VIIK 535.018

KOMMEHTAPUI K CTATBE A. CMEKA/JIS
«K KBAHTOBOM TEOPUU PACCEAHIS»

Bunorpagos A.IL * !, JIncanckmit A.A.2

L @edeparvroe zocydapemesernnoe Grodocemmoe yupescenue nayku Mremumym meopemuseckoti U npukiaoHot
anexmpodunamuru Poccutickot axademuu nwayxk, Mockea, Poccus
2 Kyunc-koanedore, Topodekot ynusepcumem Huwo-Hopra, Huio-Hopx, CIIA

Crarps mocrynuia B pegakiuio 20.09.2023
Onmobpena nocite perersupoanns 29.09.2023
IIpunsara x nybaukarun 02.10.2023

Annoranusa

Pa6ora Cmekasst 1acTo paccMaTpuBaeTCs KakK IPEAIIOChIIKA K OTKPBITHIO KOMOMHAIMOHHOIO paccesi-
Hus. B nannoit 3ameTke mokasaHo, 4To, xorst CMeKaJb OHUM U3 HEPBBIX PACCMOTPE] HEYIPYTroe PACCEsiHUe
GbOTOHOB, PACCMOTPEHHBIH UM MeXaHU3M HeyIPYIOCTU HUKAK He CBS3aH C BHYTPUMOJIEKY/ISIPHON JUMHAMHE-
KO sIZiep MOJIEKYJIBI U sIBJIEHHEM KOMOMHAIMOHHOTO paccesHusi. Mexannsm, paccmorpenusiit CmekaseM,
CBsI3aH C BO3MOYKHOCTBIO M3MEHEHUsI COCTOSIHUS 3JIEKTPOHHOM Io/ICUCTEMBI. Bostee Toro, uccemoBannoe
UM sIBJIEHHE, B OTJIMYNE OT KOMOMHAI[MOHHOI'O PACCEsTHUsI, MOXKHO HAOJIIOIATh U IIPU PACCESTHUH CBETA HA
aromax. OcunoBroe BHnManue B Crarbe CMeKasIs yIeJIeHO BOIIpOCy 06 oTmade IIPU UCIyCKAHUH (HDOTOHA.
YueT nu3MeHeHUs] KHHETHIECKON SHEPIUH MOJIEKYJIbI IIPUBOAUT K JIOIOIHATEIBHON HEYIIPYTOCTHA PACCEsIHUS
1 IIO3BOJISIET TIOJIyYUTH MONIPABKK K U3BeCTHOM dhopmyste paccesiuus Kpamepca u I'eitzenbepra. B xatuecrse
MIPUJIOYKEHUsI TIpejiaraeTcst mepeBo cratbu CMeKasst Ha PYCCKUN U aHTTIUACKAN SI3BIKH.

KuroueBble ciioBa: HeyIIpyroe paccesHie, OTAa4ua Py U3IydeHnn (HPOTOHA, 3aKOH COXPAHEHUS SHEPIHH
¥ UMITYJIbCa
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Ipex e Beero, unras crarbio Cumekass (Adolf Smekal, Zur Quantentheorie der Dispersion,
Naturwissenschaften IT (1923), 873-875, doi:10.1007/BF01576902), HyKHO IOMHUTH, YTO OHA HAIIMCAHA HA
3ape KBAHTOBOW MEXAHWKH, U B HEil OTPaKEHbI MHOTHE MOMEHTBI KBAHTOBOH MEXAHWKH, JUCKYTHPYEMbIE B TO
BpEMSI.

B cBoeit crarbe Cmekasb [1] 0606mun pabory Komnrona [2] Ha 3amady o paccesinun BhOTOHA Ha
MOJIEKYJIE TIPU yUYeTe U3MEHEHUs] He TOJIBKO €€ KHHETUIECKON, HO U BHYTpEHHeH 3Heprun. V3MeHenus: BHYT-
perseit saeprun CMeKasIb TPeInoaraj KBAHTOBAHHBIMU, CBA3BIBAA UX C MEPEXOJAMU MEXKIY COOCTBEHHBIMU
COCTOSTHUSIMU 3JIEKTPOHHOMU TIO/ICUCTEMBI MOJIEKYIbl. CMeKaJIb BBEJI TIOHSATHE O «IOCTYIATEbHBIX KBAHTOBBIX
HepexoJiax», IIPU KOTOPBIX MPOUCXOIUT HEYIIPYTOE PACCESHUE CBETA. DTH MEePEXO/(bl BOSHUKAIOT IIPU OCBEIEHUH
aTOMa, MJIA MOJIEKYJIBI MOHOXPOMATHIECKUM 3JIEKTPOMATHUTHBIM IT0JIeM Jii060# yactorsl v. [Ipeanoraraer-
Cs1, 9TO M3HAYAIHLHO aTOM MJIA MOJIEKYJIa HAXOJATCS B CBOEM M-OM 3JIEKTPOHHOM KBAHTOBOM COCTOSIHUU C
sueprueit F,, u 00/aai0T HAYaIbHON MOCTyIATEILHON CKOPOCTHIO v;. [To CMeKato, Ipy «II0CTynaTeIbHOM
KBAHTOBOM IIEPEXOJIE» CYIIECTBYET OIPEJIEIeHHAs] BEPOATHOCTD B €MHUILY BPEMEHI C’,’}l’f;; epeiTu MoJIeKyJIe
0JT, JIECTBHAEM TIAJIAIOIIEr0 U3JIyYeHUsl U3 M-TO B N-€ JEKTPOHHOE KBAHTOBOE COCTOsIHUE, U3MEHUB CBOIO
CKOPOCTD MOCTYNATEJHLHOIO JBUKEHNS KaK 110 BEJIMYNHE, TAK U 10 HAIIPABJIEHUIO, HA OKOHYATEIBHYIO CKOPOCTh
vy. IIpu sTOM HCIycKaeTcs u3iIydenne 4acToTol /. HavaabHoe U KOHETHOE COCTOSIHUS NOJIZKHBL OBITh CBI3aHbL
3aKOHOM COXPAHEHUSI SHEPIUU U MMITYJIbCA.

