYKHA B UMILYJIbCHI: DPHEPIUA, MOUIHOCTb, HHTEHCABHOCTE. B
OTJIMYMe OT TLIIOCKOR BOJIHBEI, PeasbHBIR CBETOBOH NydYOK MMeeT KOHedYHBIH more-
peunbift pasyiep. Kak nmokasano B nexuuu 1, my4ox MOXKHO OIUCaTh KBA3MILJIOCKOH
BOJIHOHR, aMILIUTyJa KOTOPOH 3aBUCUT OT KOOPDAMHAT B MJIOCKOCTH NEPNEHIMKYJIAD-
HOl HAIIDABJIEHUIO PACHPOCTPAHEHUA:

E = A(z,y) cos(wt — kz). (3.29)

Ananormanbiv 06pa30oM 10JIE CBETOBOIO HMITY. 1LCA MOXMKHO OJIMCATH KBA3UIIOCKOH
KBa3UrapMOHMYECKOH BOIHOM, aMIIUTY1a KOTOpOil 3aBUCHT 116 TOJIBKO OT KOOPIHU-
HaT, HO 1 OT BpEMeHHU:

E = A(z. 7. 1) cos{wt — kz). (3.30)

SHepreTHKy CBETOBBLIX IY4KOB M HMIIY . ILCOB XAPAKTEPH3YIOT MOHATHAMA HHTEHCHB-
HOCTH CBETa, MOJHOM MOITHOCTH My4YKa M NOJHOM SHepruu MMIYNbCa. Bripaxenus
D151 MYHTEHCMBHOCTH CBETA B MOIE/IAX KBA3UIINIOCKON BOJIHBI ¥ KBasUILIOCKOH KBa3H-
FapMOHMYECKOH BOJIHBI IIOJIYYMM, NOACTABMB Beipaxenusa (3.29), (3.30) B dopmyny
(3.23). Ilpn aTOM OKa3BIBAETCA, YTO MHTEHCHBHOCTb CBETA B Iy4Ke 3aBUCHT OT KO-
OPAMHAT B IJIOCKOCTH TIONIEPEYHOI0 CeYeHM:

I(z,y) = g-A*(@,9). (3.31)

VHTeHCUBHOCTD MMIYJIBCHOTO U3IYHYEHUs 3aBUCUT, KPOME TOTO, M OT BPEMEHH:
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Iz, y,t) = . A(z,y.1). (3.32)

TTosHasn MOIHOCTD CBETOBOI'O [Ty YKa ONIPEOEsIACTCA KaK HHTErPAJl OT MHTE€HCUBHOCTH
IIO IIONEPEYHOMY CEYEHMIO ITy4dKa:

P= /7 I{z,y)dz dy. (3.33)

AnanornuseiM 00Pa30M MOJIHAA SHEPTUA HMIYJILCA €CTh

W= //Oo/ I{z,y,t)dz dy dt. (3.34)

Hanpumep, 014 0CeCUMMETPHYHOTO TayCCOBA IIYYKA C PACIpPEReSIeHHEM HHTEHCHB-
HOCTH

I(r) = Ipexp(~r?/r3) (3.35)
NIOSTHAS MOIHOCTH €CTh :
oo
P= /I(r)21rrdr = 7rily, (3.36)
0

rne o — MHTEHCHBHOCTH B LEHTpPE NY4Ka, g — €ro pajuyc.

Jlis n3Mepenns SHEPreTHYeCKNX XaPAKTEPUCTHK CBETa HCIOJIL3YIOT €T0 TEenso-
BOe felicTeune, a TakkKe Asnenue Goroaddexta. Pacnonaras usmepurenbHol anna-
paTypoit C JOCTATOMHBIM BPEMEHHEIM M IIPOCTPAHCTBEHHBIM Pa3spelIeHneM, MOXHO
H3MEPHUTH NONEPEeYHbIE PACNPENeeHsA MHTEHCUBHOCT! HenpepbisHoro I{x,y) ¥ um-
aynscuoro [(z,y,t) uanyyenuit.

Isia oueHok ymobHO MCHIONIP30BATH TaKHME NApaMeTpbl Kak ahGbexTUBHaA UH-
TEHCMBHOCTb CBeTa l,g, 3¢dexTnBHas MONHOCTL MMIYNbCa Phg, abdexTuBHAA
HAUPAXKEHHOCTH 3JIGKTPUUECKOTO MOJIA CBeTOBOM BOMHBL Eug. 9dbdexTunnan un-
TEHCHBHOCTb HENPEPHIBHOIO M3JIyYEHHs ONpENesIAeTCA KAaK OTHOLIEHUE MOINHOCTH
My4Ka K IUIOWIQ¥ €r0 NONEPEYHOrO CeYeHus

I,y = P/S. (3.37)

J1s cBeTOBOrO UMNYJILCA,

Py =W/r, Ly =W/(rS), (3.38)

roe W -— 9HEPrua MMIIYJIbCa, T — €ro JUIATENbHOCTh. DPOPeKTHBHAA HAIPAKEH-
HOCTb CBETOBOrO NIOJiA OUpeNeNsercs Kak

Eag = \/81l,g/c. (3.39)

PaccMOTPHM HECKOJIBKO IIPHMEDPOB.
Conneunsiit cBeT. VIHTEHCHMBHOCTH COJTHEYHOTO CBETa BOIM3M NOBEPXHOCTH
3emn cocrasnger oxoso 0,1 Br/em?. Pamuyc semuo#t opburnt R = 1,5 x 108 xm.
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OTcroga MOXKHO OnpPeNesuTh HOJIH%’IO MomHOCTh u3stydenus Comnuua. OHa OKa3biBa-
ercs pasHo#t P = 4w R2I = 3 x 10%¢

'enuit-HeoHOBBIH nasep. STO rasoBblif J1azep HenpepsIBHOTO AedcTBHA,
u3ayqatomuit cBet ¢ myusHol BosHBL A = 0,63 MkMm. TunuysHas MOMHOCTL H3JIyYe-
Hus coctasnser P = 102 Br. Ilpu pasuyce nyuka r = 0,2 cM ero s¢gdekTunHaA
HMHTEHCHBHOCTD

Ly = P/(nr®) = 0,1 Br/cm?. (3.40)

DT0 cpaBHHUTENLHO HEOOBINAA HHTEHCUBHOCTD, OHA 6/IM3Ka K MHTEHCHBHOCTH COJI-
HEYHOTO CBETA Ha NMOBEPXHOCTH 3emJii. OTHOCHTENHHO HEBEJIMKA K HANPAKEHHOCTH
cseroporo nouis. Cormacuo (3.39) u (3.40)

E.p =3 x1072CI'CD = 9B/cm. (3.41)

Jlaszep Ha yri1exucJ/OM rase. JTOT Jiasep reHepupyer MHGpPaKpacHoe U3-
Jydenue Ha ajiuHe BomHsl A = 10,6 MKM. B HenpepbIBHOM peXXHMe MOIHOCTH reHe-
panuu coctasiser oobiuao P = 10-100 Br. B uMmnynscHoM pexume j1a3ep reHepH-
pyeT mMmysnchi ¢ 9Hepruet W = 0,1 Ik npHu QJIHTENBHOCTH UMITy/IhCca 7 = 107
1 obnanaer addexTusHOH MOMHOCTBIO Pog, = 10° Br.

Jlasep Ha rpaHaTe ¢ HeonuMOM. TBepHoTesbHbIN JIa3ep HAa KpHUCTaJLIE
aJTIOMOMTTPHEBOTO I'PaHaTa, AKTUBHPOBAHHOTO MOHaMu Feomuma (YAG:Nd3Y), us-
Jgy4aer B OiimKHEM HH(PPAKPACHOM OMANa3CHE Ha JytMHE BOJHBI A = 1,06 MxM. B
HENPEPHIBHOM PexXuMe ¢ Bo30YKIaeMOro M3JIyYeHHEM TasopaspaJHOM JIaMIbl aK-
THBHOIO 3JIeMeHTa IJiHHO# 6-8 cM nm gmamerpoMm oOkosio 1 €M yxaeTcsa HOMYyIUTb
momuocth P = 1-10 Br. B uMnysibcHOM pexxuMme JIasep reHepupyeT MMITYJbC IJH-
renbHoCTbIO T = 1073 ¢ ¢ aHeprueit W = 1 IIx (pexum cBobomguolt renepamum),
npit 9ToM 3PPeKTHBHAA MOWHOCTD U3mydenusa Pog = 10° Br. B pexume monysm-
popanHoit JOBPOTHOCTH J1a3ep reHepUpyeT UMIYJbC JyuTenbHocThio T = 1078 ¢ ¢
sueprueit W = 0,1 Ix. MouHocTs Takoro (“ruraHTCKoro”) MMmyJibCa COCTABIAET
P,y = 10" Br.

KoHlleHTpalys CBETOBOH SHepruM BO BpeMeHH H B npocrpaucrse. U3
¢opmyn (3.38), (3.39) BunHO, YTO NPK 3aAAHHOK SHEPIUM HMITYJILCA MOIHOCTD, MH-
TEHCUBHOCTb ¥ HANPAKEHHOCTH CBETOBOIO HOJIA ONPENEIISIOTCA NONEPEYHBIMU pas-
MepaMi IIyYKa ¥ JJIUTENbHOCTHIO UMITYJIbCA. BO3HMKAET BONPOC: KAKOBBI MPENEib-
HbIe BO3MOXXHOCTH KOHHEHTPAUHH CBETOBOH 9HEPrUM BO BPEMEHH K B MPOCTPaHCTBE?

BeICOKasA MOHOXPOMATHYHOCTD ¥ HAIPABJEHHOCTh JIA3EPHOTO U3JLYyYEHUA MO3BO-
JISTIOT CKOHLIEHTPHMPOBATH €ro HAa O4YeHb MAJIBIX [IPOCTPAHCTBEHHBIX W BPEMEHHBIX
macmrabax. Tak, npm ¢okycupoBke H3nydenus MomHocthio P = 107 Br (aa-
3ep Ha rpaHare C Heo,uuMOM) B WATHO PajuycoM T = 102 cm mOMyYMM WHTEH-
cusrocts I = P/rr? = 3 x 10'° Br/cm? u ad)cbeKTnBnyo HANPAKEHHOCTD IIOJIA
E =5x10% B/cm.

B BunuMoM nuanasoHe npenenbHeIl fnamerp (HOKaIbLHOIO ATHA UMEeT NOPAIOK
IHHBL cBeTOBOY BostHbL (M. 4. ITI)

drin & X % 0,5 x 10~ cm, (3.42)

a npenesibHasg JUIHTENBHOCTD CBETOBOTO HMIYJIbCA ONPENEsiAercA IEePHOdOM KoJie-
6anull noss

Toin & T = 27w ~ 2 x 1075 ¢, S (3.43)



54 Yacme 1. JaexmpomezHumMHas mMeopus ceema

Tlepexon x Takum macuTabaM [03BOMsET OBLICHTH HHTEHCHBHOCTDH CBETA [IPH TOH
JKe NoJHOH »nepruu eme Ha 8-10 nNOpsOKoB.

Yeranapnusaembie opmynamu (3.42), (3.43) byuaamenTanphble npenessl KOH-
UEHTPAIMKA CBETOBOM 3HEPI'MM yiKe NOCTHIHYTbI COBpeMeHHOH JiazepHo#t ¢dhu3uKoi.
Vlnrepechsie BO3MOXKHOCTH, OTKPBIBAIOWHECA B CBA3KM C 3THM nepen pu3nyecko
OITHKOM, MbI 06CYuM B sasbHediuem (cMm. 4. IV). 3aecs xe orMeTuM TONBKO, 49TO
NOMCTUHE K MTAHTCKUM 3HAEHAAM MHTEHCHBHOCTH M HAMNPSXKEHHOCTH CBETOBOIO
[0JIA OPUBOLUT KOHIEHTPAUUA W3JIYUeHHA MOIIHBIX U CBEPXMOIIHBIX JA3€PHBIX CU-
creM. Tak, Ha Ja3epHBIX YCTAHOBKAX A/1A YHPABJIHEMOrO TEPMOALEPHOTO CHHTE3R,
ITOJIy9eHbI MMITYJ1bChI C 3Hepruelt W = 10%--10° IIx. IIpu mmrensnocty 7 = 107°% ¢
Tako# uMIyIbC uMeeT MomHocTh P = 10!3-10** Br. ®okycuporka ny4ka no3posser
noctaus uHTeHcuBHOCTH | = 1017-1017 BT/CM2 M HANIPIXKEHHOCTH CBETOBOI'O NOJA
E = 10'° B/cwM, npessimaomell HANPAXEHHOCTb BHYTPUATOMHOTO KYJIOHOBCKOTO
MOJA

E, =efaj =5 x 10° B/cwm. (3.44)

3neck e = 4,8 x 10719 CI'CD — 3apsan anexTpona, ag = 0,5 x 1078 cM — Goposckuit
pammyc.

OcnoBuble nouaTUA doromerpum. [na onucannsa csera oObiyHBIX (Hena- -
3epHBIX) HCTOYHHKOB HCHOJIL3YIOT OTOMETPUYECKHE ITOHATHS U Berunnbl. K Hum
OTHOCHTCHA: HOTOK U3JIyUEHUs, CHJIa CBCTA, OCBEILEHIIOCTh NNOBEPXHOCTH, 9HEPreTH-
yecKad CBETUMOCTD IOBEPXHOCTH, APKOCTh HCTOUHHKA CBeTa. B 9TOM pasnesie AaHbl
OnpeneseHMA YKa3aHHBIX BEJIHYMH U PACCMOTPEHL! IIPMMEpPhl X UCIIOIb30BAHNA.!

TloTox M3NydeHU A ONpeAeNAETCA KaK OTHoueHue sHeprun dW, nepenocu-
MO CBETOM ‘1epe3 MPOU3BONBLHYIO IOBEPXHOCTDb, K IPOMEXKYTKY BpeMeHH di:

@ = dW/dt.

DTa BeJTMYMHA UMEET Pa3MEPHOCTb 3pr-c™ 1.
Cuna cBeTa onpenensercsa Kak OTHOLIEHHE NOTOKA uaiaydenus dP x resmec-
HOMY yriy df}, B KOTOPOM pPacHpOCTPAHACTCA M3JIyJeHHe:

I =d®/dq.

Pa3sMepHOCTb STOR BEMYMHBI eCTh 9pr-c~!-cTrepan™?.
OcBemeHHOCTE NOBEPXHOCTH ONPEAE/IAETCA KaK OTHOLUIEHHE TOTOKA U3JIyde-
una d® x mwonany dS o6ay4aeMoro ajeMenTa NOBEPXHOCTH:

£ =dd/dS.

Pa3sMepHOCTh OCBEIIEeHHOCTH €CTh 9pr-C -cM™ 2.

DHepreTH4Ye€CcKad CEETUMOCTh MOBEPXHOCTH ONPEIEACTCH KaK OTHOIIe-
Hue NoToKa uziyuenua dP k nnomany dS, snemenTa U3nyyaromell TOBEPXHOCTH:

R = d®/dS,.

Pa3mMepHOCTh CBETUMOCTH €CThb 3pr-c~l-cM™2,

1 Mbt HCTIOSAB3YRM BHEPreTHHECKUe eXUHUIILI H3MepeHn s POTOMETPUYECK X BenuynH. [ina nepe-
XOlla K €IMH¥LAM, OCHOBAHHBIM Ha BOCIIPMATHM CBETa I71a30M (KaHIENa ¥ OP.), HYXKHO YMHOXHTb
YHCIOBbIE 3HAYEHUA BEJHYMH HA (DAKTOP BUIAHOCTH, 3aBUCAUIMHA OT IJIMHBI CBETOBOH BOJIHBI (CM.,
sanpumep, [12]).
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Puc. 3.3. K pacdery sHepreTH4eCKHX XapaKTE€PHCTHK TENJIOBOrO M3JYy4YeHHA

ApKoCTb HCTOYHHKA CBETa OMPEHENIAETCA KAK OTHOIeHWe CUJIbsl cBeta dl K
AJIOaAM Npoeknuy dS| CBeTAINEerocs 3JieMEHTa IOBEPXHOCTH Ha IJIOCKOCTH, Nep-
NEeHIUKYJIAPHYIO HAIPABJICHUIO HaOIIONeHH S:

B =dI/dS,,

rue

dS; = dSg cosé,

dSp -— mIomaup IeMEeHTa MOBEPXHOCTHM MCTOYHUKA, 8 — yron mMeXiy HOPMaJIblo
K cBerAweica NOBEpXHOCTH U HANPABJIEHHEM Ha TOYKY HabnoaenuA. PasMepHOCTH
APKOCTH ecThb 3pr-¢™!-crepan™!-cm™2. [TosnakoMuMca ¢ npuMeHerneM GOTOMETPH-
YECKMX BEJIMUNH HA KOHKPETHBIX IpUMepax.

NanyuartenbHas cnocobHOCTb Tea U DHEPTUA TEOJOBOTO H3-
aydeHus. PaccMOTpuM B KayeCTBe IpUMeEpa IHEPLETHYECKHE XaPaKTEPHUCTHKH
TeIJIOBOTO U3JIyyeHus. IlycTb BHYTPY HAFPETOro TeJla MMEeTCA NI0JIOCTh, 3ATI0IHeH-
Has PABHOBECHBIM TEILIOBLIM M3iydenueM (puc. 3.3). He kacasch moka Bonpoca o
CIEeKTPAJIbHOM COCTaBe M3JIyveHHs, HaliieM CBA3b MEXOy DdHEPreTHYeCKOl CBeTH-
MOCTBIO CTEHOK IOJIOCTH ¥ O6'bEMHON IJIOTHOCTHIO 3HEPTUM M3IYyYEHHA B IIONOCTH.

Beenem crenyromme o6o3xauenna: do — IIOMAIL 9JEMEHTA TOBEPXHOCTH 110JI0-
cti, dP — MoWmHOCTb, M3jaydaeMasda momwaakolt do Bo Bcex HanpaeieHusx, dV -—
3JieMeHT o0beMa 11on0CcTH, dW — sHeprus usayyenus B obbveme dV,

p = dP/do, (3.45)

p —- SHepreTHvecKas CBETHMOCTDb (M3/IyyaTesbHas CIOCOGHOCTh) NOBEPXHOCTH MO
JIOCTH,

u=dW/dV, (3.46)

u — 06beMHaA MJIOTHOCTb SHEPIUM U3JIydeHHA.
3anuueM MOIHOCTD W3J1yYEHNA IIOMAAKK do B HATpaBeHuM DJIeMeHTa obbema
dV B Bune

dP(ds,8,dSY) = B(6) cos do dO, (3.47)
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Puc. 3.4. K Bayuciienno 06beMHOM MIOTHOCTH 9HEPTHH TEIUIOBOTO M3JTyYEHHA

rae B(8) — spkocts uznydernus, § — yrost MexAy HOPMABIO X muomagaxe do u
HanpasJienneM oT do x dV, dQ} — TenecHsi yros, non KOTopbiM BuaeH 06beM dV
H3 uenTpa momanku do (puc. 3.4). Januyio GopMysly MOXHO PACCMATPUBATH KaK
onpesenenne apkocry B(6).

Ha puc. 3.4 nokasans! cepuyeckue koopaunatsl R, 0, @ anementapaoro o6beMa
dV orHocuTenbHo nnowanku do. O6bem dV BHaeH M3 UeHTpa IUIomanku do mom
TEJIECHBIM YIJIOM

s _ . .
dQ = 2 =sin 0do dy. (3.48)

B cBoto ouepenp, mromanka do BUgHa U3 UeHTpa o6bema dV mox TesieCHBIM yriioMm

_doy _ cosfdo
T R? T R
Hcnonssysa (3.47), (3.48), nosnnyio mompocTs uanyyenus dP nnomanku do (Bo Bcex
HANpPABJIEHUAX) MOXHO 3allECATb B BHAE

do

(3.49)

2w /2

dP = da/dcp / dfB(6) cos b sin6. (3.50)
) 0

Hanee HeoO6XonuMO KOHKPETH3UPOBATh BUA 3aBucumocTe B(#). ia pasHOBeCHOro
TEIJIOBOrO M3JIYYEHUS XOPOIIO BHIMOJIHAETCA 3aKOH

B(9) = B = const, (3.51)
Ha3bisaeMbll 3axoHOM Jlambepra. IloacraBnssa (3.51) B (3.50), nosyumm

dP = 7Bdo. (3.52)

Cuntas, 4ro U3NydeHHe 10CTynaer B o6beM dV co BCeX CTOpOH PABHOMEPHO, 3aIH-
meM
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Po

Puc. 3.5. K pacuyety ApKOCTH JIa3€pHOTO M3JIyYEeHHA

AW (dV, dt, do) = Z—;dW(dV, dt), (3.53)

roe dW(dV, dt, do) — sHeprus, noctynaiomas B ofbeM dV 3a BpeMa dt CO CTOPOHH
nnomanku do, dW (dV, dt) — nonuas sueprus, nocrynapomas B oobem dV 3a Bpems
dt (co Bcex cropoH). Benuuunnt dW(dV,dt,do) u dP(do,8,dSl) ceasanm Mexny
cobor0 dhopmyJioh

dW (dV,dt,do) = dP(do,8,dQ)dt. (3.54)

Ob6beMHasA NJIOTHOCTD DHEPIrMH U3JIy4YECHHUA

_dW _ dW(dV,dt)

f U= W = —dv——, (305)
roe-
dV = cdS dt, (3.56)
¢ — ckopocTb cBeta. 13 ¢popmya (3.45)-(3.49), (3.51)—(3.56) nosnydaem
p= gu. : (3.57)

Jannaa dbopMysa BhIpaXkaeT HCKOMOE COOTHOUIEHME MEXIY HepreTHdecKoit cpe-
THMOCTBIO (K3J1y4ATENHHOH CHOCOGHOCTHIO) p TOBEPXHOCTH MOJIOCTH M 06beMHOM
IUIOTHOCTBIO SHEPTUM U PABHOBECHOIO TEIUIOBOLO M3JIyYEHHA B MOJIOCTH HATPETOro
TesIa.

CpaBHuTEe/IbHbBIE XADAKTEPUCTHKH JIA3€PHOLO M COJHEYHOTO
cBeTa. [IpEUMeHUTENIBHO K J1a3€PHOMY IIYyYKY APKOCTb B MOXKHO ONMPEHE/UTh KaK .
HMHTEHCHBHOCTD I, OTHECEHHYIO K TEJIECHOMY Yy myuka )

B=1I/Q.
Bsenem yros pacxomumocTy nydka 9, kak nokasaso Ha puc. 3.5. Torma
Q = 6%,
npudeM cuuraerci, 9To § < 1. Ilosaran manee
I = P/mpj,

rae P — MOmHOCTB, pp — HAYaJbLHBIE PangpyC my4dKa, MOJyduM
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P
B= .
w2 p36?
Jlis nazepHOro mydxa
A
0= ——,
2mpo

IAe A — IUIMHA BOJIHBI W3jiydenus (cM. gonossense 13), ciemosarensuo

B =4P/)2,

Hanpumep, misa renui-HeOHOBOrO fa3epa ¢ napamerpamu A = 0,63 mxMm, P = 1 MBr
nonyuaem B = 10 Br-cm~2.cTepan™!.
Apxocts Connua seiukcanm no dopmyse

B = P/(4nR)?,

roe P — nonnaa momHocTs wanydenna Connna, R — pamuyc Connua. Tlonaras
P = 3,83 x 10?6 Br, R = 6,96 x 10'° cm, nonyunm B = 5 x 10? Br-cm™2-crepan™!.
Taxum 06pa3oMm, APKOCTH Jia3epa Ha HECKOJHKO NOPAIKOB MPEBHILAET APKOCTH
Conxua.

Eme Boliie MpeBOCXOOCTBO Jia3epa B CHEKTpanbHOl ApkocTH By, koTopas ompe-
JeNfAeTca Kak OTHOIIeHHe ApKocTH B k cnexkTpansHO#t mupune A ceera

B = B/AM.

Insa renuit-reonoporo nazepa AX = 6x 10710 um (uro coorsercrayer Av = 500 I'm),
cnenosarespHo, By = 1,5 x 1019 BT'CM_2‘ - crepan~!-aM~!. B 10 xe Bpemsa mia
Cousmua AX = 400 uM u By, = 1,25 Br-cm™2-crepan™!- am~!
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Jlexuua 4
CBeTOBOE naBJjieHUe

Humnyave ceemosoti soanvi. Hamepenue ceemosozo dasaenusa. Onumwm Jlebedesa.
Ceemosoe Oaéaenue Ha xaaccuneckutl amom. Momenm umnyavca ceemosoli coansl.
Pomon. Onmuuecxoe ozaaxcdenue.

BBoaaTrcs MOHATUs MMIYJIbCA U MOMEHTA UMIIYJILCA CBETOBOH BOJIHBI. YCTaHa-
BJIMBAETCA CBA3b MeXIy 3Heprue#t m mmmysibcoM csera. O6CyxmaoTca npobnemsl
W3MEPEHHs ¥ UCTIONb30BAHUA CBETOBOIO JABJICHUS.

Umnynsc ceeroBoit Bonusl. 13 Teopnu Makcpesuta CeoyeT, 4TO CBETOBAL
BOJIHA HECET He TOJILKO DHEPTHI0, HO U umnyasvc. B mnockoit MOHOXpOMa.TH‘{ECKOﬁ
BOJIHE OOBLEMHAA ILJIOTHOCTh UMIYJILCA €CTh

G=1I/c, (4.1)

rae I— HMHTEHCUBHOCTD, € -—— CKOPOCTL CBETAa. B cooTBeTCTBHH C 3aKOHAMH MEXAHU-
KH Ha OOIVIOIIAKIINeE, OTpaxXarolye U NPEeJOMJIAIUINE CBET TeNa ,H,eﬁCTBy!OT CHJIbI,
Ha3bIBaeMble CUNIAMH ¢8emoe6o20 dasaenus. CBeToBoE JaBJIeHHe Ha NOJIHOCTHIO MO-
rjaomalomee CBET Teno

P=1I/c=, (4.2)

rae W — o6beMHasA IJIOTHOCTh SHEPTHH IOJISI, YCPEAHEHHA 10 NEepHONy CBETOBBIX
konebanuit. Eciu Teso 4acTUYHO 0TpaKaer CBeT, IpuyeM KOs HIHEeHT OTPaXKEeHHUs
paBeH R, TO B CWJIY 33aKOHa COXPAHEHUS MMILY/IbCA

P =(1+R)I/c. (4.22)

B yacTHOCTH, CBETOBOE NaBJIeHME Ha MOJIHOCTHIO OTPAKAIOIIEE TEJIO, LJIsi KOTOPOro
R = 1, BgBO€ mpeBbLINIaeT JaBjieHHMe Ha NOMVIOmaloliee TeJso, Ajis Koroporo R = 0.
B 3T0OM cMBbIC/IE NaBieHue CBETa HA 3€PKAJIO AHAJIOTUYHO OABJICHHIO [a3a HA CTEHKY
cocyna. Ilocnentee, kak M3BECTHO, OOBACHACTCS TEM, YTO, CTAJIKUBAACH CO CTEHKOH,
MOJIEKYJIBI Ta33a NePeNaioT et UMIIyIbC.

Kak npaBmsio, CHJIbI CBETOBOrO [IABJIEHHA BECbMa MaJjibl. B j1azepHbIX My4Kax,
OHAKO, OHU MOTYT ObITh 3HAYMTENILHBI, YTO MO3BOJISIET UCIOJIH30BaTh CBETOBOE a-
BJIEHHE IUUIsl YUIPaBJIeHHA OBVMXKEHMeM MMKpodactur (cMm. momosmenue 3). CBeTosoe
JaBJieHUE Ha aTOM CIOCOOHO 3aTOPMO3MTH €ro TEIIOBOE HBHXKEHME; 3TOT 3hEeKT
UCTIONB3YIOT JJIA NMOJYYeHUA CBEPXHW3KUX TeMNepaTyp. B npuHuuIe, Ha OCHOBE
CBETOBOr'O JABJIEHUA MOXKHO CO3IATh ABUIaTE/ b, B KOTOPOM B Ka4eCTBE PpeaKTHBHOH
CTPYH MCHOJIb3YETCA MOIIHBIR IMy4OK CBETA.

CymecTBOBaHNE CBETOBOIO AABJIEHWA NPEACTABJIAJIOCh COBEPIIEHHO €CTECTBEH-
HbIM CTOPOHHHMKaM KOPIyCKYJAPHOH{ Teopuu CBeTa: KODHMYCKYJbl JOMXKHbI HECTH
KOJINYECTBO JBHXKEHN, KOTOPOE NEPENACTCA HAXOMAMMMCH HAa UX [yTH TeslaM. Eme
B 1619 r. Kennep, ucxonsa u3 npeactaBiieHuit 0 COJIHEYHOM CBETE KaK O MOTOKE KOp-
OyCKYJ1, 06'b ACHUJI HCKPUBJIEHHE XBOCTOB KOMET HABJIEHUEM COJTHETHOTO W3JIyYeHU .
C TO4YKM 3peHUs BOJHOBOH T€OpHM BO3HMKHOBEHHE OTVIHYHBIX OT HYJIA HOCTOSHHBIX
cuit B OGpICTpOIIEpEMEHHOM BOJIHOBOM IOJIE HE KAXXETCA CTOJib OYeBHIHBIM. TeMm He
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Caer /——-—-»

pd s
H

Puc. 4.1. Mexanusm CBeTOBOro JaBJ€HHA

MeHee [OYTH CPa3y HOCJe YCTAHOBJICHUA 3JIEKTPOMArHUTHON npupoas! ceeTa Maxc-
BEJU1 BLIYHC/IMJI BEJIMYHUHY CBETOBOTO HABJIEHHA HA MOBEPXHOCTH MOIJIOMIAIOUIMX M
OTpaXKallUX CBET TeJl.

MexaHu3M CBETOBOI'O JaBJICHUS MOXHO 00bACHUTD crenytomuM obpasom. Ilpen-
NOJIOXKHUM, YTO Ha [NOBEPXHOCTH HEKOTOPOTO TeNa [1aJaeT N0 HOPMAJIM IUIOCKaA MO-
HOXPOMATHYECKAA CBETOBasA BonHa THna “E;, H,”, T. e. BoaHa, B KOTOpO#l BEKTOD
3JIEKTPHYECKOTO MOJIs COBEPLIALT KONEDAHUA BIO/b OCU T, 8 BEKTOP HAIPAKEHHO-
CTH MarHWTHOro mnoJisa Kosiebnercs saonb ocu y (puc. 4.1). Ion meficTBuem ssex-
TPUYECKOTO [IOJIA BOJIHB! 3JIEMEHTAPHbBIE 3apsAabl Tesia 6yayr cosepmarh KojiebaHus
BIONL OCH Z. lIpu 3TOM CO CTOPOHBI MAarHATHOTO NOJIA BOJIHBI HA HMX JeHCTByer
cusa Jloperna

F= g [ﬁ‘, ﬁ] , (4.3)

HallpaBJIEHHas BIOJIb OCH 2, T. €. TI0 XONy CBETOBOM BOJIHBI M N0 HOPMAJIA K IIOBEPX-~
HOCTH TeJia. ITO U eCTh 3JIEMEHTAPHAA CHJIA CBETOBOTO NaBJEHEUA.

Bolumciium cBeTOBOE IaBJIeHKE, NPEIoIaras, 4T0O CBET TOJTHOCTHIO HOrJIOWAeTCA
TenoM. s 3Toro Bocnosb3yeMcs ypaBHeHuaMH MaxkcBesnia

=~ 10H <~ 10E  4n,
rot E = —EW, rot H = z'&‘ + _c—] (44)

3mech j — MJIOTHOCTH TOKA, KOTOpaA MOXET ObITh 3alUCaHa B BUAE

j = ne, (4.5)

Tae e U U — 3apA U CKOPOCTb 9JIEKTPOHA, N —— YMCJIO 3JIEKTPOHOB B Kybuueckom
cantuMerpe o6beMa. B coorsercTBum ¢ dopmynoit (4.3) Ha S1eKTPOHBI, HAXONAIIHM-
ecs B enuRMIEe 06beMa cpenbl, JecTByer cua

f=nF,= ngvH,

HanpasJIeHHas BIOMb OCH z. Mcnons3ysa popmymy (4.5), 9Ty CHIy MOXKHO 3aIIMCaTh
B BUAE

Fhw e oL 5
oo e Tt

1,
f=~iH. (4.6)
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Tenepb UCKOMO€ CBETOBOE€ IaBJIEHHE €CTh

P = | fdz, 4.7)
/

[P 1)

rae 3HaK o6o3Ha4YaeT ycpegHeHMEe N0 IepHONY CBETOBLIX KoJyieOanui.
JIna nmnockoih MOHOXpPOMATHYECKOH CBETOBOM BOJIHBI C KOMIIOHEHTAMH II0JIA
wr E; = Acos(wt — kz), H, = Acos(wt — kz) (4.8)
u3 ypapHeHnit (4.4) nonyvyaem
OE, _ 10H, O0H, _ 10E, 4rn .
8z ¢ d8t’' 8z ¢ Bt ¢ =

YmHOXMUM nepBoe u3 ypapHenuit (4.9) na E;, BTopoe — Ha H, u cyioxum. Toraa
NOJTy4HM YPABHCHHE

(4.9)

Sw 1 9

roe
1 :
w= -87(E3 + H2), | (4.11)

w — 00bEeMHAA MJIOTHOCTb SHEPTUH CBETOBOIO 1OJIA, a CHia f onpenenserca ¢op-
MyJo#

1.
f= ZJzHy- (4-12)

Tenepsb ycpenuum ypasuenue (4.10) mo nepuony ceerosbix konebanuit T = 27 /w.
IIpuHMas BO BHUMAHHKE, ITO
7]
<§EEH,,> =0,

0 -
==-F (4.13)

Haxonen, noncrasus (4.13) 8 (4.7), nonyuum mjis CBeToBOro NapieHAA GopMyIy

DOJIY UM

P =, (4.14)

xoropas cosnanaer ¢ (4.2). Hanee, 3anucas cseroBoe nasnenue s suge P = F/S,
r1e F' — cuna pasnennsa, S — miomanp mONEPEYHOrO CEYEHUA CBETOBOrO MydKa,
HCHONb3yA Bropoit 3akon HeloTona, cornaceo koropomy F' = dp/dt u BBonA 06b-
eMHYI0 IIJIOTHOCTb MMIYJIbCa CBeTOBOH BOJIHEL G ¢ noMompio dpopmysl dp = GdV,
rae dV = Scdt, ¢ — ckopocTs cBeTa, npuxonum k ¢popmyne (4.1). dror pesynbrar
oosryynn Makcsent B 1873 .

B 1879 r. BapTonu BBHIYMC/IMIT CBETOBOE OABJIEHHME, OCHOBBLIBAACH HA TEPMOOH-
HaMHMYeCKUX coobpaxeHnusax. Jlebenes B cBoel craThbe, noABOAAmER UTOr IKCIIEPH-
MeHTOB [0 U3MEPEHHIO CBETOBOIO JAaBJIEHUA, U3araeT coobpaxenna Bapronu cie-
ZytomuM obpasom: “BapTonu HCXOOMT M3 M3BECTHOTO OCHOBHOrO (pakTa, KOTOpHIH
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B TEOpHH TeIJia HA3BIBAETCA BTOPHIM NPUHUMIOM TEPMOIMHAMHKE — MMEHHO, YTO
HEBO3MOXHO 6e3 3aTpaTsl paboTH EPEBECTH TEIJIOBYIO SHEPrui0 ¢ 6ojiee X0ion-
HOTrO Tesla Ha Gosee Tewnroe. Baprosm ykasas Ha TO, 4TO BCAKOE TEJO HCIYCKAET
JIy4® W 4TO, B IPHHINIIE, BIIOJIHE BO3MOXKHO IIOCTPOUTh MANINHY, COCTOANLYIO U3 IO~
JIOro abCcoJTIOTHO 3€PKaJjIbROr0 LUIWHAPA C NePEMEMAMMAMCA B HEM 3€PKAIbHBIM
NopImHeM; MpY NOMOMM 5TOo# MalMHBI MBI MOIVIH ObI, BLIOBArasA MOPIIEHb, BCAChI-
BATh B IWIMHAP JIYIHCTYIO SHEPrHI0 XOJOIHOrO TeJa, TIOTOM, MEPEHecs MJIMHAD K
TENJIOMy TeJIy, IePEBOJUTE B 2T0 NOCHEIHEe JIyHUCTYIO SHEPTHIO, BABHIaA NOPIIEHb
nogobHO TOMY, KaK MpPH NOMOIM CaJOBOTO HACOCAa MbI MOXEM BCACHIBATH BOLY H
BBLINPBICKMBATL €€ Ha 3HAYATENILHYIO BBICOTY. XOTA NPAKTHYECKOMY BHITIOJIHEHHUIO
TaxKo# MaIIVHBI ¥ TIPENCTABJIAIOTCA OTPOMHBIE TPYLHOCTH, TEM He MeHee TIPUHIIHIIN-
aJIbHO BO3MOXKHOCTD €€ BBINOJIHEHUA BIIoJIHE obecnedeHa, nosromy BapTosnu 3akio-
Y1, 9TO BTOPOH NPHHIMI TEPMOOMHAMMKY TOJILKO B TOM CJIy4dae He Oyaer Hapymes,
€CJIM NIepeBeNEeHHE JIYINCTON SHEPIy U3 XOJIONHOrO TeNa B 6oJree Temioe Tesio 6yner
OPOUCXOOUTH C 33TpaTol paborsl. IpyruMu crioBaMy, nepeMemenne MOPIIHA 10K~
HO IIPEOIOJIEBATh HEKOTOPYIO CHITY, O0YCJIOBJIEHHYIO JaBJIEHHEM JIy4Yel Ha OpHIeHb.
Taxum o6pasoM, Makceesn 1 BapTosy npunuiy K OQUHAKOBOMY YTBEDPKIEHUIO, YTO
CBETOBBIE JIYYW JaBAT HA TE TeJa, H3 KOTOPhIe OHH NananT”.

HNamepenne cBeTonoro Jasinenns. Ousitel Jle6enesa. OueHkn ¢ HOMOMIBIO
dopmynnl (4.2a) MOKA3BIBAIOT, YTO CBETOBOE NaBJI€HHE BeChbMa MaJio. Tax, mabie-
HUE COJIHEYHOrO CBeTa ¢ MHTeHcMBHOCTHIO I = 0,1 Br/cm? ma sepkasno (R = 1)
cocranyiger P = 2I/c ~ 10™* qun/cm?. Ilo9TOMY perucTpalis CBETOBOTO JaBJICHAS
C HeJIa3ePHbIMY UCTOYHMKAMHA CBET3 OKA3bIBAETCS JOBOJIbHO TPYIHON 3KCIIepuMeEH-

tanbHOl 3anadett. CBeToBOE NaBieHUE MACKUDPYETCHA PA3JIMYHBIMH CONYTCTBYIOMIH- |

Mu 3¢peKTaMu, INTAaBHLIM U3 HUX OKA3bIBAETCA CBETOBOM HArpeB NPOGHOrO Tesa.
HepBoe KOpPeKTHOE H3MEPEHUE CBETOBOTO AABJIEHH ObUIO BBLINOJHEHO PYCCKUM
dusukom I1. H. Jlebenenbim B 1898 1. B ero onpitax (puc. 4.2) cBeT AyroBo# JaMmbl
HAIIPABAJICA C IOMOUIBIO ONTHYECKOH CHCTEMBI HA JIEKOE KPHUIBLIKO U3 ILJIATH-
HoBo# onbru. Kpeiisimko 6p110 NOOBENIEHO HA yOpyroff HATH B OTKAYAHHOM CO-
cyne. YIJIoBOe OTK/JIOHEHHE KPBUIBIIKA CBETOM MOXKHO GbLJIO M3MEPHUTDb, & S9HEPTHIO
NAJAOIIEro CBETOBOTO 1Y YKA BBIYUCIATH IO Pe3yJIbTATAM KAJIOPUMETPUUCCKHX HU3-
Mmepenui. OCHOBHAA TPYLNHOCTH ONBITA GBLIA CBA3aHA C TEM, YTO CBETOBOE IABJICHUE
MAaCKHpyeTcs pafHOMeTpHYeCKHMH CH/IAaMH H BO3REHCTBHEM Ha KPBLILIUIKO KOGHBEK-
THUBHBIX TIOTOKOB raza. I1oABNieHHEe PANMOMETPHYECKHX CHJI OBYCJIOBJIEHO TEM, YTO
MOJIEKYJIBI T334, CTAJIKHBAIOIMECA C HATPETOH IOBEPXHOCTHIO KPBUIBLIKA, Ipuobpe-
TAIOT JIONOJIHUTEJIbHYIO CKOpPOCTh. B pesyspTaTte BO3HuKaeT usbHITOYHOE HaBiIeHue
Ha HArpeTyIo NOBEPXHOCTh. UTOOB! HCK/IOYATL PAOMOMETPUYECKHE CHIbI, Jlebenes
UCII0JI530BaJ1 MAKCHMAJILHO TOHKYIO onbry (rommuHol okono 0,02 mM) ¢ Tem, uro-
6b1 TemnepaTypa 0benx IMOBEPXHOCTEH KPBUIBIKA OHICTPO BHIPABHUBAJIACH 38 CHET
TeronpoBogHocTH. Kpome T0ro, paguoMeTpuvecKue Cuibl MOXHO YMEHBIIATh, 10~
HUXKAA OJaBJIeHne BO3iyxa B cocyze. Ina mckmoueHus kousekuuu JlebGenes oxsia-
KA CBOI MpHOOD M HCIOJL30BAJI MOABHXKHYIO CHCTEMY 3epKaJi, HO3BOJLAIOULYIO
HAIIPaBJATH CBET Ha 06e noBepxHoCcTH Kpbuibnuek. [losnyyennsie pesyabrars Jlebe-
neB chOPMYIHPOBATI CJICAYIOMUM 00Pa3OM: '

1. “IIamaromuil My4oK CBeTa IPOU3BOOUT NABJIEHHE KaK Ha IOIVIOWAIoOmHue, Tak
¥ Ha OTPaXaloUINe MOBEPXHOCTH; 3TH NOHNEPOMOTOPHBIE CHJIbI HE CBASAHKI C
y»Ke U3BEeCTHBIMY KOHBEKUMOHHBIMH M PATUOMETPUYECKMMH CUJIAMH, BHI3HIBA-
€MBbIMH HAarDEBAHUEM.

2. CuJinl JABJEHUS CBETA NPAMO NPONOPUHMOHAIbLHEI SHEPIHH NAJAIMEro JIyva
M HE 3aBUCAT OT UBETa (0T IJIMHLI BOJIHBI).
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Puc. 4.2. Cxema onmita Jlebenepa 0o M3IMEPEHHIO CBETOBOTO AABJICHHAA

3. Habmiopaemble CHNIBI NABJIEHNA CBETA B IPENEsIaxX IOrpemnocTel HabmoneHuit
KOJIMYEeCTBEHHO PaBHbI MAKCBEJIO-0APTO/IMEBEIM CHJIaM JABJICHHUA JIy4UCTOM
SHEPTHUH.

Taxum 06pa3om, CYIECTBOBAHAE MAKCBEJJIO-0apTONMEBBIX CIIT JABIEHUA OIBIT-
HBIM IIyTEM YCTAHOBJIEHO JJiA Jydeil ceera.”

CseToBOe IaBjIeHHe Ha KJjiacCH4iecKHH arom. CBeToBoe IaBiieHUE MOXKHO
HCNOJIL30BATh JJIA YNPABJCHN NBUXKEHUEM aTOMOB WM MoJiekys. OuesHnM nasiie-
HHME CBeTa Ha aTOM, UCNOJIb3Yy:A KJIACCHUECKYI0 MONEb aroMa. ByneM cunuTarb, 410
sHewHui (“onTH4eCKMA”) BHEKTPOH, UMEOWMHA 3aPAN € U MAcCy M, YAEPKHUBALT-
ca BOIM3M MOJIOKUTENbHO 3apAXKEHHOTO ANpa 3JIEKTPOCTATHYECKUME cuiamu. Ilpu
CMEUIEHNH 3JIeKTPOHA Ha PACCTOAHHE T OTHOCUTENBHO AAPa BOSHUKAET KBA3UYIIDY-
rad KyJIOHOBCKasa cuia F, = —qz, CTPEMAMAACA BEPHYTh 3JIGKTPOH B IOJIOXKEHUE
pPABHOBECHA. Y DABHEHUE JBUXKEHHUs DJIEKTPOHA UMEET BHJ
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4T+ wir= %F(t), , (4.15)

roe wp = y/a/m — cobcTBenHas JacToTa KojaebaHul ajiekTpoHa B arome, I' — na-
pamerp, onuchlBaomwu 3aTyxanue konebanult, F(t) — sBHemusas cuna. YpasHenue
(4.15) npeacrasnser coboi xOpPOIIO U3BECTHOE U3 MEXAHWKH yPABHEHHE OCLILIIATO-
Pa; ClieqyeT 3aMeTUTh, YTO ¥ B ONTMKE MOJENb OCHWLIATOpa — OXHa u3 Hamubosiee
BaXXHBIX.

Pacuer cBETOBOTO N3BJICHUSA HA ATOM NIPOBEAEM B hBa stana. CHadana paccyu-
TaeM NOBEINEHHE OCHUMJUIATOPA B DJIEKTPHYECKOM IIOJIe CBETOBOH BOJIHBI, a 3aTEM
onpenenuM cuny JlopeHua, CBA3aHHYIO C BO3AEHCTBMEM MArHUTHOTO MOJIA BOJIHBL

IlycTs Ha aToM Bo3mefCTBYyeT rapMOHMYECKAsS CBETOBAA BOJIHA C KOMIIOHEHTAMH
nons E;, Hy, roe

E, = -;—Aexp(iwt) +K. C., (4.16)

1 .
H, = §Aexp(zwt) +K. C. 4.17)
IIpenebperas cHayasia neHCTBHEM MATHUTHOTO TIOJIA, TIOJIOXKHM

F =eE,. . (418)
Torna ypasuerue (4.15) npuobperaer Bug

i +Td +wlz = %Ez. (4.19)

Pemenue ypapuenus (4.19) umeM B uge

z(t) = %5’: exp(iwt) + K. c. (4.20)
Ioxcrasus (4.16) u (4.20) B (4.19), Haltnem
e A

R B—
mwi — w? + il

(4.21)

Hrax, gBUKeHAE IJIEKTPOHA 104 AeHCTBHEM 3JIEKTPHUYECKOrO I0JIA BOJIHLI OIMCHI-
Baerca dopmynamu (4.20), (4.21).

Teneps BeI4uCIAM CHTy JIOpeHna, NERCTBYIOIYIO HA JIEKTPOH CO CTOPOHBI Mar-
HHTHOTO IT10J1A CBeTOBOH BonHbL. Ilonarasa U = T, H= Yo Hy, momyuum

- [ - > E . '
Fn = E ['U,H] = ZOCZHy, (422)

rae Zo, Yo, Zo — OPTH NeKapToBOl cucTeMsl koopauHat, £ = dz/dt. Cuna cBeToBOrO
JaBJIeHuA eCTh CHia JIopeHna, yCpenHeHHasA N0 NePHOLY CBETOBBIX KosieDanuii:

F, = F,. , (4.23)

Ioncrasus (4.17), (4.20) B (4.22) u BENOJHUB ycpenHenue no nepuony T = 27 /w,
HOJTY UM -
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—

Fr= z‘ogiiw(:EA* ~ 5*A4) (4.24)
3qeCh H HaJiee 3Be3404Ka OﬁOBHa‘IaBT KOMILJIEKCHOE COlIpsAXKEeHUuE) HJIM, C Yy4eTOM
(4.21) ?
AP W

(Wi — w?)? + WT?’

Hrak, dpopmyna (4.25) onpenensier Cuily CBETOBOrO JABJICHHA HA KJIACCHYECKHH
arom. [Tosyuenusniii pesysnbprar yno6HO IpenCcTaBUTh B BUIE

e2

F.=3 5 (4.25)

Fy = %Po, (4.26)

rme Zp — eQUHAYHBI BEKTOP HANPABJIEHHMA PACIPOCTPAHEHMA CBETOBOU BOJIHBI,
P = I /c — cperopoe nasienue, I = c|A|? /87 — unTeHCHBHOCTL CBeTa,

4re? wr
me (Wi —w?)? + w22’

(4.27)

g — CedyeHWe IOIVIOUWIEHUA CBETa aToMOM (CM. jexumio 7). 3ameTuM, YTO IaBJe-
HHE CBeTa Ha aTOM MMeeT Pe30HAHCHEI! XapakKTep: OHO MaKCHMAaJIbHO, KOTHa 4acTO-
Ta CBETa COBMAJAET C COOCTBEHHOM YacToTo!l Koebannit 5/IeKTPOHA B aTOME, T. €.
w = wp. B aTom ciyyae

0 = Omay = 4me? [(mcl). (4.28)
CrenaeM 4YHCIIEHHYIO OLEHKY. Bpems PAIMAIHORHOrO 32Ty XAHMA Konebanult onTu-
qecxoro OCUMJLIATOPa MOXHO oueHuTth Kak 7 = 1078 ¢ (cM. srexmuio 5) ITpu sToM

= 1/7 = 10® ¢! u ouenka no popmyne (4.28) naet omax = 1072 cm? I'Ionyqen-
Has OlleHKa PUMEPHO COOTBETCTBYET napameTpaM nepexona 3s(2S; /2) — 3p(*P3)2)
aToMa HaTpHA, 1A Kortoporo T = 1,6 x 107% ¢, 0 = 1,6 x 10~? cMm2.

MomenT uMiyJibca cBeToBoHd BoaHEL. Ilon aeficTBHEM 3JIEKTPUYECKOrO MO-
J1A UAPKYJIAPHO MOJISAPH30BAHHOM CBETOBOM BOJIHBI 3apAXKEHHDbIE YACTHIIHI BEMEeCTBA
JOJUKHBI COBEPIIATH BpamaTeabHoe npuxkenue. Orcoona cienyer, 4To ceeT obiana-
€T MOMEHTOM HMIIYJIbCA. BBIMMCIINM MOMEHT MMITYJIbCA TOJIAPU30OBAHHOM IO Kpyry
CBETOBO# BOJIHBI HA IPHMEpE B3aUMONEHCTBUA C KJIACCHYECKUM OCUUJIIATOPOM.
Ilycts asiekTpuyecKoe moJjie CBEeTOBOH BOJIHBI €CTh

E = ZE, + HoE,, (4.29)
e
1, . 1 ,
E, = §zA exp(iwt) + k. c., Ey = -2—A exp(iwt) + k. c. (4.30)
Ypasuenue kosiebGanuti 9J1eMEHTAPHONO ONTHYECKOrO OCLIIIIATODS 3ANUIIEM B BUAE
* F+IF +wif = ~E, ' (4.31)

rneeumm — sapﬂ,u ¥ MacCa 3JIGKTPOHA, Wy — coﬁc'rBeHHaa yacToTa Kosebanutt oc-
mssaTopa, I' — koadduiment 3aryxanus konebauuli. Pemenne ypasuenus (4.31)
{lIeM B BAOE

3 3ak. 350
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= Zoz + Yoy, » : (4.32)

rae

1
z(t) = -2-ia exp(iwt) +x. c., y(t) = -;—a exp(iwt) + k. c. (4.33)
Ioacrasus (4.29), (4.30), (4.32), (4.33) B (4.31), nonyqum
e A o Lk

= — g 4.34

mwg — w? + iwl (4.34)
®opmyssi (4.32)-(4.34) nokaspIBaIOT, YTO B N0JI€ UUPKYJIAPHO NONSPU3OBAHHOM CBe-
TOBOM BOJIHBI ONTHYECKUH SJIEKTPOH 3JIEMEHTAPHOTO OCUMJIJIATOPA BPAINAeTCA HO
OKPYXHOCTH. MOWHOCTD, NepenaBaeMan CBETOM 3JIEKTPOHY, €CTh

dW/dt = eEF = e(E,i + Ey). : (4.35)

OnHOBpEMEHHO CBET NEPENAET JIEKTPOHY MOMEHT MMILYJIbCa, IPUIEM CKOPOCTh 9TO-
ro IpoLEeCcca eCcThb

dNdt = e [F, E’] = Zye(zE, — yEs). (4.36)

3necr MCOJIB30BAHA H3BECTHAA M3 MEXAHUKH TEOPEMa MOMEHTOB, COTJIACHO KOTO-
poft CKOPOCTb M3MEHEHMA MOMEHTA MMIIYJIbCA CHCTEMbl PaBHZ MOMEHTY BHEIIHHX
cun. Moncrasum (4.30), (4.33) B (4.35), (4.36) ¥ BHINOSHMM yCPEIHEHHE IO IEPHOLY
cBeroBbix Kostebanutt. Ilonyunm o :

g

(AN [dt) = Z5(1/w)(dW/dt). - (4.37)

Orciona 3aKI09a€M, YTO B HUPKYJIAPHO HOJAPU3OBAHHON CBETOBOM BOJIHE MOMEHT

umnysbsca N u aHepraa W, ycpenHeHHbIe 0 IEPUOLY CBETOBLIX KoNiebaHull, CBA33HbI
COOTHOLIEHNEM

N = 7W/w, (4.38)

rie w — 4acToTa CBeTa, Zp -—— eNUHUYHBIY BEKTOD HATPABJIEHHS PACTIPOCTPAHEHUA
BOJIHDL.

®opmyna (4.38) gaeT WCKOMYIO BENWYMHY MOMEHTa MMIYJbCa CBETOBOH BOJ-
HbI, noy1Apu30BanHo# no kpyry. CaenaeM duciaeHuyio oueHky. CBeToBoif UMNIYJRC €
aneprueft W = 1 Ix Ha psmne BosHb! A = 0,5 MKM, NUMeIOUH KPYTOBYIO NONAPH-
JAIMIO, HECET MOMEHT KOJWYECTBA ABHIKEHUA

N=W/w=W2/2rc=2,5x10"%9pr-c.

MomeHT HMITYJIBCA CBETA MOXHO OIPENEINTh 3KCIEPUMEHTAILHO, M3MEDHUB MOMEHT
cuinl, JeficTByoniuit Ha NACTMHKY W3 aHM3OTPOIHOIO KPUCTAILIA IPH TIPOXOK e~
HHM 4Yepe3 Hee Iy4YKa HOJAPHU30BAHHOIO cBera. Tax, 4eTBepTHBOTHOBAA NJIACTHHKA
npeobpasyer TUHEHHO NOJIAPH3OBAHHBINR CBET B CBET C KPYroBoHl nossapusanuei u
naobopor (cM. siekmmo 2 u 4. IV). llpn rakoM npeofpasonanny MOMEHT MMIYJb-
Ca CBeTa NOJIHOCTBIO NepeaeTc NJIACTHHKE, HOCKOJILKY JIMHEHHO NOAAPH3IOBAHHbIH
cBeT He 061a0aeT MOMEeHTOM uMItysbca. Crren0oBaTeNbHO, Ha IIACTUHKY OyneT nell-
CTBOBATH MOMEHT CHJIBI
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M = Pjw = PA/2rc, o (4.39)

rne P — momnocTs cBera. Hanpumep, npu P = 100 Bt, A = 0,5 MxM mosmyqum
M =2,5x1077 gun-cM. DTa OlIEHKA OKA3LIBAET, YTO M3MEPEHHe MOMEHTA HMITYJIb-
ca cBeTa NpencransiseT coboif BeCbMa TPYIOHYIO 3aady. YCHeIlHbie ONBbITH OBLIH
NpOREJIaHbl C KBAPUEBLIMY IIJIACTHHKAMH, NI0CJIe TPOXOXIEHUA KOTOPHIX CBET Me-
HAJI HAIIPABJIEHNE BPALEHUA BEKTOPA E na TIPOTMBOIIOJIOKHOE.

HNsmMepeHHe MOMEHTA HMIYJAbCa CBeTa. Bhepsble HOEIO O TOM, YTO
UMPKYJIAPHO MOJIAPU3OBAHHBIA CBET AOJIXKEH OBJIa0aTh MOMEHTOM MMIYJILCA, BbI-
ckasan B 1897 r. npodeccop ynusepcurera B Tapty A. U. Canosckxutt. O xe npex-
JIOKHUN cnocob u3MepeHns MOMEHTA UMIYJIbCa CBETA, OCHOBAHHBIN Ha MPONYCKAaHUA
CBETOBOTO IIYYKa Yepe3 aAHW3OTPOMHYIO KPHCTAJLIMYECKYIO TIIACTHHKY. “... BCAKHH
anmapar, nepepabarbiBaomuii TJAOCKO MOJIAPHN3OBAHHBIR CBET B NOJIAPU3OBAHHBIR
MO KPYyTy, JOJIKEH CTPEMHThCA NPUATH BO Bpamenue...” — ormeuan Camosckuft
B cBoelt pabote [5]. B 1935-1936 rr. Xonbopr B Anrmnn [16] u Ber s CHIA [17]
KCNEPUMEHTAJbHO [J0KA3AJIM CYIIECTBOBAHHE MOMEHTS, MMIYJIbCA Y LUUPKYJIAPHO
MOJIAPM30BAHHOIO CBeTa. B onbitax Beta IUPKYJIAPHO 110/IApH30BaARHAN BOJTHA IBaA-
KBl MPOMYCKAJIAaCh Yepe3 NOJIYBOJTHOBYIO IIACTHHKY U3 KBapila. [InacTunka Mora
II0BOPAYHUBATHCA BOKPYT OCH CBETOBOrO NMy4ka. OKasasoch, 4To IIaCTHHKA npuobpe-
TaeT MOMEHT UMILYJIbCa, TPOMOPLMOHAIbHLIA 3HEPTUHM NPOILE/ILUIEr0 YEpe3 Hee CBETa.
911 Ype3BHIYARHO TOHKME OIBITHI HE TOJILKO NOATBepaaay runoresy CaloBcKoro, HO
H TIO3BOJIMJIM C TOYHOCTHIO 0K0os10 10% onpenenuTs Bestmuuny nocroaxHo# Ilnanka.

®oron. Ousnueckne HCCIENOBAHUA, O KOTOPHX ByleT pacckasaHO Hyuxke (CM.
JeKIMIo 9), IPUBEIIM K MPEACTABJIEHHIO O TOM, YTO B HEKOTOPHIX OTHOIUEHHAX CBET
nposaeider ceba Kax NOTOK HacTHl — domoroe. PoToH npeacTasiseT cobolt sie-
MEHTAPHYIO HENEJIMMYIO IIOPUMIO CBETA, C dHEpruel, onpenensaemoit popmynoit [Tnan-
Ka

W = fw, (4.40)

rge w — 4acToTa CBeTa,

h=1,05x%10"%"apr-c, ; (4.41)

h — nocroaunasn Ilnauka. [TosydYenHble BbilIe COOTHOWICHUA MEX Iy SHeprue#, uM-
NyJILCOM B MOMEHTOM HMIIYJ/IbCA CBETa NO3BOJIAIOT BHIYMCIIMTEL MMIYJIHC W MOMEHT
HMITYJIbCa HOTOHA.

O6beMHYI0 IIOTHOCTD SHEPTHM B CBETOBOM BOJIHE MOXKHO NPEICTaBATH B BHIE

dW/dV = IJe, (4.42

rae ] — MHTEHCUBHOCTH, ¢ — CKOPOCTDb cBera (cM. nexuuio 3). U3 dopmyser (4.42:
n bopmynsl (4.1), onpenensomelt 06beMHYI0 MIOTHOCTL uMmmyinbca G = dp/dV.
crenyer, 4yTo aHeprusd W u MMIyJIbC P CBETa CBA3AHBI MEX Iy CODOM COOTHOmeEHHE:

W = pe. ' (443

Honcrasus (4.43) B (4.40), mosrymM cremyromee BhpaXKeHne /I8 UMIYJIbca HhoTo
Ha: .

sy IS B SN2

p = hk, - (441

rae k = w/c — BonHoBOE 4ncyo. 13 BbIpakeHus
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W = Nw, (4.45)

CBA3LIBAIOIIETO MEXAY CO6O0It SHEPIUIO 1 MOMEHT UMITYJIbCA UMPKYJIAPHO NONAPUA30-
BAHHOI'O CBETa, ONpelesinM MOMEHT uMiynsca dotoHa. Iloncrasus (4.45) B (4.40),
Oy UM

N =h. (4.46)

TaxkuM 06pa3oM, MOMEHT MMIyJbCa (POTOHA OKA3BIBAETCA DABHBIM MOCTOAHHOM
Ilnanxa.
ITonaTue ¢oToHa MOXeT OBITH BBENEHO H B TEOPUM OTHOCHTENBHOCTH. B aroi
TEOPHM UMIYJIbC P U dHepruss W marepnasibHOH TOYKM onpene/sorcs popMysiaMu
. md me?
=t W= (4.47)
1—2/c 1-v2/c?
rie m — Macca YacCTHILp!, U — ee CKOPOCTb, ¢ — CKOPOCTb cBeta. M3 ¢opmys (4.47)
cJIeqyer, 4To

pct =W, W?=p’c® +m?ct (4.48)

TTonaras 3pecs m = 0, nonyyum

W=pe, v=c (4.49)

Taxum 06pa3oM, U3 TEOPHHM OTHOCHTEJILHOCTH BBITEKAET BO3MOXXHOCTH CYIIECTBO-
BaHHA YaCTHI] C HyJIeBO# Maccoit, UMEIIIKUX CKOPOCTb, PABHYIO CKOPOCTH CBETa, B
0001 HHEpUMAJIBHON CHCTEMe OTCYETa, a TaKKe SHEPruio M UMIYJIbC, CBA3AHHBIE
Mex iy coboit coorHomenuem (4.43). Takue JacTHLIB MOXKHO HA3BATh (DOTOHAMM.

®otounmit xBurarens. OQUeHUM CWIy TACW ABHraTesis, B KOTOPOM B Ka-
YecTBE PEaKTUBHOU CTPyuM MCnosib3yeTca MomHbIi ny4ok ceera. CornacHo BTopoMy
3akOoHy HbioTOHA, cuna paBHa npou3BogHON mMmnysibca no Bpemenn: F' = p. IHudg-
depennupya dpopmyay (4.43) ¥ y4aTHIBAA, YTO MPOU3BOAHAA DHEPIHH IO BPEMEHH
€CTb MOIIHOCTD, MOJIYIIM

F = P/e, (4.50)

rae P — mMomuoCTh CBETOBOrO My yKa, ¢ — CKOpocTsh ceeta. Gopmyna (4.50) mokassi-
BAET, YTO O/1A CO3NAHIA 3HAUMTENILHON CHJIBI TATH HYKHa KOJIOCCAIbHAS MOLIHOCTD
csera. Tax, nonaraa F = 1 H, nonyuum P = 3 x 10® Br. B Teopun oTHOCHTE/BH-
HOCTH MepoH dHepruu IOKOs Tesa ABJsercsa ero macca: Wy = mc?. Ilpencrasum
cebe nneansHbl (POTOHHBIN ABUTATENL, B KOTOPOM rOpIOYEe LEIMKOM NpEeBpalla-
ercA B cBeT. B 9TOM Cityyae AN CHJIBl TATH HONY4YMM BblpakeHue F = puc, roe
1 = th — cxopocTs pacxona Maccsl. Hanpuwmep, monaras g = 1 r/c, nony4um
F = 3 x 10'° gun = 30 1. Taxum 06pa3omM, NPHEOMINATILHO BO3MOXKEH (POTOHHBIf
nOBurate s ¢ 0osbinoit cuitoft TArH.

OnTuyeckoe oxaaxnenue. Muynbe, nepenasaeMblii aToMY 1pH MOTIIOIEHNH
cBera, CocobeH 3aTOPMO3UTD €r0 TEIJIOBOE OBUKEHHE. DTOT 3(PPEKT HCIOIb3YIOT
JIJ1A OIITHYECKOTO OXJIAaK AeH!A BemecTBa. CxeMa ONTHYEeCKOro oXJiaXJeHHA N0Kas3a-
Ha Ha puc. 4.3. JIasepHsill 1y4, 4aCTOTAa KOTOPOrO HACTPOEHA B PE3OHAHC C ATOMHBIM
nepexoaoM, HAPaBJIeH HABCTPEdy NydYKy aroMos (puc. 4.3, a). ATOMBI NOTAOWAIT
7Ia3epHbI CBET M NEPEU3JIYHAIOT ero BO BCEBOBMOXKHBIX Hanpasnenusx (puc. 4.3,6).
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AToM Jla3epHrlit ny4ox
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Puc. 4.3. CxeMa OnTHYECKOrO OXJIaXKAEHHA

CyMMapHbIl IMITYJIbC CBETA, U3/1y YEHHOT'O ATOMOM, pABEH HYJIIO, TaK KAK BCE HAIIpa-
BJIEHUA HCIYCKaHUA (POTOHOB PABHOBEPOATHH. BMecTe ¢ TeM CyMMAapPHBIH HMITYJIBC
MOIVIOIIEHHOIO CBETa OTJIMYEH OT Hy/ifA, TaK KaK B NaJAlOLIEM HA aTOM Jia3epHOM
ny4ke Bce (POTOHB! MMEIOT OLHO M TO )K€ HANpaBjieHHe AsmKeHusa. B urore mpouc-
XOOMT TOPMOXKEHHE aTOMOB JIA3€PHBIM CBETOM M IIOHMXKEHHME MX TEMOEPaTypBhl.

DKCIEpHUMEHTHI NOKA3BIBAIOT YTO ONTUYECKOE OXJIAXKIEHHE MO3BOJIAET HOCTHYbL
CBEpXHU3KUX TeMneparyp nopagka 10~° K. B TakoM coCTOAHUM ATOMBI NPOABIAIOT
COBepIIeHHO HeobbryHble cBOKCTBA. Hanpumep, oHM MOryT 06pa30BBIBATH YIIOPANO-
YeHHble KPUCTAJJIONONOGHbIE CTPYKTY Dbl B MK POCKONIMYEeCKOM MacmTabe [12]. Bei-
CTpO MPOrpecCUpY IOIIHE ONITHYECKHE METOObI JIOKATN3AIUM 1 OXJ1aKACHNA AaTOMHBIX
4aCTHL IO3BOJIAIOT IPOBOMUTH NPEIM3NOHHBIE CTIEKTPOCKONIMYECKUE H3MEPEHNA, CO-
3[1aBaTh CBEPXTOYHBbIE ONTHIECKHE CTAHAAPTHI YACTOTHI, M3y4YaTh (PYHIaMEHTAIIb-
Hble CBOHCTBA OTAENILHBIX ATOMOB ¥ HOHOB.
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.+ JormosiHeHue 1

“» CxopocTb cBera

Acmporomusecrue nabrrodenus. Hamepenus cxopocmu ceema 8 3eMRHET YCAOBURT.
Onwmu Puso. Onwmoe Matixeavcora. Cospemennvie MemModn USMEPEHUR CROPOCTRY
csema. IMaaoHb. 6PEMERU U GAUNDL.

CxopocTh cBeta B BakyyMme ¢ — (yHOAMEHTaJibHAA (pU3M4YecKad KOHCTAHTA,
HMEomas OrPOMHOE 3HAYEHME HE TOJILKO I (PU3SH4eCKoH M TpHUKIamHO# onTH-
KM, HO M IJjig (PU3UKH B LIEJIOM, aCTPOHOMMM U acTpodusuxku. [Toaromy abcosmor-
HblE M OTHOCUTEJIHbHBIE U3MEPEHUA CKOPOCTH CBETA NPUBJIEKAIOT BHHMAaHHE acTpO-
HOMOB, (PU3HKOB H MHXKEHEPOB BOT YK€ Ha NPOTAXEHWH Gollee TPEXCOT JerT. 3a
3TO BpPEMsA TOYHOCTb M3MEPeHu# BeIMYMHBI ¢ Bo3pocna ot 3navenusa Ac/c = 0,3,
MOJIyYEHHOTO U3 aCTPOHOMHYECKMX HabawaeHult, oinosinenHbrx eme B XVII ., no
Acfec~3 x 10~°, peaM30BaHHOTO B JIA3EPHBIX PKCIIEPHMEHTAX MNOCIIEIHEr0 BpeMe-
HH.
Janubie abCOMIOTHBIX U3MEPEHHI CKOPOCTH CBeTa, BhimosiHeHHbX B XIX B. On-
30, NOXaJyl, BuepBble yOenuTesibHbIM 00pa3soM NONTBEPIH/IM 3JIEKTPOMATHATHYIO
Teopuio cBeta. Kak yxe ynoMuHanoch Bbime, 11 Maxceessia pemaomuM B 3TOM
CMBICJIE CTAJIO COBIAIEHHE NIPAMO U3MepeHHOoro Ou30 B 3eMHBIX YCIOBUAX 3HAYEHUA
¢, C BJIEKTPONUHAMUIECKOH NOCTOAHHOM.

TmaresnbHble OTHOCHTEIIBHEIE H3MEPEHUS 3aBUCUMOCTH CKOPOCTH CBETa OT Ha-
OpaBJIEHHA PACHPOCTPaHEHHs B 36MHOfl CMCTeMe OTCYeTa NO3BOJIAIM PEemUTh CTO-
ABIIYIO mepen ¢pu3ukoft noyTH B TeyeHny ABYX cTojieTudt npobiemy adupa — runo-
TeTH4YeCcKOit cpenpl, “nposopsamelt” cBeToBbie BOAHBL. OnbIT, HAKONEHHBIH HUUKOH
NpH H3Y4YEHUM BOJH PA3AUYHON Npupons! (pacipoCTpaHeHUA 3BYKA, BOJIH Ha BOAE),
NpPsMO ITOKA3bIBaJ, YTO JJIA BOSHUKHOBEHHS BOJIHOBOTO JBUXKEHUA HeoOXomuma co-
oTBeTCTBYIOmAA cpena. IlosroMy, Hauyuuan ¢ [olirenca, Bce CTOPOHHHEKYM BOJIHOBOH’
IPHPOAbI CBETA CYMTAJIN OYEBUIHBIM CYIECTBOBAHHUE CreMaIbHOR cpennt, sdupal,
B KOTOPOH M PACIPOCTPAHAIOTCH CBETOBLIC BOJIHBI.

Onrako dusuueckue cBoficTBa 3dupa ocTaBaNMCh 3arankol He TOLKO 1A ol
renca, lOura u ®penens, HO ¥ 413 y4eHbIX BTOpo# nososuuel XIX B., Korna crana
O4YEBHIHON BJIEKTPOMArHUTHAA MPUPONA CBEeTa. YCTAHOBJICHHLIE K DTOMY BPEMEHM
3aKOHOMEPHOCTH ONTUYECKUX ABJIECHUHA 33CTABJIANN HPEINOJIATATD, YTO 3hHUP 321101
HAeT BCe IPOCTPAHCTBO, HMeeT IpeHebpexkuMO MAJTYIO IVTOTHOCTD, HPAKTHYECKH He
B3aUMORENCTBYET C BEMECTBOM — T. €. [IPHINCATH S(PUPy COBEPIIEHHO HEODLIYHBIE
CBOMCTBA.

T'unoresa adupa nenana ecTecTBEHHBIM BbiEJIEHKE NpenMyecTeeHHol cucre-
MBI OTCHETa, B KOTOPOH OH IOKOMTCA; BO BCEX K€ OCTATbHBIX KOOPAUHATHBIX CHCTe-
MaX, B YaCTHOCTH B KOODIMHATHOH cucreme, cBasaHHOH ¢ 3emiefl, Toroa HOMXKHO
HabJ01aThCA ABMXKeHne 3hupa win, Kak NPUHATO ObIJIO rOBOPHTL, “a¢hupHBIl Be-
Tep”. HemocpencrseHHbIM crielcTBHEM 3DHPHOrO BETPa, KaK HeTPYIHO ybemuTncs,
IOJDKHA CTAaTh HEONMHAKOBOCTH (aHW3OTPONM:A) CKOPOCTH CBETa BHOJb W IONEpeK
HANPaBJIeHKA OBUXKEHUA 3eMIIH.

IIpamoit onbIT, NPU3BAaHEBIE W3MEPHTL CKOPOCTh 3UPHOTO BETPa, ObLI BBIION-
reH B 1881 r. MalikeslbCcOHOM U J1aJT YeTKUY OTPHLATENbHBIH PE3YIbTAT — BEJIMYHAHA

1CnoBo “edup” — rpeveckoro npoucxoxaenns. Byksanbno “odup” sHaunt “BO3ayX”, “Hebo”.
3ua4yeHue, KOTOPOE NPUAABAIN APEBAME NOHATHIO “adHUp”, HNMIOCTPUPYET IUTATa M3 ApHCTOTENA:
“3emna okpyxeHa sogoli, Bona Bo3nyxoM, Bo3ayx — sdupom. Janbme Her Huuero”.
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CKOPOCTH CBeTa He 3aBHUCHUT OT HAIIPABJIEHUsA pacnupocTpasenus. “I'umoresa neno-
IBIXXHOrO apupa omnbouyna” — 3akimiounsn Malikenbcon B cBoell crarne, onybnn-
xoBanuol B 1881 r. ITocnenyromue skcrmepuMenRTH, BhINOIHEHHbIE MalikesabcoHOM
1 Mopsu, MHOTOYHC/IEHHBIE ONBITHI IPYTUX UCCHenoBaresell ¢ BLICOKOHR CTeleHbIo
TOYHOCTH MOATBEPAMIN 3TOT Pe3ynsbTar. Kro 3HadeHve BHIUIO JAJIEKO 33 npeme-
J1b1 cobersenno ontuky. Onbit Mallkenbcona-Mopsiu 380K 9KCIePUMEHTAJIBHBIE
OCHOBGBI CHENUATILHOH TEOPHH OTHOCUTENIBHOCTH. ITH U IIOCJIELYIOIINE DKCIEPHUMEH-
ThI, B TOM YUCJIE MHOIOYUCTIEHHbIE 3KCIIEPHMEHTDI, BHIIOJHEHHBIE CAMBIMYI PA3HBIMA
METOJAMM YK€ B HbIHENIHEM CTOJIETHH, C HOJHOM JIOCTOBEPHOCTHIO NMOKa3aJH, YTO
HET HHKAKUX OCHOBAaHMI COMHEBATBHCS B MOCTOAHCTBE ¥ YHIBEPCAJILHOCTH CKOPOCTH
CB€Ta B BaKyyMe. Ceﬁqa,c ycanua d)HBHKOB H UHX>KEeHEPOB HallpaBJieHbl Ha IOBbLIIIE-
HHE TOYHOCTH ABCOIIOTHBIX U3MEPEHNH BEJIMYUUHDI C.

Hano cka3arb, 410 W 30€Ch J1a3epHas (PU3NKa U TEXHHUKA OTKPBUIH conepmeHHo
HOBble BO3MOxKHOCTH. Haubosiee TOUHOE OnpenesieHue ¢, BBHUIOSHEHHOE B HENABHUX
JIa3epHbIX 9KCNEePAMEHTaX, Naio 3Havenne ¢ = 299 792 456,2 m/c. Ucropua nsmepe-
HHHA CKOpPOCTH CBET2 — 3TO MCTOPMA BECbMa TPYINOEMKHX, 33a4aCTyI0 YHHKAIbHBIX
JL/Is1 CBOETO BPEMEHH 3KCriepuMeHTOB. BmecTe ¢ TeM, 3T0 U uctopus biectaumx e
1 HAXONOK, HCTOPHUSI COBRAHUS 3aMEYATE/IbHBIX ONTHUECKUX MHCTPYMEHTOB, METO-
0B 0C000 TOYHBIX ONTHYECKMX U3MEPEHNi, HAICAUINX 33aTeM BaXKHbLIe IPUMEHEHHUA.
3mech MbI paccKaXkem 06 onTHYecKMx? METOIaX M Pe3yJIbTaTaX abCOIOTHBIX H3Me-
peHuit CKOPOCTH CBETa.

Acrponomudeckue Habmionenns. Ilo-sunumomy, naesa o ToM, UTO CBeT pac-
OPOCTPaHAeTCA C KOHEYHO! CKOPOCTHIO, BO3HUKJIA BIIEPBbIE 110 AHAJIOTHH C PACIIPO-
CTpaHeHHeM BOJIH HA IIOBEPXHOCTH BOALI MJIH 3BYKA.

IepBble U3MepeHHsA CKOPOCTU CBeTa Ha OCHOBE aCTPOHOMHYeCKNX HabioneHHH
6b1H BBITIOTHEHBE JATCKAM acTpoHoMoM Pemepom emwe B 1675 r. (puc. I1.1). On pe-
I'MCTPHPOBAJI MOMEHTb{ BXOXKJIEHIIA OHOrO u3 cnyTHUKoB I0nurepa B TeHb NIIAHETH!
1 OBHApYXKUJ1, UTO, KOTNA 3EMJIs HAXOAUTCA Ha MAKCHMAJIbHOM yaasennd or Komu-
TEpa, BpeMA HACTYILIIEHUs 3aTMEHH 3a1a3/6IBaeT 110 CPABHEHHUIO C IPENCKA3AHHbBIM.
Pemep npennosioxusi, YTO paSHOCTb BPEMEH 3aNa3bIBaHNA, COOTBETCTBYIONIUX MU-
HAMAJILHOMY M MAKCHMAJIbHOMY PacCTOAHUAM Mexay 3emuielt n FOnurepoMm, u ectsb
TO BpeMs, 33 KOTOPOEe CBET NPOXOIUT PACCTOAHUE, PABHOE IUaMeTpy 3emHOH opbu-
1bl. VIM 65110 rOJIy4eHo 3naucHue ckopocTu ceera ¢ = 214 000 kM/c, ee oTyiuuue or
COBPEMEHHBIX JAHHBIX 0BbACHAETCS] HETOMHBIM 3HAIIUEM OUaMeTPa 3eMHOH opOuTHL.

Tlocnenyomue uaMepenus ObLTH BHINOIHEeHb! aHrniickuM acTposomom Bpasne-
eM B 1726 r. Ha ocHoBe Habonenus 3Be3aubx abeppauuii. [loscHum uneo Metona
prc. [11.2, Ha koTopoM H306paxena 3Be3fa S, HAXONAUIAACA B INIOCKOCTH DKJINITH-
KH, ¥ [Ba MOJ0XKeHua 3emuan Ha opburte. B nepBoM M3 HUX HanpaBeHHe CKOPOCTH
IBUXKEHUA 3eMJIY U COBNAAeT C HAIPABJIEHMEM HA 3BE3]y, & BO BTOPOM — IIE€pIEH-
IMKyJapHo k Heny. Ilycrs B Touke 1 op6urst HAOMIOAATENL BUIMT 3BE3LY B 3€HUTE,
TOTOa B TOUKE 2 KaxKylleecsa HANpaBJeHHe Ha 3Be3ny OyJeT OTIM4aThCA OT UCTHH-
HOI'O Ha yroJ ¢, HasblBaeMslll yryioM abeppauud. ITockonsky v < ¢ (mpakTudeckn
v/c =~ 107%), yron abeppaiuyy yA0BIETBOPAET COOTHOIECHIIO

?Kax cnenyer u3 ypasHenuilt Makcpesuna, BEHYUHY C MOXKHO ONPEAENNTE, H3MEPAA CKOPOCTh
pacnpoCTpaHeHns PAXHOBOJIH; MHOrO u3MepeHuit Taxoro poxa ObLio BeinosHeHO B 50-X IT. 3TOrO
CTONeTUS C IOMOINBIO PAJHOJIOKAUHOHHBIX CUCTEM. PasyMeercs, H 9KCIePHMEHTHI TIO ONPENE/IEHHIIO
3JIEKTPOIMHAMITYECKOH MOCTOAHHON (OTHOLIEHMA IIEKTPOMArHUTHON eNMHALLI 33PAAA K SJIEKTDO-
CTATHYECKOl), HaYaJI0 KOTOPBIM GbLTO 110J103eHO onbiToM Bebepa n Konspaywa (1857 r.), Taxke
C/IelyeT pacCMATPHBATH KaK 3KCHEPHMEHTBhl NO ONPENeSEHHI0 CKOPOCTH CBEeTa “3JIEKTPHYECKHMH
meTonaMu” .
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oCJIe KaXaoro oﬁopo'ra

Puc. I1.1. Cxema paccyxnuenuit Pemepa. Ilepnon obpamenna 6rmxattniero k IOnutepy
cnyTHHKa paBen npubnusurensHo 42,5 4. [losroMy cnyTHHK noskeH ObUI 3aCIIOHATBHCA
IOnuTepoM uAM BHIXOOMTH M3 NOJIOCH 3arMeHus xaxasie 42,5 4. Ho B TevyeHun mosyro-
aa, Korga 3emuia ynassercsa or IOnurepa, 3aTMmeHns nabmiogamuch xaxibi# pa3 co Bce
66TbIIMM 33I1a34BIBAHHEM HO CPAaBHEHMIO C NPEACKa3aHHBIMH cpokaMH. Pemep mpumren x
BBLIBOLY, YTO CBET PACTPOCTPAHAETCS HE MFHOBEHHO, a MMEET XOHEeYHYIO CKOPOCTh, IO3TO-
My emy TpebyeTcsa Bce Gosiblle BpeMeHH [J1A DOCTMKEHHA 3EMJIM, 10 Mepe TOro Kak OHa,
gsuradach mo opbure sokpyr Conuna, ysanserca or Onurepa.

tga=v/c

Bpanneit nonyunn pesynbraT ¢ = 301 000 km/c. Ocoboe snauenue metonos Pemepa u
Bpannes 3aK/104a€TCA B TOM, YTO OHH MO3BOJIAIOT ONPENENUTb CKUPOCTh CBETA, IIPH
pacrnpoCTPaHEHUH B OQHOM HAIIPABJIEHHH, B TO BpeMsA KakK B 1a60paTOpPHBIX METOOAX
00BIYHO U3MEPAETCA CPENHsAst CKOPOCTh Ha IBOKHOM NPOXone TyHa U OBPATHO.

NaMepeHns CKOpOCTH cBeTa B 3€MHBIX ycnoBuax. Haubosee ecrecTsen-
HBIM METOHOM U3MEPEHNA CKOPOCTH CBETA HA IOBEPXHOCTH 3eMJIH IPENCTABJIAETCA
OpAMAaA PETUCTPALUA BpPEMEHH, 3aTPAYMBAEMOrO CBETOM Ha NMPOXOXKIEHHE H3BECT-
HOro paccTosHuns. Bo3sMOXKHOCTL NOCTAHOBKH TaKOro ONnbiTa ob6Cyxnanach eme a-
ausneeM. CorsnacHo unee I'anuest, 1Ba nabmonaresns, pacno/iaralouiuecsa Ha paccTo-
siuum L gpyr ot npyra, cHabxkeHb! HGOHAPAMHU C 3aCJIOHKaMu. B HEKOTOpBI MOMEHT
BpeMEHM OOMH M3 Habarojaresielft OTKPBIBAET 32CJIOHKY, CO3HaBasd TakuM o6pasoM
cBeTOBO# MIyIbe. Bropoit Habnonarens genaeT To xe camoe, KaK TOJIbKO YBUIOUT
cseT nepporo ¢onapsa. Torna ckopocrs cBera ¢ = 2L /7, tne T — perucrpupyemoe
nepBbiM HADIIOZATENIEM BPEMS, TPOLIEIINEE MEKY OTKPLITHEM 3aCJIOHKH ero (poHa-
pA ¥ MOMEHTOM, KOTIa OH YBUIHUT cBeT Apyroro ¢onaps. CopepiieHHO IPABUIILHLIH,
B npuHnune, onslT lajunea 6611 06peyeH, ONHAKO, HA HEYOATY.

Ilpu4uHa 3TOTO 3aK/II0YEHa B OPOMHOM- BeIHYHHE CKOPOCTH cBeta. Ilepenumit
¢POHT CBETOBOTO MMIYJIbCA, (POPMUPYEMOrO ranuieeBCKuM nHablomareneM, BpAL
Ju mor 6eITh Kopode Tg, ~ 0,1 c¢; 3a 2TO BpeMsa cseT npoberaer PacCTOAHHE B
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Puc. JI1.2. K u3Mepenuio CKOPOCTH CBETa Ha ocyioBe Habmonenuit 3pesnnrx abeppanuit

e s

R

30000 kM. O4eHb MHEPUMOHEH W NPUEMHHK CBETA B OBCYIKIAEMOM ONBITE —— Ye-
noBedecKuit Ia3 — OH UMEeeT NMOCTOAHHYIO BPeMeHu Tnp =~ 0,1 c¢. Taxum obpazom
H UIMTE/ILHOCTD (DPOHT3 CBETOBOIO UMIIYJIbCA T4, U NOCTOAHHAA BPEMEHH IPUEM-
HMKa Tpp HAMHOIO MPEBBLIMNAIOT BPeMA NPOXOXKIEHHA T, NOAJEKAIlee H3MEPEHUIO,
MOCKONBLKY B 3€MHBIX YCJIOBHSAX paccTosinue L ue Moxer npesbiwiars 1-10 kM. Io-
aromy Habmonarenn anunes npumnu Obl K BRIBOAY, YTO CKOPOCTb CBETS DABHA
OECKOHEYHOCTH.

Hano cka3aTh, YTO ¢ COBPEMEHHBIMH 3KCIEPHMEHTATIBHBIMU CPEICTBAMH OIIBIT
Tanunes moxer 6bITh ocyliecTBIeH gaxe B siaboparopuu. Celiuac Mbl pacnosara-
eM J1asepaMH, FCHEPUPYIONMMH HMIYbChI IJIMTEIbHOCTDIO T, =~ 10712 ¢ (ero npo-
JOJIbHBI# pa3sMep B HANPABJIEHMH PACIPOCTPaHEHUA — “iyIMHA” B NMPOCTPAHCTBE
Ly = ¢1q ~ 3 x 1072 cM) 1 npuGopamu, perucTpupyOLMME KOPOTKHE BpEMEHHEIe
unTepnaJnl, gocruraromue 10712 ¢. B aTux ycJaoBHAX MOCTaBUTDL onbit Lanuies u
IOJIY 4UTh TOYHOCTb B onpenesierun Ac/c = 1075 MOXHO, MPOBOLA U3MEPEHUA HA,
JMCTAHIMH BCErO JIMIUL B HECKOJIbKO METPOB. Takue 9KCIepuMeHTHI IUPOKO BOULIH
cefiuac B MpaKTUKy — OHY JIEXKAT, B YACTHOCTH, B OCHOBE ONTHYECKOH masibHOMe-
TPHH.

BaHO NOIYEPKHYTb, OOHAKO, YTO BIEPBbIE YCIEWHbIE ONBITH MOJ0GHOIO pona
651K OCymiecTBIIeHbI Oonee cta et Hasan Puso u Pyko, pasymeercs ¢ ropasno 6o-
Jiee CKPOMHBIME 3KCIIEPAMEHTANbHBIMY CpencTBamMy. Hago cka3arh, 4TO 3TH ONBITHL
[PEACTABJIAIOT HE TOJBKO MCTOpHYecKuit uHTepec; paspaborannbie Puszo u Pyko
METOHb! YIIPABJIEHUA CBETOBBIMH IYYKAMH MCHOJIL30BAJIM VKE B Halle BPEMA CO-
37aTeNH JIA3ePOB. ‘

TIpexne yem nepefiTu K Gosjee OETATLHOMY U3JIOKEHMIO TEXHUKH M PE3yJIbTa-
TOB NMPAMBIX U3MEDPEHHH CKOPOCTH CBeTa, 0OpaTuM BHUMAHWE HA OHHO 0BCTOATEIb-
CTBO NPMHUMIKMATBHOTO xapakTepa. ClieiyeT yTOYHUTH CMbICII, BKJIJALIBACMBIH B
HAIVIAHOE HA NEPBbIH B3MVIAL NOHATHE — “BpeMs, 3aTPaYMBaEMOe CBETOM Ha Mpo-
XOX/JIeHne 3a0aHH0# mucranuun”. PaKTHYECKM U3MEPEHHE STOTO BPEMEHM IPENTo-
Jaraer HeoBXOOMMOCTb “IIOCTaBUTbH METKY” Ha CBETOBOM nyuxe (MMEHHO CKOpPOCTB
€€ repeMeleHiA B MPOCTPAHCTBE U PETUCTPHUPYETCA 3aT€M Ha OINbITE) WIM, OPYTH-
MM CJIOBaMH, TPOMOIYJINPOBaTh BOJHY. CKa3aHHOe 03HAMAET, YTO B 9KCIEPHMEHTAX
pPACcCMaTPUBAEMOro THIA Mb! BCETIA UMeeM NeJI0 C MOLYJTMPOBAHHBIMHU BOJHAMH, &
H3MEpAEMOR BESIMYMHOHN ABJAETCA CKOPOCTb PACTPOCTPAHEHUS MOLYJIALUH.
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Puc. 01.3. Onsrr ®uso. Yepes 174 ropa nociie Toro, kak Pemep BHIMMC/INII CKOPOCTH CBETA
u3 Habmopenud 3armenuit cnytHuka IOnurepa, Pu30 CKOHCTPYUpPOBASI YCTPOKCTBO A4
U3MEepeHNA CKOPOCTH CBETA B 3€MHBIX yCII0BHAX. 3ybuaroe koseco C pa3bupasio syy cseTa
Ha BCBIKH. PH30 U3MEPWT BPEMS, 33 KOTOPOE CBET IPOXOIN/I PACCTOAHHE A0 3epKasia A
u obparno, pasHoe 17,32 kM. CnabocThio 3T0ro MeToaa Guiio TO, 4TO MOMEHT Haubosbuie#
APKOCTH CBETa onpenesiserca HabmomaresreM Ha ra3. Takue cy6beK THBHBIE HAGTIOOEHUR
HEOOCTATOYHO TOYHHIL.

Habmoparenn

B xaxkoM OTHOEHMM T2 CKOPOCTh HAXOOWUTCA C BXOOAIEH B BOJIHOBOE ypas-
HEeHHe CKOPOCThIO cBeTa ¢? Ecim peub MOeT 0 pacupoCTpPaHEHHH MOLYJIMPOBAHHOM
BOJIHBI B BaKVYMe, TO OTBET Ha 3TOT BOIpoc naer Jiekuusa 1. CorsiacHo mosiyueH-
HBIM TaM COOTHOLIEHHAM (pOpMa MOAYJIALMY CBETOBOH BOJHBI B BAKYYME OCTaeTCHA
HeH3MEeHHOM, 4 CKOpPOCTh ee paCnpOCTPAHEHUA B TOYHOCTH PABHA C.

Onerted Puso. B onnitax ®uso, BuinosiHeHHsIX B 1849 r., ammiuTyaHas Mo-
HyJALUA CBETa OCYLIECTBIIAIACH ¢ ITOMOWBIO BPAIAIOIIErocs 3yb64aroro koneca
{puc. [11.3). Kosneco, Bpamaiomeecs co CKOPOCTbIO 7. 0GOPOTOB B CEKYHAY U MMe-
omwee N 3y6LOB, npespamaeTr najaionuit Ha HEro HenpepbIBHBIM My4OK CBETa B
OCJIENOBATENBHOCTh CBETOBBIX MMIYJbCOB, IJINTENbHOCTh KaXKIOFO M3 KOTOPHIX
7 ~ (Nn)~!. Eciu muprHa menyn paBHa mupuHe 3y6ua, To 7 = (2Nn)™! = T/2,
rae T — nepHoOn CJIGNOBaHUA MMIYJILCOB. /1A M3MEpeHHA BpPeMeHM NPOXOXIEHHA
CBETOBBIM UMILYJIbCOM paccTosABuA L mo sepkasa u obparno Puso npuMeHun ocTpo-
yMubIl#t mpueM. IIOCKO/IBKY eMHCTBEHHBIM ONTHYECKHM NPHEMHHKOM, KOTOPBIM OH
pacnosarad, 6s11 a3, Heobxonumoe BpeMeHHGe paspelneHue OOCTHIAJIOCH ITyTeM
IpEPBIBAHUA NPUXONSAIIErO OT 3€PKAJIa CBETOBOIO TOTOKA C TOMOMIBIO TOO XK€ CaAMO-
ro BPAIIAIOWErocsA Koseca. JIpyrusy CJIOBaMH, C IOMOIULIO KOJIECA TPOU3BOIUIIOCH
BpeMelrHOe CTPOBHPOBaHKE IPHEMHNKA.

Cxema akcnepumenta Puzo nzobparkena ua puc. [11.3. Ceer or ucrounnka poky--
cupyercs nuH30i Ha kpaft 3y6uaroro koneca. IIpoiins cKBO3b NIPOMEKYTOK MEXIY
3ybuamu, pacxonsmuica ceeToBoH My4ok nmpeobpa30oBhIBAJICA JIMH30 B napaJiiess-
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Puc. I11.4. Pesynbrars onsita Puso

Hblf ¥ OoTpaKalCA OT IUIOCKOrO 3epkayia Ha paccrognud 8,66 kM ot xoneca. Ha
0OPATHOM MIYTH NYYOK BHOBb IIPOXONMJI CKBO3b NPOMEXYTOK MeXAy 3yOnamu u ge-
pe3 AeNUTEIbHYIO IVIACTHHKY ronanas x Habmoaateno. [Ipu cpasunrenbuo manot
CKODOCTH BPaIEHMA KOJIECa 3KCIEPUMERTATOP BUAMT APKYIO TO4KY. I1o Mepe Bo3pa-
CTaHHUA yIJIOBO# CKOPOCTH BPAIIEHUA w APKOCTb TOYKH YMEHbIIAETCA, U MCTOYHHUK
CBeTa CTAHOBUTCA HEBHIMMBIM. IIpy nanbuelinem yBesnueHHs CKOPOCTH BPALICHUA
KOJIECA CBETALIAACS TOYKA NOABJIACTCA BHOBD.

Puc. I11.4 noacuaer pesyisprarst onbita ®uso. Ha puc. 1.4, a nokazansl uM-
IyJIbChl CBETa, MOChLIAEMBble K 3epkasy. IIpoxomns mo Tpacce, CBETOBbIE MMITYJILCHI
HCOBITHIBAIOT BPEMEHHYI0 3aaepxkKy At = 2L /¢, u H03TOMY MOLYIATOD MPOITyCKAeT
ux siuwb vacTu4Ho (puc. 1.4, 6, 6). Biarogaps nHEpIMOHHOCTY BOCIPUATHA CBETA
[J1a30M, HADIIOJATE/Nb BUOAT HE [IOCJIEROBATENLHOCTE “yKOPOUYCHHBIX” UMIYVIILCOB,
a CpenHion wuTeHcUBHOCTb cBeta (I). MHniMu crioBamu, nabmonarens perucrpu-
pYyeT NOCTOAHHYIO COCTABNAIILYIO UMIYILCHOR noc/enoBarensbHoCTH. Bens Bpemsa
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Puc. I1.5. Ycranoska Malikenscona

3agepxku At = T/2, T0 3KCIEPHMEHTATOD PErHCTPHPYET NOJIHOE 3ATEMHEHHE W
¢ = 4L/T. Nlpu At = T ApKOCTb CBETAIIEHCA TOYKM BHOBb CTAHOBHUTCA MaKCH-
manbHO# ¥ T. 1. (puc. 1.4, 2). C momowmpio koneca, nmesmero 720 3y6uos, ®uso
Habmogas nepsoe 3ateMHenue npu 12,6 oboporax B cekynny. M 6bu10 nonydeno
snavenue ¢ = 315000 km/c. Baxuoe 40cTOMHCTBO cxeMbl PU30 COCTOUT B TOM, YTO
M3MEpeHHe KOPOTKHMX NPOMeXYTKOB BpeMenu (At ~ 107° c) emy ynmasnoch 3ame-
HUThb U3MEPEeHUEM YaCTOThl IIOCBIIOK; 3TO 0Ka3ajoCh IOPa3f0 MNpOIIE OCYMECTBUTh
TEXHUYECKH.

CyuiecTBeHHO MOBLICHTL TOYHOCTh H3MepeHuil B yCTaHOBKe, npenjoxeHHoll On-
30, cymen B 1872 r. KopHio; OH HCHOJIL30Bas HECKOSBKO 3y64arbiX Kosiec pas-
JIMMHOTO THIA M IJHHY CBETOBOTO MyTH 0Kono 2,3 kM. KopHio mosiyuun 3HadeHue
¢ = 298500 xm/c, a omubka mocrurana Ac = 900 xm/c. IlorpemHocTs n3MepeHus
¢ B 9TOM 3KCIEpUMeHTe oueHnsaach B 3%.

B 1850 r. ®yko o1 MONY/IAHMM CBETOBOIO IMy4Ka U CTPOOMPOBaHUA NPHEMHHUKA
KCIIOJIb30BAJl BPAINAIOWIEECA 3€PKAJIO; 9TO MO3BOJIMJIO YMEHBIIMTH IOTEPU CBETA,
VIIYYIIKIO yCA0BUA (POPMUPOBAHNSA CBETOBOIO Ny4Ka.

Onsitel Malikenscona. Meron BpamamoIuerocs 3epKaja CymecTBEeHHO ycoBep-
mencTBoBa Maitkesbcon, koTopsiit B nepuon ¢ 1870 no 1931 r. mpones HECKOJILKO
cepuii uamepenuil. B onwbire 1927 r. MaiixeshcoH UCIIOIB30BAJ SUCTAHLIMIO JIMHOR
L = 35 xm mexy BepmmHamu rop Maynr-Bunbcon u Can- AnTtonno B Kanudgopuuu
(puc. 1.5). B xavyecTBe MOAyNATOPA CBETA NMPUMEHANACH BOCBMHIDAHHAA [IPH3MA,
W3 HUKEJMPOBaHHOH crtasn. YacToTa BpalleHMs NPU3Mbl H3MEpAJIAch C OMOMLIBLIO
kameproHa u gocrurana 500 oboporoB B cekynny. B kadecTse MCTO4HHMKA CBETa
B 3TOM OIbITE HCIOJIB30BAJICA MOWHLI IyroBoil mpoxexkrop, paspaboTanusiit oaa
BoeHHbIX 1eseit. [lorpemnocTs usMepenus paccToAnusa He npepbimana 1076, Boun
HOJIyYeH Pe3ynbTat ¢ = (299 796 & 4) km/c.

B 1931 r. Matikennscon nosropua onslr. Ha 3ToT pas cseToBo#t my4ox pacrpo-
cTpaHANCA B cTajbHOi Tpybe mymuo# 1,6 kM u muamerpom 1 M. Bosnyx m3 tpyOs1
61 oTKavaH oo pasieHusa 0,5-5,5 MM pT. cT. C DOMOIILIO MHOTOKPATHBIX OTPaKe-
Hult yIanock 06ecnevnTh QIMHY OnTHYeckoro mytu B 16 kM. OnHako CylneCTBEHHOTO
YBEJIUYEeHNA TOUHOCTH ONPENEeHNA CKOPOCTH CBETA MHOMOYNC/ICHHbBIE 3KCIIEpHMEH-
ThI ¢ 9TOM cuctemott He nanmu. Brin nostyden pesysnibrar 299 744 + 11 rm/c.
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Puc. [11.6. ®a3oBmiit MeTOn u3MepeHus CKOPOCTH CBETa

. CyecTBeHHO NOBHICHTH TOYHOCTH MOAY/IALMOHHOIO METOJA YAAJIOCH IOC/IE TIe-
pexoa 0T MeXaHMYECKHUX MeTONOB MOLY/IAUMH H CTPOOHPOBAHUA K 3JIEKTPUYECKHM.
B ocuoBe geficTBHA TAKHUX MOLYJIATOPOB JIEXKUT H3IMEHEHUE NOKA3ATEIA IpesioMe-
HHSl KPHCTAJUIOB M XKMIAKOCTel mon nefcTBHEM paJaMO4aCTOTHBIX IJIEKTPHYECKUX
noneit. BelcTponedcTBue TaKUX MOLYJIATOPOB OKA3LIBARTCA HAOCTATOYHO BHICOKHUM,
ono mocturaer 107°-1071° c. Brok-cxema, MIUIIOCTPUDYIOLIAA TOT METOH, H30-
6paxena na puc. [1.6. nrencusHOCTL CBETA MOLYRUPYETCA € NOMOWIBIO 3JIEKTPO-
ONTHYECKOrO MOAYJIATOPA IO 38KOHY :

1) = Io[1 + pcos(@t + )],

roe p — riybunra momynasumd. Yacrora Monynsaumu §? 3a1aeTcA CTaOUIIM3NPOBaH-
aniv redeparopoM I Ilpoitns myts L ot MogysnsaTopa 10 3epkan 3; ¥ 3, ¥ 0Tpasus-
IMHCh OT HUX, CBETOBOH My4OK monanaer Ha (pOTONPHEMHMK, B KAYeCTBE KOTOPOro
0OBIYHO UCTIONB3YIOT POTOSNEKTPORHEIY yMHOXUTEeNL (DY), UHTeHCHBHOCTE HA
BXOZE IPUEMHMKA 3AIUCHIBAETCA B BUIE

I() = Io{1 + pcos[Qt — 2L/c) + ]}

Casur ¢as Mexay opaMoll u orpaxennolt sonsamu Ap = 2QL/c usmepsercs ¢ no-
Moup10 ¢pasosoro gerektopa. Uamenas paccroanme a0 sepkan L, MOXHO OCTPOUTH
JUIeHHYI0 3aBUCHMOCTb CABUra ¢as3 ot L, a U3 TaHreHCa yrijia HakJ/OHa 3Toil nps-
MOH MOXHO BHIYMCIIMTE 3HaYeHHe ¢. XapaKTePHble BpeMeHa 3a0epXKKH npn L = 3 M
amelor mopsagox 1078 ¢, mosTomy nsa momywenus permcTpupyemoro cusura das
IPUXOOUTCA HCTIONb30BATh YaCTOThI B AECATKH METarepl,

CoBpeMeHHBIE METONbI H3MEPEHHA CKOPOCTH CBeTa. ITajIOHLI BpeMeH:A
H JJIMHLI. B 3aKJOY€HHe OCTAHOBHUMCH HA COBDEMEHHBIX METONAX ONpPEeNeICHHA
CKODOCTHM CBETa, KOTOPble OCHOBAHBI HA ONHOBPEMEHHOM M3MEpPEHHH YaCTOTHI CBETA,
V ¥ JJTHHB! BOJIHBI A, CBA3AHHBIX NIPOCTHIM COOTHOWIEHHEM ¢ = Av. B sxcnepumen-
tax UBencona u corpynunxos (1972 r.) B KauecTse HCTOYHUKA, CBETA MCIIOIb30BAJIC
resiuii-EeoHOBbIH J1a3ep, paborawoniuil Ha nanHe BosHBI A = 3,39 MxM. Paboyas ga-
CTOTa J1asepa cTabuMsnpoBaJsacs Muauel normomenus Monexyast CHy ¢ orpomuo#t
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TouHOCTBIO Av /v =~ 6,25 x 10710, 3atem BosHMKNa NpobseMa CPABHEHHA YaCTOTH
CTabMIU3KPOBANHOIO JIa3epa C ITAJIOHHO}, B KadecTBe KOTOpOH B HacToAmee Bpe-
MA OPHHATA YaCTOTA Vg, COOTBETCTBYIOLIAA KBAHTOBOMY II€PEXOLY MEXKIY JIMHUAMH
CBepXTOHKOM cTpykTypEI aToma nesus 133Cs (v = 9,19263177 x 10° I'u). C nomo-
IO OATH PA3JIMYHBIX CTAOUIM3HPOBAHHBIX JIA3€POB M YCTPOUCTB IJif YMHOXKEHUSA
M CMEIEHUA JaCTOT aBTOPaM YHNAJIOCH IipeoOpasoBarh aTalioHHy0 wacrory B UK
[AMAINA30H M, CDABHHUB €€ ¢ 4acTOTOH resimi-HeoHOBOro Jlasepa Vi, ONPeNeNHTb, YTO
vy, = 8,8376181627 x 103 I'u.

Bropas 4yactb npobsieMbl — 3T0 CPaBHEHHE IJIMHBI BOJIHBI Jia3epa C 9TAJIOH-
HbIM METPOM, KOTOpbIlt onpemenserca kax 1,65076373 x 10% naun sons B Baky-
yMe€ H3JIy4YeHHs CTAHIApTHOH KpunToHOBOK sammbl (nepexon 5ds — 2pyp aTo-
mop 88Kr). CpaBHenue JByX IJIMH BOJIH — JIa3epPHON ¥ 9TAJIOHHOR — MPOBOMM-
nock B nuTepdepomerpe Pabpu-Ilepo, u ngano pesynwrar A\p = 3,39231376 MM
¢ Tounoctbio AN/A = 3,5 x 1079, AsTOpHI mONyuMsIE 3HAYEHHE CKODOCTH CBETa
¢ = 299792,4562 £ 0,0011 xM/c, NOBLICKB TOYHOCTH MO CPABHEHHIO C JIy4DIMMHU Ipe-
ABUIYIIMMHA Pe3yJIbTaTaMU HA JBa MOPAAKA. AHAJIM3 3KCIEPHUMEHTAbHBIX OIHOGOK
[OKA3BIBAET, YTO OCHOBHBIM MX MCTOYHMKOM ABJISEICA HOIPEMIHOCTDb, CBA3AHHAA C
acuMMmeTpueit KOHTYpa JIMHUM KPUIITOHA, NPUBOOAMIAA K HEOUDEIeJIEHHOCTH 3Ta-
JIOHHOT'O METpa.

Pemenuem 'enepannrott accambien MexayHapoaHoro KOMATETa Y10 YHCIIEHHBIM
OAHHBIM IJIs HAYKH B TEXHUKY, 0000UMBLUIMM BCE W3BECTHBIE DKCIEPHMEHTAJIbHBIE
[LaHHbIE, CKOPOCTb CBETa B BAKYYME HPUHATO CYATATL PABHOM

c=299792458+ 12 m/c. .

UpespbryaltHO BHICOKAA TOYHOCTD, C KOTOPOH M3BecTHA 3Ta dyHaaMeHTANbHAA du-
3U4eCKas NMOCTOAHHASA, IOCIIYKHUIa OCHOBOM /1A NepecMoTpa OnpenesieHna eauHu-
ubl gHbl. B 1983 1. MexIyHapOOHBIM COIJIAIIEHHEM YCTAHOBJECHO, YTO 1 MeTp —
3TO PACCTOsIHKE, IPOXONUMOE CBETOM B BakyyMme 3a 1/299 792458 nomio cexyHOpL.
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HomosHeHne 2
TenoBoe nelicTBue cBeTa

Onmuseckut nazpes nozaowjaroujeti cpedo. Bucmpuiti nazpes noseprrocmu meman-
AG AG3EPHBIM UMNYADCOM. Jlasepruitl omorcuz noaynposodnuxos. Ceemopeaxmue-
Hoe daeaenue. Jlazeproe ceepreorcamue seusecmen. Pusurecrue NPUHYUNLL Aa3€p-
H020 MmepMOosdeprozo cunmesa.

Onrruecknit Harpes noromaromed cpenpl. C TENnoBsIM AelicTBUEM OINTH-
YeCKOrO W3JIyUeHMA — MNPEBPALIEHUEM SHEPTUM CBETOBOIO MOJMA B TEIMJI0 ~— MBI
XOPOIIO 3HAKOMB! M3 MOBCENHEBHOrO ONbITa. KOHUEHTPHUPYA COTHEYHOE U3JIydYeHHE
¢ NOMOIUBIO JIMH3 MJIM 3€PKaJl, MOXHO CHJIbHO HATPETh MOTJOMAIONEe CBET TEJNO.
B coBpeMeHHLIX “COSTHETHBIX mevyax” MeTasul yIaeTcs HarpeTh A0 TEMNEPATyp B
HECKOJIbKO THICAY PajyCcOB — Mpenes JOCTHKUMON TEMOEPATYPHI CTABAT 3aKOHbI
tepmomunamuxy. Tensosoe neficTBHe COJTHEYHOrO H3JMYUEHUs YCIEIIHO WUCIOJIb3Y-
erca B dHepreTuke. PercTpauus TemmoBoro JefcTBUA MOXeT ObITh NOJOXKEHA B
OCHOBY NPAMBIX M3MEpPEHUH SHEPrHH U MOIHOCTH CBETA.

Pusuka Temwiosoro aeficTeus ceera npocrta. CeeroBas BonHa Bo30yxaaer OBM-
JXeHue CBOOONHBIX U CBA3AHHLIX 3aPANOB B cpene. KuHernueckas sHeprus 3apsAnos
YaCTUYHO PACCEMBAETCs 1IPH CTOJIKHOBEHUAX 3aPSANOB C OPYTMMH YaCTHUAMH, [IPK
B3aHMOUEHCTBHM ¢ KOJe6aHNAMU pemeTKd B KPUCTAJUle W T. 0., NPeBpamasich B
KOHE4YHOM CYeTe B Telo. B pesynbTare reMneparypa Cpebl HOBBILACTCA.

MuTencuBuocTs Ke CBETOBOY BOJIHBI, B COOTBETCTBMM C 33KOHOM COXDaHEHHs
2HEPTUH, YMEHbIIAETCA 110 MEPE YBEJIMYEHUs PACCTOSHMs, IPORIEHHOrO €10 B Cpe-
e, T. €. BO3HMKaeT MOorIoumeHue csera. Bo MHOrHX Cily4asX DpoUEcC NOIVIOMEHHA
6erymelt BOJTHbI ONIHCBIBAETCA 3aKOHOM Byrepa

I(z) = Lyexp(—dz). (12.1)

Benuuuna 4, HMEIONAA pasMepHOCTb CM ™

uus. Ha paccrosnuu

, HaspIBaeTCA K03(D(PUIIMEHTOM NOIJIouIe-

Lo =671, (02.2)

HA3bIBAEMOM INIyOUHON MOTOmMEeHnA, MHTEHCUBHOCTh CBETA YMEHBIIAETCA B € Pa3.

Tennosble npoeccs! B noryiomaroumett CBeT cpene OMUCHIBAIOTCA YPaBHEHUEM Te-
[JIONMPOBOAHOCTH. Benmmuuua npupalienua TeMIepaTypbl B HEKOTOPOH TOYKe Cpembl
T(t,z,y,2) yOoBIeTBOPAET yPaBHEHHIO

T &*r 8*T 8’T _

pcp-é-t- = (W + "6?' + _8—2_,'?) + (1 - R)dIpe 67,’ (ﬂ23)
£O€ p — IUIOTHOCTD, Cp — TENUIOBMKOCTh, % — KO3(MMULMEHT TeNIONPOBOIHOCTH,
R — koadduumeHT OTpaKeHus.

Ilornomenne CBETA BHI3LIBAET NOABJICHAE PACIPENEIEHHBLIX HCTOYHUKOB TEILIA.
Brinesienne sHepruy B HEKOTOPOH# TOYKE MPOCTPAHCTBA IPUBOOUT K POCTY TeMile-
paTyphl Cpenbi CO CKOPOCThio ~ 81y /{pcy). C 9THM nponeccoM, OTHAKO, KOHKYDUPY-
eT mpouecc pacrekaHua Temwia (Tepmonncddysun), CKOpoCTh KOTOPOro NPOHOPIHO-
HaJIbHA
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Jlazepunrit

o) oomvOR _%___

Mertann \

6)

Puc. [J2.1. Cxema 06/iy4eHHA IIOBEPXHOCTH MeTaLIa C(OKYyCHPOBAHHBLIM NA3€PHEIM Myd-
koM. TTokasannl xapaxTepHbIC pacnpele/ieHua UHTeHCHBHOCTH cBera I u Temnepatyps T
B HANPDABNEHMAX BHOJB (a) ¥ monepex (6) MOBEPXHOCTH METAJLIA

1
r  pcpLd’

(H2.4)

roe Lo — xapakTepHbI#t pasmep HarpeBaeMoit 06aacTh.

Tennosvie 3¢ ¢eKTH, BOZHAKAOIINE HPH PACIPOCTPAHEHHN MOMIHBIX JIA3€PHBIX
NYYKOB, OKA3bIBAIOTCA CYIECTBEHHLIMM HaXKe B cy1abomorsiomaromux cpenax, Ko-
aGUIMEHT TOTVIOMEHNA KOTOPHIX He TIpeBbiraeT Beuannsl § = 1072-1073 em~t.
31ecs MBI XOTHM OOPATHTh BHUMAHME HA YHUKAJIbHbIE BO3MOXHOCTH, OTKPHIBAIO-
mMecA IPH HCIONB30BAHUM TEIUIOBOrO IeHCTBUA KOPOTKHUX JIa3epPHBIX HMMIIYJIbCOB
HA CWILHO NOIJIOUIRIOIHKE CPedbl — METASbl U MOJYyHPOBONHUKH, — IJd KOTO-
peix 6 = 10%-10% cmM~!. @okycupys JlasepHOe M3JIyYeHHE HA NOBEPXHOCTb TAKHX
MaTEPHUAJIOB, MOXKHO 33 BPEMsA CYIIECTBEHHO MeHblnee BpemeHu Tepmomuddysum,
Ha DACTAHUMM MOpAIKa pasMepa dokansaoro naraa (1072-1073 cM) pacnnasuts 1
ZlaXe UCIAPUATh [TOBEPXHOCTHBIH CJIOf, MOJIYYNB CKOPOCTH HArPEBa M OXJIAXKIEHUA
pemecTBa nopsanka 109-10!° K/c. 910 ABienne HaXOMUT Pa3HOOOpA3HBIE TEXHOJIO-
rUYecKde NPUMEHEHU.

BricTpriii Harpep MOBEPXHOCTH MeTAJIa JIa3epHBIM HMILy/ibcoM. Pac-
CMOTPHM TEILIOBRIE MTPOHECCH B MOBEPXHOCTHOM CJIOE METAJLIA, [IOABEPraeMoro Bo3-
neticTBHI0 ¢HOKYCHPOBAHHOTO Ia3€PHOrO UMITYJibCa, HECYIIEro NOJHY0 sHepru Wy
(puc. J2.1). 51 MeTannos BenwduHa § c1a6o 3aBUCHT OT IJIMHBI BOJIHBI ¥ H3MEHA-
erca B npenenax 10%-10% cm™! u, cienosarensHo, r1y6buHA IPOHUKHOBEHNA CBETA B
MeTau1

Lo~61<10"%cm. ' (112.5)

®daxTudecku peub MOeT 00 U3BEeCTHOH U3 3JIEKTPOAMHAMHKM IJiyOMHE CKMH-CJI0A
Lo =~ (cA/0)'/2, onpenenaemoro, oiHaKo, 1/ ONITHYECKUX YACTOT. B 3THX yCAOBHAX
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ypasHenue (J12.3) MOXHO CymecTBeHHO ypocTuTh. [lockonbky paauyc GoxaabHOro
NATHA do 3HAYHTEIBHO NPEBRIAET IVIyOUHY TPOHMKHOBEHUA cBeTa Lg, MOXKHO IIpe-
Hebpeyb IIepeHOCOM TeIlla B MJOCKOCTH Mertasuia (z,y). PeansHoe pacnpenenenne
WHTEHCHBHOCTH CBETA IO CJI0K0 Ly MOXHO NPUO/IMKEHHO 3aMEHUTh NIPAMOYTOJIbHBIM.
Homna narencusrocTH Nagaomelt Bosusl Iy, nepemenmasn B €110, Inorn = Io(1—R).
Torpa sMecto ([12.3) MOXHO 3amucaTh

O % 8T I
Bt~ pcp 822 Lope,

(12.6)

Ha rpanune HarpeTsiii MeTaJI-BO3AYX HEeHCTBYIOT PA3/IMYHBIE MEXAHASMbI T~
IUIOBLIX IIOTEPb, KOTOpbIE NPHUONMKEHHO MOXKHO ONMCATh C NOMOMBI GopMysibl
Hruiorona

g = or(T - Tp), ' (J2.7)

rae g — notok remwna, Ty — Temeparypa OKpYKalmero BOsayxa, o — Kosddu-
[MEHT TeIIOBbIX NoTeps. 1A 310l BEJIMYHHE! MOXKHO BOCIIOIS30BATHCA IHAUEHUEM
or =~ 1073 IIx/(cm?-cK). TloTok Temna sHyTph MeTalia

_ 8T T-T,

U151 BeJIMMHLI ¢ B METAJ/LTe MOXKHO B3ATh 3HadeHne » ~ 0,5 IIx/(cm-c-K). Iloacra-
BJIsL XapaKTepHble 3HauUeHns napameTpos B (J12.8), nerko ybemursca, 9To gy 3> g.-

IIpoananu3upyem, HaKOHEl, OTHOCUTEILHYIO POJib IPOLECCOB JIOKAJIBHOrO Ha-
rpeBa u neperoca remaa. [ja storo B ypaseenuu ([12.6) sBenem GespasMepHyIo
Koopmuuaty { = 2/L¢ u Bpema § = t/1,, roe Ty — IJIATENBHOCTD N33€PHOIO UM-
nysbca. [locse samenn! nepemennsix (J12.6) npeobpasyerca K BuIy

OT 1w 0*T | Tuluora (2.9

860 ~ mr 8> Lopey’ 9)
roe 7 = pcpL/» — xapakrepnoe Bpema Temtonpopoasoctu. Ecnu T, < Tr, me-
PEHOCOM TeIa BHYTPb METa/lla MOXHO npenebpeus. Torma mpupamenue Temne-
PaTypel META/U1a K MOMEHTY OKOHYAHHA JIA3ePHON0 MMIYJIbCA MOXKHO BBHIMHCJIHTS,
npenebperas npoueccamn Tepmoxuddy3nH, IPOCTO NOJEMB OIJIOWIEHHYIO SHEp-
CHIO HA TEIIOEMKOCTh OCBEM2eMOolt MACCHl MEeTaJLIa

_(1-RW,

Toaxe = pre (12.10)]

Ioncrasnas B dopmyny ([12.10) xapakTepHbie 3Ha4eHns napaMeTpos p = 8 v/cm3,
cp = 0,4 Ix/(r- K), do = 1073 cM, Lo = 107% cm, Wy = 1 IIx, R = 0,9, nomyuam
Tyaxe = 10° K.

Ionyyennas uudpa, OTHAKO, HENOCPEACTBEHHOTO PU3NIECKOrO CMBICTIA HE UMe-
er. B neiicTeuTesibHOCTH, eme Ha 60Jiee paHHMX 3Tanax mpouecca, koraa 6yoyT mo-
crurayTH Temueparypsl 103-10% K, maunyT MenaThca TennodusHueckue napame-
TPBI METaJlJIa, 3aTeM HavHeTCA IUIABJIEHWE MEeTajlUla, er0 MCIAPeHue ¥ T. A. IIpo-
BENCHHAA OUEHKA, OOHAKO, yOeluTeNbHO MOKA3SBIBAET, YTO C MOMOIIBIO JIA3€PHOr0
H3JIYyYEHHA MOXKHO JIOKAJIBHO M 04eHb 3¢ (PEeKTUBHO BO3NEHCTBOBATH Ha METAJLILL.

OHO U3 NEPCIEK THBHBIX HAIIPAB/IEHHH IPUMEHEHUA TENJIOBOro AeHCTBUA Ta3ep-
HOrO W3JIyYeHUA — 3TO MOBEPXHOCTHAA TEPMOOGPaBoTKA METAIIOB, HCIOL3YIOWAL
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BO3MOXHOCTb JIOKAJILHOTO TEIJIOBOTO BO3NEHCTBHA HA y4acCTKe, NOABEPraeMOM H3-
Hocy. IIpu moBepXHOCTHOM JIa3epHOM HarpeBe He BO3HHMKAIOT HeXesaTe/bHbie Te-
niioBkie gedbopManuu petanell, a TBepIOCTh YyTYHA M CTajlelt Bo3pacTaer B 3—5 pas.

Bropoe HanpaBiieHMe TEXHOJIOTAYECKOrO NPUMEHEHNA JIa3€POB — 3TO Jla3epHad
CBapKa Pa3/IMMHBEIX METAJJIOB. MOIIHbIE TEXHOJIOrHYECKHE J1a3€Phl MTO3BOIAIOT CBa-
pHMBaTh CTaJIbHON JHMCT TomEHOM 0K0s10 20 MM CO CKOpocThblo nopaaka 100 m/4;
IIPH 3TOM JOCTHTAETCA BLICOKOE KAayeCTBO CBApHOrO wiBa. JonosHuTeNbHbie y00-
CTBa NPeNOCTaBIACT BO3MOKHOCTb BeCTH 06paboTKy B TPYAHOKOCTYIIHLIX MECTAX H
Ha GONBUNMX PACCTOAHUAX OT UCTOYHMKA M3JIYUEHHA.

JlazepHas pesKa MPOMCXOOMT 33 CYET MCIAPEeHNA METAJIa WM €r0 NJIaBJIeHUA
C TOC/IeAYIOUMM YIAJIEHHEM PaciulaBa cTpyelt muepTtHoro rasa. Oua ocobenuo ue-
necoobpasHa, Koraa Tpebyerca Maliad 30Ha TEPMHYECKOro BO3NEHCTBHA M y3KHi
pe3. C noMoIlpio J1a3epoB Pa3pe3aloT TBEPAblE KEPAMHMYECKHE MATEPUAJIbI, CIL/IABhI
H MeTa/Ibl C 33l THLIMA MOKPHITHAMI.

JlasepHbil OTXHTI MOJYNPOBOGHMKOB. BrinonHeHusill BEIIE PacyeT TEMI0-
BOrO HEHCTBUA CBETa HA NOBEPXHOCTL METAJLIa WILIIOCTPHPYET BO3MOXHOCTH Obl-
CTPOTO JIOKAJILHOrO Harpesa BemecTBa co ckopoctblo 108-101 K /c. Oxasbisaercs,
49TO 9Ta 0COBEHHOCTHL JIA3€PHOro HArpeBa MO3BOJIAET HE TOJILKO DE3aTh WM ILia-
BUTb METaJLI, HO M MHOYUUPOBaTh (a30oBbie Mepexonpl. B 4yacTHOCTH, ¢ NOMOMbBIO
Jia3epa MOXKHO OCYINECTBJIATh UMMYJIbCHBIA OTXKHUI MOHHO-UMILTAHTHPOBAHHBIX MO-
JIYHPOBOIHUKOB.

Kax Mb1 yxe ybemmnuch, xapakTepHolt deprolt Jj1asepHOro HarpeBa BEUIECTBA
SIBJISIETCA TO, 9TO CPABHUTEILHO DOJIBIIOE KOJIMYECTBO SHEPIUA MOXKET NOTJIOTHTb-
Cs B TeYEHUE OYeHb KOPOTKOTO MHTepBasa BpeMmeHH. [IoBepXHOCTh NOIVIOWAIOMIEro
MarepHasa MoxKeT ObITh JAOBENEHa A0 TOYKH ILUIABJICHHA 34 BPEeMA JIA3€DPHOIO UM-
yJIbCa, OJIAUIETOCA BOJM MEUKPOCceKyHI. Ilocie OKOHYaHMA MMNY/IbCA MPOKCXOMMUT
OnicTpas PEKPUCTAJUIM3AIMA PACIUIABIEHHOr0 cnosa. Bpemennoit # npoCcTpaHCTBEH-
Hbll MacpITabpl HarpeBa TaKOBbI, YTO Iuddy3HA BELIECTBA HE HIPAeT 3aMeTHOH po-
mu B ¢ase pacniaBa, HO3TOMY KOHUEHTPAIMsA NpuMecell, BHENPEHHLIX B KPHUCTAJ-
JIMYECKYIO PELIETKY, B HpPOIeCce KPATKOBPEMEHHOIO PACILiaBa MOXKeET IIPEBBINATh
paBHOBecHY10. B pesynbrare obsyueHHBI! y4aCTOK MOBEPXHOCTH NpuoOpeTaeT HO-
Bble CBOUCTBA.

Ilycts NpAMOYroJIbHBIY JIa3ePHLI UMIYJIBC IIMTENILHOCTHIO T; ¥ MHTEHCHB-
HocThi0 lp IaJaer Ha MOBEPXHOCTb TBEPAOrO Tejia 1o Hopmasnu. Kosdduim-
€HT TEMIePaTyPONPOBOTHOCTH X = x/(pcp) onpemesisier XapaxTepHbI# MacmTab
Lt = (xTx)/?, noka3pIBaiomuit, Ha CKOJIBKO PACIUIBIBAETCA MEPBOHAYAIBHBIN TeM-
neparypublit npodmwis 3a BpemA gelicrBuA uMmnysbca. Ecom miybmsa Ly, Ha
KOTODPYIO IPOHMKAeT CBETOBas SHEPrHs, Majla IO CDaBHEHHIO C XapakTepHoh
ONUHOY TEMIIEPATYpPONPOBONHOCTH, T. €. Lo « L7, TO HNOIVIOWIEHHAA 9SHEPrus
Wa = (1 — R)Iyrumd% nonnocTsio noitier Ha Rarpes cJioa pemecTsa Toamuno#t L,
H POCT €ro TEMIIEPATYDPH! COCTABHUT

AT = (1 - R)Iomu/(pcpLT).

XapaxTepHOe BpEMA OCTHIBAHHUA B 3TOM CJIy4ae PABHO AJTHTEILHOCTH MMIYJIbCA Ty,
T. e. BpemeHy, Heobxomumomy nuiA qucdysun temna Ha paccrosune Lt = (x74)Y/2.
CKOpoCcTH HArpeBa M OXJIAXKACHHA B 3TOM CJIyYae COBNANAIOT W PABHbI

AT /7y = (1 ~ R)Io/(pcyLr).

Hanporus, ecyin ri1y6una npoHuxHOBeHMA Lo = 6~! MHOrO 601bINe I/IHHBI TEp-
Momupdysun, T. €. Ly > Ly, 10 npu moriowmesus cBera PpOPMHPYETCH Xapax-
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TepHbI# criagaoumit 10 5KCNOHEHTE BriiyOb BelecTBa TeMuepaTypHbilt npoduis ¢
MacmTaboM Lg, 1 POCT TeMIepaTypbl COCTABHT

AT(2) = (1 = R)Igrad exp(—32)/(pcp).

CxopocTp Harpesa BhipaxaeTcs ciaegyomum obpasom: AT /7. [Tockonsxy npu
OXJTaXKJeHUM TEmio JomkHo npomaddyuauposarh Ha rnybuny Lo = 67!, xapak-
TepHOe BpeMA OCTHIBAHUA PaBHO Ty = L3/X, & CKOPOCTL OCTHLIBAHUA €CTh

AT/70 = (1 ~ R)& xIoma/(pcp)-

IIpaxTuyecku B GOBOIMHCTBE CIy4aeB BLINOJIHAETCA HEpaBeHCTBO L1 > Lo, u pe-
anM3yeTcs JOKaJbHBIH HAarpes.

IlpuBeneM OLEGHKHN THIMYHBIX [APAMETPOB AJIA KPEMHHs NPH IJIMHE BOJIHbLI H3-
aygerua A = 0,5 mxm: & = 10 em™}, R = 0,35, pc, = 0,56 dx/(cm®-K),
x = 0,7 cm? /¢, Temneparypa miasnenus Ty, = 1420 °C. TunuyHsle XapaKTepHCTH-
KH J1a3epHOI0 MMITYJIbCa, HeOOXOOUMOrO 1J1A HATPEBa MOBEPXHOCTHOLO CJIOA KpeM-
nuA 10 TeMnepatypbl ~ 10% °C, npusenens: nixe: 7, = 30 ne, Iy = 1,1x107 Br/cm?,
Iorw = 0,33 Ixx/em?, Lr = (x7u)*/? = 1,5 x 10~* cm. TIpu 9T0M CKOpPOCTH Harpe-
Ba M OXJIaXXIeHusa cocTabser ~ 101! K/c. Ins nuKoceKyHAHBIX MMIYJILCOB JJIMHA
Tepmomuddby3un 6yIeT yxxe MeHblle T1yOnHbI HOIJIOWEHHA | 1A NoJTydeHus 60/b-
HIMX CKOpOCTeft Harpena M OXJIaKIEHUA CJIENYeT UCIOB30BATD JIA3ePHBIE HMITYJIbChI
YAbTPAPHOICTOBOrO NUATIA30HS, YACTOT.

BoicTpoe nutaBienne 1 DOCASAYOMAS PEKPHCTAILIM3ALM Oy IPOBOLHHAKOB IIPH
MOMJIONICHWK JIA3EPHBIX MMIIYJIbCOB HAIUNYW NPUMEHEHHE OJfA JIa3ePHOTrO OTKHUra
HMOHHO-UMIUIAHTHPOBAHHBIX NOAYyNpPOBOAHUKOB. [loNynpOBONHUKOBEIE MATEPUANEL,
UCIONIL3YEMBIE B HACTOAIIEE BPEMA B 3IEKTPOHUKE, MOJYYAI0T MYTEeM BHEOPCHUA
HOHOB B KPHMCTAJUIMYECKYIO DEIUETKY YMCTOrO MOJynpoBoguuka. IIpu sToM HOHBI
HMILIAHTUPYIOTCA B TOJIILY IOJYHPOBOLHHMKA C NOMOIULIO YCKOPUTENA (XapakTep-
HBIE 9HEPTHH MOHOB cocTansator 10° 9B, nosul ummnantaumn 1013-101¢ uonos/cm?,
riy6una prenpenus #OHOB 10 107° cm). Honnas 60M6apaMpOBKa BBILIBAET Pa3y-
IOpAIOYEHHE KPUCTAJIINIECKO) pelleTKH B IPUIIOBEPXHOCTHOM cioe. Ee poccrano-
BJIeHME OOBIUHO OCYIIECTBIIAETCA C IOMOIUBI0 IJIUTEIHHOIO TEPMUYECKOrO OTHHIA
B TeYEHHE JECATKOB MUHYT NIPH TEMIEPATYPaX B HECKOJIbKO coTeH rpanycos Llesn-
cusa. Ilpu aroMm, omHAKO, NMEpBOHAYANLHBIH Npodunb pacHupene/ICHUA IPUMECH II0
riiy6une Hens6exKHO PaCIIBIBAeTCH BeiencTsue auddysun.

Oxa3spIBaETCH, YTO C ITOMOMILIO JIA3EPHBIX MMITYJILCOB MHUKPOCEKYHIOHOM MM Ha-
HOCeKYHAHOH [INTENILHOCTH TaKXKe MOXHO HPOU3BECTH OTXKHUI MOHHO-HMILIAHTH-
POBAHHOIO CJIOA NOJYIPOBOLHMKA, IIPUYEM NOIYYEHHAA NMPH SMHTAKCHAJIHHON pe-
KPUCTAJL/IM3ALMH PEIeTKa XapaK TEPU3YETCs MEHbIUMM KOJTHIECTBOM JeEeKTOB, OT-
CYTCTBMEM DACIUILIBAHMA NPOMHIIA KOHUEHTPAaUMK BHEAPeHHOM npumecu B riiybm-
Hy. KoHUueHTpalinA NIPUMECHBIX UOHOB, BHEIPEHHBIX B PEIIETKY, J,11 HEKOTOPHIX pe-
X¥MOB OKA3LIBACTCA 3HAYMTEIbHO Bbillie JOCTHraeMol NpH TEPMHYECKOM OTXKHUTE.
HAMmnysbeusiit 0TXKUr CHEAT BO3MOXKHBIM OIYYEHNE CBEPXMEIKHX P-7 NEPEXOnos,
no3BosIMIt GOPMUPOBATH HYXHbIE NPOQUIN NPUMECH NYTCM W3MEHEHHMsA SHEPTuM,
O3Bl B BUIA UMIUIAHTUPOBAHHLIX HOHOB.

Bonbwoft Hay4HBI} MHTEPEC CBA3AH C BHIABJICHUEM DOJIM TEPMUYECKUX M aTep-
MMYeCKHX (PAKTOPOB NpPH JIa3ePHOM OTKMIE, B YaCTHOCTH, POJIM MJIOTHOH (mo
102! cM~?) as1eKTPOHHO-IBIPOYHON TIa3MBI, 06pasyomelCa B TOMUIE HOJIYIPOBOM-
HAKA TPH HOIJIOIEHKH JIa3ePHOTO NMIYJIbCa C UHTEeHCHBHOCTHIO 1o 10° Br/em?. Hu-
HAMMKA TPOUECCA PEKPUCTAIIIH3ALUY [IOBEPXHOCTH H3Y4aLTCA OOBIYHO C mpHUMeHe-
HUEM JIMHEHHBIX ONTHYECKHX METONOB IyTEM PETHCTPALUM C BHICOKMM BPEMEHHEIM
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paspeleHreM H3MeHEeHUA KO2((PUIHMEHTOB OTPAXKEHHS M IIPONyCKaHuA npobHOro
JIA3€PHOrO JIy4a HPH IOMNIOMEHAH HA IIOBEPXHOCTH HOJIYHNPOBOAHMKA MOIIHOTO OT-
KUrAWEro UMIyabca. IIOMEMO 3TOro MCIOAb3YIOT PErHCTPAUMIO OWHAMMKH I10-
ABJICHHAsS ¥ TPOCTPAHCTBEHHOI'O PACHPENEJICHAA 1O OTKHUIAEMOMY YYaCTKy CIIeK-
TPOB CHIOHTAHHOTO KOMOMHAIMOHHOTO PACCeAHMA, & TAKXKe KApTUHY qudpakumu Obl-
CTPHIX 9JIEKTPOHOB Ha BOCCTaHOBJEHHON pemetke. Hauasnocs npuMenenue Heune-
HBIX ONTHYECKHX METOLOB IUATHOCTHKU COCTOAHMA TIOBEPXHOCTH NTOJIYTIPOBOTHHKOB
[PH MOLIHOM HMITYJIBCHOM BO3NEHCTBAM, HAMPUMED Iy TEM PErHCTPALMHA ONTHIECKHX
FapMOHMK IPOGHOTO M3JIyYeHWs, MeHEePHUPYEMBIX MPH OTPAXKEHHH OT OTXHHUraeMoro
y4acTKa OBEPXHOCTH MOJIYTIPOBOSHUKA.

BonsmuHCTBO MOTyYEHHBIX K HACTOAMIEMY BPEMEHH 3KCIepUMEHTAILHBIX JaH-
HbIX CBUIETEJICTBYIOT B MOJIb3Y TEIJIOBOK MOLEJIH JIA3€pHOrO OTXKUra: IPU MEXK30H-
HOM MOIVIOMIEHMH U3/Iy4YeHU B NOJIYIIPOBONHKKE ME€HEPUPYETCA [IJIOTHAA 3JIeKTPOH-
HO-ZBIPOYHAsA IUIa3Ma, 33TeM BCJISICTBHUE 3JI€KTPOH-(OHOHHOrO B3auMoneCTBIA 32
Bpema ~ 10712 ¢ sHeprus OT 3/EeKTPOHHOM MOACHMCTEMBI MEpeNaeTCA peleTKe B
npoucxomut ee naasnenue. Pasa pacnnasa gmurca 1078-10-7 ¢ u serko peructpu-
pPyeTIcA B SKCIEPUMEHTE IO MOABJIGHUIO BBICOKOIO YPOBHA OTpaXKeHWa NpobHOro
ayva. Ecan mornomennolt 9Hepruy HOCTATOYHO AJIA TOTO, YTOOBI PacIIaBUTh Ha
BCIO riyOuHy amopdusoBaHHEIN MoHHOK GoMOapmuMpoBKO# Cliol NOSYyHPOBOOHUKA,
TO MPH OXJIAXKAECHUM MIPOUCXOAUT SMUTAKCHAIbHAA PEKPUCTAJIM3ALUNA TOBEPXHOCT-
HOI'O CJIOA: BOCCTAHOBJIEHHAA KPUCTAJLINYECKAs CTPYKTypa MOBTOPAET CTPYKTYPY
PEIIEeTKH MNOMJIONKKH, T. €. HCXOOHOTO MOHOKPHUCTAJJIA MOJIYTIPOBOIHMUKA, CJLYXKalle-
ro sarpasko#l npu pexpucraimzanmd. CKOPOCTh PEKPHUCTAIIM3ALKK 110 PA3HBIM
IAHHBIM JIEXXMT B npenenax 10-10° cm/c. Ecim 3Hepruy aMoysibCa HEJOCTATOYHO
LU PACIJIaBa BCEro aMopdu30BaHHOIO CJIOMA, TO BOSHUKAET IOJIMKPUCTAIIIMYECKAA
CTPYKTYpa IOBEPXHOCTHOI'O CJIOS.

“Xosmoanoe nnaBJjieHHe” HNOBEDXHOCTH NOJNYHPOBOOHHKA peM-
TOCEKYHIHBIM JIa3€pPHBIM UMOYJIBCOM. B skcnmepmmeHTe, BHITOJHEHHOM
TosopxkossiM, Illymaem, Pynonsdom u Hlpenepom [10], ucciiemoBaiuch HayaIbHbIE
CTAOMH IJJABJIEHNA MOBEPXHOCTH MOHOKDMCTaJUIa apCeHuna rajutdsa mnop mettcreu-
€M JIa3epHBIX MMITYJIbCOB AnaTesbHOCTI0 100 de (1 de = 1071 ¢) ¢ nomompio pe-
PUCTPAlMM 3aBHCHMOCTH MHTEHCUBHOCTH OTPAaXXEHHOI'O IPOBHOTO MMIYJIbCA M €ro
BTOPOH FADMOHMKH OT BPEMEHH, NpOLIeNIuero mocjie so3byxaenus obpasua bosee
MOLIHBIM UMIIYJIBCOM HAKaYKH.