B npeamooxkennn o 6eCKOHETHON Macce MOJIEKYJIBI CJIEIyeT OXKHUIATH, ITO CKOPOCTH MOJIEKYJIBI He
MEHSIeTCsI, 8 TOUYHEee, C TOYHOCTBIO 110 JIOIJIEpOBCKOTO CMEIIeH sI, YTO MOJIEKYJIA [IOKOUTCs, 1 IIPEJICKA3hIBAEMOe
Heynpyroe paccesiane CMeKaJIst JIOJKHO onuchiBaTbesi hopmyioii Kpamepca n Teitzen6epra [3] (em. Takske [4]),
KBaHTOBOMEXaHUYIECKUl BBIBOJL 3T0 (hopMyJibl ObL1 nipemiioxked B paborax [5-7]. Ilpumenenue dbopmyiint
Kpamepca u Teitzenbepra k cucreme, obsragaromeil Kak AUCKPETHBIM, TAK M HEIPEPBIBHBIM CIIEKTPOM, IIPEIIIO-
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JlaraeT CyMMHPOBaHUE 110 JIUCKPETHOMY THANA30HY U MHTEIPUPOBAHUE 110 HEIPEPLIBHOMY JHara3ony. JhderT
Cmekastst CBOJIUTCsI, TAKAM 0Opa30M, K MEPexXo/ly MOJIEKYJIbI DU PACCESTHUU Ha Helt (DOTOHA ¢ HEKOTOPOI BEpo-
ATHOCTBIO B MHOE BO30YKJICHHOE 3JIEKTPOHHOE cocTostuue!. OHAKO B TAKOM MPUOJIIKEHIN HE YINTHIBACTCS
3aKOH COXPaHEHUsI UMITyJIbca. TOYHOe OmmMcaHne aKTa paccesHusi, KOrJIa B Pe3yJIbTare MoJIyvdaeTcs (pOTOH
C U3MEHEHHOU YacTOTOIl M aTOM B M3MEHEHHOM COCTOSAHUU, JOJIZKHO YUUTBIBATH OT/Ia4y, UCILITHIBAEMYIO
aroMoM (MoJieKyJIoii) npu u3iaydenun dporona. [lonbiTke 910 yuecTs u nocesiieHa pabora Cmekasis.

B cayuae ke KOMOHHAIMOHHOTO (HECMEKAJIOBCKOIO) PACCEsTHUS MOJIEKYJIbI IIPEJIIIOJIATAI0TCS PAMAH-
aKTUBHBIMU: ¥ HUX OTCYTCTBYIOT coorBercTByomue VK mepexoasl Ha dacToTax, HAOIIOIAEMBIX ITPU KOM-
OuHanmMoHHOM paccesiann. HeyipyrocTs CBS3bIBaeTCH ¢ BO30YXKIeHNEeM BUOPOHOB, KBA3UIACTUIL KOJICOAHMIT
OIHOI U3 CB#A3€ell aToMOB B MoJjieKyse. [Ipupona sTux kosebanuii 94ncTo KBAaHTOBAas, TAK KaK CTaOMIbHOE
COCTOSTHIE aTOMOB B MOJIEKYJIE CBSI3aHO C B3aMMOJEHCTBHEM ITOJICUCTEMBI 3JIEKTPOHOB C TOJCUCTEMOI sijiep.
Tax 4T0 BUOPOHBI B HEKOTOPOM CMBICJIE OIUCHIBAIOT KOJIJIEKTUBHBIE KOJIEOAHMS BCEX sJIEp B MOJIEKYJIE, B3a-
MMOJIEHCTBYIOIINX MEXKy cODOI Yepe3 3JIeKTPOHHYIO mojcucremy. [leHTpaibHYI0 pOJIb IIPU 9TOM HI'PAET
KBAHTOBOMEXAHIIECKNI XapaKTep 9TOT0 B3aUMOJIEHCTBUs. B KiraccmaeckoM ciiydae paBHOBECHOE COCTOSTHUE
9TUX JIBYX IOJCUCTEM HEBO3MOYKHO.

3aMeTuM, UTO MpU CMEKaJOBCKOM HEYNPYTOM DACCesHWUH, BO-TIEPBBIX, IpearaeMblit 3¢bdekT 10KeH
HaOJII0JATHCST HE TOJILKO TIPH PACCesTHUM HA MOJIEKYJle, HO U Ha aroMe [10], BO-BTODBIX, CMEKAJIOBCKUil CIBUT
I pacCesHIN Ha HeBO30OYKIEHHOM aTOMe MMeeT TOJIBKO KPACHOE CMEIIEHHE, B OTINYNe OT KOMOHHAIOHHOTO
paccesiHUsl, KOI/Ia HAOJIIOIAIOTCS W KpacHoe (CTOKCOBCKHI CHI'HAJI), U CHHee (AHTH-CTOKCOBCKHN CHIHAJ)
CMEIIEHHs], IPUYEM BeJMIMHBI 9TUX CABUTOB [0 MOJLYJIIO COBIIAAIOT.

IIpu KOMOUHAITMOHHOM paCCesTHUU BOIIPOC 00 OTIade, KOHETHO, CyIIECTBYET, HO OH HE OIMCHIBAETCSI
CTOJIb IMIPOCTHIM TIOJIXOJOM, KaK pa3BuBaeMblii B pabore Cmerass. Tak Kak UMITYJIbC OTIAYHA U3JIY 9€HHOTO
doToHA MOXKET MPUBECTH HE TOJHKO K M3MEHEHUIO CKOPOCTHU BCEHl MOJIEKYJIbI, HO U K BO30Y2K/ICHUIO KOJIEOAHI
JNpyTuX cBst3eit Mexkry aromaMu. OOBITHO IPU PACCMOTPEHNN KOMOUHAITOHHOTO paccestiust STuMu 3 derravu
MTOJTHOCTDHIO TIPEHEOPEraroT.

C »roit Touknu 3penus pabora CMekasis nMeeT HE3aBUCUMYIO IIEHHOCTh, TAK KAK OHA [TOCTABUJIA OYEHb
WHTEPECHBII BOIIPOC O POJIM OTHAYH [IPU U3JIyIeHUU. SICHOrO OTBETA HA STOT BOIPOC HET U HA CETOIHSIITHUI
JICHb.

[Turuposanue crarbu CMeKassi Kak sIKOOBI [IpeJIcKa3bIBaoleil KoMOuHaImoHHoe paccesiue [10-16], o
BCeil BUIMMOCTHY, CBSI3aHO C HEJIOOIEHKON BaXKHOCTH Pe3yaIbTaToB paboTsl Pamana. CchLIKM, CBS3BIBAIOIITE
crarpio Cmekasts ¢ adpdexkrom Pamana, KOHIIEHTPUPOBaIN BHIMAaHUE HA OTKPBITHH PaMaHoM HEympyroro
paccestaust ceeta. OIHAKO MPUPOJIA ITOTO HEYIPYTOro paccesaust o0 CMEKaJIIo OIpeIesisijiach KBAHTOBBIMI
HepexoiaMu JIEKTPOHHOI HOJICUCTEMBI U OT/Ia4deil IPU U3JIyYeHUH, B TO BpeMs KaK IIPH KOMOWHAIIMOHHOM Pac-
CesTHUU OHA CBSI3BIBAETCSI C MOJYJISIIUEN 3TUX COCTOSIHUI BUOpAIMSIMU CBSI3U aTOMOB B MoJjieKyse. OTMedeHHbIe
CwmekaJsieM siBJIEHUSI OTHOCSITCSI, CKOPee, K JIOIIJIEPOBCKOMY CMEIIEHUIO B (DJIIOOPECIICHITNN.
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IIpnnoxxkenne 1

A. Cmekauib. K KBaHTOBOI Teopuu paccesiHusi cBera (IepeB. Ha PyCCKHl sI3bIK
A.TI1. BunorpaioB)

K. T. JapBun HeJaBHO OIyOIMKOBAJ UCCIEI0BAHME 110 KBAHTOBOI Teopun paccesuus csera (Nature
110, 841, 1922; Proc. Nat. Acad. Amer. 9, 26, 1923; Nature 111, 771,1923), koropas, Ha IE€PBbIHA B3I
OCTaBJIIET BECHbMA IMOJIOKUATEILHOE BIIEUYATIEHIE, HECMOTPSI Ha HEKOTOPbIE HEPEITEHHBIE TTPOOJIEMBI.

71t ero paccyKJIeHUi sIBJISeTCsl CYNIECTBEHHBIM IPEJITOIOKEHIE O CIIPABEJJTMBOCTUA BOJTHOBOW TEOPHUH
B cBOGO#HOM BakyyMme. OH CIMTAET MOJIEKYJIbI Ta3a (aTOMbI), HAXOSNIIUECs [0, BO3ACHCTBIEM U3JLy YeHUs,
TIOKOSIIIUMIUCS U JIOMYCKAET, 9TO OHM, C HEKOTOPOl BEPOSITHOCTHIO, CIIOCOOHBI UCIIyCKATh BTOPUYIHbBIE Chepu-
YECKHEe BOJIHBI, 9ACTOTHI KOTOPLIX COOTBETCTBYIOT KBAHTOBLIM CIIEKTPAJIBHBIM YaCTOTAM MOJIEKYJI (aTOMOB).
HeszaBucumo oT TOYHOCTH OIIpe/ieIeHNs HEKOTOPBIX JleTajlell OIMMCAHHON KAPTHUHBI, MOKHO IPUNATH K COOT-
HOIIIEHUSIM, OIIMCBIBAIOIINM PAacCCESHUE, B KOTOPBIE, U TO BJISETCS CYIIECTBEHHBIM ITPOIBUYKEHUEM BIIEPE]T,
BXOJAT KBaHTOBBIE YACTOTHI MOJIEKYJIPHBIX YACTUI] BMECTO KJIACCUYECKHUX JIEKTPOMArHUTHO-MEXaHUIEeCKIX
CODCTBEHHBIX 9aCTOT YACTHUIIHI.

Hezasucumo or /lapBuna, aBTOp 3THX CTPOK y2Ke JABHO JeJIajl [IOXOXKHUE MOIBITKH IOCTPOUTH COOTHO-
meHns ykasansoro tuma (Wien. Anz. 1922, s. 79; Naturwissenschaften 11, 411, 1923); HO pe3y/abTaThl 3TUX
MOTBITOK TTOKA3AJIMCh €My OeCIIOJIe3HBIMHU I10 IPUINHAM, KOTOphie /lapBUH He cunuTaer OYeHb CEPbEe3HBIMU, a
WMEHHO, YKa3aHHBIM JlapBUHOM CI10cOO0M HEBO3MOXKHO ODECIIEUNTh CTAIMOHAPHBIN DAJIAHC SHEPIUU MEXK LY
M3JIy9eHneM U BEeIeCcTBOM. Bpoduem To, 9TO CTAIMOHAPHBIH OAJIAHC SHEPTHH MEXKTy M3JIyIeHUEM U BEIIECTBOM
HeJIb3s1 00eCcIIednTh YKa3aHHBIM BBIIIE HOAX00M, moHuMan u cam Jlapsun. Ilens HacTosIel craTbu COCTOUT B
TOM, 4TOOBI IIPOJIUTH CBET HA TOT BOIIPOC, & TAKyKe PACCMOTPETH HoJiee 110 IPOOHO BOIIPOCHI BOJTHOBOW TEOPUHU
U TIPEJIJIOKUATH PA3yMHBIE TIEPCIEKTUBLI JIJIsl PEIICHUsT BOZHUKIIUX TPYTHOCTEN.