TockobKy IpY NJIABJIEHNH MATEPHAJ CTAHOBHTCA H30TPONHOM XKUIKOCTHIO, 9¢-
¢exTUBHOCTE reHepaluy BTOPOH FraDMOHMKY NIPH HACTYIICHMH JIA3€PHO-HHAYTHPO-
paHHOro (Ha30BOro mepexona JOKHA MafaTh. ITO AEHCTBUTENBHO HAOIIOIAETCA B
skcnepuMenTe. OQHAKO ClaJi MHTEHCHBHOCTH BTOPOH TapMOHHKM IPOMCXOOMT He-
OXHUIAHHO OBICTPO — € XapaKTepHBIM BpeMeHeM nopsanka 100 ¢c. B 1o ke Bpema
k03bduunenT NHEeIHOr0 OTPaKEBHA BO3PACTAET JI0 3HAYEHH, XaPaKTePHOTO 414
pacmiiaBa JAaHHOIO MaTepHaJia, FOPa3mo MeIJIeHHEe — C XapaKTEPHEIM BpeMeHeM
nopsanka 1 nc (1 nc = 10712 ¢). PesynpTaThl 3KCIEPUMEHTA NOKA3LIBAIOT, ITO IO
TepA peNmIeTKOH najibHero NOpARKa, MPOABJAIOIAACA B HAIEHHH HHTEHCHBHOCTH
BTOPO#l TADMOHMKH, IPOUCXOOUT SHAYMUTELHO ObICTpee, YeM N3MeHeHue JIMHeHHbIX
ONTHYECKHX CBOUCTB apceHuna rajums. XapakrepHoe spems 7gr = 100 ¢c oxa-
3pIBAETCA MEHBIIKM, YeM BPeMs Ilepenayn SHeprud OT 3JIEKTPOHHOHN NOICKCTEMBI K
peureTke, B TO BPeMA KakK XapakTepHOe BpeMs HApaCTaHHUA JUHEHHOTO OTpaKeHnA
coracyercs ¢ NpEeNCTABJIEHHEM O TEIJIOBOM IUIABJIEHMH. DTH PE3YJbTATHI [IO3BO-
JIAIOT MPEINONOXUTL HAIUYNE KOPOTKOXUBYIIE# NpOMexyTo4uHO# HepaBHOBeCHOU
<¢a3bl KpUCTaJlla ¢ HapyIIEeHHbIM JajJbHUM NOPAAKOM, TpenlecTByiomell miasie-
HUIO ¥ CYLIECTBYIOMEH [IPpH OTHOCKHTEBHO XOJIOLHOH pelleTke.
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CperopeakTHBHOe JaBlieHuHe. Harpes Mummenuw, nomseprajomeics posmeft-
CTBUIO JIA3EPHOIO MBJIYYEHHUA, CONPOBOXKIACTCA BOSHHKHOBEHHWEM CHUJI TEIJIOBOro
NPOMCXOXKAEHAA. B MOIIHBIX JIa3€PHBIX NMYYKaX OHH HA MHOrO IOPAAKOB NpPEBbI-
MIAI0T CBETOBOE NAaBJIeBHe. YCJIOBHO MX MOXHO PAa3Ne/IMTh Ha TPH IPYNIbI: KOHBEK-
THBHbBIE, PAIHOMETPHYECKUE U CBETOPEaKTHBHbIe. KOHBEKTUBHbIE CHJIbI CBA3AHEI €
HarpeBOM cpenbl, OKpyxawomett obiydaemoe Teso, ¥ NOCHENYIONMM BO3HHKHOBE-
HUeM IIOTOKOB ra3a MJIH XMIKOCTH, KOTOpPBIE, B CBOIO OYepelb, BO3NEeHCTBYIOT Ha
Tesio. PaguomeTpuyeckue CHIIbI BOBHMKAIOT HA MOJIEKYJIAPDHOM ypOBHe u Hambosee
APKO NPOABIAIOTCA B PA3PEIKEHHBIX razax. CKOPOCTh MONEKYNBI TOCIE COYAAPEHUA
C HarpeTol MOBEpXHOCTbIO GosIbIIe, YeM Ha4YaJIbHAA, YTO M IPHBOOUT K NOABJIEHHIO
AOMOJHUTEILHOTO NABJICHUA, MPONOPUMOHANIBHOrO Pa3HOCTH KBaJPaTHHIX KOpHeH
M3 TeMIepaTyp NOBEPXHOCTH M CPElbl.

CseTopeakTHBHOE NABJIEHHE D¢y BO3HHKAET B IPOLECCE HCIAPEHUs BEIEeCTBa C
IoBEpPXHOCTH 06,1y4aeMOoro Tesa. 110 BesiuHe OHO IPONOPUMOHAJILHO CKOPOCTH HC~
TEYEHMA Uyer MCHAPEHHOTO BEIECTBA M CKOPOCTHM M3MEHEHMA MACChl €NMHMIIbLI 11O~
BEPXHOCTH My :

d
Pep ~ Unc-r'(‘i‘t'mn- (O02.11)

CKOpOCTh H3MEHEHHA MACCHl MOXKHO Ipyfo OLEHHTb, DA3NENNE MHTEHCHBHOCTE 1O~
rJIoIEHHOro ¢Bera I Ha ymesbHYI0 TeIiory napoobpasoBanus Q.. IIpu stom He
YUHTBLIBAETCH DHEPrH:, 3aTPAYEHHAA HA PA30rPeB BEIECTBA JO TEMIEPATYPHI IINa-
BJIEHMA M CaMO TUIaBJIEHME, TaK KaK OHa OOBIYHO FIOYTH Ha NOPSAOOK Menbme Q. C
Y4YeTOM 3TOro 3ameyaHus sanumeM dopmyny ([12.11) B Bune

Dep ~ 'ch-rI/Qn-

C NOMOIIBIO MOMIHBIX CBETOBBLIX MMITY/IbCOB MOXKHO MONYHTD Pep ~ 1012 arm. Obcy-
KNAITCA BO3MOXKHOCTH MCIOJIL30BAHUA CBETOPEAKTHBHOTO NABJIEHHA IIA YCKOpe-
HHs MUKPOYACTHII M AaXKe IJ1A USMEHEHHA TDAEKTOPHMU MCKYCCTBEHHBIX CITyTHUKOB
3emun.

JlasepHoe cBepXxcixarHe BemecTBa. Pu3ndeckue NPAHNANLL JIA3EPHOIO
TepMOANEPHOTO cHHTEe3a. BO3MOXKHOCTH TIONYYEHHs C IOMOUIHIO (POKYCHPOBKH
H3JIyYEHNA MOUIHBIX JIA3EPHBIX CUCTEM HHTEHCUBHOCTEH cBeTa nopanka 106 Br/cm?,
NPUBOIIMKX K OBICTPOMY PasOrpeBy BEIIECTBA ¥ €r0 YPE3BbIYAHHO CHIILHOMY CXKa-
THIO 33 CYET CBETOPEAKTHBHOIO OABJIEHNA, CTHMY/IAPOBAIX paboTel B 06jIacTH J1a-
3€pHOTO TEPMOALEPHOrO CUHTE3a. B OCHOBE TEPMOANEPHOTO CHHTESA JIEKHUT PEAKIUA
Mexny anpamu neftrepus u rputua D4+ T — ‘He -+ n, B peaynbTaTe KOTOPO# BHIIE-
nsercs sHeprus okoso 17 MaB (1 MaB = 1,6 x 1078 apr). Pacuer noka3seisaer, 4To
ILJ1A IPEOHONIEHMS KYJIOHOBCKUX CHJI OTTaJIKUBaHu A HeOGXOIMMO HarpeTh CMeCh aelt-
Tepua ¥ TPUTHA (TEPMOAAEPHYIO I1a3My) H0o Temnepatyps! nopagxa 10® K. Kpome
TOro, Hy*HO, YTOGH! 33 BPeMs CyIEeCTBOBAHKA IIa3Mbl B Hell IPOM30LIIO JOCTATOY-
HO BONBIIOE YHCJIO €IUHUYHBIX AKTOB B3aUMOOEHCTBHA, ¥ BHLIC/IHBIIAACA JHEPIHUA
IPEBBICIJIA 3ATPAYEHHYIO Ha PA30rpes. DTO NPUBOIMT K KpuTepuio Jloycona

nt > 10 c/cmd,

CBA3BLIBAIOINEMY KOHUEHTDAIMIO HaCcTHI 71 W BpeMs yOepXaHusA miasmol 7. @usu-
yeckUit CMBICH TOr0 KPUTEPUA JAOCTATOYHO ACEH: YeM 6Osibmie YacTHIl B €HUHHIE
ofbeMa, TeM CKOpee MOH AeHTepua BCTPETHT MoH Tputuia. C Opyroit CTOpOHE!, YyeM
JONIbIIE yOEPKUBALTCA INIa3Ma, TeM GoJipliie BpeMEHH 1A NOMCKOB NMapTHEpa I
peaxLuu.
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Bouana cyxatusa p

JlazepHoe
H3Iy4eHue

Pnc. [12.2. Cxema na3eprOro TepMOASEPHOrO CHHTE3A

B 1962 r. H. I Bacos u O. H. Kpoxun sbigsunynu mnero GnicTporo Harpesa
IJIa3Mbl M HHEPUMAJIBHOIO YIOEPXKAHUA C [OMOUILK) MOIIHBIX JIA3EPHBIX HMIYJIb-
cOB. B cOBpeMeHHBIX YCTAHOBKAX J133€PHOTO TEPMOAJEPHOTO CHHTE3S, UCTIOJIBL3YIOTCH
chepudeckue MumIeHH auameTpom okoyio 100 MxM, cumMMerpu4HO obiy4aeMbie O
Bcex cTopo (puc. [12.2) Ilon meficTBueM CBeTa IPOUCXOIUT GHICTPBIH pa3orpes Be-
IMeCTBA, CONMPOBOXAaeMblil uCIIapeHHeM NOBEpPXHOCTH Mumenu. Bosuukaromee npu
3TOM CBETOPEAKTHUBHOE HABJIEHME NOPOKIAET BOJIHY CXKATHA, PACIPOCTPAHAIONLY-
10CA K LEHTPY MHMIIeHH. B CBOIO ovepens, KUHETHYECKAs SHEPIUA YIAPHON BOJIHBI
TPEBPAIaeTCA B TEIUI0. Bee 9TH mpouecchl paskIrpeiBaloTca 3a BpeMa T ~ 1072 cu
HOCAT XapaKTep MUKPOR3PHIBA. [IIOTHOCTD M1a3Mbl B HEHTPE MMIICHH N0 TEOPETH-

4ECKAM OUEHKaM BO3pacTaer nouty B 10 pa3 oTHOCHTENbHO HCXOLHOM.

¥Yxe npopeneHsl yCIIENIHbIE SKCIEPAMEHTHI 110 CBEPXCXKATHIO BEIIECTBa, TP BCe-
croponneM o6sydenun. JJocTarnyta miorHocTs mwiasMer okono 30 r/cm® npu Tem-
neparype T' ~ 107 K. B Poccuu u CIIIA cosgasbi CBEpXMOIIHbIE J1a3epHbIe CHCTEMbI
HA HeOMUMOBOM cTekJie (A = 1,06 MxkM) ¢ sHeprueit B umnyssce 10°-10° k. Ipus-
UHIIMAJIbHAA BO3MOXHOCTb CO3AAHKA ONBITHON TepMOAAEPHOH 3/1EKTPOCTAHIME BO3-
HUKHET CKOpee BCETO IOCJe CO3IAHNA MOMHLIX UMITyJibCHbIX Jiaszepos ¢ KI1I okomo

10-20%. Ha mytn kx pemenuio npobJeMbl JIA3€PHOrO TEPMOANEPHOTO CHHTE33, HO-
“CTULHYTBI 3HAYUTE/bHbIE YCHEXH, HO BIEPEIH €lle TPYAHbI! nyTh.
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Iononnenne 3
OnTudeckas JieBUTAIUA

Csemosoe dasaenue 8 Aa3ephnE nywKaz. ONmMUuNecKes AL6UMAYLR MAAKT NPO3PAY-
HUT vacmuy. Onsimo Swruna. Onmusecseas A06Ywxa. Inemenmo. Meopuy onmu-
uecxoll aesumayuu. JeoMempPuR ompadiCentun u npesomaeiur. Iuepzemura ompa-
oicenun u npeaomaenui. Popmyan Pperean. Cuan ceemosozo dasaernus. Caemosoe
dasaerue 8doav nywxa. Ceemosoe Jasaerue nonepex nyuxa. JucaeHHbBE OYEHKY.

CseToBoe JaB/ieHHE B JIa3€pPHBIX My4YKaX. [lo HeJaBHero BpeMeHH Ka3asoch,
YTO MAJIOCThL CBETOBOTO HABJEHMA, roBopsa ciosamu IloliHTHHra, “...uckiouaer
ero u3 pacCMOTPEeHHA B 3eMHBIX nenax’ . C NOABJIEHHEM JIa3epOB CHTYAlMA KOpEH-
HbiM 00pa3oM u3MeHunach. HoBble BO3MOXHOCTH B SKCIIEPUMEHTAX CO CBETOBBIM
IABJIEHVEM, OTKPBIBITHECH IIOCJIE CO3NAHNA JA3€POB, CBA3aHbI, IOXKAJIYH, He CTOJIb-
KO C Pe3KHM yBeJIM4YeHHEeM HHTEHCHBHOCTH M3JIy4EHH:A, CKOJIbKO C BO3MOXKHOCTAMHU
“ocTpolt” oKyCHPOBKY JIa3epHOTO CBeTa. BhICOKas cTenens ynopAI09eHHOCTH Jia-
3epHOrO CBeTa (IPOCTPAHCTBEHHAA KOIEPEHTHOCTh) NO3BOJIAET ChOKYCHPOBATD J1a-
3epHBI MyYOK B NATHO, pasMep KOTOPOro MMEET MOPAMOK IJIMHLEI CBETOBOH BOJIHEL.

YBenuyeHne WHTEHCHBHOCTH CBeTa Hew30EKHO CBA3AHO C BO3PACTAHHEM DPOJIH
TennoBblX 3¢ dekToB. Kak nOKa3sbiBAIOT ONEHKH, CIETIaHHbIE B JOTIOJHEHHMH 2, yXKe
Y TJIOTHOCTH 3Hepruu nopsanka 1 JIx/cM? B KODOTKOM JIa3€PHOM HMILYJIbCE BO3-
MOXKHO IIJIaB/ICHNE U UCIIAPEHKE TOBEPXOCTHOTO CJIOH METAJIMYeCKOU Mutnenn. CBs-
3aHHBI! C 3TUM BBHIOPOC BEUIECTBA HABCTPEYY JIABEPHOMY JIydy NPHBOIUT, OYEBUA-
HO, K BO3HUKHOBEHMIO CHJIbHOI'O CBETOPEAKTUBHOIO JABJICHHSA, BEJIMYMHA KOTODOTO
HAMHOI'O NIPEBBIIAET “UCTHHHOE” CBETOBOE HaBJeHue. Bmecre ¢ TeM, OKa3LIBAETCA
BO3MOXKHbBIM TOJIy4YHUTh CHJIbHBIE 3 deKThl, 06y CIIOBNEHHBIE “HCTHHHBIM” CBETOBBIM
JaBrieHneM, pOKyCHPysA HENpEpHIBHOE Na3ePHOE M3Jly4YeHHe HeGONBHIOH MOIIHOCTH
Ha MaJible Tena.

Yrobel ybenuThCa B 3TOM, IPOBEIEM NPOCTYIO OUeHKy. H3nydyeHne aproHoBOro
nazepa (A ~ 0,5 MKM) HenpepuiBHOTO AeficTBua MomuocTsio P = 1 Bt moxuo cdo-
KyCHpOBaTb Ha Iyomanky muamerpom 2dg ~ (1-10)A. Ecim B ¢pokyce nomecTHTh
3€pKaJIbHO OTPaXKaoWKil MapuK paguycoM Ty = dg, TO CHJIA CBETOBOTO HaBJIEHUA
Ha Hero F = 2P/c = 10~ mun. Ilpu miotnocTu MaTepnasna mapuka p = 1 r/cm® u
dp ~ X ero mMacca Gyner pasna m ~ 10712 r u, c/ien0BaTE IBHO, IO, BINAHHEM CHJIBI
CBETOBOTO JABJICHUA WIAPHK NMpUoOpeTaeT OrpoMHoe yckopenue a = F/m = 108 g.
ITocnennee mo3BoOJIsIET CTABUTDL PA3HOOOPA3HBIC OMBITHL 10 YIPABJICHHAIO ABHXEHUEM
MHKPOCKOIMYECKMX YACTHUIL C IOMOLIBIO CBETOBOTO HasjeHus. OueHb KpacHBbIE OB
ThI 0 OONTHYECKOH JIEBUTAMK YACTHI B JIA3EPHOM f0Jie ObUIH NocTaBiieHsl A. Dm-
KHHBIM.

Crnenyer OTMETHTD, YTO B IOJIAX JIA3€POB HENPEPHIBHOIO AefiCTBUA MCIOIH30BA-
HHe CHJILHO TIOTNI0MAIOMMX (HAIIpUMED, META/UINYECKUX ) YaCTHII IPHBOIUT K 3HAYIH-
TeJIbHBIM TeIIOBBIM 3¢exTam. IToaToMy DIKUH NPOBOINA ONBITH C MAaJIEHBKAMHI
HpPO3PaYHbIMK TJIACTMACCOBBIMU YacTUNAMH (IIADUKAMY M3 JIATEKCA), HAXOIMAULN-
MucA B Boje. XOTA OTPaKeHHE ¥ NPEOMJIeHHEe CBETa IJIacTMACCol, MOrpy KeHHOM’
B BOAY, OTHOCHUTEJIbHO MaJibl, BOSHAKAIOUIME CHJIbI JOCTATOYHO BEJIMKH, YTOOLI BhI-
3BaTh JBHM)KEHHE YacTHIl, HabiionaemMoe B MHKpOCKON. TmATe/bHbIM aHAJIMS [10KA-
3aJ1, YTO 3TO IBHXKEHUE JeHCTBUTEIHLHO NPOHCXOMUT 34 CHET CBETOBOrO NABJICHHA,
a He OCTATOYHBIX TeIJIoBbIX 3¢ deKTOoB.
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Puc. [13.1 Ha6ironenve npukeHHHA MUKPOYACTHL, BAOMb JIA3€DHOTO JIy4a o, gekcreuem
CWJ! CBETOBOrO JIABJICHHA

Onruyeckasn JIeBHTAOAA MaJIbIX HPO3padHbIX yactHill. Onerrer Smku-
Ha. Bor kak onucass! onertet SmKkuHa B pabote [1]. “B akcnepumernTe ucnosnbsosa-
JIUCH MaJIeHbKUE NPO3PavHble MIJIACTMACCOBBIE YACTHYKU C BBICOKOMH CcTenednio cde-
PUMHOCTH, M3TOTOBJIEHHbIE XUMAYeCKOH kommanueh “Ioy”. 910 BemecTBO 0OLIYHO
[OCTABJIAETCA B BOJE, ¥ IO3TOMY NPEACTABIAIOCH €CTECTBEHHBIM IIPOBECTH NIEPBLI
onsIT B Boje. [ToMHMO 2TOrQ, BHICOKAA ONTHYECKAA MTPO3PAUHOCTD U BHICOKAA TEILIO-
IPOBOOHOCTD BOIBI MTO3BOJINIIA OBl IOJNEPKUBATh YACTHYKH XOJI0AHBIMU. Heckoms-
KO Kanejb BOAbI, CONEPXKAUX HEKOTOPOe KOJIMYECTBO YACTHYeK, OblIM TIOMEIIEHbI
NOL MUKPOCKONOM B CTEKJIAHYI0 AueiiKy, NIPOCBEYUBAEGMYIO CHU3Y C(hOKyCcHMpOBaH-
HbIM JIY4YOM HOHHOTO APT'OHOBOrO Jia3epa. IIpy uCnoNp30BaHuH CrIEHAJIbHBIX OYKOB,
NIOIJICIHAIOMMX TONBKO JiadepHbift CBeT, MOXHO ObLTO HABMIONATh YACTUYKH B OObIY-
Hom ceete. JlazepHnrt mywoK GBI BUAUM 34 CHeT BHIILIBASMOH uM xento#h dayo-
pecuentvy. CienoBaTeNbHO, He IIPERCTABIAET TPYAA BUAETD MYYOK, (DOKYCHPOBATH
€ro ¥ YIPaBJIATEL UM, epemenias HOKyCHpYoIyo Jun3y. Tak KaK IIacTMACCOBEIE
ccepbl KMEIOT TAKYIO XKe IIOTHOCTh, KaK U BOOA, OHM OCTAIOTCA HENONBUMKHBIMMU,
KaK (pukcupoBaHnbie Mumenn. Korga asepnsifl 1yd nquamerpom 15 MKM ¢ raycco-
BbiM pacrnpenesieHneM HHTEHCHBHOCTH ¥ MOMHOCTHIO 0kos10 10 MB1, nanpasnennsiit
BEPTHKAJILHO BBEpX, [OMAJANT HA YACTUYKY C NONEPEYHBIM CEYEHHEM B HECKOJIHLKO
MHKDOH, OHa HaYMHAJIa NOTHUMAThCH C MOCTOAHHON ckopocrsio 10 MkM/c, noka He
JOCTHrasia BepxHeft dacTm syedxu. (‘{a,c'mna, IBMXYIIAACA B BA3KOH cpene mon
JeficTBUEM NOCTOAHHON CHITBI, TOJIKHA IBUTATHCH MO 33K0HY CTOKCA ¢ MOCTOAHHOM
CKOpOCThIO)” . B

B sTo#t ke paboTe NPONEMONCTPHPOBAHA ONTHYECKAS JIEBHTAIMA JaCTHIL B BO3-
nyxe. Ha dororpacduu, npusenennoit 8 pabore (2], sunua gactuna (npospaynas
creknAnHan cdepa auamerpoM 20 MKM), KOTOpas BUCHT B BO3JyXe IPUMEPHO Ha
paccrosany 1 cM HaJ CTeKJIARHON nnacTnHKOlN npn BoznefcTBuM C(POKYCHPOBAHHO~
ro nasepuoro nmy4xka momuoctsio 250 MBt. Xora yacTuua ensa BUAHA HEBOODY XKeH-
HLIM [JIA30M, 33 CYeT PACCesHHA CBETA OHA APKO CHSET.

Ouruueckas jgopymka. Ha puc. [13.1 nokasana cxeMa sKCIEpHUMEHTA, B KOTO-
POM JIa3epHbI Ty4, PACTPOCTPAHAIOMMIACA B TOPH3OHTAILHOM HAIIPABJICHUH, BLI3bl-
BAET JBHXKEHWE YACTHIl B HaNpaBJienuu cseroBoro nmydka [1]. Murepecnoit ocobesn-
HOCTBIO OTLITOB C HPEJIOMIIAIOIHUMHU CBET YACTHLUAMH, HAXONAMUMUCA B TI0JIE OTPa-
HMYEHHOrO CBETOBOIO IIYYKA, ABJIAETCA BOSHUKHOBEHHE PAIMAJILHBIX CHJI CBETOBOrO
JIABJICHMA, IPUBOIAMMX K JBYIKEHUIO YaCTHL nonepex nyuxa. [Iponcxoxaenue aTux
CYT MOKHO MOHATDH UCXOMA U3 32KOHA COXPAHEHUS UMITYJILCE,.
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Puc. [3.2. Cxema BO3HHKHOBEHHA PAIAATHHBIX CUJI CBETOBOLO JABJIEHHA, HEHCTBYIOMMX
Ha YaCTHOY B HANPAJIEHMH NOLOEPEK CBETOBOTO IIyYKa

TIpenioMnA4ACH BEYTPH YaCTHUEL, [IOKA3aTENb IPEJIOMIICHHA KOTOPOH NPEBBIMAST
HOKa3aTeNb NPeJIOMIIEHAA OKpYXalouielt cpensl, CBeTOBLIE JIyYH H3MEHAIOT CBOE Ha-
[paBJIEHAE TaK, KAK 9TO IOKa3aHO Ha puc. [13.2. Usmenenne HanpapieHUs MOTOKA
HMIIyJIbCa B CBETOBOH BOJIHE IO 3aKOHY COXPaAHERMA MMIIYJIbCa NPUBOOUT K BOSHHK-
uosenuto cui F, n Fy, neficrByromnx Ha vactuuy. Tax Kxak HHTEHCHBHOCTL CBETA
Ha OCH Iy4Ka Bblmle, 4eM Ha nepudepud, 10 F, > F, u, CienoBaTeNbHO, PABHO-
OefCTBYIOMAsA CHJI B PACCMATPUBAEMOM CJIy4ae HAaNpaBieHa K ocH nydka. Ecm xe
[OKA3aTesNb MPEJIOMJIEHHA BEMECTBA YACTHLBI MEHbIIE, YeM Y OKpYXalomel# cpemsl,
yacTHUA OyJeT BHITAIKUBATLCA K nepudepu.

Yxasanuoe 06CTOATEIHCTBO HO3BOJIAET C IIOMOIIBIO IBYX MEPECEKAIOMUXCS 1Ty~
KOB PEaJIn30BaTh Tak HA3LIBAEMYIO “CBETOBYIO oBymKy” (puc. [13.3). B raxo# so-
BymKke /1060e CMElIeHue YACTHIBl OT TOYKH IIEpECcedYeHus MydKoB, B KOTOPO# MH-
TEHCHBHOCTb CBETA MAKCUMAJIbHA, NPUBONUT K MOABJIEHHIO CHJIbI, BO3Bpamaromedt
YACTHLY B IOJIOXKEHUE PABHOBECHA. PagnanbHrie CHIbl TO3BONIAIOT “HONBECHTD” MH-
KPOCKONHMYECKYIO YaCTHIYy, YTO NPAMEHAETCA NP U3YYEHMM sABJIEHUR pacceAHum,
BO3AEHCTBUM JIA3€PHOrO H3JIyYeHHUA HA BEIECTBO U T. I

DneMeHTH TeopuH onTudeckoil esmrampu. Paccmorpum cBeToBOE nabJe-
HHE JI33ePHOTO NYYK3 Ha WOEaJIbHO [IPO3PAYHYI0 OHIJIEKTPUYECKYIO JacTuny cge-
prueckoit dopmul. BErMuCINM CHITBI CBETOBOIO AABJIEHNA, NeHCTBYIONME HA JACTHILY
B HAIIPABJIEHHAAX BIOJIb U NONEPEK JIA3€PHOro Imy4dka. B 0CHOBY pacdera MOJIOXUM
IpENCTaBJIEHAE O TOTOKE HMITYJILCA, IEPEHOCHMOM CBETOBOM BONIHOH, a Takxke ¢pe-
Hesnesckue GopMyabl 0na KoadhdHIMEHTOB OTpaXeHWs W IIPeSIOMJIGHAA CBeTa Ha
rpaHune pasnena gsyx cpen (cM. 4. IV). Pemenue 3ama4n nposeseM B TPH 3TAIA.

1. Ilonp3ysch 3aKOHAME reOMeTPUYECKO} OIITHKH, ONpENe/ MM HAIPABIICHAA JIy~
4eil cBeTa, OTPaYKEHHBIX M IPEJIOMJIEHHBIX Ha PAHULAX JU3JIEKTPHIecKolt Ja-
crunpl. Mcnonp3ys 3aKOH COXpAHEHHA UMITYJIbCA IJIA CHCTEMEl “cBer—Teno”,
HallleM HanpaBJieHHA CHJI CBETOBOTO JABJIEHMA, BBI3BAHHBIX OTpPaKEHHEM
[IPEJIOMJIEHHEM CBETA.

2. Houpsysce popmynamu Ppenesis, BLIYUCIEM HHTEHCUBHOCTL OTPAXKCHHBIX M
NPeJIOMJIEHHBIX BOMH, T. €. PACCIMTAEM DHEPreTUKY OTPAKEHUA U IPeJIoMJIe-
HUSA CBETA.
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Muxpockon
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Puc. [13.3. “Onruveckan joBymka”

3. Iloab3yACk H3BECTHBIM COOTHOINEHHUEM MEXKY HHTEHCUBHOCTEIO I 1 06beMuoH
IJIOTHOCTBIO MMITybca G B cBeToBOH BosHe G = I/c%, a Tak»e BBLIYMCIIEH-
HBIMM paHee MHTEHCHBHOCTAMH BOJIH, HallleM MOTOKHM UMITyJibCa B Naaaromel,
OTpaXkKeHHOH U NpesioMIIeHHOH| CBe’I‘OBLD( BOJIHAX. Ha.xoneu, HCIOJIb3YsA 3aKOH
COXPAHEHUA MMIYJILCA JUIA CHCTEMBI “cBeT~TeN0” dpcper + dPreno =0 1 BTO-
pott saxoH Hriorona F= APreno [/ dt, BHIYACIUM CUJTy CBETOBOTO [1ABJICHHSA F
JIa3€pHOTO NMy4Ka Ha AUAJIEKTPHYECKYIO YaCTHLY.

Teomerpus oTpakeHHA U NpejoMJIeHuA. [Ipn naseHuy cBETOBOrO J1y4a Ha
rPaHHILy pas3lesia ABYX Cpell BOSHHKAIOT OTPaKeHHbI! M IpeIoMIIeHHBIH TyYH CBeTa.
CorsnacHo 3axoHaM reomeTpuyeckolt ontuku (cM. 4. IV), Bce Tpu yva (nanaomui,
OTpaKeHHBIH, TPEJIOMJIEHHBIR) JIEXAT B OJHOM JIOCKOCTH, ComepKameH Tak ke HOp-
MaJib K FPaHUIE Pa3fesia, BOCCTAHOBJIEHHYIO B TOUKE NaJIEHUA JIyda. DT IIOCKOCTh
HA3BIBAETCA NJIOCKOCTBIO MaIEHHUA.

VYrous nagesus 8, yron oTpaxkeHus fy U yroJl npesioMseHus 0y CBA3AHBL MEXIY
coboit cooTHowmeHnAME 6 = 0 (3aKOH OTpaXKeHus) U

ni sin@ = na sin 6y (I13.1)

(saxon mpesioMieHus, unu “saxon CHesumyca’), roe ny u ny — NOKa3aTesM mpe-
JIOMJICHUA Cpell, JIEXKAIMUX 110 PA3HbIE CTOPOHBI MPAHALLI pasesna.

Pac4er cus1 CBETOBOTO JaBJIEHUA HAYHEM C NOCTpoeHus xona ayuelt. IIpenmono-
XKUM, 4TO 0OJIyJaeMas CBETOM YaCTHUIA NPENCTaBiAer co60l OnMHOPOAHBIR IuaJiex-
TPUYECKHH Wap paJuyca a, MOrpyKeHHbI# B OMHOPOOHYIO NW3JIEKTPHYECKYIO CPEly
¢ nokasareyieM IpesioMneHus n;. [lokasarens npenoMieHuA Marepyasia JaCTHIBI
0603Ha4UM Yepe3 ng. ByneM cunTaTh, OJ1A ONPEnesIeHHOCTH, YTO N > 1. AMeHHo
TaKas CUTyal#s HMeJIa MeCTO B ONIBITaX DIIKMHA [0 ONTHYECKOH nesuTauuu [1], roe
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Puc. [13.4. Kapruna oTpaxeHUA H NpPeJIOMICHHA CBETOBLIX Jiy4ell Ha rpaHdlax wapa

U3y4aJIoCh JaBiienue chOKYCHPOBAHHOIO JIA3€PHOrO NYYKa HA IPO3PAYHBIE YACTH-
bl U3 Jarekca (ng = 1,58), norpyxennsie B Bony (n1 = 1,33).

IlycTs B HEKOTOPYIO TOYKY A Ha MOBEPXHOCTH IIAPA NaaaeT cseToBol nyy. dna
OMHCAHHUSA OTPAKEHHs M IPEJIOMIIEHAA BBEIEM CHCTEMY KOOPIMHAT, HAYaJI0 KOTOPO’
[OMECTUM B LEHTPE mapa, OChb 2z HAMPABUM IAPaJUIeNIbHO OCH CBETOBOTO HYYKa,
cepudeckue yriioBble KOOpauHATH TOYKHM A ofosuawum @ u ¢ (puc. 3.4, O3.5,
[3.6). Kapruna xona jiyuyeit B IUIOCKOCTH NaJeHMA NMOKasaHa Ha puc. [13.4. Ha
arom pucynke lo, Iy, b, I3, [y — euHMYHbIE BeKTOPHI HanpaseHult Tydeli.

Tak Kak HaIpaBieHHe NOTOKA MMIyJbca G; B KaXKIOM Jyde COBNAAET C Ha
npasrenneM ay4a lj, T. e. G; = I;G;, HAIPABNEHKA JTy'eft OTHOSHAYHO ONPEAEIIAIT
HATIPABJICHAA H3MEHEHHUA UMIYAbCOB AG; IDH OTPAIKEHUH ¥ NPETOMIICHAMH CBETA
H, CJIENOBATEJILHO, HANPABJIEHUA CHJI CBETOBOIO IABJICHHUA, NEHCTBYIOIIMX HA, 4a-
cruny. Ha puc. J13.5 nokasaHb! YeThIpE TAKKX 9JIEMEHTAPHBLIX CHJIbLL: dﬁl, dﬁg, dF;,
dF,. IlepBas ¥3 9THX CHJI BLI3BAHA OTPAXKEHHEM JIy4a CBeTa B TOuke A Ha mepen-
nelt (T. e. obpamensHolt k cBery) rpaHuie mapa. Bropas — npesiomjieHEeM Ha TOH

Puc. I13.5. To xe, uro ua puc. 3.4, c go6asBieHHEEeM CHJT CBETOBOIO XABJICHHMA
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Puc. [13.6. Chepnueckue koopauuars! § u ¢ Touxy A. JamTpuxoBaHa NIOCKOCTD NANEHKA
siyua B Touky A (1 =const)

ke rpanuue. Tperbsa cuita obyc/ioBIeHa OTpaXXeHHEM Jyda CBeTa B TOYKe B Ha
3anuell rpanunne mwapa, ¥ 4eTBepTas — INpeNOMJIEHHEM JIy4da Ha 3agHell rpannne.
HanpapiieHuA CuJl ONpenesanTca GopMysiaMu

dFy = (lg ~ h)er, dFy = (lp —lp)e,
‘ dFs = (I3 — l3)es, dFy = (I — lg)eq,
rme ¢; — CKaJIsApHble BewuuHbl. /1A pacyeToB CHJT CBETOBOrO JaBJICHMsA, HAIPa-

BJIEHHBIX BLOOJIb U HOMEPEK JIa3€pPHOro My4Ka, HaM IoHaaobaTca popMysl AJIS Hpo-

exiuli BEKTOPOB l; Ha OCh APAJLIEJIBHYIO OCH CBETOBOIO IIyYKa (OCh 2) M OCh IePHeH-
JUKYJIAPHYIO OCH Iy4Ka (CKaXxeM, 0Ch T). ITU hOPMYJIEI MOTYT GbITH IOTyYEeHBI HA
OCHOBAHMH 3AKOHOB OTPAXKEHMA M NPEJIOMJIEHUS CBETA U3 PACCMOTPEHHA PHC. 3.4
u J13.6. Oun umeroT BUL

lo. =1, ‘ lo. = 0,
li; = —cos 26, liz = sin 2@ sin vy,
Iy, = cos(6 — 85), log = —sin(f — 82) sin 9, (13.2)

I3, = —cos(362 — ), l3, = —sin(36; — 6)siny,
ly, =cos2(60 —8;), liz =—sin2(6 ~ 8y)siny.

B otux ¢opmynax § u 1 — cdepugeckue KOOPAMHATH TOMKH A Ha IIOBEPXHOCTH
mapa, § — yroJsi DafieHus JIy4a B TOUKY A, f2 — yroJi IpesIOMJTeHnA JIyya, B TouKe A.

OHeprernka oTpaXkeHMs U OpeIoMileHnA. PacCMOTpUM JIyy cBeTa, Maialo-
muit B Touxy A (puc. [13.4). OBo3snauuM MHTERCMBHOCTH TAAIONIETO, OTPAKEHHOTO
H IIPEJIOMJIEHHOTO siyueit COOTBETCTBEHHO Hepes Iy, I 1, I. Ilo 3axony coxpaneHus
3HEprux .
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Yy (o]

Puc. 03.7. Passroxenue BekTopa HANDAKEHHOCTH 3/IEK TPHIECKOr0 MOJIA UaNA0MeH BOIHEL
E Ha KOMIIOHEHTHI MAPAILIENHHYIO (E") X NEePNEHAMKYJIAPHYIO (E | ) MIOCKOCTH MadeHus
nyda B To4ky A. III0CKOCTD PHCYHKaA COBIANAT C ITOCKOCTHIO (PPOHTA NAJAOmEH BOTHRL
z, y. Ilnockocre namenus y4a B Touxy A w3obpaxena npamoit saameit OA (¥ =const)

Lh=5L+1,. (,1133)

BeeneMm xo3dpduuments orpakenns R u upenomnenus T cpeTa N0 MHTEHCHBHOCTH
B TouKe A: .. T

RA = Il/Io, TA = Iz/Io. (,H,34)

B cuny (3.3) cymma k09 (DULHERTOB OTPAXEHUA | NPEJIOMIICHMA PABHA SOWHHMIIE:

Ra+Ta=1.

AranorudHo ansa TO4KH B, pacnonoxenHo#t Ha sagHelt TpaHMNE mIApa, MOXHO Ha-
THCATh

IL=I+1;, Rp=1I3/0, TB=I4/Iz, Rg+Ts =1.

TaxkuM 06pa3oM, 1A NMOJIHOrO ONUCAHHUA JHEPTETMKHM OTPAKEHHA ¥ IPESIOMIICHUA
CBeTa Ha I'PAHAHIAX IADa OJOCTATOYHO BEIMHCIKTH JIBA ApaMeTpa: K03 puIueHTs
orpaxennsa Ra u Rp. Oty 3a0a4y MOXHO pemuTh € noMomsio dopmyn Openeis.

Dopmynm Ppenensa. Kak nssectHo us reopmn Ppenens (cm. 1. IV), koad-
$EIMEHTH OTPaKeHHA U IPEJOMJIEHHNA CBETAa Ha IPaHMIE pasfelia ABYX Cpel 3a-
BECAT OT COCTOAHHNA TOJIAPH3aIMM nanawomelt cseroo# sonusl. Iloatomy npemmo-
JOXHM, 9TO JIa3epHBI} MyYOK, Nanaomul Ha YacTuLy, JIMHERHO [MOJIAPH30BaH {Kak
3TO OOBIYHO UMEET MECTO B IKCIepuMeHTax). He orparmumBas obmHOCTH PaccMo-
Tperus, Oynem CUMTATh JaJiee, YTO BEKTOP HANPAXEHHOCTH dJIEKTPUIECKOrO O/

B nagaiomeit Bostse E, rexxamuil B iockocT# GpponTa BOJHE! TY, HAIPABJIEH BIOMb
OCHE y, KaK NnokasaHo Ha puc. [13.7.

Pasnoxum BekTOp F mosaA najawmed BONHBI HA KOMIIOHEHTH! NAPAJICTbHYIO
{£y) u nepnenaukyapHyio (E)) miockocTs nagenus ayda B Touky A. Torma

] E = EH + E_L, (ﬂ3'5)

e MOIYJIH COOTBETCTBYIOIIAX BEKTOPOB CBA3aHbl COOTHONEHHAMHU

Ey=Ecosy, E, =Esiny (,II3.6)
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(puc. 03.7). KoadpuimenTs: OTpaKeHnsa CBeTa 10 HHTEHCUBHOCTH /1A KOMIOHEHT
noJIA Magalomel BOJIHBI NAPaJIJIeIbHOH U NEPNEHOUKYIAPHOR [JIOCKOCTH HaJIeHUA
onpenensiorca opmysiamn Ppenests:

_ tg2(0 - 62) _ sin®(0 — 63)
T tg2(0 +6y)’ " sin?(6 + 6,)° (13.7)

rae § — yroJ mangeHus Jay4a B TOUKy A, §, — yrous npenomnenus. CornacHo 3aKOHy
Cuenmuyca (/13.1), senuuuna yria 62 onpenenserca Gopmynol

Ry (6) R (6)

0y = arcsin ( Tnll- sin 0) , . (13.8)

2

B KOTOpO# 71 U Ny — INOKA3aTeNy NPEIOMICHUA CPeabl, OKPYyXKaomel JacTuny, u
MarepuaJsia caMoi YacTuubL.

Ws suipaxenutt (13.5)—-(03.8) cnenyer, uro nosnsbiit xoo¢gduunenT oTpaxenus
CBETA [I0 MHTEHCUBHOCTHU B TOUKe A maercsa GpopMyJIoi

Ry = RA;(G, ¥) = Ry(6) cos? 1 + R, (9) sin? 4. ' (13.9)

Otpaxenne sy4a Ha 3amHell rpanune mapa (B Touke B) omuceiBaeTcsa Temm xe
dopmynamu (13.7), (13.9), B xoropeix yriel § u f; caenyer Temeph NOMEHATD
mectamu (puc. I3.4). Ilpu atom nonyqum

Rg = Ry(0,¢) = Ra(6,9)

M, COOTBETCTBEHHO,

Ts =Ts(0,v) = Ta(0,9) = 1 — Ra(6,9). (113.10)
Taxum 06pa3oM, BCA IHEPreTHKa OTPAXKEHUA W IIPEJIOMJIEHHs CBETa Ha IPaHULIAX
mapa OIHUCHIBALTCA OTHOH enuHCTBeHHOU He3aBUCUMON BeTMIMHON
Ry =Rg =R,

IJiA KOTOpo# umeeM GopmyIty

R = R(8,v%) = Ry(6) cos’ ¢ + R, (6) sin® 9. (O3.11)

3necs 6 u 1 — cdepudeckne KOOPAMHATH TOYKH A NaJeHHsA Jiyda Ha IOBEPXHOCTh
mapa, a Gyskuan Ry (0) u Ry (8) onpenenaworca dopmynamu (J13.7), (13.8). Bun
aTuX GYHKUMH, 8 3HAYUT U BUI KO3bduIMeHTa. oTpaxenua R, 3aBUCAT TOJIBKO OT
OTHOCHTENHHOTO MOKA3aTE A IPeIOMIICHHUS

n=ny/n;.

Yro we xacaerca KoohPUIHMEHTOB NPEJIOMJICHUA CBETA, TO COrfacHo opMyJe
(03.10), osu (kax ¥ K03dULMEHTH OTPAKEHUA) ONUHAKOBbI Ha O0EMX TpaHMIAX
mapa, T. €. :

. s

TA =T}3 ET,

npuyeM Koa(dbHIMeHT npesioMsiedna 1 OXHO3HAYHO ONPENEIACTCA 3HAYEHHEM KO-
apuunenta orpaxenus R:
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T=1-R. (03.12)

B nanbHelieM 1,14 pacdera CHJI CBETOBOTO JABJICHHUA HaM NOHANODATCA CpeIHHE
BHIA

2% 2x ’
(B =5 [ROWY, (B =5 [REwvw. (319
0 0
Moncrasnaa ([3.11) 8 (J13.13) u BHINOIHAA METErPUPOBAHHE, TIOJIYIaEM

(R)=5(Ry+Ry), (RY)=3(R}+FY)+ (RyRu, (113.14)

roe bynkumn Ry = R)(f) u Ry = R, (f) onpenenaiorca dopmymamu ([13.7). ®op-
myan ([J3.12) u (113.14) no3BoNAIOT BEIYHC/IATL H APYTHE CPEIHKE, 8 UMEHHO,

2% 2r
L @=g [T, @) =5 [Tewas,
; 0 . 0 (3.15)
1
(TR) = 5- / T(6,4)R(6,)d.

B cuty TuHEHHOCTH Onepaudy UHTE'PUPOBAHUA N0 ) H THHEHHOCTH CBA3H (113.12)
pesmuud T v R nony4aem

(T)=(1-R)=1-(R),
(TR) = (R(1 - R)) = (R) - (R?), (113.16)
(T?) =((1 - R)®) = 1-2(R) + (R?).

IepelineM K pacyery CHJI CBETOBOI'O JABJICHHA.

SR o o

Cunsl cseToBoro gasieans. HauneM ¢ BbIYACIEHUA 37IeMEHTAPHON CHitbl dF] .
9Ta CHIa BO3HHKAET M3-32 TOTO, YTO IIPH OTPAXKEHHH JIy4a CBETA OT NOBEPXHOCTH
mApa B TOYKe A 4acTh MOTOKA MMILYJIbCA NALAIomeR BOIHLI C 06beMHOR ILJIOTHOCTBIO
i

Gy =1/ (03.17)

H3MEHAET CBOE HAIIpaBJIEHHUE C [ePBOHAYAJIbHOI'O HallpaBJIEHKU A, 3313BaeMOr0 naga~
- -

IOMUM JIy4OM lp Ha HanpaBJieHHe OTPaKeHHOTO Jjy4a l;. Takum o6pa3oM, Hampa-
BJIEHHE U3MEHEHHMA MMITYJIbCA CBETa NPH OTPAXKEHUH JIy4a B TOYKE A ONMHCHIBaeTCA
BEKTOPOM

A= - - (113.18)

Cornacro BropoMy 3axony HeioroHa, asleMentapuyio cuny dFy, neltcrsyiomyio Ha
3JIEMEHT IIOBEPXHOCTH Mapa do B OKPECTHOCTH TOYKHM A, MOXHO BHIYHCJIHTHL IO
dopmyie

dFy = dg ), /dt, (113.19)
4 3ak. 350
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Prc. [13.8. K semony dopmynnt ([3.22). ILnomany npoexmuu dS sjieMeHTa IOBEPXHOCTH
mapa do, pacloIOXKEHHOro B OKPEeCTHOCTH TO4KH A, Ha IIOCKoCTh PpPOHTa nanawomed
ponunt AA', Bripaxaerca dopmynoit dS = do cos §. Usobpaxena miIocxocTs NaneHud nyda
B TOUKy A

rue dﬁr(enl)o — NpHpallieHre UMIyIbca mapa (“rena”), npuobperaeMoe UM 3a BpeMs

- 1
dt. Besuuuny dp,(..,,)o HafineM m3 yC/JIOBHA COXpaHEHHMA MMITy/JIbCA OJIA CHCTEMBI
“cBeT—TeJI0” , KOTOPOE HMEET BHI,

a5, +dp. . = o. (153.20)

Benu4una d p.m1P B opmyie (13.20) umeeT CMBIC H3IMEHEHUA AMITYJILCA CBETA 33
BpeMmA dt, BOSHHKAIOIEro IPH OTPaXXEHHHM JIy4a B TOuKe A. DTy BeIHYHHY 3amMImeM
B BHIE .

d5, L, = AlG1dV, (13.21)

rae G; — o6beMHaA IIOTHOCTb HMITY/IbCA B OTPAXEHHOM JIy4e, CBA3AHHAA C €ro
MHTeHCHBHOCTHIO I; dpopmyno#t (113.17),

dV = cdtdo cos®, (O3.22)

dV — anemenrtapubift 06beM mosia nanajomel cpeToBolt BoMHB, NpoxonAmuE 3a
Bpem1A di yepes 3JieMEeHT NOBEPXHOCTH mMapa do B OKPECTHOCTH TOYKH A. Besmuyuna
do onpenenaerca ¢popmyioh . ’

do = a’sin @ df dy, (03.23)

roe a — panuyc mapa, § u 1 — chepuveckue KOOpaEHATHE TOukH A. MHOXHTEND
cosf B popmyne (3.22) yuursiBaer 1ot daxt, uro GpOHT namaomel BOIHB Ha-
KJIOHEH 110 OTHOIIEHHIO K NIOBEPXHOCTH mapa B Touke A moz yriom § (puc. 113.8).
Kombunupysa dopmynn (13.17)—(113.22) u dopmyay ([13.4), cornacno xoropost
I = Rly, nosyyaem cienyiomee BHpaXeHHe 11 eMeHTapHol cust dF:
dFy = %(i; — I})RIj cosbdo.

Orcropa nonHas Cuiia

= % / (o — ) RIy cos 8o, (H3.24)
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re MHTErpUpOBaHME CJIEAYeT NPOBOIMTH [0 NOBEPXHOCTH mapa ¥ BO Bee#t obia-
cTy, ocBemeHHOH manaroomum nydkoM (6 < n/2). Mpuuuman 8o sunmanme (13.23),
dopmyny (113.24) MOXHO nepenucaTh B BHOE
2 1r/2 2 B
Fi=% [ snocostas [ -LOWIREVLODW.  (1325)
0 0

~
®opmyna ([13.25) nossoaser paccYMTaTh CHJIy CBETOBOTO naBiienus Fi, obycno-
BJIEHHYIO OTPa)XX€HUEM CBeTa Ha nepentedt (oBpamenHo#f K CBETY) MOBEPXHOCTH WIA-~

pa. B aro#t dopmyne a — panmyc wapa, ¢ — CKOpPOCTb CBeTa, lg — enMHN4HbIH
BEKTOD HaNpaBJeHHA majaiomedt Boswsl, l;(6,v)) — enuuMuHBI BeKTOp HANpa-
BJIEHHMA BOJIHBI, OTPAXKEHHOH B TOYKE IIOBEPXHOCTH Iapa C KoopauHaTtamu 0, 1;
R(8,¢) — dbpenenesckut xoapduuuenT orpaxenus, onpenesiaemniit GopmMynamn

(J3.11), (O3.7); Io(6,v) — pacnpenesieH¥e HHTEHCHBHOCTH CBETA B NANAIOUIEM CBE-
TOBOM Iy4YKe.

AHanorn4HbIM 06pasoM MOXKHO BHIYUC/IMTL H OCTAJIbHbIE 3JIEMEHTAPHBIE CHIIbI
dFy, dF3, dFy (puc. [03.5) u nosnmsie cunn Fp, F3, Fy. B pesyabrare nony4nm

= %/ﬁ]o cos 8do,
o

W
' w/2
F; = c / sin 4 cos 0d0/f,Iodw,
0
roe uHnexc “i” mpoberaer 3Havenus 1, 2, 3,4 u

A=W-0)R, fo=@l-0)T,
3 = (lz - ls)TR f4 = (12 — l4)T2

Bex'ropﬂa.a cymma BCEX CHJI, T. €. MIOJIHAA CUJIA [ABJIEHAsA CBETA HA IAp, BLIPAXa-
erca ¢popmyolt

- ([13.26)

4 x/2

F=)Fi= @ / sm0cos€d6’/ffod¢, (113.27)
. =1 ¢ o o ‘
rae

-

i

M»

f:

1

-
il

CBeToBO€ JaBJjIeEHe BOOJIb My4Ka. Cuia CBETOBOrO NaBJIeHK A, NeficTByioman
Ha IIap B HAIPABJIEHWH OCH JIa3ePHOro Nyd4ka, onpenesnserca GpopMyioi

4 .
F,= ZF':; - (ﬂ328)
i=1



100 Yacmy 1. Gnexmpomaznummnas meopus ceema

rae
/2
a2

27
F, =— / sin0cos€d0/f,-zlod'¢. (113.29)
0

Cc
0

®axTopbI fi; BHIYACIHM, HCIIOIB3YA hopmynst ([13.26) u (I13.2). Ouu oxasviBaoTcs
paBHBIMU
fiz = (1 4 cos26)R,
f2z =[1 — cos(8 — 65)]T,
f3z = [cos(8 — 6;) + cos(36; — 6)]TR,
faz = [cos(8 — 62) — cos2(6 — 62)]T2.

(113.30)

INoncrasnaa ([13.30) B (03.29), ([13.28), MOXHO BBHIYHC/INTL CUJIY CBETOBOIO Ja-
BaeHusA F, nJisa npon3BOJIbHOTO PACHPEIEIeHUA UHTEHCUBHOCTH B NaJaloleM yyKe
Iy(6,%). B yacTHOCTH, IU1A NPOCTPAHCTBEHHO OZHOPOAHOTO MaJAI0IIero CBETOBOIO
[OTOKa C MHTEHCHBHOCTHIO

Ip(8,9) = Iy = const
nosny4aeMm

n/2

F;, = ————/smacosGdO/fhdw (03.31)

BB(‘)JJ,GM NOJIHYIO MOLIHOCTB CBETa, NalalOluero Ha JacTHLy

P =ma’ly ‘ (113.32)

u cuiy

Fy = 2PJe, O (m)

LT

MMEIOILYIO CMBICJ1 CHJTBI CBETOBOTO IaBJIeHUA Ha IIJIOCKOE 3epKaJIo paauyca a. Torma
dopmyny ([13.31) MoxkHO nepenucars B BUJE

F;, = Fog, (I[334)
rae

w2

g = /sinOcosG(f,—z)dQ; (fiz) = /fzzd¢ (113.35)

0

Toncrasnaa (13.30) 8 (13.35), nosnyuum
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n/2

Q= / sin 6 cos 61 + cos 20)(R)d#d,
s
2

n/
@ = / sinf cos 01 — cos(d — 6))(T')d8,
0

o (113.36)
s = / sin 6 cos f[cos(6 — 02) + cos(362 — 8)](T R)d8,
4]
~/2
g = / sin @ cos 8cos(6 — 62) — cos 2(8 — 8,))(T2)d9,
0
rae cormacuo (113.35), (113.30), (13.13)-(113.16), (13.7), (113.8),
) (B)= 2(By+Ry), (T)=1-(R),
(R?) = -Z—(Rﬁ +R)+ %R"RL, - (13.37)
(TR) = (R) - (R?), (T%) =1+ (R?) -2(R), -
_ _ tg%(0 — 6,) _ _ sin’(6 — 6y)
By =R = tggra,)y Rr=RO)=5 @ +62) (113.38)
8, = arcsin (;'—: sin e) . (113.39)

3anaBaiach ONpeNe/IeHHBIMA 3HAYCHUAMH NOKa3aTe el IpeJIOMJIeHHA CPeIBl, OKpY-
xatowelt wap (n1), u camoro mapa (nz), no dpopmynam ([13.36)—(13.39) moxHO
BBIUHCJINTb BEJIMYMHBI q1, 2, ¢3, g4, HOCIE yero no dopmynam ([13.34) u (13.28)
HETPYHO HAHTH IOJIHYIO CUJIy CBETOBOTO JABJICHUA B HAIPABJICHAMHE OCH My4Ka F.

CaeToBoe maBJjIeHMe IIollepeK IydKa. Pacyer nonepeynolt KOMIOHEHTH! CH-
JIbL CBETOBOTO IABJIEHU s1 NIPOBOAMTCA aHATOrH4HO. [IpoexTupys Boipaxenne (13.27)
Ha OChb T, IIOJIYIHM

F, = ZFim, (,H340)
=1
roe
2 n/2 w/2
Fip = -“; / sin 6 cos 0df / Fiolody. (3.41)
0 ]

DakTOphI fi; BEIMHCINM, KCHONBL3YA bopmyst (113.26) u (113.2). Ouu oxassiBaOTCA
PaBHBIMU
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fiz = —Rsin20sinvy, fo. = T sin( — ;) sin 9,
fsa = TR[— sin(8 — 62) + sin(365 — )] sin ¥, (13.42)
faz = T?[—sin(0 — ;) + sin 2(8 — 6,)] sinep.

Toactasnas (03.42) B ([13.41), (J13.40), MOXHO BHIYUCIMTL CHJLy CB€TOBOrO AaBJIe-
HuuA F, 0N NPOM3BOJIBHOTO PACHpEeNeleHHs MHTEHCHBHOCTH B NANAIOMEM My4Ke
Iy = Iy(6,1). B 4acTHOCTH, A1 NPOCTPAHCTBEHHO ONHOPOLHOrO NAJAIOUIErO CBETO-
BOTO MOTOKA C WHTEHCUBHOCTBIO

Ip(8,v) = Iy = const (O3.43)
NOJIY UM ' ‘ o
/2
azIo
F;; = p sin 8 cos 6dP / fizd¥. (O3.44)
0

Ucnonbaysa obosnavennsn ([3.32), (113.33), dopmyay ([13.44) MOXHO nepenkcars B
BHOE S

F = FOQi: ’
rae
w/2

Gie = / Sin0cosd(fir)db, (fie) = 5= 1 / fradih. (113.45)

0
Honcrasnas (13.42), (13.11), (03.12) 8 (I3.45), nony4uum

(fiz) =0

H, CJIeIOBATENBHO, ¢iz = 0, Fiz =0, F, = 0.

Urak, nomepeyHas KOMNOHEHTA CHJIBI CBETOBOTO IABJIECHHA OKAa3asach PABHOM
Hystio. OU3aMuecKu 3TOT Pe3ayNbTAT BIOJHE MOHATEH, TAK KaK MLI MpPEeAnOJIarasy,
4o cepHueckas JacTuna obay4aeTcA NpPOCTPAHCTBEHHO OJHOPORHBLIM CBETOBBIM
HOTOKOM. 3aMEeTHM OJHAKO, YTO €C/JAM YCJIOBHE ONHOPOAHOCTH NANAIOMEro CBETO-
Boro noroka (J3.43) He BuinonHAETCA, TO KOMIIOHEHTA CHJIbI CBETOBOIO AABIEHHA,
NepreHAMKY IApHaA OCH CBETOBOTO NyyYKa, GyaeT, BooOme roBops, OTIMYHA OT HYJIA.
Takasa CHIa BO3HUKAET, B YACTHOCTH, €CJTM Y3CTHLA O6NYyYaeTCA CBEeTOBLIM IIyYKOM
C TayCccOBbIM NpOdH/IeM WHTEHCHBHOCTH, & LUEHTP YACTHLLI CMENIEH OTHOCHTEJILHO
OCH nyuxa. B 9TOM ciydae BO3HMKaeT Cusa, BTATMBAIOMAA YACTHIY B IIy4OK, eCHIH
ngy > n; 4, HA060POT, BHITANIKMBAIOMAA YACTHIY U3 NydKa, eciiM ny < n;. Koau-
4eCTBEHHBI# PACYeT 3TUX CHJI MOXKHO BHINOJNHUTH MO obmum dopmynam (113.40)-

(113.42).

YucneRHble ONEHKH. PacCMOTpDHM B KayecTBe NpUMEPa ONTHYECKYIO Ne-
BUTALUMIO YACTHL M3 JIaTeKca, morpy>keHHsix B sopy [1]. Ilosmaras n; = 1,33,
ny = 1,58, U BHINOJHMB 4YNCJIEHHLE pacdeTsl n0o ¢opmyinam (I13.36)-(113.39), no-
nyunm ¢ = 0,0062, ¢z = 0,0078, g3 = 0,0162, g4 = 0,0208 u 3Hayenue monHoro

“g-dpakropa”
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4 o . )
g=) ¢=0051. (113.46)

i=1

OuenuM Terepb CANY CBETOBOrO HaBJeHHA, melicTeyiomyio Ha uactuuy. Coriacho
dopmynam ([13.28), ([13.34), (113.46)

F, = Fyq,

rue Fy = 2P/c, P — MOIHOCTH CBeTa, MAJAIONIEr0 HAa YACTHIY, C — CKOPOCTh
ceera. ITomaraa P = 1 Br, goa ¢ = 0,051 nonyuum Fp = 0,67 x 10~3 nus,
F. = 3,4 x 107 gun. CpaBHUM 3Ty CHJIy C BeCOM 4acTHubl. IlycTh 4acTHUA mpen-
crasjiger coboit wap pagmyca ¢ = A = 0,5 MKM H3 MaTepHaia C NJOTHOCTHIO
p = 1 r/cm3. Ilpu atom mg = (4/3)7X3pg = 5 x 10710 qun. Takum oGga:sOM, cH-
JIa, CBETOBOrO JABJIEHHS MPEBLIIUAET BEC YACTHUB! npubausutesnsso B 10° pa3. 9tu
OLICHKH [OKA3LIBAIOT, YTO AaXKe [JIA PO3PAYHBIX YACTHIL CHIbI CBETOBOTO AABJIEHHA
8 ¢cHOKYCHPOBAHHBIX J1a3€PHBIX My4KaX MOTYT ObITH BeCbMa BEJIHKH.

| JIﬁTepaTypa

1. Swxun A. Jasnenue nasepuoro usnyvenus//YOH, 1973, T. 110, pum. 1. C. 101.
2. Ashkin A. The Pressure of Laser Light//Scientific American. 1972. V. 226, No 2.
P. 63.



Jdononuenue 4
CnexTpaJjibHbIE Pa3JIO’KEHUA B OITHKE

Memod cnexmpasvhnr passoorcenutl. Ilepuodunecxue dynryuu. Psd Pypve. Juc-
xpemuwnt cnexmp. Cnexmpaasvrvie amnaiumydu u Gasw. Henepuoduuecxue dynx-
yuu. Hrmezpaa Qypve. Cnaownot cnexmp. Ompuyamenvnve wacmoms. Kom-
naexchas sanucy. Kocunyc-npeobpesosanue Pypve. [Tpumepwu. Ceasv meoncdy dau-
MEAYHOCTIDIO UMNYADCE U WUPUHOT cnexmpa. Cnexmp 2apmonunecrxozo xorebanus.
Hdeavma-pynxyur u ee ceoticmea. Jeavmaobpasnvil umnyave. loanan u Henoanas
cnexmpaavhar undopmayus. Cnexmpaavtan naomuocms. Pasencmeo Iapcesans.

[ PO
Hapsany ¢ BpeMEHHEIM OMHCaHKWEM MOLYJTUPOBAHEBIX KojiehaHutt 1 BOJIH B ONTHKE
IIUPOKO NPUMEHAECTCA AJILTEPHATHBHBIN — cnexmpaavrwniti meron. [Tosnakomumes
C 3THM METONOM, KOTOPbI 6asupyercs Ha MaTEeMATUYECKOX TeOpUM PANOB ¥ MHTE-

rpaJyioB Pypoe.

MeTon cneKTpaIbHEIX pasnoxeaui, OCHOBHAM WJIes CIEKTPAbHOrO OMUCa-
HUS COCTOMT B TOM, YTOOBI IPENCTABUTL HEKOTOPYIO GYHKLHMIO BpeMeHY (Hanpumep,
3JIEKTPUIECKOe II0JIe CBETOBOH BOJIHBI) B BUIE CYMMbI 2GDMOHUYECKUT KoAe6aHul
Pa3HBIX Y4CTOT

[o°]

E(t) = Z(a,, coswpt + by, sinwyt). (04.1)

n=0

Ha6op 4acTOT wy, ¥ AMILIATYA Gr, b, 06pa3yioT cnexmyp npouecca E(t). Ecnu usse-
CTEH CUEKTP, TO MOXKHO BOCCTAHOBHTH BpeMeHHGH xox mpouecca o dopmysne (4.1}
TosTomy 06a crrocoba onucakusa NpoUECccos (BPEMEHHOH M CIIeKTPaJIbHbIA) BIIOIHE
skBuBateHTHb. OaHaKo no crocoby 3anucy HudOPMalMUd OHYU CYIIECTBEHHO OT/H-
4yafoTcA. B 4aCTHOCTH, BO3MOXKeEH Ciyyail, Koroa coXHOM GyHKIHH BpeMEHH COOT-
BeTcTBYeT npoctoit cnexrp (puc. 4.1, a) nnu naobopor (puc. 14.1,6).
PasnoxeHue B CHEKTD He TOJILKO yAOBHAA Mamemamureckas onepayus. Bo MaO-
IMX CJIy4asX OHO OCYINECTBJISETCA KaK peasibHOe gusunecxoe seaenue. Knaccude-
ckuil IpHMEp TAKOro posia — 3HaMeHuThilt onblT Hpl0TOHA, B KOTOPOM CTEKJIsHHAA
npusMa passiaraer Genbiff CONMHeuHbI# CBET Ha CEMb OCHOBHBIX LBETOB: KPACHBIH,
opaHXeBbIl, XXenThill, 3esieHnllt, ronyGolt, cunuit, puonerosult (puc. 1.6). IIpubo-
pbl, JeHcTBHE KOTOPBIX OCHOBAHO Ha CHEKTPAJILHOM DA3/IOKEHUH CBeta (IPU3MBI,
PemeTKy ¥ T. 11.) JaBHO U UWXPOKO NPUMEHAIOTCA B 9KCIIEPUMEHTAJIbHOM ONTHKE.

Hepuonuyeckue dbyukuun. Pan ®ypse. Juckperasiif cuekrp. Ilycrs
HekoTopas pyHKuuA BpeMern f(t) ABNAETCH nepuoduneckofi, T. €. YIOBIETBOPACT
YCJIOBHIO

- f@) = f(t +nT), (04.2)

rae ¢ — NpOU3BONILHBIA MOMEHT BpeMenH, n — Jnoboe uesnoe yucio, T — nepuod

dbyukuuu f(t). Tunnyaeiit sun nepuonuyeckolt dyskuuy nokasas Ha puc. [14.2.
MpeanonoxuM, yro pyukuua f(t) KycouHo-HenpepbiBHa u orpanuyena. Torna,

cornacHo TeopeMe upuxiie, oHa MOXKeT ObITh MPENCTABJIEHA B BUIE PAAA
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E(t) E(t)

1 w

1] | L.
l[

a) 6)

Puc. J4.1. BpemeunGe U CneKTpaJibHOE ONMMCaHue IPOLECCOB

oo
f@) = %‘1 + Z(an COSWpt + Bp sinwpt), (14.3)
n=1
rae
T/2
wn =nAw, Aw=27/T, o= 72,— / F(t)dt,
~T/2
T/2 T/2 (4.4)
an = % / f(t) coswptdt, B, = % ] f(t) sinw,tdt.
-T/2 -T/2

Psan ([4.3) HassiBaeTca padom Pypve, a x03hUUIMEHTH @y U On — K03PPHuyu-
enmamu Pypve dyuxuuu f(t). Unnexe “n” B dopmyne (J4.3) Hymepyer 4acToThl
wy, cocraBagomux ¢yHkumo f(t) rapMonndeckux kosebanuit (“rapmonux”). Kak
BunHO 13 ¢opmyn ([J4.4), 9Tu 9acTOTH pasgesieHbl ONMHAKOBBIMH HHTEPBaJIaMH
Aw = 27 /T u 06pasyioT sKBUAMCTAHTHYIO TIOCEA0BATEILHOCTD.

Herpyano y6emuroca B npasuibaocTn Gpopmya ([14.4) nia koedbdunuentos Oy-
pve. JIj1s 3TOr0 HOCTATOYHO YMHOXMTH paBeHcTso ([14.3) Ha coSwy,t MK Sinwn,t,
rme m = 1,2,..., ¥ IPOMHTErPHPOBATH NOJIyYEHHbIE COOTHOIIEHHA MO NEPHOLY
dbynxuun f(t) or ~T/2 no T/2. B maTeMaTuKe JOKa3bIBAETCA €IMHCTBEHHOCTD Pa3-
soxenns (J14.3). Tem cambiM MaTeMaTH4YeCKaA 38,1848 PA3JIOKEHHA TEPUOTHYECKEX
byHKUAY HA rapMOHHYECKUE KOJNEOAHNA MOJHOCTBIO PEleHa.
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f(t)

&
«a
— ]

6) ‘
@ @2 Dy @

Aw =2x/T

can

' Puc. 4.2 Hepuonn‘{eéxa:; ;})ynxlma sBpemeny (a) u ee cnextp (6)

f . ERRETEE A S ST
ChexTpalbHule aMILIATYb M ¢hasnl. 1063y ACh M3BECTHHIME TPHIOHOME-
TpHUYeckuMu HopMysIaMH, MOXHO nepenucats pan ([14.3) Heckosnbko nHaYe:

f(t) = 92'9 + Z fn cos(wnt - ‘Pn)’ (,H4.5)
n=1

rae x03hbUUMeHTL fr ¥ (0n HA3LIBAIOTCA COOTBETCTBEHHO CNEXTMPGALELLMU QM-
naumydemu u pasamu byaxnun f(t). Onn ceasannt ¢ koadpduunentamu Pypoe
COOTHOLIEHUAMU

‘

ap = fnCOS Py, Bn = fnsinpg,

fa= Q;‘: + ﬁ?u Pn = a»rCtg(ﬂn/an)-

Pacnpenenenne CleKTPaAbHLIX aMIUIATYX f, 0O COOTBETCTBYIOMMM MM 4aCTOTaM
w'), TADMOHHMK Ha3nIBaeTcsa cnexmpom yukumu f(t). CnexTp MOXKHO M306pasUTH
rpaduyeckn, OTKIaObiBad 00 ocH abCuMcC YacTOTHi, a N0 OCH OPAMHAT — CHeK-
TpaJibHble aMIJIMTYObl, KaK MOKA3aHo Ha puc. [14.2,6.

W3 namero paccMOTpeHHA cienyer, 4To Jiobott nepuonmyeckuit npouecc uMeer
ducxpemnndi cnexmp, T. €. CHEeKTp, COCTOAMME H3 OTHENBHBIX JIHHHME. DTO BaxX-
HO€e CBOUCTBO HMEpHOOMYECKHX mHpoueccoB. Bmecte ¢ TeM, obparHoe yTBepKaeHune
cnpaBenMBo He Bcerga. ToJIbKO B TOM CJIy4ae, €CJIM YaCTOTHHIE MHTEPBAJIbI Me-
K JIMHHAMHA KPATHBI HEKOTOpOMY uHTepBanty Aw # 0, cooTBeTcTBYIOMmME NPOUEce
ABJISIETCA NEPHUOJUYECKHM U UMeeT KoHeunbilt nepuon T = 27 /Aw.

OpHako B ONTHKE Mbl HE HMEEM IeJia CO CTPOrO NEPHOOMYECKMMH ITPOUECCAMH
(xo1a 6b1 MOTOMY, YTO TaKHe DpoleCcCH GeckoHedHb! BO Bpemery). IloaTromy BaxHO
0606mUTE CIIEKTPAJIbHbIE IPEICTABIEHHA U Ha Henepuoduuecxue npoueceys. [pume-
POM TAKOTO MPOUECCa ABJAETCA U3JIyYEHUE aTOMa, KOTOPOE 3aTyXaeT BO BPeMeHH
M, C/IENOBATE/IbHO, HETEPHOMUYHO.

(4.6)

Henepuonuuyeckme dyaxmun. Uurerpan ®ypwe. Cnnomuolf crnexrp.
PaccMOTpHM HEKOTOPYIO HEEPHOIMYECKYIO DYHKLUHIO BpeMenH f (1) # monbiraeMcs
HaltTu ee cnexkTp (puc. [J4.3). C MmaTeMaTnuecKoO# TOYKY 3peHNA HENEPUOJUIECKYIO
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1@

a) -
f(@)

Puc. [04.3. Henepronnueckan byuxuna spemenn (a) u ee cuekrp (6)

6) -

GYHKUMIO MOXKHO PACCMATPUBATh KaK NEPHOAMYECKYIO C IEPHOINOM, CTPEMAIIMM-
ca K 6eckoHe4HOCTH. I109TOMy 1A CLIEKTPaJIbHOTO PA3JIOXKEHHUA HENepHOJuYeCKo
dyuxuuu f(t) HyxHO nepefiTu k npemesty T' = oo B dbopmynax ([4.3), (14.4). Ta-
KOH nepexos BO3MOXEH, eCJix cbym(mm f(t) ynosnersopser yciioBuio abconmoTaolt
MHTErpupyeMOCTH

o0

/ |f(®)ldt < co. , (114.7)

-00

Hcnosnbsya suipaxenue (14.4) 1ia Aw, nepenvmenm dopmyny (14.3) B Bume

f@t)= Z ( Qp COSwnt + TB,. sin wnt) Aw. (14.8)

n-l

Teneps nepeltnem k npenesxy T° — oo. Ilpu atoM B cuny dbopmyn (14.8) u (d4.4)
nosyyaem

ap =0,
T/2
Za = lim f(t) coswytdt
2 " Toewo Wntdt,
~T/2 ’ (04.9)
T/2 , .
Tﬂ = lim f(t) sinwntdt e
2 " T—o00 10 Wridt. oL ‘.:,}{‘J.
~-T/2 o
ITockonbky wy, = nAw, rae Aw = 2n/T, 1o B npenene npu T — 00 YACTOTHbIH
uHTepBan Aw. CTPeMHTCA K Hymo. Ilpu 3ToM yacToTa rapMoHMdYeckux Kosaebanult

H3 AMCKPETHOH nepeMeHHOH w,, NPEBPANIASTCA B HENPEPLIBHYIO NEpeMeHHY0 w. Ilo-
3TOMYy, onyckan uuuekc “n” B (I14.9), sBBenem HOBLIE 0GO3HAYEHMA
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T/2
a(w) = 7}1_1&) / f(t) coswtdt,
s 4.10
. (.10
b(w) = lim / f(t) sinwtdt.
T—ro0
~T/2

Haxonern, nepexons k npeneny I — 0o, Aw — 0 B ([14.8), 3amMeHsAs npenes cyMMb
Ha HHTerpaJj ¥ yuntsisaa ([14.9), (J4.10), momyyaem

f(t) = % / [a(w) coswt + b(w) sin wt]duw, ()
0
rae

a(w) = /f(t)coswtdt, b(w) = /f(t)sinwtdt. (14.12)

Hnurterpan (1I4.11) naseipaerca unrerpasiom ®ypoe.

Qopmysnt ([4.11), ([14.12) pemwaroT 33134y 0 CHEKTPAJTLHOM PA3IOKEHUH Hele-
puoaM4eckoi (pyHKIMU BpemeHU. BriBeneM Ternepn HeCKOILKO 6osiee KOMMAKTHBIX
npesacTasienuit gy unrerpana Dypoe.

CnexrpaJpbHasa aMOJHUTYNAa U cOoekTpaabHaa ¢pasa. Ilepenumem
(04.11) B BunOe

fit) = —}r-/f(w) cos[wt — p(w)]dw. (O4.13)
0

3mech f(w) ¥ p(w) HA3BLIBAIOTCA COOTBETCTBEHHO CIEK TPAJIEHON aMILIATY O] U CTiek-
tpassaolt dasoft byuxuuu f(t)!. [lonbsyacs Tpuronomerpudeckolt dpopmynott

cos(a — ) = cosacos B + sinasin j, (d4.14)

npeobpasyeM 1oabiHTErpasbioe Boipaxenue B ([14.13) u npupaBHAeM €ro NOIObIH-
TerpajibHOMY Bhipaxkenuo B ([14.11). Honyuum

f(w) coslwt — p(w)] =
= f(w)coswtcosy + f(w)sinwtsing =

. = a(w) coswt + b(w) sinwt. (04.15)

! ln# 0603HAYEHNA CHEKTPAJILHON AMILTHTYb! M HCIIOL3YEM TOT K€ CUMBON “f”, uro u Ana
Gbyuxkuuu f(t). Dro genaercsa aA ynpouieHHsa 3amucy. 3ameTuM, ogHako, 9yto f(t) u f(w), Boobme
roBOpA, pasnvie HyHKIMH CBONX apryMeHToB. Huxe mbl Beakuit pas 6yneM yKasminaTh apryMeHT,
4T06b! OLLIIO ACHO, 0 Kakoll n3 aByx yHnkuuit uner peun.
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IIpupasuusas koagduuments npu GYHKIMAX Sinwt ¥ CoSwt, HAXONMM CBA3bL Me-
KOy CHEKTPAJIbHBIMM aMIUIATYHOH u ¢$asolt ¢ OgHOR CTOPOHBI H KB3APATYPHBIMH
KoMmnoneBTaMu a(w) u b(w) ¢ apyroi:

a(w) = f(w)cosp(w), f(w) = va?(w) + b3 (w),

114.16
bw) = f(w)sing(w), () = arctg [(%] (4.16)

O6paruM BHUMaHHME Ha TO, YTO HENEpHOAMYECKHuH mpouecc (B OT/IMYHE OT NEPH-
OAMYECKOTO) MMEET Cnaowitofl cnexmp. DTO ciienyer U3 TOro, YTO CHEKTPAILHbIE
XapaKTCPUCTUKHM mpouecca — a(w) u b(w) wnn f(w) u p(w), onpenensemole Gopmy-
namu ([J4.12) u (J4.16) — ABJIAIOTCA HENpPEpBIBHBIMM (YHKIMAME 4aCTOThL. I'pa-
¢dux cnexrpassHOl ammuTyas! f(w) MMeeT BuI HenpepbiBHO# kpuBo# (puc. 114.3).
TaxumM 06pa3oM, HenepuoandecKaa QYHKIMA — 3TO CYNepHO3HIMA TAPMOHHUK, 4a-
CTOTHI KOTOPBIX U3MEHAIOTCA HEPEPBIBHO.

Hrak, no Buay cnekTpa MOXHO CyIMTh O XapakKTepe caMoro npouecca. Hanpu-
Mep, U3 TOro, YTO CHEKTP COJHEYHOTO CBETA CIJIOMHOH (LBeTa IJIABHO MEPeXOnAT
OO¥H B APYTOH, MEXIy HUMHM HeT IIPOMEXYTKOB), MOXKHO CAEJATH BHIBOL, YTO H3-
snyuenne CosHua — HENepMONMYECKHI NpOLecc. :

Orpunarensasie yacrorsi. U3 dopmyn ([14.12), onpenensAiomux KsaipaTyp-
Hble KOMIOHEHTH a(w) ¥ b(w), BUAHO, 4TO a(w) — 4YeTHaA PYHKLMA YACTOTHI, &
b(w) — HeueTHas: i

a(—w) = a(w), b(~w)= —b(w). (04.17)
ITosromy ([14.11) MOXHO mepenucars B CHMMETPU30BAHHOM IO w BHIE:
ft) = il;r— / [a(w) coswt + b(w) sin wt]dw, ([14.18)

rae dyakuun a(w) u b(w) ompenenenst pomynamn (14.12).

B (114.18) Mbi BIepBLIE BBEIH OMPUYATNEADHBE YACTIOMB, YTO IO3BOIUIO HOJMY-
uuTh HoJIee CHMMETPHYHYIO 3anuch npeobpasosanuit @ypoe (cum. (14.18) u (14.12),
roe Bce uHTErpaJsnbl 6epyTcsa Tenepb B 6ecKOHeuHbIX Apenenax). IlogyepkueM, 4To
OTpHULATENbHBIE YaCTOTHI BBENEHE! HOpMasIbHO MaTeMaTuyiecku. Comepkanue 3Toro
MOHATHA TOTHOCTHIO UCYEPNILIBAETCA hOpMyIaMu

cos(—wt) = coswt, sin(—wt) = —sinwt. (4.19)

Hukakoro uHOro CMbIC/Ia TEpMUH “OTpHUATENbHBIE YaCTOTH” He HeceT. Pasymeercs,
Ha caMoM Jeiie ((pu3HYEeCKH) OTPHUATENBHBIX YACTOT He CYIIECTBYET, TaK XKe KaK
HEeT OTPHUATEILHBIX IEPHOROB rapMOHMYecKux Kosiebanult. OTpunarensHsle 9acTo-
ThI BBEIEHE MaTeMAaTHIeCKH LA ynobcrBa. QPaxTuyecku OHU PUTYPHPYIOT TOJIBKO
Ha IPOMEXKYTOYHBIX STAlaX pacdeToB, a B OKOHYATENIbHbIE (POPMYJIH IJ1A U3MEpsA-
eMbIX (PU3MYECKUX BEJINYMH HUKOLJA HE BXOMMAT.

Komnnekcrada sanuce. [Tonb3sysacs Gopmynoft (J4.15), nepennmem ([14.18) B
BHIE

£ =5 / f(w)coslwt — p())dw. (14.20)
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Teneps BBENEM KOMTAEKCHYIO CNEXMPAALHYIO aMnaumydy SRRy A
fu(w) = a(w) — ibw). (O4.21)
Ioassysace dopmyoit Diinepa
et = coswt + isinwt, T (m422)
BBIpa3uM npousBenenue fi (w)e™t. Momyunm
fe(w)e™* = [a(w) — ib(w))(coswt + isinwt) =

= a(w) coswt + b(w) sinwt + i[a(w) sinwt -.b(w) coswt].  (04.23)

O6paTHM BIHMAaHHE Ha TO, YTO HEHCTBUTENbHAA YACTh ITOTO KOMIJIEKCHOTO BhIPa-
WKEHHUA ABNIAETCA YeTHOH byHKuMel YacTOTH W, B TO BPEMA KAK MHUMAA 9ACTh —
HeuerHO#. I1o3TOMY, MHTErpUpPYA NpPaBYIO H JEBYIO 4aCTH BbIPAXKEHHA ([14.23) no
4acToTe w B GECKOHEYHBIX NPEIENax, NoJIydaem

/ fe(w)etdw = / [a(w) coswt + b(w) sin wt]dw. (d4.24)
E cuny coornomenutt ([14.18), (14.24)
- 51; / Felw)etdu. (14.25)

Teneps naltnem ynxumio f(w). o onpenenenmo ([14.21) 1 B COOTBETCTBHMH C
(d4.12), ([04.22) umeem

fx(w) = /f(t)coswtdt—z'/f(t)sinwtdt:

= / f(t)[coswt — isinwt)dt = / ft)e tdt. (114.26)

CymMupys pe3yJIbTaThl, 3allMUIEM KOMIUIEKCHBIE IpEICTaBicHUA nmpeobpasoBanuit
Qypoe

; m

10 =5 [ f@edo, £ = [ r@ear (14.27)

(1o ]

Jnsa ynpoumieHHs 3allHCA OIyCTHM HHIOEKC “K” y KOMIUIEKCHOH CIeKTpasibHOM aM-
IINTYABI, TOrna unrerpayisi Pypoe npuobperaior Bun,

7 =5 / f@)etdn,  fw) = / fetd  (a28)
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Kocunyc-npeo6pasosanue ®ypne. [Iycrs f(t) — yernasa yskuns Bpemenn,
1. €. .

f=t=f@1®. . (14.29)
Toma, B cuny Gopmyn (114.28),

flw) = / Sf(t)[coswt — isinwt]dt =

= / f(t) coswtdt = 2 / f(t) coswtdt. 4 (,]1430)
oo 0 SRR

Orciona ciienyer, 9T0 CEKTPAIbHAA aMILINTY a8 f(w) — NeHCTBUTENbHAR K YeTHAA
GYHKIMA YACTOTH, T. €.

fw) = f(-w). (14.31)
Ncnonssya (14.28) 1 ([4.31), nonyuum cieayomee Beipaxenne 1A byuaxkuun f(t):

f@) = 51; / f(w)[coswt + isinwt]dw =

/ fw) coswtdw = / f(w) coswidw. ([4.32)

— 27r

Hrax, ecsmm f(t) — vernas QyHKUMA BPEMEHH, TO €€ CHEKTPAJIbHAA AMILIUTYO2
ABjserca neficrearensHol u yerHO# dyHKuUMe#t yacToTH, a Mpeobpasosanue Pypbe
MOXxeT ObITh 3aNHCAHO B BHIE MHTErpPaia OT JeHCTBHTeNbHON BYHKUME 1O HONO-
FKHUTEJILHBIM YacTOTaM:

£@) = -11; / f(w)coswtdw, flw) =2 / £(2) coswtdt. (14.33)
0 . 0

Hurerpans: (I4.33) HassiBaiorcs GopMynaMu xocunyc-npeofpaszosanus Pypve.
":’ TIpamepm. PaccMOTpuM B KauecTBe NpHMepa NIPAMOYTOJIBHEIN HMILYJIBC
f 0, Itl S T,
t) = 4.34
f ( ) { 0, |t‘ > T (ru )
Ioncrasnana (J4.34) 8 (J4.33), nosyuum
f(w) = 2fo1 sinc(wT), (4.35)

roe BBenena GyHKUHA “sinc”, ompeneniAeman Gopmytol
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sinc(z) = EI%E ([14.36)
IIpaMOyro/bHbIH UMITYIBC H €ro CIHEeKTp NOKa3aHbl Ha puc. 114.4.
Jna umnynsca rayccoBoit opmsl .
f(t) = foexp (—t*/7%) (14.37)
B coorsercTBuH C ([14.28) nmeem R
f(w) = V7 forexp(-w?r?/4). (04.38)
s uMOyJIbCca 9KCIOHEHIMAJILHOTO BHAA
f(t) = foexp(-|t|/7) (114.39)
dypbe-cnekTp paseH
_ 27 fo
fW=i-55 ([14.40)

I'paduku pyuxumit ([14.37)-(14.40) uzobpaxenst Ha puc. J4.5 u 14.6.

Ceasp MeXOy IJIMTEJIBHOCTHIO HMIIyJhca H lupuHo#l coekrpa. Obpa-
THM BHHMAaHHE Ha TO, YTO BO BCEX PACCMOTPEHHBIX NMPUMEpax MUPHHA COeKTpa Aw
0BpaTHO MPONOPLMOHANIbHA ATUTEILHOCTH UMIYJIbca At, T. €.

Aw ~ 1/At. (114.41)

Yka3aHHasA 3aKOHOMEPHOCTh MMeET oOumi#t XapakTep M BBIPAXAeT ONHO U3 OCHOB-
HBIX cBOMCTB npeobpasosanus @ypre. HeTpynHo 060CHOBATH 3TO COOTHOWIEHHE, UC-
xona u3s gopmyist ([14.33) gna cnexrpanbHoll ammmtyapl. Ha puc. 4.7 usobpa-
xennl rpadux dbynkuuu f(t) (conomuasn xpusas) u rpaduk Gyskunn coswt (MyHK-
tup). Cornacuo dopmyne (114.33),

fw=0)=2 / f(t)dt,
(4]

T. €. CHeKTPAaJIbHAA AMIUIUTYAA HA HYJIEBOH YaCTOTE €CTh NIOCTOAHHASA BEJIAYUHA,
onpenesAeMan MJIOWALLI0 UMITYJIbca. Ecu yacToTa w yBeIMauBaeTcs, T0, KaK BHI-
Ho u3 ([14.33), cnekTpasibHas ammmryaa f(w) ymenbmaerca. Yosisanue f(w) npo-
HCXOOUT MEIJIEHHO A0 TeX Nop Noka nepuon GbyHKUMM coswt, paBHbI# 27 /w, 3HaYM-
TeJILHO IIPEBHINAET AJIMTENLHOCTb HMIYJIbca At, T. €. B 06s1acT 9acTOT, ONpenens-
eMolf HepaBEeHCTBOM

T =2n/w> At.

Ecnu xe

T < At,

TO, KaK BHAHO u3 puc. [14.7, cnekTpayibHad aMIIUTYJa CTPEMHUTCA K Hymo. HTak,
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1) f(w)

fo » 2]‘01’

4 0 T t [}
~2x/r 0 2xw/t

Puc. 114 .4. IlpaMoyronbHeiit MMIyJIBC U €10 CIEKTpP

) flw)
fo i

A 1

T t -2/t 0 2/t @

Puc. J14.5. l'ayccoB umnysibc u €ro cuexTp

@ flw)
fo 2fgr
—1" 0 11' t -2/'1: 0 Zl/r @

Puc. 4.6. 9xcrnoHeHUNaTBHBI UMILYJILC U €ro CIHEKTP

flw) = flw=0), ecmmw <K 27/At,
flw) =0, ecom w > 2w /At.

Ob6nacts naubosnee 6picTporo cnana oyukuuu f(w) APUXOOUTCA, OUEBHIOHO, HA da~

CTOTY

Aw = 2w/ At,

(I14.42)

KOTODPYIO MOXHO IDHUHATbL 3a Mepy WMpuHbl pacnpenenenus f(w). [ob6asuM, 4ro
dopmyna ([14.42) u3 npubnuxkeHHO! TPEBPALIAETCA B TOYHYIO, €C/IH MCIO/Ib30BATh

HHTerpaJibHbI€ OIIPERE/ICHUAA NJIATCJIbHOCTHA UMITYJIbCA M HUPHUHBI CIIEKTPA:
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flw)
;o)

=1
e

Puc. [14.7. Ananua COOTHOmMEHMA MEXAY AIATEIGHOCTHIO HMITYJIBCA M IIKPHHOH CriexTpa

At = / f@)dt/ft=0), Aw= / fw)dw/f(w = 0). (114.43)

B arom ciiyuae coornomenne (I14.42) ecrs npsamoe cuaencrsue dbopmyn ([14.28),
[Ipuy¥eM OHO COPABENJIHBO HE3ABHCHMO OT KOHKpeTHOro Buua dynxuuu f(1).

CrexTp rapMoHHYecKOro Kojebanua. Mogenb rapMosnyecKux Konebanuit n
BOJIH IIMPOKO NPHMEHAETCA B ONITHKE, 1109TOMY NPEICTAB/IAET HHTEPEC BLIYACTIEHHE
CIeKTpa MOHOXPOMATHYECKOro KoseGauns

f(t) = focosuwpt. (14.44)
Hcnosnbays peipaxenue ([14.28) nna f(w), a Tak xe ¢popmyny Slnepa

1
coswpt = 2 [exp (iwot) + exp (—iwot)], (114.45)

HETPYAHO MOJYYMTh MJIA CNEKTPATbHOH NIIOTHOCTH rapMOHMYECKOro Kosebanus
(04.44) crenylomee npeacrapiieHue

f(w) = 7 fold(w — wo) + 8(w + wo)}, (114.46)
IZle BBENEHO 0603HaAYeHHE c
ow) = 51; / e'“tdt. (114.47)

Dopmydia {([14.47) aBnseTcs omHUM H3 BO3SMOXHBIX OnpenesieHuit obo6menno# pynk-
uMH, Ha3biBaeMoH menbra-byHxumei Hupaxa. Iloasnenme obobmennoh $yukuun
CBA3aHO, OYEBMIHO, C TeM, 4ro (pyHkums ([14.44) He ymOBJIETBOPAET YCIOBHIO
(04.7). Beuny BaxkHOCTH ZenbTa-pyHKUMU OGCYHMM KOPOTKO ee OCHOBHBIE CBOM-
crBa.

Hennra-byskuma n ee csoltcrBa. U3 ([14.47) cienyer, yro mATErpanbHOe
npencTaBjeHue 41 Ae/bTa~QYHKIMHE MOXHO 3allHCATh TAKXE B BHIE

©0

§w) = ;lr- / coswtdt. .. ([14.48)
4 ‘
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4(t)

io t
Puc. [J4.8. Oﬁpas.nenbm-d)yhxunn
N3 dopmyast ([14.48) cnenyer, uro nenbra-byHKunA uMeeT Bug, 6eCKOHEYHO Y3KOrO

u GeckoneyHo BbICOKOro “BeiGpoca” B Hyne (puc. [14.8). IIpu arom uaTerpas or
Aenbra-QYHKUUMH eCTh KOHEYHAA BEJIMIUHA:

/ S(wydw =1. . (114.49)

W3 (114.28) cnemyer cooTHOmEHuUE

78) = 5 / / F(B)e =9 dy p, (114.50)

Ha3biBaeMoe gopmyaoti Pypve. YuutniBasn (I14.47), moxno nepenucars ([14.50) B
BHAOE :

IRTRS Y

/ FO)6(t — 6)dd = f(B). (14.51)

IMocaennsna GbopMyna BHIPAXKaeT OCHOBHOE CBOMCTBO OebTa~PyHKUHAH, KOTOPOE
MOXHO Ha3Barh “cBolicTBoM crpoOupoBanua”. B wactHoM ciiyuae, korma f(t) = 1,
w3 ([14.51) caenyer ([14.49). OrMeTHM eme HECKONBLKO CBOHCTB MesbTa-pyHKIMM,
BLITEKAIOLHX H3 €€ ONPENEICHHA, ¥ YACTO HCIOJIb3YEeMbIX B pACYETaX:

(=) = 8(1), (14.52)
/ S(ot)dt = 1/la, | (ma53)

: / sodt=1/2. (114.54)
0

Henbraobpasuasit mmMaynse. Eme ommoft monesHolt Monesnio B ONTHUKE HBJILA-
€TCA NPOUECC C NOCTOAHHBIM CNIEKTPOM:
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f(t) fl@)

a)

() ~ 8@t) f(w)

6) fo

Puc. [4.9. Tapmonuteckoe kosnebanne (a) u genpraobpasusiif umiysbce (6): Bpemensde u
CHEKTPAILHOE IIPEICTABJICHUA

f(Ww) = fo = const. ’ (14.55)

Honcranoska ([4.55) B ([14.28) npuBoOuT K CyieOyIOmeMy Bhipaxenno iia f(t):
f(t) = fod(t). (114.56)

Tako#t npouecc Mbl 6yIeM Ha3bIBaTh JeabmaolpasHbimM UMNYALCOM WM IIPOLEC-
coM ¢ beavim cnexmpom. BpeMeHHBIE M CIIEKTpasibHble KAPTHHBI FAPMOHUYECKOIC
KoJsiebanuA M AesbTaobpa3Horo MMmyJsibca nokasansel Ha puc. [14.9. OrmeruM, uro
X0Ta 06a 5TH IPeNeibHbIE CIIy4dasd, CTPOTO FOBOPs, HEPEAIN3yeMbl (PU3NYECKHU, OHH
BECHMa, MOJIE3HB KaK TEOPeTHHUECKUE MOOENTM ¥ HAMIAAHbIE 00pasupl Mpoueccos ¢
OpenenbHO Y3KUM U MPENeNbHO MKUPOKUM CIEKTPAMH.

Pesomupys, nogyepkHeM ellle pa3 BasKHbIH PE3YNBTAT TEOPHM CIIEKTPAJIbHBIX
passioxeHu#: 4eM KOpOYe UMNYJbC, TEM MIMPe ero 4acToTHbid cnektp. IIpumenn-
TeJIbHO K ONTHKE 9TO 03HAYAET, YTO YeM IJIOTHEee CKOHIIEHTPHUPOBAHA HEPTU CBe-
TOBOTO NOJIA BO BPEMEHH, TeM LIMPE OHA PAaCHpelesieHa Mo CIeKTPy. B vacrHocTH,
[pexenbHO KOPOTKHE UMIYJIbCHI CBETA, AJIHTENIbHOCTb KOTODPBIX COM3MEpHMA C IIe-
PHOIOM CBeTOBbIX KOojieGaHuil, 061anator JacTOTHBIM CIIEKTPOM, IIKPHHA KOTOPOro
cousMepuMa ¢ HeCyie#l yacToToll CBeTOBOM BOJIHBI.

IMonuasa ¥ HemoNHaA cuexTpainbHaa uHdopMmanusi. CriekTpajbHAA IIJIOT-
HoCTb. B 06mem cityyae criekTpasibHas aMmmtyna f(w), onpenensemas popmysion
(104.28), siBnsercs xomnaexcroli GyHKIue#l 9acTOThI:

fw) = f(W)le'e™. (14.57)
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Mony/ip KOMIUIEKCHOU CHeKTPAJIbHOR aMIUIMTYIB! IIpeacTaBiiser cobolil meltcTBu-
TEJIBHYI0 AMILTATYAY 'aPMOHHMKM C 4acTOTOH w B cnektpe f(t), a apryment p(w) —
OeicreuTennHyio da3y atoro konebanusa. TakuMm o6pa3oM, KOMIIJIEKCHOCTh CIIEK-
TPa/bHOM aMIIUTYABl CBA3aHA C TEM, YTO Pa3Hble FADMOHUKH, 00pasywouye B Co-
BOKYIMHOCTH mpouecc f(t), uMeroT, Boobuie roBopA, pasaudnbie dpaspl. YacTo Takas
NOJIHAA CNEKTPaJbHaA MHPOpMalma o6 ONTHYECKOM npouecce OBIBAET HE HYXKHA.
Bonee Toro, B onTUKE €€ TPYOHO SKCIEPUMEHTAJIBHO IOJIY4nTs. Il0aTOMYy Ha mpak-
THKE 0OBIYHO HUCHOJIB3YIOT BoJiee rpyOyI0 CIeKTPajibHYIO XapaKTepHCTHKY MPOLec-
COB — CNEXMPAALHYIO naomuocmy. 110 onpeneneHnIo CnekTpanbHOR MIIOTHOCTHIO
HA3bIBAGTCA BEJIMYMHA, PABHAA KBAJPATY MOLYJ/IA KOMILJIEKCHOH CIeKTpasibHOH am-
[JIMTYbL:

S(w) = |f (@) (114.58)

B sToM BrIpaxenun nudopMams o pasax rapMOHHYECKHX KosieGanult, COCTaBAA-
mux mpouecc f(t), yrpadena. TeM He MeHee, A1 ONTHKM CIIEKTPAJIbHAA ILTOTHOCTD
ABJIAETCA BaXXHOH XapaKTepPHUCTHUKOH MPOHECCOB, IMOCKOJIBKY MMEHHO OHA ODBIYHO
u3Mepsercs B akcnepumentax. CornacHo dopmyne (5.23), aHeprus rapMOHUYIECKO-
O OCIIJIIATOPA ONpelesideTCaA aMILTUTYA0H 1 YacToTo}t Kostebauuit. D10 H03BOIAET
BBIABUTD (PU3UUECKMI CMBICII CHIEKTPAIBHOH IITOTHOCTH cBeToBoro nosA. OH cocTo-
AT B TOM, YTO CHEKTPaJIbHAA TJIOTHOCTh XapPAKTEPU3YET PACIpeNesIeHHE IHEp2uU
ceema 1o cnekTpy. IMeHHO 9Ta XapaKTePUCTHKA CBETA HADIIONACTCA M MOXKET BbITh
3KCIEPUMEHTAIbHO U3MEPEHA B OMbITax THna onbita HeloTona, (puc. 1.6).

PasencrBo Ilapcesasia. HokaxeMm ogHy BaXHYIO (HOpMyJy, OTHOCAMYIOCA K
CNeKTPaIbHOH IJIOTHOCTH, U MO3BOJIAIONLYIO TIy6xKe IIOHATL ee (PU3NIECKUH CMBICIT.
B reopuu cnekTpasbHBIX pas3jioKeHH# 3Tra HOpMysa HOCHT Ha3BaHHE “PABEHCTBO
ITapcesansa”. Ona umeer BuI

/ f2(t)dt=% / S(w)duw. (114.59)

Hna nokasaTenbcTBa BOcHosb3yeMca uHTerpanamu Pypee (J14.28). ITonyunm

f Pyt =_7 dtf(t)%j fw)etdw =
_ %]o dwf(w)—/oo def(B)et = %7 dof () f*() =

- / |f(w)|2dw=% / S(w)dw.

HanomuuM, 4TO 3BE3M04YKa 0603HA4YAET KOMILIEKCHOE COMPAXKEHHE.

Hrax, pasenctso I[lapceBana nokasano. IIpuMeHNTENBHO K ONITHKE 3TO COOTHO-
menue uMeeT mpoctolt dusmdeckut cmuica. Ecam nop npoueccom f(t) moHuMaTn
HaMpPAXEHHOCTh DJIEKTPHUECKOrO MOJIA CBETOBOR BOJIHHI B HEKOTOPO# pUKCHpPOBaH-
HOH TOYKe MPOCTPAHCTBA, TO BEJIMYMHA
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ffz(t)dt = fﬂ?(t)dt_ = / It)dt = — 8x 7:‘P(t)dt"-_— il

OKa3bIBAETCA IPONOPLHOHAIILHON) 3HEPTUU CBETOBOrO MMILY/ILCA, Npowmenmett yepes
LIOWAAKY eNMHUYHON NNOoIwaay B OKPECTHOCTH AaHHOM Touku. C npyro#i CTOpOHSL,
cor:1acso paseHCTBY Ilapcesasis, Ta e caMas BeJuvMHa (9HEPrus) PaBHA WHTE-
rpajly o BCEM YACTOTaM OT CreKTpanbHOR morHocTM nonsa S(w). 3To o3navaer,
YTO CHEKTPATbHAA NMJIOTHOCTh OMMCHIBAET PacnpenesieHHe 3HEPIMH CBETOBOIO HM-
nynbca IO 9acToTaM. B 9ToM cocronT duanyeckuit cMbiCs JaHHO# XapaK TEPUCTHKH
H3JTy YeHHUA.

JInTteparypa

1. Cmupnoe B. H. Kypc Beicmett maremarnku. T. 2. — M.: Hayxka, 1974.
2. Ceewnuxos A. I, Tuzonos A. H. Teopua dyskuuit xommnekcrott neperensot. —
M.: Hayka, 1974.



JdonosHeHue 5
M3 ucropun ¢pusudeckoit onTuku

Ilumamwm u3s opuzunasdvuwnz pabom Iaaunes, Maxceeasa, Matlixeavcona, I'epya.

Onur Famunes. “OnblT, KOTOPHI# A NPUOYMaJl, 33KTIOUAETCA B CAENYIOMEM.
HBa nnua gepxar Kaxasli 0O OrHIO, 3aKJMIOYeHHOMY B (poHape WIH B yeM-Jmbo 1no-
JOBHOM, KOTOPBIH MOXXHO OTKPBIBATH M 3aKPhIBATH ABHXEHHEM PYKH Ha BUAY Y KOM-
HaHLOHA; CTAB OPYr MPOTHB OPYra Ha PACCTOAHMH HECKOJbKHX JIOKTeH, y4acTHUKM
HAYMHAIOT YOPAXKHATHCH B 3AKPHIBAHAM M OTKPLIBAHUH OTHs HA BULY Y KOMIAHbO-
Ha TaxuMm 0Opa30oM, UTO KaK TOJIbKO OJMH 3aMeyaeT CBET JPYroro, Tak TOT4ac XKe
OTKpbiBaeT U CBOH. .. MHe yIaioch NpOM3BECTH €ro JIMIIb Ha MAJIOM PACCTOAHAY —
Mellee OQHOM MWIH, — NOYEMY A ¥ He MOT yOenuThCA, HeHCTBHTEILHO JIH OsABJIEHHE
MPOTHBOIIOJIOXKHOIO CBETA COBEpIuaeTcA BHe3anHo. Ho ecsim 0HO npomcxoguT M He
BHE3AIIHO, TO, BO BCAKOM CJIy4ae, C Ype3BbiuatiHoll OnicTpoTolt”.

Hxetimc Knepx MaxcBen1. YcTaHOBIIeHHE 3J/IeKTPOMAarEuTHOH mpupo-
Ipl cBeta. “...COrnacHo 3.1eKTPOMAarHUTHBIM onbiTaM Bebepa u Kobpayma!l

v = 310740000 m/c

ABJIAETCA KOJIMYECTBOM 9JIEKTPOCTATHYECKMX €QMHML B OOHOU 3J1eKTpOMArHUTHOMN
eOMHHLE 3JIEKTPUYECTBA, X 9TO COMJIACHO HAIIEMY Pe3yJ/IbTATY NOJIXKHO OBITH paBHO
CKOPOCTH CBETa B BO3[yXe WIH BaKyyMe.

CxopocTs cBeTa B Bosayxe 1o onbitaM ®u3o? pasHa

v = 314858000 M/c,

a cortacro 6osiee ToOuHBIM ombiTaM Pyko®

v = 298 000 000 m/c.

CkopocTh CBeTa B IPOCTPAHCTBE, OKPYXKAlOmeM 3eMJII0, BbiBeJeHHaA U3 K09d-
dbnunenta abeppanyu H U3 BeJIMYHHBI PAAMyCa 3eMHOU OpOHTHI, paBHA

v = 308 000 000 m/c.

CrienoBaTe/IbHO, CKOPOCTE CBETA, OLPEIESIEHHAA 3KCIEPUMEHTAILHO, JOCTATOY-
HO XOpOLIO COBNAAAET C BEJINYKHOM v, BHIBEOEHHO! U3 eIMHCTBEHHOIO PALA SKCIIEPH-
MEHTOB, KOTOPBIMH MBI IO CHX NOD pacnosiaraem. 3Ha4eHue v ObUIO ONPEenesIeHo my-
TeM H3MEPEHUA JICKTPOUBUKYMIeH CHIIbI, DU MOMONIM KOTOPO# 3apAXKaeTcsa KOH-
JEHCATOP M3BECTHOM eMKOCTH, PaspaKasa KOHIEHCATOP Yepes rajibBaHOMETP, IT00bI
H3MEPUTb KOJIMYECTBO 3JIEKTPHYECTBA B HEM B 3JIEKTPOMATHATHLIX eqMHULAX. Eaun-
CTBEHHBIM NPMMEHEHHEM CBETA B 3THX ONBITaX OBIJIO MCHOJL30BaHME €ro JJIA TOro,
4T06bI BUAETh MHCTDYMEHTbl. JHaueHHe v, HafinenHoe ®yKo, 610 HOTY4YEHO MyTeM
onpegeneHus yrjia, Ha KOTOPbIH IOBOPaYMBaETCA BPALIAIONIEECA 3EPKAJIO, IOKA OT-
paXkeHHbI#i MM CBET Mpoinen TyZa ¥ oOpaTHO BHOJb U3MepeHHOro nytd. Ilpn aTom

! Pogg. Ann. C. 10, asrycT 1856 r. (pyccx. uan. B ¢6.: “H3 npeasicTopun pagno”, Uan. AH CCCP,
1948)

2Comptes Rendus. 1849. V. XXIX. P. 90.

3Tam xe, 1862. V. V. P. 501, 792.
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Puc. J5.1. Tounoe u3aMepenne yIjios npusMul Ha yCTaHoBKe Maitkesmbcona

He MOJMb30BAJIMCH KaKUM-THO00 06pa3oM anexTpuyecTsoM M marHerusmom. Cosna-
[eHve pesysbTaToB, O-BHIMMOMY, [IOKA3BIBAET, YTO CBET M MArHETWU3M ABJIAIOTCH
NPOABJIEHAAMH CBOUCTB OMHOU u TOM e CyOCTAHUMM M YTO CBET ABJIAETCA 3JICK-
TPOMArHMTHBIM BO3MYIIEHHEM, PACIPOCTPAHAIOMMMCS Yepe3 [oJie B COOTBETCTBUHI
¢ 3aKOHAMH 3JIEKTPOMarHeTusma”.

Anpb6epr Maiikenncon. Hsmepenue ckopocTd cBeTa. “B BoipakeHun mis
CKOPOCTH CBETA v, NIPY OTPEIESICHNM BPAlIAOINMUMCA 3epkasiom v = 4n N D /a, nonx-
Hbl ObITH M3MEPEHbl TPH BEJIMYUHBI, UMEHHO, N — CKOpPOCTb BpAllleHHA 3€pKaJia,
D — paccrosnne MeXAY KOHEYHBIMYU NMYyHKTAMH ¥ (¢ — YIJIOBOE CMeIleHne 3epKa-
na. Kax yxe ynomunasnocs, Besmuuesl N 1 D moryT GbiTh uamepenst 1o 1/100000
wu eme syume. Ho a ne Moxer 6LiTh wsMepeHo ¢ 9To#t TounocTsio. Huloxom6?
BLLACHWJI, YTO 3Ta TPYJHOCTh MOXET ObITh YCTPaHEHA NPUIAHMEM BPAIHAIOLIEMYCH
3epKaJjly npuaMarudeckoit GOpMBI 1 yBeTMYEHUEM PACCTOAHNA MEXKY KOHETHBIMU
OYHKTaMM HACTOJIbKO, MTOOBI Bo3Bpamaomuticsa ceer oTpakasica Obl 10I TeM ke
YIVIOM OT cJienyiomelt rpaHy IpH3MBI.

MbI U3/10KMM BKDATIIE NONBITKY OCYLIECTBJIEHUA TAKOrO NPOEKTa MeXIy ropoi
Bunscon u ropo#t Can-Anronuo 6ims Ilacagensl, paccrosnue Mexay KOTOPLIMM
paBHO 35 kM. IIna aToro paccrosHuA mpu cKopocTd Bpamenusa B 1060 o6oporos B
CeKyHy YIJIOBOE CMEIIeH’e 3epKaJjla B TedeHHe ABOMHOro myTu Oblio 6b1 90°, mmu
IIpY BIBOE MEHbIIEH CKOPOCTH Mosyyasica 6sl yron B 45°°. [loatomy Bpamaromeecs
3epKaJio umeer ¢GHOpMy BOCBMHYronbHuKa. KonedHo, kpafiHe BaXXHO, 4TOGBI yIyIbl
6111 paBHBI C HaMBBICIHIEH BO3MOXKHOM CTENEHbI0 TOYHOCTH.

9toro mocruraiiu cienymommM o6pasoM. BoCEMUTDaHHHK C IMOJIMPOBAHHBEIMM
IUIOCKOCTSIMM C TIOYTH NMPABWILHBIMA YIJIAMM Hajarascs Ha npobusill yrom apb;,
o0bpa3oBaHHbBI! NPUKPENIEHHO! K COBEPIIEHHO NIJIOCKOH NTacTuHKe npuaMolt ¢ yr-
som B 45° {puc. J15.1). Huockocts croponn! by b BeiBepsaiach NpH NOMOIIM UHTEP-
dbepennyr B MOHOXpOMaTHYeCKOM cBetre. I'pann aia okasamuce, Boobiue rosops, He
[apaJUIEJIbHBIMY, ¥ YTOJ MEXIY HUMH M3MEPAJICA IO PACCTOAHUIO ¥ HAKIOHEHMIO
nuTepdepeHIUOHHbIX nosioc. Tak e MpOBepAIMCh BCE BOCEMb YIJIOB, M 3aT€M CO-
TG OBLIBAINCH [I0 TIOJHOR TOYHOCTH YIJIOB U IIOCKOCTYU CTOPOH.

Takum 06pa3soM 0Ka3aJI0Ch BO3MOXKHBIM JOOUTHCA CpenHelt TOYHOCTH BOCHMH-
rpannuka. 1o 1/10, 1. e. ¢ Tounocrsio ot 1/10 mo 1/20 cexyrmpL®

1Usmepenus ckopoctu cBera. Nautical Almanac Office. 1882.
SCHE,IWET 3aMe€THTh, 4TO NpPH BOCBMH IrpaHAX MHTEHCHBHOCTB B 4€Thipe pal3a 60.m>me, 4yeM B
CJTy4ae MIOCKO-MAPaJIeTLHOrO SMCKA.

GCnem(e'r 3aMETHUTDb, YUTO XO0TA IpPpH GBICTPOM BPAIIEHUHA K MOXHO OXXHJATh UCKAKEHUA, HO eCIN
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Puc. 135.2. Cxema ycranoBxu MalixenbCcoHa /1 M3MEDPEHHA CKOPOCTH CBETA

L pyroe 3aTpynHeHue BOSHUKAET OT NPAMOTO OTPaKEHUA i PACCEAHMS CBETa BPa-
maromumMca 3epkasioM. IlepBoe MOXKeT, Kak y»Xe YIIOMMHAJIOCh, OBITh YCTPAHEHO HE-
60/Ib1IMM HAKJIOHOM BPAINAIOMIETOCA 3epKajia, HO AJiA TOro 4robbl M30aBUTHCA OT
paccesHud, BaxXHO, YToOb! oGpaTHbI} Tyy masas Gl Ha APYCYIO NOBEPXHOCTh, YeM
Ta, C KoTopol cBer yures.

Jnsa Toro 9To6bl yCTPaHUTh TPYAHOCTD NOAXEPXKAHUA YIAIEHHOrO 3epKaia, nep-
NEeHIUKYIAPHO K [aNalomeMy JIy4dy, BO3BPAIIEHHE JIy4a B UCXOOHYIO TOUKY MOXKET
OBITH OCYIMIECTBJIEHO TAK, KaK 3TO CAEJAHO B onbiTe PH30; eAMHCTBEHHAA IIPEIOCTO-
POXXHOCTH, KOTOPYIO CJIEAy€eT NPHHATH, — 9T0 OYeHb TOYHAA GOKYCHPOBKA J1y4a Ha
MaJiOM ILJIOCKOM (JIy4lie BOTHYTOM) 3epKaJie B OKYyCe YIAJEHHOTO KOJUIMMATOPA.

Haxkonen, ropasno nemessie NPUMEHATb B KAYeCTBE OTIPABJIAIOMErO ¥ IPHHH-
MAIOWIEro KOJUTUMATOPA NTocepebpenHHble 3epKaia BMECTO JIMH3,

Puc. J15.2 naer mpencrapiienue o6 yCTaHOBKE, YIOBJETBOpAIOUIE!t BCEM 3THM
tpeboBanuaM. Mexny obcepBaTopuelt Ha rope Bunncon u ropo#t Can-AHTOHMO HA
paccToAHUM 35 KM OT mepBo#t ObLIM COEsIaHbl TPH U3MEpPEHHUA. DIeKTpUdecKult Ka-
MepToH naBan 132,25 xonebauult B cexyHay, JaBas yersipe ycrohuusnix u3obpaxe-
HHUs BPAIIAIOUIErOCA 3€pPKaJia IPH BPALIEHHH €ro cO CKOpOCThIO B 529 060pOTOB B
cexyHny. KaMepToH CpaBHHBAJN IO U MOCJIE KaXKIOro HabJIIOeHHusa CO. CBOGONHBIM
MaATHUKOM, Hepuom KoToporo 6bu1 HalineH cpaBHeHMEM C MAATHHKOM M3 HHBapa,
H3rOTOBJIEHHBIM H u3MepeHubnIM Cityx6olt GeperoBoro u reomesuyecKoro Haa3opa
(Coast and Geodeic Survey).

Pesynvprar BoceMu onbiToB B 1924 . nan

vg = 299 735.

Hpyro#t pan sabmoneHui Npu HEMOCPENCTBEHHOM CPABHEHHHM TOLO XK€ KaMmep-
ToHa ¢ MaaTHukoM Ciyx6n1 GeperoBoro Han3opa GbUT BRIIOAHEH JeToM 1925 r. ¢
Ppe3yJIbTaTOM

BEIECTBO 36pKafa AOCTATOYHO OQHOPOLHO (CTEKJIO B HACTOAIUEM CJIy4ae), TO TaKOe MCKAXKeHHE
MO’KeT MOBJIeYh 33 co6oit NMumb Jierkoe MCKpUBJIEHNE, a CIeJOBaTeIbHO, TOJNLKO HeGOsIBNIOE CMe-
werne ¢poxyca.
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i., , .. ‘ k ‘ ‘ ‘ Ta6nuna J5.1

Yucno obopoTos Yucrmo Cxopocrs csera
B cexyﬂzgr Sepxao HabmoneHnit 1:) nycrore
528 CTexJi. BOCBMHYT. 576 299 797
: 528 CranbH. BOCbMHYT. 195 299795
o 352 Crexn. 12 rp. 270 299 796
A 352 Cramn. 12 rp. 218 299 796
264 Crexn. 16 rp. 504 299 796
CpepHad BeIMYHHA 299 796+1
v, = 299 690.

Tperuit pspx wsMepenuit — B KOTOPOM KamepTOH ObLl 3aMeHeH CBODONHEIM Ka-
MepTOHOM ¢ 528 KosebanusAMHU B CeKYHY; KOsebaHuA MOCIEIHEro MOANEPKUBATUCH
TOKOM JIaMIIOBOT'O K0s1e6aTebHOrO KOHTYPa, 1aBasd TaKMM 00pa3oM GOJbLIOe TIOCTO-
SAHCTBO. Pe3ysbTaT 3TUX U3MepeHuit

X P s Lo . [RERSEREN < -

S N SIS SO SR WA va = 299 704.

IlpnnaBas 3THM onpemeseHUAM COOTBETCTBEHHBIE Beca 1, 2 u 4, nonyunM nia
CKOPOCTH CBETA B BO3IyXe

s

e = 299704

Ilpunumasn oonpasky B 67 KM 1A NPUBEOEHHA K IYCTOTE, NOJIYYMM OKOHYA-
TeJIbHO

v =299771.

Taxkoil pe3ysnbTaT cirenyer pacCMaTpHUBATh KaK NPEOBAPKTE/ILHBIA, K OH 3ABHCHT
OT 3HAYEHUs pacCcToAHMA D Mexay AByMA NyHKTaMH HabMiofNeHHHA, H3MEPEHHOro
Cnyx60#t GeperoBoro M reofe3sUvYeCKOro HaJ30pa, KOTOpOe, HaJewck, byaer npo-
BePEHO IpH NOoBTOpeHuAx pabor. OnmplT TakXKe MMOKa3al, ¥TO IOJb30BAHHE TOPA3N0
66BIINM BpamaiolMMca 3epKajioM qaet 6651p11y10 peskocTs, 6osbie ceera u 6oee
ycTORYMBYIO CKOPOCTb BpalieHusi. BeCbMa BEPOATHO, 4TO MOXHO OyAeT HOJy4HTh
eme 6osiee TOYHBIE PE3yIbTATHI NPH HJaJibHEHIMeM HCC/IEIOBAHUA. G

i

Oxonvameavusie uamepenus. Ha toit xe ycranoske nerom 1926 r. mpousseneno
6bLJI0 HECKOJIBKO OTIBITOB C HABOPOM BPAINAIOIINXCA 3ePKAJL.

ITepBoe u3 Hux 6L1IO NpeXXHUM HeGOBIIMM BOCHMHUTDAHHBIM 3€PKAaJIOM M3 TIpe-
mpinymett padorsi. Pesynbrar, mostyyennpift B 3ToM roay: v = 299813. Jasas aTomy
pe3ysbTaTy BeC 2 M pe3ynbTaTy npexxHelt pabothl Bec 1, nosmyyunm cpenxee 299799.

OcranbHbIMM 3epKaslaMM OBLIM CTAJIbHOM BOCBMHUIDAHHMHUK, CTEKJIAHHbIR 12-
IPAHHMK, CTAJIbHOM 12-TpaHHHK M CTek/IAHHBIH 16-rpaHHEK.

OkoHYaTenbHbIE PE3yabTaThi cO6pans! B Tabmuue 1.7

Tenpux Pynonsd Iepn. O BechMa OhICTPBIX sseKTpHYecKHX KoseGa-
Huax. “Ilepuwon anexTpuyeckux kKosjieGaHull B PA3OMKHYTHIX HHAYKHHOHHBIX Ka-
TYIIKAX U3MEPAETCA NeCATHTHICAIHBIMU DOIAMHE CeKyHAn. [IpubiusntensHo B €10
pa3 OpicTpee coBepmaloTca kojebarenpHsie pa3psanwl gefinenckolt 6aHKN, KOTOpHIE
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papmogan ®ennepcen. Teoperuyeckn BO3MOXkHEI eme 6ostee GpicTphie Konebanns B
HE32MKHYTHIX IPOBOJIOKAX U3 XOPOMIO NPOBOAAMEro MaTepralia, KOHIB! KOTOPHIX He
HarpyXeHb! 60JIbIIMMH EMKOCTAMH; HO, KOHEYHO, TEODHA HEe B COCTOAHMM DENIMTh,
BO3MOXHO JIM B JeHCTBHTENHHOCTH BO36YOUTH 9TH KoJiebaHMA TAKOM MHTEHCHBHO-
CTH, 4TOObI OHM CTAaJIM 3aMeTHbIMH. Ha OCHOBaHMM HEKOTODBIX sABJeHMit A mpumen
K [PEMOJIOXKEHHIO, YTO KoJjiebaHuA MOCJIenHero poaa AefiCTBUTENbHO MOTYT BO3-
HHKHYTb OPH M3BECTHBIX YCJIOBHAX, IPHYEM MHTEHCHBHOCTb KOJIeOaHHI HACTONBKO
3HAYMTENIbHA, 4TO OeflcTBHE MX HOCTYmHO Hab/MIOAEHMIO HA paccToAHHH. anpHel-
IIMe ONbITHl HOATBEPANIH MOE IPENON0OXKEeHNe, B BUAY Y€ro 31ech OyIAyT W30 EHD!
HabJIIOJEHHbIE MHOIO ABJIGHHA M MPOU3BENEHHBIE ONbITHI.

Konebaunsa, 0 KOTophix 3mech OyOeT uaTH pedb, B CBOIO O4epeab, npubanzurens-
HO B cT0 pa3 6picTpee HabmonesHbix PennepcenoM. Iepuon atux xonebanull, onpe-
JenseMblif, KOHEYHO, NHUINL NPY MOMOLM TEOPHM, W3MEPAETCA CTOMMJITHOHHBEIMH
JonAMHA ceKyunbl. CleqoBaTesIbHO, B OTHOMIEHMH MPOIOSKHUTENILHOCTH OHM 3aHH-
MAalOT CpefHee MECTO MEXIY 3BYKOBBLIMH KOJIe6aHMAMHU BECOMEIX T€J1 ¥ CBETOBBIMH
xosiebanusamu adpupa. Iocnennee o6cTOATENBCTBO H 0ObACHAEST HHTEPEC, NIPEACTA-
BaAEMBI# 3THMH KONEDAHMAMH, NOMHMMO TOrO, YTO H3YYEHHME MX MOXET OKA3aThCs
NOJIE3HBIM 1A TEOPHH 3JIEKTPONUHAMHUKH.

ITpedsapumenvhnnie onvmu. Eciiv B paspAgHyo uenb UHAYKUMOHHOH KaTyIIKH
[OCTIENOBATEJILHO C MCKPOBBIM ITPOMEXYTKOM BKJIIOYHTH MCKPOBOH Mukpomerp Pu-
ca, MOJTIOCHl KOTOPOTO COSAMHEHbI METAJJIMYECKHUM OTBETBJICHHEM, TO, — €CJIM TOJIb-
KO JUTMHA BO3IyHIHOTO ITPOMEXYTKA MMKPDOMETDPa He NMPEBBICHT M3BECTHOrO Ipene-
J1a, — pa3pAn npoiner CKopee 4epes BO3AYMHLIY IPOMEXKYTOK, YeM Yepe3 MeTalIn-
YeCcKHit MpoBOA. DTO ABJICHKE HE HOBO; KaK M3BECTHO, TOCTPOSHHE FPOMOOTBOAOB 1A
TesierpadHBIX MPOBOIOB MMEET CBOMM OCHOBAHHEM MMEHHO 3TO ABjeHHe. TOJBKO B
TOM CJIy4dae, CJIM METAJIJIHYEeCKOe OTBETBJIEHME KOPOTKO M obnamaer HebombmuM
CONPOTHBJICHNEM, MOXHO PAacCIMTHLIBATH Ha MCHE3HOBEHME HCKpbl B MHKpOMeTpe.
1 na camoM pesie IJIHHA MOJiydaeMoft MCKpHl yMeHbIIAeTCA BMeCTe C LJIMHOK OT-
BETBJICHUA, HO, BOOGIIE TOBOPA, TOJIHOTO OTYXAHUSA €€ eBa, JIM MOXHO JOCTHIHYTh.
Haxe B TOM ciaydae, KOrna oba mapuka MMUKPOMETDPa COENMHEHBI TOJICTOR MemHOM
IIPOBOJIOKO#, NIIMHON) BCETrO B HECKOJILKO CAHTHMETPOB, MOXKHO HaDTIOAATh HCKOPKH,
XOTA U O4€Hb KOPOTKHE.

STOT ONBIT HENMOCPEACTBEHHO NOKA33LIBAET, YTO B MOMEHT Pa3pAfa NOTEHIMaN
H3MEHAETCA BIOJIb PA3PANHON LENMM HA BeJIMYHMHY B COTHHM BOJIbT Ha IMPOTAXKEHHM
BCEro JINIb HECKONBKUX CAHTHMETPOB, KOCBEHHO e OH ITOKa3bIBAET, YT0 CKOPOCTb,
€ KOTOpOo# NPOMCXOOMT Pa3pAl, Ype3Bh4ailHO BelMKa. ITO 0ObACHAETCA TeM, YTO
Pa3sHOCTh NOTEHUMAJIOB Yy IIAPUKOB MCKPOMEpa MOXET DACCMATPHMBAaTLCA KakK pe-
3yNbTaT XERCTBMA CAMOMHAYKLIMH B METAJIJIMYECKOM OTBETBJieHHH. Bpems, B Te-
YeHHH KOTOPOro IOTEHUMAJI Ha ONHOM MAapHKe MCHBITHIBAECT 3aMeTHbIe H3MEeHeHN,
6yneT Toro e MOPAIKA, YTO ¥ BpeM#, B IPOJOJIKEHHE KOTOPOrO H3MEHEHUA OXO-
AAT A0 OPYTOro MapHhKa Yepe3 KOPOTKUH 0TPEe30K Xopomero npoBogHuka. MoxHO
651710 TIPEHIIOIOKHUTE, TOXKaNY#H, CTONE 60ONBIYIO IJIOTHOCTh PA3PATHOIO TOKA, YTO
OIHO JIVIIb CONPOTMBJIEHHE OTBETRJIEHMA O0YCJIOBAT PA3HOCTh NOTEHIMANIOB Ha NIa-
pukax mukpomerpa. Ho npubnunsurenpHoe paccMOTpeHEE KOIMYECTBEHHBIX YCJIOBHR
ITOKA3bIBALT, YTO TAKOe NPENIIOIOKeHNe He OCHOBATENILHO, A B AaJIbHERIIUX ONBITAX
Takoe NpeanosoKenne He MOXKeT 6LITh BOBCE CHENaHO.

3aMKHEM ONATH HCKPOBOR MMKXPOMETD IP¥ NMOMOLIM METAJLIMYECKOrO IPOBOIA,
HanpHMep, MenHoit NPOBOJIOKH, AuamMeTpoM 2 MM U giuuoit 0,5 M, cornyTolt B pA-
MOYTOJIbHHK; HO ITPH 3TOM MBI HE BKJIIOYAEM €ro B PA3PALHYIO LENb MHAYKIHOHHOK
KaTYIKH, 8 COSIUHAEM TOJILKO OIMH U3 ee IOJI0COB ¢ Kakoi-Huby e Toukoit paspan-
HOll IeTH NMpH NOMOIIMM MpoMexyToyHo# npososioks. Ha puc. I15.3 npencrasnieHo
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Puc. [15.3. Cxema ycranosku 'epua

panoJjioxenne npubopos: A cxemaTHyecKu M300pakaeT MHIYKUMOHHYIO KATYIKY,
B — paspanauk, M — mukpomerp. Bo Bpemsa nelicrBuA MHAYKUHMOHHON KaTyuI-
KH MBI Oynem omATh HaOIIONATh B MUKPOMETPEe NOTOK MCKD, JOCTUraOMMi HHOrOa
IJIVHBLI B HECKOJIBKO MMJIIHMETPOB.

DTOT ONBIT MOKA3bIBAET, BO-NEPBIX, YTO B MOMEHT Pa3psAa HHTEHCHBHbIE 3JIeK-
TpUYECKHe ABMXKEHMSA MPOUCXOLAT HE TOMLKO B PaspsAIHNKE, HO M BO BCEX COenu-
HEHHBIX ¢ HAM [POBOZIaX; BO-BTOPBIX, OH MOKA3bIBAET HArJIAAHEE, YeM NpeIblay-
Ui ONBIT, YTO 3TH JIBUXKEHUA MPOUCXOIAT OYeHb OBLICTPO, M TOATOMY HOJIKEH ObITH
NPUHAT BO BHUMaHHe JajyKe TOT NPOMEXYTOK BPEMEHH, B NMPONOJIKEHHE KOTOPOro
3JIEKTPUYECKHE BOJIHBI IPOXOLAT 4epe3 KOPOTKHME MeTaslsIMYeckue nposona. B ca-
MOM fieJie, ONBIT 3TOT MOXHO OOBACHUTH TOJNBLKO TAKUM 00pPa3OM, YTO U3MEHEHWe
HNOTEeHUHAJIa, CO3AaBaeMoe MHAYKIMOHHON KATYIKOM, NOCTUrHET apuka 1 panblue,
yeM MApHKa 2, IpUYeM Da3JIM4iue BO BPEMEHU OKAa3hIBAETCH HOCTYIHBLIM HabJIode-
HUIO. D9TO sIBJIEHNE CTAHOBHUTCA NMOPASHTENHbHBIM, €CJIM NPUHATH BO BHUMAHUE, YTO
3JIEKTPHIECKHE BOJIHBI, HACKOJIBKO 9TO HAaM M3BECTHO, PACHPOCTPAHAITCA B METHOH
OPOBOJIOKE TOYTH CO CKOPOCTBIO CBeTa. [10aTOMY MHE Ka3as10Ch AOCTOHHBIM TPYHA.
HCCJIENOBATh, KaKHe yCIOBUA OyayT cnoco6CTBOBATh MOABJIEHUIO CUJIbHBIX MCKDP B
Mukpomerpe.”

JIureparypa

1. Faauseo Faauseti. “Becenpl 1 MaTeMaTHYeCKHe NOKA3aTeSbCTBA, KACAOIHECH ABYX
HOBBHIX OTpac/elt HayK#, OTHOCAHIMECA K MEXAHMKE M MECTHOMY ABuXkenuio” (omy-
6sukosano B Jleinene B 1638 r.). Ilut. mo: Jowcedp 5. Mailixenncos H CKOpPOCTb
ceera. — M.: JI, 1963. C. 14.



Honoanenue 5. H3 ucmopuu gusunecxoli onmuxu 125

Royal Society Transactions, 1864. V. CLV. Iur. no: Lorcetisme Maxceean. I3b6pannbie
COYMHEHWs 110 TeOPHH 3JyiekTpoMaruuTHoro mons. — M.: TUTTJI, 1954. C. 320.
Michelson A. A. Studies in optics. University of Chicago Press, 1927. Uur. no: Mafti-
xeavcon A. A. Mccnenosanus no ontuxe. — M.~JL.: Focusnar, 1927. C. 148-153.
Uber sehr schnelle elektrische Schwingungen//Wied. Ann. 1887. V. 31. P. 421. ITur.
no: “50 ser Bond lepua”. — M.-J1.: HUan-so AH CCCP, 1938. C. 45.



Yacts 11
N3nydyeHne u reHepaTophl CBETa

B aTolt YacTH KHUIH M3J1aTaeTCA TEOPHA W3JNYy4EeHMA BJIEKTPOMATHHTHHIX BOJIH
OBMXKYHIMMHCA 3apAXEHHbIMN dYacTuuamu. CHavasia JaeTca OpoCTas KayeCTBeH-
Had KAPTHHA ABJICHMA, OCHOBAHHAA HA TMOHATHH CHJIOBLIX JIMHHHA 3JIGKTPUYECKOTO
HoJiA. DTOT MOAXOH MO3BOJIAET YCTAHOBUTH, YTO NPUYMHON BOSHMKHOBEHHA 3JIEK-
TPOMarHUTHOM BOJIHBI ABJIAETCA YCKOpPEeHHOe Apuxenue (Konebamme) zapskeHHON
yacTunbl. Kpome Toro, ynaerca noayduTs pOpMysbl I8 HANPAXEHHOCTeR 3Jiek-
TPUHECKOr0 ¥ MArHUTHOTO NoJiell B 3/IeKTPOMArHUTHON BOJIHE, KOTOpbIE 3aTeM CTPO-
ro o60CHOBBIBAIOTCA IyTeM pelieHuA ypaBHeHnit Makceenna.

Bricokas 4acToTa KosIe6aHuH 37IeKTPOMArHKUTHOrO HI0/AA B CBETOBOM BOJIHE (OKO-
no 10'% ') HABOOMT HA MBIC/L O TOM, YTO 3JIEMEHTADHEIM M3/1y4aTesib CBETOBOH
BOJIHBI JOJKeH ObITh Ype3Bbivaiino man. Tak BO3HMKAET NpeNCTaBICHHE O TOM, YTO
3JIEMEHTAPHBIM UCTOYHMKOM CBETA SBJIAETCA aTOM WM MOJeKyna. Beomurcs xiac-
CHYECKAA MOAESb aTOMA KaK CUCTeMbI 3apAXXEHHBIX YACTHIl, CBASAHHBIX YIPYTUMH
cunamu. OueHka, CHeaHHAA C YYETOM DEasIbHOrO pasMepa aToMa H HapaMeTpoB
3NeKTpoHa (3apAl, Macca), MOKA3BIBALT, YTO YACTOTA KonebaHult QUIOJBLHOrO MO-
MeHTa TakoH cucrembl nefiCTBUTENHHO O/IM3KA K YACTOTE BUAMMOrO CBETA.

PeanbHble HCTOYHHKH CBETA CONEPIKAT, KAK NPABUJIO, OTPOMHOE YHCJIO U3JIy4a-
IOLIMX ATOMOB WM MOJIEKYl. Kak ommucarh COBOKYIIHOE CBETOBOE IO, HCIYCKAeMOoe
Gonpmum aHcamGiieM HacTH?! DddekTHBHBIN NMyTh pemeHns 3Todl 3a0a9u COCTO-
UT B 3aMeHe CYMMHPOBAHMSA CBETOBBIX TOJIEH yCpeIHEeHUeM ¥ IPUMEHECHUH NPaBu
CTATHCTHUKY OJIA BLIMHCIEHHKA CPEOHUX.

Knaccuyeckasa MOBENTb aToMa MO3BOJAET NATh TEOPHIO LENOro pAaa ABJICHUH,
BO3HUKAIOWMX NPH B3AMMONEHCTBHY CBETA C BEMECTBOM. JTO TaKHe ABJIEHHA, Kak
TIOIJIONIEHHE ¥ NCIIEPCUA CBeTa, pasHoobpasHble HeTnHeHHbIe nmponecesl (reHepanus
ONTHYECKMX FADMOHUK, CAaMOOKYCHPOBKa CBETa, BBIHY XIEHHOE PACCesHHE U T. 1.).
3necs 3TH ABNEHHA DACCMATPHBAIOTCA C TOYKHM 3PEHMA B3auMOmeiicTBMA CBETa C
3JIEMEHTAPHBIM ONTHYECKHM OCUHJLIATOPOM CPEJIbI.

Hakonen, B 3aK/TIOYHUTE/IbHBIX JIEKIMAX OAaHA TEOPHA TENJIOBOTO H3JIyYeHUSA U
sasepa. Iloka3ano, Kak BOSHUKAET B ONTHKE NpeuCTaBsenue ob snemenTapHoO# Hene-
mamolt nopuux ceera (“kBanT”, wiK “doTon”), a Takke 0 Tpex GyHIAMEHTAILHEIX
npoueccax B3auMone#CTBMA CBeTa C BemecTBOM (NOIJVIOMIEHME CBETa, CIIOHTAHHOE
HCIyCKaHMe, BHIHYXXACHHOE H3ydenue). BrIBOX O CymecTBOBaHMM BBIRYXKIEHHOTO
H3JIyYeHUs NO3BOJIATI CO3NATH NMPUHUMINAJILHO HOBBIE HCTOYHUK CBeTa — JIa3ep.
Ilo cBoelt cTpyxType cBeT s1asepa G/IM30K K MOEAILHOM rapMOHHYECKOH BOJIHE.
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Jlexknua 5
Knaccuueckasi pusuka u3jIyd4eHUs

Onum lepya. Amom xax 3aemenmapruil ucmovnux ceema. Kaaccuuecxas modeav
amoma. Haayuenue 3apada. Ycaosusn usaywenus. Pacnem nonepesnott xomnoren-
mu noan. Cmpoeoe pewerue 3adavwu 06 udayvenut dunoas. Iapmonusecxue xose-
banus Junosn. Iloanas Mmowprocms usaywenusr dunoan. Paduayuonnoe zamyzanue.

Kax n modeMy BO3HHKaeT cBeToBoe mu3jydeHne? Yro AB/IAETCA MCTOYHHKOM
3JIEKTPOMArHHTHEBIX BOMH? McYepnbiBaromue OTBETH HA 3TH BOIPOCHL B COCTOAHHH
JIaTh TOJIbKO KBAHTOBasA TeOpHA. Bosiee TOro, NCCIeNOBAHNE UMEHHO STHX BONPOCOB
M IPUBEJIO B CBOE BpeMA K OTKPBHITHIO KBAHTOBBIX 3aKOHOB Npupoabl. CaMo noHsaTue
“xpaHT” 6bLI0 BriepBrle BBeneHo Maxkcom IlnaHkoM B CBA3M € UCCIIEIOBAHUEM H3JTY-
YeHMA Harperbix Tes. TeM He MeHee, obcyxneHue PUBUKY U3ITyIEHHUA MBI HAYHEM C
KJaccH4Yeckoit monenu, passuroit MakcsesioM, Jlopenuem, I'epuem. Jocronncrso
3TOH MOAENIM — IPOCTOTA U HATJIALHOCTH, BO3MOXHOCTh 00bACHATDL H3NYUEHUE CBe-
Ta NCXOMAA W3 32aKOHOB BJIEKTPONMHAMEKY Makpockonwdeckux tei. Crneayer orme-
TUTh TAKXK€, YTO MHOCHE BLIBOIbI KJIACCHYECKON TEOPHH HAXOIAT KAYECTBEHHOe, a
MHOTOA ¥ KOJIMYECTBEHHOE TMOATBEPXKAEHUE B KBAHTOBOH TEODUH U3JIyYEHHsI. -

Omnmit Iepuia. TlepBouayuasibHo H3nyyeHue 31K TPOMATHUTHBIX BOJIH ObL10 IpO-
JEeMOHCTPUPOBAHO Ha YCTaHOBKe, HasbiBaemMo# “eubpamopom I'epya”. Bubparop
Fepua npencrasifeT cofoit mapy MeTaIM4eCKHX CTEPXHeH C ApHKAaMHK Ha KOH-
UaX, pacmoJIoXKeHHBIX BIOJb OOHOR npaAMo# Ha HeGOJIBIIOM DACCTOAHHUU LPYT OT
npyra (puc. 5.1). CTepXHM yKpeILUIeHbl HA H30JUPYIOUIMX MOACTABKAX M paslesie-
HbI Pa3pAOHLIM IPOMEXKYTKOM. Yepes BLICOKOMHIYKTUBHBIE IPOCCENIH K CTEPKHAM
MOJBOOKWTCS NMOCTOXHHOE BLICOKOE Hampsxkenue. Mexiy CTEPXKHAMHN IPOHUCXONMT
UCKPOBO#l BBICOKOYACTOTHBIY Pa3pan, IpU 9TOM BUODPATOp M3JIydaeT 3JIeKTPOMar-
HUTHYIO BOJIHY. 9TO U3JIyUY€HHE MOXKHO 32PErMCTPHPOBATE C OMOIIBK) aHAJIOTHYHO-
ro npuemnoro subparopa (puc. 5.2).

ArTom Kak 3sieMeHTapHBIH McTOYHMK cBeTa., YacTora usnyvenuns subparopa
Tepua coctasnser 107 — 108 I'u. YacToTa BUAMMOrO CBETa Ha HECKOILKO MOPAIKOB
Bbime # cocTasser 10*% —10'® T'u. BosHukaeT BOIPOC: CyMECTBYIOT T “BUODPATODEI
Tepua” ¢ TakuMu dacroramu? Ecim ga, To oHn Morn 6s1 wanyvats cser. [lockosib-
Ky 4acTOTa W3JIydeHHA BO3PACTAeT [IPY YMEHBIIEHUN Pa3MepOB BUOPATOpPA, MOXHO
OPEeANOJIOXKHUTb, YTO 3JIEMEHTAPHbIH UCTOYHAIK CBeTa 00J1aJaeT Ype3BbIMaliHO MaJIbl-
Mu pasMepaMu. Bruta BeICKa3aHa uies, YTO TAKAM MCTOYHUKOM MOXKET ObITh ATOM
HJIH MOJIEKYJIA.