1. Yro kacaercst BOJIHOBOI Teopud, TO MIUPOKO PACIPOCTPAHEHO MHEHHUE, YTO TAaK KAK OHA CIIPABEIJIINBA
JJId BaKyyMa MeXKJIy KBAaHTOBBIMHM aTOMaMH, TO B CBA3HU C 3TUM 3JIeMEHTapHbIE IIPOIECChl U3/IyYeHNA MOXKHO
CIUTATh IIE€PUOJUICCKUMU. HpO6JIGI\/IaTI/I‘{HOCTb yTBEPXKAEHUA O NIEPUOJUIHOCTU I10JId COCTOUT B TOM, 4YTO, IIO
CYTH, OHO OTHOCUTCS TOJIBKO K BAKYYMY U IIO9TOMY OCTAETCS IKCIEPUMEHTAIHHO HEKOHTPOJUPYEMBIM (Mbl
HE MOHCEM IKCNEPUMEHMAALHO ONPEIEAUNL, YN0 NPOUCTOOUM SHYMPU AMOME), IIPUHIAI COOTBETCTBUS
Bopa, moxoxke, Takyke HHYEro He TOBOPUT B IOJIB3Y ITOTO yTBepKjeHudA. [l TOro, 9Trodbl 3TO MOHSATH,
HY?KHO TOJIBKO IPEJICTABUTH, 9T0 B MakcBesui-JIopeHTieBCKOil 9/1eKTPOoInHAMUKE TIEPUOIUIHOCTD U3JIyIaeMOit
BOJIHBI 0DYCJIOBJIEHA TIEPUOIUIHOCTHIO KOJIEDATEIHHOIO JIBUKEHUS JIEKTPOHOB, KOTOPbBIE CIIEINAJIBHO IIPeJ-
[IOJIAral0TCs KBAa3UyIIPYTO CBSI3aHHBIMEU C ATOMOM TaK, 4TOOBI 9acTOTa KOJIEOAHUI CTajIa SHEPTrO3aBUCHMOIA.
Nmenno gacTora 3TUX KOJIEOAHUIN ABJISIETCS OCHOBHBIM IIAPAMETPOM BOJIHBI, 8 HE JIJIMHA, BOJIHBI, C KOTOPOIA
CBsI3aHA TIEPUOINIHOCTD, HAOJIOIaeMast B BAKyyMe, U KOTOpasi CTAHOBUTCsT BA’KHOI TOJIBKO OjIaromapsi CKOpo-
CTU PACIPOCTPAHEHUS CBETA. DJIEMEHTAPHBIN MPOIECcC U3JIyIeHns B KBAHTOBOM Teopuu Bopa MoxkeTr ObITh
MIEPBOHAYAIBLHO 0XapaKTEPU30BaH TOJIHKO BEJTHIUHON, NMEIOIeil pa3MepHOCTD ' 1 UMEHYeMO# «9IacTOTO»,
a He «JUIMHOI BOJIHBI». OJIHAKO, ITOCKOJIBKY 3TO YHCJIO IPUHIUITHAJIBHO OTJIMYAETCsI OT MEXaAHUIECKUX Ya-
CTOT, XapaKTEPUIYIOMUX NEePUOJANIECKOe NN KBAa3UIEPUOANIECKOe BHYTPEeHHee JBUKEeHNEe 3JIeKTPOHOB B
aToMe, U3 IIePUOJAUYHOCTH 3TOTO JIBUXKEHUA y2Ke Heslb3s ClesIaTh BBIBOJ, YTO HCIIyCKAaeMOe U3JIydeHUe TOXKe
nepuoimaeckoe. Kcim ternepb OCyIecTBATH Hepexol] K MPeIey «IJINHHBIX> BOJIH, TO U3 IIPUHIIAIIE COOTBET-
CTBHS CJIEJIyeT, 9TO «IACTOTHOE» UHCJIO, BXOJIAIee B ycioBre Bopa, JOKHO aCUMITOTHIECKN CXOIUTHCHA K
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qacTOTe MEXAHMIECKUX KOJIEOAHNI BHYTPEHHETrO JBUYKEHUST PACCMATPUBAEMOI aTOMHOM cucTeMbl. OmHaKO
BBIBOJ], O IIEPUOJIUYHOCTHU IIOCJIEJHETO C IIEePUOJUIHOCTHIO PAJUAIIMOHHOIO IIPOIlecca OCTAETCsA B IIPUHITUIIC
HeJI0Ka3aHHbBIM.

2. V3BecTHBIN BBIBOA, DWHIITEHHOM 3aKOHA M3aydeHust IlIaHKa CIpaBeIinB TOJBKO IS aTOMHOI
CHUCTEMBI, HAXOIAIIENCA B SJHEPTETUIECKOM PABHOBECUH C U3JIyUeHUEM, U TOJbKO JIS TOKOSIIUXCA MOJIEKYJT
W aTOMOB, U, €CJIM HAa HUX BO3JIEHCTBYET UCK/IIOUYUTETHHO MOHOXPOMATHYIECKOE M3/IydeHUne, Ha UX COO-
CTBEHHBIX CIIEKTPaJIbHBIX JacTOTaX. JIerko BUJIETh, UTO JOIYIIEHNs, BBEIEHHbIEe DUHIITEIHOM, SBJISIFOTCS
€IMHCTBEHHO BO3MOYKHBIMHU, €CJIM MBI OIPAHUYNMCS PAMKAMHI BBIBOJA JUHINTEHHA, B KOTOPHIX AIMIPOKCUMAIINST
JeCTBYIONIUX, HO JIO CUX IOP HEUM3BECTHBIX MPUYUHHBIX 3aKOHOB C IOMOIIBIO BEPOATHOCTHBIX IIPEJIIIOJIOKEHU
cunrtaercd gocrarouynoii. Ho Torna us BbIBOga DIMHINTEHHA TaKyKe CJIELYET, YTO JII000e BJINAHNE U3JLy IeHUs
JII000#1 JaCTOTHI, BHI3BIBAIOIIEE PACCESHUE, B C/IyUae MOKOSIIIXCI MOJIEKYJI 00sI3aTeIbHO JOJI2KHO IMPUBOIUTH
K IIPOTHUBOPEYHUIO CO BTOPBIM 3aKOHOM TEPMOJIUHAMUKNA MAKPOCKOIIMYECKOro u3jydeHust. C ydeTomM 5Toro
pe3yJibraTa HaM KasKeTCsl, UTO, JiayKe HE3ABUCUMO OT KAKUX-JIMO0 BO3parKeHuii 00 MCIIOIb30BAHUN BOJIHOBOI
TEOPUH, BBIMIEYIIOMSHYTHIM JAPBUHOBCKUAM U BCEM ITOJIOOHBIM MM COOTHOIIEHUSIM JJIsi PACCESTHUS BHIHECEH
npuroBop. IIpuBegeHHOe BBIIE YTBEPXKIACHUE O TOM, 9TO B IIPEXKHUX MOMBITKAX JlapBuHa u aBTOpa He yIaBa-
JIOCh 00eCIIeYNTh HEPYITUMOCTH IHEPTETUIECKOr0 DaTaHca MEeXKIY U3IyUIeHHEM W BeIeCTBOM, Teleph CJIeIyeT
PacCIpoOCTPpaHUTh U HA TO, UYTO TaKO Oa/laHC B MPUHITUIIE HEBO3ZMOXKEH IIPU MOKOATINXCSI aTOMAX U MOJIEKY/IaX.

3. Kazkercst, 9T0 BOIIpOC KBAHTOBOIM TEOPUU O PACCESTHUS CBETA IMMPOJIBUTACTCS B OU€Hb KOHKPETHOM
HAIpaBJeHnn: 6e3 ydeTa MOCTYIaTeIbHOIO JIBUXKEHUS He CyIIEeCTBYET PaJHaIliOHHOro paBHoBecus! BakHoCTh
9TOI0 yTBEPKIEHUS IIPUMEHUTEJIBHO K YHCTO TEIIOBBIM BO3JEHCTBHAM Ha O0JIydaeMoe BelecTBo (cama
TeMa TEIIOBOrO M3JIyUeHNs B TIOCJIE/IHEE BPEMSsI BBINUIA U3 MOJIbI! ), BEPOSITHO, He TPEOYeT IOMOJHUTENbHBIX
nosicHeHuit. Takoii »Ke BBIBOJI MOYKHO OBLIIO OBI CIEIaTh, XOTS M MeHee KPATKO, CJIETysl XOPOIIO N3BECTHOMY
COO0OpaKeHU 0 JUHINTEHA O COXpAHEHUH UMITYJIbCA; TAK KAK XOPOIIO MOHSITHO, YTO HEOOXOIUMO yINTHIBATD
BJIMSIHUE TTOCTYIATEIBHOTO JBUYKEHHUS JTa2Ke [IPU PACUIETEe JaCTOT CIEKTPAJbHBIX JuHuit. T.0. ciemanHnoe BhIie
YTBepzK/IeHIe COXpaHdAeTCd U 3/leCb, HO B MeHee IIPO3PadyHOM BH/IE.

4. Ctporo roBopsi, BBIBOJ, DUHIIITEHHOM 3aKOHA MU3/iydeHus [IJ1aHKa OTHOCUTCS TOJIBKO K IIOJIIO U3JTY-
YeHUsl, B KOTOPOM IIPEJICTABJIEHBI TOJBKO CHEKTPAJJIbHBIE YACTOTHI TOI'O TUIIA ATOMOB M MOJIEKYJ, KOTOPbIE
HUCIIOJIB3YIOTCS B HACTOMINEe BpeMd; Bce JPyTue 4acTOThI, Ha KOTOPBIX JOJXKHO TaKKe IIPOUCXOJIUTH Pac-
CesTHUe, MCKJIIOYAIOTCI caMu coOOil, UTo, HAapuMep, o0ecreInBaeTcs YaCTOTHRIMA yeaoBusaMu bopa. U3
SUHINTEHTHOBCKOTO 3aKOHA PACCESIHUsI, KOTOPDHIN MOXKHO CIUTATH SMIMPUIECKH 3aJaHHBIM Ha, JI000i JacTore,
CJIEJIYET, UTO MPU KAXKJIOM JIEMEHTAPHOM ITPOTECCE UBJIYUEHUS WM ITOTJIOMEHNST KOJTUIEeCTBO SHeprun hy u
HAIPABJIEHHOIO UMILYJILCA MV /¢ NOJKHBI UTPATDH TY YK€ POJIb, YTO U IIPU U3JIyYEHUU CIEKTPAJILHBIX 9aCTOT
smann. [TockobKy n3 onmcanust DUHINTETHA 9TO Cpa3y HE CJIeIyeT, HeOOXOMMMO MOMIEPKHYTh, YTO CYIIe-
CTBOBaHME TAKOI'0 HAIIPABJIEHHOI'O MMITYJIbCA, BO3HUKAIONIErO IIPU B3aUMOJICHCTBUN U3/IyYEHUA C BEIIECTBOM,
MOX>KHO BBIBECTH, KPDOMe ero abCOJIIOTHON BEJIMYNHBI, yKe U3 3aKOHA CMellenns Buna, T.e. 9T0 He Tpedyer
KBAHTOBO-TEOPETUIECKOTO paccMOoTpeHusi. V3 3aKoHa M3/TyUeHnsi, KOTOPBI /st 9TOM eI MOYXKHO CYUTATH
SMIIUPUYECKN 38 [AHHBIM JIJIsl JIFOOBIX YaCTOT JUCIIEPCHH, CJIEJyeT, YTO abCOIOTHBIE BeJauauHbl hy u hv/c
JOJIKHBI UTPATH TAKYIO K€ POJIb [IPU B3aUMOJIEHCTBUN U3/TyYeHUs JIIOOON 9acTOThI ¢ BEIECTBOM, KaK ¥ IIPU
U3JIyYeHUU CIEKTPAJIbHBIX JIMHUM.

5. DT0 OTKPBITHE IO3BOJISET CIEJIaTh BbIBOJ, O BOSHUKHOBEHUU I10J] JIEHCTBUEM MOHOXPOMAaTHUYECKOIO
U3JIyYeHUs] KBAHTOBBIX II€EPEXOJI0B HOBOT'O THIIA, KOTOPBIE JIJIsl IIPOCTOTHI B JIaJbHENUIIIEM MOTYT Ha3bIBATHCS
<IOCTYIIATEJbHBIMA KBAHTOBBIMU TIepeXofaMmy. s KaxK0oro aToMa WM MOJIEKYJIbI, HAXOSIIIXCS B CBOEM
M-M KBaHTOBOM COCTOSIHUU C dHeprueil F,, m 00Ja1afomuX MOCTyIaTeJbHON CKOPOCTHIO U, MPOU3BOJIHHO
OPHEHTHUPOBAHHOI OTHOCUTEILHO HAIIPaBJIEHUd I1aJIeHNs CBeTa YaCTOThI V, CYIIEeCTBYET olpejie/ieHHas BEPOAT-
HOCTb B €JIMHUIY BpEMEHHI C’]f;f;/ IIepeiiTy aToMy IO, NEHCTBUEM H3JIyUYeHUs JII00ON YaCTOTHI U3 M-TO B N-€
KBaHTOBOE COCTOSIHHE U M3MEHUTb CBOIO CKOPOCTH MOCTYIIATEJILHOTO ABUYKEHHs Ha v’ Kak 110 HallpaBJICHUIO,
Tak ¥ 10 BEJUYMHE, U UCITyCTUTDH IIPU 3TOM BTOPUYIHOE M3JIyUeHHNe YaCTOTHI L.