Puc. 5.1. Bubparop I'epua
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Puc. 5.2. Cxema omwrra I'epua

Knaccudeckas momens aroma. Knaccudeckn#t o6pa3 aToMa — rapa pasHo-
UMEHHBIX 3aPAIO0B, CBA33HHBIX MexKAy cobolt ynpyro#t cuno#t. Kak morna Obl Bhiris-
zeTb Takasa cucrema? Onun U3 BO3MOKHBIX BAPHAHTOB MMOKa3aH Ha puc. 5.3. 3nech
TOYEYHBI} TOOKUTENBHBIA 3apAL +¢ PACIONOXKeH B LeHTpe aTtoMa, { “aapo”), a oT-
pHLATEIbHBE 3apsAl ~¢ PABHOMEPHO pacnpeneseH BHYTPH cdepbl, OXBaThiBawomet
aapo (“asexkTpon”). CHCTEMa HAXONMTCA B PABHOBECHH, €CJIM LEHTD Cdepsl CoBHa~
naer ¢ anpoM (puc. 5.3, a}. Ecau xe uesaTp cdepsl CMemaeTcsa OTHOCHTEILHO Apa,
TO BO3HMKAET KYJIOHOBCKAaf BO3BDALAIOWAA CHJIA, PONOPUHOHANIbHASA BEJHYAHE
CMEIIEHNA ¥ CTPEMAIIAACA BEPHYTh aTOM B TMONOXKeHWe paBHoBecusa (puc. 5.3, 6).
Taxum 06pa3oM, 3apAObl B3aUMOZEHUCTBYIOT NMOMOGHO IMIApPUKAM, CBA3AHHBIM MPY-
xusKol (puc. 5.3, 8).

Jpuxenne anekTpoOHa OTHOCHTENBHO ALPA ONHCHIBAETCA ypaBHeHueM Koseba-
Huit

. 1 ; e
P+ -t 4wz = —E, (5.1)

T m
rae e, m — 3apAl H Macca 3JeKTpoHa, F — BHemHee ajieKTpu4ecKoe Ioje, T —
CMeIeHKe JIEKTPOHA OTHOCHTENIBHO TIOJIOXKEHUA PABHOBECHS; Wy U T — YacTOTa M
BpeMs 3aTyXaHUus CBOGOIHBIX KoneGanult sexTpoHa. Touka Hanm 6yksoii o6o3Haua~

et nuddepeHuupoOBaHne O BpeMeHn. BaxHo# xapaxTepuCTUKOl aToMa ABJIAETCA
FUNOALHOIT MOMERT

%) @

a) 6) 8)

Puc. 5.3. Knaccuueckasa Mogese aroma

5 3ak. 350
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Puc. 5.4. KapTusa CHJIOBBIX JIMHAH SJIEKTPUYECKOrO NOJA TOYEYHOrO 3apPANa P PAaBHO-
MepHOM npamMosunelinom nsuxennn: v K ¢ (a), v = ¢ (6)

p(t) = exz(t). (5.1a)

Wrak, corytacHO KJIACCHYECKO! MOZesIH, aTOM IpencTasiaeT cobolt cucreMy cBA3aH-
HBIX 3apAN0OB, B KOTOPOH 3JIeEKTPOH criocoben coBepiaTh KoiebaHus OTHOCHTEIIBHO
anpa. O6cynuM Tenepb MEXaHU3M TOCO, KAK KOJeGNOmuics B aTOME 9/1eKTPOH 10~
POXIAET 3JIEKTPOMATHUTHYIO BOJIHY.

HNanyuenune 3apsana. YciioBus u3ajrydyenud. [lonsiTaeMca BRIACHATD, IPK Ka-
KHUX YCJIOBMAX IBMKEHHE 3aPAH2 MOXKET BHI3LIBATD MOABJIEHUE 3JIEKTPOMArHUTHON
BosHbl. He obpawasachk noka kK ypasHeHuaMm Makcsesnsia, paccMorpum 6osiee asre-
MEHTapHYI0 KapTHHY CUJIOBBIX JIMHUY.

Hoxoswutica uau pasromepro deuscywutics 3apad ne usayxaem. XOpoumo u3-
BECTHO, YTO CHJIOBBIE JIMHHUH 3JIEKTPUYECKOrO II0JIA HENOABHMKHOIO 3apsAaa NpeacTa-
BJIAIOT coBOH npsAmble Jyud. Ecin 3apan ABMXKeTcA PAaBHOMEPHO M MPpAMOJMHeRHO,
TO CHJIOBBIE JIMHMM TAKXKe UMEIOT B[ IPAMEIX Jiydel, HAPABJIEHHBIX OT MCHOBEH-
HOTO MOJIO¥KeHusA 3apAna. [loCKONIbKY CHTOBBIE JTHHUK HUTIE HE UMEKT “U3JIOMOB”,
pH TAKOM ABMXKEHWHM HEBO3MOXKHO 06pasoBasive monepevHolf 3/eKTpoOMarHuTHO#
BOJIHBI, He06XoouMON IJis M3/TyYeHUA.

Ecnu ckopocTh IBUKEHUS 3apALAa MHOTO MEHbINE CKOPOCTH CBETa, TO 3JIeKTPH-
gecKoe I0JIe OIHCHIBAETCH (GOpMYJIoh

.
E=rL, (5.2)
r
rle ¥ — pamuyCc-BeKTOP, IPOBEUEHHBIM U3 TOYKH MTHOBEHHOIO NOJIOXEHHA 32psAaa
B TOuKy HabmoaeHus, 1 = F/r — enuHUYHLI BEKTOp, HANpaBNEHHBIH BIOML 7.
TIpu cxopocTy ABMXKEHNA 3apANa OIMSKON K CKODOCTH CBETa JICKTPUYECKOE HOJie
seIpaxkaercs (opmysoht (cm. nomosmenne 6, bopmyny ([06.117)):

Q-4
(1 - B%sin® §)3/2’

rae 8 = v/c, § — yron mexny BekTopamu T 1 ¥. KapTunsl cnnobbix JmHuit 351eK-
TPHYECKOTO MOJA 33PAJa, OBHXYIIEroCA NPAMOIMHERHO ¥ PABHOMEDHO, [TOKa3aHb!
HA pHUC. 5.4.

K nossaenuio nonepeuHnir KOMNOHEHM NOAR U UIAYMEHUI npusodum ycxope-
nue 3apsda. PaccMOTPUM Tenepb npAMOJMHEHHOE yCKODEHHOE NBUKEHHE 3apsAla.

—

L q
=il
na

(5.3)



Jexyua 5. Kaaccuvecxas pusuxa usAy4erur 131

Pnc. 5.5. Kapruna cunoBrix JuHUH DD YCKOPEHHOM IBHXEHHM 3apAaa

JlomycTHM, 9TO 3apAl ¢ NEPBOHAMAJILHO MOKOUJICH, 33TEM B TEYEHHE IPOMEXYTKA
ppemenu At ODBUTAJICA C YCKOPEHKEM, 8 IIOTOM paBHOMepHO. IlocienoBaTebHOCTD
Pa3IMYHBIX COCTOAHMH NBUXKEHUs 3apAlla TAKOBA:

—-00 <t< 0 3apag moxourca B Touke T = 0,
0<t< At 3apag OBHXKETCA BOOJb OCH T C NOCTOAHHBIM YCKOPEHUEM a,
At <t < 0o 3apAn OBUKETCA PABHOMEPHO CO CKOPOCThIO v = a At.

IIpenmnosioxXuM, 4TO CKOPOCTh 3apANa MHOTO MEHbINE CKOPOCTH CBETa U PacCMO-
TpuM MOMEHT Bpemenu t > At. KapTuna cuiosbIx JMHUR 3JIeKTPUYECKOTO IIOJA
3apAna B 9TOT MOMEHT TIOKa3aHa Ha puc. 5.5. 3a mpenenamu cdepbi ¢ HEHTPOM
B Hauajle KOODOMHAT M paauycoMm 7 = ct 2JeKTPUYECKOe NOJie COBIAJaeT C NOo-
NeM 3apAa, HOKOAMErocs B HaYyase KOOPAWHAT. ITO 00bACHAETCA TEM, YTO BO3-
MYIIEHUE CHJIOBBIX JIMHMI, BBI3BAHHOE CMEINEHHEM 3apAla, PACIPOCTPAHAETCA B
MPOCTPAHCTBE CO CKOPOCThIO CBETA ¢ M, CENOBATENLHO, K MOMEHTY BPEMEHH i He
ycnesaer BTy 32 npenensl chepsbl paguyca ci. BHyTpu cdepsl MeHbIIETO pamu-
yca r' = c(t — At), ueHTp KOTOPOH HAXOOMTCH B TOYKE MIHOBEHHOTO NOJIOXKEHHS
3apAga T & vi, 3JIEKTPUYECKOE TIOJI€ COBNMAJAET C TOJIEM HENOIBHXXHOIO 3apANa,
PacnosioXeHHOro B Touke z. CnenoBaTesibHO, B 00JACTH MPOCTPAHCTBA, 3AKIIIOYEH-
HOHM MeXIy ABYMA yKa3saHHbIMU ChEpPaMU, CHIIOBbIC JIMHUY 3JIEKTPUIECKOro IOJIA
3apAna npemepnesaom udaom (puc. 5.5).

IloaBnenne H310Ma O3HAYAET NOSABJIEHNE NMONEPEYHON KOMIOHEHTHI BJIEKTPHYe-
CKOro noss 3apsana. VIMEeHHO Ta KOMNOHEHTAa NOJA OTBETCTBEHHA 33 W3JIy4YeHHE.
W3znoM cuioBbIX JTHHEAN PACHPOCTPAHAETCA B IPOCTPAHCTBE CO CKOPOCTHIO CBETa C.
CornacHo ypaBHeHWAM MaxkcBeJuia, IepeMeHHOe 3JIEKTPUYECKOe I0Jie HOPOKAAeT
BHUXpEBOe MaruuTHoe noJie. [I03ToMy pacnpocTpaHAInUeCs OT 3apANa U3JIOMBI CH-
JIOBBIX JIHHHH 3T0 (baKTHUECKH MMIYJIbC JIEKTPOMATHHTHOIO H3JIy4YeHHA, Pacnpo-
crpanaomuiics B Buge ceprdeckol BOJIHEL
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Puc. 5.6. K pacuery nonepeusoit KOMNOHEHTH 3JIEKTPUYECKOrO MOJA YCKOPEHHO HBUXY-
Werocs 3apsaua

TToayepkneM, YTO NOABIICHHE U3JIOMOB CHJIOBBIX JTHHAN ¥, CIEIOBATENILHO, H3JY-
YEHUS CBA3AHO C YCKOPEHUEM 3aPRJa, IIOCKOJIBKY CHIIOBBIE JIMHUN PABHOMEPHO ABH-
XKymeroca 3apana sclony npamosuHelinbl. Taxum o0pa3oM, MPUXOOUM K BHIBOLY,
YTO NMPUYHMHON 3JIEKTPOMArHHTHOTO M3JIyYE€HHA ABJIACTCA YCKOPEHHE 3aPAXKEHHBIX
9aCTHUH.

Pacuer nomnepeunoi KoMmoHeHThl nossA. PaccMOTpeHHaA BbLIIE MOAEb
JIBHOKEHHUA 3aPALA NO3BOJAET He TONLKO KaUYeCTBEHHO O0bACHUTD MEXaHU3M U3JyYe-
HUA JIEKTPOMArHUTHBIX BOJIH, HO # KOJIMYECTBEHHO PACCUMTATH 3JIEK TPOMATHUTHOR
11071€, BO3HUKAIOWIEE DY YCKOPEHHOM ABUKEHHM 3apALa.

Paccmorpum Gostee eTansHO OOHY W3 CHJIOBBLIX JIMHHH 3JICKTPHYECKOrC MOJA
3apsj1a B MOMeHT Bpemenu t 3> At (puc. 5.6). IIposenem paauyc-BekTOp 7 U3 TOYKH
EePBOHAYAJILHOrO IOJIOKEHUA 3apana (z = 0) B Touky Habmonenus nona. Cveme-
HHe 3apsaa 33 BpeMA ¢ MOXKHO MpuOJIMKEHHO 3anucaTh B BUAE T = Ui, IOCKOJIbKY
npu t 3> At semosHAeTcs nepaBeHCTBO a(At)? /2 K vt. OGo3HauMM Yepes v M UL
TIPOJOJIBHYIO ¥ TNONEPEYHYIO KOMIOHEHTHI CKOPOCTH 33p#AJia NO OTHOMEHMWIO K Ha-
TPABJICHUIO PAJIHYC-BEKTOPA 7. Ananoru4neiM o0pasoM BBefieM NpomoNeHYIo Ej u
nonepevyHyio £ | KOMIIOHEHTHI 3J1eKTpruyeckoro noJsis. M3 puc. 5.6 suaHo, 4To B 0bn1a-
CTH W3JI0Ma CHJIOBOH JTMHMM IPONOJSIbHAS U NIONEPEYHAA KOMIOHEHTHI MOJIA CBA3AHbI
COOTHOUICHHEM

E, _uit
" . E" N (5.4)
Hcnonssysa dopmyisl
Ey = g/r’, r=ct, v=alAt, vit=vtsinh, (5.5)
TIOJTy YaeM
B, = 295iné (5.6)

c2r



Jexyus 5. Kaaccuneckan gusuxa usayvenus 133

W Tax, MbI BbIYHACJIHIIM NIONIEPEYHYIO0 KOMIIOHEHTY 3JIeKTPUYECKOr'O 11014, CBA3AHHYIO
¢ yckopenueM 3apaga. B ¢popmyie (5.6) ¢ — yckopeHue 3apana g, r — pacCTOAHHE
OT 3apAna A0 TOYKH HABJIIOOEHUS 1MoJis, § — yros MexOy HampaBJIeHHEM YCKOpe-
HUA ¥ PAJMyC-BEKTOPOM, IIPOBEIEHHBIM OT 3apANa B TOYKY HabIONeHusA Noad, ¢ —
CKOPOCTH CRETA.

B cuny ypasnennit MaxcBensa, nepeMeHHOE 3JIEKTPUYECKOE [10Jie NOPOXKIAeT
MarHuTHOE mnojie. MoxHO noxkasaTh (CM. JonoJiHeHue 6), 4To IJ1A JOCTATOYHO yra-
JIeHHO# TOYKHA HAOJIIOOeHWA MArHHTHOE MoJjie MEePHeHOUKYIAPHO HONepedyHOl KoM-
[OHEHTE 3JIeKTPUYECKOro IIOJIA M PaguycC-BeKTOpy 7, a o abcosmoTaoft Benwiune
COBN3JAET C IEKTPHYECKNM NoJieM (KaK M IJIA TIIOCKOR CBETOBOM BOJIHBI):

H_L -':E_L, (5-7)

Ionpayace popmysnamu (5.6), (5.7), MOXKHO BEIYHCIUTS MJIOTHOCTD TOTOK3, SHED-
I'MH 3JIEKTPOMATHUTHOTO M3JIyYeHHA YCKOPEHHO JBHXKYIIETroCA 3apANa

(agsin@)?
4ncdr2

c .
S=-E.H. = (5.8)

Hanpassenne BekTopa S COBIAIAET C 7, T. €. IOTOK SHEPTHHM HANPABJIEH OT 3aPAAA.
W3 ¢popmyasl (5.8) BUIHO, 9TO NJIOTHOCTH MOTOKA SHEPTHM YMEHBIIAETCA TPONOP-
[UOHAJILHO KBAOPATY PACCTOSHUS OT 3apsAfa {IpH STOM NOJHBEIA MOTOK 3HEPruM
coxpaHsaercs), a Haunbosiee WHTEHCHBHOE M3JIyYEHHE PAaCHpOCTPAHAETCA B HAIpa-
BJICHHM TIEPIEHIUKYJIAPHOM YCKODEHHIO 3apAna: Smax = S(# = 7/2). U3 dopmyan
(5.6), (5.7) BUOHO, YTO HANPAKEHHOCTD 3JIEKTPOMATHATHOIO TOJI, H3JIYYAEMOro 3a-
pPANOM, yOBRIBAET MPONOPUMOHAJILHO PACCTOAHUIO OT 3aPAAA, 7, YTO XaPAKTEPHO /I
cepuveckolt BOIHBL.

ITpuMeHAs NOJIyYeHHBIE PE3YJILTAThI K YACTHOMY CJIy4aio KouebaTeIbHOro ABH-
JKEHUA 3aPALA, MOXKHO CIEJIaTh BHIBOI, YTO OCUIIIADYIOWMHA 3/IeKTPUYECKHH 3apAL
(m1e QUNIONIB) M3JTYHaeT B NPOCTPAHCTBO CPEPUIECKYIO BIEKTPOMATHUTHYIO BOJIHY,
4acTOTa KOTOpoi coBnaaer ¢ 4acroroil konebanuit gunons.

Crporoe pemeHHne 3alayu o6 H3nydYeHMH ouunouas. VMes BBHAy Kjac-
CHYECKYIO MOJE/Ib ATOMA, PACCMOTPHM HM3/Iy4YEHHE Naphbl 9JIEKTPUYECKUX 3aPALOB
+q 1 —~¢, CBA3aHHBIX Mexay coboit ynpyroft canoil. Takywo cucremy Gymem HasbI-
BaTh dunosem. OCHOBHON XapakTEPUCTUKOH NUNO/IA ABAACTCA JUNOALHBT MOMEHTN,
onpenenaeMbii popmynohk

F=) afi = q(fi - 2), (5.9)
i

-

roe 1, f2 — DanUyC-BeKTODH 3apaAnoB. JMHAMMKA IMIOJIBHOTO MOMEHT3 aToMa
omucriBaeTca ypasaenuamu (5.1), (5.1a). B sextopuolt dbopme MOXKHO 3aIMCATDH

pt) =Fop(t),  p(t) = qz(t), (5.10)

re To — €AVMHUYIHBIH BEKTOD, HANPABJIEHHBIN BOOJIb JIMHUY, COeNUHAOMmEe! 3apAab.

Crporoe perieH#e 333494 06 W3ITy4YEHUN AMNONA MOXKET ObITh NMOIYYEHO IIyTEM
pemeHutt ypapHennit Makcaensa ¢ y4eTOM NePEMEHHOTO TOKA, BHI3SBAHHOIO JIBUXeE-
HHEM 3apALOB:
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oy

B

0] )

&

Puc. 5.7. DnerTpOMArHUTHOE H3JIyYEHHE IHIIOJIA

tE——-l—%I?I, divE:47rp,
\9F 4 (5.11)
tH_——(-9?+—cf-j’, divH =0.
9t0 peurenue umeer BuA (CM. monosHenue 6)
- 1 7,0 1 L
= o [n, [n,ﬁ(t - r/c)H ) H= ~ [n ot — r/c)] (5.12)

B dopmysax (5.12) ¥ — panuyc-BekTOp, NPOBEAEHHBI! OT QMIIONA B TOYKY Habirio-
IeHus ToMs, fi = 7/7, ¢ — CKOPOCTb CBeTa, TOYKa Haj 6ykso# obosnadaer mud-
cdepenuuposaure no BpeMenn. Pemenue (5.12) cnpaBemneo nj1a Tak HasbiBaeMol
danvuetl 3onn, T. €. 00J1ACTH IPOCTPAHCTBA, HAXONAWEHCA OT QUIOAA HA PACCTOAHUY
MHOrO 60sIbIIEM PA3MEPa AMIIONIA H AJIMHL] BOJHbBI H3JTy4eHUA.

CrpykTypa MoJIA UITYYEHUA OUIONS NOKA3aHa Ha puc. 5.7. 3aMeTHM, 4TO OH3
hakTHYIECKH COBIALAET CO CTPYKTYPO# 10J1A, HARNEHHO! BhIlIe HA OCHOBE AHAJIN3A
KAPTHHBI CHJIOBbIX JIMHHI.

Tapmorugeckue Kosiebanua nunona. BoranenuM sHepreTudeckue xapakre-
PUCTHKH U3TYYEHUA CUUTAA, YTO OUIOJL COBEPHIAET FAPMOHUYECKUE KONCOAHMA:

z(t) = X coswt. (5.13)
HNcnonb3sysa popmyast (5.10), (5.12), (5.13), nomyunm
E =@&Acosw(t—r/c), H =hAcosw(t-r/c), (5.14)
roe
WX | . Lo (72, £o]
A= o sinf, &=-— [n, h] , h= Sl (5.15)

6 — yros Mexny BekTOpaMu 7i W Zp. Popmyssr (5.14), (5.15) nokaspiBarot, UTO
| M3JIyYeHHE IUIOJA AUHETHO NOASPUI0B8AHO, IPHYEM BEKTOp F exXHT B NIOCKOCTH
—

BEKTOPOB 7 U Fo, & BeKTOp H oproroHaneH sroit miockoctu (puc. 5.7). Bextop
NOTOKA YHEPTHK
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Puc. 5.8. [JuarpaMMa HaIpaBIEHHOCTH H3JIyYeHHA JUNONA

2

§=2|5.4]= 944;7 [2.5] cos? w(t - r/o). (5.16)

Yunrnisas Gpopmynst (5.15), MOXHO 3anucaTh
&3] = [, [7.5]] = an? = . (5.17)
VIHTEHCHBHOCTD U3JTYYEHUA

c A2 q2 X2w4 .
I= (S) = _871'_ = Wsmz 8. (518)
JlmarpaMMa HaNpaBJIEHHOCTH H3Ny4YEHHA I10Ka3aHa Ha pHC. 5.8.

Ilonmnas MompocTs H3nydeHds munonsa. Hcnonssys dopmyny (5.18), ue-
TPYBHO Ha#TH MOJHYIO MOIHOCTD M3JIyYEHNA OUIOIS, T. €. CYMMAPHYIO MOIIHOCTh
M3JIydYeHHWA, BCIYCKAEMOro IMIOIEM BO BCeX Hampasienwsx. Ins srtoro crienyer
OPOHHTErPHPOBATH HHTEHCHBHOCTD U3JIyYEHHA 1O TOBEPXHOCTH Cepbl, OXBATHIBA-
tomett gunoss. [IpoBenem Boxpyr numonsa cepy pamMyca r 4 BBeneM yrisl cepn-
yecKOl cucrembl xoopausar 8, ¢ (puc. 5.9). 3agasas npupanenne yrios df, dyp,
HOJIyYuM Ha CEpPEe IAeMEHM NOBEPTHOCTU C TLIIOIAABIO

do = r?sin 0 df dy. (5.19)
Tonnasa MOIGHOCTD W3YYEHUs JHUIONIA BBIPAXKaeTCA (opMyJIoH
2w
P=/1da=/d¢/1r2sin0da. (5.20)
o 0 W ey
TMoacrasass (5.18) B (5.20) U uHTErpUpPY A, NOAYIHM |
o mf P = %_ (5.21)

B sTott dopmyne ¢ — sapag munons, X M w — aMIUINTYAa ¥ 9aCTOTa Kosebauui,
¢ — CKOpOCTb cBeTa, P — momuocTs n3nyyenus. O6paruM sHEMaHHE HA CHIIbHYIO
3aBHCHMOCTb MOIUHOCTH M3JIyYeHHA OT 4aCTOThl Koaebanuit QunoJis.
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Puc. 5.9. K pacueTy MOMIHOCTH M3JIy4Y€HUA TUNIONA

PaguanmuonHoe 3aryxaHue. M3nyyas 3/1eKTPOMArHUTHRIE BOJIHBL, JUATIOND Te-
PAET 3HEPrHI0, YTO IMPHBOJUT K 3aTYXAHHIO CBOOOIHLIX KosiebaHuit. 3aryxaHue Ko-
JieGaHUi aTOMHOrO OCUMJUIATOPA, CBA3AHHOE C NOTeped SHePIUH HA M3JIy4YeHHe, I0-
JIYMUJIO HA3BaHWE PaducyUOHHO20 30MYyTeHUR. BpeMs DaIUalOHHOrO 3aTyXaHUsA
MOXHO OLEHHTb KaK OTHOUIEHHE HAYAJILHOH 3HEPIrUH OCLUMIIIATOPA K MOUIHOCTH M3-
JIy9eHu:

T=W/P. (5.22)

W3 mMexaHuku H3BECTHO, YTO IHEPIruI0 rapMOHINYECKOr'0 OCHWINATOPA MOXHO Npea-
CTAaBUTL B BHOEC

W = mw?X?/2, (5.23)

[Ie m — Macca OCUUIIATOpa, X U w — aMIUIHTYa U 4acToTa ero kosiebannit. Ioa-
crapnaz (5.21) u (5.23) B (5.22), nony4um J1a BpeMEHM PaIHANYOHHOTO 3ATYXAHUA
OLEHKY

3mcd

VinrepecHo ouenuTs no srolt dpopmysie BpeMs { SATYXBHILA KosiebaHuil 37€KTPOHA B
aTome Ha onmTHYeckol uacrore. Ilosaraa m = =91x10"28 r, ¢ = 3 x 10! cMm/c,
g=e=428x10" CI'CY, w =4 x 10'% ¢!, nonyunm

r=10"%c. (5.25)

Hrak, cornacuo Haleit onenke, BpeMs BbICBEUHBAHNA KJJACCUYECKOrO aTOMa COCTa-
ssiger npamepHo 1078 c. DxcnepumenTanbube HCCIENOBANNA MOATBEPXKAAIOT ITOT
pesyJsbTat.

Cornacuo ypasuenmo (5.1), saTyxasue CBOGOOHBIX KOIeHanuit aTOMﬂOI‘O OCUMJI-
JATOPa MOXHO NPHBIIMXKEHHO OnucaTh hopMynolt .y
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x(t)

Puc. 5.10. 3aryxanue cBo6oaHMNX KOe6aHKH aTOMHOIO OCUMJIIATOPA

#(t) = zpe~t/? coswpt - (5.26)
HJTH
z(t) = X coswypt, (5.27)
Ce aMILTMTYOa Konebanmii '
X = zpe~t/?" (5.28)

yMeHbIDaeTCa ¢ TeyenneM Bpemenn (puc. 5.10). Iogcrasasa (5.28) 8 (5.23), naxo-
MM 32KOH U3MENEHUA SHEPIUMH OCLUHJIIATOPA

W =W(t) = Woe™ /", (5.29)

roe

Wo = muwizli/2 = W(t=0), (5.30)

Wy -— HaJaNIbHAA HEPrUA OCUMILIATOPA.

3amerum, yTo B Macmrabe nepuona ceetoprix Kosebannit (Ty ~ 10715 ¢) ymens-
LIeHMe aMILTHTY OBl KosieGanull npoucxonut ouens Memnento (7 =~ 1078 c¢). Iloaromy
10J1e U3JIyYeHUA OTAE/BHOIO ATOMA MOXHO MPUOIMKEHHO 3aMUCATH B BUAE

E(t) = apexp (— t ;Tt()) cosfw(t ~ to) — 9], (5.31)

rae tp — MoMeHT Bo30yxneHuA xonebanuii (Bo3byixIeHHE ATOMHOTO OCLMJLIATO-
pa MoxeT ObITh BHI3BAHO, HAIIPIMED, CTOJIKHOBEHMEM 3TOMA C JIPYTHM ATOMOM HJIA
3JIEKTPOHOM ), Qg M Y — HaYaJbHBIE aMILIUTYIa ¥ (asza Konebauuit 31eK TPHIECKO-
rO 10JIA B TO4YKe HAGMIONEHNA, W M T — 4YacTOTa M BpeMs 3aTyXaHmsa CBOGOOHBIX
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3JIEKTPOHHBIX Koslebanuit. 3aBUCHMOCTD I0J1A U3JIYYEHHA OTAEIbHOTO ATOMA OT Bpe-
MeHu MomobHa 3aBHCHMOCTH, NokasanHo# ma puc. 5.10. B ¢uxcuposanuolt Touxe
IIPOCTpaHCTBA 11I0JI€ U3JIyYECHUA HUMEeT BHL, Moﬁynupoeaﬂnoao 1CO./I86G‘H’UH.
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Jlexkuusa 6
Nznyuenune aHcaMObJisi OCIMILIIATOPOB

Om dunamuxu ocyuaramopa x cmaemucmuxe ancamban. Heaaseprnwil ucmonnux
CBEMA: UNMENCUBHOCTNY, NOARPUSGYUR, JUAZPAMMA HANPABAECHHOCTIU USAYHEHUSA.
Cmamucmura usayuenus He3a8UCUMBT ocyuaramopos. Cnexmp usayvenus. Me-
TAHUIMB YJUIUPEHUR cnexmpaabnott aunuu. Ecmecmeennoe ywupenue. Jonaepos-
cxoe ywupenue. Ywupenue U cdsuz cnexmpasvhotl Aunuy, 06YcA08AEHHBE CTOAK-
noseruaMmu. Ippexm Huru: cmoaxnosumennvtoe cyrcenue 0omaeposcrot cnex-
MPAALHOT AUHUU 6 NAOMHOM 2a3e.

Or oMHaMHKH OCLHMJLIATOPA K cTaTMcTHKe aHcambus. IIpu onmcanuu us-
JIyYEeHUS PEAJIbHBIX UCTOYHHMKOB CBETA Ha [EPBbIH IUIaH BBIXOAUT NPODIEMa CyMMU-
POBaHUA BKJIAAOB OTPOMHOIO YHCJIA OTAEIbHLIX OCHMJIIATOPOB (ATOMOB, MOJIEKY ).
9ddexkTuBHLIM Iy TH PelieHNA 9TON 3a124H COCTOHUT B 3aMeHe CyMMHPOBAaHUS ycped-
HeHueM ¥ UCTIOMb30BAHUA NPABWIL CTNAMUCTIUKY IJIA BLIYUCICHUA CPEIHHX.

Henaseprsili UCTOYHHK CBeTa: HHTEHCHBHOCTL, MOJIAPH3AUMA, IHA-
rpaMMa HaIpaBJIeHHOCTH M3JIydYeHHA. PacCMOTpUM u3Jly4YeHHEe COBOKYITHOCTH
OCUM/UISITOPOB B HEKOTOpO# dbUKCHPOBaHHOH TouYKe mpocTtpanctsa (puc. 6.1). Ha-
OpPAXKEHHOCTH CBETOBOTO TIOJIA B JAHHONR TOYKe MOXHO NPEACTABUTH B BHAE

N

- —

k= iy (61)

I~
Il
-

rae N — 4MCII0 OCHHIIIATOPOB,

-

E; = €;a;cos(wt - ), (6.2)
E; — none usnydyenus oraenpHoro ocuusuiatopa. ®opmyny (6.1) MoxHO, O4eBUIHO,
liepenucarh B BUAE,

- —

E = N(Ey), (6.3)

rne

(Ei) = E (6.4)

1
N

||Mz

{E;) — cpentee 10 ancam0b0 OCUMJIJIATOPOB 3HAYEHHe NOMsA. Beryucinm 3ty Be-
JMYMHY, CHMTAA HAapaMeTphl €;, @i, i HE3ABUCHMBIMM CJIy4aiHbIMH BEJIHYMHAMH.
Monyyum

(E) = (E)a:)(cos(wt — ;) =0, (6.5)
DOCKOJIbKY (hashl oCUMIIATOPOB pacnpenesiensl papuoMepHo (puc 6.2)

w(pi) =1/2r  (-m < p; <) (6.6)

A, CJIeI0BATEJILHO,
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x

3

3¢

tH

HcTouHuK cBeTa

Puc. 6.1. K pacyery xapaKTepuCTHK H3/ydeHHs aHCAMOJisA OCUHUIIAATOPOB

m

(sinp;) = /Sin piw(p;)dp; =0,
" (6.7)
(cos ;) = /COS piw(p;)dp; =0,

(cos(wt — i) = coswt{cosy;) + sinwt(sin ;) = 0.

Urak, BCiiencTBre Xa0OTHYECKOrO pacnpenesieHus a3 CpenHee 3HaueHne HaNpAKeH-
HOCTH CBETOBOTO IOJIA, CO31aBaeMOro ancaMbyieM OCUMIIATOPOB, OKA3LIBAETCH PaB-
HbIM HyJsi0. I1o 37Ol XKe MpUYMHE UHTEHCHBHOCTHL W3J1yY4eHUs

[+
I=-—"(E? 6.8
47r( ) (6.8)
OKa3bIBaCTCA pam{oﬁ CyMMe CpEIHHX HHTeHCI/IBHOCTeﬁ H3JYYEeHUA OTHAENIBHBIX OC-
LMJLJIATOPOB:

I=N(L), (6.9)

w(yp)
1/2n

- 0 4 ¢

Puc. 6.2. Pacnipenesienne BepoaTHOCTH 414 ¢dassl kosebanutl ocuuaropa
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roe
(L) = (B, (B} =5 Y B (6.10)

B camoM mene,

N N
EZZZEi E-‘=ZE.‘2+ZZ -‘i—'j=

i=1 i=1 i=1 i=1 j#i=1

.

= N(E?) + (N®> - N)(E;E;) = N(E?). (6.11)

Ipu seisone (6.11) Mul ucnonszoBanu dpopmyist (6.1), (6.5) n ycnoeue HesaBHCH-
MOCTH OCLHJISATOPOB

(EiE;) = (EME;) (i #34). (6.12)

U3 (6.9) ciienyer, 4TO MOMIHOCTH HM3JIy4YeHHs aHCambiiA OCUMUIIIATOPOB DABHA
CyMMe CPeIHMX MOLIHOCTEH OTHENbHBLIX OCHUILIIATOPOB:

P = N(P). (6.13)

BCJ’IGIICTBI‘IG Xa0THIECKOR OpHEHTALUN OUTIOJIbHBIX MOMEHTOB OCHHUJIJIATOPOB WA~
rpaMMa HalpaBJICHHOCTH HU3JIy9€HHsA U30TPOIHA.

Monsapusanua usnydenus. CnpoextnpyeMm BekTop E, ompenmesisemsiii
dopmysamu (6.1), (6.2), Ha ocu z, y, PaCNOIOKEHHBIE B IUIOCKOCTH (PPOHTA CBe-
ropolt Bosus! (puc. 6.1). Ucnonssys dopmyny Jitnepa

1
cos(wt — ¢;) = 5 eXP [i(wt — pi)] +x.c., (6.14)
TOJTY UM
1 iwt 1 twt
E, = §£,e +k.c, E, = 3 vt +x.c., (6.15)
roe
N N
E =) &y E, =) Eyis
’ ; - ' ,5:: v (6.16)

Ezi = cosaya;exp (—ip;), Eyi = sinaja;exp (—ig;),

(; — YroJl MexJnay BEeKTOpPOM €; 1 ockio T (puc. 6.3).
BbIuBC/IMM MATPHIY KOTepPeHTHOCTH u3nyveHus (cM. 4. I)

~ ((518;) (EJ;))

= 6.17
D) (EED (6.17)

Toncrasnas (6.16) B (6.17) n ucnonb3ya npouenypy, nonobuyio (6.11), Haitmem
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J = . . (6.18)

Ilpu BoiBoze (6.18) MBI CUMTANM BENHYHHY @; CJIy4alHLIM HapaMeTpOM C ILIOTHO-
CTbIO BEPOATHOCTH

wla;) =1/2n (-r < a; < ). (6.19)

Beipaxcenune (6.18) myia MaTpuub! KOTepEHTHOCTH MOKA3bIBAET, YTO H3Ny4YCHUE aH-
caM0Jis OCHUIATOPOB NMEET eCmecmeennyo noaspusayuo (cM. 4. I). Takoe cocto-
SIHUE IOJIAPU3ALNHN W3JIy4eHHs, OYEBUIHO, €CTh CJIEICTBHE XAaOTHYHOH mpocTpaH-
CTBEHHOW OpMEHTAIMH JUNOJILHBIX MOMEHTOB OCUH/IATOPOB.

CrarucTuka H3JIy4Y€eHHA He3aBHCHUMBIX OCLIIHIIJIATOPOB. 3anumem none us-
JIYYCHU A ancambna OCIUIJIATOPOB B BHUIE

-

E =%yFE, + goEy, : (620)
riue
N N
E, = Z cosa;a; cos(wt — ;), E, = E sin a;a; cos{wt — ;). (6.21)

i=1 i=1
PaccMoTpum OIIHY U3 KOMITOHEHT rosis, Hanpumep E,. Boipaxenue njisa E, MOXHO
3AIIHCATh TaK:

E; = acoswt + bsinwt, (6.22)

rie mapaMeTpbl a U b HA3bIBAIOTCA K6adpamypHuMU KoMnonenmamy Koebanun E,
M OIpeneAoTca popMyiamMu

N N
a= E cosa;a; cosp;, b= E €OS (;a; Sin ;. (6.23)
i=1 i=1
TloMHMO KBaApATYPHBIX KOMIIOHEHT IJIf XapaKkTEePUCTUKHM moJia F, BBemeM IOH:A-

tua orubatomet, daspl 1 unreHcuBHOCTH. Jeubarowan A u fpasa ¢ Konebanua E,
onpenensoTca hopmytoh
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E, = Acos(wt — ) (A>0). (6.24)
Hnmencusrnocmoviro I Haz0BeM BeJHUUHY
~ cA?
I=—F=—, 6.25
ar~ * 8« (6.25)
rae 3HaK “ ~ " 0b03HAYaeT ycpenHeHue N0 epuony CBeTOBhIX Koiebanuit T = 21 /w,
T. €.
; t+T :
@:—/ﬁﬁ‘ (6.26)
T
: t
W3 (6.22), (6.24) caenyer, uTo
a = Acosy, b= Asinp. (6.27)

Bynem cuuTaTh mapaMerphl &, a;, @; B ¢opmysax (6.21), (6.23) cnyualinpiMu
senmunnamn. Torna, kak sugHo u3 (6.22), (6.23), (6.25), (6.27), napamerpwt E;, a,
b, A, ¢, I Takxe bynyT cnyvaltuniMu. Halimem pacnpeneneHus BepOATHOCTH [J1A
3THX BEJIMYMH.

O1aes1bHbIE OCIMIIIATOPBI HEJIA3€PHOrO HCTOYHUKA CBETA M3JIy4aloT CBET He3a-
BHCUMO JPYT OT Apyra. 9TO JaeT OCHOBAHME CUYHUTATH MAPAMETDhl &, 4i, P; CTa-
THCTHUECKH HesaBucumbiMu. ObpaTuBmucs x dopmynam (6.21), (6.23), sugum, uro
HAIPsXKEHHOCTh CBETOBOTO mosis E,, a TakXe KBaAPATYpPHbIe KOMIMOHEHTH! G M b
NPEACTABIAIOT coBoft CyMMBI BOMBIIOrO YKHC/1A HE3ABUCHMBIX CIIy4YalHbIX BEJIMYHH.
B cuny uentpanbnoit npenensHOM TeOpeMbl TEOPUH BEPOATHOCTEH 3TO 03HAYAET, YTO
E., a, b uMer0T rayCccoBo pacnpeesieHue BepOATHOCTH:

w(Ey) = - 127r exp (—-2’—?-) , (6.28)
w(a) = ﬁexp (-.2_?;) , w(b) = U—}\/ﬁexp (—%) . (6.29)

3nect o6osnaueno (E2) = o u yureno, uro

(Ez) = (a) = (b) =0, (a®)=(b")=(E]), (ab)=0. (6.30)

Cuuras KBaIpaTyPHble KOMIOHEHTHl CTATHCTHMYECKM HE3aBUCHMMBIMH, HalneM
JIBVMEDHYIO INIOTHOCTb BEPOATHOCTH

g : w(a,b) = w(a) w(b). (6.31)
Noncrasnaa (6.29) B (6.31), nonyuum
1 a? +b? :
w(a, b) = W exp <—-—W) . (632)

Janee nerpynHo HaliTH pacrpenenenus BepoatHoctedt w(A), w(y), w(I). Ucnoms-
3¥A NPaBHMJIO 3aMeHbI TIEPEMEHHDBIX B PACNPENEICHAN BEPOATHOCTEH (CM. AOMNOJHe-
ame 7) u bopmyner (6.25), (6.27), (6.32), nonyuaem
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w(4,¢) = Z:_%Eexp (-2%) , (6.33)
w(A) = j w(A, ) dp = %exp (—211;2) (6.34)
w(p) = 7 w(d, p)dA = % ~ (6.35)
K
w(I) = (—% exp (_Clﬁ) L =5 (6.36)
cne
(I) = 0/ Tw(l)dl, (6.37)

(I) — cpenusas uHTeHCUBHOCTH. Pacnpenenenne BeposaTHocTy Buaa {6.34) nasniBa-
erca pacnpedeaenuem Panex.

CyMMHupys pesy/bTaTbl 3TOrO Pa3fiesa, OTMETHM, YTO OCHOBHbIE XapaK TEPUCTHU-
KH H3JIyY€HHA HeJIa3ePHOTO (HANPHMED, TEIJIOBOr0) HCTOYHNKA CBETA NMEIOT Ciledy-
IO PacNpeaeeHus BePOATHOCTH: HAIPAXKEHHOCTb CBETOBOTO 1I0JIsl U €€ KBaipa-
TypHble KOMIIOHEHTHI — IayCCOBO PACIpeneieHne, ornbamwan — pacipeeseHue
Panes, ¢asa — npaMoyrosipHOe pacnpesesieHne, HHTEHCUBHOCT — OYKCIOHEHLHU-
anbHOe pacnpenenenne. ['pabuky cOOTBETCTBYIOWMX IIOTHOCTEH BEPOATHOCTH M0~
KasaHbl Ha puc. 6.4.

CrnekTp usinydenns. Uzjyuenue ancambas He3aBUCHMBIX OCIUILIATOPOB €CTe-
CTBEHHO PacCMaTPUBATL KaK CTaUMOHApHBIR ciayuaiubil mpouecc. B atom ciydae
CIeKTP M3JIyYeHHMA OmpepensAeTcs Teopemoit Bunepa-Xununna (cM. gonosHeHue 8)

S(w) = % / B(r)e~*7dr, (6.38)

rie

B(7) = (Ex(t)E,(t + 7)), (6.39)

B(r) — xoppenAunoHHasa (GpyHKUUA CBETOBOTO MOJISL.
Samumem E,(t) B BUOEe CyMMbI OJI€H, HCYCKAEMBIX OTAE/BHBIME OCHMILIATO-

paMu: LR JURTIE

E.(t) = Eg(t). : (6.40)

Jj=1

Torna

E.(t)E;(t+7) = N(E;;()Ez;(t + 7)), (6.41)
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w(E,) w(a)
a) 6)
0 E, 0 a
w(b) w(A)
) 2)
0 b 0 A
w(p) w(I)
d) e)
0 4 0 I

Puc. 6.4. Pacnpenesnienna BepOATHOCTH, XapaKTePU3yIOWME U3IYUCHHE HEJIA3EPHOTO HC-
TOYIIHKA CBETa.

roe N — NoJiHOe YUCJI0 OCHMJLIATOPOB, YIVIOBLIE CKOOKHM 0003HAYAIOT yCpeqHeHue
no aucambmio ocumsiaTopos. IIpu BeiBome (6.41) MBI yuiM HE3aBUCHMMOCTD OCLMJI-
JIATOPOB U 3aMEHH/IM CyMMHPOBaHHe CATUCTHYECKMM ycpenHeHueM. CMbICil 3TOM
onepalnuy MOXKHO BbIpa3uTh (opmysioh

N
&3 Bej(0)Bej(t +7) = (Bay () ey £+ 7)) = Bo(r). (6.42)

=1
Hoacrasnas (6.41), (6.42) B (6.38), (6.39), nonyuaem GopMyJIbI

B(r) = NBy(7), (6.43)

S{w) = NSp(w), (6.44)
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rae

Sow) = 7 [ Bam)emierar, (6.45)

- 00

WAM, B CUJIy YETHOCTH KOPPEIAUMOHHON! dyHKIMY,
17 -
Solw) = ~ / By(r) (€M7 + e~™7) dr. (6.45a)

TakuM 06pa30oM, pacierT CIEKTPa U3/IydeHus CBOOUTCA K BBIYMCIACHHUIO KOPPEsHy-
onHolt dyukuuu Bo(7T), onpenenaemoit dopmydioit (6.42).

Mexauu3Mbl YUHIMpeHHA chnekrpanabHolt munum. Kak sugno uz dopmysn
(6.38), (6.42), (6.43), yacTOTHBI} CIIEKTP U3JIYUEHUA ONPEREIIAETCA XaPAKTEPOM H3-
MEHEHHU BO BPEMEHU HAIPAXKEHHOCTH cBeToBoro nosa Eg;(t). Bun arott saBucumo-
CTH, B CBOIO OY€PENb, OMpPEIessieTCH TaKuMy (bU3HIeCKUMHU (HaKTOPaMHU KaK panua-
UOHHOE 3aTyXaHne Kojaebanuit, TEMIOBOE IBHKEHHE OCLIMILIATOPOB, CTOJIKHOBEHHU A,
cbuBaromue dasy konebaHui, pasbpoc OCUMIIATOPOB NO YacTtoTaM u T. 1. Kax et
13 3Tux (paKTOpOB 00YCIOBINBAET CBOI MEXAHU3M YIIMPEHHA CIIEKTPAJIbHON JIMHHH:
eCTECTBEHHOE, JOMJIEPOBCKOE, CTOJIKHOBUTEIBHOE, HEOAHOPOIHOE YIUMPEHHUA K T. I..
PaccMOTPUM HEKOTOPbIE U3 9THX MEXaHH3MOB.

EcrecTBeHHOe YIIHMpPeHHe. IJTOT, Haubosee hyHIAMEHTANbHBIH, MEXaHU3M
yUIMDEHHS CIEeKTPAIbHOR MMHHM OOYCJIOBJIEH PAOMALMOHHBIM 3aTyXaHHeM Koseha-
HEU M3/Ty4alomero OCuuATOPA.

IIpencraBuM H3JIy4eHHE OCUM/UIATOPA B BHOE NOCIEJOBATENBHOCTH BCIBIILEK
cragapTHOH popMel F(t), BOSHUKAIOMUX B CiIyyalHble MOMEHTHI BpeMeHu tp;. To-
ra MOXHO HANUCATD

Egj(t) = ) F(t — tpy), (6/46)

p=1 |

rIe . — YHCJIO BCIbIEK (MMIy/ibcoB) 3a HekoTopoe BpeMs T'. [Ipouecc Buna (6.46)
Ha3BIBAETCH CAYMAUHOU UMNYAbCHOU NOCAed08AMEALHOCTILIO, U HAM HEOOXOMUMO
BBIYUCJIATb KOPPEJIALBOHHYIO (PYHKIHUIO 3TOrO MIPOLECCA.

Ucxonsa uz ¢pusmvyeckoil KapTUHBI H3Ny4YeHAA aHCaMONs HE3ABHCHMBIX OCLIHJI-
JIATOPOB, BO36y K IaeMbIX, HAIIPHMED, 33 CYET CTOJIKHOBEHUH, MOXKHO CIe/1aTh HEKO-
TOPBIE MIPENTIOJIOKEHHA OTHOCHTENBHO CTATUCTHIECKMX XaPAKTEPUCTUK CJIy4alHOTO
npouecca Fg;(t). A umerno, 6yieM CIUTaTh, YTO OT/IbHbIE HMITYJIhChI ITOABJIAIOTCA
HE3aBUCHMO OPYT OT OPYTa, CaydaiiHple MOMEHTHI BDEMEHH tp,; UMEIOT DABHOMEPHOE
pacnpenesienue BeposTHOCTH Ha uBTepsaJje Bpemend 0 < ¢t < T, 4ucsio mMiyns-
COB M eCThb HE33BUCHMAaA CIydyalHas BEJUYHHA, NOTYUHAIOMASACS PACIPENeICHAI0
ITyaccona. KpoMe TOro NnpenmoJioxXuM, YTO LJIUTENbHOCTH OTHEJIbHOrO HMMIYJIbCa
3HAMNTENbHO MeHbine BpeMenn nabmopenns T, a cpennee snaqenve dynkumu F(t)
paBHO Hymo. Toraa

Bo(r) =UF (@ — tp;)F(t + T — tp;)}, (6.47)

HiIn
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Bor) = = / F(O)F(6 + ) db, (6.48)

Tzie 7i — Cpeee YHCIIO0 MMITYJILCOB, HCIYCKaeMbIX ocnATopoM 3a spemsa T Tlon-
crasyas (6.48) B (6.45), mony4uum

So(w) = -:;—2/ F(@)F(0 + T)e ™"dfdr =

-0

[ o] o0
= % / df F(6)e™? / F(0+ 1)e ™+ gdr = %lF(w)P, (6.49)
r,neﬁ: 7i/T — cpen#asA 4acTOTA CJCHOBAHMS MMIYJBCOB,
Fw) = / F(t)e™™tdt, (6.50)

F(w) — cnexTpaJizHaA aMILINTYIa, onpeaeiseMas GOpPMO# OTHENbHOIO HMITY/IbCA.
Wrak, Mbl NDUXOIUM K BBIBOIY, YTO CIEKTp CirydaiHo#l MMIysibcHOM nocienosa-
TENLHOCTH ONPENeIAeTCA CIEKTPAJIbHON NIOTHOCTHIO OTHEIBHOTO UMITY/bCa. PU3H-
YeCKH 3TO CBA3AHO C TEM, YTO CIydyaltHplit MOMEHT NOABIEHNA UMY JIbCA, KK JIETKO
[I0Ka3aTb, HE BJIMAET HA €ro CIeKTPAJIbHYIO NJIOTHOCTD.
B yacTtHOoCTH, nonaras

F(t) = a(t) coswyt, (6.51)

rae

a(t) = ao 0 t<0, (6.52)
exp(—t/21), t>0,

wp — cobcTBeHHasA 4acTOTa, T — BpeMA DaJAMAIMOHHOrO 3aTyxaHusa Konebanmi
OCIJJIIIATOPA, NONYINM '

at/4
I‘2/4+ (w wo)2

Taxum 00pa3omM, eCTeCTBEHHbIH CIIEKTD MMeET JIOpEHEBY GOPMY, UEHTPAJILHYIO Ya~
cToTy wo ¥ mupuny I' = 1/7 (puc. 6.5). MomuocTh M3IyYeHHA MPONOPUMOHAJLHA
YUy OCHMIIATOPOB N, a TakKe cpefHel 4acToTe BCHBINEK OTIENTHHOrO OCIMILIA-
ropa 2. TlockonbKy B onTudeckoM auanasone 7 = 10~8 ¢ (cm. nexipmo 5), TunUYHAS
BeJIMIMHA, €CTECTBEHHOI'O YIIMPEHUA COCTABJIAET

So(w) = (6.53)

Afe=T/27r=1,6x10" I'n, (6.54)

Ha npakTuke, ooHaxo, peOKo MOXHO HabJIIONaTH CTOJIb Y3KME CIeKTDPaJIbHBIE JIH-
nun. O6BIYHO eCTECTBEHHOE YINUPEHUE MACKMPYeTCsA ApYyrumu, 6oJiee CHIIBHBIMU Me-
xaHusMaMu ymupenus. OOHUM U3 HUX ABJIAETCS IOIUVIEPOBCKHN MEXAHU3M.
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S(w)

L
0 V- Wy @
Puc. 6.5. EcTecTBenHO€ ymupeHue ClneKTpaabHOl THHUH

JomnlepoBCcKoe yIIMpeHHe CIEKTPAJILHON JTHHUU 00YCIOBIEHO Xa0THYECKHM
TEIJIOBLIM [(BHKEHHEM aTOMOB iy Mosiekysi. OHo Haubosiee XapakTepHO 11 pas-
peXXeHHbIX ra3000pasHbIX cpeTAmuxca cpen. B wacTHoCTH, AOnNEpOBCKHI CIeKTp
KMeeT U3JIydeHHe, HCIyCKaeMoe B OOKOBBIX HAIIPABJIEHUAX Ta30paspAHolt Tpy6Koit
reJuit-HEOHOBOTIO J1a3epa.

Boraucium GopMy B WINPHHY IOIUIEPOBCKOH criekTpansuol nuuruu. Uanyvenue
ancambiia ocupIATOPOB ByneM, KaK U pex e, ONUCHIBATH (opmyJioit (6.40). Mpu-
HUMasg BO BHUMAHKE TEIJIOBOE NBUXKEHWE HacTUL ¥ npenebpera:s ([Is MpPOCTOTHE)
PAIMAIMOHHBIM 3aTyXaHueM Konebauull, sannmem

E;,,j = Qg COS(wot — koz]’), (655)

rae ko = wp/c — BOTHOBOE YMCIIO CBETOBOH BOJIHBL, Z; — KOODAMHATA OCIIULIIATOPA
IO OTHOIUEHMWIO K OCH Z, IIPOBEINEHHOM OT MCTOYHUKA CBETA B TOYKY Habmogenws
(puc. 6.1). B oTcyTCTBHE CTONKHOREHHH, H3MEHAIOWNX CKOPOCTb MOJIEKYJIHL,

z; = Zj(t) = Zoj + U5t, (656)

£ae t — BpeMA, Zg; — HaYaJIbHAA KOOPOUMHATA, U, — CKOPOCTD JAHHOH MOJIEKYJIbl
B npoexkuuu Ha ock 2. Iloncrasus (6.56) B (6.55), nomy4um

Ez;(£) = a0 cos(wst — oy), (6.57l)

rae

w; = koZoj, Wj =wg — kov,.,,-. (658)

Jns BoraucneHna KoppenAunoHHol dyukuun (6.42) npennostoxum, 4To ciaydainpie
BeJIMYHHBI 20; M Vzj CTATHCTHYECKH HE3ABMCUMEL, a (a3a @; pacnpenesieHa PaBHO-
MepHO Ha HHTepBaJle nepuomuyHocTn —7m < @; < 7, T. e. w(yp;) = 1/27. Herpynuo
OKa3aTh, 4YTO B 9TOM CJIy4ae

a? o2
By(1) = (cosw]r) = 4°(exp (tw;T)) + k. C. (6.59)

IMoacrasnas (6.58) B (6.59), monyuum
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So(®)

S L

gf-----

oV

Puc. 6.6. JonepoBckas CHEKTPa/IbHAA JIMHUA

2

By(r) = %0 exp(iwoT){exp(—ikov,;T)) + K. cC. {(6.60)

JlexapToBa KOMIIOHEHTa CKOPOCTH ra3’oBOi MOJIEKYJIBI HMeeT rayCccoBO pacnpenese-
HHUE BEPOATHOCTH

N\ = ___1_ 2 2
w('UZJ) - Uu\/% exP( vzj/zav)a (661)
roe
02 = kT/m, (6.62)

02 — pucnepcus TemoBo# CKopocTH, k — nocrosnuas Boavumana, T — abcomor-
Hasl TeMIepaTypa rasa, m — Macca Moaekyssl. CnegosaTenbHo,

(exp(—ikov;7)) = exp (—% 3037‘2) (6.63)

2 .
Bo(r) = = 1 &P (’lon - —koa T ) +K.cC. (6.64)

Haxomneu, noacraeiiia (6.64) B (6.45), nonyvaem (B 06aCTH OJIOXKHTEIBHEIX Ya-
CTOT):

az 1 w — wy)?
So(w) = -22;—5; exp [_(__5;9_)_] y 0w = koo, (6.65)

®yukuusa So(w) uscbpaxkena Ha puc. 6.6.
Wrax, nonyiepoBckas CneKTpaJibHAA JIHHUA UMEET BHI rayCcCcoBOit KpUBOYU C IeH-
TPOM Ha YaCTOTE Wy M NOJHON MUPHHOH N0 MOJIyBBICOTE

Awp = wy —3 In2. (6.66)
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OueHnM IOTLIEPOBCKYIO IHUPHUHY cnepra.anoﬁ JIMHMY U3JTy9eHHA TeTU}-HEOHOBOTO
nasepa. Tlomarasa A = 6328 A, m = 3 x 10~ r (macca aroma seona), T = 300 K,
k = 1,38 x 1071¢ spr/rpan, ¢ = 3 x 10'° cm/c, mony4um no dpopmy.e (6.66):

Afp=10°Tn, wm Avp =0,04cm™, wm Alp =0,016A. (6.67)

3aMeTyM, YTO OOMJIEPOBCKOE YIIMPEHUE NPUMEPHO HA IBA nopﬂ,uxa TIPEBbIIIAeT

€CTeCTBEHHOE YUIUPDEHNEe cneKTpa.anoﬁ JIMHHUH.
»

Yimdpedue # COBHUr CHEeKTPAJIbHOM JmumMH, o6yciioBieHHBIE CTOJIKHO-
BeHuAMHA. [IpH CTOJIKHOBEHUM H3JIYHAIOMIEr0 OCUWIIATOPS C Opyroi dactuueif,
OCLWJIATOD HMCILITHIBAET BHENIHEE CHJIOBOE BO3AEHCTBHE, KOTOPOE MOAYIHPYET Ya-
CTOTY ¥ BrI3bIBaeT cbolt dbasnr konebanuit. CTonKHOBEHUA, GBICTPO CIEMYOUIME OLUHO
3a ApYruM, IPUBONAT K Ciydaiuolt dhazoBolt MomynAumm Konebanuit, 9TO, B CBOIO
Ovepellb, BBI3bIBAET YHIMPEHUE CHEKTPAILHOMN JIMHAN U3/TyYEHUA.

OueHuM BeMHUHY CTOJIKHOBUTEIBHOIO ywunpenusA. s 3TOro samuileM HoJe
H3JIyYEHHUA OCLMIIATOPA B Bue KosebaHuA o ciiydallHo MomynmpoBanHol daszott

E:; (t) = ag cosfwet + ©; (t)] ) (6.68)
Toncrasnsasn (6.68) B (6.42), nomyyum '

By(r) = —g p (iwoT) (exp [1Ap;(t,T)]) + k. C., . (6.69)

roe

Asoa(t T) pi(t + 1) — p;(t), (6.70)

Ag;(t,7) — dazoseItt Haber 3a BpeMA T.
Bynem cumrars @;(t) craumoHapHsIM ciryyaliueim mpoueccom. Torna cpennee B
dbopmyste (6.69) ue 3aBUCHT OT ¢ 1 MOXKHO 0GO3HAYUTH

(exp [ilp;(t, T)]) = b(T). (6.71)

Paccmorpum GecKoHEYHO MaJIBIl MPOMEXYTOK BpeMeHu dT u BuuucauM auddgepen-
unan dbyskuuu b(r) Ucnonssys (6.70), (6.71), nomyquum

db(t) = (exp [iAgp;(t,7)] (' - 1)), (6.72)

I‘,ﬂé

€ = Ap;(t, 7 +dr) — Ap;(t, 1), (6.73)

€ — uaber a3l 3a Bpems dT.

IpeamonoxuM majiee, 4To npupamenue $pasbl B Pe3yIbTATE CTOJIKHOBEHUA HHU-
Kax He CBA3aHO C ¢a3zoit KomeGanua mo cronkuobeHuA. Torna Benuuuusl Ap; ¥ €
MOJKHO CYUTATh CTATMCTHYECKN HE3aBHCUMBIMU M 3AITMCATH

db(r) = b(r)(e* — 1). : (6.74)

Yepensenune no ancambrno acTun B dopmysie (6.74) MOXKHO 3aMEHUTH yCPEIHEHH-
€M M0 MapaMeTpaM, XapakTePHU3yIOMUM [POLECC CTOJKHOBEHUA. [ MIaBHBIM U3 9THX
NapaMeTpOB ABJIAETCA NPUHUMIHNAJILHOE PACCTOANNE R, KOTOpOE onpenenserca Kax
MHUHHAMAJIBHOE PACCTOSHUE MEXAY LEHTPAMH MacC CTANKHBAIOMMXCA YACTUL. Bbl-
TIOJIHMM YCPEOHEHHUE 110 9TOMY NapaMeTpy.
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Ilycts ras umeer mioTHOCTb N, a CpeaHsAs CKOPOCTb OTHOCHTENILHOIO ,rusnxcemz
yactui pasHa (v). Torna 3a BpeMs dr OCLUMJLIATOD MCIBITHIBAET

dn = 2rN(v)RdRdr (6.75)

CTOJIKHOBEHUM, IJIA KOTOPbIX NpHUENbHbIN napamerp jexur B obnactu or R 1o
R + dR. O6o3nauum depes £(R) Haber ¢as3bl B pesynbTaTe CTOJKHOBEHHA, XapaK-
TepusyeMoro npuneiabHsIM napamerpom R. Torna moxHo sanucars

(€% — 1) = 2n N (v)dr / [e#® —1] Rar (6.76)
1]
B
(e* — 1) = —N(v)dr(0y — ig2), (6.77)
roe
o1 =2n / [1-cose(R)|RAR, oy =2n / sne(R)RAR.  (6.78)
0 0 . ;

Tloncranoska (6.77) B (6.74) mpuBogut x cienyomeMy audpepesInaIbHOMY YpaB-
HeHuio o gyuakumn b(r):

db(r) = ~b{(7)N{v)(o1 — i02)drT, (6.79)

oTKYAA

b(1) = exp[-N(v)(o; — io2)T]. (6.80)

Temeps HETPYAHO BBIYHCHNTH CNeKTp H3snydenus. Mcmonws3ysa dopmynm (6.45),
(6.69), (6.71), (6.80) u yuuTHIBaA YETHOCTH KOPPEJAUMOHHON DyHKIMH, MONydaeM
(nns 06nacTH NOJTOXKUTENBHBIX YACTOT)

_ a} N{v)o,
SO(w) - —2_;)—[- (w —wp — N(U>02)2 + (N(v)01)2 .

®opmyna (6.81) MOKA3LIBAET, YTO CHEKTP M3NyHUeHHA, OGYCIOBJIEHHbIH yIpyTUMU
CTOJIKHOBEHMAMH OCLMJLIIATOPOB, UMEET JIOpeHueBy HOpMy, IMUPUHY

(6.81)

Awer = 2N (v)oy . (6.82)

H COBUT LEHTPpa JIMHUHA

dw = N{v)o,. (6.83)

Kax mmpuHa, Tak M COBHUI CIEKTPAJbHON JIMHHM H3NYYEHHUA NPOMOPIHMOHAJIBHBI
IUIOTHOCTH Ta3a N U cpenneli CKOPOCTH OTHOCUTENBHOTO ABMIXKEHHA JacTHI (V).

IdbdextT HuxH: CTOIKHOBHTE/ILHOE CYyXKeHHE OOIIEPOBCKOH cIriek-
TpanbHO#f JIMHMM B mIoTHOM rase. Pacyer JOMIEpOBCKOrO YUIMpEeHHA Chek-
TPAJILHON JIMHUM, BBINOJIHEHHbI! Bbimie, GbLT CHENAH B IPENIONOKEHHH, YTO TEIIO-
Bbi€ CKOPOCTH MOJIEKYJI HE MEHAIOTCA C TEYEHHEM BPEMEHH. DTO AOMYLIEHHE ONMPAaB-
JAHO IJIS ra30B HU3KOH IJIOTHOCTH, B KOTOPHIX CTOJIKHOBEHMS MEXIy MOJIEKyJIaMH
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CPABHUTENIHLHO PEAKY M MOJIEKYJIbl UMEIOT BO3MOXKHEOCTb CBOGOIHO IEPEeMeaThLCA Ha,
6osbune pacctosuusi. ECiu ke IIOTHOCTD ra3a NOBHIAETCA, TO CTOJIKHOBEHUA Me-
KOy MOJIEKYJIaM# MPOUCXONAT 4alle, YTO OTPAHHYHBAET BO3MOKHOCThH CBOBOMHBIX
nepemelneduit oCLMJIJIATOPOB. B 04YeHb MIIOTHBIX ra3ax, a TakXe B KOHAEHCUPOBAH-
HBIX Cpenax OCHMJUIATOPHI NPAKTHYECKH JIOKAJIH30BAHbL ECTECTBEHHO, 4TO H3Me-
HEHVE XapaKTepa OBHKEHHA OCHMIIIATOPOB (0T cBOGONHOrO K JIOKAJIN30BAHHOMY )
JOJIXKHO IPUBECTH K W3MEHEeHMIO (HPOPMBI M IIAPUHBI CHEKTPAIbHON MUHUM H3Iyde-
HuA. B 9TOM nyHKTe Mbl PacCMOTPHM BOTPOC O TOM, K&K H3MEHAETCA JOMIEPOBCKHM
CIEKTD MIJIYYEHUA [PHU NOBLIIEHUX TJIOTHOCTU ra3a.

O606man dopmysy (6.56) Ha ciry4ali, KOrIa CKOPOCTb MOJIEKYJILI H3MEHAETCA C
TeyeHHEeM BPEMEHH, 3aIMIIEM

2j = Zj(i) = zg; + /v,,-(()) ds. (6.84)
0

Toncrasnas (6.84) B (6.55), monyunm

E4; = ag cos[wot — @;(t)], (6.85)
roe

t

wi(t) = kozo; + ko /’Uzj (9) dé. (6.86)

0

Tlo dpopmyne (6.42) Haxomum

By(r) = %‘3 exp (iwoT) (exp [-1A¢p;(t, 7)]) + k.., (6.87)
rae
b
Bes(t,r) = gt +7) = 03) = ko [ vss(0) . (6.88)

t

TenJyIoByI0 CKOPOCTb MOJIEKYJIbI Uz j(t) €CTECTBEHHO PAaCCMATPUBATH KaK CTALMO-
HapHbIi ciayualiaeiit mponecc. B aTom cnyuae cpennee B dopmyaie (6.87) ue 3aBucut
oT t 1 MOXHO 0B03HAYMHUTD

(exp [—iAp;(t,7)]) = b(7). (6.89)

Cnyua#tublit mpouecc v, (t) ©MeeT HysIeBOE CpenHee 3HAYEHHE U FayCcCOBO Paclpene-
nenue BepoATHOCTH. MI3BecTHO, YTO npu nuHelHbIX NPe06PA3OBAHUAX FAYCCOBA, MWy~
Ma ero crarucTuka coxpansercda. CrenoarensHo, Cilydahsbit mpouecc Ag;(t, 7),
cBA3aHHbI C v, ;(t) muHelnbIM npeobpasoBanuem (6.88), ecTh Takke rayccoB npo-
necc ¢ "HyaesbiM cpenauM. Orciona

b(r) = exp [-—;—(Acp?(t, T))] . (6.90)

Moncrasus (6.88) B (6.90), mosmy4nm
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B,(r)

2
Ty

o o ——

Puc. 6.7. Koppenanuoutas hpyHKUMA TEIJIOBLIX CKOPOCTEH ra3s0BRIX MOJIEKYJT

<A(,D t T) = k Vi 01)’0: (02)) d01 d02, (691)
; 0/ [ 000
W
(Ap3(t, 7)) = 2k3 / (r — 8)B,(8) db, (6.92)
0
rae
Bv(a) = (Uzj (t)vzj (t + 0)): (6-93)

B,{(0) — koppensanuosHas GYHKUMA TEIIOBLIX CKOpPOCTeH Mostekys1. 9ta GyHKIUA
XapaKTEPH3YeTCs ABYMA OCHOBHBIMU napamerpamu: aucnepcueit o2 = kT//m u spe-
MEHEM KOPPEJIAUMH T, TEIUIOBbIX CKOpocTedl. CMBIC/ 3THX NapaMeTpoB WTIOCTPH-
pyer puc. 6.7. Illonbsysacs oM pucynkom u ¢popmynamu (6.90), (6.92), verpyaso
I0Ka3aTh, YTO

1
exp [—E(koavr)z] , T LTy,

b(r) = (6.94)
exp [~(r — 10)k3 D], 7> 1,
rae
o0 o0
D= / By(r)dr = o%1,, T =D7! / 7B, (T)dr. (6.95)

0

ITapamerp D Ha3bIBaETCA KOPPEIAMOHHON NOCTOAHHOM Win Koo durmenToM aud-
dysuu. Hepsyio Gopmyny (6.95) MOXHO pacCMaTPUBATh KaK ONpeIesieHse BpeMeHy
KOPPEJIAINHA Ty.

Ilpoanann3upyeM nosyveHHbIE PE3YAbTaThi. B npenesibHOM ciiyyae CHIIBHO pas-
pe’KeHHOro rasa, KOrad CTOJNKHOBEHUA MeXOY MOJIEKYJIaMH OTCYTCTBYIOT, MOXKHO
IOJIOXKUTD T, = 00. B 9TOM cityuae, kax BunHo us dopmy. (6.87), (6.94), nna Bo(r)
BOCCTAHABIUBAETCA BhipaxeHue (6.64) u, cienoBarenbio, CHEKTP K3/IYYCHUA ONN-
ceiBaercsa opmynoit (6.65). Takum 06pasom, paccMaTpuBaeMas MOEJb NPABUIBHO
ONUCHIBAET NpeeJ1 HU3KHUX JaBJIeHUH rasa.
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10° A .
10 10 1 10" /N, 10°

Puc. 6.8. 9ddext Juku

B nDpOTHBONONOXKHOM NpENENbHOM ciydae T, — 0 (mnorHbi#t ras) ms (6.45),
(6.87), (6.89), (6.94) nosty4daem (ans o6aaCTH [ONOKHUTENBHBIX 9CTOT):

a? k2D exp(tokiD)
S =20 0. .
o) 27 (w — wp)? + k2 D? (6.96)
Kak BumHo #3 3Toft hOPMYIIbI, COEKTP W3JTy4EHUA UMEeT JopeHuesy bopMy u wa-
pHHY

Aw = 2kXD = 2k2a2T,. (6.97)

BpeMs KOppeJsIAgy TerioBsix ckopocrelt (BpeMs csoboaxoro npobera MosleKys ra-
3a) YMEHBIUAETCA ¢ POCTOM ILIOTHOCTH rasa N corsacuo Qopayne

7,1 = N(v)S$, (6.98)

rae (v) — cpemHsas TENOBaA CKOPOCTh OTHOCATENILHONO IBHXKEHHA, S — rasoxuHe-
THYECKOE CeueHMe MOJIeKYJl. [103ToMy Mo Mepe yBesIMYeHHA IUIOTHOCTH rasa Crek-
TpajlbHAA JIMHHA W3/y4eHus Oyner CTaHOBHTHCA BCe Gosee yskoit. Dror addext
[OJIyYHT HA3BAHKE “CTONIKHOBHTENBHOE CYXKEHUEe CIeKTpaJibHoll muun” umn “ad-
dexr Ouku” — no uMeHn amepuxanckoro ¢usuka P. [luxu, pnepsrie Hccrenosas-
mero ero B 1953 r.

Insa Toro 4robbl BLIYACIHUTL CIIEKTD M3JIy4YeHH:A NPU MPOU3BOJLHOM JABJIEHHH
rasa, ClIeIyeT 3a1aThCA ONpeeIeHHOH MOIesbio KoppenanuoHHolt GyHkimu Tensio-
BbIX ckopoctetl mosiekys. IlycTh, Hanipumep,

By(7) = o2 exp (—|7}/7) - (6.99)
Torxa no dpopmynam (6.90), (6.92) nomyuum

b(r) =exp [-B(y - 1+e7Y)], (6.100)

roe
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B= (kOUvTv)za y=T/Ty. (6.101)

CrexTp m3yuenus onpenensercs popmynamu (6.45a), (6.87), (6.89), (6.100).

Ha puc. 6.8 noxazana 3aBUCUMOCTb IIHPUHBI CHEKTPAJIbHOR JIMHUM CIIOHTAHHOTO
KOMOHHAIIMOHHOTO PACCEAHMA B BOAOPOJE OT NABJIEHHA r'asa. XOpOouWO BUOHO CyXKe-
HHME CeKTpaJIbHOM nuuHun B o6nacTy nasnenuit 0,1-3 atM, obycnosienHoe acbdek-
toM duku. YmupeHnue ciekTpayibHON JIMHUM NPU BLICOKHX JABJICHHAX 00YCIOBIECHO
CTOJIKHOBHUTEJIbHBIM MEXaHH3MOM.

JInTeparypa

1. Dicke R. H/[Physical Review. 1953. V. 89. P. 472.
2. Wittke J. P., Dicke R. H//Physical Review. 1956. V. 103. P. 620.
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Jlexuua 7
JInnelinbili OCHMANATOP B CBETOBOM II0JIE

Hozaowenue ceema ocyuaasmopom u ancambaem ocyuarnmopos. 3axon Byzepa.
Cnexmpocronus nozaowerus. Ymenvwenue Pasoeoti cxopocmu ceema e cpede. Ilo-
xasameav npesomaenus. Heodnopodnudlt ancambav ocyuassmopos. Odnopodnas u
neoOnopodnas wupunae cnexmpa. Boabyoicdenue xopomxum umnysvcom. Peaaxca-
yus snepeuu u Jedasupoexa. IIpunyuns wacmomuotl u speMenndll cCnexmpocKonuy.

Ha ocHoBe MOZEeM FapMOHHYECKOTO OCUM/IIATOPA PACCMATPUBAIOTCA OCHOBHBIE
9 deKTH B3AUMONEUCTBHA CBETA C BEMIECTBOM: IOIJIOIEHUE CBETA M yMEHbIIEHHe
CKOPOCTH CBETOBOH} BOJIHBI, pacnpocTpansiomeiica B cpene. AHaIM3UpYIOTCH 0coben-
HOCTH B3aMMOIEHCTBIA CBETa C HEOMHOPOOHBIM aHCAMOJIEM OCLMIIIATOPOB, B KOTO-
pOM OTHEJbHbIE OCHHJIJIATOPHI MMEIOT pa3Hble COGCTBEHHBIE 4acTOTHI KoJiebaHumil.
O6CyXIaloTCA ONTHYECKAE METONbI HCCJIENOBAHNA BEMIECTBA, IPUHIUIB CTAIMO-
HapHOH M HECTALMOHAPHOH CIIEKTPOCKOMHH.

ITor/oueHUe CBETA OCUMIIATOPOM H aHcamMOaeM ocnmaTopoB. OnHEuM
13 OCHOBHBIX 9 ¢eKTOB, BOSHHKAIOUIMX IIPH B3AUMOLEHACTBUM CBETA C BEIECTBOM,
ABnAerca 3¢ ¢eKT mOIIOUEHNA CBeTa. lIpayuna 2TOro sABJIEHUA COCTOUT B TOM,
4TO cBeT BO36yXKIaeT KoeDaHus 3/1eMEHTapHBIX ONITHYECKHUX OCIHJIATOPOB CPeNbl
(aToMOB, MOJIEKYJI) ¥ IEpESAET MM CBOIO DHEPruio. B pesysbrare sneprus cpenpl
BO3DPACTAET, & DHEPrUa CaMoil CBeTOBOH BOJIHBI YMEHBLIAETCA — CPefa NOIVIOMAeT
CBeT.

OCHOBHBIE 32KOHOMEPHOCTH NOIVIOIEHUA CBETA CPENOR yNaercsa ONUCaTh B paM-
KaX IPOCTOM KJIACCHMYECKOH MOZENN cpeapl Kak aHCaMOJiA rapMOHHYECKHX OCITHILIIA-
Topos. PaccmoTpeHue 9To# 3a1a4K MBI HAYHEM C OLEHKH MOLIHOCTH, ITepeaaBaeMoit
cBeToBOH BOIHOM OTIENBHOMY OCUMILIATODY.

Bo3byxaoeHHe OCHHUNJATOPA FADMOHKHYECKUM noueM. Bo3byxae-
HHEe OCHUJUIATOPA CBETOBBIM IIOJIEM OIHCHIBAETCH yPABHEHHEM

.. . e
£+Tt+wiz = —E. (7.1)

m
3nech € 1 M — 3ApAN M MACCA OCUMIUIATOPA, wo U ' — coGCTBEHHAA 4acToTa
u koo bULMeHT 3aTyXaHusa KojiebaHull, £ — koopauHaTa, £ — HANpAXEHHOCTD

3JIEKTPUYECKOTO T0JiA CBeTOBOH Bosubl (prc. 7.1).
3amuineM CBETOBOE IIOJIE B BHIE

E= %E exp(iwt) + k.., (7.2)

rae w — 4acToTa, £ — KOMIUIEKCHaA aMIumMTysa noiA. Iloacrasus (7.2) B (7.1),
IIOJIy4UM ypaBHEHHE BbIHYXKIEHHbIX Koebanuit

) . 1 .
%+ D% +wiz = %-2-8 exp(iwt) + x.c. (7.3)
Pemenne ypapuenus (7.3) uimem B Buze

z= %a': exp(iwt) + k. c., (7.4)
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A/

Puc. 7.1. Bo3byxnenne ocuMIaTOpa CBETOBBIM II0JIEM

roe £ — KOMIUIEKCHAsA aMINIMTyna konebamui ocumnnaropa. Iloncrasus (7.4) B
(7.3), naxooum

e 1

PR —]
mwi — w? + iwl

(7.5)

Gopmynst (7.4) u (7.5) ONMKCBHIBAIOT YCTAHOBMBINMECA KOJNEGAHMA OCHMILIATODA B
NoJie MOHOXPOMATHYECKOR CBETOBOH BOJIHLI.

Nunyumposansoe norjgomende. Beraucaum mommocts P, mepenapae-
MYI0 CBETOM OCLMINATODY. 110 onpeneneHnio MOMHEOCTH

P=dA/dt, (7.6)

dA = FdF = eE dz, (7.7)

dA — snemenTapHas pabora, coBepIIaeMas CBETOBBIM IOJIEM Hajl OCIHJLIATOPOM.
Noacrasus (7.7) B (7.6), nony4nm

P = ¢Es. (7.8)
Cornacuo (7.2), (7.4), (7.8),

P= ziw (E*% + £3e™™) +x.c.,

T. €. MTHOBEHHAA MOIIHOCTL P ocumiimupyer Ha 4actoTe 2w. CpegHas mo nepHony
CBETOBBIX KoJsiebaHuil MOIIHOCTD

(PY= Py = Z—iwc‘,'*:i: +K.C (7.9)

Nogcrasus (7.5) B (7.9), nony4dum

e? w?l -
Py = — 2 R
° 7 2m (R - w?)? —l-wzl""‘gi ’
LR
4 2 2
Py = 2¢ wT (7.10)

I
me (w3 — w?)? + w22’
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Puc. 7.2. 3aBHCHMOCTD CeYeHHUA NOIVIOIIEHAS CBETA OCHIIUIATOPOM OT YACTOTH CBETA

e

I =c|Ef?/8m, (7.11)
I — UHTEHCHBHOCTbH CBETOBOMH BOJIHEL.

M3 (7.10) BunsoO, 410 Py > 0. 310 3HAYMT, YTO CBET MEPEAET CBOIO MOMHOCTh
OCUMJLIATOPY, DX 3TOM CaM CBET Norjomaercd. [1a XapakTepHCTHKM BeTMYMHbI
HOIJIOmMEHHA yIOBHO BBECTH CEYEHHE d, onpenenus ero GhopMyoH

Py=ol. (7.12)
Torna
4rme® W
me (wd - w?)? + w22’

o(w) = (7.13)
Pesonancunaa xpusas. B obnacTu yacror B6M3K pesoHanca |w—wp| € wp
dopmyna (7.13) npuobperaer Bug

me? r
me (wp — w)2 +I2/4°

Takum 06pa3oM, 3aBHCHMOCTb CEYEHHMA MOTJIOWEHUA OT YACTOTHI CBETa MMEET BHJ
nopenuesolt xpusolt (puc. 7.2). MakcuMyM cedeHHs NOIVIODIGHMA NPUXOIMUTCHA HA.
JaCTOTY W = Wy, COBIATAIONLYIO C COGCTBEHHOH HacToTO! Konebanuit ocuuLLATOpA.
Hlupuna pacnpenenenus o(w) (NOMHAA MUpPUHA M0 MOJIYBHICOTE) PaBHA K03(pdu-
UMEHTY 3aTyXaHusa KosiebaHu#t ocumiiaTopa

o(w) =

(7.14)

Aw=T.

OrMmeTnM, 94TO NIPH TOYHOM PE30HAHCE W = W, KOLJA CeUYeHHEe TOrJIOMEHHA TOCTH-
raeT MaKCUMyMa, €ero BeJIM4MHA

4me?

Omax = —™ =
m mel

(7.14a)
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Puc. 7.3. K priBogy 3axona Byrepa

of6parno nponopuuoHaabHa napamerpy I'. ®Pusnyecku 31O CBA33HO C TeM, YTO NPH
pesoHasnce uMmenno napamerp [, onpegensonuit BENWYNHY NOTEPb, OTPAHKYHBALT
AMIUIATYly yCTaHOBMBIINXCA BbIHY XJIEHHbIX Konebanui ocupsuiaropa (cM. dpopmy-
ay (7.5)). Cuuras, 410 nOTEpH 00YCIIOBACHB! COGCTBEHHBIM U3IJTYI€HUEM OCLMIUIA-
TOpa U HCONb3yA dopmyay (5.24), napamerp I' MOXXHO OLEHHTHL KaK

1 2e%?
'=-= . 7.146
T  3mcd ( )
MNMoncrasus (7.146) B (7.14a), nomyaum
O = o N2 ' (7.148)
max 21'_ 1 .

rze A — OJMHA CBeTOBOH BOJIHBL. VITak, ceueHHe pe30HAHCHOTO MOIJIOIEHUA CBe-
Ta aTOMOM HMeeT IOPANOK KBaJpara JJIMHBI cBerosod Boimbl. Hampumep, misa
A = 0,5 MKM MMeeM Omax ~ 107°% cM2.

3akon Byrepa. PaccmoTpuM Temepn morviomeHue CBeTa MONEJBLHOH cpemoif,
npencrasssaomelt coboit ancambp rapMoHMYecKnx oCuMLIATOPOoB. IlycTh niockas
MOHOXPOMATHYECKAsA CBETOBAA BOJIHA IIPOXOLUT OTPE30K Cpenbl AjuHON dz, mpu-
@eM Cpena COnepKUT N 3/71eMEHTApHBIX OCUMILIATOPOB (aTOMOB) B enuHHUIE ObbheMa
‘pmc. 7.3). O603HaAYUB NIIOWANL NOIEPEYHOTO CEYEHUA CBETOBOro myuka 6yksoll S,
3ANWINEM TOJIHOE YHCJIO OCHMIIISTOPOB, HAXONAIMXCA B TOJIE CBETOBOM BOJIHBI, B
saae

dN = NS dz. : (7.15)

T¥3eM CYATATH, YTO KaXXJbI OCUMIUIATOP NOIVIOMAeT MOIHOCTL Py, onpeneise-
w0 Ppopmysamu (7.12), (7.13). Torna cymMMapHOe H3MEHEHHE MOUIHOCTH CBETA Ha
ZRHHOM OTDE3KE CPEeIbl COCTABHT

dP = —P,dN. (7.16)
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Puc. 7.4. OxcroHenunaNbHOE 3aTyXaHHe CBera B cpene (3axox Byrepa)

CoOTBETCTBEHHO, M3MEHEHUE WHTEHCUBHOCTH cBeTa 6yner pasHo dI = S~1dP wm,
B cuny (7.15), (7.16),

dl = —PyN dz. (7.17)
Ioncrasus (7.12) B (7.17), nonyyaem ypaBHeHHe 1711 MHTEHCHBHOCTH CBETA:
dI = —IoN dz, pemenne KOTOPOroO €CTh B

I(2) = Ip exp(—6z), (7.18)

rae Iy — MHTeHCHBHOCTH NaUalomel BOJIHBI,

§=aN, (7.19)

¢ — x03ddUIMEHT TOITIOMEHUS. ;
®opmyia (7.18) BeIpaxaeT 3aKOH NOIVIOINEHMA CBETA, B Cpelie, Ha3biBaeMOl Tak-
ke 3akoHOM Byrepa-Jlambepta—Bapa. CoryiacHO 3TOMY 3aKOHY, HHTEHCUBHOCTD CBE~
Ta 9KCIOHEHIMAJIBHO YMEHBIIAETCA 110 MEPe YBEeJHYEHHA AUCTAHINM, NpoiaeHHO’
cBeToM B cpege (puc. 7.4).
s (7.14), (7.19) sbiTekaer cnelyomee BhIpaXKeHue n4 KosdpduuuenTa nono-
IEHAA:

nNe? r
me (wo ~w)2 +T12/4

Kak sugno u3 dopmynnt (7.20), xoadpduunent nomiomenusa ¢ He 3aBUCHT HH OT
HMHTE€HCHBHOCTH TaJAIOMEro CBET4, HA OT reOMETPUYECKHMX PAa3sMEPOB OBIyYaeMOro
ofpa3sna, a ABJIAETCA XaPaKTEPUCTUKOU CaMOro MOTJIOMAKmeEro Marepuana. s
PasHbIX BEMIECTB M PA3HBIX YCIOBHH KO3 PUIMEHT NMOTIOMEHNA CBeTa MEHAETCA B
nmpokux npenesax. Hanpusep, nsia ontuveckux BosiokoH 6 = 1074 — 1076 cm1,
a 11 MeTaJUIoB M nostynpoBonuuxos 6 = 103 — 10% cm™!. Hapsany ¢ nokasarenem
npesioMJieHnA, K03hMHLUEHT NOIJIOIEHNUA CBETa, IPeaCTaBisgeT cobol Baxxneimyo
ONTHYECKYIO XapaKTEPHCTUKY BEIECTBA.

Boire mMbi BoiBeTH 3ak0H Byrepa, HCxXoms us npocTelieit Mogenu cpeabl Kak al-
caMbJIA HEMOABUKHBIX HEB3aMMOLEHCTBYIOINX MEX LY COBOH KIACCHYECKUX OCIHII-
Natopos. OOHAKO 9KCIIEPUMEHTAIILHBIE HCCIEMOBAHKA MTOKA3LIBAIOT, 9YTO 3TOT 3aKOH

d(w) = (7.20)
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Jasep Hccnenyemsiit Cucrema
o6 ek perucrparmm

Puc. 7.5. Bnok-cxema YCTAaHOBKH IJI1A H3MEPEHHA ONTHYECCKHX CHEKTPOB INOIVIOUIEHHA

CIpaBei,IuB IJlA MHKPOKOro KJacca OGbEKTOB: XKUIAKMX, TBEPABIX M ra3000pasHBIX
cpen, a TakXe cMecell Pa3MYHBEIX BEHECTB, NIPUYEM B OYeHb HIMPOKHX Npeaenax
V3MEHEHHMA WHTEHCHBHOCTH u3y4ueHusa. Takum obpasom, sakon Byrepa nouru yHu-
Bepcasied. OTKJIOHEHH A OT 3TOTO 33aKOHA HAYMHAIOT NPOABIATHLCA JIAMIbL MJiA O4YEHb
MOINHBIX (/1a3€PHBIX) CBETOBBIX MYYKOB. DTH OTKJIOHEHM: CBA3AHBI C HEJMHelHO-
CTHIO OTKJIMKA BEMIECTBA Ha, CHJILHOE CBETOBOE N0JIe, KBaHTOBLIMU adhdexTaMu 1 T. 1.

CnexTpoCKONHsA NOTJIOINEHMA. 3AaBUCUMOCTb KO3 HUUEHTA NOrJIOMEHNA
CBETa BEWIeCTBOM 6 OT YaCTOThI W HA3LIBAIOT ONTHYECKHM CREXTNPOM NO2AOULEHUSR.
Wsmepas ceKTp MOINIOMEHHUA, MOXKHO 9KCIEPUMEHTAJILHO OPENETHTD XapaKTePH-
CTHKH JIEMEHTAPHBIX OIITHYECKUX OCUM/IATOPOB — CODCTBEHHbIE YACTOTHI B KO-
¢uuueHTH 33Ty XaHNA KoebaHuil. ITH napaMeTphl, B CBOIO 04Yepelb, HECYT BaXKHYIO
uHGOpMaNUI0 O CTPOEHUM U CBOWCTBAX ATOMOB K MOJIEKYJ, nponeccax s3aumonel-
CTBHUA 4YaCTHL, NO3BOJAIOT OUPENEJIATh COCTAB U TEPMOJMHAMHUYECKOE COCTOAHHE
cpenpl # T. 11. IlosydeHne u aHasm3 9Tod UHPOPMAIME COCTABAIOT NIPEIMET ONMU-
yecKoth CNexmpocKonuy.

WneansubiM ipubopoM 11 W3MEPEHU S ONITUYECKOrO CIIEKTPA, [IOTVIOIEHU A ABJIA-
ercsa y3KOIIOJIOCHBIM, nmepecTpauBaeMsiit o yacrore nasep. Cxema n3mepeHuil no-
Ka3aHa Ha puc. 7.5. Uanyuenue nasepa nponyckaercs yepes HCCIEAYEMYIO Cpeay H
HAIIPABJIAETCA Ha PErHMCTPHPYIONLYIO annapaTrypy, C NOMOMmMbI0 KOTOpPol# u3Mepsaer-
€A NHTEHCHBHOCTL (MOIIHOCTH, 3Heprus) ceeTa. Ilpu mepecTpolike 4acTOTHI 1a3epa
CHIHAJ Ha BHIXOAE CHCTEMDbI U3MEHACTCH, Nepefanas YaCTOTHYIO 3aBYCHMOCTE KO-
addunmenrta nornomenus 4(w).

Ha puc. 7.6 noxa3aHna cxeMa CHEKTPOCKOINNH MOMJIOMEHKA, B KOTOPOH HCHOMb-
3yeTCsA HCTOYHHK U3Jy9EHNA C MUPOKUM CIeKTPoM (HampuMmep, Ayrosas Jamna). B
3TOM CJIy4Yae aHAJIU3 CIEKTDA OCYUIECTB/IAETCA C TIOMOUIBIO CIIEKTPAJIBHOTO IPUBOo-
pa (npuama, mudpakunonHas pemerka). B xauecTse npumepa Ha puc. 7.7 nokasaHa
CXeMa OIIbITa MO HabJ/IIONEHHIO CIIEKTPa MOIJIOMEHHUA CBETA PACTBOPOM MAapraHIO-
BOKHCJIOTO KaJinA. B 9TOM ombire Hy4oK Gesioro cBera JyrosoM JTaMIbl IIPOXOMMT
4epe3 pacTBOP, 33TEM 4Yepe3 CTEKJIAHHYIO IPU3My M HaNpas/AeTcsa HA 3Kpad. [Ipu
3TOM B XKeJITO-3ejieHO! 06NnacTH CnexTpa Ha PKpaHe HabIIoIaeTca TEMHAA 110JI0CA.
TTosaBieHune 3ToM M0JIOCH! BbI3BAHO MOIJIOUIEHUEM XKEJITO-3€JIEHOr0 CBETa PACTBOPOM
MapraHUOBOKUCIOrO KaauA. AHAMOTUYHBIH ONLIT MOXHO NPOAENATb ¢ NapaMyu Ha-

Tpus. [loMemasn B My4Yok CBeTa HATPHUEBYIO rOPEJIKY, HabIII0AaeM MOrJIOMEHHE CBETa,
B xeyrTol 06J1aCTH CIeKTPa.

1 2 ~k‘[——ﬁ——
L

Puc. 7.6. “IllupoKonoJIOCHbI#” BapHAaHT CHEKTPOCKONUY [OrNIONIEeH A: 1 ~— HCTOYHHK CBETA,
2 — uccaenyembift 06bekT, 3 — cnexkTpasibHBIH NPHGOP, 4 — H3MEpUTENLHAA alNapaTypa

6 3ak. 350
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GOt By AR

Puc. 7.7. HaboaeHne CNeKTpa NOIJIOMERH A CBETa BOOHBIM PACTBOPOM MapraHIOBOKHCJIO-
ro Kanusa

Ymensnienne ¢asoBod ckopoctu cBera B cpene. Iloxasaress mpeso-
Mitenmd. Boiote Mbl paccMorpeiu athdekT nornomenns ceera s cpene. Teneps pac-
CMOTPHM IIPOHECC NEpeusAy eHts CBeTa ancambneM 8036y XK IEeHHBIX OCHUIUIATOPOB.
970 NO3BONT BBIACHUTD MEXAHN3M APYIOro BaxXHOro 3ddekTa, BOSHHKAIONIErO IPH
B3aMMONEHCTBUY CBETA C BEIECTBOM — 3ddeKkTa YMEHbIEHHA CKOPOCTH CBETA HJIH
3amedaenus CBETOBOH BOJTHBL B Cpefe.

PaccMoTpuM pacnpocipaHeHue NIOCKOK MOHOXpOMATHYeCKO# cBeToBOH BOJHEI
B npospayHo#f cpeme. M3BecTHO, 4TO B 3TOM CJiy4yae BAMAHAE CPEObl CBOOUTCA K
yMEHBbIIEHMIO CKOPOCTH PacpOCTPAaHEHHUA CBETOBOH BOJIHBI; CKOPOCTH CBETA B Cpene
ecTh

v=c/n, | (7.21)

rfie ¢ — CKOPOCThb CBeTa B BaKyyMe, n — IeHCTBATE/IbHAA [MOJIOXUTEIbHAA BeJIH-
YyuHa,, OONBINAA EOHHUILI, HA3BIBAEMAA NOKA3GMEAEM NPEAOMAEHUA Cpelbl. B 3TOM
OYHKTE Mbl BbIBEIEM BBIDAXKEHWE ISl N, UCXOHs M3 NPEeNCTaBJCHUA O CPefe Kak
ancambiie OCHWINATOPOB.

IIpennonoxum CHa4Yala, YTO MOKA3ATENb PEJIOMJICHHA Cpelsl i u3pecTeH. To-
ra pACOpPOCTPAHEHHE CBETA B CPEeIe MOXKHO OMUCATh QOpMyIol

E= %Se‘(‘”t"") +k.c., (7.22)
rae w — 4acToTa, £ — KXoMiieKcHasA aMIIUTYHa BOJIHBI, RS
kE=wnfc, (7.23)

k — BOJIHOBOe YHCIIO IJ1A CBeTa B cpele. BBoas BOIHOBOE YUCIIO IJ1A CBETA B BaKy-
yme o

ko = w/e, (7.24)
nepenmmem (7.23) B BHIE
k= ko + (n — L)ke. (7.25)

W3 (7.22) u (7.25) BupHO, YTO CBETOBAA BOJIHA NPHOOPETAET B CPENE HONOTHHTENb-
HEIY as3oBeill Haber, NMPONOPUHOHAIBHEIA TOMIUHE cpensl. Hanpumep, mia cios
cpens! TonmuHol Az momonuurenvHbii $azopriit Haber paBen



Texyus 7. JTunelinmtl ocyusrrmop 8 c6emosom noae 163

Ap = (n - 1)kAz. (7.26)

[Tone Ha BbIXOAE U3 Cpelnl B ITOM CIydae ecTh

E = %8 expli(wt — kA2)] +x.c. = %8 exp [i{wt — koAz) —iAp] +k.c.  (7.27)

Hpe,rmonome Tenepp, YTO TOJIIIHHA CJ10A Cpeabl Az HaCTOJBKO MaJIa (MHOI‘O MEHb-
e JJIMHbI CBETOBOH BOJXHbX), 4TOo

Ap < 1. (7.28)

Torna, Bocnosib3oBasumcs, GopMynolt exp(—1Ap) = 1 — iAp, noayurm us (7.27)

E = E, + E,, (7.29)

rie

By = %S exp [i(wt — kpAz)] + k. c.,

E, = %Enexp [i{wt - koA2)] + k. c., En = —1ApE.
IlepBoe crnaraemoe B opmyiie (7.29) MOXKHO MHTEPNPETUPOBATH KaK IOJI€ HCXOI-
HOIt CBeTOBOM BOJIHBI, Nagaolet Ha cpeny u npomenwmeit yepes Hee 6€3 NCKaXKEHUA.
Bropoe cnaraeMoe OINMCHIBAET HEKOTOPOE NONOMHUTENLHOE ¢1aboe nose, CABUHYTO.
no ¢ase oTHOCHTENILHO nagatomelt Boansl Ha 7/2. C yyerom dopmynst (7.26) am-
IMTYLY HOTOJHUTENBHOrO M0JIA MOXHO NPEeNCTaBUTh B BHIE

Ex = —tkpAz{n — 1)E. (7.30)

B nponenaHHOM BhIIIE pacyeTe NOMOJHUTENHHOE N0JIe BO3HHKACT KAK CeICTBHE 3d-
¢exta samenenns ceera B cpene. C npyrodt CTOPOHBI, OHO HE MOXKeT ObITh HUUEM
HHBLIM, KDOME TI0JI5A, NEePeusAy~eno20 3JIeMEHTAPHBIMM OCLWIIATOPAMH (ATOMAaMH)
cpenpl. BeraucauM Teneps 3TO Nepensiy YeHHOe NoJIe, HCXOIA U3 npencrassenni 0b
H3JIy4EHHH OCLWJIJIATOPOB, COBEPIIAIONIMX BBIHYXKIEHHEIE KOMeOAHUA B TI0JIe NANa-
el cpeToBOM BOJIHBI.

Ha puc. 7.8 noxazas ToHkuld cioft cpemsl, Ha KOTOPLIU NaaeT IIOCKAs MOHO-
XpoMaTuyiecKaa cBeToBad BosiHa. [Iycts Az — Tommusa ciaosa, N — 4uciio aToMOB
B equHuLe obbeMa cpenpl. ByseM cunTaTh, YTO Cpesa HOCTATOYHO pa3peXxeHa i
TOrO, YTOOBI BIMAHHEM ATOMOB IPYr HAa JApyra MOXKHO 6bl10 nperebpeds.

[Ipenebperas saryxanueMm xoneGanuli, ypaBHenne BLIHY X ACHHBIX Kosiebanuil oc-
WHJUIATOPA B 10JI€ NaJal0omell CBeTOBOH BOJIHBI

1 .
E= -2—€e“"t +x.c. , (7.31)
3aluieM B BHIE '
" €
F+uwir= EE’ (7.32)

TAe e U 11 — 33PAL U MaCCa 3JEKTPOHA, Wp ~— COBCTBEHHAA YaCTOTa OCHUIIIATOPA.
Pemnenue ypasaenus (7.32) uiem B BHIe
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Cser i i

—
————
— i 1 z
— i

Cpena
— (TOHKMIA CJ0¥#)

Puc. 7.8. K pacuery noxasareiisa nmpesjomieHns monesbHOH cpennl. ToHxuit cyolt cpemm
ofstyuaerca MJIOCKOR MOHOXPOMAaTHYeCKOil cBeToBoil Bosmoit. P — Touka HabGMIONEHHA

1.,
z = Eie“‘” +K.C. (7.33)

Honcrasus (7.31), (7.33) B (7.32), nosyunm

e 1

= ——
muws — w?

(7.34)
Popmyaia (7.34) yCTaHABINBAET CBA3b MEKIY KOMILUIEKCHHIMY AMILIUTYIAMH KOJIE-
HaHuil gunoas £ ¥ o naaaouell Boaus: €.

Konebmomuiica AUNOab caM CTAHOBHTCA MCTOYHHKOM BTOPHYHOIO W3JIYUEHUS.
Hcnonssys pesysbTaThi JEKINH 5, I0J1e BIOPUYHOTO U3JIYYeHH NIPEACTaBUM B BATE

Ey = %&,e““-’/d +x.c., (7.35)
rne
ew?F
& = o siné, (7.36)

7 — PACCTOAHME OT JUNOJIA IO TOUKM HabmoneHus, § — yros Mexxay ocbIO JUIIONA K
HanpasJieHHeM Ha To4Ky Habmoaenusa (puc. 7.9). B manpHeitiem mbr orpaHudumca
paccMoTpeHdem yriioB 8 6auskux k /2. B aTom cayqae sinf ~ 1, u popmyna (7.36)
JJIA AMOJIATYAbL BTOPUYHOM BOJIHBI IPUHUMAET BUIL

Puc. 7.9. K pacuery 1oJisi BTOpUYHOrO H3JIy4EHHA
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a) 6)

Puc. 7.10. K pacyeTry mosa u3jayueHHA COBOKYIIHOCTH OCHMJIIATODPOB, PACIOJIOKEHHBIX B
OAHOM IJIOCKOCTH

9~
ew T

& = (7.37)

c3r

Tenepsb nepetineM Kk CYMMHPOBaHHIO U3JIYIEHNH BCEX OCHMJIIATOPOB, 3aKJII049€EH-
HBIX B PaCCMaTPHUBAEMOM TOHKOM cJioe cpenpl. Bribepem To4uky HaO/IIOJEHUA MOJA
P Ha pocTaToqHO GOMBIIOM PacCTOAHMM OT cos (puc. 7.8). ManydeHue OTHENBHO-
ro aroMa B Touke HabmoneHus onuceiBaerca dhopmynamu (7.35), (7.37). Hposons
CyMMHPOBaHME, CJIEAYET YYECTb, YTO Pa3Hble OCUMJJIATOPHI CPEABl PACIOJIOXEHBI
Ha Pa3HBIX PACCTOAHHAX T OT TOYKH HAGIIONEHMSA M MOITOMY HUCIIyCKaeMble MMHU
CBETOBbLIE BOJIHBI IPUXOLAT B 9Ty TOYKY C PA3HBIMM (pa3aMu.

IMpennosioxuM, ITO TOJUIMHA CIOA CPEabl MHOTO MEHbBLIE JJIMHLI CBETOBOM BOM-
uel: Az € A. Torna mMoxkHO Boobie npenebpedsb TOMUIMHON CJIOA ¥ CYUTATH, YTO BCE
OCITUJITIATOPBL PACIIONIOKEHB! B OMHOR U ToH ke miockocTd. Beemem B 3To#t IutocKo-
CTH OCH Z, Y, & OCb Z IPOBENEM IEePIeHIUKYIIAPHO IIOCKOCTH OCUUJIIATOPOB Yepes
touky P (puc. 7.10,a). Ha puc. 7.10, 6 moka3aHO TOHKOE KOJIBLO PaIAyCa p U LIn-
puHbl dp, PACIOJIOXKEHHOe B MJIOCKOCTH OCLHJINATOPOB TAK, YTO OCh 2 COBIAIAET
C OCbIC KoJiblia. Bce oCHMIIATODSI, PACTIONOXKEHHBIE B IIPENEsax MAHHOTO KOJIbIR,
HAXONATCHA HA OIHOM H TOM XK€ PacCTOAHUHM OT TOYKH P, U M03TOMY MCIYCKAeMble
UMY CBETOBBIE BOJIHBI CKJI3ABIBAIOICA B TOUKe P B omHOl u To# ke daze. Pesyins-
THPYIOILEe CBETOBOE TIOJIE MOXKHO, CJIENOBATEILHO, BBIYHCIUTE 110 (hopMyJie

dE = EydN, (7.38)

rne Ey onpenenserca ¢popmyno#t (7.35) u ONHCBIBAET HOJIE OHOTO OTIEJIBHO B3ATOr0O
OCHMJLIATODA,

dN = NAz2rpdp, (7.39)

dN — 4YKuCJIO OCHUJUIATOPOB B NpeAe/ax Kojbua. Tenepb, 4ToObl HaWTH NOJIHOE
CBETOBOE TIOJIe, CO3TABAEMOE B TOUKe P BCEMU OCHMIIJIATOPAMHM TJIOCKOCTH, CJIEAYET
noncraBuTs (7.39) B (7.38) u nmpounTerpuposaTh no p. B urore momy4unm

o0
E,= NAz2n / Eopdp. (7.40)
J _

W3 puc. 7.10 Bunno, uto r? = 22 4 p%. Tax Kax Hac MHTepecyeT ciay4aht z 3> p, ¢

xopoule#l CTeneHpi0 TOYHOCTH MOXKHO CYHTATh, 4T0
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r =2+ p?/[22. . (7.41)
ITo popmynam (7.35), (7.40), (7.41) nony4aem
E;= %SA exp [i(wt — ko2)] + k. c., (7.42)
rae HCHoJIb30BaHo obosHadeHue (7.24),
En=2rNA2ET, (7.43)
g i
J= / exp(—ikop® [22)p dp. (7.44)
0
Unrerpan (7.44) BerducnuM crenyomum o6pazom:
[}
=T ervn? — il 2 _ %
J = ilﬂ)/exp( ap* —ikop®/2z)pdp = T (7.45)
] ;

Ioncrasnas (7.37), (7.45) B (7.43) n npeneGperas OTIMYHEM T OT Z, IIOJIYYAM

Ex = —thoAz2nNex

uin, ¢ yaeTom (7.34),

2
gﬂ. = —ZkoAZ&r-N_e'*z—l——z-g . (746)
m wy-—w
Vtak BoIpaXKeHNA [UTH KOMILIEKCHOH aMIUIMTYALI SONONHMTENHLHOrO NOJIA, BO3HH-
KaIOIEro B pe3yJsbTaTe B3auMOREHCTBHA CBeTa CO CPeloH, NOJyYeHbI C AOMOUIBIO
IBYX pasubix nonxonos. ®opmyiia (7.30) BriBenena GheHOMEHOIOTUYECKH HA OCHOBE
OPENCTABJIEHUA O 3aMeIVICHIH CBETOBOH BOMIHBI B Cpele, XapaKTepH3yeMOM IIOKa3a-
TesieM IpesioMieHns Matepuana n. Popmyna (7.46) nomyyeHa ¢ HOMOIMIBIO MOIENH,
B KOTOPOH Cpena NpencraBiseTcas Kak aHcaMbJib rapMOHMYECKHMX OCUMJIJIATOPOB.
Ecnu npupaBeATh Beipaxkenus (7.30) u (7.46), to nonyuum dopmyny

2
n=1+ M-Z—l--—z', (7.47)
m wi—w

BBIPAKAIOILYIO NOKA3aTeb NPEJIOMJIEHHA 11 Yepe3 MUKPOCKONHYECKHe MapaMeTphl
cpensi: 3apAn e, Maccy m, COOCTBEHHYIO YaCTOTY Wy IJIEMEHTAPHOIO OCHMILIATOPA,
a TaK»Ke 4HCJIO aTOMOB B enunuie obbvema cpenbt N U 4aCTOTY CBETOBOH BOJIHBI w.
CorytacHO MCNOJIb30BAHHLIM NMpUOIMKEHUAM, 3Ta (HPOPMYJIa ClIpaBEIIMBA O/ TIPO-
3PaYHBbIX Pa3PEXEHHbIX cper. [IponenannbIft pacyer NOKA3BLIBAET, YTO MEXAHU3M 3a-
MEJIJIeHUsl CBETa B CPElie CBA3AH C B3auMoneltcTsuem (MHTEp(epeHIHel) BTOPUIHBIX
CBETOBBIX BOJIH, HCITYCKAEMBbIX ATOMAMH CPENb.

Heonuopoassiit ancam6is ocmiuiaropos. PaccmoTpum ancambie, B KOTO-
pPOM OTHEJIbHBIE OCUMJIJIATOPHI MMEIOT pasHble COOCTBEHHBIE YaCTOTH! Konebanuit.
Tako#t ancaMbib MOXHO HA3BaThb HEOOMOPOJHbIM. B peanbHBIX CHCTEMAax NpuU4M-
HAMM HEOOHOPOZHOCTHM MOTYT ObITb Pasjidyde KBAHTOBBIX COCTOAHHMH ATOMOB WM
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}S(w)

Aw
A(D‘

I 11,1,y

Puc. 7.11. Cnekrp xosebanuit HeoqHOPOAHOTO aHCAMbnsA OCIUILIATOPOB

MOJIEKYJT, HEOOHOPOAHOCTb W3OTOIMHOTO WJIM XUMHYECKOTO COCTaBa CPelbl, XaOTH-
4eckoe TEIJIOBOe ABHXeHue dactun U 1. 1. Hac 6yayr unrepecoBarh 0COGEHHOCTH
B3aUMOIEHCTBHA HEOTHOPOIHOIO aHCAMOJIA CO CBETOBLIM TIOJIEM.

Iycty unpeke “J” HymepyeT pasiiM4HbIE PE3OHAHCHBIE 4aCTOTHI {THIIBI OCHUJI-
JIATOPOB) B HeomHOpomsoMm aHcaMbie. QCHOBHBLIMH XapakTepUCTHKAMH aHcamOiis
ApA0TCA Habop vacTor kosebanult {wy} ¥ cTaTHCTHYECKHe Beca OCHMILIATOPOB
{ps}.

YpasHenne [BUXXEHHs OCUMJUIATOPOB NOA melicTBueM ceeroporo nona E(t) za-
NUIIEM B BHIE

i +Tiy +wizy = %E ' (7.48)

O6parHoe Bo3nefiCTBHE OCUMIIIIATOPOB HA CBETOBYIO BOJIHY (M3JIydYeHHe, HOIIOIWEHHe
HJIM PACCESIHHE CBETA) ONPENENIAETCA CYMMAPHBIM IUNOJILHLIM MOMEHTOM CPEIbl —
ee noaspusayuetl (cM. 4. IV), xoTOpas B JaHHOM CJIy4Yae UMeeT BUL

P=Ngz), (=)=) pszs, (7.49)
J

rnme N — cpegHee 4HCJO YacCTHI B eMHHLE 00beMa Cpenpl.

OpHoponHas ¥ HeoNHOpOOHas IMMpHMHa crnekTpa. Ha puc. 7.11 nokasan
THIUYHBIR CcrieKTp KosiebGaHu#l (ONTHYECKOro W3jlydYeHu:A, NOrJIOMIeHUA KM Pacce-
AnKs) HeomHopogHoro ancambis. [TogobHylo CTPyKTypy MMeeT, HanmpuMep, CIIEKTP
TOIJIOMEHMA MJIH KOMOMHAIMOHHOIO PacCesAHNs CBETa B MOJIEKYJIAPHBIX ra3ax HPH
He CJIMIIKOM BBICOXUX JIaBJICHNAX.

CuexTp xosnebanuit HeOHHOPOAHOrO aHCAMOJ OCLUJINATOPOB XAPaKTEpH3yeT-
CA OBYMA OCHOBHBIMHM IapaMeTpaMM: OJHOPONHOH wmmpuHO# Aw M HEOIZHOPOZHOMH
nupuHOR Aw*. Odnopodras wupuna XapaKTepUusyeT CIeKTp KosebaHuit OTIOesIbHO
33ATOrO OCUMILIATOPA. Heodnopodnas wupunae ecTbh Mepa pasbpoca OCIMAIATOPOB
10 YACTOTaM (OUCTIEPCHA WK WHPHHA TIOJIOCH! Pe30HAHCHBIX $acTOT). 1A HeOqHO-
DPOOHOrO aHCcaMO/IA XapakTepHa CUTYAllds, KOTIa

Aw” > Aw (7.50)

pHc. 7.11). Takoe COOTHOLIEHHE UMEET MECTO, B YACTHOCTH, MEXIY AOMLIEPOBCKOH#
HeomHOPOAHOH) M ecTecTBeHHOR (omHOpOnHOH) mMPHHOR chnekTpa rasoobpasHoM
penml. '
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Hns Mopenu, onuceiBaeMolt ypasuennsimu (7.48), (7.49), moxno 3anwucaTs

Aw=T, Aw* =./(@3), (7.51)

rae
@35 =Y _ps@3, (7.52)
J
(@%) — macnepcusA Pe3OHAHCHBIX YACTOT,

Wy =wy — 0, (7.53)

(j — HACTOTH OCHWLIATOPOB, OTCUNTHIBAEMbIE OTHOCUTENLHO CpenHel no aHcam-
6110 YacTOTHI KoJIebanuit

w=) pw. (7.54)
J

Hrak, o0HOPOIHO yIIMpPEHHO! HA3BIBAETCA CIEKTPAJIbHAA JINHUA, KOTOpasA 0bpa-
3yeTCA MyTeM HaJIOXNKEHHA CIEKTPaJIbHBIX JHHUH OTHENbHBIX OCUMILIATOPOB, MMe-
IOIX ORNMHAKOBYIO COOCTBEHHYIO 4acTOTy KosiebaHuWH wp. B nmpoTMBOIONOXHOCTH
3TOMY, HEOTDHODOAHO YHIMPEHHOR HA3BIBAETCA CHEKTPANIbHAA JIMHNA, NPEACTABIAIO-
wasa cobolt CynepnosHLMIO CIeKTPAJIbHbIX JIMHUE OCHUILIATOPOB, UMEIWMX OTJIU-
yalomuecs: cObCTBeHHbIe YACTOTHI Kosiebanult wy # wy. B nepsoM ciyyae ¢opmsl
CIIEKTPANBbHBIX JIMHUH OTIENbHOrO OCUMJIATOPA U BCEro aHCaMOJIs COBIAJAIOT, BO
BTOPOM — OTJIMYAIOTCA, IPUYEM CIIEKTPAJIbHAA JIMHUA aHCAaMBJIA OKa3blBAETCS, KaK
UPABUIIO, 3HAYUTEBHO MUPe JIMHAR OTIENLHBIX OCMIIATOpoB. [IpuMepamu onxo-
POIHOTO YUIMPEHUA ABJIAIOTCA €CTECTBEHHOE (PafMalliOHHOE) M CTOJKHOBUTEJIHHOE
ymupeHns. Ina DaHHBIX THIIOB YIIMPEHUA XapaKTEPHO TO, YTO OHM NPUCYINM CIeK-
Tpy kaxnaolt ornenbHON yacTuusl. [IpuMepaMu HEOHHOPOIHOIO YIIUPEHUA ABJIAIOT-
Cs [OIIEPOBCKOE, M30TONUYECKOE, BpamarenbHoe (B MOJEKYJIAPHBIX ra3ax) U T. 1.
9Ty THNB! yIIHPEHUA [PUCYIIN TOJIBKO CIEKTPY aHCAMOJIA 4aCTHL, 8 JJIA OTAEb-
HBIX OCHMJIJIATOPOB OHH HE UMEIOT MECTA.

Bo3byxnerue KopoTKUM MMIyascoM. Penakcanus sHepruu u gedgasu-
poBka. [lpennonoxum, 4o aHCaMOIb OCHMILIATOPOB BO3OYXKIEH KOPOTKUM CBe-
TOBBIM MMITYJIbCOM. B 9TOM ciiydae mpolecc mepexona K paBHOBECHOMY COCTOAHHIO
MOXXHO OXaPaKTEPH30BATb JIBYMA PA3HBIMH BPEMEHAMU — 6PEMEHEM DPEALKCAYULU
anepeuu 11 u epemenem 3amyranua noaspusayuu 1. CormacHo monemm (7.48),
(7.49), nonApu3anNA Cpeabl MOXKET 3aTYXATh HE TOJIbKO M3-33 YMEHbIICHU SHEPTHH,
HO U BCJI€ACTBHE OTHOCHTEJIbHOrO usmeHenust a3 (dedasupoexu) OCHHIIIATOPOB.
IloaToMy B 0DUIEM CIIy4ae MMeeT MeCTO COOTHOIICHHE

T' > Ts. (7.55)

B YaCTHOCTH, BO3MOXXHO CHJILHOE HEPABEHCTBO

Ty > Ty, ~ (7.56)

O3HAYAIOUIEE, YTO 3aTYXAHUE MOJLAPH3ALUMH NEJHKOM 06yciioBiieHo nedasupoBKOR
‘KoJ1ebaHuH.
B pamkax momenu (7.48), (7.49) Bpems penaxcalliy¥ SHEPTHH €CTh

Ty =1/T = 1/Aw. (7.57)
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Yro xe kacaerca gedasupoBKy KoneGaHuit, TO ACHO, YTO B HEOQHOPOTHOM aHcaMbiie
OHa, mpoUCXOAUT TeM ObicTpee, YeM BGosblie pasdbpoc OCHUIIATOPOB MO YACTOTAM.
Vicnonp3ysa moHATHE HEOOHOPOLHON OIMPUHBI COEKTPA, MOXKHO, C/IENOBATEIBHO, 3a-
I1CaTh

Ty ~1/Aw*. (7.58)

Ipunimner yacTorHoll 1 BpeMenn6i crexrpockonuu. Ancambiib OCHHII-
JIATOPOB, ONMCHIBaeMbll ypasHeHnAMHu (7.48),(7.49), npencrasnsaer coboit auneiinymo
cucmemy. Kak n Bcakas nuHellHas cuCcTeMa, OH MOXKeT ObITh OXapakKTepHU30BaH 4a-
cToTHBIM K03 duIIeHTOM nepesayy (B TEPMUHAX ONTHKU — JiHeHHON onTudeckoi
BOCHIPUMMYHBOCTBIO) X (w) M uMIyJIbCHOH nepexonnolt dbyuknuett (dbynkumeit I'pu-
Ha) h(t). Qacmommuwl xosdduyuenm nepedanu XapaKTEPU3yeT OTKJIHMK CHCTEMbI
Ha TapMOHWYECKOe BO3NEHCTBHE, B TO BpeMA KakK @ynxyus I'pura OMUCHLIBAET ee
pPeaknuio Ha O4YeHb KOPOTKUH BO30YXkmaommi umnysbc. B ofmem ciiydae 3T e
XapaKTepHCTHKH JIMHEHHOI! cucTeMbl CBA3aHbI Mexay cobolt npeobpasoBanuem Py-
pbe:

h(t):% / x(@)etde, (7.59)
x(w) = / h(t)e™tdt, | (7.60)

B cooTBeTCcTBUM C NPUHYUNOM NPUNUHHOCTMU, COTTTACHO KOTOPOMY OTKJIMK CHCTEMBI
He MOXET OIEpeXaTh Bo3neitcTere Ha Hee, GyHKUMA ['pUHa OT/IHYHA OT HyJIA JIMIIb
IJTA TIOJIOXKUTEJIBHBIX 3HAYEHNI CBOETO apryMEHTA, & JU1A OTPULATEbHbIX 3HAYEHHH
BPEMEHHM OHA DaBHA HYJIIO:

h(t < 0) = 0. (7.61)

[Tostomy dopmyna (7.60) Moker OBITH 3aMKMCaHA B CICAYIOMEM BUAE:

x(w) = / h(t)e™*“dt. (7.62)
0

B nacrosmee speMa B onTuKe pa3paboTraHbl H NPUMEHAIOTCA CICKTPOCKOIMHUECKHE
METO/IMKY, KOTOPbIE MO3BOJIAIOT U3MEPATH KaK JUCIEPCUI0 BOCHPUHMYNBOCTH X (W),
TaK M WMIYJAbCHBIR OTKIUK cpenbl h(t). MerToasl CTaAUMOHADHONW WM YACTOTHOMH
CIEKTPOCKOIMH, B KOTOPBIX XapaKTEPUCTUKU ucciaenyemol cpensl (Koadduuuent
TTOTJIONIEHHA, [IOKA32TeJb NPEJIOMJICHH A, HHTEHCHBHOCTD PACCEAHUA) M3MEPAIOTCH B
3aBHCHMOCTH OT YaCTOTHI M3JIyYeHHA W, HeCYT MH(OPMALHUIO O OUCIIEPCUKM BOCIPH-
umunBocTH X(w). UneanbubiM npubopom aiis 4aCTOTHOH CNEKTPOCKONMHA ABJIACTCA
J1a3ep ¢ nepecrpauBaeMoit yactoroit mznyuenus. UMmnysibcHble miMm HeCTAIMOHAD-
Hbi€ METOJbI, NOABUBHIMECA TIOCHE CO3NAHUS JIA3ePOB, FEHEPUPYIOUIUX CBEPXKOPOT-
XHe CBETOBLIE UMIYJLCHI, NAIOT BO3MOXKHOCTBL IPAMOrO M3MEPEHUs HUMIYJIbCHOTO
sTrymka cpenst h(t). Hockombky dyukumm x(w) u h(t) ceasannr Mexxay coGolt npe-
sopaszoBaureM @ypre, obe rpynmsl METomoB, B NPMHIMOE, Nai0T SKBHUBAJIEHTHYIO
cnmeKTpockonndeckyo uagopmaunio. Ha npakTuke HeCTaIMOHAPHYIO CIIEKTPOCKO-
THIO IPHMEHAIOT, KaK TPaBUJIO, A% UCCISAOBAHUA Y3KUX CIEKTPAJIbHBIX JINHUN.
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Re z(w), oTH. en. 1g |h(t)]
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Puc. 7.12. CnexTp konebaHult MosIeKy 1 BOAOPOIA, H3MEPEHHDIH C NOMOMIBIO Y3KOMOSIOCHOTO
[EpecTpauBaeMoro no 4dactore jasepa [5]. CnexkTp mostygen npu xOMHATHOR TemmepaTy-
pe u massienun sogopona 200 Topp. IlImpuea cnekTpanbHOW JIMHMKM NMPH 3TOM NABJICHHH
(775 MT'u) 6smska x nortepoBckoit. CpemHas 4acToTa MOJEKYNAPHBIX Xosiebanuit Bo-
nopona vy = 4155 cM™! (a). Mmnyscuniit oTknuk (nedasmposka) xonebaresnsno BosGy-
X JEHHBIX MOJIEK YJT BOIOPOa, H3MEPEHHEIH C TOMOUIBIO CBEPXKOPOTKHX JIA3€PHBIX MY JIb-
cos [6]. IMnynbCHBIR OTKJIMK IIOJIy4YeH NPM KOMHATHOH TeMIeparype M HapJIeHHH BOXODPO-
na 100 Topp. Ilpu sToM mabnenuu neda3upoBKa MOJIEKYIAPHBIX Komebanui 00y crIoBIeHa
IPeHMYUIECTBEHHO AOMJIEPOBCKUM MexaHu3moM. Bpemsa necdasuposxn (mopamka 107% ¢)
o6paTHO MPONOPHHOHAILHO IIMPHHE CIeKTPabHol munuu (6)

Onun u3 IpUMEpOB Noka3aH Ha puc. 7.12. Ha puc. 7.12, a npeacrasiien cnexTp
KosiebaHuil MOJIEKYJT BOZOPOAA, N3MEPEHHBIH C IOMOMIBIO Y3KOIIOJIOCHOI'O, IIEPECTpa-
MBaEMOTO 110 JaCTOTe J1asepa. Ha puc. 7.12, 6 u3o6paken uMIynbCHbIH OTKJMK (ne-
¢dasupoBka) konebaTeNbHO BO30YKICHHBIX MOJIEKYJ BOLOPONa, M3MEPEHHBIR C mo-
MOIIBIO CBEPXKOPOTKMX JIA3€PHBIX MMIIYJIBCOB.

YacroTHasA BOCHPHUUMYHUBOCTD M UMINYJbCHBIH OTKJIUK HEOH-
HOPOOHOTO aHCcaMbasA OoCUMANATOPOB. B KauecTBe mpumepa BHIYHCIHM
byukuun x(w) u A(t) s MomenpHOR HEOMHOPOOHOM CHCTEMBI, OITUCHIBAEMOI ypaB-
nenusmu (7.48), (7.49).

OO6bI4HO B ONTHKE XOPOIIO BBHITONHAKTCA YCJIOBUA

@>» Aw* > T, (7.63)

T. €. CpeJHAA YacTOTa KosebaHult OCHMINIATOPOB 3HAYUTEBHO PEBHIAET KaK Ofi-
HOPOIHOE, TaK ¥ HEOQHOPOIHOe ymupeHusa. B aTom ciiydae uenecoobpasHo nepeitu
oT ypasaenusa (7.48) K yKOPOUEHHOMY YPABHEHMIO IJIA aMIIMTYAbI Kosiebanuit.

IpennonoxkuM, YTO CBETOBOE NOJIE NPENCTABJAET COOOM y3KONOJOCHBIH (KBa-
3MrapMOHMYECKuH) Npouece, pUYEM CPeNHAA YaCTOTa NOJIA HACTPOEHA Ha LUEHTP
HeOMHOPOOHO yUIHPEHHOR TI0JIOChI: ' »



Jexyua 7. Jlunelinnidl ocyuaiamop 6 ceemosom noae 171

E@®) = %S(t) exp (iwt) + k.c. (7.64)
Honcrasus (7.64) B (7.48), 6yneM uckaTh pemeHye B BUIE
] ,
z5(t) = 55:_1 (t) exp (i wt) + k. c. (7.65)

B npubiukeHun MeAJIEHHO MEHIOMUXCA AMIINTY, O3HavaomeM, 910 £(t) u £(t)
MAJIO MEHAIOTCA 33 BPEMs NMOPAOKa MEPUOIA CBETOBBIX KosiebaHuil, moyIum

g+ gi-J =iQyEy + Alt), (7.66)
roe
A(t) = vE(),
e ‘ ~ (7.67)
7= S

Tloncrasus (7.65) B (7.49), momy4um

= %’P exp (i@t) +k.c., (7.68)

rae
P=Ne@@), (@)= > psis. (7.69)
7

HTak 11 pacyeTra NONADPU3ANNY CPEIbl HEOOXOAMMO BBIYHCIMTE CPENHIOKN aMILIH-
Tyny KoseGauuit (Z), onpenensemyio dpopmynamu (7.66), (7.69).

Haltnem pemenue ypasuenus (7.66). IIpumeHsAs cneKTpaJibHBIH METO.N, pasJjio-
xum bynkuuio A(t) u Z5(t) 8 uarerpan Oypoe: :

Al) = / Alw)etdu, (7.70)
550t = % / £5(w)e“td, (1.11)

HNoncrasus (7.70), (7.71) B (7.66), HaxOOUM CBA3b MEXAY CNEKTPAJILHBIMU AMILTH-
Ty aMA

£r(w) = xs(w)AW), (7.72)

oae
(w) = (7 43)
XJ iw—iw";+1‘/2’ ’

xJ(w) — yacrorssiit KoadpuuMenT nepenayn (JIMHEHHAA ONTHYECKAA nosApusye-
MOCTb) /11 JAHHOTO OCUMILIATOPA.



172 Yacmy II. Hsaaywenue u 2enepamopv. ceema

Ioncrasus (7.72) B (7.71) u ucnonpsys ¢opmyny obparHoro npeobpa3oBaHUs
Oyphe

o0
Aw) = [ Awea o
—o0
BhiTexaomyo u3 (7.70), nomyyum
o o]
&5(t) = / A(t — 8)hy(0) df, | (7.75)
s .
roe
oo
ha(t) =% / 2o ()t du, (7.76)
— 00

hs(t) — bynxumua Ipuna ocumwIATOpa, COOTBETCTBYIOMAA 1ACTOTHOMY K03ddu-
muenTy nepegaun xg(w). Hakonen, noncrasus (7.73) B (7.76), naitnem aBHOE BHIpA-
wenue ana hy(t):

1
exp(i@ st — -Z—Pt), t >0,

hi(t) = (7.77)
0, t<0.
3ametum, 4yTo corsiacHo (7.77),
hs©) =1,  hy(oo) =0. (7.78)
®opwmyana (7.77) nossossier nepenucats (7.75) B Bume
() = /A(t —6)h;(8)d6. (7.79)
0

Utak, pemenne ypasuenusa (7.66) maerca dopmynamu (7.79), (7.77). Unrerpan
(7.79) nocur Hassanue unmezpanra Jroameas. ®opmyna (7.79) BeipaxaeT TOT daxr,
41O “OTKJIMK” JiMHeiHOU cucremsl £ (t) ecTb nuHelHbI 3anasapBaomuit GyHKIH-
OHAJl OTHOCHTENIHHO “BxonHoro curana” A(t). C momouisio (7.79) HeTpyaHO BbLAC-
HuTh dusuieckut cmuica byukuuu I'puna hy(t). B camom nene, nomaras

A(t) = const - §(t), (7.80)
rae 6(t) — menbTa~-pyHKUUA, TOTYIUM

Z5(t) = const - hy(t). (7.81)

Taxum obpasom, pynkuusa [puna xapakTepusyeT OTKJINK CUCTEMEBI Ha OY€Hb KOPOT-
kull Bo36yx naromuit umnyssce. [Togcrasus (7.79) B (7.66), neTpyaHO NOKAa3aTh, 9TO
dbyuxuua I'puna yaoBIeTBOPAET CAELYIOIMM YDABHEHHIO ¥ HAYATLHOMY YCJAOBHIO;

. T :
hy + -2—hJ =1i@ghy, hj{0) = 1. (7.82)
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=%>/\;$i

Puc. 7.13. Mexanuam nonsiepoBckolt nedpaszupobku

Taxum obpasom, dyukuusa I'puna Moxet 6Tk HalineHa nubo myTem dypbe-upeot-
Pa30BaHUA YaCTOTHOTO KoadduumenTa nepenadun, 1ub0 Kax pemesye OGHOPOIHOIO
YDaBHEHH:, ONUCHIBAIOMETO cBOGO/HbIE KOsIe0aHus uHelHo# cucTembl. Pazymeer-
cs1, 00a MoAXona MA0T OOMH M TOT XK€ Pe3yJIbTAT.

Ucnonb3sya dopmyst (7.79), (7.69), cpennroro amnnuryny xonebanuit (I) Takxe
MOXHO NIPENCTABUTHL B BUNE uHTErpana loamensa

() = / A(t — 8)h(9) do, (7.83)
0

raoe
h(t) =Y pshalt), (7.84)
7

h(t) — dyuxuna [puna ancambinsa ocumsnnaropos. Ys ycnosna HOpMHPOBKH BEpO-
arnocret ) py = 1 u (7.82) cnenyer, uto B obmeM cityqae h(0) = 1. Kpome Toro,
J

n3 (7.84) u (7.77) BoiTexaer (7.61).

Wrak, dyukunsa I'puna paccMarpuBaeMoro HeOMHOPOIHOTO aHCaMbia OCUMIIA-
TOPOB omuchiBaeTcA opmystamu (7.84), (7.77). YacToTHAA BOCIPHMMYMBOCTD CPEIbI
onpenenserca ¢popmysnoh (7.62).

Mpumep: nonneposckaa gedasupoBka. Paccmorpum Bo36yKIeHue
rasoofpasHoil aToMapHOil HJIM MOJIEKYJIAPHOH Cpefpl KOPOTKMM HMMILYJIBCOM CBETa

E(t) = %5(t)e*’<wf—’") +x.c. (7.85)

W3-3a TOTO, 4TO CKOPOCTDH CBETA €CTh KOHEYHAS BEJIMYUHA, 3JIeMEeHTAPHbIE OCUUILIIA-
TOPBI CPeibl, PACTIONIOXKEHHbIE B PA3HBIX TOYKAX NPOCTPAHCTBA 2, HAYHY T KOJIe6aTh-
cA B pa3Hble MOMEHTHI BpeMeHH. JTO OPUBEET K TOMY, YTO HENOCPEICTBEHHO IIOCJIe
IIPOXOKIEHUS CBETOBOTO HMIIYJIbCa BCE OCUMJIJIATOPHI YOy T COBEpIIATH KOIE6a MU
Ha omHOH 1 Tolf e JacToTe, HO C Pa3HbIMH (azamu, npuyem usMeHeHne (Gasbl KO-
nebauuit B npocrpaHcTBe OyAeT 3aKOHOMEPHO CBA3AHO C JJIHMHOH BOMHBEI BO3OYXKaa-
IoIero u3syydeHus (“BOJIHA KOTEPEHTHbIX Kosiebanuit” ). 3aTeM nom BAMAHUEM Xa0-
THYECKOTO TEIJIOBOIO IBMKEHUs YaCTHL HAYHETCA PA3pyUIeHHE NPOCTPAHCTBEHHO-
cdasupoBannolt pemierkn ocuusuiATOpoB (puc. 7.13) u BCieOCTBHE 3TOrO — 3aTy-
XaHMe OnTHYecKo# monApusaumu cpenbl. OnucanHbIl MeXaHu3M pesaKCaluy IOJIs-
pu3auuu HasoBeM donaeposcroti dedasupoexoti.
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x(@) 1g h(t)

Puc. 7.14. XapakTepHCTHKH OOIUIEPOBCKGH NedasupoBKE

BriBeneM BrlpaXkeHUs 1A YACTOTHOR BOCTIPHMMHYMBOCTH Cpenn! X (w) ¥ GpyHKuum
I'puna h(t), coorBeTcTBYIOmMMX HONIEpoBCKOR Aedasuposke. 114 2TOro BOCNONB3Y-
emca ¢popmynoft.

0 = kv, (7.86)

IJ1s1 NOMIEPOBCKOIO CABUIa YaCTOThI OCUMJIATOPA U (yHKUMEH pacrpenesieHus Te-
ILUIOBBIX CKOpoCTel

1 2 " \
w(v,) = a—mexp (— 21:;2) . (7.87)

B dopmynax (7.86), (7.87) k — BOJIHOBOE YUCJIO CBETOBOH BOJIHBL,

o2 = kgT/M, (7.88)
2

02 — mucmepcHusA TEIUIOBBIX CKopocTelt, kg — mocroannas Bonenmana, T — abco-
JIIOTHAA TeMIeparypa rasa, M — macca OCHIILIATOPa (ATOMA HJIM MOJIEKYJIbI).

ITpenebperas saryxanuem konebanuit, sanumeM ¢GpyHKumMo I'puHa OTAETHLHOrO
OCHMJIIATOPA, 00JIAMAIOMETO CKOPOCTHIO ¥,, B BHIE

h(v,) = exp(ikvst), (7.89)
a ¢pynkuuo I'puna mya Bcero ancambns Kak
h = (h(v,)) = 7h(vz)w(vz)dvz- (7.90)
Moxcrasus (7.87), (7.89) 5 (7.90), Haﬁ,u;:
h(t) = exp (-%aw) , (7.91)
x(w) = 7 h(t)e—tdt = _\/:E exp(~w?/202), (7.92)

—00

roe

o = koy. (7.93)
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Hrak, nocraBeHHas 3a0a4a pemeHa. ['pacdukn dbynkuuht x(w) n h(t) nokasans: Ha
puc. 7.14 (cp. c puc. 7.12). Ilony4ennsie 30eCh Pe3ynbTATH MOTYT O6bITh 0606IMEHBI
C y4eTOM CTOJIKHOBeHHY, M3MEHAIOMMX TENJIOBble CKOPOCTH, & TaKXe KBARHTOBbiE
COCTOAHUA ¥ 3aBHCAIIME OT HUX COOCTBEHHBIE 4aCTOTbI KOJMeOaHHH OCLMIIIATOPOB.
CoorBeTcTByIOman Teopua pa3puTa B paborax [6; 8; 9] (cm. Takxe mexumio 6).
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Jleknusa 8
Henune#HbiH OCHMILJIATOP B CBETOBOM IIOJIE

Modeav nenunetinozo ocyuaasmopa. Memod eosmyusenuil. Ocyuarsmop ¢ xea-
dpamunnott neaunetinocmoio. Ienepayus emopoll onmunecxoll zapmonuxu. Oc-
YuaaAMop ¢ Kybuvrol neauneldrnocmovro. 3a6ucumocmv wacmomus xoaebarut om
amnaumylds. Da3upoexa OCUUAMRMOPE BREWHUM NoaeM. Ifdexmo camososdeti-
CMEUR CBEMA: CAMOPOKYCUPOBKE CEEMOBYT NYHK0S, COMOMOJYAAYUA UMNYALCOS.
Tenepayus mpemoveti onmusecxoli zapmoruxu. Heaunelinoitl pesonanc u 2ucmepe-
suc. Onmuneckas Gucmabuavnocms. Ilapamempusecxan zenepoyusn ceema. Ilapa-
Mmempunecxutl pesonarc. Kombunayuonnoe pacceanue ceema. Modeav neaunedino
CBAIAHMVT OCYUUAARMOPOE. Heodnopodnuili ancambas HEAUHETHHT OCYUAARTIOPOS.
Ceemosoe 3x0.

B coBpeMeHHOM ONTHKe BHIHOE MECTO 3aHHUMAIOT ABJIEHHA, CBA3AHHBIE C HeAU-
HefiHoCMb10 OTKJIMKA BelleCTBa Ha CBETOBOE IIoJie. ITO TaKue ABJEHMA KaK IeHe-
pailfA ONTHYECKKX FapPMOHUK (HANPUMED, yIBOCHUE MK YTPOEHHE YaCTOTHI CBETA),
TIapaMeTPUIECKHUE IPOLECCH (B YACTHOCTH, yABOEHHE IJIMHBI CBETOBOR BOJIHbI), BbI-
HyXJEeHHOE paccesHHe CBeTa, CaMOQOKYCHPOBKA CBETOBBIX IIYYKOB, CAMOMOIYAA-
UA HMILYJIbCOB ¥ T. . 1A Bcex aTuX ABMeHHH, oOObequHAEMBIX IOHATHEM “Henw-
HefiHas ONTHKA” , XapaKTEpHA CHJIbHAA 3aBMCHMOCTb OT MHTEHCUBHOCTH CBETA; KaK
NIPaBWJIO, OHY CTAHOBATCA 3aMETHBIMHU JIMIIb B MOLIHEBIX JIA3EPHBIX HYYKaX.

3aeck MBI PACCMOTPHMM 3JIEMEHTAPHYIO KAPTUHY ABJIeHUH HenuHeHHON ONTHKH,
HOJIB3YACh MOZEIIBI0 HeaunelHozo ocyuarsmopa. Bosee monnoe obcyxaenne aroit
TeMbl JaHo B 4. IV.

Mopens neamaefiHOro ocumisiaTopa. B ofmem ciyyae ypaBHenue xoseba-
HHul OMHOMEDHOTO ONTHYECKOTO OCUMJIIATOPA MOXKHO NPENCTABUTh B BUIE

s+ri+ LU _Cp (8.1)
mox m
TIe € ¥ M — 3apAI ¥ Macca OCIM/LIATopa, I’ — Koaddpunuenr saryxanus Komeba~
aut, U = U(x) — noreHnuaibHas 9HEPrus CBA3AHHOIO 3aPAAA, XapaKTepU3yoman
BHYTpPEHHEE CHJIOBOE II0JIE OCLUM/UIATOPA (aTOMa, MOJEKYnbl), E — a/ekTprieckoe
TOJIE CBETOBOH BOJIHBI.