Cunrast, 9T0 3aKOHBI COXPAHEHUS SHEPIUH U UMILYJIbCA JIJIsI TAKOTO MPOIECCa B TOTHOCTU BBITIOTHSAIOTCS,
JIETKO yBUJIETH, UTO OTAa4da hy'/c, cBsA3aHHAs ¢ MCIyCKAHMEM BTOPUYHOTO M3JIyUeHHs JacTOThl v/, Gyzer
UMeTh UHOe HAIPAaBJIeHHe, YeM OTJada hv/c, BOSHUKANAs IPH <IOMVIOIEHU» [ePBATHOIO W31y IeHUsI
qacToThl V. K npenebpeds peiSTUBUCTCKUME MOTPABKAMEI U CYUTATH MACCY MOJIEKYJIbI TIOCTOSHHOM 1
paBHOT M, TO 3aKOH COXpaHeHUs SHEPIUHA O3HAYAET, UTO

M2 My'?
v +Em+hu:Ty+En+hu’

Yacrora ' MoxKeT OLITHL KaK 00JbIlle, TaK U MeHbIIe v. HeTpyaHno y6eanTbes, 4TO TaKnue «IIOCTyIa-
TeJIbHbIE KBAHTOBBIE [I€PEXO0/IbI» HE MOT'YT HAPYIIUTh PAJUAIMOHHOE PABHOBECHUE, €CJIU JIJIsI KayKJI0I0 TAKOTO
[IpoIiecca MPeIIosaraTh ene U CyIecTBOBaHne OOPATHOTO. Y YUTHIBas BO3MOYKHOE N3MEHEHUE HAIIPABJICHUS
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U3JIy4eHus, BHI3BAHHOI'O 3TUMHU IIPOIECCAMU, B C/Iydae m = n HYKHO IIpeJlosaraTb yIpyroe paccesnue, a B
cIIydae m # n MOYKHO FOBOPHUTBH O HeynpyroM. llocsennue mporecchbl, 09€BrIHO, TIPEBPAIAIOTCS B PeabHOe
HOIJIOIIEHNe WK UCITycKaHue hy tpu obsyuennu (Diiamreiin), ecan v/ = 0 wm v = 0:

MO 4 B + o= M2 4 B, (En > Ep)

MO 4 By +ho = M5 4 Byt o' (Ba < Bw).

Eciin npeneGpeds TpaHCISIMOHHBIMI YJIeHAMU, KOTOpbIe, Kak mokasas LlIpejauHrep, nmpuBogar K
abdexty Hommepa, TO 3T OTHOIIEHNST CTAHOBATCS TPOCTO MJICHTUIHBIMU YACTOTHOMY ycaoBuio Bopa. Kak
BUJ/IHO U3 TECHOI CBSI3U MEXKJIy PACCEsIHHEeM U JIUCIIEPCUEil, MOXKHO OXKUJIATh, YTO MOXKHO OyIeT IpUiTH K
HOBOMY BBIBOJIY 3aKOHa u3jydeHusi [[J1laHKa U K KBAHTOBO-TEOPETUYECKON MHTEPIIPETAIINN PACCETHUS Iy TEM

’
COOTBETCTBYIOMel HHTepIpeTanuy Besgmauna C)LY, .
)

Bes ,HaﬂbHefIIHI/IX BBbIUYMCJIEHUIT MOXKHO TaKKe YBUIETH, 9TO paBHOBECHbIE 3HAYCHNA OTAC/IbHBIX BEJIMYINH,
IIOMHUMO HEKOTOPBIX CPEJIHUX 3HAYEHUIT BEJIUINH Cgl’,l;,/, MOI'yT 3aBUCETDH JIUIIb OT pa.3HOCT€I7I 3H€pFPII71, Xapak-
TEePU3YEMbIX KPUTUYICCKUMU CHECKTPAJIbHBIMUA YaCTOTaAMU MOJIEKYJI; TOTJIa BKJ/JIIOYEHNE B OIMMCAHUEC DacCedHud
IIOCJIEAHUX, a HEe KaKHUX-TO MEXaHUYICCKUX TaCTOT KOJI€684HI/IIL/'I7 opeacraB/ideTcd ¢ CaMOr'o HavdaJla B KaKO#-TO

CTEeIeHN SICHBIM, KaK TOTO TpeOyeT SKCIePUMEHTAIbHBINA OIIBIT.

ABTOp XOTe] OBl OCTABUTHL 3a COOOW IPABO BEPHYTHCA K ITUM M HEKOTOPBIM JAPYTUM BOIIPOCAM
B CB3W C CaMbIMU TocjaefHuMu coobpaxkenusamu Jlagepubypra u Paiixe (von Ladernburg und Reiche
Natiurwissenschaften 11, 584, 1923) a 3arTeMm HaJeeTcs, 9YTO CMOXKET JIATh B APYIOM MECTe€ HEKOTODbIE
JIOTIOJTHUTEIHHBIE TIOJAPOOHOCTH O BBIBOJIE CAMOI TEOPUH PACCESTHUS.

6. Brillle IPpUHSITO MOJIOXKEHWE O TOM, YTO sIBJIEHUsI PACCESHUsI MOI'YT OBbITh, IO CYIIECTBY, IOHSITHI
TOJIBKO Ha OCHOBE OAJIAHCOB YHEPIUU U UMILYJIbCA, HE CUUTAsl, KOHEUHO, 00si3aTe/IbHOIO MCIOJIHL30BAHUS
KJACCHIECKON Teopruu B MPUOJIMKEHNN «IJIMHHBIX» BOJIH. EC/IM 9TO OKAXKETCsT OCYIIECTBUMO B YKA3AHHOM
CMBICJIe, TO OyIeT MOKAa3aHO, YTO, B OTJIMYNE OT IKCIEPUMEHTOB, YIOMSHYTHIX B Hadaje, MOHATH BOJHOBOI
TEOPUH M, B YACTHOCTH, BOIIPOC O PACIPOCTPAHEHUHU CBETA 3J1eChb He UI'paroT HUKakoi posu. Cepbe3Hoii
MOJIJIEP>KKON TAKUX HAJEIK]] ABJIAIOTCS PE3Y/IbTaThl 10 PACCESIHUIO JIOCTATOYHO KOPOTKOBOJIHOBBIX PEHTTEHOB-
CKUX JIy4eil, B 4aCTHOCTUA OOHAapyKeHHOEe 3/1eCh CHUXKEHWE YaCTOTHl BTOPUYHOTO U3JIyYEHUsl, PACCESTHHOIO
BOOK; 1 BecbMa ycreniabie Teopun roro ssienus A. X. Komnrona (Phys. Rev. 21, 483, 1923) u I1. [ebas
(Phys. ZS. 24, 161, 1923) BbITEKAIOT HENOCPEICTBEHHO U3 M3JI02KEHHBIX BBIIIE [OJIXO0J0B JJisi OYEHb DOJIBIINX
sHadennit v u V. HecoMHeHHO 1 TO, 4TO IIpeAfoaraeMbIM UCHOIL30BAHIEM 3aKOHOB COXPAHEHUs! SHEPIUH 1
UMITYJIbCA B JAJIbHENIIeM HeJlb3sl OyJIeT OrpaHudIuThC. 1IpecraBiisiercs, YTo BCIKOe N3MeHeHe HallpaBJIeHNs
CBETOBOTO JIy4a OYIEeT CBS3aHO C IPOIECCAMU, BECbMa CXOJHBIMU II0 CBOEI IIPUPOJIE C OIUCAHHBIMU BhIIIIE
«IIOCTYTIATEIbHBIMU KBAHTOBBIMU [TEPEXOIAMU>.

®opmMaJIbHOE TIPUMEHEHNE PACCY:KIeHNI JHHIITeliHa 00 UMILYJIbCaxX IIPUBOANT, B IPUHIIUIIE, K H3Me-
HEHWIO YaCTOTHI UJIN K OCJIA0JICHUIO CBETa MPU KaXKJIOM IIPOIECCe OTPaXKEHUs, TPEJIOMICHUN U UM PAKIUH,
CJIEJICTBUEM Yero cTajio 0oJjiee KOHKPETHOE, HE3aBUCUMOE OT PACCMOTPEHHBIX BBIIIE BOIIPOCOB, BHICKA3LIBAHIE
V. Hysita (Proc. Nat. Acad. Amer. 9, 158, 1923). BoJiee BHUMATENBHOE PACCMOTPEHUE IIOKA3LIBAET, ITO
MOJIyIeHHBIE B Pe3y/IbTaTe OTKJIOHEHUsT OT KJIACCHIECKON BOJTHOBOIT TEOPUHM MOTYT OBITDH JIETKO HHTEPdEpO-
MeTpudeckn u3Mepenbl. OIHAKO, BO3SMOXKHO, €Ille JAJIEKO [0 TOr0, KaK OCYIIeCTBATCS TaKhe HAaAEXKIbl Ha
Oy/yIree, KOTOpble BO MHOTOM OBLIKM ObI IIPUTOMHBI /I PA3PYyIIEeHUs JOTMbI O HE3aMEHUMOCTHU BOJTHOBBIX
cooOpasKeHHil B OIITUKE OTPAYKEeHUsI U UHTePMEpPEHITNH.

IIpnnoxkenne 2

Smekal A. On the quantum theory mia light scattering (translation into English
A. A. Lisyansky)

C. G. Darwin has recently (Nature 110, 841, 1922; Proc. Nat. Acad. Amer. 9, 26, 1923; Nature 111,
771, 1923) published a study on quantum theory of dispersion, which leaves a very good impression at first
glance, despite some difficulties.

For his reasoning, it is essential to assume the validity of the wave theory in free space. He considers the
gas molecules (atoms) under the influence of radiation to be at rest and supposes that they can emit secondary
spherical waves with a certain probability, the frequencies of which correspond to the quantum spectral
frequencies of molecules (atoms). Regardless of the accuracy of some details of the described picture, one
can obtain relationships describing scattering, in which, and this is a significant progress, instead of classical
electromagnetic-mechanical eigenfrequencies, quantum frequencies of molecular particles are included.

Independently of Darwin, the author of this note has long been making similar attempts to construct
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relationships of the specified type; but the results of these attempts seemed useless to him for reasons that
Darwin does not consider as very serious, namely, it is impossible to ensure a stationary energy balance
between radiation and matter using the method used by Darwin. However, the fact that the above approach
cannot ensure a stationary energy balance between radiation and matter was understood by Darwin himself.
The purpose of this article is to shed light on this issue, as well as to consider the wave theory in more detail
and to offer reasonable prospects for solving the difficulties that have arisen.

1. As far as the wave theory is concerned, there is a widespread opinion that one can safely regard
the wave theory as valid for the vacuum, outside of the quantum atoms and, in connection with this, can
regard the elementary radiation processes as periodic. The problematic nature of the assertion about the
periodicity of the field is that, in essence, it refers only to the vacuum and, therefore, remains experimentally
uncontrolled (we cannot experimentally determine what happens inside the atom); Bohr’s Correspondence
Principle also seems to say nothing in favor of this assertion. In order to see this, one only needs to imagine
that in Maxwell-Lorentzian electrodynamics the periodicity of the emitted wave is caused by the periodicity
of the oscillatory motion of electrons, which are specifically assumed to be quasi-elastically coupled to the
atom, so that the oscillation frequency becomes energy-dependent. It is the frequency of these oscillations
that is the fundamental parameter of the wave, but the wavelength, which only becomes important through
the speed of the light propagation. In Bohr’s quantum theory, the elementary radiation process can initially
be characterized only by a quantity with the dimension of Hz and called “frequency,” not “wavelength.”
However, since this quantity fundamentally differs from the mechanical frequencies that characterize the
periodic or quasi-periodic internal motion of electrons in an atom, the periodicity of this motion cannot be
used to conclude that the emitted radiation is also periodic. If we now make the transition to the “long” wave
limit, then from the correspondence principle, it follows that the “frequency” quantity entering into the Bohr
condition must asymptotically converge to the frequency of the mechanical oscillations of the internal motion
of the considered atomic system. The inference from the periodicity of the latter to that of the radiation
process remains, in principle, unfeasible.

2. The well-known derivation of Planck’s radiation law by Einstein is valid only for a molecular system
in thermal equilibrium with radiation; moreover, the molecules or atoms must be in rest and exposed to
exclusively monochromatic radiation at their own eigenfrequencies. One can see that the assumptions used
by Einstein are the only possible ones if we limit ourselves to the framework of Einstein’s derivation, in
which the approximation of the acting, but still unknown causal laws, by means of probabilistic assumptions
is considered sufficient. But then Einstein’s derivation also states that any influencing of radiation of any
frequency, causing scattering on molecules at rest, must necessarily lead to a contradiction with the second
law of macroscopic radiation thermodynamics. In view of this result, it seems to us that even despite any
objections based on the use of the wave theory, the above-mentioned Darwinian and all similar dispersion
theories of scattering are doomed. The statement that in previous attempts by Darwin and the author, one
cannot ensure that the energy balance between radiation and matter should now be extended to the fact that
such a balance is, in principle, impossible if atoms and molecules are at rest. stationary.