ByneM 0TCYMTHIBATH KOOPANHATY & U 3Hepruio U/ OTHOCUTENbHO 3Ha4eHull, COOT-
BETCTBYIOMIKX MOJIOKEHUIO PABHOBECH A OCUMIINATOPA. TOrHa IiA TOYKK PAaBHOBECUSA
umeem: £ = 0, U = 0, UM (0) = 0. Pasencrso nymo npoussomsost UV = 9U/8z
HMEET MECTO B CHILY TOTO, YTO B IOJIOKEHHH DABHOBECUA OCLUMJLIATOPA €ro MOTEH-
IMaJIbHAA SHEPIUA HMeeT 9KcTpeMyM (MunumyMm). Pasnaras oyukumio U(z) B pan
[0 CTENEHAM Z, NOJIyIUM

22 @0 4 T @ oy 4 Eopr@

Ulz) =az + bz + ez + ... . (8.2)

B cnyyae Manbix KosnebaHu# MOXHO OTDAaHMYMTHLCA B PassoxeHuu (8.2) dieHoM,
KBaJPATH4YHbIM IIO I:
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U(z) = az?. (8.3)

910 mpubMXKEHUE COOTBEICTBYET TapMOHHYECKOMY OCUM/IATOPY M JIMHEHHOMY
ypaBHEHMIO KosieOaHuit

i +T% +wiz = %E (8.4)

rae wp — cobCTBEHHAA YaCTOTa MaJIbIX Koslebauuit ociminaropa. Eciu xe ammiu-
Tyga xonebanuit cTaHoBuTCs GonbuioH, To HeoGxonumMo yunThiBaTh B (8.2) cnarae-
Mbi€, IPOTIOPLUOHAJLHEIE 3, z* u 1. 0. Tlpu aTOM ypaBuenue xosnebanutt (8.1) cra-
HOBMTCA HEIMHEHHBIM U JBMKEHHE OCLMIIIATOPA IPUOGPETAET HOBBIE KAYECTBEHHBIE
ocobennocta. Uz ypasrenus (8.1) BUAHO, YTO NPOABIEHUA HesuHEHHbIX 3¢ ek ToB
CJIeAYeT OXUIATh, IPEXe BCErO, B CHIbHBIX CBETOBBIX NMOJIAX.

KonkperHsi#t BUI HENMMHEHAHOCTH ONpENENAeTCA THIOM ocumiAropa. Ecim
dyukuua U(zr) asnserca deTHOR, T. e. cucTeMa O0JIAHAET YEHMPOM CUMMEMPUY,
TO B HU3UIEM HEJIMHEHHOM NpPUONMKEHNN MMeeM

U(z) = az® + cz?, (8.5)

4 ypasHeHue kojiebanuft cogepxur KybuuHy0 HeIMHEHHOCTS:
.. . e
&+ D%+ wirc — g2° = —E. (8.6)
m
IInsa cucreM 0e3 yermpa cumMmempuy y49eT nepBoit HeJTMHeRHOMU NONpaBKu JaeT

U(z) = az® + bz® (8.7

H, COOTBETCTBEHHO, KBAIPATHIHO-HeJINHEHHOe ypaBHEHHEe Konebanuk
. . e
i+ T +wiz +~z° = —E. (8.8)
m

B ypasuenusnx (8.6), (8.8) 8 u v — napamerpsl HeIMHERHOCTH.

Ky6uuno#i onruydeckoit HenmHEHHOCTHIO 00/1ANAI0T M3OTPONHBIE cpenpl (rassl,
XHAKOCTH, CTEKJ1A), KBAAPATHIHANA HEJIMHEHHOCTL XapaKTepHa, IJ11 AHU30TPOITHBIX
kpucrasuios (cuM. 4. IV).

'paduky TOTEHUHATLHON HEPTUH TAPMOHMYECKOIO OCIMILIATOPA, CUMMETPUY-
HOTO HEeJMHEHHOTo OCUMJIATOPA M ACCHMETPUYHOTO OCUMJIIATOPA IOKA3aHBl Ha
puc. 8.1.

Merton, Bosmymennit. O6bi4HO TOuHbBIE penmieHus HenmuHelnbix auddepenun-
AllbHBIX ypaBHEHH Wi BOOOME OTCYTCTBYIOT, MJIM K€ HACTOJILKO CJIOXKHBI, 4TO
UMM TPYILHO BOCNOJIb30BaThCA. IloaTOMy Iyia aHa/iM3a HENMHEHHBIX CHCTEM YacTO
UCTIONB3YIOT PA3IUYHbIE npubaudicentvie Meronbl. OONHMM U3 TAKUX METONOB ABJIA-
eTca Memod 603MyueHutl.

OcHoBHaA uOeA HTOrO METONA COCTOUT B TOM, YTOOGBLI PacCMOTPETh OBUMKEHNE
CHCTEMEI B €Aa00 HeaumelHOM Dexcume, T. €. B YCJIOBMAX, KOTHa HeNUHeHHOCTH
npoAsnser ceba Mumb Kak Mmanace eosmywenue. Hanpumep, B ciryvae ocuM/IIATO-
pa MOXHO PacCMOTPeTh KOJIe0aHMs, aMIUIUTYLNa KOTOPBIX HOCTATOYHO Mana. U3
dusnyeckpx coobpaxenult AcHO, 410 Kosnebanna BOIN3M MHHEMYMa NOTEHIHAJIb-
HOH 9HEPrHM MOJIKHBI MaJIO OT/IMYATHCA OT rapMoHmdyeckux (puc. 8.1). 910 maer
BO3MOXHOCTH PACCMATPHUBATH HENMHEHHbIe HCKAXeHHs KoJieDaHul KaKk MaJIyio Io-
NpPaBKy, A1 KOTOPO# MOXKeT GpITh OJIy4eHO NpubikeHHoe AuneliHoe yPaBHEHNe.
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a) 6) 8)
!
:;Pnc. 8.1. IToTeHUMAILHAA SHEPTHA OCUMAIUIATOPOB: FAPMOHHYECKOro (a), CUMMETPHYHOrO
nemuneltnoro (6), acummerpuunoro (6). Ha puc. 6, 6 myHKTHpPOM NOKa3aHA IHEPrHA B
napabosinieckoM (rapMOHHYECKOM) NPUOIHKEeHUH

Ocmunnsarop ¢ ksagparayHod HenunelinocThio. enepaumsa BTopo#t on-
THYecKo# rapmonmku. O6Cyx)IeHUe HeJMHERHbIX ABJIEHMH B ONTHKE HAYHEM C
addexTa yaBOEHHA JACTOTHL CBETA B KPUCTAJLIIE — 2eHEPAYUU 6mopotl onmuyecxoti
2apmoruxu. Jauubtht 3¢ddexT COCTONT B TOM, YTO NOI JeHCTBHEM MOIIHOIO Jiasep-
HOTO M3JIyYeHUA B HEJMHEHHOM KPHCTAJUIE BO3HMKAET H3JIyueHHE Ha YIOBOEHHOH
gacrore (puc. 8.2).

B JIeKIIHOHHOM ONBITEe IEMOHCTPHUPYETCA TeHepauus BTOPOit FapMOHMKH H3JIy-
YeHnsA HeoauMOBOro Jsasepa B kpucrasuie KDP. Ucxonnoe ungpakpacHoe gasepHoe
n3nyuenne (“Haka4dka’) UMeeT IUHY BOJHBI Ay = 1,06 Mxm. IIpu dokycuposke ia-
3€PHOr0 UMIIYbCa B KPHCTAJLI, Ha BBIXOE NOC/IETHEr0 BOSHUKAET APKaA BCOBIIKA
3es1eHoro useta ( “rapMoHnka” ). IIpu aToM [/1MHA BOJIHBI FEHEPHPYEMOTO H3JIyYEHHA
Ar = 0,53 MKM OKa3bIBaeTCA POBHO B [IBA pPa3a MEHbIIE AJIMHBI BOJIHBI HCXOOHOIO
JIa3epHOTrO JIy4a.

MexaHn3M reHepanuy BTOPO# rapMOHUKHA MOXXHO MIOACHUTH C IIOMOIIBI0 MOIENIH
KBaIpaTHIHO-HEJIMHERHOTO OCIMIIIIATOPa. Y paBHeHHe KOoJle0aHud TAKOro OCLHILIA-
Topa umeer Bun (8.8). U3 aToro ypasHeHusa BHAHO, YTO eCaM nof geficTBHeM cie-
TOBOro nojia E ocuunnarop Kosebnercs Ha 4acToTe w, TO Meaunelihoe ciaraemoe
~z? coBepmaer KonebaHuA Ha ydeoennoll 4acToTe 2w. ITu KOoaebGaHUA U ABJIAIOTCA
HCTOYHMKOM HM3JIy4eHUA BTOPOY rapMOHUKH.

Ocupniaarop ¢ Kybuunott Hesmmnettmocrso. 3aBHCHMOCTE YaCTOTHI KO-
Jebanuit oT aMIUIMTYOb!. BaxXHBIM CBORCTBOM HEJIMHERHOTO OCHMJIIATOPA ABJIA-
€TCs 3aBHCHMOCTB YaCTOTBI KoebaHu#t 0T aMILTUTY OB

w = w(A). : (8.9)
w Henuuesnii 20
————
KPMCTAJT

Puc. 8.2. I'enepanus BTopo#t onTu4eckol#t rapMOHUKH
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9To CBOHCTBO, NPHCYUIee HeNNHEHHBIM OCHWIJIATOPAM PAa3IM4YHOH NPHPOLLI, Ha-
NpUMED MATEMaTHYeCKOMY MAATHHKY, HA3bIBAETCH HEUIOTPOHNOCMLI0 Koaebanudl.
B onTeKe OHO HPUBOAMT K CBOeoOpasHbIM addeKTaM CaMOBO3OEHCTBHS CBETOBHIX
BOJIH: caMO(OKYCHUPOBKE HIN CaMOBe(OKYCHPOBKE CBETOBBIX NTY4YKOB, CAMOMOIYJIA-
UMM MMILYJIBCOB U T. 1L

PaccMOTpHM HEM30XpOHHOCTh HesTMHefHbiX Konebanuit Ha npuMepe KyOum4sHO-
HeJMHelHoro ociusuiATopa 6e3 3aryxanus. CeoGontbie KonebGaHMA TAKOTO OCLHII-
JATOPA ONMCHIBAIOTCA YPABHEHHEM

F+wir - Bz =0. (8.10)

IIpumenaa MeTon MaJibix Bo3Mymenuft, norpebyeM, yTobet HesuHeHHBIH JIEH B 9TOM
ypaBHeHMH ObLJI 3HAYMTEJIbHO MeHblUIe JiuHehnoro. [I/1A 9T0ro HOCTaTO4YHO, YTOOLE
BBHINIOJIHAIOCH HEPABEHCTBO

Br? L Wi, (8.11)

T. ¢. 4Tob6B1 aMIuIATYyma Konebauuft ocumnaropa 6blia nocrarodno maja. Ilpen-
HOJIOXKHM, YTO B YCJIOBHAX CJIAbOro NposBJIEHHA HEJIMHEHHOCTH KOjebaHua OCImI-
JATOpa GIM3KM K FADMOHMYECKMM, OOHAKO HX YaCTOTa W OTJIMYAETCS OT YaCTOThHI
6eckoHe4yHO MaJibix Kosiebanu#t wy. OOo3HauMB aMmMTyny Kosebanui Gyksol A,
nieMm npubiuxenHoe pemenune ypasrHernus (8.10) B Bune

z(t) = z1(t) + z2(t), (8.12)
roe
z1(t) = Acoswt . (8.13)
. .
|z2| < fza. (8.14)

BriBenem ypasuenne mia zo. [loncrasus (8.12) B (8.10), nonyynM ypapuenue

Z1 + Zo +w3(1:1 + xz) - ,3(231 + 1‘2)3 =0.

VYenosue (8.14) nosBosfeT NMHEAPU30BATH 3TO YPABHEHHE MO Iz, COXPAHUB B HEM
JIMLb C1araeMble HAUHM3NIETO NOPANKA MaJIOCTH (JIMHelHbIe) 1o Z3:

2y + 22 +wg(x1 + ;) — ﬂ(z? + 3.’17%.’1:2) =0. (8.15)
Ucnonesys (8.13), nepenumem 310 ypaBHeHHe CJIeMyOmuM o6pasom:
Zp + (wh - 3fz})z2 = (W* — wi)z1 + Bz}
i, ¢ yaeroM (8.11), (8.12), (8.14), xax

E9 + wizy = (W? — wd)z, + P23, (8.16)

Teneps noncrasum (8.13) B (8.16) u ucnosb3yeM M3BECTHYIO TPUOHOMETDHYECKYIO
dopmyy

cos®a = 3(3 cosa + cos 3a).
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Puc. 8.3. Heusoxponnocts xonebannit HesTMHEHHOr0 OCUM/IATOPE: 3aBUCHUMOCTb 4aCTOThI
kostebanuit w oT aMIINTY a5l KoreGanuit A (wo — YacToTa 6ECKOHEYHO MaNbIX (JIMHEHHBIX)
xosnebanni)

ITonyuum ypaBHeHue

B2+ wizs = (W — Wi + zﬂAz)wl + iﬁAs cos dwt. (8.17)

Ntak, usMeHeHre BO BPEMEHU MaJjiOf KOMIIOHEHTHI To ONPEHENIAETCA JMHeHHBbIM
ypapuennem (8.17). It toro 4Tobbl KOMIOHEHTA T2 HE CONEPIKaJIa OCIHJIALHIIA
HA YaCTOTE W OCHOBHOIO KoJiebaHuA T, noTpedbyeM, 4Tobbl K03 duinent npu z; B
(8.17) obpaTHics B HONb. DTO NPUBOAAT K COOTHOLICHHUIO

w-wl+ i—ﬂA2 =0,  (8.18)

a ypaBHEHWE OJ1A T NPDUHUMAaET BUL

1
Fo +wizy = ZﬂAS cos 3wt. (8.19)

Cootnomenne (8.18) ompenesiser uCKOMY0 3aBICHMOCTb HaCTOTHI Kosebanuit w or
aMmTyabl kosebanu#t Henmueiinoro ocuwiaropa A. IlpunuMas BO BHHMaHHE
(8.11), 3Ty 3aBHCHMOCTb MOXKHO HPHOIMKEHHO OPEICTABUTH B BHIE .

w = wqy ~ 2xA?%, (8.20)

raoe

% = 36/8uwo. (8.21)

I'paduk sasucumoct w(A) nokasan Ha puc. 8.3. O6paTuMca Teneps K IpoABJIEHUIO
HEM30XPOHHOCTH KoyieDaHuit B ONTHKE.

@DazupoBKa OCIMIIJIATOPA BHeMIHUM nosieM. HeuzoxpoHHOCTs HeTuHeHHOTo
OCHW/JIATOPA B ONTHKE HMPHBOIUT K TOMY, YTO YacTOTa OCHWLIATOPA, BO30YyKIeH-
HOTO CBETOBBIM IIOJIEM, 3aBYCHT OT WHTEHCUBHOCTH CBETOBO BOJIHBL:

w = w(I). (8.22)

9Ta 33BUCUMOCTD, B CBOIO 04epellb, BHI3BIBAET MOABJIEHUE NOTIOJHUTENILHOTO (a30-
BOro Habera ¢ = f w(t) dt, NPONOPUHOHAIPHOrO HHTEHCHBHOCTH CBETA:
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Puc. 8.4. Kapruna caMohOKyCHPOBKH MOIIHOIO CBETOBOTO MyYKa B HeIMHEHHOU cpene

o = o(I). (8.23)

TaxyM 06pa3oM, BO3HHKAET BO3MOXKHOCTh (Ha3uposxu OCUHJUIATOPA BHEIIHUM IIO-
JieM. DT0 00CTOATENBCTBO IPHHIMINAIBHO OTINYAeT HeMHHeHHbIH OCUMILIATOp OT
OBBIMHOrO FAPMOHUYECKOTO OCLHILIIATODA.

Henuneltnaa ¢das3upoka ocuumiaTopoB npusomuT K 3ddexkraM camoBosgel-
CTBHMA MOUIHBIX MOMY/IMPOBAHHKIX CBETOBLIX BOJIH: CAMOGOKYCHPOBKE My4KOB H Ca-
MOMOZLYJIAIMH UMITYJIBCOB.

SddekThl camoBo3aelicTBUA cBeTa: caMOQOKYCHPOBKA CBETOBBIX ITyd-
KOB, CAMOMOIYJIAIMA HMILYJILCOB. B OrpaHnueHHOM CBETOBOM IIy YK€ HHTEHCHB-
HOCTb CBETa 3aBHUCHUT OT HNONEPEYHOH NPOCTPAHCTBEHHOH KOODAUHATHI:

I=I(7). (8:29)

Yepes mexaHusM HenmuHelHOM basuposku (8.23) 3Ta 3aBUCHMOCTL NEPEHOCUTCA HA
¢dasy konebanufi OCHHIIIATOPOB

¥ = p(f) (8.25)

U, CJIEIOBaTeNbHO, HA a3y MCIYCKAEeMbIX MMU BTOPMYHBIX CBETOBHIX BOJH. B pe-
3yJIbTATE 9TOrO BOJIHOBOM (DPOHT MOIIHOTO CBETOBOIO MIY4Ka B CPENE UCKPUBARETNCS,
YTO MOXKET IIPUBECTH, B YACTHOCTH, K H3MEHEHHUIO NIONIEPEYHBIX PA3MEPOB MyUKa, T. €.
K ABJIEHHAM THIA camogoxycuposku unu camodepoxycuposxu ceema (puc. 8.4).

Pasymeercs, nenuneitueilt pasopbifl Haber MOXeT 3aBUCETh He TOJILKO OT IIpO-
CTPaHCTBEHHBIX KOOPIMHAT, HO i OT BPEeMeHH. B KOPOTKOM CBETOBOM MMIIYJIbCEe HH-
TEHCHBHOCTb M3JIY4YEHUS OBICTPO MEHAETCA RO BPEMEHH:

I=1I(t). (8.26)

Bcenencreue (8.22), (8.23), (8.26) wacrora n ¢asa kosiebanuit OCUMAIATOPOB, BO3-
By KIaeMbIX MMIYJIbCOM, & TaKXKe YacToTa u (a3a HCIyCKaeMOro OCHMJUIATOPAMHI
BTOPUYHOTO U3JIYYEHUA OKA3LIBAIOTCH POMOLY/IMPOBAHHBIMY BO BPEMEHH:

w = w(t), v = p(t). (8.27)

Takum obpaszoM, MomHbIH CBETOBOR MMOYJILC B HEJIMHEHHON Cpeme HCIBITHIBAET Ca-
Momodysasyuro. B HEKOTODBIX CIIydasax 3TO MOXET NPHUBOAUTH K 3HAUNTEILHOMY
VIOUPEHWI0 YACTOTHOrO crexkTpa umnysisca. [lonobubil addexkt umeer Mecto, Ha-
IpUMEP, IPH PACIPOCTPAHEHUM MOMIHOTO KOPOTKOTO naaepuoro UMITYJIbCA B ONTH-
4yeckoM BOJiOKHe {puc. 8.5).
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Puc. 8.5. Ymupenue cnexTpa MOIIHOrO CBETOBOr0 MMITYJIbCA B ONTHYECKOM BOJIOKHE B pe-
syJsipTaTe 3PPeKTa CaMOMOLYTIALMY

Tenepanusa Tperbelh onTuyeckoit rapmonuku. IIpenmonoxum, 4ro Ky6Gua-
HO-HeJTMHEHHBIH OCHUIIIIATOP HAXOOUTCA B IOJI€ MOHOXPOMATHUYECKOH# cBeTOBOH BOJI-
HBI, 4ACTOTA KOTOpO# w 6sM3Ka K cOBCTBEHHOM YaCTOTE OCLMIIIIATOPA wy. CorvtacHo
ypashenuio (8.6), pesonancHoe 1osie BO3OYOUT BHIHYXKIEHHbIE KOJeOaHUA OCLMI-
naTopa, Koropule B cuny (8.12), (8.13), (8.19) BynyT comep:KaTb CHABHYIO CHEK-
TPaJIbHYIO KOMIOHEHTY Ha 4acToTe Bo3OyxXmaomel cseroBoll Bosmbl (“naxaukn”
w 1 caabyio CHeKTPaJIbHYI0 KOMIIOHEHTY Ha 4acroTe Jw. B cnekTpe BTOpHYHOrO
H3JIyYEHHUs OCUMJUIATOpPA TakxXke OyayT HNPHCYTCTBOBATH YacTOTH w M 3w, Clemo-
BaTeJIbHO, HeJIMHEHHBIH OCHUIIJIATOD B 1OJIE CBETOBOH BOJIHBI OydeT reHepupoBaTh
MPEMBIO ONMUNECKYI 2apMOHUKY. MOXKHO 0XMIATH, YTO reHEepaUUA APMOHUKH
Syner naubonee ahHEKTUBHOR NPU KCIONB3OBAHUK B KAYECTBE HAKAYKYU MOLIHOTO
J1a3€PHOrO U3NY4eHus.

OkcrnepuMeHTH! TTOATBEPKAAIOT 3TH BBIBOABI. ['eHepanus TpeTbed onTuuecKkoi
rapMOHMKH HabiI04asach MPH UCIOJIb30BaHUM JIA3€POB B PA3IM4YHbLIX rasax. Hau-
Bonbuas 3¢ (HeKTUBHOCTD HPOIECCa JOCTUTHYTA B ONIBITAX C NaPAMK METaJLIOB. Taxk,
OpY UCTIOJIL30BAHUU NMApOB PyOUaNA U MMILY/ILCOB J1a3epa Ha TPAHATE C HEOOUMOM
aauteasHocTeio 30 nc v momHocThI0 300 MBT, yaanocs OCyIIecTBUTH FeHEPALHIO
TpeTbelt FapMOHNKH HA ANuHe BOHB 354,7 HM ¢ KoadbduumuenTom npeobpa3oBaHus
okono 10% [6; 7). JobaBuM B 3TOM CBA3M, YTO MCHIOJIB3OBAHUE GHCUIUT ONTMUYE-
cxuT Heauneltinocmel OTKPHIBAET BO3MOXKHOCTh TEHEPAIMM KOTEPEHTHOrO W3Jyye-
HUA B 6aKyyMHOM YD U MmAzxom penmzenosckom Auanasonax. Tak, MyTeMm reHe-
pauuit cedvmoti FADMOHHKY B TEJIMH YHAJIOCH NMOJIYYUTh KOrepEeHTHOE U3JIydYeHne Ha,
mmune BosHbl 38 HM [8]. SdbdexTHBHOCTD reHepauuy apMOHMKM B 3TOM CJIy4Yae
coctasaana 1078,

Henuuelinuilf pesonanc u rucrepesuc. Ontuyeckasa 6HcTaGHIBHOCTS.
IpeanosnoxkuM, 4T0 KyOHMYHO-HeJIHHERHBI! OCLIMILIATOD, ONMCHLIBAEMBIY YpaBHEHHEM

5+ T +wiz — fz° = %E (8.28)

Boaﬁyxmaerca MOHOXPOMAaTU4YE€CKHM CBETOBBLIM I10JIEM

1.
E= §£e“*" +K.cC. (8.29)

Bbiuuc/IUM 33BMCHMOCTh AMILTHTYMbI KoNeOaHUH OCUMILIATOPA A OT YACTOTHI MO-
as w. [IpumenAsA K peleHUIo 9TON 3aJa4l METOX BO3MYINEHNH, PACCMOTPUM C/1abo
HesuHelHbIl pexuM KoseGauuit, T. e. OyldeM CYMTATh, YTO AMIIUTYAA KoJjeGaHul
OCIWIIATOPA JOCTATO4HO MaJid, TaK YTO BbINOJHAETcA ycinopue (8.11). Crauana
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BBIYACIIMM AMIUINTYXY BbIHYXKHOCHHbIX Konebanuft B nuueliHoM npnbimxenuu. B
3TOM CJIy4dae ypaBHeHHe Kosiebanuit ecTh

i+ T+ wiz = -T%E (8.30)
Pemenue sanaqu (8.29), (8.30) xopowo ussectHo (cM. nekumio 7). Ono umeer Bun
T= —;—ie“"t +x.c., (8.31)

npudeM OeCTBUTENbHAA aMIUIMTYIa KosebaHuit ocupsuiaropa A = |Z| B obsacty
yacToT BONU3K pe3oHaHCa (w R wp) onpenensercsa dpopmysioh
B? e
4wgA? = B = —|¢|. 8.32
0 (wo —w)?2 +T2/4’ m| | (8:32)
Wtak, B simHeltHOM NpHOMHIKEHUW De3OHAHCHAA kpuBasa ocumyiaropa A(w) maer-
ca dopmynoi (8.32). Tenepy “nomnpasum” 21y GOpMyiy, NPUHAB BO BHHMaHHUE
HEN30XPOHHOCTH HemmuHefinoro ocummiaropa. Cornacuo gopmyste (8.20), nna atoro
cJIeNyeT 3aMEeHHTD Wy Ha wy — »A2, rie » — napaMerp HeJMHEHHOCTH OCIMLIATODA,
onpenensembiit dopmysiol (8.21). B urore nonydum cooTHOmEHNE

B2
4wlA® = . 8.33
0 (wo —w— xA2)2 +T2/4 (8:33)
®opmyna (8.33) onmpenesnser HCKOMYIO 3aBUCHMOCTh A(w). OmHako BHIPa3UTh ATY
3aBHCHMOCTb B SIBHOM BHUJIE CJIOXKHO, TAK KaK IJiA BTOro0 HEOBXONMMO DEIHUTh Ky-
6uuecKoe ypaBHeHHE OTHOCHTENLHO A2, BMecTo 3TOr0 Hanmumewm mpocTyo GopMysty
nns obparaolt bysxuny w = w(A):

2
B ) L (8.34)

— A2
wp—w=xA*% (2woA T
3azaBas TO MM MHOE 3HadeHWe A, 10 3TOH HOPMyJie MOXKHO BHIYMCJIHUTL COOT-
BETCTBYWOIIEE 3HAYEHHE W, M TaKMM OOPA30M NOCTPOMTH PE30HAHCHYIO KPHBYIO
A = A(w). Pesynbrar npegcraBiieH Ha puc. 8.6. PesonancHas KpuBas EMEET BHI
“kmioBa” . [TokazaHHAA IIyHKTHPOM “CKeleTHas” JIMHUA COOTBETCTBYET 3HAUCHHAM
napamerpoB I' = B = 0 4 onuCHIBaeT HEW30XPOHHOCTH CBOOONHBIX Kojebanuit He-
nuHeltHoro ocumnaropa (cp. puc. 8.3 u 8.6, a).

Baxxso#t 0co6eHHOCTBIO HeIMHEHHOrO PE30HAHCA ABJIAETCA CYMIECTBOBaHuE 001a-
CTH YacTOT B KOTOPO# BO3MOXHBI Pa3/IM4YHbIE aMIUIATYOB KoeGanult (puc. 8.6, a).
To, Kakas ¥3 HUX YCTaHABIMBAETCA B NEHCTBUTEJILHOCTH, 3aBUCAT OT npedvicmno-
PUU, 8 IMEHHO OT TOTO, KaKoBa 6blla 4YacToTa BHEIIHEH CHIIBI (BBILIE MM HUXeE pe-
30HAHCA) B NPEAIECTBYIOIYE MOMEHTHI BpeMeHH (puc. 8.6, 6). Ykasaunoe cBo#CTBO
HEJIMHEKHOTO OCIWINIATOPA Ha3hBaeTcA zucmepeducom. OHO MOXKeT BbITh IOJIOXKE-
HO B OCHOBY 6UuUCmabuabHuiT ONTHYECKHUX DIJIEMEHTOB, HEOOXOUMMBIX IJjiA CO3HAHMA
MOJIHOCTHIO ONTHYECKOTO KOMNBIOTEPA.

Onra n3 BO3MOXHBIX cxeM GUCTAOHIILHOTO OIITHYECKOTO 3JIEMEHTA TIOKA3aHa HA
puc. 8.7, a. JJaHHbI a7eMenT mpencrasasAer cobolt onTuyeckuit pezonarop (mapa
3epkaJl), 3anosiHeHHbilt BesuHeltno# cpenoit. Ecim manpasuth Ha 9Ty cucTeMy my-
40K CBETa, TO OKa3bIBAETCA, YTO NpPH OHHOH M TOH Xe MHTEHCHBHOCTH BXOIHOIO
nyuka Iy B HeKoTopolt 0671acTH ee M3MEHEHMA WHTEHCUBHOCTH CBETA HA BBRIXOHOE
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A

a) 6}

Puc. 8.6. Hesmmneitusiit pesonanc (a) u rucrepesuc (6)

I.x MMeeT B3 BO3MOXKHbIX 3HauyeHus (puc. 8.7, 6). inade ropopa, naHHaA cHCTEM3,
obnajmaer IByMA yCTOWIMBBEIMH COCTOAHMAMM C BBICOKMM M HH3KUM HPOMYCKaAHMEM
CBETa, KOTOPbie MOTYT ObITh UCHOIL30BAHbI B KavyecTse jornueckux “0” u “1”. dc-
HO, 4TO OUCTAOU/IbHBIN JIEMEHT ABJIACTCA NPUHIMIKAJILHO HEIMHEHHBIM, TAK Kak
BBIXOOHYI0 MHTEHCUBHOCTD gy HEJIB3s MOJYYHTH YTEM YMHOXEHHMS BXOOHOH WMH-
TEHCUBHOCTH I,x HA MOCTOAHHOE YHCJIO.

OnTuyeckasn 6ucTabuibHOCTL TOHOOHOIO TUNS BIepBbie HAOMIOJAIACk B 1974 1.
MaxKoJ10M C COTPYIHUKAMM, KOTOPhIE HCIO/IH30BAJIHN B CBOMX ONBITaX PE3OHAHCHYIO
HeJIMHeRHOCTh napos HaTpus (puc. 8.7, 6).

IMapamerpudeckas reHepauus ceera. [lapamerpuyeckuit pesonanc. On-
HHMM U3 BaXHbIX 3¢hdeKToB HeMNHeHHON ONTHKH ABJSETCA NapaMeTPHYECKas reHe-
pauusa ceeta. 10T 3¢hpekT HabMOAAEeTCA B aHH30TPONHBIX KpUCTaJIIaX, 06Ianan-
wux kBajgparuynolt nenmuetinocrsio (KDP, Huo6GaT nutus v ap.) H COCTOMT B TOM,
4TO 1104, AefiCTBUEM MOIIHOrO JIA3ePHOIO M3JIyYeHMsA YACTOTHI wy ( “Hakadkn”) B KpHU-
CTaJile PeHEPUPYETCA Tapa CBETOBBIX BOJIH ¢ YaCTOTaMHM W) U Wz, CYMMa KOTODPBIX
PaBHA 4ACTOTE HAKAYKH

W1 + Wy = Wy (835)

(puc. 8.8). B uacTHOCTH, B 8wpodcdennom pedcume NapaMeTpUIecKuil reHeparop
CBETa I'€HEPHUPYeT ONMUNECKYI0 cYb2apMOHUKY, JACTOTA KOTOPOHK paBHa TOJNOBUHE
YaCTOThl HAKATKH:

w= -;—w,,. (8.36)
Ilpn moBopoTe KpUCTaJI/Ia OTHOCHTENBHO JIA3EPHOTO JIy4a YacTOTHl [EeHEPHPYEMbIX
CBETOBBIX BOJIH M3MEHAIOTCA, YTO MO3BOJIAET OCYINECTBIIATH IUIABHYIO MEpecTpoi-
Ky 4acroTsl ninydenusa. Hampumep, B kpucramie ADP npu Hakauke usaydyeHHeMm
¢ agmmuo#t Bonubl 0,347 MKM yImaercAa OCYyIECTBHUTH IUIABHYIO NEPECTPOUKY AJIMHBL
BOJIHBI H3JIy4eHnA B nuanasone ot 450 mo 1000 uM. 1lpu sTom BenmuuHa nepectpoii-
KH OkasbiBaeTca nopsaixa 1000 cu™! mpu nmopopore KpuCTa/Ia Ha OJMH TPAAYC OT
TOYKH BHIPOKIEHHOrO pexxuma (puc. 8.9).
B nacrosmee BpeMs mapaMeTPUYECKHE I'EHEPATOPH! CBETA MCIOJMb3YIOTCA Kak
HCTOYHUKM KOTEPEHTHOTO M3JIy4eHHuA, nepecrpausaemeuie B Bugumom u VIK puana-
30HaX IUIMH BOJIH.
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M, M,
Iox . Loux
Henuneiinan
cpeza
3epkano 3epkayio
a)
Inux IBHX
,I
6e3 Na P
/’
’
/
,/
P ‘ c Na
Lx 0 250 500 I, MBr/cu?
6) e)

Puc. 8.7. Ontuaeckas 6ucrabunsrocrs. Cxema GucrabusibHoro asemenTa (a), Gucrabusms-
Hax xapakTepucTHka (6), onrtuyeckasa GuctabuibHocTs B mapax Harpus [11] (6)

Mexanu3M napaMeTpu4eckKoll reHepaluyy CBETa MOXKHO NOACHATH C IOMOHIBIO
MOZEJIA NAPAMEMPUNECKO20 OCUUAAATOPE, T. €. OCUNIIIATOPA, MapaMeTp KOTOPOro
{vacToTa) 3amaHHbIM 06pA30M U3MEHAECTCA BO BpeMeHH. KonebaHusa TAKOTO OCLHMII-
JIATOPa ONUCHIBAIOTCA YPABHEHHEM

#+ w(t)z = 0. (8.37)

Ocuosro#t dusndeckutt adpdext B noHOGHOM cucTreMe — napamempunecxull peso-
HGHC. DTO ABJIEHHE COCTOUT B PE3KOM YBEJIMYEHMH aMIUIATYOLI KosiebaHuit npu co-
BIAJEHUH YaCTOTH U3MEHEHHA NApaMeTpa wy (“4acTOThi Hakadku”) C yIBOEHHOH
9acToTOl COBCTBEHHBIX KOIEBAHUE OCHMILIATOPA Wo:

Wy = 2wg. (8.38)

MNuaye roops, npu napaMeTpuveckoM pe3oHaHCe KO1e0aHuA Ha JaCTOTe HAKAIKM
ach ek TUBHO Npeobpa3yoTca B KOJIe0aH!s BABOE MEHbIIEH 4acTOTHI

o

b Henunneitunii
KpycTaii @y

Puc. 8.8. CxeMa napameTpuyecko# reHepamny CBeTa
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Puc. 8.9. IlepecTpoeuHas KpnBas NapaMeTPHYECKOr0 IEHEPATOPa CBET2 Ha KPHCTaJI-
ae ADP. Oymua Bosubl Haxayku paBra 0,347 Mxm. ¥Yros noBopora kpucrayuta Af us-
MEepAeTCH OTHOCHTEJIbHO HANPABJICHH A, COOTBETCTBYIOWErO BHPOXACHHOMY PeXUMY reHe-
paun (4]

1
Wy = Ew“, (839)

T. €. AIMeeT MECTO NIPOLECC, AHAJIOTHYHbIH BHIPOXKIEHHOM IapaMeTpHYecKol renepa-
mau ceeta (cp. (8.39) u (8.36)).

IToxaxeM, YTO IPY BHIOIHEHHH YCJIOBUA NAapaMeTpUYecKoro pesoHanca (8.38),
Kone6aHus OCUWUIATOPA HAYMHAIOT SKCIIOHEHUMAVILHO HAPaCTaTh, T. €. BOSHUKAET
napamempunecKas neycmolwusocms.

Tlonaraa

w?(t) = wi(1 + hcos 2wot), (8.40)
roe h — rnyOuHa MonysnAuuy, noyyunM us (8.37) ypaBuenue
%+ wi(1 + hcos 2wgt)z = 0. (8.41)

Bynem cauraTs gajee, uro h < 1.
Hmem pemenue ypasHeHus (8.41) B Bume

z(t) = a(t) coswet + b(t) sinwpt, (8.42)

rze a(t), b(t) — mennenno mensomueca ammuTyasl Iloncrapnss (8.42) s (8.41) u
npenebperas BeTHUHHAMH &, b, nosmydaem

—2asinwgt + 2bcos wot + woh(a coswpt + bsinwpt) cos 2wot = 0.

TMonbaysacey bopmyiamu
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(coswot + cos 3wot),

N =

cos wyt cos 2wot =

. 1 . .
sin wpt cos 2wot = 5(— sin wot + sin 3wot),
M ONycKas “Hepe30HaHCHbIe” UJIeHbl, OCHUJIJIUPYIOUINE C 4acToTol 3wy, noJayyaeM

—(24 + wohb/2) sinwyt + (2b + woha/2) coswot = 0.

TIpupasauBas HymO Ko3¢hhUIUEHTH DU Sin wot ¥ COS wot, IPUXOIUM K YPABHEHUAM

| 20+ wohb/2=0,  2b+woha/2=0. (8.43)
Pemenue cuctems! (8.43) nmeer Bun
a(t) = ,cle‘ﬂ + e, b(t) = —cie" 4 cpe M, (8.44)
roe
v = woh/4, ' (8.45)

Y — UHKDEMENT NAPAMEMPUNECKO20 YCUAEHUS; C] M C; — NOCTOSAHHbBIE, 3aBUCAIME
0T HAYaJILHBIX ycinoBult. B wacrHoCcTH, ecin

s(t=0)=1z, &(t=0)=0, (8.46)

ToCp =C =Zo/2 M

z(t) = zo(ch vt coswot — shyt sin wot).

Ha moctarouno 6oipmux Bpemenax (vt > 1) cnpaBennuBa npubimxenHaa hopmy-
na

z(t) = A(t) cos(wot + 7/4),

rne

o

Aft) = —=e.

V2
Takum 06pa3oM, B YCIOBHAX NapaMETPUYECKOr0 PE30HAHCA AMILIATYHA Koaebanuit
OCUA/UTIATOPA SKCIIOHEHIMAJILHO HAPACTAaeT BO BpeMeHH. IIpH 9TOM MHKDEMEHT Ia-
pPaMEeTPHYeCcKOro YCHIEeHUs onpenessercsa ¢popmyioi (8.45).

SddexT napameTpuveckoit packauku KosiebaHu# JIerko NpoIeMOHCTPUPOBATD C

MTOMOIIBIO TIPOCTHIX MEXAHMYECKUX CHCTEM, HATIPUMED, C MOMOUIBIO MAATHUKA, MJIH
kageset (puc. 8.10).

KoMbunanumonHoe pacceanme cseta. Monens HeJlMHeHHO CBA3aHHBIX
OCIMIIATOPOB. fIBiIeHUE XOMOUHAUUOHHO20 paccesnus céema GBIO OTKPHITO B
1928 r. nmesasucumo I'. C. Jlanmcbeprom u JI. YI. Mangensiiramom B Poccuu u
Y. B. Pamanom u K. C. Kpmnanom B8 Munwnu. Jlanncbepr 1 Manpensuram obHa-
PYXHJIM, YTO NPH 0OJIy4eHNN KPHUCTAJUIA KBapla CBETOM PTYTHOM JIaMIbl KaxKa0H
CHEKTPAJIBHOM JIMHUY NAJAIOMEr0 CBETA B PACCEAHHOM CBETE COOTBETCTBYET HE Of-
Ha JIMHEA TOY Xe JacTOThbl, HO emle HEKOTOPOE KOJIHMYECTBO HOBBIX CHEKTDPaJILHBIX
TrEM# (“caTensmToB”).
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@9

Puc. 8.10. [JeMOHCTpanusa napaMepHiecKoro pe30HaHCa C MOMOWbIO MAaTEMATHYECKOTO Ma-
ATHHKA

Cxema skcnepuMenTa Jlanncbepra 1 Mannenbmrama, a Takke Oy deHHbIE UMH
SKCMEPUMEHTAJIbHBIE JaHHbIEe MOKa3aHbl Ha puc. 8.11. CrrenyeT OTMETHTH, 4TO HO-
Bble CHEKTDAaJIbHBIE JIMHMKM B 9THX ONBITaX OblLnM 4Ypes3BbIYaiiHo cIabbIMM; Ij1A HX
dororpaduyeckoit peructpanuu TpeboBasioch Bpema skcnosunuy okoso 100 4. Ha
CIeKTporpamMMax CBEeTa, PACCEAHHOro KBapueM, 6bu10 oGHapyxkeHo 72 HOBBIX (T. e.
He COINepXAallUXCsA B PTYTHOM CIIEKTDE) JIMHUM, KOTOpLIE ObLIA IOApa3fesieHbl Ha
AT CUCTEM, TaK YTO BHYTPH KaXIOH CHCTEMB! Pa3sHOCTb YACTOTBHI CATEUINTa U
OCHOBHOM JIMHMK [IOCTOAHHA N0 abcomoTHOR Besnmuube. Kacasch MexaHn3Ma sABJe-
pusa, Jlanncbepr 1 MannenpmTamM BBHICKa3aIH HIOEIO O TOM, YTO IOABJIEHWE HOBBIX
CIIeKTPaJIbHBIX JIUHAN B PACCEAHHOM CBETe BBI3BAHO MOJYAAyued TIANAIOIIETO U3ITY-
yeHNA COBCTBEHHBIMU KOJIOAHMAMY KPHUCTAINIECKO peIeTky KBapla.

B 1962 r. Byobepu u Hra obuapyxunu, 4ro pyOHHOBbLIY j1a3ep, B DPE30HATOP
KOTOpOro Oblia BCTABJIEHA KIOBET3 C HUTPODEH30/0M, B HONOJHEHHE K OOBIYHOMY
u3aydenuo pybuHa ¢ nnuHOH BoJIHBI 6943 A ucnyckan unTeHCHBHOE M3IydeHHME C
nmusol BosHb! 7670 A. Korna Mex1y sepkajiamn pesoHATOpA J1a3epa MOMEIIAINCh
OpyTrHe XHIAKOCTH, HabIII0HAI0Ch JONOTHUATENbHOE U3JIyUeHne CBeTa Ha JPYTHUX Ya-
crorax. Bo Bcex CIydaax HOBBIE YACTOTHI OBLIIM CMEINEHE! 110 OTHOMIEHHUIO K YaCTOTe
u3ny4denusa pyOuHa Ha BEIMYMHY, PaBHYIO KosiebaTenbHO 9acToTe MOMEKYJ XKUMd-
Koctu. [Ipasunbaoe 06bACHeHHE 3TOr0 adberTa 6b110 nano XesiyopToM, KOTOPHIH
HHTEPIPETUPOBAT €T0 KaK 8biHydiclernnoe KOMOHHAIMOHHOE pacCeAHNe CBETa.

Ipouecc BHIHYXAenHoro KoMGuHauuoHHoro pacceanus (BKP) ceera orHOCUTCA
K KJIacCy HenuHelHo-onTuieckux 3G heKkToB, B KOTOPhIX MOLIHAA CBETOBAA BOJIHA
UHIYIUPYEeT 3JIEMEHTApHbIE BO30YXKOEeHHA B cpeje (ONTHYECKHE N aKyCTHYECKHe
oHOHBI, TIONAPUTOHBI, TEMIEPATYPHbIE BOJHBI M T. I.) U KOTEPEHTHBIM 06pasoM
pacceunaercA Ha Hux. IIpu BKP peds uner o korepeHTHOM BO30YXKIEHHH ONTHYeE-
ckuX (POHOHOB; JAHHBIH MPOLECC €CTh BHIHYXKICHHbIH aHAJIOT CIIOHTAHHOTO KOMOH-
raruonnoro paccesnus (CKP), npu koTopoMm cBeT paccerBaeTcs Ha XAOTHYECKUX
TENNOBBLIX KosieDaHusAX cpempl.

B pamxax kJaccuyeckoit Teopun npouecc BKP moxno onucars ¢ nomMoumsio Mo-
IESTN HeAUHeUHO CEA3GHHBIT OCUUAAAMOPOS. PacCMOTPUM H3OTPOIHYIO CPeny, Ha-
npuMep KAIKocTh. OBo3HaUNM Hepe3 y HOPMAJIBHYIO KOOPAHHATY KoJiebanuil aTo-
MOB B MOJIEKYJIE, & Yepe3 T — HOPMAJIbHYIO KOOpAUHATY Konebanuit syexTpoHoB. B
JuHeitHoM npubsivkenun KosiebaHusi ATOMOB U ONpPEReJIAIoIIYe OINTHYECKYIO MOJIA-
PM3aLUIO Cpeas! 3TIeKTPOHHbIE KOJIeDaHNA COBEPIIAIOTCS HE3aBUCUMO APYT OT JPYTa.
WHad cuTyalusi MMEET MECTO, eCJIM Y4YeCTh HeJIMHeHHbie YJIeHbl B BBIPAXKEHUH IJ1A
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PryrHan Kpucrann
JaMna KBapua
a)
CnexTtporpad

6)

Puc. 8.11. Habmonenne xoMOMHAMOHHOrO pacceAHus ceera B kBapue [12; 13]. CxeMa skc-
nepumenTa (a). CexkTp H3sydeHus pTyTHOH JaMnsi (CEKTP CPABHEHM:) U CIIEKTPhI CBETA,
paccesaunsoro B kpapue (6): 1 — cnexTp cpaBHeHns, 2 U 3 — CNEKTPHI PACCEAHHOTO CBETA,
caaree npu 20 °C u 210 °C (9kcnosuuns 105 4). @ — xpacusie caresuuTsl, 3 — duone-
TOBBIE CATEJUIUTHI

HOTEeHIHAIBHON sHepruu Mosiekyabt. IIpu ydeTre omHOro u3 muiammmx HeJMHEHHBIX
YJIEHOB MOTEHIMAJIbHAA PHEPTHA 3AMUCHIBACTCA B BUAE

1 1 1
U(z,y) = -az® + =By* + =vz’y. (8.47)
2 2 2

3nece o u 8 — x03¢hIUIMEHTH! YIPYTOCTH CBA3ell B MoOJsieKyse, KoaddhuuneHt -y
OIMMCHIBAET HEJIMHERHOE B3aUMONeHCTBIE 3JIEKTPOHOB U Anep. VIMeHHo 3TO B3auMO-
ne#cTBHE, B3aMMOBJIMAHHE 3/IEKTPOHHBIX M ANEPHBIX KOJebaHMI JIeXUT B OCHOBE
asnednsa BKP.

B coorBercreuu ¢ (8.47), ypaBHEHUA IBUKEHUA 3JIEKTPOHOB U ANEP HMEIOT BHI

R %E - %xy, (8.48)

j+Qy= —-ﬁzz (8.49)

30ece M u m — npuBeNEHHbIE MACChl ATOMHOTO M 3JIEKTPOHHOIO OCLHUJIIATOPOB,
wo = y/a/m — cobcrBenHas 4actoTa Kosebanuit asekTpoHoB, ! = /B/M —
cobCTBEHHAA 9acTOTa KoneGaHuil Amep B MOJIEKYJie, € — 3apsJ 3JeKTpoHa, B —
3JIEKTPUYECKOE 10JIe CBETOBbIX BOJH. [IJ1s peasibHbIX MOJIEKY I 9acTOThl KostebaHut
MMEIOT CIIEAYONHe TOPAAKH Beuuut: wo =~ 10 I'u, Q ~ 1013 I'n.

B npubnvikennu MaJibiX BO3MYyIUEHHI HeslnHeWHBIE CllaraeMble B ypaBHEHHAX
(8.48), (8.49) MOXHO pacCMATPUBATH KaK JONOJHATE/bHBIE BBIHYKIAOIME CHJIBI,
JelcTByIOMYE Ha 3JIEKTPOHHLIA ¥ MOJIEKYJIAPHBIN OCHUMAIATODHL.

[ycrs Ha Momekysy BO3melCTByeT CBEeTOBOe MoJieé 4acToTh w. B coorBer-
cTBUM ¢ ypaBHenueM (8.48) cBer B03OyXKIaeT 3/IeKTPOHHBIE Kojebauus Ha TOl
xe camoh wacrore. Ilpenmosioxum Jajee, YTO OQHOBPEMEHHO NMPOUCXOAAT KOJe-
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a)

6)
| |

w-Q w +Q

Puc. 8.12. fIpnenne koMGHHAMOHHOTO pacceanus cBeTa. CrexTprl Bo3byxnatomero (a) u
pacceansoro (6) mamydenust (2 — vacrora MonekyaApHLIX Kosebanuit cpems)

Ganua amep B MonekyJse (“MoJiekysnsapHbie Kosebanua”) Ha gacrore ) (3TO MOryT
6bITh, HAPUMEp, TemwioBbie Koyuebanua). B arom ciiyuae x ~ coswt, y ~ cos§lt,
zy ~ cos(w — Q)¢ + cos(w + N)t. Taxum 06pa3oM, BCIIEICTBHE CBA3M 3JIEKTPOHHBIX
4 AJEpHbIX OBMIKEHMH B MOJIEKYyJle, Ha 3MEeKTPOHHLIY OCHMJLIATOD neHcrByeT 3¢h-
ek THBHAA BHIHYXOAOWAA CHIIA, IPONOPIHUOHANIBHAA IPOU3BENCHUIO KOIeHaTeIb-
HEBEIX KOODAMHAT TY ¥ CONEPKAMAA KOJEOAHNA Ha KOMOUHAYUORNME TACTOTAX w — ()
U w + Q. Unade roBops, kosiebaHusa Anep Modyaupyrom 3JeKTPOHHBIE KOnebaHns
B MOJIeKyJie. B pesynbTaTe MOsIeKysa Neper3ilydaeT CBET He TOJIbKO Ha YaCTOTe W
nefictByomefi Ha Hee CBETOBOH BOJIHBI, HO M HA HOBBIX — “KOMOMHAIMOHHBIX” —
yacrorax w * {2, roe ) — wacrora cOBCTBEHHBIX MOJIEKYNAPHBIX KonebaHuit cpe-
npi. B aToM 1 cocTour obbACHEHUE ABJIEHNA KOMOMHAIMOHHOIO PACCEAHHA CBETA,
(puc. 8.12).

O6paTumcsa Teneps K ypasHenuio (8.49), onucsisatomemy xonebanus Anep B Mo-
sexyse. HerpyIHO BMAETb, YTO €CNIM 3JIEKTPOHHAA KOODIAMHATA T COAEPKHUT KO-
nefaHus Ha JaCTOTe w, BO3OYKAaeMble HCXOHOM cBeToBOM BOsIHOM (“Hakadkon”),
a Takxe KojeDaHHA Ha dacToTe w — (1, BO3OYKIaeMble PACCEAHHBIM H3JTy4CHHEM
(“cTokcosoit koMnonenTOH” ), TO BesTMuMHA T2 CONEPXKUT KOJIeGAHNA Ha, 4ACTOTE COB-
cTBeHHbIX Kostebannit mosekysint §2. Takum o6pa3oM, B pesysibTaTe KOMOGHHAIHOHHO-
IO PACCEesIHUA CBETA BO3HMKAET PE3OHANCHAR CuAaa, BO3OYKAAIOMAA MOJIEKYJIAPHEIE
kosnebanusa. Ecnu 97a cuta JOCTATOYHO BEJIMKA, TO B CHCTEME BOSHUKAET TOAOKHCU-
meavHas 06PaMHAR C6A3Y: PACCeAHNE CBETA YCUIMBAET MOJIEKYJIApHEIE Konebanus,
a MOJEKyJIApHble KoJIeDaHUA YCHJIMBAIOT pacCesHHue cBeTa. B pesynbTare cucrema
caMOBO30YXJAeTCA U [EPEXOIMT B PEXKHUM 6bhyacdent020 PACCEAHNA, TP KOTOPOM
HHTEHCHUBHOCTb PACCEAHMA CKAYKOM BO3PACTAET HA MHOTO MOPAAKOB M CTAHOBHTCA
COM3MEPUMOlt ¢ HHTEHCHBHOCTHIO JIA3EPHOTO JIyYa.

Herpynso noxasarh, YTO Napa CBETOBBIX BONMH (HAXAa4YKa H CTOKCOBA KOMIO-
menta BKP) He TOJIBKO PE30HAHCHO PACKaYHBAIOT MOJIEKYIApHEIE KOoJeGaHUA, HO
u dasupyrom ux B Gonpmom obveme cpenbi. Unaue rosops, npu BKP BosuuKa-
€T BOJIHA KO2EPEHMHKHT MOJIEKYNAPHBIX Kosiebanuit. ITa BOJIHA HABEIEHA CBETOBBIM
nosaeM u 3¢pdexTHBHO B3auMoneficTByeT ¢ HUM, NPUBOAA K YCHJIEHKIO U3TYYEHHUA HA
crokcoBo#t wactore. Takum ob6pasom, 6naronapsa HenuuelHocTH, B ancambie Kiac-
CHYECKHX OCIUJUIATOPOB BO3HMKAIOT NPHHUMNHAJIBLHO HOBbIE 3¢ ¢eKThl: gasuposxa
xoaebarull OCHUILIATOPOB BCIEACTBHYE UX B3AUMONEHCTBHA Yepes NnoJie N3IyYeHusa u
ycunenue ceema. B aToM cmeicnie aHcaMbi1b HeNMWHERHBIX KJIACCHIECKUX OCIMILIIATO-
poB 630K K aHCaMOJII0 KBARHTOBBIX OCHMIJLIATOPOB (CM. HUXKe), obecrieynpaomemy
KOTE€pPEHTHOCTh ¥ YCHJIGHHE CBETA B JIa3epe.
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Ha npakTuke BBIHYXIEHHOE PacCeAHHE MOXET BEICTYIATh Kak IPHYUHA He-
YCTOKYHBOCTH MOINHON CBETOBONU BOJIHBI, HAIIPUMED IIPU PACHPOCTPAHEHHU B ONTH-
YeCKOM BOJIOKHEe WIH B TepMmosaaepHo# miasme. BaxHoe npuMeHeHNe BBIHYXIEH-
HOT'O pacCeAHMs — YIpABJIEHHE NapaMeTPaMH JIA3eDHOrO W3JIydyeHuA: npeobpaso-
BaHKE YACTOTHI, COKPAIIECHHE [ITUTEILHOCTH (KOMIIPECCH) UMITYJILCOB, YIIyYlIeHHE
IPOCTPAHCTBeHHON KorepeHTHOCTH. Tak, KOMOMHAMOHHBIE T€HEePATOPHI HA CXKATOM
BOHOPOIE M JXUIKOM a30Te MO3BOJIAKT ocyuecTByiATe BKP-npeobpasoBanue sa-
3EPHOTO M3JIy4YeHHA C KBaHTOBOH addexTusHoCcThio 10 90%. IlpuM BBIHYXKIEHHOM
paccesAHMN B HANPABJIEHHHM Ha3aJ, BO3MOXKHa 3¢ ek THBHAA KOMIIPECCHA JIA3EPHBIX
HMIIYJIbCOB C OHHOBDEMEHHBIM MOBHIIIEHHEM MX MUKOBOK MomuocTH. IIpakTHyecku
TaxuMm 06pa3oM yHaercsa cxKuMarb UMmysbchl B 10-20 pas, a mpu UCHOSIB30BAHHUU
HECKOJIbKHX Kackanos Kommpeccun — B 100-1000 pas.

BoinykIeHHOE paccesHie CBeTa MOXHO UCHOJIB30BATh 4151 00PAIeH!A BOJIHOBO-
ro ¢ponTa usnyyuenus. dpyras BO3SMOXHOCTb — HUCIPABJIEHUE BOJIHOBOrO (DpOHTA.
B aToMm ciiyuae peds uaeT o npeobpa3s0BaHUU SHEPTUH YACTUYHO KOTEPEHTHOTO JIa~
3ePHOI0 M3JIy4Y€HNA B SHEPTUIO NOJHOCTHIO KOIePEHTHOTO CBETOBOrO IIyYKa Ha JApY-
ro#t (crokcosoit) yacTore. 910 MeToa MOXKHO Hassarh “BKP-koppekuumelt BosHOBOrO
dpoHTa” . DKCNEPUMEHTHI IOKA3BIBAIOT, YTO JAHHEBIA METOI NO3BOJIAET 3HAYATE/ILHO
(8 100 u Gonee pa3) YMEHBIIUTL YIVIOBYIO PACXOOMMOCTL H3JyYeHus. IIpu aToM suep-
rervdeckan 3QEeKTUBHOCTL NpeobpasoBaHuA cOCTaBder o6bIuHO nopanka 50%.

Heomnoponusi#l ancambib HenmHedBbIX ocimiuiaTopos. CBeToBoe 9X0.
PaccmorpumM aHcaMOiip HEMMHEHHBIX OCUMIIATOPOB, B KOTOPOM OTAEJIBLHBIE OCIHII-
JIATOPbl MMEIOT PasHble cOGCTBEHHBIE 4acTOTHI KoJseGanuit. Tako#t ancambnb Ha-
3pIBAETCA HEOXHOPOIHBLIM. 3J6eCh MBI ODCYHHM CBOEOOPA3HOE ONITHYECKOE SBJICHHE,
BO3HHKAIOINEEe B HEOTHOPOOHOM HesuHeflHOM aHcaMbiie — SBJIEHHE CBEMO6020 ILA.

SfIBsieHne 3Xa COCTOUT B M3JIYUYEHMH CPeOOi CBETOBOrO HMMITYJIbCA Yepe3 HEKO-
TOpOe BpeMa IocJie TOro, Kax oHa Obliia Bo30yxXIOeHa mapolt KOPOTKUX Ja3epHBIX
HMILYJIbCOB, Pa3sHeceHHbix 1o Bpemenu (puc. 8.13). CBeroBoe 9x0 61710 MPEACKA3AHO
B 1963 r. Konsunemom n HarubapossiM [17] ¥ nosnuee sKkCrepuMeHTaIbHO O0HA-
pyxeno B pybune Kenurom, AGestoit n Xaprmanom [18]. Ilockosnbky curHans axa
H3JIYHAI0TCA Cpenoll Yepes HEKOTOpoe BpeMA OCJIe NUMITY/IECOB BO30YKIEHHA, B PsI-
zte pabot GplTa BHICKA3aHa MIEA TPUMEHEHNA SBJIEHUA CBETOBOTO 3Xa B yCTPOHCTBAX
sanucy uHGOPMAIUH.

JLnsa Toro 4To6bI BHIACHNTH MEXAHU3M BO3HMKHOBEHUA 9X4, PACCMOTPHUM JUHAMH-
Ky KyOM4HO-HEJHHEe}HOrO OCIUIIIIATOPA, BO30Y K JeHHOrO Napoi KOPOTKUX CBETOBBIX
nmmynscon. IIpenebperas saTyxanneM koniebanull, 3anumemM ypaBHEHHE JABHKEHUA
OCIM/IJIATOPA B BUIE : o I

i+ wiz — ya® = F(t). (8.50)

Bynem cumTaTh aMIIMTYay KonebaHu# TOCTATOMHO MAJIOH M BOCNIOJIB3YEMCA METO-
oM BosMmymenuit. IIpubamxentoe pemenne ypapHenus (8.50) umem B BuIe

T =Ty + Tun, (8.51)
rje T, eCThb peleHne JIMHEHHOro ypaBHeHuA
#,+wiz, = F(t), ' (8.52)

a Ty, — MaJiasa HeiuHehnas nobaska. [loncrasus (8.51) B (8.50), nomyvaem mjis
Tyy OpUOIMIKEHHOE JUHEHHOE ypaBHEHUE
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Puc. 8.13. fBnenue cBeTOBOro Xa: HesiMHeHHAs Cpefa NOCTIEAOBATEILHO BO3DYXmaercs
napoll KOPOTKMX Ja3epHBIX HMIyabeoB (17 u “2”) m cnycrs BpeMs, paBHOe 3aJepikKKe
MeXIy HMILyJIbCAMH, CAMONIPOM3BOJILHO MCHYCKAET MMIYJIbC CBETa — CHrHAJ 3xa (“9”)

Fun + WELun = yz3. (8.53)

Teneps NpennoIOXMM, YTO OCIMILIATOP BO30YKIAETCA IOCIIENOBATENIBHO NByMA
KOPOTKMMH CBETOBBIMH UMITYJIbCAMH, CIEAYIOUMME APYT 33 APYrOM C UHTEPBAJIOM
Bpemenu 7. B 3ToM ciydae

F(t) = f1t) + falt - 7), (8.54)

roe dyaxuuu fi(t) u f2(t) onuceiBaoT GopmMbl UMIYJILCOB. B npenene 6eCKOHEYHO
KOPOTKHX MMIIYJIbCOB MOXKHO cuuTath f(t) ~ 6(t), roe 6(t) — nenbra-bynkuus.

B cuny nuneitnoctu ypapHenus (8.52), pemwenue 3anaqm (8.52), (8.54) moxHO
IPEICTaBUTh B BULE CYMMBbI OTKJIMKOB Ha, KaXXIblii MMITYJILC B OTAeAbHOCTH. Hanpu-
Mep, B ciiydae BECKOHEYHO KOPOTKYX UMIYJILCOB, UCTIONb3Y A U3BECTHOE BHIPAaKEHHE
A ¢ysxuuu I'puna ypasrenus (8.52) (cM. gomosmenue 16), nomydnm

zx(t) = a3 sinwpt + ag sinwp(t — 7), (8.55)

roe a3 U Gy — IHOCTOAHHBIE, NPONOPUMOHAJILHBIE SHEPTUAM BO30YXIAIOMAX HUM-
nysibcoB. Bripaxenue (8.55) Bxonut B (8.53) HenuueitHo, nostomy dbassl konebanni
(8.55) BoltoyT B HEro B pa3IM4YHLIX KoMOuHauuAx. Onyckas ciaraeMsle ¢ YaCTOTaMH
3wp, moJIyauM

3 . 3
z3 = Z(a‘;’ + 2a;1a2) sinwot + Z(ag + 2a3az) sinwo(t — 7) +

3 .
+ Zalag sinwg(t — 27) + Z—afag sinwg(t + 7). (8.56)

CyimecTBYIOT MOMEHTBI BpeMeHH, B KOTopbie ¢asbt Kosebanuit (8.56) mmeroT cTporo
OIIpee/IeHHbIE 3HAYEHNS HE3aBUCHMO OT BEJIMYMHE! cOBCTBEHHON 9acTOTH Koneba-
Hail HeMHHERHOTO OCHMIIATOPA Wy. JTO MOMEHTBI BPEMEHU

t =0, t=r, t = 2r. (8.57)
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Puc. 8.14. Mexannyeckas MOJE/b [71A NEMOHCTPAIMA ABJICHHA OCIMIUIATOpHOrO 3xa (“Ma-
arauxu YeboTaepa”)

Ecnu teneps 06paTUTHCA K HEOMHOPOTHOMY aHCAMOJII0 OCUMJLIATOPOB, B KOTOPOM
OTIEebHbIE OCIUIATOPBI UMEIOT pasHbie cOOCTBEHHBIE YacTOTHI KoJiebanult, To u3
CXa3aHHOTO MOXKHO CHEJIaTh BHIBOL O TOM, YTO IIpU BO30OYyXIaeHuH ancambis aByms
KOPOTKMMH MMIIyJIbCAMH CBETA, B MOMEHTHI BPEMEHH, omnpenesnsieMbie GopMyiaMu
(8.57), npoucxonur dasuposxa (CHHXPOHU3ALMA) CIAGBIX HEJIMHEHHBIX COCTaBILAIO-
mux KonebaHul T, A 6Cer ocyuaiamopos ancambisa. 1o npuBoouT K dbopmu-
POBAHHMIO MMIIYJILCOB MAKPOCKONMYECKOH ONTHYECKOH moJApu3anun (CyMMapHOro
IOUIOJBHOIO MOMEHTA) CPEIbl M MCIyCKAHMIO MMIYJIbCOB CBETA B COOTBETCTBYIOWIME
MoMmeHTHI BpeMenu. Ilocienuuit U3 3TUX UMITYJILCOB, HCIIYCKAEMbIf B MOMEHT Bpe-
menn ¢ = 27, nperncrasiger coboli curuas cserosoro 3xa (puc. 8.13).

JlaHHbIfl CHTHAJI HA3BIBAETCA CHTHAJIOM TEPEUMHO20 9Xa. Kro cymecTsBoBaHme
MOXHO IPOAEMOHCTPHMPOBATL HA MOLEIM MEXAHMIECKHX OCHMJUIATOPOB (MaATHH-
KoB — cM. pHC. 8.14), xak 310 6bLIO cresiaHo B pabore [19].

Ananorn4eiM 00pa3oM MOXHO NOKa3aTh, YTO NPH BO30YXKIEHUN TPEMA KOPOT-
KMMH HMIIYJIbCAaM# CBETA, MOCHIIIAEMBIMA B MOMeHTbI BpeMeHn t = 0,t = 7,t = 7+T,
Cpena HUCIYCKAET CBETOBON MMILyJbC B MOMEHT BpeMeHu t = T + 27, HaspiBaeMbIlt
CHTHAJIOM CTRUMYAUPOBaHHOo20 9xa (puc. 8.15). CTUMYTMpOBAHHOE 9XO MOXHO HC-
NOJL30BaTh B yCTpolicTBax samucu uHdopManun. B caMoM nene, mOCKOJIBKY Bpe-
MeHa 7 ¥ T He3aBHUCHMBI, MOXHO CYUTATH, YTO MEPBLIE ABA UMIYJILCA 3ANUCHEAIOM
HHGMOPMAIMIO B CUCTEME OCUMIJIATOPOB, 33TEM OHA IPAHUMCR TaM B TeYEHUH Bpe-
wenu T, a TpeTu#t UMIOYNIBC cuuMbBaem UHOOPMALMIO, BbI3bIBASA CATHAJ 9Xa.

B 1979 r. 6b1511 TPOBENEHBI SKCNEPUMEHTD IO H3YYEHUIO CTHMYJTMPOBAHHOIO CBE-
ToBOrO ?xa B Kpucrayuiax LaFz:Pr3t [20; 21] u 6buto o6HapyxeHo, YTO B 9TOM
KPUCTaJIe BpeMeHHON HHTepBajl MEXKAY BTOPBIM M TPETHUM BO3OYXKIAIOIMAME NM-
MyJbCaMU MOXET HOCTUraTh HECKOJIBLKUX MMHYT U JaXKe€ HECKOJbKMX JIECATKOB MU-

I3 (&)

Pac. 8.15. BoaGyxmenune curnanos nepsuysnoro (II9) u crumysmposansnoro (C9) axa
~ 3ak. 350
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HYT [P HAJIOXKEHUH BHEIIHETO MArHUTHOTO IOJIA. DTOT 3¢ EKT MOy M HA3BAHKUE
doazoorcusyw,ezo omonnozo sra. Boina BhICKa3aHa UEEA CO3MAHUA HA €I0 OCHOBE
ONTHUYECKOro 3alOMHHAIOWEro ycTpoicTsa, [16].

Pestomupys, nogyepkHeMm eie pa3 Hanbosiee BaxHbIE AJIA ONTHKA OCOGEHHOCTH
HEJIMHEUHBIX OCIM/IIIATOPOB. YTO — HYBCTBUTEJBHOCTE (ba3bl Konebannit K HHTEH-
CHBHOCTH BO30yXOamomell cBeTOBOH BOJIHBI M BBITEKAIOWAA OTCIOHA BO3MOXHOCTH
¢a3upOBKH OCHHIITIATOPOB CBETOBLIM IIOJIEM, [IEPEUBIYUEHUE CBETA HA ONMTUYECKHX
rapMOHHKAX X KOMOMHAIMOHHBIX JACTOTAX, BO3MOXKHOCTh yCUJIEHUA CBETOBOH BOJI-
HbI, B3auMozeiicTByromeit ¢ ancambsieM oCIMIIATOPOB. MIMenHo 3T cBOKCTBA HeN-
HelHbIX 97IEMEHTAPHBIX OCIMJIJIATOPOB JIEKAT B OCHOBE MHOro06pa3HbiX 3¢ ¢eKToB
4 sABJeHu#t HesmHeliHOH onTHKH.
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Jlekuus 9
TennoBoe A3JIydYeHHUE

Ocroenvie onvmnvie daxmo. Memodw uccaedosanus menaosozo usayverus. Hs-
AYNGTMEADHAR U No2A0WaMEerbHAR cnocobrocms men. Paenosecroe menaosoe u3-
ayuenue. 3exon Kupzeoda. CnexmpaavHas NAOMHOCTL PABHOBECHO20 TNENAOE0-
20 usayuenus. TepmodunaMmura pPaeH0BECH020 MeNA06020 udayuenus. Popmyasa
Pases-ocunce. “Yavmpagduosemosan xamacmpoga”. Popmyaa Taanxe. Heob-
ToGumocmo KeaHMOSnT npedcmasaenut. 3axonv MENA08020 UIAYHEHUA. FaKOM
Cmedgaria-Boavymana. 3axon cmeuwenus Buna. ITpumepos.

IIpencraBnenn: pe3ysIbTaThl 3KCIEPUMEHTAJILHBIX UCCIEIOBAHMK ¥ OCHOBBI 1€0-
pynu TeroBoro u3mydenud. O6CyXIaeTCA BOIPOC O TOM, KaK Ha OCHOBE HUCCJIeZOBaA~
HU#l TEIJIOBOTO U3JIy4YeHHs BO3HUKJIO TPENCTABJIEHHE O KBAHTE.

TennoBoe U3JIyYEHME -— 9TO CBET, HCIyCKaeMblil HarpeTbiM TenoM. CosHeuHbIH
CBeT, TJIaMs CBeYH, CBET JIAMIIbl HAKAJIMBAHUA, 3JIEKTPHYECKAs Ayra, HHPpaKpac-
HOE U3JIy4YEeHHe 4YesIOBEYECKOro TEea — BCe 3TO NPHUMEPHl TEIVIOBOTO W3JIyYeHUs.
TennoBoe W3JIyvyeHHe HUCIONH3YETCH B PA3MAYHBIX MCTOYHWKAX cBera. OHO cyme-
CTBEHHO BJIAET HA TENsoBo# HanaHC BO MHOMUX (PM3MYECKUX CHCTEMaX, B YaCTHO-
CTH ONpene/isferT CPEIHIOn TeMIIepATYPy MOBEPXHOCTH 3emsH. Teopus 9TOro BUIA
M3JIydeHUsl BaXHa 1A (DH3UKH, IIOCKOJIbKY, C OJHOH CTOPOHBI, TENJIOBOE M3JTyue-
HHUE YHUBEPCANBLHO, €ro NPUpOLA He CBA3aHA HU C KOHKDPETHBIM MATEPUATIOM, HU
[axe C yCTPORCTBOM aToMa, a, C ApYro#i CTOPOHbI, MPOHCXOXKAEHHE TelIOBOro U3~
Jiyuyenns obyciaosneHo pyHIAMEHTAJIBHOR TEpMOOWHAMMKON CBeTa M BellecTsa, M
CBOMCTBA 3TOI'0 M3JIYYEHHS MPAMO YKA3BIBAIOT Ha TOT (PAKT, YTO aTOMBI CIOCODHBI
M3JIy4aTh W NOIJIONIATH CBET AAHHOU 4acTOTbl He B JHODBIX KOJMYECTBAX, & JIHIIb
CTPOFO ONpPENesIeHHBIMH TUCKPETHBIMA MOPUMAMU (KBAHTaMH).

OcHoBHbIe OonBITHBIE (baKThl. MeTOoObl UCCIENOBAaHUA TEMJIOBOIO H3J1Yy-
4eHuA. VI3 onbiTa U3BECTHO, YTO CHIIBHO HArpeThie TeJia HaduHaloT cBeTuThes. [lpn
yBEJUYEHNHM TEMNEPATYPbI TeNa APKOCTh CBEUEHHUs BO3PACTAET, a €ro 1[BeT M3MeHA-
eTcs OT TeMHO-KpacHoro no besoro. [Togobubie 3aKOHOMEPHOCTH MOXKHO 32METHTD,
Habsonas, HanpuMep, HarpeBaHue KYCKa MeTajlia B KV3HEYHOM TOpHe, HarpeBaHue
CITMPAJIH SJIEKTPOIIATB! MM HUTH JIAMIIbI HAKAJIUBAHUSL.

XapakTepHoli 4epToH TEenJIOBOro M3NyYeHWsi ABJAAECTCA LIMPOKHUH CIIOMWIHOM
cnexTp. B 310M MOXHO yOEnUTECA C IOMOILIBIO OMBITA, CXEMA KOTOPOro NOK33aHA Ha,
puc. 9.1. Usay4yenne anekrpuieckolt nyru (cser nyrosoro poHapA) HANPABIACTCA
Ha CTEKNAHHYIO NPU3MY, KOTOpas pasjaraetr ero B cunekTp. CrnekTp Habnwomaercs
B 3aTeMHeHHOH aymuTopuH Ha skpane. OH npeacrasiser cobolt sIpKyI0 panyXHY10
[OJI0CY H COOEPXXHMT KPacCHBIH, »KenThlit, 3esieHblll, ronybolt usera, nepexonsl Me-
XKy KOTOpbIMH HempepbiBlibl. C TOMOWBIO TEPMONAPEI, KOTOPYIO 9KCIEPHMEHTATOD
epeMenIaeT BAOJIb PaJyKHOH IOJIOCKH, H CTPEJIOYHOIO Npubopa MOXKHO H3IMEPUTH
pacnpenesieHNe dHEePruH M3JIy4eHUA M0 crekTpy. Takwe u3MepeHusA MOKa3biBAIoT,
4TO B Npefesax BHOMMOH YacCTH CIEKTPA MHTEHCHBHOCTH H3JIydeHHs MOHOTOHHO
BO3PACTaeT N0 Mepe yBeJIMYeHUA IJIMHBI CBETOBOW BOJIHBI, MAKCHMYM MHTEHCUBHO-
CTH H3JIyYEHUA JYTH JIEXKUT B WHppPaKpacHo# obiiacTn CiekTpa.

Pesynprarhl H3MepeHHII MOXKHO NIPEICTABUTL B BHIOE I'PaduKa 3aBUCHMOCTH HH-
TEHCUBHOCTH M3JIYYEHUA OT [JIMHBI BOJIHBI MJIM YACTOTHI CBETA.

Ha puc. 9.2 noxasaHbl CieK TPBI M3JTyYEHUA HATPETHIX TCJI, U3MEPEeHHbIE JIIoMMe-
pom 1 Ipunrcreftvom (1899 r.). 'padyuku 0THETINBO HEMOHCTPHPYIOT yBETHYCHUE
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Puc. 9.1. Habmonenue cieKTpa H3yYeHHA JEKTPHUECKOH Ayru

[IOJTHO# MOIIHOCTH TEILJIOBOrO M3JIyYE€HUA U CMEINEHHE MAKCHMYMa CIEeKTpajibHOH
IJIOTHOCTH B KOPOTKOBOJIHOBYIO 06JIaCTh CIIEKTPa IPH MOBLIIIEHHM TEMIEPATYPHI
uanyvaomero Tena. Ha pybexe XIX — XX Bekor nepen ¢dbusmukol BCTas BOIpoc:
Kak 00bACHUTS CIEKTp TeltoBoro uanyyuenusa? Vccnemosanue sTo#t nmpobieMs! npu-
BEJIO K IOABJICHHIO KBAHTOBBIX IPECTABJICHUH.

HsnygarepbHanA U DOIJIoIATENIbHAsE cmocobHocTh Tes. Pasnnie Tesna no-
pa3HOMY IIOTVIOLIAIOT CBET. YepHble TeNa CHIBHO NOMNIOMAIOT CBET, Gernble — ci1ado.
B nonTBepikJieHHe 9TOr0 MOXKHO NpHBeCcTH MHOro npumepoB. Tak, soma B Gouke,
BBICTABJICHHON Ha COJHIIE, Harpeerca ObicTpee, ecnu 604Yka BhIKpamieHa B YepHbilk
[BeT.

s xonuvyecTBeHHOM XapaX TEPUCTUKHU NOTVIOMATENbHOM CIOCOGHOCTH Tena BBe-
JEM BEJIUYHUHY

_ Waor '
a= Wons. (9.1)

3nech Whay — BHEPrus nagaiomero Ha Tejio cBeTa, Wnory — 3HEprus CBeTa, IOIJIo-
MEHHOTO TeJIOM. BeyimuuHy o 6yaeM Ha3blBaTh “HONIOmMATENbHOR CIOCOGHOCTHIO”
Tena. IlormomarensHyo CIIOCOGHOCT MOXKHO M3MEPUThH SKCIEPUMEHTAJIBHO 10 Ha-
FPEBAHUIO TEJIA.

Ilna Hempo3padHbIX TeJ CyMMa 3Hepru# NoIVIOMEHHOrO U OTPaXKEHHOrO CBETa
paBHa, 3HEPrMH NaJa0Mero CBeTOBOro motoka (puc. 9.3):

Wnan = Wo'rp + Wnorm

MO3TOMY 6e3pa,aMepHa.ﬂ BeJIMYMHA ¢ JIEXKHT B NIpenesax

0<a<l
TpenenpHbie CayYaW MOXHO HasBath Taxk: o =0 — “abcomoTo Genoe Teso”;
a =1 — “abcomoTHO yepHOe Tesyo”. XopouuM npuMepoM OeJIoro Tesia ABJIAETCA

MeJ1, YEPHOI0 — YTOJib WIH Caxa.
OneIT NOKA3BIBAET, YTO MOIJIOMIATEbHAA CIIOCOOHOCTH OMHOrO M TOIO XK€ TeJa
MEHAETCA NPU U3MEHEHUH TeMnepaTypsl Tef1a T’ ¥ YaCcTOTHI T3aI0MEro Ha HEro CBe-
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Puc. 9.2. CnexTpsl H3J/Iy9eHHA HAIPETHIX TeJ1, u3Mepennnie Jliommepom u Ilpunrcretimom

Ta ¥ = w/2r. CnenoBaTesIbHO, KaX A0 TEJIO MOXKHO OXapaKTepu30BaTh HEKOTOPO#H

byukune

a=ayT)

(“norsiomaresbHan cnocobHocTs” ). Pasymeercs, y pasHbix Tes 9TH QyHKINM COBED-

MEeHHO PAa3JInYHbI.

Ns3nyyenue cBeTa. PaccMoTpum Kaxoe-HuOyOp HarpeToe TEJ0, HAIPUMED,
PacKaJIeHHYI0 HHTH JIaMnbl HaKaJiMBaHWUA. BeiiesuM ajleMeHT NOBEpXHOCTH TeJja

Puc. 9.3. Kaprusa oTpaxeHus U DOIVIOMIEHHA CBETA HEMPO3PAYHBIM TEJIOM
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\ l / dPKaJ!
\t/ v+ (v +dv)
Ida rd

T

Puc. 9.4. K onpepenennto noHATHA H3My4arensHolt cnocofHOCTH Tena

nIomaasio do 1 OG03HAMUM MOIHOCTH U3JIYYEHHA 3TOTO Y4ACTKa NOBEPXHOCTH B
MHTEPBAJIe YaCTOT OT ¥ 10 V + dv 4epe3 dP,., (puc. 9.4).

HAcno, uro BenuuuHa dP,s; NPONOPLUHOHAJIbHA BeJdInHAM do u du. IIo:-)Tomy
MOZKHO HAIIICATb

dPysn = edvdo. (9.2)

Koa¢duumenT nponopuHoHaAILHOCTH € B 3TOH hopMyne HazoBeM “H3mydarespHON
cnocobHOCThI0” Tesa. ONbIT NOKA3bIBAET, YTO U3/IYYATEIbHAA CIIOCOOHOCTS, TaK Xe
KaK ¥ IOIVIOWATE/IbHAA CIOCOGHOCTD, 3aBUCHT OT TEMIIEPATYPHI Tea 1’ ¥ 4acTOThI
CBETA V, T. €.

e=¢e(v,T).

PaBHOoBecHOe TeluioBOe M3nydeHue. [lycTh €CTh HEKOTOpOE Te0, HArpeToe
0 Temmeparypsl 7', BRYTPU KOTOPOro BelpesaHa nosocTs (puc. 9.5). Tak kak CTeHKH
[IOJIOCTH UCIYCKAIOT TEIUIOBOE U3JTyYeHHe, IOJIOCTh OYAET 3aM0IHeHa 9TUM H3JIyde-
HYeM. B CcTalMOHAPHBIX YCJIOBHAX, KOTXa TeMIIepaTrypa TeJsa HOIIepKHBAaeTCA 1o-
CTOAHHOR, XapaKTEPUCTUKH TEIMJIOBOrO M3JIyYeHUA B MOJIOCTH Takxke OyoyT mMeThb
MOCTOAHHBIE M CTPOro ONpenejieHHble 3HAYEeHHUA, 8 MMEHHO, TaKHe 3HAYEHUA, NpH
KOTOPBIX MPOLECCH UCIIYCKAHUSA U IMOIVIOIEHUA CBETa CTEHKAMH TOJIOCTH B3aHMHO
YPABHOBEIIMBAIOT APYT Apyra. VIHaye ropops, B CTAUUOHADHBIX YCJOBUAX MEXKIY
CTEHKaMH TOJIOCTH W M3JIydYeHHWEeM BHYTDU Hee yCTAaHABJIMBAETCI TEIJIOBOE PABHO-
Becue. B 9TOM Cilyyae TEIJoBOe M3Jy4YeHHWe B TIOJIOCTH HA3BIBAETCHA PABHOBECHBIM.

DKCnepYMEHTAJIBHO HCCAEI0BATh PABHOBECHOE H3JIyYeHNEe MOXHO, IPOJEsiaB He-
BoJsibIIoe OTBEPCTHE (KaHA), COSNUHAIOINEE NOJOCTh C BHENIHMM [POCTPAHCTBOM.
Yepes 9T0 OTBEPCTUE PABHOBECHOE TEILJIOBOE U3JIy4YeHUE OYIET BBIXOTUTHL U3 moJio-
CTH HApyXy ¥ ero XapakTepUCTHKH MOryT ObiTh mamepens! (puc. 9.5,6).

3axon Kupxrocga. B 1859 r. nemenxuft ¢pnsuk I'ycras Kupxrod ycranopun
3aKOH, COTJIACHO KOTOPOMY B COCTOSIHMM TENJIOBOTO PABHOBECHS OTHOIIEHWE M3Jy-
4aTeSbHON CIOCOBGHOCTH K NOINIOMATEeNbHON CHOCOGHOCTH He 3aBMCHT OT NPHPOSHI
Tea:

ewT) _
a,T) ~

3necy p(v,T) — yHuBepcasibHasA (OOMHAKOBAA IR BCEX TEN) (DYHKIMA JACTOTHI
cBeTa v u TeMnepaTypsl Tena T, HasbiBaeMasa usayuameavhotl cnocobrocmsvio ab-
COMOMHNO “epHo20 meaa. CMBICA 3TOCO TEPMHHA ACEH U3 ONpPEAeseHus afCOTOTHO
9epHOro TeJia, COrJIACHO KOTOPOMY jiA Takoro Tena a(v,T) = 1 u, ciienoBaTessHo,

p(v,T) = inv. (9.3)
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Puc. 9.5. K NOHATHIO paBHOBECHOTO TemIOBOro u3jiyueHuA. Ilon paBHOBECHBIM MOHWMa-
eTCsa M3JIyveHue, HaXOoAlneecs B PABHOBECHM C HArPETHIM TEJIOM, HAIPHMEp, H3JlyueHue,
3AN0JHAIONMEE NOJIOCTh, BRIPE3aHHYI0 BHYTpH Harperoro Teia {a). Crocob usmepesusa xa-
PAKTEPHCTHK DABHOBECHOTO Wanydvenns (6)

e(v,T) = p(v,T). NlepBonavasbrno Kupxrod sbiBen naHHbif 3aKOH TEOPETHYECKH,
UCIIONb3yA coobpaxenns tepMonnHamuky. [losnHee 9TOT 3aK0H 6511 NOOTBEPKICH
SKCHepHMeHTaJIbHO.

PaccmoTpuM TeopeTnyeckue coobpaxkenus, nogreepxatoniue saxon Kupxroda.
ITpeanosnoxum, 4TO BHYTPH NOJIOCTH, 3AaHATOR PABHOBECHBIM TEILJIOBLIM M3JIydeHu-
€M, HaXOAHTCA HEKOTOPOE TeJsI0, HanpuMep Kycok Mena (puc. 9.6, a). OuesngHo, 410
B COCTOSHHM TEIJIOBOTO PABHOBECHS MOIIHOCTb M3JIy4€HHA, HOIJIOMAEMOro TeJIOM,
paBHA W3J1y4aeMOli UM MOUIHOCTH

dPF, norn — dP, U3 (94)

TaK KaK B NPOTUBHOM CJIy4ae TeJIO HaYasio 661 HArpeBaTbhCA MM OXJIAX AAThCA, 8 3TO
npuBeno 6bl K HapylieHHIO paBHoBecua. Mcnonb3ya onpenesienus WssIy4daTenbHOU
¥ NOIVIOIATeNbHOM crocobruoctelf Tena, MOXKHO 3anHcaTh

@Prors = & dPrag, (9.5)
dPysn = £ dv do, (9.6)

TOe € — U3JIy4YaTesbHasA CTIOCOOHOCTD, @ — MOIVIOMIATEIbHAA CIIOCOOHOCTD, dPyan —
MOIHOCTb M3JIy4eHNs, TMAJAIOMIEr0o Ha 3JIEMEHT TTOBEPXHOCTH Tesla IVIOMAILI0 do 1
HMEIOIIETO YacTOTy B CHEKTPAJbHOM HHTEpBajie OT v mo v + dv. Uz (9.4)-(9.6)
CJIeyerT, uTo

0 dPpyy = edv do. (9.7

Ternepr 3aMeHEM Hame NMpoGHOe Teno (KYCOK MeJa) KaKuM-JubO JIPYTHM TeNoM
TAKOTO Xe pa3Mepa M (OpMBI, HAaNpuMep, Kyckom yris (puc. 9.6,6). Iockons-
KY XapaKTEePHCTHKH TEIJIOBOTO M3JIy4eHUA OCTAIOTCA Hen3MeHRbIMI (npobuble Testa
MOXHO CYATATh AOCTATOYHO MAJIBIMH N0 CPABHEHHIO C TEPMOCTATOM, TaK 4TOOBI
OHM HE BJIMAJIM HA XapPAKTEPHCTUKH TEIUIOBOTO M3JIyY€HHA B I10JI0CTH), BO BTOPOM
c7Iydae Ha 3JIEMeHT MOBEPXHOCTH TeJ1a TOH! e miomanu do B npenesiax Tol xke mo-
Jocel yacToT dv 6yOer nanarb u3nydeHne Tol ke camoit MOmHOCTU dPyay. ®opMyJinl
"9.4)—(9.7) no-npexxHeMy OCTaIOTCA B CWJIE, XOTA KO3POUIMERTHI @ U € UMEIOT Te-
nepsb apyrue 3HadenuA. Urak, B dopmysie (9.7) MHBAPDHAHTHEI BCe BEIMYMHBI, KpOME
= u . Ho Torna no/xHO ObITh MHBAPHAHTHO OTHOLEHHE



200 ' Yacmo II. Haayuenue u 2enepamopwv ceema

7 7

U 2 22
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Puc. 9.6. K sriBony 3akona Kupxroda. CrpesikamMu nokasaHel IOTOKH H3JyYeHHUA, IOMIO-
WAeMOr0 M MCILYCKAEMOro TeJIaMu

gf/a=inv,

YTO W COCTaBJAET copepxanue 3akona Kupxroda.

B siexumonnoi#t nemoHcrpanuu sakoHa Kupxroda MCHONbL3yeTcAa Harperas o
remneparypsl okos1o 1000°C (B TpyGuarolt unu mydennrolt neun) dbapdoposas
TapeJsika, TpUBA3aHHAA K CTaJIbHOM npososioke. Ha nosepxnoctu dapdopa Hanecen
TemHbilt pucyHoK (“nBerok”) Ha ceersiom done. Korna Harpetstit papdop 6uicTpo
BBIHMMAIOT 33 NIPOBOJIOKY U3 II€YH B 3ATEMHEHHOH AyIMTOPHK, PUCYHOK HA HEM APKO
cBerHTCs Ha poHe cmaboro ceeveHns HeoKpameHHbIX yacTett papdopa (puc. 9.7, a).
Onuako mo mepe ocTeiBauMA ¢dapdopa sSpKUe MECTa PUCYHKa CTAHOBATCA Bosree
TEMHBIMH M Ha OCTBIBaIOIIEHl Tapesike CHOBA CTAHOBMTCA BUIEH TEMHBLIM IBETOK
Ha cBersiom ¢oHe (puc. 9.7,6). Takum 06pa3oM, ONBIT MOKA3LIBAET, YTO YYACTKH
NOBEPXHOCTH Teja ¢ 6osbmielt noryomarenbHo# CrrocobHOCTLIO NMEIOT U 66bUIyIO
H3JIy4ATENbHYIO CTIOCOGHOCTE, T. €. € ~ @, 9TO NOATBepXKuaeT 3akoH Kupxroda.

Cy1mecTBeHHO TaKXKe cienyiouiee 06CcToATeIbCTBO. EC/iu HabI0naTh TAPEIKy He-
IIOCPENCTBEHKO B HarpeTolf neyn yepes #eOOIbIIOE OTBEPCTHE, TO OKA3LIBAETCH, YTO
PHCYHOK Ha Tapesike Boobuie He BuaeH (puc. 9.7, 6), u Jaxe cama TapesKa €1Ba pas-

a) 6) o)

Puc. 9.7. IleMoHCTpauusa CBA3M MEXAy H3/IyYaTeNbHOU M mornomarensHo# cnocobmocTs-
mu tena. CBeuenne HarpeToit dapdopoBot Tapenku B 3areMHeRHO# aynuropun (a). Bux
ocruaBurelt Tapesiku (6). Bunx rapenku s neun (s)
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Puc. 9.8. Cxema ycranoBku Jliommepa u Ilpunrcreiima

maauMa Ha GOoHEe CBETAMMMXCH DACKaJIEHHBIX CTEHOK neyn. PaBHOBECHOE TemsoBoe
U3JIyYEeHHE, BHIXOAALIEE U3 TIe4H, HE HECET HUKAKOro M306pakeHus1, OHO ONHOPOIHO.
DTO 03HAMAET, YTO TE TEJIA WM Y4IaCTKHU TEJIa, KOTOPBIE CHJILHO MOTJIOMAIOT, OXHO~
BPEMEHHO CHJIbHO MCIYCKAIOT CBET, T. €. M3JIyYaTesIbHAA CHIOCOBHOCTD T€J HpONop-
[MOHAJIbHA X NOIVIOMATETLHON CTOCOBGHOCTH — B MIOJIHOM COOTBETCTBHMH C 32KOHOM
Kupxroda.

CrekTpanbHasi MJIOTHOCTh PaBHOBECHOIrO TEIVIOBOro W3jiydeHHA. Pap-
HOBECHOE TEI/IOBOE U3JTyYeHHE XapaKTEePU3YIOT CIIEKTPaIbHOM moTHOCTHIO U(w, T'),
KOTOpaA OUpenesifeTcA Kak 9HeprusA PABHOBECHOTO H3lydyeHus upu remneparype T,
NPUXOOALAACH Ha €IuHULY 00'beMa MPOCTPaHCTBA U BeCKOHEYHO MaJbiil HHTEpBaAJ
4acTOT WHPUHON dw BOJIM3M HACTOTHI W. DHEPrUA TEIJIOBOrO M3JIydeHHsA B obbeme
V 1 nosoce 4acTOT OT w 10 w + dw ecTh

dW = Vu(w,T) dw. (9.8)

Benmmuuna dW wusmepsiercsa B aprax. @opmysny (9.8) MoXHO paccMarpuBarh Kax
onpenenenue byukunn u(w,T).

Pyukuuio u(w,T) HA3BIBAIOT TAKKE CNEKMPAALHOT TAOMHOCTILIO USAYUEHUR
NepHO20 MeAa, TIOCKONbKY 3Ta (YHKLUUA ONHO3HAYHO CBA33HA C yHHBEDPCAJBHOHN
dbysrupeit Kupxroda p(v,T), umeromell cMbICaT H3/yyaTebHOR criocoGHOCTH ab-
COJIIOTHO YEPHOrO TeJa.

JIrommep u IIpuHrCcreiM aKCNepuMEHTAILHO KCCIIENOBAJIM CIEKTPAJIbHYIO IJIOT-
HOCTb PABHOBECHOTO TEIJIOBOTO M3JIy4EHUS C MOMOIUIbIO YCTAHOBKH, CXEMa KOTOPOH
noxasaHa Ha puc. 9.8. OCHOBHOM 3/IeMEHT YCTAHOBKY — »KeJIe3HaA M0JI0CTE C OTBep-
CTHMEM [1J151 BHIBOJA M3JIYYEeHHs. DTa MOJIOCTh HArPEBAJIACH C IOMOIIBIO CEnUabHON
ne4yu ¢ OBodHbIMM cTeHkamu. Harpernie miameHeM rasbl nNpoTeKasM MEXIy CTEH-
KaMH{ I0JIOCTH ¥ BHYTPEHHMMH CTEHKAMM II€4M, 3aTeM MONAali B NPOCTPAHCTBO
MEXJy OBOHHBIMM CTEHKaMM [IE€YH M, HAKOHEI, BHIXONHJIM B IbiMOXxoa. Temneparypa
A3MEepsUIach PTYTHBIMH TEPMOMETPaMH Jubo TepMonapoi.

MomHoCTh TENJIOBOrO M3/Iy4eHHs, BHIXOAAIIETO U3 TOJIOCTH, NU3MEPJIach C Ho-
mouipio GosomeTpa. B 21O0M npubope u3siyyenne, MOIHOCTL KOTOPOTO HEOBXOZMMO
OUPENEIHTh, TAOAeT HA OOHY M3 JBYX 3aYEPHEHHBIX IUIATHMHOBLIX IPOBOJIOYEK M [O-
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Puc. 9.9. Onruyeckuit pe3oHAaTOp — 3JIEMEHTAPHAHA CHCTEMA, MO3BOJIAKINAA HOACIHTATH
YHCJIO cTeneHell cBoGOan! CBETOBOrO NOMA

[JIOMAETCA €10, IOBBIMAA €e TeMIEPATYDY H, CIASAOBATEIbHO, YBEIHINBAA €€ BJIeK-
TpUYECKOe CONpOTHBJIeHNe. 3MeHeHNe CONPOTUBIIEHNA ONPENEIAETCA CPABHEHHEM
C CONMPOTHUBJIEHHEM OPYroit [IPOBOOYKH.

BoLin npuHATHI BCe MEPEI NPEJOCTOPOXKHOCTH, YTOOBI MOXHO OBIJIO C yBEpEHHO-
CTbIO CYUTATH, ITO PETUCTPHPYEMAA MOUIHOCTD U3JIy4aeTCA UMEHHO TMOJIOCTHIO, U B
pesyJIbTaThl H3MEPEHUH BHOCHIIMCH IONPABKY Ha BO3MOXHBIE OWINOKH, CBSA3AHHBIE C
HOrJIOMEHUEM M3JIy4YeHNA BO3LYXOM MO IIYyTH OT IOJIOCTU A0 YYyBCTBUTEJLHOIO 3J€e-
MeHTa. Jig CIeKTPAJIbHOTO PA3JIOKEHUA U3NYUEHUs HCIONb30BAJICA NPU3MEHHBIH
cnekTpoMerp. PesynbTathl atux uccnemosanutt 6plnu npuBeneHs! B cepuM pabor,
omybsukoBanubix B 1899-1900 rr. Ouu noxasans! Ha puc. 9.2.

TepetineM tenepb K TEOPETHYECKOMY PACYETY CHEKTPAJIbHON IJIOTHOCTH PABHO-
BECHOTO TEIUIOBOro masydenus u(w,T).

TepMmonpHaMHKa PaBHOBECHOrO TeIIOBOTro mM3iay4deHus. Teoperumueckuit
pacuer yukuun u(w,T’) MOXKHO BBIIOJHHUTL HA OCHOBE U3BECTHOIO M3 TEPMOMIM-
HAMHUKH 3aKOHA O pasnopacnpedesenuu snepzuu no cmenenam ceobodun. CoryiacuHo
3TOMY 3aKOHY, B COCTOAHHHM TENJIOBOIO PABHOBECHA HA KAKIYI0 CTENeHb CBOOOILI
CHCTeMbl B CPeIHeM NPUXOAUTCA OXUHAKOBasA aHeprud, pasuas kT'/2. 3mece T —
abCcoJTIOTHAA TeMIEPATYpa CUCTeMbl, kK — nocToaHHaA Bonbumana. s Toro 4Tobel
OPHMEHUTDH 3TOT 33KOH K TENJIOBOMY H3JIyHYEeHHIO, HeOOXOOMMO NMOACYUTATL YHCJIO
crenerelt cBOOOIBI 3/IEKTPOMATHUTHOTO ITOJ1A, HAXOAAIETOCA B 3aMKHY TOH MOJIOCTH.

OcHoBHaA uaea pacyeTa COCTOMT B TOM, YTO PABHOBECHOE TEIUIOBOE M3JydeHNns
B OJIOCTH MOXKHO IIPEICTABUTh B BHIe nabopa cmosanux 60an. Ilo cymecTBy peds
UOET O CIEKTPAJIbHOM PAa3JIOXKEHMH CTAIMOHADHOU IPOCTPAHCTBEHHOM CTPYKTYpHI
PaBHOBECHOTO M3JTyYEeHHA HA SJIEMEHTAPHO NPOCTLIE CTPYKTYPhI — CHHYCOUNAIILHBIE
CTOAYHE BOJTHBI. ‘

CyuecTBeHHBI Cienyiolue 8a 00cToATeNsCTBa. [lepBoe — mpocTpaHCcTBEeHHAA
CTPYKTYPa PABHOBECHOrO TEIMJIOBOIO U3JIyH€HUA CTALMOHAPHA, BTOPOE — JHEPrusd
M3JIyYeHHs, NaJal0MIero Ha CTEHKY IOJIOCTH, DAaBHA U3Jy4aemoll cTeHKol sHeprum.
IIpocreftmas cucTeMa, B KOTOPOH BHINOJIHAIOTCA 062 9TH YCJIOBHA, IPEACTABJIAET CO-
Golt mapy napaJebHBIX 3epkas — onmuseckul pesonamop (puc. 9.9). MssectHo,
YTO CBETOBOE NOJIE B TAKOM PE30HATOPE MOXKHO NPEICTABUThH B BHAE AMCKPETHO-
ro CY4eTHOro Habopa croAunx BOJH (“ocuuyssTopos noss”). KoauyecTBo pasHeIX
CTOAYKX BOJIH M oIpezesnder coboit uckoMoe yucnio crenenett csobomst HOMA.

Nrax, paccMOTpUM CBETOBOE MOJIE, 3aK/IOYEHHOE MEeXIY OBYMA IJIOCKMMH 3ep-
kanamu. PaccTosnue Mexay 3epkaiamu obo3nauum 6yxsolt L. Hanpasum och 2 1o
HOpPMAaJIF K TIOBEPXHOCTH 3epKaJl. B m1ockoM pe3oHarope CBETOBOE I10J1€ YIOBJIETBO-
pseT OOHOMEPHOMY BOJIHOBOMY YDaBHEHHIO

8E _18°E

o2 " ZoE ©9)
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Cuuntasa 3epKaJia uIeaJIbHLIMY IIPOBOJIHUKAMHU, TDAaHUYHBIE YCIOBUA 3alIMLIeM B BUaE

E0,t) = E(L,t) = 0. (9.10)
Pemenne 3anaun (9.9), (9.10) ects
E(z2,t) = A(t)sink,z. (9.11)
Honcrapns (9.11) B (9.9), nonyuum ypasHenue Muisa amnantyant A(t):
24
—— +cPkZA =0. 12
5 + ¢k 0 (9.12)

Takum 06pa3oM, aMIUINTYA2 MOAYUHAETCH YPABHEHHUIO FAPMOHHUYECKOTO OCUYUAAR-
mopa. Pemenue 3Toro ypaBHeHUA ecTb

‘ A(t) = Ag cos(wt + ), w = ck,. (9.13)
C npyro#t croponsl, noacrasus (9.11) B (9.10), nonyunM ypasHenue
sink, L =0, (9.14)
OTKyZda
k,L =m,m; m.=1,2,3,.... (9.15)
CoOTBETCTBEHHO
w=ck, =m.,  my=1,23.... (9.16)

Taxum o6pasoM, CBETOBOE I10JIE B PE30HATOPE UMEET CTPYKTYPY HUCKPETHOTrO Ha-
6opa. BoJsiH. KaxX1y10 CTOAYYIO BOJHY, X3PaKTePHU3YyEMYI0 ONpedeieHHbIM IPOCTPaH-
CTBEHHBIM PACTIPEIESICHUEM HHTEHCUBHOCTH CBETA, MOYKHO HA3BaTh “OCIMIUIATOPOM
nonsa” . Heckosbko nmpocreftmux cTpykryp nokasass: Ha puc. 9.10. BaxkHo, yro oc-
OUJLIATOPSI NIOJIA B pe3oHaTope o6pasyior cuemuwmti Habop, T. €. MOTyT GBITH nepe-
HyMepoBasbl. [I0CKONBbKY paz/IMYHbIE OCHMJLIATODPHEI HE3ABHCHUMBI (AX aMIJIUTYIBI
COBEPLIEHHO NPOM3BOJILHBI), [IOJTHOE UX YUCJIO UMEET CMBICT “ucad cmenexeti ceo-
60dvt noas.

Cornacao dopmyste (9.15), B mpoCTpaHCTBE BOJIHOBBIX 4YuUCea k, Ha JOJI0 Ka-
KIOTO OCLMJUIATOPA MOJIA NPUXOANTCA suelika pasmepom Ak = = /L (puc. 9.11),
roe L — nnmaa pesonaropa.

O6o6mas pacCMOTpeHHe Ha CiIy4ail Tpex NpOCTPAHCTBEHHBIX KOOPHOMHAT, pac-
CMOTPHUM CBETOBOE NIOJIE BHYTPH MOJIOCTH C 3ePKANTLHBIMHM CTeHKaMu, umeroue# gop-
My xyb6a. (puc. 9.12). Ilycts nmuHa pebpa kyba L, o6vem V = L3, ocu KoopamHaT
HaIlpaBJieHbl BIOJb pebep Kyba.

Ilna xax ol 13 nexapropsix KOMnoHedt nons E., E,, E, cnpasenjinBo BOJHO-
BOE ypaBHEHUE

1 0%E
AE- 555 =0, (9.17)
roe
82 62 62
A=z tagtam
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A A2
m,=1
mz=2
m, =3
0 L * 0 L ¢z

Puc. 9.10. IIpocTpancreensbie CTPYKTYPhI NPOCTERIIMX OCUHUIATOPOB MOJIA B ONTHYECKOM
pe3oHaTope

A — oneparop Jlamnaca. Pemenne ypasuenus (9.17) umeM B Bune

E(z,y,2,t) = Agsin(k,z) sin(k,y) sin(k, z) cos(wt + ¢). (9.18)
Toncranoska (9.18) B (9.17) npuBOmAT K ypaBHEHHUIO

K2+ k2 + K=k =P/, (9.19)

CBA3BIBAIOIIEMY MEXIY COGOH MOMyJsb BOJHOBOTO YMC/a k M YAaCTOTY w CBETOBOH

BOJIHBI (TaK Ha3pIBaeMoe “mucrepcHoHHoe ypaBHenue” ). ITo anasnoruu c (9.15), rpa-
HMYHBIE YCJIOBHA IIPHBOLAT K COOTHOIIEHUAM

/L kz

Puc. 9.11. U3obpaxenue OCUM/LIATOPOB MOJIA B IPOCTPAHCTBE BOJTHOBBIX YHCEJT
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Puc. 9.12. K noacuety uncia creneneit cBoGoapl CBETOBOrO IO/, 3AN0OJIHAIOUErO TPEXMep-
HYIO TIOJIOCTh

kL =mgm, kyL = mym, k,L =m,m, (9.20)

TOe My, My, M, — JOOBIE HaTypaJbHble YHCTA, T. €.

Mg, My, M, =1,2,3,... . (9.21)

Benwunnst ki, ky, k; MOXHO TPaKTOBATh KaK JEKAPTOBBI KOMIIOHEHTH! BOJHOBOTO

BEKTOPA CBETOBOH BOJIHBI k.

Htak, B TPEXMEPHOM CJIy4ae KaXKAbIH OCUMJIIATOP IO XapaKTepUu3yercs Tpoh-
KOH HATYDaJIbHBIX YMCEJI Mz, My, M. KapTHHa, 1306paxkanomasn OCIUIIATOPHI 0-
11 B IPOCTPAHCTBE BOJHOBBIX uucen (“k-mpocTpancTBo”), mokasaHa Ha puc. 9.13.
W3 sToro pucyHka BUAHO, YTO BCE K-IIPOCTPAHCTBO pa3buro Ha Kybukm oObemom

vg = (w/L)? (9.22)

KaX bk, IpU 3TOM KaKAOMY OTHETBHOMY KYOHKY COOTBETCTBYET CBOH OCLMILIIATOD
TOJIA.

Ternepb HETPYIHO IONCYKTATH MOJHOE YUCJIO crenenelt crobomer noasa. Pacemo-
TPMM CBETOBOE I10JIe, 33HMMAIOUIEE AMana3oH 4acToT oT 0 no w. CoracHo mucme-
pCHOHHOMY ypaBHeHuo (9.19), BONHOBBIE YHCJIA TOJIA 3aHUMAIOT OUana3oH ot 0 1o
k = w/c. B npocTpancTBe BOJHOBBIX Yucen 9Ta 00JIaCTh HMEeT BUI LIapa Paluyca
k, a ee obvem pasen 4rk?/3. Cornacuo dopmyne (9.18), n3sMeHenne 3HAKOB BeJH-
T kg, ky, k, IPUBOOMT /ML K M3MeHeHMIO 3Haka (¢assl) nosd, HO He MeHAeT
2I0 NpPOCTPAHCTBEeHHOH cTpykTyphl (pnc. 9.10). INosToMy dusMdeckn passIMuHBIM
xoHpUrypanuam (OCUMIIATOPAM) MOJIA CTBEYAOT MG duchaa kg, ky, k. onpene-
JIEHHOrO 3HaKa, HAIpUMep,

kz, Ky, ks > 0. (9.23)

3 vkasaHHYI0 0651aCTh (NOJIOXHUTEIbHBIH OKTAHT MPOCTPAHCTBA BOJHOBBIX YMCE)
~onagaer juwb 1/8 wacTs wapa paguyca k, oObeM 3T0H YacTH COCTABIIAET

Vi = énlﬁ. (9.24)
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Puc. 9.13. UszobpaxeHne OCUM/UIATOPOB I0Jifl B IPOCTPAHCTBE BOJIHOBBIX YHCEJ

HckoMoe YHC/I0 OCUMJLIATOPOB TI0J1A PABHO, OYEBHOHO, OTHOIIEHUIO 00beMa Vi, Ko-
TOPBIl 3aHNMAIOT B K-IIPOCTPAHCTBE BCE OCUUJUIATOPH! MOJA, K 06beMy vy, AYeHKH,
COOTBETCTBYIOUIER OOHOMY OCUMIIATOPY. O603HAYMB 3TO YKCIO Z', MOXHO 3alu-
caTh

Zl = Vk/vk. (925)
Hcnonssya (9.22), (9.24), (9.19), 3Ty xe BeNn4UHY MOXHO 3aHMCATh KaK
373
, _ w’L
= (9.26)

Urax, popmyna (9.26) onpenesser Yncao oCHUIIATOPOB NOJA, 3aHUMAOIIET0 06-
JIaCTh IMpoCTpaHcTBa o6bemoM L3 u wactoTHbl uuTepsas ot 0 10 w. D1a dopMya
aeT 4YHCJIO CcTeneHelt cBOGOIbI MOJIs, CBA3AHHBIX C BO3MOXXHBIMM HAINPaBJIEHUAMYA
pacnpocTpaHeHus CBETOBBIX BOJiH. OOHAKO BOJIHA, PACHPOCTPAHAIONIAACA B OIpe-
JEJEHHOM HaNPaBJICHHH, MOXKET UMETh B3 HE3ABUCHMBIX COCTOAHUA MOJIAPU3ALUN
(nanpumep, NJI0CKaA BOJIHA, PACIPOCTPAHAICIAACA BOOJbL OCH 2, €CTh, BOOBIIE ro-
BOpA, CynepnosunusA BosH Tuna E;, H, u E,, H; — cm. 4. I). [losTomy nosnoe
YHCJIO cTeneHel CBOBORBI CBETOBOIO MOJiA BBOE PEBLIALT YUCIO Z' u COCTABNACT
BEJIMYHHY

w33
3n2c3’
Teneps BBIMMC/IMM YHUCJIO CTeneHe# cBOBOIbI MOJA, NPUXONAMMXCA HA CIEKTPAJIb-

HBI{ MHTEPBAJ OT W JO W + dw. Baas nuddepennnan or obenx dacreit paBeHCTBa,
(9.27), nosyuum

(9.27)

273
w?L
wee
I/ITaK, 3aJ1a4a IoACYeTa Yuciaa crerneHel CBOﬁOI[bI PaBHOBECHOI'O TE€NJ0BOIO U3-
nydeHus peieda. Mcnonp3ya aTOT pe3ysibTaT, ClIeKTPAJIbHYIO IIJIOTHOCTh PaBHOBEC-
HOI'O TEIIJIOBOI'O U3JIYHUCHHA, T. €. IHEPIUI0 N3J/IyYC€HUA, [IPUXONAINYIOCA Ha €IUHHUILY
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u(w, T)

0 w

Puc. 9.14. CooTHOmeHMe MeXIy SKCIEPDUMEHTAJIbHEIMA [AHHBIMHM TI0 W3MEDEHHIO CIeK-
TpaJibHOH IJIOTHOCTH PAaBHOBECHOTO TENJIOBOIO H3JIyYeHHs (TO4KHM) u Teopuett Pasesa-
Jxunca (CIUIOMHAA KPHBA)

obbeMa IPOCTPAHCTBA ¥ CIEKTPAJILHBIR HHTEPBAJI OT W 110 W + dw, MOKHO IIPEACTa-
BHUTb B BHIE

w(w,T) = w—z(w), (9-29)

m2c3
rae (w) — CpenHsAs 9HeprusA, NPUXOAAMAACA HA OCUMILIATOP MOJA.

®opmyna Panea—Ixunca. CornacHo 3aKOHY paBHOPACHPENEJEHUA SHEPTHH
1o cremneHAM CBoOOABI, B COCTOAHHHU TEIJIOBOTO PABHOBECHA CPEOHAA SHEPTHA OC-
HUWLIATOPA

(w) = kT, (9.30)

rae k — nocrosaunas Bonbimana, T — abcomoTHas Temneparypa cucTeMbl. Tax,
IJTIA MEXaHMYECKOTO OCUUIIATOPA CPeNHAA KUHETHYECKAA DHEPrus paBHa cpemHeh
NOTEeHUMAIbHON 9Hepruyu u pasHa kT'/2. Ina ocuunnsropa nojsa cpeqHsasa SHEPrUs
3JIEKTPHUYECKOro I10JiA PaBHa CpenHell sHEPrHM MArHUTHOrO nmons u pasHa kT/2. B
oboux ciay4asx NONHAA CPenHAa HEeprus ocumsuiATopa pasHa kT
Ioncrasus (9.30) B (9.29), nosyuum
W2

u(w,T) = kT (9.31)

w23
JanHoe BblpaXxeHHe JJIA CIeKTPaJIbHOH IJIOTHOCTH PaBHOBECHOI'O TEIIOBOIO U3JIY-
YEeHMs HOCUT HasBaHue gopmyavs Panes-/bcunca.

Ha puc. 9.14 nokasaHbl BHI 3KCIEPUMEHTAJILHO M3MEPEHHOrO pacnpenesieHus
u(w,T) n TeopeTHyeckaa KpuBad, NocTpoeHHasA no dbopmyne Panea—Ixunca. Bun-
HO, YTO 3KCIEPUMEHTAIBHAA U TEOPETUYECKAA 3aBUCUMOCTH KAYeCTBEHHO Pas/inya-
10TCA, CnenoBaTenbio, dopmyna Panes—xunca He Moxer GbITh MpU3HAHA Hpa-
BMJIbHOM BO Bcelt obmactm vacror. OnHako B IJIMHHOBOJIHOBOM o6JlacTH naHHAA
DOpMYyJIa XOPOIIO COMJIACYETCA C DKCIIEPHMEHTOM. ITOT (HaKT, & TaKXkKe JACHOCTb
# MPOCTOTa NOJOXKEHUH), HA KOTOPBIX OCHOBaHa (popmyna Panes—Ixuuca, no3so-
JIAIOT YTBEPKIATH, 9TO B 06JIACTH HU3KKUX YACTOT 9Ta (POPMYJIa ABNACTCA NPABHIIb-
s0#t, n Gonee nosHaA GOPMyNa AA CHEKTPAIBLHOR NMJIOTHOCTH, KOoTopasa Obuia Gbl
IpHMrogHa s Bce# 06s1acTH 4acTOT M KOTOPYIO elle IPeacTOMT HAlTH, JOJIKHA B
CDOTBETCTBYIOLIEM npeesie nepexonuts B popmysy Panes—Ixunca.
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“YasrpacduoneroBaa karacrpoda’. ImaBapil HemocTaTok dopmysnt Pa-
nea—JIXHUHCA COCTOMT, OYE€BHIHO, B HPEACKA3LIBAEMOM €10 HEOrDAHUYEHHOM DPOCTE
‘ CIEKTPaJIbHOM IUIOTHOCTH M3JIy4YeHHA B 06/IacTH BBICOKHX 4acCTOT. DTOT BBIBON, Ha-
XOOATCA B BONMIOIEM MPOTHBOPEYHH C 3KCTIEPUMEHTOM, COLJIACHO KOTOPOMY CIIEK-
TpaJibHaA IUIOTHOCTh CTPEMHTCA K HYMIO OpH w — oo (puc. 9.2 u 9.14). Kpome
Toro, u3 ¢popmyJibl Panesa—IIXuHca Ciienyer, 9To HoHAA (MHTerpajibHaA MO YacTo-
Te) SHEPruA TEIUIOBOTO H3JIydYeHHs paBHa GeckOHEYHOCTH:

/ w(w, T) dw = o0, (9.32)
0

YTO, KOHEYHO, IPOTUBOPEYHT 3apaBoMy cmeiciy. Ilockonbky nanHble obCTOATEND-
CTBa CBA3AHKI C KOPOTKOBOJIHOBOH (ynbTpacduoieToBolt) YacThio CeKTpa, 38 HUMH
3aKpENUIOCh HasBaHue yavmpagduosemosoti xamacmpodn unu napadoxca Pases—
Jorcunca. K 1900 r. 370 npoTUBOpEt e OBITI0 ACHO OCO3HAHO M JOCTHUIJIO IIPeIeSIbHON
OCTPOTHI; eMy BbLIIO CYXIEHO PaspelIUTLCA POXKIACHUEM KBAHTOBOU HU3UKH.

®opmyna Ilnanka. K xonny 1900 r. B ucciienoBaHusaX paBHOBECHOTO TEIJIOBOrO
H3JIyYeHUs CIIOKUIIACHh CIEAYIOWan CUTyAlMA. Bolili NpOBENEHBl TOYHBIE KCIEPU-
MEHTAJIbHbIE U3MEPEHUA CNIEKTPAJILHOR IIOTHOCTH M3iryyuenus (JIrommep u IIpuur-
cretim, Py6enc u Kypnbaym u np. — cm. puc. 9.2). Beuia ussectna dhopmyna Pases—
Ixmunca (9.31) 1 651710 ACHO, YTO OHA NPABHIILHO ONMMCHIBAET HU3KOYACTOTHYIO YaCTh
kpusoit u(w,T). Hakoneu 6bina ussectua dpopmysa Buna

w(w,T) ~ wie /T 7 = const, ‘ (9.33)

KOTOpas XOpOLIO COIVIACYETCA C DKCHEPUMEHTOM B O0JIaCTH CPENHHX M BBICOKHX
gacror. Takum 06pa3oM, 6pii H3BECTHBI ACMMNTOTHKY pacrpenenenus u(w, T):

Ww?T, w—0 (3axon Panea-IIxunca)
w(w, T) ~ (9.34)
wie™ /T 5 00 (3axou Buma).

TIniTasch nocTpouTsb Bripaxenue 1ia u{w, T'), IpuroaHoe 1515 el 06/1acTH 9acToT,
Maxkc IInank npuayman HeCKOJBKO pOPMYJI, YAOBIETBOPAOMMX ycroBusaMm (9.34),
Cpeau KOTOPHIX OOHa NOpa3uia ero cpoelt kpacoroi. B coBpemenHbIx 0603HAYEHHAX
aTa HOpMyJIa UMEET BHIL

1 huw®
n naspiBaerca gopmyaott [lranxa. B atoit dopmyne h — mocrosHHas, YMCIIEHHOE
3HAYEeHHe KOTOpOH

h=1,05x10""spr-c. (9.36)

9ta nocrosHHAsg Ha3bIBaeTCA nocmoannol Ilranxa.

OueHb CKOPO BBIACHHIOCH, YTO (hopmya (9.35) MpeKpacHo COracyerca ¢ aKc-
nepumenToM. Torna Bcras Bonpoc ofocHoBanu A 97T0# (POPMYIIbI, BLIACHEHHA ee bu-
3ugeckoro cMbicsia. Makc IlmaHk npucTynun K pelneHu:o To#t 3ama4u.

Heob6xomumocTs KBAaHTOBBIX OpeacTaBienui. BuiBon, k koTOpoMy mpumen
Ilnank coycrs HeKOTOpoe BpeMs, Obli obeckypaxkusatomuM. OKasanocs, yro ¢op-
Myna (9.35) MoxkeT GbITh BbIBEIEHA B NPENIIOJIOKEHHH, YTO aTOMBI, oOpasyromue
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CTEHKM HArpeTol MOJIOCTH, B KOTOPOH 3aKJIIOUEHO PABHOBECHOE TEIJIOBOE H3JIy'ie-
HHe, COCOBHB! H3AYIaTh H HOJIOMATH CBET HAHHOH YACTOTH! W HE B JIIOGBIX KOJIH-
9YeCTBaX, a JIMUIb JUCKPETHHIME nopuuamu (“xBantamun”) ¢ sHeprueit

wy = hw. (937)

JlaHHOEe HpenrnosoKeHne pe3Ko NMPOTHBOPEYHT TOCIOACTBOBABINHM B TO BPEMsi
IPEICTaBJICHUAM KJIACCHYeCKOH DH3UKM, COMNIACHO KOTOPBIM 3Heprus jiobol ¢pusu-
4ecKOit CHCTEMBbI MOXKET U3MEHATHCA HenpepuiBHO. Herpynuo BuieTb, OXHAKO, UTO
3TO NpeanoioKeHue paspeuiaet napanokc Panes—xuuca. B camom nene, popmy-
sa (9.37) 10Ka3BIBAET, YTO BHICOKOYACTOTHOE M3JIYYEHHUE MOXKET H3JIydaThCs JIMIbL
HOCTATOYHO BOSIbIIMMH HOPUMAMHA, U B YCJIOBUAX, Koraa hw > kT, B CTEHKaX 0O-
JIOCTH [TPOCTO He HAllgeTCA aTOMOB, CIIOCOOHBIX MCIIYCKAThH BLICOKOUACTOTHBIE KBAH-
Thl; TEILIOBAS SHEPIUA ATOMOB, UMEIOMIAs NOPANOK BesuuuHbl kT, 6yaer g aToro
ciumkoMm mMasia. Takum obpazom, B Ipenese w — 0o CHeKTPaJIbHaA IJIOTHOCTD U3JTY-
YeHuA AOJKHA CTPEMHUTHCA K HYJIIO — B MOJIHOM COOTBETCTBUH C IKCIIEPUMEHTAb-
ubiMH manHbiMu. C Apyroft cTOpOHBI, B HU3KOYACTOTHOM npenese, koraa fiw < kT,
[JUCKPETHOCTh M3JIYYEHUS, OYEBUIHO, He GyIeT urpaTh CymeCTBEHHOM pOIM, U CTa-
HOBUTCA SICHO, [T0YEMY B 9TOH 06/IaCTH CIpaBel/inBa KJIACCUYECKaA TEOPHUA.

Hrak, HecMOTPA Ha BCIO HEOOBIYHOCTD MMNIOTE3BI [11aHKa, Cpa3y NOABUIKCH Bec-
KHe apryMeHThl B ee mosbsy. JanbHeliiee passuTne dusuku OKOHYATEIBHO MOX-
TBepIOmiIo ero npasoty. IlocrencrBua orkperrus [lnanka okasanmmuch TaKOBBI, YTO
OHO C IOJIHBIM ITPABOM MOXKET OBITH OTHECEHO K YHUC/AY CAMBIX LJIABHBbIX OTKPHITHH
B UCTOPHM PUIUKH.

OcTaHOBUMCA KOPOTKO Ha TOM, Kak ucxomsa u3 (9.35) moxuo npuiita x (9.37).

IlpenmonoxumM, 4TO aToM, B3aUMOOEHCTBYIOWNY C M3/Ty9eHHeM, MOXKET HU3Me-
HATH CBOIO HEPTHIO He HENPEPBLIBHO, a CKAYKOOOPA3HO, HEKOTOPHIMU NOPLMAMH .
B aToM ciiyyae BO3MOXKHbIE SHAUEHHA SHEPTMH ATOMA W MOXKHO NePEeHYMEPOBATh,
3aIACATh B BHIE

cv.  wp=nwp, n=012,... (9.38)

u u300pa3uTh B BHIE “NecTHUIB” SHEPrETUYECKHX YPOBHEM, KaK IOKa3aHO Ha
puc. 9.15.
3aMeTuM, YTO JAHHOE TPENOJIOKEHHE eMe HE 03HAYaeT OTKa3a OT KJjaccude-
CKOUl MOZenH, ec/i¥ B JaJibHEIIeM NMpeanosiaraerTca mpenenbHbil nepexon wo — 0.
BeposaTHOCTL TOrO, YTO ATOM HAXONMTCA HA JHEPreTHYECKOM YPOBHE C HOMEPOM
7, ONpenesAeTca pacupeneneineM Bonbumana

P(n) = C e mwo/kT (9.39)
AN
P(n) =Ce™"*, (9.40)
rie BBeNeHO 0bo3HaYeHue
z = wo/kT. (9.41)

B dopmynax (9.39)-(9.41) n = 0,1,2,3,..., we — 3aement sueprun, T — abco-
JIIOTHAA TeMIlepaTypa CHCTeMbl, k — nocrosuHas BonbuMana, C — nocToAHHAA,
onpenesAeMas yCJaOBHeM HOPMUPOBKM
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Puc. 9.15. YpoBau sneprun atoma B mogesu [Inanka

f: P(n)=1. B '  (042)

n=0

Ioncrasus (9.40) B (9.42), nonywnm

c1l= Ze—m il (9.43)
n=0
OTKyHna
C=1-¢". (9.44)

IIpu BbIvMCIeHEN CyMMBI pANa B (9.43), MBI BOCIIOJIb30BAITUCH M3BECTHOM hopMy.Toit
IUIA CyMMBI TE€OMETPHYECKOH nporpeccuu:

o0 1 .

Cpeﬂﬂﬂﬂ 9HEPIrusa aTOMa OIpeneadaeTCA BbipaXe€HUEM

(w) = i wy, P(n). (9.46)
n=0
Toncrapus (9.38), (9.40) B (9.46), nosyaum
(w) = Cuyp i ne ", | v (9.47)
n==0

Cymmy pana B (9.47) BoraucnuM, ucnosnb3aya (9.43), uytem muddepeHnupoBanus no
napaMerpy:
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o o= _ 0 N e _ 0 1 e
doneTE=— e "'5‘5(1~e—z)'(1—e—w)2’ (9.48)

n=0 n=0
IToncrasus (9.48) u (9.44) B (9.47), Hatizem
, _w
(w) = ] (9.49)
iy, B cuiy (9.41),
(w) = m. (950)

Hrak, bopmyna (9.50) onpenesser CpeqHIO 3HEPTHIO ATOMA B MOIENHM OHUCKpeT-
HBIX 3HepreTuyeckux yposHeit Ilnanka. 3aMeTnM, YTO COMJIACHO 3TOMY BHIPAXXKEHUIO,
CpefHAA TEIUIOBAA SHEPTHs DJAEMEHTaPHOI0 OCUMLIATOPA CPENsl (aTOMa), OTHIOADb
He paBHa BesmauHe kT, Kak 3TOro Tpebyer 3aKOH PABHOPACIPEHeNeHH SHEPTHH 110
crenensM ceobonpl. Bripaxenue (w) = kT nonyyaercs u3 (9.50) Tonpko B npeness-
HOM ciy4ae wo — 0, T. e. Korga NJIAHKOBCKHH 3JIEMEHT SHEPIHH Wy YCTPEMIIAETCH
K HYJIO.

Arom cpenp Tli1aBk MOEIMPOBAJI TADMOBMYECKHM OCLMJIATOPOM. B cuny 3a-
KOHA PaBHODACIIPEIE/ICHUA SHEPTUH 110 CTENEHAM CBOGOIB! B COCTOAHMH TEMJIOBOTO
paBHOBECHA CPENHAA SHEPIUA OCUMINIATOPA BEIeCTBa (aTOMA) JOHA ObITh paBHA
cpenHell 9HEPruy OCUMIINIATOPA TIOJIA:

<w)ocuu.u.nump pemecTna — <’w)ocun.n.na'rop noss- (9-51)

910 naer ocHoBaHMe NONCTaBUTH BhipaxkeHue (9.50) B dopmyny (9.29) mns cnek-
TPaJIbHOR MJIOTHOCTH PaBHOBECHOIO TEIUIOBOLO M3JAy4YeHHA. B pesynbrare Taxoit
[OACTAHOBKH IOJLY YUM

2

u(w,T) = ..

3 ST (9.52)

B npepesibaOM citywae wp — 0, cOOTBETCTBYIOWIEM KJiacCMYeckoll MOmeIn Hempe-
PbIBHOH SHEPrHM aTOMA, JAHHOE BhIpaXKeHue nepexomut B hopmyay Panes—Ixunca
(9.31). Oanaxo conocrasnenne (9.52) ¢ dopmyaoit [lnanka (9.35), uaeanbHO onu-
CBIBaOIIEH SKCIEPUMENT, YKA3bIBAET Ha TO, YTO NJIAHKOBCKUHY 3/1eMEHT SHEpruu wy
€CTh He OECKOHEYHO MAJIad, & KOHEYHAR BJIMYHHA, IPOIOPUMOHANBHAA YACTOTE U3-
Jyvenua . Ecyu npunATH 114 wo Beipaxenue (9.37), 1o hopmyna (9.52) nepexonut
B (9.35).

Tak B pesysnbTare HCCAEHOBAHUH TEIJIOBOrO U3JIyYeHUA ObIJIO yCTAHOBJIEHO, YTO
aTroM obiamaer duckpemnsim Habopom ypoewrell snepzuu. DTOT BHIBOA, NOATBED-
KIEHHBI BceMM NaJjibHERINMMM MCCIENOBAHUAMM, NOCIYXKWI OTIPABHON TOYKOMH
1A PA3BUTHUA KBAHTOBOH (HUIMKH.

3aKoHBI TemI0BOro H3siydenus. Eme no orkpeitna Ilnanka 6pl1m usBect-
Hbl JBa 3aKOHA, XapaKTepU3yIOmHe CBOUCTBA TENJIOBOrO H3Ty4EHHA. DTO 3GKOM
Cmegana—Boavymana u saxon cmewernus Buna. Mbl BrIBedeM »TH 3aKOHBI Kak
cnencrsus opmynst Ilnanka (9.35).

3akon Credana-Bonsmmana. CoracHo 3TOMy 3aKOHY, MOJIHAA MOIOHOCTD
TEIJIOBOTO M3JIy4YeHHA BO3PACTAeT MPONOPLUMOHAJILHO YeTBEPTOH cTeneHn abComoT-
HOIl TeMIIepaTyphl T€a.
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s dopmyast (9.35) st 06beMHOM NUIOTHOCTH SHEPIHH PABHOBECHOTO TEMJIOBOTO
H3JIyYEeHUA TOJIYyYaeM:

dW oo ) e Bdw
w
A = /U(W:T)dw = 72c8 / ehw/kT _ 1 =
4 0
% /kT\*! 7 zidz 4
= E\F e - comst- T 0:53)

Taxum obpasom, dbopmyna Ilnarka monreepxnaer sakon Credana-Bonpumana.
Ycnonssys 3HaYEHHE HHTETPAJIA

oo
ridr 4
4]
samumem 3axkod Credana—Bonbumana B Bue P
dw .
rae =1
o I
7r2k4 ~15 ~3 —~4
a= m = 7,55 x 10 3pr-Ccm K™, (956)

ITpu BLIYKC/IEHMM MOCTOAHHOM @ MBI HCIIO/IB30BAJIM M3BECTHBIE 3HAYEHHA (U3Hye-
CKHX TIOCTOAHHBIX: IOCTOAHHAA Bosnbumana k = 1,38 x 10716 apr-K~!, nocroaunas
Inanka h = 1,05 x 10727 spr-c, ckopocTs ceera ¢ = 3 x 101° cm-c™1, 7 = 3,14.

Baxon cmewenua Buna. Corsacuo sToMy 3aKOHY, AJMHA BOMHB Amax, HA
KOTOPYIO MPUXONUTCA MAKCHMYM CHEKTPAILHOR IJIOTHOCTH TEILI0BOTO U3JIYUeHUA,
yMEHbInaeTcA 0OPaTHO NMPONOPHUOHAIIEHO aBCOIIOTHONI TeMnepaType Tea.

const
T

st Toro 4To66! BEIBECTH TOT 32KOH, BBIPA3HM CHEKTPAJILHYIO MJIOTHOCTh PaB-
HOBECHOI'O TENJIOBOrO M3JIyYeHMA depe3 OJIMHY BOJIHbI u3myvenusa A. i atoro me-
HOJIb3yeM GOpMYJTy CBA3N MEXIY YaCTOTOM ¥ AyIMHOR BOMIHBI w = 27m¢/ A ¥ npaBmIo
peobpasoBaHMA IJIOTHOCTH BEPOATHOCTH

(9.57)

/\max =

u(w, T)|dw] = u(X, T)|dA|. (9.58)

Cwmpica aroit popmysisl noscHaeT puc. 9.16.
M3 (9.58) mosnyuaem

du(3)

u(A,T) = u(w(A),T) . 5y (9.59)
Toncrasus (9.35) B (9.59), Haxomum
u(\T) = 8’;°h ! (9.60)

5 ght/MT _ 1’
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w+do

Prc. 9.16. K Brmony ¢opmMysibl 3aMeHB IEPEMEHHON B PaCpeie/IeHNH BePOATHOCTH

LB
rne h = 2wh. Bun pacupenenenns w(A, T) mokasan Ha puc. 9.17. Vickomyio amuy
BOJIHB! Amax OHPENESIMM H3 YCJIOBUSA

Ou(A,T)
—2 7 =0, .61
£\ 0 (9.61)
IToncrasue (9.60) B (9.61), mony4um ypaBHeHue
ze®
] 5, (9.62)
roe
) he

Pemenne Tpancuennentsoro ypasuenus (9.62) ects

T = 4,965 (9.64)

(omO MOXeT ObIThb HalileHO uMCNeHHO mim rpacdudeckum cnocobom). Cienopa-
TeNbHO,

P he  0,29cm
X T 4,965kT T T(K)

B COOTBETCTBHH C 3aKOHOM CcMemeHus Buna.

(9.65)

ITpumeps1. PaccMOTpHM OBa mpEMepa Ha MPUMEHEHHE 33KOHOB TEIJIOBOTO HM3-
JIyYEHHA.

1. B3pecTHO, 9TO MAKCUMYM HHTEHCUBHOCTH U3Jtydenus COMHIA IPUXOOUTCA HA,
ey BonHbI 0KOJIO 0,5 MxM. Onpenesnuts TeMneparypy nosepxrocts CosHua.

Cuuras Connne abCOJIIOTHO YEPHBIM TEJIOM H IIOJIATaA Amax = 0,5 x 10~4 cm, o
¢dopmyie (9.65) monyuum T = 6000 K. Takum o6pasom, TemnepaTypa HOBEPXHOCTH
CosHua COCTaBIIAET NPHUMEPHO IECTh THICAY rPagyCcoB.

2. o xaxo#t TeMmepaTyphl MOXET HArPETh COJIHEUHbIR CBET HEKOTOPOE YePHOe
T€JI0 Ha NOBEepPXHOCTH 3emutu?

Bynem cumntaTs, 4TO Npeses HArPEBAHMIO KJIANET COBCTBEHHOE TEMJIOBOE M3JTyYe-
HHE HarpeBaeMoro TeJa. Toraa yclioBue Tennosoro 6ananca g HEKOTOPOro MaJIoro
3/1eMEHTa, IOBEPXHOCTH Tesa do (puc. 9.18) MOXKHO IPeNCTaBuTb B BHOE PABEHCTBA
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ud, T)

> ———

max

Puc. 9.17. K Buinoay saxona cmemenusa BnHa: CnexTpasibHas NJOTHOCTL PaBHOBECHOTO
TEMNJIOBOTO W3Jy4YeHHA B 3aBACUMOCTH OT IJIMHBI BOJIHBI M3JIYYEHHA

MOIDHOCTEH M3J/1yHYeHHA [aJAIOUIET0 Ha JAHHbIH Yy4aCTOK COHEYHOro cBeta dPyy 7
HCILyCK3EMOIr0 UM COOCTBEHHOIO TEMJIOBOTO U3My4eHUR dPysy:

dPran = dPysn. (9.66)

Benuuunsl, Bxogampe B hopmyiy (9.66), MOXHO NpeacTaBUTL B BUOe

dPray = Lodo, (9.67)
rae IC — WHTEHCUBHOCTDb COJIHEYIHOI'0O CBETAa, '
"
Py = do / p(w, T) dw, C(9.68)
0

rne p(w,T) — usnydaTespHas CHOCOGHOCTL aBGCOMIOTHO YEPHOrC TEJJa. DTa Besd-
YMHA CBA3aHA CO CIEKTPAJIbHOH MIOTHOCTHIO PABHOBECHOTO TENJIOBOTO H3JIYYEHHA
u(w, T) dopmyuoit (cM. nexumio 3):

p(w,T) = z-u(w,T), (9.69)

rae ¢ — ckopocTh cBera. Ilosromy, ucnonbsysa dopmysny Ilnanka (9.35), u saxon
Credana-Bosbumana

Lo o]
/ w(w,T) dw = aT*, (9.70)
0
NV
oS
dPnaa dPua.n
do

Puc. 9.18. K pacyeTy nmpenesibHOM TeMIepaTyphsl YEPHOTO TeJIa HA NOBEPXHOCTH 3eMJIH
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HOJLY YMM
dPua.n 4
= !
e (9.71)
rae
2= Ea, (9.72)

a mOCTOsIHHAA a onpenensercs dopmynok (9.56). Bennuuna dP,s,/do Ha3bIBaeTCA
“spepreTHyeckoll CcBeTUMOCTEIO” Tena; dopmyiia (9.71) BripaxaeT 3akon Credana—
Bonbumana, 3anvucaHHbli 111 9TOI BeJIMIUHBI.
Moncrasus (9.56) B (9.72), nonyuum
#=7566x10"2Br-cm" 2. K™% (9.73)

Honcraeus (9.67), (9.71) B (9.66), Hatinem

T = 1./ (9.74)

Jlannasa ¢popMyJia onpenenseT NpenesibHYI0 TEMIIEpaTypy, 10 KOTOpol# MOXKeT Ha-
rperhb cBet yepHoe Teso. M3BecTHO, YTO MHTEHCUBHOCTD COJIHEHHOTO CBETA Y IIOBEPX-
HOCTH 3eMJIX COCTaBJIAET BEJIMYUHY

I. ~ 0,1 Br/cM?. (9.75)

Toncrasus (9.75) u (9.73) B (9.74), nosyunUM YHCIICHHYIO OLEHKY:

T=365K=92°C. (9.76)

OnpiT DOOTBEPXKIAET 3TOT pPe3ynbTar. JJobaBuM K 3TOMY, YTO IIyTEM KOHIEHTDALHA
COJIHEYHOrO CBEeTa C MOMOIUILI0 3€DPKAJl UM JIMH3 MOXKHO 3HAYUHTEJIbHO YBEJIMYHUTh
TEMIIEPATYPY HAIDEBAHHA Tejla. T4 BOSMOXKHOCTb HCHONB3YyeTCA HA yCTAHOBKAX
COJIHEYHOI 9HEePreTHKHU.
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JIexnusa 10
Jlazep

Kesanmosue ceoticmea amomos. HHocmyaams. Bopa. Ceémosvie xearmu. Cnonman-
Hoe u emmydiclennoe usayuenue 8 xeanmosoll cucmeme. IIpunyun dedicmeus u
ycmpoticmeo sasepa. Xapaxmepucmuxu aa3ephozo usaydenus. Ienepayus ceepi-
KOPOMKUTL CGEMOBHT UMNYALCOS. )

Jlexuusa nocssmena ¢usnke n1a3epoB. PaccMaTpuBaloTCs MEXaHU3M JIa3epHO# re-
HepaluH, IPUHIAN AeHCTBUA U yCTPOHCTBO 1asepa, CBOHCTBA J1a3ePHOIO W31y YeHUA.

TpynHo HallTH NpHMep OTKPHITHA, KOTOPOE OKa3aJyo Obl Ha HAYKY H TEXHHKY
XX B. cTOJIb CHNIBHOE BJIMAHHWE, KaK CO3/laHue Jiasepa. CBEPXCHIBHBIE CBETOBbIE
NOJIA U JiasepHbIH TepMOANEPHbI! CHHTE3, CBEPXKOPOTKHE CBETOBLIE MMILYJIBCHI M
CBEDXHH3KHE TEMIIEPATYPbI, HeJIMHEHHAA OITHKA H JIA3€PHAA CIIEKTPOCKONMA, MOJIO-
rpadu 1 ONTUIECKAA CBA3L, 0OPabOTKa MATEPHAJIOB ¥ ONTHYECKHY KOMIIBIOTED, Jia~
3epHas MEOUIMHA ¥ KOHTPOIIh OKPYIKa10mel cpenst — BOT JIMIML KPATKHU nepevens
IpUMeHeHHH J1a3epa, KOTOPBIH HaXOOUT BCE HOBbIE U HOBbIE CEPhI NPUIIOKEHHUA,

C npuHOUNUAJILHOR (PM3NYECKOH TOYKW 3PEHHA JIa3ep IEeMOHCTPHDYET HOBBIH
THI M3JIYYEHHUS — BuiHyXClenHoe H3JlyueHue B KBAHTOBOM cucTeme. [U1aBHas oco-
6eHHOCTh ITOr0 U3JIYYEHHMSA B TOM, YTO OHO XOZEPEHMHO, T. €. UMEET CTPYKTYPY,
6JIM3KYI0 K IUIOCKOH MOHOXPOMATHYECKONH BOJIHE.