3. Based on this fact, the question of the quantum theory of light scattering seems to be moving in
a very specific direction: radiation equilibrium does not exist unless the translational motion is taken into
account! The importance of this statement with regard to the purely thermal effects on irradiated substance
(the actual subject of heat radiation has recently gone out of fashion!) probably requires no additional
explanation. The same conclusion could be drawn, albeit less briefly, following the well-known Einstein’s
consideration of momentum conservation; it is well-understood that the influence of translational motion
must be considered even in calculating spectral line frequencies. Thus, the above statement is also valid here,
but in a less transparent form.

4. Strictly speaking, FEinstein’s derivation of Planck’s radiation law refers only to a radiation field in
which no other than the spectral frequencies of the type of atoms or molecules used are represented; all
other frequencies, which must give rise to scattering processes, are excluded by themselves by the derivation,
which e.g. provides by Bohr’s frequency conditions. For the frequencies mentioned first, Einstein shows
that with every elementary emission or absorption process in which the amount of energy hv is converted
according to the frequency , the conversion of directed momentum hv/c is also linked. Since the following is
not immediately apparent from Einstein’s description, it should be emphasized that the existence of such a
directed momentum occurring in the interaction between radiation and matter can already be deduced from
Wien’s displacement law, apart from its absolute size, i.e. not as quantum theoretical conclusion needs to be
considered.

5. This discovery allows us to conclude about the occurrence of a new type of quantum transitions
under the action of monochromatic radiation, which, for simplicity, can be further called “translational
quantum transitions."
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For each atom or molecule, in its m-th quantum state with energy F,, and having a translation velocity
v, arbitrarily oriented against the direction of incidence of the light, there exists a certain probability per
unit of time Cﬁl’fj}, to transition from the m-th to the n-th quantum state under the action of radiation of any
frequency, changing its translational velocity to v’, both in direction and in magnitude, and at the same time
emitting secondary radiation of frequency v’. Assuming that the laws of energy and momentum conservation
are exactly fulfilled for such a process, it is easy to see that the recoil hv'/c associated with the emission of
secondary radiation of frequency v’ has a different direction than the recoil hv/c arising from the “absorption”
of primary radiation of frequency v. If we neglect relativistic corrections and assume the mass of the molecule
to be constant and equal to M, then the law of conservation of energy means that

M2 ]\4’/2
21/ +Em+hu:Ty+En+hu.’

The frequency v’ can be either greater or smaller than v. It is not difficult to see that such “translational
quantum transitions” cannot violate the radiative equilibrium if the existence of the reverse process is assumed
for each such process. Taking into account the possible change in the direction of radiation caused by these
processes, in the case of m = n, one has to assume that scattering is elastic, and in the case of m # n, it is
inelastic. The latter processes, obviously, turn into real absorption or emission hr under irradiation (Einstein)
ifvy=0o0rv=0:

M 4B, +ho=M2 4 E, (B > Epn)

M2U2 —|— Em + h’U = M§,2 + En + hﬂ]/ (En < Em) .

namely, if one neglects the translation terms, which, as Schrédinger has shown, result in the Doppler effect,
then these relations become simply identical to Bohr’s frequency condition. As can be seen from the close
connection between scattering and dispersion, one can expect to be able to arrive at a new derivation of
Planck’s radiation law and a quantum-theoretical interpretation of the scattering by the corresponding
interpretation of the quantities C’,’fl’;/ . Without further calculations, one can also see that the equilibrium
values of individual quantities, in addition to some averaged quantity values, can only depend on the differences
in energies characterized by the critical spectral frequencies of molecules; then the inclusion of the latter,
rather than some mechanical oscillation frequencies, in the description of scattering seems to some extent
to be clear from the outset, as required by experimental experience. The author would like to reserve the
right to come back to these and some other questions in connection with the most recent considerations by
Ladernburg and Reiche and then hopes to be able to give elsewhere some more details about the derivation
of the scattering theory itself in another place.

6. In the above, it is assumed that scattering phenomena can essentially be understood only based on
energy and momentum balances, not counting, of course, the obligatory use of classical theory in the “long’
wave approximation. If this proves feasible in the sense indicated, it can be shown that, in contrast to the
experiments mentioned at the beginning, the concepts of wave theory and, particularly, the question of the
propagation of light play no role here. Serious support for such hopes is provided by the results of scattering
of sufficiently short-wavelength X-rays, in particular the decrease in frequency of the secondary radiation
scattered sideways that was discovered here, and the very successful theories of this phenomenon by A. H.
Compton (Phys. Rev. 21, 483, 1923) and P. Debye (Phys. ZS. 24, 161, 1923) follow directly from the above
approaches for very large values of v and v/. It is also undoubtedly the case that the proposed use of energy
and momentum conservation laws cannot be limited in the future. It seems that any change in the direction
of a light beam is associated with processes that are very similar in nature to the “translational quantum
transitions” described above.

)

The formal application of Einstein’s reasoning about momenta leads, in principle, to a change in
frequency or to a weakening of light in each process of reflection, refraction, and diffraction, as a result of
which a more specific statement, independent of the issues discussed above, was made by W. Duane (Proc.
Nat. Acad. Amer. 9, 158, 1923). A more careful consideration shows that the resulting deviations from
classical wave theory can be easily interferometrically measured. However, it may still be far from the time
when such hopes for the future will be realized, which would be largely useful for destroying the dogma of
the indispensability of wave considerations in the optics of reflection and interference.
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Abstract

The Smekal’s work is often seen as a background for the discovery of Raman scattering. The
present note shows that although Smekal was one of the first to consider inelastic scattering of
photons but the mechanism of inelasticity considered by Smecal is in no way related to either
the intramolecular dynamics of the molecular nuclei nor the phenomenon of Raman scattering.
The mechanism considered by Smekal is associated with the possibility of changing the state of
the electronic subsystem during scattering. Moreover, the phenomenon studied by Smecal, in
contrast to Raman scattering, can also be observed when light is scattered by usual atoms.
The main focus of Smekal’s article is on the issue of recoil during photon emission. Taking into
account the change in the kinetic energy of the molecule leads to additional inelasticity of
scattering and makes it possible to obtain corrections to the well-known scattering formula
by Kramers and Heisenberg. The translation of Smekal’s article into Russian and English is
offered as an appendix.
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