KsanToBrie cBolicrBa aromos. Ilocrynaret Bopa. Hccinenosanusa terio-
BOFO M3JIy4YEeHHs, OTKDBITHE KBAHTOB SHEPTHM, M3Y4YEHHE CIIEKTPOB HCIYCKAHHMA H
[OIJIOMIEHHA CBETa ATOMaMH, a TaKxkKe IPYTHE SKCIEPHMEHTAJILHBIE H TEOpeTHYe-
CKM€ HCCJIEIOBaHHUs, BeINONHEHHbIe B KOHIE XIX — Havaste XX BEKOB, O3BOJIHIIM
¢opMyIMpOBaTh ClEAyIOUIMe OBa IOCTYJIATA, KACAIOIMECs CBOUCTB ATOMHEBIX CH-
crem (Hussc Bop, 1913 r):

1. CyimecTBy0T CTAIMOHAPHBIE COCTOAHMS ATOMOB, B KOTOPHIX OHM HE M3J1YYAKT
U He NOJIOIAIOT CBeT. B aTux cocroanuax aromsl 00naAai0T 3HepruamMu, o6pasyio-
mumu guckperHsil pag Wy, Wa, ... (ypoBHHU 3HEpram).

2. Uznydyenne, HCIIyCKAaeMOe HJIH HOIJIOMAEMOE ATOMOM IIPH NIEPEXOME C YPOBHA
anepruun W,, Ha ypoens W,, MOHOXpPOMaTU4HO, & €r0 YaCTOTa W OUPENEJIACTCA
YCJIOBHEM

Wi = W, = huw, (10.1)

rne i — nocroanHaa Inanka.

9TH NOCTYAaThl PE3KO IPOTUBOPEYAT OCHOBHBIM IIPEACTABIEHUAM KJIACCHYECKOH
MEXaHMKH M 3JIEKTPOAMHAMUKH, OOHAKO MOJHOCTHIO NMOATBEPIKIAIOTCA HA ONbITE.
Tocrysnare: Bopa MOKHO pacCMATPHBATH KAK KPATKOE M TOYHOE OIMHCAHHE CBOUCTB
aTOMHBIX CHUCTEM, YCTAHOBJIEHHBIX ITyTeM 0000IIEHNA M aHAIN32 YKCIEPUMEHTAIIb-
mbix ganamix. Ha puc. 10.1 nokasana cxema sHepreTwdeckux yposHeit atoma. Ka-
XAl YPOBEHb XapaKTepUu3yeTcAa CBOUM HOMEPOM 71 U 9Heprueit W,.

CeeTtobrle KBaHTHI. ¥Yxe cama ¢popmyna Ilnanka

W = fw, (10.2)

Ka3aJjioCh Obl, FTOBOPUT O TOM, YTO HOHATHE “KBAHT 3HEpruu”’CjeqyeT OTHECTH K
céemy KaX Maxoeomy — Beldb eIUHCTBeHHAA (uU3MIeCKas nepeMeHHas B Npasoit



Jexyus 10. Jlasep 217

w ==
®
o We 6
i Wi 5
] W, 4
=
= W, 3
g w
2
5 2

Puc. 10.1. Cxema sHeprerniecKux yposHel aToma,

gactu (10.2) — wacTora w — €CTh XapaKTEepHUCTHKA CBETa, a He Bemectsa. OnHako
mocsie OTKphITHA [InaHKka MpomUIo eme HEMAJIO BPEMEHH, Mpexnae 4eM B ¢usmke
BO3HHKJIO U 3aKPENMUJIOCH NIOHATHE “KBAHT CBETA”.

B 1905 r. A. Ditumreitn B cBoelt pabore “O6 9BpUCTHYECKON TOUKE 3pPEHUA HA
BO3HUKHOBEHHE ¥ TIpeBpalueHue ceera” mumer: “. .. Moxker okasaTbcA, YTO TEOpUA
CBETa, OIEPUPYIOINAA HEeIPEPHIBHBIMA IPOCTPAHCTBEHHBIMY (DYHKIMAMHA, HIPUBEIET
K MIPOTMBOPEYUIO C ONBITOM, KOTIa ee OyiyT NPUMEHATH K ABJICHHAM BOSHUKHOBEHHSA
U npespamennaA cseta”. M manbure: “. .. CoryiacHO 3TOMY CIOEJIAHHOMY 3IECH LPEn-
TI0JI0KEHMIO, PHEPIUA MyUKa CBETA, BLILICIIIEr0 B3 HEKOTOPOH TOYKH, He pacnpee-
JISIETCA HENPEPHIBHO BO BCE BO3pacTaiomeM obbeMe, a CKJIAAbIBACTCA U3 KOHEYHOro
YHCJIA JIOKAJIM30BAHHBIX B IPOCTPAHCTBE HEAESIMMBIX KBAHTOB 3HEPrHH, MOIJIOIAe-
MBIX HJIM BO3HMKAIOIMX TOJBKO HeJMKoM. Huke s usnaraio xoi meicieit 1 ¢pakThl,
HATOJIKHYBIIXE MEHA HA 3TOT IyTh, B HANEK e, YTO MpeJJlaraeMasn 31eCh TOYKa 3pe-
HHUA, BO3SMOXHO, IIPHHECET NOJIb3Y U IPYLAM HCCJIENOBATEISIM B MX M3LICKAHUAX” .

B aroii pabore DitHmTe#H paccMarpuBaeT IIyKTyalMH ILJIOTHOCTH TEILJIOBOIO
H3JIYYEHHA M 3aKJIOYAeT, YTO INIOTHOCTh SHEPTHH W3JIyYeHHA B 001acTH 6OSIBIMX
4acToT PIIYKTYUpPYeT KaK IUIOTHOCTh SHEPIHH ra3a HE3ABUCHUMEIX YaCTHI, KaXIad
A3 KOTOPBIX UMeET 3HEPruio fiw. Ddunmreitn mumer: “Ho eciiu MOHOXPOMATHYECKOE
H3JIydYeHue (JOCTATOYHO MAJIOH IUIOTHOCTH) ... BedeT ce0A Kak IHMCKPETHas Cpe-
I2, COCTOAIAA U3 KBAHTOB PHEPTUHA BEJIMYUHBI liw, TO HANPAMIMBAETCA BONPOC, HE
ABJIAIOTCA JIM 3aKOHbI BOSHHKHOBEHHA M NPEBPAIICHMA CBETa TaKUMHM, Kak 6yaTo
CBET COCTOUT U3 MOHOBHbBIX XK€ KBAHTOB SHEpPruu” .

®otoaddexT. Baxupill apryMeHT B 0JIb3y TUNOTE3LI CBETOBLIX KBAHTOB Ja-
sm uccaenosanna doroaddexta. PoroaddexT 6511 06Hapyxen [enpuxom epuem
B 1887 r. mpu mccnenoBaHUM PACHPOCTPAHEHUA 3jieKTpoMarHwTHeix BonH. Korma
Tepn 3axkpbl1 npuAEMalomui BUGpATOp dKpaHOM, 4TOOBI Jiydlle BHOETH NMPOCKa-
KHMBAIOIIYI0 HUCKPY, OOHApY:KWIOCh, YTO 9KpaH BAMAET HA YCIOBHA OOpa3oBaHusA
paspAana, ¥ 4TO MPHIUHA STOFO BIIMAHUA — CBET OT MCKPHI uasnyyarena. OH uccie-
0BaJI 9TO ABJIEHHE U NOKa3aJl, YTO IPH OCBEUIEHAH 3KPaHa CBETOM 2JIEKTPAUIECKOH
IYT'M MOHM3AUMA BO3AYyxa BOJIN3U 3KpaHa YBEJIMYMBAETCH M HUCKPa NPOCKAKUBAET
OpM MEHbINEM HANPAXKEHHH.

B 1888 r. A. ®@. Croneros uccienosan ¢oroaddekr Goree OeTAIBHO B yCTa-
HOBHJI, YTO OCBENIEHHE MEeTAJUIMYECKOH IJIACTUHBI BHI3HLIBAET IOTOK OTPHUIATEIHLHO
3apAXKEHHbIX YACTHUIl, NPHYEM CHJIA 3JIEKTPHYECKOrO TOKA NPONOPHHOHAJILHA HH-
TE€HCHUBHOCTH M3JIydYeHHA.
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Puc. 10.2. I'pacbux 3aBHCHMOCTH MakcHMasbHo# sneprum ¢doroanexkTponos (u3mepeHHOH
O 3a/IepXUBaOIiedl PA3HOCTH MOTEHIHMANIOB) OT YACTOTHI NAJAIOMEr0 CBETA [U1A HATDUI
[13] '

B 1902 r. ®unnnn Jlenaps yCTaHOBHII, YTO SHEPIUsA BhLIETAIOMUX MpH (HOTO3dh-
dexTe 3JIEKTPOHOB HE 3aBHCHT OT HHTEHCHBHOCTH IAJAIOILETO CBETA.

Hcnonb3ysa runore3y CBETOBBIX KBAHTOB, DiumTeltn mosyyuusn mia ¢poroaddek-
Ta dopmyty

Winax = Fw — A, (10.3)

rie Wiax — MAKCHMAaJIbHAA DHEPI'MA BHUIETAIOMIHX SJIEKTPOHOB, W — YaCTOTa, CBe-
ta, A — paboTa BBIXOHa, T. €. SHEPrus, HeOOXoOUMaA IJIA YHAJCHUA SJIeKTPOES U3
merajuia, h — nocroaruas Ilnanka. ®opmysa (10.3) npenckassisana, 4to rpadux
dbynkuun Wiax(w) ecTb NpAMan IUHUSA, HAKJIOH KOTOPOH HE 3aBACHT OT BEIECTBa i
onpenenserca nocroauHofi [lnanka. Uccnenosanns, soinonnennsie Po6eprom Mui-
sukexoM B 1915 r., moareepannu 3tot BeIBOA, (pHC. 10.2).

9¢ddbexr Komnrona. B 1922 r. amepuxanckut pusuxk A. Komrrron oTkpsin
ABJIEHHE YBEJIMYEHWA IJIMHBI BOJIHBI PEHTTEHOBCKOIO M3/IyYEHHsA NPH PACCeAHHH
Ha, CBOGONHBIX 37IEKTPOHAX. DTOT 3(pdEKT MOCIIY KMl IKCIEPUMEHTAIBHBIM J0KAa-
3aTEJIbCTBOM TOTO, YTO KBAHT CBETa 00/IaaeT MMIYJIbCOM

p = hk, (10.4)

roe k = w/e, w — 9acTora, ¢ — CKOpOCTh CBeTa. TONBKO MOC/e 3TOr0 CBETOBLIE
KBAHTHI MIEPECTAJIN ObITh IMIOTETHYECKUMHE JACTHIIAMH.

Wrak, xeanm ceema, 0y Gomon — 3TO 3JICMEHTAPHAA HEIEIMMAasA NOPUMA CBe-
ta, obnanatomasn sHeprueit W = fiw u umnysnnscom p = k. 3amernm, uro popmyna
(10.4) moxer ObITH NOMy4eHa Kak ciencrsue ¢opmynst (10.2) u cooTHOmEHHA

P=1I/c, (10.5)

CBA3BIBAIOMETO MEXY COGO OTOK 3HEPTMH M MOTOK HMITYJILCA B CBETOBOH BOJIHE
(cm. 1. I). B dopmysne (10.5) I — unreHCHBHOCTH cBeTa, P — CBETOBOE JaBJICHUE
Ha noryiomalomee cBet Teso. CooTHOmEHNe Mex 1y SHeprueff ¥ MMIY/IbCOM CBETa

W =pc (10.6)

BHITEKAET TaKxKe U3 HHITEeHHOBCKOK TEOpMH OTHOCHTENILHOCTH; NAHHAA (HOpMY-
J1a ONMCBHIBAET YACTHULI C MACCOH, paBHOH HyJIIO, M UMEIOIKE CKOPOCTH, PABHYIO
CKODOCTH CBETa B /1060l MHEpUMAIbHOH CACTEMe OTCYeTa.
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1 W,

Puc. 10.3. K BeiBogy dopmymr Ilnanka no ditnmreitny

CrnonTaHaOe ¥ BHIHYKJEHHOE H3JIydyeHHe B kBaHTopoll cucreme. Upes-
BbIYalHO BaXXHBIY 1WAl HA IMyTH K CO3MAHUIO Jiasepa ObUI caean A. Ditaureitnom B
1916 r. B cBoeit paBote “K xBanTOBOH# Teopnu usiydenus’ DHHmTERH paccMOTpeN
B3auMOneliCTBHEe aTOMOB C PABHOBECHBIM TEIJIOBBIM M3JIyYE€HHEM C TOYKHM 3DEHUs
CUIOTE3kl CBETOBLIX KBAaHTOB. OH BBEJI IIOHATHA CIIOHTAHHOTO M BbIHY K IEHHOTO M3~
JIyYeHUs1 B KBAHTOBO{l cuCTeMe M Ha 9TOH OCHOBE Halliesl YOMBHMTEJHHO NPOCTOH
BbiBOZ (popMysibl [lnanka.

PaccmoTpuM nmapy sHEpreTH4eCKMX YpPOBHEH ATOMOB BeIECTBA, HAXONAIIErO B
PABHOBECHH C TEIJIOBBIM H3JiyueHneM npu remneparype T. Ilycts muxuull suep-
reTudeckuit ypoBeHs umeeT HoMep 1, Bepxuuit — nomep 2 (puc. 10.3). O6o3Ha4uM
YHCJIO ATOMOB, HAXONAMMXCA B COCTOAHMY ¢ 2Hepruett Wy, yepes Np, a uncno aro-
MoB ¢ 3Heprueii Wy depes Ns. B cocTosiHUM TEyioBOro paBHOBECHUS 3aCEJI€HHOCTH
yposae#t N1 u N2 nonuunsiorca pacupenenennoo Bonpimasna:

N; = const -exp (-W;/kT). = * (10.7)

Hannas napa yposHell B3aumMonelicTasyer ¢ nsnyqeﬂnem 4acTOTa KOTOPOro MOmun-
Hsercs yciaoBuio Bopa:

Wy — Wy = . (10.8)

Cilenys D#HIITERHY, NPEANIONIOKHM, YTO BOSMOXKHBI CASAYIOMHME THUIB Paapa-
[IMOHHBIX TPOUECCOB.

1. Cnonmannoe usaywenue. KBaHT CBeTa HCILyCKAETCs NPH CAMOIPOU3BOJIBHOM
nepexone aroma u3 cocrosnus “2” B cocrosnue “1”. BepoATHOCTH 3TOrO mpouecca
MPONOPUMOHAJIbHA YHCJIY ATOMOB Ha BEPXHEM BJHEPreTHYeCKOM ypPOBHE, NO3TOMY
MOXXHO 3AIIUCATh

P51 = Ag1No, ‘ (10.9)

roe Az — xoaddunuent Itamrelina.

2. Bumnyorcdennoe nosaowjerue. ATOM NOriomaer KBaHT CBETA U HNEPEXOAHT H3
cocroArus “1” B cocrosanue “2”. BepoATHOCTD 3TOrO Npouecca, HHAYGHPYEMOro U3-
JTy YeHHeM, IPONOPIHOHAJIbHA CIEK TPAJIBHON IJIOTHOCTH M3/1yYEHUs Ha, 4acTOTe W, &
TAaKXKe YUCTY ATOMOB Ha HHIXKHEM 3HEpreTudyeckoM yposHe. ClaenoBaTesibHO, MOXKHO
3aIHCATh

PE™ = By Nyu(w, T). : (10.10)

Koacbdmxmen'r IPONOPUMOHAJIBHOCTU B2 B 3TOR d)ovaxyne TaK)K€ Ha3bIBAETCA KO-
apdunmenrom Ditumretina. Cri e
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3. Buwnyotcdennoe usayvenue. Ilepexon aToma u3 cocroanua “2” B cocToAHHME
“]1” IpPOMCXOOUT NON HeHCTBHEM DPE30HAHCHOIO KBAHTA CBeTa M CONPOBOXKIAETCA
H3JTy4eHIeM TOYHO TAKOrO K€ KBaHTA. BeposATHOCTH JAHHOrO IIPOLECCA eCThb

P;lbm = B21N2u(va)’ (1011)

rne Bs; — kosddpunment Iumrelna.

B cocTosHNM pABHOBECHSA NEPEXOAbI, CONPOBOXK AAIONINECA UCILYCKAHMEM U TIOTJI0-
[IeHUeM KBAHTOB CBETa, JOJIXKHEI, OYEBHJIHO, YPABHOBEIINBATH APYT APYra. HTO BO3-
MO>KHO, €CJIM BEPOATHOCTH IMEPEYNCIICHHBIX BbIIIE PAJMAIMOHHBIX MPOIECCOB YAO-
BJIETBOPAIOT YCJIOBHIO

T (10.12)
Toncrasue (10.9)-(10.11) B (10.12), nony4num ypaBHeHHe

A21N2 + leNgu(w,T) = B12N1u(w,T). (1013)

ITpunumas o saumanue (10.7) u (10.8), u3 (10.13) naxonum crenyiomee BEIpasKeHHE
IJ1A CIEKTPAJBHOM IJIOTHOCTH PABHOBECHOTO TENJIOBOIO W3JIyYEeHUA:

Ag1/Ba
w(w,T) = . 10.14
’ (B12/Bz1)eh“’/kT -1 ( )
Otnomennsa koadpuureHToB JRHINTENHA MOXHO HaliTH U3 PACCMOTPEHMA NIpe-
IeNbBBIX Cy4aeB. B caMoMm nene, mycTh TeMneparypa TEPMOCTATa CTPEMHTICH K
GECKOHEYHOCTH

T = oo. (10.15)

Torma cnexTpaljbHaA IIOTHOCTh TEIUIOBOTO M3JlydeHHA OyneT HeOrpaHUYIEHHO BO3-
pacTaTb

w(w,T) — oo,

a HACEJICHHOCTH YPOBHEH OyAyT BRIpABHHBATLCS

N; = Ns.

B stux ycnosusax u3 ¢opmyist (10.13) cneayer, yro

Bis = Bay. ' (10.16)

Tenepb pacCMOTPHM HU3KOYACTOTHBIY Ipemen

w — 0. (10.17)

B atom cayvae hw < kT, xBaHTOBaA CTPYKTYpPa W3JIyYeHUA He NPOABJIACTCH, U
IJIA CIEKTPAJIbHON TJIOTHOCTH TEIUIOBOrO M3JIydYeHHs CIPABENJINBA KIACCHIECKAR
dopmyna Panes—xunca (cMm. rexuuio 9)

w?

C npyroit cropousl, npu ycyosuu (10.17) us (10.14) u (10.16) cnenyer, uro
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Puc. 10.4. K pacuery koadbduuuenTa yCUIEHNA BEHY X IEHHOTO H3JTy9€HAS

_ An kT
w(w,T) = By T’ (10.19)
CpasuuBasa dopmynnt (10.18) u (10.19), naxomum
A
By - 3 (10.20)
Hakonen, nogcrasus (10.16) i (10.20) B (10.14), nosxyynm
- 3
u(w,T) = 1 fu (10.21)

72¢3 ghw/kT _ 1

Urak, seiBox ¢dopmyne [lnanka sasepmen. IlpocTora u ACHOCTH 3TOrO BLIBO-
ma yGenuTeIbHO CBUAETENLCTBYIOT B OB3Y 3UHIITEHHOBCKOU MUNIOTE3HI CBETOBBIX
KBaHTOB, & TaK>Ke ero NPeAnosIoKeHnA O CyIECTBOBAHUY B KBAHTOBOM cucTeme Tpex
TUIIOB PaAUalMOHHBIX MPOUECCOB: CRONMAHHOZ0 USAYNEHUSR, BHUNHYNHCIEHHO20 NO2AO-
WEHUA N BUHYHCTEHHO20 U3AYNeHUs CBeTa. BecbMa II7I0I0TBOPHOM OKa3a/1aCh TaK ke
3RHIITEHHOBCKAA UIIEA BEPOAMHOCIIHOZ0 OUCAHUS IPOLIECCOB UCITyCKAHUA # NOIVIO-
IEHKWA CBETOBBIX KBAHTOB aTOMaMHu.

Ipuanun oeiicrsus u yerpoiicrso nazepa. Ienepanys ceeta 1asepoM 0CHO-
BaHa Ha 3¢ QeKTe YCHICHHA BbIHYKIEHHOIO U3JyYeHHs B KBaHTOBOM cucreme. Ca-
Mo aurnuiickoe cnoso “laser” mpencraBiser coboit ab6pesuarypy ¢passl “Light
Amplification by Stimulated Emission of Radiation”, kotopas mocsosHO nepeBoguT-
csa KaK “YcuJIeHHMe CBeTa 33 CYET BLIHYKIEHHOrO MCHycKanus uasiaydenus” . Obpa-
THMCH Tenepb K BOIIPOCY O TOM, KAaK M MPH KAKUX YCJIOBUAX BO3MOXHO YCHJIEHUE
CBET3a 3a CYET BBIHYKJAECHHOTO U3J/Iy4YE€HUA.

Boruucsium n3MeHeHne MHTEHCUBHOCTY CBETA, [IPH [IPOXOKICHUH UM CJIOA BELie-
cra. [lycTb mI0CKas CBETOBAA BOJIHA YACTOTHI W, PE3OHAHCHOR HEKOTOPOMY KBaH-
TOBOMY Ilepexofy, nafaeT Ha cJyioff semecrsa rosuuHol dz (puc. 10.4). Beimennm
HEKOTOPYIO M0MALKY S Ha [MOBEPXHOCTH CJIOA U PACCMOTDPHM 3JIEMEHT cpenbl 00b-
emoM dV = Sdz. Ofo3Hauum 4YUCIIO aTOMOB B euHuie obbveMa cpembl yepes N.
Torna 4uc/I0 aTOMOB B pACCMATPUBAEMOM 3JIeMeHTe cpelbl cocTasiager dN = N dV.
ITpu 3TOM Ha HMXXHEM 3HEPreTH4eCKOM ypoBHe HaxomurcAa dNi1 = N1dV aromos, a
Ha BepxHeM — dN> = N2dV aromos, rze N; — 49HCJI0 ATOMOB Ha COOTBETCTBYIONIEM
YPOBHE i, OTHECEHHOE K eJUHUIE 00beEMA.

Hcnonpsysa mopens DiHmTeliHa, 3alldiieM MOIIHOCTH CHOHTAHHOTO W3JLy4YeHU
dP5{°"", BBIHYXXIEHHOTO Toryiomenua dP3™ u BBIHYXKAEHHOTO W3jydenuna dPpp™
A7 JAHHOTO 3JIEMEHTA, CPEeIbl B BUIE
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u(w)

Aw

e o = i e e wd - —

Puc. 10.5. IlpaMoyrommbaas alnpoKCUManuA CHEKTPa CBETOBOH BOJIHEL

sz(:{mHT = A21 hw ng,
dPp3™ = Bighwu(w) dNy, \ (10.22)
dP;lbm = lehw u(w) sz.

3mech u{w) -— cHeKTpasibHaA IVIOTHOCTb NAJAIOMIErO W3JydYeHus Ha 4acTOTe w,
hw -— »Heprus xBaHTa, A2; — BEPOATHOCTH CIIOHTAHHOIO U3JIYYEHUA KBAHTA CBE-
Ta aTOMOM B €OWHUIY BpeMeHH, Bj; — BEPOATHOCTb BBIHYXKIEHHOTO HNOMNIOINEHMA
KBaHTa CBETa aTOMOM B IIOJI€ U3JIyUYeHHs eJUHUYHOH CnekTpasibHOH IIOTHOCTH 324
enuHuIy BpeMeHH, By; — BepOATHOCTD BRIHYXKAEHHOIO WCIYCKAHHA KBAHTA CBETA
aTOMOM B 1I0JIe U3JIyYeHHA €OUHMYHON CHeKTpaJbHOM MJIOTHOCTU 348 €OUHHMILYy Bpe-
menu. ITo cymecrsy, dopmynst (10.22) MOXHO pacCMaTPHBATH KaK ONpENe/IeHus
KoapdunuenroB Az1, B2, Bai.
HMosHaa MOMIHOCTL M3JIyYEHUA JAHHOIO BJIEMEHTa Cpeapl eCTh

dP = dPgrom® 4 gppem — prem, (10.23)

Vcnonb3ys, OJIA IPOCTOTHI, IPAMOYTOJIbHYIO ANNPOKCHMALMIO CIIEKTPA U3JLyde-
uusa (puc. 10.5), HETPYOHO NOKA3aTh, YTO AJIA MJIOCKOH BOJHLI HHTEHCHUBHOCTE I H
CHEKTPaJIbHAA IIJIOTHOCTb % CBETa CBA3aHBI MeXIy cobol cOOTHOmEnueM

I =culuw, (10.24)

rae Aw — WKUPHHA CHEKTPA, ¢ — CKOPOCTb CBETA.
U3 (10.22)—(10.24) nnis npupaluenus uareHcusHocTH ceeta dI = dP/S nony4sa-
€M BbIpaKeHue

I
dl = [A1 N2 + (B21N2 - Blle)— hwdz. (10.25)
cAw
Teneps npeanosOXMUM, YTO UHTEHCHMBHOCTH CBETa JOCTATOYHO BEJMKA, TAK, 4TO-
661 MOxHO ObLIO TIpeHeOpedYb CIIOHTAHHBIM H3JIyYeHHeM, M BBemeM ODO3HaYeHUe
Bis = By; = B. Torza us (10.25) cienyer, uto

dl = B(N, — Nl)é;hw dz, - : (10.26)

HJIH
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dl =GIdz, (10.27)
rae
G = B(N, - Ny) (10.28)
- 2 Veaw : ’

Us (10.27) HaxonuM 3aKOH M3MEHEHHs UHTEHCUBHOCTH CBETA II0 Mepe yBeJHYeHHA
paccTOAHUA 2, NIPpORIEHHOTO B cpene

I(z) = Ipe®>. (10.29)

WTax, HaWl pacyer NOKA3bIBAET, YTO HHTEHCHBHOCTh CBETa B CPENE MEHAETCA 10 KC-
HOHEHIMAILHOMY 3aKOHY, IPUYeM 3HAK NOKa3aTesis SKCIOHEHTHI 3aBUCHT OT 3HAKa
pasHOCTH HacesjenHoctel ypoBreit Ny — Ni.

Ecnu cpena EaxOOUTCA B COCTOSHUH TEIIOBOTC PABHOBECHA, TO B COOTBETCTBHU
¢ ¢popmynamu (10.7), (10.8) orHomEeHNe HAceIEHHOCTEH ypOBHE# Bhipaxkaerca $Hop-
My.Jiof

Ny /Ny = exp(—hw/KkT). (10.30)

Ouennm BesvuuHy napamerpa fw/kT mjis BUOUMOrO OMana3oHa 4YacTOT M KOM-
HatHo# Temmeparyphl. Ilomaraa T = 300 K, w = 2mc/A, A = 0,5 x 107 oM,
c=3x10' cm/c, k = 1,38 x 1071% 2pr/K, A = 1,05 x 10~% 3pr-c, nonyuum

huw kT = 102, A (10.31)

W3 (10.30), (10.31) cnenyer, 4TO TENIIOBOY 3aCEJIEHHOCTHIO BEpXHEro paboyero ypos-
Hs MOXHO npenebpeus. Ilosarasa Ny = N, Np = 0, nonyuum us (10.28), (10.29)

I(2) = Iy exp(—|G|z), (10.32)
rae
IG| = NBIY (10.33)
- cAw’ '

Ouepunno, dbopmyna (10.32) onucsiBaer 06bIMHOE MOTJIOMEHNE CBeTa B cpene (“3a-
koH Byrepa”). Ilpu aToM Beipaxkenue ans kosdduuuenta nornomenns (10.33), ko-
TOpBI# MOXKeT GbITH BBIMUCIIEH TAKXKe B KJIACCHIeCKOd Monenu (CM. JIeKuuo 7), no-
3BOJISET YCTAHOBUTH CJIENYICUIEE COOTHOMIEHHE MEX Ty HapaMeTPaMu KJIaCCHYeCKOH
¥ KBAHTOBOU MomeJiei:

G= (N—"’J-;—ivi) 5w). (10.34)

3mech 6{w) — xnaccuyeckuit koapdbUIMEHT OTIOMEHNA CBETA.

OnHako B OTJIMYME OT KJIACCHIECKON MOMENIM, KBAHTOBAA MOJENb NPENCKA3HIBA-
eT BO3MOXHOCTb SKCIOHEHIMAILHOTO ycusenus ceema B cpene. Cormacuo (10.28),
(10.29) nns sToro HEOGXOAUMO, ITOOLI HACEJIEHHOCTb BEPXHEro pabovero ypoBHA
NPEeBHINIAJIa HACEJIEHHOCTh HUMXKHErO yPOBHA

N; > Ny, (10.35)
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Puc. 10.6. IIpunnunnaabHas CXeMa j1a3epa. 1 — aKTHBHBIM 3JIEMEHT, 2 — CUCTeMa HaKad-
KH, 3 — onTH4Yeckuit pe3oHaTop, 4 — reHepupyeMoe U3ydeHue

T. €. 4TODBI UMeJIa MeCTO uHeepcusr Haceaernocmetl. Umenno stoT adpdexT ucnomn-
3yeTcs B Jia3epe.

MNupepcuro HaceneHHoOCTeR B Jlazepax CO34a0T pasHbiMu crocobamu. Haine Bce-
IO 1A 3TOrO HCIOJIB3YIOT 0bnydenue cBeroM (“ONTHYECKAs HAKAYKA'), HJIEKTPH-
YyecKuit pa3pall, JIeKTPUIeCKHHl TOK, XUMHYECKHe PEeaKIIuH.

Jna Toro 4To0Bl OT PEXWUMA YCUAEHUA TEPEHTH K PEXHUMY 2EHEPALUU CBETA,
B Jia3epe, Kak U B JIIOOOM TreHepaTope, UCHONL3YIOT obpamnyro cexsv. ObparHas
CBA3b B J1a3epe OCYIIECTBJIAETCA C IOMOLUBIO ONMUNECKOZ0 PE3OHATOPG, KOTOPLIH B
npocrefimeM ciydae npencraniifer cobott napy napaJuiesbHbIX 3€pKai.

IIpuauunnanpaas cxeMa jasepa noxasana Ha puc. 10.6. Ona couepkur axmue-
Hoill INEMEHT, PEIORAMOD, UCTNONHUK HAKGUKU.

Jlaszep pabotaer cremyromum obpasoM. CHavaa UCTOUHKK HAKAIKH (HAIpUMED,
MOLUHASA JIAMIIA-BCIIbIIIKA), BO3OeHcTBy 1 Ha paboyee BEmECTBO (AKTUBHBIN JIEMENT)
Jiazepa, CO3IaeT B HEM MHBEPCHIO HACEJICHHOCTed. 3aTeM MHBEPTHPOBAHHAA Cpena,
HaYMHAeT CIIOHTAHHO MCIyCKaTh KBaHTh! cBeta. [loa neficTtBueM CIOHTAHHOrO H3JIy-
YeHns HAYMHAeTCA MPOLECC BBIHYXKJEHHOTO W3JIy4eHus csera. bBraromaps unsep-
CHY HACEJEHHOCTEeH 3TOT MpOIECC HOCHT JIABHHOOOPA3HBIY XapaxTep ¥ MPUBOIUT K
3KCHOHEHUMAJIbHOMY YCHJIEHUA CBeTa. [[0TOKH CBeTa, uaynue B G0KOBLIX HANPABJIE-
HUAX, O6pICTPO MOKMIAIOT aKTHUBHBLIA 3JIEMEHT, He ycreBas HabpaTh 3HAYUTENbHYIO
sHepruio. B To Xxe BpeMsa CBETOBas BOJIHA, PACHPOCTPAHAIONIAACA BICIL OCU Pe3o-
HaTOpa, MHOIOKPATHO NMPOXOOUT Yepe3 aKTHUBHbBIA 3JIEMEHT, HeNpepbIBHO Habupas
sHepruo. Biarogapa 4JacCTHYHOMY HPOIYyCKAHUIO CBETA ONHHMM M3 3€PKaJl PE30HATO-
pa, M3JIy4YeHHE BBIBOOUTCA HAPY XKy, oOpasys JlazepHbIilt y4.

B non#oMm BUEe KOHIENIUIO Jaszepa paspaboranu H. I'. Bacos, A. M. [Ipoxopos
B Poccuu n Y. Taync, A. Hlassios 8 CHIA. Tlepssiit 1asep Ha KpUCTallie py61«ma
co3naJg B 1960 r. amepukanckutt ucciaenosaress T. Meliman. o

Ycnosus caMoBo30yxaenua nasepa. PaccMOTpuM MOmeS b Ja3epa,
nmokazanuyio Ha puc. 10.7. Bynem cumrarh, AnA IPOCTOTHI, YTO PE3OHATOP Ja3le-
pa LEJUKOM 32II0JIHEH aKTUBHOH cpenoit. [lycTs A — OMHa BOJIHBI FEHEPHPYEMOTO
usnydenusa, G — kKoadduiment ycusienus csera B MHBEPTUPOBaHHOH cpene, L —
JJIMHa, pe3oHaTopa, R u Ry — K03 PUuMEeHTh! OTPaXKEHUs 3epKaJI N0 AMIUIMTYHE
CBETOBOI BOJIHBI.

s camMoBo30Y K IEHUA Jia3epa Heobxommmo, 9ToObl YCHIIeHUE CBETa, 33 CYET BbI-
HYKJICHHOTO M3/IyUeHUs B HHBEPTUPOBAHHON Cpefe NPEBBINAJIO BEJIHYNHY IIOTEPb.
Ecnu cyntars, YTO HOTEPU CBA3AHBI TOJILKO C BHIBOJOM CBETa U3 PE30HATOPA, T. €. C
HENOJTHBIM OTPaXXEHUEM CBETa 3€PKaJlaMy, TO YCJIOBUE BO3SHUKHOBEHHMA TeHEPAIUH
MOXKHO IIpeICTaBAUTb B BHUOE . ) .
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Puc. 10.7. K BeiBOmy ycnosutt camoBo3byxnenusa jrazepa

RiRyeCL > 1. (10.36)

JlanHOE yCJ/IOBHE HA3BIBAIOT aMIUIMTYOHBIM YCJIOBHEM CAMOBO30yXKIEeHUA J1a3epa.

Jlpyroe ycnosue caMOBO30YKAEHUA, Ha3bIBaeMoOe (HA306buM, COCTOUT B TOM, ITO
HA JJIMHE PEe30HATOPa NOJXKHO YKJIAObIBATHCS LIEJI0e YHCJIO TOJIYBOJH FEeHepUpye-
MOTO H3JTy4eHUs:

L=n%, n=1,23,.... (10.37)
Ilpu BeIMOSIHEHMY 3TOrO ycyioBUA ha3oBbift HAGEr CBETOBOH BOJIHEI NPH JBOHHOM
MPOXOJE PEe30HATOPA KPATeH BeJuduHe 27, 4T0 obecrmeydnBaeT ONTUMaJIbHbIE YCJIO0-
BHsA 151 YCHUJIEHHA CBETA.

PaccmorpuM Teneph HEKOTOPhiE KOHKPETHBIE THIIBI JIA3€POB.

Py6unoBeiit masep. Pybun npencrasisAer cofoif KpUCTA/T OKUCH AJIIOMH-
H¥is, B KOTOPOM 4YaCTh &TOMOB aJIIOMHHHA 3aMeHeHa aTtoMamu xpoMa. Yem Gosbme
XpoMa, 4eM fApdYe OKpacKa KpHCTasua. PyOMH uMeeT KPACHBIM MJIM PO30OBBIH LIBET.
STO obbaAcHsAeTCs TE€M, YTO aTOMbI XpOMa B KpUCTAJLJIE TIOIJIOMAIOT IIKXPOKYO IIOJIO-
Cy 3€JIeHOTO M JKEJITOrO CBETAa W MPONMYCKAIOT TOJIBKO KPaCHBIR u rosybo cser. B
nasepe MeitmMana 6b11 ucHonb30Bad OeHO-PO30BLIX KpucTassl pybuHa, conepka-
mmit 0,05% xpowma.

Ha puc. 10.8 noka3ana cxemMa HEPreTHYECKUX ypPOBHeH aromMa XpoMa B Kpu-
crasute pybuna. Py6unoBssiit siazep paboTaeT no Tax Ha3bIBAEMOM “TpexypoBHEBOH”
cxeme. CHayana ypoBeHb 3 GOJIBMION CHIEKTPAJIbHON IIMPHHB! 33CENAETCA ATOMAME
XpoMa 1ol Bo3nefcTBHEM MOLIHOM BCIBIIIKHM CBETa KCEHOHOBOH saMnbi. C ypoBHA
3 aroms! coBepmaioT ObICTPLIf Be3bI3sTyyaTesbHpIl Hepexoa Ha, y3Kuil sHeprernye-
cKuit ypoBeHb 2. YPOBeHb 2 ABIACTCA MEMACNAOUADHBIM, BDEMA XKUSHA ATOMA, HA
3TOM yPOBHE JOCTATOYHO BEJHMKO; OHO cocTaBJsAer nmopanka 1073 ¢. Do nosponser
aToMaM XPOMa HaKAIUIMBATHCA Ha YPOBHE 2, M €C/IM CKOPOCTb IIEPEBOAA ATOMOB M3
OCHOBHOTO COCTOAHNAA 1 B B030yXKIEHHOE COCTOAHUE 3 NOCTATOYHO BEMKA, TO Yepes
HEKOTOPOE BpeMs 3aCEJIEHHOCTh YPOBHA 2 MOXET IPEBBICHTDH 3aCEJIEHHOCTh YPOBHA
1, T. e. BOBHMKHET HHBepcuA HaceseHHocTell. Jastee aToMbl COBEPIAIOT HEPEXOL C
YPOBHA 2 Ha ypOBeHb 1, IpM KOTOPOM reHEPHUPYETCs U3JIydeHue C IJIMHOH BOTHBI
6943 A. -

Ha puc. 10.9 moxa3aH OCHOBHOHI 5JIeMEHT KOHCTPYKUMM Jasepa MefiMana: Kpu-
CTaJUT pyOHHA ¥ KCEHOHOBAA JIAMMA~BCIBINIKA.

OTMeTnM 31€Ch BaXXHOE TOCTOMHCTBO TPEXYPOBHEBOM CXEMBbI JIa3epa, 3aKIH049aio-
meecA B TOM, YTO B TaKOH CxeMe 4acToTa BO30Y K AAIOIEro CBeTa HAKAYKH HE COBIa-
J1aer ¢ yacToToil reHepupyemoro usaydenus (cM. puc. 10.8). Onruyeckas HAKA4Ka B

8 3ak. 350
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OHeprusa

Puc. 10.8. CxeMma sHEpreTHyeCKuXx ypoBHe#t aToMa XpoMa B KpucTajule py6uHa u IpHHIMI
paboTel pyGHHOBOrO J1a3epa :

JIBYXYPOBHEBOH cxeMe, KOra ee 4acTOTa COBIAAAET C YaCTOTOH reHepupyeMoro us-
JIy4YeHHsI, He [I03BOJIAET CO3OATh HHBEPCUIO HaceseHHocTed. [Ipuunna sakioqaeTcs
B TOM, YTO B HOCJEIHEM CJIy4ae KBAHTHI HAKAYKH BbI3BIBAIOT IIEPEXObl aTOMOB B
000oHX HAIpaBJIEHUAX OJHOBPEMEHHO: KaK C HHXKHEro pafo4ero ypoBHs Ha BepXHuH,
Tax ¥ 06paTHO — C BepxHero Ha HuXKHUM. B nrore naxe npu oyens GObIIOR MOII-
HOCTH HAKa4YKHM yJaeTcsA JOOUTHCA JIMIIb BHIPABHUBAHHA HACETEHHOCTEH ypoBHel,
HO He WHBEPCUM HACEIEHHOCTEN.

Ha nexkuum neMOHCTpHMpyeTCs BCIBIIKA pyOMHOBOrO Jiaszepa. B kadecTBe ak-
THBHOrO 9JIEMEHTa B 9TOM JIa3epe UCNOJIb3yeTCs PYOUHOBBIM! CTepXKeHb AUaMeTPOM
10 MM u gymsO# 140 MM. OnTHueckas HaKaYKa OCYNIECTBIAETCA C MOMOIILIO IBYX
HMIIYJIbCHBIX KCEHOHOBBIX JiaM1. [IuTanue namn ocyuecTsiiseTca ¢ ToMoIbo 6aTa-
peM BBICOKOBOJIBTHBIX KOHIEHCATOpOB obmelt emxocTsio 800 mkd, 3apsakaemolt or
ceTy 4yepes BhIIPAMUTENb 00 Hanpaxenus 3000 B.

Qusuyeckue NPOIECCH B Jiazepe MOACHAIOTCA C NOMOIIbLI0 ABJICHUA AOMUHEC-
yenyuu (puc. 10.10). B 31oM onpite Kpuctamn pyOuHA IPOCBEYHBAETCA 3€EHBIM
JIyOM aprOHOBOTO Jia3epa, HANPaBJIEHHBIM BIOJIb OCH KpuUCTassa. B saremuennoh
ayJUTOPUH XOPOIIO BUIHO 6OKOBOE cBeueHue pybuHa, KOTOpOe UMeeT KPacHbI IBeT.

IIpouecc MOMIHECHEHIUN MIOET II0 CXeMe, NoKa3aHHol Ha puc. 10.8, u otyuyaer-
CA OT Jia3epHO! reHepalMy TOJILKO TEM, YTO B AAHHOM CJIy4ae MOIIHOCTb HAKAYKH
HEBEJINKA, U MEXJLY YPOBHAMM 3Hepruu 1 u 2 He JOCTHIaeTCsA MHBEPCHUs HACEJEeHBO-

VmnynscHas namna

Py6un

e
U
VcTOYHUK nuTaHud

Puc. 10.9. Koncrpykuus s1azepa Meitmana
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Puc. 10.10. Habmoxenne TOMIHECTIEHIIAY KPHCTA/IIA py6HHA B Jlyue aprOHOBOTO J1asepa

crelt. Ananorn4nsiM 06pa3oM B nasepe Melimana Habm0OnaeTCA TIOMUHECHEHIUS, &
He Jia3epHasA reHepalufA, eC/id MOUWHOCTh JIAMIBI-BCHBINKYA HEJOCTATOYHO BEIHKA.
JIMib npu MCTIONTB30BAHMU OY€Hb MOIIHOM JIaMIbI BCHBIMIKM BO3HMKA3ET JIa3epHas
reHepanus.

Ouennm, B KaveCcTBe NpHMEDPa, MODIHOCTh UMHOYJILCHOH JIAMIIbI HAKa4KH, Heob-
xonuMolt 1A paboThl pyGunOBOrO nNasepa. Pybun comepxur okono 101° aromos
xpoma B KybudeckoM carTUMeTpe. 1711 Bo30yKIEHNA reHepal HY )KHO IEPEBECTH
o KpaiiHeit Mepe NOJIOBMHY 9THX aTOMOB, T. €. 5 X 10'® aromoB B Kaxa0M Kybude-
CKOM caHTMMeTpe Ha yposenb 3 (puc. 10.8). Ha nmepeson Kaxaoro aroMa TpaTHTCA
sneprus W3 —W; = 4x 10712 apr/arom. Ilosnnas sneprus pasna 2 x 107 apr/cm3. Ho
[IPM 3TOM aTOMBI JOJIXKHBI NIEPEXONUTH B COCTOAHUE 2 33 BpeMs, PABHOE MJIX MEHb-
mee, 4eM spems dHcusnu At aroMoB Ha ypoBHe Wi (910 BpeMs paBHO IIPUMEDPHO
2 x 1073 ¢). Ecsin nepexon aToMOB B BO36Yy K IE€HHOE COCTOAHME ByIeT NPOUCXOIUTE
MENJIEHHEE, TO W3-3a CIOHTAHHBIX U PEJIAKCAIHOHHBIX ITEPEX0H0B B COCTOAHMUE 1 HH-
Bepcusa HacenenHocTe#l He coznaercs. Taxum obpasom, Js paborsl pybuHOBOrO Ja-
3epa B KaXXIOM KyOM4eCKOM CaHTHMEeTpe KPHCTA/LIA pyOuHa [OJIKHA, MOIJIOMAThCA
9HepruA Haxayku nopanka 2 X 107 apr 3a Bpemsa 1072 ¢. Do o3navaer, 9To MOIO-
maeMas MOMHOCTh JOJIZAKHA COCTABIATE OKOJIO 2 KBt Ha 1 Ky6uveckuit canTumerp
kpucrasna. Ilpu obbeme kpucranna B 10 cm® neobxomumas MOIHOCTb HAKAYKH
pasHa 20 kBr. JlaMna-Bensimka ucnyckaer cBer, 6iuskuit k 6eoMy, T. . Hmeromuh
HIUPOKHH YacTOTHBIH CHeKTp. DHepreTUIecKue MOJIOCH XpoMa B pybuHe nosposs-
10T HCHOJIB30BaTh 0K0JI0 15% cBera namnb-BCusinky. [109TOMy NOMHAA MOILHOCTD
JIAMITBI-BCITBIIIKY TOJKHA OBITh 0kos1o 200 kBr.

Fenuit-HeoOHOBBIH J1a3ep. DroT nazep paboTaer Ha CMECK I'A30B [eJIHA H
HeOHA. AKTUBHBIM BELIECTBOM J1a3epa ABJIACTCA HeOH. ATOMBI Ie/Iisa UrpaioT BCIO-
MOTATENILHYIO DOJIb, OHH HEOOXONUMBI I/1A CO3JaHUA MHBEPCHU HACEJIEHHOCTEH.

B nasepe cmech resua U HEOHA 3aKJIIOYEHA B CTEKJIAHHYIO TPYOKY, B KOTOpO#
C TIOMOTIBIO CIEIHMATIBLHOTO YCTPOHCTBA NONIEPKMBACTCA HEMPEPHIBHBIM s/IeKTpHye-
ckuit paspAn. DIeKTPOoHsl, HAGHPAIOWKE SHEPIHIO B AJIEKTPUYECKOM [10/1€ Pa3pAna,
HIpAIOT POJIb NEPBUYHBIX HOCHTENEH DHEPrun.

[Ipunmun pabotel nazepa miutocTpupyet puc. 10.11. B anektpuyeckom paspane
IIPOUCXOIUT BO3OYXKIEHUE ATOMOB I'eJINs 3J1eKTPOHHLIM yrnapom (puc. 10.11, a). Ilpu
CTOJIKHOBEHHM aTOMa TeUA C aTOMOM HEOHA MPOUCXOAMT Mepenada Bo3OyxKaeHud
nociaenuemy (puc. 10.11,6), npu 9ToM aToM renuA BO3BPAmAETCA B OCHOBHOE CO-
CTOAHME, & aTOM HEOHa OKa3bIBaeTCs B BO3DYKIeHHOM cocrosHud 3. Bepoaruocts
CTOJIKHOBUTEJ/IHHOM Nepenady SHEPTUM BECbMa BEJIUKA W3-3a TOTO, YTO BO3GYKIAEH-
Hble COCTOAHMA aTOMOB reJIus U HEOHA, XapaKTEPU3YIOTCA MMOYTH OMHHAKOBBIMY HED-
rusimMu. Utak, B pe3ysibTaTe aTOMHBIX CTOJIKHOBEHUHN YaCTh ATOMOB HEOHA EPEXONUT
B BO30Oy K IeHHOe coCcTOAHKE 3. Mex Ay 3THM COCTOAHHEM U COCTOAHHEM 2 C MeHbIuelt
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Puc. 10.11. Cxema paboTsl renuii-HEOHOBOTO J1a3epa

3Heprueil BO3HUKaET MHBEPCHA HaceJeHHOCTel, TaKk Kak COCTOfMHWE 2, B KOTOPOM
3HEpPrusA aToMa HeoHa cocTaBiger okoJsio 20 3B, nourn He saceneno. Haxonen, npu
mepexofe aTOMOB HEOHA U3 COCTOAHHA 3 B COCTOAHHE 2 MCIYCKAETCH M3JIydeHHe C
nmHOR BosHBI 6328 A, KoTOpOE M obpasyer na3epHbIt yy.

OcobeHHOCTBIO I'esIui-HEOHOBOTO Jia3epa ABJAECTCA TO, YTO HMKHME paboumit
yposens (yposens 2 Ha puc. 10.11,8) pacnosiokeH AOCTATOYHO BBHICOKO M BCJEH-
CTBHeE 9TOr0 HMeeT OYeHb MAJIYIO BaCeJIEHHOCTD. IT0 06JIeryaer Co3naHue HHBEPCHH
HacesienHocTell. B uiTore Bo3nNKaeT BO3MOXHOCTD HENPEPHIBHOM paboThI Nazepa npu
oYeHb MayIoM NoTpebsieHun sHeprun — okoJo 30 Bt B mepsuix Momensax. MomuocTh
A3/1y4eHuA rejnii-HEOHOBOTO J1a3epa COCTaByiAeT oObIuHO mopsanxa 10 MBt.

Jlasep Ha yriuexkucsnoMm rase. 9ToT Jas3ep OTHOCUTCA K ceMeHCTBY MoJie-
KYJIAPHBIX JIa3€POB, B KOTOPBIX JIa3epPHOE U3J/Iy4YEeHHE reHEePUPYETCA B Pe3yJIbTaTe
[IEpEXON0B MEeXKIYy KonebaTeNbHbIMU dHEPreTHYeCKMMH ypoBHAMHU Mosekyna. CO,
Jlazep reHepupyeT MHQPPAKpACHOE U3JlydeHue Ha njmue BojgHbl 10,6 mxMm. Jannbr
sasep oriugaerca BbicokuM KIIJT (15-20%) u BRICOKOH MOMIHOCTBIO FeHEpalUU B
HEMpepHIBHOM PEXHUMe, KOTopas MoxeT nocturars 10° Br.

Ha puc. 10.12 noxazanst Tunsl konebaunit Monekynst COy (cummerpuysoe, ge-
¢opMaimOHHOe, AaHTHCHMMETPUYHOe Kosiebanus), a Ha puc. 10.13 — xBanTOBBIE
YPOBHY HEPIUHM, COOTBETCTBYIOUIME 3TUM KOJiebannAM.

Bos6yxnenne konebauntt Monekynsr COz OCYMECTBIACTCA IyTEM 3JIEKTPOHHO-
ro yoapa B aJeKTpH4eckoM paspsane. Pabouee semecrso CO,; nasepa cocTouT us
CMEeCH YIJIEKHCJIOTO Ta3a, a30Ta ¥ resiusi. CTOJIKHOBEHUA 3JIEKTPOHOB ra30BOTO pas-
pAna, aTOMOB H MOJIEKYJI B TaKOH CMeCH TIPHBOHAT K 3((PEKTHBHOMY 3aCeJICHHIO
BEPXHEro ¥ GBICTPOMY ONyCTONIEHWIO HMXKHEIO YPOBHEH JIa3epHOro mepexoma, YTo
yBeJIHYUBaET HHBEPCHMIO HACEJIEHHOCTEH U MOIMHOCTD F€HEPUPYEMOrO M3JIyYEHHA.

B ongo#t na nepeeix Monmeneit COq2 nasepa, cosmannoit C. Ileftresiom, paBoyee
BEIIECTBO COCTOAJIO U3 YIVIEKHUCJIOTO ra3a ¥ a30Ta C JABJIEHHAMH 3 TOp U reJiuA TpH
20 Top. Jlazep reHepupOBas HENPEPLIBHOE M3/IyueHue Ha OjuHe BOaHB 10,6 MM
npu Bbixogno#t MomuocTy oxono 80 Br na merp paspsapuo#t TpyOku. Pabouan ag-
(EeXTHBHOCTD B 3TOM Ciiy4ae npesbimasna 20%.
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Puc. 10.12. Tune kostebanuli MOSIEKYJIBI YTJIEKHCIOTO Ta338

Tunuynsle j1a3€phl HA YIJIEKUCIOM ra3e UMEIOT JJINHY OKOJIO IBYX METPOB M MO~
I'yT CO3[IaBaTh HEMPEPBIBHOE JIa3ePHOE H3JTyYeHre MOIHOCThIO 0kosio 150 Br. Huuro
HE NPEenATCTBYeT CO3MAHMIO OYEHDb JJIMHHOTO JIa3€pa AJAA N3JY4YEHHA 3HAYUTEHHO
6osibmIelt BHIXOQHON MONIHOCTH, TaK Kak OHA JIMHEHHO YBEJIMYMBACTCH C YBEJIUIEHH~
em jayunsel. JeficTBUTENBHO, COTPYNHUKY KOMIaHUH “PefiTsH” CKOHCTPyHpOBasH
“cknamHOft” y1a3ep Ha yryieKucsoM rase ajuHO# 1825 M, XOTOpRI# reHepupoBas
HeNpepsIBHOE H3JydeHne MowHOCThIO 8,8 kBT B Hacrosmee Bpemsa uMmerorcs emte
foJsiee MOIIHbIE YCTAHOBKH.

XapakTepUCTHKH JIA3epHOTO H3JydeHHs. K 4YHCIy OCHOBHBIX Mapame-
TPOB, XapaKTePH3YIOUIUX JIa3€PHOE U3JIy4YEHHE, OTHOCATCA JJIMHA BOJIHBI M3JIyde-
HUA, SHEPrUA U JJIMTENBHOCTh MMIIYJIbCA, MOIMHOCTh T€HEPALMHM B HENMPEPLIBHOM
pexknMe, MIUPUHA CIIEKTPa, OUAIa30H NepecTPORKH, YIJIoBas pacXOOuMOCTh HU3JIY-
4yeHud. 1A pasHbIX THIIOB JIA3€POB 9TH MaPAMETPHI MEHAIOTCA B OYEHBb MIMPOKHX
npenenax. Tak, 9KCHMepHbIE J1a3epbl FEHEPUPYIOT YJIbTPAPHOIETOBOE H3JTyYeHHe C

vy AnTucumMeTpuiHoe
xonebanne
\ A =10,6 Mrm
v CumMeTpHIHOE
xosnebanune

Jedopmanuonnoe

V2
xonebaune

OcuoBHoOe
cocroaune

Puc. 10.13. YpoBrM 9H€pruu, COOTBETCTBYIOIUE KOIeGaHUAM MOJIEK YIB! YIJIEKMCIIOTO rasa,
A cxeMa paborsl CO2 — masepa
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aymaoit Bosae: 200-300 HM, a 1a3ep Ha YIVIEKUC/IOM rase reHepupyer HHGPaKpacHoe
H3nydenue ¢ JIUHOH BoJIHBI 0KOJI0 10 MKM. Jlaseps! Ha pacTBOpax OPTaHMYECKHX
Kkpacuresielf ciocobHBI IJIABHO MEHATD JJIMHY BOJIHBI H3JIyY€HHs B NIpelesax moJio-
¢ul yacTor mupuHoit mopanka 1000 cm~}. Crenmanbabie Momesn resinil-HEOHOBOTO
Ja3epa reHEpUpYIOT U3JiydeHue ¢ OYeHb y3Kolf criexTpanbaoli nunnelt, mupnna Ko-
topott cocrapaser 102 — 10% I'u. YrioBas pacXomMMOCTDb JIa3€pHOTO JIy4a 6yusKa
K nudpakunosaomy npeneny. C moMoIwbio j1a3epoB HGaKTHIECKH JOCTUIHYT MPEeNest
IIUTETHHOCTH CBETOBBIX UMIYJIbCOB. Tak, MOJIydYeHbI UMIYJIBCHl IJIMTENBHOCTHIO
4.5 x 10718 ¢ — Bcero sumb B ABa pasa NpeBbLINAIEll TepUOd CBETOBBIX KOJIe-
Ganu#t. Momuocts HempepsisHO# remeparmu CO, mazepa mocruraer 106 Br. Ha
YCTAHOBKaX IJIA JIA3€DHOI0 TEPMOAMAEPHOIrO CHHTE33 CO3IAHBI JIa3epbl, FEHEPUPY-
OLHME UMITYJILCHI AJINTEIbHOCTBIO IOPAIKA 107 %¢ sneprueit 10° I u MomuoCTHIO
1o 10** Br. ®OKyCHPOBKa TaKOTO H3JIy4YeHHUsA TO3BOJIAET HOJYYHTh MHTEHCUBHOCTD
cBera na ypopse 10'° Br/cm?, npu 2TOM HANPAXKEHHOCTH TOJIA B CBETOBOH BOJHE
nocturaer 10*! B/cwm, T. €. IpeBbIIAET HANPAKEHHOCTh BHYTPMATOMHOTO 3JIEKTPH-
YeCKOro moJiA.

Cronp mupoKuit Ouana3oH CBOMCTB J1a3epa OTKPBIBAET YpPE3BbIYAHHO MIMPOKHE
BO3MOYKHOCTH ero npuMeHerus. O HEKOTOPBIX IPUMEHEHUAX CBEPXKOPOTKUX CBETO-
BBIX EMIIYJILCOB ¥ CBEPXCHUJIBHBIX CBETOBbIX NOJeH paccka3ano B gonosnxenuu “Ontu-
Ka PeMTOCeKYHIHBIX J1a3ePHBIX UMIYJIbCOB” (cM. 4. IV).

Tenepanus CBePXKOPOTKHX CBETOBLIX HMIIYJILCOB. PacCMOTpPUM HOApOD-
Hee CHeKTPAJIbHBIE M BPEMEHHEIEe XapaKTePUCTUKY W3NYyYEHUA J1a3epa.

®azoBoe ycioBue caMoBo30yxaeHus nasepa (10.37) noxasbiBaeT, 4TO J1a3epHaA
reHepalusa YaeT Ha AMCKPETHBIX 4acTOTaX, onpenesseMbix dopmysioh

v, =nlAv, Av=1/2L, n=1,2,3,.... {(10.38)

Tak Kax 3TH 4aCTOTHI 3aBUCAT TOJBKO OT JJIMHBI PE30HATOPa L, HX MOXHO HA3BaTh
YacTOTaMH COOCTMBEHHBLL MO0 PE30OHAMOPA.

KonuuecTso B030yx) naembix coBCTBEHHBIX MOL M 33BUCHT OT COOTHOIICHUA Me-
Xy BEJIMYMHON MEXMOIOBOrO MHTEepBaia Av M IMPHHOU CIEKTPasbHOM MmOJIOCH
YCHJIEHHA J1a3epa Avy, a HMEHHO

M = Ay, /Av. (10.39)

3amernm, 4ro, cormacHo dopmyse (10.34), mupnna JuHUE ycuaeHuA jasepa Ay,
COBIIAZAET C IMPHHON CeKTPATLHON JTMHUN Ay IOIJIOWEHNA AKTUBHOTO 3JIEMEHTA
Jlasepa B OTCYTCTBHME MHBEPCHUM HacesjeHHOcTe#. 15 pa3HbIX TUHOB JIa3epOB 3Ta
BEIMYNHA, MEHAETCA B HMIMPOKHUX npenesnax. Hanpumep, nna renuii-HeOHOBOrO Jlase-
pa BemunHa Ay, ONpeNeNaeTcA NOIUIEPOBCKUM yUIMPEHHEM CHEKTPaJIbHON JIMHUK
u cocrasniser Ay, % 0,04 cm™! (cM. nexumio 6). s py6uHOBOrO S1a3epa, a TaKxe
IU1a J1a3epa Ha KPHCTaJjule rpaHaTa ¢ HeomuMoM Ay, = 2 — 4 cm~ L, Ilna nasepa
Ha crekye ¢ HeomumoM Ay, = 10?2 cM™!, a ns1a nasepa Ha pacTBOpe OPraHHYIECKO-
ro kpacurena Avy = 103 cm™!. Honaras mmny pesonaropa L = 50 M, nomy4um
Av =1/2L = 107? cMm™!, 1 yncno renepupyemeix Mon M =~ 4 a7 renuii-HeOHOBOTO
nasepa, M ~ 10? ana py6unosoro nasepa, M = 10* gna nasepa Ha CTeKJe C HEOMH-
MoM. Takum 0Opa3oM, a3epHOe U3JIyUeHMe ABJIAETCHA, KAaK NPABUJIO, CYIIECTBEHHO
MH020M0006biM. XAPAKTEPHBIH BUI CIEKTPA H3JIyY€HAA MHOTOMOJOBOTO JIa3€pa IHO-
KasaH Ha puc. 10.14.

OnsoMonoBult sasep. OuHa U3 NPUHIMNUANIBHBIX pobnem sasepHoit du-
SHKU 3AKJII0YAETCS B TOM, KaK TOJIYYUTH MOHOLPOMAMUNECKOE U3AYNEHUE, T. €.
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Puc. 10.14. ChnexTp M3/IydeHHs MHOTOMOZOBOro Jiasepa. CnekTp mosock ycusenus (a),
4acTOTHI COBCTBEHHBIX MOJ Pe3oHaTopa (6), CrexTp resepauuu Jasepa (s)

u3JIydenue, 61m3K0e 110 cBoelt CTPYKType K UaealibHO# rapMonnyeckoit sonue. ia
pelneHusa 3To# 331a4N UCIONB3YIOT odHomodoewti aazep — nasep, paboramomuil B
pexuMe reHepaliMy OTOeJbHOR IIPONOJLHOR MOIBI.

ITpunnunnanbHad cxeMa OJHOMOJOBOIO Jia3epa nokasana Ha puc. 10.15. Ocoben-
HOCTb 3TOTO JIa3€pa COCTOMT B TOM, YTO BHYTPH PE30HATODPA HAXOIUTCS 3JIEMEHT,
OCYUIeCTBISIOMUA JacTOTHYI0 DunbTpanmio u3iydenns. Yacrorusit duibtp co-
CTOUT W3 OUCIEPCHOHHOrO 3jieMeHTa (npusMa, AudpakuHOHHAA PemeTKa, STaJ0H
Pabpu-Tlepo) u nuacdparmer. [efictBue GpuiabTpa COCTOMT B TOM, YTO AUCIIEPCHOH-
HbI 971eMeHT “pa3BOPAMMBAET” YACTOTHEIH CIIEKTP U3JIy4YEeHUA MO NPOCTPAHCTBY, &
nuadparma BbiAeNseT HyKHY10 KoMnouedaTy (Mony). Takum obpasom, ja3ep rexe-
pHPYeT H3JIy4YeHHe Ha JacTOTe OTHEeJILHON NpononbsHOH moapr. IIoBOpOTOM NPU3MEL
MOXHO M3MEHATh YaCTOTy TeHEPAlHHY.

HawuboJiee y3KonosIoCHOE H3IyYEHHE MOJIYYAIOT B HACTOALEE BPEMs € MOMOMIBIO
resuii-HeOHOBBIX J1a3epoB. CrenyasibHbie MOMIENH J133€POB T€HEPUPYIOT H3JlyYeHHe
¢ mupuHO# criekTpasbHO# MuaME okoo 102 I'u. JJo6pOTHOCT, TAKOTO M3NIy49eHHs,
T. €. OTHOWIEHUE CpedHel YacTOThI HJIYUYEHHA K €ro CIeKTPAJbHON MmupuHe

* Q=v/Av (10.40)

(puc. 10.16) mocruraer semwuunn 10'3. OTMeTnM, YTO naHHAA BeIMYMHA HA MHO-
I'o MOPAIKOB MPEBBIMIAET NOGPOTHOCTD M3IYYEHH JIOBOro HEIA3ePHOrO KCTOYHUKA,
cBeTa.

Pa6ora masepa B peXuMe CHHXPOHH3AI KU MOL. [eHepaums
CBEPXKOPOTKMX CBETOBBIX MMIYNbcOB. Ecim y3kononocHsii 0qHOMONO-
BBIf JIa3eD IeHEpUpYeT CBeTOBbie KOJIeOaHHA CHHYCOMAAIbHOR (hOPMBI, TO Bpe-
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Puc. 10.15. IlpgRuMnuansHas CXeMa OSHOMOAOBOIO JIa3epa

MeHHOH X0 W3JIy9EeHHA MHOIOMOIOBOIO JIa3ePa MOXKeT ObITh pa3HBIM, M 3aBHCHT OT
TOro, KAKOBbl aMIIATYIE! ¥ (pa3bl CBETOBLIX KOJIEGAHMI Ha YaCTOTAX OTAEILHBIX
mon. Ckasannoe unmocrpupyer puc. 10.17, Ha KOTOpOM HOKa3aH BPeMeHHOH xox
H3JIy4eHnA MHOI'OMOJOBOTO JIA3€Pa B ABYX IPOTHBONOJIOXKHEBIX IPEIESIbHBIX CIIyYa-
AX — JJ1A TOJIHOCTBIO HE3AaBUCHMBIX (@) M XECTKO CHHXDOHM30BaHHbIX (6) Kouste-
Oauuit oToenbHLIX MoO. BuaHo, 4TO B nepBoM ciydae uasmyderue nonobHO onmu-
NECKOMY WYMY, B TO BPEMA KaK BO BTOPOM JIa3€p MeHEpUPYyeT MOIIHbIH xopomxull
umnyave. PexkuM resepanyy KOPOTKAX HMIIyNbCOB HASLIBAIOT PEXUMOM CUNIPOHU-~
3ayuy Mod.

OcranoBuMCA DONpoDHEE Ha STOM peXXuMe, NpeacTasisomeM 6opIno# npaxTy-
yeckuit murepec. IlokaxkeM DPUHIMNMANLHYIO BO3MOXKHOCTb MEHEpAUUH KOPOTKHX
KMILYJIbCOB CBET3, MHOTOMOJIOBBIM JI33€POM U OLEHHMM NPENe/IbHYI0 IJIMTEbHOCTh
HMIIYJIBCA.

Cornacuo ¢opmynam (10.38), yacToTsl COBCTBEHHBIX MO PE30HATOPA 0BPA3yIOT
skpuaucTaTHBI! cnekTp (puc. 10.14,6). O6o3Havum MexMOnOBbIE MHTEpBAT Aw,
noJiHoe 4ucI0 Mox N, HeCymyIo 4acTOTy wp, # 6YIeM CYHTATD, AJIs IPOCTOTHI, YTO
ammaTyapt ¥ asbl BCeX MOI OOMHAKOBbI. TOrIa HANPAXEHHOCTh CBETOBOTO HOJIA
B HEKOTOpO#t (PUKCHPOBAHHON TOYKE IPOCTPAHCTBA MOXKHO IPEICTABHTH B BHIE

N
E(t) = ) Aocoswnt, (10.41)
n=1
rae
Wy = wp + nluw, n=123,...,N. (10.42)
S
Ay
I
1
I
1
v v

Pnc. 10.16. K nonarmio nobpoTnocTn w3 y4eAus
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S(w)

1 1004 I, oTH. eR.
L, wf
? 60+
14
T 40 -
20 1
0 ()
0.
— 0 1 2 3 4 5, 6 7
; t, OTH. efl.

t, OTH. e

6)

Puc. 10.17. CexTpsr (cireBa) u BpeMeHGi#t xox (cnpaBa) M3sIydeHHS Jia3epa C HECHHXDOHH-
30BaAHHBIMM MOJIaM¥ (a) M B PexuMe IOJHOR CHHXpoHM3auud Moz (6)

Boraucanm cymmy (10.41). Ina atoro Bocnonbsyemca dopmynamu Ditnepa

e 4 e7iv eiv _giv
cosp = —————, sing = —————— 10.43
v 5 p % (10.43)
H BBIDAJKEHHMEM U1 CYMMBI KOHEYHOH reomerpuyeckolt mporpeccun
1- qN
= 10.44
SN ai 1— q ) ( 0 )

Tde a; — TepBbIi YIeH NMpOTPecCcHd, ¢ — 3HaMeHaTesb nporpeccud, N — 4ucio
CYMMHDPYEMBIX 4JIeHOB nporpeccuu. Ilocie HecmoxHbIX npeobpasopannit nosy UM

E(t) = A(t) coswt, (10.45)

w=uwp+ (i\l%l) Aw, (10.46)

«~ -— CpeIHAA YaCTOTA,



234 Yacmo II. Haayuenue u 2enepamops. céema

Puc. 10.18. Bpemenndit xon u3ssiy-eHUA JIa3epa B pEKUME CHHXPOHM3AIMA MOJ

sin(NAwt/2)
At) = Ag—————5 .
®) sin{Awt/2) (1047)
A(t) — ammnuryna xonebanuil noss. VIHTEHCHBHOCTL H3JIy4YeHHA KaK (DYHKUHA
BpPEMEHHU BbIpaxkaercsa (hopmysol
sin?(NAwt/2)
I(t) = [j—s———, 10.48
®) sin® (Awt/2) ( )

rae Iy — MHTEHCHBHOCTD, COOTBETCTBYIOLIAA OTAENBLHOR Moze.

XapaxTepnsift Buzn sasucnmocty I(t) npu N > 1 nokaszan na puc. 10.18. Bugso,
YTO M3JIYYEHHE Jiasepa NpPeACcTaBiAeT cobol MoCeIoBATEILHOCTh MOMHBIX KOPOT-
KUX MUMIIYJIbCOB.

Honbsysace ¢opmynoit (10.48), HeTpyIHO ONpENENUTL OCHOBHEIE 1APAMETPHI M-
nyabCoB. JIJTUTEIBHOCTD OTAEIBHOIO MIMIY/IbCa OOPATHO PONOPIMOHAIbHA NOJIHOH
IIEPHHE CIIEKTPA Ja3epas:

2
At = 10.49
NAw’ ( )
MakcumasibHa# HUHTEHCUBHOCTb W3JIYYEHMA IPONOPUMOHAJIBHA, KBAaOpary dYucJIa
MO&;

Imax = IgN2. (10.50)
Hepuo,n, CJIeJOBaAHUA UMIOYJIBCOB OIIpeneideTa MEXXMOOOBBIM MHTEPBAJIOM:
27
T=-". 10.51
Ay | ( )

HarsnanHoe npeicrasiienye o Nponecce CHHXPOHU3ALMH MO, MOXKHO MOJIYYHTD C
NOMOIIbLIC MEXaHU4YEeCKO# Monenu, noxkaszanaoit Ha puc. 10.19. Moaens npencrassiseT
co60o# HabOp MAATHHUKOB, IJIMHBLI KOTOPbIX MOA0OPAHb! TaK, 4TO YACTOTHI KoJleDanuii
06pa3y0T 3K BAOMCTAHTHYI0 10CIIe/1I0BaTe/IbHOCTD BUA (10.42). OTKII0HHB BCe MaAT-
HUKH OT TI0JI0XKE€HHUA PABHOBECHUA U OJHOBPEMEHHO OTIYCTHB X, MOXHO HabJII0OOaTh
cHagasa pacdasuposky kosebanuit, a sarem o6pa.THb1ﬁ npouecc $HasupoBKH, YTO
SKBHUBAJIEHTHO CUHXPOHU3AINH MOL.
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Puc. 10.19. Mexanuyeckaa MOZENb IJI JEMOHCTDAIUMH ABJICHAA CHHXPOHH3AIMH MO

Ucnonssya popmyny (10.38), Boipaxenue /14 epuona CACOOBAHNAS HMITYJILCOB
(10.51) MOXHO NPEACTABHTHL B BUIE

-2 (10.52)
c
®opmyia (10.52) nokasbiBaer, 4TO IMEPUOH, CIEAOBAHNA MMITYJILCOB PaBeH IBOUHO-
My BpeMeHH npobera CBeTa 4epe3 pe30HaTOp. DTO MO3BOJIAET GAENIATh BHIBOMI, YTO B
peKuMe CHHXPOHM3ALUK MO B Pe30HaTOpe HOPMUAPYETCA KOPOTKHUH 1I0THBIR “Cry-
cToK” uaiydeHudA. IIpn KaXIOM MOMANABUK 3TOTO CIYCTKA Ha BBIXOTHOE 3€PKAaJIo
PE30HATOPA YaCTh U3JIYYEHHA BEIXOOAUT HAPYXKY, 00pa3ysa nocienosare/ibHOCTh CBe-
TOBBIX HMITYJILCOB, CleAyomux ¢ nepuogom I’ = 2L /c. B cBA3M ¢ 3TUM CTaHOBATCA
SICHO, YTO POJIb CHHXPOHH3aTOPA MOJ MOXKET UTPATh HACHIUAOUUTICA No2A0MUMEnD
(npocseraAoumitca GUALTP), NOMEIEHHBI! BHYTPh J1azepHoro pesonaropa. Ilpe-
OATCTBYA YCHJIEHUIO CBETa TIOCTOAHHOW MHTEHCUBHOCTH, TaKOl 3JIEMEHT CTAHOBHT-
CA MPO3PaYHBIM IJ1A MOIIHBIX, KOPOTKMX HUMIYJIbCOB cBeTa. [laHHbIM crocob rene-
palliy CBEPXKOPOTKUX JIa3€PHBIX MMIYJILCOB MMPOKO MCHOJIb3YEeTCA HA MPAKTUKE
Y Ha3bIBAETCA COCOBOM naccueHotl cunrporusdayuy Mod. [lpuanunmanbHad cxema
Jia3epa C NacCHBHOM CMHXpOHHU3amueil Mon nokaszana Ha puc. 10.20. B kavectbe Ha-
CBHIIAIOMEr0oCA MOIJIOTUTENS UCIOJIB3YIOT O0DBIYHO TOHKYIO KIOBETY CO CIENHMAJIBHO
nonobpaHHbIM KpacuteneM. CyHIeCTBYIOT U JPyrUe Cocobbl CMHXPOHH3AIUH MO/,
Ouenxu. Ucnonsays dopmyny Aw = 2ncAvy, rae Ay, — UmpHHa CIEKTPaJIb-
HOH MOJIOCH! ycuyleHus Jas3epa B cm™ 1, nepenmem dbopmyy (10.49) B Buze
1

At = A (10.53)

Takum 06pasom, npenesnbHas JAUTEIBHOCTh HUMIYJILCA, FeHEPUPYEMOTO B PEXKUME
CHHXPOHM3aLUY MO, OPENe/AeTCA MUPHHOM! JIMHHNA yCHJICHUA JIA3EPa.

Jlasep na neodumoeom cmexae uMmeeT TMOJOCY ycuieHus umpuuoft 100 cm~!.
B srom ciyuae At = 0,33nc = 330dc (1 nc = 1 nuxocexynma = 10712 c,
1 dc = 1 dbemrocekynna = 107!° ¢). Eme 6onee mupoko# monocok ycumenus
obs1analoT na3epue Ha kpacumeasz: Av, = 1000cm~!. B atoM cayyae BO3MOXHA
reHepauysa UMIYJIbCOB C OIHTENbHOCTRI0 At = 33 dc. Hakonen, nasep Ha KPUCTA-
e candupa, JerupoBAHHOM TPEXBAJIEHTHBIMY HOHAMY THTAHA (THTAH-CAN(UPOBBIH
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Puc. 10.20. Pabora MHOrOMOIOBOIO Jia3epa B PEXUME MACCHMBHOH CHHXPOHM3AILMH MO
BHyTpH J1a3€pHOTO PE30HATOPA HAXOAMTCA aKTHBHBIH asiemenT (1), a TakKe aJIeMeHT, oCy-
LIECTBIIAIOUMH CHHXPOHA3AIMIO MO/ — HACHIIAIOWAHKCH TOVIOTHTEND ([HPOCBEeTIAIOMMHCH
dunprp — 2). Ilon neticrsuem dunbrpa ussiyueHue B pesoHarope npuobperaer BHA KO-
POTKOT0 IJIOTHOro CrycTka. [Ipn KaxmoM monagaHMH CryCTKa Ha BBIXONHOE 3epKaJo 4acTb
M3JTy4eHuA BHIXOLUT Hapy XKy, o0pasys MOC/IeNOBATEIbHOCTh UMILYJIBCOB JIA3EPHOLO M3JIy-
yenus, ciaenyomux ¢ nepuogom T = 2L/c

nazep, Ti:sapphire) uMeer nosiocy ycunenus mupuro#t Avy, = 3500 cm™1, 4o mosso-

JIAAET TEHEPUPOBATH UMITYJILCHI IyINTebHOCThI0 At = 10 ¢dc. IIpuHunnuanbhbIi npe-
IeJT AJIATEILHOCTY HMITYJIbCA YCTAHAB/INBAET MePUOL CBETOBBIX KosebaHuit, paBHbI#
npumepro 2 X 10715 ¢. B HacTosAuUIee BpEMSs NMOTYYEHE UMILYJIbCH JTATETHHOCTHIO
4,5 x 1071% ¢, uro 6iusko Kk dynnaMenTaIbHOMY Tpeneny. O METOIAX TeHepalvH
OpeaejibHO KOPOTKUX MMITYJILCOB CBETA U UX MPHUMEHEHUAX PACCKA33HO B IOMOJIHE-
auy “OnTuka PeMTOCeKYHAHBIX JIa3epHbIX uMIyJsbeoB” (cM. 4. IV).
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Honosnenue 6
DiIeXTPOOUHAMUKA U3JIyYEHHUA

Homenyuaav aaexmpomaznummozo noas. Haayuenue moveunozo sapada. Haryue-
nue dunoan 6 daavneti aone. Haayuenue pomamopa. Haarywenue xeadpynoas. Snex-
mpunecxoe noae 3apR0a, JeUNCYUWEZ0CA NPAMOAUHETHO U DABHOMEPNO.

CorniacHo KJ1aCCHYECKMM IMPENCTABJIEHUAM, SJIEMEHTADHBIM HCTOYHHKOM CBETA
SABJIAETCA YCKOPEHHO ABMXKYWAACA 3apAXKeHHaA 4dacTula. [losroMy maremarude-
CKO€ OINHCAHUE U3JIy4YeHUs 3apsiANa, OCHOBaHHOE HA ypaBHeHusax Makcsesuia, uMeer
JJ15 ONITHKY IPHHIMIKAJILHOE 3HaYeHNe. B 3TOM 10noIHeHNM pACCKa3aHO O TOM KaK
npobJieMa u3ydeHnA pellaeTcA B KJaccuyeckol asiekTponunamuke. CHadas1a U3-
J1araeTcsa obumi oAXoa, OCHOBaHHBIA HA TEOPHH NOTEHIMAJIOB 3JIEKTPOMATHUTHOrO
noJisi. 3aTeM BBIYUCIAIOTCA XapaKTEPHCTHKY U3/IyYEeHUA TOYEIHOrO 3apsAna, JUIo-
JiA, poTaTopa, KBaapynoss. Hame usnoxenue cienyer B OCHOBHOM Kuuram [1-3].

IloTeHnManbl 9JeKTPOMarHUTHOro nosis. PacCMOTpUM IpPOU3BOJBHYIO CH-
CTEMY JIEKTPUYECKHX 3APANOB, ABUXKYIIMXCA B BakyyMme. A OThICKaHUA MOJIA
u3JIy4ueHus: 6yreM MCXONuTh U3 ypaBHeHu# Makceesia

, 16H
s I‘OtE = —E—BT (,1161)
e : 108 4n. | S
rot H = ——a—t+ ~J (1d6.2)
div E = 4mp, (16.3)
divA =0. (116.4)

3aMeTHM, 4TO IJIOTHOCTD 3apAna p = p(F,t) U IIOTHOCTh TOKA ] = (7, t) He ABAA-
10TCA 30eCh He3aBUCUMBIMHU. OH# CBA33HBI COOTHOWEHUEM

divj + 8p/dt =0, (116.5)

KOTOpOe BriTekaeT u3 ypasrennit ([06.2), (I16.3) u HasbiBaeTca ypasnenuem nenpe-
PHIEHOCTIU. DTO yDABHEHHE BBEIDAXKAET 3aKOH COXPAHEHUS BJIEKTPUUYECKOTO 3apAIa.

s pemenus ypapaenni#t Makcpesna yao6H0O BBECTH HEKOTOPBIE BCIIOMOT AT Ib-
Hble GYHKINY, HA3LIBAEMBIE NOMEHYUGAAMY IAEKTNPOMAZHUMNHO20 Toas. Bexmop-

ol nomenyuan A= A(r t) onpenesisierca dopmymol
H =rot A. (116.6)

Takoe npencraBnenne noJis " obpamaer ypasuenne (6.4) B roxnectso. Ilogcra-
Hoska (J16.6) B ([6.1) npuBOOMT X ypaBHEeHHIO
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koTopoe OyneT yIOBJIETBOPEHO, EC/IH HOJIOKUTh

E = —-%——— — grad ¢. ‘ (116.7)

-3mecw p = (7, 1) — cxarapnol nomenyuaa. loncrasus (16.6) u (06.7) B (6. 2)
NOJIY4YMM ypaBHEHHUE

1824 47 18
- ZaE = ———-] + grad (leA + - (,;f) (116.8)

Tak xak dopmynst (J16.6) u ([16.7) onpesengaioT TOILKO POTOp BEKTOPHOTO HOTEH-

[MaJ1a ¥ TPAJUEHT CKAJIAPHOIO NOTEHNNAJIA, T. €. OHPENeNIAT A U ( HEOOMHO3HAYHO,
OKa3bIBAETCHA BO3MOXHBIM HANOXMUTDH Ha NMOTEHIMAILI HEKOTOPHIE JOTIOTHUTEIILHbIE
ycnosua. B wacTtHOCTH, MOXHO NOTpeb0OBaTh, YTO6H

13¢
c ot

D70 ypaBHEHUE HA3BIBAIOT JIOPEeHUEeBo# kanubposko#t notenuuasna. Yceiosue (6. 9)
Ho3BOJIAET mepenucarh ypasHenue ([16.8) B sune

divAd+ =L =o. (116.9)

~ 1824 4n,
Haxkonen, noncrasnasn (J16.7) 8 ([16.5) u npuauman 8o Buumanue ([16.9), nonyuum
ypaBHEHHUE
18 '

Ap— 2555 = —4rp. | (116.11)
Hns OTBICKAHUA CTPYKTYPBI NI0JIA M3/Y9EHAA IOCTATOYHO HAlTH PelleHue ypaBHe-
mmit ([06.10), (06.11) mna norenumanos nons. Iocne storo nona E u H moxwo
poraucanTs 10 dopmynam (16.6), (I6.7).

Paccmorpum ypassenne ([16.11). Tak kak 3To ypaBHeHHe JIMHeHHO, ero pele-
HYE MOXET OBbITh IPENCTABJICHO B BUE CYNEPIO3HIMNI CKaJIAPHBIX IOTEHIAAJIOB, CO-
3[aBAEMBIX TOYEYHBIMH 3JIEKTPHYECKUMHU 3apAJaMH, HAXONAIMMUCA B Pa3/IMIHbIX
TOYKAaX NPOCcTpancTBa. TakuM obpasoM, pemenve ypasnenus ([16.11) B cBoelt rias-
HO# YaCTH CBOOUTCA K OTHICKAHWIO DOTEHLHAJIA HEMOLBUKHOrO TOYEHIHOrO 3apAna,
KOTODBI#, OHAKO, MOXKET MEHATHCA BO BPEMEHH (C 3TOH TOYKM 3PEHMA ABHIKEHHUE
3apAIa €CTh “IiepeTeKaHue” ero W3 ONHOH TOYKU NPOCTPAHCIBA B APYTYIO).

Ilycts g = q(t) — MTHOBEHHAS BeJIMYMHA, BJIEKTPUIECKOTO 33DAa, PACTIONIOXKEH-
HOI'O B HEKOTOpOH dukcnpoBanHo Touke “O”. Eciu qpyrue 3apAnpl OTCYyTCTBYIOT,
TO Besze, KpoMe Touku “O”, ypasuenue ([16.11) apnsercs OMHOPOIHBIM:

1%
c? gt?

Ilone Todeusoro 3apsAnma HOMKHO obnamaTh cepudeckoit cummerpueit. Pemenue
ypasuenna ([16.12), yaousnersopamoniee 3TOMY YCJIOBHIO, €CTh ChepHIecKas BOJHA:

=0. (6.12)

0= ; Ft=r/c), (116.13)



JHonoanenue 6. Daexmpodunamura uAYYeHUR 239

rOe 7 €CTh PACCTOSHUE OT 3aPANA A0 TOYKM HADMIONEHUA, f — IPOM3BOIbHAA (aud-
depennupyeman) GYHKINA CBOETO apryMeHTa, ¢ — BpeMs, ¢ — CKOpOCTb cBeta. C
Npyro#t CTOpPOHBI ACHO, 4TO B npenene 1 — 0 3dderTsl pacnpoCTpaHEeHNA JOJIKHBI
MCYE3aThb, ¥ HOTEHINAJ TOUYEIHOr0 3apANa JOJIKEH CTPEMUTLC K CBOEMY KBa3HCTa-
THYECKOMY 3HAYEHUIO:

lim g(r,1) = ~q(t) (116.14)

Conocrapaa ([16.13) u (1I6.14), HaxomuM UCKOMBIH MOTEHIHUAJI TIOJIA MEPEMEHHOTO
TOYEYHOIO 3apAna:

1
p(rt) = ~q(t - r/c) (116.15)
HJIA
1
¢(rt) = ~p(t —r/c)dV.
O1cioma oA IPOU3BOJILHON CHCTEMBI ABHXKYIIMXCA 3apAI0B

. 1 . -7
QO(T,t) = / _l'r?.:’rT’lp(T”t— | c |> d37'l. (116.16)

Amnastornynbril Bu uMeeT pemenve ypasrenus (116.10):

Al= 1 1 e d F—7
A(Ft) = E/mj(rl, - '————) d®r'. (06.17)

C

B dopmynax ([16.16), (116.17) unTerpuposanue clenyeT IPOBOLUTD 110 Beell 061acTi
POCTPAHCTBA, [lle UMEIOTCA 3aPAILI U TOKH.

Hsny4deHue TOYEYHOTO 3ap#Alia. BLIYACINM II0JI€ H3JIyYeHHA TOYEYHOTO 3a-
pAna g, OBUXYIMErocs Mo 3aJaHHOMy sakony 7 = 7o(t). Ilpensapuresisto nepenu-
mem ¢opmyset (116.16), ([16.17) B Buge

. p(Ft) = // Rp (7, (t + B —t) ddr' dt’, (16.18)

// (t + R —t) d3r' dt’, (116.19)

re () — menpTa-byaxums, R = 7— 7. JlaHHble BrpaskeHus yIOOHBI TEM, IYTO OHU
B ABHOM BHIE YCTaHABJIMBAIOT CBA3b MEXMAY DACIPEIESCHUAMY 38PANOB U TOKOB M
TNOTEHIMANIAMHE 3JIEKTPOMArHATHOTG TIOAA.

Juisa TodedHoro 3apaga

p(Fyt) = gb(F — 7o(t)),  J(7,t) = qu(t)8(7 — 7o (1)), (116.20)
rme #(t) = 7o(t) — ckopocrs 3apsana. [onctasans (116.20) » (106.18), (116.19) u

BbINIOJIHAA HHTEIPHPOBAHNE 110 IIPOCTPAHCTBEHHBIM KOOPAWHATAM, MOJIY9MM

o(7,t) = g / R%é(t' + E(cﬂ - t) dt', (116.21)
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Puc. 6.1. K pacyeTy mosisf M3JIydeHus TOYEYHOrO 3apAaa

w4 VW) o, R(@E) '
A7 t) = - / R@) o[t + ” t}) dt, (,I[6.32)
rae Teneps R — paccTosHue oT 3apAfa 40 TOYKM HaBMIOAeHuA MOJA, T. €. .
R(t) = [z — zo(®)]2 + [y — yo(t)]2 + [z — 20(t")]2. (6.23)
BsauMmHOe pacmoJiokeHue BEKTOPOB 7, 7o (t), ¥(t), a Takxke
Rt)=7—-#(t), m=R/R (106.24)
nokazano Ha puc. [16.1. 3 (116.23), ([16.24) BbITEeKAIOT COOTHOMEHHA i
dR . dR .. din_ w9 -7 o
7= =W, = VR = . (116.25)

BbimosianM uHTErpUpoBanue 1o Bpemenu B dopmynax ([16.21), (16.22). B atux
dopMyIax apryMeHT AebTa-PYHKIMA B MOALIHTErPAIbHbIX BEIPAKEHUAX ABJIAECTCA
¢yukuuel nmepeMeHHON MHTErpupoBaHUsA. [103TOMY NPENBAPUTEIHBHO PACCMOTPUM
HHTErpaJj BUIa

7= [swssoia. (1626
O6o3naunmM uepes typ KopeHb ypasrenua f(t) = 0. Torma B OKpeCTHOCTH TOYKH tg

df

= =@~ to) f (o). (16.27)

to

F(t) = f(to) + (t = to)

Ioncrasnas (16.27) B ([16.26) n uaTErpUpyA, TOTYIHUM

sif(ty)dt = 40 6.28
JRCLOL g (16.28)
Beenem ¢pyHKUHIO

f@)Y=t'+ E’%Q ~t. ([16.29)

Ipnmenas npasuno ([6.28), nonyuum us (116.21), (116.22)
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" g 1
T t) = ——e ——, 116.30
00 = '@ 7@ 1630
_— qo¥) 1
Ary =201~ 116.31
)= RO @) H6.31)
e BpeMa t' — eCTb peleHue yPaBHEHUA
'
¢+ -J-zict—) —t=0 (116.32)
Hu

)= - (116.33)

Ioncrasnas (06.33) s (06.30), (16.31), mosnyuum clienyiomue BHIPAXKEHAA OJ1A
CKaJIAPHOrO ¥ BEKTOPHOI'O MOTEHLUHAJIOB:

df _,, 1dR() _ ﬁ'z(t’lz‘;’(t’).

p(F,t) = o~ Eg)c_@ (16.34)
AF ) = qu(t) : (116.35)
o[- )
i, B KpaTxoit dopme,

o(Ft) = [;IR—]“ ~ (m636)
AFt)=q [;{%} : (116.37)

T — -
B=vlec, x=1-mf (116.38)

M MHOEKC “3amasn” yKasblBaeT Ha TO, YTO BEJIMYUHBI B CKOOKax cienyeT Gparth B
MOMEHT BpeMeHH t', onpenensieMbiit ypasaenuem ([16.32).

®opmyas! ([16.36), (116.37) BrIpaxaroT HOTEHUMAIL! 3I€KTPOMAIHHTHOIO MOJIA,
CO31aBAEMOTO IBHXYIINMCH TOYEYHBIM 3apAnoM. OHu HOCAT HA3BAHME TOTEHYUG-
a06 JIuenapa—Buzepma. CornacHo atum GoOpMysIaM, moJe U3JIydeHdA B TOYKE Ha-
6monenna P B MOMeHT BpeMmeHH t ONpenefseTcA COCTOSHMEM NBHKEHHA 3apAAa
B NpeIIecTBYIOIMMA MOMEHT BpeMeHu i, JJiAd KOTOPOTrO BpEMs pACIpOCTPaHEHHA
CBETOBOTO CUTHAJIA U3 TOYKY HAXOXOEHHA 3apAa B TouKy P pasno pasnoctu t—t'.

I BLIMUC/IEHHAA HANPAXKEHHOCTE! 3JIEKTPUYECKOTO M MACHMTHOro IoJe#t mno
dopmynam (16.6), (116.7) namo muddepeHnupoBaTs ¢ ¥ A M0 KOOPAMHATAM TOUKH
Halmonenns «, y, z ¥ M0 MOMeHTy Habmonenus t. Mexnay tem dopmynss (16.36),
(06.37) BRIpaXxaloT NOTEHNUAJb! Kak GyHKImH OT 7 1 t'. Bpemsa xe t' B cuny ypas-.
uenua ([16.32) ects HeABHAA yHKUUA OT 7 M t. CileNOBATENBHO, IPH MOLCTAHOBKE
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dopmyn ([16.36), ([16.37) 8 ([16.6), (116.7) npunmerca muddpeperpoBaTh HEABHBIE
dyuxkumn. Yrober n36erkaTh 3TOro, BOCIONB3YEMCS 1A TIOTEHINAJIOB BhIPaKEHAA-
mu ([16.21), ([16.22), B KOTOPBIX IEPEMEHHBIE I, Y, 2, t GUTYPUPYIOT ABHLIM 06Pa3OM.

3ameTnM, YTO KOODAMHATHI TOUKH HAbMoNeHus z, y, z Bxopar B (116.21), (116.22)
TOJIKO wepe3 Benuunny R, onpenensiemyio ¢opmysoit (16.23). C ygerom (6.25)
9TO MO3BOJIAET 3aMHUCATh ONepaTop AudPEePEHIPOBAHNASA 1I0 KOOPAHHATAM CASHYIO-
muM obpazom:

Honcrasnaa (116.21), (16.22) & (6.6), (116.7) u mucdepeHuupys mOAbIHTEIPAb-
Hble BHIPAXKEHHUH, IIOJIyIUM _

E’(ﬁt):q/{%a(t’+§ ) (8 Rm)6’<t’ = t)}dt', .

(116.40)
A(F,¢) = /[m ) {—}—;-56<t'+—?—-t> + z%a’(ﬂ—?—t)} dt', '

3nect mTpux y aenbra-byHEKIuu o6osHavaeT nuddepeHIApOBaHe 0 ee aprymeH-
Ty, T. €.

5'(:,;):%5(:5). . (me.41)

Hcnonesys 910 0603Ha4EHHE, MOXHO 3AIHCATh

3%5(t'+.}_!lct_,l—t> =5’(t'+5%2—t> [Hé%ﬁ]

i, ¢ yaeroM (J16.33), (116.38),

'y E_)_li B
5<t+c t) =~ ot +2-t). (116.42)

Toncrasnsa ([6.42) B ([06.40) ¥ BLIYWC/IAA WHTErPAJIBI C TIPOU3BONHOM IeTbTa-
PYHKIMA WHTETPUPOBAHMEM TIO YACTAM, HAXOIHM

(AR :“*:«"w_‘ . ’ _ m 1 d Tﬁ—ﬁ
E(r,t)—Q{m’La}EF( R )} ’
3anasn

. L (116.43)
I:i('f",t)zq -[Ei’—nl-}-_l__d_ (M) .

xR? crx dt! xR

B <bopmynax (116.43) ynobuo cHadana BHIMOTHUTE AuddepeHIHpOoBaHHe eTHHIYHO-
ro BekTopa . Yunreiaa ([16.25), nonyyaem cienyomue BHIpaXXeHuA IjiA Hanps-
JKEHHOCTEH 3JIeKTPUYECKOr0 ¥ MArHUTHOrO HOJeH: e
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s og =B, md (1) 145
E(F,t) "‘q{ 2R T eedr (KR) cxedt! (KR)} ’
3anasy

o g 1d () .
H(T,t)—q{{ﬁRz-Fazt—, ’;{-R- , m aas.
sanass

-4 —
Us ([6.44) cnenyer, uro nona £ u H cBA3aHbl MexXny cob0o#t COOTHONMIEHNEM

(16.44)

—

= [m E‘] : (116.45)
Ocrasmmecs npoussogubie 8 ([16.44) BLIYHCIAIOTCA cienyomuM 06pa3oM:

df 5 d(xR) _ 2 s

i =8, = = cf? — cmif — Rmg. (116.46)
Toacrasass (116.46) B (16.44), naxomum
’Q_, - 32 T?L, m'—ﬁalg
B t) = {————-————(m 322 A )} + qz ———-—————-—[ [ % ]] . (06.47)

Ianasxn

H1ax, moje WSAydYeHHA TOYEYHOTO 3apAma onmchiBaerca ¢opmymamu ([I6. 45),
(J86. 47) S1u GopMysibl CripaBenIMBL! IPH JIIO60M 3aKOHE ABUXKEHHSA 33DANS U DU
moGoM pacCTOAHUM OT 33apAIa NO TOUKH Haﬁmonenna nosig. B 4acTHOCTH, mMpH

$ =7 =0 us (06.45), (16.47) cnenyer H = 0, E = g/ R2.

HUsnyuenne nunoia B gansuelt some. s onucanusa HajydyeHHs AMNONA
MOXHO BOCIOJIB30BaThCH obumMu dpopmynamu (116.45), (146.47). Onrako 3mecs Mu
xoTesn BBl IPONEMOHCTPUPOBATD MHOM MOMXOM, OCHOBAHHBIH Ha TOM, YTO B ONTHKE
MOXHO HAJIOXMTL CHIbHbIE OTPAHNYEHIA Ha TAKHME IAPAMETPH! KaK pasMep AUNoas
(a), anuna BosHLI W3saydenus (A), PACCTOAHHE OT AMIOJLA JO TOYKY HabMIONeHuA
nons (r). A UMeHHO,

aKALT. (116.48)

B camom Aene, 101ara a = 10~8 cm (xapakTepHsiit pasmep aTOMa HJIH MOJIEKYJIBL),
A ~ 10~* cM (aymBa cBeroBoO#t BOmEBI), T = 1 cM, BumUM, 4To yciaosaa (J16.48)
XOPOUIO BHIOOITHAIOTCA.

Ycnopus (116 48) MO3BOJIAIOT MOCTPOMTDH IIPOCTHIE MPUOMMIKEHHBIE BRIPAXKEHHA
mna nonelt E u H, omaceisaoniie qunonbHOe H3/yYeHne B BAKYYME B TaK Ha3hiBa-
emolt daavned (mm 804H06011) 30Me. DTU BRIDAXKEHUSA KMEIOT BUI

B t) = [n, [n Bt - r/c)”

—

A = --0-21— (2.5 -r/0)].,

roe § — OUIOJILHBIR MOMEHT, i = F/r — emurMYHbIH BeKTOp, HanpasJieHHbI# OT
JHIOAA B TOUKy Habmiopgenus noyia (puc. J16.2).

(16.49)
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Puc. [6.2. CrpykTypa AHNOILHONO M3J/Iy4YeHHMA B BOJTHOBOH 30HE

OcranosuMcs Ha BbiBoge dopmys ([16.49). Bynem ncxonuts us obumx Gopmy
(16.16), (116.17) nna noreHunasnos noys. Ilonp3ysace TeM, 94T0 paCCTOAHHE N0 TOMKH
HabIONEHNSA TIOJ1A 3HAYUTEIBHO TIPEBbIIIaeT pasMep Ounons, B popmysax (16.16),
(116.17) MOXHO NOJOXUTb

7= 7| = r - " (116.50)
(puc. [16.3). Moncrasnas (J6.50) 8 (116.16), (16.17), nosyqum
N - ro Aar'\ 5,
go(r,t)-—r/p(r,t c+ - ) ar', (16.51)
- _ 1 > { - T T-):'I_"l 3 1
A(T,t)—CT/] (T,t C+—C_>dr' (ﬂ652)

ECJIH, KpOM€ TOro, pacCTOsHHAE 10 TOYKHN Haﬁmonem»m SHAYHMTEJIbHO IIpeBbiUIaeT
JAJINHY BOJIHbI U3JIy4Y€HHA, T. €. T > )\, TO NOJIE N3/IYy4YE€HNA B MaJIbiX Y4YacCTKaX npo-
CTPaHCTBa MOXHO PAcCMaTPUBATh KaK NAOCKYI 60AHY. B miockott sosnne BEKTODbI

E u H cpasans Mexay coboli cooTHOmeRneM
B=- [ﬁ ﬁ] (116.53)
(cM. dopmyay (2.37)). Kpome Toro, Moxso sanmcarhb

E=¢&f(t-nr/c), H=hf(t—a/c),

Puc. [16.3. X pacuery uanyyeHHsA TUNONA
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MIOHMMAA TION, 71 €AMHUYHBIN BEKTOD HANPABJIEHHA HA HEKOTOPYIO (PMKCHPOBAHHYIO
Touky P, a mos ¥ — paauyc-BeKTOp HekoTopo# Gnuskol k P Touku. CooTHOmeHue
(J16.6) mo3BOJISET NPEONOJIOXKMUTH, YTO BEKTODHBI# MOTEHIIMAJI TaXXK€ MMEET BHL
IJIOCKOY BONHBIL:

A = GF(t - i7/c).

IMonb3ysck 310# dopMysiolh, HETPYAHO MOKA3aTh, ITO

— - 11, =
H=roth=—= [n, A] , (116.54)
roe A= dA/dt.

®opmysst (116.53), (16.54) NOKA3bIBAIOT, YTO MUIA TOMHOTO OMMCAHHAA HONA U3-
JIy4eHUs B BOJIHOBOH 30HE JOCTATOYHO BBHIYMCIIUTbH TOJIBKO BEKTOPHBIiH IOTEHLMAT
A. Ilocne sToro nonsa E u H moryT GbITL BHIYMCIIEHBI 110 (DOPMYJIaM

TR TR E= % [fi, [fi, A‘]] ® H= —-i— [ﬁ, /-f] . - (16.55)

JHonyctum Teneps, YTO pa3Mep CHCTEMBI 3apAI0B 3HAYHTE/ILHO MEHBINE INJINHBI
BOJIHB! H3IIy4eHHUA, T. €. & <K A. B aT0oM ciiyuae Boipaxenue (I16.52) s BekTopHOro
HOTEHLKAJIa nprobpeTaer BUA,

A7) = clr / 36t =)o) dr. (116.56)

KonkpeTn3upyeM 3TO BhIpaiK€HHE, MOJaras, YTO CUCTEMa, 3aApPAA0B NPEACTABIIAET
coboit asreMeHTapHBIY 916K TpHYecKu# unosib. 1A mpoCTOTH OOUH U3 32PANOB OU-
nons (HaIpUMep, OTPHLATENLHBIH) OyeM CYMTATL HENOOBMIKHBIM ¥ COBMECTHM C
ITHM 3apAJOM HAYaJIo cucTeMbl KoopauHat {puc. J16.3). Torna MoXHO HANMCATH

j=p, P=qf0, T=d/dt, - (T16.57)

roe ¢ U § — 3apAA ¥ OUNOJBHBIM MOMEHT OMIONA, 7o W U — DPANUYC-BEKTOP M
CKOPOCTb IIOABMKHOTO 3apana. M3 (J16.56) u (6.57) cnenyer, yto

\ A8 = —-qv(t —rje) = lﬁ(t —r/e). (116.58)

Hakouen, moncrasnas (116.58) B (106.55), nonygum uckombie ¢popmyiist (116.49).

Il'apmMoumyecknlt ocuunnarop. Paccmorpum yacTHbil cityyait, Koraa ou-
MOJIbHBIA MOMEHT, COXPaHAA NOCTOAHHYIO OPUEHTAUMIO B IPOCTPAHCTBE, MEHAETCA
BO BPEMEHH II0 TAPMOHUYECKOMY 33KOHY:

p(t) = po coswt. (16.59)

BerunciuM guarpaMMy HaIlpaBJIEHHOCTH M IMOJIHYIO MOIIHOCTD nanyqemm OCLIMIILA-
TOpa.

BeenmeMm cucTreMy KOOPIHHAT, COBMECTHB €€ HAYaJIO C HEMOABMXKHBIM 33PANOM
¥ HaNpaBUB OChb Z BIOJb HamlpasjieHMA kojeGanu# mmmonsa. Ilycrs 7 — paguyc-
BEKTOpD TOYKH HabmoneHus nous &g, Jo, 2o, — OPTH JEKAPTOBOH CHCTEMBI KOOPIH-
HaT, fi = 7'/T — eNUHWYHLIA BEKTOD HAIPABJICHUA HA TOYKY Habmonenus; r, 8, p —
cdepuyeckue KOOpAMHATH TOYKY Habmomenus (puc. [16.4). Torma
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b 1]

Puc. [i6.4. CucremMa KoOpOyMHAT OJIA PACYETa XaPAKTEPUCTAK H3JIydYeHHA

ﬁO = 50?0, Po= ‘IA, (,11660)
roe q — 3apam, A — aMIuITyaa Konebanuit qUIosis.
TMoacraeans ([16.59) B (J16.49), nosyuum creayomue BhIpaXXeRus njsa noyeit £

u H » BonHOBOM 30HE:

2
_

B=- [ﬁ, H’] , A= f“r— [ﬁ ﬁo] cos(wt — kr), (116.61)

rme k = w/c — BosHOBOe 4HCJIO CBETOBOH BOJHBI. MHTeHcuBHOCTL I M monHas
MOIIHOCTh P H3yueHuA BbIPAKAIOTCA POpMyJIaMK

w

2w
1= L@, P / dy / It sin 6 db; (116.62)
0 0

yri0BbIe CKOOKH 0003HaYAIOT yCcpenHenye no nepuony kosebanutt. Ilonbsyace dop-
mysnamu ([16.60)-(16.62), nonyuaem

2 4274 2 4214
_ gt A%t , _ cq®A%k
I= ~gopz Sin 0, P= T (116.63)

JuarpaMma HaNpaBIEHHOCTH M3JIyYEHHA OCUMILIATOPA IOKasaHa Ha puc. [16.5.

Nanyuenne poraropa. PoraTopom«HasniBaercs xectkuil spamaiomuics ou-
noJIb. BHIYUCINM OCHOBHBIE XapPaKTEPUCTUKY M3AYUEHUA POTATOPA: HOJHYIO MOMI-
HOCTb, AUArPAMMY HANPABJIEHHOCTH, COCTOAHME NOJAApU3auuu. B OCHOBY pacyera
OJIOXUM GOPMYJIBI IS U3y YEeHUR OCHHMIIIATOPA, IOCKOJABKY POTATOP MOXHOC pac-
CMATPUBATH KaK CYNEePHO3NUMIO NBYX JUHEHHLIX MUOONeH, KOJeBIomuxXca BO B3a-
UMHO TEPIEHINKY/IAPHBIX HAPABICHUAX CO CABUTOM 10 hase, PABHBIM /2.

BeeneM cucreMy KOODOMHAT, NOKAa3aHHYI0 Ha puc. 6.4, coOBMeCTHB IJIOCKOCTH
T,y C IIOCKOCTHIO BPalleHu A poTaTopa. Toraa guiosHbI MOMEHT POTATOPA MOXKHO
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Puc. [06.5. narpaMma HANpPaBIEHHOCTM HM3JIyYE€HUA OCLMILIATOPA

3anucarb B BHIOE

7 = Zopz + Yopy, (116.64)

rne

Pz =pocoswt, Py =posinwt, po =g, (116.65)

q — sapsi, A — pamMyc, w — 49aCcTOTa BPAMEHUA POTATOPA. -
Honcrapnss (116.64), (116.65) B (06.49), nonyuum

B=- [fi ﬁ] , H= ’“72 [ﬁ, Bt - 'r/c)] . (16.66)

Teneps o popmynam ([16.62), (116.64)—(116.66) naxomum

2 424
_ A% 2 _2 9,42
I= - (14 cos?8), P-3chA.

HmarpaMma HAIPABJIEHHOCTH M3JIYYEHHA POTATOpa MOKa3aHa Ha puc. 6.6.
PaccMoTprM Teneps NOJAPU3ALUIO H3/lyYeHnsa potaropa. Kak sunno us dopmy-
siet {[16.66), B BOSTHOBOM 30HE NONAPU3AUMA U3JIYYEHHA ONPEHEIAETCH BEKTOPOM

a=[g. e (116.67)

Baemem cucTeMy KOODOMHAT Ha NJIOCKOCTH (GpOHTaA BOJHEL. B Kavecrse oceft Koop-
AMHAT YOOOHO BBIOPATh OCH T1, T3, ONpEIEIAEMbie OpTaMHE

& = [ﬁ, zo] /sind, &= [ﬁ, al] - (116.68)
Kax sumto u3 ([16.68), onsa U3 oceit KOOpAKHAT JIEXKAT B IJIOCKOCTH, 3343aBaeMOR

BEKTOpaM¥ i ¥ 7, & ApyrasA — NepneHauKyaapHa sTolt nnockoctr. Ilpoexnun sek-
TOpa NMOJIAPM3ALUMK 4 HA OCH T, To BhIpaXxalorca GopMynamu

a) = Eié’l, Az = 562 (,H,669)

TTonbsysace popmynamu ([16.64), (16.65), ([16.67)-(16.69), momyuum
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Puc. [16.6. [InarpaMma HaIpasieHHOCTH M3JIy9ME€HHA POTATODA

a; = —(nzpy + nypy)n,/sind,
a = (nypm - nmpy)/Sin 0,

(116.70)

e Ng, Ny, N; — NEKAPTOBBI KOMIIOHEHTHI BeKTOpa 7i. [Ipn BriBoze (116.70) y4reno,
910

ni+n§+n§=1.

Tloncrasnsasa (J6.65) B ([16.70) u BHIIONHAA HECJIOKHBIE IPeOGPA3OBAHKA, HAXOIUM

a1 = bn, cos(wt — ), ay = bsin{wt — ¢}, (06.71)
rae napameTps b 1 ¢ onpenensorca GopMyIaMu
b= —qA, cosy =ng/sinf, siny =n,/sinf (16.72)
® yuTeno, uto n? + n2 = sin’ 6. FU

®opmyant ([16.71) nokasbIBaloT, YTO H3JIyYEHME DOTATOPA MMEET JJLIMITHYe-
ckyio nosisapm3anuio. OcH 9JUIHMIICA MOJIADUIALMH IOBEPHYTH OTHOCHTEILHO BEK-
TOpOB €1 M €2 Ha Yroj v, onpenenseMsit ¢opmynamu (16.72). OrHomenue oceit
BJLINNCS PABHO N, = cosf. B yactHOCTH, B Hanpasnenun § = 0 poTarop Maayyaer
CBeT C Kpyroso# nonspmianmeii.

Hsnyuyenne xBanpynous. Keadpynosem HA3LIBAETCA Iapa OJIM3KO pacIono-
XKeHHbIX aunosieft, konebmomuxca B nporuBodase. JuAnonbHbIH MOMEHT KBAIPYIIO-
JiA TOXAECTBEHHO PaBEH HYJIIO, I03TOMY JMIOJIbHOE U3JIyuyeHHe OoTcyrcrByeT. Ecim
e NPUHATH BO BHUMAaHME KOHEYHBIH pa3Mep KBAIPYIOJIA H YTOYHUTh Pacyer, TO
OKA3BIBAETCH, YTO SJIEKTPOMATHUTHBIE BOJIHBI, M3JIy4YaeMble OTHEILHBIMM JUIIOJIA-
MH, IPUXOAAT B JAJBHIOK 30HY CO CJIErKa Pa3jIMdyHbBIMH 33JePXKKaMH, a IIOTOMY He
MOJIHOCTBIO TAaCAT OPYT Opyra. BosHukalomee npu 3ToM ciiaboe 0CTATOUHOE U3ITyde-
HUE HA3BIBALTCSA KBGOIDPYNONLHDLM USAYNEHUEM.

BoiuncsuMm cHavana KBAOPYNOILHOE M3JIyYeHHWE, CO3HABAEMOE BJIEMEHTAPHBIM
BNEKTPUIECKUM 3apAI0oM. IlycTs TOueunblt anekTpudeckuii 3apan ¢ ABHIKETCA IO
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3aKOHY o = To(t). Bemem paamyc-BeKTOp 7 TOYKM HAOJIIONEHHA MOJA, & TAKXKe
BEKTOP

R(t) = 7 —7o(t), (116.73)

coenuuAomui 3apan ¢ Toukol nabmonenusn (puc. [16.1).
Ilone uanyd4enns B Touke HaOMOOEHUA P B MOMEHT BPEMEHH { ONpPENESISAeTCA
COCTOAHMEM JBVIKEHUA 3aPAN3 B NpemmecTByomull MOMeHT Bpement t' Taxoit, 4To

St et — t') = R(t), (16.74)
rae R — paccrosHue OT 3apAna 0 TOYKH HAO/IIOOEHHA, T. €.
R(t") = ]z = 2o(t)]? + [y — 9o(t) + [z — 20(t)]2. ([16.75)

®opmyust ([16.74), ([16.75) onpenensaoT HeABHYIO GYHKLUHMIO
t' =t'(Ft). (116.76)

Hpe,nnonoxmm, YTO CKOPOCTDh ABUXKEHUA 3apAlla MHOI'O MEHbIIIE CKODOCTH CBETA:

v<Le. (116.77)

W3 obmeit dopmynnt (J16.47) nna nons ¥3ny4eHda TOYSIHOTO 3aPANS, CHENYET, 9TO0
B 3TOM CJIy4a€ HAIPAKEHHOCTDb 3JIEKTPUIECKOro 1oJiA B Touke P ecThb

B t) = qu- [—m—[m%(-:—;(t)ﬂ (116.78)
3necn

m = R/R, (116.79)

Touka Han GykBo# ob6o3Hadaer mudgepeHuupopanue GQYHKUMH 1O €€ apryMeHTy.
®opmyna ([16.78) onucelBaeT NEpeMEeHHYI0 KOMIOHEHTY TOJIA TOYEYHOrO 3apAJa Ha,
IPOA3BOJIBHOM PACCTOAHUH OT HEro.

Ecsiu pasmep o6nacTy JBMXKEHNSA 3aPANa 3HAYHTEJIHO MEHbIIe PACCTOAHUA J0
TOYKH HAO/IIOIEHHUA, T. €.

ro € 1, ' (116.80)

10 B opmyute ([16.78) MOKHO 3aMeHUTH nepemMeHHbIH BexTOD 1M = 17 (t') Ha mocTo-
AHHBIL BEKTOpP

, il = 7/r. : (16.81)
IIpu sTom (I16.78) mpuobperaer U
_ 7, |7, Fo(t')
B t) = C%L-[F:)——”- (116.82)

Teneppb HyXHO KOHKPETH3UPOBaTh BUA 3aBucumMoctH ([16.76). Onuako, kak BuA-
Ho u3 dopmyn ([16.74), (I6.75), caenats 310 B 06meM Cliydae He NPENCTABIACTCA
Bo3moxHubIM. [TosToMy Bocnonbayemcst ycnosueM (116.80), koTopoe 06bIaHO XOpO-
IO BHIUIOJIHAETCA B ONTHKE, H IONMBITAEMCA NOJIYyYUTh NPUGIMKEHHOE BHIPAIKEHHE,
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NPUrONHOe NIJ1A ONUCAHHUSA TI0JIA E (7, t) na moctaTovno 6ONLITNX PACCTORHUAX OT 3a-
pana. Kax suano n3 puc. 16.1, npu ycnosun (J16.80) nnia senmyunst R(t') MoxnO
3anmcaTh NpuOIMXKeHHYI0 POpMYJTy

R(t') = r — ifo(t'). (16.83)
Moncrasnan ([6.83) B (116.74), nonyunm

=t % % o (). (116.84)
Hanee MOXHO HAIIKCATH
() = [t Iy gfﬁ(t’)] N
w-Delmofl-Yl
wh(t-2) + h(t-7) [t~ 7))
WM, KOpoue,
Fot) = 7o+ <(%, o), (m6.36)

7€ BeJIMYMHBI fg ¥ 7p B IIPABOR YACTH OTHOCATCA K MOMEHTY BpeMeHu t — r/c.
IIpeoGpasyem Bripaxenne (11, 7)o, Bxonamee s ([16.86), cnenyromum o6pasom:

1d

- =\ = 1 -\ = 1 - 3\ =
(7L, 7)o = 5 {(, 7o)fo} + 5 (7, 7o)fo — 2 (% 70)fo =
_1d L 31 o
= s (@R} + 5 [[r 7o) 1] - (116.87)
Noncrasus ([16.87) B (116.86), nonyunm
1. 11 '
- A1 il 3 2 -
Fo(t) = fo+ i+ o [.4], (116.88)
rie BBEIEHBI BeKTOPAI
a= (ﬁa FO)F07 B= [FOa"-:‘O] . (Il689)
W3 (116.88) cnenyer, 9o
EXPINE- NS - N
Fo(t') = fo+ 5 @ +5- [b, n] (116.90)
Iloncrasnas reneps ([16.90) 5 (16.82), Haxomum
= _ i N - l - AN l - =
EFt) = o {[n, [n, ro]] + %0 [n, [n, a“ + % [n, b] } (06.91)

3nech y4TEHO, YUTO
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. o)) = 8.

B snamenareste poipaxkenus (J16.91) mer npeneGpersiu orimauem R ot r. Beemem
BEKTODBI

-

D= (a_ "rg/B)q = {(ﬁ1F0)F0 - ﬁrg/g} q,

L L . (116.92)
P = g0, M =gb/2c= 2% [ﬁ),Fo] .

Torna dopmyny ([16.91) MOXKHO MPENCTABUTHL B BHAE

Bt = 22!? {[ﬁ [7.5]] + 2ic [ﬁ, [ﬁ, ﬁ]] + [, M] } . (116.93)

®opmysa ([16.93) maer uckomoe npubiiMKEHHOE BHIDAXKEHHE IJIA IIOJIA W3JTyYeHUA
To4e4HOro 3apaga. Popmyna npumenuma npu ycaosun (J16.80). B uelt ucnosnpsosa-
Hbl 0603HAYEHHA:

F=qfo, D={(@f)o-ar2/3}q M= [ro,ro] (116.94)

Ilie ¢ — BeJIMYMHA 3aPANA, 7o — PAIMYC BEKTOP 3apANa, fy — ero ckopocTb. TouKa
Hax OyxBolt 0603Hauaer nuddeperunpoBanne Mo BpeMeHH. Bee nepeMenHbie BeJIU-
4uHbI B paBoit yacTu ¢popmynsr (116.93) GepyTcsa B MOMEHT Bpemenn ¢t — r/c.
,

~ Kax Bunso u3 ([16.94), BekTops! pu M XxapaKkTepusyioT ABUKYMUHCA TOYeTHbIH
3apAI KaK TakoBofi. BeKTop § HaskiBaeTCs Junosvhom momenmom, a sextop M —
MAZHUMHBIM MOMENTIOM 33DANA. AHAIOTMYHbBIE BEKTODHI IJIA CHCTEMbl 3apANOB
ONpeesTAIOTCA MyTeM CYMMHPOBAHNA 110 BCeM 3apanaM. Ito xe xacaercs BeKTOpa
D TO OH, Kax BugHO u3 (16.94), 3aBUCHT HE TONBKO OT IBUKEHUA 3apAJa, HO U
OT BIBOPA TOYKM HAGIIONEHNA NOMA. 3aBUCMOCTh D OT KOOPAMHAT 3apAIa MOXKHO
BBIJE/IATh B ABHOM BHIE, €CJIH BBECTH MEHI0P KEATPYNOALHOZ0 MOMEHNG

Dop = q(ToaTop — 0apry/3). (116.95)
3’1‘0 IIO3BOJIAET 3aIINCAaTh KOMIIOHEHTHI BEKTOpa ﬁ B BUIe
Do = ZD ang = Dagng. | (116.96)

& e

B dopmynax (116.95), ([16.96) senuunnnt g, Da, ng 0603HAYAIOT COOTBETCTBEHHO

= -
JeKapTOBbI KOMIIOHEHTHI BEKTOPOB 7y, D), i; 0,3 — cumBon Kponexepa.
Beimumem nostHoCThIO MaTpuuy D:

x5 —18/3 ZoYo Zo20
D=gq oo ¥ -713/3 Yoz : (116.97)
20%o ZoYo 22 -r¢/3

Kax Buaso u3 ([16.97), cyMMa OMaroHa/IbHBIX 3JIEMEHTOB MATPHILI D PpasHa Hy-

no. VIMeHHo mis 3TOro B BbIpaXeHHe (116.92), onpenenstomee Bektop D, BBEIEHO
CJIaTaeMoe, PONIOPIHMOHAIILHOE 1.
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KOMIOHEHTHI W3Iy4YeHNs, OIIACHIBAEMBIE OTOEILHEIMY CJaraeMbIMU B pOpMYyJte
([16.93), HA3BIBAIOTCA JUNOALHBIM, KEGIPYNOALHBM U MAZHUMOGUNOALHBIM H3TTY de-
HUAMH.

FapMoHuvyecku# ocumansatTop. PaccMOTpUM B KadyeCTBe MpUMEpa U3JIy-
YeHue rapMOHMYECKOr0 OCHMJIIATOPA, T. €. TOYEHHOTO 3apsAlla, ABHXKYILErOCA MO
3aKOHY

7o(t) = ZpA coswt. (116.98)

3aech Zp — eOuHUYHBI} BEKTOD, HANPABJIEHHBI# BAOIb OCH 2, A ¥ W — aMIIXTYA
u dacToTa Kosnebanuii. ITonbsysace ¢popmynamu (116.98), (16.89), ([16.91), nerpynro
NOKa3aTh, YTO B 3TOM CJIydae 2

gk?A

Bt = [, [, 2] ] {- cos(uwt - kr) + 2k A(7, ) sin 2(wt — kr)}, (116.99)

rae k = w/c. B npenene kA — 0, KoTOpbI COOTBETCTBYET OCUMJLIATOPY HCUE3AIOMIE
MaJIoro paimepa, us ([16.99) mosyuaem

B t) = - qk:A [ﬁ, [ﬁ, zo]] cos(uwt — kr), (116.100)

YTO COBIIAIAET C BhIpaXKEHHUEM IJIA MOJIA (IL6.61), NOJIy4EHHBIM BbIIE B JUNOJIbHOM
npubmmxkennu. U3 (116.99) cnenyer, 4To npu yCJIOBHK

kA< 1, (116.101)

03HAYAIOMIEM, YTO Pa3sMep OCHWLIATOPA MHOTO MEHbBIIE [JIMHbLI CBETOBOM BOJIHBL,
KBapYNOJIbHOE N3My4YeHHe OCHIIJIATOPA 3HAYUTENIBHO ciiabee ero JUIOJIBHOIO U3-
Jtyuenus. JIpyrofl BEIBOL COCTOMT B TOM, YTO YACTOTA KBAIPYIIOJLHOTO H3JLyYEHHA
OCHWUIATOPA He COBIAJAeT C 4YacToToil ero kosiebauuit, a BIBOE NpEBLINIAET ee.
Huade roBopsA, KBagpPYNOJILHOE U3JIyYEHHE OCILIATOPA, MPOMCXOOUT Ha 9aCTOTE
emopott 2apmoruxu. Pusuuecku 9TO CBA3AHO C TEM, YTO 3ANA3NbIBAHUE TOJIA, IPH-
XOIAIIErO B JAHHYIO TOYKY TMPOCTPAHCTBA, U3MEHAETCHA B TEYEHUE IIepuoaa KoJie-
Oanuit ocuuniiaTopa. Msnyyenne ocuwisaTopa, ClIeI0OBATELHO, €CTh BOJHA, (da3a
KoTOopo# MonysiupoBaHa BO BpeMenu. Hanuuue ke ¢a30Boit MONYNAUUHN MPUBOIUT
K TOMY, 9TO YaCTOTa KBAJAPYIIOJbHOIO M3JIYYEHHA HE COBMAJAET C YACTOTOMH KOJie-
f6anuil caMoro OCHWJLIATOPA.
Jpyras CHTyalna AMeeT MEeCTQ, eCJIH

7o(t) = Zo(Ao + Acoswt),

rae Ag > A. B aTom ciiydae Bmecro ([16.99) nosnyunm:

E@#t) =

2

gkA [ﬁ’, [ﬁ,z ]] {~ cos(wt — kr) + kAo(R, %) sin(wt — kr)}

T. €. KBaJIPYNOJIbHOE U3JIy4eHHE IPONCXOAMT HA YACTOTE OCHOBHOH rapMOHMKH.
Ksangpynouas. Beriucaum nmose usiydeHHA JHHEHHOro CHMMETPHYHOTO KBa-

ApynoJisi, 06pa3sOBAHHOTO HEMOABUXKHBIM LEHTPAJIbHBIM 3apANOM BEJMYHHBI —2¢

M OBYMA 3apANAMH BEJUYHHBI ¢ KAaXIblH, OCUMJUIMDYIOWMMH B IPOTHBOQAa3e

(puc. 16.7). Pagnyc-BeKTOPbI OBHXKYIIUXCA 3aPANOB 3alMIIEM B BUIE

fi(t) = DAcoswt,  7(t) = —Fi(t). (116.102)
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“2¢ O

q

Puc. 16.7. Ksanpynoms

B CHJTy NPHHIHUNG CYNIEPNIOIMIMN I10JI€ H3JIYYE€HUA MOXHO BBIYHCJIHTDH 11O d)opmy.ne

E(F,t) = Ei(7,t) + Ea(7 1), (116.103)

rae E\(F,t) u Ey(F,t) — nonsa, cosnaBaeMble OTIETLHBIMA HBUXYIIAMHACH 33pf-
namu. IlepBoe M3 HMX, OYEBHOHO, COBIAJAET C IOJIEM, OMMCHLIBAEMbIM (OpMyJOh
(116.99), a BTOpOE — NOJIY4YaeTCA U3 UNEPBOrO 3aMeHOR Zp HA —Zp. Taxum obpasom,
NOJTHOE [0JIE M3JIYy4YEeHUA eCThb

. 3 42
BRt) = 4‘1’°TA [ﬁ, [ﬁ, zo]] (R, %) sin 2(wt — kr). (116.104)

Ecyn xe Bmecto (J16.102) ucrionb3osars GpopMyJist

71(t) = Zo(Ao + Acoswt), T2 (t) = —F1(t),
roe Ag > A, 10 ’

3
E(F, t) _ 2qk AAQ [

=20 4, [ﬁ, zo]] (7, Zo) sin(wt — kr).

HeTpynHO BBIMMCJINTD WHTEHCHBHOCTD ¥ TIOJIHYI0 MOIIHOCTD U3JIy4enus. Mcnosnsaya
([d6.104), ([16.62), nomygaem

21.6 A4
I= Zcq—';i sin? @ cos 6, (116.105)
Tr
]‘6 216 44
P = kAL, (116.106)

3necs § — yron MexXOy BEKTOpamwu 7t B Zy. [uarpaMma HaNpaBEHHOCTH W3y YEHHAA
KBaJpynojis nmoka3aHa Ha puc. [16.8.

DnexTpHYeECKOE MoJie 3apila, ABHXYHNIErocs OpsMoinHeiHO M paBHO-
mepHOo. PaccMOTpuM TO4edHbIH 3/IeK TpHyecKuit 3apA q, ABUXKYIIUHCA BOOJIb OCH Z
¢ nocrosasHo# ckopocThio v. Halinem cBA3b Mexny napaMerpaMu OBM>KEHUSA 3apAfa
H CO3NABAEMBIM MM 3JIEKTPUYECKHM TI0JIEM B OJUK U TNOM IHCE MOMENTT BPEMEHU.

Ilycre B MOMEHT BpeMeHH ¢ 3apsiji HAXOOMICA B Hadalle KOOPAMHAT, T. €. IMeeT

pamuyc-BexTop 7p(t) = 0, Kak nokasaHo Ha puc. 116.9. 1A OTHICKAHUA NOJIA E(F, 13)]

pocniosib3yemca dhopmysioit (16.47). Ilonaras E = 0, mony4um
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Pnc. 116.8. IuarpamMa HanpaBJ€HHOCTH M3JIyYE€HAA KBAIPYIOiA

= _ 3V(1 — A2
Eﬁn)=q{gz—£%%—ﬁl} :

(16.107)

3necs 8 = ¥fc, i = R/R, R = ¥ ~ 7p, % = 1 — B3, unnexc “sanasn” yKasbIBaeT
Ha TO, YTO BeJIMYXHA B CKOOkax Geperca B NMpenmecTBYIOMuE MOMEHT BpeMeHH &/

Tako#, 9TO

e(t —t') = R(t').

(116.108)

Ha puc. 6.9 nonoxennue 3apsaga 8B MOMEHT Bpemenn ¢’ u3obpaxerno touxolt O'. Ha

olpene/ieHus BpemeHu L' cienyer, 9410

00

v

t—-t' =

ol

Orcrona

0'0 = BR.

Hcnonws3ya obosnatennsa puc. [16.9, MOXHO 3aucaTh
mB=pcosa, 0'Q=0'0cosa, OQ=0'Osine,
b= Rsina=rsinf, OS = Rcosa — 0’0 =rcosb,

PQ=R-0'Q, (PQ)*=r’-(0Q)

W3 (106.110), ([16.111) cnenyer, 4T0

0'Q = Rmf, PQ = xR, cosa—f= %cosﬁ

(»R)? = r2(1 — B?sin® ).

(116.109)

(116.110)

(16.111)

(116.112)

(16.113)

Hocnenuas Gopmysia Buipaxaer Besmuuny #R depes napaMeTpsi OBUXKEHNUA 32PALA

p JaHHbI} MomeRT Bpemenn. Ilokaxem Teneps, 4TO



Jonoanenue 6. Srexmpodunamuxe USAYHEHUR 255

Puc. [16.9. K pacuery 3JIEKTPHIECKOTO NOJIA 3apAKa, ABUKYHIEroCH NpAMOIXHEHHO U pab-
HOMEPHO

| —5=%ﬁ (116.114)

BexTopHOE COOTHOIIEHNE (,I[6.114) 3KBHBAJICHTHO IBYM CKAJAPHBIM COOTHOIIEHUAM
r

my =By = "n, m. - B =pny, (116.115)

rHe ¢ HOMOINBIO 3HAKOB || H L 0603Ha4eHb! IPOEKIMK COOTBETCTBYIOMIMX BEKTOPOB
HA HAIIPABJICHHE BEKTODA ¥ U NepHeHIMKYIAPHOe eMy Hanpasjenue. Kaxk BugHo u3

ouc. 116.9,
ﬁ” = ﬂa :B_L = 07

my =cosa, my =sina, (6.116)
ny =cosf, ny =sind.
Coornomenwns ([16.115) nenocpegcraento caenyior us ([6.111), ([16.112), ([16.116).

Tem cambiM dopmyna ([16.114) noxasana.
oncrasnas ([16.113), (116.114) B (116.107), nosyuum

B4 (- ﬂz)
E(Ft) == 6.117
( ) 2 (1 ﬁz Sln 6)3/2 (H )
Dopmyna ([16.117) pemaer nocrasiienHyIo 3aaa4y. OHa BbIpakaeT HAIPAXKEHHOCTh

=1 g
31eKTpHYeckoro nona E(F,t) sapana, OBMXyeroca NpAMOJHAEHHO 1 PABHOMEPHO,
4epe3 XapaKTEPUCTHKU IBHXKEHHUA 3apAINa B TOT XKe MOMEHT BpeMeHH t.
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Jonosuaenue 7
DjIeMeHThI TEOPUHA BEPOATHOCTEH

Caynatinme cobwmus u eeposmuocmy. Cayuatinas sesuwuna. Juckpemmvie cay-
yaiinne eeaununst. Cmamucmusecxoe cpeduee u cpednee apudmemunecxoe. Pac-
npedesenue ITyaccona. Henpepmenvie cayatinnie seausunsn. Ilaomnocms sepoam-
nocmu. Pacnpedenenue Iaycca. Ilenmpasvrar npedeavras meopema. Jsymepras
naomuocmy eeposmuocmu. Ilpeobpasoeanue pacnpedesenutl seposmuocmu.

Hpﬂ OINMHCAHUHN H3JIY4YEHHA PEAJIbHbIX UCTOYHHUKOB CBETa MbI CTaJIKMBaeMCaA C
HeO6XOIHrIMOCTBIO OILIEHUTHb COBOKYIITHOE neﬁcmne OI'POMHOI'0 YHCJ1a 3JIEMEHTAPHBIX
H3JIydaresiell — aToMOB. AIEKBATHBIM MOAXOX K PEINEHUIO 9TOH 331a4) — HCIIOJIb30-
BaHue Teopuu BGpOﬂTHOCTeﬁ. Huxe KOPOTKO H3J1aralOTCcA OCHOBHBIC NOHATHA 9TOM
TeopuH, npuMeHsAeMbie B ontuxe Jlns Gosee riy6okoro 3SHaKOMCTBa ¢ 3Tol 1pobaie-
MaTHKOM pekoMeHIyeM KHury [1].

Cnyualiuble co6BHITHA B BepOATHOCTH. Cayuatinoim HA3BIBaETCA CODBITHE,
HCXO0H KOTOPOro 3apaHee HEM3BECTEH M KOTOPOe MOXeT ObITh IOBTOPEHO MHOTO Pa3
OpY HEM3MEHHBIX YCJIOBUAX. JaKOHOMEDPHOCTH, NPUCYLIME Ciay4altHBIM COOBITHAM,
MOTyYT GLITH YCTAHOBJIEHEI MMEHHO 6J1aromaps BO3MOKHOCTH HX MHOTOKPATHOTO HO-
BTOPEHHA, T. €. IPU HAJIAYUK CePuU UCNHManul win ancambas peaausayul cobul-
tusa. Hanpumep, nogbpaceiBasd MOHETY, Mbl HE MOXKEM 3apPaHEE NMPEACKA3aTh Kakasd
u3 ee cropon (“opesn” wim “pemka’) OKaXkeTCA IPH NMANCHAM BepXHeH B HaHHOM
KOHKPETHOM KCHBITAHUHM, OLHAKO IIOBTOPAS HCIbITAHIE MHOTOKPATHO, MOXKHO 3aMe-
THTb CMAMUCTMUNECKYI0 3GKOHOMEPHOCTS COCTOAMIYIO B TOM, YTO YUCJIO BHINAIAHAA
o6erx CTOPOH NMPHUMEPHO OAMHAKOBO.

Bepoamnocmbio city4atHOro cCoGbITHA HA3BIBAETCA IPEIEST OTHOIMEHU s THCJIa [10-
ABNIeHUY COOLITHA A B CEPHM HCIBITAHMY K [TOJHOMY 4YUCJIy UCHBITaHMIL:

n4
P(A) = lim —. 7.1
(4) = lim (7.1)
Iycts ecth nBa cnyvaltasrx cobeiTua. Torna eciin 9T COOBITHA HECOBMECTIUMDL, TO
BEPOATHOCTb HACTYIUIeHUA onmHoro u3 uux P(A + B) paBHa cymMme BepoaTHOCcTel
aTuX cobbrruit (“akCHOMa. CIOXKEHHA BEpOATHOCTER”):

P(A + B) = P(A) + P(B). (117.2)

Tak, npu 6pOCaHUN MOHETHI BEPOATHOCTH BHINAJEHMA “OpJia” miau “pemku” paBHa
equauue: P(A+ B) = 1/2+ 1/2 = 1. Ecnu ciay4yaliesie COBBITHA COGMECTRUMDE
(HanpuMep, BrinaaeHve “opsios” npu GPOCAHAM ABYX MOHET MJIY BHINAJECHUE YE€THBIX
4yuces npyu GPOCAHUE JBYX UrPaJIbHBIX KOCTEH), TO BEPOATHOCTHL HACTYIIJIEHNA 060NX
cobeituft P(AB) Takosa:

P(AB) = P(A)PA(B) = P(B)Pg(4), (7.3)

rae P4(B) — ycaoeras eeposmuocms cobimus B, T. e. BepoATHOCTH HacTyILIe-
HHUA coOblTHA B npm ycimosum, yro cobbitie A yxe npousomuio. Ecnu ciayvalinsle
coBbITHA Hezasucumbl (Hanpumep, 6pocanme AByX MOHET MJIM ABYX MIPAJIBHBIX KO-
creft), To

Pg(A) = P(A),  Pa(B) = P(B). (O7.4)
9 3ak. 350
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//
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Puc. [17.1. Cocyn c ra3oM, MOJIEXYJIbl KOTOPOTO COBEPLIAIOT 6eCopAIOYHOE TENJIOBOE ABH-
XKeHue

B aToM ciy4ae BepOATHOCTHL COBMECTHOTO HACTYILJIEHUA COObITHH paBHa Ipou3Bene-
HMIO UX BEDOATHOCTEl:

P(AB) = P(A)P(B) (117.5)

(“akcuoma ymHOXeHnsA BepoaTHocTeR” ). ®opmyast (J17.2) u ([17.5) He noKa3bIBAIOT-
€, a IPOBEPAIOTCA IKCNEPAMEHTANILHO (IIyTeM [POBENEHUA CEPHH CTATUCTHYECKUX
ucnpitaunit). I103TOMy ycTaHABIMBAEMBIE MMM COOTHOLIEHUS HA3BIBAIOT MHOTHA GX-
cuoMamu meopuu geposmuocmett. Uto xe xacaerca dopmysst (I17.3), To ee MOKHO
paccMaTpHBaTh KakK onpedeaenue yCJIOBHOH BEPOATHOCTH. :

Kak npuMeHuUTb BEpOATHOCTHBIE MPENCTABJIEHHMA K 3a7ade 00 H3JIyYeHHH aH-
cambnsa ocumnnaTopos? IloHaTue ciayvaitHoro cobeiTHA 3mech He coBceM ymoGHO,
XOTA MOXKHO TOBOPUTH O COOBITHH, COCTOAMIEM, HAIIPAMEpP, B TOM, YTO B HEKOTOPBIA
MOMEHT BPEMEHH HANpPMXEHHOCTb 3JIKTPHYECKOrO IMOJIA CBETOBOH BOJIHBEI B TOY-
ke HabIoNeHus PEBLICHT HEKOTOPYIO Hamepel 3aJaHHYI0 Bennuuny: E(tg) > Ag.
Onuaxo pns dusuku ynoOHee BBECTH NMOHATHE Cliy4aiiHol BenyuHEb.

- Cnyuaiinas seauynsa. [Iycts Mbl npoBOOMM CEpHIO HCTBITaHMH (ONBITOB) U
U3MepAeM HEKOTOPYIo (pu3nYecKyo Beau4uHy. HasoseMm 3Ty BeqMuuHy caywatinod,
ec/i ee 3HAYEHHE B KaXKIOM KOHKDETHOM ONBIT€ HENPEICKasyeMoO, a4 CaMH OIbI-
ThI JOMYCKAIOT MHOTOKPATHOE MOBTOPEHHE ITPH HEM3MEHHBIX ycaopusax. Ciryualtnott
BEJIMYUHOH ABJIACTCA, HANPUMED, cMemenne GPOYHOBCKOM YacTHIIbI 38 HEKOTODHIH
bUKCUPOBAHHBIA POMEXYTOK BPEMEHH. PasziinyaloT IMCKPeTHBIE U HEIIPEPhIBHBIE
caydaitaple BesMUYUHBL JJuckpemyotl HasbIBaeTCA CAyYaliHasd BETMYHHA, KOTOPAd
MOXeT NPUHAUMATH KOHEYHOe Wi BeCKOHEYHOe, HO cemmoe MHOXKECTBO 3HAYeHMUMH,
Bce 9T 3HaYEHHA MOXKHO NEDEHYMEPOBATB: T1,T3,.-.,Ty. Henpepuenoll HasbiBa-
ercA coyJaiiHas BEJIMYMHA, KOTOPaA MOXET NPUHMMATh GeCKOHEYHOe M HeCYeTHOe
MHOXECTBO 3HaYEHUH M3 HEKOTOPOrO MHTepBaJa (Hanpumep, 0 < z < 1).

Hduckpernsie ciuy4aliaple BeJM9IuHBI. PaccMoTpuM cocyn ¢ raszoM. YacTu-
1Bl rasa (ATOMBI MJIH MOJIEKYJIBI) COBEPINAIOT 6ECMOPANOYHOE TEIIOBOE IBHXKEHME
(prc. O7.1). Ilyctb 06bem cocyna pasex V, a nosiHoe 4ucio dactan N. Boimenum
MBICJIEHHO 4aCTh cocyna obbemoM v (puc. 17.2). IloctaBuM BONIpPOC: CKOJIBKO 4a-
ctun, n HaxomurcA B obObeme v? SIcHO, YTO 4YMCIIO 4YacTHi, B BBIOEJICHHOH dacTH
cocyna cayuatino. OHo MoxeT npunumars snadenusn 0 < n < N u MeHseTcs ¢ Tede-
HUEM BpeMeHM. BpIuC/IMM 8eposmHocme nonagaHus B o0beM v 3aHaHHOrO 4HCHa
YaCTHI N.
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Puc. [I7.2. K srBony pacnpenenenuit Bepuysumu u Ilyaccona

PaccmotpuM cHavasia ooHy MOJIeKysty. BepoATHOCTL ee nonafaHus B 4aCTh CO-
cyna o6reMOM U paBHa

puey p= 'v/V. (JI7.6)

®opmyna ([17.6) — axcuoma [UiA CIydas HEB3aUMOAEUCTBYIOMMX YACTHIL H OTCYT-
CTBUA BHelHNX CUTOBBIX noJiell. Jlannasn popMyna apnserca ncxonHo 1A pacuera
HHTEPEeCYIOMEro Hac pacnpeneneHus BepoatHocTelt. Boobine B craructayeckoit dpu-
3MKe HYXXHO 33JIaBaTh HCXOIHEIE BEPOATHOCTH, KOTODHIE OYEBHIHB] MJIH CJICHAYIOT U3
onbITa. IMEHHO TaK MBI IIOCTYIIaEM B JaHHOM CJIy4ae.

KakxoBa BepOATHOCTb HOM3JAHNA B BHIOEGJIEHHYIO YaCTh COCYJa 1 MOJIEKYJ Ta-
3a? YTobbI BHIYUC/INTD €€, MPEACTABEM ce0e, YTO Mbl KAKMM-TO 0Bpa3oM IIOMETHIIN
7 MoJsiekys rasa. Torma BepOATHOCTH TOrO, YTO BCE 3TH MOJIEKYJIB OOHOBPEMEHHO
OKaXyTCsA B YaCTH COCyna oObeMOM v paBHA

pn - (U/V)n. ST g BT (117_7)

®opmyna (I17.7) nosydeHa B UPENIONOXKEHNHA, YTO OTAEILHBIE MOJEKYJIHI HE3ABH-
cumbl. Torna BepOATHOCTE OCYyMECTBIEHNA CPA3y HECKOJIBKHUX CIIy4atiHbIX cOOBITHH]
paBHA IPOU3BENEHUIO HX BEPOATHOCTEN (AKCHOMa YMHOXKEHUA BepoaTHocTeit). Kpo-
M€ TOTO, HYXKHO, YT0O0bI OCTaJIbHble (HemoMedenHnie) N — 1 MOJIEKYJI HE NOHAJIH B
obbem v, T. e. ocTanuch Obl B yacTu cocyna obbemom V' — v. BepoarHocTs 3TOTO
cOOBITHA TIONCYHTHIBAETCA aHaJIOrH4IHO. OHa, paBHa

(V; )N =(1-pN" (17.8)

BepoATHOCTH TOTO, YTO MPOM3OHAYT 06a yKa3aHHBIX COOBITHA OOHOBPEMEHHO (BCe
[IOMeYEHHBIE MOJIEKYJIbI Ta3a cobepyTca B 06beMe v, a OCTAIbHBIE OCTAHYTCA 33 €ro
npenesiaMu) paBHA IIPOM3BeNeHnio BepoaTHocTel (7.7) u (I17.8):

p"1-p~ .

Teneprs y4TeM, 4TO TaKasd CUTYaHMsA MOXKET OCYIIECTBHTbCA MHOTMMH CrocobaMu,
a MMeHHO, 1ncjoM crnocobos CF, roe Cy — vucno couerann#t uz N no n. Mmen-
HO TAKHM THCJIOM croco60B MOXKHO BeIOparhs 1 Mosiekys w3 N. OmHaxo Bce Takme
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P N(ﬂ»)
0,2 -

l '_‘ S
5 6 17 9

0 1 2 3 4 8 0 n

Puc. [17.3. BrroMuansHoe pacnpeneyienue sepoAaTHocTd. Ilokasan npuMep pacrnpeneienus
Pn(n) mpu N =10, p=1/3

BO3MOXHOCTH B3aMMHO MCKJIIOYAIOT APYr Apyra. IloaToMy BepOATHOCTH TOro, YTO
npousoiiier KaKoe-TO OOHO M3 3TUX COObITHi, paBHA CyMMe HX BEPOATHOCTEMH:

Crp(1-p)N—"

(akcHOMa CI1OKeHUus BepOATHOCTEH). DTO M eCTh UCKOMAA BEPOATHOCTb NONAJAHHA
n 06BIX MOJIEKYJT B BBIJEJICHHYIO YacTbh COCyna 06beMoM v:

Pr(n) = CRp"(1 - p)V ™™ (07.9)

3meck BenmuuHA p onpenesaerca dopmynol ([17.6).

VI3 pacCMOTPEHHOTO IIPUMEPA BUOHO, YTO CHJIA M CMBIC/I TEOPHH BEpOATHOCTEH
3aKJIIOY3I0TCA B TOM, YTO OHa [MO3BOJIAET IO M3BECTHOH mpocToff BEPOATHOCTHM P
(v3BECTHOM M3 ONBITA UM OHEBHIHOH) HAXOIWTL BEPOATHOCTH 6oJiee CJIOXKHBIX CO-
OpiTuti.

Pacnpenesnenne BepoarHoctu ([17.9) HasbiBaeTCAd 6uHOMUGALHOM pacnpedese-
nuem uim pacnpedesenuem Bepryanu. Koadpdunnents: atoro pacnpenenenus Chy
onpenessaoTcsa GopMmysioi

. N(N-1)..(N-n+1 N
o =4 )n!( - )=n!(N—n)!' (47.10)

B 6uHOMHAJIBHOTO PaclpeesieHnsa NOKa3aH Ha, puc. [17.3.
Pacnpenesienue BEpOATHOCTH YIOBJIETBOPAET YCAOBUIO HOPMUDPOSKY

N
> Py(n)=1. : (m7.11)

n=0

Maremarndyecku ¢popmyaa ([17.11) suirekaer u3 ¢popmyast ([17.9) u dbopMynst 6u-
HoMa Hbiotona. C rouku spenns ¢pusukn cymma (I17.11) ecTh BEPOATHOCTH TOTO,
9To B 06beM v momajaer moboe uncio monekyn n or 0 mo N. Ilockoawsky Takoe
coGbITHE ABIAETCA JOCTOBEPHLIM, €I'0 BEPOATHOCTD PaBHA enuuune. B 9ToM cocTonT
(pusmuecKuit CMBICH YCIOBUA HOPMHPOBKH.
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Cpednee 3navenue crydaliHolt BesMunHbBI N Beruncigercs no dbopmyse

N
n=) nPy(n). (I7.12)

n=0

®opmyia {[17.12) umeer npocToit du3nIecKHH CMBICI: CPEHee CTATHCTHIECKOE 3Ha-
yeHUe CilydaliHolt BeJIMYMHBI PABHO €€ CpenHeMy apudpMeTH4eCKOMY 3HAYEHHIO B
cepuu MCHBLITAHAH. 3aMETUM, YTO HMEHHO CPEHME 3HAYCHHA CIy4aiHBIX BeJIMIUH
PEOCTABJIAIOT IEpBoOOYepenHoll rHTepec Iis pusnku. AHaIOTNIHEIM 00pa30M BbI-
YHCIAIOTCA 1 apyrue cpenune. HanpuMep, cpennee 3HaveHue KBagpara ciiydaiinolt
BEJIMYMHEI 7% PABHO

N
n? = (n?) =) n’Py(n) (117.13)

n=0

HT O. IToxaxxem Teneps, YTO CTaTUCTHUIECKOE CpeqHee HMeeT CMbBICII CpeHero apmb—
METHYECKOr0.

CrarucTr4eckoe cpenHee H cpenHee apudgMermueckoe. Ilycts ects ciy-
yaliHasA BeJIMYMHA £, KOTOPYIO Mbl M3MepHyn m pa3. [lonyynnu snadenus

V) pa3: 3HAYeHHe I,

Vo PA3 : 3HAYEHHE I3,

Vn PA3 ! 3HAYEHHE ZTy.

BeruncnuMm cpensee apudbMeTHYECKOe 3HAYEHHE BEJINIMHEL It

ey + v+ -+ vz
(z) = ——22 nin, (I7.14)
m
9710 BHIPAKEHHUE MOXKHO NMEPENUCATh CJELyomuM 06pasom:
[ %] 1] 1 4%
) =T1—+Ts—~+---+T,— 7.15
(x) e L et (O7.15)

rie BEJIHYHHA ¥;/m DaBHA OTHOIUEHMIO YUC/IA NOABNCHUN BEJIWYHHBL Ti K IOJTHOMY
uncny ucnbirannit. CnenosaTesnsHo, v;/m eCcTh geposmuocmy TOTO, 9TO Caydalinas
BEJIMYNHA I IPUHUMAET 3HadYeHue T = ;. Urax,

vi/m = P(z;), ecnu m — oo. (7.16)

IToaromy
(z) = 3 2iP(z:) =7, | (I7.17)

T. €. CpeIHee CTATUCTHYECKOE COBIAJAET CO cpegHuM apudmermyeckum. Tounee,
CpefHee CTATHCTHYECKOe 3HaHMeHHe CiydaliHOH# BeNWYMHBI €CTh NPENe CpenHe-
ro apud>MEeTHYECKOTO 3HAYEHYA NPHU HUUC/e UcHbITaHul, crpemamemcsa K Oecko-
HEYHOCTH.



262 Yacmo 1. Hzayvenue u zenepamopst ceema

Pacnupenenenne Ilyaccona. OquuM us paxselmunx pacnpenesieHull BEpOsTHO-
CTH, KOTOPOMY IOIYMHAOTCA MHOIME OUCKPETHLIE CilydaliHble BeJIMYUHbI, ABJIACTCS
pacnpedeaenue Ilyaccona

n
P(n) =e_°‘-c:7, o =T, n=0,12,.... (7.18)
Sro pacupeneienne MOXKeT ObITh NOTy4YeHO H3 pacnpenesenns Bepuymnu (17.9) B
NpeNeabHOM CIy4ae

N = oo, pK1, Np - xomeuno. (47.19)

IlomMumo cpenmero 3HadeHMs, BaxcHeltmell craTMcTHyeckol XapakTepHCTHKOR
mobolt ciydaditolt Besyuusbl ABNAeTCA Jucnepcus (“pasbpoc”). Iducmepcus onpe-
IenAeTcA Kak CpedHUil KBaJApaT OTKJIOHEHMA CIy4aliHOH BeM4HMHBI OT ee CpeIHero
3Havyenuda. Hanpumep, nia nuckpeTHOH citydailHolt BeTMIHHBI N

Dn = ((n —m)?) (O7.20)
wiu, nogpobHee,
N
Dn=3 (n-7)’Py(n). (107.21)
n=0

B cuny Toro, uro onepannA yCpemHeHHA auneling, OHA KOMMYyTHpYeT (T. €. gomyc-
KaeT NEepecTaHoOBKY MecTamu) ¢ oo apyroit suHelisol onepanumett (cioxenuem,
YMHOXEHHEM Ha KOHCTaHTy H T. 1.). [losTomy B ofmem ciayqae

Dn = <(n2 — 2n7 + ﬁz)> =n? - 72, (117.22)

Herpynso nokasars, 4T0 414 IIyaCCOHOBCKOH CITy4yaltHOH BeJIMYMHBI JHCNIEPCHS PaB-
Ha CpegHeMYy 3Ha4YEeHHIO

Dn =m. (Hd7.23)

9710 cBoiicTBo pacnpenenenus IlyaccoHa JoKa3pIBaeTCA nyTeM MPOCThIX Onepauuit
C YUCJIOBBIMU DALAMU.

HenpepsiBHbIe ciy4dalibie Benannsnl. [IycTh B HEKOTOPOM ONBITE H3MEDS-
€TCs HenpepbIBHAA (PU3MYeCKad BEIMYMHA £ — HANDUMEpP, aMIUIMTYda uiu dasa
kose6anuit. Ecnu npy MHOrOKpPaTHOM NOBTOPEHMH OIBITA B HEU3MEHHBIX yCIOBUAX
U3MEPEHHbIE 3HAYEHUA T He COBIAJAIOT OOHO C APYLHM, TO BEJIMYWHA I ABJIAETCA
cayvaiisoit.

IlycTs ecTb HenpephiBHaA CiiydaliHaA BEIMYMHA T, KOTOPAs MOXKET NPUHHUMATL
J106ble BEIECTBEHHbIE 3HAYEHU (HAPUMED, HAIPAXKEHHOCTD 3JIEK TPUIECKOTO TIOJIA
CBETOBO} BOJIHEI), T. €. —00 < T < 00. KOJM4eCcTBeHHOM XapakTepucTuko# Hemnpe-
pBbIBHOH cilyyalfHOU BeSTHYMHBI MOXKET CAYXUTh BEDOATHOCTbH MONANAHUA 3TOH Be-
JINYHHBI B HE6OIIBIIYI0 06,1aCTh 3HAYEHUH B OKPECTHOCTH 33aHHOH TOYKHM, CKaXeM,
BEPOATHOCTD MONAJAHMA T B UHTepBaI Z; < < 21 + dz (puc. [7.4). O6osnaaum
3TY BEPOATHOCTH

P(z; <z < 71 + dx).
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MLhddld L bl d)

xy zt+ dx x

Puc. [17.4. K onpenesieHRIO IMJIOTHOCTH BEPOATHOCTH

Kax onpenennTk 2Ty BEPOATHOCTH? ITO MOKHO CIENISTH SKCIEPUMEHTANILHO, 1IPO-
B[ CEPUIO MCHBITaHMHA (U3MepeHnH) ¥ BHIMUC/IRB BEPOATHOCTE HO (opMyJIe

P(z; <z <z +dz) = lim =, (117.24)
m—o0 M
Toe n — 9YUCJIO0 MCIbITaHuH, B KOTOPHIX H3MEPEHHOE 3HAYEHHE MONAJI0 B 33JaHHYIO
obnacte, m — nojHoe uucno ucnurranutt. Ecom npemen B (7.24) cywecTtsyer u
HE 3aBHCHT OT NPOUENYPHl UCIIBITAHUH, TO OH AT HCKOMYIO BEPOATHOCThL. BBemeM
Tenepp MOHATHE INIOTHOCTH BEPOATHOCTH.

IInoraocte Bepoarnoctu. Ecnu B dopmysne ([17.24) sribnpars nutepsan dz
JOCTATOYHO MAJIBIM, TO €CTECTBEHHO OXHIATh, YTO BEPOATHOCTb NONAJAHUA CIIY-
yakHOH BEJIMYMHBL B 3TOT MHTEPBaJ GyAeT NPONOpIUOHAIbHA €ro BeJIMdMHe, T. €,

P(z; £z < 71 +dz) = w(z)dx. . (17.25)

KoaddpuumerT nponopuuonanbHoCTy B 9T0M (POpMyJie MOXET 3aBHCETh OT BLIOODA,
TOYKH 1, B OKPECTHOCTM KOTOpDOH B3AT MHTEpBaJ HAOMIONEHHA, INOCKOJLKY pas-
Hble 3HAYEHNA &, BoobIe roBops He paBHOBepoATHLL. OyHKuMA w(T), OTpaxkaOmAs
CTaTUCTUYEeCKUe CBOMCTBA cnydyaliHON Be/MYUHBI T, HA3BIBACTCA NACTMHOCTILIO 6€-
posmuocmyu. OHa paBHa Npeneiy OTHOLIEHMA BEPOATHOCTH MOMaJaHuA CiIydaiuol
BEJINYHHBI B 33JaHHBI{ HHTEPBAJI K BEJIMIWHE 3TOT0 MHTEPBAJIA

. Plzy<z<m+Az
o) = fim, DS LS

. (117.26)

®opmyna ([7.26) asnsAerca onpenesieHueM MIOTHOCTH BepoaTHocTH. M3 onpenene-
HUA CJIEAYET, YTO ILUIOTHOCTH BEPOATHOCTH HEOTPHUATEIbHA

w(z) > 0. (O07.27)

Ecin dyukumsa w(z) M3BECTHA, TO MOXKHO BHIYHCIMTh BEPOATHOCTD MONAJIAHMA CIIY-
qaftno#t BesmumHbl T B M00yI0 Hamepesn 3aJasHyI0 06/1aCTH IO popmyIIe

b
Pla<z<b) = /w(a:) dz. (O7.28)

a

®opmyna ([17.28) mokasbiBaeTcs MyTeM MeJIeHUA OTpe3Ka [a, b] Ha 6ecKOHeYHO Ma-
JIble MHTEPBAJIbl H IPUMEHEHUA aKCUOMBL O CI0KEHKH BepoATHocTel. B sactHOCTH,
HHTErpaJl OT IJIOTHOCTH BEPOATHOCTH MO BCel 06Js1aCTH BOSMOMKHBIX 3HA4YEHud T
HMEeT CMBICJI BEPOATHOCTH TOTO, YTO BeJIMIHHA T TIPUMET KaKoe-Tub0 ORHO U3 BCEX
CBOMX BO3MOXHbBIX 3Hadenui. ITockonbky Takoe cobpiTHE ABJIAETCA JOCTOBEPHBIM,
ero BePOATHOCTb PaBHA ENUHMLE:
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w(x)

Bl o

0 x

Puc. [17.5. l'ayccoBo pacnpenesieHue BEpOATHOCTH

o0

/ w(z)dz = 1. ‘ (O7.29)

-0

®opwmysna (J17.29) HasbBaeTCA yeaosuem nopmuposxu. Jlioboe pacnpenenenue Be-
POATHOCTH JOJIKHO YIAOBJIETBOPATH 9TOMY YCJOBHIO.

3uan pacnpeneneHne IJIOTHOCTH BEPOATHOCTH, MOXKHO HAXOOMTH DPa3JIH4HbIE
cpenune. Hanpumep, cpennee sHayeHne caMoll ciy4daltnoit Beminesl

[s o]

7= / sw(z) dz | (117.30)

WY ee MUCIIePCHIO

Dz ={z 27 = / (@ - 2)*w(z) ds. (17.31)

Cpennee 3nauenne npomnssonsuolt byukuum f(x) ciyuyalinolt nepemennolt z Buram-
cisierca no ¢gopMyJte

(f(@) = / f(@)w(z) da. (117.32)

Pacnpenenenme I'aycca. 3axoH pacnpeneseHus MHOTMX CJIy4alHbIX dU3Age-
CKMX BEJIMYMH UMeeT BHI

- 2 : |
w(z) = \}2_” exp [—(—:’:—2—:70)—],, (O7.33)

rie ciaydafHas BeNMYMHA T MOXeT NPHHUMATH JIOGbIe BelleCTBEHHbIE 3HAYEHHA
—00 < = < 00, Tg ¥ 0 — NOCTOAHHBIE TIApaMeTprl. Pacnpenenenne BepOATHOCTH
([17.33) HasnIBAETCH TayCCOBBIM MM HOPMGAbHUWM. Bun sToro pacnpenenenus no-
KaszaH Ha puc. [17.5. Hetpynso nmokasarts, 4o
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=]

/ wig)dzs =1, (117.34)

o0

= / zw(z)dr = xo, ([7.35)
Dz = / (z - 7)*w(z) dz = o?. (17.36)

Takum 06pa3oM, IIOTHOCTD BepoaTHOcTH (I17.33) aBnsAerca Hopmuposanrolt. ITapa-
MeTpHI To 1 02 B dopmysie (I17.33) UMEIOT CMBICJI CPEIHEr0 3HAYEHNA H JUCIIEPCHH
rayccoBolt ciygaltwolt Benmuunn (puc. 17.5).

IlenTpansHasa npenebHaA TeopeMa. B Teopun BepoATHOCTEH 10KA3LIBACT-
cA CNeAyIomad TeopeMa, HOCAIIAA Ha3BaHHE YEHMPaavHoll npedeavnoltt meopemui
meopuu geposmuocmed: cyMMa GONBLIIOrO YUC/a HE3ABUCMMEIX CIydalHBIX Beu-
YHH UMEET rayCCOBO PAaCHpelesieHHe BEPOATHOCTH. 3aMETHMM, YTO MMEHHO B CHIIY
aTolt TeopeMb! HOJIBIIMHCTBO CIIy4alHBIX BEJIMYKH B PU3MKE ABJIAIOTCA TayCCOBBIMU
(HOpMaNbHBEIMA) CTyYafiHHIMY BETHYMHAM.

JByMepHadA INIOTHOCTh BEPOATHOCTH. EC/u eCTh ABe ciryualiHble BeJIMYMHBI
Z1 M T3, TO MOXKHO BBECTH JeymepHyro (COBMECTHYIO) IJIOTHOCTh BEPOATHOCTH

P& <z <& + Az € < z2 < & + Azxy)
A$1A22 )

(I07.37)

w = lim
(El 5 52) Azy—0
Aza2—0

STa PyHKIMA XapaKTEPHU3yeT BEPOATHOCTb TOTO, ITO CJIydHalHad BeJMYMHA Ty NO-
[aJJaeT B MaJiylo OKPECTHOCTb TOYKH 1, a BEJINYHHA T — B MAJIyl0 OKPECTHOCTH
Touku &2. M3 onpenenenns BEITEKAIOT CIELYIOUME CBOUCTBA IBYMEPHOH IIJIOTHOCTH
BEPOATHOCTH:

w(z1,22) 2 0, (O7.38)
by b
Pay <21 <bise2 <32 < bo) = /da:l /dx2 w(z,T2), (117.39)
al a2
e o BN o]
Y / / w(z1,T2)dzy dzy =1, ([17.40)
- . —00 —00
. o0 [o,~]
w(z) = / w(zy, T3) dz, w(zs) = / w(zy, z2) dz;y. (I7.41)
o e

Haxouen, eciu ciydalinbie BeIMYMHB Z1 U To HE3ABUCHMEI, TO

w(zy,z2) = w(z )w(zr2). (O7.42)
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Puc. 117.6. K BrBOgy hopMynnl npeobpa3opanus pacnpenesieHHA BEPOATHOCTH

IIpeo6pasoBanme pacnpexenennit Bepoarnoctu. IlycTs ects cayuaiinas
BeJIMYMHA T, UMEIOUaA paclpenesieEMe IUIOTHOCTH BepOATHOCTH w(T), M Apyras
cnygyaliHaA BeJIMYHHA ¥, CBA3AHHAA C BJIMYHHON T W3BECTHHIM (PYyHKIMOHAILHBIM
COOTHOIIEHNEM

y=y(z), z=z(y). (117.43)

Kaknm 6ynmer pacnpenmesnenue IUIOTHOCTH BEPOATHOCTH IJIA CJydalHOW Besrmdu-
Be! y? OTBer Ha TOT BOIPOC MOXKHO Aarb B 06meM sume. Hapucyem sasucumocts
y(z) (puc. [17.6). U3 pucyHka BROHO, YTO €C/IM BeJIMYMHA T TOHalaeT B obsacThb
[z, z + dz], To BenmumHa y nomamaer B obaacts [y, y + dy]. CnegosarensHo, BepoAT-
HOCTH 9THX CJIydYaHdHbIX cOBbITHH COBIAnaoT:

P@<z<z+dz)=P(y<y<y+dy).

Tenepb BEIPA3sNM TU BEPOATHOCTH 4epes GYHKUHH PACHPEIeseHHs IIJIOTHOCTH Be-
poaTHocTH BeauduH z U y. [lonyyuum

w(z)dz = w(y)dy,
OTKYJia

w@) = waw) 5L. (107.44)

Ananoru4esiM 06pa3soM MOXKHO HONY4UHTh GOPMYJTy mpeobpasoBaHusA ABYyMEpHOH
IUIOTHOCTH BEPOATHOCTH:

w(y,y2) = w(ml(y1,y2); xz(yl,yz)) %%1’%)2 (117.45)

Wrak, gna toro 4robul nmepefiTy Kk HOBOU nepemenHOH (mepemMeHHBIM) B pacrpe-
IEeJIeHUN BEPOATHOCTH, HYXKHO, BO-IIEPBHIX, COEJIATh 3aMEHy NepeMeHHOH B camoif
dbyHKIMKM pacnpenesyieHiA BEPOATHOCTH ¥, BO-BTOPHIX, YMHOXHUTh €€ Ha IPOM3BOJI-
Hy10 (AxoOuaH npeobpa3oBaHis) OT CTAPHIX NEPEMEHHBIX K HOBBIM. [lj1s TOTO YTOOBI
HOJIy4eHHAA TAKUM 00pa30M IVIOTHOCTH BEPOATHOCTH ObLi1a HEOTPULIATEILHOM’, IIPO-
M3BOOHYKO (AKOOMAH) CileoyeT B3ATH MO abCOMIOTHOM! BeudnsHe:

w(y) = w(z(y))

dz(y)
G l (117.46)

B ONHOMEPHOM CJIy4dae
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D((B],.'Ez)
D(y17y2)

B OByMepHoM ciayuae. HanoMmumM, 4ro Axo6umaHOM npeoGpa3’oBaHUsA HA3bIBAETCHA
ONpEeneINTelb, COCTABNEHHbI! U3 MPOU3BOAHBIX:

bz Om
D(z1,2) oy Oyz
Z2\,%2) i 7.48
D(yr,y2) | Ozz Oza (7 48)
oy Oya

IIpumepsb! MCIIONB30BAHUSA CTATUCTUYECKHX MOHATHN B ONTHKE JaHBI B JIeKUMH 6.

w(yL,y2) = w(-'b‘l (yl,yz);zz(yl,yz)) (1L7.47)
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HonoJsinenune 8
Teopus ciiydalHBIX IIPOIECCOB

Caynatlinwdl npoyecc. Ilnomuocmsd eeposmruocmu, cpednee 3navenue u Jucnepcus
cayuatinozo npoyecce. JJeYymepnas naomHoCd BEPORIMHOCTNU U KOPPEARYUOHKAR
Pynxyus cayvetinozo npoyecca. Cmayuonapwvic caywatinoie npoyeccu. Cpednee
3HauEHUE, JUCTIEPCUR U KODPPEARYUOHNAA PYHKYUA CINAYUOHADHOZ0 CAYGTUR020 NpOo-
yecca. MHo20MeEPHAA NAOMHOCTIL BEPOATMHOCTIL U MHOZ0MEPHBIE KODPEARUUONNKDIE
Pyrryuu. Cmamucmusecxoe ycpednenue u ycpednenue no epement. Cnexmpoi cay-
vatinox npoyeccos. Caasd cnexmparvnoil naomnocmy u xoppessyuonnoti pynxyuu
CTAYUOHAPHO20 Cayuaiinozo npoyecca. Teopema Bunepa—Xunwura. IIpeobpasosa-
Hue wymae aunetinoll cucmemod.

Cayuattanili mpouece. Cayuatinoti dynxyuet Bpemenn win caynatinom npo-
yeccom Has3biBaeTcsa (pYHKUMA, 3HAYEHHE KOTOPOH B KaXKIblit (DMKCUPOBAHHBLIR MO-
MEHT BPEMEHHM €CThb CIyualiHas BeJIWYHHA.

HonaTue ciay4yaiHOro nponecca NPenIoIaraeT HAJINYUE HECKOIbKUX PeaTu3auil
storo npouecca. Iloacaum ato Ha npuMepe. IlycTs Mul HabmogaeM 32 ABMXKEHHEM
6poynoBckoll yactuusl. Ilpocnenum 3a m3smeHeHHeM Kaxo#-mb0 KOOpAMHATHI da-
CTHIBI C TedeHueM BpeMeHH. IlonydeHHyio 3aBHCUMOCTh 0603Ha4YuM T (t). Temeps
MOBTOPHUM OIILIT ¥ CHOB3 H3MEPHM KOODINHATY YaCTHIbI KAaK (DYHKIMIO BDEMEHH —
HOJIy9MM 32BHCUMOCTE Z2(t). TIOBTOpAA OUBIT MHOFOKPATHO, MOXKHO MOJIYYUTh Ma-
6op peaausayud z(t)

xl(t)7z2(t)$-":xN(t)7 (I[Sl)

nokasanumii Ha puc. J18.1.

CpaBHuBad Mex Iy coboit OTe/bHbIE PeaN3alNi, MBI BUAMM, YTO OHY HE COBHa-
naoT apyr ¢ opyroM. KpoMe Toro, KOHKpeTHBIH BHI peauM3aldy He MOXET ObITb
Ape/ICKa3aH 3apaHee. JTO AaeT OCHOBAHME CYUTATH Z(t) ciiy4alHBIM npOLECCOM.

OnHaxko OTAENbHBIE PEAH3ALMHA CITYYaHOIO IPOIECCa He TOJNBKO Pa3auyHbl, HO
H B 4eM-TO CXOXH Mexay coboit. Hanpumep, npucmarpupasacs k puc. 8.1, MoxHO
3aMeTUTh, YTO peajnsanHu rpouecca (t), MOKa3aHHbIE HA 9TOM PHUCYHKE, MMEIOT
ONMHAKOBEIE CPEJHHE 3HAYEHHA, ONUHAKOBLIM cpenuuil “pasmax” kosebauuit, omu-
HAKOBYIO CPEIHIOI JJTHTENLHOCTh OTAEIBHOrO “BBIOpOCa” ¥ T. 4. YJIOBHTH 3TO CXOLI-
CTBO M KOJIMYECTBEHHO ONVCATH €r0 — IJIaBHAS 331344 CTATUCTUYECKOH Teopin CJIy-
yaHHbIX Mpoueccos. Pellenue ol 3a0a4n HOCTUraeTCA BBEOCHHEM CTATUCTHYECKHX
XapaKTEPUCTHK MPOUECCA: PA3JIMYHBIX CPEOHHX 3HAYEHMH, a TaKXKe BEPOATHOCTEH
MON3JAHMA NPOLECCA B TY WJIM HHYIO 00/1aCTh 3HAIEHU.

Panee Mbl MO3HAKOMUJIUCH C MOHATHAMM BEPOATHOCTH H CPEUHMX AJIs CJIy4ald-
HBIX BeJIM4MH. Temeph BBeNEM AHAJIOTMYHBLIE NOHATHA IJA cay4valubix yHxuui
BpeMeHH —— CJIy4alHBIX MPOUECCoB.

IIycrs ommua u3 peaym3auuit ciryvaiinoro nponecca x(f) uMeer BHI. NOKa3aHHbIR
Ha puc. 118.2. BoloesTMM HeKOTOpBLIH MHTepBaJ 3HaYeHu#t x, HanpuMep, Z; < T < Ty
M [IOCTaBHMM BOIIPOC: KAKOBA BEPOATHOCTh Nonananuns r{t) B ykasanubil uarepsas?
Ilna orbickanms BepoATHOCTH p(z; < z < Z3) MOXKHO MNOCTYHHTHL CIENYOMAM
obpasom. [TopropuM MHOrOkpaTHO (m pas, m — 00) Habmogenue upouecca z(t)
u 3amumeM Habop peanwsanuit z1(t), x2(t),..., 2, (t). BoibepeM u sadukcupyem
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x,(t)

z4(2)

.................................................

Puc. [8.1. Ha6op peanmsauntt ciayvalinoro npouecca x(t)

HEKOTOpLIH MOMeHT BpemenH t = to. [loncunraem ducno sesmumn z;(tp), ymose-
TBOpAMEX yCaoBUIO T1 < zi(to) < Z2 u 06o3HaumM 310 ymcyo Gyksoit n. Torma
B COOTBETCTBHH C ONpEHENEHNEM BEPOATHOCTH CJIy4alHOTO COOBITHA, BEPOATHOCTD
nomaJiaHuA ciiydallHOro mpomecca B MHTepBaJl 3HadYeHUH Ty < £ < Zy B MOMEHT
BpemeHH ¢t = {p eCTb

n
<z(th) < =1 — .2
p(z1 S 3(to) < 22) = lim —, (08.2)
rAe m — MOJIHOE YHCJIO peasym3auuit npouecca z(t). IloBTopsas BCO NpoUELyPY A
OpYrEX MOMEHTOB BpeMeHH t, HalimeM BeposaTHocTh p(z; < z(t) < z2) Ha BceM
HHTEpECYIOmeM HAaC HHTEPBAJIC BPEMEHH.

Puc. [J8.2. K BepoATHOCTHOMY OHMCAHHIO CJIy4alHOTO IIpOLECCa
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IInoTHOCTh BEPOATHOCTH, cpeHee 3HaYeHWe H IMCHepCcHA ciydaliro-
ro mportecca. BeposaTHocTHas xapaxrepucruka p{z; < z(t) < z2) npounecca z(t)
ABJIAETCA NEPBUYHON, HO He OCHOBHOM. Ha npakTHKe 4amle MCIOJb3YIOT IJIOTHOCTD
BEPOATHOCTH CJIy4altHOro mporecca, onpenenaeMyo ¢popmysioit

<
w(zs,t) = Alirﬂo p(zy < z(tz)si 1 + Am).

(18.3)

C nomompio GyHkimu w(T,t) MOXKHO BHUUCIUTD IPYTHE CTATHCTHYECKHE XapaKTe-
PHCTHKH [IpOIECCa: CpefHee 3HaYeHUe

oo

() = / swst)ds, (18.4)
TIACTIEPCHIO -
Dz(t) = o*(t) = / (¢ —2)? w(z,t)ds, (18.5)

MOMEHTDBI PAIJIMYHBIX IMOPAAOKOB U T. II. Bame'mM, YTO B OTJHYHE OT aHAJOrMYIHBIX
XapaKTEPUCTHK CJ'Iy"Ia,ﬁHbIX BEJINYUH, CTATUCTUYECKHE XapPaKTEPUCTHKHU CJ'Iy'-I&ﬁHO—
o nmpouecca, BOO6HIe rOBOpA, 3aBUCAT OT BPEMEHH.

JByMepHas NUIOTHOCTL BEPOATHOCTH H KOppenanMoHHas yHKIMA
ciydgailiHoro nponecca. PaccMoTpum sHadeHus caydaino#t dynkupu z(t) B msa
MoMeHTa Bpemern ¢y u t3. [lo anmanoruu ¢ (8.3) MOXHO BBECTH OBYMEPHYIO IIOT-
HOCTb BEPOATHOCTH

w(zlvtl;z2>t2) =

— i P S z(t) < 1 + Azy; 22 < 2(t2) < 32 + Axy)

Az —0 A.’L‘l A.’E2
Aze—0

(08.6)

OTa xapaK TEPUCTUKA CITy YalfHOTO Npolecca OnpenesiseT BepOATHOCTE TOF0, 9TO 3Ha-
qeHue caydaliHol GyHKIMM MONAmaeT B MAJYI0O OKPECTHOCTb TOYKM T; B MOMEHT
BpEMEHH !) ¥ B MaJIyI0 OKPECTHOCTb TOYKHM Tz B MOMEHT BpemeHH ¢z (puc. [8.3).

C nomomipio AByMepHO# IIOTHOCTH MOXHO BBIYHCIIATL KOPPEARYUOHHY0 PHyrk-
ywo citydafinoro nponecca B(t, 1), onpenensemyio cnenyromum obpasom:

B(ts,t2) = ([z(t1) — 3(t0)]  [o(ta) - 3(t2)])- (18.7)
Hcnonsays (8.6), moayqaem

B(ty,t2) = / /[-’B(tl) —Z(t1)] x [z(t2) — T(t2)]w(z1, t1; T2, t2) dzy dz2, (118.8)
roe E(t) onpeneneno dopmynoi (18.4).

Crauponaphsie ciydalinele nponecchl. YKa3anHel# BhiIe crocob uamepe-
sua BepoATHOcTH p(z1 < z(t) < z3) ABaAETCA yHHBepcanbHbIM. OH IPUMEHHM A
JoBBIX CAYJaHHBIX IPOUECCOB, B TOM 9HCJI€ TAKHX, ¥ KOTOPHIX 3Ta BEPOATHOCTD
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x(t)

x(t)

a) 6)

Puc. J18.3. K noHATHIO NJIOTHOCTH BEPOATHOCTH CJIy4alHOro mponecca. OgHomMepHas moT-
HOCTBb BEPOATHOCTH w(T,t) XapakTepu3yer BEPOATHOCTb NONANAHNA CIy4altHoro mponecca
B MaJIyl0 OKPECTHOCTE TOYKM I B MOMeHT Bpemenu t (a). IByMepHas NJIOTHOCTL BEPO-
arnoctd w(z1,t1;T2,t2) XapaKTepu3yeT BEPOATHOCTh MONAJAHMA CJTy4alfHOTO mpomecca B
MAaJIyl0 OKPECTHOCTL TOYKH T1 B MOMEHT BPeMeHH i} M B MaJIyl0 OKPECTHOCTb TOYKH T2 B
MOMEHT Bpemenn ta (6) :

MEeHAETCA NPH W3MEHeHMN MOMeHTa BpeMeHH t. 1A Takux (HeCTALMOHAPHBIX) IPO-
1leccoB €noco6 M3MEpeHHA PACIpPENesIeHNsA BEPOATHOCTH IyTeM o6paboTKH cTaTu-
cruyeckoro ancambia peasmzauuit ABIACTCHA €OUHCTBEHHO BO3MOMKHBIM.

OnHako CymecTByer BeCbMa IMPOKKHH KJ1acC CJIy4afHAIX MPOIECCOB, CTATHCTH-
YeCKHe XaPaKTEPUCTHKH KOTODHIX He 3aBHCAT OT BpEMEHH (TO4HEe, HE MEHSIOTCA
IpM CABUTe Ha4aJsa OTCHUeTa BpeMeHH). TaKkue Npomecchl Ha3bIBAIOTCA CMAYUOHAD-
nowmu. C dbusnyeckolt TOUKM 3peHus CTAUNOHADHBIM ABJIAETCA IPOLECC, IPOTEKAI0-
muif B HEM3MEHHBIX YCJIOBHAX. TaKOBLIMU ABJIAIOTCH, HAIPUMED, H3JIYYCHHE HATH
HaKaJIMBAHHUA, UMEOmMEeH IOCTOAHHYI0 TEMIIEPATYDY, WK H3JIyYeHUe ra3oBOro Jia-
3epa IIpH NOCTOAHHOM TOKE Pa3spsANa ¥ NOCTOAHHBIX TApaMeTpaxX ra30BOH cpenbl u
T. 4. B IpOTHBOIOJIOXHOCTE 3TOMY HECTMAYUOHAPHBLMY HASEIBAIOTCA TPOUECCHI, Xa-
PaKTEPHCTHKH KOTOPBIX MEHSAIOTCA C Te4eHNeM BpeMeHH. K unciy HecTalmoHapHBIX
OTHOCATCA MMITYJIbCHBIE ¥ NTEPEXOOHbIE IPOLECCH! (HPOUECCH! BKIIOYEHUA U BBIKJIIO-
9eHUA, IPOLECCHl YCTAHOBJIEHHUA ), & TAKKE [IPOLECCH], TPOTEKAIOIINE B MEHAIOIIXCA
BHELIHMX yCIOBUAX. [IpMMephl THIHYHBIX peanusaiyil CTAIMOHAPHOTO H HECTAIMO-
HapHBIX CJIYy4alHBIX IIPOLECCOB ITOKa3aHbl Ha puc. [18.4.

Cpennee sHadeHHe, NHCIEPCHA M KOPPEeIAUMOHHAaA PYHKOHA CTAIHO-
HapHOro ciy4aiiHoro mponecca. s cranmoHapHOro Ciy4aifHOTO IPOIEccs O-
HOMEpHAas IJIOTHOCTh BEPOATHOCTH, CPelHee 3HAYEHNE U OUCIEePCHs HEe 3ABHCAT OT
BpEeMeHH:

w(z,t) = w(z), , (08.9)
= /zw(z) dz, (118.10)
Dz = /(:c - 7)%w(z) dz, (08.11)

2 IByMepHas IUIOTHOCT BEPOATHOCTH ¥ KOPPeJIALUMOHHEAA (DYHKIHUA 3aBHCHT TOJIBKO
JT pa3HOCTH MOMEHTOB BpeMeHH iy ~ t] = T:
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x(t) x(t)

a) 6)

x(t) x(t)

e) z)

Puc. [18.4. Bug Tunu4Hbix peasin3auui cTaunoHapHOro (a) ¥ HeCTANMOHAPHBIX (6-2) ciiy-
qaltneix nmponeccoB. Cpennee 3sHaYeHNe, OUCIEPCHA B BPEMs KOPPEJIALMH NOCTOAHHHL (a),
CpenHee 3HAYEHHE MEHAETCA C TeYeHMeM Bpemenu (6), IUCIEPCUA MEHAETCA C TEYEHHEM
BpeMeHH (8), BpeMA KOPPEeJIALUMY MEHAETCA C TeYEHHeM BpeMeHx (2)

w(Z1,11; T2, t2) = w(zT1, T2, 7), ([8.12)

B(t1,t2) = B(r). (118.13)

Onpenenenne KOppenAUUOHHON DYHKIMH CTAMOHAPHOIO CIIYYaAHOrO MPOLIECCa, BbI-
IAONT TaK:

B(r) = <[x(t) —F) x [zt +7) - E]>. (118.14)
Ecnn xe oboznaunts
z—T=¢ | (118.15)
TO
B(r) = &;. (118.16)
YKaxeM OCHOBHbIE CBOMCTBA KOPPEIALMOHHON (DyHKIMH.
a) B(0) = ((z - 7)?) = ¢* = Dz > 0, (118.17)
6) B(r 2 00)=0, (08.18)
B) B(r) = B(-7). (08.19)

Tunuuuelt Bun KoppenauuonHo# ¢yHkuuu nokasal Ha puc. [8.5. XapakrTepHoe
BpeMsA Claja KOPPENAUMOHHON DYHKUMM HA3LIBACTCA 6PEMEHEM KOPPEAAYUU CIIY-
yatiHoro mpouecca. Bpems koppensiun umeer npocrtoit dhuzuyeckuit CMBICIT: 3T0
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B(7)
\ )

0 T

Puc. [18.5. Tunuyusii Bun Koppexaunousol GyHKuHM éraunoﬁapuom ciay4daitaoro mpo-
uecca

CpeIHAA JWIMTEILHOCTb OTHeNbHOro “eibpoca” ciryvaitsoro mporecca (puc. [18.6).
fAcHo, 4TO 5TO OHA M3 BaxkHeHIIMX XapaKTepUCTHK MPOLECCa.

BespasmepHasa pyHkums
R(r) = B(r)/B(0) = B(r)/o® (118.20)
HaspIBaeTCA xo03dduyuenmom xoppeasyun cy4aliHoro npomnecca.
Mnoromepﬂaa IUIOTHOCTL BE€POATHOCTH H MHOI'OMEPHBIE KOoppeindann-

onuble dyakpun. [To anamoruu ¢ (/I8.6) MOXHO BBECTH MOHATHE MHOTOMEPHOM
IUIOTHOCTH BEPOATHOCTH Ciy4altHOro mpouecca.

w(zy,t15. .50, tn) =
< < < <
- lim plz <z(t) <z1+ Azp;.. 520 < 2(ty) < zp + A:z:n). (18.21)
Az 0 Azxy - Az,
A:c.,;.—>0

910 — Hauboslee NONHAA XapAKTEPUCTHKA Ciydalinoro mpouecca. C ee MOMOMIBIO
MOryT OBITH BBIYHUCIIEHBl MHOZOMEDHUE Koppeasyuonnme gynxyuu ( “xoppessmo-

pu”)

x(t) x(t)

t N ¢
TR rl(

Puc. J18.6. K noHATHIO BpeMeHH KOPPEJIALUY CJiydaltHoro mponecca. JIokasaHbl peam3a-
UMK OBYX CTAHOHAPHAIX CJIy4YallHBIX MPOLIECCOB, HMEIOIIHX Pa3HbIe BpeMeHa KOPPeJIALUY.
Bpems Koppensaluu MMeeT CMBICJI cpeanelt murensHocTH “BriOpoca” mnpouecca. Jem 6bi-
CTpee mpouecC MEHAETCA BO BPEMEHH, TEM MeHbllle Bpema Koppenauuu. Hanpumep, ecriu
z(t) ecTh CKOPOCTb ra30BOM MOJIEKYJIEI, TO BPEMA Ty HMEET CMLIC/ CPEJHET0 BPEMEHH CBO-
6oxaoro nmpobera MOJIEKYJIbI
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Puc. [18.7. OTpe3sok peasmmsanny CTAUMOHAPHOTO CiIy4a#fHOro mpouecca

B2z = (z%z2), Bz = (28z,),

Big2 = (zz3), Biyiom = (z3z2

(18.22)

u T. . 3aMeqaTeIbHbIM CBORCTBOM TayccoBa Cly4affHOTo mpouecca ABJIAETCA TO,
YTO L7l HErO BCE MHOTOMEpPHbIe KOPPEeJIATOPHI HEYETHLIX MOPANKOB PaBHBI HYMO,
a KOppPEeJIATOPH! YETHHIX NMOPANKOB BHIPAXKAalOTCA depe3 NnapHyio Koppensuuio. Ha-
npuMmep,

(z22) = Bui2s = B11Bay + By2Biz + B12Bia =
= o* + 2B%(1) = 0*[1 + 2R%(7)],
(z23) = Bisgs = B12Bas + B12Ba; + B12 Bz =
= 302B(1) = 30'R(T)

(118.23)

n . u. B dopmynax ([18.23) ucnonszosansl 0603HAYCHAA
Bi2 = (zz,) = B(1) = 0?R(7),
Bn = (122) = 0‘2, ng = (:Ci) = (72

¥ TIPEAIIoIaraeTcs, YTO rayCcCcoB CTAIMOHAPHBIH CiiydaliHblil mponece ABIAETCA YUCTO
dnykryaunonHsiM (T. €. ero cpenHee sHaYEHHE paBHO Hymo: T = ().

CrarucTH4YecKoe ycpeaHeHne U ycpedHeHHe o BpeMeHA. Paccmorpum oa-
Hy M3 peajiM3alMit CTAIMOHAPHOrO CliyyaiiHoro npouecca £(t) Ha JOCTATOYHO AJIMH-
HoM unTepBaJie spemenu I’ (puc. [18.7). Boigenum nekoTopsiit vuTeppan snagenuit ,
HanpuMmep z1 < T < Ty, 1 OTMETUM NPOMEXYTKHU BpeMenn Aty, Ats,..., B TeueHue
KOTOpBIX npouecc z(t) HaXomuTcA B JaHHOM uHTepbaJe. VI3 dusmuecknx coobpa-
XKeHuH ACHO, YTO BEPOATHOCTDH NONANAHUSA T B JAHHLI MHTEpBas 3HAYeHUH paBHA
OTHOCHTEILHOMY BPeMeHH NpebGbhIBAHUA MPOUECca B 9TOM HHTEPBAJIE:

N
1
plar <z <m) = lim =3 AL (18.24)
=1

IToxkaxeM, 9YTO B ITOM CJIyyae CTATHCTHYECKOE CpefHee PaBHO CpeaHeMY 110 BpeMe-
HHU, T. €.
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Puc. [18.8. K o6ocHOBaumO npouenypsl BpeMenn6ro ycpennenus. 2Kupnoit kpusoit nokasan
OTPE30K peasIM3aluy Ciryvatinoro npouecca «(t). 3alITpuxoBaH NpAMOYTOIBHEK HJIOMALM
S}J) =Z; AtEJ)

qrom;
T/2
I |
£=lim = [ o(t)dt. (118.25)
ST i ~772
HeltcTButensHo,
® M
Z= / zw(x)dzr = Al;fg();ij(Z'j)Az' =
—00 -

= lim Zz,p(m, Sz <+ Ag) = lim Z.r, lim —ZAt(’)

T/2
1 @ - 1 /
T}x_r)rgo Alig EEZI:B]At hrn N z(t) dt. (118.26)
=l= ~T/2

CMBICST UCTIOJIL30BaHHBIX 0003HA4YeHMEt pasbsicuser puc. J18.8. [Ipoussenenue
xjAtEJ ) non, 3HaKoM ABofiHOR cyMMmBl B dopmyie (I18.26) umeer cMmbica mwIoWaau

S; @ , TIokasaxHo# ua puc. 8.8. IIpenes cymMmbr Takux miiomaneit, B3ATbIH JId BCEX
MOMEHTOB BPEMEHH {; ¥ BCEX 3Ha4eHmit CIyJallHOro mpouecca z;, paBeH HHTErpaJLy
no Bpemenn ot ¢pyskumu z(t). Takum 06pasom MOKA3aHO, YTO OJ18 CTALMOHAPHOIO
cy4aftHOTO MPOLECCa CTATUCTHYECKOE YCPEIHEHUE SKBUBAJIEHTHO YCPEIHEHHIO MO
BPEMEHH.

YkasanHoe CBOHCTBO MO3BOJIAET HOCTPOUTH IIPOCTHIE SKCHEPUMEHTAJIBHbIE CXe-
MBI JJ1A M3MEPEHUA PA3JIMYHBIX CPeNHUX. TaK, HAIpUMEp, CpeaHee 3HAUYEeHHe CJIy-
4alHo#t pa3sHOCTH NMOTEHIMAJIOB MOXHO W3MEPHUTH C IOMOIILID CXEMBI, MOKa3aHHOH
Ha puc. [18.9. AnasoruynbiM 006pa3’oM MOXKHO U3MEDHUTb 4 APYrHe XapaKTEPHUCTH-
KH CTAUNOHAPHBIX CIIYyYalHBIX IPOLECCOB: MUCTIEPCHIO, KOPPEIIAIMOHHYO d)yﬂxumo,
MOMEHTHI ¥ T. II.
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Puc. 18.9. CxeMa n3MepeHuA CpeJHET0 3HAYEHHA CaydalHoit pasnocTn norenuuasios z(t),
HCIOJIL3YIOUasA ONePaluio BpeMeHHOro ycpegrenus. Ilocie ycunmurensa Y, BOCUpOH3BOIA-
mero z(t) Ge3 uckaxenuit, crour npocrefimuil uarerparop B uae RC — uenu ¥ BONbTMETD

CnekTpsl ciygalinsix npouneccos. O6cyaum Tenepb BOIPOC O TOM, KaK BBE-
CTH IOHATHE CIEKTPA CJIy4atHoro npouecca. IlycTs €cTh HeKOTOPBIH cTanuoHapHb}
cy4daiueiil npouecc z(t). PaccmorpuM onfy us peanusammit Ipolecca Ha MHTEPBaJIe
ppemenu —1'/2 < t < T'/2. O6o3uauum

0, t<-T/2,
gr=4q x(t), -T/2<t<T/2, (18.27)
0, t>T/2.

Bun dyskumit z(t) u zr(t) nokasan ma puc. [18.10. Pasnoxum dbynknmio z(t) B
unTerpan Oypoe:

or(t) = o [or@ieas,
o (118.28)
sr(w) = / sr(t)e=tdt.

®opmynsr (J18.28) crasar B coorBercTBre nmpoueccy Zr(t) ero cnekTpajbHYIO am-
muryny Tr(w). Tax kak z7(t) ects cyuatinas pyHKIHA BpeMeHH, ClieKTpabHAA
amuaTyaa z(w) ecTs ciaydaityaa byHKIUA YACTOTHI.

s oTpeska peasnnsanuy ciaydaiisoro mpouecca zr(t) 3amuinem pasedctso Ilap-
ceBaJiA

T/2 oo’
/ x%(t)dt:% / |z (w) P dw. (118.29)
—T/2 —00

Paspenam paserctso ([18.29) Ha ayurensHoCTh UHTEpBasa, BpeMenn T’ u nepetigem
k npeaeny T — oo. Ilomyqum
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Y V) )
-T/2 'V T‘;Z

Parc. 18.10. Peamu3anus ciayvatinoro nmponecca z(t) u oTpesok peanusausy z7(t)

i F o )l
.1 2 _ 1 . zr{w
~-T/2 —co )
HITH
1 o0
A= / S(w) dw, (18.31)
—o0
rae BBeneHa GyHKUMA
_ o lzr@)P
.S'(w)—:’}ir)nco s (118.32)
H YYTEHO, YTO ’
. T/2
22 = lim — 2
F= lm o / 23(8) dt. (18.33)
-T2

Oynxuua S(w), onpenensemas dopmynolt ([18.32), nasvipaeTca cnexmpasvnoll
naomrocmoio ciyHaltnoro npouecca z(t). s bopmyn (18.32) u ([18.28) suauo, uto
S(w) npencrasiaer cobo#t yCpeAHEHHYIO CHEKTPAIBHYIO XapaKTEPUCTHKY HIpPOLEC-
ca. CnenoBaTesIbHO, B OTJIMYME OT CHEKTPAJILHON aMIIuTy s Z1 (w), CHEKTpajbHAA
mioTHOCTs S(w) ABJAETCA yXKe He ciydalHolt, a perynapHolt ¢pyHKuMel cBoerc ap-
CYMEHTA.

IMonbayacs onpenenenvem ([18.32), HeTpyAHO NOKAa3aTh, YTO CHEKTPaJIbHAA
WI0THOCTh S(w) ABAAETCS BENIECTBEHHOH, YeTHOM M HeoTpmuaTenbHOR GyHKuUMElH
9aCTOTHL:

S(w) = §*(w) = §(~w) > 0. (118.34)

TosTomy dopmyny (118.31) MOXHO nepenucaTs B BUOE nmerpa.na TOJIBKO IO TIOJIO-
XKHUTEJIbHBIM YaCTOTaM:
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22 = | S(w)dw. (118.35)
/

CrexTpasipHaA IIOTHOCTD ONHCHLIBAET PACIpenesieHne N0 YacTOTaM cpemHed mom-
HOCTH (MHTEHCHBHOCTH) CTALMOHAPHOIO CIydalHoro nponecca.

CpA3b ceKTpaTbHON MIOTHOCTH B KoppeauuorHolt dyHKIAY cTanHo-
HapHoro ciaydai#iHoro nmponecca. Teopema Bunepa—Xununaa. Ilycrs z(t) —
CTanMOHAPHBIY cay4aitHpill mponmecc co CpenHMM 3HAYEHWEM, PABHBIM HYJIIO

z=0. (118.36)

Tokaxem, 9TO KOpPENALUOHHAA (DYHKUHS W CNEKTPaJbHAA ILNIOTHOCTH JAHHOTO
TIPOLECCa CBA3AHBI MeXay cobol npeobpazosanuem Pypre:

Br) =3 [Swerd, s =7 [B@erar (118.37)

9710 yTBEPKIEHUE COCTABNAET CONEpPIKAHME TeopeMmbl Bunepa—~Xun4yuna — OCHOB-
HOH! TeopeMbl TEOPHH CIIy4aiHbIX mpoueccos. JJoKaxeM aTy Teopemy:

Hcnons3ys onupenenenne KoppeAnuonHot ¢yuxuun (118.14), dbopmyny (18.36),
U 3aMEHAA CTATUCTHYECKOE YCPENHEHUE YCPEOHEHHEM 1O BPEMEHH, 3aIINIIeM:

T/2
.1
B(r) = Jim = / zr(t)zr(t + 1) dt. (08.38)
-T/2
W3 (18.28) cnenmyer, ¥T0 AT 9
oo}
-0
Moncrasassa (18.39) B ([18.38), nonyuum
T/2 00
1 1 .
= li — - iw(t+T) —
B =Jim 7 [ darg, [ et
~T/2 -0
oo T/2
= li _1_ .‘_i.w_ ( wr t iwtdt 8.40
=fm.7 [ gporlle zr(t)e’ dt. (118.40)
- ~T/2
B cuy (718.28)
T/2
/ zr(t)e™tdt = 27 (w), (118.41)
-T/2

rie 3Be3nouka 0603HaYaeT KOMIUIEKCHOe conpsixenye. IloaTomy
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l
oo T

3 E

B(r) = e zr(w)zh(w) =

8\.3

8

o o]
. 2 1 ;
= jim 7 [ Pler@feer =3 [s@eras, (2842
—00 -0
rae byukuua S(w) onpenenserca dopmyoi (118.32). Mtak, Mbi BbIBE/IN NEPBYIO H3
dopmyn ([18.37). Bropaa ¢dopmyna ([18.37) nonydaerca us nepso#t mytem obpat-
Horo npeobpasosanna Pypre. Tem caMbiM TeopeMa Bunepa~Xumnuuna noxasana.
Hcnonbaysa CBOHCTBA YETHOCTH KOPPEJIANUOHHOK (DYHKIMH H CIeKTPabHOH [I10T-
HOCTH, CBA3b MEXJ/y HAMM MOXKHO 3AIIMCATh B BHIE KOCHHyC-npeobpasopanusa Dy-
phe:

<

= / S(w) coswT dw, S(w) = / B(r) cos wr dr. ([8.43)
0

Beunay BaxxnocTr reopemnbl Bunepa-XuHunuHA, IPUBEIEM eme OHO JOKA3ATE/b-
CTBO, B KOTOPOM He HCIONb3yeTCA 3aMEHA CTATUCTHYECKOIO YCPEIHEHUA yCpenoHe-
HHeM 110 BpeMeH. OHO COCTOUT B CJIeyiOmeM.

Pasnoxum cayygaltusit npouecc z(t) B marerpas ®Pypoe

z(t) = —21; / z(w)etdw, z(w) = / z(t)e widt ([18.44)

H BBIYKCJIMM KOPPEJIALUOHHYIO (DYHKIIHIO:

B(r) = (z(t)z(t + 7)) =

2 [o <IN o]
1 . .
= (ﬂ) / /(a:(w)z(w’)) exp[i(w + w')t + iwr]dw dw'. (118.45)
—00 —00
3pmech MBI BOCTIONIB30BAINCH TEM, YTO OLEPAaNAs YCPEOHEHWA JHHEeHHA M, CIIeN0Ba-
T€JIbHO, KOMMYTHUDYET C IDYTHMM JIMHEHHBIMM ONEPALNAMH, B YACTHOCTH C MHTE-
rPUPOBaHUEM IIO YACTOTE.
ITockonbKy npouecc Z(t) NPEANOSAraeTCA CTALAOHAPHBIM, €r0 KOPPe/IALMOHHAS
dyHKUMA He JOMKHA 3aBuceTh oT t. Kak BugHO 13 dopmyin (J18.45), ato yciosue
OyIeT BBIMIOJIHEHO, €CJIM KOPPENATOP CHEKTPAIBHBIX aMILUIMTYI NMEET BHI

(z(w)z(w')) = const- S(w)d(w + w'). (118.46)
Tonaras const = 272, us (I18.45), (118.46) nonyqnm

B(r) =% / S(w)e™™ du. . (18.47)
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x(t) K(®) y(t)

Puc. [08.11. IIpeobpasoBanne myma JuHEHHOH crucTemoit

Takum 06pazoMm okaspiBaercs, 410 dyuxunu B(r) u S(w) casann mexay cobo#t
npecOpasosanueM Pypre. O6parHoe npeobpazosanue maer

S(w) = / B(r)e %" dr, ([18.48)

4TO M NOKA3bIBAEeT TeopeMy Buuepa—XunuuHa.

®ynkuus S(w), onpenensaemasn bopmyno# (I18.46), naseiBaeTca cnexmpanvhoil
TAOMHOCMYI0 WIH TPOCTO CREXMpoM CTalMOHAPHOrO ciydalinoro mponecca (t).
BoisacuuMm ee dusmyecknit cmpicsl. IjA 3TOr0 mpennosoKHM, 9TO CTAUHOHADHBIM
uryM z(t) GPOXOAUT HYepes JIMHeHHbIH Y3KONONOCHBIH (PUIBLTD M BEIYHCIANM CPEIHION
MOIHOCTE IMyMa Ha Bbixoge dmibrpa (puc. 18.11). Beoga yacrornbi#t koaddumy-
enr nepegaud ¢punasTpa K(w), 0jia curnana Ha BeIxone (pHIBTPA MOMKHO 32MMCAT:

oo

v =5 [V, yw) = K@) (118.49)

-—00

Tonsaysacs dopmynamu (118.49), (18.46), nna cpenHelt MOMIHOCTY MIyMa HA BBIXONE

$uALTPaA MOIYyYHM 7 <
g 0 o ’
7= (%) / / (z(w)e(@")) K (@)K (@)e " duy du’ =
= % / / SW)b(w +w') K (w) K (e Ydw du’ =
% / S(w)K () K (~w)dw = / 8(w)| K (w)[*du. (118.50)

Ilonaras Teneps
|K()[* ~ 6(w - wo), (I8.51)
[OJIYy 9MM

¥? ~ S(wo). (118.52)

Qopmyna ([18.52) nokasuiBaeT, YTO CpPeNHAA MOMHOCTD IIyMa HA BLIXOAC JuHell-
HOTO Y3KOIOJIOCHOrO (HIILTPA, HACTPOEHHOTO HA 9AaCTOTY Wg, NMPONOPHHOHAIBLHS,
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CHEeKTPaJIbHOH IVIOTHOCTH BXOQHOIO LIyMa Ha 9Tol 4actore. CrienoparessHO, CIEKT-
pasibHas IJIOTHOCTH S(w) XapaxTepusyeT pacHopeleieHHe 10 YaCTOTaM MOINHOCTH
CTAaIMOHAPHOrO CIIy4alHOro npouecca. B aroMm u cocrout ee dpusmueckuit CMBICI.

IIpeo6pasoBanne nryma nuHelHol cucremoil. Ilycts na Bxox smneitnoit cn-
CTeMBI C YaCTOTHBIM K03dummenToM nepenadu K (w) BosneitcTyeT cTalMOHapHBIR
wyM z(t) C HyJIeBEIM CPEIHUM 3HAYEHHEM U CHEKTPOM S(w) = Spx(w). Beramcmam
CNeK'Tp IyMa Ha BBIXOHE CUCTEeMbI Spyp (w).

Ilo Teopeme Bunepa—Xuuunna,

By(r) =% / Spuax (w)e™ T dw, (118.53)

raoe

By(r) = (y(t)y(t + 1)), , (I18.54)

By (r) — xoppenAumoHHas (YHKIMs BBHIXOZHOTO cHrHana. Wcmombsys ¢opMmysist
(118.49) u (118.46), Haxomam

~

By(1) —_--;- / Sax(w)lK(w)lzeindxu. (118.55)

CpasnuBas ([8.53) u (8.55), nonyyaem

2
Soux (W) = Sex(W)|K ()] (118.56)
®opmyana ([18.56) 1103BOsIAET BHIYMC/IUTD CIIEKTD MIYMAa HA BBIXOZE JMHEHHOH cHCTe-
Mbl, €CJIH M3BECTEH CNEKTP MIyMa Ha BXOJE M 4acTOTHHIH ko03adbdunuent nepenaun
CHCTEMBEI. '

JIuteparypa

1. Azmanos C. A., Jvaxos IO. E., Yupxun A. C. Beenenue B CTAaTHCTHYECKYIO PaJHO-
¢busuky u ontuky. — M.: Hayxka, 1981.

2. Tuzonoe B. H. Cratucrudeckas panuorexuuka. — M.: Paguo u cBass, 1982.

3. Pumos C. M., Kpasyos 0. A., Tamapcxutt B. H. Beegenwe B CTATHCTHYECKYIO
pamuodpusuxky. — M.: Hayka, 1976.

4. Jlesun B. P. Teoperndeckue OCHOBHI CTATMCTHYECKOM pagmoTexsuku. — M.: Paxmo
¥ cBA3b, 1989.

5. Juaxoe I0. E., Huxumun C. I0. 3agaun no craTrcTiyeckol paguodusyuke 4 ONTH-
ke. — M.: Uag-so MI'Y, 1985.



Hononuenue 9
Monesun CTpOEHHA aToMa

Modeav Tomcona. Modeav Bopa.

Kiaccuyeckas OCHMIIIIATOPHAA MOJENb ATOMa, ONMCHIBAEMAs yDaBHEHHEM
. . 2 [
&+Tli+wier=—E, (J9.1)
‘ m

COIEPXKUT Ba OCHOBHBIX IapaMeTpa: 4acTOTy COOCTBeHHBIX KoJieGaHul ocimuis-
Topa wg M Koadpduuuent 3aryxannsa ceobogubix konebauuit I'. O6a stn napamerpa
MOTyT ObITh, C OLHOH CTODOHBI, M3MEPEHbI SKCIEPUMEHTAJILHO (HanpuMmep, myTeM
M3MEPEHHs CIIeKTPa MOIVIOMEH!s BemecTBa — cM. 4. IV), a ¢ apyro#t cTtoponsr —
BBIYHCJIEHbl TEOPETHUYECKH, UCXOAA U3 TOH unn mHO¥ monmesm atoma. Conocrasiie-
HUE SKCHEPUMEHTAJIBHBIX ¥ TEOPEeTHYECKUX AAHHBIX [O3BOJIAET MOJIyYHTh LEHHYIO
¢u3nIecKyo HHGOPMALIUIO O CTPOCHHH H CBOKCTBAX aToMa.

Ecom npeanosioxuTh, 4T0 3aryxaHue cBOGOmHBIX KosebaHull OnTHYECKOro oc-
IMJLIATOPA CBA32HO C HOTepel SHepruy Ha U3JIy4YEeHHe, TO, MCIOJb3YA Pe3y/IbTaThl
JIEKIMH 5, MOXKHO olleHuTh napamerp I' caenyrouM obpasom:

1 2e%w?
~ 3me?

I'=r ~10%c7L. (19.2)
Yo ke KacaeTca cOOCTBEHHOH YacTOThI OCUUILIIATOPA, Wy, TO IJ1A €€ OLEHKH Heob-
XOOuMa KOHKpPETHaA MOIEJIb aToMa. Huxe MbI pPacCMOTpUM IOBE€ TAKHX MOLOEJIH (Ha.

IpUMepe aToMa BOHOpOna) — Mouesb ToMcoHa u Monens Bopa. -

Moneasr Tomcona. CornacHo monenu, npemnoxennoft [Ix. IIx. Tomcornom,
aToM mpeacTasiaseT cobolt HempephIBHO pacHpedeNneHHbill B HeKoTopoM obbeme mo-
JIOXUTESIbHLIY 33pAN, BHYTPH KOTOPOIO HAXOOUTCA 3JIeKTPOH, YIAEPXKUBAEMBIH B 110~
JIOXXEHHH PaBHOBeCUA yNpyro#f ajeKTpocTaTu4eckoif cusoit. Bynyun BuIBeneHHBIM
M3 IMOJIOKEHUs PABHOBECHUSA, JIEKTPOH COBEpHIAET rapMOHMYecKue Kosiebanus, da-
CTOTa KOTOPBIX Wo ONpenesiAeTca 3apAnoM i Maccolt 9J1eKTpOHa, a TAKKe PasMepoM
aToMa.

Koukpernsiit npuMep cucteMb! nofgobHOro Tuna nokasax Ha puc. [19.1, a. 3mecs
TOYEYHBIH OTPHULATENILHO 3aPAXKEHHBIR 3JIEKTPOH HAXOAMTCA BHYTPH OXHOPONHOIO
MOJIOXKUTENBLHO 3apaeHHOro mapa. Ha puc. [19.1, 6 noka3zana aHaJIOTUYHAA MO-
nefb, KOTopas B 6oJiblielt CTeNeHn COOTBETCTBYET COBPEMEHHBIM IIPENCTABIICHUAM
0 cTpoeHMH aToMa. B 310#l MoZenx TOYeUHOE HOJIOKHUTENIBHO 3apAXKEHHOE ATOMHOE
ANPO OKPYKEHO “3/ieKTPOHHBIM 06s1akoM”, KOTOpOe B mpocrefimeM ciiydae mMmeeT
BUI, OMHOPOOHO 33PAKEHHOrO HIapa.

B obeux Mopenax npu CMENIEHUH LEHTPA PACIPENeIEHHOIO 3apAaa OTHOCHTE b-
HO TOYEYHOrO 3apAla MPOTUBONOJIOXHOIO 3HAKa BO3HMKAET BO3BPAMAIOMAA CHIIA
F = kz, nponopuuoHanbHaa BejmumHe cMmenieHuss r. Kak u3BecTHO M3 MexaHm-
KH, B 9TOM CJIyYae OBHUXKEHHE 3apANA ONUCHLIBAETICA YPABHEHMEM [apMOHUYECKOro
ocuunnaropa mi + kx = 0. CobcTBennas 4acToTa OCUMILIATOPA wo = +/k/m onpe-
JensaeTca Maccol aJIeKTpOHa m M CHJIoBO# mnocroAHHOM k. HerpynHo BBIMUCINTHL
3Ty NOCTOAHHYIO AJ1A CJy4asd, KOraa paciupeneseHHbIH 3apsaj npeacrasiser coboit
OTHOPOLHO 3apsxeHHbI} wap. Wcnons3ya pelieHne sKBUBAJICHTHOH 33J3a4u MEXa-
HHKY O TPABHTALMOHHOM B3aMMOAEHCTBMM MaTepuasbHOM TOYKM U mwapa (cM., Ha-
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a) 6)

Puc. 19.1. OcuunnaropHsie MOneny aroMa

mpumep, [1, c. 286]), nonyuum k = % /a3, roe e — sapan snekrpona, ag — pagEyc

aroma. ClenoBaresbHo,
wo = 1/€?/mad. ([19.3)

Hrak, gacrora konebanult snekrpona B arome ToMcoHa onpenenserca GpopMynoi
(19.3). Tlonarasa e = 4,8 x 1071 CI'CO, m = 9,1 x 10~ r, gy = 0,5 x 10™8 cm, no-
JyauM wo = 4,5 X 1016 ¢-1 MM, B repuax, fo =wp/27 = 7,2 x 10'5 'n. Takam
06pasoM, 4acTOTa ATOMHOTO OCUMJIIATOPa B Momean TOMCOHA, BHIYMCJICHHAA HC-
XO[s M3 M3BECTHBIX NAPAMETPOB aTOMa (3apAMI M MacCa 3JIEKTPOHA, pa3Mep aToMa),
OKasbiBaeTcA OIM3KOM K YacTOTe ONTHYECKHUX KoseDanuit.

Mognens Bopa. Urak, Mmonens ToMmcona faeT nmpaBuibHbIM OPANOK BETHIHHbL
cobcrBeHHOH 4acToThl Kosiebaknut aToMHOro ocumuiATopa. OOHAKO C TOYKH 3PEHUA
aTOl (YMCTO KIIACCHYECKOR) MOOEM KaXKeTCs COBEPIIEHHO HeOObACHAMBIM TO, YTO
peaJibHbie aTOMbI MMEIOT HECK0AbK0 COOCTBEHHBIX 4acTOT KoJsieGanu#t. Hampumep,
CHeKTpaJsibHble JIMHUM aTOMa BOLNOPONa B BHOuMo#t obiactw cnekrpa oBpasyloT ce-
puwo Baavmepa, KOTOPYIO MOKHO SMIMPHAYECKH ONHUCATL POPMYJIOH

hw (5B) = 13,64 ( 212 nl_z) . (19.4)

3necy ona ynoberea BBemeHa nocroanHas Ilnanka b u n = 3,4,5. O6bacuenue
aroro (axra 6b1n0 Briepsrie gaso Hunbcom Bopom B 1913 r., Koroa o npemsioxui
CBOIO KBAHTOBYIO MOAENb aTOMa.

B ocuoBe monenu Bopa nexur pesepdopnosckas njianerapHas MOAEIb aTOMA,
KBaHTOBBIH noctysar Ilnanka o TOM, 4TO OCUMIUIATOD, UMEIOIMH COBCTBEHHYIO Ya-
cToTy KosebaHult w, MOXKET NOJIYYaTh WM OTHABATH SHEPTHIO TOJIBKO AHCK PETHHIMHU
nopuuAMY fiw, U OPEIJIONKeHHbI# caMuM BopoM NpHHLIHI COOTBETCTBHMA, COIVIACHO
KOTOPOMY IBHKEHUE 3JIeKTPOHA IT0 opbuTte 60IBLIMIOro paauyca, Koraa 3JeKTPOH Mo-
YTH yKe OTOPBAH OT ApPa, BOJIXKHO HOAYMHATLCA 3aKOHAM KJIacCH4ecKoh ¢pusnku.

Ha puc. [19.2 noxasana nnaserapHas Moiesib aTOMa Bogopona. TogeuHsi ajex-
TPOH BPAINAETCA BOKPYT TOYEHHOTO AIpa MO Kpyrosoft opbute. YpaBHEHUE JBUXKE-
HHA 3JEKTPOHA UMEET BUL .

2 62

g (119.5)

r

-
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Puc. 19.2. Ilnanerapuas Monesms aToMa

rOe € ¥ M — 33pAL ¥ Macca 3JeKTPOHA, U — €ro CKOPOCTb, T — paauyc opbutnl. Ku-
HeTwyeckas sHeprus snexkrpona K = mv? /2, norennnansuasn sneprus I = —e?/r,
nosnuas Mexanwdeckad sHeprus E = K + 11 B cuny dbopmysn ([19.5) MoxeT 6bITh
NpeacTaBjieHa B BHOE

=—— = — (119.6)

TIpennonoxuM, YTO ABUraACh 110 opdure 60JILUIOTO PANUYCA T, ATOM B COOTBETCTBUM
¢ KJIAcCHYeCKOH 9/1eKTPOOMHAMUKOR M3/Iy4aeT CBET Ha YacToTe

w=uv/r, (9.7

paBHO# yacToTe BpaineHus snekTpona. C Apyro#t CTOpOHBI, COMMACHO KBAHTOBOMY
noctynary Ilnanka, n3nydeHue 4aCTOThI W UCIYCKAETCA ATOMOM HE MHa4Ye Kak AMC-
KPETHBIMH NOPUUAME C 3Hepruelt fiw, a 3TO 3HAYNT, YTO ATOM UMeeT OUCKpPETHbilt
Habop yposueft snepruu E,, npaieMm

En — Ep_; = huw. (109.8)

JOna Gonpmux 3HadeHuit yucna n, T. €. 1A Goabmux OpOHT, Pa3sHOCTL dHEPruii
E,, — E,_; MoxHO npubIXKeHHO 3aMeHNTs npoussontoit dE /dn. Tlpu aToM, B cuity
(119.6), (19.7), ypaBuenue ([19.8) npeobpasyerca B nuddepenunaiboe ypaBHeHue
OTHOCHTE/IbHO HEPruu

E__b_,
dn ~ e2y/m

Pemenue ypasuenus ([19.9), yaosnersopatomee yciosuio lim E = 0, ects
n—oo

—2E)3/2, (119.9)

4

me
E=——— 1
ey (19.10)
781
E, = —£/n?, (a9.=.,

rae n — HaTypaJibHOE YHCJ0, £ — HEKOTOpas NMOCTOAHHAA DHEPruA, paBHas

me*

= 75 = 13649B. (119.12)

£
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n=ow
n=3
n=2

13,64 3B
n=1

Pnc. [19.3. Duepreruyueckue ypoBHU ATOMa BOIOPOJA # HEKOTODBIE TIEPEXOALI, COOTBETCTBY-
10IIMe CHeKTPAJIHEIM JTMHHAM cepun Banmsmepa

Teopus Bopa umesna nopasurenbHbI} ycex B OMACAHUM BLICOKMX BO36yXKIeH-
HbIX ypoBHeH aTomoB. OEHAKO IJIABHAA €€ LEHHOCTH COCTOMT B BO3MOXHOCTH BKC-
rpanonanuu ¢popmyas (119.11) K HuskuM 3HaYeHUAM 1. ITOCKONBKY TaKas SKCTPa-
[OJANKMA TPOTHBOPEYUT OJHOMY M3 HCXOOHAIX ITYHKTOB TEOPHM (IPEINONOXKEHHIO O
JOCTATOYHO GOJIBIIOM pPaJMyCe 9JIEKTPOHHOH Op6HTHI), Bop 3aMeHus mepBOHaYAIIb-
HYK) OCHOBY TE€OPHH HOBBLIM KBAHTOBBIM IIOCTYJIATOM, KOTODbI# TAKXXE€ NPHUBOIUT K
dopmyne ([9.11). dror mocrynar TpebyeT, YTOOBI MOMEHT MMILYJIbCA SJIEKTPOHA
6bL1T IeNBIM KPaTHBIM noCTOsRHO# [Inankas

l=nh (n=1,2,3,...). (119.13)

KBanToBas Teopus omupasiack Ha ¢opmysay ([19.13) BIioTh 10 NOABIEHUS KBaH-
ToBO# MexaHukH. Torma ObUIO MOKa3aHO, YTO 9TO HOCTYJIAT eCTh NpubaukeHHoe
CJIeNCTBHE HOBOU TeopHH.

Popmynst ([19.11), (119.12) 06bACHAIOT 9ACTOTHI COEKTPAILHBIX JIMHAHR aToMa
pogopona. CornacHo Bopy, ucnyckanue cseTa aTOMOM IPOMCXOOMT IIPH €ro nepe-
XOJle M3 HEKOTOPOTO BO30YKAEHHOTO COCTOAHUA B COCTOAHKE C MEHbIIEH aHeprueit,
NMpUYEM YACTOTA U3JIyYEHUA CBA3AHA C BHEpruel 9THUX ABYX cocTosHult popmysoi

hw = Ep — Ey. (119.14)

Hanprmep, cepusa BanbMepa BOSHUKAET B PE3yJIbTaTe NEPEXO[0B ATOMOB BOIOPOOA
13 BO30YKIOEHHBIX COCTOAHUR C KBAHTOBBIM YHUCJIOM N = 3,4,5,... B COCTOSHME C
n = 2. U3 ([9.11), ([19.12), ([19.14) nosysaem GopMYJTy IJIA 9aCTOT CIIEKTPAJIHLHBIX
JuHuR 3TOHN Cepum:

hw(B) = 13,64 (2% - 512-) . (19.15)

9T0 BBIpAXKEHHE B TOYHOCTH COBHNATAET C IMNAPAUIECKOH dopmystolt (19.4).
Ha puc. 19.3 nokasana cucreMa 3HepreTHyYeCKHX YPOBHEH aToMa BOOOPOOA M
HEeCKOJIbKO IIePEXOLO0B, COOTBETCTBYIOIIUX CIIEKTPAJIbHBIM JTHHUAM cepul Banbmepa.
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CTabuipHOCTh ATOMA BOAOPOA B TeOpHH Bopa 06bACHASTCA TE€M, YTO COrJIACHO
(119.11), (19.12), sHeprus 3J€KTPOHA HE MOXET OBITH MEHBbIE BEJINIUAHBI

E, = —13,645B, (119.16)

COOTBETCTBYIOMEN! MUHNAMAJIPHOMY KBAHTOBOMY 4ucily n = 1. Oueprua E, umeer
CMBICJI IOTEHIUANa HoHM3aunK atoMa, (puc. J19.3) u ouens 6iiM3Ka K 9KCIIEPHMEH-
TALHOMY 3HAYMEHWUIO 3TOH BEJIMYMHEL.

Teopusa Bopa maer Takike OleHKY pasMepa aroMa Bopopona. Hlonaraan =1 u
ucnoassys popmysnsr (119.6), (09.10), nostygaem mjis paguyCa 3JIeKTPOHHOR opbuTh
B OCHOBHOM COCTOAHUH

2

R
r=——=a=05294 (19.17)

(1A =1 anrcrpem = 1078 cm). D1a penuumna, HA3HIBaEMaA GOPOBCKAM PaIHyCcOM,
CJIyXUT OCHOBHBIM MACHTabOM ATOMHBIX Pa3MepOB.
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Honmomnenue 10

KBanTroBasa nByxXypoBHeBas CHCTEMa
M KJIACCHYECKHH OCLMIIIISATOP

Heyzyposresan cucmema. Cocmoanue xeanmoott cucmems. Pusurecrxue 6eAuy-
Hoe u onepamopu. Hamepsemoe seaununsi. Ypasuenue Ilpedunzepa. I'amurvmo-
nuan. Hzoauposannwtd amom. Jacmuya 6 nomenyuaarvhoti ame. Fapmornuveckud
OCYUAARMOD. AMom 8 nepemennom snewnem noae. Mampuya naomnocmu. Ypas-
Henue 0AR Mampuyds naomnocmu. Yuem peasxceyuu. Jeyryposnesas cucmema 6
DE3OHARCHOM eHewnem noae. Cucmema ypasrenult 0as NOAAPUSAYUY, HACEAEHHO-
cmelt u noan. Jeyrypoenesas K6aHMOBAR CUCTEME U KAGCCUNECKUT OCYUALATMOPD.

HdByxypoBHeBas cHCTeMa — MNPOCTelias MOAEbL KBAHTOBOro 06bekTa (aTo-
Ma, MOJIeKyJsibi Wi ancaMbisa dactuu). B nByxypobHeBoM NpHG/IMAKEHHM OGBLEKT
“MeeT JINIb ABA 3HEPreTHYECKUX YPOBHA C 3HepruaMu Fj, Fs U xapaktepusyercs
4aCTOTOH nepexona

Wy = (E‘z - El)/h, (,2]\101)

rae h — nocroannas llnanka. YpoBHM 9HEPrUM CHCTEMBI MOKA3aHb! Ha puc. [110.1.

Crporo roBops, 06bEKTa ¢ ABYMA SHEPreTHYECKUMH YPOBHAMY B IPHPOAE HE Cy-
[IeCTByeT. PeasibHbIE ATOMBI U MOJIEKYJIbI 06/1a1a10T 3HAYNTEIBLHO OOJIBIINM YHUCIIOM
ypoBHeit sneprun. OOHAKO B PE3OHAHCHBIX YCJOBHAX, KOIMA YaCTOTa CBETa Gimns-
Ka K 4aCTOTe Nepexona MeXKIy OIpelesIeHHON nmapoit ypoBHel sHepruu BEUIECTBA,
BJMAHUEM OCTaJIbHBIX YPOBHEH MOXXHO NpeHebpedb, 1 MBI MOJIyYaeM BO3MOXKXHOCTh
OTPaHNYUTBLCA PACCMOTPEHNEM TOJILKO OBYX BhIIE/IeHHBIX ypoBHel. Tak Bo3sHuKaer
MOZeJIb ABYXyPOBHEro aromMa. B xBaHTOBO# (pusuke 3ta Momesib Urpaer TaKyw xe
pOJIb, KK TaPMOHMYECKUH OCIMILIATOP B Kilaccuyeckod ¢usuke. B onTuke apyx-
YPOBHEBAA MOJIIEb NPUMEHAETCA [IJIA ONMCAHMA JIA3€Pa, a TaKXKe B3auMOAeHCTBIA
JIA3€PHOTC U3JIYYEHHUA C BELMIECTBOM.

Ipexne 1yeM 06CYyXKOaTh NBYXyPOBHEBYIO CHCTEMY, OCTAHOBMMCA, KOPOTKO, Ha
o6IMX 110JI0KEHUAX KBAHTOBOH MOMIENN B3auMOmeHCTBHA cBeTa ¢ BemecTBOM. Mbl
OTPaHHYUMCH DPACCMOTPEHHEM HOJIYKJIaCCHYECKOH MOMIesim, B KOTOPOH BelecTBO
ONKCBHIBAETCA KBAHTOBO-MEXAHWYECKH, 3 CBET — KaK KJIACCHYECKAA 3JIeKTpOMar-
HATHAA BOJIHA.

Cocroanue kBanTopol cucremni. CocToanne KBaHTOBOH CHCTEMBbl CUNTACTCA
HU3BE€CTHbLIM, €CJIH N3BECTHA B80AHOBAA gﬁymcuuﬂ CHCTEMBI

¥ = 9(7,1),

KOTOpad B CJIy4ae OOHO} YaCTHUbI ONpenenaeT BepOATHOCTL HAlTH YACTHUIY B TOYKe
C paJMyCc-BeKTOPOM ¥ B MOMEHT BpeMeHH t. ToyHee, BesinaMHA,

dp = [¥(F, 8)|"dr ' (1010.2)

€CTh BEPOATHOCTb TOTO, YTO B MOMEHT BPEMEHH ¢ YaCTHIA HAXOLUTCA B GECKOHEUHO
MaJioM o6beMe d°r OKOJIO TOYKH F.
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Ey

Puc. 110.1. KanroBas NByXypOBHEBAA CHCTEMA

Ob6patuM BHMMaHNE Ha TPUHUMINAJIbHOE OTJMYME CHOCODOB ONMCAHWA COCTOM-
HPA CHCTEM B KJaccudeckoit u kBanToBo# dusuke. B kBanTOBOM MOIENM cOCTOAHKE
¢usndecKkoll CHCTEMEI ONUCHIBAETCA HA A3BIKE geposmuocmei.

QusuyecKHe BEIUYUHBI M ONEPATOPHL. 3a0a4a 06 ONpeJeNiCHIH CTAMOHAD-
HbIX COCTOAHMH ATOMa, XapaKTEpU3yeMbIX ONPENEICHHLIMHA 3HAYCHHAMM DHEPTHH,
eCThb 3371348, B KOTOPOH ONpeNesieHHbIE COCTONHMA CHCTEMBI BUIEIAIOTCA U3 PAAA
ocTasbHEIX. B MaTeMaTiKe K TaKOMY THILY 33784 OTHOCATCA 33J24H Ha Aunelinvie
onepamopy: ¥ UX cobcmeennvie snavenun. Oneparop L ects npasusio, O3BONAIOIEE
10 3a0aHHO byHKIMH @(Z) BHIYHCANTD APYTYI0 QyHKIHIO

¥(z) = Lp(z)].

YpaBHeHue BUOA

Lf =),

rme A — IOCTOsHHAsA, HA3BIBAeTCA 3adanetl Ha cofcmeennvie 3RaA%EHUR U cobcmeen-
nwe gyrxyuu onepamopa. Pemenuem sTolt 3anauu ABnseTca, Boobie rosopsa, duc-
xpemmviti Habop cOOCTBEHHBIX 3HaYeHHH M COBCTBeHHBIX ByHKUHMH, T. €. pAn 3Ha-
yeHul#t HeKOTOPO# BeJIMUMHBI caM cOOOH BHIIEIACTCA U3 BCEX MBICJIHUMBIX 3HadeHuH.
OTH QUCKPETHBIE 3HAYEHUS M MOXKHO COIIOCTABUTE IUCKPETHBIM KBAHTOBBIM COCTOA-
HHAM aToma. Takoro poma o6ocHOBaHME HIEH KBAHTOBAHMUA OCYIIECTBJIAET KBAHTO-
BaA MEXaHHWKA, HAUMHAA ¢ OCHOBOmoaralomel paborel Illpenunrepa 1926 r. o xBan-
TOBAHUU KaK 3a7a4de Ha cOOCTBEHHBIE 3HAYEHUA OUepaTopoB. KBaHTOBAA MEXaHUKA
conocTaBnseT kax ol ¢pusnyeckoll BeuuuHe onpeneen st nuneliHsiit onepamop.

Hamepsaembie Beauynnnl. Cpenydee sHadeHue (PU3NIECKON BETHYMHBI, H300pa-
xaemolt oneparopom A, Beraucasercsa no opmyne

(4) = / ¥* Ay d°r, (1110.3)

rae ¢ — BosHoBaA dyukuusa. Cpenuue suna {([110.3) CONOCTARARIOTCA C U3MEPAEMBI-
mu BenwauHamu. Hanpumep, oneparop KoopauzaTs! HacTuusl onpenenserca ¢$op-
myio#

Y = z1.

HerpyaHo BUIETH, 4TO B 9TOM CJIy4ae ONepaiys, Bupaxkaemas dopmyno# (1110.3),
eCTb ONepaUMsA KBAHTOBO-MEXAHMYECKOIO YCPENHEHMA C IUIOTHOCTBIO BEPOSTHO-
cru Y2
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VYpasuenne IIlpemunrepa. BonHoBasa ¢GyHKIMA NOXYMHAETCA YPABHEHHIO
Ipenunrepa

a2 By, : (1110.4)

rne i — nocrosanHas [lnanka, t -— Bpema, H — onepaTop 9Hepruu UJIM raMUJIbTOHH-
an cucrembl. Ypasuenue Illpenunrepa onvchiBaeT M3MeHeHHe BOJIHOBOH byHKIME
H, CJIEOOBATE/IbHO, COCTOAHUA CUCTEMEBI BO BpeMeHU. B KBaHTOBOH# MexaHuKe 3TO
ypaBHeHHe UrpaeT TaKylo XKe poJib, Kax BTOpo#t 3akoH HeloToHa B KJIaccHuecKoH
MEXaHHKE.

TamunsroauaH. Oneparop MamunbTona onpenensaerca popmyiol

g P
=5 UM, (H10.5)

toe p2/2m — oneparop xuherwieckolt suepruu, U(F) — noTenumanbHas sueprus,
m — Macca JaCTHUILL,

= —ihV, (110.6)

5’ — OIEepaTop UMITYJIbCA,
= — 6 - a - a
V= Tog- + yoa—y + 2 e (H10.7)

V — oneparop “Habna’.

Hsonuposannbifi arom. ['aMuisTOHMAH H30JHMPOBAHHOIO ATOMA HE 3aBHCHT
or Bpemenu. B aToM ciydae pemenwe ypasrenus ([110.4) MOXKHO NpencTaBHTh B

BHAE,
Y = ;cnson(f") exp (_%Ent> , (110.8)

rae ¢, — nocroannsie. [loncrasus (1110.8) B (110.4), monyunm ypaBHeHHE

ﬁ‘Pn = LnPn, ([110.9)

KOTOPOE HA3BIBACTCA CMAYUOHAPHUM Ypasneruem [pedunzepa. Oynxiun o, (F)

ecTb cobCTBEeHHBIE (DYHKUMM raMwibTOHMaHAa H, COOTBETCTBYIOIME COBCTBEHHBLIM
3HayeHHuAM (sHepruaM) E,. NHmekc n HymepyeT CTAIMOHAPHBIE COCTOAHMA ATO-
Mma. Kaxpoe Takoe cOCTOAHNE XapaKTEPU3YETCA COOTBETCTBYIOMEH KOOpIMHATHOM
BOIHOBOH byHKIMeR ¢, u snepruet E,. Cucremy dbyukuuit {p,} MoxHO cuuraTs
OPTOHOPMHMPOBAHHOH, TaK 4TO

/ Ohpm A1 = b, (1110.10)

rae d,,, — cumBosl KpoHekepa.

10 3ak. 350
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U

-2 0 /2 x

Puc. 010.2. Onnomepran npAMOYro/ibHASA NMOTEHIHATbLHAA AMA

‘-Iac'rnn,a B IIOTeHlJ,HaJIbHOﬁ AMe. Paccmo"rpmw B KavecTBe IIPUMEpPa OBUXKe-
HHE YacTHUB! B ITIOTEHUNANBHON AMe. HOTeHnKa.HbHyIO 9HEPIUIO 3allKUIEM B BHIE

0, |z <1/2,

U=U(z) = { oo, [0l > 1f2, (110.11)

roe | — mupuna AmMbl (puc. 1110.2).

Monens ([110.11) coorseTcTByer sAime ¢ abCOJIIOTHO JXECTKMMM CTeHKamu. Ilo-
CKOJIbKY YaCTHIA HEe MOXET BbITH 3a Ipelesbl AMbI, BOJAHOBAA (QYHKIUA JOJKHA,
YAOBJIETBOPATH TPAHUYHBIM YCJIOBHUAM.

elz =x1/2)=0. ' (410.12)
Crauuonapuoe ypasaerue lpenunrepa numeer sug H ¢ = Ep nnu

8%y 2mE

) + —ha—tp =0, (J10.13)

rge m — Macca dactunpl, £ — ee sHeprua. Pemenne sanaun ([J10.12), (J10.13),
ynossersopstomee ycnosusim (1110.10), ects

(@) \/5 cos(mnz/l), n=1,3,5,... (110,14
n(T) =4/ = .
v I | sin(znz/l), n=2,4,86,.... A )
IIpu 9TOM SHEPryA YACTHUIBI IPUHUMAET 3HAYCHHA

7rn)2 h?

E, = (T o (1110.15)

Ha puc. [110.3 nokasaHb! HECKOJILKO HMXKHUX JHEPreTHYECKUX YpOBHEH JacTHIbi U
COOTBETCTBYOIME UM BOJIHOBbIC (DYHKIHH.

T'apmonunueckuit ocumnnarop. PaccMoTpum onHoMepHbI# rapMOHW4ecKHH oc-
muaATop. [oTeHIMAaNbHAA SHEPIUs YaCTULLI B 9TOM CIIY9ae eCTh

U= %mngz, (1110.16)
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plx)

/

P C
<4

0

Rl S,

-1/2 0 /2 =

Puc. [110.3. Bosnossie hyHKIMH ¥ YPOBHE SHEPrUM YACTHOB B OTEHIMAJILHOMR AMe

roe r — KOOpOWHAaTa, ™ — MaccCa OCUMJINIATOPA, Wy — cobCTBEHHAA Y4acTOTa KoJie-

6anuit. Iloncrasus (1110.16) B crammonapuoe ypasrenne lpenunrepa Hy = Eop,
NOJIy4YUM YpPABHEHHE

Bde 1 ,, ’
T omdz? + -2-mwoa: = Ep, (410.17)
I
d?
& tE-Ee=0, | (110.18)
re BBEIEHbl 0003HAYEHU A
2E
& = z+/muwy /A, €= . (410.19)
0

Pemenuve cranuonapHoro ypasHenua HIpennsrepa naer Habop co6CTBEHHBIX 3Ha-
yeHH#l sHEprUK

En= (n + %) hawo , (J110.20)

H BONHOBBIX (pyHKUMH

n = AnHa(€) exp (—€2/2) (1110.21)
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roe
A, =4 Qral) Y2, (1110.22)
A, — HOpMHMpPOBOUYHbBIE KO3 DHUIMEHTEI, 00eCTIEYMBAIOUIME BHINOJIHEHHE YCIIOBUS

x>

/ﬁ@:L\ - (1110.23)

—00

H,, — nonunoMer 9pmura. UHnekc n, HyMepyomull cTaunoHapHbIE COCTOAHAA OC-
uManaropa, npoberaer 3Hagvenus 0,1,2,... .

Ha puc. J10.4 nokazansl notenmwman U{z), yposau sueprun F, # BOJHOBBIE
byuxupu @,(£) ODHOMEPHOro rapMOHMYECKOTO OoCHWiIiATOpa. OTNUYHBIE OT HYJA

MATPHYHBIE 3JIEMEHTHI KOODAUHATHI T o
Tnk = / onzpr dz (010.24)
HUMEIOT B[
nh

Ton-1=ZTn-1,n = Iy’ (110.25)

B uactHoCTH,

h

Tor =T = Sy’ (010.26)

AToM B nepeMeHHOM BHEIIHEM II0JIe. TamunpTOoHMAH aTOMa, HaXOooAmMErocAa
B [IEPEMEHHOM BHELIHEM II0Jie, HaNpHUMED 1noJsie cBeTOBOM BOJIHBI, 3allUIIEM B BRIOE

H=Hy+V(t), ‘ (1110.27)

roe Hop — raMu/IbTOHNAH U30JMPOBAHHOIO aToMa, V (t) — aHeprus B3auMonelcTBUA
aToMa ¢ noJjeM. BoJIHOBYI0 YHKIMIO 3anMuIeM Kax

¥ = E ealthon(exp (- £Bnt) (10.28)

31ecy KOOpOWHATHBIE BOJHOBBIE DYHKUMH @p, (F) ¥ 9Hepruu E, ONHCHIBAIOT CTAIH-
OHADHbIE COCTOAHUA U30JMPOBAHHOIO ATOMA M NMOXYMHAIOTCA yPABHEHHIO

Hopn = Enpn. (1110.29)

Cucrema dbynkun#t {p,} ynosnersopser ycnosuio (J[10.10). ®opmyna (I110.28)
nonobua dopmyse (110.8). Onnako, B orauume ot ([110.8), kosdunmenTsl ¢, B
(10.28) 3aBHCAT OT BPEMEHH, YTO yUHTLIBAET BO3MOXHOCTb U3MEHEHU s COCTOAHUA
aroMa noj geiicteueM nons. Koukpernas 3aBBCHMOCTD ¢, (1) ONpenenseTca BUOOM
Bo3amymenus V(t).



Honoanenue 10. Keanmosas JyTypocHESaR CUCTEMA 293

u E
E,
Eg
E2 I —
B b—
Ey
0 x 0
+1
Po
-6 -4 -2 0 2 4 6 &
e —.1
-1
1
N 0 2 4 6 2
-1
T-l
V2
26 -4 -3 o] 2 4 6 &

L-1

Puc. 110.4. IloTennuaJsi, ypOBHE 9HEPrHM ¥ BOJIHOBble (PyHKIMM OJHOMEDHOTO rapMOHUYE-
CKOTO OCIHUJIIATOPA

- Marpuna mrorHocTH. O603HAYMB
bp = cpexp <-——;:E,,t) , (J310.30)
nepermmenm (J110.28) B Bnﬁe .
Y= bnpn. | | (1110.31)

Moncrasus ([110.31) 8 ([110.3), momyuum
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(A) = Z Z brbm Anm, (110.32)

rge peJInvduHa

Apm = / ot Apm dr (1110.33)

HA3BIBAETCHA MAMPUNHBIM IAEMERMOM ONIEpaTopa A.

O6BIYHO Ha IMPAKTHKE MbI HMeeM AeJI0 ¢ GOMbIIMM YHCIOM YacTHIL (AaTOMOB, MO-
JiexyJt). B aToMm ciydae, 18 TOro 4To6s! BHIYUCIUTL H3MEpAEMOe SHAUCHHUE BEIHIH-
Hbl A, HY)KHO BBIIIOJIHHUTB He TOJIbKO ycpensenue (J110.3), oTHOcAmEeCA K OTAEIb-
HOM 9acTHUE U CBA3aHHOE C NPUHIHIINAJIBHO BEPOATHOCTHLIM ONHCAHMEM COOLITHER
B KBAHTOBOH MEXaHHKe, HO U OObIYHOE CTATMCTHYECKOE yCpelHeHue 1o aHcambuio
yactni. O603Ha4YaA 3TO ycpenHeHNe 4epTol Hag OyKBOH, NPENCTABMM U3MEpAEMOe
3HaYEHUE BeJIMYNHbI A B BHIe

A =>"Y bbmAnm, (1110.34)
m n
i Pt
m = Z Z PmnAnm, (H1035)
m n
raoe BBedeHa MaTpHIA
Pmn = by b, (,H1036)

HA3BIBAEMA Mampuyetl naommocmu.

Hcnionp3ys npaBuiIio yMHOXKEHUA MATPHIL, COTJIACHO KOTOPOMY 9JIEMEHTH MATPHU-
usi-npoussenesusa C = AB BHIPAXAIOTCA YEPE3 97€MEHThl MATPHL-COMHOXHTe Il
A u B mo dopmyne ;

Crn =Y AmiBin (010.37)
k
H BBOAA OrpeaesieHue c./zeaa MAMPUUD KAK CYMMb] €€ IMArOHaJIbHBIX 31EeMEHTOB
o Tr(A) = ) Ann, (1110.38)
m
npeacrasuM ([110.35) B Bune |
@) = Tr(pA). (1110.39)

Wrax, ¢popmyna ([110.39) no30/1A€T BEIMUCIMTL H3MEPAEMOE 3HAYEHHE BETMIHHDI
A nna Gosbmoro ancaM6J1a YacCTHIL

YpasaeHune Jyia Marpuusl naotaoctd. Honcrasms ([110.31) s (110.4), no-
JIyuuM ypaBHeHHe

ihY bnon = byHpn. (1110.40)



Honoanenue 10. Keanmosas deyryposnesan cucmema 295

3nech TouKa Haj 6ykBoi obo3nadaeT nudpdepeHnupPOBaHIe 10 BPEMEHH. Y MHOXKHM
3TO YpPaBHEHME CJIEBA HA ), W MPOMHTErPUPYEM IO BCeMy IrpocTpaHncTsy. Ilpunu-
Mad BO BHMMAaHH€E YCJIOBHE OPTOHODMHPOBAHHOCTH BOJIHOBBIX yukuui ([110.10),
NOJyYHM YPaBHEHHE

ihby = > bpHpn, (1110.41)
n

roe

Hypn = /cpfnﬁtpn d®r, (1110.42)

H ., -—— MATPUYHBIA 9JIEMEHT raMUJIbTOHUAHA.
Monssysacs dbopmynamu ([110.36), ([110.41), HETPYAHO MOYYHTH CJIEHMyIOLILE
ypaBHEHHE IJIA MATDPUIbI ILJIOTHOCTH:

homn = > (Pkn Hmk — pmrHiy), (1110.43)
k
HJIA

ihpmn = Y (Hmkpin — pmkHin), (1110.44)
k

re y4TeHO CBOHCTBO 3pMUIMOB0CU ONEpaTOpa H, spipaxaemoe dopmynoh
Hyn, = H;,. : (110.45)

TMoxaxem, uro oneparop H apmutos. s 3TOro 3anuuieM BhIpaXKEHKE IJ1d CPeIHe-
ro 3Ha4YEeHWA raMWIbTOHHAaHA (9Heprum cucremsl). Ionbsysce dopmymoit (J110.3),
HOJIy98M

(HY=E = / o B ddr. (1110.46)
Noncrasus (110.31) B (110.46), npeobpasyem 3TO BHIPAKEHHE K BHILY

E=Y"Y bibmHom, (1110.47)
m n

rIe MaTpU4HbIH 3/1eMEHT raMusIbTOHHAaHa onpenenserca popmynoi ([110.42). Duep-
THA CHCTEMB JOJDKHA ObITh NelCTBUTENbHON BETMYNHOH, T. €.

E = E*. (1110.48)

Mogcrasus ([110.47) B ([110.48), npuxomum k paseHctsy ([110.45). Ananoruaubiv

06pa3oM MOXHO HOKa3aTh, 4TO Ji0O0H onepatop A, COOTBETCTBYIOUMH M3Mepse-
Moit busudeckoll BesnunHe, 5PMUTOB, & €r0 MATPUHHbIE 3JIEMEHTHI YIOBJIETBOPAIOT
coorromenuo Tuna ([110.45). 3amerum, 9T0 MATPULA IJIOTHOCTH TAKXKE ABJIACTCA
9PMHUTOBOMK:

Pmn = Prm- (1110.49)

9ra QopMyna HENOCPEICTBEHHO BHITEKAET M3 ONpPENeJeHMsA MATPHUILI TJIOTHO-
cru ([110.36).
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Hcnonb3ys npausio ymHoxkenus marpui (110.37) u 3HaK KOMMyTALUK

[4,B] = AB - BA, (1110.50)

MoxHO 3amucats (J110.44) B Gonee KOMIIAKTHOM BHAE

ihp = [H,p]. (110.51)

3T0 ypaBHEHME, OIUCHIBAIOIIEE SBOJIIONMIO MATPUIBI NJIOTHOCTH, HA3HIBAETCA YPAG-
nenuem Helimana.

Yuer penakcanmu. Tensnosoe HBHKEHHE ATOMOB M MOJIEKYJI, CTOJKHOBEHHA
MeXIy HUMH MPUBONAT K HOABICHHIO PEAGKCOUUOHHDBIL NPOUECCOS, CTPEMALIMXCA
TIPUBECTH CHCTEMY K COCTOAHHMIO TEPMOAMHAMMYIECKOTO DABHOBECHA, IIPH KOTOPOM
3/IeMEHTBI MATPHIB! IVIOTHOCTH —— MOCTOAHHBIE BEIUNYAHbL. J1J14 TOro 4ro6b! y4ecTs
9TH NPONECCHl, JOMONHUM ypasHenue HefiMana pesakCcaluOHHBLIM YICHOM M Hepe-
OMmeM ero CJIERYIomuUM obpa3om

p= %[p, H] +R. (1110.52)

3mech R — penakcauuoHHbIf onepaTop (pesakCaluOHHAA MATPULA).

Nroru. Urak, chopmyaupyeM OKOHUATEIbHO YPABHEHHsA, ONMUCHIBAIOLIME M-
HaMHKY KBAHTOBOH CHCTEMbI B IEDEMEHHOM BHEIIHEM [OJie. DTH YPABHEHUA UMEIOT
BHJL

(A =Tr(pA) =YY pmnAnm, (1110.53)

d . 3
%= p=1[pH]+R, (110.54)

JByXypoBHeBas CHCTeEMa B pe30HAHCHOM BHeIlIHeM 1roJie. [IpuMenum Te-
neps obmie pe3ysbTaThl K CJIy4alo OBYXYDOBHEBOH KBaHTOBOM CHCTEMbI, HaXOIA-
me#csa B pe30HAHCHOM BHEIIHEM I10JIe.

BeiseneM ypaBHEHHE [L/1A MOJIAPU3ALMH IBYXYPOBHEBOM cpenbl. OrpaHUYNBAACK
JJ1s IPOCTOTHI OjHOMepHO# 3anayell, 3anumem

P = Ne(z), (J110.55)

(@) =Tr(pz) =Y Y PrnTnm, (1110.56)
p= %[p, H]. (I110.57)

ITocnennee ypasHeHHe 3anucaHo 6e3 y4era pesiakCaldy; COOTBETCTBYIONLY 10 ITONpaB-
Ky Mbl CIEIaeM B KOHIE pacuera. B psyxyposueBom npubsmwxenun us (J110.57)
HOJIy43eM
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. 1
P11 = ﬁ(plZHZI — Higp2i),

. 1
P22 = ﬁ(ﬂlem — Hji1p12),

; ; (J110.58)
. 1
P12 = E(sz — Hiyi)piz + ﬁﬂlzn,
po1 = —ﬁ(sz — Hy)pa ~ EHZl",
[JIe BBEIEHA BEJIMUNHA
n = p11 — P22, (1110.59)

MUMeIONaA CMBICJ PA3HOCTH HacejeHHOCTel ypoBHelt, OTHECEHHOH K NOJIHOMY 9HCILY
YaCTHIL
3anucas raMHJIbTOHHAH B BHIE

H=H9+v({), (1110.60)
raoe I?[ 0y raMHMJIbTOHHAH HEBO3MYIIEHHOTO aTOMa,

V(t) = ~pE, (1110.61)

V(t) — sneprusa sosmymenns, £ — HanpA>KeHHOCTb 3JIEKTPUYECKOrO II0JIA CBETO-
BOI BOJIHBI,

p = ez, (010.62)

P JHUMNOJIbHbIX MOMEHT aTOMa, MOJIYyYnM

Hpp = HO 4 Vi, (1110.63)

Marpuunbie astements! B ([110.63) BeruucasioTca mo cucreme COGCTBEHHBIX (DYHK-

umit , oneparopa H©) . 91y (hyHKIUN TOOYMHAIOTCA CTAIMOHAPHOMY YDPaBHEHMIO
HIpenuurepa

HO, = Enypn, (110.64)

rae E,, — 3Hepruu CTauMOHAPHBIX COCTOAHUY, H YCJIOBUAM OPTOTOHAJILHOCTH M HOD-
MMPOBKH

/(p,"incpn dz = dpmn. ([110.65)
B cuny (/110.64), (110.65) MaTpu4Hble 3J1eMEHTHI ONEPATOPA HO
) = [ ¢nAOpnds (110.66)
PaBHBI

HY =E, HY=E, HY=HY= (1110.67)



298 Yacmo 1I. H3aayuenue u 2enepamopu ceema

MaTpuuHbie 3/1€MEHTEl ONepaTopa BoaMylleHus, B cuity ([110.61), (J10.62), Buipa-
KAITCA Yepe3 MATPUYHBIE BJIEMEHTHI SJIEKTPOHHON! KOODIMHATEI

Viun = ~€EZmn, _ (1110.68)
roe
Ton = /cp;zwn dz. (110.69)

IIpenmonoXumM, 4TO BOJHOBBIE (DYHKUHUN CTALNMOHAPHBIX COCTOAHMN aToma melt-
CTBUTEJIbHbI

Pn(z) = pp(z) (1110.70)
H JIBJIAOTCA JIPI6O YeTHBLIMU, JIPI60 HEYETHbBIMHU (byHKHHﬁMH KOOPOWHATDI T
¢n(z) = pa(—2). (7110.71)

Taxumu cBoHCTBaMM 06/1aIAIOT, HATIPNMED, BOJHOBBIE (DYHKIMH JACTHUB! B [TOTEH-
muaibaod ame (puc. [110.3), a Taxxe rapMonndeckoro ocumsuiaTopa (puc. 110.4).
HockoiibKy aToM 0DIanaeT NEHTPaNbHON CUMMeTpHelf, OA Hero TakxXKe IOJIXKHO
BeInoJHATECA ycnosue ([110.71). B arom cnyuae

T11 = Ta9 = 0, Ty = T21. (,u1072)

I/ITaK, MATpHUYHbIC 3JIECMEHThI FaMUJIbTOHUAHa UMEIT BUO

Hy = Ey, Hy=Ey, Hy3=H =—-eEx;. (1110.73)
Benwunna (z), cormacso ([410.56) u (1110.72), onpenensercs dpopmyoi
(z) = (p12 + p21)x12. (1110.74)
TNoncrasus ([110.73) B (110.58), nony4um ypasHeHus
Y "
= +(p12 — pu) iz, (,H10.75)§;
G tenats s . i :
- ‘ P12 = wop12 + —H12n, (ﬂ1076)

R

Po1 = —iwppa1 — ﬁszn, (ﬂ10-77)f:

rae mcnonp3oBansl 0603navenna (110.1), (J110.59).

CHcTeMa ypaBHeHHH 1Jid mosispusaluM, HaceadeHHocTed u mossa. Ckina-
OpIBasd MOCEAHUE ABA YPABHEHNS, M BHIYMTAS OIHO U3 IPYToOro, IOJyIuM

(P12 + p21) = iwo(p12 — p21), (1110.78)
. . 2% 3
(P12 = pa1) = iwo(pr2 + pn) + 5 Huam, (110.79)°

OTKyHa Cjiegyet, 4TO
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v . 2w
(Prz + f21) + wi(pr2 + pa1) = —TOHun- (1110.80)

W3 ([110.75) u (110.78) nony4aem ypaBHeHHE

2
= —(p ) . 10.81
n T (P12 + p21)Hiz (a )
Wrax, ana nosApusauuu cpensl P noyyaeM cllenyomue ypaBHeHnA:
P = Ne(z),
.. 2w
() + w(z) (:IJ) = —h_erz%Zna (,Z[10.82)
2 .
n = ——h‘w—o(l‘)eE,
umm
2
P+uwiP= —%gngAN,
: (1110.83)
AN =-—PFE
Fuwg ’
rae 0603HavYeHO
e s =po, Nn=AN. (1110.84)

Besuunna py ecTb MATPHYHBIN 3/1EMEHT JUIIOJILHOTO MOMEHTA ATOMA P = €T, COOT-
BercTBYyolui nepexony 1 — 2; senuunaa AN umeer CMBICI Pa3HOCTH HACEJIEHHO-
crelt yposuelt.

- C y4eToM npoueccos pejiakcauud ypasueHus (I110.83) samuceisaiorcsa B BuOe

. 0 2
b+ %—P +wiP = g‘—";ﬂEAN,
ZAN AN ) (1110.85)
AN+ 2L "2 _ < pp
+ T1 hwo ’

roe ANp — paBHOBECHOE 3HauYEHME PA3HOCTH HACEJIEHHOCTEH B OTCYTCTBHE HOJLA;

T, — BpeMs peslakCallUy noJiapusauuy, 77 — BpeMA peslakcauuu HaCEJIEHHOCTEH.
Urak, ypasuenus ([110.85) onmchIBaloT COCTOSHME Cpefibi, BOSHHKAIONIEE IO

nefCTBUEM PE30H2HCHOIO CBETOBOTO NOJIA. BMecTe ¢ BOSIHOBBIM ypaBHEHUEM

1 92E  4n §%P
e = (1110.86)

(cM. u. IV) 91H ypaBHEHHA COCTABIAIOT OCHOBHYIO MOAENb B TEOPHH JIa3epa.

AE

JByXypoBHeBaA KBaHTOBas CUCTEeMa H kiaccuyeckud ocomiiarop. Co-
riacHo (J110.82), B 0TCYTCTBHE OBMXKEHHMA HaceSileHHOCTEH, Korma

n = ng = const (110.87)

(310 ycOBHE BBHINOJHAETCA HPH AOCTATOYHO ciaabom mosie E), cpensee 3HadeHue
3JIEKTPOHHOH KOODIWHATELI T NOMAYMHAETCA YPABHEHHIO OCLMIIATOPA
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(%) + wi(z) = const - E. (I110.88)

Taxkum 06pa3oM, P HE CJAKIIKOM CHJILHOM CBETOBOM I0OJI€ KBAHTOBOE YDaBHEHHE
IBMXXEHHA 3JIEKTPOHA IEPEeXonuT B Kjaccudeckoe. C TOUKH 3pPEHHUS TEOPHHM 3TOT
dakT ABNAETCA ITIABHBIM apIyMEHTOM B IIOJIb3y KJIacCHYecKOol Mmomenun aroma. Kak
[IOKa3bIBAET HAIl PAcyeT, yCJIOBMEM MPUMEHUMOCTH KJIACCHYECKOR MOme/n ABjAeT-
CA OTCYTCTBHE 3aMeTHOIO W3MEHEHMA HACEJIEHHOCTEH KBAHTOBBIX dHEPreTHYECKHX
yposHeli BenecTBa nog, neicTsiueM cBeToBoro oJisA. [Ipu 310M ABYXYpOBHEBAA KBaH-
TOBaA CHCTEMAa OKa3bIBAETCA NPAMBIM 3HAJIOTOM KJIACCUYECKOrO IapMOHMYECKOTO
OCHMJLJIATODA.
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- Homnosuaenune 11
N3 ucropuu dpusuueckoil ONTHKHA

Humamuw u3 opueunasvnux pabom IMaanxa u Metimana.

" Maxkc Inank “O6 omHOM YJIy4IeHHH 3aKOHa u3nydeHusa Buua”. “Un-
TepecHbie pe3yJIbTaThl, OTHOCAIIUECA K U3MEPEHHMIO JIMHHOBOJIHOBOM 4acTu crek-
Tpa M3Jy4YeHUs, 0 KOTOpsix r-H Kypasbaym coobmiu Ha CETOMHALIHEM 33CEIaHUN
M KOTOpble OBUIM MOJIyYeHbl MM U r-HOM PyGencoM, yOeauTesIbHO NOOTBEPKIOAIOT
yrBepxaenue Jlymmepa u Ilpunrcxeiima, ocHOBBIBalomieecas Ha MX HAOIIOOEHUAX,
9TO 3aKOH PacCHpeleJieHNs 3Hepruu B cnekTpe BuHa copaBemiuB He Bcerma, B OT-
JIM4@e OT TOro, YTO NMPEeNCTABJANIOCH MHOTHM BIJIOTH IO MOCJEIHEr0 BPEMEHH; OH
CKOp€e HOCHT XapaKTep NPeNeIbHOro CI1y4Yas, IPUMEHMMOrO B MpocTo# ¢popMe JIHmbL
B 06J1aCTH KOPOTKUX JJIMH BOJIH M HU3KHX TemnepaTyp'. [Tockosmsky cam s Ha 3ace-
JaHUAX 3TOro o6MecTBa BHICKA3aJ1 TY TOYKY 3pEHHA, YTO 3aKOH Buna nHeobxomumo
JoJixkeH ObITH CITpaBelJINB, MHE, OBITH MOXeT, OyeT N03BOJIEHO MOACHATH COOTHO-
IEeHUe MeXIy 3JIEKTPOMAarHUTHOU Teopuell M3jy4yeHMs, Pa3BUTOH MHOIO, M 3KCIe-
PHYMEHTAJILHBIMYA JAHHBIMU.

B cooTBetcTBME C 9TO# Teopuelt 3aKOH pacupeneseHlsA SHEPTHH U3JIy YEHHA Onpe-
JleJIeH NOCTONIBbKY, TOCKOJIBKY M3BECTHA 3aBHCHMOCTD 3HTponun S juHelHOro peso-
HATOPA, B3aUMOOEHCTBYIOMIETO C U3/Iy4YeHueM, OT konebaTenbHoi snepruu U. B moeit
noceqHeit pabore MO 3TOMy BONIPOCY? A, OOHAKO, YCTAHOBMJI, YTO 3aKOH BO3Da-
CTaHKA 3HTPONMM caM 1o cebe elle HENOCTATOYEH IJIA [TOJHOTO ONpENesIeHuA 3TOH
¢ysxnun. MosA TOYKa 3peHHsA O TOM, YTO 3aKOH BHHa CymecTBEHHO OrpaHuYeH,
OCHOBBIBAJIACH HA COODPAaKEHUAX, BLITEKAIOIINX U3 OUEHKYN GECKOHEYHO MAJIOTO BO3-
pPACTaHUA SHTPOIINH CHCTEMBI 1l OJIMHAKOBBIX PE30HATOPOB B CTAIMOHAPHOM TIOJIE U3-
JIy4eHHA, KOTOPYIO f IPOMU3BEJI ABYM:A PA3JINYHBIME METOJAMH U KOTOpAs NpUBEJIA
K YPABHEHUIO

dU, AU, f(U,) = ndUAU f(U),
vi ()
3428
5dU?’
Ozcioga Boipaxenue 3akoHa BuHa npunuMaer Bug

Uuo=nU un f(U)=

d

du?

Buipaxenue, crosaniee B npaBo#l 4acTu 3Toro (byHKUMOHAILHOTO YPABHEHMA, H
€CTh YNOMSHYTO€e BbIlI€ W3MEHEHUE SHTPONMHM, IIOCKOJIBKY 7t OOUHAKOBBIX MPOLEC-
COB MPOTEKAlOT HE3aBHUCHMO ADPYr' OT OPYra, U U3MEHEHHA MX SHTPONKH HOITOMY
JOJIXKHBI TIPOCTO CKJIAABIBATHCA. £l CMOr pacCMOTpETh, OOHAKO, eIe OJHY BO3MOXK-~
HOCTb, XOTA €€ U HE TaK JIETKO cebe MpeaCcTaBUTb M, BO BCAKOM CJydae, TPYIHO

NPOBEPHTL. A MMEHHO, OBIIO MOKA3aHO, YTO BHIPAXKEHHE, CTOAINEE B JIEBOH yacTu
BhIIENpuBeIeHHON POPMyJsIbI, HE UMeeT TOro obIIEro 3HAYEHUsA, KOTOPOE A C HUM

= const/U.

1T-n [Jamen nucan MHE, 4TO OH TakKe OOGHADY)H/I HETABHO OTKJIOHEHMA OT 3aKOHA BuHa.
2Plank M//Ann. Phys. 1900, v. 1, p. 730.
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CBA3LIBAJ paHee; MHade ropops, 4To Beawuusnl U,, dU,, AU, camu no cebe me-
CYLIECTBEHHBI [JIA ONPENeIEHUA PAcCMATPUBAEMOr0 U3MEHEHUS DHTPOIUH, HO YTO
IJIA 9TOro HeoOXomuMo 3HaTh 3HadeHHe camol sHepruu U. B cBs3u ¢ 3TUM s B KOH-
Ile KOHIOB MPHCTYIUJI K MOCTPOEHHUIO MOJHOCTHIO MPOH3BOJILHBLIX ypaBHeHHH s
SHTPONHMH, KOTOPBIE, XOTA M BHIVIANEenH Oosiee CIIOXHBIMH, yeM ¢opMysia Buna,
BCE XK€ MPENCTABJIAINCH YIOBJIETBOPAIOIUMY BCEM TPeOOBAHMAM TEPMOAMHAMMKM
nu BHEKTpOMaI‘HHTHOﬂ TEOpHH.

Oco6eHHO MPUBJIEKATEILHO OJHO M3 IIOCTPOEHHBIX MHOW BhIpaxKeHHH, KoTropoe
[OYTH TaK Xe IPOCTO, KakK u ¢opMmyna BuHa, u 3aciyKHUBaeT pacCMOTpEHHs, HO-
CKOJIbKY 3Ta (hOPMyJla HENOCTATOYHA JJIA TOTO, YTODBI OXBATUTH BCIO OBJIACTDL HA-
OMI00aeMbIX BelM4KMH. MBI [IOJIy4YHM TO BHIpAXKEHHe, MoJIaraf’

a2s «

Uz~ UB+0)

DT0 caMoe MPOCTOE U3 BCEX COOTHOLICHMH, KOTOPbIE IPUBOAAT K BEIPAXKEHUIO S
Kak Jiorapudmudeckoit dynkuuu U, nony4aercs us BEPOATHOCTHBIX co0OpakeHui
M, KpOME TOTO, Ajid MaJIbIX 3HadeHult 8 naer ¢popmyny Buna. Ucnonssys

as 1
auU T
H 3aKOH cMemenua Buna?, nosnyunm dbopmyiy, conepKamyo OBe KOHCTAHTbI:

oS
T ac/AT _ 1

9ra ¢opMysa, HACKONBLKO A MOry ceffuac CyouThb, COOTBETCTBYET 3KCIEPHMEH~
TaJIbHBIM HaHHBIM, OMyOJIUKOBAHHBIM K HACTOAIIEMY BPEMEHH, B TOU Xe Mepe yIo-
BJIETBODHUTEJIBHO, KAK ¥ JIyHIIMe BbIDAXKEHU:d, a HMEHHO aanHbie Tuzenom®, Jlym-
mepom u STuke® u JIymmepom u Ilpunrcxefimom’. 910 GyneT IpOMIUTIOCTPUPOBAHO
HEKOTOPBIMM YHMCIIEHHBIMHA [IPUMEpaMHu.

ITosToMy A nOJaraio BO3MOXKHBIM OOpDATUTH Ballle BHUMAHHE HA [PUBEICHHYIO
HOBYIO OpMYJTy, KOTODYIO A CuMTal0 Hamnpocreimeit (He cumrtas dpopmynsl Bu-
Ha) — C TOYKM 3PEHUA 3JIeKTPOMArHUTHOH Teopuu u3nyueHus.”

Teonop Meliman. “BriHyXIeHHOEe ONTHYECKOe H3JIydYeHHe B pybH-
ue”. “Illasnos u Taync® nmpennoxumu cnocob rerepanuu O4eHb MOHOXPOMATHYHO-
ro m3nydeHus B OmuxHel uHppakpacHO# 06sacTH CeKTpa MyTeM HCIOJIb30BAHHUA
13pOB IEJIOYHBIX METAJUIOB B KadecTse akTupHol cpenbl. Ixasan® m Cammepc!®

341 ucnosk3ay10 BTOPYIO MPOU3BOAHYIO S 0 U, MOCKOMBKY 3Ta BEJIMYMHA MMEeT IPOCToe bu3u-
4eCKOe MCTOJIKOBAHHE.

43akon cmemenusa Buna umeer sug S = f(U/v), rae v — HacToTa pe3oHATOpa, Kak aTo Gymer
[OKA3aHO B IPYTOM MeCTe.

5 Thiesen M//Verhandl. Dtsch. Phys. Ges. 1900. V. 2. P. 67. 13 aro#t paboThl MOXHO ycMO-
TpeTh, 9YTO I-H TH3eH mpemsoxui csowo GopMysy Ao Toro, kak rocnona Jlymmep u Ilpmarcxetim
PacnpoCTPAHKJIM CBOM U3MEPEHHA Ha 00JacTh AJIMHHBIX BOJH. fl nomyepxmBaio 310 06CTOATEND-
CTBO, TOCKOJIBKY 51 CHEJIaJl NPOTHBONOJIOXKHOe yTbBepxaenue (Ann. Phys. 1900. V. 1. P. 719) no
TOro, Kax 3ta pabora 6buta ony6iukoBaHa.

6 Lummer O., Jahnke E//Ann. Phys. 1900. V. 3. P. 288.

7 Lummer O., Pringsheim E//Verhandl. Dtsch. Phys. Ges. 1900. V. 2. P. 174.

8Schawlow A. L., Townes C. H//Phys. Rev. 1958. V. 112. P. 1940.

9 Javan A//Phys. Rev. Lett. 1959. V. 3. P. 87.

10ganders J. H//Phys. Rev. Lett. 1959. V. 3. P. 86.
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2g

Bueprua (103 cu™1)

olta,

Puc. [11.1. Cxema 3HepreTHYeCKMX ypOBHel MOHOB XpoMa B KOPYHAE, IOKa3bIBAIOIIAd
paccMmaTpuBaeMslit npouecc .

a) %
RN} PLLLE L))

I

6925 R, R, 6950

JJMEa BOJHBL (A)

AMNN

L1i1l

Puc. [11.2. Criextp ucnyckannsa pyGuna. Bos6Gyxnenne Huskol Momuoctu (a), Bo3Gyx ze-
Hue BEICOKOH MomHocTH (6)

06CY NN IPENJIONKEHNA HCIIOIb30BATh 9JIEKTPOHHO BO36Y K I€HHbIE Ta30BbIE CHCTE-
Mbl. B Hamelt 1abopaTopuy MeTOn ONTUYECKOH Hakadky OblLI mpuMeHed A (Jiryo-
PECLIEHTHOI'O TBEPAOrO TeJIa, YTO NO3BOJIKIIO JOCTHYL OTPULATENBHBIX a6COIIOTHBIX
TEMIEPATYD M BBIHYKIEHHOTO OITHYECKOrO M3JIyYeHHA Ha AjuHe BOJHbI 6943 A; B
Ka4eCTBE AKTHBHOTO MATEPUAJIa UCIOIb30BAIICA PyOUH (XPOM B KODYHIE).

YnpoueHHaa CXeMa DHEePreTHYecKuX ypOBHeH [O7iA TPEXKPATHO MOHU30BAHHOTO
XpOMa B 3TOM KPHCTaJuIe oka3aHa Ha puc. [[11.1. Korna stor matepuas obiy4aer-
€5 CBETOM C IJIMHOH BOJIHBI 0K0J10 5500 A, nOHBI XpoMa BO36Y K HAIOTCA B COCTOAHME
iF;, n 3aTeM 6BICTPO TEPAIOT YaCTb YHEPrUM BO3OYXIEHUA B Iponecce 6e3pi3ayya-
TenbHOTO nepexosa B cocrosuue 2E 1. Dro cocToAHME 3aTeM MEIJIEHHO PACIafa-
€TCA 33 CYET CIOHTAHHOIO M3JIydYeHHA nybera y3KUX CIHeKTpPasbHBIX JIMHHH, KOTO-
psie mpu Temneparype 300 K umeror mnunb Bosn 6943 A 1 6929 A (puc. 111.2, a).
B cioyyae o4eHb MHTEHCHBHOTO BO30YXIEHHMA HACEJIEHHOCTb 3TOr0 MeTacTabuiib-
#oro cocroanus (?E) MOXeT MpeBBLICHTH HACEJEHHOCTh OCHOBHOIO COCTOSIHHA; 3TO
€CThb yCJIOBHE BO3HHKHOBEHHA OTPHULATELHOM abCOIIOTHOM TeMnieparyphl H, C/I€a0-
BaTeNIbHO, YCUJIEHUA CBETA 33 CUET BBIHYXICHHOTO W3J1y4eHHUA.

1 Maiman T. H//Phys. Rev. Lett. 1960. V. 4. P. 564.
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Ina neMOHCTpaIMu OMMCAHHOro Bhime 3ddexTa Kpucrann pybuna pasmepom
B 1 canTHMeTp, NOKPHITHIE HA IBYX MapaJuUleSibHBIX TOpHax cepebpom, obaywasncsa
MOIIHOH JJaMIIOR-BCIBIMKO; CHEKTP UCITYCKAHNA, [TIOJIyYEHHBI# [IDK 3TUX yCJIOBUAX,
nokaszaH Ha puc. [[11.2,6. 9Ty pe3ysbTaThl MOXKHO OObACHATH TEM, YTO JOCTHIa-
IOTCS OTPHIATeIbHbIe a0COIIOTHEIE TEMIIEPATYPBI, 1 UMEET MECTO PEreHEepaTHBHOE
ycunenve. 51 0Xuaio, B IPHHINNE, 3HAYATEIbHO 60stbmero (~ 108) cyxennsa crek-

TpaJIbHOR JIMHUM [PH HCTONb30BAHUM TEXHUKH CeJIeKIMu Mom 2.”
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2. Maiman T. H Stimulated Optical Radiation in Ruby//Nature. 1960. V. 187. P. 493.

12 Gchawlow A. L., Townes C. H.//Phys. Rev. 1958, v. 112, p. 1940.



Yacte 111

HNurepdepennus, gudpaknous,
KOrepeHTHOCTb

B 9TOH yacTH KHAIY PACcCKa3aHO O PU3NIECKUX ABJIECHUAX, 00YCIIOBJIEHRBIX BOJI-
HoBoO# npuponoH ceera.

IlBa CBETOBBIX MMy4Ka, CKJIABIBAACH, MOTYT 06pa30BbIBaTL TeMHOTY! 910 yausn-
TesipHOe ABJieHKe, oTKpeiToe ¥0nrom B 1801 rony, nosyynsio Hassanue unmepgpeper-
yuu cBeTa. O6bACHATD HHTEP(hEPEHIMIO YIACTCH TOJILKO HA OCHOBE MPENCTABJIEHUA
0 cBeTe Kak 0 BosiHe. Tax, 331010 40 OTKPLITHA 3/IEKTPOMATHATHOM IPUPOLBI CBETA,
OBLJI0 YCTaHOBJIEHO, YTO CBET TpeACTaBaAeT cOO0Oi BOIHY.

CoocobrocTs MHTEPdEPUPOBATE HASBIBAIOT Ko2epenmHuocmvio ceeta. OQHAKO He
BCAKUM cBeT sBJyIsieTCA KorepeHTHbiM. Hanpumep, cBeT j1asepa KOrepeHTeH, a CBET
Connua — ueT. C TOYKM 3peHHsA CTPYKTYPBI CBETA, KOTEPEHTHOCTb — 3TO BJIN30CTh
cBeTa K HAeasibHOU rapMOHMYECKOH BOJIHE.

Hudparyus — 310 orubanue CBEeTOBON BOJIHOU MPEIIATCTBUA, HAXOMAIIEIOCH HA
ee nytu. OoHO W3 nposiBieHuit gudpakuuun — TaK HasbiBaemoe “natHo Ilyacco-
Ha” — cBewIlas TOYKa B IEeHTpe 00JIaCTH reoMeTpHYEcKOoW TeHH, Habimonaemas
IIpY OCBELLEHNY HEIIPO3PAYHOr0 AWCKa KOrepeHTHO! cBeToBOM Bosino#t. dpyro#t npu-
Mep — mupaKLnA J1a3ePHOrO Jiyya Ha HupakumMoHHOM pemerke (cucTeMe mene
B HENpPO3payHOM 3KpaHe), KOorua npomenmuil ceer obpasyer apkuil “Beep” Jsyuefs,
PACIPOCTPAHAIOIMINXCA B PA3AHYHBIX HANPABIEHUAX.

Wnrepdepenuus, nudpaxuus, KOrepEeHTHOCTh CBETa YPe3BLIYAHO BajKHbI B Ta-
KUX NPOLECCAX KaK MEPenada ONTHYECKOU SHEPruH Ha PACCTOSHHME, KOHIEHTPAUMA
CBETOBOTO IOJIA B MPOCTPAHCTBE, (DOPMUPOBAHME ONTHYECKOro u3obpaxkennsa. Ha
ocHOBe MHTep(depeHIuH pPaboTaIoT ONTHYecKHe Npubophbl, NO3BOJIAIOUME aHAJIU3H-
pPOBATH CNIEKTPAJIbHBIN COCTaB cBETA — AN PAKUHAOHHLIE PEMIETKH H MHOTOJTy YEBbIE
uHTEpdEPOMETPLI. ITH XKe IPUOOPHI IO3BOJIAIOT 0YE€Hb TOYHO U3MEPUTD LJHHY CBe-
ToBOH BOJIHBL. [udpakius peHTreHOBCKHX Jiydell NO3BOJIAET UCCAEIO0BATh CTPYKTY-
PY XKPHUCTAJJIOB M CJIOKHBIX MOJIEKY.JI.

fAcnoe monnmanue Pusuky uETEPGEPEHIMA B AUDPAKLIKK CBETa MO3BOJIUIIO pe-
aJIM30BaTh HOBLIK crocob 3amucy CBeTOBbIX nosied — rosiorpaduo. [IpuHuunNas-
HOE OTJIMYHE 3TOro cnocoba ot dororpaduyeckolt perncTpalu COCTOUT B TOM, YTO
3aNUCHIBAETCA HE CAMO CBETOBOE I0JIe, OTPAXKEHHOE OOBLEKTOM, a KapTuHa uaTepde-
peHLMK STOrO IOJA C KOorepeHTHOH omopHo#t ceeToso# BosHol. IIpu aToM ymaercs
COXpaHuTh MHGOPMAIMIO HE TONbKO O IPOCTPAHCTBEHHOM PACIpENesIeHHU MHTEH-
CHBHOCTH CBETa, HO M O pacnpenesienun ¢asbl konebanuit B ceerosoM nose. [Ipak-
THYECKAA TONOrpadhus CTajia BO3MOXKHOM 0C/Ie CO3RAHAA HCTOYHHKE KOTEPEHTHOTO
ONTHYECKOrO M3JIyYeHUA — JIasepa.



JIexknusa 11
Nnurepdepenins ceera

Hyumeppepenyuonnve seaenun 6 onmuxe. Onwm FOnea. Humepdepomemp Madi-
xeavcona. Humepdepenyua monorpomamunecxur soan. Humepdepenyun nemono-
Tpomamureckozo céema. Humeppeperyus caynatinott ceemosols soanm. Mrozoay-
wesan unmepdepenyun. Hnmepdepomemp Pabpu—Ilepo. Cobemeennvie modv u do-
GPOMHOCTIL AQ3EPHOZ0 PE3OHAMOPA.

Jlekums nocBAmeHa uHTepdepernuyn ceera. OMUCaHbl ONBITHL IO HABIIOIEHHUIO
untepgepennuu. O6cyxaaerca pusudeckas npupoda asjenua. MamaraoTcsa ocHO-
Bul Teopun usrepdepenuun. Ha npumepe unrepdepomerpa ®abpu-Ilepo paccma-
TPUBAIOTCA 0COBEHHOCTH MHOTOMYYeBOl nHTepdepenuuu. Chenana oueHka A06poT-
HOCTH JIA3€PHOTO PE30HATOPA.

HNurepdepeHnnonEble ABJIEHAA B onTuKe. Ecin npu Hajl0XKeHUn ABYX CBe-
TOBBIX My4YKOB HHTEHCHBHOCTh CBETA HA BKPaHe OKA3bIBAETCA HE PABHOM CyMMe HH-
TEHCHBHOCTeM, 8 IepHOANYECKH MEHACTCH OT TOYKH K TOYKE, 06pasysa CUCTEMY TEM-
HBIX U CBETJ/IBIX JIUEHMH, TO TOBOPAT, YTO KMEET MECTO uNmep@epeHyus CBETa.

Ilpuniun sabmoneHnsa HHTEpQepeHuuy wutocTpuapyer puc. 11.1. IIsa ognopoa-
HBIX CBETOBBIX IIyYKa CBOMATCA HA 3KpaHe U 00Pa3yIOT CHCTEMY TEMHbBIX U CBETJIBIX
suHuil — unmepgdepenyuonnyro xopmuny. IonoGHbi OOBIT MOXKHO OCYIIECTBHUTD,
UCHOIb3YA MYYKH J1a3epHOro cBera. ONBIT MOKA3BIBAET, YTO B IPEHEJIAX TEMHBIX
[I0JIOC HA 9KPaHe JBa CBETOBBIX IYYKa MPAKTHYECKU MOJHOCTLIO 2GCAM APYT APYra.
Kopotko, narepdepeHuuio ceTa MOXHO ONPEIE/UTh KaK ABJIEHNE, B KOTOPOM

CBET + CBET = TE€MHOTA.

Nurepdeperuns cBera BeCbMa TOHKOE DU3UYECKOE ABJIEHUE, KOTOPOE PEIKO Ha-
Gsromaerca B oOblaeHHON xm3uHu. Tak, U3 ONBITA XOPOLIO U3BECTHO, YTO €CIM KOMHA-
Ta OCBEINAETCA IBYMs JAMIOYKAMU, TO OCBELIEHHOCTH B JII060H Touke paBHA CyMMe

\

Cser Cser

Puc. 11.1. fpnenue unrepdepenuun csera. IIpy HAOXKEHAN OBYX OTHOPOIHBIX CBETOBBIX
NyYKOB 00pa3yeTca KApTHHA YePeJOBAHMA TEMHBIX U CBETJIBIX JIMHUH — HHTEP(EpEHIH-
OHHAA KapTHHA
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Puc. 11.2. Habmogenune uHTepdepenigy BOJIH HA NOBEPXHOCTH BOMBI

OCBEINEHHOCTeH, CO3MABAEMBIX KaXIO0H JIAMIOYKOH OTHENBHO. DTOT IKCIEPUMEH-
TaJbHBIR (PAKT, KOTOPHI MOXKHO HA3BATh 3GKOHOM CAOHCEHUR UHMEHCUBHOCMET,
HMEeT MECTO [Jis HE3aBHCHMBIX UCTOYHMKOB CBeTa (namm, ceeudedt u T. n.). Okassi-
BAETCA, ONHAKO, YTO BO3MOXHBI CUTYaIlul, KOIIA 3aKOH CJIOXKEHHA UHTEHCHBHOCTEH
Hapymaercsa. Tak ObIBaeT, €CITN HAKJIAUbIBAIOTCA MYYKH CBETA, HCXOUALIME U3 OH-
HOT'O M TOrO € MCTOYHMKA, HO Ipomenquue pa3uble ontuieckue nyTt. OnpIT Io0Ka-
3BIBAET, YTO NIPH OHPESESICHHBIX YCIIOBAAX HAJIOXKEHHE TaKUX IMyYKOB JAeT PacHpe-
JeJieHue MHTEHCHBHOCTH CBETA B BHIE YEPENYIOMMXCA TEMHBIX i CBETJIbIX II0JIOC —
TaK Ha3bIBAEMYIO UHMEPPHEPEHUUORKYI KAPMUNY.

HurepdepeHuus Kak BOJTHOBOE sABieHUe. Ecau nonyCTuTh, 9T0 CBET
npencraBifer coboft goany, TO ABNeHHEe MHTEepdEPEeHIHK JIETKO 00biICHHTh. B ca-
MOM JiejIe, eCid CKJIOBIBAIOTCA OBE ONUHAKOBBIE ChepHUIeCKue BOJIHBI, TO B HEKO-
TOPBIX TOYKAX MPOCTPAHCTBa KONeGaHNA YCUIIMBAIOT OPYT APYra, B TO BPeM#A KaK B
ApYTUX TOYKaX, HANPOTHB, KOIeOAHNA B3AUMHO FacATCA. DTO JIErKO HAGIONATH B
OTIbITE C BOJIHAMM Ha IIOBEPXHOCTH xuakocTu (puc. 11.2). B mnockyio CTEKIAHHYIO
KIOBETY HamuTa Boma. C MOMOWBIO CIleHHAJIbHOrO BHODATOpa ABA BePTUKAIBHBIX
CTEPXKHA C UIAPHKAMY Ha KOHIAX TTEPUOIMYECKU KACAIOTCA MOBEPXHOCTH BOIbL, BO3-
Oyxnaa sosubl. HanoxeHnne BONH naeT MHTep(EPEHUHOHHYIO KAPTUHY, KOTOPYIO
MOXHO HabmI0JaTh Ha 3KpaHe, HCIIOJIb3YA MPOCBEYHBAIONIEE KIOBEeTy CTPOBOCKOMHU-
9eCcKoe OCBEleHwe, CHHXPOHM30BaHHOE ¢ KosiebanuAMu BHOpaTopa.

Onsbir FOHra. Moxuo nm uabmonars uarepdepenumio B B ontuke? Iomoxu-
TeJIbHBIN OTBET HA 3TOT Boupoc 611 nostyyen B onnite IOHra (1801 r). CxeMa omsita
nokasaHa Ha puc. 11.3. B sToM onpiTe cBer OT HCTOYHHKA S MPOXONU dYepe3 Ma-
JIEHbKOE OTBEPCTHE B 9Kpane (J1, 3aTeM IaJas Ha 9KpaH Q2 ¢ OByMsa MaJIeHLKUMHU
OTBEPCTUAMY, PA3HECEHHBIMH Ha HEKOTOpOe paccroanue. [Ipomenmuii yepe3 oTBep-
CTHA CBET NANAJI HA 9KpaH (3, rie u HaOMONAIaCh UHTEPdEPEHINOHHAA KAPTHHA.

Kax sugum, cxema onslta IOHra odeHb NOXOXa Ha CxeMy HabJIONEHHUA MHTED-
depeHuMH BOJIH HA MOBEPXHOCTH BOAHL. Ecin cBer, uchyckaeMbiit OTBEPCTHAMHU B
skpaHe (o, npencTasnzeT cobolt BosHbI, TO Ha 9KpaHe Q3 Ho/kHO Habmomarbca
YepenoBaHHWE TEMHBIX H CBETIJIBIX ITOJIOC, T. €. MHTEDMEPEHIMOHHAA KapTHHA.

Onerr noxreepani 3o npeamonoxenne. CHavana IOur nponycrusn conHedHble
Jiy4M B TEMHOE IIOMEINEeHUE ¥ Ha UX NYTH PACHOJIONKHUI ABA 3KPAHA: TEMHbIH C ABYMA
TOYEYHBIMH OTBEPCTHAMHE M Gestblll (Ha HEKOTOPOM PACCTOAHUH 1103814 nepsoro). Ilo
06e CTOpOHbI OT APKOH uHKN Ha 6eJIOM 9KpaHe OH YBHIE JBE TEMHOBATHIE NOJIOCKHY,
YTO IPHUBEJIO K PENIEHHIO TOBTOPUTH onblT. Ha 3TOT pas B kayecTBe MCTOYHUKA CBETA
OH HCHOJIb30BaJl CIMPTOBYIO FOPEJIKY, 50DaBuB B ee IaMsA HeBOJIBIIOe KOJNIeCTBO
NOBAPEHHON COMNM 1115 MOJIYYEHHMA APKOTO XEJITOro uanydenun Harpus. Ha skpane
BO3HHKJIA KAPTHHA K3 PEryJIAPHO PACHOMOXEHHBIX TeMHLIX mosioc (puc. 11.3,6).
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~
T

a) .6)

Puc. 11.3. Omsir I0nra. Cxema ommira (a), dparment mabmonaeMoit unrepdepeHIHoHHON
xapruns (6)

Oneir ¥O0Hra ABmiICcA nepBrIM y6EONTEILHBIM HOKA3aTEBLCTBOM TOTO, YTO Ha-
JIOXKE€HHE CBETa MOxKeT obpa3oBarh TeMHoTy. Habmonenne nurepdpepeHunan 8 onbi-
Te JOHra mociayXuio SKCHEPUMEHTANLHBIM JOKA33TEJIBCTBOM 604AH060T Npupodul
ceema.

3anadyu Teopun MHTepdepennuu. Teopusa unrepdeperHnnan NOJIXKHA, C
OIHOR CTOPOHBI, JAaTh IeTajIbHOE ONMCAHUE Pe3yJIbTaToB onbita IOHra u gpyrux un-
TepdepeHIHOHHbIX ONLITOB, a C APYyro#l CTOpPOHbI, 00bACHATH, HOYEMY IIPH HAJIOXE-
HUM NYYKOB CBETA OT HE3ABUCHMBIX MCTOYHAKOB MHTEpdEpeHnnsa ue Habimonaercs,
a MMEeT MeCTO 3aKOH CJIOXKEHUA MHTEeHCUBHOCTeH. 3aberas Buepel, YKaxKeM, 4To
MOCJIeHEee CBA3AHO CO CJIOXKHOM, caywalinoll CTPYKTYpO#l CBETOBOrO moJjisA, CO3la-
BAEMOro OOBIYHBIME (HENA3ePHLIMU) MCTOYHUKAMK CBeTa. CBET TAKUX UCTOYHUKOB
obpa3yercsa B pe3yJbTaTe HaJIOKEHUA OIPOMHOIO YHCJIA 3JIEMEHTAPHBIX cdeprye-
CKUX BOJIH, HCITyCKa€MBIX HE32BUCHMBIMH OCHMJLIATOPaMM (ATOMAaMH) U BCIEACTBHE
3TOrO CHJIBHO OTJIMYAETCA IO CBOell CTPYKTYpE OT HIEAbHON rapMOHMYECKOH BOJI-
ubl. [IoaTomy B Teopun uHTephepeHiny Mbl OyIeM HCIOIbL30BATH NMPEICTABICHAE O
CAYHATHOM CBEMOBOM TNOAE ¥ METONBI CTNAMUCMUNECKO20 ONUCAHUR CBETOBBIX TO-
nelt. PazpuBaa teopuio uHTepdepeHIMH, MBI IPHUAEM K BajKHOMY MOHATHIO KOTe-
PEHTHOCTH CBETA.

KorepesdTHOCTH cBeTa. Mcropuuecku NOHATHE KOTEPEHTHOCTH CBETA, BO3-
HMKJIO B CBA3HU C MHTEPMEPEHIMOHHBIMH ONIBITAME. BbIIIO BLIACHEHO, YTO NOABJICHUE
uHTepbepeHIHOHHO! KapTuHbl B onbiTe }Onra 3aBucuT OT TOro, Kaxoit cBer ma-
IaeT Ha. 9KpaH (2 C AByMs TOYEYHBIMH OTBepCTHAMH. Ecim 2TO cBeT TOUYewHOrO
HCTO4YHMKA, KaKOBBIM ABJIAETCA MaJeHbKOe OTBepcTHe B 9kpane (; (puc. 11.3), To
uHTepdepeHra ecTh. ECau Xe 3TO CBET OT NPOTAXKEHHOrO HCTOYHMKA WJIM CBET,
pacceAHHbIH MaTOBOM MacTHHKOM, TO mHTEepdepenuyu Het. KorepesTHOCTEHIO B GbI-
J1a HA3BaHa cnocobHOCmMy céema 0a8amb UNMEPPEPERUUONNYIO KADTIUNY.

ficHO, YTO KOTEPEHTHOCTH CBA3aHAa CO CTPyKTypo# ceera. Huxe mMb1 yBuanm, 910
KOI'€pEeHTHBIH CBET — 3TO CBET, CTPYKTYpa KOTOPOro 6siMska K IU10CKoi uin cde-
puyeckolt rapmoHndeckolt Bonxe. Hade roBopsi, 3T0 CBET € 6vicoxo ynopadouennotl
cmpyxmypod. B NpOTHBONOJIOKHOCTL 3TOMY HEKOTEPEeHTHBLIK CBET, T. €. CBeT, He
crnocobublit faBaTh HHTEPGEPEHUNIO U HOTYMHAMHKACA 3aKOHY CJIOXKEHHA HHTEH-
CHBHOCTEH, UMEET CTPYKTYDY XAOTHIECKM MOLYJIMPOBAHHOU BOJIHBI.
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3epkaJno
s

CBeTozenuTeNbHAA
nJacTuHa

TR

OkpaH 3epkaJio

*
MonoxpoMaTHieCKui
MCTOYHKK CBETa

Puc. 11.4. Cxema untepdepomerpa Maitikesscona

HUnrepdepomerp Maiikenbcona. B xonue XIX B. amepukanckuit pusuk Anb-
6epT MallkebCOH BHIIOJIHUI CEPUI0 BAXKHBIX OITHYECKUX dKcrepuMmentoB. Hanbo-
JIee U3BECTHBI €r0 OIBITHI [I0 U3MEPEHUIO CKOPOCTH CBeta (cM. 4. I); a Taxxe ONbITHI
o nHTepepeHy CBETa, IIPOBEAECHHBIE Ha CIIENUAIbHO CO3NaHHOM npubope, noay-
yupineM nosaHee ero umsi. Ha unrepdepomerpe Malikenbcona 6nu nposeneH 3HaMe-
HATBLIH OMBIT, MOKA32aBMHKH}, YTO CKOPOCTh CBETa OTHOCUTENHHO NOBEPXHOCTH 3€MJIH
ONMHAKOBa B HANPABJIEHAN IBHUXKEHUA 3eMJIH N0 €€ OpOHTe U B MepneHauKyJiap-
HOM HaNpapyieHUd. Y OeIUTENbHOCTD U BLICOKAA TOYHOCTh 3KCIIEPUMEHTAJIBHBIX pe-
3ynbTaroB MalikesibCOHa, MO3BOJIKIM YCTAHOBUTD BaxXHbIl dusnyecknit mpuumn —
NPUHYUN NOCTNOAHCTBA CKOPOCTNU C6EMa, COTIIACHO KOTOPOMY CKOPOCTh CBETa OfH-
HAKOBa BO BCEX HAIPABJIEHUAX U HE 3aBUCUT OT JBUKEHUA HCTouHmKa. Ha ocHoBa-
HUH 3TOro npuHuuna Ansbepr SfHmTeH CO3MAN TEOPAIO OTHOCHTEIHHOCTH.

CxeMa unteppepomerpa Malixenncona nokaszana Ha puc. 11.4. Untepdepomerp
paboraer caenyiomum obpasoM. Ilydox cBera OT MOHOXPOMATHYECKOrO MCTOYHH-
Ka HaIpaBJIsieTCA Ha CBETONEJMTENbHYIO IUIACTUHY, TOE [EeJTUTCA HA ABA MyuYKa —
mpolienumui ¥ OTpaKeHHbI — NpUMepHO OAMHAKOBO# uHTeHCUBHOCTH. [Ipofina He-
KOTOpbIE paCCTOSAHMA, 3TH YK NONAJAIOT Ha 3€PKaJia, OTPaXaloTca UMK B 06paT-
HBbIX HaIPaBJIEHUAX ¥ BHOBb MAIAIOT HA JEJMTEJIbHYIO IUTacTHHY. IlnacTuHa CHOBa
YACTHYHO OTPa’KaET ¥ YACTHYHO IPOIYCKAET CBET, B pe3yJibTare yero obpasyerca
IIy4OK CBera, npeacrasiisionumit cobolt cMech IyYKOB, NPOIIEIUIAX 4epe3 pa3Hble
nievn uHTepdepoMeTpa. ITOT IYyIOK CBeTa HaDIIOJACTCs HA SKpaHe. JBuras ogHO
U3 3epkaj uHTepdEepOMeTpa B HANPABJIEHWH MALAIOMEr0 Ha HEro CBETOBOTO NyY-
Ka, MOKHO U3MEHATH ONTUYECKYI0 PA3HOCTh XOHa Jiyded W Habmionarh M3MeHEeHHe
uHTepdEPEHIHOHHON KAPTHHBI.

CBeTogenuTesnbHaaA IIACTHHA [PEICTABIAET COOOM IITOCKONApAsIIENbHYIO CTe~
KJISHHYIO IUJIACTHHY, MOKPBITYIO C THUIBHOH CTOPOHBI TOHKOM njeHko#t cepebpa.
Ilnenka cepebpa HACTOJIBKO TOHKA, YTO OHA YACTHYHO OTPAXKAET ¥ YACTHUYHO IPO-
nyckaeT cBeT. TakuM o6pa3oM, JIACTHHA UTPAET POJib NOJIYHPO3PAYHOrO 3€pKaJa.

Nuarepdepenuua MoroxpoMarndecKuX BoaH. IIycTh mcToyHmk cBeTa Ha-
npasJifer B uHTEepdepoMeTp MalikenbCcoHa MIOCKYI0 MOHOXPOMATHYECKYIO CBETO-
BYIO BOJIHY BHAA
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Ep = Agcos(wt — kz). . (11.1)

O6osnaunm yepes R u T ko3 puumenTs 0TpaXeHus U NpOnyCKaHuA cBera (1o uH-
TEHCHBHOCTH) JenuTtesnbHoi nnacTuskofl. [Ipesebperas norsjomenneM CBeTa B Ia-
CTHHKE, MOKHO 3aIiCaTh

R+T=1. : (11.2)

Tak kak ammurysa A IIOCKOR MOHOXPOMAaTHYeCKOH BOJIHBI CBA3aHA C €€ MHTEH-
cusnocTeio I dopmynot (cM. 4. I)

cA?

8’

ko9 PULMEeHTbl OTPAKEHUA ¥ NMPOMYCKAHNA CBETA IEJMTENIbHOU IUIACTHHKOH 1o
aMuauTyde CBeToBOfl BOJHEI OyOoyT paBHBI, COOTBETCTBEHHO, VR u vT.

Ha noyTtu or ucTO4HMKa CBewa JO INTOCKOCTH Hab/IOOEHHA CBETOBasA BOJIHA Je-

JINTCA HA [BE BOJIHLL, MPHYEM KaXXAasd U3 STHUX ABYX BOJIH 110 OOHOMY Pasy Mpo-

IYCKaeTcs M IO OIHOMY Pasy OTPaKaeTcs AesuTenbHod miuactuHkol. B nrore Ha
BBIXOHE uHTEpdepoMeTpa 0OpazyeTca CBETOBAA BOJIHA BUNA

(11.3)

E = VRT Ag [cos(wt — kl1) + cos(wt — kl2)], (11.4)
rae Iy u Iy — nmHsl e uHTEpdEpOMETpPa, MiIn
E = Acos(wt — kl), , (11.5)
rae
A = 2V RT Aq cos(6/2), = +1)/2. (11.6)

Benuuuna & umeer CMBICI pPasHOCTH (a3 BOJIH, NPOIIEAIINX PA3HBIE [JIEYH MHTEp-
dbepomeTpa:

(S:kA, A:ll—-lg, k=-2x7r-

(1L.7)

TMonaras

R=T=1/2 (11.8)

# ucnionb3ya dpopmysint (11.3)-(11.7), NHTEHCUBHOCTH CBETA B IUIOCKOCTH HabJII0a€e-
HUA MOXHO [PEICTABUTL B BUIE

= %10(1 + cos ), (11.9)

roe Iy = cA%/8m —— UHTEHCHMBHOCTH CBETOBOH BOJIHBI Ha BXoe uHTEepdEpoMeTpa.
Ecim onuo u3 3epxan wHTepdepoMmerpa MalikenscoHa, yCTAHOBJIEHHOE Ha Ca-
J1a3Kax, CMEIAeTCA Ha paccroAnue Az, TO PA3HOCTh XOAa Jiydel U3MEHACTCA HA
A = 2Az, a pasnocts a3 6 — na 2rA /. Ha puc. 11.5 nokasana 3aBACHMOCTD UH-
TeHCUBHOCTH BeTa | Ha akpaHe HabmOAeHUA OT § AN CIly<9as najaomel niockol
MoHOXpoMaTH4IecKo# Bosnbl. U3 pucyHka BUAHO, 9TC B MAKCHMYME IIPH

é = 2mm, m=0,1,2,... (11.10)
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Puc. 11.5. IIponyckanne nHTepdepoMerpa MailikesncoHa B 3aBHCAMOCTH OT pasHoCcTH ¢as
uHTEepdEpUpy0OUWNX BOJIH

WHTEHCNBHOCTDh NPOMEIIEro cBeta I CTAHOBUTCA PABHOH MHTEHCHBHOCTH IaJA0-
miero ceera Ip. Mnave roBops, npu ycnosuu (11.10) unrepdepomerp Majixkenncona
TIOJTHOCTHIO IIPOITYyCKaeT NaJalomy) Ha HEero IJIOCKYI) MOHOXPOMATHIECKYHO CBETO-
Byio Bosiay. Hamporus, B MunuMyMe npu

é = (2m + ), m=0,12,... (11.11)

HHTEHCHBHOCTD IPOLIENIIETO CBETA OKA3bIBAETCA PABHOR HYJII0. DTO 03HAYAET, YTO
NaJalonas [JIOCKaA BOJIHA NOJHOCTBIO OTPAXKAETCA Ha3al B MCTOYHMUK.

Orciona cnenyer, 9T0 untepdepomerp Malikenscona MOXeT CIyXuTb QUIb-
TPOM, IPONYCKaHKe KOTOPOTO 3aBUCAT OT JJTUHBI BOJIHBI, HJIH CEJIeKTHBHBIM TI0 [JTH-
HaM BOJIH OTpaskaTeseM cBeTa. B aToit nocsenuet posin OH 9aCTO HCNOMB3YETCA 1A
CeJIeKIIMH MOI B J1a3epax.

B cnyuae paczodawezocs nagaouero U3JyyeHus pasHOCTh X0Ja IBYX BOJIH 3a-
BUCHT OT yvia nagenus (puc. 11.6). B aroM criy4ae Ha 9KpaHe HAOMOACHUA BO3HH-
KaeT MHTep(EepPEeHIMOHHAA KAPTHHA, COCTOAMAA U3 YepeIyOIUXCs TEMHBIX i CBe-
TIIBIX KOJIEL, KOHIEHTPUAYHBIX C OChIK) CHMMETpUH CHCTeMbl. CMernmeHne Kakoro-yin6o
U3 3€PKaJl IPUBOIAT K U3MEHEHHUIO AUAMETDA, KOJeH,

B ciiyuae napansienlbHOrO NAJAIOMIEr0 My4Ka CBETA, HO CJIETKS HAKAOREHHHT
3epKaJ1 unTepdepoMerpa uiam JeInTebHOR MTACTHHKY MHTepdhepeHIUOHHAA Kap-
THHA COCTOMT U3 NAPaJIJIEJIBHBIX 10JIOC, KOTOPHIE CABUIAlOTCA B [IEPHeHAUKYIAPHOM
[0JI0CaM HAUPaBJIEHHH [P U3MEHEHMM DA3HOCTH XOIa Jy4el A.

Hrtepdpepomerp MailkenscoHa MOXHO MCIIONB30BaTh 1A abBCOJIOTHOTO U3Me-
PEHNA JUINH CBETOBBIX BOJIH. Jj1s1 3TOr0 HYKHO MOACYATATH YHCIO N MAKCHMYMOB,
BO3HUKAIOIIMX HA 9KpaHe HaOIIONEHNA IPU CMEIIEHNH TTOIBUIXHOIO 3epKaJia HHTep-
¢depomeTpa Ha uzBecTHOE paccrosnue Az. Torna AnvHa BOJHEBI

Puc. 11.6. KapTuna xoJen, obpasymomancs B nutepdepomerpe MalikenbcoHa npy pacxo-
OAMEMCA AJAIOINEM H3JIYIeHHH
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Puc. 11.7. Unrepdepomerp Malikenncona (a) u ero sxsuBanentnas cxema (6). IlynkTupom
HOKAZAHO TOJI0XKEHUe pedePeHTHO! MUIOCKOCTH

A =2Az/N. (11.12)

ITa TEXHUKS UCTIONb3OBAJIACH IJIA OYEHDb TOYHHIX M3MEPeHUH JJIMH BOIH U3Jy YeHUA
JIa3epoB.

PedepenTnasa nnockocth. Ha puc. 11.7, a nokazana ynpoleHnHaa cxema
untepdepomerpa Malikenscona, a Ha puc. 11.7, 6 — sxkBHBaJIEeHTHAA CXeMa, B KO-
TOpO# BMeCTO 3epkasia M) BBeleHa TaK Ha3blBaeMasa “pedepeHTHasA MIOCKOCTh”,
3aHMMAIOMAA MeCcTO n3obpakenus sepKaia M) B AnuTesbHON MJIACTHHKE.

W3 puc. 11.7, 6 BunHO, 470 11 aHanu3a paboTsl uHTEpdepoMerpa Maiikenscona
[IOCTAaTOYHO PacCMOTPETh HHTEPGEPEHIINIO BOJIH, OTPaKEeHHBIX pedepeHTHO! noc-
KOCTBIO R u 3epkasioM M,. FlHave roBops, BO3HHKaeT 3a1a4a 00 nHTepdepeHuun
BOJIH, OTPAXKE€HHBIX TPAHAMH NAOCKONADAAACABHOM NAGCTIUNKY.

Monocw paBHOro HaksoHa. IlycTs mnockas MOHOXpoMaTHdeckasd CBe-
TOBaA BOJIHA MaNAET Ha IJIOCKONAPAIENbHYIO IUIACTHHKY, obe rpaHu KOTOpo# Ja-
cTuYHO oTpaxaioT cBeT (puc. 11.8). IloncuynTaem ONTHYECKYIO PA3HOCTD X0OA Jydel
A, oTpaxkeHHbIX nepenue#t u 3aaHefl rpPaHAMHU ITACTHHKH.

O603Ha4YuM TOJIIWHY MJIACTHHKY h, yros1 NafeHus CBeTa &, yroJ MpeJOMIICHUA
3, nokasaresb IPEJIOMJICHNS MATEpHaJIa MJIACTHHKHA Nn. B cuny sakona Chesumyca

sina = nsin S. (11.13)

Tax kak ¢a30Bblit Haber CBETOBOM BOJIHBI B Cpefe NMPONOPUHOHAJICH MOKA3ATEIO
npenomitenus n (cM. 4. IV), uckoman pasnocTs xofa nyueh ecTs

A =2ABn - AD. _ (11.14)
W3 puc. 11.8 Bunno, 4o
AD = ACsina, AC =2ABsinfl, AB =h/cosa. (11.15)
U3 (11.13)-(11.15) mosmy4aem
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Puc. 11.8. Nnrepdepenuns cpeTa Ha NIIOCKONAPAILIESIbHON IJIACTHHKE

A = 2hn cos . (11.16)

®opmyasr (11.13), (11.16) nokassIBalOT, YT0 PA3HOCTHL XOH3 JyueH, OTpaKeHHBIX

rPaHAMH IJIOCKONAPAJIIENbHON IIACTUHKH, 3aBUCUT OT yIJ1a IaJEHUA CBETA Ha IJIa~

cturky (“yrsia HaksioHa’). TlosToMy mpu najeHun Ha MIACTMHKY PaCXOAAIIETOCA

CBETOBOTO My4Ka 00pasyercs nHTEpbEpPeHIIMOHHA KAPTHHA, Ha3bIBAEMad “noaocos

Pa6Hoz0 Haxaona”. B HacTHOCTH, B C/Iy4ae OCECHMMETPHUYHOIO JIA3€PHOTO MY4Ka

HHTepdePEeHUNOHHAS KapTHHA UMeeT BUI CHCTEMbl KOHLUEHTPHYECKHX KoJjew. 9Ty

KapTHHY MOXHO HabJORaTh ¢ moMombio unTepdepoMerpa Malikesibcona, MCHOMNb-
3ys B Ka4ecTBe MCTOYHHKA CBETa resinii-HeoHOBbIH nasep (puc. 11.6).

ITonmocel paBHO# Tonmursl. Eciu ogHo u3 3epkan B HHTEpdEpPOMETPE
Maiikennscona (puc. 11.7, a) ciierka OTKJIOHEHO TaK, YTO ILUIOCKOCTHU 3€pKaj M; n
M, He ABAAIOTCA B3aMMHO NEPNEHAMKYJIAPHBIME, TO pedepeHTHaA MIOCKOCTh R
(HanoMHMM, 9TO IJIOCKOCTb, 3aHHMAIOMAA MeCTO u300pakeHus sepkaja M; B ne-
JIUTEeNbHOM MmyiacTuHe) U 3epkajo My 6yayT He mapaJuteslbHbLI Opyr ApYyry, obpasysa
Kak Obl TPaHi KAUHOBUOHOT NAGCTIUNKY.

Kaprunaa oTpaxedns napaJuieibHbIX CBETOBBIX Jiyvell OT rpaHell KIMHA MOKa~
3aHa Ha puc. 11.9. PasHocTh Xona jiydeft B 3TOM ciiy4ae TpuGIHAKEHHO ONMUCHIBA-
ercsa Tolt xe dopmysoh (11.16), rne h — TOJNIIUHA NIACTHHKY B TOM MECTE, TIe
IIPOUCXOIUT OTPa’KeHHe cBeTa. Tak KakK BeJMYuHa h MEHSEeTCs BOOJIb KJIMHOBHI-
HOM IUTACTHHKH, IOJTy Yal0maAca nHTepdepeHIUOHHAA KAPTHHA MOJLy Y118 Ha3BaHWNe
“nosocst pasHotl moawuHv”.

Ha nexuun nemoucTpupyerca pabora nasephoro narepdepomerpa Maitkennco-
Ha. CxeMa nHTepGEpOMeTpa NoKasaHa Ha puc. 11.4. B kavecTse uCTO4YHUKA CBETA,
UCTIOJNIb3yeTcs renuii-HeoHoBsI# nasep. UnTepdepenunonnan kapTuHa HabJIOOaeTCA
Ha 3KpaHe Wiy noTonke ayquropuu. OnHO U3 3epKaJl AEMOHCTPAIHOHHOTO HHTEp(de-
POMETpa yCTAHOBJIEHO HENOABHXKHO, BTOPOE — 3aKPeIlJIeHO Ha Cajla3KaxX U MOXKET
NMepeMeIaThCA BOOJIBL CBETOBOIO JIy4a Ha paccTosrue okoso 20 cm. ITonsurkHoe 3ep-
KaJI0 CMOHTHPOBAHO B CIIENMAJIBHOR KADIAHHON ONpaBe U MOXeT MOBOPAYMBATHLCA
BOKPYT JBYX B3aMMHO NEPIEHINKYIAPHLIX 0CEl, JIeXaluXx B BEPTHKAJIHLHOU IIJIOCKO-
ctu. C moMompio HETEPGEPOMETPA JEMOHCTPHPYIOTCH KAPTHHBI “KOJIbIE PABHOTO
HakyioHA” W “mosiockl paBHOM Tosmmuubl”. IIns yBenuyeHdsi NHHEHHBIX Pa3sMepOB
nHTepdepeHINORHON KapTuHbl 06a HHTEepdEPUPYIOMUX JTyda HANIPABJIAIOT Ha Clie-
LUAJILHYIO OTPaXaTeJIbHYIO IVTACTHUHKY, & 3aTeM IIPOMYCKal0T Yepe3 PaCcCEeNBAIONLYI0
nuH3y ¢ HeGombmuM GoKycHBIM paccroaaueM (5-10 cm). [Ins cTabusnsanya WHTEP-
¢epeHIMOHHON KapTHUHBI UCIIOJIB3YETCA CMEIUAIIbHAS CIENANAA CUCTEMA.
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Puc. 11.9. Nnrepdepennusn crera Ha Kxaune

Konsua Hewrona. NurepdepeHuuonnyio KapTHHY THIS “NOJIOCHL paBHOR
TOJMUHL]" MOXKHO HabJIIOJATh C IOMOIIBIO CTEKJIAHHOH NVIACTHHKH M JIUH3LL. Ecan
ILJIOTHO TPUXKATh BHINYKJIYIO [IOBEPXHOCTD JIMH3B! K IUIACTUHKE U HANPABUTH Ha STY
CHCTEMY NapaJiieIbHbI} My4oK CBeTa, TO JIyYH, OTPaXKeHHble ITIACTHHKOM H nopepx-
HOCTBIO JIMH3BI, 6yayT uHTEepdepuposarh, 06pasysa cuCTeMy HHTEP(EPEHIIHMOHHBIX
JuHul B BUJIe KOHUEHTPUYECKUX TEMHBIX M CBeTbix Kousen (“konbia Heiorona”).

BoeruncnuMm paguychl MHTepQEPEeHIHOHHBIX KoJiell. B JaHHOM Cily4ae pasHOCTb
xona uHTepdUpHupyomux ayyie#t ects A = 2h, rge h — paccrosnue OT OBEPXHO-
¢ty suH3b 10 maactudku. M3 puc. 11.10 suano, uro h = R — vVR2 — r2, rme R —
PaAMyC KPHUBU3HBI MIOBEPXHOCTH JIMH3bI, T — PACCTOAHME OT TOYKH KACAHWA JIMH3bI
H IIACTMHKY OO CcBeroBoro siy4da. Homaras r « R, nmonydnm npubnvkeHHOE Bbi-
paxenue A = r2/R. Paguychl CBET/ILIX KOJIEI ONPENENATCA yCJIoBHeM A = m,
rae A — JmHa ceerosoft sonusl, m = 0,1,2,... . Takum ofpa3om, ana panuycos
kouier;, HeioTOHA NoJiyYaeM BBIpAXKEHHE

rm = VMR, m=20,1,2,.... (11.17)

3TOT pPesysBTAT MOXKHO IPOBEPUTH IKCIHEPUMEHTAJILHO.

Pnc. 11.10. K pacuery paguycos xosen HeioToHa
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Ouarnocruueckas nurepdepomerpnsn. Unrepdepenuuonnas kapTu-
Ha, HabaonaeMas C TOMOIIBbIO MHTEpQepoMeTpa MaitkesnnCcoHa, BeChbMa YYBCTBH-
TeJIbHA K Pa3jIddHbIM MAJIbIM BO3MYMIEHUAM, TAKHM KaK MeXaHU4IecKoe CMelle-
HHe 3epKaJl, H3MEHEHNe COCTaBa, TeMIEPATyPhbl U IJOTHOCTH CPelbl, 9epe3 KOTO-
PYI0 ODOXONAT CBETOBLIC JIYYN. HOBTOMy mﬂ:ep(bepomeTp MOXKHO BCITOIB30BaTHL OJIA
pas3nuyHbIX TOYHBIX H3Mmepenuit. Hanpumep, ¢ nomomsio uarepdrepoMerpa MOKHO
H3MEPUTh MEXaHU4YeCKOoe CMENIeHHWe TIOPANKA IJIHHBI CBETOBOH BOJIHBI, T. €. OKOJIO
10~* cM. TIpu HeOBXOMMMOCTH TOYHOCTD H3MEPEHHA MOKET ObITh MOBBILIEHA €IIe Ha,
HECKOJIBKO NMOPANKOB. Takue TOYHbIe H3MEDPEHHA MCIIONL3YIOT, HAIPUMED, B CEHCMO-
JIOTMH 1JiA PETUCTPAIlMU IBUXKEHMI1 3eMHOH KOphI.

NHarepdepenrna HEMOHOXPOMATHYECKOr0 cBeTa. XapakTep uarepdepeH-
MU CYILIECTBEHHO 3aBUCHT OT CIIEKTPAJIbHOTO COCTAaBA CBETA. AHAJIU3 3TOH 3aBuCH-
MOCTH MBI HAYHEM C PACCMOTPEHHS TMPOCTOTO CIYyYaA UHTepdepeHnyg By X 4aCcTOT-
HOT'O M3JIy4YeHusA.

IlpeamosioxkuM, 4To Ha BXOnL HHTepdepomerpa MailikenbcoHa nocTynawT aBe
[JIOCKME MOHOXPOMATHYECKHe CBETOBbBIE BOJIHBI C YaCTOTAMHU Wy Y we. Cunras, ass
TPOCTOTHI, AMILTATY B! BOJIH OIMHAKOBLIMHM, 3aNMINeM BXORHO! CHrHAN B BUIE

Ey = Ag cos{wit — k1 z) + Ay COS(wzt - kgz). (11.18)

3nech ky ¥ kz — BOJIHOBBIE YUCJIA, CBA3AHHBIE C JJIMHAMH BOJIH COOTHOMIECHMAMMU

kl = 271'//\1, k2 = 271'//\2. (11.19)

Tak xak HaTEpdhEpOMeTp NPENCTaBAeT CODOR Aunetinyw cucmemy, KaxkIasa U3 Mo-
HOXPOMATHYECKHX BOJIH IIPOXOANT YEPE3 HErO HE3A6UCUMO OT APYTOH BOJIHBI M JAET
nHTepdEPEHIMOHAYI0 KapTHHY, OnUchiBaeMyio dopmynamu (11.4)-(11.9). ITo no-
3BOJIAET 3aIMCaTb HHTEHCUBHOCTL CBeTa | Ha BbIXOAE mHTepdhEepOMeTpa B 3aBHCH-
MOCTH OT passocTH xona jyue#t A = I; — I cnenyomum obpasom:

1 1
I= 5[0(1+COS(51)+ ‘2—10(14-60862), (11.20)
raoe
Iy =cA}/8m, & =kd, & =k, (11.21)
WK
I =1y + Iy cos kA cos A, (11.22)
raoe

Ha pmc. 11.11 noxazansl 3aBHCHMOCTH HHTEHCUBHOCTH CBeTa I Ha BbIXOIE MHTEp-
¢dbepomerpa MaitkesbCOHA OT Pa3HOCTH X0Aa Jydelt A IJ1sl CJiydaeB, KOIIa Ha BXOL
uaTEepdEPOMETPA NIOCTYIAIOT IVIOCKHE MOHOXPOMATHYECKHE BOJIHEIL: OJHA BOJIHA Ha
qacToTe w; (@), OOHA BOJIHA Ha 4acTOTe wq (6), Mapa BOJH HA YaCTOTaX wi U w2 (6).
Pacupenenenue “g” ectb cyMMa pacnpenesenuit “a” n “6”.

W3 pucyHka BUOHO, YTO HEMOHOXPOMATUYHOCTD CBETA MPUBOAAT K 3aBUCHMOCTH
sudnocmu MHTEPhEPEHIMONHON KapTHHEI OT pasHocTH Xona Jjydelt. A nsyxda-
CTOTHOTO M3JIyYEHHs T3 33BUCHMOCTH NEPUOAWYHA: BHOHOCTL MAKCHMAJILHA IpH
A = 0, 3aTeM OHA YMEHbIIAETCH, IOTOM CHOBA BO3DAacTaeT u T. I.
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Puc. 11.11. uTeHCMBHOCTH CBeTa Ha BhIxone uHTepdepomerpa Malikenscona I B 3asu-
CHMOCTHM OT Pa3HOCTH Xoma Jiydel A nya ciydaes, XOraa Ha Bxon mHTepdepomeTpa mo-
CTYNAIOT: BOJIHA 4aCTOTHI w1 (a), BOJIHA 4ACTOTHI w2 (6), mapa BOJH C 4aCTOTAMH W) M
w2 (6)

OnpenenyM XapaKTEPHYIO PasHOCTb XOoOa Jydeir Ag, nmpu KoTOpoll mpoucxo-
o4t nepsoe “cMasbiBanne” uHTepdepenunoHHOH kaprunsl (puc. 11.11,6). U3 dop-
mynst (11.22) cnenmyer, 4To ycnosue, ompepensomee Ag, ectb cosxA = 0 umm
(k1 — k2)Ag = 7, OTKyHOa

Ao = 7l'/(k1 - kz), (1124)
wn

(11.25)
SRR
rae dv = vy — vy — CIEKTPaJIbHAA WMPHUHA U3JIydeHus, v = 1/\ — vacrora B 06par-
HbIX caHTMMerpax. Hanpumep, eciiw A; = 0,5 MkM, Ay = 0,4 MKM, TO Ag = 1 MKM.

Hrtak, B ciiy4ae HHTepdepeHUur HEeMOHOXPOMATHYECKOrO CBeTa B MHTepdepo-
MeTpe MalikesnbcoHa nepuon uHTepdepeHUNOHHOR KapTUHBI ONPedesIAeTCA CpenHel
,IIJIPIHOﬁ BOJIHBI, & BUOHOCTDb I/IHTep(bepeHIIPIOHHbIX I0JI0C MEHAETCA NIPU U3MEHCHHHA
pasHoctn xonaa Jiydedt. Ilpu atomM XapakTepHas pasHOCTh XOHA JIydeH, mpu KOTO-
poit mpoucxoguT “cMasbiBaHMe” MHTEpgEPEeHIMOHHONM KapTuHbI, 06paTHO mpomop-
LHOHAJIbHA CHEKTPAJILHON MIMPUHE U3JIyYEHU .
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Bughnocrs matepdepeHnuuoHHo#t xkaprtunbl. A XapakTepHCTHKH
KOHTPACTHOCTH WHTep(EPEeHINOHHOR KapTUHBI BBOAT IlapaMeTp, HA3bIBaeMbiH
BUIHOCTBIO, W ONpenesaeMsiii popmymnoit

— Imax Imm’ (11,26)
Imax + Imin
rae Imax, Imin — 3HAUYEHMA MHTEHCHUBHOCTH CBETS B COCEIHHX MAaKCUMyME€ ¥ MHMHH-
MyMe HHTep(hEepeHIIMOHHON KapTHHBI.

TMapamerp ¥ MOXeT OBITH U3MEPEH IKCNEPUMEHTAIBHO WK BHIYHICICH TEOPeTH-
YeCKH, ucxons u3 ToM miam uHOM Momenu cBeToBO#t BosiHBIL. B 0bmem ciydae Ges-
pa3MepHbIft napamerp v gexut B obsiactu 0 < v < 1. Ilpm arom cayyaéh v = 1
COOTBETCTBYET ILJIOCKOH MOHOXpOMaTHUYeCKOH BOMHE, KOoTOpasa NaeT Haubosee KOH-
TPaCTHYIO HHTepdePeHIUOHHYI0 KapTuHY (cM. dopmysty (11.9)). Iia asyxugacror-
HOTO M3J/yueHHs, ucnosb3ys dopmyny (11.22), monyuaeM Imax = Ip(1 + cos»A),
Inin = Ip(1 - cos 3¢A), orkyna

¥ = cos »#A. (11.27)

Takum 06pa3oM, /15 HEMOHOXPOMATHYECKOTO U3JIyYEHUA BUOHOCTh HHTEP(EPEHIH-
OHHOH KapTHHBI 3ABHCHT OT Pa3HOCTH xoma jJydeit: v = v(A). Ucnonsaysa (11.27),
MOXHO nepernmcats (11.22) B Bune

I =Ih[1+ v(A)coskA]. (11.28)

HNurepdepenmpa caydyalinoii ceeroBo#t Bosubl. Kax Mbl yxe oTmevann
poime (cum. 4. IT), Hanbonee amexBaTHON MONENBIO W3JIYYEHHA HEJIA3EPHOTO MCTOY-
HUK3 CBETa ABJAETCA MONE/b CAYyualinold cBeToBo# BoHBI. PaccMoTpuM ocoben-
HOCTH HMHTepdepeHnun cry41aHOro CBETOBOrO NMOJIA Ha npuMepe HHTepdepoMeTrpa
Maiixenscona.

B obmem ciiydae HaIpAXKEHHOCTH NOJIA CBETOBOM BOJIHBI €CTh BEKTODHAA CJIy-
yaliHasa OyHKINA TPOCTPAHCTBEHHBIX KOOPAUHAT ¥ BPEMEHH

E = E(7)1). (11.29)

Onucanue Takoro mnoJisA MpeacTaBiisAer coboif BecbMa CHOXKHYIO 33mady. Mbl Ha-
YHEM paccMOTpeHHe C Bosiee IPOCTOTO Cirydasd, a HMEHHO PACCMOTPUM OIOHY M3 Je-
KapPTOBBIX KOMIIOHEHT MOJIA Es HeKOTOopo# (bUKCHPOBAHHOU TOYKE NMPOCTPAHCTBA
T = const. B aToM ciiy4ae mosie onmuchIBaeTcA CKaJIAPHOH dyHKIueH BpeMeHH -

E = E(t), (11.30)

T. €. mpefcTaBiAeT cobolt cayvatinoe xoaebarue. Monens (11.30) ymobua ana onuca-
HHA CBETOBOTO MOJIA, €CJIH TOC/IEAHEE MIPEICTABIAET coBol TMHeHO MOIAPH30BaH-
HYIO TUIOCKY IO HEMOHOXPOMATHYECKY10 BosiHy. Paccunraem kapTuny unrepdepennyu
cny4aiiHoro cserosoro nous suga (11.30) ma nmpumepe urrepdepomerpa Matikesn-
COHa.

XapakTepuCTHKH cnydallHbiXx cBeTOBHX KoJebannit. Ilycrs na-
PAXKEHHOCTL CBETOBOI'O IOJIA

E = E(t)

ecTb cmayuonaprvili cayuatinsd npouecc. HamomuuM, yTo Haubosee nonHoH cra-
THCTHYECKOH XapaKTepHCTHKOR MPOM3BOJILHOIO ciydaitHoro mpouecca z(t) sapiis-
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€TCA MHOTOMEPHAsA IUIOTHOCTh BEpPOATHOCTH (cM. momosienwe 8). Ha npakTuxe,
OHAKO, Yale BCero HeoOXommMel Hostee MPOCThIE XaPAKTEPUCTUKH, K YHCIY KOTO-
PBIX OTHOCATCS: PACIPENENIEHHE BEPOATHOCTH W (), CpelHee 3HaUEHHE T, AUCIEePCHA
2= ((z-7)% B(r) = G B
0? = ((z —T)?), xoppenauuonHas Gyuxkuusa B(r) = (z(t)z(t+ 7)) u cnexrp G(w).
obmem ciyuae B(7) u G(w) — BemecTBeHHbIE Y€THLIE (DYHKIUY CBOMX APTYMEHTOB,
cBs3aHHBIE MeXuy coboft nmpeobpasosanuem ®Pypwe (“reopema Bunepa—Xununna”,
cM. 4. IT):

o0 o o]
1 i 1 : |
B(r) =3 / Gy,  Glw) =1 / B(r)e=#"dr. (11.31)
—00 —00
Kpowme toro, dyukimu w(z) 1 G(w) B obmem ciiydae HeoTpunareabHsl. Koppenamu-
oHHaA QYHKIUA U CIEKTP, B CBOIO OY€PEb, XAPAKTEPU3YIOTCA BPEMEHEM KOppeJii-

| LMU Ty ¥ MUPUHOHK CrIeKTPpa Aw, KOTOPBIE UMEIOT CMBICJI MEphI ITHPHUHE! paclpenese-
uult B(7) u G(w). B obmem criyuae napameTpsl 7x ¥ Aw 06paTHO MPONOPIMOHANBHEI

Apyr Opyry:

27
T = A (11.32)
TIpuMeHUTENHEHO K CBETOBOMY IIOJIIO BBEJEM CPENHIOW MHTEHCUBHOCTH
—_ C —=

I =—FE? .
47rE ) (11.33)
KOPPEAIUOHHYIO DYHKUKIO »
B(r) = (E(t)E(t + 7)) (11.34)

u cnektp G(w). CpenHss MHTeHCHBHOCTb u3iydenus I, cmextp G(w) M mupuHa
cniekTpa Aw MOTYT 6BITh U3MEPEHK! 3KCIepHMEHTAIBHO. »

YacTo MOXKHO PaCCMATPUBATH CBeTOBOE Konebanue E(t) kak yaxonoaocnwi ciy-
4qaliHeI# Dpouecc, 1A KOTOPOro MIMPUHA CHEeKTPa 3HAYUTENIbHO MEHbHE CpemHel
4acTOTh! Konebanuit:

Aw < wp. (11.35)

B sToM cnyyae meniecoo6pa3sHO BBECTH KOMILIEKCHYIO aMmmutyny nons £(t), onpe-
nenus ee popMysio

E(t) = %E(t)e‘“"" +r.c. (11.36)

Ilono6uo nomo E(t) amnnatyna £(t) asnaerca ciyvalinolt ¢pynxuuelt BpeMeny u,
CJIENOBATEILHO, XAPaKTEePU3YeTCA KOppeasudoHHOH ¢yHukumeit u cnexrpom. Iloa-
craBus (11.36) B (11.34), u yyuTbIBaA CTAUMOHAPHOCTH Ciy4aliHoro mpouecca E(t),
OPHXOOUM K TPeBOBAHUIO

(EWEE+T))=0. (11.37)

ITosTomy KOppesisAuMOHHAA QYHKIMA KOMILIEKCHON aMILTMTYIbI BBOOMTCA DOPMY-
JIoU

b(r) = (E@R)E* (¢ + 1)),  (11.38)
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rae 3Be3nodxka o603HAYAeT KOMIUIEKCHOE CONpsiXeHne. BylieM cuuTarh BeJuUUHy
b(7) BemectBenno#t. Torma u3 (11.34), (11.36)~(11.38) cienyer, uTo

B(r) = lb(r) coswor. (11.39)

CpennsAs MHTeHCHBHOCTh MSAYI€HU A BHIPAXKACTCA qepea KOMILIEKCHYIO aMIUTATYIY
MoJIA CJeAyonMM obpa3om:

_ c .
T = (ec). (11.40)

Yacro 6biBaeT ynobHO HapA#y ¢ KoppensuuorHo# ¢yukuuell B(7) BBecty 6espas-
MEpHYI0 PYHKIMIO — ko3P Puyuenm xoppessyus —

R(r) = B(r)/B(0). (11.41)

Ananornunbiv 06pasoM KoadPuimenT Koppenanun KOMIJIEKCHOR aMILINTY 1Bl €CTh

r(t) = b(7)/b(0). ' (11.42)
W3 (11.39), (11.41), (11.42) cnenyer, uto

R(1) = r(r) coswpT. (11.43)

NuTepbepevnuna cayyailuo#l cseroBo#dl ponHb B uHTEepdepo-
merpe Malikeabcona. Ilpeanosioxum, yto Ha BXOX MHTepdepomerpa Maii-
kenbcoHa (puc. 11.4) mocrynaer ciyqaitaoe cserosoe noste puna (11.30) co cpenneit
HHTEHCUBHOCTHIO

T= 4—7;E2 (11.44)

B sToM cityuae pesynbTupyolee CBETOBOE II0Ji€ HA BLIXOAE HHTepdepOMeTpa MOXK-
HO NPEICTABUATHL B BUIE

E, = VRT[E(t) + E(t + )], (11.45)
rae
T=A4A/e, (11.46)

A =1y — Iy — pasHOCTh x0na Jyuell B uHTEpdEpOMETPE, ¢ — CKOPOCTH CBETa, R 1
T — xoadbunneHTh OTPaKEHUA U MPONYCKAHNS CBETS AeTUTEIbHON IJIACTHHKON
no uHTeHCHBHOCTH cBeToBol Bosnubl. Cornacho (11.45), none Ha Beixone unTepde-
pOMeTpa IPOHOPIHOHAIBLHO CYMME BXOOHBIX MOJIEH, B3ATHIX B ABA PA3HLIX MOMEHTA
BPEMEHH. DTH MOMEHTHI BPEMEHU PA3fENeHbl MeXAy COO0H MpOoMEeXKyTKOM T, UMe-
I0IIMM CMBICII 3a/IepXKKM OOHOM U3 BOJIH B MHTeP(EpOMeTpe OTHOCATEIHLHO JPYToH,
BOSHUKAIOMEH N3-32 pasiuyus JUIMH 1ied uHTepdepomerpa.

B nansaeitmeM 6yneM cYHTaTh BHIIOIHEHHBLIM yeionre (11.8) n BremeM kparkue
obo3HaueHn s

E(t)=E, E(t+71)=E,. (11.47)

Torna
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E, = %(E+ E.). - (11.48)

Tak kak none E cnydaitao, none E, Toxe OyneT ciiyyallHBIM, CJIENOBATENIBHO, €T0
MOYXHO OXapaKTepH30BATh CpefHell NHTEHCUBHOCTLIO

J— C —=
L =B (11.49)
HNoncrapus (11.48) B (11.49) ¥ npuHMMas BO BHUMAHHME, YTO IJIA CTAIHOHAPHOIO
ciy4aitHoro mponecca ’

B =F, TF =B(), B(r)/B(0)=R(), (11.50)
Oy 9HM
T = %‘1’ [1+ R(7)] (11.51)

um, B cuy (11.43),

— 1
I, = §I 1+ r(7) coswpr] . (11.52)

Wrax, popmyna (11.52), nosnyueHHas ¢ UCIOIb30BAHUEM MOIENH Cily4aliHol cBeTo-
BOHU BOJIHEL, BHIPAXKAET CPEAHION MHTEHCUBHOCTD CBETA Ha BBIXOAE HHTepdepoMeTpa
Maiikenncona I, 4epes cpenHIO0 MHTEHCHBHOCTb BXOJHOTO IIy4YKa [, CpemHIon 4a-
CTOTY BXOIHOTO IIOJIA Wy, 33A€PKKY 7 = A /¢, 3aBUCAIIYIO OT PA3HOCTH XOHa Jy4eh
B unrepdepomerpe A = l; — [y, u kosddunyenT koppesanun 7(7) KOMOIEKCHOH
AMIUTHTY OB TTOJIA.

Hcnonbsys (11.52), HETPYAHO PACCYUTATH BULHOCTH HHTEP(EPEHUNOHHOR Kap-
Tunbl. B camom perne, corsacuo (11.52), npu HEKOTOPOM BeJIMYMHE T MHTEHCUBHOCTh
cBeTa B MaKCHMyMe UHTep(dEepEeHIIHOHHON KAPTHHBI €CTh

1—
Inax = 5T [L+7(7)], (11.53)
a MTHTEHCUBHOCTL CB€Ta B MUHUMYMe
1-
Toin = 51 1-r(r)]. (11.54)

s (11.26), (11.53), (11.54) crenyer, 4To

v =r(7). (11.55)

Urax, dpopmyna (11.55) cBasbiBaeT Mexay coGod BUIHOCTH WHTepdEPEHUMOHHOK
KapTHHBI v, onpenessemyio ¢popmyJiolt (11.26), n xoapduumeHT KOppessauun KOM-
MUIEKCHOM aMIUTMTYAbI CBETOBOTO nosA r(7), onpenensemblil ¢popmynamu (11.38),
(11.42). Tak kax BUOHOCTb MHTEP(EPEHIMOHHON KApTHHBI MOXKET ObITh dKCIEDH-
MEHTaJIbHO H3MEPEeHa C NOMOIbI0 HHTepdepoMeTpa Malikesbcona, popmya (11.55)
[aeT pPELeNT NPAMOro 3KCIEPHMEHTAJIBHOIO W3MepeHusa Koadduumenta koppesis-
MM KOMIIJIEKCHOH aMIUIUTYIbI CBETOBOIO oA 7(7T).

Ucnonb3ys teopemy Bunepa—Xunuuna (11.31) u 3agaBasich ToM wiu uHO# MO-
JleNpIo crekTpa uanysenus G(w), MOXHO TEOPETUYECKH BLIYHCANTD GYHKIMIO 7(T).
IycTs, HampUMep, CIEKTP MMeeT NPAMOYTOJBHYIO (POPMY, UEHTPAJILHYIO YaCTOTY
we 1 mupuny Aw (puc. 11.12). IMonaras
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~w

(=]
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o
g

Puc. 11.12. Monenns cnekTpa u3ityyerns

G07 IwiWOI S AOJ/2,
Gw) = (11.56)
0, jwxwol >Aw/2
u ucnonb3ya ¢opMyiy (11.31) mna B(r), nosnyyum
B(7) = GoAw sinc(AwT/2) coswyrT, (11.57)
rae
sinc(z) = %{ ' (11.58)
Orcrona B(0) = GoAw, u gna R(r) = B(r)/B(0) nony4aem BbipaxeHue
R(7) = sinc(AwT/2) cosweT. (11.59)
Haxowueu, cpasausas (11.59) u (11.43), naxomam
(1) = sinc{Awr/2). (11.60)

Hrax, monenn cnektpa (11.56) cooTsercrByeT K03 bHINEHT KOPPEIAIMI AMILTH-
Tyas! nons suaa (11.60).

ITo dopmynam (11.60) u (11.52) MOXKHO pacCYATATL PACHpENeIcHHE MHTEHCHB-
HOCTH CBeTa B MHTEpdEPEHIMOHHOM KapTuHe. ITO pacnpeeseHne UMeeT BHI

I, = %T [1 + sinc(AwT/2) coswypT] . (11.61)

B yacTHOM ciiydae MOHOXpOMATHYECKOTO H3JydeHus, xoraa Aw = 0, umeem
sinc(AwT/2) = 1, u popmyna (11.61) nepexomur B bopmyny (11.9).

I'paduk byukumu I, (), nocrpoenustt mo dopmyse (11.61) asia ciaygas manoi,
HO KOHEe4HOM mmpuHsl cnekTpa Aw <« wp, N0Kasad Ha puc. 11.13. Us puc. 11.13
u ¢popmysnl (11.61) BHOHO, YTO B Cily4ae HEMOHOXPOMATHYECKOrO CBETOBOTO MOJIA
nepuol, MHTEp(EPEHINIONHON KapTHHE!, HAbII00aeMolt ¢ IOMOMBK HHTEPgEpPOME-
tpa Malikenbcona, onpenenserca cpenneft 4acTOTON M3y4YeHHA wg. UTO XKe Ka-
CAeTCs BHIHOCTH MHTEPMEPEHUMOHHOK KAPTUHBI, TO OHA YMEHBIIAETCA C POCTOM
sagepxkku 7 = Afc, onpenensemMoit pasHOCTbIO xofa Jyde B mHTepdhEepoMerpe
A =11 — l5. B kavyecrse xapakTepHoro (“KpuTH4ecKoro”) BpeMeHH T, Pa3nesisio-
mero 06aCTH XOPOIIO BLIPAXKEHHOM HHTEP(hEPEHIUN U IPAKTUYECKOTO OTCY TCTBUA

i1 3ak. 350
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0,5 " -

Ty T

Puc. 11.13. Pacnpenenenue cpeanell MHTEHCUBHOCTH CBETa B MHTEP(HEPEHIMOKHON KapTuse,
BBLIYUCJICEHHOE IJIA MOJE/IH y3KOIOJIOCHBI#l CBeT0BOM BOJIHEI C MPAMOYTOJIbHBIM CHEKTPOM

takoBo#i (puc. 11.13), MOXKHO B3ATH BPEMs Tk, IPH KOTOPOM BHIHOCTL MHTep(e-
PEHIMOHHOU KapTUHb! Nepssil pa3 obpamaeTcs B HOJb. Cornacko (11.55) u (11.60),
BpeMs Ty ONMPEIEJIACTCA YCIIOBHEM AwTy /2 = m, OTKyAa

_ 2

Aw’
3aMeTuM, 4TO, C TOYKM 3PEHUA CTATHUCTUYECKOM MOIENH moJsisa, BPeMs Ty Xapak-
Tepu3yeT WIHPUHY pacupedesieHus r{T) H, CAEIOBATENIbHO, UMEET CMBIC] 8PEMEHY
xoppeasyuu cBeToBol Bonbl. Takum 06pasom, popmyna (11.62) ceasbiBaeT Mexay
cobolt mupHuHY CIeKTpa Aw U BpeMs KOPPEJIALMH IUIOCKOH HEMOHOXPOMATHYECKOM
posibl 7. CoorHomenue (11.62) mexay STUMH NapaMerpaMu, NOJYyYEHHOS HAME
IOJ1A MOJEJIM y3KOIIOJIOCHOM CBETOBOH BOJIHBI C MPAMOYTOJILHBIM CIMEKTPOM, COBIA-
nJaet ¢ obweii ¢popmystoit (11.32), Boirexarowett n3 Teopembl Bunepa—Xun4una.

IIpoBeneHHOE PACCMOTPEHUE IMO3BOJIAET CHEJIATh BBIBOA O TOM, YTO HHTEp-
depeHIHA HEMOHOXPOMATHYECKOTO CBETa BO3MOXHA JIMIUb [IPH JOCTATOYHO Ma-
Joit pasHocTu xoma Jydeit. Kpurudyeckasa pasHOCTh xona Jyded, npd KoTopo#
eme MoxeT HabuonaTbesa nHTepdePeHIMOHHAA KAPTHHA, onpeae/saercs dopmyiiol
Ay = e = 27e/Aw nnn

(11.62)

Tx

1

A = 3 (11.63)
roe dv = Aw/2mc — crekTpasbHAA MUPHHA U3IIYyYEHNs, BLIPAXKEHHAA B ODPATHBIX
canTuMerpax. HanpuMep, npu mupuHe CHeKTpa M3aydenusa év = 1000 cM~! nmomy-
4aeM KPpUTHYECKYIO pa3HOCTh xona aydeit A, = 0,001 cm. OnbIT moaTBepKIAET 9TOT
pesysbTar. Tak, unrepdepenuus 6eq020 ceema HADITIONAETCA B MOKKUL NAECHKAL,
HanpuMep IUIEHKE MBLIBHOIO Iy3bIpA WM NJIEHKe OEeH3WHa Ha IOBEPXHOCTH BOIBIL.
Benencrsue unTepdepeHIMY CBETa M HEOTHOPOIHON TOJIMIMHBI TOHKHME IIJIEHKY TTPH

€CTeCTBEHHOM OCBEIIEHUH PUOBPETAIOT APKYIO IBETHYIO OKPACKY.
Wnrepdepentmonnan kapTua “konbua HeloToHa” npu ocBeueHunn Genbiv cBe-
TOM HAOIIONAeTCA JIUIIL B HEMOCPENCTBeHHOU GJIM30CTH OT TOUKM KACAHMA JIMH3BI
M CTEKJIAHHOM MJIACTHHBI, T. €. B 0BJaCTH, rae TOJIIMHA BO3LYIIHOH mpocsoiiku u
Pa3HOCTL XON2 MHTEpdEPUPYIOIMX aydelt nocrarouno Mainst (puc. 11.10). Ecou xe
HCITIO/Ib30BATh U3JIyYeHue ¢ 60s1ee y3KUM CIIeK TPOM, HAIIPUMED CBeT, Ipomenmuuil ye-
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a} 6)

Puc. 11.14. Bun nurepdepenuuontoit kaprunsl “kospua Helorona”, mabmonaemoft npu
ocsemenuy 6enviM (@) U OKpamennniM (6) CBETOM

pes kpacHbIil GUIBTP, TO BUGHOCTD M pa3Mep HHTephEepeHINOHHON KAPTHHBE 3aMeT-
HO yBenmuuBaioTca (puc. 11.14). AHanoruyuHbI# PesysIbTAT AT ONBITHI C TOHKUM
CTEKJIAHHLIM KJIMHOM, MBUIbHBIMH IIJIEHKAMH H T. II.

Wntepdepenns HEMOHOXPOMATHYECKOTO CBeTa B nHTepdepomerpe Malikennco-
Ha BO3MOXKHA JINIIb TIPH YCJIOBHH, YTO ONTHYECKUE JJIMHBI IUIed HHTepGEpOMeTpa
¢ BBICOKOH TOYHOCTBIO COBHAJAIOT. 1A BbIDABHUBAHHMA IJIMH IJIEY B OPHUTHHAIb-
HOM KOHCTPYKIMH MHTEP(hEpOMETPA UCIIOIB30BAJIACh CIELUAIbHAL KOMNEHCAYUOH-
Has naacmuna (puc. 11.15). B naseprom unrepgepomerpe MailikembcoHa HeT HE06-
XOAMMOCTH B KOMIIEHCAIIMOHHON MJIACTHHKE, TAK KaK MHTEP(EPUPYIOLIEE U3JTy YeHe
HMeeT Y3KHH CIEeKTp U OOMyCTHMAasA pPasHOCTh X0#a Jydel nocrarogno senuka. Ha-
IIpUMED, 11 reJIuii-HeOHOBOTO J1a3epa, HCIOJIb3YEMOrO B JIa3€PHOM JEMOHCTPAIUOH-
noM unTepdepomerpe Malikenscona, umeem 6v = 0,04 ecm™! u A, = 1/6v = 25 cm.

TaxuM 06pa3oM, ONBITHI N0 WHTEPGEPEHIMH CBETa NMOATBEPIKIAIOT OCHOBHBIE
BLIBOABI TEOPUH, OCHOBAHHON Ha MOJESH CIydaliHON CBETOBOH BOJIHBI.

®ypbe - cnekTpockonua. IIpoBenerHoe pacCMOTPEHUE MTOKA3LIBAET, YTO
unrepdepomerp MailkenbcoHa MOXKHO HCIOJIL30BAThL IJiA MPAMOTO dKCIEPUMEH-
TAJIBHOTO M3MEpPEHUA KoppessauuoHHok dbyuknuu B(r1) cseroso#t BosiHbl. Mcnosb-
3ysa Teopemy Bunepa~Xununza, mo usmepeHHO# dyHkuun B(T) MOXHO BHIYMCIATD
CHEKTp U3JLy4eHUs

Gw) = % / B(r)e %" dr. (11.64)

Takolif mMeron uW3MepeHUA CHEKTPa MOJY4YWs HasBaHue “Qypbe-CHeKTpPOCKOnua”.
Cxemy metona wimoctpupyer puc. 11.16. Ha npakTuke dypbe-cnekTpoMeTpsl Hc-
NOJIL3YIOT I8 UCC/IENOBAHUA Y3KNX CIIEKTPAJIbHBIX JIMHKH, a TaKKe CIIeKTPaJIbHBIX
auHnH “HOPaKPACHOTO U3JIYYEHNA, AHAJIN3 KOTOPBIX C MOMOLIBI) OOLIMHBIX OUCHED-
CMOHHBIX NPUOOPOB (NPU3MBI, IUGMPAKINOHHBIE PEMETKH) BCTPEYaeT ONpenelieHHbIe
TPYJHOCTH.

MauoronyueBasa narepdepennua. fenenne unrepdepeHUUn IPUMEHAIOT HA
ApaKTHKe 1A JUArHOCTUKH ONTHYECKOrO U3JIyYEeHHA — aHAJIN33 CTPYKTYPhI CBETO-
BOTr'O TI0J15, H3MEPEHUA CieKTpa U T. 1. IIpu 3TOM m)1s yBennveHus pe3KoCTH UHTE-
epeHIMOHHO’ KAPTUHBI YaCTO UCIOJIb3YIOT IPUHIUAI MHOTOJy4eBOl uHTepdepeH-
KM, KOTOa B 06pa3soBaHuy HHTEPGhEPEHIIMOHHOTO NOJiA yYaCTBYIOT CPa3y HECKOJBKO
cBeTOBbIX Jyuelt. PaccMOTpPHM OCHOBHBIE OCOGEHHOCTH MHOTOJYYeBO# MHTEpdEpEH-
ouM Ha npuMepe unrepdepomerpa @abpu—Ilepo.

IIpennosnioxuM, 9TO IJIOCKAA MOHOXPOMATMYECKAsA CBETOBAA BOJIHA MAJaeT Ha
JIOCKOMapaJUIeNIbHY 0 CTEKJIAHHYIO IUIACTUHKY, 00e rpaHd KOTOPO# XOpouo oTpa-
ka0t ceet (puc. 11.17). YacruuHo NpoHUKasA B INIACTHHKY, CBET MHOTOKPATHO OTPa-
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Pozzzzezcd My

Hab6mogarens
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mY

WcTouHMK cBeTa

Puc. 11.15. Cxema unrepdepomerpa MalikenbCcoHa ¢ KOMIEHCANHOHHOR ILIACTHHKOH

x)aerca o1 ee rpaHedt. IIpn KakIOM OTpaXXeHMH YaCTh U3JIyYEHHUA BHIXOOUT HAPY XY,
06pasys Habop MJIOCKMX BOJIH, KOTOPbIe HHTEPGhEpUPYIOT Mexay cobolt. Beraucaum
OCHOBHBIE XapaKTEPUCTUKY BO3HUKAIOWEH 1py 9TOM HHTepdEepeHIBOHHON KapTHHDL.

ITycts R — xoaddunuent otpaxenus, a T — koaddpuumenT mponyCcKanas cae-
Ta 0 HHTEHCHUBHOCTH JUJIs KaxJo#t u3 rpane#t miuacTunku. XapakTepHCTUKH Obenx
rpaneit 6yneM CIATaTh, AJ1A NPOCTOTHI, ONMHAKOBEIME. IIpeHe6peras nornomenneM
CBETa, MOXKHO 3aIMCaTh .

T+R=1. (11.65)

Beenem Takxe kK03 pUIHEHTHI OTPAXKEHNA M IPONYCKAHMA CBeTa Ha I'DaHAX ILIa-
CTHMHKH 110 aMILIUTYJIe CBETOBOH BOJIHBL p ¥ T. Tak KAk MHTEHCHBHOCTb CBETA, ITPO-
HOPIMOHAILHA KBAAPATy AMILIMTYABI BOJIHEI, HMEeM

P’=R, =T (11.66)

O6o3HaunB yepe3 Ag aMIIMTYLy Nafaiomelt BOIHEL, a Yepes A — aMIUIATYLy BOJI-
HBI, Opoluequed depes ITACTUHKY, MOXKHO 3alHCaTh

HUccnenyemoe | Cramvpyiommit | B(r) 1 G)
urTepthepomeTp Kowmnsiorep f——e
U3nyHeHue Maitkenscosa

Puc. 11.16. Cxema Ppypbe-cnexTpockonum
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Puc. 11.17. Cxema MHOrOMyY€eBOlt nHTepdepeHuuH cBeTA

A= ApT?(1 + pe¥ + ple? + .. ), (11.67)

roe 6 — Haber (aspl cBeTOBON BOMHBI 3a OBONHHOH NpPOXOH Yepes IIACTHHKY. B
¢opmyne (11.67) ydareHo, 9T0 nepBbit npomenwnit Jyd KBaXKObl HPOXOIAT Yepes
rPaHuIIbl JIACTUHKHU, BTOPOH — IBaXKApI MIPOXOAUT M ABAXKILI OTPaXKAETCA HA Ipa-
HUIAX, TPeTHH — IBaXKIbl IPOXOOUT ¥ YETHIPEKABI OTPAKAETCA U T. I.

Ucnonbsysa dbopmyny (11.16), dasossit nHaber § MOXHO NMpPEeICTABHTbL B BHIAE
d = kA, toe k = 2w/\ — BonHOBOE 4mci0, A = 2hn cos 8 — onTHYECKaAs IJTHHA
NyTH, 7 — IIOKAa3aTeJb MPENIOMJICHUS MATEpHAJIa IJIACTHHKH, h — ee TOJINHHA,
3 — yroJi npenoMiIeHNA cBeTa B Iiactuake (puc. 11.8 u 11.17), ceasannsii ¢ yriaom
naneHus a (opmysto

sina = nsin A. (11.68)
Takum obpasom,
) =’f1—;hncosﬂ. (11.69)

O6paTiM BHMMaHHE Ha TO, 9TO B KPYIJIbIx CkoOkax B popmyie (11.67) ctout cymma
6eckoHevHO yOpIBaromeld reoMeTpuvecKkol Mporpeccuy co 3HaMeHaTeIeM

q = p*e®, (11.70)

MOJYJIb KOTOPOro MeHbie equHnubl. [losToMy, mosb3ysack ¢popmyJsioh

Z q (11.71)

n=0
cupasenuBol mpH |¢| < 1, Haxomum

72

A= Aoz (11.72)

—p 2010
Henonbaysa ary (bopMyny, 1A K03(hdNIREeHTa NPONYCKAHUA CBETa IUIACTHHKOM
T(6) = I/Iy = |A/Ao|? nonyqaem
T2

T(@) = |1 — Ret|2’

(11.73)
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T(3)
1,0
F=0,
0,5
F=10
2mm 2n(m+1)  2m(m + 2) é

Puc. 11.18. I'pacpukn dynkunit T(J), nocrpoensnie no ¢popmyne (11.74) npu pasHex 3na-
yenuax ¢paxtopa peskoctu F

nid, B aelicrBuTesibHOR hopMme,

1
T() = ————————, 11.74
(©) 1+ Fsin®(6/2) ( )
rne yureno cootHomenune (11.65) u BBenena BenvyuHa,
4R
F=—0——, 1.
- Rp? (11.75)

HasbBaeMast gaxmopom pesxocmu. CMBIC 3TOr0 TepMUHA sAceH u3 puc. 11.18, na
KOTOpOM NOKasaHb! 3asucumocty T'(8) myiA ABYX pasHbiX 3Hadvenuit napamerpa F.
Buauo, uro dakTop F' HENOCPEACTBEHHO XapaKTEPU3yeT Pe3KOCTh HHTepdhepeHu-
OHHOM KapTHHBI.

Hacxkosipko 6ospmoit MoxeT 6biTe Besmmuuda F? U3 dopmyssr (11.75) sunso,
410 (PAKTOp PE3KOCTH TeM GoJiblue, 4eM Bhile K03 MUIMEHT OTPaXKeHus CBeTa Ha
rpaHax IWacTHHKH. JIJIs 3epKajibHOM OBEPXHOCTH KO3 DUIMEHT OTPAXKEHUA MO-
XeT JocTurarh benuausasl R = 0,99. B atom cityuae dakTop peskoctu F = 4 x 104,
a dynkuua mponyckanus niactuaku (aranona ®abpu-Ilepo) T(8) npencrannser
cobol Habop muckpeTHsix suHE# (puc. 11.19).

IInockonapannenbHad NJACTUHKA KAK YaCTOTHH# dunbvrp. Us
pucyrka 11.19 BUIHO, YTO ILJIOCKONapaJlJIeIbHAA IUIACTHHKA C 3epPKAJIbHBIMY I'DAHA-
MH IPO3PAMHA 1A H3JIyHYeHHs] HEKOTOPOro AUCKPETHOrO Habopa YACTOT M COBEPUIEH-
HO HE IPOIYCKaeT OCTaJbHOe m3nydenue. Takum obpazoM, miockonapaJsiieabHast
IJIACTHHKA NpencTanliseT coboit BEICOKOmOBPOTHRIN wacmomubitl usvmp. B sTom
Ka4yecTBE OHA HCMOIb3YeTCHA, HANpPUMED, IJIA CeJIeKUMHM MOJ, B Jasepax. Berasnas
B JIa3epHbIl Pe30HATOP MJIACTMHKY To# i uHo# Tonmmmusl (puc. 11.20), MoxHO
a¢pdexTBHO yNPaBIATL MUPHHOH CNEKTPa JIa3€PHOrO M3iy4yeHuA. B cnekTpocKo-
[IMYECKHX IKCIIEPUMEHTAaX Takue (hIILTPhl MCHOJIB3YIOT OJIA KAJIHOPOBKH IJIMHBI
BOJIHBI M3JTy4eHHNA.

Unrepdepomerp @abpu-—Ilepo. Unrepdepomerp Pabpu-Ilepo npesnasna-
9eH IJ1A UCCJICNOBAHMA TOHKON CTPYKTYPBI CIEKTPa ONTHYECKOro uanydenusa. Cxe-
Ma mpubopa nokasana Ha puc. 11.21. Ero ocHOBHBIM 3JIeMEHTOM sABJIsIETCA Tapa
3epKaJIbHBIX [IJIACTHHOK, YCTAaHOBIEHHbIX MAPAJUIENbHO APYr APYTY Ha HEKOTOPOM
paccrosuuu d. Tak xe Kak u B 31asione Pabpu—Ilepo, B nHTEPdEpPOMETPE UCTIOND-
3yeTcst MHOroJIy4eBas MHTepdepeHUMs CBEeTa, NO3BOJIAIOLIAA OJIYy4aTh Pe3KHe UH-
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T(d)

2rm  2m(m +1) 2w(m +2) )

Puc. 11.19. @ynxnua nponyckanna stanona Padpr-Ilepo

TepdhepeHINOHHEbBIe KapTuHEL. B ommuse 0T 3TasioHa, B HHTepdhepOMeTpe npemy-
CMOTpEHA BO3MOXXHOCTDH M3MEHEHHMsT DACCTOAHAA MEXAY IVIACTHHAMH IUIA ILUIABHO-
ro msMenennsa ¢pasosoro nabera §, onpenenaemoro dpopmyJok (11.69). B mexoropbx
CIIy4adx C 9TOH XKe IesIbI0 NCMOJIL3YIOT CHCTEMY HallyCKa rasa B IPOCTPAHCTBO Me-
XAy nnactuHamu. V3MeHAA gaBieHHe rasa, MOXKHO ILUIABHO M3MEHATb MOKAa3aTellb
IPEJIOMJIEHHA ra3a N ¥ 3aBUCAIMH oT Hero ¢asopsiit Haber 6 (cm. Gopmysty (11.69)).
Bo usbexanne HexxenarenbHolt uHTEpdhEpEHIME JIydell, OTPAKEHHBIX 3AOHUMH 110~
BEPXHOCTAMM IJIACTUHOK, MOCJISIHUM [IPUAAIOT KJIMHOBUAHYIO (OpMYy.

Ha nexuun memoHCTpupyerca pabora nasepHoro uurepdepomerpa Pabpu-Ile-
po. B nannom unTepdepoMeTpe UCIO0JIL30BAHA, KECTKAA KOHCTPYKUHMA, IPH KOTOPOH
TIOJIOXKEHNE 3epKaJjl (PUKCUPYETCs ¢ NOMOMBIO CIENHUAILHOTO KATHOPOBOYHOrO KOJIb-
na TonmuHoft 5 MM. IIpenycmMoTpeHa BO3MOXHOCTH HAKAYKH BO3AYyXa C MOMOMBIO
PE3BHOBOl rpymH.

B skcnepumente Ha uHTepdhEPOMETD HANPABJIASTCA NYy4OK CBETA reyMi-HEeoHO-
BOTO JIa3epa, paccesHHbl 3ol ¢ dokycariM paccroaauem oxoso 30 cm. U3 BEI-
paxennit (11.68), (11.69), (11.74), (11.75) cnenyer, aro npu GUKCHPOBAHHOM IyTHHE
BOJIHBI M3JIyYeHHA A, MHTep(hEpOMeTp XapaKkTepU3yeTCa OUCKpeTHbIM HabopoM Ha-
npasienult B mpocTpaHcTee (yuibl o u 3 ), B KOTOPBIX OH IPOmycKaeT ceeT. Takum
o6pa3oM, B manHOH KoHUTrypaunu HabonaeTca uATepdepeHIMORHAA KAPTHHA, TH-
na “KoJIbUa PABHOrO HAKJIOHA .

Ha Genoft crene 3aTeMHeHHO! ayauTopuu HAbMIONAIOTCA peskue ApKHEe KOJblla
cBeTa, pasfesieHHbIe IMAPOKUMA TEMHEIMU poMexyTkamu. Takum obpazom, HabO-
naeman uHTephepeHIMOHHAA KAPTHHA COBIANAET C NoKa3aHHo# na puc. 11.19. Ilpu
HaKadMBaHHM BO3OYXa Pe3RHOBOH rpymell paguycs! kojen measiorca (puc. 11.22).

4 2 3 4
Prc. 11.20. TIpumenenre mwIocKonapajUleSlbHOR NUIACTHHKM IUIA CEJIEKIMM MOZ B Jia3epe.

1 — axruBHBIL 371IeMEHT J1a3epa, 2 — IJIOCKONApaUIeIbHAA IUIAaCTHHKE, 3 — AuacdparMa,
4 — 3epkasia PE30HATOPa, § — BHIXOMHOM IyYOK JIa3epa
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Puc. 11.21. Cxema unrepcdepomerpa Pabpu-Ilepo: 1 — BxogHOl ny4ox ceera, 2 — BBI-
XOIHOH My4oK cBeTa, 3 — 3epKasbHEIE IUIACTHHEL, 4 — BUHT A/14 IOCTHPOBKHM 3€PKaJj, 5 —
CHCTEMa HAmyCKa ra3a

Cpasuusas Mexny cobolt unTepdepeHunoRHbe KapTUHBL, HAOMOHaeMbIE ¢ HO-
moubio uHTepdepomerpa Malikenncona u uHTepdepomerpa Pabpu-Ilepo, MoxHO
CIIEJIATH BBIBOM, YTO MHOTOJIy 4Y€BasA MHTEP(EPEHIUA 3HAYUTEILHO YBEIMIUBAET PE3-
KOCTb MHTEP(EpEeHIIUOHHO! KapTuubl. Beicokasa pe3kocTs HHTepdEpEeHIIHY B HHTEp-
depomerpe Pabpn-Ilepo mozsosgeT HCNOIL30BATL €r0 KaK CIEKTPAVIbHBIR mpubop
BBICOKO# paspemalomelt ciocobHocTH (CM. Jekumio 17).

Peskocry uatepdepomerpa. Ha puc. 11.23 nokasan ¢pparmeHT 3asucu-
mocti T(4) pia ciydas, KOrja IIHPHHA UHTEP(EPEHIMOHHBIX MAKCUMYMOB COH3-
MEepHUMa, C PACCTOAHNEM MEXIY HHMY, T. €. Koraa ¢axTop peskocTn F He camiukoM
BEJIMK.

Peskocts uuTepdhEpeHIMONHON KADTHHBI MOXHO OXapaKTEpH30BaTh OTHOINEHH-
€M PaCcCTOAHNA MEX Y COCEIHIMH MAKCHMYMAMH K IIMPHHE OTAETHHOTO MAKCHMYM3,

F =2n/e. (11.76)

BenuuuHy JF Ha3bIBaIOT pe3xocmbio uHTEphepoMeTpa. Pe3akocTh MOXHO ONPENeMTh
IKCHEPUMEHTAJIBHO KAK OTHOLIEHHE PACCTOAHUA MEX]y COCETHUMH MHTepdhepeHn-
OHHBIMH KOJIbLAMH K IIHPUHE OTHEJILHOIO KOJIbIA.

Puc. 11.22. Hafmionenue uHTepdepeHIMA JIA3€PHOr0 CBETa C HOMOMBIO HHTepdepoMeTpa
®abpu-Ilepo
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T(9)
1F

™

2 6

Puc. 11.23. K pacuery peskoctu nnrepgpepomerpa Pabpu-Ilepo

ITonbaysce dopmysio#t (11.74) v npennonaras, 9410

R~1, F>1, (11.77)
HeTPYAHO NOKa3aTh, YTO
e =4/VF, (11.78)
wm, 8 cany (11.75), (11.77),
£ =2(1-R). (11.79)

W3 (11.76), (11.79) cnenyer, uro

F=n/1-R). (11.80)

Hanpumep, ecin R = 0,9, To F = 30. D1y onesky MOXHO IPOBEPUTb SKCIEPUMEH-
TaJILHO.

CofcTBeHHbBIE MOOBI B JOOPOTHOCTE JIa3epHOTO pesoHaropa. Jlasephbiit
PE30HATOP, IpeACTapiAommii cobolt napy napassenbabix 3epkaJ (puc. 11.24), Mmox-
HO pacCMaTPUBATb KakK BapuaHT untepdepomerpa ®abpu—Tlepo, coorseTcTBy oM
napaMeTpam

Puc. 11.24. Ontuyeckult pesonaTop



330 Yacme III. Hnmepdepenyun, dudpaxyus, xosepenmnocms

T(v)

1,0F

0,5} d

0 VA ”

Puc. 11.25. K pacuety Z0oOpOTHOCTH ONTHYECKOTO PE30HATODA

n =1, a=p=0. (11.81)

IMycre L — nomna pesoHaropa, R — KoaddunuenT orpaxxeHns 3epKaJi 10 HHTEH-
cuHOCTH cBeTa. O0a 3epkasia 6yneM CYMTATh, IJIA NPOCTOTHI, ONMHAKOBLIMH. 3
(11.69) u (11.81) caenyer, uto

§ = 4mvL, ‘ (11.82)

rae v = 1/ — 4acToTa U3JIyYeHHs, BBIPAsKEHHAA B CM 1. "
Cornacuo (11.74), mMaxcumyMbl HPOIMYCKaHHA MHTepd)epOMeTpa Dabpu-Ilepo

OPUXOOATCA Ha 3Ha4YEHUs 6, onpenessemsle popMysiol

O = 2mm, m=1,2,3,.... (11.83)

@opmysnst (11.82), (11.83) BoLEENAOT JUCKPETHBIR HAGOP YACTOT

m=mAv, Av=1/2L, m=12,..., (11.84)

Ha XOTOpbIX mponyckanue unrepbepomerpa ®abpu—Ilepo mocruraer mMakcuMyMa.
Yacrors! (11.84) MOXkHO Ha3BaTh 4acToTaMu cobemeéennvis mod pesonaropa. He-
TPYIHO NOKa3aTh, YTO A COOCTBEHHBIX MO Ha AJIMHE PE30HATODPA YKJIAALIBAETCS
ueJioe Iuciao nonysonH. Takum obpasom, yesosue (11.83) ¢akruvecku cosnanaer
¢ $a30BbIM YCJIOBHEM CaMOBO30yXneHus nasepa (cM. nekuuio 10), onpenesnsommm
YaCTOTHI JIa3epHOI reHepanuu.

JobpornocTs pesonaropa. Ucnonssys dopmynst (11.74) u (11.82), moxk-
HO NOCTPOUTH 3aBUCUMOCTE T'(v) — KoadduumenTa nponyckanus uatepdepomerpa
®abpu—llepo oT JacToTh! cBeta. XapakTepHbIdl BUI 3TOH 3aBUCUMOCTY BOJIM3M Ha-
CTOTBI Vy, ONHOM 13 cOBCTBEHHBIX MO pe3oHaTopa npu F > 1 nokasan ua puc. 11.25.
O603na4uM MUPHHY HHTEPGHEPEHIIMOHHOIO MAKCHMYyMa, TOKA3aHHOro Ha, puc. 11.25,
vepes Avp. ITy BeIMYHHY MOXKHO Ha3BaTbh WUPUHOT CNEXMParbroll AUHUY ONMu-
wecko20 pesonamopa. Jamee MOXHO BBeCTH JOGPOTHOCTH PE30HATODA, ONPEHETIMB €€
dopmynoit

Q =v/Avy, (11.85)

rae v = 1/A — vacToTa cBera B 0O6paTHbIX canTuMeTpax. 13 ¢popmyn (11.82), (11.79)
caenyer, 9to Av, = ¢/4nLl u 4
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1-R
Orcoma
2rL
= 11.
Q T (11.87)

Hrax, popmyssr (11.86), (11.87) onpenenaoT WMUpUHY CIEKTPAJIbHONR JIMHAM U [I0-
6pOTHOCTb ONTHYECKOTO pe3oHaTopa. B oatux dopmynax L — anuHa pesoHaropa,
R — xoaddunuenT oTpaxKeHna 3epKaji, A — IJINHA CBETOBOM BOJIHBI.

CrpenaeMm qucnennywo ouenky. [lonarasa L = 50 cm, A = 0,5 mxM, R = 0,9, noay-
wm Av = 1/2L =102 em™ !, Ay, = 3x 1074 em™?, Q = 6 x 107. Taxum ob6pasom,
ONTHUYECKUH PE30HATOP NMPEICTABIACT COOOH BHICOKONOBPOTHYIO KOIeOaTebHYIO CH-
cTeMy.
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Jlekimmus 12
KorepeHTHOCTb CBeTa

Bpemennds xozepenmnocmy ceema. Bpema xozepenmnocmu. Jauna xozepewmnao-
cmu. IIpocmparcmeennos K0zepenmnocmo céema u paduyc Kozepenmuocmu. Mo-
deav caynaiinozo ceemogozo noas. Pacuem unmepdepenyuonnotl xapmunv, 6 uh-
meppepomempe HOnza. Hamepenue rozepenmnuocmu. KozepenmHocmd U3AYHEHUR
PEAALHUT UCTNONHUKOUE CBEMA.

JlekiusA MOCBAUIEHA KOTePEHTHOCTH cBeTa. PaccMaTpuBaloTcA BpeMeHHA s U 1Ipo-
CTPAHCTBEHHAA KOTEPEHTHOCTb ONTHYECKOI'0 W3JIYYCHUA, XaPaKTEPUCTHKH Kore-
PEHTHOCTH, METONB! IKCHEPHMEHTAJIBHOTO H3MEPEHHA M OCHOBBI TEOPUH KOIrepeHT-
HOCTY, KOPEPEHTHOCTD N3JIy4YeHHA PEaIhHBIX UCTOYHUKOB CBETA.

B coBpemenHOM ONTHKE BAXKHYIO POJIb UTPAET NOHITHE KOZEPEHIMHOCTU CBETA.
IToa KOrepeHTHOCTHIO MOHUMAKOT YIIOPALOYEHHOCT CTPYKTYPb! CBeTa, CTeneHs Ouy-
30CTH CBETOBOTO II0JIA K Mjaeassnolt rapmonnyeckoii sonue. Korepenruocrs — raas-
HOE CBONCTBO JIA3€PHOrO M3JIy4YeHHsA, IPAHIUIHANBHO OTIIMYAIOIEe ero OT N3JIyte-
HRA OPYTHX HCTOYHHKOB cBeTa. KorepenTHOCTD CBETA HIrPAeT PEIIAOYIO POJIb B IO~
sorpadun, OHa BajKHa B TaKMX DpoHEccax Kax 3amuck u obpaborka undopmaimu,
onTuvecKas CBA3b, (POPMHPOBAHUE 33AAHHBIX CTPYKTYD CBETOBOTO NOJA U ONTH-
4eCcKHX H300pazeHnit, mepenaya CeTOBOR SHEPIUN HA PACCTOSANKE, KOHUCHTPAIMH
IHEPTUH CBETA BO BPEMEHH M B NPOCTPAHCTBE, FEHEPANUS CBEPXCHIbHBIX CBETOBBIX
noaeft v T. 1.

Mcropunyecky MOHATHE KOrepeHTHOCTH BO3HUKJIIO B CBA3H C ONBITAMM IO UHTEP-
chepentmu ceera. KorepeHTHOCTRIO Gbl/1a Ha3BaHA CNOCOGHOCTE CBETA HHTEP(dhEPHPO-
BaTb, T. €. JABATh KAPTHHY IePENOBAHUSA TEMHBIX M CBETJIBIX HOJIOC IIPH HAJIOXKEHUU
CBETOBBIX TY4KOB. Pasnmuuyaior IBa BHIA KOrepeHTHOCTM — IIPOCTPAHCTBEHHYIO M
BpemenHy0. HauneM c paccMoTpennsa speMeHsoll KOrepenTHOCTH CBETA.

Bpemennas KorepeHTHoOCTh cBera. Bpemsa korepentHoctu. IlimuHa Ko-
repenTHocTH. [Ipennosioxum, 9ro Mbl HAB/IONAEM UHTEP(EPEHIIMIO CBETA, HEKO-
TOPOro MCTOYHUKA S ¢ moMoumbI0 HHTEpdepoMerpa Maiikenbcoua, cxemMa KOTOPOro
noxasana Ha puc. 12.1, a.

Ha puc. 12.1, 6 nokasaun dbparment HabmonaemMol nutepdepeHInodHol KxapTu-
Hbl, HA puc. 12.1, 8 — pacnpenesienne MHTEHCUBHOCTH CBETA B MHTEp(EepeHIUOHHON
kKaprune. 3aech Jp ¥ I — UHTEHCUBHOCTH CBETA COOTBETCTBEHHO HA BXOIE M BHIXOHE
unrepdepomerpa, 7 = A/c — 3anepxKa, NPONOPUHOHAbHAA PAZHOCTH X0 Jydel
A = l; — Iy B unrepdepomerpe, ¢ — CKOPOCTHL CBETA.

7151 KONMMYEeCTBEHHON XAPAKTEPUCTHKH UHTEeP(EPeHIMOHHO! KAPTHHBEI BBOOAT
napaMmerp <y, Ha3blBAEMBbIHl BudHOCMbIO 1 onpenenAeMblit popmysoi

_ Imax — Imin
Imax + Imin '

£0e Inax ¥ Irpin — SHAYEHUS] MHTEHCHBHOCTH CBETA B COCENNNX MAKCUMYME H MUHHA-
MyMe HHTeP(EPEHIMOHHOR KapTHHBI.

Ombl'T NOKa3LIBAET, HTO BHAHOCTD UHTEP(EPEHIMOHAON KAPTHHDI MEHACTCA TIPU
A3MEHEHHN PA3HOCTH X042 MHTepdepupyIommx Jjyyeil, npuyeM TUNAYHAA 3aBUCH-
MoCTb ¥(7) UMeeT BHI, mOKaszaHHbI# Ha puc. 12.1,2. B 3aBucuMocTd oT Benuyu-
Hbl OTHOCHTENbHOM 3amep:KKky sydeit B unTepdepomMerpe 7, MOXHO BBIAETUTSL ABE

(12.1)
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Puc. 12.1. K nonaTHio BpeMeHHOH KOTepeHTHOCTH CBeTa: cxeMa uHTepdepomerpa Mait-
KescoHa (a), dparment nabmonaemolt nuTepdepeHIMonHol KapTuHbl (§), pacmpenee-
HHe MHTEHCHBHOCTH CBeTa B MHTephepeHumoHHOR kaprune (6), 3aBECHMOCTh BHIHOCTH
uHTepGdEepEHIMOHHON KapTHHEL OT 33JEPXKKH T, IIPONOPUHMOHAIBHON Pa3HOCTH X0na Jydeit
B unrepdepomerpe (2)

xapakTepHble obsacTu: 0bJIACTh XOPOUIO BBIPAXKEHHOH HHTEpdepeHuur 7 < Tx #
061aCcTh OIPAKTUHECKOr0 OTCYTCTBHA TAKOBO# 7 > Ty. 3HAUEHHE KPUTUYECKOTO Bpe-
MEHH Ty, PA3NEJIAIOMErO OBE 9TH 0DJIaCTH, MOXKHO ONPENENIUTh 9KCIEPUMEHTAJIBLHO.

B cooTBeTCTBMYE C JAHHBIM BBIIIE ONPENEIEHIEM, COTJIACHO KOTOPOMY KOI€pEeHT-
HOCTDb €CTh CIIOCOBHOCTE CBETa NaBaTh MHTEP(hEPEHIMOHHYIO KaPTHHY, MOXHO CKa-
3aTh, UTO NpU T < Ty CBET KO2EPENMEH, & NP T > Ty CBET Hexozepenmen. Bpema
T, CJEIOBATEILHO, XapaKTEPU3YET CaMy CEEmOo6Y0 B0AHY. DTO BpEMsl HA3HLIBAIOT
SpEMEHEM KOZEDEHRMMHOCTNU CBETA.

BpemeHu 7y COOTBETCTBYET Pa3HOCTh XOOa CBETOBHIX BOJNIH Ay = ¢Tk, TOe ¢ —
CKOPOCTh CBETd. JTa BEJIMYMHA TAKXKE XAPAKTEPU3yeT CBETOBYIO BOJIHY M HA3bIBa-
erca daunotl xozepenmuocmu ceeta. O603HAYMB IJIMHY KOTEPEHTHOCTH [y, TIOJTYyIUM

I = crx. (12.2)
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TakoBbl XapakTEPUCTHAKN BPEMEHHOM uiu “nponoibHOH” KOrepeHTHOCTH CBETA C
TOYKHW 3pEHAA IKCIepuMenTa. Teopusa BpeMeHHOH KOrepeHTHOCTH CTPONTCA Ha, OCHO-
B€ NPEICTAB/IEHHA O CBETOBOM IOJIE KaK CTALOHADHOM cayxalinom npoyecce. 3a-
[UCaB II0Jie B BUIE

B(t) = %E(t)ei“’°t +x.c. (12.3)
¥ BBelA K09(hOUUNEHT KOPPEJIAIMY KOMILJIEKCHOR AMILIATYIbI
_E@E(t+ 1))
rir) = S, (12.4)

MOXHO TEOPETHYECKH PACCYUTATH BUTHOCTL HHTepGhEpeHIIMORHON KapTHHbI, HabJIio-
nJaemolt ¢ nomowpio Maktkenscona (cM. yiekumio 11), 4 nokasaTh, 4TO

v =r(7). (12.5)

®opmyna (12.5) ycTaHAB/INBAET CBA3b MEXIY SKCIEPHMEHTAJIHLHO H3MEPAEMOl Be-
JIMYMHOY — BHIHOCTBIO MHTEPGEPEHIMOHHON KapTHHBI — M CTATHCTHYeCKOH Xa-
PaxTEPUCTUKON cBeTa — K03(MDOMUUUEHTOM KOPPEJIAUMHA aMIJIUTYIbl CBETOBBIX KO~
nebanuil.

XapakTepHOoe BpeMA Cnafa GYHKIUA 7(7) HASHIBAETCA 6PEMEHEM KOPPEARYUL
cBeToBBIX Koslebanuii. O603HAUMM 3T0 BPEMA Tyxop. LaK KaK BPEMs KO€PEHTHOCTH
CBEeTa Tx Mbl ONPENEII/IM BbIlle KAK XapaKTepHoe BpeMa crnana bynkuud (1), us
cooTHoweHuA (12.5) BBITEKaET IPOCTasA CBA3b BPEMEH Ty M Tyop, & MMEHHO

Tx = Tiop- (12.6)

WT1ax, BpeMA KOT€PEHTHOCTH CBETA Ty, KOTOPOe MOXeT OBITb M3MEPEHO SKCIEPH-
MEHTAJIbHO, OKa3bIBAETCA PABHBIM BPEMEHH KOPDEJIALMH CBETA Tyxop — NAPaMeTPy
TeopeTH4ecKol Mmonenu.

B reopun nokaseiBaerca meopema Bunepa-Xunwuna, COryiacHO KOTOpOM Koppe-
nsAuvonnas dyukuua B(r) = (E(t)E(t + 7)) cBasana co cnexrpom momuocty G(w)
CBEeTOBOrO nonA npeobpasosanueM Pypre (cM. gomosHenue 8) :

B(r) = % /G(w)e_i“’rdw, Gw) = % /B(T)ei“’rdr. (12.7)

W3 aTofi TEOpEMBI BLITEKAET COOTHONIEHNE MEXKLy BPEMEHEM KOPPEJIALMH CBETa Tyop
U €ro creKTpasibHO# mupuHo# Aw, a HMEHHO

Teop = 27 [ Aw. , (12.8)

W3 (12.6) u (12.8) nosygaem ynobHyio ¢opmysly 4Jis OLIEHKH BPEMEHH KOTepPeHTHO-
CTH CBeTa: '

T =21 fAw. - ‘ (12.9)

JlaHHOE COOTHOIIEHNe, B KOTOpoM 00a mapameTpa Ty ¥ Aw MOTYT 6bITh U3MEpPEHBI
B HE3ABUCHMBIX OINTHYECKUX 9KCIEPUMEHTaX, JIOMYCKAET NPAMYIO 3KCIEPHMEHTANb-
Hy1o npoBepky. OnbiT noarsepxkuaer coorHomenune (12.9). Tem cambiM mosydaer
[IOATBEPXKICHUE TEOPUsA, OCHOBAHHAA HA CTATUCTHYECKOH MOOENN CBETOBOrO IOJIA.
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W3 (12.2) u (12.9) nosmy4yaeMm BrIpaKeHHe V1A AJIMHBl KOT€PEHTHOCTH CBET3,
I.=1/Ay, (12.10)

roe Av = Aw/27c — cneKTpabHAA MIMPUHA CBETA, BbIpaxenHas B cM ™. Hanpn-
Mep, 4714 6esioro CBeTa, 3aHUMAIOMEr0 BeCh BUOMMEIR auanasol ot A; = 0,4 MkM Io
A2 = 0,8 MxM, mostydaeM Av = vy —vp = 1/A1 — 1/A; ~ 10* cM~!. Orcroza no ¢op-
myne (12.10) I, = 10~* cm = 1 mxm. Takum 06pasom, AIMHA KOTEPEHTHOCTH 6e510ro
CBeTa O0Ka3bIBAETCA NOPAMAKA [IJIMHBl CBETOBOU BOMIHBL. JTa OUEHKA OObACHAET pe-
3YJILTATHI ONBITOB C MORKUMU NAEHKAMU, B KOTOPLIX HabogaeTca uaTepdepeHuusa
6esoro cpera.

CrenaeM aHAJIOTMYHYIO OUEHKY OJIS HM3JIyYeHHs OEMOHCTPALMOHHOTO resu-
HEOHOBOTO Jlazepa. B IanHOM Cly4ae COeKTpa/lbHad IIUPWUHA U3JIyuYeHUs Onpene-
JIAETCA JOIJIEPOBCKO# mupuHO# Av = Avp = 0,04 cm~! (cm. sekuuio 6). Cote-
noparenbHo, I, = 1/Av = 25 cm. Taxum o6pa3oM, KOrepeHTHOCTD JIa3epa HAMHO-
IO IPEBBLILAET KOTEPEHTHOCTh €CTECTBEHHOIO CBETa. DTO OOBbACHAET PEe3yJIbTaTbl
OIBLITOB C JIA3epHBIM HHTEepdepomerpoM MaitkesbCOHA, B KOTOPBIX HAOIIONAIOTCHA
KOHTPACTHbIE MHTEP(EPEHIMOHHBIE KADTHHBI DU AOCTATO4HO Gosibmolt (mopamgka
HECKOJIBKMX CAHTHMETPOB) ONTHYECKOH PA3sHOCTH XOma JIyyel.

IIpocTpaHCTBEHHAaA KOTE€PEHTHOCTh CBETa M PagMyC KOrepeHTHOCTH.
Ipennosioxkum, 4To Mbl HabmonaeM MHTepGEPEHIMIO K31y YeHU A HEKOTOPOTO UCTOY-
HuKa B uHTepdepomerpe FOura. Cxema unrepdepomeTpa nokasana Ha puc. 12.2, a.
Ha puc. 12.2, 6 npencrasien ¢parmenT Habsonaemolt nHTepdepeHIMOHHO) KapTH-
Hbl, Ha puc. 12.2, 6 — pacnpenesieHue UHTEHCUBHOCTH CBETa B IIOCKOCTH Habmione-
HHA.

Buanocts uHTepdhepeHUMOHHO! KApTHHBI MOXHO OXapaKTepH30BATH Mapame-
TPOM 7, onpeniensieMuM dopmyno#t (12.1). Ouslt noKa3bLIBALT, YTO BUAHOCTH 3ABACUT
OT PACCTOSAHMA S MEXIY ABYMA TOYEUHBIMY OTBEPCTHAMH (MJIH LIEJISAMH) B KHTED-
¢epomerpe IOnra. XapakTepHbl#f BUO 9TOH 3aBHCHMMOCTH MOKAa3aH Ha puc. 12.2,2;
BUIOHOCTb MHTEP(hEPEHIIMOHHON! KAPTHHBI YMEHBIIACTCS C POCTOM PACCTOSHUA S.

HasoBem nmpocTpaHCTBEHHOH KOTE€PEHTHOCTBIO CBETA €ro CIOCODHOCTb HABATH
uHTep¢hepeHINOHHYI0 KapTuHy B uHTepdepomerpe IOHra. XapaxTep 3aBHCUMOCTH
7(s) MO3BOJIAET BHLACIUTL HEKOTOPOE KPUTUIECKOE SHAYEHHUE Sy PACCTOAHMA S, Pa3-
gensouiee obnactu cuiibHO# u cinabolt maTepdepeniymy. B cooTBeTcTBUMH C JAHHBIM
onpeneseHNeM MOXKHO CKa3aTh, YTO NPH § < S¢ CBeT 00JiafaeT NpoCTPAHCTBEHHOM
KOTEPEHTHOCTBIO, & TIPH § > S¢ CBET HekorepeHTeH. KpuTudyeckoe pacCToAHHE Sy
XapaKTEPU3YET CaAMy CBETOBYIO BOJIHY. DTO PACCTOAHME HA3LIBAIOT NMPOCTPAHCTBEH-
HBIM PayCOM KOTEDPEHTHOCTH WJTA NIPOCTO paduycom Kozepenmuocmu cBeTa. Byaem
0603HaYATh 3TO PACCTOAHNE Ty . VITakK, pagnyC KOrepeHTHOCTH CBETa, Tx MOXKET ObITh
3KCIepPUMEHTaJIbHO U3MEPEH C IOMOIILI0 uHTepdepomerpa FOura.

Mopens ciy4dalinoro cBetosoro nojs. Jna Toro 4yTtobel BoIABUTH (hu3HUe-
CKH# CMBICJI IPOCTPAHCTBEHHOM KOI'€PEHTHOCTH CBETA C TOYKH 3PEHHA CTPYKTYPBI
cBeTOBOH BOJIHBI, HEOOXOMMMO NPOAESIATh PacyeT MHTEP(EePECHIUOHHO! KADPTHHLI B
unrepdepomerpe IOHra Ha ocHOBE HEKOTOPOH MOLENN CBETOBOIO NOJIA.

Kax n B ciyuae spemenHOM KOrepPeHTHOCTH CBETA, B OCHOBY TEOPHMH IPOCTPaH-
CTBEHHOH KOrepeHTHOCTH KJIAJETCs MOHATHE cayuaiinozo ceetoBoro mosa. OmHako
B HAHHOM CJIy4ae CIIy4alHOCTb NOHMMAETCA B CMBICJIE 3aBUCMMOCTH IOJA OT HpPO-
CTPAHCTBEHHBIX KOOPIMHAT, & HE OT BPEMEHH.

PaccMoTpuM, V1A NPOCTOTHI, MOHOXPOMATHYECKOE CBeToBoe moJie. Cuurtast, 4To
KosiebaHuA Moyl B KaXXAo¥ TOYKe NIPOCTPAHCTBA MPOMCXOAAT 10 TAPMOHUYECKOMY
3aKOHY, MOXHO 3aIHCaTh
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Puc. 12.2. K NOHATHIO MPOCTPaHCTBEHHON KOrE€pEeHTHOCTH CBETa: cxema unTepdepoMerpa
IOnra (a), ¢parment Habmonaemoit unTepdepenunonso#t kapruusr (6), pacnpenejienue
WHTEHCHBHOCTH CBETa, Ha 3Kpane Habyoxenus (6), BAGHOCT: HHTEPdEPEHIHOHHOH KapTH-
HEI B 3aBUCHMOCTH OT PACCTOAHHA MEXAY WesaMH s (2)

1 .
E(Ft) = §s(r“)ewot +K.cC. (12.11)

3asucumocTb £ (F) KOMILIEKCHOM AMILIUTY/IbI OT MPOCTPAHCTBEHHBIX KOOPIHHAT J0-
IyCKaeT BO3MOXHOCTb TOrO, YTO B PA3HBIX TOYKAX NPOCTPAHCTBA CBETOBbLIE KOJiE-
6aHMA MMEOT Pas3Hble AMIUINTYObI M pasHble (aspl. B wactHoct, ecnm E(F) —
caynatinan dynxyus, 1o mogens (12.11) onuceiBaer ciyvallHO HEOTHOPOIHOE HO
NpPOCTPAHCTBY CBETOBOe nojie. Takoe mosie MOXKHO OXapaKTepU30BaTh CpeqHel HH-
TEHCHBHOCTBIO

— C —=
= w2 ,
I'=E (12.12)
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Puc. 12.3. K pacuery unrepdepenunonnot kaprunsr B uurepdepomerpe Onra

M IPOCTPAHCTBEHHBIM KO3(hUIMEHTOM KOPPEJIALMA KOMIIEKCHOH aMIIATY I

b(F) = (E(T)EX(T+ §))
(€€7) ’

rIe 3Be3I0YKa 0003HAYAET KOMILJIEKCHOE CONPAXKEHHE.
Ucnonssysa mopmenst (12.11)—(12.13), MOXKHO TEOPETHHYECKH PACCYMTATH MHTED-
depenuuonnyo kaprury B unrepdepomerpe IOura. IIpu arom okasviBaeTcs, 410

BUJHOCTb HHTEPPEPEHUMOHHOH KAPTHHEI Y COBIAAAeT ¢ K0 GUUHeHTOM KOppes-
umu b(3):

(12.13)

v = b(3). (12.14)

Takum 06pa3oM yCTaHABIUBACTCH CMBICT BUIHOCTH MHTEP(EPEHITMOHHOR KAPTHHB
C TOYKH 3pEHHsI CTPYKTYPHl CBETOBOIO MOJIA.

Pacuyer uarepdepenunonHol kaprausl B uHTepdepomerpe IOura. Ocra-
HOBUMCH KOPOTKO Ha BhiBoze (opmMysint (12.14). Ha puc. 12.3 nokasana cxema uH-
tepdepennuu B uaTepdepomerpe K0ura u Beenenst obosnadenu: L — paccroaHue
MEXy DKPAHOM C OTBEPCTHUAMU ¥ 9KPAHOM HAOJIONEHUA, § — PACCTOAHUE MEXKIY
OTBEPCTHAMH, T — KOOPAMHATA TOYKH HabnromeHua nosd P, 0OTCYNTHIBAEMAA OT OCH
CHMMETPHH CUCTEMBI, 1 1 l; — PaCCTOAHUSA OT OTBEPCTHH 10 TOYKM HAGIIIONEHNSI.

CsetoBble Konebanus B TouKe P 00pa3yloTca B pe3yJibTaTe HAJIOXKEHUA CBETO-
BBIX BOJIH, NpUXOnAmuX us orsepctuit O; u Oy. 3anumeM 310 crenyomu 06pa3oM:

E = E, + E». (1215)

O6bI4HO B 3KCIIEPUMEHTE XOPOLIO BBHINIOIHAIOTCA YCIIOBUA

L>»z>»s. (12.16)

IToaToMy C TOYHOCTBIO [I0 HMOCTOAHHBIX MHOXKUTENEH, 32BHCAMX OT PA3MEPOB OT-
sepcruit, konebauusa £y u Ey MOXHO MpeICTaBUTh B BUOE

1
Ey = —2—81 exp [iwo(t — Iy /¢)] + k. c.,
(12.17)

1
Ey = 582 exp [iwo(t — I2/¢)] + k. c.,

rae
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& =E(), &= E(R), (12.18)

71 ¥ 72 — paauyc-sexTops! orBepetuit O u O,. Ilogcrasus (12.15) B (12.12), nna
cpeaHell HHTEHCHBHOCTH H3JIy4eHNsA B Todke P mosmy4yum

T =2I)(1+R), (12.19)

rge Iy — HMHTEHCHBHOCTH, COOTBETCTBYIOIAA CY4al0, KOLa ONHO U3 OTBepCTHH
OTKPBHITO, & APYroe 3aKPhITO,

R= %‘%ﬁ (12.20)

R — npoctpancTBeHHBI! KO3(DUMEHT KOPPEIALNN CBETOBOIO MOJIA.
Ucnoneays ¢dopmynst (12.17) u npennonaras mjis IpoCTOTEL, 4TO

(6163) = (£1 &)y (12.21)

T. €. 4TO KOppPeAllMOHHaA (byHKIIYIH KOMILIEKCHOM AMILIATYObI T10J15A JeHCTBUTEID-
Ha, IIOJIy4YUM

(B Ey) = %(515;) cos(kodd), (12.22)
rae
ko =wofe, A=l 1 (12.23)
Tlonoxum
F=F M=t (12.24)

rie § — BEKTOp, IpoBeneHHbIH oT orBepcTua O k orBepetuio Oy (puc. 12.3). Torna
uz (12.20), (12.22), (12.24) cnenyer, uro

R = b(3) cos(koA), (12.25)

rne b(5) ompenenserca popmynoft (12.13).
Ucnone3ys puc. 12.3 1 npuruMas Bo BHEMaHNe cooTHOwWwenuA (12.16), Herpyano
NOK&3aTh, YTO PAa3HOCTh X0na jay4ell B uHTepdepomerpe FOnra ects

A = (s/L)z. (12.26)
Bsona obosHadeHne
q= (s/L)ko o (12.27)
u noxcrasias (12.25) 8 (12.19), nony4uM OKOHYATEIHHO '
T =2Iy[1 + b(5) cosqz] - (12.28)

HWrak, popmyna (12.28) onuckiBaer pacmpenesieHue cpenHeit HHTEHCHBHOCTH H3-
JIyueHHA B MHTep(hEPEeHLNOHHOA KapTHHe, HAbII01aeMOH C MOMOLIBIO HHTEPhEPOME-
1pa IOura. B stolt dopmysne Ip MHTEHCHBHOCTD CBETA, B TO4YKe P B yciioBusax, Koraa
onpo us oreepcTuit O wix Oz OTKPHITO, & APYroe 3aKpPLITO, T — KOOPAUHATA B
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3
ApProHOBBIN | ®
nazep T ;’
MaTtoBaa H
MJIacTUHKA
a) 6)

Puc. 12.4. JeMOHCTpanua CIEKJIOB: CXEMa IKCIEPUMEHTAIbHO# yCTaHOBKM (a), BHI, Kap-
THHBI CrIeks10B (6)

ILIOCKOCTH HABJIIONEeHN A, OTCYNTHIBAEMAA OTHOCUTEIBHO OCH CHMMETpUK MHTepde-
pometpa (puc. 12.3), ¢ — mapamerp, onpegnessaembiii dopmynamu (12.27), (12.23),
L — paccrosaHue MeX Ay 9KPaHOM C OTBEPCTHAMH H 9KPaHOM HAOJIIOJEHAA B MHTED-
depomerpe ¥Oura, s — paccroanue mexay orsepcrusamu. Oyukuus b(3) B (12.28)
HMEET CMBIC] NPOCTPAHCTBEHHOrO K03(MMHIMEHTa KOPPEJIALNM KOMILUIEKCHOH aM-
IUIATYObI CBETOBOTO MO U onpenensercsa dopmy.tof (12.13).

Hcxona ns (12.28), HETPYAHO BBHIYMCIHTH BUAHOCTh uHTepGhEpEeHIMOHHON Kap-
TuHbl. B caMoM mene, mosiaras cosgr = 1 u cos gz = —1, 11 HuHTEHCHBHOCTEH CBETa
B COCETHMX MAKCUMyMe W MUHHUMyMe UHTep(hEepPEHUMOHHON KADTHHBI MOJIYIAM

Imax =2l [1+b(8)],  Imin = 2I[1 — b(3)]. (12.29)

Toncrasus (12.29) B (12.1), monyuum (12.14). Tem cambiM BriBOA, dopmynr (12.14)
3aBEPIIEH.

®opmyna (12.14) mokaswpiBaeT, YTO BHOHOCTL HHTEP(hEPEHITMOHHON KApPTUHBI B
unrepgepomerpe FOHra HEMOCPENCTBEHHO CBA3aHA C IPOCTPAHCTBEHHOR KOppess-
muelt cseroBoro nousif. IIpu 3TOM pagMyC KOrepeHTHOCTH COBIANACT C PAIAyCcoM
KOPPEJIALKH CBETA.

HUcnonbsya ¢dopmysnst (12.28), (12.27), (12.23), HeTpyAHG OHpENEUTH NEPHON
uHTEpdhepeHIHOHHOMK KapTunbl B unTepdepomerpe IOura (puc. 12.2). OH cocraBaa-
€T BeJIMYHHY

5z = AL/s, (12.30)

rae A — OJINHA BOJIHBI U3JIYYEHHs.

Ha nexuum neMoHCTpHpYyeTCa sa3epHbil maTepdepomerp KOnra. B xagecTse nc-
TOYHHKA CBETa HCIIOJb3YETCA Iesiii-HEeOHOBBIY MM aproHOBHIN jaszep. JlasepHbIit
My40K MajaeT Ha IJIaCTHHY, B KOTOpOl Ipope3ans: gse y3kue mestu. Nurepdepenim-
OHHas KapTUHA HAOMIOKaeTCa Ha 9KPaHe, OHA IPEACTABIAET CoOOM CHCTEMY TEMHBIX
M CBETJILIX JIMHUY. 3HAUEHMs OCHOBHBIX apaMeTpoB TakoBbl: L = 5 M, A = 0,5 MKM,
s = 0,1 mm. Onenka nepuona untepdepesunonHol KapTuusl mo dopmyse (12.30)
naer dx = 2,5 ¢M, 9TO XOPOILIO COIVIACYETCA C DKCIEPUMEHTOM.

Xopouuit 06pa3 MOHOXpPOMATHYECKOTO MPOCTPAHCTBEHHO HEONHOPOIHOIO CBETO-
BOT'O MOJIA JAET KApTUHA cnexaog (MATeH), KOTOPYIO MOXKHO Hab/IolaTh Ha 9KpaHe,
IIPOILYCTHB JIyY aprOHOBOIO JIa3€pa Yepe3 MATOBYIO IUIACTUHKY (puc. 12.4).

Ilpoxons depe3 MaroByiO IUIACTHHKY, JIa3epHbI# JIyy npuobperaeT MenKOMac-
mTabHYIO [ONEePEeYHy0 HEOOHOPOAHOCTD, IPH 9TOM €r0 yIjioBas PacXOOUMOCTh pe3-
kKo Bo3pacraeT. KapTuna, HabmonaeMas Ha 9KpaHe, UMEET BUJL CTAIMOHAPHOIO I1AT-
HHUCTOFO IIOJIA M Ha3bIBAETCA xapmunoll cnexsos. KapTuHa CneksoB MMeeT MHTED-
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————

K3

Puc. 12.5. XapakTepnCTHKU KOTEPEHTHOCTH ¥ CTPYKTYPa CBETOBOTO My4Ka

depeHUMOHHOe TPOUCXOKIAEHNE U, CJIEIOBATENLHO, CBUACTENLCTBYET O MPOCTPAH-
CTBEHHOH KOrepPEeHTHOCTH MCXOMHOIO J1a3epHoro ny4ka. [Ipu npocseduBaHus Maro-
BOM IUIACTHHKM HEKOT€DPEHTHBHIM CBETOM, HalpUMEp MYy4KOM AyTOBOH JIaMIbBI, Kap-
THHA CIEKJIOB He 00pa3yerca M 9KpaH BHUVIALUT OCBEMICHHBIM PABHOMEPHO.

Hcnonb3ys MOHATHA PAMyCa KOTEPEHTHOCTH T W AJIMHBI KOTEPEHTHOCTH lg,
MOXKHO IaTh HariASHBI 06pa3s KOrePEHTHOCTH C TOYKHA 3PEHHA CTPYKTYpH CBe-
ToBoro nmy4dka {puc. 12.5). Ilapamerpni T u lx XapakTepu3yOT CPEIHHE PA3MEPhI
061acTH TPOCTPAHCTBaA, B NpeNesiaX KOTOPO# CBET MMEET CTPYKTYpPY, OJM3KYIo K
uneanbHOM rapMoHMYeckodl BosHe. CBeToBOl My4YOK COCTOMT U3 OTHENbHLIX 00Jsa-
crelt KorepenTHOCTH. JIj1A HEKOrepeHTHOro CBeTa 3TH ODJIacTH BECbMa MaJibl, MX
JMHeHHbIe pa3Mephl MOPANKa JJIMHEI CBETOBOH BOJIHBI. B KOrepeHTHOM cBere, Ha-
IPOTHB, 00JIACTH KOTEPEHTHOCTY BEJUKH; MOXKHO NPEJCTaBUTh ceDe MeasbHbIN CBe-
TOBOH Iy40K, KOrePEHTHBIH BO BceM cBoeM obbeme (puc. 12.6).

Wsmepenne KorepeHTHOCTH. KOrepeHTHOCTh M3IyYeHNA peafbHEIX MC-
TOYHMKOB cBeTa. Mtak, Kitaccuieckue nurepdepennumontnie onbith IOHra u Mafi-
KeJILCOHa OKA3bIBAIOTCS NPAMBIMY METONAMY U3MEPEHM NPOCTPAHCTBEHHBIX ¥ Bpe-
MEHHBIX KOPPEJISIMOHHRIX QYHKIH; pacipenesienne cpentelt NHTeHCUBHOCTH CBETS,
B MHTEP(EPEHIMORHON KRPTHHE HETIOCPEACTBEHHO HAET KOPPENANNOHHYIO (BYHKINI0
CBETOBOTO NOJIA.

B kagectBe npuMepa Ha puc. 12.7 moxasaHbl NPOCTPAHCTBEHHBIE KOPPEIAIMOH-
Hble QYHKUMHE JIA3€PHOIO W3JIy4eHHA, U3MEDPEHHBIE C IOMOIIBI0 MHTEphepoMeTpa
Oura. Pasnble KpUBble Ha 3TOM DHCYHKE OTHOCATCA K Pa3HbIM JiaszepaM. Buano,
9TO B HEKOTODPBIX CJIYMAAX PAOUYC KOT€PEHTHOCTH CBETA HPUOINKAETCA K PaquyCy
camoro JiazepHoro nydka. CiienoBaTesbHO, CBeT asepa 6iM30K 10 cBoel CTPyKType
K uIeaJIbHON rapMOHHYECKOH BOJIHE.

Touyeudsl it ucTOYHUK cBeTa. g HabmoneHus uHTepgepeHInd CBETa C
nomompio uHTEpdepomerpa I0ura cymectsenno, 4Tobb! CBET, NaAa0MKUY Ha SKpaH
¢ orBepcTuAMH, OB QOCTATOYHO KOrepeHTHuIM. B cBoem omwire IOHr mobusasics

XY
oY/ el
lK

ll‘

ettt et

a) 6)

Puc. 12.6. O6passl KorepeHTHOro (a) 1 HEKOrepeHTHOro (§) CBETOBBIX MYYKOB
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Puc. 12.7. IIpocTpaHCcTBEHHBIE KOPPEIANMOHHEE (DYHKIUMH JIA3EPHOTO MINLYUEHUA, H3Me-
peHHbIe ¢ DOMOWBI0 HHTEpdepomerpa IOnra: 8 —— paccrosHuMe MeXIy OTBEPCTHAMU HH-
TepdepomeTpa, d — OHAMETP JIa3ePHOrO My4yKa. PasHbie KpUBHIE OTHOCATCHA K Pa3HbIM
JlasepaM

3TOro, IPOIYCKaA COJIHEUHBI CBeT depe3 moueunoe omaepcmue (puc. 11.3). Oue-
BHOHO, YTO CBET, HNPOMERNIUY 4Yepe3 HOCTATOYHO MAJIEHBKOE OTBEpCTHE, IOJIKEH
ObITh GiM30K MO CBOeH CTPyKType K cdepuuecKod BoJHe, T. €. JoJIKeH obanarhb
NPOCTPAHCTBEHHON KOr€PEeHTHOCTBIO.

Ouenum pasMep OTBepCTHA B 3KpaHe ¢y (puc. 11.3), neobxomumelit 1A Hosry-
YeHUsA KOHTPACTHOM MHTepdepeHIMOHHON KapTuHbl B nHTepdepomerpe I0nra. dna
3TOr0 PACCMOTPHM CJIy4aM, KOU[a SKpaH C OTBEPCTHAMM O0nydaercs OOHHM TO-
YEYHBIM UCTOYHMKOM CcBeTa (puc. 12.8) ¥ AByMsA TOYEYHBIMH MCTOYHHKAMM CBETA,
pa3HeCEeHHbIMH Ha HEKOTOpOe paccroanue a (puc. 12.9).

13 puc. 12.8 BuaHO, 4YTO NIPH MCIO/IHL30BaHMY OTHOTO TOYEYHOTO UCTOYHHUKA, CBETa
uHTepdepeHINOHHAA KApTIUHA UMeeT BUAHOCTh, paBHyW0 exuuune. Pacnpenenenne
HMHTEHCHBHOCTY CBETA HA 3KPaHe HADIIOIEHNA NMeeT CUHYCOMambhy0 ¢popmy. Ecnu
e 9KPaH C OTBEPCTHAMHM 00JIyYaeTcsa ABYMsA TOY€IHbIME HCTOYHEKaMu (puc. 12.9),
TO Ha 3KpaHe HAGIIONEHUA HAKJIANBLIBAIOTCA OB CUHYCOUIATbHBIX pAcIpeaeaeHus
HHTEHCHBHOCTH, COBHHYTHIE APYT OTHOCHTENLHO NpyTa. B pesynbrare obpasyercsa
uHTepQEePEHIUCHHAA KAPTHHA ¢ TeM X€ [IPOCTPAHCTBEHHBIM IEPHOIOM, HO MEHb-
wetl sudnocmu. OTcioma cnefyerT, 4TO BAOHOCTL MHTEP(MEPEHIIMOHHOK KapTHHLI B
unrepdepomerpe H0ura, Boobme rosopsi, 3aBUCUT OT pazMepa NCTOYHHMKA CBETA.

O6o3HaunM pasHOCTh X0aa jy4elt or uctounnka A; mo orsepcruit Op u Oy ge-
pe3 A;. AHaNOrMYHYIO BeNUYHHY IJIA MCTOYHEHKA As obosnaunm A,. Urax,

Al == A101 —_ A102, Az = A201 - AgOz. (1231)

J.oz I

I
x

Puc. 12.8. Cxema uHTepdepeHuny W3/Iy4eHUs TOUEYHOTO MCTOYHHMKA B uHTEepdepoMeTpe
IOnra. Cnpasa moxa3aHO pacHpefeieHMe HHTEHCHBHOCTH CBETA B MHTEpdEepeHUHOHHOU
KapTHHE
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Puc. 12.9. Cxema uHTepdepeHIun U3JTyYeHAA ABYX) TOYEHHBIX MCTOYHHKOB B HHTEP(EpO-
Merpe FOnra. CupaBa nokasaHbl pacnpefe/leHUs HHTEHCUBHOCTH CBETa B MHTepdepeHuH-
OHHOM KApTHHE IJIA KaX[O0ro HCTOYHUKA OTHEJIBHO M O1a 060MX BMecTe

OueBuIHO, YTO KOHEYHOCTDH Pa3Mepa UCTOYHHUKA CBETA HE BJMAET Ha BUIHOCTL MH-
TepdepeHIMOHHON KapTHHbL, eciy OyJer BBHIIOJHEHO YCJIOBHE

|81 = Ag] K A, (12.32)

roe A — A cBeToBOM BosiHBL. OGO3HaYuMM pa3sMep MCTOYHMKA CBETa 4Yepes a,
paccTosHAe MKy OTBEPCTHAMYU B uHTepdepoMerpe IOHra yepes s, paccTOAHMA OT
HCTOYHUKA A0 9KPaHa C OTBEPCTHAMM 4Yepe3 z, KaK MOKa3aHo Ha puc. 12.9. O6prano
B 9KCINEPUMEHTE XOPOIIO BBITOJHAIOTCA yCJIOBUA

akKsKz. (12.33)

HerpynHo noka3aTh, YTO B 9TOM CJIy4ae

|A1 — Ag| ~ as/z. (12.34)

Taxknm 00pa3oM, peasibHBIE HCTOYHUK CBETA MOXKHO CUHTATDL MOYEUHBM, €CJIH €ro
pasMep a yIOBJIETBOPSET YCIOBHIO

as/z < A. (12.35)

3nech A — IuIHHA CBETOBOM BOJIHBI, 2 — PACCTOAHME OT HCTOYHMKA CBETa M0 MpH-
€MHOrO ONTHYEeCKOTO yCTPOHCTBa, § — anepTypa NpueMHHKa cBera. IIpocras dop-
mysa (12.35) uMeeT psAH BaXKHBIX IPAKTHYECKUX CJIEICTBAN. PaccMOTpUM HEKOTO-
pble U3 HHX.

Pazpemawmasa cuna ontuvyeckux npubopos. IlpemmonoxumMm, 4ro
MBI HABTI0HaeM HEKOTODBIH 0O0BHEKT ¢ TIOMOIIBIO ONTHYECKOTrO Mpubopa, HAIpUMED,
reneckona (puc. 12.10). ITycrs a — pasmep o06bexta, d — aneprypa uputopa, z —
paccrosnue or obbexkTa Ko mpubopa, A — IJIMHA BONHLI M3nyueHua. V3 BeIBOIA
dopmynt (12.35) Acuo, uro npenen paspemaomell cnocobroctn npubopa onpene-
JIACTCA COOTHOMIEHHMEM

ad/z = M. (12.36)

Ecnu ke 06beKT PAacHOJIOKeH TaK JajieKO WM HACTONLKO MaJl, YTO BBIC/IHACTCH
ycnosre {12.35), TO BHyTpPeHHAA CTPYKTYpa OOBbEKTa HE MOXKeT ObITh paspelneHa u
ero u3oOpaxenune OYIET BHINVISIAETh KAK TOYKA.
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Pnc. 12.10. X onenke paspemaromeft cuml onrudeckux mpubOpoB

C nomompo Gopmy b (12.36) MOXKHO OLEHUTD PA3PEMAIOILYIO CIOCOGHOCTH IIPH-
Gopa. IIpenen paspemenus no pasmepy oGbEKTA €CTb Gmin = zA/d, IO YIJIIOBOMY
pasMmepy 00bekTa: Omin = Gmin/z = A/d, 0 paccToAHMIO 10 06BEKTA: Zmax = ad/A.
Cornacro aTuM GopMmysaM, I yBeINYEHHA pa3pemaomei cnocobuoctn Heobxo-
JMMO YBEJIMYUBATH BXOAHYIO anepTypy npubopa. Ha puc. 12.11 noxasano m3obpa-
JKeHue ABYX OJIM3KUX CBETAMKXCA TO4YEK, HAO/IIOAAEMBIX C PACCTOAHKA MHOI'O MEHD-
IUEr0 Zmax (PHC. 12.11, 6}, IPUMEPHO PABHOTO Zmayx (pHC. 12.11, 6) u MuoOro GosBIIETO
Zmax (puc. 12.11, 8).

IIpuBeneM HECKOJIBKO NPUMEPOB U OIIEHOK.

TI'ra3 weaosexa. C KaKOro pacCTOSHMS MOXKHO PA3NMYHTL [VIA30M JIB€ CBETANIM-
ecA TOYKH, PACCTOAHME MEXIY KOTOpbiMH ¢ = § cM? Ilonaras d = 1 MM (muamerp
3padKa miasa), A = 0,5 MKM, DOJIYyYuM 2Zmax = 100 M.

Iodsopran mpyba. [Ipn HabmoneHnn Toro xe o6'beKTa Yepes MoA30PHYI0 TPyOy
¢ HuaMeTpoM BxomHoro orsepcrusa d = 10 cM, onenka no dopmyne (12.36) maet
Zmax = 10 KM.

Teaecxon. OnnH M3 KPynHeRIHNX ONTHYECKUX TEJIECKOIIOB, YCTAHOBJICHHBIH HA
CeBeprom KaBkaze HaJ DOMMHOH peKHM 3e/IEHYYK, MMEET NUAMETD TJIABHOIO 3€p-
kana d = 6 M. Kakoro pasmepa o6beKT MOXHO PacCMOTpETh B 3TOT TEJIECKOIN Ha
nosepxHoctu JIynei? Paccrosume or 3emmu mo Jlyuwt z = 384000 kM. [Tonaras
A = 0,5 MM, 1o dopmysie (12.36) moayIuM A, = 30 M.

a) 6) )

Pnc. 12.11. MismeRenne usobpaxenns nByX O/IM3KMX CBETAIMXCH TOYEK IO MEpe yBesm-
YEeHHsA PACCTOAHMA OO NPHHMAMAIOIIEr0 ONTHYecKoro mpubopa. Ilucranuus HabmoneHus

JOCTATOYHO MaJIa, TOYKM XOPOMIO pa3pemensl (a), BUJ TOUYEK Ha npenene paspemenys (§),
JHCTAHIMA BEJIMKA, H300paXKeHnA TOUEK CRnBaIoTCA (8)
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Puc. 12.12. Ypennyenne paJuyca KOT€PEHTHOCTH CBETa [0 Mepe YHOAJIEHAA OT HCTOYHHKA

Muxpocxon. OQueHnBaA MUHUMAILHBIA pa3Mep 0ObEeKTa, KOTOPBIH MOXKHO pas-
IANeTh B MHKPOCKOI, 10 dopmyste (12.36), moyunM amin = zA/d. Ha npakruxe
MMHMMAJIbHAA BeJIMIMHA OTHOWEHUuA z/d cocraBiiger nopaaka emuuunsl. Orcrona
TI0/1y4aeM OEHKY Gmin & A & 10™% cm. OmeiT NOATBEPXIaeT STOT PE3YILTAT —
npenes1 paspemaiomelt criocObHOCTH ONTUIECKOr0 MUKPOCKOIA AeHCTBUTEIbHO HME-
€T NOPANOK IJIMHBI CBETOBOH BOJIHEL.

Ouenka paguyca KorepeHTHocTH cBeTa. Dopmynst (12.35), (12.36)
[O3BOJIAIOT JATh OLUEHKY PaNyCa KOTEPEHTHOCTH W3JIyYEHHH HEJIA3€PHOr0 HCTOY-
HUKa, HallpUMep, TeILIOBOTrO W3Iydesua Harperoro rTena. Cornacuo (12.36)

d=Xz/a. (12.37)

91a dopMyna OaeT OUEHKY MPENE/IbHO MAJIOH anepTyphl npueMHHMKA, CBeTa d, Npu
KOTOpPOH CBeTOBAA BOJTHA, NIONAJAMIAA B IPUEMHUK, €lue couepXuT B cebe undop-
MAIMIO 0 Pa3Mepe HCTOYHMKA CBeTa a. Kak 0TMe4asoch Bhlle, IPOCTPAHCTBEHHAA
KOTepEeHTHOCTh CBeTa CBA3aHa C Pa3MePOM HCTOYHHMKA. Tak, TOYeYHbIM MCTOYHHMK
JaeT NIOEAJIbHO KOrepeHTHbIH cer (puc. 12.8), a HCTOYHMK KOHEYHOrO pasmepa —
4aCTHYHO KOrepeHTHOe u3iydenue (puc. 12.9). Ilostomy pasmep d, onpenensembrii
dopmysolt (12.37), MOXHO MPUHATH 33 OLEHKY PAAMYCa KOTepeHTHOCTH cBera. Ta-
KHM 00pa3oM, nosydaeMm

e = Az/a. ' (12.38)

B s7oit hopMmyste z — paccTOAHME OT UCTOYHUKA CBETa A0 TOYKM HabmoneHus, a —
pasMep HCTOYHMKA, A — [JIMHE CBETOBOW BOJIHDIL.

Cornacro (12.38), paomyc KOrepeHTHOCTH CBETa BO3PACTAET MPOHOPLHMOHAILHO
PACCTOAHUIO OT UCTOYHUKA: Ty ~ z. Pusudyeckuil CMBICIT 9TOTO PE3y/ILTATa COCTOUT
B TOM, 4TO [10 Mepe YHAJEHNA OT UCTOYHMKA BOJIHOBBIE (DPOHTH ChEpHUECKUX BOJIH,
HCIIyCKAEMBIX OTJEIbHbIME TOYKAMH HCTOYHHKA, Bee DoJibe cOMMKAIOTCA MEXIY
coboit (puc. 12.12). Crpykrypa n3iyydenus sce Gonee npubmmxaerca k cepudeckoit
BOJIHE, 3 PAIUyC KOFEPEeHTHOCTH CBETa BO3PACTAET.

B kayectBe npuMepa ouieHuM 110 dhopmydie (12.38) paanyc KOrepeHTHOCTH MIPAMO-
rO COJIHEYHOTO cBeTa. [lj1A OueHKu UCnosb3yeM Cnenyomme 3Ha9eHiA apaMeTpoB:
paccroaune oT 3emin 1o Connna z = 150 man kM, auamerp Conuna a = 0,7 MJIH KM,
nyuHa. ceeToBol Bosmbl A = 0,5 mxm. Tlonyuum r = 1072 cm.
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Puc. 12.13. Cxema 3Besguoro unrepdepomerpa Malikesbcona

Oxkpan

LA paccesAHHOro COJTHEYHOI'O CBETA, HAIPUMED CBETa, PACcCEeMBaeMoro obsaxa-
MU B NAaCMyDHBI# IEHb, CJIEyeT, OUYeBUIHO, MOJIOXKUTb afz =~ 1. B arom cnyyae
e &A= 1074 cm.

[y cpaBHeHWA HATIOMHHM, YTO CBET J1a3€pa MOXKET ObITh KOrepeHTHBIM MO BCe-
My IIONEPEYHOMY CEYEHHIO JIA3EPHOro my4ka. Tak, LA MoJy4esns KPYHHBIX roJIo-
rPaMM HCIIOJB3YIOT NPOKUE JTAa3€PHbIe MYYKK C PAIANYCOM KOT€PEHTHOCTH IIOPA-
ka 1 M.

3Besannii uETepdepomerp Matikenncona. Popmyny (12.38) Mmoxuo
WCIOJIH30BATh IJIA OLEHKHM pPasMepa Y/IaJIEHHOTO MCTOYHMKA CBETa. TaK, YIJIOBOH
pasmep 3Be3gpl MOXHO Hatitu mo dhopmysie

afz = Xy, (12.39)

€CJI U3BECTEH PaJINyC KOT€PEHTHOCTH MPUXOLALIETO OT Hee CBeTa. DTy HALK HC-
nons30Bal MallkebCOH 1ist OlieHKU pasmepos 38e3n. B xorme XIX B. OH BBINOJ-
HWJI CEPUIO U3MepeHHi C MOMOIIbLI0 “3Be3MHOr0 mHTepdepoMerpa”, cxemMa KOTOPOro
mokasaHa Ha puc. 12.13.

1 u3MepeHus pamuyca KOTEPEHTHOCTH T MCIONL3YIOTCA ABA TEJIECKOIa, Ha-
[IpaBJIEHHBIE Ha 3BE3]ly, H Pa3HeCeHHble Ha HEKOTOpoe paccrosnue s. C MOMOIIBIO
CHCTEMBI 3epKaJl IIyYKH CBETa OT TE€JIECKONOB CBOLATCA BMECTE M NAi0T UHTepde-
PEHIMOHHYI0 KapTHHY, NonobHYI0 Tol, uro Hab/mopaercs B uaTepdepomerpe IOHra.
Pazgsuras Teneckons! ¥ u3sMepAA BUOHOCTb MHTEP(EPEHIUOHHOU KAPTUHBL B 3aBH-
CUMOCTH OT PacCTOAHMA 8, MOXXHO U3MEPHTH PAOUYC KOIEPEHTHOCTH CBETA 3BE3/BI.

Wsmepenua MalikenbcoHa NMOKa3au, YTO PaguyC KOTEPEeHTHOCTH CBETa HEKO-
TODBIX 3Be3] UMEIOT mopAnoK ry & 10 M. Crienosaresibho, yriosoll pasMep 3Be3n
umeeT nopsAnoK § = a/z = A\/r, = 5x 107® pan. Hanpumep nuia 3se3nst Betensreli-
3e 6b110 noyueno 6 = 0,0047" = 1078 pan. [Ina cpaBHeHns ykaskeM, 4TO YIJIOBOH
pasmep cnyTHukoB FOnurepa cocrasnser 6 = 1.
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H3Mepus yriioBolt pa3Mep 3Be3bl ¥ 3HAA PACCTOAHUE OO Hee, MOXKHO OIPEIeINTh
JIMHEHHBIA pasmep 3Be3nbl. PaccToaHue 10 3Be31 U3MEPAIOT, UCIOb3YA ABICHUA Na-
PAAAGKCG. DTO ABJIEHAE COCTOUT B TOM, YTO M3-3a TOAMYHOTO JBUKEHUA 3EMJIH IO
opbute Boxkpyr CosHIa, B3ANMHOE PACIIOJIOXKEHHE 3Be3] Ha, Hebe namenserca. Mame-
pAA YIJIOBBIE CMELIEHH A 3BE3/1 M 3HaA JuameTp 3eMHOH opbuTtsl (0xoso 300 MAH KM),
MOXHO NPUOIMXKEHHO ONPENesNTh PACCTOAHMA 10 3Be3n. TakuMm nmyrem Malikensb-
COHY yIaJIOCh YCTAHOBUTh, YTO AUAMETP 3Be31bI beTesnbrelize npuMepHo paBeH Oua-
Mmerpy opbutsl miasersl Mapc, T. e. coctaBiseT okono 400 MaH KM.
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Jlekmusn 13
JMudpakuus cBera

Juppaxyus xax nposesenue 80410801 npupodvi ceema. Ocroenbie onvumwve Har-
mot. Onoem I'pumaanvdu. IIpunyun Iotizerca. punyun Motizenca-Ppeneasn. Ju-
ppaxyuonnutl unmezpea Ppenean. 3onve Ppenean. Hocmpoenue Judpparyuonnoir
xapmun zpauveckum cnocobom. Juipexuua na xpar sxpana. Jupaxyuornas
dauna ceemosozo nywka. Bauocnsaa u daavras 3onw Judpexyuu. Juppoxyuornas
paczodumocms nywxe 6 Jaavrel 3onme. Doxycupoexa ceema xax Judpaxyuornoe
asaenue. Teopusn Jupparyuu Kupzeoda.

Jleknusa nocesmena qudpaxuun ceeTa. U31arajoTcs OCHOBHbLIE ONBITHBIE DAk ThHl.
Jaerca snementapHoe 0bbsicHenne NMQPPAKUHNOHHBIX ABJEHHH HA OCHOBE NPEICTA-
BJ/ICHUSA O CBETE KAK O BOJIHE. _

BBoaarca noHaTua nudpakiMoHHON NIMHBI CBETOBOI'O MyYKa, OvkHeH U Jasb-
ne#l 308 gudpakumu. Jana onenka nudpakuMoOHHOR PACXOAUMOCTH CBETOBOTO Iy -
xa B nasibHe#t 30He. OueHusaercs pasMep HOKaJIbHOrO NMATHA Npu (POKYCHPOBKE
cpera yina3ol. Ilaercs maremaTuyeckoe o6ocHOBauue nubpakIIMOHHOTO MHTErpasia
Totirenca~Ppeness Ha OCHOBE NPUOJIMXKEHHOIO PEIIEHU BOJHOBOTO YPABHEHHA.

Iudpaknua Kak npoABieHne BoJHOBOU npuponst csetra. OcHoBHBIE
onbITHHIEe dakThl. MHEOrHe HabonaeMble HAMU ABJIEHUA TOBOPAT O TOM, YTO CBET
pacnpocTpaHnsaerca npamonudeitno. Co/HeuHbll JIy4, AyY NPOXKEKTOpa, Jyd Jase-
Da aCCOUMMPYIOTCH B HALEM CO3HAHHE C [IPAMBIMU WJIH [I0YTH MPAMbBIMA JIMHUAMH.
[IpAMOITNHERHOCTh PACTPOCTPAHEHNA — ONHO M3 [VIABHBIX M Haubosee OYEBHAHBIX
cBoiicTB cseta. HecomHeHHO, HMEHHO OHO IOPOAMJIO B CBOE BpeMsl IIPEICTABJIEHHE
O TOM, 4TO CBET NpEICTaBliAeT cobo#t nmorox 4actuu. C Apyro#t cToponbi, Ka3aloch
5bl, HET HUYEro MeHee IOXOXKETO Ha BOJIHY, YEM NMPAMOJIMHEHHBIH JIyd CBeTa.

Mexay TeM, HEKOTOpbIE BECbMa TOHKHME ONTHYECKHE ABJIEHUA U SKCIEPUMEHTHI
- Xa3bIBAIOT HA HApYIIEHHE 3aKOHa NPAMOJIMHEHHOrO pacnpocTpaHeHus ceeta. Tak,
J0JIHedHbId siyd win Jiyd siasepa Bcerda obsiaaer mycTh Manoi, HO xKonewnol pac-
sodumocmvio. 'paHnia CBETOBOTO ITydYKa, IPAHUIA MEXY CBETOM H TEHbIO HUKOIOA
~e bbieaem pesxofi, a BCETOA UMEET NYCTh MaJIYIo, HO KOHEYHYIO IIMPUHY.

B HeKOTOpPBIX CIIyYaAX CBeT PacIpOCTPAHAETCA 606ce he npamosunetino. Hanpu-
wep, B onbiTe FOura (cM. stekumo 11) ceer ry6oko npoHHKaeT B 0671aCTh FeOMETPH-
=eCcKOM TEHM M MMEHHO B 9ToM obniactu Habmogaercsa unrepdepeHnOHRAA KAPTHHA.
“Ipoxons 4yepe3 MaJIEHBKOE OTBEPCTHE, MyYOK CBeTa nmpuobperaer 60SBHIYIO YIJIO-
2VI0 PACXOIMMOCTH — TeM OOJBHIYIo, YeM MEHbIIe PasMep OTBepCTHA. B meHTpe
TPOMETPHYECKON TeHH, CO3/1aBaeMoll KPYIVIbIM HEPO3PaYHbIM JUCKOM, CYIIECTBY-
=7 MaseHbKoe cseTnioe nATHo (“natuo Ilyaccona”). Jlasepuwnit syq, nagaonmit ga
TR¢PaKIMOHHYIO pelleTKy, obpasyer mupokull pacxoasammuitca “seep” nyuei.

Bce nepeuncnentsie GhakThl MOXKHO 00bACHUTE, €CM JOMYCTUTh, YTO CBET 3TO
soana. [IpamosnHeiHOCTD PACTIPOCTPAHEHUA CBETA HE TPOTUBOPEYMT €ro BOJTHOBOM
TPEPONE, TAK KaK JUIMHA CBETOBOU BOJIHBI OUeHb MaJja — MeHee 1074 cv. CunbHbIX
BOJBOBLIX 9(D(PEKTOB MOXKHO 0XKUIATH B CJIYYae, €CJIM TONEpedHbI# pasMep CBETOBO-
0 Oy4Ka CTAHOBUTCA COM3MEPHMBIM C IUTHHOHA BOJIHBI. DTO XOPOUIO NOATBEP X IAETCA
WISOTF MM 3KCIEPUMEHTAMH, B YaCTHOCTH ONBITOM IO NU(DPAKUNK JIA3€PHOTO YUYKa,
#a mapAKIMOHHOH pemeTke.

Monstue “mudpaknna” B ONTUKE CBA3BLIBACTCA C HAPYIIEHUEM IPAMOJIMHERHO-
~Tw pacnpocrpaHenus csera. Apuosba 3ommepdensa onpenesann qudpakumio Kak
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Puc. 13.1. Cxema Habmogenusa audpakuu CBETA

“n1060e OTKJIOHEHWE PACHPOCTPAHEHUs CBETA OT NMPAMOJIMHEHRHOro, He CBA3AHHOE
¢ oTpaXeHueM uju npesiomyienueM’ . B Gonee ysxom cMbicne nudpaxuuell Hasbl-
BAIOT ABJICHME Orubanus BoHOM mpensaTcTBuA. Takue ABJICHUA XOPOIIO U3BECTHBI
1A IJIMHHBIX BOJIH, HANPWMEP 3BYKOBBLIX BOJIH UJIM BOJIH Ha IIOBEPXHOCTH BOIBI.
B onTuke 3TOMY COOTBETCTBYET NPOHMKHOBEHHE CBETa B 00J1aCTh reOMETPUIECKOH
Tenn. B Teopuu BosiH moxn mudpaxkuuell MOHMMAIOT BCIO COBOKYIHOCTH ABJEHUN B
BOJTHOBOM 110J1€, BOSHHKAQIOUIMX NPH HAJTMYUH NPENATCTBUN pacnpoCTPAHEHHUIO BOJ-
Hbl. HaxoHell, MCIIOMIb3y s NOHATHE NHTeP(GEPEHIMA CBETA, MOXKHO CKa3aTh, YTO IU-
dpakums — 9TO MHTEPPEPEHIUA B OTPAHNYEHHBIX CBETOBBIX MYyYKaX.
[puauunransuoe 3HadeHue AMQPakuuy COCTOUT B TOM, YTO OHA, KAK M WH-
TepdepenuaA, TOKa3bIBAET BOJHOBYIO npupony cseta. dudpakuusa umeer 6osbinoe
OpaxkTUYeCKoe 3HAYeHUE, IIOCKOJIIbKY OHA OTPAHMYUBAET BO3MOXHOCTH KOHLIEGHTDA-
LMK CBETA B NPOCTPAHCTBE, KAJJAET Npenes paspemaronel CriocoBHOCTH ONITHYECKUX
npuopoB, BiuseT Ha GOPMUPOBAHNE ONTHYECKOrO U300paKEHUs U T. IL.

Onpir I'pumansau. Ilepsoe coobuienue o Habmonennu nudpakuun cseta Obi-
Jio coenano I'pumansau; ono 6110 onmy6smkoBaHo B 1665 . BCKOpe mocye ero cMep-
tu. I'puMaspay IPOBOMWJI CBOM ONBITHI HAa YCTQHOBKE, CX€Ma KOTODOH ITOKa3aHa
Ha puc. 13.1. MicTouyHuK CBeTa OCBEIaeT OTBEPCTHE B HENPO3PAYHOM IKPAHE, A B
ILJIOCKOCTH, PACIIOJIOKEHHOM HA HEKOTOPOM PAaCCTOAHMY NMO3a¢ 3KPAHA, U3MEPIeT-
¢ OCBENIEHHOCTh. ['puMasbiay yCTaHOBHUII, YTO EPEXOH OT CBETA K TEHH ITPOUCXOOUT
OCTeNnenno, a He pe3ko (puc. 13.2). DT0T pesysibTar He MOT HAHTH yIOBJICTBOPH-
TEJIbHOTO 00bACHEHNA B PAMKAaX KOPILYCKYJIAPHOU TeOpuy CBeTa, COrVIACHO KOTOPOi
CBET JOJIXKEH PACIPOCTPAHATHCA IPAMOJIMHENHO, 3 n306paKeHne OTBEPCTUS B ILJI0C-
KOCTH HaOMIOLEHU HOJI)KHO UMETh PE3KYI0 CPAHUILY. ;

Fine 6osiee youBUTEIbHBIA PE3YIBTAT NOMYYAETCA, €CJIM TOBTOPUTHL ONBLIT I'pn-
MaJIbIH, HCHO/b3yA B KadecTBE HCTOYHHMKA CBETa Jaszep. Ha siekuun meMoOHCTpH-
pyerca nudpakuusa CBETa aproHOBOIO J1a3epa Ha Kpalo 9KpaHa, B KaYeCTBE KOTO-,
pOro HCHONb3yercs JiesBue 6puTBbl. [IpuHiUNmHanbHas cXeMa OIbITA NOKA33aHa Ha
puc. 13.3. PacnpenesieHne OCBEIIEHHOCTH B IUJIOCKOCTH HaGJIOfEHMs MOKA3aHO Ha
puc. 13.4. B nanHoM ciyuae, Kak ¥ B omnbiTe ['pumasibam, Her pe3kod rpaHHIbI
MeXJy CBETOM M TeHbI. Bosee Toro, B6/M3mM rpaHuub reOMETPUYECKON TeHM Ha-
6II01aeTCA YePEIOBAHKE TEMHBIX ¥ CBETJIBIX JHHMHI, NapasliesibHbIX KPalo 9KpaHa.
Takoi xapaxTep HAOIIOLAEMOU KADTHHBI YKA3bIBAET HA HHTEP(EPEHIMOHHYIO PU-
pomny sABJIEHUA JUPaKLMM.
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Puc. 13.2. OcBenieHHOCTb B MIJIOCKOCTH Habionenyua BOM3M rpaHuusl 061aCTH MeOMETPU-
yeckoH TEHU (HEKOTEPEHTHOE OCBEHIEHHUE)

IIpuanun N'o#renca. IlornManye npupons! qudpakIMOEHBIX ABJIEHUH CBA3A-
HO C pa3sBATHEM MPEICTABJICHUH O cBeTe Kak o BosHe. IlepBhiit muar HA 9TOM NyTH
coenan B Kouue XVII B. (1678) romtasackuit yuenniit Xpucruan [oiirenc. OCHOBBI-
BasCh Ha JIOrajIKe O TOM, YTO CBET 3TO BOJHA, OH BbIABUHYJI HAEIK), PACKPBIBAIOILY IO
MEXAHU3M PacIpOCTpaHeHnA CBeTa. ['IoUreHc nosaras, YT0 CBET PACHPOCTPAHACTC
OT MCTOYHMKA NIIOH00HO BOJIHE HA TIOBEPXHOCTH BOnwl. Ha (ppoHTE CBETOBOrO BO3MY-
meHnA KaXJasa TOYKA eCTh NCTOYHUK BTOprH4HOU cheprdeckoll sonnbl. Ionoxenne
BOJIHOBOrO (ppoHTa B CAEAYIOIMH MOMEHT BPEMEHH Olpenesaerca orubawomei BTo-
puunbix sons. [Ipusiun Diofirenca wiutiocrpupyer puc. 13.5, Ha KOTOpOM NOKA33HBI
BOJIHOBO (DPOHT CBETOBOIO BO3MYIIEHUS, JIEMEHTAPHbIE BTOPUYHbLIE BOJIHBI, OTHU-
Oatouiast BTOpUYHbIX BOJIH. [10Np3ysACh 3THM NPUHUUIOM, MOXHO O0bACHUTL TAKUE
SIBJIGHUA, KAaK PACNPOCTPAHEHHE CBETA OT TOYEYHOr0 HCTOYHUKA, PACHPOCTPAHEHNE
CBETOBOIO NMy4YKa, OTPakKeHUEe M NPEJIOMJIEHHMC CBeTa. lIpuMepsl COOTBETCTBYIOMHUX
nocTpoennit nokasausl Ha puc. 13.6.

Hpunupn Tolirenca—~@perens. B wasane XIX B. (1818) uneu 'oitresca no-
Jyuniu passutHe B paborax ¢panuysckoro ydeHoro Oriocrena 2Kana ®penens.
®pereny gonmonaua npuHNKn [oiiredca npenctaBieHWEM O TOM, YTO BTOPHYHBIE
CBETOBBIE BOJIHBI MOT'YT KaK yCHJINBATh, TaK U OCJIabAATh Opyr apyra. VIHa4ue roso-
pA, oHNM MOTYT MHTepdhepupoBaTh. CBETOBOE MOJE €CTh PE3yAbTAT UHTEPQEpPEHLIAH
3JIEMEHTAPHBLIX BTOPHUYHBIX BOJIH, MCIYCKAEMBIX KaKJbIM 3JIEMEHTOM HEKOTOpOH
BOJIHOBO!! ITOBEPXHOCTH — 3TO YTBEDKIEHHUE COCTABJIACT COOEP KaHWE NPHHIMIA
Two#trenca-®penensi. OcHoBbIBaACL HA 3TOM npuHuMne, Openens cMor ¢ HOJIbIION

Jlasepubiit ITnockocTs
Y40K # HaGuronenus

OKpaH '

Puc. 13.3. Cxema Habsonennsa audpakuuy Ja3epHOro Ny4yKa Ha KPaio dKPaHa
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Puc. 13.4. OcBenieHHOCTh B IJTOCKOCTH Habsrrogenusa BOJIM3M rpaHuus! 06/1acTH reoMeTpu-
yecxo#t TeHu (KOre€peHTHOE OCBEILIEHHE)

TOYHOCTBIO PACCUMTATD PacHpenesieHue cBera B [ubPAKIMOHHEIX KaPTHHAX. B KOH-
e XIX B. (1882) memenxuti yuenntit I'ycras Kupxrod nokasan, uro ocobenHocTH
amminTyn u ¢a3, npunuceiBaembie PpeHeneM BTOPHYHBIM UCTOYHUKAM, JIOTHYECKH
BBITEKAIOT U3 BOJIHOBOH IPHAPOABI CBETA.

Iudpaknuonnsit uaterpan ®penens. [Ipunnun Tofirenca—Ppenens no-
3BOJISICT MOCTPOUTH 3JIEMEHTAPHYIO Teopuio nudpakuun csera. OOHY U3 MPOCTHIX
330324 MOXKHO cdopmysinpoBarh crienyiomum obpasom. Ilycrs ects ToOveunst uc-
Tounuk cpera S. Tpebyerca HallTu CBETOBOE 1OJEe B HEKOTOpPOU Touke P, ecim me-
xay Toukamu S ¥ P uMeloTcA npenATCTBUA PAaCHpPOCTPAHEHUIO CBETA, HAIIPUMED
3KPaH C OTBEPCTHEM MJIM HEeNnpo3padHsldl guck (puc. 13.7).

Pemenne sagadu HadHeM ¢ MaTeMaTH4ecKod dbopmynmnposku npurnuna [oi-
renca—®penesiia. BeeneM HEKOTOPYIO 3aMKHYTYIO [OBEPXHOCTH X, OXBATHIBAIOILYIO
HCTOYHHK CBETA, M Oy1eM CUMTATH KAXIbIH 3/1eMeHT do 3TOU NOBEePXHOCTH HCTOYHH-
koM BTOpudHOH cdrepudeckolt ceeToBoit Bonub! (puc. 13.8). PaccMorpuM HEKOTOPY10
Touky M Ha noBepxHocTH X. CYnTas HCTOYHUK CBETA S TOYEUHBIM, 0G03HAYNM pac-
crosiaue oT S 10 M 4epes p1, a paccrosanne or M no toukd nHabmwogenns P yepes
p. Beenem Taxike yros ¢ Mexiy HOPMAJIbIO fi K IOBEpXHOCTH % B To4yke M u Ha-
mpaBjleHHeM Ha TO4YKy Habmopenus MP.

BropuyHbie BOJHE
Orubaromasn

\
‘l/ {HOBRIt BOJIHOBOM (PPOHT)
|

{ePBUYHEI BOJHOBOI (PpOHT

2uc. 13.5. Iloctpoenue orubatomei ceerosoli Bosmel mo Iolirescy



Hexyus 18. Huppaxyus ceema 351

a)

6)

e)

Puc. 13.6. O6bacHenne npAMOTHHEHHOCTH pacipocTpanenus ceeTa (a, §) ¥ 3aKOHaA IPEesIo-
Mnenus csera (8) 1o I'oftrency. Pacupoctpanerue 4epes 0TBepCTHE MAPalJIeIbHOTO MyUKa
cpeta. Microunux ceera ynanen Ha 6osnbuoe paccrosnue (nanpumep, Cosmue) (a). Pacnpo-
CTpaHeHHe Yepe3 OTBEPCTHE PACXONANIETOCH MydKa cBeTa. MCTOUHMK pacnosioxked nenale-
KO OT 9KpaHa C 0TBEpPCTHEM U cuuTaerca TouedHsM {6 ). O6bacHenue 3aKOHA OPESIOMJICHH A
cBeTa Ha rpanuue paanena AByx cpel. CKOpOCTh pacHpoCTpaHeHMs CBETa BO BTOPOH cpene
MeHbIe, YeM B NepBoi (6)

IIpenmonoxuM nj1a NpoCTOTHI, YTO UCTOYHHK CBETA UCIYCKAET MOHOXpOMATHYE-
CKYIO CBETOBYI0 BOJIHY. Torna cBeToBOe moJie B 1000# TOYKE MpOCTPAHCTBA TAKKe
HvIeT MOHOXPOMATUYECKHUM M €rO MOXHO NIPENCTAaBUTh B BHJIE

1.0
E= —2-£e“”t +K.C., (13.1)

.16 w —— 4aCTOTa, & — KOMILJIEKCHAA aMILUTUTY 3 KoueGannit, CoracHo MpuRIATY
. iofireaca-®penesia, cBeToBoe nosie B Touke P o6pasyercs B pesyJibTare HAJOKe-
Zi## CBETOBBIX BOJIH, HCIYCKAEMbIX 3JIEMEHTAMU NOBEPXHOCTH L. ClEIOBATENbLHO,
WOXKHO 3AMUCATL

_ exp(=ikp)
E(P) = Z/ M) ==K () do (13.2)

3aecs £(P) n E(M) — xoMIIeKCHbIE aMILTUTYObI OJA B TOUKe P u B Touke M,

.5 k=w/c=2n/)\ (13.3)
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Puc. 13.7. Ilpumepnr qudpakunoHHBIX 3a4a4: Audpaxuns Ha orpepctun (@), qudpakuus
Ha mucke (6)

k — BosiHOBOE 4MCIIO CBeTOBOH BousHBI, K {p) — “koadpduiment HaxaoHa”, y4n-
THIBAIOINEY TO OBCTOATEIBCTBO, YTO BKJIAL 3JIEMEHTA dU B Pe3yJIbTHpPYIOWIee NoJe
3aBHCAT OT OPHEHTANUY JAHHOTO 3JIEMEHTa MOBEPXHOCTH [0 OTHOLIEHUIO K HAIpPA-
BJIEHHIO HA TOYKY HabJIIOIEHHA.

Unrerpan (13.2) Hocut Hassauue uwmezpaia Dotizenca—Ppeneas. Dopmyna
(13.2) mocTpoeHa Ha OCHOBE KayeCTBEHHBIX (pusHuecKux coobpaxkenuit. MHOXH-
tens (1/p) exp(—ikp) B NONBIHTErpPAJIbHOM BbIPAXKEHMH ONMCHIBAET PACIIPOCTpA-
HeHUE 3JIEMEHTapHOH Bropu4HOl chepuyeckolt cBeroBolt Bonubl. Haunbonee cyme-
CTBEHHO TO, 4TO mHTerpas [iofirenca—Pperens yuurtsiBaer (asbl 3JIEMEHTAPHBIX
BTODUYHBIX BOJIH, IPUXOOAINIMX B TOuKY P OT pas/jnM4HbLIX 3J7€MEHTOB [OBEPXHO-
cry ¥. MHbMU cl0BaM#, OPHHUMAETCS BO BHUMAHHE UHMEDPEPEHYUA GMOPUNHBLET
80AH.

®yuxuus K(p) B (13.2) ocraercsa noka HeonpenenenHofi. @perens nojaral, yTo
K () MoHOTOHHO yObIBaeT OT HEKOTOPOTO HayasbHOro 3uavenus K (0) no Hyns upu
H3MEHEeHUM yIjia ¢ oT Hyss ao w/2 (puc. 13.9).

Puc. 13.8. K sriBogy unrerpana [iofirenca-Dpenens
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L Klp)
K(0) 4

0 Jt'/2 14

Puc. 13.9. Bug dyuxuun K(p) B uarerpase I'oiirenca-Openens

3oubl Ppenens. OpeHenb NpeanoKuyl npubIMKEHHBIR cocod pacyera M-
¢GpaKUHOHHBIX KADTHH, OCHOBAHHBIR HA [IPEACTABJIGHAN O TAK HA3BIBAEGMBIX NOAY-
604M06WT 30HaT UNA 30nar Dpeneas.

3onsl Ppenensa BBOUATCA ciaenyiomum obpasoM. Beibepem noBepxHOCTb ¥ B BH-
ne cdepsi ¢ ueaTpom B touke S. Coracuo npunuuny [otirenca—®penessa, JAHHYIO
MOBEPXHOCTH MOXHO PACCMATPHBATH KaK HCTOYHHUK BTOPUYHBIX CBETOBBLIX BOJIH. Brl-
HenuM Ha cepe KOJIblIeBbie 30Hb TaK, YT00bI PACCTOAHMA OT IPAHMNIL 30HbI 10 TOYKH
HaOJIONEHUA OTJIMHMAJINCDH HA NOAOBUNY OAuNbL c86emoeoll 60anv. ODO3ZHAYUB IPaHu-
1Bl 308 OykBamu My, M1, Ms, ..., noay4um

MoP = OP + )/2,

M\P = MyP + )/2,
(13.4)

M,P = M,_1P+)/2,

rae A — IjuHa cpeToBolt BosHbl, P -— TouKa Habmonenus mosAa, O — LEHTD Hy-
sieoit 30ub1 Dpenens (puc. 13.10).

Urak, popmynst (13.4) onpenenmor nosoxenune rpanul 308 ®penena. Cmpica
pasbueHuA MMOBEPXHOCTH Y HA 30HBI COCTOHT B TOM, YTO PA3HOCTh (a3 3JIEMEH-

M,
M,

0 1)2

Puc. 13.10. 3oust Dpenena

12 3ak. 350
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Puc. 13.11. K pacuery pasMepos ppeHEsieBCKUX 30H

TAPHBIX BTOPUUHBIX BOJIH, IPUXONAMMX B TOYKY Hab/IOAEHUA OT JAaHHOM 30HBI, He
TIpeBhIIaeT BeWYHHbL T. CJI0XKeHNe TaKWX BOJH [IPHBOIUT K WX B32UMHOMY yCH-
Jernio. Ilosromy Kaxayio 30HY ®PpeHess MOXHO DPacCMaTpUBaTh KaK MCTOYHUK
BTOPMYHBIX BOJIH, HMEIOUMX onpedesnennyio dasy. Hanporus, nBe cocennue 30HBI
®penena n1e¥CTBYIOT KaK HCTOYHHKH, KoJiebmomuecs B npotusodase. Ilogdepkuem,
YTO [OJIOXKEHHUE IDAHNI PPEHeJIeBCKUX 30H 3aBUCUT OT BbIGOpa TOYKH HAGIIONEHUA.

Pazmeps 308 Openena. dns Toro, ytobsl OUEHUTH OTHOCUTEIBHBIA BKJIAN
dpenenesckux 30H B uHTerpaJt ['ofirenca-®peHesia, OUEHNM DaOMYChl 30H H WX
MJIOIAJIN.

Ha puc. 13.11 noka3aHnsl TOUEYHbI® UCTOYHUK CBETA S, TOYKA HABGIIOAEHUA MO
P, yacth cdepuyeckoit mopepxHocTH ¥ (MCTOYHWKA BTOPMYHEIX BOJIH) M CPAHUIA
mynepolt 3ounl ®penena My. Hycrs a — paauyc cheprr £, b — kparualiuee pac-
croanue ot Touku P no cdepsi, rg — paguyc vysnesol 3oust Openena. Y3 puc. 13.11
BUHO, YTO

ri=a? - (a-1)?, (13.5)
rie T — IJIMHA OTPe3Ka., BbIAEeHHOro xXupHo# nunuelt. C apyro#f cTropoHsi,
2 =(b+A/2)% - (b+ )2 (13.6)
s (13.5), (13.6) crenyert, uro
2az = bX — 2bz + (A/2)%. (13.7)
Kak IpaBusIo B ONTHKE HAC HHTEPECYeT Caydat
a,b>> A, z. (13.8)
IToaToMy, npenebperas CJIaraeMbIMH, IPONOPUKOHAbHEIMY A2 | T2, noTyqnm
)
" 2(a+b)
u r ~ 2az, OTKyIa
A
ro =1/ 22 (13.9)

a+b



Jexyua 13. Judparyus ceema 355

il

Puc. 13.12, Cxema nudpaknyuu naocko# BOHBI Ha KPYTJIOM OTBEPCTHH

Hrax, dopmysa (13.9) naer panuyc Hysesol 30ous Openens. B aro#t bopmyne
A — HJIMHA CBETOBOH BOJIHBI, @ ¥ b — HIJIMHBI OTPE3KOB NOKA3aHHBIX Ha puc. 13.11.
AnasrornynbiM 06pasoM HAXOAMM BHEMHHR panuyc n-i 30un1 OpeHens

rn=1/(n+ 1)a’\zbb. (13.10)

AJdudpaxnua nnockolt Bonubsl. PUsHUecKoe COOepXKaHUe 334349 MOYTH
HE W3MEHHTCH, & (POPMYJIBI CTAHYT IPOLUE, ECIM BMECTO Ou(ppakmuu chepudeckoi
BOJIHBI TOYEYHOTO MCTOYHMKA PACCMOTPETH TN PaKUMIO LIOCKOH CBETOBOH BOJIHBI.

Ilycrb, HampuMep, IJIOCKaA MOHOXPOMATHYIECKAsA CBETOBasA BOHA, Audparapyer
Ha KpyrsioM orBepctun (puc. 13.12). Buibepem nekoTopyio Touky P Ha ocu mydka u
HONBITAEMCH BBIACHUTE, KaK OyIeT MEeHAThCA HHTEHCUBHOCTD CBETA B JAHHOH TOYKe
PH M3MEHEHWH PATMYCa OTBEPCTUA.

O603HaYMM YEPE3 2 PACCTOAHNME OT TOYKW HabI/IONEHUA OO DKpaHa C OTBEPCTHU-
eM, a 4Yepe3 T — paluyC OTBEPCTUA. B KadecTBe NOBEPXHOCTH ¥ — HMCTOYHHMKA
BTOPHMYHBIX BOJIH — BBENEM KPYI Pajuyca T, Jeamuil B IJIOCKOCTH 3KPaHA H CO-
pnagaonmit ¢ orBepctreM. Ilonb3yacy onpenesneHneM, NaHHBIM BbIlE, IPOU3BEIEM
pasbuenue noBepxHocTy L Ha 30HBI Ppenena. B nannoM ciydae soHe ®Ppenena
NPEenCTaBJIsIOT cOBOH Kobua Ha MIOCKOCTH. MX paguycsl MOXKHO NOLCYMUTATEH IO
dopmyse (13.10), monaras a — 00, b = z. Honyunm

rn = v (n+ 1)Az. (13.11)

U3 (13.11) cnemyet, yro 30HbI PpeHens UMEIOT ONUHAKOBLIE IJIOMAMH, ONpeesIsie-
mble popmynoit

Sp=w(r2 —ri_)) =miz. (13.12)

Yucno Openensn. Ecim u3BecTHH MapaMeTpbl A ~— IJMHA CBETOBOU BOJI-
Hbl, T — DAIWAYC OTBEPCTHS, 2 — PACCTOAHWE OT DKPaAHA C OTBEPCTUEM NO TOUKW
HabIIONEHUA TIOJIA, TO, Henonb3ys (13.11), Moxuo BerancauTh unciio Ny 304 Ppe-
HeJIs, (OMANAIOMKX B IIPENesbl OTBEPCTUA, UM “UCAO OMEDLMHE PPEHEAeSCKUT
30%. DTO YHUCIIO HA3BIBACTCHA YUCAOM DpeHeas, OHO UTPAET BAXHYIO POJIb B TEOPHH
audpakuuu. ITonaras

Ty =T, n+ 1= Np, (13.13)
nosyuum u3 (13.11), (13.13)

Nr =r1%/)z2. (13.14)
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ImA

o Re A

Puc. 13.13. N300paxenne rapMOEHYECKOro KojiebaHuA Ha KOMILIEKCHO| IJIOCKOCTH

TIocTpoenne nudpakiMoHHBIX KapTuH rpadudeckaM cnocobom. I'pa-
duuecknit cnocob ananu3a OINPPaKUMOHHBIX ABJIEHUH OCHOBAH HA MPUMEHEHUH TaK
Ha3biBaeMoOll “crimpanu @peHens”. ITO NOHATHE BO3HUKALT CJIEAYIOMHM 0DpasoM.

BoeruncsieHne pe3yJbTHPYIOUIErO CBETOBOLO IMOJIA, OIMCHIBAEMOrO HMHTErpaJjioM
Ioiirenca—®PpeHesns, CBOAUTCA K CyYMMHUPOBAHHIO CBETOBLIX KonebaHuit, Bo3byxaa-
€MBIX 9JIEMEHTAPHLIMH BTOPHYHBIMU UCTOYHUKAMU. C MaTeMaTu4ecKol TOYKH 3pe-
HAA 3303493 CBOOUTCA K CYMMHUDOBAHHIO TAPMOHMYECKHX KONIEOAHKH, HMEIOUMX OnHY
1 Ty € 9aCTOTY, HO pasHbie aMIIHTy bt ¥ aswl. Harnsuseil ciocob pemensns arok
334490 — IOCTPOEHUE 6exMopHotl Juazpammu.

BekTopuaa muarpamma. Kak u3sBecTHO, rapMoHudecKkoe KojiebaHue C
aMIMTYnol a 1 da3ol ¢ MOXHO 0XapaKTepU30BaTh KOMIUIEKCHOH aMILTUTYIOH
A = aexp(iy) mubO BEKTOPOM Ha IJIOCKOCTH nepemeHHbIX ReA, ImA, npuuem anu-
HA BEKTOPA PABHA @, & Yo/ HakjoHA K ocd ReA pasen ¢ (puc. 13.13).

CyMMa HEeCKOJIbKMX TapMOHHYECKHX KOJIeOaHHH YaCTOTHI W C MPOU3BOJILHBIMH
aMIIMTYAamMu ¥ pasaMy ecTb TaKkKe rapMOHMYECKOoe KoJiebaHue Ha YacToTe w. Jel-
CTBUTENIbHBIE aMIUTYny A u dasy ® pesyiabTupynomero konebanua MOXKHO HalTH,
CKJIAIBIBAA 110 IPABUJTY CJIOXKEHUA BEKTOPOB BEKTOPBI, H306paxkalomye Kosiebanus-
cnaraembie. Kax el Tako#t BexTOp MMeeT NJIMHY, PABHYIO aMILIATYyae KonebaHus
M YroJ1 HaxJIoHa K ocu abcuuce, paBHbIi ¢ase nanuworo konebanus. ITocne nocrpo-
€HNA BEKTOPHOH CyMMbI, aMIUIUTYa PE3yJIbTHPYIOWEro Kojie6aHuA HaXOOUTCA KaK
OJIMHA, MOJYYEHHOrO BEKTOPa-CyMMBI, a (pa3a pesysibTUPYIOMEro Koiebanusa — KaK
yIoJ1 HAKJIOHa 3TOro BeKTopa K ocu abcuucc. JaHnyio npoueaypy (Ha npumepe cJio-
XeHus Tpex kosrebannit) wunocrpupyer puc. 13.14.

Im A

O Re A

Puc. 13.14. CnoxeHne rapMOHNYECKHX KO/ebaHuit METONOM BEKTOPHOM AMarpaMMul
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Puc. 13.15. IIp#Mepsl mocTpoenns BEKTOPHBIX JHACPAMM AJI pacyeTa KOMIJIEKCHOM aM-
mutynst A gudpakuuonsoro cserosoro mosA. OTkpeiTa TOIBKO HysneBas 30Ha Ppenena
(ocrasbHBle 30HBI 3aKpHITHI) (a), OTKpPBHITA TOBKO TepBada 3ona ®penesia (6), OTKPHITH
HyJneBaa U nepsas 30HH! Openens (@), OTKPLITH HyJIeBad, NIEpPBasd, BTOPAH, TPEThA B ve-
TBepras 3006l Openens (z). Koporkue BekTOpbl 0603HAYAIOT KOMILIEKCHEIE aAMOJIHTY b
noJsteif, TPUXOAAIMX B TOYKY HabJ/IIOJEeHUd OT OTAE/IbHBIX M0A30H 30H Dpenensa. A uMpHEI-
M¥ JIMHAAME N300pakeHbl BEKTOPB CYyMMAaPHBIX KOMIIJIEKCHBIX AMILIMTYX CBETOBOTO HMOJIA
B Touke HabyoneHus -

Cnupans @Ppenesnsa. IpumednM MeTon BEKTOPHOM AUATPAMMDI JJ1A PACUETa,
mudpakuyonnoro naFerpada lioirenca—Ppenens. CHavana BEIMUCIUM BKIAI B AU~
dpakumnonneiit nHTErpaJs Kakoi-Hubynb omHOH, HanpuMep HyneBo# 30ub Dpenens.

CooTBeTCTBYIOIIEE NOCTPOEHNE MIOKa3aHO Ha puc. 13.15,a. OO BHIMONHAETCA
caenyomum obpasoM. Pa3zbusaeM 3ouy PpeHesis HA MHOXKECTBO KOHIEHTPHIECKHX
kosen (nonszox). OueBuaHO, pasbuenne MOXKHO NPOM3BECTH TAKHM 06pasoM, 4TO6bE
[UIOLIAAM TOA30H ObLIM HPMMEPHO ONMHAKOBBI, & YHCJO MOM30H BBLIO JKOCTATOY-
HO GostblIMM. B 9TOM ciyyae BKJIanbl TOO30H M3006paXaloTca BEKTOPaMH, KOTOPbIe
HMEIOT OMHAKOBYIO NJINHY, HO DasHble YIVIbI HAKJIOHA K ocu abcimcc. [lepsoiit u
TOCJIEAHUHA BEKTODBI IOBEPHY THI APYF OTHOCUTENBHO APYTA HA, yTOJI T — B COOTBET-
CTBUH C onpenesienneM 30Hb1 Openens. Ilo Mepe yBesinuenusa pamiyca BKIAI HOA30-
Hbl (1, CJIEHOBATEbHO, AJIMHA COOTBETCTBYIOWErO BEKTOPA) HEMHOTO YMEHBIIAETCA
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Im A

0 Re A

Puc. 13.16. Ilpenenpubiii BUg BEXTOPHOK AUArpAMME! B CHIY4ae, KOTHA OTKPHITH BCE 30HBL
®dpenesna, ¥ YUCIO NOA30H KaXI0H 30HbL CTpeMUTCa K GeckoneyHocTn; A — KOMIUIEKCHAA
AMILUTHTYa CBETOBOTO IOJIA B Touke P

BCJIEICTBHE YBEJIMYEHHS YTJIa MEXKAY HOPMAJIbIO K OBEPXHOCTH X M HANIDABJIEHHEM
Ha Touky Habmonenus (puc. 13.8-13.12).

AnanoruyspiM 00pa3oM CTPOUTICS BEKTOP, u3oOpaxamomuil Bkiaag B gudpaxkuu-
OHHBII MHTErpaJ nepsol 3oubl Ppenens (puc. 13.15,6), a Taxxe HyneBold u nepsoi
son Bmecte (puc. 13.15,6). C yBenudyeHneM HOMepa 30HBI, 3JIEMEHTAPHBIE BEKTO-
phbl, n306paXkalomye ee IIOA30Hb, CTAHOBATCA KOPOUe. ITO OTPAXKaeT yMeHbIIeHHe
oBmIEro BKJIANA JAHHOH 30HBI B CyMMapHROe AudpPakMOHHOE N0JIe, CBA3AHHOE C yBe-
JUYEeHNeM YIJIa HAaKJIOHA 30HEL, T. €. ¢ dakTopom K (p).

TIponoaxas npouenypy HOCTPOEHHA BEKTOPHOH AMarpaMMsl Ajis Bce 6OJIbLIEro
yncaa 30H {CM., HaupuMep, pHuc. 13.15,2), ONYyYNM CKDYYHBAIOILYIOCA CRUPGAb.
Hetpyaso BuAeTh, YTO NPH YBEAWUSHWH YHCIIA NON30H Kaxao# 30HbI, JIOMAHHAA
JIMHHSA BEKTOPHOH! nuarpammbl 6yaet Bce Gosbine npubinKaThbCA K IIaIKoi Kpusol.
B npenennHOM Cirydae, KOTJa OTKPbITH BCe 30HbI PPeHeNa 1 YUCI0 TOA30H Kaxaoh
30HBI CTPEMHUTCs K GECKOHEYHOCTH, MOJIYYHM BEKTODHYIO JUATDAMMY, MOKA3aHHYIO
na puc. 13.16. 312 npepenbHAA IMarpaMma MMeeT BHI TNANKOH cKpyuwsaiomeiics
crupasm — cnupaat Pperens.

PaccMOTpHM HECKOJIBKO IIPHMEPOB.

Hugpaxyus na xpyaaom omesepemuu. Ilycts nnockasa MoHOXpOMaTHdIecKad CBe-
TOBas BOJIHA HOPMAJIBHO I1J1aeT Ha 9KPAaH C KPYIVIbIM OTBEPCTHEM, KaK MOKA3aHO HA
puc. 13.12. Beibepem HekoTopyio Touky P Ha 0CH OTBEPCTHA U NPOAHAIUIUPYEM Xa-
pPaKTEp W3MEHEHUA AMIUTUTYIbI A CBETOBOrO NOJIA B JAHHOH TOYKE IPH M3MEHECHUHU
paauyca OTBEPCTHA T.

Ha puc. 13.17. noka3sansl nocTpoeHus Ha cniupann PpeHesis, BHIOJIHEHHEbIE I8
Clly4aes, KOraa B IPEAeax OTBEPCTUA YKJIIAObIBASTCA PasHoe Yuciao 30H @penend:
onna (a), nBe (6), Tpu (8), BeckoHe"HOE MHOKECTBO (2); nocnenHul ciiyyali coorser-
CTByeT OTCYTCTBHIO 9KpaHa, T. €. CBOOONHOMY PACIIPOCTPAHEHHIO CBETOBOH BOJIHBI.

Ucnonb3ys nanssie puc. 13.17, a takxke dopmyny (13.11) nna paguyca dpene-
JIEBCKHX 30H, MOXKHO TMOCTPOMTD MCKOMY10 3aBucuMOCTb |A(r)|. Pesynbrat npencra-
pJsieH Ha puc. 13.18. Kakx BuaHo n3 31010 pricyHnka, dppeHessesckan TeOpUA NPEACKa-
3bIBAET HEMOHOTOHHOE M3MEHEHHe aMILIMTYABI TI0JIA (PN YBEJUYEHHH PAIUYCa OT-
Bepcerus. Puc. 13.18. noka3piBaer, 4T0 MAKCUMaJIbHAA HHTEHCHBHOCTD CBETA B TOUKE
HabII0IeHnA JOCTHATALTCA, KOTHa OTBEPCTHE COBNANAET ¢ HyJieBohk 30HOH Ppenesns.
B atoM cnydae aMmidTyda NosiA B OBa pa3a (a4 MHTEHCHBHOCTH cBeTa B 4 pasza)
60/bIIe, YeM B OTCYTCTBHE 2KpaHa. ITOT PE3yJIbTAT MOXKHO IPOBEPHUTH IKCIIEDH-
MEHTAJILHO, MCIOJIb3ysA KOTEPEHTHBIH Jia3epHbIf MYyHOK M MPHUCOBYIO auadparmy.
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Puc. 13.17. Ananu3 gugpakuuu HA KPYIVIOM OTBEPCTHH. AMIUIMTYAa NOJA B TOYKE Ha-
6JI071eHU A IPH PA3HBIX PAINYCax OTBEPCTHS: T =1 (a), 7 =71 (6), 7 =12 (6), 7 = 00 (2)

Hanpumep, ecnu A = 0,5 Mxm, a 2 = 100 cm, To o dpopmyne (13.11) nosyuaem
ro = 0.7 MM, 71 = 70V2 = 1 MM u T. 1. Takum o6pasoM, 3aMeTHbIX A PAKIHOH-
HbIX 3¢b(EeKTOB MOKHO OXKUIATh IPU PAINyCe OTBEPCTHA NIOPANKA PAINYyCa HyIeBol
30HbI PpeHens, B JAHHOM CiIy4ae, nupd r ~ 1 MM.

Lugpaxyus na ducke u nammuo Iyaccona. Cxema nudpaximy cBeTa HA IHUCKE
nokaszana Ha puc. 13.19. IlpeanmosoxuM, YTO MIOCKAA MOHOXPOMATHMECKAHA CBE-
TOBaA BOJIHA MANAET NO HOPMaaW Ha KPYIVIbIA HENpospadHeIfl OUCK pajguyca T, a
HabJoieBNe MOJIA BEIETCS B HEKOTOPOH Touke P, pacnosioxeHHolt B ob6sacTy reo-
METPHYECKOH TEHN Ha OCH IUCKA.

la/4

05Ff-——=A~f- NSNS

Puc. 13.18. 3aBHCHMOCTH AMIIIMTYABI OJIA B TOUKE HAOMIOOEHMA OT PALUYCA OTBEPCTHA.
T, T1, T2,... — PanMyChl (PPEHETIEBCKUX 30H
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Puc. 13.19. Cxema nudpaxuumu cera Ha AUCKE

HocTpoenue BEKTOPOB KOMIIEKCHOM aMILIUTYOBl NOJA C IOMOIIBIO CIHPAJIH
Openena noxkaszano Ha puc. 13.20. Ha puc. 13.21 usobpaxeHa 3aBHCHMOCTH aM-
IIMTYObl CBETOBHIX KoJsiebanmit A B Touke HabsmomeHus oT pamuyca aucka r. B
IAHHOM CJIy4yae 3aBUCHMOCTb |A(r)| sAB/IAeTCH MOHOTOHHO yObiBalome#. Dro 3Ha-
qyT, 94T0 YeMm Gosblie PANUyC HMCKA, TEM MEHbile MHTEHCUBHOCTL CBETA B TOYKE
Habmogenus. Bmecre ¢ rem, us puc. 13.21 BunHO, 4TO Jaxke B Cjiydae HOCTATOYHO
60/1bINOr0 9KPAHA, 3aKPLIBAIOIIETO CPA3y HECKOJIBKO 30H PpeHesisi, HHTEHCUBHOCTD
CBeTa B LICHTpE FeOMeTPHUYECKOl TeHM OTINYHA OT HyJ.

Ntax, teopusa OpeHess npencKasbIiBaeT IPOHNKHOBEHUE CBETA B LIEHTD reoMe-
TPHUYECKOH TeHN IHUCKa, YCTAHOBJIEHHOIO Ha Iy TH IJIOCKO# MOHOXpOMATHYECKOH CBe-
TOBOH BOJIHBL. B CBOE BPEMS 3TOT PE3YJILTAT PACCMATPUBAJICA K&K APTYMEHT IIPOTUB
teopun Ppenesia. OnHako sKcrepuMenTsl, BeinosHeHHsle Aparo (Tomenuk ®pancya
Aparo, 1786-1853), mokazasiu, 4TO IpK OCBEIIEHUH HENPO3PAYHOrO JUCKA CBETOM TO-
YEYHOTO MCTOYHUKA B IIEHTPE 00J1aCTH reoMeTpu4ecKol Tenu neliCTBUTEeNbHO Cymie-
CTBYeT MasleHbKO€e CBeT/Ioe NATHO! 910 nATHO mosy4uno Haszsanue “narHo Ilyacco-
Ha” — 10 UMEHH aBTOPAa UeH skcnepumenta. Cxema onbita Aparo u ero pesyiabrar
1oKa3aHbl Ha puc. 13.22.

Onpit “guck Ilyaccora” DeMOHCTPUDPYETCA HA JIEKIMH C UCIOJb30BAHUEM CBETA,
nasepa. HenpepblBHOE H3JIy4YeHHe aprOHOBOTO JIA3€pa, HANPABIAETCA HA MAJIEHb-
KH#t cranbHoM mwapuk (paguycoM oKono 1 MM), NpuXarThili CTeKIAHHON IU1acTHHOM
K UEHTPY JHuH3bL ¢ POKYCHbIM paccroanueM 6 cM. JIunza npoenupyer audpakHOH-
HYI0 KapTHHy (B CHJIBHO yBeJMYEHHOM BUIE) Ha creHy aymuropun. Habonaemasn
I pakIUOHHAA KADTHHa MMeeT BM GOJIbIIOrO KPYIJOro TEMHOIO IATHA CO CBe-
TJIBIM OPEOJIOM [0 KPaKo U MAJIEHBKMM, HO XOPOIIO 3aMETHBIM CBETJIbIM IIATHOM B
uenTpe (puc. 13.23).

Hudpakuus Ha Kparo skpaHa. K uucny ocHOBHBIX ipo6iem Teopun gudpak-
UM, HECOMHEHHO, OTHOCHTCH 33/a4a O JH(PAKIMy HA KPAIO 9KPAHA HJIH, UHBIMH
CJIOBAMH, BONIPOC O TOM, KaK MPOMCXOOMT MEPexonl OT CBeTa K TEHW Ha IpaHuue
obnactu reomerpudeckoit renn. HanoMuuM, 910 camo nouaTie qudpakuud 3aponH-
JIOCH TIOCJIE ONMBITOB I'puMaJibiai, B KOTOPhIX GBLIO YCTAHOBJIEHO OTCYTCTBUE PE3KOH
rPaHHUIbLl MEXIY CBETOM U TeHbwo (puc. 13.1, 13.2).

IIpenmosioxkuM, YTO NJIOCKasA MOHOXPOMATHIECKas CBETOBASA BOJIHA BCTPEYAET HA
CBOEM Ty TH NOJIyOeCKOHEYHYIO HEMPO3PauHyIO [IJIOCKOCTE C IPSAMOJIHHERHON rpaHu-
nett (“kpait axpana”). Cunras, 9T0 CBETOBasA BOJIHA PACHPOCTPAHAETCA 110 HOPMAJIH
K 9KpaHy, HallieM pacrpelesieHie CBeTa B IUIOCKOCTH HAGJIIOAeHUA, NapaJlyieIbHOM
9KpaHy ¥ HaxonAuwehca Ha HEKOTOPOM paccToAHuM [ oT Hero (puc. 13.24).

Jna nocrpoesna qudpakuHOHHONR KAPTHHB BOCIOJIb3yEMCA MeTOIOM 30H Ppe-
Hena. B kadecTBe MOBEPXHOCTH ¥, W3syvalomed BTOPUYHBLIE BOJIHbI, BHIGEpEM MO-
JIYIUIOCKOCTD, SIBJAIONLYIOCA MPOAOIIXKEHUEM SKPaHa; 3Ta MOBEPXHOCTh COBIAJAET C
BOJIHOBBIM (PPOHTOM CBETOBOH BOJIHBI.
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Puc. 13.20. K pacuery nudpaxuux cera Ha qucke. AMIUIMTYAA NOJAA B TOYKE HAGIOICHUA
[pH pasHbix paguycax gucka: r =0 (a), r =719 (6), r =711 (8), 7 =72 (2)

., BBeneM dpenesieBckue 30HbI 41 ToYKH M, Jexalneit B MJI0CKOCTH HabIONeHRA
TOYHO 1of, KpaeM dkpana (puc. 13.25). B nanuoM ciryyae 30Hb1 OpeHesis UMEIOT BRI
IUIOCKMX IIOJIOC, MapaJllesbHBIX Kpalo skpaHa. O6o3Havas rpaHuupbl 30H 6yKBaMu
01,0,,03, ..., MOXHO 3aIHCATb:

OM =1,
O M =14 )/2,

(13.15)
OzM = 01M+ /\/2,

rae A — jpyuHa ceToBo#t Bosinbl. O603Ha4nM uepes d,, PacCTOAHME OT Kpas dKpaHa
10 Hadasa ¢peneneBckolt 30nb! ¢ Homepom n. U3 puc. 13.25 suano, uto

0 r

Puc. 13.21. 3asucuMoCTs AMIUTUTYAB NOJIA B TOYKE HAOMIONEHUA OT PAIUyCa OUCKA
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aj 6)

Puc. 13.22. Ha6monenne “narua Ilyaccona” B ombire Aparo. Cxema skcuepnmenta (a),
Bua audpakunonHol kaprunel (6). B uenTpe o6sactn reomerpudeckoit renu Habmogaerca
ceetsioe natHo (“naruo Ilyaccona”)

&2 = 002 = (I +n\/2)? — 12 = ni\ + (n)/2)2.

YuutniBast, yto ! 3> A u npeHebperas MOCIEIHAM CJIATaEMbIM, MOJIYYNM IPHOIH-
7KEHHO

dn = VnlX. (13.16)
Honbsysacs ¢popmynoit (13.16), serpyauo noncuuTars nmaomans n-i 3ousr Opewesia;
Sn = (dn+1 - dn)L,

rae I — muna kpasa sxkpaHa. Umeem

Y —— __LVYN L
Sn—( n + —\/E)L\/XZ——\/—n_—__:'l——'WHNE\/)\l/n.

Hrak, B JAHHOM CJIy4ae IUIOMAXU (PPEHeSIEBCKUX 30H YMEHbIIAIOTCHA C POCTOM HO-
Mepa 30HBI 7

(13.17)

Puc. 13.23. Jemoncrpauus “muck Ilyaccona”
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Puc. 13.24. Cxema nudpakuuu Ha KPalo 3KPaHa,

Teneps pasnesuM Kaxayio souy Ppenens na Gosbmoe (B npeaesie — beckored-
HO 60sibioe) 4ucsio moa3oH. A onpenenenna ANGPaKLHOHHOIO CBETOBOIO I10J14
HY>KHO POCYMMHPOBaTh CBETOBBIE KOIebaHus, CO3naBaeMble B TOYKe HabIogeHnA
3JIEMEHTAPHBIMH BTOPHUYHBIMU BOJIHAMH, NPUXOISIMMH OT BCEX OTKPBLITHIX 30H
nomzod. CyMMupoBanue OyneM NpPOBOOUTH METONOM BeKTOpHOH muarpammsbl. Ilpu
3TOM CJIEAYET YUYECTh, 9TO NOCKOJIBKY DU YOAJICHWH OT KPas 3KpaHa mupuHa ¢pe-
HEJTeBCKHX 30H yMEHbIIAeTCH, IUIMHA BEKTOPAa, H306PaKaMero BKaa OTOeIbHON
IOJ30HEI, OyAeT TEM MEHbLIe, YeM NaJIbliie PACHOJIOXKEHA 30Ha OT Kpas 3KpaHa. B
HUTOre BEKTOpHAs JuarpaMmma npuobperaer BUI, OKa3aHHbIH Ha puc. 13.26.

Ipeamonoxum Temneps, 4To npu (HUKCHPOBAHHON Touke Habsomenusa nosaa M
(puc. 13.25) kpail PKpaHa HAUHHAET OTONBUIATHCA BJIEBO. ZICHO, YTO B 3TOM CIydae
OynyT “oTKpbIBaThCA” 30HBI PpEHesIA, PACIOIOKEHHDIE CJIEBA OT IEPBOHAYAJIBLHOTO
HOJIOXKEHUA Kpasa 3KpaHa. KapTuHa pacnosioxenus rpanul 30 ®penens cupasa u
cyieBa oT T04Kd () CHMMETDUYHA, O3TOMY CUMMETpH4HOM 6ymer u COOTBETCTBYIO-
masa cnupasib O@pesens (puc. 13.27).

Ilonbsysce cuupaneio Openenia, nzobpaxerHoll Ha puc. 13.27, MOXKHO HOCTPO-
UThL NOJIHYIO KapTUHY mudpakuuy CBeTa Ha Kpaio skpada. [Ipouenypy nocrpoeus
wnocTpupyior puc. 13.28, a-s. Pesysbrar ya1o6HO NpeaCcTaBUTh B BUIE 3aBUCHMO-
CTH MHTEHCUBHOCTH CBeTa I OT pacCTOAHUA &, MOKA3aHHOro Ha puc. 13.24. Bun

C B eorT

|

Puc. 13.25. TToctpoenue 30u Ppenens
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Puc. 13.26. [TocTpoenne BekTOpHON AvarpaMMbl jia ciayvas audpakuys MJIOCKOH cBeTo-
BOIf BOJTHBI Ha KPalO 3KpaHa

sapncumoctu I{z) noxasan na puc. 13.28, 2. Ilonyyennsif pesysbTaT XOpoLIO CO-
IJ1acyeTCA ¢ NAHHBIMH 3KCHEPUMEHTa N0 Iupaklyi JIA3epHOTO MMy4Ka HA KPalo
axpana (puc. 13.3, 13.4).

Hrax, Meron 30H PpeHesisi MO3BONAET HA KAYECTBEHHOM yPOBHE O0bICHUTH Tie-
Jbif pan aupPaKUMOHHBIX ABACHUH: IM@PaKIAIO HAa OTBepCTHH, Audpakuuio Ha
OuCKe, TUdPAKIUIO HA KPAIO 3KPaHA. ITO MO3BOJIHET CHEJATb BbIBOL O TOM, 4TO B
ocHOBe H¥(PPAKLHOHHBIX ABJICHHH JeHCTBUTEIBHO JIEXKUT UHTEP(EPEHIIHAA DIIeMEH-
TapHBIX BTOPHYHBIX BOJIH.

CpBob6onHOE pacnHpoCTpaHEeHHNE MJOCKOK BONHB M HOPMHDPOBKA
naterpana Fofirenca-®Ppenena. Wurerpan (13.2) MOXHO HCITONB3OBATDH
[JIs KOJIMYECTBEHHOrO pacuera AudpakuuoHHbIX KapTuH. B xavecTse npocTo# te-
CTOBOM 3aa4uy UeNnecoobpa3sHO PACcCMOTPETh CBOGONHOE PACIPOCTPAHEHHE IIIOCKOH
CBETOBO{i BOJIHLI.

Beenem obo3Hauenus, nokasanHble Ha puc. 13.29. Hanpasum ock 2 Booss Hanpa-
BJIEHUA PACIPOCTPAHEHHA BOJIHBI, & B KAYECTBE [TOBEPXHOCTH — MCTOYHUKA BTOPHY-
HBIX BOJIH BhIGEPEM MUIOCKOCTH X, COBOAAIOINYIO C BOJIHOBbIM ¢pporTOM. IlycTh P —
Touyka HabmoneHnsa nons, O — Havano xoopamuar, M — Touka, Jiexalas Ha o~

ImA

Re A

Puc. 13.27. Cummerpuynas ciupans Openens
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Puc. 13.28. ITocrpoenne bynkunu I(z), onucsiBanomeit audpaxuuo Ha Kpalo dKpaHa

BEPXHOCTH X Ha paccroanuu r ot Touku O. Beemem TakXke paccToAHHe z OT TOYKH
O no Touku P u paccrosume p ot Touku M no touku P. Kakx suano u3 puc. 13.29,
p? =r? + 2%, Orciopa npu z >> r NoNy4YaeM NPHOIHXKEHHOe BhIpAXKEHHe

p==z+r%/22. (13.18)
Moncrasus (13.18) B (13.2), monyuum '

—ikz

E(P) =& /exp (—ikr®/22) K(p) do, (13.19)

z

Puc. 13.29. K pacyeTy pacHpOCTpaHEHHA NJIOCKOK BOJHBI
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rae £g — aMIUIMTYIa CBeTOBOH BOJIHBI B MIoCKOCTH z = (. B 3HaMeHaTesie nogsiH-
TerpaybHOro Bpipaxkenus B (13.2) mu1 npenebpersm ornruueM p ot 2. B miockocrn
Y BBeneM nosisipHble KoopAmHaTHl ¢ nenrpoMm B Touke O. Torma do = 2nrdr, a
koadpbunment Hakaona K () MoxHO cuntath ¢pyHkuuedt aprymenta r. Ilpu aTom
-dopmyana (13.19) npuobperaer Bug

E(P) = Ege k= 2—; / exp (—ikr?/2z) K(r)r dr. (13.20)
)

THonoxum

K(r) = K(0)f(r), (13.21)

rne K(0) — mocrosinnas, f(r) — Hekoropas ybniBaiomas GhyHKIHA apTyMEHTa T,
u3MeHaAomwasnca ot 1 1o 0 npu usmenenwun 7 or 0 1o o0o. BriGepem sty pynkumio Tak,
y1o6b1 mHTerpaJd (13.20) umen kak MoxHO Gostee npocToit Bua. Hanpumep, nonaras

f(r) = exp(—ar?), (13.22)
NOJIYy4uM
£ = —ikz S . .
(P) = &e K({0) (o £ ik/22) (13.23)
Tlepefinem x npeneny a — 0. Torna
. 2
E(P) = 50e-"°ZK(0)?;1. (13.24)

C npyro#t cTOpOHBI, IpK CBOOOIHOM PACIPOCTPAHEHMH NIITOCKOH BOJIHBI HOJIKHO Bbi-
HOJIHATHCA cooTHomeHue (puc. 13.29)

E(P) = e 2, (13.25)
Cpasausas gopmyasr (13.24) u (13.25), naxonum K (0) = ik/2m unn
K(0) =i/A. (13.26)

Urak Mbl nokasanu, uro audpakumonnsiit unterpan loitrenca-®penena npa-
BIJIBHO OIHCHIBAET CBODOIHOE PACHPOCTPAHEHHA IUIOCKOU CBETOBOU BOJIHBI, €CJIH
suimosniHAerca ycnosue (13.26). Ilonaran K(p) = K(0) = /), sanuweM unTerpan
(13.2) B BUZE

e~

tkp
do. 13.27
p (13.27)

% -
i gt

i
E(P)= / £(M)
)
Huxe Mbl ucnons3yem unrerpas I'ofirenca—®penens, samucanusiit B suge (13.27),
IOJIA KOMUYECTBEHHBIR pacderos AudPaKLIUOHHBIX KAPTHUH.

Hudpakuyonnas NjinHa CBETOBOrO Ny4YKa. DIHXHAA ¥ JaJIbHAA 30-
BBl gadpakoun. Ob6paTnMcs eme pas K 3aaaye o audpakiyuy nI0ckod cseToBoi
BOJIHBI HA KPYIVIOM OTBEPCTHH, M NMONBITAEMCSH BBIACHHTH KaK MEHAETCS UHTEHCUB-
HOCTb CBeTa ]| Ha OCH OTBEPCTHA IO MEDE YBEJIMYEHMS PACCTOAHMA OT DKPAHA 2
(puc. 13.30.)
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4w QO

N

Puc. 13.30. Cxema nudpakuny cBeTa Ha KPYIVIOM OTBEPCTUH

Ecau paccroanne z PUKCUPOBAHO, TO PaAUyChl (ppeHeIeBCKHX 30H BHIPAKAIOTCA
dopmystoi

ra =V (n+ 1)Az, (13.28)

rae n — HOMEp 30HBI, A —— IJIMHA CBETOBOM BOJIHLI. Temeps Oynem cudTarh PUKCUPO-
BaHHBIM paguyc oTBepcTus r. Torma no Mepe yaaieHusa OT 3KpaHa nepudepuiiinie
sonbl OpeHesid OfHA 3a APYIO# HAYHYT BBIXOOUTH 3a IIpenesbl OTBEPCTHs, IMOKA,
HaKOHeIl, B NPe/le/IaX OTBEPCTHA HE OCTAHETCA OAHA HyJeBasa 30Ha Ppenessa. -
nosp3yA nocrpoenue Ha cuupaau ®peuens (puc. 13.31), HeTpyIHO BULETH, UTO B
3TOT MOMEHT MHTEHCHBHOCTH cBeTa ] B TOuke HabIogeHusi OOCTUraeT MakCUMyMa
(puc. 13.32), nocsie 4ero MOHOTOHHO yOBIBAET C POCTOM PACCTOAHUA 2.

HazoBem paccroszue z, npi KOTOPOM OTBEPCTHE COBIAJAET C HyJIeBO! 30HOHN
Openens, duppaxyuonnoli daunoli cBeToBOro nydka. Bynem obosnavaTh 3TO pac-
croanue zy. M3 puc. 13.32 BuaHo, 4T0 U¢paKkLimoHHas IJIMHA ONPeNesiAeT rPaHuILy
MEXIY OBYMA Pa3JUYHbIMA 30HAMHU. 30HA, IJIA KOTOPOH

7 < 2, (13.29)

HashBaeTCA Gauoicnell 3on0l nudpakuuu. B 310l 30He cBETOBOH My4YoK COXpaHAET
CTPYKTYPY, 3a1aHHyo0 ¢HopMoil OTBEPCTUA, 8 UHTEHCHBHOCTb CBET3 HAa OCH IIyUKa
UPHMEPHO P2BHA WHTEHCHBHOCTH ucXonnolt ceetosolt Bosnbl. s touek Gmuxneit
30HBI B IpeHesax OTBEPCTHA MOMEINAETCA MHOXKeCTBO 30H DpeHesis, nonepevHbLIit

ImA

LN
>,

0 Re A

Puc: 13.31. Crupans ®penens
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Bammskaaa Zn ” z
30Ha JanbHAA 30HA

Puc. 13.32. XapaxTep 3aBHCHMOCTY HHTEHCHBHOCTH CBETA HA OCH OTBEPCTHA OT PACCTOAHHA
[0 9kpaHa (z; — OudpakUMOHHAA JJTHHA CBETOBOrO NyYKa)

npoduIb Ny4YKa MONIEPKUBACTCA NMOCTOAHHBIM 33 CYET MHTepdEpeHnH S1eMeH-
TapHBLIX BTOPMYHBIX BOJIH, HAYIIMX OT pa3HbIX 30H @Ppeness. 3oHa, /1A KOTOPOU

z>> zn, (13.30)

Ha3LIBAETCA daavnell 3onolt nundpaxuuu. B 9To# 30HS HHTEHCHBHOCTB CBETA Ha OCH
My4Ka MHOTO MEHbIle MHTEHCHMBHOCTYM MCXOLHON BOJHBI, CJIENOBATEJIBHO, CBETOBOH
ny40K pacwupsemca. 1A Touyek JajibHER 30HBI B IPeesiaX OTBEPCTHA TOMEIAETCH
TOJIBKO LIEHTPaJIbHaA 4acThb HyJeBoi 30Hbl Ppenena. Uurepdepenus anemenrap-
HbIX BTOPUYHBIX BOJIH BhIpaykeHa csabee. OHA yXke HE B COCTOSHUH NOIIEPKUBATH
HMCXOIHBIH monepeynbi#l MpoduiIb MydYKa, My4Y0K CTAHOBUTCA PACXONAIAMCH.

Ucnonbsya manHOe BhIe oupeneseHue Judpak IHOHHOR IJMHEL Z; U GopMyIty
(13.28), HeTpYOHO IOKA3aTh, YTO

zy =1/, (13.31)

Flle T — PALMyC MY4YKa, A — IUIMHA CBETOBOM BO/HBI. JudpaxumnonHas njuHa CBA-
3aHa ¢ yucsioM ®penens, onpenensaeMbim GopMyioh

Np =71%/)z, (13.32)
COOTHOIIEHHEM
Np = z4/2. (13.33)
N3 (13.29), (13.30), (13.33) cnenyer, uto B Gmuxnelt 30He
Nr > 1, (13.34)
a B JaJibHel
Ne < 1. (13.35)

IIndpakumonHas pacxoqUMMoCTh ITyvyka B ganbHel 3ome. Xapaxrtep us-
MEHEeHMs MONIEPEeYHOro pa3Mepa CBETOBOrO My4YKa B mpouecce Iu(paklLdy NMOKA3aH
Ha puc. 13.33. OuenumM nudppakUHOHHYIO PACXORUMOCTD Ny4ka &, (puc. 13.34).

Hcxona u3 npeacrasienns o6 unTepdepeHIuy 3/IeMEHTaPHBIX BTOPUYHBIX BOJIH,
€CTECTBEHHO AONYCTHTh, YTO MOJOKEHNE IPAHHIIBI CBETOBOrO Iy4Ka ONpenesiAeTcs
YCJIOBHEM
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L

Puc. 13.33. Judpaxuus cBeToBOro my4ka

A =)/2, (13.36)

rie A — IJIMHa CBETOBOM BOJIHBI, A — PA3HOCTH X048 JIyYeld, IPUXONAIIMX B JAHHYIO
TOYKY OT IPOTUBONOOXKHBIX rpanun orsepctus (puc. 13.35).

W3 puc. 13.35 suaro, uro A = dsin(d,/2), rne d — nuamerp orsepcrus, 8, —
yron mudpakunonHo#l pacxomuMoctn. Kak mpaswio, nudpaxuuoRHAs pacxonn-
MocTh HeBennka (B < 1), M03TOMY MOKHO 3aIUCATh NPUOIHAKEHHOE COOTHOLIEHHE
A = df,/2, u3 xoTOpOrO Cenyer, 4To :

0, = A/d. (13.37)

Hrak, dopmyna (13.37) onpemenser IudpaklIMOHHYIO PACXOAMMOCTb CBETOBOTO
nyyka B ganpHe#t 30He. B aroit dbopmyse A — pnmna ceeTosolt BosHBL, d — Ha-
yanbHBIA pasMmep my4ka. unameTp myuka B JasbpHell 30He Beipaxaerca dopmyJsion

(13.38)

re z — KOOpAHMHATa, OTCYUTHIBAEMAA BIOJIb MYYKa OT 3KPaHa C OTBEPCTUEM.
®opmyna (13.37) nokasbiBaer, 4T0 AMPPAKUMOHHAA PACXOOMMOCTD IIyd4Ka TeM

6oJibIre, YeM MEHBIIE €r0 HAYaJIbHBIY pa3Mep. JTOT pe3yIbTal MOXKHO IPOBEPHTH

9KCIIepUMEHTAJIBHO, HCIIOJIb3Y s JTA3EPHBI My4Y0K ¥ MPHCOBYI0 auadparMy uiu pas-

JBUKHYIO NIEJb; OIBIT MOATBEPXKAAET 3aKOHOMEPHOCTH, BhIpaxaemyio dopmysioi
(13.37).

: 0

Puc. 13.34. K onpenenenuio yria mudpak uuoHHoOH pacXoIuMOCTH CBETOBOTO IMy4YKa,
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T

Puc. 13.35. K pacuery nudpakuuoHHOHR PAaCXOIMMOCTH CBETOBOTO IIy4Ka

Ouennm OnGPaKOHOHHYIO IUIMHY 2Z; H YIVIOBYIO PAaCXOOMMOCTb 8, AsA mydka
resni-reoHoBoro Jiasepa. Ilonarasa d = 2 MM, A = 0,6 MM, nomyyum z; = 1,5 M;
O = 3 X 10~* pan. B cnipaBensimBOCTH 3TOR OIEHKM MOXHO y6enuThCs, HAbMoOnad
cBobOHYI0 JUMPAKIMIO JIa3epHOrO My4Ka.

MokycupoBKa cBeTa Kak audpakinponHoe sabiaeHue. Ouenka audpaknu-
OHHOM PACXOAMMOCTH CBETOBOrO Iyuka (13.37) mo3Bosifer OUEHWTb MUHMUMAJILHBI
ponepevHsi#t pa3Mep nydka, KOTopbift MoxeT ObiTh 10siy4eH upu OKyCHPOBKE CBe-
Ta JuH30#. DTOT napamerp BaeH s HUBUYECKOH ONTHKY, TAK KaK OH yCTaHa-
B/IMBAET NpENesl KOHUEHTPALMHA CBETA B IPOCTPAHCTRE.

Cxema OKYyCHPOBKH mOxasaHa Ha puc. 13.36. Byasem ucxomurth u3 TOro, 4T0
kapTuHa GHOKYCHPOBKH CHMMETPHYHS, OTHOCUTEIBHO (POKANLHOR MJIOCKOCTH JTUHSEL.
CripaBejTuBOCTb 3TOTO NPENNOJIOKEHHA NOGTBEPXKIAET ONbIT, MPABUJIA FEOMETPH-
YecKOH ONTHKH, & TaKXKe TeOpHsdA, OCHOBAHHAA Ha PEIIEHHH BOJIHOBOIO YDPABHEHHUA
(cm. nomonmenue 13).

O4eBHIHO, YTO PACXOOMMOCTh MYYKa CNpaBa OT GOKaNdbHOH MJIOCKOCTH Ompe-
nensercs pudbpakouel. Menonbsya dopmyny (13.37), yroa pacxomuMoCTH MOXKHO
3aIUCATb B BHIE

O, = M dy, (13.39)

roe dg — noyMameTp nyudka B ¢okaabHOH mnockoct. C Apyro#l Cropomsr, TOT XKe
caMbIfi yroJi MOKHO BBIPA3UTh uepe3 (POKYCHOE PaccroAHMe auusbsl F u nuamerp
nyuka D, nagalomero Ha JIMH3Y:

n

Puc. 13.36. Cxema ¢poxycHpOBKHM CBETOBOro my4Ka
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8, = D/F. (13.40)
M3 (13.39), (13.40) naxonum

dy = AF/D. (13.41)

Hrax, nuamerp doxasmpHOro naTHa onpenesnsercs dopmysol (13.41). B atoit dop-
MyJje A\ — OJIMHa CBeTCBOi BonHbl, F' — ¢okycHoe paccrosHue quusnl, D — nna-
METp I1y4Ka, NaJaouIero Ha JIMH3Y.

Kaxosa MunuMasibHas BO3MOXHAA Bestunda dg,? ®opmyna (13.41) nokassisaer,
YTO €CJIM JMaMETP MCXONHOrO CBETOBOrO MYYKA PABEH AMAMETPY JIMH3BL, TO BeJik-
4nHa dg TeM MeHble, yeM 6oJibIlle OTHOIIEHNE NUaMeTPa JIMH3BI K ee (oKyCHOMY
pacctosuuio. Ilapamerp D/F Ha3bIBAETCH OMHOCUMEALHOM OTNGEPCTAUEM AUHSHL.
Ha npakTuke yaaercs N3roTaBvBaTh JIMH3bI C OTHOCHTE/ILHLIM OTBEpCTHEM He 6o-
nee enunnuel. B naubonee GiaroupuAtHOM ciyyae, korna D/F = 1, no dopmyne
{13.41) mony4yaem

g =, (13.42)

T. e. aHaMeTp (HPOKAILHOTO MATHA OKA3BIBACTCA MOPAAKA IJINHBI CRETOBOM BOJIHBL.

OrMmeruM, uro dopmyia (13.41) cupasennusa [jis1 DPOCTPAHCTBEHHO KOreDEHT-
HBIX Ny4KOB. B cny4ae HexorepenTHoro nmy4ka esuduny D B (13.41) cnenyer 3aMe-
HUTh HA PAIKYC KOTEPEHTHOCTH CBeTa. T (CM., Hanpumep. [10]). [Ipu s1oM BesmunHa
dg, BOODIIE rOBOPA, YBEJININBALTCH.

OuenuM Teneps JauHy (oxanproll neperaxku Alg. Us puc. 13.36 n 13.33 pun-
HO, YTO JIMHY MEPeTAXKKHK MOMKHO IPUHATL PABHOU yaBoeHHOU AM(PaKLUOHHOH
JUTHE My4Ka C HAYaJIbHBIM JUAMETPOM dg:

Aly =225, 25 = d5 /4N,

Takum 06pa3om,

Aly = d /2) | (13.43)

wim, ¢ yuerom (13.41),

Al = AF? /2D (13.44)

Wrak, auaMerp M mnmHa (POKATHHON NEPETHRKM ONpeneasioTcs GopMyaamMu
(13.41), (13.43). Janusie GopMyJibl ClIENyeT PACCMATPUBATD KaK OLCHKH, MOJIyYeH-
Hble Ha OCHOBe (husnueckux coobpakenuit. Bonee TOYHLIE BIpAKERKUA MOTYT ObITh
[OJIyY€Hbl Ha OCHOBE MATEMATHYECKOH Teopuu Iudpakiyud, T. €. HyTeM peleHwusl
BOJIHOBOTO YPaBHEHMs MPU COOTBETCTBYIOUIMX IPAHMYHBIX YCJIOBHAK (CM. HONOJIHE-
aue 13).

CuaenaeMm 4dnciieHHble OUeHKH. [IpennosioKuM, 4TO KOrepeHTHEBI Ja3epHbIl my-
4ok ¢ amHol BoaHbl A = 0,5 MxM M guamerpom d = 2,5 MM pOKycHpyeTcs JIuH30H
¢ ¢okycHbM paccroanuem F = 16 cm. Ucnonssysa dopmynsr (13.41), (13.43), no-
ayuum dy = AF/d = 3 x 1073 cm, Aly = d%,/2X = 0,1 em.

Teopusa mudpaxkmun Kupxroga. OcHosHas 3ana4a treopun nudpaxuum co-
CTOMT B OTHICKAHMHM CTPYKTYPbI CBETOBOCO TOJIA TPH HANWYMM NPENATCTBHH pac-
HPOCTPAHEHMIO BOJIHBL.
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Tocne oTKpbITHA YPABHEHHH 3/IEKTPOAUHAMHUKY U 3JIEKTPOMATHUTHON IPUPOIb!
cseta (. K. Maxkcsenn, 1870) Gouta chopMmynmnpoBana MareMaTH4ecKas 3a4a4a
avudppaxkuuy Kaxk 3aJa4a OTHICKaHHA peleHui BOJHOBOTO YpaBHEeHNUA, YAOBJIETBOPA-
IOWIKX ONpPEIe/ICHHbIM IPAHWYIHBIM YCIOBHAM:

1 8%E
A~ =0

+ zpanunnsie Ycaosus.

(13.45)

O6umuit MeTon pemwenna ganHoM 3anayum Ol npensoxed ['ycrasom Kupxrodowm B
1882 r. Kupxrody ynasocs mokasarb, 4T0 OM(pPAKUHNOHHLIA uuTerpan I'ofirenca—-
PpeHesAa MOXKHO PACCMATPUBATH KaK NpubimykeHHOe permenve 3a0a4u qudpakiuun
(13.45). Taxnm obpasom, dppeHesepckas Teopusa HM(PAKLINK NOJLYYHIIa MATEMATH-
yeckoe obocHopanne. PaccMoTpuM KOpoTKo ocHOBHEIE uien teopnu Kupxroda.

Ypasuenne [ensmronsua. [Tockoapky B 3aaadvax qucpaxiuy HHTEpecy-
I0TCA, B IEPBYIO OUepenb, NPOCTPAHCTBEHHOM CTPYKTYPO# HOMA, PACCMOTPHM MOHO-
XpOMaTHYEeCKOoe ToJIe BHOA

*

E(Ft) = %E(F)ei“t +x.c., (13.46)

rue w — 4acrora, £(F) — kommiexcHas ammnuryna. Honcrasus (13.46) B BostHOBOE
ypasaenue (13.45), nomyunm nns E(F) ypasnenue leavmzoavya

AL+ K€ =0, (13.47)

rae k = w/c — BONHOBOE YHCIIO, ¢ — CKOPOCTh cBeTa, A — oneparop Jlansaaca.
IIpocreiimpe pemennsa ypasHeHUA I esIbMrosbla NpeacTapisioT coOol mIocKyo
BOJIHY

& = Ege T (13.48)
¥ chepuuecKkyio BOJIHY
e—ikr
E=A - (13.49)

(cm. . 1).

B cuny sunefinocty ypassenus ['efibMrosibia eMy yLOBJIETBOPAIOT TAKXKeE NPO-
H3BOJIbHAA COBOKYIHOCTD IJIOCKHX BOJIH, PACIIPOCTPAHAIOIIMXCA BO BCEBO3MOXHBIX
HAIPAaBJICHUAX, U IPOU3BOJILHAA COBOKYMHOCTh CPEPUIECKHX BOJIH, BO3HHKAIOUIUX
B pa3HsIX ToyKax npocrparcrsa. Orciona cienyer, 4TO B OCHOBY PEIeHUA 33034H
mudppakuun (13.45) MOXKHO NONOXKATH UACK CNEKTPAJIBHOTO Pa3JiOKEHUA, COrIAC-
HO KOTOpO /11060€e CBETOBOE 10Jie MOYKHO IIPENCTABHTD B BUIE HAHOpa MIIOCKMX MM
cepuyeckux BosiH. B Teopuu Kupxroda B xadecTBe 97asIOHHOM BOJIHBI NPUHATA
cdepuyeckas CBETOBAA BOJHA; PEAJBHOE CBETOBOE MOJIE NPENCTABJIAETCA B BUIE
COBOKYMHOCTH CHEPUIECKUX BOJIH.

Nurerpansuasa reopema Kupxroda-Tensmronnna. Cornacso aTod
TeopeMe, aMILIMTYIY NOJIA B HEKOTOPO# TOUKe P MOXKHO BHIMHMC/INTD, €CJIM M3BECTHA
aMILTHTYAA nonsA € ¥ ee NPoM3BoAHAaA no HopMain OE /On na Kaxoﬁ-nnéo 1OBepX-
gocty S, oxparbiBawomelt Touky P (puc. 13.37). A umenHo,
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3

Puc. 13.37. K Teopeme Kupxroda-Tesbmronsua

1 9 .G
£P) = o f (GET—L - 55;) ds, (13.50)
S
rae
—ikp
c=2_, (13.51)
p

G — dyHKIMA TOYEYHOrO MCTOYHMKA, WK dynkuusa 'puna ansa ypasnenna Iens-
MTOJIBIA. .

Fpauununbie ycanosua Kupxroda. [Ipumenurensno x 3anade nudpax-
UMM, KOTAA PaCclHpOCTPAHEHHIO CBETOBON BOJIHBLI MIPENATCTBYET SKPAH MM CHCTEMA
akpaHoB, Kupxrod npenjioxu ucnosb30BaTh caenyomume npubiuXeHHbe TPaHny-
HbI€ YCJIOBUs [Jis CBETOBOIO IOJIA: B NPEAEIAX OTBEPCTUH IOJIe TAKOBO, KaK eC/IH
611 5KpaHOB He ObUIO, & Ha TEHEBOU CTOPOHE SKPAHOB NOJIe paBHO Hy/uo. MTak,

Ha menesoli cmopone sxpanos £ =0, 8E/On =0,

6 npedeaax omsepcmutl £ u 8E /On maxoew, (13.52)
xax ecau bu Ixparos He Hvo.

HecMoTpsa Ha 049eBHAHO NPHOIMKEHHLIE XapakTep DAHHBIX yCNoBult, OKa3bIBa-
€TCsA, YTO B ONTHKE (BBUAY MAaJIOCTH IJIMHBI CBETOBOM BONHBI) OHM 0becnednBaioT
[OCTATOYHYIO TOYHOCTb BBIMHCJIEHUH.

Oudpakuunonusit uurerpan Kupxroda-T'ensmronsua. s 3a-
Iauu o mudpakuuu cepuyeckoit cBeToBOH BONIHBI Ha oTBepeTur (puc. 13.38) Teopus
Kupxroda naer cinenyoumit pe3yabTar:

e—z’kp

p

£(P) = / £ LK () do, (13.53)
=

rae

'K(cp)=f\;(li;—os—‘p). e (1359)




374 Yacmos III. Humeppepenyus, duppaxyus, xozepenmuocms

Puc. 13.38. K pacuery audpaxuuu chepuyeckoit BosHb Ha OTBEPCTUA

Muterpan (13.53) B TousocTH coBnaner ¢ audpakumMoOHHBIM uHTerpanoM [ok-
renca-®penens (13.2). Opnako Bun dyukuuu K (@), npenmonaraemerit OpeHenem
(puc. 13.9), okaaniBaerca He copceM To4HbIM. Teopusa Kupxroda noxassiBaet, 4To
Ha caMoM fene kKoadduurent Haknona K (¢) onpenensercs dopmynol (13.54); rpa-
duk 310k DYyHKIUHN NOKa3aH Ha puc. 13.39.

OcuoBHOM BKJ1aA B OudPAKUMOHHBIY MHTErpa BHOCAT LHEHTPaJbHbE (IIpHOCE-
Bhie) 30Hb! Ppenens, Aag kotopuix ¢ K L. Ionaras K(p) = K(0) = /A, nony4uwm

e~

: ikp
gp)=" / e do. (13.55)
A P
)
B rakoit dopmz nudpaxnponnstit naTerpan cosnanaer ¢ uarerpanoM (13.27). Urak,
teopus Kupxroda 060cHOBRIBaET U yTounsAeT Teopuio Ppenesis.

OcranoBHMCs, KOPOTKO, Ha BeiBoxe dopmy (13.53), (13.54). Ilycts ecTs TO4eY-
HbIH MOHOXPOMaTH4YeCKHUl HCTOYHUK CBeTa, PACIOJIOXEHHbIH B Touke Fy. Beruucium
CBETOBOE MOJIe B HEKOTOpoH Touxke P npm ycnopuy, 410 MekAy Toukama Py u P
HAMEeTCs NPeNATCTBUE PACIPOCTPAHEHHI0 CBETOBOM BOJIHBI, HAIIPUMED, 9KPaH C OT-
pepcraeM (puc. 13.38).

Cornacuo reopeme Kupxroda-TensmMronsua, nadpakidoOHHOE CBETOBOE NOJE B
tTouke P onpenesnserca unrerpasiom (13.50) no npowssonbhol oBepxnocTa S, 0xBa-
ThIBalOWEl aTy TO4KY. Beibepem nosepxHocTh S cocTosAmel u3 Tpex yacrel: nosepx-
HOCTH L, CTACHBAIOIIER OTBEPCTHE B 9KPAHE, TOBEPXHOCTH S] TEHEBOH YacTH BKPaHa
¥ chepuIecKol NOBEPXHOCTH AOCTATOUHO OOJIBIIOro Paauyca ¢ HEHTPOM B Touke P,
Buzg nosepxrocta S mokasan Ha puc. 13.40.

K(p)
K(0)

0 /2 4 14

Puc. 13.39. Bun dyuxuuu “koadbdunment naxnona” s reopun Kupxroda
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Puc. 13.40. K peryncsienuio audpakuoHHOrO HHTerpasia B reopun Knpxroda

Ousnyeckue coobPaKeHUA MOKA3LIBAIOT, YTO OCHOBHOW BKJI&J] B CBETOBOE MOJIE
B To4Yke P nomKeH JaBaTh WHTErPaJl 10 MOBEPXHOCTH X, HOCKOJbLKY WMEHHO Je-
pes oTBepcTHE B 9KPaHe, 3 He C KakOH-nubo Opyrolt CTGPOHBI CBET OT MCTOYHUKA
npouukaeT B Touky P. CienosaresibHo,

1 of  .0G '
X
roe
e—ikp
G= , (13.57)
p

G — dbysxkuusa I'puna, k -— BOJIHOBOE YHCIIO CBETOBOI BOJIHBI, p — PACCTOSAHUE
Mexnay ToukaMu M u P, i — enuHUYHBI{ BEKTOD HOPMAJX K NOBEPXHOCTH Y B
Touxe M. B nansiom ciydae moBepxHOCTb Y. ya00HO BHOpaTh B BUAE CrepHIecKoi
IIOBEPXHOCTHU C UEHTPOM B TOUKe Py, rlie pacmosioxeH TOYeYHbIH NCTOYHUK CBETA.
Maremarudeckoe 060CHOBAHME MEPEX0a OT MHTErPaJIa N0 3aMKHYTOH MIOBEPXHOCTH
S K mHTerpaJly N0 MOBEPXHOCTU ¥ HaHO, HampuMep B {12].

Urak, qudpakuMOHHOE CBETOBOE MoJje B TO4YKe P onucbiBaercsa (HOpMy/iaMu
(13.56), (13.57). IIpeoSpasyem Boipaxenue gns & (P). Haunem ¢ sulyucieHus npo-
napomuott 0G/On. Kak suguo us puc. 13.38, i = —#y. CnenosaresbHo, MOXKIO
samucars 8G/On = —8G /Ong. Hanee, nockoneky Ppynxuus I'puna, onpenesiiemas
dopmyJtoft (13.57), 3aBUCHT OT Ny HEABHO, BOCHONB3yeMCs mpasusioM nuddepen-
uupoBanus cioxHolt dyukuuu: 8G/0ng = (8G/3p)(8p/Ing). B cuny (13.57)

9G _ _ (ik+ l) G ~ —ikG.
dp P

D710 nPpHOIIKEHRE, HABBIBAEMOE ONINUNECKUM, ODBITHO oDecrieunBaeT JOCTATOUYHYIO
TOYHOCTD, TIOCKOJIbKY B ONTHKE, KaK LIPABMIO, p > A K, CjlenoBaTesibHo, k 3> 1/p.
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Puc. 13.41. K Briuucsiennio npousBonHoll 10 HanpaseHHIO

Borumcnenue npon3BogHON 110 HanpasjeHuio 0p/dng mwumoctpupyet puc. 13.41.
Kax BUAHO M3 3TOTO PHUCYHKA,

Op P -
—_— = 1 — = — COS (.
ano Ang—0 Ang v
Taxum oOpaszom,

oG

on

Tenepsb BerunCIIHEM npousBoanyo 08 /On. Tak Kak 3Ta IPOM3BOAHAA BBHIYUCILA-
ercsa B To4ke M Ha NOBEPXHOCTH X,

= —ikG cos . (13.58)

e“ikpl
£ =EM) = Ao ,
141

roe Ap — NMOCTOAHHAA, p; — PACCTOAHME OT TOUYkU Py 1o Touku M. Brruucnedus
BbLIOJIHAEM TIOJ0OHO TOMY, KaK 3TO COEJIAHO Bhille 115 nponssonuoi G /On. Tony-
qaem OE [On = (0 [0p1)(Op1/0n), Bp,/On = =1, 8E /Op1 = ~(ik+1/p)E ~ ~ikE.
WUrak,

oL .

an ikE. (13.59)
Toncrasus (13.57)—(13.59) B (13.56), mony4unm (13.53), (13.54), 4ro u TpeboBasioch
MOKAa3aTh.

Wrax, npubnuxeHnoe pelleHne BOJHOBOIO YPABHEHN MJIA CBETOBOTO NOJA, JaH-
noe Kupxrodgowm, nonrsepxaaer ¢ppeneneBcKylo reopuio qudppaxuuu. Operess npa-
BWJIBHO YrajaJi CITPYKTypy Iudpakuuonsoro uarerpasal B nacrosamee Bpemsa Te-
opus PpeHensa COXpaHAeT CBOe 3HAYEHUE, NMPEXKAE BCErO, KaK CUCTEMa HAIJIAM-
HbIX 06pa30B, XOPOIIO pacKkpeiBaloman dbusuky mudpaknun ceera. Maremarnyeckas
dopmysinposka 3anayuu nudpakumn (13.45), ocuopanHas na Teopuu Makcsesia, Hio-
3BOJIAET MCIOJIb30BATh A pelieHnss AudPaKIMOHHBIX 33034 XOPOWo pa3paboTaH-
HbIH aNnapar MaTeMaTHiecKkol hpU3HKM, B YACTHOCTH, METO/I CHEKTPAILHOIO PA3Io-
EHUs, MEeTOR Napabonu4ecKoro ypaBHeHns (cM. jekuuio 17 u fonosnnenue 13), a
TAKIKE MPUMEHATH MOLIHbIE 1 YHUBEPCAJIbHbIE METOAB! YMCIICHHOTO MOASIMPOBAHUS.
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Jlexknua 14
Hdudpaknua caabopacxomanuxcs Ny4KOB

IHpubauscenue Ppenean 8 meopuu Judpoxyuu. Hrnmezpasw Pperess u cnupasd
Kopnrwo. Juppaxyusa Ppeneas na o0nomeproixr cmpyrmypar. Juppaxyus nwa xparo
axpana. Juppaxyus ne weau. JuPpaxyus Ppeneas na J6YMEPHUT CMPYKMYPLT.
[uppaxyus va weadpammom omeepcruu. Judpaxyus He Kpyzaom omeepcmuu.
ITudpaxyus 2ayccosa nyuxa.

Paccmarpusaercs andpakips caabopacXoiAmUXCA CBETOBBIX myuxkos. O6cCy-
JKaaerca (puaMUecKoe ComeplKaHue (PPEHESIEBCKOrO NPHONINKEHHA B TEOPHH OU-
dpakuun. PaccuuTeiBalOTCA KapTUHEI dpeneseBCKON nudpakiuy Ha OTHOMEPHBIX
¥ IBYMEPHBIX CTPYKTYypax.

IIpu6nuxenne Ppenena B Teopun nudpaxmau. [Ipu pacderax audpak-
HHOHHBIX KapTHUH WIMPOKO IPUMEHSIIOTCA JBA OCHOBHBIX NPHOJIMMKEHUs TEOPHH -
dpaxuun: npubausicernue Ppeneas n npubausncenue Ppaynzodepa. IlepBoe n3 Hux
onuceiBaeT mUdpPaKIMIo caabopacrodsuwuzes (“napaxcuaavunz”) nywkoe ceema,
BTOpOE — NUMPAKIUI0 B daavreld 3one. [loszHakoMuMes ¢ dpeHesneBckuM npubiIn-
JKeHUEeM B TeOpur AU pakuun.

Paccmorpum nudpakiuio MIOCKOH MOHOXPOMATHYECKOH CBETOBON BOJIHEI HA OT-
pepctun. Obiiee pemenne 3aua4n Judpakiuui JAaeTCA B 3TOM CJIydae HHTETPAJIOM
Tioitrenca~®penena (cM. aexumio 13)

e—ikp

P

£(P) = % / M) do, (14.1)
b

rae £ — KOMIUTEKCHAA aMIUTUTYa CBETOBOIO MOJsA, 3 — NOBEPXHOCTH, CTATMBAIO-
mas orBepctie, P — touka Habmonenus nossa, M — HeKOTOpasA TOYKA Ha MOBEpX-
HOCTH X%, p — PaccToAHUE MexXay Ttoukamu M u P, A — mjuHa CBETOBOH BOJIHBI,
k = 2m /A — BosIHOBOE YHCIIO.

BBenem KOOpHMHATEI T, ¥ B IJIOCKOCTH 9KPAaHA C OTBEPCTHEM M KOODIAMHATHI Zo,
Yo B IUIOCKOCTH HaDJIIONEHMA, HAXOUAMENACA HA PACCTOAHMM 2 OT DKPaHA C OTBEpP-
cTHeM u napasutesibHON emy (puc. 14.1). B sTom coryuae nudpakuuoHHs#l mHTErpa
MOXKHO 3aIIHCATh B BHIE

C o 00 o—ike
Eenna =5 [ [ ey T—dsa (142
—00 —00 P
rae
p= VT @ 2ol ¥ - o (143)

Yacro B onTUKE NPUXOOUTCA UMETh AEJIO C Y3KUMH cna6opa;cxo;mmnmucx ny4JyKaMHu
cBera. B atom CJIy43€ XOpOIIO BBINOJIHAITCA HEPABEHCTBA

z> ,Y, %o, Yo- (14.4)
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Y Yo

Puc. 14.1. ITocranoBka 3afa4u JMUpPaK UMK

Hepasencrsa (14.4) no3Bo/ifA10T HAMCATH OPUOIHKEHHOE BLIPAKEHHE [JIsT P

(x — 20)* + (y — yo)?
2z )

p=2z+ (14.5)

Toncrasus (14.5) B (14.2) u npenebperas oTnuuMeM p OT 7 B 3HAMEHATENE TIO/IbIH-
TErPaJILHOIO BHIPAXKEHU A, [T0JIYYNM

1
8(-’170)3/072) = X; X

o0

x e~ ik: / / Eo(z,y) exp {_%{Z_ [(.’Zt _ 10)2 +(y - Z/O)z]} dz dy. (14.6)

—00 —00

®opmysa (14.6) maer pemenwe 3anaqm mudpakuuu B npubausicenuu Dpenes.
B »roit popmyae & (g, Yo, 2) —— pacupenerienie KOMIIEKCHO) aMIIUTyAbl O B
WIocKkoCTH Habmonenus, Eo(T,y) — pacupellenenne aMIVIUTY bl IOJA B IIOCKOCTH
3KPaHa C OTBEPCTHEM, 2 — DACCTOAHME MEXKY IUIOCKOCTHIO DKPAHA M TLSIOCKOCTDHIO
nabmogenus, A — JUIMHA CBETOBOH BOJHLL, k = 27 /A — BosiHoBOE Yucio. Obcyaum
dusnveckoe comepkaHue ¥ yCJIO0BHUA NpUMeHuMOCTH Tpubianxkenna Openesis.
Ocuosras dopmyna dpesenesckoro npubmvxenus (14.5) ¢ dbusuyeckoit rou-
KH 3DEHMsI 03HAYAeT 3aMeHy CEepHYECKUX BOJIHOBBIX (PPOHTOB BTOPUYHLIX BOJIH
I'oiiresca napaboaudecKUMH IOBepXHOCTAMHU. Boobme rosops, Takoe npubnuxe-
HHE HaKJaJbIBAET OHpefAe/eHHble OIPDAHUYEHUA Ha JIONYCTHMBIE Pa3MEpPbl OTBEp-
CTUA ¥ OJIOXKEeHUe TOYKY Habmonenus noss. [Ipubmuxkenne Openena UCKIO9aLT
M3 PACCMOTPEHM HEKOTOPbIE O0MACTY IPOCTPAHCTBA, & MEHHO 001aCTh, BINIOTHYIO
NPUWJIETAIONLYIO K PKPaHy C OTBEPCTHEM, & Takke nepudepuiiabie TOYKH NPOCTPAH-
CTBa, JIeXKalue Ha BOMBIMX PACCTOAHUAX 0T ock nydxka. Oquako U3 PU3MYECKUX
~o06pazxkennii ACHO, YTO B MEPBOH M3 yKasaHHBIX OfacTell CRETOBOE MOJIe MOYTH
TAKOE XK€, KAK B NaJaomnell BoJiHe, & BO BTOPYIO 06JIACTH CBET MOYTH He MPOHUKAET.
TMosTOoMy MBI He Oy/IeM HHTEPECOBATLCA ITUMU OONACTAMHU, XOTA, B IIPHHIUNE, COOT-
BeTCTBYIONHE PACYETH MOXHO [TPOBECTH Ha ocHoBe 0bumx dopmyn (14.2), (14.3).
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Wnrerpansl @penens u cuupans Kopuro. Ha npakruke pacuers: no ¢op-
myqe (14.6) cBODATCA K BHIYHC/ICHMIO MHTEIPAJIOB

o

[»3

Cla) = / cos(mt?/2) dt, S(a) = /sin(wt2/2) dt, (14.7)
0 0

HasbiBaeMbix unmezpaaamu Ppenessn. Cneunanvuvie dynkmuu C(a) u S(a) Ta-

6ynupoBaHbi, COOTBETCTBYIONIME Tab/MMIB! UMEIOTCA, HAPUMEpP, B CIPAaBOYHHKAX

[7; 8]. PaspaboTan Takxe zpagdunecxutl cnocob nocTpoeHua nudppPaxIUOHHBIX Kap-

THH, OCHOBaHHBI} Ha IPUMEHEHUN TaK HaspiBaeMOR “cnupaau Kopmio”. Dta xpunas

crpouTca caenyomum obpasom. Ha nnockocTy z, Y HAHOCATCH TO4YKH C JEKAPTOBEI-
MH KOODIMHATaMH, PABHBIMU 3HAYEHUAM uHTerpanos ®peneni:

z = Cla), y = S{a). (14.8)

TIpu HEIpepPBHIBHOM U3MEHEHUH IIaPaMeTPa (¢ 3TH TOYKH 0OPa3yIoT INIAIKY10 KPHUBYIO,
KOTOpas n HasbiBaeTcs cnupassio Kopuio. Bun sroit xpusoit nokasan Ha puc. 14.2, a.
Ha puc. 14.2, 6 noxasan npumep noctpoenns Ha cnupaiu Koparwo. JInvaa orpeska
AB Ha 3TOM pUCYHKE onpenesnsercs ¢hpopmyioi

B(ay, ) = [Clay) — Claz)]® + [S(a1) — S(aa))®. (14.9)

Odundpaknus PpeHelrss HA OOHOMEPHBLIX CTPYKTypax. Ecinu HavajbHOE
pacnpenesienue nond E(z,y) 3aBUCHT JHIIbL OT OAHOK TPOCTPAHCTBEHHOH ITepeMeH-
HOM, HaTIpuMep

éo(z,y) = &o(z), (14.10)

TO TOBOPSAT, YTO UMEET MecTO mucpakuusa Ha odnomeproti cmpyxmype. Ioncrasus
(14.10) B (14.6) u ucnonnsya popmysl

7exp (~—%’£y2) dy = _ﬁ— (1 —z)\/? (1;1.11)

-0

IOJIY MM

(1 + Z) —zk’

E(zo,2) = \/2T / Eo(z) exp [—2—k—(m - z0)° ] dz. (14.12)

TakuMm 06pa3oM, gudpakHOHRHBIR HHTErpaJjl CBOOUTCA K OMHOKPATHOMY HHTErpay.

Judppakuus Ha Kpaio sKpaHa. HanpaBum oCb T NEPNEHOMKYJSIPHO KPAIO
aKkpaHa. Torma MOXHO HaIlMCATh

o) =1 0 T2Y (14.13)
o) =% o, <o, '
Moncrasus (14.13) B (14.12), nonyunm

E(xp, 2) = Sowe"'kzj(zo), (14.14)

Vv2X\z
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S(a)
0,5
1,0
@ C(a)
-0,5
S(a)
Slag)
6) Clay)
|~ Cle;) Cla)
S(ay)
Puc. 14.2. Cunpans Kopuio (a) u nocrpoenue Ha cnupanu (6)
rae
o0
ik 2
J(zo) = [ exp —5(1'—:50) dr. (14.15)

0

Borpasum unterpain (14.15) yepes unterpanst @penens (14.7). Ina aroro sBenem

HEPEMEHHYIO

€= (z—~zo)VEk/72.

(14.16)
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@
S

-1 0 1 2 xqlk Jnz)'/?

Puc. 14.3. dudpaxuu:n naockoit cBETOBOM BOJIHEI Ha KPAIO 9KPaHa: PACOPENEIEHHE HHTEH-
CHBHOCTH CBeTa B IMPPaKIHONHON KapTHuHe

Torma

J(zo) = \/Wz/k/exp(—iw§2/2) dt, (14.17)
(31

raoe

& = ~xo\/k/mz. (14.18)
Vcnonbays obosnavenne (14.9), MHTEHCUBHOCTD CBETA B TOYKE HADIIOAEHUA MOXHO

IpeacTaBuTh B BUAE

I(zo,2) = %Iolz(&,oo), (14.19)

rne lp — MHTEHCHBHOCTDH Najaromel MIOCKol BOHEL. Pe3ynbrar moCTpoeHus, Bbi-
TIOJTHEHHOTO ¢ MoMOolbio criupasnu Kopuio (cm. puc. 14.2), noxkasas na puc. 14.3. Pe-
3YJLTAT pacyera XOPOIO COJIACYeTCsa C NaHHBIMU 3KcnepumenTa (puc. 13.3, 13.4).

Hudpaxupa ga menu. O6o3uauuM mupndy menu 6yksolt d u Hanpasum 0Ch
Z TIepneHaUKYJIAPHO MEeJIH, KaK NOoKa3aHo Ha puc. 14.4. B atom ciyuae

x x P
PIVIIIIY. FIIVIIIY _géz __________ To
d1 0 0
Vegeaacas aeaaeaad [-_372— - —; ——————

Puc. 14.4. K pacuery mu¢hpakuuu mioCKoH BOJHBI HA MEIH
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1, |z[ <d/2,
&o(z) =& (14.20)
0, |z|>d/2.
IMToncrasus (14.20) B (14.12), nony4um
14+ _ip.
E(zo, 2) = Egml g™ ihs , 14.21
(T0,2) = & \/2_/\_ze J(zo) ( )
roe
d/2 ,
ik 2
Ji(zo) = exp ———2-;(x —x9)*| dz. (14.22)
: —d/2
Beenem nepeMeHHy0
€= (z—xz0)Vk/m2. (14.23)
Torna
&2
Ji(zo) = ﬂz/k/exp(—iﬂfz/,?)dﬁ, (14.24)
13
rae

b =- (g +wo) VEjrz, &= (g ~ :co) N (14.25)

Vcnone3ys obosunavenve (14.9), pacnpenenenie MHTEHCUBHOCTH CBETA, B AUdpaxIm-
OHHOM KapTHHE 3aIMUIEM B BUIE ,

I(w0,2) = 310 (61,6), (14.26)

rae Iy — MHTEHCHBHOCTD manaromed BosHbi. s ynobersa nocrpoenus rpadbukos
nepenuieM dhopmynst (14.25), (14.26) B sune

Iwo)/To = 3 (61,6, (14.27)

& = —a(l +p), &2 = ol - p). (14.28)

3necs BBeneHn! He3pa3sMepHbie IAPaMETPhI

a= \/Z‘f; =V2Np, p=220/d (14.29)

# yucao @penests

Np = (d/2)*/)z. (14.30)
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g K(xg, 2)/1,
1,0
a) Np = 50
0,51
‘i 0 i 2xq/d
’ I(xg, 2)/1

6)

-3 -2 -1 0 1 2 3 2xq/d
I(zy, z)/Io

Puc. 14.5. Indpakuus mwiockott BOJHBL Ha MEJIN: PACIpeeIeHde HHTEHCHBHOCTH CBeTa B
aucpakimoHHO! KapTHHe

JudpakumoHHaa KapTUHA, [IOCTPOEHHAaA ¢ moMombio cnupanu KopHio, nokasa-
Ha Ha puc. 14.5. U3 mee BuIHO, uTO xapaxkrep audpakuvd MEHAETCA NPH U3MeHe-
Huu yncyia Ppenesta Nr. Tak, eciu Np > 1 (puc. 14.5, a), To mudpaxuusa moutu
He NPOABJIAETCA H XOPOILYIO TOYHOCTH JAET NpUOIUKEHHE reOMETPHICCKOH OmImTH-
ku. B nanHoMm ciyvae npodusb HHTEHCHBHOCTH W3JIyYEHUA OCTAETCA NOYTH IPAMO-
YTCOJIbHBIM, IIEPHHA MyYKa OCTAETCA PABHOHN IIMPHHE 1UEJIH, & MHTEHCHBHOCTh CBETA
Ha OCH [y4Ka COBNaJaeT C MHTEHCUBHOCTHIO Nanaiouieil BosHel. Bausuue nudpax-
MM B 3TOM CJIy 4ae 3aMEeTHO JIMIIb BOIM3HM rpaHuub! 00/1aCTH TeOMETPHYECKOH TeHn,
rae HabIoNaI0TCA OCUMIIIAIINY HHTEHCUBHOCTH U CBET CJIErKa HPOHUKAET B 0DJIaCTh
reoMeTpryecKoll TeHH.

[To Mepe ynajieHns TOYKHM HaOMIONEHHS OT 9KPaHA CO OIeJbI0, ynciao Ppenens
Nr ymenbmaerca. B obsnactu, rone Np ~ 1 (puc. 14.5,6), HHT€HCHBHOCTb CBETA HA
OCH MYYKa UCIIBITBIBAET 3HAYHTEJIbHbIE OCHILIANK, NOABJIAIOTCA BOKOBbIE MAKCH-
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{U

A
NN

T

d

Puc. 14.6. K pacuyery audpakiuu n10CKoH BOSHB! Ha KBaJAPATHOM OTBEPCTHH

MYMbI HHTEHCHBHOCTH, OJJHAKO [IHPHUHA CBETOBOrO Iy4YKa BCE ele IIPMMEPHO PABHA
mmpuHe wemn. B obnactu xe, roe Ny < 1 (nanbpHAA 30HA Tudpakuuu), CBETOBOH
HY40K CWJIHHO YIIUPAETCA U nonepeyHslit npoduis Myyka He UMeeT Hu4Yero obuero
€ UCXOIHBIM (MPAMOYTronbHbIM) npoduiieM (puc. 14.5, 6).

Hudpakous Ppenenrs Ha ABYMePHBIX CTPYKTypaX. [Insa onucaHus uu-
dpakuuu Ha ABYMEPHBIX CTPYKTYPax HeOOXOMMMO nosb30BaThCs 0bmelt hopmy.toit
(14.6). Beraucnenna B 9ToM ciIydae, BooGlie rOBOPA, CJIOXKHEe, 4eM B CJIydae -
dpaxunn Ha ONHOMEPHLIX CTPYKTypax. PacCMOTpHM HECKOJIBKO KOHKDETHBIX IPH-
MEDOB.

Jdudpakuua Ha KBaIpaTHOM oTBepcTHH. IlycTh oTBepcrue B 3KpaHe HMEeT
BHUJ KBaIpaTa co CTOpoHOH d (puc. 14.6). B aTom cyuae

1, ecau: |z| <d/2 uly| €d/2, :
&o(z,y) = & (14.31)
0, ene amoil obracmu.
Ioncrasus (14.31) B (14.6), moayyum
E(zo,90,2) = 5o%ze_ikzj(zo).7(yo), (14.32)
rne
/2
J(zo) = exp ——Z(z ~139)?| dz,
e 14.33
d/2 S T ( ’ )
ik 2
J(yo) = exp —Z(y ~Y0)"| dy.
—d/2

BeeneM nepemensnie

£=(z—mo)Vk/mz, n=(y—y)Vk/nz (14.34)

13 3ak. 350
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Torna

§2 2
T = [ [ewt-me s, T =[5 [ ex(-imrt/yan
& m

rae

6= VT (3 +a0) m= ViR (5 +m).
VETE (§=a0), =V (5 -w).

Hcnonw3ys obosuavenue (14.9), pacnpenesieHue MHTEHCUBHOCTH CBETA B HNPaK M-
OHHOI KapTHHE MOXKHO IIDEICTABUTH B BUIE

i

&

1
SRS I(zo,90,2) = 710 P&, &) P(m,m).

B yacTHOCTH, 419 MHTEHCUBHOCTH CBETa, Ha OCH NMY4YKa, T. €. B TOYKaX C KOOPAMHA~
TaMH Tg = yo = 0, noaydaem

1(0,0,z2) = %Io [12(—A,'A)]

2
)
roe sBeneH be3pasMepHblll TapaMeTp

A= (d/2)V/kfrz = Vzlz = VNp

u JAudpakUnoHHAA IJIUHA TTYYKA,

2 = kd® [4m

(cm. nexumo 13).

Pacnpenesienve MHTEHCHMBHOCTH CBeTa BAOJb OCM IIy4Ka, MOCTPOEHHOE C MOMO-
wpo crupaiu KopHio, nokasano Ha puc. 14.7. Ananus pacupeneseHus UHTEHCUB-
HOCTH B IJIOCKOCTH, IEPIEHIUK VJIAPDHOH OCH My4YKa, OKa3bIBAET, YTO HA HeHOMBUINX
PaCCTOsIHUAX OT 3KPpaHa ¢ oTBepcTHeM qudpakiuHoHHbIe 3D PEKTH 3aMETHBI JIUIIb
B6M3M rpaHuub! 06IaCTH reoMeTputieckoit Tenu. B nanbheil 3one qudpakumu cae-
TOBOU MYyYOK yTPAdYMBAET CBOH NepBOHAYAILHBIR NPOdUIL, ero nonepedssiét pas-
Mep BO3PACTaeT ITPONOPLHMOHAIBHO NPORIEHHOMY PACCTOAHUIO Z, & HHTEHCHBHOCTD
CcBeTa Ha OCH MYy4YKa MOHOTOHHO YMEHbIIAeTCA. DKCIEPUMEHTAJIbHbIE HabIoneHus
NOATBEPXKIAIOT STH BBIBOIBI. '

Jdudpakuua HA KpyrioMm orBepcruH. O603HaunM paguyc oTsepctia R n
BBeIEM NOJIAPHbIE KOOPAUHATHI T, ¢ Ha IVIOCKOCTH Ty (puc. 14.8) 1 1o, o HA ILIIOCKO-
CTHU ToYo. A5 BEIYKCIEHNA IU(DPAKUHOHHOTO TOJIA BOCHOIb3YEeMCs, KaK U PEXIE,
dopmyano#t (14.6). Henan nepexon K NOJIAPHBIM KOOPIUHATAM

T =TCosyp, y =rsingp,

Tog = T9COSWo, Yo = ToSinpp
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K0, 0, 2)/1,
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R

Puc. 14.7. Judpaxuua m1ockolt cBeToBolt BOJIHBI HA KBAAPATHOM OTBEPCTHH: paclpenesie-
HHE€ WHTEHCHBHOCTH CBETa BOOJIb OCH IIy4Ka

M 3aIIHCBIBaA BJIEMEHT ILIOWaIY B BuAe do = r dr dyp, nony<uum

2r

o0

i ik

5(T0,<Po,z)=;‘;e * /TdT/d<P5o(T,<P)eXP{—£[3‘*’7‘2—2”0003(90*%)]},
Q Q

rre Eo(r, p) — pacupenesieHie AMILTUTYIBI [IOJIA B [IJIOCKOCTH SKPAHA C OTBEPCTHEM.
B cuiy oceBoit cuMMeTpun 3TOro pacrpeneaeHus

Eo(r, ) = &Eo(r).

ﬁ/
Y,

\

N\

Z

Puc. 14.8. K pacuery audpakuun mmockoit BoJIHB! HA KPYIJIOM OTBEPCTHH

N
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Ilpu aTOoM

RSN TR T
R LA

E(r z)——i—-ex —1ik z-i-ﬁZi 75 (")JT (ry70) —yﬂ'—z d

05 ¥0, == \z p 92 0 7,To) €Xp 22 rar,
[1]

rae

2n

ﬂmw=/prT%%w—%JW-
0

Ilocnenunit mETErpasn BbHIpaXKaeTcHd udepe3 (ynkumio Beccena HyseBoro mopsanxa
Jo(a). Ilo onpenenenno [7]

n

(@)= o / eiasint gy

-

BBons HOBYIO EPEMEHHYIO

v
v=5-%+te
NIOJIY UM

27

J(r,re) = /exp [ikrro sin wl dy = 2%y (krzj)

z
0

M, CJIEIOBATEJILHO,

£(ro,<po,z) = 8(7‘0,2‘) =

[o <]
27 ) r2 krr ikr?
=5 &XP [—zk (z + i)] /go(r)Jo (—Z—O) exp (’"5;) rdr.  (14.35)
0

Hauunaa dhopMysia NO3BOIAET PACCUUTATH JNGPPAKLIUOHHOE CBETOBOE TIO/Ie IJiA JIIo-
60ro ocecUMMeTPHYHOrO Ha4aJlbHOro pacupenenenus o(r). B yactaocTH, nosaras

1, ecaur <R,

&o(r) =& {

0, ecaur >R

(muppakuusa Ha KPYIJIOM OTBEPCTHH), Oy 1AM

R -
_ 27 . rd krrg ikr?
E(ro,2) = o oXP [—zk (z + 3, /Jo T) exp <_¥) rdr. (14.36)
0

®Popmyna (14.36) onucsiBaeT pacnpeneseHue aMILTHTYIOb! IHPPAKIMOHHOTO CBETO-
Boro nosa &€(rg, 2) BO BceM mpocrpascTse. Beuny cnoxnocru Beipaxenus (14.36),
OrpaHHYNMCA Jajiee PACCMOTPEHHEM NOJIA TOJBKO HA OCH my4Ka. Ilonaras ro = 0 u
yuntsisas, uro Jo(0) = 1, mosryunm us (14.36)
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I(0, 2)/1,

o 1 2 3 4 5  212/R?

Puc. 14.9. Judpakuna njockoit ceeroboit BOJHEL Ha KPYIJIOM OTBEPCTHH: PACIIPEIEICHHE
UHTEHCHBHOCTH CBeTa BIO/b OCH IIy4YKa; 2 — PacCTOAHME OT 3KpaHa C orpepcTHeM, R —
pazuyc orBepcTus, Jo — HHTEHCHBHOCTb NAfAOMER BOJIHLL, A — AJIHHA CBETOBOH BOJIHEI

2
£(0,2) = 2i€y exp [—ik (z + %)] sin(kR?/4z).

CooTBeTCTBEHHO HHTEHCUBHOCTD H3JIyYEHHUA Ha OCHU 11y4Ka onpenenaerca popmyston

I(0, 2) = 4Iy sin®(kR?/4z), (14.37)
rae

¢
IO = §7;I£0l2a

Iy — uHTeBcHBHOCTD napawomeit nnocko#t Bosmel. [Tosyvennrit pesynbrar (14.37)

NOKA3LIBAET, YTO HPH AMMPAKIMH NJIOCKOH BOJIHBI Ha KPYIJIOM OTBEPCTHH WHTEH-

CHBHOCTb CBETa Ha OCH IIy4Ka OCHWLINPYET B NpPENeIaX OT HyJs J0 BEIUYUHBI,

BYETBEpO NpeBHIIIalomel HHTEHCHBHOCTS NANAIOMEH NIOCKON BONHBEL 3aBHCHMOCTh

I(0, z) nokasana Ha puc. 14.9.

Jdudpaknus rayccosa nmyuka. Asanus nupakuuy rayccoBa CBETOBOTO IIy4-
Ka IpoBemeM Ha ocHobe obmelt dopmysnst (14.35). Honaras B aro#t ¢opmyne

i Eo(r) = Eoexp(—12/2p2), (14.38)
oSy IuM
ey 5 _ &oexp(—ikz) r/208
E(ro,2) = L+ 2/ikpd) exp| —7— 2Jikit) (14.39)

TIPH BBIYHCJIEHHM MCNONb30BaH mHTerpat 6.631.1 u3 cupasounuka [13]). Hanunas
Jopmyna onuceisaeT pacnpenenenue Anpak IMOHHOTO NOJIA BO BCEM MPOCTPAHCTBE.
B gactHOCTH, HAa OCH IMydYKa

_ Eoexp(—ikz)

£(0,2) = ——m—~. 14.4
(0,2) (1+ z/ikpd) (14.40)
T OOTBETCTBEHHO MHTEHCUBHOCTD U3JIYYEHHA HA OCH
Iy
10,2) = —=2 A (14.41)

1+ (2/2,)%’
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10, 2)/1,

1,0

0 1 2 2/kp?

Puc. 14.10. Iudpaxuns rayccosa mydka: pacrnpeae/ieHHe UHTEHCHBHOCTH CBETa BIOJIb OCH
ny4yKa; 2 — KOODAUWHATA, U3MEPAEeMad BIOJIb OCH NYYKa, Po — HAYaJbHBI pagmyc mydka,
Iy — HHTEHCHBHOCTH CBeTa Ha OCH NydYKa B myockoctd z = 0, k = 27/\ — BosHOBOE
9UCII0, A — JJIMHA CBETOBO# BOJIHBI

roe

2z = kpp, (14.42)

Zz — IUdPAKUROHHAA JUIMHA NMyYKa, Jp — MHTEHCHBHOCTB, onpenenseMas op-

# Iy = c|&|*/8n. T I(0 14.10
mysoit Iy = ¢|& m. I'padux sasucumoctu I(0,z) npencrassien na puc. 14.10.
3ameTuM, 4TO, B OTJIMYHE OT IuMPAKUNM HA KPYIVIOM OTBEPCTHH, B JAHHOM CIIy-
Jae HeT OCUMJLIALME MHTEHCUBHOCTY BIOJIb OCH IIy4Ka — HWHTEHCHBHOCTh Ha OCH
y6BIBAET C PACCTOAHNEM MOHOTOHHO.
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Jlexknusa 15
Mudpakuusa B nanbHel 30He

Popmuposarue ycmolnusol xapmuns Oudpaxyuu s OJaavnetl sone. Juppaxyus
Dpaynzodepa xax npoempancmeennoe npeobpasosanue Pypve. Juppaxyus Ppayn-
zogiepa na odnomeprwx cmpyxmypar. Judparyus wa weau. Juppaxyus Ppayn-
2ofepa na deymepnouir cmpyxmyper. Judpaxyus 1o NPAMOYZOALHOM U KDY2AOM
omeepcmuaz. Jufpaxyusi 2ayccosa nyuxa.

Jekuus noceauiena ¢ppayurodeposoit mudpaxuyu. [TokasaHo, 4To Np pacnpo-
CTpaHEHWM CBETOBOIO Ny4YKa B JajibHel 30HE BO3HUKAET yCTOHYMBAs KapTUHA OHM-
¢pakuum, HIOBTOPAIOINAA 1O (popMe yriioBo# criekTp nosa. PaccMarpuBaloTCca Mpu-
Mepsl ppayHrodepopol audpakuuu Ha OJHOMEPHBIX ¥ JBYMEPHBIX CTPYKTYPaXx.
ConocTaB/AIOTCA JaHHbIE TEOPHH M BKCIICPHMEHTA.

®opmupoBande ycroluuBod kapTuHBI Audpaknuu B JanbHel 30He.
OnpiTh! 10 UG PAKUKH CBETOBHIX Iy YKOB IIOKA3LIBAIOT, YTO B JAJIbHENH 30HE YIJIOBOE
pacrpeIesieHue HHTeHCHBHOCTH W3J1yYeHUA epecTaeT 3aBUCETh OT KOOPOWHATHI Z,
OTCYUTBIBaeMOH BAOJIB ocH y4ka. Kapruda nudpakuun npuobperaer yCTONYUBYIO
CTPYKTYDY, BHI KOTOPOH 3aBHCHT TOJIbKO OT PAcCIpPENE/ICHMA MOJIS B HAYAJILHOM
ceuennn. Judpakiuuio B ganbHel 30He HasbiBaOT dugpaxyuelt Ppaynzogepa. Pac-
cMoTpuM 0cobeHHOCTH AudPakUHl B JaJIbHEN 30HE C HO3UIMI TeOpUH, H3JIOXKEHHOHR
Bhiwe (CM. jiexuuio 14).

IlycTh MIOCKAs#s MOHOXPOMATHYECKAA CBETOBAs BOJIHA HOPMAJIHHO ManaeTl Ha
JKpaH ¢ OTBEPCTHEM, PACHONIOXKeHHbi# B rutockocTd z = 0 (puc. 15.1). Beraucmum
pacnpeneneine HHTEHCHBHOCTH U3JIyHEHHS B HEKOTODOH IUIOCKOCTH Zg, Yo, NAPaJl-
JIeSIbHOM 3KpaHy C OTBEPCTHEM M PACIIOJIOKEHHON Ha HOCTATOYHO 6OJIBHIOM PaccTo-
SIHUM 2 OT HEro.

Ncnonways dopmyist (14.2), (14.3), sanmnmem nudpakUOHHOE CBETOBOE HOJIE B
BUe

7

E(wo,yo,z)zzx/ /So(z,y) P dr dy, (15.1)

rue &o{z,y) — pacupenenenne nosid B ceueHuu 2z = 0, onpexnessiemoe popmolt or-
BEPCTUA B 3KpaHe, A — JJIMHA CBETOBOR BOJHbI, k = 27 /A — BOJIHOBOE 4YHCJIO,

p= 2+ (z —20)? + (y — %0)?, (15.2)

Z,y — KOODAMHATHI HEKOTOPOH TOukH M B IUIOCKOCTH 3KDPaHa C OTBEPCTHEM,
Zg, Yo, 2 — KOODPAMHATHI TOYKH HaOIIONEHHUA N0,

IIycts O — HEKOTOpas TOYKa B IJIOCKOCTH 3KPaHa C OTBEPCTUEM, KOTODYIO MBI
OprMeEM 33 Ha4aJsIo 0TCYera, a b — paccrosnue or Touku O [0 TOYKH HabmoaeHusA
nona P. Kak sunso n3 puc. 15.1,

b= /22 + 2} +yi. (15.3)

CnenoBaTesibHO, B IAPAKCHAJIEHOM HPUOIMIKEHUH, KOTHA,
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Puc. 15.1. Tlocranoeka 3anaan gudpakuun

z>» z,Y,Z%o, Yo, (15'4)

MOXHO 3aITACaTh

2 +y®  zz0 +yyo
2b b )

®opmyta (15.5) ornuyaerca or (14.5) smms Tem, 9TO B Ka4eCTBE HyJI€BOrO Mpubn-
JKEHUs BEJIMYNHEI p BbiOpaHa BesmmuuHa b, a He z. Takoe yroynenue HeOOXOmUMO
cIenaTbh W3-3a TOTO, YTO B JasibHEH 30He pasMepbl KapTHUHH JudpaKmud, BOOOmE
rOBODH, BECbMa BEJINKH, a NOTOMY PAa3HHIA MEXIy BEeJMYMHAMH b M z CTAHOBMTCA
CyHIeCTBEHHOMN.

IToncrapus (15.5) B (15.1), nosyunm

p=>b+

(15.5)

(0,40, 2) = 35 exp (~ikb) X

X 7 750 (z,y) exp [—élﬁb(z +y )} exp [F(MJO + yyo)] dz dy. (15.6)

-0 —00

3neck, Kak 0ObLIMHO, MBI peHe0persiu OT/MYNEM p OT b B 3HAMEHATeNe NOIbIHTE-
IPAJIBHOTO BHIPAKEHUA. .
B gacrtHocTH, npH Audpakuyu HA OMHOMEPHBIX CTPYKTYpPax

E(xo,2) = (f/;_le) exp (—ikb) / &o(z) exp (—%z ) exp (%’Exzo) dz (15.7)

(cp. ¢ dopmyrnott (14.12)), nmr

| £0,2) = (\/_;,\_b) exp (—ikb) / Eo(z) exp (— é—’;’z )exp (tkz sin 0) dz, ‘(15.8)
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rne BBemeH yroa 6, onpenensaemsiit popmyto

sin @ = x4 /b, . (15.9)

H MMeIoIH# CMBICT YIJIOBOH KOODAHHATHI TOUKY HabI0MEHNA MOJIA.

®opmynsl (15.6)-(15.8) cooreercTayior dpenenesckomy npubauxenmo. U3
dopmyas (15.8) cienyer, 4TO yIVIOBOE pacHpenesieHue nos B qupak IMOHHOM Kap-
THHE, BOOBIIE roBOpPs1, MEHAETCA IO MEPE U3MEHEHHA paccToanud z. OmHako B obJia-
ctd GOJILIIMX 2 9TO U3MEHEHHE CTAHOBHTCA Bee Gosiee u Gosiee cnabbiM H, HAKOHEL,
pu

kd®/2b < 1, (15.10)

rae d — HaYaJbHBIH HONEpeyHEI pasMep mnyd4ka, YCTaHAB/IMBACTCA ycroliuusoe
YIJIOBOE pachpenesienve noss, onpeaesnsemoe hopmysioh

5(0):%16—)(“"’ / Eo(z)et*=sin gy, (15.11)

Ucnonbays (15.3), (15.4), Hepasencrso (15.10) MOXHO npencTaBuTh B BHAE

z2> 2, (15.12)

i€ NapameTp

2y = kd? /2 (15.13)

Ha3bIBaeTCH Judpaxyuonnoti daunoti nywxae. O61aCTh OPOCTPAHCTBA, ONIPEAE/IAEMAA
ycnosueM (15.12), nasbiBaercsa daavret! 3onott nudpakuun win sonoti Ppaynzode-
pa. Takum 06pa3om, MBI IOKa3aJy, 4T0 B JaJibHeH 30He opMEpyeTcs ycTofunBOE
YIJIOBOE pacnpenesieHne [oJiA, He MEHAIOWEeCs [IPH JaJibHelIeM pacpOCTpAHEHHH
CBETOBOIO Ny4Ka.

Bripaxenue mita audpakimoHHOro cBeToBoro nos (15.11) nocur HasBaHue O~
¢$pakMOHHOTO HHTErpaJa B npubauxcenuu Ppaynzodepa. 1o npubimKxenue cnpa-
BeIMBO B nayibHell nqudpakiuuoHHOM 30He. SRS

Jdudpaknua PpayHrodepa kKkak IpocTpaHCTBEHHoe mnpeobpa3zoBaHue
®ypbe. Pasymeercs, Bo3HHKaOmMad B nanbHel 30He KapruHa Audpakuud IIpen-
CTaBJIAET [JIA ONTHKH NIEPBOCTENEHHbI MHTEpEC, XOTA 6 NOTOMY, YTO BCJEACTBHE
yCTOHYMBOCTH STOH KADTHHBI €€ IPOILE BCEro HabMOOaTh SKCIEPUMEHTAIILHO.

C maTemaruyeckoit Touxu spenus soipaxenue (15.11) npencrasnser cobo#t npo-
cmpancmeennnd unmezpaa Pypve. Ilo ananornu ¢ unTerpasiom ®ypoe 1o BpeMenn
(cM. pononsenve 4) BesnnunHy ksin @ Hasosem npocmpancmeenmoti nacmomot. Ou-
3MyecKMii CMBIC)T DTOTO NOHATHA PAcCKpbiBaeT puc. 15.2, #3 KOTOPOro BUAHO, WTO
BEJTHYMHA

ky = ksinf © (15.14)

2CTb NONEPENHAR KOMNOREHNA B0AH0B020 6EXMOPA, HANPABJIEHHOro U3 TOUKH O (0T-
BEpCTHs) B TOUYKY Habionenns noya P.

®opmysa (15.14) mokassiBaeT, 4TO MeXIy HMPOCTPaHCTBEHHOM yacTOTOH k; M
~T/I0BOR xoopauHaTol 6 TOUKM HaGIONEHUA I0JIA MMEETCA B3aMMHO OJHO3HAYHOE
COOTBETCTBHE. ITO MO3BOJISET IAIMCATL KOMIUICKCHYIO AMILIATYIY MOJIA B TOYKE
HabmmogeHusa cienyomum o6pa3om:
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Puc. 15.2. K aHanu3y pu3MveCKOro CMpIC/Ia IPOCTPAHCTBEHHON YaCTOThI

£(P) = %e_ikbﬁo(kz), (15.15)

roe
Eolks) = / Eo(x)eiF=2dz, (15.16)

Eo(ky) — npocmparcmeennas cnexmpasvHes amMniumyda, COOTBETCTBYIOMAA PaC-
npenenennio noss Eo(zx).

Urak, mudpakimonHoe moJsie B JajibHeR 30He NPONOPLMOHAIBHO IPOCTPAHCTBEH-
Ho# bypbe-aMmnTyne ucxonnoro nydka. Mcnosnbays (15.15), HeTpyAHO BHIYMCIUTD
pacipeneseHne MHTEHCHBHOCTH M3JIyYeHUs B naJjibHel 30He:

_ ¢ 2

I(pP)= 87r|g(P)l . (15.17)
Honcrasus (15.15) B (15.17), nonyuum

1(P) = =L so(k) (15.18)

T Brap V) '

rae '

So(kz) = |Eo(kz)I?, (15.19)
So(ks) — npocmpancmeenkas creXMpPAaAbHEGR NACMHOCTL, HIH Y2A0801 cnexmp
M3JIyYEeHH .

Hrak, yryiioBoe pacnpenesieHHe MHTEHCUBHOCTH M3JIYyYeHUA B IaJbHell 30HE Mo-
BropsAeT GopMy YIJIOBOTO CHEKTPa CBETOBOLO MYYKa. JTOT BLIBOL PAaCKphiBaeT (u-
3udeckuil cMbics ¢ppayHrodepoBolt HUpPAKIKMN KaK TPOCTAPANCTIBEHNHO20 PAZAONCE-
HUA 02DOHUNEHHO20 C8EMO6020 NYKA HA NAOCKUE 60.4Hb. KapTiHY npeobpa3oBasns
YTJIOBOTO CIEKTPa NpH AUMPAKUMH [IOCKOH BOJIHBI HAa OTBEPCTHH HJLIOCTPHPYET
puc. 15.3.

CornacHO CHeKTpaJIbHBIM NPENCTABIEHUAM, NONEPEYHAA KOMIIOHEHTa BOJHOBO-
ro BEKTOPA BO3HHKAET BCJIEHCTBHE OTPAHUYEHUSA ANePTYpPhl (T. €. MONEPEevHbIX Pa3-
MepoB) nydYka orBepcrdeM. IIpencraBieHue orpaHMYEHHOrO My4YKa B BUAe Habopa
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Puc. 15.3. Kapruna npeobpasoBaHus yIjioBOrO CIeKTpa NPH JudpPakIHu JIOCKOH BOJIHBI

H2 OTBEPCTHH

ILJIOCKHMX BOJIH, PACPOCTPAHAIOIMUXCA B PA3HLIX HallpaBJIEHUAX, BIIOJIHE aHAJIOTHUY-
HO NIpencTaBJIEHUIO UMIIYyJbCa KOHEYHOU NJAMTEeNbHOCTH B BUOE CyMMbI TApMOHUYE-

CKMX KoJiebaHUU PA3HBIX YaCTOT.

Judpaxuua Ppaysrodepa Ha oGHOMEPHLIX CTPYKTypax. Jludpaknmsa
Ha mean. Teneps 06paTuMCA K KOHKPETHBIM IpuMepaM ¢payHrogepoBoit nudpak-
muun. Haunem ¢ paccMoTpenusa gudpakiiuu nIocKoil BOJIHBI Ha OJHOMEPHOH CTPYX-

Type — mesu wupusoit d (puc. 15.4). Ilonaras

1, =] <d/2,
50(13) = 80
0, |z|>d/2,
no dopmyte (15.16) nosyaum
/2
Eolk:) =& / exp (tk;z) dz = Epdsinc(k,d/2),
—d/2

rae HCIoJb30BaHO CTaHOAPTHOE obosHayenue

|§

d{ 6
Z

|

Puc. 15.4. K pacuery xaprunsl 1udpaxiine CBeTa Ha IMEJIH

(15.20)

(15.21)

(15.22)
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-d/2 0 /2 = ot 0 Mo Kk d/2

Puc. 15.5. Havanbhoe pacnpenenenue aMmagryast nons Eo(z) u npocTpancTBeRHas CreK-
TpanbHan amnnutyna Eo(ks) npu qudpaxnuu MI0CKOR BONMHE Ha mesn mupaHol d

Ipaduku dyuxuuit Eo(z) u £ (k;) nokasauns! na puc. 15.5. [To dopmysam (15.15),
(15.17) HaxoouM aMIUIMTYLOy HOJIA

E(P) = go(i\/;T—"I))de*ikb sinc(k,d/2) (15.23)

"M HHTEHCUBHOCTH CBETa B TOYKE PI
I(P) = Ipax sinc?(kyd/2). (15.24)

3nech UCHOJIL30BaHBI 0003HAYEHN
Ina = Tod?/ 3, To = 21607, (15.25)

rae Iy — MHTEHCHBHOCTb HANAIOWEH BOJHBL.
Ioncrapnas (15.14) 5 (15.24), Haxomum yriI0Boe pacnpeeeHre HHTERCHBHOCTH
M3JIy4eHUuA B JajibHel 30He

1(6) = Ima sinc® ( ékd sin o) , (15.26)
HJIn
I(8) = Imay sinc? (fd—f\“‘—g) . (15.27)

I'pacdux pacnpenenenus (15.27) nokasan Ha puc. 15.6. 3ameruM, yro mudpakuuoH-
HasA PacXOIMMOCTh Iy4Ka B JaibHeH 30He OKA3BLIBAETCS OPAJKA

A8 =)/d (15.28)

B COOTBETCTBHM C OOIINM pe3yJIbTATOM, NOJIYYEeHHBIM Bbite {CM. jekiuio 13).
Teopernuecku pacCYHTAHHOE YITIOBOE PACIpeleEHHe WHTEHCHBHOCTH H3J1yde-
HUA, IOKA3aHHOE Ha puc. 15.6, MOXKHO NPOBEpHUTH BKCIIEpUMEHTAILHO. Ha jekunu
IeMOHCTpHUpYeTCA ANdPaKImsA W3NyYeHUus aproHoBOro Jjiasepa Ha menn (puc.15.7).
Hab6monaemas ougpakuiOHHAA KAPTHHA WMEET BUM NEHTPAJIbHOH CBETJION MOJIO-
cpl ¥ GOKOBEIX YepeNyIOMMXCA TEMHBIX M CBETJIBIX MoJioc yObiBatomelt Apkocru. B
JIEKIINOHHOR JEMOHCTPAINN MMEETCA BO3MOXKHOCTb IJIABHO U3MEHATDb HIMPUHY IIe-
JIi C TIOMOHIBIO CHENMAJIbHOTO MHUKPOMETPHYECKOro BHHTa. IIpu 2ToM Habnropaer-
cA u3MeHeHue OU(PPAKIMOHHOM KAPTHHBI, KOTOPOE INPOMCXOAMUT B COOTBETCTBUH C
NpeIcKa3aHNeM TEOPHMH: 4eM YiKe Iiesb, TEM IHpe CBeTJible MOJIOCH! HA 9KPaHe H,
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10)/Imax

L 24 4 2L 3L sin®
d

34 24 4 A
d d d d d
Puc. 15.6. Indpaxunsa niocko#t BOIHB Ha WEJIH: YIVIOBOE PACIPEREICHHE HHTEHCUBHOCTH

cBeTa B JaJIbHEH 30He; d — IWUPUHA IEN, A — AJIMHA CBETOBOH BOJTHBL

CJIENOBATENIBHO, TeM OoJibHIe YIJIOBAd PACXOOMMOCTh M3JIy4E€HNA B JasibHEH 30He.
Takum oOpasom, U3JIOXKEHHAA Bhile Teopusa ppayHrodeposolt gudpakuMu MoJy-
43eT IKCIEPUMEHTAIILHOE TIOATBEPXK ICHHE,

Hdudpaknua PpayHrocdepa Ha AByMepHBLIX cTpyKTypax. HanoxeHHyo
BBIIIIE TEOPHIO HETPYAHO 0606mMTh Ha cy4ait mudpakiuuu CBeTOBOR BOIHBI HA ABY-
mepHo#t crpykrype. [loctanoBky 3agaun audpakimn unoctpupyer puc. 15.1. n-
¢dpaxkumonnoe ceerosoe nosie B npubimkennn Ppenens (cnabopacxonsmuiics my-
40K) onuchiBaeT ¢opmysa (15.6). B namsuett nudpaxnuonnott sone, onpenessemoit
yCJIOBHEM

2> z; = kd* /2, (15.29)

rue 2; — AudpaxkuuoHHas IUINHA, kK — BOJIHOBOE YUCIO, d — MaKCHMAJIbHBIH nome-
pedHbIli pasMep oTBepcTHA B 9KpaHe, dopMyJa (15.6) ynpomaerca u npuoﬁpe’raeT
BRI

E(P) = Lot / / Eo(a:,y) exp [ (zzo + yyo)] dz dy. (15.30)

-0 =X

Beenem yrioeete koopauHaThl § u 1 ToukM Habmonenusa nona P, onpemenus ux
cnexytomum obpasom (puc. 15.8):

sin @ = x4/, siny = yo/b, (15.31)
a Tax¥Ke NPOCTPAHCTBEHHBIE YACTOTHI
k; = ksiné, ky, = ksin. . (15.32)
Torma dopmyay (15.30) MOXHO nepenucaTh B BUIE
E(P) = ——e"“’é'o(kz, ky), (15.33)

roe
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a)

6) 8)

Puc. 15.7. Onmir no nabmonenuio audpakumu cera Ha wenu. Cxema onwira (a), BUL
nudpakuMoHHOH KapTHHBI NpH y3Ko# (6) u mupoko# (6) menu

oo 00

Eolkz, ky) = / /So(z,y)exp[i(kmm+kyy)]d.2:dy, (15.34)

—00 —00

Eo(kz, ky) — NMpoOCTPAHCTBEHHAA CTIEKTPAJIbHAA AMIJIMTYJA, COOTBETCTBYIOIAA ABY-
MEpHOMY HadaJIbHOMY pacnpenenenuto nons £y(z,y). Urax, npu mudpaxkumn Ha
JBYMEpPHOHK CTPYKTYpe pacupedesieHue NoJia B JaJibHEH 30He MMeeT BH IBYMEpHO-
ro npeofpasosanua Pypre UCXOAHOTO pacupeneeHusn nosis Eo(zr,y).

B cooreercrsuu ¢ (15.17), (15.33) MHTEHCUBHOCTb CBETA B TOYKE HabIIOOEHUA
BhIpaxKaercsa ¢hopMyIoi

Yo

Puc. 15.8. YrnoBbie KOOPOAHHATH TOYKHM HAOJIIONEHHA IOJ1A
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o

Pac. 15.9. K pacyery xapTunsl udpakluu CBETa HAa MPAMOYTOJILHOM OTBEPCTHM

c 1

(P) = B_W(_Ab—)ESO(kz,ky), (15.35)

rae

So(ka ky) = |Eo(kzs ky)I?, (15.36)

So(kz, ky) — IpOCTpaHCTBEHHAA CIEKTPAJIbHAS IIOTHOCTD MJIM YIJIOBOH CHEKTp U3~
nyyenns. Taxum o6pa3oM, Kak ¥ B OTHOMEPHOM CJIy4Yae, IPOCTPAHCTBEHHOE PAcIIpe-
JeJIeHHe HHTEHCUBHOCTH M3JIydYeHHs B JajbHell 30He uMeeT (pOpMy YIJIOBOTO CIIEK-
Tpa H3JIydYEHH.

v Judpakuusa Ha NPAMOYTONBHOM orBepcTHH. [IycTh MI0CKads MOHOXpOMA-
THYECKas CBETOBaA BOJIHA OUparupyer Ha NMPAMOYTOJBLHOM OTBEPCTHH, IJIMHBI
CTOPOH KOTOpOro paBHbl di u dg (puc. 15.9). 3anucas Haya/ibHOE pacnpenescHHe
aMIUIMTYObI [0JIA B BHIE

1, |z| £di/2, <d,/2,
Eo(:c,y)=5o{ =1 < du/2, ] < o (15.37)

0